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The DM search trifecta
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•Three possible ways that a WIMP 
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•Detecting dark matter (DM) 
involves exploiting interactions 
with Standard Model (SM)

•Three possible ways that a WIMP 
and SM particles can interact:

😃  Small uncertainty 
     on the production rate 

😞  Low mass reach 
     at this point (100-700GeV)

😞  Need to assume the local DM density 
     Nightmare scenario: no DM around the earth 

😃  Excellent high mass sensitivity (~1TeV)  

😞  Large uncertainty on the  
     galaxy center DM profile 
     e.g. "core-cusp" problem 

😃  Excellent high mass  
      sensitivity (~ a few TeV)  
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Objective of this talk
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My personal goal in the workshop:   

○ Understand the model coverage 

○ Figure out the commonality/complementarity of sensitivity



Dark matter we're looking for in LHC

Light scalars 

103 m1019 m 10−12 m λdeBroie

10−22eV 10−6eV (μeV) 1012eV (TeV) m1052eV

Bosonic only

~ 1eV

Primordial 
blackholesWIMP
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○ UV complete model benchmark: SUSY 

○ Model independent approaches

   ○ Dark photon 

   ○ Axion-Like Particle (ALP)
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○ UV complete model benchmark: SUSY 

○ Model independent approaches

   ○ Dark photon 

   ○ Axion-Like Particle (ALP)

Others → Coffee



Why SUSY? → GUT

14 CHAPTER 1. INTRODUCTION

equation assuming the SM and the MSSM, respectively. Three forces are not merged at any energy
scale if we assume the SM particles only. If there are new particles at the TeV scale which modify the
running of the gauge couplings at the high energy close to the GUT scale (1016 GeV), the strength of
three interactions can be merged. This is also a good motivation to consider supersymmetry at the TeV
scale, although the MSSM is not complete unification because three gauge fields do not belong to one
gauge group4. The GUT scale 1016 GeV is much lower than the Planck scale of 1019 GeV, so that there
remains possibilities to establish further unified theory including gravity. In the MSSM, graviton and its
superpartner gravitino play important roles in a mechanism of the SUSY breaking (see Sec. 1.2.3).

In most of the supersymmetry models, a new quantum number R-parity is required to be conserved
(see details in Sec. 1.2.2). This leads to a consequence that the lightest neutral supersymmetric particle
(LSP) is stable and can be a strong candidate of the dark matter [50, 51].

There are no particular models established containing supersymmetry. From next sections, let us
discuss based on the MSSM.

Figure 1.7: Two-loop renormalization group evolution of the inverse gauge couplings ↵�1
a (Q) in the SM

(dashed lines) and the MSSM (solid lines) [30]. In the MSSM case, masses of the superpartners for the
SM fermions are treated as a common threshold varies between 500 GeV and 1.5 TeV, and ↵3 (mZ) is
varied between 0.117 and 0.121 (blue and red lines, respectively). For both cases, the strengths of three
forces are combined at the GUT scale (1016 GeV).

1.2.1 Minimum Supersymmetric Standard Model (MSSM)

Particles predicted in the MSSM are listed in Table 1.4. The tilde symbol is used to denote superpartners
of the SM particles.

The gauge super-multiplets consist of the gluons and their ‘gluino’ fermionic superpartoners and
S U(2)L ⇥U(1)Y gauge bosons and their ‘gaugino’ fermionic superpartners. The superpartners of W and
B bosons are called ‘wino’ and ‘bino’, respectively.

Leptons and quarks have their scalar superpartners, ‘sleptons’ and ‘squarks’, respectively. Slep-
tons and squarks are collectively referred as ‘sfermions’. Conventionally, we put ‘s’ to each of the SM

4Some GUT models e.g. S U(5) and S O(10) reduces number of parameters of the SM. Some combined models of the GUT
and supersymmetry are considered, but they are not explained in this thesis on account of limited space.
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The extra particle content in SUSY 
will bend the running couplings. 

Too good unification as an accident!

SM MSSM
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4Some GUT models e.g. S U(5) and S O(10) reduces number of parameters of the SM. Some combined models of the GUT
and supersymmetry are considered, but they are not explained in this thesis on account of limited space.

Unblinded >500 times and found nothing

😂



But! GUT doesn't necessarily need TeV SUSY
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mSUSY=1TeV 

mSUSY=10TeV



But! GUT doesn't necessarily need TeV SUSY

e.g. Dark matter 

<3TeV from relic abundance 

Needs a separate motivation if one wants to search SUSY in experiment 

where realistic reach is a few-O(10) TeV 

WIMP Higgsino Dark Matter
SUSY Scans for DM

• Scan over phenomenological-MSSM (pMSSM) parameters, calculate DM relic abundance
• Bino DM: overcloses the universe unless provided with co-annihilation channel (e.g. H/Z-funnels)

• Higgsino and Wino DM under-predict �h�, unless m(ÂH) ¥ �.� TeV or m(ÂW) ¥ � TeV
I Simplest forms of WIMP DM, very difficult but clear target for searches
I Lower mass higgsinos (O(��� GeV)) still good candidate for component of DM

Figure 2: Scatter plot of models from the EWKino scan in the m( �̃0
1 ) vs. �h2 plane, coloured with RGB value by the

dominant component (wino, bino or higgsino) of the LSP. The experimentally measured value of the relic density
[64], �h2 = 0.120 ± 0.001, is indicated by a horizontal dashed line. No experimental constraints have been applied.

regions the LSP mass is approximately half the mass of the Z or Higgs boson (ie. m( �̃0
1 ) ⇡ 45, 60-65 GeV)

such that self-annihilation into a Z or Higgs boson is enhanced, resulting in a DM relic density below
the experimental value. The ranges involved in the EWKino scan do not generate su�cient models in
the funnel regions to demonstrate the sensitivity of the ATLAS searches. To compensate for this and
to produce a sizable sample of bino-LSP models with �h2  0.12, a second scan is performed which
oversamples such models. The ranges of this scan are the same as those in Table 3 except that the bino
mass parameter range is tightened to |M1 | < 500 GeV in order to focus on low-mass bino models. 437,500
models are randomly sampled from these ranges with a flat prior, and only those with a bino LSP (defined
as the LSP having a bino fraction greater than 0.5) and �h2  0.12 are kept. These constraints, along with
the additional filters, reduce the number of models to 8,897. This scan is referred to as the “Bino-DM”
scan. Note that in the EWKino scan the relic density constraint is not applied in the initial selection of
models. Table 4 summarises the bino mass parameter ranges and the number of models passing each step
of the workflow, for the two scans.

Figure 3 shows models from both the EWKino and the Bino-DM scans plotted in the the m( �̃0
1 ) vs. �h2

plane before the DM relic density constraint is applied, coloured by the dominant annihilation mechanism.
Several regions of interest can be observed. The first are the “Z/h funnel” regions in purple, which
are particularly important for the Bino-DM scan. It should be noted that to couple to the Higgs and Z
bosons such that these annihilation mechanisms are allowed, the LSP must have a higgsino component.
These “funnel regions” are of particular interest as they can satisfy the DM relic density constraint and
also have an LSP mass which overlaps with the region of sensitivity for many of the Run 2 ATLAS
SUSY searches. Similarly, there are A and H funnel regions where m( �̃0

1 ) ⇡m(A,H)/2, corresponding to
enhanced LSP self-annihilation into the heavy neutral scalar Higgs boson H or pseudoscalar Higgs boson
A. For m( �̃0

1 ) > 100 GeV, in the so-called “bulk region”, there are a variety of other (co-)annihilation
mechanisms contributing. When m( �̃0

1 ) > 173 GeV (ie. the LSP is similar to or greater in mass than the
top quark), the �̃0

1 �̃
0
1 ! tt̄ self-annihilation process is allowed, coloured in pink. The orange points also

show models which have a bino-like LSP close in mass to a wino- or higgsino-like �̃±1 and �̃0
2 , causing
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h-funnel, and the annihilation rate is proportional to the higgsino fraction as well as the combined bino
and wino fraction. In each funnel, the �̃0

1 annihilation rate is enhanced due to a pole in the propagator
(2m(�̃0

1) � mZ or mh, respectively) and thus the Planck constraint can be satisfied. Finally, there is a
compressed region, where m(�̃0

1) � m(�̃±1 ). Here, the LSP composition is less constrained — in particular,
higgsino-like and wino-like states are likely, as well as wino–higgsino mixed states. Some model points
with m(�̃0

1) � 200 GeV have a non-compressed spectrum and a nearly pure bino-like LSP. These cor-
respond to the so-called A-funnel region, where dark matter annihilates through the pseudoscalar Higgs
boson pole.

Figure 1: Scatter plot of models in the m(�̃0
1) vs. m(�̃±1 ) plane with the colour encoding which category of �̃0

1

composition the model belongs to. The �̃0
1 is defined as bino-like (B̃-like), wino-like (W̃-like) or higgsino-like (H̃-

like) if the relevant fraction is at least 80%. A mixed �̃0
1 has at least 20% of each denoted component and < 20%

of any other component. The models considered are all within the 95% confidence region found using the initial
likelihood scan.

4 Signal simulation and evaluation of ATLAS constraints

Constraints from ATLAS SUSY searches are imposed on the 570 599 models generated in the initial
likelihood scan by generating and simulating events from a subset of these models. The models are split
into three categories: those considered to be already excluded by pre-existing constraints and having a �̃0

1
lighter than 1 TeV (108 740 models); those where the considered analyses are assumed to be insensitive
without performing a detailed analysis (134 624 models); and those that are simulated to assess the impact
of the searches in Table 1 (326 951 models).

The pre-existing constraint defining the first category of models is the LEP2 limit on the mass of the
lightest chargino, m(�̃±1 ) > 92.4 GeV. The second category, consisting of models for which the con-
sidered searches are not expected to have any sensitivity, is defined by estimating the total production
cross-section for SUSY particle production, using Prospino2 [75–79]. The searches are not optimised
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Jeff Shahinian Kashiwa Dark Matter Symposium December �th, ���� � / ��

[ATLAS-CONF-����-��� ] [arXiv:����.����� ]
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※ Others can be: 

   ○ Naturalness 

   ○ Muon g-2  etc.



Dark matter candidates in SUSY

Beyond the MSSM   NMSSM Singlino, Axino ... etc.  less constrained but exotic

Gravitino DM          Nearly massless → Hot DM. Also "Gravitino problem".

Sneutrino DM          Strongly constrained by direct search

Neutralino DM  Most common candidate👑

Joey Reichert (Penn) Thesis Defense February 19, 2019 �45

Electroweak SUSY Sector

χ̃0
1,2,3,4

Mass Eigenstates

Neutralinos:

Charginos: χ̃±
1,2

arXiv:hep-ph/9709356

The mass terms M1, M2, and μ dictate the mixing and spectrum of the 
EWKino mass eigenstates. They also have physical implications!

B̃

Weak Eigenstates

Bino (M1):

Winos (M2): W̃0, W̃±

Higgsinos (μ): H̃0
u, H̃0

d, H̃+
u , H̃−

d

mix

R-parity conservation (~SUSY number conservation)  

→ Lightest SUSY particle (LSP) becomes DM if neutral

Wino LSP: < 3 TeV 

Higgsino LSP: < 1 TeV 

Bino LSP: 100 GeV ~ a few TeV
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Thermal relic density constraint
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ATLAS

LHC

CMS

LHC - the SUSY farm

LHC - also cow farms



LHC basics

○ Center of mass energy: 13.6TeV (Run3) 

○ Colliding a pair of bunches of 1010 protons every 25ns (40MHz). 

○ Pile up: ~60 per bunch crossing 

   σ(soft QCD) >>> σ(interesting) → Just look at the hardest collision

ATLAS Detector Performance and Pile-Up Conditions

8

Z→ µµ with 65 additionally reconstructed vertices!

100 MeV threshold

1 GeV  threshold

5 GeV  threshold
Efficiency to reconstruct physics 
objects remains high even with pileup

Example of a "bunch crossing"

"Primary vertex"
12

Z→µµ candidate

Other pp collisions
......



Time-scale vs Available data statistics

○ Run2 (13TeV) +Run3 (13.6TeV):  

    ~140+200 fb-1 available now 

○ ×10 by the end of HL-LHC

SUSY in ATLAS and CMS Yuya Mino 3

Large Hadron Collider
Large Hadron Collider : LHC 
❖ Proton-proton collider with a circumference of 27 km 
❖ LHC Run 2 period (2015 - 2018) operated with a 

center-of-mass energy of 13 TeV 
❖ LHC Run 3 period (2022 - 2025) has started in 2022, 

increasing the center-of-mass energy to 13.6 TeV

Run 2 Long shutdown 2 Run 3 Long shutdown 3 Run 4 - 5...
… 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 ...

LHC High luminosity LHC

140 fb-1 400 fb-1 3000 - 4000 fb-1Ongoing !!
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We're here



beam
beam

Detector e.g. ATLAS

25m × 44m

○ Inner tracker (innermost) → Calorimeter → Muon spectrometer (outermost) 

○ Tight trigger requirement:  ×1/40000 reduction in rate
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arXiv: 2305.16623

https://arxiv.org/abs/2305.16623
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Sole
no

id
mag

ne
t

Muon

Electron

Charged hadron

Neutral hadron
Photon

Neutrino

Inner Detector Calorimeter Muon
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Figure 5.1: Schematic view of various particles passing through the ATLAS detector, leaving characteristic
signals in the detector. The figure shows hit information represented by yellow dots and energy deposits
displayed through red and blue bars in the electromagnetic and hadronic calorimeters, respectively.
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Figure 5.2: Schematic of the event reconstruction flow utilized in this thesis. The low-level objects are
combined to form physics objects. The energy or momentum of physics objects is calibrated and required
to pass baseline selections to form baseline objects. The overlap removal step resolves the ambiguity of
baseline objects. The missing transverse momentum is calculated using all baseline objects. Finally, all
physics objects must pass more stringent quality and isolation requirements to form signal objects. In this
thesis, signal selections are also required for tracks, and these tracks are considered physics objects.

53

Particle reconstruction

ID track Cluster Muon segment
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Cartoon: Y. Mino



Particle reconstruction

Missing ET (MET)

CalorimeterInner Detector Muon Spectrometer

ID track

Vertex

EM-cluster Muon segment

JetsElectrons Muons

Topo-cluster

Overlap removal

Hit info in detector

Low-level objects

Photons, 
hadronic taus

improve 
tracking

Analysis 

ID IDPileup jet rejection,  
boson/flavor-tagging

Isolation Isolation
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Particle reconstruction
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Figure 5: The 2-jet (left) and light-jet (right) rejections as a function of the 1-jet tagging efficiency for jets in the CC̄
sample with 20 < ?T < 250 GeV. The ratio with respect to the performance of the DL1r algorithm is shown in the
bottom panels. A value of 52 = 0.018 is used in the calculation of ⇡1 for DL1r and 52 = 0.05 is used for GN1 and
GN1 Lep. Binomial error bands are denoted by the shaded regions. At 1-jet tagging efficiencies less than ⇠75%, the
light-jet rejection becomes so large that the effect of the low number of jets is visible. The lower G-axis range is
chosen to display the 1-jet tagging efficiencies usually probed in these regions of phase space.

Figure 6: The 2-jet (left) and light-jet (right) rejections as a function of the 1-jet tagging efficiency for jets in the /
0

sample with 250 < ?T < 5000 GeV. The ratio with respect to the performance of the DL1r algorithm is shown in the
bottom panels. A value of 52 = 0.018 is used in the calculation of ⇡1 for DL1r and 52 = 0.05 is used for GN1 and
GN1 Lep. Binomial error bands are denoted by the shaded regions. At 1-jet tagging efficiencies less than ⇠20%, the
light-jet rejection becomes so large that the effect of the low number of jets is visible. The lower G-axis range is
chosen to display the 1-jet tagging efficiencies usually probed in these regions of phase space.
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Figure 5: ROC curves for (a) the combined background, (b) only charge flip electrons, (c) only electrons from photon
conversions, (d) only electrons from heavy-flavour quark decays, (e) only electrons and photons from light-flavour
hadrons, and (f) only light-flavour hadrons. Only candidates with 15 < ⇢T [GeV]  20 and |[ |  0.8 are shown.
Statistical uncertainties of the background rejection are shown as bands.
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Figure 17: The distribution of eB as a function of the generated particle pT for a working point
corresponding to eS = 30 (50)% for t quark (W/Z/H boson) identification. Upper left: t quark,
upper right: W boson, lower left: Z boson, lower right: H boson. The error bars represent
the statistical uncertainty in each specific bin, due to the limited number of simulated events.
Additional fiducial selection criteria applied to the jets are listed in the plots.

Figure 6: Inverse of the e�ciency (rejection) for misidentified 1-prong and 3-prong ghad candidates from dijet
background events as a function of the e�ciency for truth ghad originating from W

⇤ ! gg events. The two lines refer
to 1-prong and 3-prong ghad candidates and markers demonstrate individual working points (Very Loose, Loose,
Medium, Tight).

The residual dependencies of the reconstruction and identification e�ciencies as a function of ?T and h`i
after applying the score flattening procedure are shown in Fig. 7 for 1-prong and 3-prong ghad-vis. Also
displayed is the combined reconstruction and identification e�ciency of the g lepton candidates. Signal
e�ciencies are summarised in Table 4 for each working point. Tighter working points are chosen for
3-prong ghad-vis to reduce the rate of misidentified ghad candidates from dijet events.

Table 4: List of defined working points with fixed truth ghad-vis selection e�ciencies for the RNN classifier.

Truth ghad e�ciency
Working point 1-prong 3-prong

Tight 60% 45%
Medium 75% 60%
Loose 85% 75%
Very Loose 95% 95%

Inverse of the e�ciency (rejection) for misidentified 1-prong and 3-prong ghad candidates from dijet events
are shown in Fig. 8 as a function of ?T and h`i. The rejection of misidentified ghad candidates increases
towards high ?T and decreases toward high numbers of pile-up interactions, especially for the Tight
working point.
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The performance of the Loose, Medium and Tight selection WPs for tracks with ?T > 10 GeV in simulation
is illustrated in Figure 1.
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Figure 1: E�ciency as a function of [ (left) and ?T (right) of the ID track for the Loose, Medium and Tight WP
requirements in simulated CC̄ events, shown separately for prompt muons and muons from light hadron decays. The
e�ciency is calculated as the fraction of ID tracks that are associated with a reconstructed muon passing the given
WP requirements. The ID tracks are matched, respectively, to generator-level prompt muons or light hadrons.

5.1.3 The High- pT selection working point

In the reconstruction of very high ?T muons with almost straight trajectories, the limiting factors are the
intrinsic detector resolution of the individual measurements along the track and the knowledge of the
relative alignment between the corresponding detector elements. The design resolution for stand-alone
momentum measurements in the MS can only be achieved for muons with hits in at least three precision
stations. For muons with only two precision stations, the resolution of the stand-alone measurement
deteriorates significantly, but some of the loss in momentum resolution can be recovered through the
combined track fit, which uses the hits in the ID as well.

Only CB and IO muons passing the Medium WP requirements are accepted for the High-?T WP. At least
three precision stations are required, with the following exceptions:

• For muons traversing the ⌫-field inversion zones instrumented with additional chambers, at least
four precision stations are required due to the particular trajectory of muons in this region.

• Muons with only two precision stations are accepted provided the missing hits are in the inner station,
as this category of tracks shows a better momentum resolution than other tracks with less than three
precision stations. They are, however, restricted to the |[ | < 1.3 region, where the e�ects of relative
misalignments between the ID and MS on muons with two precision stations are less pronounced.
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!"#$%% distribution in 2018 data
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PF (left) and PUPPI (right) p'()** distribution in events with at least one jet with pT > 200 GeV for the 2018 collision data before (black dots) and
after (blue line) the various p'()** filters are applied. The red markers correspond to events where the highest pT jet additionally satisfies the jetID
criteria. The last bin includes the overflow bin. The bottom pads present the fraction of events not rejected by the anomalous high-p'()** filters
(blue) and that for events where the highest pT jet additionally satisfies the jetID criteria (red). The fraction of events passing the filters is close to
unity in the low p'()** region and a greater fraction of events are rejected in the tails of the distribution where the effects of the detector or
reconstruction issues that these filters are designed to tackle are expected to be more pronounced.
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Figure 2: Distribution of 'had in the training dataset for all candidates, only prompt electrons, and only light-flavour
hadrons (a) before and (b) after the transformation of the QuantileTransformer. The distributions are shown with the
previously described downsampling and reweighting applied. Only two of the six classes are shown to reduce the
number of histograms shown in the figure.
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Figure 3: Schematic overview of the architecture of the DNN. The amount of layers and number of nodes shown
correspond to the final optimised architecture

5.4 Multinomial classification

Some input variables vary significantly between the classes described in Table 1. For instance, the impact
parameter 30 has a wider distribution for electrons from heavy-flavour quark decays than for instance
light-flavour hadrons, due to the long lifetime of hadrons containing 1� or 2� quarks. Therefore, the DNN
performs a multinomial classification, meaning it not only predicts the probability of the candidate being a
prompt electron but of the six classes. This allows the network to better exploit di�erences between the
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Figure 3: The network architecture of GN1. Inputs are fed into a per-track initialisation network, which outputs an
initial latent representation of each track. These representations are then used to populate the node features of a fully
connected graph network. After the graph network, the resulting node representations are used to predict the jet
flavour, the track origins, and the track-pair vertex compatibility.

4(⌘8 , ⌘ 9) = a?\
⇥
W⌘8 � W⌘ 9

⇤
, (1)

where � denotes vector concatenation, \ is a non-linear activation function, and a is a second fully
connected layer. These edge scores are then used to calculate attention weights 08 9 for each pair of nodes
using the softmax function over the edge scores

08 9 = softmax 9
⇥
4(⌘8 , ⌘ 9)

⇤
. (2)

Finally, the updated node representation ⌘
0
8 is computed by taking the weighted sum over each updated

node representation W⌘8 , with weights 08 9

⌘
0
8 = f

266664
’
92N8

08 9 · W⌘ 9

377775
. (3)

The above set of operations constitute a single graph network layer. Three such layers are stacked to
construct the graph network, representing a balance between achieving optimal performance and preventing
overtraining. The final output node feature vectors from the network are representations of each track that
are conditional on the other tracks in the jet. The output representation for each track is combined using
a weighted sum to construct a global representation of the jet, where the attention weights for the sum
are learned during training. Three separate fully connected feedforward neural networks are then used to
independently perform the different classification objectives of GN1. Each of the objectives makes use of
the global representation of the jet. A summary of the different classification networks used for the various
training objectives is shown in Table 4.

A node classification network, which takes as inputs the features from a single output node from the graph
network and the global jet representation, predicts the track truth origin, as defined in Table 3. This
network has three hidden layers containing 128, 64 and 32 neurons respectively, and an output size of
seven, corresponding to the seven different truth origins.
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Typical SUSY DM signature

○ Pair production 

○ Generate heavier state → look for the products when decaying into LSP 

   ○ Δm: Proxy of "hardness" of the observables 

   ○ "Missing momentum" (pTmiss) due to the LSPs escaping the detector 

○ Δm is typically small. Only soft particles in final state. 

   → Require a hard ISR jet to trigger the event.

Generic Dark Matter Basics at the LHC

How to find DM at the LHC
• DM (obviously) does not interact with our detectors

æ no direct signature
• Infer production of non-interacting particles using momentum

conservation in transverse plane: Emiss
T �

--̨pmiss
T

--
I Important: many sources of SM backgrounds, e.g. pp æ Z(æ ‹‹) � jets

Protons

Protons

�pmiss
T

DM

DM

Jeff Shahinian Kashiwa Dark Matter Symposium December �th, ���� � / ��

q̄

q

DM

DM

transverse momentum (denoted as pmiss
T along with its magnitude ⇢

miss
T ). Moreover, the additional Lorentz

boost by the ISR recoil enhances both ?T and ((30), so that more decay charged particles get mildly
displaced, which increases the sensitivity to even smaller mass-splitting values. While the conventional
mono-jet searches [25, 26] that probe this ISR event topology for generic DM production at the LHC
do not provide significant sensitivity to higgsino production due to the overwhelming Standard Model
(SM) background, the inclusion of a displaced track requirement allows for a significant reduction of these
backgrounds, which allows the exploration of this range of mass-splitting values for the first time since
LEP. This search uses the ?? collision data collected at the LHC during 2015–2018 at a center-of-mass
energy of

p
B = 13 TeV, corresponding to an integrated luminosity of 140 fb�1.

An example signal diagram of the target signature is shown in Figure 1. The same '-parity conserving
higgsino simplified model is considered as in Ref. [19, 20] where the mass of the ej±

1 is halfway between
that of the ej0

2 and the ej0
1 , i.e. <(ej0

2) � <(ej±

1 ) = <(ej±

1 ) � <(ej0
1). The higgsino-pair production modes

considered are ej+

1 ej�

1 , ej±

1 ej0
1 , ej±

1 ej0
2 , and ej0

2ej0
1 . The largest branching ratio of ej±

1 (ej0
2) decays is to a single c±

(c0) when �<(ej±

1 , ej0
1) = 0.3–1 GeV [27]; about 80% of ej±

1 decays to c
±ej0

1 with �<(ej±

1 , ej0
1) = 0.5 GeV;

and about 70% of ej0
2 decays to c

0ej0
1 with �<(ej0

2 , ej0
1) = 0.5 GeV. The identified displaced track in signal

events therefore typically corresponds to a c
± from a ej±

1 decay, but a small fraction can also arise fromej±

1 ! 4aej0
1 , ej±

1 ! `aej0
1 , ej0

2 ! 4
+
4
�ej0

1 , ej0
2 ! `

+
`
�ej0

1 and ej0
2 ! c

+
c
�ej0

1 decays; all are taken into
account as signal in the analysis.

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

jet

Figure 1: Example signal diagram for the targeted signature featuring a jet from initial-state radiation. For illustration,
the ej±

1 ej0
1 process is shown, while the production of ej+

1 ej�

1 , ej±

1 ej0
2 , and ej0

2 ej0
1 is considered in the search as well.

The ATLAS experiment is a multipurpose particle detector with a forward–backward symmetric cylindrical
geometry and nearly 4c coverage in solid angle. It consists of an inner tracking detector (ID) surrounded
by a superconducting solenoid, sampling electromagnetic (EM) and hadronic calorimeters, and a muon
spectrometer (MS) with three toroidal superconducting magnets. Charged particle tracks are reconstructed
using the hits in the ID and are required to have ?T > 500 MeV. For tracks with ?T = 2 GeV, the intrinsic
resolution on 30 is approximately 0.05 mm, which improves to 0.03 mm at ?T = 5 GeV and 0.01 mm at
?T > 10 GeV [28]. A two-level trigger system is used to select events for storage. The events in the main
dataset used in this analysis relied on the ⇢

miss
T trigger [29], while the auxiliary dataset for the background

estimation and validation was collected using the single-electron [30] or single-photon triggers [30]. An
extensive software suite [31] is used in data simulation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data acquisition systems of the experiment.

The ?? interaction vertex with the highest ?2
T sum of associated tracks is selected as the hard-scatter vertex

3

Δm

χ̃±
1

χ̃0
1

decay products
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How many events generated already?

○ Most of the results so far are with the Run2 only dataset (140 fb-1)

1400 events w/ 140fb-1

+ An ISR jet (pT>200GeV) 

→ σ~×1/50
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1.5 M events w/ 140fb-1

Higgsinos limit ~ 200GeV

Wino limit ~ 700GeV
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characterised by at least one and at least four jets, respectively, large missing transverse momentum, and at
least one disappearing track with large transverse momentum.
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Figure 1: Example diagrams for the (a) electroweak and (b) strong production channel signal models. The signal
signature consists of a long-lived chargino, missing transverse momentum, and quarks or gluons, which are observed
as jets, and which originate from (a) initial-state radiation or (b) in the cascade decay of the gluino.

In addition to the SUSY-specific wino and higgsino models studied in this paper, the disappearing-track
signature is typical of a large class of DM models that predict a DM thermal relic from a massive particle
with only electroweak gauge interactions. The wino and higgsino models probed in this search are part of a
more generic class of models containing spin-1/2 particles transforming under SU(2) symmetry, which
give rise to a doublet or triplet of new particles. The neutral mass eigenstate is a DM candidate, while the
charged eigenstates give rise to the disappearing-track signature. These DM models have gained interest in
the wider community as an important signature to be considered at future colliders [15].

Previous searches for long-lived charginos resulting in a disappearing-track signature were performed by
ATLAS [16, 17] using 36.1 fb�1 of proton–proton collision data at a centre-of-mass energy of

p
B = 13 TeV.

The previous ATLAS results benefited from the addition of a new innermost pixel tracking layer which was
installed at a radius of approximately 33 mm during the LHC long shutdown between Run 1 and Run 2.
The extra layer of pixels allowed the previous Run-2 analyses to reconstruct tracks shorter than those
in the Run-1 analysis [18] and to be more sensitive to shorter chargino lifetimes. The previous ATLAS
results excluded winos with lifetimes of 0.2 ns for chargino masses up to 460 GeV, and pure higgsinos
for chargino masses up to 152 GeV. For gluino production, gluino masses up to 1.64 TeV were excluded
for an assumed chargino mass of 460 GeV and 0.2 ns lifetime. The CMS Collaboration has searched for
long-lived charginos at a centre-of-mass energy of

p
B = 13 TeV. For wino-like models, charginos were

excluded with masses below 474 GeV and a lifetime of 0.2 ns [19], while for models with prompt gluinos
that produce long-lived charginos in the decay of the gluino, CMS excluded gluinos up to 2.4 TeV [20].

In this paper, the sensitivity to charginos with theoretically preferred wino and higgsino lifetimes is
significantly improved due to the much larger dataset corresponding to an integrated luminosity of 136 fb�1

and new analysis methods. The new analysis methods include updated signal region selection criteria
and improved track-quality requirements. The new track-quality criteria require the disappearing track
to be isolated from calorimeter energy deposits. This significantly enhances the rejection of dominant

3

τ ~ 0.2ns 
cτ ~ 6cm

Wino LSP

○ One charged wino + neutral wino in mass degenerate (~160MeV) 

○ Very low-pT ("soft") pion from the decay → invisible 

○ Charged wino has macroscopic lifetime before decaying into the wino LSP

Wino

Δm~160MeV
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Wino LSP Search: Disappearing track

○ A charged wino directly interacts with the detector material → a track 

○ Decays in the middle leaving a LSP & an non-reconstructable soft pion → disappearing 

     ○ SM particles never leave such weird track → clean 

     ○ BG events are from instrumental effects e.g. random crossing ("fake track") 

3L[HO 6&7 757 0DJQHW &DORULPHWHU 0XRQ
6SHFWURPHWHU
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1

π±

χ̃0
1

)DNH

(OHFWURQ
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$7/$6 6LJQDO WUDFNOHW
%DFNJURXQG WUDFNOHW
1RW UHFRQVWUXFWHG

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.
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○ Fake tracks are estimated by the fully-data driven estimation 

     ○ Dedicated control region to enrich the fake → pT template measurement 

     ○ Simultaneously fit to the data in the signal region with the signal template 

○ No significant deviation from the BG is seen. 

○ Pure wino: ~700 GeV excluded with small model uncertainty.
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Figure 5: Pixel tracklet ?T spectrum fit results in the low-, middle- and high-⇢miss
T regions for the electroweak

production channel. The fake-tracklet, hadron, electron and muon templates are fitted to observed data events in a
background-only fit. An example of the expected-signal prediction with <

j̃
±

1
= 600 GeV and g

j̃
±

1
= 0.2 ns is overlaid

in red. The last bin includes overflow entries. The bottom panel shows the ratio of data to the background-only
prediction.
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Higgsino LSP

○ One charged + two neutral (the lighter one is LSP) in mass degenerate 

○ The degeneracy is very sensitive to the small mixing with the bino/wino 

    ~300MeV (pure limit) ー 10GeV (when bino/wino is ~500GeV)

�m ⇡ m2
W

min(M1,M2)
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Higgsino Higgsino

Bino, Wino Bino, Wino

Δm~300MeV

Δm~ 1-10GeV

>> 10TeV
1-10TeV

Pure Higgsino Realistic 	
Splitting

Higgsino Refresher
Electroweakinos

• In SUSY, the wino (ÂW), bino (ÂB), and higgsino (ÂH) fields mix to produce neutral and charged mass eigenstates
I Neutralinos: Â‰�

� , Â‰�
� , Â‰�

� , Â‰�
�

I Charginos: Â‰±� , Â‰±�
• If R-parity is conserved, LSP (Â‰�

� ) is stable æ natural WIMP DM candidate

• Composition depends on ÂH, ÂB, and ÂW mass parameters: µ, M�, and M�

Higgsinos

• If |µ| π M�,M�, bottom of SUSY spectrum consists of nearly degenerate
“pure” higgsino states Â‰�

� , Â‰�
� , Â‰±�

• In this limit, radiative corrections induce small mass-splittings:
æ �m(Â‰±

� , Â‰�
� ) ¥ ��� MeV

• Introducing additional mixing with ÂW/ÂB increases these mass-splittings,
easily to O(�� GeV)

• Naturalness arguments require higgsinos near the Weak scale
æ outside the scope of this talk!
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Higgsino LSP search

Off-shell boson decays  

   → ISR jet + soft leptons + ETmiss

Slightly long-lived chargino  

   → ISR jet + soft displaced pion + ETmiss

Long-lived chargino  

   → ISR jet + disappearing track + ETmiss

 (chargino)cτ

10mm

1mm
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Higgsino Search Program Strategy
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Higgsino Search Program Strategy
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Higgsino Search Program Strategy
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Higgsino LSP search

Off-shell boson decays  

   → ISR jet + soft leptons + ETmiss

Slightly long-lived chargino  

   → ISR jet + soft displaced pion + ETmiss

Long-lived chargino  

   → ISR jet + disappearing track + ETmiss

 (chargino)cτ

10mm

1mm
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○ Electron: pT > 4.5 GeV / 5 GeV @ATLAS/CMS 

○ Muon:    pT > 3 GeV / 3.5 GeV @ATLAS/CMS 

○ Enormous challenge in rejecting & estimating the fake lepton contribution 

   ML-based isolation, data-driven estimation etc. 

○ Exploiting the kinematic end-point in the di-lepton invariant mass: mℓℓ < signal Δm 

Signatures:  2 soft leptons + MET + ISR

31 Jul 2020                ICHEP2020 - Soft Object Reconstruction in ATLAS/SUSY 7

Too low-pT? → Just use the track

■ Bottleneck of e/µ reconstruction below 4.5GeV/3GeV: 
   Electron:  Calo-cluster energy is too low with respect to the noise threshold.

   Muon:      Don't reach the muon detector (stopped in the calorimeter).


■ An attempt to tag those e/µ by just using inner-detector tracks in the higgsino search.  
   ○ Good efficiency down to pT=2GeV.

   ○ Unique sensitivity below Δm<2GeV for higgsino triplet.

Combined lepton tagging eff. (reco×ID×Iso)

using higgsino signals

Exclusion on the higgsino triplet

EWK compressed 2L @139fb-1  
Phys. Rev. D 101 (2020) 052005  

arXiv: 1911.12606

e.g. ATLAS search

30GeV5GeV

Higgsino LSP search (1): Soft leptons
ATLAS soft 2L:       1911.12606 
ATLAS 3L:              2106.01676 
CMS soft leptons:  2111.06296 
CMS multi-lepton:  2106.14246

Soft Di-Lepton Searches
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New experimental strategy: ISR + MET + � so� leptons

Trigger on missing ET 
by boosting LSPs

Soft dileptons allow 
signal-background 
discrimination 
e.g. m(ll), mT2

Hadronic recoil from 
initial-state radiation (ISR)

Low missing ET as LSPs 
are nearly back-to-back

Leptons too soft to 
pass lepton triggers

EXISTING PROBES OUR STRATEGY

Guidice et al [����.����], Gori et al [����.����], Han et al [����.����], Baer et al [����.����], Barr et al [����.�����]. . .

ATLAS ����.�����, Phys. Rev. D ��, ������ (����): Trigger on Emiss
T , o�line Emiss

T > ��� GeV, sleptons search too

CMS ����.�����: Also �µ+ Emiss
T triggers, o�line Emiss

T > ��� GeV, stop search too

SUSY: closing the gaps in LHC sensitivity | Jesse Liu | �� Apr ���� ��

ATLAS/CMS Search Strategy

• Search for higgsino production within compressed mass spectra: O(� - �� GeV)
• Signature: Significant Emiss

T � two soft SFOS leptons recoiling off hard ISR jet(s)
• Lepton pT ≥ �m/�
æ At the limit of e/µ identification thresholds, suffer from significant inefficiencies
æ Large and tricky backgrounds from fake/non-prompt leptons

Cartoon: J. Liu

fake lepton

https://arxiv.org/abs/1911.12606
https://arxiv.org/abs/2106.01676
https://arxiv.org/abs/2111.06296
https://arxiv.org/abs/2106.14246


○ Mild but coherent excess (~2σ) seen in both 2L & 3L channels + both ATLAS & CMS 

   ○ Explained by the same signal hypothesis (Δm=10-20GeV)     arXiv: 2404.12423 

   ○ Follow-up using the Run3 data ongoing 

○ Search sensitivity achieved down to Δm~2GeV

Higgsino LSP search (1): Soft leptons
ATLAS soft 2L:        1911.12606 
ATLAS 3L:              2106.01676 
CMS soft leptons:   2111.06296 
CMS multi-lepton:  2106.14246
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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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Figure 12: Comparison of the observed data and expected SM background yields in the SRs of the o�-shell ,/

selection. The SM prediction is taken from the background-only fit. The ‘Others’ category contains the single-top,
,, , triboson, Higgs and rare top processes. The hatched band indicates the combined theoretical, experimental, and
MC statistical uncertainties. Distributions for wino/bino (+) ej±

1 ej0
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below the prediction.

9.1 Model-independent limits on new physics in inclusive regions822

Model-independent upper limits and discovery ?-values in the SRs are derived by performing the discovery823

fits as described in Section 6.4. The set of single-bin signal regions used in the fits, referred to as ‘inclusive824

SRs’, is constructed by logically grouping adjoining, disjoint, nominal SRs of the on-shell ,/ , ,⌘ and825

o�-shell ,/ selections. Multiple, sometimes overlapping, regions are defined to capture signatures with826

di�erent unknown <
min
✓✓ shapes and jet multiplicities inclusively. Based on the best expected discovery827

sensitivity and using a number of signal points covering both the ,/- and ,⌘-mediated scenarios and828

di�erent mass splittings, 12 inclusive SRs are formed by merging SRWZ and SRWh regions, creating incSRWZ829

and incSRWh, respectively. They are summarised in Table 16. Similarly, 17 inclusive SRs are formed by830

merging SRoffWZ regions, creating incSRoffWZ; their definitions are summarised in Table 17. For incSRoffWZ,831

contiguous jet-veto regions are merged with jet-inclusive regions, as the <min
✓✓ shape of a signal is assumed832

to be insensitive to jet multiplicity. The SRoffWZlow/ET and SRoffWZhigh/ET regions are kept separate, while the SRoffWZhigh/ET-nj833

regions are considered separately for <min
✓✓ < 20 GeV, as this selection provides the best sensitivity to834

low-mass-splitting models.835

The 95% CL upper limits on the generic BSM cross section are calculated by performing a discovery fit for836

each target SR and its associated CRs, using pseudo-experiments. Results are reported in Table 18 (19) for837

the on-shell ,/ and ,⌘ analysis selections (o�-shell ,/ selection). The tables list the observed (#obs)838

and expected (#exp) yields in the inclusive SRs, the upper limits on the observed ((95
obs) and expected ((95

exp)839

number of BSM events, and the visible cross section (f95
vis) reflecting the product of the production cross840

section, the acceptance, and the selection e�ciency for a BSM process; the ?-value and significance (/)841

for the background-only hypothesis are also presented.842
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Higgsino LSP search

Off-shell boson decays  

   → ISR jet + soft leptons + ETmiss

Slightly long-lived chargino  

   → ISR jet + soft displaced pion + ETmiss

Long-lived chargino  

   → ISR jet + disappearing track + ETmiss
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Higgsino LSP search (2): Disappearing track
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Figure 8: Exclusion limits at 95% CL obtained in the electroweak production channel with the pure-higgsino scenario.
The limits are shown separately for the higgsino lifetime or mass splitting as a function of the chargino mass. The
black dashed line shows the median expected value, and the yellow band shows the 1f uncertainty band around the
expected limits. The red line shows the observed limits and the red dotted lines show the 1f uncertainty from the
signal cross-section. The violet broken line shows the observed limits from the previous ATLAS result [17]. The
dashed gray line shows the predicted chargino lifetime in the pure higgsino-LSP scenario [14].
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ATLAS: 2201.02472 
CMS:    2004.05153
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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

r=32mm
r=125mm

○ Same analysis as the wino search 

○ ~210GeV excluded (both in ATLAS and CMS) 

○ Tracklet requires >=4 hits in the inner detector (r>=125mm) 

   ○ Higgsinos average decay length ~ 11mm → challenging selection efficiency  

   ○ Possibility of shorter tracklet reconstruction is being sought
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Higgsino LSP search

Off-shell boson decays  

   → ISR jet + soft leptons + ETmiss

Slightly long-lived chargino  

   → ISR jet + soft displaced pion + ETmiss

Long-lived chargino  

   → ISR jet + disappearing track + ETmiss
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Higgsino LSP search (3): Soft displaced track

SUSY in ATLAS and CMS Yuya Mino
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cτ ∼ 𝓞(1) mm
Displaced track

17

Compressed Higgsinos wIth Mildly-Displaced Tracks

In the compressed Higgsino regime,  acquire a lifetime of order  
❖  decay produce tracks with increased impact parameters ( ) 
❖ Identify  decay tracks by requiring a "mildly displaced track" :  

‣ Idea from the "cornering higgsino" paper [H. Fukuda et al., Phys. Rev. Lett. 124, 101801 (2020)]

χ̃±
1 cτ ∼ 𝓞(1) mm

χ̃±
1 d0

χ̃±
1 S(d0) = |d0 | /σ(d0)

100 150 200 250

m(¬̃±
1 ) [GeV]

0.2

0.5

1

2

5

10

20

40

¢
m

(¬̃
± 1

,¬̃
0 1)

[G
eV

]

3` + Soft 2`, arXiv:2106.01676, 1911.12606, m(¬̃0
2) = m(¬̃0

1) + 2¢m(¬̃±
1 , ¬̃0

1)
Disappearing track, arXiv:2201.02472, m(¬̃0

2) = m(¬̃0
1)

LEP2 ¬̃±
1 excluded

Theoretical prediction for pure Higgsino

All limits at 95% CL
Observed limits
Expected limits

All limits at 95% CL
Observed limits
Expected limits

ATLAS Preliminaryp
s = 13 TeV, 136 - 139 fb°1

pp ! ¬̃0
2¬̃

±
1 , ¬̃0

2¬̃
0
1, ¬̃+

1¬̃
°
1 , ¬̃±

1 ¬̃0
1 (Higgsino)

June 2021
Higgsino exclusion limits

Phys. Rev. Lett. 
132 (2024) 221801

ATLAS: 2401.14046
300 400 500 600 700 800 900

 [GeV]miss
TE

3−10

2−10

1−10

1

N
or

m
al

iz
ed

 to
 U

ni
ty

W+jets Z+jets
m)=(150, 1.0) GeV∆), 0

1
χ∼(Signal m(

m)=(150, 0.5) GeV∆), 0

1
χ∼(Signal m(

m)=(150, 0.35) GeV∆), 0

1
χ∼(Signal m(

=13 TeVs
-1140 fb

(a) ⇢miss
T distribution

0 2 4 6 8 10 12 14 16 18 20
 [GeV]

T
p

3−10

2−10

1−10

1

10

N
or

m
al

iz
ed

 to
 U

ni
ty

 decay trackτ QCD track
m)=(150, 1.0) GeV∆), 0

1
χ∼(Signal m(

m)=(150, 0.5) GeV∆), 0

1
χ∼(Signal m(

m)=(150, 0.35) GeV∆), 0

1
χ∼(Signal m(

=13 TeVs
-1140 fb

(b) Track ?T distribution

0 5 10 15 20 25 30 35 40
)

0
S(d

3−10

2−10

1−10

1

10

N
or

m
al

iz
ed

 to
 U

ni
ty

 decay trackτ QCD track
m)=(150, 1.0) GeV∆), 0

1
χ∼(Signal m(

m)=(150, 0.5) GeV∆), 0

1
χ∼(Signal m(

m)=(150, 0.35) GeV∆), 0

1
χ∼(Signal m(

=13 TeVs
-1140 fb

(c) Track ((30) distribution

Figure 6.13: (a) Shape comparison of the ⇢
miss
T distribution after requiring all preselections, except for

requiring signal tracks. (b)(c) Shape comparison of the track ?T and ((30) distribution after requiring all
preselections. Tracks in the /+jets and ,+jets processes are classified into g decay tracks and QCD tracks,
depending on the origin of the track. The dashed line illustrates signal simulation samples with different
mass differences.
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Slightly larger Δm = 0.5-1GeV  

    ○ Shorter higgsino lifetime: cτ=0.1-1mm 

    ○ But higher pion pT ~ 2-5GeV → pion is now visible 

Slight displacement from the primary vertex reflecting the Higgsinos lifetime  

    ○ Impact parameter resolution @ATLAS: 0.01-0.1mm → distinct signature 

Event selection  

    ○ ISR, large ETmiss (>600GeV), Δφ(ETmiss, soft track)<0.4  etc.
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Higgsino LSP search (3): Soft displaced track

Main BG 

    ○ Tau decays 

    ○ Long-lived hadrons from pileup jets, fractured protons 

No significant excess found in the signal region 

    ○ But first ever possible to set the limit in this Δm region since LEP 
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Figure 6.9: Decay topology of (a) chargino decay, (b) 1-prong g decay, (c) 3-prong g decay, (d) ⌫ meson
decay, and (e)  0

( decay. The red line represents the signal candidate track. The blue cone is defined to
have a radius of �' = 0.4 around the signal candidate track and passes through the selection only if none
of the tracks indicated by the green line are included.

1 GeV. To reduce this remaining background, mass-constrained fits are performed by
assuming that the vertices are due to the decays of ⇤0

! ?c
� , ⇤̄0

! ?̄c
+, or  0

S ! c
+
c
� .

In the fit, the charge of the track is used to assign the corresponding mass of the decay
product. A three-dimensional vertex fit is performed to reconstruct secondary vertices
by looping over pairs of oppositely charged tracks in each event. Tracks associated with
the reconstructed secondary vertices are vetoed to suppress the remaining strange hadron
background. More details of the secondary vertex reconstruction are given in Ref. [108,
109].

The selections described above effectively reduce the number of low-?T background tracks.
However, there are still a considerable number of them, as seen in Figure 6.10. To address the
issue of excessive low-?T background tracks, we have implemented a lower threshold for the track
?T. This selection suppresses the number of background tracks before selecting one of several
signal tracks in an event.

Track pT
Setting a reasonable lower threshold for the track ?T of signal tracks is crucial, as chargino
decays generate low-?T tracks. As illustrated in the figure, g decay tracks have a higher ?T
compared to non-g decay tracks, particularly those from pileup vertices. Since non-g decay
tracks, such as tracks from strange hadrons and ⌫/⇡ mesons, are mainly generated through
QCD interaction, they are referred to as “QCD tracks” in the following. We can significantly
reduce the number of QCD tracks by setting a lower threshold of 1 GeV to the track ?T.
The track ?T selection is further optimized when defining the SRs in Section 6.5.2.

The definition of signal tracks is summarized in Table 6.2.
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In the fit, the charge of the track is used to assign the corresponding mass of the decay
product. A three-dimensional vertex fit is performed to reconstruct secondary vertices
by looping over pairs of oppositely charged tracks in each event. Tracks associated with
the reconstructed secondary vertices are vetoed to suppress the remaining strange hadron
background. More details of the secondary vertex reconstruction are given in Ref. [108,
109].

The selections described above effectively reduce the number of low-?T background tracks.
However, there are still a considerable number of them, as seen in Figure 6.10. To address the
issue of excessive low-?T background tracks, we have implemented a lower threshold for the track
?T. This selection suppresses the number of background tracks before selecting one of several
signal tracks in an event.

Track pT
Setting a reasonable lower threshold for the track ?T of signal tracks is crucial, as chargino
decays generate low-?T tracks. As illustrated in the figure, g decay tracks have a higher ?T
compared to non-g decay tracks, particularly those from pileup vertices. Since non-g decay
tracks, such as tracks from strange hadrons and ⌫/⇡ mesons, are mainly generated through
QCD interaction, they are referred to as “QCD tracks” in the following. We can significantly
reduce the number of QCD tracks by setting a lower threshold of 1 GeV to the track ?T.
The track ?T selection is further optimized when defining the SRs in Section 6.5.2.

The definition of signal tracks is summarized in Table 6.2.
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Higgsino LSP search: Status @Collider 

Figure 20: Exclusion limits at 95% CL for higgsino pair production (j̃+
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Figure 21: Exclusion limits at 95% CL for higgsino pair production (j̃+
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1) and soft leptons or pions. The

limits are calculated based on the pure higgsinos production cross-section and shown as a function of mass splitting
�<( j̃±

1 , j̃
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1) and mass <( j̃0

1). Assumptions for the mass of the charged higgsino (j̃±
1 ) in relation to the masses of

the two neutral higgsinos (j̃0
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0
2 ) are indicated per analysis in the legend. The branching ratios for j̃±

1 and j̃0
2 follow

arXiv:0903.4201 where the radiative decay of j̃0
2 is ignored. The dotted contours represent the "1 = "2 values

that realize the higgsino mass splitting for a given j̃0
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20

○  Now that all Δm ranges are finally covered ✔︎ 

○  Will try push the reach towards heavier side
35



Bino LSP

Bino

Wino, Slepton, 	
Stau, Stop, Gluino

Bino

Higgsino

Δm~ 
100GeV-O(TeV)

Δm~10-100GeV

~mZ/2 or mh/2

Co-annihilation "Z/h-funnel"

○ Bino does not have bino-SM-SM vertices (only bino-SUSY-SM vertices). 

○ Need some mechanisms to get non-zero annihilation cross-section.

36

Bino

Higgsino

Δm~10-100GeV

Well-tempered	
Neutralino

special case

Mix with 	
higgsino

~excluded by the nuclear recoil exp.



Bino LSP  - "Co-annihilation"

Bino

Wino, Slepton, 	
Stau, Stop, Gluino

Δm~10-100GeV

○ Moderately low-pT final state particle (leptons, jets, taus, ETmiss) 

○ Challenging BG rejection since Δm~100GeV signals have similar kinematics  
   as SM processes (pT ~ EW scale). 
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Figure 1: The decay topologies of squark-pair production (left) and gluino-pair production (right), in the simplified
models with direct decays of squarks and direct decays of gluinos used in this note.

Figure 2: The decay topologies of squark-pair production (left) and gluino-pair production (right), in the simplified
models with one-step decays of squarks and one-step decays of gluinos used in this note.
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Figure 3: 95% CL exclusions in the neutralino mass vs squark mass for the squark-pair production with direct decay
of the squark simplified model (left) and 95% CL exclusions in the neutralino mass vs gluino mass for the gluino-pair
production with direct decay of the gluino simplified mode (right) by 2015 analysis with 3.2 fb�1 [16]. Limits from
Run 1 are illustrated by a grey shaded area, the expected limit is denoted by the dash red line and observed limit by
the full line.
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Figure 2: The decay topologies of squark-pair production (left) and gluino-pair production (right), in the simplified
models with one-step decays of squarks and one-step decays of gluinos used in this note.
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In the chargino search, the signal results in both same-flavour and di�erent-flavour lepton pairs and the
topology of the signal is close to the SM ,, process. In this case, a machine-learning technique is used,
based on boosted decision trees specifically trained on signal samples with <( j̃±

1 ) � <( j̃0
1) around the

,-boson mass.

This paper is structured as follows. Section 2 and Section 3 describe the signal scenarios considered in
these searches and the ATLAS detector, respectively. The data and simulated Monte Carlo (MC) samples
used in the analyses, along with the trigger selections, are detailed in Section 4. Section 5 describes the
physics object definitions. The search strategies and the SM background estimations are discussed in
Sections 6 and 7, respectively. The experimental and theoretical systematic uncertainties considered in
the two searches are documented in Section 8. Finally, the results and their statistical interpretations are
presented in Section 9, followed by the conclusion in Section 10.

2 SUSY scenarios

The design of the analyses and the interpretation of the results are based on simplified models [24–26],
where the masses of relevant sparticles (in this case the ✓̃, j̃±

1 and j̃
0
1) are the only free parameters and all

the other sparticles are assumed to be heavy and decoupled.

In models with direct ✓̃✓̃ production (Figure 1(a)), each slepton decays into a charged lepton and a bino-like
j̃

0
1 with a 100% branching ratio. Only 4̃ and ˜̀ are considered in these models, and di�erent assumptions

about the masses of the superpartners of the left-handed and right-handed charged leptons, 4̃L, 4̃R, ˜̀L and
˜̀R, are considered. Lepton flavour is conserved in all models.

The j̃
±
1 is assumed to be wino-like and decay into a bino-like j̃

0
1 via emission of a ,-boson, which may

decay into an electron or muon plus neutrino(s) either directly or through the emission of a leptonically
decaying g-lepton (Figure 1(b)).

(a) (b)

Figure 1: Diagrams of the supersymmetric simplified models considered, with two charged leptons plus weakly
interacting particles in the final state: (a) slepton pair production and (b) j̃+

1 j̃
�
1 production with ,-boson-mediated

decays. Only 4̃ and ˜̀ are included in the slepton model. In the final state, ✓ stands for an electron or muon, which
can be produced directly or, in the case of (b), via a leptonically decaying g-lepton along with additional neutrinos.
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Figure 1: A diagram illustrating the pair production of staus and subsequent decay into a two-⌧-lepton final state with
missing transverse momentum from the neutralinos.

2 ATLAS detector55

The ATLAS detector [28] is a multipurpose particle physics detector with forward–backward symmetric56

cylindrical geometry and nearly 4⇡ coverage in solid angle.1 It features an inner tracking detector (ID)57

surrounded by a 2 T superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon58

spectrometer (MS). The ID covers the pseudorapidity region |⌘ | < 2.5 and consists of a silicon pixel59

detector, a silicon microstrip detector, and a transition radiation tracker. One significant upgrade for the60 p
s = 13 TeV running period is the presence of the insertable B-layer [29, 30], an additional pixel layer61

close to the interaction point which provides high-resolution hits at a small radius to improve the tracking62

and vertex reconstruction performance. The calorimeters are composed of high-granularity liquid-argon63

(LAr) electromagnetic calorimeters with lead, copper, or tungsten absorbers (in the pseudorapidity region64

|⌘ | < 3.2) and a steel–scintillator hadronic calorimeter (for |⌘ | < 1.7). The endcap and forward regions65

are instrumented with LAr calorimeters for both the electromagnetic and hadronic measurements up to66

|⌘ | = 4.9. The MS surrounds the calorimeters and consists of three large superconducting air-core toroidal67

magnets, each with eight coils, a system of precision tracking chambers (|⌘ | < 2.7), and detectors for68

triggering (|⌘ | < 2.4). A two-level trigger system is used to select events for recording [31].69

3 Data and simulated event samples70

After the application of beam, detector, and data quality requirements, the analyzed dataset corresponds to71

an integrated luminosity of 139 fb�1 of pp collision data recorded from 2015 to 2018 at
p

s = 13 TeV. The72

uncertainty in the combined 2015–2018 integrated luminosity is 1.7 % [32], obtained using the LUCID-273

detector [33] for the primary luminosity measurements. The average number of interactions per bunch74

crossing (<µ>) for this dataset ranges from about 10 up to 60, with a mean value of 34.75

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector,
and the z-axis along the beam line. The x-axis points from the IP to the center of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. Observables
labeled transverse refer to the projection into the x–y plane. The pseudorapidity is defined in terms of the polar angle ✓ by
⌘ = � ln tan(✓/2).
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Bino LSP  - "Co-annihilation"

Bino

Wino, Slepton, 	
Stau, Stop, Gluino

Δm~10-100GeV

○ Gluino, stop, squark: relatively well-covered          Exclusion 600GeV-1TeV 

○ Wino, slepton, stau: very limited constraints yet     Exclusion 90-300 GeV

38

Exclusion Limits - Best Expected 
• Constructed from taking best expected CLs value out of the 4 SRs and corresponding observed CLs value


• L+R joins gap with LEP limit, first LHC sensivitiy to Right handed only interpretation  
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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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❖ Sensitivity extended to higher masses especially in compressed mass regime 

‣ Wino (Higgsino) limits extending to 300 GeV (180 GeV) 

‣ Slepton limits extending to 275 GeV
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Figure 13: Expected (dashed green lines) and observed (green band) 95% CL exclusion limits on the //⌘-funnel
dark matter model described in Section 2.1, where the mass of bino-like LSP (ej0

1) is (a) half of the / boson
mass (42.6 GeV) or (b) half of the ⌘ boson mass (62.5 GeV). The areas surrounded by the green bands or dashed
lines represent the excluded range of ej0

2 . The overlaid red solid (blue dashed) line indicates for ` > 0 (` < 0) the ej0
2

mass that reproduces the observed dark matter relic density (⌦⌘
2 = 0.12) as function of tan V [55]; below (above)

these lines the predicted dark matter relic density is too small (too large).
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○ Bino LSP acquires some Higgsino component to annihilate when they are close in mass 

○ Large Δm is exceptionally allowed when mBino ~ mZ/2 or mhiggs/2 (resonant annihilation) 

   Only need very tiny higgsino admixture to achieve the correct annihilation xsec. 

○ Hadronic analysis with high-pT boson jets addresses the best sensitivity 

○ tanβ>7 has been excluded where typically the nuclear recoil exp. struggles.

ATLAS all-had arXiv: 2108.07586

Bino LSP  - "Z/h-funnel"

Bino

Higgsino

Δm~ 
100GeV-O(TeV)

~mZ/2 or mh/2
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Long future projection: Wino LSP
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Disappearing Track

Fig. 7: Summary of reach for charginos using
a disappearing-track signature. The FCC-hh 5�-
discovery reach assuming the alternative layout, the av-
erage number of pp interactions per bunch crossing of
500, only non-di↵ractive soft-QCD processes and a use
of the time information of the pixel detector is shown
in blue. The reach for the wino scenario is obtained
by extrapolating the sensitivity curve in Fig. 6. The
5�-discovery reach and the 95% CL exclusion sensitiv-
ity are taken from [46]. The observed exclusion in the
ATLAS search with 36 fb�1 of Run 2 data [39, 47] are
shown as well.

nature. With the single muon sample, the � resolution
is found to be about 14% (with the pixel-hit time res-
olution of 50 ps) for the tracks with N

hit
layer = 5 under

the alternative tracker layouts. The estimated � reso-
lution is roughly proportional to the pixel-hit time res-
olution. The fake-track background will be reduced by
requiring the measured � to be compatible with a par-
ticle (produced from the primary pp collision vertex)
with a certain range of momentum and mass. Because
new heavy particles move more slowly in the detector
than SM particles, the � could be used as an additional
discriminant to separate the signal from scattered SM
particles.
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FIG. 3: The current [31, 32] and expected limits on
wino at the LHC and a 33 TeV collider.

tt̄ processes. We find that the expected number of BG
events is ⇠ 10 for these cases.

In Fig. 2, we show the expected limits from the 8 TeV,
13 TeV, 14 TeV, and 33 TeV searches in the yellow dot-
dashed line, the blue dashed line, the green dashed band,
and the red bands, respectively. For the 33 TeV run, we
assume that the second layer of a pixel detector is located
at a radius of 5 and 3 cm for the upper and lower bands,
respectively. The upper (lower) line of each band cor-
responds to ten (zero) BG events. The systematic error
in BG expectation is assumed to be 10 %. In addition,
we show the decay lengths of Higgsino with �mtree = 0,
75, and 150 MeV in black dotted lines from top to bot-
tom. The vertical blue stripe at ⇠ 1.1 TeV indicates
the favored mass value for pure Higgsino DM in terms of
thermal relic abundance [13]. This figure shows that the
Run-2 data already have a sensitivity to pure Higgsino.
The reach of the high-luminosity LHC is expected to be
500–600 GeV. Moreover, a future 33 TeV pp collider may
probe pure Higgsino with a mass of & 1 TeV, with which
we can test the pure Higgsino DM scenario.

Our two-hit search strategy can also extend the reach
of charged wino searches. To see this, we perform a sim-
ilar analysis for the wino LSP and show the results in
Fig. 3. The colors and types of the lines and stripes are
the same as in Fig. 2. The 8 TeV and 13 TeV limits in
this figure are taken from Refs. [31, 32]. It is found that
the reach of the high-luminosity LHC for a pure wino
can exceed 1 TeV. A future 33 TeV collider may probe
a pure wino with a mass of & 2.5 TeV, where (the most
of) the observed DM density is explained by the thermal
relic abundance of the wino LSP [41].

Finally, we note in passing that our two-hit search may
probe Higgsino and wino up to 1.7 TeV and 4 TeV or
even larger, respectively, at a 100 TeV collider with an
integrated luminosity of 3 ab�1.

CONCLUSION AND DISCUSSION

In this letter, we have discussed the testability of the
Higgsino DM scenario. We have seen that a wide re-
gion of parameter space for the Higgsino DM scenario
can be probed in future non-accelerator experiments.
However, if the electroweak-inos are so heavy that the
tree-level charged-neutral Higgsino mass di↵erence is less
than O(100) MeV, Higgsinos may escape from these non-
accelerator searches. To probe such cases, in this paper,
we propose a new collider search strategy for almost pure
Higgsinos based on the first two layers of the Pixel de-
tector, which is sensitive to O(1) cm disappearing tracks.
We have found that using this two-hit search method
we can probe 1 TeV pure Higgsino, whose thermal relic
abundance agrees with ⌦DMh

2
' 0.12, at a 33 TeV col-

lider. As a consequence, the non-accelerator experiments
and the disappearing track searches play a complemen-
tary role in probing Higgsinos, and thus the interplay
among these experiments is of great importance to test
the Higgsino DM scenario experimentally.
This method can also improve the disappearing track

searches for long-lived charged winos. In fact, since pure
charged winos have relatively long decay length, ⇠ 6 cm,
we expect a number of signal events with the two-hit
search strategy. In this case, we may even require two
disappearing tracks, which can reduce the SM BG signif-
icantly. We also note that this two-hit strategy is useful
for the search of other electroweak-charged DM candi-
dates. A detailed study of these searches, as well as the
reduction of BG by means of DVs, will be discussed else-
where [42].
As we have seen, our proposal for the detection of dis-

appearing tracks extends the LHC reach of the Higgsino
and wino DM searches significantly. Nonetheless, the
mass values favored by thermal relic are beyond the LHC
reach, and thus we need a new hadron collider to cover
the entire region for the DM scenario. It is worth empha-
sizing that to maximize the potential of such a collider,
not only an increase in the beam energy and luminos-
ity, but also an improvement in the tracker system is of
crucial importance, which should be considered seriously
when we discuss proposals for future colliders.

Note Added: During the completion of this paper, a re-
lated study [43] was submitted to arXiv where pure Hig-
gsino searches based on disappearing tracks at the LHC
and a future 100 TeV collider were discussed on the as-
sumption that a charged track with a length of 10 cm
is detectable. We also noticed that the ATLAS collab-
oration started to study a possibility of using a two-hit
strategy to search for long-lived charged winos [44].

We are grateful to M. Saito for helpful correspondence.
The work of H.O. was supported by JSPS KAKENHI
Grant Number 15K17653. The work of S.S. was sup-
ported by World Premier International Research Center

Ωh2=0.12Wino

○ Can possibly reach the 3TeV wino with HE-LHC / FCC-hh but generally on the verge 

○ Sensitivity strongly depends on the inner detector geometry, track reconstruction and pileup

FCC-hh projections     Saito et al. (1901.02987)
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○ Challenging to reach 1.1TeV thermal limit @HL-LHC & Some possibility suggested in FCC-hh. 

○ Note: simple extrapolation from the current analysis! 

○ Disappearing track search will be outdated for Higgsinos from HL-LHC 

   Due to the detector upgrade that push the 1st layer even farther from the beam axis 

○ No projection available for displaced track yet

Long future projection: Higgsino LSP
Long Term Projections
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�.� TeV higgsinos not a guarantee even at highest-energy pp colliders
Robust coverage from lepton colliders, but limited by
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Remains an important benchmark for planning future of collider physics
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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 �µ� = 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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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 �m 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 � 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 � and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced �̃ with discov-
ery (exclusion) potential for m�̃ up to around 550 (800) GeV [443]. The reach depends on
whether one considers �̃ partners of the left-handed or the right-handed tau lepton (�̃R or
�̃L, respectively), with substantial reduction of the sensitivity in case of �̃R. 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 �̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to m�̃ = 1.25 TeV
and �m(�̃,�0

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
� > 0.1 ns can reach about 3.5 TeV, using reconstructed massive displaced vertices. Muons dis-
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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 �µ� = 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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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 �m 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 � 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 � and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced �̃ with discov-
ery (exclusion) potential for m�̃ up to around 550 (800) GeV [443]. The reach depends on
whether one considers �̃ partners of the left-handed or the right-handed tau lepton (�̃R or
�̃L, respectively), with substantial reduction of the sensitivity in case of �̃R. 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 �̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to m�̃ = 1.25 TeV
and �m(�̃,�0

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
� > 0.1 ns can reach about 3.5 TeV, using reconstructed massive displaced vertices. Muons dis-
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Long future projection: Bino LSP
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Snowmass 2021 energy frontier WG summary report: 2209.13128

Projection on wino prod. decaying into bino LSP

Figure 6: Wino NLSP bino LSP sensitivity comparison for various collider scenarios. A
table detailing the origin of each line is given in Table 10. Most of the results are based on
Run-2 using Collider Reach, but where a dedicated study is also available the results are
consistent. Lepton colliders are assumed to be energy limited with a limit of

p
(s)/2.
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Summary / Thoughts

LHC has a comprehensive search program on Wino/Higgsino/Bino LSP  

   ○ Current limit:  wino < 700GeV, higgsino < 200GeV,  bino < 100GeV-1TeV 

   ○ "Lowest-pT" is the frontier to tackle the SUSY DM 

Projection based on the current analysis: 

   ○ HL-LHC:   Wino ~ 1.2TeV,  Higgsino ~ 350GeV,  

                       Bino ~ 0.8-1.5TeV (gluino/squark-bino coann.)  100GeV (stau-bino coann.) 

   ○ May touch the thermal relic density limit with the FCC-hh for wino/higgsino 

Bino LSP DM by the indirect search? 

   ○ Similar annihilation signals as wino/higgsino in principle
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ATLAS:  Publication / Preliminary / Summary 
CMS:     Publication / Preliminary / Summary

Full list of results 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CONFnotes
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS/index.html
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS


Backup

Sandbox Studio, Chicago with Steve Shanabruch

https://www.symmetrymagazine.org/article/the-status-of-supersymmetry


Small Δm 
Low pT final state particles 
  → Hard to reject BG 
  → Leptonic final state

e.g. WZ final state: small Δm


ATLAS soft 2L:       1911.12606  
ATLAS 3L:              2106.01676 
CMS soft leptons:  2111.06296  
CMS multi-lepton:  2106.14246

Diboson+MET Search:  Overview

e.g. WZ final state: large Δm


ATLAS all-hadronic:  2108.07586

ATLAS 2L+2J:           2204.13072

CMS all-hadronic:     2205.09597

CMS 2LOS:               2012.08600
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https://arxiv.org/abs/1911.12606
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Small-Δm: Multi-lepton
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ATLAS 3-lepton:     2106.01676 
CMS multi-lepton:  2106.14246
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Figure 5: Observed and expected yields as functions of the output of the neural network used to
search for ec±

1 ec0
2 production with WZ-mediated decays, evaluated at dm = 20 GeV (left), 90 GeV

(center), and 600 GeV (right). The legends specify the masses of ec0
2 and ec0

1 for the shown signal
distributions as (mec0

2
/mec0

1
). The top panels show only the total uncertainty in the background

prediction, while the lower panels show the total and statistical uncertainties separately. The
following abbreviations are used in the legends of this and the following figures: “bkg.” stands
for background, “unc.” for uncertainty and “obs.” for observed.

9 Results
The observed and expected SM yields in each of the search regions introduced in Section 6
are shown in this section. The expected yields are obtained using the background estimation
procedures elucidated in Section 7, with systematic uncertainties as explained in Section 8.

The yields as a function of the parametric neural network output in 3`A events are respectively
shown in Figs. 5–6 for the different ec±

1 ec0
2 production models considered. For each model the

neural network discriminant is shown as evaluated at three distinct dm hypotheses, represent-
ing low, intermediate, and high dm values. To obtain the final results, the neural network is
evaluated at far more dm parameters, separated by 50 GeV for models with slepton-mediated
decays and by 25 GeV in case of WZ-mediated decays with dm in excess of 100 GeV. When dm

is below 90 GeV in the former models, the neural network is evaluated in dm steps of 10 GeV,
and in steps of 1 GeV between 90 and 100 GeV. The expected and observed yields as a function
of the search regions in each event category are shown in Figs. 7–14.

In all categories, and in both evaluations of 3`A events, based on the neural networks and
on the search regions, the data are found to be consistent with the expectation from the SM
backgrounds. The agreement in the search regions is summarized in Fig. 15 (upper plot), where
the expected test statistic [80] distribution for a background only fit to data is compared to the
observed test statistic value. One expects the observed test statistic to lie in a likely region of
the expected test statistic distribution in the absence of any unknown physics. A similar plot
is shown in Fig. 15 (lower plot) for the neural network targeting WZ-mediated decays of the
chargino-neutralino pair. This is the neural network for which the data are evaluated at the
most dm values, and the agreement is shown for each one of them.
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Figure 6: Distributions of (left) <min
✓✓ and (right) <100

T2 showing the expected SM background as well as signals
with various mass splittings �<( j̃0

2 , j̃
0
1 ) (<( j̃±

1 ) = <( j̃0
2 ) = 200 GeV), for a selection of exactly three baseline and

signal leptons. The distributions are normalised to unity. Signals demonstrate a cut-o� in both variables matching
the mass splitting, while backgrounds do not. The dominant background in this selection is ,/ , with the /-boson
mass peak visible in both distributions.

A hypothesised mass <j is assigned to each invisible particle leg, corresponding to the ej0
1 mass; <j is fixed691

to 100 GeV in this selection.7 The kinematic edge for signals appears at <100
T2 = �<(ej0

2 , ej0
1) + 100 GeV as692

illustrated in Figure 6. To take advantage of this feature, a sliding cut is applied per <min
✓✓ bin, requiring693

<
100
T2 to be smaller than the upper <min

✓✓ bin edge + 100 GeV. SM backgrounds can exceed the boundary and694

are suppressed, while a large fraction of the signal contribution targeted by a given bin is retained. The cut695

is particularly e�ective in the lowest <min
✓✓ bins, targeting the smallest mass splittings: e.g. in SRoffWZhigh/ET-nja696

(<min
✓✓ 2 [1, 12] GeV) the total background is reduced by a factor of three following <

100
T2 < 112 GeV, while697

the e�ciency for �< = 10 GeV signals is > 95%.698

Event selection is tightened further by employing various background rejection criteria, optimised separately699

for each SRoffWZ category and each <
min
✓✓ bin. The discriminating variables used and the detailed bin-by-bin700

cut values are summarised in Table 9.701

In order to reduce the FNP lepton background contributions from /+jets and CC̄, lepton ?T thresholds702

are raised in SRoffWZlow/ET -0j, SR
offWZ
low/ET -nj and SRoffWZhigh/ET-0j. In these same three categories, the transverse mass703

<
mllmin
T is used to suppress the SM ,/ contribution; the <mllmin

T variable is constructed using the , lepton704

after <min
✓✓ -based lepton assignment and marked with ‘mllmin’ to distinguish it from the <T variable in the705

on-shell ,/ selection. The SRs target phase space either below or above the SM ,-boson peak present at706

<
mllmin
T ⇠ <, . An upper bound of <mllmin

T < 50–70 GeV is applied in low <
min
✓✓ bins, while the ‘f’ and707

‘g’ bins are split into two parts below (‘f1’, ‘g1’) and above (‘f2’, ‘g2’) the Jacobian peak of SM ,/ .708

In SRoffWZlow/ET , the selection on min�'SFOS is tightened in the low <
min
✓✓ bins, exploiting the topology with a709

relatively boosted /
⇤ in the target signatures, and a lower bound on <3✓ is applied for the high <

min
✓✓ bins710

to reject the SM / ! 4✓ background peaking at <3✓ ⇠ </ . The ratio of the magnitude of a vectorial711

?T sum of the three leptons, |plep
T |, to ⇢

miss
T , is labelled |plep

T |/⇢miss
T and represents the extent to which712

7 The dependency of the performance on hypothetical invisible particle mass <j is generally small except when assuming
<j ⇠ 0 GeV for signals with finite ej0

1 mass, where the signal kinematic edges become significantly smeared.
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○ Main BG: SM WZ

○ For Δm < 80 GeV signals:  on-shell Z-veto to reject WZ 
    ATLAS: 3L, exploit kinematic end-point variables (mℓℓmin, mT2), BDT-based low-pT e/µ isolation,

                 ISR+MET category.

    CMS:    Parametric NN for accommodating varying Δm,

                 3L and same-sign 2L category (one soft missing lepton).


○ For Δm>80GeV signals:  on-shell Z-tagging, requires high-mT to reject WZ 
   ATLAS: Multi-bin fit in MET/mT/HT   CMS: Parametric NN
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Figure 1: Diagrams of the targeted simplified models: j̃
±
1 j̃

0
2 pair production with subsequent decays into two j̃

0
1 ,

via leptonically decaying , , / and SM Higgs bosons, three leptons and a neutrino. Diagrams are shown for (left)
intermediate ,/ (,⇤

/
⇤) as well as (right) intermediate ,⌘, with the Higgs boson decaying indirectly into leptons+-

(where - denotes additional decay products) via ,, , // , or gg.

A 100% branching ratio is assumed for j̃
±
1 ! , j̃

0
1 for all models. Unless otherwise indicated, mass101

splitting �< refers to �<( j̃0
2 , j̃

0
1 ) in the rest of this paper. For the considered ,⌘-mediated scenarios, the102

Higgs boson has SM properties and branching fractions; and three-lepton final states are expected when the103

Higgs boson decays into ,, , // , or gg, and each , boson, / boson or g-lepton decays leptonically.104

For ej±
1 ej0

2 pair production with decays via ,/ to 3✓ final states, in the wino/bino (+) scenario, limits were105

previously set at the LHC for ej±
1 /ej0

2 masses up to 500 GeV for massless ej0
1 , up to 200 GeV for �< ⇠ </ ,106

and up to 240 GeV for 50 GeV < �< < </ [21]. Limits for mass splittings �< < 50 GeV were set107

in 2✓ final states for ej±
1 /ej0

2 masses up to 250 GeV [18]. For decays via ,⌘ to 3✓ final states (including108

hadronically decaying g-leptons), limits reached 150 GeV for massless ej0
1 , and as high as 145 GeV for a109 ej0

1 mass of 20 GeV [17].110

For the higgsino scenario, the most stringent limits for 5 GeV < �< < 55 GeV were set by ATLAS using111

2✓ final states [18] where ej0
2 masses up to 130–190 GeV are excluded depending on �<. For �< > 55 GeV112

the best limits were reported by LEP [58–67], excluding ej±
1 masses up to 103.5 GeV.113

3 ATLAS detector114

The ATLAS detector [68] is a general-purpose particle detector with almost 4c solid angle coverage115

around the interaction point.2 It consists of an inner tracking system surrounded by a superconducting116

solenoid, sampling electromagnetic and hadronic calorimeters, and a muon spectrometer encompassing117

superconducting toroidal magnets.118

The inner detector (ID) reconstructs charged-particle tracks in the pseudorapidity range |[ | < 2.5, using119

silicon pixel and microstrip subsystems followed by a transition radiation tracker. For
p
B = 13 TeV120

data-taking an additional innermost layer, the insertable B-layer [69, 70], was added to the pixel tracker to121

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points upwards.
Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. Pseudorapidity is
defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of �' ⌘

p
(�[)2 + (�q)2.

Rapidity is defined by H = 1
2 ln[(⇢ + ?I)/(⇢ � ?I)], where ⇢ is the energy and ?I is the longitudinal component of the

momentum along the beam direction.

31st May 2021 – 13:26 4

https://arxiv.org/abs/2106.01676
https://arxiv.org/abs/2106.14246


Intermediate-Δm:   2-lepton + 2 jets

○ Di-lepton + Di-jet resonance + ETmiss:  clean at this point already


○ Main BG: WW/ZZ(→ℓℓvv)+jets (mjj accidentally consistent with mW)

   Estimated using the MC normalized in the dedicated CRs.


○ The search also targets strong production 

   (gluino/squark decaying with Z) altogether. 
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ATLAS 2L+2J: 2204.13072

CMS 2LOS:     2012.08600
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Figure 1: Example decay topologies for the (top row) two electroweak SUSY models and (bottom row) three strong
SUSY models considered in the analysis. Model (a) shows the process j̃0

2 j̃
±
1 ! ,

(⇤) ( 9 9)/ (⇤) (✓✓) +⇢miss
T and model

(b) shows a gauge-mediated SUSY breaking model with a higgsino next-to-lightest SUSY particle and gravitino
lightest SUSY particle. For the strong-production models, the left two decay topologies involve gluino pair production,
with the gluinos following an e�ective three-body decay for 6̃ ! @@̄ j̃

0
2 , with j̃

0
2 ! ✓̃

⌥
✓
±/ãa for the gluino–slepton

model (c) and j̃
0
2 ! /

(⇤)
j̃

0
1 in the gluino–/ (⇤) model (d). The diagram (e) illustrates the squark–/ (⇤) model, where

squarks are pair-produced, followed by the decay @̃ ! @ j̃
0
2 , with j̃

0
2 ! /

(⇤)
j̃

0
1 .

Two models of electroweak sparticle production are considered. The first is the production of a chargino
(j̃±

1 ) and the second-lightest neutralino (j̃0
2), henceforth the C1N2 model, which decay via a , boson and

/ boson respectively into LSPs, j̃0
1 . The j̃

±
1 and j̃

0
2 are assumed to have equal masses and always decay

into a , and / boson respectively. A diagram of this model is shown in Figure 1(a). The second is the
pair production of higgsino neutralinos (j̃0

1), which decay into a Higgs or / boson and a nearly massless
gravitino (⌧̃). This model is inspired by GMSB [19–21] and referred to as the GMSB model. A diagram
of this model is shown in Figure 1(b). The branching ratio of the j̃

0
1 to a Higgs boson, alternatively a /

boson, is varied from 0 to 100%.

Three models of strong sparticle pair production are considered. The choice of mass parameterization,
namely setting intermediate particles halfway between the parent and child, enhances the topological
di�erences between these simplified models and others with fewer intermediate particles in the decay
chains [34] or very small mass di�erences between particles. Changing this assumption matters when
interpreting the particle spectrum of a new signal, but does not a�ect the sensitivity of the analysis to
generic kinematic endpoint features. In all three models, the gluino (or squark) and j̃

0
1 masses are varied to

produce a two-dimensional grid of signal models for interpretation. The gluino and squark decays have
equal branching fractions for @ = D, 3, 2, B, 1. The first strong-production model, shown in Figure 1(c),
is referred to as the gluino–slepton model, and assumes that the sleptons are lighter than the j̃

0
2 . The

gluino decays via a j̃
0
2 , which subsequently decays via a slepton or sneutrino (ã) to the LSP (j̃0

1). The two
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Figure 12: The observed and expected yields in the control regions (left), validation regions (middle), and signal
regions (right) of the EWK search after a simultaneous fit to the signal regions and control regions. The hatched band
includes the statistical and systematic uncertainties of the background prediction in each region. The significance of
the di�erence between the observed data and the expected yield in each region is shown in the lower panel using the
profile likelihood method of Ref. [128]; the colours black, grey, and red separate the CRs, VRs, and SRs, respectively.
For the cases where the expected yield is larger than the data, a negative significance is shown.

Table 20: Model-independent upper limits on the observed visible cross-section in the five electroweak search
discovery regions, derived using pseudo-experiments. Left to right: background-only model post-fit total expected
background, with the combined statistical and systematic uncertainties; observed data; 95% CL upper limits on
the visible cross-section (h�nfi95

obs) and on the number of signal events ((95
obs ). The sixth column ((95

exp) shows the
expected 95% CL upper limit on the number of signal events, given the expected number (and ±1f excursions of
the expectation) of background events. The last two columns indicate the confidence level of the background-only
hypothesis (CLb) and discovery ?-value with the corresponding Gaussian significance (/ (B = 0)). CLb provides a
measure of compatibility of the observed data with the signal strength hypothesis at the 95% CL limit relative to
fluctuations of the background, and ?(B = 0) measures compatibility of the observed data with the background-only
hypothesis relative to fluctuations of the background. The ?-value is capped at 0.5.

Signal Region Total Bkg. Data h�nfi95
obs [fb] (

95
obs (

95
exp CLb ?(B = 0) (/)

DR-O�Shell-EWK 22.1± 2.7 21 0.10 14.3 12.3+4.7
�3.1 0.68 0.50 (0.0)

DR-Low-EWK 22± 4 18 0.08 10.8 15.3+5.7
�4.0 0.09 0.50 (0.0)

DR-Int-EWK 35± 4 38 0.15 20.9 17.5+5.9
�3.9 0.73 0.23 (0.8)

DR-High-EWK 3.9± 0.5 0 0.02 3.0 5.6+2.2
�1.5 0.00 0.50 (0.0)

DR-✓✓11-EWK 0.51± 0.20 0 0.02 3.0 3.0+1.3
�0.0 0.19 0.50 (0.0)
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Figure 1: Example decay topologies for the (top row) two electroweak SUSY models and (bottom row) three strong
SUSY models considered in the analysis. Model (a) shows the process j̃0

2 j̃
±
1 ! ,

(⇤) ( 9 9)/ (⇤) (✓✓) +⇢miss
T and model

(b) shows a gauge-mediated SUSY breaking model with a higgsino next-to-lightest SUSY particle and gravitino
lightest SUSY particle. For the strong-production models, the left two decay topologies involve gluino pair production,
with the gluinos following an e�ective three-body decay for 6̃ ! @@̄ j̃

0
2 , with j̃

0
2 ! ✓̃

⌥
✓
±/ãa for the gluino–slepton

model (c) and j̃
0
2 ! /

(⇤)
j̃

0
1 in the gluino–/ (⇤) model (d). The diagram (e) illustrates the squark–/ (⇤) model, where

squarks are pair-produced, followed by the decay @̃ ! @ j̃
0
2 , with j̃

0
2 ! /

(⇤)
j̃

0
1 .

Two models of electroweak sparticle production are considered. The first is the production of a chargino
(j̃±

1 ) and the second-lightest neutralino (j̃0
2), henceforth the C1N2 model, which decay via a , boson and

/ boson respectively into LSPs, j̃0
1 . The j̃

±
1 and j̃

0
2 are assumed to have equal masses and always decay

into a , and / boson respectively. A diagram of this model is shown in Figure 1(a). The second is the
pair production of higgsino neutralinos (j̃0

1), which decay into a Higgs or / boson and a nearly massless
gravitino (⌧̃). This model is inspired by GMSB [19–21] and referred to as the GMSB model. A diagram
of this model is shown in Figure 1(b). The branching ratio of the j̃

0
1 to a Higgs boson, alternatively a /

boson, is varied from 0 to 100%.

Three models of strong sparticle pair production are considered. The choice of mass parameterization,
namely setting intermediate particles halfway between the parent and child, enhances the topological
di�erences between these simplified models and others with fewer intermediate particles in the decay
chains [34] or very small mass di�erences between particles. Changing this assumption matters when
interpreting the particle spectrum of a new signal, but does not a�ect the sensitivity of the analysis to
generic kinematic endpoint features. In all three models, the gluino (or squark) and j̃

0
1 masses are varied to

produce a two-dimensional grid of signal models for interpretation. The gluino and squark decays have
equal branching fractions for @ = D, 3, 2, B, 1. The first strong-production model, shown in Figure 1(c),
is referred to as the gluino–slepton model, and assumes that the sleptons are lighter than the j̃

0
2 . The

gluino decays via a j̃
0
2 , which subsequently decays via a slepton or sneutrino (ã) to the LSP (j̃0

1). The two

5
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particle list has 14 layers, and the one for the SV list has 10 layers. A convolution window of
length 3 is used, and the number of output channels in each convolutional layer ranges be-
tween 32 to 128. The ResNet architecture allows for an efficient training of deep CNNs, thus
leading to a better exploitation of the correlations between the large inputs and improving the
performance. The CNNs in the first step already contain strong discriminatory ability, so the
fully connected network in the second step consists of only one layer with 512 units, followed
by a ReLU activation function and a Dropout [95] layer of 20% drop rate. The NN is imple-
mented using the MXNET package [96] and trained with the ADAM optimizer to minimize the
cross-entropy loss. A minibatch size of 1024 is used, and the initial learning rate is set to 0.001
and then reduced by a factor of 10 at the 10th and 20th epochs to improve convergence. The
training completes after 35 epochs. A sample of 50 million jets is used, of which 80% are used
for training and 20% for validation. Jets from different signal and background samples are
reweighted to yield flat distributions in pT to avoid any potential bias in the training process.
The DeepAK8 algorithm is designed for jets with pT > 200 GeV and typical operating regions
for which the misidentification rate is greater than 0.1%.
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Figure 9: The network architecture of DeepAK8.

6.7.1 A mass-decorrelated version of DeepAK8

As will be discussed in Section 7, background jets selected by the DeepAK8 algorithm exhibit
a modified mass distribution similar to that of the signal. The mass of a jet is one of the most
discriminating variables and, although it is not directly used as an input to the algorithm, the
CNNs are able to extract features that are correlated to the mass to improve the discrimination
power. However, such modification of the mass distribution may be undesirable (as described
in Ref. [15]) if the mass variable itself is used for separating signal and background processes.
Thus, an alternative DeepAK8 algorithm, “DeepAK8-MD”, is developed to be largely decor-
related with the mass of a jet, while preserving the discrimination power as much as possible
using an adversarial training approach [97]. Jets from different signal and background samples
are also weighted to yield flat distributions in both pT and mSD to aid the training.

The architecture of DeepAK8-MD is shown in Fig. 10. Compared to the nominal version of
DeepAK8, a mass prediction network is added with the goal of predicting the mass of a back-
ground jet from the features extracted by the CNNs. The mass prediction network consists of 3
fully-connected layers, each with 256 units and a SELU activation function [98]. It is trained to
predict the mSD of background jets to the closest 10 GeV value between 30 and 250 GeV by min-
imizing the cross-entropy loss. When properly trained, the mass prediction network becomes
a good indicator of how strongly the features extracted by the CNNs are correlated with the
mass of a jet, because the stronger the correlation is, the more accurate the mass prediction will
be. With the introduction of the mass prediction network, the training target of the algorithm
can be modified to include the accuracy of the mass prediction for the background jets as a
penalty, therefore preventing the CNNs from extracting features that are correlated with the

e.g. CMS: Anti-kt R=0.8 + DNN
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Figure 17: The distribution of eB as a function of the generated particle pT for a working point
corresponding to eS = 30 (50)% for t quark (W/Z/H boson) identification. Upper left: t quark,
upper right: W boson, lower left: Z boson, lower right: H boson. The error bars represent
the statistical uncertainty in each specific bin, due to the limited number of simulated events.
Additional fiducial selection criteria applied to the jets are listed in the plots.
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Figure 5: The SR segmentation illustrated as a function of the masses of the two leading large-' jets. (a) In SR-4Q,
both jets are required to pass the ,@@- or /@@-tagging. (b) In SR-2B2Q, one of the two jets is required to contain
exactly two 1-tagged track-jets (�11) while the other (�@@) has at most one. The mass of �11 is required to be
consistent with a / boson (70–100 GeV) or an ⌘ boson (100–135 GeV), while �@@ is required to pass the ,@@- or
/@@-tagging. The mass window cuts of the ,@@//@@-tagging shown in the plot only indicate the typical values, while
variable cut values along ?T are applied in the analysis. The inclusive SRs, defined by the logical union of a few
mutually overlapping SRs, are indicated by the gray dashed lines.

large-' jets by the �' < 1.0 criterion. For the 4Q category, the total number of 1-tagged track-jets in
the event (=1-jet) must be less than two in order to further suppress the CC̄ background. The effective
mass variable, <eff, defined as the scalar sum of the ?T of the two leading large-' jets and ⇢

miss
T , is

used to select events with hard kinematics together with ⇢
miss
T . Selections of ⇢miss

T > 300 (200) GeV
and <eff > 1300 (1000) GeV are applied in the 4Q (2B2Q) regions. Event shape information is also
useful in distinguishing the signals from the backgrounds. Signal events have a relatively spherical shape,
where the jets tend to be isolated from ⇢

miss
T , indicating that the heavy electroweakinos are produced

nearly at rest. Background events, meanwhile, have a higher chance of containing a jet aligned with a
,// boson, due to boosted top decays in CC̄ events or the emission of collinear radiation in /+jets and
,+jets events. The minimum azimuthal angle separation between ⇢

miss
T and any signal small-' jets must

satisfy min�q(⇢miss
T , 9) > 1.0 for both SR categories. The use of small-' jets is motivated by the need to

effectively identify low-?T jets and it also provides better resolution in terms of jet alignment with ⇢
miss
T .

In 2B2Q, the stransverse mass variable <T2 [Lester:1999tx, Barr:2003rg] is also used, constructed by
assigning each of the two leading large-' jets to the visible particle legs. A selection of <T2 > 250 GeV
is found to effectively suppress the SM backgrounds, particularly CC̄ which exhibits a kinematic cutoff at
<T2 ⇠ 200 GeV, driven by the top quark mass constraint.11

The cut values of the kinematic selection are equivalent within the SR-4Q and SR-2B2Q categories.
The selection criteria that define the SR-4Q, SR-2B2Q-Wh, and SR-2B2Q-Vh regions are obtained by
optimizing the sensitivity to the (e, , e⌫) model with (<(ej±

1 ),<(ej0
1)) ⇡ (800, 100) GeV, while those for

SR-2B2Q-WZ, SR-2B2Q-ZZ and SR-2B2Q-VZ are determined by optimizing the sensitivity to the ( e�,
e
⌧)

model with <ej0
1
⇡ 800 GeV. The discovery significance is used as the metric of sensitivity. The obtained

cuts are also found to be nearly optimal for the other signal models.

The acceptance times efficiency for signal events ranges from 1% to 4% depending on �<(ejheavy, ejlight) and
11 The hypothetical missing-particle mass is set to 100 GeV and this offset is subtracted from the calculated <T2, although the

dependency on the choice of missing-particle mass is very small.

17

(a) SR-4Q (b) SR-2B2Q

Figure 5: The SR segmentation illustrated as a function of the masses of the two leading large-' jets. (a) In SR-4Q,
both jets are required to pass the ,@@- or /@@-tagging. (b) In SR-2B2Q, one of the two jets is required to contain
exactly two 1-tagged track-jets (�11) while the other (�@@) has at most one. The mass of �11 is required to be
consistent with a / boson (70–100 GeV) or an ⌘ boson (100–135 GeV), while �@@ is required to pass the ,@@- or
/@@-tagging. The mass window cuts of the ,@@//@@-tagging shown in the plot only indicate the typical values, while
variable cut values along ?T are applied in the analysis. The inclusive SRs, defined by the logical union of a few
mutually overlapping SRs, are indicated by the gray dashed lines.

large-' jets by the �' < 1.0 criterion. For the 4Q category, the total number of 1-tagged track-jets in
the event (=1-jet) must be less than two in order to further suppress the CC̄ background. The effective
mass variable, <eff, defined as the scalar sum of the ?T of the two leading large-' jets and ⇢

miss
T , is

used to select events with hard kinematics together with ⇢
miss
T . Selections of ⇢miss

T > 300 (200) GeV
and <eff > 1300 (1000) GeV are applied in the 4Q (2B2Q) regions. Event shape information is also
useful in distinguishing the signals from the backgrounds. Signal events have a relatively spherical shape,
where the jets tend to be isolated from ⇢

miss
T , indicating that the heavy electroweakinos are produced

nearly at rest. Background events, meanwhile, have a higher chance of containing a jet aligned with a
,// boson, due to boosted top decays in CC̄ events or the emission of collinear radiation in /+jets and
,+jets events. The minimum azimuthal angle separation between ⇢

miss
T and any signal small-' jets must

satisfy min�q(⇢miss
T , 9) > 1.0 for both SR categories. The use of small-' jets is motivated by the need to

effectively identify low-?T jets and it also provides better resolution in terms of jet alignment with ⇢
miss
T .

In 2B2Q, the stransverse mass variable <T2 [Lester:1999tx, Barr:2003rg] is also used, constructed by
assigning each of the two leading large-' jets to the visible particle legs. A selection of <T2 > 250 GeV
is found to effectively suppress the SM backgrounds, particularly CC̄ which exhibits a kinematic cutoff at
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4 Event reconstruction and physics objects
Events are reconstructed using the CMS particle-flow (PF) algorithm [42], which aims to re-
construct and identify each individual particle in the event with an optimized combination
of information from the various elements of the detector. Particles are identified as charged
or neutral hadrons, photons, electrons, or muons, and cannot be classified into multiple cate-
gories. The PF candidates are then used to build higher-level objects, such as jets. Events are
required to have at least one reconstructed vertex. The physics objects are those returned by a
jet-finding algorithm [43, 44] applied to the tracks associated with the vertex, and the associ-
ated missing transverse momentum ~pmiss

T , taken as the negative vector sum of the pT of those
jets. In the case of multiple overlapping events with multiple reconstructed vertices, the vertex
with the largest value of summed physics object p

2
T is defined to be the primary pp interaction

vertex (PV).

Photons are reconstructed from energy depositions in the ECAL using identification algorithms
that use a collection of variables related to the spatial distribution of shower energy in the su-
percluster (a group of 5⇥5 ECAL crystals), the photon isolation, and the fraction of the energy
deposited in the HCAL behind the supercluster relative to the energy observed in the super-
cluster [21, 45]. The requirements imposed on these variables ensure an efficiency of 80% in se-
lecting prompt photons. Photon candidates are required to be reconstructed with pT > 200 GeV
and |h| < 2.5. Simulation-to-data correction factors are used to correct photon identification
performance in MC.

Electrons are reconstructed by combining information from the inner tracker with energy depo-
sitions in the ECAL [45]. Muons are reconstructed by combining tracks in the inner tracker and
in the muon system [22]. Tracks associated with electrons or muons are required to originate
from the PV, and a set of quality criteria is imposed to assure efficient identification [22, 45]. To
suppress misidentification of charged hadrons as leptons, we require electrons and muons to be
isolated from jet activity within a pT-dependent cone in the h-f plane, DR =

p

(Dh)2 + (Df)2,
where f is the azimuthal angle in radians. The relative isolation, Irel, is defined as the pT sum of
the PF candidates within the cone divided by the lepton pT. Neither charged PF candidates not
originating from the PV, nor those identified as electrons or muons, are included in the sum.

The isolation sum Irel is corrected for contributions of neutral particles originating from pileup
interactions using an area-based estimate [46] of pileup energy deposition in the cone. The
requirements imposed on the electron and muon candidates lead to an average identification
efficiency of 70 and 95%, respectively. In addition, the electron and muon candidates are re-
quired to have pT > 40 GeV and be within the tracker acceptance of |h| < 2.5. The electron and
muon identification performance in simulation is corrected to match the performance in data.

The primary jet collection in this paper, referred to as “AK8 jets”, is produced by clustering
PF candidates using the anti-kT algorithm [43] with a distance parameter of R = 0.8 with the
FASTJET 3.1 software package [43, 44].

A collection of jets produced using the Cambridge–Aachen (CA) [47, 48] clustering algorithm
with R = 1.5, referred to as “CA15 jets”, is also used in this paper. In both jet collections,
the “PileUp Per Particle Identification (PUPPI)” [49] method is used to mitigate the effect of
pileup on jet observables. This method makes use of local shape information around each par-
ticle in the event, the event pileup properties, and tracking information. This PUPPI algorithm
operates at the PF candidate level, before any jet clustering is performed. A local variable a
is computed for each PF candidate, which contrasts the collinear structure of QCD with the
low-pT diffuse radiation arising from pileup interactions. This a variable is used to calculate a

https://arxiv.org/abs/2108.07586
http://arxiv.org/abs/2205.09597
https://arxiv.org/abs/2004.08262
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e.g. Muon g-2 explaining scenario 
   >=3 of (wino, higgsino, bino, left-handed smuon,  right-handed smuon) need to be <O(1TeV).


e.g. Naturalness oriented spectra

    Light higgsino, stop, gluino


More light SUSY particles → More handles in the search 
   ○ Larger Δm, more prod. channels, longer cascade decays → more final state objects, etc.

   ○ Can do much better than the minimal DM-oriented SUSY search.
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オマケ: W→qq→反ヘリウム原子核

○ 最近流行りの気球実験:  DM対消滅 → WW → qqqq → 反原子核。1発見えれば発見。 

○ 本当にそんなprocess起こんのか？ 

    ○ LHCで反原子核の生成は確認。モデルの予想とも概ね合っている。が、W由来ではない (僕の理解)。


    ○ ALICEが反He3原子核と物質の対消滅断面積を測定。宇宙空間での減衰も大丈夫そうなのを確認。


○ やっぱWからの反原子核見たくないか？ 

   高統計・pureなhadronicサンプルが必要 → ATLASのsemi-leptonic ttbar使う？ 
    2b+1Lでほぼsemi-lep ttbarだけになるので, そこにdoubly-chargedな物体がいるかを見ればok
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implemented in the Geant4 package53,54 (Fig. 1c). Figure 1e presents the 
simulated ratio as a function of σinel(3

He) parameterized using the 
Lambert–Beer law55. For each momentum interval, the uncertainties 
of σinel(3

He) are obtained by requiring an agreement at ±1σ with the 
measured observables, where σ represents the total experimental 

uncertainty (statistical and systematic uncertainties added in 
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centre-of-mass energy per nucleon pair 

√

s

NN

 = 5.02 TeV, measures the 
disappearance of 3He  nuclei in the TRD detector only (TOF-to-TPC 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

σinel(
3He) on  A  = 34.7 (b)σinel(

3He) on  A  = 17.4 (b)

0.54

0.56

0.58

0.60

0.62

0.64

0.66

0.68

0.70

0.72

Ra
w

 3 H
e 

(T
O

F)
/r

aw
 3 H

e 
(T

PC
)  

3.0 < pprimary/|z| < 3.5 GeV c–10.65 < pprimary/|z| < 0.80 GeV c–1

|η| < 0.8|η| < 0.8
Lambert–Beer fit

Data (with total unc.)
Resulting σinel(

3He) 

MC with varied σinel(
3He) 

Lambert–Beer fit

Data (with total unc.)
Resulting σinel(

3He) 

MC with varied σinel(
3He) 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Ra
w

 3 H
e 

(T
O

F)
/r

aw
 3 H

e 
(T

PC
)  

ALICE Pb–Pb √sNN = 5.02 TeV 

0–10% centrality

|η| < 0.8

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

pprimary/ |z| (GeV c–1) pprimary/ |z| (GeV c–1)

0

0.2

0.4

0.6

1.0

0.8

1.2

1.4

Ra
w

 (3 H
e/

3 H
e)

 
Ra

w
 (3 H

e/
3 H

e)
 

ALICE
pp √s = 13 TeV

DataData DataData

MC default σinel(
3He)

MC with σinel(
3He) ± 50%

a b

ITSITS

TPCTPC

TRDTRD

TOFTOF

3He

3He3He

1 m1 m

dc

fe

300

900

800

1,000

700

ALICE

Pb–Pb √sNN = 5.02 TeV (anti)3He (all)

(anti)3He with TOF info

600

500

400

200

100

0
–2 –1 0 1

p/Z (GeV c–1)
2 3–3

dE
/d

x 
in

 T
PC

 (a
rb

. u
ni

ts
)  

|η| < 0.8

MC default σinel(
3He)

MC with σinel(
3He) ± 50%

Nature Physics | Volume 19 | January 2023 | 61–71 65

Article https://doi.org/10.1038/s41567-022-01804-8

p + p → 3He + X

AMS-02

Distance to the Galactic Centre (kpc)

Distance to the Galactic Centre (kpc) Distance to the Sun (AU)
100 1100.100

101

ρ DM
 (G

eV
 c

m
–3

)

10–2

100

101

102

10010–1

Voyager 1

3He + p → Y

χ + χ → W+W– → 3He + X
GAPS

p + 4He → 3He + X

3He, p

Sun

= DM

Fig. 3 | Schematic of 3He production and propagation in our Galaxy. 
Distribution of DM density ρDM in our Galaxy as a function of distance from the 
Galactic Centre according to the Navarro–Frenk–White profile62 (top). Graphical 
illustration of 3He production from cosmic-ray interactions with interstellar gas 

or DM (χ) annihilations (bottom). The yellow halo represents the heliosphere and 
the Earth, Sun and positions of the Voyager 1, AMS-02 and GAPS experiments are 
depicted, too.

10–6

10–8

10–10

10–12

10–14

3 H
e 

flu
x 

(m
–2

 s
r–1

 s
–1

)

3 H
e 

flu
x 

(m
–2

 s
r–1

 s
–1

)

mχ = 100 GeV c–2

χ + χ →W+W–→3He + X  

mχ = 100 GeV c–2

χ + χ →W+W–→3He + X  

Background

Range of ALICE measurement

σALICE Backgroundinel

σALICE Dark matterinel

σGeant4 Backgroundinel

σGeant4 Dark matterinel

σinel = 0 Background

σinel = 0 Dark matter

10

Ekin/A (GeV A–1) Ekin/A (GeV A–1) 

0

0.2

1 10210–1 101 10210–1

0.4

0.6

0.8
1.0

10–6

10–8

10–10

10–12

10–14

0

0.2

0.4

0.6

0.8

Tr
an

sp
ar

en
cy

Background

Range of ALICE measurement

GAPS

ALICE
Dark matter29

Background57

GALPROP propagation

AMS-02

1.0

Tr
an

sp
ar

en
cy

Fig. 4 | Expected 3He flux near Earth before and after solar modulation. Data 
before (left) and after (right) solar modulation. The latter is obtained using the 
force-field method with modulation potential φ = 400 MV. The results are shown 
as a function of kinetic energy per nucleon (Ekin/A). Fluxes for DM signal χ (red) 
and cosmic-ray background (blue) antihelium nuclei for different cases of 
inelastic cross sections used in the calculations (top). The bands show the results 
obtained with σinel(3

He) from ALICE measurements, and the full lines correspond 
to the results using the parameterizations. The dashed lines show the fluxes 
obtained with σinel(3

He) set to zero for the DM signal (orange line) and for the 

cosmic-ray background (magenta line). The green band on the x axis indicates the 
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He). 
Transparency of our Galaxy to the propagation of 3He outside (left) and inside 
(right) the Solar System (bottom). The shaded areas (top right) show the 
expected sensitivity of the GAPS79 and AMS-0230 experiments. The top panels 
also show the fluxes obtained with σinel(3

He) set to zero. Only the uncertainties 
relative to the measured σinel(3

He) are shown, which represent standard 
deviations. The calculations employ the 3He DM source described elsewhere29 
and the 3He production cross section from the cosmic-ray background57.
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Di�erences in e�ciency between the two signal points arise from the di�erent mass splitting of the two
samples and the average momentum of the parent chargino particle. In the case of m( �̃±1 ) = 200 GeV,
the soft-tracks have a slightly harder momentum spectrum than m( �̃±1 ) = 95 GeV, but receive less of a
momentum boost resulting in more tracks with larger |d0 | values. The e�ciency for the m( �̃±1 ) = 200 GeV
point when parameterized as a function of pT is more enriched in larger d0 tracks than m( �̃±1 ) = 95 GeV at
lower momentum values, and therefore results in apparent e�ciency losses as a function of pT.
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Figure 7: Soft-track reconstruction e�ciency as a function of the generated soft-track pT (a), transverse impact
parameter (b), production radius, (c) and average number of pp interactions (d). All plots require the soft-track
generator level pT>200 MeV, soft-track production radius r > 88.5 mm, and the reconstruction of a chargino tracklet
with the same requirements applied at the soft-track seeding level.
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tracklets, which allows the reconstruction of charginos decaying at radii from about 12 cm to 30 cm. The
use of these tracklets is possible thanks to the new innermost tracking layer [21, 22] installed during the
LHC long shutdown between Run 1 and Run 2. The use of shorter tracklets significantly extends the
sensitivity to smaller chargino lifetimes.

This paper is organised as follows. A brief overview of the ATLAS detector is given in section 2. In
section 3, the signal processes and backgrounds are described and an overview of the analysis method
is given. The data samples used in this analysis and the simulation model of the signal processes are
described in section 4. The reconstruction algorithms and event selection are presented in section 5. The
analysis method is discussed in section 6. The systematic uncertainties are described in section 7. The
results are presented in section 8. Section 9 is devoted to conclusions.

2 ATLAS detector

ATLAS [23] is a multipurpose detector with a forward-backward symmetric cylindrical geometry, covering
nearly the entire solid angle around an interaction point of the LHC.2 The inner tracking detector (ID)
consists of pixel and micro-strip silicon detectors covering the pseudorapidity region of |⌘ | < 2.5,
surrounded by a transition radiation tracker (TRT), which improves the momentum measurement and
enhances electron identification capabilities. The pixel detector spans the radius range from 3 cm to
12 cm, the strip semiconductor tracker (SCT) from 30 cm to 52 cm, and the TRT from 56 cm to 108 cm.
The pixel detector has four barrel layers, and three disks in each of the forward and backward regions. The
barrel layers surround the beam pipe at radii of 33.3, 50.5, 88.5, and 122.5 mm, covering |⌘ | < 1.9. These
layers are equipped with pixels which have a width of 50 µm in the transverse direction. The pixel sizes
in the longitudinal direction are 250 µm for the first layer and 400 µm for the other layers. The innermost

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2)
and the rapidity is defined as y = (1/2) ln[(E + pz )/(E � pz )] where E is the energy and pz the longitudinal momentum of the
object of interest.
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tracklets, which allows the reconstruction of charginos decaying at radii from about 12 cm to 30 cm. The
use of these tracklets is possible thanks to the new innermost tracking layer [21, 22] installed during the
LHC long shutdown between Run 1 and Run 2. The use of shorter tracklets significantly extends the
sensitivity to smaller chargino lifetimes.

This paper is organised as follows. A brief overview of the ATLAS detector is given in section 2. In
section 3, the signal processes and backgrounds are described and an overview of the analysis method
is given. The data samples used in this analysis and the simulation model of the signal processes are
described in section 4. The reconstruction algorithms and event selection are presented in section 5. The
analysis method is discussed in section 6. The systematic uncertainties are described in section 7. The
results are presented in section 8. Section 9 is devoted to conclusions.

2 ATLAS detector

ATLAS [23] is a multipurpose detector with a forward-backward symmetric cylindrical geometry, covering
nearly the entire solid angle around an interaction point of the LHC.2 The inner tracking detector (ID)
consists of pixel and micro-strip silicon detectors covering the pseudorapidity region of |⌘ | < 2.5,
surrounded by a transition radiation tracker (TRT), which improves the momentum measurement and
enhances electron identification capabilities. The pixel detector spans the radius range from 3 cm to
12 cm, the strip semiconductor tracker (SCT) from 30 cm to 52 cm, and the TRT from 56 cm to 108 cm.
The pixel detector has four barrel layers, and three disks in each of the forward and backward regions. The
barrel layers surround the beam pipe at radii of 33.3, 50.5, 88.5, and 122.5 mm, covering |⌘ | < 1.9. These
layers are equipped with pixels which have a width of 50 µm in the transverse direction. The pixel sizes
in the longitudinal direction are 250 µm for the first layer and 400 µm for the other layers. The innermost

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2)
and the rapidity is defined as y = (1/2) ln[(E + pz )/(E � pz )] where E is the energy and pz the longitudinal momentum of the
object of interest.
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Di�erences in e�ciency between the two signal points arise from the di�erent mass splitting of the two
samples and the average momentum of the parent chargino particle. In the case of m( �̃±1 ) = 200 GeV,
the soft-tracks have a slightly harder momentum spectrum than m( �̃±1 ) = 95 GeV, but receive less of a
momentum boost resulting in more tracks with larger |d0 | values. The e�ciency for the m( �̃±1 ) = 200 GeV
point when parameterized as a function of pT is more enriched in larger d0 tracks than m( �̃±1 ) = 95 GeV at
lower momentum values, and therefore results in apparent e�ciency losses as a function of pT.
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Figure 7: Soft-track reconstruction e�ciency as a function of the generated soft-track pT (a), transverse impact
parameter (b), production radius, (c) and average number of pp interactions (d). All plots require the soft-track
generator level pT>200 MeV, soft-track production radius r > 88.5 mm, and the reconstruction of a chargino tracklet
with the same requirements applied at the soft-track seeding level.
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tracklets, which allows the reconstruction of charginos decaying at radii from about 12 cm to 30 cm. The
use of these tracklets is possible thanks to the new innermost tracking layer [21, 22] installed during the
LHC long shutdown between Run 1 and Run 2. The use of shorter tracklets significantly extends the
sensitivity to smaller chargino lifetimes.

This paper is organised as follows. A brief overview of the ATLAS detector is given in section 2. In
section 3, the signal processes and backgrounds are described and an overview of the analysis method
is given. The data samples used in this analysis and the simulation model of the signal processes are
described in section 4. The reconstruction algorithms and event selection are presented in section 5. The
analysis method is discussed in section 6. The systematic uncertainties are described in section 7. The
results are presented in section 8. Section 9 is devoted to conclusions.

2 ATLAS detector

ATLAS [23] is a multipurpose detector with a forward-backward symmetric cylindrical geometry, covering
nearly the entire solid angle around an interaction point of the LHC.2 The inner tracking detector (ID)
consists of pixel and micro-strip silicon detectors covering the pseudorapidity region of |⌘ | < 2.5,
surrounded by a transition radiation tracker (TRT), which improves the momentum measurement and
enhances electron identification capabilities. The pixel detector spans the radius range from 3 cm to
12 cm, the strip semiconductor tracker (SCT) from 30 cm to 52 cm, and the TRT from 56 cm to 108 cm.
The pixel detector has four barrel layers, and three disks in each of the forward and backward regions. The
barrel layers surround the beam pipe at radii of 33.3, 50.5, 88.5, and 122.5 mm, covering |⌘ | < 1.9. These
layers are equipped with pixels which have a width of 50 µm in the transverse direction. The pixel sizes
in the longitudinal direction are 250 µm for the first layer and 400 µm for the other layers. The innermost

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2)
and the rapidity is defined as y = (1/2) ln[(E + pz )/(E � pz )] where E is the energy and pz the longitudinal momentum of the
object of interest.
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tracklets, which allows the reconstruction of charginos decaying at radii from about 12 cm to 30 cm. The
use of these tracklets is possible thanks to the new innermost tracking layer [21, 22] installed during the
LHC long shutdown between Run 1 and Run 2. The use of shorter tracklets significantly extends the
sensitivity to smaller chargino lifetimes.

This paper is organised as follows. A brief overview of the ATLAS detector is given in section 2. In
section 3, the signal processes and backgrounds are described and an overview of the analysis method
is given. The data samples used in this analysis and the simulation model of the signal processes are
described in section 4. The reconstruction algorithms and event selection are presented in section 5. The
analysis method is discussed in section 6. The systematic uncertainties are described in section 7. The
results are presented in section 8. Section 9 is devoted to conclusions.

2 ATLAS detector

ATLAS [23] is a multipurpose detector with a forward-backward symmetric cylindrical geometry, covering
nearly the entire solid angle around an interaction point of the LHC.2 The inner tracking detector (ID)
consists of pixel and micro-strip silicon detectors covering the pseudorapidity region of |⌘ | < 2.5,
surrounded by a transition radiation tracker (TRT), which improves the momentum measurement and
enhances electron identification capabilities. The pixel detector spans the radius range from 3 cm to
12 cm, the strip semiconductor tracker (SCT) from 30 cm to 52 cm, and the TRT from 56 cm to 108 cm.
The pixel detector has four barrel layers, and three disks in each of the forward and backward regions. The
barrel layers surround the beam pipe at radii of 33.3, 50.5, 88.5, and 122.5 mm, covering |⌘ | < 1.9. These
layers are equipped with pixels which have a width of 50 µm in the transverse direction. The pixel sizes
in the longitudinal direction are 250 µm for the first layer and 400 µm for the other layers. The innermost

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2)
and the rapidity is defined as y = (1/2) ln[(E + pz )/(E � pz )] where E is the energy and pz the longitudinal momentum of the
object of interest.
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Areas for further improvement @LHC 
○ Disappearing track trigger 

   Ultimately no need to ask for a hard ISR.

○ Soft-pion reconstruction & vertex association.

○ Exploration of per-hit dE/dx 

   Now that the target chargino becomes heavier

2

Soft pion reconstruction @ATLAS (ATL-PHYS-PUB-2019-011)

Disappearing track+MET trigger @ATLAS Run3 (link)

Prospects:  Wino LSP/Pure-higgsino LSP (Disappearing track search)
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Pion track finding seeded by the  
disappearing track

Reconstructed  
short track

200MeV
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FIG. 3. Projected photon collider sensitivity of �� ! ˜̀̀̃ using
13 TeV proton-tagged LHC collisions. Solid lines (this work)
show the 2� sensitivity contours for integrated luminosities
of 100 fb�1 (blue) and 300 fb�1 (purple), along with 5� at
300 fb�1 (pink). A simplified model of slepton mediators ˜̀

with a fourfold mass degeneracy decaying to neutralino DM
�̃0
1 is considered. Filled regions denote constraints from AT-

LAS 2` 0 jets [11, 12] (yellow), 2` ISR searches [14] (pink), and
LEP for partners of the right-handed muons µ̃R [15–17] (or-
ange). Dashed lines indicate parameter space favored by relic
abundance ⌦DMh2 [4] (gray) and muon (g � 2)µ [8] (green)
measurements, computed using micrOMEGAs [62].

cance out of the three SRs. Our strategy unambiguously
surpasses existing collider sensitivity (filled regions) in
the 15 . �m(˜̀, �̃0

1) . 60 GeV corridor. For �m(˜̀, �̃0
1) ⇠

40 GeV, 2� sensitivity reaches m(˜̀) ⇠ 220 (280) GeV
for 100 (300) fb�1, while 5� sensitivity extends up to
m(˜̀) ⇠ 160 GeV using 300 fb�1.

The mass reach depends on several factors. As m(˜̀)
increases, the �� ! ˜̀̀̃ cross-section decreases and the
search becomes statistically limited. However, signals
with larger m(˜̀) are easier to distinguish from the WW
background as the signal becomes better separated from
the W boson mass; higher DM masses are similarly easier
to separate. For m(˜̀) . 130 GeV, sensitivity is limited
by the forward detector acceptance, which drops rapidly
for proton energy losses of E� . 100 GeV.

The canonical LHC search for sleptons employs the ‘2`
0 jets’ signature, where the ATLAS 8 TeV, 20.3 fb�1

analysis gives the most stringent limit for m(˜̀) .
250 GeV [11]. Notably, the 13 TeV, 36.1 fb�1 counter-
part [12] did not surpass the 8 TeV analysis sensitivity for
�m(˜̀, �̃0

1) . 60 GeV, despite higher centre-of-mass en-
ergy and luminosity, with similar results from CMS [13].

Our strategy has limited sensitivity to the very com-
pressed region �m(˜̀, �̃0

1) . 10 GeV due to the trigger
emulation p`T > 15 GeV. Recent work proposed strategies
using initial state radiation (ISR) and low momentum
leptons to probe this challenging region [63, 64], which is

successfully adopted by the ATLAS 2` ISR search [14].
Our strategy can potentially provide a complementary
probe of this region, free from hadronic backgrounds.
This is only possible if lepton trigger thresholds are low-
ered by using forward detector triggering, motivating
their development for LHC Run 3.

A striking feature of Fig. 3 is that our proposal deci-
sively probes regions favored by DM and muon (g � 2)µ
phenomenology. We evaluate these noncollider observ-
ables using micrOMEGAs v4.2.1 [62]. The gray dashed
contour indicates where the �̃0

1 relic abundance matches
the Planck measurement ⌦�̃0

1
h2 = ⌦Planck

DM h2 = 0.12 [4].

Depletion of ⌦�̃0
1
h2 occurs via coannihilation processes

such as ˜̀�̃0
1 ! `�, whose rate grows exponentially

⇠ e��m(˜̀,�̃0
1)/m(˜̀) with smaller mass di↵erences [5, 6].

At low m(˜̀), the self-annihilation via the Z boson ‘fun-
nel’ becomes competitive, allowing larger mass splittings
to satisfy ⌦Planck

DM h2. Loop corrections from ˜̀ and �̃0
1

states contribute to the muon anomalous magnetic mo-
ment aµ = 1

2 (g � 2)µ. The green dashed line indicates
modifications consistent with the measured discrepancy
�aµ = ameasured

µ � apredicted
µ ' 2.5 ⇥ 10�9 [8]. While

we consider these features in a simplified model, the
phenomenology is qualitatively consistent with those in
global fits of more complete 11-parameter models [65].

If the fourfold mass degeneracy scheme is relaxed,
the LHC blind corridor widens to 10 . �m(µ̃R, �̃0

1) .
90 GeV [11–14], where our strategy will play an impor-
tant role. In conventional electroweak production, the
right-handed states ˜̀

R have order 3 times smaller cross-
sections than the left-handed ˜̀

L counterparts [66]. By
contrast, the photon collider strategy has the advantage
of equal QED cross-sections for ˜̀

L and ˜̀
R states.

This proposal is widely extendable to other search
channels and electrically charged targets. So-called R-
parity violating scenarios where the �̃0

1 decays to higher
multiplicity final states can profit from clean events.
Charged fermions (charginos) face similar di�culties dis-
criminating against WW backgrounds and may benefit
in combination with a hadronic channel. Scalar quarks,
charged Higgs bosons, spin 1 mediators, disappearing
track signatures are also motivated scenarios.

In summary, we proposed a search strategy using the
LHC as a photon collider to open sensitivity beyond LEP
in the challenging corridor 15 . �m(˜̀, �̃0

1) . 60 GeV
favored by DM and (g � 2)µ phenomenology. Proton
tagging enables the initial state and missing momentum
four-vector pmiss to be reconstructed, o↵ering striking
background discrimination inaccessible to current LHC
searches. We encourage experimental collaborations to
include this forward physics frontier in flagship hadron
collider searches for DM and their charged mediators.
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FIG. 2. Kinematic distributions of search discriminants reconstructing the mass and spin of benchmark slepton signals
(lines) and WW background (filled), normalized to 100 fb�1. Double proton tag, lepton e�ciencies and detector smearing are
applied, but no lepton trigger emulation is imposed. The event selection applied, denoted SR-common, requires mmax

DM > 0 GeV,
|⌘`| < 2.5, same flavour leptons, and mT2 > 2 GeV. Masses of the signals are displayed in the legend. The lower panel estimates
the statistical significance after integrating the signal S and background B counts with the indicated bound on the variable.

impose | cos ✓̄``| < 0.65 and construct three signal region
(SR) categories targeting small ‘compressed’, medium
‘corridor’, and large mass di↵erences �m(˜̀, �̃0

1):

• SR-compressed: mmax
parent > 80 GeV, mmax

DM >
0 GeV, m��/Wmiss < 1.4;

• SR-corridor: mmax
parent > 120 GeV, mmax

DM > 80 GeV;

• SR-large: mmax
parent > 130 GeV, mmax

DM > 20 GeV.

An improved search strategy would involve a shape anal-
ysis across mmax

parent vs mmax
DM akin to a bumphunt [26] in

two dimensions, but is beyond the scope of this work.
Other potential irreducible processes include ⌧⌧ !

`⌫⌫`⌫⌫, which has a large rate � ⇥ B ' 74 ⇥ 0.352 '
9.1 pb. We reject this process by reconstructing the ⌧
mass endpoint using the stransverse mass mT2 > 2 GeV
(see Refs. [55–57] for definition). This variable uses the
lepton momenta and missing transverse momentum de-
fined by pmiss

T ⌘ �p`1
T � p`2

T . We validate mitigation of
this background by generating an event sample in Mad-

Graph using the sm-lepton masses model to decay the
taus. Top quark pairs �� ! tt̄ ! b`⌫b`⌫ contribute a
small rate � ⇥ B ' 0.33 ⇥ 0.212 ' 0.015 fb and we as-
sume a jet veto renders this background negligible.

Turning to reducible backgrounds induced by detec-
tor misreconstruction, these typically require data-driven
techniques by the experimental collaborations to esti-
mate reliably. We briefly discuss possible mitigation
strategies. First, nonresonant production of lepton pairs
�� ! ``, where ` 2 [e, µ], has a large cross-section of
140 pb per flavour. Missing momentum results solely
from detector resolution and this background is also ren-
dered negligible by the mT2 requirement. This also
suppresses resonant dilepton processes from decays of
diquark bound states, such as J/ and ⌥ resonances.
Next, leptons from fake and nonprompt sources, such as

semileptonic decays of B-hadrons, typically become sig-
nificant at low lepton pT [14]. We expect these to be well
controlled by standard lepton quality requirements in the
extremely clean events. Finally, protons from pileup col-
lisions can fake intact UPC protons when occurring in
the same event as an exclusive or nonexclusive process
that gives two leptons and pmiss. A veto in the Zero
Degree Calorimeter [58] will suppress nonexclusive pro-
cesses. Timing with 10 ps resolution can associate pro-
tons in the forward detectors to the lepton vertices [59].

IV. SENSITIVITY AND DISCUSSION

We now evaluate the sensitivity of our search strategy
for the slepton–DM simplified model. We assume two
benchmark luminosities L = 100 (300) fb�1, which cor-
respond to the cumulative dataset for LHC Run 2 (3).
We use the asymptotic Poisson significance with uncer-
tain background ZA(S, B,�B) [60, 61]. This takes as in-
put the signal S, background B counts, and we ascribe
a background systematic uncertainty of �B = 0.2B. For
100 fb�1, SR-compressed has B = 0.55 and the high-
est S = 6.7 is for the m(˜̀, �̃0

1) = (100, 80) GeV sig-
nal. This corresponds to a signal e�ciency of 2.6%,
and a significance of 3.9�, rising to 6.8� for 300 fb�1.
Meanwhile, SR-corridor targets slightly larger �m(˜̀, �̃0

1),
where B = 1.1 and the highest S = 8.1 corresponds to
the m(˜̀, �̃0

1) = (125, 80) GeV signal, translating to 4.0�
significance, rising to 6.9� for 300 fb�1. SR-large probes
larger �m(˜̀, �̃0

1), with B = 1.6 at 100 fb�1 and the high-
est S = 8.5 is for the m(˜̀, �̃0

1) = (125, 40) GeV signal.
Figure 3 shows the 2� ‘sensitivity’ contours of

our search strategy (solid lines) in the �m(˜̀, �̃0
1) vs

m(˜̀) plane, with 5� ‘discovery’ contours displayed for
300 fb�1. For each signal point, we use the highest signifi-

LHC is also a photon collider 
    ○ Fusion of two almost-on-shell photons spilled from the beam protons.

    ○ Substantial effective γγ luminosity: ~1029 (27) cm-2s-1GeV-1 @√s^=100 GeV (1 TeV).


Diffracted beam protons stay intact → Tag/measure using the forward detectors 
    ○ Exclusive selection of γγ fusion events → Much cleaner than the pp version of the search.

    ○ Full knowledge of center-of-mass 4-vector thanks to the forward proton tagging

       → Direct access to √s^ instead Δm. No more pain from small-Δm.  
Anticipated target:   Slepton/Stau with Δm=10-50 GeV. 
    ○ Can already potentially close the "bino+slepton gap" with the Run3 statistics.

Beresford & Liu (1811.06465)

https://arxiv.org/abs/1811.06465


A few words on the Sneutrlino LSP

Not only because it's "dead" but its standalone search is genuinely hard in hadron colliers. 
  ○ Small prod. cross-section: σ(slepton pair) ~ σ(higgsino chargino-neutralino)/20

  ○ Only the soft W*s will be visible. 

     Di-leptonic BR ~ 4%,  pT(ℓ) ~ Δm(slep, sneu)/4

     Assuming the same acceptance as the higgsino search, no exclusion yet for >100GeV sleptons.

  ○ Much higher potential in lepton/photon colliders


Next minimal mass spectra scenarios are likely covered by the existing multi-lepton searches: 
  ○ Signatures: Other SUSYs → slepton pair+X → 2L+sneutrino LSP pair+X
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Sneutrinos are always right under left-handed slepton/stau

�̃± ! `±⌫̃, ⌫ ˜̀± (1)

�̃0 ! `± ˜̀⌥, ⌫⌫̃ (2)

˜̀± ! `�̃0, ⌫�̃± (3)

⌫̃± ! ⌫�̃0, `±�̃⌥ (4)

˜̀±
L ! ⌫̃W ⇤ (5)

˜̀±
L,R ! `± ˜̀0

R,L`
0⌥ (6)

˜̀±
R ! `± ⌫̃⌫ (7)

1

µ̃L, ⌫̃

<latexit sha1_base64="Kg2p+W9BRITblzUf0mHVzifBEus=">AAACEnicbVDLSsNAFJ34rPUVdSVugkVwISWRii6Lbly4qGAf0IQymdy0Q2cmYWYilFD8CX/Bre7diVt/wK1f4vQhaOuBgXPPuZd754Qpo0q77qe1sLi0vLJaWCuub2xubds7uw2VZJJAnSQska0QK2BUQF1TzaCVSsA8ZNAM+1cjv3kPUtFE3OlBCgHHXUFjSrA2Usfe9zVlEeQ+z4adm5OfSpjKLrlldwxnnnhTUkJT1Dr2lx8lJOMgNGFYqbbnpjrIsdSUMBgW/UxBikkfd6FtqMAcVJCPvzB0jowSOXEizRPaGau/J3LMlRrw0HRyrHtq1huJ/3ohn9ms44sgpyLNNAgyWRxnzNGJM8rHiagEotnAEEwkNbc7pIclJtqkWDSheLMRzJPGadmrlM9uK6Xq5TSeAjpAh+gYeegcVdE1qqE6IugBPaFn9GI9Wq/Wm/U+aV2wpjN76A+sj2/LeZ5z</latexit>
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l−j

ν̄j l̃−i
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FIG. 1: Possible decay modes of the LH slepton through W ∗ emission.

A. Left-Handed Sleptons

The decays of the LH sleptons, SU(2) partners of the NLSP sneutrinos, were seen to be

a crucial ingredient in our original study [1]. The situation is unchanged in the RH-active

spectra which we consider here, but we present a brief review. We then proceed to discuss

potentially relevant variations.

Recall that the splitting between the LH sleptons and the sneutrinos is given mostly by

D-term interactions with the Higgs VEVs:

ml̃ −mν̃ ≈
m2

W (− cos 2β)

ml̃ +mν̃
. (1)

One can clearly see that the splitting cannot exceed the mass of the W , and that any

decay of the LH slepton is necessarily three-body. For example, for a doublet mass of

200 GeV, and tan β >∼ 3, the splitting is about 16 GeV. Typically, the dominant diagram

is the familiar electroweak decay via W ∗ emission, as in Fig. 1. Branching fractions are as

usual. 67% of decays produce jets, which are in this case relatively soft and low-multiplicity

due to the smallness of the available energy. These decays will likely be quite difficult to

isolate at the LHC. 11% of decays produce a tau, also a challenging signal, and sometimes

indistinguishable from a prompt electron or muon production. The remaining 22% of decays

result in a relatively clean electron or muon.

This lepton is completely uncorrelated in flavor with its parent slepton, and with any

charged lepton produced along with the slepton. Therefore, decay chains with an intermedi-

ate LH slepton can feature a pair of opposite-sign leptons with no relative flavor structure.

As discussed in [1], this leads to equal excesses of OSSF and OSOF lepton pairs, which can

be seen in dilepton as well as trilepton events at the LHC. We argued that the observation

of these unconventional signals would serve as strong evidence for a spectrum with sneutrino

NLSP where RH sleptons are largely bypassed.

6

Typically Δm < 10 GeV



mBino = mH/2, mA/2  → Resonant bino annihilation via H/A

55

General H/A→SM particle resonance search would be the most sensitive channels. 
   Decays into down-type fermions become significant in the large tanβ regime  (σ ∝ tan4β)


No much motivation to start dedicate H/A→RPC SUSY searches for now.  
   Will be important to determine SUSY's nature when they are found in the direct searches in the future.
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Summary C1N2→WZ C1N2→Wh

Wino NLSP/Bino LSP simplified model

Top: ATLAS / Bottom: CMS
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Algorithms
Low pT track jet b-tagging

Soft SV tagging

• Track Cluster based Low pT Vertex Tagger (TC-LVT) 
 Track clustering followed by the SSVF algorithm

Extension of standard b-tagging to low pt (>5 GeV) track jet 

Identify SVs regardless of the presence of a jet

Two methods developed:

• Track based Low pT Vertex Tagger (T-LVT) 

Exploit VrtSecInclusive used in the SUSY 
displaced vertices searches

Track-jet 

overlap removal

Secondary vertex

Selected tracks
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Figure 10: (a) mvtx and (b) L3D distributions obtained by applying all vertex selections on the observables of
Section 5.2.1 but that on the observable shown. The red curve refers to vertices in the stop sample while the blue one
refers to a W-production sample where events containing b- or c-hadron at generator level have been removed. The
shaded part of the histograms corresponds to the tracks that are accepted by the algorithm (tight working point).
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A T-LVT Observable Distributions

In order to illustrate the separation power of some of the observables used by T-LVT, more information is
provided in this Appendix. Figure 9 shows the distribution of the transverse impact parameter significance
and the distance to the closest jet of the tracks associated to the decay of a b-hadron in the stop sample and
in a sample of W-boson production where all events containing any b- or c-hadron at generator level have
been removed. The figure highlights the origin of the choices for the track selection discussed in Section 4.
Figure 10 shows the distribution of two of the observables used in the vertex selection by T-LVT, when all
the selections on the other observables beside the one shown are applied.
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Figure 9: (a) Transverse impact parameter and (b) the minimum distance between tracks and calorimeter jets for
tracks associated to the b-hadron decay in the stop sample and for tracks not associated to any b-hadron decay in a
W-production sample. The shaded part of the histograms corresponds to the tracks that are accepted by the algorithm.
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8

Soft-b tagging

■ Bottleneck of low-pT b-tagging:  It doesn't form a 'jet' anymore 
   ○ e.g. 5GeV initial b-quark → ΔR(final-state particles)~1.0, while standard jet clustering is with R=0.4.

   ○ Also fewer final-state particles due to the soft initial quark.


■ New dedicated algorithm based only on secondary vertex (SV) finding seeded by:

  ○ mildly displaced tracks isolated from jets (T-LVT), or

  ○ a system of collimated low-pT tracks (TC-LVT).

■ Optimized selection after the SV formation (e.g. mass, transverse displacement of SV)

ATLAS-CONF-2019-027

e.g.

Transverse impact parameter 

significance selection 

for the T-LVT seed tracks 

e.g.

SV transverse displacement 

selection for the T-LVT Tight WP

Seed track selection Cuts on SV properties

SV finding

Soft b-tagging Δm小さいとb-jetがヒョロヒョロになる
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Figure 8: Smuon sensitivity comparison for various collider scenarios. A table detailing the
origin of each line is given in Table 12

.
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Figure 5: Estimated stop exclusion reaches for various colliders and search methods. The
two, three, and four-body decay searches target the regions �m(et1, e�0

1
) 2 (mt, 1), (mb +

mW , mt), and (0, mb + mW ) respectively. The bars show the largest limit on m(et1) in the
m(et1) � m(e�0

1
) phase-space for each region. The Precision Higgs constraints are based on

measuring production rates of the Higgs boson assuming the only BSM contributions are
from stops. ILC, CLIC, and Muon Collider limits are estimated to be

p
s/2, with slight

inefficiencies in the three and four-body decay searches due to soft decay products. Current
expected limits from the LHC [87] are shown as vertical lines. A table detailing the origin
of each line is given in Table 9. The hashed gray band indicates the range of estimates in
the case where both a dedicated study and Run-2 extrapolation are available.

reach is expected to
p

(s)/2.

A second model, shown in Figure 7, is considered where the LSP is primarily the Hig-
gsino with small mixings with the other states. Such a scenario is of particular interest in
naturalness-motivated scenarios, because the fine-tunning of the Higgs mass is particularly
sensitive to the Higgsino mass parameter which contributes to the Higgs mass at tree-level.
This leads to small mass splitting between the neutralino LSP and the lightest chargino
and the next-to-lightest neutralino. CMS and ATLAS have performed dedicated searches
for this compressed region using a combination of the two and three lepton and E

miss

T
final-

states using Run-2 LHC data [210, 211]. They also have dedicated studies for the HL-LHC
and HE-LHC sensitivity. These provide a good opportunity to compare dedicated studies
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Figure 4: Estimated gluino exclusion reaches for various colliders and search methods. Cur-
rent expected limits from the LHC [205, 206] are shown as vertical lines. A table detailing
the origin of each line is given in Table 8. The results are given for a set of scenarios includ-
ing large squark-neutralino mass splitting and compress, and for decays to top quarks and
direct decays to light quarks. The hashed gray band indicates the range of estimates in the
case where both a dedicated study and Run-2 extrapolation are available.

lepton and hadron colliders. For hadron colliders, this means the production cross-sections
are lower than for the strongly interacting states, lowering the energy reach compared to the
strongly produced states. The charginos and neutralinos are mixtures of the SUSY partners
of the Higgs boson, W , and B fields. The masses, production cross-sections, and decays
branching fraction depend on this mixing. For simplicity, two extreme cases are considered.

The first set of studies, shown in Figure 6, targets larger mass splittings with Wino-
Bino coupling for production. In this model, the lightest chargino (�̃±

1 ) and next-to-lightest
neutralino (�̃0

2) are produced as a pair. These can then decay as �̃
±
1 ! W

±�̃
0

1 and �̃
0

2 !

Z/h�̃
0

1 resulting a WZ or Wh plus E
miss

T
final state. For the lower chargino-neutralino

mass-splitting range (�M ⇡ 10 GeV and �M ⇡ 90 GeV), the results are based on the
leptonic decays of the W and Z bosons (WZ ! 3`). For larger mass-splitting scenarios
(�M & 750 GeV), the hadronic decays are more sensitive. These limits assume that the
�̃

±
1
�̃

0

2 decays 100% to WZ, which is unrealistic, but combinations with Wh searches should
mitigate this assumption. The results are primarily based on the collider reach extrapolation
of the current LHC Run-2 results [179, 208], with one dedicated FCC-hh study relevant for
the �M ⇡ 90 GeV region [209]. These results are consistent where comparable. The
dedicated FCC-hh result is not considered for the higher mass-splitting region where the
sensitivity is dominated by the all hadronic final state. For the lepton colliders, the energy
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of order 1.5 to 2.

Figure 3: Estimated first- and second-generation squark exclusion reaches for various collid-
ers. Lepton (e or µ) collider limits are estimated to be

p
s/2. Current expected limits from

the LHC [205, 206] are shown as vertical lines. A table detailing the origin of each line is
given in Table 7
. The hashed gray band indicates the range of estimates in the case where both a dedicated
study and Run-2 extrapolation are available.

Top partners are particularly relevant to naturalness motivations as the top quark is one
of the main drivers of the quadratic divergence in the Higgs boson mass in the SM.

Stop squarks (t̃) are another hadronically produced state at hadron colliders. The pro-
duction cross-sections for stop are somewhat lower than light squarks and gluinos because
there are fewer stop squark states, and because the gluino has larger strong interaction.
The decay chains are also more complex because the top quarks decay. Three kinematic
regions are considered, all with the stop decaying to a top quark and a neutralino, but in
compressed scenarios, the top quark maybe be off-shell resulting in a 3-body (bW �̃

0

1). In
even more compressed scenarios, the W may also be off-shell resulting in a 4-body (bff

0�̃0

1)
final-state. Figure 5, shows the corresponding sensitivities, which are somewhat lower than
the light squarks in hadron colliders, while the lepton collider sensitivity remains at ap-
proximately

p
(s)/2. Again sensitivity in compressed scenarios is lower by approximately a

factor of 2. Precision measurements can also be indirectly sensitive to stop squarks through
a loop in the Higgs boson to �� and gg coupling [207]. Figure 5 also shows the estimated
sensitivity for future precision measurements, but it does not exceed the HL-LHC sensitivity
in the scenarios considered.

Charginos and Neutralinos

Charginos (�̃±) and neutralinos (�̃0) are produced through electroweak couplings in both
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Prospects:  Bino LSP (other co-annihilation motivating ones)

HL-LHC: 1-1.3 TeV
FCC-hh: 5-6.5 TeV

HL-LHC: 1.5-2.5 TeV
FCC-hh: 12 TeV

HL-LHC: 1.5-2 TeV
FCC-hh: 8-10 TeV

HL-LHC: 500 GeV
FCC-hh: 2 TeV

Light-flavor squark → bino

Gluino → bino

Left-handed smuon → binoStop → bino
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Snowmass 2021 high-energy frontier  
working group summary report: 2209.13128

https://arxiv.org/abs/2209.13128


150 GeV SUSY is viable!

Not even in a contrived way e.g. 
  ○ (Pseudo-) pure higgsino LSP

  ○ Compressed slepton-/stau-bino (muon g-2, bino DM co-annihilation)

Upcoming LHC-Run3 is exciting but just adding more data won’t help much.

New schemes wanted!  e.g. γγ-collision, semi-long-lived signatures, loop?, bound-state? 

SUSY: Direct production of sleptons, staus 14

Sleptons have low cross sections (cross section depends on slepton chirality).

• Selectron/smuon searches in 2 leptons + ETmiss.  

(soft 2 leptons for small Δm(slepton - N1) scenarios)

• Stau searches in 2 hadronic τs + ETmiss.

• Relevant for consistency with DM relic density.

• Pure left-handed stau CMS exclusion: 115-340 GeV.

Stau searches at HL-LHC with 2 hadronic taus 
or one hadronic tau + lepton + ETmiss.

Stau exclusion (discovery) up to 730 (530) GeV 
for ATLAS, 650 (470) GeV for CMS.
CMS-PAS-FTR-18-010c.f. Need 1TeV to achieve correct DM relic density  

CMS-PAS-FTR-18-010 

Stau ATLAS-PHYS-PUB-2018-031
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EWK gauginos have a dominant higgsino component for |μ| << |M1|, |M2|):.  

Smaller direct production cross sections wrt bino or wino-dominanted case.

Explore compressed spectra with small Δm(C1/N2, N1).

• Larger Δm —> Prompt C1 decays: Low pT leptons + large ETmiss + ISR jet.

• Smaller Δm —> Long-lived C1 decays: Disappearing tracks + large ETmiss. 

(at HL-LHC, sensitivity will improve with new tracking detectors).

Run2 HL-LHC

ATLAS-PHYS-PUB-2018-031

350GeV

Higgsino

Co-annihilation  
corridor with  
bino LSP
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https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiM_YnZ-Lv2AhVlyoUKHVQYD0gQFnoECBMQAQ&url=https://arxiv.org/abs/1811.06465&usg=AOvVaw3R5HfqLni4SXKpHF3GbuEa
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjciJjn-Lv2AhVJzhoKHahcBbwQFnoECAYQAw&url=https://arxiv.org/abs/1910.08065&usg=AOvVaw17DZqCpgRbTV-Z8SQScC02
https://cds.cern.ch/record/2647294
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-010/index.html

