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Abstract: Gamma rays from WIMP annihilation are an important signal through which we search for non-gravitational interactions of dark matter.
In particular, lines in the energy spectrum of gamma rays provide a signa which is difficult for conventional astrophysics to fake, and are thus
promising despite the fact that such lines are generically expect to be suppressed, arising from one loop processes. | will discuss two theories which
have an interesting family of gamma ray lines and discuss how such lines can reveal information about the WIMPs and the dark sector.
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@ Dark matter is physics beyond the SM.

@ A particularly compelling realization is a
Weakly Interacting Massive Particle.

@ Relic density - WIMP Miracle.
@ Some properties are required:
® Neutral
@ Massive
@ (At least approximately) stable
@ That still leaves a lot unknown:
@ Mass
® Spin
@ Electroweak charge
@ Rezl/Maiorana or Combplex/Dirac.

by Cornelia Parker




@ We usually infer the annihilation cross
section from the relic density:
+

g
~ 1 pb
M? =

@ This constrains a surface in the 0r
space of couplings and mass.
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@ It would be great, because large
(electroweak strength) interactions
with the SM would provide all sorts
of new avenues to detect WIMPs.

@® Ordinary Matter
a: 10030021 gl . Dark Matter
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. WIMPs may still be annihilating today, producing particles we can detect
here such as photons, neutrinos, or charged particles.

. The search for these particles is an important search for dark matter:

. Since it involves the cosmological relic WIMPs themselves, the signals
can be directly traced back to dark matter. (Unlike at colliders where
we may find even more exotic sources of missing momentum).

. It offers a glimpse into some of the same annihilations we think drove
the relic density, and thus would be the first step toward verifying our
hypothesis for the thermal picture of the Universe.

. Ultimately, together with a picture of WIMP interactions, we can use this
process to learn about the distribution of dark matter in the galaxy.



. The rate of production is described by a
cross section which depends on the WIMP
model, and the density of WIMPs along the
line of sight, squared.

icrophysics

Distance along line of sight
dN d(O‘U) ./2 / DM density
o T dl ppae(l)

. Simulations of the dark matter density
provide clues as to where to look. The
center of the galaxy has the largest
concentrations of dark matter (but also
the most ferocious backgrounds). There are
also dwarf ealaxies & perhans dark subhaloes
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‘Gamma Rays

’ -
. I'll focus on gamma rays:

. Gamma rays do not get highly scattered over galactic distances, so they
generally point back to their source.

. Unlike charged particles, which get scattered by galactic magnetic
fields, we can ask if gamma rays come from regions of the sky
where we expect dark matter, and what the backgrounds in that
region are expected to look like.

. Gamma rays are produced from almost any SM final states, and offer
some hope of reconstructing the primary annihilation products.

. The Fermi/GLAST satellite is rapidly increasing our understanding of
the gamma ray sky in the energy range from a few MeV to 100’s of

GeV.
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Continuum Gammas

. Since WIMPs are neutral, they don’t couple directly to photons. The rates
into photons can be expressed as a convolution of the rates into other
particles with the rate for those particles to produce gammas.

d{ov) Z d{ov(xx — F)) £ (Eﬁ, )

dE-;; /' = dE F \E F
Sum over perturbative final states F Gamma yield from final state F

. The final Ey are complicated and smeared out:
. Some gammas are produced as radiation from charged final states.

. Hadronic final states undergo corrections from parton showering.

. Heavy particles share energy among many final state decay products.



WIMPs which annihilate into
pairs of leptons produce a
relatively hard spectrum of
gammas from FSR. (e’s and

U’s are even somewhat
harder than T’s).

Annihilation into quarks
ultimately produces T1%
which decay into pairs of Ys.

Heavy particles (W, Z, h, t, b)
produce a mixture, sharing
their energy among decay
products, looking much like

dlogN_ /dlog E
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\q M=1TeV
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. While the signals for WIMPs annihilating into gamma rays can have large
rates, observing a signal is challenging.

. Backgrounds (especially from the galactic center) are complicated, coming
from many different kinds of objects, and the spectrum and distribution of
these objects are not always well understood.

. The WIMP signal has a cut-off at the mass of the WIMP but, especially
without knowing which final states the compromise the primary
annihilations, the shape of the signal, and the prominence of the cut-off is
difficult to know.

. Most of the experimental searches currently focus on a bb final state,
motivated by supersymmetry.
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. While the signals for WIMPs annihilating into gamma rays can have large
rates, observing a signal is challenging.

. Backgrounds (especially from the galactic center) are complicated, coming
from many different kinds of objects, and the spectrum and distribution of
these objects are not always well understood.

. The WIMP signal has a cut-off at the mass of the WIMP, but, especially
without knowing which final states the compromise the primary
annihilations, the shape of the signal, and the prominence of the cut-off is
difficult to know.

. Most of the experimental searches currently focus on a bb final state,
motivated by supersymmetry.



. The spectrum of gamma rays may also
contain spectral lines. They occur when
WIMPs produce gammas in a two-body final
state.

. Since WIMPs are thought to be highly non-
relativistic in the galaxy, energy conservation
predicts the energy of the photon in the
reaction XX -> YX to be:

. M
E...I,. — ﬂ[\, 1 — e
s

. This is a feature that conventional
astrophysics has great difficulty producing,

perhaps compensating for a loop level rate.



. In supersymmetry, gamma ray lines from
annihilation into Yy and YZ have been well
known for many years.

. The WIMP forest refers to the possibility
that there may be a richer structure of
gamma ray lines.

. Today, I'm going to explore two theories
with interesting line structures:

. A model of (two) Universal Extra
Dimensions : the 6d Chiral Square.

. A Randall-Sundrum model with a KK
neutrino dark matter candidate.




. The spectrum of gamma rays may also
contain spectral lines. They occur when
WIMPs produce gammas in a two-body final
state.

. Since WIMPs are thought to be highly non-
relativistic in the galaxy, energy conservation
predicts the energy of the photon in the
reaction XX -> YX to be:

M2
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. This is a feature that conventional
astrophysics has great difficulty producing,

perhaps compensating for a loop level rate.



. In supersymmetry, gamma ray lines from
annihilation into Yy and yYZ have been well
known for many years.

. The WIMP forest refers to the possibility
that there may be a richer structure of
gamma ray lines.

. Today, I'm going to explore two theories
with interesting line structures:

. A model of (two) Universal Extra
Dimensions : the 6d Chiral Square.

. A Randall-Sundrum model with a KK
neutrino dark matter candidate.




The 6d Chiral Square
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. The Chiral Square is an example of a theory with Universal Extra
Dimensions (UED), which treat all fields of the theory democratically :
living equally in all of the dimensions.

Appelquist, Cheng, Dobrescu 01

. The zero mode fields are identified with the usual SM particles; every SM
field thus has a KK tower associated with it.

. This is particularly interesting for a theory of dark matter, because it
implies a translational invariance along the extra dimensional directions,

which leads to a conserved quantity: momentum (KK number) in the extra
dimensions.

. The boundary effects break KK number conservation down, but a parity
usually remains, and is usually sufficient to guarantee that the lightest KK
rivode is stable, and thus a possible WIMP.



The Chiral Square is a UED theory with two extra

dimensions. Burdman, Dobrescu, Ponton '04, 05 I

The adjacent sides are identified as the same,
which can be visualized as a square region folded
along a diagonal.

This orbifold compactification has chiral fermions,
and its low energy physics can be engineered to
match the Standard Model.

There are three “fixed points”, where boundary

terms can live which preserve KK parity. Y1
I'll follow the usual practice and assume the size of KK parity requires that
the boundary terms is consistent with their being g D> SEShE UOWERE y

terms at (O,R) and (R.0)

. -
A e ] S Tt AT e e

generated by loops -- minimal UED”. m—————1



In the case of a 6d UED model, KK modes are
labelled by a pair of integers (j,k) indicating
momentum flow in the extra dimensions.

Masses are given (up to corrections from

boundary terms) in terms of (j,k): A
1 5 _

UJM‘L? (4% + &) ¥

KK parity leaves the lightest of the j+k = odd

modes stable, providing our stable WIMP.

The vector bosons have KK towers V;\, f — {V'u - Vg, Vb}
corresponding to 4d vector particles (which

contain a zero mode) and a combination of the 5 /

and 6 components which looks like a 4d scalar One combination eaten

(without a zero mode). by massive V), the other



The boundary terms modify the
masses of the fields at a given (j,k)
level. They control the systematics
of the spectrum of states.

(1.0) Modes

. The LKP is usually the scalar

(1,0) KK mode of the
Hypercharge gauge boson, Bu.

. Colored states are the heaviest B
of a given (j,k).

The (I,1) modes are KK even and [ —
many have masses above Mg but el s
bﬂ!lﬂw 2 MB. 6§50 | : Page 22/55




. The presence of the (I, 1) states is what makes the chiral square
particularly interesting in the context of the WIMP forest.

. Their masses are roughly /2Mzg, implying processes like
By By -> Bfl'-‘l‘y and By By -> W&'-”Y are kinematically allowed.

. They produce lines at Ey ~ Mg/ 2, far away from the Yy line.
MZ
= ,.1 ' — X
Sy =4 (1 43{3)

. A 5d UED theory has its next highest states at about 2 MB - slightly
too heavy to be produced in annihilation of two LKPs.

. The (I, 1) states are even under KK-parity.

. They have small (boundary-term induced) couplings to pairs of SM
fields, allowing them to be singly produced at colliders, and they can

T e |
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> Annihilations

. Both the regions of parameter space and the continuum gamma ray
emission spectra and rates are controlled by the tree level LKP

annihilation channels.
. Bw is a real scalar and an electroweak singlet:

. B B into fermions is suppressed by the final state fermion mass.

. Annihilation into weak boson and Higgs pairs are mediated by the
Higgs boson itself.

Dobresu, Hooper, Kong, Mahbubani, '07 ‘
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. The presence of the (I, 1) states is what makes the chiral square
particularly interesting in the context of the WIMP forest.

. Their masses are roughly /2Mzg, implying processes like
By By -> B:‘;'-’}Y and By By -> Wﬁ'-”Y are kinematically allowed.

. They produce lines at Ey ~ Mg/ 2, far away from the Yy line.
M2
£, -t (1- 2%)

. A 5d UED theory has its next highest states at about 2 MB - slightly
too heavy to be produced in annihilation of two LKPs.

. The (I, 1) states are even under KK-parity.

. They have small (boundary-term induced) couplings to pairs of SM
fields, allowing them to be singly produced at colliders, and they can
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Annihilations

. Both the regions of parameter space and the continuum gamma ray
emission spectra and rates are controlled by the tree level LKP

annihilation channels.
. Bw is a real scalar and an electroweak singlet:

. B B into fermions is suppressed by the final state fermion mass.

. Annihilation into weak boson and Higgs pairs are mediated by the
Higgs boson itself.

Dobresu, Hooper, Kong, Mahbubani, '07
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. Because of the s-channel
Higgs-mediate graphs, the
annihilation cross section is
very sensitive to the interplay

Dobresu. Hooper. Kong,
Mahbubam, 07

between the LKP and Higgs 800 - 1
masses. = i
= |

Generally, the relic density S 600+ 0h* < 0.096 1
favors LKP masses between 3 j
100 - about 500 GeV, 200l ]
provided the Higgs mass is ' '
oh® > 0.122 |

chosen to match. “

Collider bounds require the

| K.P mass to be greater than 100 200 300 400 raoe 2500
Mo (GeV)




At large LKP masses, the relative

annihilation into charged and
neutral (ZZ + hh) channels | | _
become equal, as dictated by the 7 g4} i
Goldstone equivalence theorem. |

L 1 - P [

200 400 600 800 100
Mp (GeV)

—_
-
-
e

These annihilation modes are “photon

unfriendly” - they do lead to continuum
gamma rays, but only after the (pairs of)
heavy direct particles decay, resulting in
pisa: 1'00'-3(3_1;1__ : o gl many very low energy gammas, but not
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LKP annihilations leading to gamma ray lines
include vy, YZ, YB('-"), and YWD final states.

All fields carrying hypercharge and electric
charge run in the loops.

In the case of W(.), the internal fields also
need to be SU(2)-charged, resulting in a
somewhat smaller cross section than for B(!:D.

We compute the full set of graphs, using
Passarino-Veltman to decompose the tensor

integrals into scalar functions. [p. im0 Veltrnan 779

Special technology is needed for non-relativistic
scattering, where PV becomes singular.

| Stuart ‘88
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The boundary terms modify the
masses of the fields at a given (j,k)

level. They control the systematics : -
of the spectrum of states. NI
- (1.0) Modes
. The LKP is usually the scalar
(1,0) KK mode of the L z

Hypercharge gauge boson, Bs. |-

. Colored states are the heaviest B
of a given (j,k).

The (l,1) modes are KK even and | W —
many have masses above Mg but =) I
bﬂ!‘ﬂw 2 MB. 650 } Page 30/55
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LKP annihilations leading to gamma ray lines
include vy, YZ, YB(:"), and YWD final states.

All fields carrying hypercharge and electric
charge run in the loops.

In the case of W(.!), the internal fields also
need to be SU(2)-charged, resulting in a
somewhat smaller cross section than for B(!-D.

We compute the full set of graphs, using
Passarino-Veltman to decompose the tensor

integrals into scalar functions. [p. im0 Veltrnan 779

Special technology is needed for non-relativistic

scattering, where PV becomes singular. 5o



. The resulting cross sections are
roughly what one would expect
for a process whose amplitude
is one-loop: they're tiny.

Interestingly, the cross section
for yYB(-!) is considerably larger
than for Yy or YZ

This appears to be mostly an
accidental effect related to

(partial) internal cancellations

between graphs which reduce
the YY and YZ rates b)l KK masses inspired by minimal boundary terms:

x (1,0) lepton modes are about 20% heavier than
comparison. the LKP
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Line Shapes andiReselutions

. The Z and (I,1)-state lines have intrinsic spread set by their decay widths.

. However, the current generation of experiments (both the Fermi satellite
and the Air Cherenkov Telescopes) have energy resolutions which are
much greater:

% “10%  (E ~100 GeV)

. As a result, the lines broaden into “bumps” and the Yy and yZ lines merge
into a single peak.

. The (1,1) modes will similarly end up merged together, but remain distinct
from the yy+YZ peak.



The strength of the signal depends on the

square of the dark matter density.
Especially at the center of the galaxy, that
quantity has large uncertainties.

prin pe GeV/em'®

10-° - =

0®
Pirsal: 1003???1" 10 - 10 2 E I {]:




6d UED Model

| BUHY

Mice = 250 GeV
s =12 |
Bertone. Jackson, Shaughnessy TT,
- Vallinotto, arXiv:0904. 1442 (PRD) Adabancally
Ak compressed profile
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. Fermi/GLAST has searched for Sove M CLIN: MOy - G+ B
lines in the gamma ray spectrum o —
_— : : ermi
with energies between 30 - 200 RN Al arXiv:1001.4336
= ii = 7Y A
GeV in a “shape analysis”. 3 _
1‘6-.;5 —
. Search region includes |b| > |0° _ i 7 -
and 30° around the galactic sl WY Vo Y
center. o A e e
A 2 A AR
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o Chiral

—)

. The Fermi search is still about an order of magnitude away from the chiral
square predictions for YB(-!). Expected improvements in control over the
background, and more statistics will bring it into reach, at least for the
lower range of LKP masses.

. If we end up with a discovery, one can imagine the initial observation will
be of the YB(":!) | which for a vanilla WIMP will be interpreted as Yy/yZ at
the WIMP mass.

. Later observation of the true Yy/YZ peaks could help clarify the situation.
. But the YY line may be too faint to be observed by Fermi.

. Fermi rapidly loses energy resolution above 300 GeV; for more
massive LKPs, the Yy line may be beyond its reach.

B v da nndarctard thi bl Eoe ctrinetire it tolle L EE  whare RO i



. Fermi/GLAST has searched for S IR CLUL Ay - B8 v L
lines in the gamma ray spectrum = =
_ H ermil
with energies between 30 - 200 RN ARl arXiv:1001.4836
GeV in a “shape analysis”. > _
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The strength of the signal depends on the

square of the dark matter density.
Especially at the center of the galaxy, that
quantity has large uncertainties.

~ Einasto, @ = 0.17 = =
2 3 =
; o= c ‘:‘ f
™ _ _ _ |
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ermi vs the Chiral Squane

. The Fermi search is still about an order of magnitude away from the chiral
square predictions for YB(!-!). Expected improvements in control over the
background, and more statistics will bring it into reach, at least for the
lower range of LKP masses.

. If we end up with a discovery, one can imagine the initial observation will
be of the YB(:') | which for a vanilla WIMP will be interpreted as Yy/yZ at
the WIMP mass.

. Later observation of the true Yy/yZ peaks could help clarify the situation.
. But the YY line may be too faint to be observed by Fermi.

. Fermi rapidly loses energy resolution above 300 GeV; for more
massive LKPs, the Yy line may be beyond its reach.
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At the LHC, B(l,1), can be produced from
a q gbar initial state (with reduced but
substantial couplings proportional to
hypercharge).

It decays into ordinary leptons and
quarks, providing a classic Z’ signature.

Y-ray observations can observe the
secondary line, and measure the mass -

telling the LHC where to look. (Which
given the narrow width may be important).

The LHC is needed to fit the additional Synergy between indirect
state into the big picture, measuring its detection and the L"js can
spin and coupling to SM states. teach us more about V¥IMPs




The Higgs in Space?!
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'F'”\‘ _)“fj’ Matter

. As a second example (which I'll go through
much more quickly than the chiral square),
I'll consider dark matter in an warped extra

dimension.

. The models of interest have the Standard -
Model in the bulk and gauge coupling q.b
unification.

. These models need extra structure to
avoid constraints from rapid proton decay.

. A particular realization results in a gauge
singlet Dirac fermion (“right-handed

SO 10) —»
SLI(3). SU2). L)

— Warping ——>»

neutrino”) KK mode as the LKP WIMP.

Agashe, Servant, '04

IR



. The LKP has no SM gauge interactions, but it

interacts with a neutral Z’ boson corresponding to
the broken SO(10) generators.

The Z' itself is a KK mode, and interacts strongly

with the right-handed top, as the only fermion
localized close to the IR brane.

It has small coupling to the light fermions, and a
small amount of mixing with the Z (small enough
to be consistent with precision EW bounds).

For WIMPs above the top mass, most of the
continuum emission is from a tt final state. Below
the top mass, the continuum is highly suppressed,
and can be dominated by loop processes.

" s
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. As a second example (which I'll go through
much more quickly than the chiral square),
I'll consider dark matter in an warped extra

dimension. g e
A uv SU(3). SU), U1 IR
. The models of interest have the Standard
Model in the bulk and gauge coupling ab g3 R
unification.

. These models need extra structure to — Warping —>

avoid constraints from rapid proton decay.

. A particular realization results in a gauge

singlet Dirac fermion (“right-handed
meutrino”) KK mode as the LKP WIMP.

Agashe, Servant, '04




. The LKP has no SM gauge interactions, but it

interacts with a neutral Z' boson corresponding to
the broken SO(10) generators.

The Z itself is a KK mode, and interacts strongly

with the right-handed top, as the only fermion
localized close to the IR brane.

It has small coupling to the light fermions, and a
small amount of mixing with the Z (small enough
to be consistent with precision EVW bounds).

For WIMPs above the top mass, most of the
continuum emission is from a tt final state. Below
the top mass, the continuum is highly suppressed,
and can be dominated by loop processes.
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Loop annihilations can lead to YZ,
Yh, and (if light enough) yZ' final
states.

. A YY final state is forbidden by
the Landau-Yang theorem.

. We produce the Higgs in space! §

v b My=115 GeV 2.7=25=3 p=10"

Excluded by Fermi
y L— M-=220/Geb

Why did the possibility of a Higgs
gamma ray line show up here?

. We needed a Dirac WIMP E
which can have a net S=1 spin |
configuration even in the NR
(s-wave) limit. - IGev|  esesass

continuum

=
M|



-

)

M =149 GeV (2,4 =

sy £ —Mzys=2200Le¥ ¥y b- M,=170 GeV !

Y
b

EGRET '\

L N - For particularly favorable
- 10 - e e y 7 parameters, we can

= 107 “\ o resolve three lines!

> o .

:-i jgte Of course, all gamma ray
? [o-1! - A observatories can see is
=00 \ \ a line in the spectrum of

Y-rays.

We need colliders to
unravel the identity of
these new states!
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VWWhat happens when
Higgses are produced in
space and travel backward
in time! >

 S—




Maybe they couldinfiuence
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Foreshadowing the
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. WIMP annihilations into gamma rays are an interesting and important way
to search for WIMPs and learn about them, especially in tandem with
collider signals.

Annihilation into Yy and YZ have received a lot of attention. However,
there may be more particles in the “dark sector” which can be produced
as well. In some cases, distinctly observable lines may result.

Ve may learn interesting things such as the mass of a super-weakly
coupled Z’ or even have an indirect view of the Higgs boson which can
have huge interplay with the LHC.

VWVe've studied the rates expected in two different extra-dimensional
theories of dark matter - but this phenomenon is much more general, and
can occur in many models of dark matter!




. The LKP has no SM gauge interactions, but it

interacts with a neutral Z' boson corresponding to
the broken SO(10) generators.

The Z itself is a KK mode, and interacts strongly

with the right-handed top, as the only fermion
localized close to the IR brane.

It has small coupling to the light fermions, and a
small amount of mixing with the Z (small enough
to be consistent with precision EVW bounds).

For WIMPs above the top mass, most of the
continuum emission is from a tt final state. Below
the top mass, the continuum is highly suppressed,
and can be dominated by loop processes.
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. As a second example (which I'll go through
much more quickly than the chiral square),
I'll consider dark matter in an warped extra

dimension. BRI
) uv SU(3), SU(), U(1) IR
. The models of interest have the Standard
Model in the bulk and gauge coupling a.b a3 ®R
unification.

— Warping ——>

. These models need extra structure to
avoid constraints from rapid proton decay.

. A particular realization results in a gauge

singlet Dirac fermion (“right-handed
meutrino”) KK mode as the LKP WIMP.

Agashe, Servant, '04




