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Leptoquarks



Motivations
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v" Hints for lepton flavour universality violation is observed in charged and neutral current processes in B-physics.

Rp/Rp+: 3.80 deviation (2.20 at Moriond 2026...)

R(/Ry+«: Now SM consistent?

 B—>Kup angular variable discrepancies, muon g-2
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v" One of the candidates to explain the deviation is a leptoquark (LQ).
* Hypothetical particles that naturally arise in some beyond the Standard Model scenarios such as GUT.

* Introduces direct couplings between leptons and quarks.
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LQ Search in Experiment
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v Scalar LQ and Vector LQ (of minimal coupling and Yang-Mills (YM) coupling) scenarios are considered.

v LQs can be produced in pair, single, non-resonant, and resonant.
* Pair and single productions have been searched for a long time.

v" Decay modes also have variations. As experimental signature,

e quark (top, bottom, charm, light-jet) and lepton (t, |, e, v) 4/12


https://link.springer.com/article/10.1140/epjc/s10052-023-11304-5
https://link.springer.com/article/10.1140/epjc/s10052-023-11304-5
https://link.springer.com/article/10.1140/epjc/s10052-023-11304-5
https://link.springer.com/article/10.1140/epjc/s10052-023-11304-5

Non-Resonant Production
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v" Higher mass region can be searched for in non-resonant production depending on
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v' Differential cross section in 2 tau final states is measured for the first time from run 1.

v' Constraints for several EFT coefficients are also set.
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Resonant Production
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v" Run2 + partial run3 data (2022, 2023)!

/ v" The lepton content of the proton is becoming better understood (lepton PDF).

Y v" Covers complementary phase space to other channels.
* Especially in high mass, high coupling region.

v' Good test for generation and flavour structure of the LQs 6/12
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Vectorlike Fermions
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Vectorlike Quark Introduction

Vectorlike Quarks (VLQs) are color triplet, spin 1/2, fermionic partners of SM quarks in many BSM models.
 Composite Higgs, Little Higgs, Extra Dimensions, etc, to explain radiative divergences to the Higgs mass.

t,t,b
VLQs can be SU(2) singlets, doublets, or triplets with specific charge assignments ¢
Typical branching ratios depend on the multiplet structure Z,HW
* e.g.singlet: §W=0.5, £Z=¢H=0.25
T and B have the same electric charge as the SM t- and b-quarks Z,H,W
X and Y have electric charges 5/3 and -4/3, respectively g -
b

Pair production (dominates at low mass) and single production (dominates at high mass and high coupling)
Preferential coupling to third generation SM quarks is often assumed to cancel out the Higgs boson mass
divergence from top-quark loops.

* Possible decay channels: T>Wb, T->Zt, T>Ht, B>Wt, B->Zb, B>Hb, X>Wt, Y>Wb

q
Parameters of model:
M; g x y: Mass of the T, B, X, Y quark

* K: Global electroweak coupling parameter

« &W, &Z, EH: Relative couplings to W, Z, H bosons respectively

* Relative width: [/M~k*M? g
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Searches for singlet Tand Y in doublet (OL) and triplet (1L) scenarios

0-Lepton (OL) analysis

v' Boosted large-R W tagging utilizing jet substructure information
v Data driven QCD background estimation is key

1-Lepton (1L) analysis

v' Complementary sensitivity as OL analysis

w-S++u-1+B

v’ Interference between the VLQs and SM processes is considered
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v" One explanation of observed flavor anomalies is 4321 model
* SU(4) X SU(3)" X SU(2), X U(1)’, unitifies quarks and leptons
* Predicts vector LQ (U,), VLLs connect LQs to SM leptons

v" VLL decays to U, Vector LQ, VLL (N, E*) decays are as shown in the diagram
e CMS reported 2.80 excess at VLL mass 600 GeV, which is not observed

v R-parity violating SUSY is also searched for in the same analysis

v' A paper is published with VLL search using anomaly detection technique
« EXOT-2021-34
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HL-LHC Proj

Non resonant LQ (Projection of p.5)
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e Luminosity scale: 3000/139 (ATLAS only), 6000/139 (ATLAS + CMS)
* COM scale: considering cross section difference between 14/13 TeV
v Systematic uncertainties are scaled according to the expected improvements with increased statistics and

analysis techniques in the baseline scenario.
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Summary

v' Recent searches for Vector-like fermions and Leptoquarks at the ATLAS experiment are introduced.
* Nosignificant excess is found, thus the strongest limits are set.

Leptoquarks
v" First result from the non-resonant production searches.

» Differential cross-section is measured and the constraints are also set for the EFT coefficients.
v' Resonant production search utilizing the lepton PDF knowledge is also conducted.

e Results using run 3 data are starting to emerge.

Vectorlike fermions
v" VLQ (T/Y) decaying to Wb are searched for.
v" VLL decaying to U, Vector Leptoquark as well as R-parity violating SUSY model are also searched for.

And HL-LHC projection study also performed.

The ATLAS results can be found and have been updated in the ATLAS publication page, and...

Stay tuned for the upcoming new channels and Run-3 results!
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VLQ Summary Plot

ATLAS vector-like quark searches - 95% CL exclusion

Status: June 2025

Link

ATLAS Preliminary
Vs=13TeV, 36.1 fb~! - 140 fb~!

9 Singlet VLQ (pair) B(VLQ -»Wq)=0.5¢} | 1.15 PRDI 110 (2024) 052009
- Simplified VLQ (pair) B(VLQ - Wqg)=1.0¢ 1.53 PRD 110 (2024) 052009
Doublet (B Y) (single) Mg/mp =20%, B(B -»Zb)=B(B - Hb)=0.5f 1.8 JHEP 11 (2023) 168
Singlet B (single) M'g/mg = 20%, B(B - Zb)=B(B - Hb)=0.25 1.3 JHEP 11 (2023) 168
Singlet B (pair) B(B - Zb)=B(B - Hb)=0.25¢ 1.2 PLB 843 (2023) 138019
% Doublet (B Y) (pair) B(B = Zb)=B(B - Hb)=0.5 1.32 PLB 843 (2023) 138019
Simplified B (pair) B(B—Zb)=1.0 1.42 PLB 843 (2023) 138019
Singlet B (pair) B(B—- Wt)=0.5} 1.33 EPJC 83 (2023) 719
Simplified B (pair) B(B - Wt)=1.0} 1.46 EPJC 83 (2023) 719
Doublet (B Y) (single) M'y/my =20%, B(Y - Whb)=1.0} 2.27 arXiv:2506.15515
Doublet (X T) (single) Mt/mt=20%, B(T = Zt)=B(T » Ht)=0.5} 1.4 PRD 111 (2025) 012012
Singlet T (single) '/m+=20%, B(T - Zt)=B(T - Ht)=0.25¢ 2.0 PRD 111 (2025) 012012
Simplified T (pair) B(T->Ht)=1.0¢ 1.01 PRD 98 (2018) 092005
E‘ Singlet T (pair) B(T = Zt)=B(T - Ht)=0.25¢ 1.27 PLB 843 (2023) 138019
Doublet (X T) (pair) B(T =» Zt)=B(T - Ht)=0.5 1.46 PLB 843 (2023) 138019
Simplified T (pair) B(T = Zt)=1.0t 1.6 PLB 843 (2023) 138019
Singlet T (pair) B(T - Wb)=0.5¢ 1.36 PLB 854 (2024) 138743
Simplified T (pair) B(T - Wb)=1.0} 1.7 PLB 854 (2024) 138743
- - q refers to u, d, or s quark 0 0j5 1 1j5 215
Simplified SU(2) SU(2)
model singlet doublet Vector-like quark mass [TeV]

1140 fb!
1140 fb!
1139 fb~!
1139 fb~!
1139 fb~!
1139 fb~!
1139 fb~!
1139 fb~!
1139 fb~!
1140 fb~!
1139 fb~!
1139 fb~!
136.1 fb*
1139 fb~!
1139 fb~!
1139 fb~!
1140 fb~

{140 fb~!
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LQ Summary Plot

ATLAS leptoquark searches - 95% CL exclusion

Status: March 2025

ATLAS Preliminary
V5=13TeV, 139 fb~1-140 fb~?!

Scalar (pair) B(LQ - je)=1.0f 1.8 JHEP 10 (2020) 112 E

Scalar (pair) B(LQ»ce)=1.0t 1.76 JHEP 10 (2020) 112
Scalar (pair) B(LQ = be)=1.0t 1.73 PLB 854 (2024) 138736 E
Scalar (pair) B(LQ = te)=1.0¢ 1.65 PLB 854 (2024) 138736 4
Vector (Min) (palr) B(LQ—-te)=1.0} 1.67 EPJC 84 (2024) 818 E
Vector (YM) (pair) B(LQ = te)=1.0} 1.95 EPJC 84 (2024) 818 g
Scalar (pair) B(LQ - ju)=1.0} 1.74 JHEP 10 (2020) 112 1
Scalar (pair) B(LQ —» cu)=1.0} 1.68 JHEP 10 (2020) 112 g
Scalar (pair) B(LQ—»b }=1.0¢ 1.71 PLB 854 (2024) 138736 E
Scalar (pair) B(LQ = tu)=1.0t PLB 854 (2024) 138736 E
Vector (Min) (pair) B(LQ — ¢ )=1 0t 1.67 EPJC 84 (2024) 818 .
Vector (YM) (pair) B(LQ = ¢ )=1 or 1.95 EPJC 84 (2024) 818 :
Scalar (pair) B(LQ—> r;=1 Of 13 JHEP 06 (2023) 199 1
Scalar (pair) B(LQ->bT1)=1.0t 1.48 PLB 854 (2024) 138736 E

Vector (Min) (palr) B(LQ—>bT)=l Or 1.65 EPJC 83 (2023) 1075
Vector (YM) (pair) B(LQ—=bT)=1.0} 1.91 EPJC 83 (2023) 1075 g
Scalar (single+non res.+pair) A(bT)=1.571 1.34 JHEP 10 (2023) 001 .
Scalar (single+non res.) A(bT)=2.5} 2.11 arXiv:2503.19836 E
Vector (Min) (single+non res.+pair) A(bt)=1.5t 1.45 JHEP 10 (2023) 001 E
Vector (Min) (single+non res.) A(bt)=2.5} 25 arXiv:2503.19836 E
Vector (YM) (single+non res.+pair) A(bT)=1.5¢} 1.64 JHEP 10 (2023) 001 .
Vector (YM (5|nPIe+non res.) A(bt)=2.5¢ 215 arXiv:2503.19836 E
Scalar (pair) B(LQ = tT)=1.0¢ 1.52 PLB 854 (2024) 138736 1
Vector (Min) (palr) B(LQ—-tT)=1.0} 1.54 PLB 854 (2024) 138736 E
Vector (YM) (pair) B(LQ = tT)=1.07 1.81 PLB 854 (2024) 138736 .
Scalar (pair) B(LQ »cv)=1.0t 0.88 arXiv:2410.17824 E
Vector (Min) (pair) B(LQ = cv)=0.5 0.95 arXiv:2410.17824 .
Vector (YM) (pair) B(LQ—=cv)=0.5} 1.15 arXiv:2410.17824 E
Scalar (pair) B(LQ = bv)=1.0t 1.26 PLB 854 (2024) 138736 E
Scalar (pajr) B(LQ = tv)=1.0} 1.24 PLB 854 (2024) 138736 E
Scalar (pair) B(LQ » te)=0.5¢ 1.45 PLB 854 (2024) 138736 1
Scalar (pair) B(LQ = tu)=0.5} 1.43 PLB 854 (2024) 138736 1
Scalar (pair) B(LQ—»t )=0.5} 1.36 PLB 854 (2024) 138736 .
Scalar (pair) B(LQ » be)=0.5 1.51 PLB 854 (2024) 138736 E
Vector (Min) (pair) B(LQ —» be)=0.5 1.62 JHEP 06 (2023) 188 E

Vector (YM) (pair) B(LQ » be)=0.5 1.9 JHEP 06 (2023) 188

Scalar (pair) B(LQ — bu)=0.5} 1.57 PLB 854 (2024) 138736

Vector (Min) (palr) B(LQ = bu)=0.5¢ 1.71 JHEP 06 (2023) 188 -

Vector (YM) (pair) B(LO—»b,u)=0 5t 1.98 JHEP 06 (2023) 188
Scalar (pair) B(LQ = bT)=0.5¢ 1.34 PLB 854 (2024) 138736 E
Vector (Min) (pair) B(LQ —» bT)=0.5 1.58 PLB 854 (2024) 138736 1
Vector (YM) (pair) B(LQ—-bT)=0.5¢ . . . 1.84 ! | PLB 854 (2024) 138736 1

0 0.5 1 1.5 2 2.5 3

J refers to u, d, or s quark
Vector Vector Leptoquark mass [TeV]
Scalar . . .
(Yang-Mills) (Minimal)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-013/
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