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Dark matter indirect detection:

» Dark matter searches joint effort
= Indirect detection probes annihilation
= AMS-02: cosmic-ray precision era

Jan Heisig (Aachen University) | DSU 2018, June 26th



a
y T, b5

» Dark matter searches joint effort
= Indirect detection probes annihilation
= AMS-02: cosmic-ray precision era
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. main uncertainty:
= Dark matter searches joint effort cosmic-ray propagation

= Indirect detection probes annihilation
= AMS-02: cosmic-ray precision era
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Searches for dark matter in cosmic-rays

[see e.g. L. Bergstrom, ]. Edsjo, and P. Ullio,Ap},526,215
(1999); E. Donato, N. Fornengo, D. Maurin, and P. Salati,
PRDé69, 063501 (2004);T. Bringmann and P. Salati,
PRD75, 083006 (2007); F Donato, D. Maurin, P. Brun,T.
Delahaye, and P, Salati, PRL. 102,071301 (2009); N.
Fornengo, L. Maccione, and A.Vittino, JCAP1404,003;
D. Hooper, T. Linden, and P. Mertsch, JCAP 1503, 021;V.
Pettorino, G. Busoni,A. De Simone, E. Morgante, A.
Riotto, and W. Xue, JCAP 1410, 078 (2014); M.
Boudaud, M. Cirelli, G. Giesen, and P. Salati, JCAP1505,
013 (2015);].A.R. Cembranos,V. Gammaldi, and A. L.
Maroto, JCAP 1503, 041 (2015); M. Cirelli, D. Gaggero,
G. Giesen, M.Taoso, and A. Urbano, |CAP 1412, 045
(2014);T. Bringmann, M.Vollmann, and C.Weniger, Phys.
Rev. D90, 123001 (2014); G. Giesen, M. Boudaud,Y.
Genolini,V. Poulin, M. Cirelli, P. Salati, and P. D. Serpico,
JCAP 1509, 023 (2015); C. Evoli, D. Gaggero, and D.
Grasso, JCAP 1512, 039]

= MIN/MED/MAX scenario: Large uncertainties
= Joint fit of propagation parameters using precise AMS-02 data
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Cosmic-ray propagation in the Galaxy

= Numerically solve diffusion equation:
[using Galprop (or Dragon)]

dt —qi(map)"‘v‘ (wavwi_vw)_l_ 8—p Dpp%ﬁ i i = He,p,p

0 (dp D 1 1

max
22

Figures: Credit to Michael Korsmeier

Fit parameters: z},
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Cosmic-ray propagation in the Galaxy

= Numerically solve diffusion equation:

[using Galprop (or Dragon)] Source term - primaries:
- 8 , o 1 = Astrophysical Sources:
Dpp - —2¢ SNR or Pulsars
8p PP op
= p, He, ...
dp p 1 1 Injection spectrum:
%— -V. sz — —%— —Tﬂ@
dt 3 Tf Tr
“R-¥1
N -
S
22 © ~R-¥3
’ % T~~~
. >
R
R, R, =450 GV

AMS-02 requires individual

slopes for p, He!

Fit parameters: 2y, Y1i,p, V2,p, V1, V2, R07 S
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Cosmic-ray propagation in the Galaxy

= Numerically solve diffusion equation:

[using Galprop (or Dragon)] = Astrophysical Sources
dwz - = Diffusion
ar = 4@p) + V- ;€
2 A
0 S
 Op S
® D, = D, B (RAGV)S
>

Figures: Credit to Michael Korsmeier

Fit parameters: 2y, V1., V2,0, 71, 25 R0, 8, Do, 0
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Cosmic-ray propagation in the Galaxy

= Numerically solve diffusion equation:

[using Galprop (or Dragon)] = Astrophysical Sources
= Diffusion
dyp; 0 0 1 :
pri q(x,p) + V - 8_p Dppa—pﬁ .= Convection

Winds perpendicular to
the galactic plane

V = v, sign(z) e

z

Fit parameters: 2, V1 p, V2.0, V1, V2, 20, S, Do, 0, Vo ¢
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Cosmic-ray propagation in the Galaxy

= Numerically solve diffusion equation:

[using Galprop (or Dragon)] . = Astrophysical Sources
dap; . . = Diffusion
Frie ) = Convection

m Reacceleration
Scattering off magnetic
clouds:

CR

22 —
h \'/

Alfven

= Energy loss
e.g. synchrotron radiation
or ionization

Fit parameters: 2, V1 .p, V2.0 71, V2, R0, S, Do, 0, Vo.cy VAlfen
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Cosmic-ray propagation in the Galaxy

= Numerically solve diffusion equation:
[using Galprop (or Dragon)] = Astrophysical Sources

o 1 » Diffusion
—1; = Convection

m Reacceleration
= Energy loss

= Fragmentation and decay

Loss for one species is
gain for the other

Secondaries:
2z, (L, B, )

Fit parameters: 2, V1 .p, V2.0 71, V2, R0, S, Do, 0, Vo.cy VAlfen
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Cosmic-ray propagation in the Galaxy

= Numerically solve diffusion equation:
[using Galprop (or Dragon)] = Astrophysical Sources

o 1 = Diffusion
op? D gp 2

» Convection

m Reacceleration

d 1 1 .
_ p%_ Py . Vi) — —— = Energy loss
dt 3 Tf Tr

op = Fragmentation and decay

B
| @%

Fit parameters: 2y, Y10, Y2.p, 71, V2, 120, S, Do, 0, V0 ¢, VAlfen; (ov) DM, MDM

= Additional primary

source for
Dark Matter!
22
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Cosmic-ray propagation in the Galaxy

= Numerically solve diffusion equation:

[using Galprop (or Dragon)] = Astrophysical Sources
= Diffusion
dy; 0 0 1 .
Frie q(x,p) + V - (DyzV,— V) + B 2Dppa—pﬁwi . Convectlon.
= Reacceleration
0 (dp D 1 1 .
-5 (dt W), — gv . Vwi) — —th— — Energy loss
p Tf Tr » Fragmentation and decay

= Dark Matter

B
= Data:
l 4 2 5 « AMS-02: p, He,
f [AMS 2015,2016]
N » CREAM: p, He

[Yoon et al. 201 | ]

» VOYAGER: p, He
[Stone et al. 201 3]

T
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Cosmic-ray propagation in the Galaxy

Solar modulation: = Astrophysical Sources
» Diffusion

= Phenomenological description: ,
= Convection

force-field approximation with ¢ Anis .
= Reacceleration
= Our approach:

= Constrain local interstellar space (LIS) flux
directly by VOYAGER data

» Exclude data below 5 GV in the main fit

= Energy loss
= Fragmentation and decay
= Dark Matter

= Marginalized over ¢ ans on-the-fly for = Data:
each GALPROP evaluation = AMS-02: p, He,
[AMS 2015,2016]
- A , — _ LIS flux fitted to VOYAGER = CREAM: p, He
TH / = [Yoon et al. 20 |]\_’
:i | Modulated flux fitted to AMS p, He ~~
oc

I

\\_[Stone et al. 2013]

>
R
Fit parameters: zn, 71,p, ¥2,p, Y15 V2, R0, 5, Do, 0, Vo ¢, VAlfen, (0V)DM, MDM, (PAMS)
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Limit setting

= Explore | 3-dim. parameter space with MultiNest

Marginalized over all propagation For a certain DM mass
(nuisance) parameters: test-statistic:
| | | | /\ X2
-235 ~
2 ‘C(@,a UU)
~24.0 Ax® = —2log ——=———
. L(O,00)
% =24.5 AN
(}_‘Z
S —25.0
v
Vv
B -25.5
B Best-fit value for
-26.0 considered mass
o6 (usually ov ~ 0)
55 6.0 6.5 7.0 7.5
log( mpm/MeV )
= Propagation uncertainties taken into account
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Results for dark matter limits
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Systematic uncertainties
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Results for all non-leptonic SM channels

10_23 = T T N ——— =

- — Wtw/zz .

= systematic uncertainty -

10—24 _ local DM uncertainty —
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10° 10%

mpm [GeV]
= All non-leptonic channels very similar
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Uncertainties from DM density profile

» Dark matter source term o p°:

; /
q](;DM)(iU,Ekin) _ % (P(az) ) Z <Jv>f dN].)
f

MDM d Exin
= Cuspy profile: 10° o
- — NFW -
( ) ph 102? ------ Bgrkert—
r) = — [
WA T ) (U 7 )2 e
B e e
S 100
» Cored profile: <
PBur(T) = Pe U F
. (14+7/re)(1 4+ 12/r2) e T T O Tr

[Korsmeier]
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Uncertainties from DM density profile

I [ T T I [ [ [ T T I [ [
M Comparison:
2 HESS limits on WW

[HESS 1607.08142]
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Interpretations within DM models



Interpretation within minimal dark matter

[Cirelli, Fornengo, Strumia hep-ph/0512090, see also 0706.4071, 1507.05519, ...]

L =L+ XD+ M)y

Quantum numbers DM can DM mass mpy+ — mpm Events at LHC og1 in
SU(2), U(1l)y Spin| decay into in TeV in MeV [Ldt =100/fb 107% cm?
2 1/2 0 EL 0.54+0.01 350 320 = 510 0.2
2 1/2  1/2 EH 1.1+£0.03 341 160 + 330 0.2 Higgsino
3 0 0 HH* 2.0+ 0.05 166 02+1.0_ 1.3
3 0 1/2| LH ~28 166 0.8 + 4.0 13| Wino
3 1 0 HH,LL  1.6+0.04 540 3.0 =10 1.7
3 1 1/2 LH 1.8 4+ 0.05 525 27 + 90 1.7
4 1/2 0 HHH*  2.4+0.06 353 0.10 = 0.6 1.6
4 1/2 1/2 | (LHH*) 2.4+0.06 347 5.3+ 25 1.6
4 3/2 0 HHH 2.9+ 0.07 729 0.01 = 0.10 7.5
4 3/2 1/2 | (LHH)  2.6+0.07 712 1.7+9.5 7.5
5 0 0 |(HHH*H*) 50+0.1 166 <1 12
5 0 1/2 — ~9.4 166 <1 12| Quintuplet
7 0 0 ! 8.5+ 0.2 166 < 1 46

Jan Heisig (Aachen University)
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Constraints on minimal dark matter: wino

/'Thermal = all DM
Wino (sz Qmeas) v Wino (Qx = Qtherm < Qmeas)
10—22 10—22
prediction —
= 1075 [Hryczuk, lengo 2012] = 1072
wn wn
o) ~ fs ™ _
g 10 permi-LAT i g 10
107 2 10
= =
T AT
10—27 10—27
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Upper ———7  mlGev GV
. . . : — Q Q
cross section limits soo Vim0 (B = /Qmneas)

- a Searches for gamma-lines
' [HESS 1301.1173]
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Constraints on minimal dark matter: higgsino

Higgsino (Qy = Qmeas)
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Constraints on minimal dark matter: quintuplet

Quintuplet (2

X — Qmeas)

(ov)vy [cm3s_1]

10—26 T

Iy

Qtherm = 2meas —

Jan Heisig (Aachen University)

5000

my [GeV]

quintuplet DM fraction R

5.00

1.00
0.50

0.10
0.05,

0.01

10000

15000

(ov)yy [em3s™1]
—
<
2
T

Quintuplet (25 = Q¢herm)

_ 10—26 L

N

Qiherm = Pmeas —

Quintuplet (R = Qy/Qmeas)

2000 4000 6000 8000
my [GeV]

Burk.

4000

‘6060‘
my [GeV]

| 4

8000

10000

DSU 2018, June 26th



What about lighter dark matter?

» Constrain much weaker [Talk of Michael Korsmeier]
= Possible signal around ~100GeV
= More difficult to establish DM signal than excluding DM

03 [Cuoco, Kramer, Korsmeier, 2017] s [Cuoco, JH, Korsmeier, Kramer 2017]
10 | L | | | L | | | L | | | E 10 = I I I I I LI I I I I I I [
- - Limit dSphs bb, Akermann (2015) »' 0 - CR antiprotons 1
_oa|  --- Limit dSphs b, Albert (2016) d ) | i
10 = —
B E - hh :
- - . -25
S 1 10 = ‘ =
— -25 — .
=210 E E < - > .
§ - ] “& B 3x10726 cm3/s
L e g o P R UG — N R e = £\- R A e e -
<~ -6 - ) 3.10"%cm’/s = B |
k10 " BT — L
S 3 —-26
- . 10 & E
=27 i ) = _
10 £ - —] . . = - |
- — Limit CR bb with systematic uncertainty 3 B —
B I 1-30 bb DM detection ] = |
10_28 T | L1 III|2 | L1 III|3 | L1 III|4 10_27 I | L1 |2 | L1 1 3
10 10 10 10 10 10 10
mom  [GeV] mpMm [GeV]

[see also Cui,Yuan, Tsai, Fan, 2017]

u AntiPrOton XS €rrors [seee.g. Winkler 2017; Korsmeier, Donato, Di Mauro 2018] [cf. Reinert,Winkler 2018]
» Solar modulation uncertainties
= Missing information on correlations in AMS-02 data
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What about lighter dark matter?

» Constrain much weaker [Talk of Michael Korsmeier]
= Possible signal around ~100GeV
= More difficult to establish DM signal than excluding DM

s [Cuoco, Krimer, Korsmeier, 2017] [Reinert,Winkler 2018]
10 | LA | | | LA | | | LA | | | 3 ! ! ! !
- - Limit dSphs bb, Akermann (2015) . - b
_oa| - Limit dSphs b5, Albert (2016) d i 10725 |
10 ¢ =
: «=" : E ———————————
s e T ) ™
210 2 — = £ 10726}
5 - 1 =
= R - —— Observed 95% CL
/g\ _26 B L 3.-107*cm /s_ é
U i ~ 10727 - Expected + 10
. n B N/ e Expected + 20
10 E_ — Limit CR bb with systematic uncertainty _E 10—28 i -—= Thermal Relic
N I 1-30 bb DM detection ] ‘ ‘ ‘ ‘ ‘
I i 10 50 100 500 1000
—28 | L1 1111 | | L1 1111 | | L1 1111 |
10 1 2 3 4
10 10 10 10 mpv [GeV]
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[see also Cui,Yuan, Tsai, Fan, 2017]

u Antipr'oton XS €rrors [seee.g. Winkler 2017; Korsmeier, Donato, Di Mauro 2018]
= Solar modulation uncertainties
= Missing information on correlations in AMS-02 data
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Conclusions

= With AMS-02 cosmic-ray precision era started

= Reduce uncertainties w.r.t. MIN/MED/MAX scenario:
= Joint fit of propagation parameters and dark matter

= Strong limits on heavy dark matter

= Robust w.r.t. choice of DM profile

= Minimal DM: wino scenario strongly disfavored

= Possible hint for dark matter, future investigations:

= Antiproton cross sections
» Solar modulation
» Correlations in AMS data
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Cosmic-ray fit results

With dark matter (bb): Without dark matter:
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Cosmic-ray fit results

With dark matter (bb):
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Without dark matter:
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