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Vector-Like Leptons

e SMincomplete » DM, hierarchy problem, neutrino
oscillations...
e VLLs » Color-singlet counterparts of VLQs
o  Non-chiral
o Canbe SU(2) doublets (E,N) or singlets (E)
o Pair produced (pp - EE/NN) or produced in

association (pp-> EN)
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Vector-Like Leptons CMS

e Are predicted by many SM extensions
o  Supersymmetric models

o GUTs

o Extra dimensional models

BNLg-2 ———-im

e InBSM modelsVLLs:

FNAL g-2 4@t

o Provide dark matter candidates ¢ - N
20
o Account for mass hierarchy via mixing with SM
. Standard Model Experiment
fermions .
17.5 18.0 18.5 19.0 195 200 205 210 215
. . . 9
O Explaln tensions in muon g—2 measurements a,* 10" -1165900
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https://muon-g-2.fnal.gov/result2023.pdf
https://muon-g-2.fnal.gov/result2023.pdf

Motivation from B-physics anomalies

® Recent measurements show -~30

CMS

o o £ 04 ; T " 68% CL Fomtowrs " 4
deviation of R(D") from SM = A S
expectation 0.35 [ LHCb' n
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R(D™) = Bp_,p)7,/Bpp)an : (
E LHCD®
e Strong motivation for VLLs searches L
@ CMS 0.2  4#HFLAV SM Prediction R(D) = 0.342 +0.026,,, =1
B R(D) = 0.298 +0.004 RED3;90-287 £0.012,,, -
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Inclusive nonresonant multilepton probes of new phenomena
CMS-EXO-21-002 [arXiv:2202.08676]

e Model-independent multi-lepton analysis performed with full Run-2 data

o

CMS

e Several BSM physics scenarios are probed that cover different corners of the

multilepton phase-space:

o Minimal SM extension where VLLs couple to the SM t
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CMS
CMS-EXO-21-002 [arXiv:2202.08676]

Inclusive nonresonant multilepton probes of new phenomena @

e Minimal SM extension where VLLs couple tothe SM T
o Tenriched final states
o Signal masses from 100 GeV-1200 GeV
e Two scenarios considered:
o Doublet scenario T’ (charged) & v’ (neutral) VLLs
m Mass-degenerate
m Pair & associated production

o Singlet scenario only charged T’ VLL
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CMS-EXO-21-002 [arXiv:2202.08676]

Inclusive nonresonant multilepton probes of new phenomena @

e Two scenarios considered:
o Doublet scenario T’ (charged) & v’ (neutral) VLLs
m Mass-degenerate
m Pair & associated production
o Singlet scenario only charged T’ VLL
e Assumed to mix through Yukawa interactions with SM leptons
o Decays are to SM boson-lepton pairs

o Decay rates governed by m_.
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Inclusive nonresonant multilepton probes of new phenomena
CMS-EXO-21-002 [arXiv:2202.08676]

CMS

e Final states are categorized in seven orthogonal channels based on the number of light charged
leptons and T,

e Categories are further splitin 0, 1 and 2 or more b-jets categories (statistics permitting)

Trilepton channels Quadlepton channels*

+ 3L: 3 light leptons, 0 had. taus 4L: 4 light leptons, 0 had. tau

3L1T: 3 light leptons, 1 had. tau
« 2L1T: 2 light leptons, 1 had. tau

2L2T: 2 light lepton, 2 had. taus
» 1L2T: 1 light lepton, 2 had. taus

1L3T: 2 light lepton, 2 had. taus

* No veto on additional leptons
— only lead. four objects are considered
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Inclusive nonresonant multilepton probes of new phenomena

CMS
CMS-EXO-21-002 [arXiv:2202.08676]

e Final states are categorized in seven orthogonal channels based on the number of light charged

leptons and T,

e Categories are further splitin 0, 1 and 2 or more b-jets categories (statistics permitting)

Trilepton channels Quadlepton channels*
- 3L: 3 light leptons, 0 had. taus . 4L:4light| e  Main background contributions arise from :
. 3L1T: 3 lig o  SM processes WZ, 7ZZ, ttZ, and ttW
« 2L1T: 2 light leptons, 1 had. tau o ISR/FSR
e 2L2T: 2 lig . .
<tz 3 o o Lepton mis-ID (data-driven)
. : 1 light lepton, 2 haa. taus . o . . q .
13T:20id o  Dedicated CRs defined for background estimation
* No veto on additional leptons
— only lead. four objects are considered
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CMS
CMS-EXO-21-002 [arXiv:2202.08676]

Inclusive nonresonant multilepton probes of new phenomena @

e Two approaches utilized for defining the

138 fb™ (13 TeV
observables: Pk AR IR R ™ A I ane
210 CMS Rare
e Model-Independent approach: A Con.
. . . . 5108 1, 2¢/p 11y, 1e/p 2, tt
o Defining signal regions (SRs) based on 5 10
. . o L
kinematic properties. e
10
o Utilizing observables such as L_(scalar sum 10?
10
of all charged leptons in the channel) to 8 , e
. e & F ] L P T L LT ) B2
probe for VLL signal g iy ‘
§ 0sF e bt | ‘ !
0 Vg v 1a o5l ea vl vy p l0e glalilsly
0 200 400 600 800 1000 1200
L [GeV]
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Inclusive nonresonant multilepton probes of new phenomena e
CMS-EX0-21-002 [arXiv:2202.08676] @
e Two approaches ut| ¢ w ettt S LR

= cMs . 3
observables: ata are

Events / bin
a

g' VLL-H BDT regions [4¢/u, 3¢/pt 1, 2/ 21, 1¢/u 37y,] v MisiD
e Model-Independentap “ ¥ 2016 ; 2017 y
o Defining signal | ;Ei"m | : | 1
Eir?lc?rr.waticlfropert ;r .*. . i 't'l' i | =macs WWW}W N o
O tilizing observa SL&:i | ' ' ik ; : '|“
of all charged le §°~go-"'+””1.(}+ IH.UA Hl”l‘a.u;’ SRR T “!‘ R .l”’!.“ UIQIHH I

probe for VLL sigr

e Model-Dependent approach: \
) Signal specific BDT training for range of Bins correspond to variable-width regions

of the BDT discriminant output defined
masses for each of the combined three-lepton

o Increase sensitivity for high signal masses and four-lepton channels
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Inclusive nonresonant multilepton probes of new phenomena
CMS-EX0-21-002 [arXiv:2202.08676]
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Upper observed mass limits:
Doublet scenario » 1045 GeV

Singlet scenario »125-170 GeV
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https://arxiv.org/abs/2202.08676

CMS-B2G-21-004 [arXiv:2208.09700v2]

Search for pair-produced VLLs in final states with 3" generation leptons @ B

Performed in the context of the 4321 model [arXiv:1708.08450]

©)

©)

SU(4) x SU(3) > SU(2);, x U(1)

UV complete extension of SM gauge group

VLLs produced through Electroweak interactions

Doublet of charged (E) and neutral (N) VLL

E, N mass degenerate
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https://arxiv.org/pdf/2208.09700
http://www.arxiv.org/pdf/1708.08450

CMS-B2G-21-004 [arXiv:2208.09700v2]

Search for pair-produced VLLs in final states with 3" generation leptons @

e Leptoquark predicted to exist as source of LFV explaining
the B anomalies:
o U(3,1,2/3) » massive, spin-1
m The R(D)™ anomaly requires a leptoquark mass
close to the TeV scale, in 4321 benchmark M, = 1.6
TeV.
o Search results in the 4321 model context also hold for

other models with a Pati-Salam leptoquark
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https://arxiv.org/pdf/2208.09700

Search for pair-produced VLLs in final states with 3" generation leptons
CMS-B2G-21-004 [arXiv:2208.09700v2]

e Decays are expected to be almost entirely to ‘

third-generation fermions
m Branching fraction suppressed by at least an order E

of magnitude for 2nd and 1st generations

)

CMS
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https://arxiv.org/pdf/2208.09700

Search for pair-produced VLLs in final states with 3" generation leptons

. CMS
CMS-B2G-21-004 [arXiv:2208.09700v2]
* Final s:tates highly flavor tau multiplicity | production + decay mode final state
asymmetrical EE — b(tv,)b(tv,) 4b + 4§+ 2v,
rd : 0t EN — b(tv,)t(tv,) 4b + 6j + 2v,
o At l.east two 3 | generation R i iy
fermions expected in every VLL EE — b(b1)b(tv,) TEE R
decay 171 EN — b(tv )t(b1) 4b +4j+ 7+,
) ) EN — b(b1)t(tv,) db +4j+ T+ v,
o All final states contain at least 4-b NN — t(b7)t(tv, ) 4b +6j+ T+,
jets & a varying number of EE — b(b7)b(b7) 4b +27
. . . 2% EN — b(b1)t(bT) 4b 4 2j+ 21
hadronic T, v, and light jets from NN — t(b7)t(bT) 4b + 4 + 21
top decays \ f

In parenthesis:
Originating from leptoquark decay
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https://arxiv.org/pdf/2208.09700

Search for pair-produced VLLs in final states with 3 generation leptons
CMS-B2G-21-004 [arXiv:2208.09700v2]

e ML based strategy to construct observable
for signal vs background discrimination

e Use of ABCNet, a graph neural network

[https://arxiv.org/abs/2001.05311] approach z

o Selectupto 10 objects per event

m Jets &hadronicT’s

b
o Constructed using distances in 7n-¢ space to . b jet
"\\

ot
. Top quark
. W boson
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connect jets using k-nearest neighbors (K= 8)

CMS
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https://arxiv.org/abs/2001.05311
https://arxiv.org/pdf/2208.09700

Search for pair-produced VLLs in final states with 3" generation leptons
. CMS
CMS-B2G-21-004 [arXiv:2208.09700v2] @
e ML based strategy to construct observable & @
e Two classifiers are trained with same W 9
underlying architecture Variable eseripion
1 Pseudorapidity
o  Signalvs tt (>0-T, events) ¢ Azimuthal angle
p "
o  Signalvs QCD (0-t, events) / log( va) Logar%thm of the pr
) ] log(cev) Logarithm of the mass
e Several kinematical features are Q Charge
. DEEPJET score b tagging discriminant
considered

& V.o
., Top quark .

O W boson
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https://arxiv.org/pdf/2208.09700

Search for pair-produced VLLs in final states with 3" generation leptons

CMS-B2G-21-004 [arXiv:2208.09700v2]

e Different search and control
regions defined based on hadronic
T multiplicity :

e T, =0,QCDdominated
o T=1, fake T and tt dominated

o T =2, fake T and tt dominated

0Ty 171, 271,
Fit Discriminant: Njgs Fit Discriminant: DNNy, Fit Discriminant: DNN,

o)

-3

CR1: SR: 3
DNNgp> 0.6 DNNg> 0.6 < o
pT%< 160 GeV P> 160 GeV CR : SR : CR : SR: g 5
LooseT, WP Tight 7, WP Loose T, WP Medum T, WP | — &
CR2: CR3: o
DNNgcp< 0.6 DNNgep < 0.6 (Q <

pT™< 160 GeV Py~ > 160 GeV g

o 2]
1 CR: SR: CR : SR: | -

| tight muon 1 tight muon 1 tight muon 1 tight muon
| Loosem, WP Tight 1, WP LooseT, WP Medium T, WP : ®
= . = ©
: tt enhanced tt enhanced :(8 §
1 2 : : o=
G BR: CR: [ SR: 1S5
| Pl.<40GeV P <40GeV ol < 40 GeV pr<40Gev | T
| looset,WP Tight m WP LoosemyWP  Medium 1, WP | 'g
1
: QCD enhanced QCD enhanced I -
_____________ 4
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https://arxiv.org/pdf/2208.09700

Search for pair-produced VLLs in final states with 3 generation leptons
CMS-B2G-21-004 [arXiv:2208.09700v2]

CMS

e Different search and control

. . . 36.7 b (13 TeV) i
regions defined based on hadronic < % <
L. R e = Multiiet ] 2 TSMS 4 pata I Multiet

° 2 ttX ttbb | £600 [ X M tibb 1

T mUlthhClty ° & W tij [] VLL (600 GeV]] & W itjj [] VLL (600 GeV'{

& % Total uncert | o % Total uncert

0t ] 0-t .

Signal RegionA Signal Region

s+b fit i s+b fit 1

e N-jets final discriminant o _

o QCD estimated from data

o

0

e DNN,. final discriminant £ 1 £ :
o Fake T, estimated from data 5;:5 ) e 5 o5 DA 875 DR
g 6 65 7 75 8 886 9 95 10 a ' ' ' N
e DNN,_ final discriminant "
o Fake T, estimated from data
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Search for pair-produced VLLs in final states with 3 generation leptons
. CMS
CMS-B2G-21-004 [arXiv:2208.09700v2]

e Different search and control

. . . 36.7 fb” (13 TeV :
regions defined based on hadronic g2s0FT T g prmmm—r—— e
T = Re . Dei, B Multjet 2 FCMS 4 paia W Mutijet 1
T multiplicity : 2 M tt(misid.7) A tibb B 60012018 g tt (misid.7) [ tibb .
5 H tijj ! ttX ] S M M tx 1
& [] VLL (600 GeV) Z Total uncert 1 2 [ ] VLL (600 GeV) Z Total uncert
11 3 1 ]
Signal Region ] Signal Region

s+b fit & s+b fit

e N-jetsfinal discriminant
o QCD estimated from data

0
e DNN_ final discriminant g 15 g 15 ¥
t . D 1oAY j_W /j///ﬁ%ﬂ{ ¢ D 10wk /MWMWW
o Fake T, estimated from data - ”’}' 4/%7// = Py
’gOJ 0.1 0203040506 070809 1 ; 8 "0 0.1 0.20.30.40.50.60708%§N1
DNN; :

° DNNttfinaldiscriminant
o Fake T, estimated from data
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https://arxiv.org/pdf/2208.09700

Search for pair-produced VLLs in final states with 3 generation leptons
. CMS
CMS-B2G-21-004 [arXiv:2208.09700v2]

e Different search and control

1 1 H = TVrY ""[""""']""[""|"'3'6[-|7'tt').]1'(‘1'?|-!"e'\{ { e WWM

reglons. deﬂ.ned based on hadronic e 40:—2)'5073 i Data W Mutijet O CMS 4 Data B Multjet 1

T mlIltlplICIty . s I ] g,),( = gtz?nisid. 7) S 60 = gﬂ( = gb(?nisid. 9 -

@ gol [C] VLL (600 GeV) Z Total uncert ] Tl | [ VLL (600 GeV) % Total uncert |

; 21 [ 21 ]

2ok Signal Region o Signal Region ]

. . . .. r s+b fit ] L s+b fit
e N-jets final discriminant ) ] s Y

| Ocpestmaediom W '
. L 0 .
e DNN_final discriminant £ ) y 1 E™
. ® %/% 7 : ® 19
o Fake 1, estimated from data e , S o5

2 "% oruzZoeo4:050607 0808 1 & O 1020304050807 0809 f

ti

o 0 0 o DNNI
e DNN,_ final discriminant '

o Fake T, estimated from data
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https://arxiv.org/pdf/2208.09700

Search for pair-produced VLLs in final states with 3 generation leptons

CMS-B2G-21-004 [arXiv:2208.09700v2]

96.5fb' (13 TeV

a |
= [CMs
©

Illllll

I M T I el Wid B ) I DO ety I | I | S | I { -] L I [

llIIIIIIIIlIIIIIIlIIlIIIIII

-~ Asymptotic 95% CL_expected |
B + 1 std. deviation
+ 2 std. deviation

e Observed 95% CL,
— Electroweak production

2.80

CMS

Mild excess observed in data across
VLL mass spectrum :

o ~2.80 @ 600 GeV VLL mass

Complicated final state > GNN observable has high
discriminating power but low sensitivity to different mass

hypotheses.

—

500 600

700 800 900 1000
VLL mass [GeV]
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Search for pair-produced VLLs in final states with 3 generation leptons

CMS-B2G-21-004 [arXiv:2208.09700v2]

10

96.5fb' (13 TeV

lllllllIIIlIIIIIIlIIIIIIIII

[CMS - Asymptotic 95% CL, expected |
B + 1 std. deviation
+ 2 std. deviation
e Observed 95% CL,
— Electroweak production

lllllll

—

Ll Ll I el Wid B ) I DO ety I | l | S | I { -]

500 600 700 800 900 1000

VLL mass [GeV]

CMS

Mild excess observed in data across
VLL mass spectrum :

o ~2.80 @ 600 GeV VLL mass
Ongoing CMS analyses studying final
states with 1st and 2nd generation

leptons to further scrutinise result
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CMS

Future prospects for VLL searches
Review of VLQ/VLL/HNL searches [arXiv:2405.17605] @

e Searches forVLL coupling to T explored by CMS :
o Nosearch forVLLs coupling to electrons and muons in Run-1 or Run-2.
e Minimal VLL model is considered to extrapolate sensitivity to HL-LHC
o Final states mix through Yukawa interactions with same generation SM leptons, decay into SM
boson-lepton pairs
o Singlet & doublet scenarios considered
e Similar strategy as described in [CMS-EXO-21-002]
o  Physics observable LT+pTmiss in SR of all seven channels used to project sensitivity for these
models
e Experimental uncertainties for signal and background yields were taken into consideration
following the Yellow Report recommendations [CYRM-2019-007.585]
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Future prospects for VLL searches T~
Review of VLQ/VLL/HNL searches [arXiv:2405.17605]

3000 b (14 TeV) 3000 fb* (14 TeV)
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Future prospects for VLL searches

Review of VLQ/VLL/HNL searches [arXiv:2405.17605] CM>

s 3000 fb™' (14 TeV) . 3000 fb" (14 TeV)
:5\ 10 IIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE 3 10 IIIIIIIIIIIIIIIIIIIIlllIIIIIIIIIlllllllllllllllla
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B 68% expected B 68% expected 3
107" o, - 2 2] ) .
95% expected 95% expected E Slnglet scenario 640 GeV
102 — .
3 B
10° _ ]
10 —-
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G (pb)

, 3000 fb' (14 TeV)
10 IIIIIIIIIIIIllllllllllIllllllllllllllllllg
CMS simulation 3

10?
Vector-like lepton doublet-tau E
. £ o(E;E5+N;N;+E5N,)
95% CL upper limits _5
4 ---- Median expected ]
|
B 68% expected 3
10E 95% expected .|
10’2:5 a
10'3é- -g
10°¢ I )

-5
107500 400 600 800 1000 1200 1400 1600 1800 2000 2200
my, . [GeV]

Future prospects for VLL searches
Review of VLQ/VLL/HNL searches [arXiv:2405.17605]
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CMS

VLL-t expected exclusion

limits:
Doublet scenario > 1150 GeV

Singlet scenario »150-395 GeV


https://arxiv.org/abs/2405.17605

Summary & Outlook @ CMS

e CMS has performed searches for Vector-like leptons with different model hypotheses
o Minimal SM extensions & 4321 model

e Latestresults have shown a 2.80 mild excess in data
o Complementary analyses are underway!

e Studies to explore the sensitivity of VLL searches in HL-LHC also shown

More interesting results expected in the future...

Stay tuned!
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