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Introduction

« the SM has lepton flavor universality (LFU)

* it appear as an “accidental” symmetry

= LFU violation would be a clear sign of new physics (NP)

 experimental evidence of LFU violation ?

— B anomalies: R(D™), P'5, B — K&y, ...
— muon g — 2 arXiv:2308.06230
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= can be explained by leptoquarks (LQs)

LQs naturally arise from many NP models:
— GUTs like Pati-Salam, 4321 model, ...
— SUSY with R-parity violation

— compositeness

— technicolor
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LQ models

e scalar or vector boson

« couples to a quark & lepton

= carries L, B, color, EM charge

overview of LQ models: arXiv:1603.04993; diagram
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LQ models in LHC searches

e scalar or vector boson

« couples to a quark & lepton

= carries L, B, color, EM charge

« typical model parameters in LHC searches:

1. mq~0.2-10 TeV

2.
3.

4,

coupling strength A, to fermions

branching fraction B to charged leptons:

B(LQ—ql)=0
BLQ—q¢v)=1-p

“non-minimal” coupling k to gluons (vector LQ)

overview of LQ models: arXiv:1603.04993; diagram

typical benchmarks:

« =1 (no neutrinos)

« =05 (mix)

| « =0 (only neutrinos) )

-
typical benchmarks:
* k=0 (minimal coupling)

« k=1 (Yang-Mills)

.
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LQ production at the LHC
.

~ Nonresonant production

- gluon-induced lepton-induced
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© model independent = width oc A2 © large cross section “ wide resonance
¢ resonant «+ suppressed y PDF © kinematics largely
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= forward lepton P (m.2)
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similar final states: two high-p; & nonresonant leptons



Complementarity of LQ signals
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Complementarity of LQ signals
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Coupling 1

Complementarity of LQ signals

single & nonresonant signals have often been overlooked,
but they open a large phase space at large couplings (A1)
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Coupling 1

—

Complementarity of LQ signals

single & nonresonant signals have often been overlooked,
but they open a large phase space at large couplings (A1)
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Coupling A

Coupling strength A
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" The ATLAS & CMS detectors @ LHC, CERN
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Run-2 pp collision data
Vs =13 TeV, ~137-140 fb"
(for 2016—-2018)
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Final states covered in Run-2 data: Rat:Ugelgele[Ile34le]y

137-140 fb1
)
6_7 v 5_, 5_, v, 1%
g g
2, L 2, L
/ qa q / qa qa qa q
\/ Olg v/ Olg
AN A7 N |y, v
LQ \< LQ \<
g g
q, (¢ a, |49, 4, g
e/

25% 50%  25%

i Jes | tb

ATL 2410.17824 | ATL 2101.12527  ATL 2004.14060

CMS 1909.03460 CMS 1909.03460 ATL 2210.04517
ATL 2006.05872  ATL 2010.02098
- ATL 2108.07665
ATL 2006.05872 AT 2006.05872 AIL 2306.17642 CMS 2(?18 2(.)04?16 78

CMS 2402.08668 CMS 2202.08676

ATL 2108.07665
ATL 2303.09444 ATL 2303.01294 é-ll\-nl_s2220321385§726
CMS 2308.07826 '

- COVers 1t — UU, €U, €Thad> UThad» ThadThag ChaNNels 13


https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-25/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-34/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-12/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-19/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-08/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-13/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-15/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-15/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-18/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-015/

Pair production: LQ LQ — cvcv

 search for pair production of t/c squarks or LQs

 select signal events
— e, U, T, b-jet veto pt > 250 GeV
— EMIsS > 250 GeV
— 2 2 c-tagged jets
— m.. > 200 GeV

pr > 150 GeV

ATLAS 2410.17824

Submitted to JHEP
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Pair production: LQ LQ — cvcv

 search for pair production of t/c squarks or LQs

 select signal events
— e, U, T, b-jet veto
— E™Iss > 250 GeV
— 2 2 c-tagged jets
— m.. > 200 GeV

» splitinto three signal regions with cuts on
m_. and E7'"*° significance (= EFiss/g[Emiss])
 control backgrounds in events with

— 1 leptons for W + jets
— 2 leptons for Z + jets

 extract signal from cut-and-count

ATLAS 2410.17824
Submitted to JHEP
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o(pp - vLQ% LA ™) [pb]

. . ATLAS 2410.17824
Pair prOdUCthn: LQ LQ — cvcv Submitted to JHEP m

« set upper limits on o( LQ LQ — cv.cv, )
* set upper limits on B(LQ — cv,,)

« masses up to 900 (1150) GeV are excluded for a scalar (vector) LQ

Scalar LQ — cv,

[ vector LQ — cv,, k =1 (Yang—Mills) |
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o(pp - vLQ% LA ™) [pb]

Pair production: LQ LQ — cvcv

« set upper limits on o( LQ LQ — cv.cv, )

» set upper limits on B(LQ — cv,,)

ATLAS 2410.17824
Submitted to JHEP

« masses up to 900 (1150) GeV are excluded for a scalar (vector) LQ
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o(pp - vLQ% LA ™) [pb]

ATLAS 2410.17824

Pair production: LQ LQ — cvcv Submitted to JHEP

« set upper limits on o( LQ LQ — cv.cv, )

» set upper limits on B(LQ — cv,,)

« masses up to 900 (1150) GeV are excluded for a scalar (vector) LQ
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Final states covered in Run-2 data: ESIlalcL=NelgeIe [Vl ileTy

gluon-induced production
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T(pq
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Final states covered in Run-2 data: ESIlalcL=NelgeIe [Vl ileTy
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Nonresonant f-channel: qgq — ee,

 angular distributions (|yy|, cos 6*) are sensitive to the
nonres. LQ signal at extreme dilepton masses (my)

 construct parametrized templates by reweighting DY
simulation (NLO MadGraph) with analytic functions:

ny

nonresonant LQ signal would interfere with Drell-Yan (DY)

CMS 2503.20023 m
submitted to JHEP

pheno paper:
arXiv:1610.03795
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14+c¢
4 *
+ gLQ Npure(mﬁﬁ) 2m%Q
“pure” nonres. £ 1 —ci+ m2,

contribution from LQ

= theory parameters A, and A, for DY cross section,
plus LQ-fermion coupling g7

previous Arg measurement:
arXiv:2202.12327
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. : . Tl
« fit the DY parameters (A,, A;) and LQ-fermion coupling ng
138 fb (13 TeV)
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ZZ—2 SYS. unc E
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CMS 2503.20023 m
Nonresonant t-channel: qq — ee, uu submitted to JHEP

« set stringent limits on coupling & mass for 8 LQ models coupling to e

* sensitivity up to 5 TeV for large couplings (g > 1.5) !

138 fb™ ' (13 TeV)
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CMS 2503.20023 m
Nonresonant t-channel: qq — ee, uu submitted to JHEP

* set stringent limits on coupling & mass for 8 LQ models coupling to e or u

* sensitivity up to 5 TeV for large couplings (g > 1.5) !

138 fb™ ' (13 TeV) 138 fb™ ' (13 TeV)
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Nonresonant f-channel: bb — tt

* measurement of Z (— 1,,,4Thag) + D jet cross section at high mass

* includes interference
* set limits on coupling 1 vs. mq:

ES T T T T T T T T T T T (1)
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B 1 {s =13 TeV, 140 &' —— o >
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] ATL 2503.19836 m
Nonresonant t-channel: bb — zt See B E Boila

@ >

* measurement of Z (— 1,,,4Thag) + D jet cross section at high mass
* includes interference
* set limits on coupling 1 vs. mq:
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LQ(qu) LQ(qge)

LQ(gT)

LQ(qv/qt)

ATLAS summary of mass exclusions

ATLAS leptoquark searches - 95% CL exclusion

Status: March 2025

ATLAS Preliminary

Vs=13 TeV, 139 fb~1-140 fb~?!

source

Scalar (pair) B(LQ —»je)=1.0} 1.8 JHEP 10 (2020) 112 139 tb~!
Scalar (pair) B(LQ -»ce)=1.0+ 1.76 JHEP 10 (2020) 112 139 fb!
Scalar (pair) B(LQ » be)=1.0t 1.73 PLB 854 (2024) 138736 {139 fb!
Scalar (pair) B(LQ »te)=1.0f 1.65 PLB 854 (2024) 138736 {139 fb!
Vector (Min) (palr) B(LQ-te)=1.0 1.67 EPJC 84 (2024) 818 1139 fb~!
Vector (YM) (pair) B(LQ »te)=1.0t 1.95 EPJC 84 (2024) 818 {139 fb~!
Scalar (palr) B(LQ - ju)=1.0+ 1.74 JHEP 10 (2020) 112 {139 fb~!
Scalar (palr B(LQ-cu)=1.0f 1.68 JHEP 10 (2020) 112 {139 fb~!
Scalar (pair) B(LQ » bu)=1.0t 1.71 PLB 854 (2024) 138736 {139 fb~!
Scalar F air) B(LQ-»tu)=1.0t PLB 854 (2024) 138736 1139 fb!
Vector (Min) palr) B(LQ-tu)=1.0r 1.67 EPJC 84 (2024) 818 {139 fb~!
Vector (YM) (pair) B(LQ - tu)=1.0+ 1.95 EPJC 84 (2024) 818 1139 fb!
Scalar (pair) B(LQ »T)=1.0} 1.3 JHEP 06 (2023) 199 {139 fb~!
Scalar (pair) B(LQ = bTt)=1.0f 1.48 PLB 854 (2024) 138736 {139 fb~!
Vector (Min) (pair) B(LQ-»bT)=1.0F 1.65 EPJC 83 (2023) 1075 1139 fb~!
Vector (YM) (pair) BLO—»b1)=1.0F 1.91 EPJC 83 (2023) 1075 4139 fb!
Scalar (single+non res.+pair) A(bt)=1.5¢ 1.34 JHEP 10 (2023) 001 1139 fb7!
Scalar (single+non res.) A(bt)=2.5} 2.11 nonres. 1t arXuv 2503.19836 {140 fb~!
Vector (Min) (single+non res.+pair) A(bt)=1.5¢ 1.45 JHEP 10 ( 20233) 001 {139 fb~!
Vector (Min) (single+non res.) A(bt)=2.5} 2.5 arXiv:2503.19836 1140 fb!
Vector (YM) (single+non res.+pair) A(bT)=1.5¢ 1.64 JHEP 10 (2023) 001 1139 fb!
Vector (YM (smqle+non res.) A(bt)=2.5} 2.5 arXiv:2503.19836 {140 fb~!
Scalar (pa|r) B(LQ-tT)=1.0} 1.527 PLB 654 (2024) 155/36 TI39 b
Vector (Min) (pair) B(LQ»tt)=1.0} 1.54 PLB 854 (2024) 138736 {139 fb~!
Vector (YM) (pair) B(LQ »tT)=1.0f 1.81 PLB 854 (2024) 138736 {139 fb!
Scalar (pair) B(LQ »cv)=1.0t 0.88 arXiv:2410.17824 1139 fb~!
Vector (Min) (pair) B(LQ = cv)=0.5} 0.95 arXiv:2410.17824 {139 fb~!
Vector (YM) (pajr) B(LQ - cv)=0.5t 1.15 arXiv:2410.17824 {139 fb~!
Scalar (pair) B(LQ » bv)=1.0t 1.26 PLB 854 (2024) 138736 {139 fb!
Scalar (pair) B(LQ = tv)=1.0r 1.24 PLB 854 (2024) 138736 {139 fb~!
Scalar (pair) B(LQ » te)=0.5 1.45 PLB 854 (2024) 138736 1139 fb~!
Scalar (pair) B(LQ - tu)=0.5r 1.43 PLB 854 (2024) 138736 {139 fb!
Scalar (pair) B(LQ »tT)=0.5} 1.36 PLB 854 (2024) 138736 {139 fb!
Scalar (pair) B(LQ —» be)=0.5} 1.51 PLB 854 (2024) 138736 {139 fb~!
Vector (Min) (pair) B(LQ —» be)=0.5} 1.62 JHEP 06 (2023) 188 {139 fb~!
Vector (YM) (pair) B(LQ = be)=0.5t 1.9 JHEP 06 (2023) 188 1139 fb!
Scalar (pair) B(LQ = bu)=0.5} 1.57 PLB 854 (2024) 138736 1139 fb~!
Vector (Min) (pair) B(LQ—>b )=0.5t 1.71 JHEP 06 (2023) 188 {139 fb~!
Vector (YM) (pair) B(LQ—>bu)=0 5t 1.98 JHEP 06 (2023) 188 1139 fb!
Scalar (pair) B(LQ - bT)=0.5} 1.34 PLB 854 (2024) 138736 {139 fb!
Vector (Min) (pair) B(LQ —» bT1)=0.5} 1.58 PLB 854 (2024) 138736 1139 fb!
Vector (YM) (pair) B(LQ - bT)=0.5} . . . 184  PLB 854 (2024) 138736 {139 fb~!
0 0.5 1 1.5 ‘ 2 ’ 2.5 3
j refers to u, d, or s quark
Scalar Vector Vector Leptoquark mass [TeV]
(Yang-Mills) (Minimal)
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CMS summary
of mass limits

in Run 2, ATLAS & CMS
could exclude LQs

up to 2 TeV for A ~ 1
with pair production

thanks to nonres. signals,

we can reach above 5 TeV
forA>1.5

29 source

CMS Preliminary March 2025

Nonres. ee, B(LQ-ue)=1,A=1
Nonres. ee, B(LQ-»de)=1,A=1

1-4.7 TeV
arXiv:2503.20023

1-3.7 TeV
arXiv:2503.20023

138 fb~!
138 fb~!

LQ(ge)LQ(qe), B(LO—»qge)=1,g=u,d

LO(ge)LQ(ge) + LO(ge)LQ(qve), B(LQ -~ qe, que) = 0.5, g=u, d
eLQ(qge), B(LO-»qge)=1,A=1,q=u,d

LQ(te)LQ(te), B(LO-»te)=1

LQ—)(le

0.2-1.44 TeV

arXiv:1811.01197 S 0.2-1.27TeV
arXiv:1509.03744
0.2-1.27 TeV

arXiv:1811.01197 S 0.2-1.16TeV
arXiv:1509.03744

0.3-1.76 TeV
arXiv:1509.03750

0.2-1.34 TeV
arXiv:2202.08676

nonres. uu

36 fb~t
20 fb~! (8 TeV)
36 fb~t
20 fb~! (8 TeV)

20 fb~! (8 TeV)

137 fb!

Nonres. uu, B(LQ-»uu)=1,A=1
Nonres. uu, B(LQ-»du)=1,A=1

1-5+ TeV
arXiv:2503.20023

1-4.1TeV
arXiv:2503.20023

138 fb~!
138 fb~!

LO(qu)LO(qu), B(LO—>qu)=1,q=u,d,s,c

arXiv:1808.05082 ~0.2-1.53 TeV

arXiv:1509.03744

36 fb~t
20 fb~! (8 TeV)

S LO(uLOGL) + LOWHILOGY,), BLO~qu) = 0.5, g =u, d,5,c mﬂ 8 Tew)
T LO(GULOXDM), BLO—qu) = 0.5, A~ 2 mopy=045TeV, g=s,c| arXiv:1811.10151 pr— 77 fb-1
Q uLQgu), BILO-qu)=1,g=u,d, A=1 arXiv:1509.03750 0:3-0.66TeV 20 fb1 (8 TeV)
N LO(tu)LQ(tu), B(LQ-tu) =1 arXiv:1809.05558 L e ey 36 fb~t
LQ(bu)LQ(bu), B(LQ—»bu) =1 arXiv:2402.08668 o ey 138 fb!
LO(tu)LO(tu), B(LO - tu) =1 arXiv:2202.08676 0214z TeV 137 fb~!
TLQUT), BILQ>uT)=1,A=1 arXiv:2308.06143 0:6=2.07 eV 138 b1
7LQ(dT), BILQ~dT)=1,A=1 arXiv:2308.06143 0:6=1.8Tev 138 b1
7LQ(sT), B(LO>sT)=1,A=3 arXiv:2308.06143 0-6=1.93TeV 138 fb-!
TLQ(bT), BILQ—»bT)=1,A=3 arXiv:2308.06143 — 138 b1
TLQ(bT), BLQ-bT)=1,A=2.5 arXiv:1806.03472 SEmmaan s 36 b
TLQ(bT), BLQ—bT)=1,A=2.5 arXiv:2308.07826 ey 138 fo~!
L LO(TILO(bT), BLO-bT) =1 arXiv:1811.00806 — 36 b1
? LQ(bTILQ(bT), BLQ~bT) =1 arXiv:2308.07826 M e 138 fo~!
Nonres. 1T, AL(bT) = 2.5, Ag(bT) =0, A (sT) = 0.48 (A = %) arXiv:2208.02717 o 1-2.69TeV 138 b1
)| Nonres. TT, AL(bT) =Ar(bT) = 2.5, A (sT) = 0.53 (A = g—é) arXiv:2208.02717 ey | 138 fb~!
Nonres. ™, A (bT) = 2.5, Ag(bT) =0, A (sT) =0.48 arxivi2212.126047 o 0.-1.5TeV 138 fb~?!
Nonres. v, A (bT) = Ar(bT) = 2.5, A (sT) =0.53 :arXiv:2212.12604— 138 fb~!
LO(tTILQ(bYy) + veLQ(tT), A(tT) = A(bys) = 2.5 arXiv:2012.04178 E— 137 fo?
LO(bT)LO(tvr) + TLO(tv,), A(tT) = A(bv,) = 2.5 arXiv:2012.04178 . 05-1L41Tev 137 fb!
LO(tT)LQ(tT), B(LO-tT)=1,A=1 arXiv:1803.02864 0:3=0.97TeV 36 fb~!
LO(tT)LQ(tT), B(LO=tT)=1 arXiv:2202.08676 02112 TeV 137 fb!
N LO(QVe)LO(quew), BILQ = quew) =1, g=u,d,s,c arxiv:1909.03460 S T s Tev 137 fb~!
,T: LO(bu)LQ(bvy), B(LQ > bvs) =1 arXiv:1909.03460 T ssTev. 137 fb-1
o LQ(tvo)LQ(tvs), BILQ > tvy) =1 arXiv:1909.03460 o O wrTew 137 fb?
N LO(UVeLQ(Uve) + vl Quve), BILQ—»uve) =1, A=1 arXiv:2107.13021 p— 37 fp-1
0.1 0.2 03 04 05 06 0708091 2 3 N
Scalar [ Vector (k=0) [ Vector (k =1)

Leptoquark mass [TeV]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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ATLAS

g =13 TeV, 139 fo-' BULQL™ — ovr) = 05
Summary £ ol imws i
3
= . Em 1017
« ATLAS & CMS have explored many final states in Run 2 3 N\
— scalar/vector, up/down-type models, ... 1T T T ——
— single, pair, and nonresonant signatures ® 1" 707000 1250 7500 1750 2000
m(vLQy;"™) [GeV]
» searches for pair production can reach ~ 2 TeV IR i
S e
 recent searches for nonresonant LQ signals open a large S D
phase space at large mass and couplings A, beyond 5 TeV “E ]
« still many opportunities for £ + (c) jets final states P
10000 1500 2000 2500 3000 3500 m4E)\(}0 )4?8;;\5/(;00

uu

* the new LHC BSM Working Group will help to coordinate
choices of benchmarks and methods between ATLAS
& CMS to facilitate comparisons and combinations

Thank you for your attention !
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Final states covered with Run-2 data

Pair production g =1,0
IV cc__ newi___ bb N
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i | es | b ]
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https://indi.to/bb249

Izaak Neutelings

Diagrams with LaTeX
source code:
« TikZ.net

 Feyn.net
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The Standard Model’s many symmetries...

Quantity Electromagnet-c _Weak | Strong _

Energy Time translation
Linear momentum Spatial translation
Angular momentum Rotations
Center-of-mass Lorentz boosts
EM charge, color  Gauge transformation
Lepton number L
B-L
Baryon number B

Lepton flavor

Quark flavor
Isospin (uds)
Chirality (LH, RH)
Parity P
Charge conjugation C
Time reversal T
CP
CPT

RSN S S XX IN S X8 <KX
UX X X X X X XN s X S
SN NSNS KKK IS KKK XS

respected by SM gauge interactions
but not fundamental !
= “accidental” symmetry ?
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Leptoquark models

summary of all LQ allowed
under SU(2). X U(1)y:

e scalar or vector boson

@ ORQ

* couples to fermions (A,,)

¢ .

A
LQ -~ “ |
q +

= carries L, B, color, EM charge

LQ — ¢ g
—~— N~ =
£} 43,44, 45 10 74,43

overview of LQ models: arXiv:1603.04993; diagram 37



https://arxiv.org/abs/1603.04993
https://tikz.net/sm_isospin_weak/

Leptoquark models

under SU(2). X U(1)y:

Table 3.1: Summary of all possible LQ fields with their representation under SU(3)c x SU(2)y,,
along with hypercharge Y, fermion number F' = 3B + L, charge Q = T5+ Y /2, and the fermion
current(s) they couple to (hermitian conjugate omitted). Bold numbers indicate the dimension
of the representation under the respective gauge group. Charge conjugation is indicated by

¢ = C@T with C = i727°. Adapted from Refs. [112] and [181].

LQ field SU3)c SU2), Y/2 F=3B+L @Q=13+Y/2 Fermion current

Scalar

Si 3 1 -2/3 —2 2 SR, dSdr

S1 3 1 1/3 -2 +1 Qfely, u§er, dSvr, Q¥eQr, ufdr
Sy 3 1 4/3 -2 +4 dSer, uSur

Ry 3 2 1/6 0 Fi,+2 drelr, QLur

Ry 3 2 7/6 0 +2, 42 urelr, erQrL

St 3 3 1/3 -2 +3,F72, % QUeTiLi, QY eT;Qr

Vector

Uiy 3 1 —-1/3 0 1 dry R

U 3 1 2/3 0 :t% QLY L1, dryter, UrY VR
Uty 3 1 5/3 0 +5 Tryrer

Vau 3 2 -1/6 -2 +1 52 aSy" Ly, Q€4 g, dSHQL
Vo, 3 2 5/6 -2 1,43 dSyely, Q¥ evter, Qv ur
Ui, 3 3 2/3 0 F3. 4555 Q'L

Y /2
i,

summary of all LQ allowed 5 |
2
® 5,
® _ RQ 1
= Ts + = YA
+1+ ? Phew
@ ® VZM 5
Ul +3 ‘
. . M \\ " . U?,i/,l,
+3 .
2 S +1 '
® o— > ® 53
/+§ ~
o > ® Ry
1
l I 3 } - T:
_'1 _I% 0 I%N +Il 5
< ® VQM
3|
® Ulu
1y
2
¢S
—14

overview of LQ models

»arXiv:1603.04993; diagram
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LQ decay signatures at the LHC

analyses often use a parameter g:

B(LQ—ql)=20
BLQ—=q¢v)=1-p

B

e.g. purely “third-generation” LQ — b, tv: B(LQ, — tv,)
3 T

7_7 7-7
L <
Q// b7 b? t

N
N
N

bbrT, btryr, ttry

\ 7-7 V? »
LQ < \\
b, t, t

typical benchmarks 5 =0, 0.5, 1

(LQ3 — b7) =
—1-3

brT, brv, trv
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- . ATLAS 2410.17824
Pair productlon: LQ LQ — cvcv Submitted to JHEP m

« set upper limits on o( LQ LQ — cv.cv, )
* set upper limits on B(LQ — cv,,)

« masses up to 900 (1150) GeV are excluded for a scalar (vector) LQ

) . CMS 1909.03460 137 b (13 TeV)
3‘ T T T T | T T T T | T T T T | T T T T ]

. N Scalar LQ — cv, & 10° - —— Observed limit (95% CL)  pp — LQ LQ 3 no charm

>l  ATLAS ) :::: Observed limit (+10ieor) (EQ ------ Median expected limit B(LQ — g v) =100% E tagg|ng
SF - “_Ef 13 TeV, 139 b Expected limit (+10) ° 102 P 68% expected (=u,d,s,orc) =
| Limits at 95% CL 95% expected oL -
~ 1.0p \ === oph YT (k= 1) ‘
SA - 10 ””” theory, LO - =
9 g A e A ]
= 08 f,'_ theory, LO 1
@ \". 1 ‘ ______ pp — LQg LQg _EI
- Otheory, NLO .
0.6 b~ 107 N\ =
i &, ]
04— 1072 = E
- oL ]
0.2 hl:
400 600 800 1000 1200 1 T T T T
u 500 1000 1500 2000 2500
m(LQ3,) [GeV] m,q [GeV] y


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-25/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-005/

btbt

B =0.5
tvbt

B=0

tvty

ATLAS 2401.11928

ATLAS combination of pair production

also see review paper:
ATLAS 2403.09292

« combine 9 independent searches for pair production
 orthogonality from lepton requirements with negligible overlap

« improved mass exclusion thanks to complementarity

[ Scalar LQ — tv or bt ] [ Scalar LQ — tu or bv ]
3\1.0' /1 A A I L I B ':?1'0"""""""”"”"lll"""""""'
e - ATLAS i Q i ATLAS 1
T VS=13TeV,139 fo~! ] ) V5=13TeV,139 fo~! ]
S osf . 2E0.8) LQI. - tu/by .
$ LQY > tu/bT % All contours at 95% CL |
— All contours at 95% CL | I — Observed Limit
n 0.6r — Observed Limit — 0.6 — == Expected Limit
R ~—- Expected Limit L Expected 10 ]
Q —
1 Expected +10 2 - 1
sm 0.4+ - 1T 04+ = Combined Analysis-|
O | x i .
:l m— Combined Ana|y3iS | S E | Individual AnalyseS
Q Individual Analyses S | — tutu (20) ]
0.2 —— bTbT - X 0.2+ — tutu (= 310) -
tvty 1 i —— tubv ]
| — tTbV bvbv
OO.I.. M BT i IR NI ST ST ST ST R OO.I...I...I...I..I...I...I...I...I...I..
"~ 600 800 1000 1200 1400 1600 1800 2000 2200 2400 " 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Migy [GeV] Migs,, [GeV]
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Nonresonant t-channel: qq — ee, uu

7 Template construction

To model the dilepton differential distributions, parameter-independent templates are con-
structed for each piece of the differential cross section of LQ production shown in Egs. (4)
and (5). For the SM DY component, the differential cross section is reparametrized as follows:

L{(Hciﬁ

o« (2+a)
py 4(2+a)

2

do
[dT* (m%z)

A4 C*+‘X(1_Ci)}r (6)

where a = 22—A/}\)0' The first two terms are symmetric and antisymmetric in c,, respectively, and

the third term is proportional to a. The LQ exchange comprises two terms with coefficients yﬁQ
or g‘ﬁQ for the pure exchange of the LQ and, yiQ or giQ for the interference with Z/«*. The
templates for these five pieces of the cross section are denoted as f; (symmetric), f, (antisym-
metric), and f, (corresponding to the third term) for the three DY templates and fi qpure) and

- fuq(ny for the pure and interference LQ terms, respectively.

In Ref. [35], the f, , f, , and f, templates are constructed by binning events in cg and recon-
structed |y|. These templates are constructed for various mass regions, and the fit is performed
for each mass region separately. In this paper, the two-dimensional templates are extended
to three dimensions by additionally binning in the reconstructed n1,,. The templates are con-
structed by reweighting simulated DY events as analytical functions of generator-level quanti-
ties to match the differential distributions of the three pieces of the DY cross section. To reduce
statistical fluctuations in the simulator, each event is used twice, once with +c, and once with
—c,, with a weight of 0.5 to keep the normalization unchanged. The reweighting functions for
the DY templates, f, , f, , and f, respectively, are:

1+¢2
ws(‘c*l) = 1+ +a (1 —C%); and 7)
Cy )
wa(e.) = 1+c2+a(l—c2)’ 8)
1-¢2
wy(le.]) ©

Tit@ta(l-a)

The denominator of the DY reweighting functions is determined for each event from distribu-
tions of simulated SM DY events that are binned in cos 6* and generator-level |y|. The a values
in the denominator are determined by fitting the generator-level distributions of the simulated
events. Finally, to avoid negative values in the antisymmetric template, f,, a linear combination

of f; and f, is used in the fit, defined by f,. = fsf—f”

For the templates corresponding to the two LQ terms, fiqpure) and frqeny, €vents are re-
weighted as functions of both c, and m,,. The reweighting functions are given by:

(1¥Fc,)? 1

S,V SV
, ) = | NS ; 1
wLQ(Pure)(C*/mu) pure(mM) ( ZmIZ‘Q>2 NSM(mM)(l +C§)’ (10)
1—c,+—
nl[,[
S,V s,V (1 C*)Z 1
v o) = | N , 11
wLQ(mt) (C* mH) int (mM) NSM(mN)(l + Ci) 1

2m?
— LQ
<l cy + w2, )

where S and V denote the scalar or vector case. The prefactors, Nps(l‘:e Jint (M), depend on the
vector and axial-vector couplings of the quarks and leptons to the Z boson, as well as the quark
charges. Thus, templates for an LQ coupling to a lepton and quark of specific flavors have dif-
ferent shapes compared to an LQ coupling to a different lepton and quark. The Ngy(1,,)
prefactor represents the coefficient of the symmetric term (1 + c2) in the SM DY angular dis-
tribution. The denominators of the LQ reweighting functions are different from those of the
SM DY functions, calculated from the analytical form of the LO SM DY cross section for each
event. This is because the LQ modifies the m,, distribution, which must be taken into account
in the reweighting.

The reweighting procedure described above has several benefits. The effects of misassigning
the direction of the incident quark in the c, computation, called the “dilution” effect, are ac-
counted for correctly. Additionally, no dedicated MC samples need to be produced for the LQ
process or its interference. The distribution of LQ events can be obtained by reweighting SM
DY MC events using the analytical functional form of the LQ differential cross section.

The reweighting procedure was further validated by fitting LQ and DY templates at the gener-
ator level to simulated LQ signals using MADGRAPH5_aMC@NLO using the SLQRULES pack-
age [69]. Signals were generated at various mass points from 1-5 TeV. The fitted results agreed
with the expected coupling values up to a maximum of 30% at mo = 1TeV, decreasing with
myq- The discrepancy is attributable in part to the fact that the reweighting procedure does not
account for NLO effects in the LQ exchange. We account for this in our fits by applying a 30%
systematic uncertainty in the normalization of the LQ templates.

The total template for the scalar LQ case, binned in reconstructed m,,, y, and cy, is given by:

fow =L fog + M@ (i (1055 ) £ (15 ) 1)

+ nyf LQ(pure) T y%Qf LQ(int)”

(12)

where fékg are templates for the non-DY backgrounds and N(a) = ﬁ. The same template
is used for the vector LQ case using the corresponding reweighting functions, and replacing

Yrq With g1 . The coefficients Ay, «, and either y%Q or ng are extracted in the fits to data.

Events are divided into bins based on m,,, |y|, and cg. For m,,, three bins are used with bin
edges at 500, 700, and 1000 GeV, with the fourth bin containing all events with m,, > 1000 GeV.
Three bins are defined for |y|, with edges at 0, 0.6, 1, and 2.4. The binning in cg depends on
the rapidity. Within the first rapidity bin, events are divided into eight bins in cg of width
0.25. For the other two rapidity bins, events are divided into six bins in cg, with edges of —1,
—0.5, —0.25,0, 0.25, 0.5, and 1. Bin edges were chosen after ensuring that there were sufficient
simulated events in each bin, and fit uncertainties were minimized without losing precision.

Additional templates are created for the other background processes, with one template each
for the MisID background, photon-induced dilepton production, DY 77 production, the com-
bined top quark backgrounds (tt, tW), and the combined diboson backgrounds (WW,ZZ, WZ).
The top quark and MisID templates are symmetrized in cy to reduce statistical fluctuations. The
diboson, photon-induced dilepton, and DY 77 backgrounds are not symmetrized because of
their significant inherent asymmetry.

CMS 2503.20023 m
submitted to JHEP

analysis methods based on
previous Arg measurement
arXiv:2202.12327
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CMS 2503.20023 m
Nonresonant t-channel: qq — ee, uu submitted to JHEP

Table 1: Properties of the R,, EZ, and Us LQs from Ref. [18]. This paper describes a search for X . 2 . .
R, LQs with RL couplings and charge 5/3, R, LQs with RL couplings and charge 2/3, and U Table 3: Best fit values of A,, A4, and Yio for scalar LQ models. The Feldman—Cousins confi-

LQs with charges 2/3 and 5/3. dence interval for 7, is shown at 68% CL. Results are shown for a candidate 11, g of 2.5 TeV.

LQ family (SU(3), SU(2), U(1)) Spin Charge

Ry (3,2,7/6) 0 5/3,2/3 Model Ay Ay y%Q Lower bound on y%Q Upper bound on y%Q

R, (3,2,1/6) 0 2/3,-1/3 +0.14 +0.06

" 532/ L s30031/8 Sy 002+£006 159007 —0.13%51 (stat) =5 (syst) 0 0.082
+0.18 +0.09

The LQ-quark-lepton interactions are defined by the following terms in the Lagrangian: Sl/ld 0.02+0.06 1.60=+0.07 _0'11_020 (Stat —0.13 (sySt) 0 0.119
0.15 0.07

£ 5 youTrli R 4 Y@l R+ g U + gadi " U2 +he, (1) Seu 0.07£0.07 1.61+£0.08 —0.1077;7 (stat)*{77 (syst) 0 0.093
+0.20 +0.11

where y,,, (y,4) are the couplings of the charge 5/3 (2/3) R, (ﬁz) scalar LQs to fermions and g, Sed 0.07£0.07 1.62=0.08 _0'09*0‘23 (Stat)_0-13 (sySt) 0 0.138

(g¢q) are the couplings of the charge 5/3 (2/3) vector U; LQs to fermions. The terms describing

In general, for equal couplling values, the cross sections for vector LQ production are larger Table 4: Best flt Values Of AO/ A4, and gl% fOI' vector LQ models. The Feldman—Cousins COnﬁ-
than for scalar LQ production, hence the limits on |g; | are generally stronger than those on Q

Viol- The limits on up-type couplings are stronger than the limits on down-type couplings ~dence interval for g%Q is shown at 68% CL. Results are shown for a candidate m; g of 2.5 TeV.
because of the larger up quark content of the proton. In the V4 and V# 4 cases, the interference

process is negative, and the likelihood functions for these models are thus quite asymmetric

and nonquadratic. This leads to smaller cross sections and weaker expected and observed Model AO Ay g%Q Lower bound on g%Q Upper bound on gl%Q
limits than the other cases. The uncertainties in the expected limits are also accordingly larger 10.02 004
than in the other cases. Further, the observed limit on |g.4| is more stringent than the expected thu 0.01+£0.06 1.63+0.06 —0.10%,, (stat)foz()g (syst) 0 0.029
limit, despite the positive best fit value for the V.4 mass of 2.5TeV, as shown in Table 4. This 10.05 1014
stems from the asymmetric nuisance impacts arising from the nonquadraticity in the likelihood, Vyd 0.01+0.05 1.61+0.06 0'14—0.05 (stat —0.07 (SySt) 0.036 0.328
as discussed in Section 8. +0.03 +0.04
\Y% 0.05£0.07 1.66 £0.08 —0.09 stat syst 0 0.026
3 138 o™ (13 TeV) 3 138 o™ (13 TeV) eu “003 (stat) Togs (Syst)
oF 2 e L uppertimite. o F T ool upperimis \' 0.06 +0.07 1.64 +0.08 0.13730¢ (stat) ™53 (syst) 0.038 0.352
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Nonresonant zz: jet selections

2308.07826
CMS, EX0-19-016

B(LQ — br) = 100%, pair+single+nonres.
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Comparison EXO-19-016 & HIG-21-001

EX0-19-019, | HIG-21-001, 2 2205 02717

“0j”: veto jets pt > 50 GeV
“21j” with pr > 50 GeV, m;s > 100 GeV ~ “No b tag” (no jet requirement)

jet categories

« “Ob” = “Ob=1j" “B tag” with pr > 20 GeV
o “21b”
observables x, STET miot
Drell-Yan Data-driven with “embedded”

MC + Z pt corrections from uu

estimation samples (from uu events)

IR Ry I Data-driven, “fake-factor” method Data-driven, “fake-factor” method

“best-fit” to B anomalies

e/ve pfv, T/vr e/ve w/vy, T/Vr
d/u’ 0 0 0 d/u’ 0 0 0
)\gq =\ s/c 0 0 0 )\gq = ELUy s/c’ 0 +0.01 0.19

b/t’ 0 0 1 V2 b/t/ 0 —-0.14 1

arXiv:2103.16558
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Nonresonant f-channel: bb — tt

ATL 2503.19836 m

see talk by C. Pollard

* measurement of Z (— 1,,,4Thag) + D jet cross section at high mass
* includes interference

* set limits on coupling 1 vs. mq:
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Nonresonant f-channel: bb — tt

* measurement of Z (— 1,,,4Thag) + D jet cross section at high mass

* includes interference
* set limits on coupling 1 vs. mq:

TT — ThadThad Channels
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see talk by C. Pollard
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ATL 2503.19836 m

Nonresonant t-channel: bb — zt See B E Boila

* measurement of Z (— 1,,,4Thag) + D jet cross section at high mass
* includes interference
* set limits on coupling 1 vs. mq:
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ATL 2503.19836 m

Nonresonant t-channel: bb — zt See B E Boila

* measurement of Z (— 1,,,4Thag) + D jet cross section at high mass A
* includes interference

. . . [
* set limits on coupling 1 vs. mq: A

VLQ BM 2 7T — €, €Thad, UThad, ThadThad 138 tb™' (13 TeV)

TT — ThadThag Channels

LN Sp— T T T T T T T T T T ] CMS 95% CL excluded:
- - ATLAS Expected limit= 2o, - [ ]Observed = 68% expected
s i X W Expected limits 1o . 2208.02717 --Expected ~ 95% expected
LI - [s=13TeV, 14010 - - Expected imit. i £cV0.Ucl 11 p 6 exp
| Vector LQ Observed limit _ = L N L L
1] 4 - |333 = -[333 7000 Preferred region (90% CL) o e/ve o T/vr
Sl 9R5°/° CLLIImItS Eur.Phys.J.C 83 (2023) 2, 153 _| I I g d/u/ O 0 0
- . - U
SIS ¢ 1 < P =25 e [ 0 40m 02
| N 2 v \ 0 —021 1 | 3=)=9U
L 2
~ 33 _ 3 _ 1 23 _ 0.21 \/—
ﬁL - 4, BL — &
A - r )

////////////// ///

//////////a//f
// ////////

LS
S
///;////// V)

i IAISs ///////////////
/////////////////////
I IAISS

AN
ARRRRRARR

ALRRRRRRRRRRRR AR

7/
////////;

/
7
LSS /

/,
S
/

ARARRRRRRRRASS

7
z
7
Z
/
////////////

///////// ///////////

S

Z
Z
S
7
7,
7

ARRRRRRRN
L RN

2.5

3

Leptoquark mass [TeV]

er ed b\j

95% CL preferred region

5

my (TeV)

o

Sl

o

NS


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-42
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
https://indico.in2p3.fr/event/35965/timetable/?view=standard

Nonresonant tt: interference with SM Drell-Yan

Leptoquark mass [TeV]
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Nonres. LQ interpretation of EXO-21-009

CMS Preliminary

CMS-EXO-21-009
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