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Abstract: Recent data from the PAMELA, Fermi/LAT and INTEGRAL/SPI experiments, among others, give evidence of excess electron:
positrons in the galaxy, which might be due to annihilation of dark matter. Models in which the dark matter transforms under a hidden none
gauge symmetry can naturally account for the unusual features needed to fit these data. | will discuss generic features of such models, som
distinctive consequences for cosmology, and new results for reconciling their predictions with the anomalous observations. Special attention
given to the 511 keV gamma ray excess observed by INTEGRAL, and to the possibility that high energy lepton excesses get sigr
contributions from dark matter annihilation in subhalos rather than the main halo of our galaxy.

Pirsa: 09110129 Page 1/91



Nonabelian Dark Matter

Jim Cline, McGill University

with F. Chen, A. Frey, A. Fradette,
C. Rabideau, A. Vincent, W. Xue

Pl, 27 Nov. 2009



1. Introduction

e Experimental hints of annihilating dark matter
e [heoretical framework

e How it explains the observations
e CMB and -~-ray constraints



1. Introduction

e Experimental hints of annihilating dark matter
¢ [heoretical framework

e How it explains the observations
e CMB and ~-ray constraints

irsa: 09110129 Page 4/91

TR RATEE inmpoesrny —



1. Introduction

e Experimental hints of annihilating dark matter
e [heoretical framework

e How it explains the observations
e CMB and -~ -ray constraints

Pirsa: 09110129



Experimental Motivation

Experimental anomalies suggest annihilation of dark matter
in the galaxy:

o PAMELA positron excess at 10-100 GeV

e ATIC, PPB-BETS (¢~ - ¢7) excessupio 1 TeV

e Fermi/LAT, HESS (¢— — ¢7) excess at similar energies
o INTEGRAL/SPI low-energy positron excess

e WMAP - Fermi “Haze”

e DAMA/LIBRA annual modulation
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Fermi/LAT (Abdo et 2., 0905.0025)
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INTEGRAL/SPI 511 keV signal

Morphology (Kn&diseder et al., astro-ph/0309442):
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INTEGRAL/SPI 511 keV signal

Spectrum (Jean et al., astro-ph/0309484):
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Fig.3. 511 keV flux spectrum obtained using a gaussian
centred on the GC with a FWHM of 10°.
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INTEGRAL/SPI 511 keV signal

Morphology (Kn&diseder et al., astro-ph/0309442):

20

Q

15 —
10 =
5
= 3 -q_;i%.

galactic latitude (deg)

-
15 —i ] |
0 5 -10 -15 -20 -29 -5}0 -35 40

galactc longitude (deq)

Page 19

/91



INTEGRAL/SPI 511 keV signal

Spectrum (Jean ef al., astro-ph/0309484):
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INTEGRAL/SPI 511 keV signal

Morphology (Kn&diseder et al., astro-ph/0309442):
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INTEGRAL/SPI 511 keV signal

Spectrum (Jean et al., astro-ph/0309484):
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WMAP ““Haze”

(Hooper, Finkbeiner, Dobler, 0705.3655)
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FIG. 2: The specific intensity of microwave emission in the
22 GHz WMAP channel as a function of the angle from the
Galactic Center, compared to the synchrotron emission from
the annihilation products of a 100 GeV WIMP annihilating
to e e . In the upper frame, our default diffusion parameters
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What about pulsars?
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Large astrophysical uncertainties; can get whatever we
want from pulsars. Can't rule them out as explanation.

DM hypothesis still worth exploring.
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What about pulsars?
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Large astrophysical uncertainties; can get whatever we
want from pulsars. Can't rule them out as explanation.

DM hypothesis still worth exploring.
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A unified DM explanation

Arkani-Hamed, Finkbeiner, Slatyer, Weiner (0810.0713)
propose that SU7( V) nonabelian dark matter models can
explain these signals:

i | — i 1 ) ) 1 { LL/ [ I.J'f“ E
L = 5¥if "D.f'__;' — My 0i3) x5 — %__B;f,Bh = AaBy Yy
i v v
dark matter dark gauge sector mixing with SM

(Mixing with SM can also arise through Higgs sector, via

k|

AS3 | HZ,, interaction)
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A unified DM explanation

Arkani-Hamed, Finkbeiner, Slatyer, Weiner (0810.0713)
propose that SU7( V) nonabelian dark matter models can
explain these signals:

L: === %f { J-"D,J,. === 3’:[\\ f;:".«f ) 1_.’- == ﬁB;:’“B}i}‘F“ = = %A;;B;‘I;.‘IE.};,-;_J
/ /£ L
dark matter dark gauge sector mixing with SM

(Mixing with SM can also arise through Higgs sector, via
AS3 | HZ,, interaction)
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Example: SU(2) triplet DM

Suppose B, mixes with SM hypercharge with strength ,
e = (A5 /A. Gauge couplings have the form g1 B>\ etc.

et € _
PAMELA sess no excess . Why

are no quarks produced?

Assume mass of Bis i = 1 GeV.
B’s are produced on shell, decay

onlyintoe e, 77 ,u u, v

Nonabelian gauge group is
essential for this result . ..
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A unified DM explanation

Arkani-Hamed, Finkbeiner, Slatyer, Weiner (0810.0713)
propose that 5T V) nonabelian dark matter models can
explain these signals:

L =3Xi(iD;; — My0ij)\; — =B BY — +2uBi Y,
v a N
dark matter dark gauge sector mixing with SM

(Mixing with SM can also arise through Higgs sector, via
AS3 | HZ,, interaction)
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Example: SU(2) triplet DM

Suppose B, mixes with SM hypercharge with strength «,
e = (A5 /A. Gauge couplings have the form gy B>\ etc.

PAMELA sess no excess p. Why
are no quarks produced?

Assume mass of Bis i = 1 GeV.
B’s are produced on shell, decay

onlyintoe e, 7 7 ,u u, .

Nonabelian gauge group is
essential for this result . ..
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Why Abelian DM wouldn’t work

Diagonal gauge couplings allow annihilation via virtual B
into any f-f pair, producing hadrons as well as leptons.

f 4

)4 £
Off-diagonal couplings guarantee \\ — BB, so B's can be
- on@fOdUced and decay on-shell
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Example: SU(2) triplet DM

Suppose B, mixes with SM hypercharge with strength e,
e = (A5} /A. Gauge couplings have the form gy B>\3 etc.

et €

PAMELA sess no excess j. Why
are no quarks produced?
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Why Abelian DM wouldn’t work

Diagonal gauge couplings allow annihilation via virtual B
into any f-f pair, producing hadrons as well as leptons.

f f

X X
Off-diagonal couplings guarantee \\ — BB, so B's can be
- ou@fOduced and decay on-shell



Sommerfeld Enhancement

o..n Needed for PAMELA, efc. is too large for correct relic
density. But slow DM annihilation is Sommerfeld-enhanced
relative to fast DM in early universe:

S ¢ = 8 ——— Y
— lower velocity |
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. l\_./“\.anl EL; = = 1
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N U—= T ' = :
’_,-'" 7 “‘-,‘_ . = I ” -3 ”
./ Bu \_ log,” (WaM. )
K17 ¥ #1 <10 ot

Can give “boost factors” of 1000 (or more), depending on g,
/M, and velocity of DM.
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INTEGRAL/SPI 511 keV excess

Same models can (possibly) explain low-energy <~ excess

from galactic center (Finkbeiner, Weiner, astro-ph/0702587)
e—i— e e-'- e

?"j

X,

M ~100 keV |
Tl

Spectrum

(N1 — N\» excitation Is proposed to explain DAMA/
'IBRA annual modulation.)
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Origin of small mass splittings

With gauge symmetry spontaneously broken, radiative
mass splittings are of order 01/, ~ a,u

B,

N i
X3
B,

et ::’“H e

By

Ty
&)

For p ~ GeV and a ~ 0.1, 01/, ~ MeV.
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A Fit to PAMELA/Fermi Data

DM DM - 4e, isethermal profile
700 2000 GeV

00 [ Teum=p > g
o 2

1 0905.0480)

104 10° 104
irsa: 09110129 DM mﬂss m G—ev

(Meade, Papucci,
Strumia, Volansky.

- Boost factor is

330

| HESS IC ~ ray

constraints

1 encroach on

allowed parameter

| space

Page 39/91



CMB constraints are severe

Slatyer, Padmanabhan, Finkbeiner 0906.1197

Heating of photon-baryon fluid by, e.g., \\ — 4¢ changes
lonization fraction after reco
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CMB +- PAMELA/Fermi

DM DM - 4e. 1sothermal profile
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lonization fracti

CMB constraints are severe

Slatyer, Padmanabhan, Finkbeiner 0906.1197
Heating of photon-baryon fluid by, e.g., \\ — 4¢ changes
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A Fit to PAMELA/Fermi Data

DM DM - 4e. isothermal profile
700 2000 GeV
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CMB constraints are severe

Slatyer, Padmanabhan, Finkbeiner 0906.1197

Heating of photon-baryon fluid by, e.g., \\ — 1e changes

lonization fracti
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2. Our contributions

e Building explicit models

e Studying their detailed implications
(effect on BBN, laboratory constraints)

e Quantitative treatment of excited DM
e Contributions from subhalos of galaxy

References:

“A New twist on excited dark matter: Implications for
INTEGRAL, PAMELA/ATIC/PPB-BETS, DAMA” (0901.4327):

‘Nonabelian dark matter: models and constraints™
(0907 .4746), with A. Frey and F. Chen

“Exciting dark matter in the galactic center” (0911.2222),
with C. Rabideau, A. Fradette, F. Chen, A. Frey

resooie WOPK 1N progress with A. Vincent, W. Xue
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2. Our contributions

e Building explicit models

e Studying their detailed implications
(effect on BBN, laboratory constraints)

e Quantitative treatment of excited DM
e Contributions from subhalos of galaxy

References:

‘A New twist on excited dark matter: Implications for
INTEGRAL, PAMELA/ATIC/PPB-BETS, DAMA” (0901.4327);

‘Nonabelian dark matter: models and constraints™
(0907 .4746), with A. Frey and F. Chen

“Exciting dark matter in the galactic center” (0911.2222),
with C. Rabideau, A. Fradette, F. Chen, A. Frey

resonoize WOPK 1IN progress with A. Vincent, W. Xue
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Model building

Must choose:

e Dark gauge group; ST [s mmplest
(others considered HT_ ¢ Til))

e Rep. of ST (2) for DM
we COHSIder2 35

e Dark Higgs VEV's to break ST7(2) and DM degeneracy
e.g., doublet — triplet, two triple’[s 5-plet

e Gauge boson or Higgs portal to Standard Model
B Y — eB"Y,, or \S?H?

Compute: relic density, DM and gauge boson mass spectra
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New: DM transition magnetic moment!

Direct coupling of DM to - is forbidden at tree-level, but not
at one loop, from nonabelian term in eB/, Y:

' ¢ 1/
= =) Ly :
s f, 5 )
H23 = 1987211, ( T

W,

(e = gauge kinetic mixing strength)

New signature: monoenergetic -

) & A X3

Branching ratio B =T{\3 — \27)/T(x3 — \vie e~ ) can be
significant; not yet seen by INTEGRAL, leads to constraint

3/ 2

o (200MeV\" [/ M, \ (Mo —2m.\~
a, < 0.08 X e
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2. Our contributions

e Building explicit models

e Studying their detailed implications
(effect on BBN, laboratory constraints)

e Quantitative treatment of excited DM
e Contributions from subhalos of galaxy

References:

“A New twist on excited dark matter: Implications for
INTEGRAL, PAMELA/ATIC/PPB-BETS, DAMA™ (0901.4327):

‘Nonabelian dark matter: models and constraints™
(0907 .4746), with A. Frey and F. Chen

“Exciting dark matter in the galactic center” (0911.2222),
with C. Rabideau, A. Fradette. F. Chen, A. Frey

rrsooie WOPK 1IN progress with A. Vincent, W. Xue
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CMB constraints are severe

Slatyer, Padmanabhan, Finkbeiner 0906.1197

Heating of photon-baryon fluid by, e.g., \\ — 4 changes
lonization fraction after reco
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INTEGRAL/SPI 511 keV excess

Same models can (possibly) explain low-energy «— excess
from galactic center (Finkbeiner, Weiner, astro-ph/0702587)
et & et &

L, .
% |
y _OM~100 keV |

1

Spectrum

(N1 — N> excitation is proposed to explain DAMA/
"IBRA annual modulation.)
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A Fit to PAMELA/Fermi Data

DM DM - 4e, 1sothermal profile

700 2000 GeV
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New: DM transition magnetic moment!

Direct coupling of DM to - is forbidden at tree-level, but not
at one loop, from nonabelian term in B/, Y

€g’

3 i i
1oy = ——— (111ﬂ — 1)
T 12872M, \

(e = gauge Kkinetic mixing strength)

New signature: monoenergetic -
6] X1 L3

Branching ratio B =T{\3 — \2~)/I'(x3 — y1¢" ¢ ) can be
significant; not yet seen by INTEGRAL, leads to constraint

< (.08 200 MeV'\~ / M, oMz — 2m, )T) ;
Ck {j H:d & S 8 1\* _ . = _
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Relic density

= R B A B B,

N

Must compute o(\\ — BB): %/ &S, &/

ii ?i-; Z.;_ £; { f

, [ 014, doubletDM ]
(GannUsel) 1 [_ 0.88. triplet DM
s | 3.18. quintuplet DM |

o
N

For correct relic density need

;

0.077. doublet

\/
:{ 0.031. triplet X ( = )
o | 1 TeV
0.013. quintuplet

8
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New: DM transition magnetic moment!

Direct coupling of DM to - is forbidden at tree-level, but not
at one loop, from nonabelian term in B/, Y/

3 ¢ ag
fiay — ——— ln — —
1287=0\ \ p :

(e = gauge kinetic mixing strength)

New signature: monoenergetic -
)& X1 X3

Branching ratio B =T{\3 — \27)/I'(x3 — y1e ¢~ ) can be
significant; not yet seen by INTEGRAL, leads to constraint

= = e : e 2 i
= (.08 200 Ale\ \) T fo 03 — 2m, ) i
Qg =, UUDS e — -
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Relic density

T B i Y e . F3 S ) | : S | | |
{ 1 T : 1 0l
T L i 3 —
~E

Must compute o(\\ — BB): 435S L&)

2
TO

A7

X

I/

\TannUrel /

X;

(

For correct relic density need

r o Ty ——
V.U (.

0.031.
0.013.

.

Pirsa: 09110129

doublet
triplet

quintuplet |

— Close to transition magnetic moment bound

0.14.
§ 0.88.

5.18.
\

}fl,i £; & r.’.

doublet DM )
triplet DM
quintuplet DM |

N

i
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New BBN constraint

Rothstein, Schwetz, Zupan 0903.3116 suggest long-lived

Intermediate gauge bosons so B; — ¢ ¢~ occurs far from
galactic center; weakens - ray constraints.

We show that such B;’s would dominate universe at BBN:
ruled out!

Lower bound on gauge mixing parameter from BBN:

7100 MeV'\ /2
\ U

Compare to value needed for long-lived intermediate states:

_ v—16
e~ 10
Pirsa: 09110129 Page 58/91
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Laboratory constraints on gauge mixing

; Bjorken, Essig.
Schuster. Toro.
-5 0906.0580




EXCited DM meChanism (Finkbeiner, Weiner 2007)

£ / Ladder diagrams can enhance o, ...,
\ B, /  butisitenough?
_W"' : - : : -
: Pospelov, Ritz hep-ph/0703128 claim
IZMEI ) : ) )
25 unitarity limit on o makes effect too weak to
o B \_ explain INTEGRAL/SPI 511 keV signal.
17 | LV &1

B i

€20 L 1] ;
gt} — ; =——— ity
Mzv>

Unitarity — f; < 1. But how many partial waves might
contribute? Must actually compute .

Compute ladder diagrams? Easier: solve Schrédinger eq. !
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Schrodinger eq. for XDM

Since v/c < 1, use NR QM (Arkani-Hamed et al., (0810.0713)

- ) _-} + 3 )
| \1 ag M, 2 v Qg
[I)Ir — : r = 1‘ .-K ' A = — = —. ,.r} = = ;-'l =
3 /7 2011 fj[ai oM Uy 20\

(v, = threshold velocity for producing 1\ 1)

Must solve numerically for f,(v). For small i (7 < 1),
hundreds of partial waves can (ln principle) contribute.

oupbimerically challenging!



Partial wave contributions: low /.

A

s

=2
.

first 200 partial waves
I'—100.m—95

(9

(s

-
|

Y QD /A"
=

—
-
-

—

A-1=v/ v, -1



Pirsa:

Partial wave contributions: larger /:

O first 40 partial waves :

_100 n 55 __

I
n
—

)
it
-

[R—
T

¥ Q2l+Df /A"

10 :56 — 30
11111111 A—1=v /V ==




Partial wave contributions: low

400+

oy
-
O

e ——

QD /A"
=

—
-
G

—
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first 200 partial waves
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Schrodinger eq. for XDM

Since v/c < 1, use NR QM (Arkani-Hamed et al.. (0810.0713)

—111'5’—(! S )fb; 5 W= ( S T )

(v, = threshold velocity for producing y ;)

Must solve numerically for 7;(v). For small i (7 < 1),
hundreds of partial waves can (in principle) contribute.

moupbimerically challenging!

A~ | ey e



Partial wave contributions: low /

A

e

=
=

= first 200 partial waves
<] |
~ 0" 1-100,1=05
or |
el Ny ——
1007
% 10 20 30
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Partial wave contributions: larger /

0 first 40 partial waves :

S 9 I'=100,n=55 '
<

10 20 — 30
11111111 A—lzv/v =



“Boost factors” not always > 1!

Ot riie

{TBLII_‘IL

< 1 if gauge coupling a, > 10/01/ /M,

"Boost factor"

100X -3 0%
e A
T 001 'Wf’"‘fﬂﬁ

-

20 38 40 i 2




XDM: rate of ¢ production

Rate of ¢~ production in galaxy center is

/

o / 1r r? ov) (p(r) ) |
T T (Jh

where p(r) = DM density profile (Einasto or NFW) and

LaiT — / d” v / A s fluvr.r)flva.r) ol o K

Distribution function i1s Maxwell-Boltzmann,

.'.}

flu.r) =N exXp (— = } ) for U= Yoge
" 2v={r) -

Velocity dispersion is «.(r) known from N-body simulations.
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Sensitivity to DM profiles

Cuspier Einasto™ profile gives larger rate than does NFW?

L~ — — Einasto. a=10.17 |
| cored BDM

e

g,

lngm P

ST TR —— 1



XDM: rate of ¢ production

Rate of ¢ production in galaxy center is

R.- =4x / 1r -2 .:.-{T?"; (f_}{ I ) ) 2
o ' o ) \J[x_,

where p(r) = DM density profile (Einasto or NFW) and

WTUAT | — / d | / d 5 Jiv).1 ) T | U2.T7) O\ Upel ) Urel

Distribution function is Maxwell-Boltzmann,

.'.3.

Jf_ {3 J"Ti = _\* ff‘xl:} ( 5 ? ' ) f‘:}f v i: '?-1{':*!.':"

- =

_'d'_'r:'._ I

Velocity dispersion is «.(r) known from N-body simulations.
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Sensitivity to DM profiles

Cuspier Einasto” profile gives larger rate than does NFW?

_—
/

e — — Emasto. a=0.1
— cored BDM

—
——
—
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Sensitivity to DM velocity dispersion

N-body simulations with baryons have #,. ~ »—** in galactic
center (Romano-Diaz ef al.. 0808.0195), increases raie
relative to pure DM simulations.

-

l_
:}‘_' |
T
20| .
= - \
i .- — BDM v
-1 s == PDM. Einasto ‘,}s 1
- -—- PDM.NFW vi
| - ' LY
-6 -5 4 =, -1 0 I
log . /1, g



irsa:

Sensitivity to DM velocity dispersion
N-body simulations with baryons have #,. ~ »—** in galactic

center (Romano-Diaz ef al., 0808.0195), increases raie
relative to pure DM simulations.

Y

=
T
b.--"'
= :
T - — BDM v
=3 e —— PDM. Einasto 5"‘,%—
o .—- PDM.NFW v
1 : 1
%] o i = : ' : | : - o
-6 -3 -4 -2 -1 0 L
log . tlr, ;



oM (MeV)

oM (MeV)

[}

aM (MeV)

XDNI: I‘ESlll'[.S (with A. Fradette and C. Rabideau)

larcest value ot

OM ~ 600 keV

!:.l :..l

] £33

Contours of EL_H; 10 R/ R_,,m

DM = barvons velocity dispersion —

E1nasto
e s / parameter
Einasio profile.  a=0.145 (Pedrosa et al..

( }'LJ [ { _!._E“; \:\{ ! Page 75/91
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XDM: dependence on other parameters

-k
| o £ A5 L = ics
L e
A |- P : san LS 2
& Feitt
ol ¥ ¥ a e |
T . w A B 1
, 2 . |

- & TRy |
UiSEdICC

3 to galactic center. R,
Cannot achieve 41/ > 2m, for reasonable values of galactic
parameters.
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Inverted mass hierarchy for XDM

Chen, JC, Frey, 0901.4327 suggested a solution—inverted

mass hierarchy:

AM 2 | MeV
AM 21 MeV

X, -, M =100 keV

inverted hierarchy normal hierarchy

Requires relic population of -, stable against \»> — ;1 -
Z> symmetry can insure this.

Page 77/91



Nonthermal DM origin required

Problem: intermediate state can be depopulated in same
way,

Y212 — \3\3 — \i\1+2e +2e

In early universe. Need to increase DM velocity to avoid
Sommerfeld enhancement.

Nonthermal DM production: late decay of DM predecessor
S — \\ leads to faster-than-thermal \ s.

E.g., long-lived scalar S decays, S — \ \, via dimension-6
operator
f.f’i‘ 1G12 <

— A\
LY

after phase transition where S gets VEV (5} ~ TeV.
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Nonthermal DM origin required

Sommerfeld-enhanced cross-section goes like (ge) ~ 1/¢.

Suppose v ~ 1 and T = 1,; when y Is produced by S — 1.
Velocity redshifts as « ~ I'/7; at lower T'. Find that

n{ov 2 x 10° T

H g,

Excitations stay out of equilibrium for 1/, ~ 1 TeV if decay
occurs at 7; ~ 5 MeV.

Dim. 6 operator gives right lifetime if
i, T A
g%

the GUT scale. Intriguing possibility?
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Mass spectrum of triplet DM

Chen, JC, Frey, 0907.4746 computes spectra for various
DM reps. and Higgs VEV's.

2 orthogonal triplet Higgses with tanf = A,/ \;:
0.2 - = -
: oM,




Mass spectrum of triplet DM

Chen, JC, Frey, 0907.4746 computes spectra for various
DM reps. and Higgs VEV's.

3 orthogonal triplet Higgses with

(Aq.N5. A3) = (sinf coso. smbsimo. cosf):
; 122k QR
_5"\_1 AT 1 0.1
= 1R - | ¥ a . -
0 1 0
0.2+ + 0.1l
i A } O M,
-0.4 : : — () 2 —— ' ' = :
0 01 02 03 04 0570 01 02 03 04 05
v/
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Mass spectrum of triplet DM

Chen, JC, Frey, 0907.4746 computes spectra for various
DM reps. and Higgs VEV's.

quintuplet Higgs X;; with ranf = =—=1—==

i

=¥ ‘-1\‘ ,-'{ o
.- . M,
-6 e -
0.2 0.4 0.6 0.8
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