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Abstract: <span>Last year strong evidence was

claimed for a 130 GeV gamma ray line from the galactic center in the FERMI
telescope data. &nbsp;lIn the first half of the talk | will review the status of
the evidence, including recent suggestions which call it into question.
&nbsp;In the second half of the talk, under the bold assumption that the line
is a genuine signature of dark matter, I will review some of the properties
required of dark matter to explain the line and the general features of models
proposed to explain it. &nbsp;This second half will include material from
recent work with Francesco D'Eramo and Jesse Thaler (arxiv:1210.7817), which
suggests that the line is readily explained by dark matter

"semi-annihilation” rather than the standard annihilation
interpretation.</span>
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Outline

« Overview of the FERMI Gamma Line
— Evolution of the signal / significance
— The Earth Limb. Cause for concern?
— FERMI Symposium update
— Solar lines too?

* Dark Matter Interpretations
— Decaying?
— Annihilating?
— Semi-annihilating?
* Predictions and models
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FERMI LAT
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FERMI LAT

* Gamma Ray Telescope
— 20 MeV up to 300 GeV
— About 20 % of sky
— Orbits Earth every 95 Minutes

* Notching up discoveries / records

— Pulsar discoveries
— Milky Way Bubbles

* No strong evidence of BSM particle physics yet
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Gamma Rays and BSM Physics

« Dark matter best candidate for discovery
— Annihilations or decays intfo SM final states

Electron and positron spectrum.

/ (Isn't FERMI a gamma ray telescope?)

o)
Y

ey rans W Interesting hints from PAMELA/HESS/FERMI
° LT AMS-02? (Not discussed further here)

— DM annihilation final states leads to a continuum

8 N e Can constrain annihilating DM models

Energy (GaV)
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Gamma Rays and BSM Physics

Dark matter best candidate for discovery

— Or, DM could annihilate directly into photons,
giving a gamma ray line!

— FERMI, May 2012:
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Gamma Rays and BSM Physics

Fermi LAT Search for Internal

" Bremsstrahlung Signatures from Dark
« Search for “internal Matter Annihilation
" rsten nngmann Koyuan uan lejandro Ibarra’ Stefan
BremssTr‘ahlung \1’:)}3\ I'.I|trl‘|w.ll::{|)h Wl-H:p-ry " ol o : et

* March 2012: s

thermally produced dark matter, future prospects to do so are very good. In fact, we already
find a weak indication, with a significance of 3.1¢ (4.3¢) when (not) taking into account the
look-elsewhere effect, for an internal bremsstrahlung-like signal that would correspond to a
dark matter mass of ~150 GeV; the same signal is also well fitted by a gamma-ray line at
around 130 GeV. Although this would be a fascinating possibility, we caution that a much
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The FERMI 130 GeV Line

« Since then a number of studies have been
performed. With varying results.

— Weniger: 4.6 o (Local significance)

— Tempel, Hektor, Raidal: 4.6 o (Local
significance)

— Su, Finkbeiner: 6.5 o (Local significance)
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The FERMI 130 GeV Line

« Since then a number of studies have been
performed. With varying results.

— Weniger: 4.6 o (Local significance)

— Tempel, Hektor, Raidal: 4.6 o (Local
significance)

— Su, Finkbeiner: 6.5 o (Local significance)

 Weaker evidence claimed in subhalos
— Su, Finkbeiner: 3.3 o (Local significance)
— Hektor, Raidal, Tempel: Not significant
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The FERMI 130 GeV Line

* The final word. FERMI Symposium:

El

il Line-like Feature near 135 GeV

Our blind search does not find globally significant feature near 135 GeV
Reprocessing shifts feature from 130 GeV to 135 GeV

Imp still there

Most significant fit was in RO, 2.230 local (<0.50 global)

Much interest after detection of line-like feature localized in the galactic center at 1
See C. Weniger JCAP 1208 (2012) 007 arXiv:1204.2797

Energy
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The FERMI 130 GeV Line

* The final word. FERMI Symposium:

ermi

Reprocessing shifts feature from 130 GeV t

(T global)

See C.
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Out ona Limb

« Cause for concern: Earth Limb Data
— Some hint for a 130 GeV line
— Is line a systematic effect?
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Out ona Limb

Cause for concern: Earth Limb Data
— Some hint for a 130 GeV line
— Is line a systematic effect?

Hektor, Raidal, Tempel:

— Limb: just statistical fluctuations

Finkbeiner, Su, Weniger:

— No instrumental systematics could plausibly
explain GC line

FERMI symposium:

— "The LAT Collaboration does not have a
consistent interpretation of the GC structure

originating from a systematic error at this
time"
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Out ona lLimb

Sermi 135 GeV in the Earth Limb spectrum

-
<

et Earth Limb is a bright gamma-ray source «
- From cosmic-ray interaf:tions in the atmosphere Po
* Expected to be a srhooth power-law
- Can be used to study ifktrumental effects
Have made changes to increase our Limb dataset
- Pole-pointed observations each week
- Extended “targets of opportunity” (ToOs)
* Trace limb while target is occulted

* Line-like feature inthe limbat w

st

135 GeV 70N, - R27levis |
- Appears when LAT is :
pointing at the Limb i ) !
* IRockAnglel > 52° R e e
- Surprising since limb S | T o222 0100mc2) Riryea :
should be smooth e - S ey
- On-going systematic Preiminary 111" < Oy < 113" | T
studies have found o L RockingAnglel>.52;
interesting results < '% VUL % T
* See talk by E. Bloom 3‘?,1. T A E I T ARS AR I T T
= n 1
, " SeetalkbyE.Charles S Sy -
0 e i g 11/02/2012
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Sunnk/ Side Down?

LEar'Th Limb Spectrum ‘ SolarSpectrum
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* Daniel Whiteson, 2013
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Sunny Side Down?

Earth Limb Spectrum ‘ SolarSpectrum ‘
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The FERMI 130 GeV Line

* The future:
— Additional data from FERMI will help
* Data doubled by 2014 or so

— Better understanding of instrumental effects?
— HESS-II could confirm (at 50) or exclude a line in 2013!

, HESS-IT (hybrid mode)
T

« Bergstrom et al

10°

o [V 1)

10 1
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The FERMI Line: Dark Matter?

« It is clear that there is a feature around 135 GeV
in tThe FERMI data.

— Is it statistically significant? Time will tell.
« Shouldn't get too excited, shouldn't ignore it.

« If itis real, what is it?
— Astrophysical: possible, but difficult to fit profile
— Dark matter: potentially...

« Ifitisn't real, still motivation to re-think
phenomenology of gamma lines from DM.

« Lets entertain this possibility and see where it leads...
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Decaying or Annihilating?

* Clues from the morphology of the excess?

* Buchmuller and Garny:

Better fit for annihilating DM since
signal peaked at galactic center.

Py, X / p? dV

But... looks like still room for a
decaying DM interpretation too.

R[)('(f(l,y X /[) dV

rescaled units

dE (arb.

dJ

10

Spatial distribution (124.7 — 133.4GeV)
Fermi LAT excess Ann. NFW a 3

1
Dec. NFW a 1.3 Ann. NFW «a 1.7
Dec, NFW o W g

Galactic longitude £

* Considering annihilating from now on.
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Gamma Lines from Annihilating
DM

* DM is neutral, so annihilation is quantum effect:

s L

Y, Y

Charged particles in loop ("Messengers")

« Strict DM mass relation: Ep}, = Mppm
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What Sort of Cross Section?

Upper 95%CL Limits (SOURCE) Lnper 95%CL limits (ULTRACLEAN)
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What Sort of Cross Section?

Upper 95%CL limits (8¢ ) Lnger 95%CL limits (UL TRACLEAN)
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 This is actually larger than you would expect from:
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What SorJ( of Cross Section?

Upper 9570 CL Lanits (SOURC CL limits (ULTRACLEAN
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Gamma Lines from Annihilating
DM

* Annihilating DM works, but need boosted cross section
* Models have been|constructed:

— Cline
xq Y
>ij 'S + >kx :@_
\‘--.qsc \____.'
“\_\_\LY

X

— Min Lee, Park, Park: “Axion-mediated"

X V| Z|WF
X
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Gamma Linés from Annihilating
DM

— Das, Ellwanger,|Mitropoulos: "NMSSM"

4

rd
"
Y x {

— Weiner, Yavin: "MiDM" and RayDM

— ﬁ\Jr\J'\: N N
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Gamma Lines from Annihilating
DM

— Fan and Reece: |'Simple Recipe”

DM
v ‘.’ 7-E
)
DM b

o~ O

B 5%

explanations?

— Are there any qualitatively differ@int DA\

5
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Gamma Lines from Semi-
nnihilation

* Yes: Semi-annihilation (SA) (Hambye; D'Eramo, Thaler)
— Imagine dark sector consists of multiple states
— Stabilization sygnmetry greater than 2o

* Gamma lines from SA (D'Eramo, MM, Thaler)

Ei g 1.93' (]
g; /

9k

9: e
i S

Annihilation | Semi-Annihilation

¥i

29/56
irsa: 13020150 Page



W

‘QJ

(VR

"ll mJ

mi.

Semi-Annihilation and DM
Stability

* Crossing symmetry in SA diagram: decays!

9

Yk

9k

c

Decays kinematically forbidden

irsa: 13020150
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* Decays forbidden if masses satisfy triangle:

n/ Y

.

LDecays alloweﬂ
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Semi-Annihilation: Features

Range of DM masses possible:

pii—k _ (Mg +m; +mie)(ms +m; —my)
g L 2(m; +m;)

Annihilating DM:
E¥Y =my (=130 GeV if my, = 130 GeV)
Degenerate Semi-Annihilating DM:
Y — J

= 4m,/, (‘—“ 130 GeV if My, = 1573 GGV)

Gener:al: DM mass a free parameter, potential to
explain signatures well into TeV range!
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Semi-Annihilation: Features

* Range of DM masses possible:

pii—k _ (M +m; +me)(ms +m; — my)
2 L 2(m; +m;)

* Annihilating DM:
E¥Y =my (=130 GeV if my, = 130 fzeV)
* Degenerate Semi-Annihilating DM:
3
By — 2w (=130 GeV if my, = 173 fBeV)

. Gener:al: DM mass a free parameter, potgntial to
explain signatures well into TeV range!

irsa: 13020150 Page 32/56



Semi-Annihilation: Features

* Range of DM magses possible:

gii—k _ (M +m; +me)(ms + m; —my)
& L 2(m; +m;)

* Annihilating DM:
E¥Y =my (=130 GeV if my, = 130 GeV)
* Degenerate Semi-Annihilating DM:
3
Ry — 1w (5130 GeV if my, = 173 GeV)

. Gener:al: DM mass a free parameter, potential to
explain signatures well into TeV range!
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Semi-Annihilation: Features

* Parametric enhandement of the cross section:
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Semi-Annihkila’rion: Predictions

* Annihilation signal|at higher energies.
— If 130 GeV lineffrom degenerate semi-annihilation

1‘3 Uk
95

h % !jk

Vi L\'\-"f

— Then additional, suppressed, 173 GeV line %rom
annihilation: 7, %
9i e

7
(5 L\"\-“}'
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Semi-Annih\ila‘rion: Predictions

* Annihilation signal|at higher energies.
— If 130 GeV linejfrom semi-annihilation

/wk

9k

j; :

5

\'—\_\,},

(X

— Then no 114 GeV line prediction
V;
>

9

wi/
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Semi-Annihilation: Models

* Can attach different spin fields to external lines.

* If all same spin then scalars or vectors.

* Trying vectors. Many possibilities:

— Dark composite stat
— Dark spontaneously brok auge sector? v
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Semi-Annihilating Dark SU(N)4

* Imagine a dark SU(N), pure gauge sector

Add Higgs fields $ij respecting SU(N) XSU(N);
Allow generic symmetry breaking Higgs potential

* Higgs vev <d;> along diagonal (qb) - ’Ud]I NxN
Equal vector masses. Stable from custodial symiRetr

End up with N2-1 semi-annihilating DM candidates
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Semi-Annihilating Dark SU(N),

Imagine a dark SU(N), pure gauge sector

Add Higgs fields $ij respecting SU(N) XSU(N);
Allow generic symmetry breaking Higgs potential

Higgs vev <&;> along diagonal (¢> = 'Ud]IN X N

Equal vector masses. Stable from custodial symmetry.

End up with N2-1 semi-annihilating DM candidates
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Semi-Annihilating Dark SU(N),

« Dark Higgs mixes with SM Higgs. Relic density from

* Only require small mixing for observed relic density

V]

1, : ‘ 2% 3, ( 0 \2 [ sinfp \~
é<av)h.(1f V=2Vh)=29x107“°cm®/s (3.55) (0-0055)
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Semi-Annihilating Dark SU(N)

* Gamma line? Matter charged under U(1)gnXSU(N)4
 If fermionic, vector-like mass My, then

Vj \‘\__\ JJ'J Vi Vl Vi

L

g; f.'i ity

A Y

gil < ¢
Vi d L\w V; Y
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Semi-Annihilating Dark SU(N)

« Gamma line? Matter charged under U(1)gyXSU(N)y
« If fermionic, vector-like mass My, then
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Semi-Annihilating Dark SU(N)

« Gamma line? Matter charged under U(1)gyXSU(N)4
« If fermionic, vector-like mass My, then

g; f._]»

il
w1

« Just light-by-light scattering
* Leading result: Non-Abelian Euler-Heisenberg

v | Anomaly Cancellation |

9i939kC M (4847 4K L/ Vi tk pA . 1Ak L
LD E e Ir|t*t't (vr)(r ,(1'] G FP* — 14G ,(1" Gy, FP )
l 8{](17]_)3}\]%‘; [ ] il /\p ol /\p

24 perm

Pirsa: 13020150 Page 43/56



Semi-Annihilating Dark SU(N)

* Full result:

I 1697 odapn ( My \° o0 (M)
av)s(i] — k) = Lo 154 2
( ) (J '}) 4608007 l\f’[{)} (1\’[‘,1[) I | z (ﬂ’[v

8
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Semi-Annihilating Dark SU(N)

» Full result:

- 1697 0530513\[ My 2 iike19
(17 — k) = d = Tk |2
et 460{0% w2 \ag) T

* Form factor not captured
By Euler-Heisenberg
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Semi-Annihilating Dark SU(N)

* Full result: s
1697 Q EN

k~) = '
(ov)s(ij = k) 460B007 M2 (

M 14
My

!

* Smallest group: SU(3),

* Form factor not captured
By Euler-Heisenberg
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Semi-Annihilating Dark SU(3),

* Final result:

5 (1697 aja .
=(ov)s(VV = V7) = N7
2 (70 ) = 195 10800x Mz

e
My My
)3 \2 (20(} GeV\°/ My \°
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Semi-Annihilating Dark SU(3),

« Final result:
1 5 1697 oda ..o [ My \° M,
—((T(!)H(L-" V — ‘a}) — ‘ : xgQ N2 ( \ ) F ( .".1)

2 192 4608007 M2~/ \ My, My
o ag \3 .o (200 GeV\°® My \°
~23x 1077 em?/s (i) N} ( S7— ) | Treso
/s \355) NI ( My 173 GeV
14 ' " v
. i My=173GeV
Still need a pretty large o4 P AT

’

gauge coupling!

« Complete model of gamma
lines from Semi-Annihilations

00 220 240260 280 300
My [GeV]
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Semi-Annihilating Dark SU(3),

* 173 GeV annihilation line still predicted, but below
current sensitivi

299(.1-3&2 v (M\.- )”

~ 3.0 % 10—2!) c1‘113/s (.(J'rl )2 N2 200 GeV : l\[v 2
3.55/ “ S\ My, GeV
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Semi-Annihilating Dark SU(3),

* 173 GeV annihilation line still predicted, but below

current sensitivity:
D, i)

[

(VX \_\"-7

1 299aZa? N2 My 2
8364507 M2 \ My,

o~

Q
.

N y . 2 Y 8 )
~ 3.0 % 10—-2.) Cl’ll“/h‘ (30:1!-) : Nf (200 G(,V) A'IV 2
22 My 173 GeV
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