MPI-PAE/PTh 49/89
August 1989

Heavy Flavours at LEP

CoNVENORS: J.H. Kiihn!l, P.M. Zerwas?

CONTRIBUTIONS: M. Bosmanl, W. Buchmiiller3, J. Chrin?, A. Djouadi?, B. van Eijk4,
J.W. Gary®, J.-M. Gerard!, F. Hoogeveen3, G. W.-S. Houl, P. Igo-Kemenes®, V. Khozes,
P. Mattig?, A. Masiero’, K. Ménig®, H.-G. Moser!, J.L. Pinfold, M. Roos10, R. Riickll!
L.M. Sehgal'?, R. Settles!, T. Sjéstrand?, S. Uberschir®, M. Wirbell3

b

1Max-Planck-Institut fiir Physik und Astrophysik, Miinchen, FRG. 2Inst. Theor. Physik, RWTH
Aachen, FRG. 3Inst. Theor. Physik, TU Hannover, FRG. *CERN, Geneva, Switzerland. 5Physik. In-
stitut, Univ. Heidelberg, FRG. ®Leningrad Nucl. Physics Inst., Gatchina, USSR. "Dipart. di Fisica,
Univ. Padova, Italy. 8Physik. Institut, Univ. Wuppertal, FRG. °Dep. Physics, Carlton Univ., Ot-
tawa, Canada. !OTFT Helsinki Univ., Finland. !'Inst. Theor. Physik, Univ. Miinchen, FRG.
12111. Phys. Inst., RWTH Aachen, FRG. 13Inst. Theor. Physik, Univ. Dortmund, FRG.




TABLE OF CONTENTS
1. Introduction

2. ¢bQuarks . . . .. Lo, . 4
2.1. Production of ¢,b Quarks . :

211. ZDecays . ... ... ... e e e e e e e e e e e e e e e e e e e e e 4
2.1.2. Production Cross Section . . . . . . . . . . ..., 9
2.1.3. Forward-Backward Asymmetry . . . . . . . . . . .. . ... ... 15
2.1.4. Final State Polarization . . . . . . . . . . . .. . . ... ... ... ... 21
2.1.5. Heavy Quark Monte Carlos . . . . . . . . . .. ... ... .. ..... . 21
2.2. Cross Sections and Charge Asymmetries: Experimental Preview . . . . . . . . . . 23
2.2.1. Methods of Tagging Heavy Flavours. . . . . . . . . . . . .. ... ..... 24
2.2.2. CrossSections . . . . . . . . ... e e e e 29
2.2.3. Charge Asymmetries . . . . . . .. .. . ... ... e e e e e e e 30
2.3. Heavy Quark Fragmentation . . . . . . . . . . . . .. .. .. ... ... .. 34
2.3.1. TFragmentation — mainly nonperturbative . . . . . e e e e e e e e e e 35
2.3.2. Fragmentation — mainly perturbative . . . . . . . . . . . .. ... ... .. 40
2.3.3. Experimental Status . . . . . . . . . ... .. ..., 41
2.3.4. Heavy Quark Fragmentation in Monte Carlos . . . . . . . . . .. .. .. .. 42
2.3.5. A Comparison of Heavy Quark Fragmentation in Jetset71 and Herwig32 . . . . . 45
2.4. Particle Flow betweenJets . . . . . . . . .. . .. ... 49
2.4.1. Particle Flowin 3-jetEvents . . . . . . . . . . . .. . ... .. .. .. .. 51
2.4.2. Correlations of Interjet Particle Flows / String-string Interactions . . . . . . . . 53
2.4.3. Azimuthal Asymmetry of Quark Jets ... . . . . . . . e e e e e e e e 54
244. ...andGluonlJets . . . . . . . .. .. L, . 55
2.5. Inclusive Production of J/¥, Yand B, . . . . . . . . . . . . . . . . .. . ... 56
2.6. Heavy Flavour Lifetimes . . . . . . . . . . .. ... ... ..... e 59
2.6.1. Theoretical Summary . . . . . . .. .. .. L 59
2.6.2. Experimental Aspects . . . . . . . . . .. . ... .., 75
2.7 BDecays . . . . ... s, 80
2.7.1. Semileptonic Decays . . . . . . . . . . . .. e 80
2.7.2. Nonmleptonic Decays . . . . . . . . . . . . ... . 93
2.7.3. Rare B decays: Standard Model and Beyond . . . . . . . . . . . . ... ... 102
2.7.4. _Heavy Flavour Decays: EURODEC . . . . . . .. .. . ... .. .. .... 111
28. BBMiXing . . . . . . . ..o e e e s 133
2.8.1. Theoretical Framework . . . . . . . .. . ... ... ... .. e e 133
2.8.2. BB Mixing Measurements . . . . . . . . . . . . . ... 138
2.9. CP Violation in B Decays . . . . . . . . . . . ..o 143
3. Topand Toponium . . . . . . . . . . . . . . ... 154
3.1. Topinthe Continuum . . . . . . . . . . . ..., 154
3.1.1. Production . . . . .. .. .. .... e e e e e e e e e e e e e e 154
3.1.2. Top Decay in the Standard Model . . . . . . . . . . .. e e e e e e 156
3.1.3. Top Production through Flavour Changing Neutral Currents . . . . . . . . . . . 160
32. Toponium(®) . . . . . ... e 161
3.2.1. Spectroscopy . . . . .. .. L 161
3.2.2. Main Decay Modes . . . . . . . . . . . ... 164
3.23. HiggsDecays . . . . . . . . . . . . . e 170
3.24. Toponiuminete™ Collisions . . . . . . . . . . .. . . .. ... ... 174
4. Extending the Standard Model . . . . . . . . . . ... ... .. ...... 182
4.1. The Fourth Generation . . . . . . . . . . . . . .. ... .. ... .. ... 182
4.2. Leptonic Decays of Neutral D- and B-Mesons . . . . . . . e e e e e e e 185
43. Non-Standard Fermions . . . . . . . . . . . . .. .. ... 192
4.3.1. Constraints: Non-Standard Effects on Standard Fermions . . . . . e e e 194
4.3.2. Production and Decay Signatures of Non-Standard Fermions . . . . . . . . . . . 196
4.3.3. Leptoquarks and Diquarks . . . . . . . . . . .. .. .. .. ... ... L. 201




1. Introduction

1. A substantial fraction of all Z decay modes are decays into charm and bottom

quarks. The branching ratios are predicted in the Standard Model to be close to

BR(Z — c€) ~ 12%
BR(Z — bb) ~ 15%

so that approximately 2.4 x 108 charmed hadrons and 3 x 108 bottomed hadrons are
produced in 107 Z decays. \

This is a number sufficiently large to carry out precision measurements in the c,b
quark sector. Fundamental aspects of the Standard Model can be tested in the heavy
quark sector by determining the vector and axial vector electroweak charges from cross
sections and asymmetries. The accuracy of sin? 0w which can be achieved by measuring
the forward-backward asymmetry of b jets, is expected to be at the level of +0.001 and
better, and thus competes well with the other methods.

QCD inspired fragmentation models developed to describe the hadronization of quarks
and gluons in jets, can be scrutinized experimentally. Because heavy quark pair creation
in the jet evolution is strongly suppressed, the fragmentation of heavy quarks provides the
most powerful tool to tackle this involved problem. The tagging of heavy quark jets will
allow us to isolate gluon jets in 3-jet final states so that their properties can be explored
thoroughly. Discriminating quark versus gluon jets will also be of great advantage in
isolating the 3-gluon coupling — an outstanding problem of QCD — and in exploring
many subtle QCD effects, like string-string interactions etc. , that shed new light on

hadronization mechanisms.

The properties of ¢, b hadrons can well be investigated experimentally. The high par-
ticle energies make feasible the measurement of individual lifetimes in vertex detectors.
The lifetimes of the various weakly decaying B mesons and baryons may differ by as much
as 30%, to be compared with an experimental accuracy of 10% in various decay channels.
For other aspects of B physics a sample of a few million particles is modest. The mix-
ing in the By system can well be demonstrated by analyzing the time evolution of the
BS - Bg states. The oscillations in the Bs system, however, may be so rapid that, even
though nearly complete mixing can easily be established by measuring time-integrated
observables, a quantitative measurement of the mixing parameter may be difficult. The
prospects for establishing CP violation in the B system are bleak. Adopting the predic-
tions of the Standard Model, an event sample of 107 Z’s planned at LEP falls short by
one to two orders of magnitude — yet this picture may not be correct, and establishing

experimental bounds on CP violating effects is of utmost importance.




2. At the present time it seems highly unlikely that top quarks could be observed in the
first phase of LEP. ete™ colliders are nevertheless the best suited machines to establish
firm lower bounds on the top quark mass. In particular, if top would decay dominantly
into a charged Higgs particle, it could not have been detected in hadron colliders. Several
important questions can exclusively be studied at an ete~ collider; among them, the
precise determination of the top mass and of its weak coupling, and the exploration of
the interquark potential at short distances through toponium spectroscopy. The search

for top quarks will therefore be an obvious task also during the early stages of LEP.

3. Even though the Standard Model has been tremendously successful so far, many
fundamental problems remain unsolved by this theory. It is therefore imperative to explore
possible extensions into which the model can be embedded in a natural way. In the
fermionic sector such extensions are provided by introducing further replicas of the first
three generations or by expanding the generation multiplets themselves as suggested by

grand-unification theories.

The phenomenolgy of heavy ¥ quarks belonging to a 4th generation is drastically
different from top quarks. Various possibilities could be realized depending on whether
b is heavier or lighter than ¢. In the (exciting) second case the Fermi decay is strongly
suppressed by small mixing angles. As a result, induced flavour-changing neutral current
decays could compete or even dominate over the orthodox charged current decays, leading
to unusual signatures like v decays of &' quarks. Because rapid/single quark decays are
impeded, (5%') bound states sustain a substantial branching ratio for Higgs plus photon

decays up to large mass values.

Non-standard fermions are motivated by many extensions of the Standard Model.
Among the various scenarios we focus on mirror fermions and ezceptional fermions. They
may show up at LEP through direct production or through effects of mixing with the
standard fermions. For mirror particles the weak left and right doublet /singlet assignment
is reversed with respect to the standard fermions so that they can reveal themselves
through "wrong-sign” forward-backward asymmetries. Exceptional Eg fermions comprise
a rich spectrum of novel vectorial charged and neutral [Dirac/Majorana) leptons as well
as an isoscalar charge —1/3 quark. Spectacular lepton decays would signal the production
of these particles.

Physics beyond the Standard Model could also be heralded by the discovery of flavour-
changing neutral current pps, pe,... decays of DO and BO mesons. The analysis of Bg
mesons will allow, for the first time, tests involving second and third generation quarks
and leptons, with FCNC reactions likely enhanced relative to the low-mass generations.
New bounds on masses of leptoquarks, technicolor and Higgs particles can be deduced

from the limits on the branching ratios of these rare D and B decays.




Besides complementing and updating earlier papers [1, 2] this report reviews material
elaborated in the recent past. A coherent summary of heavy quark physics at LEP on the
Z-peak and in the continuum is presented. While the emphasis is put on the Standard
Model — precision measurements in the electroweak sector and novel QCD effects —

aspects of physics beyond standard orthodoxism are also given due attention*.
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2. ¢,b Quarks

2.1. PRODUCTION OF c,b QUARKS*

A large variety of physical problems in the heavy quark sector can experimentally be
approached on the basis of 10% to 107 Z decays. Nearly 40% of all hadronic decays are
c and b decay channels. Above all, precision measurements of the electroweak couplings
will be feasible, and the determination of sin? @y will be possible at very high .a,ccura,cy
in the forward-backward asymmetry of b-jets. The large fraction of heavy qua.x_‘ks4in
the final states requires a thorough understanding of their strong interaction properties
to allow QCD precision tests of the total hadronic annihilation cross section and in jet
distributions. The study of B mesons can shed new light on individual lifetimes and
mixing phenomena. However, the investigation of CP violation in the B sector would

very likely require a dedicated high statistics effort of at least 108 Z decays.

2.1.1. Z DECAYS

For many applications the Born approximation provides an excellent approximation

to the partial Z decay width to heavy quarks,
_ 3 — 2 ‘
ra(z - Q) = 8221y + porg

(2.1)
=rh+14

with
: V() _ Gum 2 (a2)
| 0 T Bvar Qe
The electroweak vector and axial-vector couplings are defined for ¢ and b quarks in the
Standard Model as
=213l — degsin? 6
VQ ?L eQ sm” vy } 21’%[; = +1 for C,b

The mass dependence which enters through the velocity 3,

=i = amyfs

is O(u2) = O(1072) in the axial term for b quarks; in the vector term the correction is
of order y* ~ 10™* and thus negligible. Defining the strength of the Z coupling to QQ
by Fermi’s y decay constant G, and the electroweak mixing angle through sin? Oy =
1- m%v / m% the bulk of radiative corrections to the width, i.e. those originating from the

running of aggp, are automatically incbrpora,ted so long as the top quark mass does not

*J.H. KUHN, P.M. ZERWAS in collaboration with A. DIOUADI




exceed O(100 GeV). The remainig ones will be treated below. For mz = 91 GeV and
sin? 0w = 0.23 the partial decay widths and branching ratios are then

I'p(Z — cc) ~ 280 MeV = BR(Z — c€) ~ 12%

Cp(Z — bb) ~ 360 MeV = BR(Z — bb) ~ 15%

QCD corrections to the width I'(Z — QQ...) are known for non-zero quark masses

up to first order and for zero quark masses up to second order in az. They are different

, for vector and axial-vector couplings not only because masses break chiral invariance but

also due to the large mass splitting between bottom and top quarks. Decomposing the
width into the vector and the axial-vector part we expand both separately in the strong

coupling constant

D(Z - QQ+..) =Th[l+ () + e(Z)? + c3(%)3]+

2.2
THL+d1(22) + dy(22)? + dy(2)?] 2

The first-order coefficients ¢; and d; have been calculated for non-zero quark masses
in Ref. 1,2. The exact expressions, recorded in the Appendix, can well be approximated
by 3]
| ct =1+ 3u2 +..

(2.3)
dy =1+3u?log(4/u?) +...

The coefficient d; exceeds unity by ~ +0.20 for b quarks so that the mass correction in
1st order QCD is as important as the entire 2nd order of the Z width - a non-negligible
effect if the QCD scale parameter will be extracted from hadronic Z decays.

The 2nd order coefficient cg is given in the MS scheme for massless quarks by [4]

cg = 1.985 — 0.115Np

0 (T NI

Fig. 2.1: Feynman diagrams pertinent to the O(a?) corrections calculated in Ref. [5].

However, the coefficient dy deviates from cp even for massless quarks [5]. This is a
consequence of the cut triangular diagrams, exemplified above for b quarks. Whereas
vector couplings do not give a contribution because of C invariance, axial couplingé do.
This is due to the 4b final state in the last diagram and the mass difference between the top
and the bottom quark in the first two diagrams. The large mass splitting between top and

bottom breaks the symmetry in this weak isodoublet so that up and down contributions




do not add up to zero any longer. In the M3 renormalization scheme one finds for N F=25

flavours [5]

cg =141
(2.4)
dg = 1.41 F f(my) - F for @ = up/down
f(my) is well parametrized by
2 4
f(mt) = 3In(mz/m;) — 3.083 + 0.346/ (EZ—> + 0.211/(Tl> (2.5)
2my/ 2my

Fig. 2.2: The function f(m;) which
characterizes the singlet part of the
second order QCD correction to the Z

decay rate.

50 100 150 200 250 3oo

M, = 93 GeV m, (GeV)

and is shown in Fig. 2.2. The total Z width is thus affected by the unpaired correction
to the b channel. For top quark masses between 50 and 250 GeV the correction f(my)

varies from ~ —1 to ~ —5. The exact analytic formula for f is given in Ref. 5.

A recent calculation [6], originally performed for the electromagnetic current, gave a
huge value for the third vector coefficient c3, rendering the third order as large as the

second order in the present energy range,

c3 = 64.861 + c3(S) (2.6)

The flavour singlet contribution cg(S) is different for the various vector (electromagnetic

and NC) and axial vector currents, but is small (< 0.5) in any case [7]. The axial coefficient
d3 = 64.861 + d3(S) 2.7)

is expected to be close to c3 since all flavour-singlet contributions, responsible for the
difference between vector and axial-vector terms are very small [7].

For the sake of completeness we repeat the definition of o, in the MS scheme for
Np = 5 flavours [8]

as(MS) _ 1/8g B1/B3loglog s/A%  (B1/B0)? [(, _ 2_1\2 BeBo 5
ir "1ogs/A2{1‘" logs/AZ " log?s/A2 [(l°gl°gs/A "2) T8 _4]}
(2.84a)




with the coefficients of the 8 function up to three loops

_ 2 _1 5033 325 , 9
,30,—11—3NF ﬂ2—2(2857 9 NF+_27NF)
38
B =102 — ?NF

The QCD scale paraméter A% is related to A% for Np = 4 flavours [9, 8] by

@ _ (5)
A = 1600 (2.8b)

which is usually quoted as the general reference value [10].

QED corrections can be copied from the QCD corrections by changing the couplings

appropriately,
I'p = I'pll +6gED]
3o, (2.9)
8QED = 7-€Q
This radiative correction is 0.019% for b and 0.077% for ¢ quarks.
b ‘ Fig. 2.3: Genuine electroweak
z —Q}M< : corrections for the Z-bb vertex.

b b b

t W.
77 Z,H 7S W -Z———<\ t
~ - w>
b ! b b

b

Finally, the genuine electroweak corrections are built-up by ¥ — Z mixing and vertex

corrections (Fig. 2.3). These effects are particularly interesting for b quark final states
where the top quark couples in the vertices with full strength. The leading correction in
mt2 / m%v can be incorporated [11] in the Born term expression eq. (1) by slightly shifting
the coupling Gy and the electroweak mixing angle, and by adding a piece to v and a
that results from the last two of the vertex diagrams in Fig. 2.3 involving the heavy top
quarks, present for bb final states only:

2
Gu— Gu(1+6p)  bpt= 3—\/51—%2&

sin? 6y — sin? Ocpy = sin® By + cos? Ow bpt (2.10)
2 2
af-—>af+5b§6pt vf—>'vf+5b§6pt

6y = 1 for b quarks, and 0 otherwise. At this level of accuracy, sin? Oy can be deduced
from mz and G, through the implicit relation [ a(m%) = 1/127.6]

. 9 1 dra(m%) ] :
Oy =={1-,11~- 2.11
s W 2 [ \} \/§m2ZG“(1 + cot? GW‘SPt) ( )




It turns out (a posteriori) that one arrives at a fairly accurate description of the de-

cay rate and FB asymmetry for all quark species as shown in Fig. 2.4 if one adds

a term to the effective mixing angle that parametrizes the Higgs mass dependence as

Lrln(mg /17.3 GeV +1) —2].
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Fig. 2.4: The dependence of the partial Z widths (left) and of the forward-backward

asymmetries (right) on the top and Higgs masses. Curves: approzimate formulas

as described in the text [3]; diamonds: full one loop calculation from [12].

The expressions which include the subleading corrections are lengthy and we must
refer to the original literature or the computer programs BATCHZ and SIN2TH for details.

The corrections depend strongly on the top mass and to a much lesser extent on the Higgs

mass. The partial widths

4 o1l +6

V,A]

elw




mg my 10 100 1000 mz mg 10 100 1000
91 50 0.1162 0.1161 0.1152 91 50 0.2427 0.2432 0.2428
91 100  0.1167 0.1165 0.1157 01 100  0.2428 0.2433 0.2429
91 150 - 0.1168 0.1166 0.1158 91 150  0.2421 0.2426 0.2422
91 200 0.1168 0.1167 0.1159 91 200 0.2411 0.2416 0.2412
91 230  0.1168 0.1167  0.1159 91 230  0.2403 0.2409 “0.2405
92 50 0.1234 0.1233 0.1224 92 50 0.2508 0.2514 0.2509
92 100  0.1239 0.1238  0.1229 92 100  0.2510 0.2515 0.2510
92 150  0.1240 0.1239 0.1230 92 150  0.2503 0.2508 0.2504
92 200  0.1240 0.1239 0.1231 92 200  0.2492 0.2498 0.2494
92 230 0.1239 0.1238 0.1231 92 230  0.2484 0.2490 0.2486

Tab. 2.1: Vector (left) and axial parts (right) of T(Z — bb) in GeV
for (my = 10,100, 1000 GeV). [ QED and QCD corrections not included. ]

are tabulated in Tab. 2.1 for m; = 91 and 92 GeV, top masses between 50 and 230 GeV
and Higgs masses between 10 GeV and 1 TeV [12]. At fixed m 7z = 92 GeV the maximal
spread of is £3%. Relative to the u decay width the maximal variation reduces to +1.2%.

Adding up the entire set of strong, QED radiative and genuine electroweak corrections,

we finally find '

I'Z-QQ..)=r"4+r4

IV =TH[1+8bcp + 8QED + 63w)
I =Tg[1+ 5600 +6gED + 64

with the 6’s denoting all the individual corrections detailed above.

2.1.2. PRODUCTION CROSS SECTION

The steps followed in the discussion of the Z decay widths to heavy qudrks, can to
a large extent be transferred to the evaluation of the ete~annihilation cross section to
heavy quark pairs. Characteristic differences however derive from Z — v interference, from
box diagrams in which initial and final state fermions are linked by exchanging two gauge

bosons, and —~ above all — the huge impact of initial state QED radiative corrections on

the line-shape.

For many purposes the accuracy of the Born approximation for the cross section [2]
is sufficient in the ¢, b sector [ before folded with the large initial state QED corrections ],

_3=8% vy 3 oan
o=pg e A he 2.12)
=oh+oh




with

20,,21,2.2

O'VV = dma (mZ)eeeQ + Gﬂa(mzZ)CeBQ’Ue'UQ mzz(s — mzz)
s V2 (s—m%)2 + (mLéFZ)2
G2 mis
el 3 A
R G o
G2 4

cAA _ mzs$

2 2
x0T e
Again, the bulk of radiative corrections is incorporated by expressing the cross section in

terms of the coupling Gy, and the running QED coupling constant

1 1 1 m
=—-——= E 62 lOg —Z .
a(m%) a -3 7 f m% (2.13)

~ 128

[ The contribution of the light quarks has actually been obtained through dispersion
relations based on the low energy ete~annihilation cross section [13].] The width of the
Z has been introduced with a variation ~ s as appropriate for light quarks. If a heavy
quark threshold were close to the Z, the dependence on the quark mass had to be mcluded
properly, see eq. (1).

QCD radiative corrections, affecting only the final state, are identical with those to
the Z width,

ogﬁaB[1+c1(—)+c2( 2 p 32 3]

(2.14)
of — op[L+d (75 + dg(—w—ﬁ + ds(;) ’)

¢i, d; are given in (3) to (4). The O(a3) corrections to the QED part have been evaluated
[6] in the limit mq = 0. They are different, however, for all four pieces in eq. (12) but

cannnot be discussed here (see e.g. Ref. 7).

Genuine electroweak corrections [12, 14,15 include, besides the v — Z mixing and the

vertex corrections, box diagrams in which initial and final state ferrmons are linked by
two massive gauge bosons (WW and ZZ). The latter are of order —Y% and, furthermore,
they are not enhanced through the resonance. Close to the Z peak their influence is below
O(10~%). The leading terms can be accounted for through egs. (10 -11).

Sumlarly to p pair production, QED corrections are of utmost importance. As a

consequence of the initial state photon radiation they have a strong influence on the cross

section around the Z peak, cancel however largely when ratios of cross sections are taken.

This is demonstrated in Tab. 2.2 where the Born cross sections for b5 and ptu~
at the peak [ based on eq. (12) with M, = 92 GeV,T'z = 2.465 GeV, sin? 0y = 0.234,
VST > 10 GeV, ag/7 = 0.04 ] is compared with the values when corrections from initial

10




Born O(a) O(a?) + ezxpon.
Emas| GeV] Omaz[nb] | Emaz( GeV] Omaz[nb] | Emaz| GeV] Omaz[nd]
Oui 90.984 2.0090 91.166 1.4219 91.090 1.4834
Oh 90.984 8.6882 91.167 6.1211 91.091 6.3880
gg; 4.3246 4.3049 4.3063

Tab. 2.2: Peak Cross sections for u*p~ and bb final states in Born approzimation and
including QED corrections. '

state radiation to O(a!) and O(a?) + exponentiation [16] are included. Fig. 2.5 shows

the s dependence of the u*u™, bb, ¢ cross sections in the peak region and their ratios.

QED corrections from the interference between initial and final state emission plus
the corresponding box amplitudes have been calculated at the parton level. Their effect
on the total cross section is finite for vanishing fermion masses and thus not enhanced by
large logarithms. The estimate of the correction is thus expected to be as reliable as the
calculation for final state radiation. Including the full phase space for photon emission
(17,11] (for the cutoff dependence see Ref. [17]) the contribution to the total cross section
from the Zv and vy box amplitudes interfering with the Z and ~ amplitude plus the

corresponding real emission is given by

GZ7®Z=£%-gc QeQf veaevra m%s ‘In|s/(m% — iCzm )|
8r o S VS Ce effls—mzz+z'I‘Zmz|2 Z i

m?z ln[s/(mzz —iI'zmz)]
s — m2Z +1iLzmy (2.15)
m%

Z~/®7_§p_f"3 Q2Q2 R,
o _2\/§7rcf e@Ff aeas Re

2
©z_ Gu & 9,2 3
0-77 = -2—\/% - CerQf aeanRe

o1 1®Y =

s—m2Z+iI‘ZmZ

For |\/s —myz| S T'y these terms are of order %%ZZ- or below relative to the Born term.

They will be neglected in the following.

In the preceding discussion quarks have been treated in the same way as leptons
(modulo perturbative QCD effects). This appears adequate for inclusive quantities like
the Z width and the total cross section and to some extent to the forward backward
asymmetry. However, if photons are tagged, e.g. in order to apply cuts on the final-state
configurations, the picture changes considerably. Adopting the arguments outlined above,
we neglect initial-final state interference effects and analyze both domains separately.

— The characteristic features of initial state radiation are the same as in p-pair production
where it has been treated extensively [16], and these points need therefore not be repeated

here.

11




88.5 89 89.5 9 90.5. 91 91.5 92 92.5 93 93.5

0 0 'llllllllllllllglllllllllll]lllLlllllllllllllllllll
88.5 89 89.5 90 90.5 S1 91.5 92 92.5 93 93.5 88.5 89 89.5 90 980.5 91 91.5 92 92.5 93 93.5
4_35 - T .40 T - =
ofete — bb) ? [ o(ete™ — cd)
[ +e= Fu=) == mmmmeo
- ole7 e —u'p ) e Tmal
508 L O w7 -
| .
4. o -7
3.3
4. 3.34 |
-
L
3.32 |-
4. u
3.30 +
a. 3.28
E{GeV] . E[GeV]
3.26 |-
10 Bl oo b gt e b e ey T TP TN FE RPN TR T P
88.5 89 89.5 90 90.5 91 91.5 92 92.5 93 93.5 88.5 89 89.5 90 90.5 91 91.5 92 92.5 83 93.5

Fig. 2.5: Impact of QED corrections on the utu~, bb and c& cross sec-
tions and on their ratio with parameters as described in the text. Dashed:

without, solid: with QED corrections.
— For final state radiation

ete™ — QQ+4+...
Zyy

three different areas can be distinguished:

(i) Hard-photon radiation at large angles to the hadron jets is emitted from quarks at

12




short distances. The general radiation formula

L_do  _of  "q*sg
ocdzydzg 27 (1-2Q)(1-2g)

(2.16)

is adequate for this case [zy = 2E,/ /s etc.]. QCD radiative corrections are under control
so long as the quark jets are defined sufficiently wide [18]. Additional gluon jet activities
are either suppressed ~ as if they are emitted at times comparable to the 4 emission
(hard, large angles), or they are emitted at later times, forming a small angle with one of

the quark jets, and thus do not affect the v emission probability anymore.

Q iv{ Q f_‘g r:l‘X' Fig. 2.6: Hard-photon radiation Z — QQ~.
| |

|
| Z 1
(A) (B) etc.
(i) Hard-photon emission at small angles may best be interpreted as a fragmentation
process @ — 74 + ... where 7 is one of the @ jet fragments. The spectrum following from

(16), which corresponds to the pattern depicted in (A), is characterized by the typical
bremsstrahl behaviour

aedy 1+ (1 — z,)> lop _®
2w Ty g sz

Dé($7’s)BORN _

" However, gluon emission before v radiation (B) degrades the @ beam energy and softens
the v spectrum. Summing all gluon emission probabilities, e.g. by means of Altarelli-Parisi
type techniques, leads to the fragmentation function [19]

2 :
ae S
Dzz(x»,,s) = ﬁd(w»,) log 771,7— (217)

The modified energy distribution is compared with the Weizsacker-Williams spectrum in
Fig. 2.7. [ The degrading of the 4 energy is most transparent for moments of the spectrum
which are altered from d(N)BORN to d(N) = d(N)BORN /(1 + d%s ) with d%s being the
non-singlet anomé,lous dimension. ] Note that this treatment applies only to sufficiently
hard 4’s as gluon — ~ fragmentation, being a two-step process, has been neglected. A
corollary follows from the angular distribution of the photon with respect to the flight
direction of the parent quark @
_ 6%ap?
[02 + ,7—2]2

The angular distribution is effectively cut off for heavy currents at

dN, (2.18)

0. S v L= mq/EqQ
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oY (2) /& ‘ Fig. 2.7: Quark fragmentation into photons.

AN === Born
X —— QLD corr.

10

leaving a cone of apérture fc about the @ axis depleted from 4 radiation. The photons
are concentrated on the surface of the cone — with 6. as large as 6° for bottom quark

jets an interesting phenomenon.

(iii) Soft-photons can be radiated from a large variety of sources. All charged hadrons in
the final state can emit infrared radiation with a spectrum determined by Low’s theorem
[20]. Gluon jets can emit soft 4’s. And last but not least soft quark-antiquark pairs
before condensing into hadrons during the fragmentation process can emit radiation. From
experimental analyses in hadron-hadron [21] and deep-inelastic muon-proton collisions [22]
it must be concluded that this area is not well controlled at the present time. We therefore
can only catalogue the radiation sources and prepare for experimental clarification by

means of the excellent photon detectors at LEP.

Appendiz
QCD radiative corrections to the vector and axial-vector part of the Z width [1,2,23], in the notation of

Ref. 23:

o= %;(—1_1—%@5 [(1 - %52) AB) + -f; (5 - 332) - % (33 +226% — 7/34) log %] (2:19)

& ‘%ﬂl[ﬂmwn (5 +108 = 7) — L (214 5967 + 19" - 36°) 1og . (2.20)

1+ ﬂ
with

AB) = (1+m[ +210g1+ﬂlogl+g+u,- (i—_ﬁ) a1 (1_;_@)

—4Li(B) + Li (32)] +38 log ﬂ — Blogp
Li(z) = — /0 & g1 -1)
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2.1.3. FORWARD-BACKWARD ASYMMETRY

The production cross section for quarks tagged at the angle ¢

ete” — QW) +...

Zyy
is a binomial in cos 9 [2]
%&Z‘E = g(l + cos? 9oy + %sin2 dor, + %cos dop (2.21)

U and L denote the contribution of unpolarized and longitudinally polarized gauge bosons
along the ¥ axis, and F' denotes the difference between right and left polarizations. After
separation of higher-order QED effects, a non-zero o ensues from vector-axial vector

interference. The total cross section is the sum of U and L,
c=oy+oay (2.22)

The forward-backward asymmetry for a fixed angle ¥ vs. 7 — 9 can be cast into the form

FBiqy_  2cosd
AT0) = 1 + ag cos? ﬂ'@Q (2:23)

with the parameters

oy — 207, oF
an = 4 —27L = 2.24
Q oy + 207, ho oy + 20y, ( )
Integrated out, the asymmetry simplifies to
AFB _30F (2.25)
4 o |

In Born approximation the cross sections o; can be expressed in terms of the cross

sections ¥V and 644 introduced earlier in egs. (12)

ag — ﬂO'VV +,330'AA

oh = 21— 1)ps"V (2.26)
o.g‘ — '320.VA
and
va_Gualm)  md(s—m})
V2 G w1 (T ) (2.27)
2 4 '
+ gﬁveraeaQ mzs
8 (s —m%)? + (;£Tz)?




On top of the Z resonance the asymmetry reduces to the well-known approximate form

AFB _ 3 2veae 2vgagB
P+ a3 -2+ R
o § 2veae 2vQuQ
4 vg + ag v% + a2Q

(2.28)

(1+96)

As a consequence of an accidental cancellation among the couplings (vg ~ a;‘:/Z) the
mass correction § ~ y2(—v2Q + a2Q/2) / (v% + a%) is strongly suppressed to O(10™%).
Based on the Born approximation the expected asymmetries for ¢, b quarks on the Z peak
(mz = 91 GeV,sin? Gy = 0.234) are

AFB(c) 0.061
AFB(b) ~0.085

and the energy dependence is given in Fig. 2.8

Arp(bb) ' R s [ ArB(d) -

[ —~~~Bom

:_ ——— QED corr.

- - --Born
—— QED corr.

.04

-.08
.02

vTv;t‘Lxrrl|]||.|x11|:‘r;.|:'

E[GeV] E[GeV]
0. i lenaa s s bt iaaagiiaalaaaagiaadaay LA T T TR N RURW lasa s gsaaa Ligasgsiag lassay
8.5 83 89.5 90 90.5 91 91.5 92 92.% 93 93.9% 88.5 89 89.5 90 90.5 9 91.5 92 92.5 93 93.5

Fig. 2.8: Forward-backward asymmetry for bb and cé production with the same

parameters as Fig. 2.5 [without QCD corrections]. Dashed: without, solid:
with QFED corrections.

QED and QCD corrections make a proper definition of the scattering angle ¥ manda-

tory. We shall use two different definitions which are appropriate for heavy quark pro-
duction:

(1) b quark direction: ete™ — b(d9;) +...  (2) thrust axis: ete™ — jy(d7) + j
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QCD corrections for the semiinclusive definition of the scattering angle are known to 1st

order for non-zero quark masses [2]. The rather clumsy expression can well be approxi-

mated (3] by an expansion in g = 2mg/+/s,

«
op - op[1+ (——7:)] (2.29)
2 2 2 2
F 2 20419 = 1 pi\2 3 p 5 9
=282 2 2,z BV Zlog -~ 2 .30
h 3“+3[2+8+8(1°g4) 5108~ 5log2 (2:30)

i.e. the first order correction to op vanishes in the zero-mass limit. We therefore find for

the correction to the asymmetry
AEB _, AFB _ 4EB [1 - 9‘75(1 _m )] O (231)

with the leading part due to the change of the normalization.

If 9} is not summed over, we also need the corrections for the vector and axial-vector

parts of the U and L terms separately. Setting

oV = 8+ 2 (vW)|o"V + [0+ S2 il (An) A4
' i 4 (2.32)
ok = [La -8+ 2oV + 2 hanyete
we find _

Fvv) = (44) =1/3

vy = fhan) =2/3 (2.33)

in the zero-mass limit. Expansions in ¢ may be taken from the Appendix.

Reference axis : thrust / b-quark axis

y ko kp ka

me = 1.5 GeV 0.02 -11.25 ~11.43 -0.18
0.04 -6.12 -6.41 ~0.30

0.08 . 236 -2.86 - -0.50

my = 4.5 GeV 0.02 -11.60 -11.80 -0.20
0.04 -6.17 -6.39 -0.23

0.08 -2.30 —2.68 -0.39

Tab. 2.3: QCD corrections to 2-jet cross sections and forward-backward asymmetries.

For the thrust axis (or the b-quark axis) chosen as the reference axis in 2-jet events,

the QCD corrections [24] are tabulated in Tab. 2.3. The two-jet cross section is defined
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mz my 10 100 1000 mg me 10 - 100 1000
91 50 0.0846 0.0796 0.0725 91 50 0.0842 0.0792 0.0721
91 100 - 0.0903 0.0853 0.0783 91 100 0.0898 0.0849 0.0779
91 150  0.0983 0.0933 0.0864 91 150  0.0975 0.0925 0.0858
91 200  0.1088 0.1039 0.0972 91 200 0.1072 0.1024 0.0959
91 230  0.1163 0.1114 0.1049 91 230 0.1140 .0.1039 0.1029
92 50 0.1243  0.1194 0.1127 92 50 0.1237 0.1189 0.1121
92 100  0.1298 0.1250 0.1183 92 100 0.1291 0.1243 0.1177
92 150  0.1373 0.1325 0.1260 92 150  0.1363 0.1316 0.1252
92 200 0.1473 0.1426 0.1362 | | 92 200  0.1455 0.1409 0.1347
92 230  0.1544 0.1497 0.1435 92 230 0.1519 0.1473  0.1413

mg m 10 100 1000

91 50 0.0601 0.0563 0.0511

91 100 0.0643 0.0606 0.0554
91 150 - 0.0703 0.0665 0.0614
91 200  0.0783 0.0745 0.0694
91 230  0.0841 0.0804 0.0753

92 50 0.0907 0.0869 0.0816
92 100 0.0950 0.0912 0.0860
92 150  0.1010 0.0972 0.0920
92 200  0.1090 0.1052 0.1001
92 230 0.1148 0.1110 0.1059

Tab. 2.4: Forward-backward asymmetry, consecutively, for dd, bb and c¢ (my = 10,100, 1000 GeV)
[ QED and QCD corrections not included].

for all events in which the invariant masses of the jets are less than a fraction ,/y of the

total energy,
o(2 jet) = o[m? < ys
Qg
e ]
| GB[ +kay(—
For small y, kg is large and negative — due to cutting out infrared and collinear gluon
bremsstrahlung. A nearly identical loss however affects o as well and as a result, the
corrections to the asymmetry
. «
APB(2 jet) = AP 1+ kg (2)
remain small as intuitively anticipated.

Genuine electroweak corrections to the ¢,b asymmetries are widely spread over the
parameter set underlying Tab. 2.4 [12]. For myz = 92 GeV the variation amounts to 0.04
between the minimal and maximal values Af B As shown in Fig. 2.5, the effective Born

approximation leads to fairly accurate description also for the quark asymmetries.
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The impact of QED corrections on App for bb final states can be treated at the

parton level in a way similar to the discussion of A FB for muons. For completeness we

shall repeat the points which are most relevant in this context.

Final state radiation is treated in complete analogy to gluon radiation. Defining the
scattering angle through the direction of the b quark (as adopted above) the asymmetry
is reduced by a factor (1 + %Qg%)_l through the increase in the overall normalization,
an effect completely negligible. |

Analytical results for the influence of the interference between ~-emission ﬁom the
initial and final states can be found in [11,25]. Although two different definitions of the
scattering angle are adopted, the effect is found to be negligible, just as for the total cross

section. Around the Z peak the corrections are of relative order < 2(Tz/mz).

The influence of initial state radiation is strongly energy dependent. It is modest
below and on top of the Z peak. A full treatment, including the impact on the kinematics
and the change of the effective energy can only be performed in a Monte Carlo calculation.
Approximate formulae have been developed for the p-pair asymmetry, which are based on
the approximation of collinear radiation and which are accurate to better than 0.3 x 10~2.
They can easily be improved to include also multiple photon emission. Without any cut
on the photon energy [25,26] (see also [27])

N 3 /¢ sz(s,z)(%_T_—z)zaF(sz)
(Arp) = 4 3 dzF (s, z)o(sz)

(2.34)

To O(a), the distribution F(s,z) is given by the Bonneau-Martin formula, to O(a?)
- including exponentiation - F(s,z) is given in [16]. The result is compared to the
Born prediction in Fig. 2.8. For /s about 200 MeV above m 7 the corrected asymmetry
coincides with A% 5(mz) (see also Ref. 28, Table 4.1).

Mixing. Forward-backward asymmetries of quarks are extracted by measuring the asym-
metries of mesons and baryons endowed with this particular quark flavour. For b quarks
this is not a one-to-one correspondence due to mixing in the neutral Bg and BY system
. [29]. Because associated production of bb-pairs in the jet development, perturbatively as
well as non-perturbatively, can safely be neglected, the hadronic asymmetries are related

to the asymmetry of the primarily produced b qué,rks in the following way.

(i) b tagging through By, Ay:
AFB(B7 Ay) = AFB(p) (2.35a)

(ii) b tagging through BS or BY:
These particles mix with their partners Bg o Bg and BQ - Bg so that the b flavour

is changed at a rate comparable or much more frequent than the decay rate for Bg and
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BQ, respectively. Denoting the time-integrated probability for observing a Bg particle in
a beam of originally produced Bg particles by x4, these parameters have been measured
30, 31] for BY

X4 = 0.17+0.05

or are bounded strongly in the Standard Model by
xs = 0.45
Mixing reduces the observed asymmetry so that
AFB(BR) = (1 - 2x¢)ATB(b) (2.35b)

While the impact of By mixing is already quite noticeable ~ 35%, the asymmetry in the
B; system is almost completely washed out.

(iii) b tagging through £~:

Denoting the probability to find a b quark in a b beam by ¥, a weighted mixture of By

and B; mixing parameters, this probability is directly measurable in the like-sign dilepton

rate,
(e

Ry = T 2x(1—x)

With ¥ = 0.12 £ 0.05 [32] the ensuing lepton asymmetry

AFB(¢) = (1 - 2%)AFB(p)
= /1 - 2Ry ATB(b) (2.35¢)
is reduced to ~ 75% of the original b quark asymmetry.

Appendiz
Mass dependence of the QCD corrections to the polarized cross sections, completing egs. (33)(from (3]):

ff](VV)=l+#%2+u .1_31-+?1 %— t]

J(A4) = —+p-€-+,u -g —6-1og—4—+t]
vy =t-ut - 2 %1og—2+t]
P =2 - p T Llf + Ploghs +t]

2

t=1_4 w
=79

1
=log2+ —log 1

3
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2.1.4. FINAL STATE POLARIZATION

Due to the parity violation of the electroweak interactions, quarks are produced with
non-zero polarization in e*e~annihilation. For “light” heavy flavours (¢, b), only the lon-
gitudinal component along the flight direction is sufficiently large [33] to be accessible ex-
perimentally, while transverse and perpendicular coniponents are suppressed ~ mg/mg.
For \/s = myz and neglecting non-zero-mass corrections the variation of the longitudinal

polarization with the scattering anglé 9 is given by

Ag(1+ cos? ¥) + A - 2cosd

Po¥) = (1 + cos?9) + AeAg cos ¥

(2.36)

where Ag = 2vgag/ (vz? + a2Q) etc. Because the Z vector coupling to electrons is small,

the variation with J is moderate and, in contrast to the = polarization, the average value
(sin? Oy = 0.23)

P =—Ag= { ~0.68 for charm

—0.94 for bottom

provides an adequate approximation. Thus the longitudinal quark polarizations are almost

(2.37)

maximal.

The observable polarization is strongly affected by the hadronization. Assuming 100%
longitudinal quark polarization, one expects vector and pseudoscalar mesons to be pro-
duced with the relative proportion 50:25:0:25 for the different spin configurations [S, S;] =
(1,1} : [1,0}: [1,—1] : [0,0]. Similar relations could be derived for baryons. Experimentally
little is known about the spin transfer in hard reactions. |

A variety of decay modes have been investigated to measure the baryon polarization,
in particular for A¢. The semileptonic Ac — A1y, decay [34] as well as the nonleptonic

decays [35] appear to be promising candidates.

Besides the parity-violating polarization itself, spin-spin corrections between quarks
and antiquarks have been studied. The formalism is somewhat involved and we refer to

the original papers [33,36] for details.

2.1.5. HEAVY QUARK MONTE CARLOS

Monte Carlo programs which have been developed for muon, tau or light quark pair
final states can, to a limited extent, be adopted to describe also heavy flavour production.
These programs [ see table] which put the emphasis on the highly accurate treatment
o'f QED effects and of electroweak corrections, include (at present) non-zero quark mass
effects only on the kinematical level. -By a simple modification, however, the correct

matrix elements can be included for the Born cross cross sections.

The influence of mass effects on electroweak corrections is negligible in general for

charm and bottom, with the notable exception of vertex corrections from virtual top
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Mass Spin QED ELW Fragmentation

Mustraal [37] | not incl.  not incl. | a! . not incl. not incl.
ini:al 4+ YFS )
: incl.
KoralZ [38] not incl. incl. fin:al not incl.
1 (g #0bY) ’

ini— fin: «

Tiptop [39]
Y, ...

1

incl. | ini: « not incl. “Lund”

Tab. 2.5: Monte Carlo Implementations.
exchange (cf. Fig. 2.3) in bb final states.

To simulate the production of hadrons these programs have to be linked to fragmen-
_ tation programs like the Lund package, Eurojet or Herwig. QCD loop corrections to the
forward-backward asymmetry are not reproduced this way. However, because the result-
ing changes amount to about 0.004 and because they can be accounted for analytically,

this is not of immediate concern. Spin effects are not accounted for.

A complementary strategy has been implemented in the program TIPTOP which is
specifically designed to describe the production of extremely heavy fermion pairs like top,
the members of a fourth family or exotic fermions in horizontal extensions of the Standard
Model. Initial state radiation is included and the decay of the heavy (anti-)fermion into
three lighter ones through charged current interactions is implemented. The effect of the
W propagator is included as well as all spin correlation‘ which for heavy quarks may
survive the hadronization process with a depolarization factor f. f ranging from 0 in the
case of a b/ with strongly suppressed CC decay, to ~ 1/2 for top in the LEP range, and
even up to ~ 1 for my X 125 GeV when the weak decay time undercuts the hadronization

time.

The program is easily adapted to the production of exotic fermions (see e.g. Ref. 40
for heavy neutrinos) as long as the particle decays into three fermions through a current-
current interaction. Neither final state QED radiation nor weak corrections are incorpo-
rated — not a severe restriction in view of the exploratory nature of such an investigation.
Exotic decay modes like ¢t — H + b or flavour changing neutral current decays of ¥ to

b+ g or « are not included in the present versions of the Monte Carlo programs.
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2.2. CRrOSS SECTIONS AND CHARGE ASYMMETRIES: EXPERIMENTAL PREVIEW*

During the coming years several hundred-thousand c¢ and bb events will be accumu-
lated at the Z0 resonance, and high-statistics measurements of the cross section and of
the charge asymmetry for individual heavy flavours will become possible. These measure-
ments are part of the LEP experimental programme, one of the goals of which is to test

the parameters of the standard model.

In previous sections expressions have been derived which relate the cross section and
the asymmetry to the weak vector and axial-vector couplings and to sin’ Ow, and con-
tributions not included in the Born approximation, from QED, higher-order weak effects

and from QCD, have also been discussed. This section is devoted to experimental aspects
\ only. The various methods to tag heavy flavours will be reviewed and the main sources of
systematic errors enumerated. To a large extent these errors are due to our lack of knowl-
edge of QCD, quark fragmentation and of detailed decay properies in the heavy quark
sector; however, in the coming years some of these uncertainties will graduaﬂy decrease,

and the interpretation of the high-statistics measurements as a test of the standard model

will become possible.

Most methods for tagging heavy flavours are familiar from former, lower-energy exper-
iments, and in many respects the LEP environment is similar to that of PEP, PETRA and
TRISTAN. It is true that the complexity of hadronic final states will increase with energy
(more gluon radiation, a higher track multiplicity); but, on the other hand, the definition
of jets will be more pronounced and the separation of the events into a quark and an
anti-quark hemisphere will become easier, a clear bonus for asymmetry measurement. A’
further advantage of the increased c.m.s. energy for heavy flavour physics is the boosted
decay-length of ¢ and b quarks. D and B mesons will travel several millimeters before
their decay, and the experiments are equipped to recognize secondary vertices. Tagging
by means of the decay-length will become a common tool, with an efficiency comparable
to other methods employed in the past. In the next section we summarize the various
tagging methods which are likely to play a role in LEP experiments. Efficiencies and
sample purities will be quoted, but these have to be taken as estimates rather'tha,n at
their face-value; even more so for the quoted systematic errors which may strongly vary
from one experiment to the other and which are, in practice, the outcome of a long and
tedious learning process. The tagging methods will then be discussed in the context of the
bb and ¢ cross-section and asymmetry measurements. The recent observation of B — B0

mixing has serious implications for the interpretation of the bb asymmetry which will also

*P. IGO-'KEMENES“ in collaboration with K. MONIG, H.-G. MOSER, J.L PINFOLD,
R. SETTLES, S. UBERSCHAR
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be briefly discussed.

2.2.1. METHODS OF TAGGING HEAVY FLAVOURS.

High pt Leptons

In the past, high p; leptons from seﬁli-lepto‘nic decays have played an outstanding role in
the tagging of heavy flavours. The p; distribution of the lepton (Fig. 2.9) reflects the high
mass of the b (and c) quarks and is thereby an excellent separation variable. Electrons are
identified by comparing the calorimeter energy to the track-momentum (E/P = 1) and by
the specific ionization (dE/dx) in the tracking-chamber gas, and muons by their traversal

of the muon filter (hadron calorimeter) and by a track in the outside muon chambers.

1 Fig. 2.9: Unnormalized lepton py

il

distributions for separated flavours.

Misidentified, fake leptons, from gamma conversions, hadronic ”punchthrough”, pion and
kaon decays, are strongly suppressed by requiring a high momentum (P > 3 GeV typi-
cally) for the lepton. However, misidentification of leptons remains a source of confusion
and cannot be dismissed from being a source of systematic error. The'p; of the lepton is
determined with respect to the main event axis (e.g. the thrust axis) which reproduces
with good accuracy (5 to 10 degrees) (Fig. 2.10) the direction of the quark anti-quark
pair before gluon radiation and defines the polar angle of the event for the asymmetry

measurement.

By using the lepton p; as a selection variable one obtains typical tagging efficiencies
for bb events of 20% with a sample purity of 75%. The remaining background consists of
cc (5%) and of light quark pairs (20%). These numbers* are subject to an uncertainty of

about 10%, the dominant reasons being the error on the event axis (which influences the

*Throughout this section the numbers quoted without explicit reference are the result
of discussions with representatives of the various LEP experiments.

24




10 T T T T ]
Lund (parton shower)

~—-— Lund {matrix element) . .. .
..... ~ Webber and the thrust azis. The three distributions of
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lepton p; and thereby the tagging efficiency), lacking knowledge of the b-fragmentation

function, and misidentified leptons. The experimental error on the inclusive semi-leptonic

branching ratio, BR(b — clv) = (11.8 £ 0.5)% [42] , is not included.

Another variable of discrimination, used in connection with high-p; leptons, is the

transverse mass [42] :

out
M, = %@L—l | (2.38)
vis.

where Ez‘-’”t is the transverse energy of particle ”i”, or the component not contained in the
main event plane. The sum goes over all tracks except the 'high-pt lepton. By excluding
the lepton, the two separation variables, p; and M; are fairly uncorrelated. To first order,

M also measures the mass of the primary quark, and its use in connection with the lepton

pt improves the flavour separation.

r\/v, //> Fig. 2.11: D and B meson decay schemes

l'\/'
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W/ W 4
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// /*:
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To obtain a sample enriched in ¢¢ events requires more involved techniques, as the

according to the spectator model.
B
rate of semi-leptonic c-decays is disfavoured, both by a lower cross-section at the Z0
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and by a smaller semi-leptonic branching ratio [42]: BR(c — slv) = (8.6 £ 0.9)%. The
LEP detectors have various means to identify particles; in particular, the identification
of charged kaons seems possible over an extended momentum range (see e.g. Ref. 43 for
the DELPHI detector). In c€ events, the high-p; lepton is often accompanied by a high-
momentum kaon of opposite electric charge (Fig. 2.11). (Alternatively, kaons from the
b— clv, ¢ — s cascade have the same electric charge as the lepton and lower momenta).
Thus, the requirement of a lepton-kaon pair of opposite (same) electric charge in the same

hemisphere is a means to tag ¢ (bb) events. The following results have been obtained
[41]:

Flavour Tag. Efficiency Purity

¢t 3.6% 65%
bb 8.7% 90%

Tab. 2.6: Tagging with high-py leptons (no detector effects).

Uncertainties have been estimated in part by comparing various fragmentation models;

these amount to about 35% for the cc tagging efficiency and to 7% for bb.

Tagging with D-mesons

The presence of D-mesons in the final state is another tag for heavy flavours. For ¢¢
events, the decay chains D*t — D%t DO — K=xt or DO - K—xtx—x% (or their
charge-conjugates), have a probability of about 5% to occur [44]. Due to a favourable
kinematic effect, these final states can be reconstructed with good efficiency: they appear
as a sharp peak (Fig. 2.12) in the D* — D® mass difference, on top of a continuous spectrum
of combinatorial background. In practice, D*s are also produced by bb events through
the b — ¢ cascade, but the two contributions can be separated by using the D% meson
momentum-distribution which shows pronounced differences (Fig. 2.13). Typically, a c¢
tagging efficiency of 2% and a sample purity of 65% can be achieved [43]. These numbers
are subject to large errors, of about 30%, due to the uncertainty from fragmentation and

from the various branching ratios involved in the cascades.

Secondary Vertices |

To tag heavy flavours by detecting secondary vertices is a technique which can be applied
without restricting the sample to semi-leptonic decays or to another particular final state;
it is therefore of high interest for the measurement of cross sections. The B and D mesons
produced at LEP energies have typical decay lengths of 2 to 3 millimeters, and tracks

originating from secondary vertices are recognized by the high-resolution vertex-detectors,
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Fig. 2.12: The D* — DO mass difference
reconstructed in DO — K=t channel;
from Ref. 43.
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Fig. 2.13: D® momentum distributions for
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which cover about 80% of the geometrical acceptance. Despite the unfavourable, large ra-
dius of the beampipe (8 cm in the first phase of LEP) and the effect of multiple scattering,
secondary vertices can be measured with a typical space resolution of 250 microns and can
thus be resolved from the primary interaction point. In fact, for tagging heavy flavours, it
is not necessary to actually reconstruct secondary vertices. Simpler and thus more efficient
ways have been considered [45], [46] and lead to sizeable tagging efficiencies. A possible
algorithm uses the weighted average (weighted by the measurement error) of the "N”
(typically 3) largest impact parameters (Fig. 2.14) to discriminate against light quarks.
The method is not efficient to discriminate between b5 and ¢z events as can be easily
understood from the figure. For (b+c), a tagging efficiency of about 25% can be reached,
with a residual background of 20% from light quarks [46]. The tagged sample contains
26% of the bb and 14% of the ¢z events. The uncertainty on the efficiency is estimated to
20%, and is mainly due to the lack of knowledge of the B-lifetimes: 7 = (13.1£1.4)10~13
sec [44].

More sophisticated methods, combining the information from secondary vertices with
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Fig. 2.14: Average of the three largest im-
,,,,,,,, uds pact parameters in units of the experimen-
tal resolution. Unnormalized distributions;
from Ref. 46. A similar distribution can be
found in Ref. 45.
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several other separation variables, have also been proposed [45]. Monte Carlo studies
seem to indicate a good efficiency for tagging bb and c¢ events separately; however the

performance of these methods in practice has yet to be proven.

To summarize, large fractions of heavy-flavour events produced at the Z0 resonance
can be isolated, by the use of high-p; leptons, D*-decays, or by using the finite decay-
length of B and D mesons. The resulting samples are rich in bb events and contain some
contamination from ¢¢ and from light quarks. It.is more laborious to obtain a ¢& sample of
high purity, the ¢¢ production being disfavoured at the Z° resonance. The most promising
method is the reconstruction of the D* — DY cascade and the selection of ¢ flavour by

requiring a high D% momentum.

The tagging efficiencies are subject to sizeable uncertainties. Apart from the various
instrumental effects (e.g. fake leptons, pion-kaon confusion, track confusion in the vertex
detector ...), one has to consider the lack of precise knowledge of many physics ingredients
such as: inclusive semi-leptonic branching ratios, B and D meson production rates, life-
times and decay branching ratios and, in general, details of QCD and the hadronization
process. Today, and in the first year of LEP, these uncertainties will limit the precision
of cross-section and asymmetry measurements in the heavy flavour sector; however, the
situation is bound to improve as large samples of Z0 decays will be analysed and the

fragmentation models tuned to describe more closely the data.

The various tagging methods can be used separately or in conjunction with each other.

It is important to note the widely differing nature of their uncertainties.
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2.2.2. CROSS SECTIONS

The large uncertainties related to the tagging of heavy flavours affect directly the
precision one can hope to achieve for the bb and ¢ cross-sections. Other contributions,

from the acceptance and from the luminosity measurement are much smaller.

The cross section for a given flavour ”f” is obtained from the expression

o7 =N(1 - p)/Le, (2.39)

where N is the number of events in the selected sample,3 the fraction of background
events, L the integrated luminosity and & the combined geometric and selection efficiency.
B and ¢ are obtained from Monte Carlo simulation, including all details of the detector,
initial-state bremsstrahlung, QCD effects and fragmentation. Needless to say that the
cross section one derives from the measurement is affected by all uncertainties of the
Monte Carlo model.

The geometric acceptance of most LEP detectors is close to 4w. Triggering on multi-
hadronic events and requiring the events to satisfy some basic criteria (approximate bal-
ance in momentum and energy, a loose geometrical restriction on the primary vertex
position and a cut against low-multiplicity leptonic events) reduces the acceptance by
about 5% and suppresses the background from two-photon intera.ction,. beam-gas, cosmic
radiation and 7 pairs below the percent level. The systematic errors related to this pres-
election are expected to be less than 1%. The luminosity is obtained from Bhabha events
detected either in the forward luminosity monitors or at large angle, by the whole detec-
tor. The ultimate precision one hopes to achieve on the luminosity is about 1% ; thus, an
overall precision of 2% for the total hadronic cross section is a reasonable assumption; it
represents also the minimum uncertainty for the cross section of a particular flavour. (A
similar precision has been achieved by the most precise measurements at lower energies
[47], [48]). Note that the total hadron to muon branching ratio will be obtained with a
higher precision, 1% or better, as it is not affected by the normalization error from the

luminosity measurement.

Any of the tagging methods can be used for the ¢z and bb cross-section measurement.
No distinction between quarks and anti-quarks is required, and the aim is a high tagging

efficiency, which can be traded for a better sample purity.

Considering the large uncertainties which affect the various tagging methods, the per-
spectives for a high—precision measurement of the bb and ¢ cross sections at LEP1 look
rather dim. It has to be stressed, however, that the limitations are not of instrumental na-
ture but arise mainly from many physiscs parameters with large experimental errors which
are bound to decrease with the advent of high-statistics samples of ete™ events. Also,

the ultimate precision will have to emerge from the redundancy of the results obtained for
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the various tagging methods, which are fairly independent and which have uncertainties
of widely different nature. A final precision of 5% for the (bb + c€) cross-section and 6%

to 8% for the separated bb cross section seem therefore not unrealistic.

2.2.3. CHARGE ASYMMETRIES

The forward-backward charge asymmetry Aé p» for a given qﬁark flavour "f” is ob-

tained from
;_ NE-Nh)

Afp = k8, (2.40)

(Nz + Ng) )

The forward (F) and backward (B) hemispheres are defined with respect to the direction

of the e beam. N g,(N é) is the number of ff events with the quark momentum-vector

contained in the forward (backward) hemisphere. To measure the charge asymmetry it is

not enough to determine the quark anti-quark direction which is reproduced with good

accuracy by the thrust axis (Fig. 2.10); one has also to tell the quark from the anti-quark.

This is possible if the selection of the bb or c¢ samples is based on semi-leptonic decays or

on the reconstruction of the D*; in both cases the electric charge of the selected particles

- apports the necessary information.

Whatever method is choosen, the selected sample is never pure. As the various quark
flavours contribute to the overall asymmetry by different amounts (due to their proper
electro-weak couplings), the precise knowledge of the sample composition is a prerequisite
for the interpretation of the measurement. Uncertainties from fragmentation will affect
the sample composition and thereby introduce a systemetic error on the asymmetry. The
size of the effect has been estimated in Ref. 41,43 by comparing the asymmetry obtained
for various fragmentation schemes. For bb, the method based on lepton-kaon pairs has
been used while for ¢¢ the selection by reconstruction of the D* was used. A typical

sample-composition for bb is reproduced in Tab. 2.7, taken from [41].

Model Eff Bkgd Background composition

% % ul dd §3 ¢ Uu dd 8s cc b
Lund PS 8.7 10. 1 2 1.1 3 3 2 1 5.4 2.3
Lund ME 9.2 9.5 0. 1 9 3 2 1 0. 5.5 23
Webber 8.0 6.3 d 2 3 1 1 1 1 3.9 1.5

Tab. 2.7: Ezample of a simulated bb sample.

The attention is drawn to the relatively high contribution from events where the quark
and the anti-quark have been confused; this confusion is dangerous, as it contributes to

the asymmetry with opposite sign. By comparing the total asymmetry for the different
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fragmentation schemes, the uncertainty related to fragmentation is estimated to 0.002 to
0.003. (The standard model predictions for the bb and ¢¢ asymmetries at the Z0, are 0.12
and 0.08, respectively.)

Other contributions to the error come from QED and QCD corrections [49], from the
interplay of the uncertainty in the beam-energy setting (= 20 MeV) and the rapid variation
of the asymmetry at the Z%resonance and from intrinsic charge-dependent detector effects.
The various contributions are summarized in Tab. 2.8, together with the statistical error

corresponding to a total luminosity of 200 pb~1 (3 years of running at the Z0 peak).

Source of error bb cC

Flavour tagging 0.0020 0.0030
Beam setting 0.0004 0.0006
Detector (Delphi) 0.0002 0.0005
QED 0.0002 0.0002
QCD * 0.0016 0.0013
Total syst. 0.0026 0.0034
Stat. error 0.0035 0.0070

Tab. 2.8: Estimated error coniributions to b and ¢ charge asymmetry.

The conclusion of this study is that the bb and ¢ charge asymmetries will be measured
at LEP with a precision better than 0.005 and 0.010, respectively. Although this initial
study may be questioned as to its completeness and validity for all LEP experiments, the
quoted errors constitute a valid estimate for the precision one may hope to achieve at

LEP for the heavy flavour asymmetries.

Recent experiments have detected sizeable mixing in the B — BO system, which
has serious implications for the interpretation of the bb charge asymmetry [50]. The
experimental situation is summarized in Ref. 51. The large B? — B0 transition rate

tends to produce charge-symmetric events, thereby diminishing considerably the observed

asymmetry:
AL 5 = A% 2 (no mixing)[1 — 25]. (2.41)

Here x is the combined mixing rate for BS and Bg mesons. The experimental value,
X = 0.158 & 0.059 thus implies a reduction of the observed asymmetry by an amount
which depends on the tagging procedure choosen and which may be as large as 30% ! In
other terms, the precise value of A% p one may obtain at LEP cannot be interpreted in
terms of the standard model parameters without the accurate knowledge of the mixing

rate. However, the LEP experiments hope to measure the x relevant for the respective
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flavour tagging method with an accuracy of 10% which translates into an uncertainty of

0.003 in the asymmetry, not exceeding the expected overall experimental error.
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2.3. HEAVY QUARK FRAGMENTATION*

The fragmentation of quarks into hadrons can qualitatively be deduced from QCD,
yet a rigorous quantitative understanding is still lacking due to its complex nature. The
intertwining of perturbative and nonperturbative mechanisms has therefore been formu-
lated in algorithmic models. The gross characteristics of hadron (energy) distributions are
adequately described in the independent jet fragmentation model [1,2,3]. This model is
based on the minimal assumption that quark-gluon configurations in the femto-universe
transform into jets, bunches of hadrons with small relative transverse momenta, at large
distances. Not relying on unproved theoretical assumptions, the model provided a solid
basis for establishing experimentally the existence of | gluon jets. Picturing the basic jet
structures sufficiently well, the model is too crude though, to account properly for the
small particle flow between the jets. Two different approaches have been pursuit which
refine this picture. Non-perturbative strong forces are the driving forces in the string
picture [4], an approximation to the colour flux tube stretched between quarks in QCD.
Perturbative gluon bremsstrahlung, on the other hand, is considered to be the main mech-
anism for building-up jets in parton shower models [5]. Even though a mixture of both
elements is responsible for the jet development as a whole, it remains an important phys-
ical problem to explore the dynamical driving mechanism of jet formation. Heavy quarks
are the simplest system to'study the hadronization mechanism because heavy quark-pair

production is suppressed in the jet evolution.

Apart from these fundamental QCD problems, predictions of energy spectra of heavy
flavour hadrons are of tantamount practical importance for measurements of particle

lifetimes and oscillations in vertex detectors

In contrast to light-quark hadronization the fragmentation of heavy quarks is hard
[6,7,8] because the inertia carried by the heavy quark is retained in the hadron. This
can most transparently be deduced by analyzing the hadronization Q — (Q7) + ¢q in
the rest frame of the heavy quark Q [6]. In this frame the left-over light quark ¢ is
endowed with only a little bit of energy so that, when boosting the particles back to the
ete™ cm frame with the « factor Y = v/s/2mg, q developes a light quark jet of energy
Eq ~ 7mf§f f o V5/2mg x GeV. The average scaled energy transferred to the heavy

hadron (Qg) is therefore expected to be
(z)np~1—1GeV/mg , (2.42)
The ensuing particle distribution is depicted in Fig. 2.15.

The spectra of heavy hadrons are predicted to be hard also in parton shower models

because gluon radiation from heavy quark lines is suppressed, leaving more energy to the

*Parts elaborated by J.W. GARY, T. SI6STRAND, P.M. ZERWAS
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Fig. 2.15: Momentum distribution of hadrons produced in ete™ — QQ,

viewed in the et e center-of-mass frame; from [6].

leading particle than in light quark jets [9]:

a’s(3/4)] 5(11-§Ny) (2.43)

{(z)PgcD ~ Ls ()

On the Z, the average values of ~ 0.8 and ~ 0.5 for bottom and charm particles, respec-

tively, are numerically close to the estimate (42).

2.3.1. FRAGMENTATION — MAINLY NONPERTURBATIVE

The primordial fragmentation function, which describes the step @ — (Qq) + g,
determines the profile of the nonperturbative particle jet.. Because heavy-quark pair
creation is strongly suppressed in the fet evolution, the primordial function coincides in
this case with the nonperturbative fragmentation function itself. Several forms have been

proposed for the fragmentation function that are based on different physical pictures.

(a) Peterson form [10]

To derive this form the parton model ideas outlined above are elaborated in the following

way. The transition amplitude for a fast moving quark @ to fragment into (Qg) + ¢ is
proportional to the inverse of the energy transfer AE™1, Denoting by z the fraction of

energy (~ momentum) retained in the heavy meson, it follows that

- (Qq)=H  AE =\/m3 + P2 — \/m} + (2P)2 — \/m2 + (1 - 2)P)?
q 1o .]:_ __€Q _
-——-A—E—- ‘ z 11—z

The parameter € is the squared ratio of the effective light-quark mass to the heavy-quark

mass
2
charm : € N —g ~ 0.10
me
2
€  ma 1
bottom : =N~ —
e« m§ 10




Including proper flux/phase space factors and suppressing the distribution by a dynamical
factor (1 — z) [familiar from light-quark fragmentation in the parton model], we derive
the following form of the heavy-quark fragmentation function
N
do(z) =
A

(Fig. 2.16). The normalization factor N is given by 4\/EQ /= for small eg. The average
scaled energy of the heavy meson

(2.44)

(2) =1—+eg

approaches unity proportional to 1/mg.

HERVY QUARK FRAGMENTATION Fig. 2.16: Peterson form of the heavy quark
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A refined treatment of the wave function in the numerator has been proposed in [11].
At the expense of a fairly complicated form, the function is hardened very close to z =1,
with a fall-off proportional to (1 — z). The shape, however, remains qualitatively the
same in general, as expected. Other parametrizations were based on Reggeology [12], or
they were derived by folding nonperturbative (Qg) wave functions with perturbatively
generated light antiquark distributions [13].

Modeling the nonperturbative part of the jet evolution, these primordial fragmenta-
tion functions do not account for hard-gluon bremsstrahlung emitted before the nonper-
turbative jet develops. However, soft-gluon emission — as a mechanism for building up
the jet energy density in QCD parton showers — is effectively accounted for by this form

of the fragmentation function.

(b) String forms [14,15,16]

In string fragmentation, two different approaches have been studied to solve the prob-

lem of heavy flavour fragmentation. They differ in that one model, emphasizing the
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momentum-space aspects, assumes the production of on-mass-shell hadrons to be funda-
mental, whereas the other model is derived from the space-time properties of the string,

leading to a cluster picture yet with sharply peaked mass distributions for heavy flavour

particles.

In order to illuminate the fragmentation process in the Lund approach [14], it is helpful
to start with the production of ordinary particles in the central, ”rapidity plateau” region N
of the string. The kinematics for the production of a particle is illustrated in Fig. 2.17a,
using light-cone momentum variables p* = E+py and p~ = E—py. The string breaks by
qq pair production at the two vertices 7 and i + 1; the quark from one pair combines with
the antiquark from the other to form a hadron with transverse mass-squared m%_. The
invariant distances-squared, in momentum space, from the origin to the breakup vertices
are called 'y and I'—; the assumption of uniform particle production in rapidity (in the

plateau region) implies that the rapidity coordinates of the vertices are irrelevant.

2 ' —
7Y m? p- Q Q p*
z A q g
p- ‘ p* \\/
<;7
\J\
(1-z_)W_ (1-2,)W, Y

Fig. 2.17: (a) Kinematical variables in momentum space for string breakings.
(b) The motion of heavy quarks along hyperbolae in space-time and the breaking

of a string, compared with the momentum-space picture.

A description of the fragmentation process is possible, either in terms of a sequence of
string breaks moving from the quark end of the string to the antiquark end, or the other
way around. In the former description, the hadron takes a fraction z4 of the remaining
light-cone momentum W, leaving (1 — 24)Wy for subsequent fragmentation. For the

iteration from the antiquark end, replace + by —. The two variables 2+ and z_ are related

by

Z.*.Z-W..}.W. = mﬁ_ (2.45)
If the hadron mass is assumed fix, it is thus only necessary to specify either z4 or z—
according to a fragmentation function f(z4) or f(2_). For the production in the central

region of the string, physical consistency requires that the two possible descriptions give

the same result, ”left-right symmetry”.

A detailed study of Fig. 2.17a reveals that the following left-right symmetric combi-
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nations of variables may be formed:

(1 — 24 )W (1 — 20)Wo = (1 — 24)T4 = (1 — 2_)T— (2.46)
2 2
Wew- ="k, =Sl (2.47)
Z4 Z—
m2 2222 dzydz = Zldz+dr+ = Zidz_dr_ (2.48)
+ —

The T’ and z dependence may be factored by exponentiating eq. (47). Multiplying
the three equations with free parameters a and b for the powers of eq. (46) and eq. (47),

respectively, one obtains

bm?2
(1-24)T% exp(—-zﬂﬂ exp(—-bI’+)zi-dz+dl"+ (2.49)
+ + | |

bm2
=(1 — 2_)°T* exp(——L

)exp(—br_)zidz_dr_

p-2-

The z dependent piece is the “Lund symmetric fragmentation function”

_ L0 opep( il
1) = S(1 = 2)* exp(——4) (2.50)

It is possible to show that f(z) is the most general function that will give the same overall
event description, if applied for fragmentation from one end of the jet system or from the
other. [ A slight generalization is allowed, with different a values for different flavours,

but the dependence on endpoint flavours is small, and so can be neglected here. ]

The full derivation is perfectly general, and valid also for the producfion of a central
cC pair in a string, except that this process is strongly éuppressed in string fragmentation.
It can also be shown to be valid (up to some numerically small corrections) for the end-
point behaviour of the string, so long as the endpoint quarks are massless. For massive
endpoint quarks, one complication does exist: the validity of the derivation is based on
the assumption that the space-time and momentum-energy pictures of string evolution
are simply related by a constant of proportionality, the string tension x. However, as
illustrated in Fig. 2.17b, massive endpoint quarks move along hyperbolae in space-time,
with a production vertex displaced upwards from the origin of the momentum-energy
picture. Two choices of the I' variable have been advocated for a light ¢ pair produced
in the intermediate field. Relying on the momentum-energy picture corresponds to the
vertically hatched area of Fig. 2.17b, while the space-time picture gives the smaller hori-
zontally hatched area. In the Lund program, the former possibility is used. This preserves
the left-right symmetry concept also at the endpoints. The shape of f(z) then does not
agree with the Bjorken picture in that, for m?L large,

2
<r>=1-tlyy 20V  (251)
bmq m4
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i.e. f(z) is a harder spectrum. Physically, this translates into the picture that heavier
hadrons take larger string pieces and are therefore less densely spaced in rapidity.

An alternative picture (Fig. 2.17b), based on the space-time properties of the string,
has been elaborated in Ref. 15,16 following the Artru-Mennessier string model [17]. In
a physically plausible analogy to point-particle decays, an area decay law is postulated.

The probability of a string breaking after an area A has been swept, is taken to be
dPBREAK = P()e_POAdA (2.52)

A is defined as the area [see Fig. 2.17b] bounded by the world lines of the heavy quarks
and a light-like line along which the string break occurs randomly. Relating the string

break coordinates to the mass and energy of the first daughter string leads to the spectrum

13
e Pymd [M21 M2 1
fl—m';exp{—w PR P (259

in the limit m2Q /s — 0. Elaborating the mechanism for finite energies and accounting for

repeated breakings of the daughter striﬁgs, the energy spectrum of the final (Q§) clusters

develops a pronounced peak and the cluster masses accumulate strongly at the minimum
heavy flavour particle mass [16]. The numerical results [16] are shown in Fig. 2.18 for
charm and bottom fragmentation functions in Z decays. A reasonable parametrization is

provided by the simple form

(1 —_ z)a bsz
Dg(=) ——z1+bm6 exp | ——= (2.54)

with b = 0.8 GeV~2 and a = 0.5, the charm/bottom quark masses identified with the

masses of the lowest-lying vector meson states.

HEAVY QUARK  FRAGMENTATION Fig. 2.18: Heavy quark fragmentation in the
STRING MODEL  {Bowler /Morris ) Bowler — Morris string approach [18].
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This form of the string fragmentation function is surprisingly close to the Peterson
form as can be seen by comparing Fig. 2.16 and Fig. 2.18. The spectrum is considerably
softer than the flavour-independent Lund form as a result of the different z factor in front
which shifts the maximum of the distribution to lower z values. The average z value

predicted by this. space-time motivated string picture

coincides with Bjorken’s conjecture outlined at the beginning of this section. This is not
surprising because in both approaches the hadronic interaction energy between the heavy
and light quark is provided by the energy of the string piece or of the flux tube, indepen-
dently of the nature of the quarks as gluonic field sources. This string picture of heavy
quark fragmentation may therefore be considered as an approx1mat10n to (nonperturba-

tive) QCD that comes closest to our intuitive expectations.

2.3.2. FRAGMENTATION — MAINLY PERTURBATIVE

For light quarks there is a successful alternative to the hadronization scheme described
before, that is based on the perturbative evolution of quark and gluon partons down to
very low virtualness. This approach is highly developed both analytically [19] as well as
algorithmically [5,20,21]. The inherent suppression of gluon bremsstrahlung off heavy

quarks renders this sector an interesting testing ground for the underlying ideas.

As alluded to before, the angular distribution of (transversely polarized) gluon radi-
ation off heavy quarks is described by the bremsstrahl spectrum [22] (v = Eqg/mg)
2102 dw
dN, = %93_9&_2_ | (2.55)
T [@2 + ,7_2] w
To ensure that perturbation theory be applicable, the tra,nsvérse momentum k; = Quw
should exceed some quantity R~! (of the order of a few hundred M eV). On the other
hand, the radiation is suppressed for © < 4~! according to (55), i.e. the emission of
primary gluons is restricted to angles .
-1 1
02 max {7 7}
Thus the large energy region and the forward region are depleted from gluon radiation.
The first point is in accord with the expectation of hard fragmentation, leading to a
lack of energetic light hadrons in the heavy quark jet. The second point predicts that
light hadrons accompanying a bottom hadron accumulate on the surface of a cone with
-1

(half-)aperture ©¢ ~ v~ ~ 6°; in the transverse momentum plane the heavy hadron is

isolated from light hadrons within a radius k; > 4~lw. The light hadron distributions
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in the interior of the cone are therefore of special interest for investigating manifestations

of nonperturbative dynamics.

The perturbative quark — gluon shower evolution cannot provide a satisfactory picture
of heavy quark fragmentation without invoking the action of nonperturbative fragmen-
tation mechanisms. This can be demonstrated by analyzing the space-time evolution of
parton showers (see, for example, Ref. 23). In purely perturbative fragmentation models
quarks and antiquarks would have to be combined to light mesons over. distances exceed-
ing the confinement radius of 1 fm substantially. This is corroborated by the observing
that in a few percent of all events no gluons are radiated, neither from the heavy quarks
nor from the heavy antiquarks so that the b, b colour blobs are separated by ~ 20 fm be-
fore hadrons are formed. As a result, perturbative jet models must be complemented by
strong nonperturbative fragmentation mechanisms to avoid colour separations over many

fermis.

2.3.3. EXPERIMENTAL STATUS*

As yet, data collected by eTeexperiments is insufficient to distinguish between the
analytical forms of the heavy quark fragmentation functions. However, that the charm
and bottom quark functions are indeed ‘hard’, is unambigously established [24,25]. The
convention adopted by experiments has hence been to use the Peterson functional form to
parameterise the fragmentation process of heavy quarks. From studies of inclusive lepton
production employing Monte Carlo modelling techniques, it is determined [26] that the
mean fractional energy taken up by the primordial heavy hadron, as reconstructed from

FE
the generated Monte Carlo four-vectors, i.e. zpec = (( ;_fp;h“dr:“ , 15 0.68 4= 0.04 for charm
quar

and 0.835 & 0.035 for bottom. The corresponding values of €g are €*¢ = 0.055;8:8%2
and €°¢ = 0.0055;8:8825. Indeed, the ratio €./ even returns a value for the square of
the bottom to charm mass ratio of the order of 10, in agreement with expectations. An
independent analysis of the energy spectrum of D*s [27] gives a result for charm which is

in agreement with the inclusive lepton analysis: (zpec) p» = 0.704 £ 0.032.

It should be noted, however, that these results are based on the use of the Lund
matrix elements Monte Carlo and are not therefore directly applicable to the Lund parton
shower model. The evolution of gluon bremsstrahlung with increasing centre of mass
energy is quite different in the two approaches. Taking this into account, it is estimated
that the values of (zrec)q, as reconstructed from the four-vectors of the parton shower,
that give best agreement with data are (zrec)e = 0.77 £ 0.04 and (zrec)p = 0.81 £ 0.04.

(Note that for ’s, this is actually a softer fragmentation when compared with the matrix

*J. CHRIN
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elements result.) The corresponding €q values are €;°¢ = 0.015;8:8%, ¢ = 0.008_’;8:88?.
In optimising the Monte Carlo simulation model to reproduce the above values, steps
must be taken to account for the inequality between the value of z allocated by the
primordial fragmentation function, Zpri, and that value reconstructed from the generated
four-vectors, zree. This difference arises from the approximation in zpec that fragn_lentation
occurs along the primary quark direction, rather than along the colour-flux lines stretched
between the partons. The effect is thus of particular significance in events which radiate
energetic gluons. At the Z° pole, such cases in the Lund parton shower model are many,
and values of zpe, greater than unity are often observed, leading to (zrec)c =~ (zpr,‘)é+0.11
and (zpec)y N (2zpri)p + 0.08. The required values of eg'i, as used by the primordial
fragmentation function embedded within the framework of the Lund parton shower Monte
Carlo, are thus somewhat softer: e’c’ri ~ 0.07 and égri ~ 0.03. Whilst these figures may
be regarded as the present optimum values to be used in the Lund parton shower Monte
Carlo at 91 GV, caution must be applied to their physical interpretation in terms of the
underlying heavy quark fragmentation function. Clearly, one would hope to arrive at a
function that is fundamental to nature, rather than a model-dependent parameter. For
this purpose it is more meaningful to restrict analysis of data to 2-jet like events where
the dependence on the Monte Carlo modelling of many-parton events, which leads to
ambiguities in the interpretation of the underlying fragmentation function, is generally

avoided.

The present day situation is thus that both theory and experiment agree that the
~ heavy quark fragmentation function is ‘forward peaked’, though the detailed shape of the
function, and it’s dependence on the mass of the fragmenting heavy quark, is yet to be
scrutinized. LEP experiments, with statistics of 107 Z0s, which corresponds, for example,
to &~ 15000 reconstructed D*s, ~ 250000 (125000) penetrating muons from primary b(c)
decay, per detector, will thus be suitably placed to distinguish between theoretical models

and to directly determine the primordial fragmentation function of the heavy quarks.

2.3.4. HEAVY QUARK FRAGMENTATION IN MONTE CARLOS

In this section we shortly describe the present status of heavy quark fragmentation
in a few representative Monte Carlos that will be used at LEP. A detailed comparative
study concludes this section.

(a) LUND - Matrix Elements *

In the matrix element option it is possible to switch between zeroth, first and second order

QCD treatment. In the two former cases mass effects are properly included according to

*T. Sjostrand
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perturbative QCD formulae. In the second order case, where no complete formulae are
available (for the loop corrections), massless matrix elements are used, but phase space
for gluon emission is still constrained by mass effects. The orientation of events in the
laboratory frame does not include mass corrections. The orientation of four-jet events
is done in an approximate scheme, where effective three-jet variables are calculated by
recombining the gg or soft ¢ pair into one gluon. The Lund type fragmentation function
is chosen with the parameters a = 1 and b = 0.7 GeV~2 as preferred values.

(b) LUND - Parton Showers * [20]

Production rate and angular orientation are given by the zeroth order two-jet cross section,

incorporating the exact mass terms. The subsequent parton shower evolution uses exactly
the same algorithm for evolution of light and heavy flavour showers. The only difference
is in the cut-off value for stopping the shower evolution. With Q¢ ~ 1 GeV representing

the minimum mass for a gluon to branch, the corresponding values for quarks are given

by

Mmin —Qz + m Q4 (2.56)

The increased amount of gluon emission, compared to the matrix element case, means
that the nonperturbative fragmentation function is harder. The default values are a = 0.5,
b= 0.9 GeV?, but the TASSO Collaboration has suggested that a = 0.18, b = 0.34 GeV?
gives a somewhat better agreement. [Remember that a and b are strongly correlated so
that simultaneous shifts of the two parameters along curves of fix total multiplicity leaves

most distributions almost unchanged.]

(c) Cluster Models: Production of Charmed and Bottomed Hadrons in Herwig32 *

We now wish to discuss the production mechanism for charmed and bottomed hadrons

in the Herwig Monte Carlo [5]. There are three distinct stages at which heavy quark-
antiquark pairs may be produced in the model: (1) at the electro-weak vertex, (2) in the

perturbative shower and (3) in cluster decay.

The modeling of the electro-weak scattering in Herwig is based on the Born level
equation for the annihilation of an electron and a positron into a photon or a Z0, which
subsequently decays into a quark and an antiquark. Thus there are no corrections for
initial or final state QED or QCD radiation. Furthermore there is no accounting for finite
quark masses or for the energy dependence of the Z0 width or of the electromagnetic
coupling strength. The full formula for the electro-weak scattering in ete™ annihilations
as implemented by Herwig is presented in the companion book on event generators. With

the Herwig default parameter values, about seventeen per cent of all quark pairs created

*J.W. Gary
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at the electroweak vertex are ¢ and about twenty-two per cent are bb, for a center-of-mass

energy of 92 GeV, as is to be expected.

A second mechanism for the creation of ¢¢ and bb pairs in Herwig is gluon splitting
g — 47 in the perturbative shower. In the Monte Carlo simulation, the decision on
whether such a splitting will occur is made by comparing a random number to the value
of an integrated probability distribution, namely the probability distribution for a gluon
of virtuality ¢ to decay into a quark-antiquark pair
L) pygale) (2.57)
integrated over the possible values of ¢ and of the energy splitting variable z. The functions
P;_.45(2) are the Altarelli-Parisi splitting kernels. In the Herwig implementation, variable
t in eq. (57) is not the invariant mass of the gluon but an “evolution variable” constructed
from the energy of the decaying gluon and from the polar angle between the daughters ¢
and §. Again, we refer the reader to the companion book on event generators for a more
complete discussion. About 1.7 per cent and 0.3 per cent of Herwig events possess a c¢

or bb pair, respectively, which is created in the perturbative shower at a center-of-mass
energy of 92 GeV.

The third mechanism for heavy quark production in Herwig is cluster decay. A cluster
is a colour-singlet object made of a final-state quark and antiquark. By final-state we mean
a parton which exists after termination of the shower and after all gluons have been split
into ¢g pairs. Clusters in the Herwig Monte Carlo serve to effect the transition between
partons and hadrons. A cluster is characterized by its mass and by the flavours of the
quark and antiquark of which it is comprised. Suppose that the flavours of a cluster are
q1 and gy. In Herwig a cluster usually decays through production of a quark-antiquark
pair or a diquark-antidiquark pair in the colour field between ¢; and gy. Let 373 denote
this quark or diquark pair. The cluster then experiences a two-body decay to hadrons hq

and hg of flavours ¢G5 and ¢379, repectively

Ci(91%2) — h1(q173) + ha(g372) (2.58)

where C] denotes the decaying cluster. An exception to this decé,y rule occurs for about
0.5 per cent of the clusters, which are too light to decay into two hadrons and which
are thus transformed into a single particle. The decay eq. (58) provides a mechanism for
heavy- quark production because the flavour g3 is limited only by the phase space which
is available to the hadron daughters. Thus g3 could in principle be a light (d, u or s)
quark or diquark, a charm quark, a bottom quark or even a top quark. In practice only
light quark, light diquark and charm quark pairs are produced in cluster decay, however,
with the Herwig default parameter set. About 0.4 per cent of all Herwig events possess

an additional charm quark pair because of this ¢¢ production mechanism in cluster decay.
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The particle species in which these heavy quarks and antiquarks appear is determined
by selecting hadrons k; and hg from a table containing particles of the correct flavour

content for the decay eq. (58). A random number is then tested against the value of the
phase space factor ‘

(251 +1)(282 + 1) Prest (2.59)

to determine whether the two hadrons hy1 and hg will be kept; else a new selection of
daughter candidates is made from the tables. The factors S; and Sg in eq. (59) are
the spins of h; and hg; Prest is the magnitude of their 3-momenta in the rest frame
of the decaying cluster. Thus Py is the kinematic phase space factor for the decay.
The charmed and bottomed hadrons which are implemented in the model and which
are thereby candidates to be cluster decay daughters are listed in table Tab. 2.9. The

production rates for these hadrons as predicted by Herwig is discussed below.

0+ charmed pt p- p° DB° D} Df
1== charmed D D= p® D[ p+ D= g ¢
1++ charmed pft D~ DpP DY D D x
2++ charmed byt by~ ppP DY DY Dy
0=+ bottomed st B B B B B Bt B
17~ bottomed T(1S)
0~ topped Tt T 70 i T? Tf
s = 1/2 singly charmed z;r: 22(‘) 9 A9 =t E2 Q2
= =
“-c “-c
s = 3/2 singly charmed ettt omrt om0 = om0 r0
s = 1/2 singly bottomed | T} T, A g 5 9

Tab. 2.9: Charmed and bottomed hadrons which are implemented inside the Herwig Monte Carlo.

2.3.5. A COMPARISON OF HEAVY QUARK FRAGMENTATION IN JETSETT71
AND HERWIG32*

To conclude this section we shall compare the predictions of Jetset version 7.1 with
those of Herwig version 3.2 for certain properties of charmed and bottomed quark frag-
mentation. Jetset is a string-type Monte Carlo which has been widely used at Pep and

‘Petra energies. Herwig is a well known Monte Carlo of the perturbative shower variety.
Both Jetset and Herwig are likely to see wide application at Lep. Their basic features and
their current status were discussed earlier in this section. More extensive descriptions of

these models may be found in the companion book on event generators.

*J.W. GARY
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The production rates for direct charmed and bottomed hadrons, as predicted by
these two models, are shown in Tabs. 2.10-2.15. By “direct” we mean a hadron whose
immediate parent is a string in the case of Jetset or a cluster in the case of Herwig. For
the purposes of these comparisons and of all others which we shall present here, events
have been generated under the following conditions: default parameter values as specified )
by the authors and a cm energy of 92 GeV. In particular this means that no simulation
for initial-state electromagnetic radiation has been included, for exa,mpie. The numbers
which appear in the tables or which will otherwise be quoted are derived from Monte
Carlo samples of 10° events each, with a normal flavour mixture of down, up, strange,
charm and bottom quark pairs created at the electro-weak vertex. Charmed and bottomed
hadrons which do not appear in Tabs. 2.10-2.15 were not produced as direct particles by

either model in the event samples which were generated.

Tab. 2.10 presents the predictions of the models for the production rates of direct
charmed mesons. The most noticable feature of Tab. 2.10 is the lack of 1t+ and 2t
mesons in Jetset. In fact these mesons exist as part of the Jetset71 hadron spectrum, but
their production is turned off by default. Their production should be allowed in future
versions of the program, however. Despite this difference, it may be seen that the ratio
of the number of excited mesons to the number of pseudoscalar mesons is approximately
the same for the two models, i.e. this ratio is 2.97 in Jetset and 3.17 in Herwig. Similarly,
the predictions for the ratio of the number of D} to the number of Dt are in rough
agreement. Tab. 2.11 presents the analogous predictions for charmed baryons. Here, the
‘most noticable feature is the large rate for heavy charmed baryons which is predicted by
Herwig. The rate for the direct production of the Q0 is more than sixty times larger in
Herwig than it is in Jetset, for example. In total, about forty-four percent of the direct
charmed baryons produced by Jetset are the lightest state AJ; in Herwig this number is

only four percent.

There are two important differences between the Jetset and Herwig predictions for
the direct charmed hadron production rates, as seen from Tabs. 2.10,2.11. First, the
total cross section for these hadrons is about five percent larger in Herwig than in Jetset,
i.e. 39,439 particles are listed in the Herwig columns of Tabs. 2.10,2.11 as opposed. to
only 37,510 for Jetset. The excess in Herwig is due to ¢¢ production in the phase space
decays of clusters during the hadronization phase, see Fig. 2.19. No such mechanism
for the non-perturbative production of charm exists in Jetset. We note that Herwig
and Jetset agree within statistical errors for the rate of charm production through other
mechanisms: ¢ pair creation at the electro-weak vertex and in the perturbative shower,
see Tabs. 2.12,2.13. The second important difference between Jetset and Herwig relative

to the production rates of direct charmed hadrons is that the baryon fractions differ by
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Jetset vers. 7.1

Herwig ver. 3.2

Tab. 2.10: The number of direct charmed mesons
produced in a sample of 10° Monte Carlo Events
generated at a cm energy of 92 GeV. The produc-
tion of 11+ and 2%+ mesons is not allowed by
default in version 7.1 of Jetset.

Tab. 2.11: The number of direct charmed baryons
produced in a sample of 10° Monte Carlo Events

Jetset vers. 7.1 Herwig vers. 3.2 AF 1425 260
DO 3850 3457 =0 160 179
Dt 3606 3277 =t 160 197
Df 1159 1263 0 171 559
N 4 ' 4 ot 162 234
D0 11080 6198 s 164 654
D*+ 11188 6235 =00 14 144
Dyt 3358 1770 it 10 156
J/Y 4 1 Q2 0 245
pe | - 2275 T2 308 1026
Dt - 2371 =it 330 436
D}t - 953 nptt 295 1087
D30 - 2167 =20 21 247
D3t - 2108 Cha 35 275
D3 - 1277 Q20 6 384
Total 34249 33356 Total 3261 6083

generated at a cm energy of 92 GeV.

Jetset vers. 7.1

Herwig ver. 3.2

Jetset vers. 7.1 Herwig ver. 3.2
dd 21922 22011
udl 17144 16939
55 21960 21852
e 16982 17148
bb 21992 22050

dd
uu
§§
cC

bb

9473
9575
8453
1784
158

24143
23840
10975
1706

316 .

Tab. 2.12: The number of quark pairs of flavour
479y produced at the electro-weak vertez in a sam-

ple of 10° Monte Carlo events generated at a cm
energy of 92 GeV.

Tab. 2.13: The number of quark pairs of flavour
979 produced in the perturbative shower in a sam-

ple of 105 Monte Carlo events generated at a cm

energy of 92 GeV.

a factor of two, i.e. about eighteen percent of all charm generated in Herwig appears in

baryons vs. only about nine percent in Jetset.
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The predictions of the models for the direct production rates of bottomed hadrons are
presented in Tabs. 2.14,2.15. Here, the differences between models are dominated by the
limited number of bottomed hadrons which are implemented in Herwig. It is to be hoped
that a more complete spectrum of such hadrons will be included in the future. Despite
this difference, the predictions of the models may be said to be similar in that the total
production rates, the partial rates to baryons and the ratios of the numbers of Bg to the
numbers of BY agree. The non-perturbative production of bb pairs in Herwig, through
the mechanism of cluster decay, is suppressed by the lack of phase space (with the default
Herwig parameter values). Thus the agreement between models for the total bottomed
hadron cross section is no surprise. Note however that significantly more bb pairs are
created perturbatively in the Herwig parton shower than are in the Jetset parton shower
Tab. 2.13; however this mechanism is not important enough to affect the overall prediction
for the bottomed hadron rate to a large extent. For bottom, Herwig demonstrates the
same tendancy toward heavy baryons which it does for charm: only about twenty-four
percent of the direct bottomed hadrons appear as the Ag in Herwig as opposed to almost

forty-five percent in Jetset.

We next examine the energy spectra of direct charmed and bottomed hadrons as
predicted by Jetset and Herwig. Fig. 2.20 show the scaled energy distributions for the
particles of Tabs. 2.10-2.15, for which hadrons in each of the four categories charmed
mesons, charmed baryons, bottomed mesons and bottomed baryons are displayed sepa-
rately. Hadron species within each category possess spectra which differ little from that
which is shown for its class. These energy spectra may be characterized by the value of

the average scaled energy (zp), defined by

2F
(ep) = (—Fedren)
cms
The values of the average scaled energy (z ) for the distributions in Fig. 2.20 are listed in
Tab. 2.16. We also include in Tab. 2.16 the value of (zg) for charged pions, for purposes
of comparision with the heavy hadrons. The statistical errors on the numbers in Tab. 2.16

are less than 0.002 in all cases.

For charged pions, the predictions of the two models for (zg) are essentially the
same. For charmed and bottomed hadrons, the Jetset predictions are about 25% larger
than those of Herwig, however. This hardness of the Jetset fragmentation function for
heavy quark hadrons, relative to that of Herwig, is apparent from Fig. 2.20. Experimental
data tend to support the softer specta of Herwig as opposed to the harder ones of Jetset,
as discussed in the previous section. In addition it may be seen that, for Herwig, heavy
baryons possess a softer spectum than do heavy mesons of the same heavy quark type,

presumably because of the smaller phase space which is available to them on average
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Jetset vers. 7.1 Herwig ver. 3.2
A9 1732 961
N 176 313
Eg - 198 . 305
zy 167 1061
Jetset vers. 7.1| Herwig vers. 3.2 22 181 -
B° 4448 17707 = 196 1311
Bt 4379 17868 Sy 12 -
B? 1260 5093 g2 15 -
BY 2 . 0 Qy 0 113
1B 0 - Ty 366 -
B*° 13403 - 0 367 -
Bt 13115 - ot 393 -
B}° 817 - Ch 42 -
Bt 12 - =0 24 -
T(1S) 0 0 Q" ) -
| Total 40436 40668 Total . 3864 4064
Tab. 2.14: The number of direct bottomed mesons Tab. 2.15: The number of direct bottomed baryons
produced in a sample of 105 Monte Carlo Events produced in a sample of 105 Monte Carlo Events
generated at a cm energy of 92 GeV. A dash in generated at @ cm energy of 92 GeV. A dash in
the Herwig column indicales that the meson is not the Herwig column indicates that the baryon is not
implemented in version 3.2. implemented in version 3.2.
Jetset vers. 7.1 Herwig vers. 3.2
at 0.059 0.058
charmed mesons 0.505 0.428
charmed baryons 0.529 0.421
bottomed mesons 0.757 : 0.631
bottomed baryons 0.761 0.607

Tab. 2.16: The mean scaled energy value (zg) predicted for

various hadrons classes by Jetset and Herwig at a cm energy

of 92 GeV.
in cluster decay, because of their larger masses. In contrast, for Jetset, heavy baryons
possess a harder energy spectrum than do the corresponding heavy mesons, due to the
nature of the Jetset fragmentation function which becomes harder as the particle mass

increases.

2.4. PARTICLE FLOW BETWEEN JETS*

The complexity of quark/gluon fragmentation did not allow us so far to describe the
development of jets in a unified way from very small to very large distances. The general

discussion in the preceding section on heavy quark fragmentation has demonstrated how

*V. KHOZE, P.M. ZERWAS
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Fig. 2.20: The scaled energy distibution g = 2Eh,4r0n/ Eems for direct charmed
and bottomed mesons and baryons as predicted by Jetset version 7.1 (filled his-
tograms) and by Herwig version 9.2 (open histograms) at a cm energy of 92 GeV.

perturbative and nonperturbative QCD elements must be intertwined in order to draw a
physically acceptable picture. As an example, let us recall the string effect [4] which was
predicted as a result of the Lorentz boost exerted by a gluon on the nonperturbative string
stretched between quarks. However, the effect may also be understood as a perturbative
radiation effect [28]. In this approach it is a consequence of colour coherence among the

gluon waves radiated from 3-parton ¢gg configurations.

The experimental investigation of the large variety of subtle perturbative QCD pre-
dictions and their confrontation with nonperturbative fragmentation models are often
hampered by the fact that quark and giuon jets can in general not be separated on an
event-by—event basis. However, the large number of charm and bottom decays of Z bosons
in which the heavy quark jet can be identified by hard prompt leptons, specific final state
particles, vertex detection, etc., opens new vistas on this problem. In the following we

shall briefly comment on the most important points in this context without elaborating
details that are discussed by other study groups.

Tests of QCD coherence phenomena and their discrimination from nonperturbative
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effects require precise analyses of the particle flow in three-jet events [19]. Detailed inves-
tigations of these events should make it possible to reliably distingpish the perturbative
predictions from non-perturbative string fragmentation schemes. Of particular interest
are correlation measurements:

~ depletion of the cone [ half-aperture ~ y~1] surrounding a heavy hadron, from light
hadrons; ,

- correction of the particle flow between jets by 1/N2 interference terms [Ne = 3 is the
number of quark colours] and the energy dependence of the radiation pattern;

~ string—string interaction;

-1 /Nc2 corrections to the azimutal asymmetry of quark jets;

— oblateness of gluon jets.

While the profile of heavy quark jets has been elaborated before, we discuss here corre-
lation measurements in which the quantum mechanical collective nature of perturbative
gluon emission manifests itself. Interference effects lead to the screening of the ¢gg an-
tennae, and correlations among the particles emitted between the jets are predicted, that

modify the independent string fragmentation in the canonical Lund models.

Most of our points are made on the quark-gluon level, and therefore somewhat qual-
itative in nature by invoking local parton-hadron duality to justify the application to
multi-hadron final states. More quantitative investigations, e.g. based on dipole Monte

Carlos [21], are called for in the future.

2.4.1. PARTICLE FLOW IN 3-JET EVENTS

For a given ¢gg configuration the kinematics of which is fixed by the tagged heavy
quarks as shown in Fig. 2.21, the angular distribution of the particle flow between the
jets can be written as [28]

T o< lodl + o1l - ggled  (260)

where ‘

e ag a;=1—cos?d; ;= /L[, n]

[i5] = —L { _ . 0 A J_‘ |

ajj =1 — cos ¥y Vi = [[ni,nj]

(For small angles ¥; a more elaborate formula may be found in Ref. 29.) The first two
terms agree with the celebrated string effect while the last negative term is the result of
interference effects between the radiation from the ¢, § and g antennae, not accounted for
by independent string fragmentation. These interference effects enhance the asymmetry
of particle yields between quark/gluon and quark/antiquark jets, a consequence of the
repulsive force between ¢q and § in a colour octet state. (Note also that the particle flow

increases with energy). The results can best be illustrated for 3-fold symmetric ¢gg events
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(64 = 0qg = 035 = 120°). The ratio of the multiplicity flows projected on the ¢gg plane
- in the sectors introduced in Fig. 2.21, are:
N 5—-1/N2 3.14 with interference

= - {2.5 without [N; — o0]

Nry — 2-4/NZ2

Fig. 2.21: The kinematics of soft particle distributions in ete™ — qgg events and

sectors in the qdgy plane for a symmetric configuration.

Thus with interference this ratio is markedly different from the prediction of non-
interacting strings. [ Note that in the case of untagged jets the ratio is considerably
diminished due to the smearing caused by the misidentification of quark and gluon jets. ]

The coherence effect can seemingly be enhanced by normalizing the multiplicity of

gqvy events in the region IV to ¢gg events

~ dN19Y 8, _
PR 9[qq] : (2.61)

- and _
Ny L-2/NE

 ~ = 0.44
99y _9/N2
NI¥ 2 -2/Ng

This enhancement, however, does not teach us much. Any fragmentation model,

including IJF models, would boost the particles into the sector between the ¢ and the §
lines in photon events.

‘A final remark ought to be added on the fat gluon jet which is easy to isolate in three-
jet events involving heavy quarks. Denoting the average multiplicity in a 120° sector,

Fig. 2.21, for light qgg events by (), one finds for the multiplicity in the gluon sector of
heavy QQg events the ratio

Ny
—— ~14
(N)

i.e. a strong increase of the particle yield. It is only slightly less than the canonical ratio

% / :1;[% +1+4+1] = %’; ~ 1.6, the difference being partly due to the interference between
gluon emission from ¢ and ¢ lines.

52




2.4.2. CORRELATIONS OF INTERJET PARTICLE FLOWS / STRING-STRING INTERAC-
TIONS

An interesting manifestation of the QCD wave nature of hadronic particle flows arises
from studying the double-inclusive correlations of the interjet flows (see Fig. 2.22). Cor-
relations result from the mutual influence of different colour antennae [29] on each other.
These effects are not incorporated in orthodox string models in which the string segments

fragment independently.

,,z Fig, 2.22: Double-inclusive correlation of
multiplicity flows in events with qggy topol-
0gy.

These correlations bear the information on the colour shielding of the ¢§g; antennae
by the field of a second gluon go that has been produced in a cascade, but preceding
the emission of a third gluon g3. The energies are ordered in the sequence E3 < EFy
Ey ~ Ey ~ E_ ~ /s/3. The angular distribution of particles in the directions of the
secondary jets g and g3 is given by terms coming from the independent emission plus a

contribution that links the two gluons:

d’N _
== < [93;9291] [92; 914] + 93; 924] [92;919] + ¢ — 7 (2.62)
drigdiig

+ individual jet contributions

(65 5k] = aji/ (aijar:)

To quantify the correlation effects we compare the ratio of the single inclusive particle

flow between the jets,

with the ratio of the double-inclusive flow,

_d’N d2N

r2

The pair ¢j denotes the directions midway between the partons 7 and j. In the picture

of independent fragmentation of the string segments the additional measurement of the
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particle flow in the region (¢7) does not affect the ratio (g9¢)/(qq) so that ro = rq in this
~ model. However, the mutual influence of the antennae renders ro different from ry1. For

example, in the case of 3-fold symmetric events these ratios are
ry =242 ro = 2.06

if the particle flows are projected onto the event plane. This effect is by no means small.
It is a fundamental prediction of string-string interactions. For present LEP energies this
perturbative picfure of QCD radiophysics is tied to the validity of local du\a.lity and must
thus be subject to experimental scrutiny. |

2.4.3. AZIMUTHAL ASYMMETRY OF QUARK JETS ...

The structure of final states given by the string picture coincides with the perturbative
QCD radiation pattern only up to 1 /Ng corrections. However, in a few cases 1/N, terms

could become sizeable or even dominating [30].

The radiation pattern of a tagged quark jet in ¢gg events follows from eq. (60). If all
angles are large, the third term in eq. (60), resulting from colour coherence, leads to a
sizeable 10% decrease of the first two terms describing the independent string formation.
If the direction 7 is chosen close to the quark axis 7ig, a noticeable asyminetry of the
particle flow is predicted. The azimutal distribution of particles produced inside a cone

of half-aperture 0 (Fig. 2.23a) may be characterized by the asymmetry parameter
N=9(0 < 0p) — N~4(6 < ;) '

A(6y) = 2.63
(%) Neot(0 < ) (263)
For small 0y the asymmetry parameter reads
_ 20 / as(Eby)
8 0 1 045
=G = 299 4, 299
3G N cot 5 + N, cot 5 , (2.64)

The first colour-favored term in eq. (64) describes the Lund-motivated asymmetry due
to the "boosted string” connecting the ¢ and the g directions. The corresponding asym-
metry vanishes with increasing gy as the string straightens. Here however the second
coherence term stops the decrease, Fig. 2.23b, and forces the asymmetry to rise again.
This behaviour may be interpreted as an additional repulsion between particles from two

neighboring ¢ and ¢ jets in a colour octet state.

To study this effect one has to select qgg events where the hard gluon moves in the
direction opposite to the quasi-collinear ¢q pair. In the case of heavy quarks the opening
half-angle 8p must be taken bigger than y~1 = mq/E (= 6°,2° for b,c respectively).

The asymmetry can be extracted as a function of the relative angle between the ¢ and
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G A

1 B3

Fig. 2.23: (a) The azimuthal asymmetry of the quark jet in ete™ — ¢Gg. Geometry
in the event plane: dashed lines show the topology of the colour strings.

(b) QCD (solid) vs. “string” (dashed) prediction for the G factor.

g jets from Fig. 2.23b. The increase of A is of comfortable size at moderate 645 angles.
Of course, before this different behaviour of orthodox string models and perturbative
QCD radiophysics can be studied in detail, the asymmetry itself must be established

experimentally.

2.4.4. ... AND GLUON JETS

All the subtle coherence effects discussed in the previous subsections are a consequence
of the fact that gluons carry colour charges enabling them to emit gluons themselves. The
existence of the triple-gluon coupling is the basis of asymptotic freedom in QCD. It is
therefore of utmost importance to search for effects that are a direct consequence of this
self-coupling. Azimutal asymmetries, with respect to a transverse gluon polarization axis,
in the splitting of virtual gluons into gluons [31] are of opposite sign to those where gluons

split into quark-antiquark pairs. The angular dependence of the splitting functions [32]

is given by
— 2+ 22)2 :
Dg_gg(z,x) = % {% + z(1 — 2) cos 2x}' (2.65)
Dg—q5(2,x) = % {% [z2 +(1- z)2] —z(1 — 2z) cos 2x} (2.66) -

z denotes the energy fraction carried by one of the child partons. Quark jets accumulate
perpendicular to the polarization vector [33] with a maximal asymmetry ~ [1 — cos 2]
for z = 1/2. The asymmetry for gluons is less pronounced ~ [1 + %cos 2x] for z = 1/2.

The magnitude of the asymmetries is illustrated as a function of z in Fig. 2.24.

The gluons in ete™ — ¢dg 3-jet events are linearly polarized to a high degree in the
‘event plane, P = 2(1—z4)/ (mg +mg—). We therefore expect that tagged charm and bottom
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08 p Gluon Jets : Ublut?ness Fig. 2.2{: Azimuthal asymmetries in the
D (2) - 1+ Plz) cos 2% Jragmentation of gluons to a pair of gluons

or quarks.
QL
|l 999

T TR T T 2

quarks from the cascade g — QQ are emitted preferentially out of the event plane. On the
other hand, due to the dominating g — gg gluon splitting, the hadrons should in general
be almost isotropically distributed about the g direction. [Adding up gluons plus three
light quarks without tagging, the oblateness of the g jet vanishes [34]]. It has been shown
that the difference between the quark and gluon asymmetries survives if the analysis is
based on clear 4-jet events evolving from short distances in the femto-universe [35]. The
polar angles of the low energy jets with respect to the high energy jets are large for ¢GQQ
final states while they are small for ¢gg events [36]. Another useful observable is the jet
alignement discussed in [37]. Detailed analyses demonstrate that the 3-gluon coupling can

be explored experimentally under the generally accepted orthodox conditions for applying
perturbative QCD.
2.5. INCLUSIVE PRODUCTION OF J/v, T AND B *

In addition to the resonant production of spin 1 quarkonia at low energies these states

will also be produced in Z decays through the processes depicted in Fig. 2.25a.

Fig. 2.25: Diagrams that contribute to inclusive J/v production.

The reaction e+e"-—*—» J/¥ + gg has been studied in [38]. The analytic result can -
Y

[

*J.H. KUHN AND P.M. ZERWAS
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easily be converted to the corresponding rate for Z — J/¢ + gg. Normalized relative to

@ pairs one finds

L(Z — J/gg) ﬁ_igggmﬂweﬁfnml

2
21 2
~ - —1
T(Z = ptp-) a,%+v,%Q%37r(a )= ey (4 ) +2In(2564°) — 18]

and correspondingly for Y. As a result one finds branching ratios of 2-10~7 for T and

61078 for J/. (See also Ref. 39.)

The situation is more favourable for charmonium production through the diagram
depicted in Fig. 2.25b. The fraction of the cross section for e*e™ — ¢§ + ¢ where the
invariant mass of the c¢ system lies between 2m. and 2mp, is via local duality identified

with the cross section for charmonium production [40] (Fig. 2.26).

About a fraction of 1072 of hadronic Z decays will contain a charmonium state and
perhaps 3 - 1073 contain J/1. Tagging J/v through its ete~and u+u~ mode one would
find about 300 of these events in a sample of 108 Z — a non-neglegeable backgrond for
B tagging through its J/i-decays. The corresponding fractions for bb production are
0.3 - 102 for all bound states below threshold, 1072 for T and about 60 T — ete™ or
ptu~ events in a sample of 1092Z.

“ o = 1 '
o (e*e"—» charmonium + X) x 102 Fig. 2.26: Inclusive charmonium production
o (e'e”—»X) rate as estimated in [40].
2 -
1 =
Vs (GeV)
1 1 .
20 100 200

A

Charmed bottom mesons B can be produced at an appreciable rate only through
(Bc) — B, fusion in perturbatively generatéd Z — bbcé final states. [Spontaneous non-
perturbative ¢¢ pair creation in a gluonic flux tube is suppressed at a level of 10—11].
Folding the 4-quark production amplitude with the bé quark-antiquark bound-state wave
function, a branching ratio for Z — B, of order 10~4 to 10~5 has been estimated in
[41] so that order 100 to 1,000 B, are expected in 107 Z decays. The final state has a
remarkable signature: an isolated B, meson plus 2 jets. The lifetime of the B, meson is
determined by the lifetime of the charmed quark, shorter by a factor 1/3 to 1/4 than the

average b-hadron lifetime. Decay signatures are therefore B, — B + K's and 7's.
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2.6. HEAVY FLAVOUR LIFETIMES

2.6.1. THEORETICAL SUMMARY*

~ The typical momentum transfer in weak decays of hadrons which are composed of
a heavy quark @ and light quark constituents is of the order of the mass mq. Thus,
for sufficiently large values of mgQ, inclusive decay properties such as total lifetimes and
semileptonic branching ratios should mainly reflect the dynamics at short distances. In
particular, the light constituents are expected to play a passive role. This approximation,
known as the spectator model 1], implies that the lifetimes of all weakly decaying states
containing () are equal and essentially determined by the intrinsic lifetime of Q. The
latter is given by theory similarly as the lifetimes of the u and 7 leptons. Indeed, the
observed average charm lifetime can be understood on the basis of the Fermi constant
G, the charm quark mass m¢ o~ 1.6 GeV, the Cabibbo angle |Vs| ~ cos 0c ~ 1, and

the number of Cabibbo-allowed decay channels:

Gch
19273

5
~ i My T, ~ 6 x 107135 2.67
H ‘

Te ™
5\ me

Here, the mode ¢ — sud is counted three times because of colour, and T 2.2 X 106
is the p lifetime. For bottom decays, taking my ~ 4.5 GeV and |V,| ~ sin? 6, ~ 0.05,

one obtains

5
1 1 m v

which nicely reproduces the magnitude of the observed B meson lifetime. In eq. (68),
the channels with two heavy particles in the final state, i.e. b — cs¢ and c77r, have
been disregarded because of phase space suppression. We see that the free quark picture
which emerges in the limit mg — oo already makes sense for charm decays despite of the
relatively light charm quark mass. Therefore, it appears well justified to use the spectator

model in bottom decays.

On the other hand, the observed lifetime differences of charmed particles clearly in-
dicate the existence of sizeable preasymptotic corrections to the spectator model ap-
proximation. These corrections have their origin in non-spectator mechanisms such as
W-exchange (2, 3] and quark interference [4,5]. Yet, my is considerably larger than m, so
that non-spectator effects should be less important in bottom decays than in charm de-
cays. This expectation is corroborated by semi-quantitative estimates obtained from the
empirical charm lifetime pattern by means of reasonable scaling arguments. One expects

corrections of the order of about 10% [6]. However, because of the lack of a complete

*R. RUCKL
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quantitative understanding of the charm data, one cannot absolutely tfust these extrapo-
lations. It is certainly desirable to clarify the role of non-spectator corrections in bottom
decays experimentally by separate measurements of the lifetimes of the B:F,Bf}, and B2
mesons as well as of bottom baryons such as the A7. This would not only help to develop
a reliable theoretical framework, but also put the extraction of the quark mixing param-
eters V., and V; from the inclusive semileptonic decays [7] and the analysis of B — B

oscillations [8] on a more solid basis.

The present tractate is mainly concerned with the bottom lifetime as predicted in the
spectator model and with the qualitative lifetime hierarchy generated by non-spectator
corrections. Also discussed are order of magnitude estimates for the lifetime differences of
bottom hadrons. Since these expectations are based on ideas and results stemming from
the study of charm decays, it is useful to begin with a brief recapitulation of theoretical

interpretations of the charm lifetime pattern.

Résumé of Charm Lifetimes
The common starting point in current theoretical treatments of inclusive decays is an
effective weak hamiltonian Hyy which includes renormalization effects due to gluon ex-

changes with momentum pimQ [9]. Inclusive decay widths are then computed from the

formal expression
T'(h — anything) = ——Im(h|i [ T Hy @)y 0)I) (2.69)
Mp,

using the concept of quark-hadron duality [6]. This eventually leads to an expansion of T’
in powers of mél. The “leading” contributions represent the spectator model approxima-
tion, while the terms suppressed by the heavy quark mass mg constitute preasymptotic
corrections related to non-spectator processes. Taking for granted the implicit assump-
tions of this approach, one is left with the following problems. Firstly, the spectator model
predictions depend on various parameters, in particular, effective quark masses which
are not precisely known and thus give rise to considerable uncertainties [10]. Secondly,
the non-spectator corrections involve QCD bound state properties and nonperturbative
effects, and are therefore even more difficult to estimate reliably. Having no better alter-
native, one usually resorts to additional assumptions and phenomenological bound state
models [2-6,10,11]. As a result of the uncertainties in the spectator approximation, on
the one side, and in the model calculations of non-spectator effects, on the other side,

some aspects of the charm lifetimes are still controversial or at least unclear.

Unquestioned is the importance of non-spectator corrections after the experimental

discovery of considerable differences in the lifetimes of charmed particles, to wit [12]

(DY) : 7(D°) : 7(DF) : 7(A) i 7(ED) : 7(Q9) ~25: 1 11:05:1.3:1.9 (2.70)
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Furthermore, there is consensus on the mechanisms which, from a purely qua.lita,ti\}e point

of view could explain the observed lifetime hierarchy. The suspected mechanisms include
(i) the W-exchange processes [2,3] cii — sd and cd — su,
(ii) the weak annihilation processes [2] ¢5 — ud and ¢3 — Iy, and

(iii) Pauli interference [4,5] of constituent quarks or antiquarks with identical quark

species produced in the decay ¢ — sud.

The remaining questions concern the absolute and relative magnitude of the effects

‘induced by the above mechanisms. A natural parameter characterizing the size of non-

spectator effects is given by 6]

4%2(%)2w0(1) S (2m)

Here, the decay constant fp ~ 200 MeV reflects the suppression due to the necessary spa-
tial overlap of the charm quark with a light constituent quark in a non-spectator process,
while the numerical factor accounts for the difference in phase space of spectator decays
(3-body) and non-spectator mechanisms (effectively 2-body). In the light of eq. (71), one
can qualitatively understand the overall magnitude of the observed lifetime differences.
Thus, the main controversial issue is the relative importance of the non-spectator mecha-

nisms (i) - (iii). In order to examine this question one has to make further assumptions.

Similarly as in many other weak processes, it is instructive to use vacuum saturation
or valence quark descriptions as a first approximation. One can then straightforwardly
evaluate the hadronic matrix elements appearing in the expansion of eq. (69) in terms of
local operators. This leads to the following results [6,10]. In the case of D mesons, the
largest non-spectator correction comes from destructive interference of the two d-quarks
in the decay DT — sudd. The size of this effect is as anticipated in eq. (71). In contrast,
the non-spectator processes D° — sd and D} — ud give much smaller contributions of

the order of ,
. 2 4y 2
2fpmg .

drets— K 1 : 2.72
"2 < (2.72)
mq being the mass of the heaviest final state quark. As well-known, the additional sup-
pression factor mg/ mg is enforced by helicity conservation in V — A interactions. Thus,
vacuum saturation suggests to attribute the D¥ — D lifetime difference to quark inter-

ference, while it predicts almost equal lifetimes for the D° and D;"':
7(D*) > 7(D°) ~ r(D¥) (2.73)

This pattern is in nice agreement with the recent data [12].

A quite different picture emerges for baryon decays since here W-exchange is not

suppressed by helicity conservation. On the contrary, using quark model wave-functions
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one finds that the non-spectator processes A} — suu and _g —» sus are comparable in

strength to the spectator model decays [3,5,11]. In the nonrelativistic limit, the relative
magnitude is described by the parameter

487 2|¢CQ(0)|2 O(l)

mc

(2.74)

where 1)¢¢(0) denotes the wavefunction at the origin of the weakly interacting constituents
in the initial bound state. Eq.(74) is equivalent to eq. (71) if the nonrelativistic relation
f2 %) o 12|pc5(0)|2/m. is used. The best evidence for the importance of W-exchange in
baryon decays is provided by the observed inequality 7(A¥) < 7(D°). Furthermore,’
similarly as in the meson case, one estimates sizeable shifts in the baryon lifetimes due to
quark interference [5, 11]. These corrections are also of the type characterized by eq. (74),
however, the sign can be positive or negative. Whereas the u-quark from the decay
¢ — sud interferes destructively with a u-constituent in the baryons, the corresponding

interference of s-quarks is constructive. Together, the non-spectator effects generate a

rather intricate lifetime hierarchy [5]*:
T(90) = 7(E2) < r(AF) < 7(EF) (2.75)

So far, only the last inequality is verified experimentally, while the prediction for the Q9
seems to be at variance with the experimental result quoted in eq. (70). Considering the
large error of the 7 lifetime measurement [12] and the lack of data on the =2 lifetime, it

may however be too early to draw a definite conclusion.

Qualitatively, the modifications of the uniform spectator model lifetime due to non-
spectator effects are deterﬁﬁned by the general properties of Hyy and the valence quark
structure of the charmed hadrons. Therefore, one can rather reliably predict the lifetime
hierarchy resulting from a given non-spectator mechanism. On the other hand, the actual
size of the various corrections is subject to large uncertainties connected with the bound
state wavefunctions, the influence of gluons, and so forth. These uncertainties leave room

for speculations which lead to quite different scenarios.

In particular, it has been argued [2] that the presence of gluons in hadronic bound
states may render valence quark approximations and vacuum saturation inappropriate.
For instance, D meson bound states might contain sizeable components in which the
valence quarks form a spin-one configuration with the cg spin being balanced by a gluonic
system. In this configuration, W-exchange and weak annihilation would not be prohibited

by helicity conservation. Consequently, Iion-specta,tor processes such as D° — sd+ X glue

*Taking into account further corrections, the authors of ref. [11] argue in favour of
T(Q2) < 7(22) < 7(AT) ~ 7 (ED).
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and D} — ud + Xgiue should occur with rates of the order of 4n2fp/m2 relative to the
spectator mechanism. The difficult part is to estimate the parameter fp which is related
to the ¢ wavefunction in the spin-one configuration and-which replaces the decay constant
fp in the valence quark approximation discussed before. At present, one cannot calculate
fp reliably because of the nonperturbative nature of the problem. If one nevertheless
treats the gluon background perturbatively, considering one-gluon bremsstrahlung from

a nonrelativistic (¢g)-bound state, one obtains (M. Bander et al. [2])

fb= 5‘;;( )fp (2.76)

where mg is the mass of the light constituent quark. In spite of the enhancement factor
(me/mq)? = 30(10) for my ~ 300MeV (ms ~ 500MeV), this estimate yields too small a
value of -fp for W-exchange and weak annihilation to have a major influence on the D

meson lifetimes.

However, one can argue that the perturbative result, eq. (76), is not trustful and

assume [2] instead fp = O(fp) in which case

f2

C

~ 0(1) (2.77)

This is the principal assumption of the so-called annihilation models which attribute the
DT — D° and Dt — D7 lifetime differences to W-exchange and weak annihilation pro-
cesses, respectively, accompanied by gluons, while quark interference effects are considered
less important. The strongest support for this conjecture comes from the small semilep-
tonic branching ratio of the D°, namely Bg(D°) ~ 7.5% [13]. This number seems to
be smaller than what one can obtain within the spectator model from the QCD short
distance enhancement of nonleptonic decays induced by Hyy [9] and the suppression of
semileptonic decays due to radiative gluon effects [14]. On the other hand, the equality
of the DF and D° lifetimes, a natural consequence of interference dominance, appears
rather accidental in annihilation models. Moreover, weak annihilation should not only
induce nonleptonic DF decays but also contribute to the semileptonic width of the D;"
via D — Iy + Xgiue- Obviously, similar channels do not exist for D° decays via W-
exchange. Therefore, one expects Bg(D7) > By(D°), in contrast to Bg(D) = Bg(D°)
as implied by the interference interpretation of the D¥ — DO lifetime difference. In other
words, the D} semileptoriic branching ratio provides a good way to discriminate between
the two competing pictures [10]. Finally, if the soft gluon background plays a decisive
role in meson decays, it presumably has also some effects on baryon decays. Making the
assumption that the shifts of baryon lifetimes due to W-exchange completely dominate

the quark interference modifications contrary to the expectation on the basis of quark
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model estimates, one arrives at
T(Z2) ~ 7(A}) < r(BF) =~ 7(9) o (2.78)

Comparison with the lifetime hierarchy, eq. (75), obtained in the valence quark approx-
imation using conventional quark model wavefunctions shows that accurate data on the
Q¢ and =7 lifetimes can clarify the issue. Clearly, a confirmation of the existing rough
measurement of the () lifetime would speak against strong interference effects, and thus

indirectly support annihilation models.

To conclude, in inclusive approaches leading asymptotically to the spectator model it
is possible to qualitatively reproduce the observed lifetime hierarchy, eq. (70), of charmed
particles by taking into account quark interference (D+, AF,=F,22,99), and/or W-
exchange (D°,A¥,Z9) and weak annihilation (D}). However, a clear quantitative ex-
planation of the data has so far been prevented by calculational uncertainties. This prob-
lem exists in particular for the W-exchange and annihilation mechanisms in D-decays
where one has to invoke nonperturbative gluon dynamics in order to circumvent helicity

suppression.

In my opinion there is growing evidence in favour of quark interference as the main
origin of the Dt — D lifetime difference [6, 10]. This belief relies substantially on the
results of advanced studies of exclusive D decays. Experimentally, the two-body channels
including resonances are found to constitute a large fraction of all non-leptonic D* and
D° decays [13]. Thereforé, the correct theory of exclusive decays should simultaneously
explain the D meson lifetime difference. Without going into further details I just recall
some important results. Firstly, the main features of the observed two-body branching
ratios can be described without annihilation and W-exchange [15], provided one consis-
tently works in the large N limit [16] (V. being the number of colour degrees of freedom).
It should be noted that for N; — oo, the usually assumed factorization of weak matrix

elements holds strictly. Direct calculation of the total two-body D decay widths T'y(D)
then yields the ratio [15] '

T'9(D°)

F2(D+)z3 o (2.79)

Together with the semileptonic widths I'gj(DT) = I';;(D°) this result essentially explains
the total DF — D° lifetime ratio quoted in eq. (70). Secondly, final state interactions turn
out to be important. Among other effects, they feed, via rescattering, annihilation-type
decay channels such as D° — K°¢ [15,17]. Thirdly, annihilation and 'W-exchange enter
through non-factorizable matrix elements. The latter are non-leading in the sense of a
formal expansion in 1/N;, and have been estimated using QCD sum rule methods [18].

According to these estimates, the D° and D7 lifetimes are shortened only by about 20%
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in contrast to the large effect of quark interference in D* decays apparent from eq. (79).
In summary, studies of exclusive D decays lend substiantial support to the valence quark

approximations for inclusive decays described at the beginning of this section.

Spectator Model Predictions on the Bottom Lifetime

In the spectator model inclusive nonleptonic and semileptonic widths of heavy quark
states are replaced by the corresponding free quark decay rates. The estimates made in
eqs.(67) and (68) are very rough approximafions of this kind. These estimates can be

refined by taking into account
(i) phase space corrections due to finite quark and lepton masses [19],

(i) QCD corrections [9, 14, 20,21] arising from virtual gluon exchanges and real gluon

emission, and

(ili) smearing effects due to the Fermi motion of the constituents inside the decaying
bound states (Altarelli et al. {14]; see also ref. [22]).

The corrections (i) and (ii) are comprised in the following expressions for semileptonic

and nonleptonic decay rates:

2.5
- 2 GFmQ
Lsi(Q — glty) = [Vyol“I (rg, 71, )5t 953" (2.80)
9 - 9 G%wmf’g
Pnl(Q - qu2q_3) = |Vq1Q| [V;quﬂ I(ranqz’r%)nnl3 1927!'3 (281)

Here, V,; are elements of the CKM matrix, I(rq,ry, ) with rq = %zn-;- are phase space
factors, and 1y and 7, are QCD correction factors. Explicit formulas for the phase
space functions I(rg,rp,7c) can be found, for example, in ref. [19]. For massless final
states one obviously has 1(0,0,0) = 1. Similarly, the normalization of the QCD factors
is such that ng — 1 and 7,; — 1 when the strong interactions are switched off. Virtual
gluon corrections to the effective weak hamiltonian only affect four-quark operators, but
not local operators consisting of a product of a quark current and a leptonic current.
Therefore, 5 # 1 is solely due to radiative corrections to the Born approximation of

Tg(Q — ¢l7;). In lowest order and neglecting the lepton masses, one has

205 (m?
oy =1- 2000 2 2By (282)

where f(0) = 1, while the coefficient f(rg) for a massive final state quark can be obtained

from ref. [14]. In contrast, n,; generally receives contributions from the renormalization

of the nonleptonic hamiltonian H,,; as well as from radiative corrections to the decay rate -

for @ — q19243 derived from H,;. In leading logarithmic approximation (LLA) only the
short-distance QCD effects on H,; enter yielding [9] '

1 ,
Tl = g(2(;_2+'+ 2) (2.83)
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For bottom decays, the short-distance coefficients c4 are given by

ct = (M)%(M)%

. (2.84)
o (my)/ " \af(md)
where d_ = —2d4 = 8 and agf )(Q2) is the running QCD coupling constant for f effective
massless flavours: '
4w
o{(@? = P (2.85)
bsln Az

with by =11 — % f and A being the relevant QCD A-parameter. Continuity of agf)(Q2)
is ensured by the relation Ag = Ag(As/ mt)'221'. Strictly speaking, eq. (84) holds for
mp K my K myy. The next-to-leading order (NLLA) corrections have been calculated in
the massless limit taking for the number f of excited flavours some effective value between
4 and 6 [21]. The resulting QCD factor 5,,; can be written in the form

()¢,.2
1 2a5" '(mp)
Tt = 524 + 2 )(1+ —%—th) (2.86)

where c+ = (agf )(sz)/agf) (m%V))di/ ¢ and agf )(QQ) is the runnihg QCD coupling
in two-loop approximation. The cogﬂicient hy contains contributions from the two-loop
anomalous dimensions of the relevant four-quark operators as well as from O(a;) radiative
corrections to @ — ¢1¢2d3. The latter are discussed separately in ref. [20]. Numerically, & i
turns out to be of order unity in the ¢ and b mass range, and decreases as ™m( increases.
The normal size of the NLLA effects and the tendency to corroborate the nonleptonic
enhancement found in LLA demonstrate the reliability of the QCD corrections in eqgs.(80)
and (81). Evaluating 7y and 7, from eqs.(82) and (86) for b — c transitions, using
my, = 4.8GeV,me = 1.35GeV, f =5 and Agz = 150 (300) MeV, one obtains

nst = 0.89(0.87) and gy = 1.11(1.18). (2.87)

As expected from asymptotic freedom, the QCD corrections to the free quark predictions

for bottom decays are considerable smaller than in the charm case [6,10].

Finally, the spectator model can be further improved by taking into account the Fermi
motion of the constituents inside the initial heavy hadrons. The corrections are mainly
important for .deca,y spectra, in particular, for the endpoint region of the charged lepton
spectrum from semileptonic B decays which is used to determine the ratio of the 4 — u
versus b — ¢ couplings. For integrated semileptonic and nonleptonic widths this bound
state effect is less essential. Nevertheless, following the procedure suggested by Altarelli

et al. [14] for D and B mesons one can reduce the uncertainties in the spectator model
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prediction, eq. (80), on the semileptonic width I'y;(Q — ¢l#) coming from the uncertain
values of the quark masses mg and mg. The trick is essentially to exploit the constraints
on mq and my provided by the measured shape of the lepton energy spectrum. Consider
the desintegration of a (Qsp)-bound state P induced by the decay Q — ¢i7; in which the
spectator antiquark gsp is emitted as an on-shell particle with mass mgp and momentum
p. The heavy quark ) must then be off-shell because of energy-momentum conservation.

In the restframe of P, its invariant mass is given by

W3 = M2 + m%, — 2Mp\/m2, + |12 (2.88)

where M is the physical meson mass. Moreover, @ carrying the momentum —g decays
in flight. Hence, the energy spectrum of the lepton ! in the restframe of P is obtained by
folding the appropriately boosted spectrum from @ — ¢l¥; with the distribution in |f].
The latter is usually assumed to be gaussian:
—W)
PF

where pp characterizes the average Fermi momentum, i.e. pr <300MeV. The final lepton

~

o0 = =g exe(S50)s [ sl =1 (289)

spectrum is thus parametrized in terms of the spectator mass Mmgp, the Fermi momentum
pF, and the mass my of the final quark. These parameters are to be suitably chosen or
fitted to the experimental spectrum. The heavy quark mass mg does not appear as an
independent parameter, but is replaced by the average effective mass (WQ) determined for
a given value of mgp by the fitted value of pp. A recent analysis of the electron spectrum

from B decays has lead to the following values for the effective b and ¢ quark masses [7]:

my, = (4.93 +0.05)GeV, mg = (1.56 £ 0.06) GeV

(2.90)
mp — me = (3.37 £ 0.03) GeV.

Obviously, the semileptonic width I'y; can be obtained directly by integrating the theo-
retical lepton spectrum resulting from the fit. Alternatively, one may use the spectator

model formula, eq. (80), together with the above mass values and 74 from eq. (87) to find

043
1010y (291)

Lsi(b— ce™e) = |V
It is important to note that this prediction is not too sensitive to the precise values of m;
and m, as long as the mass difference my — my is fixed. For illustration, taking my — mc
from eq. (90) and varying m; from 4.8 GeV to 5.2 GeV, the numerical coefficient in
eq. (91) varies only from 0.41 to 0.48.

Combining the improved spectator model result eq. (91) with the world averages of

the semileptonic branching ratio and total B lifetime (ref. [23] and Kleinknecht [7]),
' B, (B) =(10.9 £ 0.8)%
’ " (2.92)
7(B) =(1.15 £ 0.14) x 10125
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and neglecting I'5;(b — ul;)(< 0.04T5;(b — cly;) [7]), one obtains

10-4s B (B)\1/2 |
5 T(B)) ~ 0.047 £ 0.005 (2.93)

[Vasl =

where the error estimate is taken from Schubert [7].

It is of course also interesting and necessary to check whether the experimental results
on By and 7 given in eq. (.92) and used in eq. (93) can be understood within the spectator
model. This requires the calculation of the total nonleptonic width I';y;(b — c). Again,
Lpi(b — u) is practically negligible since I'yj(b — u)/Tpi(b — ¢) =~ Tgy(b — u)/Tg(b —
c) < 0.04. Nevertheless, in the following the b — w contributions are included assuming
the maximum allowed value I-“%‘:F = 0.02. Below, I present numerical predictions on the
B lifetime and semileptonic branching ratio derived from egs.(80) and (81) for two rather

extreme choices of quark masses and for QCD corrections as estimated in eq. (87):

v, 29(28) (I
T(B)x Io b1l5 {3.1((3.0)) ((11)) (2:94)
0.13(0.12) (I)
Bs(B) = {0.16(0.15) (II) (2.95)

Here, (I) and (II) refer to the two sets of quark masses (mp, me,ms,my q) = (4.8, 1.4,
0.15, 0) GeV (I) and (5.2, 1.8, 0.5, 0.3) GeV (II), while the two numbers given for each
mass assumption correspond to Azrz = 150MeV (300 MeV). In the spirit of the spectator
model, the above expectations apply to all weakly decaying bottom hadrons. Substituting
the experimental B lifetime from eq. (92) in eq. (94) one gets

[Vep| = 0.049 to 0.052. (2.96)

Some comments are in order:

(i) The total bottom lifetime expected in the spectator model is consistent with the

measured B lifetime and the value of |V,3| derived from inclusive semileptonic B decays.

(ii) Similarly as the semileptonic width also the total nonleptonic width does not depend
very sensitively on the precise values of the input quark masses provided the difference of
the two heavy masses my—my is kept fixed. More definitely, I',;(b — ¢) decreases by about
20% when changing the masses from set (I) to set (II) and taking my — m¢ = 3.4 GeV as
suggested by experiment (see eq. (90)). Moreover, this décrease is largely compensated
in Tyt (b - c) by the corresponding increase of I'g;(b — ¢) so that the total lifetime given
in eq. (94) varies by less than 10%.

(iii) The semileptonic branching ratio varies more strongly under the same variation of

quark masses. Comparison of the theoretical and experimental results given in eqs.(95)

/
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and (92), respectively, clearly shows that small quark masses and large QCD corrections

lead to a better agreement.

(iv) The present world average of Bg(B), eq. (92), seems to lie slightly below the lowest
value of Bg(B) resulting from the spectator model in the parameter range considered in
eq. (95). Although the discrepancy is not very significant, it is reminiscent of the situation
in D decays. There, the measured D° and D* branching ratios, Bg(D°) ~ 7.5% and

B, (DF) ~ 17% [13], yield on avefage Bg(D) ~ 12%, whereas the spectator model
typically predicts about 15%. ‘

~ Suppose one would not know the individual semileptonic branching ratios of the D°
and DE. The above discrepancy could then seemingly be cured by taking into account in
the calculation of By (D) only the leading order contributions in a formal 1/N, expansion
of the inclusive rates [11,16]. One may argue that since not all non-leading in 1/N,
terms can be calculated at présent, but only those with factorizable matrix elements, the
contributions from higher orders in 1/N, should be dropped altogether for consistency.
This argument is supported by the successful description of the two-body D decays in a
conventional valence quark model after removing the non-leading in 1/N, terms (with the
exception of final state interactions) [15,16]. In the inclusive case, the above prescription
implies the replacement of the usual short-distance factor 31;(2c3_ + c2) assumed in the
previous discussion (see eq. (83) by the factor %(c_%_ + ¢2). This modification leads to a

stronger nonleptonic enhancement, since

%(c?+_+c2_) - {1.3 ¢ — decay

%(263. + c2_) 1.2 b—decay (2.97)

and consequently to lower semileptonic branching ratios. Considering only the average
value By (D) = %(BS'I(DO) + By(D¥)), the additional nonleptonic enhancement factor,
eq. (97), suffices to reconcile the spectator model to experiment. However, knowing the
individual D° and D* semileptonic branching ratios we can of course not accept this as
a solution of the problem. In addition, one has to invoke non-spectator effects in order
to explain the difference in Bgj(D°) and Bg(DV) (see discussion in preceeding section).
Nevertheless, it is interesting to observe that the situation improves considerably as com-
pared to the original spectator model treatment if one restricts oneself to the leading order
in 1/N,. Firstly, the disagreement between the éxperimental value Bg(D°) ~ 7.5% and
the original spectator model prediction Bgj(D) & 15% is reduced by a factor 2. Secondly,
the equivalent decrease in Bg(DV) is compensated by a reinforcement of the Pauli in-
terference effect shifting By (D) back to the experimental value By (D) ~ 17%. The
remaining discrepancy in Bg(D?®) may indicate the presence of sizeable contributions to
the nonleptonic width T',;(D?) from higher orders in 1/N [18], from di-quark correlations

[24], or from W-exchange contrary to valence quark estimates [6,10].
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Returning to B decays, one finds that the modification of the spectator model esti-
mates, eqs.(94) and (95), according to eq. (97) gives perfect agreement between theory
and experiment. It should be emphasized that the rule of keeping only the leading order
in 1/N contributions is also supported by the study of two-body B decays, in particular,
the channels B — J/ YK and J/$pK* [15]. Yet, the experience with charm decays shows
that from the successful calculation of the average B® and B¥ lifetime and semileptonic
branching ratio alone one cannot conclude that higher order in 1/N, corrections and
non-spectator contributions are completely negligible. In order to clarify this point it is
essential to look for differences in lifetimes and semileptonic branching fractions of the
various bottom hadrons. Theoretical expectations are discussed in the next section using

the implications from charm decays summarized in the previous section as a guidance.

Non-Spectator Corrections and Lifetime Differences of Bottom Hadrons
.The degeneracy of lifetimes which exists in the spectator model is lifted by preasymptotic
effects involving the spectator quarks. As recapitulated in second se&ion, the charmed
lifetime hierarchy most likely results from quark interference and, in the case of baryons, in
addition from W-exchange processes. For meson decays, annihilation type processes seem
to play a less significant role. Considering the flavour structure of the bottom hadrons and
the pattern of the Cabibbo-Kobayashi-Maskawa matrix [7] one can immediately single out
those few non-spectator processes which could in principle have noticeable effects on the
bottom lifetimes [6,10]. In the following discussion I concentrate on the B, Bg, B2, and
; particles (and their charge conjugates), and refer to the other weakly decaying bottom
hadrons only in a few scattered comments. The very interesting states containing also a

charm quark such as the B; (bc) or the (bec)-baryon are not considered here.

Quark interference occurs dominantly in the channels

B~ (bu) — cudu ' (2.98)

A§(bud) — cadud (2.99)

All other B~ and Aj channels leading to identical (anti)-quark pairs are suppressed either
by the Cabibbo angle, or the very small b — u coupling, or by phase space. Frequently,
one has two of the above suppression factors at the same time. Illustrative examples are
B~ — custu, Af — utidud, and A — cedud. Concerning other bottom hadrons, it should
be stressed that By and Bg decays are not at all affected by quark interference. However,
important decay modes of other baryons such as Ep (bsd) — cudsd, Z9(bsu) — cessu,
and Qf(bss) — cCsss are subject to Pauli interference. Furthermore, similarly as for the
D* and A} one finds for the B~ and Aj that the interference is destructive. Hence,
the lifetimes of the B~ and A tend to be lengthened and the semileptonic branching
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ratios tend to be increased in comparison to the spectator model predictions given in the
preceeding section. While for the A this expectation is a direct conseqﬁence of the Pauli
principle, in the case of the B~ the hard gluon corrections to H,; making ¢ > 2c_2,, are
essential [4,5,11]. Without these corrections, c— = ¢4 = 1 and the interference effect on

7(B™) would have the opposite sign!

In the presence of a positively charged valence quark or antiquark, besides the b-quark,
a bottom hadron can also decay via W-ezchange. This condition is fulfilled for the B9, B?

and Ag. The relevant channels are indicated below: -

By(bd) —» ci (2.100)
B9(b3) — cc (2.101)
A} (bud) — cdd (2.102)

All other W-exchange modes are Cabibbo suppressed or involve the tiny b — u coupling,
and can therefore be neglected when considering total lifetimes. Obviously, the above
processes tend to shorten the Bg, B2 and A} lifetimes and to decrease the corresponding
semileptonic branching ratios with respect to the spectator model expectations, quite in
analogy to what is the case for the D° and A}. However, following the arguments given in
the second section, the effect is completely negligible in meson decays, unless the presence
of gluons in hadronic bound states catalyzes this mechanism by circumventing, in some
way, the suppression due to helicity conservation. In contrast, W-exchange contributions
to the nonleptonic width of the AY (and also the Zf) are not helicity suppressed and,
therefore, more likely.

Finally, weak annihilation can only take place in B~ and B decays. In the first case,
it is suppressed by the small b — u coupling, and thus irrelevant for the B~ lifetime.
The second case resembling weak annihilation in D} decays is rather special, since the
B; can make transitions to ordinary B mesons via the decay of the charm quark (rather
than the bottom quark), and the emission of pseudoscalar or vector octet mesons. Note
in this respect that 7, ~ 6 - 10~12s and 7, ~ 10~!2s are not very different.

The above survey of possible non-spectator processes in bottom decays leads to a

unique qualitative hierarchy of lifetimes and inclusive semileptonic branching ratios:
7(B7) > 7(B?) > 7(BY) > 7(A§) (2.103)

Bu(B™) > BsI(B.g) 2 le(Bg) > BsI(Ag)‘ (2°104)

One should note that the relation of 7(B) and 7(BY) in eq. (103) takes into account the
phase space suppression of the W-exchange process (101) relative to the process (100).
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Moreover, since there is only the spectator model route to semileptonic final states, the
semileptonic branching ratios in eq. (104) follow exactly the lifetime pattern. This is
different from charm decays where D} — 71X may also proceed via weak annihilation

as emphasized in the chapter on charm lifetimes.

Reliable estimates of the actual magnitude of the differences in lifetimes and semilep-
‘tonic branching ratios are not necessarily easier for bottom hadrons than they have been
for charmed hadrons. On the contrary, in the bottom case one cannot approach the prob-
lem in an exclusive way by studying all two-body decéy modes, since the latter constitute
only a rather small fraction of the nonleptonic decay width and do therefore not allow
conclusions on the total widths. This possibility exists in the charm case and has led to
some clarification as already mentioned. Nevertheless, a reasonable order of magnitude
estimate of the inequalities given in eqs.(103) and (104) can be obtained by using the
scaling laws for non-spectator processes in the nonrelativistic valence quark model, i.e.
eqs.(71) and (74), and extrapblating the experimental Dt : D : A lifetime ratios shown
in eq. (70) to the bottom mass range. One then finds

ool (2 53
2{1.15 for fp ~ fp

1.06 for fg/fp =~ \/mc/my

(2.105)

a,nd,‘ similarly,

T(Bg) _ |5u(0)}2 (me)\3[7(D°)
r(Ag) =H ORI, 0)2 (mb) L(At) B 1]

(2.106)
N { 110 for |thpy/%eal = \/mp/me
1.04 for |thpy| =~ |¥edl

where the two alternative assumptions on the meson decay constants and the baryon
wavefunctions correspond to each other. The ratio rqcp of the relevant QCD short-
distance factors is set to 1 in the above numerical estimates. Actually, the decrease of
the hard gluon corrections when going from m, to my suppresses the influence of quark
interference and W-exchange on B~ and A§ decays further by roughly a factor of 3 and
1.5,' respectively [10]. Thus, the valence quark descriptibn of inclusive decays suggests

that the lifetime differences among bottom hadrons should not exceed 10%.

A similar conclusion is reached in annihilation models invoking a strong nonpertur-
bative gluon enhancement of W-exchange and weak annihilation processes. Assuming

eq. (77) one basically reproduces the result of eq. (105). On the other hand, if one follows
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the perturbative estimate (Bander et al. [2]) leading to eq. (76), one obtains

T(Bg — cug) 21ras(mb) (c+ +¢-)2 (fB)

(B3 — cudd) 21 (22 +ct)\my (2.107)
» 02( fa ) (0.3 GeV)2 \
=7\0.15 GeV mq

that is again a very small effect on the B“i’ lifetime.

Sometimes it is argued that the low value of the experimental semileptonic branching
ratio Bg(B) =~ 10.9% (see eq. (92)), which is an average over Byg(B¥) and By(B°),
indicates sizeable W-exchange contributions to B° decays, and thus implies a considerable
B meson lifetime difference. The essence of this argument can be illustrated by the
following simple numerical example. Starting from the upper range of the spectator
- model predictions on Bg(B) given in éq. (95)(II), i.e. Bg(B) ~ 15%, and allowing for

non-spectator decays of the B?, one has

exp(B) N—(le( ) + Bg(B°))

2.108)
0.15 (
~—(0.1
(0 9+ T4+ )
where vy =T/ nonsl)e“ /Ty ° The experimental result B:}(p(B) ~ 11% then requires
I-\nonspect
__]?‘spe—ct(Bo) ~1 ; (2109)
tot
and, hence, implies
r ( Bi) Pnonspect
~14 -2 (B~ 2 2.110
( Bo) F:gfct ( ) ( )

This possibility is not yet excluded by experiment which so far only provides the bound
[25]

7(B%)
05 < 5oy <25 (2.111)

However, the above argument is based on a prejudice concerning the spectator model
value of Bgj(B), and moreover contradicts quite reasonable and general theoretical con-
siderations. In fact, starting from the lower value B:f’eCt(B) =~ 12% obtainable from the
spectator model, one would derive [RIsPect JTes * ~ 0.2 instead of eq. (109), and thus
conclude '

7(B*)

7(B°)
This number is in qualitative agreement with the theoretical scenarios outlined earlier in

this section.

~1.2 (2.112)
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We see that the non-spectator corrections to bottom decays should be rather small:
of the order of a few to may be ten percent. Correspondingly, the lifetimes of the different
bottom hadrons and their inclusive semileptonic branching ratios should be shifted from
the uniform spectator model values by a similarly small amount. Moreover, the shifts
should produce the hierarchy exhibited in egs. (103,104). Finally, while the lifetime
difference of the mass eigenstates of the neutral B — B{.j system is also expected to be
very small, the lifetime difference of the B2 — B2 mass eigenstates may reach 30%, and
thus be the largest lifetime difference among all weakly decaying bottom hadrons [26],
with the possible exception of (b¢)- and (bcc)-states.

Conclusions

The spectator model is expected to provide an appropriate framework for the description
of inclusive weak decay properties of bottom hadrons. Non-spectator corrections which
are found to be of order unity in charm decays are estimated to drop to a level of or
below 10% in bottom decays. Accordingly, the total lifetimes and inclusive semileptonic
branching ratios for all weakly decaying bottom hadrons should be equal within a few to
ten percent. An interesting exception may be the mass eigenstates of the BS — B? system

the lifetimes of which may differ by a larger amount.

The quantitative predictions of the spectator model are subject to uncertainties arising
mainly from uncertain values of the effective initial and final state quark masses, and to
a lesser extent from the Fermi motion of the heavy quark and from gluon corrections.
Some of the parameters can be fixed or constrained by fitting the theoretical decay lepton
spectra to the experimental distributions. Using then the result as input in the evaluation
of nonleptonic widths one can also predict the total bottom lifetime and semileptonic
branching ratio with a considerably reduced uncertainty of about 30%. It is fair to say
that the current data on 7(B) and Bg(B) can be well accommodated in the spectator
model (with |V4| taken from inclusive or exclusive semileptonic decays and |Vyp| < |Vip|)-
However, it should also be stressed that a semileptonic branching ratio Bg(B) ~ 10%
as obtained in the most recent ARGUS and CLEO measurements [12] with an error of
about 1% becomes difficult to be understood within the spectator model. If this result is
confirmed with a smaller error one may have to reconsider the question of non-spectator

corrections.

At any rate, in the absence of a clear and absolutely reliable answer from theory, it
is very important to exploit every possibility which might exist at LEP of measuring the
lifetimes and inclusive semileptonic branching ratios separately for the various bottom

hadrons.

74




2.6.2. EXPERIMENTAL ASPECTS*

The inclusive mean B lifetime, averaging the results from the PEP and PETRA
experiments, is measured to be 7 = 13.1:'_'%:% 10~13 5 [27]. What are the prospects
at LEP for improving this measurement? Can we go beyond and measure individual
BO,B{‘" , BQ and Ag lifetimes? As seen in the theory section, the theoretical expectation
for the BY, Bt lifetime difference is at most 30%. Can we reach the interesting level of

10% precision on individual lifetimes?

Inclusive B lifetime measurement

The method of measuring the impact parameter of leptons coming from semileptonic
deca,ys presents several advantages (see Fig. 2.27 for definition). The mean impact pa-
rameter does not depend, in first approximation, on the energy of the B meson and hence
on the precise knowledge of the fragmentation function. The residual dependence of the
mean impact parameter on the B meson energy, as seen in F ig. 2.27, is smaller at LEP
than it was at PEP and PETRA energies.

Lepton 2.0 oy T T T T T
- 1.5
Primary /‘\Jet N
Interaction Point ) xis 1.0 |
-~ 0.5 |-
-
-
-
-~
- O
| 5 10
Y

Fig. 2.27: Definition of the impact parameter and variation of the average impact
parameter as a function of yg. From Ref. 28.

Selecting leptons with high momentum and high py with respect to the jet axis
allows tagging of B mesons with typical efficiencies of 10% (where efficiency is defined as
the number of tagged BB events over the total number of BB events) and purities of
70 — 80%. The background consists of cascade b — ¢ — { decays, primary ¢ — ! decays
and u,d,s — [ decays or misidentified hadrons. The lepton spectrum being rather well

known, one can estimate those background with a good accuracy.

The mean impact parameter for a B lifetime of 13 x 10~13 5 is 350pm in space or
230um projected in the plane perpendicular to the beam axis. The resolution on impact
parameters expected in the LEP experiments [29] with their foreseen vertex detectors

and the present design of the beam pipe will be typically 30 — 40pum at momentum above

*M. BOSMAN in collaboration with H.-G. MOSER, B. VAN Euk, P. MATTIG
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10 GeV while the multiple scattering in the beam pipe and the detector itself leads to
a resolution of 50um (200um) at 5 GeV (1 GeV). This could be improved by reducing
the beam pipe radius. The knowledge of the primary vertex is determined first by the
beam crossing profile. One expects at LEP o ~ 15um and oy ~ 350um in the plane
perpendicular to the beam direction. Reconstruction of the primary vertex on an event by
event basis can further constrain oy to about 100um. Hence, we will know the primary
vertex with an average precision of about 50um to be combined with the 30 — 50um
precision on the impact parameter of the lepton in the momentum range considered. The

precison on the lifetime measurement will be:

Jip.\2
or VIt GE) 1+ (03)? 1.05

T ” \/Nlepton - \/Nlepton N\/Nlepton

For 10° Z0 i.e. 30K B mesons, we expect about 3000 selected leptons and a 2%
statistical error on the lifetime. Systematic errors where estimated at PEP and PETRA
to be of the order of 20% [30] with contributions from the substraction of the background,
knowledge of the fragmentation function and understanding of the detector tesolution.
Given the high statistics available at LEP, one could reduce the background by more

~restrictive selection of the lepton and correspondingly reducing their contribution to the
systematic error. As mentioned already, the residual dependence of the mean impact
parameter on the fragmentation function is smaller at LEP. So, altogether, a smaller

systematic error should be obtained at LEP.

Fzclusive B lifetime measurement

To identify the B mesons, fully reconstructed hadronic decays are natural candidates.
Tab. 2.17 summarizes branching fractions for low multiplicity exclusive decays and the
expected number of events per 108 Z0 before selection criteria assuming the LUND 6.3
or Webber Monte Carlo ”prediction” of Bg : Bg . B ~1.:36 :3.6 and 9% baryon
production. :

The number of events in exclusive hadronic decay modes are small. One has to
consider that the numbers presented in Tab. 2.17 are further reduced by the acceptance
of the vertex detectors and reconstruction efficiency, i.e. a factor 2-3. Decays to Jjp are
expected to give a clean sample while decays to D mesons + hadrons may suffer from
higher combinatorial background. The precision on the reconstructed decay vertex is of
the order of 200 —300um along the flight path to be compared to an average decay length
of 2.5 mm. In fully reconstructed decays, the momentum of the B meson is measured, so
we have 6T_t ~ 10% and hence ‘577 ~ 711-%-. The systematic error will come mainly from
understanding systematic effects in reconstructing the flight path. For 107 Z0, with the
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| Decay Channel | ARGUS CLEO THEORY | Nb B/10°2° ]
BY - D=t 0.35+0.184+0.13 0.16+0.12+0.10 0.15 10
D= =D’ 4x+
D’ - Ktn~
BY - Dtr- 0.31+£0.13+0.10  0.60%032%0.1 0.58 55
D> Ktn 7~
Bf - D'r+ 0.1940.1040.06  0.51¥%17+011 0.37 17
B — D;xt 0.5 3
D —¢r~ ‘
¢ — K*K~
B — JNK 0.33+0.18 0.06+0.03 0.39 13
. J = 1t
K° - Ktn- '
BY - JWK* 0.07 +0.04 0.05 % 0.02 0.09 15
J — 1+~
B > I - 0.3 7
J = 1+
¢— K*K-

Tab. 2.17: The expected number of B mesons per 10529 are calculated with the theoretical
values of the B branching fractions [31]. No acceptance or efficiency factors are included.
For D mesons and light mesons branching fractions the PDG [27) values are assumed,
ezcept for Br(Ds — ¢r) where 4% is used. The ezperimental values bf the B mesons

branching fractions are taken from Ref. 32. [ Branching fractions in %).

present knowledge of the branching fractions, one should gather enough statistics to reach

the 10% statistical error on individual lifetime.

To find decay modes with higher branching fractions, one has has to turn to semilep-
tonic decay channels: Br(B — e+ v + hadrons) = 12.3 + 0.8% and .Br(B — u+ v +
hadrons) = 11.0 £ 0.9% [27]. Decays Br(B — I+ D + v) and Br(B — | + D* 4+ v) are
expected to be dominant and in the ratio D*/D ~ 3 [33].

The following pattern is obtained :

B} - ¢+tD0 |
D* - DO+ (2%,4) 100%
32 —~4tD™ |
D* 5 DV n 50%
D™+ (x%%) 50%
Bg — YDy
DI~ =Dy ++v  100%

Pairs [TD~, I* D*~ and IT D} are unambigous signatures for Bg and 32 respectively,
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while pairs 1+ D° come 60% from B}, 40% from Bg if the cascade D*~ — D° + 7~ is not
identified in the event. Clean samples are expected for BS — I¥D*~ and BY — ITD;
thank’s to the small combinatorial background for the D*~ — D%~ cascade and the
D; — ¢~ decay. Expected number of events for 10820 before selection criteria are 410

Bg and 160 Bg, an order of magnitude more than for the hadronic decay modes.

The precision on the position of the decay vertex should be of the order of 300um but,
because of the missing v, the momentum of the B is not known. The momentum of the
B meson pp can be estimated from the ratio M%%/L:—gﬂm . This ratio is expected to be
close to 1 and independant of pg. This method results in a precision of about 20% on ppg
[34]. Hence, we obtain Z- ~- \/ ( 51'61’)2 + (%)2(%)2 ~ 22% which is only slightly better than
measuring the lifetime via the lepton impact parameter. With about 10820 the level of

10% statistical error on individual B mesons should be reached.

For what concerns A9, the semileptonic decay mode A? — It 4+ A, or hadronic decay
modes to charmed particles like ﬁﬁon‘* are good candidates. It is difficult to predict the
ability of the experiments to discriminate those signals from the combinatorial background

or reflections from other resonances due to particle identification ambiguities.
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2.7. B DECAYS

2.7.1. SEMILEPTONIC DECAYS

(a) Electron and Muon Final States *

Semileptonic decays of hadrons play an important role for our understanding of the inter-

play between weak and strong interactions: They are essential for testing the Standard
Model and determining its fundamental parameters. They also provide valuable informa-

tion on the bound state structure of hadrons not yet calculable from QCD.

Inclusive semileptonic B decays

Semileptonic decays of B mesons have therefore been extensively studied experimentally
[1-7] as well as theoretically [8-27]. In the spectator model they proceed-through the decay
of the heavy b quark to a c or a u quark and the emission of a virtual W~ boson which
couples®* to (I7;). The strength of the b — c and of the b — u transitions is determined
by the Kobayashi-Maskawa matrix elements V¢, and Vy;, respectively. The determination
of these matrix elements from the observed decay rates and spectra is, however, afflicted

with large theoretical uncertainties which will be discussed below.

We start the analysis of semileptonic déca,ys of B mesons at the quark level where the
heavy b quark decays while the light spectator quark goes along unaffected.” As long as
we are not interested in separating exclusive final states, a free quark calculation may be

adopted with the total semileptonic width

GZm? m
Fb v |2 F(=2) (2.113)

L —al™v) =797 ™

F(z) =1—822 +8¢% — 28 — 2444 In 2

The total rates, as well as the shape of the lepton spectrum, depend on unknown quark

masses in the amplitude and - most important — which determine the allowed phase

- space. In addition, the simple quark model has to be modified by taking into account

radiative corrections due to the emission of virtual and real gluons [28]. One obtains for
the semileptonic width

_ Gkmp

L= 19273

o1V P4l va ] (2:114)

where f, and fy are products of phase space and QCD correction factors. Values for

fc and fy are given in the following table for constituent masses my = 5.2 GeV,m, =

*M. WIRBEL

**¥Only massless leptons will be studied in this part of the report.
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\

mode current masses constituent masses

_ 7. = 056 0.42
b—ecl™n £ o= 048 0.36

o = 1.00 0.97
b—ul™py ﬁﬁ = 087 0.84

Tab. 2.18: Correction factors f, and f, defined in eq. (114) [ from Table 7 of Ref. 29]. The upper
values are for as = 0, the lower values include nexi-to-leading-log corrections.

1.8 GeV,my = 0.34 GeV) and current masses my = 4.8 GeV,m, = 1.35 GeV,my =
0.006 GeV). “

The predictions for the semileptonic width are also modified considerably by bound
state effects for the initial meson. In Ref. 8, for example, a non-relativistic model has
been used. The light spectator quark has a fixed mass mgp but the decaying b quark is

off-shell because of energy-momentum conservation; its invariant mass given by

w?= sz +m%p —2mpy\/p? + m%P

mp being the mass of the B meson and p the momentum of the spectator quark. A
Gaussian distribution for | p'| with an adjustable width py has been assumed. The lepton
spectrum and the total width then result from folding this distribution with the decay -
spectrum of the heavy b quark with effective mass W. The allowed phase space thus
depends on the mass of the spectator quark and the Fermi momentum pp, as well as on

the mass of the final quark.

A model which is complementary to the non-relativistic quark model in many respects
has been recently proposed in Ref. 12. There, the calculation of the decay probability is
carried out in a frame where the B meson moves with infinite momentum. The decay
probability of the mesons is the incoherent sum of the decay probabilities of free b quarks
carrying a fraction z of the B meson momentum pp, = 2ppg,. The width of the B meson is
then obtained by calculating the decay of a quasi-free b quark folded with the probability
to find a b quark carrying a fraction z of the longitudinal momentum of the B meson.
The distribution function of b quarks in the infinite momentum frame is identified with

the fragmentation function of b-quarks to B-mesons*.

The uncertainties of the theoretical calculations may be summarized by comparing
the results for f; defined in eq. (114). Ref. 12 give values for f; which range from f. = 0.24
for m¢ = 1.3 GeV to fc = 0.15 for m¢ = 1.8 GeV with my = mp in eq. (114). QCD
corrections are included. (From Table 4 of [12] with the central value of the parameter

¢ which determines the distribution function.) Typical results for f, using the model of

*Many other models (see for example [9-11]) have been suggested to describe inclusive
semileptonic B meson decays, which cannot be described in detail.
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Ref. [8] are the following:

fe=023 for mgp=0.15 GeV, pp =0.30 GeV,

and

fe=029 for mgp=0.15GeV, pp=0.15 GeV,

including QCD corrections. We note that those models which include bound state correc-
tions predict values for f, which are considerably smaller than those obtained in the free
quark model. The corresponding values for | V,; | will therefore be larger with, however,
large uncertainties between different models and the variation of parameters within the

models.

Ezclusive semileptonic B decays
The inclusive approach described above is appropriate if the final hadronic state consists
of a ‘continuum’ of hadrons, which is probably the case for the b — u decays. The

semileptonic b — ¢ decays, however, seem to be dominated by few exclusive channels as
indicated experimentally by the ARGUS result [4]

Br(B—D*I"5) = (7.0 1.2+ 1.9% | (2.115)

compared to the inclusive semileptonic branching ratio [7):
Br(B—1"X)=(11.5+£0.9)% (2.116)
We will therefore present some details on exclusive semileptonic B meson decays in this

chapter.

In an exclusive treatment the decay distributions are given by the matrix elements of
‘the weak currents between initial and final meson states J, = (X|J4(0)|B). Ju(0) is the
weak V — A current and X is the final meson. We will consider the transitions involving
a pseudoscalar (X = P) or a vector meson (X = V). From Lorentz invariance one finds

the decomposition of the hadronic matrix element in terms of unknown form factors:

B 2 m2B — m% 2
(P|Ju(0)|B) = tp,F1(q”) + ———q2———quo(q ) (2.117)
where
my —m%
tpy =(pB +PpP)y— g W W= (pB — PPy (2.118)

and (assuming asymptotic current conservation) Fy(0) = Fy(0).

_ | 2
(VlJ#(O)lB) = €uvap p%p?,e*ﬂ—————V(q2)

. ’:”qB +my (2.119)
ity +i—g g 2my Ao(¢®)
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where

_ﬂ_( +py)uda(ed) €4 om As(q?) (2.120)
mB+mVpB Pv)uA2\q q2 quemy A3(q .

tyu = €(mp+my)A;(g?) —
A3(¢?) is an abbreviation for
, 1
As3(¢®) = Sy B + my)A1(¢*) — (mp — my)A%(¢?)]

with (assuming asymptotic current conservation) A3(0) = Ag(0). The form factor decom-
position has been written in such a way that ¢* ¢ Pp=¢"ty, = 0. The transition matrix

elements squared, including the lepton currents, take the following simple form [22, 25]):

| Ag(B — P) |2= ___2E | V;]b |2 4q2(1 _ 22) | H |2 (2.121)_
_ G3
2_Up 29,2
| Ast(B = Viranso) " = =F | Vg 12 24 ._ (2.122a)

% {(1-2)2 | H_ 2 +(1 +2)? | Hy |2}

_ G2
| Asi(B — Viong) |2= _2E | Vs |2 4q2(1 - 22) | Ho |2 (2.1220)

Viransy and Vloné denote transversely and longitudinally polarized vector mesons, respec-
tively. z can be identified with the cosine of the angle between the final meson and the

charged lepton /™ in the (I™7) rest frame; it can be expressed by

1
“T ompK

(m2B —m% +¢%— dmpEp) (2.123)

where Ej and K are the energy of the charged lepton and the momentum of the final

meson X in the B meson restframe:

1 2 D) 2,2 2 21/2
K =%[(m3“mx—4) — 4m% ¢*Y/ (2.124)

The helicity amplitudes introduced above are related to the form factors in the following

way:

2mgK
H(¢%) = \/3—2 Fi(¢?) (2.1250)

q
Ho(¢*) = ——=l(m} - m¥ — ¢®)(mp + my)41(¢?)
2mvx/q—2 |
K2 (2.125b)
m
- *'Lm Ag(¢%)]
B +my
2mpK

Hy(q?) = (mp + my)A1(¢®) F —2——V(g?) (2.125¢)

o mp+ my
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Various approaches have been suggested to estimate the form factors [13-26]. We will
concentrate on the results obtained by two models which use quite different assumptions

to calculate the rates and spectra:

i) The BSW model [15] assumes nearest pole dominance for the ¢2-dependence of the
form factors*

etc.

The unknown residues k; — i.e. the form factors at ¢2 = 0 — are estimated by describing
the mesons as relativistic bound states of a quark-antiquark pair in the infinite-momentum
limit. The h; are then given by overlap integrals of the wave functions of the initial and fi-
nal meson. A quite successful description of D and B meson decay data has been achieved
this way [15,25,30,31]. This method has the advantage of using a fully relativistic for-
malism, but there are also several difficulties connected with this model: For example, it

is difficult to define J¥ eigenstates using infinite-momentum-frame wave functions.

ii) The GISW model [16,26] adopts the non-relativistic quark potential method to
make a correspondence between the Lorentz-invariant form factors and those appearing in
a quark-model calculation (‘mock-meson method’). These form factors are identified near
zero recoil, i.e. at maximal ¢2,,, = (mp —mx)2. Variational solutions of the Schrédinger
equation based on the usual Coulomb plus linear potential have been chosen for the wave
functions of the initial and final mesons. Away from zero-recoil the ¢? dependence of
the form factors is not calculable accurately and terms of order (gZ,4; — ¢2)2 had to be

dropped. This procedure results in an exponential q? dependence of the form factors.

The two models described above differ considerably in their assumptions and there-
fore give an estimate of the theoretical uncertainties connected with the predictions of
semileponic rates and spectra. The theoretical results for the total semileptonic decay
rates of D and B mesons are summarized in the Tables below and compared with ex-
perimental data so far as available. It is evident from these tables that the predictions
roughly agree with each other except for the B — 7l~# and B — pl™¥ decays which are
most important for the determination of the so far unknown Kobayashi Maskawa matrix
element | Vi |. Of some concern is the disagreement between the theoretical predictions
for the D — K™*ev decay and the experimental results. However, the experimental results
still disagree on the size of the nonresonant D — (K=)l”v decays, i.e. (K) pairs not
coming from D — K*I"v — (K7)l"v {31-33).

*The model of Kérner and Schuler [22] is very similar to the BSW model. The main
difference is that monopole and dipole form factors are used in this model.
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E(/GeV E(/GeV

Fig. 2.28: a) Energy spectra of the charged lepton in semileptonic B — DI v
and B — D*I™ v decays as predicted by the BSW and GISW models (in the B
rest frame). The results for B — DI~ are nearly identical. -

b) Energy spectra of the charged lepton in semileptonic B — xl~v and B —
pl™v decays as predicted by the BSW and GISW models (in the B rest frame).

T T T T I T T T

g; 11107 sec” GevAV,, Pl

25 5 15 10 25 5 25 10
q?/GeV q2 /GeV?

Fig. 2.29: ¢% dependence of the semileptonic decays B - DI"v and B —
D*I"v in the a) BSW and b) GISW model, respectively. D},qpe, and Diyng

denote the contribution of transversely and longitudinally polarised D* mesons.

Measuring Vi,

Limits on | Vi3/Vy | have been obtained in the past by a study of the endpoint region
of the lepton momentum spectrum [7,6,34]. The theoretical predictions for the energy
spectra of the charged lepton in semileptonic B — D, D* and B — , p decays are shown

in Fig. 2.28a and b respectively (in the B rest frame). The BSW and GISW models not
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q2/GeV 2
Fig. 2.30: ¢ dependence of the semileptonic decays B — wl™ v and B — pl=v
in the BSW and GISW models.

Tab. 2.19: Semileptonic decay rates of D and B mesons. All rates are given in units of 101%sec™1,
|Vep] = 0.05 has been used.

Decav mode BSW GISW Experiment

0° +K ey, ' 8.3 8.4 8.0 * 1.1 ¢ 1.2 {32)
D" » K e'y, 9.5 9.1+ 4.1 ¢ 0.7 * 0.5 (321
0° -+ w7ety, 0.7 0.4 09 %37 02030
0° » p7e"y, 0.7 0.5 ————

- xt” 17.8 ¢ 3.8 {33}

p* - xt* 15.6 ¢ 1.9 £33)
(inclusive)

Decay mode BSW GISW Experiment
B~ Dty 2.0 28 0 emee-

B~ 0"ty 5.5 6.2 5.8:1.0¢1.6 (4]
70 +, - 2 2
B’y 18 |V 05 |V Ve |

B =p"tT7, 65 [VVel? 21 |Vpvel? <02

B-1"x 9.6¢0.8 (73
{inclusive)

only predict different rates but also the form of the spectrum is quite different for the

b — ul™ v transitions. Assuming | Vy3/Vep |= 0.1 and choosing | V,; |= 0.05 the predicted

86




rates are of the order

Tg(BY - 7%) ~ (0.5 - 2)108sec™!  Bry(B® — #t) ~ (0.6 — 2.4) - 10™*
and

Ta(B® — pt)~ (2=7)-108sec™!  Bry(BY — p*) ~ (24 —8.4). 1074

The upper limit on | V,;3/V,p | obtained by this method therefore depends significantly on
the theoretical model and it is very difficult to guess the theoretical error. A conservative
estimate of the upper limit [7,31] is |Vy;p/V,3| < 0.21 The ¢? dependence of the b — cl~7
and b — ul™7 decays is shown in Figs. 2.29,2.30. The predictions for B — #l~# and
B — pl™ 7 again differ considerably in the BSW and GISW approach - in contrast to the
results for the B — DI~7 and B — D*I~ v decays which agree very nicely. In Fig. 2.29
we have included the q2 dependence of the production of transversely and longitudinally
polarized D* mesons. The polarization of the D* can be determined by measuring the
angular distribution of the strong decay D* — Dx: dT'y(B — D* — Dx)/dcos6* ~
(1 4+ ap cos? §*) where ap measures the ratio of longitudinal to transverse polarization.

The theoretical predictions [26, 22, 25, 35] agree nicely with the experimental results [5).

The cleanest signal presumably for a b — u transition would be the purely leptonic
decay of the B meson: B~ — 7~ . However, the branching ratio is quite small as can

be easily estimated by rescaling the known decay rate for K — pv:

1— 2 2
T(B™ — r75) = (=25 28 m;/m2B

)(%)21 V! Vas [2 XT(K — ) (2.126)
K

From this we obtain
Br(B™ — 775) = 0.16(2E)? | Vi /Vas P 8- 1073282 | Vi Vs 2 (2.127)
fx - fk
and the branching ratio will be of the order 1074 for | Vi /V, |= 0.1 and fp ~ fk.

(b) 7 Final States *

Decays of B mesons into final states containing a 77, pair constitute a significant fraction

of all semileptonic B decays. These decays have an intrinsic interest, as they can probe
certain form factors characterizing the matrix elements < D|Jy|B >, < D*|J,|B > etc.
which produce effects proportional to m? that are inaccessible in the ev, and 7, decay
modes [36]. In addition, the decay B — TUTX followed by 7 — vreve or 7 — vruvy act
as sources of secondary leptons that constitute a background to the spectrum of primary

electrons and muons emitted in B decays.

*L. SEHGAL in collaboration with P. HEILIGER
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Quark Model Guidelines
The decay widths associated with B — X1y, for I = 7 and [ = e can be simply estimated

on the basis of the quark transitions b — cly; or b — uly;:

GFmb

m m
A Ve 121( 0)+|V 2, 2 0)} (2.128)

Here I(z,y,0) is a phase space factor given by [37]

I(2,4,0) = V1= 2(2? + 92) + (a2 — y2)2(1 - T(2? +y?) + 62%?
= 2(2? + 47" ~ 62%y2(s? +92) + (e — y2)(a? — vt + 5y — 5a?))
22 +y2) + (a2 —y?)’

— g2 y2 -
+12(a:4+y4—2x4y4)1n1 ik +\/1

2zy
sty TR (@2 =) — (@~ )1 - 2(a? 4+ 32) + (a2 - 42)°
+12(z* — y*)In
2y
(2.129)
Special cases of interest are
141 — 422
I(z,z,0) =\/1 —422(1 — 1422 — 22% — 1246 + 24241 — z4)In
( ) ( ) ( ) 1-+v1 1-V1—_422 (2.130)
I(z,0,0) =I(0,2,0) = 1 — 822 + 825 — 28 — 24¢%Inz
Taking mc/mp ~ ms/my ~ 1/3 and neglecting my or me we obtain
Vip|21(3, 4,0 21(0,4,0

Le - |‘/cbl21(%)0’0) + |Vub|2I(0’0,0)

Using the fact that |Vyp|?/|V,s|? < 0.04 [38] and the phase space factors I(%, :1;, 0) = 0.119,
1(0,4,0) = 1(3,0,0) = 0.447, 1(0,0,0) = 1,

I'7/Te 7 0.266 (2.132)

The energy spectrum of the 7 given by the transition b — ¢7~ ¥y is [39)

dz

IV PAE(1,9,6)(4zyA + {(1 - §)2 — 4%} B)

where

z=Er/my, 6= (mr/mp)?, y=1-2z+6

Az, y,2) = 2% + y? + 22 — 2zy — 2yz — 2z
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Fig. 2.31: The specirum of the T

lepton in the spectator model.

o8 |-
a6 |-
o4}

02

p.(GeV)
2 2 2
1 m m m
B =2X7(1, —%,0)(1 + =& — 2(—=%)? (2.133
s )( s (azy)) )

Assuming m¢/my & my/my = 1/3, the spectrum of the 7 lepton is shown in Fig. 2.31

Finally the longitudinal polarization of the 7™ in the decay b — c77 vy is

v 1
Pr=— 5 (2.134)
mz g(E;
‘1~ mbﬁT f(E‘T
where '
' om?
E;) = —FE) |1 £
o(Er) =l = E2) (14 )

[(Br) = 5(m} — 2my Br + m? — m2) + g(Er)

v being the velocity of the 7 in the b rest frame.

Ezclusive Decay B — Dtvr

The matrix element of B — Dly; is characterized by two form factors defined by

< D()|VulB(p) >= F( @)@+ 0+ - =Py (2.135)

where ¢ = p — p'. The contribution of f_ to the decay rate is proportional to m? and
hence negligible for I = e or g, but significant for B — Drvy. The double differential
spectrum in the energies of the lepton and the D meson is [40]

d2r
dEdEp

G2
= 25 Val(1f+PA+ Refi f-B +|1-|*C)

where

1
A =mpREE, —mp(W, — Ep) + ym{(Wo — Ep) — m{ By
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B=mflB, — ;(Wo - Ep)]  C=
with
Wo = (mp +m}b —m})/(2mp)  E, =mp - Ep - E, (2.136)
For the form factors f4(q2) we have considered two hypotheses:

(a) The parametrization of Bauer, Stech and Wirbel (BSW) according to which [30]
hi

(gl) = — — ‘
fig?) = gy B 0,1 (2.137)
where fo and f are related to fi by
2 2 | 2 m% —m? 2 2
@) = Aile)s 1-(6) = =F5=L(fole®) - fu(a) (2138)

The pole-residues are hg = by = 0.69, the pole-positions being mg = 6.8 GeV and
m1 = 6.34 GeV.

(b) The parametrization of Altomari and Wolfenstein [41] (AW) in which the normal-
ization of fi at ¢% = ¢2,,, = (mp —mp)? is determined with the help of the quark
model ‘ |

m D:l:m B

2,/mpmpg -

and the ¢%-dependence is given by a pole at a mass of 6.8 GeV.

Fi(Ghaas) ~ (2.139)

A comparison of the two parametrizations shows that f~/f+ is much smaller for BSW as
compared to AW.

We now summarize the main results concerning the decay B — D7uy.

(i) The ratio of B — Drvy to B — Dev is

Ir(B—D) {0.25 (AW) (2.140)

Fe(B—D) 1030 (BSW)
These numbers bracket the quark model value given in eq. (132).

(11) The momentum spectrum of the D meson, derlved from eq. (136), is shown in

Fig. 2.32a for the two choices of form factors. The BSW spectrum is slightly softer.

(ili) The momentum spectrum of the 7 is shown in Fig. 2.32c and is practically indistin-
guisha.ble for the AW and BSW cases.

(iv) The longitudinal polarlzatlon of the 7 is depicted in Fig. 2. 32e, where the quark

model result is also shown for comparison.
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Fig. 2.32: (a),(b) The momentum spectrum of the D and D*-meson.
(c),(d) The momentum spectrum of the T in D and D* final states.
(¢),(f) The longitudinal polarization of the T in D and D* final states.

Ezxclusive Decay B — D*ru;

The matrix element < D*|J,|B > is characterized by four form factors, defined by

< D*(e)|TH|B >=£(¢*)e* + a4 (¢*)(pB + pp)Penp + a—(¢%)(pB — pp)Hepp

S (2.141)
+i9¢""*7e,(pB + PD)p(PB ~ PD)o |

The quark model prescription of Altomari and Wolfenstein [41] yields, for ¢2 = q,%mz,

1 mp«
~ 4 % ~o
f= yampmp g “—2

mp

\

\
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-1 m m p* 1
1 1-— -= ———— 2.142
\/4mDmB[ + mp ( mp )] ¢ a++,/mD*mB ( )
The extrapolation to other g2-values follows a pole hypothesis with a pole mass of 6.8 GeV.

The form factor a— contributes to the decay rate in proportion to m12. In the AW model

a4 =~

a- is close to zero, a feature which remains valid in the BSW ansatz. (For details see the
previous section.) The double differential cross section in the lepton and D* energies is

given in the Appendix.

The principal results for the decay B — D*7v; are as follows.

(i) The decay width of B — D*rv, compared to the electron mode is

T+(B— D*) {0.26 (AW)

Te(B— D*) ~ |0.24 (BSW) (2:143)

(ii) The D* momentum spectrum is shown in Fig. 2.32b and is essentially the same for
the BSW and AW form factors.

(iii) The lepton momentum spectrum is exhibited in Fig. 2.32d Here we note a significant

difference, the BSW prescription giving a harder spectrum.
(iv) The 7-lepton polarization as a function of the T energy, is shown in Fig. 2.321.

v) The decay widthof B — D} v cdmpa,red to B — Df...,7v (where the subscripts
long trans

denote longitudinal and transverse polarization) is

I+(B— D},,,) { 0.77 (AW) 2140

Tr(B — Dfoons 0.79 (BSW) '
whereas in the case of electron emission we get

Te(B — D}"mg) 3 {0.91 (AW) (2.145)

Te(B — D}yons) | 1.07 (BSW) '

Summary

(i) Decays of the B meson into D7vy should occur with a probability (25 — 30)%
compared to the decay B — Deve.

(ii) Decays into D*rvr should occur with a probability (24 — 26)% relative to B —
D*CI/e.

(iii) Decays with higher mass D-states may be reasonably approximated by the quark
model b — cly;, which gives a 7 : e ratio of 27%.

(iv) The exclusive branching. ratios B — D(D*)rv, depend slightly on the choice of

form factors. This dependence is also present in the meson and lepton spectra as
‘displayed in Fig. 2.32a-f.
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Appendiz

where

d*r _ G%—JVC(,IZ
dEldEDt - 161r3m3

|£241 +2mp fay Az + 2mf fa_ A3 — 8fg A4

+a} AsB1 + 2mfaya AeBy + mia? A7By +8g%As|

1 .
Ay =§(m23 + m%. - mlz) —mpEps
2

+;n-g;{(—§(m23 + mbe +md) + mp(Er + Bpe)) (5(mb — mbe +mf) - mp 1) }

1
A =m2B(—4E; —3Eps + mpg) + mB(4ElED" + 4El2 + szt) - m,z(Ez - EED-)

L1
m2

3
mBED- {m2B(4E1 —mpg+ 2ED‘) - mB(4E,2 +4E1ED- + im?)
D*

1 m?
+ m?(3E1 - -2-;;; + 2ED.)}

Az =— sz + mB(ED“ + EI)

1 1
+— mpEps {mB(El +2Ep«) + —2-(m%3 - sz. + mlz)} :
mD.

Ag =mpEps (—%(m% + m%). + m,2) + mp(2E; + E’D.))

- mb.mpE; + %mf;(sz +mbe + m?) — my(E; + Eps)

A =my(—2m% — 2mb. - gm? +8mpE; + 4mpEp+ ~ 8E} — 8E;Ep.)
+ mB(3m,2ED~v +4AmiE)) + %sz.m,z - %m?

Ag =%(3m23 — mbe +m}) —mp(2E; + Ep+)

A7 =%(m23 + sz. - m?) —mBEp-

Ag =(m%Ed. — m%m%.)(%(m% +mbe + m?) - mBED.)
+2m%4Ep+E) (%(mZB + m??. +m?) — mp(E) + ED.)) |
+m} (—%(m% +mbe +mf) + mp(E; + ED‘))2
+mbombE}

1 .
Bl =- sz + “Z—szE%.
mD‘

2.7.2. NONLEPTONIC DECAYS*

The interplay between weak and strong interactions at short and long distances has been
studied for a long time in strange quark decays. Many features of strange quark decays,
e.g. 'AI = 1/2’ rule, have never been fully understood and the disagreement between

theoretical predictions and experimental results has been attributed to the unknown long

distance corrections. The situation is more encouraging in charm and bottom decays

*M. WIRBEL
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where the mass of the decaying quark may be large enough that long distance corrections
become unimportant for the understanding of the decay dynamics. It turned out that
this is essentially the case, although hadronization still plays a more important role in
charm decays than anticipated. The best known example is the problem of the lifetime
difference between the various charmed mesons. Bottom decays seem to be dominated by
short distance dynamics and they are therefore a very important laboratory for testing the
Standard Model and looking for new physics. [ For overview articles arid many references
see, for example [42, 29, 31].]

In the standard model for electromagnetic and weak interactions the Lagrangian for

flavour changing interactions is given by

Gp
L= —WJ,Z(O) - JH(0) + h.c. (2.146)
where
d
']ll = (’E,E,Z)’)’”(]. _75)V 8
b

V is the Cabbibo-Kobayashi-Maskawa matrix that relates the mass eigenstates to the
weak eigenstates. In order to take into account strong interaction effects we have to rely

on assumptions concerning the decay dynamics :
- Short distance effects arise from the exchange of hard gluons. They modify the /
effective Hamiltonian and can be calculated using the well known short distance

techniques of QCD. As a result the Hamiltonian is given by a sum of local operators

O; with scale dependent short distance coefficients ci(p),

Heps = —Gr/vV2Y ci(n)O; (2.147)

— Long distance effects are responsible for the binding of quarks and gluons into
hadrons. They include the exchange of soft gluons, the creation of quark-antiquark
pairs from the vacuum, and final state interaction. We assume that all long distance

effects can be absorbed in the initial and final hadronic states.

Following these assumptions the amplitudes for the weak decay of a meson M into final
hadrons X; is determined by the matrix element of the effective Hamiltonian between

asymptotic initial and final states :

A(M-—»X1+X2+---)=<X1,X2,...|Heff|M> |
14
= —Gp/VEY (k) (X1, Xey... IO M) (B149)
1

It is clear that the matrix elements in eq. (148) cannot be calculated from first principles
since they include all long distance aspects of QCD. On the other hand, the calculation of
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short distance coefficients is straightforward and can be done perturbatively. The O(a;s)

- corrections introduce new operators in the effective Hamiltonian [43], which is given by

Hess = —Gr/VeVa{e1r(my) [(@) (du) + (cb) (3]
+ ca(my) [(@'8) (2u) + (5'0) (20)]}

- Gr VAV a{ea(me) [(@8) () + (ab) (59 (1)
+cp(my) [(d'8) (@) + (3'b) (ac)] } +hc.
Here we have introduced the following notation:
d' =dcosO + ssin O, s’ = —dsin®; + scos O, (2.150)
with O the Cabbibo angle, and
(@241) = X 207 (1 — 5) qla (2.151)

where a is the colour index. ¢; and cg are the short distance coefficients. At the scale of

the decaying b quark they take the following values [29]:
c1(mp) ~1.13  cg(my) =~ —0.29 - (2152)

Note that Penguin type operators have been neglected in the effective Hamiltonian. They
lead to flavour changing neutral & — s decays which will not be discussed in this part of

the report.

Two Particle Decays of B Mesons

The effective Hamiltonian responsible for weak b quark decays is of the (current) x
(current) type. The currents are either charged, terms proportional to c1, or neutral,
terms proportional to cg in eq. (149). The basic assumption now consists in making a

factorization ansatz where the amplitude for B — My My is approximated by products of

one-particle matrix elements:

(M [7,(0)]0) (Mg |J#(0)| B) o (M3 |7,(0)| 0) (M |7#(0)) B)

i.e. one of the final mesons is directly generated by a current [44,45]. In this approximation
the matrix elements for the decay B — D+ r—, B0 — K0 J/¢ and B~ — DO n~ for
example are given by:

<D+7r_ I'Heffl BO> = —Gp/V2Vy cosOcay <7r_ |(Ju) | 0> <D+ |(eb)| BO>
(BOI/% [Hefs| BY) = —Gr/V2Ve, cosOcag (7/ |(2)|0) (K°|(sb) BY)  (2.159)
(DOn~ [Heopf| B™) = —Gp/ V2V cos Oc[ay (x~ |(du)| 0) (D |(zb)| B)

e (D0 @lo) (=~ |(@)| )]
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The one-particle matrix elements are given in terms of decay constants, for example

(@) 0) = i Seprn

and form factors, for example

(D* @)1 B%) = (b5 + Py 1 (¢%) + auf~ ().

The form factors can only be estimated at the moment using a model for the bound
state structure of the mesons. The relativistic model of Bauer et al. [15,46,47] will be

employed in the following to give predictions for branching ratios for nonleptonic B decays.

New, scale independent parameters a1 and ag have been introduced in eq. (153) [48]
which take the place of the scale dependent short distance coefficients ¢1, ¢g in eq. (149).
Comparing eq. (149) and eq. (153) one would guess

a1 = c1(my) + Cea(mp)

(2.154)
ag = cg(mp) + (c1(mp)

with ¢ = 1/3 from counting the different colour combinations. However, one has to keep
in mind that the long distance dynamics — exchange of soft gluons — may easily destroy
completely the colour structure and therefore a1 and ag will be treated as free parameters

in the following.

The predictions obtained in the approach described above are summarized in Tabs. 2.20
- 2.22 and compared with the available experimental data. |V 3| = 0.05 and the universal
lifetime 75 = 1.2 - 10~12 sec have been used. One may try the following assumptions for

the parameters aj, ag at the scale of the decaying b quark mass:

i) ¢ =1/3, as suggested by colour counting. In this case a; and ag take the values:

a1~103 and  ag~0.09 C(2.155)
ii) ¢ =0, in this case one finds:
a;j~113 and ag~-0.29 (2.156)

It has been possible [48,30] to obtain a resonable good fit to about 20 two-particle
decay modes of D and Ds mesons using the factorization approximation together with
the { = 0 rule. { = 0 also follows in leading order of the 1/N, expansion [50], where N,
is the number of colours. It is also supported by an analysis of D meson decays using
QCD sum rules [51] where non-factorizable contributions cancel to a large extent against

nonleading terms in the 1/N, expansion.
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Decay mode Theory [30,47] ARGUS [49] CLEO [49]

_ +0.3240.15
0 D¥r~ 0.48 a? 0.33+£0.12£0.10  0.60

B D 4 ~0.28 — 0.12

B® — D*p~ 1.25 a? 23+1.0+09

BY — D*+x~ 0.37 a? 0.35+0.1840.13  0.46+0.12+0.10

B% D*+p- 1.18 a?

B® - D*D; 0.67 a?

B — D¥D3- 0.73 a?

B® - D**+Dj 0.30 o

B% — D**D}~ 2.03 a?

B - ntx— 0.17 a? |Vip/Vas|® < 0.04 < 0.009

BO — xtp- 046 a? |Vip/Vil? < 0.61

BO — ptr— 0.11 a% |Vub/Vcb|2

BY — ptp~ 0.37 af |Vup/Vesl?

B® — x*tDy 0.28 a? |Vip/Ves|?

B — 7t D*~ 040 a} |Viyp/Vel?

B® - pt D7 0.13 af |Vip/Vas|?

B® — pt Dy~ 0.82 af |Vip/Visl®

B% — 7°D° 0.13 a2

BO — #%D*0 0.19 a3

BY — p°DO 0.07 a3

BO — p°D*° 0.38 a2

B - K°J/¢ 1.02 a3 0.04 £ 0.03

B K1/ 4.36 a2 0.33+0.18 0.06 = 0.03

BY - DtD~ 4.107% o?

B~ Dp**D*~  4.1072 4}

B° - D°K° 2.10-2 a}

B® - DK’ 2.10"2 af .

Tab. 2.20: Branching ratios (given in %) for two-particle decay modes of B,

The two choices, { = 0 or { = 1/3, lead to substantially different predictions for
The branching ratios for BY — K*0 J/4 and
BY — ¢ J/4, for example , vary from 0.37% and 0.25% for ¢ = 0 to 0.04% and 0.02% for
¢ = 1/3, respectively. The rates proportinal to a% or those involving both parameters are

on the other hand quite insensitive to these two choices.

the B decay rates proportional to a

A second important issue in nonleptonic standard B decays is the determination of

2.

97




Decay mode Theory [30,47] ARGUS [49] CLEO [49]

B~ — DO~ 0.48(ay + 0.75a;)? 0.214£0.10+£0.06  0.51 +017+0.11
B~ — D%~ 1.25(ay + 0.34a3)? 2.1+£0.8+0.9 1o 00T
B~ — D*Op— 0.37(ay + 1.04a5)?

B~ — D*0p~ 1.18(ay + 0.79a3)?

B~ — D°Dj 0.67a?

B~ - DDy~ 0.73q?

B~ — D*Dj; 0.30a2

B~ — D*ODx- 2.02a?

B~ — 2%~ 0.08(a1 + 1.00a3)? |Vys/Vi)? ' . <0.23

B~ — 1%~ 0.23(ay +0.50a2)? |Vyp/Vip|?

B~ — pon~ 0.06(a1 +2.01az)? |Vyp/Vip)? < 0.07 < 0.015

B~ — p%~ 0.19(a; + 1.00az)? [Vyp/Vipl? \

B~ - 79D; 0.13a |Vip/Va?

B~ — 70D*- 0.19a} |Vis/Vyl?

B~ — ¢°D; 0.07a? |Vip/Viyl?

B~ — oD%~ 041a? |Vyp/V|?

B~ = K~J/Y 1.01a 0.07 £ 0.04 0.05 + 0.02

B™ = K*J/Yy  4.33d3

Tab. 2.21: Branching ratios (given in %) for two-particle decay modes of B™.

|Vup| from b — u transitions. Unfortunately the same reservations have to be made as in
semileptonic B decays: The theoretical uncertainties in predicting the matrix elements
involving the B meson and one light meson, like (r |(@b)| B), introduce an uncertainty of
at least a factor 2 in the determination of |V,;/V,;|. One way to avoid these uncertainties
to a large extent is to study clever ratios of branching ratios as has been suggested by
Shifman [52]. Br (B‘ — K~ D*O) /Br (B_ — K~ J/ 1/)) appears to be the best example

since most of the theoretical uncertainties cancel in the ratio:
Br (B~ — K~ D*) = (0.5 0.1) |[Vy/Viy|2 Br (B~ — K~ J/9) (2.157)

where the coefficient (0.540.1) takes into account possible errors. In order to estimate the
number of B decays needed to obtain |V,;/V,s], the branching ratio for B~ — K~ D*0

has to be estimated:
Br (B~ — K~ D*) = 04843 |V, V|2 %

41073 |V / Vi % (2.158)
41072 Vo / Vi %

~y
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Decay mode Theory [30,47] " Decay mode Theory [30,47]

BY - D}~ 0.44 a? - BY — KOpO 0.19 a3

B? — Dfp 0.32 a? B¢ — K*po 0.11 a2

B Drtrm 032 a2 . BYSEK°D® 028 al

BY — D*tp~ 1.14 o? BY — K*0p*0 0.50 a2

BY - D} D7 0.61 a? \ BY - KOj/y 0.03 a2

B% — D D7 0.28 a? BY - K/ 0.13 a3

BY — D} D¥- 0.67 a? BY — ¢J/y 2.93 a2

BY — Dyt D3~ 1.79 o? BY = nJ/y 0.4 a3

B — K+n— 0.12 a? |Vip/Vial? By —n'I/¢ 03 af

B — K*trn- 0.08 a? |V,p/Vy|? BY - Dt K- 3-1072% a?

BY - Ktp— 0.34 a? |Vip/Val|? BY - D%~ 5-103 a2

BY — K*tp~ 049 a? |Vis/Va)? B9 — KOx0 61072 a2 |Vyp/Val?
BY — ¢%° 61072 af [Vyp/Ves!?
B K% - 02 d} |V/Val

Tab. 2.22: Branching ratios (given in %) for two-particle decay modes of BY.

’ B-D}
Final State: B — D B — D* R

transv

ee+pp, 41  (41) 110 (11.0) 107  (1.07)

Ty 06 (0.8) 14 (14 080  (0.80)
X 74 (68) 199 (179) 107  (1.03)
X, 36  (20) 86 (42) 087 (0.74)
X 157 (134) 409 (344) 101  (0.99)

Tab. 2.23: Rates for inclusive B — DX and B — D*X decays in units of 1010 /sec for Vel = 0.05.
Current (constituent) quark masses have been used.

where a3 = 0.09 and ag = —0.29 have been choosen, respectively. The branching ratio
will therefore be of order 51073 to 5-10™4% for |V,;3/ V| ~ 0.1.

Inclusive B Decays *

Information on the dynamics of B decays and matrix elements can be obtaine not only
from exclusive semileptonic and nonleptonic decays but also from inclusive B — D X and
B — D* X decays, where X can be any leptonic or hadronic final state. Measurements
of these decays have been performed by the ARGUS and CLEO collaborations (see, for

" *The results presented in this part of the report have been obtained in collaboration
with Y. — L. Wu [53]. :
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’ Fig. 2.83: Diagrams contributing to b —
b t;’,é_ " b .:,//4: ie c ti‘ansitions ir;q nonleptonic B dfcays
B “ s SN T~ d,s .
% B Oq:—\‘;
9
example, Ref. 6,54). They find the following branching ratios:
A4 . . A
B (B DO X) _ (0.466 + 0.071 + 0.063)% RGUS
(0.5 + 0.061 £ 0.067)% CLEO
Br (B LDt X) _ (0208 + 0.046 = 0.031)% ARGUS
(0209 £+ 0.049 = 0.031)% CLEO
0.11
Br(B— D** X)= (035 % 0.07 +0 0607 CLEO

The number of D* mesons produced per B decay is therefore roughly (0.7+0.2) since
Br (B — D*t X) should be equal to Br (B — D*0 X). The corresponding number for

semileptonic decays only is about the same [54]:"
Br (B — D* 1™ 7) > (0.6+0.2)Br (B — X I)

The last result agrees with the theoretical description which has been developed in the
last few years [15, 16, 22,26, 55,56]. According to these models the semileptonic B decays
are saturated to more than 80% by only two channels: B — D [~ 9y and B — D* I~ .

In nonleptonic decays the b — c¢ transition occurs via the diagrams shown in Fig. 2.33.

Assuming again factorization the amplitude is given by:
(Q1323¢ [Hess| B) ~ Gr/ V2V
x {a1(q1921(q192)| 0) (g |(eb)| B) (2.159)
+ a2 (c2|(2q2)| 0) (a1 (@16)| B) }
The next step to determine inclusive D and D* production is to assume that the matrix
element (QCI(Eb)‘uIB) is saturated by D and D* only:
(7€/(2),1B) = (DI(e),1B) + (D*|(@),1B) (2.160)

and to neglect the second term in eq. (159) since we expect that |ag| < |ai|*. The matrix

element for inclusive D (D*) production is then given by:

(XD (D*)|Hefs| BY ~ G—jg a1 (01 [(@192)]0) (D (DY) (@) B)  (2.161)

corresponding to Fig. 2.34a. Contributions from Fig. 2.34b to d are probably small and
are neglected. Of course the contribution from semileptonic decays B — D (D*) I~ v
have still to be added to eq. (161).

* We have estimated the contribution from Fig. 2.34c alone using the free quark model
for (qd l(db) l B). We found that this process contributes only 2 to 3% for |ag| = 0.3.
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d, 0 g A
d,s P ﬁ; Fig. 2.34: Diagrams contributing to non-

b 01/4""5 8 W" e 00 leptonic B — DX and B — D*X decays.
4 =
B q i o0~ q 3 \
{a} {b]

tnd,b"
Zf)uin"' @
G
4

b 0,c

. b i}j‘.s
8 U:Q‘q BU:_Z—.\\,E
fel {d)
The differential decay rate for B — D (D*) X can now be calculated using the form
factor expansion for the B — D (D*) matrix element:-
Gt
32mmp
x {H3 (4*) pr (¢) + B2 (¢*) p1. () } (2.162)

dr |
Eq—f (B — D X) = |Vcbl2 ’\1/2 (m%’m%’ q2)

and
2
G (B = D" X) = o VPN (b mbe,?)
2 |
{12 () + 22 () + B ()] o ()
+ B () '/,L (¢?) } (2.163)

with [57]

mp + mpx«
9\ _MB+mp- | 9 9 o n  A(mpmbad?)
Hor ") = 2mD*\/(—1§ ( ‘B mom e )Al (q ) (mB+mD~)2 ’ (q )
Hoi (¢7) = =\ (mh, mbe, %) Ao ()
and ‘
Ma,y,2) = (e —y—2)° —4yz (2.164)

The transverse and longitudinal spectral functions pp (q2) and py, (qz) are defined
by

(20) 32 8% (g — Px) (0 |74(0)] X ) (X 1J0/(0)]0)
X (2.165)
= (—g;qu + Qu‘IV) T (q2) + quwrr (q2)
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and receive contributions from leptonic and hadronic final states. The estimation of the
hadronic part of the spectra function is clearly model dependent [58,59]. We have used
the free quark model, where p7 and p;, can be easily calculated:

2 :
pr () = 5imyz 2 (md ) [oa* = (4 m) g2 = (o — )]

: |
o 0) = s b ) (o4 ) ()] 100

where Nc = 3 is the number of colours and ¢ = a; is the parameter defined in eq. (159).
m1 and mg are the masses of the quark-antiquark pair. We use two sets of parameters
for the quark masses:

current masses: my = mg =0, mg = 0.15GeV, m, = 1.4GeV

constituent masses: my = my = 0.35GeV, ms = 0.55GeV, m, = 1.7GeV.
The relations eq. (166) of course also hold for the leptonic contribution to the spectral
function with N, =1 and ¢ = 1. '

The results are summarized in Tab. 2.23 and in Fig. 2.35. Dfong and Dy, denote

longitudinally and transversely polarized D* mesons, respectively. In order to compare
with experiment the production of neutral and charged D mesons can be determined from
the results of Tab. 2.23. Using Br(D** — DO xt) and Br(D*+ — D+ 20+ D) ~ 50%
and Br (D*O — DO 70 4 po 7) =~ 100% [38] we find:

Br (B — D* X) > 0.5[Br(B — D X) +0.5Br (B — D* X)]
~ (18 — 22)% - (2.167)
and
Br(B — D" X) ~0.5[Br(B— D X)+1.5Br (B — D* X)]
~ (40 — 46)% (2.168)

in agreement with the experimental results. Contributions from Figs. 2.34b to d and
from higher resonances like D** can therefore contribute only at the level of 20% or less

inclusive D? and D* production.

2.7.3. RARE B DECAYS: STANDARD MODEL AND BEYOND*

In this section rare B decays due to loop-induced FCNC transitions will be discussed,
namely b — s v, b — s g*, b — s £t~ .... Within the Standard Model, probably only
b — sv can be studied, but vertex detectors may improve the chances for disentangling

the other modes semi-inclusively. Beyond the SM, a 4th generation, extra Higgs, low

*G.W.-S. Hou, A. MASIERO
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Fig. 2.85: (a) Normalized ¢* distribution for inclusive B — DX and B — D*X
decays. The dashed and dotted lines show the contributions of transversely and
longitudinally polarized D* mesons to B — D*X. The free quark model with current
quark masses has been used. v
(b) Normalized g% distribution for B —» DX and B — DtX decays. The free

quark model with current quark masses has been used.

energy SUSY etc. could lead to sizeable enhancements of some or all of these modes,

which are therefore sensitive probes for physics beyond the SM.

With 105 — 108 B’s per year, LEP is not the best place for studying rare B decays.
However, with the B’s moving very fast, vertex detectors provide an extra handle for
studying B physics at LEP which is not available in symmetric B factories at T energies.
In the following discussion, we highlight our current understanding of various rare B
decay modes, in the standard model (SM), and possible effects of the simplest extensions
beyond SM. Aside from shear numbers, we try to kegp in mind the potentially different

role LEP may play in looking for these rare modes.

We concentrate on loop-induced flavor-changing neutral currents (FCNC). The effec-
tive 36V0 (V0 = 20, 7, ) coupling is

F will be refered to as the charge, and Fr as the dipole form factor (ff). L and R
denote the left and right projection operators. For 4y and g, current conservation implies
F = ¢®Fy, therefore it vanishes with q%; thus, the charge f.f. does not contribute in case

of “on-shell” photons and gluons. However, in this case, Fr = Fy has a power GIM
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cancellation in the absence of QCD corrections (in contrast, F} suffers from only’ “mild”,
logarithmic GIM suppression), leading to drastic suppressions of the b — sy rate for low
top mass. Interestingly, QCD corrections restore a “mild”, logarithmic GIM suppression
for F3 at O(as), leading to a sizeable enhancement [60], making b — s into perhaps the
first FCNC b decay that will be observed in nature. For V0 = 20, F = @ 7 1s strongly
mg dependent (Q = t, ¢, ...), growing with mg in much the same way as the familiar

box diagrams for K and B meson mixing (for similar reasons as well).

These effective couplings, with real or virtual gauge bosons, lead to the decay processes
b— sy, b— sg*, b— sft¢™ and b — svi. For the latter two there are also box diagram
contributions. Aside from the standard model, we consider some very simple, or well
motivated extensions: i) models with a fourth fermionic generation; i) models with two

Higgs doublets; iii) low energy supersymmetry; iv) left-right symmetric models;

b— sy

The study of b — s is likely to represent the most promising chance for LEP to say

something new on FCNC rare B decays.

In the SM a fascinating and surprising QCD enhancement of BR(b — sv) occurs
[60], as stated already in the above. This enhancement is not from intrinsically “large”
corrections, but because the “leading”, purely electroweak effect is suppressed (power vs.
logarithmic GIM). Thus, O(as) corrections enhance (b — sv) roughly by one order of
magnitude, and BR(b — s7) > 10~4 is expected; the dependence on m; is, however, very
mild.

We immediately run into one of the main difficulties for experimental rare B decay
studies. The inclusive rate above looks promising. However, we do not (at present) have a
good handle on inclusive studies, and have to rely on exclusive, few body modes. The most
accessible exclusive channel is B — K™*y. Although the estimate of I'(B — K*v)/T'(b —
s) is rather controversial, it seems likely that this ratio should not be much more than
10%. Thus, in order to probe the SM result one should push the bound on BR(B — K*7)
down to O(107°). Presently, the ARGUS [61] bound is BR(B — K*y) < 2.4 x 1074,
It remains to be seen whether the vertex separation capabilities (for both B and D) can

lead to improvements on this dilemma.
Aside from this, for LEP the relevant quesﬁon might be: is there new physics which
can enhance BR(b — sv) up to O(1073)?

If a heavy fourth generation exists, there is the possibility [62] of having BR(b — s7)
as large as few times 1073, For this to occur two conditions must be met: i) the fourth up-
quark, ¢/, must be heavy compared to top, my > 150 GeV and ii) large mixing of ¢ with

b and s must occur: |VyVyg| of order of the Cabibbo angle. Such a large mixing cannot

104




be presently ruled out, but seems unlikely. One interesting extra is that, due to the fact
that only one single f.f. contributes to the decay, the ¢ contribution may cancel against
the others, leading to a suppression of the b — sv rate. Thus, BR(b — sv) < 10~4 could
also be an indication of presence of 4th generation. If the B; meson exhibits “maximal”
mixing, not much can be said about Vj/, but a nonmaximal Bs mixing would imply Vs,

to be not too large, and 4th generation effects on b — sy have to be small.

Another potential source of enhancement [63,64] for b — sv is the presence of one
additional Higgs doublet. Of particular physical interest is the situation where one doublet
(Hy) gives mass to the up-quark sector, whilst the other doublet (Hg) is responsible for
the down-quark masses. In this case no tree level scalar mediated FCNC arise. The
charge Higgs boson effects always add constructively to the SM contribution, leading to
enhancements. Denoting by v; and v9 the vacuum expectation values of H; and Hy,
we distinguish the two cases: i) v; > vg, which is a “natural hierarchy” given that
myg > myp; 1) v} < vy, the “unnatural hierarchy”, which is technically feasible provided
that the Yukawa couplings are conveniently tuned. In this latter case, extraordinarily
large enhancements of BR(b — s7) are possible. Indeed, some extreme values are already
excluded by the ARGUS bound. On the contrary, in a situation of “natural” hierarchy
only moderate enhancements are possible, typically, one obtains BR(b — sv) between
10~% and 1073, To keep an 6pen mind, however, one should not preclude the possibility
that extra Higgs bosons can enhance the b — sy rate beyond the 1073 level. Indeed, in a
second type of a two Higgs doublet model, though lacking in motivation, the enhancement

factor can be even greater (while suppression also becomes possible) [63].

The first type of a two Higgs model mentioned above is a natural ingredient in min-
imal SUSY models, and the previous discussion is applicable. However, in SUSY the
real novelty concerning FCNC phenomena is that they can be generated in the strong
interaction sector through gluino-squark-quark vertices [65]. BR(b — sv) ~ O(1073) is
likely to require squark and gluino masses below ~ 70 — 80 GeV (at least in the simplest,
“minimal” SUSY version of SM) [66] so that this possibility seems to be ruled out by the
present upper limits on mj and mg from the Tevatron. However, the direct bounds that
one derives at the hadronic colliders are subject to theoretical uncertainties (jet analysis,
assumption on the dominant decay channels of squarks and gluinos, degeneracy of squark
masses, ...) and, thus, the search for indirect effects of SUSY particles in b — sv is still

an interesting challenge.

In left-right (LR) symmetric extensions of SM, there are two new parameters whose
values is decisive in establishing the strength of FCNC: the mass of right-handed gauge
bosons WI:% and their mixing ¢ with the ordinary left-handed Wg: of SM. In those LR

extensions where the mixing angles in the ‘right-handed charged current sector coincide

105




with their left-handed counterparts, i.e. the entries of the familiar Kobayashi-Maskawa,
matrix, very stringent bounds on My, and £ hold, leadiﬁg to only very minor changes
[67] in the prediction of the rates for 8 — s FCNC decays, in particular b — sv. However,
the equality of the Cabibbo-Kobayashi-Maskawa mixings in the left- and right- handed
sectors is by no means a general property of LR symmetric schemes, and in the most
generic cases the left and right mixing are unrelated. Then, much milder bounds on
My, and £ apply, roughly Mwy, > 300 GeV and € less than few percent. If such is
the case, LR symmetric models can also provide sizeable enhancements to FCNC rare B

decays through one-loop diagrams where a W — Wg mixing takes place.

In conclusion:

i) observation of b — sy with a BR ~ 103 would unambiguosly signal the presence of
new physics. To be sure, this should be some kind of “non-canonical” new physics,
namely some extension of the minimal supersymmetric standard model, a two Higgs
doublet model with “unnatural hierarchy” of vy, and v (or the perhaps even more
unappealing second type of model), or a fourth generation model with very large

mixing between the fourth and the second and third families.

ii) observation of b — sy with 10™% < BR < 103 would signal some possible more
canonical new physics.

iii) detection of b — sy with BR = (2—-3)-10~% would prove that, indeed, impressively
large QCD corrections are present in SM.

iv) detection of b — sv below 10~* would indicate the presence of a fourth generation,

or the rather “non-canonical” second type of two Higgs doublet models.

%

b— sg

In the SM, BR(b — sg*), with the ¢2 of the gluon g positive, i.e. b — sqg, sgg,
is at the 1 — 2% level, and the dependence on m; is mild [68]. This is a rather large
“rare” branching ratio. Unfortunately, this inclusive level rate is very hard to measure,
while exclusively, there is in general a three order of magnitude suppression factor (three
“parton” final states vs. one in the b — sy case) for two body modes, i.e. down to the
1079 level. "

Further enhancement is possible in SUSY models where the gluon line can be attached

to the internal gluino line with a characteristic color enhancement factor [69]. For the
second type of the two Higgs models, drastic enhancements are allowed by the B mixing

'~ constraint [63]. Because of the insensitivity towards large ¢’ masses, one does not expect
enhancements from a fourth fermion generation, even if the conditions of large my and

large Vi and Vjg mixing angles are met. In the first two cases the enhancements can
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result in values of BR(b — sg*) as large as ~ 10 — 20%, consistent with present “charm
deficit” limits.

Our earlier remark regarding B vertex separation and vetoing against charm is still
valid, except that one does not have a photon as a clean signal anymore. However, if semi-
inclusive studies are possible, the rate seems rather large even in the SM case. Vertex
detectors should be able to distinguish between an s produced at the primary b vertex and
an s from the secondary vertex b — ¢+ X — s+ X. In general, the penguin modes will
lead to a very large multiplicity, with all particles coming from one single vertex consistent
with a B decay vertex, which could lend an additional handle. Another possible way to
put a bound on b — sg* is to look just for limits on charmless b decays. Since the large

enhancements mentioned above push BR(b — sg*) up to 10 —20%, this second possibility
should be feasible.

b sft0~ and b — sup

The BR’s for these FCNC semileptonic decays are rather small in the SM [70],
although strongly dependent on my;. Aside from the tree level resonance contribution
b — s1p — s€¥€~, which is at the 1073 level, the short distance (therefore m; dependent)
contribution gives a rate (off the 9, ¥’ resonances) between 1076 and 1075, dependiﬂg
on the value of m;. b — sv¥ comes purely from short distance contributions and ranges

from 1076 — 10—¢, growing with my rather rapidly.

For b — s*4~, since one would readily study b — st by tagging on the £1 £~ pair, the
short distance effect should show up in the off resonance £1£~ mass spectrum. The main
problem is statistics. b — sv#, at first sight, looks hopeless because of the missing energy.
However, the rate is very similar to the one expected for B — 7v; (which is relevant for
measuring V3 X fB), and if this mode can be studied, so can the loop induced mode. One
knows that the 7 lepton mainly decays to one-prong, non-strange hadrons, so it should
be quite distinguishable from the loop induced mode, which should have strangeness one
in the final state, and have higher multiplicity. We remark that if the top is very heavy
(close to 200GeV), it will take a while for it to be discovered, and one of the ways to

study its indirect effect is via the modes discussed here.

In SUSY, due to the lack of the characteristic large logs of the super GIM mechanism,
no enhancement is present. With two Higgs doublets with the “inverted” hierarchy vy <
v9, an enhancement up to 1079 is possible if the top is light [63], a consequence of the
measured By mixing. For the even less canonical second type of models, even larger
enhancements are possible [63], but only if 5 — sg* and b — sy are greatly enhanced
as well (so far the best bound on b — s£T£~ has been obtained by CLEO [71], with
BR(B — £¥0~ + X) < 1.2-1073). |
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Because of the strong dependence on heavy internal quark masses, these modes are
ideal places to search for heavy ¢/ effects [70]. In general, the rates can get enhanced
by an order of magnitude if my is several hundred GeV, even with modest V}/, values.
Increasing the latter to the size of the Cabibbo angle can lead to enhancements by another
order of magnitude. Thus, b — s€1£~ at the 10™% order and b — sv¥ at the 10~3 order

is quite possible.

b— sy b— sg* b— st~ b — svi
SM 104 102 10~6 —10-5 106 —10—¢
SUSY < 103 < 15% ~SM ~ SM
. 10-4 - 10-3 ~SM <107°
2 Higgs 0-10"2 < 15% < 10-4 ~ SM
4th gen. 0-10"3 ~SM <107 <1072

Tab. 2.24: Allowed ranges (inclusive) at present for various models. For discussion of the limits, and
the assumptions involved, see the text. Exclusive modes are typically one order of magnitude lower, while
two body ezclusive modes for b — sg* are typically 3 orders of magnitude lower than the inclusive (even
more in the case of large enhancements in the SUSY and 2 Higgs models). The two sets of numbers for
2 Higgs models refer to model I and II. The left-right model is omitted since its predictions are simslar to

the SM. .

In conclusion, we think that it is not easy for LEP (with 10% — 108 B’s per year) to
probe the FCNC rare B decays that we considered with rates at the SM level. However,
in view of the significant enhancements that could occur in several extensions of the SM,
and the possibility for exploiting vertex detectors in the study of B physics, we think
that it is worthwhile for LEP experiments to devise strategies to study rare. B decays, in
particular the modes b — sy and b — s£1£~, at least after a first set of results concerning
B physics has been obtained. If techniques are developed to veto against charm, the
not-so-rare penguin mode b — sg* may also be studied, while b — svv should be studied
concurrently if one plans to study B — 7vr. A final remark should be made regarding
the prospects of having LEP as a Z factory, with 108 Z’s per year. In that case, one
would have roughly 3 x 107 B mesons per year. Although CP violation may still elude
us, the prospect of seeing most of the rare decay modes discussed here, even within the
standard model, becomes rather good. The high energy environment at the Z pole is

certainly complimentary to the environment at the T(4S5).
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2.7.4. HEAVY FLAVOUR DEcAYs: EURODEC*

We report on a recent attempt to classify and model the decays of hadrons containing
heavy 4qua,rks. A ‘detailed analysis is presented in which we compare our model with
several experimental distributions. Special attention is paid to the inclusive and exclusive
semﬂeptonic decay distributions of charmed and bottom hadrons which are of méjor
importance in the analysis of weak mixing in the bottom sector at both hadron collider

experiments and LEP.

We extensively discuss exclusive and inclusive hadronic decay modes and compare

with experimentally obtained decay rates. Cabibbo suppression is explicitly accounted

for.

Although the experimental input is in many cases still rather poor we find good
agreement between the distributions obtained with our model and recent measurement
of J/¢,¢' and baryon production in the decays of bottom mesons. We briefly discuss

kinematical correlations in the decay of light mesons.

Appropriate matrix elements for both heavy and light flavour hadrons are included
in the EURODEC Monte Carlo program for the fragmentation of partons and decays of
particles. This program is part of the larger EUROJET package for the simulation of
hard partonic interactions. The decay program makes use of a detailed particle decay

table which can be easily modified according to the needs of the user.

Basis

Charged weak currents play a dominant role in the description of flavour changing phe-
nomena. In the Standard three family SU(2)y * U(1) Model the charged weak currents
are governed by a unitary 3 * 3 matrix. The charged current part of the Lagrangian in
the Standard Model was first written down by Kobayashi and Maskawa [1]:

d d d
TE~g(a,6, 071 —15) | & | + ke, with: [ &' | =V]s (1)
3 v b

with the gauge coupling constant g and assuming three doublets: (u,d')z,(c,s')z, (t,¥)L.
Since the Cabibbo-GIM sector is by now well established, experiments concentrate on

resolving the ‘third family sector’ in the CKM mixing matrix:

Vud Vus Vub
V=1V Ves Vi (2)
th Vis V;b

*B. VAN ENIK in collaboration with K. Bos
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that is the matrix elements expressing the magnitude of mixing between u,d,s and ¢

quarks and the bottom or top quark.

Except for the b-lifetime, almost everything we have learned about the bottom hadron
sector has come from e e~ -experiments. Measurements with colliding beams tuned at
the T(4S5) have produced a wealth of information on inclusive and exclusive B-hadron
decay properties. Since there is no strong signal for charmless bottom decays, previous
(and continuing) measurements at the 4" (3770) are of great importance in the analysis

of both semileptonic and hadronic bottom decays.

Although the top quark turns out to be a difficult family member to trace [2], exper- .
imental data on the bottom quark sector have provided us with information from which
one is able to derive limits on the top quark mixing matrix elements. Using the unitarity
bound together with my < m; < My and the reported observations of mixing in both BY
sector (ARGUS [3]) and BY sector (UA1 [4]), fairly strong limits on |Vid| and |Vis| may
be calculated [5,6,7,8,9]. Uncertainties in these calculations mainly stem from hadronic
corrections to the box diagram picture describing the weak mixing between particle and

antiparticle and the unknown top quark mass (~ 60 GeV/c? < m; <~ 200 GeV/c?).

The outline of this paper is as follows. First we will discuss our model for heavy flavour
decays and its Monte Carlo (EURODEC, see Ref. 10) implementation. In the third section
we focus on charmed meson and charmed baryon decays, the first mainly measured at the
' (3770). We summarize experimentally obtained inclusive and exclusive decay rates
and compare experimental distributions with the distributions produced by our model. In
the next section we review the experimental situation on the bottom sector, describe our
model and compare inclusive and exclusive quantities and distributions. Special emphasis
is put on semileptonic heavy flavour decays, ‘hidden charm’ and baryon production. In
the fifth section we cover the modelling of top (and ‘fourth family’ member) decays.
Finally we briefly summarize the decay matrix elements we have included to achieve a
correct kinematical description of the decays of specific ‘light flavour’ hadrons and draw
conclusions. The modelling of the production and decay of onium states is reviewed in

more detail elsewhere [11].

Heavy flavour decay models and their Monte Carlo implementation
Let us concentrate on three-body decays of charm, bottom and heavier quarks. We have
assumed a pure V — A structure of the weak charged current in the weak hadronic decays
Q — qff, where all fermions Q,q, f and f may have arbitrary masses. The matrix
element squared reads [12]:
|M? = C x Blpg-2y * (pQ4+ mQs)Pyl 3)
mQ
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with p and m the four-vector (momentum and energy) and mass of the indicated particles
(C contains the propagator and coupling constants while s describes the polarization of
@. Both quantities will be discussed later). The generalization to a flexible admixture of
vector (gy) and axial (gq) couplings is purely technical and the program implementation
may easily be taken care of by the user if desired [13]:

M =&

%
md * (9o + 9a)*[pg-py X (pQ +mQs)-pf]

+ (gv — ga)Z[Pq-pf‘ * (pg — m@s)-py] - (4)

+ (912; - gg)(—Pf-mequ +PQ-Pfs-Pf— pQ.pf-s.pf)

If we sum over polarizations and treat the decay of @ in its rest-frame, eq.(3) reduces to

a very simple expression:

16C
|.]M|2 = % * (pq.pf * mQEf_') (5)

with £ 7 the energy of the antifermion.

The semileptonic decays X — l1Y, with X charmed or bottom pseudoscalar particles
(the strong decay of charm and bottom vectors will take place at a much shorter time scale
than their weak decay) and Y respectively predominantly strange or charm pseudoscalar
particles, are governed by the same matrix element (5), whereas decays X — ly;Y* with
Y* a vector particle are described assuming a pure vector current. The matrix element

for this type of decays has been derived by A. Ali [14]. The normalized lepton energy

distribution can be written as

1dI' 96 . E?(m%( - m%-,. —2mx Ep)? * (m?X + 2m%,* — 2mx E;)? (6)
TdE; mg(f (m%( — 2mx Ep)?

with m and E the appropriate mass and energy of the particles (index) and f the usual

phase space factor [14].

Although the effect of the W propagator may safely be neglected in case of charm
decays, it has to be included in the decay of third family quarks. The effect becomes

extreme important for top quarks with mass m; ~ My and larger ! This will be discussed

in some more detail in section 5.

The Monte Carlo program presented here relies heavily on earlier work [15]. However,
we have completely reviewed and improved the procedure of the implementation of decays,
which now goes along the following lines. Depending on the particle masses involved in
a specific decay mode, the maximum phase space weight is calculated. In the next step
the kinematics for the particles is generated following the well-known procedure that

the n-dimensional phase space (n means here the number of particles) may be treated
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as n — 1 two-body decays. The invariant mass of each (virtual) two particle systefn is
bound by the mass of the parent (or remaining energy of the previous two-body decay)
and the sum of physical masses of the decay particles. More explicit for the three-body
decay P — D1D9D3 (in the P rest-frame) a virtual invariant mass is generated for the
remaining two-body system Dy — D3, with mg +mg3 < my;puq < mp. The kinematics of
D1 and the virtual intermediate state are then fixed. The probability for a certain value
of Myptuql depends entirely the masses involved in the decay. Finally the kinematics for
D2 and D3 are generated in the rest-frame of the virtual ‘particle’ (followed by a Lorentz
transformation) by letting the virtual state decay. The probability for a certain value of |
Myirtual May be translated into a weight for this specific phase space configuration and can
now be compared with the maximum phase space weight. A simple rejection algorithm
ensures that each surviving decay configuration is generated with equal probability. Since
kinematics are now fixed, the matrix element squared can be calculated and introduces
an additional weighting procedure. We have normalized all the matrix elements such that

their maximum weight never exceeds 1.

Two-body heavy flavour decays (decay ratios mainly taken from experimental data)

are treated according to pure phase space. Angular correlations are not but may easily

be included.

Charm decay properties

The 3" (3770) is believed to decay dominantly into DD. Charged particle momen-
tum distributions [16] and the analysis of di-lepton and single lepton rates [17] at the
" compared with continuum measurements indicate the correctness of this statement.
However, the assumption made in many earlier analyses of exclusive D decay ratios that
BR(¢" — DD) =~ 100% is too strong a statement. Most of the analysis have been redone
~assuming ~ 22% charmless 9" decays. The bulk of the experimental values we use to

compare our model with are derived using this percentage.

Although the experimental errors in the measurement of the lepton momentum spec-
trum in D decays are still rather large, we have performed a comparison With our semilep-
tonic D decay model. The Monte Carlo results for D — eve X are presented together with
the inclusive ¥ — DX — eve X' measurement from DELCO [18] at SPEAR in figures 1
(DY) and 2 (D). It turns out that these distributions are rather sensitive on the choice of
the admixture of strangeless D decays on one hand and the ratio between vector and pseu-
doscalar particles on the other. The Monte Carlo distributions were obtained assuming
the branching ratios listed in table 1. The result is satisfactory whereas our assumptions
are also in agreement with most model calculations. The individual contributions to the

decay ¥" — DX — p(e)vy(e)X' are displayed in fig. 3 (D?) and fig. 4 (D).
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The list of all decay modes for all charmed particles (including spin 1/2 and spin 3 /2
baryons) as included in our program is too lengthy to be presented here. The charm decays
are modelled with at most three particles (allowing for all sorts of resonances) in the final
state. Subsequent decays increase both charged and neutral particle multiplicities. Decay
rates have been modelled using experimental data, the matrix elements from the Cabibbo
sector in the KM-matrix '(including Cabibbo suppression), phase space suppression factors
and particle symmetries in the comparison with experimentally measured decay modes.
Roughly 22% (D) and 39% (DP) of the decays are two-body modes. Non trivial decay
channels originating from final state interactions, annihilation processes etc. have been

included ad hoc.

In tables 2 and 3 we present a comparison for exclusive and inclusive DO and D+
hadronic branching ratios respectively as obtained by EURODEC and an average over
a set of experimentally obtained decay rates. Since some experiments do not provide
details about systematic errors in their numbers for these specific decay ratios, we have
been extremely conservative in deriving averages. We have used an unweighted average
over the best measurements (mainly in terms of statistical errors). Finally we have used
reported systematical errors to derive a rough combined error by adding systematical and
statistical errors in quadrature. It turns out that the majority of experimental results
lie within 1¢ from our calculated mean value, probably indicating that we have been too
conservative in our error estimates. For a more precise and more detailed discussion of
errors and averages see Refs. 19,20. Both tables 2 and 3 show a good agreement between

Monte Carlo and experimental data.

In conclusion, the charged particle multiplicity distributions in D® and D+ decays
are presented in figures 5 and 6. Excellent overall agreement with experimental data
[21,22,23] and [24] is obtained. There is a surprisingly good agreement among the in-
clusive measurements of MARK II [21] , LGW [22] and LEBC [24] (topological) and the
exclusive measurement (~ 90%D° and ~ 80%D™ reconstructed [19]) by MARK III [23].
Predictions for total multiplicities in DY and Dt decays which are only of academic in-
terest due to experimental complications, are shown for completeness in fig. 7 and fig. 8.
As at present there seems to be no urgent need for the modelling of exclusive n > 3 body

decays. The user of the program may easily modify the decay table to include 4- and/or
5-body decays if desired.

Bottom decay properties
Within the framework of the Standard Model, the fundamental quantities to be obtained
from b-decays are the Kobayashi-Maskawa matrix elements V,; and Vep. The values for the

bottom meson lifetimes, semileptonic branching fractions and the ratio I'(b — u)/T(b— ¢)
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are key ingredients indispensable for pinning down the V) sector.

Many et e~ -collider experiments have determined branching ratios for B — evX and
B — pvX. Within experimental errors, measurements at both Y(4S) and continuum
agree indicating that either all B mesons have comparable semileptonic branching ratios
or that the mix of flavours at the T(4S) and continuum are not too different. In the
continuum and at the Y(4S5), leptons from &-decays can rather easily be separated from
leptons from charm decays. This is due to the larger phase space available in the decay
B — IvX. In turn, the analysis of the inclusive lepton energy spectrum from b-decays
shows that the upper end of the spectrum is fully populated by leptons from direct
semileptonic b-decays. The end-point of the spectrum is therefore an obvious place to

search for B — lv Xy contributions, since my, << m X,

We will concentrate on inclusive lepton energy distributions as measured b& several
experiments at the T(4S) and test our ansatz for decay matrix elements and branching
fractions we have introduced in EURODEC. Particle masses and lifetimes are taken from
Ref. 20. The Y(4S) resonance is ideal to study b-decays since the resonance is just
(~ 20 MeV/c?) above BB threshold and decays entirely into B mesons whereas there
is no room for additional fragmentation of the primordial b quarks. Along the lines
sketched in the previous section, we set up the phase space bounded by the physical
particle masses involved in the decay channel. The semileptonic channels are selected
with the probabilities given in table 4. We have simulated the full process T(45) —
BB — IX (see also table 5) accounting for the Lorentz boost of the B mesons. In
the decays B — IDX the D kinematics are constructed using the formula of eq. (5)
(unpolarised B-meson assumed, pseudoscalars!), whereas the prompt lepton spectrum in
the D* channel B — ID*X is described by eq. (6). Both kinematics and decay matrix
elements are calculated using physical particle masses instead of the constituent fermion
masses. Secondary leptons (from charm decays) are generated as described in the previous
section. This modified parton picture results in a description for charmless B-decays which
is very close to the spectator quark model of Altarelli et al. [25]. However, the two free
parameters in their model, the Fermi momentum factor and the c/u quark mass, are

absent in our approach! Although again small, the effect of the W propagator is folded
in.

Figures 9 - 13 display inclusive lepton momentum spectra as measured with the Crys-
tal Ball [26], ARGUS [27] and CLEO [28] detectors together with the prediction from our
model. In the plots individual contributions from leptons from &, ¢- and 7 decays are
shown together with the inclusive spectrum. From all experimental distributions the con-
tinuum contribution was subtracted and the data were corrected for detector efficiency.

The end-point spectrum is described correctly, which is not very surprising since we found
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that our model gives results not very different from the spectator quark model of Ref. 25.
We do not expect large deviations from valence quark models (non-relativistic [29] or rela-
tivistic bound state wave functions [30, 31]) provided all (most) of the possible resonances
are explicitly taken into account in the Monte Carlo simulation. For a detailed discussion
of the end-point spectrum and the retrieval of limits on |V, see Ref. 26. Clearly, the
predictive power of our model with respect to semileptonic branching ratios is limited and

they should preferably be taken either from experiment or the calculations of for instance
[29] or [30]. '

Before we arrive at the discussion of exclusive hadronic decay modes, we have made
some comparisons with charged particle multiplicity measurements. Figure 14 shows the
charged particle multiplicity of BB events in the CLEO experiment [32). The experi-
mental distribution is not corrected for detector efficiency and 7-conversions in the beam
pipe etc., therefore the Monte Carlo prediction comes out slightly shifted towards higher
values. Since these measurements performed at the T(4S), the multiplicity distributions
are not obscured by b quark fragmentation effects. The only distortion may be caused by
uncertainties in subtracting continuum events. However, we expect that this uncertainty
is rather small and becomes even smaller after requiring at least one prompt lepton. Fig-
ures 15 and 16 show the data for these multiplicities from the CLEO detector together

with the predictions from our model.

CLEO has developed a method to correct for detector inefficiencies and they are
able to derive a value for the average number of charged particles in hadronic B-decays
< Npeq >= 5.75 £ 0.10 £ 0.10 [33]. The mean number in semileptonic B-decays is
determined as well: < Njep, >= 3.84 £0.10 £ 0.10 [33]. In nearly 100% of the b-decays a
D or D* will be produced (see table 5). If one subtracts the mean charged multiplicity
of such a particle, assuming a reasonable mixture of D and D*, the number of charged
particles in addition to the lepton and D or D* in semileptonic B-decays becomes very
small (0.24 £ 0.15 [34]). This result and the experimentally reconstructed recoil mass of
~ 2 GeV/ ¢? support the ansatz that spectator fragmentation in B — Iy D is suppressed.
The average values for the multiplicities compare well with the EURODEC numbers:
< Npgg >= 5.85 and < Ny, >= 3.75, whereas the shape of the distributions are also in
good agreement.

About 62% of the B-decay modes are modelled as two-body and three-body decays
(including resonances) in EURODEC. The other ~ 38% is modelled according to the
decay B — D, D* u-quark d-quark allowing both quarks to fragment, forcing the total
multiplicity to be larger than 3 particles in the final state (again including possible reso-
nances !). The branching ratios are chosen with care using phase space constraints and

particle decay symmetries. In tables 5, 6 and 7 we present a comparison of our model
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with experimentally measured exclusive and inclusive decay rates. We conclude that EU-
RODEC B-decay multiplicities, inclusive and exclusive decay rates are well in agreement
with experimental data. Of academic interest is the total particle multiplicity distribution

as depicted in figure 17.

Although EURODEC describes the electron and muon inclusive momentum spectra
well at pe,pu > 1.5 GeV/c, a direct comparison at low momentum is more difficult due
to lacking experimental data. However, we can get an indirect measure for the inclusive
lepton spectrum in this region. Since the low end of the spectrum is dominated by charm
particle decays as shown before, the convolution of the DY and Dt momentum spectrum

with their semileptonic decay distributions (as described in section 4) may provide us a
. good indication. The inclusive D%, D* and D*+ momentum distributions at the Y(4S5)
have been analysed by CLEO [35] and have undergone a considerable evolution with
increase of statistics (D [36], D** [37]). The experimental data points from Ref. 35
are shown in figures 18 (D%, DO) and 19 (D*t, D*~) together with the Monte Carlo
predictions. The dashed line in both figures indicates the contribution due to semileptonic
b-decays. Table 5 contains the predicted inclusive D® and D+ rates in comparison with
the experimental values. We interpret the good agreement with the data as additional

evidence for correctly modelling the inclusive lepton spectrum.

The decay channel D — ¢7%(¢ — KK ™) has been explored by CLEO [38] and
ARGUS [39] to study D production in B-meson decays. Although there is a phase space
suppression factor, the dominance of the b-to-c coupling ensures a substantial probability
(~ 15%) for the decay b — ¢cW™ — ccs. So one may expect final states of the form
B — DsDX. The contributions from the W exchange diagram (BY) and s3 popping
between the charm quark and b-spectator antiquark are predicted to be less important
and may be disentangled from the Dy momentum spectrum. The decay B — D} K~ will
lead to a very hard Dy momentum spectrum, whereas s3 popping will mainly contribute

to the low end of the Dg momentum spectrum..

In figure 20 the CLEO and ARGUS data points are shown. CLEO does not ob-
serve any significant signal in the momentum region from 2.0 to 2.5 GeV/c supporting
the theoretical calculations that the contribution from the W-exchange diagram is small.
Both ekperiments confirm the prediction for a large fraction of two-body decays (= 50%)
[40]. The histogram is the result of our model calculations. We assume that the de-
‘cays B — DD, D*D;, DD} and D*D} saturate the two-body decay modes. The rest
of the spectrum is described via decays of the type B — DX (X-multiplicity > 2),
DsDX', where Ds and D may either be a pseudoscalar or a vector. Although phase
space suppressed, the decay B — DgDsX is assumed to contribute as well. The compar-

ison between the EURODEC and experimental inclusive Dy rate can be found in table 5.
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The uncertainty in the experimental decay ratio is mainly determined by the uncertainty
on the D¥ — ¢r*-branching fraction (~ 3.5 — 5%).

In 1979 Fritzsch [41] suggested that the decay B — J/¢X could be one of the most
favourable modes for reconstructing B-mesons. First (weak) experimental evidence for
this decay channel was reported by CLEO [42]. Since then statistics have steadily in-
creased and both CLEQO [43], [44] and ARGUS [45] have confirmed the observation on a
more solid basis. The J/v momentum distribution (fig. 21) suggests a large two-body
decay contribution on one hand and hard gluon emission or J/¢ production through
the decay of %' and/or x! on the other. It is only recently that the ARGUS collabora-
tion [46] has succeeded in explicitly reconstructing the ¢ through its semileptonic decay
(¥ — 111~ =~ 0.9%) and via the decay channel ¥/ — J/yprtr~ (¢ — J/pX ~ 55%).

In figure 21 we have plotted the CLEO [44] and ARGUS [46] data together with
our prediction for the inclusive J/¢ momentum spectrum. The bin size chosen in the
analysis of experimental data (statistics !) is crucial for disentangling direct and indirect
J/¢ production. In fig. 22 we have indicated the EURODEC prediction for indirect J/v
production (dotted line). The spectrum receives contributions from ¢/ — J/¢X and
P — xg,xé,ng — J/$X'. We have not explicitly taken into account B — X%X —
J/¥X' although this contribution may still be relatively sizeable as suggested by Kiihn et
al. [47). The B — X decay ratios as derived by the CLEO and ARGUS experiments are

in excellent agreement and are averaged over in the comparison with EURODEC rates

(see table 5).

The last topic of this section concerns the observation of baryons in B-meson decays.
Simple phase space arguments indicate a 5 - 10% branching fraction for B-meson —
(charmed) baryon X [48]. However, the calculation of exclusive branching ratios remains
a theoretically unresolved enterprise. The first direct observation of A:ch in B-meson decays
was reported by ARGUS [49] via the reconstruction of the decay chain: B — A7 X —
pK~nt (and charge conjugate channel). Earlier studies by both ARGUS [50] and CLEO
[61] gave indirect evidence for charmed baryon production via baryon-correlations through
the observation of protons and A’s [52]. Both experiments observe a relatively high
multiplicity in these decays. Our interpretation is that other charmed baryons than AZF
must play a role. Decay chains like for instance B~ — £0X — A¥ X' and BY - 2X -
AF X' in general enhance the average multiplicity. Other charmed baryons like 52 may
be produced as well but do not lead to a AZE intermediate state while the A signal is
enhanced significantly.

In EURODEC we have introduced a variety of B-decays into (charmed) baryons.
For the total baryonic charm decay rate we have assumed ~ 9%. In table 5 the resulting

inclusive A branching ratio is compared with the measurements from CLEO and ARGUS

(3
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at the Y(45). The A momentum distribution is shown in figure 23. The data points
are taken from [49] and seem to indicate a preference for a relatively soft AT momentum
spectrum. However, the experimental errors are still too large to draw conclusions whether
our model is fully compatible with the data. For instance the soft part of the momentum
distribution seems to indicate that we may have underestimated the particle multiplicity
in a subset of the baryonic decay modes. More illuminating are Lambda and proton
momentum spectra (figs. 24 and 25). Both ARGUS [27] and CLEO [51] measurements

are in good agreement and are well explained by our model.

Finally we would like to remark that EURODEC includes the possibility to simulate
DY — DO BY — BY and BY — BY mixing with probabilities defined by the user.

The sizth quark and beyond
As pointed out in section 2, the effect of the W propagator plays an important role in
the weak process Q — ¢ff when the mass of the heavy quark @ approaches or exceeds

physical mass of the W and m@ > mg. This becomes more clear when we analyse the

Breit-Wigner expression for the W propagator:

1

B.W. ~
[M{; — (pf + p§)?2 + m3 T,

(7)

with My, Ty the physical mass and width of the W= and (p F+p f)2 the virtual W mass.
The upper and lower limits on the virtual mass are fixed by the masses of the particles
involved in the decay. The function in eq. (7) will strongly peak if the virtual mass gets
close to or exceeds the physical W mass. Ergo for a heavy top quark or heavy fourth
generation particles, the Breit-Wigner will dominate the decay distributions. The Monte
Carlo implementation can be pursued in two ways. Since the kinematical boundaries
are fixed for each decay, the maximum value for function (7) can be calculated. The
actual value is determined by the three-body kinematics as set-up by the phase space
generator (see section 2). A simple accept/reject algorithm ensures the correct weight
distribution for the surviving events. A more elaborate procedure may be followed by
slightly modifying the phase space generator. Due to the sequential treatment of the
three-body phase space (see section 2), the generation of the invariant mass of the ff
system can be forced to follow the distribution of eq. (7). Consequently, no rejection
algorithm has to be applied, which improves the efficiency of the method considera,bly.'
In the next section we sketch the analytical procedure in the discussion of particle mass

smearing.

Obviously, the hadronic decays of very heavy flavours will be dominated by a large
jet multiplicity. Both f and f will give rise to one or more jets of particles. Additional

fragmentation of the resulting quark ‘¢’ may indeed also occur. In our model each of the
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f — f and g-specta for quark/diquark systems are treated as colour-neutral objects.

Kinematical correlations in the decays of non-heavy flavoured hadrons

To complete the description of the decay models in EURODEC we briefly discuss the set
of additional matrix elements used in the treatment of non-heavy flavour particles. The
kinematics of the decay products in the decay w, ¢ — 770 is well described [53] by

convoluting the phase space with:
IM? = C %Pyt X Pr- | (8)

Similarly, the complete kinematics of the Dalitz decays of the 70 and n(7r0 n —
~ete™) is correctly described by applying the Kroll-Wada procedure [54] in which one

generates a properly distributed virtual mass for the et e -pair.

Pseudoscalar particles PSy and PS3 produced in the decay chain PSy — PS;1 Vector
— PS8 PSyPS3 will have the following decay angular distribution in the rest frame of

vector ‘V’:
|M|? ~ cos® 9)

where 0gg is the opening angle between the PSy and PS) momentum vectors [55]. A

discussion on 7-lepton decay matrix elements can be found in Ref. 56.

By default, the physical particle masses are taken from the particle table as read
by the EURODEC program at initialisation time. However, the user may introduce a
physical width (optional) which is at present set to twice the full width half maximum
(~ 4T) of a Breit-Wigner distribution, thus assuming the narrow width approximation
is a sufficiently good approximation for the mass distribution. T is calculated from the
particle lifetimes which are tabulated in the particle table as well. The smeared mass is

then generated according to:

Msmear = \/ Mphys * {mphys + I' x tan[(up - low) * z + low]}

(mphys + F)2 - mghys]

up = atan [

Mphysl (10)
m ~T)2 —m?
low = atan [( physm ) T phys]
phys

with z uniformly random at 0 < z < 1. The expression for mgsmear is a straight forward

inversion of the analytical integration of the Breit-Wigner formula [6].
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Conclusions

We have given an extensive description of the EURODEC treatment of heavy flavour
(charm and bottom) decays and have performed a detailed comparison between the predic-
tions by our model and available experimental data. We have discussed the generalization
to four families as well. Some special features like mass smearing and kinerﬁatical corre-
lations in the decay of non-heavy flavour particles are reviewed. Exclusive and inclusive
decay properties are adequately described and we find in many cases excellent agreement
between our model and experimentally measured quantities. We therefore conclude that

EURODEC could serve as an important tool in the analysis of both LEP and collider
data. |
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Table 1: Semileptonic (electron) charm decay branching ratios as included in the EURCDEC decay

tadle.
exclusive decay mode EURODEC branching ratio (%)
o0 - K e v, 4.94
K e vy, 1.97
T e v, 0.42
) o* Y, 0.17
(o g - RO e+ v, 11.85
KRS ar v, 4.75
© et v, 1.00
P e v, 0.40

Table 2: Comparison between D9 exclusive decay modes and inclusive rates as proposed in the
EURODEC particle decay table and expenmental data. '

exclusive decay mode EURODEC branching ratio (%)!)  Experiment (%)2)
oe - K = 4.30 42 * 07
K p 10.79 108 = 1.7
KO 0 2.18 25 % 0.9
KO ¢ 0.99 0.92 + 0.36
Ko o 3.78 32 £ 15
KO q 1.79 1.5 £ 07
RO 0 1.31 0.75 £ 0.5
K- = 5.20 52 1.5
RO o0 2.41 286 * 08
T = 0.20 0.26 + 0.1
K K 0.61 0.54 + 0.13
KO KO + ¢ 0.00 03 % 0.3
K9 KO cc 0.00 <0.55@ 90% CL
K™ K+ 0.99 08 : 05
K = 2.1 1.2 + 063
KO K+ K 1.00 21 : 08
r = 0 1.00 1.1 ¢ 0.4
inclusive decay mode EURODEC branching ratio (%) Experiment (%)
oo - K = a9 15.31 149 = 52
KO =~ =« 7.88 6.7 = 2.1
K © r© 8.99 85 £ 22
KO «x 14,00 115 = 36
K = 0 12.98 149 = 4.8
r x T r 2.01 1.5 * 0.6




Table 3: Comparison between D* exclusive decay modes and inclusive rates as proposed in the
EURODEC particle decay table and expenmental data.

exclusive decay mode

EURQODEC branching ratio (%)3)

Experiment (%)2)

o+ - KO 3.27 33 t 09
KO 8.19 69 + 24
K9 5.90 59 £ 3.1
KO K+ 1.09 0¢ : 04
0 0.00 <0.48 @ 90% CL
¢ 0.99 0.85 ¢ 0.2
K9 K¢ 0.51 0.56 £t 0.2
P = 0.20 02 + 009

K o 7.18 72 £ 19
KO = 1.31 13 £ 11
r T 0.40 0.37 ¢ 0.14
K K 0.50 0.50 £ 0.15
inclusive decay mode EURODEC branching ratio (%) Expenment (%)

D+ - K* 5 = 11.13 89 £ 15§
KO x o0 11.48 144 + 5.0
K K 1.33 08 I ol
K =z = 0 4.95 42 t 1.7
K o «x 7.50 87 + 28
¢ T r © 0.00 <0.09 @ 90% CL
K = g 2 T 0.96 seen
K =™ = © 0 2.18 22 37
RO v = r© 4.90 a4 T 32

Table 4: Semileptonic (electron) bottom decay branching ratios as included in the EURODEC decay

table.

exclusive decay mode

EURODEC branching ratio (%)

l
?
®© ®© © ®

2.3
9.3
2.3
9.3




Table 5: Comparison betwaeen T(4S) exclusive decay modes and inclusive rates as proposed in the
EURODEC particle decay lable and experimental data. '

exclusive decay mode

EUROOEC branching ratic (%)4)

Experiment (%)2)

Y(4S) — B° B¢
B-o

=2

44.98
55.02

inclusive decay mode

EURODEC branching ratio (%)

Experiment (%)

Total

X X X X X X

63.35

28.78
9.97
7.39
1.1
0.0047

~ 110

63.
28.
11.

7.

1

.07

:
*
*
<
4

13.
10.
4.
d.
0.003

0.005 £ 0.003

~ 110

Table 6: Comparison between B- exclusive decay modes and inclusive rates as proposed in the
EUROQDEC particle decay tavle and experimental data.

exclusive decay mode EURODEC branching ratio (%))  Experiment (%)2)
g - o 0.28 0.29 + 0.18

o0 o 2.23 29 t 1.8

Jy K 0.07 0.07 =+ 0.04

v K 0.1 0.22 + 0.17

D 0.59 068 =+ 04

O 0.39 0.42 + 03

inclusive decay mode EURODEC branching ratio (%) Experiment (%)
B - D** =« 0.1 56 t 3.8

W K 0.14 0.11 ¢ 0.7

0o X 87.20 .

Dr X 4.96

0y X 9.94 .

Ae X 7.38

Jy X 1.10

¥y X 0.46 -




Table 7: Comparison between B2 exclusive decay modes and inclusive rates as proposed in the
EUROQOEC particle decay table and experimental data.

exclusive decay mode

EURODEC branching ratio (%)6)  Experiment (%)2)

80 - (8

O+
[v,g
o
Jy
D* ~ =0

AT a®= q

0.41
3.39
0.28
2.23
0.33
0.00

0.35
2.0
0.41
2.8
0.33
2.0

[ S N )

"+ ot

0.2
1.4
0.2
1.6
0.18
1.4

inclusive decay mode

EURCDEC branching ratio (%)

Experiment (%)

80 - D

T b2
o0
o+
2
Ac
Jhy
v

X X X X X X A

9.35
34.18
§7.92
10.00

7.41

1.1

0.47

43

b4

23

2
3)
4)
5)
6)

As obtained from Monte Carlo run with 42108 DO gvents
See text for explanation

As obtained from Monte Carlo run with 4+108 D* events
As obtained from Monte Cario run with 2¢106 Y(4S) avents
As obtained from Monte Carlo run with 2.2+108 8° events
As obtained from Monte Carlo run with 1.8+108 B9 avents




Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Fig. 6:

Fig. 7:

Fig. 8:

Fig. 9:

Fig. 10:

Electron momentum spectrum from D (D° and D* and charge conjugates) decays at the
w"(3770) as measured by the DELCO Collaboration at SPEAR [19] compared with the
EURODEC y" — DP X — e vy X' prediction.

Electron momentum spectrum from D (D° and D* and charge conjugates) decays at the
y"(3770) as measured by the DELCO Collaboration at SPEAR [19] compared with the
EURODEC y" — D* X — e v, X' prediction.

Inclusive muon momentum spectrum from D° (D°) decays at the y"'(3770) as predicted by
EURODEC. The contributions from the different charm decay channels are drawn separately.
No experimental data could be found in the literature.

Inclusive muon momentum spectrum from D* (Dr) decays at the y"(3770) as predicted by
EURODEC. As in figure 3 the contributions from the different charm decay channels are
drawn separately.

Charged particle muitiplicity in events from DO (DP) decays at the y"(3770) as measured by the
MARK II- [22], LGW- [23], MARK IlI- [24] and LEBC- [25] Collaborations compared with the
EURODEC prediction. '

Charged particle multiplicity in events from D+ (or charge conjugate) decays at the y"(3770) as
determined by the MARK II- [22], LGW- [23], MARK lli- [24] and LEBC- [25] Collaborations
compared with the EURODEC prediction.

Total particle multiplicity in events from DO (D) decays at the y"(3770) as predicted by
EURODEC. No experimental data is available (vet).

Sum of charged and neutral particle multiplicity in events from D* (Dr) decays at the y"(3770)
as predicted by EURODEC. Experimental data is still lacking.

Inclusive momentum spectrum of electrons from semileptonic B-meson decays at the Y(4S)
as measured by the Crystal Ball Collaboration [27] at the ete™ storage ring DORIS Il compared
with EURODEC predictions. The dashed, dotted and dash-dotted lines indicate the
individual contribution from semileptonic b, ¢ and T decays to the inclusive spectrum.

Inclusive electron momentum spectrum from semileptonic B decays at the Y(4S) as measured
by the ARGUS Collaboration [28] at the DORIS Il e+e- storage ring compared with the
EURODEC predictions.




Fig. 11:

Fig. 12:

Fig. 13:

Fig. 14:

Fig. 15:

Fig. 16:

Fig. 17:

Fig. 18:

Fig. 19:

Fig. 20:

Fig. 21:

Fig. 22:

Comparison of the EURODEC prediction for the inclusive muon momentum spectrum from
the decay of B-mesons at the Y(4S) and measurements by the ARGUS Collaboration [28]
(DORIS i).

Inclusive electron momentum spectrum at the Y(4S) as predicted by EURODEC and
measured by the CLEO Collaboration [29] at CESR. Individual contributions from

semileptonic charm, bottom and t decays are indicated as well. .

Comparison of the inclusive muon momentum spectrum in semileptonic B-meson decays as
measured at the Y(4S) at CESR (CLEO [29]) and EURODEC predictions.

Charged particle multipliCity distribution in BB events at the Y(4S) as obtained by the CLEO
Collaboration [33] together with the EURODEC prediction.

Charged particle multiplicity distribution in BB events at the Y(4S) with at least one obsérved
prompt electron as measured by the CLEO Collaboration [33] compared with the EURODEC
prediction.

EURODEC prediction for the charged particle multiplicity distribution in BB events at the
Y(4S) with at least one prompt muon together with the measurement by the CLEO [33].

Total particle multiplicity distribution for BB events at the Y(4S) as predicted by EURODEC.

Inclusive D° momentum spectrum from B decay as measured by the CLEO Collaboration [36]
at CESR at the Y(4S) compared with EURODEC predictions. The contribution from
semileptonic B-meson decays is indicated by a dashed line.

EURODEC prediction for the tota? inclusive D** momentum distribution in B-meson decays at
the Y(4S) compared with CLEO measurements [36]. The dashed line indicates the
contribution from semileptonic B decays

Inclusive Dy momentum spectrum from B-meson decay at the Y(4S) as measured by ARGUS
[40] and CLEO [39]. The EURODEC prediction is indicated as well.

J/w momentum distribution in B decays as measured at the Y(4S) by the ARGUS
Collaboration [47] at the e*e" storage ring DORIS Il and the CLEO Collaboration [45] at the
CESR. The histogram reflects the EURODEC prediction.

Momentum distribution of w mesons in B decays at the Y(4S) as predicted by the EURODEC
Monte Carlo program. The contribution from y' — Jiy X is shown separately (dashed
histogram). The experimental data on the inclusive J/y spectrum is depicted in Fig. 21. The

experimental reconstruction of the ' momentum spectrum still suffers from limited statistics.




Fig. 23: Inclusive momentum distribution of A’; baryons from B-meson decays at the Y(4S) as
measured by the ARGUS Collaboration [50] compared with the EURODEC prediction.

‘Fig. 24: A baryon momentum spectrum frorh B-meson decays as measured by the ARGUS
Collaboration [28] at DORIS Il and by CLEO [52] at CESR compared with the EURODEC

prediction. -

Fig. 25: ARGUS [28] and CLEO [52] measurements of the inclusive proton momentum spectrum in B-
meson decays at the Y(4S) compared with the distribution obtained from the EURODEC

Monte Carlo program.
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2.8. BB MIXING

The recent observation of BS — Bg oscillations by the Argus and Cleo collaborations
has triggered a revival of interest for heavy flavor mixing. This unexpected large effect
together with the measurement of the CP-violating € and ¢ parameters imply indeed new
constraints on the three-generation Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix
and on the top quark mass [1] Therefore, any further information on flavor mixing would
provide us with a crucial test for the electroweak standard model itself. In particular, as
we will see, the measurement of a rather small BY — BY weak mixing would necessarily
require new physics. |

Flavor mixing can, in principle, be detected via either time-integrated or time-depend-
ent measurements [2]. For simplicity, we first consider the well-known K0 — 0 system
to settle the associated formalisms. We treat then the DO — D0 and B9 — B0 systems by
analogy. Finally, we focus ourselves on the detectability of the BQ - BY mixing at LEP.

2.8.1. THEORETICAL FRAMEWORK*

a) Pseudoscalar oscillations

Flavor changing weak interactions induce a mixing between the pseudoscalar K9 and its
conjugate KO[CP | KO >= — | K0 >]. Neglecting CP-violation, we obtain the following
CP eigenstates:

Kp = —\}—5(1(0 +R%  (CP=-1)
1 o -0 " (2.169)
Kg=—(K'-K CP = +1
S \/i( ) ( +1)
These (unstable) physical states satisfy the usual equation of motion:
d i
v fKrst) =M Kps(t)=(M-30)s Krg(t) (2.170)

with H, the diagonal Hamiltonian. A straightforward integration gives then the following
time-evolution
K°(t) = g4(t)K°(0) + g— (1) K°(0) 2171
KO(t) = g-(t)K°(0) + g4 (1) K(0) ‘
with
1 )
g+(t) = é-e—FLt/2{1 + eAI‘t/Z ezAMt} (2.172)

The complex factor inside the brackets modifies the usual exponential decay law and

induces the oscillation between the K and K0 states. This oscillating behaviour is

*J.-M. GERARD
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therefore completely determined by the parameters .
Al'=T; -Tg AM =M - Mg ' (2.173)

An important effect is possible if these quantities are large. The time-integrated proba-

bility for K° to oscillate into K9 is indeed given by the ratio

Lo PHEO SR Rl Pl oty -
"TPEOSKY) T Pl Pd g2 S
The mixing r is maximal if r — 1, i.e.
AT AM
= = — 2.
y=op - 1 o =z T (2.175)

with I' = %(I‘ L +Ts). On the other hand, the maximal value for the useful quantity

Pr(K? - K0) _or
Pr(K0 - 0) + Pr(K0 - K0) " 147

X = (2.176)

is obviously 1/2.

The first scenario (y ~ +1) to get a large mixing turns out to occur in the kaon
system for the following simple reason. The quantity AT receives contributions from

self-conjugate on-shell intermediate states
AT o« Y <K |Hpsy|n><n|Hpg_g | K°>. (2.177)
n
The three-body decays being largely phase-space suppressed, we obtain then

AT~ ) {I(K[ —n)-T(Kg — n)} =T(Kp = nr)-T(Kg — 77) ~ —I's (2.178)
2—body

since the 77 final states are CP even. Therefore y ~ —1 and the mixing is almost maximal

[3]: r?p - = 0.99284 £ 0.00003. In other words, the Kg states decay faster than the K L

ones, leaving then an equal amount of K0 and i irrespectively of the initial conditions.

Such a scenario is of course peculiar to the light K9 — K0 system. For heavier sys-
tems, the quantity ATl receives contributions from many CP-even and odd self-conjugate
intermediate states. The phase-spacé suppression argurﬁent does not apply anymore and
one expects a smaller AT'/T" ratio. This ratio is in addition double-Cabibbo suppressed

for the D? and BY systems, the dominant decay channels being not self-conjugate.
d g g

Let us therefore consider the case of the Bg system. The self-conjugate inclusive
b(3) — c€s(3) decay contributes to AT. A simple counting of the colour degrees of
freedom gives then the constraint |ys] < 3/(3+3+1+1+ 1) = 1/3 namely the bound
1< (%) By < 2, to be compared with ("L /¢) g =~ 600. The upper bound given above is

in fact quite optimistic. We have indeed neglected the important momentum-mismatch
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between the spectator and the hard strange quarks [4] as well as the charm phase-space
suppression. One should however keep in mind the possibility [5] of a sizeable lifetime

difference effect in a time-dependent study of Bg decay rates.

We have seen that the effect of a lifetime difference can be neglected as far as a

time-integrated heavy meson mixing is concerned. This mixing reads then

z2 AM
z = —

2+ 2 r

r

and is large if the oscillation-time (AM~1) is small compared to the life-time (I! = 7).
The D° and B lifetimes are well-measured while the spectator model predicts 7(Bs) ~
7(B4) Consequently, an estimate of the mixing in heavy pseudoscalars requires “only” a

theoretical knowledge of the mass splitting AM.

b) DY — DO oscillations

The DO — DO mass difference is dominated [6] by long-distance m and K loop contributions
and vanishes in the flavor-SU(3) symmetry limit. The surprisingly large SU(3)-breaking
observed in two-body Cabibbo-suppressed D-decays:

(D% - KtK™)
F(DO —xtrT)

3 (2.179)

remaining unexplained, an estimate of the DY—po mixing requires empirical data. Rough
estimates give [7] rp ~ 10™% such that a 1% mixing would definitely signal new physics
with large flavor changing neutral currents [8].

The ete~ Mark III experiment at the energy of the ¥(3770) has reported three
strangeness +2 final state events in the D9.D0 pair decays [9]. Only one such an event is
expected from the double-Cabibbo suppressed decay (DCSD) contributions. This result
would then imply rp ~ 1%. |

However, the Fermilab photoproduction E691 collaboration has looked for
D*t o 7tD0 5 at(K—xt) decays. They used the pion of the D*t decay to tag
the charm quantum number and made a time-dependent analysis to reduce the DCSD
contributions which fake a mixing. We have indeed the following time-evolution for the

wrong sign DY decays:
N(D® = S =+1) = Ny | g—(t) + ptg?0c g+ (1) |*
y<Le (2.180)

Ny _
~ =2 THAM)?? + 4 p [P tg"6c)

with p = ©(1) and tg%0. ~ 3 1073, the Cabibbo suppression factor. Applying the cut
t > 27po, 68% (5e~2) of the mixing effect (first term) subsists, while only 14% (e72)
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of the DCSD effect (second term) remains. With a total of 611 K~ 7t events and
375 K~ ntntr~ events, they obtained the limit [10] rp < 0.37% at the 90% confidence

level.

A similar time-dependent analysis can in principle be carried at LEP. With 109 ZO,
one expects about 750 events D** — 7+ D0 — xE[K—x*t], requiring th D* to have
high momentum to select primary charm, before the lifetime cut and acceptance and

reconstruction efficiency factors.

¢) BY — BY mizing
The BY — BY mass difference is induced by the short distance box-diagram with the
exchange of two heavy top quarks. The recently measured [11,12] BS - Bg mixing implies

zg=0.70 £0.13 (2.181)

and requires [13] a top quark heavier than 50 GeV. In the standard electroweak model
with three generations of quarks, the B — BY mixing is then determined by the following
simple relation ' '
fB, 2 Vi
=232 | "'/—s R
f By td

Let us first assume a flavor-SU(3) symmetry for the decay constant fg. The left-

.'L'SN(

(2.182)

handed CKM mixing matrix V reads

1 A X3(p—in)
Vi~ = 1 A2 (2.183)
(1 —p—ig) =2 1

in the Wolfenstein parametrization [14] based on a mnemonic expansion in the Cabibbo
angle A ~ 0.22. The present experimental limit on charmless semi-leptonic B-decays 1]

I“(b — uev)
m < 6% (2.184)‘

R=
implies p? 4+ 72 < (0.8)2 and provides the lower bound

|72 P= i > 0
V| R P R

~6 (2.185)

On the other hand [15], for m; < 130 GeV, the measured BS - Bg mixing strongly' favors

a negative p parameter, while the C' P-violating ¢ g-parameter implies a relatively small 5
n =~ 0.2((5/4 — p)Bg]™ ()43 < 0.3 (2.186)
My
for Bg = 0.7. In that case, | %: |2< A=2 and we obtain the range

3<z,<18 (2.187)
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if one standard deviation is allowed for z4.

However, SU(3)-breaking effects in the hadronic matrix of the current-current AB =
-2 weak operator have to be taken into account. The decay constant fp defines the

B-to-vacuum current hadronic matrix element (our normalization corresponds to fr =

0.132 GeV):
<0| B’Yu(l —75)q | By >=4 quPy (2.188)

In the non relativistic limit, one has the following scaling

for $(0)
Qi "~ ="

viQ
If the wave-function and the origin ¥(0) only depends on the reduced mass of the Qq
system, we obtain | | .

(2.189)

fB,/fB, = (:—2)3/ 251 (2.190)

on dimensional grounds. For the constituent quark masses my = 350 MeV and m; =
500 MeV, we get then a SU(3)-breaking correction factor of about three in eq. (182).
This rough estimate can be compared with the QCD sum rules and lattice predictions

listed below: ,
fr =132 MeV /D Ip, fBy /B,

QCD sum rules {15] 172+ 15 ~ 220 : 187 + 24 -

Lattice: .
UCLA [16] 174 + 26 £+ 46 234 + 46 £ 55 106 £ 17+ 30 155+ 31+ 48
ELC [17] 194+ 15 215 £ 17 - -

In the QCD sum rules predictions, the naive non-relativistic scaling given in eq. (189)
is spoiled by large continuum QCD corrections. This is at variance with preliminary data
from the UCLA Lattice collaboration. On the other hand, both non-perturbative methods
give a ratio f'DJ / fp larger than one and indicate a sizable SU(3)-breaking effect in weak
decay constants. The SU(3) prediction given in eq. (187) should therefore be considered
with some caution. The upper bound might be a factor of two larger, but a measured z,
smaller than three would certainly require physics beyond the three-generation standard
electroweak model [18].

The simplest extension is of course the introduction of a fourth generation of quarks
such that the unitary constraint on V4 is relaxed. However, one should keep in mind
that any new flavor changing interaction which deviates from the CKM mixing pattern
given in (183) could also modify the theoretical prediction (182) on zs. For example, an
SU(2)L x SU(2)g x U(1) extension of the standard model with the following pattern for
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the right-handed CKM mixing matrix [20]

1 0 0
VR~{0 1 X2|+00% (2.191)
0 -2 1

turns out to be consistent with all existing data, even for My, = O(My,).

2.8.2. BB MIXING MEASUREMENTS*

Experimentally there are two ways of observing the mixing : by measuring time
integrated variables, essentially the ratio of mixed BB or BB pairs with respect to the

total number of B pairs or by observing the time evolution of BY mesons.

a) Time integrated variables

As we have seen in the introduction both Bg and BQ mix. Experimentally, unless Bg or
BY are exclusively identified, one will observe the combined effect of Bg and BY mixing.
We can distinguish 3 situations : tagging only the b quark sign on each side, identifying
a B meson on one side and tagging the sign of the b quark on the other side and finally

identifying both B mesons.
Tagging of b quark sign only

- By measuﬁng the ratio of same sign leptons over the total number of lepton pairs, one

measures
l:{:l:i:
with
- Bd Bs

where f; are the fraction of mesons of type i per jet and (—%; is the ratio of the semilep-
tonic branching fraction of meson of type i with respect to the average (B) semileptonic

branching fraction.

Experimentally the situation is complicated by the presence of background events in
addition to the events where both leptons come from b — I decays (N 7) : events with
one lepton coming from the cascade b — ¢ — 1 (Ns), events from primary ¢ — ! decays
(Nc) and background events from u,d,s — [ decays or misidentified hadrons (Np). We

can write

(1 _ S — )21 92 4
x = XA +[(1 - X)*+X*)s + ab (2.194)
1+s+c+d '

*M. BOSMAN in collaboration with H.-G. MOSER, B. vaN Euk, P. MATTIG
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with
N Ne b __]!b_

Nf’ - Nf

7 (2.195)

and a the fraction of N} giving same sign leptons.

For 10205, one expects about 8000 lepton pairs from b decay before any selection
criteria. Assuming a value [11,12] for x4 of 0.17 and the maximal mixing value for s of
0.5, we obtain ¥ = 0.12. Selection criteria for leptons from b decay (p; >~ 5GeV and pIT
with respect to the jet axis >~ 1GeV) and detector acceptance will typically introduce
efficiency factors per lepton of ~ 0.5, reducing the sample to about 2000 4 — [ lepton
pairs. Typical values for the background will be s+c+b amounting to ~ 30% while « will
be close to 0.5. With these conditions, the measured value of X will be X = 0.27 4 0.01
for 106205, The resulting precision on ¥ will be a statistical error of the order of 10%

and a systematic error coming from the control of the background of the same order.

03

Xd

0.4

Fig. 2.86: Constraint introduced in the xs
versus Xq plane assuming that ¥ is mea-
sured with 10 % precision (xg = 0.12 +
0.012) for 2 sets of fs and fq values : (fs =
0.15;fg = 0.38) and (fs = 0.18;f3 = 0.32).
The intersection of the )2 band with the band

corresponding to a 10 % precision measure-

ment of xq shows the sensitivity of the ex-

tracted xs value to the fs fraction. The

1 change of fs from 0.18 to 0.15 results in

0 KX 0.2 o3 o4 X ** Axs of 0.04. The dotted line indicates the
S

values allowed by the standard model.

This measurement provides a constraint in the (xg, Xxs) plaﬁe (see Fig. 2.36). Intro-
ducing the value of x4 which by then will probably be measured by ARGUS and CLEO
with a precision of about 10%, one can extract xs. The value of x5 is quite sensitive ,as

can been seen in Fig. 2.36, to the fraction fs.

[0)

he si
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(vd 1)

To access more directly x4 or xs, the Bg or Bg meson has to be identified. As seen
in the section on exclusive B meson lifetime measurement, semileptonic decays provide
the highest statistics sample of identified B mesons : 410 BS — I*D* and 160 BY -
I* Dy decays for 10829 before selection criteria. Those numbers include the brdnching
fractions of D*~ — DO(Kt7~) 4+ 7~ and of Dy — ¢(K+tK~) + n~. Requiring the

b quark on the other side to decay semileptonically reduces the sample to about 100
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IBS pairs and 40 IBY pairs. Lepton selection criteria, acceptance and reconstruction
efficiencies will typically reduce the sample by an additionnal factor 3. With 107Z015, one
may envisage this measurement with samples of about 300 IBS and 120 IBQ reconstructed

pairs. The same sign over total number of pairs is given in this case by

X=xs(1-x)+x(1=xs) [or x4 (2.196)

with ¥ being the mixed parameter discussed in the preceeding section. For 107Z%s, for
maximal Bg mixing for example, xs would be measured with ~ 25% statistical error The
advantage of this method is that it is less sensitive to the knowledge of the fraction fs.
Tagging both B mesons
By identifying By Bg pairs, one measures directly the mixing :
By B
BIBY+ BEBY

Xs (2.197)

For 107Z%s, one expects for example 650 By B? pairs with the Bg identified via its
semileptonic decay B — 17D (D; — ¢7~). Requiring the B to be reconstructed in
some exclusive decay mode like Drt for example, would leave only a few events. One
can envisage to identify B;" more inclusively by counting the number of charged tracks in
the B vertex. With which efficiency and purity the LEP experiments are able to separate

charged from neutral B mesons with such method will determine if this procedure is

envisageable or not.

b) Time Evolution
In the limit of no CP violation, the time evolution is given by [ z = APM]

dP, o oo 1 _t gat

7 (B - B”) = € T cos (27_) (2.198)
dP

-E?(BO — FO) = -i-e_% sinz(%) : (2.199)

To observe the time evolution of BS or Bg, one needs to identify the Bg or Bg meson, tag
the sign of the initial b quark and measure the abundance of B° or B? as a function of
the proper time of the decay. The case were the B meson is identified in its leptonic mode
on one side and the sign is tagged through a single lepton at the opposite side provides
the most abundant sample of tagged Bg or BY : 300 IBS and 120 IBY experimentally
reconstructed pairs for 10720, As discussed in the lifetime chapter, we expect the precision

on the proper time to be

9 . [(Z\2 4 (9P\2 ‘
" \[l)+(p) 22% (2.200)
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Fig. 2.37: Time evolution for the Bg and BY system. "From [21].
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Fig. 2.38: (a) Time evolution for the BY system for x5 = 15 and assuming
a 10 % mistagging probability of the sign of the b quark. The full line is the
theoretical distribution. The dotted, dashed and dashed-dotted lines are the

convolutions with 5, 10 and 25 % experimental resolution on & o from [22). (b)
The same for x5 = 5; from [23].

The main contribution comes in the case of semileptonic decays from the uncertainty on

the momentum of the B.

Fig. 2.37 shows the corresponding time evolution of Bd mesons . The period of
oscillation T= 27—7’ ~ 97. After about 2 lifetimes the number of Bd and Bd are equal. If
one requires the proper decay time to be longer than 75, 110 Bg mesons are left. Then
the observed mixing is increased and there should be 43 like-sign events. By observing
the increasing fraction of mixed events as a function of a cut on the lifetime, one can

confirm the time evolution pattern of the Bg meson.

As seen in the theoretical introduction, Bg is expected to be strongly mixed and
correspondingly the period of oscillation is expected to be much shorter: T ~ 1.37.
Fig. 2.37 shows for example the oscillation pattern for y; = 0.48(zs = 5). The resolution
on the proper time becomes a critical parameter to observe those oscillations. Fig. 2.38
shows the expected distribution of events for xs = 0.498(zs = 15) taking into account

a 10 % mistagging probability of the sign of the b quark via the lepton of the other
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jet. Fig. 2.38 shows the effect of 5,10 and 25 % resolution . The resolution expected for
semileptonic decays is of the order of 22% which essentially washes out the effect. One has
to turn to exclusive hadronic decays for which the momentum of the B is reconstructed
and the resolution on the proper time is ~ 10%.BY — J/U¢ cannot be used because they
do not give the sign of the B. Remain decays like BY — Dsm. As seen in the lifetime
chapter, one expects about 30 such events for 107 Z0ss. So, how many events can been
finally collected will determine what will be the range of sensitivity for the observation of

the time evolution pattern in the Bg system.
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2.9. CP VIOLATION IN B DEcCAYs*

About 15% of the time, a Z% decays into a bb final state that evolves into a pair of jets
each containing a B-meson or baryon. Such a state may be distinguished from u@, dd
and s3 states by requiring the presence of a prompt lepton in one of the jets, and from
cC states by requiring that the transverse momentum of the lepton relative to the jét axis
be sufficiently large, e.g. p; > 1GeV. Assuming that 50% of the bb states survive this
cut, and taking 20% as the leptonic branching ratio (e and x combined) one expects to
obtain a sample of 1.5 * 10° leptonically tagged b5 final states for a total of 107 Z0s (the
statistics aimed for in LEP I), with the charge of the lepton identifying the flavour of the
b-quark (b — {7, — [T). The question we examine in this note is to what extent this

sample might be used to study possible CP violation in the B meson sector.

The Unitarity Triangle
In the standard model with three generations, the nonleptonic Hamiltonian that converts

a b-quark into a d-quark may be written as

H(b— d) = {uHuy + €cHe + & Hy (2.201)

where £ = quV(;i, q = u,c,t and

G .
Hy = ﬁ[dva(l +75)q) [77°(1 +75)8)]
Vij being the elements of the quark mixing matrix. Unitarity of this matrix requires

butéc+&=0 (2.202)

which means that the complex numbers §;, treated as vectors in the complex plane, form
a closed triangle Fig. 2.39. Knowledge of the length of the three sides (which means
knowledge of the moduli IquV;:il for ¢ = u, ¢, t) fixes the angles of this triangle and hence
the relative phase of the coeflicients appearing in the Hamiltonian. The occurrence of
several pieces in the Hamiltonian with coupling constants complex relative to one another
implies CP violation. Invariant measures of the magnitude of CP violation are the sizes

of the angles ®1, @9, @3 and the area of the triangle

1 1 1
A =g =gImlely) = —5Imutf) (2.203)
In the Wolfenstein representation of the mixing matrix [1],
Vad Vus Vi 1-532 A A¥(p—an)
V=|Vg Ves Vyl|= ~A 1-1x2 AN? +00x%Y
Vie Vis Vi ANB(1-p—in) —AN 1
(2.204)
*L. SEHGAL
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and the parameters ¢; are
fe=—AN =AM —in) & =ANM1-p+in) (2.205)

Thus the unitarity triangle has the form shown in Fig. 2.39, where the sides are measured
in units of AX3. The shape of the triangle is defined by the parameters p and 5. Our

empirical knowledge may be summarized in
Ax10 A=022 |&l=AN~0.01  0.07 < |&l/lécl=p+1% <10

where the lower limit in the last line is uncertain. Theoretical attempts to explain CP
violation in the KO system suggest = 0.4 (to a factor 2), while attempts to understand
the observed B; — By mixing show some predilection for p < 0 [2].

gf @ §u

|
oF ®3 L
&, -9 0

|
|
I
in

Fig. 2.39: &-vectors in the unitarity triangle and Wolfenstein parameters.

CP Violation in the B — FO Mass Matriz
In the presence of CP violation, the mass matrix of the BB system has the form

((‘; Ij ) (2.206)

with unequal off-diagonal elements, p # ¢. As a result, the eigenstates

1B 2) = [p|B% + B/ (Ipl? + lal?)? (2.207)

are not eigenstates of CP. A measure of CP violation in the mass matrix is

Ipl® — lq/?
(B1|Bg) = P+ a2 | (2.208)

which is an observable quantity (see next section).
The parameter (B1|Bg) can be calculated with the help of the Bell-Steinberger relation

(F1+F2

o i A M)(B1|By) = 3 (FIT|Bo)*(FIT|By) (2.209)

where I'; 9 are the widths of By 9 and AM = My — M.
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Taking the imaginary part, we have

M(B,|By) =} 2Im(q"pAF AF) (2.210)

(-) -) '
where A p= (F|T|BY, and where we have used the normalization Ip|?+ g2 = 1. Choos-
ing the states F' to be CP eigenstates, and anticipating |p|? ~ |¢|2 ~ %

pA |
M(B11By) = 2 I4rPIm(( ) (2:211)
F
This equation may be regarded as a sum rule that relates CP violation in the BO — B°

mass matrix (the parameter (B;|Bj)) to CP violation in exclusive decay channels. The

factors Im (g %@) are observables that are related to the asymmetry between exclusive
F .

processes B — F and B — F (see Sec.5), and |Ap|? is the partial decay rate of
BY — F. Because of the large number of decay channels F, and the fact that the
exclusive asymmetry changes sign from channel to channel, one must expect that the sum

in eq. (211) is small.

A theoretical formula for (Bj|Bs) may be obtained by noting that for CP eigenstates
F, the factor I m(gﬁg) is essentially determined by the parameters of the unitarity
triangle. Because of the dominance of the top quark contribution to the off-diagonal
elements of the B® — B mass matrix, the factor p/q is essentially the phase factor &/ &
Likewise, the factor Ap/A¥}, is a pure phase factor given by [3]

Ap _ {(sz/sm (A)
Ay " \@/eanr (©)

- where the two results refer to decays induced by the quark transitions b — c¢+¢+d (class
A) and b — u + 7 + d (class C). The factor np takes values +1(—1) for CP even (odd)

final states, and expresses the fact that the exclusive asymmetry changes sign with the

(2.212)

CP eigenvalue of the state F. Finally, the contribution of decays which are induced by
the quark transitions b — c+ % +d or b — u + ¢+ d (class B) can be related to that of
class A and class C by exploiting the unitarity property

2u Cc u [+
zm(_%)- ~1m(§)’ -1 m (&)’ (2.213)

In this manner, Altomari, Wolfenstein and Bjorken (AWB) [4] have derived the result

(B11By) = A3 [10(CP)A = po(CP) s e I (SE)

+ol0Plo = CPNELIM(ED))
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In the above expression p4, pp and pg are (relative) phase space factors describing the
three classes of quark decay (with numerical values pg = 0.12,pp = 0.44,pc = 0.99)
and (CP)4,(CP)p and (CP)c denote the average value of CP in the three classes. The
parameter [ is defined by

T = Lo|Va||Vaal®eB (2.215)

and may be related to the total decay width I' by noting that class B decays account for
about 55% of all B decays, i.e.

Ty = ——0:0or (2.216)

Veol*|Vaal?o
Using the empirical value AM/T' = 0.7* deduced from the measurements of By — By
mixing, and [€c]2/|Va|2 = A2 ~ 0.05 we get

(B1]By) *009[{/1,4 (CP)y4 — pB<CP)B}Im(§1 ic)

+{po(CPIo - palCPI)EP (G )] o)

The factors Im (g% %:-) and I'm (gt% gi) have a simple interpretation in terms of the angles
t Sc u
of the unitarity triangle in Fig. 2.39a or the p,n parameters of Fig. 2.39b:

Im (Z iz) =5in2®d; = 2K

€t é‘u — o _ 277 _
Im (% & éu) s1n2¢2—n2+p2(K 1) (2.218)

with K = (1 — p)/[(1 — p)? 4+ 9?]. Thus alternative expressions for (B;|By) are

(B1|Bo) = 0.09{pa(CP)4 - pp(CP) }sin 28y
+{pc(CP)c - pB(CP)5) [ Fsin20, (2.219)
(B1IBa) = 0181 [{p4{0P)a ~ p5(CP)B) K
+{po(CP)c - p(CPIBYK - 1] (2:220)

The structure of this formula shows that in the limit m¢ — my, (B1|Bg) vanishes, since
in that limit all the p; and all the (C' P); become equal.

A calculation of (B;|Bg) was carried out by Hagelin [5] by considering the absorptive
part of the box diagram for the B9 — B° transition. In such a model, the decays of the

*The sign of AM/T is not empirically determined.
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B-meson into (real) hadronic final states are simulated by two-quark (B® — ¢7) and

four-quark (B? — ¢gqq) amplitudes. In the notation of eqs. (219,220), this model yields

2
pa{CP)s — pB{(CP)p = —[pc{CP)c — pp{CP)g] = —;léﬂc(CP)C
—gr272MB
pc{CP)c =8n"fp—3 | (2.221)

b

and in consequence
m .
(B1|Ba) = —0.18n(m2 /m3)(82 f?;#) = —0.187(0.11)(0.06) = —1.25 x 10 3 (2.222)

It is clear from the above that the small value of (B1|Bs) in the box-diagram calculation
is in part the result of a cancellation between the two terms in egs. (219,220). In view
of this, one can ask whether a more realistic treatment of the hadronic final states can
yield a significantly larger value. For an alternative estimate, we assume (with AWB) that
the dominant contribution to (B} |Bg) comes from class A decays. Because the multime-
son states have alternating CP eigenvalues, they contribute to (B1|Bs) with alternating
signs. It is thus conceivable that the main contribution is that of the two-body decay
channels B — DD, B — DD*, B — DD* which are CP even, and B — D*D* which is
predominantly so. Referring to eq. (211), we then obtain |

(B11By) = (

r ) (F(DE, DD*,DD*,D*D*)
AM T

1
~ (57)(1:5+107%)sin 281 ~ 2% 107% sin 20, (2.223)

) sin 294

where the two body branching ratio has been taken from Ref. 6. Comparing with eq. (222),
we see that while the sign of (B}|Bjy) is uncertain, |(By]Bs)| ~ 1073 is a reasonable order

of magnitude.

Finally we ask what the analogous quantity (B;|Bs) is for the Bs — B system. The
essential difference arises from the fact that the factor AM appearing in eq. (214) is much

larger for Bs than for By:
1
(A]‘J)B-‘J ~ F(AM)Bd (2.224)

The box diagram calculation for (B1|Bg) yields [7]
(B1lBa)ls ~ — |2 [2(B1|By)lg (2.225)

suggesting that (Bj|Bg)|s has an order of magnitude 10™4, and the opposite sign to
(B1]B2)lg-
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Dilepton Asymmetry
As a consequence of CP violation, the probability that a BY state evolves into a D state
differs from the reverse probability for B to evolve into BY. Integrated over time, these

probabilities are

P = Prob(BY — FO) = |%|2x

P = Prob(B® — B = |2y (2.226)
q
where x is the BY — B mixing parameter given approximately by
2
T AM
= —— = — 2.227
X=30+«3) T T (2.227)

For the By — By system, experiments have determined X4 = 0.17, while for the B; — Bs

system, one expects essentially a maximal value x; = 0.5.

The difference between P and P manifests itself in unequal probabilities for like-sign
leptons {11t and I~I~ emanating from a ByjBg or BsB; system. The dilepton asymmetry
is

wy = N - NQE) PP 2|2 —|2)2
NI+ NI-I-) ~ P+ P B2+ |2

~ 2(B1|Bs) (2.228)

and so is just twice the parameter (B1|Bs) describing CP violation in the mass matrix.

In the LEP experiment, the source of B-mesons is the reaction ete™ — bb, in which
the b and b quarks fragment independently into various species of mesons or baryons.
Each of these varieties has a probability of decaying leptonically. In the case of charged
B-mesons or b-baryons, the sign of the lepton is uniquely determined by the rule b — I~
and b — I*. For neutral B-mesons (By and Bs), however, mixing can result in leptons

of the “wrong” sign. Assuming that a b-quark fragments into mesons and baryons with
the probabilities [ 3°; f; = 1]

Bu:Bd:BS:Bbary=fu:fd:fs:fbary .
and assuming a common semileptonic branching ratio B, for all species, the number of
like sign leptons per produced bb is
N(I+h) - - 9
NGY (faPa+ fsPs)(1 — faxa — fsxs)Bg

% = (faPy+ fsPs)(1 — faxa — foxs)BY (2.229)

The dilepton asymmetry is therefore

_ fa(Pa — Py) + fs(Ps — Ps)
U7 1aPa+ Py) + fs(Ps + Ps)

(2.230)
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Using the results eq. (226) and eq. (228), this may be rewritten as
ap~agWy+asWs

where
__ faxa W. — — JsXs
47 faxa+ fsxs’ ° 7 faxa + foxs
Using the values fg = 0.4, fs = 0.15, x4 = 0.17, x5 = 0.5, we have Wy = 0.47, W, = 0.53.

Thus the predicted dilepton asymmetry is the average of ay and as with nearly equal

(2.231)

weights, with an expected magnitude of about 1073 in the standard theory.

From eq. (229), we see that the expected rate of like sign leptons is
Nt L N(ITI)
N(bb) ~ N(bb)

where ¥ = fgxq+ fsxs- With a semileptonic branching ratio of 20% (e and p combined),

and taking N(bb)/N(Z0) = 0.15, we expect for a total of 10720, N(Itit) ~ N(I"I7) ~
3600 Thus the asymmetry accessible at LEP is

| 1.7% (lo)

5%  (30)

where we have assumed the formula n/\/N(I*+It) for an no-effect. While this is an order

of magnitude larger than the standard theoretical expectation, it represents a physically

= B3x(1 - X) (2.232)

arLgp = { (2.233)

interesting goal for CP-violation studies at LEP.

Asymmetries in Exclusive Channels

Neutral B Decays

CP violation can manifest itself as an asymmetry in the exclusive decays of B and B
into a common final state F'. In particular, if the state F' is an eigenstate of CP, the
time-dependent decay rate of an initial BY or BY system is

0 ~Tt PAFY .
Rate(B°(t) » F) =e [1 —Im (aX;) sin AMt] :

A*
Rate(FO(t) —~ F)=¢Tt [1 +Im (B-—-—F—) sin AMt] (2.234)
qAf
giving rise to a time-integrated asymmetry
o (B> F)-T(BoF) =z pAFp
Asym(F) = T(B— F)+TI(B—F) 1+a2 m(q A;)
As discussed in the previous section for decays induced by the quark transitions b —
c+¢+dand b — u+7T+ d, the factor Im (5%) has a simple interpretation:

(2.235)

sin2®1 for b +ec+d
Im(2 A_F) — {"F 1 —ere (2.236)

qgA%) " \npsin2®y forbou+a+d
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where 7f is the CP eigenvalue of the state F' and ®; 9 are angles of the unitarity triangle.
Further, the parameter = has the value z4 = 0.7 for By decays and an expected value

zs ~ 10 — 20 for By decays. Thus significant asymmetries are possible, especially for By.

In assessing the prospects for measuring an exclusive asymmetry, one needs to know
the branching ratio of decay channels that can be reached via the above quark transitions,
and that are eigenstates of CP. One must also take into account the efficiency for detecting
the decay mode, since some of the particles in the final state may only be observable
through decays that have limited branching ratios. One must also keep in mind that the
identification of an exclusive decay requirés detection of a Vertex“,which is only possible

with limited efficiency.

In Tab. 2.25 we have listed some characteristic decay channels for By and B; together
with branching ratios taken from Ref. 6, and a crude estimate of efficiency. Channels
with a J/ ¢, ¢ or a K; in the final state have obvious advantages from the point of view
of experimental detectability. As can be seen from the Table, however, the event rates for
1072%s, in exclusive decay modes, are exceedingly small, and do not engender optimism

about the detectability of exclusive asymmetries in the Bg and Bg systems.

Charged B Decays

CP-violating asymmetries are also possible in the decays of charged B-mesons in exclusive

modes. If a transition BY — f% is mediated by an effective Hamiltonian consisting of

two pieces,

H = g1 Hy + g9Ho (2.237)
where g) and go are complex relative to one another (as for example in eq. (201), the
decay amplitude will have the form

CABY o ) = g1 A1 + gy Age™ (2.238)

where A1, A9 are real and the phase factors eio‘l, el represent the effects of strong final

state interaction. CPT invariance dictates that the amplitude for the conjugate process
B~ — fTis ’

A(B™ — f7) = gt A1e™ + g5 Age™ (2.239)
‘so that one expects an asymmetry in the decay rates

2A143Im(gigy) sin(a) — ag)
911243 + 192|243 + 241 AgRe(g? g2) cos(a] — ag)

Asym = (2.240)

The factor Im(g7g2) is given by the parameters of the Hamiltonian (e.g. by the unitarity .
triangle) while the factor sin(a; — ag) depends on strong interaction phase shifts. The

latter are, in general, unknown but have no reason to be negligible. Thus a sizable
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Tab. 2.25: Ezpected Rates and Asymmetries for Ezclusive B-Decays.

Quark Decay Branch. Effi- $Events Expected
Transit. Channel Ratio(®) ciency® 107Z?c) Asymmetry

J/YE° 0.8+10~4 4% 0.2

B, b — ccs ~ 0.5sin 29,
J/oR™ 3.6 %104 4% 0.9
J/p 8 * 100 14% 0.07

By b — ccd ~ 0.5sin2%;
D+tD- 31074 - 0.6% 0.1

By | b—cus | (D°/D)K, ~ 1074 ~1% ~ 0.06 ~ 0.5%
— Ks7%K, , sin(®; — @)
J/vé 2.4%10~4 7% 1.0

B, b — ccs O(1%)
D,D, 0.5 1072 0.16% 0.2

By | b—cus | (D°/D)¢ 10-5 0.5% | 0.001 ~ 0.1sin®;
— K,7% -10~4 —-0.01
J/YK~ 0.8%10~ 7 14% 3.3*

BE | b ces ?
J/pK*= 3.6 %104 % 4.3*
J/op— 1.6%10-° 14% 0.7*

BE | b— ced \ ?
J/ym~ 0.4 %1075 14% 0.2*

BE | b= cus B~ — DK- 5 % 107 1% 0.3 7

" (a) From Ref.7 :
(b) Includes BR(K® — n%x~) = 30%, BR(J/¢ — ete™ + u*p~) = 14%, BR(D~ — K-rtn~) =
8%, BR(D® — K°7°) = 3%, BR(D, — ¢7+) = 8%, BR(¢ — K+K~) = 50%.
(c) Based on fy = fg = 0.4, f; = 0.15 and lepton-tagging factor of 10%.
* Without requirement of lepton in opposite side jet.

asymmetry is possible in cases where the interfering amplitudes g1 A; and g2Ag are of

comparable size.

Channels that are theoretically interesting are “charmless” decay modes such as B —
K*$or B pprE [8]. However with expected branching ratios of ~ 10~% and expected
asymmetries at the 1% level, no useful signal can be expected at LEP. From the point of
view of observability, the decays B* — J /1/)K Tand B¥ > J /Y K*E are attractive (see
Tab. 2.25). It should be noted that charged B-mesons are self-tagging, in the sense that
the total charge of the decay products identifies the meson as being Bt or B~. Further,
the occurrence of a J/¢ with a clearly seperated vertex is a unique signal of B-decay,
and obviates the need for a leptonic tag in the opposite-side jet. Because of this, event

numbers of the order of 1 — 10 are possible in channels containing a J/.

Nevertheless, the prospects of a meaningful CP-violating measurement are poor, es-
pecially so when one considers that the asymmetries expected from eq. (240) are unlikely

to exceed a few percent.

Conclusion
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The decays of 107 Z%’s at LEP will deliver a sample of about 1.5 * 10% events that can
be associated with Z0 - bb, with one of the jets containing a lepton. This sample is
expected to contain about 7200 same-sign dilepton events, divided about equally between
ITI* and I71~. A measurement of the asymmetry between {1It and 71~ is a measure
of the parameter (Bj|Bg) describing CP-violation in the mass matrix of the By — By
and B; — B; systems, and could detect a non-zero value at the level of (B1|B3) =~ 0.01.
Exclusive B-decays can also be searched for, but the level of statistics will be at best 1-10
events per channel. Based on these estimates, CP-violating exclusive asymmetries require

an increase of the luminosity to at least 108 Z decays.
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3. Top and Toponium*

At the time of writing it is not excluded with absolute certainty that a top quark
will be found in the energy range of LEP. The search for a heavy quark will therefore be
an obvious task also during the early stages of LEP. Furthermore top might decay domi-
nantly into a charged Higgs which would prevent detection at hadron colliders. A number
of questions can exclusively be studied at an ete collider: the precise determination of
the top meson mass, a measurement of the weak couplings through production rates and
angular distributions of the decay products and the exploration of the interquark potential
at short distances through toponium spectroscopy. Detailed studies concerned with theo-
retical [1,2] and experimental [3,4, 5] aspects of open top production in ete™collisions at
the Z resonance and beyond have been published earlier. In this chapter we will therefore
focus on the basics of standard top production and decay, together with some more exotic

possibilities which are at present the exclusive domain of e*e™colliders.
3.1. Top IN THE CONTINUUM

3.1.1. PRODUCTION

The production cross section of a heavy quark is given by eq. (1) in Born approxima--

tion with the weak couplings chosen appropriately:

_ 42
o= 3B Vv | 53,44

2 (3.1)
=op+op
where
4% 4’”0‘2(7”22)636%3 Gua(m%) m% (s — m%)
o = + €e€QUeVQ 2
8 V2 (s —m%)2 + (77T 2)?
G2 4

+ B i/l (3.2)

(v2 + a?)v?
s T Q< ~m2P + (75T 2)?

G? m%s
oAA — ﬁ Z
(ve + ae)aQ (s —m2)2 + (7T7)2
z

I includes the ¢ channel [ see the first section].

QCD corrections are far more important than in the case of light quarks as a con-
sequence of the 1/8 Coulomb singularity which predicts a step function for the vector

part of the rate close to threshold. The exact formulas are given in chapter 2, compact

*J.H. Kithn, P.M. Zerwas
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approximations [6, 7] read

(222G 2)

a=p e b (- (B2 L) (- 2))]

The evaluation of these formulas close to threshold is subject to various uncertainties:

(3.3)

For s far larger than 4m?2 the difference between energy and momentum for the scale p
of as(p?) is unimportant. When approaching the threshold region, the choice 2 = 452
mimics the onset of the nonperturbative behaviour. Close to threshold only the vector
piece remains, with the axial vector part suppressed oc 82. The yet uncalculated higher
order corrections are expected to alter the O(a;) result significantly in the region where
the first order correction exceeds the Born term, i.e. up to ~ 4 GeV above threshold.
Summing up higher order corrections in analogy to QED [8] would suggest for the correc-
tion factor [9] ryy — 2/(1—e™%) with z = 4375%‘ However, a perturbative treatment based
on a Coulombic potential seems disputable in a region where nonperturbative effects from
the long range part of the potential cannot be ignored. Here a pragmatic approach [7]
is advocated which is based on local duality: The averaged densely spaced high radial
excitations below and above threshold are well reproduced by the QCD corrected cross
section eqgs. (1,3) with my = mp — 400 MeV and the running coupling constant ag(52).
The interpolation is adequate down to the low-lying resonances — in regions where purely
perturbative arguments are bound to fail. The resulting cross section is shown in Fig. 3.1
as a function of \/s for my = 55 GeV.’ The figure demonstrates that the prescription of
eq. (3) provides an adequate description of the ¢f threshold region.

S :"‘.%“ o Fig. 8.1: Threshold for my = 55 GeV.
Dashed area: fraction of SQD events.
The contribution from the azial-
vector current is indicated by the dot-
ted area. The solid line within the
shaded region corresponds to the par-

ton term without QCD corrections.

|
ouer s dhratrics the chnge

The difference between the upper and

.

.

Genuine electroweak corrections have to be evaluated separately'for ete~— 1 as

.

tion alone.

a consequence of the large top mass. The resulting decay rates are expected to differ
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less than @(1%) from the lowest order prediction. These differences will presumably be
masked by the uncertainties resulting from higher order perturbative and nonperturbative
QCD corrections. QED corrections are given by eq. (3) with %as — a and can be ignored
for all practical purposes, except for initial state radiation which has to be treated in the

usual way.

The opening of a new channel broadens the Z width. As a result of unitarity,”

127 FeeFX
ox = —5 9
m% I‘tot

this leads to a slight decrease of the hadronic cross section on top of the Z peak

6a(had)
o(had) (1-25)

5Fh 6Fh '
— =~ 04— 4
Fh 0 Fh : : (3 )

and to a sizeable effect on the u-pair (or any other leptonic) rate

§a(utp”) 8T '

—_——= =2 3.5

oFum) - O T (35)
In this way one can get first indications of a new heavy quark independent of its decay

mode through a measurement of leptonic or hadronic cross sections or their ratio.

Eqs. 2.21-2.28 can be used also for top quarks to predict the angular distribution
of the quark and the forward backward asymmetry in Born approximation. The QCD
correction to the forward backward asymmetry can be found in Ref. 11. In passing we
note that a full understanding of ¢ quark production (including polarization) and decay
mechanism (in particular the angular and energy distribution of the lepton) is required

to deduce my [1] or Appg [2] from the decay products.

Top quarks are produced with a high degree of polarization. The polarization vector
lies in the ¢ production plane. The longitudinal component is generally large for 2m; not
too close to myz. More details can be found in [1] including a discussion of the small

normal component induced by v — Z interference effects and QCD radiative corrections.

3.1.2. Topr DECAY IN THE STANDARD MODEL

a) Decay rate

The decay of top mesons has been treated entirely on the basis of the spectator model.

Neglecting lepton masses, the semileptonic decay rate in Born approximation reads [12]

G%»m? f( m% m%)

r = —Z .
SQD 19273 MIgV’ mt2 (3 6)
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where

(A=ym* dz
fen=2 | s awite
A=)+ 2+ 1) = 22201+ 42+ 2%~ 2pz + g+ 2) /2
_ { 2074 [6(p + (1 = p) log(1 — p)) = 3% — ] if =0
(L= p®)(1—8u+p?) —124%logp if p=0

with the W propagator and the non-zero b mass explicitely taken into account. After

bridging the threshold by numerical integration, the decay rate into a real W reads [10]

Ty = oAt = (T [ (22)7] ()" - o))

3
— 180 MeV |V;2 (——)
mS>my myy

(3.7)

QCD corrections to the leptonic rate are conventionally cast into the form

2
rgp =1 (1 -2 f(QCD))

11 ] L1 | -]

1
60 100 140 180

m, [GeV]

Fig. 3.2: a) QDC correction to the free quark decay rate without (dashed line) and with
(solid line) W propagator [13].

b) Correction factor for the electron spectrum in top decay for different values of my. Solid
/ dash-dotted / dashed line: my = 40/80/120 GeV [14].

.The function f(QCD) (which is affected by the W propagator and the non-zero b

mass) is displayed in Fig. 3.2a. It is close to 3 in the mass region of interest for LEP.
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Fig. 3.3: Differential distribution j‘% / %%‘5- versus {/€m for different top quark masses.
Dash-dotted line: lowest order prediction without W propagator; dashed line: lowest order
prediction with W propagator; dotted line: QCD correction; solid line: final result for
quark decay. Ref. 14.

Analytic formulas can be found in Ref. [15]. The complete free quark decay rate follows
from

GEmp  mi miyr _ 2as (qe) o |
Cpuart = SEE (L i b [1- 50590 [srea+ ] e

b) Lepton Spectrum
Also the lepton spectrum from ¢ decay is affected by the b-mass, the W propagator and

QCD correction. In Born approximation the positron spectrum reads [14]

©0) @25 _ _
di' _ Gpmi zy(zpy — zp) Arctan ( Vpze(T ) — Tp)

= 3.
dzg 1673 7P (1 +92) (1 - 2¢) — pag(ep — ‘”f)) (39)
where .
tan( f >0
Arctan (z) = {arc an(z) rr=

7 + arctan(z) forz <0

zp=2Ep/my  wy =1-miIm};  p=m}/M; v =Ty/my;

In the narrow width approximation (y — 0) and for my < Myy the spectrum simplifies
to

(0) 2,9 21 — 22
dl’ . GFrr;t zz(1 — ) ’ (3.10)
dzg 70 1673 (1 — z4) — pzg(zps — zg)
QCD corrections to the spectrum are customarily expressed in the form
o E ot o

The function G is shown in Fig. 3.2b, the complete spectrum in Fig. 3.3.
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It should be noted that the spectrum in Born approximation from the decay of a

polarized top quark factorizes into energy and angular dependent terms

dr®  ar©®1 4 cosg
drpdcosf  dz, 2

.(3.12)

In contrast to B meson decays, where only scalar mesons decay weakly, in top decays
the angular distribution (12) is reflected in the observable lepton distribution. As a
consequence of the tiny mass difference between spin singlet (T") and triplet (7*) mesons
the M1 transition rate I'(T* — T ++) is small compared to the quark decay rate. T* thus
decays weakly (or semiweakly, if t — H1b is allowed) and the original quark polarization
is reflected in the distribution of the decay products, diluted by a depolarization factor
f =~ 1/2[16]. A study of lepton distributions can thus determine the quark polarization,
a study of the Ht spectrum in the decay ¢ — b+ H1 could reveal the relative strengh of
the right- versus left-handed couplings. |

In models with more than one Higgs doublet [17,18,19] one expects charged scalar
particles that could be produced in semi-weak decays of top particles [20]. The coupling

relevant in this context can be written as

G —
A(t— D+ HT)= \/—fgmtmv&(l —5) + vfy (1 + 75)]t (3.13)
where D denotes a down typ quark. The semiweak decay rate [10]

I't—>D+H") =

Gpm} 2PH[ L2, R 2(1 4 ™D _ ™Y Re\"D
—X || + v 14 —% — —&) +4 Re(viyviss ]
83 Ty bl + [of 1( - mtz) (vheols oy

3, w2

_ Ty

~0 MY (55) (- 7F)
(3.14)

exceeds the normal weak decay rate by a large factor. The dlscovery of top quarks at

hadron colliders, that relies héavily on the normal semileptonic decay mode, would then
be impossible at the present time. For the angular distribution of the H+ from the decay
of a fully polarized t quark one finds the angular distribution

dN(H) B |2 — [0, 12 1 + cos 6
dcosf IUgt|2 + I'vf')t 2 2

(3.15)
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3.1.3. Top PRODUCTION THROUGH FLAVOUR CHANGING NEUTRAL CURRENTS

The top mass accessible for LEP I is evidently limited by the kinematics of pair
production to 1/Smaz/2 = 55 GeV. The flavour-changing reactions

Z —tc oric - (3.16)

would extend this range by nearly a factor two.

In the Standard Model this reaction proceeds through the GIM suppressed amplitudes

2
with a tiny result « %IV},CP(m% /M%), leading to a branching ratio [21] below 10-8.
Another process which would allow top production together with three other light fermions

for top masses above mz /2 proceeds through the diagrams shown below,

The branching ratios are tiny [22] extending from 108 downwards in the interesting top

mass range.

Extensions of the Standard Model with natural flavour conservation, based on multi-
Higgs models [23], which allow for a wide range of parameters consistent with present
experiments, may enhance the branching ratio up to 1076 — 10% — still below the reach

for experiments.

Allowing for mass dependent deviations from “natural flavour conservation”, branch-
ing ratios of 1079 — 10~4 [24] or even up to 1073 [25] can be accommodated, in a way
consistent with all present experimental bounds on FCNC which typically involve lighter

quarks only.
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3.2. ToPONIUM(O)

The search for heavy quark-antiquark bound states has been one of the prime targets
of ete™ experiments. In the past months, however, it has become less likely — if not
ruled out—that a toponium resonance will be found in the LEP I energy range with
the properties predicted in the minimal Standard Model. The anticipated properties of
quarkonia with masses in the LEP energy range have been studied in the theoretical [26]
as well as the experimental [27,3,28] reference frame in great detail. We will collect in
this section the basic points relvant for the full range of LEP, looking however also into

those cases where the heavy quark could have escaped detection at hadron colliders.

3.2.1. SPECTROSCOPY

For quarks with high masses a huge number of S-wave narrow bound states N ~
2/my[m is predicted from potential models, with up to 9 to 18 radial excitations for m;
between 30 to 100 GeV. Including orbital and spin degrees of freedom several hundred
narrow bound states are predicted below threshold. However, while the detection of
the lowest spin triplet S-waves will be feasable throughout the full range of LEP, the
observation of P-states will be difficult, if not impossible, if mg > my or if ¢ quarks

decay dominantly into charged Higgs particles. |
QCD inspired potentials, with logarithmically softened Coulomb singularities at small

distances and with a linear rise at large distances, have been successful in describing

charmonium and (b)-spectroscopy. Characteristic examples are the Richardson potential
[29]

4 482 a7 el ™
Va(r) = 333— 2ng / (2m)3 §2log(1 + §2/A%)

[ ny = 3; scale parameter Ap = 398 MeV ] which behaves like

Vg(r) — 0 :
BY7 250 7333 = 2n rlog(1/Agr)

L 6r - (318)

(3.17)

for large and small distances respectively; and a potential which incorporates two-loop cor-
rections in the short distance behaviour [30], with the perturbative QCD scale parameter
not identified with the string tension,

_ _l16x 1 [ 462nf(r)  2vp+ 3
Vilr) =—%¢ rf(r)[ 6257 (r) 7

f(r) = In[(1/ Azzsr)? + ]

The following set of parameters has been derived from (cZ) and (bb) spectroscopy:

+ ] +dre 9 +ar (3.19)

A5 =200 MeV  a=10159 GeVZ b5=20 ¢=0344 GeV  d=0.255 GeV?
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Fig. 3.4: Energy levels of S-wave and P-wave toponia and the fictitious electromagnetic
decay rate Tg [ Eq. (1.9)], parametrizing the quark wave function for S waves at the
origin, as a function of the top quark mass for (a) the Richardson potential and (b) the
two-loop QCD potential Vy from [30] with Azrz = 200 MeV. (From Ref. 26.)

Solving the Schrodinger equation for Vg and Vj, a convenient parametrization of the
results is given by [ 6 =1 — my/45GeV |

Ep =60+616+6262 ,

my (3.20)

To =10 (—) " 14 726 + 7387
45 GeV
Ep is the binding energy so that the toponium mass is My = Eg + 2my. [y denotes the
(artificial) decay rate to ete~ througﬁ the virtual photon
Do =T(6 — ete™) = 4a2et2%12)|2- (1-1—;-%) (3.21)
127
@ = 2310g(M,/200 MeV)2
which measures the wave function at the origin, and determines the production rate in
ete™ collisions. The coefficients are displayed in Table 1 for the Richardson potential
and for V. Energy levels as well as 'y are shown in Fig. 3.4.
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| Richardson potential | QCD potential V;
Energy levels [ GeV ]

€0 € € €0 €1 €2
15 —1.568 0.894 0.113 —0.937 0.586 0.068
1P —0.710 0.494 0.079 —0.351 0.366 0.065
258 —0.612 0.484 0.080 —0.259 0.389 0.072

Io[keV] ‘

Yo 71 72 73 Yo 7 72 73
1S 7.718 0.156 —0.187 —0.015 4.150 —0.248 —0.602 —0.004
25 2.031 —0.108 —0.269 —0.012 1.386 -0.137 —0.109 0.069

Tub. 3.1: Parameters of fits to the S-wave properties, as specified in (20). The corresponding

fits for higher radial excitations and for dipole iransition rates are presented in Ref. 31.

Evidently the measurement of the energy differences and in particular of I'g(1S)

would allow to distinguish between the various cases. The potential down to distances of

@(10~2 fm) could be explored in this way. This point is further illustrated in Fig. 3.6,

where the mass separation is given as a function of the quark mass for various interquark

potentials and A values. The sensitivity to A is somewhat attenuated by the interplay

of the non-perturbative remnants of the ¢g force. The statistical and systematic uncer-
tainty in the measurement of the 1S-2S gap was estimated [3] to be 20 MeV so that the

measurement is sensitive to QCD terms of second order.
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Fig. 8.5: Predictions for the 15-2S

mass difference as a function of the

top quark mass for various poten-

tials. (From Ref. 26.)
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3.2.2. MAIN DECAY MODES

The main decay modes of the 1™~ spin triplet ground state 1351 (tf) are (i) the
electroweak annihilation of ¢t through ,Z and W exchange [32,33,34,12]; (ii) single ¢
quark decays [32,12,35,10]; and (iii) the strong decays into three or more gluons (and
photons) [36,37,38,39]. Higgs decays will be discussed separately later in this section,

decays predicted in supersymmetric models are treated elsewhere [40, 26].

1 DECAY INTO FERMIONS Fig. 3.7: The main decay modes of 1™~ toponium

f t
( ﬁ < %\):gb resonances to lowest order.
2° _ -
T f ] °

2.) SINGLE QUARK DECAY

3) GLUON AND PHOTON DECAY

q e 9 reeerenen

rvree g P g
— mg = AVAYAVAVES 1
q q

Each of these decay modes has its own interesting physical implications. The strength
of the electroweak annihilation channel measures the short-distance behavior of the in-
terquark potential through the wave function at the origin, the electric charge and the

vector coupling of ¢ quarks to Z while the contribution from W exchange depends on the
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charged current coupling between ¢ and b quarks. The lifetime of the top quark itself
can be determined through single ¢ quark decays [41]. The partial widths for decays into
gluons or gluons plus a photon measure the quark-gluon coupling constant. Jet distribu-
tions due to higher order multi-gluon decays reflect the presence of the 3-gluon coupling.
The branching ratios of all these channels vary strongly with the toponium mass from .
the 50 GeV region through the Z domain to the energy range above 100 GeV. While for
low mass values gluon decays play a dominant role, these modes are overwhelmed by Z
mediated annihilation decays in the 80 to 100 GeV range. At still higher energies single ¢
quark decays dominate over all the other modes. Mutatis mutandis, higher radial S-wave -
excitations follow the same pattern, with an increasing weight, however, of the single

quark decays also in the low energy region.

a) Electroweak Annihilation

The electroweak annihilation of the 1=~ spin triplet (tf) ground state 135 proceeds
in general through a complicated mixture of photon, Z and W-exchange amplitudes
(32,33,34,12]. The Born diagrams for various fermionic final states, to be supplemented
by QCD and electroweak radiative corrections, are displayed in Fig. 3.7. Expressed in
terms of the purely electromagnetic width I'y = T (0 - ete™) introduced earlier, the

decay widths can be written as [y = 2sin 20yy]

- Ty 1 v MY XW 2
rés = —[ S ~-§
(S1=11) e |etef+y2M$,—M§+iMZrZ I Eyrm e (322)
) 1 vtan‘Q, XW 2 '
Hor T, Rl Eyyesy ]
Yy My — Mz +iMzT g 24 sin“ Oy
where the neutral current vector and axial vector couplings are given by

vp = 2[];{}- + Iff] —dey sin? Oy (3.23)

af = 2[I?{Jf - I?{_Zf]

Ié;f and Ing are the weak isospins of the left and right-handed fermions. While Ig} =0
in the standard model, the left-handed isospins are +1/2 for charge +2/3 quarks and
neutrinos, —1/2 for charge —1/3 quarks and charged leptons. The Weinberg angle will be
chosen as sin? §yy = 0.23 and the weak boson masses m 7z = 93 GeV and mpyy = 82 GeV.
W exchange is switched on by setting § § = 1 for bottom quarks [ § f = 0 otherwise] and

M3 ME, + M2 /8
MZ, ME + M2 /4

Xw = (3.24)

cs accounts for the color degrees of freedom, being 1 for leptons and 3 for quarks. Radia-

tive QCD corrections alter this factor to 3(1 + as/7) for annihilation channels into light
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quarks. The factor (1 — %ﬁ 2s) accounting' for the QCD radiative corrections due to the
exchange of transverse gluons at the top quark-current vertex [42] has been absorbed in
the definition of T'g in (21). [ The exchange of Coulombic gluons is part of the/confining ,
potential. | Decays into bottom quarks require a special treatment due to the W-exchange

diagram. The analytic result for the corresponding correction can be found in [43].

A rapid variation of T'(3S8; — ff) is caused by the Z exchange ~ 1/[(M02 - Ji{[%)2 +
(MzT)?] when the toponium mass comes close to.the Z mass, overwhelming all other
decay mechanisms. This is apparent from Fig. 3.8 where partial widths and branching
ratios for 1351 (¢f) and 2351 (¢f) are displayed for toponium masses up to 175 GeV the
threshold value for decays into real W's. The total width varies from ~ 100 keV for low
masses up to ~ 10 MeV in the Z range. For still higher masses the width grows rapidly
due to single quark decays. The annihilation amplitudes are proportional to the toponium
wave function at the origin. Fixing the potential by means of the level spacing, I’y can
be calculated and the neutral current vector coupling of the top quark can be determined

by measuring ..

10°E it g E wisth E
= rlkev] dF © kel //:. 3
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Fig. 3.8: Partial widths (a) and branching ratios in percent (b) for 1351(tf) and for
2351 (tf) as a function of the toponium mass [ potential Vy].
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b) Single Quark Decays

With increasing mass the probability for a top quark to decay weakly t — b+W [ W virtual
or real] before annihilating with ¢ becomes more and more important [32,12,35,10] (see
Fig. 3.7). The final state consists of a b-quark jet plus two leptons or two light-quark jets,
and a T = (1q) open top meson [ or baryon ] at rest which will subsequently decay weakly.
The width rises with the fifth power of the top quark mass, becoming the domlnant
contribution for mg > 110 GeV,

G2
Fmt mf mb

where the phase space factor f takes the effect of W propagator and the non-zero b quark

mass into account and is given in sect.3.1.1.

The partial width I'ggp is shown as a function of the toponium mass in Fig. 3.9.
Above 100 GeV the majority of events consists of SQDs. Of course, once the threshold
for top quark decays into real W bosons t — b+ W is passed at My > 176 GeV, this

mode would almost exclusively exhaust all other t‘oponiumidevcays,

T'y = 28G\P}§m§i‘/}, |2251‘;V{[1 ~ (%)2]2 + [1 + (Z’;) ] (%V_:/_)z B 2(%>4}

3
Sty 360 MeVthb|2< )
my

ms>m

(3.26)
raising the toponium width quickly to the GeV range [ Fig. 3.9].

0 g T T T 3  Fig. 3.9: Rate for toponium decays into real W’s. The
C (tH—=WW 42 jets ]  arrow indicates the region where the width is smaller
N F [Gev] 1 than the level spacing.
[ =
g E
80 120 160
m, (GeV]
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The lifetime of ¢ quarks is then shorter than the characteristic revolution time and
toponium bound states cannot form anymore beyond m; = 125 GeV [16,10]. Above this

mass value the width becomes larger than the level spacing.

All these decay channels produce in general six well separated quanta in the final state,
leptons and quarks turning into jets. Compared to the final states in electroweak anni-
hilation and gluon decays,b these events will have high sphericity [44,41]. An additional
signature of these events is provided by the rather large lepton and kaon yield evaluated
in detail for the analogous case of Z decays to top quark pairs in [1] It thus appears
that the lifetime of top quarks can be determined indirectly by measuring Br(SQ@D),
Br(u"',u_) and Tee through the cross section. Evidently this method breaks down for

masses so large that the y-pair branching ratio becomes too small compared to SQD.

Hard, isolated leptons will be produced directly in the top quark decay (tf) — T +
B+ 14 v+ X and in the subsequent decay of the top hadron T — B + [+ 7 + X, with
a branching ratio of approximately 1/9 for each lepton’ species. For large quark masses
comparable to My, the W propagator has an important influence on the shape of the
lepton spectrum [32,13] whereas the influence of QCD corrections is relatively minor, as

discussed in sect.3.2.2.

The spectrum of leptons and the decay rate due to single top decays inside toponium
are also affected by bound-state corrections through the slight virtuality of the decaying ¢
quark and the smearing of the momentum distribution [13]. The resulting [ normalized ]
spectrum is compared in Fig. 3.10 with the spectrum from top quark decay. Also the
lepton spectum for the decays of the spectator T' meson will be smeared, and the two
distributions are in fact different. In pracfice only their sum will be observed. Compared
to the spectrum without bound-state corrections its maximum is shifted to a lower £ value
by about 0.1 and a small excess of leptons with £ beyond 1 could be observed. The slight
virtuality of the weakly decaying top quark leads furthermore to an important reduction
of the decay rate [13].

¢) Strong Decays i :
At low energies quarkonia are gluon factories, [ Fig. 3.7], [36,37,38,39]. This role is lost
unfortunately when the mass increases and electroweak decay modes become dominant.
Partial widths and branching ratios for § — ggg and 8 — vgg,
1072 -9 5 Ty
81 « °° ale?
r'@—~+gg9) 36 aet2
T(6—ggg) 5 as
are displayed in Fig. 3.8. For My above 80 GeV the branching ratio B3, drops below
10%.

'@ — gg9) = (3.27)

(3.28)
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Higher-order corrections to the hadronic and photonic decay widths require herculean
efforts that have been undertaken in [39]. Expressed in terms of (the QCD corrected) I'g

to eliminate the non-perturbative binding effects, the hadronic decay width is given by

L hadrons _ 10("T —-9) Qs (/‘

2)3 ——(u? |
) {1 + O‘MST(/‘)[_M,O + 360(1.16 + log %)]} (3.29)

) 817ret a?
agrs(s?) 1 by log log(p?/A%)
4m bolog(uz/A 9| 8 log(n?/Ady)

bp =11 — En § and by =102 — n snf where ny = 5 is the number of light quark flavours;
Ajzz is correspondingly the value of the QCD scale parameter associated with 5 flavours.
p can be chosen such that the O(as) corrections vanish: g = 0.53Mpy. The scale of the
MS quark-gluon coupling constant in the Born term ratio is then fixed and the QCD

parameter A( ) can be extracted for five quark flavour degrees of freedom.*

Spin Triplet Radial Excitations

Simple rules can be followed to derive the partial widths for n3S(tf) states from 1351 (¢1).
- The SQD width is universal for all (t) states, depending only on the mass of the top
quark. All annihilation channels are proportional to I'g(n), and they become quickly
less important with rising n than SQDs [ except in a narrow interval around Z]. This is
exemplified for the 25 state in Fig. 3.8.

Ra,dia,lly excited S waves can decay electromagnetically into P waves. The rate for

the dominant electric dipole transitions follows from

Tpi(n381 = v+m3Py) = 127+1)

35— £ |Dmnl? (3.30)

*The corresponding analysis of charmonium and bottonium decays has led to a A value

of ALL = 199 + 22 MeV, [45].
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Dmn = <mP|TInS)

Parametrizations for the sum of all E1 transitions from a given state n are collected in
Ref. 26 for the Richardson as well as the two-loop potential V. These partial widths are
small, O(1 keV), compared with the other channels. Hadronic transitions n(tf) — n'(t)+

hadrons are similarly marginal [46].

3.2.3. Hicgs DECAYS

Decays of a heavy quarkonium can lead to important clues on the Higgs sector within
the standard model and, more generally, on any scalar or pseudoscalar particle with

appreciable coupling to heavy quarks.

Radiative Toponium Decay into Higgs Particles

An inevitable consequence of the standard model is the existence of at least one neutral
Higgs particle. If this particle is lighter than toponium, the decay ¢ - H v [ Fig. 3.11]
could proceed with an appreciable rate [ Fig. 3.12 ] as suggested by Wilczek [47].

T'(0 —» Hy) Gp M} [1 _ M},]
Mzl

Sy vt (3.31)

———-H Fig 3.11: Toponium decay into a Higgs meson plus

a photon.

In models with more than one Higgs doublet, as motivated by C'P violation through
the Higgs sector [17] or supersymmetric extensions of the standard model (see e.g. Ref. 18),
the Yukawa coupling of the neutral scalar to top quarks is no longer predictable and also
pseudoscalars could appear with a priori unknown couplings. To deduce these fundamen-

tal quantities it is mandatory to have full control of QCD and bound-state corrections to
the decay rate.

To investigate corrections to the lowest order result two—partially overlapping—

regions have to be distinguished, the perturbative region, where k > Ep, and the nonrel-
ativistic region, where k < m.

f ———:;;Z - \ ——-—=H Fig. 3.13: O(as) corrections to the

y

decay © — H~y.
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?
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Fz'g.\';?.IQ: Branching ratios for the 0 [ and B = (¥'V')] decays into Higgs plus
photon [ including QCD corrections].

Perturbative region (k > Epg): After emission of a hard photon of momentum k > E B
the weakly bound quark is highly virtual. It propagates over a sufficiently short period of
time so that a perturbative treatment, based on the Feynman diagrams shown in Fig. 3.13,
is adequate. For the decay into a scalar the corrections have been calculated in Ref. 48.
Subtraction of the Coulomb singularity from the gluon ekcha.nge diagram [ Fig. 3.13]
renders the amplitude infrared finite and one finds as reduction factor to the rate*

4 ag

FQCD(a - S+79)= I‘Born[ - 57%(2)] (3.32)

2 _ —
as(z) = 4iiz————[£(1—-22) e + 4571 Uz ——arctan 2 z]
22 -2) [1-2 1—2z 82 + 722 —13z+4
z(l-z)” arctan\/ 22z =1)2 log 2z+ 1

*We choose a form for as that has been derived in Ref. 49.
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Fig. 3.14: The functions as(z) and aps(2)
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(from Refs. 48,49).
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where £ denotes the dilogarithm £(z) = — [Fdtt !ln|l—t|and 2 =1— M%I/Mg as(z)

exhibits the limiting behaviour

2
as(z) — 7+6ln2 - % =9.93

-

3.33
as(z) — 4—7rz_1/2 +1 —
z—0 3

and is displayed in Fig. 3.14. In principle the choice of the mass scale in a; is not fixed.

For a small Higgs mass the dominant contributions to the correction originate from hard

gluons, for increasing Higgs mass, however, softer gluons become more important, which

suggests a Higgs and toponium mass dependent scale proportional to (M92 - M.?I) (48].

Adopting for definiteness A = 200 MeV and a toponium mass of 80 GeV the resulting

reduction factor is huge, variing between 0.46 and 0.35 for My between 0 and 60 GeV,

and decreases to 0.2 for My = 70 GeV. [ Note that the reduction is less drastic if

one normalizes the rate relative to the ete™ decay rate, which in itself is reduced by a

factor (1— 182 2 %2).] Above this mass range the applicability of perturbative QCD becomes

even more doubtful since the correction diverges ~ z =1/2, In this region it is more

- appropriate to take the full bound state dynamics into account, even if one has to sacrifice
the relativistic treatment. For completeness we also give the result for the decay into a

pseudoscalar Higgs particle, derived in [49]. In the same notation as above the correction

factor reads
4 Qg

Lon(0 = PS+7) = Tpom[1 — 5 2aps(2)] (334

2 1 -
aps(2) = iz [£(1 —2z) — (1)] Q(ﬁ'_) [ﬂ' a,rcta,n2 = z]
+4\/ a,rcta,n\/ 1=z 82 _7z+11g2 +;z_:;
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QCD corrections in the nonrelativistic region (k < m) are trea,ted in more detail in
Refs. 50,51, 52.

Charged Scalars
In models with more than one Higgs doublet [17,18,19] one expects charged scalar parti-
cles that could be produced in semi-weak decays of top particles and in the corresponding

SQD of toponium™* {53, 54,27, 10, 3]. The coupling relevant in this context can be written
as

A(t — DH) = [T, Doy (1~ ) + o1 + )] (3.35)

D denotes a down type quark and vg’tL involves a combination of quark and Higgs field
mixing angles and of quark masses. This leads to the following semiweak decay rate
Gpm3 2p m?  m2
D¢~ D+ %) = ZELPR (o, 2 4 o)1 + 22 - T o 4Re(vh vf)72
812 m mi{  mf
(3 36)

If kinematically allowed and not suppressed or enhanced by extremely small or large

couplings [ v = O(1) ] the toponium decay rate
Iy+ =F(t—>D+H+)+I‘(t_-+D+H‘)

2
_my mpg2..L (2 R 2

exceeds the normal weak decay rate by the large factor 103(40GeV/m;)2.
Although then exceeding all other modes by a correspondingly large factor, it would

still be small compared to the 1.5 —2S mass difference, and the low lying resonances would
exist as well defined individual entities, as long as m; is below ~ 100 GeV. On the other
hand, a width of 40 MeV is comparable to the energy resolution envisaged for LEP, and

a direct experimental measurement of the width seems to be feasible in such a case.

Apart from the lower limit on charged scalars from PETRA (m g+ > 19 GeV) little is
known about masses and mixing angles of charged Higgs particles. One can thus expect
rather stringent bounds from toponium decays and prove or disprove a variety of models.
As a specific example let us consider a two-Higgs doublet model suggested for example
from the minimal supersymmetric extension of the standa.rd model. In this case the

couplings to the physical charged Higgs bosons are written as

”lft = tan §; vg = Z—It’ cot . (3.38)

**1f this decay mode is kmematlcally forbidden, charged scalars could nevertheless affect
rates and angular distributions of bb-final states [53].
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tan 3 is given by the ratio of the vacuum expectation values vy/v). Quark mixing angles
have been ignored. The L-coupling tan 8 could in principle be very small and the rate
strongly suppressed. However, it is readily seen that even the minimal charged Higgs
decay rate, which is obtained for tan? 8 = m¢/my and for Higgs masses nearly up to the

kinematic limit, would dominate open top and also toponium decay rates.

3.2.4. TOPONIUM IN eTe~ COLLISIONS

The only place where one might hope to study toponium states in the near future is
resonant e*e™ production. Some aspects are specific to this case, and they will therefore
be discussed in detail. |
(1) The production amplitude for fermion-antifermion final states will receive not only
contributions from toponium, but also from the continuum due to virtual Z and v ex-
change [34]. Although many of the resulting wild interference patterns will be washed out
by the experimental beam energy spread, some remain detectable and may even dominate
the behaviour of the cross section.

(2) Production rates on and off resonance depend sensitively on the beam polarization
[55] and the specific final state [34]. (Even for unpolarized beams the resonance will be
polarized; this effect can be observed in SQDs.)

(3) The forward-backward asymmetries [33,34] can be remarkably large and quite dif-
ferent on and off resonance. Transversely polarized ete™ beams will induce azimuthal
asymmetries. The size of asymmetries will be affected by higher-order electroweak cot-
rections [56].

(4) The cross sections for high radial excitations and for open top production will merge
in practice such that a clear distinction between these two regions might become difficult
[7]. Just like the total cross section, also the asymmetries are in general affected by the
interference between resonance and continuum amplitudes. The consequences of smearing

effects due to the beam energy resolution must be carefully taken into account [31].

Yol e

Fig. 3.15: Fermion-antifermion production in ete™ collisions

close to the toponium resonance.

The full amplitude of the reaction ete™ — ff is a superposition of v, Z and toponium

exchange. For specified helicities %he, %h f= j:% of the initial and final fermions, the
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amplitude [ Fig. 3.15 ] may be written as [34]

M=F-TJ (3.39)
where
Fo e2ee6f ( )2(vf hfaf)(ve — heae) (M2 )2()\f hf/\lf)(/\e heAL)
-8 s—MZ+ Mzl 7 MV+zMVI‘V (3.40)
1 , 2 2 1 )
= -F, M
s B +HMy fv) s— M2 FiMyT, R
and
2 2
1 v 'UVM XW
A= 2 [ [V V. }
PRIV Vi~ ME+iMpT; T 2asin?by )
) €2 1 apoyMy Xw '
Af =0 *t 7 J Pyprsy
M y“s— Mz +iMzly 24 sin” Oy

[ Ae, AL correspondingly. The notation is the same as in Sect.3.2.2. ] The fermionic currents

which carry all dependence on polar and azimuthal scattering angles 9 and ¢, have been
split off,

T = =2v/5 hphe(1 + h the cos 9)ethe? (3.42)

The final states of “direct” toponium decays like ggg and S@QDs do not have a counterpart

in the continuum. They add incoherently to the total cross section.

If the mass of a spin 1 quarkonium state is close to the Z-boson mass (a possibility
which has recently become unlikely), mixing effects will occur which transform the bare
states into new, generally not orthogonal physical states [57,58,31,59-62]. The strength
of the mixing is given by the ratio of the quarkonium-Z interaction energy relative to the
[ complex | energy gap between the unmixed states. This ratio remains very small for all
toponium states,

aw M fy
(M% — M%) — i(MzT 7z — MyTy)

<1 (3.43)

because, however small the mass gap, the Z width is always 3 to 4 orders of magnitude
larger than the toponium width, so that the imaginary part of the denominator never
vanishes. In fact, for the parameters discussed before, the mixing angle is just a few
percent. Expanding all quantities in the mixing angle consistently, one just reproduces
lowest order electroweak perturbation theory - up to corrections which amount to less
than 1%, as shown e.g. in Ref. 31.
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a) The Total Cross Section
The fermion production cross section for unpolarized beams,
$ 2
o(s)=— > |F| (3.44)
487 h
f) €
exhibits a rapid variation in the resonance region. As long as either the photon or the Z

dominates, o varies between the unitarity limit
' 127

omaz(ff) = M_‘%B(e+e—)3(ff) (3.45)
and (a near) zero. For the photon this phenomenon is well-known from J/% production

(see e.g. [63]) and near the Z the same phenomenon occurs.

In contrast to the ff production cross section, those final states which originate from

“direct decays” [ gluon decays and SQD’s] will exhibit the usual Breit-Wigner resonance
enhancement,

1270(ete™ )T (direct)
(s — M{)? + (MyTy)?

For a wide range of masses the interference effects will be rendered unobservable once

o(direct) = (3.46)

the inherent energy spread of the beams is taken into account, which increases with energy
in fact. This tendency is already apparent when one moves from J/% to T. Remnants of
the interference effects are still visible in the p-pair cross section around J/v. In the T
region an incoherent sum of the continuum and the properly smeared resonance is fully
adequate. For toponium the same approximation is no longer valid, however, once the
toponium mass is close to Mz and as long as production and decay are dominated by
the Z. In this case the standard resonance bump may even turn into a dip [58, 31, 59, 61],
a consequence of the non-real character of the continuum Z amplitude. Whereas the v
continuum amplitude and the resonance amplitude are relatively imaginary to each other

g . . .
~ ML{‘} + TJL‘?,-WI?W so that they add incoherently if smeared, the Z continuum and the

2
toponium interfere destructively at My ~ Mgz, ~ Zﬁfi + W%I"EHWgVZI"';W%I‘; On
top of the resonance the cross section (normalized to the pointlike cross section) can be
expressed in the form .
(ME — M2)? — (M5T')>
R(My)) = R + R 3.47

Ry(f) is the well-known resonance enhancement if interference effects [ and radiative

corrections™ | are ignored and a Gaussian cms energy spread §W is assumed,

m (ete™ f

(3.48)

*Here and in all subsequent discussions the effects of initial state radiation are left

out. Before unfolding these corrections, the resonance cross sections are smaller by a
factor of about 60% [27].
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Fig. 3.16: Total cross section in units of
the v point cross section for the toponium
1S and 2S states [ LEP beam spread)],
compared with the continuum cross sec-
tions for qg and WTW— [3].
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The resonance enhancement Ry for all hadronic final states is compared in Fig. 3.16
with the main continuum contributions. The cross section is illustrated for the expected

LEP energy spread [3] 6W[MeV] = 5 — 0.21,/5 + 0.007s. Also in the more general case
W # My the folding of the cross section with the resolution function

(o(W)) = / dW'r([W' = W)/6W)o(W') (3.49)

can be worked out analytically for toponium resonances whose widths I'yy are much smaller
than the beam spread §W [26]. Away from the Z this shape is given to a good approxi-

mation by a Gaussian—modulo effects of initial state radiation.

b) Asymmetries

Various asymmetries can be defined on a quarkonium resonance. The polarization asym-
metry is defined as

a(RL) = ZR—IL (3.50)
OR+ oL
where o g, 01, denote the cross sections for right-handed, left-handed electrons. Neglecting
background channels for the moment, we find that on top of the resonance )
2Re(A¥)L)
RL)" = — —2—€e_¢el 3.51
AR = R e (331
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is independent of the final state. The asymmetry is displayed as a function of the to-
ponium mass in Fig. 3.17 and compared with the asymmetry in g*u~ production of
the continuum. Weak corrections to this result are studied in [56]. Forward-backward
asymmetries and azimuthal asymmetries can only be studied in a mass region where an-
nihilation into ff states plays an important role, i. e. for masses < 110 GeV. (Details

and further references can be found in Ref. 26.)

t

Fig. 3.17: The polarization asymmetry a(RL) on top

-y

of an S-wave toponium resonance as a function of

Polarizotion osymmetry a(RL) 7

---- contimum [¥’] 1 the topontum mass, compared with the corresponding

resongnce

value of the p*u~ continuum.

S R SO B S 1 b1
S0 100 150 200
ElGev]

¢) High Radial Ezcitations

The mass levels and the electronic widths of higher radial excitations will be most useful to
measure the force between heavy quarks at different distances. The flavour independence
of the confining force can be investigated by comparing the result from toponia with the
potential for charm and bottom quarkonia. To establish the location of the threshold
requires a good understauding of the transition between resonance region and open top
production. Due to the small level spacing that is comparable to the energy spread of
ete™ machines, and due to the dominance of SQD’s for high radial excitations, the open
top threshold and the upper part of the resonance region look rather similar for nearly

all top masses as far as the magnitude of the smeared cross section and topologies of the
final state are concerned.

d) Open-Top Threshold
The open top meson threshold can be estimated [64] from charm and bottom production.
If the bottom sector is taken as a guide the toponium threshold energy W%’"’ is related
to the top mass through

W™ = 2my + (mepn — 2my) + 225 MeV (3.52)

This holds true for any potential model in as much as it agrees approximately with a

logarithmically varying potential in the long range O(1 fm). From the binding energy
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Eg(Y") = 572 MeV of the Richardson potential one finds

W = 2my + 792 MeV (3.53)

The suitably averaged t resonance cross sections are approximately dual to the cross
section for ¢ quark production once the o correction is taken into account. The correction

factors to the massless parton model results for vector and axial vector currents are given
in sects. 2.2 and 3.1.1.

The cross section comes already quite close to the massless parton result, and the
threshold suppression factor is largely offset by QCD corrections (see séct.3.1.1.) The
hadronic widths of resonances above threshold has been estimated to rise significantly, to
O(100 MeV) or even much more with increasing quark mass [65]. Since these widths are
comparable to the level spacings, no well separable resonances may exist above threshold.
The quark model is thus expected to approximate the cross section for top production
sufficiently well above threshold and to join even smoothly to the resonance region. A

characteristic example for this situation was shown in the previous section.
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4. Extending the Standard Model

4.1. THE FOURTH GENERATION*

It has often been conjectured that additional heavier quarks might exist — either just
embedded in a fourth generation or in extensions of the generation multiplets themselves.
The formulas given in the previous chapters apply equally well to these cases after the
proper choices of charge and weak isospin quantum numbers are made for the rates of
fermionic decays etc. The phenomenology of such states, however, will in general be
drastically different. In such a lucky situation open ¥ production could easily be detected

and eventually also the corresponding onium states 8 = (%) could be studied.

a) b quarks :

The production cross section for 4’ quarks can be derived from the corresponding formulae
for top production after a suitable adjustment of coupling constants. The part of the cross
section which is induced through the neutral vector current is nearly a factor four larger
than the corresponding one for ¢. Therefore a relatively large branching ratio Z — b’ of
about 5% would be expected once ¥’ is kinematically accessible. In the LEP200 region,
on the other hand, ¥’ production through the photon plays the dominant role and, as a
result, the production rate is about a factor two below the one for ¢ quarks of the same
mass. Standard cuts on the event topology allow to discover &' in the full range of LEP
[1].

Various possibilities are cdnceivable for ¥ decays depending on presently unknown
mixing angles and mass assignments. If my > my, the charged current decay bt/ — t4+W*
is expected to dominate. The decay rate (including QCD corrections) can directly be read
off from the corresponding formulas for top decay after substituting ¢t — ',b — t. The
electron spectrum from the semileptonic mode would correspond to the neutrino spectrum

in top decay. It reads in Born approximation [2]

% - G Wil g {[eeutenr = ) — elane ~ 220) 1 4++7]
X %ArCtan<ﬁ%) ’ (4.1)
2o+ ) o)
where
*J.H.FKﬁHN
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. arctan(z) forz >0
Arctan(z) = (4.2)
7 + arctan(z) for z <0
In the four fermion limit £ = 4 = 0 one obtains
dr®  Ggmf 9
1- 4.
ol — 1673 Vavl"ze(l = 2¢) (4.3)

QCD corrections to these formulae can be found in Ref. 2.

The decay pattern could become more involved if my < m;. The leading charged
current decay &' — ¢+ W* is then suppressed by the small mixing angle V. The same

formulae for rate and spectrum apply as before leading, however, to a significant reduction

of the decay rate.

W Fig. 4.1: A typical graph leading to induced FCNC couplings
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Depending on the mass assignment for ¢- and t’-quarks and the choice of mixing angles,
induced flavour changing neutral current decays (Fig. 4.1)could compete or might even
dominate the lowest order result. For my below mz/2 this requires |V /(VipViry| S
10~2 and a large mass difference between ¢ and ' to inhibit GIM cancellations. Under
these assumptions ¥ — b+ hadrons could become dominant, leaving even room for the
decay ¥’ — b+ « with a branching ratio in the 10% range [3](Fig. 4.2).

It has been argued in Ref. 4 that, if mg < my, the Higgs decay ' — b+ H is
almost certain to dominate over b’ — ¢+ W*, and that it certainly dominates the FCNC
decays. Standard search strategies at hadron colliders, looking for hard isolated leptons,
would of course not be sensitive to such possibilities — leaving interesting options for

et e experiments.
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Fig. 4.3: Decay rates and branching ratios for the most prominent decay

modes of B as a function of the mass [1].

b) Bound states _
It is thus conceivable that &' will appear in the mass range up to 100 GeV that is spanned
by LEP. 8 = (¥¥) bound states could then be formed. B decays differ from toponium de-

cays because of their strong SQD suppression by small mixing angles. The most important

similarities and differences between the phenomenology of 8 and 8 are as follows:

(i)

(ii)

(i)

(iv)

Predictions for the level spacings and the wave functions as discussed in for toponium

are unaffected.

For the electroweak couplings to the virtual photon and Z that govern the production
in ete™ annihilation and the decays into [f, the appropriate charge ey = —1/3

and the vector coupling constant vy = —1 + %Sin2 fw have to be inserted.

If its mass is close to Mz, its decay rates, the effects on the Z mass shift and the
changes in the cross sections would be enhanced by a factor [v/v]? = 2.8 so that
its width would be comparable to the energy spread of LEP. Also the effects on the

Z mass would become noticeable.

If the mass is suﬁiciently far above the Z, its width will be far smaller than that of
a toponium state of the same mass since SQD’s are strongly suppressed. Whether
they would still constitute an important decay mode depends sensitively on the mass
and mixing angles of 4. Their presence or absence could thus provide significant
information on the mixing angles [5]. Taking, for illustration, a state with a mass of
150 GeV and a rate for annihilation decays of 50 keV, and assuming that SQD’s could
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be detected down to a branching ratio of 10%, a Cabibbo suppression factor down
to a level of 2 x 10™3 would be accessible experimentally. Decay rates and l_)ra,nching
ratios of the most prominent standard decay modes of 8 as a function of its mass
are shown in Fig. 4.3, assuming for illustrative purpose Vjp» = 0.05. Annihilation
into ff final states is by far dominant, so that the detection of such resonances
above the ff continuum is extremely difficult for masses beyond the Z where the
resonance-to-continuum ratio falls below 0.02. In this high energy region such a
state could only be discovered in a dedicated search with a considerably reduced
ete™ beam energy spread. This would open a window to large Higgs masses, since

B(B — H#) is at the level of several percent up to the highest masses.

4.2. LEPTONIC DECAYS OF NEUTRAL D- AND B-MESONS*
Experimental bounds on decay rates of K-, D- and B- mesons to lepton pairs ete™,
ptu=, rtr

strength of flavour changing neutral current interactions. The observed branching ratio

~, eXu¥F, et rF and pErF (cof. Fig. 4.4) provide important information on the

for K — ptp~ and the present limit on Kj — p*eT are of order 10~8 whereas
the present bounds for D°(D°) and B°(B°) decays to lepton pairs is of order 10~% [6].
At LEP these limits will be significantly improved. From 107 Z° bosons one will obtain
about 10 D° or De, 108 B° or B° and 5-10° Bs or Bg mesons. Here we have assumed
branching ratios BR(Z% — ¢¢) ~ 0.12, BR(Z% — bb) ~ 0.15 and a production of u@, dd
and s3 pairs from the vacuum with relative probabilities u : d: s &~ 2:2: 1. Since D- and
B-meson decays into ete™, ut = and e T pairs can be detected with high efficiency it
will be possible to obtain bounds on the corresponding branching ratios of order 1076 .
Even more important will be the totally new information on Bs(Bs) mesons which so far
have not been observed. For the first time these mesons will allow to test flavour changing
neutral couplings of quarks belonging to the second and third generation which, in many
models, are expected to be much larger than flavour changing couplings among the first

two generations. |

' D°(D°) Q e , K, T- [(ef) Fig. 4.4: Decays of K-, D-, and B-
B°(B°) ‘ mesons to lepton pairs.
Bs(Bs)
a e* ’ u'* 2 T* (ET ’
Operator Analysis

Leptonic decay rates of mesons measure the strengths of four fermion operators involving

*W. BUCHMULLER, F. HOOGEVEEN

185




two quarks and two leptons which may, or may not, flip quark and lepton helicities (cf.

Fig. 4.5). The most general effective interaction is given by

g 1 1
Leff =muLuReLeR + WILLURGRGL + h.c.

+ (u—~ d) (4.4)
LYy =T ULV L + s T U ER e R

I ANTVISY. S (ALRr)? g
1 1
+ =3 TR uRreL e + =i URY URER VR
(Agp)? # (ARR)? g
+(u— d) | (4.5)

Le‘sf f describes helicity changing interactions, L}l,/f f helicity conserving interactions where
the coeflicients are matrices in flavour space. The decay widths obtained from vector
operators are suppressed by (m;/m M)2 compared to those obtained from scalar operators,
where m; and m s denote lepton and meson mass respectively. Tensor operators, which
in general also occur, do not contribute to the decay of pseudoscalar mesons. We note
that the scale parameters defined in eqgs. (4,5) are smaller by a factor v/4r compared to

those defined by the convention for contact interactions used in [6].

Em a Em Fig. 4.5: Helicity changing (a) and helicity
%/\ conserving (b) contact interactions of quarks
Gjr SR 3.

Qit

eww  and leptons.

al b)

The effective interactions of eqs. (4,5) can be generated through the exchange of
spin 0 or spin 1 particles which couple either to quark-lepton pairs (leptoquarks) or to
quark and lepton pairs (Higgs and neutral vector bosons). Flavour Changing contact
interactions have been discussed by a number of authors [7-11] and the most general
leptoquark lagrangian has been given in [12]. Here we will consider only some couplings
which illustrate the various possibilities and the implications of a combined analysis of
D- and B- decays. Let W be an isovector boson with zero hypercharge, D and G scalar

leptoquarks, and U and X vector leptoquarks with SU(3)¢c x SU(2)w x U(1)y quantum
numbers: : '

1 2
D~[3,1;—§] .U~[3,1;+§]
7 2
G~[3,2; +5] X~[3,3;+3]

Assuming the absence of quark-quark couplings in order to guarantee baryon number

conservation, the most general renormalizable interactions are given by

Ly = (9pazina!} + 9pReR) D + (96aLer + 9&TRILim) G
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+ (g[fzf%'ﬂ‘dﬁf + gg]ﬁ')’ul[,) U + IXTLYpTILXH

+ (g{zVEV;ﬁIL + g%ﬁ7uFQL) Wh (4.6)

The exchange of these scalar and vector bosons gives rise to effective interactions contain-

ing those of eq. (4,5). After some Fierz transformations one obtains for the corresponding

non-vanishing coefficients:

1 __gbsp 9bet
(Afp)? md  2m

1 q e*
= —9 g!%
(A7R) mi

1 ghel  _gxa% . old!
— =+D2D_2XgX+W2W
(ALr)? 2m%,
L gk
(ARr)? 2mg
(ARR)? 2m7,

1 _93922'/ _ g%gx gf'/vgw
(RLL)? my o mx My

1 _ 969G _ 9098
(K%R)‘z 2m%; m?]

1 e e*
—— =~ ' (4.7)
(ARR) my

The result shows that the induced effective interactions are qualitatively different for

different exchanged particles. One has:

D - exchange: D°(D°) decays only

U - exchange: B°(B®) , Bs (B;) decays only

G - exchange: D°(D°) and B® (B°),Bs (B;) decays,but B decays helicity suppressed

X - exchange: D°(D°) and B® (B°), B, (B;) decays, with fixed ratio of decay widths:
I'D — e;."e;)/I‘(B - e;"e;) =4mp/mp

These different possibilities illustrate the importance of a combined analysis of D- and

B-decays.

Branching Ratios

Since we are only interested in order of magnitude estimates it is sufficient to approximate
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the total width by the contribution from the spectator diagram:

5 5
Tozr3 CF™Me

o 9 A2, 51 12 (48)
F(B ) ~ F(BS) ~ 3GF7nbchb|
1927

['(D°) =

where G, m¢, my and V; denote the Fermi constant, c- and b- quark masses and the
KM matrix element respectively. It is now straightforward to compute the branching ratio
for a decay induced by a helicity changing operator with scale A or a helicity conserving
operator with scale A. The result depends on the ratio of the Higgs vacuum expectation
value v = (2¢/2GF)~Y/2 = 174 GeV to the scale A(A). Using m ~ 1.5 GeV, my ~ 4.8
GeV, fp ~ fg ~ 100 MeV , |V,3| = (0.2)2 one obtains:

helicity changing decays:

O(D — efej) = 24;’ (fD)( Y 0.2(%)4 (4.9)

247 v
(B — efej) = -i%— fB) IVbP( LATIPY 7'1(X)4 (4.10)

helicity conserving decays:

2 2
2472 mf + m
I(D - ) ~ i J(fD)2( o~ 2.10737 1( D¢ (@)
2 2 . 2 2
242 gmi +mj _gmi+ms y ,
[(B—efef) =~ ——-( )IVcb|2( ) 2 L ~ 5-10 _%nTJ(K) (4.12)

'The egs. (9-12) can be used to obtain from the present experimental bounds on D°
and D° decays the corresponding mass scales A and A. In table I these mass scales
are compared with the corresponding limits attainable at LEP. Since A(A) increases as.
(BR(M — e;fe;))_l/ 4 the improvement of two order of magnitude in the branching ratio
from 10~% to 1076 does not appear very impressive in terms of A(A), which is the relevant
physical quantity. The most important progress will be the completely new information
on Bg(B;s) mesons for which many theoretical models predict much larger flavour changing

interactions than for K- and D- mesons.

Theoretical Models
i) Standard Model

Here operators of the form given in egs. (4,5) are generated through radiative corrections.

The one-loop contributions are shown in Fig. 4.6. From the complete expression [13] only

the V-A current—current interaction, which arises from Fig. 4.6a and the Z-boson terms
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in Fig. 4.6b,c, contribute to the decay of pseudoscalar mesons. The result is ( [13,14] cf.
eq. (5)):

. S ViaVaa, SNer) ok = i
d y Te= o
(K(u)) " %V o VitV ] miy
LL),;
1 g2 d) m%
v = —ok 4.13
128,”2"1 Zk: upd; Vurd; O, w 2, (4.13)

(52,

where the functions fg‘) and fl(-ld) are given in [13,14]. The dominant contribution comes

from the s-quark, respectively the ¢-quark, in the loop ‘and one finally obtains (m; ~
myy, Vis = (0.2)2, Vg ~ (0.2)):

2 2 -1/2
( S}ul),) ~ v (3g 1o mV{,’I%sVusl) ~ 1000TeV
uc s

3272 W
2 1/2
@Y . (95 -
( LL)db ”( 16728 | thtdl) ~ 50TeV
-—(d) 2 "1/2

All values of A are much too large to be probed at LEP. The corresponding branching
ratios to ptp~ pairs are BR(D® — ptu~) =~ 10718 | BR(B° — utu™) =~ 10712,
BR(Bs — ptu~) ~ 10711, clearly far below the sensitivity attainable anywhere in the

foreseeable future.

w- .
d; Br—— @) ——— U —— W
wy  Av w7y wyf
- ‘ * ) Y,Z ' Y:z
dj ——— ek —Y Y — W
W-

Fig. 4.6: One-loop contributions in the Standard Model to

quark-lepton contact interactions.

ii) s—Channel exchanges
Various extensions of the Standard Model, such as Extended Technicolor Models (ETC)

[15] or multi-Higgs models, which are also motivated by superstring-inspired supergravity
theories [16,17] predict the existence of scalar or vector bosons whose s—channel exchange
(cf. Fig. 4.7) leads to operators listed in eq. (4, 5).

For instance the ET'C model described by Eichten et al. [18] contains a neutral pseudo—
Goldstone boson P? which couples to quark pairs with strength (mj +m9)Vi9/(2Fy) and
to leptons with strength (mj + mg)/(2Fx), where Fr = (8Gr/+/2)"1/2 ~ 124 GeV.
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Ui ——— € G ——€k & o g, 4.7: t-channel ezchange of lepto-

! 1

¥0 G u

! ! { quarks (a-d) and s-channel exchange of
g; —d e §j—el—e—e; dj —<-L—e—e

neutral vector bosons

al bl c)

q ——p—>—€} g ey
W

(X
Q) —et—we—cef g; . et

d e)

With m po =2 40 GeV one obtains for the strength of the corresponding, helicity changing
(bs)(fip) interaction: v

2F; 1
(mbm#)1/2|Vcb|1/2mp0 x T0TeV (4.15)

Masiero et al. [19] have proposed an interesting ETC scenario in which only semileptonic
FCNC occur which violate separate lepton numbers and conserve "generation number”.

For a techniquark condensate < TT >~ v3 ~ (174 GeV)3 one estimates:

. 1/2
D° — p~et: A~ <~<—TT—>—) ~ 30TeV
my
= 1/2
- TT
Bs — p 1T A~ (_<Tz) ~ 6TeV (4.16)
s

One may also to have s-channel exchange of vector bosons with flavour changing quark
couplings (cf. Fig. 4.7e). For instance, if the Z%-boson would couple to all quark pairs,

as it was recently suggested for up—quarks [20], i.e. ,

Nij o —d (4.17)
Mw
one would have (assuming my = O(myy)) Aps = 1072 (cf. also [21]) and therefore:
| ) N o\ 1/2
By —» ei_e?' : A~ ( bgg) ~ 2TeV (4.18)
mw/

A value of 102 for )y, is not excluded by current experiments (cf. [17], [22]). We
conclude that theoretical expectations for s-channel exchanges lead to mass scales A, A
most of which are beyond the sensitivity at LEP. However, our current knowledge does
not exclude larger effects, such as the mass scales discussed above which would lead to
observable rates (Tab. 4.1)

ii1) t-Channel exchanges
The classic process which generates effective quark-lepton interaction of the type given
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Process Present bounds Bounds at LEP

BR(Ref. 6) AlTeV]  A[TeV]  A[Tev] A[TeV]
DO — ptpu— ~1.1-10°5 0.6 2 1 4
ete™ 1.3-1074 0.02 1 0.1 4
ute~ 1.2-1074 0.3 1 1 4
B® — ptpu- : 5-10~° 0.6 3 1.5 9
ete 8.103 0.04 3 , 0.1 9
ute 5.1075 - 0.5 3 1 9
Bs — utu~ 1 8
ete~ - 0.1 8
ute 1 8

Tab. 4.1: Bounds on branching ratios and mass scales of vector (A) and scalar (A) contact znterac-
tions. The bounds obtainable at LEP correspond to the assumed branching ratios BR(D® — e e;) <

106, Br(B® — ¢} e;) < 1076, Br(B, — ¢} > )<2 1078,

in egs. (4,5) is the exchange of leptoquarks (cf. Figs. 4.7a-d). Most popular are vec-
tor leptbqua}‘ks of Pati-Salam type [23,8] with the quantum numbers of right-handed -
up-quarks (U* in eq. (6) and scalar leptoquarks of SU(5)-type [17,24] which carry the
quantum numbers of right-handed down-quarks (D in eq. (6)) and which form a complete
5-representation of SU(5) together with the ordinary Higgs doublet. The most general

Lagrangian for leptoquarks with renormalizable couplings has been given in [12].

The Pati-Salam type leptoquarks couple only to down-quarks. From Kp — utp~
and K; — u*e¥ one obtains the lower bound (/_\d)ds > 60 TeV [8]. The expectations
for B~decays depend on the dependence of A on the quark masses. For mass independent
couplings, which are expected for gauge bosons, one has (/_\d)sb = (A%)y4, which is far
beyond the range accessible at LEP. Also conceivable is a mass dependence corresponding
to eq.’(17) which yields

(A%, ~ (:_z)l/z(‘_‘d)ds ~ 3TeV (4.19)

which can be tested at LEP.

SU(5)-type leptoquarks couple up—quarks to charged leptons and down-quarks to
neutrinos. Constraints from quark-lepton unlversallty of the weak interactions yield the
bound [24]

(Au)uc > 2TeV

which is already too large to be tested at LEP. However, no corresponding bound exists

so far for the scalar mass parameter (A%)ye.
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Summary

It appears feasible to improve at LEP the current experimental bounds on branching
ratios of D°- and B°- mesons to lepton pairs by two orders of magnitude down to 1075,
For scalar contact interactions this corresponds to a sensitivity in the mass parameter
up to A ~ 9 TeV, for which some theoretical models predict flavour changing neutral
currents. Particularly interesting is the combined analysis of D- and B- meson decays

which allows to identify the source of flavour violation.

Most impbrtant will be the new information on B,- mesons which, for the first time,
will test flavour changing couplings between quarks of the second and third generations.
Although the experimental signature for 7 leptons is not as clean as those for electrons and
muons, efforts should be made to obtain stringent limits on the decay modes D° — p~e™,
B° — tTe” and B; — 7t~ whose observation would provide a clue to the puzzle of

replication of quark-lepton families (Fig. 4.8).

c -, et S ST . .
e %% Fig. 4.8: D- and B-decays which con-
o Bs serve “generation number”.

u es, u* Iy

4.3. NON-STANDARD FERMIONS*

In many extensions of the Standard Model there exist non-standard fermions which
may show up at LEP, either through effects of mixing with the standard fermions, or
directly produced. Below, the physics of two possible kinds of non-standard fermions will

be summarized. These are mirror fermions [25] and exceptional fermions [1, 26).

Mirror fermions arise naturally when the fermion families are unified within one
spinor representation of a large orthogonal group [27-34] or within high-dimension rep-
resentations of large unitary groups [35-40] or exceptional groups [41]. Mirror fermions
necessarily appear in the particle spectrum when an extended supersymmetry (N > 2)
[42] is imposed on a gauge theory, as well as in the Kaluza-Klein theories [43]. They
appear also in some composite models [44]. The members of an ordinary V — A family
are classified in the following set of left- and right-handed isospin doublets and singlets of
SU@)r x UQl)y ‘
[ Ve ] VeR

e
LR (4.20)

ui] iR
di] dir

*M. Roos, P.M. ZERWAS

192




The corresponding components of a V + A mirror family are classified according to

Np, [ N1 -
Ep E-|p

) (4.21)
U; [Ui
D;p, Di|r

The index ¢ = 1,2,3 denotes the quark colors. The electric charges of the members of a
mirror family are identical with those of the corresponding components in the ordinéry
family. As is clear from (20) and (21), the only difference between ordinary and mirror
fermions is that they enter the weak interactions in the opposite chirality states, the

former in the left-handed states and the latter in the right-handed states.

FEzceptional fermions are non-standard states belonging to the 27-dimensional repre-
sentation of the exceptional group Eg [45] which predicts a rich spectrum of new vectorial

neutral and charged leptons and isoscalar charge —-:1; quarks [46,47],

[P A L
e_L e}—z E_L E_R

(4.22)
Ug UiR
|, dr D’ Dif
Similarly for the other generations. They could either affect the ordinary chiral fermions
through mixing [48-50] or they can be produced directly in e*e™ annihilation [48, 49, 51, 52].

We will focus on Ejg in two versions.

(1) The new exceptional fermions are treated in analogy to the ordinary quarks and leptons,
with the usual assignments of lepton and baryon quantum numbers, so that they can mix
with the chiral fermions [48-50]. These new fermions could easily be detected since they
decay partly into neutral-current channels, producing clear signatures such as E~ —
e~ ete™ and D1/2 —dete.

(ii) Eg with supersymmetric extension had been suggested as a possible 4-dimensional
field-theoretic limit of the heterotic superstring [47,46]. Depending on the assignement
of lepton and baryon quantum numbers and the choice of the Yukawa potential, the
properties of the new colored particles are of special interest. The scalar particles, lep-
toquarks and diquarks, either decay into jet+lepton or jet+jet final states that are both
easy to detect [52,53]. The new fermions could reveal themselves through decays into

jet+lepton+x, where x, the lightest massive supersymmetric particle, escapes detection.
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4.3.1. CONSTRAINTS: NON-STANDARD EFFECTS ON STANDARD FERMIONS

If the masses of non-standard (NS) fermions are generated during the spontaneous
breaking of SU(2) x U(1) gauge symmetry, they cannot be heavier than about 250 GeV.
One may even produce them copiously at LEP. On the other hand, these fermions may
manifest themselves already at the energies available today. It is quite possible that NS
neutrinos are much lighter than charged NS fermions, which in turn must pe heavier than
about 40 GeV [54] [ this UA1 limit assumes that such neutrinos are very light ], or heavier
than about 26 GeV [55]. Light NS neutrinos could be produced e.g. in g, # and K
decays. Charged NS fermions, if they mix with their ordinary partners, would manifest
themselves as deviations from the purely V — A structure of the weak interactions of
the known fermions [56,28,29]. Such deviations can also be signatures of a right-handed
- gauge boson Wp in a left-right symmetric gauge model, but LR models, mirror models
and exceptional models lead in general to different parametrizations of the currents and

can in principle be distinguished from each other.

Besides the modifications in the Lorentz structure of the currents, another consequence
of NS mixing is the existence of non-diagonal neutral currents (L¢, N, Qq) which are
forbidden in the standard model as a result of the GIM mechanism [57]. In mirror mixing
the GIM mechanism does not work, because the mixed objects have opposite axial vector
couplings, leaving a net non-diagonal arial vector current. All the neutral vector couplings
including the electromagnetic couplings are in contrast untouched by the mixing. The
situation is somewhat analogous in the case of Eg, where one can have non-diagonal lepton
currents and down-quark (D, /2d) currents. The frustration of the GIM mechanism is a
novel feature of NS mizing and can be used to distinguish NS leptons and quarks from the
heavy fermions of ordinary type. To give an example, the decay channel L~ — £=¢+¢~ is

possible (though suppressed by a mixing factor) for an NS lepton, but not for a sequential
lepton.

The NS mizing of quarks is severely constrained by the non-observation of flavour
changing neutral currents (FCNC) [56, 58]. Since the GIM mechanism is not valid for NS
mixing, an 3dZ coupling may be induced by NS mixing if the s and d quarks contain
an NS impurity. As a result a Kj, — Kg mass difference is generated by a Z exchange
diagram. ‘

Even if the FCNC. currents were absent at tree level, they would be induced by
radiative corrections. In the standard model the K — Kg mass difference is generated
by weak interactions of second order in Gy due to the famous box-diagrams [59] with up-
type quarks u, c and t as internal states. In the presence of NS mixing, the internal states
may be replaced by heavier mirror quarks U,C and T with appropriate mixing factors in

the vertices. The exceptional D, /2-quark does not appear in these box diagrams, but its
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mixing with the ordinary down-type quark would affect the relevant Cabibbo-Kobayashi-
Maskawa matrix elements. A comparison of the ensuing mass difference to the measured
value leads to the mixing angle [56, 58] 8,510~ for mirror quark masses O(100 GeV). If
one takes this bound as a generic one for all the.quark-NS quark mixing angles, there is
no chance to see deviations from the V — A structure of quark currents at LEP. We will

therefore concentrate on the leptonic currents.

Consider for example the mirror mizing of the electron. The mass Lagrangian is given
by .
!
— m m e
L = (€f ER) ( ce ek ) ( L ) + h.c. (4.23)
. meg Mg/ \Ep ,
where we use primes to indicate weak eigenstates. We will assume that the mass matrix is

hermitian. Then the diagonalization is characterized by one rotation angle and one finds

e =cosf € +sinb, F,

, , (4.24)
E = —sinb, € + cosb, E',
where e and E are the mass eigenstates and the mixing angle 6, is given by
0 v
| tan 26, |=| ——E |~ 9| ZeE | (4.25)
MEE — Mee mMEE
The eigenvalues of the mass are |
2
m
mgg + —cBE .
mEe = Ympp +mee) + 31/ (mpE — Mee)? + 4mlp = JEE (4.26)
Mee ~ MR

Similarly one can define NS mixing for the other fermions.

The analysis of the V, A structure of the weak currents shows [25] that in all cases the
results are consistent with no mirror mixing within simultaneous 90% confidence limits.
The upper limits for the different mirror mixing angles range from 14.3° to 25.5° when
the mirror neutrinos Ne and N, are very heavy, my 218 GeV, or very light, m <1 eV.
In the range between, 1 eV <my<18 GeV, these bounds are surpassed by the results
of searching for production and subsequent decay of new neutral leptons and by the

astrophysical and cosmological constraints.

The existence of NS mixing also affects the W and Z masses and the cross-sections
for ordinary lepton-antilepton and quark-antiquark pair production, however only through
sines of small mixing angles. The effects on charm DOEO mixing of the Fg D, /2-quark is
négligible unless the Dy j9-quark has a mass of several 100 GeV.

Since NS neutrinos may be very light, there is evidently a much larger variety of
experimental constraints for them than for the charged NS fermions. There exist many

studies on constraints for a new ”heavy” neutrino [60]. Usually the new neutrino is taken
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to be a sequential neutrino (v4y) transforming as a member of a new left-handed SU. (2L
doublet or an SU(2)y, singlet neutrino vy or ny, as in Eg. The essential differences between

such neutrinos and a mirror neutrino N are the following:

i) In the sequential neutrino case the GIM mechanism is operative, forbidding non-
diagonal Z couplings Zv4v;, ¢ = 1,2, 3. In the mirror neutrino case non-diagonal couplings

ZvN may appear.
w
ii) For a singlet neutrino vp the Z-coupling Zvgyp is suppressed by a factor sin? 6, where

6 is the mixing angle between vy and a doublet neutrino v;. For the mirror neutrinos
the coupling ZNN is of full weak interaction strength, as are the exceptional neutrino
couplings Zvgvg. ,

Important bounds on the mass vs. mixing angle follow from the effects on the cosmic
photon flux of the radiative decay of a heavy neutrino N — v + «. This deca.yrwill occur

in the standard model if neutrino flavours mix [61], and in the NS models if leptons and
NS leptons mix [56,28, 29, 62].

4.3.2. PRODUCTION AND DECAY SIGNATURES OF NON-STANDARD FERMIONS

a) Z decay widths and FB asymmetries
The main reactions for NS lepton production at LEP would be Z decays

Z - L-Lt

_ 4.27
L NT, (4.27)

which proceed with full weak interaction strength. Here L and N stand for any one family
of charged and neutral doublet leptons. The decay rate as a function of the NS lepton

masses my, and my is given by

1

Gm3 4m2\?

NZ - L LT = Z (1-—L
(Z- ) 24\/§7r( 2

mz

2 2

m m
><[(lve|2+|ae|2)(1——2’:)+(Ivel2—|ael2)3—§”
m%/) m

Z
(4.28)

where vy and ay are neutral current couplings

v=2(I3 +I3) — 4Qsin? 6
( L3 Ig) q w } mod. mixing (4.29)
If L is a mirror lepton, one has
vy =-—1 +4sin20W

(4.30)

ap =cos 20y
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and if it is an exceptional lepton [49)

vg=—2+4sin® Oy (431)
ap =0
" In (31) we have neglected a possible but small mixing between Z and the new gauge boson
Z! corresponding to the extra U(1) symmetry in the Eg model. [ Note that G in (30) is
not exactly the Fermi constant measured in y-decay since the p-decay is also affected by
the mixings [25]. ]

If the mirror neutrino N is a Dirac particle, the decay rate for Z — NN is obtained
from (28) by replacing my, by my and vy by unity. If N instead is a Majorana particle,
the rate is given by '

3
Gm3 4m2.\ 2
P(Z — NN)MaJ == Gﬂi (1 - mév) I ay |2 ‘ (432)

The corresponding result for the Eg Dirac neutrino is obtained by putting vy = +2 in
eq. (28). Isosinglet neutrinos couple to the Z boson only through mixing so that the Z

decay widths into these channels will be very small.
If the decays (27) are kinematically forbidden or highly suppressed, the mixed channels

Z — Ve—]\—f + 7N
(4.33)
- Lt + LT

would dominate. These channels are slowed down, however, by a mixing angle. For

example,

Gm3 m2 m? m}
N(Z - L) =—4Z (| P+ |a?) (1- =) (1- =5 -—L]) (434
(2= > 170 = 5 (1o + 13 ) -3 omd " amk) 43
where we have assumed my < mp,. In the mirror lepton case one has vy = 0, gy = sin? 20,

and in the exceptional lepton case 9y = @y = 7, where 7 is a mixing parameter.

The production of mirror quarks and D; /2_D—1 /2 pairs at LEP is completely analogous
to the production of ordinary ¢g pairs. The partial Z decay width derives from (28) by
adding the color factor N; = 3 and substituting the appropriate neutral current couplings;

mod. mixing,
mirror quarks: vg = £1 —4Q sin? 6w up/down
aQ = Fl1
Eg Dy/9 quarks: vp = gysin2 Ow
ap =0
The mixed ordinary-mirror channel Z — Q¢ and Z — Dy /23 can be treated in

analogy to (34) apart from the additional color factor N, = 3.
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In principle the most straightforward method to distinguish a mirror fermion from
an ordinary fermion would be to search for a right-handed interaction in the angular
distributions of the decay products. One clear signal of this kind would be the forward-
backward asymmetry App in eTe™ collisions. In mirror fermion production ete~ — FF,
AFp has the same absolute value as the asymmetry in the production ete~ — ff of

ordinary fermions of the same mass, however with the opposite sign [63]

J
App(ete™ = FF) = —Apg(ete™ — fF) (4.35)

These asymmetries have been elaborated at length in the first section, including non-zero

mass effects, and this discussion will therefore not be repeated here.

By contrast, no forward-backward asymmetry is expected in the production of Eg

vector leptons and quarks.

A complementary analysis for the production of non-standard fermions away from the
Z peak can be found in the literature. Most of the apparatus described in the first section
of this Report carries over in a straightforward way by substituting the appropriate vector
and axial-vector couplings eq. (29) for the mirror particles [25] and the Eg type vector

leptons and quarks.

b) Decay patterns and signatures
In the following we shall describe the main signatures of non-standard leptons and quarks
based on their characteristic decay patterns. NS particles exhibit a pattern of allowed

decays and suppressed or forbidden decays which is different from that of sequential V — A
leptons.

Let us first consider the case of NS doublet leptons E and N which are sufficiently
light so that they could appear in the final states of weak gauge boson decays. The

dominant decay channels for a charged lepton of the e-family (assuming mp > my) are

E~ = NC_—Ve
(4.36)
— Nqg
and for an NS neutrino (assuming my > mpg)
N — E~ et
_ (4.37)
— EF qq

where ¢ stands for ordinary quarks. In case these processes are kinematically suppressed,
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the dominant channels would be
E- = e t4™
— e Upvyp
— e qq (4.38)
— vl Ty
— veqT
where £ = e, u, 7, and
N e LTy,
— vl et
(4.39)
- Velyly
— Veqq
These channels have larger phase space than the processes (36) and (37), but the decays

are slowed down by a mixing angle.

The decay signature of a charged NS lepton would thus be marvelous 3-charged lepton
final states or an isolated light lepton plus missing energy, or two quark jets plus an isolated
lepton or missing energy. The signature of an NS neutrino would be a charged lepton or
quark pair plus missing energy.

An exciting signal for the production of a non-standard charged lepton in Z decays

would be the observation of multi-lepton final states [49)

IN(Z - ETE~ — ettti™ 4+ e4T07)
[(Z — ete)

~ afew 1073 (4.40)

with lepton triades clustering at m . They cannot be faked by sequential heavy leptons.
Similar purely leptonic final states in NS neutrino production which are relatively free

of background, have been estimated to occur at a rate [64]

P(Z — NN — e+£“£+e_l/gl7£)
F(Z — z/gl_/g)

<(5.5 —2.8) x 1073 (4.41)

The same process is possible also for a sequential neutrino, the relative width [64] being

one order of magnitude larger than (41). Another purely leptonic channel is
Z — NN — £t0~ + neutrinos (4.42)

with a signature of two isolated charged leptons plus missing transverse energy. The same
final state would arise also from a pair of charged mirror (or sequential) leptons, but the

angular distribution of the final state charged leptons would differ in the two cases.
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A striking signature of NS neutrino production in Z-decay would be a monojet plus
missing energy due to the process Z — vN, N — Tqq where the two quark jets are not
separated. This process is not possible for a sequential heavy neutrino since it requires
non-diagonal Z-couplings. The monojet cross section due to the presence of a mirror

neutrino was estimated [64] to be

I'(Z — monojet + missing energy)
F(Z — VeVe)

$0.22-0.12 (4.43)

for my = 20 — 40 GeV, and with ¢p,0, < 10™2 for the mirror mixing angles (¢¢ is the
vpN mixing angle and 8 is the £L mixing angle).

'If the NS lepton is lighter than the weak gauge bosons, its dominant decay channels
are as in (36) (assuming mj > my). The main contribution to the decay amplitude
comes from W-exchange, since the Z-exchange process involves non-diagonal couplings

suppressed by mixing. The decay width in the limit of vanishing masses of the final state

fermions f; is given by [65]

w3 Gm) [|VE+ AR (my)  [VE-|AP my (my
I'l(L--)Nflfz)_1927r3[ 2 f my, + 2 2ng myr, /

(4.44)

where :

f(z) =1 — 822 +82% — 28 — 1224 In 22,

2 4 6 2 2 2 (4’45)
g(z)=-1-92°+ 92 + 2° — 62°(1 + 2*) Inz

and V and A are the vector and axial vector couplings of the LN current. For mirror

leptons one has V = cos(¢g —0p) ~ 1, A= — cos(¢g+ 0y) ~ —1. Thus the second term
in (44) is negligible. An order-of-magnitude estimate of the lifetime is then

-1 5
7, & 10" Bsec - [f (m—N)] (20 Gev) : (4.46)

mp, mr

In the case my < my the dominant decay channels of L would be as in (38) which are
suppressed by mixing. The lifetime for the charged current decays (the two last channels
listed) would then be

(4.47)

| | . _ 5
r ~ 10" 8sec. [(_sin g cos 0g)2 + (cos ¢ sin 03)2] ! (20 G’eV) .

mr,

For mixing angles ¢p,0p ~ 1073 and my ~ 40 GeV the flight path would be long
enough to be reconstructed in vertex detectors. Similar estimates [48] apply to the ex-

ceptional charged and neutral leptons £ and vg.

Mirror quarks either decay unsuppressed into each other, e.g. for mp > my

D—-U+W,,, — (e e etc)
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followed by subsequent U quark decay through mixing with the light chiral quarks in CC
and NC channels

U—d+wt

virt
U—u+ Zypm(— eTe™  etc.)

—ety, etc.
( te) (4.48)

If my > mp the sequence is reversed correspondingly.

On the other hand, Eg type D, /2 quarks decay only through mixing with d, s, b quarks
if they carry the usual lepton and baryon quantum numbers, -

D1/2 —u+e U etc.
D1/2 —d+eet etc

with an estimated ratio of NC/CC ~ 1/8. [ The SUSY case will be discussed in the
next subsection.] The CC decay width is effectively governed by a 4th column of CKM
elements V,p,V,p and V;p. Because of unitafity, Vup must be very small, whereas
Vep and V;p could still be several tens of percents. One cannot even exclude the ”anti-
diagonal” possibility that V}; is very small and V,p near 100%, although it is disfavoured
[5]. One consequence of this is that ¢-hadrons have slightly longer lifetimes than in the
standard model, and some of B-physics undoubtedly gets modified. If the D, /2-quark
were lighter than the ¢-quark, the lifetime of Dy /2-hadrons could be similar to the b-quarks.
One may estimate [2] the Dy /o-lifetime to be

.
20 GeV) | (1.49)

-18 : -2
TD,,, = 107 "sec- (sinfp cos O p) (
1/2 mDy s

where 0 is an effective down quark mixing angle.

4.3.3. LEPTOQUARKS AND DIQUARKS

The fundamental 27-dimensional representation contains a host of new fermions (22).
In particular the qua,rk sector is extended by an isosinglet charge —3 particle in each
family [Dl/ 2 ] and its color-triplet spin 0 supersymmetry partners Dy and DO in
superstring 1nsp1red models. The Yukawa interactions involving D’s are then described

by the following superpotential
Ly =AqDQQ + /\IQDcucdc (a)
+ ALD°LQ + AN Du®e  (b) (4.50)
+ Ay Dd°v° (¢)
[ @,L denote the ordinary left-handed quark and lepton doublets, respectively; v© is

the singlet /neutrino.] To avoid rapid proton decay and to make Dirac neutrino masses

vanish naturally, only one of the sets (a-c) can be realized in nature. If the D’s carry
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baryon number B = +1/3 and lepton number L = +1 they will be called leptoquarks,
if B=—2/3 and L = 0, diquarks. We shall concentrate on the alternatives (a) and (b)
in the following, and focus mainly on the decay signatures and the production of scalar
particles at the Z peak. Fermions follow the patterns outlined before, and off-resonance
production is described in all details in Ref. [52]*. [ The formation of one real plus one
virtual D, in the mass range mz/2 < 2mp < mz has been considered in [66]. ]

The partial width for ‘

Z — DyDy or D§Dy

is given by
. Gm3 \
T 23273 4.51
D= 16\/_ B ¢ ( )
where
. 2 1.9
Zp = —epsin“ Oy = 3 sin Ow (4.52)

denotes the Z charge of the Dy/ ﬁg particles [ for the sake of simplicity. mixing effects are

disregarded |. Thus the ratio I'(Z — DoDg + D§Dg)/T(Z — ptp~) amounts to a few
percent, (see Fig. 4.9).

F(Z=07.- € i) Fig. 4.9: The ratio T(Z — DyDy +

- = cTHC + -— .
a2 | FAZ=prp) 1 D§Do)/T(Z — ptp™) as a function
‘ of the D mass.

O F

’3

010 |- V .
08 |-
005 | :
o 4

002 - .

10 n ] 0 mplGev

Assuming the sca,lar Dy’s to be lighter than their spin 7 partners Dy the following

decay channels are open, depending on whether the D’s are leptoquarks or diquarks:

leptoquarks: Dy —np+ep
Eﬁ —up+ep

*The entries for the Yukawa couplings in Table 2 of [52] should be multiplied by (-4)
and the gauge coupling should read g%,.
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, _’db+VeL
diquarks: Dy —ig+dp
—D_(c) —ur + JL

Barring large Yukawa couplings the decay widths

12 . - 4)im
F(Do_ﬁue-)=ﬁ3@ I(Dg — ad) = —2 P
167 47 (4.53)
PG - qh)= P2 (D L ad) = QD
— = 4 = — =
07 =" o —u 167

are small in the LEP mass range. The spin 11; D, /2 particles decay either into Dg¥ or
¢f/Gt and §g as elaborated in [53]. S

Scalar leptoquarks can easily be recognized through (¢* jet) bumps in the final states
without missing energy. Scalar diquarks can be reconstructed from bumps in jet-jet
invariant mass distributions. D, /2D1 /2 fermion decays produce 4-jet final states plus
missing energy which could be confused with the hadronic decay of a new sequential lepton
with a massless neutrino partner, but the kinematical distributions would be sufficiently
distinctive [1].
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