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Preamble: general properties of the DM particle

                                                                The DM particle must:
                                                                - be dark (neutral)
                                                                - be stable
                                                                - account for 26% of the energy content of the Universe:
                                                                - be ‘cold’
                                                                - have a not too large cross section on nucleons: DM direct detection
                                                                - not produce too large fluxes of cosmic rays: DM indirect detection
                                                                - be able to escape detection at colliders so far
                                                                - have not too large self-interactions 

                                                                - …
                                                                - not spoil BBN or CMB….



 

Outline
1) DM stability

2) DM relic density
- generalities on early Universe hot plasma
- thermal hot relic

3) DM direct detection
- asymmetric DM

4) DM indirect detection
5) Phenomenology of a few illustrative models

- thermal cold relic: non-relativistic freeze out
- freeze-in

6) DM self-interactions (but no time)



 

Part 1
DM stability



Dark Matter stability

  - DM is around today          ⌧DM > ⌧universe ' 1018 sec

                          - Given its relic density today one needs in general 
                                         much larger lifetimes not to produce fluxes of cosmic rays 

we should have seen already: ⌧DM > ⌧universe ' 1025�28 sec

  see indirect detection part below
  unless very light or invisible decay

    To have a particle with at least those lifetimes is the most  
             constraining property for the general structure of the DM model!



Stability of DM particle: general considerations on decay

�(DM ! A+B) ⇠ 1

8⇡
g2 mDM

⌧DM = 1/�(DM ! A+B) > ⌧universe $ g . 10�20 ·
p

1GeV/mDM

  to have a long enough lifetime: 

  for example a 2-body decay:
  tree level coupling

g . 10�10 ·
p

10�11 eV/mDM

g . 1 ·
p

10�31 eV/mDM

mDM > 10�22 eV

  - or DM mass very tiny but anyway a tree level coupling of order unity is excluded
  because                             is anyway needed to have DM galactic halo:
  i.e. to have a wavelength smaller than galaxy size

g = 0

    clearly this suggests a symmetry:

    -or at least to provide an explanation for a so tiny coupling

-to forbid the decay: absolute DM stability:

  if DM decays the coupling causing the decay must be tiny

  DM is matter!        cannot be massless      cannot be stable as photon 

  - the coupling vanishes or is very tiny 



2 questions:

      do we need a new symmetry beyond the SM for DM stability?

      what kind of symmetry could it be?



SM detour: Stable SM particles
                                                         there is always a deep symmetry reason 

  -    : stable because massless (due to unbroken            gauge symmetry)
  - lightest      : lightest fermion of the SM: stable due to Lorentz invariance
  -      : stable because lightest particle charged under conserved electric charge

  due to unbroken             gauge symmetry  U(1)em

e�
⌫

�

  -    : stable due to an accidental symmetry:           : baryon number conservationp U(1)B

      stems from gauge sym. of 
  the SM and charges of 

particles under them

     gauge invariance:                            each time a quark is annihilatedSU(3)c Lquarks / q̄ ... q

     another one is created                   symmetry:

U(1)B

q ! ei�q

     accidental symmetry:      not subgroup of SU(3)c

U(1)B

U(1)em

                      quantum numbers of SM particles do not allow to write down an interaction
          which violates baryon number in Lagrangian      accidental symmetry



Absolute stability vs approximate stability

e�, ⌫, � :            symmetries expected to 
             be conserved also by any 

new UV physics

p :                        accidental symmetry which has 
                   no reason to be conserved 

by UV physics

                 induce higher dimensional operator 
       which leads to proton decay

   example: grand unification: has gauge 
       boson coupling to a quark and a lepton 
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                 natural mechanism to have a very slow decay!

     for DM particle stability one could invoke similar mechanisms to the SM or other ones….
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2 questions:

      do we need a new symmetry beyond the SM for DM stability?

      what kind of symmetry could it be?



2 questions:

      do we need a new symmetry beyond the SM for DM stability?

      what kind of symmetry could it be?

                 yes! except for a simple possibility: a large weak multiplet



``Minimal dark matter’’

 a fermion quintuplet under             containing a neutral particle:

  one cannot write down an interaction which would give a too fast decay
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Cirelli, Fornengo, Strumia

SU(2)L

  unlike for a smaller representation:

  - a fermion singlet: L 3 Y L̄ DMH

  not forbidden by                          

  decays expected! DM ! l�H+, ⌫H0

SU(3)c ⇥ SU(2)L ⇥ U(1)

  - a fermion doublet:                       : L 3 Y lR  DMH  0
DM ! l�H0  decays expected!

  - a fermion triplet:                        or                        :                        or
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  - a fermion quadruplet:                       :                            : expected too fast if UV DM =
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physics below Planck mass

SU(3)c ⇥ SU(2)L ⇥ U(1)



``Minimal dark matter’’

 a fermion quintuplet under             containing a neutral particle:  DM =

0

BBBB@

 ++
DM

 +
DM

 0
DM

 �
DM

 ��
DM

1

CCCCA

Cirelli, Fornengo, Strumia

SU(2)L

  the exchange of a UV particle could induce only a dim-6 operator:

  no possible dimension-4  and dimension-5 interactions: accidental symmetry

mDM = 100GeV

   as long as there is no new physics inducing this operator below these scales: very fine 

�( 0
DM ! L+H) ⇠ 1

8⇡

v4mDM

⇤4

    a flux of cosmic rays from this decay could be around the corner but this 

⌧DM > ⌧universe only if ⇤ > 3 · 1013 GeV < mPlanck

⌧DM > (10

26
sec) only if ⇤ > 3 · 1015 GeV < mPlanck

L 3 1

⇤2
L DMHHH†

requires an object as large as a quintuplet 



Stability of DM due to a new symmetry beyond the SM

Various possibilities:

-DM stability due to new unbroken gauge symmetry 

-DM stability due to new broken gauge symmetry 

-DM stability due to accidental symmetry resulting from

-DM stability due to new discrete or global symmetry

new gauge symmetry



DM stability from new gauge symmetry

 simplest example: lightest charged particle under a new        :  ‘’            ‘’U(1) U(1)X

 a fermion: a    which has no charge under SMe0

 with SM particles chargeless under U(1)X

Standard Model Hidden sector  
U(1)XSU(3)c ⇥ SU(2)L ⇥ U(1)Y

l, ⌫, q, �, W, Z, g, H

 gauge boson of U(1)X

e0, �0 + ...

 portal
 kinetic mixing

 ‘‘secluded DM’’

 ‘‘hidden photon’’

 If the           is unbroken: the      DM candidate is stable just as the electron:                                                                   e0

 ‘‘hidden electron’’

lightest particle charged under a conserved charge
U(1)X

 If the           is spontaneously broken: still the      DM candidate is stable because ofe0U(1)X
Z2 2 U(1)Xremnant                     , because still    in pairs ine0 L

L 3 � ✏

4
FY
µ⌫F

µ⌫
X

Pospelov 07,….



DM stability from new gauge symmetry

 simplest example: lightest charged particle under a new        :  ‘’            ‘’U(1) U(1)X

 a scalar : a         which has no charge under SM
 with SM particles chargeless under U(1)X

Standard Model Hidden sector  
U(1)XSU(3)c ⇥ SU(2)L ⇥ U(1)Y

l, ⌫, q, �, W, Z, g, H

 gauge boson of U(1)X

 portal
 Higgs portal

 (see later)

 ‘‘secluded DM’’

 ‘‘hidden photon’’

 If the           is unbroken: the          DM candidate is stable just as the electron:                                                                   

 ‘‘hidden scalar’’

lightest particle charged under a conserved charge
U(1)X

 If the           is spontaneously broken: the          could decay if gets a vev for instanceU(1)X
or stay stable if no vev but not automatic…

�DM

�DM , �0

�DM

�DM

L 3 ��m�†
DM�DMH†H



DM stability from accidental symmetry resulting from new gauge symmetry

 well known example: conservation of mirror baryon 
                                    number in a mirror hidden sector

 other example: hidden vector DM: it is possible to have gauge boson 
                                                         to be the DM, even a non-abelian one

Standard Model Hidden sector  
SU(3)c ⇥ SU(2)L ⇥ U(1)Y

l, ⌫, q, �, W, Z, g, H

 portal
 Higgs portal

SU(2)X
�, Aµ

1,2,3

           a doublet 
of SU(2)X
                   3 gauge bosons

 of SU(2)XL 3 ��m�†�H†H

      after            sym. breaking:   3 massive             gauge bosonsSU(2)X

��⇥ =
�

0
v��
2

⇥
SU(2)X

one real scalar boson
a remnant            accidental custodial symmetrySU(2)C

: stable:       candidatesDM

TH 07
TH, Tytgat 09

DM = hidden forces!

TH, Strumia 12

      accidental symmetry: interesting phenomenology from naturally slow decay



DM stability from discrete symmetry: real scalar singlet

      a real scalar singlet     odd under      parity:S S ⇥ �SZ2

      extremely simple: only 2 relevant parameters:

Standard Model Hidden sector  
SU(3)c ⇥ SU(2)L ⇥ U(1)Y

l, ⌫, q, �, W, Z, g, H

 Higgs portal
           a real scalar singlet odd under 

McDonald,… 

Z2

S

Z2

L 3 �1

2
µ2
SS

2 � 1

24
�SS

4 � 1

2
�mS2H†H

L 3 �1

2
�mS2H†H

mS , �m

      is stable: the      symmetry makes sure that all terms involve an even number of S:S Z2

      more generally from a discrete      sym. one can stabilize any scalar orZ2

fermion SM multiplet (or abelian gauge boson)

m2
S = µ2

S +
1

2
�mv2

      ‘’ad-hoc’’ symmetry



DM stability from discrete symmetry: inert doublet

example: a scalar doublet       odd under a       symmetry:H2 Z2 H2 ! �H2

Y = 1 6= 0H2 =
�

H+

H0+iA0�
2

⇥

V = µ2
1|H1|2 + µ2

2|H2|2 + �1|H1|4 + �2|H2|4

+�3|H1|2|H2|2 + �4|H†
1H2|2 +

�5

2

�
(H†

1H2)2 + h.c.
⇥

m2
H0

�m2
A0

= �5 v
2

from the most general scalar potential       and        do not have the  same massA0H0

the lightest neutral component is the DM

'‘inert scalar doublet DM’’
               Deshpande, Ma 78, Barbieri, Hall, Ryshkov 06,

      Lopez-Honorez, Nezri, Oliver, Tytgat 07, 
TH, Lin, Lopez-Honorez, Rocher 08

      this is a visible sector DM model:          has gauge SM interactions DM

      (no hidden sector)



DM stability from discrete symmetry: fermion triplet

      a fermion triplet under             odd under     parity:Z2SU(2)L

 DM =

0

@
 +
DM

 0
DM

 �
DM

1

A

 DM ! � DM

      this is a visible sector DM model:          has gauge SM interactions DM

      (no hidden sector)

      only interactions it can have in fact

      ``wino’’



DM stability from discrete symmetry: Susy neutralino

      Susy: has many new neutral particles beyond the SM: neutral superpartners;

        the 4 neutralinos (2 gauginos and 2 Higgsinos) mix: the lightest mass eigen-
                                                                                   state,     , is stable if LSP

Wµ
3 $ ˜W : “Wino”

Bµ
Y $ ˜B : “Bino”

Hu $ H̃u : “Higgsino”

Hd $ H̃d : “Higgsino”

⌫Li $ ⌫̃i : “sneutrinos”

G $ ˜G : “gravitino”

                if one assume a     symmetry so that SM particles are even under it and super-
             partners are odd under it, ‘’R-parity’’, the lightest superpartner (LSP) is stable 

Z2

        R-parity is motivated by proton decay but still totally ad-hoc in MSSM

�

         but turns out to be subgroup of                     could derive from gauge symmetry remnant subgroup        U(1)B�L



Epilogue on DM stability

    DM stability is the most constraining property for the general

structure of the DM model!

                 DM stability strongly suggests the existence of a new symmetry in Nature!

                 even if not absolutely mandatory

                                perhaps it is the result of new forces in Nature (gauge symmetries)

                  perhaps not if discrete or global symmetry, which is more ``ad hoc’’                    

although can be directly related to solution of other problems (as

                 whose stability is due to a mixture of several reasons: due  
                    to global symmetry and the fact that it is very light and that  

                  it’s decay occurs at loop level and suppressed by high scale 
                 will not be discussed here

Depending on stabilization mechanism several possibilities:

Visible DM candidate  <->   Hidden sector DM candidate

Minimal model of DM  <->   DM out of more global model

Fermion DM candidate  <->   Boson DM candidate: scalar, vector

=> different phenomenologies!

neutralino or axion)



A wide variety of DM models!

      A real scalar singlet odd under a      : the simplest DM model 

      A fermion triplet odd under a      : ’’Wino DM model ‘’ if Majorana

      A fermion quintuplet stable in an accidental way only on the basis of SM symmetries

      A hidden fermion or scalar charged under a new           gauge symmetry

      Hidden gauge bosons of a new              gauge symmetry accidentally stable

      The MSSM neutralino stable due to R-parity

      ……..

Z2

Z2

U(1)X

SU(2)X

      Illustrative examples:

      A scalar doublet odd under a      : ``inert scalar doublet’’ DM model Z2

      Other possibilities not covered here: axion (strong CP problem),
Kaluza-Klein DM (from extra dimensions)
gravitino (in Susy), ….



 

Part 2
DM relic density



DM relic density: ⌦DM = 26%

⌦DMh2 = 0.1199± 0.0027

⌦Bh
2 = 0.02205± 0.00028

h = 0.673± 0.012

⌦DM ' (26± 1)%

⌦B ' (4.9± 0.2)%

⌦
B

⌘ ⇢
B

⇢
crit

���
today

⌦
DM

⌘ ⇢
DM

⇢
crit

���
today

      Planck satellite 

      Cosmic Microwave 
              Background anisotropies

⌦radh
2 = 4.31 · 10�5  2.7K black body CMB radiation



DM relic density: ⌦DM = 26%

 can be obtained for          all the way from                    to  mDM ⇠ 10�22 eV

      to have wavelength 
             smaller than galactic size 

      black hole with 
   ~ solar mass

10�22 eV
eV

keV
MeV

GeV
TeV

103 TeV

      solar mass blackhole 

      weak scale       Planck scale

      very light DM: axion, …
   (coherent scalar field)       thermal DM      non thermal 

          very heavy DM

      in the following we will consider the thermal DM scenarios

keV . mDM . 100TeV

      neutrino masses

      2 general classes of models:
     symmetric DM thermal scenarios: no 

DM matter-antimatter asymmetry
      asymmetric DM

1031 kg

⇠ 1031 kg



Generalities on early Universe hot thermal bath

 we consider the « radiation domination » epoch when all SM particles were forming
                                                                                          a hot thermal soup: plasma

T & 1 eV



Generalities on early Universe hot thermal bath

      hot plasma:

�
�

e�
e�

e�

Example with     and    : e� �

e± + � ! e± + �

e�

e+

�

�e�

2 relevant processes

if many                               processes:      e� + � ! e� + �

and    equilibrate their kinetic energy:e� �

and    are in ‘‘kinetic equilibrium’’e� �

probability that      has a given energy is
given by a Fermi-Dirac distribution 
characterized by a temperature  T

~averaged      kinetic energy

e�

e�

         and similarly for    given by a 
                        

Te� = Te+ = T� ⌘ T

�

Bose-Einstein distribution characterized 
by same temperature: 
~averaged      kinetic energy�

e+ + e� $ � + �



Generalities on early Universe hot thermal bath
      hot plasma:

�
�

e�
e�

e�

Example with     and    : e� �

e± + � ! e± + �

e�

e+

�

�e�

2 relevant processes

if many                               processes:      

and    equilibrate their numbers�

and    are in ‘’chemical equilibrium’’�

         in this case  not only the energy distribution

e±

e±
ne� + ne+ $ n�

�

         is known but also its normalization: how 
many particles have a given energy

fe±

FD =
1

eEe±/T + 1

f�
BE =

1

eE�/T � 1

assuming here no          asymmetry:e+-e� ne+ = ne�

n� = g�

Z
d3p�
(2⇡)3

f�
BE =

⇣(3)

⇡2
g�T

3

e+ + e� $ � + �

e+ + e� $ � + �

⇢e± = ge±

Z
d3pe±

(2⇡)3
fe±

FD · Ee±ne± = ge±

Z
d3pe±

(2⇡)3
fe±

FD

=
⇡2

30
g� T

4

g� = ge� = ge+ = 2

⇢� = g�

Z
d3p�
(2⇡)3

f�
BE · E�



Relativistic and non relativistic thermal equilibrium regimes

3

4

⇣(3)

⇡2
ge±T

3

ge±
⇣me T

2⇡

⌘3/2
e�me/T (T << me)

(T >> me) relativistic 

non-relativistic 

e�

e�

If no interactions or relativistic: 
ne� =

const

V

ne� · V

to see the variation of       due tone�

           or   
n
e
�
/s

             entropy density is conserved:

z ⌘ me/T

Ye� = ne�/s

interactions we look at ‘’comoving

comoving number 
 density is constant!

T > me :

T < me :

number density’’:

     comoving number density
       is exponentially suppressed:

Boltzmann suppression / e�me/T

relativistic non-relativistic

ne± = ge±

Z
d3pe±

(2⇡)3
fe±

FD =

s =
2⇡2

45
gs⇤ T

3 / 1/V

/ 1/V

T ⇠ p� / 1/a



Boltzmann suppression in non-relativistic regime

same number of interactions in both directions

first assume no expansion: temperature is constant

 number of particles is constant

because

(nEq
e )2h�e+e�!�� vreli = n2

�h���!e+e� vreli

for T < me : n
Eq
e / e�me/T

n� = n�(E� > me) / e�me/T

tail of thermal distribution 

E2
� ⇤ f�

BE(E�)

E�/T2 4 6 8 10

0.1

0.2

0.3

0.4

0.5

0.6

/ e�me/T

as     decreases with expansion         more and more exponentially suppressedT nEq
e�



More generalities on early Universe thermodynamics: radiation energy density

For a relativistic fermion particle:

⇢f = gf

Z
d3pf
(2⇡)3

ff
FD · Ef =

⇡2

30

7

8
gfT

4
f

⇢f = gb

Z
d3pb
(2⇡)3

f b
BE · Eb =

⇡2

30
gbT

4
b

For a relativistic boson particle:

⇢Tot

rad

=
⇡2

30
g⇤T

4

For a plasma with several species with same temperature

g⇤ =
X

bi

gbi +
7

8

X

fi

gfi

if kinetic equilibrium

H ⌘ ȧ

a
=

r
8⇡G⇢

3
⇠ 1.7

p
g⇤

T 2

mPlanck
a = Universe scale factor

⇢b



DM thermal equilibrium comoving number density

Comoving DM number density is constant when relativistic and becomes 

e�in the same way as      if DM is in kinetic equilibrium and chemical equilibrium 
T < mDMBoltzmann suppressed when becoming non-relativistic when

DM SM $ DM SM DM DM $ SM SM

relativistic non-relativistic

z = mDM/T

Y
D
M

=
n
D
M
/s

T = mDM



No expansion : no thermal decoupling

when???

�
e�

e�

e+

�

�e�

If no expansion:       and       or  e+ e�

finish by encountering 
will still equilibrate numbers

and energies        no decoupling 

     2 DM particles will always



DM DM $ SM SM

Clearly DM cannot remain in thermal equilibrium for ever: if it has not already
decoupled when it was relativistic it will anyway when it is non-relativistic:
as Universe expands the DM number density becomes more and more 
exponentially suppressed: at some point too few DM particles for them to annihilate

the annihilation                           process doesn’t occur anymore and             freezesnDM/s

When??????
?

?

DM thermal decoupling due to expansion

particles couple as long as:

�t <⇠ 1/H

       average time for a 
  DM particle to 

             undergo an interaction

       inverse of rate of 
          Universe expansion 

             ~ age of the Universe

H =
ȧ

a



Thermal decoupling condition

� ⌘ 1/�t < H�t > ⇠ 1/H

       interaction rate        rate of Universe expansion
       For a decay: �t = 1/�D

       decay width

       For an annihilation                     :

=

number of transition a single i particle undergoes per unit time

number of j particles crossing a unit surface per unit time

=

number of transition a single i particle undergoes per unit time

nj · vrel
relative velocity between i and j

average over i and j momentum distribution

�i = 1/�ti = number of transition a single i particle undergoes per unit time = nj h�i j!k l · vreli

�i = nj h�i j!k l vreli 6= �i j!k l ⌘ ninj h�i j!k l vreli
= number of transitions per unit time per unit volume

Particle decouples when: 

i+ j ! k + l

�(i+ j ! k + l) =
number of transition a single i particle undergoes per unit time

incoming flux of j particles



Relativistic DM thermal decoupling: ‘‘hot relic’’

�DM = nEq
DM h�DM DM!SM SM vreli < Hif                                                               occurs when                 :            T > mDM

nDM

s

���
T
today

=

nDM

s

���
T
dec

= constant number it has when relativistic

relativistic non-relativistic

z = mDM/T

Y
D
M

=
n
D
M
/s

T = mDM

decoupling here

X

Y Eq
DM

YDM

YDM =
nDM

s

���
Tdec

=
3
4
⇣(3)
⇡2 gDMT 3

dec
2⇡2

45 gs⇤T
3
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⌦DM =
nDM mDM

⇢crit

=
(Y
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)
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s
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m
DM

⇢
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=
Y
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(T
dec

) s
today

m
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⇢
crit

⌦DM = 0.024
gDM

2

mDM

eV

0.72

h2

requires⌦DM = 26%
(gDM = 2)

EDM = mDM

today (redshift)

mDM ' 10 eV



Why a hot DM relic points towards eV scale?

but each         particle today has much more energy than each    today: DM � EDM ' mDM

E
�

' T
today

⇠ 10�3 eV

because for a hot relic nDM

n�

���
Tdec

⇠ 1 n
DM

n
�

���
today

⇠ 1

 to have          not larger than          today we need         to be very light!⌦DM 26% DM

more precisely: numerically it is an experimental fact that today:

⌦rad = 9.6 · 10�5

⌦DM = 26% T� = 2.7K ⇠ 10�3 eV

⌦
DM

⌦
rad

⇠ 3000 ⇠ E
DM

E
�

���
today

⇠ m
DM

10�3 eV
mDM ⇠ O(10 eV)

⇢Tot

rad

=
⇡2

30
g⇤T

4



Why a hot DM relic points towards eV scale?

unless                       the relic density constraint
nDM

n�
<< 1

this is similar to the baryon case ⌦
B

= 5% and m
p

' 1GeV ! n
B

n
�

���
today

⇠ 10�9

requires a mechanism which gives:
mDM . O(10 eV)



Non-relativistic DM thermal decoupling: ‘’cold relic’’

gives nothing but what we need:                           nDM

n�
<< 1

relativistic non-relativistic

z = mDM/T

Y
D
M

=
n
D
M
/s

T = mDM

YDM

decoupling here

X

Y Eq
DM

  exponential 
Boltzmann 

  suppression!

for              : 
for              : no more annihilation at all:

nDM = nEq
DM

nDM/s = const

n
DM

s

���
today

=
n
DM

s

���
Tdec

=
nEq

DM

s

���
Tdec

all we just need to know is 

T < Tdec

T > Tdec

Tdec

T < mDM�DM = nEq
DM h�DM DM!SM SM vreli < H                                                              occurs when                 :            



Non-relativistic DM thermal decoupling: ‘’cold relic’’

Tdec is solution of: �

H

���
Tdec

=
nEq
DM h�DM DM!SM SM vreli

H

���
Tdec

= 1

nEq
DM

s

���
Tdec

nEq

DM

s

���
today

zdec ⌘
mDM

Tdec
= ln[0.038

gDMp
g⇤

mDM mPlanckh�DMDM!SMSM vreli]

⌦DM = const’

zdec
h�DMDM!SMSM vreli

' const”

1

h�DMDM!SMSM vreli

relic density depends only on annihilation cross section



Non-relativistic DM thermal decoupling: ‘’cold relic’’

z = mDM/T

Y
D
M

=
n
D
M
/s

YDM

X

Y Eq
DM

YDM

YDM

the larger is the annihilation cross

be the equilibrium number density
when DM decouples, the smaller

X

X

⌦DM

the relic density fixes the value of the cross section to a value
basically independent of mDM

⌦DM = 26% $ h�DMDM!SMSM vreli ' 3 · 10�26cm3/sec

h�DMDM!SMSM vreli /
g4

m2
DM

if                                          and                     one needs 

section the longer DM will remain
in thermal equilibrium, the smaller will

will be 

mDM ⇠ 1TeVg ⇠ 1 ⇠ gEW

‘’WIMP miracle’’

' 10�9 GeV�2 ' 1 pb

⌦DM = const’

zdec
h�DMDM!SMSM vreli

' const”

1

h�DMDM!SMSM vreli

zdec ' 22



m⌫ ⇠ 1GeV

The example of a Dirac neutrino with mass m⌫

m⌫ ' 5� 10 eV

e�

g⌫ = 4

>

>
>

>
Z

⌫

⌫̄

e+

e�
1

q2 �m2
Z >

>
>

>

⌫̄ e+

e�⌫

W
1

t�m2
W

�⌫ = n⌫ h�⌫⌫̄!e+e� vreli
annihilation rate depends only on m⌫

only SM gauge interactions: ``pure WIMP’’



m⌫ ⇠ 1GeV

The example of a Dirac neutrino with mass       :  hot relic regimem⌫

m⌫ ' 5� 10 eV

e�

m⌫ . 1MeV

we consider                          and assume                : m⌫ << mZ,W Tdec > m⌫
h�⌫⌫̄!e+e� vreli ⇠ ↵2

W
T 2

m4
Z,W

⇠ G2
FT

2

nEq
⌫ ⇠ g⌫T

3

Tdec ' 1MeV

if                    the     is a hot relic and                                    for ⌫ ⌦⌫ / m⌫ ⌦⌫ = 26%
m⌫ ⇠ 5� 10 eV

ho
t r

el
ic 

re
gi
me:

⌦ ⌫
/
m ⌫

�⌫

H

���
Tdec

=
nEq
⌫ h�⌫⌫̄!e+e� vreli
1.7

p
g⇤

T 2

mPlanck

���
Tdec

⇠
g⌫↵

2
W

T 5
dec

m4
W,Z

p
g⇤

T 2
dec

mPlanck

= 1



m⌫ ⇠ 1GeV

The example of a Dirac neutrino with mass       :  cold relic regimem⌫

e�

                          if                    : cold relic
⌦

⌫ /
m
�
2⌫

cold relic regim
e

zdec ⌘
m⌫

Tdec
= ln[0.038

g⌫p
g⇤

m⌫ mPlanckh�⌫⌫̄!e+e� vreli]

⌦⌫ ' const

1

h�⌫⌫̄!e+e� vreli

⇠ 22

/ m⌫
2 if m⌫ >> mW,Z  h�⌫⌫̄!e+e� vreli /

1

m2
⌫

co
ld

 r
el
ic
 r
eg

im
e

⌦
⌫
/
m

2 ⌫

Z resonance

                          Lee-Weinberg

m⌫ > 1 MeV

/ 1/m⌫
2 if m⌫ << mW,Z  h�⌫⌫̄!e+e� vreli /

m2
⌫

m4
W,Z

m⌫ ' 5� 10 eV

Thermal decoupling way highly depends on mass of mediator in annihilation



Other example: the fermion triplet example: a pure WIMP

another true ‘’WIMP’’ is for example a fermion triplet (see above):

>

>

>

 0
DM

 
0
DM

 0,�
DM

Z,W+

Z,W�

only EW interactions

mDM ' 3.0 TeV

 DM =

0

@
 +
DM

 0
DM

 �
DM

1

A

      ``wino’’



Maximum mass allowed for a thermal cold relic

                        thermal freezeout requires: h�DMDM!SMSM vreli ' 3 · 10�26 cm3/sec

                        but unitarity of S matrix requires:

mDM  110TeVJ = 0                        for          :

v2rel '
6Tdec

mDM
⇠ 6

22

~p 2
DM = p2DM �m2

DM = m2
DMv2rel/4

�DMDM!SMSM  ⇡(2J + 1)

~p 2
DM

�DMDM!SMSM vrel 
4⇡

m2
DMvrel



Minimum mass allowed for a thermal relic: Cold DM constraint

DM remains relativistic as long as      
       

the lighter it is, the more distance it will have done

the less small structure will develop

                         in practice by the time matter begins to dominate the Universe, we 
need anisotropies at scales smaller than supercluster scale!

however this will be not the case if                        because in this
 case one can calculate that the comoving distance that DM would have
done is larger than supercluster comoving size       

mDM . 1 keV

erase anisotropies at smaller distance

‘‘free streaming length’’

and galaxies will form only much later   
otherwise less smaller structures (i.e. galaxies) will form

galaxies younger than superclusters   

contrary to 
   observations!

T ⇠ eV

T & mDM



Cold/Warm/Hot DM

mDM & 1 keV : DM must be  cold!

mDM >> 1 keV

mDM << 1 keV

mDM ⇠ 1 keV

: DM is cold
: DM is hot
: DM is warm

6= DM is a cold relic: decouple non-relativistic
DM is a hot relic: decouple relativistic

for example a     with                      is cold but a hot relic!⌫ m⌫ = 30 keV

m⌫ ⇠ 10 eVfor example a     with                    is hot and a hot relic!⌫

                   excluded because 
gives ⌦⌫ >>> 26%

                   excluded because hot

in practice all hot relics excluded because if cold they overclose the Universe!



WARM COLDHOT



Accurate calculation of the DM relic density: Boltzmann equations

                        equation giving the variation of the DM number density per unit time

                        if no interactions:
nDM =

const

V

/ const

a

3

dnDM

dt
⌘ ṅDM = �3

ȧ

a
· const

a3
= �3H nDM

ṅDM + 3H nDM = 0

                        if interactions: DMDM $ SMSM

�DMDM!SMSM = nDM h�DMDM!SMSMvreli
= number of DMDM ! SMSM transitions a single DM part. has per unit time

�DMDM!SMSM = n2
DM h�DMDM!SMSMvreli

= number of DMDM ! SMSM transitions per unit time per unit volume

                             number of                              reactions 
              per unit time per unit volume

SMSM ! DMDM                             number of                              reactions 
              per unit time per unit volume

DMDM ! SMSM

�NDM per reaction

dnDM

dt
= (�SMSM!DMDM � �DMDM!SMSM ) · 2 � 3HnDM



ṅDM + 3H nDM =

Z
d3p̃DM1d

3p̃DM2d
3p̃SM1d

3p̃SM2(2⇡)
4�4(pDM1 + pDM2 � pSM1 � pSM2)

d3p̃ ⌘ d3p

(2⇡)3

·
h
fSM1fSM2 |MSM1SM2!DM1DM2 |2 � fDM1fDM2 |MDM1DM2!SM1SM2 |2

i
· 2

                        7 steps ahead:

                        (1)

                        (2) SM particles are in thermal equilibrium ! fSM1,2 = fEq
SM1,2

                        (3) 
Maxwell Boltzmann statistic approximation ! fEq

=

1

eE/T ± 1

' e�E/T

fEq
SM1

fEq
SM2

= e�(ESM1+ESM2 ) = e�(EDM1+EDM2 ) = fEq
DM1

fEq
DM2

|MSM1SM2!DM1DM2 |2 = |MDM1DM2!SM1SM2 |2 ⌘ |M|2                        (4) 

                        CP conservation assumed here

Accurate calculation of the DM relic density: Boltzmann equations



kinetic equilibrium of all particles ! fDM1fDM2

fEq
DM1

fEq
DM2

=

n2
DM

nEq 2
DM

ṅDM + 3H nDM =                        (5) 

·2 ·
⇣
1� fDM1fDM2

fEq
DM1

fEq
DM2

⌘

                        (6) 

 ⌘ �Eq
DM1DM2!SM1SM2

Z
d3p̃DM1d

3p̃DM2d
3p̃SM1d

3p̃SM2(2⇡)
4�4(pDM1 + pDM2 � pSM1 � pSM2) f

Eq
DM1

fEq
DM2

|M|2

nDM ! YDM =
nDM

s

ẎDM =
ṅDM

s
+ 3H

nDM

s

s / T 3 / t�3/2 ds

dt
= �3Hs

                        (7) t ! z = mDM/T H =
1

2t
dz

dt
= zH

Accurate calculation of the DM relic density: Boltzmann equations

                        integrating this equation over z one finds Y
DM

|
today

                        shows that instantaneous decoupling approximation above is good

                        radiation epoch:

szH(z)
dYDM

dz
= 2 · �Eq

DMDM!SMSM ·
⇣
1� Y 2

DM

Y Eq2
DM

⌘



Beyond thermal freezeout: a few other possibilities



Freezein

Standard Model Hidden sector  
SU(3)c ⇥ SU(2)L ⇥ U(1)Y

l, ⌫, q, �, W, Z, g, H
DM, ......

small portal interaction: �
portal

< H always

                   for example with a Higgs portal,                             , both sectors do                   
not thermalize with each other if : 

L 3 ��m�†�H†H

�m . 10�6  m� ⇠ TeV

H†H $ �†�

                   for example with a kinetic mixing portal,                         , both sectors do                   
not thermalize with each other if : 

L 3 � ✏

4
FY
µ⌫F

µ⌫
X

✏ . 10�6  me0 ⇠ TeV

��

>

>

>

>

ē�

e�

f, W+

f̄ , W�

�
+

L 3 � ✏

4
FY
µ⌫F

µ⌫
X

(↵ = ↵0)

if DM belongs to a hidden sector it might be that it has never
thermalized with the SM thermal bath, if the portal small



Freezein

in this case, even if no thermalization, the SM thermal bath can still
produce very slowly (out-of-equilibrium) pairs of DM particles to
get the right amount of DM: freeze-in

��

>

>

>

>

ē�

e�

f, W+

f̄ , W�

�
+

L 3 � ✏

4
FY
µ⌫F

µ⌫
X

YDM � nDM

s

YDM � 1/T      where           becomes 
     Boltzmann suppressed

 DM production IR dominated as for freezeout

dYDM

dT
=

n2
SMi

(T )⇥�SMiSMi�DMDM v⇤
TH(T )s(T )

� 1/T 2

neq
SMi

dnDM

dt
= n2

SMi
(T )��SMiSMi�DMDM v⇥

down  to                 

0.01 0.1 1 10 100
10
�13

10
�11

10
�9

10
�7

10
�5

z = mA/T

YDM � nDM

s freeze-in

T � mDM

T > mDM

production depends only on interactions at                  and not on physics at higher scales T ⇠ mDM

but unlike freezeout it depends on the DM number initial conditions
⌦

DM

= ⌦
00
end of inflation

00

DM

+ ⌦freezein

DM

     Mc Donald 02’
    Hall, Jedamzik, 

                   March-Russell, West 09’,
Yaguna 11’,

                    Frigerio, TH, Masso 11’,...

                     remember the               we need to get is much
                             smaller than the relativistic thermal value:                  :

           no need for DM to necessarily thermalize

nDM/n�

nDM/n� ⇠ 1

2

10�11

10�9

10�7



Freezein

YDM ⇠ n2
SM h�SMSM!e0ē0 vreli

s

���
T⇠mDM

· 1

H(T ⇠ mDM )
/ ✏2

✏ ⇠ 10�10⌦DM = 26% requires a tiny coupling:

↵ = ↵0

number of DM particles 
 created per unit time per 
 unit volume over entropy

age of the Universe 

�DM

Fr
ee
ze
in Freezeout

     Mc Donald 02’
    Hall, Jedamzik, 

                   March-Russell, West 09’,
Yaguna 11’,

                    Frigerio, TH, Masso 11’,...

thermalization point

�SMSM!DMDM / ✏2

0.26

✏ ⇠ 10�10 ✏ ⇠ 1

so far we got 3 ways to get            

of the fact that DM is matter :
⌦DM 26%

or                        DM must be very light but excluded (hot)nDM ⇠ n�

or                            DM must be heavier (cold)nDM << n�

 to be only        despite 
  from freezeout (Boltzmann suppression) 

or freezein (tiny coupling suppression)



Going more general: general hidden sector structure

Visible Sector Hidden Sector  
SU(3)c ⇥ SU(2)L ⇥ U(1)Y

l, ⌫, q, �, W, Z, g, H

 portals

with its own particle zoology
gauge groups, DM, ....

with purely HS annihilation channel(s):
DM +DM $ HS +HS

SM + SM $ HS +HS

SM + SM $ DM +DM

DM can annihilate in the HS sector and/or to SM particles

+....?



A prototype Hidden Sector model: hidden photon + hidden electron

 the           model already considered above:

U(1)X  a    charged under a new           with no charge under SMe0

 with SM particles chargeless under U(1)X

Standard Model Hidden sector  
U(1)XSU(3)c ⇥ SU(2)L ⇥ U(1)Y

l, ⌫, q, �, W, Z, g, H

 gauge boson of U(1)X

e0, �0 + ...

 portal
 kinetic mixing

 ‘‘hidden photon’’

 ‘‘hidden electron’’

L 3 � ✏

4
FY
µ⌫F

µ⌫
X

QED0

       + whatever you want in UV
                  (irrelevant: freezout and 

                           freezein: infrared dominated!)

L = LSM + �̄�(i ⇥D� �m�)�
�



A prototype Hidden Sector model: hidden photon + hidden electron

L = LSM + �̄�(i ⇥D� �m�)�
� �1

4
FY
µ⌫F

µ⌫
X mDM , ��, ⇥ 3 parameters:

DM electric charge :  =
p
↵0/↵ ✏

>
>

��

>
��

e�

ē�

e�

��

>

>

>

>

ē�

e�

f, W+

f̄ , W�

�

+

+

L ⇥� �

2
Fµ⇥
Y F �

µ⇥

>>

>

>

ē�

e�

Z
+

��

+

 Portal processes:

 Hidden sector process:

⇤(e�ē� � ⇥�⇥�) ⇥ ��2

⇤(SMSM � e�ē�) ⇥ �2⇥2

z
H

s

dY

dz
=

�

i

⇥�connectv⇤i(Y 2
eq(T )� Y 2) + ⇥�HSv⇤(Y 2

eq(T
�)� Y 2)

���� � DMDM

DMDM � ����DMDM � SMiSMi

SMiSMi � DMDM

DM



connector interaction:
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hidden sector interaction:
Chu, T.H., Tytgat 11

         regimes with thermaliza-
            tion of HS with SM sector

              regimes without thermaliza-
            tion of HS with SM sector

(DM doesn’t thermalize with anything)

(DM thermalizes within the HS)

Visible sector/Hidden sector/Connector structure:
                       5 basic ways to get the observed relic density

SM SM $ e0 ē0

e0 ē0 $ �0�0

e0 ē0 $ �0�0

SM SM $ e0 ē0

from

from
SM SM ! e0 ē0slow DM pair production

 ⇠ 10�10

DM +DM $ HS +HS

SM + SM $ DM +DM
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Figure 12: Higgs portal phase diagrams for mDM = me, 0.1 GeV, 10 GeV, 1 TeV (same label
definitions than in Fig. 2, and the dashed blue line stands for the transition between III-A and
III-B, as explained in the text).

⇥Dconnect = nh
eq�h(T ) the decay reaction density of the Higgs boson to ⌅⌅�, and

�i
h(T ) � �(h ⇥ ⌅⌅�)

K1(mh/T )

K2(mh/T )
.

The phase diagram, Fig. 12, turns out to have the same characteristic "Mesa" shape as for the kinetic
mixing portal, despite the fact that the mediator is massive. It also displays 4 phases: freeze-in,
reannihilation, freeze-out in the hidden sector and connector interaction freeze-out. Similarly, as
for the kinetic mixing case, one gets a truncated volcano shape in Fig. 13, where Y is displayed as
a function of ⇤m for various values of �⇥ and mDM . There are nevertheless important di�erences
one observes by looking closer at the way these diagrams are obtained.

27

              Regime II is new: reannihilation: the connector                         process is out of equilibrium 
but the HS                      process is in equilibrium

SM SM $ e0 ē0

e0 ē0 $ �0�0

        hidden sector has its own temperature T 0 6= T

                     freezeout in HS with              and with still at same 
       time slow                      DM  productionSM SM ! e0 ē0

T 0 6= T

              NB: with (massive) Higgs portal: a fifth regime: Dark Freezeout:

                     freezeout in HS with              and at this time 
                     no more slow                      DM  productionSM SM ! e0 ē0

T 0 6= T

Visible sector/Hidden sector/Connector structure:
                       5 basic ways to get the observed relic density

more details in Chu, T.H., Tytgat 11
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Asymmetric DM

 above we have assumed no DM matter-antimatter asymmetry but

 2 asymmetric relics do exist already in Nature: protons and electrons!

there could be one



The proton asymmetric relic example

 at               : protons number density becomes to be Boltzmann suppressed from

 if the number of     was at this time the same than the number of      one would

T ⇠ mp

p̄p

have a symmetric freezeout just as DM above but driven by a strong process rather
than a weak size one       very strong suppression: 

np

s
=

np̄

s
/ 1

h�pp̄!⇡⇡ · vreli
⇠ 10�18

‘’annihilation catastrophy’’
we would not be here to talk about!

z = mp/T

np

s
⇠ 10�18

Y Eq
p

pp̄ $ ��

pp̄ $ ⇡⇡
...

np

s
⇠ 10�10

np̄

s
⇠ 0

                             but we know there are many more 
protons today: ⌦B ⇠ 5%



The proton asymmetric relic example

 at               : protons number density becomes to be Boltzmann suppressed from p p̄ ! ⇡ ⇡T ⇠ mp

z = mp/T

  if instead at this time              then the efficient                    process cannot annihilate sonp > np̄

many     because once it will have annihilated (almost) all     still we will be left with  
p p̄ ! ⇡ ⇡

a     population:
p p̄
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Asymmetric DM: same story as baryons           (in simplest version)

 we still need a DM annihilation to put DM in equilibrium and to Boltzmann suppressed it at 

asymmetry floor

YDM

Y Eq
DM

T . mDM

n
DM

s

���
today

=
n
DM

� n
DM

s

���
preexisting

' 10�11

mDM ⇠ 100 GeV

z = mDM/T

 the annihilation cross section must be larger than for symmetric freezeout to get rid of the symmetric
component

 we need a preexisting asymmetry: n
DM

� n
DM

s

���
preexisting

' 10�11

created before from other interactions      

we loose a lot in predictivity and testability % symmetric freezeout!

mDM ⇠ 100 GeV

the relic density is not anymore determined by the        
       physics at             energy scale but by the physics at the 

     origin of the asymmetry        becomes a UV problem!
mDM



similarity         asymmetric DM?⌦B $ ⌦DM

⌦DM

⌦B
⇠ 5 Observationally:  coincidence or deep reason???

 No explanation for such a similarity along the symmetric thermal freezeout scenario:
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A
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Baryons avoiding
 a catastrophe

Freeze-out (here a 100 GeV WIMP)

DIGRESSION: A TRUE MIRACLE?

 Suggests that maybe DM is asymmetric and that DM asymmetry is related to
the baryon asymmetry



similarity         asymmetric DM?⌦B $ ⌦DM

 Common creation of both asymmetries from a same process:  ‘’Co-genesis’’

>>
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X̄

q̄

DM

6=
CP

nDM � nDM

s
=

nq � nq̄

s
=

1

3

np � np̄

s

 we should have seen already this DM particle in many cases

mDM ⇠ 3
⌦DM

⌦B
·mp ⇠ 15GeV

 need to complicate the model, …

 we trade the                       coincidence for a                      mass coincidence⌦DM $ ⌦B mDM $ mp

 but remains a possibility



 

DM particle phenomenology



3 main ways to probe the DM particle

DM
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DM
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 relic density

 Symmetric freezeout as well as asymmetric DM scenarios require an annihilation process

P

P

 If annihilation is into SM particles: 3 main ways to probe DM as a particle:

DM

DM

SM

SM

DM

DM

SM

SM

 indirect detection  colliders 
 DM collision on nucleon  fluxes of cosmic rays  DM pair production



 

DM direct detection



 DM particle flux:

Flux of DM particles crossing the earth

⇢DM ' 0.3GeV/cm�3  simulations of DM halo formation fitting the observations 

 orbit velocity of Sun in galaxyvDM ' 220 km/sec

 with distribution of velocity around: Maxwellian: f(vDM ) =
1p
2⇡�

e�v2
DM/2�2

� ' 270 km/sec

O(105 cm�2 sec�1) ·
⇣100GeV

mDM

⌘

 more than    flux
 less than total solar    flux

µ

⌫105

100  less than                solar   E⌫ > MeV

105

flux



Search for a DM-nuclei or DM-electron scattering: direct detection
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V  ~ 200 km/s



Search for a recoil of a nuclei or electron from DM hit: direct detection

 Event rate (on nuclei):

 rate per mass of nuclei
 DM flux  velocity distribution

 cross section

 for a given         there is a kinematic upper bound:vDM ER < µ2v2DM/mN

µ =
mN mDM

mN +mDM

v cos ✓ =

s
mNER

µ2

exponential fall-off of              for large         gives an exponential fall-off for large f(vDM ) vDM ER

dR

dER
=

⇢DM

mDM

1

mN

Z 1

vmin

vDMf(vDM )
d�

dER
d3vDM

 nucleus recoil energy

Ec ⇠ 10�6µ2/mN

 nuclear form factor

dR

dER
⇠

⇣ dR

dER

⌘

ER=0
F 2(ER) e

�ER/Ec

 need for detectors with sensitivity to low                         and low noise 

⇠ 0� 100 keV

ER ⇠ few keV



Search for a recoil of a nuclei or electron from DM hit: direct detection

d�

dER
 : depending on the DM candidate the cross section is: 

 spin-independent:  spin-dependent:
�N�DM / A2 �N�DM / J(J + 1)

      couples coherently to 
nucleons in nuclei

 need for nuclei with a spin, e.g.
with odd number of nucleons

               coupling only to spin of the last nucleon

      much better sensitivity,
especially for large A

                    (even if suppression of form factor
                     for large       is larger for large     )  ER A

                      applies to scalar DM or fermion 
                  DM with vector coupling, …

    

                      applies to fermion DM with
                 axial vector coupling, …



Spin independent direct detection

d�

dER
=

1

v2
mN�0

n

2µ2

[Zfp + (A� Z)fn]2

f2
n

F 2(ER)

 coupling of proton to the mediator  nuclear form factor
 DM-neutron cross section

 coupling of neutron to mediator

 Xenon1T (2018): best limit for mDM > a few GeV



Spin independent direct detection: neutrino floor

THEORY AND EXPERIMENT INTERPLAY

▸ Except when that means that we stop looking …. 
elsewhere10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Z-boson interacting 
dark matter: ruled out

Higgs interacting dark 
matter: active target

DM

DM

N

NTHEORY AND EXPERIMENT INTERPLAY

▸ When Searching for Dark Matter it helps to know what 
you’re looking for

WIMPsaxions

Both scenarios are fairly predictive in both mass and interaction probability with SM

ADMX XENON

APS Physics Today



Spin dependent direct detection



A new trend for the future: direct detection of sub-GeV DM
LOOKING BEYOND BILLIARD BALLS

▸ Experimental Panorama

mass

100 GeV1 GeV1 MeV1 keV1 eV1 meV

Traditional WIMP 

XENON1T 

LZ

Semiconductors 

SuperCDMS

Absorption

Graphene

Super-
conductors

Superfluid 
Helium

~eV energy 
resolution

~keV energy 
resolution

~meV energy 
resolution

QCD axion, “ultralight frontier”

Dirac 
Materials DAMIC, SENSEIPolar 

Crystals

From K. Zurek, GGI2018 talk

POLAR MATERIALS

10�3 10�2 10�1 100 101 102 103

m� [MeV]

10�45

10�44

10�43

10�42

10�41

10�40

10�39

10�38

10�37

10�36

10�35

10�34

10�33

10�32

�
e

[c
m

2 ]

BBN
Stellar bounds

Freeze-in

SuperCDMS G2
DAMIC-1K

LBECA

SENSEI-10
0g

ZrTe5

Al SC

Xenon10

Dark photon mediator
mA0 ⌧ keV

GaAs
Al2O3

Al2O3 (mod)

ph
ono

n

scint
illat

or

FIG. 5. Reach for dark photon mediated scattering in GaAs and sapphire, assuming one kg-year exposure. For
sapphire, we indicate the sensitivity if one requires a 2� observation of the daily modulation (see Sec. III C). For
GaAs, we also show the result using the analytic approximations in [34] (dashed line), which is nearly identical
to the full numerical result. GaAs can also be operated as scintillator for dark matter masses above 1 MeV [57],
as indicated by the dashed purple lines. Existing constraints and other proposed experiments are described
further in the text.

we express the result in terms of

�̄e =

4e02↵µ2
Xe

(↵me)
4

. (26)

which corresponds to the typical cross section of dark matter with a bound electron, e.g. in a
semiconductor-based experiment. µXe is the DM-electron reduced mass, ↵ is the fine-structure
constant and me is the electron mass. The result is shown in Fig. 5 for both GaAs and sapphire. For
GaAs, we compare the isotropic limit with the numerical result including phonon eigenmodes and find
excellent agreement. Also shown are existing stellar cooling [58], BBN [59] and Xenon10 [60] con-
straints, as well as the projected reach of other experimental proposals [12, 26, 28, 50]. Interestingly,
we find that as little as a gram-month exposure would suffice to reach the freeze-in benchmark. In
the sub-MeV range, an experiment based on a Dirac material [28] is currently the only other proposal
which could compete with polar materials. Given that Dirac materials have not yet been fabricated
in the quantities needed for a dark matter detector, we expect that the polar material concept could
be realized on a substantially shorter timescale. Also shown in Fig. 5 (dashed blue) is the expected
sensitivity for sapphire if one requires a daily modulation signal at 2�. We elaborate on the daily
modulation in the next section.

19

Polar Materials: Lin, Knapen, Pyle, KZ 1612.06598

FIG. 2. Phonon band structures for GaAs (left) and sapphire (right) as computed with phonopy [38]. The x-axis
traces out a path in the Brillouin zone. As is conventional in the condensed matter literature, the points in the
Brillouin zone with high symmetry are indicated with Roman and Greek characters (see Fig. 14 in Appendix A),
where � always refers to the origin of the Brillouin zone q = (0, 0, 0).

wave which stores a finite amount of energy.
A priori, the dark matter can excite both the optical and acoustic modes, but the energy deposited

in the acoustic modes is much smaller and is only detectable in the most optimistic circumstances.
Concretely, for mX . MeV, the DM momentum mXv . keV is sufficiently small that it is only possible
to excite a phonon mode within the first Brillouin zone. Consider a DM scattering with momentum
transfer q and energy deposition !, which excites a single acoustic phonon; the phonon must absorb
all of the energy and momentum transferred. This leads to the scaling

! = cs |q| . 2 cs v mX ⇠ 7 meV ⇥ mX

100 keV

. (1)

with v ⇠ 10

�3 the DM velocity and assuming the speed of sound for sapphire. The threshold for near
future devices will be at best in the 10 � 100 meV range, which means that single acoustic phonon
excitations from light DM will be difficult or impossible to detect, depending on mX . However, the
scaling in (1) does not apply for the optical modes since they have an energy of ! ⇠ 30 meV or more
as |q| ! 0, as is evident from Fig. 2.

The gapped dispersion of optical phonons is a particularly appealing feature, as it allows nearly the
maximum amount of DM kinetic energy to be extracted in the scattering, even when the momentum
transfer is much less than a keV. This is in contrast to recoils off free nuclei, where the energy deposited
from light DM is much less than the initial DM kinetic energy. The presence of optical phonons is also
advantageous compared to a material such as superfluid helium. Superfluid helium does have gapped
quasiparticle excitations (rotons), but they only occur at high q and are much lower energy that
the optical phonons in a solid. Since single phonon production in superfluid helium is undetectable
in the foreseeable future, one must resort to multi-phonon production to break the relation in (1),
as was demonstrated in Refs. [30, 31]. However, the rate is suppressed since this is a higher order

7

Single Optical Phonon, Single Acoustic Phonon

Knapen, Lin, Pyle, KZ, 1712.06598 Griffin, Knapen, Lin, Pyle, KZ, 1807.10291 

SEMI- AND SUPER-CONDUCTORS
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FIG. 2. Estimated reach of a germanium (green lines) and silicon (blue lines) target at 90% CL for 1-kg-year exposure,
assuming solar neutrino backgrounds only, for absorption of kinetically mixed hidden photon dark matter. For absorption of
halo DM (solid lines), we show the reach considering multi-phonon excitations for mV = 0.01�0.2 eV, and electron excitations
for mV > 0.6 eV. The dashed lines show the reach for absorption of dark photons emitted from the sun. Our recast of constraints
from CDMSlite (germanium) for mV > 56 eV and DAMIC (silicon) for mV > 100 eV are indicated by the shaded green and
blue regions, respectively. We also show bounds from Xenon10 and Xenon100, including those from Ref. [21] (lighter shaded
red) and our own updated Xenon100 limits for 50-700 eV (darker shaded red); the projected reach for 1-kg-year exposure of
an aluminum superconducting target (grey line) [23]; and stellar emission constraints (shaded orange) [21, 46].

the strong 4 dependence of the signal, this reach is rel-
atively weak compared to existing constraints. We note
that a ton-scale xenon experiment can achieve a similar
sensitivity to semiconductors only if the electronic energy
threshold of the former can be lowered to ⇠100 eV.

Existing limits on absorption of halo DM from
Xenon10 and Xenon100 data are shown in Fig. 2
for masses above the ionization threshold in xenon of
12 eV. We include constraints obtained from Ref. [21],
which used 15 kg-day of Xenon10 data [51] for mV =
12 eV�1 keV and the Xenon100 solar axion search [52]
for mV > 1 keV. In addition, we have recast the recent
Xenon100 low-threshold analysis [53], which had a total
exposure of 30 kg-year, to obtain updated limits in the
mass range 50 � 700 eV. Ref. [53] provides their data
in the form of observed photoelectrons (PE) for each
event. For a deposited energy of mV , we obtain the dis-
tribution in PE using Refs. [54, 55], which gives a sig-
nal peaked at (mV /13.5eV)⇥ 20 PE and with a width of
� ⇡ p

mV /13.5eV⇥7 PE. Accounting for the experimen-
tal e�ciency, we compare the signal with the observed
counts in a bin of size 4� to obtain the 90% CL limit. Our
result is roughly an order of magnitude stronger than the
Xenon10 limit from Ref. [21], and is shown as the dark
red shaded region in Fig. 2.

For comparison, we demonstrate that existing semi-
conductor targets already start to probe new parameter
space for DM mass down to 100 eV. Re-interpreting re-
cent results from CDMSlite [24], with 70 kg-day exposure
on germanium, and DAMIC [25], with 0.6 kg-day expo-
sure on silicon, we obtain limits on absorption of DM in
the halo, shown as the shaded green and blue regions in
Fig. 2.

For DAMIC, we derive 90% CL limits by comparing
the DM signal with the observed counts in a single energy
bin of width 100 eV. For the mono-energetic absorption
signal, we apply the given experimental e�ciency and
also account for the finite energy resolution of the exper-
iment. Following Ref. [25], we model the energy resolu-
tion by a Fano model, �2(E) = �2

0 + (3.77eV)FE with
F = 0.133 ± 0.005. With typical total energy resolution
of ⇠ 50 eV, this introduces an additional O(1) e�ciency
for the DM signal to fall in a single bin. Assuming the
best-fit background of ⇡0.5 events/bin, we then obtain
upper limits of the DM signal following Ref. [58], as de-
picted in Fig. 2.

We follow a similar procedure to obtain 90% CL lim-
its from CDMSlite. Here we model the energy resolu-
tion with a modified Fano model [43], given by �2(E) =
�2
0+↵E+�E2. We fit these constants to the measured en-

2

same way that superconductors and metals are excellent
absorbers of electromagnetic fields. For instance, we find
that a kg-day exposure on a superconducting target is
su�cient to exceed the stellar constraints for a hidden
photon whose mass is obtained via the Stuckelberg mech-
anism.

The outline of this paper is as follows. In Section IIA
we discuss how metals can be e�cient absorbers of low
mass particles. The process we consider involves ab-
sorbing all the mass-energy of the DM particle via an
electron recoil, with emission of an athermal phonon to
conserve momentum. We then describe in Sections II B
and II C our method to determine the DM absorption
rate from the optical properties of a metal. In Section III
we present the reach of superconducting detectors for ul-
tralight DM that couples to electrons, including hidden
photons, pseudoscalars, and scalars. We conclude in Sec-
tion IV.

II. DARK MATTER ABSORPTION WITH
SUPERCONDUCTORS

We begin by describing the DM absorption process, be-
fore computing its rate in a superconductor. We compare
our results for consistency against the standard Drude
theory for low-energy photon absorption in metals. Then,
in order to obtain accurate predictions at higher (& 0.1
eV) energies, we relate the DM absorption rate to mea-
sured photon absorption rates.

A. General Principle: Phonon emission

Absorption of low energy particles in a superconductor
can proceed when the energy of the absorbed radiation
(in this case the mass of the DM particle) exceeds the su-
perconducting gap. In the absorption process, a Cooper
pair is broken, and a pair of excitations is created. These
excitations have a long recombination and thermalization
time (of order a few milliseconds in aluminum), which al-
lows for their collection and measurement, as described
in Refs. [23, 24]. Once the energy of the absorbed par-
ticle significantly exceeds the superconducting gap, the
absorption process is identical in the superconducting
and normal phases of a metal. There are several ways
to absorb a particle (be it a photon or DM) in a metal.
One way is via impurities, where an o↵-shell electron pro-
duced in the absorption process becomes on-shell through
interaction with an impurity. In the case of interest here,
however, the target superconductor must be ultrapure in
order to enable the collection and measurement of the
created athermal excitations, and so this possibility is
not viable.

Instead, we make use of another process – that of par-
ticle absorption on electrons through the emission of an
athermal phonon in the final state, as shown in Fig. 1.
The emitted phonon is required for momentum conser-

X �

e e

q Q

k k0

X �

e e

q Q

k k0

FIG. 1. Absorption process on electrons for an incoming relic
particle X, where a phonon � is emitted in the final state:
X(q) + e(k) ! e(k0) + �(Q).

vation of the target material. Consider an electron with
initial momentum ~ki and energy Ei = ~k2

i /(2me). Assum-
ing the electron absorbs a single particle of energy !, the
final momentum of the electron is ~kf = ~ki +~q and energy
conservation gives

(~ki + ~q)2

2me
=

~k2

i

2me
+ !. (1)

(Note that momentum on the lattice is conserved up to an
additive reciprocal lattice vector, ~K. For electrons, the
typical energy scale associated with transitions involving
~K is K2/2me ⇠ 10 eV, which is above the energies con-
sidered here.) Then the required momentum transfer to

the electron is |~q| ⇠ !(me/|~ki|) ⇠ !/vF ⇠ 100 !, where
vF is the Fermi velocity. This cannot be satisfied for an
on-shell DM particle in the halo, which carries momen-
tum ⇠ 10�3!. However, energy and momentum can still
be conserved if a phonon with momentum ⇠ �~q is emit-
ted by the electron in the final state; in other words, the
electron recoils against the lattice. The emitted phonon
carries away a fraction of the excitation energy, but can
balance the large recoil momentum of the electron.

In the Debye model, the dispersion relation of a phonon
with 4-momentum (⌦, ~Q) is given by

⌦ = cs| ~Q| (2)

where the speed of sound in aluminum is cs '
6320 m/sec ⇠ 2 ⇥ 10�5 in natural units. There is a
maximum frequency !D = cskD for phonons, where the
maximum wavevector for lattice vibrations kD ⇠ 1/a
is set by the lattice spacing a. For aluminum, !D ⇡
0.037 eV; therefore the maximum phonon energy is rel-
atively low, but the maximum momentum can be much
higher, !D/cs ⇡ keV.

B. Dark Matter Absorption

We now turn to computing the rate of DM absorption
in a material. The total DM absorption rate per unit
mass per unit time R is

R =
1

⇢

⇢X
mX

hne�abs

v
rel

i , (3)

3

where �
abs

is the absorption cross section on electrons,
⇢ is the mass density of the target material, and ⇢X =
0.3 GeV/cm3 is the local mass density of DM.

Treating the target as a free electron gas with Fermi
energy EF , the rate for the 2 ! 2 process of X(q) +
e(k) ! e(k0) + �(Q) (with � a phonon) is given by

hne�abs

v
rel

i =

Z
d3Q

(2⇡)3
h|M|2i

16E
1

E
2

E
3

E
4

S(q, Q) , (4)

S(q, Q) = 2

Z
d3k

(2⇡)3
d3k0

(2⇡)3
(2⇡)4�4(k + q � k0 � Q)

⇥ f(E)(1 � f(E0)) ,

where h|M|2i is the averaged and summed matrix-
element-squared for the process. The functions f(E) are
electron occupation numbers, with (1 � f(E0)) charac-
terizing Pauli blocking e↵ects. The four-momentum of
the absorbed particle is q = (!, ~q), while the emitted
phonon has Q = (⌦, ~Q) with ⌦ = cs| ~Q|. For T = 0
and |~q| ⌧ ! ⌧ EF , the integral over the initial and fi-
nal electron phase space S(q,Q) ⇡ S(!, ~Q) reduces to
a simple Heaviside theta function of allowed kinematic
configuration, with amplitude

S(!, ~Q) ' (m⇤
e)

2(! � ⌦)/(⇡| ~Q|) . (5)

Here m⇤
e is the e↵ective electron mass in the metal.

For each of the DM models we consider in Sec. III, we
compute h|M|2i for DM absorption via phonon-emission,
treating the phonon as a scalar field � and assigning the
electron-electron-phonon vertex with the dimensionless
coupling

y
�

= C
�

| ~Q|/p
⇢ (6)

(we refer the reader to Appendix J of Ref. [26] for a
derivation of this result). The parameter C

�

has units of
energy and is of order EF , but must be determined by
matching onto data.

In order to check the validity of this procedure and to
fix the electron-phonon coupling using existing data, we
must turn to photon absorption. Photon absorption pro-
ceeds by a similar 2-to-2 process as DM absorption, and
has been measured in aluminum over a range of energies.
By comparing the data with the photon absorption rate
computed with Eq. (4), we can then obtain the coupling
constant C

�

. Equivalently, we will find that the DM
absorption rate can be written in terms of the photon
absorption rate, and this relation holds even at larger
!, where the free-electron approximation breaks down.
We note that although the spatial momenta |~q| of mas-
sive DM di↵ers from that of the photon, this di↵erence
is unimportant for the absorption process. The reason
is that the momentum of both the absorbed photon and
DM particle is negligible compared to the electron mo-
menta.

We first calculate the rate for photon absorption at low
energies. Summing over the diagrams shown in Fig. 1,

and averaging over incoming electron spin and photon
polarizations, we find the matrix-element-squared in the
limit of ! ⌧ | ~Q| is given by

|M� |2 ⇡ 4e2

3

C2

�

⇢

| ~Q|4
!2

. (7)

The total rate for photon absorption is then (for ! ⌧ EF ,
where EF = 11.7 eV in aluminum)

hne�abs

v
rel

i� ' nee2

m⇤
e !2

✓
2⇡

!

Z
d⌦(! � ⌦)⌦4

3 (2⇡)4
C2

�

c6s⇢

m⇤
e

ne

◆

⌘ nee2

m⇤
e!

2

1

⌧(!)
. (8)

The integral over ⌦ is restricted to energies either below
! (due to energy conservation) or below !D (due to the
cuto↵ in phonon momenta), whichever is smaller. Above
we have suggestively defined the !-dependent parameter
⌧(!) as the quantity in parenthesis in the first line of
Eq. (8), in order to compare this result to the standard
theory for absorption of EM fields in metals, the Drude
theory. We will see next that ⌧(!) is a time-scale for
phonon emission.

C. Photon Absorption and Superconductor
Response

In order to make a connection between our calculation
of the photon absorption rate, Eq. (8), and the Drude
theory, we begin by noting that the absorption rate of
photons can be related to the polarization tensor of the
EM field ⇧ via the optical theorem:

hne�abs

v
rel

i� = � Im ⇧(!)

!
, (9)

where in the local limit of |~q| ⌧ ! the transverse and
longitudinal modes of the polarization tensor are of equal
size, which we denote by ⇧(!). This ⇧ is related to
the complex conductivity �̂(!) ⌘ �

1

+ i�
2

, describing
the frequency-dependent response of electrons to an EM
perturbation, by

⇧(!) ⇡ �i�̂! . (10)

(See Appendix A and e.g. Ref. [24] for further details.)
As is evident, the real part of the conductivity �

1

is the
absorption rate for excitations of energy !, and is related
to the absorption cross section of photons by

�
1

= hne�abs

v
rel

i� , (11)

making clear from Eq. (3) that large non-zero �
1

is crucial
for absorption.

We can now compare the rate in Eq. (8) to the conduc-
tivity derived from the Drude model. The Drude model

▸ Absorption of axions and dark photons

Hochberg, Lin, KZ 1604.06800, 1608.01994

see more in K. Zurek and 
     T.  Volansky talks at GGI2018



 

Part 4
DM indirect detection



DM indirect detection: a huge field!

                        search for fluxes of cosmic rays produced today by DM annihilation or decay

                        1) Gamma-rays:

                        2) anti-protons

                        3) electron and positron

                        4) neutrinos
                        5) anti-nuclei

                        6) effect on synchrotron radiation flux

                        7) heat deposited by DM products on CMBR, 
                                     effects of DM products on BBN,                   , …� = 21 cm

                        8) …..

- or created directly at loop level (DM is neutral): monochromatic flux
- radiation from charged particles produced by DM: diffuse flux

⌫/�

⌫̄/�

DM SM

 indirect detection
SMDM



                        annihilation: many more in dense DM region: galactic center and dwarf galaxies

                        decay: also many from less dense DM region

number of annihilation / n2
DM

number of decays / nDM

 (Torsten Bringmann) ‒Indirect Searches for Particle Dark Matter

Indirect detection of WIMPs

7

a

i

e+

DM

DM
a

e

p
_

+DM indirect detection:

�SM � ⇥�2
�⇤ = (1 + BF)⇥��⇤2

Dark Matter Candidates 5

Figure 1. Illustration of the volumes in the solar neigbourhood entering the
calculation of the average boost factor in the dark matter halo. Here we have in
mind a dark matter particle of mass around 100 GeV annihilating into, from left to
right, positrons, antiprotons, and gamma-rays. The difference in size for antiprotons
and positrons depends on the different energy loss properties, as positrons at these
energies radiate through synchrotron and inverse Compton emission much faster than
do antiprotons.

the influence of baryons could give an enhanced density through adiabatic contraction

processes).

The computation of the boost factor in realistic astrophysical and particle physics

scenarios is a formidable task, which has so far only been partially addressed. It may be
anticipated that this will be one of the main problem areas of future indirect detection

studies of dark matter. For direct detection, there is no corresponding enhancement of

the scattering rate. However, the detailed small-scale structure of the local region of

the dark matter halo may play a role [21].

1.2. Axions

Although at times not very much in focus of dark matter phenomenologists and

experimentalists, the axion remains one of the earliest suggestions of a viable particle

candidate for dark matter, and in fact one of the most attractive. This is not least due

to the fact that its existence was motivated by solving the strong CP problem in particle

physics, and its possible role for dark matter comes as an extra bonus. A disadvantage

in the cosmological context is, however, that the axion needed to solve the CP problem
only solves the dark matter problem for a small range of masses – thus some fine-tuning

Fig.: Bergström, NJP ’09

Total flux:

(still) important to include realistic value for         !Mcut

“Boost factor”!
each decade in Msubhalo contributes roughly the same!

depends on uncertain form of microhalo profile (     ...) and       
(large extrapolations necessary!)

cv dN/dM
e.g. Diemand, Kuhlen & Madau, ApJ ’07

e+ p̄ � ⌫

DM indirect detection: regions of production

: flux, energy spectra and direction basically unaffected during propagation       points�, ⌫

to the source and the many ones produced in the galactic center reach us!
e± : very local: magnetic field + absorption

: less local but still the ones from galactic center do not reach us muchp̄

diffuse flux: astrophysical backgrounds!

monochromatic    and    : no astrophysical backgrounds + flux, energy spectra and
and direction unaffected!

� ⌫

       provides interesting upper limits but
                   interpretation of excesses in general difficult

Pamela, Fermi, Integral, AMS,... excesses



Uncertainty on the DM density profile towards the galactic center

         Simulation of DM galactic halo formation predicts
  somewhat cuspy galactic DM density profile:

         Observations give some indications for a somewhat more ‘’cored’’ profile (‘’isothermal’’)
profile but not precise at all so far

* Sunisothermal

cuspy



flux on earth
spectrum 

d��

dE�
=

1

4⇡

dN�

dE�

�v

m

2
�

Z

Vann

1

r

2

⇢

2
DM

2
d

3
x

DM = DM

Calculation of the flux on earth: example of   -rays
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The behaviour of J(q) for the Milky Way for various profiles is shown in Fig.12. Observations are more than often made over a

s

r

r R

0

GCSun

ρ(r)

ΔΩ
θ

FIG. 11: Sketch of the relevant parameters for the integration of J (courtesy S. Andreas).

region of size DW, so that J is replaced by its average J̄ = 1/DW
R

dWJ. Different profiles lead to very different predictions for

FIG. 12: J(q) factor for various profiles as function of q (in degrees, including the inset)[34]

the flux, specially if the integration region is small compared to the natural scale of the halo, cuspy profiles (like NFW) leading
to much large J̄ factors than cored profile (like isothermal); some values are given in Table I. More precise expressions may be
found in [34].
The simplest instance is annihilation of DM into digammas, in which case dN/dEg = 2d(Eg �mc). In the mass range relevant
for WIMPs, there is no astrophysical source of digammas, so background is less an issue than for other searches. Furthermore
observation would give directly the mass of DM, since annihilation in astrophysical site is essentially at rest, Eg = mdm. The
drawback is that, generally, annihilation into digammas is a loop suppressed process, and so subdominant. This effect is some-
what compensated by the diminution of the background (provided there is no significant continuum contribution, which is NOT
generically the case). Another kind of possible feature is so-called virtual internal bremsstrahlung. This kind of emission is quite

d��

dE�d⌦
= r0⇢

2
s
dN�

dE�

�v

8⇡m2
�

J(⇥)

J(⇥) =

Z

los

ds

r0

⇣⇢
DM

(r(s,⇥))

⇢
s

⌘2

dN�

dE�
= 2�(E� �mDM )

�

for monochromatic photons:

for     and      : much more complicated: propagation effectsp̄ e±

integration over galactic DM halo profile

J-factor

     for detectors with good 
 directional resolution



 Part 5
Phenomenology of example scenarios 

and models
(briefly)



 3 different phenomenological approaches

 Effective operators: most model independent approach

Explicit DM-SM mediator setups

 Explicit DM models



Effective operators and 
explicit mediators



                    examples: vector and axial operators

O =
1

�2
⇥̄DM�µ⇥DM q̄ �µq O =

1

�2
⇥̄DM�µ�5⇥DM q̄ �µ�5q

                    spin-independent direct detect. spin-dependent direct detect.

  Direct Detect. (2014):  

� � 1TeV

  for          up to mDM

  Colliders:

  from monojets,
  mono-photon,
  mono-W, ...

� � 10TeV

  for          

� � 1TeV  Colliders:

  Direct Detect. (2014):  

10GeV � mDM � 1TeV

� � 600GeV
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.
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Fig. 1 Feynman diagrams for the production of weakly interacting massive particle pairs χχ̄ associated with a jet from
initial-state radiation of a gluon, g. (a) A contact interaction described with effective operators. (b) A simplified model with
a Z′ boson.

be produced directly at the LHC (see Fig. 1(a)). It is assumed here that the DM particle is either a Dirac

Table 1 Effective interactions coupling WIMPs to Standard Model quarks or gluons, following the formalism in Ref. [40],
where M⋆ is the suppression scale of the interaction. Operators starting with a D describe Dirac fermion WIMPs, the ones
starting with a C are for scalar WIMPs and Ga

µν is the colour field-strength tensor.

Name Initial state Type Operator

C1 qq scalar
mq

M2
⋆

χ†χq̄q

C5 gg scalar 1
4M2

⋆

χ†χαs(Ga
µν)

2

D1 qq scalar
mq

M3
⋆

χ̄χq̄q

D5 qq vector 1
M2

⋆

χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

⋆

χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

⋆

χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

⋆

χ̄χαs(Ga
µν)

2

fermion or a scalar χ; the only difference for Majorana fermions is that certain interactions are not allowed
and that the cross sections for the allowed interactions are larger by a factor of four. Seven interactions are
considered (see Table 1), namely those described by the operators C1, C5, D1, D5, D8, D9, D11, following
the naming scheme in Ref. [40]. These operators describe different bilinear quark couplings to WIMPs,
qq̄ → χχ̄, except for C5 and D11, which describe the coupling to gluons, gg → χχ̄. The operators for
Dirac fermions and scalars in Ref. [40] fall into six categories with characteristic Emiss

T spectral shapes. The
representative set of operators for these six categories are C1, C5, D1, D5, D9, and D11, while D8 falls
into the same category as D5 but is listed explicitly in Table 1 because it is often used to convert LHC
results into limits on DM pair production. In the operator definitions in Table 1, M∗ is the suppression scale
of the interaction, after integrating out the heavy mediator particles. The use of a contact interaction to
produce WIMP pairs via heavy mediators is considered conservative because it rarely overestimates cross
sections when applied to a specific scenario for physics beyond the SM. Cases where this approach is indeed
optimistic are studied in Refs. [39, 41–45]. Despite the caveats related to the validity of the EFT approach
(see Appendix A), this formalism is used here, as it provides a framework for comparing LHC results to
existing direct or indirect DM searches. Within this framework, interactions of SM and DM particles are
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Figure 3: DM coupled to the Z. Regions of DM mass M
DM

and Z couplings (gDM

s , gDM

V , gDM

A ):

the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast for

LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Z-invisible width constraint �Z,inv < 2 MeV. The green solid

curve corresponds to a thermal relic abundance via Z-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

We postpone the discussion of this interesting case to section 4, where we will show that the DM

abundance can be simply computed in terms of the Z decay width rather than in terms of DM

annihilations.

Results

In fig. 3 we compare the LHC sensitivity with the current bounds. In the plane (DM mass, DM

coupling to Z) we show:

1. The bounds from direct detection, dominated by the LUX experiments (regions shaded in

grey). The bounds on gDM

V and gDM

s are quite strong (around 10�3 for DM mass around

100 GeV), while gDM

A , which leads to spin-dependent interactions, is less constrained (typically

gDM

A
<⇠ 0.3 for M

DM

⇡ 100GeV). We see that direct detection experiments severely constrain

the vector coupling gDM

V and the scalar coupling gDM

s , and are presently probing the region

gDM

A ⇠ 1.

2. The LEP bounds from the invisible Z width, �Z,inv < 2 MeV. This bound, shown in light blue,

implies gDM

V,A
<⇠ 0.04, gDM

s
<⇠ 0.08 if M

DM

< MZ/2.

3. The present bound from LHC mono-jet searches, extracted with the procedure described in

section 2.3. We see that such bounds can never be competitive with the combined limits from

LUX and LEP.

4. Our estimate on the future sensitivity of LHC at
p
s = 14TeV with an integrated luminosity of

300 fb�1. By simulating the sample and rescaling the corresponding statistical error with the

square-root of the number of events we find that only a modest improvement is possible. New
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LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Z-invisible width constraint �Z,inv < 2 MeV. The green solid

curve corresponds to a thermal relic abundance via Z-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

We postpone the discussion of this interesting case to section 4, where we will show that the DM

abundance can be simply computed in terms of the Z decay width rather than in terms of DM

annihilations.

Results

In fig. 3 we compare the LHC sensitivity with the current bounds. In the plane (DM mass, DM

coupling to Z) we show:

1. The bounds from direct detection, dominated by the LUX experiments (regions shaded in

grey). The bounds on gDM

V and gDM

s are quite strong (around 10�3 for DM mass around

100 GeV), while gDM
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the vector coupling gDM
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3. The present bound from LHC mono-jet searches, extracted with the procedure described in

section 2.3. We see that such bounds can never be competitive with the combined limits from

LUX and LEP.

4. Our estimate on the future sensitivity of LHC at
p
s = 14TeV with an integrated luminosity of

300 fb�1. By simulating the sample and rescaling the corresponding statistical error with the

square-root of the number of events we find that only a modest improvement is possible. New

12

          vector           axial

Xenon1T Xenon1T
allowed above                           ⇠ 10TeV

De Simone, Giudice, Strumia 13’

                    similar to fermion DM with vector coupling   
          except for a specific case: inert doublet (see below)



      excluded below 

                    Scalar DM: Higgs portal interaction: L � �DMH†H ⇥�
DM⇥DM

N.B.: Xenon1T probes it up to               for � 1TeV �DM � 1

>

>>

>

N

DM

N

DM

h

Explicit mediator approach: Higgs boson mediator: scalar DM

         (except around    resonance)

10 102 103

10-2

10-1

1

10

DM mass in GeV

D
M
co
up
lin
g
to
H
ig
gs
,l
D
M

Scalar DM coupled to the Higgs

s = 8 TeVŸ Ldt = 19.5 fb-1
s = 14 TeV

Ÿ Ldt = 300 fb-1

Gh,inv

LUX 2013

thermal
abundance

10 102 103

10-2

10-1

1

10

DM mass in GeV

D
M
co
up
lin
g
to
H
ig
gs
,y
D
M

Fermion DM coupled to the Higgs

s = 8 TeVŸ Ldt = 19.5 fb-1 s = 14 TeVŸ Ldt = 300 fb-1

Gh,inv

LUX 2013

thermal
abundance

10 102 103

10-2

10-1

1

10

DM mass in GeV

D
M
co
up
lin
g
to
H
ig
gs
,y
D
M

P

Fermion DM coupled to the Higgs

s = 8 TeVŸ Ldt = 19.5 fb-1
s = 14 TeV

Ÿ Ldt = 300 fb-1

Gh,inv

thermal
abundance

Figure 4: DM coupled to the Higgs. Regions of DM mass M
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for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).
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coupling of fermion DM also generates ON
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= �1.8y
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h
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• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
10

⇡ cp
10

⇡ 0.26
yP
DM

mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.
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Figure 4: DM coupled to the Higgs. Regions of DM mass MDM and Higgs couplings (�DM, yDM,

yPDM): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o�-shell estimation; the thin curve is the on-shell computation).

• The pseudo-scalar coupling yPDM only produces the operator ON
11 = i✏SDM · ✏q, which is spin-

dependent and suppressed by the transferred momentum ✏q:

cn10 ⌅ cp10 ⌅ 0.26
yPDMmN

M2
h

. (3.12)

As a consequence, there are no limits on perturbative values of yPDM.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as yDM ⇧ 0.5 (500GeV/MDM).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

1. The bounds from direct detection are dominated by the LUX experiments (regions shaded in

grey). We see that direct detection experiments are severely constraining the scalar couplings

�DM, yDM, while the pseudo-scalar interaction is completely out of reach at the moment.

2. If MDM < Mh/2, the main constraint is due to the Higgs invisible width, �h,inv/�h � 20%,

which gives �DM, yDM, yPDM
<⇤ 10�2, taking �h = 4.2 MeV for Mh = 125.6 GeV.
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FIG. 7: Limits from direct detection on scalar singlet dark matter, shown in the familiar mass-cross-section plane. Areas
excluded by XENON100, future experiments and the relic density are as per fig. 6. The unusual shapes of the curves compared
to traditional direct detection constraint plots is due to our self-consistent treatment of sub-dominant relic densities. Note that
all direct detection signals are scaled for the thermal relic density of the scalar singlet, regardless of whether that density is
greater than or less than the observed density of dark matter. Left : a close-up of the resonant annihilation region, with the
area ruled out by the Higgs invisible width at 2� CL indicated by the shaded region in the upper left-hand corner. Right : the
full mass range.

within two years. The left panel of Fig. 6 focuses on
the resonant annihilation region mS � mh/2, showing
that a small triangle of parameter space will continue to
be allowed for mS between mh/2 and �58GeV. Values
below 53GeV are already robustly excluded, making it
highly unlikely that singlet dark matter can explain var-
ious hints of direct detection that have been seen at low
masses �10GeV [95, 96].

On the high-mass side, the right panel of fig. 6 im-
plies that most of the relevant remaining parameter space
will be ruled out in the next few years. In particular,
XENON1T will be able to exclude masses up to 7 TeV,
for which the coupling must be rather large, ⇥hS > 2.4,
leaving little theoretical room for this model if it is not
discovered.

Naively, one might expect the contours of direct detec-
tion sensitivity in the high-mS regions to be exactly ver-
tical in fig. 6 rather than being slightly inclined. This is
because fe� � ⇥⇤vrel⇤�1 � (mS/⇥hS)2 in eq. (24), which
is exactly inverse to ⇤SI.7 According to this argument,
the direct detection sensitivity would be independent of
⇥hS and only scale inversely withmS due to the DM num-
ber density going as 1/mS . However this is not exactly

7 There is some additional dependence upon �hS in the annihila-
tion cross section for SS � hh, but this is very weak at large
mS .

right because the DM relic density has an additional weak
logarithmic dependence on ⇥⇤vrel⇤ through the freezeout
temperature, leading to the relation (see eqs. (B7,B8),
with the approximation Af

�= xfZf )

frel�(xf Af )
�1� ln(cmS⇥⇤vrel⇤)

mS⇥⇤vrel⇤
�(mS⇥⇤vrel⇤)�1+� ,

(25)
for some constant c and a small fractional power �, which
we find to be � �= 0.05. Taylor-expanding the last expres-
sion in � produces the log in the numerator.

The shape of the exclusion contours in the mS-⇥hS

plane of course carries over into a similar shape in the
mS-⇤SI plane, which is the more customary one for direct
detection constraints. We nevertheless replot them in
this form in fig. 7, to emphasize that they look very dif-
ferent from the usual ones, being mostly vertical rather
than horizontal. Normally the DM relic density is as-
sumed to take the standard value because the annihila-
tion cross section ⇥⇤vrel⇤ that sets �DM is distinct from
that for detection, ⇤SI. Only because they are so closely
related in the present model do we get limits that are
modified by the changing relic density as one scans the
parameter space.
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         or isothermal profile!
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Figure 10. A mock limit on wino annihilation derived by reinterpreting the 2013 H.E.S.S. line
search [2], see [15] for details of the procedure. The comparison is made in terms of the line annihilation
cross section h�viline = h�vi�� +

1
2 h�vi�Z (see text for details), as a function of the wino mass. Plotted

here are the prediction (blue) and the mock limit (orange); the parameter space above the limit
line is excluded assuming the Einasto DM profile. In both cases the bands represent the theoretical
uncertainty associated with the NLL calculation. The overall normalization error is captured by the
prediction band. For the mock limit, the uncertainty originates both from the variation in the shape of
the endpoint spectrum and its normalization relative to the line. Finally, the thermal wino prediction
M� = 2.9 ± 0.1 TeV is also shown.

concreteness, the comparison between the mock exclusion and the theory prediction is made
in terms of the line annihilation cross section h�vi

line

= h�vi�� +

1

2

h�vi�Z . We note that
in order to convert from the endpoint cross section �NLL computed here to �

line

, one must
evaluate Eq. (4.11) in the limit z ! 1, and be careful to keep track of the fact that here we
are computing the rate for � + X, which introduces a factor of 2 in the conversion since both
of the �’s from ��� contribute, i.e.,

lim

zcut!1

1Z

zcut

dz

✓
d�

dz

◆
NLL

= �NLL

exc

= 2

✓
��� +

1

2

��Z

◆
= 2�

line

, (5.1)

and the approximation made here treats the kinematics for � � and � Z identically, see [15, 44]
for additional discussion of this convention. Note that these mock limits only include the
contribution from the line and endpoint spectrum; the justification to neglect the contribution
from continuum production resulting from wino annihilation to W+ W� at lower masses was
provided in [15]. While we caution that a genuine analysis of the 2013 H.E.S.S. data should be
done to provide an actual limit, we see that our mock limit shows that the thermal wino with
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                                               multiplet DM: should we have seen already it in
                  indirect detection experiments if thermal?

SU(2)L

mDM ' 3.0 TeV



a scalar doublet       odd under a       symmetry:H2 Z2 H2 ! �H2

Y = 1 6= 0H2 =
�

H+

H0+iA0�
2

⇥

V = µ2
1|H1|2 + µ2

2|H2|2 + �1|H1|4 + �2|H2|4

+�3|H1|2|H2|2 + �4|H†
1H2|2 +

�5

2

�
(H†

1H2)2 + h.c.
⇥

m2
H0

�m2
A0

= �5 v
2

>

>>

>

N N

Z

H0 A0

the lightest neutral component is the DM

if splitting larger than                  : no direct detection through     exchange even if         !⇠ 100 keV Z

DM is highly non-relativistic today: Ekin . 100 keV

               Deshpande, Ma 78, Barbieri, Hall, Ryshkov 06,
      Lopez-Honorez, Nezri, Oliver, Tytgat 07, 

TH, Lin, Lopez-Honorez, Rocher 08

                                                        multiplet DM: more freedom for scalar multiplet:
        inert scalar doublet example

SU(2)L

not only gauge interactions: additional scalar interactions 

moreover       and        do not have the same massA0H0

  additional annihilation channels
mediated by Higgs boson, etc

Y 6= 0

direct detection signal expected well below present Xenon1T sensitivity!
but relevant indirect detection and collider constraints

mDM & 520GeVstill quite open for                         and possibilities for mDM ⇠ mh/2



The MSSM neutralino:  

      the lightest neutralino is in general a mixture of Bino, Higgsinos and Wino

      if it is the lightest Susy particle (LSP): DM candidate

      the direct constraints on the neutralino are mild:        as light as ~few tens of  GeV still allowed  m�

      the partners and interactions entering in its annihilation are nevertheless constrained 

      a pure bino neutralino:

>

>

�

�

>

u, d, l

u, d, l

ũ, d̃, l̃      but                     requires squarks and sleptons lighter than allowed experimentally ⌦DM = 26%

ml̃ . 100 GeV

      need for other channels having larger annihilation cross section:
co-annihilation channels or channels close to a resonance
for instance if slepton not more than ~10% heavier than Bino it is still around in

thermal bath when Bino is about to decouple        co-annihilation dominates the Bino decoupling

>

>
�

l̃
l

SM

SM

>

annihilation through squarks and leptons:

mũ,d̃ � 1TeV

example of DM candidate within a more 
    global model with lots of indirect constraints



      a pure Wino neutralino:

annihilation through gauge interactions:  mDM ' 3.0 TeV

               excluded by  -line search  
         or isothermal profile!

�

                     was not much considered as
                       attractive because sets the Susy 

scale quite high

The MSSM neutralino

      a pure Higssino neutralino:

annihilation through gauge interactions are too fast unless it is heavy (as Wino) mDM ' 1 TeV

                     was not much considered as
                       attractive because sets the Susy 

                             scale quite high and not obtained as 
                                LSP in many Susy breaking framework

                             can escape Z exchange direct detection constraint 
                                  despite it has          because the Z couples to 2 different 

                                    neutral Higgsino component which can have mass splitting 
          forbidding kinematically the Z exchange

 as ‘’inert scalar doublet DM ‘’ above

      a mixed neutralino:

offers more possibility playing around (as ‘’well-tempered neutralino’’)  

                     Higgs boson mass measured at LHC requires
             typically a large stop mass which indirectly

                      typically requires a large Higgsino mass which fits 
             with the mass a Higgsino must have if DM

Y 6= 0



pMSSM (19 parameters)

Figure 1: Thermal relic density as a function of the LSP mass in our pMSSM model set, as
generated, color-coded by the electroweak properties of the LSP as discussed in the text.

4

range. SD experiments such as COUPP500 (LZ) will only be able to exclude only � 2(4)%
of the models in this set if no signal is seen.

Figure 3: Scaled spin-independent (left) and spin-dependent (right) direct detection cross
sections for our neutralino LSPs in comparison to current and future experimental sensitivi-
ties. The scaling factor accounts for the possibility that the calculated thermal relic density
of the LSP is below that measured by WMAP.

2.3 Indirect Detection: Fermi LAT, CTA and IceCube

Indirect detection can play a critical role in searches for DM and, in the case of null results,
can also lead to very strong constraints on the pMSSM parameter space. As is well-known [1],
searches for excess photons by both Fermi(from, e.g., dwarf galaxies) and CTA (from, e.g.,
the galactic core) can contribute coverage in di�erent regions of the pMSSM parameter space
in the future. CTA, in particular, is found to be extremely powerful in the search for heavy
LSPs which are mostly Higgsino- or wino-like and that predict thermal relic densities within
an order of magnitude or so of the WMAP/Planck value; these constitute � 20% of the
present pMSSM model set. This role is of particular importance since these heavy LSPs are
currently outside the range of the 7 and 8 TeV LHC SUSY searches and might be di⇤cult to
directly access even at 14 TeV. Fermi, on the other hand, is found to be mostly sensitive to
the set of well-tempered neutralinos that are relatively light. In the results presented below,
the relevant analyses were performed by the Fermiand CTA collaborations themselves [1]
and required both the calculation of the photon fluxes for each of the pMSSM model points
under consideration as well as the corresponding modeling of the detector response in order to
compare to their expected DM search sensitivities. A complete discussion of the procedures
followed in this analysis and the corresponding details of these results can be found in Ref. [1].

In addition to these searches, IceCube/DeepCore can also make an important contribu-
tion to the pMSSM parameter space coverage. Neutralino dark matter can be captured,

8

                    relic density point out a neutralino below 
            ~3 TeV (i.e. gauge driven, ...) 

but could be higher

                   already partly probed by direct detection
                                 

Rizzo 14, ....

The MSSM neutralino
      Z/h resonance

      Bino co-annihilation with sleptons, ….
      ~well-tempered

      ~ pure Higgsino

      ~ pure Wino: gauge interact. driven

                   still many possibilities to get the relic density in itself
                   but much more difficult if one adds some naturalness considerations into the game, 

mg̃ � 1TeV mũ,d̃ � 1TeV                   Low scale susy maybe does not exist but DM does!!!



Hidden sector DM

Standard Model Hidden sector  SU(3)c ⇥ SU(2)L ⇥ U(1)Y
l, ⌫, q, �, W, Z, g, H

 portal

DM

Testability all depends on size and mass of portal and on whether DM communicates directly

in both cases invisible Higgs decay width constraints if HS particles light enough

for massive connector the upper bounds on connector coupling are typically of order

example: Higgs portal:                                    or 

to visible sector through portal

L 3 ��m�†
DM�DMH†H L 3 ��m�†�H†H

see real scalar singlet DM and Higgs portal direct detection above

Br(h ! �DM�DM , ��)  20%

however for light connector the bounds can be much more stringent!

⇠ 1� 10�2



Hidden sector DM: direct detection is already testing the freezein regime
for light mediator

huge enhancement

>

>>

>

N N

+

d⌅

dEr
=

1

E2
r

1

v2
2⇤⇥2Z2�2

mA
F 2
A(qrA)

Er � few KeV

            direct detection sensitive to 
      very small portal values

DM DM

�

�
��

.
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��

�

Standard Model Hidden sector  
U(1)XSU(3)c ⇥ SU(2)L ⇥ U(1)Y

l, ⌫, q, �, W, Z, g, H

 gauge boson of U(1)X

e0, �0 + ... portal
 kinetic mixing  ‘‘hidden photon’’ ‘‘hidden electron’’

      Let’s consider again the hidden electron/photon           model above:QED0

4

low recoil energies ER < 10 keV corresponding to higher
expected event numbers. In this example, � ⇡ 20%.
Over all the DM mass range we consider, � never ex-
ceeds O(30%)

IV. FREEZE-IN VS DIRECT DETECTION

Scanning over the XENON1T exclusion limits, the
solid black line in Fig. 2 gives the upper limits on the cou-
pling  as a function of the DM mass m�. We emphasize
that these limits only use the XENON1T constraints in
the range 1 GeV . m

DM

. 50 GeV. This stems from the
/ 1/E2

R behavior of the cross section, leading to events
in the low ER region, which for a heavy mediator corre-
sponds to relatively lighter DM candidates. In the same
Fig. 2, the solid green line gives the  corresponding to
the observed DM abundance, along the FI scenario de-
picted in section II (see [13]). In the millicharged model,
FI is set by annihilation of SM particles into DM pairs,
ff̄/W+W� ! � �̄, and by Z decay, Z ! � �̄ [13, 22].
The dip at m� ' mZ/2 corresponds to Z decay thresh-
old, m�  mZ/2.

Fig. 2 reveals that XENON1T is testing for the first
time a FI scenario, excluding millicharged FIMP candi-
dates within the 45GeV < mDM < 100 GeV range. We
also show the limits from the 2017 PANDAXII results
[23], following the same procedure we used for recasting
XENON1T data. PANDAXII limits almost reach the
FI parameter range. Finally, we show the prospects for
XENON1T for 4 years of exposure and for the future
LZ experiment [24] (for 1000 days). XENON1T should
probe the millicharged FI scenario for m� from 45 GeV
up to ⇠ 400 GeV, whereas LZ could test it all the way
from m

DM

⇠ 15 GeV to ⇠ 4 TeV.
We have so far neglected the mass of the dark pho-

ton, an approximation which is valid as long as m�0 .p
2mNER ⇠ 40 MeV, taking ER to be around 5 keV

as typical recoil energy, see Fig. 1. Thus for a MeV dark
photon, our results still apply. As soon as m�0 & 40 MeV,
the collinear enhancement is lost, which results in less
stringent constraints on  and thus no direct detection
test of FI. 1 Indeed, the FI abundance itself is insensi-
tive to the mass of the dark photon, at least provided
m�0  2 m�, values that lie outside the parameter range
we consider here.

V. SELF-INTERACTING DARK MATTER

A massless dark photon leads to infinite range forces,
both between DM particles and between DM and or-
dinary matter. Such interactions could be in conflict

1 Nevertheless, in this case, the current direct detection experi-
ments can still probe the so-called re-annihilation regime, a DM
production mechanism intermediate between FO and FI [13].

101 102 103

m� (GeV)

10�11

10�10

�
Freeze-in

XENON1T 2018

XENON1T4y

PANDAX II

LZ (1000 days)

FIG. 2. Exclusion limits from XENON1T (black), forecast
for XENON1T for 4 years (black, dashed), PANDAXII (red,
dashed) and forecast for LZ for 1000 days (blue, dashed). The
solid green line corresponds to the  needed to reproduce the
observed relic density through the FI mechanism.

with observations of the dynamics of galaxies [25, 26].
Also, a millicharged DM would be deflected by the mag-
netic field in galaxies [27–29] or clusters [30]. In partic-
ular, a millicharged particle from the DM halo could be
repelled by the coherent magnetic field in our Galaxy,
which could deplete the local abundance of DM, thus de-
creasing the reach of direct detection experiments [27].
A massive dark photon in the range O(MeV) circum-
vents all these potential complications [13]. This may
also be a blessing as a ⇠ MeV mediator can induce a
large self-interaction cross section (noted here �T ). Pro-
vided 0.1cm2/g < �T /m� < 10cm2/g, this could allevi-
ate the small scale structure issues of collisionless cold
dark matter [10, 31].

Fig. 3 shows the candidates that satisfy this require-
ment for ↵0 = 5 ⇥ 10�5 and setting the velocity of DM
particles to 10 km/s, relevant for the core/cusp problem
in dwarf spheroidal galaxies [10]. This value of ↵0 is cho-
sen so that over all the mass we consider, the candidates
are in the freeze-in regime (see Ref.[13]). The black solid
line encloses FIMP candidates that XENON1T is cur-
rently testing and the dashed lines are for XENON1T
with 4 years of exposure (black) and LZ for 103 days
(blue). Here, we show both the attractive (top) and re-
pulsive (bottom) channels. Clearly, there is a large over-
lap between the regions of m� � m�0 satisfying the self-
interactions constraint, satisfying the relic density con-
straint through FI, and that can be tested by current and
future direct detection experiments. We emphasize that
self-interacting DM scenarios based on FO and a light
mediator are severely constrained by CMB data [14, 32].
This is unlike the FI considered here, which is basically

.
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Phenomenology trends….

Various thermal models become at last to be really tested experimentally

- fermion thermal candidates which have only gauge interactions: triplet (Wino),

- some models with very few parameters: example: real scalar singlet (stlll allowed 

or even excluded:

- all models which allow a kinematically allowed Z exchange with ``standard’’ Z

coupling are excluded by direct detection expts (except pure axial case, …), 

quintuplet pure electroweak multi-TeV models: not excluded by LHC because true

- h exchange begins to be seriously probed by direct detection experiments 

(except for isothermal DM halo profile)

unlike scalar multiplets: more freedom due to possible scalar quartic couplings, mass splittings,….

- very global models with many constraints on partner particles entering the DM

annihilation , direct detection, … : example: MSSM: allows still a lot of possbilities

from DM point of view, especially  beyond TeV but much more squeezed if one adds

�

around h resonance and for high mass)

WMPS are often out of energy reach for LHC but excluded by indirect detection:  -lines

external considerations (hierarchy problem,….)



as soon as we go away from some of these global models (not much favored

anymore by LHC data), …, and away from some of the very minimal visible 

models, thermal (and beyond) DM candidates are still largely allowed:

with clear possibilities of future signatures:

- new generation of indirect detection (CTA, …), especially for still quite open

- hidden sector models: new trend!   <-

- many visible sector DM models
        DM could be the tip of an  
       all hidden sector world!

- new generation of direct detection experiments: - at high mass

- at low masses (new!) 

with even possibilities to test the freezein scenario

multi-TeV range, including from still unexplored high energy neutrinos, ….

Phenomenology trends….



Thank you











 

Many thanks to All the Organizers
for this 

very nice and interesting school!!!







Dark Matter must be dark

                                                                A non electrically neutral DM particle would « shine » unless:                                                 

  - it forms neutral bound states, but basically excluded (ionized population,
                                                                         

                                                                - its electric charge is tiny: strong constraints but not excluded:
8

10-3 10-2 10-1 100 101 102 103
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3

mc @MeVD

Q

s̀ signa
l

s
`
ion
=10
-30 cm

2

s
`
ion
=10
-26 cm

2

s
`
ion
=10
-34 cm

2

s
`
ion
=10
-38 cm

2

s
`
ion
=10
-42 cm

2

BBN

RG

WD

HB

SN

Freeze-in

XENON

SENSEI

SLAC

Wc=0.01 WCDM
MC
P ev

acua
ted
from

the
disk

heat from ann.@spin 1ê2 DMD

FIG. 4. Constraints on the charge, Q, of a millicharged par-
ticle as a function of the DM mass. The red line indicates
the minimal cross section needed to explain the EDGES mea-
surement, assuming the millicharged particle constitutes only
1% of the DM density. The dashed-gray lines show con-
tours of constant �̂. Constraints from cooling of the super-
nova (SN) 1987A [6] (purple), direct detection limits from
XENON10 [56, 63] (green) and SENSEI [74], SLAC mil-
licharge experiment [22] (gray), BBN [7] (light blue) and
cooling of white-dwarfs (WD), horizontal-branch (HB) stars
and red-giants (RG) [8] (pink and brown) are shown in
the shaded regions. We also add constraints from heating
due to DM annihilation derived in [75] (blue). This bound
only applies to fermionic DM for which the annihilation is
s-wave. The shaded yellow band indicates where millicharge
DM might be evacuated from the galactic disk [23, 29].

force its electric charge to be fairly small. The MCP form
factor can also be approximated by Eq. (22) and the cross
section is given by Eqs (17) and (18) with ↵e↵ = ↵ and
↵D = Q2↵, where Q is the MCP electric charge in units
of the electron’s electric charge. While in the mA0 ! 0
limit of a kinetically mixed U(1)D discussed above DM
matter appears to carry an electric millicharge, there are
still some subtle di↵erences between the two scenarios.
In the case of a vector portal, DM-DM interaction are
mediated by a hidden photon and are proportional to
↵D. Millicharged DM, on the other hand, self-interacts
only through the exchange of the SM photon, thus evad-
ing most DM self interactions constraints. Moreover, the
number of e↵ective degrees of freedom in a “pure” mil-
licharge DM is smaller than that of a ultr-light hidden
photon. The bounds from BBN and CMB are then re-
laxed. Millicharged particles might also be evacuated
from the galactic disk [4, 23, 29]. This e↵ect, if true,
exclude MCP from being responsible for the whole DM
budget. A precise assessment of this e↵ect including the

uncertainties on the modeling of the various components
of the Galactic magnetic field is left for future investiga-
tion.
In Fig. 4 we plot the measured EDGES signal on top

of the existing constraints in the Q �m� plane, assum-
ing only 1% of DM is in the form of MCP. As evident
from comparison to Fig. 3, the parameter space slightly
opens, the main reason being that BBN and CMB con-
straints are weaken in the absence of a hidden photon.
Weaker cosmological constraints still applies, in partic-
ular we include the BBN bound from Ref. [7]. We also
show the region where DM annihilation heats up the gas,
consequently the spin temperature would rise and thus
the EDGES signal can not be accounted for in that re-
gion. This e↵ect was first pointed out in [76] and was
carefully computed in the case of MCP in [75]. Note
that this bound is only relevant for fermionic MCP where
the thermal-averaged annihilation cross section is veloc-
ity independent. One might wonder why the bound com-
puted in [75] seems independent on the millicharge q in
the region of interest. This exactly the regime in which
the heating from annihilation equates the cooling from
scattering described in Eq. (5-6). Since both these cross
section depends on q2 the bound is approximately inde-
pendent on q.
The constraints from XENON10 and SENSEI were

re-scaled to account for the smaller DM fraction and
a preliminary first estimate of the terrestrial e↵ect on
the charged particle flux penetrating the earth was in-
cluded [77]. Indeed this e↵ect to date has only been stud-
ied for a much heavier mediator [78]. The shaded light
region taken from Refs. [23, 29] is there as a reminder that
a significant reduction of the DM flux might be caused
by MCP being evacuated from the galactic disk. This
region should not be treated as an exclusion region since
in Fig. 4 MCP is only a subdominant constituent of the
DM density.

V. CONCLUSIONS

In this paper we studied the possibility that the strong
21-cm absorption line observed by the EDGES collab-
oration can be explained due to the cooling of the hy-
drogen gas via its scattering with cold dark matter. In
order to explain the observed signal, dark matter must
strongly interact with the gas at around z = 20, imply-
ing that Rutherford-like (velocity-enhanced) interactions
must induce the cooling.
Such scatterings require a very light mediator and two

possibilities exist: Either the hydrogen or helium are
charged under the new long-range force (meaning that
the nucleons and electrons do not screen the interaction)
or they are neutral. In the former case, 5th-force ex-
periments strongly constrain the possibility of mediating
the required strong interaction between the DM and the
visible sector. The latter case can arise from either the
interaction with the visible photon or with a hidden pho-
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where A is the number of nucleons per nucleus, µnx is the
dark matter-nucleon reduced mass, and the Helm form
factor is

F 2
A(Enr) =

✓
3j1(qr)

qr

◆2

e�s

2
q

2

, (5)

where j1 is the Bessel function of the first kind,
q =

p
2mNEnr, r =

p
r2n � 5s2, the nuclear size is

rn = 1.2 A1/3 fm, and the nuclear skin depth is s ⇠ 1 fm.
For bounds on dark matter scattering presented in

Figure 1, we integrate over Boltzmann distributed ve-
locities, accounting for the predicted dark matter ve-
locity at the cloud’s location, v0, and the cloud’s ve-
locity relative to the galactic rest frame, vg. We con-
sider scattering o↵ of the most abundant atomic elements
in the gas cloud, hydrogen, helium, oxygen, and iron,
with mass abundance fractions following solar metallicity,
fA = {fH, fHe, fO, fFe} = {0.73, 0.26, 0.0097, 0.0014}. Al-
together, the bound on per-nucleon scattering presented
in Figure 1 is
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where we sum over atomic elements A, FA is the Helm
form factor given above. The integral over velocities runs
from zero to the dark matter escape velocity vesc ⇠ 0.002,
y ⌘ cos ✓ indicates the angle between the dark matter
wind and the gas cloud, and the Boltzmann distribution
is [37]
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where this is normalized so that
R
dv3xB = 1, the dark

matter velocity dispersion is v0 ⇡ 6 ⇥ 10�4 hundreds of
parsecs from the Milky Way Galactic center [38], and the
gas cloud-Milky Way relative velocity is vg ⇠ 90 km/s for
gas cloud G1.4-1.8+87 [24].

Figure 1 shows the e↵ect of increasing the gas cloud
metallicity to [Fe/H] = 0.5. For higher mass dark mat-
ter there is no e↵ect on the bound, since heating occurs
mainly via scattering with iron; heavy nuclei are heated
A5 times faster than hydrogen by high mass dark matter,
c.f. Eqs. (3) and (4). Therefore, increasing cloud metal-
licity equally increases the cloud cooling rate and the
dark matter heating rate, resulting in the same bound.

Dark matter heating of Galactic center gas clouds will
depend on the background dark matter density. How-
ever, because it is located ⇠ 400 pc from the Galac-
tic center, the background dark matter density for gas
cloud G1.4-1.8+87 does not depend much on the choice
of dark matter density profile. Using an NFW [39] profile
⇢x = ⇢0/((r/r0)(1+r/r0)2) with ⇢0 = 0.28 GeV/cm3 and
with scale radius r0 = 20 kpc, the density of dark matter
at radius rtot .

p
2 rlos ' 450 pc is ⇢x ⇠ 13 GeV/cm3.
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Figure 2. Constraints are shown on millicharged dark mat-
ter scattering with cold Galactic center gas clouds, for dark
matter particles with charge ✏ ⌘ Q/e which compose all
(f

DM

= 1) or one percent (f
DM

= 0.01) of the dark matter.
The metallicity of the gas cloud does not substantially alter
the result, as explained in Section IV. Galactic center gas
cloud bounds on millicharged particles are likely una↵ected
by galactic magnetic fields [41, 42], because magnetic fields
in the Galactic center are oriented towards the edge of the
halo [43, 44], as opposed to being oriented parallel to the disk
of the Milky Way. Parameter space which would explain the
EDGES 21 cm anomaly for f

DM

= 0.01 is shown with a dotted
grey line, taken from [45] (see also [45–51]). Bounds from su-
pernova 1987a production of millicharged particles [52], from
the SLAC millicharged particle search [53], and from the mil-
licharged particle contribution to the number of relativistic
degrees of freedom in the early universe (N

e↵

) [54] are in-
dicated. For some recently reported experimental results on
millicharged dark matter, see [30, 55, 56]. For additional cos-
mological bounds, which can be sensitive to the millicharged
fraction of dark matter (f

DM

), see [25, 42, 57, 58].

(We have taken the gas cloud to be a factor of
p
2

further from the Galactic center than its angular dis-
tance [24] to account for possible line-of-sight projec-
tion.) This can be compared to a Burkert [40] profile,
⇢x = ⇢b/((r/rb)(1+ r2/r2b)) with an rb = 3 kpc core and
density normalization ⇢b = 14 GeV/cm3, which implies
a background dark matter density of ⇢x ⇠ 12 GeV/cm3.
We see that the assumption of a very cored dark matter
halo distribution will have a small e↵ect on the bound.

IV. MILLICHARGED DARK MATTER

Dark matter which e↵ectively carries a small electro-
magnetic charge could arise from models where a new
U(1) gauge boson mixes with the photon of the Standard
Model [42, 59–64]. Recently, millicharged dark matter
has been proposed as an explanation of EDGES 21 cm
data [45–51]. Millicharged dark matter has been sought
in astrophysical observations [25, 41, 42, 52, 57, 58] and
experimental searches [30, 53, 55, 56].
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low recoil energies ER < 10 keV corresponding to higher
expected event numbers. In this example, � ⇡ 20%.
Over all the DM mass range we consider, � never ex-
ceeds O(30%)

IV. FREEZE-IN VS DIRECT DETECTION

Scanning over the XENON1T exclusion limits, the
solid black line in Fig. 2 gives the upper limits on the cou-
pling  as a function of the DM mass m�. We emphasize
that these limits only use the XENON1T constraints in
the range 1 GeV . m

DM

. 50 GeV. This stems from the
/ 1/E2

R behavior of the cross section, leading to events
in the low ER region, which for a heavy mediator corre-
sponds to relatively lighter DM candidates. In the same
Fig. 2, the solid green line gives the  corresponding to
the observed DM abundance, along the FI scenario de-
picted in section II (see [13]). In the millicharged model,
FI is set by annihilation of SM particles into DM pairs,
ff̄/W+W� ! � �̄, and by Z decay, Z ! � �̄ [13, 22].
The dip at m� ' mZ/2 corresponds to Z decay thresh-
old, m�  mZ/2.

Fig. 2 reveals that XENON1T is testing for the first
time a FI scenario, excluding millicharged FIMP candi-
dates within the 45GeV < mDM < 100 GeV range. We
also show the limits from the 2017 PANDAXII results
[23], following the same procedure we used for recasting
XENON1T data. PANDAXII limits almost reach the
FI parameter range. Finally, we show the prospects for
XENON1T for 4 years of exposure and for the future
LZ experiment [24] (for 1000 days). XENON1T should
probe the millicharged FI scenario for m� from 45 GeV
up to ⇠ 400 GeV, whereas LZ could test it all the way
from m

DM

⇠ 15 GeV to ⇠ 4 TeV.
We have so far neglected the mass of the dark pho-

ton, an approximation which is valid as long as m�0 .p
2mNER ⇠ 40 MeV, taking ER to be around 5 keV

as typical recoil energy, see Fig. 1. Thus for a MeV dark
photon, our results still apply. As soon as m�0 & 40 MeV,
the collinear enhancement is lost, which results in less
stringent constraints on  and thus no direct detection
test of FI. 1 Indeed, the FI abundance itself is insensi-
tive to the mass of the dark photon, at least provided
m�0  2 m�, values that lie outside the parameter range
we consider here.

V. SELF-INTERACTING DARK MATTER

A massless dark photon leads to infinite range forces,
both between DM particles and between DM and or-
dinary matter. Such interactions could be in conflict

1 Nevertheless, in this case, the current direct detection experi-
ments can still probe the so-called re-annihilation regime, a DM
production mechanism intermediate between FO and FI [13].

101 102 103

m� (GeV)

10�11

10�10

�
Freeze-in

XENON1T 2018

XENON1T4y

PANDAX II

LZ (1000 days)

FIG. 2. Exclusion limits from XENON1T (black), forecast
for XENON1T for 4 years (black, dashed), PANDAXII (red,
dashed) and forecast for LZ for 1000 days (blue, dashed). The
solid green line corresponds to the  needed to reproduce the
observed relic density through the FI mechanism.

with observations of the dynamics of galaxies [25, 26].
Also, a millicharged DM would be deflected by the mag-
netic field in galaxies [27–29] or clusters [30]. In partic-
ular, a millicharged particle from the DM halo could be
repelled by the coherent magnetic field in our Galaxy,
which could deplete the local abundance of DM, thus de-
creasing the reach of direct detection experiments [27].
A massive dark photon in the range O(MeV) circum-
vents all these potential complications [13]. This may
also be a blessing as a ⇠ MeV mediator can induce a
large self-interaction cross section (noted here �T ). Pro-
vided 0.1cm2/g < �T /m� < 10cm2/g, this could allevi-
ate the small scale structure issues of collisionless cold
dark matter [10, 31].

Fig. 3 shows the candidates that satisfy this require-
ment for ↵0 = 5 ⇥ 10�5 and setting the velocity of DM
particles to 10 km/s, relevant for the core/cusp problem
in dwarf spheroidal galaxies [10]. This value of ↵0 is cho-
sen so that over all the mass we consider, the candidates
are in the freeze-in regime (see Ref.[13]). The black solid
line encloses FIMP candidates that XENON1T is cur-
rently testing and the dashed lines are for XENON1T
with 4 years of exposure (black) and LZ for 103 days
(blue). Here, we show both the attractive (top) and re-
pulsive (bottom) channels. Clearly, there is a large over-
lap between the regions of m� � m�0 satisfying the self-
interactions constraint, satisfying the relic density con-
straint through FI, and that can be tested by current and
future direct detection experiments. We emphasize that
self-interacting DM scenarios based on FO and a light
mediator are severely constrained by CMB data [14, 32].
This is unlike the FI considered here, which is basically
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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
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Fig. 6 Upper limits (90% C.L., solid black line) on the velocity-averaged WIMP self-annihilation cross section, hsAvi, for the NFW halo model
together with the corresponding sensitivities (dashed black line) and their 1s (green) and 2s (yellow) statistical uncertainties. The black dots
represent the masses probed, while the black line in between is drawn to guide the eye. Each plot corresponds to a different annihilation channel
as indicated in the legend. The local dark matter density used was rlocal = 0.47 GeV/cm3 [14].

The likelihood that the data sample contains µ signal
events is defined as

L (µ) =
nobs

’
i=1

f (y
i

| µ). (4)

where nobs is the number of observed events and f (y
i

| µ)
is given in equation (2). We follow the method described
in [39] to calculate a 90% confidence level upper limit on
µ , µ90, which gives an upper limit on the flux of neutrinos
from the halo as defined in equation (1). This limit can, in
turn, be translated into a limit on hsAvi for any given WIMP
mass, annihilation channel and halo profile. The final limits
are shown in the next section, for the event selection that
showed the best sensitivity in each case.

7 Results and Conclusion

At final selection level, a total of 5892 (2178) events were
observed in the full sky for the low-energy (high-energy)

samples respectively. Figure 5 shows the angular distribu-
tion of the two event samples at final cut level. The distri-
butions are compatible with 0 signal events for all WIMP
masses and annihilation channels tested. Tables 3, 4, 5 and 6
show the results for the best fit on the number of signal
events, µ̂ , together with the 90% upper limits on the number
of signal events, µ90, and the corresponding limit on the ther-
mally-averaged WIMP annihilation cross section, hsAvi90.
Corresponding quantities with a tilde denote median upper
limits (i.e., sensitivities). Each table corresponds to a given
benchmark annihilation channel and it shows different WIMP
masses for the two halo models considered. The available
statistics at final level in the case of direct annihilation of
700 GeV WIMPs to neutrinos using the Burkert profile were
not sufficient to define an angular distribution which was
smooth enough to perform the shape analysis, so we choose
not to quote results for this mass and channel in table 6. Fig-
ures 6 and 7 show the results graphically for the NFW and
Burkert dark matter profiles respectively. The plots show
the 90% C.L. upper limits (solid black line) on the veloc-
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FIG. 8. Relative difference in number of events in the on/off–
source region as a function of offset from the nominal posi-
tion. The regions are shifted by 60◦ steps to be centered at
∆RA+ δ. Error bars represent the statistical uncertainty in
the bin. Adjacent bins are correlated, as regions partially
overlap. Note the first bin corresponds to the result obtained
by this analysis. Bins 4-6 are closely related to bins 1-3, as
Non and Noff are swapped in them.

by Li and Ma to compute the significance of an on–source
observation [44]. The significance ξ is defined as

ξ =
Non − ηNoff

η
√
Non +Noff

≈
∆N√
2×Noff

. (13)

Here η is the ratio in exposure, or ratio of the size of the
two regions. For our case of an equally sized on– and
off–source region, η = 1.
Figure 9 shows the obtained exclusion limit compared

to the “natural scale”, for which dark matter candidates
are consistent with being a thermal relic [45, 46]. Larger
cross sections are possible if, for example, dark matter is
produced non-thermally or acquires mass only in the late
universe [47].
Applying the same procedure as that above for the

annihilation cross section, we compute a 90% C.L. lower
limit on the WIMP lifetime, τ , as function of the WIMP
mass, as shown in Fig. 10. We assume a line spectrum,
χ → νν and apply Eq. 9 for the expected neutrino flux.
If dark matter is a thermal relic and unstable, the only
requirement in order for it to be present today is that it
has a lifetime much longer than the age of the Universe
TU ≃ 4× 1017 s.
Our limit calculation assumes smooth, spherically sym-

metric halo models. However, N-body simulations in-
dicate that dark matter in the halo should have some
substructure [50, 51]. While this will have negligible ef-
fects on the expected neutrino flux from dark matter de-
cay, the presence of substructure will enhance the self-
annihilation rate since it is proportional to the square
of the dark matter density. To quantify the average ex-
pected enhancement in the annihilation rate compared
to a smooth dark matter distribution, one can define a
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FIG. 9. (Color online) 90% C.L. upper limit on the dark mat-
ter self annihilation cross section for five different annihilation
channels. Also shown are the natural scale (red dotted line),
for which the WIMP is a thermal relic [45, 46], and unitarity
bound (blue line) [48, 49]. For the limit curves, the central line
is for the Einasto and NFW profiles, while the shaded width
identifies the extrema results from the Moore and Kravtsov
profiles. We consider only smooth halo profiles. The limits
for ττ and µµ overlay, due to their very similar high energy
neutrino spectra.
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FIG. 10. Lower limit on WIMP lifetime τ assuming χ → νν̄
at 90% C.L..

boost factor as a function of the distance from the Galac-
tic Center [52, 53]:

B(r) =

∫

ρ2dV
∫

(ρ̄)2dV
, (14)

where we defined ρ̄ as the mean density of the smooth
halo component. To determine the impact of a boosted
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Non-relativistic DM thermal decoupling: ‘’cold relic’’
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