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Dark Matter

Galaxy Rotation Curves

Cosmic Microwave Background

Bullet Cluster

Gravitational Lensing

Multiple 
evidences

No idea about mass, spin and couplings

How does this very conventional dark matter candidate 
stand against the recent experimental results?

One possible DM candidate: 

the lightest neutralino in the 

Minimal Supersymmetric Standard Model (MSSM)

a well-
motivated 
BSM model



Lightest Neutralino in the MSSM

Extending SM 
to MSSM

2 Higgs doublets in MSSM: 

5 Higgs bosons: 

Hu, Hd

h, H, A, H±

Higgs sector:

fermions  sfermions

Higgs bosons  higgsinos

gauge bosons  gauginos

↔

↔

↔

Weyl fermion  complex scalar 

complex scalar  Weyl fermion

gauge bosons  Weyl fermion

↔

↔

↔

Supersymmetry (SUSY):

Electroweakino sector:

4 charginos: χ̃±
1 , χ̃±

2

B̃, W̃, H̃u, H̃d

B̃, W̃0, H̃u
0, H̃d

0

W̃+, H̃u
+, W̃−, H̃d

−

4 neutralinos: χ̃0
1, χ̃0

2, χ̃0
3, χ̃0

4

Lightest neutralino

mixing



Lightest Neutralino dark matter in the MSSM

-parity is defined asR
R = (−1)3(B−L)+2s

In -parity conserving (RPC) scenario

Lightest Supersymmetric Particle (LSP) is stable

can be dark matter if neutral

R

SM particles: even under -parity 

Superpartners: odd under -parity

R
R

: baryon number

: lepton number

: spin

B
L

s

R-parity



LSP in RPC SUSY? 
   Focus on parameter space where the LSP contributes to the 

invisible decay of SM Higgs Boson

 Light neutralino, where 

 Dominantly Bino due to LEP limit on chargino mass 

Mχ̃0
1

≲ Mh/2

Lightest Neutralino dark matter in the MSSM

Mχ̃±
1

≳ 103 GeV

arXiv:hep-ex/0401026



Lightest Neutralino dark matter in the MSSM

NLSP: Next-to Lightest Supersymmetric Particle

NLSP?

Mostly Higgsino due to strong limits for Wino NLSP

PRD 104, 112010

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112010


Lightest Neutralino dark matter in the MSSM

NLSP: Next-to Lightest Supersymmetric Particle

NLSP?

coupling of the LSP with  and  bosons depends on the Bino, Wino, 
and Higgsino components in it

Z h

gZχ̃0
1 χ̃0

1
=

g
2cosθW

( |N13 |2 − |N14 |2 )
ghχ̃0

1 χ̃0
1

= − g (N12 − tanθW N11) (sinαN13 + cosαN14)
th component in , where 

 

N1i : i χ̃0
1

i = B̃, W̃0, H̃u
0, H̃d

0
(sinβN14 − cosβN13), MA ≫ MZ

Mostly Higgsino due to strong limits for Wino NLSP

Higgsino component required in the LSP for its coupling to 

 and  bosonsZ h
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Barman, et al., PRD 95, 095018 (2017)

Barman, et al., Eur. Phys. J. Spec. Top. 229, 
3159–3185 (2020)

New data!

Pozzo, Zhang, PLB 789 (2019) 582–591

Beekveld, et al., SciPost Phys. 11, 049 (2021)

Previous works

and many more…

Chattopadhyay, et al., PRD 82, 075013 (2010)

https://doi.org/10.1016/j.physletb.2018.12.062
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.095018
https://doi.org/10.1140/epjst/e2020-000198-1
https://doi.org/10.1140/epjst/e2020-000198-1
https://doi.org/10.1140/epjst/e2020-000198-1
https://scipost.org/10.21468/SciPostPhys.11.3.049
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.075013


The pMSSM Parameter Space

        bino mass

       wino mass

     higgsino mass
  ratio of vevs

    pseudoscalar    
mass

M1
M2
μ
tanβ
MA

,  , 

3rd generation 
squark mass

     stop trilinear 
coupling

      gluino mass

MQ̃3L
Mt̃R

Mb̃R

At

M3

10 parameters scanned
Slepton masses fixed at 2 TeV

1st and 2nd generation squark masses fixed at 5 TeV

Both  and  
scenarios studied 

separately

μ > 0 μ < 0
 Particle spectrum generated using 

 FeynHiggs 2.18.1 



LEP, Flavor

Γnew
inv < 2 MeV


σ(e+e− → χ̃0
1 χ̃0

2) × Br( χ̃0
2 → χ̃0

1 + jets)
+σ(e+e− → χ̃0

1 χ̃0
3) × Br( χ̃0

3 → χ̃0
1 + jets) < 0.1 pb

mχ±
1

> 103 GeV

invisible decay of -boson 
from new physics

Z

chargino mass

cross-section of associated production 
of neutralinos in final states with jets

LEP constraints

ALEPH, DELPHI, L3, OPAL, Phys. Rept. 427 (2006) 257–454

OPAL, EPJC 35, 1–20 (2004)

OPAL, EPJC 35, 1–20 (2004)

MicrOMEGAS 5.2.13

Current Constraints on the Parameter Space

https://doi.org/10.1140/epjc/s2004-01758-8
https://www.sciencedirect.com/science/article/pii/S0370157305005119?via=ihub
https://doi.org/10.1140/epjc/s2004-01758-8


MicrOMEGAS 5.2.13
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Z
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ALEPH, DELPHI, L3, OPAL, Phys. Rept. 427 (2006) 257–454

OPAL, EPJC 35, 1–20 (2004)

OPAL, EPJC 35, 1–20 (2004)

Flavor observables

0.78 < (Br(B → τν))obs/(Br(B → τν))SM < 1.78

1.66 × 10−9 < Br(Bs → μ+μ−) < 4.34 × 10−9

3.00 × 10−4 < Br(b → sγ) < 3.64 × 10−4

Rare processes in SM 
Might receive contribution from MSSM
Precise measurement of the branching of 
these processes constrain the MSSM 
parameter space

HFLAV, Eur. Phys. J. C 77, 895 (2017)

CMS & LHCb, Nature 522, 68–72 (2015)

Belle, PRD 82, 071101(R)

Current Constraints on the Parameter Space
LEP, Flavor

https://www.sciencedirect.com/science/article/pii/S0370157305005119?via=ihub
https://doi.org/10.1140/epjc/s2004-01758-8
https://doi.org/10.1140/epjc/s2004-01758-8
https://link.springer.com/article/10.1140/epjc/s10052-017-5058-4
https://doi.org/10.1038/nature14474
https://doi.org/10.1103/PhysRevD.82.071101


Higgs constraints

Observed Higgs mass

122 GeV < mh < 128 GeV

FeynHiggs 2.18.1

Higgs signal strength

HiggsSignal 2.6.2

 = μ
(Productionmode × Branchingmode)obs

(Productionmode × Branchingmode)SM

Invisible decay of 
the Higgs Boson

ATLAS, ATLAS-CONF-2020-052

Br(h → invisible) < 0.11

Heavy Higgs searches
HiggsBounds 5.10.0

ATLAS,
PRL 125, 051801

Current Constraints on the Parameter Space

https://inspirehep.net/literature/1826922
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.051801


Current Constraints on the Parameter Space
Dark matter constraints MicrOMEGAS 5.2.13

Relic Density DM in thermal equilibrium 
with other SM particles in 

the early Universe

FREEZE-OUT

Observed relic density of Dark Matter:
Ωobs

DMh2 = 0.120 ± 0.001

ΩLSPh2 ≲ 0.122 If underabundant,

multi-component DM

PLANCK 
collaboration
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Relic Density DM in thermal equilibrium 
with other SM particles in 

the early Universe

FREEZE-OUT

Observed relic density of Dark Matter:
Ωobs

DMh2 = 0.120 ± 0.001

ΩLSPh2 ≲ 0.122 If underabundant,

multi-component DM

PLANCK 
collaboration

Direct DetectionSM SM

DM DM

measures the 
recoil of the 
SM particle

Spin-independent limits (SI)
Spin-dependent limits 

(SDn and SDp)

arXiv:2207.03764

mχ̃0
1

σDD → σDD × ξ ξ =
ΩLSP

0.120

If underabundant,

Dark matter constraints

https://arxiv.org/abs/2207.03764


Electroweakino constraints

results of direct searches for chargino 
and neutralino at the ATLAS and CMS 

experiments of the LHC







pp → χ̃±
1 χ̃0

2/χ±
1 χ̃0

3

χ̃±
1 → W±χ̃0

1

χ̃0
2/χ̃0

3 → (Z /h)χ̃0
1

Leptonic decay modes of 

: being cleaner have 
been used in the past, like 

 analysis
Low branching - sensitive 

to lighter NLSPs

W/Z /h

3l + MET

Current Constraints on the Parameter Space
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Recently, hadronic final states are also being analysed 

 increase sensitivity to heavier NLSPs⇒

Current Constraints on the Parameter Space
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experiments of the LHC
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112010
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Recently, hadronic final states are also being analysed 

 increase sensitivity to heavier NLSPs⇒

Current Constraints on the Parameter Space

 Implemented using 
 SModelS 2.2.1 

Electroweakino constraints

results of direct searches for chargino 
and neutralino at the ATLAS and CMS 

experiments of the LHC
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Results



The Positive  Scenarioμ

  Before LZ:   constraints from LEP, 
flavor, Higgs constraints, relic density 

and the DD experiments XENON-1T, 

PICO-60 and PandaX-4T

Spin-independent DD limit

DD limits restrict allowed parameter space 
to  and  funnel regions since here relic 
density can be satisfied even with smaller 
coupling due to resonance enhancement

Z h



The Positive  Scenarioμ
Spin-independent DD limit

-funnel excluded
Allowed region in -funnel

Well within the reach of the full LZ data

Z
h

  Before LZ:   constraints from LEP, 
flavor, Higgs constraints, relic density 

and the DD experiments XENON-1T, 

PICO-60 and PandaX-4T



Higgsinos heavier than 
 allowed from 

electroweakino searches
∼ 850 GeV

The Positive  Scenarioμ

  Before LZ:   constraints from LEP, 
flavor, Higgs constraints, relic density 

and the DD experiments XENON-1T, 

PICO-60 and PandaX-4T



Allowed regions in both  and  funnels
-funnel well within the reach of the full 

LZ data

Z h
h

  Before LZ:   constraints from LEP, 
flavor, Higgs constraints, relic density 

and the DD experiments XENON-1T, 

PICO-60 and PandaX-4T

The Negative  Scenarioμ
Spin-independent DD limit



-funnel well within the reach of 
XENON-nT data

Z

Spin-dependent 
neutron DD limit

The Negative  Scenarioμ

  Before LZ:   constraints from LEP, 
flavor, Higgs constraints, relic density 

and the DD experiments XENON-1T, 

PICO-60 and PandaX-4T



The Negative  Scenarioμ

  Before LZ:   constraints from LEP, 
flavor, Higgs constraints, relic density 

and the DD experiments XENON-1T, 

PICO-60 and PandaX-4T



The Negative  Scenarioμ

  Before LZ:   constraints from LEP, 
flavor, Higgs constraints, relic density 

and the DD experiments XENON-1T, 

PICO-60 and PandaX-4T

Same as μ > 0

No such points in μ > 0



Light higgsinos: impact of LZ 
dependent on the sign of μ

LZ limits the SI DD cross-section

Both  and  contribute to thish H

These contributions constructively 
interfere for down type quarks

These contributions destructively 
interfere for down type quarks

μ > 0 μ < 0
tan  enhancedβ

Even for same  coupling, the SI DD cross-section increases for  
and decreases for  for high tan

ghχ̃0
1 χ̃0

1
μ > 0

μ < 0 β

Relic density depends on  in -funnel and  in -funnelgZχ̃0
1 χ̃0

1
Z ghχ̃0

1 χ̃0
1

h

ALLOWED POINTS IN  WITH LIGHT HIGGSINOSμ < 0

when ghχ̃0
1 χ̃0

1
< 0

(scaled with the relic density)



Can we tune the parameters to 
evade the constraints?



The Positive  Scenarioμ
Spin-independent DD limit

  Before LZ:   constraints from LEP, 
flavor, Higgs constraints, relic density 

and the DD experiments XENON-1T, 

PICO-60 and PandaX-4T

Revisit



The -funnel for Z μ > 0

Low tan  : High magnitude of 
High tan  : Low magnitude of , 

but added contribution from 

β ghχ̃0
1 χ̃0

1

β ghχ̃0
1 χ̃0

1

gHχ̃0
1 χ̃0

1

-FUNNEL 
EXCLUDED BY LZ

Z

EXCLUDED BY
ELECTROWEAKINO SEARCHES

Taking into account 20% theoretical 
uncertainty in relic density - a small 
allowed region opens up after LZ



The -funnel for h μ > 0
Heavy higgsino have low values of couplings of LSP with  and 

- relic density condition not satisfied
In -funnel, extra handle of tan  

- relic satisfied only for low tan  where coupling is high
Effect of  not important

Z h

h β
β

H



Heavy higgsinos in the -funnelh
Heavy higgsino have low values of couplings of LSP with  and 

- relic density condition not satisfied
In -funnel, extra handle of tan  

- relic satisfied only for low tan  where coupling is high
Effect of  not important

Similar to any Majorana fermion coupled to only 

Z h

h β
β

H
h

ALSO STRONGLY 
CONSTRAINED

Can be probed with few 
more days of LZ data



Light higgsinos still allowed 
by electroweakino searches?

Could be probed with upcoming analyses of the Run-2 data 
which have not yet been implemented in SModelS 

or in the Run-3 of LHC

Performed an analysis with leptonic final states using XGBOOST

Signal significance of 3.6 (1.5) with 20% (50%) 
systematic uncertainty with 137 fb  of data at 14 TeV−1

Experimental collaborations need to focus on this region of 
light higgsinos to provide a conclusive statement about 

their  present status.

Light higgsinos survive in the region where
  Mχ̃±

1 /χ̃0
2/χ̃0

3
− Mχ̃0

1
≈ MZ



Caveat: Light staus

Below 100 GeV, the relic 
density can be reduced by 
50% in the presence of a 

90-95 GeV RH stau

A region in the -funnel open up 
and in the -funnel, we can go to 

lower DD cross-sections
- can be probed by full run of LZ

Z
h



Caveat: Light staus

Red regions: Excluded by present 
searches implemented in SModelS

Limits on Higgsinos weaken 
when their branching to staus 

increases 

New regions of parameter 
space open - can be probed at 

LHC Run-3



Summary

The current experiments, especially the recent results from the 
electroweakino searches at the LHC and the LZ dark matter DD 
experiment have squeezed the allowed parameter space to regions which 
can either be 

regions of heavy higgsinos very close to being probed by few days of LZ 
data 
contain very low mass higgsinos which can be targeted at the Run-3 of 
LHC with dedicated analyses to be sensitive in this narrow gap. 

In the presence of light staus, extra regions of parameter space open up
due to reduced relic density
relaxed collider constraints when higgsinos decay to stau

These regions are also within the reach of the LZ experiment and the LHC 
Run-3.



Takeaway message

Thank you for your attention

At present, we are at a very exciting juncture

where the experiments lined up might exclude the possibility of 

a light neutralino thermal DM in pMSSM altogether,

or we might be very close to start observing the first hints of 

new physics.

How does this very conventional dark matter candidate 
stand against the recent experimental results?
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Tevatron Limit

Beyond the Standard Model physics at the Tevatron, 
Mario P Giordani 2006 J. Phys.: Conf. Ser. 53 329

https://iopscience.iop.org/article/10.1088/1742-6596/53/1/021/pdf


XGBOOST analysis Final state: 3l+MET
No SFOS pair of leptons

Backgrounds:  , , , , 
, , ggF and VBF production of  with , 
, , and 

lllν(l ≡ e, μ, τ) ZZ tt̄ VVV
Wh Zh h h → ZZ*
tt̄h tt̄W tt̄Z

exactly three leptons satisfying  and , 
a veto on -jets with  and .

pT > 25,25,20 GeV |η | < 2.4
b pT > 30 GeV |η | < 2.5




