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FLAVORPHYSICSBSM

A REMINDER SM FLAVOR SYMMETRY

2 THE STANDARD MODEL AS AN EFT

3 FLAVOR IN THE SMEFT

4 BELOW THE EW SCALE

5 WEAK DECAYS AS BSM PROBES

6 BSM MODELS MATCHING CALCULATIONS

Note We will focus on the grand area of
Heavy New Physics This is rather general
but it is only half of the story
the issue of light BSM physics very weakly
coupled to the SM is equally interesting
and it is also related to FLAVOR Physics

J. VIRTO,    U. Barcelona & ICCUB (APRIL 2022)




























































































1 BRIEF REMINDER SM FLAVOR SYMMETRY

The Standard Model SM is defined by

RENORMALIZABLE OFT with

GAUGE SYMMETRY SUE XSuez x UG

FIELD CONTENT REPS Q Ur Dr L ER x H

SSB Hta v42 to

with the following reps

Q Ur Dr L ER H

8413 3 3 3 1 I 1

SUCH 2 I 1 2 I 2

Uli y 46 43 B K Y 12

Note Remembering hypercharger

YH 112

Yur Qur
For te do Q BE and HER



The procedure is the following

1 Write a Lorentz invariant Gauge invariant

Lagrangian with all available fields with

d possible terms up A canonical dime 4
and give new to the higgs field

Lsm Lost

2 Remormalize this lagrangian and fix all

venomalized couplings Lagrangian parameters
from a set of experimental measurements

accordingto some renormalization scheme

3 Use the theory
Calculate observables predictions
Test experimental measurement

Learn about the fundamental principles

the level of success of this program up to
now is the LEGACY of THE 20th CENTURY



step 1 giver

Lsm Lo t Ls Le t Ly

with

LG I E Gw FoiFa'm

Ls Dm A DAH

LF I Si Filip 4 2 Fifi 14
j t always possible

where Hi Li EE ai mi D L E e M
i 2112,3 generation

The blue part of the SM Lagrangian has
a UC3 5

symmetry under which

Hi My Nj My e Mls

This Ucs symmetry is called the

FLAV RSYMMERY



Note MG Ma x Suez

t separate Global phase transformations
for L ER Q Ur Dr

the MCs Flann symmetry is broken partially
by Ly

Ly ya d H Dri yuii i.I Ui

Ye ii H Ei h
I it

Using the MCs symmetry of La Ls LE one

can always write Exercise

yes diag ye you Ye

yid diag ya ye ye

y'd's Vam diag yd ys ys

Ckm matrix

Vern is a unitary 3 3 matrix Vad VasVas

parametrized by 3 angle a phase
M Ved VasVe

ed VesVes



A convenient parametrization of the CRM Matrix
is the Wolfenstein Parametrization

in terms of 4 real Wolfenstein Parameters

X A e 2

where X I 0.22 is the Cabibbo parameter acting
as an expansion parameter

We'll extract the values of d A fin from experiment
in the exercise session

Once the Higgs acquires a new

Hix Mix Inca

then Ly contains quadratic terms in fermion
fields

Imy Z
H E D u

N Ti Ti t h c



with

My E Yy I

i e Me ME diag Me Mp Me

Mu Mu diag Mu nie Mt

MD Vern diag Md Ms Mb E Valen Md

Rotating now the di fields separately from
the Mci fields the matrix Vern can be

removedfrom MD but then Vern appears in

the W couplings

di

g

ni

if Vij VaR
W M

Note The relation A between the masen

and the yukawa couplings is modified
in the presence of BSM physics as we

will see in Chapter 3



LY respects the subgroup Exercise

UG ssm UG B x MG e x UG Mx UCI e x UC y

where

Ucr Q ei a

Mr eid Mr
Dr eid Dr

Mae er eider
er eider

UG me analogous to McDe

Mcr y

comments

h tht matin Ganged

1 the unbroken UG m symmetry is an

AIDENTALSIMMETRY of the SM

2 If y't ca e then the flavor symmetry
is an APPROXIMATE SYMMETRY E.g U 2 5



2 THESTANDARIMODELASANEFI

There is one axiom of the SM which was

introducedonly for the purpose of calculation the

axiom of RENORMALITZABILITY

Imagine adding to the SM the dim 6 operator

YE einer per're
such that

I Lsm gather
dim Ym

and calculate the amplitude for Epi épi

iAlépi ép is

IF Xxx t

I Needs counterterm

of order Ym4

Needs counterterm of dim 8 operator

e.g C Ely open pig app



x

7
O t

I 3s u vigilyppehelp ricpilymprucpa t finite

This divergence can be cancelled by a counterterm of
the dim 8 operator

00 3 Eyre aver fine Fye

Eyre 2 er Ifc grey
see notebook

The solution is to adopt a Power counting

Chu Yan d Yat

for As E A 1 Eyal 44 t

We work t fixed order in Ela 41

To Olen the contribution TIE is

of higher order and can be dropped Then it is

consistent to add only din G operators

This EFT can zed



Thus removing the venormalitzability axiom

L Last e

g
L
D 4

Lsm E cut off scale
Power counting parameter

At energies ERA

Observable Observable Sm CsEla Ce Ea t

The fact that Each for all energies E probed
so far explains why the SM works so well

The current consensus is that

SM EFT SMEFT

The SWEET contains e.g 1008.4884

1 dime 5 operator Weinberg's op J y Flavor
59 4 dim 6 operators

I
12 dim 5 ops see notebook
2499 546 dim 6 ops

B conserving B violating



Example

1 Dim 5 operators

Qee Ite Ite and Qeettit

x Flavor

Quit Iten tC Ite
i j 31,213

But Quit Qeii

6 indep ops 6 h c If

2 Dim G B violating op

dune Expo d's Cup ut c e hic

x Flavor

Quiet Expo datCup Curt Cee
i j k l 3112133

81 indy ops t 81 h c 162



The SMEFT Lagrangian is

Ismet Lsm CE a Cida

where
cld n clad 9

The rewormalizable SM has Cid 0 Thus in
order to probe this idea we need to measure

non Zero values for some Cid

In a some we already have evidence of Cis

Qeent Ite Ite
a ng

In ut cu t

Innit
which is a majorana mass for the neutrino

Mu n c f
The smallness of Mu implies A 1014GeV

with assumptions



Note that Deena breaks lepton number
which is an A entasmmetry of Lepa

Thus it seems that in order to test Lost it

is a good idea to look at lepton number

violatingobservables there are obvious null tests

of the SM

Another example are BARYON NUMBER VALAING

observables such as proton decay This can

be mediated by e g the previous dime 6 op

dune Expo d's Cup ut c e

m s n

p u s a c in
t

d f et

Currently Tp 210 yrs A 21015 Gev

Note that the scale A related to neutrino mass

need not be the same as the scale A related

to p decay



The cut off scale A is some scale related

to some new physics at high energy

BSM I L LIÉaetLew La

EW WitHit Ian
est jiCo Mn

I Lwet LEFT Chapter 4
QCD I do IYqN

E g

Tsm Ps Hsm

p p's I IsmMsm 9 Mmts
Tsm to Msm t ME

im it mtg t a
7 I

Left mtg Isma t

L I ciemQ.IT
I T Depends on IR scales
Depends on lev scaler



The Wilson coefficients Ci n Yad 4 are

just some couplings that can be calculated if
we know the MV theory Ch 6

Note the SMEFT has to be renormalized at the

given order in the Ya expansion This means

the Wilson coefficients Cicp and the

operatorsOily depend on the renormalization

scale M the dependence of City or Oily
with pr is described by the BETA Functions

or ANOMALOUS DIMENSIONS of the SMEFT

operatorsin the form of an RGE e.g

adj Cicp pi E

and leads also to operator mixing
We will not discuss this for now

See 1308.2627 1310.4838

1312 2014



DIMENSION 6 OPS IN THE SMEFT

4 H From 1704.04504 Original 1008.4884

É



e
z
es

Es

f

A



É
É
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3 FLAVORINTHESMEFI

Let's start by looking at fermion masses and

the Clear matrix within the setting of the SMEFT

the relevant terms in the Lagrangian that will

lead to fermion mass terms after SSB include

of course the Yukawas but now there are

additional contributions At dim 6 we have

Quit Ath Fini I If wine
Qian Hta Eid H If didi
Qeii Ath ties H If éier

Ease Check this and convince yourself that no

other d 6 SMEFT ops contribute to Lmp

Thus in the SMEFT at 1 6 we have

Lmp 2 MI Ti ti t he
D EID U



with now

My E Ty I Cph x

and thus the relationship among fermion masses
and Yukawa is modified

One can still me the flavor symmetry to write

Me ME diag Me My Me

Mu Mu diag Mn Me Mt

MD Vern diag Md Ms Mb E Valen Md

but now the Yukawa couplings do not follow this

pattern anymore

The matrix Vern is still called the Clem matrix

although it is affected by d 6 operators It is still

a 3 34 and still parametrized
by 4 real parameters including one phone
We can still me the Wolfenstein parametrization

But contrary to the SM the structure of charged
currents is not uniquely determined by the



Clem matrix but it is also affected by the

presenceof dim 6 operators e.g

di i
i Vij v fig i Up

Wr

Ie Prove this and check if there are further
contributions from other dim G ops in the SMEFT

In eqs x and H the quantity w refers
to the Higgs men in the presence of dim 6 ops

N 1 34,1 ism

where CH is the coefficient of OH Ath

In the presence of dim 6 ops there are many
new contributions that bed to AF transitions

e g j i
9 t s

y
y 9 L

L Citi ij City ij
Z p I anomalouz Z couplings



All this has many implications One of them
is that the global SM determination of
the CRM parameters will not work if some

SMEFT dim 6 coefficients are 0

Two typical situations may be the following

We'll see an example in the Exercise session

The general cone is discussed in 1812.08163



4BELOWTHEENSCALI
E.g hep ph 9512380 j 1704.05672 1709.04486

In experiments with Ek New no we can perform
the same type of EFT expansion as before but

with EW scale particles integrated out

BSM É A

LEFT
aoIIaetewgy.hn

EW EW Z H t

Cr Mn

TYEE Lace Lae LIII

IyarQCD I Need WET WEAK EFFECTIVETHEORY

LEFT E LOW ENERGY EFT

e
p p'll w

d

dree I m fired

i 111 mtg tuft at a
2mi s

Le 4 IjpRc Jere t



where GF I iffy is FERMI's CONSTANT

Thus

LET LEFT Lac LQED t Li Oi

it
withouttopquark

Wilson
coefficients

Operators build
from light fields
and invariant under
SUCHex Uden

Some WET LEFT operators

dim 5 Oe's écomer Fpu of
Of 5 ombreFpu DE S
Od's di on Taba Giv Ea

din G
O a 3332 Jr 8 M Joyce

011 2232 Fry Mr Jaya Sa

I
r c e b

r c s

e
7

ve p p



The number of independent operators is even

larger than the care of SMEFT e.g 1709.04486

6 dim 5 ops dipoles
x Flavor

73 16 dim G ops

75 dim 5 ops
6115 1032 dim 6 ops

B conserving IB violating

We can also calculate the Wilson coefficients if we

know the Uv theory In this case the Wcs are

non zero in the pure SM care E g

Lv edu 3332 I Vet 2Vis Clog 33iz

2Vis Citi s 245 Citi

Ie Prove this and show that there are no further
contributions from other dim G ops in the SMEFT



Some important comments

QCD QED is the Low E EFT of the SM EFT

The cut off is A New N N EW is NP

The full FLAVOUR Group is ACCIDENTAL 87M

Examplet Muon decay

The men in stable in QCD QED Its decay

amplitude arises from dim 6 ops in the LEFT

e g
SL

2 Jpg Pep Cera Pave

Up

pi C Je

é

At tree level Exercise Tp YÉ
a

4

Experimentally Tplf 2.2 15 s

Trap 3.10
19
Gell a



Comparing a and Ca with cnn

1 172 Gey Mr Renew

We discover the EW scale and measure it

Note the tree level SM matching calculation giver

42 942mi Yr 4GHz

Tp is used to determine N or Gt

N 246 21965 6 Get
SM

GF 1 1663787 5 Gev 2

But this determination is modified if there
is BSM physics

N 246.2196516 1 Jv

with

Sr N lately citesJee Cee peep I Culeppe
see e g 1812.08163



The p decay and p decay phylosophy applies to
all flamer transitions

LOW LYING HADRONS are STABLE at DE 4

Kon sd ktn.su Donnie Dtr de
Bon Jd Btn Ju Bj 5s Ab ndb

Exercise Look at the PDG Particle date group

particle listings and check that

Tmesons Tbaryons 10 s 1012GeV

T Resonances I 10 23 s n 10 Gev 1

This fact has two consequences

1 Definition of Hadrons

H Ho Hint e.g Ho B MB B
T
QCD QED TD 4

2 Weak decays on probes of BSM us EW

Chapter 5



5

WEAKDECAYSASPROBESOFBSMUSEN
e have seen that studying transitions
in hadron that are stable under QCD

we are directly probing flavor transitions

which can happen through either EW physics
or 135M physics And therefore weak decays

of hadrons are excellent tests of EW physics
and probes of New Physics

We will go through 3 simple examples

using the formalism that we have described

in previous sections

MA EXAMPLE 1 b Clu

Consider the transition S clu mediated by
the term in the eff Lagrangian

Lef Cn type b Ermelo

there are actually 5 independent d 6 operators

of the b clu type For this example one is enough



This quark level transition in realized in

decay observable such as

B Dls B D l5 Bs Ds li A Reti

B Xc to

The theory prediction for all there observables

will depend on the Wilson coefficient Cy

What is Ca in the SM and in BSM models

To answer this question we need to do a

matching calerletion

We consider the partonic amplitude A belt

and require the EFT amplitude to be equal
to the expanded full theory amplitude
We have up to higher perturbative orders

inteet
b

mm I i Cy ftp.rubl uerMPcdv

Heft C NIV Pires MI MPLA



In the Sal the process b clu is

mediatedby W exchange

b
C 9 Pb p s Mb Me MY

éitsm 53ft t

E Veb miners ter.ro É gi

higher perturbative orders

iffy Veb rterprub termPero t

Asm at Veb terpenes tertian t

The Lo Sai matching condition is thus

Cim 93M
Flavor suppression X

Let's consider now a new rector leptoquork Me

Lia gb type b t ga Je ly PL e th c

I Mui Miller



The Lo contribution to the b clu amplitude
from U exchange is given by

ian
a 3 t

Gbgo pig to yay airplanes nipped t

ight eerier
t

Thad PLUS WertPeru Fierz

Am 9b9e
µ

toJPLMb Neymar

thus the Lo contribution to the matchingconditionfrom Me exchange is

Cin gig
Combining everything

C Ey 9kg t Cim i 29 II t



What does this mean

Imagine we measure some G clu observable

and extract an experimental value for Ca
with a relative reneertainty t and

consistentwith the SM prediction

cite Cim a r

then we conclude that

2935 Yi c o e.g 687 c L

and therefore

Mu FEET Mw

Setting ga ga g

Veb n d n 0.04

on 10

we find that Mu 2 20 Mw n 2 TeV

5
We probe the TeV scale



MA EXAMPLE 2 by sett FC Ncs

We consider now the Ferc transition bassett
which is mediated in the EFT by operators
of the form barring dipole ops

Ci Jr s e recite

for different Dive structures I

The matching coefficients Ci in the SM

arise only at one loop e f Ch G

Cism n

b off s

e tie II wit
If x Ej x VisVis

Loop
Chem

Notes
1 It happens that VastVab d VestVeb VtsVtb d

2 In the literature you will find sortab Erase

Left 48 VtsVtb 4 CgOg Go On

The Jap
t 4

4
4



Let us consider two possible tree level models

Lz gbs 524Pa b ge tze the MEZIM

LI gs It Prb gs I e Prs the MI Ito

We have

CE
b l s s

e Iife s a s e

CE
b l s s

e s f e

n 951
ME

Thus assuming as before that Ci is meanned

compatible with the SM with a relative

accuracyof t lot and assuming

gs gb gsb ge g

we find that

1
Tens of Tev

Mz I 2 gtf Mw 20 Tev

For numeries note that Ge ffp 1.17 155GW



We will consider specific bounds on Cio and

to Mz and Md from the measurement of the

Bs Mpi branching ratio in the Exercise session

Comment there are currently some tensions
between experimental determination and

SM prediction for Cg Go from b spy
observables These tension are sometimes called
the Neutral current B anomalies

We can try to explain the anomalies by
introducing either a Z er a la f

this provides a measurement of the

combinationsrespectively

9

41 951 to
ME

which need to be different from zero in

orderto address the anomalies

However there new particles contribute also

to other processes that do not deviate

from the SM



An example is given by AMs which is

related to the bs st amplitude

Note that this constraint is much more

important for than for 4 because

b y s s

zi

b

g
i s

is I
5 c 5 s c g c 5

This is one reason for which La models are

so popular when addressing the B anomalies

Ma EXAMPLE 3 Neutral meson mixing
e.g 0707.0636



SUMMARY SO FAR

M SM EFT one less axiom

No problem power counting

A dew explains success of SM
Best tests Accidental symmetries

p decay V masses

L L

Egg
did

Measure to learn aboutUV

M Flavor Accidental symmetry at EG New

Look at weak decay mixing of
stable hadrons e.g K Des Ben 13

leptons e g e equally interesting

FCNC suppression of EW physics allows
to reach A New

Beyond the reach of
direct production



Ii
as.at cioi

2 Choose suitable set of OBSERVABLES Oj

2 I Calculate Oj go c
Difficult

2 2 Measure Ojexp No info

2 3 Fit to determine g
P Ctp

3 Compare Ctp to models

1 2 et HEP community works on some part of this Program



Example of 1 loop matching calculation
and momentum regions

We consider the sealer Ld model

sib y y e

to
i gs b PL

p ng

We want to consider the Coveloop matching
to an operator of the type

J T b 5 t's

contributing to Bs Bs mixing
One of the two Lo diagrams contributing
in the La model to the 55 s5 amplitude

b B b se k Is s

Ktpb
q Pb Psd n k Ktq V

K Ps
5 a E a 5

ps PR Pr



The contribution to the amplitude from this
diagram is

PR KAPP PL TR CY PAIRit Gfc 4 copy.mil cktpsime7 Kmi 475 Mi

gig

We are going to divide the integral into ten

regions

Region I kn Mp Mb

Region I k mb My

Region I

In this region we have

K tpb H At O mkay

Ht pst K 1 to mb
my

Ktp mi hips Mi k4 1 to many

Ck g M'd hemp it o mbYm



therefore

i it G feet
HR HR

8
094mg

agg Npr me

AI
6 14,2 Is NMR Ub Is JMPLNb

Region II

In this region we have

k mi ka ME not it online

the rest of the integrand has no My dependence

thus

AI Mb

My
which is suppressed by a factor MMM
and then does not contribute to the

amplitude at order Yup



For an enlightening exposition of the

method of regions see

Ch 2.1 of 1410.1892 Becher et al


