SQM 2022

Philip von Doetinchem

philipvd@hawaii.edu
Department of Physics & Astronomy
University of Hawai'i at Manoa
http://Iwww.phys.hawaii.edu/~philipvd


http://www.phys.hawaii.edu/~philipvd

modulation
by .s0lz

deflestion in
magnetic field

it
p x 0.1 e*x 280 p x 550

3 proEon S 10MeV red ,‘ r;:; .» &{Dﬁﬁd‘w%@anj%;@ﬂﬁia{gD%Ds{yu’tjro:)o}o}o %; & ci o
\electron > 10MeV T [
-\ positron > 10MeV blue T l 6 eeres A Nx 20
neutron > 10MeV . — LI T R P
muon > 10MeV magenta i Ty, X 20
“photon > 10keV T b PP gy
scattering in ‘ -
magnetic fields, .
interaction with e 8
: : 20GeV proton g
interstellar medium : , p :
interactions with

atmosphere

IRigidity| [GV] AMS-'Oé status

Doetinchem Jun 2022 - p.2



Kappl et al., JCAP 1510 (2015) 10, 034 |

positron f .
‘_H 25_IIII| T T T Illlll T T T llllll T T T llllll 10_4; "}} ....... .h'hﬂ
o - DM model from J. Kopp, Phys. Rev. D 88, 076013 (2013)) .ﬁ"‘f
- C 2 [ <Y
o 20 °AMS-02 < s [ AMS-02 pip data
E B ..;‘2 ......... B/C best fit in sample
et L e — — — plp best fit in sample
“I:u 15 - 10°° +//I/ propagation uncertainties E
'e:d: : nuclear uncertainties
B o] | Pl
10— 1 10’ 102
L C T [GeVin]
N Olisj _24 antlproton and gamma-ray results
5 | '7 ofCOS'n 10 = 1 1 1 1 L I T T T 1 1 \:
N ic R, - ]
C Vs i [ 1-30 GCE 1
- Energy [GeV] I [ 1-30 CR 1
0 ! . el - 1 1-3c CR+GCE 1
1 10 102 10° — L B 1-3 GCE+CR+DW _
. . . 2 5 ]
* unexplained feature in positrons: -~ E :
— astrophysical origin — pulsars E R 7 -\ T - 3 107 2 em?/s
—  SNR acceleration T L
— dark matter annihilation T E
¢ combined fit with antiproton and diffuse gamma-rays from the Galactic . ]
Center — 80GeV DM particle? . bb
P _»»| Cuoco et al"JCAP 1710 (2017) 053
10 T L L L L L 2 L L L | 3
* understanding astrophysical background is a challenge better constraints 10 10 10
on cosmic-ray propagation and astrophysical production are needed mpm [GeV]
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* Antideuterons sensitive to a wide range
of dark matter models, e.g.:

* Generic 70GeV WIMP annihilation
model that is consistent with antiprotons
and y-rays from Galactic center

* Dark matter gravitino decay
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* Dark photons

* Heavy DM models with Sommerfeld
enhancement
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Antideuterons are an important unexplored indirect detection technique!
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constrain antideuterons

— no explanation of antihelium
should overproduce antiprotons
and antideuterons

- . Saffold et al., Astropart. Phys. 130, 102580 (2021) N
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— interpretations are actively ongoing o T m, e = 100 GeV
_ o 3 Korsmeier et al.
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* Possible antihelium candidate oM acks e (Uoser
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* Secondary astrophysical e 1 10 I A Shukia et al.

background kinetic energy per nucleon E _[GeV/n] === M. Kachelriep et al.

* Dark matter annihilation or decay . i .
Finding low-energy antihelium would be truly

revolutionary new physics
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* Nearby antistar: at distance of ~1pc



* Cosmic-ray propagation:

* Important constraint for antinuclei flux from dark matter annihilations is the Galactic halo size, which directly
scales the observable flux

* Fits of cosmic-ray nuclei data are very important to constrain cosmic-ray propagation models (e.g., Li/C, Li/O,
Be/C, Be/O, B/C, B/O)

* Inelastic interactions of antinuclei in the Galaxy
* Antinuclei formation process breaks the degeneracy of antinuclei with antiprotons. Different approaches exist:

* Coalescence: d can be formed by an p-n pair if relative momentum is small compared to coalescence
momentum p,

* Wigner-function based, semi-classical model has been developed (M. Kachelriel3 et al., Eur. Phys. J. A 56, 4
(2020)

* Thermal model: Antinuclei directly formed at hadronization stage

* Measurements of relevant primary cosmic ray and interstellar medium cross sections are important
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Source spectrum Q** (1))
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- d can be formed by an p-n pair if coalescence momentum p, is small

d°Ny 4 d°N, d° N,
,Yd 3 — /}/p 3 ’Y?’L 3
dp; 3 dpp dp:
use an event-by-event coalescence approach with hadronic generators
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Antiprotons Antideuterons ANTIDEUTERONS
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antinuclei formation models
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Propagation equation:
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A. Shukla et al. Phys Rev D 102, 063004 (2020)
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* expanded modified MC coalescence model to
merging multiple antinucleons from p-p

interactions
— requires quite a bit of computing power
(~5,000 years, every additional antinucleon is ! 10
about a factor of 1,000 suppressed — thanks Kinetic energy per nucleon [GeV/n]
UH HPC, OSG) — H: T ED K
* use the p, behavior from antideuterons ... pP.etal. -~ dP.etal. HeP.etal. *He P. et al.

* Very good agreement with ALICE antihelium-3 | pams-02 [ |dk eta. [ |°Hek etal

data (p-p at \s=7TeV)



* phase space for ion production depends on the available energy in the
formation interaction

* highly sensitive to two-particle correlations between the participating
(anti)nucleons

* (anti)neutron spectra are challenging to access experimentally, potential
asymmetries should be evaluated

* hadronic generators failing to describe (anti)proton and (anti)neutron spectra
automatically result in a shift of p,

* spin is not considered
* not a QM model

* generators not really tuned for antiparticle production
— use dedicated antiproton, deuteron, and antideuteron data
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EPOS-LHC for p-p at 158GeV/c
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Tune hadronic generators with more
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* NAG1/SHINE at CERN SPS:
* Fixed target experiment

* High statistics p studies — Shukla: Identified hadron spectra in high-statistics p+p collisions at 158 GeV/c
(POS-OTH-02)

* C-p fragmentation cross section measurements
* Deuteron production cross section, d/p ratio
* Antiparticle correlation studies

* LHCb at LHC:
* Antideuteron production in heavy hadron decays and in fixed-target collisions
* Antihelium-3 from antilambda-b decays

* ALICE at LHC
* Antinuclei production
* Antinuclei inelastic cross sections

* AMBER at CERN SPS (upgraded COMPASS):
* Fixed target experiment
* High-statistics antiproton production cross section measurements
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* Ideal range for relevant cosmic-ray antinuclei cross section studies is p,,,=100-500GeV/c
for pp

* Nuclei production measurements from various experiments and at a broad range of
energies are already used

* Antiproton cross section uncertainties in the energy range of AMS-02 are at the level of
10-20%, with higher uncertainties for lower energies

* Full QM model for antinuclei formation needs to be further developed and validated
* More measurements are upcoming by many different experiments

* Reviews: Doetinchem et al., JCAP08 035 (2020), Snowmass21: arXiv 2201.00925

(Additional measurements needed for understanding of primary cosmic rays and positrons)
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