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Introduction - Lepton Flavor Violation

* Three lepton families (flavors) exist in the standard model (SM) of particle physics, and the number
of leptons of each family is conserved in their interactions.

* Nevertheless, this conservation is not postulated by any fundamental principle of the theory
(accidental symmetry), and neutrino oscillations indicate that processes violating this conservation

do occur in nature.

* According to current knowledge, lepton-flavor-violating processes in charged-lepton interactions
(CLFV) can occur via neutrino mixing but are too rare to be detected by current experiments.

An observation of these would be an unambiguous sign of physics beyond the SM
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Search for LFV Tt — 3u decay

L=131fb"1
s = 13 TeV

» In the SM there is NO symmetry that enforces the conservation of the lepton flavor 1)
CLFV decays are possible in the SM through neutrino oscillations: 7 /'Y
B(t = 3u)~10">* too rare to be observed W H
v 4
BSM theories predict: B(t — 3u)~10_8—— 10~ at reach with next-to-come data T Vv A V) H
T [
» Two main channels for T production at LHC: Process number of 7 leptons (L=33 fb~1)
pp —cC+ ..
Heavy Flavor (HF) channel: T from D, B mesons decays D ;)EW 4.0 x 102 (95% Ds, 5% D)
ry — + ...
W channel: T from W bosons decays B— tv+.. 1.5 x 102 (44% B, 45% B°, 11% B, 0% BF)
B— D(tv) + ... 6.3 x 101 (98% Ds, 2% D*)
pp = W+H..— 1tv+.. 67x10°

pp—=Z+..—1T+... 13x108(60 < m(tT) < 120 GeV)

> Best upper limit set by Belle B(7 — 3u) < 2.1 -1078at90% C.L.

» At LHC:
LHCb (Run1): B(r - 3u) < 4.6 -1078 at 90% C.L. HF channel
ATLAS (Run1): B(t - 3u) < 3.8 -1077 at 90% C.L. W channel
CMS (2016 data): B(7 — 3u) < 8.0 - 1078 at90% C.L.  HF channel & W channel

Status and perspectives of LFV at ATLAS and CMS - WIFAI 2023 10 - 11 - 2023


https://cds.cern.ch/record/2860087
https://cds.cern.ch/record/2860087
https://www.sciencedirect.com/science/article/pii/S0370269310003576
https://link.springer.com/article/10.1007/JHEP02(2015)121
https://arxiv.org/abs/1601.03567
https://link.springer.com/article/10.1007/JHEP01(2021)163

Search for LFV Tt — 3u decay

L=131fb"1
s = 13 TeV

» Selection of events with D,B mesons and W bosons decaying into t
HF channel: low pr muons, large bkg (~107 signal) from

o semi-leptonic B mesons decays with pions and/or kaons reconstructed as muons cmMs Preliminary 33 ftl)“l(1I3Te\'/)
o decays in flight 0.1k ]
VETO to suppress events from decays of hadronic resonances in 2 muons: I f Data
N, w(783), p(770), e(1020), Jy, Y(2S), Y(1S), Y(2S), Y(3S), Z 0.08F —MC :
» Events classification into exclusive categories (total: 36 cat.) 0.06- ]
to increase analysis sensitivity
based on resolution of 3 mu mass and muon ID 0.04r- I ]
»  Multivariate analysis with Boosted Decision Tree 0.02f A B C 5
each category split into 4 sub-categories based " 2017, 38 b (13 TeV) i - ]
on BDT output =5 CMS O "0005 001 0015 002

L Preliminary

most bkg-like sub-category is discarded Am/m

Events / 5 MeV
>

» Control channel : D,.—¢n—uun ok
signal normalization directly from data 2:13;:;
monitor trigger performance
control region for the main analysis

m(uurm) [GeV]
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Search for LFV Tt — 3u decay

L=131fb"1
s = 13 TeV

» Simultaneous unbinned maximum likelihood fit of 3 muons inv. mass in all the analysis categories (2017+2018 data)

Events / 10 MeV

. signal MC fit with Gaussian + Crystal Ball functions (with same mean)

. bkg fit with an exponential function
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HF: Upper limit observed
(expected) at 90% C.L.

B(t—>3n)<3.4(3.6)-10°8

In the combination, events in common btw channels are removed from the HF one
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Search for LFV in high mass

in dilepton final states ey, et, ut




Search for LFV in high mass in dilepton final
states ey, et, ut - gt

» Many SM extensions predict LFV couplings, such as models with Z ' bosons, scalar neutrinos in R-parity-violating (RPV) SUSY

and quantum black holes (QBH) in low-scale gravity.
Dilepton LFV processes usually occur at TeV scale, with a clear detector signature of a prompt, different-flavor lepton pair

et e e TS s e | e qons
@95% C.L. ep channel 4.5 3.4 5.5/3.4

»  CMS search whole Run 2 data (£ = 138 fb~1, et channel 3.7 2.9 49/2.9
/s = 13 TeV) in backup 1T channel 3.5 2.6 4.5/2.6

» This analysis is looking for a localized excess in dilepton inv. mass distribution (TeV range)
3 signal regions (SR) defined by decay mode (eu, ez, ut - only hadronically decaying t considered)
o control regions (CR) to extract normalization of prominent SM bkg: top and dibosons production
o final simultaneous fit (SR & CR), performed separately in each decay mode
4 benchmark models (Z', RPV SUSY #; and QBH: ADD n=6; RS n=1) used to interpret the results
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https://link.springer.com/article/10.1007/JHEP10(2023)082
https://link.springer.com/article/10.1007/JHEP10(2023)082
https://inspirehep.net/literature/777086
https://inspirehep.net/literature/651654
https://inspirehep.net/literature/838966
https://inspirehep.net/literature/1682785
https://inspirehep.net/literature/2081834

Search for LFV in high mass in dilepton final

L=139fb1
s = 13 TeV

> Binned profile-likelihood fits to dilepton inv. mass in SR and CRs E LTS o Bien ;ép"qgf 5 OEATAS s Bien ;ﬁ”"‘%f
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* Major improvement with respect to previous ATLAS search:
» four times larger data sample

95% CL limit on o x BR(Z' — eyu) [pb]

application of b-jet veto CEE R T B I SR A

« more accurate data-driven bkg estimates
» better particle reconstruction and identification
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https://link.springer.com/article/10.1007/JHEP10(2023)082
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Search for Higgs LFV decay Hoeu




Search for LFV decay H-eu

L=138fb1
\s =13 TeV

» LFV Higgs decays forbidden in SM, but arise in BSM theories (like ones with > 1 Higgs boson doublet, models, the Randall—
Sundrum model, composite Higgs models, some SUSY models, ...)

» In BSM theories, LFV decays can occur through off-diagonal LFV Yukawa couplings

v/ ATLAS search (£ = 139 fb~ ' at /s = 13 TeV), set observed (expected) limit *
B(H - eu) <6.2(5.9)-107°  @95%C.L.

» CMS: search for LFV decay of SM or BSM Higgs X (my = 110-160 GeV) to ep

» Two levels of categorization to maximize analysis’ sensitivity:
1) Based on production mode (ggH, VBF)
2) Based on signal-to-bkg ratio — BDTs score

» Simultaneous fit of signal and bkg models to data to extract an UL on either
BR(H(125) — ep)orona(pp = X — ep)
o constraint on BR(H(125) — ey) translated to UL on Y,
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* Bonus: ATLAS searchof Z — eu
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https://www.sciencedirect.com/science/article/pii/S0370269319308706?via%3Dihub
http://dx.doi.org/10.1103/PhysRevD.108.072004
http://dx.doi.org/10.1103/PhysRevD.108.072004
https://arxiv.org/abs/2204.10783

Search for LFV decay H-»epu :

» No significant excess observed for SM Higgs (mass ~125 GeV)
o observed (expected) UL: B(H — ep) < 4.4 (4.7) x 10~ @95% C.L.

most stringent limit set thus far from direct searches!

» An excess of events observed at ~146 GeV with a global (local)

significance of 2.8 (3.8) o
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EXPERIMENT
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Search for LFV decays H»et and Ha Ut pugrey=

Vs = 13 TeV

B(H - et) <0.47%

. v’ Previous ATLAS search 2016 data (£ = 36.1 fb™1, /s = 13 TeV) ( ) ° @95%C.L.
B(H - ut) < 0.28%

» v’ CMS search whole Run 2 data (£ = 137 fb~1, /5 = 13 TeV) B(H — et) <0.22% @95% C.L.

B(H - ut) < 0.15%

» In this analysis: two decay modes: t’,{, , t+,,, considered for each search (£, =eorpu)

o int,, only pairs of different-flavor leptons considered (to reject Drell-Yan bkg)

» Event selections + multivariate analysis (BDTs, NNs)

» Three statistical analysis:
1. independentsearch for H — et signal (H — ut null)
2. independent search for H — ut signal (H — et null)
3. simultaneous determination of H - et and H — ut signals
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https://arxiv.org/abs/2302.05225
https://arxiv.org/abs/2302.05225
https://www.sciencedirect.com/science/article/pii/S0370269319307919?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032013

Search for LFV decays Hr»et and H>urt :

L=138fb1
\s =13 TeV

Independent search for B(H — et) and B(H — urt)

» Likelihood function £(u, 6): product of Poisson probability terms over all bins considered
o Separate fit with single POI (H — et, H — ut) for each search

ATLAS — Observed ATLAS — Observed

(s=13Tev,13815" = Expected+ 1o (s=13Tev, 138 15" = Expected = 1o
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Search for LFV decays Hr»et and H>urt :

Simultaneous measurement of H - et and H — urt

ATLAS — Observed
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» For H—eTt, 1.60 excess observed

» For H— ut, 2.40 excess observed
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CMS preliminary 138 fb™' (13 TeV)
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in trilepton final states




Search for CLFV in top quark sector
in trilepton final states - Vi

» LHC provides best sensitivity to CLFV searches in 2-3 body decays of heavy particles, X — £¢'(Y),

and in heavy particle production, pp — £¢'(X) v CMS previous search for

o CLFV processes involving top quark predicted to have competitive sensitivity at the LHC CLFVin top in final states
with 2 OS leptons

» In this search: final states with exactly 3 charged leptons (£), either electrons or muons

o 1lepton originates from leptonic decay of the SM top quark

o other 2 leptons originate from CLFV interactions
o selected events have at least 1 jet and at most 1 jet associated with a b quark

» CLFV signals parametrized with dim-6 EFT operators
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Search for CLFV in top quark sector in

trilepton final states -

» SM bkg categorized into 2 groups:

o prompt bkg: processes with at least 3 leptons (from ew boson decays) = modelled with MC
o non prompt bkg: other processes (like Drell-Yan) = modelled with data-driven technique

Final-state particles kinematic distributions very different in top decay /

production CLFV interactions
o presence of high-p; lepton in top production sgn
o flavor of up-type quark in LFV interaction have minor impact on kinematics

MVA techniques (BDTs) used to distinguish btw CLFV signals and SM bkg

BDT output used to construct binned likelihood function, for stat. analysis

Status and perspectives of LFV at ATLAS and CMS - WIFAI 2023
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Search for CLFV in top quark sector
in trilepton final states -

>

L=138fb1
\s =13 TeV

CMS preliminary 138 fb™' (13 TeV)

CLFV Expt1s Obs

Results consistent with SM expectation
o Upper limits set @95% C.L.

95% CL upper limits

2 -2 -6 PREE
CLFV coupling Lorentz structure Cepg/ A” (TeV™) B(t = euq) x 10 ST T
exp (—o, +0) obs exp (—o, +0) obs
tensor 0.019 (0.015,0.023) 0.020 0.019 (0.013,0.029) 0.023
eutu vector 0.037 (0.031, 0.046) 0.041 0.013 (0.009, 0.020) 0.016
scalar 0.077 (0.064, 0.095) 0.084 0.007 (0.005,0.011) 0.009 :
tensor 0.061 (0.050, 0.074) 0.068 0.209 (0.143,0.311) 0.258 00’”‘aﬁov‘3,0‘2”5.0‘3”3‘04”5.0‘5"a.i,g"&5;”2.532‘5.35‘,”_2‘04
eutc vector 0.130 (0.108,0.159) 0.144 0.163 (0.111,0.243) 0.199 Cou/ A (TEVT)
scalar 0.269 (0.223,0.330) 0.295 0.087 (0.060,0.130) 0.105 138 16" (13 ToV)

most stringent limits on these processes to date

CMS Preliminary

CLFV  Expils Obs

Tensor ----se-

Vector

Scalar

95% CL upper limits

» Assuming a linear relationship btw B(t—epu) and B(t — euc) in case of
nonvanishing signals, 2D limits can also be obtained through interpolation

Lo e
02 0.025 0.03

B(t—euu) x 10°

:A"w
0.

Covn P NI S I
0 0.005 0.01 0.015
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CLFV putqt interactions in

top-quark production and decay




CLFV utqt interactions in
top-quark production and decay Lomen

» Several SM extensions, such as those which predict leptoquarks, entail CLFV
with a BR(t - #¢'c) ~ 107°
o assuming energy scale probed experimentally << scale of new physics, it's convenient to consider
a model-independent approach by means of EFT

» This analysis: search for production of a single top quark via gq, — t£*¢'*
o where qi = {u,c} for k = {1,2} and ¢4’ = {ut,Tu}

or CLFV top decay in tf evts is also targeted: t — £ ¢'%q,

» Final state: 2u + T decaying hadronically + at least 1 jet & exactly 1 b-tagged jet
(produced by a utqt interaction in top production or decay)

Observed data are interpreted within the EFT framework

v’ Separate MC samples generated for different EFT couplings contributing to signal,
separately for single-top production/decay (to determine limits on each coupling)

v Two inclusive samples with all couplings activated simultaneously (to determine inclusive BR
limit)
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° ° ° 2 T "
S 1otk ATLAS Preliminary ¢ Data [“]Signal (dec.) []Signal (prod.)
gt interactions in top-quark [EEEEE -
cLFV tE+X W Other W {T+NPu

10°

Post-Fit

W Other+NPu [l Fake e

/7, Uncertainty

production and decay -

» Two signal regions:

o SR1 targeting CLFV in decay — > 1 jet (one b-tagged)
o SR2 targeting CLFV in production — exactly 1 b-tagged jet

E; 1.25 3
= 77 9% .
s | £3
= 0.75////7// e /V///%/
0.
Lss_| SR2 CRT
Profile-likelihood fit to data under signal+bkg hypothesis, maximizing likelihood function
Expected/observed 95% CL UL on Wilson coefficients
P / oo Expected/observed 95% CL UL on BR
corresponding to 2Q2L EFT operators
95% CL upper limits on Wilson coefficients  ¢/A* [TeV ™3] 95% CL upper limits on BR(t — prq) (x 1077)
Cl—q(t'jkfi) c(ezjks) Cl(ij%) cLigk3) Clle(;ikS) lle(;f,k) ?é;iks) ?e(;igk) R Lk k) k) L) ) A5k )
P S To01 1 Expected (u) 4.6 4.2 4.0 4.5 2.5 2.5 5.8 5.8
‘ Pf‘,’,\flf)li(?,),,[??] o 12 12 12 12 26 26 3.4 3.4 Observed (u) 5.1 4.6 4.4 5.0 2.8 2.8 6.4 6.4
X, Expected (u) 0.47 0.44 043 046 0.49 0.49 0.11 0.11 o o
e xpected (c 54 51 51 52 35 35 61 61
$ Cr)r?aisierfdigl} 0.49 0.47 046  0.48 0.51 0.51 0.11 0.11 Obsorved (¢) | 60 " " o a8 45 6 65
< Previous (c) [22] 14 14 14 14 29 29 3.7 3.7
x, Expected (c) 1.6 1.6 1.5 1.6 1.8 1.8 0.35 0.35
Q& Observed (c) 1.7 1.6 1.6 1.6 1.9 1.9 0.37 0.37 95% CL upper limits on BR(t — prq)

i i o . . . onl All i
Rer'g\t/?gﬁge}\a%ms"f Fit with inclusive MC samples (with all Stat °n7y ‘ L syStemitlcs
previous ATLAS ) . - -
FCNC search EFT operators activated simultaneously) Expected 8 x 10 1010
to determine inclusive BR limit Observed 9x107" 11x1077
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Search for high mass dimuon resonance associated

with b quark jets - £ =138 fb!
\Vs =13 TeV

» Several BSM theories predict existence of new neutral vector boson Z’ (mass ~ TeV scale) decaying to lepton pairs.
- Inscenarios with Z' coupling to b and s quarks, the Z' existence has implications for low-energy b — s#¢ observables

b

» Inclusive searches for BSM Z’ performed at LHC by ATLAS and CMS
Limited by Drell-Yan, might not be sensitive to scenarios where Z' couples to 2" or 3
quark generation.

» This analysis: search for Z' — uu with at least one b quark jets
Already performed at LHC by ATLAS and CMS but suffered from large tt bkg b z
(t decaying to b+W, with W — #v) > substantially reduced in this analysis! b

b

Theoretical model

:’ Relevant interactions described by lepton flavor-universal model with a simplified Lagrangian, with 4 coupling parameters:

. - g couplingforall charged leptons, i
' . g, coupling for all neutrinos, Ly = Z, { Y. RS+ Y. RS !
|+ g, coupling that scales both Z'bb and Z’sh interactions, e e E
:\ - separate 8, parameter that scales only Z’sb interaction + [b7”PLb + @(g'ﬂpﬂ’ + h'C')] } : ,l
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Search for high mass dimuon resonance associated

with b quark jets - £ =138 fb!
\Vs =13 TeV

138 fb™' (13 TeV)

Search for narrow Z' — pp (T(Z") <my,, resolution, mz>350 GeV) + at least one b quark jet £ «w[-cms ~+ Data
S E Preliminary —— Signal
MoeiN 22 I DY (1)
E ot
F B tW+tZq
107 BtV

» Event categorization based on b quark jet multiplicity: N,=1, N, =2

» Dominant bkg from Drell-Yan process and tt production.

Drell-Yan reduced by b quark jet requirement. " 138 fb”
tt suppressed by requiring min(m,,; ) — m, > 175 GeV. 5 " Priminary ol
- Veto on additional lepton or isolated high prcharged hadron to H0EN, =1 I DY ()
suppress other (subdominant) bkgs = vazq ‘
. .tV 500 1000 1500 2000 2500
» SM bkg estimated from data - m,, [GeV]

- SMMC used to visually compare obs m,,,, to exp SM bkg Wz

ge = gv =gp=0.05,6ps=0

> Constraints on event yield extracted by fitting m,, to analytic

functions within mass ranges sliding with m+ to be probed.
« Signal: Gaussian + doublesided CB with common reso width o, ;.-
+  Fits to data within a mass window of +10 ¢,,,,5s around probed m,.

500 1000 1500 2000 2500
m,, [GeV]

Constraints on event yield reinterpreted in terms of parameters of
specific models with Z' couplings to b quarks
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Search for high mass dimuon resonance associated

with b quark jets -

138 fb (13 TeV)

L=138fb1
\s =13 TeV

No significant excess observed across explored mass range e

[ Preliminary

12 N=1

» Model-independent limits set at 95% C.L. on signal events with N, > 1,
varying relative fraction of events in N, = 2 category (f2p)-

» Results interpreted for LFU model (with g, = g,, and either &, =0 or 0.25).
Exclusion ranges restricted to M(Z') < Gynass/2-

¢ Daa

—— Exponential

N o
o S o S
T

=)
T

95% CL upper limit on number of events

o
T

35 Preliminary

f2,=0 ]
—— Observed E
—— Median expected 7

138 fb” (13 TeV)

68% expected 4
95% expected  J

400 450

Form,r =350 GeV (2 TeV), 6,5 <0.25, most of parameter space with

550 600
m,, [GeV]

T Y
500

P
1000

P
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P R
2000 2500
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0.0057 < g, <0.35 (0.25 < g, < 0.43) and 0.0079 < g}, < 0.46 (0.34 < g;, <0.57)

138 fb™ (13 TeV)

excluded at 95% C.L. o [Mows

» Constraints set also on B; — L, model (g, coupling to SM fermions, 6,5
mixing angle btw 2nd - 3rd quark generations). Exclusion ranges restricted to
M(Z') < Omass/2.

Most of allowed parameter space excluded for m;’ <500 GeV,
Less stringent constraints for higher m .

102

138 fb” (13 TeV)

CMS Preliminary
i B o e e i e

T
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Summary and perspectives

An overview of the LFV searches carried out by ATLAS and CMS was provided
all these analysis are statistically limited

(almost) all of them have set the most stringer UL up to date
o 1 — 3ustill better constrained by Belle

» With the next data taking periods (Run3 ongoing, HL-LHC to -__ —

come), ATLAS and CMS will highly benefit from an increased ustev OGN TN oo
statistics, but also N HLLHC

ikt beam rackalon leret installation

new trigger strategies and data taking techniques, as shown
by E. Simone, are already being used during Run3 to maximize

the experiment acceptance to rare decays;

new detectors will be added, and the existing detectors will be (45010 | e 2% v
modified, in view of the HL-LHC, improving the performance
under many aspects (trigger, vertex reconstruction,

pseudorapidity coverage, ...)
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Search for LFV Tt — 3u decay




Search for LFV Tt — 3u decay

Expected number of signal events from Ds* meson / W boson decays that pass the dimuon triggers

2utrig
N N By =7tv)  Aw) i) D) g gy
() = Nur BT S gt — %) A €l 2T "

N3, owy = Lo(pp =W + X) B(W —=1v7) Ay w) €3 w) B(T—31),

» Expected number of signal events from B — T + X decays that pass the dimuon triggers

2utri
reco e.”ng

B(B—1 +X) Asp(8) €3u(B) €3u(B)
_ ) B(r—3
Nos) = Mol DT T OB g ST A e ez 07O

can be calculated as the ratio of cross sections f = o(pp - B) BR(B -» D + X)/a(pp -» D).

» Since D¢ * produced from b hadron decays tend to decay farther from the PV than directly produced ones, the
simulation predicted value of fis validated by fitting its proper decay length distribution in data
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Search for LFV Tt — 3u decay

2017-2018, 97.7 o' (13 TeV)

CMS

2017-2018, 97.7 " (13 TeV)

m0.12 CMS

u.

+ Data (sidebands)
Bl HF 1 3u (MC)

{ Data (sidebands)
B HF - 31 (MC)

[} M ! 4
0.1 0.12 0 2 4 6 8 10 12 14
3D pointing angle oy, Trimuon vertex fit normalized 2
2017-2018,97.7 fb’! (13 TeV) 2017-2018, 97.7 fo' (13 TeV)
3 osf 3 F
-CMS _ “s-CMS
o + Data (sidebands) 0160
3 Il HF 734 (MO) 014~ { Data (sidebands)
02 o012~ [l HFt—3u(MC)
E 01
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Search for LFV Tt — 3u decay

2017-2018, 90.4 fb™ (13 TeV) 2017-2018, 90.4 fb™ (13 TeV)

Els EE
< I CMS _ < rCMS .
1 ¢+ Data (sidebands) 3 4 Data (sidebands)
F W t—3u (MC) b W 1—-3u (MC)
10'; 107
102 ;, 10 E
10°E 107
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Search for a high mass dimuon resonance

associated with b quark jets




Search for high mass dimuon resonance associated

with b quark jets -

Source Normalization
Nb =1 Nb 2 2
Luminosity 1.6% —
Trigger 1-5% —
Jet energy scale 1-1.5% 2-5% —
b-tagging 1% 5% —
u reconstruction 2.5% —
u identification 5% —
Fit window size < 5% —
MC sample size <1% <5% —
p# momentum scale in 7, — $0.1% m3, /(1 TeV)
¢ momentum resolution in o, — < 10% Oppass

> The fit parameter my,,, corresponds to position of the max of m,, distribution after detector effects,

»  Omass IS the resolution parameter used in the fit, distinguished from values of ,,,,¢s €xtracted from simulation.
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Search for LFV in high mass

in dilepton final states ey, et, ut




Search for LFV in high mass in dilepton final

Z' boson
» A common SM extension is the addition of an extra U(1) gauge symmetry resulting in a massive neutral vector boson (Z').
» The Sequential Standard Model (SSM) is used as benchmark in this search,

Z' boson is assumed to have the same quark couplings and chiral structure as the SM Z boson but allowing for LFV couplings.
Additional LFV coupling parameters Q; are assigned for Z' — £,£; processes. Q; parameters equal to SM Z boson coupling for i=j.

Scalar neutrinos in RPV SUSY

» Inthe RPV SUSY model, the Lagrangian terms allowing LFV can be expressed as lAijkLz‘Lj er + )‘;;jkLin dy,
L and Q are the SU(2) doublet superfields of leptons and quarks, 2
e and d are the SU(2) singlet superfields of charged leptons and down-type quarks,
Aand A" are Yukawa couplings,
indices i, j, and k denote generations.

» A t-sneutrino (9;;) may be produced by dd annihilation and later decay into ey, et, ut (results apply to any sneutrino flavor).
For theoretical prediction of o x BR, the @i, coupling to first-generation quarks (A'311) assumed to be 0.11 for all channels. In addition,
o Az12 = As21 = 0.07 for the ey final state,
o As13 = 0.07 for the et final state,
o As23 = 0.07 for the pur final state,
o Asz1 = As32 = 0, due to the gauge invariance for these channels — g x BR in ey channel ~2 ¢ X BR in et or pt channel.
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Search for LFV in high mass in dilepton final states

e”’ et, MT =
QBH

»  Various models introduce extra spatial dimensions to reduce the value of the Planck mass and resolve the hierarchy problem. In this
search, interpretations are based on 2 models:
the Arkani-Hamed-Dimopoulos-Dvali (ADD) model, assuming 6 extra dimensions,
the Randall-Sundrum (RS) model, with 1 extra dimension.

» Due to the increased strength of gravity at short distances, in these models, at the LHC states exceeding the threshold mass (m;,) to
form black holes could be produced
my, assumed to be equivalent to the extra-dimensional Planck scale. Quantum gravity regime applied only when considering mass < 3
— 5 my, (for masses beyond this region, thermal black holes are expected to be produced).
QBHs could decay into two-particle final states, and they would have a continuum mass distribution from my, up to the beginning of the
thermal regime, assumed to start at 3 my,. The decay of the QBH would be governed by a yet unknown theory of quantum gravity.

»  The two main assumptions of the extra-dimension models considered in this paper are:
gravity couples with equal strength to all SM particle degrees of freedom
gravity conserves local symmetries (color, electric charge), but can violate global symmetries (lepton-flavor and baryon-number
conservation)

» QBHs decaying into different-flavor, opposite-charge lepton pairs are created via qg (gg) with a BR to £’ of 0.87% (0.34%)
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Search for LFV in high mass in dilepton final

» Candidate signal events have a reconstructed primary vertex with at least two associated different-flavor, opposite-sign leptons.

Leptons back-to-back in transverse plane with Ad, > 2.7 Region | Channels | Requirements
Dilepton pair invariant mass > 600 GeV Nominal A
Veto on b-tagged jets to reject events with top quarks SR ep, et and pt Ageer > 2.7, 10 b-jet, meer > 600 GeV
99 J ) Pa eu, et and ut Adeer > 2.7, at least one b-jet, mep > 600 GeV

Reversed A¢eer

» Bkg processes can be divided into 2 categories:

Ageer < 2.7, at least one b-jet, mep > 600 GeV
Adrer < 2.7, n0 b-jet, mep > 600 GeV

e
ep

Irreducible bkg: from processes producing 2 different-flavor
OS prompt leptons (diboson, tt, single-top tW, and Z/y* — tt production)
o Modelled with MC samples, corrected by factors derived in CR.
o tt (“top quarks” bkg) and WW (“diboson” bkg) are dominant processes in all channels
o  dedicated tt CR in Adw < 2.7 to control the tt contamination (~ 40% in the WW CR)
o WW CRs not defined for et, ut channels, due to non-negligible contributions from fake bkg
o  Other irreducible bkg processes (e.g., Z — #¢') evaluated directly with MC simulation

Reducible bkg: from jets mis-reconstructed as leptons (W+jets, multijet production)
o  Estimated from data
o Small contribution in ey channel (~10% in SR), leading components in et and ut channels (20-30% of total bkg in SR)

10 - 11 - 2023
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Search for LFV in high mass in dilepton final

Source of uncertainty (in percent) ‘ Impact on observed uﬁ‘lﬁv ‘ Impact on observed pgpy, ‘ Impact on observed ,uggv

Electrons 22 0.85 NA
Muons 2.8 NA 44
T-leptons NA @ @
Jets and EI's 2.1 0.8 0.8
Flavour tagging 2.1 <0.1 0.1
Other (luminosity, JVT, pile-up) 0.6 04 0.7
Fake backgrounds 0.6 32
Background modelling 2.1 7.3
Top and Diboson normalisations 8.7 1.6 1.8
Simulation statistical uncertainty @
Total systematic uncertainty 32 14 23

( Data statistical uncertainty 53 43 71 )
Total uncertainty 62 50 74

Post-ft impact of uncertainties in the RPV SUSY @i, model for each measurement (similar results for Z' and QBH models)

+ Largest systematic due to statistical uncertainties associated with bkg estimate and bkg modelling in eu channel

* In z-lepton channels, uncertainties dominated by statistical precision of bkg estimate, experimental uncertainties related to z, and
estimate of fake bkg.

Total uncertainties dominated by statistical precision in all three channels
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Search for LFV in high mass in dilepton final

> Binned likelihood function (L(y, 8)): product of Poisson probability terms over all bins considered. It depends on:
parameter of interest (POI),
signal strength parameter p, factor multiplying the theoretical signal production cross-section and
set of nuisance parameters 6 that encode effect of systematic uncertainties in signal and bkg expectations (implemented in the
likelihood function as Gaussian constraints). The nuisance parameters adjust the expected event yields for signal and bkg according
to the best fit to data. The likelihood function is fitted to data to test for presence of a signal.

> Test statistic q,, defined as profile likelihood ratio g, = —2 In L(y, 5)/[2(&, 6)
fi, 8 : values of the parameters that simultaneously maximize the likelihood function,
4 values of the nuisance parameters that maximize likelihood function for a fixed value of p.
Compatibility of observed data with bkg-only hypothesis is tested by setting p = 0 in the test statistic g, .

»  Fits to dilepton inv mass distribution performed simultaneously in SR and CRs, following a modified frequentist method
ep channel: WW and low Ady' tt CRs included in the fit to extract overall norm. of diboson bkg while keeping norm. of top quark bkg
uncorrelated in the high- and low-A¢y regions. Separate norm. factors of top quark bkg used for high- and low-Ad¥’ regions in
simultaneous fit, by which their correlation is determined.
et, ut channels: only tt CRs included in the fit; diboson corr. factors from CR-only fit results and included as fixed norm factors.

> Upper limits on signal production cross-section for computed using g, in the CLs method with the asymptotic approximation.

A given signal scenario is excluded at 95% C.L. if value of signal production cross-section yields a CLs value < 0.05.
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Search for LFV in high mass in dilepton final

> Observed data and expected bkg event yields in CRs and SRs Process ey channel | et channel | u7 channel

for each channel reported in tables Top Quarks 15115 114+10 | 79.4+6.4
. _ . Diboson 246+28 125+27 94+20
- eu bkg dominated by tt and diboson events, - Fake 66411 172234 67425
- WhHjets events are dominant for the ez and ut fnal states. Drell-Yan 8.6+0.5 | 76.1+89 | 78.0+7.9
Total background 471+21 488+21 319+16
Process ‘ tf CR ‘ WW CR ‘ Low A¢eer tt CR Process ‘ et channel 17 CR ‘ put channel 17 CR Data 470 499 319
Top Quarks 660+27 55.4+5.9 279+18 Top Quarks 406+21 30517
Diboson 11.3+2.4 | 54.3+84 7.5+2.3 Diboson 9.6+2.8 6.1+1.6
Fake 29.3+5.9 18.3+3.8 16.6+4.9 Fake 6.8+1.2 8.6+2.6
Drell-Yan 0.25+0.03 | 0.26+0.03 0 Drell-Yan 2.1+0.1 3.6+0.7
Total background | 701+26 | 128.2+8.3 304+17 Total background 424+20 324+17
Data 700 133 301 Data 422 324
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Search for LFV in high mass in dilepton final
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Observed and expected 95% CL upper limits on Z' boson ¢ x BR for decays into each different final state.

« Signal theoretical ¢ x BR lines for the Z' model obtained from simulation of each process, while Z' is corrected to NNLO.
» Theoretical uncertainties not considered in mass limit calculation.

» Expected limits shown with £1 and +2 standard deviation uncertainty band.
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Search for LFV in high mass in dilepton final
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Observed and expected 95% CL upper limits on RPV #;, ¢ X BR for decays into each different final state.

» Simulated RPV 1, is corrected to NLO.

» Theoretical uncertainties not considered in mass limit calculation.
» Expected limits shown with £1 and £2 standard deviation uncertainty band.
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Search for LFV in high mass in dilepton final
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Observed and expected 95% CL upper limits on QBH ADD and RS ¢ x BR for decays into each different final state.

» Signal theoretical o x BR lines for QBH ADD model assuming six extra dimensions, and RS model with one extra dimension
obtained from simulation of each process.

» Theoretical uncertainties not considered in mass limit calculation.

» Acceptance times efficiency of ADD and RS QBH models agree to within 1% and same curve is used for limit extraction.

» Expected limits shown with £1 and +2 standard deviation uncertainty band.
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Search for Higgs LFV decay Hoeu




Search for LFV decay H-epu:

» Combined CMS results constrained inclusive BR of potential BSM Higgs decays to be B(H — BSM) < 0.16 @95% C.L.
still well-motivated to search for BSM decays of Higgs, including LFV ones!

» Several BSM theories allowing LFV Higgs decay: models with more than one Higgs boson doublet, models with flavor
symmetries, the Randall-Sundrum model, composite Higgs models, certain susy models, etc.

» LFV decays can occur through off-diagonal LFV Yukawa couplings Y, Yer, Yz
o they enhance processes (e.g. § — 3e, J — e conversion, y — ey) that could proceed via virtual Higgs boson exchange
o In particular, most stringent limit on B(H(125) — ep) obtained indirectly from limit on y — ey to be < 10-8

o However, indirect limit on H(125) > ey assumes SM values for not yet tightly constrained Yukawa couplings Y, and

unmeasured Y. Direct search for H(125) — e remains important!

» Apart from SM Higgs, LFV decays could also arise from extra BSM Higgs bosons in the Type-lll two Higgs
doublet model (2HDM) or other exotic resonances decaying to ep.
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Search for LFV decay H-epu:

This analysis targets the two dominant production modes of Higgs at LHC: ggH and VBF.
o final state of interest in both modes: prompt, oppositely-charged electron-muon pair

> Distribution of me, would exhibit a peak around my or my on top of smoothly falling bkg dominated by fully
leptonic decays of tt and WW events, and Drell-Yan (DY) events with a misidentified lepton.
o smaller bkg include leptonic decays of single top, single W, and electroweak W events with jets misidentified as a lepton
o events of H(125) decaying to a T or a W pair, diboson processes (WZ, ZZ), and EW Z also provide a small contribution

All bkg are simulated with MC samples, along with signals: H(125) — ey and X — eu (my from 110 — 160 GeV, in steps of 10 GeV)

» Sensitivity optimized by first categorizing events to target each production mode.

A\

Then, further categorizations to separate events into samples of different sgn-to-bkg ratio based on BDTs.

» The mg, distributions of H(125) — ep or X — ep signal from MC are fit with a parametric model and interpolated
btw generated my and my mass points in each category; m, distributions of bkg are modeled directly from data.

» Simultaneous fit of sgn and bkg models to data performed to extract an UL on either B(H(125) — ey) or on the

cross section o(pp — X — ep) for a BSM Higgs boson.
o constraint on B(H(125) — ep) translated to UL on Y, (assuming only H(125) — ey contributes additionally to SM Higgs total decay width)



Search for LFV decay H-»eu:

» BDTs trained separately for ggH and VBF categories

»  For both BDTs, mixture of simulated sgn evts used in training
o H(125) — ep and X — ep at my =110-160 GeV, in step of 10 GeV from both production modes
o dominant sources of bkg from fully leptonic decays of tt and WW diboson evts used in training

p'Fiss : Most discriminating variable in both ggH and VBF categories

CMS Preliminary 138 fb=! (13 TeV) CMS Preliminary 138 fb~* (13 TeV)
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Search for LFV decay H-epu:

Systematic uncertainties ggH mode (%) VBF mode (%)
Muon identification, isolation, and trigger <1 <1
Electron identification, isolation, and trigger 2 2
b tagging efficiency <1 <1
Jet energy scale 1-8 1-3
Unclustered energy scale 2-6 1-6
Trigger timing inefficiency <1 <1
Integrated luminosity <2 <2
Pileup <2 <2
Parton shower - 3-11
Ren. and fact. scales 4 1
PDF + ag 3 2
Effect of the ren. and fact. scales on the acceptance 1-10 <2
Effect of the PDF + ag on the acceptance <1 <1

Systematic uncertainties in expected signal yields from different sources for ggH and VBF production modes.
All uncertainties are treated as correlated among categories.
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Search for LFV decay H-epu:

. Back-of-the-envelope calculation
Limit FOF 15 GC\/ H:%s courtesy of N. Berger and T. Masubuchi

BRH—eM) < 62x10°> (observed)
¢ 510 ( exPectch)

Fod N total Hoos cross—ection of 556 b at 13 Te\:

O X BR ¢ 3% b (observed)
<331CE(cxPectcd)

scalng of backorounds (slghtly lower at 16 GeN than 125 Ge\:
O%R 3 b cgcctcd an:f%gl\fcr\/cd snce o excess seen)

Not errtre conclusive (balpark estmates + no Jrcctle comParzble analess) but
MS cxacss s dsfavoured Y ATLAS.

ATLAS search for not directly comparable with CMS analysis, but back-of-the envelope calculation
from sideband data disfavors a narrow-width excess (observed by CMS)
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Search for Higgs LFV decays

H-»et and Hourt




Search for LFV decays Hr»et and H>urt :

Selection Ty {Thad

» Analysis channels defined accordingly to t decay mode: exactly le and 1, OS exactly 1€ and 1huq vis, OS

. . i Thad-Veto Thad Tight ID
o Evtsin €T€, contain exactly 2 light leptons of OS charge Buseline Medium eBDT (Thaq)
b-veto b-veto
o Evtsin /gfhad contain 1 llght lepton + Thad-vis with OS Charge p? > 45 (35) GeV MC-template (Symmetry method) p{} > 27.3GeV
o . Pl > 15Gev P > 25 GeV, [T | < 2.4
o Evtscontaining t;,,,_.:. are vetoed in f’,{}, channel 30GeV < myz, < 150 GeV _ S eosAg(i ) > ~0.35
1=C, Thad-vis
0.2 < piik (£, = ¢)/ p§™ier (£, = e) < 1.25 (MC-template) |AR(E, Thagvis)| < 2
track dy significance requirement (see text)
» 2 independent methods exploited to estimate bkg in £, , lz0sin] < 0.5 mm
t Baseline
VBF > 2jets, pi! > 40 GeV, p22 > 30 GeV
o MC template method: uses templates from MC and a data- Kt 3. > 400 Gev
driven estimate of the ‘misidentified bkg’. Baseline plus fail VBF categorisation
. i R H non-VBF - veto events if
in ., ,only the MC-template method is used B 00 < s e 100 GeV

o Symmetry method: assumes that prompt-lepton bkgin SM are symmetric under the exchange of electrons and muons to derive
data-driven bkg estimate for main bkgs.

» MC-template method targets measurement of actual values of B(H — et) and B(H — ut) individually
» Symmetry method is sensitive to the difference of BRs

» In stat. analysis, MC-template method in # final state combined with both methods in {’T{}, final state. Method with higher

Thad
expected sensitivity is chosen. In simultaneous determination of signals, MC-template method used for both final states.
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Search for LFV decays Hr»et and H>urt :

L=138fb1
\s =13 TeV
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Search for LFV decays Hr»et and H>urt :
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1005 %1.00
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O NNs used in ¢, ,of Symmetry method L S —*—_+_—1— !
* non-VBF cat.: multiclass classifier with 3 output classes Bormsk | L R

* VBF cat: 3 single binary classification networks, whose 2= . _J!—tz g

outputs are combined linearly g | &

| | | 1 L L L 1
0.17 039 0.6 078 0.88 0.93 0.96 098 1 0.3
NN score

0

Status and perspectives of LFV at ATLAS and CMS

1 | | 1 L |
059 079 089 093 096 0.97 1
NN score




Search for LFV decays Hr»et and H>urt :

1 POL Impact on observed [1074] 2 P01 Impact on observed [104
Source of uncertainty B(H — eT) ‘ B(H — ut) Source of uncertainty B(H — e7) ‘ B(H — ur)
Flavour tagging 0.6 0.4 Flavour tagging 0.7 0.2
Misidentified background (£7p,q) 2.1 1.5 Misidentified background (e7had) 2.1 0.3
Misidentified background (£7,/) 2.9 1.6 Misidentified background (e7,) 5.8 0.3
Jet and E%“iss 1.1 1.1 Misidentified background (uthaq) 0.6 1.4
Electrons and muons 0.2 05 Misidentified background (ut,) 0.9 1.1
Luminosity 0.6 0.5 Jet and E%‘iss 1.2 0.9
Hadronic 7 decays 0.9 1.0 Electrons and muons 1.4 0.5
Theory (signal) 0.9 0.7 Luminosity 0.6 0.4
Theory (Z + jets processes) 1.0 1.2 Hadronic 7 decays 0.9 0.9
Theory (top-quark processes) 0.3 0.3 Theory (signal) 0.8 0.8
Theory (diboson processes) 0.4 0.7 Theory (Z + jets processes) 0.8 1.0
7 — ¢¢ normalisation 0.2 0.7 Z — (€ normalisation (eT) <0.1 <0.1
Symmetric background estimate 0.2 0.1 Z — {€ normalisation (ut) 0.2 0.9
Background sample size 4.2 24 Background sample size 37 23
Total systematic uncertainty 5.3 3.9 Total systematic uncertainty 5.1 3.6
Data sample size 2.9 2.7 Data sample size 3.0 2.7
Total 6.1 4.7 Total 59 4.5

Uncertainties affecting observed B(H — £ 1) and their impact as computed by independent fits (1 POI) and simultaneous fit (2 POI)
Values in the table are multiplied by a factor 100 to improve their readability

= Exp. uncertainties for reco objects combine eff. and energy/momentum scale and reso uncertainties.

= 'Background sample size' includes bin-by-bin stat. uncertainties in simulated bkg as well as stat. uncertainties in misidentified bkg,
which are estimated using data.



Search for CLFV in top quark sector

in trilepton final states




Search for CLFV in top quark sector in trilepton

final states:

»  CLFV signals parametrized with dim-6 EFT operators 1 1
—_ r@ (6) ~(6)
o indices i and j are lepton flavor (ij= 1, 2 with i 1= j); L=Lout 23 ) G0y + O(x2)
o kand /are quark flavor indices with condition that one of them is 3 and the ‘
other one runs from 1 to 2. Nkl 5 _
O™ (Fy"1)) (@eray)

vector O;Lkl (T (e uy)
of  (Er'e)@ra)
sz];fl“ (er*e;) (e up)

scalar  Op,/ 7" (Lie;) € (Gt4y)

tensor Ol(equ (Lo™e;) € (Gx0th)

» Stat. analysis: binned likelihood function L(u, 8) constructed using
BDT discriminator distributions. The parameter of interest (POI),
denoted by y, is the signal strength that governs the cross section
of the top quark production and decay signals simultaneously

ocrry (C/A?)
ocry (1 TeV™2)

u(C/A?) = « (C/A2)2
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Search for CLFV in top quark sector in trilepton

final states:

» Two types of signal-free regions within the eee/uuy channel

o non prompt bkg validation region (VR) Channel Region OnZ OffZ p™ >20GeV #jets >1 #bjets <1
o WZ control region (CR) VR - - - -
ce/Ukl WZCR < v v v
SR - v v v
» Additional validation region defined in the eu# channel, epl VR v - - -
. . . . WZCR v v v v
inverting mass requirement used to define the SR
Process m(ep) < 150GeV  m(eu) > 150 GeV
Nonprompt 351+£92 146 £ 38
WZ 275+ 64 145 435
TR 77 332465 13.1+26
Expected background contributions and o 170L8e 150160
number of events observed in data W 47.6+£10.0 40.0+9.1
tHZ 391479 25.8 + 5.4
ttH 282445 100+ 1.6
tZq 55+ 1.1 25405
Other backgrounds 73+37 45+£23
Total expected background 8054123 398 £57
Data 783 378
CLFV 239 + 14 6195 + 305
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Search for CLFV in top quark sector in trilepton

final states :

» Kinematic distributions of final-state particles very different in 2 sgn regions: top production and decay CLFV interactions
o presence of high-p; lepton in top production sgn
o flavor of up-type quarkin LFV interaction (up vs charm) have minor impact on kinematics

CMS Preliminary 138 fb (13 Tev) CMS Preliminary 138 fb (13 Tev)
450= ey | 4 Data’ .VV(V) 450 | T Data .VV(V) T

R, 1 V Ct®+X(X) DNonprompt 400 Ct®+X(X) DNonprompt
S m(ep) < 150 Ge EWZ  Zstate syst SR m(eu) > 150 GeV B2 7St eyet

CLFV (= =3) 350 CLFV (" = 0.05)

Events / bin
Events /0.1

BDT output targeting CLFV top
quark decay (left) and production
(right) signal

Bolonlnnlinln ‘\H\‘HH‘HH‘HH‘HH

IR AV////‘/ //V////M //%/é §

5
TR S /)/
;//////////{///////// /4%/// /%/47/ %

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 01 02 03 04 05 06 07 08 09 1
BDT discriminant BDT discriminant

* Most important input variables to the BDT model targeting the top quark
* decay: inv mass of Z boson candidate, number of b-tagged jets, and inv mass of the flavor-violating top quark
* production: invariant mass of the flavor-violating ep pair, pT of flavor-violating electron, and pT of the flavor-violating muon
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CLFV putqt interactions in

top-quark production and decay




CLFV utqt interactions in top-quark production

and decay:

» Top production and decay processes under study, are described by SU(3). X Operator | Lorentz Structure
. 0, Ty 1) (Gryuar) Vector
SU(2)x U(1)y dim-6 EFT operators ik | o
. . oY (Liy*o1;)(Gryuotq) Vector
o listincludes all relevant 2Q2L operators that contribute l(‘{ -
173 5. . -
o Convention used: [,q: LH lepton and quark doublets, u,e are RH up-type quark Oi?_kl) (f‘yﬂef)(qky"ql) Vector
and charged-lepton singlets. Indices i, j represent LF generations; k, [ are the Oz:fj_ (Ley#1)) Gy uur) Vector
quark flavor generations. Ol | (eyte) (@xy,m) Vector
20,00 | (Lie)e(Grm) Scalar
> Wilson coefficients may be assigned to each operator in table. s Oie(;,ukz) (io#¥e,)8(Gxorupur)  Tensor
o Non-zero Wilson coefficients lead to a large cLFV single-top-quark production
cross-section and so this process dominates search sensitivity
- my my —(ijk3),2 (le3) 2 (ijk3) 2 (ijk3) 2
D 66700 = o (%) {41, TP + 41l P + a1 + 41c)
1(jik3) 2 1(ij3k) |2 3(jik3) 2 3(ij3k) |2
+|Clequ | |clequ l + 48|clequ | + 48|clequ | }

The range of Wilson coefficient limits set by re-interpretation of a previous ATLAS FCNC search in the tZq channel corresponds
to minimal and maximal BR limits: BR(t — pru) < 3.5 x 107° and BR(t — prc) < 3.0 x 10-* for respective operators
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CLFV utqt interactions in top-quark production

and decay:

» Theoretical cross sections, for single-top production Cross section o+ + PDF (fb)

—scale

and top decays through cLFV interactions involving cUik3) Czle(;ﬁk” C?e(;i“)
vector, scalar and tensor EFT Wilson coefficients Production £ ut 118+2f; +1 101+2116 +1 2150#;12% +20

Production £fct | 7912 £1.6 61915  153%2,£29

Decay ¢£ gt 6.911% £0.1 3.46*0%0 +0.03 166" +2

Signal cross-section dominated by the gu — tt*'F process which
leads to stronger limits on utut interactions than utct
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CLFV utqt interactions in top-quark production
and decay:

Number of leptons

N, =3, pr >10 GeV, |n| < 2.5

Leading muon / electron py pr i, 27 GeV
» Multiple selections defined for regions which focus on either cLFV sgn Trigger matching > 1 trigger-matched muon / electron
Sum of lepton charges S ==+1
processes, or t.o corlstraln normallsatlon of fakg-lepton bkg. —emi | em | omr | onen
o Allanalysis regions are subject to same preselection cuts Lepton flavour 21 Thngvis 2ule (6 = p)
Niets >2 1 >2 >2
. . . . Ni_ags 1 1 1 <2
» Normalisations of sgn and non-prompt muon are obtained from simultaneous Muon py eut >15GeV | >15GeV | > 15 GeV | > 10 GeV
. . . . . . Lo i i Lowest pp muon selection Tight Tight Tight Loose
profile-likelihood fit to 3 regions with syst. uncertainties included as nuisance Muon charges ss ss 0s -
[mSF — My| - - <10 GeV | >10 GeV
parameters
%] T T §2] T T
§ 10t ATLAS Preliminary ¢ Data [‘]Signal (dec.) []Signal (prod.) § 104k ATLAS Preliminary & Data []Signal (dec.) []Signal (prod.)
w Vs =13 TeV, 139 fo”' W Fake © VNV Wt+X w (s =13 TeV, 139 b WFake t VVVVV Wt+X
CLFV {T+X M Other M (T+NPu CLFV {T+X I Other M (i+NPu
Pre-Fit i Other+NPu [l Fake e 77 Uncertainty Post-Fit [ Other+NPu  [llFake e 77 Uncertainty
10°F 10°
10°F | 10?
(]
10 ‘ /* 10
% 0 3 !
0.75 ” 8 075} g
e 0.5 . . 0.5 - +
SR1 SR2

SR1 SR2 CRtiu CRtfp

il
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CLFV utqt interactions in top-quark production

and decay:

» Two signal regions (SRs):

T T
10tk ATLAS Preliminary ¢ Data [T]Signal (dec.) []Signal (prod.)

. . . . L%) (s =13 TeV, 139 fo" WFake VWV WX
o SR1 targeting cLFV in decay diagrams — > 1 jet (one b-tagged) oLFV #x  mOmer B NPy
Post-Fit W Other+NPu [l Fake e 77 Uncertainty

o SR2 targeting cLFV in production diagrams — exactly 1 b-tagged jet 10°F

» Main backgrounds: 107}
o tt events with non-prompt muons from HF decays inside jets, +

1o

o associated top production processes (tt Z, tt W, tt H),
o diboson events (WZ, ZZ),
o events with jets misidentified as 7 leptons («fake t»).

1

1, 2: 27 /%/ ///// %/ S s mssass

0.7!

(v prompt lepton bkg modelled by MC 0®

v yield of non prompt muon bkg determined through a template fit in dedicated CR /
containing dilepton tt events with 1e + 1u, and additional NP muon from hadronic decay

Data / Pred.

v contribution of fake 7 bkg determined with a data-driven scale factor method in a dedicated CR, targeting 2 OS muons +
 one hadronically decaying 7, designed to be enriched in events with a jet misidentified as a t lepton.

Signal contribution in SRs estimated with a binned profile-likelihood fit,
with syst. uncertainties modelled as nuisance parameters
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CLFV utqt interactions in top-quark production

and decay:

Process | CRr(dp) | CRt(@3p)
. Z + fake Thad.vis 1060 + 110 341 + 68
» Systematic effects may. change éxpécted. numbers of evts from sgn 17 + fake Tp.gor 99 + 22 36 + 15
and bkg and shape of fitted distributions in SRs and CRs Other fake Thaqvis | 24.9 + 2.4 812 + 081
Z + NP 0.050 + 0.068 | 0.04 + 0.12
» These effects are evaluated by varying each source of syst. ti+NP,Z 1.95 + 057 038 + 0.36
uncertainty by *10 and considering resulting deviation from the ttH 0.828 + 0.094 | 0.257 + 0.034
nominal expectation as uncertainty nw 063 £ 032 | 022 + 012
1tz 152 + 1.9 477 = 0.61
» Cross-section uncertainties motivated by SM predictions are applied Wz 21.8 £ 6.7 64 + 2.0
77 11.1 + 3.7 30 £ 1.0
to each bkg process 1+X 117 + 1.3 | 339 = 041
\'A'AY 045 + 0.23 | 0.077 + 0.042
Other 16.8 + 8.5 57 + 29
Total | 1270 + 120 | 409 + 71
Data | 1314 | 356

»  Largest systematics relate to tt modelling and NP muon estimation (highly correlated due to composition of CRtZu).

« Signal modelling uncertainties found to have negligible impact
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CLFV utqt interactions in top-quark production

and decay:

» Post-fit evt yields for each analysis region entering the fit, Process | SR1 | SR2 | CRttu

with correlations on the full syst. uncertainties considered 17 + NPy 82 + 33 40 + 1.5 166 + 15
as determined in the fit under a signal+bkg hypothesis. Z + NPy 020 + 0.10 | 0.025 + 0.013 | 1.80 + 0.87
Fake Thag.vis 2.54 + 0.54 | 0.288 + 0.066 -
> The “fake electron” category collects small contributions Fels electon - - =8 & 50
o - . _ ttH 290 £ 075 | 0.179 + 0.077 | 125 + 0.18
primarily from tt y and Zy which enter the event selection HW 28 + 2.0 092 + 0.67 1.08 + 0.54
\\/4 224 + 0.81 091 + 0.31 73 £ 23
77 0.266 + 0.095 | 0.222 + 0.081 1.75 + 0.55
t+X 1.58 + 0.13 0.611 + 0.070 -
W +jets 0.27 + 0.14 - -
\'A'AY 1.35 + 0.67 049 + 0.25 047 + 0.24
Other 0.080 + 0.040 - 1.11 + 0.55
Total | 267 +45 | 9122 | 201« 14
Signal (production) 14 £ 54 06 + 24 0.008 + 0.030
Signal (decay) 0.05 = 0.22 | 0.007 + 0.028 | 0.009 + 0.034
Data | 28 | 8 | 202
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Search for heavy resonances and

QBH in eu, et , ut final states




Search for heavy resonances and
QBH in ey, et, ut final states - £=138 75"

Vs = 13 TeV

» Extensions of SM can accommodate heavy particles undergoing LFV decays
» Analysis designed to be as model-independent as possible
Results are also interpreted in terms of characteristics of following possible states:

o a Tsneutrino (V;), lightest SUSY particle in RPV SUSY models
G ¢
o aheavy Z' gauge boson in LFV models ¥

o quantum black holes (QBH) in ADD model (n=4)
By & 'Y £

QBH
» Only one eu and et,, or ut;, pair considered per event:
& ¢ o if > 1 candidate, pair with highest inv. mass selected

» Statistical interpretations performed by comparing observed inv mass shapes for different final states
with those expected for signal and bkg
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Search for heavy resonances & QBH in

eu, et, Ut:

eu final state

et, ut final state

» Events with at least: » Events with at least:
o 1 prompt, isolated electron (pr > 35 GeV, |n|<2.5) o 1 prompt, isolated light lepton (electron or muon,
o 1 prompt, isolated muon (pr> 50 GeV, |n|<2.4) with same requirements as for eu channel)

o 1 prompt, isolated zy, (pr> 50 GeV, |n|<2.3)
o my>120 GeV (to reject misidentified y, bkg)

» Muon veto applied in et final state to remove overlap
» Only one eu and et or ut pair is considered per event: with the ut and ey final states
o if > 1 candidate, pair with highest inv. mass selected)

» Leptons forming the pair are not required to have opposite electric charges:
o to prevent loss in sgn efficiency from misidentification of the sign of the lepton charge at large p;

Statistical interpretations performed by comparing shapes of observed invariant mass (for eu) and collinear

mass distributions (for et or ut) with those expected for the sgn and bkg:
o the collinear mass provides an estimate of the mass of new resonance or QBH based on their observed decay products
o since sgn mass scale >> m,, T decay products are highly Lorentz boosted in z direction

0 Mgy = My;g /4/X%5 with my,;s: inv mass of visible T decay products, x¥S: fraction of energy carried by visible T decay products
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Search for heavy resonances & QBH in

eu, et, Ut:

138 tb™' (13 TeV) 138 b (13 TeV)
T T T T

> 107_—l I-}-DataI ' — > 106_;'””'-'0-'Dvat'a"”"”' — > 10° ' —-Data ' —
8 108 _CMS it I Single t —— LFVZ' 1.6 TeV —] 8 _CMS MisID t WM Singlet —— LFVZ' 1.6 TeV _| 8 _CMS MisID t WM Single t —— LFVZ' 1.6 TeV _|
= B el Multijets Zs il e GBH1.6Tev | T [ et mti Zs il e QBH1.6TeV 7 g [ ut mti Zs il e QBH1.6TeV |
o - Diboson g Uncertainty —----- RPV16TeV o — Diboson g Uncertainty — ----- RPV16TeV ] ) - Diboson g Uncertainty  ----- RPV16TeV
g - q € — - g = -
> - BRI -4 > 10°F =
W 10°E = W - w -
102F 102 ! 102 e
'g 2 ; 8 3 g—l T r T T - B 2 E T T T T T I T
a - a 2F a g
8 1 3 1 R
© E. . . . \ ' X = E ) ) , , . © E . , , . . X
o 0 0 500 1000 1500 2000 2500 3000 © ©° 0 500 1000 1500 2000 2500 3000 © 0 0 500 1000 1500 2000 2500 3000
Mg, [GeV] M, [GeV] m,. [GeV]
o RPV SUSY model (4 = A4’ = 0.01) t sneutrino mass of 1.6 TeV o ..
o LFV Z' (B = 0.1) boson with a mass=1.6 TeV, No significant deviations from
o QBH signal expectation for n=4 and a threshold mass of 1.6 TeV expected SM bkg
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Search for heavy resonances & QBH in

eu, et, Ut:

138fb™ (13 TeV) 138 fb' (13 TeV) 138 b (13 TeV)
a R L a rrrrTTTT T a L
£ [\ cms T heMeon 2 — LFVZ (B=01) = —ADD(n-4) ]
Q16 Vooep T hER=0T o ® 3
X 95% CL upper limits 9% CLupper Imits X 95% CL upper lmits 3
o) i Servi Serv -1
10 - al;(sj?anr/‘e:x ted ---- Median expected © ---- Median expected 3
. 68% expegzcd 3 I 68% expected B 68% expected ]
95% expected - 95% expected 95% expected ]
1 - E
E 107 -
1o ] | 1 ¥ 1 | 1 |l Y
500 000 1500 2000 2500 3000 3500 4000 4500 5000 102 %00 4000 5000 8000 10°% T RN R
m;, (GeV) m;. (GeV) m,, (GeV
1381 (13Tevy  EXPpected and observed UL on o x B @95% CL as a function of T sneutrino
= /AL ALY mass in RPV SUSY, Z' with LFV decays, and QBH threshold mass gent
X\
f/ |

107

102

95% CL exclusion limits
Expected limit A = 0.07
—— Observed limit A = 0.07
------- Observed limit A = 0.05
— —~ Observed limit A = 0.01
—— Observed limit L = 0.007

10°

S I PR FERWE FEETE SNEE SENTE SR ST S e
10 500 1000 1500 2000 2500 3000 3500 4000 4500
m; (GeV)

\ Exclusion limits @ 95% CL on RPV SUSY
model in plane of T sneutrino mass and A’
coupling
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Search for heavy resonances & QBH in

eu, et, Ut:

138 b (13 TeV)

138 b (13 TeV) 138 fb™' (13 TeV)

3105 LEN L S S B B R O O B T 3105 L B S S L L | T 3105 LA B S B B S T

= CMS —— LFVZ'(B=0.1) = CMS —— LFVZ' (B=0.1) = —— LFVZ'(B=0.1)
AQ 10 ) AQ 10

X Z-ep 95% CL upper limits 95% CL upper limits X 95% CL upper limits

Observed
---- Median expected
I 68% expected
95% expected

Observed
---- Median expected
I 68% expected
95% expected

Observed 0 10
---- Median expected
I 68% expected

95% expected 1

2l L I
1000

L 1
2000

P I S T ST R B SRS ol o b v o b v b e Lo 1 | ) I P R SR IR R
3000 4000 5000 6000 1000 2000 3000 4000 5000 6000 1000 2000 3000

m,. (GeV) m,. (GeV) m,. (GeV)

Expected and observed 95% CL UL on the product of the cross section and
the BR for a Z' boson with LFV decays

* Observed (expected) limits shown in black solid (dashed) lines for the eu, et, ut channels.
* The shaded bands represent 68% and uncertainties in expected limits.
* The red solid lines show predicted product of the cross section and the BR as a function of Z’' mass (with B = 0.1).
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Search for heavy resonances & QBH in

eu, et, Ut:

138 fb™ (13 TeV)

102

95% CL upper limits
—— Observed

---- Median expected 3

Il 68% expected
95% expected

L L 11 11 1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

m, (GeV)

CcmMs

vV.—ert

138 b (13 TeV)

— A=1'=0.01
— A=1"=0.1

95% CL upper limits

Observed

---- Median expected

I 68% expected
95% expected

PEERETTTY BN SRR RTIT BRI R

ol vl

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
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o X B (fb)
2

CMS

Tl

| I

V.o Ut

I NN

138 b (13 TeV)

— A=1'=0.01
— A=A1'=01

95% CL upper limits

Observed

---- Median expected

I 68% expected
95% expected

vl vl il

Lol

ul

Il PN SR N

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

m, (GeV)

Expected and observed 95% CL UL on the product of the cross section and the BR

* Observed (expected) limits shown in black solid (dashed) lines for the eu, et, ut channels.

* The shaded bands represent 68% and

uncertainties in expected limits.

as a function of the T sneutrino mass in an RPV SUSY model

* The red and blue solid lines show predicted product of the cross section and the BR as a function of the tau sneutrion
mass for 2 different values of the couplings.
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Search for heavy resonances & QBH in

eu, et, Ut:

138 b (13 TeV)
—

138 1b" (13 TeV) 138 b (13 TeV)
L B B UL B

3 L I T T l LI B l T 1 7T 3 T 3 3 T
:wa CMS —— ADD (n=4) ::103 —— ADD (n=4) ] :, —— ADD (n=4)
. 3 10°
« QBH-—ep 95% CL upper limits 1 x 95% CL upper limits 3 95% CL upper limits 3
o Observed 1 © Observed : o Observed .
---- Median expected 3 107 ---- Median expected 3 107 ---- Median expected 3
B 68% expected 3 N 68% expected 3 B 68% expected 3
95% expected N 0 95% expected " 95% expected
=5 1 E ;
107 = 107 w 107 ¥
joele Lo L L L L oeb Lo e e L . ..|....1....1..A.|..Hl....l_
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000 10 050 5000 3000 4000 5000 5000
my, (GeV) my, (GeV) m,, (GeV)

Expected and observed 95% CL UL on the product of the cross section and the BR
for QBH production in an ADD model with n = 4 extra dimensions

* Observed (expected) limits shown in black solid (dashed) lines for the eu, et, ut channels.
* The shaded bands represent 68% and uncertainties in expected limits.
+ The red solid lines show predicted product of the cross section and the BR as a function of QBH threshold mass.
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Search for heavy resonances & QBH in

eu, et, Ut:

138 b’ (13 TeV) 138 b (13 TeV) 138 b (13 TeV)
;< II,IIIIIIIII:|III:,IIIII; :< :IIII IIIIIIIlllll:ﬂlllll:’]llllllI: :< _IIIIIIIIIIII Illllllllllllllll:llll IIIIII:
10" P4 10 3 107k E
. g E E 3 - E
p"":‘. ] L ]
102 3 102 E 1072 E
- 95% CL exclusion limits | . 95% CL exclusion limits 95% CL exclusion limits ]
Expected limit = 0.07 107 Expected limit 1 = 0.07 10°E Expected limit A = 0.07
i ——— Observed limit A = 0.07 E —— Observed limit A = 0.07 1 - —— Observed limit A = 0.07
| Observed limit 1 = 0.05 | ol T Observed limit = 0.05 | D Observed limit A = 0.05
5 ——= Observed limit 4= 0.01 1 ——= Observed limit2.=001 3 10§ ——~ Observed limit A =0.01
10—5IIIIIIIIIIIlllllllllllllllllll|IIIIIIIIIIIIIIJ 10—5||||||||||||||||||||1|||||||||||||1|||||||||| 7-||||||1||||||||||||;|||||||||||||||||||||-
500 1000 1500 2000 2500 3000 3500 ;10.0(% ésg{)/ ) 500 1000 1500 2000 2500 3000 3500 r%ooo( ésg% ) 10 0651500 250635003900 35004060
5 v, mv (GeV)

Exclusion limits @ 95% CL on the RPV SUSY model in the plane of T sneutrino mass and
A’ coupling, for 4 values of A couplings

* The regions to the left of and above the curves are excluded.
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Search for heavy resonances & QBH in

et, Ut:

O N 138107 (13 TeV) o g B 08T 1381713 Tev)
g CMS 95% CL upper limits CMS 95% CL upper limits g CMS 95% CL upper limits
w1'E ep —Obs§rved Pk et —Obsgrved Witk ut —Obsclarved

X ---Median expected ---Median expected X ---Median expected
< ¢ B 68% expected B 68% expected <y B 68% expected

95% expected

95% expected

95% expected

o xBXx Axe (b)
3 3

L I5‘;°I - I1°|°°| - .‘5I°°' - I2°|°°I - I25I°°I o 5(!0' o0 0 200 l25100l e '5(|)o' '1o|oo' — '15|oo' = '20'00' '25|oo'
miv (GeV) mmin (GeV) mmin (GeV)
Model-independent UL @ 95% CL on the product of the cross section,
the BR, acceptance, and efficiency
* Observed (expected) limits shown in black solid (dashed) lines for the eu, et, ut channels.
* The shaded bands represent 68% and uncertainties in expected limits.
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Search for heavy resonances & QBH in

eu, et, Ut:

No evidence is found for physics beyond the SM

» Upper limits set @95% C.L. on the product of the cross section and BR for LFV signals:
o Resonant t sneutrinos excluded for masses up to:
= 4.2 TeV inthe eu channel,
= 3.7 TeV in the et channel,
= 3.6 TeV in the ut channel.
o A Z'boson with LFV couplings is excluded up to a mass of for masses up to:
= 5.0 TeV in the eu channel,
= 4.3 TeV in the et channel,
= 4.1 TeV in the ut channel.
o Quantum black holes in the ADD benchmark model excluded up to the threshold mass of:
= 5.6 TeV in the eu channel,
= 5.2 TeV in the et channel,
= 5.0 TeV in the ut channel.

» Model-independent limits also extracted for comparisons
with other models for same final states and similar event selections
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Lepton flavor universality violation




R(K): test of LFU in B — K*¢*¢~ decays

* First R(K) measurement by CMS, with 2018 B-parking data

electron
AN IP vtx

B(probe) o Btag)
pv

Results:
- Differential measurement of BR(B* —» K*u*u™) in a wide g2 range
« Measurement in the low-g? bin in agreement with the world-average, with unc. reduced by 40%

* R(K)ing2e[1.1;6.0] GeV?

- ++) (a2 - +ote—) (a2
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BPH-22-005



https://cds.cern.ch/record/2868987?ln=en

R(J/Psi): LFU test in semileptonic decays BT — J/ y£*v

* First measurement of R(J/Psi) by CMS with 2018 data
» Tau leptonic decay 1" — u*v,v,, 3u trigger optimized for the J/ ¢ + p final state
* R(J/Psi) extracted from sim. maximum likelihood fit on g? and Lyy/OL,

* Resultin agreement with SM (0.3 o) and LHCb (1.3 o), limited by stats and theoretical uncertainties on

the Bc form factorsB(BJr ]/l/) = )
—)/yTv 021 0.19
R(J/vp) = = (Bi w7 +VT) = 0.177018 (stat.) 75, (syst.) T yqg (theo.) = 0.17 +0.33,
c u
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https://arxiv.org/abs/2007.06956
http://www.arxiv.org/abs/1711.05623
https://cds.cern.ch/record/2868988
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Upgrades, projections,

a glance to the future




Future perspectives for LFV search in T decays
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Bounds on Tau Lepton Flavor Data from the existing experiments are compiled by HFLAV; projections of the Belle-II

bounds were performed by the Belle-ll collaboration assuming 50 ab™ of integrated luminosity.
arXiv:1812.07638
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CMS muon system upgrade during LS3
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