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Martin Kwok | Non-resonant searches at TeV scale

• SM leaves a lot of open questions that could have hints at TeV
- Hierarchy problem, DM, flavour anomalies, etc…
• LHC is the most direct probe of nature at the TeV scale
• Three theory paradigms to extend SM:

Exploring the TeV scale

2

SUSYLeptoquark(LQ) 

Colored states with both 
baryon and lepton numbers

Vector-like quark(VLQ)

Colored states with  
chiral symmetry

Spacetime symmetry 
that relates boson  

and fermions in SM

This talk will focus on recent search results from 
 ATLAS and CMS on these topics



Martin Kwok | Non-resonant searches at TeV scale

LQ search with lepton-quark collision

• First search for LQ using lepton-quark collisions
- Thanks to recent advances in lepton PDF calculation [PRL]
- Precise PDF calculations show measurable LQ cross section at LHC

• CMS utilize this technique to probe LQ- -q coupling
• Same technique can be applied to 1st and 2nd generation as well

• high  single -lepton + high  jet 
• No additional leptons  

(unlike traditional single-LQ production modes)

τ

pT τ pT

3

CMS-EXO-22-018

Lepton-quark production

New for LHCP23!

Single-LQ production

reconstructed

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.231804
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.231804
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-018/index.html


Martin Kwok | Non-resonant searches at TeV scale

LQ search with lepton-quark collision
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Figure 1: Observed and expected distributions of the collinear mass in the th + jet (left), e + jet
(center), and µ + jet (right) channels for the btag (top) and no-btag (bottom) categories with
the highest BDT output requirements. The uncertainty band includes statistical and systematic
uncertainties, and the background distributions are the results of the maximum likelihood fit.

and factorization scales, and in the PDF are included. They affect the mcoll distributions and131

have a normalization effect in the ranges 3–6% (1–9%) and 4–3% (1–2%), respectively, for LQs132

with ut (bt) couplings. The uncertainty in the integrated luminosity amounts to 1.6% [65–67].133

Different uncertainties affecting the mcoll distributions are considered for the background with134

jets misidentified as th candidates: 10% uncertainty per detector region (barrel or endcaps),135

10% uncertainty per Njets bin, 30% uncertainty for events with th pT > 600 GeV, 10% uncer-136

tainty on the leading jet pT correction, and the p
miss
T correction uncertainty described earlier.137

The uncertainty in the background with jets misidentified as muons or electrons is estimated138

by taking the envelope of the misidentification probabilities evaluated as a function of vari-139

ables other than those used to make the nominal measurements. Taking into account statistical140

uncertainties in the measurement, a 20% normalization uncertainty is considered, uncorrelated141

between data-taking years. In the µ + jet channel, an uncertainty in the p
miss
T dependence is142

included, which affects the shape of the mcoll distributions.143

A maximum likelihood fit is performed with the signal normalization as a free parameter, and144

the systematic uncertainties described above as nuisance parameters. The mcoll distributions145

in the different categories and final states are fitted simultaneously, together with the two Njets146

distributions in the control regions. Those with the highest BDT output requirement are shown147

in Fig. 1.148

No statistically significant excess above the SM backgrounds is observed. Upper limits at 95%149

confidence level (CL) are set on the LQ production cross section times branching fraction for150

different coupling hypotheses using the CLs method [68, 69] with the asymptotic approxima-151

tion [70]. They are in the range 0.0018–0.34 (0.0030–0.15) for masses between 600 and 3000 GeV152

(600 and 2000 GeV) for lut = 1.5 (lbt = 1.5), as shown in Fig. 2. The limits are translated as153

No b-tag b-tag

No significant excess observed

CMS-EXO-22-018

• Event selections:
• 3 -lepton decay cahnnels: ( +jet, e+jet, +jet)
• Divides into b-tag/no b-tag category

• MET required to align with lepton
• BDT to exploit different kinematics between W+Jet 

and signal
• Collinear mass as the final discriminant 

 
momentum fraction of vis. decay of 

τ τh μ

mcoll = mvis / x1x2
x1(2) = τ

See Halil’s talk  
for more details!

New for LHCP23!

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-018/index.html
https://indico.cern.ch/event/1198609/timetable/?view=standard#227-leptoquarks-and-other-lept
https://indico.cern.ch/event/1198609/timetable/?view=standard#227-leptoquarks-and-other-lept


Martin Kwok | Non-resonant searches at TeV scale

LQ search with lepton-quark collision
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Figure 2: Expected and observed upper limits at 95% CL on the scalar lepton-induced LQ
production cross section times branching fraction for a LQ coupling to b quarks and t leptons
(left), or to light-flavor quarks and t leptons (right), using l = 1.5.
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Figure 3: Expected upper limit at 95% CL on the coupling strength l of a scalar LQ to b quarks
and t leptons (left), and to light-flavor quarks and t leptons (right).

exclusion regions in the mLQ � l plane, as shown in Fig. 3.154

As a summary, a search for leptoquarks produced via lepton-induced production and coupling155

to t leptons has been performed for the first time, using data collected by the CMS detector in156

Run-2. The limits are competitive with those set using other production modes at high mass157

and coupling values for bt couplings, while limits on the couplings of leptoquarks to light-158

flavor quarks and t leptons are set for the first time.159

References160

[1] J. C. Pati and A. Salam, “Lepton number as the fourth color”, Phys. Rev. D 10 (Jul, 1974)161
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Set constrains in the  planem − Λ

Competitive limit on  with those 
set using other production modes at 

high mass

ΛτbFirst direct limits on leptoquark 
couplings to light flavored quarks  
and  leptons , , τ LQsτ LQdτ LQuτ

CMS-EXO-22-018

τ

τ

New for LHCP23!

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-018/index.html


Martin Kwok | Non-resonant searches at TeV scale

3rd generation LQ search 
• Pair produced LQ decaying into  pairs
• Analysis channels: 

 and 
• Parametric Neural Network (PNN) trained using  

LQ mass as input to distinguish from top backgrounds
• Inputs: , , ,   
• Maintain good separations for ALL LQ masses

• Improves limits by as much as 45% compared to 36fb-1 result 

bτ

τhτh + > 1b τhτe/μ + > 1b

Nb ST m(τh, jet) ΔR(τ, jet)

6

~45%

CERN-EP-2022-267

mLQ = 500 GeV mLQ = 1.4 TeV

More in Giovanni’s talk

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-15/
https://indico.cern.ch/event/1198609/contributions/5366330/attachments/2651579/4591085/2023_05_12_LQ_LHCP.pdf
https://indico.cern.ch/event/1198609/contributions/5366330/attachments/2651579/4591085/2023_05_12_LQ_LHCP.pdf


Martin Kwok | Non-resonant searches at TeV scale

First search of  using T′ H → γγ

• Single production via EW interaction
• Probes higher VLQ mass

•
• Small Br
• Excellent mass resolution 1-2%

• Search channel categorizes based on  
leptonic/hadronic top candidate

• SM  Higgs is the  
major background

• Multiple BDTs trained for  
low, medium, high 

• Signal extraction with 

T → tH(H → γγ)

ttH

M′ T
mγγ

7

CMS-B2G-21-007

More in Antimo’s talk

leptonic/ 
hadronic

http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-007/index.html
https://indico.cern.ch/event/1198609/timetable/?view=standard#225-vlq-searches-and-hadronic
https://indico.cern.ch/event/1198609/timetable/?view=standard#225-vlq-searches-and-hadronic


Martin Kwok | Non-resonant searches at TeV scale

• Cross section depends on coupling strength  and relative width 
• With , and , the search excludes EW production of singlet T’ up to a 

mass of 960 GeV.
• Most sensitive search to date for T masses up to 1.1 TeV within the same production 

mechanism exploration

κT Γ/MT′ 

κT = 0.25 Γ/MT′ < 5 %

First search of  using T′ H → γγ

8

CMS-B2G-21-007

http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-007/index.html


Martin Kwok | Non-resonant searches at TeV scale

T′ → tH(bb)/tZ(qq)
• Same model, different leverage: 

hadronic decays of boosted H/Z/t
- Tag boosted H/Z/t jet with variable-R jet
- Select H/Z/t based on , mass and  

the number of sub-jets
• Comprehensive search channels:
- 24 regions covering  and -associated  

production
- Use “effective mass” as final fit variable:

pT

b t

9

CERN-EP-2023-058

meff = ∑
j,l

pT + Emiss
T

More in Venugopal’s talk

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-52/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-52/
https://indico.cern.ch/event/1198609/contributions/5366325/attachments/2651471/4591135/VLQSearches_LHCP2023.pdf
https://indico.cern.ch/event/1198609/contributions/5366325/attachments/2651471/4591135/VLQSearches_LHCP2023.pdf


Martin Kwok | Non-resonant searches at TeV scale

T′ → tH(bb)/tZ(qq)
• No significant excess observed.
• For singlet 𝑇 quarks, all masses below 2.1 TeV are excluded at couplings 𝜅 ≥ 0.6
• Limits extend down to 𝜅 = 0.3 for a 𝑇-quark mass of 1.6 TeV
- ~60% improvement of limits w.r.t previous search

10

 CERN-EP-2023-058

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-52/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-52/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-52/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-52/


Martin Kwok | Non-resonant searches at TeV scale

T′ → tZ(ll)

• Similar  search, but with electron/muon pairs from 
- Optimized independently for  and  channel
• Smaller Br, but cleaner signature
• Similar exclusion limit reached compared to the hadronic search
- Exclude up to ~2 TeV for 

T′ Z
2ℓ 3ℓ

κT ∼ 0.6

11

ATLAS-CONF-2023-020

e/μ
e/μ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-020/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-020/
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Overview of SUSY searches

• Both CMS and ATLAS have very comprehensive search program  
covering a wide range of SUSY signatures

• Highlight recent result with EW SUSY searches

12

LHC SUSY Working group

Strong production

Electroweak production

CMS Summary plots show similar sensitivity

link

gluino limit ~2TeV

stop/sbottom limit

~1TeV

EWKino/slepton

<TeV

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Run_2_Summary_Plots_13_TeV
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Run_2_Summary_Plots_13_TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-005/fig_26.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-005/fig_26.png


Martin Kwok | Non-resonant searches at TeV scale

Electroweak SUSY
• EW SUSY searches phases space is very challenging
- Generally smaller cross section
- Compressed/split mass spectrum changes kinematics drastically 

• CMS legacy run 2 combination 
- Utilize strength of different analysis
- New interpretations & techniques

13

CMS-SUS-21-008

SUS-18-004 

2-3 soft leptons 
+METLe
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c

SUS-19-012 

>3l +MET(PNN) & 
same signed 

dilepton+MET

SUS-20-003 

1 2b (WH)+METℓ

SUS-20-004 

HH-> 4b +MET

SUS-20-001 

2l on/off-shell Z+ 
MET

SUS-21-003 

Fully Hadr. HV/WV

Ideal for compressed Ideal for semi-compressed 

Ideal for large mass-splitting

New input analysis!

Improved signal extraction!

More in Sezen’s talk

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-008/index.html
https://indico.cern.ch/event/1198609/contributions/5366342/attachments/2652472/4593173/SekmenLHCP23CMSSUSY.pdf
https://indico.cern.ch/event/1198609/contributions/5366342/attachments/2652472/4593173/SekmenLHCP23CMSSUSY.pdf
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Electroweakino exclusion

• Extend sensitivity in both compressed and uncompressed region
- New technique and new analysis

14

compressed region: 
Improved signal extraction  
using parametric binning  

of Δm

20

gions are typically incorporated either by a simultaneous maximum likelihood fit of the signal
and control regions or through parameterization using gamma functions. Exclusion limits are
set based on the generated signal mass hypotheses and, for visualization of the results, linear
interpolation is utilized to account for to the limited granularity of the available signal samples.

The cross section upper limits and mass-limit contours for the neutralino-chargino production
(Fig. 1) are shown in Fig. 11. The contributions of the input analyses to the limit curves in
comparison with those from the combination appear in Fig. 12, along with the combined mass-
plane limit contours for three values of the H ec0

1/Zec0
1 branching ratio of the ec0

2 decay. The
leading contributing analysis at each point in the plane, for the covered parameter space, is
shown in Fig. 13.

In Fig. 11, excesses in the combined data for the WZ topology reduce the excluded space rela-
tive to the expected one by ⇠ 2s in the region of Dm around 30–40 GeV. The upper right plot in
Fig. 12 shows that this falls in the crossover region where the exclusion power shifts between
the two contributing analyses, “2/3` soft” and “� 3`”. The less restrictive observed than ex-
pected exclusion in the region of large NLSP and LSP masses for the WH and mixed topologies
is driven by ⇡ 1s excesses in several p

miss
T bins of the WH SR in the “Hadr. WX” analysis, as

demonstrated in lower left plots in Fig. 12.
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Figure 11: Cross section limits with expected and observed exclusion boundaries in the model
parameter space, for neutralino-chargino production in the WZ topology for the full parameter
space (upper left) as well as the compressed region (upper right), the WH topology (lower left),
and the mixed topology with 50% branching fraction to WZ and WH (lower right).

For the GMSB model (Fig. 2) with production of degenerate higgsinos decaying to the goldstino
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gions are typically incorporated either by a simultaneous maximum likelihood fit of the signal
and control regions or through parameterization using gamma functions. Exclusion limits are
set based on the generated signal mass hypotheses and, for visualization of the results, linear
interpolation is utilized to account for to the limited granularity of the available signal samples.

The cross section upper limits and mass-limit contours for the neutralino-chargino production
(Fig. 1) are shown in Fig. 11. The contributions of the input analyses to the limit curves in
comparison with those from the combination appear in Fig. 12, along with the combined mass-
plane limit contours for three values of the H ec0

1/Zec0
1 branching ratio of the ec0

2 decay. The
leading contributing analysis at each point in the plane, for the covered parameter space, is
shown in Fig. 13.

In Fig. 11, excesses in the combined data for the WZ topology reduce the excluded space rela-
tive to the expected one by ⇠ 2s in the region of Dm around 30–40 GeV. The upper right plot in
Fig. 12 shows that this falls in the crossover region where the exclusion power shifts between
the two contributing analyses, “2/3` soft” and “� 3`”. The less restrictive observed than ex-
pected exclusion in the region of large NLSP and LSP masses for the WH and mixed topologies
is driven by ⇡ 1s excesses in several p

miss
T bins of the WH SR in the “Hadr. WX” analysis, as

demonstrated in lower left plots in Fig. 12.
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Figure 11: Cross section limits with expected and observed exclusion boundaries in the model
parameter space, for neutralino-chargino production in the WZ topology for the full parameter
space (upper left) as well as the compressed region (upper right), the WH topology (lower left),
and the mixed topology with 50% branching fraction to WZ and WH (lower right).

For the GMSB model (Fig. 2) with production of degenerate higgsinos decaying to the goldstino

uncompressed region: 
New fully hadronic final state

CMS-SUS-21-008

Complementarity 
between 2/3l soft 

and >3l

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-008/index.html


Martin Kwok | Non-resonant searches at TeV scale

Slepton 

• New interpretation w.r.t. 2016 combination
• Extremely rare:
- One order of magnitude smaller cross section than EWKino! 
• Compressed region driven by 2/3l soft lepton  

analysis
- Reach slepton mass of ~200GeV at  Δm = 5GeV
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Figure 18: Mass-plane cross section upper limit for direct slepton pair production, with ob-
served and expected exclusion limits: (left) the full mass plane from the combination, and
(right) the compressed region, obtained by the “2/3` soft” search.

100–510 GeV with respect to the previously set exclusion limits [25].

Additionally, the results presented here set limits on direct slepton pair production. A ded-
icated search added for this note explores the parameter space in the most compressed re-
gion. For Dm(è, ec0

1) = 5 GeV slepton masses up to 215 GeV are excluded. The combination
yields an observed (expected) exclusion in the slepton mass of about 130–700 (110–720) GeV,
for mec0

1
< 50 GeV.
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Figure 18: Mass-plane cross section upper limit for direct slepton pair production, with ob-
served and expected exclusion limits: (left) the full mass plane from the combination, and
(right) the compressed region, obtained by the “2/3` soft” search.

100–510 GeV with respect to the previously set exclusion limits [25].

Additionally, the results presented here set limits on direct slepton pair production. A ded-
icated search added for this note explores the parameter space in the most compressed re-
gion. For Dm(è, ec0

1) = 5 GeV slepton masses up to 215 GeV are excluded. The combination
yields an observed (expected) exclusion in the slepton mass of about 130–700 (110–720) GeV,
for mec0

1
< 50 GeV.

4

Figure 4: Direct slepton pair production, with each slepton decaying into a lepton and a ec0
1 LSP.

• “2/3` soft” [17], targeting the region of SUSY parameter space in which the mass dif-
ference between the NLSP and the LSP is small. At least one pair of low-transverse
momentum (pT) light leptons (electrons or muons) is required, together with jets and
large pT imbalance (p

miss
T ).

• “2`” [15], requiring two oppositely charged, same flavor light leptons accompanied
by large p

miss
T . We consider two categories:

• “2` on-Z”, in which the pair mass is consistent with the leptons’ origin in
the decay of a Z boson, and

• “2` non-resonant”, requiring that the lepton pair mass lies outside the Z
peak region.

• “� 3`” [18], selecting either two same-sign light leptons or at least three leptons,
which may include one or more hadronically decaying tau leptons.

• “1`2b” [16], requiring a light lepton consistent with arising from the decay of a W
boson, and two b quarks that form an H boson candidate.

• “4b” [19], which requires two pairs of resolved or merged b quarks that form H
boson candidates, together with large p

miss
T .

• “Hadr. WX” [20], selecting events with two wide-angle jets and p
miss
T .

Extensions are presented in this note to the “2/3` soft” analysis reported in Ref. [17]: a more
optimal binning of the search regions (SRs) is applied to the WZ gaugino analysis, and a new
variable tailored to search for slepton pair production is exploited. Adjustments have been
made to the SR and control-region (CR) definitions of the “� 3`” analysis to remove overlap
with the event selection of the “2/3` soft” analysis.

The combination is performed with a simultaneous maximum likelihood (ML) fit to the data
from the input searches, described in Section 6. In reference to background yields, we use the
term “post-fit” to refer to this fit for the background-only hypothesis with all SRs and CRs
included.

3 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid, 6 m in internal diam-
eter and 13 m in length, that provides a magnetic field of 3.8 T. Within the solenoid volume
are various particle detection systems. Charged particle trajectories are measured by the sili-
con pixel and strip trackers. A lead tungstate crystal electromagnetic calorimeter (ECAL) and a
brass and scintillator hadron calorimeter (HCAL) surround the tracker volume, each composed
of a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity coverage
provided by the barrel and endcap detectors. The calorimeters provide energy and direction

CMS-SUS-21-008

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-008/index.html


Martin Kwok | Non-resonant searches at TeV scale

Stau pair production

• Search with hadronic  final states which has higher BR
• Improvements comes from
• Better tau ID with RNN[1] 
• Increased luminosity

• First sensitivity right-handed star pair production at LHC!

τh
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ATLAS-CONF-2023-029

More in Xuanhong’s talk

New for LHCP23!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-033
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-033
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-029/
https://indico.cern.ch/event/1198609/contributions/5366341/attachments/2652656/4593277/LHCP_230524.pdf
https://indico.cern.ch/event/1198609/contributions/5366341/attachments/2652656/4593277/LHCP_230524.pdf
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Summary

• Many new results with LHC Run 2 data from ATLAS and CMS 
• Seen progress made with:

- Novel production mode (lepton-PDF)
- Better reconstruction for physics objects (tau, boosted H/Z/t)  
- Advanced analysis techniques (PNN, BDT)
- Comprehensive combination 

• LHC Run 3 data is coming fast! 
- Apply the lessons learned in Run 2 searches
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