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Direct CPViolation Exists

A non-zero value of Re(c'/<) signals that CP Violation exists

The measured quantity is the double ratio of the decay widths

o F(KL—>7TO7TO)F(KS—>7T T )
- IN(Kp—=rntn ) I'(Kg—7n97w0)

_|7700

(a long series of precision counting experiments)

From NA48 and KTeV collaborations,

(_) — (16.6 +2.3) x 10~
exp

3



/= Current Situation

Matrix elements can now be determined on the Lattice [Blum et. al., Bai et. al. "15]

[Buras, Gorbahn, Jager, Jamin ’15] (using input from Lattice results)

Tension between the theoretical
prediction and the experimental data

NEW ANOMALY???



2.90 What is the reason?

Is New Physics there ?

BUt, this could not be the whole story...

Missing SM ?
EW corrections |

Indeed, deeper Understanding of the SM is crucial.

5



Error budget for =/

Cancellation between QCD

= 0.57(19) & Bs= 0.76(5) ' and EW penguin operators

=——-

===

/¢ =104 [1. j;“fg_J [a(l — Qerr) (—4.1(8) H24.7 B{?) + 1.2(1)TJ10.4 B ﬂ
1=0 (V-A)X(V-A)  [=0 (V-A)x(V+A) 1=2 (V-A)x(V-A)  1=2 (V-A)x(V+A)

- Quantity | Error on €’/¢ ||| Quantity | Error on &’/e

Perturbative calculation. Bé1/2) 11 ma(me) 0.9
" NNLO 7156 ] q 0.2
Parametrise hadronic * Qetr 0.7 B{/? 0.1
matrix elements. Vg\ | D3 0.6 ImA\; 0.1
: \ ~L BB 0.5 0.1

[Blum et. al., Bai et. al. 15 8 P72
P5 0.4 Pro 0.1
mg(me) 0.3 as(My) 0.1

me¢(mt) 0.3

All in unites of 10*-4
The error is completely dominated by the non-perturbative sector.

Lattice progress & perturbative error are only estimates
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CPV in Kaon

[Buras et. al., Ciuchini et. al. 92 93]

Current-Current QCD-Penguins EW-Penguins
s u 8 U S W d s W d s d
I }{ X X I
u d v d q q q q q q
Ola 02 03 Bl 06
Vi Vb D WD &
V;SJKM — Vcd;‘ Veb ~ O A 1 \?
Vid Vi AN ]

The CP violation
s~ d )\~ 1074 is small because of
flavour suppression



Effective Field Theories

Hett = Vekm ) Ci(p) Oi

\e

short-distance Long-distance




Weak Effective Theory

Effective Hamiltonian at 1 < m.

Her = Z5VauaViiy 32321 (21 (1) + 701 (10)Q:

Vid Vti
Vu d Vu s

T =

perturbative Wilson coeffs.

Only the Imaginary part of t is responsible for CPV

(everything else is pure-real)

Current-Current Q1,2/i — (giuj)V-A(ﬂkdl)V-A
QCD-Penguins | @3,....6 = (Sidj)v-A D —y g s(T6Q)va

EW-Penguins | {7,...,10 = (Sid;)v-a Zq:u,d,s eq(qrqi)vEa
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Long Distance

[Blum et. al., Bai et. al. 15]

Lattice QCD calculation of the Matrix Elements
(m7)1]Q:| K) = (Qi)1
by RBC-UKQCD.
They are renormalised non-perturbatively in the RI-SMOM scheme.

Match to the traditional operator basis in the continuum MS-bar
renormalisation scheme using NDR:

(QiIMS () = [TO - O‘SigL)T(l)(ML)]ij<Qj>RI-SMOM
[Sturm, Lehrer ’11]

The scheme change to the MS-bar scheme is only known at NLO W
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: ) [Misiak, Bobeth, Urban]
Short Distance i) [Gambino,Buras, U.H]
iii) [Gorbahn, Haisch]

N _ _ iv) [Gorbahn, Brod]
Traditional Basis Modern Basis v) [Buras, M.Jamin, M.E.L]

vi) [Blum et. al., Bai et. al. ‘15]
Effective i
i Theory
at uW ' '

Energy scale } Fields

‘ i) NNLO QCD + Current-Current
{ ii) NNLO EW penguins
, . ! { iii) NNLO in QCD ADM/RGE
Matching . "N SRS R — — .
I i By S S e ———

iv)NNLO QCD + Current-Current

mb } iii) NNLO in QCD ADM/RGE
Matching ]
at uc |
me ' v) NLO All operators
 iii) NNLO in QCD ADM/RGE
QCD MLattice | u,s,d | Lattice QCD ! v) NLO for all operators except Q8g
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Charm Matching at NNLO

Q1 & Q2 have the largest Wilson Coefficients

W/ Q A
‘mw@ Wﬂz% ; j

The traditional basis requires the calculation of traces with y3

Issues with the treatment of
@5 = (Sid;)v-a Zu d; 5 (@ku)v+a * the y5 in D dimensions

Higher order calculations can be significantly simplified
if we use a different operator basis: Modern basis

O5 = (9o Prd) 3y a,s (@777 Q) [Mistak et al
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Wilson coefficients at 11 =1.3 GeV

The perturbative results have the following structure
CO(pur) = U (ur, 1) MO (1)U (e, pan) M (1)U (pt, i ) C ()

Observables do not depend on p-scale

>, O () Qi) ()

Alternatively, it can be also factorised in terms of
scheme and scale independent quantities:

(D)3 (up)C® (ug) = <§>(3)M(34)M(45)(§(5)

e

—

" (uw) OO ()




Current- Current z

[Cerda-Sevilla, Gorbahn, Jager, Kokulu]
The largest coefficients correspond to the current-current terms z: and z-

it B N 0.615] 2

2'75:_ """" LO 0610 ::‘_"_'_'_"_':___—-:--:'-:: ------------ ]

I wo _

@ DTOL e T e e e e e e — — e —— e ———— | |

a NNLO : 0-605_-\"N-._______________________'_'_':::_':__LQ_.._:_

265K I L 06001 TN
L T TmmesiT i S LT P ) T UL NNLO

2.600 : _

1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0
He[GeV] uc[GeV]

The residual scale dependence reduces order by order.

No significant shift appears between the different orders.

At NLO there is still a dependence on the implementation of &'s Running.
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y

[Cerda-Sevilla, Gorbahn, Jager, Kokulu]
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Phenomenology



psilon /:psilon in the SM

, , Ao & A2 : Isospin amplitudes
<7TO7TOWeff K O> = Age™ + A26252/ V2 for isospin conservation

(TH 7 [Het| K°) = Age™® — Aze™2 /v/2

. Ao, A2 & Aot from experiment
(m 70 | Hegt| K°) = BA;eZ‘S;/Z AR P

[Cirigliano, et. al. "11]

Normalise to K+ decay (w-, a)
and
expand in A2/Aoand CP violation

Lattice QCD gives us:

Ar = 2.; F(Verm)Ci

The CPV is parametrised as,

A

. W (800 —00— - mA mA
[c = Z\/§|ZK|€(52 %0~ %) H{eAg(l_Q )_ll 2}

[Buras, Gorbahn, Jager, Jamin 15] [Cirigliano, et.al. 11]
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Minimizing non-perturbative input

| Better control over |

(Qi)2

on Lattice

| Electroweak penguin
are suppressed |
in 1=0 (ae/as)

'Operators identities

only 7 operators

QCD penguins
cannot
create I=2

ImA2
due to N
\ EW penguins /

18

RGAZ'

CP-conserving Data|
~ 1

I
|

| Colour hierarchies |
Between ‘

Zi

Yi |

~ Broken by and (™M, #F my

- ¥ estimated separately through



ImAJ/ReAo

The operators give the dominant contribution to

ImAO

Fierz relations for (V-A)x(V-A) give, e.g.: dominated by short distance

ImAg . (294—b[399—7T10]) | 3[99+9Y10]q
(RGAO)V_A = lmT (1+4¢)2— - Im7 2(14-9) 2+

Is only a function of the Wc’s and the ratio
G =24(Q+)0/2-(Q=)o

For (V-A)x(V+A) operators: dominated by long distance

ImA o G ~ <Q )
(ReA8>V+A — _Tglm)\tyG e6 0

CP-conserving Data
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ImA2/ReA:

The operators give the dominant contribution to

ImAQ

Free from hadronic
uncertainties.

(ImAg) — Im 3(Y9+7Y10) /"’2v
— 7T =57
V-A +

ReA2

For (V-A)x(V-A) structure

For (V-A)x(V+A) operators:

ImA- . Gp ~eff <Q8>2

CP-conserving Data
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€'/e x 10*

/o &

[Cerda-Sevilla, Gorbahn, Jager, Kokulu]

Residual scale dependence

30,
250 LO

S NLO
200 T, meemmemmemmmmmTmmm T TR

S L L NNLO

_'¢/ .....
150 Tt e : c e ege

: oo il «Uncertainty is significantly
LoF=="TTTTTT e reduced by going to NNLO
0.5 :
0.0L

1.0 15 2.0 2.5 3.0

HelGeV]

« There are still improvements: e.g. better as implementation &
better incorporation of sub-leading corrections.
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Future Improvements
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Dynamical charm

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

Non-perturbative

virtual-charm effects

-

Lattice simulations with dynamical charm are becoming feasible.

From our computed threshold corrections we can provide
an estimation of the four-flavour matrix elements:

The formula for £’/ has to be modified at the four-flavour theory.
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Isospin Breaking effects

. The isospin limit is not very good: O(10%) corrections ( & a).

' Pion are not _
~ exact I=1 states |

——

. The 00,2 are still defined in the isospin limit.

Watson’s theorem is only valid when isospin is conserved.

.= One matches a QCDxQED evolution to a pure QCD lattice calculation.

Electromagnetism into (Q;)

IR-problem

24



Summary

/e at NLO perturbation theory with RBC-UKQCD matrix elements
shows a tension with the data.

New NNLO calculation of the non-EW-penguin part of the weak
Hamiltonian does not move the central value.

/= can be expressed in terms of RGI objects, to achieve a fuller
factorisation between perturbative and non-perturbative pieces.

Formalism can be extended to n=4 dynamical quarks.

EW NNLO including systematic treatment of O(a.) (as well as m, # m,)
about the isospin limit are next steps on perturbative side.
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Backups



Input for the numerics

value range
My 80.403 GeV
My 91.1876 GeV
as(Myz) 0.1181 £ 0.0011
my(my) (163.4 £+ 2.0) GeV
mb(mb) (4.18 mm 03) GeV
me(me) (1.280 4+ 0.025) GeV
Lt 120 GeV
92 5 GeV
Lbe 1.5 GeV
Im)\; (1.4 +£0.1) x 104
Gr 1.1663787 x 107° GeV 2
Vs 0.2248(6)
Qusr (14.8 + 8.0) x 102
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QCD-penguins 2
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Fierz-ldentities

In general, this identities are violated in dimensional regularisation.

O(«s) corrections

gl 0=—-Qs+Q3+2Q_,
0= Qo o@ Q) — 5.
0=—-Qi0+ gQJr + %(Q— —Q3).

But, they are satisfied by the RGl-operators at all orders in
perturbation theory.
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Real Parts

. CP-conserving data| | ReAop &ReA2 | ReAQ & ReA2

ReA, = 1.48 x 10-8GeV
ReAg = 33.2 x 10-3GeV 1‘

| |

The operators give the dominant contribution to ReAi

Q- Q3 Qs Qg arepurel=1/2 = (Q_)2 = (Q3)2 = (@5)2 = (Qs)2 =0

at tree-level

| | only marginally
 within the SM |

| affected by NP.

ReAz = SEX, 21 (Q4)2

ReAo = SEN (21 (Q4)o + 2-(Q-)o)
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Re A> x 107 [GeV]

ReA:

Residual scale dependence

0.154 |
0.152 _________:____T_.:._._.:-_—_-;_-:-__—.-'_-:=-—_—.=-.-=.—_—a=-.-.
0150 m e i
0148 L-======"""""7TT e LO
----- NLO
0.146 | NNLO
10 15 20 25 130

He|GeV]

ReAsgy, = 1526(§D)

|
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| Non-perturbative error

NNNLO Corrections



ReAo

Residual scale dependence

52
SO LT e e e .
-------- LO

48. - NLO | Lattice input

: NNLO : has still

- - 20%-25% stat/sys.
Ao T T T T e e uncertainty
441

10 15 20 25 30
pc[GeV]

" ReAglqy = 44.4(11.0)

- |
i Non-perturbative error

@ %« 10~8GeV |

I NNNLO Corrections
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Re A2/Re A()

Al=1/2 Rule

Residual scale dependence

00341=‘%____--,#:& ...............
0032 TTTTrrm s rem s e T -
0030 e
e TTIIIIIIITTTT s L.O
0028k  emea- NLO
j NNLO
0026 . . . .
1.0 1.5 2.0 25 3.0
Hc|GeV]
RGAO
— 29.2(7.4)(1.0)
RGAQ M
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