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Introduction

* Three generations of quarks, leptons: quarks change

generations, so do neutrinos Tu, . P+
New Physics

« Non-zero Neutrino masses => Flavor exchange

« Though Particle Physics deal with symmetries but No
fundamental law to forbid Charge Lepton Flavor Violation q 'B"
« Will present different searches probing Lepton
Flavor/Number violation using proton-proton collision data
collected by the CMS experiment at Vs = 13 TeV
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LFV: SM Higgs — et & urt

CMS-PAS-HIG-20-009 arXiv:2105.03007 (Submitted to PRD)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-009/index.html
https://arxiv.org/pdf/2105.03007.pdf

LFV: H —e/u + t CMS-PASHIG-20-009

* Fermion mass in SM < VEV while couplings to Higgs is given by Yukawa
coupling
* SM has only diagonal terms in Yukawa matrix while several BSM theories allow
for off-diagonal terms (Y, Yer, Y,u0)

* LFV decay of Higgs boson serves as a good probe for physics BSM

Search for H—ut & H—et decays considering both <« o
leptonic and hadronic decays of 7 . I
“ -
(a) leptonic: H — p7, (c) leptonic: H — e7,
A A v
- \ = /v - “"r y
;L ‘e\”m; ‘
- =
(b) hadronic: H — pm, (d) hadronic: H — e,
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https://arxiv.org/pdf/2105.03007.pdf
http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-20-009/index.html

arXiv:2105.03007
CMS-PAS-HIG-20-009

LFV: H —e/u + 1| Strategy

Data set: 137 fb™! of pp collision data (2016-2018) Variables of Interest:

0 137 6 (13 TeV) * Transverse Mass of Lepton & MET
Signal: ggH and VBF Higgsé wECMS  cobeened 120w 13« Collinear mass  [—w=m, [ wogm, [ Hoer [ Hoe,
= e I EW Wiz [ Diboson J : Ma(p7) | Mea(pe) | Mys(e,T) | Myg(e,p)
© 60F [W+jets/QCD [l SM H _ Pr Pr Ag(t,MET) | Meai(e, 1)
Backgrounds i sof StoeemERewed L BDTInputs | | seuwn | asen | sogmen
Ztjets R R e e
x\lfs_{der)ggg)leptons ey | G e
t)ets 137 b (13 TeV
 ttbar and Single top g = 10° |- CMS Preliminery + Observed .E'z_'—fq',:r' .
» Dibosons 3 BV 2R VET e OWE  EDibeson
* SMHiggs S 2w N M

Mg, (GeV) :
Events categorization : O jets, 1 jet, 2 jets (ggH & VBF)

Signal extraction:
« BDT trained with adaptive boosting in TMVA to
discriminate signal from background &
«  Max. likelihood fit of BDT discriminator distributions P
O

I AR R NENENRRERNRERRERNERNERNRENRERERERERNERNRENERERERNERRNRERENENRERERNERNERNERENERERRERRERNERNERNRNENRERERNERNERNERNNNNENH,. —0_6 —0_4 —0_2 0 0:2 iEEEEEEEEEEEEENTDN
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https://arxiv.org/pdf/2105.03007.pdf
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LFV: H —e/u + 7 | Results ONIS-PASHIG 20009

No evidence found for Lepton Flavor Violating Higgs Boson decay
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LFV: H —e/u + 7| Results

CMS Preliminary 137 fb_1 (1 3 TeV)
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Expected (red line) and observed (black solid line)
95% CL upper limits on the LFV Yukawa couplings
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http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-20-009/index.html
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LFV: T — uuu
BPH-17-004 JHEP 01 (2021) 163
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LFV: 7 — 3p L e

* Neutrino Oscillations = Lepton Flavor is not conserved
 Provides mechanism, through neutrino loops, for LFV decays (extra ordinarily

small branching fraction)

rlzaever more T leptons are produced
q . | hadron decays | P P 33 fb! of pp collision
T decay: ) . . : data triggered with
Wi besen ey 7 leptons with large pT, isolated at least 3 muons
L and less background produced
ATLAS
Signal region o
3-pinvariant mass:1.75-1.80 GeV :  Event categorization (Heavy flavor):
: « 3 categories — based on per-event trimuon mass
Select 3- u candidate events - resolution
Train BDT to separate signal from « Further into 2-categories based on BDT score
background in muon mass sidelbands : + Totalof 6 caftegories
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http://dx.doi.org/10.1007/JHEP01(2021)163
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-17-004/index.html

LFV: 7 — 3p L e

Important inputs to BDT:

« y? of the trimuon vertex fit,
Tri-muon invariant mass

for Heavy Flavor decay

33.2fb" 13 TeV

Angle b/w the trimuon momentum vector and the
vector connecting the primary and trimuon vertices

PV divided by the uncertainty in that distance b

40F oo
CMS Category A1
35 ¢ Data
-------- Signal (B(t — 3u) = 107)
—— Background-only fit

Smallest transverse impact parameter of the muons P
w.r.t the PV

|solation variables

Events / 10 MeV
w
o

Results from simulation indicate that the Tt leptons in the
data sample overwhelmingly come from:

« 75% from D decays (mostly Dg) 2 { 4 4 l
« 25% from direct B decays 7 18 e T

—
o
—
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http://dx.doi.org/10.1007/JHEP01(2021)163
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-17-004/index.html

Events / 10 MeV

LFV: t — 3u | Results

JHEP 01 (2021) 163
BPH-17-004

Combining two channels gives
13 TeV

><10? _
CMS

¢ Data
— Total

33.2fb" 13 TeV x10°

Events / 50 um
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0O 0.02 0.04 0.06 0.08 0.1
Proper decay length [cm]

* An observed upper
limit on the B(t — 3u) of

élg_atat[y 8 x 108 at 30% CL vlvith
o an expected upper limit
mE-b of 6.9 x 108

* Sensitivity comparable
to BaBar and LHCb but
still a factor of four
away from current best
by Belle experiment
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http://dx.doi.org/10.1007/JHEP01(2021)163
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-17-004/index.html
http://dx.doi.org/10.1103/PhysRevLett.99.251803
http://dx.doi.org/10.1007/JHEP02(2015)121
http://dx.doi.org/10.1016/j.physletb.2010.03.037

Heavy Majorana Neutrinos

EXO-17-028 JHEP O1 (20192) 122
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http://dx.doi.org/10.1007/JHEP01(2019)122
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-028/index.html

JHEP O1 (2019) 122

Majorana Neutrino X011 7026

e yMmass = (0 = Physics BSM

» Explanation: Type-l “Seesaw” mechanism
« Heavy Majorana ‘N’ neutrino (Model probed: vMSM)

L} New heavy-neutrino states w/o additional vector bosons

2,.2
m, ~ yov°/mx.

Limit on | Ven | 2 using cut & count method

Majorana neutrino = Same-sign lepton pair possible
Lepton number violation
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http://dx.doi.org/10.1007/JHEP01(2019)122
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-028/index.html

Majorana v | Selection

« m(£L)> 10 GeV

Preselection

« SS52¢ (ee : |m(ee)-m(Z)| > 10 GeV)

* Veto additional leptons
* Require at least one jet

Low Mass Region: m(N) < m(W)

Wjet
* (SR1)AK4 jet = 2 m(£48jj) closest
to m(W) are picked
* (SR2)AK4 jet = 1: proxy of W,
m(2€Wijet) < 300 GeV
MET < 80 GeV

b-jet veto

High Mass Region: m(N) > m(W)
Wjet
* (SR1)AK4 jet = 2 m(£¢jj) closest
to m(W) are picked
* (SR2)AK8 jet= 1: m(J) closest
to m(W) are picked
« m(Wjet) < 150 GeV
« MET2/S;< 15 GeV
e b-jet veto
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JHEP O1 (2019) 122
EXO-17-028

35.9fb" (13 TeV)

c = T T T LA B S R B | =]
o) C CMS ;i&?& Stat.+syst. uncert. ]
e b —
@ 250 B ® Data .
S C [ Prompt lepton bkgd. |
= 200:— I wisid. iepton bkgd. B
C - Mismeas. sign bkgd. ]
150 —— my =40 GeV, |V, |*’=10*"]
g my = 60 GeV, |V, |*=10*
i - Low-mass SR1 -
50 -
. 0 - -
48
Ol » =
00 50 100 150 200 250 300
m(etfi) (GeV)
35.9 fb™ (13 TeV)
.S _.|-.|.|-.|--|:|-|-.|----|-.v-_
S 500 - MS 5258& Stat.+syst. uncert. ]
E C ¢ Data E
OC.) 400 I Prompt lepton bkgd.  —
o C : $ I wisid. lepton bkgd. .
300 :_ - Mismeas. sign bkgd. _:
- —— my =40 GeV, |V, [>=10"
ool DN @ T m, =60 GeV, |V,|*=10"
C Low-mass SR2 ]
C no m(e*eY) 7
100 requirement —]
SE

o 50 100 150 200 250 300

m(e*e*) (GeV)

June 14-18, 2021 15


http://dx.doi.org/10.1007/JHEP01(2019)122
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-028/index.html

JHEP O1 (2019) 122

Majorana v | Results £X0-17.028

Upper limits at 95% CL are set on the mixing matrix element between SM v and N (|V,y|) in the
context of a Type-l seesaw model, as a function of N mass.

1 35.9 b7 (13 TeV) 1 35.9 b (13 TeV) 35.9 fb' (13 TeV)
CL § T T T LI | T T L ~I“T E L § T T T T LI | T T L I .\~ E !\l_ 1 E T T T T 1T | T T T T I é
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> L 95% CL upper limit ] > L 95% CL upper limit i . Z >_ [ 95% CL upper limit i
10 = T 10 E %l 10 =
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- N C ] 3 C ]
B i L i > L ]
107 E L E 107 E
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: —— CMS 8TeV ] > —— CMS 8TeV i B ]
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The search is sensitive to masses of N from 20 to 1600 GeV with 36fb-! of proton-proton collision data
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http://dx.doi.org/10.1007/JHEP01(2019)122
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-028/index.html

, QBH
311 e Mg

Heavy Resonances to e-u

EXO-16-058 JHEP 04 (2018) 073
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https://link.springer.com/article/10.1007%2FJHEP04%282018%29073
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-058/index.html

X — eu

JHEP 04 (2018) 073

EXO-16-058

Model In-dependent search for existence of heavy particles that undergo LFV

decays at 13 TeV with 36 fb'! of pp data

Results are interpreted using RPV SUSY models, QBH, Z'

RPV SUSY

* Lepton flavor & number are
violated at the lowest Born level
in interactions between fermions
and their super-partners

« Assume that all RPV couplings
vanish, except for /1123, /1231 & /1’311

* Neutralino decays to ey promptly
and not long lived

June 14-18, 2021 18
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QBH

* Theories provide possibilities
to produce microscopic
blackholes at LHC

« QBHs are nonthermal objects,
expected to decay
predominantly to pairs of
particles

* Spin-0, colorless, neutral QBHs
in a model with LFV

Extension of the SM through
the addition of an extra U(1)
gauge symmetry

Massive Z' vector boson

Coupling similar to SM Z
boson but also decay to the
LFV ey final state with a

branching fraction of 10%
Z' width ~3% for m > tt



https://link.springer.com/article/10.1007%2FJHEP04%282018%29073
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-058/index.html

JHEP 04 (2018) 073
EXO-16-058

X — eu | Selection

35.9 fb~! (13 TeV)

’ Muons pT > 53 Gev & |77| < 2.4 0 CMS l = tfl | I Jet'ﬁlemisidentiﬁcatiorll ]
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o i T
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X — eu ‘ Resu\ts EXO-16-058
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arXiv:2105.03007

S umina ry CMS-PAS-HIG-20-009

* CMS performed several searches for Lepton Flavor Violation in
different channel

* No evidence has been found yet and thus stringent bounds
has been placed on different models

* Stay tuned for upcoming results with full Run-2 data!
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CMS Experiment at the LHC, CERN
Data recorded: 2016-Jun-05 23:30:12.950528 GMT
Run / Event / LS: 274441 / 329399398 / 199
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Additional Material

LFV searches @ CMS -- Varun Sharma June 14-18, 2021 23



Higgs LFV S

137 b (13 TeV) 137 o' (13 TeV)
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= '! ——— = s
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35.9 fb~' (13 TeV)
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JHEP 04 (2018) 073
EXO-16-058

e For COUplingS A123 = /1231 = ).1311
= (0.01 and 0.1, a Neutralino is
excluded for masses below 1.7
and 3.8 TeV respectively,
assuming it is the lightest
supersymmetric particle
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