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Physics Motivation

The Standard Model (SM) of particle physics has been extremely successful with the discovery of Higgs.
Some new physics are needed to address the phenomena like neutrino mass or dark matter.

Hints for lepton flavor universality (LFU) violation have been observed in charged and neutral current processes in B-physics:
* R/R;:: 3.30 deviation in global average by BaBar
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https://hflav-eos.web.cern.ch/hflav-eos/semi/summer23/html/RDsDsstar/RDRDs.html
https://arxiv.org/abs/2212.09152v2
https://arxiv.org/abs/2308.06230v2

Analysis Results Covered Today

All Run-2 results at 13 TeV

LQLQ - tete/tutpu

LQLQ - btbt

Searches for LQ = bt

Leptoquarks

3rd generation LQ combination

LQLQ - tvbl LQLQ - bubu

LQ - 71

Low mass Z’ in the 4u channel (CMS: 77.3/fb)

Searches for Low mass Z’ in the 3p channel
Z'[W’
in Leptonic Final States W’ = v

W’ = tb 0/1-lepton
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Leptoquarks Overview

Leptoquarks (LQs) are hypothetical particles predicted by many BSM theories
» Scalar or vector boson
 Carrying color charge and fractional electric charge
* Non-zero baryon number and lepton number
» Decaying into quark-lepton pair

Production modes: Pair production Single production Non-resonant production
» Pair-production is the g ! g 1 ‘ o
. A
dominant process LQ /04 w % LQ < \/
Qg ) S\ 0+ L@ :
LQ ¢ 1
Q °< / :\ /2;\
g q 9 - q £
Large QCD production PDF suppression PDF suppression A2
Cross-section only depends on Cross-section o 1 Cross-section o< A%
Sensitivity to low m; Sensitivity to higher my , for Sensitivity to very high m, ,, for sufficiently high A
sufficiently high A

Production and decay determined by:
- LQ mass my

» Yukawa couplings 4 to lepton and quark
- Branching fractions f3 to a given lepton and quark flavors, assuming S(LQ — ¢l) = 1 — B(LQO — qv)

« Coupling parameter k in case of vector LQOs (coupling with the SM gauge fields)
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LQ-t-/ ([ = e, u): Pair Production @ ATLAS

Scalar (LQ?. ) and vector (U™ & U{™) LQ models considered
Event selections: 3 or 4 light leptons (e or i), > 2 jets, > 1 b-jet

Signal regions: two channels (31, 41) for tetel/tutu are considered
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arXiv:2306.17642

mix t

= L oyl et
LQ, LQ,

N CENTE
Final discriminant variable: effective mass m, ¢ = ¥, . ,pr +MET o, S
.-CE) T 1T 1 | | | L L | | | T 1T 1 | T T 1 | |
o 10°f ! . . < 102 ATLAS ® Data ELQme (1.6 TeV) —
o - ATLAS ¢ Data QY (1.6 Tev) [Jttw *% - Is=13TeV, 139 fb” Ettg/y . =|3f:_;c:2mp“ -
L Vs =13 TeV, 139 fb™ B Diboson [ tT(Z/v*) B Non-prompt | Lﬁ - Signal regions []Other ~~/ Uncertainty 7
| Signal regions Other  / Uncertainty - -+ Pre-Fit Bkg. - 3¢/SR-u --- Pre-Fit Bkg. N
Post-Fit 10 = Post-Fit —
.......... | -
1 . -~ < <-4 7= 2227 —
1 0_1 E_ -A//,/s/-/u//a/-ﬁ///s/-ﬁ///s/-,‘//,'-/-'_z
. | | | c>10_2-!!2!!!!'!!!!!2!!!!!!!!!!!'!!!!'!!!!-
I J TSR WS S - xo/ndf = 4 ycprob,=0.89 .
m 1.5F af)] 15:_ =
c\_'g 1 ;;;’;/-/z;;-v+:;;;;’:/:;;;'V-/ﬁ/‘/,fv’/ﬁ/‘;‘r@/ﬁﬁﬂ'/v’ﬁz‘ﬂ'#s’/ﬁ/‘ﬂ#s//ﬁ/‘/’@/ﬁ/‘/'v@/ﬁz‘/yfs/ﬁ/‘/7’5//6/‘/9’% © 1%‘// iddsaadds ///7’.‘/‘/7/7"7‘/‘7‘/@‘//7‘%"/%)4////////////////////////// ;
S 0.5E __________ + _________ A 05 ? { =
0 g: .............. _
00 1000 1500 2000 2500 3000 3500 4000
m . [GeV]
8 May 2024 Jie Zhang (Shandong University) 5


https://arxiv.org/abs/2306.17642

LQ-t-/ (l = 6,/1): Pair Production @ ATLAS arXiv:2306.17642

No significant excess observed and 95% CL limits on the production cross-section times branching{ CMS arXiv:2202.08676 ,

ratio are derived as a function of the LQO mass. see more detalls in Backup
Here only shows the limits on the production cross-section on scalar LO:
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Observed exclusion limits @ CMS:
tete: myp < 1340 GeV tutp: mypa < 1420 GeV
mix mix
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https://arxiv.org/abs/2202.08676v2
https://arxiv.org/abs/2306.17642

LQ-b-z: Pair Production @ ATLAS

arXiv:2303.01294

Focuses on 3¢ generation LQ pair-production
Event selections:

« > 2 jets, > 1 b-jet

- Two channels: 7,7, and 7,7, (I = e, )

Final discriminant variable: Parametric Neural Network (PNN)
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See more details in Federico’s talk

later in YSF session
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https://indico.cern.ch/event/1346940/timetable/?view=standard#171-constraining-the-leptoquar
https://arxiv.org/abs/2303.01294v2

LQ-b-//t: Pair Production @ CMS arXiv:2402.08668

500 1000 1500 2000 2500 3000

‘ = = = > m LQ [G eV]
sk oot 1 - Scalar: my, < 1810 GeV
BDT score ATLAS limits: m; , < 1460 GeV
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Event selections: ATLAS arXiv:2210.04517 ,
«2 1, > 2jets, > 1 b-jet see more details in Backup
_ M -
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https://arxiv.org/abs/2210.04517v2
https://arxiv.org/abs/2402.08668

LQ-b-z: All Production Modes @ ATLAS arXiv:2305.15962

Single + Pair + Non-resonant production are considered
- Single: scalar (S;) and vector (U} and U™) LQ models

Event selections:
- > 1 jets, > 1 b-jets (pr > 25 GeV)

- Two channels: 7,7, and TlepThad (Il =e,p)
bjet

Final discriminant variable: S, = p p + P S .8 T 7 " T T T T T T
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https://arxiv.org/abs/2305.15962v2

LQ-b-z: All Production Modes @ CMS arXiv:2308.07826

Event categorization: 3 b ™
« Resonant: > 1 jets (p;> 50 GeV) L0 LQ) < :b s
K : : ; ! e b \./'/
» split in 2 categories: 0 and > 1 b-jets (pr> 50 GeV) | : S . / : .
" E < T \\ — E I,
« Non-resonant: = 0 jets (p;> 50 GeV) : b \\ Lo < T "
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- Non-resonant: y = exp(|A7_|) ‘X
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https://arxiv.org/abs/2308.07826

LQ-b-z: All Production Modes @ CMS arXiv:2308.07826

No significant excess observed below a coupling strength of A = 1.5.

Highest local significance 2.8¢ for scalar LQ with A = 2.5 and m; , =2 TeV

* The present excess is driven by events with at least one highly energetic jet but Observed upper limits are ~3
no b-tagged jets. times larger than expected
138 fb™' (13 TeV) 138 fb™' (13 TeV)
lE E I I I | I I I I I I I I I | I I I | I I I | I I I E IE E I I I | I I I I I I I I I | I I I | I I I | I I E
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o 10% - CMS — Observed IE e 10° & CMS —__ Observed =
e ~  ScalarLQ:A=1,8=1 ---- Median expected = B - ScalarLQ: A =25,8="1 ---- Median expected =
B Il 68% expected N B Il 68% expected N
" : 95% expected - 10 = 95% expected =
- LQ prediction N b LQ prediction n
1 E_ — O-E(f)lteory _E 1 E_ = Oj’iﬁgory _E
107" - —% 10" %— —
T my o < 1220 GeV = , =
107" = 107 = my o < 1310 GeV =
107 = 107 ¢ E
1 0—4 i I I I | I I I | I I I | I I I | I I I | I I l | I I I ] 1 0—4 i I I I | I I I | I I I | I I I | I I I | I I I | I I I ]
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Leptoquark mass [GeV] Leptoquark mass [GeV]
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https://arxiv.org/abs/2308.07826

LO 3 Generation Pair Production Combination @ ATLAS ax201 1192

|Focus on decays into 3’4 generation quarks

Aim to improve sensitivity through statistical combination of analyses

Inputs from 9 analyses: 6 dedicated searches & 2 SUSY re-interpretations (Yk) & 1 SUSY re-optimization ()
Signal regions designed to be orthogonal, overlapping events identified & removed

All final states from I(e/p), 7,4 (b-)jets and E**S, with different selection criteria based on analysis

Interpretations:
- 5 signal models covered by combining 3~4 analyses for each (LQY“, LQ"d, yYMMC)

1 additional re-interpretation of search in 777 final state (U{M/MC)

Most stringent results to date for majority of the models.

Interpretation
Search Scalar Vector Signal Region
Final State  Citation LQY LQ¢ LQ' — 1rQd — u™Me g™Me N, Nzoy  Nbjets
tvbt v v — - v — 0 1 > 2
btbt v — — — v — {0, 1} {1,2} {1,2}
Y tTtT - V4 — - - V4 {1,2,3} >1 > 1
tvbt — — v v — — 1 — > 1
btbt — — v4 — — — 2 — {0,1,2}
tlt€ (26)) — — — v4 — — 2 — —
el (= 3¢0) — - — v — — {3,4} — > 2
* vty v — v — v — 0 0 > 2
* bvbv — v — v — — 0 > 2
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https://arxiv.org/abs/2401.11928

LO 3 Generation Pair Production Combination @ ATLAS ax201 1192

|Combination of searches for scalar up-type and down-type LQOs decaying into 3’ or 1*//2"? generation leptons

Exclusion limits improved by up to 100 GeV w.r.t individual analyses
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https://arxiv.org/abs/2401.11928

LO 3 Generation Pair Production Combination @ ATLAS ax201 1192

Combination of searches for U, vector LQs decaying into tv/bt
Limit on production cross-section improves upon individual results by 70 GeV (U/") and 80 GeV (U¢), assuming =0.5

'5' 105 S ' ' ' | ' ' ' I ' ' ' I ' ' ' | ' '5' 105 S ' ' ' I ' ' ' I ' ' ' I ' ' ' I
= | ATLAS Uy pair production = | ATLAS 1 pair production _
"::. 104 VS =13TeV, 139fb™" (Yang-Mills coupling] . ‘;-3' 10°F Vs =13TeV, 139fb~1  [minimal coupling | .
S' - All Limits at 95% CL —— Combined Analysis : ) i —— Observed 95% CL limit
T 103k —— Observed Limit Individual Analyses - T 103F --— Expected 95% CL limit _
o = ——- Expected Limit — tutv : S : B Expected +10
© tvbT ) B 102 L Expected +20 )
bTtbT : &= Theory (LO)
Theory (LO) : :
.----—-———--_____________ ___________
10° e e e e e e e e e e e e e e e — — — — &
: = : :
1071 E 1071 3
; B(Ul—)bT)=O.5=1—B(U1—)t\)) E E B(Ul—)bT)=O.5=1—B(U1—)tV) =
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U; U;
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https://arxiv.org/abs/2401.11928

LO 3 Generation Pair Production Combination @ ATLAS ax201 1192

No combination possible in case of U,
Set lower limit on mass of 1810 GeV for U™ and 1540 GeV for U}¢

E; I L L E; - L L L L
= q105. ATLAS U, pair production, ]l = 105L ATLAS U, pair production, -
‘zg Vs =13TeV, 139fb~? Yang-Mills coupling : ‘zg = Vs =13TeV, 139fb~1 minimal coupling ]
= 104 — Observed 95% CL limit | =& 104 —— Observed 95% CL limit _
0 : ---' Expected 95% CL limit " --- Expected 95% CL limit
% 103 L B Expected *10 ) % 103 L I Expected *10 )
1Y g Expected £20 : B : Expected £20
102 L &= Theory (LO) ] 102 | &= Theory (LO) _

1071 ¢ -
B(Ol—)tT)=1 : B(Olﬁt'l')=1
[ (N TR WA TR NN SR NN SN N SN SUN S NN NN SU T S S S S W S S S N S S’ 10—2— AR (N NN SR SR N TR AN SO (N SN AN S NN S N S S S S S W S S S S S S
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https://arxiv.org/abs/2401.11928

LQ-T-b / LQ-T-q @ CMS arXiv:2308.06143

First search for scalar LQs produced via lepton-quark scattering Forward and soft  Central and high p;
* Possible due to recent advances in precision of lepton PDFs |

Event selections:

- Single lepton (e, p, 7)) + high prjet: both 7, ,, and 7;,,, decays exploited

* VVeto events with additional leptons:complementary to single/pair production
Two categories based on “b-tag” of leading jet: probes both 4_, and /Iw

Final discriminant variable: collinear mass m

; of 7 candidate and jet

col
T, + jet, no-btag, high BDT 138 fo (13 TeV) | | | | ?38 fo’ (|13 TeV) 138 fb™' (13 TeV)
) AL A N B T~ L L S e A
= " CMS 4 Observed [JZ— Il 1 Qo | CMS  —«— Obs. (combined) -+ Obs. (r,+jet) | @ ;4 CMS  —e—Obs. (combined) v Obs. (v +et) _
- 50 W + jets tt/single-t 4 ~ i | | — : . .
” : Diboson Mis-D 31 & 1 Obs. (w+et) Obs. (e+jet) 5t Obs. (et -Obs' (etjet) -
— - - : ] - —— Median expected 68% expected -
) 40 — Bkg. unc. ] 1\ J —— Median expected - 68% expected | 1\ 1¢ E
Lﬁ - —— LQ (m=2.1TeV, A\, =1.5) - SI} | 9 ~ 95% expected = Theory (LQ ) ]
30 ~ - o 10" 95% expected = Theory (LQ ) | q = Theory (LQ ) = Theory (LQ,) ]
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| T G EESEREE R ¢ _ (7)) /p)
| EREE EEE e e | * ] D b 5
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https://arxiv.org/abs/2308.06143v2

New 7’ Vector Boson in 4 Events @ ATLAS arXiv:2301.09342

Experimental signature: 4,u opposite- charge pair events around Z pole

Basic selections to select 4 events in the mass region of [80, 180] GeV, excluding Higgs
region [110, 130] GeV

Events further split into low mass (m, < 42 GeV) and high mass (m, > 42 GeV) region

Parameterized deep neural network (pDNN) score to categorize 41 events as signal or
background at different Z' hypothesis masses

Final discriminant variable: m,, or m,, after pDNN cut
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New 7’ Vector Boson in 4 Events @ ATLAS arXiv:2301.09342

Exclusion limits on coupling strength g vary from 0.003 to 0.2 CMS arXiv:1808.03684 ,
| see more details in Backup
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Observed exclusion limits @ CMS: 0.004 < g, < 0.3, using 2016+2017 dataset 77.3fb~!
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New Z' Vector Boson In 3/4 Events @ ATLAS arXiv:2402.15212

First time to use the 3u final state to search the new Z’ gauge boson
» Model contains two additional parameters {g,, M}

Search for Z' in mass region from 5 to 81 GeV

Candidate events in the signal region:
» Exactly 3 isolated muons

) Large miSSing transverse momentum e 1 03 A | 1 T | 1 T | 111 1 T | 1 T | 1 T | 111 |:
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New Z’' Vector Boson in 3 Events @ ATLAS

\Combination q

Statistical combination with previous search using
neutral-current Drell-Yan process (4u final state)

Common parameter of interest: coupling parameter g, .

arXiv:2402.15212

Significant improvement relative to the previous search, up to 40% in the high mass region (m, > 65 GeV)
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r-lepton + Missing Transverse Momentum @ ATLAS arXiv:2402.16576

Target high mass resonances W — v — 1, _, . LU
° B(T —> Thad) = 65%
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r-lepton + Missing Transverse Momentum @ ATLAS arXiv:2402.16576

/ /

SSM — Excluded W' mass up to 5 TeV NUGIM — Excluded W’ mass vary from 3.5 to 5.0 TeV
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Observed exclusion limits @ CMS;:
SSM: my, < 4.8 TeV

NUGIM: 2.2 < mur<4.8 TeV CMS arXiv:2212.12604 ,
W see more details in Backup2
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W — tb in 0/1 -lepton Final States @ ATLAS arXiv:2308.08521

Fully reconstruct b system: L
* O-lepton channel: large-R jet + small-R jet
 1-lepton channel: 1 lepton + neutrino (MET) + 2 small-R jet

1

b

Final discriminant variable: m, —,

OL channel

top-candidate large-R jet
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W’ — tb in Leptonic Final States @ CMS arXiv:2310.19893

One muon or electron, at least two AK4 jets, and one neutrino
* AK4 jets: jets clustered with a radius parameter of R = 0.4

Categorization based on b-tagging condition of top jet and W’ jet

Final discriminant variable: M, ;.

The largest local (global) significance 2.60 (2.00) for my, at 3.8 TeV with a relative decay width of 1%
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Conclusions and Outlook

ATLAS and CMS performed extensive search programme for BSM during Run-2
* Only a handful of the latest results presented here
» See the list of all public results on the AtlasPublic twiki and CMS Publications

No clear new physics evidence in the full LHC Run-2 dataset in searches for:
» Leptoquarks: limits are mostly at masses of 1 - 1.5 TeV for scalar and 1.5 - 2 TeV for vector LQOs

« Exotic vector bosons Z'and W’

Run-3 of the LHC is ongoing, with 13.6 TeV collision energy and the inclusion of multiple upgrades
+ Looking forward to further sensitivity improvements with this dataset

Thanks for your attention!
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Leptoquarks: State of the art

Scalar leptoquark pair production, all contours at 95% CL March 2023 .
< 1 R R e e A R R Overview of CMS leptoquark searches
T O 9 ATLAS Preliminary _: CMS Preliminary — August 2023
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LOLQ — tblv (l = 6,/4) Pair Production @ ATLAS arXiv:2210.04517

Target pair-produced up- and down-type LQs with S(LQ — g3l) = 0.5 L S T = A B S B B
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LQ-t-/ ([ = e, u, 7): Pair Production @ CMS

arXiv:2202.08676

A broad BSM search targeting multi-lepton events . .
* Type-lll seesaw heavy fermions
 VVector-like leptons g g
» Leptoquarks
Event selections: . .
« 3 or 4 lepton signatures (e, i, 7;,,4) With minimum p, of 10-20 GeV
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New Z' Vector Boson in 4 Events @ CMS arXiv:1808.03684

| Search for a narrow light Z' with preferential coupling to 7 n _ 7317 (18 TeY) .
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r-lepton + Missing Transverse Momentum @ CMS

Signature:

Main backgrounds:

e 1t production, single Top
o Z(l)+jets
e Diboson (WW, WZ, ZZ)

« QCD multijet
Transverse mass (m;) used as discriminating variable

Search for events with a hadronically decaying 7 lepton (7;,,;) and
high missing transverse momentum (p/)

- Final state: at least one 7;,,; and high pZ™™* (ps* > 200 GeV)
« Expect back-to-back kinematics and balanced in p;

» W+jets: dominant irreducible, same signature as signal
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