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1) CR data

Fluxes
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Galactic CRs Extragalactic CRs



  

Time series

1) CRDB (https://lpsc.in2p3.fr/crdb)

GCRs

Extragalactic
CRs

Dipole 
anisotropies

Fluxes

Anti-nuclei
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DM et al. (2014, 2020, 2023)
● Meta-data (refs, dates, infos)
● Plots (online+notebooks+pip-installable)

https://lpsc.in2p3.fr/crdb
https://ui.adsabs.harvard.edu/abs/2014A%26A...569A..32M
https://ui.adsabs.harvard.edu/abs/2020Univ....6..102M
https://arxiv.org/abs/2306.08901
https://ui.adsabs.harvard.edu/abs/2014A%26A...569A..32M


  

1) CRDB (https://lpsc.in2p3.fr/crdb)

Extragalactic
CRs
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DM et al. (2014, 2020, 2023)
● Meta-data (refs, dates, infos)
● Plots (online+notebooks+pip-installable)

https://lpsc.in2p3.fr/crdb
https://ui.adsabs.harvard.edu/abs/2014A%26A...569A..32M
https://ui.adsabs.harvard.edu/abs/2020Univ....6..102M
https://arxiv.org/abs/2306.08901
https://ui.adsabs.harvard.edu/abs/2014A%26A...569A..32M


  

1) GCR data: challenges

Astrophysical challenges
● Sources: origin, abundances, Emax

● Transport: turbulence, anisotropies (δ<10-3)
● Origin of quasi-universal power law (E-2.8)

Dark-matter related challenges

(in rare CRs = e+, pbar, diffuse γ-rays)
● How well do we know astro. prod.?
● Are there primary sources?

Fluxes

Primary Li in GCRs?
Inconsistency of modelled 2H, Li and F with data?

Residual grammage at source (gas cocoons) ?

Excess in pbar at 10 GeV/n?
Anti-helium in AMS-02 data?
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Galactic CRs Extragalactic CRs



  

R☼ ~ 8 kpc

(nuclear physics)(plasma physics)

(astrophysics + particle physics)

Galactic
wind

Tycho's SNR

size ~ 30 kpc
<t> ~ 20 Myr

1) GCR transport

→ Phenomenological transport models to interpret CR data
(DRAGON, GALPROP, PICARD, USINE)

N.B: microphysics-based approaches make progress!
(e.g., moving-mesh MHD code AREPO) 

DM, CPC (2020)
https://dmaurin.gitlab.io/USINE/
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https://dmaurin.gitlab.io/USINE/


  

R☼ ~ 8 kpc

Galactic
wind

Tycho's SNR

size ~ 30 kpc
<t> ~ 20 Myr

1) GCR transport: model parameters

Convection

+
+

+

Source and transport parameters
= free parameters to determine from GCR data
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Sources

Diffusion



  

R☼ ~ 8 kpc

Galactic
wind

Tycho's SNR

size ~ 30 kpc
<t> ~ 20 Myr

Continuous and catastrophic losses
= input ingredients of the GCR calculation

Catastrophic
losses+

1) GCR transport: XS key ingredient
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Continuous
losses

ISM targets 
(~ 90% H + 10% He)



  

R☼ ~ 8 kpc

Galactic
wind

Tycho's SNR

B

C

1) GCR transport: uncertainties from production XS
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1) GCR transport: uncertainties from production XS
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R☼ ~ 8 kpc

Galactic
wind
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1) GCR transport: uncertainties from production XS
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Primary species
(p, He, C,

O, Si, Fe...) Secondary species
(2H, 3He,
Li-Be-B,
F, sub-Fe)

ISM targets 
(~ 90% H + 10% He)

Nuclear
production

@HE

→ Sec./prim. (B/C, F/Si…) constrain transport parameters
[e.g. Weinrich et al., 2020; Ferronato Bueno et al., 2024]

Transport uncertainties dominated by production XS ones

https://ui.adsabs.harvard.edu/abs/2020A%26A...639A.131W
https://ui.adsabs.harvard.edu/abs/2024A%2526A...688A..17F


  

R☼ ~ 8 kpc

Galactic
wind

Tycho's SNR

Dark-matter induced
(from DM halo, ~300 kpc)

p,  d, e+...p,  d, e+, γ, ν

2) Dark matter searches: uncertainties from XS 

Rare secondary
species

ISM = targets 
(~ 90% H, 10% He)

Primary species
(p, He, C,

O, Si, Fe...)
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R☼ ~ 8 kpc

Galactic
wind

Tycho's SNR

Dark-matter induced
(from DM halo, ~300 kpc)

p,  d, e+...p,  d, e+, γ, ν

2) Dark matter searches: uncertainties from XS 

(1) Astro. background uncertainties from:
   → direct production XS
   → nuclear production XS (via transport 
        parameters fixed from LiBeB/C)

(2) DM signal uncertainties from:
   →nuclear production XS (diffusive halo size L
       determined from 10Be/9Be data and XS)

Rare secondary
species

ISM = targets 
(~ 90% H, 10% He)

Primary species
(p, He, C,

O, Si, Fe...)
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2) XS uncertainties: illustration

Modelling (from XS) vs GCR uncertainties
[XS sets based on same nuclear data]

→ AMS-02 high-precision cannot be fully exploited
→ DM discovery/constraints can be significantly improved with better XS data
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Which nuclear data to improve to model GCR at AMS-02 precision?
→ Motivation for ranking production XS



  

1) GCRs and production cross sections

2) Ranking of quantities of interest

3) Propagating XS uncertainties & forecasts
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2) Ranking of production paths (P1...n-step coefficients)

16O
15N

14C
14N
13C
12C
11B
10Be

10B
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⁞
1-step 2-step
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completeness of 
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∑1-step

→Multi-step reactions contribute to up to 40% of Li in GCRs
→Impact of n-step reactions go as R(n-1)/2 (peaks at a few GeV/n)

∑2-step

∑>2-step



  

2) Ranking of production paths (P1...n-step coefficients)

16O
15N

14C
14N
13C
12C
11B
10Be

10B
9Be

7Be

⁞

⁞
1-step 2-step

Uniqueness and 
completeness of 

paths
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∑(0.01%<P<0.1%)

∑(P<0.1%)

∑(0.1%<P<1%)

→Channels contributing <1% individually amount to up to 10% collectively

∑1-step

∑2-step

∑>2-step



  

2) Ranking of production XS (fabc coefficients)

16O
15N

14C
14N
13C
12C
11B
10Be

10B
9Be

7Be

⁞

⁞
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2) Ranking of production XS (fabc coefficients)
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But… each coeff. 
is not a fraction:
double counting!

One to one 
correspondence 

between
fabc and σa+b→c

16O
15N

14C
14N
13C
12C
11B
10Be

10B
9Be

7Be

⁞

⁞

Ghosts 
(=short-lived) 

nuclei

←(16N,17N)

←(15O)

←(14O)

←(13N,13O)

←(12B,13O)

←(11C,11Be)

←(10C)

←(9Li)

+H
+He

ISM

f12C H 10C

f12C H 10Be

f12C He 10Be

→ Network of ~1000 reactions (up to 56Fe) to rank!
[N.B.: CR fluxes use cumulative XS (account for short-lived nuclei)]



  

2) Ranking of production XS (fabc coefficients)
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But… each coeff. 
is not a fraction:
double counting!

One to one 
correspondence 

between
fabc and σa+b→c

16O
15N

14C
14N
13C
12C
11B
10Be

10B
9Be

7Be

⁞

⁞

Ghosts 
(=short-lived) 

nuclei

←(16N,17N)

←(15O)

←(14O)

←(13N,13O)

←(12B,13O)

←(11C,11Be)

←(10C)

←(9Li)

+H
+He

ISM

f12C H 10C

f12C H 10Be

f12C He 10Be

→ Network of ~1000 reactions (up to 56Fe) to rank!
[N.B.: CR fluxes use cumulative XS (account for short-lived nuclei)]

Ranking
● Top 10 reacs ~ 80%
● Next 100 ~ 15%
● All the rest ~ 5%

About the nuclear data
● No data for many reacs
● Many with 1 or 2 pts
● Very partial E coverage
● Inconsistent data
● ...

→We have ranked the reactions, but when to stop in the list?



  

1) GCRs and production cross sections

2) Ranking of quantities of interest

3) Propagating XS uncertainties & forecasts
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N.B.: fabc coeff. link XS uncertainties to modelled flux uncertainties



  

3) Error on flux: qualitative improvement
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Assuming that in a+b
all c measured perfectly

→ estimate 
improvement on flux 
modelling precision
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Assuming that in a+b
all c measured perfectly

→ estimate 
improvement on flux 
modelling precision



  

3) Error on flux: quantitative improvement

Even better...
→forecast for # of reacs (beam time calc.) to reach 3% 
precision on modelled flux (to be on par with AMS-02)
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3) Error on flux: forecast on transport parameters

1000 MC realisation of XS values + fit of GCR data
→sample estimate of 1σ contours on parameters
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[Following Génolini et al 2019, DM et al., 2022b]



  

3) Error on flux: forecast on pbar flux and L (halo size)

→ New nuclear XS measurements
low risk / high benefit (game changer for GCRs)

NA61: pilot test in 2018 (Unger et al.)
+ run in coming weeks!
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[Following Boudaud et al., 2020]

[Following DM 
et al., 2022b]

1000 MC realisation of XS values + fit of GCR data
→sample estimate of 1σ contours on parameters



  

Series of XSCRC workshop (2017, 2019, 2024)
(Cross Sections for Cosmic-Rays at CERN)

https://indico.cern.ch/event/1377509/

 In brief
~60 participants (~30 presentations)

 + dedicated discussion sessions

Goal: bring together
● GCR experts on phenomenology and data (AMS-02, DAMPE...)
● Particle physicists (ALICE, AMBER, LHCb…)
● Nuclear physics facilities (FAIR@GSI, HIAF@China...)
● Synergies on needs (space rad. protection, hadrontherapy, nuclear codes)

Outputs (past and future)
● Collaborations between different communities 
● Measurements of pbar, dbar, He-bar inelastic production XS
● Measurement of nuclear production XS

→ White paper (in progress)
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https://indico.cern.ch/event/1377509/


  



  

on targets

(ISM = 90% H+10% He)

Tomassetti, PRD 93, 3005 (2017)

Reaction cross sections
(CR destruction)

Production cross sections
(creation of secondary species)

Reinert & Winkler, JCAP 01, 055 (2018)

Uncertainties ~ 5-10% (on H)
→ mostly OK in AMS02 era

Uncertainties ~ 10-20% (on H)
→ big issue in AMS02 era!

XS for GCRs and their typical uncertainties

http://adsabs.harvard.edu/abs/2017PhRvD..96j3005T
http://adsabs.harvard.edu/abs/2018JCAP...01..055R


  

XS Parametrisations

Two “historical” groups/codes

● WNEW (Webber et al., up to 2003): semi-empirical 
formula based on “regularities” observed in data

● YIELDX (Tsao & Silberberg, up to 2000): semi-
analytical formula “driven” by theory

Model parameters = global fit on all data
YIELDX better than WNEW for XS reaction with “no data”

GALPROP implementation

Use of WNEW and YIELDX + rescaling on existing data
(Moskalenko & Mashnick, 2003):

● Galp-opt12: starts from WNEW
● Galp-opt22: starts from YIELDX 

XS extraction: EXFOR database
https://www.nndc.bnl.gov/exfor/exfor.htm

Type of measured reactions
● Direct: beam on H (or using CH2 − C 

subtraction technique)
● Indirect: target irradiated by proton 

beam (γ-spectrometry or mass 
spectrometry after chemical extraction)

Relevant publications for Fe
● Napolitani et al. (2004)
● Herbach et al. (2006)
● Villagrasa-Canton et al. (2007)
● Titarenko et al. (2008,2011)

In practice
● update all relevant XS for relevant 

progenitors (see Génolini et al., 2018): 
56Fe, 28Si, 24Mg, 20Ne, 16O, 14,15N, 12C…

● Apply rescaling procedure

XS parametrisations and EXFOR data base

https://www.nndc.bnl.gov/exfor/exfor.htm


  

Beware: cumulative XS required in CRs
(must account for short-lived nuclei, aka ghosts)

For Fe in LiBeB, overall:
● Galp-opt12 (left factor) undershoots
● Galp-opt12 (right factor) overshoots

For O in LiBeB (dominant progenitor, ~50% of total):
● Significant differences after update

x = no data

Most significant differences in updated XS
DM et al. (2022)



  

Beware: cumulative XS required in CRs
(must account for short-lived nuclei, aka ghosts)

 No data for many 
progenitors into Li!

Scare/no data for important reactions...



  

Extra- uncertainty at high energy:
● assume constant above 1.5 GeV/n?
● try to pass through all data?

Large discrepancies for 10Be production XS



  

(direct and inverse kinematics, activation, 
gamma-detection, subtraction CH4-C, ...)

References for LiBeB production XS



  

Improvement of new XS data on transport parameters



Interpretation of post-fit nuisance XS parameters

New XS datasets
→ Depending on XS dataset, need to increase or 

decrease Li production
→ Need for Li primary source alleviated: any claim for 
primary Li, Be, or B source cannot be significant (XS 

too uncertain)

Old XS dataset
→ Need a ~13% increase of Li production to 

match the data
→ Alternative (Boschini et al., 2020): need 

primary source of Li    

DM et al. (2022)

Impact of updated XS: Li primary source?



Halo size (determined from radioactive CR 10Be) 
critical parameter for dark matter searches

(e.g., Génolini et al., PRD 2021)

→ Also impacted by XS uncertainties
N.B.: 10Be/9Be data soon by AMS-02 and HELIX (up to 10 GeV/n)

DM, E. Ferronato Bueno, and L. Derome
https://arxiv.org/abs/2203.07265

Impact of updated XS: halo size of the Galaxy

https://arxiv.org/abs/2203.07265


  

Universality of transport? 
→ Yes within current nuclear uncertainties 

(no need for source of primary Li)

But to fully exploit CR data, new/better 
XS data are needed… but which ones?

2) XS for GCRs vs AMS-02 data

Uncertainty on diffusion coefficient
[including OPT12up22 XS model updated 
on unaccounted for  2003-2022 XS data]

Fit to AMS-02 data
[including nuisance parameters on XS]

Modelling systematics (from XS) vs CR data uncertainties
[N.B.: XS parametrizations rely on same nuclear data]

DM et al. (2022)

https://ui.adsabs.harvard.edu/abs/2022A%2526A...668A...7M


  

Uncertainties from 
pbar production

(p,He)CR + (H,He)ISM

Uncertainties from 
LiBeB nuclear XS

2) Nuclear XS for dark matter searches
Background (astro. contrib.)

Boudaud et al. (2020)

Cannot take full benefit of AMS-
02 high-precision data

[N.B.: any future improvement on pbar 
data moot if no better XS!]

https://ui.adsabs.harvard.edu/abs/2020PhRvR...2b3022B


  

2) Nuclear XS for dark matter searches
Background (astro. contrib.)

Boudaud et al. (2020)

https://ui.adsabs.harvard.edu/abs/2020PhRvR...2b3022B


  

Uncertainties from 
pbar production

(p,He)CR + (H,He)ISM

Uncertainties from 
LiBeB nuclear XS

2) Nuclear XS for dark matter searches
Signal (dark matter contrib.)Background (astro. contrib.)

Boudaud et al. (2019)

Génolini et al. (2021)

Cannot take full benefit of AMS-
02 high-precision data

Signal uncertainty 
directly related to L
(diffusive halo size)

[N.B.: any future improvement on pbar 
data useless if no better XS!]

https://ui.adsabs.harvard.edu/abs/2020PhRvR...2b3022B
https://ui.adsabs.harvard.edu/abs/2021PhRvD.104h3005G


  

Uncertainties from 
pbar production

(p,He)CR + (H,He)ISM

Uncertainties from 
LiBeB nuclear XS

2) Nuclear XS for dark matter searches
Signal (dark matter contrib.)Background (astro. contrib.)

Boudaud et al. (2019)

Génolini et al. (2021)

Cannot take full benefit of AMS-
02 high-precision data

DM et al. (2022b)

Uncertainty on L large because of 
uncertain Be isotopic production XS

[N.B.: any future improvement on pbar 
data moot if no better XS!]

[N.B.: will plague interpretation of AMS-
02 and HELIX measurement of this ratio]

Signal uncertainty 
directly related to L
(diffusive halo size)

https://ui.adsabs.harvard.edu/abs/2020PhRvR...2b3022B
https://ui.adsabs.harvard.edu/abs/2021PhRvD.104h3005G
https://ui.adsabs.harvard.edu/abs/2022A%2526A...667A..25M


  

1) CR data

CRDB (Cosmic Ray Data Base)
https://lpsc.in2p3.fr/crdb

DM et al. (2014, 2020, 2023)

● Charged CR and anisotropy data
● Meta-data (references, dates, infos)
● Plots (online+pip lib.+jupyter notebooks)
● Solar mod. (down to 10 mn interval)

45

https://lpsc.in2p3.fr/crdb
https://ui.adsabs.harvard.edu/abs/2014A%26A...569A..32M
https://ui.adsabs.harvard.edu/abs/2020Univ....6..102M
https://arxiv.org/abs/2306.08901
https://github.com/crdb-project/tutorial
https://ui.adsabs.harvard.edu/abs/2014A%26A...569A..32M


  

2) Ranking of progenitors (P coefficients)

Uniqueness and 
completeness of 
P coefficients

16O
15N

14C
14N
13C
12C
11B
10Be

10B
9Be

7Be

⁞

⁞

+

+ +...
+

+
+...

⁞From O From C

46



  

2) Ranking of progenitors (P coefficients)

→Importance of heavier species grows with E (Γinel~A2/3)
→Highlight relative importance of source terms

16O
15N

14C
14N
13C
12C
11B
10Be

10B
9Be

7Be

⁞

⁞From O From C

+

+ +...
+

+
+...
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2) Ranking of direct production (D coefficients)

16O
15N

14C
14N
13C
12C
11B
10Be

10B
9Be

7Be

⁞

⁞From 
measured 

O flux

From 
measured 

C flux

+ + +...

+

+

+...

Uniqueness and 
completeness of 
D coefficients 48



  

2) Ranking of production paths (P1...n-step coefficients)

Uniqueness and 
completeness of 

paths
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→Ranking favours most abundant CR species (weighted by production XS)



  

2) Ranking of P vs D coefficients (for Z=3-12 fluxes)

→Primary species C, O, Ne, Mg, Si, and Fe 
most important progenitors

 2.0 → 100%
log10 =    1.5 → 31%  

1.0 → 10%  

LiBeB are pure 
secondaries... not 

in P but in D 
coeffs

50



  

2) Ranking of P vs D coefficients (for Z=3-12 fluxes)

→Primary species C, O, Ne, Mg, Si, and Fe 
most important progenitors

 2.0 → 100%
log10 =    1.5 → 31%  

1.0 → 10%  

LiBeB are pure 
secondaries... not 

in P but in D 
coeffs

Primary O main 
progenitor of BeB, not 
seen in looking at D

51



  

2) Ranking of production XS (fabc coefficients)

16O
15N

14C
14N
13C
12C
11B
10Be

10B
9Be

7Be

⁞

⁞

Ghosts 
(=short-lived) 

nuclei

→ Network of ~1000 reactions (up to 56Fe) to rank!
[N.B.: CR fluxes use cumulative XS (account for short-lived nuclei)]

←(16N,17N)

←(15O)

←(14O)

←(13N,13O)

←(12B,13O)

←(11C,11Be)

←(10C)

←(9Li)

+H
+He

ISM
f12C H 10C

f12C H 10Be

One to one 
correspondence 

between
fabc and σa+b→c

16O+H→6Li (σ~20 mb) ⇔ 16% of Li
→ based on 2 inconsistent data

Illustration of limitation of 
current nuclear data and models
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3) Error on flux: quantitative improvement

→ Cab for more realistic estimate of flux improvement
→forecast for # of reacs (beam time calc.) to reach 3% 
precision on modelled flux (to be on par with AMS-02)
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3) Error on flux: quantitative improvement

→ Cab for more realistic estimate of flux improvement
→forecast for # of reacs (beam time calc.) to reach 3% 
precision on modelled flux (to be on par with AMS-02)
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3) Error on flux: quantitative improvement

→ Cab for more realistic estimate of flux improvement
→forecast for # of reacs (beam time calc.) to reach 3% 
precision on modelled flux (to be on par with AMS-02)
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