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Brief about the model
Higgsino has been catching interests 
as (at least fractional) DM candidate.
Ωh2 ≤ 0.12 ⇔ m(higgsino) ≤ ~1.1 TeV

Higgsino: triplet of (N1, N2, C1±)
Generally compressed spectrum.

Mass scale distance from higgsino to 
gauginos reflects in mass-splitting.  
Smaller mass-splitting → narrower 
width.

“Pure” higgsino can be slightly long-
lived. (  ~ 0.2 ns)

Beyond LEP, so far “soft di-lepton” 
and “disappearing track” searches 
have been devised in LHC searches.
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neutralinos as well as the coannihilation of the other light
supersymmetric particles to SM particles. The relic den-
sity calculation is also sensitive to the properties of the
Universe close to the time of freeze-out, which is generally
considered to be radiation-dominated. The comparison
with the dark matter density relies on the fact that the
cosmological dark matter is composed of one single com-
ponent. Alternative cosmological scenarios could how-
ever strongly alter the computed relic density [17–23].

Second, dark matter is clustered in halos around galax-
ies, and the solar system is travelling across the Milky
Way halo. Since dark matter particles interact very
weakly with matter, they generally cross through matter
without interaction, but it is still possible that dark mat-
ter particles scatter with nuclear partons inside atoms.
This is the principle of direct detection experiments,
which aim to measure the recoil energy deposited by the
interaction of neutralinos with nuclei of a gas or crys-
tal, in order to reconstruct the scattering cross section of
dark matter with protons and neutrons. The main un-
certainty for this observable comes from the local density
and velocity of dark matter close to the Earth.

Third, dark matter particles can annihilate into
SM particles, which can modify the flux of photons,
positrons/electrons, proton/anti-protons, etc., measured
around Earth. The dark matter indirect detection exper-
iments probe the cosmic ray fluxes, and detect deviation
generated by dark matter annihilation. The clearest dark
matter signal would be a definite line in the gamma ray
spectra. Here the two main sources of uncertainty in ad-
dition to the astrophysical backgrounds are the density
of dark matter in the annihilation region, and the prop-
agation of the charged particles.

Finally, LHC can also probe the dark matter sector,
through direct pair production of neutralinos. However,
such processes would be completely invisible at the detec-
tors. A hard single jet emitted by initial state particles
can be used as a marker of the production of a pair of
neutralinos, resulting in monojet signatures.

2.3.2. Nature of the neutralino

The neutralino can be a pure state of bino, wino or
higgsino, or a mixed state, leading to diverse properties.

A pure bino neutralino has its couplings to the Z and
Higgs bosons suppressed. For this reason, it would be
very di�cult to detect it in direct and indirect detection
experiments, as well as at the LHC. Moreover, because
of the low annihilation rate, the relic density is expected
to be too large. Therefore, to retrieve the observed dark
matter density, another slightly heavier supersymmetric
particle, such as a stau or a squark is required, that can
coannihilate with the neutralino, in order to increase the
e↵ective (co-)annihilation rate.

A pure wino or higgsino has also couplings to the Z
and Higgs bosons suppressed, to a lesser extent, leading
to di�cult direct and indirect detections. Concerning

FIG. 4: Relic density as a function of the neutralino mass, for
di↵erent compositions of the neutralino.

the relic density however, a pure wino is accompanied
with a chargino, and a pure higgsino with a second neu-
tralino and a chargino. For this reason, even if the other
supersymmetric particles are much heavier, the correct
amount of relic density can be achieved naturally for a
wino of ⇠2.3 TeV, or a higgsino of ⇠1.2 TeV (see Fig. 4).
For mixed state neutralinos, the couplings to the Z and

Higgs bosons can be large, leading to large scattering or
annihilation cross sections, making a direct or indirect de-
tection more likely. In addition, the correct dark matter
relic density can be achieved even in absence of coannihi-
lations. These scenarios however are becoming severely
constrained by the direct detection experiments.
Fig. 4 shows the distribution of the relic density for

the di↵erent types of neutralinos. The relic density is
expected to be close to the observed cold DM density,
⌦h2 ⇠ 0.11 [24, 25]. In general, the relic density in-
creases with the neutralino mass. For a pure bino, the
relic density is often too large, and only coannihilations
can help reaching the right DM density. For higgsino
and wino states on the contrary, the relic density is too
small for light neutralinos, because of the coannihilation
with the associated chargino or neutralino. For mixed
states, the correct relic density can be obtained for any
neutralino mass.

2.3.3. Constraints on the MSSM parameters

In the following, we consider the phenomenological
MSSM with 19 parameters, which is the most general
MSSM model with R-parity and CP conservation, and
Minimal Flavour Violation at the weak scale [26]. This
model is flexible enough to allow for general studies of
most of the MSSM neutralino dark matter scenarios, in
particular becauseM1, M2 and µ, the bino, wino and hig-
gsino mass terms respectively, are independent, contrary
to the usual constrained scenarios. The e↵ect of CP-
violation in the pMSSM has been recently studied in [27].
Because of the large number of parameters only a com-
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Higgsino Spectrum (with gaugino)

2

positive µ without loss of generality.

The completely pure Higgsino DM has already been
excluded, as the DM is a Dirac fermion and the Z-boson-
mediated nucleon scattering cross section is far above the
current direct detection limits. For the Higgsino DM to
be viable, therefore, some new particles heavier than the
Higgsino are required. In the minimal SSM (MSSM),
the mixing with gauginos splits the Higgsino into Majo-
rana fermions, for which the direct detection limits are
avoided [22, 23].

The Higgsino doublet is decomposed into two neutral
Majorana fermions (�0

1,�
0
2) and a charged fermion (�±).

We adopt the convention �m0 ⌘ m�0
2
� m�0

1
> 0, and

define �m± ⌘ m�± �m�0
1
. �m0 is mainly induced via

the tree-level mixing with heavier particles—bino or wino
in the MSSM—and can be approximated by
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where cW (sW ) = cos ✓W (sin ✓W ) with ✓W the Weinberg
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where ↵2 is the fine structure constant for the SU(2)L
gauge interaction and tan� ⌘ hHui/hHdi. For µ � MZ ,

�mrad
± ' ↵2MZ

2
sin2 ✓W ' 354MeV. (4)

Note that the above estimations can be modified with
radiative corrections by O(10)% [22].

In the MSSM, the mass splittings get larger for a larger
Higgsino-gauginos mixing. This mixing also increases
the DM-nucleon scattering cross sections and electronic
dipole moments (EDMs) of the SM fermions. As a re-
sult, there is a strong correlation between the Higgsino
mass splittings and these observables [20], and in par-
ticular, large mass splitting regions are testable in DM
direct detection and EDM experiments.

To see this correlation, let us consider the Higgsino-
nucleon elastic scattering, which is dominantly induced
by the tree-level Higgs-boson exchange process. If, e.g.,
the gaugino masses are real and obey the so-called GUT
relation, M1/M2 = ↵1/↵2, we find a simple relation be-
tween the charged-neutral mass splitting �m± and the

spin-independent DM-proton scattering cross section �SI:

�m± ⇠ �mrad
± + 170 MeV

✓
�SI

10�48 cm2

◆1/2

, (5)

for tan� � 1. The current experimental bound on �SI

is ⇠ 10�46 cm2(m�0
1
/100 GeV) for the DM local density

⇢�0
1
= 0.3 GeV/cm3 [24]. The present limit has already

imposed a limit �mtree
± > O(1) GeV. Nevertheless, the

region of �mtree
± < O(100) MeV cannot be probed in

direct detection experiments even if their sensitivities are
improved down to the neutrino floor.
A similar argument can also be made for EDMs. If

the gaugino-Higgsino system has CP violation, EDMs
are induced at two-loop level [25, 26]. The size of the
EDMs and the mass splitting �mtree

± are also correlated.
It is, however, di�cult to probe the region �mtree

± <
O(100) MeV even with future experiments [20].
Therefore, it is important to uncover the parameter

region �mtree
± < O(100) MeV at colliders. The Hig-

gsino phenomenology at colliders is sensitive to the de-
cay of the heavier Higgsino components, which signif-
icantly depend on the mass splittings. If, in particu-
lar, m⇡± < �m± ⌧ 1 GeV, with m⇡± the mass of the
charged pion ⇡±, the main decay mode of the charged
Higgsino is �± ! �0

1,2⇡
± [27]. The partial decay length

of �± ! �0
1⇡

± is approximately given by [28, 29]
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The decay �± ! �0
2⇡

± is also possible if �m± ��m0 >
m⇡± and this decay rate can be obtained by replacing
�m± by �m±��m0 in Eq. (6). For larger �m±, three-
body decay modes open up, in which one charged parti-
cle, such as a charged lepton or meson, is emitted. We
also include these decay modes in the following analysis.
If the tree-level mass di↵erence is small enough,

�mtree
± ⌧ 100 MeV, the decay length of the charged

Higgsino is su�ciently long, O(1) cm, so that the disap-
pearing charged track search can test the Higgsino DM
[20], as in the case of the wino DM [30–33].

III. THE SOFT-DISPLACED TRACK SIGNAL
FROM THE HIGGSINO DECAY AT LHC

Higgsinos can be pair-produced via the Drell-Yan pro-
cess at the LHC, which eventually yield a pair of the
lightest Higgsinos �0

1, the DM candidate. The “mono-
jet search” is regarded as a model-independent search
for DM production at the LHC, where the signal is an
invisible pair-production of DM particles accompanied
by a jet from initial-state radiation (ISR). This search
is, however, not sensitive to Higgsinos [34, 35]; as illus-
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The “pure higgsino” model is already excluded by the direct detection.

Direct detection elastic scattering can constrain larger  ranges.

Perhaps “almost pure higgsino” would be an interesting region, but it’s not addressed so far.
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Event Display

Signal  BG ( Z > vv) 

25 cm

Soft & Slight 
Displacement

Event topology

One non-trivial question was how it’d be possible to predict the backgrounds 
to soft-displaced tracks.
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ISR

MET
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Detector response, background modeling

Event selection is based on the mono-jet search, to see the additional 
sensitivity gain by soft track requirements.

The Delphes simulation yield was scaled to match with the ATLAS mono-jet 
result.
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ATLAS-EXOT-2016-27

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-27/
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Track response

For soft-tracking performance, it is important 
to emulate:

Tracking resolution, efficiency

Track IP resolution shape

Secondary particles contamination

Parameterization based on MinBias 
measurements

expect quasi-accurate description of the 
discrimination using IP significance.

Secondary track components are inclusively taken 
into account as a part of impact parameter 
distribution.
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Background

● Main BG event: Mono boson production: Z > vv

● O(100) tracks per event

● Tracks tend to be soft

● Most of tracks are close to each other

● Secondary track: long-lived particles decay: Ks, strange baryon
● Large impact parameter

● Primary track of large angle scattering with detector material:
● Fake track with large impact parameter

40

P P

Signal

One Soft track

d
0
 resolution



Hideyuki Oide 2020-06-12

52

ABCD Method

In reality, we need data drive background estimation.

Acceptance rate of Signal track is almost independent on MET. 

B
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D
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S(d0)
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A, B, C:  Control regions:
D: Signal region  

D = B x C / A

By using observed data for A, B ,C
we can estimate # of signal region D

Demo analysis

Not aiming at full optimization of the signal selection
it was important to illustrate the effectiveness of the search idea  
to urge the LHC experiments to look into this possibility.

The background estimation can be only semi-quantitative anyways
soft tracks (1-5 GeV) mostly originate from soft-QCD and MC simulations are not super reliable.

Simple cut-based signal selections: 
1 GeV < pT < 5 GeV; higher pT range than this suffers  
soft taus from Z+jets.

Isolated from other tracks of the event;

Somewhat aligned with respect to MET;

Transverse IP significance S(d0) > 6 sigma.

Illustrated a simple “data-driven”-inspired background  
estimation approach using the ABCD method.

To show there is at least one possibility of background estimation.

Making use of independence between the event topology and soft track parameters.

Picked up two variables: MET and S(d0).

7

Event
Topo

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

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

For the above track selection, the signal selection e�-
ciency is larger for events with larger 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 re-
duces to 3% due to the failure of the isolation selection by
larger pileup. The background event yield passing all the
selections is estimated to be around 0.5% of the events
that have passed the mono-jet selection.

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

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

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

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

1

100 150 200 250 300

�
m

±
[G

eV
]

m�±[GeV]

1

100 150 200 250 300

�1

�1

±50%

�m0 = 0

�m0 = 2�m±

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

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

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

We also show in Fig. 2 the prospects of the future DM
direct searches, for which we consider the LZ experiment
as an example [54], where we assume the GUT relation
for gaugino masses and tan� � 1. The black solid line
corresponds to the case that the whole DM consists of
Higgsinos, while the black dashed line is for a more con-
servative case that the amount of Higgsino is equal to its
thermal relic abundance (and thus the sub-component
of the DM ). As we see, the Higgsino search with our
method is complementary to the DM direct detection
experiments, and thus plays a crucial role in testing the
light Higgsino scenario.
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trated in the re-interpretation of the ATLAS mono-jet
search performed in Ref. [36], currently it doesn’t give
any constraints on the Higgsino DM.

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

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

Remarkably, the parameter region 0.3<⇠�m±
<⇠ 1 GeV

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

The performance of the ATLAS detector [41] is semi-
quantitatively mimicked as follows: the number of pileup
vertices is assumed to be hµi = 35 and 200 for Run2
and high-luminosity LHC (HL-LHC) respectively; tracks
are assumed to be reconstructed with the standard
tight track selection and its reconstruction e�ciency for
charged particles is conservatively assumed to be 80%
for pT > 500 MeV and |⌘| < 2.5; charged particles
not satisfying these conditions are discarded; the fake-
track rate in the standard tight track selection is neg-
ligibly small [42, 43]; the resolution of the transverse
impact parameter is parameterized as �d0(pT) [mm] =
0.01+0.08/(pT/GeV), and we set ��z0 = 5�d0 for Run2
and ��z0 = �d0 for HL-LHC. [44]. This configuration
takes account of the installation of a factor-5 finer reso-
lution pixel detector in z-direction for HL-LHC in AT-
LAS [45]. It is important to take into account the non-
Gaussianity of the impact parameter resolution due to
multiple Coulomb scattering and secondary particles by
nuclear interaction with the detector material. To incor-
porate this, we use a Crystal Ball function with a Gaus-
sian core up to ±2� and power-law tail of slope three.
This treatment can well reproduce the measurement of
the ATLAS impact parameter distribution for minimum-
bias events inclusive of primary and secondary charged
particles [46].

For Monte-Carlo simulations, we use Madgraph5 [47]
event generator interfaced to Pythia8 [48] parton shower
and hadronization, with the detector response simulated
by Delphes3 [49]. We refer to the NLO-NLL cross sec-
tions [50–52]. All of the main SM background contri-
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FIG. 1. The signal and SM background distributions in pT
(left) and S(d0) (right) after the rest of the selection crite-
ria (see the text) are applied for each case, for an integrated
luminosity of 140 fb�1. The contributions from primary, sec-
ondary and pileup vertexes are shown in green, blue and
yellow, respectively. For the signal Higgsino, the case of
m�0

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

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

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

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

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

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

T > 500(700) GeV for
the Run2 (HL-LHC). With this selection, the main back-
grounds are Z(! ⌫⌫̄) and W (! `⌫).
In addition to the mono-jet selection, we require at

least one extra track satisfying the following conditions,
which is expected to be the charged pion from the charged
Higgsino decay:

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

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

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

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

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

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

T ) < 1.
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Implications of experience

Nice to have a teamwork of pheno + experimental folks!
Complementary expertises (of course!)

We were actually not focusing on the Higgsino model from the first place - was studying 
some other course then realized that discussion could profit here.

A hybrid of a simple detector response (Delphes) and a specialized add-on for 
the LLP part (soft displaced track) was effective in this projection exercise.

Not so trivial for other signal models, e.g. for reconstruction of displaced vertices.

Potential extension of the study in:
Signature involving multiple displaced soft tracks?

To higher energy: 33 TeV, 100 TeV.  
Making use of VBF instead of ISR?

No particular plans extending this course for the Snowmass (yet)
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