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Dark Matter Annihilation/Decay
• Electron-positron spectral anomaly observed by PAMERA 

Annihilation of dark matter with mass ~1TeV and cross section 

• This is much larger than expected from thermal relic

⇥�v⇤ � 10�23cm�3s�1

⇥�v⇤TH � 10�26cm�3s�1



• Velocity-dependent cross section

freeze-out 

our galaxy

• Sommerfeld enhancement ( n=1)

• Breit-Wigner enhancement (n=2,4)

• Larger cross section at BBN epoch and after recombination

constraints from BBN and CMB

��v� =
��v�0

� + (v/v0)n

Tfo � m/25 v0 �
�

3/5 � ��v�0

� ��v� � ��v�0v = 10�3



BBN constraint

significantly changes the light element abundances
[19–23,38]. However, the effect of the injection highly
depends on what particles are injected. We discuss two
possibilities in this section: (i) injection of electromagnetic
particles and (ii) injection of hadronic particles.

The injection of high-energy electromagnetic particles
such as photons and electrons induces the electromagnetic
cascade, which produces a lot of energetic photons.
Those photons destroy the background 4He and produce
lighter elements such as deuterium (D), tritium (T), 3He,
and heavier elements such as 6Li nonthermally at
t * 106 sec . In particular, there is a striking feature that
the 3He-to-D ratio (3He=D) tends to increase. By compar-
ing to the observed value of 3He=D, this gives us the most
stringent bound on the annihilation cross section in
the case of the injection of electromagnetic particles [23].
This reaction occurs at the cosmic temperature of
T ! 10"4 MeV. It is notable that this constraint from
BBN [39] is stronger than that on the ! or y distortion
from the Planck distribution of CMB [40].

On the other hand, the injection scenario of high-energy
hadrons such as pions, protons (p), neutrons (n), and their
antiparticles might be more complicated, but has been
understood in detail [39,41]. The emitted high-energy
neutron and proton destroy the background 4He and
produce D, T, 3He, or 6Li. The charged pions, n !n and p !p
pairs, induce an extraordinal interconversion between the
background proton and neutron, which makes the neutron-
to-proton ratio (n=p) increase. Then, this mechanism
produces more 4He. In terms of the annihilating dark
matter, the overproduction of D or the increase of the
3He-to-deuterium ratio (3He=D) gives us the most stringent
constraint on the annihilation cross section [22,23].

In the following, we perform a detailed calculation of
the light element abundances; to take account of the injec-
tion of hadronic and electromagnetic particles, we follow
the procedure given in [39]. Then, comparing the theoreti-
cal prediction with the updated observational constraints,
we derive precise upper bounds on the annihilation cross
section as a function of the DM mass.

2. Observational light element abundances

Next, we discuss the observational limits on D=H and
3He=D which are adopted in this study. In the previous
work [23], it was shown that these elements give us more
stringent constraints than the others. The recent observa-
tion of the metal-poor quasistellar object absorption line
system QSOQ0913þ 072, together with the six previous
measurements, leads to a value of the primordial deuterium
abundance with a sizable dispersion [42],

ðnD=nHÞp ¼ ð2:82' 0:20Þ ( 10"5: (10)

Compared with data adopted in the previous analyses in
Refs. [22,23], the error of ðnD=nHÞp has been reduced by
about 20%.

We adopt an upper limit on n3He=nD, which is recently

observed in protosolar clouds [43],

ðn3He=nDÞp < 0:83þ 0:27: (11)

This value was also used in Ref. [23].

3. Constraints on electromagnetic particle injection

Here, we discuss the case of an electromagnetic annihi-
lation mode into electrons and/or photons. It is notable that
the total amount of energies into electromagnetic modes
approximately determines the bound, independently of
the detail of each mode. In Fig. 2, we plot the upper bounds
on the annihilation cross section obtained from the
observational limit on 3He=D, with n ¼ 1 (top) and n ¼ 2
(bottom) for various values of " ¼ 10"10–10"3. Here,
the kinetic decoupling temperature is set to be 1 MeV.

FIG. 2 (color online). Upper bound on the annihilation cross
section obtained from the observational 3He=D limit with n ¼ 1
(top) and n ¼ 2 (bottom) for various values of " ¼ 10"10–10"3.
Here, DM is assumed to annihilate purely radiatively into
electrons and/or photons. The kinetic decoupling temperature
is set to be 1 MeV. The dashed line denotes the canonical
annihilation cross section ( ¼ 3( 10"26 cm3 sec"1).
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the light element abundances; to take account of the injec-
tion of hadronic and electromagnetic particles, we follow
the procedure given in [39]. Then, comparing the theoreti-
cal prediction with the updated observational constraints,
we derive precise upper bounds on the annihilation cross
section as a function of the DM mass.

2. Observational light element abundances

Next, we discuss the observational limits on D=H and
3He=D which are adopted in this study. In the previous
work [23], it was shown that these elements give us more
stringent constraints than the others. The recent observa-
tion of the metal-poor quasistellar object absorption line
system QSOQ0913þ 072, together with the six previous
measurements, leads to a value of the primordial deuterium
abundance with a sizable dispersion [42],
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Compared with data adopted in the previous analyses in
Refs. [22,23], the error of ðnD=nHÞp has been reduced by
about 20%.

We adopt an upper limit on n3He=nD, which is recently

observed in protosolar clouds [43],
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This value was also used in Ref. [23].

3. Constraints on electromagnetic particle injection

Here, we discuss the case of an electromagnetic annihi-
lation mode into electrons and/or photons. It is notable that
the total amount of energies into electromagnetic modes
approximately determines the bound, independently of
the detail of each mode. In Fig. 2, we plot the upper bounds
on the annihilation cross section obtained from the
observational limit on 3He=D, with n ¼ 1 (top) and n ¼ 2
(bottom) for various values of " ¼ 10"10–10"3. Here,
the kinetic decoupling temperature is set to be 1 MeV.

FIG. 2 (color online). Upper bound on the annihilation cross
section obtained from the observational 3He=D limit with n ¼ 1
(top) and n ¼ 2 (bottom) for various values of " ¼ 10"10–10"3.
Here, DM is assumed to annihilate purely radiatively into
electrons and/or photons. The kinetic decoupling temperature
is set to be 1 MeV. The dashed line denotes the canonical
annihilation cross section ( ¼ 3( 10"26 cm3 sec"1).
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• Annihilate  into electrons/photons

stringent constraint from He3/D



BBN constraint
• Annihilate  into W     pairs

stringent constraint from D/H

±

The dashed line denotes the canonical annihilation cross
section (¼3" 10#26 cm3= sec ). In the top panel, we see
that the bounds highly depend on the cutoff parameter !
when ! * 10#7. This behavior can be understood from the
fact that the production of 3He becomes most efficient when
T $ 10#4 MeV; at such a temperature, the enhancement

factor is estimated as R#1
e $ 5" 10#7ðTkd=MeVÞ#1=2 "

ðm=TeVÞ#1=2ðT=10#4 MeVÞ, which becomes smaller than
$10#7 with the present choice of parameters. Then, when
! * 10#7, the cross section is enhanced purely by the factor
of !#1. To allow the canonical value of the annihilation
cross section for a few-TeV mass of dark matter, we need
! * 10#4:5, at least. In the case of n ¼ 2, which is plotted in
the bottom panel of Fig. 2, R#1

e is much smaller than !
everywhere in this parameter space. Therefore, !#1 deter-
mines the enhancement of the annihilation cross section, and
there exists a simple scaling law for the line of the limits,
which means that the upper bound is proportional to !.

This feature is slightly different in the case of Tkd ¼
1 keV. Because the inverse of the enhancement factor with
n ¼ 1 is the order of R#1

e $ 1" 10#5, any constraints with
! & 1" 10#5 are insensitive to !. This feature is clearly
shown in Fig. 3. In the case of n ¼ 2, the constraint is the
same as the bottom panel of Fig. 2 because of the same
reason.

4. Constraints on hadron injection

When we consider the injection of hadronic particles,
the limit is completely different from that of the electro-
magnetic particles. The constraint on the overproduction of
the deuterium due to the 4He destruction often gives the
most stringent constraint [23]. To study the hadronic in-
jection, hereafter, we assume that DM annihilates into a
W-boson pair as a typical hadronic DM annihilation chan-
nel; in such a case, a significant amount of hadrons are

produced by the subsequent decay of the W bosons pro-
duced by the DM annihilation. The constraints do not
change much for other cases, such as DM annihilation
into b !b [23]. In Fig. 4, we plot the upper bound on the
annihilation cross section obtained from the observational
limit on D=H with n ¼ 1 (top) and n ¼ 2 (bottom). The
kinetic decoupling temperature is set to be 1 MeV. First, let
us consider the case of n ¼ 1. Because the hadrodissocia-
tion processes become most effective at T $ 10#2 MeV,
for which the enhancement factor is estimated as R#1

e $
5" 10#5ðTkd=MeVÞ#1=2ðm=TeVÞ#1=2ðT=10#2 MeVÞ, the
constraint is determined only by the value of ! if ! * 10#5.
To agree with the canonical annihilation cross section, we
have to assume ! * 10#3 for a few-TeV mass of dark
matter.

FIG. 3 (color online). Same as Fig. 2, but with the kinetic
decoupling temperature set to be 1 keV. The case of n ¼ 2 is
completely the same as the bottom panel of Fig. 2.

FIG. 4 (color online). Upper bound on the annihilation cross
section obtained from the observational D=H limit with n ¼ 1
(top) and n ¼ 2 (bottom) for various values of ! ¼ 10#10–10#3.
Here, DM is assumed to annihilate into a W-boson pair.
The kinetic decoupling temperature is set to be 1 MeV. The
dashed line denotes the canonical annihilation cross section
(¼ 3" 10#26 cm3= sec ), which gives the right amount of the
dark matter relic density.
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CMB constraint 
• High energy electrons and photons may change 

ionization history of the universe

        larger  optical depth for          
           Thomson scattering
        smaller CMB anisotropies

fixed. Here, we have taken m ¼ 1 TeV with a velocity-
independent annihilation cross section. It is seen that DM
annihilation effects suppress the TT spectrum, reflecting
the increase in thickness of the last scattering surface.

It is not hard to imagine that this effect has a degeneracy
with other cosmological parameters. In particular, the
increase of the reionization optical depth causes similar
effects. In order to derive conservative bounds on the DM
annihilation cross section, we must take into account
degeneracies between the DM annihilation effect and
other cosmological parameters. We have derived 2! con-
straints using a profile likelihood function where the other
cosmological parameters, including the six standard ones
(!b, !c, !", ns, ", and #2

R in the notation of Ref. [50]),
and the amplitude of the Sunyaev-Zel’dovich effect are
marginalized, so that the original likelihood function is
maximized for a given DM annihilation cross section and
mass. The likelihood surface is scanned by using the
CosmoMC code [51]; in our analysis, we have modified
the CosmoMC code to take account of the abovementioned
effect of energy injection. The used datasets include
WMAP [50], ACBAR [52], CBI [53], and QUaD [54].
As opposed to BBN constraints, the CMB constraint
depends on the injected radiative energy; hence, purely
leptonic annihilation is more strongly constrained than
the hadronic one.

The result is presented in Fig. 9, where we plot upper
bounds on the annihilation cross section obtained from
CMB anisotropy data as a function of DM mass for
# ¼ 10"3–10"7. DM is assumed to annihilate into an
eþe" pair in the top panel andWþW" in the bottom panel.
Here, we have taken n ¼ 1 and Tkd ¼ 1 MeV. We have
checked that the results do not change for n ¼ 2 and/or

Tkd ¼ 1 keV. This is because the CMB constraint is sensi-
tive to the annihilation rate at around the recombination
epoch, T & 1 eV, and hence the annihilation cross section
is already saturated for the most interesting range of #
for both n ¼ 1 and n ¼ 2. Comparing them with BBN
constraints, it is found that the CMB constraint is severer
for the leptonic annihilation case independent of the
parameters.
In the case of hadronic annihilation with m &

a fewTeV, the situation is not so simple. For n ¼ 1 and
Tkd ¼ 1 MeV, CMB gives a weaker constraint than BBN
for # * 10"4, as seen from Fig. 4, but becomes tighter for
# & 10"4. The situation is similar for Tkd ¼ 1 keV. This is
because the BBN constraint from the observation ofD=H is
sensitive to the annihilation at T $ 10"2 MeV, and the
annihilation cross sections do not saturate at that epoch
for small # for n ¼ 1. On the other hand, for n ¼ 2, BBN
gives a tighter constraint than the CMB for the parameter
ranges shown in the figures.
Therefore, CMB takes a complementary role to BBN

in constraining the DM annihilation with a velocity-
dependent annihilation cross section.

FIG. 8 (color online). Power spectrum of the CMB anisotropy
with no DM annihilation effect (solid), with h!vi ¼
10"24 cm3= sec (dotted) and h!vi ¼ 10"23 cm3= sec (dashed)
for m ¼ 1 TeV and assuming DM annihilation into eþe" with
a velocity-independent annihilation cross section. Also shown
are data points from WMAP, QUaD, ACBAR, and CBI.

FIG. 9 (color online). Upper bound on the annihilation cross
section obtained from CMB anisotropy data as a function of DM
mass for # ¼ 10"3–10"7. DM is assumed to annihilate into an
eþe" pair in the top panel andWþW" in the bottom panel. Here,
we have taken n ¼ 1 and Tkd ¼ 1 MeV. Results do not change
for n ¼ 2 and/or Tkd ¼ 1 keV.
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Conclusion

• Stringent constraints on velocity-dependent annihilation 
cross section of dark matter 

• CMB constraint is more severe if dark matter annihilates 
into leptons and photons

• BBN also gives a stringent constraint if dark matter 
annihilates into hadronic particles

• Thermal relic scenario requires O(1000) enhancement, 
but it is excluded if m < O(1)TeV


