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PARTICLE DARK MATTER�
AT A CROSSROADS



I don’t think there is any need for convincing you that DM exists…

… but perhaps I should argue why particle DM

    Evidence 

          on all scales!
)

DARK MATTER
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DM mass

PARTICLE PHYSICIST’S PERSPECTIVE:
We know that the Standard Model (of particle physics) in not complete

its extension could in principle be extremely minimal… but it is far more 
likely that there are (many?) new particles we do not know yet

it is quite possible that some of them are stable and then they are a dark 
matter

if so it is very natural to expect that they are also the dark matter

known particle massesneutrinos

focus of this talk
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1. Vanilla WIMP and why is (was?) it so attractive?


2. Going heavier - is it all bad?


3. Going lighter - is it all contrived?

4. A new hope?


• hope for new physics around the weak scale

• confronting experiments

• possible avenues
• new challenges at the TeV scale

• clear path for detection techniques
• thermal production mechanism

• new input from astrophysics & cosmology

OUTLINE
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CHAPTER #1

VANILLA WIMP



NEW PHYSICS�
(IS ALWAYS) AROUND THE CORNER

Now, after the Higgs was found - The Hierarchy Problem

but then we knew sth is there: vide so-called 

unitarization of the WW scattering cross section
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Figure 2.1: The diagrams giving the dominant one-loop corrections to the Higgs boson h mass.

of the SM, the Higgs boson h gets a one-loop correction of the form:
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where the contributions of other quarks than a t were neglected, due to the smallness of
their Yukawa couplings (or equivalently masses). Diagrams giving this type of corrections
are given on Fig.2.1. This quadratic corrections tend to push the mass of the Higgs boson
to the highest scale of the theory. On the other hand electroweak precision data favour
mh to be at the EW scale [75]. Therefore, in order to satisfy this constraints an important
cancellation between positive and negative contributions to (2.4) is needed.

This is a viable solution, but leads to the famous naturalness issue, the so-called hier-
archy problem: why does the EW scale is so small compared to the cut-o↵ one (typically
considered to be the GUT2 or Planck scale)? Or, more technically, why the parameters
of the model need to be so precisely fine-tuned, so that this cancellation occurs? Al-
though this might be just a coincidence, a more ”natural” reason would be that there
exists some sort of mechanism that eliminates or strongly suppresses these quadratic cor-
rections. Such a mechanism can be provided by a symmetry. For example, in the SM
fermions and gauge bosons do not get these kind of contributions, due to chiral and gauge
symmetry, respectively. This symmetry might be supersymmetry, which we will discuss
in Sec.2.2.

Another neutralness issue present in the Standard Model is the Strong-CP problem
already discussed Sec.1.2.2. Also there a large fine-tuning is necessary, unless some mech-
anism for driving the ✓̄ to zero is present.

In principle, the naturalness issues are not ”true problems” of the theory. They do
not pose any logical di�culties, nor disagreement with experiment. However, they are a
bit disturbing and may serve as hints for the new physics.

2Grand Unified Theories (GUTs) aim to unify the fundamental interactions by embedding GSM into
a higher dimensional group. This happens typically at roughly 1016 GeV.

July 2012 - the Higgs boson since then:

or in other words: why is the Higgs boson so light?

EW
 part

H
iggs
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What people think about SUSY :

SUPERSYMMETRY�
(STILL) BEST MOTIVATED FRAMEWORK BEYOND SM

great simplification of the theory

Coleman-Mandula theorem

elegant solution to Hierarchy Problem

needed by String Theory

coupling unification

DM candidate for free
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simplest form it is not invariant under super gauge transformations. To correct this one
follows the minimal coupling procedure: promotes the original derivatives to covariant
ones

µ Dµ µ i gAa

µ
T a , (2.30)

and modifies

�̄� �̄ e2gV� . (2.31)

Thus this part of the Lagrangian in the component notation reads:

L D
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T aDa i F

i
Fi .

(2.32)
Note, that by including covariant derivatives we automatically add also SUSY-gauge
interaction terms.

To construct kinetic terms for the gauge bosons and gauginos one defines another
chiral superfield built from the original vector one V , by:

W↵

1

4
D̄D̄ e 2gVD↵e

2gV . (2.33)

Since it is a chiral superfield, d2✓ Tr W↵W↵ will be SUSY (and clearly also gauge)
invariant. Therefore, with proper normalization the missing part we need to add is:

Lkin
1

16g2
d2✓Tr W↵W

↵ . (2.34)

Again translating it into component notation we see that it indeed contains kinetic terms
for both gauge bosons and gauginos and couplings between them:

Lkin
1

4
F a

µ⌫
F µ⌫ a i �̄a�̄µ Dµ�

a
1

2
DaDa . (2.35)

In conclusion, the full Lagrangian is:

LSUSY d2✓W �i

1

16g2
d2✓Tr W↵W

↵ d2✓d2✓̄�̄ e2gV� h.c. (2.36)

For completeness, note that for an Abelian vector superfields one can also include another
contribution, called the Fayet-Iliopoulos term [91] of the form:

LFD d4✓⇠V ⇠D x , (2.37)

where ⇠ is just a constant. This a↵ects only the potential shifting the D-term contribution
by a coe�cient ⇠. This term is however not present in the MSSM and thus we will not
consider it in more detail.
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Finally, adding new fields changes also the coupling running, as discussed previously.
In particular, it can be shown that the minimal supersymmetric extension of the SM, the
MSSM, can lead to a much better unification than in the SM itself, see e.g. [87]. From
that point of view GUTs seem to favour SUSY over non-supersymmetric theories.

All of the above constitutes a strong motivation for studying supersymmetric exten-
sions of the SM. Below we will introduce shortly the formalism (and notation) used in the
construction of the MSSM, discussed in more detail in Sec.2.3.

The Supersymmetry algebra

The SUSY algebra is given by the following (anti-)commutation relations [88]:

Q↵, Q� Q̄↵, Q̄�
0 ,

Q↵, Q̄�
2 �µ

↵�
Pµ ,

Q↵, Pµ Q̄↵, Pµ 0 ,

Q↵,Mµ⌫

1

2
�µ⌫ ↵

�Q� ,

Q̄↵,Mµ⌫

1

2
�̄µ⌫ ↵

�Q̄
�
.

(2.8)

The generators Q↵ and its conjugate Q̄↵ are fermionic operators and Weyl spinors be-
longing to the 1 2, 0 and 0, 1 2 representations of the Lorentz group, i.e. left- and
right-handed, respectively. Matrices �µ⌫

1
4 �µ�̄⌫ �⌫ �̄µ are the generators of the spe-

cial linear group SL 2,C . Finally, P µ are the generators for space-time translations and
Mµ⌫ for Lorentz transformations.

Essentially all the properties of SUSY follow from (2.8). The one which is most striking
is that a particle X and its superpartner X̃ must have the same mass:

m2
X
X P 2 X P 2 Q X̃ Q P 2 X̃ Qm2

X̃
X̃ m2

X̃
X , (2.9)

where in the third equality we have used the fact that the SUSY generators commute
with the momentum operator P , see Eq. (2.8). This is of course completely ruled out be
observations, since no sparticles have been observed so far. This leads to a conclusion,
that if SUSY is there, in inevitably has to be broken (at least at the scale of currently
accessible energies). Luckily however, this does not spoil its nice features. Although one
might be worried that this brings back again the hierarchy problem, it can be shown that
it is not necessarily the case. Indeed, even when SUSY is (softly) broken the hierarchy
problem is resolved, as long as the scale of the SUSY breaking is not much larger than
TeV [89]. It follows that some fine-tunning is still needed, but considerably less than in
the original SM.

Superspace and superfields

Having introduced the concept of supersymmetry, now we will turn to its specific re-
alizations in the context of extensions of the SM. An e�cient and very elegant way to

What SUSY really is:

SUSY features: SUSY bugs: 
hasn’t been found yet…

(however this bug might 
turn out to be a feature…)
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Moreover it can have properties required of dark matter particle and even better 
- one that interacts with the SM strongly enough to potentially give signals

SUPERSYMMETRY�
AND THE DARK MATTER

Of course, our everyday world is not supersymmetric - SUSY has to be 
broken - if it happens roughly at energy scales in reach of the LHC

we call it ”low scale” SUSY

Lepton & Baryon conservation can be ensured if one impose R-parity:

i.e.

A corollary: lightest superparticle (LSP) is automatically stable!

if ”low scale” SUSY
8



WIMP

WEAKLY INTERACTING AND MASSIVE 

In a weak sense: 

DM cannot interact too strongly, as we would see it

and has to have a mass to contribute to observed gravitational 
potential (now and during the structure formation)

In a strong sense: 

interacting through SM weak interactions and (therefore) 

not too light 

9
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WIMP DETECTION 



THERMAL RELIC DENSITY �
AND THE „WIMP MIRACLE”

11

…but every massive particle with not-too-weak interactions with 
the SM will be produced thermally, with relic abundance:

1.4. DETECTION METHODS 17

with

g1 2 heff

g1 2
eff

1
T

3heff

dheff

dT
, (1.25)

geff
30⇢

⇡2T 4
, (1.26)

heff T
45s

2⇡2T 3
. (1.27)

Within this approximation, in a radiation dominated Universe with an adiabatic expan-
sion, it is possible to find an analytical solution, giving the freeze-out happening at [41]:

xf log
5

4

45

8

g

2⇡3

m�mP l a 6 b xf

g xf xf

, (1.28)

and the relic density being equal to

⌦�h
2 1.04 109

mP l

xf

g xf

1

a 3 b xf

. (1.29)

If one plugs in the numbers of a typical WIMP of a mass O 100GeV one indeed gets
xf 20 30 and the relic density:

⌦�h
2 0.1

3 10 26cm3s 1

�v
. (1.30)

This is the advocated famous ”WIMP miracle”: a particle of a typical cross-section gov-
erned by weak interactions and mass on a weak scale gives correct thermal relic density.
This result should be taken however with a grain of salt. Not only it depends on several
assumptions and is related only to the simplified case without co-annihilations, but also
inspected in more detail shows that in fact the mass of the WIMP should be rather a bit
closer to a TeV scale and in concrete realizations rather fine-tuned, see e.g. [47]. This
weakens a bit the motivation of a WIMP as a manifestation of new weak scale physics.
Nevertheless, this simple computations shows why so much e↵ort is devoted to studies of
the weakly interacting massive particles.

1.4 Detection methods

The prospects for experimental searches for the dark matter very strongly relies on its
nature. If it is (nearly) decoupled from our visible SM sector we can probe it only via
gravity-strength interactions. In this case it is extremely hard to measure any of its
properties. On the other hand, if the dark matter has anything to do with the new
physics suggested by the open issues in the SM, other detection channels are possible. In
the case of a WIMP, its properties lead to possible observable scattering on the nuclei in
direct detection (DD) and additional source of cosmic rays in indirect detection (ID).

Dark matter could be created in many different ways…

Lee, Weinberg ’77; + others

This is dubbed the WIMP miracle because it coincidentally seem to point at the same 

energy scale as suggested by the Hierarchy Problem

freeze-out 

�ann > H

�ann < H

�ann ⇠ H

DM in equilibrium

chemical decoupling timeT



I. Natural


II. Predictive


III. It is not optional
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MOTIVATION�
THERMAL RELIC DENSITY 

When a dark matter signal is (fi 

relic abundance can pin-point the 


particle physics interpretation

Experiment: Theory:
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”(…) besides the Higgs boson 
mass measurement and LHC 
direct bounds, the constraint 
showing by far the strongest 
impact on the parameter space 
of the MSSM is the relic 
density”

…as a constraint:

…as a target:

…as a pin:

Roszkowski et al. ’14

Fixes coupling(s)      signal in DD, ID & LHC

No dependence on initial conditions

To avoid it one needs quite significant 
deviations from standard cosmology

Overabundance constraint

Comes out automatically from the 
expansion of the Universe

)

Naturally leads to cold DM



THERMAL RELIC DENSITY �
STANDARD APPROACH
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*assumptions for using Boltzmann eq: 
classical limit, molecular chaos,...

…for derivation from thermal QFT 
see e.g., 1409.3049

dn�

dt
+ 3Hn� = �h���̄!ij�relieq

�
n�n�̄ � n

eq
� n

eq
�̄

�

Critical assumption: 

kinetic equilibrium at chemical decoupling

f� ⇠ a(µ)f eq
�

E (@t �H~p ·r~p) f� = C[f�])

where the thermally averaged cross section:
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Boltzmann equation for        :

integrate over p 

(i.e. take 0th moment)

f�(p)
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INTERLUDE: WHAT IF KD VERY EARLY?
Recall: in standard thermal relic density calculation:

Critical assumption: 

kinetic equilibrium at chemical decoupling

f� ⇠ a(µ)f eq
�

DM

DM

SM

SM

annihilation (elastic) scattering

DM

SM

DM

SM

crossing sym.

where t = q̃2 = (k − k′)2, and after summing over all the spins we get

∑

spins

∣

∣Mscatt
∣

∣

2
=

e4

t2
× tr

(

(#k′ +me)γ
ν(#k +me)γ

λ
)

× tr
(

(#p′ +Mµ)γν(#p +Mµ)γλ
)

. (6)

The right hand sides of eqs. (4) and (6) are exactly the same analytic functions of the

momenta, provided we identify the momenta in the two processes according to the table (2),

k ↔ +p1 , k′ ↔ −p2 , p ↔ −p′2 , p′ ↔ +p′1 . (7)

Indeed, under this mapping,

tscatt = (k − k′)2 ↔ spair = (p1 + p2)
2,

tr
(

(#k′ +me)γ
ν(#k +me)γ

λ
)scatt
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(
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∣

∣

2
↔
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∣Mpair
∣

∣

2
. (9)

To be precise, the correspondence in eq. (9) involves analytic continuation rather than

outright equality because positive particle energies in scattering map onto negative energies

in pair production and vice verse. Thus,

∑

spins
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∣Mpair
∣

∣

2
= F (p1, p2, p

′

1, p
′

2) and
∑

spins

∣

∣Mscatt
∣

∣

2
= F (k,−k′, p′,−p) (10)

for the same analytic function F of the momenta, but for the pair production this function

is evaluated for p02 > 0 and p′02 > 0, while for the scattering we use it for p02 = −k′0 < 0 and

p′02 = −p0 < 0.

Relations such as (9) between processes described by similar Feynman diagrams (but

with different identifications of the external legs as incoming or outgoing) are called crossing

symmetries. And such crossing symmetries apply to amplitudes themselves and not just

2
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>>
… then standard thermal relic density calculation fails!

T. Binder, T. Bringmann, M. Gustafsson and AH,  Phys.Rev. D96 (2017)14



mDM = 58 GeV

FULL PHASE-SPACE EVOLUTION
mDM = 62.5 GeV

significant deviation from equilibrium 
shape already around freeze-out

effect on relic density largest, 

both from different T and fDM

large deviations at later times, around 
freeze-out not far from eq. shape

effect on relic density 

~only from different T

black - 

equilibrium 


at TDM

blue - full 
solution for 
fDM at TDM
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CURRENT LIMITS�
AND DECLINE OF THE WIMP PARADIGM

”The great tragedy of science - the slaying of 

a beautiful hypothesis by an ugly fact”


Aldous Huxley

On both Direct Detection and LHC front no* signal of DM particle!

*convincing

Common feeling: low scale SUSY in ”dire restraints”
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… BUT IN FACT WIMP�
NOT EVEN SLIGHTLY DEAD

11

FIG. 9: Bounds on the generic thermal WIMP window, as-
suming WIMP DM is 100% of the DM. Shown is the con-
servative bound calculated in this work from data (Visibles),
and the unitarity bound [48]. The remaining WIMP window
is the orange line, and the white space is unprobed. Thermal
relic cross section is the dashed line [4].

lower than the mass of their progenitor particle; other-
wise the portion of DM energy split into each mediator’s
final states will be unequal [118, 119], introducing extra
model dependence to the calculation.

Note that 2 ! 3 bremsstrahlung processes can be
the dominant DM annihilation mode in the scenario
the 2 ! 2 annihilation mode is suppressed [120–135].
Bremsstrahlung can lift helicity suppression for direct
annihilation for Majorana DM to neutrinos, but the an-
nihilation rate is generally still not su�ciently large to
produce a thermal relic cross section.

3. Invisibles and Sub-Dominant Density

When the limit on the total cross section is below
the thermal-relic prediction, the WIMP is nominally ex-
cluded. There are two other possible interpretations.

First, the fraction below the limit can be interpreted as
the fraction required to proceed to invisible final states.

Second, the strength of the limit below the relic line
can also be used to set a bound on sub-dominant WIMP
content. For standard indirect detection analyses for
WIMP DM, the annihilation cross section and the den-
sity are often considered as independent, and are related
to the astrophysical flux F as

F =
h�vi

8⇡m2
�

Z
⇢
2

�d`, (14)

where ⇢� is the DM density, and ` is the line of sight.

FIG. 10: Bounds on the generic thermal WIMP window, as-
suming sub-dominant WIMP content. Shown is the conserva-
tive bound calculated in this work from data (Visibles), and
the unitarity bound [48]. Thermal relic cross section is the
dashed line [4].

The upper limit is obtained from upper limits on F , i.e.,

h�vi < h�vlimiti ⌘ F
8⇡m2

�R
⇢2�d`

. (15)

For sub-dominant WIMP DM, if the WIMP density is
completely determined by the annihilation cross section,
they are no longer independent, as

⇢WIMPh�vWIMPi = ⇢�h�v�i, (16)

where h�v�i ⇠ 3⇥ 10�26 cm3
/s is the thermal relic cross

section. The annihilation flux from the sub-dominant
WIMP is then

F =
h�vWIMPi

8⇡m2
�

Z
⇢
2

WIMP
d`

=
h�vWIMPi

8⇡m2
�

Z ✓
�v�⇢�

h�vWIMPi

◆2

d` (17)

=
h�v�i

2

h�vWIMPi

1

8⇡m2
�

Z
⇢
2

�d`.

Therefore, an upper limit on the flux implies

h�v�i
2

h�vWIMPi
< h�vlimiti, (18)

which provides a lower limit on the sub-dominant WIMP
cross section,

h�vWIMPi >
h�v�i

2

h�vlimiti
. (19)

R. Leane et al; 1805.10305

Most of the (strongest) limits are 
based on assumptions motivated by 
theoretical prejudice (or convenience)

this can lead to a very 

broad-brush conclusions

excluded by 
observations

predicted probabilities 
can be >1

too much dark 
matterall fine!
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SUSY WIMP�
ALSO ACTUALLY QUITE OK

(a) (b)

Figure 13: (a) Solid contours show the Bayesian 1� and 2� credible regions of the CMSSM in the (m�,

�
SI
p ) plane, with LHC and DD constraints updated with respect to [210, 519]. The scattered blue points,

sampled from the posterior probability distribution, belong to the 2� region of the global profile likelihood.

For comparison, the solid gray line marks the final published 90% C.L. LUX bound [171], which is included

in the likelihood function. The solid red line shows the recent first limit from XENON1T [169], whereas

the dashed purple line gives the projected reach of XENON1T. (b) The 1� (red solid) and 2� (blue solid)

profile likelihood region in the (m�, �
SI
p ) plane of the NUHM according to the MasterCode group [541].

the right ⌦�h
2 appears to be a rather intriguing and well motivated solution [520], with

promising prospects for DM searches, as discussed below.

4.3.3 Prospects for WIMP searches in GUT-constrained models

Contours of the 68% and 95% Bayesian credible region of the CMSSM in the (m�, �SI
p )

plane are shown in Fig. 13(a), which updates the equivalent plots presented in Refs. [519]

and [210]. As stated above, the likelihood function includes the recently published LUX

data [171], which we have incorporated here following a procedure similar to Ref. [361].

Note that in recent years several numerical codes have been devised to appropriately ac-

count for DD data in the form of a likelihood function, see Refs. [542–545]. To facilitate

comparison, we mark as a solid gray line in Fig. 13(a) the 90% C.L. upper bound as given

by the LUX collaboration. The newest first results from XENON1T [169] are shown instead

as a solid red line.

Note how parts of the 95% credible posterior regions extend somewhat above the

90% C.L. limit given by the experimental collaboration. This is due, on the one hand, to

the non-negligible di↵erence that exists between the 90% and 95% confidence bound (which

Ref. [546] did not take into account) when the likelihood function is not very steep over

the parameter space. On the other hand, as the likelihood function’s slope is quite gentle,

the probability density shows some sensitivity to the choice of Bayesian priors, which in

this case pull towards larger values of �SI
p by favoring lighter gauginos. If, for instance, a

– 43 –

(a)

(b) (c)

Figure 14: (a) The parameter space of the pMSSM with ⌦�h
2 ⇡ 0.12 in the (m�, �

SI
p ) plane. Points

in green are characterized by a 90% or more bino composition of the neutralino; points in red are > 90%

higgsino; and points in blue are > 90% wino. Bino/higgsino admixtures are shown in gold, wino/higgsino

in magenta, and wino/bino in cyan. The plot updates the equivalent figure in Ref. [209] by including in the

likelihood function the DD constraint from [171], which we also show explicitly as a magenta solid line. We

have also added the most recent XENON1T bound [169], as a red solid line. (b) A plot of the bounds on

�
SD
p from neutrinos from the Sun at IceCube [560–562] and ANTARES [404, 563], for di↵erent final states

of annihilation, taken from Ref. [209]. The limits are presented for the W
+
W

�, bb̄, and ⌧
+
⌧
� final states.

(c) The sensitivity of several ID searches to the large mass region of the MSSM in the (m�, �v) plane, as

a function of the branching ratio BR(�� ! W
+
W

�). The figure is taken from [564].

they appear to be in tension with observations from the Galactic Center at the Cherenkov

telescope H.E.S.S. [567]. The extent of the tension depends of course on the choice of halo

profile. This was observed first in [568–570]. The ⇠ 1TeV higgsino region can also be seen

in Fig. 14(c), for slightly lower �v, and characterized by BR(�� ! W
+
W

�) ⇡ 0.5, as the

remaining 50% is dominated by the Zh final state.
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CMSSM points satisfying all the 
constraints and giving good DM 

candidate: generalization to the full pMSSM:

CMSSM- constrained Minimal Supersymmetric Standard Model

pMSSM- phenomenological Minimal Supersymmetric Standard Model



CHAPTER #2

DM AT THE TEV SCALE



WHY NOT TO GO TO TEV…

…AND WHY IT IS WORTH IT

Little Hierarchy Problem: further away from the lamppost (LHC), 
fine tuning gots worse for simplest models (e.g. CMSSM)


Thermal abundance requires large couplings (unitarity bound) or 
specific mechanism

There is no reason in principle not to consider full thermal 
range up to unitarity limit (apart from naturalness mentioned above)


We have already seen that even SUSY has regions in that 
regime and there are many more models on the market

Fun: new phenomena and new challenges appear

20



This Feynman diagram is an approximation of lowest order 
in perturbation theory!

primary 

annihilation 

process

shower development: 
splitting, hadronization,


fragmentation/decay

(e.g. PYTHIA)

indirect 

detection

INDIRECT DM DETECTION

Actual process can contain many more interactions
21



loop corrections
internal 


bremsstrahlung

α2

(

log
m

2

m
2

W

)2

α2 log
m

2

m
2

W

m = 1 TeV, α2 ≈
1

30
⇒ ≈ 0.17 ≈ 0.86

enhancement by large (Sudakov) logarithms:

Ciafaloni et al., Nucl. Phys. B589 (2000) 359  

EW CORRECTIONS
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LL RESSUMATION
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FIG. 1: Here we show our NLL0 result for the electroweak corrections to the charged (left) and neutral (right) DM annihilations obtained
by adding the one-loop high and low-scale corrections to the NLL result. The result is in good agreement with the known NLL calculation,
but with smaller uncertainty since the scale uncertainties have been reduced. The bands here are derived by varying the high scale between
m� and 4m�.

FIG. 2: As for Fig. 1, but showing a variation in the low-scale matching between mZ/2 and 2mZ , rather than a variation of the high-scale
matching. As can be seen the NLL0 contribution has reduced the low scale dependence in both charged and neutral DM annihilation
cases, and is again consistent with the NLL result.

and s0± = s±0 = 0, implying that when the Sommerfeld
enhancement can be ignored we can associate |⌃1|

2 with
the Sudakov contribution to �+�� annihilation and |⌃1�

⌃2|
2 with �0�0.

For this reason, in Fig. 1 and Fig. 2 we show the con-
tributions to |⌃1|

2 and |⌃1�⌃2|
2 for LL, NLL and NLL0.

In both cases we see the addition of the one-loop correc-
tions is completely consistent with the NLL results, sug-
gesting that this approach has the Sudakov logarithms
under control. In these plots we take a central value of
µm� = 2m� and µZ = mZ . In Fig. 1 the bands are de-
rived from varying the high-scale matching between m�

and 4m�. Recall that if we were able to calculate these
quantities to all orders, they would be independent of µ,
and so varying these scales estimates the impact of miss-
ing higher order terms. For the |⌃1|

2 NLL result, taking

µm� = 2m� is a minimum in the range varied over, so
we symmetrise the uncertainties in order to more conser-
vatively estimate the range of uncertainty. Similarly in
Fig. 2 we show the equivalent plot, but here the bands
are derived by varying the low scale µZ from mZ/2 to
2mZ . Improving on the high and low-scale matching, as
we have done here, should lead to a reduction in the scale
uncertainty. In all four cases shown this is clearly visible
and furthermore all results are still consistent with the
NLL result within the uncertainty bands.

We can also take this result and determine the impact
on the full DM annihilation cross section into line pho-
tons from �� and �Z in this model, as we show in Fig. 3.
We take the uncertainty on our final result to include the
high and low-scale variations added in quadrature. For
H.E.S.S. limits we use [2], whilst for the CTA projection

3

After matching, the next step is to evolve these op-
erators down to the low scale, e↵ectively resumming
the large logarithms ln(2m�/mZ) and ln(2m�/mW ) that
caused a breakdown in the perturbative expansion of the
coupling. This is done using the anomalous dimension
matrix �̂ of the two operators (a matrix as the operators
will in general mix during the running). In general the
matrix can be broken into a diagonal piece �WT , and a
non-diagonal soft contribution �̂S , as

�̂ = 2�WT I+ �̂S . (6)

To NLL these results are given by [24]:

�WT =
↵2

4⇡
�g

0 ln
2m�

µ
�

↵2

4⇡
b0 +

⇣↵2

4⇡

⌘2
�g

1 ln
2m�

µ
,

�̂S =
↵2

⇡
(1� i⇡)

✓
2 1
0 �1

◆
�

2↵2

⇡

✓
1 0
0 1

◆
.

(7)

Here the diagonal anomalous dimension has been written
in terms of the SU(2)L one-loop �-function, b0 = 19/6,
as well as the cusp anomalous dimensions, �g

0 = 8 and
�g

1 = 8
�
70
9 �

2
3⇡

2
�
, and we use the full SM particle con-

tent for this evolution.1 Renormalization group evo-
lution with the anomalous dimension also requires the
two-loop �-function, and for this we take b1 = �35/6.
Our normalization convention is such that µd↵2/dµ =
�b0↵2

2/(2⇡)�b1↵3
2/(8⇡

2). Below the DM matching scale,
the spin of the DM is no longer important. As such the
anomalous dimension determined in [24] for the fermionic
wino should resum the same logarithms as those that ap-
pear in the scalar case considered in [23], and we have
confirmed they agree.

We can then explicitly use the full anomalous dimen-
sion to evolve the operators as follows:


CX

± ({mi})

CX

0 ({mi})

�
= eD̂

X(µZ ,{mi}))P exp

 Z
µZ

µm�

dµ

µ
�̂(µ,m�)

!

⇥


C1(µm� ,m�)
C2(µm� ,m�)

�
, (8)

Let us carefully explain the origin and dependence of each
of these terms. Starting from the right, C1 and C2 are
the high-scale Wilson coe�cients of the operators stated
in Eq. (2), resulting from a matching of the full theory
onto NRDM-SCETEW. These only depend on the high
scales, specifically µm� and m�. Next the anomalous
dimension �̂ is also a high scale object, and so only de-
pends on m� and now µ as it runs between the relevant

scales. D̂X is a factor accounting for the low-scale match-
ing from NRDM-SCETEW onto NRDM-SCET� – a the-
ory where the electroweak modes have been integrated
out, see [20, 43–46]. It is a matrix as soft gauge boson

1 This means we take mt ⇠ mH ⇠ mW,Z and integrate out all
these particles at the same time at the electroweak scale.

exchanges can mix the operators. Furthermore D̂X is
labelled by X to denote its dependence on the specific fi-
nal state considered, ��, �Z or ZZ. This object depends
on the low-scale physics and so depends on µZ and all
the masses in the problem, which we denote as {mi}.
It contains both a resummation of low-scale logarithms
(which can be carried out directly as in [43, 44] or more
elegantly with the rapidity renormalization group [48],
see also [49]) as well as the low scale matching coe�cient
which does not necessarily exponentiate. Finally on the
left we have our final coe�cients CX

± and CX

0 , which as
explained below can be associated with the charged and
neutral annihilation processes. In an all orders calcula-
tion of all terms in Eq. (8), the scale dependence would
completely cancel on the right hand side, implying that
CX

± and CX

0 depend only on the mass scales in the prob-
lem and not µm� or µZ . Nevertheless at any finite per-
turbative order, the scale dependence does not cancel
completely and so a residual dependence is induced in
these coe�cients. We will exploit this to estimate the
uncertainty in our results associated with missing higher
order terms.
As we are performing a resummed calculation, the or-

der to which we calculate is defined in terms of the large
electroweak logarithms we can resum. In general the
structure of the logarithms can be written schematically
as:

ln
C

Ctree
⇠

1X

k=1

h
↵k

2 ln
k+1

| {z }
LL

+↵k

2 ln
k

| {z }
NLL

+↵k

2 ln
k�1

| {z }
NNLL

+ . . .
i
,

(9)
where since Sudakov logarithms exponentiate, we have
defined the counting in terms of the log of the result.
Furthermore all corrections are defined with respect to
the tree level result Ctree

⇠ O(↵2), which is a conven-
tion we will follow throughout. With this definition of
the counting, to perform the running in Eq. (8) to NLL
order, there are three e↵ects that must be accounted for:
1. high-scale matching at tree level; 2. two-loop cusp
and one-loop non-cusp anomalous dimensions; and 3. the
low-scale matching at tree level, together with the ra-
pidity renormalization group at NLL. To extend this to
NNLL all three of these need to be calculated to one or-
der higher. In between these two is the NLL0 result we
present here, which involves determining both the high
and low-scale matching at one loop. In terms of Eq. (9),
this amounts to determining the leading k = 1 piece of
the NNLL result. To the extent that O(↵2) corrections
are larger than those at O(↵2

2 ln(µ
2
m�

/µ2
Z
)), the NLL0 re-

sult is an improvement over NLL and more important
than NNLL.
Before presenting the result of that calculation, how-

ever, it is worth emphasising another advantage gained
from the e↵ective theory. In addition to allowing us to
resum the Sudakov logarithms, the e↵ective theory also
allows this problem to be cleanly separated from the issue
of low-velocity Sommerfeld enhancement in the ampli-
tude – in NRDM-SCET there is a Sommerfeld-Sudakov

Ovanesyan et al. ’16  

Using EFT techniques the contribution for large logarithms can be summed 
to all orders:

This is a relatively complicated 
computation, which does not 

have to be done if DM is lighter!
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Arkani-Hamed et al. ’09  

1

mφ
!

1

αmχ

mχv
2 ! α

2
mχ

one-loop ∝ α

mχ

mφre-summation

kinetic 

energy

Bohr 

energy

force

range

Bohr 

radius

in a special case of Coulomb force: S(v) =
πα/v

1− e−πα/v
≈ π

α

v

σSE = S(v)σ0

SOMMERFELD EFFECT
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Hisano et al. ’04,’06force carriers in the MSSM:
γ, W±, Z0, h0

1, h
0

2, H
±

W+

χ0

χ0
χ−

χ+ χ0 χ0 χ+ χ0

Z0, h0 · · ·
W+ W+

γ

H+ H+
Z0

h0

χ+χ+

δm ! mχ

mχ ! mW

)at TeV scale generically effect of O(1� 100%)

on top of that resonance structure

effect of O(few)
for the relic density
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THE SOMMERFELD EFFECT�
FROM EW INTERACTIONS
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free DM states

BOUND STATE FORMATION

X1

X2

¨ ¨ ¨ ¨ ¨ ¨ B

g

C⌫

Figure 1a: The amplitude for the radiative capture consists of the (non-perturbative) initial and final
state wavefunctions, and the perturbative 5-point function that includes the radiative vertices.

rC⌫saii1,jj1 “
i

j

⌘1K ` q

⌘2K ´ q

a, ⌫
b, ⇢

c, µ

Pg

⌘1P ` p

⌘2P ´ p

i1

j1

` `

Figure 1b: The leading order diagrams contributing to the radiative capture into bound states via gluon
emission. The external-momentum, colour-index and space-time-index assignments are the same in all
three diagrams.

that appear in eq. (2.16), q0 and p0 are determined by the poles of C⌫ , upon the integration denoted
in eq. (2.17). The total 4-momenta of the scattering state, the bound state and the radiated gluon,
K, P and Pg respectively, essentially contain all the (discrete and continuous) quantum numbers that
fully specify the system. In the non-relativistic regime, they can be expressed as

K “
ˆ
M ` K2

2M
` Ek, K

˙
, (2.19a)

P “
ˆ
M ` P2

2M
` En`, P

˙
, (2.19b)

Pg “ p!, Pgq , (2.19c)

where Ek “ k2{p2µq “ µv2rel{2 is the kinetic energy of the scattering state in the CM frame, with
vrel being the relative velocity of the interacting particles, and En` † 0 is the binding energy of the
bound state. Note that Mn` ” M ` En` is the mass of the bound state. For a Coulomb potential,
En` “ ´2{p2n2µq, with  ” µ↵B

s (cf. appendix A). Energy-momentum conservation, K “ P ` Pg,
implies

! “ |Pg| » Ek ´ En` . (2.20)

The leading order contributions to rC⌫saii1,jj1 are shown in fig. 1b. We compute them next using
the Feynman rules from [55].

Emission from the mediator

ipC⌫
medqaii1,jj1 “ S1p⌘1P ` pq

“
´igspT b

1 qi1i p⌘1K ` ⌘1P ` q ` pq⇢
‰
S1p⌘1K ` qq ´i

p⌘1K ` q ´ ⌘1P ´ pq2

ˆ S2p⌘2P ´ pq r´igs pT c
2 qj1j p⌘2K ` ⌘2P ´ q ´ pqµsS2p⌘2K ´ qq ´i

p⌘2K ´ q ´ ⌘2P ` pq2
ˆ p´gBSF

s fabcq tg⇢µrp⌘1K ` q ´ ⌘1P ´ pq ´ p⌘2K ´ q ´ ⌘2P ` pqs⌫
`g⌫⇢r´Pg ´ p⌘1K ` q ´ ⌘1P ´ pqsµ ` gµ⌫rp⌘2K ´ q ´ ⌘2P ` pq ` Pgs⇢u , (2.21a)
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Figure 7: Left panel: The mass splitting �m between DM and its coloured co-annihilating partner, that
is required to obtain the observed DM density. The blue dotted band takes into account perturbative
annihilation only, the purple dashed band incorporates the Sommerfeld e↵ect on the direct annihilation,
and the yellow solid band includes also the e↵ect of bound-state formation and decay. The width of the
bands arises from the 3� uncertainty on the DM density. Right panel: The impact of the Sommerfeld
e↵ect and bound-state formation on the DM density. �m is fixed with respect to m� along the yellow
solid band of the left panel. We present the ratios of the relic densities predicted by perturbative
annihilation only (blue dotted line) and by Sommerfeld-enhanced annihilation (purple dashed line), to
the relic density predicted by the full computation that includes the e↵ect of bound states.

4 Conclusion

Long-range interactions imply that non-perturbative e↵ects and a variety of radiative processes come
into play. Here, we have considered the radiative capture of non-relativistic particles into bound states,
in unbroken non-Abelian gauge theories, in the regime where the gauge coupling is perturbative. This
can be important in multi-TeV WIMP DM scenarios, in scenarios where DM co-annihilates with
coloured particles, as well as in hidden sector models.

Our main results include the amplitude for the radiative formation of bound states via one-gluon
emission, for arbitrary representations and masses of the interacting particles [cf. eq. (2.25)], and the
BSF cross-sections for particles transforming in conjugate representations [cf. eqs. (2.42)].

As a first application of our results, we considered a simplified model where DM coannihilates
with particles transforming in the fundamental of SUp3qc, and showed that the formation and decay
of particle-antiparticle bound states can a↵ect the DM relic density very significantly. This implies
larger DM mass and/or mass splitting between DM and its coannihilating particles, thereby altering
the interpretation of the experimental results, and a↵ecting the detection prospects. In particular,
larger mass splittings imply the production of harder jets that can be more easily probed in collider
experiments. Moreover, larger DM masses motivate indirect searches in the multi-TeV regime.

While the analytical formulae (2.42) assume a Coulomb potential, it is straightforward to generalise
our results to other potentials, by computing the overlap integrals (2.26) using the wavefunctions
arising from those potentials. This allows to include, for example, thermal masses for the gauge
bosons, as well as the e↵ect of multiple force mediators. The latter has been shown to be important
in models where the (co-)annihilating particles possess a significant coupling to the Higgs [49, 59]. We
leave these extensions for future work.

20

see papers by K. Petraki et al. ’14-18

DM bound state

significant modification of the 
annihilation rate - large effects on the 
DM models, especially in the TeV scale

can happen when long 
range force between DM 

states is present
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CHAPTER #3

LIGHT DM
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MEV-GEV SCALE DM
Below the sensitivity threshold for most 

Direct Detection experiments

But needs very weak coupling to visible sector:

11. limits from cosmology are quite strong

1. light = easier to produce at colliders

111. thermal relic density ~(mass/coupling)2 

Are there any 
upsides?
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LIGHT DM MOTIVATION

DM self-interactions:

For fixed mass density - lighter DM means higher number density

4

FIG. 2. Constraints at 95%C.L. on DM annihilating into
vector mediators that kinematically mix with hypercharge as
a function of the DM and mediator masses. The blue shaded
region shows the combinations of DM mass m� and mediator
mass m� that lead to a DM self-interaction cross section of
0.1 cm2 g�1 < h�T i30/m� < 10 cm2 g�1, which would visibly
a↵ect astrophysical observables at dwarf galaxy scale [16].

the parameter region excluded by CMB constraints. To
calculate the appropriate value of fe↵ as a function of
m� and m�, we multiply the di↵erent decay modes with
the e�ciency factors from [51]. Our results are shown
in Fig. 2, where we also show the Fermi and AMS-02
bounds discussed above. We observe that the CMB con-
straints, and partially also the other indirect detection
constraints, exclude all combinations of m� and m� that
lead to interesting self-interaction cross sections.

We emphasize that very close to a resonance both the
preferred SIDM region and the various constraints may
be modified by the impact of a potential second period
of DM annihilation on the relic density calculation (see
above). For late kinetic decoupling the resulting modi-
fications will be small, but we expect even larger e↵ects
not to change our results qualitatively.

Discussion.— The bounds shown in Fig. 2 have been
obtained under very conservative assumptions and are
expected to apply in a similar way to other models of
spin-1 mediators. The CMB constraints, in particular,
are very robust because we probe DM annihilation in
a kinematical situation where the Sommerfeld enhance-
ment is typically already saturated. Even for parameter
combinations where this is not the case, our constraints
are extremely conservative because we evaluate �v no
later than at recombination, and for larger values of vrec
than expected in a realistic treatment of kinetic decou-
pling. Nevertheless, our analysis does rely on a number
of assumptions, which we will now review in detail.

For our calculations so far, there was no need to specify

the kinetic mixing parameter ✏, as long as mixing is suf-
ficiently large that the mediator decays in time to a↵ect
the reionisation history. Nevertheless, we have assumed
implicitly that ✏ is large enough to thermalise the visible
sector and the dark sector before freeze-out. Depending
on the DMmass, the required value of ✏ for this to happen
is of order 10�7–10�5 [70]. However, DM direct detec-
tion experiments (as well as astrophysical constraints for
m� . 1 MeV [71]) typically require much smaller values
of ✏ [20]. The conclusion is that a di↵erent mechanism
must be responsible for bringing the visible and the dark
sector into thermal contact.
The simplest possibility would be a thermal contact at

higher temperatures, via a di↵erent portal. After this in-
teraction ceases to be e↵ective, the temperatures of both
sectors would then evolve independently, depending on
the number of degrees of freedom in each sector. For size-
able ↵� the DM relic abundance will still be determined
by dark sector freeze out, but at a di↵erent temperature.
For reasonable temperature ratios, as we discuss in detail
in Appendix A, such a situation does not lead to quali-
tatively di↵erent results compared to the case where the
two sectors have the same temperature. For the case
where the two sectors never reach thermal equilibrium
and the DM relic abundance is for example set via the
freeze-in mechanism, we refer to [23].
A second important assumption is that DM can self-

annihilate via an s-wave process. In the p-wave case the
resulting cross sections are much smaller, even though
the Sommerfeld enhancement can be quite significant (see
Fig. 1). Moreover, at very small velocities the cross sec-
tion again decreases like v2 and therefore typically be-
comes unobservably small at recombination. Not sur-
prisingly, we therefore find that both CMB and indirect
detection bounds can be evaded for most of the param-
eter space. However, models leading to p-wave annihi-
lation are strongly constrained from independent model
building considerations, in particular the combination of
constraints from direct detection experiments and pri-
mordial nucleosynthesis [20].
Finally, our conclusions can be modified if the media-

tor decays in a di↵erent way than via kinetic mixing. As
a specific example, we discuss the case of mass mixing in
Appendix B, in which case the mediator obtains a signif-
icant coupling to neutrinos. This alleviates constraints
from both DM annihilation and the mediator lifetime,
but in principle o↵ers exciting prospects for indirect de-
tection [15]: DM annihilation into a pair of mediators
followed by the decay � ! ⌫̄⌫ would result in a character-
istic spectral feature [72]. While currently unconstrained
for the models considered here, such a signal is in reach
for IceCube observations of the Galactic halo [73–76].
In general, however, the constraints derived above are

so strong that they can even be applied to models where
mediator decays into leptons are sub-dominant. As a re-
sult, large self-interactions are excluded also for the case
of mass mixing, as long as m� > 2me. Even weaker
constraints could in principle be obtained if the media-

the lighter, the stronger 

Mass scale of known visible matter

Natural region for hidden dark sectors coupled to SM at loop level

Few arguments in favor of MeV-GeV dark sector:

just an observation…

coupling to SM suppressed radiatively 

instead of due to heavy mass scale 

stronger/different indirect

detection signals
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DETECTION OF LIGHT DM
List of strategies:

T. Bringmann,  M. Pospelov; 1810.10543
- to see more join our Bi-weekly JC 

today at 2.15pm!

Some of the limits:

1. standard Indirect Detection - looking at data in lower energies

3. Direct Detection - scattering on electrons

The Light Dark Matter eXperiment

The search for non-gravitational interactions of dark matter has been framed by several ideas

that encourage a focus on MeV to TeV mass scales. The thermal freeze-out mechanism, an elegant

and quantitatively successful explanation for the origin and abundance of dark matter, strongly

motivates this mass range. The origin of electroweak symmetry breaking points to new weak-scale

physics, of which dark matter could be an important component. Finally, familiar stable matter

resides in the lower half of this mass range, motivating searches for dark matter of comparable

mass.

The WIMP paradigm is an elegant embodiment of these ideas, but the simplest scenarios and

the weak-scale physics behind them, such as supersymmetry, are now disfavored by direct and

indirect detection limits and LHC results. Hidden sector dark matter, coupled to normal matter

by a new force, is another simple realization of thermal dark matter, which naturally extends the

viable mass range into the sub-GeV region. Hidden sectors, which are common in theories of new

weak-scale physics, minimally contain a new particle charged under a single Standard-Model-like

force carrier, which may arise from weak-scale new physics and yet be significantly lighter. This new

force has several attractive implications: it provides a natural explanation for the stability of dark

matter, mediates interactions with the Standard Model, and realizes the thermal relic paradigm

over the MeV to GeV mass range.

Searches for light hidden sectors can be sensitive to the force mediators, as well as to the dark

matter itself. Accelerator-based fixed target searches employing the missing-momentum technique,

such as the Light Dark Matter eXperiment (LDMX), are particularly comprehensive probes of

hidden sector physics. In the simplest and most predictive hidden sector scenarios, those with

dark matter annihilating through a light vector mediator, LDMX has the sensitivity to definitively

explore thermal relic dark matter over most of the MeV to GeV range, and can also measure key

properties of the mediator. In contrast, non-relativistic scattering cross sections can be velocity-

or loop- suppressed, leading to thermal relic signals as much as twenty orders of magnitude below

the sensitivity of current direct detection experiments. Furthermore, LDMX has the sensitivity to

probe a broad range of light weakly-coupled physics beyond dark matter.

The figure below left illustrates the comprehensive capability of LDMX to confront the low-

mass thermal relic hypothesis. LDMX employs a low current 4 to 8 GeV high-repetition-rate

electron beam, from, for example, the proposed SLAC DASEL beamline. The dark force carrier is

produced via dark bremsstrahlung in the interaction of the electron beam with a thin target. The

experimental signature is a soft wide-angle scattered electron and missing energy. The detector,

shown below right, is composed of a tracker surrounding the target, to measure each incoming

and outgoing electron individually, and a fast hermetic calorimeter system capable of sustaining an

O(100) MHz rate while vetoing low-multiplicity Standard Model backgrounds. LDMX leverages

mature and developing detector technologies and expertise from the HPS and CMS experiments to

achieve the required detector performance to discover light dark matter.
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2. Fixed target accelerator experiments, e.g. LDMX

4. Scattering (elastic or inelastic) on 
CRs in present and Early Universe

5. …

see e.g. Capiello et al. 1810.07705
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the photoelectric cross section �p.e.. The kinetic mixing
parameter " follows from "e↵ after in-medium corrections

as described in Ref. [13], from which we also adopted the
nominal photoelectric cross sections [27].

In order to project an absorption event of known en-
ergy into our measured signal space, we adopted an ion-
ization production model that is consistent with experi-
mental measurements [28–30] and has the following mean
neh:

hneh(E�)i =

8
><

>:

0 E� < Egap

1 Egap < E� < ✏eh
E�/✏eh ✏eh < E�

(2)

where Egap = 1.12 eV and ✏eh = 3.8 eV [22]. The prob-
ability distributions in the first two cases are delta func-
tions. In the third case, we generated discrete distribu-
tions with an arbitrary Fano factor, F , by interpolating
between binomial distributions with the same hnehi, but
di↵erent integer number of trials. For the sensitivities
shown we use the measured high energy F of 0.155 [31].
We also vary the F used in the ionization model from
its lowest mathematically possible value to 1 to estimate
our sensitivity to the unmeasured ionization distribution
width at low energies. Finally, we convolved the pre-
dicted e�h+ pair spectrum with the experimental reso-
lution of 0.1 e�h+ pairs. An example of a dark photon
signal (mV = 9.4 eV, "e↵ = 5 · 10�13) with this ion-

ization model applied is superimposed on the measured
spectrum in Fig. 3.

The signal induced by ERDM was calculated accord-
ing to the formalism in Ref. [12] in which scattering rates
accounting for band structure in Si are tabulated for sig-
nal modeling. The di↵erential scattering rate is given by
the function

dR

d lnER
= Vdet

⇢DM

mDM

⇢Si
2mSi

�̄e↵
m2

e

µ2
DM

Icrystal(Ee;FDM )

(3)
where �̄e↵ encodes the e↵ective DM-SM coupling, FDM is
the momentum transfer (q) dependent DM form factor,
µDM is the reduced mass of the DM-electron system,
and Icrystal is the scattering integral over phase space
in the crystal (as defined in Ref. [12]). We integrated
this di↵erential spectrum with Eq. 2 to get the expected
quantized spectrum, applying the same energy resolution
smearing as for the dark photon signal.

We determined 90% upper confidence limits from our
data without background subtraction using the optimum
interval method [32, 33], with the modification that we
removed regions of the data > 2� from the quantization
peaks. Given that both of the DM candidates studied in
this paper produced quantized signals, this ensured that
the optimum interval method considered only the data
likely to resemble the signals studied. Figure 4 shows
the optimum interval limits for dark photon absorption

FIG. 4. Top: Limits on dark photon kinetic mixing compared
to the results from DAMIC, XENON10 and XENON100 [16,
and references therein]. Middle (Bottom): Limit on DM in-
teracting with electrons via a heavy dark photon (FDM =
1) (ultra-light dark photon (FDM / 1/q2)) compared to the
XENON10 results [17]. The red line is the limit curve with a
Fano factor of 0.155. The salmon colored region indicates the
systematic uncertainties due to varying the Fano factor in the
ionization model between the lowest mathematically possible
value and 1, as well as from uncertainties in the photoelectric
cross section for dark photon absorption. For signal models
as well as additional astrophysical constraints, see Ref. [1].

and ERDM coupling via light and heavy mediators. The
salmon-colored band around the exclusion limit repre-
sents the sensitivity to details of the photoelectric cross-
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FIG. 1: Types of diagrams that contribute to the first or-
der QED corrections to WIMP annihilations into a pair of
charged particle final states. The leading contributions to di-
agrams (a) and (b) are universal, referred to as final state
radiation (FSR), with a spectral distribution which only de-
pends slightly on the final state particle spin and has been
calculated, e.g., in [16]. Internal bremsstrahlung from virtual
particles (or virtual internal bremsstrahlung, VIB) as in dia-
gram (c), on the other hand, is strongly dependent on details
of the short-distance physics such as helicity properties of the
initial state and masses of intermediate particles.

mA ≈ 2mχ, where annihilations in the early universe
are enhanced by the presence of the near-resonant pseu-
doscalar Higgs boson; the hyperbolic branch or focus
point region where m0 " m1/2; the stau coannihilation
region where mχ ≈ mτ̃ ; and finally the stop coannihila-
tion region (arising when A0 #= 0) where mχ ≈ mt̃. The
stau coannihilation region has recently been noticed to
have favourable properties for indirect detection rates in
antiprotons and gamma-rays [24]. In this paper we will
show that, in addition, there is a great enhancement of
the high energy gamma-ray signature in this region.

III. INTERNAL BREMSSTRAHLUNG FROM
WIMP ANNIHILATIONS

A. The general case

Whenever WIMPs annihilate into pairs of charged par-
ticles XX̄, this process will with a finite probability au-
tomatically be accompanied by internal bremsstrahlung
(IB), i.e. the emission of an additional photon in the
final state (note that in contrast to ordinary, or exter-
nal, bremsstrahlung no external electromagnetic field is
required for the emission of the photon). As visualized
in Fig. 1, one may distinguish between photons directly
radiated from the external legs (final state radiation,
FSR) and photons radiated from virtual charged particles
(which we will refer to as virtual internal bremsstrahlung,
VIB). So, to be more specific, the IB photons will be the
total contribution from both FSR and VIB photons.

If the charged final states are relativistic, FSR
diagrams are always dominated by photons emitted
collinearly with X or X̄. This is a purely kinematical
effect and related to the fact that the propagator of the
corresponding outgoing particle,

D(p) ∝
(
(k + p)2 − m2

X

)−1
, (2)

diverges in this situation. Here, k and p denote the mo-
menta of the photon and the outgoing particle, respec-
tively. The resulting photon spectrum turns out to be

of a universal form, almost independent of the underly-
ing particle physics model [16, 17]. Defining the photon
multiplicity as

dNXX̄

dx
≡

1

σχχ→XX̄

dσχχ→XX̄γ

dx
, (3)

where x ≡ 2Eγ/
√

s = Eγ/mχ and s is the center-of-mass
energy, it is given by [16]:

dNXX̄

dx
≈

αQ2
X

π
FX(x) log

(
s(1 − x)

m2
X

)
. (4)

Here, QX and mX are the electric charge and mass of X ;
the splitting function F(x) depends only on the spin of
the final state particles and takes the form

Ffermion(x) =
1 + (1 − x)2

x
(5)

for fermions and

Fboson(x) =
1 − x

x
(6)

for bosons. Due to the logarithmic enhancement that
becomes apparent in Eq. (4), FSR photons are often the
main source for IB (note that very near the kinematical
endpoint, x ∼ 1 − m2

X/s, it is not sufficient anymore to
only keep leading logarithms and one can thus no longer
expect Eq. (4) to be a good approximation for the actual
spectrum). A prominent example where FSR in this uni-
versal form not only dominates IB but in fact the total
gamma-ray spectrum from WIMP annihilations, is the
case of Kaluza-Klein dark matter [17].

In general, one can single out two situations where pho-
tons emitted from virtual charged particles may give an
even more important contribution to the total IB spec-
trum than FSR: i) the three-body final state XX̄γ satis-
fies a symmetry of the initial state that cannot be satis-
fied by the two-body final state XX̄ or ii) X is a boson
and the annihilation into XX̄ is dominated by t-channel
diagrams. To understand that the first case only leads to
an enhancement of VIB, and not of FSR, we recall that
the latter is dominated by collinear photons, i.e. the (vir-
tual) final state particles are almost on mass-shell; the
two- and three-body final states are thus bound to the
same symmetry constraints. The enhancement of the an-
nihilation rate in the second case follows from a closer in-
spection of the t-channel propagator. For non-relativistic
WIMPs, it takes the form

Dt(p) ∝
(
(l − p)2 − m2

X̃

)−1

≈
(
m2

χ − m2
eX

+ m2
X + 2mχEX

)−1

, (7)

where l is the momentum of one of the ingoing WIMPs
and X̃ denotes the particle that is exchanged in the t-
channel. If χ and X̃ are almost degenerate in mass,
one thus finds an enhancement for small EX which – for
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Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to
N(x > 0.1) = 1. Spectra from secondary particles (gray band) are hardly distinguishable.
Pronounced peaks near the kinematical endpoint can have different origins, but detectors
with very good energy resolutions ∆E/E may be needed to discriminate amongst them in
the (typical) situation of limited statistics. See text for more details about these spectra.

3. Spatial Signatures

The peculiar morphology of annihilation signals, tracing directly the DM
density, offers another convenient handle for discriminating signals from back-
grounds. The most relevant targets are the GC, dwarf spheroidal galaxies
and galaxy clusters with respective half light radii of roughly θ1/2 ! 10◦,
θ1/2 ∼ 0.1◦ and θ1/2 " 0.1◦. Further important targets are DM clumps or the
angular power spectrum of the isotropic gamma-ray background (IGRB), all
of which we will discuss in this section.

3.1. Halo Profiles and the Galactic Center

The arguably brightest source of gamma rays from DM annihilation is the
center of our Galaxy. Within a few degrees around the GC, WIMPs would
induce a gamma-ray flux of about O(10−7) ph cm−2 s−1 at the Earth (at
> 1 GeV, assuming a thermal annihilation rate into b̄b, mχ = 100 GeV and
standard halo profiles), very well in reach of current instruments. However,
the line-of-sight to the GC traverses the galactic disc, which harbours nu-
merous high-energetic processes (π0 production in cosmic-ray interactions,

7

• Consider the process:       
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One-step cascades and “boxed” spectra
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Gamma-ray lines Internal Bremsstrahlung Box-shaped

tree-level; 

cascade decay

generically loop-
suppressed

7

Internal Bremsstrahlung (IB)
● radiative correction to 

processes with charged final 
states

● Generically suppressed by 
O(α)

Gamma-ray lines
● from two-body 

annihilation into photons
● forbidden at tree-leve, 

generically suppressed by 
O(α²)

Box-shaped spectra
● Cascade-decay into 

monochromatic photons
● already at tree level

Continuum 
emission

Energy spectrum of photons from DM annihilation

WHAT CAN WE LOOK FOR?
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…if not, boosted to give a box shaped spectrum:

3

The coe�cient ⇤ can be related to the one-loop diagram mediating the ⇡0
! �� decay interaction (by replacing one

photon with the dark matter vector current), which is determined by the chiral anomaly.3 We would then expect
1/⇤3

⇠ (e/16⇡2)(1/M2f⇡), where f⇡ is the pion decay constant.
In general, however, the dark matter–SM quark-level interaction need not preserve C. As such, dark matter

annihilations (decays) are able to produce all three final states of interest—provided they are kinematically accessible—
with branching ratios A⇡, A�⇡, and A� (D⇡, D�⇡, and D�), respectively. These branching ratios depend on the specific
UV model, but we leave them here as parameters to keep our analysis general.

A. Photon spectra

The prompt photons simply have �-function spectra in the dark matter center-of-mass frame:

dN�

dE
= �(E � E0) , (2)

for each photon produced with an energy E0. Any ⇡0 subsequently decays to two secondary photons with a branching
ratio of ⇠ 99% [26]. The decay is isotropic in the ⇡0 rest frame, and boosting to the dark matter center-of-mass frame
results in a box-shaped photon spectrum [27]

dN�

dE
=

2

�E
[⇥(E � E�)�⇥(E � E+)] , (3)

where E± are the kinematic edges and �E ⌘ E+ � E� is the box width. Thus, the annihilation/decay processes
yielding prompt photons or neutral pions produce gamma spectra with sharp features. We summarize the kinematics
below.

(i) ⇡0⇡0: The photon spectrum is box shaped, given by twice that in Eq. (3), with kinematic edges and box width

E± =

p
s

4

 
1±

r
1�

4m2

⇡0

s

!
, �E =

r
s

4
�m2

⇡0 . (4)

(ii) �⇡0: The prompt photon produces a line distribution, given by Eq. (2), with energy

E0 =

p
s

2

✓
1�

m2

⇡0

s

◆
. (5)

The spectrum from the pion decay is given by Eq. (3), with kinematic edges and box width

E± =

p
s

4

✓
1 +

m2

⇡0

s

◆
±

✓
1�

m2

⇡0

s

◆�
, �E =

p
s

2

✓
1�

m2

⇡0

s

◆
. (6)

(iii) ��: The photon spectrum is a line, given by twice that in (2), at the energy

E0 =

p
s

2
. (7)

If the box spectrum is very narrow, a detector will not be able to resolve the box shape and will instead observe
a signal that is indistinguishable from a line. Since the box width is larger for a more highly boosted pion, a pion
produced nearly at rest (

p
s/2 ⇡ m⇡0 for the ⇡0⇡0 channel and

p
s ⇡ m⇡0 for the �⇡0 channel) produces two photons

with energies close to m⇡0/2. At the upper end of the kinematic range we consider (
p
s = 2m⇡±), the width of the

box spectrum for the �⇡0 and ⇡0⇡0 channels is ⇠ 106.9 MeV and ⇠ 35.5 MeV, respectively.

3
The X/⇡0/� coupling is not related via isospin to any potential coupling of dark matter to ⇡±

, because electromagnetic interactions

violate isospin near-maximally.
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concluding in Section V.

II. GAMMA-RAY SPECTRAL FEATURES FROM CASCADE ANNIHILATIONS

OR DECAYS

Dark matter cascade annihilations into light degrees of freedom have been explored before

[26–31] as a means of yielding sizable fluxes of electrons and positrons, di↵use gamma-

rays, synchrotron radiation and neutrinos. We focus instead on the possibility of producing

distinctive gamma-ray spectral features through 1-step cascade processes. Suppose that dark

matter self-annihilates into a pair of scalars � that in turn decay into a pair of photons1

(for concrete particle physics realisations and branching ratios see Section IV). Each of the

four photons emitted per annihilation has a monochromatic energy E
0
�
= m�/2 in the rest

frame of the corresponding scalar �. In the lab frame – where the dark matter particles are

non-relativistic and the scalars have energy E� = mDM – the photon energy reads

E� =
m

2
�

2mDM

0

@1� cos ✓

s

1�
m

2
�

m
2
DM

1

A
�1

, (1)

with ✓ the angle between the outgoing photon and the parent scalar in the lab frame. From

this equation we read that the spectrum has sharp ends defined by the parameters mDM

and m�. The highest (lowest) energy corresponds to a photon emitted at an angle ✓ = 0�

(180�) with respect to the momentum of the parent scalar. Since the decaying particle is a

scalar, the photon emission is isotropic. Hence the resulting spectrum is constant between

the energy endpoints and takes a flat, box-shaped form:

dN�

dE�

=
4

�E
⇥(E � E�)⇥(E+ � E) , (2)

where ⇥ is the Heaviside function, �E = E+ � E� =
q
m

2
DM

�m
2
�
is the box width and

E± = (mDM/2)
⇣
1±

q
1�m

2
�
/m

2
DM

⌘
. In the case of dark matter decays into a pair of

scalars, the above expressions apply with the replacement mDM ! mDM/2.

1 The case of dark matter self-annihilation into one scalar and another particle and/or the decay of the

scalar into one photon and another particle is also feasible, but leads to very similar phenomenology as

presented here and is therefore omitted.

3

In the LAB frame:

If      produced at rest        monochromatic line…

(For narrow boxes I may use the box and line terms interchangeably…)
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KNOWN GAMMA-RAY LINES

figure borrowed from Steve Boggs ’07
typical place for 

gamma-line 

searches; 

The MeV-gap contains a timely sweet 

spot for spectral features searches: 


no background lines + scarce complementary data

„MeV-gap”

„MeV-gap” 33
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submitted (w/o success) to M5 ESA Call

A. De Angelis (ed) et al., JHEAp 19 (2018) 1-106

@UiO:  T. Bringmann, AH, A. Raklev, J. Van den Abeele 

http://eastrogam.iaps.inaf.it

Main features:

•	 Broad energy coverage (0.3 MeV to 3 GeV);

•	 Large FoV (>2.5 sr), ideal to detect transient sources and hundreds of 

GRBs; 

•	 Pioneering polarimetric capability for both steady and transient 

sources; 

•	 Optimized source identification capability obtained by the best 

angular resolution (about 0.15 degrees at 1 GeV); 

•	 <ms trigger and alert capability for GRBs and other transients; 

•	 Combination of Compton and pair-production detection techniques

34
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MESON SPECTROSCOPY
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Transitions between meson states lead to monochromatic pions or photons:

E.g.:

energy scale of the 
lines: O(100 MeV)

B and D mesons are 
composed from one light 

and one heavy quark

can be produced in 
annihilation to 

do not show up in 
astrophysical background
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MEV SPECTRAL FEATURES
T. Bringmann, A. Galea, AH and Ch. Weniger; Phys.Rev. D95 (2017)

Spectral boxes coming from excited meson decays:

…and from formation of bound states with 

accompanying photon emission

A. Raklev, I. Strümke, J. van den Abeele
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A NEW HOPE?

(INSTEAD OF CONCLUSIONS)

In any case a lot of physics still awaits to be understood in how 
the Dark Matter came to life and how it can reveal itself to us

… but precision cosmology & astrophysics has a 
potential to provide the so-much needed 

observational input and show which way to follow

Nature, volume 562, pages 51–56 (2018)

(…) the new guiding principle 
should be “no stone left 
unturned”. 

From HEP perspective it all 
may feel quite depressing…
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P.S.

… SO, WHAT WILL IT BE THEN?

(Though we’ll probably wait bit longer than a month to see what DM theory will prevail)

38

On one hand a decent, robust and well 
motivated theory (WIMP) on which you can 

still safely bet… though perhaps bit rusty now

On the other new challenging ideas and 
mechanisms, that might bring some new fresh 

air… but first have to prove their worth

vs.


