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MOTIVATIONS FOR
FLAVOR PHYSICS
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[@ (Indirect) Searches of New Physics J

4 b
@ Understanding (or aiming at) the

theory of flavor
\. P




The Standard Model does not:

include gravity (Mg, = (RC/Gy)"? = 10"° GeV)

explain the origin of flavour, i.e. masses, mixing and CPV (Mg,,= ?7?)

give a natural explanation of the hiearchy problem (Myye. << Mpjane)

provide (exact) gauge coupling unification (Mg ;= 107-10"° GeV)

explain the smallness of neutrino masses (m,= (Av)?/M, M = 10" GeV)

=N
produce the observed matter-antimatter asymmetry
S
provide a viable dark matter candidate > /30
/[ 5
| {5/
explain "dark” (vacuum) energy




1) Indirect searches in flavor physics
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Past (SM) successes in anticipating heavy flavours
charm from K® —=pp (GIM) —> discovered in

3rd generation of quarks (b, 1) from €, (Kobayashi and Maskawa)
—> b-quark discovered in

heavy top from semileptonic decays and Am; —>

discovered in

+ top and Higgs masses from EW precision tests



2) Which is the origin of flavor?

A fundamental task of LQCD

is to provide a determination

of the SM free parameters in

the quark sector, particularly
in the flavor sector

Standard Model fermion masses (GeV)

The largest number of SM free
parameters is in the flavor
sector and 10 parameters in the
quark sector only (6 m, + 4 CKM)
with unexplained hierarchical
structure

but not explained in the SM

[Flavor physics is (well) described]
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Lattice QCD and flavor physics
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THE "PRECISION ERA" OF LQCD

LA

Flavour Lattice Averaging Group

M
—
=

FIAG2013 d FTAG2013 f /fx p
- T T T ~ FTAG2013
our estimate for =2+ + our estimate for Ne=2+1+1 + j j
RBC/UKQCD 12 =241+
PACS-CS 1 T - ETM 13F ‘ﬁ‘ FNALMILC 13C
galho }gA & HPQCD 13A . -
PACS-CS 10 MILC 13A P4 our estimate for Ny =2+1
MILC 10A Il MILC 11 (stat. err. only)
T HPQCD 10 > ETM 10E (stat. err. only) - RBC/UKQCD 13
~ Bl tor 0 104 our estimate for =241 * FNALMILC 12
I PACS-CS 09 JLQCD 12
pl HPOCD 09A RBCUKOCD 12 1 JLoco 11
alho [
= MILC 09 MILC 10 z RBC/UKQCD 10
O PACS-CS 08 LQCD/TWQCD 10 RBC/UKQCD 07
CP%ACS?JLQCD 07 T RBC/UKQCD 10A
o BMW 10 ’—4—.—;— imate for N, =
M!L% 04, HPQCD/MILC/UKQCD 04 ‘ﬁ‘ JLQCD/TWQCD 09A (stat. er. only) our estimate for N, =2
our estimate for Ny =2 Z"- erl:Il-.g ggA ~ Em ;gg (stat. em. only)
Durr 11 Aubin 08 I
~N —0 LQCD/TWQCD 08A PACS-CS 08 08A o 1 QCDSF 07 (stat. err. only)
I = {z L RBC/UKQCD z H——H RBC 06
> s g GCDST/UKQCD 06 HP%D/UKQCD o JLQCD 05
= ——— 2 MILC 04 HOH JLQCD 05
[ - QCDSF/UKQCD 04
< CPIPACS 01 our estimate for Ny =2 I et Kastner 08 [168]
g pu—re— PDG 72 G ALHALS s —e—i Cirigliano 05 Egg{
—— Dominguez 09 88] > ETM 10D (stat. em. onl o —e— Jamin 04
2 L Narison 06 l91] z 09 V) o e Bijnens 03 [171]
o, ) - ) Maltman 01 03] ) QCDSF/UKQCD o7 o —e— Leutwyler 84 [172]
e . h L L
2 3 4 > 6 Mev 004 096 098 1.00

(

Kt
f,

(0)=

0.966(3)

fs

s

T T
our average for N =2+1+1

ETM 13E
HPQCD 13

%
1

Ne=2+1

our average for Ny =2+1

RBC/UKQCD 13A (stat. err. only)
HPQCD 12
HPQCD 12/ 11A
FNAL/MILC 11
HPQCD 09

—
HEH

Nf=2

H—H

H

i

our average for Ny =2

ALPHA 13
ETM 13B, 13C
ALPHA 12A
ETM 12B
ALPHA 11
ETM 11A

ETM 09D

| B4=0.7661(99)

FIAG2013 Bk rG2013 1D fo,
T T T T T T T
il our estimate for Ne=2+1 : —— ETM 13F i
o~ (] FNAL/MILC 13 [m]
= SWME 13 i WO FNAL/MILC 128 o
—— RBC/UKQCD 12 z
+ i Laiho 11 our average for Ne=2+1
9 O SWME 11A HPQCD 124
Z" Hﬂ“ BMW 11 :
—HH— RBC/UKQCD 10B N FNAL/MILC 11
- SWME 10 I'.I. H-{1-+PACS-CS 11
‘ ) z HPQCD 10A
S Aubin 09 HPQCD/UKQCD 07
— 0 RBC/UKQCD 07A, 08 ENAL/MILC 05
our estimate for Ny =2 - our average for Ny=2
« o~
Il ETM 10A Il - ETM 13B
z JLQCD 08 z Ol ETM11A
— RBC 04 —oH ETM 09
0.65 0.70 0.75 0.80 0.85 180 200 220 240 230 250 270 MeV

| .= 250(7) MeV EX:FA

150 175 200 225 MeV

fa

S

= 227.7(4.5)

210 230 250 MeV




Lattice

ensembles

500

A. El-Khadra @ Lattice 2013

O o
7

O

<

2 WO
Op

A ® OO
N

N

(‘AS

A
g By

(o Je

N —

(O Nf=2 Nf=2+1

O ETMC
MILC

/A RBC/UKQCD

O CLS

+ BMW, HPQCD,
PACS-CS, QCDSF,

Our collaboration:

o
YA ALON

20 Institutions

9 European
countries



THE QUARK MASSES:
. first Nf=2+1+1 calculation

m, = 2.36(24) MeV

Up, down, strange and charm quark masses
with Ny =241+ 1 twisted mass lattice QCD

m, = 5.03(26) MeV
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m, (M) = 1.348(46) GeV
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) 104v3 [hep-lat] 21 Aug

m, /m,, = 26.66(32) ] [mc/ms=11.62(16) ] [mu/md=0.470(56)]

The accuracy is at the few percent level




Which is the target precision?

[ Vus from KI2/KI3 decays ]
F(K = ur,() Vil (£ N = %‘25) 0.9930 Vus
- | = .9930(35)
He= 0D N (fn) Tl = mﬁ%) ; [Marciano 04] K >
\'/
Gz m5 us
T = C2 ﬁ [ Sew[1+ Asypp) + 20gw] >
T
4 I—_ )
V lavi A
Vus :;k — 02758(5)] ’l Kaon WG (Vus f+(0) = 02163(5)
\_ u i @_ arXiv:1005.2323 [hep-ph] 10 /




LATTICE QCD g EXPERIMENTS

THEORY
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The 15" row unitarity test

f R
FLAG2013

From lattice results only

0.230F

0.228f

+ |V, | =0.2239(9)
o |V, |/|V 4] = 0.2314(11)

0.226
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The unitarity test: A, = |V 4|%+ IVUS|2+%(Z - 1
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* From lattice only:

* From lattice KI3 + |V 4lg:
* From lattice KI2 + |V 4[g:
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QED AND ISOSPIN BREAKING EFFECTS

( I ' try i | T t T )
sospin symmetry is an almost exact property fown

[ of the strong interactions ]

Isospin breaking effects are induced by:

é )
m,#my:  O[(mg@my)/Agqepl] # 17100 | © Strong"
\. J
é )
Q,#Q,: Of(a,,,) *1/100 "Electromagnetic”
\. J

Since electromagnetic interactions renormalize quark masses the
two corrections are intrinsically related

Given the present accuracy in flavor physics,
IB effects often play an important role




- The knowledge of mu and md (besides m4) is important for our
understanding of flavor physics at the fundamental level

( )

A remarkable relation:

N

mu =25MeV md=5MeV
mc =1.2GeV ms =100 MeV
mt =175 GeV mb=4.3 GeV

J

1/2 1/4

=~V =022

N
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- The actual values of the mass difference md-mu and quark charge
Qd, Qu implies Mn > Mp and guarantees the stability of matter

Proton Neutron
:
00, M(n) — M(p) = 1.3 MeV = 0.14%
038.27 MeV < 939.57 MeV

\_

W,
S

S




A strategy for Lattice QCD:
The isospin breaking part of the Lagrangian is

treated as a perturbation
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The result can be expressed in :
terms of the violation of the Lsf
Dashen's theorem: '
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The up and down quark masses

|:M2 B M2 :|QCD
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(all masses in MSbar at 2 GeV)
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| QCD isospin breaking effects in the ratio f, /f_ l

» We find that the QCD isospin breaking | . *f
correction to the ratio f /f, is rather
small:
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Electromagnetic corrections to the decay rates
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Both virtual and real diagrams - IR divergences - .

The expansion in a,, is an essential ingredient Work In PF‘OQF‘ZSS
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COSTO DI UNA SIMULAZIONE
QCD, Nf = 2+1+1 at M°™*°

Production of gauge field configurations ML core-hours

- 2 runs close to phys. point on L/a=48

UL - 1 run at the physical point on L/a=64 200
a~0.09 - runs on L/a=32 or 48 at heavier m_pi's
coarser - 2runson L/a=48 150
a~012 - 2runs on L/a=32, plus others
finer - no very large L for check of FSE 350
a~0065fm - funson L/a=64 and smaller
+ |nversions for correlation functions 700

RM123: 160 ML/anno ? {—Totale (2 anni?): ~ 1400 ML

[ For QCD+QED (Nf = 1+1+1+1) increase by ~300 14[52/%81}




