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This talk

» Introduction to Flavour Physics and CP violation
> Defintion of ex

» CKM factors

» Effective Hamiltonian

> Results

» Conclusions
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Flavour Symmetry

The standard model gauge sector “9 = Z B + Z LgiFL
is CP conserving and has a fefude, Q. L}

large global flavour symmetry g = _ T1,Su(3): x [T, uQ
X
[Chivukula, Georgi \87]

Only Higgs Yukawa couplings a -y - :
break this symmetry in the SM ~ —*v = UrYu®'Qr + drYa@'Qr

Mass eigenstates = flavour eigenstates

1 my Via Vus Vb
for diagonal Ya: Yy, = 5 me Vea Ves Voo
My



Neutral & Charged Current Interactions

Mass = flavour eigenstates

Vi i
Sr, ur, f i f,f
W 70

SM: Only charged currents  SM: Neutral currents do not
change the flavour (x Vus) change the flavour (i=j) at tree-level

1-4 A AX3(p+in)
Vekm = -A - %2 A2
AN —p—in) -AA® 1

» CKM matrix parametrises CP and flavour violation in
the SM
» Standard Model: Higgs sector is the source of flavour

violation
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Unitarity: 1+ (VuaVy, + VeV,

> gives: 1—[(p+17) +

» constraints from
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Flavour Problem

New physics like Supersymmetry, Extra Dimensions ...
will have new sources of flavour violation,

while flavour observables agree well with in current
precision.

If we will have new physics at a scale A we will generate

1
L= Lo+ A2dTd + ﬁ(de)(st) + ...

From the A? term we expect A = O(Mz)

1
From the A2 term we expect A >>Mz
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New Physics Sensitivity

» The New Physics (NP) and the Standard Model (SM)
compete

Cnp

o=

(50)(50k) + 223y, (5l

ew

» Since we have no particle physics evidence of new
physics
» Calculate the SM flavour violation as precisely as
possible.
» Understand the origin and correlation of NP flavour
violation to be able to interpret small deviations.
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Meson-antimeson mixing

Restricting to {|K?), |R0>} basis we have

A (IKO) _ (K9
at | K> )~ LK

a hermitian M and anti-hermitian if contribution.
~ (Hir Hiz <K°|T|K°> <K°|TIK> o e
H= oo H =M-

a1 The2 (K ITIK°> <K |T|K>

QCD generates Hy; = H, (equality from CPT)
weak AF = 2 flavour change: Hi2> and Hoq
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ek Indirect CP violation
» |If CP is conserved K, + mmt, but mixing allows:

= ((mt7t) 1=ol KL)
7 () olKs)

, 1 -M
= e’¢€sin(pe§ arg( r 12)
12

: Im(M;2)P's
—etan ‘P(% ! ‘f)
> (KOH“S=2 1K) — Im(Myp)P*

> |m<(7'c7'(),:o|K°> e
Re((mmt) =0l K?)

> ¢ = arctan AFK72
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Im(l\/l12)

» We can factorise perturbatively calculated

> short distance contributions at y; = m,
» from long distance effects calculated on Lattice

(Het) = (Q™5"2 (thad)  U(ptnaa, e)  Ulte, uw)  Cluw)

> factorising U(had, tic) = U™ (Unad)U(pc) We write:
2 ~ _ _

> SIEMEBK = (ROIQS 2K U™ (tinaa)

> 15 S(Xi, X;) = u(pe) U(pte, pw) C(uw)
is the short distance contribution

> Qgo = (EL)/#dL) ® (EL)/HdL)
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&: from |AS = 1| Hamiltonian

K0 KU

» ¢ from the absorptive (imaginary) part of

fd4X<RO|H|AS:1 |(X)H|AS:1 |(0)|K0>

» Estimated from y PT: +2.4% [Buras et. al. 1002.3612]

» Can also be extracted from Lattice and €’ /e Bumet. al.
1502.00263, 1505.07863]

> Paramterise ¢, # /4 and & # 0 by k. = 0.94(2)

11/27



CKM structure of AS = 2 Hamiltonian

S

+
u,C,t
Z )\u)\u X U;
ul,uj t J
d
R

AVAVAVAV

Wi

<
>

Wi

We define A; = VigV;
» Using A, = —A; — A; we have
2/\tAc(Atc - Atu + Auu - Acu)

Ag(Auu - 2Acu + Acc)

d

—_—

A ’LLj

AVAVAVAV

» One could eliminate A, = —A, — A;.
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CKM structure of AS = 2 Hamiltonian

o ANt
u,C,t w=
> u)\u X u;y A Uj
wiug
d W= s
_<_/\AA/\/_<_
Im Re o
A2~ AT~ AT mE/ME
Ac Ay ~A%  ~ A% m3/MZ In(my/m;)
A2~ A8~ A2 m2Me

A Ay ~ A%~ A5 mE/ME, In(my/m,)
A2 0 ~ )2 mg/Mi\,
Where A; = ViuV., A = |V, ~ 0.2 and we eliminated

1s?

either: A, = -A;—Ajor As = —=A, — Aq.
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AS = 2 Hamiltonian - Phase (In)Dependence

> Recall ex o< arg(—Mi2/T'12)

> Trick: pull out A}, and (A},)? from HAS=" and HAS=2:
» Rephaseing invariant: A,-A}f = VigV \/j’;j\/jS

> 2 = AjA; where Ay = ((1t1t) =0l K°)

2N 2

MWz ng{f1c1 (1) + i [ Co(u) + f3Cs(1)] } +h.c.

AS=2 __ F
T aey)

> J=Im(VysVep V,, V), f1, f and f5 are rephasing
invariant

> Real part f; = |A,|* is unique
» Splitting of f, and f3 not
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Traditional Form
Traditionally the effective Hamiltonian is written as:
GZME,
42
where f, = Re(A:A},), f3 = Re(A:A}) and

HAZ? = [A2C % (1) +A2CE, (1) +AcACE (1) | Qsa+hec.

CH=C1, C&=2C1+Cs 2Cg, =2C1+C2+Cs

> Ci « Ay — 2A., + Ax has bad short distance
behaviour

» C; determines AMk via ReM;»
» But C¢ contributes to ImM;, and hence ek
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RGEs d6% — d8 for 1

Renormalise Hcs at 3-loop

eff _ 4GF Z [/Z Zij Z V;s VIdekI_/\tiZ"fQi
3 /=3

i=+,— =+,— k,I=u,c

6
+ SG,QEACAt{ Z Z Ck C/Z«J + C:Zs7

k=+,~I=+,-3

é7 + h.c.

to determine the relevant renormalisation group equations

d -
deC(y) Crlwim+ Y Z Ci (1) Ca(1t) Prn7

k=+,- n=+,-,3
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AcA+ Coefficient in Traditional Form

@ Initial conditions: Matching at My

@ Running to m.
@ O(100000) Feynman diagrams
@ RGE for double insertion

@ Include threshold corrections at my

@ Matching at m.

@ RGE in three-flavor EFT
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Residual scale dependence
0.6

0.2....|...| M B
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Net = 0.497(47)
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A2 Coefficient in Traditional Form

@ Initial conditions at My, vanish by GIM
[E. Witten, Nucl.Phys. B122 (1977) 109-143]

@ Running to m
@ Only |[AS| = 1 operators contribute
o Double insertions are finite (GIM)

@ Matching at m.

@ (O(100000) Feynman diagrams

@ Including finite pieces
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Residual scale dependence

2.5 rrrryrrrryrrrryp T rTrTT

nCC

O MR RS RS | M B

1 1.2 14 16 1.8 2
pe [GeV]

ncc - 1.87(76)
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ImM; > without AMy pollution

> Choose f, = 2Re(A;A%) and fz = |42

G2 M?
L—@W [Angg(H)_H\? ng(H)JrAuAng'g(y)] Qsz+h.c.

A=2 _
H5" =

» Now real ReM;, and ImM;, are disentangled
Cs2=C1, Cg=Ca, Cg=Cs

Cs « (Atu — A + Acc — Acu) A
— (Auu - 2Ac + Acc) - (Atc —Aw+Aw - Acu)

» Extract anomalous dimensions and matching from
old calculation and incorporate matching from .
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Residual scale dependence

Residual p. dependence

LL
NLL

. = NNLL

FaN Way PR * S —
- ’.T.-~~~~ —
., —
0.38 4 i
0.36
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fic [GeV]
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The top-quark: good convergence

0.80
0.75 “

Residual p; dependence

== LL
— NLL

B

0-50 I T T T T T T
50 100 150 200 250 300

pe [GeV]

Can be improved with NNLO calculation
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SM prediction using PDG input

lex| = KeCeBrl Vep 2227 X [IVeo (1 = p)na(Xt) = nur (X, X1)]

sin 23

Vi e By = 0.7625(97)
[FLAG 2019, 1902.08191]

param.
\ o |5 =2.16(18) x 1073
%‘ut (2%)
& e leor) = 2.228(11) x 103
Ke
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Using exclusive V., and lattice «.

> exclusive Vy, = 0.0403(8)

> Lattice k. = 0.923(6)

> lex(SM)| = 1.81(14) x 1073

> |ek(exp)| = 2.228(11) x 1073

Improvements can come from:

> Vcb

» NNLO calculation for ny [Brod, MG, Stamou, Yu in
progress]

» NNLO matching of Bk to continuum [Kvedaraite, MG,
Jager in progress]

» Calculation of £ without €’ /¢ form Lattice
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CKMfitter 2019 update

Incorporating new formalism shows reduced uncertainty,
but p and 7 not the (only) dominant CKM factors.

L= e IRV R
exduded area has CL> 0.95 . = T

: = (! ]

L Y % ]
mE 3 Amy & Amg
- sim2p -
05 - =
r 1
= 00 =
-05 L |
-1.0 - v ¢
[ sol. wicos2f<0

- Summerig (excl a1 CL>0.95) |
asleaa byl b b h e B ]

-1.0 -0.5 0.0 0.5 1.0 15 20
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ex-Konclusions

» Precise theory prediction of ex possible
> bottelneck of bad pertubation
» Theory prediction can be systematically improved:

» Matching Lattice < continuum
> So at NNLO.

> Measure

» SM parameters: Vg, and m;
> or new physics
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