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CP Violation in K — 7«

M(K? = 7°7°)

MK = wtrT)

= 0L TR o g =kt = ’
oo M(K2 — 70n0) ¢ ° ’ Ko M(K2 — mtr—) £te
: . 1 B
e Indirect CP: || = 3 o + 2| = (2.228+0.011) - 10
. 1 _
e Direct CP:  Re(<'/e) = < (1 - '@ ) — (16.6+23)-107*
RS
First evidence in 1988 by NA31
Time evolution of £’/¢ predictions: 10~3 units
- 1983 SD (Qs), LO ~ 2 Gilman-Hagelin
- 1990-2000  SD, large m; (Qs), NLO ~ few - 1071 Munich, Rome
+ models of LD contributions ~ O(1) Dortmund, Trieste
- 1999-2001 SD + LD (XPT) at NLO 1.7+0.9 Scimemi-Pallante-Pich
- 2000-2003  models of LD contributions ~ O(1) Lund, Marseille
- 2003 Isospin breaking in xPT 1.9+1.0 Cirigliano-Ecker-Neufeld-Pich
- 2015 Lattice 0.14+£0.70 RBC-UKQCD
- 2015-2017  Dual QCD, Lattice input 0.19 + 0.45 Munich
- 2017 xPT re-analysis 1.5+0.7 Gisbert-Pich
- 2019 xPT re-analysis of IB 1.3 t%67 Cirigliano-Gisbert-Pich-Rodriguez
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K — 27 lIsospin Amplitudes

. 1 .
AK® = 777 = AgelX + — Aye'Xa

V2
A[KO—>7TOTrO] = ApeXo — 2A,e X
AKY = 770 = %A; e
1) Al =1/2 Rule: w = BelA)
) o Re(Ao)

2) Strong Final State Interactions: y, —y, ~ §, — 4, ~ 45°

’ —i ei(X2_X0)w {Im(Ao) Im(Az)

kT 2 Re(Ag) Re(A)

}
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K — 27 lIsospin Amplitudes

. 1 .
AK® = 7F77] Ape'Xo + —— Ay e'Xe

V2 Age'Xo = Aip
A[KO — 7-(-07_[_0] = AO eiXO _ \/§A2 eiXZ Ao Xy — A3/2 " A5/2
i 2
AIKY = 7t7%) = > AL o A = ey = 2 g
2
Re (A2)
1) Al =1/2 Rule: W = ~ L

2) Strong Final State Interactions: y, —y, ~ §, — 4, ~ 45°

o T itexe) {Im(Ao) Im(Az)}
K \/§ Re(Ao) Re(Az)
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Implications of a Large Phase Shift

A = A el® = Dis(A)) +iAbs (A))

©® Unitarity:  6(Mk) = (39.24+1.5)° = Ay~ 1.3 x Dis (Ao)

B T Abs (Ay)
™ A; = Dis(A;) /1 +tan?§,

© Analyticity: A Dis (A)[s] = % / d

" Abs (.A_/)[t]

— + subtractions
t— 1€

Large 69 == Large Abs(Ap) == Large correction to Dis(Ap)

A. Pich Direc CP violation in K — 77 4



Absorptive amplitude: on-shell intermediate w7 state

A = A e = Dis (A;) + i Abs (A)) o‘,rE,/l—4M72r/M,2{
K D ™ AL_Ao/_ABree = (2M;2( — Mgr) Bloop + -
\ m AL A A5 = —(Mi — 2M2) Bloop + -
1 1—o0r i 1/2
Bioop = 22F2 {a,r {Iog (1+07r) +/7r] + log <M2) +1}

® Finite 1-loop absorptive amplitude (model independent)

¢ Universal correction (only depends on 77 quantum numbers):
Abs (Ag)/Afree = 0.47 , Abs (Ay)/Alree = —0.21
® Any (SM or NP) short-distance contribution leads to AA® ~ gPPO,

* Same correction for Re(gPP) (CP conserving) and Im (g’P) (CP)
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2015 Lattice Results

Isospin limit: RBC-UKQCD 1505.07863, 1502.00263
\/gRe A = (1.5040.04 +0.14) - 10~ ° GeV exp : 1.482(2) - 107% GeV
0.10
\/glm Ay = —(6.99+0.20+0.84) - 10" GeV
\/gRer = (4.6641.0041.26)-10 ' GeV exp :3.112(1) - 1077 Gﬁ/ﬁ
\/glon = —(1.90+1.23+1.08)-10" GeV
Re(e'/e) = (1.38+5.15+4.59)-10" exp: (16.8+1.4)-107*
220
do = (23.8+49+1.2)° exp: (39.2 £ 1.5)° 290
6 = —(11.6 £254+1.2)° exp: —(85+15)° 100

A. Pich Direc CP violation in K — 77 6




Physics contributions from different scales

Short-Distance

Top quark, GIM, C/P
New Physics ?

Long-Distance

Chiral Dynamics %

Multi-Scale Problem:
log (M/ ) OPE , log (vy/ M) xPT
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Energy Scale Fields Effective Theory

W.Z,~v. g
My, T, W, €, Vi Standard Model
t,b,c,s,d,u
l OPE
7,85 M1, &V nr—3 AS=1,2
S me s,d,u ﬁgg(f}D ) Lo
l NC — 00
YK 8
MK T, an XPT
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AS =1 s ‘
G W
TRANSITIONS dzu

- G .
LT = —F VuaVis 5, Gl Qi)

Q = (Ea UB)V,A (EB da)V—A Q = (EU)V,A(E‘:’)V,A
Q5 = (5d)y_ 4 Zq(ﬁfﬂv;A Qi = (Sads)y_x 24(A9a)y_4
Qo = 3(5d)y_x Xqea(@yia Qo = 3(Gads)y_a Xqe (@s9a)y_a
Q = -8 Eq(quR)(aRdL) Q = —12 Eq €q (EL qR)(aR dL)
® q>p: Gn) = zi(p) = yj(1) (Vg Vis/ Vg Viis)
NLO:  O(aft"), O(al™t") [t =log (M/m)]  Munich / Rome, 1992-1993
NNLO: Ongoing calculation M. Cerds-Sevilla et al

e g< p: (n7|Qu)K) 7 Physics does not depend on
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Simplified Estimate

® CP violation — Penguin operators

® Chirality — Enhanced (V — A) ® (V + A) operators

Qe = —8 32, (5.9r) (GrdL) ; Qs = —12 >°_ eq (5.9r) (GrdL)

©® Large-Nc: (J-J4) = Iy J) {1+ O(1/Nc)}

My = (m T |Gy u) (@, d) |KO) = (| ey, di]0) (m 5y u | K®) = S2 F. (MK M2)

Mug(p) = (a7~ |(5ur)(Grdl)|K®) = (nt |ardL|0) (n~ |5.urlK°) = 52 F,

2
+""s(“) ]

At p =1 GeV, Mur(p)/Mie ~ Mi/[ms(p) + ma(p)]> ~ 14

= | Re(c'/c) ~ 2.2:1073 {Bgl/2> (1 — Qo) — 0.48 B§3/2>} CSwong

B =BPP =1, Q=012 = Re('/e)~ 0.9 1073

Burasetal:  B{/? =057, B? =076, Q. =015 = Re(c//c) ~2.6-107"
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CHIRAL PERTURBATION THEORY (xPT)

Expansion in powers of pz/l\i 1 A=), A (e 12 Gev)
Amplitude structure fixed by chiral symmetry

SU(3)L ® SU(3)r — SU3)v
Short-distance dynamics encoded in Low-Energy Couplings

O(p?) xPT: Goldstone interactions (7, K, ) o= L 3%g

As=1 2

£2 = Gg F4 TI‘(AL”L”) + 627 F4 (th23LI1L1 + 3 LpglLlll:,,)

G, . .
Gr=—5VigVigr i Lu=-UTDLU © X=1xeq Uzexp{,ﬂq)/F}

Loop corrections (xPT logarithms) unambiguously predicted

LECs can be determined at N¢ — oo (matching)

O(p?) LECs (Gg, G7) can be phenomenologically determined

A. Pich Direc CP violation in K — 77 11



2
O(p°) xPT
2
L8571 = Gy F* (AL, LYY + Gy F* (le L+ 3 Luat Ulg)

Gr =-S5 V,Vigy i Li=-iUDU ; X=1x 7 ; Uzexp{iﬁcb/f—'}

1
Aijp=V2F, (Gs t g G27> (Mi — M2)
ﬂ'

K 10
Aszjp = 5 Fa Gor (Mg — M2)

./45/2:0 ; (5025220

[M(K —27m) + dilpy, — lgs| ~ 5.0 ; |g27| =~ 0.29
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O(p* e?p?) xPT 0 = diog (3,3,

) 2
LAS=1 = Gy FY (AL,L") + Gy F* (Lm Ly + 3 Luzn Ufs)

+ e?F% Gy g, (ANUTQU)

-Al/2 = \/§F7r {GS |:(M}2<_M72r) (1_ _EF262 (gew+2z):|

2 5(2))
3Vv3 37

1
+ 9 Gor (M12< - Mﬁ)}

2 5 2
Az = 3 Fa {(— Gor + —=e® GS) (Mg — M2) — F2 & Gg (gew+2z)}

3 V3
A5/2 =0 ; 6 =06, =0
@ = (v/3/4) (mg — my)/(ms — M) = 0.011 ; Z= (M2, — M2))/(2€*F2) ~ 0.8

A. Pich Direc CP violation in K — 77 13



0 [p4, (m, — my) p?, e2p°, e2p2] \PT
— T T w =

® Nonleptonic weak Lagrangian: O(Gr p*)
£ = GNiF2 0P + Y, Gy DiF? 07 + hc.

¢ Electroweak Lagrangian: O(Gr e?p%?)

Lrw = €2F5Ggg,, Tr(A\UTQU) + €2, Gs Z F* OF" + h.c.

® O(e?p®?) Electromagnetic + O(p*) Strong: Z,Ki, L;
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Weak Currents Factorize at Large Nc

0@ @ -0d

O(Nc)

AKO - 7079 =0 = Ay=12A;

No AI:% enhancement at leading order in 1/Nc¢

A. Pich
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Weak Currents Factorize at Large Nc

0@ @ -0d

O(Nc)

AKO - 7079 =0 = Ay=12A;

No AI:% enhancement at leading order in 1/Nc¢

X 4

Wl

e Multiscale problem: OPE Nic log (%) ~

Short-distance logarithms must be summed
e Large XPT logarithms: FSI e log (#) ~ §x2
0, — 0, ~= 45°]

Infrared logarithms must also be included [5, ~ O(1/N¢) ,
15
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Energy Scale Fields Effective Theory

W.Z,~v. g
My, T, W, €, Vi Standard Model
t,b,c,s,d,u
l OPE
7,85 M1, &V nr—3 AS=1,2
S me s,d,u ﬁgg(f}D ) Lo
l NC — 00
YK 8
MK T, an XPT
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Multi-Scale Problem: Summation of logarithms needed

A large log(M;/M;) compensates a 1/N¢

® Short-distance: NLC log (Mw /1)

g° =1.15%57) +0.041,,+0.01p,
— ®
{ g5° = 0.46 4 0.02,
@® Long-distance (xPT): NLC log (/my)

g0 =50 wm gNlO=36
LO _ NLO _
gy = 0.286 =i 8y = 0.288

© lsospin Violation: ggLO =0.296

A. Pich Direc CP violation in K — 77

suppression

Bardeen-Buras-Gerard

Cirigliano et al, Pallante et al

Kambor et al, Pallante et al

Cirigliano et al

Cirigliano et al
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Nc—>OO

g = (g C2—§C1+C4> 16 Ls <<‘_"’>(“)>2cﬁ(u)

3
g1 = ¢ (G+ G)

— 2
¢ arga = -3 (L) e + L Gl & (ko ~ 2k)]

E
(Gq) (1) Mo 8Mio AMZ,
= 1- 2l - L L
B mrm@F R Chr T T

¢ Equivalent to standard calculations of B;

* 1 dependence only captured for Qg g
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Anomalous Dimension

Matrix

- 0 0 0 0 0 0
3¢ 3 1 1 1 1 0 0
Ne N2 3N2 3Nc 3N2 3Nc
11 11 2
0 0 . 5 0 0
3N2 3N; 3N2 3Nc
0 o > __ne e 3 0 e 0 0
Ne ~ 3MZ 3N N2 3M2 3N,
0 0 0 0 7 - 0 0
(0 _ ng ny rcr,- nfc 3
Ve 0 0 302 3N, . Stataz O 0
0 0 0 0 0 0 v
2
0o o mE  m g omid m—4 0 3+
3N2 3N 3N2 3N N2
1 1
0 0 302 3Nc 3N2 3N 0 0
0 0 —nyt+g = nutg =g 0 0
3N2 3Nc 3N2 3Nc

Only g6 and ~gg survive the large—N¢ limit
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Anatomy of &’ /e calculation
/ Im Ay’ Im AP
€ V2le| | ReAj Re A

_A£7X) = a£7X) [1 + AL _A£7X) —+ AC ‘AEX)} Cirigliano-Gisbert-Pich-Rodriguez 2019

©® O(p*) xPT Loops: Large correction (NLO in1/Nc)  FSI

AL AY), =027+ 0477 D ALAY), = 0500217

® O(p?) LECs fixed at N¢— oco: Small correction

Ac[A = 0.11+0.05 ; Ac[A —0.19+0.19

1/2] 3/2]7
© Isospin Breaking O [(m,—my) p?, e’p?|: Sizeable correction
Q. = 0.12+0.09

O Re(gs), Re(g27), xo — X2 fitted to data
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SM Prediction of &’ /e

Re (€,/€)SM = (13 t67> . 10_4 Cirigliano, Gisbert, Pich, Rodriguez-Sanchez

,
€
—_— i
20} | 30
\!\ . 25
N5 e 1
-------- . 20
[T T
T @3 e aeN e
10 i 15
e 1 -
\ wf - !
st | 47 1
1 5 1
! 1
! I
. . Qurr L Ls-107%
0.05 0.10 ! 0.15 0.20 1.0 1.2 1.4 1.6 1.8

Re('/e)sy = (1314 04m, £33 139, 125 £A3 £ 11, £0.2 £ 03x) 1074

Large uncertainty but no anomalies!
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Outlook: Needed Improvements

e Wilson coefficients at NNLO Cerda et al
e Updated value of Q. v Cirigliano et al
® gg8ew at NLO in 1/N¢ Rodriguez-Sanchez, A.P.
e gg and higher-order LECs at NLO New ideas needed
e YPT logarithms at NNLO Feasible
e Improved lattice input Eagerly expected

Difficult, but worth while enterprise

Best strategy: xPT (amplitudes) + Lattice (LECs)
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Backup




Isospin / Im A’ (14 Do+ ) — A2
e~ w =0 0T Il5/2) = T 10
) " | ReA? 2 ReAY
Breaking
. // Im Ag)) Im Agmp
In /e ~ oW (1-Qe) — —5
“ | ReAY ‘ Re AY
Re A Re Ay Re AY  |m Anen—emp
— — — 2 — 0 . 2
= Reay ~ ¥ (1 6n) “ = ReAdr T BT RAT T mAD
Cirigliano, Gisbert, Pich, Rodriguez-Sanchez, 2019 (Cirigliano et al 2003)
a=0 a#0
LO NLO LO NLO
Qi | 13.7 17.1°5% |19.6+4.8 26.0+8.2 Qug = 0.12 + 0.09
A —0.002 —0.514+0.12| 56+16 577
0 Lo = Qp—Do—f5)2
s 2 0 0 0 82" %%
Qe | 13.7 176755 | 140+40 121759
A. Pich

Direc CP violation in K — 77
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Phenomenological K — w7 Fit

Cirigliano, Gisbert, Pich, Rodriguez-Sanchez, 2019

LO-IC | LO-IB NLO-IC NLO-IB

Regs | 499 | 500 | 3.604014 | 358701

Re g7 || 0.286 | 0.251 || 0.288 40.014 | 0.296 %919

Xo— Xx2 || 44.8° | 48.0° (448 £1.0)° | (51.4 £1.3)°

IC = [my—myg=a=0] ; IB=[my—myg#0, aa#0]

T — T 60 - 62 — (477 :l: 15)0 Colangelo—Gasser—Leutwyler '01
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Modelling (some) non-factorizable 1/N¢ corrections

Buras-Gérard, 1507.06326

3] F (m% —m2) A?

g _q_3[_Fx K (1 + 25) =1 0.66 In(1+ =5
( yoy o s e n(l+ 2) 0.66 In(1 + 2)

2 2 A2 2
B/ _ Ml 14+ =—)=1+008In(l + —
C T gy Mt Rg) = 1008 ()
2 .2 A2 A2
BOD _q _omik—mz), o A L A
8 e +m§) 0.17 In{ +m§)

- B2 < BP? <1
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Modelling (some) non-factorizable 1/N¢ corrections

Buras-Gérard, 1507.06326

2 9
Bél/g) _1 3 { F } (mK mz)

2| Fx —F.| (4nF,)?

A? A?
In(1+ =5) =1-0.66 In(1 + —)
mg

~2
mg

2 _ 2 A2 A2
B2 _ 4 Ml 14+ —)=14+0.08In(1+ —
s + (UnFL)? n( +m§) +0.08 In( +m§)
2 2 A2 A2
B(3/2):1_2M1 14+ 2)=1-0171n(1 + —
8 unrre 20T ) O )

- B2 < BP? <1

® FSI(1/N¢) not included =» 6, =0
® Part of 1-loop xPT corrections (7)

e Difficult to account in a matching calculation
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Modelling (some) non-factorizable 1/N¢ corrections

Buras-Gérard, 1507.06326

2) A2 A2
™ In(1 + =1-0.661 -5
(4mFr)? n(l+ g) n(l+ mg)

B(l/g) _1 _§ F (m%( —-m
6 FK_FTI'

2 2 2 2

a2 _ o, (mg—mz) A A
B =14 S mg) =140.08In(1 + mg)
2 _ 2 A2 A2

BOD _q _omik—mz), o A L A
5 (47 Fy)2 n( +m§) 017 In( +m§)

(1/2) (3/2) Not true
—) Bﬁ S BS <1

in QCD

® FSI(1/N¢) not included =» 6, =0
® Part of 1-loop xPT corrections (7)

e Difficult to account in a matching calculation
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B BG MOdeI Bardeen-Buras-Gerard

Lo = %,3 {<DMUTDMU> +r(m(U+U")) - A% (m(D*U + D2UT)>}
X

@ Equivalent to O(p?) xPT + Ls term (Li=0,i#5)
Most L; are leading in Nc =» L. does not represent large-Nc QCD
@® Cut-off loop regularization: M ~ (0.8 — 0.9) GeV
fﬂ?(M2) = F3+2I2(mfr)+lg(mf<) y I2(m,2): ! |:M27m,? log (1+ ﬂ§>:|

1672
© Large-Nc factorization assumed to hold in the IR (u=0): (J-J) = ())())

O M identified with SD renormalization scale p: C;(p) running

Meson evolution <&=»  Quark evolution

@ Vector meson loops included through Hidden U(3) Gauge Symmetry

Could partially account for L 23,9 10
Lg still missing =» (Gq), Qs,g not quite correct even at large-Nc

@ 77 re-scattering completely missing =» Jp, =0 , FSI absent
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Dynamical understanding of the A/ =1/2 rule

AP — E. de Rafael, PL B374 (1996) 186

G _ _ _
Lor = =2 F [a (@ L@ 1) + b (@ L0 1) + e @y o ]
o 0 Vy Vs _
O(N2) W . OE”*( o 8% ) o ="
o
™M a 3
Q QY = =2(a+ b — b +c
ome) <l g =5(ath)
™ Ly 3
b “ c g27 5 (a + b)
_ 2
a=1+0(%) ¢ =ReG-16LsReGo(s?) {%} +0 () = 03402

&p| =~ 029 i b:—O.52+O(NLg) - g = 1v1+0(,%g)
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Dynamical understanding of the A/ =1/2 rule

AP — E. de Rafael, PL B374 (1996) 186

G _ _ _
Lor = =2 F [a (@ L@ 1) + b (@ L0 1) + e @y o ]
© 0V Vus _
O(NZ) » M . oﬁ’):<g gt ) o) — gt
o
r a 3
@ =3z(a+b)—b+c
ome)  efoe T & = 5(2+h)
i Ly o 3
b “ c g27 - 5 (a+ b)
_ 2
a=1+40(%) i c=ReG-16LsReG(ss}) {%} +0 () = 03402

gy | =~ 0.20 i b:—0.52+0(NL3) - g = 1v1+0(,%g)

b < 0 predicted through explicit calculations AP-E. de Rafael, NP B358 (1991) 311

Bardeen-Buras-Gerard, Bijnens-Prades, Bertolini et al
Confirmed through inclusive QCD analysis M. Jamin-AP, NP B425 (1994) 15
A. Pich
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Dynamical understanding of the A/ =1/2 rule

AP — E. de Rafael, PL B374 (1996) 186

G, - - _
Lor = =2 F [a (@ L@ 1) + b (@ L0 1) + e @y o ]
0 +) 0 Vua Vs ()t
O(NZ) o v w . Q= ( o 0 o ) P =q
5 2 ) () f— § —
owo T eoierase
i Ly o 3
b “ c g27 - 5 (a + b)
_ 2
a=1+40 (%) . ¢ = ReGi— 16 Ls ReGs(12) {%;‘»} +O (%) ~ 03402

gy | =~ 0.20 i b:—0.52+0(NL3) - g = 1v1+0(,%g)

b < 0 predicted through explicit calculations AP-E. de Rafael, NP B358 (1991) 311

Bardeen-Buras-Gerard, Bijnens-Prades, Bertolini et al
Confirmed through inclusive QCD analysis M. Jamin-AP, NP B425 (1994) 15
Confirmed recently by lattice calculations RBC-UKQCD, PRL 110 (2013) 15, 152001

PRD 91 (2015) 7. 074502
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“A qualitative picture towards the understanding of the underlying

physics begins to emerge” AP — E. de Rafael, PL B374 (1996) 186
Vs
0 g = 2(a+b)—b+c
Yo L, Q QY
QY &; = ¢(a+b)
Ly
a=1+0(&) . b=-052+0(%)

“Emerging understanding of the Al = 1/2 Rule from Lattice QCD”

RBC-UKQCD, PRL 110 (2013) 15, 152001 30 ® e~
25 1 ii e
i i 2 ﬁ i%%%
i iei a T %H%@J%@%
S 10} $355,, D00
o) ‘? §§§§

-3
0.5 + éétpémmmmmmmmmmmmwm@@@g’

0.0

. . . . .
0 4 8 12 16 20 24
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Effective Action Model: Bosonization in Gluonic Background

AP-E. de Rafael, NP B358 (1991) 311

1 Nc (25 G?) 2,72
A= t-5 Tem2ft + O(e2N2)
o ~ —c+ {1+A+O(1/NC)}
1
g ~ 5C-(r) {1—A+O(1/Nc}+ () {1+ 8+ 00N} + ¢

¢ = G(P) — 16 Co(u?) Ls [@} +O(1/A2)
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TWO-pOint FU nctions AP-E. de Rafael, NP B358 (1991) 311, PL B374 (1996) 186

M. Jamin-AP, NP B425 (1994) 15

\UAS:IZ /dxequ O|T( AS 12( ), H AS 12(0 ) ZC C \UU(q)
CC s 8O D
1 2 1 tt 2ay 2 a2 3 as(t)Ne
— Imwv t:@t—N 1+ — t)" = CL(M 14+4-——~+—K
L (6) = 0(0) 2 NE (15 ) g (0720 G |14 5 2O i,
_ 9 _1F1/Nc
ar = Loy, 1-6/1IN,
Koo=1 30587i n 164936i 51591i n 440193i n 3649
T 3630 N | 19965 N2 14641 N3 ' 322102 N? T 3645
Ko—14 30587 i n 169706 i n 70335 i n 1810209 i n -4 18278
T 3630 N. = 19965 N2 ' 14641 N3 ' 322102 N4 7 3645
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