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@ ¢'/e constitutes a fundamental

/ . Vud Vus Vub
test for our understanding of v v vV Vv

CP violation within SM: CKM = cd Ves  Veb

Re (¢'/e) o< Im( Vi VL) Via Vis Vi

@ ¢ and &’ parametrize different sources of CP violation in K decays:

AK —rtn™) / _ A(KL—>7T07I'0) _ /
—= A(Ks—mtm—) — ete, Too= A(Ks—m0nm0) — e—2¢.

@ Dominant effect from CP violation in K mixing is contained in ¢:
e[ = Llnoo + 274 | = (2228 £0.011) - 103,
@ ¢’ is a tinier effect and accounts for direct CP violation in K decays:
Re(c'/e) = 1 (1 -

demonstrates the existence of direct CP violation in K decays.
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Old history ...

@ The theoretical prediction of ¢’ /e has a quite controversial history:

@ First theoretical calculations claimed values of order 10=4, one order of
magnitude smaller than the signal observed in 1993 by the CERN
NA31 collaboration, giving support to the null result obtained by the
E731 experiment.

@ The final experimental confirmation that Re (¢’/¢) =~ 1073, by NA48
and KTeV, triggering a large number of NP explanations.

© Old SM predictions had missed completely the important role of the
final pion dynamics. When these contributions were taken into
account, the theoretical prediction was found to be in good agreement
with the experimental value.

(¢'/)lgm = (17 £9) - 10~
PaIIante—Pich—Scimeni 'Ol)
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@ Lattice QCD: Another tool to deal with non-perturbative effects.

@ For many years, Lattice QCD attempts to explain
e Enhancement of the A/ = 1/2 but remained unsuccessful.
e ¢’/e were unreliable (some of them even negative).
@ The situation has changed due to the development of sophisticated
techniques and the increasing power of modern computers. Explaining:

o Successful Al =3/2 K — 7 v

/2 ReAz = (1.50 £ 0.17) - 107® GeV 0.1 (RBC-UKQCD '15)

o First statistically-significant signal of Al = 1/2 enhancement: v

/2 ReAo = (4.66 £1.61) - 1077 GV 1.00 (RBC-UKQCD '15)

© Lattice QCD estimation of &’ /e: X

Re(e'/e) = (1.4+7.0)-10~* 2.10 (RBC-UKQCD '15)
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@ Limitations of lattice result:

Re(&'/e) = (1.447.0)-10~* 2.10 (RBC-UKQCD '15)

e This discrepancy has revived some of the old SM calculations predicting
low values of ¢’/e (missing AGAIN the crucial pion dynamics!) and has
triggered several analysis of possible contributions from NP.

e Before claiming any evidence for NP, one should realize the technical
limitations of the current lattice result:

8o = +(23.8+£5.0)° 290 (RBC-UKQCD '15) X
dolexp = +(39.2 + 1.5)°

6, = —(11.6 £2.8)° 105 (RBC-UKQCD '15) ¢
82exp = —(8.5 £ 1.5)°

Large uncertainty in dp!
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@ Unitarity: Jo(Mx) = (39.2+ 1.5)° — [ Ao ~ 1.3 x Dis(A))]

(Colangelo-Gasser-Leutwyler '01)

A€’ = Dis(A/) + iAbs(A))

AbS(A/)
DiS(A/)

A = DiS(A/) v1+ tan2d;

tand; =

@ Analicity: | Dis(A/) o Abs(A))|

© Message: ‘Large do — Large Abs(Ag) — Large Dis(AO)‘

e Lattice still doesn't have a good control of the / = 0 amplitudes.

o Still premature to derive strong implications and
RBC-UKQCD collaboration is making efforts to improve the statistics.

o Future lattice results will show if the discrepancy stays or not.
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Need of updated ¢’/e within SM

@ Although Pallante-Pich-Scimeni '01 within a theoretical framework
which takes into account the important role of the pion dynamics
obtained a theoretical value compatible with the experimental result.

Re(e'/e)|gy = (17 £9)-1074 ]

@ A lot of improvements since 2001:

Better knowledge of Low energy constants (LECs),
Much better precision of quark masses,
Strong coupling constant,

@ It is convenient to perform an updated of ¢’/e.
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Theoretical framework

Energy Scale Fields Effective Theory
W,Z,v g
My Ty s €,V Standard Model
t,b,c,s,d,u
l OPE
v, 85 M, 6V _ _
< me s.d,u ﬁg&f), ﬁeAﬁfLL2
l NC — 0
Yo,V
M m, K,n xPT
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Short-distance description

AS =1 transitions for K — &
Ci(p) = zi(p) + 7 yi()

= G, 10
£ = SV DL GO Q)
- VudV*S

u:

G \WY% G

d u q/\q

Current - Current operators QCD - Penguins operators Electroweak Penguins operators

Q1,2 3,456 @7,8,9,10
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Chiral Perturbation Theory (xPT) description

QCD at low energies is xPT.

xPT formulation is a consistent framework to describe the
pseudoscalar-octet dynamics.

Perturbative expansion in powers of p2//\f< where Ay ~ 1GeV.

Chiral symmetry fix the allowed xPT operators, at given order in p.

O(Gr p?) : Goldstone Interactions (7, K, 1))

L5571 = Gg FATr(A Ly L*) + Gy F* (Luos LYy + 5 Lyon LY)

G, N g
Ggor = — 7’% wd Vi geor i Ly =—iUTDLU  Xj =636 U= exp{iv2¢/F}

Short-distance dynamics encoded in Low-Energy Couplings.

LECs can be determined at N¢ — oo (matching)
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K — 7 Isospin amplitudes

@ Isospin decomposition:

1
— (A3 + A
ﬁ( 3/2 5/2)

AIK® — 7070 = Age™ — V2 Ape™2 = Ay + V2(As3n + Asp)

. 1 .
AK® = ntrn™] = AgeX0 + G Ay ez = A; 5 +

3 it 3 2
AKYT = 7770 = > Af X2 = > <A3/2 -3 A5/2> .
@ x/ can be identified with the S-wave 7 scattering phase shifts §;(M).
o A, = — G F,T{(Mf( — M2) AP — € Fr?gon A(;‘ﬂ} — Gor Fx (M2 — M2) AT
where A0 = 509 [1 +a,409 ¢ AcAf,Xq .

@ ¢’ in terms of the K — 77 isospin amplitudes,

I — _ i ai(xa—x0), |ImAg _ ImAy
&€ =-"5n° w [Rer ReA,

©Q A/ =1/2rule: £ is suppresed by the ratio w = Ezﬁ\‘i ~1/22.

@ Strong Final States Interactions (FSI): xo — x2 & do — J = 45°.
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Estimation of the LECs

@ From phenomenological data or with additional input from theory.
@ Principle of calculation LECs: perform a matching between two EFTs.

@ In the large N¢ limit, the T-product of two colour singlet currents factorizes:
Jod) = {1+ o()}

Since quark currents have a well-known representation in xPT, the matching
between the EFTs can be done at leading order in 1/Nc.

@ Weak couplings of O(Gg p?) and O(e? Gg p°):

2 3
& = — 5 Ci(usp) + = Co(pnsp) + Ca(psp) — 16 Ls B(usp) Co(psp),

3
& = g[cl(#so) + G(psp)],

16
(€® g8 gewk)™ = — 3 B(usp) Ca(usp) — = Blusp) Co(usp) €° (Ko — 2 Kuo).
da) M2 2 16M 8M2
where B(NSD) = ‘?r = mstmg)(rsp)Fr 1— ﬂ_ (2L8 - L5) + F"z‘_ Ls
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Simplified Estimate of £’ /¢

@ CP violation comes mainly from the QCD and EW penguin operators.
@ Chiral enhancement of the operators (V — A) @ (V + A).
© Good numerical approximation to consider only Qg g operators.

@ Simplified estimate:

Re(s'/2) ~ 2.2-1073 {Bém) (1 - Q) — 048 B§3/2)}
~—~
1B
IB = O[(my — mg)p?, €2p?]
o Large Nc:
B{/? = B®/? =1 — Re(e /)  10.0-107* ~ O(107)
o Buras-Gorbahn-Jager-Jamin '15:

B{"/? = 0.57, B*/? —0.76 — Re(e'/e) ~ 2.6 - 107* ~ O(107*)

Strong cancellation between Qs and Qg!
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Anatomy of £’ /e calculation

(0) emp
ImA ImA
Re 8/ g) = — s 0 1 — Q T2
( / ) V2 le| ReAgo) ( eff) ReAgO)
Strong cancelation: Qe — Qs =0

© O(p*) xPT Loops: Large correction ALAY — 5 log () ~

A = L+ AR+ acAl]

AL AP, = 027 £ 0,05+ 047
ALAT) =103 4063 +0477 ;A AT = —004 4 0.05 - 0215

ALAE), =027 £001+0477 5 ALAY), = 050 + 0.19 — 021}

@ O(p*) LECs fixed at N¢ — co: Small correction A A"

N% log (%) ~ % X 4 but no large logarithm in the matching!

@ lsospin Breaking O[(m, — mq)p?, e2p?]: Sizeable correction
Qeff = 0.06 +£0.08 (Cirigliano-Ecker—NeufeId—Pich '04)
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Anatomy of £’ /e calculation

’ . ImA© ImAS™P
Re(c'/e) = — /4 [ReAgO) (1—Qer) — ngo)
Stron ation: Qs T — Qs |l #0

@ O(p*) xPT Loops: Large correction ALATY — 7 log (#-) ~

A 1 AR s acA]

AL AS), = 027 +0.05+047i

ALAS/Z =103+ 063+047i ; A AS/Q) = —0.04 +£0.05 - 0217
ALAE), =027 £001+0477 5 AL ALY, = 050 + 0.19 - 021}

@ O(p*) LECs fixed at N¢ — oo: Small correction AcAY)

% log (#) ~ % X 4 but no large logarithm in the matching!

© Isospin Breaking O[(m, — my)p?, e?p?]: Sizeable correction

Qeff = 0.06 + 0.08  (Cirigliano-Ecker-Neufeld-Pich '04)
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SM prediction of Re (¢'/¢)
Re (Z—:) -10—.4

30F : : p
1 : c S
1 . - ’f
25} ! L e
- -~
: - :a”’ -
20F > - ol
- ? —
EXP\. ....... ;.:.’.Ir..;,.e.’ ..... e e e
15F ; el
/’/’,f’ | aet
10f oem T
o i
T |
5 1
1
IL%att 5
N L N N ~ Ls-10"
1.0 1.2 1.4 1.6 1.8

Re(€'/e)lsm = (15 + 2, + 2m, + 20,4 + 61 ) 104
C

(HG - A.Pich, arXiv:1712.06147)

H. Gisbert (IFIC) Direct CP violation in K°



Needed Improvements

@ Wilson coefficients at NNLO (Cerda et al)
o Updated value of Qe (Cirigliano et al)
@ g3 gew at NLO in 1/N¢ (A. Pich and Rodriguez-Sanchez)
o gg and higher-order LECs at NLO New ideas needed
o xPT logarithms at NNLO Feasible
o Improved lattice input Expected

Best strategy: xPT (amplitudes) + Lattice (LECs)
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SM prediction of €’/ agrees well with the mesured value!

Re (e//e)lgm = (15 £ 2, + Zoeada, = 6.1 ) - 104
(o}

Re (¢'/e)|,,, = (16.6 + 2.3)-10~*

exp




Amplitudes at NLO of K — nr

Including strong isospin violation and electromagnetic corrections (Cirigliano et al '04)

e e o
—~ T o T =

Ay = Gy Fr (M2 — M2) AZ)

+ Gs Fﬁ{(WK — M2) [A(f) + @ A(:)} — & Fy? [A(n” +Z AP + g A(f)} }

where A% = ;0 [1 + 0, A% +ACA(HX)} . X=27,8,¢1,Z g

G, o
Goor = — & Vua Vi gsor. £®) = (V3/4)(mg — my)/(ms — i) = 0011 Z ~ (M2 — M2, )/(26°F2) ~ 08
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Simplified Estimate of &' /¢

@ CP violation comes mainly from the QCD and EW penguin operators.
QCD: @34 (v—mzv—a) and Qs 6 (v—a)@(v+a).

EW: Q7,8 (v—azv+a) and Qg 10 (v-a)a(v-a).
@ Chiral enhancement of the operators (V — A) @ (V + A).
o Fierz rearrangement of numerically relevant operators:
Qe =330 y_r(@d)y_n, Q=136 (5q)y_4 (Gd)y_x
Qs = 22q (51ar) (GrAL), Qs = —12 3, €4 (5qr) (GrAL)-
o Large Nc: (J-J) = (J)(J) {1+ O(1/Nc)}

A = (7T r T |Gy u) @y d) KO = (o oy, dp|0) (m [3vH g |KO) = # Fr (MZ — M2),
3 M2 2
Arr(n) = (nFx~|(5Lur)(Trdy)|K®) = (w*|aRd;]0) (™~ |5 ur|K®) = D42 Fr {WM} .

At p=1GeV: Arg(p)/ AL ~ My /Ims(p) + mg(p)]? ~ 14.

© Good numerical approximation to consider only (g operators.

H. Gisbert (IFIC) Direct CP violation in K°



@ Ignoring all other contributions to the CP-violating decay amplitudes:

M2 2
TmAolg, = 5 A\ Vig Vi v6 (1) 4V/2 (Fic = Fr) [WM] B{?,

G, M2 2 32
mAs| g, = =25 AP Vg Vi§ vs (1) 2 Fr {WM} By,

@ Including the isospin breaking effects (cirgliano-Ecker-Neufeld-pich 03):

ImAY ImAS™P
Re(e'/2) = =50 |reaty (1~ Sett) = RAH}

with w = B2 — 0, (14 £ 5), wy = 2% and Qur = 0.06 + 0.08.
= ReA + 5/2 + = TReA, eff

Q@ Simplified estimate: Strong cancellation between Qs and Qg!
Re(e'/e) ~ 2.2-1073 {Bém) (1— Quf) — 0.48 B§3/2)}
o Large Nc:
(/2 = B/ = 1 and Q.5 = 0.06 — Re(e’/e) ~ 10.0-107* ~ O(107)

@ Buras-Gorbahn-Jager-Jamin '15:

/2 = 0.57, B*/) = 0.76 and 2 = 0.15 — Re(e’/e) & 2.6 - 107* ~ O(107%)
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BBG Model

r

/\2

fr
Leee = 4{<DMUT D*UY +r(m (U + UY))
X

(m(D*U + DZUT)>}

@ QCD at low energies is xPT, therefore any QCD inspired model has
to obtain compatible predictions with xPT.

@ Inconsistencies of BBG Lagrangian:
o O(p?) equivalent to YPT. v/
o O(p*) just Ls term (L; =0, i #5) X
o (2Lg — Ls)™ = —112° —» &/= depends strongly on Ls!

o O(p°) put to zero! X
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© Hadronic Matrix Elements (HME) within BBG model: &ures cérard, 150706326

3[_F (mi —m3) | N2 A2
B(l/z) — _ = [ T :| K — Mz = — 0. =
s L= 3 B F Ry 1+ﬁ7§ 1 — 0.661In ng

(mic — m?) < /\2) ( /\2>
R ) (1425 ) =1+ 0080 (1425
(47 F;)? 3 3

2 2 2 2

_ A A
gD _ g _plmk=mx) Lo AN (1
! (@rFo)? n + 2 n + 2

B =1

Jr

B{/?) < B{M? <1

e HME = Large N¢ estimation + some dispersive corrections.

Missing L;, i # 5 corrections!

Missing large absorptive corrections of order O(1/N¢)
Abs(A;) =0 — ¢, =0, VI (Not in QCD!)
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© Hadronic Matrix Elements (HME) within BBG model: suras Gerara, 150706326

2 2 2
MENEPRN (I . BT, . S
B LSBT E] TaeEy 1+~é 1 - 066In 1+ 7

Gerrr (1) (+5)
In{l+— ) =14+ 008In|1+ —
(4mF;)? 2 3

2 2 2 2
B<3/2>:1_2M| 1+’N\ =1-017In 1+/~\—
8 2 m2

B2 = 1

+

(4mFr)? mg 8

B\ < 1|— Not true in QCD!

e HME = Large N¢ estimation + some dispersive corrections.

Missing L; i # 5 corrections!

o Missing large absorptive corrections of order O(1/N¢)
Abs(A;) =0 — ¢, =0, VI (Not in QCD!)
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Absortive contributions in xPT

™

Absorptive contribution fully originated by this diagram, since it is the only
one where the two intermediate pions can be put on their mass-shell.

pAX) = M () M B(M2, M2, M2 + - - -
L 1/2 (47TF7|—)2 2Mf{ 7y Wy IVIK ’

1 M 2M2\ ~
AAN) — =Tk — =7 ) B(M2, M2, ME) + - -
A3 2 (47F,)? M2 (Mz, Mz, M) -+,

where

2

= 1-— T . 1%
B(M2, M2, M%) = o [log(HZ )+m} 1 log <MX2) +1, or=+/1—4M2/M2.
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LO xPT values for the strong 77 scattering phase shift

™
K
™
For J=0and | =0,2, at s = M%:
tan do(MZ) = 32‘;7}7% (2M3 — M2) |, tan &(M%) = 32‘;}% (2m2 — M}) |.

The predicted phase-shift difference, §o(Mx) — 62(M%) = 37°, is somewhat lower than
its experimental value showing that higher-order rescattering contributions are
numerically relevant.The one-loop integral E(l\/l,zr7 M2, M%) contains a large chiral
logarithm of the ultraviolet scale v, over the infrared scale M, which enhances the

dispersive component of the / = 0 amplitude and suppresses the | = 2 one.
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