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3.2𝝈 

• 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(*)𝜈𝜈, ...
– muon g – 2 arXiv:2308.06230
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see T. Martinov's talk

10

FIG. 7. The measured R(D+) and R(D+⇤) ratios are shown
(red marker) with the corresponding 68.3% CI (red solid con-
tour), and compared to the SM prediction (black marker), the
world average from Ref. [23] (green ellipse) are shown. The
R(D⇤) measurement of Belle II, which uses hadronic modes
to reconstruct Btag candidates (dark violet band), and the
constraint on R(D) and R(D⇤) from the inclusive R(X⌧/`)
(blue band) are shown.

to determine efficiencies, train the multi-class classifica-571

tion algorithm, and template shapes.572
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• 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(*)𝜈𝜈, ...
– muon g – 2 arXiv:2308.06230

⇒ 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

5overview of LQ models: arXiv:1603.04993; diagram

• scalar or vector boson

• couples to a quark & lepton
⇒ carries L, B, color, EM charge
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LQ models in LHC searches

6overview of LQ models: arXiv:1603.04993; diagram

• scalar or vector boson

• couples to a quark & lepton
⇒ carries L, B, color, EM charge

• typical model parameters in LHC searches:

1. mLQ ~0.2–10 TeV

2. coupling strength 𝝺ℓq to fermions 

3. branching fraction 𝜷 to charged leptons:

4. “non-minimal” coupling 𝞳 to gluons (vector LQ)
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B (LQ ! q0⌫) = 1� �

typical benchmarks:
• 𝛽 = 1   (no neutrinos)
• 𝛽 = 0.5  (mix)
• 𝛽 = 0   (only neutrinos)

typical benchmarks:
• 𝜅 = 0  (minimal coupling)
• 𝜅 = 1  (Yang–Mills)

https://arxiv.org/abs/1603.04993
https://tikz.net/sm_isospin_weak/
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large
model independent
resonant

𝜎 ∝ 𝜆"

wide resonance

kinematics largely 
independent of (m,𝜆)

Pair production Nonresonant production

similar final states: two high-pT & nonresonant leptons



Complementarity of LQ signals

8pheno papers: arXiv:1609.07138, arXiv:1810.10017
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Complementarity of LQ signals

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

pheno papers: arXiv:1609.07138, arXiv:1810.10017
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Complementarity of LQ signals

single & nonresonant signals have often been overlooked,
but they open a large phase space at large couplings (𝜆)
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The ATLAS & CMS detectors @ LHC, CERN

Run–2 pp collision data
𝑠 = 13 TeV, ~137–140 fb–1

(for 2016–2018)
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• search for pair production of t/c squarks or LQs
• select signal events

– e, 𝜇, 𝜏, b-jet veto
– 𝑬𝐓𝐦𝐢𝐬𝐬 > 250 GeV
– ≥ 2 c-tagged jets
– mcc > 200 GeV
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Pair production: LQ LQ → c𝛎c𝛎 NEW !ATLAS 2410.17824
Submitted to JHEP
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• search for pair production of t/c squarks or LQs
• select signal events

– e, 𝜇, 𝜏, b-jet veto
– 𝑬𝐓𝐦𝐢𝐬𝐬 > 250 GeV
– ≥ 2 c-tagged jets
– mcc > 200 GeV

• split into three signal regions with cuts on
mcc and 𝑬𝑻𝒎𝒊𝒔𝒔 significance (= 𝐸%&'((/𝜎 𝐸%&'(( )

• control backgrounds in events with
– 1 leptons for W + jets
– 2 leptons for Z + jets

• extract signal from cut-and-count 

15

“High mass”
signal regions

(signal regions for
compressed SUSY)

Pair production: LQ LQ → c𝛎c𝛎 NEW !ATLAS 2410.17824
Submitted to JHEP
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Pair production: LQ LQ → c𝛎c𝛎
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Vector LQ → c𝛎𝝉, 𝞳 = 1 (Yang–Mills) Scalar LQ → c𝛎𝝁

• set upper limits on 𝜎( LQ LQ → c𝜈𝜏c𝜈𝜏 )
• set upper limits on B(LQ → c𝜈e/𝜇)

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

NEW !ATLAS 2410.17824
Submitted to JHEP

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-25/


Vector LQ → c𝛎𝝉, 𝞳 = 1 (Yang–Mills)

Pair production: LQ LQ → c𝛎c𝛎
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• set upper limits on 𝜎( LQ LQ → c𝜈𝜏c𝜈𝜏 )
• set upper limits on B(LQ → c𝜈e/𝜇)

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

NEW !ATLAS 2410.17824
Submitted to JHEP

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/


Vector LQ → c𝛎𝝉, 𝞳 = 1 (Yang–Mills)
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• set upper limits on 𝜎( LQ LQ → c𝜈𝜏c𝜈𝜏 )
• set upper limits on B(LQ → c𝜈e/𝜇)

• masses up to 900 (1150) GeV are excluded for a scalar (vector) LQ
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Pair production: LQ LQ → c𝛎c𝛎
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NEW !ATLAS 2410.17824
Submitted to JHEP
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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/
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Single production

lepton-induced production

gluon-induced production
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Final states covered in Run-2 data:

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-29/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-015/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-23/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-016/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-018/
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Single production

falls out of acceptance

lepton-induced production

covers 𝜏 → e, 𝜇, 𝜏had channels 

gluon-induced production

covers  j = u, d, s, or b 
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Final states covered in Run-2 data:

first and only lepton-induced result

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-29/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-015/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-23/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-016/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-018/
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e 𝝁 𝝉(b)(b)
𝛎 CMS 2212.12604

e CMS 2503.20023

𝝁 CMS 2503.20023 ATL 2403.06742
CMS-PAS-TOP-22-011

𝝉
ATL 2305.15962
ATL 2503.19836
CMS 2308.07826
CMS 2208.02717

Final states covered in Run-2 data: Nonres. production

cover 𝜏𝜏 → e𝜏had, 𝜇𝜏had, 𝜏had𝜏had channels 

softer & more forward
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NEW !

NEW !

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-009/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-013/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-23/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-42
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-016/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-009/
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Nonresonant t-channel: qq → ee, 𝝁𝝁
• nonresonant LQ signal would interfere with Drell–Yan (DY)

• angular distributions (|yℓℓ|, cos 𝜃*) are sensitive to the
nonres. LQ signal at extreme dilepton masses (mℓℓ)

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

22

<latexit sha1_base64="2DP70jxhSF6lKP3U0trOhkEiQNM="></latexit>

c⇤ = cos ✓⇤

Collins-Soper frame
(COM frame):

<latexit sha1_base64="cNdpvr69Syp1vLqZdwyvKw95hKg="></latexit>
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interference term
(destructive for LQ → dℓ)SM Drell–Yan

(𝛾*/Z → ℓℓ)

“pure” nonres. ℓℓ
contribution from LQ

⇒ theory parameters A0 and A4 for DY cross section,
plus LQ-fermion coupling 𝑔%&!

pheno paper:
arXiv:1610.03795

previous AFB measurement:
arXiv:2202.12327

NEW !CMS 2503.20023
submitted to JHEP

https://arxiv.org/abs/1610.03795
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-002/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-013/
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Nonresonant t-channel: qq → ee, 𝝁𝝁
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bin in |yℓℓ|
and cos 𝜃*

• select dielectron or dimuon events with mℓℓ > 500 GeV
• validate ttbar & diboson background in e𝝁 control region
• bin signal region in reconstructed mℓℓ, rapidity |yℓℓ|, cos 𝜃*

• fit the DY parameters (A0, A4) and LQ-fermion coupling 𝑔$%!

NEW !CMS 2503.20023
submitted to JHEP

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-013/
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• set stringent limits on coupling & mass for 8 LQ models coupling to e

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

24

Nonresonant t-channel: qq → ee, 𝝁𝝁

Vector LQ → ue Vector LQ → de

limits from
pair prod.

limits from
pair prod.

NEW !CMS 2503.20023
submitted to JHEP

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-013/
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• set stringent limits on coupling & mass for 8 LQ models coupling to e or 𝜇

• sensitivity up to 5 TeV for large couplings (g > 1.5) !
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Nonresonant t-channel: qq → ee, 𝝁𝝁

Vector LQ → u𝝁 Vector LQ → d𝝁

limits from
pair prod.

limits from
pair prod.

NEW !CMS 2503.20023
submitted to JHEP

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-013/
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Nonresonant t-channel: bb → 𝝉𝝉
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NEW !ATL 2503.19836

see talk by C. Pollard
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• includes interference
• set limits on coupling 𝜆 vs. mLQ:
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https://indico.in2p3.fr/event/35965/timetable/?view=standard
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NEW !ATL 2503.19836
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B anomalies

𝜏𝜏 → 𝜏had𝜏had channels 𝜏𝜏 → e𝜇, e𝜏had, 𝜇𝜏had, 𝜏had𝜏had

Nonresonant t-channel: bb → 𝝉𝝉
• measurement of Z (→ 𝜏had𝜏had) + b jet cross section at high mass
• includes interference
• set limits on coupling 𝜆 vs. mLQ:

see talk by C. Pollard

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
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source

nonres. 𝜏𝜏

https://atlaspo.cern.ch/public/summary_plots/
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CMS summary
of mass limits

in Run 2, ATLAS & CMS
could exclude LQs
up to 2 TeV for 𝜆 ~ 1
with pair production

thanks to nonres. signals,
we can reach above 5 TeV
for 𝜆 > 1.5

29 source 29

nonres. 𝜏𝜏

nonres. ee

nonres. 𝜇𝜇

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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Summary
• ATLAS & CMS have explored many final states in Run 2

– scalar/vector, up/down-type models, ...
– single, pair, and nonresonant signatures

• searches for pair production can reach ~ 2 TeV

• recent searches for nonresonant LQ signals open a large
phase space at large mass and couplings 𝜆, beyond 5 TeV

• still many opportunities for ℓ + (c) jets final states

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

30/03/2025 Izaak Neutelings 31
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Thank you for your attention !
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Single productiona lot of ground covered, but still many final states with (c) jets unexplored in Run 2 !
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Quantity Symmetries Electromagnetic 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
Baryon number B

Lepton flavor
Quark flavor ✘
Isospin (uds) ✘ ✘

Chirality (LH, RH) ✘ ✘
Parity P ✘

Charge conjugation C ✘
Time reversal T ✘

CP ✘
CPT

The Standard Model’s many symmetries…

36

fundamental to relativistic 
gauge field theories

✔

✔

✔

✔

✔

✔

✔

✔

✔

 

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔ 
✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

✔

respected by SM gauge interactions
but not fundamental !
⇒ “accidental” symmetry ?

*

*

B – L

caveats:
• flavor symmetries are broken by mass differences

(Higgs-fermion couplings in Yukawa sector)
• other symmetries are broken

– explicitly by nonzero (quark) masses
– anomalously by quantum effects or regularization
– spontaneously by the Higgs or QCD vacuum
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• scalar or vector boson

• couples to fermions (𝝺ℓq)

⇒ carries L, B, color, EM charge

LQ|{z}
± 1

3 ,±
2
3 ,±

4
3 ,±

5
3

! `|{z}
±1, 0

q|{z}
⌥ 1

3 ,±
2
3

<latexit sha1_base64="mKJLjW0Ndh1T2yTiAAuD1iXy4Lg="></latexit>

LQ

q

`

�`q

<latexit sha1_base64="uSzwLpRnYxlN7tFG+kX9cKYFI7s="></latexit>

summary of all LQ allowed
under SU(2)L×U(1)Y:

https://arxiv.org/abs/1603.04993
https://tikz.net/sm_isospin_weak/
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summary of all LQ allowed
under SU(2)L×U(1)Y:

Table 3.1: Summary of all possible LQ fields with their representation under SU(3)C ⇥SU(2)L,
along with hypercharge Y , fermion number F = 3B + L, charge Q = T3 + 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 = C 

T with C = i�2�0. Adapted from Refs. [112] and [181].

LQ field SU(3)C SU(2)L Y/2 F = 3B + L Q = T3 + Y/2 Fermion current

Scalar
S1 3 1 �2/3 �2 ⌥

2
3 uC

R
⌫R, dC

R
dR

S1 3 1 1/3 �2 ±
1
3 QC

L
"LL, uC

R
eR, dC

R
⌫R, QC

L
"QL, uC

R
dR

eS1 3 1 4/3 �2 ±
4
3 dC

R
eR, uC

R
uR

eR2 3 2 1/6 0 ⌥
1
3 , ±2

3 dR"LL, QL⌫R

R2 3 2 7/6 0 ±
2
3 , ±5

3 uR"LL, eRQL

Si
3 3 3 1/3 �2 ±

1
3 , ⌥2

3 , ±4
3 QC

L
"TiLL, QC

L
"TiQL

Vector
U1µ 3 1 �1/3 0 ⌥

1
3 dR�µ⌫R

U1µ 3 1 2/3 0 ±
2
3 QL�µLL, dR�µeR, uR�µ⌫R

eU1µ 3 1 5/3 0 ±
5
3 uR�µeR

eV2µ 3 2 �1/6 �2 ±
1
3 , ⌥2

3 uC
R
�µLL, QC

L
�µ⌫R, dC

R
�µQL

V2µ 3 2 5/6 �2 ±
1
3 , ±4

3 dC
R
�µ"LL, QC

L
"�µeR, QC

L
�µuR

U i
3µ 3 3 2/3 0 ⌥
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Figure 3.6: Graph of the SU(2)L ⇥ U(1)Y quantum numbers (T3, Y/2) of all possible LQ
fields [112, 181]. The points represent mass eigenstates that also have a well-defined electric
charge.
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LQ decay signatures at the LHC

39

B (LQ3 ! b⌧) = �

B (LQ3 ! t⌫⌧ ) = 1� �

LQ

LQ

b, t, t

⌧ , ⌫, ⌫

b, b, t

⌧ , ⌧ , ⌫

e.g. purely “third-generation” LQ → b𝝉, t𝛎:

analyses often use a parameter 𝜷:

LQ

⌧ , ⌫, ⌫

b, b, t

⌧ , ⌧ , ⌫

bb⌧⌧ , bt⌧⌫, tt⌫⌫ b⌧⌧ , b⌧⌫, t⌫⌫

B (LQ ! q`) = �

B (LQ ! q0⌫) = 1� �
typical benchmarks 𝛽 = 0, 0.5, 1
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Pair production: LQ LQ → c𝛎c𝛎

• set upper limits on 𝜎( LQ LQ → c𝜈𝜏c𝜈𝜏 )
• set upper limits on B(LQ → c𝜈e/𝜇)

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

41

NEW !

Scalar LQ → c𝛎𝝁

ATLAS 2410.17824
Submitted to JHEP
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 [GeV]LQm
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310 [p
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2
Β 

σ

CMS  (13 TeV)-1137 fb

 LQ LQ→pp 
) = 100%ν q →(LQ Β

(q = u, d, s, or c)

Observed limit (95% CL)

Median expected limit

68% expected

95% expected
 = 1)κ( theory, LO

V LQV LQ→pp 
σ

 = 0)κ( theory, LO
V LQV LQ→pp 

σ

theory, NLO
S LQS LQ→pp 

σ

1909.03460

no charm
tagging

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/


ATLAS combination of pair production
• combine 9 independent searches for pair production

• orthogonality from lepton requirements with negligible overlap

• improved mass exclusion thanks to complementarity

42

ATLAS 2401.11928

also see review paper:
ATLAS 2403.09292

Scalar LQ → t𝛎 or b𝝉 Scalar LQ → t𝝁 or b𝛎
𝛽 = 1
b𝜏b𝜏

𝛽 = 0
t𝜈t𝜈

𝛽 = 0.5
t𝜈b𝜏

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-27/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2023-14/
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Nonresonant t-channel: qq → ee, 𝝁𝝁

44

analysis methods based on
previous AFB measurement
arXiv:2202.12327

NEW !CMS 2503.20023
submitted to JHEP

10

7 Template construction316

To model the dilepton differential distributions, parameter-independent templates are con-317

structed for each piece of the differential cross section of LQ production shown in Eqs. (4)318

and (5). For the SM DY component, the differential cross section is reparametrized as follows:319


ds

dc⇤
(m2

``)

�

DY
µ

3
4(2 + a)

⇢
(1 + c2

⇤) +
(2 + a)

2
A4 c⇤ + a(1 � c2

⇤)

�
, (6)

where a = 2A0
2�A0

. The first two terms are symmetric and antisymmetric in c⇤, respectively, and320

the third term is proportional to a. The LQ exchange comprises two terms with coefficients y4
LQ321

or g4
LQ for the pure exchange of the LQ and, y2

LQ or g2
LQ for the interference with Z/g⇤. The322

templates for these five pieces of the cross section are denoted as fs (symmetric), fa (antisym-323

metric), and fa (corresponding to the third term) for the three DY templates and fLQ(pure) and324

fLQ(int) for the pure and interference LQ terms, respectively.325

In Ref. [35], the fs , fa , and fa templates are constructed by binning events in cR and recon-326

structed |y|. These templates are constructed for various mass regions, and the fit is performed327

for each mass region separately. In this paper, the two-dimensional templates are extended328

to three dimensions by additionally binning in the reconstructed m`` . The templates are con-329

structed by reweighting simulated DY events as analytical functions of generator-level quanti-330

ties to match the differential distributions of the three pieces of the DY cross section. To reduce331

statistical fluctuations in the simulator, each event is used twice, once with +c⇤ and once with332

�c⇤, with a weight of 0.5 to keep the normalization unchanged. The reweighting functions for333

the DY templates, fs , fa , and fa respectively, are:334

ws(|c⇤|) =
1 + c2

⇤
1 + c2

⇤ + a (1 � c2
⇤)

; and (7)

wa(c⇤) =
c⇤

1 + c2
⇤ + a (1 � c2

⇤)
; (8)

wa(|c⇤|) =
1 � c2

⇤
1 + c2

⇤ + a (1 � c2
⇤)

. (9)

The denominator of the DY reweighting functions is determined for each event from distribu-335

tions of simulated SM DY events that are binned in cos q⇤ and generator-level |y|. The a values336

in the denominator are determined by fitting the generator-level distributions of the simulated337

events. Finally, to avoid negative values in the antisymmetric template, fa, a linear combination338

of fs and fa is used in the fit, defined by f± = fs± fa
2 .339

For the templates corresponding to the two LQ terms, fLQ(pure) and fLQ(int), events are re-340

weighted as functions of both c⇤ and m`` . The reweighting functions are given by:341

wS,V
LQ(pure)(c⇤, m``) =

0

BBB@
NS,V

pure(m``)
(1 ⌥ c⇤)2

✓
1 � c⇤ +

2m2
LQ

m2
``

◆2

1

CCCA
1

NSM(m``)(1 + c2
⇤)

; (10)

wS,V
LQ(int)(c⇤, m``) =

0

BB@NS,V
int (m``)

(1 ⌥ c⇤)2
✓

1 � c⇤ +
2m2

LQ
m2

``

◆

1

CCA
1

NSM(m``)(1 + c2
⇤)

, (11)

7. Template construction 11

where S and V denote the scalar or vector case. The prefactors, NS,V
pure/int(m``), depend on the342

vector and axial-vector couplings of the quarks and leptons to the Z boson, as well as the quark343

charges. Thus, templates for an LQ coupling to a lepton and quark of specific flavors have dif-344

ferent shapes compared to an LQ coupling to a different lepton and quark. The NSM(m``)345

prefactor represents the coefficient of the symmetric term (1 + c2
⇤) in the SM DY angular dis-346

tribution. The denominators of the LQ reweighting functions are different from those of the347

SM DY functions, calculated from the analytical form of the LO SM DY cross section for each348

event. This is because the LQ modifies the m`` distribution, which must be taken into account349

in the reweighting.350

The reweighting procedure described above has several benefits. The effects of misassigning351

the direction of the incident quark in the c⇤ computation, called the “dilution” effect, are ac-352

counted for correctly. Additionally, no dedicated MC samples need to be produced for the LQ353

process or its interference. The distribution of LQ events can be obtained by reweighting SM354

DY MC events using the analytical functional form of the LQ differential cross section.355

The reweighting procedure was further validated by fitting LQ and DY templates at the gener-356

ator level to simulated LQ signals using MADGRAPH5 aMC@NLO using the SLQRULES pack-357

age [69]. Signals were generated at various mass points from 1–5 TeV. The fitted results agreed358

with the expected coupling values up to a maximum of 30% at mLQ = 1 TeV, decreasing with359

mLQ. The discrepancy is attributable in part to the fact that the reweighting procedure does not360

account for NLO effects in the LQ exchange. We account for this in our fits by applying a 30%361

systematic uncertainty in the normalization of the LQ templates.362

The total template for the scalar LQ case, binned in reconstructed m`` , y, and cR, is given by:363

fdata =Â
j

f j
bkg + N(a)

✓
a fa +

✓
1 +

3A4
8N

◆
f+ +

✓
1 � 3A4

8N

◆
f�

◆

+ y4
LQ fLQ(pure) + y2

LQ fLQ(int),
(12)

where f j
bkg are templates for the non-DY backgrounds and N(a) = 3

4(2+a) . The same template364

is used for the vector LQ case using the corresponding reweighting functions, and replacing365

yLQ with gLQ. The coefficients A4, a, and either y2
LQ or g2

LQ are extracted in the fits to data.366

Events are divided into bins based on m`` , |y|, and cR. For m`` , three bins are used with bin367

edges at 500, 700, and 1000 GeV, with the fourth bin containing all events with m`` > 1000 GeV.368

Three bins are defined for |y|, with edges at 0, 0.6, 1, and 2.4. The binning in cR depends on369

the rapidity. Within the first rapidity bin, events are divided into eight bins in cR of width370

0.25. For the other two rapidity bins, events are divided into six bins in cR, with edges of �1,371

�0.5, �0.25, 0, 0.25, 0.5, and 1. Bin edges were chosen after ensuring that there were sufficient372

simulated events in each bin, and fit uncertainties were minimized without losing precision.373

Additional templates are created for the other background processes, with one template each374

for the MisID background, photon-induced dilepton production, DY tt production, the com-375

bined top quark backgrounds (tt , tW), and the combined diboson backgrounds (WW, ZZ, WZ).376

The top quark and MisID templates are symmetrized in cR to reduce statistical fluctuations. The377

diboson, photon-induced dilepton, and DY tt backgrounds are not symmetrized because of378

their significant inherent asymmetry.379

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-002/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-013/


Nonresonant t-channel: qq → ee, 𝝁𝝁 NEW !CMS 2503.20023
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Table 4: Best fit values of A0, A4, and g2
LQ for vector LQ models. The Feldman–Cousins confi-

dence interval for g2
LQ is shown at 68% CL. Results are shown for a candidate mLQ of 2.5 TeV.

Model A0 A4 g2
LQ Lower bound on g2

LQ Upper bound on g2
LQ

Vµu 0.01 ± 0.05 1.63 ± 0.06 �0.10+0.02
�0.02 (stat)+0.04

�0.08 (syst) 0 0.029

Vµd 0.01 ± 0.05 1.61 ± 0.06 0.14+0.05
�0.05 (stat)+0.14

�0.07 (syst) 0.036 0.328

Veu 0.05 ± 0.07 1.66 ± 0.08 �0.09+0.03
�0.03 (stat)+0.04

�0.08 (syst) 0 0.026

Ved 0.06 ± 0.07 1.64 ± 0.08 0.13+0.06
�0.06 (stat)+0.17

�0.09 (syst) 0.038 0.352
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Figure 3: The observed data in the dimuon channel and the fitted signal-plus-background tem-
plates, shown for the Sµu (left) and Sµd (right) scenarios with a candidate mLQ of 2.5 TeV. The
black points are the observed data, the stacked histograms represent the backgrounds, and the
yellow histogram shows the fitted LQ signal scaled by �10. Distributions of events are binned
in the reconstructed m`` (vertical red dashed lines), |y| (vertical black dashed lines), and cR
(Section 7). The lower panels show the ratios of the data to the expectation. The gray bands
represent the normalized uncertainty in the predicted yield. The error bars in the ratio plot
represent the normalized statistical uncertainty in the data.
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constructive interference in the other models. All results are found to be consistent with the449

SM background expectations.450

Limits at 95% CL are set on the absolute value of the LQ-fermion couplings as a function of the451

mLQ for each coupling and spin hypothesis. The limit-setting procedure employs a modified452

frequentist approach based on the CLs criterion [84, 85], using an asymptotic approximation for453

the distribution of the test statistic [86]. Limits extracted with this approach are nearly identical454

to those obtained from the Feldman–Cousins method. The limits are shown in Figs. 7 and 8 for455

the scalar case, and Figs. 9 and 10 for the vector case, assuming branching fractions of 100% for456

each channel.457

In general, for equal coupling values, the cross sections for vector LQ production are larger458

than for scalar LQ production, hence the limits on |gLQ| are generally stronger than those on459

|yLQ|. The limits on up-type couplings are stronger than the limits on down-type couplings460

because of the larger up quark content of the proton. In the Ved and Vµd cases, the interference461

process is negative, and the likelihood functions for these models are thus quite asymmetric462

and nonquadratic. This leads to smaller cross sections and weaker expected and observed463

limits than the other cases. The uncertainties in the expected limits are also accordingly larger464

than in the other cases. Further, the observed limit on |ged | is more stringent than the expected465

limit, despite the positive best fit value for the Ved mass of 2.5 TeV, as shown in Table 4. This466

stems from the asymmetric nuisance impacts arising from the nonquadraticity in the likelihood,467

as discussed in Section 8.468

At mLQ � m`` , the cross section scales as y2
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LQ), leading to the linearly increas-469

ing limits that are observed. Coupling values larger than 4p are nonperturbative.470

For the scalar case, coupling values of 0.4–1.1 (0.3–1.0) are excluded for LQs coupled to elec-471

trons (muons) with masses between 1–5 TeV. These limits significantly extend the previous best472

limits from single production [23], which excluded Seu and Sed masses up to 1.7 TeV depend-473

ing on the coupling, and pair production [24], which excluded Seu and Sed masses up to 1.4 TeV474

independent of the mass. Similarly, for the vector case, couplings values of 0.2–0.5 (0.1–0.4) are475

excluded for LQs coupling to electrons (muons). These are the first limits set on vector LQs476

coupled to first- and second-generation fermions.477

Table 3: Best fit values of A0, A4, and y2
LQ for scalar LQ models. The Feldman–Cousins confi-

dence interval for y2
LQ is shown at 68% CL. Results are shown for a candidate mLQ of 2.5 TeV.

Model A0 A4 y2
LQ Lower bound on y2

LQ Upper bound on y2
LQ

Sµu 0.02 ± 0.06 1.59 ± 0.07 �0.13+0.14
�0.15 (stat)+0.06
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Sed 0.07 ± 0.07 1.62 ± 0.08 �0.09+0.20
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13 TeV, corresponding to an integrated luminosity of 138 fb�1. Both scalar and vector LQs are481

considered, with masses between 1 and 5 TeV, for exclusive LQ couplings to an up or a down482
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Figure 1: Leading order Feynman diagrams for SM DY production (left) and t-channel LQ
exchange (right). The LQ amplitude interferes with the Z/g⇤ amplitude.
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excluded up to 1.53 TeV, independent of yLQ and assuming a branching fraction of 100% into49

a quark and a lepton. The CMS Collaboration has also studied pair production of first- and50

second-generation vector LQs, leading to exclusions of mLQ up to 1.5 (1.3) TeV assuming Yang–51

Mills (minimal) couplings, and mLQ less than 1.7 (1.1) TeV assuming minimal-minimal (absolute52

minimal) couplings, for a branching fraction of 100% into a quark and a lepton [26].53

Motivated by the phenomenological studies performed in Refs. [27, 28], three families of LQs54

are considered: two scalar doublet families, R2 and eR2, and one vector triplet family, U3. The55

subscripts refer to the dimensionality of the SU(2) representation. Within the R2, eR2, and U356

families, first- and mixed-generation LQs that couple up and down quarks to electrons and57

muons are considered. For the scalar doublet families, following Ref. [27], the case where the58

LQ couples only to right-handed quark multiplets and left-handed lepton multiplets (RL) is59

considered. The LQs are assumed to couple to a single quark and lepton, resulting in four60

scalar LQ coupling scenarios: two R2 LQs, Seu and Sµu, and two eR2 LQs, Sed and Sµd, where61

the subscripts denote the SM fermions. Similarly, four U3 vector LQs are considered: Veu,62

Vµu, Ved, and Vµd. The SM gauge group transformation properties for the chosen LQ models63

are summarized in Table 1. The R2 LQs appear in potential solutions to the muon anomalous64

magnetic moment problem [29, 30], eR2 LQs appear in beyond-the-SM extensions for lepton65

flavor universality violation involving sterile neutrinos [30, 31], and U3 LQs appear in models66

that describe scenarios for lepton flavor violation [32].67

Table 1: Properties of the R2, eR2, and U3 LQs from Ref. [18]. This paper describes a search for
R2 LQs with RL couplings and charge 5/3, eR2 LQs with RL couplings and charge 2/3, and U3
LQs with charges 2/3 and 5/3.
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L � y`uuR`LR5/3 + y`ddR`L
eR2/3 + g`uuLgµ`LU5/3

µ + g`ddLgµ`LU2/3
µ + h.c., (1)
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(g`d) are the couplings of the charge 5/3 (2/3) vector U3 LQs to fermions. The terms describing70
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as discussed in Section 8.468
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Nonresonant 𝝉𝝉: jet selections
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Comparison EXO-19-016 & HIG-21-001
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EXO-19-019, arXiv:2308.07826 HIG-21-001, arXiv:2208.02717

jet categories

“0j”: veto jets pT > 50 GeV
“≥1j” with pT > 50 GeV, mvis > 100 GeV
• “0b” = “0b≥1j”
• “≥1b”

“No b tag” (no jet requirement)
“B tag” with pT > 20 GeV

observables 𝜒, 𝑆-./- 𝑚-
010

Drell-Yan 
estimation MC + Z pT corrections from 𝜇𝜇 Data-driven with “embedded” 

samples (from 𝜇𝜇 events)

j → 𝜏h estimation Data-driven, “fake-factor” method Data-driven, “fake-factor” method
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see talk by C. Pollard
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• measurement of Z (→ 𝜏had𝜏had) + b jet cross section at high mass
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𝜏𝜏 → 𝜏had𝜏had channels 𝜏𝜏 → e𝜇, e𝜏had, 𝜇𝜏had, 𝜏had𝜏had

see talk by C. Pollard

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
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Nonresonant t-channel: bb → 𝝉𝝉
• measurement of Z (→ 𝜏had𝜏had) + b jet cross section at high mass
• includes interference
• set limits on coupling 𝜆 vs. mLQ:

𝜏𝜏 → 𝜏had𝜏had channels 𝜏𝜏 → e𝜇, e𝜏had, 𝜇𝜏had, 𝜏had𝜏had

see talk by C. Pollard

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 𝝉𝝉: interference with SM Drell–Yan

54
60 100 200 300 1000 2000

 (GeV)tot
Tm

2.5−

2−

1.5−

1−

0.5−

0

0.5

1

 (1
/G

eV
)

to
t

T
dN

/d
m

Signal

Interference

Signal + interference

hτhτ  (13 TeV)-1138 fb

VLQ BM 1
 = 1.5

U
 = 1 TeV, gUm

CMS
Simulation

1.5 2 2.5 3
Leptoquark mass [TeV]

0

1

2

3

4

52
 / 

33 Lβ

Pure-BSM

BSM + Interference

 = 0 )33
R
βVector LQ ( 

 )33
L
β = - 33

R
βVector LQ ( 

ATLAS
-1 = 13 TeV, 140 fbs

Leptoquark models
95% CL limits

2208.02717

2503.19836

2503.19836

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-42
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Nonres. LQ interpretation of EXO-21-009

• target 𝜏 + MET events
• fit mT to target Wʹ → 𝜏𝜈 & other signals
• easily reinterpretated with nonresonant 𝜏𝜈 via 

LQ in t channel
• ~1𝜎 across LQ mass, consistent with EXO-19-

016 limit assuming LH couplings only
• first test of b → c𝜏𝜈 at TeV scale
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“best-fit” to B anomalies
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