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Kaon: What it isn’t I

www.kaon.org & www.kaon.com are also not “our” kaon
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“Our” kaon

Figure 13-2 First picture showing a neutral particle decaying into 2 pions.

Such a neutral particle is now called a K° particle. Originally the authors

called them V particles. [From G. D. Rochester and C. C. Butler, Nature, 160, Figure 13-3 Decay of a r meson (in modern notation K =) into three pions.
855 (1947).] [Hodgson, 1951, from (PFP 59).]

Kaons from 62 and 58 years ago:

V-particles and a K™ — ntnt7~ decay
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Overview I

What do we want to learn about?

o

Basic proporties: myg and F
# Hadronic decays: K — 7w

s 0p— 09

s &'/e

s In two-flavour ChPT
#® Semi-leptonic decays

°

Rare decays
® K — 7 vector form-factors
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What do we want to learn about? I

Standard Model Lagrangian has four parts:

Lp(9)+LcW,Z,G) > Do+ Y gupddd

Higgs Gaﬁge »=fermions ».=fermions
gauge-fermion Yukawa

What Is tested ?:
gauge-fermion Very well

Higgs Real tests coming up
Gauge Well tested in QCD, partly in electroweak
Yukawa Rather well tested in B and K (Nobel 2008)
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What do we want to learn about? I

Standard Model Lagrangian has four parts:

Lp(9)+LcW,Z,G) > Do+ Y gupddd

Higgs Gaﬁge »=fermions ».=fermions

A\ J/ \ . J/
-~/

gauge-fermion Yukawa

What Is tested ?:
gauge-fermion Very well

Higgs Real tests coming up
Gauge Well tested in QCD, partly in electroweak
Yukawa Rather well tested in B and K (Nobel 2008)

Discrete symmetries: C, P, T
QCD and QED: C,P,T good; Field theory: CPT good
Weak breaks P and C Yukawa breaks CP
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What do we want to learn about? I

® Yukawa sector

# QCD at low energies
# Possible beyond Standard Model effects
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What do we want to learn about? I

® Yukawa sector

# QCD at low energies
# Possible beyond Standard Model effects

d

Heavy particles can
contribute in loop

Y,9,4
u, C
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The problem I

ENERGY SCALE FIELDS Effective Theory
W, Z,~,g;
My T, b, €, Vp; Standard Model
t,b,c,s,u,d
7791 Maeayﬁ; ‘AS|:1,2
< me s.d.u QCD,QED,Heﬁ
Y, W, €, Uy,
My o K, CHPT
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The problem I

ENERGY SCALE FIELDS Effective Theory
W. 2,7, 9,
My T, b, €, Vp; Standard Model
t,b,c,s,u,d
3-loop: Gorbahn et al.
Y, 9, I, €, UV, |AS|=1,2
< me s.d.u QCD,QED,Heﬁ

Lattice, Large N,...

Y, W, €, Uy,
My T K, n CHPT
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Basic properties: Mass

Mass:

WEIGHTED AVERAGE
493.664+0.011 (Error scaled by 2.5)

\L Values above of weighted average, error, WEIGHTED AVERAGE
and scale factor are based upon the data in 497.614+0.022 (Error scaled by 1.5)
this ideogram only. They are not neces- \L
sarily the same as our “best' values,
obtained from a least-squares constrained fit Values above of weighted average, error,
utilizing measurements of other (related) and scale factor are based upon the data in
quantities as additional information. this ideogram only. They are not neces-
2 sarily the same as our ‘best’ values,
X obtained from a least-squares constrained fit
vvvvvvvvvv DENISOV 91 205 utilizing measurements of other (related)
....... .. GALL 88 K Pb 9-8 22,6 quantities as additional information.
------- - - GALL 88 KPb 11-10 0.2
~ - GALL88 KW 9-8 0.4
——F+—>= GALL 88 KW 11-10 2.2
........... LUM 81 02
R BARKOV 79 0.0
vvvvvvvvvvvv CHENG 75 KPb 9-8 1.1 2
------- CHENG75 KPb 109 0.1 X

------- - CHENG75 KPb 11-10 05 —— -\ ... .. ... AMBROSINO 07B KLOE 22
-+ CHENG 75 KPb 12-11 3.6 — N\ LAI 02 NA48 0.1

CHENG 75 KPb 1312 08 N\ BARKOV 87B CMD 2.0

- BACKENSTO... 73 0.4 - - BARKOV 85B CMD 2.3

52.6 6.7
(‘Conﬂdence Level 0.001) (Confidence Level = 0.083)
N— | | J
497.5 497.6 497.7 497.8 497.9 498

l l
493.5 493.6 493.7 493.8 493.9 494

KO mass (MeV)

mg+ = 493.677 4 0.016 mgo = 497.614 4 0.024
PDG2008, our fit
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Basic properties: Mass

Mass:

WEIGHTED AVERAGE
493.664+0.011 (Error scaled by 2.5)

\L Values above of weighted average, error, WEIGHTED AVERAGE
and scale factor are based upon the data in 497.614+0.022 (Error scaled by 1.5)
this ideogram only. They are not neces- \L
sarily the same as our “best' values,
obtained from a least-squares constrained fit Values above of weighted average, error,
utilizing measurements of other (related) and scale factor are based upon the data in
quantities as additional information. this ideogram only. They are not neces-
2 sarily the same as our ‘best’ values,
X obtained from a least-squares constrained fit
vvvvvvvvvv DENISOV 91 205 utilizing measurements of other (related)
....... .. GALL 88 K Pb 9-8 22,6 quantities as additional information.
------- - - GALL 88 KPb 11-10 0.2
~ - GALL88 KW 9-8 0.4
——F+—>= GALL 88 KW 11-10 2.2
........... LUM 81 02
R BARKOV 79 0.0
vvvvvvvvvvvv CHENG 75 KPb 9-8 1.1 2
------- CHENG75 KPb 109 0.1 X

------- - CHENG75 KPb 11-10 05 —— -\ ... .. ... AMBROSINO 07B KLOE 22
-+ CHENG 75 KPb 12-11 3.6 — N\ LAI 02 NA48 0.1

CHENG 75 KPb 1312 08 N\ BARKOV 87B CMD 2.0

- BACKENSTO... 73 0.4 - - BARKOV 85B CMD 2.3

52.6 6.7
(‘Conﬂdence Level 0.001) (Confidence Level = 0.083)
N— | | J
497.5 497.6 497.7 497.8 497.9 498

l l
493.5 493.6 493.7 493.8 493.9 494

KO mass (MeV)

mg+ = 493.677 4 0.016 mgo = 497.614 4 0.024
PDG2008, our fit
Question: Can KLOE and NA48/NA62 help with the K*?
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Basic properties: Decay constant I

® Ky V,sand Fi
® Ky3: Vs and f1(0).

Two measurements, three quantities: need extra input.
See:

# Flavianet Kaon Working Group talk: B. Sciascia
# Flavianet Lattice Averaging Group: G. Colangelo
# Talks by A. Ramos, Z.h. Guo

Fr/F; =0.193 £ 0.002 4+ 0.006 + 0.001 PDG2008
Fr=109.96 +0.014 + 0.58 £ 0.14 MeV

Uncertainty: decay rate, Vs, radiative corrections
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K — mmandthe Al =1/2 Rule I
Kt — atrl: %4— &\N\IW<

0
KO, 70,0 - K . IMPOSSIBLE




K — mmandthe Al =1/2 Rule I
Kt — atrl: %4— Q\N\l{

0
KO, 70,0 - K . IMPOSSIBLE

Experimentally:
1
N(K? — n7%) = ST(Kg—n'r") =23107"" MeV
NKT — a7V = =1.1107!4 MeV

So the zero one is the largest !!!
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Isospin amplitudes I

A[KO — 7T07T0]

1 1
AIKY = atn] = \ﬁA .y
K" — 7] 3 0+ 75 9
3
AIKt - at7l] = \/7_A2
A o
| = 22.4 and the naive gives v/2
2
AO o 2 .
A_ = 18 (p part) fit to K — 2, 37 up to order p* JB, Borg 2005
2
For later use: A; = —iaje™!
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0p — 09 I

New analysis ag, as and dg — do Cirigilano, Ecker, Pich, 0907.1451

Older:

Cirigliano, Ecker, Neufeld, Pich, hep-ph/0310351
JB, Borg, hep-ph/0405025, hep-ph/0410333, hep-ph/0501163

5o — 0y = (60.8 £2.2 4+ 3.1)° = (57.9 + 1.5+7)° (NLO fit for all)

Now fit to data but only use ChPT at order p* for the isospin
breaking parts

0o — 0o = (52.84 + 0.83)°
Change 3° from experiment and 5° from theory.
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0p — 09 I

New analysis ag, as and 6y — do Cirigilano, Ecker, Pich, 0907.1451

Older:

Cirigliano, Ecker, Neufeld, Pich, hep-ph/0310351
JB, Borg, hep-ph/0405025, hep-ph/0410333, hep-ph/0501163

5o — 0y = (60.8 £2.2 4+ 3.1)° = (57.9 + 1.5+7)° (NLO fit for all)

Now fit to data but only use ChPT at order p* for the isospin
breaking parts

5o — 69 = (52.84 & 0.83)°

0p — 02 = (47.7 + 1.5)° mr Colangelo, Gasser, Leutwyler
20| _ 91,63+ 0.04
o .
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CP-violation: £ and &’ I

with approximations |Reag| >> |Reas| >> |Imayg|, |Imas],

], |E] << 1, |€] << |e|, Am = mp —mg ~ %, 'y << T'g and
['19 dominated by 7

—

Ne— = e+¢
no = &—2¢
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Experiment I
A1

e =2.28 - 1077 from i Y A KO

S

e from |7 V. 7. q tn—, 707V

Euroflavour09 9/11/2009 Kaon physics: recen t results Johan Bijnens p.14/38




Experiment I
e (2) = {1 [}

NA31 (23.0+£6.5) x 10~
E731  (7.4+£5.9)x 1074
KTeV 99 (28.0+4.1) x 1074
KTeV 03 (20.7+2.8) x 10~*

( ) X

( ) X
KTeV 09 (19.242.1) x 1074
NA48 97 (18.5+7.3) x 10~*

( ) X

( ) X

( ) X

7100
M —

NA48 98 (12.2+4.9) x 104
NA48 03 (14.7+2.2) x 104
ALL 16.8 +1.4) x 1074
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Overview

Ce g'le Result
Re(c'/s) = (14.7 £ 2.2) x 10

Observation of Direct CP Violation
—— Average: (16.3£2.2) - 104 —— in K%— 2 decays
(before KTeV new result.....)
KTeV New! l
(19.2 + 2.1) 10+ . . . .
Nk Tiny particle - antiparticle

2 (14.7+2.2)10™ asimmetry

o KTeV

i (20_7;2_3)10'4 Theoretical predictions (SM)

sl -1 I T

st NA31 [

g (23.0+6.5)10™
/.P':: . | .. L | 1 1 | 1

0 0.002 0.004 0.006 [ Hamburg — ¢p-
) oy M Bt e b e et L [ = s R
Re(e'/e) New measurements
KAONO09, June 9-12, 2009 Monica Pepe - INFN Perugia 9
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Theory for &'/¢

Analytic: Flavianet: Lund/Granada, Valencia, Marseille
all some years old

Time for some new attempts?
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Theory for &'/¢

Analytic: Flavianet: Lund/Granada, Valencia, Marseille
all some years old

Time for some new attempts?

Lattice: Mainly concentrated on A, part
reason: loose fermion loops or eye graphs

ChPT: needed for extrapolations

Three-flavour ChPT: large corrections Two-flavour possible?
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Chiral Perturbation Theory I

Degrees of freedom: Goldstone Bosons from Chiral
Symmetry Spontaneous Breakdown
Power counting: Dimensional counting in momenta/masses

Power counting in momenta: Meson loops

p (p*)* (1/p*)* p* = p*

[ty y (p?) (1/p*) p* = p?
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Hard pion ChPT? I

# Baryon and Heavy Meson ChPT: p,n,... B,B* or D, D*
s p=Mpv+Ek
s Everything else soft
» Works because baryon or b or ¢ number conserved.
¥

Decay constant works: takes away all heavy
momentum

General idea: Mp dependence can always be
reabsorbed in LECs, Is analytic in the other parts k.

°
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Hard pion ChPT? I

# Baryon and Heavy Meson ChPT: p,n,... B,B* or D, D*
s p=Mpv+Ek
s Everything else soft
» Works because baryon or b or ¢ number conserved.
¥

Decay constant works: takes away all heavy
momentum

General idea: Mp dependence can always be
reabsorbed in LECs, Is analytic in the other parts k.
# (Heavy) (Vector or other) Meson ChPT:

s (Vector) Meson: p = Myv + k

s Everyone else soft or p = My + k

» General idea: My dependence can always be
reabsorbed in LECs, Is analytic in the other parts k.

°

Euroflavour09 9/11/2009 Kaon physics: recen t results Johan Bijnens p.19/38




Hard pion ChPT? I

#® (Heavy) (Vector) Meson ChPT:
s p=Myv+Ek
s First: only keep diagrams where vectors always
present
s Applied to masses and decay constants

s Decay constant works: takes away all heavy
momentum

s It was argued that this could be done, the
nonanalytic parts of diagrams with pions at large
momenta are reproduced correctly

» Done both in relativistic and heavy meson type of
formalism
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Hard pion ChPT? I

# Heavy Kaon ChPT:

s p=Mgv+Ek

s First: only keep diagrams where Kaon always goes
through

s Applied to masses and 7K scattering and decay
constant Roessl,Allton et al.,. ..

s Applied to K3 at ¢2, .. Flynn-Sachrajda

» Works like all the previous heavy ChPT
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Hard pion ChPT? I

# Heavy Kaon ChPT:
s p=Mgv+Ek
s First: only keep diagrams where Kaon always goes
through

s Applied to masses and 7K scattering and decay
constant Roessl,Allton et al.,. ..

s Applied to K3 at ¢2, .. Flynn-Sachrajda

® Flynn-Sachrajda also argued that K5 could be done for ¢?
away from ¢2, .

# JB-Celis Argument generalizes to other processes with
hard/fast pions and applied to K — =«

#» General idea: heavy/fast dependence can always be
reabsorbed in LECs, is analytic in the other parts k.
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Hard pion ChPT? I

# nonanalyticities in the light masses come from soft lines

# soft pion couplings are constrained by current algebra
lim (7 (g)a|O) = ——(al |}, 0] |).

q—0
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Hard pion ChPT? I

nonanalyticities in the light masses come from soft lines

°

# soft pion couplings are constrained by current algebra
lim (7 (g)a|O) = ——(al |}, 0] |).

q—0

# Nothing prevents hard pions to be in the states « or

#® So by heavily using current algebra | should be able to
get the light quark mass nonanalytic dependence
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Hard pion ChPT? I

Field Theory: a process at given external momenta

# Take a diagram with a particular internal momentum
configuration

# ldentify the soft lines and cut them

°

The result part is analytic in the soft stuff

# So should be describably by an effective Lagrangian
with coupling constants dependent on the external
given momenta

°

If symmetries present, Lagrangian should respect them

°

Lagrangian should be complete in neighbourhood

# Loop diagrams with this effective Lagrangian should
reproduce the nonanalyticities in the light masses
Crucial part of the argument

Euroflavour09 9/11/2009 Kaon physics: recen t results Johan Bijnens p.23/38




Hard pion ChPT?

This procedure works at one loop level, matching at tree
level, nonanalytic dependence at one loop:

# Toy models and vector meson ChPT Jg, Gosdzinsky, Talavera
® Recent work on relativistic meson ChPT Gegelia, Scherer et al.
# Extra terms kept in K — 27: a one-loop check

# Some preliminary two-loop checks
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K — 27 in SU(2) ChPT

_|_
Add K = ( KO ) Roessl
K

2
£ = T () + {x0)).

1 —32
c) = v, KiVrK - MK K
£f}< = A {u,u)KTK 4+ Ay (uhu”)V KV, K + A3K T\ K + -+

Add a spurion for the weak interaction Al =1/2, Al = 3/2
JB,Celis

ty — t =t (90" (91)" (91)]

— ti/Q (gz)zz :

7 t?i/2
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K — 27 in SU(2) ChPT

The A[ = 1/2 terms: 7'1/2 = tl/zuT

£1/2 — ZEl Tl/QK‘l— E2 Tl/Qu“VMK —|—7;E3<’LLILLUM>7'1/2K
‘|—7;E4’7'1/2X_|_K + ’LE5 <X+>7’1/2K + E6’7'1/2X_K
+E7 (X )71 oK + i Eg(uyuy) 1 o VIVYK + - + hec..

Note: higher order terms kept in both £, , and ,Cff}( to
check the arguments

Using partial integration,. . . :
<ﬂ(p12)w(pz>!O\K (PK)) =
f(M ) (m(pr)m(p2)|m o K| K (p)) + AM? + O(M*)

O any operator in L, ,, or with more derivatives. simiar for 2,
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Tree |level I

<

(b)

- 4
——E1 (E2 — 4E3) M?g + 2E3M - + A1 E1

AO — T 5 2

LO V/3i
2F2

3 1
LO __
ALO \/;FQ [( 2Dy + Do) M
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One loop I
—

o & X P

(@) (b) () (d)




One loop I

Diagram Ao Ao
> 2F2 212 4LO 2F2 2F2 4LO
(a) V3i (—lEl + 2B My ) 3 (_2D2MK)
0) | V3i(~ 2B — (B2 + BBs) My + BEsMy ) | (/36 (-5 + TED2) M,
(e) V3itg A1 B
(f) V/3i (%E& + %AlEl)

The coefficients of A(M?)/F* in the contributions to Ag and A>. Z denotes the part from

wave-function renormalization.

® A(M?) = —{L; log iy

® K intermediate state does not contribute, but did for
Flynn-Sachrajda
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One-loop I

ANLO = ALO (1 + %Z(M%) + A M?*+O(M*),

15 —
ANEO = AL0 (1 + S—;A(MQ)) + M M?+O(M?Y).
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One-loop I

3 _

ANVEO = AL© (1 - —8F2A(M2)> + A M? +O(M?),
15 —

ANLO L0 (1 4 S—;A(MQ)) M2 4 O(MY).

Match with three flavour SU (3) calculation kambor, Missimer,
Wyler; JB, Pallante, Prades

\/6CF# 1 _ 110/3CF3 _
APEO = —Z[ 0 <G8+—G27> p APLO = ] [ 0 Gor Mo ,
F o F2 OF ; F2

When using rr = F (1+ & AM?) + 2707) |, Fic = Fre (14 g2z A(M?) + -+ ),

logarithms at one-loop agree with above
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A two-loop check I

# Similar arguments to JB-Celis, Flynn-Sachrajda work for the
pion vector and scalar formfactor

#® Therefore at any ¢ the chiral log correction must go like
the one-loop calculation.

# But note the one-loop log chiral log is with ¢t >> m?2

# Predicts
Fy(t, M2) = Fy(£,0) (1 - 1 In 27 +O(M2))

Fs(t, M?) = Fs(t,0) (1 - %16%F2 m T T O(M2))

# Note that Fy g(t,0) IS now a coupling constant and can
be complex
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A two-loop check I

# Similar arguments to JB-Celis, Flynn-Sachrajda work for the
pion vector and scalar formfactor

#® Therefore at any ¢ the chiral log correction must go like
the one-loop calculation.

# But note the one-loop log chiral log is with ¢t >> m?2

# Predicts
Fy(t, M2) = Fy(£,0) (1 - 1 In 27 +O(M2))

Fs(t, M?) = Fs(t,0) (1 - %16%F2 m T T O(M2))

# Note that Fy g(t,0) IS now a coupling constant and can
be complex

o Take the full two-loop ChPT calculation
JB,Colangelo, Talavera and expand in ¢ >> m?2.
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A two-loop check I

Full two-loop ChPT JB,Colangelo, Talavera, expand in ¢t >> m?2:

Fy(t, M2) = Fy(t,0) (1 X 2F2 In M +O(M2))

Fg(t, M?) = (1 _ M ln +O(M2))
with
Fy(t,0) = 1+ 5t (5 — 167%05 + 77 — F1n %)

Fg(t,0) =1+ W (1 — 1672l + i — In %)

# The needed coupling constants are complex

# Both calculations have two-loop diagrams with
overlapping divergences

# The chiral logs should be valid for any ¢t where a
pointlike interaction is a valid approximation
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Semileptonic Decays I

® K — (v: known to order p° including isospin breaking
and electromagnetic corrections. Also important for
lepton-universality tests with 7.2 /7,2 and Kea/ K2
Cirigliano-Rosell NA62

® K — mlv: known to order p%, isospin breaking included,
electromagnetic corrections also studied in detalil
JB-Ghorbani, Kastner-Neufeld, Cirigilano-Gianonotti-Neufeld NA48, KLOE, KTeV
— Vs

® K — rmrlv: F, G and H known to p°, R only to p*,
Isospin breaking studied at one-loop and in
nonrelativistic EFT

® K — mrmly: known to p?

Euroflavour09 9/11/2009 Kaon physics: recent results Johan Bijnens p.33/38




Nonleptonic weak interaction I

# Mainly done to one-loop with estimates of higher order
corrections

Big success: prediction of Kg — ~7 D’Ambrosio, Espriu, Goity
Extended to K — n/™¢~ and K — T7Y7Y Ecker, Pich, de Rafael
Put generally together: Kambor, Missimer, Wyler

© o o o

—0 : :
KY-K", K — 2r, K — 3r: all done, also including
Isospin breaking and electromagnetic corrections kambor,
Missimer, Wyler, JB, Pallante, Prades, Dhonte, Borg, Ciriglino, Pich, Ecker

# Already very many parameters at NLO kambor, Missimer, wyler,

Ecker, Esposito-Farese

#® Cuspsin K — 3w used for =7 scattering determination
Cabbibo, Isidori,. ..

® Recentreview: D’Ambrosio in EFTQ09
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s — 7Y I

Well predicted by CHPT at order p* from Goity, D’Ambrosio,

Espriu
7T+ 7 K+ 7T+ ’ K+
+ +
m, K
25[ NA48/99
K S K S K S 3.00} NA48/03

275} ¢

250F xPT KLOE
2.00 b 0P
1’75 R + .........................................................................
1,50

1.25E

Prediction was: BR =2.1-1079

NA48: 2.78(6)(4) - 1079 (PLB 551 2003)
KLOE: 2.26(12)(6) - 10~% (JHEP 05 (2008) 051)

No full % calculation exists, FSI effects estimated
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K — 7 vector form-factors I

The electromagnetic corrections are known to order e?p?

Mescia, Smith and the § = m, — my to order p* Ms and p°
JB,Ghorbani
MS noticed a curious relation to order p*

@) (1)
FEOT () FET (8

BG: this follows from isospin and the Wigner-Eckart
theorem — valid to all orders in ChPT.

r(t) — 1+ 0(82)

) = A0+ 0P ) + 007,
@) = A - 6P )+ 0(8%),
) = 1A+ 0P ) + 06,
) = 1A - orf ) + 0%,
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K — 7 vector form-factors I

D - S - SR N £l
order p? 1.02465 1.00000 1.00000 0.97514
order p* —0.01775 —0.02292 —0.02197 —0.02838
order pS 0.00809 0.01470 0.01391 0.02095
pS 2-loop 0.00159 0.01145 0.01081 0.02092
p% LT-dependent 0.00650 0.00325 0.00309 0.00004
sum of p?, p* and p° 1.01499 0.99177 0.99194 0.96772

The different contributions to ffiﬂj (0) using the amplitudes including isospin breaking. The

part depending on the C7 is not included. We used here m,, /mgq = 0.45.

The long distance part of X' — wov Is thus under good

control.

If have V,,s: measure from K, and Kp, f#* and fP.
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Conclusions I

Not a full review of kaon physics

°

# Pointed out some places where more work could be
useful

® MK+
s ¢'/e New ideas anyone?

® K — 7w SU(2) chiral logarithm known

# \ector form-factors for rare decays: can be had fully
experimentally
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