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Overview

* Product: Limits on DM annihilation and decay from a combined analysis of:

—  CALET all-electron spectrum [ICRC 2021 (105)]
- AMS-02 positron-only spectrum [M. Aguilar et al. Phys. Rev. Lett. 122, 041102]

* Basic Concept: Astrophysical base model which fits the data well - add flux from DM calculated with DRAGON
and increase scale factor — limit on annihilation rate or lifetime when x?exceeds a given threshold

 Goals:
- Improve reliability by introducing a realistic background model based on individual astrophysical sources

- Obtain stricter limits by using a relative x? increase threshold, which could be considered reliable only if the
variability of the limits with background is studied and the worst limit from a range of sampled cases taken.

new background model:

spectra fitted by overlapping

| flux from individually calculated

E )“) SNR and pulsar point sources

old background model:
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10 Parametrization fit y?/ndof = 71.9/79.0 \ B
— total flux, x?: 51.6 (CALET data)

--- background from secondaries + distant SNR
== positron flux, x: 20.2 (AMS-02 data)
== positron flux from extra source (pulsar)

+++ total flux from extra source (pulsar)
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DM Signal Calculation

calculated channels: _ o
* Flux of electrons and positrons per annihilation or

decay from decay of primary annihilation products
calculated with PYTHIA

* Flux at Earth calculated with DRAGON assuming
0.3 GeVicm? local DM density and NFW halo
profile for a base cross section <ov>= 3x10%° cm3/s
or base lifetime of 10%®s

Annihilation Decay

= DM+DM-oe* +e~ ; mpy=1TeV — DM-et +e~ ; mpy=1TeV
—— DM +DM->pu* +pu~ ; mpy=1TeV —— DMyt +u~ ; mpy=1TeV
= DM+DM->T* + T~ ; mpy=1TeV — DM-o Tt +T" ; mpy=1TeV
—— DM +DM-b+b; mpy=1TeV —— DM-b+b; mpy=1TeV
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DM Signal Calculation

calculated channels:

e TT — lepton channels are a possible signature of
- topological defect DM (Skyrmion)

. Hitoshi Murayama and Jing Shu. Topological Dark Matter.
DM - 1" +e Phys.Lett. B, 686:162—165, 2010.

_ Eric D’Hoker and Edward Farhi. The Decay of the Skyrmion.
Phys. Lett. B, 134:86—90, 1984.

_ « different spectra in e* and e- - all-electron spectrum

more sensitive to DM - 11* + e than positron-only
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Propagation Model

W N « Calculation of nuclei spectra with DRAGON
i tuned to explain measurements of AMS-02,
el CALET and Voyager.

= il S | i | ¢ Accommon injection spectrum for all primary
nuclei species is assumed, structures

| | B/D (hardening, softenin'g) in the observe_d spectra
- are due to propagation effects from rigidity and

position dependence of diffusion coefficient.

1.0 —— DRAGON

3 DRAGON - - -
CALET data CALET data —— DRAGON PY L
® @/ndof = 21.76 / 19 (p=0.30) ® x¥/ndof = 13.02 /19 (p=0.84) 15 AMS-02 data =
05 fit range: 10 - 2200 GeV' 0.5 fit range: 10 - 2200 GeV. 4 1

14 Antiproton-fraction

ange: ¥2/ndof = 41.15 / 37 (p=0.29)
AMS-02 data AMS-02 data fit range: 5 - 450 GV

R T B A aants s aae—a il lus Model based on Measured Nuclei Spectra”

E / nucleon [GeV] E / nucleon [GeV] R[GV]

PCRD2-08 poster / proceedings
Be-7 to all Be ratio Be-10 to Be-9 ratio B/C ratio
019 3 4 —— DRAGON —— DRAGON —— DRAGON
H e e Pamela Data Pamela Data 0.25 AMS-02 data
0.8 ¥2/ndof = 0.80 /1 . =040/1 ¥2/ndof = 47.34 / 48 (p=0.42)
=0.37) f - 1300 GeV

X2/ndof
=0.53]

« Secondary electron and positron component of
f " Be ratios | . background for the dark matter limit fit also
g [ e AN T taken from this DRAGON calculation.

AMS-02 data
X?/ndof = 3.72 / 3 (p=0.29)
fit range: 5 - 10 GeV
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cumulative number of sources
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Pulsar and SNR Distribution
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total SNR: 4214168 ; 2.1 per 100 yr; 1/47 per yr

total pulsar: 3394619; 1.7 per 100 yr ; 1/59 per year F;;::'-F!H—E—i—:—x

~ 7.5 million
1 2
point sources . ¥t

F‘z ..........oooooooo

°° Observed pulsars from ATNF catalog
. Random SNR
o Random pulsars

1071 100 10!

distance from solar system [kpc]

Spatial distribution and SN rate:

The interstellar environment of our
galaxy, K. Ferriere, Rev.Mod.Phys. 73,
1031-1066 (2001)

- same model as used in DRAGON for
determining the propagation model and
secondary flux component

Pulsar birth rate:
The galactic population of young y-ray

pulsar, Kyle P. Watters and Roger W.
Romani, 2011 ApJ 727 123

Random pulsar samples created with spatial distribution of Ferriere model, up to 200 Myr age
Observed pulsars are added and replace random ones with similar distance and age if present
SNRs are added at the same position and time as the pulsars, additional SNRs generated
Pulsar initial rotation energy distribution log-Gaussian based on ATNF catalog 104°3+101 erg
SNR kinetic energy distribution: 10°*! erg



Calculating the Flux at Earth from

Pulsars and SNR

Qo ob(E,) -k ﬁ D(E')

E — E—y _Em riif ; :2 dEr
o(E) rc?’/zr;if 0 € b(E) ) "a + b(E")
e o) o-5,\-s
D(E)=D S N = o Y P B
< ) 0(@sol) EO Ebl Ebh

b(E)=b,.(E)+by, (E) (IC takes Klein-Nishina effect into account)
source spectrum parameters: efficiency n,index vy, cut-off energy E_,
source properties: total energy Q,distance r, diffusion time ¢,
propagation parameters: D,,0,0,,0,, E., Ep, S

e Calculation method adopted from K. Asano et al. 2022 ApJ 926 5
* Details in “Interpretation of the CALET Electron+Positron Spectrum
by Astrophysical Sources” (PCRD2-07 poster / proceedings)

semi-analytic calculation
for 7.5 million sources not
feasible inside the fitting
procedure

— combined flux of all
sources pre-calculated for
several indices

- interpolation used in
the fitting procedure to
quickly get the flux for any
index value

- injection spectrum cut-
off energies are scanned
parameters (10 bins per
decade on log scale)
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Fit of Base Model to CALET and AMS-02
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example fit (one of 80 samples)
only sources contributing > 5% flux shown

~~o

Scanned parameters: Ecuysnr)= 63095 GeV
Ecut(pulsan= 796 GeV ;
Fixed parameters: Trelease= 10 kyr
all pulsar+secondaries , AMS x2=29.20 ndof=62
m—— \;=1.89 N=4.68e-05
®0=0.00 GV ®1;=1.42 GV Rer=0.50 GV
—==- secondary positrons
SNRs+all pulsar+secondaries , CALET x?=21.07 ndof=32
— \;i=2.44 n=2.74e-04 ®;=0.00 GV
Wnorm=0.39 ; Werk=-0.11 ; Wcng=-0.46 ; Wele=-0.56 ; wuc=0.17
—-==- secondary positrons + electrons
== B0833-45 (2.38e+44 erg, 0.28 kpc , 1.30 kyr)
== RP21148 (1.46e+47 erg, 1.27 kpc, 110.93 kyr)
RP4774 (2.14e+47 erg, 0.56 kpc , 29.15 kyr)
RP7673 (3.46e+46 erg, 0.80 kpc , 129.02 kyr)
RP9435 (1.93e+48 erg, 0.85 kpc , 580.71 kyr)
m— B0656+14-SNR (4.26e+48 erg, 0.29 kpc , 111.00 kyr)
= B1737-30-SNR (5.20e+47 erg , 0.40 kpc , 20.60 kyr)
=== B2334+61-SNR (4.62e+47 erg, 0.70 kpc , 40.60 kyr)
RS17678 (2.76e+49 erg, 1.14 kpc, 272.23 kyr)
RS4013 (1.63e+48 erg, 0.55 kpc, 3.60 kyr)
RS3392811 (2.00e+49 erg, 1.19 kpc , 421.03 kyr)
RS9849 (2.16e+48 erg, 0.88 kpc , 98.23 kyr)
= \/ela (1.16e+47 erg, 0.30 kpc, 11.00 kyr)

dotted color
lines: pulsars

solid color
lines: SNRs

10-°

10!

1.0°

E [GeV]

108

® Source spectrum index
spread with Gaussian
distribution (0=0.033)

e Efficiency spread with log-
Gaussian distribution
(0=0.33), max factor 10

* Free parameters:

« average SNR index Yis)

average SNR efficiency ng

average pulsar index Yie)

average pulsar efficiency n,

solar modulation (4)

weights for energy
dependent systematic
uncertainties of CALET
spectrum (5)

* Scanned parameters:

« Pulsar cut-off E

cut(pulsar)

« SNR cut-off E

CUt(SNR)

Charge sign and rigidity depended solar modulation potential based on
llias Cholis, Dan Hooper, Tim Linden Phys. Rev. D 93, 043016 (2016)
“A Predictive Analytic Model for the Solar Modulation of Cosmic Rays”

=D+,

1+(R/R,)
((R/R,)’)

4 parameters:
®,, P, , (positive charge),

@, (negative charge), R


https://arxiv.org/search/astro-ph?searchtype=author&query=Cholis%2C+I
https://arxiv.org/search/astro-ph?searchtype=author&query=Hooper%2C+D
https://arxiv.org/search/astro-ph?searchtype=author&query=Linden%2C+T

Limit Calculation

To derive a limit on DM annihilation/decay rate, the flux for a given DM mass and
annihilation/decay mode is added to the base model, and the scalefactor increased
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in iteratively smaller steps, while adjusting the free parameters until:

10—2 o

10—3_

=~

Dark matter signal (all-electron flux)
Limit fit with dark matter (all-electron flux)

Background from AP sources + secondaries (all-electron flux)

Initial fit without dark matter (all-electron flux)
Dark matter signal (positron flux)

Limit fit with dark matter (positron flux)
Background from pulsars + secondaries (positron flux)
Initial fit without dark matter (positron flux)
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® CALET all-electron flux
+ AMS-02 positron-only flux
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Adding and
iIncreasing flux
component
from DM
annihilation
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Dark Matter

mass = 1000 GeV

cross section 95%CL limit:
<ov> =4.16 102 cm?/s

Fit Quality

CALET base: x2 =28.9
CALET limit: X2 =41.0
AMS base: x2 =35.1

AMS limit: X2 =26.8
combined base: x? = 64.0
combined limit: x2=67.8
difference: Ax? =3.8

Limit (Base) Fit Values:

SNR parameters
Yis) = 2.33 (yis) = 2.31)
Ns) = 0.023% (n(s) = 0.022%)

pulsar parameters
Yip) = 1.88 (yip) = 1.86)
ne) = 0.004% (n(p) =0.004%)

solar modulation

®y =0.00GV (®y =0.00GV)
®1(n) =0.00GV (®1(n) =0.00GV)
®y(p) =0.71GV (®y(p) = 0.58GV)
Rref = 0.86GV (Ref = 1.00GV)

nuisance weights:

Wnorm = 0.82 (Wnorm =0.74)
Wirk = 0.04 (Wyk =1.17)
Wehg = 0.56 (Weng = 0.43)
Wele = 0.11 (Wele = 0.89)
wne = 0.45 (WMC =0.60)
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Limit Calculation

To derive a limit on DM annihilation/decay rate, the flux for a given DM mass and
annihilation/decay mode is added to the base model, and the scalefactor increased
in iteratively smaller steps, while adjusting the free parameters until:

P
+

P 4

&

Dark matter signal (all-electron flux)

Limit fit with dark matter (all-electron flux)
Background from AP sources + secondaries (all-electron flux)
Initial fit without dark matter (all-electron flux)

Dark matter signal (positron flux)

~E
——

Limit fit with dark matter (positron flux) .

Background from pulsars + secondaries (positron flux) /7
Initial fit without dark matter (positron flux)

’
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® CALET all-electron flux
+ AMS-02 positron-only flux
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Dark Matter

mass = 1000 GeV

cross section 95%CL limit:
<ov> =4.16 10724 cm3/s

Fit Quality

CALET base: x2 =28.9
CALET limit: X2 =41.0
AMS base: x2 =35.1

AMS limit: X2 =26.8
combined base: x? = 64.0
combined limit: x2=67.8

difference: Ay’ =3.8 |

E [GeV]

103 104

Limit (Base) Fit Values:

SNR parameters
Vis) = 2.33 (yis) = 2.31)
Ns) = 0.023% (n(s) = 0.022%)

pulsar parameters
Yip) = 1.88 (yip) = 1.86)
Ne) = 0.004% (I’](p) =0.004%)

solar modulation

®y =0.00GV (®y =0.00GV)
®1(n) =0.00GV (®1(n) =0.00GV)
®1(p) = 0.71GV (dy(p) = 0.58GV)
Rref = 0.86GV (Ref = 1.00GV)

nuisance weights:

Wnorm = 0.82 (Wnorm =0.74)
Wik = 0.04 (Wi =1.17)
Wehg = 0.56 (Weng = 0.43)
Wele = 0.11 (Wele = 0.89)
wne = 0.45 (WMC =0.60)

Relative Limit:

X2 increases by 3.841
compared to x? of the
base model, thus the
addition of DM is
disfavored at 95% CL
(stricter but not
conservative since
base model is over-
fitted - assumes the
base model is true,
which is not certain)



Limit Calculation

To derive a limit on DM annihilation/decay rate, the flux for a given DM mass and
annihilation/decay mode is added to the base model, and the scalefactor increased

JE3[s~lem™2sr~1GeV?]

in iteratively smaller steps, while adjusting the free parameters until:

® CALET all-electron flux
+ AMS-02 positron-only flux

CALET ICRC2021 preliminary
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Dark Matter

mass = 1000 GeV

cross section 95%CL limit:
<ov> =6.68 10"2* cm?/s

Fit Quality

10721 Dark matter signal (all-electron flux) CALET base: x> =28.9
| imit fit with dark matter (all-electron flux) o | CALET limit: x2=75.9
--- Background from AP sources + secondaries (all-electron flux) ;,\ AMS base: x2=35.1
— Initial fit without dark matter (all-electron flux) 7/ AMS limit: x? =56.1
== = Dark matter signal (positron flux) ,/ 1 combined base: X2 =64.0

== Limit fit with dark matter (positron flux)

combined limit: x2=132.1

-~~~ Background from pulsars + secondaries (positron ﬂux)/, difference: Ax? = 68.0
— Initial fit without dark matter (positron flux) V4
| Further Limit (Base) Fit Values:
ety | 1 1 SNR parameters
N increasing flux | [S\Rpaametes
ST I com Onent ns) = 0.028% (n(s) = 0.022%)
p pulsar parameters
fro m DM Yiepy = 1.95 (vipp) = 1.86)
Ne) = 0.005% (n(p) =0.004%)
/ / ‘ annlhllatIOn solar modulation
/ Vi | ®y=0.03GV (97 =0.00GV)
V4 V4 (Dl(n) =4.83GV ((Dl(n) = 0.00GV)
/ / ®1(p) = 1.30GV (®1(5) = 0.58GV)
7 F \ Rref = 0.50GV (Rrer = 1.00GV)
// // nuisance weights:
/ V4 Wnorm = 0.63 (Wnorm = 0.74)
-4 / / Wik = 0.78 (Wyg = 1.17)
10 . — -4 Wehg = 1.98 (Wchg = 0.43)
10 10 10 Wele = 0.54 (Weje = 0.89)

E [GeV]

Wmc = 0.38 (wmc = 0.60)
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Limit Calculation

To derive a limit on DM annihilation/decay rate, the flux for a given DM mass and
annihilation/decay mode is added to the base model, and the scalefactor increased
in iteratively smaller steps, while adjusting the free parameters until:

10—2 o

10—3 ol

Dy
~~o
~

Dark matter signal (all-electron flux)
Limit fit with dark matter (all-electron flux)
Background from AP sources + secondaries (all-electron flux) ; ~
Initial fit without dark matter (all-electron flux) 4

Dark matter signal (positron flux) 7 1
Limit fit with dark matter (positron flux) /7 |
Background from pulsars + secondaries (positron ﬂux)// 7
Initial fit without dark matter (positron flux) V4 4

Z
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~~
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® CALET all-electron flux
+ AMS-02 positron-only flux
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Dark Matter

mass = 1000 GeV

cross section 95%CL limit:
<ov> =6.68 10724 cm3/s

Fit Quality

CALET base: x2 =28.9
CALET limit: x2=75.9
AMS base: x2 =35.1

AMS limit: x2 =56.1
combined base: x? = 64.0

combined limit: x> =132.1 |

1074

10! 102 103
E [GeV]

104

difference: Ax? = 68.0
Limit (Base) Fit Values:

SNR parameters
Yis) = 2.37 (yis) = 2.31)
Ns) = 0.028% (n(s) = 0.022%)

pulsar parameters
Yip) = 1.95 (yip) = 1.86)
Ne) = 0.005% (I’](p) =0.004%)

solar modulation

®y=0.03GV (97 =0.00GV)
®1(n) =4.83GV (®1(n) =0.00GV)
®1p) =1.30GV (dy(p) = 0.58GV)
Rref = 0.50GV (Rref = 1.00GV)

nuisance weights:

Wnorm = 0.63 (Wnorm =0.74)
Wik = 0.78 (Wi = 1.17)
Wehg = 1.98 (Weng = 0.43)
Wele = 0.54 (Wele = 0.89)
wne =0.38 (WMC =0.60)

Absolute Limit:

X? exceeds the 95% CL
threshold for the fit's
number of degrees of
freedom, thus the
whole model including
the DM flux is excluded



ratio

Dependence of Limits on Samples

(g

) predicted by relic densit:

max absolute limit DM+ DM-e* + e~
limits from random samples

10?2

mMpm[GeV]

10—20 4

10-21 4

-

-
- =
o =

max relative limit DM+ DM —-e* + e~
limits from random samples
—=== max absolute limit DM+ DM-e* +e"~

Tovrpredicted by relic density

mMpm[GeV]

* The relative limit has a stronger dependence on the background variation than the absolute limit.
* The worst relative limit is lower (stricter) than the absolute limit.



Limit Results (annihilation)

{ VERITAS limits: Phys. Rev. D, 95(8):082001, 2017

Highest limit from
80 samples used
for each mass

Fermi-LAT limits: Phys. Rev. Lett., 115(23):231301, 2015.

DM+DM-e* +e~
max absolute limit
max relative limit

y — ray dwarf galaxy:
VERITAS limits
Fermi-LAT limits
DM+DM-put +pu-
max absolute limit
max relative limit

‘ y —ray dwarf galaxy:
E i 1 VERITAS limits
Fermi-LAT limits

(ov) predicted by relic density

DM +DM-T* +T~
max absolute limit
max relative limit

y — ray dwarf galaxy:
VERITAS limits
Fermi-LAT limits

DM +DM-b+b
max absolute limit
max relative limit

y —ray dwarf galaxy:
VERITAS limits
Fermi-LAT limits

102 10%

Mpm[GeV]




Limit Results (decay)

1027_

T[s]

1026_

—_—
—
—

Lowest limit from
80 samples used
for each mass

e

e

EGRB limits (no astrophysical background assumed):
Shin'ichiro Ando and Kaoji Ishiwata JCAP05(2015)024

DM-e* +e"~

min relative limit —_—

min absolute limit —_————

DM-ut +u-

min relative limit
min absolute limit
EGRB Fermi-LAT limit =~ -—————-

o
——
-

DM-Tt +T1~

min relative limit
min absolute limit
EGRB Fermi-LAT limit
DM-b+b

min relative limit
min absolute limit
EGRB Fermi-LAT limit

1025

103

104
Mpm[GeV]




Limit Results (Skyrmion decay)

10?7
] DM-e” +m* DM-t~ +m*
min relative limit —— min relative limit
min absolute limit ====min absolute limit
DM->pu- +m*
—— min relative limit
> ———— min absolute limit
\\
WV 1126
2107,
Lowest limit from
80 samples used
for each mass
1025 * T ¥ ® ¥ ¥ i ‘ ¥ ' T ¥ L * J % * ’ ¥ T
103 104 10°

Mpm[GeV]




Conclusions

 From CALET all-electron and AMS-02 positron-only data, limits on DM lifetime (annihilation cross-
section) have been calculated up to a DM mass of 100 TeV (50 TeV).

 These limits are comparable and, given the different sources of systematic uncertainty, complementing
those from other messengers such as y-rays and neutrinos.

* By using an astrophysical base model comprising random realizations of the individual SNR and pulsar
sources within the galaxy, the effect of background variability and potential spectral structures from
individual sources on the limits has been taken into account.

* Due to this, the presented stricter limits based on a relative y? increase are reliable constraints.

We gratefully acknowledge JAXA's contributions to the development of CALET and to the operations onboard
the International Space Station. The CALET effort in Italy is supported by ASI under Agreement No. 2013-
018-R.0 and its amendments. The CALET effort in the United States is supported by NASA through Grants
No. BONSSC20K0397, No. BONSSC20K0399, and No. NNH18ZDA001N-APRA18-0004. In Japan, this work

is supported in part by JSPS Grant-in-Aid for Scientific Research (S) Grant No. 19H05608 and by JSPS
Grant-in-Aid for Scientific Research (C) Grant No. JP21H05463.
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Spectrum Interpolation (Index)

e Calculating the propagated spectrum for 7.5 million sources takes
several minutes - not feasible to put this through a minimizer

* Solution: Calculate spectrum for selected values, compensate for the
Index difference and interpolate to get intermediate values:

direct calculation Yo~y

for index: 2.1 F(y): F(y )
— 1

direct calculation Yoo X GeV

for index: 2.3

direct calculation

for index: 2.4
\ direct calculation
\ for index: 2.7
‘ interpolated calculation
for index: 2.3
interpolated calculation
for index: 2.4

10° 10! 102 103 104 10°
E [GeV]
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The spectrum measured by CALET has systematic errors with known energy dependence
Instead of adding the systematic error quadratically to the systematic error, the data is shifted systematically by the function A calculated in
the same way as those in the S.M. of Phys. Rev. Lett. 120, 261102 (2018) with the normalization coefficients as fitted nuisance parameters
The systematic uncertainties of Normalization, Tracking, Charge Selection, Electron Identification and Monte Carlo are fitted in this way,

The squared weight of each uncertainty is added to the total x2 of the fit, while the fitting function is shifted as represented by the gray area.

1072 4

Scanned parameters: Ecyysnr)= 63095 GeV
Ecut(puisan= 796 GeV ;
Fixed parameters: Treease= 10 kyr
all pulsar+secondaries , AMS x?=29.20 ndof=62
m—y;=1.89 N=4.68e-05
©=0.00 GV ®,=1.42 GV Ryer=0.50 GV
=== secondary positrons

SNRs+all pulsar+secondaries , CALET x?=21.07 ndof=32
=2.04.0=2 70004 0,=0.00.G

Wnorm=0.39 ; Wrk=-0.11 ; Weng=-0.46 ; Wele=-0.56 ; wmc=0.17

—=- secondary positrons + electrons
«+ B0833-45 (2.38e+44 erg , 0.28 kpc , 1.30 kyr)
== RP21148 (1.46e+47 erg, 1.27 kpc, 110.93 kyr)
RP4774 (2.14e+47 erg , 0.56 kpc , 29.15 kyr)
RP7673 (3.46e+46 erg, 0.80 kpc , 129.02 kyr)
RP9435 (1.93e+48 erg, 0.85 kpc , 580.71 kyr)
= B0656+14-SNR (4.26e+48 erg, 0.29 kpc , 111.00 kyr)
we== B1737-30-SNR (5.20e+47 erg, 0.40 kpc , 20.60 kyr)
=== B2334+61-SNR (4.62e+47 erg, 0.70 kpc , 40.60 kyr)
RS17678 (2.76e+49 erg, 1.14 kpc , 272.23 kyr)
RS4013 (1.63e+48 erg, 0.55 kpc , 3.60 kyr)
RS3392811 (2.00e+49 erg, 1.19 kpc , 421.03 kyr)
RS9849 (2.16e+48 erg, 0.88 kpc , 98.23 kyr)
== \/ela (1.16e+47 erg, 0.30 kpc , 11.00 kyr)

107

10!

103
E [GeV]

10°

Treatment of systematic errors

(¢i+z Ayw _Ji>2
XZCALET: Z : I; ‘ +Zwi

i O; k

i: data point index
k: uncertainty type index
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