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What are leptoquarks?

> Leptoquarks are color triplet spin-0 or spin-1 bosons (weak and hypercharged)
» Carry both lepton and baryon numbers; connector of lepton and quark sector

> Naturally appear in Pati-Salam models, GUT theories, flavour models, neutrino
mass models, RPV SUSY models - squarks are leptoquarks etc.

> Bottom-up: scalar LQ can be added by hand; adding vector LQ is tricky — need to
know the additional gauge structure



Leptoquark species
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Why leptoquarks?

» Anomalies: LQs are suitable and very popular candidates to explain B-meson
decay anomalies, muon (g-2) anomalies

» Higgs physics: enhance the light-quark Yukawa couplings, flavour-violating decays
of Higgs like h - 1, enhanced di-Higgs production 2002.12571, 1508.01897, 2205.12210

» Dark matter: can act as a portal to dark matter (e.g., singlet fermion) 1so7.06547, 1808.07844

» Strong production of uncolored particles: produce right-handed neutrinos,
vectorlike leptons or vectorlike quarks 1708.06206, 2301.11889, 2312.09189

» GW+EWPT: give rise to strong first-order phase transition and can produce
gravitational wave detectable in future experiments 2209.14605

» Vacuum stability: LQ can affect the vacuum stability of the SM 1609.03561

Questions will be anaswered
> Can we improve exclusion limits on LQ parameters (mass, BR, couplings)?
> What are the effects of weak and hypercharge of LQs on their exclusion limits?

» Non-observation of LQs - are LQs decaying to new “non-standard” decay modes?
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LQ mass limits from CMS

Overview of CMS leptoquark searches

CMS Preliminary August 2023
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LQ mass limits from ATLAS

ATLAS Preliminary
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ATLAS Leptoquark searches - 95% CL exclusion
Status: July 2024
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Coupling exclusion: dilepton-dijet data

—
<

— Obs. 95% CL limit
----- Exp. 95% CL limit
|:| Exp.t 1o
I:l Exp.t2¢

— o(pp — LQLQ) theory

—,

<

P

T IIIIII|
|

=~
.
S

------
LI
...........
.

—
<
P
T
i
:
Ll

| Vs=13TeV, 139" B(LQ— qu)=1

s(pp — LQLQ — ququ) [pb]
<

5
10400 600 800 1000 1200 1400 1600 1800 2000
m o [GeV]

Single

q [

o

. s g
g\: EZEUEEUBEEUEEEUU
Indirect
!/
/

q
s
q

/ obs(Mf’ )

—= obs(M{’q) X gexp(Mf’q)

— Z ()‘E(Mf »ﬂxﬁf(ﬂx‘gi(Mﬂ)

q
iEtopologies

%

=& exp

Pair production

Single production

Indirect production Indirect interference

Asp op (b)) ep  Ap oy () e N

Mass (§)) (TeV)  opp (Ib)  &pp N pp osp (Ib)
1.5 1.4x 107" 042 8.2 8.4
2.5 6.9x107* 032 31x10% 54x107!
4.0 46x 1077 030 20x1075 34x1072

0.17 1985 320 0018 111.2 =275.0 0.007 -=267.6
0.13 9.8 54 0018 134 -102.0 0.007 -99.2
0.20 0.7 1.0 0.028 3.7 -40.2 0.010 =559
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Pair production: different orders
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Mass exclusion: effects of QED

A. Bhaskar, A. Das, TM, S. Mitra, R. Sharma; PRD 109, 055018 (2024)
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Mass exclusion: effects of QED

Model QCD QCD + QED
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Mass exclusion: effects of QED

Model QCD QCD + QED
LL
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Coupling exclusion: high-pT dilepton tall

> 108 T
810? NR
5102
<10
L%m“
10°
102
10
1
10"

SR t

COY/Z —-p'p

mtt, tW, WW, WZ, ZZ, tt
[ ]Jets

1 Total Background (NR)

140 fo' (13 Te

Data CMS

— Gy WM, =005, M = 3.5 TeV
- Zgg M =5 TeV

cod ol o vl o o ol cowd vl oo o ol ol S~

g b - "6 ¢l+ J +

-1

I\Il
70 100

(Data - Bkg) / Bkg
S
w

200 300

5000
m(uw) [GeV]

III‘
1000

— 7
M (Mg, A)— AP
2 Ef 2 Py “"Theory 0 “'Data
rMd)= Y xiMgA)=Y ) VL
ll=eeupl,TT {6 bebins y
){_.%3 =0.5
L | ]
|
= I B
|
|
L | -
|
| | :
!
/
) ]
/
S ]
s CMS(jivi)
\ . ] CMS(bbuv)
D 1 1.5 2.5 3

Ms, (TeV)

TM, S. Mitra, S. Raz; PRD 99, 055028 (2019) 12



3.5 =

0.0k

Coupling exclusion: scalar LQ
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Coupling exclusion: scalar LQ

""" e —————— A. Bhaskar, A. Das, TM, S. Mitra, R. Sharma; PRD 109, 055018 (2024)
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LL
V10,22

_oupling exclusion: scalar L¢

A. Bhaskar, A. Das, TM, S. Mitra, R. Sharma; PRD 109, 055018 (2024)
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-oupling exclusion: vector
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upling exclusion: vector
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-oupling exclusion: vector
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ToolL Qit: PROJECT LEPTOQUARK

» Complete LO FeynRules model files for all scalar and vector LQ species; NLO FR
model files are under progress; Available here: https:/igithub.com/rsrchtsm/LQ_Models

> Introduced uniform naming convention, FeynRules notations, Monte-Carlo codes

LQ types FR notation Monte Carlo codes
51(3.1,3) 5101 4200011
5(3,1,%) s114 4200114
S3(3,3,4) =304, s301, s302 4200034, 4200031, 4200032
R2(3,2,7) r205, r202 4200025, 4200022
R2(3.2,}) r212, r2il 4200122, 4200121
51(3,1,-3%) $122 4210212
U1(3,1,3) u102 4210012
U1(3,1,3) u11s 4210015
U3(3,3,3) w305, u302, u3dl 4210035, 4210032, 4210031
2(3.2,3) v201, v204 4210021, 4210024
Va(3,2,-3) v212, v211 4210122, 4210121
U1(3,1,-%) u121 4210211

Project goals

Derive exclusion limits on masses
and couplings of all LQ species

LQ induced effective operators and

constrain Wilson coefficients

Propose new search strategies and

improve using advanced methods

LQ decaying to RHN, VLF — many
interesting processes
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Leptoquark calculator
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LHC limits and muon (g-2)
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Leptoquark+RHN/VLF
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Jet substructure and boosted top
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K. Chandak, TM, S. Mitra; PRD 100, 075019 (2019)
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Boosted tops+leptons; top-lepton resonance

6
™
4
2
thThTh + TR TE
[] 1 1
0.8 1

A. Bhaskar, TM, S. Mitra; PRD 101, 115015 (2020)
10 i e .
\ Yy \ paird() —
oy : pairl00 - - -
; o LC50 - ----
LC100 — - - -
RC50 - — -
RC100 — —
I e e S P
o
i \.‘ .................
\ -
- T T —
1.6 1.8 2 2.2 2.4 2.6 2.8 3
M, (TeV)
I (I:()ml)(LC(E}S) o
comb(LCSS)
comh(RC)

pair(BR = 0.3) 4
pair (BR — 1.0) --ooee

1.2 14

2.2 24

23



Take away

Improved exclusion limits on all leptoquark — mass, BR, couplings using dilepton-dijet
data, high-pT dilepton tail data

For the first time, we obtain the improved mass limit when QED effects are included

Introduce a LQ limit calculator — can derive limits for any coupling of any LQ; can
derive multicoupling limits

Most likely LQ are decaying into new final states. Since we have not analyzed those
possibilities, we might have missed them

LQ signatures must be tiny and can also camouflage with background. Need advanced
techniques like jet substructure/machine learning to find them out

DK ou
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