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 Indirect DM Search

 Recent results from Fermi, AMS-02

 GAPS Mission

 Why antideuterons?

 Detection method/particle identification technique

 Detector design

 Recent status

 Sensitivity and complementarity to other DM experiments

 Summary
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 Positron:  AMS-02, Fermi-LAT, PAMELA, …

 Gamma-ray:  Fermi-LAT, CTA, HESS, VARITAS…

 Neutrino: IceCube, ANTARES…

 Antiproton: AMS-02, PAMELA, GAPS

 Antideuteron : AMS-02, GAPS

 Antihelium: AMS-02, GAPS

Complementary searches with different detection

methods/background models are crucial to validate

rare-event detection

Measure DM Annihilation/Decay Products

INDIRECT DM SEARCH
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INDIRECT DM SEARCH – FERMI AND AMS-02 

RESULTS

 Fermi Galactic Center Excess
 ~50GeV DM/Astrophysical objects?

 Similar excess in Fermi dSphs?

 AMS-02 positrons/antiprotons
 DM/pulsars/propagation uncertainty?

 AMS-02 antihelium detection?

Possible DM Signatures?

Difficult to verify DM signatures due to 

astrophysical objects/backgrounds
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AMS02.org

AMS-02 

positrons

Daylan et al., 2016

FERMI gamma-ray 

observation 
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GAPS COLLABORATION
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~ 400x

Primary flux 

DM annihilation/decay

Hadronization

Process

_
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Dark Matter

Annihilation

q,h,W… DM

DM

Coalescence

Process

_
d

p (CR) +H (ISM)→ p + H + p + n + p 

+ n

_ _

_
d

Secondary flux 

Cosmic ray interactionLSP: Donato et al., 2008

Gravitino: Dal et al., 2014

LZP: Bear et al;., 2005

BKG: Ibarra et al., 2013

GAPS: Aramaki et al., 2016

WHY ANTIDEUTERONS?

Background-Free DM Search at Low-Energy

GAPS antideuteron measurement plays an important

role for DM search
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The antiparticle slows down & stops, 

forming an excited exotic atom

A time of flight (TOF) system tags 

candidate events and records velocity

Deexcitation X-rays provide signature

Annihilation products provide added 

background suppression
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ATOMIC TRANSITIONS
n=nK~15

no,lo
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n=8
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n=1

n=2

π0

π+

Plastic Scintillator TOF

Si(Li) Detector

Concept proven with accelerator beam test

Measured/verified X-ray yields with different targets

Developed cascade model to predict X-ray yields

EXOTIC ATOM

Si

_
D

Aramaki, et al., 2013

GAPS DETECTION CONCEPT

Measure Atomic X-rays and Annihilation Products
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CR p, e± rejection: antiproton and antideuteron 

selection

 Select slow particles with TOF

 Simultaneous detection of annihilation products

 relativistic pions/slow protons
Antideuteron identification from antiprotons

 atomic X-rays from exotic atom

 different energy

 pion/proton multiplicity

 more for antideuterons

 stopping range (depth sensing)

 antideuterons go deeper

 dE/dX energy deposit in layers

 more for antideuterons

GAPS ANTIDEUTERON IDENTIFICATION

TECHNIQUE

d	 d	

Background/Mimic Events ~ 0.01 8



2m

1.6m

2m

3.6m

1.6m

3.6m

TOF plastic scintillators: 18cm x 1.6m x 
5mm 

 Identify incoming charged particles

 1m separation between inner/outer TOF

 Timing resolution: ~0.5ns, SiPM on each 

end

Si(Li) detector: 4 inch, 2.5mm thick wafer

 10 layers, ~140 Si(Li) detectors/layer

 Segmented into 8 strips

-> 3D particle tracking

 Energy/timing resolution: ~4 keV, ~100 ns

 Operation temperature: -40C

cooled with oscillating heat pipe (OHP)

 Dual channel electronics

20-80 keV: X-rays

0.1-50MeV: charged particles

Key instruments were tested/validated in the

prototype flight

GAPS INSTRUMENT – DESIGN CONCEPT

Well-studied, widely-used Si(Li) & plastic scintillators
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GAPS INSTRUMENT – RECENT STATUS

We are on track for upcoming PDR later this year10

See Field Rogers’ poster for more details
Si(Li) detector

Successfully 

producing 4” 

detector

σt < 0.5ns achieved

TOF Plastic scintillator

Thermal analysis

Tracker/Gondola
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tivities which are characterized by the sunspot number 2 Ñ(t)

(normalized to 1 at solar maximum of cycle 24). The data

used in the fitting include the B/C data by ACE [26] and AMS-

02 [19], the proton spectrum by AMS-02 [17] and the time-

dependent proton fluxes by PAMELA [23]. The 10Be/9Be ra-

tio is not well determined yet. We also use some old measure-

ments by Ulysses [27], ACE [28], Voyager [29], IMP [30],

ISEE-3 [30], and ISOMAX [31] in the fitting.

The numerical tool GALPROP [32, 33] is adopted to calcu-

late the propagation of CRs. We have developed a global fit-

ting tool, CosRayMC, which incorporates GALPROP into the

MCMC sampler [34], enabling efficient survey of the high-

dimensional parameter space of the CR propagation [35, 36].

Once the background parameters are obtained, the secondary

production of antiprotons can be obtained, as shown in Fig. 1.

Note that there are additional uncertainties from the antiproton

production cross section [37, 38]. Especially it has been found

that an asymmetry exists between the antineutron and antipro-

ton production for pp collisions, which tends to give more

antineutrons [39]. An energy-independent rescaling factor of

κ ≃ 1.3 ± 0.2 has been suggested to approximate the ratio of

antineutron-to-antiproton production cross sections [37]. For

the results shown in Fig. 1 we adopt κ = 1.2.
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FIG. 1: Secondary and DM annihilation antiproton fluxes calculated

for 2σ ranges of the background parameters determined in the fitting

to the B/C, 10Be/9Be, and proton data. The mass of the DM particle

is 110 GeV, and the annihilation cross section is 10−26 cm3s−1.

III. DM ANNIHILATION

Antiprotons can also be produced via the DM annihila-

tion or decay. In this work we focus on the discussion of

DM annihilation. The density profile of DM is adopted to

be NFW profile [40], ρ(r) = ρs (r/ rs)(1 + r/ rs)
2
−1

, where

rs = 20 kpc and ρs = 0.26 GeV cm−3. The production spec-

trum of antiprotons is calculated using the tables given in [41].

2 http://solarscience.msfc.nasa.gov/SunspotCycle.shtml

Fig. 1 shows the results of DM induced antiproton fluxes, for

mχ = 110 GeV and ⟨σv⟩ = 10−26 cm3s−1, and various back-

ground parameters which lie in the 2σ ranges derived in the

background fitting. Due to the improved constraints on the

propagation parameters (e.g., the half height of the propaga-

tion halo zh = 5.5 ± 0.9 kpc), the DM annihilation induced

antiproton fluxes are constrained in a range of a factor of ∼ 2,

which improve much compared with previous studies (e.g.,

[15, 20]).

IV. RESULTS OF DM CONSTRAINTS

From the Bayesian theorem, the posterior probability den-

sity of the parameter ⟨σv⟩ for given mass of the DM particle,

mχ, is

P(⟨σv⟩)|mχ
∝ L (mχ, ⟨σv⟩,θbkg,κ) p(θbkg) p(κ) dθbkg dκ,

(1)

where L is the likelihood function of model parameters

(mχ, ⟨σv⟩,θbkg,κ) calculated from the AMS-02 antiproton

data, p(θbkg) is the prior probability density of background pa-

rameters θbkg which is obtained via the MCMC fitting to the

B/C, 10Be/9Be, and proton data, and p(κ) is the prior probabil-

ity distribution of the antineutron-to-antiproton production ra-

tio, which is assumed to be Gaussian distribution N(1.3, 0.22)

[37, 39].
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FIG. 2: 68%, 95%, and 99% credible regions of the DM parameters

mχ−⟨σv⟩ to fit the AMS-02 antiproton data. The annihilation channel

is assumed to be bb̄. Also shown are the Fermi-LAT exclusion limits

from observations of dwarf galaxies [42], and the inferred parameters

(with a re-scaling of the local density) through fitting to the Galactic

center GeV excess [43].

We find that the AMS-02 data favor a DM component with

a mass of a few tens GeV and an annihilation cross section

of the thermal production level for quark final state. The test

statistic (TS) value of such a DM component is found to be

about 70 for the best-fit DM parameters mχ = 50 GeV and

⟨σv⟩ = 2 × 10−26 cm3s−1 for the annihilation channel bb̄. Fig.

2 shows the favor parameter regions on the mχ − ⟨σv⟩ plane.

excluded

GAPS sensitivity 
one dbar detection with ~99% CL, (Aramaki et al, 

2016)

GAPS SENSITIVITY IN DM PARAMETER SPACE

2

tivities which are characterized by the sunspot number 2 Ñ(t)

(normalized to 1 at solar maximum of cycle 24). The data

used in the fitting include the B/C data by ACE [26] and AMS-

02 [19], the proton spectrum by AMS-02 [17] and the time-

dependent proton fluxes by PAMELA [23]. The 10Be/9Be ra-

tio is not well determined yet. We also use some old measure-

ments by Ulysses [27], ACE [28], Voyager [29], IMP [30],

ISEE-3 [30], and ISOMAX [31] in the fitting.

The numerical tool GALPROP [32, 33] is adopted to calcu-

late the propagation of CRs. We have developed a global fit-

ting tool, CosRayMC, which incorporates GALPROP into the

MCMC sampler [34], enabling efficient survey of the high-

dimensional parameter space of the CR propagation [35, 36].

Once the background parameters are obtained, the secondary

production of antiprotons can be obtained, as shown in Fig. 1.

Note that there are additional uncertainties from the antiproton

production cross section [37, 38]. Especially it has been found

that an asymmetry exists between the antineutron and antipro-

ton production for pp collisions, which tends to give more

antineutrons [39]. An energy-independent rescaling factor of

κ ≃ 1.3 ± 0.2 has been suggested to approximate the ratio of

antineutron-to-antiproton production cross sections [37]. For

the results shown in Fig. 1 we adopt κ = 1.2.
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FIG. 1: Secondary and DM annihilation antiproton fluxes calculated

for 2σ ranges of the background parameters determined in the fitting

to the B/C, 10Be/9Be, and proton data. The mass of the DM particle

is 110 GeV, and the annihilation cross section is 10−26 cm3s−1.

III. DM ANNIHILATION

Antiprotons can also be produced via the DM annihila-

tion or decay. In this work we focus on the discussion of

DM annihilation. The density profile of DM is adopted to

be NFW profile [40], ρ(r) = ρs (r/ rs)(1 + r/ rs)
2
−1

, where

rs = 20 kpc and ρs = 0.26 GeV cm−3. The production spec-

trum of antiprotons is calculated using the tables given in [41].

2 http://solarscience.msfc.nasa.gov/SunspotCycle.shtml

Fig. 1 shows the results of DM induced antiproton fluxes, for

mχ = 110 GeV and ⟨σv⟩ = 10−26 cm3s−1, and various back-

ground parameters which lie in the 2σ ranges derived in the

background fitting. Due to the improved constraints on the

propagation parameters (e.g., the half height of the propaga-

tion halo zh = 5.5 ± 0.9 kpc), the DM annihilation induced

antiproton fluxes are constrained in a range of a factor of ∼ 2,

which improve much compared with previous studies (e.g.,

[15, 20]).

IV. RESULTS OF DM CONSTRAINTS

From the Bayesian theorem, the posterior probability den-

sity of the parameter ⟨σv⟩ for given mass of the DM particle,

mχ, is

P(⟨σv⟩)|mχ
∝ L (mχ, ⟨σv⟩,θbkg,κ) p(θbkg) p(κ) dθbkg dκ,

(1)

where L is the likelihood function of model parameters

(mχ, ⟨σv⟩,θbkg,κ) calculated from the AMS-02 antiproton

data, p(θbkg) is the prior probability density of background pa-

rameters θbkg which is obtained via the MCMC fitting to the

B/C, 10Be/9Be, and proton data, and p(κ) is the prior probabil-

ity distribution of the antineutron-to-antiproton production ra-

tio, which is assumed to be Gaussian distribution N(1.3, 0.22)

[37, 39].
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FIG. 2: 68%, 95%, and 99% credible regions of the DM parameters

mχ−⟨σv⟩ to fit the AMS-02 antiproton data. The annihilation channel

is assumed to be bb̄. Also shown are the Fermi-LAT exclusion limits

from observations of dwarf galaxies [42], and the inferred parameters

(with a re-scaling of the local density) through fitting to the Galactic

center GeV excess [43].

We find that the AMS-02 data favor a DM component with

a mass of a few tens GeV and an annihilation cross section

of the thermal production level for quark final state. The test

statistic (TS) value of such a DM component is found to be

about 70 for the best-fit DM parameters mχ = 50 GeV and

⟨σv⟩ = 2 × 10−26 cm3s−1 for the annihilation channel bb̄. Fig.

2 shows the favor parameter regions on the mχ − ⟨σv⟩ plane.

Cui et al. (2016), 

GAPS can elucidate the tensions from a different

perspective

Strong Tensions with Fermi GCE/dSphs and AMS-02

AMS-02 antiproton →

Fermi dSphs →

Fermi GCE →

Propagation model: MED
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DIRECT DM 

SEARCH

INDIRECT DM 

SEARCH

GAPS COMPLEMENTARY DM SEARCH

RH Sneutrinos in NMSSM

GAPS, SuperCDMS and LZ/XENON can

complementarily investigate DM parameter space

with different detection technique and background
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Low-mass DM search

 SUSY LSP

neutralino, RH sneutrino

 LZP 

extra dimensions

 Gravitino

small R-parity violation

 PBH Evaporation

Solar modulation 

 BESS

29 at E ~ 0.2 GeV

 PAMELA

7 at E ~ 0.25 GeV

 AMS-02

E > 0.5 GeV

 GAPS

~ 1500 at E < 0.25 

GeV

GAP

S

AMS-02

Kappl et al., 2012

Lavalle et al., 2012

Grefe, 2012

Abe et al., 2012

Aramaki et al., 2014

GAPS ANTIPROTON MEASUREMENT

GAPS Can Exclusively Measure Low-Energy Antiprotons

GAPS can uniquely explorer low-mass DM, PBH and

solar modulation

13



KEK

Beam 

Test

pGAPS

flight

2004/200

5

2012 2017 20212018 2019 20202016

CDR SIRPDR

 GAPS antideuteron measurement is considered as background-

free DM search and can uniquely explorer DM parameter 

space.

 GAPS antideuteron measurement can elucidate the tensions 

between Fermi GCE/dSphs and AMS-02 antiproton 

measurement.

 GAPS antiproton measurement can deeply investigate low-mass 

DM, PBH and solar modulation.

 GAPS is complementary to particle collider, direct DM search

Data 

AnalysisSi(Li) Development Si(Li) Production

Integratio

n

TOF Development TOF Production

Antarctic 

Science 

Flight

SCHEDULE AND SUMMARY

First Science Flight funded, Scheduled from Antarctic in Late-2020
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