CF violation it Kaons
& an emerqging anomaly

Wéék‘f’i,j seminar RBerlin
2% Nov 2019

Maria Cerdo-Sevilla
IAS-TUM



~ Comclusions 1}




Blg mystery of the Universe

Very early in the Universe might expect equal numbers of

bartjmv\s . ah&iﬂbo\rjohsﬁ

However, Eodafj the Universe is matter dominaked.

(ho evidence for anti-~galaxies, etc)

How did this kappem?

\- BN Matter-antimatter ogs;;mme%r:}

’ 5&1‘12 N\M’\'ER A. Baryon viclating interactions

difference _' ‘C}

B. CP violation [Andrei Sikharov. '67]

4 = 4 &

o G 3 C. Thermal V\ow-@.quiubrmm sttuakion
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CP violakion

CP violation is an essential aspect of our understanding
of the Universe,

There are two Famr::es i the SM where CP violation enters:

a. The PMNS makbrix
b. The CKM wmwakrix

To dake CP violakion has been observed only in the
quark sector & the SM is unable to account for the
observed makter-ankimakter asymmelry in the Universe.

We need more CP violakion

(hew sources of CP violation at high enerqgy scales)



CP violakion i Kaohns

Two possibi.@; explanations of CP violation in the kaown system:
A. K is a superposition of CP states:
Indirect C? violation: parameter eK

B. CP is violated in the ciet&v of Ki:
Direck CP viclation: parame&er e’

Defining the CP violation ratios
e (77| T | K ) i (7’| H | K1)
s 00 =
T At | H gyl K) (27|  ofr| K5)

Indirect & Direct CP violakion can be expressed

£ = (Mg + 21,.)/3 &' = M,_ — nyo)/3



Direct CP violakiown

A non-zero value of Rele'/e) signals that direct CPV exists

 Rele/e)=1/6(1=nee/n ) |

The measured qu&h&&v is the double raotic of the decay widths

R oo - I'K; —» =& JTO)F(KS - xtn)
0 ['(K;, - ntn)['(Kg — 7Y70)

(a long series of precision counting experiments)

From NA4¥ and KTeV collaborations:

(5> = (16.6 +2.3) x 10~*
exp

E




~ e'/e in the SM I

0.0 0 5 i6 | Ac & Az
T H K" =A,e "+ A 2/a/2 |
o o > O | - e. \/_ Isos[zaim amyli&ud@.s
(ntn | | K°) = Ay ' — A, 6’52/\/_2_ ,‘ for isospin conservation

(17 7°|  | KOy = 3AF €% )2 |

|
i
f

|

Sl o e s X))

Normalise to K+ decay (w+,a)
oA ‘e Ao, Az & Az*

e.xp&nd th Ax/Ac and CP violakion from experiment
[Cirigliano. et al. '11]

The CPV is parametrised as,

i/ e W, 68y ImA, 5 v 1 ImA,
e VAl ReA, f 4 ReA,
[Buras, Gorbahn, Jager, Jamin ‘15] [Cirigliano et. al. "11]

7



e /e in Ehe SM II

From exyerimem&
[Cirigliano et. al. ‘03]

|

Leading isospin breaking
[Cirigliano et. al. ‘03]

y\’
1\

Firsk-ever calculakion with conkrolled errors
[Blum ek, al., Bai ek, al. 18]
%




K> 1717 dﬁ@&vS

CP symmetry is broken by the complex phase appearing in
the quark mixing makrix

A AX(p—in)
AA?

S""‘ d AS V104 The CP viclation is small
because of flavour suppression



Weak Effective Theory

E4fective Hamiltonian at p< mc

G 10 '
How = —EVaVi X (20 + 20) ©,

VA e ‘

|

P

_ ViV
(= Perturbative Wilson coefficients

Vud Vus

e ——

Only the imaginary part of tau is responsible for CPV

(everything else is pure-real)

Theoretically very comptata&ad mulki-scale probi;em

(weake scale, bottom, charm, QCD scale)
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O‘Foero&c:rs I

Currenk=Currenkt:

Q1 = Gatp)y_allpdy)y_p, Or = Sut)y_p(itd)y_a

Large coefficients, but CP-conserving (y=0).
Account for K->pipi decay rates.

QCD-Penguins:

0y =Gd)y_p Y, @@)v-n Q4= Godpv_n D @p2)v_a
q q

0s = Gdv_a ). @Dvia Os=Goddva ). @pdlvia
q q

O(as) but CP-violating (y=!0).
However, isospin-o final stake only,
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J? FQT‘O&O rs 11

The operators Qs, Q4, Qs % Qe are pure I=1/2 operators
In the Lsospin Limik: (D3)2 = (04)r = (05)2 = (0), =0

EW-Penguins:

3 3
Q; = E(Ed)V_A Z eq(qCI)V+Aa O = E(Eadﬁ)V_A Z eq(Qﬁqa)VJrA
q

q

R 2
Oy = E(Ed)v—A Z e, GDv_n> Qio= E(Eadﬁ)v—A Z e(qp9a)v-a
q g

0(ae) bubk cawn create isospin-2 state.
Needed for direct CPV!
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ImAz/ReAz: (V-AXx(V-A)

Let us first consider only pure left-handed operators
Qi = (5 w)v-a (T dv-a Qo = (s, ddv-a Iq 2q (G gv-a
Q = (5 udv-a (@ dodv-a Quo = (s, ddv-a Iq eq (9 9udv-a
Fierz identities & tsospin Limit imply
(Q9)2 = (010)2 = 3/2 (04 )>
with <@ = («Qer1 T <Qu>1)/2.
The V-A contribution to the ratic I=2

( ImA, ) b s Yo + Y10
ReA2 V_A Z_|_

Ls per&uvba&ivﬂv calculable without MonmperEurbaﬁive nput,
13



ImAs/ReAs: (V-Adx(V-A)

More operators conkribute ko ImAc/ReAo.

Filerz relations for (V-AXx(V-A) operators give:

(O4)0 =(O3)9 + 2 (0 )

Using the theoretical definition for ReAo:

ImA
) Sme2 22—z +0(p)
ReA, V. l+g¢

Where q is the only hadronic input ~Z-+(.IJ><Q+(IJ>70
(Mumerically very small) 1__@)(@;_‘(“),0
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(V-AIx(V+A) Conbributions

Qe & Qr give the leading contribution to ImAc & ImA;,
respectively

ImA, Gy e (Oc)o
ReAO ; g0

ImA G
R6A2 Q

To reduce bthe error own mosr\wp@.rﬁurbaﬁve EMW,& talke the

real parts from CP conserving data.
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S&o&@. of pk@.m; memolog:j

,4 [Buras, Gorbahm Jager, Jamin ‘1§

('e)qy = (1.9 % 4.5) x 1074
(g'le)... = (16.6 £2.3)x 10~* |

— — —————

290

ci,i,sarapa\m:v

exp

The error is CQMPLQE@.%
dominaked bﬂj

the v\om“perﬁurba&wa seckor ™
[Blum ek, al., Bai ek, al. ’15]

Perturbative error
are omtv eskimates




Whv does a single makrix
element dominate the error?

kihowhn from
CP-conserving

EW?T suppressad
i I=0 (a/as)

QCDP

| ReAo & ReA2 | |

Filerz Idenkibies
7 E,Mciepev\dehﬁ
o[vera&ars

\Dominate ImAo/

QCDT cannok
create 1=2

\ Sue to EWP

ImmA2

S

| | Colour hierarchies

Bekbter conkrol
over <Qir:
on lattice

= =

between
makrix elements,

|

f | Wilson coefficients|

RBrolkein bj
QED & wu = md

- Eskimatbed sapma&etv



ij e’ fe is so small?

The prediction of e'/e very sensitive to interplay between
QCD (Qo) & electroweak (Qs) penguin operators

Im4,

g'le =10"*
1.4 x 104

] [a(l - Q. —4.18)[H 4.7 Bk 1.2(10.4 B§3/2>]

e _

——

[Blum ek, al., Bai ek, al. '15] Re=0

S57(19) & Bg=076(5) )

TG

Cancellation between QCD & EW penguin operators.

Eleckroweale aperaéors are very sensikive o new phtjsi{:s.

Is New ‘Pkfjsws Eher&?

1%



Are we missing Emior&m«?:
conkributions in the SM?

New physics might not be the reason of the tension

= —
|
|
d
.b
A |
|
|
i
]
|
I\

Missing SM o |
- QCD corrections ;@
I

MESSEMS o
- QED corrections }‘L
|

Missing SM
- EW corrections

L
I
?l
|
[
|
l ‘
I
|
i

Deeper understanding of the SM is crucial
19



Long distance 1=2

There are only three operators which conbribute ko A
and oni.j two Emws cwf diagrams

' Pi

The major challenge here it is to ensure that
the mes have phjsiaai momenta

20



Long distance I=

The calculation of As is more challenging than the evaluation of A:

Challenges

Vacuum subbraction

Ground-state two-pion energy

- — = E— =

.“ Cli<,7m(tK’ TQ’ TJZ'JZ) = <O | ]ﬂﬂ(tﬂﬂ
| : SR ,

wr phase shift from 2015 resulks: 0o=(23.¥249+2.2)=

) Q(tp) Jx(tx) | 0) gi

Compm&d wikh dLspersiom theory result 34<S

Puzzle resolved by adding more interpolating operators for
states do=(30,021.613)2

1



Whv LS E,m[pc)r&am& to tompu&e
e'fe ok NNLO?

The theory prediction for e'/e only at NLO at the moment.
& higher order dimensional operators are not thcluded

in the error estimate (expected to be small)
O(p*Im?) = (mgx — 2m.)*/(2m.)?
1. Prospects for improvement on <@ are qood.,

Controlling other sources of uncertainties will
become important soon.

2. Higher order corrections could have a huge
impact on e'/e.

3. The convergence of perturbation theory at mc

ts ot clear.
22



S%a%u,s (’Jﬂf ! /e Q& NNLO

: »; S St , S ; ‘ )] j | ‘ £ [Blum et. al,, 3

R3



NNLO corrections

NNLO wealk Hamiltonian only known above bolttom mass.

(from B->X: gamma)

Analysis of e'/e requires bottom & charm threshold
corrections & also NNLO mixing of QCD inkto EW?.

These threshold corrections are determined through a
mabching of the effective theories with ns and nerl
fLavours.

R4



Charm matching at NNLO

Calculation of two-loop diagram with inserted operators

RE



Operator basis for NNLO

The traditional basis requires the calculation of traces with Y

Issues with the treakment of the Y: in D-dimensions

Higher order calculations can be sigm&ﬁcamﬂj simpuﬁes o

we use a different operator basis

Os = (st Yu Yv Yo P djdv-a (9c YH YVYP qu) No Eraces with Ys
s Os d

Relakion ko kradiktional basis nob brivial in D-dimensions
2&



Se%u,p

To work i dimensional reqularisation
To renormalise bthe theories in the MS-bar scheme
To expand the exterhal momenta up to 0(ie?)

To set the mass of the Light quarks to zero
This introduces Infrared Divergences in the

ngrl theory amplitude which have to be cancelled

by the Ultra-Violet divergences in the wng flavour theory

R7



Renormalisabion

2-loop diag. : 1/eps? & 1l/eps poles

| | 4 [ | . A

eps? pole is coancelled W

3 . eps is nok fui.i.j cancelled
Obr\e.-'i.c:-o-? diag with
nserted counber-term

Mixing

e © .
STEP 1I:

Mixing of cc required ,

L - 0./0;

< to get a finite result ¥

RY



Running

Matrix elements are computed in the 3-flavour theory

& the perturbative corrections have the factorised structure:
COup) = U g, p) - MO () . UD (g, i) - M) - U (s pryy) - Cayy)
NNLO for the Lsospin-o ampii%md& now complete

The shorb-distance conbributions are p- and scheme-dependent

Bub, observables do nok ciepe&\ci on pP-scale or the scheme used.,
Cil@(p <@ pL) Cancellation!

«Q>(UL) are needed in the same scheme and for the same scale
or ideai.tv as a function of p.

9



Conversion ko the MS schemwme

Perturbation theory is easiest and most transparent in

dinmensional reqularisation with mininal subtraction.

What about Ehe mabrix elements?

STE? I: <Qi> are renormalised Monwper&urba&aveij
it the RI-SMOM scheme,

STE? II: Makch ko the Eradiktional operator basts
i the continuum MS-bar renormalisakion

scheme ust N‘bf&’;

O ) = [T+ e T (G |

Unlknown master Feynman integrals from two Loops.

More ﬂamptit‘:aﬁad than par%urba&iva Wilson coefficients,
30



Definition of the renormalised operators consistent with the
scheme used in the calculation of the Wilson coefficients.

NDR-scheme, t Hooft and Veltman-scheme, RI-scheme

In some cases, the differences between different schemes
may be numerically large

To avoid all these Frobi.ems, tk is convenient to inkroduce a
renormalisation group invariant definition of Wilson

coefficients and composite operators

This relies on the fact that, U{p ,|Jc>:: u(u)u,(uo)“l

Al



RirI-scheme 11

QUL )CA(PL)=<Q (UL ) VB UL, He ) MED(p) U e, b )
x MU YOG b, uw ) CEN pw)

The contribution of running, U(y,uo), and makbching, M(u,),
can be factorised in terms of scheme & scale independent

quam&i&ies:

gl —

(%) COuy) = (OO FC. 51496 |

where,

(Q) = (O)(uyp) - u®(uy), MY = y3=1 )y MOD( ) . u® ()
C3 = uS ) €)M =G M () 1O ()

32



KCrI-scheme 111

In the RGI scheme:

1. hatted matrix elements satisfy d=4 Fierz identities

missing O(as) corrections for the Fierz identities

are also included.
2. ALL hatted quantities % also their proc&u.a&s
C3P = pB» B35 G

are {0rmattv scheme and scale independent.

Buk &hej show residual p &epem&ev\te Ehat is expe.t&eci
to reduce order by order & that is of the size of
higher order corrections.

33



The real part of Ac & A;
is dominated by 2. & 2-

- = e

|

| ReA, = 2+<Q+>2

The residual pe dap&mdent@.
reduces order bfj order

At NLO there is still a
dﬁp@.&\d@.n&a own the
implementation of as running

Shift Frab&btj due to
running down from mz

34




Impa&% onbto ReAr

ReA, = 1.48 X 107°GeV
ReA, = 33.2 X 107°GeV

Re Aj/Re Ay

Lakbice am[m& to ReAo has skill
RO%/28% skat/ 5Ys. umaar%aim&v

=

Re Ay x 107 [GeV]




Kesulks ab NNL(

NNLO accuracy of “2% for the most important coefficient




lmpac& onko e'/e

Uncertainty is significantly reduced by going to NNLO.
Tiny scale variation suggests neqgliqible N3LO QCD effects.
There are still improvements: better as implementation & better

incorporation of sub-leading corrections.
37



vaamwat Charmw

No evidence for a failure of perturbation theory at the charm scale.

= — =

No&vper&urba&ive ’
Virtual-charm ?
effects ;

X e e e

Lattice simulations with dynamical charm are becoming feasible.

From our aompu&ao& threshold corrections, we can provéd& an
estimation of the §our-~§i.av0ur makrix elements,

| <Q><3) C(3>_ <Q><3> ey C4 <Q>(4) C<4)

L(‘*) Avmi.abie ok NNLO (t:z‘::, QLJB‘P) Sf: NLO (EWP)
3%



Phenomenology at ni=4

The formula for e’'/e has to be modified at the 4-flavour theory,

There are two new operators, Qui© & &<, & the penguin operators
conkain charm quark,

The I=2 amplitude ratio is unchanged in form.

The I=0 ratio ciepev\ds expi.i,ci,ﬂj o the new opera&ors:

: 1 j
ImA, : (2 ¥4 =513y = y10l(1 +2¢7) 4
= Imrz o

R€A0 Z_(l + Q) 1 + q

3 h i 1 %

3[)’9 + y0l(1 + g5)g . q.q " (V3 + Y4 — E[Y9 + Y10DP3

2.(1 +g) l14+g (1 +q)
G’F VudV:tks

<<Q6>0(y6 T Psys + p8gy8g) + (Og)o(Yg + Proy7 + P7oy)’7y)>
39
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Isospin Breaking effects

The Lsospin Limik s not very qood: 0(10%) corrections

| Piowns are ot exack
I=1 skates

 Electromaquetic effects
cannol be neglected

This corrections are introduced via the parameters siff & o
A. The phases doz are still defined in the isospin Limit.

Waksons Eheorem is c:»v\i.v valid when Lsaspm is conserved

3. One makches a QUDXQED evolution to a pure QCD

Lakbtice calculakion

4.0



Electromagnetism in Lattice

Complicated, particularly QED effects (IR subtractions,

real emission, lattice matching, ...)

A. Do not r&sp&c:& Fhe &mmnampt&ud& skructure

B. Violate Wakson’s Eheorem

NGw taht&p&uauv understood own the lakkice in QED

Fer&urba&om theory, In practice need ko

A. Define QED expansion of makbrix element ratios
B. Carefully define & express observable at 0(ac)

C. Disentangle QED RG evolution from makbrix
matbrix element expansion, for matching

shorb-distance and Laktice
41



Conclusions & Qubtlook

e'fe ok NLO per&urba&wm theory with RBC-UKQCD

makbrix elemenks shows a kension with the daka.

Latbice resulks with improve_d skak. and sst. errors
will be pubi.i,shed SoON.

New NNLO calculabtion of the non-EW-penguin part

of the weak Hamiltonian removes large part of the

par&urbaﬁve uncertainty in e fe.

e'/e can be expressed in terms of RGI objects, to

achieve a fuller factorisation between perturbative
and non-perturbative pieces.

42



Future qoals

From a F’hQMOMQb\OLOSE,t&L F?erspec:&va, the wost imyarhh& goal

s reducing the error on <Qevo.

If phenomenology is done appropriately, hone of the other <@>
contribute above 1/4 or below of the current experimental error

Apm‘& fyom this, calculation of Lsospin breaking on the lattice,

and interfacing with perturbation theory will be important.

Formalism can be extended to ni=4 dyhamical quarkes.

EW NNLO ncluding svs&amaﬁa treabtment of 0(a.) (as well
as mu =! md) aboul the isospin Limit are the next steps on

pm&urba&ve side

43



“and now here is my secrel, a very
sim[pi.a secreb: 1tk is Ov\bj with the
heart that one can see r&ghﬂv; whal
s essential is avisible ko the eye”

-Le petite prince (Antoine de Saink-Exupéry)






What f RBC-UKQCD resulks are
right?
a. SM value deviates by almost 30 from experimental

world average: (e'/e)su << (e'/e)exy.

b. Destructive new-physics effects in e'/e are disfavoured.

this puzzle requires a NP contribution
even larqger than the SM contribution

c. The large factor 1/w. mulkiplying ImA; renders e'/e
sensitive to new physics U the Al=3/2 tramsitions.

However, it is difficull to place a large effect into e’ without
overshooting e..

46



Maiin conskraunk: ex

The SM conbributions ko direct and ndirect CPV ciepem&
on the CKM combinakion t as

e’SM < Imt and exM x Imat?

In new physics scenarios, with new sources of CPV
rapi.ace T wikth 6

e’N? < Id and exNP < Ipmd?

For smper*heavv new ijsir:g entering through Lc:-o[og,
effects can only be relevant if [8] »> |1

Rub exN? »» exsM tn conkradiction with khe axparimam&ai.

value, Need clever ideas ko suppress el !

47



Possible New physics

Creneric
2! wodels

[Buras ek al., '15]

@.xptamaﬁmms

[Cirigliano et al., ‘16]

Chromo-magnetic
Operator ‘

[Buras ek al., '99]
[Rauer ek al., '09]

[Constantinou et al., ‘14 ]

4%

[Kikahara et al., ‘18]
[Endo et al., ‘16]

[Crivellin et al., ‘17]



2’ wmodels

General models with bree-level Z and Z’ flavour
violating exchanges.

The correlations of e'/e with other flavour observables
allow to differentiote bebween models in which e'/e

can be enhanced

Z-scenarios: Enhancement of e'/e, eK, Br{Ki-> m° v V)

& Br{K—> v V) only Passibi.@. i the
presence of both LH & RH flavour violating

couplings
Z'-scenarios: the size of NP effects & the correlation

between Br{Ki—> @ v v) & Br{K*—> @ v V)
c'\epemds strongly on whether QCDP or EWP

dominake NP conkributions bto e'/e
49



AN NY. &
K h
B
o

The enhancement in e'/e originates from right-handed

ﬂoupiivxg

aho\rgedﬂturrev& interactions. (Tree L@.vei)

el [z;] Lyl W+](1 cifh {5 U

To assume that .4 and €, have complex phases.
Right-handed scale of 0(102 TeV) to explain the
discrepanav.

Correlation with hadronic and aktomic eleckric cli,goi.@.

nmonmenks,

£0



Chromo-magnetic

Ckromo-*magme&c p@\ﬁums

oy (My,) m
My My

a(Myp) 5

CSM L
Y-8 LR
MNP

NP
Crg
can give large corrections to e'/e of form:

(¢'/€)g, = 3 By, Im (cgg 2 Cég>/(GFmK)
= 520 By, Im(Cy, — C})TeV

However, an enhancement of the SM by a factor of order

§00 is necessary for a sizeable impact on e'/e

&l



e'fe Un MSSM

The MSSM has the required ingredients to explain e’ without
conflict with ewx despite § »> v, [Kitakara et al, 116

Mechanism

a. Enhancement of ImA; due to strong isospin-breaking
contributions. "Trojan penguin” [Grossman et al., 99]

(coupling differently to up and down quarks)
b. Suppression of the K-K mixihg amplitude thanks to the
Majora&\a nature 0{: Ehe gtuiv\o»s [Crivellin et al., '10]

This is possible with squark and gluino masses in the range

3-7 TeV, far above the reach of LHC.
52



