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The Flavour of the Standard Model
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The Flavour of the Standard Model
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Most of the richness and complexity of the Theory comes from the Yukawa sector:
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\ I All lepton masses, proton-neutron mass difference,
the QCD mass gap (pion mass), 0 < me <« mp,n, CKM mixing, ...
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The Flavour of the Standard Model

The Yukawa sector also shows a very peculiar structure:

= hierarchical fermion masses

Uoe Co to
d o Se lao
@ o /‘s Yo
} + | | -+ — I 4+
107 10° 107 10" 4 10 At 168 GeV

(my ~ 101 GeV))



The Flavour of the Standard Model

The Yukawa sector also shows a very peculiar structure:

= hierarchical fermion masses
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- hierarchical quark mixing matrix
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The Flavour of the Standard Model

The Yukawa sector also shows a very peculiar structure:

A very predictive and successful structure!
The CKM picture of quark mixing and CP

= hierarchical fermion masses

U e C o T violation has now been tested to an
de  Se be impressive level of precision:
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The Flavour of the Standard Model

The Yukawa sector also shows a very peculiar structure:

- hierarchical fermion masses
The CK

U o Ceo e violation has now
de  Se be impressive level of precisio
o P Teo = F
(m, ~ 101 GeV) — 4+ [ U
10—(‘ "0:5 10.1 10~1 1 10 40° '103 Gev 1?&1&
- hierarchical quark mixing matrix T
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However, the theory gives no explanation for these hierarchies.
IS there a more funaamental underlying theory which does?

SM Flavour Puzzle
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A very predictive and successful structure!

VI picture of guark mixing and CP
pDeen tested to an
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The Standard Model as an EFT

We know that the Standard Model must be extended at some high energy scale A

JV theory

SME

f we are interested in physics at energies E <€ A we can write the low-energy Lagrangian

as a series expanded in powers of 1/A: the Standard Model Effective Field Theory.
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The Standard Model as an EFT

We know that the Standard Model must be extended at some high energy scale A

4 f we are interested in physics at energies E <€ A we can write the low-energy Lagrangian

W theory 252 series expanded in powers of 1/A: the Standard Model Effective Field Theory

| =4) 5) '(6)
i igﬂfﬁ = zgm + Z/% O;s‘) ) Z/% O;U .

_ d-¢
SMEFT At low energies, the effects from higher-dimension / C « 1
operators are suppressed by powers of A

he SM is just the renormalisable IR remnant of the more fundamental UV theory.
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JV theory

SM

The Standard Model as an EFT

We know that the Standard Model must be extended at some high energy scale A

=2l

f we are interested in physics at energies E <€ A we can write the low-energy Lagrangian

as a series expanded in powers of 1/A: the Standard Model Effective Field Theory.

SMEFT = SM +(ZK Gi + (Z/FOa Fo
ol- ¢
Al low energies, the effects from higher-dimension / c « 1
operators are suppressed Dy powers of \-/—\'

he SM is just the renormalisable IR remnant of the more fundamental UV theory.

‘he limited set of operators allowed at d <4 automatically
endows the SM with accidental features & symmetries.




The Standard Model as an EFT

The constrained structure of the Standard Model implies several accidental features & symmetries,
.e. properties that arise automatically, not imposed by hand.

Symmetries & conservation laws: conservatonof B, Le, Ly Lt

AN approximate global SU(2)c symmetry in the Higgs sector.

Custodial symmetry: Protects the ratio mw / (cos Ow mz) = 1.

/ boson, photon and gluon couple In a flavour-conserving way +

Absence of FCNC at tree-level: . |
HIggs Yukawa couplings are small.

Small CP-violation effects, even though the CP-phase is large: small guark masses and mixing angles.

SM gauge couplings are generation-independent +
Yukawa couplings are small and hierarchical (e.g. mey <« mp)

Lepton-Flavour Universality:

a neutrino mass term is forbidden by gauge symmetries.
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The Standard Model as an EFT

We know that the Standard Model must be extended at some high energy scale A
f we are interested in physics at energies E <€ A we can write the low-energy Lagrangian

as a series expanded in powers of 1/A: the Standard Model Effective Field Theory.

JV theory

SM

SM Weinberg operator  gim-6 SMEFT higher order
— neutrino masses * effects



JV theory
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The Standard Model as an EFT
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The Standard Model as an EFT

In general violate all the

[4=6 (71—
4 i ) _ C((' ¢ g rcp / accidental symmetries and
X CF , L [sH,

properties of the SM

JV theory
| -.g..  Lepton Flavour Violation,

) deviations from LFU,
unsuppressed FCNC and CP effects,
B and L violation, etc..

SME
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The Standard Model as an EFT

In general violate all the

6. -
i _ C((' ¢ ﬁ rcp / accidental symmetries and
: L [sSH,

properties of the SM

-.g..  Lepton Flavour Violation,
deviations from LFU,
unsuppressed FCNC and CP effects,
B and L violation, etc..

Precision tests of forbidden or suppressed processes in the SM
are powerful probes of physics Beyond the Standard Model.

>> Flavour Physics ! <<




The Standard Model as an EFT

In general violate all the

6. -
4 i — C((' l ﬁ r(€ / accidental symmetries and
; L (sH

properties of the SM

JV theory
| -.g..  Lepton Flavour Violation,

A ) deviations from LFU,
unsuppressed FCNC and CP effects,
B and L violation, etc..

SME

MEw Precision tests of forbidden or suppressed processes in the SM
are powerful probes of physics Beyond the Standard Model.

>> Flavour Physics ! <<

Remember:

There can be different scales A associated to the violation of different SM properties:
quark flavour, lepton flavour, L and B violation, etc..




JV theory

SM
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The Standard Model as an EFT
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OK. but..

How BIG or small should A be?



JV theory
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The Standard Model as an EFT

i (J:é) C(() (6) - ~ QK, out..
MEFT : /? ¢ ‘*L&W How BIG or sman should A be?

Since the SM is renormalisable, we don’t have a clear target (except A = Mp))
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The Standard Model as an EFT
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- OK, but..

How BIG or small should A be?

since the SMis renormalisable, we don’t have a clear target (except A = Mp))

Motivated Reasons for a “low” A

/

1 W

Hierarchy problem WIMP miracle
of the EV scale Experimental signatures for Dark Matter
A~TeV of BSM physics (@nomalies) (1 _ 0(10) TeV

A~7?

(it depends on
the measurement)



The BSM Flavour Problem

LT y / -
S // g1 Flavour in the SM has a rigid structure.
s 1/ Measuring flavour transitions puts strong constraints

T /7\ on New Physics with generic flavour structure.




The BSM Flavour Problem
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Flavour in the SM has a rigid structure.
Measuring flavour transitions puts strong constraints
on New Physics with generic flavour structure.

Precision tests push A to be very high

Bounds on A (taking ¢i® = 1) from various processes
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The BSM Flavour Problem
I:i_ Utsit / am

summer23
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Flavour in the SM has a rigid structure.
Measuring flavour transitions puts strong constraints
on New Physics with generic flavour structure.

Precision tests push A to be very high

Bounds on A (taking ¢i® = 1) from various processes

[ Physics Briefing Book 1910.11775
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The BSM Flavour Problem

® Solutions to the Hierarchy Problem

et us consider the hypotheticalcase A ~1 =10 TeV

Reach of present/future colliders

—xperimental anomalies
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The BSM Flavour Problem

® Solutions to the Hierarchy Problem
et us consider the hypotheticalcase A ~1 =10 TeV ® Reach of present/future colliders
® xpermental anomalies

With this low scale, flavour-violating operators should be suppressed, €.g. by small CKM elements.

Y Need some Flavour Protection
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The BSM Flavour Problem

® Solutions to the Hierarchy Problem

et us consider the hypotheticalcase A ~1 =10 TeV ® Reach of present/future colliders

With this low scale, flavour-violating operators should be suppressed, €.g. by small CKM elements.

® xpermental anomalies

Y Need some Flavour Protection

Typically, a good flavour structure for a quark-current operator (7 ol (OL( X AJ‘) g

/5., YN
A

Z

|

X 1

X NS ‘9c

L) F

_U(2)-like: ¢,, <1
., <
~MFV-lke: ¢,, ~ 1

'4,2
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Probing New Physics with flavour

Consider a rare low-energy process in the SM Asn X < VI
Short-distance low-energy EFT coefficient C ST M

b
S ViV,
2

xample:  Cey ~
v
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Probing New Physics with flavour

Consider a rare low-energy process in the SM )g” l < VI
Short-distance low-energy EFT coefficient C ST M

b

xample:  Cey ~
NE

Let us add a BSM EFT contribution: SC ey NV —

CET /\2
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Probing New Physics with flavour

Consider a rare low-energy process in the SM )sn X % g/’
oShort-distance low-energy EFT coefficient C S M

sh
xample:  Cgq ~ \/fs\ifb,
v

Let us add a BSM EFT contribution: SC e N~ —

CET /\2

Relative deviation In the short-distance coefficient

Measuring this precisely puts strong constraints on the EFT combination ¢c/A2,

the better the smallest Asm is.
11



Probing New Physics with flavour

Typical EFT scales probed by different low-energy flavour physics measurements:
R (k") o vy PANTANN R (D)
1 1 1 1
o e Copn & £ Cooo -
S /T (go le\/)z SV (80 Tev)z C$bw (8.GT€V)Z hCVve (q-l\e\/)z
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Probing New Physics with flavour

Typical EF T scales probed by different low-energy flavour physics measurements:

R (k") oWy B KV R (1)

1 1 1 1
S 7 Corn & C -
Csvry (50 Toy)? T (go Tev) Caon € [B.6TeV) V()

Assuming the CKM-Ilike flavour structure (i.e. MFV, U(2)3, etc..):

£ \/&5 S ¢ C Vt-
! /\; CS"N\’ - Vf /\\£H CSBW ~ \/t/s\yb CLC\/C ~ Vj\zb

The bounds on the scale go downto A ~O(1) TeV for all (except Ay~ 10 TeV )

CSBF}A &

See also: Bordone, Buttazzo, Isidori, Monnard [1705.10729], Borsato, Gligorov, Guadagnoli, Martinez Santos, Sumensari [1808.02006], Fajfer, Kosnik,
Vale-Silva [1802.00786], DM, Trifinopoulos, Venturini [2106.15630]
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From low to high energy

Drell-Yan tall

Meson decays

Crossing
symmetry

Crossing
symmetry

f mew < Eg <« Mnp

we can use an
—F1 approach

Highp T
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High-Energy dilepton tails

9 37 g 1 g
>M< % §>< 3 [he effect of heavy New Physics grows with the energy
; |

Jntil the scale of new states is reached.

( Sila
| CFT <HODEL-DC-?C~/M~1' mew < £ < Mnp

. RANGC
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High-Energy dilepton tails

i
>< 3 [he effect of heavy New Physics grows with the
Jntil the scale of new states I1s reached.

-1 enh

mew < E < Myp

N higr

B
C
M MNP EH : xﬁ

SM less suppressed

energy

ancement
-p1 tails

VS,

2

1S
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High-Energy dilepton tails

s ]
>\M< A I The effect of heavy New Physics grows with the energy

dv q 9 until the scale of new states Is reached.
mew < E < Mnp —FT enhancement
N high-pT talls

2
0 ¢, - s.
Y ) Yy C(, [

A~‘:‘§+ 7,~/43r4 1+ 5 = ¢y
& M o P/ C 1%

SM less suppressed

Less precise measurements at high
energy can be competitive with
very precise ones at low energy.

Expected reach:

E~2TeV
AtLHC:  Otail 107 ——— A =6 TeV

[Farina, Panico, Pappadopulo, Ruderman, Torre, Wulzer 1609.08157, etc..]
14



(HL-)LHC as a “Flavor collider”

/ | The differential cross section is approximately
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guark-antiguark luminosities

Protons contain all flavors
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(HL-)LHC as a “Flavor collider”

/ | The differential cross section is approximately

JV A A A 2 < . ~
D ) - jqﬂ).lg) U M(’ B b + G é‘z [+, v

= vij

Vg b

Let us estimate the reach of high-pr tails

0.500 ————

Relative deviation in a bin, due to EFT
(assuming quadratic terms are dominant)

Ci _ &
MY
b5) L di (g8 )
qsn iiﬂ iuu ‘C&H v
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(HL-)LHC as a “Flavor collider”

/ | The differential cross section is approximately
= (v .
015/ A j /\) C/ ‘l\) 2 S C é ,2+ l( ~ é ’
C’j ///\ | Ag (S) ~ qﬂ)lg SM S %Yﬁ c') + ¢) MZ C;j HQ
e = [ Q vV V )
Let us estimate the reach of high-pr tails
| o | B 0.500 A-(TQ\‘Y
Relative deviation in a bin, due to EFT | | B S =\2 o
([assuming guadratic terms are dominant) | 75 ' —xample: Dv/g &40 Jo
C" E : : %SH ~ 0.4
=y —u

v

(4 = £ 407 "{/JERS.STW

|2
B——‘G(g\) N 'ZE{;Q;* z‘fﬂ ‘2_2 é_ R _
C& e iz 9 0.1 — £ < "0~3 N/\r 2 5 [
Vsr iiu* iuu | | | | . ! ~
N~~~ 0004061000 1500 2000 2500 3000 001 — ¢ ¢ 402 o /i 2 2 TeV
Qi \/E [GeV]
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Events

Di-lepton tails at LHC

) Operators interfering with SM:

LsMEFT = U_OZ (01 )ai = (o) @' @) | (04 )ai = (a1u071a) (@7 0" )
(0 ( q) = (7" 0:) (87" eq) i .
C — ﬁc (Olu)az — (laf)’pla)(ﬂi'y#ui) (Old)ai — (la7pla)(di:yudi)
AR (Ocw)ai = (EaVua) (@Y %) | (Ocd)ai = (BaVula)(diy"d;)

Limits on flavor-conserving operators, recasting ATLAS 13TeV analysis:

¢ Data

= ATLAS Preliminary >

. _ 1 Y

= [\E _I 1?r Tne \S/;eier;cL fgelection B Top Quarks

L clectro Diboson

- Multi-det & W+dets S
— Z,(3TeV) _;

= — 7 (4TeV) =

= — 7/, (5TeV) —

_ [ATLAS- CONF-2017-027] .

§J J ] ] ] J J J ]l ) J J g

100 200 300 1000 2000

Dielectron Invariant Mass [GeV]

[Greljo, D.M. 1704.09015]

17



Events

107

1072

EFT = Z %0

2

Ci=25

Cx

Di-lepton tails at LHC

Operators interfering with SM:

(O
(O
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ge’i
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= (a7
e
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= (77" a)(
L) (@Y

E
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,},#
7

) _(aqu a)(z

i)

o)
u;)
u;)

(01 )

— (l_a7uaala) (q'ifyﬂo'aq'i)

(O1d)ai = (l—a'yula)(czz’:yudi)
(Oed)ai = (EaVu0)(diY" d;)

Limits on flavor-conserving operators, recasting ATLAS 13TeV analysis:

ATLAS Preliminary

| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII|

[ATLAS- CONF-2017-027]

] 1

\s =13 TeV, 36.1 fb™
Dielectron Search Selection

JJJJI

¢ Data

Z/y*

B Top Quarks
Diboson

— 7, (3TeV)
— 7, (4 TeV)
— 7, (5TeV)

Multi-det & W+Jets

Ci

ATLAS 36.1 fb~!

3000 fb~!

1
Cié%Ll

3
CiéRLl

)

6&22

€R

SRER

(j L1

CR

LU | IIIIIIII"/I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIII

500 300

—k -
(@]
o

1000
Dielectron Invariant Mass [GeV]

5000

CRER
CbL Il
CbLeR
CbR 11
CbReR

[-0.0, 1.75] x1073
[-8.92, -0.54] x10~*
[-0.19, 1.92] x1073
[0.15, 2.06] x10~3

[-0.40, 1.37] x10~3
[-2.1, 1.04] x10~3

[-2.55, 0.46] <1073
[-6.62, 4.36] <1073
[-8.24,2.05] x1073
[-4.67, 6.34] x1073
[-7.4,5.9] x1073

[-8.17,5.06] x10~3
[-0.83, 1.13] x10~2
[-0.67, 1.27] x10~2
[-1.93, 1.19] x10~2
[-1.47,1.67] x1072
[-1.65, 1.49] x10~2
[-1.73, 1.40] <102

[-1.01, 1.13] x10~4
[-3.99, 3.93] <107
[-1.56, 1.92] <104
[-7.89, 8.23] x 107>
[-1.8,2.85] x10~4
[-7.59, 4.23] x10~4
[-3.37,2.59] x10~4
[-3.31, 1.92] x10~3
[-8.87,7.90] x10~4
[-2.11, 3.30] x1073
[-3.96, 2.8] x1073
[-3.82,2.13] x1073
[-3.74,5.77] <1073
[-2.59, 4.17] x1073
[-8.62, 4.82] x 1073
[-7.29, 8.99] x10~3
[-8.86, 7.48] x 1073
[-9.38, 6.63] x10~3

Ci

ATLAS 36.1 fb~!

3000 fb~!

1
(jégLZ

3
CiéRLZ

C, o2
CMR MR
CQI MR
C AR L2
Cag HR
Coiyo
Cohpo
CQ2 MR
C, o2
CSR UR
C. o2
CCR MR
C, 12
Ch, HUR

(jleg

Chp HR

[-5.73, 14.2] x10~*
[-7.11,2.84] x10~*
[-0.84, 1.61] x1073
[-0.52, 1.36] x1073
[-0.82, 1.27] x1073
[-2.13, 1.61] <1073
[-2.31, 1.34] x1073
[-8.84, 7.35] x1073
[-9.75, 5.56] x1073
[-7.53, 8.67] x1073
[-1.04, 0.93] x10~2
[-1.09, 0.87] x10~2
[-1.33, 1.52] x107?2
[-1.21, 1.62] x1072
[-2.61, 2.07] x1072
[-2.28,2.42] x1072
[-2.41,2.29] x10~2
[-2.47,2.23] x1072

[-1.30, 1.51] x10~*
[-5.25,5.25] x107>
[-2.00, 2.66] x10~*
[-1.04, 1.08] x10~*
[-2.25, 4.10] x10~*
[-8.98, 5.11] x10~*
[-4.89, 3.33] x10~*
[-3.83,2.39] x10~3
[-1.43,1.15] x1073
[-2.58, 3.73] x1073
[-4.42,3.33] x107?
[-4.67,2.73] x1073
[-4.58, 6.54] <1073
[-3.48, 6.32] x1073
[-11.1, 6.33] x1073
[-8.53, 10.0] x10~3
[-9.90, 8.68] x 1073
[-10.5,7.97] <1073

[Greljo, D.M. 1704.09015]
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ATLAS Preliminary
\s =13 TeV, 36.1 fb™
Dielectron Search Selection

— .
¢ Data

Z/y*

B Top Quarks
Diboson
Multi-det & W+dJets
—Z), (3 TeV)
—Z), (4 TeV)
—Z, (5 TeV)

I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIII

7
ul/ /

JJJJJI
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500 300

Ol—
o

1000 2000
Dielectron Invariant Mass [GeV]

Cx =

2

- Cx

Di-lepton tails at LHC

Operators interfering with SM:

(OD)ai = (Tamule) @7 'a) | (OF)gs =
(Oqe)z’a — (q_zfyluq )(é ’YM )
Eolu)m- = (1o (@)

Oeu)az’ — (éafyu a)(uify uz)

(Oed)ai —

(l_a7paala) (q'ifyluo'aq'i)

(O1d)ai = (I_a%la)(ﬁzz'judz‘)
(éa7uea) (dz'y“dz)

Limits on flavor-conserving operators, recasting ATLAS 13TeV analysis:

C, I ATLAS 36.1 fo!

[Greljo, D.M. 1704.09015]

3000 fb~!

[573 14.2] x10~4

Approxmater

mprovement

G ATLAS 36.1 fb~! 3000 fb~!
CIQIRLI 0.0, 1.75] x1073 | [-1.01, 1.13] x10~*
CSRU [-8.92,-0.54] x10~* )/~
Cll [-0.19, 1.92] <1073
Cuuper [0.15,2.06] x1073
Colep | [-0.40,1.37] X107
Cyor! [-2.1,1.04] x10?
Cuper [-2.55,0.46] x1072 A
CSQU [-6.62, 4.36] x 1073 /\r
C(Q32)L] [-8.24, 2.05] x 1073 Cg
Corep | [-4.67,6.34] x1073
Cort | [7.4,59] x107 |
Cirer [-8.17,5.06] x1073
C. i [-0.83, 1.13] x1072 _ O _]C Id '
C(;R [-0.67,1.27] x1072 6 I O
Cp, 11 [-1.93,1.19] x 1072
Copen | [-1.47,1.67] x1072 -
Cpr! [-1.65, 1.49] x1072 [8 86, 7.48] x 103
Chper [-1.73,1.40] x107> | [-9.38,6.63] x1073

# TeV st gen.
2.5 TeV 2ud gen
2: S 'IE:\/ 2l 9en

A 1853,

[-1.30, 1.51] x10~*
[-5.25,5.25] x107>
N-2.00, 2.66] x10~*
-1.04,1.08] x10~*
,4.10] x1074
,5.11] x1074
,3.33] x10~*
,2.39] x1073
,1.15] x1073
-2.58, 3.73] x1073
-4.42,3.33] x1073
,2.73] x1073
,6.54] x1073
,6.32] x1073
.1,6.33] x1073
10.0] x1073
[-9.90, 8.68] x 1073
[-10.5,7.97] <1073
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00l INclugeo
N flavio.

Viathematica package.

Di-lepton tails at LHC

More recent developments

Greljo, Salko, Smolkovic, Stangl 2212.10497]

mplemented analyses with NC and CC channels with muons and electrons
and ~140 b1 of luminosity. All relevant SMEFT operators included.

[Allwicher, Faroughy, Jaffredo, Sumensary, Wilsch 2207.10714, 2207.107506]

Implemented analyses with NC and CC channels with muons, electrons, and taus.
and ~140 to-1 of luminosity.
All relevant SMEFT operators included, plus also some explicit mediator models.

PRNT S N e 20 ——— -
0.10:- ] 10“; -0(3)]
: : 5_. : lg 12211
) 0.05:— ; % | = |[Cledg)2211
B -f i / — [}
B ‘0-055' 95% CL ' <“% 1 / - :Cl(ql)]2233
0 1407 05
. o ljﬁjﬁ; f 1o AyCl<mavix|  LHC Dounds saturate at
001 0 001 002 003 004 500 500 1000 3000 —~2 eV — relevant scale.
) Meyt |GV
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Di-lepton tails at LHC

[Faroughy, Greljo, Kamenik 1609.07138; Greljo et al. 1811.0/920; DM, Min, Son 2008.07541; Allwicher et al. 2207.10714, Greljo et al 2212.1049/]

[A=1TeV]

eedqiq [2207.10714] TT7T4qi{j
71 r1rrr1rr ] rTrrrr1 rr1rrrrrr[rrrrrrril
[—0.65,0.41] 33 [—0.80,0.54]
[—0.27,0.24] 23 [—0.30,0.27]
[—0.10,0.11] 13 (~0.13,0.15]
- [—0.13,0.17] 22 I . [—0.15,0.20]
[—0.050,0.027] 12 [—0.093,0.014]
] )]
¢ 1y [-0.022,0.040] 11 92350 [—-0.013,0.076]
o1 1 3 1 . o1+ 1 3 1 L 1 s 1 5 1 . 'R T R T |
—-06 —04 -0.2 0 0.2 04 0.6 —0.8—-0.6—-0.4-0.2 0 0.2 04 0.6 0.8
eeqiqgitevdqig TTqiqjtTTV{ig
—T1T r 1T r1 1] rTT1rn 7T 1 rr1r r1r r1rrJrrrrrrri
[—0.65,0.41] 33 [-0.80,0.53]
[—0.057,0.064] 23 [-0.13,0.15]
[-0.019,0.017] 13 [—0.047,0.043]
il [—0.023,0.015] 22 . [—0.13,0.040]
[~0.0031,0.0096] 12 —0.011,0.041
o 3 | |
lg 111iy [Clq ]332;7'
[—0.0025,0.00097] 11 ' [—0.0099,0.0040]
e 1 1 3+ 1 . o1 1 - 1 L 1 1 3 1 . "I N T I I
—06 -04 =02 0 02 04 06 —0.8-0.6—0.4—-0.2 0 0.2 04 0.6 0.8
C/A?2 [A=1TeV]

Taus present more experimental challenges
N regards to their reconstruction and
backgrounds.

This implies slightly larger uncertainties and
therefore somewhat weaker constraints on New
Physics.

Stronger constraints for light quarks,
due to PDF enhancement,
as seen before.
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LFU In dilepton tails

[0 test directly deviations from LFU we can detine the differential LFU ratio:

dG QCD and EW corrections are flavour universal.
/ °c such ratios will reduce theory uncertainties in the SM
dmyy prediction (including pdf).

dOpuy

Ryt rete(mar) =

dmyy



LFU In dilepton tails

[0 test directly deviations from LFU we can detine the differential LFU ratio:

QCD and EW corrections are flavour universal.
such ratios will reduce theory uncertainties in the SM

dmyy prediction (including pdf).

L dG‘LLu nge

- dmyy

/

Ru+u—/e+e— (mgg)

do (pp » pu* ™) [ do (pp - e*e”), sy =(13 TeV)?

1.3 [r r o rrrr 1o L '_ ------------ 7
: (4 TeV) (027 02)(L2valo) ]

1.2}
o LI (4 TeV) (037" 03)Taval2) ]
\Y - .
S 1.0fF= j
f\ I SM ]
0.8 ~(30 TeV) 2 (@, Y0 Q)(Lr Yo" Ly)

0.
500 1000 1500 2000 2500 3000 3500 4000
m g+ ¢- [GGV]



LFU In dilepton tails

[0 test directly deviations from LFU we can detine the differential LFU ratio:

_ Aoy

- (m)

do (pp » pu* ™) [ do (pp - e*e”), sy =(13 TeV)?

- dmyy

i Y A A S S A
: (4 TeV) (027" 02)(L2Yal2)
1.2F
o LI (4 TeV) (@37 03)Tavala) -
\$} J
5 1.0f= j
+:: I SM i
0.8¢ ~(30 TeV) (0, 70 01 Lo ya 0 L2)
07
500 1000 1500 2000 2500 3000 3500 4000

m g+ ¢- [GGV]

reduce
uding pdf).

QCD and EW corrections are flavour universal.
theory uncertainties in the SM

137 b (13 TeV, ee) + 140 fb™" (13 TeV, up)

do,, | |
such ratios wil
dmyy prediction (inc
+IqJ 2 |
= =
% 45

with real data

—»

Data
wu/e‘e"

I CMS [2103.02708]

combined

R

0.5

I

%00

300 400

1000

2000 3000
m [GeV]
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EFT valldlty

dv
T R
— P TR With EFT measurements we can only access the
SN * combination  ¢ci/M?np,
& S — 10 assess the validity of the EFT an input from a specific
JV-completion is needed, for example the size of the
. i NP couplings (ci).
ém/ 1
Any experimental Imit in the & N
' C < — S?‘Qg
approach will be on the combination U
C F ' - '2'4?7 CRY -
2 > vaun
U — < Opree » (-
/\2 fre /\ CQ" 0 =~ Vz/ gz /B/\2
~~ ~ ri

This region is possibly excluded by same
search, but a ‘direct search’ approach should
be used with the specific model. o
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Low-E

v Using high-pr for Flavour

Iy Option 1)
3 Constraining directly the flavour-violating couplings
R (B(x)) R(‘ M (ﬁ\) @Jr b l(+ 'V
1 1 1
Couv - T Ty 4
hCVve (CH\C\/)Z C i FV (QO le\/)z Csbw (S.GTe\/)Z
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f

—<_ v Using high-pr for Flavour

/)

o TS Option 1)
Ba— 3 Constraining directly the flavour-violating couplings
R(N"’) R(M (*‘) @1‘«*> l(+\l\/ l(tb {BRYAY
1 1 1 1
Low-E ~ S T C <
w CBC\/Z (CH\C\/)Z Cgl”ﬁf (go (6\”2 CSB\N < (S.GTZU)Z sV (80 T@V)Z
High'pT(*) Cherv S (3 TCV)'Z Csb,u,u = (2 TeV)—2 Csaet/ < (6-10 T@V)'z

Good prospects to obtain complementary measurements for charged-current processes like R(D™),
No hope to compete directly with rare FCNC ones at (HL-)LHC.

(") These numbers are approximate. Precise ones depend on the specific gauge and flavour structures. -



—<_ v Using high-pr for Flavour

/)

1; Iy Option 2)
P = 3 Constraining the flavour-diagonal contributions
R(B(%)) R(‘M(ﬁ\) @Jr» l(+\}\/ l(Jer Tﬁ\/\/
1 i 1 1
Low-E C ~ g b { C Jw &
"V (6T Cop ¢ (50 Te (50 TeV)? Con seTeV) (60 Tev)

/ g% X \ Assuming the CKM-like flavour structure (i.e. MFV, U(2)3, etc..).
((.3 N Xs gl AZ C N \/CL,\/%B C y \/t§ \/eh C \/tS\/Ha V&S \/(—d

\ R / Lcve /\2 shpp /\r Sbwv I Csalw e

A~O() TeV and Ay~ 10 TeV
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f== / v Using high-pT for Flavour

1;
//
1; 2 Iy Option 2)
P = 3 Constraining the flavour-diagonal contributions
R (B(%)) R(M (sé\) @+» l<+ VY l<+¢b Tﬁ\/\/
1 i 1 1
Low-E Coo. - é ! (. < Coawnv £
hCVe (M\e\/)z ’ f'F (§0 T \/) <bwy (S.GTQU)Z s [80 Tev)?—
/ e X \ Assuming the CKM-like flavour structure (i.e. MFV, U(2)3, etc..).
Ci ™ >\S ¢, X \/cé\/fb N \./“ Vet \/ \/ V \/
\ >\; }\2 ; / CLcw ~ /\2 Cgl’l”/‘ /\; Csbw ~ tj\zu) Csal\m ~ GS/\:,_H

A~O() TeV and Ay~ 10 TeV

[COgJ3311 = (15 TeV)2 [COql2211 = (24 TeV)2 A non-universal structure
High-pr [CO)¢y]3322 = (S TeV)2 [CO)¢yl2222 = (8 TeV)2 ke U(2)3 allows 1o relax
[C(3) &]]3333 < (1.4 TeV)-2 [C(3) @]2233 = (2 TeV)-2 the high-pr constraints.
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High-pt Flavour at Future Colliders

Hadron Colliders Muon Colliders

Drell-Yan “Inverse Drell-Yan”

(+) All quark flavors available in PDFs - (+) All quark flavors available in final state jets.

(+) Possibility to use jet tagging to improve signa - [+) Possibility to use jet tagging to improve signa
-) g-g PDFs suppressed at large Vs - [+) p*pr PDF enhanced at Vs = Ecollider.
( " (
( (

+) All possible leptonic final states available - (-) Only p*u- initial state viable at large energy
) Possibility to test 49 interactions - (+) Possibility to test uutt " interactions.

24



do(u*u~ —jj)/dm;; [fb/GeV]

High-pt Flavour at Future Colliders

Muon Colliders

0.10}| “Inverse Drell-Yan”

Lij 0.05/ |

0.01¢
0 500 1000 1500 2000 2500 3000
m |GeV]
14TeV MuC
0.001
- _ - (+) All guark flavors available in final state jets.
1al - (+) Possibility to use jet tagging to improve signal
- (——) ,LL+/1' PDF enhanced at \/S = Ecollider.
1.x 107} : - (-) Only utu- initial state viable at large energy
- - (+) Possibility to test uuft’ interactions.
2 4 6 8 10 12 14
m;i[TeV]
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High-pt Flavour at Future Colliders

sbpp

—FT scale

Cx=1/A

100

O05%CL limits as function of the invariant mass cut,

iLCFT " C&‘n/ﬁ/ﬂ (iLaf” AL) (/;Lw/“)

50 -

10 -

Asblulu [T@V]

MC14
MClO/

FCChh

MC3

I LHC 140fb™! (obs.) |
‘/—/\/—’\—,_ |Csbﬂﬂ|_1/2 < MC\l/l%/ [4 7

1 5 10 50
MC\‘/% [TeV]

1 Azatov, Garosi, Greljo, DM,
| Salko, Trifinopoulos

2005.13552]
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bbpp

-1 scale

Cx=1/As

High-pt Flavour at Future Colliders

O05%CL limits as function of the invariant mass cut,

jC-FT - C“’ﬂr (ELKALL)(FLJd\ﬂL)

100 -

I I I I ‘
- [2205.13552]

MC14

MCI10 - #

FCChh

-----------------
———_
- -
-
- -
-
-
-

LHC 140fb~! (obs.)

7
4
Y4
4
—l
"
| &
‘--’--------------z
-

-----

X 4
P
| | | | |

|Cbb/,z,u|_1/2 < MC\l/HE/\/ZI- T

|

| IlO

50

Solid: positive C
Dashed: negative C

26



High-pt Flavour at Future Colliders

| (1) =2 2\ (A ~ 0] (3) =2 aT2\(Ai . _and
Flavour LsmerT O [Cy,"122i5 (L1 L) (QLY QL) + Oy 12205 (L1 va0" L1 ) (R 0" Q)
i (1)1 1 31 (3
Unlversal [Ol(q)]22ij — Cl(q)570 and [Cl(q)]QZij — Cl(q)éw
220513552 o+ 0000101 o005, 13662) © — T
0.005 - ' .
ﬁ HL-LHC,, ﬁ :
j / HL-LHC,, ] 0.00005 -
L Y — - - S j
3 MuC3 -
> I S i
= : L& 0.00000+
— ~0.005 T S .
> LHC,, 140fb™" (obs.) >
ool / ; ~0.00005 -
_O.OIS;J L L L | L Lo L L L L | L _— _0'00010__1 | | | | | | | | | | | ||
~002 -001 000 001 002 ~0.0005 0. 0.0005

CY [TeV) Ci [TeV ™)



Conclusions

Probing rare flavour-violating processes allows to test large New Physics scales.
T NP Is present at the eV scale, its flavour structure should be hierarchical: Favour Problem.

A complementary tool for testing such New Physics I1s by looking for deviations in the high-pr tails of
Drell-Yan dilepton and mono-lepton production. Effects due to heavy NP are enhanced by E2/M?2.

ypical LHC bounds range from O(1) to O(10) TeV, depending If the operator involves heavy or light
quarks. This offers very good constraints for MFV-type scenarios, slightly worse for U(2)-like setups.

HL-LHC is expected to improve the constraints on A by a factor ~ 2,
FCC-hh by one order of magnitude.

Muon Colliders offer very good prospects for 4-fermion operators involving muons.
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Conclusions

Probing rare flavour-violating processes allows to test large New Physics scales.
T NP Is present at the eV scale, its flavour structure should be hierarchical: Favour Problem.

A complementary tool for testing such New Physics I1s by looking for deviations in the high-pr tails of
Drell-Yan dilepton and mono-lepton production. Effects due to heavy NP are enhanced by E2/M?2.

ypical LHC bounds range from O(1) to O(10) TeV, depending If the operator involves heavy or light
quarks. This offers very good constraints for MFV-type scenarios, slightly worse for U(2)-like setups.

HL-LHC is expected to improve the constraints on A by a factor ~ 2,
FCC-hh by one order of magnitude.

Muon Colliders offer very good prospects for 4-fermion operators involving muons.

Thank you!
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Quadratic vs. Linear fit

he EFT expansion is valid only If . HZ
the energy scale the experiment is below the NP mass scale > < VP

What about dim-8 interference w.r.t |dim-6|2 terms?

(¢
H M P ! = ) M P L Ly M L e _‘ﬂf

G(S)NVSH(S) = Tt e

~— ] 2
A cd < ()Y ®[s Y
Hz +...
oP YUsw \ wP
o . . o . e , .6
The dim-8 interference is necessarily smaller than dim-6 interferenceif (7 & C
- . . ( 1 2
since S « Hir . For a single mediator d = C” \ %NP

[See discussion in Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez 2003.12421]



CMS di-electron excess

g [2103. 02708] 137 b (13 TeV) 140 fb (13 TeV)
8 T T T L B B T T T T T T T T —TT7
8 107 CMS + Data _ = 103E NR | SR : Data CMS g me. range Observed Total
106 y/Z —e’e (D 10655 VIZ ='W E (GeV] yield background
105 I tt, tW, WW, WZ, ZZ, tt 1055E mmtt, tW, WW, WZ, ZZ, tt = % 60-120 28194452 28200000 + 710000
= 104 Jets C 10°F Jets E 120-400 912504 942000 =+ 37000
> o 100} B > 10:55 Total Background (NR) |
1 0°E — G'KK, k/M,, = 0.05, M = 3.5 TeV 10 ?- — G'KK, k/M;, =0.05, M =3.5 TeV-? ‘  ) 600_990 37@6
102] - Zggw M =5 TeV 102k - Lssw M=5TeV 3 900-1300 704 696 + 47
10 10 -
1 I 1 >1800 44 292 + 3.6
107" 107" E m,,, range Observed Total
1 0:2 1 0:2 2 3 |GeV| yield background
107 107 : 60-120 164075 166000 = 9360
10_55 . - 107 ¢ 120-400 977714 1050000 £ 60400
g) 0 1_ LI I 1 | I | | | 7I | I 3)10 1_ LI | 1 | I 1 I LI [ 1 ® 1 1 i 400_600 24041 26100 j: 1580
= 0-3 5% e eommmommmesenes e ssesssesmmn] SYSYONRNS, (VNN S 0-8 -_'.f;i;i;ﬁif;ﬁlLﬁLLﬁLLLﬁLLlLﬁ;ﬁ";Ljﬁ;Lﬁﬁll;i;Li;ZL;Ti;i;ﬁ+iﬁffﬁﬁ{ﬁﬁf'i‘ﬁ}{ﬁ e 600-900 5501 5610 + 337
© _g5F N - N i I e hlMdEE--k I_._.f ......... HH L — 900-1300 996 1050 + 65
s ~170 100 200 300 1000 2000 s ~V70 100 200 300 1000 2000 1300-1800 183 195 =13
S m(ee) [GeV] a m(utw) [GeV] >1800 42 443+ 34
137 fb™ (13 TeV ee)
(()] 10 E T T T T LI B =
g FCMS  —I/M, =0.6%
o 1= I,/M,, =5% =
© N T - T AT =00
Flectron excess at 700GeV: g ¢ J
107 ' & 3
local 3.10, SN N
global in the whole mass range -1.40, 107 ¢ E
global in the vicinity 0.90. B o
107 : ' T ' ' :
300 400 1000 2000 3000

m [GeV]



> SE_I I I | I | | | L I | | | l_;
o 10 CMS , Data 3
~ L ~6F ‘Y_/Z —e € =
o 10°F t, tW, WW, WZ, ZZ, vt &
o 10455 Jets E
> 10 .
- 10° — Gy, k/My, = 0.05, M = 3.5 TeV

102 o Lisguy M =5 TeV 32

(Data - Bkg) / Bkg

CMS di-electron excess

llJl

lllllll

70 100

200 300

1000 2000
m(ee) [GeV]

Events/GeV

[2006.12946]

ATLAS e Data LL, A=18 TeV
Vs =13 TeV, 139 fol —— Background ---- LL, A=22 TeV
ee selection —— LL, A=26 TeV
SR
Constructive Interference
40 6.0
Mee [TEV]

32



CMS dl-electron excess

[CMS 2103.02708]

o(qq — pu pu~)/dmy,

d
Rytp=rete= = 3

c(qq —ete)/dmy,

MC
/ Ru+u_,e+e_

Data
uu/e'e

R

137 fb” (13 TeV, ee)+140fb (13 TeV, uy)

| cms

1.5 —
combined

.

900 300 400 71000

2000 3000
m [GeV]
5 137 fb' (13 TeV, ee) + 140 fb™" (13 TeV, pu) 5 137 fb"' (13 TeV, ee) + 140 fb™' (13 TeV, pu)
+|(D T T T T T T T T T T +I(D T T T T T T T [ T T
© CMS © CMS
s | 1 22 T :
mi at least one endcap lepton Q:i two barrel leptons

Data
wu/e’e”

R

0.5

Data
wu/e‘e

%00

300 400

% 1-f—~+ +++ ----------------- ~

o

2000 3000 %00
m [GeV

71000

300 400

2000 3000
m [GeV]

L
1000

“At very high masses, the statistical
uncertainties are large. Here, some
deviations from unity are observed, caused
by the slight excess 1n the dielectron channel
discussed above. A y2 test for the mass range
above 400 GeV 1s performed.

events with two barrel
those with at least one

The resulting y2/dof values are 11.2/7 for the
leptons, 9.4/7 for

lepton 1n the endcaps,

and 17.9/7 for the combined distribution.

These correspond to one-sided p-values of
0.130 and 0.225, and 0.012, respectively.”

The dimuon and dielectron invariant mass spectra are corrected for the detector effects and, for
the first time in this kind of analysis, compared at the TeV scale. No significant deviation from
lepton flavor universality is observed. [CMS 2103.02708]



Mono-tau tails at LHC

[DM, Min, Son, 2008.07541]

Optimise the sensitivity to b — ¢ 7 v
operators requiring b-jet tagging:

L-yi

® mproves the Signal/Background ratio
® Selects only operators with b-guark

95%CL limits

By comparing 3rd and 4th
columns:

b-tagging improves the
limits by at least ~30%

EFT coeff. | CMS (£=35.9 fb™') | 7v - £=300 fb~! | 7vb - L=300 fb~*

|CEL 1.5 x 1073 1.1 x 1073 -

cL2 9.8 x 1073 7.5 % 1073 -

cy 2.2 1T 1)
|C3L 1.6 x 102 1.2 x 1072 —

IC% 9.8 x 1073 C75x107% -

cB 0.33 026

[CZ| = 4|CZ] 0.31 024

|CLL 1.5 x 10~° 1.1 x 102 -

|C% 9.9 x 1073 - 75x107% —

C13, 2.2 ( 1.7 1.1

|IC%, 1.6 x 102 1.2 x 1072 -

|IC%, 9.7 x 1073 - 7.5x107° —

C2, 0.33 (026 0.19

|CIT] 8.5 x 104 6.5 x 10~ -

|CF| 5.5 x 1073 - 4.2 x1073 —_

|C13] 1.3 0.97 0.57

|C2L 9.4 x 1073 7.2x 1073 -

|C%2| 5.8 x 1073 4.5 x1073 -

lezil 0.20 016 0.099 )
CIL, [—0.40,3.2] x 1073 3.1 x 1074 -

ciz, [—0.78,1.1] x 102 |  9.0x10~* —

cB (—2.1,2.1] ( 1.6 0.93 )
cZ | [—1.4,1.8] x 1072 1.4 x 102 -

c2 | [~0.73,1.2] x 1072 |  15x107% .

C% . [—0.33,0.34] (_[-0.25,0.26] | [—0.14,0.15] )
|CRr 1.5 x 1073 1.1 x 1073 -
|Ci2,, 9.6 x 1072 731073 -
013, 2.1 ( 1.6 0.94
le 1.6 x 1072 1.2 x 1072 -
C22,, | 06x1078 | 74103 .
lo- 0.33 026 0.15
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Flavor at High vs. Low Energy

[D.M., Min, Son, 2008.07541]

4 ; y _ _ i _ _
ng? = Hgffc = = Cig/] [CJLL (@ivuPrd;) (Ty* Prvy) + CY g (0, Prd;) (TY* Prvy )+
How do these LHC limits compare CY,(8:Pyd;) (7 Povr) + Cg( Pady) (7 Puvs) +
| o5 (ﬂiawPLdj)(fa“”PLVT)] +he. .
with bounds from low energy”’
Let us focus for simplicity on LL operators.
EFT coeff. | CMS (£=35.9 fb™1) | 7v - £=300 fb [ 7vb - £=300 fb"

CLL . (—0.40,3.2] x 103 3.1 x 10~* - TV C¥ir € [-9.2,1.6] x 1077

CL . (—0.78,1.1] x 102 9.0 x 1073 - VK CYir € [-2.8,—0.02] x 1072

ci3 [—2.1,2.1] 1.6 0.93 B—1v Cw . (my) € [—0.13,0.41]

CZ, (—1.4,1.8] x 102 1.4 x 1072 E %,,Jb Ced . € [—0.21,0.27]

Cc2 . (—0.73,1.2] x 102 1.5 x 1073 - Ces, . € [—-1.4,7.0] x 1072

Cyrr [—0.33,0.34] [—0.25,0.26] [—0.14, 0.15] R(D™) C¢,. , (TeV) = 0.068£0.017

NMono-tau tails are (or will be in the future) competitive with low-energy limits from
semileptonic T decays [A. Pich 1310.7922]

aﬂd Charm phySiCS |[Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez, 2003.12421]



Di-tau high-pr tail y

f R(D™) is addressed by this operator These can be looked for in
TT high-pT searches

(&.Kd CL) (TITKDLTL) P = ¢

SU2)L

A sizeable effect Is also induced
N at least one of these;

(b ¥, s )| T ', )
(Qmaﬂifz) =l
(ZL KOL Cl_) (-Z:L -50(21) 0.5

[Buttazzo, Greljo, Isidori, DM 1706.07808,
see also 1808.08179, 1810.10017 for more general scenarios]

[Faroughy, Greljo, Kamenik 1609.07138]
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Lepton Flavour Universality

B-anomalies In charged current b6 —c7v:

| Tree-level SV process ’ 0 i

i‘ B(BY — DMt ry) with Vep suppression.

| (%)) = - _

BP0 = B0 5 poray ) V

0= e ' SM prediction under contro
\_ _ . S—
040 o023 0" R R RX) R”( - 4,135 £ 0,03
i BaBar12 --- 1 = = - - -

TR, RE), RN, ce” ’
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Corresponds to a New Physics scale of
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Appllcatlon LQ and R(D®™)

- B(B — D™ 7y
~ (3,1,2/3) S ~ (3,1,1/3) R = ( )

B(B — D®){v)

—] 1 1 Ll T ] Ll I I 1 ] T I 1 1 I T 1 Ll Ll

. .
.

- . ..
"

.
.
lllllll

_2_ \ \\
: \

i Flavor
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N Ll 1
-1.5 =1 —0.5 0
L
[lﬁ

[<too many papers to cite them all> + Allwicher, Faroughy, Jaffredo, Sumensary, Wilsch 2207.10/714]

Electroweak measurements (mainly Z — tx, vv) and high-pT di-tau tails
put strong constraints on models addressing the LFU violation in charged-current B decays.

te{ep}
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