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Outline of the talk
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‣ Neutralino dark matter in SUSY 

‣ Collider search strategy for Neutralino dark matter 

‣ Signatures for direct electroweakino production 

‣ Compressed dark matter searches 

‣ Current and future bounds on compressed scenario



Lightest neutralino in MSSM most extensively studied as DM candidate  
‣ Bino DM over-produced due to too low cross section 
‣ If thermally produced, the pure Wino(Higgsino) DM mass below ~3(1) TeV
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G. Ricciardi et al., Eur. Phys. J. Plus 130, 209 (2015)

SUSY Dark Matter

Bino DM significantly constrained  
(except e.g, stau-coannihilation region)

Focus on Wino and Higgsino DM 
➡ Compressed particle spectra  
      expected naturally due to SU(2)  
      gauge multiplet structure 
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Neutralino DM - Status & Prospects -

‣ Pure Wino DM constrained by indirect detection (with astrophysical uncertainty) 
‣ Strong constraint from direct detection on nearly pure Higgsino DM 
‣ Direct detection/future lepton colliders more sensitive to Z/Higgs-pole regions

L. Roszkowski et al., Rep. Prog. Phys. 81, 066201 (2018)
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➡ What can collider do for mixed states (e.g, Bino-Wino, Bino-Higgsino)  
      at δm ~ 𝒪(0.1-10) GeV?

Neutralino DM - Status & Prospects -

‣ Mixed Bino/Higgsino states also constrained by direct detection  
while sensitivity depends on the mass splitting �m = m(�̃0

2)�m(�̃0
1)

<latexit sha1_base64="CIwutAahPgTAJhgh/OxLw9hFtD4="></latexit>
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R. Krall, M. Reece, Chin. Phys. C 42, 043105 (2018)



Neutralino DM at Colliders

Consider accompanying particles when looking for DM in SUSY  
‣ Production in gluino/squark decays (if they are not too heavy)

General search strategy for neutralino DM at LHC
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Under simplified model where only 
colored particles and DM are considered
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Neutralino DM at Colliders

Consider accompanying particles when looking for DM in SUSY  
‣ Production in gluino/squark decays (if they are not too heavy) 
‣Direct production with weak iso-spin partners

General search strategy for neutralino DM at LHC
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m(      ) excluded up to ~300 
GeV, but much weaker for 
“compressed” region

�̃0
1
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Neutralino DM at Colliders

Signature depends on compositions/masses of electroweakino states

Search strategy for direct production with weak iso-spin partners
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• Decay mode : 

�m± = m(�̃±
1 )�m(�̃0

1)
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• Mass splitting :

�̃±
1 ! W±/⇡± + �̃0

1
<latexit sha1_base64="3mOBtmyhD93jHwMQwS1ADZRBXpA="></latexit>
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Disappearing track 
Soft (displaced) track

𝒪(0.1) GeV

W/Z→leptons 
H→b,𝛾,leptons

∆m

Disappearing

𝒪(1) GeV 𝒪(10) GeV

lifetime (c𝜏)

𝒪(0.1-10) cm

𝒪(0.1) mm

Soft objects Hard 
objects

ETmiss

Soft track

Pure Mixed



Search for Direct Production
Target in this talk : mixed states with ∆m ~ 𝒪(1-10) GeV 
➡	high(low)-pT leptons from on(off )-shell W/Z decay 
➡	ISR jet or VBF jets to boost DM system (trigger, reconstruction) 
➡	large ETmiss (trigger)

R. Sawada’s talk

𝒪(0.1) GeV ∆m

Disappearing

𝒪(1) GeV 𝒪(10) GeV

Soft objects
Hard objects

ETmiss

My talk

Focus on compressed signature searches (not exhaustive) in this talk
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Soft track



Compressed Signatures (I) 
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=13 TeVs

Multi-leptons + ISR jet + ETmiss for DY production 
➡	low-pT leptons from off-shell W/Z 
➡	large ETmiss (trigger) + ISR jet to boost DM system

2-leptons and 1-lepton+1-track (to recover lepton inefficiency at low pT) 
Multiple signal regions to target signal with different ETmiss and ∆m values
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ATLAS-CONF-2019-014

Low-pT efficiency is a key!!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-014/
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Figure 9: Comparison of observed and expected event yields in the SRs after the SR-constrained background-only
fits. The SRs used for electroweakino searches recoiling against ISR are shown at the top, binned in m`` . The
SRs used for slepton searches recoiling agains ISR are shown at the bottom, binned in mT2. Uncertainties in the
background estimates include both the statistical and systematic uncertainties. The bottom panel in both plots shows
the significance of the di�erence between the expected and observed yields [102].
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Multi-Lepton Searches

No significant deviations from background predictions 
11
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Bino-Wino
Multi-Lepton Searches

‣ Obs. limits worse or better than Exp. limits due to fluctuations in data  
‣ 1-lepton+1-track contributes to small ∆m region, but only marginal

➡ Important to improve (very) low-pT lepton tagging to go smaller ∆m
12



Accessible to small ∆m by boosting 
the DM system while suppressing 
BG using forward jets
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Compressed Signatures (II) 

Leptons + forward jets + ETmiss for VBF production 
➡	low-pT lepton from off-shell W/Z 
➡	large ETmiss and HTmiss (trigger) + VBF jets to boost DM system

13

JHEP 08 (2019) 150

(leptons often too soft to be reconstructed)

http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-17-007/index.html
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‣ Sensitivity to        with 100-150 GeV in the range 1<∆m0<10 GeV 
‣ 0-lepton channel dominates sensitivity at small ∆m0 ~1 GeV

➡ Good complementarity by the 0-, 1- and 2-lepton channels

VBF Topology Searches
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Bounds on Compressed Scenario

No Higgsino interpretation for the VBF result… 
Bounds from disappearing track not shown here
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Bounds on Compressed Scenario

Projections for future colliders (Lepton collider sensitive up to √s/2) 
HL/HE-LHC Yellow Report
Physics Briefing Book (2020 ESU) 

https://arxiv.org/abs/1812.07831
https://cds.cern.ch/record/2691414
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Bounds on Compressed Scenario

Interesting to explore this phase space with VBF analysis
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FCChh

FCChh

Mono-jet*

HL-LHC
HE-LHC

Run 2

CMS DY 2-lepton

Bounds on Compressed Scenario

What else can 
we do here?

∆m~1 GeV region to be filled with new techniques 
(→ See R. Sawada’s talk for track-based approaches)

ILC500



Compressed Searches - Option 1 -
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Exploit soft photon from 
                              to access  
intermediate ∆m0 range
�̃0
2 ! � + �̃0

1
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‣ Bino-Wino (∆m0~10-40GeV) probed up to ~1.6 TeV at 100 TeV, 10 ab-1 

‣ Very little sensitivity from direct or indirect searches 
➡	Unique advantage of future 100 TeV collider for  
       compressed Bino-Wino scenario

J. Bramante et al., 

PRD 93, 063525 (2016)

Direct
Indirect
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Compressed Searches - Option 2 -
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Expected significance at 100 TeV collider

Exploit FSR photon from 
(no look at        decay)  
➔ Insensitive to ∆m±!!

‣ Pure Higgsino (∆m±~350MeV) probed up to ~(130)500 GeV at 14(100) TeV 
➡	Potentially no "blind spot” in this analysis?  
       Good to demonstrate the performance with (HL-)LHC data!

�̃±
1
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Pure Higgsino

Jet+ETmiss

Jet+γ+ETmiss

Combined
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A. Ismail et al., PRD 94, 015001 (2016)

5(2)% σBKGsyst



Summary
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‣ Neutralinos composed of Wino, Higgsino or mixed states are promising 
DM candidates 
‣ Compressed spectra posing experimental challenge at hadron collider 
‣ Several new ideas emerging to further constrain compressed states at 

hadron collider (→ More in R. Sawada’s talk)
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Lightest Neutralino mass

Future prospects for Singlet-
Doublet WIMP dark matter 

‣ Strong constraints from direct &  
indirect detections  

‣ HL-LHC sensitivity quite limited… 
Only on-shell W/Z analysis  
(pTlepton>50 GeV) available  
at that time

Could (near) future colliders 
enter into the game again?

S. Banerjee et al., 

JHEP 11, 070 (2016)

‣ Neutralinos composed of Wino, Higgsino or mixed states are promising 
DM candidates 
‣ Compressed spectra posing experimental challenge at hadron collider 
‣ Several new ideas emerging to further constrain compressed states at 

hadron collider (→ More in R. Sawada’s talk)
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Fig. 8.9: Exclusion reach for Wino-like lightest chargino (c̃±
1 ) and next-to-lightest neutralino

(c̃0
2 ) from hadron and lepton colliders.

to
p

s/2 for Dm as low as 0.5 GeV, while CLIC1500 and CLIC3000 allow a reach up to 650 GeV
and 1.3 TeV, respectively [453]. Monojet searches at hadron colliders can again complement
the reach for scenarios with small Dm [442]. The soft decay products of the NLSP are not re-
constructed and the sensitivity solely depends on the production rate of EWkinos in association
with an ISR jet. The reach of different colliders are illustrated by the hatched areas of Fig. 8.10
for an indicative Dm < 1 GeV. The sensitivity deteriorates at larger Dm, due to the requirements
on additional leptons or jets. No attempt is made to evaluate this loss here, which is expected
to become relevant for Dm ⇡ 5 GeV and above. Prospects for ep colliders (LHeC and FCC-eh)
performed using monojet-like signatures [138] are also shown in Fig. 8.10.

A special case arises when the lightest neutralino is either pure Higgsino or Wino. The
chargino-neutralino mass splitting is around 340 MeV and 160 MeV respectively, and the
chargino has a correspondingly long lifetime, which can be as large as several picoseconds.
The value of pmiss

T is small unless the pair-produced EWkinos recoil against an ISR jet. Taking
advantage of the long lifetime of the charginos, which can result in decays in the active volume
of the tracker detector, searches for disappearing charged tracks can be performed at hadron
colliders [442]. As an example, at the HL-LHC, studies using simplified models of c̃±

1 produc-
tion lead to exclusions of chargino masses up to mc̃±

1
= 750 GeV (1100 GeV) for lifetimes of

1 ns for the Higgsino (Wino) hypothesis. When considering the lifetimes corresponding to the
chargino-neutralino mass splittings given above (leading to thermal relic dark matter candidates
and referred to as pure Higgsino and pure Wino, respectively), masses up to 300 (830) GeV can
be excluded. The reach for all facilities is illustrated in Sect. 8.5. Analyses exploiting displaced
decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [344]), and for ep colliders (using disappearing tracks [457]).
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [482] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [483] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [442, 484]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [138]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [485]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector
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Combination of hadron & lepton colliders could cover  
m(       ) up to ~300 GeV at any ∆m0 < ~10 GeV�̃±
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