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1. THE QUEST FOR WIMPS

long-awaited data are being collected as we speak...

direct searches indirect searches

wimp scattering off nuclei underground yields of wimp annihilation or decay

wimp production in the lab

collider searches

complementarity and uncertainty are key for wimp identification
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1. THE QUEST FOR WIMPS

long-awaited data are being collected as we speak...

direct searches

wimp scattering off nuclei underground

indirect searches

yields of wimp annihilation or decay

— gamma rays —

collider searches

wimp production in the lab

lots of unexplored data with extensive constraining power
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1. THE QUEST FOR WIMPS

the paradigmatic case of gamma rays

100 MeV - 100 GeV 100 GeV — 100 TeV

[TeV catalog]
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1. THE QUEST FOR WIMPS

the paradigmatic case of gamma rays

100 MeV - 100 GeV 100 GeV — 100 TeV

[TeV catalog]

widely-used data but not fully explored yet
need to make the best of the available data
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INDIRECT SEARCHES VIA GAMMA RAYS
target/constraint misc

galaxy clusters dwarfs

galactic centre
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2. INDIRECT SEARCHES VIA GAMMA RAYS
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... but these are all for integrated fluxes
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2. INDIRECT SEARCHES VIA GAMMA RAYS

Z dN$ 1
9= 47r77m2 V) iR, dE, AQ Jaq

df2 Jann

for sources in the open window, we can pinpoint injection spectrum

‘ look for spectral features ‘
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2. INDIRECT SEARCHES VIA GAMMA RAYS
v
1
N
47r77m2 Z f dE, AQ Jaq

¢y = dQ Jann

for sources in the open window, we can pinpoint injection spectrum

‘ look for spectral features ‘

astrophysical backgrounds at high energies

inverse Compton - EW—(P+1)/2

(caveat: monoen e in KN)

synchrotron - E;(P+1)/2
bremsstrahlung e E;P
pion decay x By * p>2

anything harder than B~ 2 and at high energies will stick out
and can be cleanly looked for
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2. GAMMA-RAY SPECTRAL FEATURES

[Srednicki+ ’86, Rudaz+ 86, Bergstrom & Snellman '88]
o

convoluted
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2. GAMMA-RAY SPECTRAL FEATURES

lines [Srednicki+ ’86, Rudaz+ 86, Bergstrom & Snellman '88]
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2. GAMMA-RAY SPECTRAL FEATURES
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2. GAMMA-RAY SPECTRAL FEATURES

[Srednicki+ ’86, Rudaz+ 86, Bergstrom & Snellman '88]
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2. GAMMA-RAY SPECTRAL FEATURES

[Srednicki+ ’86, Rudaz+ 86, Bergstrom & Snellman '88]

o
% convoluted
~
dN. >
- o 8(By — my) i
]
my Eg

[Ibarra, Lépez Gehler & MP '12]

X o
%
dN.
25 & const 3
y o
5]
X my Eg
internal bremsstrahlung [Bergstrém 89, Flores+ ’89, Bringmann+ '07]
X o
dN. %
y —1
am, < By 3
“hard” in astroph o
5]

_— 1\

my Eg

MIGUEL PATO (TU MUNICH)

ssaupaey




2. GAMMA-RAY SPECTRAL FEATURES
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2. GAMMA-RAY SPECTRAL FEATURES
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2. GAMMA-RAY SPECTRAL FEATURES
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2. BOX PHENOMENOLOGY
1-step cascades

Ex = v3(B% + Bsp)x cos6’) (isotropic emission)

dNx dNs [* dcosé’ , dNx ) ) '
- = dEs —— dEx —— 6(Ex — E 0
By / 3 4B /_1 2 X g, (Ex —vs(Ex + Pspx cos b))
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2. BOX PHENOMENOLOGY
1-step cascades

g i
1

g‘ cosf’ <0 E cosf' >0

1

1

1

1

:

E- 1Eo E+ Eg

Ex = v3(B% + Bsp) cos6’) (isotropic emission)
dNx dNs [ dcosé’ , dNx ) ) .
- = dE dE 6(Bx — E 0
By / 3 4, /_1 2 X 3B (Ex —vs(Ex + Pspx cos b))

AB
T = Fvoc[Bov3(1 — B3), Bova(1 + Bs)]

dN3/dE3 = AS(E3 — E3)
dNx /dEY = B§(Ey — Eq)
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2. BOX PHENOMENOLOGY

boxes are realised in nature!

log{m,/2)
’
log Ny i
-
P f ]
[Stecker '71, Gaisser '90] |°g (E Y)
By = Eyyr(1+ Brcos?’)
dN, dN, 2
- = dE‘"’ ———F oT b 1-— E 2 g 1 P 2
dE, / By, 2Brmminfa ” [men Y (1 = Br) /2, e Y (1 + Br) /2]
EY i E, < mg/2 ANy /dEy o B 7
x E;F if By > mg/2 dNy /dE}, = 28(E, — my /2)
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BOX PHENOMENOLOGY

boxes are realised in nature!
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PHOTONS s rad” el

BOX PHENOMENOLOGY

boxes are realised in nature!
v
H

same for Higgs actually, but:
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[Stecker '71, Gaisser '90]
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2. BOX PHENOMENOLOGY

wimpy boxes

By = v4(By + Bppycosb')
dN,

dE;,

By =my/2 (14 /1—m2/m2)
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dNg/dEy = 26(Eg — my)
AE=E; —E_ dNg/dE, = 28(Ey — mg/2)



2. BOX PHENOMENOLOGY
wimpy boxes

£+
X
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e+
X
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By = v4(By + Bppycosb')
aNe _ 4
dE, = AE

By =my/2 (14 /1—m2/m2)

AE

[Nomura & Thaler '08, Mardon+ '09 x2]

dNe/dEe

J:bUT[E—J E+]

=B, —B_

e*e cascades and PAMELA data

E+ Ee

dNg/dEy = 26(Eg — my)
dNg/dE, = 28(Ey — mg/2)

positron fraction

b o
[Mardon+ '09]
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2. BOX PHENOMENOLOGY

gamma-ray bOXCS [Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP '13]
o

g

E- Y:Eo E+ Eg
By = Eyys(1 + Bgcost')
dN, _AB
& _ LBy B E
iB, = g’ B Bl
dNy/dEy = AS(Ey — Ej)
Ey = Bove(1+B4) AE=E, —EB_ dN /dE!, = BS(E!, — Eo)

box requirements:
final state y, monochromatic dNy/dE, and dN,/dE,
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2. BOX PHENOMENOLOGY

gamma-ray bOXGS [Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP '13]

o

g

By = BYe(1+ Bacosb')

aNy _ 4
dE, AE

MIGUEL PATO (TU MUNICH)

E- Ec E+ Eg

dNy/dE, = 28(Eq — my)
dNy /dE}, = 28(E}, — ma/2)



2. BOX PHENOMENOLOGY

gamma-ray bOXGS [Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP '13]
o i
1
~ .
o 1
% 1
1
1
1
;
Ty E- Ec E+ Eg
By = BYe(1+ Bacosb')
dN, 4
— = —Fz|E-, E.
dE, AFE boa +] dN,/dE, = 28(Eq — my)
dNy /dE}, = 28(E}, — ma/2)
2
Be="%(14/1-"2 B ="x
2 mi 2
.as mg > my: Pa~0, By ~E_ | AE~O line at m, /2

.asmg =0 Ba~1, EL~my, BE_~0
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3. METHODOLOGY

ﬂuXGS a.t the Earth [Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP ’13]

P d*N. (ov) dN, 1
E,) = 7 - T ann
#r(E) dBE,dSdQdt ~ 4mnm},, dBE, AQ [, 4
1 = 2(4) for Majorana (Dirac) Jann = fl_“_ ds oy
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3. METHODOLOGY

ﬂuXGS a.t the Earth [Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP ’13]

P d*N. (ov) dN, 1
E,) = 7 = —1 dQY Jann
#r(E) dBE,dSdQdt ~ 4wnm},, dBE, AQ |,
1 = 2(4) for Majorana (Dirac) Jann = fl_“_ ds phy

Einasto profile with po = 0.4 GeV/cm3
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3. METHODOLOGY
fluxes at the Earth

[Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP ’13]

d*N. (ov) dN, 1
¢7(E'7) =
dE, deth arnm3,, dE AQ

1 = 2(4) for Majorana (Dirac)

dQ Jann

Jan = Jy .. 5 Pbus
Einasto profile with po = 0.4 GeV/cm3

0.3, _P7SOURCE_V6 energy resolution at normal incidence

[Fermi-LAT '11] ‘
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3. METHODOLOGY

ﬂuXGS a.t the Earth [Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP ’13]

d*N. (ov) dN, 1
E = dQ Jann
$o(By) = dE, deth amnm2,, dBE, AQ
1 = 2(4) for Majorana (Dirac) Jann = fl_“_ ds oy

Einasto profile with po = 0.4 GeV/cm3

P7SOURCE_V6 energy resolution at normal incidence
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3. METHODOLOGY

[Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP '13]

=
o
&

. narrow box
centre region

Mow = 100 GeV meg ~ m,: moderate fine-tuning
<ov>=3x10"%em%

=
o
L

H:: 10 line at m, /2 with 4y

A pay (usual line is at m, with 27)

S 107

7 m, =10GeV

S 10710 4 60, % wide box

< iy mg¢ K my: no fine-tuning at all

=
=

i high-energy shoulder at m,
amplitude saturation as mgy — 0

N
o
5
g
g
g

E, [GeV]
. narrow box is harder, but wide box extends to higher energies

— similar constraints (!)
. sub-thermal constraints in both cases (!)
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3. METHODOLOGY

[Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP '13]

-6
10 . narrow box
centre region X

S Mo =100 Gev. meg ~ m,: moderate fine-tuning
= _ - -1 . .
T 0 <ov>=3x10"Tem’s line at m, /2 with 4y
n . . .
A %9 (usual line is at m, with 27)

-9
i 1o m, =10GeV
8 01« ® ® wide box
< o IIIII 7r.1,4, <& my: no fine-tuning at all

i high-energy shoulder at m,

N
o
5
g
g
g

E 1cev] amplitude saturation as mgy — 0
e

. narrow box is harder, but wide box extends to higher energies

— similar constraints (!)
. sub-thermal constraints in both cases (!)

derivation of constraints

(1) conservative: no background, ¢, =0
(%) intermediate: scaled-down background fit ¢, oc B,

(111) aggressive:  background meets measurements, error-dominated
MIGUEL PATO (TU MUNICH)



4. RESULTS: CONSTRAINTS

target: |i| €0, 36]°, || € [5,36]°; || €[0,7]°, || € [0,5]°
(Fermi-LAT centre region; Vertongen & Weniger 11)
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[Ibarra, Gehler & MP '12]

. saturation of constraints as mg — 0

. constraints across parameter space, not only in fine-tuned regions
. background modelling important at small m,

. no direct comparison to usual lines, but similar results
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4. RESULTS: CONSTRAINTS

target: Region 3 (Fermi-LAT; Weniger ’12)
|7 < 0.8°, || < 0.3° (H.E.S.S. ’06)

xX — aa — 4y

1023 T ) 107 % T 2
narrow box [410 wide box 410
m,/m,=0.999 ! ma/m,=0.1
10-2L 10241
~10
w' s 0
= = I
3] 10725 |- > ™ 10725 |-
g \b/ g thermal 1
o < =2
g < &
L io-25L > S 1072 )
> | 1 > H | 1
S ! IS ! 10
~ il ~ i
107 L 107k L
[ <1072 41072
ﬂ," —— conservative —— conservative
---- aggressive ---- aggressive
10—28 Il Il Il 10—28 Il Il Il
10 102 10° 10* 10 102 10° 10*
m, [GeV] m, [GeV]

[Ibarra, Lee, Gehler, Park & MP '13]

.. H.E.S.S. meets Fermi-LAT and extends to multi-TeV
.. first ever gamma-ray box constraints at TeV energies
.. thermal x-sec probed for m, ~ 10 GeV — few TeV

MIGUEL PATO (TU MUNICH)
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4. RESULTS: CONSTRAINTS

target: Region 3 (Fermi-LAT; Weniger ’12)
|7 < 0.8°, || < 0.3° (H.E.S.S. ’06)

xX — aa — 4y

1023 T ) 107 % T 2
narrow box [410 wide box 410
m,/m,=0.999 ! ma/m,=0.1
10-2L 10241
~10
w' s 0
= = I
3] 10725 |- > ™ 10725 |-
g \b/ g thermal 1
o < =2
g < &
L io-25L > S 1072 )
> | 1 > H | 1
S ! IS ! 10
~ il ~ i
107 L 107k L
[ <1072 41072
ﬂ," —— conservative —— conservative
---- aggressive ---- aggressive
10—28 Il Il Il 10—28 Il Il Il
10 102 10° 10* 10 102 10° 10*
m, [GeV] m, [GeV]

[Ibarra, Lee, Gehler, Park & MP '13]

.. H.E.S.S. meets Fermi-LAT and extends to multi-TeV
.. first ever gamma-ray box constraints at TeV energies
.. thermal x-sec probed for m, ~ 10 GeV — few TeV

future ACTs can probe boxes from thermal x-sec above 10 TeV,
a region hardly accessible to direct, collider and other indirect searches
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4. RESULTS: CONSTRAINTS

target: Region 3 (Fermi-LAT; Weniger ’'12)
|7 < 0.8°, || < 0.3° (H.E.S.S. ’06)

xX — aa — 4y

107 %

narrow box
m,/m,=0.999
10 24k
w'
L
©_ 1072°F
£ s
o -~ thermal
g
-26 |
s 10 ]
b
3
1072 I
— conservative
---- aggressive
10—28 1 1 1
10 10? 10° 10*
m, [GeV]

10

107!

1072

(OV)aal {0Vt

(0V)aa [cm®/s]

10°%

107241

10-251

7 T
; wide box
ma/m,=0.1

10-261

107271

thermal

— conservative
---- aggressive
1 1 1

1028
10

10° 10*
m, [GeV]
[Ibarra, Lee, Gehler, Park & MP '13]

BR(xX — aa — 47) < 0.02 — 1 for my = O(10) GeV — few TeV (wrt thermal)
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4. RESULTS: CONSTRAINTS
target: Region 3 (Fermi-LAT; Weniger ’'12)
|7 < 0.8°, || < 0.3° (H.E.S.S. ’06)

xX — aa — 4y

10°% : ,
wide box 7410
ma/m,=0.1
10724
<10
2
m\ 10725 |-
5 1
L o thermal
]
< 10726 AR
Z ' 4\\/&// Jio1
N &
-z b7
J10-2
— conservative
PRELIMINARY - e - aggressive
> 10”
10-% C o ) _ _ _
500 1000 5000 1x10* 10 10 10 10
m,[GeV] m)( [GeV]

[Ibarra, Lee, Gehler, Park & MP '13]

BR(xX — aa — 47) < 0.02 — 1 for my = O(10) GeV — few TeV (wrt thermal)

BR(xXx — aa — 4v) < 1072 for my ~ TeV (wrt PAMELA/AMS-02/Fermi-LAT)

if the e* excess is due to cascade annihilations, we should either see a
gamma-ray box or else the decay to photons must be heavily suppressed
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4. RESULTS: SIGNATURES

on the observability of gamma-ray boxes
XX — aa — 4y
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4. RESULTS: SIGNATURES
on the observability of gamma-ray boxes

XX — aa — 4y
narrow box (m, ~ m,)

o
E.=m,/2

dNg/dE

measure E, — infer m,,, m, ~ m,
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4. RESULTS: SIGNATURES

on the observability of gamma-ray boxes
XX — aa — 4y

narrow box (m, ~ m,)

o)

E.=m,/2

dNg/dE

measure E, — infer m,,, m, ~ m,

Ec Eg
wide box (m, < m,)

Bo=T  B=1(1%,/1- %)

2
X

dNg/dEg

measure F,, lower limit AE

E — infer range on m, and upper limit on m,

E- Ec E+ Eg
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5. CONCLUSIONS
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5. CONCLUSIONS

gamma-ray boxes

.. alternative feature with unique phenomenology
.. strong constraints across GeV-TeV with present observations

.. no fine-tuning required to exclude particle physics models

the way forward in dark matter searches
interplay direct+indirect+collider searches
accurate description of dark matter distribution
— fully explore all available data —
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BACKUP SLIDES
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2. INDIRECT SEARCHES VIA GAMMA RAYS

2
—1
rate Pannnx = %A%ﬁ Fdech = TdECmL;
XX = SM ... — ... v X —=SM ... = ... v
gamma-ray ‘r‘piropragation” Yrekg = ete Yy > yy ye o ye”

[De Ang

open w1ndow for <10 Mpc sources of < 100 TeV or > 1020 eV photons
— no attenuat1on no shift in energy nor direction

1 Nl 1
2 4rnm3 Zf (ov)s dE, AQ J,q %

astrophysical backgrounds
IC, synchrotron, bremsstrahlung, pion decay...

look at overdensities look at low-background
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2. INDIRECT SEARCHES VIA GAMMA RAYS

dwarf galaxies  galaxy clusters clumps  galactic centre

extragalactic halo anisotropies
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2. BOX PHENOMENOLOGY

gamma-ray bOXGS [Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP '13]
o
o 99
8| oz
E- E+ Eg
By = BYe(1+ Bacosb')
N, 2
— = —Fpoz|E_, E.
dE, AE box [ -, Bit] AN, /dE, = 26(Es — my)

dNy /dE}, = §(B!, — ma(1 —m3 /m?)/2)

MIGUEL PATO (TU MUNICH)




2. BOX PHENOMENOLOGY

gamma-ray bOXGS [Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP '13]
o

I

E- Ec E+ Eg
By = BYe(1+ Bacosb')
dN. 2
CX1 = 2 FilB, By
dE, AE s o 5
dNg/dEq = 6(EBa — my (1 + (m; — mg )/(4mx)))

dNy [dE) = 28(E), — ma/2)

22 2 2 _ 2\ 2
Be="2% (140" ) g 1 -T2 (14 e =
2 4msy mi dmy
Mx
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2. BOX PHENOMENOLOGY
gamma-ray bOXGS [Ibarra, Gehler & MP '12; Ibarra, Lee, Gehler, Park & MP '13]
7 o

o~

a
Z7¢@z P g9
]

By = BYe(1+ Bacosb')

dN. 1

—I = 7]:1701 [E—, E+]

dE’Y AE 2 2 2
ANy /dEq = §(Bq — mx (1 + (m, — m)/(4mS)))

dNy /dE), = §(B), — ma(1 — m3 /m2)/2)

2,2 2 2 2 _ 2\ 7?2
_mx(Hmams (1_mg> 1i\/1_m;<1+ma2ms>
2 m, my dmsg
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4. RESULTS: CONSTRAINTS

target: |1 € [0,36)°, 5] € [5,36]° |i| € [0,7)°, |b] € [0,5]°
(Fermi-LAT centre region; Vertongen & Weniger ’11)

XX — ¢p — 2722

XX = ¢¢ = 4y

1.0 1.0
centre region
intermediate approach
<ov>=3x10 %cm®s ~*

3 2

£ £

15 15

< <

500 1000
mpwm [GeV]

50 100
[Ibarra, Gehler & MP '12]

mpw [GeV]

exclusion of thermal x-sec m, =5 — 600 GeV with Am/m, > 5%
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4. RESULTS: CONSTRAINTS

target: |b] > 10° (Fermi-LAT halo region; Vertongen & Weniger '11)

X — ¢p — 4y
1% 10¥——
5x10%
2x10%8
@)
C 1x10%
=)
5x 1077
Am /mpy =051
P - A =055
2x10%thado regon Am mo 207
intermediate approach - Am /mpy = 0.9
1x 10?7
5 10 20 50 100 200 500 1000
Mpm [GeV]

[Ibarra, Gehler & MP '12]

2-3 0.0.m. stronger than I'"! ~ 10%% s
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4. RESULTS: SIGNATURES

target: Region 3 (Fermi-LAT; Weniger ’12)

narrow box wide box
BR(xXx — aa,as) ~0,1 BR(xX — aa, as) ~ 0.25,0.25
BR(a — vyy) ~ 0.4 BR(a = vyy) ~1
Reg 3, Einasto narrow box Reg 3, Einasto wide box
-6 m, =250 GeV 6| m, =150 GeV
T 5x10 momeoso7scey | o 9x10 My=m=15 GeV
I
H‘: 2x10°® ! T: 2x10°
f y .
§ 1x10° { I § 1x107€ \
% — totd % — total ‘\
@ 5x1077t — background ® 5x107 background \
(; — xxy-as (\g Xz—uzs “
i 2x107 A W 2x 107 — X¥oae \
1x10°7 1x10°7
20 30 5 70 100 150 200 300 20 30 5 70 100 150 200 300
E, [GeV] E, [GeV]

[Ibarra, Lee, Gehler, Park & MP '13]

boxes from thermal wimps easily produce observable fluxes without fine-tuning
and are at the verge of being excluded
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