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Do secondary antiprotons explain the AMS-02 data?

secondary antiprotons

CRs + ISM !" øp + X
State of the art:

!  prediction of the secondary antiprotons ßux

2

AMS-02 antiprotons PRL 117 091103 (2016)

v.s.

¥ Data (AMS-02) 

¥ CR ßuxes: H, He, C, O (acceleration) 

¥ CR ratio: B/C (transport)

¥ Models 

¥ CR transport in the Galaxy 

¥ antiprotons production cross sections (XS)

PRL 114 171103 (2015), PRL 119 251101 (2017)

Derome+(2019), GŽnolini+(2019)

Winkler(2016), Korsmeier+(2018)

PRL 117 231102 (2016)



Preamble: data vs model

¥ 𝝌2 : quadratic distance between data and model
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xi = data i � modeli

¥ Visual inspection

¥ standard z-score
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xi = data i � modeli

¥ Visual inspection

¥ standard z-score

¥ rotated z-score (diagonal in new basis)

x̃i = Uij xj , C̃ = U C UT

÷C ÷Cii = ÷! 2
iis diagonal with elements
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Preamble: data vs model

¥ 𝝌2 : quadratic distance between data and model

¥ rotated z-score (diagonal in new basis)
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xi = data i � modeli

¥ Visual inspection

¥ standard z-score

x̃i = Uij xj , C̃ = U C UT

÷C ÷Cii = ÷! 2
iis diagonal with elements

÷zi = ÷xi/ ÷! i
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¥ Statistical test

¥ 𝝌2 test  
¥ Kolmogorov-Smirnov (KS) test 
¥ etc.

how consistent are the data with the model?!  p-value}
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Preamble: data vs model

¥ 𝝌2 : quadratic distance between data and model

¥ rotated z-score (diagonal in new basis)
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1. Theoretical prediction

2. Uncertainties

3. Statistical test



Production XS: prompt antiprotons 
d! ij

dTp̄
(Ti, Tp̄) = pp̄

Z
d⌦ ! ij

inv(Ti, Tp̄, " ),

! inv = E
d3!
d3p

(
!

s, xR , pT ), xR =
E?

E?
max

Lorentz invariant XS

¥ p-p interactions:

data: NA49, BRAHMS, Dekkers+(1965) 
+ NA61/SHINE: !s = 7.7, 8.8, 12.3 and 17.3 GeV ( Tp = 31, 40, 80 and 158 GeV) 

model : functional form of ! inv from Winkler(2016)

!  parametrisation : II from Korsmeier+(2018)

Aduszkiewicz+(2017)

p + p !" øp + X
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Production XS: prompt antiprotons 
d! ij

dTp̄
(Ti, Tp̄) = pp̄

Z
d⌦ ! ij

inv(Ti, Tp̄, " ),

! inv = E
d3!
d3p

(
!

s, xR , pT ), xR =
E?

E?
max

Lorentz invariant XS

¥ p-p interactions:

data: NA49, BRAHMS, Dekkers+(1965) 
+ NA61/SHINE: !s = 7.7, 8.8, 12.3 and 17.3 GeV ( Tp = 31, 40, 80 and 158 GeV) 

model : functional form of ! inv from Winkler(2016)

!  parametrisation : II from Korsmeier+(2018)

Aduszkiewicz+(2017)

¥ nucleus-nucleus interactions:

data: NA49: p + C Ñ> pbar + X , !s = 17.3 GeV ( Tp = 158 GeV) Anticic+(2010)  
          LHCb: p + He Ñ> pbar + X , !s = 110 GeV ( Tp = 6.5 TeV) Aaij+(2018)

model : functional form of the nucleon scaling f A1A2(!s, x F) from Winkler(2016)

!  parametrisation : B from Korsmeier+(2018)

p + p !" øp + X

A1 + A2 �! p̄+ X
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Production XS: antihyperons and antineutrons

¥ Antihyperons decay: p + p !"
! ø! , ø" !" øp

"
+ X
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Parametrisation from Winkler(2016)

�⇤(
p
s) = (0.81± 0.04)(⇤̄/p̄)
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Production XS: antihyperons and antineutrons

¥ Antihyperons decay: p + p !"
! ø! , ø" !" øp

"
+ X
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Parametrisation from Winkler(2016)

�⇤(
p
s) = (0.81± 0.04)(⇤̄/p̄)

¥ Antineutrons decay: p+ p �! {n̄ �! p̄}+X
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(NA49) Anticic+(2010), Winkler(2016)

�IS(
p
s) = c0(x+ c2)

c3 exp(�x/c1), x = log(
p
s)

Courtesy M. Winkler

Isospin asymmetry: ! pn ! øp > ! pp! øp ! ! pp! øn > ! pp! øp

�IS =
�pp!n̄

�pp!p̄
� 1
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CRs transport in the Galaxy

Galactic disc - h ~ 100 pc  
stars, gas and dust distributed in the arms

Magnetic halo  -  
diffusion zone of the model

1 ! L ! 20 kpc

L

Courtesy P. Mertsch

¥ Two-zone diffusion model

Semi-analytical method implemented in USINE v3.5 Maurin(2018)
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CRs transport in the Galaxy

Galactic disc - h ~ 100 pc  
stars, gas and dust distributed in the arms

Magnetic halo  -  
diffusion zone of the model

1 ! L ! 20 kpc

L

Courtesy P. Mertsch

¥ Two-zone diffusion model

Semi-analytical method implemented in USINE v3.5

¥ 2-break diffusion coefÞcient

~5 GV ~300 GV

/ R�l / R� / R! h

R

K(R)

Low R: Yan+(2004), Putsin+(2005) 
High R: GŽnolini+(2017), Tomasseti(2012), 
Aloisio+(2015)
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Maurin(2018)https://dmaurin.gitlab.io/USINE/

https://dmaurin.gitlab.io/USINE/
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Antiprotons parents: combined Þt of AMS-02 H, He, C and O

q(R) = q0R! !¥ spectrum at source:

Free parameters

Source High energy break

↵H, ↵He, ↵Z>2,

qH, qHe, ..., qSi

PRL 114 171103 (2015), PRL 119 251101 (2017)

¥ most abundant CRs !  main pbar parents
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Antiprotons parents: heavy species 

Ref p̄ calculation:

Transport(BIG)= Heavier:30Si
ISM: H,He & p̄ =Heavier:30Si

ISM: H,He

10! 1 100 101 102 103 104
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Reference 
¥ CRs network: 1H Ñ> 30Si 
¥ ISM: H, He 

!  fast calculation

Heavier species
¥ CRs network: 1H Ñ> 58Fe 

¥ ISM: H Ñ> Fe 

!  slow calculation

¥ 3% correction wrt standard calculation  

¥ peculiar energy dependent feature 

!  correction included in the following
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Secondary antiprotons prediction
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¥ no model uncertainties 

¥ no correlation in AMS-02 data 

!

!  prediction of the antiprotons ßux
(not a Þt)

Is there an excess?

Wait, because:
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1. Theoretical prediction

2. Uncertainties

3. Statistical test



Model uncertainties

¥ Production XS (Þt collider data): 13 parameters  

¥ Transport (Þt B/C): 7 parameters 

¥ Parents (Þt H, He, C and O): 10 parameters

1. draw from covariance matrix of best-Þt 
parameters 10000 pbar predictions for each 

source of uncertainties (XS, Transport, Parents) 

2. determine the 1𝜎 conÞdence intervals 

Covariance matrix of model uncertainties
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Correlation between parameters (covariance matrix)

!  sampling method to propagate the uncertainties:
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Data uncertainties
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AMS-02 antiprotons uncertainties (from publication)

¥ broken-down uncertainties 

(Cut-off, Sel., Templ., XS, Unf., Scale, Acc)  

¥ no correlations between data 

Covariance matrix of data uncertainties

(C↵)ij = �↵
i �

↵
j exp

✓
�1

2

(log10(Ri/Rj)2

(l↵⇢ )
2

◆

𝛼 ∈ (Cut-off, Sel., Templ., XS, Unf., Scale, Acc) 

Correlation length

Scale 4.0

Unf. 1.0

Acc. 0.1

Cut-off 1.0

Sel. 0.5

Templ. 0.5

XS 1.0

PRL 117 091103 (2016)

Derome+(2019)
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!

!  prediction of the antiprotons ßux
(not a Þt)

Is there an excess?
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Secondary antiprotons prediction



1. Theoretical prediction

2. Uncertainties

3. Statistical test



Statistical test
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xi = data i � modeli�2 =
X

i,j

xi

�
C�1

�
ij
xj ,

C = Cdata + Cmodel

14

𝝌2/dof
p-value
(𝝌2-test)

0.77 0.90

Good agreement 

between data and model



Statistical test
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xi = data i � modeli�2 =
X

i,j

xi

�
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�
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xj ,

C = Cdata + Cmodel

14

𝝌2/dof
p-value
(𝝌2-test)

0.77 0.90

Limitation of 𝝌2-test in this context

¥ Relies on the notion of degrees of freedom which is not well deÞned when correlations matter 

¥ Does not assess a possible overestimate of errors

Good agreement 

between data and model



Statistical test
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xi = data i � modeli�2 =
X

i,j

xi

�
C�1

�
ij
xj ,

C = Cdata + Cmodel

14

𝝌2/dof
p-value
(𝝌2-test)

p-value
(KS-test)

0.77 0.90 0.86

Limitation of 𝝌2-test in this context

¥ Relies on the notion of degrees of freedom which is not well deÞned when correlations matter 

¥ Does not assess a possible overestimate of errors

Kolmogorov-Smirnov (KS-test)

¥ Does not rely on the notion of degrees of freedom 

¥ Assesses a possible overestimate of errors

Good agreement 

between data and model



Error mismodelling of data or model?
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xi = data i � modeli�2 =
X

i,j

xi

�
C�1

�
ij
xj ,

14

Error considered 𝝌2/dof
p-value
(𝝌2-test)

p-value
(KS-test)

0.77 0.90 0.86

0.85 0.79 0.97

1.32 0.05 0.99

Good agreement 
between data and model

!  AMS-02 data are consistent with ÔstandardÕ secondary antiprotons
    

Conclusion robust wrt: 

¥ statistical test (𝝌2 vs KS) 

¥ error mismodelling of model or data 

Cdata + Cmodel

Cdata

! stat and Cmodel
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Summary

¥ Data (AMS-02) 

¥ CR ßuxes: H, He, C, O 

¥ CR ratio: B/C

Prediction (not a Þt) of the secondary antiprotons ßux from the state of the art:

¥ Models 

¥ CR transport in the Galaxy 

¥ antiprotons production cross sections (XS)

PRL 114 171103 (2015), PRL 119 251101 (2017)

Derome+(2019), GŽnolini+(2019)

Winkler(2016), Korsmeier+(2018)

PRL 117 231102 (2016)

!  AMS-02 data are consistent with ÔstandardÕ secondary antiprotons
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Thank you for your attention!

Questions?

Prediction (not a Þt) of the secondary antiprotons ßux from the state of the art:



Back up
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Production XS: total 

�tot
inv = �inv(2 +�IS + 2�⇤)
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¥ 20 - 50% correction wrt standard calculations assuming isospin symmetry (" IS = 0) 

¥ energy dependent feature 

¥ 5 - 10% uncertainties 



Statistical test
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�2 =
X

i,j

xi

�
C�1

�
ij
xj ,

C = Cdata + Cmodel

data uncertainties only

data + model uncertainties

⇣
�tot =

q
�2
stat + �2

syst

⌘

xi = data i � modeli

Limitation of 𝝌2-test in this context

¥ Relies on the notion of degrees of freedom which is not well deÞned when correlations matter 

¥ Does not assess a possible overestimate of errors

Kolmogorov-Smirnov (KS-test)

¥ Does not rely on the notion of degrees of freedom 

¥ Assesses a possible overestimate of errors

0.86


