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LATTICE QCD AND KAON PHYSICS
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KAON PHYSICS:
A REMARKABLE HISTORY

* 1949: Powell et al., DISCOVERY OF K MESONS
"Strange” particles. t =102 s (Strong), t ;..=101%s (Weak)

* 1956: Lee,Yang, PARITY VIOLATION

8-t puzzle: 6*—n*n?, T'owwne

*1963: Cabibbo, UNIVERSALITY OF WEAK INTERACTIONS
NK—uv)/ I (m—pv), FI(K— wlv)/I(mw— =lv)

* 1964: Cronin, Fitch et al., CP VIOLATION K—nn
—= 1972: Kobayashi, Maskawa

*1970: Glashow, Iliopoulos, Maiani, GIM & CHARM PREDICTION
Suppression of K—u+p-, K— =l*l-. Estimate of m_ from Am,
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CP=-1 CP—s1
K, ~ (K'-K" + ge(K"+K"

The Effective
AS=2
Hamiltonian

,—J\_\
~ (K Hg =2 K = C () - (K°) 87,(1 — 75)d 87, (1 — 75)d | K°)

(2.280 £+ 0.013)
x 107 3¢ /4 3

(K°|Q(u)| K" = 3 fim% B (1)




B« and the Unitarity Triangle Analysis
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P
(b—u)/(b-c) p2+n2 | A, A, f,,
£, Al(1-p) + P B,
Am, (1-P )2 +1 2 f2 Bg
Amy Am, | (1-p )2 +7 2 g
A(Jly Ks) sin(2p) —




Lattice Results for By
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" # KS-PT(LQCD) |
K5-PT (K0i5)

WI-NF (SPQedR)
mereenes | | v High level of accuracy
& DV-NP (GGHLE)
W =FT {DeCGrand

b WCD (Alphs) v’ Discretization effects not
negligible

. L

e
L1

v Estimate of quenching error
from ChPT < 15% (Sharpe)
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A Quench. Appr.
B,= 0.87 +0.06 + 0.13 <

[ D. Becirevic, Plenary talk @ LATTO03]




Comparison with Other Results

A LATTICE (Average) 'I§ =0.87+0.06 £0.15 [Becirevic, LATT03]

A QCD SR (Average) éK 04-09 [Colangelo, Khodjamirian]
A 1/N. (Chiral Limit) éK 0.38 £0.11 [Peris, de Rafael, 2001]
A 1/N; + ENJL Model ﬁK 0.77 £ 0.05 £ 0.05 [Bijnens, Prades, 1999]
B, from the UTA g
[Ciuchini, Franco, Parodi, VL, g’
& 2}

Silvestrini, Stocchi, 2003]

o +0.11
B,=0.69 * -1 N

LATTICE PREDICTION (I) B, = 0.90 £ 0.20 [Gavela et al., 1987]




THE CKM MECHANISM OF CP VIOLATION

3 FAMILIES - -Only 1 phase - Angles from Sides

Sin2p,, = 0.685 % 0.055 Sin2p,, ., = 0.734 * 0.054

Prediction (Ciuchini et al., 2000): Sin2p ., = 0.698 + 0.066 -




K—- 1mrm: Al=1/2 and €'/¢

\/m :':’l.g Eih
v/ 2/3A0e™ + \/1/3A5e™?

v/ 2/3A0e™ | \/4/3 A"

Exp. well established

THEORY ?7?

Al=1/2

K et Ko + EK . i
'I ] 2 I i ie™/* ReAd; sIm A, IIHAD)
£ E indirect: £ -TT /2 ReAg
direct i oo w i £

NA48 + KTEV (KLOE would be welcome)
THEORY ?? 8

£'fe = (16.6 +£1.6) x 1074




The AS=1 Effective Hamiltonian

. T ,f" &
( { //\j "\f Q1 = (Saus)v-a (Tada)v-a
j 3 Q: = (Su)y—a (@d)y—a
i N fx f,,f" -
Q3s = (5d)v-a EQ(G_Q)Y:FA
Qi = (Sads)v—a 2g(@sqa)vea
3 _ _
H&S =1 G—fVude Z Ci(.u-) Qi(.u-) QT,B = E(Sd)V_A Eqﬁq(QQ)ViA
. QS,IO - g(gﬂdﬁ}’f—ﬁu quq{qﬂqﬁ}vﬂ:.ﬁu
C.(M): Short distance dynamics
NLO: Ciuchini et al., Buras et al., 1993 A MAJOR CHALLENGE FOR
’ LATTICE CALCULATIONS:
(w7 |Qa(p)| K}
Non-perturbative physics




K — 1r1m: THE INFRARED PROBLEM

1) Maiani, Testa The NO GO Theorem 1990

* Euclidean correlation functions in Infinite Volume: [Exp(iS)— Exp(—S)]

d — ] i ' —_— ] gt g b2 .
(Ia(t2)T—(£2).7(0)) 2F, (

- F ( out (m(q)m(—q) [ J(0)0) + sn(m(q)m(—q) | J(0)0) ) + Pq{?‘.j}]

9

- ] —1

PR . . . - - r —(H—2F_ s
wur (T ()T (=) | J(0)|0) | cos 5 (2E,) Py(ta) =P / dEA(E)e alt2
S dmg

The “Maiani-Testa” term:
the states with E <2 E, dominate at large t,

Matrix element of interest

2) Lellouch, Luscher, 2000

® Correlation functions in Finite Volume
10




* In a finite volume the Maiani-Testa term is a discrete sum with few (1-3)
dominant states. These contributions may be controlled by studying the time
dependence

* Finite volume matrix elements are related to the physical ones:

For W, =my: | [(mn|Hw (0)|K)|* = Fri | v(zr|Hw (0)|K) |*+0O(e”™")

Universal “Lellouch-Luscher’” Factor

* The phase-shift d can be computed from W,_ in a finite volume

* THE PROBLEM IS SOLVED IN PRINCIPLE. BUT... the condition W,_=m,
requires L = 5-6 fm which is 3-4 times larger than present lattice sizes

3) Lin, Martinelli, Sachrajda, Testa, 2001

* The LL- formula is extended to the un-physical case W,_# my. The
unphysical matrix elements, computable on the lattice, can be related to the
physical ones by using chiral perturbation theory
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4) Lin, Martinelli, Pallante, Sachrajda, Villadoro, 2002

* Complete NLO ChPT calculation of the K—T1r1T matrix elements with arbitrary
momenta and masses in infinite and finite volume, in full, quenched and
partially quenched QCD

08 — quenched logarithms S P Q R C o I I a b .
Y los i ] CD
1 ¥ 3 ' . .
} A _r s First Lattice Results
1 i N .
o with K—1r1r for Al=3/2
® My(M,M_E,) p=0 0.5 1 ®My(MM_E)/FIT p=0 1
- VEMEMCED) pozl los & M(M M_EJFIT p=2mL (2002)
0 0.4 0.8 1.20'1 d 0 0.4 0.8 1.2
M (GeV?) M, (GeV?)

... but the Al=1/2 is a more difficult case

* In the quenched and partially quenched cases unitarity is violated:
» FSI are not universal (depend on the operators)
» The LL-formula does not hold anymore

» The time dependence of correlation functions is not universal (depend on the
operators) 12




Al=3/2: COMPARISONS WITH OTHER
APPROACHES (ChPT, 1/N, Disp.Rels.)

From V. Cirigliano, EPS-HEP 2003

() 12| Q7 (2 GeV) | K} M S-NPR (GeV?) () r=2|Qs(2GeV) | K)MSNPR (Gev?d)
0. 35; { : 3t KPR
0. 3 1 2 .. ]
0.25] } } § o ]
0.15 \‘u—-\,-—ui’ ] ) {
0.1f { 1f {8
0.o5f KPR T 0.5} N— N —
i L \
| LATTICE | |
DISPERSIVE DISPERSIVE LATTICE

KPR (1/N): Knecht, Peris, de Rafael

DISPERSIVE: - Narison; - Bijnens, Gamiz, Prades; - Cirigliano,
Donoghue, Golowich, Maltman

LATTICE: - RBC; - CP-PACS; - SPQ,R 13



Al=1/2: THE K—1 METHOD

K—TT1T K—1r AND K—0
MATRIX ELEMENTS MATRIX ELEMENTS
(3-pt functions)
RBC CP-PACS EXP.
Re(A,)/Re(A,) 25.3%1.8 9.5+ 32 22.2
g'le (-4.0+£23)10% (-7.7+2.0)104 (16.6%1.6) 10
SYSTEMATIC ERRORS: ’ o i e
" Higher order chiral corrections (FSI) _ |
O
" The “ULTRAVIOLET” problem: power diverg. o 0
g o U
O= O~ (Cp/1a?)0p , ... T : v %
" Approximate Chiral Symmetry . _ @
"-1: II-I"'-'!:;1 o ’ 'J‘ 1 4

" Quenched Approximation




V,. FROM K—1rlv DECAYS

CKM Unitarity: [V 42 + [Vql2 + [Mqgl? =1

Recent analysis by G.Isidori et al., for the CERN-CKM Workshop:

SFT:
N B-dec:

Average

V| = 0.9740 % 0.0005
V,,|=0.9731£0.0015 K—omev: |V,|=0.2196 £ 0.0026

V, 4 =0.9739 £ 0.0005 € Unitarity: [V | =0.2269 + 0.0021

2.2 o discrepancy!

(From semileptonic hyperon decays: |V | =0.2250 £ 0.0027 [Cabibbo et al., July 2003])

mmm) Examine KI3 decays
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EXPERIMENTS:

- DISCREPANCY OF E685 RESULT.

- POOR CONSISTENCY (1.8 ) BETWEEN K+, AND K%, MODES.

mmm) NEEDS FOR NEW MEASUREMENTS: KLOE !!

THEORY:

THE CRUCTAL INGREDIENT IS THE FORM FACTOR AT ZERO

MOMENTUM TRANSFER: f,(O)

| £.00) =1+ f, + f4 + O(®) |
g

Vector Current
Conservation

f,=-0.023

Independent of L,
(Ademollo-Gatto)

LARGEST
UNCERTAINTY !!
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“Standard” estimate: Leutwyler, Roos (1984) (QUARK MODEL)
f, = -0.016 * 0.008

NEW: ChPT, Complete NNLO Calculation
Post, Schilcher (2001), Bijnens, Talavera (2003)

fy = 0.014(6) = 5 (Ciz+ Coa) (mi = m(,

L)

= (0.5 Leutwyler & Roos

C..+ C
0.014(6) - 0.056[ = 3“] <

10—

= 1.0 consistent with unitarity

[ SPQR + Isidori + .]

 Very challenging: 1% of accuracy required

« Use appropriate ratios of correlation
functions




RARE KAON DECAYS

THE CKM MECHANISM HAS BEEN ONLY TESTED SO FAR FOR:
— TREE-LEVEL CHARGED CURRENT
= AF=2 LOOP INDUCED PROCESSES

BUT:

AS=1 (AND AB=1) FCNC MAY RECEIVE IMPORTANT
CONTRIBUTIONS FROM NEW PHYSICS

THE "GOLDEN MODE" (FREE FROM HADRONIC PARAMETERS)
IS K—tvv. FOR OTHER PROCESSES LATTICE CALCULATIONS
ARE NEEDED.

18



KL—>1TOe+e-
NEW PHYSICS CONSTRAINTS FROM THE LATTICE

KTeV (2003) B(K,—n%*e’) < 2.8 x 10-1% at 90% C.L.

STANDARD MODEL  B(K, »n%e’) = (3.2 * 12 ) x 10-11

- 0.8
PREDICTION: [Buchalla, D Anbrosio, Isidori 2003]

CONSTRAINTS ON SUSY MODELS: ] : ]
First lattice cal culation of the ) S 4 )
el ectromagneti c operator anplitude: xa@é I
g%z
<m’|so,, Frvd |KO>

[Becirevic, VL, Martinelli, Mescia 2001]




~ KAON PHYSICS HAS REPRESENTED |
SO FAR A HUGE SOURCE OF |

| NEW IMPORTANT INSIGHTS ARE

St

(L

i

., EXPECTED IN THE FUTURE.

b

b )
iy

IT IS CERTAINLY WORTH

TO BE STUDIED !!




