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Evidence of Dark Matter
M33

We have evidences of DM @ galactic scales (!  kpc)  
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Outside the visible
mass scale one has :

Keplerian fall!o"  
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OK ... but why not a modification of Gravity laws ?
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FIG. 1. Evolution of the cosmological WIMP abundance as a
function of x = m/T . Note that the y-axis spans 25 orders of
magnitude. The thick curves show the WIMP mass density,
normalized to the initial equilibrium number density, for
di↵erent choices of annihilation cross section h�vi and mass
m. Results form = 100GeV, are shown for weak interactions,
h�vi = 2 ⇥ 10�26 cm3s�1, (dashed red), electromagnetic
interactions, h�vi = 2⇥10�21 cm3s�1 (dot-dashed green), and
strong interactions, h�vi = 2 ⇥ 10�15 cm3s�1 (dotted blue).
For the weak cross section the thin dashed curves show the
WIMP mass dependence for m = 103 GeV (upper dashed
curve) and m = 1GeV (lower dashed curve). The solid black
curve shows the evolution of the equilibrium abundance for
m = 100GeV. This figure is an updated version of the figure
which first appeared in Steigman (1979) [11].

where n is the number density of �’s, a is the cosmological
scale factor, the Hubble parameter H = a�1da/dt
provides a measure of the universal expansion rate, and
h�vi is the thermally averaged annihilation rate factor
(“cross section”). For the most part we use natural
units with h̄ ⌘ c ⌘ k ⌘ 1. When � is extremely
relativistic (T � m), the equilibrium density neq =
3⇣(3)g�T3/ (4⇡2), where ⇣(3) ⇡ 1.202. In contrast, when
� is non-relativistic (T <⇠ m), its equilibrium abundance

is neq = g� (mT/ (2⇡))3/2 exp(�m/T ). If � could be
maintained in equilibrium, n = neq and its abundance
would decrease exponentially. However, when the �
abundance becomes very small, equilibrium can no longer
be maintained (the �’s are so rare they can’t find each
other to annihilate) and their abundance freezes out.
This process is described next.

We begin by referring to Fig. 1, where the evolution
of the mass density of WIMPs of mass m, normalized
to the initial equilibrium WIMP number density, is
shown as a function of x = m/T , which is a proxy for
“time”, for di↵erent values of h�vi. With this definition,
the final asymptotic value is proportional to the relic
abundance, as will be seen later. Later in this section

it is explained how this evolution is calculated, but first
we call attention to some important features. During
the early evolution when the WIMP is relativistic (T >⇠
m), the production and annihilation rates far exceed
the expansion rate and n = neq is a very accurate,
approximate solution to Eq. (1). It can be seen in Fig. 1
that, even for T <⇠ m, the actual WIMP number density
closely tracks the equilibrium number density (solid black
curve). As the Universe expands and cools and T drops
further below m, WIMP production is exponentially
suppressed, as is apparent from the rapid drop in neq.
Annihilations continue to take place at a lowered rate
because of the exponentially falling production rate. At
this point, equilibrium can no longer be maintained and,
n deviates from (exceeds) neq. However, even for T <⇠ m,
the annihilation rate is still very fast compared to the
expansion rate and n continues to decrease, but more
slowly than neq. For some value of T ⌧ m, WIMPs
become so rare that residual annihilations also cease and
their number in a comoving volume stops evolving (they
“freeze out”), leaving behind a thermal relic.

It is well known that weak-scale cross sections
naturally reproduce the correct relic abundance in the
Universe, whereas other stronger (or weaker) interactions
do not. This is a major motivation for WIMP dark
matter. Note that while for “high” masses (m >⇠ 10 GeV)
the relic abundance is insensitive to m, for lower
masses the relic abundance depends sensitively on mass,
increasing (for the same value of h�vi) by a factor of two.

There are two clearly separated regimes in this
evolution – “early” and “late”. The evolution
equation (Eq. (1)) can be solved analytically by di↵erent
approximations in these two regimes. During the
early evolution, when the actual abundance tracks the
equilibrium abundance very closely (n ⇡ neq), the rate
of departure from equilibrium, d(n � neq)/dt , is much
smaller than the rate of change of dneq/dt . In the late
phase, where n � neq, the equilibrium density neq may
be ignored compared to n and Eq. (1) may be integrated
directly. This strategy allows the evolution to be solved
analytically in each of the two regimes and then joined
at an intermediate matching point which we call x⇤.
Because the deviation from equilibrium, (n � neq), is
growing exponentially for x ⇡ x⇤, the value of x⇤ is
relatively insensitive (logarithmically sensitive) to the
choice of (n � neq)⇤.

Since the dynamics leading to freeze out occurs during
the early, radiation dominated (⇢ = ⇢R) evolution of the
Universe, it is useful to recast physical quantities in terms
of the cosmic background radiation photons. The total
radiation density may be written in terms of the photon
energy density (⇢�) as ⇢ = (g⇢/g �)⇢� where, g⇢ counts
the relativistic (m < T ) degrees of freedom contributing
to the energy density,
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DM Annihilation into Fermions 

LAT data in Section 3 and also present our results there. In Section4, we compare our
new limits to existing limits from dwarf galaxies, expectations for thermally produced DM,
collider constraints and limits from cosmic-ray anti-protons. We present our conclusions in
Section 5. Finally, we provide some additional technical information about our method of
selecting a target region optimized for the search of DM-related spectral features (Appendix
A) and how a subsampling analysis of the full sky data can be used as a further test to
conÞrm the reliability of our statistical method (Appendix B).

2 Particle physics scenario

2.1 Toy model with large virtual internal bremsstrahlung

We will assume that the DM of the Universe is constituted by Majorana fermionsχ, singlets
under the Standard Model gauge group, which couple to the Standard Model via a Yukawa
interaction with a scalar η that is not much heavier than the DM particle. The Lagrangian
of the model reads:

L = L SM + Lχ + L η + L int . (2.1)

Here, L SM is the Standard Model Lagrangian. Lχ and L η are the parts of the Lagrangian
involving only the Majorana fermion χ and the scalar particle η, respectively, and are given
by

Lχ =
1
2

øχci /∂χ !
1
2

mχ øχcχ ,

L η = ( Dµη)†(D µη) ! m2
ηη

†η ,
(2.2)

where Dµ denotes the covariant derivative. Lastly, L int denotes the interaction terms of the
new particles with Standard Model Þelds.

We will consider in this paper three toy models where the DM particle only couples
to the right-handed muons, tau leptons or bottom quarks, respectively, via a Yukawa inter-
action with the scalar η. We assume the latter to be anSU(2)L singlet in order to avoid
constraints from electroweak precision measurements. Thegauge quantum numbers of the
intermediate scalar η are (1,1)1 for couplings with the muon or the tau (i.e. η is a SU(3)c

and SU(2)L singlet with hypercharge Y = 1), and ( 3̄,1)1/ 3 for couplings with the bottom
quark. Furthermore, to guarantee a coupling to just one generation of fermions we assignη
a muon number L µ = ! 1, a tau number L τ = ! 1 or a beauty numberB = ! 1, respectively.
Then, the relevant part of the interaction Lagrangian reads

L int = ! y øχ! Rη + h .c. , (2.3)

with ! = µ, τ, b. Note that in principle additional couplings of the form H †H η†η and (η†η)2

are allowed (whereH denotes the Higgs doublet). We will neglect them throughoutthis work
since they do not directly inßuence the gamma-ray signaturewe are interested in.

In these scenarios, DM particles can annihilate into two fermions with a velocity-
weighted annihilation cross-section which can be decomposed into an s-wave and ap-wave
contribution. The s-wave contribution reads in lowest order of the relative center-of-mass
velocity v [51, 52]

(σv)s-wave
2-body =

y4Nc

32πm2
χ

m2
f

m2
χ

1
(1 + µ)2

, (2.4)
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new limits to existing limits from dwarf galaxies, expectations for thermally produced DM,
collider constraints and limits from cosmic-ray anti-protons. We present our conclusions in
Section 5. Finally, we provide some additional technical information about our method of
selecting a target region optimized for the search of DM-related spectral features (Appendix
A) and how a subsampling analysis of the full sky data can be used as a further test to
conÞrm the reliability of our statistical method (Appendix B).

2 Particle physics scenario

2.1 Toy model with large virtual internal bremsstrahlung

We will assume that the DM of the Universe is constituted by Majorana fermions ! , singlets
under the Standard Model gauge group, which couple to the Standard Model via a Yukawa
interaction with a scalar " that is not much heavier than the DM particle. The Lagrangian
of the model reads:

L = L SM + L ! + L " + L int . (2.1)

Here, L SM is the Standard Model Lagrangian. L ! and L " are the parts of the Lagrangian
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where Dµ denotes the covariant derivative. Lastly, L int denotes the interaction terms of the
new particles with Standard Model Þelds.

We will consider in this paper three toy models where the DM particle only couples
to the right-handed muons, tau leptons or bottom quarks, respectively, via a Yukawa inter-
action with the scalar " . We assume the latter to be anSU(2)L singlet in order to avoid
constraints from electroweak precision measurements. Thegauge quantum numbers of the
intermediate scalar " are (1, 1)1 for couplings with the muon or the tau (i.e. " is a SU(3)c

and SU(2)L singlet with hypercharge Y = 1), and ( ø3, 1)1/ 3 for couplings with the bottom
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Then, the relevant part of the interaction Lagrangian reads
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are allowed (whereH denotes the Higgs doublet). We will neglect them throughoutthis work
since they do not directly inßuence the gamma-ray signaturewe are interested in.

In these scenarios, DM particles can annihilate into two fermions with a velocity-
weighted annihilation cross-section which can be decomposed into an s-wave and ap-wave
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LAT data in Section 3 and also present our results there. In Section 4, we compare our
new limits to existing limits from dwarf galaxies, expectations for thermally produced DM,
collider constraints and limits from cosmic-ray anti-protons. We present our conclusions in
Section 5. Finally, we provide some additional technical information about our method of
selecting a target region optimized for the search of DM-related spectral features (Appendix
A) and how a subsampling analysis of the full sky data can be used as a further test to
confirm the reliability of our statistical method (Appendix B).

2 Particle physics scenario

2.1 Toy model with large virtual internal bremsstrahlung

We will assume that the DM of the Universe is constituted by Majorana fermions ! , singlets
under the Standard Model gauge group, which couple to the Standard Model via a Yukawa
interaction with a scalar " that is not much heavier than the DM particle. The Lagrangian
of the model reads:

L = LSM + Lχ + Lη + Lint . (2.1)

Here, LSM is the Standard Model Lagrangian. Lχ and Lη are the parts of the Lagrangian
involving only the Majorana fermion ! and the scalar particle " , respectively, and are given
by
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Lη = (Dµ" )  (D µ" )− m2
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(2.2)

where Dµ denotes the covariant derivative. Lastly, Lint denotes the interaction terms of the
new particles with Standard Model fields.

We will consider in this paper three toy models where the DM particle only couples
to the right-handed muons, tau leptons or bottom quarks, respectively, via a Yukawa inter-
action with the scalar " . We assume the latter to be an SU(2)L singlet in order to avoid
constraints from electroweak precision measurements. The gauge quantum numbers of the
intermediate scalar " are (1,1)1 for couplings with the muon or the tau (i.e. " is a SU(3)c

and SU(2)L singlet with hypercharge Y = 1), and (3̄,1)1/ 3 for couplings with the bottom
quark. Furthermore, to guarantee a coupling to just one generation of fermions we assign "
a muon number L µ = −1, a tau number L τ = −1 or a beauty number B = −1, respectively.
Then, the relevant part of the interaction Lagrangian reads

Lint = −y!̄ ! R" + h.c. , (2.3)

with ! = µ, $, b. Note that in principle additional couplings of the form H   H "   " and ("   " )2

are allowed (where H denotes the Higgs doublet). We will neglect them throughout this work
since they do not directly influence the gamma-ray signature we are interested in.

In these scenarios, DM particles can annihilate into two fermions with a velocity-
weighted annihilation cross-section which can be decomposed into an s-wave and a p-wave
contribution. The s-wave contribution reads in lowest order of the relative center-of-mass
velocity v [51, 52]
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where Dµ denotes the covariant derivative. Lastly, L int denotes the interaction terms of the
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quark. Furthermore, to guarantee a coupling to just one generation of fermions we assign"
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L int = ! y ø! ΨR" + h .c. , (2.3)

with Ψ = µ, $, b. Note that in principle additional couplings of the form H   H "   " and ("   " )2

are allowed (whereH denotes the Higgs doublet). We will neglect them throughoutthis work
since they do not directly inßuence the gamma-ray signaturewe are interested in.

In these scenarios, DM particles can annihilate into two fermions with a velocity-
weighted annihilation cross-section which can be decomposed into an s-wave and ap-wave
contribution. The s-wave contribution reads in lowest order of the relative center-of-mass
velocity v [51, 52]

(%v)s-wave
2-body =

y4Nc

32&m2
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m2
f

m2
!

1
(1 + µ)2 , (2.4)
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where µ ! (m! /m " )2 parametrizes the mass splitting between the DM particle! and the
t-channel mediator " , and the color factor Nc is one for muons and taus and three for bottom
quarks. The p-wave contribution at lowest order in v is [50]

(#v)p-wave
2-body = v2

y4Nc

48$m2
"

1 + µ2

(1 + µ)4
. (2.5)

It is important to note that the s-wave contribution to the velocity-weighted annihilation
cross-section of Majorana fermions is helicity suppressed, by the mass squared of the daughter
fermion, whereas thep-wave contribution is suppressed by the velocity squared ofthe galactic
DM particles today, typically v " 10! 3. Therefore, the 2 # 2 annihilation cross-section is
fairly small, and higher order corrections could play an important role.

Indeed, it was shown in Refs. [53, 54] that the associated emission of a vector boson
lifts the helicity suppression in the s-wave contribution to the annihilation cross-section. This
process was later dubbedvirtual internal bremsstrahlung (VIB), which together with photons
from Þnal-state radiation (FSR) constitute the full intern al bremsstrahlung (IB) spectrum
[22]; the corresponding Feynman diagrams are shown in Fig.1. The explicit expression for
the annihilation cross-section into two masslessfermions and one VIB photon is [45, 55]:

(#v)3-body $
%emy4NcQ2

f

64$2m2
"

!
(µ + 1)

"
$2

6
%ln2

#
µ + 1

2µ

$
%2Li2

#
µ + 1

2µ

$%

+
4µ + 3
µ + 1

+
4µ2 %3µ %1

2µ
ln

#
µ %1
µ + 1

$&
, (2.6)

which is usually non-negligible and can in certain instances, in particular for small values
of µ, be considerably larger than the 2# 2 annihilation cross-sections Eqns. (2.4,2.5); Qf

denotes the electric charge off and " in units of |e|. We emphasize that throughout this
paper Ò3-body processÓ refers to the VIB process only, whereas Ò2-body processÓ refers to
the helicity-suppressed tree-level process!! # f øf plus the FSR photons. When explicitly
referring to (#v)2-body in the following, we will therefore multiply Eqs. ( 2.4,2.5) by a factor
of

'
1 +

(
dx dN FSR/dx

)
, where [20]

dN FSR

dx
=

%emQ2
f

$
1 + (1 %x)2

x
log

*
4m2

" (1 %x)

m2
f

+

. (2.7)

Furthermore, the energy spectrum of gamma rays produced in the 2 # 3 process
has a very peculiar shape that allows for an efficient search for gamma rays from inter-
nal bremsstrahlung. Namely, the differential three-body cross-section, as function of the VIB
photon energy x ! E/m " , is given by [22]

v
d#
dx

$
%emy4NcQ2

f

32$2m2
"

(1 %x)
!

2x
(µ + 1)( µ + 1 %2x)

%
x

(µ + 1 %x)2

%
(µ + 1)( µ + 1 %2x)

2(µ + 1 %x)3
ln

#
µ + 1

µ + 1 %2x

$&
. (2.8)

To illustrate the peculiar features of VIB, the energy spectrum of gamma raysthat is
produced per annihilation in our toy model is shown in Fig. 2 for the three different Þnal
state fermion ßavours; for deÞniteness we assumem" = 200 GeV and a relatively small

Ð 4 Ð
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Figure 1. Feynman diagrams of the processes that contribute in leading order to the three-body
annihilation cross-section and produce internal bremsstrahlung.The Þrst diagram very roughly cor-
responds to VIB, the second and third to FSR (but note that these contributions can be properly
deÞned and separated in a gauge-invariant way [22]).

mass-splitting of µ = 1 .1. The spectra of secondary photons that stem from the subsequent
decay or fragmentation of the produced fermions are derivedusing Pythia 6.4.19 [56]. Note
that in case of bottom-quark Þnal states we also take into account the production of VIB
gluons following Refs. [48, 57].1 For two-body annihilation, we cross-checked our results
with the analytical Þts from Ref. [58, 59] and Þnd very good agreement. From Fig.2 it
is clear that for small enough mass-splittings the gamma-ray spectrum at high energies is
completely dominated by VIB photons, which show up as a pronounced peak at energies
close to the dark matter mass. Secondary photons and FSR onlybecome relevant at lower
energies, or for larger values ofµ. In our spectral analysis of galactic center ßuxes presented in
Section3, we will entirely concentrate on the spectral VIB feature and neglect the featureless
secondary photons. We will consider the range 1< µ ! 2, because the VIB feature is most
important in the nearly degenerate case. In this range, theshape of the VIB spectrum is
almost independent ofµ (it becomes slightly wider for larger µ), but its normalization can
vary rather strongly: for µ = 1 .1 (µ = 2 .0), the rate is already suppressed by a factor of 0.55
(0.05) with respect to the exactly degenerateµ = 1 case; for largeµ, the rate scales as∝ µ! 4

(whereas the two-body annihilation rate scales like∝ µ! 2). For comparison with our main
results, we will also derive limits from dwarf galaxy observations (see Section4.1); in this
case we will take into account both VIB and secondary photons.

2.2 Connection to the MSSM

Before continuing, let us brießy mention the connection between our toy model and the much
more often studied case of supersymmetry. The minimal supersymmetric extension to the
standard model (MSSM) is extremely well motivated from a particle physics point of viewÑ
leading, in particular, to a uniÞcation of gauge couplings and strongly mitigating Þne-tuning
issues in the Higgs sectorÑand the stability of the lightest supersymmetric particle (LSP)
is guaranteed by the conservation ofR-parity; if it is neutral and weakly interacting, the
LSP thus makes for an ideal DM candidate (for a comprehensiveand pedagogical primer to
supersymmetry and the MSSM see e.g. Ref. [61]).

In most cases, the lightest neutralino is the LSP, and thus a prime candidate for WIMP
DM [3]. It is a linear combination of the superpartners of the neutral components of the

1We use throughout the values ! s = 0.118 and ! em = 1/ 128 as evaluated at the mass of the Z boson. For
DM masses mχ = 40 to 300 GeV this approximation affects the VIB photon cross-section at the few percent
level, and the gluon VIB cross-section by ! 20%.
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where µ ! (mη/mχ)2 parametrizes the mass splitting between the DM particle! and the
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It is important to note that the s-wave contribution to the velocity-weighted annihilation
cross-section of Majorana fermions is helicity suppressed, by the mass squared of the daughter
fermion, whereas thep-wave contribution is suppressed by the velocity squared ofthe galactic
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process was later dubbedvirtual internal bremsstrahlung (VIB), which together with photons
from Þnal-state radiation (FSR) constitute the full intern al bremsstrahlung (IB) spectrum
[22]; the corresponding Feynman diagrams are shown in Fig.1. The explicit expression for
the annihilation cross-section into two massless fermions and one VIB photon is [45, 55]:
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which is usually non-negligible and can in certain instances, in particular for small values
of µ, be considerably larger than the 2# 2 annihilation cross-sections Eqns. (2.4,2.5); Qf

denotes the electric charge off and " in units of |e|. We emphasize that throughout this
paper Ò3-body processÓ refers to the VIB process only, whereas Ò2-body processÓ refers to
the helicity-suppressed tree-level process!! # f øf plus the FSR photons. When explicitly
referring to (#v)2-body in the following, we will therefore multiply Eqs. ( 2.4,2.5) by a factor
of

'
1 +

(
dx dNFSR/dx

)
, where [20]

dNFSR

dx
=

%emQ2
f

$
1 + (1 %x)2

x
log

*
4m2

χ(1 %x)

m2
f

+

. (2.7)

Furthermore, the energy spectrum of gamma rays produced in the 2 # 3 process
has a very peculiar shape that allows for an efficient search for gamma rays from inter-
nal bremsstrahlung. Namely, the differential three-body cross-section, as function of the VIB
photon energyx ! E/mχ, is given by [22]
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To illustrate the peculiar features of VIB, the energy spectrum of gamma rays that is
produced per annihilation in our toy model is shown in Fig. 2 for the three different Þnal
state fermion ßavours; for deÞniteness we assumemχ = 200 GeV and a relatively small
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where µ ! (m! /m" )2 parametrizes the mass splitting between the DM particle! and the
t-channel mediator " , and the color factor Nc is one for muons and taus and three for bottom
quarks. The p-wave contribution at lowest order in v is [50]
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It is important to note that the s-wave contribution to the velocity-weighted annihilation
cross-section of Majorana fermions is helicity suppressed, by the mass squared of the daughter
fermion, whereas thep-wave contribution is suppressed by the velocity squared ofthe galactic
DM particles today, typically v " 10−3. Therefore, the 2 # 2 annihilation cross-section is
fairly small, and higher order corrections could play an important role.
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from Þnal-state radiation (FSR) constitute the full intern al bremsstrahlung (IB) spectrum
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which is usually non-negligible and can in certain instances, in particular for small values
of µ, be considerably larger than the 2# 2 annihilation cross-sections Eqns. (2.4,2.5); Qf
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Furthermore, the energy spectrum of gamma rays produced in the 2 # 3 process
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produced per annihilation in our toy model is shown in Fig. 2 for the three di" erent Þnal
state fermion ßavours; for deÞniteness we assumem" = 200 GeV and a relatively small
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VIB lifts the helicity suppression of DM annihilation into pair of 
fermions [Bergstrom Õ89, É  ] 
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find 
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N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 
The current entropy density is so N 4000 cmm3, and the critical density today is 
pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 
present mass density in units of the critical density is given by 
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The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 
inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 
actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 
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Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 
the solid curve is the equilibrium abundance. From [31]. 
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Figure 2 . Gamma-ray spectrum (N denotes the number of photons produced per annihilation) as
predicted by our toy model for di! erent final-state fermions, assuming m! = 200 GeV and a mass-
splitting of µ = 1.1. Solid lines show the full contribution from three-body final states, including the
VIB photons close to x = 1; dotted lines show contributions from the helicity-suppressed two-body
final states including FSR (in case of muons, the latter is strongly suppressed and not visible on the
plotted scales). Branching ratios are calculated according to Eqns. (2.4) and (2.6). In case of bottom-
quarks, we also include contributions from gluon VIB, !! ! b̄bg, following Ref. [48, 57] (dashed line).
Note that we convolve the spectra shown here with the Fermi LAT energy dispersion as derived from
the instrument response functions (about " E " 10% at around 100 GeV [60]) before any fits to the
data are performed.
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and thus a Majorana fermion just like the DM particle in our toy model. As pointed out
above, the annihilation into fermion-antifermion pairs f̄ f is therefore helicity suppressed in
the limit of small velocities; this helicity suppression can be lifted if an additional photon is
present in the final state and annihilation happens via the t-channel exchange of a charged
particle. In the case of supersymmetry, this can only be achieved through the corresponding
left- and right-handed sfermions f̃L and f̃R which, in the limit of vanishing mf , couple to the
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a free parameter but uniquely defined by gauge symmetry, and of course the composition of
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Dark matter annihilation to fermions and a photon
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I. INTRODUCTION

II. EFFECTIVE OPERATOR MODEL

We assume that the dark matter particle is a Majorana
fermion and is represented by ! . The lowest order
interaction between dark matter particles and Standard
Model fermions, denoted byf , that we consider is of the
form [1]

L d=6 =
1
⇤2 (ø!" 5" µ! )( øf " µf ) . (1)

The higher order Lagrangian that we consider is of the
form [1]

L d=8 =
1
⇤4 (ø!" 5" µ! )

✓
øf L
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D!

◆
" µ

✓
"#
D ! f L

◆
+
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◆
" µ

✓
"#
D ! f R

◆�
, (2)

where following Ref. [1], we deÞne

øf L
!"
D µ = ( #µ

øf L) " ig
$i

2
W i

µ
øf L " ig 0YfBµ

øf L , (3)

"#
D µf L = ( #µf L) + ig

$i

2
W i

µf L + ig 0YfBµf L , (4)

øf R
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D µ = ( #µ

øf R) " ig 0YfBµ
øf R , (5)

"#
D µf R = ( #µf R) + ig 0YfBµf R , (6)

(7)

where $i denotes the Pauli matrices, Wµ and Bµ

denote the Standard Model gauge bosons,Yf denotes
the hypercharge andg and g0 denote the Standard Model
SU(2) and U(1) gauge couplings respectively.

The total Lagrangian is given by

L = d6 L d=6 + d8 L d=8 , (8)

where d6 and d8 are arbitrary complex constants.

A. �+ � ! f + f̄

We will Þrst calculate the cross section for the process
! (k1) + ! (k2) # f (p1) + øf (p2), where we denote the four
momentum of the particle in parenthesis. From eqn.8,
the relevant part of the Lagrangian responsible for the

process is

L =
d6

⇤2 (ø!" 5" µ! )( øf " µf )

+
d8

⇤4 (ø!" 5" " ! )
 �

#!
øf
�

" " (#! f )
�

. (9)

From this Lagrangian, we obtain the following cross
section for the process! (k1) + ! (k2) # f (p1) + øf (p2)
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where m# and mf denote the mass of the dark matter
particle and Standard Model fermion respectively. From
eqn.10, one can see that due to thev2 dependence of$v,
constraints from dark matter annihilation in the present
time will be very weak. Having an additional vector
boson in the Þnal state removes thisv2 dependence at
leading order [1Ð5].

B. �+ � ! f + f̄ + �

We now calculate the cross section for the process
! (k1) + ! (k2) # f (p1) + øf (p2) + " (k). We will show
the explicit steps in our calculation for completeness.
From eqn. 2, the connection between the dark matter
particle and the vector bosons come from the covariant
derivative: Dµ = #µ " igW i

µ($i/ 2) " ig 0YfBµ. This
can also be written as Dµ = #µ " i (g/

$
2)(W +

µ T+ +
W�

µ T�) " i (g/ cos&W )Zµ(T3 " sin2&W Q) " ieQ Aµ. To
derive this, we useW ±

µ = (1 /
$

2)(W 1
µ %iW 2

µ ), T i = $i/ 2,
T± = T1 ± iT 2, Z 0

µ = cos&W W 3
µ " sin&W Bµ, Aµ =

sin&W W 3
µ + cos&W Bµ, and cos&W = g/ (

p
g2 + g02). We

denote the photon by Aµ and the weak angle by&W .
The e↵ective Lagrangian for the given process is

L e! =
d6

⇤2 (ø!" 5" µ! )( øf " µf )

+
d8

⇤4 (ø!" 5" " ! )

(#!

øf )" " (#! f )

+ i e Q A !

⇢
(#! øf )" " f " øf " " (#! f )

��
. (11)

The relevant Feynman diagrams are shown in Fig.1
The amplitude for the process is given by
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The amplitude contains the emission of photon from the
fermion due to the operator containing the coe" cients
d6 and d8. It also includes the emission of photon from
the blob due to the operator containing the coe" cient
d8. The square of the amplitude includes 9 terms and
we will not present it for brevity. The calculation of
the cross section involves integration of the square of the
amplitude over the 3-body phase space [6, 7].

The 3-body phase space can be written as
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where E1, E2, and E" denote the energy component of
the 4-momentum p1, p2, and k respectively. We simplify
this phase space by decomposing it into a product of 2-
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where p12
k = p1k

2 + m12
k .

The three-dimensional integrals in Eqn. 14 is Lorentz-
invariant and can be calculated in any frame. A
compact expression for these are obtained if any two
three-dimensional integrals are integrated in the center
of momentum frame of the two momentum vectors
involved. Following this strategy, we obtain the following
expression in the center of momentum frame of p1k :
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where %p1k and &p1k denote the spherical polar
coordinates in the center of momentum frame of p1k .
The 0th component of the 4 vectors p1 and k are denoted
by p0

1 and k0. In the center of momentum frame of p1k ,
we have p1k = 0, so that p12

k = (p10
k )2. This will simplify

the expression in Eqn. 15 where we replace ([p0
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by p12
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where P = p2 + p1k = k1 + k2. The spherical polar
coordinates in the center of momentum frame of P are
denoted by %P and &P .

The minimum value of p12
k = (p1 + k)2 is m2

f . We
choose our coordinate system such that the integral is
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invariant and can be calculated in any frame. A
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fermion and is represented by ! . The lowest order
interaction between dark matter particles and Standard
Model fermions, denoted byf , that we consider is of the
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where $i denotes the Pauli matrices, W µ and Bµ

denote the Standard Model gauge bosons,Yf denotes
the hypercharge andg and g! denote the Standard Model
SU(2) and U(1) gauge couplings respectively.

The total Lagrangian is given by

L = d6 Ld=6 + d8 Ld=8 , (8)

where d6 and d8 are arbitrary complex constants.
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where m# and mf denote the mass of the dark matter
particle and Standard Model fermion respectively. From
eqn.10, one can see that due to thev2 dependence of$v,
constraints from dark matter annihilation in the present
time will be very weak. Having an additional vector
boson in the Þnal state removes thisv2 dependence at
leading order [1Ð5].
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We now calculate the cross section for the process
! (k1) + ! (k2) # f (p1) + øf (p2) + " (k). We will show
the explicit steps in our calculation for completeness.
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The amplitude contains the emission of photon from the
fermion due to the operator containing the coe�cients
d
6

and d
8

. It also includes the emission of photon from
the blob due to the operator containing the coe�cient
d
8

. The square of the amplitude includes 9 terms and
we will not present it for brevity. The calculation of
the cross section involves integration of the square of the
amplitude over the 3-body phase space [6, 7].
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where p12k = p1k
2 + m12k.

The three-dimensional integrals in Eqn.14 is Lorentz-
invariant and can be calculated in any frame. A
compact expression for these are obtained if any two
three-dimensional integrals are integrated in the center
of momentum frame of the two momentum vectors
involved. Following this strategy, we obtain the following
expression in the center of momentum frame ofp1k:
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where �p1k and ✓p1k denote the spherical polar
coordinates in the center of momentum frame ofp1k.
The 0th component of the 4 vectorsp
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and k are denoted
by p0
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and k0. In the center of momentum frame ofp1k,
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. The spherical polar
coordinates in the center of momentum frame ofP are
denoted by �P and ✓P .

The minimum value of p12k = ( p
1

+ k)2 is m2

f . We
choose our coordinate system such that the integral is
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 from mono-! searches           
[Cheung et al. Õ12]



Electroweak bremsstrahlung lifts the helicity suppression of DM annihilation to 
fermions. 

dim-8 operator encodes this effect in EFT framework. 

In spite of higher dimensionality of dim-8 operator, it does not suffer any 
suppression from DM relative velocity.  

Annihilation cross- section from dim 8 operator to the dim 6 operator is always 
larger at all dark matter mass scales  > 1 TeV.  

Cancellation in the 2-body cross-section between dim 6 and dim 8 for  

Bounds on the γ-ray ßux and relic density translates into stringent bound on 
the EFT scale. 

For high mass DM (> 200 GeV), relic density provides the strongest bound on ! .

Conclusions

Λ/mχ � 1.4



Thank Y!!!
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