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• AMS-02 particle detector, 
assembled at CERN


• Launched to the ISS 2011


• PI Sam Ting, 1976 Nobel prize 
with Burt Richter for 


• Searching for: dark matter 
annihilation, dark matter decays


• Detectors for: protons, 
antiprotons, positrons, light 
nuclei and antinuclei


• Antiprotons: High energy cosmic 
ray collisions with interstellar gas

J/ψ

Antiparticle detector in space, AMS-02
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Alpha Magnetic Spectrometer (AMS-02) on the International Space Station, image credits NASA via ESA
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Antiproton Creation in Cosmic Rays
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Classification of cosmic rays:


1. Primary cosmic rays: Particles accelerated at astrophysical sources (e.g., 
produced by supernovae - mostly protons aka )


2. Secondary cosmic rays: Particles produced in interaction of the primaries with 
interstellar gas (i.e., , , plus traces)


Antiprotons are Secondaries, produced directly in  and indirectly in 
 (with branching ratio 1). 


Astrophysics model “naive” assumption circa ~2014:  

By isospin symmetry, ,  to find , multiply expected antiproton abundance 
by 2.

H

H 2He

p + p → p̄
p + p → n̄ n̄ → p̄ + e+ + νe,

Np̄ = Nn̄ ∴ Nn̄
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Antiprotons Observed by AMS-02
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“The Alpha Magnetic Spectrometer (AMS) on 
the International Space Station: Part II—
Results from the first seven years” 2021

(Rigidity: )R =
pc
Ze

Excess exists! Uncertainties are large but we find 4.7  evidence.σ

Excess does not exist!

Antiprotons in Space: Some 
evidence for anomalous 

spectral behavior. Possible 
excess of antiprotons. 
Hadronic cross section 
calculations needed.

Excess does not exist!

Cirelli, Strumia, Zupan, 2024:

Excess exists, maybe!
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Antiprotons Observed with Possible Anomalies,  
however…
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[44]  M. di Mauro, F. Donato, A. Goudelis and

P. D. Serpico, Phys. Rev. D 90 (2014) 8, 085017
arXiv:1408.0288 [hep-ph].

[50]  R. Kappl and M. W. Winkler, JCAP 1409 (2014)
051 [arXiv:1408.0299 [hep-ph]].

[21]  M. Boudaud, M. Cirelli, G. Giesen and P. Salati,
arXiv:1412.5696 [astro-ph.HE].

Needed: Cross section calculations from hadronic side with uncertainties!

Claim: Upper curve 
equivalent to 

 by crossing 
symmetry

pp → n̄
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NA49 Data used as possible evidence for Dark 
Matter signatures
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Assumption in dark matter theory papers:  
Crossing symmetry equates  to  ,  indirect production ~33% higher than direct production 

This introduces two possible errors: 
Crossing symmetry applies at amplitude level. Partonic cross sections will differ from hadronic cross sections.

np → p̄ pp → n̄ ⟹

Claim: Upper curve 
equivalent to 

pp → n̄
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Antiproton    cross section calculationspp → p̄, pp → n̄
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EB̄
dσ

d3pB̄
=

1
πS ∑

a,b,c
∫

1

z0

dzc

z2
c ∫

1−(1−V)/zc

VW/zc

dv
v(1 − v) ∫

1

VW/vzc

dw
w

fa (xa, μF) fb (xb, μF) DB̄
c (zc, μ′￼F)

× [
d ̂σc,(0)

ab (v)
dv

δ(1 − w) +
αs (μR)

π
d ̂σc,(1)

ab (s, v, w, μR, μF, μ′￼F)
dvdw ]

where , with hadron level variables: 


and corresponding partonic level variables:  

z0 = 1 − V + VW V ≡ 1 +
T
S

, W ≡
−U

S + T
, S ≡ (PA + PB)2 , T ≡ (PA − Pπ)2 , U ≡ (PB − Pπ)2

v ≡ 1 +
t
s

, w ≡
−u

s + t
, s ≡ (pa + pb)2, t ≡ (pa − pc)2, u ≡ (pb − pc)2

Factorized single-inclusive NLO cross section,  (unpolarized,  or other final state baryon):a + b → c + X pp → p̄

********************************************************
*     INCLUSIVE HADRON PRODUCTION AT O(ALPHA_S**3)     *
*       IN UNPOLARIZED HADRON-HADRON COLLISIONS        *
********************************************************
* STATUS: LAST CHANGES 24/OCT/07 (MS)
*         UPDATE by E.R. Nocera (NNPDF Collaboration)
*         for handling NNPDF parton sets SEP 2013

Running older (newly modified) Fortran code:  
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NA49 2010 Data vs. QCD/Pheno:  , pp → n̄ pp → p̄
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 theory curves:dσ/dxF

NA49 2002 data:

However! Cannot trust theory curves in the low-  regime, I integrated from 
. Factorization breaks down below . 

pT
pT = 0 − 1 GeV 1 GeV

Lorentz-invariant cross section theory 
curves:
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Deal with Low-  effects I: Data vs. QCD/PhenopT
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Calculate using both fragmentation function sets. 
NPC23, NNFF theory curves integrated from  GeV:pT ≥ 1

NA49 2002 data:

Two investigation paths: 

Path 1: Integrate from 
 

Path 2: Fit low-  data, use same 
fitting function for theory

pT = 1 − ∞

pT
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Deal with Low-  effects II: Data vs. QCD/PhenopT
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Lorentz invariant cross sections vs. : 
NNFF theory curves vs. 2010 NA49 data + fitting function :

pT

Two investigation paths: 

Path 1: Integrate from 



Path 2: Fit low-  data, 
use same fitting function 

for theory

pT = 1 − ∞

pT

Fitting function form from NA49 paper: 
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“Confronting current NLO parton fragmentation functions with inclusive charged-particle spectra at hadron colliders,” d’Enterria, Eskola, Helenius & Paukkunen 2014 Nuc.Phys.B

Gluon Fragmentation Functions for pp → N̄
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Gluon FFs dominate at low  for earlier FFs and NNFF (not NPC23), and gluons are 
flavor indifferent  we do expect a large difference between 

pT
∴ p̄, n̄
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Calculate Lorentz-invariant NA49 2010 Data vs. QCD/Pheno:  
, pp → p pp → p̄
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NA49 2010 data…

QCD/pheno calculations…
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Benchmarking to NA49 2010 data: Proton benchmark failure, antiproton may match within uncertainties

Cross sections for pp → p, p̄
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Further analysis of pp → p, p̄
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Conclusions from this analysis: 
We do not see a  excess in antineutron vs. antiproton production - 

within error bands,  are identical 
•  QCD/pheno cross sections show very slight antiproton increase over proton production, but 

within errors the same


• NA49 2010 data shows large ratio of , we do not match their production


• Due to gluon FFs, it seems theory may be correct - but, NA61 2017 indicates NA49 2010 was 
correct in the large p production so this cannot be the whole story…

33 %
p̄, n̄

p
p̄
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Global conclusions from these analyses:
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• In  vs.  at  GeV, a discrepancy between data and theory exists 
• Either our QCD/pheno calculations have problems, or  
• NA49/NA61 (also AGS and others) data have problems, or 
• Both of the above, or 
• Neither of the above, in which case nonperturbative effects may be coming into play 

This last choice has been studied since at least 1996, via Kharzeev’s gluon junction model 

My followup work:  
QCD contributions exist, beyond our calculations, in the form of Active Diquarks    

aka Diquark Knockout  
aka Diquark Transport of Baryon Number

pp → p pp → p̄ s = 17.2



Stolen from my Galileo Galilei Institute, 26 February 2025, talk

Short-range correlations: Fundamental QCD dynamics in NN 
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Schematic: Diquark formation as cause of short-range correlations (SRC), modifying quark 
behavior in the NN pair

Proton & Neutron Quantum fluctuation 
 diquark bond createdSU(3)C

Color scheme: The 3 SU(3) color charges are the usual red, green, blue - anticolor charge of antigreen 
represented by lime green

Gluon exchange across nucleons

3N SRC a work in progress, diquark-based SRC makes predictions.  4N is published, the 
hidden color hexadiquark state…

JRW, S.J.Brodsky, G. de Teramond, I.Schmidt, A.Goldhaber, arXiv:2004.14659, Nuc. Phys A 2021 

2021-2023 Diquark work: 



Stolen from my Galileo Galilei Institute, 26 February 2025, talk

2023 Diquark work: 
Diquark binding energy from Color hyperfine structure 
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Spin-spin interaction contributes to hadron mass; 
QCD hyperfine interactions: 

1.  

2.  

(de Rujula, Georgi & Glashow 1975, Gasiorowicz & Rosner 
1981, Karliner & Rosner 2014) 

M(baryon) =
3

∑
i=1

mi + a′￼∑
i<j

(σi ⋅ σj)/mimj

M(meson) = m1 + m2 + a (σ1 ⋅ σ2)/m1m2

“Diquark Induced Short-Range Correlations & the EMC Effect,” 
JRW, Nucl.Phys.A 2023

Use  baryon to find binding energy of  Λ0 [ud] :

 B.E.[ud] = mb
u + mb

d + mb
s − MΛ0

Relevant diquark-carrying baryons:  Λ, Σ+, Σ0, Σ−

Effective masses of light quarks are found using 
Eq.1 and fitting to measured baryon masses: 

 mb
u = mb

d ≡ mb
q = 363 MeV, mb

s = 538 MeV

 B.E.[ud] = mb
u + mb

d + mb
s − MΛ = 148 ± 9 MeV

[NB: Diquark-carrying baryons  ]Λc, Σ+
c , Σ0

c, Σ−
c ⟹ ∼ 159 ± 10 MeV
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Diquark transport/knockout model
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Two draft manuscripts in progress: 
“Diquark Knockout Model for Backward-Angle Meson 

Production in u-Channel Scattering” 

& “Diquark Transport of Baryon Number”

SIGNATURES: 

Forward baryons, backward light-quark carrying mesons - no  with its !


Forward light quark carrying mesons, backward baryons

J/ψ cc̄



To be posted…grazie!

Jennifer Rittenhouse West
INFN Section Turin & Physics Department, University of Turin
XX Conference on Theoretical Nuclear Physics in Italy
Il Palazzone di Cortona
1-3 October 2025
Cortona, Italia 
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Gluon  Fragmentation Function Comparisonsp̄
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Gluon FFs dominate at low , NNFF error bands become larger as  increasespT pT

 FF at 1 GeV & 10 GeVg → p̄
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Gluon  Fragmentation Function Comparisonsn̄
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Gluon FFs may dominate at low , error bands become larger as  increasespT pT

 FFs at 1 GeV & 10 GeVg → n̄


