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Modeling cosmic-ray propagation
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Modeling cosmic-ray propagation
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Modeling cosmic-ray propagation

FRAGMENTATION
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Modeling cosmic-ray propagation

CR propagation is described by diffusion equations.
We use the GALPROP code to solve them.
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CR propagation models

We explore 5 different setups for CR propagation:

BASE BASE+va BASE+inj BASE+inj+va BASE-+inj+va-diff.brk

Q—r’l‘ AN + Cowvecton
’ \(ﬁ
' 2, R, R
“'5;3‘/ %300V
dy 0, dp D 1 1
W e 4(@.p) + V- (Ds VY~ V) o (0= 5v Vo) = -2y
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CR propagation models

We explore 5 different setups for CR propagation:

BASE BASE+va BASE+inj BASE+inj+va BASE+inj+va-diff.brk

+ Cowvection Ve
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CR propagation models

We explore 5 different setups for CR propagation:
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CR propagation models

We explore 5 different setups for CR propagation:
BASE BASE+va BASE+inj BASE+Inj+va BASE+inj+va-diff.brk
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CR propagation models

We explore 5 different setups for CR propagation:

BASE BASE+vs BASE+inj BASE+inj+va BASE+inj+va-diff.brk

+ Cowvection Y c
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dy B B o,
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CR propagation models

THIS WORK
GALPROP

analytic
[Evoli+; 2019]
[Schroer+; 2021]

USINE (semi-analytic)
[Génolini+; 2019]
[Weinrich+; 2020]

DRAGON
[De la Torre+; 2021]

GALPROP
[Boschini+;2018]
[Boschini+;2019]

BASE BASE+va

~SLIM

Stockholm University and OKC

BASE+in;j
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BASE+inj+va

~BIG

BASE+inj+va-diff.brk

~QUAINT



Global fit

I BASE
I BASE + inj + v,
[ BASE +inj + v, — diff. brk.

We Investigate five propagation
setups and perform several
consistency checks

We use MultiNest to sample the
large parameter space of
up to 27 parameters
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Results of the global fits

All 5 propagation setups provide a good fit.
There is no statistically preferred setup.
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Systematic uncertainty: fragmentation cross sections

Example: Fragmentation of 12C to 11B

150 1200 _y 11 —— QP12
. —— WKS08

Flux impact:

125 - P emee WOk
Li 1.38% S
Be 1.43% :

1001 B 18.07%

75 - *

[
50 -

- © e

FoT77]
Ko02]
Ko99]
O183]
‘WI0|r

WeOs|

[Genolini et al., Phys.Rev.C 98 (2018) 3, 034611]

By, 1, [GeV /n]

Systematic uncertainties in the
fragmentation cross sections are larger
than those in the measured CR spectra!
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Systematic uncertainty: fragmentation cross sections

Example: Fragmentation of 12C to 11B

IQC N 11B — (P12
- — = WKS98
Flux impact:
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[Genolini et al., Phys.Rev.C 98 (2018) 3, 034611]

By, 1, [GeV /n]

Systematic uncertainties in the
fragmentation cross sections are larger
than those in the measured CR spectra!
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We perform a global fit and profile over
nuisance parameters in the most
relevant fragmentation cross sections.




Systematic uncertainty: fragmentation cross sections

fit parameter

nuisance parameters
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Cross section nuisance parameters
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The default cross section
parametrization is "GALPROP 12”

BASE is compatible with the
default cross section

BASE+inj+va-diff.brk
converges at Oyg ~0.2

Li cross section are
iIncreased by ~25%




Cross section nuisance parameters

|
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The default cross section
parametrization is "GALPROP 12”
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BASE + inj + v4 — diff.brk.

BASE + inj + v4 — dift.brk. (corr)
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Cross section nuisance parameters

Uncertainties In the fragmentation cross sections
currently prevent a better understanding of cosmic ray
propagation.

Stockholm University and OKC Michael Korsmeier
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Flux rat

Comparison: Li production cross sections
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DRAGONZ2 cross sections:
Li is rescaled by 0.97

[De la Torre Luque+ 2021]

See also: [Weinrich+ 2019; Boschini+ 2020]
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Correlation in the cosmic-ray data of AMS-02

[Heisig, MK, Winkler; PRR; 2020]

014_ p/p - total systematics -
I —— cross section (pA)
012- —— cross section (pA) - ] ]
010l — selection ) The AMS-02 collaboration does not provide the
. oosl — template shape [~ correlation of the flux data points
@‘4 — rigidity scale i |

We model the covariance matrix by splitting the

0.06 __|_ T geomagnetic ‘lji
- NE R systematic uncertainties into separate contributions and

0.02

L | attributing a correlation length to each contribution

1 5 10 50 100 500
R[GV] The inclusion of correlation does not

change our conclusions!
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Parameter constraints

The diffusion coefficient is well
constrained above 10 GV
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Parameter constraints

B
BASE o B\/ BASE+inj+va-diff.brk

20.0 . . \, ) |
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>
O
2.5 - 2.5 - ¢
>
0.0 0.0

zn [kpc]

The combination of B and Be data allows to constrain z;,
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Recent 1°Be/°Be data from AMS-02

BASE BASE+inj+va-diff.brk
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Preliminary AMS-02 data from [L.Derome; ICRC 2021]

This Is a prediction! The data is not included in the fit!
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Comparison: Constraints on the diffusion halo
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See also: [Weinrich+ 2020]
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Part I: Summary

CR nuclei from Li to O are consistent with
the traditional CR diffusion models

Uncertainties in the secondary fragmentation cross
sections prevent better understanding of propagation

Small halo heights of 7; < 3 kpc are disfavored

and the diffusion coefficient is well constrained
above 10 GeV

Stockholm University and OKC Michael Korsmeier
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Outline

e CR antiprotons

e CR antideuteron

e Conclusion

¥ 4
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Motivation

150 - " [Freese; EAS Publ.Ser. 36; 2009
- NGC 6503 i

http://www.illustris-project.org/media/

Gravitational evidence at various
scales Iis overwhelming.
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http://www.illustris-project.org/media/

Motivation

[Freese; EAS Publ.Ser. 36; 2009]

150
- NGC 6503

. | Fuzzy DM Axions  WIMPs Primordial
hitp://www.illustris-project.on bLQCM h(')’.ﬁs

Gravitational evidence at various

scales is overwhelming. 10-31 1086

1"“14 101
nom [ eV ]

Nature of dark matter remains unknown!
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Motivation

150 1 (Freese; £AS PubLSer 36;2009] Collider and early Universe
NGC 6503 - — .}
“ s A X e Mass range 1 GeV to 100 TeV
F T e Various search strategies
3
Y e \We focus on indirect detection
b N with cosmic rays and y-rays
Indirect detection
. Fuzzy DM Axions = WIMPs Primordial
http://www.llustris-project.or - bi&ﬂ‘f hOLﬁS
Gravitational evidence at various
scales is overwhelming. 10-31  1o-141 101 1086

nom [ CreV ]

Nature of dark matter remains unknown!
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Secondary antiprotons in cosmic rays

ANTIPROTONS

JSM H ot He

‘CR+ ISM > 'f+>f:l
do (T, )

9 (%)= SJTlnrn,s,,,WT )L =
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Secondary antiprotons in cosmic rays

ANTIPROTONS

JSM H ot He

‘CR+ ISM—)';H)f:l

q'(%)= SJT 4Tn, §.M

dUT)

r
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Antiprotons from DM annihilation

DM ANNIHILATIoN

Final dlates depend

on DM wmass and A

e
Veloc\ty QYQYQQWSS E
Jmlation ¢ \
oction € V)

DM d ens‘f(y

Source ftrm
e SO T OO

g r/ kpe ?'D": -'2-_' (ov) ( mﬁ\

( sun)
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Antiprotons from DM annihilation

DM ANNIHILATIoN

Final dlates depend

on DM wmass and A
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Fitting CR antiprotons
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A hint for a DM signal?

Progressive interpretation:

e Hint for a potential DM signal at

mpv ~ 70 GeV (for bb) and a
thermal annihilation cross section
e Statistical significance _ 25
(Ay* =24 — 4.50)
e Systematic uncertainties are
difficult to access

(ov) [cm3/s

Conservative interpretation:

e We find strong limits on _28

10

DM annihilation for mpy, > 200 GeV 10

Systematic uncertainties:

- Limit dSphs bb, Albert (2016)

-
/‘/
- -
.-

-
-
- "‘
-
"

LY

Limit dSphs bb, Akermann (2015)

"’
—-— >
- P
-

————————————————————————————————————

N

2 3
10 10

mpm  [GeV]

- Correlation in the cosmic-ray data - Production cross section of secondary p

Stockholm University and OKC Michael Korsmeier

[Cuoco, Kramer, MK; 2017 ]

— Limit CR bb with systematic uncertainty
I 1-30 bb DM detection

« Solar modulation

23/36



Uncertainties in the production cross section

<ng—ﬂ5(7}0 — J.
0

pp channel: prompt production
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IMK, Donato, Di Mauro; 2018]

do.. . -
pP—p
dT,

e \We update the best-fit
parameters of the Winkler
and Di Mauro parametrization

* We derive uncertainty bands

* The Winkler parametrization
provides best agreement with
cross-section data

e Cross-section uncertainties are
up to 20% at low energies

(20 C.L.)




Why correlations?

p and He
~01FT R The typical )(2 per degree of freedom
72“ 00 s Is much smaller than 1
%U_O_l N | — Hint for strong correlation among
100 data points
p/p w/o DM
g O P Correlations of a few neighboring data
"% 00 points might reduce the significance of
ol the feature in the p/p ratio
107 10°
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Correlation in the cosmic-ray data

0-14:' p/p — total systematics

— cross section (pA)

012' —  CITOSS section (pA)
] —  Selection
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! —— unfolding I
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0.08F I
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0.00}

500
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0.00}
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Correlation in the cosmic-ray data
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Correlation in the cosmic-ray data

ll L 1 IIIIII' I L TIIIIII

350 F
300 F

250

200

= our fit (Glauber+shadowing)

=== AMS-02 curve (Geant4)

[Heisig, MK, Winkler; 2020]
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We modeled the antiproton

absorption cross section in

carbon to obtain correlated
uncertainties




Correlation in the cosmic-ray data
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We modeled the antiproton

absorption cross section in

carbon to obtain correlated
uncertainties
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Correlation in the cosmic-ray data

006 o I | - |
p — total systematics
— unfolding
0.05} ——— effective accetance i
—— PA cross section
— scale
0.04 —  trigger )
2 0.03 -
0.02 i
0.01 -
0.00

R [GV]
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Correlation in the cosmic-ray data
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— | | -
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— unfolding -
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= | =
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5 10 50 100 500 1000
0.01 ] GV

We take the “wiggliness” In the
data/MC correction as a proxy for the
correlation of the effective acceptance.
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Correlation In

0.06 r—

0.05
0.04
=0.03
0.02

0.01

0.00 *=

the cosmic-ray data

feffacc =0.15

total systematics
unfolding

effective accetance
pA cross section
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trigger
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10° 10t 102
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We take the “wiggliness” in the

101
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R [GV]

Stockholm University and OKC

data/MC correction as a proxy for the
correlation of the effective acceptance.

Michael Korsmeier



Correlation matrices

Correlation matrix for p data

1.0

Absorption _
XspC -
0.8
102
R [GeV] - 0.6
<
Q
2 Q
S
101 - 0.4
Effective
acceptance .
1 R [GeV] 2 | 100 0.0
10° 101 102
R [GeV]
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Result

w/o corr.  with corr, 1. We model correlation in the CR data

2 20.3(27.2) 233.1(236.3) (focussed on absorption cross section

Xtot
ot [GeV] - a6 and effective acceptance)
DM |
(ov) [10-26 cm/s] 0.91 0.74 2. We consider uncertainties in the
Ay 6.9 3 secondary p production
tot . .

3. We allow slightly more freedom
in the CR propagation model

| localhsig.

— No significant preference for DM
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Fit results

with DM

= T Y i T .- : = Y | T
—4 L —4 p/p AMS-02
1077 {  5/p AMS-02 1077 : —— best fit
——  best fit ~ == best fit, interstellar
-== best fit, interstellar ----- best fit, DM
a B with correlation a B with correlation
~— Bl w/o correlation ~— : Hl w/o correlation
Q. Q. S
S Al
5 5 E =
1075 } - 10~ : ™
I X 4 -
- E Q
f- X
/ o s
/
et i+ ] T raSL J F ! g.
) O]. ~ E ||§ ' | ; 7 © 0]. B 7 é
2l l ”Illll 8 3 -
=12 0.0 i : =12 0.0 2 >
Sl 01} ' ' - Sl —0.1f | 1L
. . . I
10° 10° 10° 10° 10°
R [GV] R [GV]

— But the interesting my,; - {6V) region cannot be excluded
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Outline

e CR antideuteron

e Conclusion

¥ 4
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Antideuteron in cosmic rays
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A complementary strategy: search for antideuteron

[MK, Donato, Fornengo, +; 2018] I A
10_3 § - | I | | 1T 1T 11 E 10—24;_ --- LimitdSEhsbB:AIbert(2016) //// _;
10-4 b . WAR BESS limit _
= : : : ‘ 1 GAPS sensitivity =
_ C 10 AMS-02 sensitivity i Wl :
107 E — o o oo Ssomaic unceriny
0 = - ol vl
— = _ 10 10 10 10
lU) .................. P | mpm  [GeV]
CT‘ 10—6 = — DM CuKrKo : —=
‘—E — - MED-MAX —— Secondary CuKrKo =
- - MED-MAX -
§ 107 E < =
c - = The DM hint in antiprotons might
E 1078 | = be in the sensitivity range of the
il - (future) cosmic-ray experiments
-9
10 = ~—— Tertiary CuKrKo Pcoal = 160 GeV = AMS'02 and GAPS-
m MED-MAX (ALEPH) N
10—10 L1 1 1 11 I L1 \ | | L1 1 1 11
101 10° 101 102

T/n [GeV/n]
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Average flux over GAPS sensitivity
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Perspectives for the future experiment GAPS

Potential

DM signal
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-

B Excluded by AMS-02
antiproton data

Peoal = 248 MeV

Deoal = 160 MeV

=
o
=

102
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104

103
mpwm [GeV]

Michael Korsmeier

[IMK, PhD thesis, 2020]

-23
10 3 I IIIIIIII I IIIIIIII I IIIIIIII

u ---  Limit dSphs bb, Akermann (2015)
24|  --- Limit dSphs b5, Albert (2016)

— Limit CR bb with systematic uncertainty
I 1-30 bb DM detection

L 11 |I | | | |I | | | | |I

1 2 3 4
10 10 10 10
mpv  [GeV]

The DM limits of CR antiprotons
allow an antideuteron signal by

GAPS for mpm smaller than a
few hundred GeV.

There might be a possibility to evade the limit.
See: [Winkler, Linden 2020]




Impact of propagation on antideutrons

—— BASE
Lo-3 -—- BASE +inj + v4 — diff. brk
- | | WM secondary
i i | W tertiary
. oo | | WEE DM (CuKoKr)
107*F ; ; | &nm BESS sensitivity
| l | | GAPS sensitivity
—_ i i i i U225 AMS-02 sensitivity
R 107F i ] -
- - —— ; . _ Reacceleration can
™ — B ! ' - -
= ol ] N ) slightly boost DM signal
- AN §
N\
O T Mealiveirmeamsd N 2e-~~"~=x
2 107E 2N
< N\
7 \\
1078 7
-9 7 g 1 \.“X
19 1071 10°
T/n[GeV/nuc]

See also: [Cholis+ 2020]
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Conclusions

DIFFusioN
L : . B
The combination of different species R
- . A
constrains CR propagation Ty pECAY
CR (andwm CQ'Be\)\I/v
CR antiprotons and antideutrons
FRAGMENTATION

are a sensitive probe for DM M

REN_ g -
Systematic uncertainties are important and \1(3
e

require a careful analysis:

- Fragmentation & production cross sections e
= - _ e
- Correlations in the data ' L
» Solar modulation T S
e
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T'hank you for your
attention!




Accelerating the calculation of DM limits with RNNs

DMNet

Input: Propagation Input: Dark Matter
parameters Mass

Pre-processing Pre-processing

Dense Layer:
8 nodes

Concatenate

Dense Layer: 40 Nodes

Recurrent layer:
GRU with 40 nodes, tanh activation

Output: Scaled logarithmic cosmic ray flux

P (E) = log,(E*'$(E))

Stockholm University and OKC

sNet

Input: Propagation parameters

Pre-processing

Set of dense layers

Recurrent layer:
LSTM with 100 units, tanh activation

Output: Scaled logarithmic cosmic ray
flux

Pom(x) = log,o(mpyxd(E))

Michael Korsmeier

Training Data:
Chain of a MultiNest
fit without DM

RNNs efficiently learn
smooth spectra




Accelerating the calculation of DM limits with RNNs

DARK

102 3 95 % CL upper bounds N ET
] Thermal annihilation Marginalised over
~ T 7 cross section propagation parameters We have developed tOOIS to

Fixed propagation model Profiling over

10721 propagation parameters quickly derive DM limits for a
: large number of DM models

Recurrent Neural Networks are
particularly well suited to predict
CR spectra both for DM and the

astrophysical background

10! e T
mDM[GeV]
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Outlook

m o< ~
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— \]U BN p,He,p,°He
e 1l \\U Light and “heavy” cosmic-ray nuclei
oD o point to slightly different propagation
Tom 00 e BJ B parameters
EARTEAN 21

ST 1 e B = g To combine cosmic-ray flux data from
om0 T \X protons to oxygen we have to give up
z TR 2T .ﬁv some universality
2 V. ]‘ | ,‘ , ) “ q ‘ | . ... work in progress with A. Cuoco
.o ﬂ 7[‘\ G‘
Ennr SNt
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