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Literature: Flavour

® [he |lecture notes by Yosef Nir:

https://inspirehep.net/files/

c8e>ccbd83d29bod6 [1b2cb /32886430

® | ecture series by Gino Isidor:

https://indico.cern.ch/event/8 1084 //

e [he lecture notes by Jure Zupan:
https://arxiv.org/pdi/1903.05062.pdf

® | ectures by Yuval Grossman & Filip Tanedo:

nttps://arxiv.org/pd

nttps://arxiv.org/pdi/ 1 /11.03624.pdf

® | ectures by Luca Silvestrini;
/1905.00/938.pdt

e Book by Andrzej J.

Gauge theories of weak decays

3uras:
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e My Youlube lecture


https://indico.cern.ch/event/810847/
https://inspirehep.net/files/c8e5ccbd83d29b5d61fb2cb732886430
https://inspirehep.net/files/c8e5ccbd83d29b5d61fb2cb732886430
https://arxiv.org/pdf/1903.05062.pdf
https://arxiv.org/pdf/1711.03624.pdf
https://arxiv.org/pdf/1905.00798.pdf
https://youtu.be/156HrbljF6Q?si=zcJbc-uK7gjZ5afH
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Literature: EFT

® | ectures by Riccardo Rattazzi, GG

® [he lecture notes by Javier Fuentes-Martin and
Vatthias Koenig, University of Zurich
nttps://www.physik.uzh.ch/en/teaching/PHYS /3/
52019.html

® [he lecture notes by Matthew McCullough:

https://inspirehep.net/files/
dbd/4aa24943e/2/52//810bb/e5656d

® [he lecture notes by Witold Skiba:
nttps://arxiv.org/pdif/ 1006.2 1 42.pdt

® | ectures by Antonio Pich

e [alk by Aneesh Manohar e My Youlube lecture


https://www.physik.uzh.ch/en/teaching/PHY573/HS2019.html
https://www.physik.uzh.ch/en/teaching/PHY573/HS2019.html
https://inspirehep.net/files/dbd74aa24943e72752778f0bb7e5656d
https://inspirehep.net/files/dbd74aa24943e72752778f0bb7e5656d
https://arxiv.org/pdf/1006.2142.pdf
https://indico.cern.ch/event/817757/timetable/
https://indico.cern.ch/event/958049/
https://www.youtube.com/watch?v=eX50zoUfVq8
https://youtu.be/URkD9JTTih8?si=DG9DJWbxbnhoNiWJ

Why flavor physics?
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Flavour
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® (enerations:
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Terminology

* Flavour
Several copies of the same gauge representation.

SUB)pep X UMD ppp

— Up-type quarks in the (3)_ /3 representation: u, c, t;

— Down-type quarks in the (3)_; /3 representation: d, s, b;
— Charged leptons in the (1)_; representation: e, (i, T;

— Neutrinos in the (1)( representation: v, vs, V3.
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Terminology

* Flavour
Several copies of the same gauge representation.

® Flavour universal / blind
Proportional to the unit matrix in flavour space.

Example:
The kinetic terms In

the SM Lagrangian!

S0, 1D;
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Terminology

* Flavour
Several copies of the same gauge representation.

® Flavour universal / blind
Proportional to the unit matrix in flavour space.

* Flavour number
Number of particles of a certain flavour minus the number of anti-particles
of the same flavour, *related to U(1),
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Terminology

* Flavour
Several copies of the same gauge representation.

® Flavour universal / blind
Proportional to the unit matrix in flavour space.

* Flavour number
Number of particles of a certain flavour minus the number of anti-particles
of the same flavour, *related to U(1),

® Flavour changing transitions
Initial and final flavour number in the process is different.

mample: B0 . gp +—— BY: db

Neutral B meson oscillations: AB = 2 process
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Terminology

® Flavour changing neutral currents (FCNC)
Involves erther up-type or down-type flavours but not both.
Examples:

w—ey Kp—uputpnm B oK
sd b — s5s

10
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Terminology

® Flavour changing neutral currents (FCNC)
Involves erther up-type or down-type flavours but not both.
Examples:

w—ey Kp—opuw B oK
sd b — s55

® Flavour changing charged currents
Involves both types.

Examples: [g— N M_Du B — wK
e b — ccs

11
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Terminology

® Flavour changing neutral currents (FCNC)
Involves erther up-type or down-type flavours but not both.
Examples:

w—ey Kp—opuw B oK
sd b— sss

® Flavour changing charged currents
Involves both types.

Examples: [g— N M_Du B — wK
e b — ccs

® Flavour violation
Related to the breaking of flavour symmetries, i.e. U(1)° for quarks.

12
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Flavour Physics
Qfor flavour-sensitive interactions

UV
High-energy Frontier
CMS, /1
B PRI
o TeV
Opportunities for data-driven progress!
High-Intensity Frontier
GeV

+ NAG2, Koto, MEG II, Mu3e, ...
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Flavour Physics
Qfor flavour-sensitive interactions

AG, Smolkovic, Valenti; 2407.02998 (Froggatt-Nielsen ALP)
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Many many many observables; see PDG!
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https://arxiv.org/abs/2407.02998
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Future

2206.1 1331 Large Hadron Collider (LHC) | High Luminosity LHC (HL-LHC)

LTI S BT
7 TeV=— 8 TeV — 13 TeV 3.6 TeV 14 TeV

LHCb 9 fb-1 —— Upgrade | 35 fb- ‘—l Upgrade Ib Upgrade Il 300 fb-1
ATLAS/CMS 190 fb-1 — | 450 fb-1

3000 fb-! _>

mmmmm

Belle Il 400 fb-1 =] 7 ab-1 =—] 50 ab-1 =——p
SuperKEKB
3 fb-! @1rs 3.773 GeV I 20 fb-1 @Js=3.773 GeV
BESIII 3 fb-1 @ /s = 4.178 GeV =——i] 1 6 fb-1 @ Vs = 4.178 GeV >
3 fb-1 @ Vs = 4.64 GeV 5fb-1 @ Vs = 4.64 GeV
BEPC" 1ab-1@ Js =3.773 Ge'\:
| |
+ NA62, MEG Il Mu3e, .. -
" STCF
|
Experimental Flavour Circ

Physics Is In a full sprint

[ heoretical Flavour Physics

[J Precision calculations of flavour observables in and beyond the SM
- To match the (foreseen) experimental precision

[J Flavour model building
- to explain the SM and the new physics flavour puzzle, ...

15
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Why is flavour physics interesting?

|, Indirect discovery

Flavor physics can discover new states before they are directly observed
in colliders. Historical examples are charm and top quarks.

History

® Charm quark
- Postulated to explain I'(K — pup) < I'(K — uv) (GIM '70)
- Mass estimated from Amy (GL "74)
- Direct discovery (SLAC/BNL "74)

® Third-generation quarks
- Postulated to explain €x # 0 (KM 73)

- Top quark mass estimated from Amg ('86)
- Direct discovery: b (FNAL "77), t (FNAL‘95)

Flavour physics:
a trailblazer for direct searches!

*Also, direct discovery possible, e.g. K = ma 16
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Why is flavour physics interesting?

|, Indirect discovery
Flavor physics can discover new states before they are directly observed
in colliders. Historical examples are charm and top quarks.

2. CP violation

Baryogenesis: New sources of CP violation.

17
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Why is flavour physics interesting?

|, Indirect discovery
Flavor physics can discover new states before they are directly observed
in colliders. Historical examples are charm and top quarks.

2. CP violation

Baryogenesis: New sources of CP violation.

3. The SM flavour puzzle

Peculiar structure of observed fermion masses and mixings. BSM
explanation”

18
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Why is flavour physics interesting?

Indirect discovery
Flavor physics can discover new states before they are directly observed
in colliders. Historical examples are charm and top quarks.

CP violation
Baryogenesis: New sources of CP violation.

The SM flavour puzzle

Peculiar structure of observed fermion masses and mixings. BSM
explanation”/

The NP flavour puzzle

The Higgs hierarchy problem implies TeV-scale NP

It such NP had a generic flavor structure, it would contribute to FCNC
processes orders of magnitude above the observed rates.Why s this not
the case!

19
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Flavour Puzzle

Empincal

@ The Weak Force Mixing:

1012 2%% Ve ~ (...)

Analogy:
The periodic table of elements

10~ <::>
Mass [GeV]
107°

1078

10712

Pattern

10-14 ! 20
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The NP flavour puzzie

Higgs hierarchy problem Flavor & CP violation
dim[O] = 6
Flavour Anarchy
Z D
107 “ =
- N %
H - - -- H s 5 . ?*§ lé
Z 10° ; S:.op I
@ N 8§ ™ R
= 10t S5 ] I 3
A? s | M o
uv A
5m1%1 ~ 102
2 - ~
1671' 101§ = §
N ~ O ~ O
w SESSSNRRESS

No tuned cancelations =

Ayy < TeV Agigone > TeV

Flavour

21



Why Effective Theories?
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Effective theory

® “Physics Is the art of approximation”

e xample: an apple falling from a tree

General relativity

Newtonian gravity
O(h/R)
Linear gravitational
potential

o [ffective theory approximates a more complete theory
in some limit.

® Scale separation is the key
“We do not need quantum gravity to build a bridge.”

23
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Effective theories: Electrostatics

Rattazzi's GGl lectures

® Scale separation d < R

® Precision/Distance interplay
[Intensity/Energy frontier]

R —Cd Cd2 Cd3
R V(R) = IE-I- 2ﬁ+ 3E+...

Charge

distribution | |
Multipole expansion

< - small R, oy, < Large R, oy,
d Reductionism Universality
[Model discrimination] [Model independence]
More multipoles, Few multipoles

eventually breakdown o4
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Accidental symmetries

Il

®

+
>0

+

d
V(R) = Cj— + Cyd—— + . ..
R =G+ Ol

SO3) D S012) O ...

Emergent (accidental) symmetries
when truncating the series

25



Effective Field Theory
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QFT crash course

. Lagrangian  Z(x) S = Jd“xff(x)
. Scattering amplitudes A = (p;...py| kik>)
. Cross sections do &« | M \2

. Bvents  dN =L Xdo k, P

P>

27
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Quantum fields

® [he Basic Building Blocks of the Universe

Operator on the Hilbert
space of particle states

)

Function of spacetime

Particles are ripples (excitations)
of fields tied into little parcels of
energy due to quantum mechanics.

Quantum + Fields

28
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Quantum fields

e | ocal interactions:

— = — S -

— o

@martinmbauer

Decay: The ripple of the ¢ field excites y and yr fields

29
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Quantum field theory

Quantum Mechanics

E~p~ A1 High Energy = Short distance
h=c=1

Relativity

QFT = inevitable low-energy outcome of
relativity + quantum mechanics + cluster decomposition

Wilsonian approach:
Succession of effective field theories
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W:’/soman @FT = Jhe 7L)EP ?ama//' m

Gy ~ (107 GeVv)™= _,

Gp~ (10°GeV)™ _

Re ductionilsm

Uv S)’\OF[;“CJ&//MC&

® MPL ) L:?S ‘U)e U/f%'/ho\_lle gm(e,?

| 1245 ;

E o o ¢t

; < l ﬁ)/j br;aaioc/g/wn 3%%};6 200M,

=72
:;Q-) /70 ---------------------------------------------------------------------------------
| aMEFT
9
=N g EW

PT
Longf JiQJfan ce
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EFT cutoff

| > [
A
cutoff
Infrared, Ultraviolet,
Long-distance, Short-distance,
Soft Hard
[A] =1

spurion of dilatations

32



Admir Greljo | Lectures on EFT in flavour

g .-
S

EFT pillars

® Degrees of freedom
Drop heavy fields and keep only the light ones.
Heavy and light are defined by the cutoff.

® Symmetries
Space-time, gauge symmetries. [ hey shape the
infinite series of local operators of the EFT.

®* Power-counting

The expansion parameter gives meaning to the
EFT series.

33
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< = infinite series

ITheory construction:
|. Space-time & gauge Iinvariance + field content
2. Local Lagrangian = infinite series

Theory

parameter Local operator

(\/\/C) \ - a monomial in fields and derivatives
o0

Lx)= ) Cp0W)
O

Dimensionless 1 toff scale
parameter

\

[O]—4
B - . E
C@ — C@ Aég [@] PhYSICa| effects ~ <A£@> Expansion parameter:A—@

¢ |R relevance:dim[0O] < 4
e |rrelevant couplings suppressed by A‘gdim@

34
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Symmetries

® Spacetime and gauge symmetries are due to redundancies
(physics Is independent of parameterizations)

® Global symmetries play a crucial role to learn about the UV

Accidental = As a result of truncating the series at low energies

(quantum gravity breaks
global symmetries)

® [xact or approximate symmetries = Selection rules

Spurion: a parameter can always be Observable's dependence on such
assigned a symmetry representation params dictated by symmetry covariance

35
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Dimensional analysis

e Dilatation symmetry = Dimensional analysis

Natural units: [length]::[tim.e]::[en.ergy]”l::[nnfaus:s]"'1

S:/d‘lx[—%gb( +m?)¢ + go*

rH — %az“, 0, — A0y, ¢ — Ao

m—>)\mj,g—>g

Spurion

Mass dimension: [m] = 1

In general, 0 — Al°10



Admir Greljo | Lectures on EFT in flavour

Dimensional analysis

[length] = [time] = [energy] ' = [mass] ™’

S = [ d*x L(x) o (L] = E*
(Action) (Lagrangian)

(scalar) (vecto I”)

Lic = 0,008 —m2ole  wae  [9] = [VM] = [AY] = E

. (fermion)
»CDirac — ¢ (,'»-Y,U@,u o m)¢ — W] — E3/2
(cross section) (decay rate)

(0] = E2 , I = E

37
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Classification of operators

O] =d,

dimensionless contribution

Low-energy (IR) behavior
e Relevant * Marginal ® |rrelevant

Renormalisable

IR relevance Is why the
SM is renormalizable!

38

Non-Renormalisable

*Loops bring In
anomalous dimensions
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Relevant | Marginal | Irrelevant

Example |

SZD,M¢3
lu] =1

Example 2

Z D Ap*
4] =0
/12

Oy o ™~ —

39

Example 3

Z > G (py)
[G]=-2

2
02_>2NGS

X
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EFT scales
UAY

A New description: UV theory

Lrrr = 09)* — m*¢p* — 4™ + cep® + ...

New description: NR EFT

I 2

40
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EFT matching

Toy example

Consider M > E 2 m where E is the collider’s energy

Lyy DW (D —m)y
+0,®0 0'® — MDD
-yyy o

Degrees of freedom (in/out states): only

41
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EFT matching

Toy example

Consider M > E 2 m where E is the collider’s energy

Lyy DW (D —m)y
+0,®0 0'® — MDD
-yyy o

d*k

1

OT@OR@H0) = [ e ™

Degrees of freedom (in/out states): only

42
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EFT matching

Toy example

EFT

Consider M > E 2 m where E is the collider’s energy

Lyy DW (D —m)y
+0,®0 0'® — MDD
-yyy o

d*k

—ikx

i k* ~ O(F?) < M?

L DWW D —m)y
-Cyyyy+ ...

OT@OR@H0) = [ e ™

Degrees of freedom (in/out states): only

i
RN C )
S =50 + ...

Local interaction:
The Compton wavelength M~ is very small.

43 E ~ M needed to probe the inner structure.



Admir Greljo | Lectures on EFT in flavour

EFT: Loops
[ = GF??szZ'(?b + alG%'@Ew ZE’QD + ... Schwartz, QFT book

® [runcation of the series always ensures finite numbers of counterterms.

* At @(G]%) Mtree(s) ~ GF + alG%S 4 e

44
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EFT: Loops
[ = GF??EwQ;??b + alG%'@Z@b ZE’Qb + ... Schwartz, QFT book

® [runcation of the series always ensures finite numbers of counterterms.

o At O(G2): Muee(s) ~ Gr + a1G%s + -
o [ d% 11 ) A2
Mloop(s) — >©< ~ GF/ (27‘_)4 %% ~ GF bQA -+ b18 -+ b28 ln?

Mloop + Miee + Mcyr. ~ (GF + bOAzG%‘ T GF5F)
+ SG%(al + by +byInA® + a1(51) = bgG%slns + ..

45
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EFT: Loops
[ = GF’QE’QD’QE’QD + alG%”‘Ew 1;17& + ... Schwartz, QFT book

® [runcation of the series always ensures finite numbers of counterterms.

o At O(G2): Muee(s) ~ Gr + a1G%s + -
o [ d'%k 11 ) A2
Migop(s) = <X NGF/(%)AL%%NGF boA” + bys + bas In—

Mloop + Miee + Mcyr. ~ (GF + bOAzG%‘ T GF5F)
+ sG%(al + by +byInA? + a151) = bzG%slns + ..

o After renormalization:

M(S) — M100p+Mtree+Mc.t. ~ GF+SG%1 (al — b2 lni> 4+

S0
® | oops add log dependence to the

40 discussed dimensional analysis
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EFT: Running

® | arge logarithms: The breakdown of the perturbative calculation.

® Renormalisation group equation is the way out of this disaster.

L9 =3 CiQ

Ci — 167T2/.LdCi

= 70}

Anomalous dimension
matrix

® Operator mixing important in flavor physics

47

Ex

e\
13082627, NeW mod
1310.4838,
13122014,
709.04486,
1711.05270,
1 711.10391,
71006445,
1804.05033,
1908.05295,
2010.16341,
2012.08506,
2012.07851, QpseN

B

2b\eS_

NP

DY

v

Matching

O

SMEFT

~

- Matching

l

DY

WET J{
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Spurions & Naturalness

Spurion: a parameter can always be
assigned a symmetry representation

48

Symmetry covariance
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Spurions & Naturalness

Spurion: a parameter can always be
assigned a symmetry representation

Symmetry covariance

o Example: QED with two lepton flavors and a real scalar

— L Dmee ep+ mi; Ty + (yLéLTR T yRéRTL) ¢

m,| M|y | Y
U, [+ {0 |+ 0
i [ =100 |+
v, [0 |+ 0| -
i, | 0| = | =0

Spurion charges

49
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Spurions & Naturalness

Spurion: a parameter can always be
assigned a symmetry representation

Symmetry covariance

o Example: QED with two lepton flavors and a real scalar

— L Dmee ep+ mi; Ty + (yLéLTR T yRéRTL> ¢

° - - 4o .
m,\m_|y; | Vp Symmetry covariance (chiral symmetry + dilatations)
[m,] = Imzy,yg]
UD, | +10 |+ 0
U(1) — 1010+ e Sending m, — 0 does not increase the symmetry. No 't Hooft
. naturalness here; be careful with chiral symmetry!
v, |0 [ +]0| - * .
aturalness criteria
UWe | O | == 0 —s e
. e; Tp 73 ep > M YLYR
Spurion charges m, <

1672
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Fermi theory

o1

The Nobel Prize in Physics 1903

Photo from the Nobel Photo from the Nobel Photo from the Nobel

Foundation archive Foundation archive. Foundation archive.
Antoine Henri Pierre Curie Marie Curie, née
Becquerel Prize share: 1/4 Sklodowska

Prize share:1/2 Prize share: 1/4

The Nobel Prize in Physics 1938

Photo from the Nobel
Foundation archive.

Enrico Fermi

Prize share: 1/1

The Nobel Prize in Physics 1979

Photo from the Nobel Photo from the Nobel Photo from the Nobel
Foundation archive. Foundation archive Foundation archive.
Sheldon Lee Glashow  Abdus Salam Steven Weinberg
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Fermi theory

e \iolation of perturbative unitary

G ~ (100 GeV)™
4-fermion u €
scattering at M ~ GF E2 — M, S 1TeV
energy E d v

® [mportant lesson!

52
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Theory of weak decays

Effective Field Theory
Factorisation

(o) x (Q(p)) C(p)

long-distance contributions E < V

Hadronic matrix elements

2205.15373,
2205.13952,
2204.09091,
2108.05589,
1904.08731,
1902.09553,
1908.09398,
1912.09335,
1908.0701 1,
2002.00020,
2006.07287,
2101.12028,
2105.09330,
2106.12168,
211207685,
2206.1 1281,

Lattice QCD, httpi/flagunibe.ch/2021/
Heavy quark effective theory,
Heavy quark expansion,

QCD factorisation,

SCET,

ChPT,

QCD sum rules,

Light-cone sum rules,

53

See Buras's book

Yﬁ)ort—distance contributions £ > u

Wilson coefficients

mode!

E 4

N

NP ‘;U
)

C Matching

i |

SMEFT |©

\eS | Matching i

WET Ja’%

1308.2627,

1310.4838,

1312.2014,

1709.04486,
1'711.05270,
| 711.10391,
| 710.06445,
1804.05033,
1908.05295,
2010.16341,
2012.08506,
2012.07851,
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® SM fields & symmetries
o Scale separation Ag >> vgy

® Higher-dimensional operators encode short-distance physics:

00 Cpo
g:gSM‘l‘ 2 A[@]—4@
O>4 * 0

54
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NP

Matching

SMEFT

WET

~N

Dd

~

- Matching i

Dd

l

SMEFT: Systematic BSM

New Physics
e Strongly coupled ® Perturbative

Yet, SMEFT works provided the mass gap | _|_ | |
: ree-Ieve

Finite number of topologies, classified at dim-é.

2. Loop-level

Infinite but countable.

To get a large effect In
weak decays:

® alarge coupling ® a small mass

Perturbativity Direct searches

95
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The Standard Model
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The Standard Model

Basic hotions:

|. “A” quantum field theory

2. Symmetries |
Spacetime

Poincaré + SU3) X SU2); X U(1)y

Gauge

3. Field Content

¢ + g€y U, d, e,

Flavouri = 1,2,3  |Complexity!

4. Renormalisability

dim 0 < 4 *The IR relevant terms in an EFT expansion

58
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The Standard Model

— The symmetry 1s a local
Gsm = SU3)e x SU(2)p, x U(1)y
— It 1s spontaneously broken by the VEV of a single Higgs scalar,
6(1,2) 4172, ((¢") =v/V2)

Gsm > SUB)e xU(l)gm (Qem =T13+Y)

— There are three fermion generations, each consisting of five representations of Gg\:

Qri(3,2)11/6, Uri(3,1)12/3, Dri(3,1)_1/3, Lri(1,2)_1/2, Eri(1,1)-1

Covariant derivative example:

) ) )
DMQM — (au T §QSGZL)\CL + igWgLTb + EQIBM) QLz'

59
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1= 1,23

The Standard Model

G, Wy B,
SU3) SU2) U(l)
dLi 3 2 +1/6
ly; 1 2 —1/2
URi 3 1 +2/3
dp; 3 1 —1/3
CRi 1 1 —1
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The Standard Model

Gauge sector

'

1 1 1
ESM — = ZG;?VGA 2 ZW;TVWG 72 ZBMVBMV_F

+ i P + qri i P qr; + eri i P er; + g i D up; + dr; 1P dp;+
+ (D,@)T DF¢ -V (¢) — (@fj EriPlL; + :&fj dridqr; + U URid'qr; + h.c.) N
o

Higgs sector Yukawa sector
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The Standard Model

Gauge sector

'

1 1 1
Lom =— 4G, G 1 — Wi, W — 2B, B+

+ i i + qrii P qri + eriiP eri + R iP ug; + dgr; i dgi+

+(Dup) DFp —V (¢) — (@fj eriplr; + 9% dridar; + 0, URid'qr; + h.c.) .

” o\
Higgs sector Yukawa sector
Qa,i ]‘l'
A s # parameters: Yij
GA x g.1""0;; . p e X
&5t apOi - Gauge and Higgs sector: 5 f
dp.; Yyl | B*Would be 3 fora ki
' - Tukawa Sector: 13 gingle generatior All parameters free
Single free parameter p
i,j =123
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The Higgs field

® How do elementary particles get mass!
The Higgs
mechanism
¢ 1 2 +1/2 V =—ud'¢p+Mp'P)

SUB) X SU2) X U(1)

SSB ¢<¢> £ ()

SU3) X U(1)gpm
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<, : The EW hierarchy puzzle

o ¥, = u’H H sets the EW scale.

,142 < M}Z) ?
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<, : The EW hierarchy puzzle

o ¥, = u’H H sets the EW scale.

1< M}% 7
@
o ((D
XFT
nr_ _@_ _T
® Pion mass splitting:
2
e
mé — m,%O = 0(1) X o2 mp2
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<, : The EW hierarchy puzzle

o ¥, = u*H'H sets the EW scale.

1< M}Z)

i i
1 '
1 ] s CT e i I a=y PR P
T e VO B A LA PLE
e [ [
: 5o LIRS N AL
: - ‘. 1
‘ ., ..........
‘l'

e Naturalness: New mass threshold not
) far above the EW scale

2 2 _ 2
m; —my = O0(1) X o2 m, e Supersymmetry!

® Pion mass splitting:

66 e (Composite Higgs / Extra Dimensions?
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The Higgs mechanism

Matter: Quarks and Leptons

O —; o—7;

5 — —3

® The left-handed and the right-handed fields have different U(1)y phases:

HfL ?é QfR ——>  Themass mffoR s forbidden!

o The Higgs field saves the day, Oy + 0, = 0

Loy Tkt = m=y )

® [he mass  the strength of the interaction with the Higgs field

6/
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The SM spectrum

Table 1: The SM particles

particle spin color QuM mass [v]
W= 1 (1)  #1 29
2 1 (1) 0 Wi
AY 1 (1) 0 0
g 1 (8) 0 0
h 0 (1) 0 V2
€, [, T 1/2 (1) —1 ye,#ﬂ'/\/i
Ve, Vi, Uy 1/2 (1) 0 0
u, c,t 1/2  (3)  +2/3  Yues/V2
d,s,b 1/2 (3) _1/3 yd,s,b/\/§
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Global flavour symmetries

® £, sansYukawa , - ? ey
go~ 1, gy~ 0.6,gy ~ 0.3, 4, ~ 0.2 /AR f. r,w/
0 < 1071°-The strong CP problem
it .bh.e.
w : 3generations of ¢, U, D,, L, E; "l' e ‘7 su

Accidental symmetry

UB), x UGy x UBp x UG X UG 4 . Y it b e

70
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Global flavour symmetries

® [he kinetic Lagrangian (flavor and CP conserving)

1 1 1
Lin = —5 G Gapw — W Wi — B By,

—iQLilPQri — iURiJPUp; — iDRr;IPDR; — iL1;IPL1; — iER DER;
—(D"¢)! (D)
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Global flavour symmetries

® [he kinetic Lagrangian (flavor and CP conserving)

| T o
,CIS{}\I/II — _ZG/;VGCLMV — ZW[;M Wb,ul/ _ ZB'LL B,uy
—iQLilPQri — iURiJPUp; — iDRr;IPDR; — iL1;IPL1; — iER DER;

—(D"¢)! (Do)
® [he global symmetry

Giatobal (Y = 0) = SU(3),; x SU(3); x U(1)°
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Global flavour symmetries

® [he kinetic Lagrangian (flavor and CP conserving)

| 1 1
,CIS{}\I/II — _ZG/;VGCLMV — ZW[;UJ Wb,ul/ _ ZB'LL B,uy
—iQLilPQri — iUgiPUp; — iDRr;JPDR; — iL1;]PL1; — i ER; PER;

—(D*¢)Y(D,,¢)

®* [he global symmetry

Giatobal (Y = 0) = SU(3),; x SU(3); x U(1)°

¢ Reminder:

U : ¢ — e
pTp — pe “CeiCg = T
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Global flavour symmetries

® [he kinetic Lagrangian (flavor and CP conserving)

| 1 1
£IS{}\I/II — —ZGZWGQILW — ZW[;UJ Wb,ul/ _ ZB'LL B,uy
—iQLilPQri — iUgiPUp; — iDRr;JPDR; — iL1;]PL1; — i ER; PER;

—(D*¢)Y(D,,¢)

®* [he global symmetry

Golopa (Y4 = 0) = SU(3)2 x SU(3); x U(1)°

global
e Reminder: UN) = SUN) x U(1)
Ul) : ¢ — e %9 SU(N) : group of N X N unitary matrices with det = 1

b — PpTe iy = piep U'U=1,detU =1

75



Admir Greljo | Lectures on EFT in flavour

Global flavour symmetries

® [he kinetic Lagrangian (flavor and CP conserving)

1 1 1
LIS{}\I/II — _ZG/;VG@MV — ZWI;MVWIJ,LW o ZB'LWB/LV
—iQLilPQri — iUgiPUp; — iDRr;JPDR; — iL1;]PL1; — i ER; PER;
—(D*¢) (D)

® The global symmetry

Golopa (Y4 = 0) = SU(3)2 x SU(3); x U(1)°

global
e Reminder: UN) = SUN) x U(1)
Ul) : ¢ — e %9 SU(N) : group of N X N unitary matrices with det = 1
¢T¢ N ¢Te—iaQeiaQ¢ — ¢T¢ UTU= 1 ,detU= 1

U=e*T" a:1,. N -1
SUN): ¢; = Ujo; i,j:1,...N
76 ¢~ U Up=¢'¢
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Global flavour symmetries

® Favour and CP violation is in the Yukawa Lagrangian

_‘SZYuk — Q qu T Ql z]¢D +Ll l]¢E

® Favour breaking spurions

Y% ~ (37 3, 1)SU(3)2 ; Yd ~ (37 1, 3)5’(](3)3 ;

Y~ (3,3)su3):

i’
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SVD: Singular value decomposition
— Ly = 0Y'QU + QYD + LYPHE

Specifically, the singular value decomposition of an m X n complex matrix M is
a factorization of the form M = UXV", where U is an m X m complex
unitary matrix, 3 is an m X n rectangular diagonal matrix with non-negative
real numbers on the diagonal, V is an n X n complex unitary matrix, and v IS
the conjugate transpose of V. Such decomposition always exists for any
complex matrix. If M is real, then U and V can be guaranteed to be real

orthogonal matrices; in such contexts, the SVD is often denoted UX V!,

vi=U Y, v=u,\viruy

Unitary

Y€

U'YUg

/8
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Global flavour symmetries

*Fermionic kinetic terms

e Flavour symmetry G/ = U(3)q xU@3),xUQ3),xU@3),xUQ3),

o G/ equivalency classes, Y¢ ~ UquU;f, etc. => 54 — 13 physical parameters

*By G/ and SVD theorem

—Lon =gV V'du + qVipd + €Y pe

® 6 quark and 3 charged lepton masses

e
N

| 3 parameters

® [he CKM: 3 angles + | CPV phase

i(0I—0")
Vij = eV,

*Exact (classical) accidental

e TheYukawa sector breaks G/ — U(1), x U(1), X Uu(l), x U(l), symmetry of the SM

79
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Flavour Bases

*Suitable interaction basis

— Ly =gV V'QU + gD + [Y°HE

[U(3) transformation and a singular value decomposition theorem]
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Flavour Bases

— Ly =gV V'QU + gD + [Y°HE

[U(3) transformation and a singular value decomposition theorem]

o After EWSRB, rotate from the interaction to the mass basis

. (YR ur Udl
Ly = (Uar Usg GWr) VY™ | cr —P e | =V | usr

iR
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Flavour Bases

— Ly =gV V'QU + gD + [Y°HE

[U(3)? transformation and a singular value decomposition theorem]

o After EWSRB, rotate from the interaction to the mass basis

. (YR ur Udl
Ly = (Uar Usg GWr) VY™ | cr P cr | =V [ ust

tR

e VIV =1 = IZZZ ui universality!

o [tonly appears in the i, Vy"d; W, interactions,not in y, 8, Z, h

No FCNC at tree-level !
They are suppressed In the SM.

84



Admir Greljo | Lectures on EFT in flavour

The SM interactions

e  Universality of y, g interactions is guaranteed by the unbroken QCD x QED in any extension of the SM.
e However, the Z universality is an accident of the SM field content.

e FEg add a heavy vectorlike quark weak singlet (U;, Up)y—s/3

Y, 4 g

di qi

) di

¢ Flavour universal
/ blind
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The SM interactions

e  Universality of y, g interactions is guaranteed by the unbroken QCD x QED in any extension of the SM.
e However, the Z universality is an accident of the SM field content.

e FEg add a heavy vectorlike quark weak singlet (U;, Up)y—s/3

Y, 4 g PDG
q; q; D(uTp~)/T(ete”) = 1.0009 £ 0.0028
> ” I'(rt77)/T(ete”) = 1.0019 % 0.0032
qi i BR(Z = etp™) < 75x1077 |

BR(Z —efr7) < 98x107% |
BR(Z = ut77) < 12x107°

¢ Flavour universal
/ blind
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The SM interactions

¢ Flavour universal ¢ Flavour diagonal
/ blind non-universal,

Ocmf
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The SM interactions

/ blind

® Flavour universal

88

Flavour diagonal
non-universal,

Ocmf

CKM matrix V
W
%)
j ( Vij )

S13 K 893 K 519K 1
0.23 0.22 0.2

Flavour changing
/ violating
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The CKM matrix

® Permutations: fixed by ordering the up and the down quarks by their masses
) Vud Vus Vub
di WH V=1V Ves Vo
Via@ Vis Vi

>y

\/5 ijy/,t
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The CKM matrix

® Permutations: fixed by ordering the up and the down quarks by their masses

g . . Vud Vus Vub
L D> —u;Vy,d] W V=1V Ves Ve
\/5 Vie Vis Vi

*Rephasing: V; — ei(ef;—@fz)vlj
V;;=(+1, — 1) spurion under U(1), X U(l)dj

the only source of breaking
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The CKM matrix

® Permutations: fixed by ordering the up and the down quarks by their masses

g Vud Vus Vub
LD ——it prdV‘W”’ V=1V Ves Ve
\/z ‘/td V;fs Vvtb

*Rephasing: V,; — ei(ef;—%)vlj
V;; = (+1, —1) spurion under U(1), X U(l)dj

the only source of breaking

® There is a single physical phase o
71 * CPp 7. *
Yigp Hig + Yo H 'y, = Y HIWp + Y50, Hp,

The CP is conserved, if Yukawa couplings are real, Y;; = Y;;.
(there is a basis)

e All CP violation is controlled by a single phase o - prediction!

*backup
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The SM success

1.5

1T T 1 1T 1T 1T 17T T 1T T°71

~ | excluded area has CL > 0.95 |

IIII'IIII

1.0

0.5

= 0.0

IIII|IIII||III

/I|III

|IIII|I

()0

B

D
(N

b,

%
% sol.
ICHEP 16 (excl

|
llllllllllllllllllllllll

1T T 1

=

y

4
4
4

Amg

€

/ cos 2B <0
.at CL > 0.95)

I I |

|Illl|llll|llll

ll|l|||||

|

-1.0

05 00 0.5 1.0
P
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<, . Accidental symmetries

FM sansYukawa: U(3), X U3)y x U3)p X UB),; X U(3)g
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<, . Accidental symmetries

FM sansYukawa: U(3), X U3)y x U3)p X UB),; X U(3)g

— Ly =gV V'"HU 4 gV'HD + [Y°HE

[U(3) transformation and a singular value decomposition theorem]
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<, . Accidental symmetries

FM sansYukawa: U(3), X U3)y x U3)p X UB),; X U(3)g

— Ly =gV V'"HU 4 gV'HD + [Y°HE

[U(3) transformation and a singular value decomposition theorem]

LM Uy x U, x U, x U,

Prediction: No proton decay nor cLFV

Experiment: 7, 2 10> years, BR(u — ey) S 10713, ...
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<, . Accidental symmetries

FM sansYukawa: U(3), X U3)y x U3)p X UB),; X U(3)g

— Ly =gV V'"HU 4 gV'HD + [Y°HE

[U(3) transformation and a singular value decomposition theorem]

LM Uy x U, x U, x U,

Prediction: No proton decay nor cLFV

Experiment: 7, 2 10> years, BR(u — ey) S 10713, ...

. A;,Ilg truncation at the [ZMEFT] < 4 — Exact accidental symmetries
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<, . Accidental symmetries

FM sansYukawa: U(3), X U3)y x U3)p X UB),; X U(3)g

— Ly =gV V'"HU 4 gV'HD + [Y°HE

[U(3)? transformation and a singular value decomposition theorem]

LM Uy x U, x U, x U,

Prediction: No proton decay nor cLFV

Experiment: 7,2 10°* years, BR(u — ey) S 10713, ...

. A;Ulg truncation at the [ZMEFT] < 4 — Exact accidental symmetries

e Peculiar observed values of Y*%¢ = Approximate accidental symmetries
[Mass hierarchy & CKM alignment] [Quark flavour;, CP, LFU, etc]

98



Admir Greljo | Lectures on EFT in flavour

Patterns <> Symmetries

Selection rules

® Favour patterns observed in the Yukawa sector
— Approximate flavour symmetries in the SM
Bottom-up:

The largest parameter y, = Y35 ~ 1 breaks
U3), x UB), = UQ)*x U(1),etc...

2 @‘ﬁ‘w‘ RNGECCHE Sy | | Important to understand the SM

R
" phenomenology:

N [ 2| Stringent tests of the SM
odRER% — a window to new physics.

AIhahbra of Granada

99
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<, . Approximate symmetries

Approximate Quark Flavor Conservation:

AF=2:  (dPy'd)*  i#]j

“w o~ (VkiV]:"j)z e Symmetry covariance
V;;=(+1, = 1) spurion under U(1), X U(l)dj
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<, . Approximate symmetries

Approximate Quark Flavor Conservation:

AF=2:  (dPy'd)*  i#]j

“w o~ (VkiV]:"j)z e Symmetry covariance
V;;=(+1, = 1) spurion under U(1), X U(l)dj

e WhenV=1=>U(),,,XU1),,,XU(),pno FV.In reality, s13 <s23 <312 <1
02° 02° 02
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<, . Approximate symmetries

Approximate Quark Flavor Conservation:

AF=2:  (dPy'd)*  i#]j

“w o~ (VkiV]:"j)z e Symmetry covariance
V;;=(+1, = 1) spurion under U(1), X U(l)dj

e WhenV=1=>U(),,,XU1),,,XU(),pno FV.In reality, s13 <s23 <312 <1
02° 02° 02

¢ (GIM mechanism:When up or down-quark masses are degenerate, I.e. V"x1lorV?«l,
no FV.

—Lva =gV V'HU + gV'HD + [V’ HE

— If ¥/ « 1, rotate g — V'q, D = V'D, and vice versa
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<, . Approximate symmetries

e Approximate CP

- A i(0i—6")
Jarlskog invariant: Vij — e d sz

LD LV dl W
2

J =Im(V, VesVEVY) ~ 3 x 1072 <«— The CKM alignment

us ' ed

103



Admir Greljo | Lectures on EFT in flavour

<, . Approximate symmetries

e Approximate CP

- A i(0i—6")
Jarlskog invariant: Vij — e d sz

LD LV dl W
2

J = Im(VygVes Vi Vi) ~ 3 1072 <«— The CKM alignment

Example: Electron electric dipole moment

2109.15085 .
d , . 19
me  g°g* v m(‘f m2m?
de ~ €—5 | —J
myy, (1672)% \ myy v
- - -
¢ % { e J — higher loop suppression

e Chirality flips = The mass hierarchy suppression

SM: d. ~ 10" e-cm
Experiment: |d.| < 1.1 x 107 ¢ - cm
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e Accidental symmetries (exact and approximate) are
broken by the irrelevant couplings / new physics.

® Jesting accidental symmetries Is an opportunity
—> Efficient probe of high-energy dynamics.
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Beyond the SM

|, The SM: Experimental success! 2. Yet,many open guestions:

Seporber2019  CMS Preliminan 4
= 15 e
a . 8 7TeV CMS measurement (L < 5.0 1) I [excided ara has 6> 695 K 1
[l Sl 8 8 TeV CMS measurement (L = 19.6 f0') E r
- surement (L= 157 fo') r 7 \%
9 13Tev a 10— 5

8
,,,,,,,,,,,,,,,,,,

gggggg

U AUEI ™ . Y Hierarchy problem
o R T 1 O Flavour puzzle
T Strong CP problem
Charge guantization

Confusing situation! Neutrino masses
ﬂf Dark matter

e ﬂf #‘j Baryon asymmetry

nflation

Dark energy
Quantum gravity

109
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. -~

e

SMEFT
a

... reinforced by the current
& experimental situation

uv

[ultraviolet]

oo

Renormalisation
flow

IR

[infrared]

|, Short-distance NP can address the open problems of the SM,
2. No clearly preferred BSM model|,

3. SMEFT explains why the SM works so well: Limited experimental
brecision and energy so far,

4. Experiments will tremendously increase the luminosity.
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102

1072

1074

10°¢

1078

10—10

10—12

10714

L1 1 1111111

?

—

—
—
—_
e

e

I N O A |
I

*Picture to be confirmed experimentally

_@@
0 P®
—©@@

@@@

i

dim S - The first SMEFT’s success?

The mass gap is explained if A, > vgy,

— LSMERT D

111

1
Ay

Y0 HH

(AL = 2)



Admir Greljo | Lectures on EFT in flavour

SMEFT is challenging!

® Price to be paid to capture IR effects of a general short-distance BSM

¢ Organising principle: Symmetries

No. of independent ops

10000000000

1000000000

100000000

10000000 -

1000000

100000

10000 -

1000 -

100 -

10

T T T T T T

T T
I | 5 | 2 03433 7557369962 |
. 2795173575

5474170

T

| 1 1 1 1 1 1 1 | 1 1

5 6 7 8 9 10 11 12 13 14 15
Mass dimension

Figure 1. Growth of the number of independent operators in the SM EFT up to mass dimension
15. Points joined by the lower solid line are for one fermion generation; those joined by the upper
solid line are for three generations. Dashed lines are to guide the eye to the growth of the even and
odd mass dimension operators in both cases.

112



Admir Greljo | Lectures on EFT in flavour

dim 6 - Fermionic operators

Grzadkowski et al, 1008.4884

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (L yple) (L™ 1) Qee (Epvuer)(Esyer) Qe (Lyyulr) (€ er)
7 (Tp7.9-)(@s7"q) Quu (Upyuter) (Usy ) Quu (Lpyule) (@sy*uy)
@ | @)@ q) | Qua | (@pvud)(diyd) | Qu | (vl (divdy) P2
Qi Lpvulr) (@7 r) Qeu (Epvuer) (s ur) Qqe (@Vugr)(Es7 er) Qe (oT0) (Lere)
QY | Gy L)@ m'a) | Qe | (Epvuer)(deytdy) @ (@) @y ) Que | (019)(GuP)
Qu | (@yuu)(diy'dy) o | (@TAg) (@0 T ) Qu | (@) @de)
Q) | @ TAu,) Ay TAdy) | Q%) | (@) (dsyPdy)
Q%) | (@ Ta,)(dy TAdy)
(LR)(RL) and (LR)(LR) B-violating
Qledq (lher)(dsq?) Qdug e*Pejy, [(d2)TCu?] [(¢9)TClf]
Qg | @w)ein(@d) || Ququ e 1. [(q29)TCqf¥] [(u7)TCel]
@t | @T*u)en(@ ) | Qu PTejncim (49T Caf¥] [(a™)7CH] Xy veD
Qo | Beden(@u) | Quun o [(@yrcud] [aqce] | 9w | Goredr'oWl | QY| (@D,
0, | (ome)en(@o ) Qu | oegB | Q3| (WDt
Qua | ([@Go" T u)p G, | Que | (¢'iD,)(epy*er)
Quv | @o"u)r'eW., | Q% | (¢'iD.e) @ a,)
Qus | (@o"u)3Bu | Q% | (oD} )@ "a,)
LD quqz/” A> 1012 TeV Quo | (Go™TAd)pGh, | Quu | (p1iD, )@ u,)
A? Quw | (@0 d)T e WL, | Qua | (p1iD,0)(drd,)
Proton decay 113 Qus | (@0"d)0Bu | Qpua | (@ Dup)(@td,)
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dim 6 - Fermionic operators

(LL)(LL) (RR)(RR) (LL)(RR) Grzadkowski et al, 1008.4884
Qu (Lpyule) Ly 1) Qee (epyuer) (e er) Qe (Lpyulr) (Es7"ey)
7 (@Yur)(@s7" ) Quu (UpYpur) (Usy ) Quu (L Yulr) (Tsyus)
@ | @nrle) @' ') || Qu | (dnd)dard) | Qu | (Gvds)(dsy dy) 2
Qz(;) (LpYulr) (@7 1) Qeu (€pyuer) (Usy ur) Qqe (Tp7ua-) (€57 er) Qey (') (Lerp)
QY | )@ 'a) | Qe | (Envuer)(diytdy) w | (@) @y u) Qu | (¢'0)(@ud)
QL | (yyuu)(daytdy) & | @ Ta) @y T u,) Qw | (0'0)(Gdo)
Q%) | (@ T ) (e TAdy) | QW | (Gvuer) (v dy)
QY | @ T4, (dy T dy)
(LR)(RL) and (LR)(LR)
Qzedq (Z_}?;e’r)( _sqg)
Quua | (@ur)en(@ld,)
Q¥ | @TAu)en(@T4d,) Impose B symmetry VX wsz
QL. | @een(@u) Qv | (et oW, | Qg | (#1iDug) (L)
Q9. | (Fowe (@ o™ ) Qs | (GoredeBu | Q) | (#iD{)br!9*)
Qua | ([@Go" T u)p G, | Que | (¢'iD,)(epy*er)
Quw | @o"u ) aWL, | QY | (4D, ¢)(@"a,)
Qus | (@0™u)7Bu | @9 | (¢iD} 0)@r'v"a)
Quc | @™ TAd)pCh | Quu | (#1iD, ) (@nu,)
Quw | @™ d)T" oW}, | Qua | (¢'iD,¢)(dr dy)
114 Qap | (30"d;)¢pBu || Quua | (@' Dup)(ayy"d,)
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dim 6 is still challenging!

® Price for generality: Large number of independent parameters!
® 2499 at dim[O] = 6 (AB= AL =0)
* Why! (Partially due to) FLAVOUR i =1,2,3

® |[fthere was a single generation => 59

(LL)(LL) (RR)(RR) (LL)(RR) s 3
Qll (l_p')’plr)(l_s')’ult) Qee (ép'Yper)(és’Yuet) Qle (l_p')’ulr)(és'y'uet) w (p
51}1) (@Yu4r) (@) Quu (Up ) (s 7 ue) Qu (Tyvaly) (@sy*ur) QCSO (QOTQO) (ZPCTQO)
(3) = I = 1 7 7 - =
oo | @BVWT @) (@7 T q) | Qaa (dyvudy) (dsy"dy) Qua (L yulr) (dsy*dy) tN(m
N » Uy
Q) Tyl ) (@57 qe) Qeu (EpYuer) (Tsy ur) Que (T7uar) (€ er) Qup (¢70)(@u-P)
Ql(g) (l_p'YuTIlr)(’js')’“TIQt) Qed (8pVuer) (dsydy) 5;9 (7 (QOT(P) (QPdT(p)
Q&) (ﬁp’)’uur) (d_s'yudt) G(Ii) (qp'VuTA‘ ¢2X 4 ¢2902 D
(®) = Au, ) (A TAd, (1) B Yy - v =g —
@t | (BT un) ) ZQ’Z) @ (q;: Qew | (o™ e )T W], Qi;lz) ("D, @) (L,y"1,)
e | (@ T _ o _ PR———
2 v (3) t: I I
(LR)(RL) and (LR)(LR) . B-violating Qep (lPO'” er)(pB’“’ QlPl (SO ZDHP' (’0) (lpT ’Y“l,_)
Qledq (l_;ieT)(d_sq{) Qduq eaﬂ'ye],k [(dg)TCuf] [(qgj)TCl QUG (qPU#VTAu"'){EGﬁV Q‘Pe (SOT%D# (P)(épfyue"')
Q(l) d (qjur)f 'k(qkdt) Ququ e, [(qaj)TCqﬂk] [(UW)TC‘ Q = UV I =171 (1) ts =4 =
quad | T IR “ T T U ww | (Gpotun)T e W, : (@i D, ) (37 ar)
Qt(zi)qd (BT, )en(TETAdy) || Qg €%PVenEm [(q,‘,” )TCqP*] [(qm)* p_ ) " # :’3‘1) o Iﬂ E ? I
Q. | @edeadu) | Qua e [(@)youd] [(roe] | Qu | (@0 ur)@ Bu va | (P'iD; ) (BT V"g)
—. <>
Qlons | Bower)esu(@or w) Quc | (40" T4d)p G, || Qpu | (11D, ) (T ur)
<> —
 — . | Qaw | (G0 d)TIo W, | Qua | (91D, @) (dyy*d,)
Grzadkowski et al, 10084884 | g, | (@0"d)0Buw | Quua| (@ Do) (@ dy)
T — —
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< : The NP flavour problem

The weak interaction acts as a "spring”
connecting the oscillation of the
BY and BY mesons.

+
T\

e (Can be modified by NP:

1m — Zij
LAPS =) 2 (QszQLJ)
73753
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< : The NP flavour problem

Table 6: Lower bounds on the scale of new physics A, in units of TeV, for |z;;| = 1, and upper bounds on z;;, ﬁilflfj;g — %(@7#@Lj)2
assuming A = 1 TeV. i7#] A
Operator A [TeV] CPC A [TeV] CPV En Im(zj;) Observables
(5ryHdy)? 9.8 x 107 1.6 x 102 | 9.0 x 107" 34x107Y | Amg; ex
(5rdr)(5LdR) 1.8 x 10* 3.2x10° | 6.9x107Y 2.6 x 107" | Amg; ex
(ery ur)? 1.2 x 103 29x10% | 56x1077 1.0x107" | Amp; Ar
(érur)(crugr) | 6.2 x 10° 1.5 x 10* | 5.7x107% 1.1x107% | Amp; Ar
(bpyMdp)? 6.6 x 107 9.3 x 10 | 23x107°% 1.1 x107% | Amp; Syx
(brdr)(brdg) | 2.5 x 10° 3.6 x10° | 39x107" 1.9x107" | Amp; Syxk
(bry*sp)? 1.4 x 102 2.5 x 10 | 5.0x 107> 1.7x107° | Amp,; Sys
(brsr)(br,sR) 4.8 x 102 8.3 x10% | 8.8x107°% 2.9x107°% | Amp,; Sy

117

Nir's lecture notes



Admir Greljo | Lectures on EFT in flavour

< : The NP flavour problem

Table 6: Lower bounds on the scale of new physics A, in units of TeV, for |z;;| = 1, and upper bounds on z;;, ﬁilflfj;g — %(@7#@Lj)2
assuming A = 1 TeV. i7#] A
Operator A [TeV] CPC A [TeV] CPV En Im(zj;) Observables
(5ryHdy)? 9.8 x 107 1.6 x 10* | 9.0x 107" 34x107% | Amg; ex
(5rdr)(5LdR) 1.8 x 10* 3.2x10° | 6.9x107Y 2.6x 107" | Amg; ex
(ery ur)? 1.2 x 103 29x10° | 56x1077 1.0x107" | Amp; Ar
(érur)(crugr) | 6.2 x 10° 1.5 x 10* | 5.7x107% 1.1x107% | Amp; Ar
(bpyMdp)? 6.6 x 102 9.3 x 10 | 23x107% 1.1 x107% | Amp; Syxk
(brdr)(brdr) | 2.5 % 10° 3.6 x10° | 39x1077 1.9x107" | Amp; Syxk
(bry*sp)? 1.4 x 102 2.5 x 10 | 5.0x 107> 1.7x107° | Amp,; Sys
(brsr)(brsgr) 4.8 x 107 8.3 x 10* | 88x107% 2.9x107% | Amp,; Sye

/

o Either NP Is far up
N the sky...
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< : The NP flavour problem

Table 6: Lower bounds on the scale of new physics A, in units of TeV, for |z;;| = 1, and upper bounds on z;;, ﬁilflfj;g — %(@7#@Lj)2
assuming A = 1 TeV. i7#] A
Operator A [TeV] CPC A [TeV] CPV En Im(zj;) Observables
(5ryHdy)? 9.8 x 107 1.6 x 10* | 9.0x10°" 34x10° | Amg; ex
(5rdr)(5LdR) 1.8 x 10* 3.2x10° | 6.9x107Y 26x10" | Amg; ex
(ery ur)? 1.2 x 103 29x10° | 56x107" 1.0x10°" | Amp; Ar
(érur)(crugr) | 6.2 x 10° 1.5 x 10* | 5.7x10°% 11x10° | Amp; Ar
(bpyMdp)? 6.6 x 102 9.3 x 10 | 23x10°% 1.1x10°°% | Amp; Syk
(brdr)(brdr) | 2.5 % 10° 3.6 x10° | 39x10°" 1.9x10°" | Amp; Syxk
(bry*sp)? 1.4 x 102 2.5 x 10° | 5.0x 10> 1.7x107° | Amp,; Sys
(brsr)(brsgr) 4.8 x 107 8.3 x 10 | 88x107°% 29x10°% | Amp,; Sye

/

o Either NP Is far up
N the sky...
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The importance of flavour violation!

e SMEFT at dim[O] = 6 - new sources of flavour violation

e Strong constraints from flavour experiments

Low-py i High-p;

Flavour Anarchy E
>
7. <
107 NS T :
6 - T T % . <
T T SE. X3g E
SRR | N s 3
— 104 S ) : S &
= < N P X o N
8 103; | ] :?\ (W = E_
N : T S .
2] S S N N S
10~ N < SF N RN
1 ~ | ;1 ID R
il | EE SIS | F -
- SleaElll e
- — - 7 Physics Briefing Book,
Minimal Flavour Violation =~ &f =2 cLFV EDMs 51011775

D'Ambrosio, Giudice, Isidori, Strumia; hep-ph/0207036
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1
Z¢ D quqbﬂ

A > 1012 Tev

Proton decay

< . Constraints

121

Physics Briefing Book, 1910.1 1775

Z <
S
R
I~
:r\ %*% I~§
wgm XX
s - IR I
— 9 s l }
X [\
L ]
~J
Y
~ NN (<
N NN NN
N RN NN
NIRESESEINEIT R ENEN
AF =2 LFV  EDMs
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< . Constraints

Physics Briefing Book, 1910.1 1775
Z )
7. <
0% N
_ 108 2 < ii i § I =
> i S
AL RN T | L
< 10¢ Bl ?
o E N
310° - =
1 10% o
ZLe D —qqqt f
6 2 77994 10 SIS Spe
10 X N~ NS
~ NN ~N NN T
A > 102 Tev SUSEEESEEENSE MRV
Proton decay AF=2  LFV EDMs

Example: MSSM

LLE¢, U¢D¢D¢, LQD*® and u;LH, e Soft breaking terms - new flavour spurions!
e Needs constructions such as MFV

e Renormalisable terms!
m? = al +byy' +O?)

® Impose a discrete Z, symmetry.
A = Aw+0(y).
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® O 7, :Constraints

£, : Naturalness @ @ NP scale

e A viable BSM at the TeV-scale should have accidental
symmetries similar to the SM.

® Key Ingredients:
-lavour symmetry and symmetry breaking patterns.

*just like with the B number
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Minimal Flavour Violation

* No new sources of flavour (and CP) breaking

Go =U(3)y x U(3)y, x U(3)4
Y, ~(3,3,1), Y;~(3,1,3).

e The MFV brings the cutoff to the TeV scale!

D'Ambrosio et al; hep-ph/0207036

2 )
7. =
A vED on
6 8
TP F
2R | B
= 104 R ?
2 E X ~
S10% - I
10% -
E ~
lﬂléﬁ N N §
F R NN NN
0 N NN N~
v SRR S

Table 7: The MFV values and the experimental bounds on the coefficients of AF = 1 operators

Operator Zij X CKM+GIM  |z;;| < (A/TeV)?x

(5r,y*dr)? yr (VisVi)? 10~7 9.0 x 10~7
(ngL)(ngR) yfysyd(‘/isvtzy 1014 6.9 x 1079

(ELfy“uL)z yf}(VGb ,:b)z 1014 5.6 x 10~
(erur)(Crur)  Yiyeyu(VaVi)? 10720 5.7 x 10~8
(brytdy)? v (Vo Vi)? 104 2.3 x 10~
(deL)(deR) yfybyd(%b‘/;’:i)z 1077 3.9 x 1077
_(EL7M§L)2 yf(thng 1073 5.0 x 1077
(bRSL)(bLSR) yfybys(thV;";)Q 107° 8.8 x 107°

125

Nir's lecture notes



Admir Greljo | Lectures on EFT in flavour

U(2)

* Approximate symmetry of the SM Barbieri et at; 11052276

e Small spurions = consistent power counting

e Also protection against FCNC

G =U(2), x U(2), x U(2)q4
Vo~ (2,1,1), Ay~ (2,2,1), Ag~(2,1,2) A<Vl Vi (V,;, V)

/ Aua || Vg \

\ 0 0 (1) /
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Adding Flavour to the SMEFT

AG, Thomsen, Palavric; 2203.0956 |

Contents

o (Charting the space of BSM by flavour symmetries

1 Introduction

2 Quark Sector e Formulate several competing flavour hypothesis
72 U L Dy mmetey for dim 6 SMEFT (AB = 0)
2.3 U(2)? x U(3)y symmetry
>4 MEVq symmetry e Systematic approach: U(3) D U(2) D U(1)

3 Lepton Sector
3.1 U(1)? vectorial symmetry
3.2 1)® symmetry

U(
3.3 352) vectorial symmetry () 28 differ‘eﬂ't case
U(

(smaller symmetry = more terms)

3.4 2)? symmetry
3.5 2)% x U(1)? symmetry

3.6 U(3) vectorial symmetry e Minimal set of flavor-breaking spurions needed to
3.7 MFV[ symmetry .
reproduce masses and mixings

4 Conclusions

A Warsaw basis ® Construct explicit (ready-for-use) operator bases
B SHEFTflavor order by order In the spurion expansion starting
C Mixed quark-lepton operators from the Warsaw basis

D Group identities
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Example: U(2)’ quark

® [Examples of bilinear structures

O): (qq), (@as), OWV): (Vqs) ., View(dsq’), He.,

O(V2): (aVeVya) [ebc(cim/;qb), Hc] (2.12)

Watch out redundancies
(uu) ey = 0907 — 6107y
O1):  (aw), (dsus),
OAV): (@Al Vyus) ,  (aus)e™(VIA), s € epe[a®VI(A) qus] , He., (2.13)
Ebc[ﬂg;vqb(Au)caua] , H.c..

0@1): (dd) , (dsds) ,
O(AV) : (JALqu3) 5 (Jadg)éab(VqTAd)b N eadebc[Jqub(Ad)cddg] 5 H.c. s (2.14)

ldsV (Do) u] . M. ® [Examples of quartic structures

(g9)(qq)

O): (7" @), (Gaas)(@3q")
OV): (Gaa3)@Vaa®) (B4 (@uescVid") o (@G34°)(Vieacq®) , Heo,  (218)
O(V?) : (@V, 0)(@Vaa®) -

(uu) ()

(1) : (ﬂaub)(ﬂbua) , (Tgqug)(asu®) ,
O(AV): (ﬂau;J,)(aALV:]u“) , (aau;g)eabede[ﬂbqu(Au)ecuc] , ebeecd(ﬁaw,)[abVqC(Au)deua] , H.c.,

(ﬂgua)[ﬂqucecd(Au)dbub] , (ﬂgua)[ﬁaedeqC(AZ)cdub] , eac(ﬂg,ua)[ﬂbqu(AZ)dbuC] , Hec. .
(2.19)
(dd) (dd)
O(1):  (dad”)(dpd®) , (dads)(dsd®) ,
*the new structures that appear in case of O(AV) : (dada) [AA3Ved") ,  (dada)eeacld Vi (Ba) ed] € €oaldads) dpVi (Aa)"ed”] , He

. (d3d)[daVeca(Da)hd”],  (d3d®)[da€raVii(A5) Y], €ac(dsd®) [V (A)a"d], Hec. .
SU(2)3 symmetry are denoted in blue 108
(2.20)
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Example: U(2)’ quark

Faroughy et al; 2005.05366
AG, Thomsen, Palavric; 2203.0956 |

U(2)y x U(2)y xU(2)a | O(1) | OV) | O(V?) | O(V?) | OA) | O(AV)
02 H QuH 1 1 ]1 1 1 1|1 1
Qan 1 1|1 1 1 111 1
pxg | Quaws |3 3]3 3 3 3|3 3
Qucws) |3 3|3 3 3 3|3 3
QY 4 2 2] 2
V2 H?D QHu,QHa | 4 2 2
QHud 11 2 9
(LL)(LL) (1:3) 10 6 6|10 2|2 2
wus 1
(RR)(RR) QQQ%M 80
(LL)(RR) | Qu”, Q%" | 16 8 8|8 4 412 12
(LR)(LR) QLS 2 204 4|2 2 8 8 |12 12
Total 63 1128 2822 42 2 20 20|50 50

Table 2. Counting of the pure quark SMEFT operators (see Appendix A) assuming U(2), x U(2),, X
U(2)4 symmetry in the quark sector. The counting is performed taking up to three insertions of
V, spurion, one insertion of A, 4 and one insertion of the A, 4V, spurion product. Left (right)
numerical entry in each column gives the number of CP even (odd) coefficients at the given order in
spurion counting.
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Tools

® Mathematica package SMEFTflavor to facilitate the use of flavor symmetries

https://grithub.com/aethomsen/SMEF T flavor

1= CountingTable[{"quark:3U2", "lep:2U2"}, SpurionCount » 1, SMEFToperators - semilLeptonicOperators]

Outf« |=

{quark:3U2, lep:2U2} O[1] O[Vl] 0[Vq]
(LL) (LL) [ Olq(1,3) 8 4 4 |4 4
(RR) (RR) Oeu 4
Oed 4
(LL) (RR) olu 4 2 2
old 4 2 2
Oqge 4 2 2
(LR) (LR) [Olequ(1,3) | 2 2 212 2
(LR) (RL) Oledq 1 1 R B | 1
Total 31 11 11 |9 9

in[- .= AddSMEFTSymmetry ["Lepton", "lep:U2xU1" - <]

130

1>]

Groups -» <|"U21" » SUe 2|>,

FieldSubstitutions » «<|"1" » {"l12", "13"}, "e" » {"el2", "e3"} >,

Spurions -» {"aAl", "v1", "Xz"},

Charges -» <|"112" » {1, 0}, "13" » {0, 1}, "el2" » {-1, 0}, "e3" » {0, -1},
"A1" 5 {2, 0}, "VL" 5 {1, 1}, "Xt" > {0, 2}]>,

Representations » <|"112" » {"U21"e fund}, "el2" » {"U21"e fund},
"Wi" » {("U21"e fund}, "Al" » {("U21"e adj}|>,

SpurionCounting -» <|"Xz" » 1, "V1l" » 2, "Al" - 3>,

SelfConjugate » {"Al"}


https://github.com/aethomsen/SMEFTflavor
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Summary
AG, Thomsen, Palavric; 2203.0956 |
Dim-6 SMEFT operators Lepton sector
B-conserving O(1) terms MFVy | U(2)? x U(1)r, | U(2)? | U1)® | U(1)? | No symmetry
MFVgq 47 65 71 87 111 339
Quark U(2)g xU(2)y xU(3)a 82 105 115 132 168 450
sector U(2)° x U(1)p, 96 121 128 150 186 480
U(2)3 110 135 147 164 206 512
No symmetry 1273 1347 1407 | 1425 | 1611 2499

® Favour-symmetric operator bases (no spurion insertions)
e Systematically from MFV towards anarchy: U(3) D U(2) D U(1)

Top/Higgs/EVW

e Nontrivial Interplay

Flavour
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Summary

AG, Thomsen, Palavric; 2203.0956 |

Dim-6 SMEFT operators

Lepton sector

B-conserving O(1) terms MFVy | U(2)? x U(1)r, | U(2)? | U1)® | U(1)? | No symmetry
MFVgq 47 65 71 87 111 339
Quark U(2)g xU(2)y xU(3)a 82 105 115 132 168 450
sector U(2)° x U(1)p, 96 121 128 150 186 480
U(2)3 110 135 147 164 206 512
No symmetry 1273 1347 1407 | 1425 | 1611 2499
AG, Palavric; wip
Dim-8 SMEFT operators Lepton sector
B-conserving O(1) terms MFVL [ U2)*xU1)+, | U2)? | UQ)® | U(1)? | No symmetry
MFVq 456 631 735 840 1266 4032
Quark U2)gxU(2)yxU@3)qg | 962 1205 1361 | 1482 | 2064 5550
coctor U(2)% x U(1)p,, 1124 1384 1546 | 1678 | 2278 5902
U(2)? 1366 1646 1838 | 1960 | 2650 6574
No symmetry 19459 20512 21384 | 21599 | 24329 36971
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Next slide

Summary

AG, Thomsen, Palavric; 2203.0956 |

Dim-6 SMEFT operators Lepton sector
B-conserving O(1) terms \MFVL U2 xU(l)., | U2)? | U1)® | UQ)® | No symmetry
MFVgq 47 65 71 87 111 339
Quark U(2)g xU(2)y xU(3)a 82 105 115 132 168 450
sector U(2)° x U(1)p, 96 121 128 150 186 480
U(2)3 110 135 147 164 206 512
No symmetry 1273 1347 1407 | 1425 | 1611 2499
AG, Palavric; wip
Dim-8 SMEFT operators Lepton sector
B-conserving O(1) terms MFVL [ U2)*xU1)+, | U2)? | UQ)® | U(1)? | No symmetry
MFVq 456 631 735 840 1266 4032
Quark U2)gxU(2)yxU@3)qg | 962 1205 1361 | 1482 | 2064 5550
coctor U(2)% x U(1)p,, 1124 1384 1546 | 1678 | 2278 5902
U(2)3 1366 1646 1838 | 1960 | 2650 6574
No symmetry 19459 20512 21384 | 21599 | 24329 36971
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U(3)’ flavour-symmetric basis

Class Label Operator Label Operator
X3 Ow  eacWI'Wo'W;*  Og  fapcGArGLPG"
toopgenenated 0 eaWEWLPWEE Og  fapcGRAYGUPGRH
¢° Oy (¢19)°
¢'D? L= (¢7¢)0(¢'9) Osp  (6'D,9)[(D"¢)'9]
OsB (¢'¢) B, B* Opwp  (¢'0%9) W, B*
X202 Oqsé (¢! ¢)BMVB e OquB (¢1o%9) WffuB“ Y
Loop generated (), ( ot ) W;fu Weanv Osc ( @ ) GﬁuGA pv
Ouy  (dloyWa,wer O, (61¢)GA,GAM

Class Label Operator Label Operator
O (Ey ) (L) Of) (L") (G 7ud’)
(LL)(LL) O (Liy07) (L7, t") 0;(32) (Lol (qjvuo )
oWP (@) @) ODP  (g"oq) (g YO qJ)
aS?E @) @) ORF @ o' d) (@vuot)
O (E"e)(Emue’)  OF) ( n“d‘)(} &)
oD (@) (ayad)  OF (diy"d) (djyud’)
(RR)(RR) OF,  (uy"w)(wmuu’) O (@i u’) (djyud’)
Oui (') @pmuwd)  OF) (@ THud)(dj, TAdJ)
Oed (eiy*e) (djyud’)
Ote (™€) (€jvue’) oL (@*q") (wv,u)
anrm Or  @OEWE) Ow @ T @)
O Ly t)(ujyu?)  Opy (77" q") (djvud?)
Ou  (E*e)(dyud?)  OF)  @*TAG) (v TAd)
0 (4'iDud)Ert)  Ope  (iD,g)(Ene)
2D o (D) E0™t)  Opu  (91iDyd) Ty a)
0;1,’ (¢'iD,9)(qiv"q")  Oga (¢Tsz¢)( iy*d’)
09 (4'iD2¢) (g o)

® Explicit operator basis: 41 CP even, 6 CP odd
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U(3)’ flavour-symmetric basis

Class Operator Label Operator
Er ) Emutl)  OF) (B E)(@vue)
(LL)(LL) Ly 7) (v, Og’) (Livtol') (g vuo )
@) @) 0w (@' 0°d) (@ mod)
@) (@e) 0% (@'od)@u.ed)
(Eyhed) (B ) oD (D d) (diry, ) Class Label Operator Label Operator
. 7 dd _J O WaquPWC# O f GAUGBPGCﬂ
(@iyHu')(@y,u’) Oda (dir*d)(djyud’) L X3 - W EabelVy '; P G ABC “i '}’B g
_ : : _ oop generat 3 avyrbPrck N vBpACu
(RR)(RR) (@) @ma’) 0L (@iyhut)(djrd) % cuwWu B W O Jascdi S S
Evtel)(@md) 0% (@yrTAu)(djy TAdJ) ¢ on (¢'¢)
(eiy"et) (djyud?) ¢*D? Ogn (¢T9)0(o'9) Osp  (¢'D,o)[(D 9)1¢]
iy e") (Ejv,€%) (’)t(,,l) (@i"q") (@y,u?) Osn (¢: ¢)1?uuB v Oswi (d’:a “¢) VE/SI/BW
(LL)(RR) (@’Y“qi)(éj')’uej) 05]?,) (Qi’)’l‘TAqi)(ajry“TAuj) X242 Os5 (q:) ¢) B, B* O n (d):‘ ¢)EVW5“
7 i\ — : _ iNr T ] Loop generated a a pv v
@yt @) O (@v"q") (djry,d?) pgenerated Oy (¢1¢WYWW W O (¢T¢)C~¥,2VGA”
_ N . = . - a apv - uv
E ) dpyd)  Of) @ TA)(dy ) O WOWLWT  Os  W9GWG
< _ © .
(¢*i£n (" l')  Ogpe (¢Ti£u¢)(éﬁ“€’)
. (@1iDE) o) O (1iD,d) (@)

GiD.sard) 0w @ibwydray ® Green: Can be generated at tree-level
(¢1iD;:6)(@r"o"') N a renormalisable UV completion!

Q: What are all tree-level UV completions? AG, Palavric;2305.08898
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Leading (flavour-blind) directions

e Assume weakly coupled, perturbative UV with new spin-0, 1/2, | fields
e New fields have My > vgy, and leading (renormalisable) interactions

e Goal: identify all possible ways to generate dim 6 operator in the U(3)°
flavour-symmetric basis

e Start from the UV/IR dictionary of 1711.10391 and impose U(3)°;

- New fields are irreps of the flavor group: |, 3, 6, 8

- Parameter reduction: Flavour tensors fixed by group theory

® |n most cases, a single flavour Irrep integrates to a single Hermitian
operator with a definite sign (a leading direction)

® [hese define a UV motivated operator basis surtable for D fits

136 AG, Palavric: 2305.08898
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Example: Fermions

Field Irrep Normalization Operator
N~(@1)o 3 Aw[P/(aM}) 05 - 0%/
E~1,1)_1 3,  —|Ag|?/(4M2) 0% +0F) — [2y:0e4 + hc]
Ar~(1L,2) 3. [ [Y/(2MR) que + [4:Ocp +h.c]
Ag~(L,2)_s 3. —[Aa,*/(2M3)) — [4£Oep +h.c
S~ (1,3)0 3 As|?/(16M2) 3(9(1’ 0% + [4y:0.4 + h.c]
S1~(L3)-1 3¢ |As,2/(16M2) 0“”’ (” + [2450cy + h.c]
U~(3,1): 3 Aul? /(AMR) o4 - 0;? + [2y%Ous + h.c/]
D~(3,1)_ 2 3,  —|nf*/(aMB) 0% + 0% — (243045 + h.c]
0 (3.2), 3. —|Ng,1P/(2M}) Opu — [¥1Oup + hoc ]
S 34 NG, P/ (2M3)) Oga + [y70dp + h.c]
Qs~(3,2)_s 34 —[Aqs|*/(2M5)) Opd — (Y704 + h.c/]
Qr~(3,2)r 3y Mo, [2/(2M3,) Ogu + [y Oug + hoc/]
Ty~ (3,3) 1 3, Ay [?/(16M2) O —300) + (2504 + 4y5Oup + h.c]
T,~(3,3): 3 A1y [?/(16M2,)  OF +30%) + [4y;0us + 295 0us + hc]

® See scalars, vectors and exceptional cases in AG, Palavric; 2305.08898
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Compilation of EFT
limits on leading
directions

AG, Palavric; 2305.08898

® Automatic protection against FCNC

® [he case for Top/Higgs/EWV fits

138

}u.-, ~ (34, 3¢) |
S|~ 3 [w' ~ (34, 30) l
[& ~ (3,,3)
W ~ 8 ‘ [Q5 ~ (3,3,
[wl ~ (3u, 3¢)
BNS[ ‘ IQI»\;('}"'})
Ty ~ (34,3
;C«:} o (3." 3{.’) L—l" Eg 3 3
o -s
¢~ (341‘ 3r)
Sz (2 6(, [&—'4 ~ (34, 3¢)
[Qs ~ (34.3)
B~ & ‘ aL [T~ (30.3) 212Q
¢ ~3, 195 ~ (s,34) |
0 ~3, ] [~ (03]
| PG
™~ | [B, ~ (3.,34)
- G ~ (34, 3q)
® ~ (34, 34) ] %31 8 |
O, ~ 6, | =
_ =
'b~(3q‘3“) [BNs
) ~ (34, 34) [W ~8,
Wy~ (:?’u‘ :_3([) [g ~ 8
@ ~ (34, 34) H~1
D ~ (3,.34) 4Q H~ 8 4Q
N ~ 3 | Si~1
A'g ( 3, l
E ~ 3 l By ~1
AL~ 3,
T3, | Sl
D~ 3, | S
Qi ~ 3 | =
T ~3, | Sz
T; ~ 3, |
¥~ 3 ’ pr~1
U~3, |
0 ~3. | 05~ 1
Q: ~3. |
O, ~1
Qs ~ 34 | Verte Oblique/Higgs
0.1 10 30 0.1 10 30

M([TeV)
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Leading directions:
Renormalization effects

139

® (lavor violation 1s unavolidable!

® Lven starting with a completely
flavor-blind NP at the matching
scale, SMEFT RG generates FV!

“We find that for the leading directions,
corresponding to a single-mediator
dominance, RG mixing effects occasionally
serve as the primary indirect probe.”

AG, Palavric, Smolkovic; 2312.091/9
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Building
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Flavour Model Building

® [Explain (fully or partially) the peculiar flavour patterns

Warped compactification
hep-ph/9905221, hep-ph/99034 17, hep-ph/0003 129, hep-ph/

9912408, hep-ph/0408 |1 34,0903.2415, 1004.2037, 1509.02539,
2203.01952, ...

(Gauged) flavour symmetries

hep-ph/95 12388, hep-ph/9507462, 1009.2049, 1 105.2296, 1505.03862,
1609.05902, 1611.02703, 1807.03285, 1805.07341,2201.07245, ...

Partial compositeness

hep-ph/030625, 0804.1954, 1404.7137, 1506.01961,
1506.00623, 1607.01659, 1908.09312, 1911.05454, ...

142

Froggatt-Nielsen

Froggatt: 1 978nt, hep-ph/9212278, hep-ph/93 10320,
1909.05336, 1907.10063,2009.05587, 2002.04623,
2010.03297, ...

Multi-scale flavour

1603.06609, 1712.01368,2011.01946,2203.01952...

Clockwork flavour

1610.07962, 171105393, 1807.09792,2106.09869, ...

Radiative masses

Weinberg:19/72ws, hep-ph/9601262, 1409.2522,
2001.06582,2012.10458, ...
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10~%

107

The Flavour Puzzle

Empinical

“5:,’ \/2w<m4 ™
II

143
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10~%

107

The Flavour Puzzle

Empincal

. 02 023
\/ Y 0.2 . 0.22

, CKM
. 023 0.22 .

—LSM D) @/YJJUJ[:] a (N qZYdZ]dJH - Zf,;YiijH

&

S\/DZ Yf — Lf}/;ijc
Vexm = LI Ly

e Small yy— natural a la t' Hooft.

® [Enter the theory in the same way. Why hierarchies???
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The Flavour Puzzle

Mass [GeV] B
Empinical
2 4@
1072 . o
@ @ @ IThe neutrino sector is different
10~ 1 )
— LoMERT D A—&YVZ]@HH
10—6 _ 1
- 1) High-scale A,
1078 : predicts a mass gap! 2) Large/Anarchic mixing

WO@@@ 8m -
d Vemns ™~ o+ oo @

10—12
The success of the SM(EFT)? o ..

10—44 | 145
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A unifying picture of flavor...

? ... generate hierarchies in the charged

~ sector while keeping neutrinos anarchic

146
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A unifying picture of flavor...

? ... generate hierarchies in the charged
~ sector while keeping neutrinos anarchic

Approximate global U(2)

Barbieri et al; hep-ph/9512388, hep-ph/
9605224, hep-ph/9610449, ...

Our revision:
Antusch, AG, Stefanek, Thomsen; 231 1.09288 Live in Sarajevo 1997
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f’L YV f)]Q Hierarchies from U(2);

U2)=SUQR)xU()  IRREPs ~2, .~

148
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f’L YV fl{e Hierarchies from U(2);

1
UQ2)=SUQR)xU(l)  IRREPs L2 ~2,  PLfi~1,
- L_
Step A
Exact symmetry limit
"~ (ane)”
a o

UGk rotyg

Accidental U(2)g

m3 #O,m1,2=0
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f’L YV fl{e Hierarchies from U(2);

S
UQ2)=SUQR)xU(l)  IRREPs L2 ~2, i~
- L_
Step A Step B
Exact symmetry limit Leading (small) breaking
v o ( >}U(2) V2 — <O> ~ 2+1
a \ ‘ fLVN 1,
U(3)g rot
[ ) U2) = U)
_ = 1>a>0
Accidental U(2)g
m3750,m1,2=0 m3>>m2>0,m1=0
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f’L YV flfq Hierarchies from U(2);

UR2) =SUR2) x U(1)

Step A

Exact symmetry limit

UQB)r rot&

L

\/_/
Accidental U(2)g

m3§é0,m1’220

S
L .
IRREPs 1 ~20  f.fi~1
- L_
Step B Step C
Leading ( ) breaking Subleading breaking
0 b
V2:<>N2+1 V1=<O>N2+1
fLVN 1
UR2) - U) -0
1 >a>0 l>a>b>0
m3>>m2>0,m1:() m3>>m2>>m1
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U(2);: Singular value decomposition

— . YRt
Y=L YR,

b
a
1

b b
Y~ |la a
1 1

152



U(2);: Singular value decomposition

— . YRt
Y=L YR,

b b b RO~ 6(1) rot b b b
Y~ |la a a —» YD~ O a a
1 1 1

1563
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U(2);: Singular value decomposition

— . YRt
Y=L YR,

b b b RO~ 6(1) rot b b b
Y~ |la a a —» YD~ O a a
1 1 1

0 0 1

Perturbative diagonalisation: YV = L](CO) ?R}m

X b 0 0 1 bla b
Y~{0 a 0 L]S‘”rv 1 «
0 0 1 i 1
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b a 1
Y~ |b a 1
b a 1

UQ2)p 2

o| 2, fl%’fi ~ 1

L]fo) ~ O(1) rot.

sy vy o

S S S
S Q O

0
0
1

Perturbative diagonalisation: YV = L](Cl) ?R}O)T

X b 0 O 1 bla b
0 0 1 1

155



How can this be applied to
the SM flavor puzzle?
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Quarks

Impose U(2),, : ~ 2.1 all other singlets

q7

Imposing U(2), =
UR2),xU2),is

accidental at dm-4

* Both XA(M and ?d hierarchical

o Verm ® L,SO)TLEZO) hierarchical

—>
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Quarks

Impose U(2),, : ~ 2.1 all other singlets

q7

Imposing U(2), =

UR2),xU2),is
accidental at dm-4

* Both XA(M and ?d hierarchical

o Verm ® LISO)TL;O) hierarchical

—>

Leptons
€
Impose U(2), : , |~ 2., all other singlets
€R

> e Hierarchical \A(e and LZ(O) ~ O(1).

® No selection rules on the dim-5> Weinberg operator
MNS ~ O(1)

158
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A single U(2) to rule them all?

U2)

U(2) Is Right for Leptons and Left for Quarks

Stefan Antusch (Basel U.), Admir Greljo (Basel U.), Ben A. Stefanek (King's Coll. London), Anders Eller
Thomsen (Bern U. and U. Bern, AEC) (Nov 15, 2023)

Published in: Phys.Rev.Lett. 132 (2024) 15, 151802 - e-Print: 2311.09288 [hep-ph]

q-+e

e Nine hierarchies in terms of two small parameters:

Y} > 7>y (x3forf=u,d,e)
I>a>b>ad =

1> |Vus| > |Vcb| > |Vub|
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Phenomenology

106;_ AF -9 m Anarchy ?:

- _ B . U(z)q+e ;

L 1 Au — e Au = MFV N

E K — pe 3

i p 3 Dipoles :

- 10 T — 3 E
A 5
TE 1000E E
=< .

[Coghin12 [Codl1212 [Coul 1212 [Cata) 1212 [Cund) 1212[Ceg)i211 [Crielor [Crreln [Ceali211[Credqli2111Cae)i112 [Coelizan [Cerloiin [Ceelorin [Ceeloszz [Cenliz [Cunlit [Canlin [Cerhiz [Ceﬁ,]11[cgi)m]ugg

FIG. 1. Comparative constraints on SMEFT operators from flavor and CP violation: Minimally-broken U(2)4+. (Blue), MFV
(Green), Flavor Anarchy (Red). Here, Q = q,u,d and L = £, e. See Section 3 for details.

e SMEFT as a proxy for short-distance physics: U(2) = selection rules.
e A pattern of deviations emerges; distinct from MFV and anarchy.

® Determine the chirality of operators to test It
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Refining the picture

T @

10-2 b T e \What about y,,y, ~ 107 ?
@ @ o d' & e' spectrum seems |
104 compressed compared with u'.

@@@

10~

161



Admir Greljo | Lectures on EFT in flavour

U(2)g+ec+u

e Up-quarks also charged @ @ @ >

under the U(2):
2

2,10° Zyoab z,3b a @ @
YZ,Z: yulab yu2a2 Yu3ld <:> l)/(l
d

xulb Ly2d  Ly3

(bla)? ©
W

® Double suppression in the
up-quark spectrum!
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U(2)g+ectue X Zz

e [!,d\ are Z,-odd @

©

2a1b zqab  z43b 2
Y, =V, ( Ya2a ydsa) a @ @ >
zp1b @ @
Ye=Vz (zezb Y20 ) (b/a)z > bla
d

2030 Yp3a xp3

o V,— 7, spurion @ @

e 2HDM-Il tan~! B (SUSY?)
<Hu> =>> <Hd>
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U(2)g+ectue X Zz

e [!,d\ are Z,-odd @
Zdlb ngb ngb 2 VZ
Yo =Vz Yd2a %;zjj d @ @ >
@ d

@

zp1b

Yo =Vz | 202b yrea (b/a)z @ > bla
d

2030 Yp3a xp3

o V,— 7, spurion @ @

¢ 2HDM-Il tan™"  (SUSY?)
(Hu> > <Hd> We recently achieved similar texture with Zg FN

AG, Smolkovic, Valenti; 240/.02998 (Froggatt-Nielsen ALP)
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U(2)g+ectue X Zo

Fixing three spurions,
(Vz,a,b) = (0.01,0.03,0.002)

predicts the order of magnrtudes for all flavor parameters (neutrinos++).

Fit of O(1) parameters:

20 =014  yp =20 T3 = 1.0
2dl — 0.50 Yd2 — 0.66 Lds — 1.0

Zae = 2.2€'* 243 = 1.8¢! P12 g0 = 1.36HA7)

165 Antusch, AG, Stefanek, Thomsen: 231 1.09288
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U(2)g+ectue X Zz

Q:Why do q, u, e feel U(2) flavor but [, d don't!

A:SU(S) GUT...
g—)(g,l)l ®(1,2) 1 d® and /
3 2
10 — (3,2)1 ®©(3,1) 2 &(1,1) g,u‘ and e°
6 3

U(2)10 = U(2)g4eetur

166 Revisiting SUSY GUT predictions, [wip]



The UV origin of
approximate U(2)
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The UYV origin of U(2)
® Gauge the SU(2) part

SU2), 4 SU(2) SU(2)

q+e q+ec+uc
anomaly-free anomalons anomaly-free
AG, Thomsen; Antusch, AG, Stefanek, Wi
2309.1 1547 Thomsen: 231 1.09288 P
AG, Thomsen, Tiblom:
0406.02687

*Neutrinos need an
elaborate structure

168
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SM X SU(2),,, gauged

Dim-4 Dim-5 Dim-5 RG
H 0 H o H
E R 2 el
: > NS > SN
| A S 4 N ’
é i -
2 1
R A

AG, Thomsen; 2309.1 154/

0 ~
e The SM-singlet scalar ® ~ 2 of flavor: (DY) = ( DY = P CD;';
Vo
*2nd family *| st family
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Gauged flavor

Uuv

VLF SU) Ve
¢ a4 =—
@) L -2 m

EW
IR

AG, Thomsen; 2309.1 154/
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Gauged flavor

uv
¢ \ ' H ¢ H
‘\ " d ‘\ l'
VLF - ; TS ¢ up ; S - —
SU(Q) q—l—ﬁ Q )T/ g PS unification mgp = my
<@> e P AG, Thomsen, Tiblom; 2406.02687
* AsingleVLQ = Y is Rank 2
_yp_ o (13
EW Yx [y] —®D
17
IR -

e Accidental U(1):
AG, Thomsen; 2309.1 154/ Massless | S't fam||>/|
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Gauged flavor

uv ° !nstead of new UV states,
introduce IR states.
o H
VLF A o, L.t
: Sw!
SU(2) g+ C

<(I)> -_—— - /ll“-‘"
LQ fu  Iw

EW ® [he obtained Yukawas are
mainly insensitive to their

IR masses! ~ log mg/mqg

AG, Thomsen; 2309.1 154/
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Gauged flavor

uv ° !nstead of new UV states,
A introduce IR states.
o H
VLF — A
: Sw!
SU(2)g+¢ C

<(I)> -T-— - - - /ll“-‘:
LQ fu  Iw

EW ° Thg obtained Yukawas are
‘ mainly insensitive to their
IR masses! ~ log mg/mqg

AG, Thomsen; 2309.1 154/
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@@

@ > 1672

b ~ all6x?

A single parameter
a = V! mg
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PS unification

1077 105 103 107! 1077 10-5 103 1071 1077 105 103 1071 0 0: ]
. | TR SN TN TN NN NN TN SN TN SN SN T SN SN (Y T SO T 1

0.0 05 1.0 1.5

up charm
0.4§ : I 5 1.25 x 107!
0.3f : 5 i : 0.06 F -
[ ' [ ' - - 1.00 x 107!
0.2} g 1 = E .
: : 5 0.04F : - 7.50 x 102 =
0.1f ' . s = C =
g E 5.00x 102 2
e N, A —— 0.02f 1 i DE:’
1077 10°® 103 107! 1077 10°° 103 107t 1077 10°° 103 101 950 x 102
0.00 [ e T . . T t
down strange bottom 0.
ol : - . : - 0.000 0.005 0.010 0.015 0.020
; ; |25 <1072 mq [GeV]
0.31 . r IF ]
0.2f . (3
0.1¢1 r dE T T L T T E
] E 8.00 x 1072
107 105 103 107! 107 10! 107 105 103 107! .
= ; - 6.00 x 1072
() g i =
electron muon tauon ‘Q—D' _: : E
2 ] - 4.00 x 102 ®
: | | T | : S 1l =
3 |a:3| <1072 : ] - &
. - : ; - 2.00 x 102
? ¥ o 0.
1077 10°® 103 107! 1077 107t 1077 10°° 103 101
[Vis | [Veo| [Vis|
E E 1 ! ] - 3.00 x 1072
0.31 1 al b — [ ] B
z : Z I Z
0.2} s O, ] - 2.00 x 102 &
L E = ] : B
0.11 r S ] : 8
] - 1.00 x 102 A,
0.0 C
Wl

N
o

Figure 3. Histogram showing the probability of obtaining the correct order of magnitude for the SM
flavor parameters when the UV parameters take on random numbers drawn from a flat distributior my, [GeV]
with the magnitude < 1. The black lines display the running SM values at the renormalizatior

scale 1 PeV. See Section 4.2 for details. 174 AG, Thomsen, Tiblom; 2406.0268/
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Alhambra of Granada
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r} = ’A. "‘\.x
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2ol @iy ie0y7.¢9°;
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Thank you

N/

XX University
/<IN of Basel

https://physik.unibas.ch/en/persons/admir-greljo/
admir.greljo@unibas.ch



https://physik.unibas.ch/en/persons/admir-greljo/
mailto:admir.greljo@unibas.ch

Parameter counting



Admir Greljo | Lectures on EFT in flavour

Parameter ” AT

counting: . @) ) Gy Ve

Leptons f :
- 2

(If there was a
right-handed

neutrino) 550 <H0> :_% = 1‘,)':7,2/3

Tilie W)w
«étﬂ%ﬂw \/a(gw 0’8 COVH?OQWLWH

u m \/ Mda% 4 O{‘Q om( M#} IQO\Q non/ngoom){(’e BY\ ries
s

nibry %‘\ w'fi‘;‘a



Parameter%m badic Forms s o e cobion
counting: " ’V

;B> L% G, + [y 0, + V. /Z\/ + \/K ﬂ A QL/: UeL €e ‘\/,;R: UK/RVL/R
Leptons o
(If there was a -
right-handed QL /w Uf? M ”"‘“% © 5 CLW(GQ”/ éﬂ%") TAMED
neutrino)

U M U = Mvouﬂg o 4 mewf\n'no N
e T he vatibons’” concel every Juber o i Phe 2

Uy JWG [ﬁ% m‘m% rOm Q)E/C@&j %
Ly W, ANA RS
% 2, (eal,

\/PW\/S u U@ V \/ ﬁ Mm%&m%\‘g maginry



Admir Greljo | Lectures on EFT in flavour

Parameter
counting:
Leptons

(If there was a
right-handed
neutrino)

Ue T [ gife 2,

- - — 1% v,
T Y I R T i
8! ¢ 6[@,(, /CK

ﬂ(ﬂJ ’//hﬁ Soyme. QAT {,&/jm‘mgo T)’\QSQ ﬁmn%ﬁfﬁ?ﬂd/bﬂé
QEO\VQ Oﬂ 7perm& \fmvw\\o\y\,\ gxc@PJE gmr V/VLGL' (7/)/3 Lﬁﬁm
(\UVY\\OQV‘II‘-Q. QQ: 9}5 8(7 9\/{ :@V/“:@\/f S @ g(/\}[ 97»’“"(2(*\[. T}/)\/Q gl‘/@,
boses ann  be used 4o vewmove f“""”\d@’f i dhe PAMS,
? ’Fm&“% 4’ mwgﬂf@ ¢y /1 )D)vaf&
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Parameter
counting:
Leptons

(If there was a
right-handed
neutrino)

6 rgap %%F@M axmﬂm@%

gM without ‘/@, and Y, ehJOUQ

U(%LLX U )GKXU %)yR g/ﬂ%[ ELJmmf]Lrér
dhith (¢ bpsoken, 4o Ul),  when Ye anol Yo are gread,
Y, = 38+ 9T
v, = 9R+ 9T

1% gw) em/é

'FWQOIOM +o C%anﬂe bﬁg‘? \QU bekf)/f\/

U(Y), % Ul x U3, —w U (1),
6”‘”2}‘65 @y = fﬂmag
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Parameter

. ‘ ‘ e
Ceptoms 5
(If there was a , ¢ L mighg o in FPHME
;EB;ESded 49 _ //? = 4 }mqg f'no\r(\ TQM - 1 f%@gj i /PM}VS/)

’ US*@M %M /tfltlg' f%(ﬁf@«@ ?O(/C(MJQ@

T e unbroaken age (befort EWS) o car
Jart i e bagis :(\7;); V. €, in T mon basis

N y A ]
~ —l: H \/ Ye 8\‘{/ T —[: +H YVVF{; 4— UF’injhrnenT L:(V:,)
A -~ OKOKSOMQ maﬁ(x Cdown'alijhmenf LZ(\/::/')

LiiHee + 2 VT

® Similarly for the quark sector
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Parameter {j{yuun cose .
counting: . Nl ) .
Leptons . (e} ) * ig i %@:’”ﬁ,ﬂ“fm
(No right-handed

neutrino) /O\g> E_]/]\(@“e:{j ﬂ (LgH (fl.) +))(
Yoy

< H > - I% =7 c%o\rge ¢ 6‘*%“71 n
+C
oyl —i MY Y re= Y
~ D @L M(& 64& —+ s M(\ V. / XC(MIOVNC g'fu 0‘9»1%/7‘7
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Parameter
counting:
Leptons

(No right-handed
neutrino)

éim%u ‘W \/Ogm e 0’8 co W\QO 9#"@”

+
u M\/ = M ”"“@ v o{*ﬁ m‘( M‘.}}, o0 non,,gam){'ve enl ries

% J
a\fb{+fﬁf‘\ u VH;}“ 4 ‘J
) corphn

Al MM e U=V
VMU= umvT

Mm"lw

{(Um @i}n@tfc fl@r Mms , Theee W‘%W citone

<3 - — . ! (.
383 @U/Z C,L+ Criftp + Vv ’/%VL QL/; (/eleeL/g '\/.,IUV \/

T o
U@L M Ue@ -/ j““g 5 Clmao‘”{ b e
U;f [\/]\/ UV _ MVOL;;% o 4 neM/\m‘m AN
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Parameter
counting:
Leptons

(No right-handed
neutrino)

Tl oilbns” el everywhere el in Pre S
umﬁlwa ﬁa%mm%{r&m 6%?{9%“
j\)(/: %ﬁ M ﬂUyU%ﬁ q/ J()/)Q
) % e,

t + o
\/pm\/g - u\/ UgL V \/:i Mml%ﬂméy/ G imagirary
o [\/O MANE Ffmg?/ f@%ﬂ}&l‘@f\ﬂ l‘ﬂ ’)()76 Y)‘(Uﬁl‘nﬁg 0/ jﬂogs,')‘j[e,

(Yy-M viv)

v Thee }o)wlgeg o The a%w&@c? %ﬂ@n Sefor

6' Qe ' * 6}'9'@ QR

- -, - CIQIM {'8/,\ /AK
(61, /JL_ tp> ) ¢ \

BI@C éyr@? KCK

’ \/Qe(y{ 7L0 Mo e, ?) fjﬂﬁeﬁ n The PUVS,
/I/MJL (SJ we onré % wﬁ% gpm%}eg @mo/ ?)f}mﬁwl
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Parameter
counting:
Leptons

(No right-handed
neutrino)

[ 4

L

Gf (O(/j? 7[)%@{2} @Tﬂ&fgq%
ggM \M%@MB Ve and Y, endoﬁg

(%), x Uz, 3/&%3 g%mwﬁ%
whith s breoken 4o wn Ve ool Yo are geoit
Yg/ = IR+ 9T
Y, =GR+ 6T

Creedom o C)’)anﬂe brgT by Lroken,
U(v), x Ulb)e
6 angles Z; {2 fbaseg

There © a boos wv%
/5”‘ g - 3(@&6 ()szxm\g

W% @mmﬁ
( Y mgmefr \‘c)

e 2 pt
o 3 m\/t.

¢ 7 m\‘%thgg e FHUE

46 "’//2 = 3 Jomqg IIHO\KG rq{bmg w
f%yf/éaﬂ ?arum@‘fe@
e Can daet oA bass |- Q’g)

TV Ve o Y [Ee]let) -
Ve
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The CKM matrix

C12C13 $12C13 s13e” "
. 5 5
V = | —s12c23 — c12523513€"°  C12C23 — S12523513€" $23C13
5 5
$12893 — €12€23513€" —C12823 — §12C23513€"°  C23C13

Experimentally:

513 K 893 K 512 K 1
022> 022 02
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The CKM matrix

® The Wolfenstein parametrization: s13 < S23 < 512 < 1

o ; | A = 0.2251 % 0.0005
1—255)\ — 5A | o 1)\4 , AN (P;'”?) A = 0.81+0.03
V= [ =A+LA2)5[1 - 2(p + in)] — A% — AT (1 +44%) AN p = +0.160 = 0.007
n

T
AN — (1= 32%)(p+in)] —AN+ AN —2(p+in)] 1— 142N —  40.350 + 0.006
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The CKM matrix

® The Wolfenstein parametrization: s13 < S23 < 512 < 1

|

® [he U

1— A% — ¢\ A AX3 (p — in)
—A+ AN —2(p+in)] 11— 4IX%— 2AH(1+44?) AN
AN — (1= 32%)(p+in)] —AN+ AN —2(p+in)] 1— 142N

nitarity triangles VVT =1
VuaVip + VeaVep + ViaVip = 0

189
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0.2251 £ 0.0005
0.81 £ 0.03

-+0.160 £ 0.007
+0.350 £ 0.006
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The CKM matrix

® [he Wolfenstein parametrization: s13 < $23 K s12 < 1

L9 L 3 _ A = 0.2251 £ 0.0005
1 —35A%—gA A AN (p —in) A = 0814003
V=|-X+342N[1-2(p+1in)] 1-—32%— (1 +44?) p = 40.160 = 0.007
AN — (1= 32%)(p+in)] —AN+ AN —2(p+in)] 1— 142N n = 40.350 =+ 0.006
® [he unitarity triangles VVT =1
>k >k %
ViudVip + VeaVep + ViaVy, = 0
® Physical parameters. Invariant under V;; — ¢/ @00y,
Vuqub th‘/;fb
R, = =VpP+n? . R = V(L= p)2+ 77
! Vea Ve VeaVeb
ViaVip } [ Ved JZ} [ Vud Jb}
a=arg |— : = arg |— 5 : = arg |— -
; [ T ] B 7 B R
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The CKM matrix

(0,0) (1,0)
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The CKM matrix: Experiment

Table 4: FCCC processes and CKM entries

Process CKM
u— dlT v Vua| = 0.97417 4+ 0.00021
s —>ul™ v [Vius| = 0.2248 £ 0.0006

c—dltvory,+d—c+p
c— slTvores — Ty
b—cl v
b— ul" v
pp — tX
b— scuand b — suc

V.al = 0.220 £ 0.005
V.s| = 0.995 + 0.016
Vp| = 0.0405 + 0.0015
V| = 0.0041 4 0.0004
Vip| = 1.01 £ 0.03
v =73 £+ 5

192



Admir Greljo | Lectures on EFT in flavour

The CKM matrix: Experiment

1.5 T T T T | T T T T T T 1 I T T 1
: | excluded area has CL > 0.95 |: % :
i Y \% i
1.0 — A - —
i / s S -
05 — _
[l Y S—— ' |
. | Vi - y \
-0.5 — L N —
§ -

E
-1.0 — Y K _|
B % sol.w/cos2B<0
— ICHEP 16 (excl.at CL > 0.95) —
1.5 IR B A R R B R AR B R AN
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p

193

The great triumph of the SM!
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The CKM matrix: Experiment

| fitter

1.0 -0.5 0.0 0.5 1.0 1.5

p
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Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)
Br(B — X,vy) = 3. 49(19) x 107
Br(B, — ptp”) = 2.4(8) x 107°
Br(BT — D) =2.27(11) x 1072
Br(B~ — 7’4 7) = 7.80(27) x 107°

Br(K; — ptp™) = 6.84(11) x 1077
Br(K* — ,u ) = 0.6356(11)
Br(y) — p"p”) = 5.961(33) x 1077
Br(D — putp~) <6.2x 1077 . [PDG]

Stare at these for a moment—do you see a pattern?

196 The big part of PDG is about flavour...



Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)
Br(B — X,v) = 3. 49(19) x 107*
Br(Bs — p'pu) =2.4(8) x 107
Br(Bt — Dtv) =2.27(11) x 1072
Br(B~ — 7% p) = 7.80(27) x 107°

Br(K; — ptp™) = 6.84(11) x 1077
Br(K™ — ,u ) = 0.6356(11)
Br(y) — p"p”) = 5.961(33) x 1077
Br(D — putp~) <6.2x 1077 . [PDQG]
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Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)
Br(B — X,v) = 3. 49(19) x 107
Br(B, — ptp”) = 2.4(8) x 107°
Br(BT — D) =2.27(11) x 1072
Br(B~ — 7’4 7) = 7.80(27) x 107°

Br(K; — ptp™) = 6.84(11) x 1077
Br(K* — ,u ) = 0.6356(11)
Br(y) — p"p”) = 5.961(33) x 1077
Br(D — putp~) <6.2x 1077 . [PDG]

1. Lepton universality. Swapping one generation of leptons with another does not appear to
affect the branching ratios of these transitions.
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Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)

Br(B — X,vy) = 3. 49(19) x 107
Br(B, — ptp~) = 2.4(8) x 1077
Br(BT — D) = 2.27(11) x 1072

) =
Br(B~ — 7’ v) = 7.80(27) x 107°
Br(Kp — ptp~) = 6.84(11) x 10~
Br(K* — ,u ) = 0.6356(11)
Br(y) — p"p”) = 5.961(33) x 1077
Br(D — p*p”) <6.2x 1077 . [PDG]

1. Lepton universality. Swapping one generation of leptons with another does not appear to
affect the branching ratios of these transitions.
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Flavour data

Br(B — Xuv) = 0.1086(16)

Br(B — Xev) = 0.1086(16)

Br(B — X,v) = 3.49(19) x 10~*
Br(B, — utp™) =2.4(8) x 1077

Br(BT — D% "v
Br(B~ — 70w

= 2.27(11) x 1072
= 7.80(27) x 107°

S N N e N N T — N0

Br(Ky, — p p~) = 6.84(11) x 1077
Br(K* — uv) = 0.6356(11)
Br(¢ — ptp™) = 5.961(33) x 1077
Br(D — utp~) <6.2x 1077 . [PDG]

1. Lepton universality. Swapping one generation of leptons with another does not appear to
affect the branching ratios of these transitions.

2. Flavor-changing neutral currents are small. On the other hand, processes that change
flavor are suppressed for charge-neutral transitions compared to transitions between hadrons
of different charge.
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Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)
Br(B — X,vy) = 3. 49(19) x 107
Br(B, — pfp~) = 2.4(8) x 107°
Br(BT — D%"v) = 2.27(11) x 1072
Br(B~ — 70" p) = 7.80(27) x 107°

Br(K; — ptp™) = 6.84(11) x 1077
Br(K* — ,u ) = 0.6356(11)
Br(y) — p"p”) = 5.961(33) x 1077
Br(D — p ™) <6.2x 1077 [PDG]

1. Lepton universality. Swapping one generation of leptons with another does not appear to
affect the branching ratios of these transitions.

2. Flavor-changing neutral currents are small. On the other hand, processes that change
flavor are suppressed for charge-neutral transitions compared to transitions between hadrons

of different Charie.
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L.

2.

Flavour data

Br(B — Xuv) = 0.1086(16)
Br(B — Xev) = 0.1086(16)
Br(B — X,v) = 3. 49(19) x 107*
Br(B, — pfp~) = 2.4(8) x 107°
Br(Bt — Dtv) =2.27(11) x 1072
Br(B~ — 70" p) = 7.80(27) x 107°

Br(K; — ptp~) = 6.84(11) x 1077
Br(K* — ,u ) = 0.6356(11)
Br(¢ — ptp™) = 5.961(33) x 1077
Br(D — putp~) <6.2x 1077 . [PDG]

Lepton universality. Swapping one generation of leptons with another does not appear to
affect the branching ratios of these transitions.

Flavor-changing neutral currents are small. On the other hand, processes that change
flavor are suppressed for charge-neutral transitions compared to transitions between hadrons
of different charge.

Generation hierarchy. Decays between third and first generation are suppressed compared

to that of third to second generation.
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Complementarity

Flavor vs Collider

Example

e

B-hadron Decays to Leptons
Status:

Discrepancy with the SM

S OaTLAS

~——~ ~\| L EXPERIMENT

B
\\\\

Lebton Production
Status:

Consistent with the SM
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| |[Effective Field Theory

New Contact Ipteraction 01
(Qivuo®Qj)(LyyHoaly) TeV .1 am

B—->Kuu- GeV 0.1 fm
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Methods

Simplified Model

New Force Mediator

f
Z
Effective Field Theory /\/< f

New Contact | pteraction
(Qiyuo® Q) (LyyHouly)

B—->Kuu-
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Methods

Complete Model

e.g. Gauged Flavour Symmetry

Simplified Model

New Force Mediator

f
Z
Effective Field Theory /\/< f

New Contact | pteraction
(Qiyuo® Q) (LyyHouly)

B—->Kuu-




Admir Greljo | Lectures on EFT in flavour

Methods

Complete Model

e.g. Gauged Flavour Symmetry

Simplified Model

New Force Mediator

f
Z
Effective Field Theory /V< f

New Contact Interaction + -
(Qivuo® Q) Ly oaly) PP~ H H

B—->Kuu-
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1.4}

Interaction  *_ 0.8]

strength >0

0.0"

A specific model example:

1.2}

1.0}

0.6}
0.4}

0.2}

Relevance
[Greljo, Marzocca] ° |_
Eur.Phys.J. C77 (2017) no.8, 548 v OW-eﬂergy
preferred

4000 6000 8000 10000
M y A [GeV]
Mediator mass

10

wich



Relevance

[Greljo, Marzocca]

Eur.Phys.J. C77 (2017) no.8, 548 v Low-energy

preferred

e

1.4
1.2

1.0

Interaction % 0.8

s
strength 0.6

0.4 . .
| ® High-energy

excluded

(.\«,; ﬁ V. “ ;\ §

4

2000 4000 6000 8000
MZ' [GeV]
Mediator mass

0.2

ATLAS

EXPERIMENT

A specific model example: Ruled out! 10
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Challenges

Complete Model

e Uncountable
e Most imagination needed

Simplified Model

o ExtraHiggs, Z', W,
Leptoquark, Coloron,

_ : Quark and Lepton
Effective Field Theory| partners
o 2499 leading dim-6 operators + many more ——
e Most are flavour-sensitive QMS\ ATLAS

o Many signatures

Talk more often to
<2 your colleagues from
different experiments
and theory!

LHCb

o Many observables

11



Flavor physics of the Higgs Boson
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Flavor physics of the Higgs Boson

" In the SM
Hy—>v+h
h . . _
Ly = — ;(me€L6R+muﬂLﬂR‘|’mTTLTR
+my UL UR + MeCL CR + Myt tp + madr dr + msSE SR + mp b, br + h.c.)
« h ® Diagonal

¢ Non-universal

) ¢ Proportional to the fermion masses

® Real In the mass basis
213
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Flavor physics of the Higgs Boson
| Beyond the SM

New sources of flavour and (or) EWS breaking would
change these predictions!
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Flavor physics of the Higgs Boson
| Beyond the SM

New sources of flavour and (or) EWS breaking would
change these predictions!

@ JHDM example

Add another Higgs doublet H; where i = 1,2
~ZLyuk =leinF

Mf —_ Y{Vl + Y§V2

h=h;cosa+ h,sina

In general, the Higgs boson can have couplings that are nerther

proportional to the mass matrix nor diagonal, nor CP conserving,
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Flavor physics of the Higgs Boson

| Beyond the SM

New sources of flavour and (or) EWS breaking would

change these predictions!

@ JHDM example

o SM EF

example

Add another Higgs doublet H; where i = 1,2
~ZLyuk :leinF

Mf —_ Y{Vl + Y§V2

h=h;cosa+ h,sina

Add a dim-6 SM EFT correction

_ 1
— Ly =Y HF + e fYHF H'H

f VI sz f f"2
M- O<Y1+Y2F h: Yl+3Y2F

In general, the Higgs boson can have couplings that are nerther
proportional to the mass matrix nor diagonal, nor CP conserving,



on EFT in flavour

Flavor physics of the Higgs Boson

Test it! / ’
d;

® Diagonal couplings!
o Off-diagonal couplings?

e CP violation?

217
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Flavor physics of the Higgs Boson
" Diagonal couplings

K, = 1.43 + 0.23, Ky = 0.60 £ 0.18, K, < 6.2,
K, < 65, ky < 1.4-10°, K, < 3.0-10°,
K, = 0.88 + 0.13, k, = 02703, ko < 630.

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group
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Flavor physics of the Higgs Boson

" Diagonal couplings

K, = 1.43 + 0.23, Ky = 0.60 + 0.18, K, < 6.2,
K, < 65, ky < 1.4-10°, K, < 3.0-10°,
K, = 0.88 4 0.13, k, = 02703, ke < 630.

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group

- Only third family Yukawas are observed.
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Flavor physics of the Higgs Boson

" Diagonal couplings

k, = 1.43 £ 0.23, Ky = 0.60 £ 0.18,
K, < 65, kg < 1.4-10°,
k. = 0.88 + 0.13, K, = 0.25573,

- Only third family Yukawas are observed.
- Light Yukawa 1s a pressing issue! Q: Is the same

220

ke S 6.2,
K, < 3.0-10°,
ke S 630.

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group

mechanism at work?
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Flavor physics of the Higgs Boson
" Diagonal couplings

K, = 1.43 4 0.23, Ky, = 0.60 4 0.18, k. < 6.2,
K, < 65, kg < 1.4-10°, K, < 3.0-10°,
k. = 0.88 +0.13, k, = 0.252, ke < 630,

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group

- Only third family Yukawas are observed.
- Light Yukawa Is a pressing issue! Q: |s the same mechanism at work!

e (Charm Yukawa

® [xclusive Higgs decays to mesons:
1407.6695, 1406.1722, 1505.03870

® Vh associated production:
1503.00290,1505.06689,1505.06689

® Higgs differential distributions:
1606.09253, 1606.0962 |

HL-LHC sensitivity O(y,) 201
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Flavor physics of the Higgs Boson

" Diagonal couplings

K, = 1.43 4 0.23, Ky, = 0.60 4 0.18, k. < 6.2,
K, < 65, kg < 1.4-10°, K, < 3.0-10°,
k. = 0.88 +0.13, k, = 0.252, ke < 630,

1610.07922, Section IV.6.2.c,
LHC Higgs Cross Section Working Group

- Only third family Yukawas are observed.
- Light Yukawa Is a pressing issue! Q: |s the same mechanism at work!

e (Charm Yukawa

® [xclusive Higgs decays to mesons:
1407.6695, 1406.1722, 1505.03870

® Vh associated production:
1503.00290,1505.06689;1505.06689

® Higgs differential distributions:
1606.09253, 1606.0962 |

HL-LHC sensitivity O(y,.)

222

e Muon Yukawa

1.2 £ 0.6, ATLAS 2007.07830.

1.2 £ 0.4, CMS CMS-PAS-HIG-19-006.

The observation at the end of Run 3/


https://arxiv.org/abs/2007.07830
https://cds.cern.ch/record/2725423?ln=en
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Flavor physics of the Higgs Boson
| Off-diagonal couplings, examples

%LWQ %;W@ Br(t — ch) < 0.11 %
; ) ATLAS, 1812.11568

A A

. u,c
we 4 h A Br(t - ch) < 0.47 %
N & ~ . CMS, 1712.02399

1404.1278

Br(h — wu) < 0.25% Br(h — u) < 0.28 %

Br(h — te) < 0.61 % Br(h — te) < 0.47 %
CMS 1712.07173 ATLAS 1907.06131

[For New Physics Models Facing Lepton Flavor Violating Higgs Decays at the Percent Level see 1502.07/784]
223



FCNC in Z couplings:
A BSM example



A BSM example

o Universality of y, g interactions Is guaranteed by the unbroken QCD x QED in
any extension of the SM.

e However,the Z universality is an accident of the SM field content.

1 L o I
Lz = [— (5 — 812/[/) erider: + sy erideri + 5 ULadVLa

SWCW
I 2 2 1 1 — 1 _
+ (5 — —3%[/) ULiduri — =Sty URiAUR;: — (5 — —S%v) drifdr; + gs%v dRri dR;

3 3 3
.
Vx1IxV =1
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A BSM example

o Universality of y, g interactions Is guaranteed by the unbroken QCD x QED in
any extension of the SM.

* However, the Z universality is an accident of the SM field content.

e F[Eg let us add to the SM a heavy vector-like quark weak singlet (U;, Ug)y—o/3
~% D Y"Q,Hup + YYQ,HU + MU, U,

o After EWSB, there will be mixing between SM u and U.

[VLQ top partners motivated by the composite Higgs]
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A BSM example

o Universality of y, g interactions Is guaranteed by the unbroken QCD x QED in
any extension of the SM.

* However the Z universality is an accident of the SM field content.

e F[Eg let us add to the SM a heavy vector-like quark weak singlet (U;, Ug)y—o/3
~% D Y"Q,Hup + YYQ,HU + MU, U,

o After EWSB, there will be mixing between SM u and U.

® T[he Z couplings will be flavour violating

: ZS%V 0 U
_ = 2 3 L
X (uL UL) 'V . > Vi (UL>
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A BSM example

e Experiments tell us that Z interactions are (rather) universal

Lz =

. g U =1 J

0.001 2.1 x 1074 0.14
XY —T|3x3 < 0.0026 0.14
0.13

[Fajfer, AG, Kamenik, Mustac], 1304.4219

® \\Ve can use this to set [imits on BSM with VLOs

228



LFUYV leptoquarks
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Leptoquarks
Just like RPV MSSM. . O% += jQLS + 7, Q Q S
_ 3 B(S) = 5

/\bw violglion Ye SN
ac J@nm ngmdm@

s “Prglon A@ca%( oyl s s 10° Tl

— D, u=ey Ll qos sedes upo 10° TeY

er—  Fleckon EDY /] qoiescbhf T

S LFUV, ... R(K) probes up to 10> TeV
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Muon (g — 2)

®* New Physics examples

BNLg2 — o

y ey
36 5 JZ EW
(0.2 TeV)2 1672
< 4.20 > Z,

*combined

° : ~ : JJ’J\/\A/\L‘LL
Standard Model Experiment
Average /M § /M

175 180 185 190 195 200 205 210 215
9
aux10 -1165900

”LGﬂUﬂR F Uv

FNAL g-2 +4 —@

Vi CVEW _
, oy, F
The Muon g-2, Fermilab, 2104.0328 | L6 2 (10 TeV)2 1672 HLO™ HR T
A word of caution: §
More EXP/TH work is needed to prove NP is behind these effects. PR S LQ
*BMW lattice only 1.60 [2002.12347] /A &—— i
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Nearly exact U(1), X U(l)ﬂ x U(l).?

cLFUYV but no cLFV

2
Br(p — ey) Aa, 0\’
3x10-13 ~ \ 3x10-9 10-5
2
Br(t —»uy) ( Aa, 6\
4% 108 ~ \ 3% 109 10-2
Naive BSM expectation is wrong!
012 i 1 /me/m’u ~ @(10_1)
O3 ~ | /mﬂ/mT ~ 01071
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Gauged lepton flavor

Extend the SM gauge group with the lepton flavour non-universal U(1)y.

e U 7

Gauged U(l)y A 7N

e Natural framework for cLFUV without cLFV.

o U(1)y gauge boson is a potential mediator behind flavour anomalies.

Altmannshofer, Gori, Pospeloy, Yavin; 1403.1269,
Crivellin, D'’Ambrosio, Heeck; 1501.00993,

Celis, Fuentes-Martin, Jung, Serodio; 1505.03079,
Crivellin, Fuentes-Martin, AG, Isidori; 161 1.02703,
Alonso, Cox, Han, Yanagida; | /05.03858,

Bonilla, Modak, Srivastava, Valle; 1705.00915,

Ellis, Fairbairn, Tunney; | /05.03447;

Allanach, Davighi; 1809.01 158,

Altmannshofer, Davighi, Nardecchia; 1909.02021,
Allanach: 2009.02197,

+ many more ...
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Gauged lepton flavor

Extend the SM gauge group with the lepton flavour non-universal U(1)y.

Gauged U(1)x v\ ¢ 5 {

e Natural framework for cLFUV without cLFV.

o U(1)y gauge boson is a potential mediator behind flavour anomalies.

Another potential mediator ~ Hambye, Heeck; 171204871
Davighi, Kirk, Nardecchia, 2007.15016

AG, Stangl, Thomsen, 2103.1399 |
AG, Soregq, Stangl, Thomsen, Zupan; 2107.07518

® (Charge a leptoquark under U(1)y.

* (auge
symmetry Jqll/tS
selection
rules:

ges, gts, qqS f
qqS"H, qqS"¢
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Gauged lepton flavor

Extend the SM gauge group with the lepton flavour non-universal U(1)y.

Gauged U(1)x v\ ¢ g ;

e Natural framework for cLFUV without cLFV.

o U(1)y gauge boson is a potential mediator behind flavour anomalies.

Another potential mediator ~ Hambye, Heeck; 171204871
Davighi, Kirk, Nardecchia, 2007.15016

AG, Stangl, Thomsen, 2103.1399 |
AG, Soregq, Stangl, Thomsen, Zupan; 2107.07518

® (Charge a leptoquark under U(1)y.

* (auge
Ssymmetry JQ/JS The accidental symmetry of £, is
selection —>  U(l)px U, x U(1),x U(1), and
rules: qu, QTS, qq,SWL the LQ charge is (—1/3,0, —1,0)

quTHa QQST¢ “Muoquark”
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