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Dark Matter and Cosmic Ray Antiprotons 

•  ~85% of matter in the Universe is not visible and is called dark matter 
•  Collision of “ordinary” cosmic rays produce p  
•  Annihilation of Dark Matter (neutralinos, χ) will produce additional p 
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AMS: A TeV precision, multipurpose spectrometer 

The charge and energy are measured 
independently by many detectors 

 Particles and nuclei are defined by 
their charge (Z) and energy (E) 
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 Event selection for the p/p analysis  

•  Primary cosmic ray particle:  
§  |R| > 1.2·max cutoff 

•  TOF:  
§  Down-going particle 
§  β>0.3 

•  TRD:     
§  at least 12 hits 

•  TRACKER: 
§  Track quality 
§  0.8 < |Q| < 1.2 

•  ECAL: 
§  Hadron shower shape 
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Antiproton identification 

ISS data from May 19, 2011 to May 26, 2015  
•  The number of antiprotons is determined from template fits. 
•  To maximize the measurement accuracy, different templates are used in three 

rigidity regions: 
1. Low rigidity region:  Electron, pion background 

  1.00 - 4.02 GV   The mass calculated from TOF and Tracker 
 
2. Intermediate region:  Electron and small amount of pion background 

  3.67 - 18.0 GV   RICH and TRD estimator 
 
3. High rigidity region:  Electron and charge confusion proton background 

  16.6 - 450 GV   2D template in (∧TRD - ∧CC ) plane 
 
•  The regions overlap, the analysis with the smallest error is taken 
 3.49 x 105 antiprotons and 2.42 x 109 protons are selected in the 

rigidity range 1<|R|<450 GV 
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Antiproton identification at intermediate rigidities 
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Template events selected via the RICH 

!

Antiproton identification at low and intermediate rigidities 
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Charge confusion estimator
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MVA BDT estimator: 
10 variables based on 
    Track fit quality 
     Rigidity measurements 
     Charge measurements 

Charge confusion estimator 

•  Protons may be reconstructed with wrong charge sign, due to: 
-  Finite tracker resolution 
-  Particle interactions with detector material 
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Antiproton identification at high rigidities 

Antiprotons 

Electrons 

Charge-confused protons 
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∧
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D 

•  2D template in (∧TRD - ∧CC ) plane 
•  Antiproton template built from proton data 
•  Electron template from electron MC 
•  Charge-confused protons from proton MC 
•  Using Kernel Estimation to construct smooth 

templates 
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Antiproton identification at high rigidities  Λ  ×sign(R) 
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Acceptance correction 

•  The antiproton acceptance is different from the proton one, due to: 
1.  Softer spectrum at low rigidities (unfolding) 
2.  Larger inelastic cross section 

The antiproton-to-proton flux 
ratio is defined as  

Number of observed 
antiprotons and protons 

Acceptance ratio of 
protons to antiprotons 

P (GeV/c)1 10 210 310

Cp
σ/

pC
σ

0

0.5

1



Antiproton Flux and Antiproton-to-Proton Flux Ratio Measured with the Alpha Magnetic Spectrometer on 
the International Space Station  |  Andreas Bachlechner  |  I. Physikalisches Institut B   
12.09.2016  | TeVPA 2016, CERN 

Fußzeile anpassen: 
Zum Anpassen der Fußzeile 
unter Karteireiter Ansicht > auf 
Folienmaster klicken. Links in 
der Übersicht auf die oberste 
Folie scrollen und dort in die 
Fußzeile klicken. So wird der 
Text automatisch auf allen 
Seiten angepasst. 

12 

Systematic error sources 

•  Affect the antiproton counting σN 
§  Cutoff  
§  Selection 
§  Charge confusion templates 

 
•  Affect the acceptance, σA 

§  Cross sections 
§  MC statistic fluctuations 
§  Migration matrix 

•  Rigidity scale, σR 
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Systematic error from charge confusion templates 
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•  The uncertainty of the proton flux in the TV region  
-  Varying the spectral index of the proton flux within the accuracy of our proton measurement 

•  The uncertainty of the proton rigidity resolution function 
-  Comparing the charge confusion amount predicted by the Monte Carlo simulation with the one obtained 

from the fit 

Rigidity resolution function Proton flux 
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Systematic error from acceptance correction 
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The typical uncertainty is 20% at 1 GV,  
15% at 10 GV, and 5% at 100 GV 
 

Uncertainty is still significant. 

The uncertainty in the cross section is the major contribution to 
the systematic error at low rigidity 
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Systematic error from the rigidity scale uncertainty 
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Error breakdown 
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•  Statistical error dominants below 2 GV and 
above 100 GV 

 
•  In the intermediate region the systematic 

uncertainty from the acceptance dominates 
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Antiproton Flux in comparison to other species and 
Antiproton-to-Proton Flux Ratio 

3.49 x 105 antiprotons / 2.42 x 109 protons 

the antiproton spectral index decreases more rapidly than
the proton spectral index and for the highest rigidity
interval, 60.3 ≤ jRj < 450 GV, the antiproton spectral
index is consistent with the proton spectral index.
Figure 3(a) presents the measured (p̄=p) flux ratio.

Compared with earlier experiments [2,6], the AMS results
extend the rigidity range to 450 GV with increased
precision. Figure 2 of Supplemental Material [18] shows
the low energy (< 10 GeV) part of our measured (p̄=p)
flux ratio. To minimize the systematic error for this flux
ratio we have used the 2.42 × 109 protons selected with the
same acceptance, time period, and absolute rigidity range
as the antiprotons. From 10 to 450 GV, the values of the
proton flux are identical to 1% to those in our publication
[16]. As seen from Fig. 3(a), above ∼60 GV the ratio
appears to be rigidity independent.
To estimate the lowest rigidity above which the (p̄=p)

flux ratio is rigidity independent, we use rigidity intervals
with starting rigidities from 10 GV and increasing bin by
bin. The ending rigidity for all intervals is fixed at 450 GV.
Each interval is split into two sections with a boundary
between the starting rigidity and 450 GV. Each of the two
sections is fit with a constant and we obtain two mean
values of the (p̄=p) flux ratio. The lowest starting rigidity of
the interval that gives consistent mean values at the
90% C.L. for any boundary defines the lowest limit.
This yields 60.3 GV as the lowest rigidity above which
the (p̄=p) flux ratio is rigidity independent with a mean
value of ð1.81" 0.04Þ × 10−4. To further probe the behav-
ior of the flux ratio we define the best straight line fit over a
rigidity interval as

ðp̄=pÞ ¼ Cþ kðjRj − R0Þ; ð4Þ

whereC is the value of the flux ratio atR0, k is the slope, and
R0 is chosen to minimize the correlation between the fitted
values of C and k, i.e., the mean of jRj over the interval
weighted with the statistical and uncorrelated systematic
errors. The solid red line in Fig. 3(a) shows this best straight
line fit above 60.3 GV, as determined above, together with
the 68% C.L. range of the fit parameters (shaded region).
Above 60.3 GV, R0 ¼ 91 GV. The fitted value of the slope,
k ¼ ð−0.7" 0.9Þ × 10−7 GV−1, is consistent with zero.
With the AMSmeasurements on the fluxes of all charged

elementary particles in cosmic rays, p̄, p, eþ, and e−, we
can now study the rigidity dependent behavior of different
flux ratios. The flux ratios and errors are tabulated in Tables
II and III of Supplemental Material [18]. For the antiproton-
to-positron ratio the rigidity independent interval is 60.3 ≤
jRj < 450 GV with a mean value of 0.479" 0.014. Fitting
Eq. (4) over this interval yields kðp̄=eþÞ ¼ ð−2.8" 3.2Þ×
10−4 GV−1. For the proton-to-positron ratio, the rigidity
independent interval is 59.13 ≤ jRj < 500 GVwith a mean
value of ð2.67" 0.05Þ × 103 and kðp=eþÞ ¼ ð−0.9"
1.0Þ GV−1. Both results are shown in Fig. 3(b) together
with the 68% C.L. range of the fit parameters (shaded
regions). In the study of the ratios, we have taken into
account the correlation of the errors due to uncertainty in
the ECAL energy scale in Φe" [15].
In Fig. 4 of Supplemental Material [18] we present our

measured antiproton-to-electron and proton-to-electron
flux ratios. Both of these flux ratios exhibit rigidity
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FIG. 2. The measured antiproton flux (red, left axis) compared
to the proton flux (blue, left axis) [16], the electron flux (purple,
right axis), and the positron flux (green, right axis) [15]. All the
fluxes are multiplied by R̂2.7. The fluxes show different behavior
at low rigidities while at jRj above ∼60 GV the functional
behavior of the antiproton, proton, and positron fluxes are nearly
identical and distinctly different from the electron flux. The error
bars correspond to the quadratic sum of the statistical and
systematic errors.
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FIG. 3. (a) The measured (p̄=p) flux ratio as a function of the
absolute value of the rigidity from 1 to 450 GV. The PAMELA [6]
measurement is also shown. (b) The measured (p̄=eþ) (red, left
axis) and (p=eþ) (blue, right axis) flux ratios. The solid lines show
the best fit of Eq. (4) to the data above the lowest rigidity consistent
with rigidity independence together with the 68% C.L. ranges of
the fit parameters (shaded regions). For the AMS data, the error
bars are the quadratic sum of statistical and systematic errors.
Horizontally, the data points are placed at the center of each bin.
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Antiproton to proton flux ratio Fluxes 

•  The antiproton-to-proton flux ratio reaches its maximum at 20 GV 
•  The antiproton-to-proton flux ratio shows no rigidity dependence above 60 GV 
 

Φp̄
i ¼ Np̄

i

Ap̄
i TiΔRi

; ð1Þ

where the rigidity is defined on top of the AMS, Np̄
i is the

number of antiprotons in the rigidity bin i corrected with
the rigidity resolution function (see below), Ap̄

i is the
corresponding effective acceptance that includes geometric
acceptance as well as the trigger and selection efficiency,
and Ti is the exposure time.
Detector resolution effects cause migration of events Np̄

i

from rigidity bin Ri to the measured rigidity bins ~Rj

resulting in the observed number of events ~Np̄
j . To

account for this event migration, an iterative unfolding
procedure [31] is used to correct the number of observed
events. It is described in detail in our publication on
the proton flux [16]. At each iteration, the folded accep-
tance is defined using the Monte Carlo simulation:
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ij, where Mp̄

ij is the migration
probability from bin j to bin i. Parametrizing ~Ap̄ with a
spline function, the number of events is corrected bin by bin
by a factor Ap̄= ~Ap̄ and the flux is recalculated according to
Eq. (1). The iteration proceeds until the fluxes calculated
for two consecutive steps agree within 0.1% and the
measured flux can be expressed as
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The same procedure is used to unfold the observed number
of 2.42 × 109 proton events in this analysis.
The (p̄=p) flux ratio is defined for each absolute rigidity

bin by
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With 3.49 × 105 antiproton events, the detailed study of
systematic errors of the p̄ flux and (p̄=p) flux ratio is the
key part of the present analysis.
There are four sources of systematic errors on the p̄ flux

and (p̄=p) flux ratio. The first source affects mostly ~Np̄
i

and, to a much lesser extent, ~Np
i . It includes uncertainties in

the definition of the geomagnetic cutoff factor, in the event
selection, and in the shape of the templates. The second
source affects ~Ap̄

i and ~Ap
i . It includes uncertainties in the

inelastic cross sections of protons and antiprotons in the
detector materials and in the migration matrices Mp̄

ij and
Mp

ij. The third source is the uncertainty in the absolute
rigidity scale. The fourth source, relevant only for the p̄
flux, is the uncertainty in the normalization of the effective
folded acceptance ~Ap̄

i . Contributions of these four sources
to the systematic errors on the p̄ flux and (p̄=p) flux ratio

are discussed below. They are added quadratically to arrive
at the systematic errors.
Variation of the geomagnetic cutoff factor in the range

1.2 to 1.4 shows a systematic uncertainty of ∼1% at 1 GV
and negligible above 2 GV for both ~Np̄

i and ~Np
i . To evaluate

systematic uncertainties related to the event selection, the
analysis is repeated in each rigidity bin ∼1000 times with
different sets of cut values, such that the selection efficiency
varies up to 10% (see Ref. [11] for details). This uncertainty
in ~Np̄

i amounts to 4% at 1 GV, 0.5% at 10 GV, and rises to
6% at 450 GV. The uncertainty in ~Np

i is negligible over the
entire rigidity range.
Uncertainty in the shape of the fit templates affects only

~Np̄
i . It becomes particularly important at high rigidities

(> 150 GV) where charge confusion protons enter the
antiproton region. Three template shapes are used for
the fit in this region—the antiproton signal template, the
electron background template, and the charge confusion
proton template. The antiproton signal template has the same
shape as protons reconstructed with correct charge-sign (see
above). It is extracted from high statistics proton data,
therefore the systematic effects are negligible. The electron
template from the Monte Carlo simulation is validated with
electron data and does not contribute to the systematic error.
The systematic error due to the uncertainty in the shape of
the charge confusion proton template originates from the
uncertainties of the proton flux in the TV region and from
the uncertainties of the proton rigidity resolution function.
The former is estimated by varying the spectral index of the
proton flux within the accuracy of our proton measurement
[16]. The later is estimated by comparing the charge
confusion amount predicted by the Monte Carlo simulation
with the one obtained from the fit of the three template
shapes to the negative rigidity data. Overall, the systematic
error from the templates is estimated to be 12% at 450 GV,
decreasing to < 1% below 30 GV.
The systematic errors on the folded acceptances ~Ap̄ and

~Ap originate from the uncertainties in the interaction cross
sections for protons and antiprotons in the detector materi-
als [32,33] and the uncertainties in the migration matrices
Mp̄

ij and Mp
ij. The systematic error from the cross section

uncertainties is estimated by varying the p̄ and p inter-
action cross sections in the Monte Carlo simulation within
the accuracy of the cross section measurements [32,33].
The corresponding systematic error on ~Ap̄ is found to be
4% at 1 GV and ∼1% above 50 GV. The error on ~Ap is
found to be 2.5% at 1 GV and ∼1% above 50 GV. These
values are larger than those in Ref. [16] due to the larger
acceptance. The systematic errors on ~Ap̄ and ~Ap due to the
cross section uncertainties are independent and they are
added in quadrature to get the systematic error on the
~Ap= ~Ap̄ ratio. The systematic uncertainty in the migration
matrix Mp

ij is studied by comparing the test beam data at
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Summary 

•  Antiproton-to-proton flux ratio to 450 GV measured by 
AMS-02 based on 3.49 x 105 antiprotons and 2.42 x 109 
protons 

•  The antiproton-to-proton flux ratio reaches its maximum at  
20 GV 

•  The antiproton-to-proton flux ratio shows no rigidity 
dependence above 60 GV 

• We will collect more data to further explore the high rigidity 
region 



Antiproton Flux and Antiproton-to-Proton Flux Ratio Measured with the Alpha Magnetic Spectrometer on 
the International Space Station  |  Andreas Bachlechner  |  I. Physikalisches Institut B   
12.09.2016  | TeVPA 2016, CERN 

Fußzeile anpassen: 
Zum Anpassen der Fußzeile 
unter Karteireiter Ansicht > auf 
Folienmaster klicken. Links in 
der Übersicht auf die oberste 
Folie scrollen und dort in die 
Fußzeile klicken. So wird der 
Text automatisch auf allen 
Seiten angepasst. 

19 

Backup 
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Unfolding 
The antiproton flux is given by 

After the completion of the unfolding procedure, the flux is expressed as  

The antiproton-to-proton flux ratio is defined as  

Counting Acceptance correction 

Number of events 

Effective acceptance 

Folded acceptance 

Number of observed events 
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Antiproton Flux in comparison to other species 

the antiproton spectral index decreases more rapidly than
the proton spectral index and for the highest rigidity
interval, 60.3 ≤ jRj < 450 GV, the antiproton spectral
index is consistent with the proton spectral index.
Figure 3(a) presents the measured (p̄=p) flux ratio.

Compared with earlier experiments [2,6], the AMS results
extend the rigidity range to 450 GV with increased
precision. Figure 2 of Supplemental Material [18] shows
the low energy (< 10 GeV) part of our measured (p̄=p)
flux ratio. To minimize the systematic error for this flux
ratio we have used the 2.42 × 109 protons selected with the
same acceptance, time period, and absolute rigidity range
as the antiprotons. From 10 to 450 GV, the values of the
proton flux are identical to 1% to those in our publication
[16]. As seen from Fig. 3(a), above ∼60 GV the ratio
appears to be rigidity independent.
To estimate the lowest rigidity above which the (p̄=p)

flux ratio is rigidity independent, we use rigidity intervals
with starting rigidities from 10 GV and increasing bin by
bin. The ending rigidity for all intervals is fixed at 450 GV.
Each interval is split into two sections with a boundary
between the starting rigidity and 450 GV. Each of the two
sections is fit with a constant and we obtain two mean
values of the (p̄=p) flux ratio. The lowest starting rigidity of
the interval that gives consistent mean values at the
90% C.L. for any boundary defines the lowest limit.
This yields 60.3 GV as the lowest rigidity above which
the (p̄=p) flux ratio is rigidity independent with a mean
value of ð1.81" 0.04Þ × 10−4. To further probe the behav-
ior of the flux ratio we define the best straight line fit over a
rigidity interval as

ðp̄=pÞ ¼ Cþ kðjRj − R0Þ; ð4Þ

whereC is the value of the flux ratio atR0, k is the slope, and
R0 is chosen to minimize the correlation between the fitted
values of C and k, i.e., the mean of jRj over the interval
weighted with the statistical and uncorrelated systematic
errors. The solid red line in Fig. 3(a) shows this best straight
line fit above 60.3 GV, as determined above, together with
the 68% C.L. range of the fit parameters (shaded region).
Above 60.3 GV, R0 ¼ 91 GV. The fitted value of the slope,
k ¼ ð−0.7" 0.9Þ × 10−7 GV−1, is consistent with zero.
With the AMSmeasurements on the fluxes of all charged

elementary particles in cosmic rays, p̄, p, eþ, and e−, we
can now study the rigidity dependent behavior of different
flux ratios. The flux ratios and errors are tabulated in Tables
II and III of Supplemental Material [18]. For the antiproton-
to-positron ratio the rigidity independent interval is 60.3 ≤
jRj < 450 GV with a mean value of 0.479" 0.014. Fitting
Eq. (4) over this interval yields kðp̄=eþÞ ¼ ð−2.8" 3.2Þ×
10−4 GV−1. For the proton-to-positron ratio, the rigidity
independent interval is 59.13 ≤ jRj < 500 GVwith a mean
value of ð2.67" 0.05Þ × 103 and kðp=eþÞ ¼ ð−0.9"
1.0Þ GV−1. Both results are shown in Fig. 3(b) together
with the 68% C.L. range of the fit parameters (shaded
regions). In the study of the ratios, we have taken into
account the correlation of the errors due to uncertainty in
the ECAL energy scale in Φe" [15].
In Fig. 4 of Supplemental Material [18] we present our

measured antiproton-to-electron and proton-to-electron
flux ratios. Both of these flux ratios exhibit rigidity
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FIG. 2. The measured antiproton flux (red, left axis) compared
to the proton flux (blue, left axis) [16], the electron flux (purple,
right axis), and the positron flux (green, right axis) [15]. All the
fluxes are multiplied by R̂2.7. The fluxes show different behavior
at low rigidities while at jRj above ∼60 GV the functional
behavior of the antiproton, proton, and positron fluxes are nearly
identical and distinctly different from the electron flux. The error
bars correspond to the quadratic sum of the statistical and
systematic errors.
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FIG. 3. (a) The measured (p̄=p) flux ratio as a function of the
absolute value of the rigidity from 1 to 450 GV. The PAMELA [6]
measurement is also shown. (b) The measured (p̄=eþ) (red, left
axis) and (p=eþ) (blue, right axis) flux ratios. The solid lines show
the best fit of Eq. (4) to the data above the lowest rigidity consistent
with rigidity independence together with the 68% C.L. ranges of
the fit parameters (shaded regions). For the AMS data, the error
bars are the quadratic sum of statistical and systematic errors.
Horizontally, the data points are placed at the center of each bin.
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where the rigidity is defined on top of the AMS, Np̄
i is the

number of antiprotons in the rigidity bin i corrected with
the rigidity resolution function (see below), Ap̄

i is the
corresponding effective acceptance that includes geometric
acceptance as well as the trigger and selection efficiency,
and Ti is the exposure time.
Detector resolution effects cause migration of events Np̄

i

from rigidity bin Ri to the measured rigidity bins ~Rj

resulting in the observed number of events ~Np̄
j . To

account for this event migration, an iterative unfolding
procedure [31] is used to correct the number of observed
events. It is described in detail in our publication on
the proton flux [16]. At each iteration, the folded accep-
tance is defined using the Monte Carlo simulation:
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ij is the migration
probability from bin j to bin i. Parametrizing ~Ap̄ with a
spline function, the number of events is corrected bin by bin
by a factor Ap̄= ~Ap̄ and the flux is recalculated according to
Eq. (1). The iteration proceeds until the fluxes calculated
for two consecutive steps agree within 0.1% and the
measured flux can be expressed as
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The same procedure is used to unfold the observed number
of 2.42 × 109 proton events in this analysis.
The (p̄=p) flux ratio is defined for each absolute rigidity

bin by
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With 3.49 × 105 antiproton events, the detailed study of
systematic errors of the p̄ flux and (p̄=p) flux ratio is the
key part of the present analysis.
There are four sources of systematic errors on the p̄ flux

and (p̄=p) flux ratio. The first source affects mostly ~Np̄
i

and, to a much lesser extent, ~Np
i . It includes uncertainties in

the definition of the geomagnetic cutoff factor, in the event
selection, and in the shape of the templates. The second
source affects ~Ap̄

i and ~Ap
i . It includes uncertainties in the

inelastic cross sections of protons and antiprotons in the
detector materials and in the migration matrices Mp̄

ij and
Mp

ij. The third source is the uncertainty in the absolute
rigidity scale. The fourth source, relevant only for the p̄
flux, is the uncertainty in the normalization of the effective
folded acceptance ~Ap̄

i . Contributions of these four sources
to the systematic errors on the p̄ flux and (p̄=p) flux ratio

are discussed below. They are added quadratically to arrive
at the systematic errors.
Variation of the geomagnetic cutoff factor in the range

1.2 to 1.4 shows a systematic uncertainty of ∼1% at 1 GV
and negligible above 2 GV for both ~Np̄

i and ~Np
i . To evaluate

systematic uncertainties related to the event selection, the
analysis is repeated in each rigidity bin ∼1000 times with
different sets of cut values, such that the selection efficiency
varies up to 10% (see Ref. [11] for details). This uncertainty
in ~Np̄

i amounts to 4% at 1 GV, 0.5% at 10 GV, and rises to
6% at 450 GV. The uncertainty in ~Np

i is negligible over the
entire rigidity range.
Uncertainty in the shape of the fit templates affects only

~Np̄
i . It becomes particularly important at high rigidities

(> 150 GV) where charge confusion protons enter the
antiproton region. Three template shapes are used for
the fit in this region—the antiproton signal template, the
electron background template, and the charge confusion
proton template. The antiproton signal template has the same
shape as protons reconstructed with correct charge-sign (see
above). It is extracted from high statistics proton data,
therefore the systematic effects are negligible. The electron
template from the Monte Carlo simulation is validated with
electron data and does not contribute to the systematic error.
The systematic error due to the uncertainty in the shape of
the charge confusion proton template originates from the
uncertainties of the proton flux in the TV region and from
the uncertainties of the proton rigidity resolution function.
The former is estimated by varying the spectral index of the
proton flux within the accuracy of our proton measurement
[16]. The later is estimated by comparing the charge
confusion amount predicted by the Monte Carlo simulation
with the one obtained from the fit of the three template
shapes to the negative rigidity data. Overall, the systematic
error from the templates is estimated to be 12% at 450 GV,
decreasing to < 1% below 30 GV.
The systematic errors on the folded acceptances ~Ap̄ and

~Ap originate from the uncertainties in the interaction cross
sections for protons and antiprotons in the detector materi-
als [32,33] and the uncertainties in the migration matrices
Mp̄

ij and Mp
ij. The systematic error from the cross section

uncertainties is estimated by varying the p̄ and p inter-
action cross sections in the Monte Carlo simulation within
the accuracy of the cross section measurements [32,33].
The corresponding systematic error on ~Ap̄ is found to be
4% at 1 GV and ∼1% above 50 GV. The error on ~Ap is
found to be 2.5% at 1 GV and ∼1% above 50 GV. These
values are larger than those in Ref. [16] due to the larger
acceptance. The systematic errors on ~Ap̄ and ~Ap due to the
cross section uncertainties are independent and they are
added in quadrature to get the systematic error on the
~Ap= ~Ap̄ ratio. The systematic uncertainty in the migration
matrix Mp

ij is studied by comparing the test beam data at
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