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OUTLINE

‣ Introduction: what we know on DM (in 1 slide) and the search program within the WIMP paradigm

‣ WIMP search strategy: basic considerations on the collider searches and the interplay with indirect ones

‣ Phenomenological, bottom-up illustration of this interplay: collider bounds on a IDM hint (from gamma’s)
      (Before that, quick intro to WIMP searches in gamma-ray astrophysics)

‣ Turning the argument around: IDM detection to test “LHC-inspired” particle physics models

‣ Back to basics: return to the WIMP paradigm… there’s life beyond it (but looser links with LHC physics!)

‣ Dark sector and collider searches: where do we go from here



DM EVIDENCE @ MANY SCALES

“Astrophysical”“Cosmological” 
(growing effect of non-linearities, baryonic gas dynamics, feedbacks...) 
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FIG. 1: The power spectrum of matter. Red points with error bars are the data from the Sloan

Digital Sky Survey [9]; heavy black curve is the ΛCDM model, which assumes standard general

relativity and contains 6 times more dark matter than ordinary baryons. The dashed blue curve is

a “No Dark Matter” model in which all matter consists of baryons (with density equal to 20% of

the critical density), and the baryons and a cosmological constant combine to form a flat Universe

with the critical density. This model predicts that inhomogenities on all scales are less than unity

(horizontal black line), so the Universe never went nonlinear, and no structure could have formed.

TeVeS (solid blue curve) solves the no structure problem by modifying gravity to enhance the

perturbations (amplitude enhancement shown by arrows). While the amplitude can now exceed

unity, the spectrum has pronounced Baryon Acoustic Oscillations, in violent disagreement with

the data.

matter model, on the other hand, the oscillations should be just as apparent in matter as

they are in the radiation. Indeed, Fig. 1 illustrates that – even if a generalization such

as TeVeS fixes the amplitude problem – the shape of the predicted spectrum is in violent
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‣ Exact solutions or linear perturbation theory applied to simple physical systems: credible and robust!

‣ Suggests “cold” collisionless additional species, rather than a modification of gravity

‣  Tells that its majority is non-baryonic, rather than e.g. brown dwarf stars, planets...

Especially cosmological evidence of paramount importance for Particle Physics!
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‣ Suggests “cold” collisionless additional species, rather than a modification of gravity

‣  Tells that its majority is non-baryonic, rather than e.g. brown dwarf stars, planets...

Especially cosmological evidence of paramount importance for Particle Physics!

BSM explanation needed, but gravity is universal: no particle identification! discovery 
via other channels is needed to clarify particle physics framework

 But what to look for depends on model-dependent “bias”
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“TRADITIONAL” LINK WITH PARTICLE PHYSICS

new particle

• If one has a strong prior for new TeV-scale physics, with coupling ≿ ew. strength, due to the 
hierarchy problem, precision ew data (e.g. from LEP) suggest that tree-level couplings SM-SM-
BSM should be avoided!

we want to avoid!

• One straightforward solution is to impose some symmetry (often “parity-like”, relic from some 
UV-sym): SUSY R-parity, K-parity in ED, T-parity in Little Higgs. New particles only appear in pairs!

Ok with it!

➡ Automatically makes lightest new particle stable! 
➡ It has other benefits, e.g. respect proton stability bounds!
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• If one has a strong prior for new TeV-scale physics, with coupling ≿ ew. strength, due to the 
hierarchy problem, precision ew data (e.g. from LEP) suggest that tree-level couplings SM-SM-
BSM should be avoided!

we want to avoid!

• One straightforward solution is to impose some symmetry (often “parity-like”, relic from some 
UV-sym): SUSY R-parity, K-parity in ED, T-parity in Little Higgs. New particles only appear in pairs!

Ok with it!

➡ Automatically makes lightest new particle stable! 
➡ It has other benefits, e.g. respect proton stability bounds!

Cosmology tells us that the early universe was a hot plasma, a soup in which all “thermally 
allowed” species should be populated. 

This notion has been tested up to T~ few MeV (BBN, cosmological neutrinos):
What happens if we extrapolate further backwards and account for the hypothetical 

presence of  this new, stable weakly interacting massive particle?



THE WEAKLYINTERACTINGMASSIVEPARTICLE PARADIGM

Stable, massive particles in chemical equilibrium down to
T<<m (required for cold DM, i.e. non-relativistic distribution 

function!), suffer exponentially suppression of their abundance

So, what is left depends on the decoupling time, or their 
annihilation cross section: the weaker, the more abundant...

XX̄  ! ��̄
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Observationally inferred ΩDMh2~0.1recovered for 
EW scale masses & couplings (aka WIMP miracle)!

A textbook calculation proves that the current 
average cosmological energy density writes

• Stability results e.g. from the same discrete “parity” symmetry previously invoked
• Matches (old?) theoretical prior for BSM at EW scale 
• Leads to a number of phenomenological consequences



WIMP (NOT GENERIC DM!) SEARCH PROGRAM

W+, Z, γ, g, H, q+, l+

W -, Z, γ, g, H, q -,l -

ECM ≈  
102±2 GeV

New 
physics

X=χ, B(1),… 

New
physics

X

Early universe and indirect detection

Direct 
detection  
(recoils on 
nuclei)

Collider Searches

multimessenger 
approach

! demonstrate the “particle physics” nature of astrophysical DM (locally, via DD; remotely, via ID)
 
! Possibly, create DM candidates in the controlled environments of accelerators (but not enough! 
Neither stability nor relic density “directly tested”, for instance…)

! Find a consistency between properties of the two classes of particles. Ideally, we would like to 
calculate abundance and DD/ID signatures → link with cosmology/test of production



BASIC WIMP-RELATED EXPECTATION @ COLLIDERS
SM should be extended by at least a new (neutral, uncolored) massive state,  usually the lightest state of a new 

sector made of unstable particles to which it couples (and coupled to the SM). 
Most effective strategy heavily depends on the spectrum (and couplings) of the new states

Dark Matter studies at LHC are intrinsically model-dependent

‣ Many/all states kinematically accessible          
best strategy = benchmark models, i.e. representative 
points of realistic models where assumptions are made to 
reduce free parameters.  DM typically constrained 
indirectly, from theoretical relations + experimental 
constrains on “more easily accessible” states (e.g. colored) 
(Traditional strategy, e.g. within the MSSM…unrealistic by now?)

‣ Only DM kinematically accessible          
EFT approach possible, where all other dof integrated out 
(contact interactions). Powerful since “model 
independent”, but regime of validity troublesome already in 
LHC-8 (UV breakdown of theory+actual values for the 
exchanged momenta in LHC sometimes lead to 
breakdown of perturbativity in the couplings.)

e.g. mass spectrum corresponding to the (pre-
LHC) SUSY SPS 1a benchmark scenario

  G. Weiglein et al. [LHC/LC Study Group Collaboration],  
“Physics interplay of the LHC and the ILC”  Phys.Rept. 426, 47 

(2006) [hep-ph/0410364]

Two extreme cases



COMPROMISE APPROACH (“SIMPLIFIED MODELS”) J. Abdallah et al. / Physics of the Dark Universe 9–10 (2015) 8–23 11

Fig. 2. Left: Schematic mass spectrum of a simplified DM model. In the case
considered, the DM particle � is lighter than the heaviest SM particles t, h, Z,W .
The lightest mediator state is called Z1 and can be produced on-shell at the LHC.
The remaining dark-sector states Z2 and Z3 are separated by amass gap from Z1 and
inaccessible. Right: The EFT limit of the simplifiedmodelwith a decoupledmediator
Z1. See text for further details.

(I) Besides the SM, the model should contain a DM candidate
that is either absolutely stable or lives long enough to escape
the LHC detectors, as well as a mediator that couples the two
sectors. The dark sector can be richer, but the additional states
should be somewhat decoupled. A typical mass spectrum is
sketched on the left in Fig. 2.

(II) The Lagrangian should contain (in principle) all terms that are
renormalizable and consistent with Lorentz invariance, the
SM gauge symmetries, and DM stability. However, it may be
permissible to neglect interactions or to study cases where
couplings are set equal to one another. If such simplifications
aremade, one should however try to verify that these approx-
imations do not result in a very different DM phenomenology
and they should be spelled out clearly in the text and on all
relevant plots.

(III) The additional interactions should not violate the exact and
approximate accidental global symmetries of the SM. This
means that the interactions between the visible and the dark
sector should be such that baryon and lepton number is con-
served and that the custodial and flavor symmetries of the SM
are not strongly broken.

Simplifiedmodels are thus specifically designed to involve only
a few new particles and interactions, and many of them can be
understood as a limit of a more general new-physics scenario,
where all but the lightest dark-sector states are integrated out.
By construction, the physics of simplified models can therefore be
characterized in terms of a small number of parameters such as
particle masses and couplings. While simplified models are clearly
not model-independent, they do avoid some pitfalls of DM–EFTs.
In particular, they allow one to correctly describe the kinematics
of DM production at the LHC, by virtue of the dynamical medi-
ator(s) that they contain. Conversely, by making the mediator(s)
sufficiently heavy the EFT framework can be recovered. The latter
feature is illustrated on the left-hand side of Fig. 2.

2.1. Note about flavor and CP violation

The requirement (III) deserves further explanations. The SM
possesses both exact and approximate global accidental symme-
tries. The former (baryon and lepton number) are conserved at the
renormalizable level, while the latter (custodial and flavor symme-
tries) are broken by quantum effects, but parametrically small in
the sense that they become exact global symmetries when a pa-
rameter or a number of parameters are set to zero. New physics
will generically not respect these accidental symmetries and, as a
result, its parameter space will be severely constrained: the new
interactions are required to be weak or the new states have to be
heavy (or both).

A systematic way to curb the size of dangerous flavor-
violating and CP-violating effects consists in imposing MFV.
Loosely speaking the idea behind MFV is that the general
structure of flavor-changing neutral current (FCNC) processes

present in the SM is preserved by new physics. In particular, all
flavor-violating and CP-violating transitions are governed by the
Cabibbo–Kobayashi–Maskawa (CKM) matrix. This basic idea can
be formalized and formulated in an EFT [30]. Employing the EFT
language, a new-physics model satisfies the MFV criterion if the
additional interactions in the quark sector are either invariant un-
der the global SM flavor group Gq = U(3)q ⇥U(3)u ⇥U(3)d, or any
breaking is associated with the quark Yukawa matrices Yu and Yd.
The notion of MFV can be also be extended to the case of CP viola-
tion and to the lepton sector — although for leptons its definition
is not unique, if one wants to accommodate neutrino masses.

2.1.1. MFV spin-0 s-channel models
To understand which restrictions MFV imposes on the flavor

structure of simplified models, we work out some examples
relevant for the discussions in later sections. We begin with a
very simple model in which DM is a real scalar (gauge and flavor)
singlet � and the SM Higgs doublet H provides a portal to the dark
sector of the form �2|H|2 (the most important phenomenological
implications of this scenario will be discussed in Section 4.2).
Following the notion of MFV, the interaction terms between the
mediator and the quark fields should be either invariant under Gq
or break it only via Yu or Yd. Given the transformation properties
q ⇠ (3, 1, 1), u ⇠ (1, 3, 1) and d ⇠ (1, 1, 3), it follows that
the combination q̄u of left-handed and right-handed quark fields
breaks U(3)q ⇥ U(3)u, while the bilinear q̄d breaks U(3)q ⇥ U(3)d.
This means that we have to go with the second option. In terms of
gauge eigenstates, we write

L � �
X

i,j

⇣
(Yu)ijq̄iHuj + (Yd)ijq̄iH̃dj + h.c.

⌘
, (1)

where i, j runs over the three quark families, H̃a = ✏abHb with
a, b = 1, 2 and the two terms involve the Higgs fields to make
them SU(2)L ⇥ U(1)Y gauge invariant. Notice that the above
interactions are invariant under Gq, if the Yukawa matrices are
promoted to non-dynamical fields (spurions) with the following
transformation properties Yu ⇠ (3, 3̄, 1) and Yd ⇠ (3, 1, 3̄).

Having constructed the couplings between the mediator and
the quarks in the gauge basis, one still has to transform to the
mass eigenstate basis. In the case of (1) the final result of this
transformation is obvious, because the Lagrangian is simply the
quark part of the Yukawa sector of the SM. One finds

L � � hp
2

X

i

⇣
yui ūiui + ydi d̄idi

⌘
, (2)

where h is the physical Higgs field and yqi = p
2mq

i /v with v '
246 GeV the vacuum expectation value (VEV) of H that breaks the
electroweak symmetry. The lesson to learn from this exercise is
that in order to construct MFV simplified models that describe
s-channel exchange of spin-0 resonances, the portal couplings to
the SM fermions should be of Yukawa type. The above line of
reasoning will be applied to the simplified models in Section 3.

2.1.2. MFV spin-1 s-channel models
The second example that we want to discuss is even simpler

than the first one. We consider the interactions of DM in form
of a Dirac fermion � with the SM quarks through the exchange
of spin-1 mediators which we call Z 0. MFV does not restrict the
couplings between themediator andDM, and as a consequence the
interactions take the generic form Z 0

µ

�
g�
L �̄� µPL� + g�

R �̄� µPR�
�

with PL,R = (1 ⌥ �5)/2 denoting left-handed and right-handed
chiral projectors. Since the bilinears q̄� µq, ū� µu, and d̄� µd are all

Include not only DM state, but also lightest/most important 
mediator of DM interaction with the SM and with itself.
Construct (in principle) most general renormalizable Lagrangian 
respecting DM stability constraints + SM exact symmetries 
(Lorentz and gauge ones), and make sure the accidental and custodial 
ones (B,L, flavour…) are not broken too badly.

➡ Example: Dirac fermion DM, plus 
pseudoscalar mediator; gf proportional to 
Yukawas for MFV

‣ Only spin-dependent interactions with nuclei (relatively weak bounds from direct detection!)

‣ Annihilation cross-section into fermions can be sizable 
(enough for a WIMP-like) 

 J. Abdallah et al., “Simplified Models for Dark Matter Searches at the LHC,’'   Phys. Dark Univ. 9-10, 8 (2015) [1506.03116]

‣ Additional a couplings in the Higgs/W,Z boson sector, but more model-dependent (but invisible 
Higgs decay channels expected if particles light enough, plus electroweak precision bounds)

C. Boehm et al., “Extended gamma-ray emission from Coy Dark Matter,''  arXiv:1401.6458
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scenario from collider searches in Sec. III and direct and
other indirect detection searches in Sec. IV.

II. THE EXTENDED GAMMA-RAY EXCESS

Owing to the large dark matter number density there,
one of the most promising places to look for dark mat-
ter annihilation products is a small (⇠ 0.1 kpc) region
centred on the galactic centre. Evidence for a spatially
extended excess of gamma-rays in this region was ini-
tially found in [10] and subsequently confirmed by several
independent analyses [11–17]. A spectrally and morpho-
logically similar excess has also been reported at more
extended distances from the galactic plane [48, 49].

In addition to dark matter annihilation, it has been
suggested that interactions between cosmic rays and
gas [50–52] or an unresolved population of millisecond
pulsars [12, 14, 15, 53] can explain the excess. However,
more detailed studies have raised problems with both of
these explanations [17, 54]. It is also possible that a new
mechanism not proposed is responsible, since the galactic
centre is a complex astrophysical environment [55]. For
the purpose of this work, we assume that all of the excess
is a result of dark matter annihilation. We use the results
from the analysis of [16] (listed in their Appendix A),
who considered all events within a 7�⇥7� region centred
on the galactic centre (the position of Sgr A⇤). Galac-
tic backgrounds were modelled with the standard LAT
di↵use model, with isotropic residuals assumed for in-
strumental and extragalactic sources. After background
subtraction the extended emission component that they
find is shown in fig. 1, where the red and black error bars
correspond to systematic and statistical uncertainties re-
spectively.

To proceed with the dark matter interpretation, it is
necessary to specify the dark matter halo profile. While
it is well determined far from the galactic centre, the
slope is uncertain at small radii; typically there are no
observations below 1 kpc and the resolution of numerical
simulations is ⇠ 0.1 kpc. The Einasto [56] and Navarro,
Frenk and White (NFW) [57] profiles are traditionally
used as benchmark profiles as they provide good fits to
dark matter numerical simulations [58]. However, it is
possible that the dark matter halo profile remains diver-
gent close to the centre such that profiles may behave as
⇢ / r�� with � > 1 (� = 1 in the NFW profile). As an
example, the Via Lactea II simulation favours a profile
with � = 1.24 [59]. Given that the �-ray emission traces
the morphology of the profile, the consequence of a more
strongly peaked profile in terms of indirect detection is a
much brighter gamma-ray emission relative to the case of
an Einasto or NFW profile. For the extended gamma-ray
excess, it is found that a generalised NFW profile

⇢(r) = ⇢s

✓
r

rs

◆�� 
1 +

✓
r

rs

◆���3

. (1)

with � = 1.2 gives the best fit [16].
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FIG. 1. The data points show the extended gamma-ray excess
from a 7�⇥7� region centred on the galactic centre (from [16]).
The red and black error bars show the systematic and sta-
tistical uncertainties respectively. The blue solid line shows
the photon spectrum corresponding to 30 GeV dark matter
with an annihilation cross-section that gives the observed relic
density. The branching ratios are determined by the Yukawa
couplings yf .

The following simplified model gives a good fit to the
extended gamma-ray excess shown in fig. 1. We take
the dark matter � to be a Dirac fermion with mass
m

DM

which interacts with a pseudoscalar a with mass
ma through the coupling g

DM

:

L � �i
g
DMp
2
a�̄�5�� i

X

f

gfp
2
af̄�5f + h.c. (2)

The pseudoscalar couples to the Standard Model
fermions with gf , which we assume is equal to the Stan-
dard model Yukawa coupling gf = yf ⌘ mf/174 GeV.
This relation is common for pseudoscalars, motivated
from the minimal flavour violation (MFV) ansatz [47].
The photon flux � at Earth from a region �⌦, assum-

ing prompt photon emission arising from annihilation of
Dirac dark matter, is [60]

d�

dE�
=

1

4

r�
4⇡

✓
⇢�

m
DM

◆
2

hJi�⌦
X

f

h�vif
dNf

�

dE�
, (3)

where r� = 8.25 kpc is the distance from the galactic
centre to the Earth, ⇢� = 0.42 GeVcm�3 is the local
dark matter density [61, 62], h�vif is the annihilation
cross-section to f̄f and dNf

� /dE� is the energy spectrum
of photons produced per annihilation to f̄f . We use the
tabulated values of dNf

� /dE� from [60, 63], which are
generated with PYTHIA 8.135 [64] and disregard any con-
tribution to the flux that is not prompt i.e. we neglect
all photons generated by the propagation of cosmic rays.
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FIG. 2. The solid, dashed and dotted contours show the 1, 2
and 3� favoured regions in the mDM-h�vi plane, along with
the best fit point, shown by the dot. The branching ratios
are determined by the Yukawa couplings yf . The excess is
consistent with an annihilation cross-section that gives the
observed dark matter relic density.

The average J factor over a region of size �⌦ is

hJi = 1

�⌦

Z
cos b J(b, l) db dl , (4)

where

J(b, l) =

Z

l.o.s

ds

r�

✓
⇢(r)

⇢�

◆
2

�����
r=

p
r2�+s2�2r�s cos b cos l

(5)

and s varies over the line of sight. We use the form of
⇢(r) in eq. (1) with � = 1.2, rs = 23.1 kpc and ⇢s is
chosen so that ⇢(r�) = ⇢�. Following [16], we calculate
hJi in the 7� ⇥ 7� region by summing over pixels of size
0.1� ⇥ 0.1�.

For the simplified model in eq. (2), the s-wave annihi-
lation cross-section for �̄� ! f̄f is

h�vif =
NC

8⇡

y2f g
2

DM

m2

DM

(m2

a � 4m2

DM

)2 +m2

a�
2

a

s

1� m2

f

m2

DM

(6)

where NC = 3 (1) for coloured (colour-neutral) particles
and �a is the pseudoscalar width. Among the possible
final states, the dominant annihilation channel is to b
quarks; the branching ratio to a particular final state is
determined by yf , for which yb is the largest.

An example of the resulting gamma-ray spectrum for
m

DM

= 30 GeV, h�vi ⌘ P
f h�vif = 3 ⇥ 10�26 cm3 s�1

and the astrophysical parameter choices above is shown
by the solid blue curve in fig. 1. This gives a good fit to
the data. Being more quantitive, fig. 2 shows the result of
a fit in them

DM

- h�vi plane assuming that the branching
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FIG. 3. The red shaded region shows the values of gDM

and ma that fit the galactic excess at 3� (marginalising over
mDM). The red dashed line shows the values of gDM and ma

that give h�vi = 3⇥ 10�26 cm3 s�1 for mDM = 30 GeV. The
solid blue line shows the constraint from the current 8 TeV
CMS monojet search, and the blue dashed line our extrapo-
lation of a similar search at 14 TeV with 40 fb�1.

ratio into the final state f̄f is determined by the Yukawa
couplings yf . The black dot shows the best fit point and
the solid, dashed and dotted lines show the 1, 2 and 3 �
regions respectively. These regions are determined by
minimising a �2 distribution as described in [16]. We see
that the cross-section is consistent with that required for
a thermal relic, i.e. h�vi ' 3 ⇥ 10�26 cm3 s�1, for m

DM

around 30 GeV. In addition, one should not discount the
possibility that h�vi � 3 ⇥ 10�26 cm3 s�1 in the pri-
mordial Universe since regeneration mechanisms, such as
those proposed in [65, 66], may maintain the would-be
candidate as the main dark matter component.

The red shaded region in fig. 3 shows the values of
the pseudoscalar-dark matter coupling g

DM

and mass
ma that fit the galactic excess at 3�. In this region
we have marginalised over m

DM

. The red dashed line
shows the values of g

DM

and ma that result in h�vi =
3 ⇥ 10�26 cm3 s�1 for m

DM

= 30 GeV. Typically, a
coupling of order one or less is required to fit the ex-
cess. The annihilation is resonantly enhanced whenma ⇡
2m

DM

, explaining the ‘funnel’ that extends to small val-
ues of g

DM

. We find that the width of the pseudoscalar
varies from a few MeV to a few GeV over the parameter
space. For m

DM

= 30 GeV and (ma, gDM

) = (40, 0.4),
the width is �a = 1.9 MeV and the largest branching ra-
tio is BR(a ! bb̄) = 89%, followed by cc̄ and ⌧+⌧� at 7%
and 4% respectively. Once it is kinematically possible for
the pseudoscalar to decay into dark matter, this channel
dominates. For instance, for the point m

DM

= 30 GeV
and (ma, gDM

) = (90, 1.0) the width is �a = 1.3 GeV
with BR(a ! ��) = 99.7% and BR(a ! bb̄) = 0.3%.



INDIRECT DM SEARCHES: MANY CHANNELS
• Gamma rays

• Neutrinos

• Charged cosmic rays

…

 each with advantages and problems, will just provide example 
of their interplay and their interplay with collider searches



GAMMA RAY IDM SEARCHES

particle physics
(we assume its own antip.)

Flux (from non cosmologically distant sources) often written in a factorized form

 [particle] ⊗ (astro) factorization holds if 
‣ σ v is v-independent 
(otherwise goes under integral, over v distribution)
‣ if prompt emission dominates 
(for secondary emission, need to follow e± propagation…)

☺  Retain directionality (angular info!)  

☺ Relatively easy to detect 
    (potentially high statistics)

#  A lot of backgrounds (known and unknown)  

“astrophysics”
(J-factor, written a-dimensional)



WHERE TO LOOK FOR GAMMA’S (ASTRO FACTOR)?

Springel et al. 2008
Galactic Center
high statistics, point-like
and diffuse backgrounds
halo-model dependence

Satellites 
(or Clusters)
low background (?)
low statistics

MW Halo
high statistics,
high diffuse background

Extragalactic 
high statistics, lot of
diffuse backgrounds

Lines/Spectral Features 
(everywhere...)

What is the picture of the “DM - gamma sky” suggested by simulations?

10�3 10�2 10�1 1 10 102
10�2

10�1

1

10

102

103

104

10⇤⇤ 30⇤⇤1⇤ 5⇤ 10⇤ 30⇤ 1o 2o 5o10o20o45o

r �kpc⇥
⇥ D
M
�GeV

⇤cm3 ⇥

Angle from the GC �degrees⇥

NFW

Moore

Iso

Einasto EinastoB

Burkert

r
�

⇥
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DM halo � rs [kpc] ⇥s [GeV/cm3]

NFW � 24.42 0.184
Einasto 0.17 28.44 0.033
EinastoB 0.11 35.24 0.021
Isothermal � 4.38 1.387
Burkert � 12.67 0.712
Moore � 30.28 0.105

Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2 ⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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PREDICTED SPECTRA: CONTINUUM

! whenever DM annihilates into quarks or gauge bosons, continuum photon spectrum is quasi-
universal, as a result of decays/fragmentations 

! Near the endpoints (~DM mass), or for leptonic final states, peculiarities may be present.

! Significant secondary (byproducts of electrons e-losses) gamma radiation may be emitted from 
electrons. Requires treatment as for charged particles, and astrophysical medium is important.

usually handled via e.g.
PYTHIA incorporated in 
dedicated software



PREDICTED SPECTRA: LINES
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• Line annihilation requires two-body final state channels containing at least one photon 
(for SM final states, γ γ , γ Z, γ H) yielding the spectrum 

dN

dE
/ �(E � E�) , E�  m�

• This must be a loop-level process, suppressed with respect to the tree-level by α2~10-4

• Usually it’s theoretically difficult to produce line flux which is observable, while fulfilling bounds 
on continuum (easier role if e.g. final state cannot be produced on-shell…)



TYPES OF GAMMA TELESCOPES

HAWC

TIBET
ARGO-YBJ

PACT

TACTIC

Aeff~104 m2

~0.1-100 TeV  
Better ang. & time resol.

High CR background
Low duty cycle

Narrow Fov

Aeff < 1 m2 
~0.1-100 GeV  

High non-γ rejection
Continous exposure

Large FovVERITAS

HESS

MAGIC



WHAT DO TELESCOPES SEE? A CROWDED & BRIGHT SKY!

Energy (TeV)
1 10
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-2

 d
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/d
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× 2 E

-1310

-1210

-1110

2004 (H.E.S.S.)
2003 (H.E.S.S.)
MSSM
KK

-τ+τ, 30% b70% b

What Fermi or ACTs see looks nothing like DM expectations: backgrounds are important!

their understanding is the main challenge in tightening IDM bounds (or interpreting some hints)

HESS spectrum @ GC

Fermi sky, GeV range

TeV-range: HESS Gal. Center & 
Galactic Ridge morphology



A GAMMA-RAY EXCESS FROM GAL. CENTER
several groups have claimed a statistically significant gamma-ray excess over 

diffuse emission model + known astrophysical sources in Fermi-LAT data

L. Goodenough and D. Hooper, “Possible Evidence For Dark Matter Annihilation In The Inner Milky Way From The 
Fermi Gamma Ray Space Telescope,” arXiv:0910.2998
D. Hooper and L. Goodenough, PLB 697, 412 (2011) [arXiv:1010.2752]
K. N. Abazajian and M. Kaplinghat,  PRD 86, 083511 (2012) [arXiv:1207.6047]
 D. Hooper, I. Cholis, T. Linden, J. Siegal-Gaskins and T. Slatyer,  PRD 88, 083009 (2013) [arXiv:1305.0830]
 C. Gordon and O. Macias, PRD  88, 083521 (2013) [arXiv:1306.5725]
 K. N. Abazajian, N. Canac, S. Horiuchi and M. Kaplinghat, arXiv:1402.4090
T. Daylan et al. “The Characterization of the Gamma-Ray Signal from the Central Milky Way: A Compelling Case for 
Annihilating Dark Matter”, arXiv:1402.6703 
...
F. Calore, I. Cholis and C. Weniger, “Background model systematics for the Fermi GeV excess,” arXiv:
1409.0042
...

20-80 GeV with “thermal cross 
section”~few 10-26 cm3/s 

into quarks, preferentially, 
with slightly steeper than NFW halo 

profile



COLLIDER TESTS? E.G. “COY DM”

Collider bounds mostly come from jets+MET, usually due to 
associated t/b-DM mediator production (e.g. via t t A~tt Emis)
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FIG. 2. Comparison of the region consistent with the Fermi-LAT excess (blue shaded) and the observed (red) and expected
(black dotted) 90% CL exclusion contours of the MT2 analysis. The green and yellow shaded regions show the ±1� and ±2�
bands of the expected MT2 limits. The black dashed and dot-dashed lines show projected limits at 13 TeV. The region above
the lines is excluded. In each panel, we fix mDM = 45 GeV and one of {MA, gDM, gSM}, as indicated.

excess with the MT2 search, we have to establish both
expected and observed 90% CL limits. These are given
by the dotted black and solid red lines, respectively in
Fig. 2. To quantify the compatibility of the expected and
observed limits we also determine the expected ±1� and
±2� bands (shaded green and yellow respectively) with a
toy experiment technique using the reported uncertain-
ties in [90]. For both bands we have validated our im-
plementation with the MT2 public results and find good
agreement. Based on the expected sensitivity of the MT2

search shown in Fig. 1, we have chosen gSM = 2 (left),
gDM = 1 (middle) and MA = 150 GeV (right) to illus-
trate the constraints the MT2 search places on the Fermi-
LAT excess. A resonance feature when MA ⌅ 2mDM is
seen in both the Fermi-LAT region and the MT2 limit in
the MA�gDM and MA�gSM planes. Outside this region,
the excess is consistent with gDM ⇤ gSM ⇤ O(1). Ow-
ing to the o�-shell suppression of the production cross-
section, these searches cannot place relevant constraints
on the region below the resonance i.e. MA < 2mDM.

Our observed limit for the MT2 search is approxi-
mately 2� weaker than our expected limit. This is com-
patible with [90], where the observed limit for direct pro-
duction of light squarks, a similar topology to the one
considered here, is also weaker than expected. In con-
trast, expected and observed limits are similar for the
mono-jet analysis. This suggests that the weaker limit is
caused by statistical fluctuations in the background es-
timates in some of the phase space regions probed by
the MT2 search that are inaccessible to the mono-jet
search. Of course, we cannot exclude the possibility that
a DM signal causes the weaker limit but given this is a
2� e�ect, additional data are required to draw any sig-
nificant conclusion.

Even with a ⇤ 2� weaker observed limit than expected,
the MT2 search still rules out a significant fraction of the
Fermi-LAT excess region for 2mDM � MA � 400 GeV.
For gSM = 2, MT2 excludes all of the excess region above
MA = 107 GeV (left panel), while for gDM = 1 mediator

masses compatible with the excess above 177 GeV (mid-
dle panel) are excluded. The right panel shows that MT2

is able to exclude all of the excess region for gDM < 0.93
for an illustrative mediator mass of MA =150 GeV. In
these panels we assumed thatmDM = 45 GeV but similar
conclusions are found for values up to mDM = 65 GeV. In
fact, Fig. 1 demonstrates that the MT2 limits have little
dependence on mDM for mDM � 125 GeV.
To illustrate how the Fermi-LAT excess parameter

space might be probed in the future, we also provide pro-
jected sensitivities of the MT2 search. The basis for these
extrapolations are the 8 TeV limits, which are rescaled
assuming that the underlying performance of the search
in terms of signal e⌅ciency and background suppression
remains unchanged. These assumptions were also used
in [59, 91] and form the basis of Collider Reach [101].
Figure 2 shows the projected limits for an early start-
up scenario assuming 13 TeV and 30 fb�1 (black dashed)
and a longterm scenario with 13 TeV and 300 fb�1 (black
dot-dashed). The increase in energy and luminosity will
enable this search to significantly increase its sensitiv-
ity. Assuming that search performance is maintained, it
will be possible to probe almost all of the on-shell region
(MA > 2mDM) compatible with the Fermi-LAT excess.

DISCUSSION

Although the mono-jet search is the most prominent
search for DM at the LHC, we have shown that a tra-
ditional multi-jet plus /ET search, MT2, provides more
stringent constraints on DM production for a pseu-
doscalar mediator. The additional sensitivity of the
multi-jet search originates from binning the search into
categories of jet-multiplicity, HT and other kinematic
variables like MT2, as well as from extending to higher
jet-multiplicities than the one or two-jet topology probed
by the mono-jet search. This is especially relevant for
gluon-fusion produced signal models, including the pseu-
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FIG. 2. Comparison of the region consistent with the Fermi-LAT excess (blue shaded) and the observed (red) and expected
(black dotted) 90% CL exclusion contours of the MT2 analysis. The green and yellow shaded regions show the ±1� and ±2�
bands of the expected MT2 limits. The black dashed and dot-dashed lines show projected limits at 13 TeV. The region above
the lines is excluded. In each panel, we fix mDM = 45 GeV and one of {MA, gDM, gSM}, as indicated.

excess with the MT2 search, we have to establish both
expected and observed 90% CL limits. These are given
by the dotted black and solid red lines, respectively in
Fig. 2. To quantify the compatibility of the expected and
observed limits we also determine the expected ±1� and
±2� bands (shaded green and yellow respectively) with a
toy experiment technique using the reported uncertain-
ties in [90]. For both bands we have validated our im-
plementation with the MT2 public results and find good
agreement. Based on the expected sensitivity of the MT2

search shown in Fig. 1, we have chosen gSM = 2 (left),
gDM = 1 (middle) and MA = 150 GeV (right) to illus-
trate the constraints the MT2 search places on the Fermi-
LAT excess. A resonance feature when MA ⌅ 2mDM is
seen in both the Fermi-LAT region and the MT2 limit in
the MA�gDM and MA�gSM planes. Outside this region,
the excess is consistent with gDM ⇤ gSM ⇤ O(1). Ow-
ing to the o�-shell suppression of the production cross-
section, these searches cannot place relevant constraints
on the region below the resonance i.e. MA < 2mDM.

Our observed limit for the MT2 search is approxi-
mately 2� weaker than our expected limit. This is com-
patible with [90], where the observed limit for direct pro-
duction of light squarks, a similar topology to the one
considered here, is also weaker than expected. In con-
trast, expected and observed limits are similar for the
mono-jet analysis. This suggests that the weaker limit is
caused by statistical fluctuations in the background es-
timates in some of the phase space regions probed by
the MT2 search that are inaccessible to the mono-jet
search. Of course, we cannot exclude the possibility that
a DM signal causes the weaker limit but given this is a
2� e�ect, additional data are required to draw any sig-
nificant conclusion.

Even with a ⇤ 2� weaker observed limit than expected,
the MT2 search still rules out a significant fraction of the
Fermi-LAT excess region for 2mDM � MA � 400 GeV.
For gSM = 2, MT2 excludes all of the excess region above
MA = 107 GeV (left panel), while for gDM = 1 mediator

masses compatible with the excess above 177 GeV (mid-
dle panel) are excluded. The right panel shows that MT2

is able to exclude all of the excess region for gDM < 0.93
for an illustrative mediator mass of MA =150 GeV. In
these panels we assumed thatmDM = 45 GeV but similar
conclusions are found for values up to mDM = 65 GeV. In
fact, Fig. 1 demonstrates that the MT2 limits have little
dependence on mDM for mDM � 125 GeV.
To illustrate how the Fermi-LAT excess parameter

space might be probed in the future, we also provide pro-
jected sensitivities of the MT2 search. The basis for these
extrapolations are the 8 TeV limits, which are rescaled
assuming that the underlying performance of the search
in terms of signal e⌅ciency and background suppression
remains unchanged. These assumptions were also used
in [59, 91] and form the basis of Collider Reach [101].
Figure 2 shows the projected limits for an early start-
up scenario assuming 13 TeV and 30 fb�1 (black dashed)
and a longterm scenario with 13 TeV and 300 fb�1 (black
dot-dashed). The increase in energy and luminosity will
enable this search to significantly increase its sensitiv-
ity. Assuming that search performance is maintained, it
will be possible to probe almost all of the on-shell region
(MA > 2mDM) compatible with the Fermi-LAT excess.

DISCUSSION

Although the mono-jet search is the most prominent
search for DM at the LHC, we have shown that a tra-
ditional multi-jet plus /ET search, MT2, provides more
stringent constraints on DM production for a pseu-
doscalar mediator. The additional sensitivity of the
multi-jet search originates from binning the search into
categories of jet-multiplicity, HT and other kinematic
variables like MT2, as well as from extending to higher
jet-multiplicities than the one or two-jet topology probed
by the mono-jet search. This is especially relevant for
gluon-fusion produced signal models, including the pseu-

2

tion terms are

Lint = igDMA⌅̄⇥5⌅+ igSM
�

q

mq

v
A q̄⇥5q , (1)

where ⌅ is a Dirac fermion, the sum is over all quarks, mq

is the quark mass and v = 246 GeV is the Higgs vacuum
expectation value. Motivated by the Minimum Flavour
Violation hypothesis [60], we assume the couplings of the
pseudoscalar to quarks are proportional to mq. This cou-
pling structure implies that the production of A is dom-
inated by gluon fusion. This simple model can explain
the Fermi-LAT excess while remaining consistent with
other constraints and is a useful proxy for the structure
found in 2HDM models and in extended 2HDM that
have mixing with a singlet-like pseudoscalar (à la the
NMSSM) [61]. We consider gDM ⇤ gSM ⇤ O(1) as a par-
ticularly interesting benchmark case to compare di⇥erent
searches since couplings of this size are typically found in
more realistic theories.

The MSDM ansatz also assumes that the pseudoscalar
width �A is fully determined by the decays to quarks,
gluons and DM. The only free parameters a⇥ecting �A

are the four basic parameters {mDM,MA, gDM, gSM}. Ex-
pressions for �A are given in Ref. [55]. �A is dominated
by DM and top quark decay (when kinematically al-
lowed) as mq/v does not suppress these decays. We will
focus on the regime where MA > 2mDM in which case
BR(A ⌅ ⌅⌅̄) is generally large [62]. The collider signa-
tures therefore involve the production of A that decays
to a pair of DM particles.

The mono-jet search at the LHC has been advocated as
the primary model-independent search for DM produc-
tion at colliders [44–50]. It is motivated by the assump-
tion that proton-proton collisions pair-produce DM that
remain undetected, but if produced in association with a
jet, can be inferred from the measured E/T . Events with
a second jet may also be allowed but events with three
or more are rejected to avoid background contamination
from processes with high jet-multiplicity, like top quark
production.

In contrast, the more inclusive �T [63–66], MT2 [67,
68], Razor [69], or MHT -HT [70–72] multi-jet plus E/T
searches place fewer constraints on the phase space.
Each event is characterised by the number of jets and
hadronic activity, HT as well as other kinematic vari-
ables. These bins are combined in a likelihood fit and
allow the multi-jet searches to take advantage of di⇥er-
ent signal-to-background compositions in these numerous
search regions to attain better sensitivity. For instance,
whilst the CMS mono-jet analysis employs a single in-
clusive E/T bin with the E/T threshold ranging between
250 GeV and 550 GeV, the MT2 search combines more
than 100 exclusive search regions. Similar kinematic se-
lections and jet-multiplicity categorisations are utilised
by the �T and Razor searches. These inclusive searches
are an important pillar of the search strategy for new

physics at the LHC. They provide the best possible sen-
sitivity to a large variety of di⇥erent SUSY production
and decay topologies [73] but so far, have largely been ig-
nored for searches involving the pair production of DM.
The Razor search was previously investigated in [74, 75]
but they mainly presented results in the e⇥ective field
theory (EFT) framework and found only a small im-
provement over the mono-jet search. However, the EFT
approach has a limited range of validity for collider sig-
natures [47, 50, 76–81]. Simplified models provide a bet-
ter framework to characterise the results of DM searches
at colliders [59, 78, 82–91], especially when comparing
against other direct and indirect DM searches, and this
is becoming the new standard.

To determine the sensitivity of these collider searches
for our model, we reinterpret the CMS mono-jet [51] and
MT2 [67] analyses using the Powheg Box V2 genera-
tor [58, 92–94]. This generates, at leading order (LO),
the process of DM pair production together with one
parton via an s-channel pseudoscalar mediator. We use
the fixed width approximation, having checked that our
results match when the running width is used. The
mstw2008lo parton distribution functions are used and
the renormalisation (µR) and factorisation scale (µF )

are set to µ/2, where µ =
⇥

m2
�̄� + p2T,j1 + pT,j1, m�̄�

is the invariant mass of the DM pair and pT,j1 is the
transverse momentum of the leading jet. As discussed
in [58], we do not apply a K�factor to account for
higher order corrections, since a computation of the next-
to-leading-order (NLO) corrections for the process in
which the top-quark loop is resolved are not currently
available. The theoretical uncertainties on the cross-
section were evaluated in [58] and found to be O(±40%).
The events generated by Powheg are interfaced with
Pythia 8.180 [95, 96] for parton-shower e⇥ects and
hadronisation to accurately simulate events in which a
jet veto is applied, as in the mono-jet analysis where
the third jet is vetoed. Topologies with higher jet-
multiplicities could be subject to additional uncertainties
from the parton-shower simulation. However, the MT2

search categories are designed so that final states with
di⇥ering jet-multiplicity have a similar sensitivity. There-
fore, this potential uncertainty is expected to have a mi-
nor impact on the overall performance of the multi-jet
search, as signal events assigned to the wrong category
will still contribute to the analysis with a similar weight.
In the final step of the simulation process, signal events
are passed through Delphes v3.2.0 [97, 98] for detector
simulation. We find good agreement between our imple-
mentation and the published mono-jet andMT2 analyses.

Figure 1 shows a comparison of the expected 90% con-
fidence level (CL) exclusion contours from our mono-jet
and MT2 analyses in the MA �mDM plane (left) for two
di⇥erent coupling scenarios, gSM = gDM = 1 and 3, as
well as in the gSM�gDM plane (right) for mDM = 45 GeV

High mA range already constrained, LHC-13 fully test mA> 2 mDM

O. Buchmueller, S. A. Malik, C. McCabe and B. Penning, “Constraining the 
Fermi-LAT excess with multi-jet plus MET collider searches,''  1505.07826

MFV to match
flavor constraints

C. Boehm, M. J. Dolan, C. McCabe, M. Spannowsky and C. J.  Wallace,
“Extended gamma-ray emission from Coy Dark Matter,''  arXiv:1401.6458

1-loop diagrams for monojets + Einv t-tbar pair production plus Einv

14 J. Abdallah et al. / Physics of the Dark Universe 9–10 (2015) 8–23

Fig. 3. Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant contribution to a mono-jet signature. Right: A tree-level
graph that leads to a /ET + t t̄ signal.

parton shower (LOPS) in the POWHEG BOX [41]. Given that the /ET +
t t̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see
the right-hand side of Fig. 3), event generation through programs
like MadGraph5 [48] is possible, and UFO model files [49] from
different groups [39–41] are available for this purpose.

Since (11) and (12) is a simplified DM model, it is possible
that the mediator can decay into additional states present in the
full theory that we have neglected. For example, �/a may decay
into new charged particles which themselves eventually decay
into DM, but with additional visible particles that would move the
event out of the selection criteria of the mono-jet or similar /ET
searches. Another possibility is that the mediator can also decay
invisibly into other particles of the dark sector. In either case, the
expressions for ��/a as given in (14) and (15) are lower bounds
on the total decay-width of the mediators. To understand how the
actual value of ��/a influences the LHC sensitivity, one has to recall
that for m�/a ⌧ p

ŝ (where
p
ŝ is some characteristic fraction of

the center-of-mass energy of the collider in question) and m�/a >
2m� , DM-pair production proceeds dominantly via an on-shell
mediator. If the narrow width approximation (NWA) is applicable,
the mono-jet cross section factorizes into a product of on-shell
production of �/a times its branching ratio into ��̄ , i.e. � (pp !
/ET + j) = � (pp ! �/a + j) Br(�/a ! ��̄). One can draw three
conclusions from this result. First, in the parameter region where
m�/a > 2m� and ��/a ⌧ m�/a, a change in ��/a will simply lead to
a rescaling of the cross section, namely � (pp ! /ET + j) / 1/��/a.
This implies in particular that kinematic distributions of simple /ET
signals will to first approximation be unaltered under variations of
��/a. Second, for parameter choices where the partial decay width
to �̄� DM pairs is dominant, the cross section scales as � (pp !
/ET + j) / g2

v . If the partial decay width to SM particles gives the
largest contribution to ��/a, one has instead � (pp ! /ET + j) /
g2
� . Third, the scaling � (pp ! /ET + j) / g2

�g
2
v only holds for

off-shell production, which occurs form�/a < 2m� . Notice that for
m�/a . 2m� , the total decay width of �/a will have a non-trivial
impact on the constraints that the LHC can set, since the amount of
off-shell production depends sensitively on ��/a.

Similarly, the total decay width effect is non-trivial when the
mediator can decay into other particles in the invisible sector
beyond the cosmologically stable DM. To apply the simplified
models framework to these scenarios, it was proposed in [39,40]
to treat the mediator width as an independent parameter in the
simplified model characterization.

We now turn to the constraints on these models from non-
collider experiments: thermal relic abundance, indirect detection,
and direct detection. The first two results can be considered
together, as they depend on the same set of annihilation cross
sections.

3.1.2. Thermal cross sections
The thermally-average annihilation of DM through the spin-0

mediators can be calculated from the simplified model (11) and
(12). The resulting cross sections for annihilation into SM fermions
are given by

(�v)(��̄ ! � ! f f̄ ) = Nc
3g2

�g
2
v y

2
f m�T

8⇡
⇥
(m2

� � 4m2
� )2 + m2

�� 2
�

⇤

⇥
 

1 � m2
f

m2
�

!3/2

, (17)

(�v)(��̄ ! a ! f f̄ ) = Nc
g2
�g

2
v y

2
f m

2
�

4⇡
⇥
(m2

a � 4m2
� )2 + m2

a�
2
a
⇤

⇥
 

1 � m2
f

m2
�

!1/2

, (18)

where T denotes the DM temperature. Notably, scalar mediators
do not have a temperature-independent contribution to their
annihilation cross section, while pseudoscalars do. As T / v2

(where v is the DM velocity), there is no velocity-independent
annihilation through scalars. In the Universe today v ' 1.3 ⇥
10�3c , so there are no non-trivial constraints on DM annihilation
from indirect detection in the scalarmediatormodel (see, however,
Refs. [50,51]).

The parameter space of the pseudoscalar model, on the other
hand, can be constrained by indirect detection. Most constraints
from indirect detection arewritten in terms of a single annihilation
channel, and so the constraints for the full simplified model
(with multiple annihilation channels open) require some minor
modifications of the available results. In the case at hand, good
estimates can be obtained by considering the most massive
fermion into which the DM can annihilate (bottom and top quarks
if they are accessible), as they dominate the annihilation cross
section. Note that, away from resonance, the total width �a
entering in (18) is relatively unimportant for obtaining the correct
indirect detection constraints.

The thermal relic calculation requires the same input cross
sections as indirect detection. Here, the cross sections are summed
over all kinematically available final states, and can be written as

h�vi = a + bT . (19)

If the DM particles are Dirac fermions, one has to include a factor
of 1/2 in the averaging, because Dirac fermions are not their own
anti-particles. In the Majorana case no such factor needs to be
taken into account. The thermal relic abundance of DM is then

⌦�h2 = 0.11
7.88 ⇥ 10�11xf GeV�2

a + 3b/xf
, (20)

14 J. Abdallah et al. / Physics of the Dark Universe 9–10 (2015) 8–23

Fig. 3. Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant contribution to a mono-jet signature. Right: A tree-level
graph that leads to a /ET + t t̄ signal.
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(where v is the DM velocity), there is no velocity-independent
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from indirect detection in the scalarmediatormodel (see, however,
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from indirect detection arewritten in terms of a single annihilation
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modifications of the available results. In the case at hand, good
estimates can be obtained by considering the most massive
fermion into which the DM can annihilate (bottom and top quarks
if they are accessible), as they dominate the annihilation cross
section. Note that, away from resonance, the total width �a
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the authors conclude: it does not seem possible to obtain both large 
DM self-interactions and at the same time a DM signal from direct or 
indirect detection experiments given current bounds
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Figure 11. The parameter region favoured by the Galactic Centre excess (green). As before,
g� has been fixed by the requirement to obtain the correct DM relic abundance. In all cases, an
interpretation of the Galactic Centre excess with a pseudoscalar mediator requiresmA � 5 GeV. The
lighter region corresponds to ⇥�v⇤�̄�⇥q̄q > 2 ·10�26 cm3/s, the darker to ⇥�v⇤�̄�⇥q̄q > 10�26 cm3/s.

Yukawa-like couplings, universal quark couplings and universal couplings only to the quark

third generation, respectively.

As already mentioned, owing to the large uncertainties in the DM halo we do

not attempt to reproduce a precise value of the cross section. Instead, Fig. 11 in-

dicates the parameter regions that give ⇥�v⇤�̄�⇥q̄q > 10�26 cm3/s (dark green) and

⇥�v⇤�̄�⇥q̄q > 2 · 10�26 cm3/s (light green), both of which are consistent with the cross

section required to fit the Galactic Centre excess. The upper value of the cross section is

chosen because it is just excluded by the preliminary Fermi-LAT Dwarf Spheroidal limit

presented in [125]. In this figure we have again fixed g� by the requirement to obtain the

observed relic abundance. Therefore the dark green region indicates parameter space that

– 32 –

Constrains from Kaon, B, Bs  and Υ decays, including cases 
where A is off-shell, e.g. Υ→γ A* →γ μμ, or →γττ
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Figure 3. Excluded parameter regions for a pseudoscalar A with Yukawa-like couplings to all
fermions (left) and Yukawa-like couplings only to quarks (right); the coupling gY was defined in
Eq. (2.3).

In particular, there are strong constraints from BaBar on new states A produced in the

radiative decay ⌥ ! A�, which apply for a wide range of di↵erent final states. For Yukawa-

like couplings the strongest bound comes from A ! µ+µ� for mA < 2m⌧ [95] and from

A ! ⌧+⌧� above the kinematic threshold [96]. For universal quark couplings, strong

bounds can still be obtained from hadronic decays of A by searching for a bump in the

momentum spectrum of the photon [97].

4 Excluded parameter regions

The parameter regions excluded by the various experimental results discussed above are

presented in Fig. 3 for the case of Yukawa-like couplings and Yukawa-like quark couplings,

and in Fig. 4 for the case of universal quark couplings and third generation quark couplings.

Let us briefly discuss the di↵erent cases in more detail.

4.1 Yukawa-like couplings

A straight-forward bound on gY can be obtained from Kµ2, which gives BR(K+ ! ⇡+A) <

10�6 for mA . 100 MeV independent of the decay modes of A. Substituting the value for

hSds from Eq. (2.11) into Eq. (A.2), we obtain the prediction BR(KL ! ⇡0A) ⇠ 0.06 g2Y in

this mass region. Consequently, the bound fromKµ2 implies gY . 0.005 formA ⇠ 100MeV.

As many other searches, this bound is significantly weakened for mA ⇠ m⇡.6

Most of the experimental constraints that we consider depend on the pseudoscalar

branching ratios and its decay length. For example, the bound BR(B ! K+inv) . 5 ·10�5

6Indeed, there appears to be an allowed region for mA ⇡ m⇡ and gY ⇠ 0.3. However, for mA so close

to the pion mass, the pseudoscalar mediator would significantly enhance the pion decay rate, disfavouring

such a set-up.
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“A taste of dark matter: Flavour constraints on pseudoscalar 
mediators,''  arXiv:1412.5174 [hep-ph].

Flavour constraints nicely complementary, excluding light mediators 
and/or non-MFV case. For instance, in 
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CUTTING A LONG STORY SHORT… DO 
OTHER DATA FIT THE DM EXPLANATION?

No expected associated signal has been seen (e.g. gammas from dwarf galaxies, pbar’s), 
DM explanation excluded or “simply” disfavoured depending on the error budget assessment. 
Growing hints of an astrophysical explanation… but hopefully illustrates you the kind of interplay!

If curious, feel free to ask for more details



STATUS AND ROLE OF IDM
Can indirect methods “detect” dark matter?

✤ In principle, yes. In practice, we are reaching the point where the discovery potential in more 
and more channels is limited by the knowledge of “astrophysical backgrounds”

✤ Apart for improving our knowledge of astrophysics,  currently the main hope relies on 
correlated signals in many channels, each one hard to explain without DM. 

✤ Also, it would be important to move beyond “blind” searches. Perhaps the most credible 
discovery would be a IDM “excess” predicted/suggested by collider or direct detection hints.   

If a signal is found in other channels (collider/DD) We still need ID: 

✦ To confirm that whatever we find in the Lab is the same “dark stuff” responsible for 
astrophysical and cosmological observations (it’s impossible to discover DM at LHC 
alone...)

✦ To access particle information not otherwise available in the Lab (annihilation cross 
section or decay time, b.r.’s) 

✦ to infer cosmological properties of DM (e.g. power spectrum of DM at very small scales) 
not accessible otherwise.

Anyway, IDM is a crucial tool!
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EXAMPLE: TAKE 750 GEV RES FOR REAL*

 e.g. Y. Mambrini, G. Arcadi and A. Djouadi, “The LHC diphoton resonance and dark matter,”  
arXiv:1512.04913 plus a few tens more, already… 142 citations on 08/02/2016!!!

assume it is the mediator between DM (e.g. Majorana fermion) and SM
(not so arbitrary, should a large “invisible” width of the resonance be needed)

option 1: scalar (neglecting here possible boson coupling with SM fermions)

 easier to make sense of perturbative calculations in EFT if DM mostly annihilates into gluons; 
“easier” parameter space for pseudoscalar case (which also evades direct bounds more easily)

Figure 2: The parameter space in the plane [m�, g�] that is allowed by the relic density
measurement for a resonance M� = 750 GeV and ci and ⇤ reported on top of the figures. In
red and in blue are shown, respectively, the scalar and pseudoscalar cases. We also plot the
constraint from a total width of 60 GeV in magenta.

.
In the low mass region, m� ⌧ M�, the annihilation cross sections can be written as

h�vi0+gg ' 32c2ggg
2
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✓
m�
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; h�vi0�gg ' 128c2ggg
2
�
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✓
m�
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◆4

, m� ⌧ M� (10)

From these simple expressions, one can see that at low m�, g� should be large to allow for
a significant annihilation cross section and avoid the overabundance of DM particles. In
turn, for m� ⇡ 300 GeV in the scalar and m� ⇡ 50 GeV in the pseudoscalar cases, g� >⇠ 1
and we enter in a non-perturbative regime. Moreover, in this range, the DM particles are
light enough for the resonance to decay invisibly, hence increasing its total width. The
limit corresponding to a total width of 60 GeV is shown in Fig. 2 by the dot-dashed line
above which any value of the coupling is excluded as it leads to a too large width for
the resonance. This is similar to the SM–like 125 GeV Higgs portal scenario [17], which
excludes too light DM particles, m� <⇠ 1

2Mh ⇡ 62 GeV from its invisible width.
The last mass region is the pole region, where M� ' 2m�, in which the annihilation

cross section is enhanced and one needs lower values of g� to fulfil the WMAP/PLANCK
constraint, similarly to the SM Higgs–portal case mentioned above.This region is very
interesting as there, the DM mass is fixed to m� ⇡ 350 GeV and the only free parameter
in the DM sector would be the coupling g� which is very small, g� ⇡ 10�1 for scalar
exchange and g� ⇡ 10�2 for pseudoscalar exchange

Let us finally discuss the case in which the resonance � has couplings to SM fermions.
If one adds to the Lagrangians L0 an e↵ective fermionic coupling, one generates new DM
annihilation channels with two SM fermions. The dominant one should naturally be the
channel with top quarks as a result of the large Yukawa coupling. Also this annihilation
channel has been consistently included in micrOmegas and then considered in our analysis.

For high values of the scale ⇤, as in the scenario considered in eq. (5), the contribution
of DM annihilation into tt̄ pairs is suppressed by a factor mt/⇤. Scanning on the allowed
region of the parameter space, one finds that the �� ! tt̄ final state is never dominant
and its rates contributes at the level of at most a few percent to the relic density.

The situation is completely di↵erent for a low scale, as it is the case in the scenario
of eq. (6) in which we have ⇤ = 246GeV, and the annihilation cross section of the DM
particles is dominated by the �� ! tt̄ channel. In this scenario, as can be seen from the

6

For LHC currently almost no difference between 0+ or 0- case: 
not so for DM!

Such a resonance has thus the ideal properties to play a prominent role in the physics of
the particles that form the dark matter (DM) in the universe [6] and which are the most
wanted particles in both accelerator based experiments and astrophysical experiments.
Indeed, the present wisdom summarised by the weakly interacting massive particle or
WIMP paradigm, is that an electrically neutral particle with a mass in the few 10 GeV to
few hundred GeV range and interacting weakly with the visible sector, should be stable
at cosmological scales and accounts for the DM with a relic abundance that has been
precisely measured by the WMAP and PLANCK satellites [7, 8].

In this brief note, we investigate the possibility that the observed diphoton resonance
mediates the interactions of a spin–1

2 DM particle. We will work in a rather model
independent framework in which the new particle content associated to both the resonance
and the DM states is not specified and the interactions are described by e↵ective operators.
We first show that the measured value of the cosmological relic density can be reproduced
for a wide range of the DM particle masses and couplings. We then discuss the present
bounds and the future sensitivities that can be achieved on the these parameters from
astrophysical detection experiments, both direct such as XENON [9] and LUX [10] and
more precisely in perspective of the new LZ project [11]. We also study indirect searches
at the HESS [12] and FERMI [13] experiments. The complementarity of the approaches is
demonstrated as they are di↵erently sensitive to the CP nature of the mediator resonance.

2. E↵ective interactions of the diphoton resonance

We start by discussing the interactions of the diphoton resonance with the SM and DM
particles. For simplicity, we consider a Majorana DM particle in our work, but the
generalization to a Dirac fermion is straightforward. The interactions will be described in
a model independent way in terms of e↵ective operators for given JP spin–parity quantum
numbers of the � resonance. Two widely di↵erent possibilities need to be considered.

A first one is that the � particle has no direct couplings to SM fermions. In this case,
its interactions with gluons and electroweak gauge bosons are given by the following two
Lagrangians. In the case of a CP–even 0+ particle, one has [14]:

L0+ =
c1
⇤
�Fµ⌫F

µ⌫ +
c2
⇤
�W µ⌫Wµ⌫ +

c3
⇤
�Ga

µ⌫G
µ⌫
a + g���̄�+m �̄�. (1)

with Fµ⌫ = (@µY⌫�@⌫Yµ) the field strength of the Yµ hypercharge SM gauge field; the same
holds for the SU(2) Wµ fields and the SU(3) Gµ fields. In the case where the mediator of
the interaction � is a CP–odd or pseudoscalar 0� particle, one would have instead [14]

L0� =
c1
⇤
�Fµ⌫F̃

µ⌫ +
c2
⇤
�W µ⌫W̃µ⌫ +

c3
⇤
�Ga

µ⌫G̃
µ⌫
a + ig���̄�

5�+m �̄�. (2)

with F̃µ⌫ = ✏µ⌫⇢�F⇢� and likewise for the SU(2) and SU(3) gauge fields. On should note
that while for LHC physics the CP nature of the � resonance should not matter much, it
is very important when it comes to dark matter searches.

The e↵ective couplings of the � state to the SM gauge bosons can be then written as

c�� = c1 cos
2 ✓W + c2 sin

2 ✓W , cZZ = c1 sin
2 ✓W + c2 cos

2 ✓W , cWW = c2, cgg = c3 (3)

There is also the possibility that the mediator � has direct couplings to SM fermions.
As a bilinear term of the form �f̄f is not gauge invariant and explicitly breaks the SM
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mediates the interactions of a spin–1

2 DM particle. We will work in a rather model
independent framework in which the new particle content associated to both the resonance
and the DM states is not specified and the interactions are described by e↵ective operators.
We first show that the measured value of the cosmological relic density can be reproduced
for a wide range of the DM particle masses and couplings. We then discuss the present
bounds and the future sensitivities that can be achieved on the these parameters from
astrophysical detection experiments, both direct such as XENON [9] and LUX [10] and
more precisely in perspective of the new LZ project [11]. We also study indirect searches
at the HESS [12] and FERMI [13] experiments. The complementarity of the approaches is
demonstrated as they are di↵erently sensitive to the CP nature of the mediator resonance.

2. E↵ective interactions of the diphoton resonance

We start by discussing the interactions of the diphoton resonance with the SM and DM
particles. For simplicity, we consider a Majorana DM particle in our work, but the
generalization to a Dirac fermion is straightforward. The interactions will be described in
a model independent way in terms of e↵ective operators for given JP spin–parity quantum
numbers of the � resonance. Two widely di↵erent possibilities need to be considered.

A first one is that the � particle has no direct couplings to SM fermions. In this case,
its interactions with gluons and electroweak gauge bosons are given by the following two
Lagrangians. In the case of a CP–even 0+ particle, one has [14]:

L0+ =
c1
⇤
�Fµ⌫F

µ⌫ +
c2
⇤
�W µ⌫Wµ⌫ +

c3
⇤
�Ga

µ⌫G
µ⌫
a + g���̄�+m �̄�. (1)

with Fµ⌫ = (@µY⌫�@⌫Yµ) the field strength of the Yµ hypercharge SM gauge field; the same
holds for the SU(2) Wµ fields and the SU(3) Gµ fields. In the case where the mediator of
the interaction � is a CP–odd or pseudoscalar 0� particle, one would have instead [14]

L0� =
c1
⇤
�Fµ⌫F̃

µ⌫ +
c2
⇤
�W µ⌫W̃µ⌫ +

c3
⇤
�Ga

µ⌫G̃
µ⌫
a + ig���̄�

5�+m �̄�. (2)

with F̃µ⌫ = ✏µ⌫⇢�F⇢� and likewise for the SU(2) and SU(3) gauge fields. On should note
that while for LHC physics the CP nature of the � resonance should not matter much, it
is very important when it comes to dark matter searches.

The e↵ective couplings of the � state to the SM gauge bosons can be then written as

c�� = c1 cos
2 ✓W + c2 sin

2 ✓W , cZZ = c1 sin
2 ✓W + c2 cos

2 ✓W , cWW = c2, cgg = c3 (3)

There is also the possibility that the mediator � has direct couplings to SM fermions.
As a bilinear term of the form �f̄f is not gauge invariant and explicitly breaks the SM

2

instance the case, when the mediators are the 125 GeV Higgs [17] or the Z boson [18].
However, in the case of the much heavier diphoton 750 GeV resonance, the relic abundance
as precisely measured, sets in general the most important constraints.

Assuming that the DM particles annihilate into SM particles through the s–channel
exchange of the � state, �� ! XX where X stand for gluons, weak bosons, photons as
well as fermions in models with direct �ff̄ couplings, we have entered the complete set
of Feynman rules describing these processes in the latest released version of the program
micrOmegas [19] which is the basic tool that calculates the relic abundance.

We have calculated the relic density by scanning over the parameter space that is
obtained when varying the couplings and the mass of the DM particle over a wide range.
We nevertheless limited our DM mass to a maximum value of 3 TeV above which the
e↵ective theory approach is not valid anymore. Note that for masses above m� >⇠ 750
GeV, we have also included t–channel annihilation into two � particles, �� ! ��, whose
contribution is 10 to 20 % of the total annihilation rate in the first scenario for instance.

In the scenario in which � has no couplings to SM fermions, only the gauge boson
final states are present. One obtains for the annihilation cross sections of a scalar and
pseudoscalar resonance into two photons and two gluons, the following expressions

h�vi0+�� ' 4g2�c
2
��m

4
�v

2

⇡⇤2(s�M2
�)

2
, h�vi0��� =

4g2�c
2
��s

2

⇡⇤2(s�M2
�)

2
, h�vigg = 8

✓
cgg
c��

◆2

h�vi�� (7)

where we have omitted the total decay widths in the propagators; s is the center of mass
energy given by s ' 4m2

� +m2
�v

2 with v the velocity. The dominant channel is obviously
the gluonic final state. As a result of the large mass of the mediator �, the cross sections
are strongly suppressed and are significant only for relatively large values of the coupling
g�. Moreover, in the case of the CP–even state exchange, the annihilation cross section
is velocity suppressed, imposing even larger values to g�.

We display in Fig. 2 the parameter space allowed by the measurement of the relic
density [8] in the scalar or CP–even (blue line) and in the pseudoscalar or CP–odd (red
line) cases for M� ⇡ 750 GeV and the values of the ci parameters given in eqs. (5,6). One
clearly distinguishes three di↵erent regions depending on the � mass range.

In the large � mass region, m� � M�, the annihilation cross section into gluons can
be approximated by h�viSgg ' 2g2�c

2
ggv

2/(⇡⇤2) in the scalar case. If one takes v ' 0.3 at
decoupling time and ⇤ ' 3 TeV, one obtains

h�vi0+gg ' 2g2�c
2
ggv

2/(⇡⇤2) '
⇣ g�
0.2

⌘2

c2gg 10�26cm3s�1 , m� � M�. (8)

which needs g� ' 0.4–0.7 to fit the observed relic abundance in agreement with the
numerical analysis that led to Fig. 2. For a pseudoscalar mediator, eq. (7) leads

h�vi0�gg ' 32g2�c
2
gg

⇡⇤2
'

⇣ g�
0.02

⌘2

c2gg 10�26cm3s�1 , m� � M�. (9)

The velocity suppression factor v2 being absent, a much lower value of g� is needed to fulfil
the relic abundance constraint in the pseudoscalar case. Our analytical approximation
gives g� ' 10�2�10�1, in accord with the results obtained numerically using micrOmegas
as one can see from Fig. 2. One notices that in the regime m� � M�, the annihilation
cross section is independent of the DM mass and no information on this parameter can
be extracted by analyzing the relic density only.

5

opt. I1: pseudoscalar

* which… you better don’t (yet):
“Plus un fait est extraordinaire, plus il a besoin d'être appuyé de fortes preuves”
Pierre-Simon de Laplace,  Théorie analytique des probabilités (1812)

P-wave S-wave



GAMMA-RAY BOUNDS

In the future, improved sensitivity via IACTs (HESS II… CTA), some perspectives e.g. in
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FIG. 8. 95% CL h�vi�� upper limits for each DM profile considered in the corresponding optimized ROI. The upper left panel
is for the NFWc (�=1.3) DM profile in the R3 ROI. The discontinuity in the expected and observed limit in this ROI around
1 GeV is the result of using only PSF3 type events. See Sec. III for more information. The upper right panel is for the Einasto
profile in the R16 ROI. The lower left panel is the NFW DM profile in the R41 ROI, and finally the lower right panel is the
Isothermal DM profile in the R90 ROI. Yellow (green) bands show the 68% (95%) expected containments derived from 1000
no-DM MC simulations (see Sec. VB). The black dashed lines show the median expected limits from those simulations. Also
shown are the limits obtained in our 3.7-year line search [19] and our 5.2-year line search [22] when the assumed DM profiles
were the same.

The LAT consists of 16 towers, each includes a tracker module and a calorimeter module [23]. Pass 8 includes
important updates to the energy reconstruction near the edges of the calorimeter modules (<60 mm from the center of
the gap) [24, 35]. Events that deposit the majority of their energy (or have their reconstructed centroid) near the edge
of a calorimeter module are more di�cult to reconstruct accurately because of energy leakage of the shower into the
gaps between modules, or towers. Pass 8 applies an improved handling of this leakage in the energy reconstruction
algorithms. We show in Fig. 10 the distance of each reconstructed centroid from the center of the calorimeter gap for
the events passing the comparison selection outlined above. Each calorimeter crystal has a width of 326 mm and the
gap between modules of 44 mm [15]. This yields a total width of 370 mm. In this figure, 0 mm marks the distance
from the middle of the gap between sets of crystals. The figure at the top also includes a cartoon to illustrate the
location of the edge of the calorimeter crystal with the center located at 185 mm.

About half of the overlapping events between Pass 7REP and Pass 8 in the 120–150 GeV energy range were
reconstructed with centroids near the edges of the towers (<60 mm from the center of the gap). As a consequence,
these events had the largest di↵erences in reconstructed energy and comprised the tails of the distribution shown on
the left in Fig. 10. There appears to be a slight enhancement of events where much of the shower was lost between
modules in the energy range around 133 GeV relative to all events above 20 GeV.

 M. Ackermann  et al. [Fermi-LAT Collaboration],
PRL 115, 231301 (2015) [1503.02641]
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino

  A. Abramowski et al. [HESS Collaboration],
  PRL, 041301 (2013) [1301.1173]

Figure 3: Direct detection prospects in the case of a scalar � for two sets of parameters reported
on top of the figures, including the LZ prospects [11]. The red lines are for measured DM relic
density and the isocontours for a a given total width of the resonance are shown.

The scattering cross section of Majorana fermions exchanging a pseudoscalar particle,
being proportional to the velocity (which is about 200 km/s around the earth), gives
instead null detection prospects, see Ref. [22] for instance.

Finally, let us make a few comments on indirect detection. The detection of the DM
particle through the observation of its annihilation in the Galactic Center or in nearby
dwarf galaxies is one of the most promising ways. Nevertheless, the latest analyses of
FERMI [13] and HESS [12] do not exhibit any signal so far. The only testable case is
obviously when the mediator particle is a pseudoscalar which, in contrast to the case
where the annihilation cross section goes through the exchange of a scalar, is not velocity
suppressed; see eq. (7). We show in Fig. 3 the limits obtained by the FERMI experiment
from the latest observation of dwarf galaxies [23]. Again we have used our two usual
scenarios for illustration and displayed the regions favored by the measurement of the relic
density and a resonance width of 60 GeV. From the figure, one sees that the interesting
region should be soon probed by the collaboration, within the next few years, just by
accumulating statistics.

Figure 4: Indirect detection prospects in the case of a pseudoscalar � resonance in the [m�, g�]
plane for two sets of parameters reported on top of the figures. The red lines are for measured
DM relic density and the isocontours for a given total width for the resonance are shown.

8

The model predicts many continuum photons 
(hadronization of gg channel) + prominent line (γγ)

→ on the verge of testability (if not ruled out) by Fermi-
LAT dwarf spheroidals & especially line searches

(both Fermi & IACTs have interesting line bounds!)

 J. C. Park and S. C. Park,  1512.08117



BE BRAVE, CAN DO BETTER!

Of course, much more on the market! More generic EFT treatment in F. D'Eramo, J. de Vries and P. Panci,  
arXiv:1601.01571, spin-2 case in C. Han, H.M. Lee, M. Park and V. Sanz,  arXiv:1512.06376 …

scalar DM S, pseudoscalar mediator φ, trying to explain the GC gamma excess as well!

DM-mediator coupling

A. Hektor and L. Marzola, arXiv:1602.00004 

Free Lag. of new fields

Efffective Lag. of mediator-SM 

(green squares, red diamonds and black triangles) strongly limits the parameter space yielding
a viable GCE. Nevertheless, we remind that the constraint associated to DM abundance could
be straightforwardly relaxed by considering, for instance, multicomponent DM or alternative
DM production mechanism such as the DM freeze-in.
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Figure 3: Scatter plot for the DM mass, mS , versus the averaged annihilation cross-section
times velocity of SS ! gg. The colour code of the points is the same as in Fig. 1. The gray
ovals denote the 1, 2 and 3� regions of the GCE fit for the NFW profile. The pink regions
show the uncertainties on the fit due to possible different DM Galaxy profiles [29].

3.5 Cosmic antiprotons

The impact of cosmic antiproton measurements on DM phenomenology was previously demon-
strated for instance by Bringmann et al [61], who employed the detected spectrum of cosmic
ray antiprotons to forbid a part of the parameter space of DM candidates annihilating into
b¯b. Unfortunately, an analogous study for the gg final state relevant to this work is not
yet present in literature. Hence, to perform a first analysis, we applied the PPPC4DMID
toolkit [60] to investigate the features of the antiproton spectrum yielded by the gg final
state. In Fig. 4 we compare the antiproton spectra resulting from the DM annihilation into
b¯b and gg to the spectrum measured by the PAMELA experiment [62] and a phenomenologi-
cal model proposed by Cirelli et al [63]. As we can see, the gg channel dominates by an order
of magnitude the antiproton flux resulting from DM annihilations at the very high energy
end of the spectrum. At low energies instead, E . 20 GeV, the spectra brought by gg and b¯b
are essentially indistinguishable within the uncertainties of propagation models.

As made clear by Fig. 4, the PAMELA constraints on the produced antiprotons affects
mainly this low-energy tail of the spectrum, E . 20 GeV, essentially because the PAMELA
measurement precision is at its best in the range [2, 20] GeV and because the DM annihilation
antiproton spectra overtake the observed and modelled ones only for E < 0.2 GeV. Unfortu-
nately, the uncertainties due to solar modulation and other effects of cosmic ray propagation
are very large for E . 1 GeV. Hence, we conclude that the PAMELA dataset constrains our
scenario in the same measure as in the b¯b case studied in [61], yielding no further bound on
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section 4.

2 The model

In order to explain both the di-photon excess and the GCE, we extend the SM content by
introducing a pseudoscalar particle � and a scalar DM candidate S. The corresponding
free-field Lagrangian is

L0 =
1

2

⇥
(@�)2 +m2

� + (@S)2 +m2
S

⇤
(2.1)

where we set m� = 750 GeV as required by the LHC signal. The mass of our DM candidate
will be determined by the analysis proposed in the next section.

The contact with the SM is provided by the effective portal Lagrangian

Lu =

c1
v
�Bµ⌫

eBµ⌫
+

c2
v
�W a

µ⌫
fWa

µ⌫
+

c3
v
�Ga

µ⌫
fGa

µ⌫
(2.2)

where we normalised the coefficients ci, i 2 {1, 2, 3}, to the Higgs vacuum expectation value
v = 246 GeV and defined the dual field-strength tensors according to eFµ⌫ =

1
2✏µ⌫↵�F

↵� for
F 2 {B,W,G}.

The interaction of the psudoscalar mediator with DM is instead regulated by the parity
violating Lagrangian

LS� =

1

2

gS �S2 (2.3)

in a way that the total Lagrangian that we consider is simply L = LSM + L0 + Lu + LS�.
In the following we assume that the pseudoscalar mediator is produced at the LHC via

gluon-gluon fusion, yielding at the resonance a cross section for the di-photon production
of [12]

�(pp ! � ! ��) =
Cgg �gg ���

m� s��
(2.4)

where Cgg = 2137 at
p
s = 13 TeV and we neglected a sub-dominant quark contribution. The

relevant partial decay widths of the pseudoscalar mediator are given by

��� =

�
c1c

2
W + c2s

2
W

�2

4⇡

m3
�

v2
(2.5)

�gg =

2c23
⇡

m3
�

v2
(2.6)

whereas in the total width �� we accounted also for the contributions of the Electroweak
gauge bosons and DM. In particular, for the latter

�DM =

g2S �S
32⇡m�

(2.7)

being �S =

q
1� 4m2

S/m
2
� and cW , sW respectively the cosine and sine of the Weinberg

angle.

– 3 –

section 4.

2 The model

In order to explain both the di-photon excess and the GCE, we extend the SM content by
introducing a pseudoscalar particle � and a scalar DM candidate S. The corresponding
free-field Lagrangian is

L0 =
1

2

⇥
(@�)2 +m2

� + (@S)2 +m2
S

⇤
(2.1)

where we set m� = 750 GeV as required by the LHC signal. The mass of our DM candidate
will be determined by the analysis proposed in the next section.

The contact with the SM is provided by the effective portal Lagrangian

Lu =

c1
v
�Bµ⌫

eBµ⌫
+

c2
v
�W a

µ⌫
fWa

µ⌫
+

c3
v
�Ga

µ⌫
fGa

µ⌫
(2.2)

where we normalised the coefficients ci, i 2 {1, 2, 3}, to the Higgs vacuum expectation value
v = 246 GeV and defined the dual field-strength tensors according to eFµ⌫ =

1
2✏µ⌫↵�F

↵� for
F 2 {B,W,G}.

The interaction of the psudoscalar mediator with DM is instead regulated by the parity
violating Lagrangian

LS� =

1

2

gS �S2 (2.3)

in a way that the total Lagrangian that we consider is simply L = LSM + L0 + Lu + LS�.
In the following we assume that the pseudoscalar mediator is produced at the LHC via

gluon-gluon fusion, yielding at the resonance a cross section for the di-photon production
of [12]

�(pp ! � ! ��) =
Cgg �gg ���

m� s��
(2.4)

where Cgg = 2137 at
p
s = 13 TeV and we neglected a sub-dominant quark contribution. The

relevant partial decay widths of the pseudoscalar mediator are given by

��� =

�
c1c

2
W + c2s

2
W

�2

4⇡

m3
�

v2
(2.5)

�gg =

2c23
⇡

m3
�

v2
(2.6)

whereas in the total width �� we accounted also for the contributions of the Electroweak
gauge bosons and DM. In particular, for the latter

�DM =

g2S �S
32⇡m�

(2.7)

being �S =

q
1� 4m2

S/m
2
� and cW , sW respectively the cosine and sine of the Weinberg

angle.

– 3 –

section 4.

2 The model

In order to explain both the di-photon excess and the GCE, we extend the SM content by
introducing a pseudoscalar particle � and a scalar DM candidate S. The corresponding
free-field Lagrangian is

L0 =
1

2

⇥
(@�)2 +m2

� + (@S)2 +m2
S

⇤
(2.1)

where we set m� = 750 GeV as required by the LHC signal. The mass of our DM candidate
will be determined by the analysis proposed in the next section.

The contact with the SM is provided by the effective portal Lagrangian

Lu =

c1
v
�Bµ⌫

eBµ⌫
+

c2
v
�W a

µ⌫
fWa

µ⌫
+

c3
v
�Ga

µ⌫
fGa

µ⌫
(2.2)

where we normalised the coefficients ci, i 2 {1, 2, 3}, to the Higgs vacuum expectation value
v = 246 GeV and defined the dual field-strength tensors according to eFµ⌫ =

1
2✏µ⌫↵�F

↵� for
F 2 {B,W,G}.

The interaction of the psudoscalar mediator with DM is instead regulated by the parity
violating Lagrangian

LS� =

1

2

gS �S2 (2.3)

in a way that the total Lagrangian that we consider is simply L = LSM + L0 + Lu + LS�.
In the following we assume that the pseudoscalar mediator is produced at the LHC via

gluon-gluon fusion, yielding at the resonance a cross section for the di-photon production
of [12]

�(pp ! � ! ��) =
Cgg �gg ���

m� s��
(2.4)

where Cgg = 2137 at
p
s = 13 TeV and we neglected a sub-dominant quark contribution. The

relevant partial decay widths of the pseudoscalar mediator are given by

��� =

�
c1c

2
W + c2s

2
W

�2

4⇡

m3
�

v2
(2.5)

�gg =

2c23
⇡

m3
�

v2
(2.6)

whereas in the total width �� we accounted also for the contributions of the Electroweak
gauge bosons and DM. In particular, for the latter

�DM =

g2S �S
32⇡m�

(2.7)

being �S =

q
1� 4m2

S/m
2
� and cW , sW respectively the cosine and sine of the Weinberg

angle.

– 3 –

Consistent points claimed to be found, possibly associated with significant 
antiproton flux (probed by forthcoming AMS-02 data?)



TRADITIONAL LINK WITH PARTICLE PHYSICS

new particle

• If one has a strong prior for new TeV scale physics (~with ew. strength coupling) due to the 
hierarchy problem, precision ew data (e.g. from LEP) suggest that tree-level couplings SM-SM-
BSM should be avoided!

we want to avoid!

• One straightforward solution is to impose some symmetry (often “parity-like”): SUSY R-parity, 
K-parity in ED, T-parity in Little Higgs. New particles only appear in pairs!

we want it!

➡ Automatically makes lightest new particle stable! 
➡ It has other benefits, e.g. respect proton stability bounds!
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K-parity in ED, T-parity in Little Higgs. New particles only appear in pairs!

we want it!

➡ Automatically makes lightest new particle stable! 
➡ It has other benefits, e.g. respect proton stability bounds!

In a sense, some WIMP DM (too few? too much?) is “naturally” expected for consistency of 
the currently favored framework for BSM physics at EW scale. 

Beware of the reverse induction: 
‣ LHC is current our best tool to test this paradigm, but if no new physics is found at EW 

scale it is at best the WIMP scenario to be disfavored, not the “existence of DM” 
‣ Conversely, LHC may be probing topics of cosmo relevance beyond the DM problem!



EXAMPLE OF IDM-TESTABLE LHC “MISSES”
What if we give up independent arguments for BSM at the EW scale and just ask for a DM

candidate without invoking extra symmetries? Some options:

  M. Cirelli, N. Fornengo and A. Strumia, hep-ph/0512090

‣ Extend SM with EW multiplet whose quantum numbers assignments (spin, isospin, hypercharge) fixed by 
requirement of a good DM candidate: a ~9.4 TeV fermionic hypercharge-less quintuplet whose stability of 
the guaranteed by the SM gauge symmetry and by renormalizability.

M. Cirelli, T. Hambye, P. Panci, F. Sala and M. Taoso,1507.05519
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Figure 7: Constraints from gamma ray line searches: in the GC region by Hess and
Fermi (left panel) and in the dwarf spheroidal galaxy Segue1 by Magic (right panel).

discussed above) and we neglect here the largely subdominant continuum �-rays from
the �� channel. The fact that the W`W´ channel features a sharp peak at E „ M

DM

,
from the emission of a hard final state photon, is not expected to modify these results
significantly, also in light of the much larger uncertainties connected to the DM contents
determination.

We find that the constraints from Fermi, taken at face value, exclude all the range
M

DM

À 7 TeV. We also consider bounds relaxed by an order of magnitude (labelled
‘Fermi-’), intended as an average conservative assessment of the uncertainties related
to J̄-factors discussed above. This slightly reduces the excluded interval to M

DM

À 6.3
TeV. The constraints from Hess rule out very small intervals between 10 and 20 TeV.
The bounds that do not include the most stringent dwarf (Sagittarius) are slightly less
constraining.

We stress that all these numbers are strongly dependent on the detailed shape and
position of the Sommerfeld peaks, which in turn su↵er from a ‘theory uncertainty’ that
we have quantified before to be of 5% to 10%. However, the global results are robust.
The mass for the MDM 5plet is again not a↵ected by these bounds, unless very aggressive
assumptions on the J̄-factor determinations, such as e.g. to lower significantly the Fermi
bound, are made.

To conclude this section, we point out that significant progress could be made by
current and future experiments. Improving the Fermi, Magic or Hess bounds by a
factor of just a few at the largest masses would allow to probe almost the entire parameter
space of the model. In this respect, choosing one of the dwarf galaxies with the most
promising J̄-factors (such as Coma or Ursa Major II, according to [56]) can perhaps allow
to reach such a goal.
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Clearly not accessible to LHC, but currently severely constrained by 
gamma-ray data with good perspectives for definitive tests with CTA 

(MW & notably dwarf galaxies…)

‣ For a SM singlet, the absence of additional protective symmetry requires a very light DM 
candidate with very small couplings, untestable at LHC (paradigmatic case of sterile neutrino)

‣ spin 1/2
‣ spin 0

to prevent decay, no dim≦5 operator with SM allowed

(ii) the presence of a number of unknown parameters (e.g. all sparticle masses) obscures the
phenomenology of the DM candidates; (iii) the stability of the DM candidates is the result of
extra features introduced by hand (e.g. matter parity).

We here explore an opposite, minimalistic approach: focussing on the Dark Matter problem,
we add to the Standard Model (SM) extra multiplets X + h.c. with minimal spin, isospin and
hypercharge quantum numbers, and search for the assignments that provide most or all of the
following properties:

1. The lightest component is automatically stable on cosmological time-scales.

2. The only renormalizable interactions of X to other SM particles are of gauge type, such
that new physics is determined by one new parameter: the tree-level mass M of the
Minimal Dark Matter (MDM) multiplet.

3. Quantum corrections generate a mass splitting ∆M such that the lightest component of
X is neutral. We compute the value of M for which the thermal relic abundance equals
the measured DM abundance.

4. The DM candidate is still allowed by DM searches.

In section 2 we list the possible candidates. In section 3 we compute the mass splitting. In
section 4 we compute the thermal relic abundance of X and equate it to the observed DM
abundance, inferring the DM mass M . In section 5 we discuss signals and constraints from DM
experiments. In section 6 we discuss collider signals. Section 7 contains our conclusions and a
summary of the results.

2 The Minimal DM candidates

We consider the following extension of the SM:

L = LSM + c

{

X̄ (iD/ + M)X when X is a spin 1/2 fermionic multiplet
|DµX |2 − M2|X |2 when X is a spin 0 bosonic multiplet

(1)

where D is the gauge-covariant derivative, c = 1/2 for a real scalar or a Majorana fermion
and c = 1 for a complex scalar or a Dirac fermion: in all cases we assign X in the minimal
non-chiral representation of the gauge group, and M is the tree-level mass of the particle.

We want to identify the cases in which X provides a good DM candidate. Therefore we
assume the following gauge quantum numbers:

3. X has no strong interactions [3].

2. X is an n-tuplet of the SU(2)L gauge group, with n = {1, 2, 3, 4, 5, . . .}.

1. For each value of n there are few hypercharge assignments that make one of the compo-
nents of X neutral, 0 = Q = T3 +Y where T3 is the usual ‘diagonal’ generator of SU(2)L.
For a doublet, n = 2, one needs Y = 1/2. For a triplet, n = 3, one needs Y = 0 (such
that the component with T3 = 0 is neutral), or Y = 1 (such that the components with
|T3| = 1 are neutral). For a quadruplet, n = 4, Y = {1/2, 3/2}. For a quintuplet, n = 5,
Y = {0, 1, 2}.

2
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N̄ cN + h.c.

$ SM Neutrinos do not work as DM, but have some good properties (almost Ok!)
 Easy to add one extra neutrino state which works! 

$ SM singlet, but for mixing with active (one needs ≥2 of these to give mass to ν’s...)
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$ Production via oscillations, suppressed by the small mixing (~10-4)
(never in equilibrium, non-thermal spectrum, avoid “hot-ness”)

$ Further adjust mass M to obtain right abundance, keV range selected.
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$ SM Neutrinos do not work as DM, but have some good properties (almost Ok!)
 Easy to add one extra neutrino state which works! 

$ SM singlet, but for mixing with active (one needs ≥2 of these to give mass to ν’s...)

$ Production via oscillations, suppressed by the small mixing (~10-4)
(never in equilibrium, non-thermal spectrum, avoid “hot-ness”)

$ Further adjust mass M to obtain right abundance, keV range selected.

$ Interesting astrophysical candidate: 
$ “cold-to-warm”, may suppress structures at sub-kpc scales;
$ can be searched for via X-ray line (rare loop-suppressed decay)
$ can be embedded in a “minimal extension” of the SM with only  3 right-handed neutrinos 
(two GeV-ish ones explaining baryon asymmetry...)

νMSM, for a review, A. Boyarsky, O. Ruchayskiy and M. Shaposhnikov,
  Ann. Rev. Nucl. Part. Sci. 59, 191 (2009)

Note: no physics above the electroweak scale is required

in principle accessible to colliders, 
e.g. high-intensity experiments like SHiP
Physics paper:1504.04855, Technical paper: 1504.04956



LHC AS A PROBE OF EW PHASE TRANSITION?

In the SM, the electroweak phase transition is a crossover.  

BSM physics could make it a 1st order PT, a crucial ingredient 
(with CP violation) for the origin of the baryon asymmetry in 
the electroweak baryogenesis class of models 

(+Gravity Wave background, cosmological B field seeds…)

Despite what you may have heard, LHC does not reproduce Big Bang conditions (thermal corrections to 
the Higgs potential are for instance not probed directly!)

Incomplete list of refs.: C. Grojean, G. Servant and J. D. Wells,
   hep-ph/0407019, M. Carena et al. hep-ph/0410352
… C. Delaunay, C. Grojean and J. D. Wells, 0711.2511

…   A. Katz and M. Perelstein,1401.1827;
 D. Curtin, P. Meade and C. T. Yu,1409.0005;

F. P. Huang et al., 1511.03969;
P. Huang,  A. Joglekar, B. Li and C. E. M. Wagner,

 arXiv:1512.00068 …

Parameterizing new physics  
 

!  High-dimensional operators consistent with   
                                           gauge invariance  

 
 

 
 

 

 
!  Non-linear realisation –  

                    
 

SU(3)⇥ SU(2)⇥ U(1)

O6 =
c6
⇤2

(H†H)3 ) �

3
h3

Otth =
ctt̄h
⇤2

(H†H)QLHtR ,) ytt̄th

[SU(3)⇥ SU(2)⇥ U(1)] / [SU(3)⇥ U(1)EM]

7!

which could come e.g. from strong interacting sector at TeV 
scale, or integrating out heavier scalars…

Challenging, but potentially testable at LHC run 2 high-
lum. (and at future colliders)

New dof’s altering the potential may or may not be directly 
accessible. Yet, models that lead to a 1st order through a 

relevant modification of the zero temperature effective potential 
can be probed e.g. via O(1) deviation of triple Higgs coupling 

from its SM value, parameterized by the operator



WHERE WE GO FROM HERE (IDM-ORIENTED)

✤ Good news: at least for WIMPs, many strategies & the efforts are paying off: e.g.  gamma-
searches, antiproton searches, and CMB constraining for thermal relics up to O(100) GeV

✤ Bad news: “parameter space” of the theoretically unknown is pretty big, so there is no 
guarantee that we’ll find any positive result soon. Exploring the reach in testing simplified 
models-with qualitatively different features-seem a promising way to go.  

✤ Further tests of the“BSM@EW-scale” paradigm are worth, especially given the need for 
“extra stuff” coming from astro/cosmo. LHC is a crucial explorer of the electroweak scale, 
whose importance for astro/cosmo goes even beyond the realm of DM

✤ We will never move on by exhausting all the logical possibilities; since astro/cosmo hints at 
BSM, but does not hint to a scale, it is wise to evaluate alternative scenarios and multi-
faceted discovery strategies. In this task, DM can be taken as robust and interesting case study

This is a high risk/high reward topic of research: 
we have some chance of a game-changing discovery but absolutely no guarantee of it  

(although likely to learn lots of-sometimes interesting-astrophysics along the way!)



THE ROAD NOT TAKEN
Two roads diverged in a yellow wood,

And sorry I could not travel both
And be one traveler, long I stood

And looked down one as far as I could
To where it bent in the undergrowth;

Then took the other, as just as fair
And having perhaps the better claim,

Because it was grassy and wanted wear;
Though as for that the passing there

Had worn them really about the same,

And both that morning equally lay
In leaves no step had trodden black.
Oh, I kept the first for another day!

Yet knowing how way leads on to way,
I doubted if I should ever come back.

I shall be telling this with a sigh
Somewhere ages and ages hence:

Two roads diverged in a wood, and I —
I took the one less traveled by,

And that has made all the difference.

(Robert Frost, 1916, Mountain Interval)
 Christopher Georgia

Grazie dell’ attenzione!


