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Event physics overview

1) Hard subprocess: z0

do /dt, Breit-Wigners.
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3) Final-state q— qg
parton showers: g — g9
(or matrix elements). g — qaq

q— gy

4) Initial-state
parton showers:
(or matrix elements).
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5) Multiple k
parton—parton
interactions.
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6) Beam remnants: 5 %‘}'“
colour-connected b
to rest of event =
P u J

ud-

7) Hadronization
(PYTHIA: string;
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HERWIG: cluster: hadrons
ISAJET: independent).
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8) Normal decays: " .

hadronic, =, charm, ... 0

9) QCD interconnection effects:

a) colour rearrangement (= rapidity gaps?);
b) Bose-Einstein.

10) The forgotten/unexpected: a chain is
never stronger than its weakest link!



Subprocess survey

Process PYTH HERW
Soft QCD * *
Hard QCD * *
Heavy flavour * *
Top threshold - -
~~ physics * *
DIS * *
~*~* physics * (%)
Single v*/Z0 /W= * *
(v/7/20/WE/T/9)2
Light SM Higgs * *
Heavy SM Higgs (*) *
hO/HO/AQ /H=+ * *
SUSY * *
RSUSY — *
Technicolor * -
New gauge bosons * -
Compositeness * o
Leptoquarks * —
HE* (from LR-sym.) * —
Extra dimensions (%) (%)



No. Subprocess
Hard QCD processes: 11\1‘,;)7 Silbi)rocesé No. Subprocess No. Sub
11 fifj — f; 138 '7373 - fifi New gauge bosons: 22é Ix3 profisfq:
12 fifi — fi.fr 139 '7:1:’75 — fifi 141 f§f; — ’Y/ZO/Z'O 997 fl.fi — &E)f%:
13 ff; - gg 140 LT - £f; 142 £f;, > W't o8 fzfi — ¥2i>f2¢
2B fe-lg s LD 14 £f, >R 20 £F o oat
53 gg— fkfk Tich iy _> k™ Technicolor: 230 i )SUS%E
68 gg — gg 1%) t SM nggos; 149 gg — e ; fif; — )SQXIi
Soft QCD processes: 24 fifs = ho 191 ff; = pf 231 fifs = )5392-1
91 elastic scattering 2% fifi > Z }io 192 fif; - pf 232 fifj = )f‘wgli
92 single diffraction (X B) || 102 fif; — XV ho 193 £ — OJ?C : 3 fif; — )51X2i
93 single diffraction (AX) 103 gg — h0 194 fiﬂ' N fkfk 34 fifj — X2Xa
94  double diffraction 110 peinds . 105 £f; - £, 235 fif; > Raty
95 low-p, production 12 fifi = b 361 fif; — WiW* 236 fif; = Xuty
Open heavy flavour: 1 gg— QrQyh° 362 £ - Wen? 237 fifi = g
(also fourth generation) };2 ai; = QrQeh® 363 £F - 7r+L7:£m 238 fifi = EXo
AN 28 GG T g0 08 et 2t i
2 gg = QrQy if; — fifih 365 £, i 240 fif; = EXa
83 aif; = Qufy Heavy SM Higgs: £ o e 241 ff; - gyE
84 gy — Q ~ 5 ZOZO — hO 366 fzfz d Zoﬂ'gc 249 ff 5 ~§:
85 ’)/:YY N F]]:(ng 8 WTW-— = h° 367 fif; — Zoﬂ-’?(_ 243 f:fz - gggQ
Closed heavy ﬂa\I:our: 71 Zg,zg 4 Zgzg 368 flfl - Wiﬂ'a; 244 gg — §§
86 gg—J/vg B o WeW 870 ff; - Wiz 246 fig = qixa
87 g — xoe& 73 ZOWE = Z0WE 371 £if; > Wind, 247 fig = Girt
88 gg = Y1c8 ;6 Wiwi Y Z%Zg 372 fifj — WtEZ% 248 fig — qiLXo
89  gg — Xocg 7 WL WL - wal:f 373 fifj — 7rtc7rt0(-, 249 fig = GirX2
104 gg — Yoc BSM Neutral Higgses: 374 £if; — i 250 fig = dirXs
105 gg = Yo 151 fif; - HO 875 fifj > 207 251 fig = GirXs
106 gg — J/9y 152 gg— H7 376 fif; - W, 252 fig = GiLXa
107 gy — J/ug 153 9y H 377 fif; - WEn'y, 253 fig = Gira
108 vy — J/d),y 171 fzfz — ZOH° Compositeness: 254 fzg — <~lJL)~<it
W/Z production: 172 ff; - W*H? 146 ey — e* 256 fig = 4,155
1 £F - 4*/20 173 fif; - fif;H0 147 dg - d* 28 fig = Qg
2 fif; - W* 174 fif; — ffH 148 ug—u* 259 fig — Qirg
22 ff; — 7°7° 181 gg— QkaHO 167  qiq; — d"qx 261 fif; — Elff
23 £f; - 72°W= 182 qiq; - QrQ,H® 168 qiq; = u*qy 262 f,f; = tots
2% fif; & WHW- 156 fif; — A 169 q;q; — eFe’™ 263 fif; — f1¥5+
15 fif; > gZ° }57 gg — A 165 f£ifi(— v /Z°) — fifx 264 gg — 1ty
16 ff; - gW* 58 7y~ AY 166 (> W) o ff, || 265 88— T2
30 fig — £;7° 176 fif; — ZOA0 Leptoquarks: 271 fif; - QiLd;z
31 fig — W= 177 £f; > W*A? 145 qil; — Lg 272 f,f; = Girdjr
19 f£;f; - 42Z° 178 fif; — fif;A° 162 qg — (Lo 273 fifj = Qir QiR+
20 fif; W 179 fify ~ £ifiA7 163 gg = Lolg 214 Al = G
35 iy - £,2° 86 88 > QuQuA° 164 4,3, = Lalg 215 fif; > Girdjn
36 £y fW* 187 i@ — QrQ,A° SUSY: 276 ff; = §rqir+
69 7y — WHW- Charged Higgs: 201 ff; 8.8 277 £ - dyrdis
70 AW* = ZOW* 143 fif; > H* 202 fif; - 8ré} 278  fif; = qJ.R(l]fR
Prompt photons: 1(?1 fig._’ fpHt 203 fifi — 88h+ 279 gg — qiLq;i
14 £if; - gy Higgs pairs: 204 £if; > pnfiy 280 gg — Gird; R
18 fif; = vy 297 fz’fj — HEhO 205 fifi = Rjiy 281 bq; = BléliL
29 fig = fiy 208 f;f; — HEHO 206 fif; = arfip+ 282 bq; = badiir
114 gg— 7y 299 fif; - A%h 207 fif; o A7 283 bq; = biig + badir
115 gg — gy 300 fif; - A°H® 208 fif; - Rfy 984 b, = by* iL
Deep inelastic scatt.: 301 fif; - HFH- 209 fif; - AT+ 285 bﬁz' =b ~3§L
10 £f; - £ Doubly-charged Higgs: 210 £F; - Iy + 2%6 bql, I 526}1 RO
9 7t fi 31 i — H* 21 £ - i 287 cm s b2dir
Photon-induced: 342 ity — HE* 212 £F; = Bt 288 4idi = kflk}i
33 fiy > fig B3 (5 Kot N3 1, > o 20 ax Ty beb
34 fiy = fiy 344 ei,y - HEteF 914 £F, s .0 500 gg = kgﬂgi
54 gy = il 345 £y - =yt 216 i - 1 501 88 = bob3
58y = fufy 346 £y - HyiFuT 217 fifi > % >21 2 e
131 fiv% — fig 347 Ziv - Hfiiﬁ 218 £f; — Xiiz 23§ bb — byby
eI e trnt o 219 £if; = X s 201 et
154 HT e 353 i% - giiHK 220 fifi = ke 205 bi S EI%
135 et i, S M 21 il > ks 206 bE - bk
gy — fif; £;f; — ffH 290 £, o v v b — bib3+
136 gy — f; 352 fif; — ffHyT - X1X4 Extra dimensions:
R 223 £F; = Yo¥s oy menslo
224 £if; = %oXa 392 fifi > G
225 £ - Ya¥a gs > G




7(*)7(*) physics

(see talk in QCD/~-~y session)

Objective: “complete” framework for
vy/v*v /v y* interactions at all Q?,

especially transition region Q2 ~ m?

Real photons can be of three kinds
(with further subdivisions):

Direct VMD
% %W\. Ty
Direct: point-like Reso . hadronic state
All: ‘high’-p | jets; resolved: also soft physics

Virtual photon: add the DIS process v*q — q,
e.g. g in (VMD) p°

Y- 9 combinations = (dir+VMD+GVMD)?
~v*~*. +4  combinations = 2 sidesx (VMD+GVMD)
13 !

Have to include dampening factors to remove double-
counting (reasonably) consistently



Beyond the Standard Model

SUSY: reasonably complete set of 2 — 2
MSSM R-conserving processes,;

new: e bj/bs production, also b in PDF;
e G as LSP (optionally)
e 3-body SUSY decays
e displaced vertices

Technicolor: new set of pair production of
+ +
oo/ Moo/ Mo/ WL/ ZP /W*/Z0/,
with interference p=. /W= and pQ_/w9_ /70 /~*

Z'0: flavour-dependent couplings

Higgs: pair production, e.g. hOAQ or hOH*
(earlier partly as v*/Z9/7'0 decays)

Left-right symmetry: H:LtiR production
+4 + + -

Extra dimensions: only begun
recently: narrow graviton excitation G*



QCD Final-State Showers

(see talk in top/QCD session)

Shower: effective&efficient resummation of
multiple-gluon-emission effects.

Objective:

e improved parton shower description,

e including mass effects (“dead cone”), and
e matched to process-specific O(as) ME’s

Q2: evolution variable, = m? in PYTHIA
z. energy/momentum sharing in branching

3-jetevents inete™ — ~*/Z* — qg — qqg:
map PS variables on to ME ones:
1 dO‘ME < 1 dO‘pS

oo dxr1dxo ~ og dQ2dz
SO can generate events with PS
and correct first branching by ME/PS

= formg =20

Fails for mq > O in part of phase space
= have had exaggerated dead cone effect

2 2

2 _
Restore by Q5 = m7 jtrshell — ™5 onshell

Also works for decaying coloured state,
e.g. ME for t — bWg matches PS for b — bg

= can match PS to generic a — bcg ME




... but often ME < PS
= need ME input for good description

Calcmilate foa(} ?_2> gggﬁesses in SM + MSSM:

o(a — bc) dxqdzo

colour spin 5 example
1—-34+3 — — (eikonal)
1-34+3|1—-242|1,%,1x9 | Z2°—qq
3—-3+1 2241 |1,95,1%9 | t— bWt
1-3+3|0—>2+4+2|1,9,1+v | H—qq
3—-34+1|2—-2+4+0|1,9,1+t9 | t—bHT
1-34+3|1—-0+0 1 Z° — 44
3—-34+1|/0—-0+1 1 g — a'wt
1-34+3]0—-0+40 1 HO — §g
3—-34+1|/0—-0+4+0 1 g — gHt
1—-3+3|5—5+0|1,7,1%£9 | x—ad
3—34+1|0—=5+5| L1ty | d—ax
3—-3+12—-0+2|1,95,1%7s t — Ty
8—-3+3|5—-5+0|1,9,1%tv | §—ad
35348 0—2+35|1,7,1+7v | d—ag
3—-34+8|2—0+3|1,9,1%9s t — t§
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(/N)E, ,4dN/dB
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Pythia6.153 ——

Pythia6.152 ——

Pythia6.129 -
DELPHI +-=

0.02

0.04

Ye

0.06 0.08 01

Pseudoscalar

V ector
Axia vector -
Scalar

0.04

Ye

0.06 0.08 01
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Pythia6.153 ——
Pythia6.152
Pythia6.129 -

LEP1 3jet
bb/light:

Rgl(yc)

Ecv = 91 GeV
mp, = 4.8 GeV
corrected to

parton level

Higgs:
Rgl(yc)

Ecm = mpn/a
= 120 GeV
mp = 4.8 GeV
reference light g

from ~*/Z*

top decay:

less emission

at large angles

O W.r.t.
original b axis

= W at 180°



Hadronization of low-mass strings
= ‘cluster’, e.g. by g — qQq in shower

(E. Norrbin & TS, PL B442 (1998) 407, EPJ C17 (2000) 137)

Improved description of when collapse occurs
(mass spectrum <= constituent quark masses)

0.35——
example: 03 |
charm 025
: s
string z 0.2
I Z0.15
INnp 2 2-body 2-body
collision 0.1 cluster string
0.05
0 |
2 25 3 35
and singlet

1-body collapse: energy-momentum shuffling
2-body decay: smoother joining to string
picture (matched anisotropic decay)

1.2 I I I I I I I _I. I
Pair production :
1Lk All channels ------- (a) | i
A(m ) — WAQ2, 350 GeV :--+-- +
F WAB2, 340 GEV - S
0.8 = E791, 500 GeV ~-x— LI y
#D~—#DT E769, 250 GeV - - - K
#D—+#DF 3 °° BN
: _ < 04 4
InNmT p

0.2

0

-0.2 ] ] ] ] ] ] ] ] ]

0O 01 02 03 04 05 06 07 08 0.9
Xk



Other PYTHIA 6.1 news

e JETSET routines renamed:
LUxxxx — PYxxxx + some more

e All real variables in DOUBLE PRECISION

e Many improved resonance decays

e Newer parton distributions (but .. .)

e QED radiation off an incoming muon

e Energy-dependent p | in IN Multiple interactions
e Colour rearrangement options for W W~

e Expanded Bose-Einstein algorithm

e New baryon production scheme (optional)

e One-dimensional histograms (GBOOK)

2—, 4— and 6—fermion standard interfaces for showers
and hadronization:

CALL PY2FRM(IRAD,ITAU,ICOM)

CALL PY4FRM(ATOTSQ,A1SQ,A2SQ,ISTRAT,
&IRAD,ITAU,ICOM)

CALL PY6FRM(P12,P13,P21,P23,P31,P32,PTOP,
&IRAD,ITAU,ICOM)

qqgg and qqa’q’ QCD 4—jet standard interface for
showers and hadronization:
CALL PY4JET(PMAX,IRAD,ICOM)



On to C++

(L. Lonnblad, CPC 118 (1999) 213;
M. Bertini, L. Lonnblad & TS, LUTP 00-23 (hep-ph/0006152);
input to leif@thep.lu.se)

Why Fortran — C++7?

e SLAC —, FNAL —, CERN — LHC era.
e Industrial standard.

e Educational and professional continuity for stu-
dents.

e Better to program — for experts.
e User-friendy interfaces — for the rest of us.

PYTHIA 7 milestones:

e January 1998: project formally started.

e June 2000: “proof of concept” version, with
generic event generation machinery, some pro-
cesses and string fragmentation.

e 2001-2002: wuseful version (?), but limited in
scope.

e ?7: more and better than current PYTHIA.

HERWIG++ progress:
PPARC funds 2 dedicated “postdocs”,
3-year work recently started.



