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https://indico.desy.de/event/34916/

Lepton Flavour (Universality) Violation

 Lepton Flavour Violation (LFV)

* There is evidence of neutral LFV through neutrino oscillations

NuclPhysB(2007)02.014 T
 Charged LFV happens in loop diagrams with v mixing, but strongly suppressed (rate

. SM extensions predict larger BR up to 10710 — 10~°
EPJC57(2008)13-182

u > u
 Lepton Flavour Universality Violation BT F Lo , K
L )
* In SM EW couplings are the same for the three lepton flavours \ \
 SM extensions predict different couplings
T -

Lepton Flavour Is a strategic sector to look for new Physics!
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https://doi.org/10.1016/j.nuclphysbps.2007.02.014
https://link.springer.com/article/10.1140/epjc/s10052-008-0715-2

Anomalies

* Several experiments suggest deviations from the SM predictions:

 Most recent deviations in indirect LFUV searches in B-sector by LHCDb

No tension
with SM
prediction

B RBH, > Hu*u™)
B RB(H, - Hete)

e Loop-level —- smaller BR

e L-less

 Precise predictions

14F LHCb Rg  low-g? =0.994700%
[ 9fb! Ry central-g> = 0.949790%
1.2} Ry low-¢° = 0.927"305
Tt Ry central-¢> = 1.02745(()).8%
& I
S ol 4 4}_
< r ] {
0.8
- I Data x?=16,p=0812,0=0.2
06 — M

Ry low-¢> Ry central-¢> Ry low-¢° Ry central-g°

arXiv:2212.09153 arXiv:2212.09152

3 BH, - Hr7U)

RH — _
C ‘%(Hb — HCﬂ_yﬂ)

 tree-level — large BR; sensitive

to syst unc \ _
Ve

e s in the final state

e Sensitive to QCD calculations

~ 04
* n
e
M =
0.35
: 3 t .
03| O e I l s I O I I
|
— with the SM
= ] [ | [ |
- World Average .
02 4 HFLAV SM Prediction R(D) = 0357 £0.029,,,,, .
- R(D) =0.298 + 0.004 R(_D_’B) ;70»284 0012, -
~ R(D*) = 0.254 + 0.005 l@ (- 2 - 339 :
.........................................

0.2 0.25 03 0.35 04 0.45 0.5 0.55

arXiv:2302.02886
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https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09152
https://arxiv.org/abs/2302.02886

Proposed Explanations

e |f LF(U)V exist and are confirmed, what are the proposed explanations for
these deviations from the SM? ;h/

% \
» Extensions of the SM such as: LQ >M;1M
* Charged Higgs bosons [1] [2] [3] ?;C( \‘\ ]

» New vector bosons EXO summary a4 A

Many analyses on going to search for these particles

Federica Riti 4


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-017/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-021/index.html
https://link.springer.com/article/10.1007/JHEP07(2020)126
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/CurrentBarChartVersion_v6.svg
http://cds.cern.ch/record/2859388?ln=fr
http://cds.cern.ch/record/2815309

What do we do at CMS?

* A huge effort has been done in CMS in the past years to make LF(U)V measurements possible

. IN many sectors

* Higgs sector — Search for H — ey arXiv:2305.18106 — G. Correia Silva's talk

— Search for H — et and H — ut Phys. Rev. D 104, 032013

In this

* Leptonic decays — Search for LFV 7 — 3u decays CMS-PAS-BPH-21-005 talk J

. Top quark decays — Search for LFV in top quark sector CMS-PAS-TOP-22-005 { "™

-]

* EXotic sector — Search for LQ coupling with 7 and b CMS-PAS-EXO-19-016

— Search for LFUV 2’ CMS-PAS-EX0-22-016 { "1+ )

,’i
. talk‘ P
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https://arxiv.org/abs/2305.18106
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032013
https://cds.cern.ch/record/2860087?ln=en
http://cds.cern.ch/record/2851002
http://cds.cern.ch/record/2815309
http://cds.cern.ch/record/2859355?ln=fr
https://indico.desy.de/event/34916/contributions/146799/

What do we do at CMS?

* A huge effort has been done in CMS in the past years to make LF(U)V measurements possible

» Single and double 11 and high rate double e triggers campaign in 2018 and Run Il to
provide datasets for LF(U)V

PAS will be available in

* R(X) LF(U)V measurements e next caye, check At

In this

Measurement of the R(J/y) ratio in the leptonic channel (CMS-BPH-22-012) ' talk

[
7
7
R

@ Lepton flavor universality test via R(K) measurement (CMS-BPH-22—OO5)\

- Angular Analyses — B" — K*OIuJ“/,t_, BT —» KO+ U~ _———"G. Kar?t:\kanams
talk
(BPH-15-009, BPH-15-001, BPH-15-008)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-15-009/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-15-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-15-008/index.html
https://indico.desy.de/event/34916/contributions/146878/
https://indico.desy.de/event/34916/contributions/146878/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH/index.html

CMS-PAS-TOP-22-005

Search for LFV in top quark sector untl £ = 138 07

e o BDT discriminants
 Signal processes: decay (m(eu) < 150 . _ CMS preliminary 138 16" (13 TeV) i’
GeV) and production (m(eu) > 150 GeV) 2 ) < 150 GeV oo Mo | O
= mwz 77 Stat. @ syst. E 'c
« SM Background processes: & A
g . g m(e,u) <150GeV | | ¢
 Prompt background: from SM processes that produce at least 3 E o
leptons via decays of EW bosons — simulation E &’
 Non-prompt backgrounds: fail the above criterion — Data-driven “TNE
« Selection: Exactly 3 charged leptons and at least 1 jet and at most 1 b-
jet
- : : : : : : : C CMS imi fo Vv
» Fit: Binned likelihood function on 6 categories, using BDT discriminants S T .“iiw, '“STel;
] ] ] - E E_ g’ﬁl m(ew) > 150 GeV []t(®)+X(X) [ ]Nonprompt _i g
Limits on Wilson coefficients Limits on BR § Horvumom 1 | O
o CMS Preliminary 138 fb™ (13 TeV) ) CMS Preliminary 138 fb™ (13 TeV) ; j E -U
- o © of e + m(ep) >150 GeV — | 3
* No excess over &= — - : | ol — - EI =
the SM S, 03— o 5o Reop e 2 ER =
e ol hast T % ozf - EI
pred|Ct|0n 0'2; 0.15 — = =.-
0.15_ ........ g
 Most stringent |
= = L " N . ) 0.1 O. 0. 0. 0.5 0. 0.7 0. 0.9
005 . ‘ : \ 2 03 04 6 8
limits e L . L .. O I L . BDT discriminant
Cout/ A2 (TeV?) B(t—euu)x 10°
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CMS-PAS-EXO-22-016

Search for Z’ with b quark jets Run il & = 138 fb!

138 fb™' (13 TeV) b 6 138 b (13 TeV)
- ous é Data § B CMS. . § Data
C  Preliminary @ [ Preliminary
L ——— Exponential 51— —— Exponential
12— Np=1 T N2

wwwwwwwww

* Previous searches at LHC not sensitive to Z’ coupling to 2nd or I R
3rd generation of quarks :%

» Bkg sources substantially reduced in this analysis with respectto 7 # T T, H | A H H ‘Hm HH| HH|||H
previous dilepton+b quark searches USRS £ L0k S v EM Wl

138 b (13 TeV)

] -1 -1
. Signal: . e B
. ™ — 4
35 f2b=0 a5 Preliminary be—0.5 -] % i —— Obsenved ]
—— Observed —— Observed Median expected

—— Median expected .
B 68% expected
95% expected ]

30 B 68% expected 1
95% expected

8
lllllllll

—— Median expected
I 68% expected
95% expected

W
o

» 7' — pu resonance with m, > 350 GeV and
with at least 1 b quark jet

25
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 Background sources
1. DY

2. tt production s (Gl e (G

——
o
—
[=)
|
—h
o

95% CL upper limit on number of events
95% CL upper limit on number of events

1 i ' 'S

o o
o 1))

o o

3. tZ+X, tW+X and 17V, diboson production R TR R TR
 Result: No significant excess observed (\J ::05222:: :
* Model-independent limits \— E Er
* Coupling parameters limits i o e
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http://cds.cern.ch/record/2859355?ln=fr

Search for LFV r — 3. decays

 New analysis using 2017 and 2018
data, combined with previous result
using 2016 data JHEPO01(2021)163

CMS-PAS-BPH-21-005
Runll & = 138 fb~!

90% CL upper limits on T LFV decays

» Best limit set from Belle collaboration .| . fatan 7
HB(t — 3u) <2.1-107°at90 % . SSEs
CL PLB687(2010)139-143 : EEEE AENNENENEAFYK.
-_0 | + " ., = . ¥ | ¢
* This search uses 7 produced in Tt o (EEEESEEESEsSSEEs
» heavy-flavor hadron decays P RSCIRLIS
10_8-_1111IIIIIII?IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
* W boson decay R EE NGOG TGS IEISFIEFEFEEEEECETES
@ q} : ATEAS - B;Bar ¢ Belle 4 CLEO v LHCb
9
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https://doi.org/10.1007/JHEP01(2021)163
https://www.sciencedirect.com/science/article/pii/S0370269310003576?via%3Dihub
https://cds.cern.ch/record/2860087

CMS-PAS-BPH-21-005
Runll & = 138 fb~!

Search for LFV r — 3. decays

2018, 59.7 fb"' (13 TeV) 2018, 59.7 fb' (13 TeV)
> s > 9:,_
r from Heavy-Flavour (HF) mesons . Foms  wrcmegoyat | 2 ToMS e catogary
= [ Preliminary ;722 ™" = | Preliminary ;200%™
E “r —— Signal (B=10") ;‘-:; ?g —— Signal (B=10")
T . —— Background-only fit a1 6 :, —— Background-only fit
Abundant, but challenging for low p;and high |7 | muons ;
HLT paths require: 2ex and 1 trk (2017) or 3u (2018) L “
Veto on dimuon decays from hadronic resonances to suppress 0:. | INC L TTRT ‘L , I HILTIL I
b kg | | | | | ;n(Su). [GeV] | | | | | ;n(3u)' [GeV]

2018, 59.7 fb (13 TeV)

- + + +,, =t >
To reduce uncertainties, D" — ¢orT — uTu nTis used to 2 Tems 1 Ontemry O
normalise the signal yield > °F Preliminary [ ™"
_ f:j . — :agcr:(a;rﬁ;zor)ﬂy fi
9 categories for each year: 4
3 defined from m(3u) resolution 2
« BDT trained to improve signal to bkg ratio — 3 L{L .I |1
Subcategories 056 17 175 1.8 185 1;(&:)9[SGBVT
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https://cds.cern.ch/record/2860087

CMS-PAS-BPH-21-005
Runll & = 138 fb~!

Search for LFV r — 3. decays

fro W boso n deca 2018, 59.8 fo (13 TeV) 2018, 59.8 fb.1 (13 TeV)
- -~
T m Y : 2
e s CMS W Category A o 5" CMS W Category B
2 [ Preliminary I pas 2 [ Preliminary I Das
= Signal (B=107) = Signal (B=10")
— Background-only fit — Background-only fit

e WH > Ty, > ptutpty,

()
()

N
N

* |Less abundant, but more clear signature:

1 i ! 1
\

’ WeII iSOIated from hadron aCtiVity QG 165 1.7 175 1.8 1;5 19 185 2 ? 165 1.7 .l'. 1.85 19 185 2
 m(3w[Gev]  m(3)[GeV]
: 2018, 59.8 fb™ (13 TeV)
* High py 3
e s CMS W Category C
: : 2 [ Preliminary 1 Dea
* Veto on dimuon decays from hadronic — w0
resonances to suppress bkg 3

-

-

1 ~| nIn | tie 4 »4‘#
|

06 165 1.7 175 18 185 18 185 2

m(3u) [GeV]

n
L

« BDT trained to further reduce bkg
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https://cds.cern.ch/record/2860087

CMS-PAS-BPH-21-005
Runll &£ = 138 fb~!

Search for LFV r — 3. decays

Results
15X 10°® Up to 131 fb™ (13 TeV)
. e - CMS
o Fit to m(3u) mass distributions in 36 event - Preliminary

categories

—— Observed
----- Median expected
I 68% expected

95% expected

—
o
1 T 1

* No significant excess observed

90% CL on B(t—3p)

&)
T T 1

e Results combined with 2016 results:

Observed (expected) upper limit @ 90% of CL i _

B(T — 3/4) < 29 (24) X 10_8 O- HF analysis W analysis HF + W HF + W

2017+2018 2017+2018 201742018 2016+2017+2018

Observed (expected) upper limit @ 95% of CL

B(r — 3u) < 3.6 (3.0)x 107° Competitive with world best sensitivity

Federica Riti 12


https://cds.cern.ch/record/2860087

[ NEW |

2018: &£ =59.7 fb~!

Measurement of LFUV with R(J/y)

Introduction

RB(BT — Jlyrt™v)
BB — Jlyuty,)

R(J/y) =

SM prediction = 0.2582(38)
PhysRevl ett.125.222003

Previous Measurement: LHCb — 0.71 £ 0.17(stat) £ 0.18(sys?)
PhysRevLett.120.121801 26 from SM

- _|_ _|_ —
Leptonic channel — 7" — u'v v,

Similar final state 3u + vs), = same reconstruction and simultaneously fit

oliinear approximation to inter c -momentum p < = preco

mI"€CO

The analysis aims to separate 3v (hum.) vs 1v (den.) decays leveraging on
Kinematical observable: q2 = (pp — p]/l//)2

Federica Riti 13


https://link.aps.org/doi/10.1103/PhysRevLett.125.222003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

Measurement of LFUV with R(J/y)

Contributions
Signal 7: B. — J/ytv,

Signal yi: B, — J/yuy,

Muon fakes: J/y + misidentified hadron (mostly decay in flight K — uv)

H, bkg: combinatorial J/y + u

* feeddowns (exc cc to J/y);

» other J/y+charm. hadrons (mostly B — D"J/y)

Combinatorial dimuon + x4

to that of the J/y

: unrelated muons with m(uu) close

events / bin

[ NEW |

.. -1
CMS Preliminary 59.7 b (13 TeV)
4 | | I | | | | I | | | | I | | | | I | | | |
10 B sty Bi—Jwuy B Bi—-wesy'y
other B/—(cc)u*v [ B:—J/w H(h1..) H, mesons
H, baryons comb. dimuon + M+- fakes

CMS Preliminary 59.7 fb' (13 TeV)
3500 | | | | | | I | | | | | | | | I | | | | | | | | I | | | | | | | | I | | | | | | | |
B B -ty Bi—>J/Wu'y B B —w(es)u'v
other B! —(@c)uwtv [ B:—Jw H.(h1...) H, mesons
3000 H, bary comb. dimuon + u*.fakes
¢ observed stat. + syst. unc.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-22-012/index.html

Measurement of LFUV with R(J/y)

Muon Fakes bkg D
 Four regions defined on p; features: 5 isolation (ISO) and ID
iIso fakerate
 measurement of iso fakerate (fr.. ) in !ID: fit in multiple | ID C 4-{- D
dimensions using NN classifiers; outputs interpreted as !
event-by-event weights
| Apply -the friso rewe:ghted A Region
* application in SR: ISO fakerate CMS Primarly?eglorzg.nfr]Saolr\Zae:jghts MS PreliminE Reglg:b'1(13TeV) CMS rreiiminary 59.7 b (13 TeV)
weights applied to events in B to find ~ S..f= 7= compué I L e I e v
fakes in A 52223 o - - in 1D region |’ o - - 525005— - shape found in B
° 2 Fakes = data-MC -

Fakes(SR) = fr;,, - Data(B) — fr;,, - MC(B)

SO

In-situ estimation in the fit model

Federica Riti



Measurement of LFUV with R(J/y)

low real-mu regions for validation

Muon Fakes bkg - Validation

ISO =0.2 ISO =1.5 ISO =2
_ _ _ _ _ 1SO = 0 A A A ISO =+ inf
* Muon fakes estimation validated with several studies |
* Most representative: validation on data control regions D B’ 'f’”ISO B”
e [SO>1.5 — muon fakes enriched Apggg;l;'f"
* Same strategy of analysis: train NN in !ID; apply weights in B” F P i
to find fakes in B’ | \ ISO
D C | D’d—+—D"”
CMS poimiay 59.7 10’ (13 TeV) -
'_CE) -IB—>J/1P *y I B;—>J/1PIM+* -Elaetp(zs)u
~ 1200 ther B! —(Gc)u Bi>JWwH (h1..)  Hm — 1
12) H, baryons B rakes ¢ observed i 1 -
® 1000 s -
>

 Closure in B’ — good agreement data-fakes

800

e (Conservative uncertainties added to account for limited
statistics of the test
§ “Precoiiesepee—et o Several other uncertainties added to this data-driven bkg
) q? (GeV?)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-22-012/index.html

Measurement of LFUV with R(J/y)

Fit Model

Structure Variables

Binned maximum likelihood fit

CMS Prel/m/nary 59 7fb (13 TeV) i CMS Preliminary 59 71’ (13 TeV)

Free floating parameters: B. and H, normalisations RN R T '

T — B —J/wt'v
: —— fakes

BBt - Jlyrt POI - r
POl = R(J/w) value — RUIy) = 2 =TT v % _ por
BB~ Il's) 1

c

Blind strategy — multiply R(J/y) by unknown number (0,6)

Muon fakes estimate in-situ as part of the simultaneous fit

¢ reweighted
Jriso we:g © A Region
B Region

CMS Prel/m/nary 59 7 fb (13 TeV) CMS Pf ellm/nary 59 7 fb (13 TeV)
-1 : « 0.22FT 1 | ]
CMS Freiiminary 59.7 b (13 TeV) CMS Freiiminary 59.7 fb'' (13 TeV) F B ] _ : B —>J/‘Pu \
3000 [ EE—y F —— fakes ] b —— Bi=J/wt'y
other Bi—@c)u*v [l Bi—Jw H(h1...) . -
H, baryon comb. dimuon + u* akes Hb bkg i . L fakes

events / bin
events / bin

blnfakesB blndataB

1500 |-

1000 |

500

11E

0.9k : 9f~ ; e } Lt IIIEIBIII1-O
3u mass (GeV)
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Measurement of LFUV with R(J/

Fit Model

/ X Region A (1SO)
/ x Region B (!ISO)

» Jotal of 14 categories

* Jo control background HM |p3[)sig bins

* To optimise S/B

Contribution Uncertainty type Rel. Uncertainty AR(J/¢) - 10~

B, form factors 10 shapes — 18.2

fakes stat. non closure bin-by-bin shapes — 11.3

fakes background 2 shapes — 4.2 e - st i

fakes background norm. 13.0%(4+5% HM cat.) 2.5 5 10 Wl W
finite MC size bin-by-bin shapes — 5.3 e e [
IP3D/ 0tp3p, Lyy/ 07, coTT. 2 shapes — 4.4 3

muon ID, iso, trigger norm. 6.6% 2.5

J/¥ comb. norm. norm. 20.0% 1.3

B. bkg. BRs norm. 10.0 — 38.0% 0.7

H, sample composition norm. 10.0% for each H} 0.5 & .
Other norm. — < 0.1 E e

2 (GeV?

IP3D;, bins

Federica Riti 18



Measurement of LFUV with R(J/y)

Fit Model

CMS Preliminary 59.7 fb™ (13 TeV) CMS Preliminary 59.7 fb™ (13 TeV)
= :..I¢..up.valllljelllll.I....I.... %45.I¢..up.va.IlIJellllllllllllllll
" — central value Be—J/Wu'v FF#1 — central value Bi—J/Wt'v FF#1
¢ TOtaI Of 14 CategOrleS E) m : down value ' {2 40 : down value
c - C 35
- :
O 2500F @
 To control background = . i
:_ — 25
- 20
* To optimise S/B ; .
_ 10
Contribution Uncertainty type Rel. Uncertainty AR(J/¢) -102 5
fakes stat. non closure bin-by-bin shapes — 11.3 4qE) % "
fakes background 2 shapes — 4.2 % %
fakes background norm. 13.0%(+5% HM cat.) 2.5 > >
finite MC size bin-by-bin shapes — 5.3
IP3D/01psp, Ly, /07, cOTT. 2 shapes — 4.4 = =
ron T, iz S o e Theory uncertainties on the 5. form
J/¥ comb. norm. norm. 20.0% 1.3 -
B bkg, BRs norm. factors, which change the shape of
Hy, sample composition norm. 10.0% for each H 0.5 - -
Other norm, - <01 signal /i closer to that of signal 7

— big impact on the sensitivity

Federica Riti 19



[ NEW |

Measurement of LFUV with R(J/y)

Results
59.7 fb' (13 TeV)
1 8
_ 0.33 c | CMS
R(J/W) - 0'17—0.33 fn "E Preliminary S e
’ :— ----- Stat Only R(Jp) =0.17 "0 "%(Stat.) "> "%(Theo.) " 2! (Syst.
R(J/y) = O.l7f8§%(Syst. fg'ig(Theo.)J_“g'i?(Stat.) T Stat. + Theo. TR o PR TR o
| | | 5sf — Total
Compatibile with SM prediction within 0.3 ¢ .F
with LHCb result within 1.3 o £
. 2F
 The first LFUVresultinb — ¢/"7,in CMS, |
on limited part of the statistics (only 2018 't |
data) || TS

08 06 04080 B 04 06 08 T 12
e C g . R(JAp)
o Sensitivity expected to significantly improve

IN the next iteration
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-22-012/index.html

Conclusions

 LF(U)V is a very exciting field to look for new physics

* |n CMS a big effort is put into indirect and direct LF(U)V analyses

 Recent analyses have been shown in this presentation

« Search for H — eu

» Search for LFV in top quark sector
« Search for Z' bosons

 Search for LFV 7 — 3u decays

« Measurement of LFUV with R(J/y) ratio IE
* Don’t forget to follow LFU test via R(K) measurement (BPH-22-005) (G. Karathanasis' talk) @

Many analyses still ongoing and hopefully new interesting results very soon!

Federica Riti
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Additional materal



- arXiv:2305.18106
__._\f‘____/ (submitted to Phys. Rev. D)

/* ggH category VBF category
H prOdUCtion mOdeS: ﬂ : \A//%'— o %. t b - CMS Preliminary 138fb‘(13TeV) - CMS Preliminary 138fb‘(13TeV)
R y A e D . W e St Sif =T mow monwzwissues ]
* Vector boson fusion (VBF) )’/‘ —==2 T8 e e s
—_ W(Tt ) :
* Gluon fusion (ggH) 1 \ &
« Backgrounds:
* Leptonic decays of 1 and WW events
. " - Dominant |
DY events with misidentified lepton
* leptonic decays of top
L ggH BDT VBF BDT
« EW decays of W with misidentified jet N _
) CMS Preliminary 138 fo~' (13 TeV)
. € iogs CMS Preliminary 138 fb~' (13 TeV)
 Decay of H to 7, diboson, EW Z g L
Sensitivity optimisation:
1. Events categorisation for each prod mode

2. Events categorisation to distinguish between signal and ef T | . » —
background using boosted decision trees (BDT) score N 2‘*///“’%%//4 ke g h
" v . OQGQH BDlescnmman1t0 8-0‘ o T Toa .;IG o8 .110

VBF BDT dlscriminant
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https://arxiv.org/abs/2305.18106
https://arxiv.org/abs/2305.18106

arxXiv:2305.18106

SearCh for H — //t (submitted to Phys. Rev. D)

CMS Preliminary 138 b (13 TeV)
e LR AL B FELEY IELI R PR B AL B

Results
0.52 (0.81) x 10

95% CL limits

ggHcat1 * Observed
i . 0.84 (0.80) x 10 PR
« H(125) — eu : no significant eccess observed for SM H soroat —pocmris

1.40 (1.30) x 10°*

ggHcat3
10.34 (6.97) x 10°*
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Heavy resonances
Introduction —Z\‘> W
1

 Search for heavy resonances and quantum black holes in
eu, et, ut final states

e CMS Run Il data *;"‘
\
* Analysis designed to be as model-independent as possible \/\iN

* Results interpreted as C\ /
* 7 sneutrino — R parity violating SUSY models

« Heavy Z’ gauge boson — LFV models

e QBHs
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Heavy resonances

Selection

ey events et events Ut events

e At least 1 prompt & J E;\r)lgéledst;r;%gggseismgle * high prtriggers

isolated y and e « Electron veto
e Muon veto

» No opposite charge |
required — preventloss °* ° with p» > 50 GeV

due to misidentification  « 7 pass the DEEPTAU discriminator

of the sign of / at highp; Transverse mass m > 120 GeV, to reject misidentified 7 bkg

If more than one ¢, et or T In the event, the pair with highest invariant mass chosen
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Heavy resonances

Background
 Processes that produce final states with leptons of different flavour
b
« Dominant bkg: ff > MC L LW
S

* Other bkgs: NG O Wo
L <
» diboson, Wy, Z — I, single top quark production — MC b ’

 Multijet and W+jets — data-driven ’v~,>)‘> W
o
a ,//\
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Heavy resonances

Results

Model-specific limits

) i
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Search for LQ produced in I-g collisions and coupling to 7
CMS-PAS-EX0O-22-018
Run Il &£ = 138 fb~!

LS.

« Final state: jet; p; 7 (either lep.
138 fb™' (13 TeV) 138 fb™ (13 TeV)
Orhad) — ———————— ———T T T T
- CMS — Theory —e— Observed ol CMS ——Observed ~ — Expected
TE Preliminary — Expected +10 Expected = Preliminary — Theory (LQ_) — Theory (LQ_)3
: x i — Theory (LQ) +1o Expected 1
* No excess over SM bkg 20 Expociod 1 o o0 B _

Lepton-induced production, A, = 1.5 | Lepton-induced production, A, = 1.5 ]

10-{

* These results complement the

constraints on the leptoquark-7-b
couplings set by previous searches
iIn other production modes, while
they are the first limits for
leptoquark-7-u, leptoquark-7-d,
and leptoquark-7-s couplings.

—r
<

—
<
N

—y
<
w

95% CL limit on o, B(LQ— br) (pb)
3

95% CL limit on o, B(LQ— qr) (pb)

P P B B I S B PR T SRR B B
600 800 1000 1200 1400 1600 1800 2000 1000 1500 2000 2500 3000
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CMS-PAS-EXO-19-016
Runll &£ = 138 fb~!

Search for LQ coupling with rand b

* | Qs possible explanations of LF(U)V _ LQ\< } Lf\?,x<b
b g Lq\\\< —

* Single and pair production of scalar and vector '

L Qs that decay exclusively to a 7 lepton and a b GMET _ 1L 2L i i
eu, Ob 137 fb™' (13 TeV)
quark 5 oFow . S
 + Novel search for the nonresonant production of a 5 o =iE

T lepton pair 1

o Signature: 2 T + (possible) extra Jets T~ o | e —

(@)
"4
o : ¢
P i S P RMRRARMA ARt 1t 2 3% Bam
w -
0 ¢
O

0.5F

500 1000 1500 2000 2500
ST [GeV]
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* |nteresting variables:

e ¥ = angular separation between two s
2 miss

PT PT P]'r Pt

e /nvariant mass of the visible 7-decay
m

° SMET —

VLS

A coupling strength

For lower masses and /A, observed data
agrees with SM

» At higher masses and A, excess with
significance up to 3.4 ¢ above SM bkg

T

Events in x & SY&T bins

Obs. / Bkg.

CMS Prellmln

Search for LQ coupling with rand b
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Anomalies

* Several experiments suggest deviations from the SM predictions:

- Deviations in B — K*O,uJF//t_ angular distributions

) 1 I I 1 1 |} 1 I I I I ] 1

~ P LHCb E A '
| Ico1c ] ngular observable P5 shows
05% » Combined - tension with the SM prediction >

T_i_ SRR 2.5 ¢ from Run 1+ Run 2 (2016)

o ;4; ] : data collected by LHCb

00 EEEE EF zjzj*: Note: SM prediction with high
t = E theory uncertainties
15

0 | 5 10
g? [GeV?/c*]

Phys. Rev. lLett. 125, 011802
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e arXiv:2305.18106

SearCh for H — 6/4 _“\__\_"—/ (submitted to Phys. Rev. D)

Reasoning p

 Combined CMS results from the CMS constrained potential BSM decays of the Higgs boson to be B(H —
BSM) < 0.16 at 95% CL (s41586-022-04892-x)

 LFV H decays in BSM theories such as : H doublets; flavor symmetries; Randall-Sandrum model;
composite H models; SUSY models...

» Off-diagonal LFV Yukawa couplings Y, , Y

ew ¥ er Y T which couple the Higgs boson with leptons of different
flavor

« Enhances processes such as y — 3e, 4 — e conversion, and u — ey that could proceed via a virtual
Higgs boson exchange

» Most stringent limit on B(H(125) — epu) is obtained indirectly from the limit on 4 — ey to be < 1078

« BUT indirect limit on H(125) — eu assumes the SM values for the not yet tightly constrained Yukawa

couplings ¥, Y,
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SearCh for H — e//t \__\_“—/e' (submitted to Phys. Rev. D)
Some Details \\/w‘_

 H boson LFV decays are forbidden in the SM but are present in BSM theories
e If H = eu decay is found —

. ATLAS search, Run Il data, B(H — eu) < 6.2 (5.9) 107> @95% CL

At CMS:

» Search for LFV decay of a H boson or other exotic resonances with a mass
from 110 — 160 GeV to an e~ u™ pair.

. Runllidata & = 138 fb~!
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Search for H — eu
oo WS s s | 7o

Simultaneous Fit § memsew [
<

0.2: —+ ggHcat0 simulation | \
« Simultaneous fit of signal and bkg: oof omse |

| 4~ ggHcat3 simulation
ggHcat3 model,

» m,, distributions —a-zsce

0.05

1 1 l 1 I

» 8 categories o s

1 1 'S
125

130

 Signal peaks modelled with sum of Gaussians for each category and my,

» For my between the simulated ones, m,, distributions are interpolated

* Jotal background modelled with Bernstein polynomials

IIIIIIII L] L] L I L] L] L

m,, [GeV]

135

arxXiv:2305.18106

(submitted to Phys. Rev. D)

—

1

0

llllll
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] T
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VBFcat0 model,

L 0y~ 1.9 GeV
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0.05 | .

) |

] ] ] ' J L L
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AL I I
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ey
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115
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ggH category VBF catego

CMS Preliminary 138 fb~' (13 TeV) CMS Preliminary

VBF category

-t s QCD Bl EW W/Z, W+Jets, SM Higgs
B Diboson W DY+Jels 772 Cross Sec. ¢ Stat. Unc.
e t+Jets ¢+ Data ~— H(125) = ep (B=0.2%)

8 fo' {13 TeV)

agH catego v
Bm Diboson Wm QCD B EW W/Z, W+Jets, SM Higgs

- Bl DY+Jets 2 Cross Sec. (P Stat. Unc,
m t+Jets ¢+ Data == H(125) 5 ep (B=0.2%)

Search for H — eu
Categorisation and MVA

0
o

Events / GeV
Events / 1.25 GeV
(o2]

o

Sensitivity optimisation:

1. Events categorisation for each prod mode

2. Events categorisation to distinguish between

signal and background using boosted decision
trees (BDT) score ggH BDT VBF BDT

-1
CMS Preliminary 138 fb~! (13 TeV) CMS i ’ﬁ’"".""?’ y Bl fb (13 TeV)
2 P 'ggl"l ca:ego'ry """" S % 10° VBF category |
g 10° mm Diboson MW QCD W EW W/Z, W+Jets, SM Higgs > o g.bo i gsoJe‘s o gw wszew J"E,‘: '3'3”993
I o —B e Dvsdets 777z Cross Sec. p Stat. Unc. S = teols § Data -I-/- H:(:;] CQS?B 0%
¢ BD t d t I f dVBF o e t+Jet Dat - - 1.0% ) + — =1.

[s trained separately for H an 2 10° sl 4 Date - H(25) ey (=10% S 10 L
— ! & = 2 7 i o®
» ® I @ I ® 1 ® §2 O | ©
€ 10 T ! I I £ ! ¥ < T 1@
o o ' =) Il ' & ' o O 107 > 1>
-~ - > o [~ T B -3 > I

1 | I w !

— I

» Mixture of simulated events used in training (my=
110, 120, 125, 130, 140, 150, 160 GeV)

R

 Dominant bkg sources used in training

: : %: SN I AL i %W%M//f% W %
o Input variables not correlated with m OE | /é 8 | - W | ,%

€U

lllllll | 1 3 3 | M M M M N N 8 4 s A 1 i 2 1 "
0.0 0.2 0.4 0.6 0.8 1.0 . 1.0

ggH BDT discriminant VBF BDT dlscrlmlnant
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Search for H — eu

Systematic Uncertainties

Table 2: Systematic uncertainties in the expected signal yields from different sources for the
ggH and VBF production modes. All the uncertainties are treated as correlated among cate-

gories.

Systematic uncertainties

ggH mode (%) VBF mode (%)

arxXiv:2305.18106

Muon identification, isolation, and trigger
Electron identification, isolation, and trigger
b tagging efficiency

Jet energy scale

Unclustered energy scale

Trigger timing inefficiency

Integrated luminosity

Pileup

Parton shower

Ren. and fact. scales
PDF + ag

Effect of the ren. and fact. scales on the acceptance

Effect of the PDF + ag on the acceptance

<1
2
<1
1-8
2-6
<1
<2
<2
4
3

1-10

<1

<1
2
<1
1-3
1-6
<1
<2
<2

3-11

1

2
<2
<1

(submitted to Phys. Rev. D)
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CMS-PAS-
TOP-22-005

Search for LFV in top quark sector

Th eo ry Table 1: Summary of relevant dimension-6 operators considered in this analysis. The indices i
and j are lepton flavor indices that run from 1 to 2 with i # j; k and [ are quark flavor indices
with the condition that one of them is 3 and the other one runs from 1 to 2.

. . L o™ (T @y a:)
 Parametrise CLFV signals with dim-6 EFT operators y

i1kl
vector O lu

(
1 1 Ol E"r”e-)(qk”y”ql
4) (6) ~(6) K i (o
=L C, O O(—), Ok (@'e)(myu)
SM A2 Za: s s T ( A4 ) scalar Ol(e1 );] . (l_ie]) tf (Fxu;)
tensor Ol(fq;’kl (Lot e;) & (50, 1)

(O, are dim-6 non-renormalizable operators, and C  are
the corresponding Wilson coefficients

 Assuming the CLFV coupling involves exactly one e,
one mu, one top, and one u/c quark at tree level, the
complete list of dimension-6 operators can be
shortened
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CMS-PAS-
TOP-22-005

Search for LFV in top quark sector

Event selection

e Selection:

* Exactly 3 charged leptons
» 1 [from SM decay of other top quark

« 2 [ from LFV interaction (opposite charge opposite flavour OCOF)

 Atleast 1 jet and at most 1 jet associated with b-quark

e Kinematic Reconstruction:

MmLs.s

« SM top quark: b-jet, SM lepton and p

» BSM top quark: OCOF leptons, non b-like jet
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Channels and Bkg

 eul channel: SR

Search for LFV in top quark sector

CMS-PAS-

TOP-22-005

Table 2: Summary of the selection criteria used to define different event regions.

e eee and uup channels: study the bkg composition

Table 3: Expected background contributions and the number of events observed in data col-
lected during 2016-2018. The systematic and statistical uncertainties are added in quadrature.
The CLFV signal, generated with CYe¢t°r /A2 = 1 TeV ™2, is also listed for reference.

eutu

Channel Region OnZ OffZ pmiss >20GeV #jets >1 #bjets <1

VR -

eee/Uit Wz CR v y y v
SR - 7 7 7

eul VR v - - -
WZCR v y y y

Process m(eu) < 150GeV  m(eu) > 150 GeV

Nonprompt 351 £92 146 £ 38
WZ 275 £ 64 145 + 35

77 332+ 6.5 13.1£2.6

VvV 17.0 £ 8.5 12.0 £ 6.0

ttW 47.6 £10.0 40.0 £9.1

ttZ 39.1+£79 258 +£54

ttH 282+4.5 10.0 £ 1.6

tZq 55+1.1 25+0.5

Other backgrounds 7.3+3.7 45+23
Total expected background 805 123 398 £ 57

Data 783 378
CLFV 239 £ 14 6195 £ 305
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CMS-PAS-
TOP-22-005

Search for LFV in top quark sector

- _CMS Prellmlnary __ 138 fb (13 TeV)_ CMS Prellmmary | | 138'fb'1 (13 TeV)
Some plots in SR gk, eon ww 1 3 e wmw
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Search for LFV in top quark sector

Systematics

 Lumi: ~2%

* Unc on the diboson CR to cover msmodeling effects: 10-20%, affecting the WZ and ZZ
bkgs

* Trigger eff uncertainty 2%

* Reco, ID, ISO efficiencies of e and u

» Jet energy scans (JES) and jet energy resolution (JER)

* B-tag efficiency

* Uncertainties on the data-driven non-prompt bkg estimation

* Theory-related

CMS-PAS-
TOP-22-005
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Final Limits

Search for LFV in top quark sector

Table 4: Upper limits at the 95% CL on the different CLFV signals obtained from the 2016-2018

data set. The observed and expected upper limits are shown in boldface and standard style,
respectively. The intervals that contain 68% of the distribution of the expected upper limits are

shown in parentheses.

CLFV coupling Lorentz structure

Ceptq/ A* (TeV~2)

B(t — euq) x 107°

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
eutc vector 0.130 (0.108, 0.159) 0.144 0.163 (0.111,0.243) 0.199
scalar 0.269 (0.223, 0.330) 0.295 0.087 (0.060,0.130) 0.105

CMS-PAS-
TOP-22-005

This analysis constitutes the most stringent limits on these processes to date
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Heavy resonances

Previous searches 1 > e
» Similar searches in LFV dilepton mass spectra have been 1 .
carried out by the CDF and DO experiments at the Fermilab \ T
Tevatron in proton-antiproton collisions and by the ATLAS /MM
and CMS experiments at the LHC in pp collisions Q
“5"' abw
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Heavy resonances

Systematics

 Dominant: on bkgs WW and tt

 Muon pt scale and eff

* Hadronic tau identification and energy scale
 E pt scale and resolution

e Jet energy scale

o Lumi

e Cross sections

Federica Riti 46


https://arxiv.org/abs/2205.06709

Heavy resonances

Results for SUSY sneutrinos
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Figure 3: Expected (black dashed line) and observed (black solid line) 95% CL upper limits
on the product of the cross section and the branching fraction as a function of the 7 sneutrino
mass in an RPV SUSY model for the ey (upper), et (lower left), and ut (lower right) channels.
The shaded bands represent 68% and 95% uncertainties in the expected limits. The red and
blue solid lines show the predicted product of the cross section and the branching fraction as a
function of the tau sneutrino mass for two different values of the couplings.
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Figure 4: Expected (black dashed line) and observed (black solid line) 95% CL upper limits on
the product of the cross section and the branching fraction for a Z’ boson with LFV decays, in
the ey (upper), et (lower left), and u 7 (lower right) channels. The shaded bands represent 68%
and 95% uncertainties in the expected limits. The red solid lines show the predicted product of
the cross section and the branching fraction as a function of the Z' mass assuming B = 0.1 .
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Results for QBH
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Figure 5: Expected (black dashed line) and observed (black solid line) 95% CL upper limits on
the product of the cross section and the branching fraction for quantum black hole production
in an ADD model with n = 4 extra dimensions, in the eu (upper), et (lower left), and ut (lower
right) channels. The shaded bands represent 68% and 95% uncertainties in the expected limits.

The red solid lines show the predicted product of the cross section and the branching fraction
as a function of the QBH threshold mass.
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Heavy resonances
Limits

Table 1: The observed and expected (in parentheses) 95% CL lower mass limits on the RPV
SUSY, Z/, and QBH signals for the ey, e, and uT channels.

Channel RPV SUSY v .. (TeV) LFV Z' (TeV) QBH my, (TeV)
A=A =001 A=A =01 B =0.1 n=4
e 22 (2.2) 42 (4.2) 5.0 (4.9) 5.6 (5.6)
eT 1.6 (1.6) 3.7 (3.7) 43 (4.3) 5.2 (5.2)
uT 1.6 (1.6) 3.6 (3.7) 41 (4.2) 5.0 (5.0)

 These are the first results of a high-mass lepton flavor
violation search using the full Run 2 data set, and they are
currently the most stringent limits from any collider
experiment.
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138 b’ (13 TeV)
CMS'PAS' 10°-CMS —+— Data

EXO-22-016 y . i, § - ::ezlif:vinary — [S_)is(r‘:;i)
Search for Z’ with b-jets — i
Selection e .. o iz

e Selection:

e High p; isolated muons p; > 53 GeV

1000 1500

2000 2500

* \eto to events with extra isolated leptons and charged
hadrons coming from the PV

¢ JetS pT > 20 Gev e A ‘UE) 10'e-CMS —e— Data ;
% ®  E Prelimina —— Signal
—_— Reduce Drell- ‘ i a2z | = V(i
* Atleast1Db jet : —-
10 B itV
- ww
o m(u,b) > 175 GeV of | - zz
- Anomalous high-p'*** events are rejected ¥
» Categorisation with multiplicity of b quark jets N, = 1 and aifl s ‘R L
N b > | 0°7""500 1000 1500 2000 2500

m,, [GeV]
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Systematics

Search for Z’

Table 1: Summary of signal uncertainties relevant in this analysis. The uncertainties are
grouped based on whether they affect the normalization or the shape of the signal. The fit pa-

rameter ﬁw
effects, and o

Umass €Xtracted from simulation.

corresponds to the position of the maximum of the m,,,, distribution after detector
mass 18 the resolution parameter used in the fit, distinguished from the values of

Source Normalization Shape
Ny=1 N,>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% —
u momentum scale in 77,,,, — S 0.1% m2, /(1 TeV)

u momentum resolution in 0,

5 10% o mass

CMS-PAS-EXO-22-016
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