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Origin of the Positron Excess

Extra Cosmic-Ray Source:

Common power law with cut-off proposed by
AMS-02 as empirical model fits data well

Possibly caused by nearby pulsar(s) emitting
an equal amount of electrons and positrons
(Pulsar Case)

Or by Dark Matter annihilation or decay
(Dark Matter Case)

Positron fraction
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Investigated Questions:

Dark Matter Case:

— Could CALET identify signatures of Dark Matter decay that might explain the

positron excess ?

Pulsar Case:

- What limits can be set from CALET data on Dark Matter Annihilation on top of this
nearby pulsar source if taking into account the shape of the Dark Matter spectrum




Parametrization of Local Spectrum

ffici Exponential cut-off
C;ﬁ]e'c'ﬁm;"d slope secondary particles dug to energy loss
. SR (electron + positron - 2) durina propaaation
electron flux g propag

of primary electrons

Extra source emitting equal amount of electron & positron positron fraction =
- (positron flux)
Pulsar Wind Nebula Dy (E)=C,E"-exp (electron + positron flux)
cut,
Dark Matter Annihilation &, (E)=BF-®,, (E) For Dark-Matter-only

(®,,, calculated for<ov>=3-10""cm’s™ explanation of the
- positron excess,

decaying Dark Matter
is favourable, since no
Boost Factor would be

Dark Matter Decay ®,,,( E) proportional to %

required in the theory.

positron flux: @ .(E '




Leptonic 3-particle Decay

» Possible decay Mode of Fermionic
Dark Matter favoured as explanation of
the positron excess

Mediator \

« Spectrum softer than equivalent 2-
particle decay because the neutrino
caries away part of the energy

— spectral shape suited to explain the
positron excess without including
hadronic channels

— No anti-proton constraints

Theoretical Background

Gravity Mediated Wino Dark Matter
- M. Ibe et al. (JHEP 1307 (2013) 063)

50% W >u+v, +15+50% W' t+v, +I°
Fermionic Dark Matter in a 2-Higgs-

Doublet Extension of the Standard Model

- K. Kohri & N. Sahu
(Phys. Rev. D 88, 103001)

N, >+ +v

Both predict a ~3 TeV Dark Matter
candidate whose decay could explain the
positron excess
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Fit to Current Data (AMS-02)

; ; 10" : ;
CALET expectation (5yr) . :;2: . SYS e — mpwm = 3000 GeV *  AMS
v Pamela - - background from sec. positron *  Fermi-LAT
X ATIC v Pamela
Vv  HESS standard
A HESS low-E
* AMS
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positron fraction

— mpm = 3000 GeV 2 /ndof =72.2/86.0 (95%CL allowed)
T=5.70e +25s BR;=0.92 BR,=0.00 BF.=0.08
— - background from distant SNR + secondary production

3
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 Electron/positron spectra from 3-particle decay in point-interaction
approximation calculated with Pythia and propagated with DRAGON

« Parameters optimized by minimization of x2 with regard to the predicted
total flux (left) and positron fraction (right) — allowed model if x2 <95 %CL

« 2% X - T*TV + 8% X — e*e v gives the best fitto AMS-02 data
(branching fractions treated as free parameters in the fit)



Prediction for CALET

» Expected flux derived from fit of candidate
scenario to current experimental data

« Simulation of 500 statistical samples of
expected CALET data for 5 year observation

* Fit of the Single Pulsar scenario to AMS
positron fraction + simulated CALET data
(done for each of the 500 samples)

* X2 distribution of all samples shows whether the
scenario can likely be distinguished from a
Single Pulsar (or similar smooth spectrum)
using CALET data



CALET Simulated Data Analysis

2% ¥ - T TV + 80 X - e eV

10° . ,
* AMS-02 2014 * AMS-02 2014
e Fermi w. syst. err. e Fermi-LAT
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x2 >95% CL for

“, '\ 10 \60 " 94.4 % of samples
Best Fit for Dark Matter with mass ,." 50
93% CL

3.0 TeV to AMS-02 (x? / ndof = 72.2/86) ';\ 40y
Background from SNR and secondary particles " 30y
CALET Data Samples for Dark Matter 4 ' 20}

- = Fits of Single Pulsar Model to AMS-02 + CALET samples " 10t
(average x? / ndof = 135.1/85 rms = 18.1/85) " 00 5|0 100 150 2?)_(‘)

«+ Background from SNR and secondary particles y X2

10*3 n n X ) 10*3 L L
10° 10’ 10" 10° 10°
E [GeV] E [GeV]

» X2 distribution for all samples shows whether the
scenario can likely be distinguished from the Single
Pulsar case — for most samples x2 > 95% CL
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Nearby SNR Included in the Model

. CALET'expectann(Syr) Do 2 np
Y Pamela
X ATIC
V  HESS standard
A HESS low-E
* AMS
107}
— mpm = 3000 GeV 2 /ndof =56.5/86.0 (95%CL allowed)
T=5.62e +25s BR;=0.94 BR,=0.00 BF.=0.06
— - background from secondary + distant SNR + Vela SNR
— - background from distant SNR only
— - background from Vela SNR only
10_3 1 = 3
10 10 10 10

E [GeV]

positron fraction

10"
— mpm = 3000 GeV * AMS
- background from sec. positron «  Fermi-LAT
} v Pamela

10"
107 ' : ‘

10° 10" 10° 10°

E [GeV]

* Nearby SNR as a fixed electron-only component
* The Vela SNR Is expected to dominate over all other candidates:

CR>1GeV

=1.10" erg — spectrum calculated with DRAGON

* The best fit for the branching fractions becomes:
4% X - T TV + 6% )X > e’ eV
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Decaying Wino Dark Matter

. . 10" : ;
CALET expectation (5yr) :;2: Z”t'astyztr're"' — mpm = 3000 GeV *  AMS
v Pamela - - background from sec. positron *  Fermi-LAT
X ATIC v Pamela
V  HESS standard
A HESS low-E
* AMS
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A%
— mpm = 3000 GeV 2 /ndof =89.5/88.0
(95%CL allowed) t=5.68e +25s
— - background from distant SNR + secondary production I
10'3 T | T
1 2 3
10 10 10 10
E [GeV] E [GeV]

50% X—’T+V“ T, + 50% X-p' v T,

Only the case of the right-handed third lepton

neing a T gives a good fit to current data



Free Branching Ratios
Fit to Current data:
X2 Indf for AMS-02

CALET simulation:
fraction of samples with
x> > 95 %CL

Free Branching with Vela

Fit to Current data:
X? Indf for AMS-02

CALET simulation:
fraction of samples with
x> > 95 %CL

Wino Decay
Fit to Current data:
X2 Indf for AMS-02

CALET simulation:
ffraction of samples with
x> > 95 %CL

Wino Decay with Vela
Fit to Current data:
X? Indf for AMS-02

CALET simulation:
fraction of samples with
X% > 95 %CL
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Result Overview

" DMmass: 2TV 3TV aTev
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Gamma Constraints

10 :
J(1h) -M,,,,, =4.854e +21 [GeV /cm® /st] « Fermi data
mpy =3000 [GeV], 7 = 5.70e +25 |[s] Fermi EGB |

4 BF(t" + 7 + 1)=0.920

10" |BF(u* + 4 + 1)=0.000 Fermi IGRB |3
BF(e' + e + 1)=0.080 ]

10°}
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10°
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« Gamma flux for galactic
latitude (absolute value)
larger than 20 degree

e Photons from FSR and
those produced in decay of
primary decay products
(calculated with PYTHIA)

« NFW halo model assumed

M/SA/solidangle with mask - total: 4.854e+21 (total sr = 8.31)

[GeV/cm”2/sr] 1.61572e+22

— For best fit model, expected gamma emission significantly
exceeds gamma flux measured by Fermi in the same region
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| ow Gamma Flux Scenario

CALET expectatlon (5yr) ° Fermiw. syst. e
*  Fermi stat. err.
¥ Pamela
X ATIC
Vv  HESS standard
A HESS low-E
*  AMS
10
1 N
\%4
— mpm = 1000 GeV ¥? /ndof =105.5/87.0 (95%CL allowed) X Y
T=1.92e +26s BR;=0.00 BR,=0.75 BF.=0.25
— - background from secondaries + distant SNR + Vela SNR
— - background from Vela SNR only
10'3 T 1
10" 10° 10’ 10*
E [GeV]

Extra source provides positron excess only —
electron + positron spectrum adjusted by strong
contribution from nearby SNR (Vela , 2-:10* erg)

Decay does not include channel x - T TV

Possibly further reduction of gamma flux by
adopting a non-spherical halo profile

10"

— Mpm = 1000 GeV
- - background from sec. positron

positron fraction

*

v

AMS
Fermi-LAT
Pamela

JE? [slem2sriGeV]
=

E [GeV]

J(¢¥) My, =4.854e +21 [GeV/(‘m2 /st]
mpy =1000 [GeV], 7 = 1.92e 426 [s]
BE(t" + 7 + 1)=0.000

o [BE(u™ +p7 +2)=0.750

BF(e® + e + 1)=0.250

+ Fermi data
Fermi EGB
Fermi IGRB |3

1 162
E [GeV]




Prospects for the Low-Gamma Flux

Scenario
5% X - W' uv + 25%x -eev

0

10 T

* AMS-02 2014
*  Fermi w. syst. err.
¥ Pamela

=
o
N
T

positron fraction

* AMS-02 2014
*  Fermi-LAT
¥ Pamela
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— Best Fit for Dark Matter with mass
1.0 TeV to AMS-02 (x? / ndof = 105.5/87)
----- Background from SNR and secondary particles
e CALET Data Samples for Dark Matter
- = Fits of Single Pulsar Model to AMS-02 + CALET samples
(average x? / ndof = 358.4/91 rms = 35.8/91)
----- Background from SNR and secondary particles x>

-3 -
10 ' 1 10
10° 10° 10* 10

E [GeV] E [GeV]

* 100 % of simulated samples have x? > 95% CL

- distinct drop In spectrum at half the Dark Matter mass




Origin of the Positron Excess

Extra Cosmic-Ray Source:

Common power law with cut-off proposed by
AMS-02 as empirical model fits data well

Possibly caused by nearby pulsar(s) emitting
an equal amount of electrons and positrons
(Pulsar Case)

Or by Dark Matter annihilation or decay
(Dark Matter Case)

Positron fraction
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Investigated Questions:

Dark Matter Case:

- Could CALET identify signatures of Dark Matter decay that might explain the

positron excess ?

Pulsar Case:

- What limits can be set from CALET data on Dark Matter Annihilation on top of this
nearby pulsar source If taking into account the shape of the Dark Matter spectrum
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Expected Limit Calculation

. * AMS-02 2014 e CALET tation (5 * AMS-02 2014
° CALET eXpeCtatlon (Syr) ) b expectation (Syr) o Fermi-LAT w. syst. err.
e Fermi-LAT w. syst. err. N R
g v Pamela = T '1':.:% _
[ . G g VR O
“.v.;;i_;“ - ﬁgsii"'!wﬂs"m 1 l
. Jh;ﬁs'\’}::,_ T -2 \ » )
fl % N rRed L 107} N J
I | ‘ T kg jl { I — N \ 4
- 1 ‘"'“\-'.\, v’ Flux from Vela SNR (parametrized)
NN ~ "7 (Wawr =1 x10" erg)
\'\L £ ——— AMS/AMS Fit with SNR
2 TN v X O e AMS/AMS Fit - Flux without SNR
10°r A ) " — —  AMS/AMS Fit background
\ m'_' DRAGON result (background) [ | NK %, a:zsubed
- : ; _ L ++++++ DRAGON result (Geminga) i ' ‘e, N
AMS/AMS Fit with Eqy; = 1000 GeV ) - DRAGON result (Manouem) . ) | N
— — — AMS/AMS Fit background . \ DRAGON result (Vela SNR) ik 3 \
= DRAGON result (background) \ ; A -
=+ DRAGON result (Geminga) \ R \ Good agreement Of
=—m—= DRAGON result (Monogem) N . .
e / parametrization
) and DRAGON
3|
10 . '
10" 10° 10° 10"
E [GeV] E [GeV]

Statistical samples of 5-year CALET data were simulated
for the best fit of the pulsar case to AMs-02 data
(with and without additional contribution from Vela SNR)

Starting from the best pulsar fit, the Dark Matter term is
added and the Boost Factor increased until x2 reaches the
95% CL exclusion limit - Expected limit



Influence of a Nearby SNR on the
Expected Limits (u*+p- - channel)
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Best Fit Region from Nucl. Phys. B831, 178 (2010) :

PAMELA + Fermi + HESS 5¢

Gamma Limits :

Fermi Fornax Cluster [JCAP 05 (2010) 025]

- Fermi Dwarf Galaxies [Phys. Rev. Lett.107, 241302 (2011)]
Results from this study :

AMS02+AMS02(2014) Limit for 100% u p* E,,, =1.0TeV (all y,,-v,)
CALET+AMS02(2014) Exp. Lim. for 100% ' p* E,,, =1.0TeV (all v, ,-v,)

Fermi+AMS02(2014) Limit for 100% p ™ ,E.,, =1.0TeV (y, -y, = -0.4)

cut,

<oV >[cm3 s'l]
=
o
N
N

CALET+AMS02(2014) Exp. Lim. for 100% i " ,E ,, =1.0TeV (y, -y, = -0.4)

( Ecut
CALET+AMS02(2014) Exp. Lim. for 100% p " E ,; =0.6TeV (y, ,-v. = -0.4)
CALET+AMS02(2014) Exp. Lim. for 100% p p* ,E,

S

(
=1.4TeV (y, ,-v. = -0.4)
(

1O 22 P/ . CALET+AMS02(2014) Exp. Lim. for 100% p p* ,E_,, =1.0TeV (y, -7, = -0.4)
E . with nearby SNR flux added to the the background’case

Natural scale of <ov > matching thermal relic density

10726 ' ' — ' '
102 103 10%

m(DM) [GeV]
The influence of a nearby SNR as part of the background is small and
comparable to other nuisance parameters such as the propagation parameters
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Overview of Expected Limits

T

=

o
N
w

AMS02+AMS02(2014) Limit 100% p p™* (Ye 4o = -0.4)

= CALET+AMS02(2014) Expected Limit 100% p p* (Yo 4+-Ye = -0.4)

— — AMS02+AMS02(2014) Limit 100% e e™ (Ye +-Ye = -0.4)

= CALET+AMS02(2014) Expected Limit 100% e’ e™ (y,,-y.= -0.4)

— — AMS02+AMS02(2014) Limit 100% t " (Yo 4-Ye = -0.4)

= CALET+AMS02(2014) Expected Limit 100% t =+ (Yo 4-Ye = -0.4)
AMS02+AMS02(2014) Limit LKP (y, ,-y. = -0.4)
CALET+AMS02(2014) Expected Limit LKP (y, .-y, = -0.4)

— — AMS02+AMS02(2014) Limit Gaugino (y, ,-y. = -0.4)

=== CALET+AMS02(2014) Expected Limit Gaugino (y, ,-y. = -0.4)

AMS02+AMS02(2014) Limit Higgsino (y, .-y, = -0.4)

CALET+AMS02(2014) Expected Limit Higgsino (y, ,-y. = -0.4)

=

o
N
~

0.9 )
0.8 ratio of

ol current
limits to

expected
limits

m(DM) [GeV]



Ann‘ih,ilat‘io'n to 1'00‘%' ef +e

as reference
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AMS02+AMS02(2014) Limit 100% p p™* (v 4-ve = -0.4)
CALET+AMS02(2014) Expected Limit 100% p p* (v, .-y, = -0.4)
AMS02+AMS02(2014) Limit 100% e e* (y,,-y, = -0.4)
CALET+AMS02(2014) Expected Limit 100% e e ™ (y, -y, = -0.4)

<oV >[cm3 st ]
=
o
0
N

features

a drop of the flux at the
mass of the Dark Matter
particle — well detectable
by CALET due to high
statistics in TeV region —
limit expected to improve
by up to a factor of 10

m(DM) [GeV]



Nearby SNR

A nearby SNR (Vela) may

. Ec=20Tev:r=5x103r Y | « HEAT
be an important part of ¢ | orexofents’ - -
o + AMS
the background for Dark © | Distantcomponent (snsoy - ATIC2
Matter SearCh '.-5 10 excluding T<1x10%yr and r<1kpc o Fermi-LAT
. - . yr
Identification of a nearby £ |, Vela
, i i g 10 A
SNR's signature Is one of £ Lt

the main targets of the - VRREPIIL Y ( y -
CALET project R
Electron Energy (GeV)

;Loop
P_resence _Of a distinct Possible signature of Vela in the TeV-
signature in the spectrum region electron+positron spectrum

depends on injection and Kobayashi et al. ApJ 2004
propagation conditions

In addition to search for spectral features in the
TeV-region, cosmic-ray anisotropy can be used to
identify this nearby point source

10’ 10° 10° 10* 10°

-y
o
L -
o
o



I(6)/1 (E>500GeV)

10°

Anisotropy A(>E)

10

1.100

1.050

1.000

0.950

0.900

107! b

1072 ¢

Anisotropy from Vela SNR

E.= oo, T=0yr

Dy=4x10%°(cm?2s)
’ A~ 10%
10? 10°

Electron Energy (GeV)

E.= oo, T=0yr
Dy=4x10%°(cm?2s-1)

Vela

A

150 100 50 0 -50
Galactic longitude (deg)

-100 -150

(I)max_q)min_BD |VF|
% ax+q)min_ C F

m
0

A=

D(E)=D

E
°\ 4GeV

e Anisotropy increasing with
energy, reaches 10 % in
TeV region

* Due to better statistics at
lower energy, minimum
energy of several 100 GeV
expected to be optimum

 Refinement of analysis
methods ongoing



Summary and Conclusion

* A Dark Matter explanation of the positron excess can
most likely be distinguished by spectral shape from a
single pulsar, especially for those models potentially
fulfilling extragalactic gamma-ray flux constraints

* Limits on Dark Matter annihilation as a potential
additional component to a pulsar explanation of the
positron excess are expected to be improved
significantly, especially for direct annihilation to e++e-

» Detection of a nearby SNR's signature in the TeV
region energy spectrum and/or by anisotropy possible

« CALET has been taking data since one year now,
first preliminary results to be released soon!

— Plenary talk by Shoji Torii on Thursday 11:30
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Calculation of Decay Spectra with
Pythia

« 3-particle decay spectra not published or available from public
programs — calculation with Pythia

 [nitial momentum distribution of the three outgoing particles has
peen calculated analytically

e Approximation: mediator is
extremely heavy — point-like

Interaction dpP —6 XZ_ 4 X3
* Only handedness of outgoing lepton dx
Initial momentum distribution:

Left-handed:

Right-handed:

« The further decay of outgoing dP

leptons into electrons and positrons —=12x—-12 X3
was calculated with Pythia 8.2 dx




Comparison of the Parametrization
with Numerical Calculation

Electron+Positron Flux Positron Flux

10° Positron Fraction
—— Parametrization —— Parametrization —— Parametrization
DRAGON result || ' DRAGON result |] DRAGON result |]
*  AMS-02 ] i *  AMS-02 *  AMS-02
> >
1 Q Q
oo o ! O
1 o o
107} {1 = N
' \ 1
J O O E
| & iiﬂ oo f
m -2 m -3
1 "l 107F W 107+
107
1+10% ...“"“‘».___ 1+10% 1+10%
bM‘_ J T ". h ...~M-_ T
4 -10% 4 -10% N 4 -10%
10t 10° 10° 10t 10° 10° 10! 10° 10°
E [GeV] E [GeV] E [GeV]

* In the energy range for the fitting (10 GeV — 1 TeV, deviation within 10 %)

* Assumed propagation parameters: 6 =04 ,D = 3.7 10" cm's.
* Injection power law index for electron spectrum: 2.35



Geminga Pulsar + Vela

(source+bkg) exp. events/pixel (4 closest points linear interpolated)

(®

0.382925

(source+bkg) exp. events/pixel (4 closest points linear interpolated)

0.417688

0.412631

2| B ¥
o U 200Gev
- ~ 400 GeV
S o
o 107 i
E
B 10°} :
0.382155
—— PRELIMINARY
10 10
. s, 400 GeV — 400 GeV|
N%'
”-2 10'}
E
B 10°}
107 1 2 "“‘3 "
10 10 10 10

E [GeV]
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