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Figure 2. Relic neutralino surface with mass splitting between �
0
1 and �

0
2 (left) and between �

0
1 and �

±
1

(right) as indicated. Regions ruled out by LEP are occluded with a white box.

higgsino surfaces, with either M1 ⇠ M2 or M2 ⇠ |µ|. On all of these surfaces co-annihilation and

mixing with the wino bolsters the annihilation of the lightest neutralino.

An amusing e↵ect occurs on the bino-wino slope around M1 ⇠ M2 ⇠ 1.7 TeV, where the single

largest annihilation channel is �
±
�
±
! W

±
W

±. Here, the mass di↵erence between the lightest

neutralino and the lightest chargino is so small that the main annihilation process leading to the

observed dark matter relic density involves the chargino and not the actual LSP.

Starting from the pure wino plateaus, the mixed LSP wino-higgsino surface terminates in

a valley against a sheet of pure higgsino relic dark matter at |µ| ' 1.1 TeV. For such a pure

higgsino, chargino co-annihilation is again the leading dark matter annihilation process. On the

diagonal |µ| ⇠ M1 ⇠ M2 this valley opens onto a ridge at the intersection of the wino-higgsino,

bino-wino, and eventually bino-higgsino surfaces. This ridge contains bino-wino-higgsino mixing

with a dominant annihilation to W
+
W

�, both through co-annihilation with the second-lightest

neutralino and through a t-channel chargino with sizable couplings to the weak gauge bosons.

On the bino-higgsino slope, large values of |µ| imply large neutralino masses and hence an

annihilation to heavy fermions tt̄. Usually, this annihilation process proceeds through a heavy

Higgs state in the s-channel. Once we decouple the heavy Higgs states at 8 TeV the same role is

played by the longitudinal modes of the Z-boson. Towards smaller values of |µ| the available energy

in the scattering process drops below the tt̄ threshold and the main annihilation goes into W
+
W

�

pairs, again through a longitudinal Z in the s-channel coupling to the higgsino components of the

lightest neutralino.

Unlike a pure wino LSP and a pure higgsino LSP the relic neutralino surface does not feature

a pure bino LSP, because in the absence of co-annihilating scalars it would not be able to produce

a relic density small enough to fit observation.

In models where the only low-energy part of the supersymmetric spectrum are the elec-

troweakinos, the mass di↵erence between the neutralino LSP and the second-lightest neutralino

and lightest chargino is crucial, not only for the dark matter (co-)annihilation rate, but also

for electroweakino decay signatures at colliders. From the discussion of Figure 1 we know that
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Neutralino dark matter
• The lightest neutralino is a good 

candidate of dark matter.

• Bino DM would be overproduced, 
while Wino and Higgsino could 
have the right relic density.

• If thermally produced, the dark 
matter mass should be < ~1 TeV 
for Higgsino and < ~3 TeV for 
Wino.

• Small mass difference between 
the lightest chargino and 
neutralino(= DM) is favoured.
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Viable parameter space
• Wino DM

• The lightest SUSY particle in AMSB and PGM models
• It is not excluded (except for narrow region around ~2.4 TeV) by indirect 

DM searches when the DM-halo densities in galaxies have flat central 
profi les (“cores").

• It is not excluded by direct searches due to the extremely small direct-
detection cross-section.

• Higgsino DM
• Very pure higgsino DM is excluded due to too high Z-boson-mediated 

nucleon scattering cross section. Gaugino mass should be < O(10) PeV.
• The electron EDM limit and direct DM searches require gaugino masses to 

be > O(TeV).

3
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Can wino/higgsino DM be discovered at the LHC ?

4

• In general DM searches, mono-X (X = jet, 
higgs, Z…) signatures are used *.

• Low sensitivity by mono-jet for wino and 
higgsino DM due to the small production 
cross section.

• For suppression BG, we need additional 
object.

*Also di-X (X= jet etc.) signature from mediator-decay is also used.

Mono-X 
Searches

X

ETmiss
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Can wino/higgsino DM be discovered at the LHC ?

4

• In general DM searches, mono-X (X = jet, 
higgs, Z…) signatures are used *.

• Low sensitivity by mono-jet for wino and 
higgsino DM due to the small production 
cross section.

• For suppression BG, we need additional 
object.

*Also di-X (X= jet etc.) signature from mediator-decay is also used.

• If Δm (chargino-neutralino splitting) is 
not too small
→ Low momentum leptons from off-

shell W and Z
• If Δm is tiny, chargino’s lifetime is long

→ Disappearing track

�̃±
1

�̃0
2

W ⇤

Z⇤p

p

�̃0
1

q

q

�̃0
1

`

`

j

(a)

˜̀

˜̀
p

p

j

�̃0
1

`

�̃0
1

`

(b)

Figure 1: Diagrams representing the two-lepton final state of (a) production of electroweakino e�0
2 e�±1 with initial-state

radiation ( j), and (b) slepton pair èèproduction in association with initial state radiation ( j). The Higgsino simplified
model also considers e�0

2 e�0
1 and e�+1 e��1 production.

Events with two same-flavour opposite-charge leptons (electrons or muons), significant missing transverse
energy (Emiss

T ), and hadronic activity are selected for all scenarios. Signal regions (SRs) are defined by
placing additional requirements on a number of kinematic variables. The dominant SM backgrounds are
either estimated with in situ techniques or constrained using data control regions (CRs) that enter into a
simultaneous likelihood fit with the SRs. The fit is performed in bins of either the m`` distribution (for
electroweakinos) or the mT2 distribution (for sleptons).

Collider constraints on these compressed scenarios were first established at LEP [27–37]. The lower bounds
on direct chargino production from these results correspond to m(e�±1 ) > 103.5 GeV for�m(e�±1 , e�0

1 ) > 3 GeV
and m(e�±1 ) > 92.4 GeV for smaller mass di�erences, although the lower bound on the chargino mass
weakens to around 75 GeV for models with additional new scalars and Higgsino-like cross sections [38].
For sleptons, conservative lower limits on the mass of the scalar partner of the right-handed muon, denotedeµR, are approximately m(eµR) & 94.6 GeV for mass splittings down to m(eµR) � m(e�0

1 ) & 2 GeV. For
the scalar partner of the right-handed electron, denoted eeR, LEP established a universal lower bound of
m(eeR) & 73 GeV that is independent of �m(eeR, e�0

1 ). Recent papers from the CMS [39, 40] and ATLAS [41]
collaborations have extended the LEP limits for a range of mass splittings. This note extends previous
LHC results by increasing the integrated luminosity, extending the search with additional channels, and
exploiting improvements in detector calibration and performance. The event selection was also reoptimised
and uses techniques based on Recursive Jigsaw Reconstruction [42], which improve the separation of the
SUSY signal from the SM backgrounds.

The rest of the note proceeds as follows. After a short description of the ATLAS detector, a summary of
data and simulation samples used is presented. This is followed by descriptions of the event reconstruction,
signal regions, background estimates, and systematic uncertainties. The results of the search are then
presented, along with the interpretation of the results in the benchmark SUSY models. A brief conclusion
is presented at the end.
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Charged wino lifetime

• When wino is the lightest SUSY particle, the lightest neutralino is “pure” wino 
in a wide parameter region (i.e. higgsino is heavier than wino by ~ 1 TeV)
• Δm ~ 160 MeV
•  Chargino cτ0 ~ 6 cm

5

JHEP 06 (2018) 022, auxiliary material

Higgsino mass dependence Bino mass dependence
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Charged higgsino lifetime
• Lifetime of charged higgsino depends on gaugino masses (due to mixing).
• EDM and direct-DM searches favour smaller mixing, so smaller Δm.

• Δm < O(1GeV)
• Higgsino : cτ0 < ~2 cm
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Figure 11: Contour plot for the mass di↵erence�m+ in the arg(M2)�|M2| plane. We take tan � = 2,
µ = 500 GeV, M1 = M2, and em = |M2|. Red-solid and green-dashed lines show the calculations
with and without the resummation e↵ects, respectively.

when |M2| = O(1) TeV the chargino-neutralino mass di↵erence can be as large as O(1) GeV. For

heavier gaugino masses, on the other hand, the mass di↵erence approaches to a constant value. This

is because in this region the mass di↵erence is determined by the electroweak loop contribution in

Eq. (25), and it reduces to �m+|rad ' ↵2mZ sin2 ✓W/2 ' 350 MeV in the large gaugino mass limit

as shown in Fig. 1.

In the case of �m+
>
⇠ m⇡, the chargino mainly decays into hadrons and a neutralino. The decay

length of the chargino is [77]

c⌧(�̃±
! �̃0⇡±) = 1.1 cm

✓
�m+

300 MeV

◆�3 
1�

m2

⇡±

�m2
+

��1/2

. (61)

In the case of the Higgsino LSP, �m+
>
⇠ 300 MeV, and thus it is di�cult to directly detect a charged

track of the chargino, unlike the Wino LSP case. In addition, smallness of the mass di↵erence makes

it hard to even discover the Higgsino at a hadron collider [78].

However, at lepton colliders, it is possible to identify SUSY particle production events by exploit-

ing the hard photon tagging [79]. With the process e+e� ! �̃+�̃��, the LEP gives the lower limit on

the chargino mass as m�± >
⇠ 90 GeV [80]. At a future lepton collider, the measurement of the mass

di↵erence �m+ to an accuracy of O(1 � 10) % is possible by observing the energy of the soft pion

from the �± decay for �m+ = O(100) MeV � O(1) GeV [81–83]. In this case, �m+|tree > O(10)

MeV can be discriminated. In other words, a few tens of TeV gauginos can be probed by precisely

measuring the chargino mass, as one can tell from Fig. 11. In the analysis performed in Fig. 12 in

the subsequent section, we assume that a future lepton collider can determine the mass di↵erence
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Figure 10. Branching ratios (left) and nominal decay length (right), for the charged component
of an electroweak doublet with hypercharge 1⁄2 and Dirac mass mχ = 1.1TeV, as a function of
∆+, the splitting between the charged and neutral states. Note that the partial widths are highly
insensitive to the overall mass scale.

B Impact of transverse cuts on forward track-based analysis

While one of the main messages of this work was to propose the replacement of the trans-

verse variables by track-related ones, it is still important to quantify the effect of performing

transverse cuts since they could help keeping backgrounds under control. We thus quantify

here the degradation of the signal in the TB searches due to transverse cuts by counting the

number of charged tracks satisfying our selection criteria as a function of a soft cut on the

pT of the leading jet, pT,j1 ≥ X. The results for FCC-hh and LHC14-HL are presented in

figure 11. We see that even a very soft cut of pT,j1 ≥ 100GeV at the FCC-hh decreases by

a factor of two the number of signal events available in the forward region, and keeps about

75 % of the events in the central region. For the LHC14 we observe a similar behaviour

for pT,j1 ≥ 50GeV. As a result, one must be cautious when using radiated jet pT in TB

analyses, as even rather soft cuts sizably reduce the number of signal events.

– 18 –
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Long-lived chargino : history

7

1997: C.-H. Chen, M. Drees, and J. F. Gunion mention ideas for the search *.

“We will also find that the  ’s lifetime is not  likely to be sufficiently 
long that it will appear as a stable particle track in the detector—
short tracks in a vertex detector are, however, a distinct possibility. “

χ̃±
1

* This paper mention also about heavily-ionizing particles and soft tracks from the chargino decay

2008: S. Asai, T. Moroi, T. T. Yanagida proposed  a method to measure
          wino properties using ATLAS detector and the disappearing tracks.

• mass measurement using the velocity (ToF) and momentum
• lifetime measurement from decay radius distribution.

Phys. Rev. D 55, 330 (1997)

Phys. Lett. B 664, 185 (2008)

2011: The first ATLAS result

2015: The first CMS result
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Inner tracking detector

• ATLAS Barrel 
• Four layers of pixel
• Four layers of silicon strip (SCT)
• Transition radiation tracker
• 2 T solenoid field

• CMS Barrel
• Four pixel layers since 2017
• 10 silicon strip layers
• 4 T solenoid field

8

 
 
 
 
 
 

with three disks each. The expected hit resolution is 10 μm in r–φ coordinates and 115 μm in z 
coordinate. During LS1, the IBL was added as an additional layer to the Pixel detector, reducing the 
distance from the interaction point to the first tracking layer, as IBL is placed at 33.25 mm radius 
while the inner layer of the rest of the Pixel is placed at 50.5 mm. The IBL is composed of 280 
modules, mixing planar and 3D technology. The expected hit resolution is ∼ 8 μm in r–φ and ∼ 40 
μm in z [3]. In order to simplify the notation throughout the remainder of the note, the term Pixel will 
be used to refer only to the three outer Pixel layers and the end cap Pixel disks and IBL to the new 
layer. The SCT consists of 4088 silicon strip modules, arranged in four barrel layers and two end caps 
with nine wheels each. The intrinsic resolution is ∼ 17 μm and ∼ 580 μm in r–φ and z, respectively. 
The TRT is the outermost detector of the ID subdetectors and is made of 350848 Argon-filled straw 
tubes with a single hit resolution of ∼ 130 μm along r–φ.  
 

 

Figure 1. A 3D visualisation of the structure of the barrel of the ID. The 
beam pipe, the IBL, the three Pixel layers, the four cylindrical layers of 
the SCT and the 72 straw layers of the TRT are shown. 

3. Alignment algorithm 
Track based alignment algorithms rely on track-hit residual minimization [4, 5]. Residuals are defined 
as the distance between the measured hit location and its extrapolated position in the reconstructed 
track. The residuals χ2 function and its minimization condition are built as follows: 

!! = ! [! !, ! ]!!!! ! !, !!"#$%& !   ;   !!!!
!

!! = 0 

where r(a,τ) is the vector of track-to-hit-distance, τ are the track parameters, a are the alignment 
parameters and V is the covariance matrix of the detector measurements. Figure 2 shows how the 
position of misaligned module is updated by minimizing the residuals χ2 function. 

2

ATLAS Inner Detector

The new inner most layer from 2015
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Disappearing track search @ LHC

• Long lived chargino searches using 
disappearing track

• Short tracks which do not have associated hits in the 
outer part of the tracker and calorimeters.

• Pions, with the transverse momentum about 
the mass difference (i.e. ~200 MeV from wino, 
~300 MeV from higgsino), are not 
reconstructed in standard tracking algorithms. 
(e.g. Track threshold in ATLAS is ~500 MeV)

9
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ATLAS (36 fb-1)
Pure Wino excluded below 460 GeV

JHEP 06 (2018) 022 JHEP 08 (2018) 016

CMS (38 fb-1)
2015—2016 data

The difference in peak sensitivity in lifetime is due to 
that in the track length (shorter in ATLAS).
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Higgsino direct production
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Figure 1: Diagrams representing the two-lepton final state of (a) production of electroweakino e�0
2 e�±1 with initial-state

radiation ( j), and (b) slepton pair èèproduction in association with initial state radiation ( j). The Higgsino simplified
model also considers e�0

2 e�0
1 and e�+1 e��1 production.

Events with two same-flavour opposite-charge leptons (electrons or muons), significant missing transverse
energy (Emiss

T ), and hadronic activity are selected for all scenarios. Signal regions (SRs) are defined by
placing additional requirements on a number of kinematic variables. The dominant SM backgrounds are
either estimated with in situ techniques or constrained using data control regions (CRs) that enter into a
simultaneous likelihood fit with the SRs. The fit is performed in bins of either the m`` distribution (for
electroweakinos) or the mT2 distribution (for sleptons).

Collider constraints on these compressed scenarios were first established at LEP [27–37]. The lower bounds
on direct chargino production from these results correspond to m(e�±1 ) > 103.5 GeV for�m(e�±1 , e�0

1 ) > 3 GeV
and m(e�±1 ) > 92.4 GeV for smaller mass di�erences, although the lower bound on the chargino mass
weakens to around 75 GeV for models with additional new scalars and Higgsino-like cross sections [38].
For sleptons, conservative lower limits on the mass of the scalar partner of the right-handed muon, denotedeµR, are approximately m(eµR) & 94.6 GeV for mass splittings down to m(eµR) � m(e�0

1 ) & 2 GeV. For
the scalar partner of the right-handed electron, denoted eeR, LEP established a universal lower bound of
m(eeR) & 73 GeV that is independent of �m(eeR, e�0

1 ). Recent papers from the CMS [39, 40] and ATLAS [41]
collaborations have extended the LEP limits for a range of mass splittings. This note extends previous
LHC results by increasing the integrated luminosity, extending the search with additional channels, and
exploiting improvements in detector calibration and performance. The event selection was also reoptimised
and uses techniques based on Recursive Jigsaw Reconstruction [42], which improve the separation of the
SUSY signal from the SM backgrounds.

The rest of the note proceeds as follows. After a short description of the ATLAS detector, a summary of
data and simulation samples used is presented. This is followed by descriptions of the event reconstruction,
signal regions, background estimates, and systematic uncertainties. The results of the search are then
presented, along with the interpretation of the results in the benchmark SUSY models. A brief conclusion
is presented at the end.
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Higgsino direct production
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Figure 1: Diagrams representing the two-lepton final state of (a) production of electroweakino e�0
2 e�±1 with initial-state

radiation ( j), and (b) slepton pair èèproduction in association with initial state radiation ( j). The Higgsino simplified
model also considers e�0

2 e�0
1 and e�+1 e��1 production.

Events with two same-flavour opposite-charge leptons (electrons or muons), significant missing transverse
energy (Emiss

T ), and hadronic activity are selected for all scenarios. Signal regions (SRs) are defined by
placing additional requirements on a number of kinematic variables. The dominant SM backgrounds are
either estimated with in situ techniques or constrained using data control regions (CRs) that enter into a
simultaneous likelihood fit with the SRs. The fit is performed in bins of either the m`` distribution (for
electroweakinos) or the mT2 distribution (for sleptons).

Collider constraints on these compressed scenarios were first established at LEP [27–37]. The lower bounds
on direct chargino production from these results correspond to m(e�±1 ) > 103.5 GeV for�m(e�±1 , e�0

1 ) > 3 GeV
and m(e�±1 ) > 92.4 GeV for smaller mass di�erences, although the lower bound on the chargino mass
weakens to around 75 GeV for models with additional new scalars and Higgsino-like cross sections [38].
For sleptons, conservative lower limits on the mass of the scalar partner of the right-handed muon, denotedeµR, are approximately m(eµR) & 94.6 GeV for mass splittings down to m(eµR) � m(e�0

1 ) & 2 GeV. For
the scalar partner of the right-handed electron, denoted eeR, LEP established a universal lower bound of
m(eeR) & 73 GeV that is independent of �m(eeR, e�0

1 ). Recent papers from the CMS [39, 40] and ATLAS [41]
collaborations have extended the LEP limits for a range of mass splittings. This note extends previous
LHC results by increasing the integrated luminosity, extending the search with additional channels, and
exploiting improvements in detector calibration and performance. The event selection was also reoptimised
and uses techniques based on Recursive Jigsaw Reconstruction [42], which improve the separation of the
SUSY signal from the SM backgrounds.

The rest of the note proceeds as follows. After a short description of the ATLAS detector, a summary of
data and simulation samples used is presented. This is followed by descriptions of the event reconstruction,
signal regions, background estimates, and systematic uncertainties. The results of the search are then
presented, along with the interpretation of the results in the benchmark SUSY models. A brief conclusion
is presented at the end.
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Pure Higgsino excluded below 152 GeV

Can we fill the gap ?

Two long-lived-search ideas on following pages. 
Please see also Koji’s slides.
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Figure 1: Diagrams of the two production modes in a higgsino supersymmetric model used to characterize the
tracking and vertexing techniques discussed in this note.

described in Section 5. As a consequence of having fewer hits along the tracklets trajectory, backgrounds
arising from random combination of pixel hits increase significantly. To reduce these backgrounds, the
low momentum charged particle emitted during the chargino decay is reconstructed, and a secondary
vertex is formed between the chargino pixel tracklet and the soft-track to estimate the decay position of the
chargino. The soft-tracking techniques are described in Section 6 and the secondary vertexing techniques
are discussed in Section 7. This final state serves as a unique signature to search for pure higgsino states,
and could be used to search for any signature with a charged particle decaying to one or more charged
tracks within the tracking detector.

2 ATLAS detector

The ATLAS detector [5] is a multipurpose particle detector with a forward-backward symmetric cylindrical
geometry and nearly 4⇡ coverage in solid angle1. The inner tracking detector (ID) consists of silicon pixel
and micro-strip detectors covering the pseudorapidity region |⌘| < 2.5, surrounded by a transition radiation
tracker with coverage up to |⌘| < 2.0. A 2 T magnetic field oriented parallel to the beam axis causes charged
particles to bend in the transverse plane (r–�), and allows a measurement of the particles momentum. The
magnetic field is generated by a solenoid magnet and surrounds the entire ID.

The pixel detector has four barrel layers extending up to a radius of 122.5 mm and three end-cap disks
covering up to z = ±650 mm. The innermost pixel layer is called the insertable b-layer (IBL) [6, 7], and

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector.
The positive x-axis is defined by the direction from the interaction point to the center 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 with � being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by
⌘ = � ln tan(✓/2).

3

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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Improving the disappearing track search for shorter lifetimes

• Currently, 4-layer pixel tracks (R~12 cm) are used 
in ATLAS

• We could use 3-layer pixel tracks (R~8cm) for 
better sensitivity, but it is technically challenging.
• Poor momentum resolution

• Could be mitigated by using the collision vertex 
as additional point in tracking (vertex-
constraint).

• High combinatorial background rate
• Suppress BG by adding low momentum-pion 

tracking (pT > 300 MeV) to the signature.
• For reducing CPU and disk, soft-pion tracks are 

seeded only around the disappearing track.

Soft pion
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FIG. 2. The expected reaches of the Higgsino search with
our method at the LHC Run2 140 fb�1 and HL-LHC 3 ab�1

shown in the red and blue areas, respectively, for �m0 =
0 GeV (solid) and 2�m± (dashed). The dotted lines show the
±50% uncertainty of the background estimation for �m0 =
0 GeV. The gray, green, and purple regions are excluded by
the LEP [39], the disappearing track search [17], and the soft
dilepton search [16], respectively. The LZ sensitivity is [50]
also shown in the black solid and dashed lines for the cases
discussed in the text.

such an optimization is beyond the scope of this letter.
Around 10–20 tracks satisfy the Basic Selection for each
background event. In order to quantify the selection and
rejection e�ciency, the track’s relative pass rate is de-
fined as the rate of passing each selection step with re-
spect to that surviving the previous step in the same or-
der as above. The pass rate for the QCD-origin tracks for
the isolation, displacement and Emiss

T -alignment selection
steps are around 4%, 2% and 40%, respectively. The iso-
lation requirement e�ciently suppresses the tracks from
heavy flavor hadrons. It is observed that tracks from the
⌧ decay tend to pass the selection with a total pass rate of
around 1%, which is much larger than that for the QCD
tracks. The requirement pT < 5 GeV plays a significant
role to reject the ⌧ decay products.

For the above set of track selections, the signal selec-
tion e�ciency is larger for events with larger Emiss

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

With this selection, the number of background events
is around 250 and 1000 for Run 2 140 fb�1 and HL-LHC
3 ab�1, respectively. Given that the background tracks
are largely originated from relatively soft QCD processes
as well as from secondary interactions, yield estimation

by MC simulation might not be su�ciently accurate, and
thus a data-driven background estimation would be more
reliable. As a mimic of data-driven background estima-
tion, the so-called “ABCD method” [51] using Emiss

T and
S(d0) as the two orthogonal variables is attempted. It is
found that the statistics of the background events in the
control regions are abundant (> 2000 for each a control
region), that the orthogonality between these two vari-
ables is very good, and that a good closure within sta-
tistical uncertainty of around 3% is obtained. The rem-
nant backgrounds are secondary particles (decays from
KS , strange baryons etc.) (⇠ 50%), mis-measurement
of primary particles (⇠ 30%) and pileup (⇠ 20%) for
the Z(! ⌫⌫̄) event at Run 2. For the HL-LHC setup,
the pileup contributions increase up to around 60%. For
the W (! `⌫) background, the dominant (⇠ 50%) con-
tribution arises from ⌧ decay products. It is found that
this result does not strongly depend on the choice of the
Pythia8 tune. It is also confirmed that the contribution
from the converted photon [52–54] is negligible.
In FIG. 2, we show the expected reaches of the Hig-

gsino search at the LHC with an integrated luminosity
of 140 fb�1 (red region) and 3 ab�1 (blue region). We
adopt the CLs prescription [55] to derive the 95% CLs

limit, assuming the systematic uncertainty of the back-
ground estimation to be 3%. The solid (dashed) lines
show the case of �m0 = 0 (2m±). In the latter case,
the lifetime of the charged Higgsino is twice as large as
that in the former due to the absence of the �± ! �0

2⇡
±

decay mode, and hence a larger mass splitting region can
be probed. For reference, in the dotted lines, we show the
variation in the limit when scaling the background yield
by ±50% for �m0 = 0. The current collider constraints
are also overlaid [16, 17, 39]. This figure shows that it is
possible to probe the Higgsino mass up to 180 (250) GeV
for �m± = 500 MeV at Run 2 (HL-LHC).

We also show in Fig. 2 the prospects of the future DM
direct searches, for which we consider the LZ experiment
as an example [50], where we assume the GUT relation
for gaugino masses and take a large tan�. The black
solid line corresponds to the case where the whole DM
consists of Higgsinos, while the black dashed line is for
a more conservative case in which we set the amount
of Higgsinos equal to its thermal relic abundance (and
thus only a sub-component of the DM density is occupied
by Higgsinos). As we see, the Higgsino search with our
method is complementary to the DM direct detection
experiments, and thus plays a crucial role in testing the
light Higgsino scenario.

IV. CONCLUSION AND DISCUSSION

In this work, we have explored the possibility of mak-
ing use of a soft displaced track as a new probe of the
Higgsino search at the LHC. It was found that requiring
such a track in the ISR-recoiled events with a significant

arXiv:1910.08065
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Figure 1: Diagrams of the two production modes in a higgsino supersymmetric model used to characterize the
tracking and vertexing techniques discussed in this note.

described in Section 5. As a consequence of having fewer hits along the tracklets trajectory, backgrounds
arising from random combination of pixel hits increase significantly. To reduce these backgrounds, the
low momentum charged particle emitted during the chargino decay is reconstructed, and a secondary
vertex is formed between the chargino pixel tracklet and the soft-track to estimate the decay position of the
chargino. The soft-tracking techniques are described in Section 6 and the secondary vertexing techniques
are discussed in Section 7. This final state serves as a unique signature to search for pure higgsino states,
and could be used to search for any signature with a charged particle decaying to one or more charged
tracks within the tracking detector.

2 ATLAS detector

The ATLAS detector [5] is a multipurpose particle detector with a forward-backward symmetric cylindrical
geometry and nearly 4⇡ coverage in solid angle1. The inner tracking detector (ID) consists of silicon pixel
and micro-strip detectors covering the pseudorapidity region |⌘| < 2.5, surrounded by a transition radiation
tracker with coverage up to |⌘| < 2.0. A 2 T magnetic field oriented parallel to the beam axis causes charged
particles to bend in the transverse plane (r–�), and allows a measurement of the particles momentum. The
magnetic field is generated by a solenoid magnet and surrounds the entire ID.

The pixel detector has four barrel layers extending up to a radius of 122.5 mm and three end-cap disks
covering up to z = ±650 mm. The innermost pixel layer is called the insertable b-layer (IBL) [6, 7], and

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector.
The positive x-axis is defined by the direction from the interaction point to the center 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 with � being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by
⌘ = � ln tan(✓/2).

3

Soft pion track analysis

Nealy pure Small gaugino mix

ΔM: ~350 MeV 
τ: ~ 1cm

ΔM: larger 
τ: shorter

Disappearing track 
(+ soft pion) Only soft pion

• For small ΔM region, chargino lifetime 
is too short for disappearing track 
analysis.

• But the pion track momentum is higher.
→ Higher tracking efficiency

• Those analyses would explore the 
region unreachable by LZ.

Soft pionDisappearing track
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LHC / HL-LHC plan
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Figure 1: The current schedule for the LHC and HL-LHC upgrade and run [4].

Currently, the start of the HL-LHC run is foreseen for mid 2026. The long shutdowns,

LS2 and LS3, will be used to upgrade both the accelerator and the detector hardware.
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Figure 2: Run schedule for the Fermilab facility until 2026 [13].

our ability to probe neutrino physics, detecting neutrinos from the Long Baseline

Neutrino Facility at Fermilab, as well as linking to astro-particle physics programmes,

in particular through the potential detection of supernovas and relic neutrinos. An

overview of the experimental programme scheduled at the Fermilab facility is given

in Figure 2.

In the study of the early universe immediately after the Big Bang, it is critical to

understand the phase transition between the highly compressed quark-gluon plasma

– 3 –

Comput. Softw. Big Sci. 3 (2019) 7

20 time more data will be collected at the HL-LHC
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HL-LHC: Inner detector
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20 Chapter 2. Overview of the Phase-2 Tracker Upgrade
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Figure 2.3: Sketch of one quarter of the tracker layout in r-z view. In the Inner Tracker the
green lines correspond to pixel modules made of two readout chips and the yellow lines to
pixel modules with four readout chips. In the Outer Tracker the blue and red lines represent
the two types of modules described in the text.

Figure 2.4: Average number of module layers traversed by particles, including both the Inner
Tracker (red) and the Outer Tracker (blue) modules, as well as the complete tracker (black). Par-
ticle trajectories are approximated by straight lines, using a flat distribution of primary vertices
within |z0| < 70 mm, and multiple scattering is not included.

The following section summarizes the main concepts and features of the upgraded tracking
system. One quarter of the Phase-2 tracker layout can be seen in Fig. 2.3. Figure 2.4 shows
the average number of active layers that are traversed by particles originating from the lumi-
nous region, for the complete tracker as well as for the Inner Tracker and the Outer Tracker
separately.

The number of layers has been optimised to ensure robust tracking, i.e. basically unaffected
performance when one detecting layer is lost in some parts of the rapidity acceptance. The six
layers of the Outer Tracker are the minimum required to ensure robust track finding at the L1
trigger in the rapidity acceptance of |h| < 2.4, as discussed in more details in Section 3.1.

CMS-TDR-014

ATLAS (scaled)

CMS

ATL-PHYS-PUB-2019-014
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Wino/Higgsino at the HL-LHC

Sensitivity (95%CL exclusion): wino: 850 GeV, higgsino: 250GeV, 
assuming a similar analysis to the 36 fb-1 would be done.
The reach may be higher by improving the analysis technique.

16

discovery potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of
mass 100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV). Comparing
the results to the theoretical prediction from Ref.[30], would allow for the exclusion at 95% CL of the
theory with masses up to 850 GeV for the pure wino scenario and 250 GeV for the pure higgsino scenario.
The discovery potential would be up to 450 GeV for the pure wino scenario and 150 GeV for the pure
higgsino scenario.
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Figure 5: Expected exclusion limits at 95% CL from the disappearing track search using 3000 fb�1of 14 TeV proton-
proton collision data as a function of the �̃±1 mass and lifetime. Simplified models including both �̃± �̃⌥ and �̃± �̃0

are considered assuming pure-wino scenarios (left) and pure-higgsino scenarios (right). The yellow band shows the
1� region of the distribution of the expected limits. The median of the expected limits is shown by a dashed line.
The red line presents the current limits from the Run 2 analysis and the hashed region is used to show the direction
of the exclusion. The expected limits with the upgraded ATLAS detector would extend these limits significantly. In
the pure-wino scenario, the chargino lifetime as a function of the chargino mass calculated at the two loop level [48]
is shown by the dashed grey line. In the pure-higgsino scenario the mass-lifetime relation is shown by the dashed
grey line and is calculated at the one loop level [30]. The relationship between the masses of the chargino and the
two lightest neutralinos in this scenario is m( �̃±1 ) = 1

2 (m( �̃0
1 ) + m( �̃0

2 )).

The background yields for the dilepton SRs (split into the respective m`` intervals) are presented in Table
4. The main background in each SR is dependent upon the m`` interval under consideration, with tt̄ the
main background for the lowest m`` interval, the intermediate m`` selections dominated by Z+jets events,
and the larger m`` intervals dominated by diboson production. The tt̄ and diboson yields include the
component from misidentified leptons. For the lowest m`` bin the component of tt̄ from misidentified
leptons is 40%, while it is 15% in the highest m`` bin.

Figure 6 shows the 95% CL expected exclusion limits in the m( �̃0
2 ), �m( �̃0

2, �̃
0
1 ) plane. With 3000 fb�1,

�̃0
2 masses up to 350 GeV could be excluded, as well as �m( �̃0

2, �̃
0
1 ) between 2 and 20 GeV for m( �̃0

2 ) =
150 GeV. In the figure the blue curve presents the 5� discovery potential of the search. To calculate the
discovery potential a single-bin discovery test is performed by integrating over all of the m`` bins from 1
to the chosen m`` upper limit for a given SR selection (aside from 3 < m`` < 3.2 GeV).

Figure 7 presents the 95% expected exclusion limits in the �̃0
1,�m( �̃±1 , �̃0

1 ) mass plane, from both the
disappearing track and dilepton searches. The yellow contour shows the expected exclusion limit from the
disappearing track search, with the possibility to exclude m( �̃±1 ) up to 600 GeV for �m( �̃±1 , �̃0

1 ) < 0.2 GeV,

10
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Future Circular Collider (FCC-hh)
• 100 km tunnel in Geneva area
• pp collider with √s = 100 TeV
• 200—1000 collisions per bunch crossing
• Total integrated lumi. ~ 20 ab-1

• Much higher sensitivities to various new 
physics than LHC

17

Future Circular Collider Study. Volume 3, CERN-ACC-2018-0058. 
Submitted to Eur. Phys. J. ST.

Details in Filip’s talk
4

Future pp colliders 
Filip Moortgat

Since 2014: international 
collaboration to study 

• pp-collider (FCC-hh)       
à main emphasis, 
defining infrastructure 
requirements 

• 80-100 km infrastructure 
in Geneva area

• e+e- collider (FCC-ee) as 
potential intermediate step

• p-e (FCC-he) option

~16 T Þ 100 TeV pp in 100 km
~20 T Þ 100 TeV pp in 80 km

Future Circular Collider Study – SCOPE 

55
Future pp colliders 
Filip Moortgat

SUSY reach

https://indico.cern.ch/event/744951/contributions/3171264/attachments/1739935/2815124/LLP_Nikhef_Filip.pdf
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DT + Hit-time information
• Low Gain Avalanche Detectors (LGAD) 

have time resolution of 10—30 ps

• If the detector can be used in FCC as the 
inner pixel-detector (not at an additional 
timing-layer), we can use the hit-time for 
two purpose

1. BG fake tracks (random-combination) 
decrease by requiring consistent time of 
pixel-hits on track.

2. Measure the velocity of a particle.

• If hit-time resolution is 20 ps, velocity 
resolution for charginos could be ~6%.
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2017 JINST 12 P05003
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JTE
Guard Ring

Figure 1. Picture of the wafer (top left), as well as top view (top right) and side view (bottom) of the LGA
pad diode structure.

the 1.3 mm wide active area, and a guard ring. The gain is provided by a 1.0 mm wide central
p-type multiplication layer underneath the n+ implant, which enhances the electrical field in this
region to values su�cient for impact ionsiation. Three di�erent multiplication layer implantation
doses2 were used on di�erent wafers in order to provide devices with di�erent gain and break down
voltage (VBD) behaviour: 1.8 (low), 1.9 (medium) and 2.0 (high) ⇥1013 cm�2. In this paper, the
low and medium implantation doses were studied. The top implant is metalised with aluminium
with a central hole for light injection. Four holes are etched through the insensitive substrate from
the back side, which is subsequently covered with aluminium, to provide the back side contact to
the thin active area.

Two of the medium-dose samples were irradiated with neutrons at the TRIGA reactor in Ljubl-
jana to a 1-MeV-neutron-equivalent fluence of 3 ⇥ 1014 neq/cm2, and another two to 1015 neq/cm2.

An overview on the samples studied is given in table 1. Typically, for each type of dose and
fluence, there are two copies of LGAD diodes called briefly L1 and L2 (for the low dose, also a
third device L3 was used, but only for the Sr90 measurement). In the following, the devices will be
referred to according to their short names listed in the table.

2In the following simply referred to as dose, not to confuse with the irradiation level which will be referred to in terms
of particle fluence.
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Expected reach at FCC
• Modified pixel-detector layout (5 layers within 15cm from the beamline)
• BG rejection using time information (𝜒2/ndf in the fit)

19
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FCC-hh: forward region ?
• Due to the very high beam energy, 

signal charginos are emitted also to the 
forward region.

• The lifetime in the lab-frame is longer 
due to the boost.

• We could have significant signal events 
in the forward region by putting the 
tracker close to the target (~40 cm)
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Figure 7. Sketch of the proposed forward tracker setup, consisting of two endcaps, each 5cm wide,
located at z = 40 and 65 cm, providing hermetic coverage of the forward region 2 ≤ |η| ≤ 4, for
example. We assume any track reaching the far side of the near endcap has yielded sufficient tracker
hits to allow a reliable track reconstruction, and, veto on tracks traversing the far endcap.

We have in mind a setup similar to figure 7 with four tracking endcaps (two at each end)

providing hermetic coverage of the forward region 2 ≤ |η| ≤ 4, the far sides of which we

take to be located at z = 45 and 70. Although the endcaps, as illustrated, have a width of

5 cm, the precise value is irrelevant provided we can assume any track reaching the far side

of the near endcap has left enough tracker hits to give a reliable track reconstruction. We

also veto any charged track that traverses the far endcap, which then plays the role of the

TRT in the 8TeV ATLAS analysis, allowing us to exclude long-lived charged particles.11

We can then add to the TB forward track-selection criteria the following requirement on

track length: 45 cm ≤ ztr ≤ 70 cm.

We display in figure 8 (a) and (b) contours of the total number of tracks in the TB

central and forward analyses respectively, as a function of the weak-doublet mass mχ and

nominal decay length cτ . As before the dashed line corresponds to the cτ for a pure-

Higgsino state. Each of these track-based searches gives a four-fold increase in the number

of signal events relative to the conventional analysis.

3.3 LHC14-HL sensitivity

We can further compare these results to those obtainable at a high-luminosity 14-TeV run

of the LHC, with 3000 fb−1 integrated luminosity, assuming similar modifications are pos-

sible via detector upgrades. Our selection criteria for the conventional analysis, now scaled

to 14TeV centre-of-mass, are:

• pT,j1 , /ET ≥ 150GeV;

• pT,tr ≥ 350GeV;

with the requirement on the charged track geometry unchanged from section 3.1 above. For

the central and forward track-based analyses we simply modify the track momentum cuts
11Note that coverage to η = 4 for the chosen endcap width mandates the presence of tracker material

within r = 1.5 cm of the beamline at z = 40 cm. This requirement can be relaxed by reducing the

pseudorapidity coverage or by moving the near endcap further from the interaction point, at the cost of

decreasing the sensitivity.
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Figure 8. Number of charged tracks in (a) central TB analysis (b) forward TB analysis, normalized
to the NLO cross section of a pair-produced weak-doublet fermion with Dirac mass mχ and nominal
decay length cτ . The cτ corresponding to a pure-Higgsino state is shown as a dashed line.

of the FCC-hh version, to pT,tr ≥ 1TeV and ptr ≥ 1.5TeV, respectively. Our results, nor-

malized to the NLO cross section at the LHC14 from figure 2(a), are shown in figure 9. The

backgrounds for the conventional analysis, panel (a), were estimated as before, with the

ATLAS 8TeV limits on a pure Wino state in the same channel are shaded in yellow. Recall

that the production cross section of the Wino is larger than that of the Higgsino by a weak

group Casimir factor. We also show our LHC14-HL projection with unchanged tracking ca-

pability in the same plot for reference. We see that increasing the tracker granularity below

r = 10 cm as proposed above can result in a factor of 3 increase in sensitivity at LHC14-HL,

extending the discovery reach down to cτ ∼ 20 cm for mχ = 600GeV. In this lower-energy

environment the central TB analysis (figure 9(c)) still gives a two-fold enhancement to the

number of signal events. The forward TB analysis (panel (d)) however is not as effective

due to the smaller overall boost, improving the charged-track yield by less than 30 %.

A quantitative assessment of the negative impact on the TB signal region of radiated-

jet pT cuts can be found in appendix B. Note that all our analyses above are simple

cut-and-counts, un-optimized for the range of mass scales they are applied to. As a result

our conclusions can be thought of as rather conservative, with a dedicated optimization

expected to yield improved sensitivity over the entire mass range.

4 Conclusions

One reason why we have seen no evidence of New Physics at the LHC could be that

the lowest-lying new states have compressed spectra. If these new states form part of a

dark sector, with splittings so small that the SM by-products of decays within the sector

become too soft to be detected, we have few handles to use in searching for such scenarios

at hadron colliders. If the compressed dark sector contains a charged component, the

disappearing track of this charged particle can be used in searches. Such disappearing

tracks will satisfy modified tracking criteria, and building in sensitivity to this type of

– 14 –
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Gaugino mass measurement at the FCC-hh
• If we can measure the velocity and momentum of wino, the mass can be 

measured.
• Other gaugino masses (i.e. bino and gluino) can be reconstructed by using 

the measured wino mass.
• The gaugino mass measurements would imply also the next particle-mass 

scale (higgsino, Higgses and sfermions)
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Conclusion

• Disappearing track is a unique tool to search for (nearly) 
pure wino and higgsino at the LHC.

• For nearly pure higgsino, there is a gap between the 
prompt and disappearing track searches. There are 
several ideas to explore the gap region.

• FCC-hh will completely cover the mass region having 
the correct DM relic abundance.

22
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CMS inner tracker

24

CMS-TDR-014

Chapter 2

Overview of the Phase-2 Tracker Upgrade

2.1 Limitations of the present tracker
The present strip tracker was designed to operate with high efficiency at an instantaneous lu-
minosity of 1.0 ⇥ 1034 cm�2s�1, with an average pileup of 20–30 collisions per bunch crossing,
and up to an integrated luminosity of 500 fb�1. The tracker is indeed performing very well
at current instantaneous luminosities that are well above the design value. Performance will
however degrade due to radiation damage beyond 500 fb�1. The original pixel detector has al-
ready been replaced with a new device, the “Phase-1” pixel detector [17], during the extended
year-end technical stop (EYETS) 2016/2017. As the instantaneous luminosity exceeded the
original design value and is projected to increase further prior to LS3, this upgrade was needed
to address dynamic inefficiencies in the readout chip at high rates. One quarter of the layout of
the Phase-1 tracker is shown in Fig. 2.1. The radial region below 200 mm is equipped with pix-
elated detectors. Beyond 200 mm, the present tracker features single-sided strip modules and
double-sided modules composed of two back-to-back silicon strip detectors with a stereo angle
of 100 mrad. Double-sided modules provide coarse measurements of the z and r coordinates
in the barrel and endcaps, respectively. The tracking system was designed to provide coverage
up to a pseudorapidity of |h| ⇡ 2.4.

Before the start of the HL-LHC both the strip tracker and the Phase-1 pixel detector will have
to be replaced due to the significant damage and performance degradation they would suffer
during operation at the HL-LHC, and to cope with the more demanding operational conditions.
The performance degradation has been studied extensively and is documented in the Technical
Proposal for the CMS Phase-2 Upgrade [13, 18].
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Figure 2.1: Sketch of one quarter of the Phase-1 CMS tracking system in r-z view. The pixel
detector is shown in green, while single-sided and double-sided strip modules are depicted as
red and blue segments, respectively.
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Strong production ATLAS/CMS

25
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CMS analysis

26
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ATLAS analysis
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Wino mass measurement

• Velocity is measured by the tracker 
using time information

• How to measure the momentum ?
• We can not use the momentum of 

charged-wino tracks because of the 
too poor resolution; the track length 
is too short (< 10cm) !

• Instead, we can reconstruct from 
ETmiss and direction of charged 
winos, because pion carry little 
momentum (O(100 MeV))
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Bino mass measurement
• Reconstruct Bino mass from Wino and W 

momentum
• Wino momentum : reconstruct from the 

measured velocity and Wino mass.
• W momentum : reconstruct using fat jets.

29

3000 4000 5000 6000

Bino Mass (GeV)

0

5

10

15

20

25

30

-1
#

 /
 5

0
 G

e
V

 /
 1

0
 a

b

Bino Mass (10cm & 10cm)

histmbno1
Entries  349

Mean     4234

Std Dev     691.2

Mbno(Gauss)  9.3±  3651 

   σ  11.61± 59.76 

A         4.70± 25.29 

C         0.272± 3.704 

Bino Mass (10cm & 10cm)

3000 4000 5000 6000

Bino Mass (GeV)

0

10

20

30

40

50

60

-1
#

 /
 5

0
 G

e
V

 /
 1

0
 a

b

Bino Mass (10cm & 5cm)

histmbno2
Entries  793

Mean     4257

Std Dev     701.5

Mbno(Gauss)  7.5±  3646 

   σ  8.82± 65.82 

A         5.9±  45.2 

C         0.418± 8.764 

Bino Mass (10cm & 5cm)

g̃

g̃

W̃±

B̃
W̃±

W⌥

p

p

q q

W̃ 0

⇡±

qq

⇡±
W̃ 0

q
q

50 100 150 200
Jet Mass (GeV)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000-1
#
 /
 2

 G
e
V

 /
 1

0
 a

b

Fat jet mass Reconstructed Bino mass

<2% precision @ 3.7 TeV

JHEP 05 (2019) 179



Ryu Sawada  Dark Matter searches in the 2020s At the crossroads of the WIMP 11—13 Nov, 2019, U-Tokyo, Kashiwa Campus

Gluino mass measurement
• Gluino mass is reconstructed by “hemi-

sphere” analysis
1. Define two hemi-spheres using two 

disappearing-track directions
2. Iteratively assign jets to each hemi-sphere and 

update the directions
3. Reconstruct the gluino mass from jets and 

Winos.

•  Gluino mass can be estimated from the 
cross-section.

• Comparing the two estimates would be 
good test of SUSY hypothesis.
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Entries  1696

Mean     6236

Std Dev      1806

Mgno(Gauss)  39.3±  5931 

   σ  35.1±  1317 

A         3.0±  89.3 

C         0.414± 3.494 

Gluino Mass (10cm & 5cm)

g̃

g̃

W̃±

B̃
W̃±

W⌥

p

p

q q

W̃ 0

⇡±

qq

⇡±
W̃ 0

q
q

Isolated lepton-veto is also applied <2% precision @ 6 TeV

Reconstructed gluino mass
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Implication

31

Three model parameters can be 
constrained by the gaugino mass 
measurements.

Mass scale of sfermions and Higgsinos
Mass scales of Higgsinos and heavy Higgses.

The gaugino mass measurements 
would imply also the next particle-
mass scale (Higgsino, Higgses and 
sferimions)
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