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Abstract: The existence of dark matter is hardly in doubt, yet astrophysicists continue to search in vain for any non-gravitational signals of it. In the
case of weakly interacting massive particle (WIMP) models, ongoing annihilation or decay of WIMPs to Standard Model particles could provide
observable signals, e.g. as excess gammarays in the center of the Milky Way or as excessionization at high redshift.

| will present our latest results on the most rigorous constraint from astrophysics: the effect of WIMP annihilation on the ionization history of the
Universe, as recorded in the CMB.
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Searching for Dark Matter in the CMB:

A Compact Parameterization of Energy Injection from New Physics

Doug Finkbeiner, Silvia Galli, Tongyan Lin, &
Tracy Slatyer




What astronomical / cosmological
signals might come from dark matter?

*PAMELA positrons
eFermi ete-
*INTEGRAL 511 keV line(?)

*Excess microwaves/gammas in GC, dwarf
galaxies, diffuse background...

eEffects on the CMB?




Motivation for looking at the CMB

*The CMB, together with LSS and SNe la, provides
persuasive evidence of the existence of dark matter.

* This evidence comes from things like H(z), da, and the
growth of structure. This can tell us about CDM/HDM,
but little about the particle nature of the DM.

e [f the DM is a WIMP and if the WIMP annihilates
appreciably, then there is more to be learned from the
CMB!




The CMB originates at the time of “last scattering,”

when the Universe first becomes transparent.
(z=~ 1100 t~ 380,000 yr)

*WIMP annihilation (or decay) can inject high-energy
particles and photons into the gas at z ~ 100-1000.

*This energy modifies the “recombination” history of

the Universe (really, ionization fraction as a function of
time).

*The CMB power spectrum is sensitive to this change in
the ionization history.



By measuring the CMB we can:

e Search for departures from the “standard
recombination’ scenario,

e Place limits on energy injection at z=100-1000,

* Translate these limits to exclusions in WIMP parameter
space (e.g. the cross-section / mass plane, etc.)




Note that these results are quite robust -- we
understand recombination and the CMB quite well,
and the measurements are good and rapidly

improving!

There is less “wiggle room” in CMB constraints at
z=100-1000 than constraints based on e.g.
annihilation in late-time halos.



Selected key papers:

2004: Chen & Kamionkowski - calculated effect of DM decay on
recombination history. (to explain high tau in WMAP |)

2005: Padmanabhan & Finkbeiner - repeated calculation for WIMP
annihilation, obtained limits from WMAP

2009: Galli, locco, Bertone, & Melchiorri - computed limits from
WMAP 5 on Sommerfeld-enhanced DM.

2009: Slatyer, Padmanabhan, & Finkbeiner - careful calculation of
deposition efficiency of WIMP annihilation energy as a function of
z, f(z). Computed actual limits for 42 benchmark WIMP masses /
annihilation channels.



Recent papers:

201 I: Hutsi, Chluba, Hektor, & Raidal - Focus on light DM case,
generate f(z) curve appropriate for light WIMPs, use WMAP 7.

201 |: Galli, locco, Bertone, & Melchiorri - derive latest limits from
WMAP 7 and ACT, use f(z) from Slatyer et al.

201 I: Finkbeiner, Galli, Lin, & Slatyer - introduce PCA formalism for
robust model-independent constraints.



Annihilation produces photons, electrons, neutrinos

X + X — products Q

TEE =fepe e +H —2 +H™

2e — 2e
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Annihilation produces photons, electrons, neutrinos

X + X — products
electron, photon m

cascade involving
several processes

lonization
o ‘+' H = + f{ ' Compton
y —3 DA YT+€e —yTe pair production
: * v+ A—A+e +e”

inverse Compton Ve —s Ve

Pirsa: 11090108 Page 11/71




lonization fraction (xe) and gas temperature change...

b L

€4m.0 = 5,10,100,500 x 10~% eV /s

100 14z 1000



...and this changes the visibility function ...

( = the distribution function of the last scattering
redshift of CMB photons)

800 1000 1200 1400
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What effect does this change in g(z) have?

C; = 47A / d(In k) k™ D?(k)T?(k)
0

T(k) ~ constant, D(k) = damping function, k = wavenumber




What effect does this change in g(z) have?

Changing g(z) mostly changes D(k)/Do(k).
The CMB gets damped like




What effect does this change in g(z) have?

C, — 47 A / " d(In k) k™ D2(k)T2(k)
0

T(k) ~ constant, D(k) = damping function, k = wavenumber




What effect does this change in g(z) have?

Changing g(z) mostly changes D(k)/Do(k).
The CMB gets damped like




What effect does this change in g(z) have!?

C, — 4r A / d(In k) k™ D2 (k)T2(k)
0

T(k) ~ constant, D(k) = damping function, k = wavenumber

R? +§}
H%(z)6(1+ R)™'(2) [((1+ R)




What effect does this change in g(z) have?

Changing g(z) mostly changes D(k)/Do(k).
The CMB gets damped like

Tbge — Mg + 20




...and increased scattering at z ~ 600 modifies the
power spectrum.
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onstraints in f/ M

blane. (for thermal
elic Xsec)

is a “fudge factor™
parameterizing
energy deposition
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=1 is “on the spot”
Approximation
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Cosmology
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But what value does f have?

f depends on WIMP mass, annihilation
channels, etc.

If all energy is immediately deposited
in the gas, f =1.

Any energy to neutrinos, gamma-ray
background, etc., f <I.

Values from 0.2 < f < 0.7 are typical.



PAMELA positrons (Adriani+ 2010):

Positron fraction ¢(e')o(e*)+¢(e)]

July DE-December T8 (Bata 0ar wath SySIsmite™ and STansrirsi arrors)

10° 1 10 - }gew

Figure 11: The positron fraction R obtained using a beta-fit with statistical and systematic
errors summed in quadrature (red), compared with the positron fraction reported in [2]

* {019k ). The solid line shows a calculation by Moskalenko & Strong [40] for pure secondary?o 24
production of positrons during the propagation of cosmic-rays in the galaxy.




Also built into f is any enhancement
to the annihilation cross section.

For example, Sommerfeld-enhanced
models motivated by the PAMELA
positron spectrum can have f >> |.

Can these models be ruled out with
WMAP!?



Accurate calculations of f for benchmark models:

The “SPF factor” paper..

CMIB Constraints on WINP Annihilation: Energy Absorption During the
Recombination Epoch

| }
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We compute in detail the rate at which enerzy injected by dark matter annihilation heats and jon-
1zes the photon-barvon plasma at z ~ 1000, and provide accurate ntting functions over the relevant
redshift range for a broad array of annihilation channels and DM masses. The resulting pertur-
bations to the ionization history can be constrained by measurements of the CMB temperature
and polarization angular power spectra. We show that models which fit recently measured excesses
in 10-1000 GeV electron and positron cosmic rays are already close to the 9570 confidence Iimits
from WMAP. The recently launched Planck satellite will be capable of ruling out a wide range of
DM explanations for these excesses. In models of dark matrer with Sommerfeld-enhanced annihi-
lation. where (ov) nses with decreasmg WIMP velocity until some saturation point. the WMAPS
ronstraints imply that the enhancement must be close to saturation in the neighborhood of the
Earth.



Energy transfer from electrons to photons is efficient.

(i.e. essentially instantaneous)
We are mainly concerned with the fate of high energy photons.

There is a z-dependent transparency window:
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Annihilation photons not yet thermalized
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Energy transfer from electrons to photons is efficient.

(i.e. essentially instantaneous)
We are mainly concerned with the fate of high energy photons.

There is a z-dependent transparency window:
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Annihilation photons not yet thermalized
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Energy transfer from electrons to photons is efficient.

(i.e. essentially instantaneous)
We are mainly concerned with the fate of high energy photons.

There is a z-dependent transparency window:
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Annihilation photons not yet thermalized
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The Slatyer-Padmanabhan-Finkbeiner (SPF) factor; f :

100
redshift (1+2)




The Slatyer-Padmanabhan-Finkbeiner (SPF) factor.

100
redshift (1+z)




The Slatyer-Padmanabhan-Finkbeiner (SPF) factor.

Here, " XDM?"” just
means annihilates
through a new
light state, which
then decays.

10
redshift (1
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The Slatyer-Padmanabhan-Finkbeiner (SPF) factor.

b M0 GV

1000 GeW

Higgs 200 GeV¥
1000 GCav

i quores 200 GCa¥
1000 Cev

W 200 CeV

1000 Cev

Z N0 Cav

1000 Gev

100 1000
redshift (1+z)




The Slatyer-Padmanabhan-Finkbeiner (SPF) factor.

2500 GCaV = == =—

10
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Here, " XDM" just
means annihilates
through a new
light state, which
then decays.
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Benchmark models that fit PAMELA and/or Fermi

R

Ruled out by WMAPS5

1 XDMi w 2500 G~ BF = 2300
2w 1500 Ge\wBF = 1100
** 3 XDM u"5.2500 GeV, BF = 1000
4 XDM-«'e 1000 GeV. BF = 300
5. XDM 4:4:1 1000 GeV, BF = 420
"6 e’e’ 700 GeV, BF =220
u w 1500 GeV, BF = 5680
XDM 1:1:2 1500 GeV, BF = 400
XDM u w 400 GeV, BF =110
10 w'w 250 GeV, BF =81
11 W'W 200 GeV, BF =66
12 XDM e’e 150 GeV, BF = 16
13 e’e 100 GeV, BF =10

o
'1]
“4 -
- |— Tl I'._Ihil

100 1000
DM Mass [GeV]




Note that the PAMELA - constrained models fall along
the edge of the ruled-out region.

They all have ~ the same injection power. The CMB is
approximately sensitive to injection power.

>> There must be a more general way to do this!

Ruled out by WMAPS

" Planck ..
—— e gt -farecast:.-{:u
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Recent work with Galli, Lin, & Slatyer (201 1)

Idea: The energy injection is already constrained to be
small, so we can linearize the problem and perturb
about a fiducial model, i.e. the standard cosmology with
no extra energy injection.

Various energy injection functions, f(z), perturb the C,
spectrum in a small dimension subspace, allowing us to
describe arbitrary (smooth, non-negative) energy
injection with only a few numbers.

We can work out degeneracies, detectability, etc., by
considering a few generic parameters.



The Slatyer-Padmanabhan-Finkbeiner (SPF) factor; f :

Clectrons

100
redshift (1+2)




The Slatyer-Padmanabhan-Finkbeiner (SPF) factor.

i

_quﬁ
1 quarks
W

100
redshift (1+2)




The Slatyer-Padmanabhan-Finkbeiner (SPF) factor.

Here, “XDM” just
means annihilates
through a new
light state, which
then decays.

100
redshift (1+2)
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Recent work with Galli, Lin, & Slatyer (201 1)

Idea: The energy injection is already constrained to be
small, so we can linearize the problem and perturb
about a fiducial model, i.e. the standard cosmology with
no extra energy injection.

Various energy injection functions, f(z), perturb the C,
spectrum in a small dimension subspace, allowing us to
describe arbitrary (smooth, non-negative) energy
injection with only a few numbers.

We can work out degeneracies, detectability, etc., by
considering a few generic parameters.



What basis to use in Delta C, (“delta power spectrum’)
space’
Or equivalently, f(z) space?

We can consider the effect of a delta function energy
injection at some redshift. This maps to a vector in AC,
space.

Now find Principle Components, map back to f(z) space.

This gives you the components that provide most of the
variance in AC,.
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However -- we care about detectability, not variance.

Given the expected uncertainties (both cosmic variance
and measurement noise), how detectable are each of
these components?

Also -- what about degeneracies with cosmological
parameter variations?! (especially n;)

To illustrate this problem, we take a toy (constant f)
model, and project out the directions in AC, space

corresponding to the cosmological parameters.
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It is not correct to simply project in AC, space.

We must marginalize over the cosmological parameters
(“nuisance parameters!”’) taking account of the
uncertainty at each |. Doing this, we find a basis for
perturbations in AC, corresponding to injection histories

f(z).




Think of perturbations as vectors in
power-spectrum space.







d(Cl)perp




d(Cl)perp
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Detectability:

The most optimistic assumption is that WMAPS barely
missed detecting this signal at 2 sigma.

So assume f(z) = constant at the maximum annihilation
power allowed by WMAPS.




Prospects for Planck: (annihilation) DF, Galli, Lin, & Slatyer (201 1)

ann-planck

| constant p(z)
| f(z) models

1 TeV qq, z=200 -
200 GeV WW, z =1000 ———
1 GeV pu, z=10
1 GeV uu, z=100
1 GeV uu, z=1000
(z <200, z> 900)

N

Frirrrm

L

11 12 13 14




Bottom line:

e Planck may detect one PC at high confidence,
worth trying first 3. Let’s call these &}, &, &3...

e CV - limited mission could go for ~ 5.

e These parameters are simple to measure. Just
take dot product (including covariance matrix) of
measured AC, with AC, principle components; this

measures €}, £, €s.

* Predict €, &, €3 for your favorite DM model.
Compare.



This works for decay also

Assume appropriate redshift dependence

Marginalize, etc... to get PCs for decay.




Prospects for Planck: (decay) DF, Galli, Lin, & Slatyer (2011)

ann-planck

p(z) = e(z)
generic
constant p(z)
f{(z) models

| I._lJJ.l

L .hl.l

2 TeV aqq, =200 -
400 GeV WW, z__=1000
2GeVuu, z =10
2GeVuu z =100
2 GeV uu, z__=1000
(z < 200, z > 900)




Markov chain Monte Carlo (MCMCQC)

The Fisher matrix analysis assumes linearity and
Gaussian likelihood. These are good approximations, but
a we can compute the likelihood numerically with a

Markov chain.




PC 2

PC3
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Markov chain Monte Carlo (MCMC)

We can also use MCMC to compute the bias in the
cosmological parameters caused by neglect of energy
Injection.

We find the Fisher matrix-based estimates were good to
~ 10%.
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Conclusions:

e A general energy injection at z ~ 100-1000 can be
parameterized in a general way, yielding only | (or
maybe 3 or 5) parameters to measure, after accounting
for degeneracies with cosmological parameters.

* Neglect of these parameters (assuming €, €2, €3 = 0)
will bias the cosmological parameter fits -- often by >
| sigma.

e If you want to know ns (with correct error bars) you
should make sure to marginalize over &, €, €3..



