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Introduction

Flavour conservation is not a fundamental symmetry in the SM

Fermions do change flavour:
O Quarks: GKM matrix —quark mixing observed
o Leptons: PMNS matrix —neutrino mixing observed

How about charged leptons?
0 —(charged) Lepton Flavour Violation (cLFV) 1
o Not observed yet g

LFV in neutrino
sector — cLFV
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BR(1—eY)~10
In the SM In SM
: . : : Can be
o Loop with neutrino oscillations New Physics enhanced in

O Vanishingly small branching ratios

presence of
New Physics




66

DiscoveERY OF CHARGED LL.EPTON FLAVOR ViOLATION 1S NEW PHYSICS!

violation of a (so-far) conservation law
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* Various BSM models: Supersymmetry, extended gauge models, heavy neutrinos, etc.

*¥Predict LFV couplings to be tested at the LHC

Low Energy Results Provide Indirect
Constraints (Often With Assumptions)
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LEV Searches @1 HC : Overview
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Null result for u—ey strongly constrains B(H —ep) to < 10-8 while t—py/

t—ey and other measurements constrain B(H —er) and B(H—p1) =10%
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& many more.....
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' Int.  Ceuq/A2[TeV 2]  B(10°5)

type Exp Obs Exp Obs

Vector 0.12 0.12 0.14 0.13

eutu  Scalar 0.23 0.24 0.06 0.07

H Tensor 0.07 0.06 027 U025

Vector 0.39 0.37 1249 1. .31

eutc  Scalar 0.87 0.86 091 0.89

ATLAS Tensor 0.24 0.21 3.16 2.59

(8 TeV, 90% CL) <3.76x 107
W decays Eur. Phys. J. G (2016) 76:232 IFVH -
eavy Higes (200-900 GeV
- vy Higgs (. AN HEP 03 (2020) 103
(13 TeV, 33.21b1, 90%CL) <8.0x10°
B/D and W decays JHEPO1(2021)163 CMS
BELLE <2.1x10°
BABAR <2.3x 108 o(ge—H) x B(H— ut) 51.91b-1.6 b
1. HCh <4.6x10°
c(geg—H) xB(H—er) 97.41b-2.31b




What about heavier states? CGan we find them (@
LLHC

History of LFV heavy mass X— II" searches

ATLA
CMS (2016, ey ) 12 Sl

Heavy state 2016 ey, er, pr
Phys. Rev. D 98 (2018) 092008

JHEP 04 (2018) 073

4.9,.3.7, 3.5 TeV

No results from CMS 1n tau final
states till then..

4.2 TeV (1\=0.1) 3.4, 2.9, 2.6 TeV
3.8 TeV (1=0.01) A3n = 0.11, 433 = 0.07

5.5, 4.9, 4.5 TeV (ADD n=6)
3.4,2.9, 2.6 TeV (RS )
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Submurted o JHEP

Search for heavy resonances and quantum black holes in ey, er, and pr final states in proton-proton
collisions at /s = 13 TeV (138 fb-1)
Model-independent, inclusive, signature-based search
Interpretation in three models
+model independent limits

. Tauneutrmo m R-parity
SSM like New gauge bosonZ’ violating
’ (RPY) SUSY .

| = 0 V. TeSONance: l.1ghtest SUSY particle B oS TeV scdle
® /-like COU.pllIlgS mn quark SCCLor ® All RPV C()uphngs — except those 5 QBH G e o
. LFV decays in lepton sector . allowing 9§ — v, and LFV decay to e " o o.r o e
| S T YO'®  n=4 extra dimensions (ADD)
| a specific final state |

Quantum Black Holes
QOBH




Background processes

Wi/\/

Z/y*

q I
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' Signal processes generation

l RPV : CalcHEP simulation (O, cross-section
scaled to NLO)
'QBH : Dedicated QBH generator v3.0 (LO)

' PYTHIAS (LO) CUETP8M1/CP5 wnes |

"N

Use of 201 ?’!m i 7,and 2018 pp collision
data collected by €MS detector at a center-of-
‘mass energyof 13 TeV (138 tb-1)
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Analysis Strategy

Events selected by single muon
and electromagnetic cluster
triggers

Events selected by single electron Events selected by single muon
and electromagnetic cluster triggers triggers

. L 1 pr> o3 Gev, |n| <2.4, high-pr muon
p: pr>53 GeV, || <2.4, passinghigh- jc:pr> 50 GeV, passinghighenergy  fidendification criteria , tracker iso <
pr muon identification criteria, tracker |electron ID criteria 10% of muon pr

150 < 10% of muon pr
T:pr> 50 GeV, [n| <2.3 passing DEEP . pr>50GeV, || <2.3 passing
E:pr> 35 GeV passing high energy TAU ughtanu-jet, loose anti-e and ught |\pERpTAU tight anti-jet, loose anti-¢

clectron ID criteria. anti-p discriminators and tight anti-p discriminators

Atleastone et pair Atleastone pt pair
Atleastan ep pair mt(e. Ermss) > 120 GeV mr(p, Ermiss) > 120 GeV
No extra electron or muonin anevent | No extra electron or muon 1n an event

No requirement on charge of lepton pairs my = 20k - PSS (1 — cos Ap(F, FI)),




e final state

No other signal specific cutin order to stay model independent

138 fb' (13 TeV)

‘Main backgrounds:

> 1Fcms  +Dbaa =
% Top and events: estimated from O 10F o) Muties zod amretey
: : P - Diboson M Uncertainty ----- RPV16TeV
simulation € F =
¥ W+jets and multijet events using fake rate 0 10 o
method from data i
b 10‘2::
'Fake rate method: i
* Derived a jet dominated control region to calculate | 5 3F :
| probability of a jet passing pre-selection cuts to also pass e .
. lepton ID cuts | 8 055566 7000 1500 2000 2500 3000
| » Fake rate parametrized as function of M [GV]
. ptand eta of lepton

Key variable: invariant mass of ep pair
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Tau final states (et, pt - mati
au final states (et, pr) Collinear mass Approximation

Backgrounds with
* Prompt taus from simulation
* Misidentified taus are estimated from data

* Tauis boosted and tau-decay products
are produced collinearly

* Missing transverse energy is only

Main backgrounds: coming from tau-neutrinos
% Top and events
¥ W+jets and multijet events determined from data using 7
Fake factors obtained in jet enriched region. s el by |
(PR pry)
Fake rate method: m ..
Mol =
* Invert mr(e/p,Epmiss) cuti.e. <120 GeV L

* (Calculate the probability for an accompanying jet to be
misidentified as a Tn candidate in bins of tau candidate pt, its
ptratio with parent jet and pseudorapadity

Key variable: collinear mass (mcol)




et final state pt final state

138 fb' (13 TeV) 138 fb' (13 TeV)
CMS —4- Data

MislID t B Single t —— LFV Z' 1.6 TeV
T o tt Z— |l QBH 1.6 TeV
Diboson @ Uncertainty RPV 1.6 TeV

CMS —4- Data

MisID t [ Single t —— LFV Z'1.6 TeV
et e tt Z— I QBH 1.6 TeV
Diboson @ Uncertainty RPV 1.6 TeV

Events / GeV
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Data/Pred.
O O N W
Data/Pred.

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
m,. [GeV] m,. [GeV]

o

No significant excess observed over SM prediction
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Systematics affecting shape and normalization of mass
distributions

¥ Uncertainty in estimation of WW/tt background with
variations in PDF, renormalisation and factorisation
scales.

% Uncertainty in muon momentum scale and resolution,
muon efficiency

¥ Uncertainty in electron efficiency, momentum scale and
resolution

% Tau identification and energy scale

F¥Pile up reweighing

#PDF

¥ Trigger Efficiencies

F¥Jet energy scale, jet energy resolution

¥ Energy scale of unclustered particles

Systematic Uncertainties

Systematics affecting normalization of mass distributions

Uncertainty related to integrated luminosity (1.6%)

Uncertainties related to cross sections of simulated processes: WW(3%),

DY (2%), single top (5%), WZ and Z.Z. (4%)

Uncertainty related to data-driven estimation of background consisting of
mis-identified jets : 50%

M Uncertainties associated with limited sizes of event samples in MC signal
and background processes.

Correlation of uncertainties across different data-taking periods with
exceptions of uncertainties related to taus and unclustered energy =¥
derived from statistically independent sources.




Heavy gauge boson (Z") interpretation

7' in a model similar to sequential standard model

F¥Only one LFV coupling non-zero at a time

37 width 3% of its mass

138 fb”' (13 TeV)
1 1 l I I 1 1 l 1 1 1 I
—— LFV Z' (B=0.1)

138 fb' (13 TeV)
1 ] I I I 1 ] 1 I I I
—— LFV Z'(B=0.1)

138 fb' (13 TeV)
1 1 I I I I 1 I 1 I I I
—— LFVZ' (B=0.1)

T TTTT)
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95% CL upper limits
Observed

---- Median expected

B 68% expected
95% expected

95% CL upper limits

Observed
- - Median expected

I 68% expected
95% expected

95% CL upper limits
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---- Median expected

I 68% expected
95% expected
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¥ Spin-0, colorless, charge-neutral QBH

(DBH interpretation

¥ Extra dimension(s)— Fundamental Planck scale lowered to TeV region
F¥OBH produced if Vs > Mp

¥ Cross section depends on threshold mass for QBH production (M,=Mp) and number of extra dimensions (n)

138 fb"' (13 TeV)
1 1 1 1 I I I I 1

I T I
—— ADD (n = 4)

95% CL upper limits
Observed

--=-- Median expected =

I 68% expected =
95% expected

| | I

Mass Limit

| | 1 1 1
5000 6000

m,, (GeV)

:5.6(5.6) TeV

11 | | | — 1 1
3000 4000

= QBH —erx

138 fb' (13 TeV)
I I I 1 1 | | | | I I 1
—— ADD (n=4)

95% CL upper limits
Observed

---- Median expected —=

I 68% expected =
95% expected

—

Mass Limit

| | | 1 1
5000 6000

m,, (GeV)

:5.2(5.2) TeV
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Observed
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| | | | | |

11 1 1 1 |
5000 6000
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Mass Limit: 5.0(5.0) TeV
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RPV SUSY interpretation

1 _
. War=1 = SAixLiljex + AjpLiQjdy + piLiHy + ...
ApR-parity (R) = (—1)3B+1+2s 2 s < N

4)Resonant production of T sneutrino LSP LLE LQD

4 Decay to leptons of different flavours
W) Assume all RPV couplings vanish, except A’311,

Nisi, Aisi
i»

A and A’ terms violate lepton
number (and also lepton flavor)

138 fb' (13 TeV) 138 fb' (13 TeV) 138 b (13 TeV)
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In narrow width approximation

oB

138 fb' (13 TeV)
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95% CL exclusion limits
Expected limit A = 0.07
—— QObserved limit A = 0.07
Observed limit A = 0.05
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—— Observed limit A = 0.007

T T TTT

T lllllll

138 tb (13 TeV)

( ,11)2[(/\132)2 + (/\231)2]/(3( (,311)2 + [(/\132)2 + (/\231)2])'

Derived limit contours in the plane of mass and coupling of the parameter space of the RPV SUSY model for
fixed values of the A.

138 fb' (13 TeV)
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Model Independent Limits

(‘TBAf)MI(mmm)
fm (mmm)

#pNo assumptions on the signal shape other than a flat product of acceptance times efficiency as a function of the mass

(cBAg),,(total) =

4pEvent counting above a mass threshold

“'To derive limit for a specific model from the MI limit, the model-dependent part of the acceptance &efficiency needs to be
applied

4L is obtained by calculating events over mmin over number of generated MC events

138 fb” (13 TeV :
138fb-1(13TeV) 1 1 1 T 1 T T T r r T T I(I ] )|: — — T —T — '138fb '(13Tev?
= 95% CL upper limits =
— Observed | — Observed
- -- Median expected 3 - --Median expected 3
I 68% expected i i W 68% expected
95% expected 5 95% expected

I I I | I | | I 1 I l I I I -I -I g
| 95% CIL upper Iimlits - 95% CL upper limits - 2
— Observed |
- --Median expected 3
I 68% expected

95% expected
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2000 2500 1500 2000 2500 2000 2500
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Summary

A brief overview of LI'V searches (@ LHC

Search for high mass new physics in three LIV final states (eu, et.ut), with full Run? data
Lirst CMS analysis with high mass LE'V tau channels

Data is consistent with the SM expectation

Upper limits are set on three different LI'V models (2 RPV SUSY and QBH)

Model independent limits are reported using counting method

Results of this search are currently the best limits from the LIC in the considered models.

. Channel RPV SUSY 7, (TeV) LFV Z' (TeV) QBH my, (TeV)
' A=A =001 A=A =01 B =01 n—=4 '
ey 22 (2.2) 42 (4.2) 5.0 (4.9) 5.6 (5.6)

eT 1.6 (1.6) 3.7 (3.7) 4.3 (4.3) 5.2 (5.2)
UT 1.6 (1.6) 3.6 (3.7) 4.1 (4.2) 5.0 (5.0)
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