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The Case for WIMPs
Dan Hooper – Hidden Sector WIMPs 

§ For decades, WIMPs dominated the landscape of particle dark matter 
candidates – and for good reason

§ If we assume that the dark matter was in thermal equilibrium at some 
point in the early universe, and that the early universe was radiation 
dominated, then we can conclude the following:

1) Any stable relic must be heavier than a few MeV  
(to avoid ruining the successful predictions of BBN)

2) Any stable relic must be lighter than ~100 TeV
(to avoid exceeding the measured dark matter abundance)

§ Furthermore, to freeze-out with the measured dark matter abundance, 
such a particle must annihilate through something comparable to the 
weak force – the “WIMP Miracle”

§ From this perspective, dark matter candidates with roughly weak-scale 
masses and interactions – “WIMPs” – are particularly well motivated 



The Fall of the WIMP?
§ The thermal relic abundance calculation provided us with a collection of     

well-motivated benchmarks and experimental targets 
§ Many of our most attractive WIMP candidates were expected to fall 

within the reach of planned direct detection and accelerator experiments
§ Over the past two decades, direct detection experiments have performed 

better than we had any right to expect, improving in sensitivity at a rate 
faster than Moore’s Law – and yet no WIMPs have appeared

§ The LHC has performed beautifully, and yet no signs of dark matter      
(or any other BSM physics) has been discovered
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LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
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 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included
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So, is the WIMP Paradigm Dead?
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So, is the WIMP Paradigm Dead?

No.

Despite the very stringent constraints that have been placed on the 
nature of dark matter, there remain many viable options for WIMP 
model building
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An (Incomplete) List of Ways to Reconcile WIMP 
Dark Matter With All Current Constraints:
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An (Incomplete) List of Ways to Reconcile WIMP 
Dark Matter With All Current Constraints:

Common Theme: Mechanisms that deplete the dark 
matter abundance in the early universe without 
leading to large elastic scattering rates with nuclei 
or large annihilation rates in the universe today
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An (Incomplete) List of Ways to Reconcile WIMP 
Dark Matter With All Current Constraints:

1) Co-annihilations between the dark matter and another state

Griest, Seckel (1991)
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An (Incomplete) List of Ways to Reconcile WIMP 
Dark Matter With All Current Constraints:

1) Co-annihilations between the dark matter and another state
2) Annihilations to W, Z and/or Higgs bosons; scattering with nuclei only 

through highly suppressed loop diagrams

Hisano, et al., arXiv:1007.2601, 1104.0228, 1504.00915; 
Hill, Solon, arXiv:1309.4092, 1409.8290;                                                         
Berlin, DH, McDermott, arXiv:1508.05390
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An (Incomplete) List of Ways to Reconcile WIMP 
Dark Matter With All Current Constraints:

1) Co-annihilations between the dark matter and another state
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Dark Matter Within a Hidden Sector
§ Lets hypothesize that the dark matter is one of several particle species 

within a hidden sector, which is entirely uncharged under the Standard 
Model

§ Even without any direct couplings between these two sectors, small 
“portal” interactions could connect them

Standard
Model

Hidden
Sector

Portal
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Dark Matter Within a Hidden Sector
§ The dark matter, X,  freezes-out of thermal equilibrium entirely within 

its own hidden sector (annihilating to produce lighter particles within 
the hidden sector, Y)

§ These lighter hidden sector particles then decay through portal 
interactions into Standard Model particles

Dark matter annihilates 
within the hidden sector…

…and then those hidden sector 
annihilation products decay 
through portal interactions

Dan Hooper – Hidden Sector WIMPs 



Dark Matter Within a Hidden Sector
Hidden sector dark matter models offer a number of attractive features:
1) Relic abundance is easily accommodated; similar to ordinary WIMPs  
2) Elastic scattering with nuclei is highly suppressed 
3) Production at colliders is highly suppressed

Dan Hooper – Hidden Sector WIMPs 



Hidden Sector Portals

Dan Hooper – Hidden Sector WIMPs 

§ There exist a number of very simple model building possibilities for 
hidden sector WIMP models, including the three renormalizable
“portal” interactions: the vector portal, Higgs portal, and lepton portal

§ The vector portal scenario includes the following:

§ The dark matter in this scenario, X, couples to a Z’ which kinetically 
mixes with the SM photon/Z

§ This portal interaction allows the Z’ to decay into the Standard Model, 
but leads to negligible direct detection and collider constraints 
(for small !)  

§ Although I’ll focus on the vector portal in this talk, the Higgs and 
lepton portal scenarios are broadly similar, featuring a dark matter 
candidate that annihilates into hidden sector states, which decay to 
SM states

Pospelov, Ritz, Voloshin, arXiv:0711.4866
Krolikowski, arXiv:0803.2997
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In this letter, we consider a class of scenarios in which the dark matter is part of a heavy hidden
sector that is thermally decoupled from the Standard Model in the early universe. The dark matter
freezes-out by annihilating to a lighter, metastable state, whose subsequent abundance can naturally
come to dominate the energy density of the universe. When this state decays, it reheats the visible
sector and dilutes all relic abundances, thereby allowing the dark matter to be orders of magnitude
heavier than the weak scale. For concreteness, we consider a simple realization with a Dirac fermion
dark matter candidate coupled to a massive gauge boson that decays to the Standard Model through
its kinetic mixing with hypercharge. We identify viable parameter space in which the dark matter
can be as heavy as ⇠1-100 PeV without being overproduced in the early universe.

The Weakly Interacting Massive Particle (WIMP)

paradigm provides a compelling cosmological origin for

dark matter (DM) candidates with weak-scale masses

and interactions. In the early universe, at tempera-

tures above the WIMP’s mass, interactions with the

Standard Model (SM) produce a thermal population of

WIMPs and sustain chemical equilibrium between dark

and visible matter. When the temperature falls below

the WIMP’s mass, these interactions freeze-out to yield

an abundance similar to the observed cosmological DM

density. This narrative is known as the “WIMP miracle.”

In recent years, however, this framework has become

increasingly constrained. The Large Hadron Collider has

not yet discovered any new physics, and limits from direct

detection experiments have improved at an exponential

rate over the past decade. For DM candidates that an-

nihilate at a su�cient rate to avoid being overproduced

in the early universe, unacceptably large elastic scatter-

ing cross sections with nuclei are often predicted. To

evade these constraints, one is forced to consider models

that include features such as coannihilations [1, 2], res-

onant annihilations [1, 3], pseudoscalar couplings [4–7],

or annihilations to final states consisting of leptons or

electroweak bosons [8–16].

It is equally plausible, however, that the DM is a sin-

glet under the SM and was produced independently of

the visible sector during the period of reheating that fol-

lowed inflation (for a review, see Ref. [17]). By freezing-

out through annihilations to SM singlets, the DM in

such models can avoid being overproduced while eas-

ily evading the constraints from direct detection exper-

iments [18–25]. In this letter, we explore this class of

scenarios, focusing on hidden sectors that are thermally

decoupled and, therefore, never reach equilibrium with

the visible sector. In this case, the DM freezes-out of

chemical equilibrium within its own sector, una↵ected

by SM dynamics.

So long as the hidden sector consists entirely of SM

singlets, renormalizable interactions between the SM and

the DM can proceed only through the following gauge

singlet operators: H
†
H, B

µ⌫
, and H

†
L, known as the

Higgs portal [18, 26–40], the vector portal [18, 41], and

the lepton portal [18, 42], respectively. If the couplings

that facilitate such interactions are su�ciently small, the

hidden and visible sectors will be decoupled from one

another, potentially altering the thermal history of the

universe (see, e.g., Refs. [43–47]).

If, by coincidence, a hidden sector DM candidate has

a GeV-TeV scale mass and weak-scale couplings, it will

behave in many respects like a typical WIMP, although

possibly with very feeble interactions with the SM. Al-

ternatively, if the hidden sector is much heavier than the

SM, its lightest particles may be long-lived and come to

dominate the energy density of the universe. When these

states ultimately decay through portal interactions, they

can deposit significant entropy into the SM bath, thereby

diluting the naively excessive DM abundance. Thus, in

this class of models, the DM may be much heavier than

the mass range typically favored by standard thermal

relic arguments; as large as ⇠1-100 PeV without exceed-

ing the measured cosmological dark matter density.

Although the mechanism described in this letter could

be realized within the context of the Higgs, vector, or

lepton portals, for concreteness we will focus here on the

vector portal scenario. For our DM candidate, we intro-

duce a stable Dirac fermion, X, which has unit charge

under a spontaneously broken U(1)X gauge symmetry,

corresponding to the massive gauge boson, Z
0
. The hid-

den Lagrangian contains:

L � �
✏

2
B

µ⌫
Z

0
µ⌫ + gDMZ

0
µX�

µ
X, (1)

where Z
0
µ⌫ and Bµ⌫ are the U(1)X and hypercharge field

strengths, respectively, and ✏ quantifies their kinetic mix-

ing [48, 49]. A small, non-zero value of ✏ can be radia-

tively generated if heavy U(1)X⇥U(1)Y charged particles

are integrated out at some high scale. Since any value

of ✏ is technically natural, it is generic to expect ✏ ⌧ 1.

Thus, if Z
0
is the lightest hidden sector particle, it can
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ton and the �, L = 1
2✏F

0
µ⌫F

µ⌫ .2 This has the e↵ect of
inducing e↵ective couplings between the � and the parti-
cle content of the Standard Model, proportional to their
electric charge. There is no robust prediction for the size
of this coupling – in the e↵ective theory, any value of ✏ is
technically natural (see the discussion in e.g., Ref. [43]).
If the Standard Model is embedded in a Grand Unified
Theory (GUT), however, this coupling can only be gen-
erated after GUT breaking at the loop level. Such a loop
of heavy states carrying both hypercharge and X gauge
charge naturally leads to kinetic mixing at the following
order [35, 41, 42]:

✏ ⇠ gXgY cos ✓W
16⇡2

log

✓
M 0

M

◆
⇠ 1.2⇥ 10�4 log

✓
M 0

M

◆
,

(2)
where (M 0/M) is the ratio of the masses in the loop.
Thus we expect the kinetic mixing to occur at the level
of ✏ ⇠ 10�4 or less, modulo the possibility of a large hier-
archy between M 0 and M . Furthermore, if the splitting
between the di↵erent components of the GUT multiplet
is generated at loop order, then ✏ becomes further sup-
pressed by two loops. A similar set of arguments can be
applied if the dark U(1) is embedded into its own non-
Abelian group, at which point 3- and 4-loop suppression
becomes natural. Consequently, very small values for ✏
could be possible. We can place a lower limit on ✏, how-
ever, by requring that it be large enough to thermalize
the system through the process f� $ f�. This requires
that T 2/MPl = ↵2✏2T (for T � m�,mf ). Thus, for
✏ >⇠ 10�7 the system should be thermalized before the
temperature of WIMP decoupling.

After a dark matter annihilation produces a pair of
� particles, those particles will decay via this small ki-
netic mixing into Standard Model states. The domi-
nant decay channels of the � depend on its mass. For
2me < m� < 2mµ, � decays proceed almost entirely to
e+e�, whereas for 2mµ < m� <⇠ a few hundred MeV, �
decays produce a combination of e+e� and µ+µ�. For
�’s with masses between a few hundred MeV and a few
GeV, decays proceed to a combination of charged leptons
and mesons. Above a few GeV, m� � �QCD, and the
� decays directly to quark-antiquark pairs (along with
charged lepton pairs).

The shape of the gamma-ray spectrum produced in
dark matter annihilations therefore depends on the mass
of the �. In the top frame of Fig. 1, we show the gamma-
ray spectrum per dark matter annihilation for several
values of m�. For values below ⇠1 GeV, the gamma-ray
spectrum is dominated by final state radiation associ-
ated with the process XX ! ��, � ! e+e�, boosted
as described in Ref. [31]. For heavier masses (m� ⇠1-3
GeV), decay channels such as ⇡+⇡�⇡0⇡0, !⇡0, K+K�,

2 Mixing between the � and the Standard Model Z is also possible,
but is expected to be suppressed by ⇠ m2

�/m
2
Z relative to that

with the photon.

FIG. 1: Upper: The gamma-ray spectrum from dark matter
annihilations to two dark gauge bosons, for various choices of
the dark gauge boson’s mass. Lower: Leading contributions
to the gamma-ray spectrum for the case of m� = 1.2 GeV.
For m� <⇠ 700 MeV, the gamma-ray spectrum is dominated
by final state radiation from � decays to e+e�. For heavier
values of m�, decays to mesons provide the most significant
contributions.

⇡+⇡�⇡0, and K0K0 each contribute significantly to the
resulting gamma-ray spectrum.3 The leading contribu-
tions to the gamma-ray spectrum are shown in the bot-
tom frame of Fig. 1 for the case of m� = 1.2 GeV (with
branching fractions of the � as given in Ref. [45]). In the
m� =1 GeV case, decays to ⇡+⇡�⇡0, !⇡0, ⇡+⇡�⇡0⇡0

and final state radiation associated with decays to e+e�

each contribute significantly to the gamma-ray spectrum,
with branching fractions of approximately 20%, 2%, 1.5%
and 33%, respectively.
In Fig. 2, we compare the spectrum of gamma-rays pre-

dicted in this model to the spectrum from the Galactic

3 The branching fractions of a particle decaying
through kinetic mixing with the photon can be
determined using the measurements compiled at
http://durpdg.dur.ac.uk/hepdata/online/rsig/index.html.
The photon spectrum has been calculated based the e↵ective
Lagrangian approach and chiral perturbation theory [44].
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can be as heavy as ⇠1-100 PeV without being overproduced in the early universe.

The Weakly Interacting Massive Particle (WIMP)

paradigm provides a compelling cosmological origin for

dark matter (DM) candidates with weak-scale masses

and interactions. In the early universe, at tempera-

tures above the WIMP’s mass, interactions with the

Standard Model (SM) produce a thermal population of

WIMPs and sustain chemical equilibrium between dark

and visible matter. When the temperature falls below

the WIMP’s mass, these interactions freeze-out to yield

an abundance similar to the observed cosmological DM

density. This narrative is known as the “WIMP miracle.”

In recent years, however, this framework has become

increasingly constrained. The Large Hadron Collider has

not yet discovered any new physics, and limits from direct

detection experiments have improved at an exponential

rate over the past decade. For DM candidates that an-

nihilate at a su�cient rate to avoid being overproduced

in the early universe, unacceptably large elastic scatter-

ing cross sections with nuclei are often predicted. To

evade these constraints, one is forced to consider models

that include features such as coannihilations [1, 2], res-

onant annihilations [1, 3], pseudoscalar couplings [4–7],

or annihilations to final states consisting of leptons or

electroweak bosons [8–16].

It is equally plausible, however, that the DM is a sin-

glet under the SM and was produced independently of

the visible sector during the period of reheating that fol-

lowed inflation (for a review, see Ref. [17]). By freezing-

out through annihilations to SM singlets, the DM in

such models can avoid being overproduced while eas-

ily evading the constraints from direct detection exper-

iments [18–25]. In this letter, we explore this class of

scenarios, focusing on hidden sectors that are thermally

decoupled and, therefore, never reach equilibrium with

the visible sector. In this case, the DM freezes-out of

chemical equilibrium within its own sector, una↵ected

by SM dynamics.

So long as the hidden sector consists entirely of SM

singlets, renormalizable interactions between the SM and

the DM can proceed only through the following gauge

singlet operators: H
†
H, B

µ⌫
, and H

†
L, known as the

Higgs portal [18, 26–40], the vector portal [18, 41], and

the lepton portal [18, 42], respectively. If the couplings

that facilitate such interactions are su�ciently small, the

hidden and visible sectors will be decoupled from one

another, potentially altering the thermal history of the

universe (see, e.g., Refs. [43–47]).

If, by coincidence, a hidden sector DM candidate has

a GeV-TeV scale mass and weak-scale couplings, it will

behave in many respects like a typical WIMP, although

possibly with very feeble interactions with the SM. Al-

ternatively, if the hidden sector is much heavier than the

SM, its lightest particles may be long-lived and come to

dominate the energy density of the universe. When these

states ultimately decay through portal interactions, they

can deposit significant entropy into the SM bath, thereby

diluting the naively excessive DM abundance. Thus, in

this class of models, the DM may be much heavier than

the mass range typically favored by standard thermal

relic arguments; as large as ⇠1-100 PeV without exceed-

ing the measured cosmological dark matter density.

Although the mechanism described in this letter could

be realized within the context of the Higgs, vector, or

lepton portals, for concreteness we will focus here on the

vector portal scenario. For our DM candidate, we intro-

duce a stable Dirac fermion, X, which has unit charge

under a spontaneously broken U(1)X gauge symmetry,

corresponding to the massive gauge boson, Z
0
. The hid-

den Lagrangian contains:

L � �
✏

2
B

µ⌫
Z

0
µ⌫ + gDMZ

0
µX�

µ
X, (1)

where Z
0
µ⌫ and Bµ⌫ are the U(1)X and hypercharge field

strengths, respectively, and ✏ quantifies their kinetic mix-

ing [48, 49]. A small, non-zero value of ✏ can be radia-

tively generated if heavy U(1)X⇥U(1)Y charged particles

are integrated out at some high scale. Since any value

of ✏ is technically natural, it is generic to expect ✏ ⌧ 1.

Thus, if Z
0
is the lightest hidden sector particle, it can
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§ If the portal interaction is not too feeble (! > 10-7), kinetic equilibrium will 
be maintained between the hidden and SM sectors, f " ⟷ f Z’

§ How large should we expect ! to be?

§ If there exist particles that carry both SM 
hypercharge and hidden gauge charge, 
! will be generated at the one-loop level:

§ This motivates ! ~ 10-4 or less 
(in the absence of large mass hierarchies),
although much smaller values are also 
entirely plausible

3

ton and the �, L = 1
2✏F

0
µ⌫F

µ⌫ .2 This has the e↵ect of
inducing e↵ective couplings between the � and the parti-
cle content of the Standard Model, proportional to their
electric charge. There is no robust prediction for the size
of this coupling – in the e↵ective theory, any value of ✏ is
technically natural (see the discussion in e.g., Ref. [43]).
If the Standard Model is embedded in a Grand Unified
Theory (GUT), however, this coupling can only be gen-
erated after GUT breaking at the loop level. Such a loop
of heavy states carrying both hypercharge and X gauge
charge naturally leads to kinetic mixing at the following
order [35, 41, 42]:

✏ ⇠ gXgY cos ✓W
16⇡2

log

✓
M 0

M

◆
⇠ 1.2⇥ 10�4 log

✓
M 0

M

◆
,

(2)
where (M 0/M) is the ratio of the masses in the loop.
Thus we expect the kinetic mixing to occur at the level
of ✏ ⇠ 10�4 or less, modulo the possibility of a large hier-
archy between M 0 and M . Furthermore, if the splitting
between the di↵erent components of the GUT multiplet
is generated at loop order, then ✏ becomes further sup-
pressed by two loops. A similar set of arguments can be
applied if the dark U(1) is embedded into its own non-
Abelian group, at which point 3- and 4-loop suppression
becomes natural. Consequently, very small values for ✏
could be possible. We can place a lower limit on ✏, how-
ever, by requring that it be large enough to thermalize
the system through the process f� $ f�. This requires
that T 2/MPl = ↵2✏2T (for T � m�,mf ). Thus, for
✏ >⇠ 10�7 the system should be thermalized before the
temperature of WIMP decoupling.

After a dark matter annihilation produces a pair of
� particles, those particles will decay via this small ki-
netic mixing into Standard Model states. The domi-
nant decay channels of the � depend on its mass. For
2me < m� < 2mµ, � decays proceed almost entirely to
e+e�, whereas for 2mµ < m� <⇠ a few hundred MeV, �
decays produce a combination of e+e� and µ+µ�. For
�’s with masses between a few hundred MeV and a few
GeV, decays proceed to a combination of charged leptons
and mesons. Above a few GeV, m� � �QCD, and the
� decays directly to quark-antiquark pairs (along with
charged lepton pairs).

The shape of the gamma-ray spectrum produced in
dark matter annihilations therefore depends on the mass
of the �. In the top frame of Fig. 1, we show the gamma-
ray spectrum per dark matter annihilation for several
values of m�. For values below ⇠1 GeV, the gamma-ray
spectrum is dominated by final state radiation associ-
ated with the process XX ! ��, � ! e+e�, boosted
as described in Ref. [31]. For heavier masses (m� ⇠1-3
GeV), decay channels such as ⇡+⇡�⇡0⇡0, !⇡0, K+K�,

2 Mixing between the � and the Standard Model Z is also possible,
but is expected to be suppressed by ⇠ m2

�/m
2
Z relative to that

with the photon.

FIG. 1: Upper: The gamma-ray spectrum from dark matter
annihilations to two dark gauge bosons, for various choices of
the dark gauge boson’s mass. Lower: Leading contributions
to the gamma-ray spectrum for the case of m� = 1.2 GeV.
For m� <⇠ 700 MeV, the gamma-ray spectrum is dominated
by final state radiation from � decays to e+e�. For heavier
values of m�, decays to mesons provide the most significant
contributions.

⇡+⇡�⇡0, and K0K0 each contribute significantly to the
resulting gamma-ray spectrum.3 The leading contribu-
tions to the gamma-ray spectrum are shown in the bot-
tom frame of Fig. 1 for the case of m� = 1.2 GeV (with
branching fractions of the � as given in Ref. [45]). In the
m� =1 GeV case, decays to ⇡+⇡�⇡0, !⇡0, ⇡+⇡�⇡0⇡0

and final state radiation associated with decays to e+e�

each contribute significantly to the gamma-ray spectrum,
with branching fractions of approximately 20%, 2%, 1.5%
and 33%, respectively.
In Fig. 2, we compare the spectrum of gamma-rays pre-

dicted in this model to the spectrum from the Galactic

3 The branching fractions of a particle decaying
through kinetic mixing with the photon can be
determined using the measurements compiled at
http://durpdg.dur.ac.uk/hepdata/online/rsig/index.html.
The photon spectrum has been calculated based the e↵ective
Lagrangian approach and chiral perturbation theory [44].

"

Z’

" Z’

ratio of masses in loop
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§ If kinetic equilibrium is maintained in the early universe (! > 10-7), the 
freeze-out calculation is largely unchanged from the standard picture

§ Just like standard WIMPs, this requires mX ~ few MeV-100 TeV and 
roughly weak-scale couplings, gX ~ 0.6 (mX/TeV)1/2

§ Although the prospects for direct detection and collider experiments can 
be almost arbitrarily suppressed in these scenarios, indirect detection 
remains promising (I will return to this point later)

2

easily be very long-lived, leading it to dominate the en-

ergy density of the universe and change significantly the

predictions of thermal freeze-out.

The thermal freeze-out from chemical equilibrium of

the X population is dictated by their annihilation cross

section which, for mX > mZ0 , is given by:

�vXX̄!Z0Z0 '
⇡↵

2

X

m
2

X

, (2)

where ↵X ⌘ g
2

DM
/4⇡ and we have dropped subleading

terms (see Supplementary Material, Sec. A 1).
1

This

leads to a relic abundance comparable to the measured

dark matter density for weak-scale couplings and masses,

↵X ⇠ 0.0035 ⇥ (mX/100GeV). Although somewhat

heavier DM particles with larger couplings are also pos-

sible, partial-wave unitarity imposes a constraint on ↵X ,

which translates into a hard upper limit of mX <
⇠100

TeV [51]. This bound can be comfortably circumvented,

however, if the hidden and visible sectors are decoupled

at early times.

As an initial condition, we take the hidden and visible

sectors to be described by separate thermal distributions,

with temperatures of Th and T , respectively. The ratio

of these temperatures, ⇠inf ⌘ (Th/T )inf , is determined by

the physics of inflation, including the sectors’ respective

couplings to the inflaton [52, 53]. Using entropy conser-

vation in each sector, we can calculate the time evolution

of ⇠ (prior to the decays of Z
0
):

sh

s
=

g
h
?

g?
⇠
3
= constant (3)

! ⇠ = ⇠inf

✓
g
h
?,inf

gh?

◆1/3✓
g?

g?,inf

◆1/3

,

where g? and g
h
? are the numbers of e↵ective relativis-

tic degrees-of-freedom in the visible and hidden sec-

tors, respectively. If the SM temperature is well above

the electroweak scale, g? ' g?,inf . As the tempera-

ture of the hidden sector falls below mX , g
h
? decreases

from gZ0 + (7/8)gX to gZ0 , bringing ⇠ from ⇠inf to

(13/6)
1/3

⇠inf ⇡ 1.3 ⇠inf , for mZ0 ⌧ mX .

As the universe expands, X will eventually freeze-out

of chemical equilibrium, yielding a non-negligible relic

abundance. The evolution of the number density of X

(plus X̄), nX , is described by the Boltzmann equation:

ṅX + 3HnX = �
1

2
h�vi

 
n
2

X �
n
2

Z0

n
2

Z0,eq

n
2

X,eq

!
, (4)

where h�vi is the thermally averaged cross section for

the process X X̄ ! Z
0
Z

0
, H = [8⇡ (⇢SM + ⇢h)/3m

2

Pl
]
1/2

1 In the mZ0 > mX regime, the dominant annihilation channel is
XX̄ ! Z0 ! SM, with a cross section that is proportional to
✏2. If Z0 is long-lived, this annihilation cross section will be too
small to facilitate a viable thermal freeze-out [50].

describes the expansion rate of the universe in terms of

the energy densities in the visible and hidden sectors,

and mPl ' 1.22 ⇥ 10
19

GeV. Here, we have assumed

that nX = nX̄ . Note that this expression allows for the

possibility that the Z
0
number density is not equal to the

equilibrium value, as the Z
0
population is also expected

to freeze-out of equilibrium during this epoch.

In the case that nZ0 remains close to its equilibrium

value during the freeze-out of X (see Supplementary Ma-

terial, Sec. A 3), the Boltzmann equation can be solved

semi-analytically. In this case, the thermal relic abun-

dance of X (plus X̄) is given by:

⌦Xh
2
⇡ 8.5⇥ 10

�11
xf

p
ge↵?

g⇤

✓
a+ 3⇠b/xf

GeV
�2

◆�1

(5)

⇡ 1.6⇥ 10
4

✓
xf

30

◆✓
0.1

↵X

◆2✓
mX

PeV

◆2✓p
ge↵? /g?

0.1

◆
,

where a and b are terms in the expansion of the DM

annihilation cross section, �v/2 ⇡ a + bv
2
+ O(v

4
) (see

Supplementary Material, Sec. A 1), and g
e↵

? ⌘ g? + g
h
? ⇠

4

at freeze-out. xf , which is defined as the mass of X di-

vided by the SM temperature at freeze-out, is found to

be ⇠ 20⇥ ⇠ over a wide range of parameters (see Supple-

mentary Material, Sec. A 4). From Eq. 5, it is clear that

a PeV-scale DM candidate with perturbative couplings

will initially freeze-out with an abundance that exceeds

the observed DM density (⌦Xh
2

� ⌦DMh
2

' 0.12).

It has long been appreciated, however, that this con-

clusion can be circumvented if the universe departed

from the standard radiation-dominated picture after DM

freeze-out [54–66]. A novel point that we emphasize

here is that such a departure is generically expected

within the context of hidden sector models with small

couplings to the visible sector. More specifically, as the

universe expands, the remaining Z
0
s will become non-

relativistic and quickly come to dominate the energy den-

sity of the universe when ⇢Z0 = 0.0074 g⇤⇠
3

inf
mZ0T

3

dom
>

(⇡
2
/30)g⇤T

4

dom
, which occurs at a visible sector temper-

ature of:

Tdom ⇠ 1TeV ⇥ ⇠
3

inf

⇣
mZ0

50TeV

⌘
. (6)

This expression is valid so long as the Z
0
s depart from

chemical equilibrium while relativistic. When the Z
0

population ultimately decays, it will deposit energy and

entropy into the visible sector, potentially diluting the

DM abundance to acceptable levels. In Fig. 1, we show

the evolution of the energy densities in the visible and

hidden sectors, for a representative choice of parameters

in this model.

For a simple estimate of this e↵ect, suppose that all of

the Z
0
s decay at t = ⌧Z0 . Immediately prior to their de-

cays, they dominate the energy density as non-relativistic

matter, so H = 2/3⌧Z0 . Combining this with the Fried-

mann equation, H
2
= 8⇡⇢Z0/3m

2

Pl
, we find:

4

9 ⌧
2

Z0
⇡ 0.062 g⇤ ⇠

3

inf

mZ0T
3

i

m
2

Pl

. (7)

2

annihilation rate to the observed gamma-ray and
radio fluxes is approximately ⇠10�26 cm3/s, al-
though uncertainties in the dark matter distribu-
tion make the extraction of this quantity uncertain
at the level of a factor of a few. This value is strik-
ingly similar to that required to thermally produce
the measured abundance of dark matter in the early
universe (�v ' 3⇥ 10�26 cm3/s).

• The spectra and time variation of events reported
by the DAMA/LIBRA, CoGeNT and CRESST-II
collaborations collectively favor a spin-independent
elastic scattering cross section between dark mat-
ter and nucleons on the order of � ⇠ 10�41 cm2

(assuming equal couplings to protons and neu-
trons) [15–17].

And while some of the features listed above are not
found among many of the most popular dark matter can-
didates (such as neutralinos), various models satisfying
these requirements have been proposed [7]. Perhaps the
simplest scenario considered thus far is one in which the
dark matter annihilates to the desired charged lepton fi-
nal states through the exchange of a new gauge boson
with much larger couplings to leptons than to quarks.
Such a leptophilic gauge boson could arise from the ad-
dition of a new gauge group, such as the anomaly free
U(1)Li�Lj , for example. Any gauge boson that cou-
ples to electrons (as required to generate the synchrotron
spectrum observed from radio filaments), however, must
contend with the rather stringent constraints from LEP
II. In particular, in order for the dark matter to anni-
hilate through the exchange of a leptophilic gauge bo-
son at a rate high enough to avoid being overproduced
in the early universe while also avoiding the constraints
from LEP II requires either that the gauge boson couples
much more strongly to the dark matter than to electrons,
or that the mass of the gauge boson lies near the reso-
nance mZ0 ⇠ 2mX , where mX denotes the mass of the
dark matter candidate [7]. And while either of these pos-
sibilities represent viable options from a model building
standpoint, neither are what one might have naively ex-
pected nature to provide.

In this article, we consider an alternative class of dark
matter models capable of explaining the indirect and di-
rect signals described above. Again, we consider a new
gauge boson, but with a mass lighter than that of the
dark matter itself, m� < mX . If the gauge group re-
sponsible for this new gauge boson is charged only to the
dark matter, such as U(1)X , then dark matter annihi-
lations will produce pairs of the new boson, which then
decay through kinetic mixing with the photon to Stan-
dard Model states. As we will show, for very plausible
values of the gauge coupling (gX ⇡ 0.06), gauge boson
mass (m� ⇠ 100 MeV- 3 GeV), and degree of kinetic
mixing (✏ ⇠ 10�3 � 10�6), the dark matter in this model
can account for the observed gamma-ray and synchrotron
spectra, as well as the anomalous direct direction signals.

II. DARK MATTER ANNIHILATION
THROUGH A NEW DARK FORCE

Dark matter interacting through dark forces has been
widely discussed in recent years, especially within the
context of e↵orts to provide an explanation for the
PAMELA positron excess [30–34]. The idea that dark
matter might be charged under a U(1) that kinetically
mixes with the photon was first considered by Holdom
nearly three decades ago [35]. Models in which the
dark matter could freeze-out by annihilations into a light
metastable dark force carrier were considered much more
recently by the authors of Ref. [36], who noted that high
energy e+e� final states were a natural consequence of
this channel. Such signals were subsequently studied
in Ref. [37]. Such models were studied in general in
Ref. [38], which examined both heavy WIMPs as well
as the possibility of ⇠MeV mass WIMPs to explain the
511 keV line observed by INTEGRAL.

Within the context of light WIMPs, Refs. [39–41]
pointed out that a ⇠GeV mass U(1) gauge boson which
kinetically mixes with electromagnetism could lead to a
large elastic scattering cross section between dark matter
and nuclei. And while the leptonic phenomenology (i.e.,
PAMELA) has been well explored for dark forces in the
case of heavy WIMPs, the indirect signals for the slightly
heavier � (with associated hadronic cascades) have not
been as thoroughly studied. Moreover, within the con-
text of light WIMPs, and specifically with connections
to observations of the Galactic Center, the associated
gamma-ray phenomenology has not previously been ex-
plored.

This simple model we consider in this article consists
of a stable Dirac fermion, X, which will serve as our dark
matter candidate, and a new U(1)X gauge group, broken
to provide a massive vector boson, �. If the mass of the
gauge boson is much lighter than the mass of the dark
matter candidate, m� ⌧ mX , then dark matter anni-
hilations will proceed dominantly through the t-channel
exchange of an X to a pair of � particles with a cross
section given by [37]:

�vXX!�� ' ⇡↵2
X

m2
X

⇡ 3⇥10�26 cm3/s

✓
gX
0.06

◆4✓10GeV

mX

◆2

,

(1)
where ↵X ⌘ g2X/4⇡ and gX is the gauge coupling of the
dark force. Note that for dark matter particles with a
mass in the range motivated by the aforementioned indi-
rect and direct signals (mX ⇠ 10 GeV), the measured
cosmological density of dark matter will be produced
thermally in the early universe for a gauge coupling of
gX ⇡ 0.06, regardless of the mass of the light force car-
rier, m�. With this in mind, we will fix the gauge cou-
pling to this value throughout the remainder of this pa-
per.

The leading interaction between the Standard Model
and the dark sector is kinetic mixing between the pho-

~



A Decoupled Hidden Sector
§ In most discussions of hidden sector dark matter models, the portal 

interactions are assumed to be strong enough for kinetic equilibrium to 
be reached between the two sectors; this need not be the case

§ Lets hypothesize that the dark matter resides within a hidden sector, 
which is not only uncharged under the Standard Model, but is entirely 
decoupled from the Standard Model bath (! < 10-7) 

§ Both the Standard Model sector and the hidden sector are populated 
during reheating (after inflation); we treat the ratio of their initial 
temperatures as a free parameter and an initial condition

Berlin, DH, Krnjaic, 
arXiv:1609.02555, 
1602.08490

Standard
Model

Hidden
Sector

(very feeble)
Portal

Dan Hooper – Hidden Sector WIMPs 
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Thermodynamics of a Decoupled 
Hidden Sector

§ As the universe expands, the temperatures of the two sectors remain 
independent of each other, and evolve according to entropy conservation

§ The details of this evolution 
depend on the masses of the 
particles involved, and on 
whether or not chemical 
equilibrium is maintained

§ If the Z’ population is in chemical 
equilibrium after Th < mZ’, their  
mass can be transferred into 
heat (ie. cannibalism)

Berlin, DH, Krnjaic, arXiv:1609.02555, 1602.08490
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FIG. 2. Temperature dependence of ⇠ ⌘ Th/T , for the case that X is a Dirac fermion and Y is a massive neutral

vector boson. RFO (NRFO) denotes that Y freezes out while (non-)relativistic. Otherwise, Y is assumed to be in

chemical equilibrium. Cannabilism occurs indefinitely if Y remains in chemical equilibrium once Th . mY , as seen by

the sharp rise in ⇠ for the blue and dashed-red lines, corresponding to mY = mX/10 and mY = mX/50, respectively.

Similarly, for the yellow-dashed line, we once again take mY = mX/10, but assume that once Th . mY , Y only

remains in chemical equilibrium up until it freezes out at Th ⇠ mY /5, at which point ⇠ ⇠ 1/R. Also, as illustrated by

the dashed light-blue line, we fix mY = mX/50 and assume that Y freezes out while still relativistic. In this case, ⇠

is truncated by Eq. (2), up until Th . mY , at which point ⇠ ⇠ 1/R. Finally, we show the limiting case of mY ⌧ mX

as depicted by the solid orange line.

Imagine that Y freezes out at T i, T i
h � mY , and E

i
Y ⇡ p

i
Y � mY , and consider later times before Y becomes

non-relativistic. Assuming that EY � µY and using the fact that EY /Th is fixed, the temperature of Y

evolves as

Th = T
i
h
EY

E
i
Y

⇡ T
i
h
pY

p
i
Y

⇡ T
i
h
R

i

R
⇡ T

i
h

T

T i
, (7)

and, hence, ⇠ = ⇠
i. Alternatively, imagine that while Y is non-relativistic, its comoving number density

becomes or is already fixed. In this case, its kinetic energy scales as EY,kin / 1/R2, and hence so does Th.

From this it follows that ⇠ = ⇠
i
R

i
/R = ⇠

i
T/T

i. Furthermore, through a similar argument as above, in the

non-relativistic limit,

Th = T
i
h
mY � µY

mY � µ
i
Y

, (8)
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FIG. 3. Representative Feynman diagrams for processes that could potentially maintain the chemical equilibrium

of the Z
0 population for Th . mZ0 .

where ↵X ⌘ g
2
Z0/4⇡, µ is the reduced mass of the proton and �, and cw is cosine of the Weinberg angle.

Before any large increase in entropy occurs from Z
0 decays, � freezes out through the process ��̄ ! Z

0
Z

0,

with an initial abundance given by Eq. (24). In particular, 1
2 �v(��̄ ! Z

0
Z

0) = a + b v
2, where

a =
⇡↵

2
X

2m2
�

p
1 � r2

✓
2 +

r
4

(2 � r2)2

◆
⇡

⇡↵
2
X

m
2
�

+ O(r2) ,

b =
⇡↵

2
X

48m2
�

✓
27r10 � 254r8 + 900r6 � 1528r4 + 1312r2 � 448

(1 � r2)1/2 (2 � r2)4

◆
⇡ �

7⇡↵2
X

12m2
�

+ O(r2) , (56)

where v is the relative � velocity, and r ⌘ mZ0/m� .

The dilution of the � density from late-time Z
0 decays directly follows the discussion in Sec. IV. As seen

from Eq. (30), the required inputs are ⌧Z0 and YZ0 , the former of which is given by the inverse of Eq. (53).

Various processes may keep Z
0 in chemical equilibrium (with respect to the rest of the hidden sector) as the

hidden sector cools. Representative diagrams that deplete the Z
0 number density are shown in Fig. 3. In the

discussion preceding Eq. (18), we noted that solving the Boltzmann equation is immensely simplified if the

Z
0 departs from chemical equilibrium while it is still relativistic. Alternatively, in order for the Z

0 to remain

in chemical equilibrium while non-relativistic, the rate, �, for a process that depletes the Z
0 number density

must overcome Hubble expansion at or before the critical temperature, Th = mZ0 . Therefore, the quantity

of interest is �/H, as evaluated at Th = mZ0 . If �/H ⌧ 1, it is safe to assume that the Z
0 population freezes

out while still relativistic.

We first consider the process Z
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In Fig. 4, we plot the quantity �/H, evaluated at Th = mZ0 , as a function of ↵X for each of these three

interactions. As illustrated in this figure, for ↵X . 0.5 and m�/mZ0 & 10, �/H . 10�1, and the Z
0

population is not maintained in chemical equilibrium. For the remainder of our analysis, we will therefore

assume that the Z
0 freezes out while it is relativistic. Following the discussion above Eq. (18), this implies
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FIG. 3. Representative Feynman diagrams for processes that could potentially maintain the chemical equilibrium

of the Z
0 population for Th . mZ0 .

where ↵X ⌘ g
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Z0/4⇡, µ is the reduced mass of the proton and �, and cw is cosine of the Weinberg angle.
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where v is the relative � velocity, and r ⌘ mZ0/m� .

The dilution of the � density from late-time Z
0 decays directly follows the discussion in Sec. IV. As seen

from Eq. (30), the required inputs are ⌧Z0 and YZ0 , the former of which is given by the inverse of Eq. (53).

Various processes may keep Z
0 in chemical equilibrium (with respect to the rest of the hidden sector) as the

hidden sector cools. Representative diagrams that deplete the Z
0 number density are shown in Fig. 3. In the

discussion preceding Eq. (18), we noted that solving the Boltzmann equation is immensely simplified if the

Z
0 departs from chemical equilibrium while it is still relativistic. Alternatively, in order for the Z

0 to remain

in chemical equilibrium while non-relativistic, the rate, �, for a process that depletes the Z
0 number density

must overcome Hubble expansion at or before the critical temperature, Th = mZ0 . Therefore, the quantity

of interest is �/H, as evaluated at Th = mZ0 . If �/H ⌧ 1, it is safe to assume that the Z
0 population freezes

out while still relativistic.

We first consider the process Z
0
Z

0
Z

0
Z

0
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0 mediated by a � loop. Gauge invariance and dimensional

analysis suggests that the rate for this process will scale as follows:
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In Fig. 4, we plot the quantity �/H, evaluated at Th = mZ0 , as a function of ↵X for each of these three

interactions. As illustrated in this figure, for ↵X . 0.5 and m�/mZ0 & 10, �/H . 10�1, and the Z
0

population is not maintained in chemical equilibrium. For the remainder of our analysis, we will therefore

assume that the Z
0 freezes out while it is relativistic. Following the discussion above Eq. (18), this implies
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§ In this decoupled scenario, the dark 
matter freezes-out of thermal equilibrium 
entirely within the hidden sector, 
annihilating to produce lighter particles 
within the hidden sector (ie. Z’s)

§ If reasonably long-lived, the annihilation 
products eventually become non-
relativistic and evolve to dominate the 
energy density of the early universe

§ When these particles ultimately decay, 
they reheat the universe, diluting the 
abundances of any relics (including       
the dark matter)

Berlin, DH, Krnjaic, 
arXiv:1609.02555, 
1602.08490
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FIG. 1. The evolution of the energy densities of dark matter
(blue solid), of Z0s (yellow dashed), and in the visible sector
(orange dot-dashed), as a function of the visible sector tem-
perature. Upon becoming non-relativistic, the Z0s quickly
come to dominate the energy density of the universe and,
when they decay, they heat the SM bath and dilute the X
abundance. This is a rather generic feature of models with a
heavy and decoupled hidden sector.

Thus the temperature of the visible sector immediately

prior to the decays is given by:
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From energy conservation (⇢SM = ⇢Z0), the temperature

of the SM bath immediately following the Z
0
decays is set

by the relation (⇡
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the final visible sector temperature:

Tf ⇡ GeV

✓
✏

10�10

◆✓
mZ0

100TeV

◆1/2 ✓
100

g?

◆1/4

. (9)

As a consequence of the reheating that results from

these decays, the abundances of any previously frozen-

out relics (including X) will be diluted by a factor of

(Tf/Ti)
3
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A more careful calculation, integrating over the Z
0
decay

rate [67], yields:
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where hg?i denotes the time-averaged value over the pe-

riod of decay. Combining this with Eq. 5, we find that

the final DM relic abundance is:
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In Fig. 2 we plot some of the phenomenological fea-

tures of this model as a function of the DM mass and the

degree of kinetic mixing between the Z
0
and SM hyper-

charge. The black contours denote the regions where the

DM density is equal to the measured cosmological abun-

dance, for three values of the hidden sector interaction

strength, ↵X . Below the brown region, Z
0
decays de-

posit significant entropy into the visible sector, reducing

the final X abundance.

Also plotted in this figure are the constraints from the

null results of direct detection experiments and the suc-

cessful predictions of Big Bang Nucleosynthesis (BBN).

Comparing the elastic scattering cross section between

DM and nuclei predicted in this model to the most re-

cent constraints from LUX [68] (for a value of ↵X that

yields the desired thermal relic abundance, again as-

suming that mX > mZ0), we arrive at a constraint of

✏ <⇠ 1.1⇥ 10
�3

⇥ (mZ0/100GeV)
2
, for mX >

⇠ 50 GeV. To

assure consistency with BBN, we require that the tem-

perature of the universe exceeds 10 MeV after the decays

of the Z
0
population, resulting in the following constraint:

✏ >
⇠ 2 ⇥ 10

�13
⇥ (100TeV/mZ0)

1/2
(g?/10)

1/4
(see Sup-

plementary Material, Secs. A 5-A 6).

The constraints described in the previous paragraph

can be satisfied for a wide range of ✏, spanning many

orders of magnitude. Depending on the degree of kinetic

mixing, the hidden and visible sectors may have been

entirely decoupled from one another, or kept in kinetic

equilibrium through interactions of the type �f $ Z
0
f

(see Supplementary Material, Sec. A 7). Quantitatively,

we find that the rate for these processes exceed that of

Hubble expansion if: ✏ >⇠ 10
�7

⇥ (T/10GeV)
1/2

(shown

as the orange region in Fig. 2). Thus for smaller values of

✏, the hidden sector will not reach equilibrium with the

visible sector and will remain decoupled. Furthermore,

in the yellow regions of Fig. 2, the Z
0
population decays

prior to the freeze-out of X.

In Fig. 1 and in the left-panel of Fig. 2, we have pre-

sented results for a case in which the visible and hidden

sectors were initially reheated to similar temperatures af-

ter inflation, ⇠inf = 1. It is also interesting to consider

scenarios in which the initial temperatures of these sec-

tors are very di↵erent. In the ⇠inf ⌧ 1 case, the Z
0
pop-

ulation does not come to dominate the energy density of

the universe, and their decays do not significantly impact

cosmological history. The DM in this scenario, however,

is produced with a relic abundance that is proportional

to ⇠, making it possible to avoid overproduction even

for very large masses. An even more interesting case is

that in which reheating preferentially populates the hid-

den sector, with comparatively little SM particle content

X Freeze-out Z’ Decay, Reheating

Z’ Dominated Era
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Dark Matter Within a Heavy Decoupled 
Hidden Sector

Berlin, DH, Krnjaic, 
arXiv:1609.02555, 
1602.08490

Here’s an example of a vector portal dark matter scenario:
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Dark Matter Within a Heavy Decoupled 
Hidden Sector

§ For a sizeable portal interaction 
strength (! >10-7), kinetic equilibrium 
between the sectors is reached, and 
the early universe undergoes a 
standard thermal history

Berlin, DH, Krnjaic, 
arXiv:1609.02555, 
1602.08490
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Dark Matter Within a Heavy Decoupled 
Hidden Sector

§ For a sizeable portal interaction 
strength (! >10-7), kinetic equilibrium 
between the sectors is reached, and 
the early universe undergoes a 
standard thermal history

§ For very weak portal interactions, 
however, there is an early matter-
dominated era, followed by late-time 
reheating

§ This dilution can easily facilitate an 
acceptable dark matter abundance for 
masses as high as ~10-100 PeV
(well above of the range for a standard 
WIMP) Berlin, DH, Krnjaic, 

arXiv:1609.02555, 
1602.08490

Here’s an example of a vector portal dark matter scenario:

Dan Hooper – Hidden Sector WIMPs 

Vector Portal, mX/mZ’=20, "inf=1

mX [GeV]

~



Dark Matter Within a Heavy Decoupled 
Hidden Sector

§ The history of the early universe in these scenarios also depends on 
the ratio of the initial temperatures of the hidden and visible sectors

§ For Thidden<<TSM, no early matter-dominated era, no late-time reheating

§ For Thidden>>TSM, the Standard Model bath almost entirely originates 
from the decay of the hidden sector

Dan Hooper – Hidden Sector WIMPs 
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Indirect Searches for Hidden Sector WIMPs
§ In contrast to direct detection and collider 

searches, indirect searches are generally 
as sensitive to hidden sector dark matter 
candidates as they are to standard 
WIMPs (with the normal caveats about p-
wave amplitudes, coannihilations, etc.)

§ Indirect detection experiments that are 
sensitive to dark matter particles 
annihilating with a cross section of 
σv~10-26 cm3/s will be able to test a wide 
range of hidden sector WIMP scenarios

Fermi

AMS-02
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Current Constraints from Indirect Detection
§ A variety of gamma-ray strategies (GC, dwarfs, IGRB, etc.) as well as 

cosmic-ray antiproton and positron measurements from AMS, are 
currently sensitive to dark matter with the annihilation cross section 
predicted for  a simple thermal relic, for masses up to ~100 GeV

§ This program is not a fishing expedition, but is testing a wide range of 
well-motivated dark matter models (both hidden sector and otherwise)
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FIG. 3. Upper limits (95% CL) on the DM annihilation cross
section, as derived from the AMS positron fraction, for various
final states (this work), WMAP7 (for ℓ+ℓ−) [44] and Fermi
LAT dwarf spheroidals (for µ+µ− and τ+τ−) [43]. The dotted
portions of the curves are potentially affected by solar modu-
lation. We also indicate ⟨σv⟩therm ≡ 3 × 10−26 cm3s−1. The
AMS limits are shown for reasonable reference values of the
local DM density and energy loss rate (see text), and can vary
by a factor of a few, as indicated by the hatched band (for
clarity, this band is only shown around the e+e− constraint).

our upper bound on the annihilation cross section to
e+e− is approximately two orders of magnitude below
⟨σv⟩therm. If only a fraction f of DM annihilates like
assumed, limits would scale like f−2 (and, very roughly,
⟨σv⟩therm ∝ f−1). We also show in Fig. 3 the upper
bounds obtained for other leptonic final states. As ex-
pected, these limits are weaker than those found in the
case of direct annihilation to electrons – both because
part of the energy is taken away by other particles (neu-
trinos, in particular) and because they feature broader
and less distinctive spectral shapes. These new limits
on DM annihilating to µ+µ− and τ+τ− final states are
still, however, highly competitive with or much stronger
than those derived from other observations, such as from
the cosmic microwave background [44] and from gamma-
ray observations of dwarf galaxies [43]. Note that for
the case of e+e−γ final states even stronger limits can
be derived for mχ ! 50GeV by a spectral analysis of
gamma rays [73]. We do not show results for the b̄b
channel, for which we nominally find even weaker lim-
its due to the broader spectrum (for mχ ≃ 100GeV,
about ⟨σv⟩ " 1.1 · 10−24 cm3s−1). In fact, due to de-
generacies with the background modeling, limits for an-
nihilation channels which produce such a broad spectrum
of positrons can suffer from significant systematic uncer-
tainties. For this reason, we consider our limits on the
e+e− channel to be the most robust.
Uncertainties in the e± energy loss rate and local DM

density weaken, to some extent, our ability to robustly
constrain the annihilation cross sections under consid-
eration in Fig. 3. We reflect this uncertainty by show-

ing a band around the e+e− constraint, corresponding
to the range Urad + UB = (1.2 − 2.6) eV cm−3, and
ρ⊙χ = (0.25− 0.7)GeV cm−3 [61, 74] (note that the form
of the DM profile has a much smaller impact). Uncer-
tainty bands of the same width apply to each of the other
final states shown in the figure, but are not explicitly
shown for clarity. Other diffusion parameter choices im-
pact our limits only by up to ∼10%, except for the case
of low DM masses, for which the effect of solar modula-
tion may be increasingly important [53, 75]. We reflect
this in Fig. 3 by depicting the limits derived in this less
certain mass range, where the peak of the signal e+ flux
(as shown in Fig. 1) falls below a fiducial value of 5GeV,
with dotted rather than solid lines.

For comparison, we have also considered a collection
of physical background models in which we calculated
the expected primary and secondary lepton fluxes using
GALPROP, and then added the contribution from all
galactic pulsars. While this leads to an almost identical
description of the background at high energies as in the
phenomenological model, small differences are manifest
at lower energies due to solar modulation and a spec-
tral break [55, 76, 77] in the CR injection spectrum at a
few GeV (both neglected in the AMS parameterization).
We cross-check our fit to the AMS positron fraction with
lepton measurements by Fermi [64]. Using these physical
background models in our fits, instead of the phenomeno-
logical AMS parameterization, the limits do not change
significantly. The arguably most extreme case would be
the appearance of dips in the background due to the su-
perposition of several pulsar contributions, which might
conspire with a hidden DM signal at almost exactly the
same energy. We find that in such situations, the real lim-
its on the annihilation rate could be weaker (or stronger)
by up to roughly a factor of 3 for any individual value of
mχ. See the Appendix [45] for more details and further
discussion of possible systematics that might affect our
analysis.

Lastly, we note that the upper limits on ⟨σv⟩(mχ) re-
ported in Fig. 3 can easily be translated into upper limits
on the decay width of a DM particle of mass 2mχ via
Γ ≃ ⟨σv⟩ρ⊙χ /mχ. We checked explicitly that this sim-
ple transformation is correct to better than 10% for the
L =4 kpc propagation scenario and e+e− and µ+µ− final
states over the full considered energy range.

Conclusions. In this Letter, we have considered a
possible dark matter contribution to the recent AMS cos-
mic ray positron fraction data. The high quality of this
data has allowed us for the first time to successfully per-
form a spectral analysis, similar to that used previously
in the context of gamma ray searches for DM. While we
have found no indication of a DM signal, we have derived
upper bounds on annihilation and decay rates into lep-
tonic final states that improve upon the most stringent
current limits by up to two orders of magnitude. For
light DM in particular, our limits for e+e− and µ+µ− fi-
nal states are significantly below the cross section naively
predicted for a simple thermal relic. When taken together

Bergstrom, et al, 
arXiv:1306.3983

Fermi Collaboration, 
arXiv:1611.03184

Cuoco, et al., arXiv:1610.03071
Cui, et al. arXiv:1610.03840
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Indirect Detection of Dark Matter in a 
Decoupled Hidden Sector

§ If kinetic equilibrium is reached, we 
generally require σv~2x10-26 cm3/s, 
which is within reach of existing and 
planned searches for masses up to 
~100-1000 GeV 

§ If the hidden and SM sectors never 
reach equilibrium, however, the late 
time decays of the hidden sector dilute 
the dark matter abundance, reducing 
the annihilation cross section required 
to obtain the desired dark matter 
abundance

Dan Hooper – Hidden Sector WIMPs 

σv~2x10-26 cm3/s

σv~2x10-28 cm3/s
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Indirect Detection of Dark Matter in a 
Decoupled Hidden Sector

§ At first glance, this would appear to 
bode poorly for indirect searches for 
decoupled hidden sector dark matter

§ But recall that the early universe 
includes a matter dominated era in 
this scenario, during which structure 
growth is linear (in contrast to the 
logarithmic growth that is predicted 
during radiation domination)

§ As a result, nearly all of the dark 
matter can become gravitationally 
bound in ultra-compact microhalos, 
leading to very high annihilation rates 
in the halo (and elsewhere) today

Dan Hooper – Hidden Sector WIMPs 
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FIG. 1. The evolution of the energy densities of dark matter
(blue solid), of Z0s (yellow dashed), and in the visible sector
(orange dot-dashed), as a function of the visible sector tem-
perature. Upon becoming non-relativistic, the Z0s quickly
come to dominate the energy density of the universe and,
when they decay, they heat the SM bath and dilute the X
abundance. This is a rather generic feature of models with a
heavy and decoupled hidden sector.

Thus the temperature of the visible sector immediately

prior to the decays is given by:
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From energy conservation (⇢SM = ⇢Z0), the temperature

of the SM bath immediately following the Z
0
decays is set

by the relation (⇡
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As a consequence of the reheating that results from

these decays, the abundances of any previously frozen-

out relics (including X) will be diluted by a factor of

(Tf/Ti)
3
:

Sf

Si
⇠ 800⇥

✓
10

�10

✏

◆⇣
mZ0

100TeV

⌘1/2 ⇣
g⇤
100

⌘1/4
⇠
3

inf
. (10)

A more careful calculation, integrating over the Z
0
decay

rate [67], yields:

Sf

Si
⇡ 680⇥

✓
10

�10

✏

◆✓
mZ0

100TeV

◆1/2✓
hg

1/3
? i

3

100

◆1/4

⇠
3

inf
,(11)

where hg?i denotes the time-averaged value over the pe-

riod of decay. Combining this with Eq. 5, we find that

the final DM relic abundance is:
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In Fig. 2 we plot some of the phenomenological fea-

tures of this model as a function of the DM mass and the

degree of kinetic mixing between the Z
0
and SM hyper-

charge. The black contours denote the regions where the

DM density is equal to the measured cosmological abun-

dance, for three values of the hidden sector interaction

strength, ↵X . Below the brown region, Z
0
decays de-

posit significant entropy into the visible sector, reducing

the final X abundance.

Also plotted in this figure are the constraints from the

null results of direct detection experiments and the suc-

cessful predictions of Big Bang Nucleosynthesis (BBN).

Comparing the elastic scattering cross section between

DM and nuclei predicted in this model to the most re-

cent constraints from LUX [68] (for a value of ↵X that

yields the desired thermal relic abundance, again as-

suming that mX > mZ0), we arrive at a constraint of

✏ <⇠ 1.1⇥ 10
�3

⇥ (mZ0/100GeV)
2
, for mX >

⇠ 50 GeV. To

assure consistency with BBN, we require that the tem-

perature of the universe exceeds 10 MeV after the decays

of the Z
0
population, resulting in the following constraint:

✏ >
⇠ 2 ⇥ 10

�13
⇥ (100TeV/mZ0)

1/2
(g?/10)

1/4
(see Sup-

plementary Material, Secs. A 5-A 6).

The constraints described in the previous paragraph

can be satisfied for a wide range of ✏, spanning many

orders of magnitude. Depending on the degree of kinetic

mixing, the hidden and visible sectors may have been

entirely decoupled from one another, or kept in kinetic

equilibrium through interactions of the type �f $ Z
0
f

(see Supplementary Material, Sec. A 7). Quantitatively,

we find that the rate for these processes exceed that of

Hubble expansion if: ✏ >⇠ 10
�7

⇥ (T/10GeV)
1/2

(shown

as the orange region in Fig. 2). Thus for smaller values of

✏, the hidden sector will not reach equilibrium with the

visible sector and will remain decoupled. Furthermore,

in the yellow regions of Fig. 2, the Z
0
population decays

prior to the freeze-out of X.

In Fig. 1 and in the left-panel of Fig. 2, we have pre-

sented results for a case in which the visible and hidden

sectors were initially reheated to similar temperatures af-

ter inflation, ⇠inf = 1. It is also interesting to consider

scenarios in which the initial temperatures of these sec-

tors are very di↵erent. In the ⇠inf ⌧ 1 case, the Z
0
pop-

ulation does not come to dominate the energy density of

the universe, and their decays do not significantly impact

cosmological history. The DM in this scenario, however,

is produced with a relic abundance that is proportional

to ⇠, making it possible to avoid overproduction even

for very large masses. An even more interesting case is

that in which reheating preferentially populates the hid-

den sector, with comparatively little SM particle content

Z’ Dominated Era

A. Erickcek, C. Blanco, DH, in preparation



A Note on Annihilation J-Factors
§ The flux of annihilation products is proportional to the J-factor, which is 

the integral of the square of the dark matter density over the observed 
line-of-sight:

§ But in a scenario in which most of the dark matter is found within ultra-
compact microhalos, the macroscopic annihilation rate scales not as the 
density of dark matter squared, but as the number density of microhalos

§ The relevant J-factors thus exhibit a distribution that is the same as that 
usually calculated for decaying dark matter

Searches for decaying dark matter are also searches for 
annihilating dark matter from a decoupled hidden sector

Dan Hooper – Hidden Sector WIMPs 

A. Erickcek, C. Blanco, DH, in preparation

Indirect Searches For Dark Matter Dan Hooper

including gamma rays and cosmic rays. Searches for dark matter using gamma-ray telescopes
benefit from the fact that these particles are not deflected by magnetic fields and are negligibly
attenuated over Galactic distance scales, making it possible to acquire both spectral and spatial
information, unmolested by astrophysical effects.

The possibility that gamma-ray telescopes could be used to detect the annihilation products of
dark matter particles was first suggested in a pair of papers published in 1978 by Jim Gunn, Ben
Lee, Ian Lerche, David Schramm and Gary Steigman [37], and by Floyd Stecker [38]. Today, four
decades later, gamma-ray searches for dark matter provide us with some of the most stringent and
robust constraints on the dark matter’s annihilation cross section.

The dark matter annihilation rate per volume is given by hsvir2
X/2m2

X , where rX is the dark
matter density and the factor of 1/2 is included to avoid double counting the annihilations of particle
A with particle B, and particle B with particle A. Here we are assuming that the annihilating
particles are their own antiparticle (XX). If we were instead to consider annihilations between
dark matter and anti-dark matter (XX̄), the annihilation rate would be half as large for a given value
of the cross section. However, the annihilation cross section must also be twice as large in this case
in order to obtain the desired relic abundance, and thus the overall annihilation rate of a thermal
relic today remains the same, regardless of whether the dark matter candidate is or is not its own
antiparticle.

To calculate the spectrum and angular distribution of gamma rays from dark matter annihila-
tions per unit time from within a solid angle, DW, we integrate the annihilation rate over the solid
angle observed, and over the line-of-sight:

Fg(Eg ,DW) =
1
2

dNg
dEg

hsvi
4pm2

X

Z

DW

Z

los
r2

X(l,W)dldW, (2.1)

where dNg/dEg is the spectrum of gamma rays produced per annihilation, which depends on the
mass of the dark matter particle and on the types of particles that are produced in this process. In
practice, such spectra are often calculated using software such as PYTHIA [39]. In addition to
prompt gamma rays, dark matter annihilations can produce electrons and positrons which generate
gamma rays through inverse Compton and bremsstrahlung processes [40, 41, 42].

The basic characteristics of dNg/dEg depend primarily on the dominant annihilation channels
of the dark matter particle. For annihilations to quark-antiquark pairs, the resulting jets produce
photons through the decays of neutral pions, resulting in a spectrum that typically peaks at an
energy around ⇠ mX/20 (in E2

g dNg/dEg units). For dark matter that is heavy enough to produce W
or Z pairs in their annihilations, the resulting gamma-ray spectrum is similar. In contrast, if the dark
matter annihilates to charged lepton pairs, the resulting spectrum is predicted to be quite different.
Annihilations to t+t� produce a gamma-ray spectrum that is fairly sharply peaked around ⇠ mX/3
(due to the harder spectrum of neutral pions). In the case of annihilations to e+e� or µ+µ� the
gamma-ray spectrum is dominated by final state radiation (rather than pion decay) and inverse
Compton scattering, generally resulting in a smaller flux of higher-energy photons.

The quantity described by the integrals in Eq. 2.1 is often referred to as the J-factor, which
encodes all of the relevant astrophysical information. To build some intuition for the annihilation
J-factor, consider the simple example of dark matter particles annihilating in a spherical dwarf
galaxy of radius r, uniform density r , and located at a distance d. For d � r, this J-factor is given

9

J-factor



The Galactic Center GeV Excess

§ A bright and highly statistically significant 

excess of gamma-rays has been observed 

from the region surrounding the Galactic 

Center

§ This signal is difficult to explain with 

astrophysical sources or mechanisms, but 

is very much like the signal predicted from 

annihilating dark matter

10

FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-
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significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-

Among other references, see:
DH, Goodenough (2009, 2010) 

DH, Linden (2011) 

Abazajian, Kaplinghat (2012)

Gordon, Macias (2013)

Daylan, et al. (2014)

Calore, Cholis, Weniger (2014)

Murgia, et al. (2015) 

Ackermann et al. (2017)
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§ Spectrum: Well fit by a ~40-70 GeV 
particle annihilating to quarks, and is 
uniform across the Inner Galaxy

§ Morphology: Approximately spherically 
symmetric, with a flux that falls as 
~r -2.4 out to at least ~10°,               
consistent with a DM halo only         
slightly steeper than NFW

§ Intensity: Requires an annihilation       
cross section of σv ~ 10-26 cm3/s,          
near the value of a thermal relic

In each of these respects, the 
observed characteristics of the 
excess are in good agreement with 
the expectations of annihilating dark  
matter – hidden sector or otherwise
(see Escudero, Witte, DH, arXiv:1709.07002)
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Figure 16. Same as figure 14, but from a fit with the segmented GCE template as illustrated in
figure 15. We show results for GDE model F (black dots), as well as the envelope for all 60 GDE
models (blue dotted lines) and the systematic errors that we derived from fits in 22 test regions along
the Galactic disk (yellow boxes, in analogy to figure 12). See figure 28 below for the spectra of all
components.
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Daylan, Finkbeiner, Hooper, Linden, Rodd, Slatyer (2014) 
Calore, Cholis, Weniger; Calore, Cholis, McCabe, Weinger (2014);

Dark Matter and the GeV Excess
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A Cosmic-Ray Antiproton Excess?
§ There is also a small excess in the AMS 

antiproton spectrum at ~10-20 GeV
§ The spectrum and intensity of this excess is 

well fit by the same range of dark matter 
models that could account for the Galactic 
Center gamma-ray excess

§ This excess is quite statistically significant 
(~4.7σ), and appears to be robust to 
variations in the ISM propagation model, as 
well as uncertainties associated with the 
antiproton production cross section and 
solar modulation

§ Searches for cosmic-ray anti-deuterons   
and anti-helium nuclei will help to clarify  
this situation

Cuoco, et al., arXiv:1610.03071
Cui, et al., arXiv:1610.03840
Reinert, Winkler, arXiv:1712.00002
Cui, et al., arXiv:1803.02163
Cholis, Hooper and Linden (in prep.)
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Summary
§ The null results of direct detection experiments and the LHC have put 

stress on the WIMP paradigm
§ Models in which the dark matter is part of a hidden sector can trivially 

evade these constraints, while still exploiting the “WIMP Miracle”
§ Many well motivated and simple model building possibilities exist, 

including those which incorporate the vector, Higgs and lepton portals
§ If the hidden sector is decoupled from the SM bath, the early universe may 

have had a matter-dominated phase followed by late-time reheating, 
allowing for dark matter as heavy as ~100 PeV and with very high 
annihilation rates

§ Indirect searches provide us with an important probe of hidden sector dark 
matter models which are not within the reach of direct detection or collider 
experiments

§ The Galactic Center gamma-ray excess and cosmic-ray antiproton excess 
are each interesting within this context
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