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Higgsino Refresher

Why look for higgsinos?

• Appearance of fine-tuning in SM to cancel quadratic divergences in mH
• EWK scale higgsinos: natural solution to hierarchy problem
• χ̃01 is viable DM candidate, provided R-parity is conserved and m(χ̃01 ) . 1.1 TeV

Higgsino LSP phenomenology

• Mass eigenstates: χ̃02 , χ̃
±
1 , χ̃01

• Pure higgsinos: ∆m(χ̃±
1 , χ̃

0
1 ) ≈ 350 MeV, driven by radiative corrections

• Additional mixing with W̃/B̃ can increase this toO(10 GeV)

Why haven’t EWK scale higgsinos been ruled out?

• Very low production cross-sections (σ ≈ 1.3 pb for m(H̃) = 200GeV)
• Very soft decay products→ difficult to trigger/reconstruct
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mH = 125 GeV

Higgsino Refresher

Why look for higgsinos?

• EWK scale higgsinos: natural solution to hierarchy problem
• Â‰�� is viable DM candidate, provided R-parity is conserved and m(Â‰�� ) . �.� TeV

Higgsino phenomenology

• Mass eigenstates: Â‰�� , Â‰±� , Â‰��
• Pure higgsinos: �m(Â‰±� , Â‰�

� ) ¥ ��� MeV, driven by radiative corrections
• Additional mixing with ÂW/ÂB can increase this toO(�� GeV)

Why haven’t EWK scale higgsinos been ruled out?

• Very low production cross-sections
• Very soft decay products æ difficult to trigger/reconstruct
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 Minimizing MSSM scalar potential 



Compressed Higgsinos: Where Do We Stand?
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Here be dragons
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No sensitivity to 0.4 GeV . ∆m(χ̃±
1 , χ̃

0
1 ) . 1 GeV since LEP!

Need new techniques and good ideas



New Idea: “Cornering Higgsino” with Soft Displaced Tracks

Jeff Shahinian SUSY 2024 June 13th , 2024 4 / 11

Proposal: “Cornering Higgsino” [arXiv:1910.08065 ]
→ H. Fukuda, N. Nagata, H. Oide, H. Otono, S. Shirai

New Idea: “Cornering Higgsino” with Soft Displaced Tracks

• [arXiv:����.����� ]
• H. Fukuda, N. Nagata, H. Oide, H. Otono, S. Shirai
• Â‰�

� Â‰�
� fi�
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trated in the re-interpretation of the ATLAS mono-jet
search performed in Ref. [36], currently it doesn’t give
any constraints on the Higgsino DM.

Adding distinctive signatures improves the sensitivity
in specific parameter spaces. For instance, if �m0 >
O(1) GeV, soft di-leptons from the heavier neutral Hig-
gsino (�0

2) decays become an important discriminant of
the Higgsino signals. Meanwhile, if �m± is smaller than
� 0.3 GeV, the charged Higgsino (�±) can be long-lived,
as shown in Eq. (6), and it may be detected as a disap-
pearing charged track. Both search strategies have been
used in ATLAS [37, 38] and CMS [39].

Remarkably, the parameter region 0.3 <��m± <� 1 GeV
has never been explored at the LHC, and the LEP still
gives the strongest constraint [40]. This is due to a lack of
distinctive signatures to be added to the mono-jet event
topology in this region. We, however, notice that com-
pared to the “disappearing track” regime, the charged
meson and lepton from the �± decay in this region can be
hard enough to surpass the track reconstruction momen-
tum threshold of 500 MeV, while the charged Higgsino
lifetime still remains discernible by the track’s displace-
ment from the primary pp interaction. As we see below,
this signature can distinguish the Higgsino events from
the SM background and thus o�er a promising way of
filling “�m± gap” at the LHC.

The performance of the ATLAS detector [41] is semi-
quantitatively mimicked as follows: the number of pileup
vertices is assumed to be �µ� = 35 and 200 for Run2
and high-luminosity LHC (HL-LHC) respectively; tracks
are assumed to be reconstructed with the standard
tight track selection and its reconstruction e�ciency for
charged particles is conservatively assumed to be 80%
for pT > 500 MeV and |�| < 2.5; charged particles
not satisfying these conditions are discarded; the fake-
track rate in the standard tight track selection is neg-
ligibly small [42, 43]; the resolution of the transverse
impact parameter is parameterized as �d0

(pT) [mm] =
0.01+0.08/(pT/GeV), and we set ��z0

= 5�d0
for Run2

and ��z0
= �d0

for HL-LHC. [44]. This configuration
takes account of the installation of a factor-5 finer reso-
lution pixel detector in z-direction for HL-LHC in AT-
LAS [45]. It is important to take into account the non-
Gaussianity of the impact parameter resolution due to
multiple Coulomb scattering and secondary particles by
nuclear interaction with the detector material. To incor-
porate this, we use a Crystal Ball function with a Gaus-
sian core up to ±2� and power-law tail of slope three.
This treatment can well reproduce the measurement of
the ATLAS impact parameter distribution for minimum-
bias events inclusive of primary and secondary charged
particles [46].

For Monte-Carlo simulations, we use Madgraph5 [47]
event generator interfaced to Pythia8 [48] parton shower
and hadronization, with the detector response simulated
by Delphes3 [49]. We refer to the NLO-NLL cross sec-
tions [50–52]. All of the main SM background contri-
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FIG. 1. The signal and SM background distributions in pT

(left) and S(d0) (right) after the rest of the selection crite-
ria (see the text) are applied for each case, for an integrated
luminosity of 140 fb�1. The contributions from primary, sec-
ondary and pileup vertexes are shown in green, blue and
yellow, respectively. For the signal Higgsino, the case of
m�0

1
= 140 GeV, �m± = 500 MeV and �m0 = 0 MeV is

shown. The dashed lines show the distribution of the tracks
from the true Higgsino decay; the di�erence between the red
solid and dashed lines is due to the SM BG contributions in
the signal events.

butions in the mono-jet searches are included, and the
event yield is adjusted to match with the mono-jet data
of Ref. [36].

In order to demonstrate the sensitivity gain with re-
spect to the mono-jet search, we take the same event
selection criteria as the ATLAS mono-jet search as the
baseline selection [36]: a leading jet with pT > 250 GeV
and |�| < 2.4; up to four jets with pT > 30 GeV and
|�| < 2.8; separation with missing transverse momentum
��(jet, �pmiss

T ) > 0.4; leptons are vetoed. The magnitude
of the missing transverse momentum, E miss

T , for the sig-
nal region is required to be E miss

T > 500(700) GeV for
the Run2 (HL-LHC). With this selection, the main back-
grounds are Z(� ��̄) and W (� ��).

In addition to the mono-jet selection, we require at
least one extra track satisfying the following conditions,
which is expected to be the charged pion from the charged
Higgsino decay:

• Basic Selection: 1.2 GeV < pT < 5 GeV; |�| < 1.5;
|�z0 sin(�)| < 1.5 mm and |d0| < 10 mm. The
candidate must have a hit at the innermost pixel
layer, located at r = 33 mm in the ATLAS detector;

• Isolation: The candidate track is separated by
�R �

�
(��)2 + (��)2 > 1 for any tracks with

pT > 1 GeV, �z0 sin(�)| < 1.5 mm and |d0| <
1.5 mm;

• Displacement: The transverse impact parameter of
the candidate is large: S(d0) � |d0|/�d0 > 6. This
slight displacement arises from a sizable lifetime of
the charged Higgsino;

• Alignment to E miss
T direction: ��(trk., �pmiss

T ) < 1.
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Si Strips

χ̃±
1 decays for 0.4 GeV . ∆m(χ̃±

1 , χ̃
0
1 ) . 1 GeV

• Decay length: cτ ∼ O(0.1− 1 mm)
→ well within first pixel layer (∼ 33mm for ATLAS)

but still measurable: σ(d0) ≈ 0.05mm for pT = 2 GeV
• BR(χ̃±

1 → χ̃01 π
±) ≈ 90%− 40%

Mono-jet signature + soft, isolated track with significant
transverse displacement from PV: S(d0) = d0/σ(d0)
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https://arxiv.org/abs/1910.08065


Signal Regions
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Signal Regions
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• Emiss
T > ���GeV

• Leading jet: pT > ���GeV, |÷| < �.�
• min[�„(any jet, Emiss

T )] > �.�
• No leptons or photons
• Njets Æ �

• pT œ [�GeV, �GeV], |÷| < �.�
• |d�| < ��mm, |z� sin ◊| < �mm
• �„(track, Emiss

T ) < �.�
• No other track with pT > �GeV within �R � �.�
• Not matched to K�S or �� decay vertex
• TightPrimary WP � NIBL

hits > �
• S(d�) > �

�

Event SelectionSRs DEFINITION

Alessandro Sala 4

❖ Monojet-like event selections + track selections + optimisation 

❖ Defined two SR bins to target different mass splittings 
‣ SR-0 -A-High:  for signals with  

‣ SR-0 -A-Low:  for signals with  

❖ Using SR bins both as exclusion and discovery regions

� S(d0) � 20 �m( �̃±
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• Figures stolen from A. Sala [link ]

• SRs binned in S(d�), sensitive to different �m
I SR-low: S(d�) œ [�, ��]
I SR-high: S(d�) > ��

• Major backgrounds: W(æ ¸‹)/Z(æ ‹‹) � jets

• Categorized by track source:
I “QCD tracks” (i.e. V� decays, pileup, underlying event)
I W(æ ·‹) decay tracks (hadronic � leptonic)

Monojet signature � soft, isolated, displaced track

SR-Low: S(d�) œ [�, ��]
SR-High: S(d�) > ��

Event-level Selection Track-level Selection
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• Figures stolen from A. Sala [link ]

• SRs binned in S(d�), sensitive to different �m
I SR-low: S(d�) œ [�, ��]
I SR-high: S(d�) > ��

• Major backgrounds: W(æ ¸‹)/Z(æ ‹‹) � jets

• Categorized by track source:
I “QCD tracks” (i.e. V� decays, pileup, underlying event)
I W(æ ·‹) decay tracks (hadronic � leptonic)

Monojet signature + soft, isolated, displaced track

SR-Low: S(d0) ∈ [8, 20]
SR-High: S(d0) > 20

[arXiv:2401.14046 ]

https://arxiv.org/abs/2401.14046


Standard Model Backgrounds
Dominant backgrounds
• “QCD tracks”: W(→ `ν)/Z(→ νν) + jets events where track from long-lived hadron decays, pileup, underlying event
is tagged as signal candidate track

I Fully data-driven estimate via ABCD method in Emiss, lep. inv.T vs. S(d0) plane
I Transfer factors computed in 1µ regions, applied in 0` regions

• “τ tracks”: W(→ τν) + jets events where soft pion/lepton from τ decay is tagged as signal candidate track
I Semi-data-driven estimate
I MC samples normalized to data in τ track enriched CRs at higher track pT: 8 GeV < ptrackT < 20 GeV

1−10

1

10

210

310

410

E
ve

n
ts

 /
 1

.0
 G

e
V

Data Total SM

QCD track ) track
had

τW+jets (

) track
lep

τW+jets ( Other

m)=(125, 1.0) GeV∆), 
0

1
χ∼(Signal m(

m)=(150, 0.5) GeV∆), 
0

1
χ∼(Signal m(

m)=(125, 0.35) GeV∆), 
0

1
χ∼(Signal m(

-1=13 TeV, 140 fbs

 ATLAS

SR-High

CR-τ

2 4 6 8 10 12

T
p

0

1

2

D
a
ta

 /
 S

M

Blinded  
SR

q

q

q

g

W±

ντ

τ±

ντ

W±

e±/μ±

νe/μ

Finite lifetime!

Displaced track!

K0
S

π+

π−

Jeff Shahinian SUSY 2024 June 13th , 2024 6 / 11

τ track bkg. QCD track bkg.



Validation Regions

Well-modeled SM backgrounds in VRs

• Low-EmissT VRs: shift EmissT to [300 GeV, 400 GeV]
→ similar bkg. composition as SRs

• 1e, 2`, 1γ VRs: QCD track bkg.

• τlep/had VRs: shift track pT to [5 GeV, 8 GeV]

→ Time to unblind!

Jeff Shahinian SUSY 2024 June 13th , 2024 7 / 11



SR = SR-High
EmissT = 1001 GeV
pT(j) = 1009 GeV

SPACE
pT(track) = 3.3 GeV
S(d0) = 38.3



Unblinded Signal Regions
Unblinded Results
• Observed data in excellent agreement with SM prediction→ no SUSY
• Set limits on visible cross-section of generic BSM physics and higgsino masses in simplified model
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Higgsino Simplified Model Limits
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First LHC limits on higgsinos with
0.4 GeV . ∆m(χ̃±

1 , χ̃
0
1 ) . 1 GeV

Probing this regime for first time since LEP2

Low-mass higgsinos/naturalness under
increasing scrutiny at LHC.

But complementary techniques are crucial!

100 150 200 250

m(χ̃±1 ) [GeV]
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0.5

1
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5

∆
m

(χ̃
± 1

,χ̃
0 1)
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]

3` + Soft 2`
Disappearing track, m(χ̃0

2) = m(χ̃0
1)

LEP2 χ̃±1 excluded
Theoretical prediction for pure Higgsino

All limits at 95% CL
Observed Limit (±1σSUSY

theory)
Expected Limit (±1σexp)

ATLAS√
s = 13 TeV, 136–140 fb−1

pp→ χ̃0
2χ̃
±
1 , χ̃0

2χ̃
0
1, χ̃+

1χ̃
−
1 , χ̃±1 χ̃

0
1 (Higgsino)

m(χ̃0
2) = m(χ̃0

1) + 2∆m(χ̃±1 , χ̃0
1)



Summary/Outlook

New ATLAS search for compressed higgsinos with Run 2 data [arXiv:2401.14046 ]

• Hard ISR jet + large EmissT + soft, displaced, isolated track
• Bridging the sensitivity gap between soft di-lepton and disappearing track searches

• First limits since LEP2 on higgsinos with 0.4 GeV . ∆m(χ̃±
1 , χ̃

0
1 ) . 1 GeV

I Peak sensitivity: m(χ̃±
1 ) < 170 GeV for ∆m(χ̃±

1 , χ̃
0
1 ) = 0.6 GeV

Outlook

• Significant constraints on low-mass higgsinos from LHC Run 2, but far from ruled out!
I Natural solution to hierarchy problem could still be just around the corner

• Exploring the full ∆m space requires complimentary techniques and new ideas
• Simplest model of higgsino DM at 1.1 TeV still far over the horizon, but let’s keep pushing!

Jeff Shahinian SUSY 2024 June 13th , 2024 11 / 11

https://arxiv.org/abs/2401.14046


0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

200

400

600

800

1000

Backup



Higgsino Production Cross-Sections

Higgsino production cross-sections are at the level of the rarest SM processes observed at the LHC

pp W Z t̄t t

t-chan

Wt H WW WZ ZZ t

s-chan

t̄tW t̄tZ
WWV

tot.

t̄tt̄t

340 µb�1

500 µb�1

80 µb�1

2 fb�1

WH

ZH

total

VBF

VH

tt̄H
(⇥0.3)

WWW

WWZ
(⇥0.2)

10�2

10�1

1

101

102

103

104

105

106

1011

�
[p

b] Theory

LHC pp
p

s = 13.6 TeV

Data 29.0 � 31.4 fb�1

LHC pp
p

s = 13 TeV

Data 3.2 � 140 fb�1

LHC pp
p

s = 8 TeV

Data 20.2 � 20.3 fb�1

LHC pp
p

s = 7 TeV

Data 4.5 � 4.6 fb�1

LHC pp
p

s = 5 TeV

Data 0.255 � 0.3 fb�1

Standard Model Total Production Cross Section Measurements Status: October 2023

ATLAS Preliminary
p

s = 5,7,8,13,13.6 TeV

400 GeV Higgsino

EWK SUSY Cross-Sections
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Higgsino Branching Ratios

χ̃±1 Branching Ratios χ̃02 Branching Ratios

January 7, 2010 9:14 WSPC/139-IJMPA 04769

6060 R. S. Pasechnik et al.
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Fig. 2. Branching ratios for chargino decays as functions of mass splitting.

Making use of strong inequalities Mπ/MH̃ ≪ 1, δm−/MH̃ ≪ 1, the expression (17)

can be simplified

Γ2π ≃ G2
F |Uud|2
48π3

∫ q2
2

q2
1

|Fπ(q2)|2
(

1 − 4M2
π

q2

)3/2

((δm−)2 − q2)3/2 dq2 . (19)

Analogous formulae were represented in Refs. 15 and 16 for the light gaugino

decay. Changing the proper vertex functions, we get close numerical results in

our case. However, analytical representations of the expressions for the decay rates

are different.

Assuming Γtot
H ≈ ∑

l Γl + Γπ + Γ2π, we can evaluate the branching ratios Bl =

Γl/Γtot
H , Bπ = Γπ/Γtot

H and B2π = Γ2π/Γtot
H , which describe the signature of the

total chargino decay process. Calculated ratios are presented in Fig. 2 as functions

of the mass splitting δm− at fixed MH̃ = 1.4 TeV.

We see from Fig. 2 that the branching ratio of the pion channel is strongly

dominant above the threshold due to soft nature of the pion production. With

the increase of the mass splitting δm−, the processes go to the hard limit, and

Br(π) becomes an order of Br(lν̄l), that is, an order of QCD limit Br(dū). The

two-pion decay mode is the most significant one at δm− ≈ 1 GeV. Furthermore, we

neglect the channels with production of K, ρ, . . . mesons in the final state. This is

because the channel with K−-meson in the final state is suppressed by the factor

|Uds|2 ≈ 0.05, while decay into ρ meson leads to the two-pion final state. So, we

simulate all hadronic decay modes of chargino by pion final states. Certainly, in the

QCD region these reactions should be described by the amplitude H̃ → q′q̄χ1, as it

was also considered quantitatively in Ref. 18 in the SUSY scenario with µ ≫ M1,2.
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6062 R. S. Pasechnik et al.
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Fig. 3. Branching ratios for neutralino decays as functions of mass splitting.

the tree level. However, in analogy with the chargino decay, the channels with 2π

production is quite noticeable at δm ≈ 1 GeV.

Collecting all results for the chargino and neutralino decay channels in the

scenario under consideration, we get the chargino H̃ and neutralino χ2 ranges,

l = cτ (τ is the life time of the H̃ or χ2), depending on δm− and δm, respectively.

The corresponding curves are shown in Fig. 4 (see, for comparison, Refs. 15, 16 and

18). One can see that the chargino track can be detected if the small mass splitting

δm− occurs.

From the above presented results it follows that if δm− ! mπ, we have no any

visible signals from the chargino decay H̃ → lνχ1 due to the final leptons softness.

Further, with the increasing of the mass splittings, when mπ < δm−, δm ! 1 GeV,

chargino and the NLSP decay mainly through one-pion and two-pion channels (see

Figs. 2 and 3). The charged pions can be visible in experiment together with the

chargino track. For the NLSP with δm ∼ 1 GeV the neutrino channels are very

important, i.e. fraction of the events with large missing energy increases up to almost

50%. In Refs. 13–16, 18, the analogous analysis of possible final states was made for

the case with the degenerated lowest chargino and neutralino states. However, this

analysis was fulfilled for the SUSY scenario with the relatively light neutralino and

chargino states, Mχ ∼ O (100 GeV). Moreover, our results for the chargino and

neutralino branching ratios are different from the ones in papers mentioned above

(cf. Figs. 2 and 3 and corresponding curves from these papers).

It should be mentioned that charged Higgs bosons are arranged at some high-

energy scale, as it specifically takes place in split SUSY models (despite of one

“standard” neutral Higgs boson). Then, all additional contributions to the con-

sidered processes, which are mediated by the heavy Higgs bosons, are suppressed.
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Int. J. Mod. Phys. A 24, 6051 (2009)

https://www.worldscientific.com/doi/abs/10.1142/S0217751X09047697


“Cornering Higgsino” Search Proposal

[arXiv:1910.08065 ]

3

trated in the re-interpretation of the ATLAS mono-jet
search performed in Ref. [36], currently it doesn’t give
any constraints on the Higgsino DM.

Adding distinctive signatures improves the sensitivity
in specific parameter spaces. For instance, if �m0 >
O(1) GeV, soft di-leptons from the heavier neutral Hig-
gsino (�0

2) decays become an important discriminant of
the Higgsino signals. Meanwhile, if �m± is smaller than
⇠ 0.3 GeV, the charged Higgsino (�±) can be long-lived,
as shown in Eq. (6), and it may be detected as a disap-
pearing charged track. Both search strategies have been
used in ATLAS [37, 38] and CMS [39].

Remarkably, the parameter region 0.3 <⇠�m± <⇠ 1 GeV
has never been explored at the LHC, and the LEP still
gives the strongest constraint [40]. This is due to a lack of
distinctive signatures to be added to the mono-jet event
topology in this region. We, however, notice that com-
pared to the “disappearing track” regime, the charged
meson and lepton from the �± decay in this region can be
hard enough to surpass the track reconstruction momen-
tum threshold of 500 MeV, while the charged Higgsino
lifetime still remains discernible by the track’s displace-
ment from the primary pp interaction. As we see below,
this signature can distinguish the Higgsino events from
the SM background and thus o↵er a promising way of
filling “�m± gap” at the LHC.

The performance of the ATLAS detector [41] is semi-
quantitatively mimicked as follows: the number of pileup
vertices is assumed to be hµi = 35 and 200 for Run2
and high-luminosity LHC (HL-LHC) respectively; tracks
are assumed to be reconstructed with the standard
tight track selection and its reconstruction e�ciency for
charged particles is conservatively assumed to be 80%
for pT > 500 MeV and |⌘| < 2.5; charged particles
not satisfying these conditions are discarded; the fake-
track rate in the standard tight track selection is neg-
ligibly small [42, 43]; the resolution of the transverse
impact parameter is parameterized as �d0

(pT) [mm] =
0.01+0.08/(pT/GeV), and we set ��z0

= 5�d0
for Run2

and ��z0
= �d0

for HL-LHC. [44]. This configuration
takes account of the installation of a factor-5 finer reso-
lution pixel detector in z-direction for HL-LHC in AT-
LAS [45]. It is important to take into account the non-
Gaussianity of the impact parameter resolution due to
multiple Coulomb scattering and secondary particles by
nuclear interaction with the detector material. To incor-
porate this, we use a Crystal Ball function with a Gaus-
sian core up to ±2� and power-law tail of slope three.
This treatment can well reproduce the measurement of
the ATLAS impact parameter distribution for minimum-
bias events inclusive of primary and secondary charged
particles [46].

For Monte-Carlo simulations, we use Madgraph5 [47]
event generator interfaced to Pythia8 [48] parton shower
and hadronization, with the detector response simulated
by Delphes3 [49]. We refer to the NLO-NLL cross sec-
tions [50–52]. All of the main SM background contri-

pT

1

101

102

103

104

0.5 1 1.5 2 2.5 3 3.5 4 4.5

(µ,�m±) = (140, 0.5)

S(d0)
0 5 10 15 20 25 30

(µ,�m±) = (140, 0.5)

FIG. 1. The signal and SM background distributions in pT

(left) and S(d0) (right) after the rest of the selection crite-
ria (see the text) are applied for each case, for an integrated
luminosity of 140 fb�1. The contributions from primary, sec-
ondary and pileup vertexes are shown in green, blue and
yellow, respectively. For the signal Higgsino, the case of
m�0

1
= 140 GeV, �m± = 500 MeV and �m0 = 0 MeV is

shown. The dashed lines show the distribution of the tracks
from the true Higgsino decay; the di↵erence between the red
solid and dashed lines is due to the SM BG contributions in
the signal events.

butions in the mono-jet searches are included, and the
event yield is adjusted to match with the mono-jet data
of Ref. [36].

In order to demonstrate the sensitivity gain with re-
spect to the mono-jet search, we take the same event
selection criteria as the ATLAS mono-jet search as the
baseline selection [36]: a leading jet with pT > 250 GeV
and |⌘| < 2.4; up to four jets with pT > 30 GeV and
|⌘| < 2.8; separation with missing transverse momentum
��(jet, ~pmiss

T ) > 0.4; leptons are vetoed. The magnitude
of the missing transverse momentum, E miss

T , for the sig-
nal region is required to be E miss

T > 500(700) GeV for
the Run2 (HL-LHC). With this selection, the main back-
grounds are Z(! ⌫⌫̄) and W (! `⌫).

In addition to the mono-jet selection, we require at
least one extra track satisfying the following conditions,
which is expected to be the charged pion from the charged
Higgsino decay:

• Basic Selection: 1.2 GeV < pT < 5 GeV; |⌘| < 1.5;
|�z0 sin(✓)| < 1.5 mm and |d0| < 10 mm. The
candidate must have a hit at the innermost pixel
layer, located at r = 33 mm in the ATLAS detector;

• Isolation: The candidate track is separated by
�R ⌘

p
(��)2 + (�⌘)2 > 1 for any tracks with

pT > 1 GeV, �z0 sin(✓)| < 1.5 mm and |d0| <
1.5 mm;

• Displacement: The transverse impact parameter of
the candidate is large: S(d0) ⌘ |d0|/�d0 > 6. This
slight displacement arises from a sizable lifetime of
the charged Higgsino;

• Alignment to E miss
T direction: ��(trk., ~pmiss

T ) < 1.
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4

FIG. 1 shows the signal and background distributions
in pT and S(d0) after the rest of the selection criteria are
applied for each case. The sensitivity further improves
by, e.g., introducing a multivariate analysis, but such op-
timization is beyond the scope of this letter. Around 10–
20 tracks satisfy the Basic Selection for each background
event. In order to quantify the selection and rejection
e�ciency, we define the track’s relative pass rate for each
selection step as the rate of the tracks which have sur-
vived the previous step in the same order as listed above
passing this step. The pass rates of QCD-origin tracks
for the isolation, displacement, and E miss

T -alignment se-
lection steps are approximately 4%, 2%, and 40%, respec-
tively. The isolation requirement e�ciently suppresses
tracks from heavy flavor hadrons. It is observed that
tracks from ⌧ decay tend to pass these selections with a
total pass rate of around 1%, which is much larger than
that for QCD tracks. The requirement pT < 5 GeV plays
a significant role in rejecting the ⌧ decay products.

For the above track selection, the signal selection e�-
ciency is larger for events with larger E miss

T , as Higgsinos
tend to be more boosted by the ISR recoil. In the case
that �m± ' 500 MeV, the acceptance rate of the signal
track requirement is around 5%. For the HL-LHC, it re-
duces to 3% due to the failure of the isolation selection by
larger pileup. The background event yield passing all the
selections is estimated to be around 0.5% of the events
that have passed the mono-jet selection.

With this selection, the number of background events
is around 250(1000) for Run2 140 fb�1(HL-LHC 3 ab�1).
Given that the background tracks are largely originated
from relatively soft QCD processes as well as from sec-
ondary interactions, yield estimation by MC simulation
might not be su�ciently accurate, and thus a data-driven
background estimation would be more reliable. As a
mimic of data-driven background estimation, the “ABCD
method” [55] using E miss

T and S(d0) as the two orthogo-
nal variables is attempted. For instance, the control and
signal regions can be defined with E miss

T 7 500 GeV and
S(d0) 7 6 at Run2. It is found that the statistics of the
background events in the control regions are abundant
(> 2000 for each control region), that the orthogonal-
ity between these two variables is very good, and that
a good closure within statistical uncertainty of around
3% is obtained. The remnant backgrounds are sec-
ondary particles (decays from KS , strange baryons, etc.)
(⇠ 60%), mis-measurement of primary particles (⇠ 20%),
and pileup (⇠ 20%) for the Z(! ⌫⌫̄) event at Run2. In
the HL-LHC with hµi = 200, the pileup contributions
increase up to around 60% and become dominant back-
ground. For the W (! `⌫) background, the dominant
(⇠ 50%) contribution arises from ⌧ decay products. It
is found that this result does not strongly depend on the
choice of the Pythia8 tune. It is also confirmed that the
converted photon contribution [56–58] is negligible.

In FIG. 2, we show the expected reaches of the Hig-
gsino search at the LHC Run2 140 fb�1 (red region) and
HL-LHC 3 ab�1 (blue region). We adopt the CLs pre-

1

100 150 200 250 300

�
m

±
[G

eV
]

m�±[GeV]

1

100 150 200 250 300

�1

�1

±50%

�m0 = 0

�m0 = 2�m±

FIG. 2. The expected reaches of the Higgsino search
with our method at the LHC Run2 140 fb�1 and HL-LHC
3 ab�1 shown in the red and blue areas, respectively, for
�m0 = 0 GeV (solid) and 2�m± (dashed). The dotted lines
show the ±50% uncertainty of the background estimation for
�m0 = 0 GeV. The gray, green, and purple regions are ex-
cluded by the LEP [40], the disappearing track search [18],
and the soft dilepton search [16], respectively. The purple
and green dotted lines show the HL-LHC prospects of the
dilepton and disappearing track searches [53], respectively.
The LZ sensitivity [54] is also shown in the black solid and
dashed lines for the cases discussed in the text.

scription [59] to derive the 95%CLs limit, assuming the
systematic uncertainty of the background estimation to
be 3%, which we infer from our analysis with the ABCD
method as discussed in the previous paragraph. The
solid (dashed) lines show the case of �m0 = 0(2m±).
In the latter case, the lifetime of the charged Higgsino is
twice that in the former due to the absence of the decay
�± ! �0

2, and hence a larger mass splitting region can be
probed. For reference, in the dotted lines, we show the
variation in the limit when scaling the background yield
by ±50% for �m0 = 0. The current collider constraints
are also overlaid [16, 18, 40]. It is possible to probe the
Higgsino mass up to 180(250) GeV at Run2 (HL-LHC)
for �m± = 500 MeV .

We also show in Fig. 2 the prospects of the future DM
direct searches, for which we consider the LZ experiment
as an example [54], where we assume the GUT relation
for gaugino masses and tan� � 1. The black solid line
corresponds to the case that the whole DM consists of
Higgsinos, while the black dashed line is for a more con-
servative case that the amount of Higgsino is equal to its
thermal relic abundance (and thus the sub-component
of the DM ). As we see, the Higgsino search with our
method is complementary to the DM direct detection
experiments, and thus plays a crucial role in testing the
light Higgsino scenario.

https://arxiv.org/abs/1910.08065


Full Signal Region SelectionSRs DEFINITION

Alessandro Sala 4

❖ Monojet-like event selections + track selections + optimisation 

❖ Defined two SR bins to target different mass splittings 
‣ SR-0 -A-High:  for signals with  

‣ SR-0 -A-Low:  for signals with  

❖ Using SR bins both as exclusion and discovery regions

ℓ S(d0) ≥ 20 Δm( χ̃±
1 , χ̃01) ≲ 0.75 GeV

ℓ 8 ≤ S(d0) < 20 Δm( χ̃±
1 , χ̃01) ≳ 0.75 GeV

IBL BL

χ̃±
1

χ̃01 π±

S(d0)

j L1
①

②

③

⑤

④

+ +






EmissT > 600 GeV
8 < S(d0) < 20 | | S(d0) > 20

2 < ptrackT /GeV < 5

⑥

①

②
③

⑤

④

⑥

Monojet-like selections Track selections Optimisation
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• Figures courtesy of A. Sala

• SRs binned in S(d0), sensitive to different ∆m
I SR-low: S(d0) ∈ [8, 20]
I SR-high: S(d0) > 20



Analysis Regions
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QCD track background estimation τ track background estimation



SM Background Uncertainties

Relative uncertainties on SM backgrounds
• Data statistics in W(→ τν) + jets CRs
• MC sample statistics for non-QCD track backgrounds
• Theoretical modeling
• S(d0) shape extraction from CR-1µ
• Lepton, jet, EmissT reconstruction

Largest uncertainties from limited statistics
→ expect improvements including Run 3 data
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Signal Region Kinematics: SR-Low
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Signal Region Kinematics: SR-High
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ATLAS Track d0 Resolution

IDTR-2018-008

• Measured for TightPrimary tracks in
di-jet events

• σ(d0) ≈ 0.05mm for pT(track) = 2 GeV
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ATLAS Higgsino Strategy

Mixed

Pure

𝒪(0.1 GeV)

𝒪(1 GeV)

𝒪(100 GeV)

𝒪(10 GeV)

Long-lived

Prompt decay
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On-shell boson decays —> hard leptons/jets + 
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Off-shell boson decays —> ISR jet + soft leptons + 

Slightly long-lived chargino —> ISR jet + soft pion + 

Long-lived chargino —> ISR jet + disappearing track + 

Emiss
T

Emiss
T
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T

Δm( χ̃±
1 , χ̃01)

Not phenomenologically viable
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Soft Lepton Search Results

• Higgsino mass limits using combination of 2` and 3` searches
• Similar mass reach: m(χ̃02 ) excluded below ∼ 200 GeV for ∆m(χ̃02 , χ̃01 ) ≈ 7− 10 GeV in simplified model
• Mild excess seen by both experiments for ∆m(χ̃02 , χ̃01 ) ∼ 20 GeV100 200 300 400 500 600 700 800
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Figure 16: Exclusion limits obtained for the ,/-mediated models in the (top left and right) wino/bino (+) scenario,
(bottom left) the wino/bino (�) scenario, and (bottom right) the higgsino scenario. The expected 95% CL sensitivity
(dashed black line) is shown with ±1fexp (yellow band) from experimental systematic uncertainties and statistical
uncertainties in the data yields, and the observed limit (red solid line) is shown with ±1ftheory (dotted red lines) from
signal cross-section uncertainties. The statistical combination of the on-shell ,/ , o�-shell ,/ , and compressed
results is shown as the main contour, while the observed (expected) limits for each individual selection are overlaid
in green, blue, and orange solid (dashed) lines, respectively. The exclusion is shown projected (top left) onto the
<(ej±

1 , ej0
2) vs <(ej0

1) plane or (top right and bottom) onto the <(ej0
2) vs �< plane. The light grey area denotes (top)

the constraints obtained by the previous equivalent analysis in ATLAS using the 8 TeV 20.3 fb�1 dataset [17], and
(bottom right) the LEP lower ej±

1 mass limit [58]. The pale blue line in the top right panel represents the mass-splitting
range that yields a dark-matter relic density equal to the observed relic density, ⌦⌘

2 = 0.1186 ± 0.0020 [176], when
the mass parameters of all the decoupled SUSY partners are set to 5 TeV and tan V is chosen such that the lightest
Higgs boson’s mass is consistent with the observed value of the SM Higgs [45]. The area above (below) the blue line
represents a dark-matter relic density larger (smaller) than the observed.

The obtained results for the wino/bino (�) and higgsino scenarios complement the previous compressed
result using two-lepton final states as well. These results from the o�-shell ,/ selection in three-lepton
final states make full use of the larger data sample and target a novel phase space in the intermediately
compressed �<( j̃0

2 , j̃
0
1 ) region. The new results extend the exclusion by up to 100 GeV in ej0

2 mass.

For the wino/bino (+) ,⌘-mediated model, observed (expected) lower limits for equal-mass ej±
1 /ej0

2 are
set at values up to 190 (240) GeV for ej0

1 masses below 20 GeV, as shown in Figure 17. The observed
exclusion is weaker than the expected exclusion, which is explained by the mild excess found in SRWhDFOS; the
limits are, however, compatible within 2f. The obtained observed (expected) limits show an improvement
of up to 40 (80) GeV compared to the previous Run 1, 8 TeV, ATLAS search [17].
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Figure 9: The observed 95% CL exclusion contours (black curves) assuming the NLO+NLL
cross sections, with the variations (thin lines) corresponding to the uncertainty in the cross sec-
tion for the simplified (upper) and the pMSSM (lower) higgsino models. The simplified model
includes both neutralino pair and neutralino-chargino production modes, while the pMSSM
one includes all possible production modes. The red curves present the 95% CL expected lim-
its with the band (thin lines) covering 68% of the limits in the absence of signal. The results are
reported for the emec0

2
emec0

1
< 0 M(``) spectrum reweighting scenario. The range of luminosities

of the analysis regions included in the fit is indicated on the plot.
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Disappearing Track Searches

Pixel SCT TRT Magnet Calorimeter Muon
Spectrometer

χ̃±
1

π±

χ̃0
1

Fake

Electron

Hadron

Muon

ATLAS Signal tracklet
Background tracklet
Not reconstructed

Figure 3: A pictorial representation of signal and background processes. Detectors are not to scale and for illustration
purposes only. The signal chargino (j̃±

1 ) decays into a charged pion (c±) and neutralino (j̃0
1). ‘Fake’, ‘Muon’ and

‘Electron or hadron’ in the figure represent the fake-tracklet background, the muon background and electron or hadron
backgrounds respectively.

6 Background estimation

Backgrounds arise from several sources and can be classified into two categories: charged-particle
scattering and combinatorial fake backgrounds. All backgrounds are estimated in a fully data-driven
manner using an unbinned likelihood fit of background templates to the pixel tracklet ?T spectrum as
described in Section 6.5. Backgrounds templates are derived from data for the charged-particle scattering
and combinatorial fake backgrounds as described in Section 6.3 and 6.4, respectively. The likelihood fit
is then performed simultaneously in background enriched control regions (CRs) and the signal region.
Additional fits are performed with the validation regions in place of the signal region for the purpose of
validating the background modelling. A schematic representation of the various background processes
contributing to this analysis, as well as the expected signal signature, is shown in Figure 3.

The charged-particle scattering background arises primarily from events in which a lepton changes its
direction after traversing the inner pixel layers, through interaction with the material or bremsstrahlung,
so that its reconstructed track does not have any associated hits in the SCT and TRT detectors. The
dominant underlying processes contributing to the scattering backgrounds are , ! ✓a and CC̄ production.
Contributions from electrons, muons and charged hadrons are estimated separately. The latter includes all
physics processes that generate a hadronic final state, such as jets originating from the hadronisation of
quarks and gluons. Transfer factors, defined in Section 6.3, are measured in / ! ✓✓ events and applied to
the electron, muon and hadron CRs in order to estimate the relative compositions of the templates for the
charged-particle scattering backgrounds. In the CR, a lepton or inner-detector track is used as a proxy
for the pixel tracklet, and its momentum is smeared to match the pixel tracklet’s transverse momentum as
described in Section 6.2.

Combinatorial fake backgrounds arise from random combinations of unassociated pixel hits that are in
close proximity and reconstructed into a pixel tracklet. The shape of the combinatorial fake background is
estimated using the fake-enriched high-|30 | CRs described in Section 6.1. The relative contributions of
the charged-particle scattering and combinational fake backgrounds are constrained in a combined fit as
described in Section 6.5.

12

Disappearing Track Signature for pure Higgsinos
• Pure higgsinos: ∆m(χ̃±

1 , χ̃
0
1 ) ≈ 280− 350 MeV→ cτ ≈ 7− 14 mm

• Charginos can be detected in first layers of tracker before decaying to invisible χ̃01 and very soft pion (not
reconstructed)→ charged track that “disappears” in tracker volume (“tracklet”)

• Backgrounds:
I Random hits in Si detector mimicking tracklet
I Charged lepton/hadron track with large kink due to material interaction/bremsstrahlung
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Long Term Projections

Jeff Shahinian SUSY 2024 June 13th , 2024 25 / 11

1.1 TeV higgsinos not a guarantee even at highest-energy pp colliders
Robust coverage from lepton colliders, but limited by

√s/2
Remains an important benchmark for planning future of collider physics

FCC-hh Disappearing Track
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Fig. 5: Expected discovery significance for the wino

(top) and higgsino (bottom) models with 30 ab�1 with
the requirement of Nhit

layer = 5. The grey (red) bands
show the significance using the default (alternative)

layout #1 (#3). The di�erence between the solid and
hatched bands corresponds to the di�erent pileup con-
ditions of �µ� = 200 and 500. The band width cor-
responds to the significance variation due to the two

models assumed for soft QCD processes.

ties for the three tracker layouts at the pileup scenarios
of �µ� = 200 and 500 (without time information) are
summarized in Table 3 and 4, respectively. The reach
of the FCC-hadron machine is shown in Fig. 7 as well

as the HL-LHC reach and the current observed limits
by the ATLAS experiment. According to the present
study the FCC-hadron machine has potential for an-

swering conclusively yes or no to the thermal produc-
tion of nearly-pure wino or higgsino dark matter.
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Fig. 6: Expected discovery significance for the wino

(top) and higgsino (bottom) models with 30 ab�1 with
the requirements of Nhit

layer = 5 and a good time-fit qual-
ity. The background reduction rate with the time infor-

mation is assumed to be the same for both pileup condi-
tions. The grey (red) bands show the significance using
the default (alternative) layout #1 (#3). The di�er-
ence between the solid and hatched bands corresponds

to the di�erent pileup conditions of �µ� = 200 and 500.
The band width corresponds to the significance varia-
tion due to the two models assumed for soft QCD pro-

cesses.

7 Conclusions and discussions

The discovery potential for the 3 TeV wino and 1 TeV
higgsino scenarios has been evaluated using a disappearing-

track signature in pp collisions at
�

s = 100 TeV with
the FCC-hadron detector. The FCC-hh sensitivity is
very promising to both the wino and higgsino scenarios,

reaching up to the thermal limits, with inner-tracker
layouts optimized for a short-track reconstruction, even

Sensitivity in di�erent scenarios:
• Left: no timing information
• Right: timing used in track fit (50 ps resolution) for fake track rejection
• Note: I think most FCC-hh studies are assuming ÈµÍ = 1000 =∆ timing very important
• Most aggressive: exclude m(‰̃±1 ) . 1.4TeV
• Most conservative: exclude m(‰̃±1 ) . 700GeV (barely! Probably even worse)
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1.6 The physics beyond the Standard Model 57

Figure 1-31. Comparison of 95% exclusion SUSY sensitivities at di↵erent colliders for a representative
set of scenarios, including small and large mass splittings for stop squarks, which are strongly produced, a
large mass splitting Wino-Bino model, and a small mass splitting Higgsino model. The limits come from a
combination of dedicated studies and extrapolations based on the collider reach program [415]. The hashed
gray band indicates the range of estimates in the case where both a dedicated study and Run-2 extrapolation
are available. Current expected limits from the LHC are shown as vertical lines. For the ILC limits (also
relevant for other e+e� colliders, not shown) there are indirect constraints from precision e+e� ! ff
measurements [416]

masses of particles, the relevant couplings, and impacts on precision measurements, rare processes, and
cosmology can be studied.

Figure 1-32 shows the dependence of the h(125) ! bb branching fraction on the mass of the psuedo-scalar
Higgs mA and tan�, the ratio of the up and down vacuum expectation values [417]. The branching fraction
is reported in terms of the coupling modifier b (ratio to the SM coupling). The plot shows the fraction of
pMSSM scan points with b within 1% of the SM expectation of unity, where the range of 1% is chosen to
approximately reflect the 95% CL corresponding to the 0.48% precision on b expected from a combination
of precision measurements at FCC-ee, FCC-eh, and FCC-hh [42]. Expected 95% CL exclusions from direct
searches for pseudoscalar Higgs boson (A) at the HL-LHC and FCC-hh are overlaid for reference; points to
the left of the lines are excluded. Exclusions at low tan� are obtained from studies of A ! bb/tt [418], and
those at high tan� come from projections for A ! ⌧+⌧� [30, 418]. As is evident in the plot, direct searches
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Fig. 8.10: Exclusion reach for Higgsino-like charginos and next-to-lightest neutralinos with
equal mass m (NLSP), as a function of the mass difference Dm between NLSP and LSP. Exclu-
sion reaches using monojet searches at pp and ep colliders are also superimposed (see text for
details).

Collider experiments have significant sensitivity also to sleptons. Searches for staus, su-
perpartners of t leptons, might be particularly challenging at pp facilities due to the complex-
ity of identifying hadronically-decaying taus and reject misidentified candidates. Analysis of
events characterised by the presence of at least one hadronically-decaying t and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced t̃ with discov-
ery (exclusion) potential for mt̃ up to around 550 (800) GeV [443]. The reach depends on
whether one considers t̃ partners of the left-handed or the right-handed tau lepton (t̃R or
t̃L, respectively), with substantial reduction of the sensitivity in case of t̃R. The HE-LHC
would provide sensitivity up to 1.1 TeV [443], and an additional three-fold increase is ex-
pected for the FCC-hh (extrapolation). Lepton colliders could again provide complementary
sensitivity especially in compressed scenarios: ILC500 [428] would allow discovery of t̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to mt̃ = 1.25 TeV
and Dm(t̃,c0

1 ) = 50 GeV [454].

8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [443], stud-
ies are available on long-lived gluinos and sleptons. Exclusion limits on gluinos with lifetimes
t > 0.1 ns can reach about 3.5 TeV, using reconstructed massive displaced vertices. Muons dis-
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