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Evidence of Dark Matter
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Three independent methods to search for Dark Matter

𝜒𝜒 + 𝜒𝜒 → e+, p, 𝛾𝛾, …

… +𝜒𝜒 + 𝜒𝜒 ← p +p

HESS, HAWC, VERITAS, MAGIC, IceCube, …
PAMELA, FERMI, CALET, DAMPE, AMS, ...
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p, He + ISM e+, p + …

χ + χ→ e+, p + …

AMS

χ
χχχχ
χχ

χχ

p, He

e+, p

ISM

M. Turner and F. Wilczek, Phys. Rev. D42 (1990) 1001; 
J. Ellis 26th ICRC (1999)

e+ and p are rare species in cosmic rays
The collision of cosmic rays with interstellar medium(ISM) 

will produce e+ and p

The collision of dark matter particles will produce 
additional e+ and p

Dark Matter Searches at AMS

The excess of e+ and p can be accurately measured by AMS 4/52



Physics of AMS
• Searches for Dark Matter through simultaneous 

observation of positron, antiproton, …

• A long duration mission for precision measurements of 
elementary particles and nuclei in cosmic rays

• Searches for primordial antimatter

• Understanding the origin and propagation of cosmic rays
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Transition Radiation Detector
Identify e±/p

Silicon Tracker
Z, Rigidity(R=P/Z)

Electromagnetic Calorimeter        
Identify e±/p, E of e±

Ring Imaging Cherenkov 
V, Z

Time of Flight 
V, Z

The Charge(Z) and Energy(E)
are measured independently 

by several detectors

Precise identification of particle
and nuclei species

Alpha Magnetic Spectrometer

Magnet
±Z
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L1 to L9: 3 m level arm 8/52



• 17 X0, 3D measurement of the 
directions and energies of e± to
TeV

• Energy scale and resolution 
measured with test beam

• Identify e± by 3D shower shape

• Proton rejection is above 104 with 
ECAL and Tracker

Electromagnetic Calorimeter ( ECAL )

σ(E)    10.6±0.1
E   √E 

+(1.25±0.03)%=
σ(E)    10.6±0.1

E   √E 
+(1.25±0.03)%=

Test Beam ResultsEn
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gy
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Energy [GeV]

NIMA, 869 (2017) 110–117

proton rejection > 104
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Particle signals in AMS detector
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Electron and Proton identification in AMS

e- e+

p

Redundant particle identification using TRD, ECAL and Tracker 

Z(±1) x TRD estimator
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10 < E <500 GeV

p
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- Primary cosmic ray particle: 
- |R| > 1.2 × max cutoff
- Good RTI

- TOF: 
- Down-going particle
- β>0.3
- 0.8 < |Q| < 1.6

- TRD:
- Single TRD track
- at least 12 hits

- TRACKER:
- Single Tracker track
- Track quality
- 0.7 < |Q| < 1.4

- ECAL:
- ECAL quality
- Hadron shower shape
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R = −363 GV antiproton

9

1

Tracker

Event pre-selection for the p/p analysis 

Data sample
350,000 antiprotons are selected 

in the rigidity range 1–450 GV

Ev
en

t D
is

pl
ay

12/52



Analysis strategy

BG from π-/K- due to 
interaction can be 
separated only by mass

BG from e- can be 
rejected by TRD 
and/or Ecal easily

BG from proton 
due to spillover
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Low rigidity region ( R < 3 GV )
Key analysis : RICH Veto
Goal : Control π/e- B.G.

• RICH Veto to control π/e- background. ( Develop together 
with CIEMAT group, publish in Chinese Physic C ) 

• Template fitting on 1/βTOF distribution to get the final 
antiproton counting

Ziyuan Li et al., Chinese Physics C Vol. 41, No. 5 (2017) 056001
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Low rigidity challenge

1/100
(R > 0)
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Interaction removal cuts

• NTRDvertex < 3
Number of secondary TRD segments which produce vertex with the 
primary track

• NTOFintime <= 4
Number of TOF hits which coincide time with the primary track
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RICH Veto
Key parameters :
• Npe : Number of good reconstructed Photoelectrons 

corresponding to track ( Remove noise p.e. produce 
by particle passing through PMT, remove noise p.e. 
produce by secondary particle )

• Nexppe : Expected number of Photoelectrons based on 
Electron assumption and Ray Tracing MC simulation
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RICH Veto : Idea
In Theory : 
• βthreshold,AGL = 0.95

• The corresponding rigidity for p ( p ) with βthreshold,AGL is 3 GV. Therefore below 3 GV, proton will not produce 
Cherenkov light when passing through AGL, while for electrons Cherenkov light emission is expected.

In Reality :
• Events with zero Npe could be electrons where Cherenkov radiation was lost or absorbed due to one of 

possible effects like Rayleigh Scattering, total reflection in aerogel radiator, reflection or absorption on the 
mirror surface, falling into non-active area, light guide losses, etc.
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RICH Veto : Nexppe
Ray Tracing Integration Method:
• Starting from the impact point of the particle on top of the radiator, 

a number of rays (NSTP) on a conical surface around the particle 
trajectory are propagated through the RICH to the detection plane. 
This procedure is repeated NSTL times along the particle path inside 
the radiator.
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RICH Veto : Nexppe

Nexppe distribution changes with rigidity 
for electron (left) and proton (right)
in case Npe = 0

e- p
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RICH Veto (R < 3 GV)

Simulated e- : Npe = 0 Simulated e- : Npe = 0 & Nexppe > 2

Efficiency : 20%
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RICH Veto (R < 3 GV)

Simulated p : Npe = 0 Simulated p : Npe = 0 & Nexppe > 2

Efficiency : 88%
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Mass ID by TOF

1/100
(R > 0)

After RICH Veto : Cuts on Npe == 0 and Nexppe > 2 23/52



Template Fit
• Data sample to be fitted

• negative events after rich veto selection

• Signal template
• high statistic protons

• Background template
• electrons and pions with RICH ring

To make the fit rigidity independent, a normalization is done:

∆𝜷𝜷𝑻𝑻𝑻𝑻𝑻𝑻/𝝈𝝈𝜷𝜷𝑻𝑻𝑻𝑻𝑻𝑻−𝟏𝟏 = (
𝟏𝟏

𝜷𝜷𝑻𝑻𝑻𝑻𝑻𝑻
−

𝟏𝟏
𝜷𝜷𝒓𝒓𝒓𝒓𝒓𝒓,𝒑𝒑

)/𝝈𝝈𝜷𝜷𝑻𝑻𝑻𝑻𝑻𝑻−𝟏𝟏

𝜷𝜷𝒓𝒓𝒓𝒓𝒓𝒓,𝒑𝒑 is the theoretical value from rigidity measurement and assumption of proton mass.
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Template Fit example

pp
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Middle rigidity region ( 3 - 50 GV )

Key analysis : TRD estimator
Goal : Maximize the statistics

• Events within Ecal fiducial volume
Cut based analysis with TRD and Ecal BDT

• Events outside Ecal fiducial volume
Template fit on TRD estimator
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Particle ID in Middle rigidity region

~6 GV

Antiproton signal is well separated from the backgrounds 27/52



RICH Beta Band

Require events to locate within RICH beta band

𝑓𝑓(𝑅𝑅) = (1 ± 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) � (1 ± 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟) � (
𝑚𝑚𝑝𝑝

𝑅𝑅 )2+1

AGL NaF
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Template fit on TRD estimator
Data sample : negative events
Signal template : high statistic protons
Background template : e- selected by ECAL

p

e-
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High rigidity region ( > 50 GV )

Key analysis : Charge Confusion Estimator
Goal : Keep charge confusion (CC) under control

• High energy antiprotons can only separate from protons with 
tracker, therefore tracker relative variables are used to construct 
Charge Confusion Estimator

• Template fit on Charge Confusion Estimator to get antiproton 
counting
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Tracker Relative Variables for Charge Confusion Estimator

• RinnL1/RinnL9 – 1
• Rigidity mismatch for InnL1 and InnL9 pattern

• RFS/Rinn – 1
• Rigidity mismatch for Full Span and Inner pattern

• Log10(Chi2Y)
• Tracker Fitting χ2 on Y axis

• Chi2YFS – Chi2Yinn
• χ2 mismatch for Full Span and Inner pattern

• ResidualYL1
• The residual for L1 hit position and Inner extrapolate L1 position 

• ResidualYL9
• The residual for L9 hit position and Inner extrapolate L9 position 

Variables are basically rigidity independent after normalization
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Charge Confusion Estimator

Antiproton signalCC background
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Training and Testing data set : Monte Carlo Proton
Signal : 100 < R < 800 GV 
Background :  -800 < R < -100 GV



Template fit on Charge Confusion Estimator
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175 – 259 GV
χ2/n.d.f. = 0.72

Data sample to be fitted : negative rigidity events
Signal template : high statistic protons from ISS
Background template : negative rigidity events from MC



Acceptance Correction

• Monte Carlo simulation approach to calculate acceptance.
• 𝑵𝑵𝒓𝒓𝒈𝒈𝒈𝒈 events generated, 𝑵𝑵𝒔𝒔𝒈𝒈𝒔𝒔 events pass the same selection as ISS 

data.
34/52

Flux Ratio The acceptance for p and p is 
not the same, mainly due to 
the different cross section of 
p+C and p+C



Unfolding : Folded Acceptance

• Iteration method ( Step i ):
• Reweight MC proton by proton flux : φp

• Reweight MC antiproton by φp × (p/p)i-1
• Calculate the acceptance correction factor (Ap/Ap) i
• Apply the correction and update the antiproton ratio (p/p) i

i→
i+

1
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Systematic Error

• Charge Confusion
• Scan fit range to change template shape

• Template Fluctuation
• At high energy, fluctuate charge confusion template
• At Middle and low energy, fluctuate background template

• Acceptance
• Cross section ratio uncertainty

• Selection
• Vary cut values of variables

• Rigidity Scale
• Tracker misalignment
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Systematic Error : Charge Confusion
• Scan fit range to change template shape
• Fit the result by Gaussian function and assign the sigma as 

systematic error cause by Charge Confusion.
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Systematic Error : Template Fluctuation
• Fluctuate background template within statistical error

211 - 259 GV
σcc = 4%
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Systematic Error : Acceptance
• By changing proton MC inelastic cross section ± 10% we can 

know how much influence on acceptance correction ratio.

σacc = 3.8%
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Systematic Error : Selection
• Vary cut values of the variables that are not sensitive to charge 

confusion.
• The width subtracted by pure fluctuation gives the systematic 

error of selection dependence. 
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Systematic Error : Rigidity Scale

• The error on the absolute rigidity scale due to the residual 
misalignment of the tracker planes was estimated by comparing 
the electron/positron energy measured in the ECAL with the 
momentum in the tracker. It was estimated to be 1/26 TV−1.

+1/26TV

-1/26TV
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Error Breakdown : Systematic Error
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Error Breakdown : Total Error
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Antiproton/proton flux ratio
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Result Comparison
M. Aguilar et al. (AMS Collaboration), Phys. Rev. Lett. 117, 091103 (2016)
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3.49 x 105 antiprotons
2.42 x 109 protons

20                        100              300                1000

104

3x103

Unexpected: The Spectra of Protons and Antiprotons:
If p are secondaries, their rigidity dependence should be different than p:

Unexpectedly p and p have the same rigidity dependence.
p + ISM  p + …

M. Aguilar et al.
PRL,117(9), 091103 (2016)
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20

3x103

e+
pp

Unexpected results: the rigidity dependence of e+, p , p are identical 
from ~60 to ~500 GV

47/52



20

3x103

e−e+pp

Unexpected results: the rigidity dependence of e+, p , p are identical 
from ~60 to ~500 GV

e- has a different rigidity dependence. 
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AMS p/p results and modeling

Models from
F. Donato et al., PRL 102, 071301 (2009);  mχ =  1 TeV
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G.Giesen, et. al., JCAP 09 (2015) 023

Recent models of antiproton production

M.Y. Cui, et. al.
Phys. Rev. Lett. 118, 191101 
(2017)

Dark matter
mass ~50 GeV

The precision and comprehensive data from AMS allows for 
the exploration of new phenomena 

From collision of cosmic rays with 
interstellar medium: 
J. Feng, et.al., Phys. Rev. D. 94, 123007 (2016)
G.Giesen, et. al., JCAP 09 (2015) 023
C.Evoli et. al., JCAP 12 (2015) 039
R.Kappl, et. al., JACP 10(2015) 034
…

Dark matter contribution to explain 
the antiproton excess around 10 GV:
A. Cuoco, et. Al.Phys. Rev. Lett. 118, 191102
M.Y. Cui, et. al. Phys. Rev. Lett. 118, 191101 (2017)
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J. Feng, et.al., Phys. Rev. D. 94, 123007 (2016)



Measuring antiproton through the life time of Space Station

By collecting more data, 
AMS will explore to higher rigidity with better accuracy

MC simulation
2024: Extend measurement to 525 GV
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Thanks for your attention !

Ziyuan.Li / Sun-Yet-Sen University

IHEP, Beijing, Aug.22,2017



Back Up
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In 6 years AMS has collected over 100 billion events.

May 24, 2017

AMS will continue to collect data in the life time of ISS (2024)
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TRD performance on the ISS
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Rigidity (GV)

Typically, 1 in 1,000 protons may 
be misidentified as a positron

TRD estimator = -ln(Pe/(Pe+Pp))

εe = 90%

1 10 100 1000



ECAL Performance on the ISS
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Typically, 1 in 10,000 protons may be 
misidentified as a positron
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ECAL: E, Shower shape

εe = 90%



Detector Calibration and Monte Carlo simulation
Detector calibration

Monte Carlo simulation

Intensive Test Beam @ CERN:   
Particle type:  p, e±, π±

Energy   (10−400 GeV)
Position (2000)

Monte Carlo simulation:
1. Interactions (physics and materials)
2. Digitization (electronics)

Results in data-like events10,000 CPU cores at CERN
+ regional centers 57
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The rise of the positron fraction was first observed by HEAT, confirmed by PAMELA.
The maximum of the positron fraction was discovered by AMS.

2013
2012
2013
2007
2004
2001
2000
1996
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Maximum
265 ± 22 GeV

Positron Fraction: 5 years data

Sl
op

e 
[G

eV
-1

] Zero crossing
265 ± 22 GeV

Preliminary results
Please refer to forthcoming publication on PRL
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AMS 2016

source term

diffuse term 68% CL

1,080,000
Positrons

Additional source of high energy electrons and positrons

Primary source of cosmic ray positron

Preliminary results
Please refer to 
forthcoming 
publication on PRL
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• The same source in the precision electron flux
• Common source of electrons and positrons by Charge Symmetry Process
• Require comprehensive modelling of cosmic rays to understand its origin

diffuse term

source term

68% CL16,500,000
Electrons

Additional source of high energy electrons and positrons

Preliminary results
Please refer to 
forthcoming 
publication on PRL
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Alternative Models to explain the AMS Positron Flux and 
Positron Fraction Measurements
• Modified Propagation of Cosmic Rays
• Supernova Remnants 
• Pulsars

Examples:

M. DiMauro, F. Donato, N. Fornengo, R. 
Lineros, A. Vittino, JCAP 1404 (2014) 006
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By 2024, AMS will distinguish Dark 
Matter from Pulsars

AMS Measurements on Positron, Electron anisotropy and on antiprotons 
will also help distinguish different models

62

AMS 2024 MC Pulsars

DM model
Mχ = 1 TeV
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Cross section difference

64



New information: The proton flux cannot be described by a single power law = CRγ
AMS proton flux
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unexpected
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M. Aguilar et al., PRL 114, 171103 (2015)

AMS PRL 114, 171103 (2015): “In particular, 
the spectral index progressively hardens with 
rigidity above ∼100 GV.”

This is unexpected.



AMS PRL 114, 171103 (2015): “In particular, 
the spectral index progressively hardens with 
rigidity above ∼100 GV.”

This is unexpected.

Protons
PAMELA: “At 230 to 240 GV, the proton and helium 
data exhibit an abrupt spectral hardening.”



AMS PRL 115, 211101 (2015): “In particular, both 
spectral indices progressively harden with rigidity 
above 100 GV.” – This is unexpected.

Helium

≠
+

PAMELA: “At 230 to 240 GV, the proton and helium 
data exhibit an abrupt spectral hardening.”
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