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TeV Higgsinos: MSSM’s last stand

• The neutralino is the MSSM DM candidate, made out of Bino, Wino and Higgsino.

• Relic density sets “pure” masses:    (100 GeV),     (2.7 TeV) and     (1.1 TeV).

• All pure cases and mixtures (wino/Higgsino, bino/Wino, etc) well studied in the literature.

• Only “uncoverable” spot is an “almost pure”* Higgsino,  mass ~1.1 TeV:

• DM search @ LHC(FCC): mono-jet. Reaches 200 (900) GeV (Low, Wang:1404.0682).

• Disappearing tracks:  Reach limited due to Higgsino lifetime.

• This talk: 

• a) disappearing tracks with a customised detector (FCC, HL-LHC). 

• b) mono-Z study with highly boosted di-lepton final states (FCC).

B̃ W̃ H̃

* A pure Higgsino, EW doublet, is ruled out, because both neutral states are mass degenerate, and the Z-n1-n2 coupling is actually Z-n1-n1. Z currents with weak 
couplings are excluded by direct detection experiments (XENON100, LUX, etc). Some additional Bino and/or Wino component is required.



A sample of pheno studies
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Figure 14: Summary of collider reach for neutralino dark matter.

while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇥ 2.8 TeV and the discovery

reach to bem�̃ ⇥ 2.1 TeV. As the thermally-saturating bino mass in this case ism�̃ ⇥ 1.8 TeV

(and mt̃ ⇥ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇥ 6.2 TeV and mg̃ ⇥ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇥ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.
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Figure 10. Indication of the current bounds and future prospects for the elec-
troweak triplet Dark Matter candidate. Solid contours show the current bounds.
Dashed contours refer to the reach of future experiments. For the collider analysis
we have considered the 95 % CL sensitivity. For definiteness, at a 100 TeV collider
we show the reach for L = 3 ab�1 and 1% of background systematics. As discussed
in the text, for disappearing tracks the estimate of the background at future col-
liders is particularly challenging. In this case, the reach refers to a moderate choice
of the background uncertainty (the dashed line in Fig. 7).

running of the quartic coupling of the Higgs, stabilizing the Higgs vacuum.
Moreover, it does not introduce large radiative corrections to the Higgs mass,
and it helps to achieve the unification of the gauge couplings. This particle
emerges also in more general scenarios, like SUSY models [33, 36–42], GUT
constructions [34], and also in other contexts [87, 88].

Searches of this Dark Matter candidate with Direct Detection experiments
are challenging, since the loop-induced scattering cross-section o� nuclei is
very small, well below the sensitivity of current experiments. Indirect Detec-
tion strategies are more promising. Gamma-rays and anti-protons observa-
tions exclude the range M� � 1 TeV and 1.7 TeV � M� � 3.5 TeV, although
we remind that these limits are subject to large astrophysical uncertain-
ties. Moreover they hold under the assumption that the electroweak fermion
triplet accounts for all of the observed Dark Matter abundance. Likely, new
astrophysical observations will improve current Indirect Detection bounds in
the near future.

In this work we have studied the reach of future proton colliders for
the electroweak fermion triplet. We have focussed on two scenarios: Lhc at
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Figure 12. Exclusion (left) and discovery (right) contour lines for the 13 TeV LHC at the end of
the LHC Run2 (light red region) and of the HL-LHC (light blue region) assuming S/B>3%. For
the latter case also the case S/B>5% is shown. The region excluded by LUX and the projected
exclusion by XENON1T are also shown, together with the LEP limit on the ⇥̃±

1 mass. M1 > µ is
considered here.
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Figure 13. Exclusion (left) and discovery (right) contour lines for the 13 TeV LHC at the end of
the LHC Run2 (light red region) and of the HL-LHC (light blue region) assuming S/B>3%. For
the latter case also the case S/B>5% is shown. The region excluded by LUX and the projected
exclusion by XENON1T are also shown, together with the LEP limit on the ⇥̃±

1 mass. M1 < �µ is
considered here.
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Figure 1: Some results of the scan over M1 and µ with winos decoupled (M2 = 7 TeV). In the

plots on the right, the white region is not accessible in the XENON1T and LZ experiments

but the cross sections are above the neutrino background, and the light blue region is below

that background. The red, orange and yellow regions are: excluded by LUX, accessible by

XENON1T and accessible by LZ experiments, respectively. The dashed-dotted lines mark

M1 = |µ|. All other details of the plots are explained in the figures.
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Higgsino/Bino  
(doublet/singlet)  
 phenomenology 



Bino/Higgsino setup
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Cross sections and decay lengths
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Disappearing tracks 
 @ FCC-hh / HL-LHC

R.Mahbubani, P. Schwaller, JZ, [arXiv 1703.05327, JHEP soon] 



Disappearing tracks @ LHC
ATLAS: CERN-PH-EP-2013-155 [CMS: CERN-PH-EP-2013-037]

• Charged particle (track) decays into neutral + SM (unreconstructed):  disappeared!!!

• Event selection requires:

• 1 “good quality”* (isolated, well reconstructed) track with large pT.

• large missing transverse energy (MET > O(100 GeV) ). 

• 1 hard jet, pT > 100 GeV (from initial state radiation, to trigger the event).

• ΔΦ(jet,MET) > 1.0 (0.5) @ ATLAS (CMS) : kills mismeasured QCD multijets.

* Quality track 

• At least 3 hits in pixel detectors.

• At least 2 hits in the SCT.

• Less than 5 hits in the TRT**

• pT > 15 GeV, 0.1 < |η| < 1.9 (hard and central)

** SM particle leaves (on average) 32 hits in TRT

dmin ⇡ 30 cm

ATLAS-CONF-2017-017: new pixel layer (r=3.33cm)



Don’t forget about backgrounds!
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TABLE II. Summary of systematic uncertainties [%] on the
expected number of signal events for mχ̃±

1

= 200 GeV and

300 GeV.

200 GeV 300 GeV
(Theoretical uncertainty)
Cross-section 6.4 6.8
(Uncertainty on the acceptance)
Modeling of initial/final-state radiation 14.5 16.4
JES/JER 3.9 6.0
Trigger efficiency 4.5 4.5
Pile-up modeling 0.5 0.5
Track reconstruction efficiency 2.0 2.0
Luminosity 2.8 2.8
Sub-total 16.1 18.4

fit to the pT spectrum of the disappearing-track candi-
dates. The likelihood function for the track pT consists of
one probability density function for the signal and four
for the different backgrounds derived in Sec. V. In the
fit, the yields of the signal, interacting-hadron, and pT-
mismeasured tracks are left free. The yields of electron
and muon background tracks are constrained to their es-
timated values within the uncertainties. The effects of
systematic uncertainties on the yields and the parameters
describing the pT-distribution shapes of the background
tracks are also incorporated into the likelihood function.
The number of observed events having a high-pT dis-

appearing track above a given threshold and the expec-
tation for the background, derived by the background-
only fit in the pT range below 75 GeV, are given in
Table III. No significant deviations from the background
expectations are found. The probability (p0 value) that a
background-only experiment is more signal-like than the
observation and the model-independent upper limit on
the visible cross-section (σ95%

vis ) at 95% confidence level
(CL) are also given in the table. Figure 5 shows the
pT distribution for the selected data events compared to
the background model derived by the background-only
fit in the full pT range: the best-fit values for the yields
of interacting hadrons, electron tracks, muon tracks and
pT-mismeasured tracks are 2187 ± 71, 852 ± 35, 23 ± 8
and 212 ± 33, respectively. Three selected examples for
the signal are also shown in the figure.
An excess with a corresponding significance of ∼ 2σ is

seen in Fig. 5 at pT around 90 GeV. Detailed investiga-
tion of the events in this region show no peculiarities or
significant differences in event kinematics or track prop-
erties compared to candidates in nearby track-pT regions.
The discrepancy is also not consistent with any of the
signal hypotheses studied in this article. For the models
considered, high-pT tracks are expected and the best ex-
pected sensitivity derives from the region with pT above
200 GeV, where a deficit is observed as reported in Ta-
ble III.
Events with two disappearing-track candidates, being

particularly sensitive to chargino-pair production with a
long lifetime, are also explored. One candidate event is

found; however, the event lacks high-pT disappearing-
track candidates (their pT being 30 GeV and 18 GeV).
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FIG. 5. The pT distribution of disappearing-track candidates.
The solid circles show data and lines show each background
track-pT spectrum obtained by the background-only fit. The
resulting uncertainties on the pT spectrum for each back-
ground are indicated by the error bands. The signal expecta-
tions are also shown. The ratio of the data to the background
track-pT spectrum is shown at the bottom of the figure.

VIII. RESULTS

In the absence of a signal, constraints are set on mχ̃±
1

and τχ̃±
1

. The upper limit on the production cross-section

for a given mχ̃±
1

and τχ̃±
1

at 95% CL is set at the point
where the CL of the “signal+background” hypothesis,
based on the profile likelihood ratio [35] and the CLs
prescription [36], falls below 5% when scanning the CL
along various values of signal strength. The constraint on
the allowed τχ̃±

1

–mχ̃±
1

parameter space is shown in Fig. 6.
The expected limit is set by the median of the distribu-
tion of 95% CL limits calculated by pseudo-experiments
with the expected background and no signal, where the
systematic parameters are varied according to their sys-
tematic uncertainties. The regions excluded by the pre-
vious ATLAS search [8] and the LEP2 searches are in-
dicated. The example of the exclusion reached by the
ALEPH experiment [9] of 88 GeV at 95% CL that is de-
rived for the chargino mass in the case of heavy sfermions,
irrespective of the chargino-neutralino mass difference is
shown as the LEP2 result. This constraint is largely in-
dependent of tanβ or the sign of µ.
The analysis is not performed for signals having τχ̃1

>
10 ns (corresponding ∆mχ̃1

being below the charged pion
mass) because a significant fraction of charginos would
traverse the ID before decaying, thereby reducing the

• Background sources:

• Interacting hadron-tracks

• Lepton tracks

• pT-mismeasured tracks 
(dominant if pT >100 GeV)

CMS: cuts on Ecalo < 10 GeV

• Bgds @ 100 TeV estimated by:
a) Taking distribution shape (pT)-a from LHC data (a = 1.78 ± 0.05). 
b) Normalize to known process:  

1- Z+jets (used in Low, Wang:1404.0682, Cirelli,Sala, Taoso,1407.7058).  
2- multi-jets (better description of processes with “a high density of silicon 
hits, hadronic interactions and scattering”).
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TABLE II. Summary of systematic uncertainties [%] on the
expected number of signal events for mχ̃±
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FIG. 5. The pT distribution of disappearing-track candidates.
The solid circles show data and lines show each background
track-pT spectrum obtained by the background-only fit. The
resulting uncertainties on the pT spectrum for each back-
ground are indicated by the error bands. The signal expecta-
tions are also shown. The ratio of the data to the background
track-pT spectrum is shown at the bottom of the figure.
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Charged tracks in r-z
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HL-LHC results
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• Discovery (5σ) with 35 events: 50% systematics, bgd extrapolation with Z+jets and multi-jet XS.

• “Effective charged particle XS” = Ncharged / Lumi allows for straightforward re-interpretation!

• Reducing the track distance from 30 to 10 cm moves the LHC Higgsino reach to 370 GeV.  
Beats the LHC reach in mono-jet, mono-photon of 200 -250 GeV [see e.g Schwaller, JZ 1312.7350,  
Barducci, Belyaev, Bharucha, Porod, Sanz, 1504.02472, Ismail, Izaguirre, Shuve, 1605.00658, …].



FCC results (r=10cm)
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Mono-Z analysis 
 @100 TeV FCC-hh

R.Mahbubani, JZ, [very soon!]



Mono-Z vs mono-jets

     Potential advantages for mono-Z at FCC:

• Soft leptons might not be viable (depend on pT thresholds).
• Weak coupling stronger at FCC energies.
• Weak effects in PDFs are important (Rojo, 1605.08302) 
• EW Sudakovs can have a large impact (Becher, Garcia i Tormo, 1305.4202 ,

1509.01961).
• Very different systematics (crucial to estimate the sensitivity).

At the LHC, the mono-Z search for EWkinos (e.g: Anandakrishnan, 
Carpenter, Raby,1407.1833) is much less sensitive than mono-jets, 
mono-jets plus soft-leptons (Schwaller, JZ, 1312.7350; Low,  Wang, 
1404.0682; Barducci, Belyaev, Bharucha, Porod, Sanz 1504.02472; 
Badziak, Delgado, Olechowski, Pokorski, Sakurai 1506.07177… ).



The parameter space
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• Xenon 1-T forces splittings below 2-3 GeV.

• FCC monojet bounds: mχ  > 600 GeV for nominal splitting.

• Relic density forces mχ  < 1100 GeV.

• Scanned region: |μ| [400,1100]; tβ = 15, M1 scans Δ+.

PRELIMINARY



Analysis pipeline
• MEs: MG4 and FR+MG5.  PS: Pythia 6 (same results with Pythia 8).  

Detector Simulation: Delphes with customised FCC [2015] card (loose ID, larger η)

• Backgrounds:

• irreducible: ZZ, W W       l+ l - ν ν + fully leptonic tt .

• fake/lost leptons: W+jets, semi leptonic tt (matched up to 1 jet).

• fake       : Z (    l+ l - ) + jets (similarly ZW,ZZ).

• Parton level cuts:                                     or                                .

• Event selection (basic cuts): 

• Tighter cut on                         .

• Two OS leptons satisfying                                                                    .

• Jets: Allow up to one additional hard jet (pT > 50 GeV), veto-b-jets.

• Ignore any hard jet within ΔR < 0.5 from the leptons.

pT (l
+, l�) > 400 GeV

pT (l) > 50 GeV, |m(l+, l�)�mZ | < 15 GeV

6ET

HT , 6ET > 400 GeV

6ET > 500 GeV



Optimisation and cut-flow

process �M  15 Nj  1 ��(j, /ET ) > 0.1 ��(Z, /ET ) > 0.7 /XT > 0.9

/XT > 1.5

signal J 241.2 190.7 188.4 188.2 112.52 47.88

ZZ ! l+l�⌫⌫ 6059.2 5346.1 5291.9 5291.9 831.6 118.3

W+W� ! l+⌫l�⌫ 0.0134 0.0089 0.0089 0.0089 0. 0.

tt ! l+b⌫l�¯b⌫ 123.4 67.3 62.5 62.15 1.9 0.

tt ! l⌫b¯bjj 255.9 95.27 94.97 8.21 1.76 0.0433

(Z ! l+l�) +jets 29342 9402.6 1370.7 1084.4 84.42 3.15

(W ! l⌫)+jets 336.4 115.9 115.5 10.2 0.366 0.

ZW ! l+l�l⌫ 399.8 336.7 325.4 325.4 31.66 2.73

ZZ ! l+l�jj 68.50 35.86 3.36 2.47 0.0436 0.

ZW ! l+l�jj 58.12 29.09 2.92 2.2 0. 0.

100 S/B 0.658 1.23 2.59 2.77 11.8 38.5

Significance (� = 0) 1.26 1.54 2.21 2.28 3.65 4.30

Significance (� = 0.1) 0.07 0.12 0.26 0.28 1.12 2.87

Table 1: Cut flow for the backgrounds and for a signal with µ = 1100 GeV, tan� = 15 and
M

1

= TeV. The numbers of events quoted correspond to a total integrated luminosity of 3000 fb�1

at a 100 TeV center-of-mass energy. We have defined �M = |Mll�mZ
GeV

| and /XT =
/ET
TeV

. The
significance is computed assuming a) no systematic errors and b) 10 % systematic errors.

From the table we see that after the new optimal preselection cuts the main component of the
background is the irreducible one, accounting for 87 % before the optimal /ET cut and for 95 %
of the background (see the last two columns of the table). We also see, that given the values of
S/B, the systematic uncertainties will not a↵ect much our results, unlike the case of the monojet
searches.

Before continuing is of key importance to assess the role of fake leptons arising from jets. To this
end we estimated the fake rate as follows: we compared our W+jets sample versus one generated
using the default CMS card and with a loose selection criteria: we apply the overlap cut and request
no b-jets, up to two jets and between 1 and 2 leptons, each of them having pT > 50 GeV. We then
compute the e�ciency of selecting events with exactly two leptons from our sample. We obtain
an e�ciency of 4.88 % with our FCC Delphes card and 0.365 % with the CMS card. In addition,
we also followed our cuts right before the optimal /ET cut, but now treating either the leading or
subleading jet as a lepton. We obtained that after the ��(l+l�, /ET ) > 0.7 and ��(j

1

, /ET ) > 0.1
cuts, we were left-over with 2000 events, while a /ET > 900 GeV cut would leave only 40 events.
Considering our O(10�3,�4) e�ciencies, we can thus conclude that fake leptons coming from jets
are irrelevant to our analysis. This statement should be revisited in the future with a more realistic
simulation of the FCC detectors.

We present the significance for all our signal points with µ > 0 in the m�± -m�±��0
1
plane in

Fig. 4 for a � = 0(0.05) in the left (right) panel, while the same plot for µ < 0 is shown in Fig. 5.
In all cases we check that for each signal point enough events remain, as not to su↵er from large
statistical uncertainties: our optimized cuts leave between 45-190 events for our scanned points with
our benchmark luminosity of 3000 fb�1, while the backgrounds vary (according to the optimal cut)
between 125 and 1450 events. From the Figure we see that the significance decreases with the mass
(mainly due to the lower signal cross section, yet partly compensated by the e�ciency of the optimal
/ET cut) and with the mass splitting, which is expected since larger mass gaps allow for additional
objects which our strategy does not target. For splittings above a few GeV, the combination of
our mono-Z together with additional soft leptons could greatly enhance the sensitivity, as seen
for the LHC case (see e.g refs [12, 13, 14]). We defer such an approach here, since it would be

4

Optimal: ��(l+l�, 6ET ) > 0.7, ��(j1, 6ET ) > 0.1+ 6ET > 900(+X) GeV.

X value chosen for the 0% systematics case 



FCC reach
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Role of systematics

Δm = 344 MeV

■ syst = 0-1 %
■ syst = 1-5 %
■ syst = 5-10 %
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Di-lepton resolution

DELPHES FCC card used has 0.035 resolution in ΔR (η=0.025,φ=π/128).
For CMS, ΔR=0.123 (η=0.087,φ=π/36),  ATLAS ΔR=0.201 (η=0.1,φ=π/18).
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Conclusions
• Compressed spectra is “natural”: O(GeV) splittings among components of the 
same EW-multiplet. Favored by (lack of signal in) direct detection experiments.

• Discussed two strategies @ FCC: (a) disappearing tracks and (b) mono-Z. 

• (a) 100 TeV detectors yet to be designed: historical chance to write the TDR. 
Hard to estimate the significance, yet O(10) signal events in “almost 
background-free” environment for 1.1 TeV Higgsinos.

• (b) With 3000 fb-1, 5% (0%) systematics one achieves 3.7 (4.3) σ for 1.1 TeV, 
and “full” coverage of parameter space at the 3 (4) σ level.

• Worth taking time to think what the FCC/next collider (not LHC-100!!!)  
   can do for your favourite physics scenario. What would you need???

1. thermal dark matter!!!
2. …
3. …


