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CR Antiprotons in the Galaxy

Cosmic rays (CRs) are ionized nuclei that are accelerated
In astrophysical shocks (supernova remnants, pulsars, etc)
and propagate in the Galaxy, interacting with gas and

magnetic field 3

Antiprotons must be produced as secondary CRS
that can be detected by our experiments
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An'“ p rOtOnS aS a tool Flux of CR nuclei and antiparticles (data from AMS-02)
to 1dentify signals of

BSM physics
by A. Oliva 107 N

High precision data for the fluxes of CR nuclei o -

allow us to accurately model the production . 0x3
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of CR antiparticles and uncertainties related.

The antiproton spectrum allows us to
strongly constrain the existence of BSM
physics due to the expected low production
and uncertainty in their modelling.
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Specially, well-motivated WIMPs
(M,~0(100 GeV)) are expected to leave
imprints in the GeV energy region.
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DM production - primary antiprotons

Indirect DM searches with antiprotons (similarly to what happens with other
astroparticles) are either intended for specific particle models (wino, Higgsino, etc) or
for a generic WIMP that is modelled as a neutral-colorless resonance that couples to

the SM through specific channels (bb, tt, tt, etc) 2
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DM production - primary antiprotons

The uncertainty in the galactic DM distribution affects the predicted fluxes, roughly
Independently of energy. The difference between the flux for a cored and a peaked
profile is ~ factor of a few for annihilating DM, and much smaller for decaying DM.
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Antiprotons and propagation
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A precise estimation of the antiproton flux requires a careful analysis of
several CR species and nuclear cross sections
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Cross sections parameterizations for secondary CRs
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Antiproton cross sections

d*c
Fe—

prompt

2+ A+ 2A))

d3c

F—

dp?
pp—p

s g, [mb GeV 9]

0.1

Kappl & Winkler, 2019 ; arXiv:1408.0299

100

Vs 1Gev)

1000

Tan

Di Mauro (12)
Di Mauro (13)
Antinucci
NA49
PHENIX
STAR

ALICE

CMS

MIRABELLE
NA4S

30-in

ISR

: E, [GeV]
I 10" 102 10° 10t 10° 108 107 108
: 'SIIII I |II| IIIIIII ] IIIIIII L] IIIII_ ] TTTTH T I|IIII|| [ IIIIII
| L 1
NAZ

|04l i s
: i i Na49 np
: 0'3? i Fermilab
| L
:-c'i 0.2F f smn

[ [
| ' [ ] Auce
| 04F T
| ] T,
! '. [ 1 --------
Y o e £ ....... I ..... R
: I--I 1 IIII 1 1 II'III_ 1 1 III'II 1 1 | I'I
| 10 107 10° 10¢
|
G Nswgw
e e aaaaanm— ——————————————
| E, [GeV]
| 107 10° 10° 10° 108 107
: IIIIII._ T TTTIT | IIIII| T .IIII..| T IIIIII| T IIII.|I| T 1T f
| 0.8}
| {
| osf “ :
| = ;
Y
2o [ f
| I I N B
| { i
| 0.2} i
I A. Reinert, M. W. Winkler, 2017 ; arXiv:1712.00002 §
I 0.0l | Ll e e
I ' 107 107 100 104
|
| 5 [GeV]
-


https://arxiv.org/abs/1712.00002
https://arxiv.org/abs/1408.0299

Antiproton cross sections
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Channels of secondary
antiproton production

p+tp>p+p+p+p (High energy

protons produce lower energy antiprotons)

p/p spectrum
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Different evaluations vary by tens of percent --

parameterizations seem more precise than

current event generators, with uncerts ~ 12%
Heavy CRs may have a contribution > 7%
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Secondary antiprotons — The grammage excess

Flux ratio

Residuals

The spectrum of antiprotons is easily reproduced
simultaneously with B, Be and Li allowing for a

p/ p spectrum - Winkler analysis
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small (<10%) rescaling of cross sections

Diff. coeff. predicted by the flux-ratios of B,
Be and Li underpredicts the antiproton flux
by a 10-20%—-> Grammage tension
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Secondary antiprotons

Recent analyses demonstrate that antiproton observations are fully
compatible with a secondary origin and all secondary CRs can be well ~ Pcr + Pisu 2 P

explained considering cross sections and propagation uncertainties
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AMS-02 reveals the origin of antiprotons

Flux ratio p/p

Residuals

Recent analyses demonstrate that antiproton observations are fully compatible with a
secondary origin and all secondary CRs can be well explained considering cross sections
uncertainties — However, including also DM production is still preferred in the fit for a
WIMP with mass around 70 GeV with annihilation rate close to the thermal relic one...
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The Antiproton excess

Recent studies have claimed the possibility of an excess of data
over the predicted flux at around 10-20 GeV, which can be the
signature of dark matter annihilating or decaying into antiprotons
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The Antiproton excess

Recent studies have claimed the possibility of an excess of data e
. . CR ISM
over the predicted flux at around 10-20 GeV, which can be the xS
signature of dark matter annihilating or decaying into antiprotons
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The Antiproton excess

Recent studies have claimed the possibility of an excess of data
over the predicted flux at around 10-20 GeV, which can be the
signature of dark matter annihilating or decaying into antiprotons

Pcr + Pisu 2 P
X+tX->p
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The Antiproton excess

Recent studies have claimed the possibility of an excess of data
over the predicted flux at around 10-20 GeV, which can be the
signature of dark matter annihilating or decaying into antiprotons

Pcr + Pisu 2 P
X+tX->p
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Systematics in AMS-02 data

Including the correlation of AMS-02 systematic errors sizeably affects
significance and properties of the DM signal - Need of covariance matrices!
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From “excesses” to just fluctuations

Detailed DM searches found different sources of uncertainties difficult to avoid in current
studies: Cross sections, correlated errors, diffusion model ... A statistical evaluation of the
signal shows that there is no significant excess in the data (maximum of 1.8 ¢ global)

PDL+, JCAP 05 (2024) 104

Correlated AMS-02 errors Uncorrelated AMS-02 errors
b p/p AMS-02 (2018) Myyrp (GeV) | (ov) (107 em®/s) | local o | Myyzarp (GeV) | (ow) (107 em®/s) | local o
p/p Pamela (2010) Canonical |  66.28" 4" 09977, 2.8 L1 g 0891013 35
104 Simplified | 66.95':3° 11855 303 | 100.6475 201105 3.8
4 . . : .
= - Diffuse p/
2 tiuse p/p Calore+, SciPost Phys. 12, 163 (2022)
S -~ XX — bb
% ;EX T_ Final state Model m* (ov)* local signif.
& — Torlplp [GeV] | [cm*/s] [o]
| 1 D b BIG 1093 | 1.71e-26 1.8
10-5 {Crnonical- Correlat=Culuuu 20.DM bb SLIM || 109.1 | 1.48e-26 1.7
Diffuse + DM (NFW) Total 20 bb QUAINT || 106.7 | 4.28e-27 0.5
el qq BIG 885 | 4.41e-27 1.2
T 00 i Iy nrp BIG 155.7 | 2.65e-23 1.4
ey S A wTw BIG 106.8 | 2.20e-26 16
= _0‘ hh BIG 166.7 | 3.62e-26 1.5
—04

1 10 100
Energy (GeV) 21



(ov) 95% Upper limit [cm3/s]

Dark matter bounds from
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antiproton analyses

—— Canonical analysis - Correlated —— Calore 2022
---- Simplified analysis - Correlated Balan 2023
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No excess found in the latest p analyses

Leading constraints for WIMPs
annihilating into hadronic final states,
and able to rule out the thermal relic cross
sections for masses below ~200 GeV
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(ov) 95% UL [cm?3/s]

Dark matter bounds from
antiproton analyses
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—— Dwarfs Albert (2017)
—— Di Mauro et al. (2022)

(bb channel)

—— Canonical - Correlated
---- Simplified - Correlated

-~
Sa

c-NFW profile

100

1000

DM mass [GeV]

PDL et al JCAP 05 (2024) 104

Maximal DM-induced signal (at 95% CL)

' pAMS-02 (2021)
t  pPamela (2013) "
t -

W XX—>bb—p

* ok -
******sﬁ*"* ¥ ’*‘**’****tyt 4 *"*

10°

1 10
Energy (GeV)

Leading constraints for WIMPs
annihilating into hadronic final states,

Compatible with GCE? See Di Mauro,
Winkler PRD 103, 123005 (2021)

23



Antiprotons in the Galaxy — More possibilities

SNRs accelerating antiprotons Inhomogeneous diffusion coefficient

— Mertsch+. 2020 Phys. Rev. D 104, 103029 I
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Antiprotons in the Galaxy — More possibilities

SNRs accelerating antiprotons Inhomogeneous diffusion coefficient

Mertsch+. 2020 Phys. Rev. D 104, 103029
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Dark matter searches with cosmic-

COnCIUSiOnS ray antiprotons

* Antiproton observations seem to be in good agreement with the rest of CRs

* Uncertainties in the modelling of secondary antiprotons can be significantly
reduced with better cross sections models

* No significant excess favouring a DM signal is found, with largest significance of
around 1.8 o — Publication of AMS-02 correlation matrix is needed!

 AMS-02 Antiproton measurements allow us to set strongest constraints at GeV
masses for WIMPs coupling to quarks

* A clear detection of a DM signal is not easy with antiprotons... Anti-nuclei can

offer a much cleaner window for their study
See talk by

"
Pedro de la Torre Luque — 19/08/2024 P. Salati

pedro.delatorre@uam.es
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An open question related to antiprotons
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An'“ prOtOﬂS aS a tool Flux of CR nuclei and antiparticles (data from AMS-02)
to 1dentify signals of
BSM physics

103

He x 0.7

High precision data for the fluxes of CR nuclei
allow us to accurately model the production
of CR antiparticles and uncertainties related.

102

10!
The antiproton spectrum allows us to
strongly constrain the existence of BSM

physics due to the expected low production
and uncertainty in their modelling.

10°

E>® ¢ (GeV/n)18 st m2 grt

1071

Specially, well-motivated WIMPs
(M,~0(100 GeV)) are expected to leave
imprints in the GeV energy region.

102

1073

109 10! 102 103
Energy (GeV/n)
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Primary antiprotons

Indirect DM searches with antiprotons (similarly to what happens with other
astroparticles) are either intended for specific particle models (wino, Higgsino, etc) or
for a generic WIMP that is modelled as a neutral-colorless resonance that couples to

the SM through specific channels (bb, tt, tt, etc)

10t -
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s —— 1000GeV
"l\' =
HE 10—1 gj
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N f 2
=
O 3
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~ 1073 i
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104
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Primary antiprotons

Indirect DM searches with antiprotons (similarly to what happens with other
astroparticles) are either intended for specific particle models (wino, Higgsino, etc) or
for a generic WIMP that is modelled as a neutral-colorless resonance that couples to

the SM through specific channels (bb, tt, tt, etc)

10 "~ 4 Mpy =10GeV 5 10 Mpy = 100 GeV 4
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The DRAGONZ code

¢ The basic idea is that primary particles are accelerated in astrophysical sources (namely SNRS)
and propagate throughout the Galaxy during millions of years, due to scattering with plasma
waves. Occasionally, they interact with gas and produce secondary nuclei through spallation.

— K 7 g B d [ N; i 9, A A
V.85 (1mN,) + EJ’—p !p DW}E?; (ﬁ)] Q +$ [/)Nf ey (V'I(UN:)]
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The DRAGONZ code

¢ The basic idea is that primary particles are accelerated in astrophysical sources (namely SNRS)
and propagate throughout the Galaxy during millions of years, due to scattering with plasma
waves. Occasionally, they interact with gas and produce secondary nuclei through spallation.
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The DRAGONZ code

% The basic idea is that primary particles are accelerated in astrophysical sources (namely SNRS)
and propagate throughout the Galaxy during millions of years, due to scattering with plasma
waves. Occasionally, they interact with gas and produce secondary nuclei through spallation.
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Cross sections > Secondary CRs

QSGC(E) X Zpr Jpr(E) Gpr%sec (E)

Tomassetti, 2018

A\

12C

W 24Mg
W 28Si
W 20Ne
- 108

- 13C
10Be

12C

160

14N W
24Mg W
28si m
20Ne B

Production of secondary CRs

* Main spallation channels: O and C

* Secondary channels (N, Ne, Mg, Si & Fe)
are very important for Li and Be (< 50%)

* Tertiary channels also matter:
e.g. 1B + gas > 0B + X

Genolini et al. 2019 ; arXiv:1803.04686
Tomassetti, 2018 ; arXiv:1707.06917



https://arxiv.org/abs/1803.04686
https://arxiv.org/abs/1707.06917

Channels of secondary
antiproton production
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Antiproton parameterizations

Phys. Rev. D 96, 043007 (2017)
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Flux ratio

Residuals

Antiproton excesses — The grammage excess

10—4 ;

p/ p spectrum - Winkler analysis

P.D.L. JCAP 11 (2021) 018

—— Diffuse p/p - Winkler
—-—— Diffuse +10%

2 ¢ confidence
t  p/p AMS-02 (2018)
t  p/p Pamela (2010)

Energy (GeV)
LDiffusion coefficient

Jeee

J

pr

~o(E) D(E)

“ Production cross sections

Flux ratio

Residuals

) 018 — B/C spectrum
—— Li/C spectrum
—— Be/C spectrum
2 ¢ confidence
t B/C AMS-02 (2016)
Li/C AMS-02 (2016)
Be/C AMS-02 (2016)

Energy (GeV /n)
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SOLAR MODULATION
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¢ Force-Field approximation
** Neutron monitor data + Voyager-01 data

¢ Cholis-Hooper-Linden (arXiv:1511.01507) correction
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https://arxiv.org/abs/1511.01507

‘Non-uniform diffusion:
[Inhomogeneous diffusion

Importance of the implementation of diffusion
coefficients which are calculated in different
ways, beyond standard parametrizations

Change in the slope of D at low energies revealed by different analyses of AMS-02 data

Turbulence + damping

Turbulence
— — | MA:L‘B:O.L Linj:100pc
o & J
! | Halo
29 |
5 0% g 10%7
3 >
V) V)
G G 28 |
=~ 1028'- = 10
= | TTT II — 0=0.33 = : Fornieri et al.
10 102 10* 100 102 10*
E[GeV] E [GeV]

Fornieri, P.D.L. et al MINRAS 502 (2021) 4, 5821-5838
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Diffusion coefficient parametrization

Diffusion coefficient (cm?/s)

1029 ;

1028 -

=

-]
P
]

10394

Power law with n=1, BD,(R/4GV)®
P.L. with free n, B"Dy(R/4GV)°
—— P.L. with free n and high energy break, 6,=0.31
—— P.L. with n=0and low energy break, §;= —0.75
—— P.L. with n=1 and low energy break, §;= —0.75
10 10  10* 102  10®  10* = 10°
Rigidity (GV)
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Inelastic o (mb)

Inelastic and inclusive (spallation) cross sections computed from FLUKA for

Precise studies of secondary CRS:

New set of Cross sections (FLUKA)

all nuclei until Z=28 (Fe). Agreement with dedicated parametrizations and

experimental data at the level of 30%

http://www.fluka.org/fluka.php

Cumulative ?C + gas — !B

—— DRAGON2

—— Cumul. Fluka 2021
— WNEWO03

—— GALPROP v54

Statistical uncerts.

ol

P.D.L. et al arXiv:2202.03559

120
—— 3He Fluka - “He gas CROSEC
—————— 3He CROSEC -+ 3He data 100
—— “He gas Fluka + “He data S
H E 80|
Py b
c
o
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©
T 40
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201
P.D.L. et al arXiv:2202.03559 0
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Primary antiprotons — The effect of diffusion
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‘Non-uniform diffusion: 0 OO T, N

.g B | ' \ T
Inhomogeneous diffusion s | :
\_ J =3
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Two-zone diffusion model (halo + disk) tuned ~¥
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Systematics in AMS-02 data

Flux ratio

10—4 4

1075 |

p/ p spectrum - Comparison

+  P/p AMS-02 (2015)
+  7/p AMS-02 (2018)
+  F/pPamela(2010) #ﬁﬁw**wf** tﬂ* 1 l i
i’*
i
+h
1 ¥
! +
y
fi
1{.JU 1{.)1 1{')2
Energy (GeV)

Flux ratio

Residuals

Flux ratio

Residuals

104
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0.2
0.0
—0.2
—0.4

104

10-°

0.2
0.0
—0.2
—0.4

P/ p spectrum - Winkler analysis

—— Diffuse §/p - Winkler
————— Diffuse #/p, no modulation
2 ¢ confidence
t  p/p AMS-02 (2018)
t  p/p Pamela (2010)

10°

10! 107
Energy (GeV)

P/ p spectrum - Winkler analysis

—— Diffuse §/p - Winkler
————— Diffuse p/p, no modulation
2 ¢ confidence
t  p/p AMS-02 (2015)
t  p/p Pamela (2010)

R RSN Eres)

10°

10! 107
Energy (GeV)
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Flux ratio

Residuals

Systematics in AMS-02 data

Including the correlation of AMS-02 systematic errors sizeably affects
significance and properties of the DM signal - Need of covariance matrices!

104 |

P.D.L. JCAP 11 (2021) 018

ttttttt

—— Diffuse g/ p - Winkler
2 ¢ confidence
t  p/p AMS-02(2018)
t  p/p Pamela (2010)
144 8RR R480404401 4 t4 * }>
10° 10! 10°
Energy (GeV)

Flux ratio

Residuals

104 |

Diffuse g/ p - Winkler

2 ¢ confidence

¥ p/p AMS-02(2015)
¥ p/p Pamela (2010)
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Precise studies of secondary CRS: The antiproton excesses

|. Amount of grammage predicted by the flux-ratios of B, Be and Li underpredicts the antiproton
flux by a 10-20%-> Grammage tension

I1. Recent studies have claimed the possibility of an excess of data over the predicted flux at around

10-20 GeV, which can be the signature of dark matter annihilating or decaying into antiprotons
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Precise studies of secondary CRS: The antiproton excesses

- DRAGON?2 cross sections for heavy secondary CRs B/C, B/O, Be/C, Be/O, Ap/p (Propagation parameters)

- Winkler (2017) cross sections for antiprotons 1%8e/°Be, 1°Be/Be (H), Be/B, Li/B, Li/Be (Scale factors, Sy)
0s LiBeB/C spectra Sec/Sec spectra
P.D.L. JCAP11(2021) 018 —— B/C spectrum 351 —— Simulated Li/Be {  Be/B AMS-02
0.4 1 —— Li/C spectrum 30 { —— Simulated Li/B t  Li/B AMS-02
—— Be/C spectrum ,5 | — Simulated Be/B t Li/Be AMS-02
2 03 2 ¢ confidence 2 * +
o] = 2.0 dodre 4k
v f  B/CAMS-02 (2016) 9 tiyf, 1 +
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Precise studies of secondary CRS: The antiproton excesses

Flux ratio

Residuals

10-% |

P.D.L. JCAP 11 (2021) 018

—— Diffuse p/p - Winkler
~  Diffuse +10%
2 ¢ confidence
t  p/p AMS-02 (2018)
t  p/p Pamela (2010)

Energy (GeV)

Residuals

Flux ratio

3.5 1
3.0 1

25 1

1.0
0.5 1

0.0 A
0.25 A

0.10 4
0.00 -4
—0.10 A

—0.25 1

See also Heisig, Korsmeier, Winkler PRD 2, 043017 (2020)

There is a set of propagation parameters that reproduce the energy
dependence of the antiproton and the other secondary CRs (B, Be and Li) !!

Sec/Sec spectra

2.0 1

1.5 |

—— Simulated Li/Be t  Be/B AMS-02
—— Simulated Li/B t  Li/B AMS-02
—— Simulated Be/B t Li/Be AMS-02
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Flux ratio

Residuals

Precise studies of secondary CRS: The antiproton excesses

10-4

Prior constraints on antiproton cross sections are

included in different ways: Dark matter component

is still statistically preferred

p/ p spectrum

P.D.L. et al, in preparation

—— Diffuse p/p - Winkler
Diffuse p/p, no modulation

2 ¢ confidence
} p/p AMS-02 (2018)

p/p Pamela (2010)

10° 10! 102
Energy (GeV)

Flux ratio

Residuals

10—1 J

1072 |

B/C, B/O, Be/C, Be/O, Ap/p (Prop. parameters)
10Be/°Be, °Be/Be (H), Be/B, Li/B, Li/Be (Sy)

___________________________________________________

-———————

p/e” spectrum

P.D.L. et al, in preparation

—— Diffuse p/e~ - Winkler

----- Diffuse p/e~, no modulation

2 ¢ confidence
t p/e” AMS-02 (2016)

10°
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Precise studies of secondary CRS: The antiproton excesses

Two extreme cases:
Full XS constraints (Antiproton prior constraints ~ B prior constraints) vs No prior constraints

g 1 My ~ 160 GeV R : Mx ~ 100 GeV
Full XS prior constrains 5y~ - 7.1026 cm3/s No XS prior constrains _ . 5 126 cm3/s

p/ p spectrum - Diffuse (Winkler) + DM — bb(NFW) p/p spectrum - Diffuse (Winkler) + DM — bb(NFW)

+  p/p AMS-02 (2018)
¥  p/p Pamela (2010)

¥ /p AMS-02 (2018)
t  p/p Pamela (2010)

10-4 | 10-4 |
-% - Diffuse p/p % - Diffuse p/p
E - WIMP NFW E - WIMP NEW
2 —— Total p/p = —— Total p/p
— 2 ¢ Diff. 2 o Diff.
105 20 WIMP =5 | 2 ¢ WIMP
5 Total 2 o Total 2 ¢
b 2
—04 + * }
10° 10! 102 10° 10! 102

Energy (GeV) P.D.L. et al, in preparation Energy (GeV) 53



Antiproton excess

DM globally favoured. The way to asses the antiproton uncertainties affect the properties of
the DM candidate reproducing the signal. Significance below 2¢

: ] My ~ 160 GeV i ] My ~ 100 GeV
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Flux of CR nuclei and anti-nuclei (data from AMS-02)

Potential of anti-nuclei to

Shuckla, MIAPP 2021

Energy (GeV/n)

reveal the existence of H
BSM physics
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Anti-nuclei as the dark matter smoking gun

The window to prove (or disprove) many possible astrophysical excesses
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For kinematical reasons, the production
of anti-nuclei from CR interactions is
not important at energies below the
GeV, offering a clear way to spot the
production of anti-nuclel from dark
matter (at least for masses below
~hundreds of GeV)

Secondary anti-nuclei produced from
homologous interactions as for P, but
highly suppressed (due to coalescence)!
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