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Naturalness favours light stop, gluino and Higgsino.
Gluinos and squarks have largest cross sec9ons, hope they show up at LHC!
R-parity conserved: spar9cles pair-produced, LSP stable and DM candidate.

R ≡ (-1)3(B-L)+2S = -1 R = 1

Standard 
Model

SUSY partners regulate Higgs 
mass radia9ve correc9ons.

Supersymmetry2

SUSY = symmetry associating new boson (fermion) to each SM fermion (boson).
R-parity: if conserved, SUSY particles pair-produced, LSP stable and DM candidate.

R-parity ≡ (-1)3(B-L)+2S   SM: R = 1 SUSY:  R = -1

SUSY partners regulate Higgs 
mass radiative corrections

Supersymmetry2
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• This talk: searches for gluinos and 1st -2nd genera1on squarks.
• R-parity conserved: spar1cles pair-produced, LSP stable and DM candidate.

R ≡ (-1)3(B-L)+2S = 1 R = -1



What can we probe with Run2 data?3

From cross section consideration, sensitivity with Run2 LHC data up to:
~ 2.4 TeV gluinos
~ 1.3 TeV stop
~ 1 TeV EWKinos

Naturalness favours light stop, gluino and Higgsino.

sparticles kinematically decoupled [ref]
 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections


Search methodology4

Simplified models
few production/decay modes
2-3 free parameters

R-parity conserved

R-parity violation?

More realistic model
pMSSM EW: 5D scan

Strong production

EW production, various
Bino/Wino/Higgsino scenarios
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Disappearing tracks5 [SUS-21-006]
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$𝝌𝟏
± long lived and decays inside tracker.

Short (long) track with hits in pixel (+strip), 
pT > 25 (40) GeV, d0 < 0.1 cm, no large calo E.

BDT to better reject:
- track with too low calo E
- misaligned muon track
- random hit alignment
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-006/index.html


Displaced track6 [SUSY-2020-04]
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• 1 high-pT jet
• large MET
• 1 track with 2 < pT < 5 GeV, large d0 significance

- W(𝝉𝝂) bkg: MC scaled to data at higher track pT

- QCD bkg: W(𝜇𝜈) data template scaled at low S(d0)
soft displaced track

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-04/


7 [SUS-21-008]

200 400 600 800 1000 1200
 [GeV]

1
±χ∼ = m

2
0χ∼m

0

100

200

300

400

500

600

700

 [G
eV

]
10 χ∼

m

1
0
χ∼

1
0
χ∼ WZ→ 0

2
χ∼±

1
χ∼ →pp 

2/3l soft
3l≥2SSl/

2l on-Z
Hadr. WX
Combined

Expected

Observed

 (13 TeV)-1137 (129) fbCMS

p

p e�0
2

e�±
1

W
±

e�0
1

e�0
1

Z, H

100 150 200 250 300 350 400
 [GeV]

1
±χ∼ = m

2
0χ∼m

10

20

30

40

50

60

70

) [
G

eV
]

10 χ∼ , 20 χ∼
m

(
∆

1
0
χ∼

1
0
χ∼ WZ→ 0

2
χ∼±

1
χ∼ →pp 

2/3l soft
3l≥2SSl/

Combined

Expected

Observed

 (13 TeV)-1137 (129) fbCMS

5 10 15 20 25 30 35 40 45 50
 [GeV]llm

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

R
el

at
iv

e 
yi

el
ds

 Simulation CMS

m  =  40 GeV∆  =  100 GeV, NLSPm

m  =  10 GeV∆  =  100 GeV, NLSPm

kinematic 
endpoint

Models: Bino-Wino/Higgsino,   
GMSB with 0𝐺 LSP, slepton.
6 analyses combined.

Phase space overlaps resolved.

Improved sensitivity for 2/3ℓ soft: 
bins in 𝒎ℓℓ	to exploit kin endpoint.

+25 GeV

Combination of EW searches

similar sensitivity 
from ATLAS

https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-008/


pMSSM EW scan8 [SUSY-2020-15]

19-parameter pMSSM
5 params relevant for EWKino

Results from 8 SUSY searches
exploited in the scan.

pMSSM Parameter Meaning

tan V Ratio of the Higgs vacuum expectation values for the two doublets

"� Pseudoscalar (⇠%-odd) Higgs boson mass parameter

` Higgsino mass parameter

"1, "2, "3 Bino, wino and gluino mass parameters

�C , �1, �g Third generation trilinear couplings

"@̃, "D̃' , "3̃'
, ";̃, "4̃' First/second generation sfermion mass parameters

"&̃, "C̃' , "1̃'
, "!̃ , "g̃' Third generation sfermion mass parameters

Planck

Inclusive EWKino scan, 20k models BinoDM scan: low-mass 4𝑩, 440k models

!𝝌𝟏𝟎!𝝌𝟏𝟎 → 𝒁/𝒉
11k 
models

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-15/


pMSSM: m(�̃�!") constraints9
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Bino LSP highly excluded below 100 GeV by ATLAS + other constraints.
Wino exclusion driven by disappearing track analysis.



101 102

m(c̃0
1) [GeV]

10-53

10-51

10-49

10-47

10-45

10-43

W
IM

P-
nu

cle
on

s S
I[

cm
2 ]

ATLAS
BinoDM scan,

p
s = 13TeV, 140fb-1

ATLAS exclusion fraction after non-DM external constraints

LZ limit

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ac

tio
n

of
m

od
el

s
ex

clu
de

d

pMSSM & direct DM searches10

LUX-ZEPLIN limits on WIMPs assume Ωh2 = 0.12.

For pMSSM models with Ωh2 < 0.12, to allow comparison, we “set Ωh2 to 0.12” by “scaling 
σ(WIMP-nucleon) by Ωh2/0.12”, assuming remaining DM is invisible to direct detection.

Complementarity between collider and direct searches. 



�̃��̃� → 𝑡 ̅𝑡	+ MET (1L)11

Hadronic top quark reconstruction:
- high pT: large-R jet tagging
- low-pT (high MET): NN combining b- and light-jets  

Event categories: 
low-/high-pT top, # b-jets (in/out large-R jet).
NN separates sig/bkg in each category. 

[SUSY-2023-22]
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�̃�	search summary12 [ATL-PHYS-PUB-2023-025]
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Sensitivity driven by 0L+1L combination, similar exclusion reach for CMS [ref].
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https://cms-results.web.cern.ch/cms-results/public-results/superseded/SUS-20-002/index.html
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Non-minimal flavour violation13 [SUSY-2019-23]
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2 A. Chakraborty et al.: Flavour-violating decays of mixed top-charm squarks at the LHC

In the MSSM realisations usually under consideration,
squark inter-generational mixings are suppressed by im-
posing the Minimal Flavour Violation (MFV) paradigm
in which all flavour-violating interactions originate from
the diagonalisation of the fermion sector and the corre-
sponding CKM and PMNS matrices. Departing from an
MFV squark sector, additional flavour-mixing terms may
be present in the Lagrangian of the theory. By virtue of
kaon data constraints, any mixing involving squarks of
the first generation has to be extremely small [21], al-
though second and third generation squark mixings are
still largely allowed by current data [22]. We therefore fo-
cus on mixings solely involving the charm and top flavours
of right-handed squarks. Such mixings can for instance
originate from Grand Unification at a high scale [23, 24],
and their TeV scale implications on squark production and
decay have received considerable attention in the past [25–
37]. In this work, we assess how they are constrained by
the most recent LHC results and show, by proposing a
novel class of search strategies, how future LHC searches
could be tailored better to constrain non-minimally flavour-
violating (NMFV) Supersymmetry.

The rest of this paper is organised as follows. In Sec. 2,
we introduce the simplified setup that we have adopted to
include inter-generational squark mixings in the MSSM.
We then reinterpret the results of existing LHC direct
searches for squarks when potentially altered squark de-
cay modes are allowed. In Sec. 3, we present an analysis
strategy targeting the specific channel where, after squark
pair-production, one squark decays into a top quark and
the second squark into a charm quark. Projections for sen-
sitivity of the coming LHC runs to the model are presented
and discussed in Sec. 4, where we emphasise the potential
role of charm tagging. Our conclusions are given in Sec. 5.

2 Model setup and exisiting LHC limits

In this section, we describe the simplified model featur-
ing top-charm mixing in the squark sector which we base
our analysis on. We discuss general features of the search
strategy for targeting such a model, and reinterpret recent
squark searches to assess the current LHC coverage of the
model parameter space.

2.1 A simplified model for squark flavour violation

In order to assess the LHC sensitivity to supersymmet-
ric models featuring non-minimal flavour violation in the
squark sector, we consider a simplified model embedding
two active flavours of squarks, a right-handed top squark
t̃R and a right-handed charm squark c̃R. These two states
mix into two physical eigenstates ũ1 and ũ2 whose flavour
structure is dictated by the ✓tc mixing angle,

✓
ũ1

ũ2

◆
=

✓
cos ✓tc sin ✓tc

� sin ✓tc cos ✓tc

◆✓
c̃R
t̃R

◆
, (1)

where by convention ũ1 is the lighter of the two mass
eigenstates. Our simplified model additionally includes one

neutralino �̃0
1, that we take bino-like. Such an assumption

does not have a significant impact on our phenomenologi-
cal results. The setup of our interest is thus based on four
parameters: the masses mũ1 and mũ2 of the two phys-
ical squarks together with the flavour mixing angle ✓tc,
and the neutralino mass m�0

1
. For the sensitivity studies

in the (mũ1 , ✓tc) plane, the neutralino mass will be fixed
to m�0

1
= 50 GeV. Although a more complicated flavour

structure involving left-handed squarks could be possible
as well, this last setup implies the need to handle more
complicated constraints from B-physics in order to build
phenomenologically viable scenarios. Left-handed squarks
are thus assumed heavier and decoupled, like any other
superpartner.

Our simplified model therefore exhibits two competing
squark decay modes (if kinematically allowed),

ũi ! t�̃0
1 , ũi ! c�̃0

1 with i = 1, 2 , (2)

which yield three classes of LHC signatures originating
from the production of a pair of ũi squarks. Typical LHC
search strategies have been designed on the basis of the
MFV paradigm and thus only address the two signatures:

pp ! tt̄+ Emiss
T and pp ! cc̄+ Emiss

T , (3)

where Emiss
T is the imbalance in transverse momentum in

the event generated by the undetected neutralinos. Squark
flavour mixing opens up a third final state,

pp ! tc+ Emiss
T , (4)

where one squark decays into a top quark and the other
one into a charm quark [29].

In Fig. 1, we illustrate the ✓tc-dependence of the squark
branching ratios associated with the decays of Eq. (2). We
observe that regardless the squark and neutralino mass
configuration, there always exists a ✓tc value for which
both decay modes have 50% branching ratio, which means
that half of the signal events would produce the final
state of Eq. (4). Moreover, di↵erences in the functional
behaviour of the branching ratios for di↵erent mass hier-
archies become only noticeable close to threshold, when
the mass splitting between the decaying squark and the
neutralino is small. This configuration is not considered
further in this paper, as the phase space available for the
decay is limited and the best experimental sensitivity is
achieved with monojet or monotop probes [38].

2.2 Reinterpretation of current LHC Run 2 results

The ATLAS and CMS collaborations have performed sev-
eral direct searches for top squarks, mostly in a setup
where they are pair-produced and decay into a pair of
top-antitop quarks and missing energy as indicated by
the first equation of Eq. (3). With no observation of any
hint for new physics, the most stringent constraints arise
from LHC Run 2 analyses of proton-proton collisions at a

Model with mixing between 2nd and 3rd gen 6𝑞:
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Gluinos + RPV14 [SUSY-2019-24]
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violating baryon number

Mass resonance:
- NN assigns each jet to 6𝑔&/ 6𝑔(/other
- look for bump in average 6𝑔	mass, 
  3-param function describing multijet

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-24/
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Jet multiplicity in signal region
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• The impact of these +jets based corrections can be illustrated in the signal region with 0 b-
tagged jets. SM background predictions appear to fall short of the observations similarly in both 
cases for higher jet multiplicities. This discrepancy has been corrected in the 3-lepton distribution 
(right) using an appropriate subset of the 2-lepton Z+jets data (left). The example RPVq signal 
(350,150 GeV) overlaid in the uncorrected 3-lepton distribution (center) can not be 
accommodated after corrections (right).

Z

1

210

410

610

810

1010

1210

E
ve

n
ts

/B
in

, OnZ 2ℓ

)>100 GeV (
T

p ℓℓ

 (13 TeV)-1138 fb

CMS Preliminary Data

DY

Other

150 

350 RPVq

Unc.

2 3 4 5≥

Jet Multiplicity

0
0.5

1
1.5

2

D
a

ta
/B

ck
g

.
8

100 200 300 400 500 600
mass (GeV) 1±χ∼

0

100

200

300

400

500

m
as

s 
(G

eV
)

 10 χ∼

1−10

1

10

NL
O

-N
LL

th
eo

ry
σ / 

95
%

 C
L

σ

CMS Preliminary
 (13 TeV)-1138 fb

uds → 10χ
∼ ,  1

0χ∼ Z  10χ∼ ±W → 2
0χ∼ 1

±χ∼

95% CL upper limits
Observed

σ 1± Expected

100 200 300 400 500 600
mass (GeV) 1±χ∼

0

100

200

300

400

500

m
as

s 
(G

eV
)

 10 χ∼

1−10

1

10

NL
O

-N
LL

th
eo

ry
σ / 

95
%

 C
L

σ

CMS Preliminary
 (13 TeV)-1138 fb

udb → 10χ
∼ ,  1

0χ∼ Z  10χ∼ ±W → 2
0χ∼ 1

±χ∼

95% CL upper limits
Observed

σ 1± Expected

Figure 5: The ratio of the 95% C.L. upper limit on the RPVq (left) and RPVb (right) signal pro-
duction cross section to the theoretical cross section, as a function of m(ec±

1 ) and m(ec0
1). Contour

lines indicate the observed (bold solid) and median expected (bold dashed) boundaries as well
as the 68% expected bands (thin dashed).

sultant bino-like neutralinos ec0
1 has been performed using the 138 fb�1 of pp collision data col-230

lected by the CMS detector at
p

s = 13 TeV. Constraints at 95% CL are placed on the wino-like231

chargino-neutralino and bino-like lightest neutralino superpartners with masses in the range232

of 125-600 GeV and 25-500 GeV, respectively, excluding such scenarios with bino-like lightest233

neutralino masses up to 275 GeV assuming decays to three light quarks, and up to 180 GeV in a234

scenario where the decay includes a bottom quark. These constitute the first direct bounds on235

this new class of supersymmetric extension of the SM.236
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6𝜒&' → 𝑢𝑑𝑠/𝑢𝑑𝑏.
3ℓ from on-shell W,Z.

8 categories in Njet , Nb-jet .
SRs binned in 𝑆+= ∑𝑝, + MET.

Main bkg: WZ (uds) and 𝒕�̅�𝒁 (udb).
Data-driven corr. of Njet using Z+jets and 𝒕�̅�+jets as 
proxy for WZ and 𝒕�̅�𝒁 (jet emission scaling pattern).

• First search for electroweak production of chargino-neutralino 

pairs with prompt hadronic R-parity violating cascade decays.


• Two signal scenarios are defined by the LSP decay: 

 -   , labelled as RPVq / RPVb.


• Signature of interest is events with 3 charged leptons,

    originating from leptonic decays of Z and W.


• Two main handles to discriminate signal vs SM background: 

- primary one is the jet multiplicity, including b-tagged jets.

-  (effective total mass of ) defined as scalar sum of all object s.


• Experimentally challenging signature that is very similar to SM backgrounds (WZ, ) and typically 
in “control regions” of multilepton analyses.


• Modeling of jet multiplicities suffers from large theoretical uncertainties in state-of-the-art MC 
generators. Thus, a novel method is used to mitigate these through data driven corrections based on 
a simultaneous scrutiny of jet emission scaling patterns in 1, 2, 3, and 4 lepton events.

χ̃0
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16 Summary

  Presented latest SUSY searches at ATLAS and CMS, based on LHC Run 2 data.
  Weak-scale SUSY is still hiding, but for how long?
  More focus on less-simplified / non-minimal models.
  Check all our results: ATLAS, CMS.

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS/index.html

