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® Antimatter can be produced in

Why Antideuterons?

dark matter annihilations

® Background from interactions of
cosmic rays negligible at low
energies for antinuclei but not
for antiparticles

® New GAPS experiment &

AMS-02 can detect low energy
antinuclei
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d flux on Earth for yy — bb
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Coalescence

Hadronization




Production: Coalescence Mechanism

™|

if |k, — k| < p.

™

® Coalescence momentum p,,
determined from experiment

Fornengo+ [1306.4171]
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Production: Coalescence Mechanism

il Number of d per Z-decay in LEP
e -Kl<p — e
L - d —== 1, =210 MeV
10_5' P .
. . o | ythia
k— J — k— + l_?
6 x107°
® Coalescence momentum p., - |
determined from experiment 6 |
4 x 10771
I
® Match number of antideuterons p I
. . 3 x 10771 [
from simulated hadronic Z-decays !
to amount measured by LEP N |
140 160 130 200 220 240 200
® Spatial separation smaller than 2 fm pe [MeV]
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Antideuterons from A, Decay

n

Prompt Displaced vertex

S

S|

® my = 5.6 GeV — decays into
particles with small relative

momenta — boosts d
production

Winkler, Linden
[2006.16251]
5

Particle Physics
oooooooooooo

TeVPA 2024 Antideuterons from DM annihilation - L. Rathmann



Antideuterons from A, Decay

_ d flux on _Earth |

@ @ _ | - C - XX — bb
.i 7 . : n | =S o= m, = 67 GeV
. | g3 20
Prompt Displaced vertex o -0
10—6 L L = /""—- ~ |
® My = 5.6 GeV — decays into - / ey |
particles with small relative + P TNl
ta — boosts d A Sy \
momenta oosts | — AMs-02(10yH) SN\
production g /.7 — GAPS b\
= | //' —— Pythia \
® Rescale A, production in PYTHIA T Pythia prompt %\
. —— Pythia A,-tune prl
to match measurement of 10 —-= Herwig W -
transition ratio f(b — A,) with | -~- Herwig+EvtGen "‘W |
extra parameter r, = 3 0.1 1 10
T [GeV/n] Winkler, Linden
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Galactic

: ‘ - Propagation
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® Use diffusion break and
injection break models
following Korsmeier,

Cuoco [2112.08381]

® Use propagation tool
GALPROP

® |mplement secondary

and tertiary d with
analytic coalescence
model
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DIFF.BRK

INJ.BRK

dp 4

Source spectrum

Y2

dp 4

Source spectrum

Antideuterons from DM annihilation - L. Rathmann

Antideuteron Propagation

Diffusion coefficient
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Speed-up Antideuteron Simulation
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Speed-up Antideuteron Simulation
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Neural Network

® Recurrent Neural Networks (RNN) use output of particular layer as input of
the same layer — can account for correlations between energy bins

O Output

—> V
—> * Hidden Layer
—> Output
Input
Hidden Input
Layer
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Neural Network

® Recurrent Neural Networks (RNN) use output of particular layer as input of
the same layer — can account for correlations between energy bins

® Similar to Kahlhoefer et al. and Balan et al.

e Relative error of network O(107%)
Network available in

Output
— v
—> * Hidden Layer
—> Output
Input https://github.com/
Hidden Input kathrinnp/DarkRayNet

Layer
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Prediction of Sensitivity Factor

* Generate fluxes for set of propagation parameters {6, ;} sampled from
posterior of p, p and He fit

® Apply force-field approximation to account for solar modulation

107 5
)
7
)
N
B
=
)
7
)
g _
_8_
§ 10 - mDleOGeV //
(CB | === DBackground
- 10779 GAPS
S 5 AMS-02 \
10—10 — . e | _—
10~ 1 10V 101
E /nuc [GeV]
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Prediction of Sensitivity Factor

* Generate fluxes for set of propagation parameters {6, ;} sampled from
posterior of p, p and He fit

® Apply force-field approximation to account for solar modulation

1074+
e Marginalize over {Hpmpi}I T |
Z @ gDM(HpI'Op,i’ XDM) Tm
<(I) > l di Z (eprop,i) CTE
— p— O
d Z Z DM(eprop,ia xDM) 1
—_— =)
i L0, ) = -
prop, - _
l §10 8_ —mDleOGeV//
<q)J> C% | === Background
e Calculate sensitivity factor: — 107w Gaps
0, S j AMS-02
exp. o0l - SN S
10! 10° 10*
FE /nuc [GeV]
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Sensitivity DIFF.BRK, Annihilation in bb

10" 4
e v) =3-107%0 cmds! : — (ov) =3-107%0 cmls!
AMS-02 v =90 | GAPS v sl
—— (ow) at p limit —— (ow) at p limit
— 1y, = 3.0 A, = 3.0
10! - —== 7y = 1.0 100 Ff 4 o — — = = — — = = = — — - === k=4
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= Assuming p limit, sensitivity only to small DM masses

= GAPS independent test to AMS-02
p limit from Balan et al. [2303.07362]
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Conclusion

® Antideuterons are great for indirect detection because of
negligible background

® Predicted fluxes of antideuterons on Earth tfor varying DM
models including uncertainties from antideuteron
production

e Calculating fluxes is slow — trained Neural Network
DARKRAYNET, available on GitHub, can be used for arbitrary
DM models

® Obtained sensitivity factor for AMS-02 and GAPS

® AMS-02 and GAPS only sensitive to low DM masses it DM
annihilates into bb

https://github.com/
kathrinnp/DarkRayNet
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Conclusion

® Antideuterons are great for indirect detection because of
negligible background

® Predicted fluxes of antideuterons on Earth tfor varying DM
models including uncertainties from antideuteron
production

e Calculating fluxes is slow — trained Neural Network
DARKRAYNET, available on GitHub, can be used for arbitrary
DM models

® Obtained sensitivity factor for AMS-02 and GAPS

® AMS-02 and GAPS only sensitive to low DM masses it DM
annihilates into bb

Thank youl!

https://github.com/
kathrinnp/DarkRayNet

T ‘ RWTH TeVPA 2024 Antideuterons from DM annihilation - L. Rathmann 12

PPPPPPPPPPPPP
oooooooooooo


https://github.com/kathrinnp/DarkRayNet
https://github.com/kathrinnp/DarkRayNet

Backup Slides

Institute for
Theoretical
Particle Physics
and Cosmology

RWTH TeVPA 2024

Antideuterons from DM annihilation - L. Rathmann

13



Antideuteron Injection Spectra

1 bb
10—4?
® Generated spectra for g
Mpn = 100 GeV using = 1075
MADDM and PYTHIA 8.2 [/
s

® Include d produced at initial

vertex and through A, decay LW

e Compare to PPPC4DMID s
11012.4515] (used PYTHIA 8.1) g
Z 10

i

i
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102 101 10Y
r = Fyin/mpMm

dN/dlog;,(z)

—— This work

lo uncertainty p.
Factor 2 variation 7y,
Cirelli et al. (2011)
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Network Architecture

Input: B

Pre-processing Pre-processing Pre-processing Pre-processing

Dense Layers:
2 X 8 nodes

Dense Layer:
2 X 8 nodes

Dense Layer: Dense Layers:
2 x (10 or 12) nodes 2 x 8 nodes

Concatenate

Dense Layer: 80 Nodes, relu activation

Recurrent layer:
GRU with 80 nodes, tanh activation

Output: Scaled logarithmic cosmic ray flux
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(I)true — (Dpred

Network Performance

DIFF.BRK model INJ.BRK model

—— Median | } |
i

0.021 -——— 68

0 20 A0 60 \ 0 20 A0
Bin Bin

e Relative difference of most transformed fluxes at most 6 X 10~

e Translates to relative error of ©(107?) in the actual flux
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Prediction of Sensitivity Factor

XD Ocoal Oprop.i] ® {6,0p.i}: POsterior sample of propagation

. _1 parameters from p, p and He fit

-/>0 pbarlike . antiproton likelihood

calculator

® Solar modulation: force-field approximation,
solar potential depends on experiment

£(9pr0p,i)
LM (Oprop,i,ZDM)

Z D
Marginalization Marglnahzathn q)

M( prop,° xDM)

(I)TOA Prop.l
 Sensitvit actor e Sensitivity fact < 2
SenmhwtyfactorJH enSItIVI y dCloOfr.
- T T T (Dexp.
El';sﬁtt:;t;u‘,’tf‘,ifﬁ';sics RWTH TeVPA 2024 Antideuterons from DM annihilation - L. Rathmann 17




Experimental Sensitivities

. Energy range Dens, Eexp
fxperiment GeV /nuc lem ™25 tsrt (GeV/ nuc)
GAPS 0.05,0.25 2 x 107® GAPS Collaboration [1506.02513
AMS-02 0.2, 0.8] and (2.2, 4.2] 4.5 x 10~ Choutko, Giovacchini [ICRC 2008’
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Propagation Parameters & Priors

Parameters Priors DIFF.BRK INJ.BRK
Vip 12 -21 V) @
o 1.2 -2.1 V) V)
V2. 2.1 -26 & @
Yo 2.1 —2.6 Q Q
Ry [GV] 1.0 - 20 (X &
s 0.1 -0.7 (X Vv,
Dy [10%® cm?/s] 0.5 —10.0 V) V)
5 ~1.0 - 0.5 & &
5 0.3 - 0.7 V) V)
A, —0.2 - 0.0 & &
Rpo [GV] 1.0 —20.0 Q Q
sp 0.1 - 0.9 & (X
Rp,1 [10°] 100 — 500 v, v,
va [km/s] 0 — 30 (X &
vo.c [km/s] 0 - 60 V) V)
TeVPA 2024 Antideuterons from DM annihilation - L. Rathmann
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® SM extended by gauge-singlet real

scalar

® Portal coupling to Higgs fixed to
explain measured relic abundance
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Singlet Scalar Higgs Portal
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Sensitivity INJ.BRK

xx — bb, AMS-02, INJ.BRK | XX — bb, GAPS, INJ.BRK

— (ov) =3-107%° cm’s™! 101

—— (ow) at p limit

— 7y, = 3.0

——— TAbzl.O 100_\ - e B e o e i e e e e e e e e e e e
I 1o uncertainty p. ]

Sensitivity factor
Sensitivity factor
=

(ov) at p limit

| —— 1y, =30

: — T TN, = 1.0

10-3 - I 10 uncertainty p,

10! 0 10! 8
™MDpDM [Ge\/] ™MDpDM [GGV]
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SSHP Sensitivity AMS-02

SSHP, AMS-02, DIFF.BRK SSHP, AMS-02, INJ.BRK
— {(ov) =3-107%° cm’s~! (ov) =3-107%°% cm?s ™!
—— (owv) at p limit 1 (ov) at p limit
! TAb — 30 10 - ,',,Ab _ 30
10 —== 7, =1.0 === 75 = 1.0
. I 1o uncertainty p, . lo uncertainty p,
= =
Q Q
8 8
S P
I= s /
Z .z /
b= = P
N N
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D D
7P GRIGEEEEEEEEEEEEERY ¥ - kil bbb b e L e e ey
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Sensitivity factor

o6
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SSHP Sensitivity GAPS

SSHP, GAPS, DIFF.BRK

(ov) =3-107%°% cm?s ™!
(ov) at p limit

ra, = 3.0

ra, = 1.0

lo uncertainty p.
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SSHP, GAPS, INJ.BRK

Sensitivity factor
=

10_2;

10734

(ov) =3-107%°% cm?s™1
(ov) at p limit

ry, = 3.0

ry, = 1.0

lo uncertainty p.

T
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Analytic Coalescence Model

® Assume uncorrelated p, 71 distributions

N, P 1 dN, dN,,
dx 3M=2m 2 dx, dx |
d p \/ xg +4dmyxe/M GTp Oln Kadastik+ [0908.1578]
10_3 §| T T T
_ W*W-
10~4
i /7
O
=
I 1073 hh
S Spherical
O , , - _
- approximation 1 T a9
107 - _
-------- bb
10~ e e e I T 11
102 103 104
DM mass in GeV
E‘:s‘:tt:;t;u;"tfg%sics RWTH TeVPA 2024 Antideuterons from DM annihilation - L. Rathmann 24




p Limit

DIFF.BRK INJ.BRK
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Limits for DM annihilation into bb, from Balan et al. [2303.07362]
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