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Direct CP Violation

A non-zero value of Re(='/<) signals that CP Violation exists
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The measured quantity is the double ratio of the decay widths
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(a long series of precision counting experiments)

From NA48 and K'TeV collaborations,
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/¢ Current Situation

Matrix elements can now be determined on the Lattice [Blum et. al., Bai et. al. "15]
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[Buras, Gorbahn, Jager, Jamin ’15] (using input from Lattice results)

Tension between the theoretical
prediction and the experimental data

NEW ANOMALY???



Disentangle the Flavor Puzzle

Is flavor violation completely
soverned by the CKM matrix?

New sources of Flavor Symmetry
G Breaking at 10 TeV scale

' Minimal Flavor Violation |

(MFV) |

Deeper Understanding of the SM is crucial|
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CPV in Kaon

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

Current-Current QCD- Penguins EW—Penguins
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The CP violation is small
because of flavor suppression



Effective Field Theories

Hett = Vckm ) C@ 93

Z \

short-distance  Long-distance



Weak Effective Theory

Effective Hamiltonian at i1 < m.

Heot = & VaaViia X321 (2:(p) + 711:(1)) O;

Vid Vt*s

T perturbative Wilson coeffs.

T =

Only the Imaginary part of t is responsible for CPV

(everything else is pure-real)

Distan@ [Blum et. al., Bai et. al. *15]

Lattice QCD calculation of the Matrix Elements
(mm) 1|05 | K) = (Oi)1
by RBC-UKQCD.
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- * T —— i) [Misiak, Bobeth, Urban]
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iii) [Gorbahn, Haisch]
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v) [Buras, M.Jamin, ML.E.L]

vi) [Blum et. al., Bai et. al. ‘15]
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NNLO Operator Basis

The traditional basis requires the calculation of traces with y3

O « = (3.d.:)v — B Issues with the treatment of
56 = (8idlj)vos Zu’d’S(QkQZ)V+A * the y5 in D dimensions

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

[Misiak et al.]
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NNLO Matching

O1 & O: have the largest Wilson Coetficients y; for pic > me.

The calculation produces several types of structures,
(5" PLTd)GokY (5T Prdy)GLEY KRS .

— more than operators.
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Renormalisation O1/0>

Divergencies in 4 flavor theory canceled by 3 flavor theory:

One-loop matching coefficient x one-loop operator mixing

results then in finite threshold corrections for“ 03 -0¢ %
L

Additional Check:
All results can be projected onto the Physical and EOM vanishing Operator Basis.

The log(11) dependence cancels analytically.

Note:
Evanescent Operators only contribute in f=4 theory at NNLO
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Change of Basis

Lattice results are presented in the Traditional Basis.

A change of basis in Dimensional Regularization is equivalent to

a rotation (R) plus a change of scheme (86Z) [Gorbahn, Haisch]

Physical quantities do not depend on the renormalisation scheme.

The scheme dependence of the
Wilson coefficients and the ME

cancels out in the product
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QCD penguins
at 11.~=1.3 GeV scale

RGE
We compute f

Yo MM (at) = U(ppat, pe)-M (pe).U (e, po)- M (1) U (i, pow )-yi (2w )

Y ¥

Threshold corrections

We transform the Wilson coefficients to the the traditional basis

tra
Y; (:ulat) — (R_l)T'(l o 5ZT)'y7LCMM(ILL1at)

Alternatively, we can use the formula
82 (1at) = Ua'? (Brae)-(RHTU YD (1) M (1)U (pre, i) M (1)U (i, pow )i (o)

[Jager’s talk]
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Phenomenology



psﬂon /cpsilon In the SM

Ao & Az : Isospin amplitudes
for isospin conservation

G O|7-[eﬂ:\KO> Ag 6250 +A26152/f
| (T 77 | Heg| KO) = Age® — Age™2 /1/2
(T 70| Heg| KV) = BAS_GMJ/Q

Ao, A2 & A" from experiment

[Cirigliano, et. al. "11]

Normalise to K™ decay (o+, a)
and
expand in A»/Aoand CP violation

Lattice QCD gives us:

Ar =2 f(Vexkm)Ci () 1| O; ] K)

The CPV is parametrized as, Ad]“iﬂf‘}g’&fgp EW

e\ ~ g — wy | Zm(Ao) (1 _ O ») _ 1Im(As)
Re ( € ) e \2|ek]| |:R€(AO) (1 Q,e ) a Re(Az)
[Buras, Gorbahn, Jager, Jamin "15] [Cirigliano, et.al. "11]
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[Buras, Gorbahn, Jiager & Jamin "15]

RGAQ — G Vudv*s <4 <O_|_>()

u

V2
For (V-A)x(V-A) structure

ImAQ _
ReA2 V-A

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

ImAg) _ _ﬁhn)\ eff (Osg)2
(1), - -5 @

Free from hadronic uncertainties.

ReAs ReA>

0-, 03, 05, O6 are pure 1=1/2 —4p In the isospin limit, ME for I=2
operators of these operators vanish
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[Buras, Gorbahn, Jager & Jamin "15]

ReAp = G—\/gVUdVJS(Z+<O+>O + Z<O—>0)

Fierz relations for (V-A)x(V-A) give, e.g.:  (O4)0 = (O3)0 + 2(0_)o

ImA _ (2y4—b[3y9—y10]) | 3[yo+y1i0lg
(ReAg)V_A—ImT g Im752<f+q)1§+

is only a function of the Wc¢’s and the ratio

_ 21 (W (04 (1)o
9= 20— (1)

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

ImAO —
ReA() V—|—A

dominated by short distance

dominated by long distance
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Residual pc scale dependence originating from the QCD penguins
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Outlook

. Perturbation theory gives consistent results for QCD penguins
at NNLO

| NEXT STEPS

o Inclusion of the EW penguin and the CC contributions
. Inclusion of QED corrections

. Extending the formalism to four flavor [Jager’s talk]

« Combining perturbation theory with Lattice.
Renormalisation scheme

22



Thanks!!!



