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What Do We Know About 
the Dark Matter?
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where the !
PBH

,!p and !r are the relative overdensities
of PBHs, Poisson fluctuations and radiation, respectively.
Since !p in Eq.(1)is observable and constant, one would
conclude that the quantity

S ! !
PBH

"
3

4
!r = !p (4)

is gauge-invariant and conserved. Indeed this is the en-
tropy per PBH, which should remain constant as long as
the universe expands adiabatically (e.g. see Mukhanov
et al. 1992). The associated perturbations, generated in
this way are isocurvature(or entropy) perturbations, as the
curvature at large scales is not (immediately) a!ected by
the formation of compact objects at small scale.

As we are assuming that PBHs are the present day Cold
Dark Matter (CDM), the overdensity of CDM is given by

!
CDM

(k) = Tad(k)!i,ad(k) + Tiso(k)S(k), (5)

where Tad(k) and Tiso(k) are the transfer functions for
adiabatic and isocurvature perturbations respectively. For
the following analysis we will use the analytical fits quoted
in Bardeen et al. 1986 to the transfer functions. Eq. (5)
leads to the following power spectrum

P
CDM

(k) = T 2
ad(k)Pi,ad(k) + T 2

iso(k)Pp. (6)

In this expression,Pi,ad(k) = Akn with n # 1 is the adia-
batic power spectrum which is produced through inflation
(or an alternative method of generating scale-invariant adi-
abatic perturbations), while Pp is given in Eq.(2).

One can easily see that the isocurvature term on the
RHS of Eq.(2) contributes a constant to the power spec-
trum as both Pp and

Tiso(k) =
3

2
(1 + zeq) for k $ aeqHeq (7)

are independent of k (e.g. Peacock 1998). Note that this
is the simple linear growth due to gravitational cluster-
ing which is the same for adiabatic fluctuation. Since the
power spectrum of adiabatic fluctuations decays as k!3 at
small scales, one expects to see the signature of this Pois-
son noise at large k’s. Combining Eqs. (2),(6) and (7)
gives the power o!set

"P
CDM

#
9M

PBH
(1 + zeq)2

4"
CDM

= 4.63

!

M
PBH

103M"

"

(#
CDM

h5)(h!1Mpc)3 (8)

which is also a lower bound on the matter linear power
spectrum.
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Fig. 1.— Linear power spectrum for di!erent masses of the PBHs.
!!

8
is !8 for the model without the PBHs and the amplitude of the

(initially) adiabatic modes is the same for all models.

Fig.(1) shows the linear power spectrum for di!erent

masses of the PBHs. We see the Poisson plateau (Eq.
8) at large k’s which drops with decreasing mass. The
impact of this plateau on the Ly-# forest power spectrum
is discussed in the next section.

Fig. 2.— Influence of PBHs on the Ly-" forest flux power spec-
trum, PF (k). The black, solid curve shows our prediction for PF (k)
in a standard "CDM model (i.e., no PBHs) in which the amplitude
of the linear power spectrum, !!

8
, was adjusted to match the data

points from Croft et al. (2002). The other curves show the predicted
PF (k) when white noise power due to PBHs with various masses is
added. The Ly-" forest model parameters and !!

8
were not adjusted

to find a best fit for each mass so the disagreement between the PBH
models and the data points does not indicate that the models are
ruled out.

3. simulations of Ly-# forest

Afshordi, McDonald, Spergel
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What Do We Know About 
the Dark Matter?

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)

Halo Shapes
Weakly Self-interacting

Direct Probes
Weakly Interacting with Us

FIG. 1: Allowed regions in (mX ,!X) plane, where mX is the mass of the dark matter charged
under the unbroken hidden sector U(1)EM with fine-structure constant !X . Contours for fixed
dark matter cosmological relic density consistent with WMAP results, !Xh2 = 0.11, are shown

for (tan "h
W , #RH) = (

!

3/5, 0.8), (
!

3/5, 0.1), (10, 0.1) (dashed), from top to bottom, as indicated.
The shaded regions are disfavored by constraints from the Bullet Cluster observations on self-

interactions (dark red) and the observed ellipticity of galactic dark matter halos (light yellow).
The Bullet Cluster and ellipticity constraints are derived in Secs. VIII and VII, respectively.

of the parameter space of these models are excluded because the predicted minimum mass
halo is in conflict with observations.

In this section, we analyze the kinetic decoupling of hidden charged dark matter. One
notable di!erence between the WIMP and hidden charged dark matter is that the charged
dark matter interacts not only through weak interactions, but also through EM interactions.
For the case of !̃h dark matter, this implies that the dark matter remains in kinetic contact
not only through the weak process !̃h"h ! !̃h"h, but also through the Compton scattering
process !̃h#h ! !̃h#h. As we will see, at low temperatures, the thermally-averaged weak cross
section is suppressed by T h 2/m2

X , but this suppression is absent for Compton scattering,
creating a large, qualitative di!erence between this case and the canonical WIMP scenario.
Note also that, in principle, in the case of charged dark matter, bound state formation also
impacts kinetic decoupling. As we will see in Sec. V, however, very few staus actually bind,
and so this e!ect is not significant and may be neglected in our analysis.

We follow Refs. [54, 55] to determine the temperature of kinetic decoupling for the dark
matter particle. In the hidden sector, the Boltzmann equation governing the evolution of
the dark matter particle’s phase space distribution is

df($p)

dt
= "(T h)(T hmX"!p + $p ·#!p + 3)f($p) , (6)

6

Feng, Tu, Yu
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How Dark is Dark 
Matter?
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Consider All Epochs!
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How Dark is Dark 
Matter?

• Which probe is the most constraining?

Figure 1: Constraints from various sources, from top to bottom: (i) Scattering in the bullet

cluster and NGC720, (ii) DM as a charged thermal relic, and (iii) DM virial processes, and (iv)

recombination epoch.

The thermally averaged momentum transfer per unit time is

d!!p2X"/dt =
!

b=e,p

nb

"

d3vBd
3vXf(vB)f(vX)d!!

d"Xb

d!!
vrel!p

2
X , (11)

where d"Xb/d!! is given by Eq. (2), nb is the number density of the baryon, and !p2X is the
momentum transfer after one collision:

!p2X = 2µ2
bv

2
rel(1# cos #!). (12)

Note that this quantity is reference frame independent. The thermally averaged momentum
squared of the DM particle in its comoving frame is

!p2X" =
"

d3vXf(vX)(mXvX)
2 =

3

2
m2

Xv
2
0 = 3mXT (13)

for a DM particle in a thermal Maxwell distribution. To evaluate the thermal average for
v2rel, we derive a general formula. For a given function of g(vrel), we have

"

d3vad
3vbf(va)f(vb)g(vrel) =

"

dvrelv
2
rel

4$
$

1

(v20a + v20b)
3
2

e
" v2rel

v2
0b

+
v2relv

2
0a

(v20a+v2
0b

)v2
0b g(vrel), (14)
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Neutrinos and the Weak 
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Super-Weakly 
Interacting

• Gravitational Coherence 

• Helps us learn about aggregate 
properties of dark matter

• Particle properties much harder

Cosmological Scales!
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Particle Physics 
Provides Some Ideas

• Fundamental 
premise: DM 
has interactions 
other than 
gravitational

Standard Model
Dark Matter

?Mp � 1 GeV

Weak Interactions

Sub-weak Interactions
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Particle Physics 
Provides Some Ideas

• Particle Physics Zoo!
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Sub-weak Interactions

Dark Matter Resides 
Here!

Weakly Interacting 
Massive Particles

(WIMPs)Mp � 1 GeV
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Sub-Weakly Interacting 
Massive Particles

Standard Model
Dark Matter

?
�

N

�(�)

Weak interactions
Z boson

�n ⇠ 10�39 cm2
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Sub-Weakly Interacting 
Massive Particles
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DAMA/I

DAMA/Na

CoGeNT

CDMS

EDELWEISS

XENON100 (2010)

XENON100 (2011)
Buchmueller et al.

FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg � days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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Progress in Dark Matter

• “Generic” WIMP also doesn’t give 
correct relic density

Why WIMP miracle really is a miracle for SUSY

• histogram of models vs. ! eZ1
h2 with m eZ1

< 500 GeV

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

Ωh
2

0

100

200

300

T
o
ta

l 
N

u
m

b
er

 o
f 

M
o
d
el

s

Bino
Wino
Higgsino

Mixed

Howard Baer, JSI symposium on Near Field Cosmology, Annapolis, MD, November 29, 2011 7

from a talk by H. Baer

Tuesday, October 2, 12



Theories of Dark Matter

• Axions

• WIMPs

• Chemical Potential Dark Matter

- Solve Strong CP
- Correct density of high scale axions via selection

- Naturally obtain correct density via freeze-out
- Connected to weak scale

- Naturally obtain correct density via chemical 
potential
- Connected to weak scale
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Chemical Potential Dark 
Matter

Visible Dark

Matter    Anti-matter Matter   Anti-Matter
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Baryon and DM Number 
Related?

• Standard picture: freeze-out of 
annihilation; baryon and DM 
number unrelated

• Accidental, or dynamically 
related?

nDM � nb

�DM � 5�bExperimentally,
Mechanism

mDM � 5mp

Nussinov, 
Hall, Gelmini, 

Barr, Chivukula, Farhi, 
D.B. Kaplan
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DM Mass Scales

• DM can be heavier if DM number 
violating operators decouple late

• Extra Boltzmann suppression

nX � nX̄ ⇥ (nb � nb̄)e
�mDM /Td
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Technibaryon and 
Quirky dark matter

• Use sphalerons to transfer asymmetry

• First used in the context of technicolor, by 
Barr, Chivukula, Farhi; D. B. Kaplan

• Sphalerons mix SM fields carrying B,L 
with technifermions

B, L X

SU(2) carrying 
dark fields!
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Technicolor and 
technibaryons

Barr, Chivukula, Farhi
Sannino et al
D.B. Kaplan

• LEP, precision EW and Technicolor
• Self-interacting Dark Matter constraints
• Struggle to obtain correct relic density
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A simple prescription:
Asymmetric DM

• Avoids the pitfalls of models which 
have their asymmetry related to the 
baryon asymmetry via standard model 
quantum numbers

• Essential idea is to use higher 
dimension operators to transfer the 
asymmetry between sectors 

Luty, Kaplan, KZ ’09
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Asymmetric DM
Integrate out heavy state

Effective operators:
Luty, Kaplan, KZ ’09

Standard Model
Dark Matter

(Hidden Valley)

Mp � 1 GeV
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Asymmetric DM
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A!eck-Dine Cogenesis

Cli!ord Cheung1, 2 and Kathryn M. Zurek3

1Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720, USA
2Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
3Michigan Center for Theoretical Physics, University of Michigan, Ann Arbor, MI 48109, USA

We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the A!eck-Dine mechanism. In its simplest realization, A!eck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B ! L and X, the dark matter number, to the diagonal B ! L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B ! L
and X, and impart the requisite CP violation for asymmetry generation. Because B ! L + X is
preserved, the resulting B ! L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B ! L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, "DM/"B " 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the A"eck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B!L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB!LOX , (1)

where OB!L and OX are gauge invariant products of
chiral superfields which carry B ! L and X number, re-
spectively. In general, we are interested in operators of
the form

OB!L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge !1 under U(1)B!L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB!LOX explicitly breaks B!L and X
number down to an exact, diagonal B ! L+X number.
As in canonical AD, inflation induces supersymmetry

breaking e!ects proportional to the Hubble parameter
which can e#ciently drive "B ! L# and "X# to non-zero
values in the early universe. As the universe cools, these
operators become ine!ective and the vacuum settles to

the present day B!L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B!L and X asymmetries. Because the the-
ory preserves B ! L + X , the resulting asymmetry has
vanishing B ! L+X number, so

! nB!L = nX $= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B ! L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are su#ciently long-lived to freeze
out. An example of such a state is the lightest X number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B ! L charged SM states
via OB!LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB!LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-
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We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the A!eck-Dine mechanism. In its simplest realization, A!eck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B ! L and X, the dark matter number, to the diagonal B ! L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B ! L
and X, and impart the requisite CP violation for asymmetry generation. Because B ! L + X is
preserved, the resulting B ! L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B ! L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, "DM/"B " 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the A"eck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B!L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB!LOX , (1)

where OB!L and OX are gauge invariant products of
chiral superfields which carry B ! L and X number, re-
spectively. In general, we are interested in operators of
the form

OB!L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge !1 under U(1)B!L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB!LOX explicitly breaks B!L and X
number down to an exact, diagonal B ! L+X number.
As in canonical AD, inflation induces supersymmetry

breaking e!ects proportional to the Hubble parameter
which can e#ciently drive "B ! L# and "X# to non-zero
values in the early universe. As the universe cools, these
operators become ine!ective and the vacuum settles to

the present day B!L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B!L and X asymmetries. Because the the-
ory preserves B ! L + X , the resulting asymmetry has
vanishing B ! L+X number, so

! nB!L = nX $= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B ! L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are su#ciently long-lived to freeze
out. An example of such a state is the lightest X number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B ! L charged SM states
via OB!LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB!LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-
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FIG. 1: Constraints on the scale � as a function of dark matter mass m� for the eight operators of Eqs. (1)-(8) (in order left
to right and descending). Solid blue curve is the upper bound on � from the requirement that the symmetric component of
dark matter compose less than 10% of the measured value in the Universe (dotted blue is the value of � that gives the total
amount, i.e. in a thermal dark matter scenario). Solid red is the lower bound on � from direct detection experiments. Dashed
red is the lower bound on � from Tevatron monojet searches, taken from Ref. [28] (see also [26, 27]). Black solid line shows the
lower bound from the requirement that � > m�=2 � . Regions above the monojet and direct detection minimum m� which are
allowed after all constraints are shown in grey. See text for further details.

ciently into some new dark state that is either very light
or unstable, decaying into Standard Model particles be-
fore Big Bang Nucleosynthesis (BBN) (see for example
Ref. [58]). In the former case, CMB and BBN constraints

on the number of relativistic species (usually stated in
terms of the number of neutrino flavors) must be avoided.
This could be achieved through significant entropy injec-
tion into the thermal bath after dark matter annihilation

Buckley

X

X̄

The fact that the X mass is somewhat larger than the näıve estimate of 5 GeV is due
to X < B, which in turn can be traced to the fact that the model contains more ba-
ryons than X particles: in relativistic equilibrium conserved charges are proportional

to the number of degrees of freedom carrying that charge.3

It is also possible that the interactions Eq. (2.1) decouple below the electroweak

phase transition. In this case, integrating out both the top and the superpartners,
we obtain

X

B
=

13

40
(2.12)

and therefore

mX ! 13 GeV. (2.13)

We now discuss the origin of the dark matter mass. This is a supersymmetric Dirac
mass arising from a superpotential term !W = mXX̄X. The question of why mX is

close to the weak scale is similar to the “µ problem” of supersymmetric models, which
is explaining the origin of the supersymmetric Higgs mass term !We! = µHuHd.
Perhaps the simplest solution is the next-to-minimal supersymmetric standard model

(NMSSM) in which the required mass terms are given by the VEV of a singlet field
S:

!W = !XSXX̄ + !HSHuHd +
"

3
S3. (2.14)

This model naturally generates a VEV for S of order the electroweak scale and gives
the required mass terms for Higgs and X particles. Very importantly for dark matter
phenomenology, it also gives a direct coupling of X to the standard model, allowing

the dark matter to be directly detected.

The final ingredient is that the thermal abundance of X particles and antiparticles

must e"ciently annihilate, so that the relic density of dark matter is given by the X
particle-antiparticle asymmetry. This requires "#annv# >$ pb. In the context of the

NMSSM, a simple possibility is X̄X % aa, where a is the lightest pseudoscalar in
the Higgs sector. This is unsuppressed in the early universe as long as ma <$ mX .
It is natural for a to be light if A terms are small, in which case a is a pseudo

Nambu-Goldstone boson of a global U(1)R symmetry. The annihiation comes from
the coupling

!Le! = mXX̄Xeia/s + h.c., (2.15)

3We must also impose the condition that the universe has no net electric charge. Since X does
not carry charge, this condition restricts only the relative number of standard model particles, and
does not a!ect the scaling argument above.
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Robust alternative: annihilate to light states!

Tuesday, October 2, 12



Dark Forces and DM 
Self-Interactions

• Dark Forces Natural for ADM
• Structure problems and dark forces
• Very big scattering cross-sections!
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ
�

+ 3Hn
�

= �h�e↵vi
�
n2
�

� (neq
�

)

2
�

(2)

where n
�

⌘ P
i

n
�i is the total �

i

density. In writing Eq. (2) in terms of only n
�

, we assume the individual densities n
�i are in

chemical equilibrium due to rapid �
i

f $ �
j

f and �
i

$ �
j

f ¯f processes, such that

n
�i

n
�

⇡ neq
�i

neq
�

=

g
i

(1 +�

i

)

3/2
exp(�x�

i

)

ge↵
⌘ r

i

. (3)

We have defined x ⌘ m1/T , �
i

⌘ (m
i

�m1)/m1, and ge↵ ⌘ P
i

g
i

(1 +�

i

)

3/2
exp(�x�

i

), with g
i

degrees of freedom for
�
i

. The thermally-averaged effective cross section is h�e↵vi ⌘ P
i,j

r
i

r
j

h�
ij

vi, where �
ij

is �
i

�
j

annihilation cross section
and its thermal average is

h�
ij

vi = x3/2

2

p
⇡

Z 1

0
dv v2 (�

ij

v) e�v

2
x/4 . (4)

The DM relic density today is given by

⌦dmh
2
=

1.07⇥ 10

9
GeV

�1

g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 10

19
GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
f

= ln

�
0.038 ge↵m1mPl h�e↵vi /pg⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
e↵

vi, which is dominated by large �
1

�
2

and �
2

�
2

annihilation cross sections. This is
distinct from models where �

1

�
1

annihilation is itself too large, and h�
e↵

vi can be suppressed by 1/g
e↵

by having a “parasitic” species �
2

that does not
annihilate strongly (see, e.g., [54, 55]).
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A dark force can impact the cosmological history of dark matter (DM), both explaining observed cores in
dwarf galaxies and setting the DM relic density through annihilation to dark force bosons. For GeV – TeV DM
mass, DM self-scattering in dwarf galaxy haloes exhibits quantum mechanical resonances, analogous to a Som-
merfeld enhancement for annihilation. We show that a simple model of DM with a dark force can accommodate
all astrophysical bounds on self-interactions in haloes and explain the observed relic density, all through a single
coupling constant.

I. Introduction: The paradigm of cold, collisionless dark
matter (DM) has been extraordinarily successful in explaining
astrophysical observations of structure, from the recombina-
tion epoch to the present large scale structure of the Universe.
Nevertheless, it is expected that DM possesses some type of
interactions beyond gravity. Nongravitational interactions are
required to produce DM particles in the early Universe, and
ultimately determine the DM relic density observed today.

Additionally, it is unclear whether cold, collisionless DM
can successfully account for the small scale structure of
the Universe. Precision observations of dwarf galaxies by
THINGS show DM mass distributions with flat cores, com-
pared to steep cusps predicted by collisionless DM simula-
tions [1]. The gravitational effect of massive baryonic out-
flows from supernovae can potentially flatten central DM
cusps [2–4], but it is unknown whether this effect can ex-
plain the observed cores in other less luminous (more DM-
dominated) dwarf galaxies [5–8]. Another discrepancy is the
apparent underabundance of Milky Way (MW) satellite dwarf
galaxies, compared to predictions from collisionless DM sim-
ulations [9, 10]. The missing low mass satellites may simply
be fainter than expected if energy injection from astrophysi-
cal processes strips away interstellar gas and suppresses star
formation [11]. However, this mechanism cannot explain the
apparent absence of the most massive subhaloes predicted by
simulations [15] which are “too big to fail” in star formation
and are too dense to host any observed MW satellite, accord-
ing to their predicted stellar circular velocities [12, 13].

These small scale structure anomalies can be explained if
DM, denoted X , is self-interacting [16]. An elastic scat-
tering transfer cross section �T /mX ⇠ 1 � 10 cm2/g on
dwarf galaxy scales can generate central DM cores in dwarf
galaxies and subhaloes [17, 23].1 The most massive sub-
haloes from simulation can be reconciled with the observed
MW satellites since stellar circular velocities are reduced in
their central cores [12, 13]. At the same time, constraints
on MW and cluster scales from halo shapes [ref], gravita-
tional lensing arcs [ref], and the Bullet cluster [ref] constrain
�T /mX . 0.1 � 1 cm2/g on these scales, although ...[men-

tion Manoj et al]. (Moreover, Refs. [26, 27] have found evi-

1 We note 1 cm2/g ⇡ 2⇥ 10�24 cm2/GeV.

dence for central density cores in galaxy clusters through lens-
ing and stellar velocity studies.)

Given these results, it is important to explore the particle
physics nature of DM self-interactions. For typical weakly-
interacting DM models, self-scattering has a weak-scale cross
section, �T ⇠ 10

�36

cm

2, far too small to play a role in galac-
tic dynamics. Since a much larger cross section is required,
�T ⇠ 10

�24

cm

2 ⇥ (mX/GeV), several works [18–22] have
suggested the existence of a light dark force, denoted �. A per-
turbative calculation for DM self-scattering from � exchange
gives �T ⇡ 4⇡↵2

Xm2

X/m4

� at small velocity (v ⌧ m�/mX ),
where ↵X is the “dark fine structure constant.” This provides
a large enough cross section

�T ⇡ 5⇥ 10

�23

cm

2

⇣ ↵X

0.01

⌘
2

⇣ mX

10GeV

⌘
2

✓
10MeV

m�

◆
4

(1)
if � is light. At large velocities (v � m�/mX ), correspond-
ing to the Coulomb limit, the cross section falls as �T / v�4,
providing a mechanism to suppress self-interactions within
MW and cluster haloes compared to dwarf haloes [20]. Be-
yond Eq. (1), nonperturbative effects can become important;
however, previous work has largely focused specific param-
eter regimes where �T can be described through a classical

approximation and for an attractive force only [20, 21, 23].
Ref. [24] first studied quantum effects in DM self-scattering,
although within a limited context motivated by cosmic ray
anomalies.

In this Letter, we present a comprehensive picture of this
simple model of DM and dark forces, moving beyond pre-
vious studies in several respects: (i) A light dark force pro-
vides an efficient annihilation channel X ¯X ! �� in the early
Universe for setting the DM relic density today, and we show
that a single coupling ↵X can account for both the abundance
and small scale structure of DM. (ii) Within a large DM mass
range (mX ⇠ GeV � TeV), relic density and small scale
structure considerations point toward a nonperturbative “reso-
nant regime” where �T can exhibit quantum mechanical res-
onances, analogous to Sommerfeld enhancements for annihi-
lation. We compute �T numerically in this region. (iii) We
consider the case where � is a vector boson, allowing for at-
tractive and repulsive interactions. (iv) We confirm numeri-
cally the validity of classical approximations for �T used in
the literature for both attractive and repulsive forces [refs].

�/mX ⇠ 0.1 cm2/g ' 0.2⇥ 10�24 cm2/ GeV

�

�
�

�

�

�

� �

�

�
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Is CDM and Halo 
Structure a Problem?

• Halo substructure: satellite galaxies and 
sub-halos -- more satellites found

• Halo cores and central densities
• Feedback?
• In dwarves hard to understand how so 

little stellar feedback could blow out so 
much material:                 blows out   

Governato et al ’10

“Too Big to Fail”Bolyan-Kolchin et al ’11

M⇤ ⇠ 106M� 5⇥ 107M�
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Scattering Not 
Generically Constant

• Quantum
• Classical
• Resonant -- Born approx 

breaks down

• Many modes contribute -- 
fairly intensive 

� ⇠ m2
X

(m2
Xv2 +m2

�)
2

� ⇠ ⇡ ln�

m2
�

� = 2↵Xm�/mXv2

2

parameters remains open. Nonetheless, the absence of
dramatic departures from CDM predictions has allowed
important constraints to be placed [24, 25].

In this Letter, we examine the possible existence of a
dark force from a di↵erent perspective. Rather than limit
its allowed range of parameters based on observations,
we show that it can ameliorate tensions in astrophysi-
cal data. In particular, we find that a Yukawa force in
dark matter scattering would naturally produce cores in
dwarf galaxies while avoiding the myriad constraints on
SIDM which arise in systems with a much larger veloc-
ity dispersion, such as clusters of galaxies. The specific
velocity dependence of the interaction cross-section, as
well as the possible exothermic nature of the interaction,
alleviate earlier concerns about the SIDM model. To dis-
tinguish from previous approaches with a constant cross
section or a simple power law velocity dependence, we
label this scenario as Yukawa-Potential Interacting Dark
Matter (YIDM).

Dark Forces. The mediator of the force � could be
either a scalar or a vector, as magnetic-type interactions
are negligible. The force could couple to standard model
fields through kinetic mixing with the photon, or through
mass mixing with the Higgs boson. Constraints on the
presence of such a force come from a wide range of pro-
cesses [26, 27], but ample parameter space remains for

a small mixing angle, ✏
<⇠ 10�3. New searches are un-

derway to find precisely such a force carrier at ⇠ GeV
energy experiments [28].

Scattering through a massive mediator is equivalent to
having a Yukawa potential. The elastic scattering prob-
lem is then analogous to the screened Coulomb scatter-
ing in a plasma [29], which is well fit by a cross-section
[24, 30],

h�i ⇡

8
>>><

>>>:

4⇡
m2

�
�2 ln(1 + ��1), �

<⇠ 0.1,

8⇡
m2

�
�2/(1 + 1.5�1.65), 0.1

<⇠ �
<⇠ 103,

⇡
m2

�

�
ln� + 1� 1

2

ln�1 �
�
2

, �
>⇠ 103,

(1)
where � = ⇡v2�/v

2 = 2↵dm�/(m�v
2), and v is the rela-

tive velocity of the particles. We use angular brackets to
denote that this is the momentum-transfer weighted cross
section. Here, v� is the velocity at which the momentum-
weighted scattering rate h�vi peaks at a cross section
value of �

max

= 22.7/m2

�. The above expression can be
approximately generalized to the inelastic case by sub-
stituting m� !

p
m�� for the characteristic minimum

momentum transfer when m� <
p
m�� (see discussion

in [30]). This expression is derived using classical physics,
and thus, it is important to note what quantum e↵ects
can come into play. In cases where the de Broglie wave-
length is longer than the Compton wavelength of the
force m�1

� , the quantum calculation should be consid-
ered for quantitative results. Nonetheless, the same qual-

1 10 100 1000

10-5

10-4

0.001

0.01

0.1

1
Dwarf Milky Way Cluster

v @km s-1D

<
s
v>
ê<s

v>
m
ax

FIG. 1: Dependence of the self-interaction cross-section (�) on
the relative velocity (v) for dark matter interacting through a
Yukawa potential. The normalizations of � and v are set by
free parameters in the underlying Lagrangian (see Appendix),
and we show two possible curves peaking at v

�

= 10 km s�1

and = 100 km s�1 (blue, solid and purple, dashed, respec-
tively).

itative features should remain: the cross section should
saturate at low velocities near � ⇠ m�2

� , and at high
velocities, where the classical approximation is valid, it
should fall rapidly.
Figure 1 depicts the velocity dependence of the elas-

tic cross-section in Eq. (1). Interestingly, the scattering
rate is nearly constant at low velocities, peaks at a ve-
locity v�, and declines sharply at v > v�, allowing it to
introduce cores in dwarf galaxies where the velocity dis-
persion is low (v ⇠ 10 km s�1) but not in clusters of
galaxies where the characteristic velocities are larger by
two orders of magnitude (v ⇠ 103 km s�1). The nor-
malizations of the cross-section and velocity are deter-
mined by free parameters in the interaction Lagrangian
(see Appendix), with the Compton wavelength of the in-
teraction setting the relevant spatial scale. We show two
possible values of the peak velocity, one that would pro-
duce cores only in dwarf galaxies (v� = 10 km s�1), and
another that would produce cores in more massive galax-
ies (v� = 102 km s�1) as implied by data on low surface
brightness galaxies [31]. At any given halo mass, we ex-
pect scatter in the core properties of individual halos,
due to variations in their age and assembly history.
Having one collision per Hubble time at the character-

istic core density of dwarf galaxies ⇠ 0.1M� pc�3, trans-
lates to the condition (m�/10GeV)(m�/100MeV)2 ⇠ 1
(see Appendix). An order of magnitude larger cross-
sections are also allowed by the data. Figure 2 shows
the allowed parameter ranges [25] that would naturally
explain the dark matter distribution in observed astro-
physical objects. We find that even though collisions
shape the central profiles of dwarf galaxies, the standard
collisionless treatment still provides an excellent approx-
imation for the dark matter dynamics in X-ray clusters.

Loeb, Weiner ’10
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Resonant Dark Forces 
and Structure

• Verify classical result numerically and 
presence of Sommerfeld-like effect for 
scattering 3
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FIG. 2: Symmetric (left) and asymmetric (right) DM parameter space in mX -m� plane. Blue regions show where DM self-scattering solves
dwarf-scale structure anomalies, while MW (cluster) constraints shown by red (green) lines, with numerical values of h�T i indicated in cm2/g
units. For symmetric DM, ↵X is fixed as a function of mX to obtain the observed relic density; for asymmetric DM, ↵X = 10�2 is fixed to
deplete X, X̄ density for mX . 300 GeV (dotted line). Dashed lines indicate extrapolation using formulae in analytic regimes.

There are two mechanisms to soften the velocity-
dependence of �T at small v. The first way is through a tran-
sition from weakly-coupled to strongly-coupled regimes, and
an analytic description is only possible in the classical limit.
The transition occurs at � ⇠ 1 in Eqs. (8,9), corresponding to
when the potential and kinetic energies are comparable. The
second mechanism is through a transition between classical
and quantum regimes, when m� is comparable to the typical
momentum transfer in virtual � exchange (m� ⇠ mXv), and
an analytic description is only possible in the Born regime.
However, in the resonant regime, both strong coupling and
quantum effects are important, and �T must be computed nu-
merically. In particular, for an attractive potential, quantum
mechanical resonances can arise, potentially enhancing �T at
dwarf velocities. To illustrate these different regimes and be-
haviors, Fig. 1 shows �T as a function of v for several different
parameter choices, each chosen to give �T /mX ⇠ 1 cm

2/g
on dwarf scales, while satisfying other constraints. more de-

scription

III. Results: Next, we show the parameter space of our
model favored by DM self-scattering and relic density con-
straints. For scattering, to compare with astrophysical bounds,
we consider the velocity-averaged cross section

h�T i =
p
2p

⇡v3
0

Z 1

0

dv v2 e�
1
2 v

2/v2
0 �T (v) (11)

where v
0

is the characteristic DM velocity of the system.
Fig. 2 shows contour plots of h�T i for two cases, symmet-
ric and asymmetric DM, as a function of mX -m� parameter

space. For symmetric DM (left), we take the average of attrac-
tive and repulsive cross sections, �T = (�att

T + �rep

T )/2. For
fixed mX , ↵X is chosen to reproduce the observed DM relic
density (by numerically solving the freeze-out Boltzmann
equations).2 For asymmetric DM (right), we take a repulsive-
only cross section, �T = �rep

T . We take ↵X = 10

�2, which
provides sufficient depletion of the symmetric X, ¯X density
for mX . 300 GeV (dotted line); above this line, ADM
freeze-out requires an additional annihilation channel or a
larger ↵X (which changes the h�T i contours). Our results
for h�T i are indicated as follows:

• The blue contour regions show h�T i on dwarf scales
(v

0

= 10 km/s) in the ranges 0.1� 1 cm

2/g (light) and
1� 10 cm

2/g (dark).

• The red contours show h�T i = 0.1 and 1 cm

2/g on
MW scales (v

0

= 200 km/s).

2 For the simplicity, we neglect a potential Sommerfeld enhancement for the
annihilation cross section in the early Universe. For mX > 1 TeV, it
can lead to a factor 2 suppression on ↵X because the enhancement is more
prominent for a large↵X []. However, scattering is in the classical limit
with � > 103 when mX > 1 TeV. Since �T depends on ↵X very
mildly through � in this regime, this is a good approximation. Further-
more, the Sommerfeld enhancement in the early Universe may also lead to
“chemical-recouping” and result in negligible relic density when parame-
ters are chosen to very close to the resonance []. The significance of this
effect is model-dependent []. We have checked that...

5

The WKB approximation is valid for |U(x)| ⌧ a

2, and we
select x

m

such that |U(x)|/a2 < 5% for x > x

m

.
Matching onto the WKB ansatz gives a huge computational

savings. Without it, one must solve Eq. (16) numerically to
large values of x � x

m

to get a convergent result for �
`

. With
WKB, it is trivial to evaluate �

`

at arbitrarily large x; one need
only evaluate the integral in the last term in Eq. (22).

NUMERICAL RESULTS

In this section, we first give a few examples to illustrate
general features of dark matter self-scattering mediated by an
attractive Yukawa potential.
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FIG. 2: �T /mX as a function of the mediator mass m� for mX =
100 GeV, ↵X = 0.01, where we take v = 10 km s�1 (left) and
v = 100 km s�1 (right). The solid (blue) curve is from the nu-
merical solution of Schrodinger equation. The dotted (purple) one
is from classical fitting formula given by Eq. () which is valid for
m� < 1.67 MeV (left) and m� < 16.7 MeV (right). The dashed
(yellow) is from the Born approximation given by Eq () which is
valid for m� � 1 GeV.

In Fig. (2), we show �

T

/m

X

as a function of the media-
tor mass m

�

for m
X

= 100 GeV and ↵

X

= 0.01 with two
different relative velocities v = 10 km s

�1 (left panel) and
v = 100 km s

�1 (right panel). These two velocities corre-

spond to typical values in dwarf galaxies and main galaxies,
respectively.

Both the classical formula and the one derived under the
Born approximation agree with the numerical results very
well in the parameter space where they are valid. However,
both of them do not capture important resonance effects in the
strongly coupled quantum region.

The dark matter self-scattering cross section exhibits strong
(anti-)resonance effects in the quantum region.
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FIG. 3: Phase shift for mX = 100 GeV, ↵X = 0.01, where we
take m� = 0.155 GeV to close the resonance (left). �T /mX as the
function of the relative velocity a the resonance (right).

The scattering cross section has the resonant behavior due
to the formation of zero energy bound states in the Yukawa po-
tential. It is the same mechanism which gives rises to the reso-
nant Sommerfeld enhancement in annihilation. Since there is
no analytical solution for the phase shift in the Yukawa poten-
tial out of the region where Born approximation is valid, it is
not possible to map out the exact resonance condition. How-
ever, in calculating the Sommerfeld enhancement, the Hulthen
potential is used to approximate the Yukawa potential, for
which an analytic solution is possible. By using the Hulthen

Tulin, Yu, KZ, in progress

Tuesday, October 2, 12



Resonant Dark Forces 
and Structure

• Verify classical result numerically and 
presence of Sommerfeld-like effect for 
scattering

Tulin, Yu, KZ, in progress

2

ment for annihilation. We compute �T numerically in this
regime, for both attractive and repulsive potentials.

In the remainder of this Letter, we first present analytic
results on elastic scattering, and we discuss the integral part
played by the dark force to relic density considerations. Next
we present our results, showing the importance of the resonant
self-scattering regime for DM self-scattering phenomenology.
Lastly, we give our conclusions. Further details regarding res-
onant dark forces will be presented in a forthcoming publica-
tion [30].

II. DM Annihilation and Elastic Scattering: We consider a
Dirac fermion DM particle X , coupled to a dark force vector
boson � with mass m� via

L
int

= gX ¯X�µX�µ , (2)

where gX is the coupling constant. We assume that X is
weakly coupled to the SM (e.g., through kinetic mixing of �
with U(1)Y hypercharge so that X thermalizes with the visi-
ble sector in the early Universe. (It is also possible that X is
hidden from the visible sector and experiences its own thermal
history [26].)

DM freeze out is governed by the velocity-weighted anni-
hilation cross section for X ¯X ! ��, given by h�vi

an

⇡
⇡↵2

X/m2

X where ↵X ⌘ g2X/(4⇡). For symmetric DM,
where DM consists of equal densities of X and ¯X , we re-
quire h�vi

an

⇡ 6⇥ 10

�26

cm

3/s to obtain the observed relic
density. For asymmetric DM, the present DM density is deter-
mined by a primordial asymmetry between X and ¯X , in anal-
ogy to the baryon asymmetry [27]. In this case, we require
larger h�vi

an

to deplete the symmetric X, ¯X density, leav-
ing behind only the residual asymmetric X density as DM.
Thus, we have ↵X & 4 ⇥ 10

�5

(mX/GeV) with the lower
bound saturated for symmetric DM. Asymmetric DM allows
for a broader region of parameter space, since annihilation
X ¯X ! �� sufficient to set the relic density only places a
lower bound on ↵X , rather than fixing it to a particular value
as a function of mX .

In our model, the same dark force carrier � also mediates
DM self-interactions. Here, the relevant quantity is the scat-
tering cross section weighted by the momentum transfer, i.e.,

�T =

Z
d⌦ (1� cos ✓)

d�

d⌦
, (3)

where d�/d⌦ is the usual differential cross section. The non-
relativistic interaction between two DM particles mediated by
� is described a Yukawa potential

V (r) = ±↵X

r
e�m�r . (4)

Since � is a vector, XX ! XX scattering is repulsive (+),
while X ¯X ! X ¯X is attractive (�). For symmetric DM, both

attractive (X- ¯X) and repulsive (X-X or ¯X- ¯X) interactions
are present; for asymmetric DM, where DM consists of only
X after the freeze-out, self-interactions are only repulsive.

Since both scattering and annihilation occur through a
common interaction, the cross sections are related. In the
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FIG. 1: Velocity-dependence of �T for sample parameters within
different regimes. Blue line shows Born formula (6), in agreement
with numerical results (blue dots), for mX = 4 GeV, m� = 7.2
MeV, ↵X = 1.8⇥ 10�4. Green line shows classical formula (7), in
agreement with numerical results (stars), for mX = 2 TeV, m� = 1
MeV, ↵X = 0.05. Red lines show �T in the resonant regime for
mX = 100 GeV, ↵X = 3.4 ⇥ 10�3, illustrating s-wave resonance
(solid, m� = 205 MeV), p-wave resonance (dot-dashed, m� = 20
MeV), and s-wave antiresonance (dashed, m� = 77 MeV).

case where � is massless, the scattering cross section scales
roughly as �T ⇠ h�vi

an

/v4. If this relation holds to dwarf
scales (v ⇠ 10 km/s), the transfer cross section is �T /mX ⇠
10

3

cm

2/g (TeV/mX), which is too large compared to that
preferred by the simulation results [14, 24] unless the DM
mass is much larger than ⇠ 100 TeV. Therefore, a nonzero
m� is essential, softening the velocity-dependence of �T at
small v due to the finite range of the dark force.

The calculation of �T for a Yukawa potential with m� 6= 0

is non-trivial. We collect analytical results, where applicable,
in the appendix. Within the Born approximation (valid for
↵XmX/m� ⌧ 1), �T can be computed perturbatively. Out-
side the Born regime, multiple � scatterings lead to a nonper-
turbative modification of the DM two-body wavefunction, and
an analytical approximation has been obtained only within the
classical limit (mXv/m� � 1). However, outside the Born
and classical regimes, no analytic description is possible, and
one must compute �T by solving the the Schrödinger equa-
tion numerically using a partial wave analysis [25, 30]. Within
this “resonant” regime, �T exhibits a rich structure of quan-
tum mechanical resonances (for the attractive potential case).
Computing �T within this regime is crucial for understanding
for what parameters a dark force can explain simultaneously
small scale structure problems and the DM relic density.

To illustrate the different regimes and behaviors of DM self-
scattering, Fig. 1 shows �T /mX as a function of v for an
attractive potential, for several parameter choices. The blue
(green) line shows the analytic result for �T for a parame-
ter point within the Born (classical) regime; these formulae,
given in the Appendix, are in excellent agreement with our
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ADM, Black Hole and 
Neutron Stars

Figure 2. Regions (colored) excluded by the nearby pulsars J0437-4715 (left) and J2124-3358

(right). The shaded, diagonal and square cross-hatched, and black regions are as in Fig. 1.

With the formation of a BEC, it is also sensitive to the mass range mX ⇤ 5 MeV� 13 GeV.
The captured scalar ADM cannot form a BEC in the pulsar J2124-3358. This is because it
has a relatively high central temperature, and the formation of a BEC requires a DM-nucleon
cross section larger than the saturation cross section ⇥max ⌅ 2.1⇥ 10�45 cm2.

Since the bound is sensitive to the DM density, we also consider neutron stars in regions
with high �X . Globular clusters o�er this type of environment, and observations of Pulsar
B1620-26 place it in the globular cluster M4 [47] with an age of 2.82⇥ 108 years [44]. Since
it is far away from us, its surface temperature is unknown, and we are not able to calculate
its central temperature. In our analysis, we take T = 106 K as a reasonable approximation
due to its advanced age. We take �X = 103 GeV/cm3 for the DM density and v̄ = 20 km/s,
motivated by simulations [24, 37]. Note that the exact value of DM density in globular
clusters is uncertain; see discussions in Refs. [24, 25, 37], and references therein. In Fig. (3),
we show the constraints on the DM-nucleon scattering cross section of scalar ADM from the
pulsar B1620-26 in the globular cluster M4. Note that when the DM mass is larger than
⇤ 4.7⇥ 103 GeV, NBEC � Nself and all captured DM particles collapse before a BEC forms.

VII. CONCLUSIONS

We have studied the consequences of scalar ADM accumulation in neutron stars. Neutron
stars have high density and are ideal objects for capturing DM at high rates. Since ADM
does not self-annihilate, a high mass of DM can accrete in the neutron star, and, lacking
Fermi degeneracy pressure, rapidly self-gravitate and exceed the Chandrasekhar limit. Fur-
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Cogenesis -- Natural 
for ADM!

• Affleck-Dine works by utilizing flat 
directions with non-zero <B-L>

• Note there is a symmetry                 
which generates                       

• At low temperature, symmetry breaks 
when              decouples, separately 
freezing in the asymmetries
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We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the A!eck-Dine mechanism. In its simplest realization, A!eck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B ! L and X, the dark matter number, to the diagonal B ! L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B ! L
and X, and impart the requisite CP violation for asymmetry generation. Because B ! L + X is
preserved, the resulting B ! L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B ! L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, "DM/"B " 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the A"eck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B!L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB!LOX , (1)

where OB!L and OX are gauge invariant products of
chiral superfields which carry B ! L and X number, re-
spectively. In general, we are interested in operators of
the form

OB!L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge !1 under U(1)B!L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB!LOX explicitly breaks B!L and X
number down to an exact, diagonal B ! L+X number.
As in canonical AD, inflation induces supersymmetry

breaking e!ects proportional to the Hubble parameter
which can e#ciently drive "B ! L# and "X# to non-zero
values in the early universe. As the universe cools, these
operators become ine!ective and the vacuum settles to

the present day B!L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B!L and X asymmetries. Because the the-
ory preserves B ! L + X , the resulting asymmetry has
vanishing B ! L+X number, so

! nB!L = nX $= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B ! L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are su#ciently long-lived to freeze
out. An example of such a state is the lightest X number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B ! L charged SM states
via OB!LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB!LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-
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We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the A!eck-Dine mechanism. In its simplest realization, A!eck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B ! L and X, the dark matter number, to the diagonal B ! L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B ! L
and X, and impart the requisite CP violation for asymmetry generation. Because B ! L + X is
preserved, the resulting B ! L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B ! L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, "DM/"B " 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the A"eck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B!L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB!LOX , (1)

where OB!L and OX are gauge invariant products of
chiral superfields which carry B ! L and X number, re-
spectively. In general, we are interested in operators of
the form

OB!L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge !1 under U(1)B!L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB!LOX explicitly breaks B!L and X
number down to an exact, diagonal B ! L+X number.
As in canonical AD, inflation induces supersymmetry

breaking e!ects proportional to the Hubble parameter
which can e#ciently drive "B ! L# and "X# to non-zero
values in the early universe. As the universe cools, these
operators become ine!ective and the vacuum settles to

the present day B!L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B!L and X asymmetries. Because the the-
ory preserves B ! L + X , the resulting asymmetry has
vanishing B ! L+X number, so

! nB!L = nX $= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B ! L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are su#ciently long-lived to freeze
out. An example of such a state is the lightest X number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B ! L charged SM states
via OB!LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB!LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-

OX = X, X2

U(1)B�L+X ⇥ U(1)B�L � U(1)X
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I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the A"eck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B!L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB!LOX , (1)

where OB!L and OX are gauge invariant products of
chiral superfields which carry B ! L and X number, re-
spectively. In general, we are interested in operators of
the form

OB!L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge !1 under U(1)B!L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB!LOX explicitly breaks B!L and X
number down to an exact, diagonal B ! L+X number.
As in canonical AD, inflation induces supersymmetry

breaking e!ects proportional to the Hubble parameter
which can e#ciently drive "B ! L# and "X# to non-zero
values in the early universe. As the universe cools, these
operators become ine!ective and the vacuum settles to

the present day B!L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B!L and X asymmetries. Because the the-
ory preserves B ! L + X , the resulting asymmetry has
vanishing B ! L+X number, so

! nB!L = nX $= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B ! L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are su#ciently long-lived to freeze
out. An example of such a state is the lightest X number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B ! L charged SM states
via OB!LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB!LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-

ar
X

iv
:1

1
0
5
.4

6
1
2
v
1
  
[h

ep
-p

h
] 

 2
3
 M

ay
 2

0
1
1

A!eck-Dine Cogenesis

Cli!ord Cheung1, 2 and Kathryn M. Zurek3

1Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720, USA
2Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
3Michigan Center for Theoretical Physics, University of Michigan, Ann Arbor, MI 48109, USA

We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the A!eck-Dine mechanism. In its simplest realization, A!eck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B ! L and X, the dark matter number, to the diagonal B ! L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B ! L
and X, and impart the requisite CP violation for asymmetry generation. Because B ! L + X is
preserved, the resulting B ! L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B ! L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, "DM/"B " 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the A"eck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B!L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB!LOX , (1)

where OB!L and OX are gauge invariant products of
chiral superfields which carry B ! L and X number, re-
spectively. In general, we are interested in operators of
the form

OB!L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge !1 under U(1)B!L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB!LOX explicitly breaks B!L and X
number down to an exact, diagonal B ! L+X number.
As in canonical AD, inflation induces supersymmetry

breaking e!ects proportional to the Hubble parameter
which can e#ciently drive "B ! L# and "X# to non-zero
values in the early universe. As the universe cools, these
operators become ine!ective and the vacuum settles to

the present day B!L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B!L and X asymmetries. Because the the-
ory preserves B ! L + X , the resulting asymmetry has
vanishing B ! L+X number, so

! nB!L = nX $= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B ! L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are su#ciently long-lived to freeze
out. An example of such a state is the lightest X number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B ! L charged SM states
via OB!LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB!LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-

U(1)B�L+X ⇥ U(1)B�L � U(1)X
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librium decay of heavy particles [5], and phase transitions
in hidden sectors [6]. Other works on DM with an asym-
metry and their phenomenological implications include
[7]. A common origin of DM and the baryon asymmetry
through the AD mechanism has also been considered via
fragmentation of the AD condensate into Q-balls [8, 9],
via a sneutrino condensate [10], as well as more recently
in [11].
The outline of this paper is as follows. In Sec. II we de-

scribe the mechanism of AD cogenesis in general terms.
This will include a discussion of the formation of the AD
condensate in the inflationary epoch, as well as its sub-
sequent cosmological evolution after inflation ends. We
then go on in Sec. III to discuss the decay of the inflaton
and the AD condensate, followed by the ensuing thermal
histories of the MSSM and DM sectors. Afterwards we
present a number of simple explicit models of AD cogene-
sis and their associated variations in Sec. IV, and discuss
the collider phenomenology of these theories in Sec. V.
Finally, we conclude in Sec. VI.

II. COGENESIS IN THE EARLY UNIVERSE

Our aim is to simultaneously generate a B !L and X
asymmetry at the end of inflation via the evolution of AD
condensates which carry B ! L and X . To understand
what is required in order to achieve this, let us map our
system onto a simple mechanical analog. In particular,
by parameterizing a scalar field ! in polar coordinates,

! =
1"
2
r!e

i"! , (4)

one finds that the charge density of ! is

n! = j0 = i(!!̇† ! !†!̇) = r2!"̇!, (5)

that is, identical to the angular momentum of a pseudo-
particle in two dimensions.
It is convenient to reinterpret the scalar sector of the

MSSM during inflation as a system of coupled pseudo-
particles in two dimensions with a time dependent po-
tential. Thus to produce a B ! L and X asymmetry
we must have a setup in which the initial angular mo-
menta of all the pseudo-particles are vanishing but the
final angular momenta in the B!L and X directions are
non-zero. Hence, the essential ingredients of our setup
are:

i) Stabilization. Since a torque requires a lever arm,
scalar fields must be stabilized away from the origin
in the early universe in such a way that both B!L
and X are spontaneously broken.

ii) Torque. For a torque to be exerted, the scalar
potential must vary in time and depend explicitly
on the phases of fields which are B ! L and X
covariant.

These criteria are of course equivalent to the Sakharov
conditions requiring i) B !L and X symmetry violation
and ii) CP violation. Let us now discuss how each of
these elements are accommodated during the formation
and evolution of the AD condensate.

A. Stabilization

The first phase of the AD mechanism, stabilization,
occurs during the initial inflationary epoch of the early
universe. As discussed thoroughly in [12, 13], the expan-
sion of the universe a!ects the evolution of scalar fields
through Hubble friction and through the scalar potential,
which takes the form

V = VF + VD + Vsoft, (6)

where VF and VD arise from supersymmetric F -terms
and D-terms. Here Vsoft will vary explicitly in time via
the Hubble parameter because supersymmetry is bro-
ken by the vacuum energy of the universe during infla-
tion. Indeed, Hubble dependent potential terms should
be present as a consequence of interactions between the
scalar fields and the inflaton induced by Planck scale dy-
namics. The presence of these Hubble induced interac-
tions along with Hubble friction implies that the scalar
fields are critically damped during the inflationary phase
[12, 13].
Typically, Vsoft will induce additional minima far from

the origin. For example, the AD mechanism exploits the
existence of soft mass terms of the form [12, 13]

Vsoft #
!

!

(a!m
2 + b!H

2)|!|2, (7)

where m is the scale of soft masses at zero temperature
and H is the Hubble parameter. The dimensionless pa-
rameters a! and b! are generated by the couplings of the
field ! to the goldstino and the inflaton, respectively. In
general, it is possible that b! < 0 in Eq. (7), in which case
a tachyon is induced for ! during inflation, causing ! to
roll away from the origin and be stabilized at !-breaking
minimum.
We should also expect a contribution to the potential

from the A-term version of OB!LOX of the form

Vsoft # (fm+ gH)
OB!LOX

Md!4
. (8)

where f and g are dimensionless coe"cients andM is the
scale suppressing the dimension d operator in Eq. (1). As
we will see in explicit models in Sec. IV, this operator in-
troduces additional vacua at non-zero field values. To our
knowledge, the possibility that the A-term alone, with-
out Hubble tachyons, can drive the AD evolution has not
before been pointed out in the literature. Be it through
contributions from Eq. (7) or Eq. (8), ! will be naturally
pushed along D-flat directions until it is lifted by higher
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2. Torque

• The torque is exerted when fm = gH

• Claim is that 
• Easily seen from Lagrangian
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We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the A!eck-Dine mechanism. In its simplest realization, A!eck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B ! L and X, the dark matter number, to the diagonal B ! L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B ! L
and X, and impart the requisite CP violation for asymmetry generation. Because B ! L + X is
preserved, the resulting B ! L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B ! L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, "DM/"B " 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the A"eck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B!L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB!LOX , (1)

where OB!L and OX are gauge invariant products of
chiral superfields which carry B ! L and X number, re-
spectively. In general, we are interested in operators of
the form

OB!L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge !1 under U(1)B!L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB!LOX explicitly breaks B!L and X
number down to an exact, diagonal B ! L+X number.
As in canonical AD, inflation induces supersymmetry

breaking e!ects proportional to the Hubble parameter
which can e#ciently drive "B ! L# and "X# to non-zero
values in the early universe. As the universe cools, these
operators become ine!ective and the vacuum settles to

the present day B!L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B!L and X asymmetries. Because the the-
ory preserves B ! L + X , the resulting asymmetry has
vanishing B ! L+X number, so

! nB!L = nX $= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B ! L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are su#ciently long-lived to freeze
out. An example of such a state is the lightest X number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B ! L charged SM states
via OB!LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB!LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-

3

order terms in the potential at some large field value.
This state is the AD condensate.
A variety of operators, which may or may not break

B ! L, X , or supersymmetry, can serve to lift the flat
directions. For instance, Eq. (1) is a very natural super-
potential operator which is fully supersymmetric, breaks
B!L and X down to the diagonal B!L+X , and pro-
duces a stabilizing VF potential. Alternatively, VF can
have stabilizing contributions from supersymmetric op-
erators which separately preserve B ! L and X . Also,
it is possible that higher order terms from Vsoft success-
fully stabilize the field directions. Finally, we note that
additional D-terms from a gauged B !L+X symmetry
are a particularly elegant way of stabilizing fields with
B !L and X number simultaneously. In Sec. IV we will
explicitly realize some of these stabilizing mechanisms in
a number of concrete models.

B. Torque

Following the inflationary epoch comes the second in-
gredient of the AD mechanism, torque. When inflation
ends, the universe begins to cool and the energy density
is dominated by the coherent oscillations of the inflaton.
During this time, the AD condensate more or less tracks
the minimum of the scalar potential, which moves as a
function of the Hubble parameter. If the parameters f
and g in Eq. (8) have di!erent phases, then a torque will
be exerted on the phases of the fields in OB!L and OX

when H " fm/g. As the phases of B ! L and X evolve
from their initial to final values, a non-zero asymmetry
in B ! L and X develops, as indicated in Eq. (5).
We can now calculate the asymmetry in Eq. (5) by

tracking the evolution of the scalar fields through the
equations of motion for the angular components of B !
L and X . We are interested in the Lagrangian for the
angular components of the coupled B!L and X system.
First, we parameterize all fields according to their charges
under B ! L and X , so

! = r! exp i (qB!L,!"B!L + qX,!"X) , (9)

where qB!L,! and qX,! are the B ! L and X charges of
!, and "B!L and "X are phases which shift by a unit
under B ! L and X , respectively. In this notation, the
Lagrangian is

L =
1

2
(r2B!L"̇

2
B!L + r2X "̇2X)! V ("B!L ! "X), (10)

where we have defined the quantities

r2B!L =
!

!

q2B!L,!r
2
! (11)

r2X =
!

!

q2X,!r
2
!. (12)

One can think of rB!L and rX as the lever arms corre-
sponding to B ! L and X number. In this notation, the

B ! L and X number densities are

nB!L = r2B!L"̇B!L (13)

nX = r2X "̇X . (14)

The parameterization in Eq. (9) implies that

OB!L = |OB!L|e!i"B!L

OX = |OX |ei"X , (15)

which in turn means that the term in Eq. (8) generates
the angular potential shown in Eq. (10). As mentioned
earlier, OB!L and OX have, without loss of generality,
been defined to have charge !1 under B ! L and charge
+1 under X , respectively. Defining sum and di!erence
angular variables,

"± = "B!L ± "X , (16)

we see that the angular Lagrangian has no dependence
on "+. This implies that conjugate momentum to "+,
that is the B ! L+X number density, is conserved,

d

dt

#L
#"̇+

=
d

dt
(nB!L + nX) = 0, (17)

or equivalently, B ! L + X number is conserved at its
initial value of zero:

nB!L + nX = 0. (18)

On the other hand, the operator in Eq. (8) explicitly
breaks B ! L ! X , so it generates an e!ective, time
dependent potential for "!. The conjugate momentum,
#L/#"!, is B ! L!X number and is not conserved:

d

dt

#L
#"̇!

=
d

dt
(nB!L ! nX) = !

#V

#"!
. (19)

This equation of motion can be solved parametrically us-
ing Eq. (8) and the parameterization in Eq. (15), treating
the torque as an impulse occurring at time H " fm/g.
One finds

! nB!L = nX "
arg(f/g) g |OB!L| |OX |

Md!4
, (20)

where |OB!L| and |OX | are evaluated when H " fm/g.
Thus, an asymmetry in B!L andX is generated and AD
cogenesis is realized. For the potentials we consider, the
AD condensate will typically produce a symmetric abun-
dance of B ! L and X charged fields as well. We will
discuss the fate of this symmetric component in Sec. III
and present a more detailed calculation of the asymmet-
ric component in Sec. IV, when we consider explicit mod-
els.
Note that the relationship in Eq. (20) can be modified

in the presence of additional operators which separately
violate B ! L and X , such as a Majorana mass term
for a field that carries X number. The presence of the
Majorana term, if it is comparable or larger than the soft
mass term, can give a significant additional contribution
to the X asymmetry which will violate Eq. (20). We will
consider this contribution in detail on a case by case basis
in Sec. IV.

3

order terms in the potential at some large field value.
This state is the AD condensate.
A variety of operators, which may or may not break
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which in turn means that the term in Eq. (8) generates
the angular potential shown in Eq. (10). As mentioned
earlier, OB!L and OX have, without loss of generality,
been defined to have charge !1 under B ! L and charge
+1 under X , respectively. Defining sum and di!erence
angular variables,

"± = "B!L ± "X , (16)

we see that the angular Lagrangian has no dependence
on "+. This implies that conjugate momentum to "+,
that is the B ! L+X number density, is conserved,

d

dt

#L
#"̇+

=
d

dt
(nB!L + nX) = 0, (17)

or equivalently, B ! L + X number is conserved at its
initial value of zero:

nB!L + nX = 0. (18)

On the other hand, the operator in Eq. (8) explicitly
breaks B ! L ! X , so it generates an e!ective, time
dependent potential for "!. The conjugate momentum,
#L/#"!, is B ! L!X number and is not conserved:

d

dt

#L
#"̇!

=
d

dt
(nB!L ! nX) = !

#V

#"!
. (19)

This equation of motion can be solved parametrically us-
ing Eq. (8) and the parameterization in Eq. (15), treating
the torque as an impulse occurring at time H " fm/g.
One finds

! nB!L = nX "
arg(f/g) g |OB!L| |OX |

Md!4
, (20)

where |OB!L| and |OX | are evaluated when H " fm/g.
Thus, an asymmetry in B!L andX is generated and AD
cogenesis is realized. For the potentials we consider, the
AD condensate will typically produce a symmetric abun-
dance of B ! L and X charged fields as well. We will
discuss the fate of this symmetric component in Sec. III
and present a more detailed calculation of the asymmet-
ric component in Sec. IV, when we consider explicit mod-
els.
Note that the relationship in Eq. (20) can be modified

in the presence of additional operators which separately
violate B ! L and X , such as a Majorana mass term
for a field that carries X number. The presence of the
Majorana term, if it is comparable or larger than the soft
mass term, can give a significant additional contribution
to the X asymmetry which will violate Eq. (20). We will
consider this contribution in detail on a case by case basis
in Sec. IV.

Note      conserved!�+

2

librium decay of heavy particles [5], and phase transitions
in hidden sectors [6]. Other works on DM with an asym-
metry and their phenomenological implications include
[7]. A common origin of DM and the baryon asymmetry
through the AD mechanism has also been considered via
fragmentation of the AD condensate into Q-balls [8, 9],
via a sneutrino condensate [10], as well as more recently
in [11].
The outline of this paper is as follows. In Sec. II we de-

scribe the mechanism of AD cogenesis in general terms.
This will include a discussion of the formation of the AD
condensate in the inflationary epoch, as well as its sub-
sequent cosmological evolution after inflation ends. We
then go on in Sec. III to discuss the decay of the inflaton
and the AD condensate, followed by the ensuing thermal
histories of the MSSM and DM sectors. Afterwards we
present a number of simple explicit models of AD cogene-
sis and their associated variations in Sec. IV, and discuss
the collider phenomenology of these theories in Sec. V.
Finally, we conclude in Sec. VI.

II. COGENESIS IN THE EARLY UNIVERSE

Our aim is to simultaneously generate a B !L and X
asymmetry at the end of inflation via the evolution of AD
condensates which carry B ! L and X . To understand
what is required in order to achieve this, let us map our
system onto a simple mechanical analog. In particular,
by parameterizing a scalar field ! in polar coordinates,

! =
1"
2
r!e

i"! , (4)

one finds that the charge density of ! is

n! = j0 = i(!!̇† ! !†!̇) = r2!"̇!, (5)

that is, identical to the angular momentum of a pseudo-
particle in two dimensions.
It is convenient to reinterpret the scalar sector of the

MSSM during inflation as a system of coupled pseudo-
particles in two dimensions with a time dependent po-
tential. Thus to produce a B ! L and X asymmetry
we must have a setup in which the initial angular mo-
menta of all the pseudo-particles are vanishing but the
final angular momenta in the B!L and X directions are
non-zero. Hence, the essential ingredients of our setup
are:

i) Stabilization. Since a torque requires a lever arm,
scalar fields must be stabilized away from the origin
in the early universe in such a way that both B!L
and X are spontaneously broken.

ii) Torque. For a torque to be exerted, the scalar
potential must vary in time and depend explicitly
on the phases of fields which are B ! L and X
covariant.

These criteria are of course equivalent to the Sakharov
conditions requiring i) B !L and X symmetry violation
and ii) CP violation. Let us now discuss how each of
these elements are accommodated during the formation
and evolution of the AD condensate.

A. Stabilization

The first phase of the AD mechanism, stabilization,
occurs during the initial inflationary epoch of the early
universe. As discussed thoroughly in [12, 13], the expan-
sion of the universe a!ects the evolution of scalar fields
through Hubble friction and through the scalar potential,
which takes the form

V = VF + VD + Vsoft, (6)

where VF and VD arise from supersymmetric F -terms
and D-terms. Here Vsoft will vary explicitly in time via
the Hubble parameter because supersymmetry is bro-
ken by the vacuum energy of the universe during infla-
tion. Indeed, Hubble dependent potential terms should
be present as a consequence of interactions between the
scalar fields and the inflaton induced by Planck scale dy-
namics. The presence of these Hubble induced interac-
tions along with Hubble friction implies that the scalar
fields are critically damped during the inflationary phase
[12, 13].
Typically, Vsoft will induce additional minima far from

the origin. For example, the AD mechanism exploits the
existence of soft mass terms of the form [12, 13]

Vsoft #
!

!

(a!m
2 + b!H

2)|!|2, (7)

where m is the scale of soft masses at zero temperature
and H is the Hubble parameter. The dimensionless pa-
rameters a! and b! are generated by the couplings of the
field ! to the goldstino and the inflaton, respectively. In
general, it is possible that b! < 0 in Eq. (7), in which case
a tachyon is induced for ! during inflation, causing ! to
roll away from the origin and be stabilized at !-breaking
minimum.
We should also expect a contribution to the potential

from the A-term version of OB!LOX of the form

Vsoft # (fm+ gH)
OB!LOX

Md!4
. (8)

where f and g are dimensionless coe"cients andM is the
scale suppressing the dimension d operator in Eq. (1). As
we will see in explicit models in Sec. IV, this operator in-
troduces additional vacua at non-zero field values. To our
knowledge, the possibility that the A-term alone, with-
out Hubble tachyons, can drive the AD evolution has not
before been pointed out in the literature. Be it through
contributions from Eq. (7) or Eq. (8), ! will be naturally
pushed along D-flat directions until it is lifted by higher
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order terms in the potential at some large field value.
This state is the AD condensate.
A variety of operators, which may or may not break

B ! L, X , or supersymmetry, can serve to lift the flat
directions. For instance, Eq. (1) is a very natural super-
potential operator which is fully supersymmetric, breaks
B!L and X down to the diagonal B!L+X , and pro-
duces a stabilizing VF potential. Alternatively, VF can
have stabilizing contributions from supersymmetric op-
erators which separately preserve B ! L and X . Also,
it is possible that higher order terms from Vsoft success-
fully stabilize the field directions. Finally, we note that
additional D-terms from a gauged B !L+X symmetry
are a particularly elegant way of stabilizing fields with
B !L and X number simultaneously. In Sec. IV we will
explicitly realize some of these stabilizing mechanisms in
a number of concrete models.

B. Torque

Following the inflationary epoch comes the second in-
gredient of the AD mechanism, torque. When inflation
ends, the universe begins to cool and the energy density
is dominated by the coherent oscillations of the inflaton.
During this time, the AD condensate more or less tracks
the minimum of the scalar potential, which moves as a
function of the Hubble parameter. If the parameters f
and g in Eq. (8) have di!erent phases, then a torque will
be exerted on the phases of the fields in OB!L and OX

when H " fm/g. As the phases of B ! L and X evolve
from their initial to final values, a non-zero asymmetry
in B ! L and X develops, as indicated in Eq. (5).
We can now calculate the asymmetry in Eq. (5) by

tracking the evolution of the scalar fields through the
equations of motion for the angular components of B !
L and X . We are interested in the Lagrangian for the
angular components of the coupled B!L and X system.
First, we parameterize all fields according to their charges
under B ! L and X , so

! = r! exp i (qB!L,!"B!L + qX,!"X) , (9)

where qB!L,! and qX,! are the B ! L and X charges of
!, and "B!L and "X are phases which shift by a unit
under B ! L and X , respectively. In this notation, the
Lagrangian is

L =
1

2
(r2B!L"̇

2
B!L + r2X "̇2X)! V ("B!L ! "X), (10)

where we have defined the quantities

r2B!L =
!

!

q2B!L,!r
2
! (11)

r2X =
!

!

q2X,!r
2
!. (12)

One can think of rB!L and rX as the lever arms corre-
sponding to B ! L and X number. In this notation, the

B ! L and X number densities are

nB!L = r2B!L"̇B!L (13)

nX = r2X "̇X . (14)

The parameterization in Eq. (9) implies that

OB!L = |OB!L|e!i"B!L

OX = |OX |ei"X , (15)

which in turn means that the term in Eq. (8) generates
the angular potential shown in Eq. (10). As mentioned
earlier, OB!L and OX have, without loss of generality,
been defined to have charge !1 under B ! L and charge
+1 under X , respectively. Defining sum and di!erence
angular variables,

"± = "B!L ± "X , (16)

we see that the angular Lagrangian has no dependence
on "+. This implies that conjugate momentum to "+,
that is the B ! L+X number density, is conserved,

d

dt

#L
#"̇+

=
d

dt
(nB!L + nX) = 0, (17)

or equivalently, B ! L + X number is conserved at its
initial value of zero:

nB!L + nX = 0. (18)

On the other hand, the operator in Eq. (8) explicitly
breaks B ! L ! X , so it generates an e!ective, time
dependent potential for "!. The conjugate momentum,
#L/#"!, is B ! L!X number and is not conserved:

d

dt

#L
#"̇!

=
d

dt
(nB!L ! nX) = !

#V

#"!
. (19)

This equation of motion can be solved parametrically us-
ing Eq. (8) and the parameterization in Eq. (15), treating
the torque as an impulse occurring at time H " fm/g.
One finds

! nB!L = nX "
arg(f/g) g |OB!L| |OX |

Md!4
, (20)

where |OB!L| and |OX | are evaluated when H " fm/g.
Thus, an asymmetry in B!L andX is generated and AD
cogenesis is realized. For the potentials we consider, the
AD condensate will typically produce a symmetric abun-
dance of B ! L and X charged fields as well. We will
discuss the fate of this symmetric component in Sec. III
and present a more detailed calculation of the asymmet-
ric component in Sec. IV, when we consider explicit mod-
els.
Note that the relationship in Eq. (20) can be modified

in the presence of additional operators which separately
violate B ! L and X , such as a Majorana mass term
for a field that carries X number. The presence of the
Majorana term, if it is comparable or larger than the soft
mass term, can give a significant additional contribution
to the X asymmetry which will violate Eq. (20). We will
consider this contribution in detail on a case by case basis
in Sec. IV.
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order terms in the potential at some large field value.
This state is the AD condensate.
A variety of operators, which may or may not break

B ! L, X , or supersymmetry, can serve to lift the flat
directions. For instance, Eq. (1) is a very natural super-
potential operator which is fully supersymmetric, breaks
B!L and X down to the diagonal B!L+X , and pro-
duces a stabilizing VF potential. Alternatively, VF can
have stabilizing contributions from supersymmetric op-
erators which separately preserve B ! L and X . Also,
it is possible that higher order terms from Vsoft success-
fully stabilize the field directions. Finally, we note that
additional D-terms from a gauged B !L+X symmetry
are a particularly elegant way of stabilizing fields with
B !L and X number simultaneously. In Sec. IV we will
explicitly realize some of these stabilizing mechanisms in
a number of concrete models.

B. Torque

Following the inflationary epoch comes the second in-
gredient of the AD mechanism, torque. When inflation
ends, the universe begins to cool and the energy density
is dominated by the coherent oscillations of the inflaton.
During this time, the AD condensate more or less tracks
the minimum of the scalar potential, which moves as a
function of the Hubble parameter. If the parameters f
and g in Eq. (8) have di!erent phases, then a torque will
be exerted on the phases of the fields in OB!L and OX

when H " fm/g. As the phases of B ! L and X evolve
from their initial to final values, a non-zero asymmetry
in B ! L and X develops, as indicated in Eq. (5).
We can now calculate the asymmetry in Eq. (5) by

tracking the evolution of the scalar fields through the
equations of motion for the angular components of B !
L and X . We are interested in the Lagrangian for the
angular components of the coupled B!L and X system.
First, we parameterize all fields according to their charges
under B ! L and X , so

! = r! exp i (qB!L,!"B!L + qX,!"X) , (9)

where qB!L,! and qX,! are the B ! L and X charges of
!, and "B!L and "X are phases which shift by a unit
under B ! L and X , respectively. In this notation, the
Lagrangian is

L =
1

2
(r2B!L"̇

2
B!L + r2X "̇2X)! V ("B!L ! "X), (10)

where we have defined the quantities
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r2X =
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One can think of rB!L and rX as the lever arms corre-
sponding to B ! L and X number. In this notation, the

B ! L and X number densities are

nB!L = r2B!L"̇B!L (13)

nX = r2X "̇X . (14)

The parameterization in Eq. (9) implies that

OB!L = |OB!L|e!i"B!L

OX = |OX |ei"X , (15)

which in turn means that the term in Eq. (8) generates
the angular potential shown in Eq. (10). As mentioned
earlier, OB!L and OX have, without loss of generality,
been defined to have charge !1 under B ! L and charge
+1 under X , respectively. Defining sum and di!erence
angular variables,

"± = "B!L ± "X , (16)

we see that the angular Lagrangian has no dependence
on "+. This implies that conjugate momentum to "+,
that is the B ! L+X number density, is conserved,

d

dt

#L
#"̇+

=
d

dt
(nB!L + nX) = 0, (17)

or equivalently, B ! L + X number is conserved at its
initial value of zero:

nB!L + nX = 0. (18)

On the other hand, the operator in Eq. (8) explicitly
breaks B ! L ! X , so it generates an e!ective, time
dependent potential for "!. The conjugate momentum,
#L/#"!, is B ! L!X number and is not conserved:

d

dt

#L
#"̇!

=
d

dt
(nB!L ! nX) = !

#V

#"!
. (19)

This equation of motion can be solved parametrically us-
ing Eq. (8) and the parameterization in Eq. (15), treating
the torque as an impulse occurring at time H " fm/g.
One finds

! nB!L = nX "
arg(f/g) g |OB!L| |OX |

Md!4
, (20)

where |OB!L| and |OX | are evaluated when H " fm/g.
Thus, an asymmetry in B!L andX is generated and AD
cogenesis is realized. For the potentials we consider, the
AD condensate will typically produce a symmetric abun-
dance of B ! L and X charged fields as well. We will
discuss the fate of this symmetric component in Sec. III
and present a more detailed calculation of the asymmet-
ric component in Sec. IV, when we consider explicit mod-
els.
Note that the relationship in Eq. (20) can be modified

in the presence of additional operators which separately
violate B ! L and X , such as a Majorana mass term
for a field that carries X number. The presence of the
Majorana term, if it is comparable or larger than the soft
mass term, can give a significant additional contribution
to the X asymmetry which will violate Eq. (20). We will
consider this contribution in detail on a case by case basis
in Sec. IV.
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order terms in the potential at some large field value.
This state is the AD condensate.
A variety of operators, which may or may not break

B ! L, X , or supersymmetry, can serve to lift the flat
directions. For instance, Eq. (1) is a very natural super-
potential operator which is fully supersymmetric, breaks
B!L and X down to the diagonal B!L+X , and pro-
duces a stabilizing VF potential. Alternatively, VF can
have stabilizing contributions from supersymmetric op-
erators which separately preserve B ! L and X . Also,
it is possible that higher order terms from Vsoft success-
fully stabilize the field directions. Finally, we note that
additional D-terms from a gauged B !L+X symmetry
are a particularly elegant way of stabilizing fields with
B !L and X number simultaneously. In Sec. IV we will
explicitly realize some of these stabilizing mechanisms in
a number of concrete models.

B. Torque

Following the inflationary epoch comes the second in-
gredient of the AD mechanism, torque. When inflation
ends, the universe begins to cool and the energy density
is dominated by the coherent oscillations of the inflaton.
During this time, the AD condensate more or less tracks
the minimum of the scalar potential, which moves as a
function of the Hubble parameter. If the parameters f
and g in Eq. (8) have di!erent phases, then a torque will
be exerted on the phases of the fields in OB!L and OX

when H " fm/g. As the phases of B ! L and X evolve
from their initial to final values, a non-zero asymmetry
in B ! L and X develops, as indicated in Eq. (5).
We can now calculate the asymmetry in Eq. (5) by

tracking the evolution of the scalar fields through the
equations of motion for the angular components of B !
L and X . We are interested in the Lagrangian for the
angular components of the coupled B!L and X system.
First, we parameterize all fields according to their charges
under B ! L and X , so

! = r! exp i (qB!L,!"B!L + qX,!"X) , (9)

where qB!L,! and qX,! are the B ! L and X charges of
!, and "B!L and "X are phases which shift by a unit
under B ! L and X , respectively. In this notation, the
Lagrangian is

L =
1
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One can think of rB!L and rX as the lever arms corre-
sponding to B ! L and X number. In this notation, the

B ! L and X number densities are

nB!L = r2B!L"̇B!L (13)

nX = r2X "̇X . (14)

The parameterization in Eq. (9) implies that

OB!L = |OB!L|e!i"B!L

OX = |OX |ei"X , (15)

which in turn means that the term in Eq. (8) generates
the angular potential shown in Eq. (10). As mentioned
earlier, OB!L and OX have, without loss of generality,
been defined to have charge !1 under B ! L and charge
+1 under X , respectively. Defining sum and di!erence
angular variables,

"± = "B!L ± "X , (16)

we see that the angular Lagrangian has no dependence
on "+. This implies that conjugate momentum to "+,
that is the B ! L+X number density, is conserved,

d

dt

#L
#"̇+

=
d

dt
(nB!L + nX) = 0, (17)

or equivalently, B ! L + X number is conserved at its
initial value of zero:

nB!L + nX = 0. (18)

On the other hand, the operator in Eq. (8) explicitly
breaks B ! L ! X , so it generates an e!ective, time
dependent potential for "!. The conjugate momentum,
#L/#"!, is B ! L!X number and is not conserved:

d

dt

#L
#"̇!

=
d

dt
(nB!L ! nX) = !

#V
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This equation of motion can be solved parametrically us-
ing Eq. (8) and the parameterization in Eq. (15), treating
the torque as an impulse occurring at time H " fm/g.
One finds

! nB!L = nX "
arg(f/g) g |OB!L| |OX |

Md!4
, (20)

where |OB!L| and |OX | are evaluated when H " fm/g.
Thus, an asymmetry in B!L andX is generated and AD
cogenesis is realized. For the potentials we consider, the
AD condensate will typically produce a symmetric abun-
dance of B ! L and X charged fields as well. We will
discuss the fate of this symmetric component in Sec. III
and present a more detailed calculation of the asymmet-
ric component in Sec. IV, when we consider explicit mod-
els.
Note that the relationship in Eq. (20) can be modified

in the presence of additional operators which separately
violate B ! L and X , such as a Majorana mass term
for a field that carries X number. The presence of the
Majorana term, if it is comparable or larger than the soft
mass term, can give a significant additional contribution
to the X asymmetry which will violate Eq. (20). We will
consider this contribution in detail on a case by case basis
in Sec. IV.

Impulse approximation; evaluate at:
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librium decay of heavy particles [5], and phase transitions
in hidden sectors [6]. Other works on DM with an asym-
metry and their phenomenological implications include
[7]. A common origin of DM and the baryon asymmetry
through the AD mechanism has also been considered via
fragmentation of the AD condensate into Q-balls [8, 9],
via a sneutrino condensate [10], as well as more recently
in [11].
The outline of this paper is as follows. In Sec. II we de-

scribe the mechanism of AD cogenesis in general terms.
This will include a discussion of the formation of the AD
condensate in the inflationary epoch, as well as its sub-
sequent cosmological evolution after inflation ends. We
then go on in Sec. III to discuss the decay of the inflaton
and the AD condensate, followed by the ensuing thermal
histories of the MSSM and DM sectors. Afterwards we
present a number of simple explicit models of AD cogene-
sis and their associated variations in Sec. IV, and discuss
the collider phenomenology of these theories in Sec. V.
Finally, we conclude in Sec. VI.

II. COGENESIS IN THE EARLY UNIVERSE

Our aim is to simultaneously generate a B !L and X
asymmetry at the end of inflation via the evolution of AD
condensates which carry B ! L and X . To understand
what is required in order to achieve this, let us map our
system onto a simple mechanical analog. In particular,
by parameterizing a scalar field ! in polar coordinates,

! =
1"
2
r!e

i"! , (4)

one finds that the charge density of ! is

n! = j0 = i(!!̇† ! !†!̇) = r2!"̇!, (5)

that is, identical to the angular momentum of a pseudo-
particle in two dimensions.
It is convenient to reinterpret the scalar sector of the

MSSM during inflation as a system of coupled pseudo-
particles in two dimensions with a time dependent po-
tential. Thus to produce a B ! L and X asymmetry
we must have a setup in which the initial angular mo-
menta of all the pseudo-particles are vanishing but the
final angular momenta in the B!L and X directions are
non-zero. Hence, the essential ingredients of our setup
are:

i) Stabilization. Since a torque requires a lever arm,
scalar fields must be stabilized away from the origin
in the early universe in such a way that both B!L
and X are spontaneously broken.

ii) Torque. For a torque to be exerted, the scalar
potential must vary in time and depend explicitly
on the phases of fields which are B ! L and X
covariant.

These criteria are of course equivalent to the Sakharov
conditions requiring i) B !L and X symmetry violation
and ii) CP violation. Let us now discuss how each of
these elements are accommodated during the formation
and evolution of the AD condensate.

A. Stabilization

The first phase of the AD mechanism, stabilization,
occurs during the initial inflationary epoch of the early
universe. As discussed thoroughly in [12, 13], the expan-
sion of the universe a!ects the evolution of scalar fields
through Hubble friction and through the scalar potential,
which takes the form

V = VF + VD + Vsoft, (6)

where VF and VD arise from supersymmetric F -terms
and D-terms. Here Vsoft will vary explicitly in time via
the Hubble parameter because supersymmetry is bro-
ken by the vacuum energy of the universe during infla-
tion. Indeed, Hubble dependent potential terms should
be present as a consequence of interactions between the
scalar fields and the inflaton induced by Planck scale dy-
namics. The presence of these Hubble induced interac-
tions along with Hubble friction implies that the scalar
fields are critically damped during the inflationary phase
[12, 13].
Typically, Vsoft will induce additional minima far from

the origin. For example, the AD mechanism exploits the
existence of soft mass terms of the form [12, 13]

Vsoft #
!

!

(a!m
2 + b!H

2)|!|2, (7)

where m is the scale of soft masses at zero temperature
and H is the Hubble parameter. The dimensionless pa-
rameters a! and b! are generated by the couplings of the
field ! to the goldstino and the inflaton, respectively. In
general, it is possible that b! < 0 in Eq. (7), in which case
a tachyon is induced for ! during inflation, causing ! to
roll away from the origin and be stabilized at !-breaking
minimum.
We should also expect a contribution to the potential

from the A-term version of OB!LOX of the form

Vsoft # (fm+ gH)
OB!LOX

Md!4
. (8)

where f and g are dimensionless coe"cients andM is the
scale suppressing the dimension d operator in Eq. (1). As
we will see in explicit models in Sec. IV, this operator in-
troduces additional vacua at non-zero field values. To our
knowledge, the possibility that the A-term alone, with-
out Hubble tachyons, can drive the AD evolution has not
before been pointed out in the literature. Be it through
contributions from Eq. (7) or Eq. (8), ! will be naturally
pushed along D-flat directions until it is lifted by higher
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Oscillating ADM

• Asymmetry may be erased
• Any violation of DM 

number can lead to dark-
anti-dark oscillations 

• Like    oscillations
• Become important when 

mass exceeds Hubble 
expansion
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FIG. 2: Evolution of DM density for mX = 300 GeV, !!v" = 7.5 pb, "m = 10!7 eV. Top
left: rates H, #osc, and !±, for $ = 10!4. Top right: flavor-blind interaction for both $ = 0
(no scattering) and $ = 10!4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry %DM = 8.8# 10!11. Pink band is observed "DM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate !+ does not a"ect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (! = 0). Oscillations
turn on at x $ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (! = 10!4). Scattering
quenches oscillations until x $ 500. For "osc > !! > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density #DM % YX&YX̄ , assumed
to be #DM = 8.8 # 10!11, equal to the baryon density. The pink band corresponds to the
observed DM energy density #DM (with ±2$ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x $ 100.
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FIG. 2: Evolution of DM density for mX = 300 GeV, !!v" = 7.5 pb, "m = 10!7 eV. Top
left: rates H, #osc, and !±, for $ = 10!4. Top right: flavor-blind interaction for both $ = 0
(no scattering) and $ = 10!4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry %DM = 8.8# 10!11. Pink band is observed "DM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate !+ does not a"ect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (! = 0). Oscillations
turn on at x $ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (! = 10!4). Scattering
quenches oscillations until x $ 500. For "osc > !! > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density #DM % YX&YX̄ , assumed
to be #DM = 8.8 # 10!11, equal to the baryon density. The pink band corresponds to the
observed DM energy density #DM (with ±2$ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x $ 100.
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FIG. 2: Evolution of DM density for mX = 300 GeV, !!v" = 7.5 pb, "m = 10!7 eV. Top
left: rates H, #osc, and !±, for $ = 10!4. Top right: flavor-blind interaction for both $ = 0
(no scattering) and $ = 10!4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry %DM = 8.8# 10!11. Pink band is observed "DM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate !+ does not a"ect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (! = 0). Oscillations
turn on at x $ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (! = 10!4). Scattering
quenches oscillations until x $ 500. For "osc > !! > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density #DM % YX&YX̄ , assumed
to be #DM = 8.8 # 10!11, equal to the baryon density. The pink band corresponds to the
observed DM energy density #DM (with ±2$ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x $ 100.
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FIG. 2: Evolution of DM density for mX = 300 GeV, !!v" = 7.5 pb, "m = 10!7 eV. Top
left: rates H, #osc, and !±, for $ = 10!4. Top right: flavor-blind interaction for both $ = 0
(no scattering) and $ = 10!4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry %DM = 8.8# 10!11. Pink band is observed "DM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate !+ does not a"ect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (! = 0). Oscillations
turn on at x $ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (! = 10!4). Scattering
quenches oscillations until x $ 500. For "osc > !! > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density #DM % YX&YX̄ , assumed
to be #DM = 8.8 # 10!11, equal to the baryon density. The pink band corresponds to the
observed DM energy density #DM (with ±2$ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x $ 100.
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FIG. 2: Evolution of DM density for mX = 300 GeV, !!v" = 7.5 pb, "m = 10!7 eV. Top
left: rates H, #osc, and !±, for $ = 10!4. Top right: flavor-blind interaction for both $ = 0
(no scattering) and $ = 10!4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry %DM = 8.8# 10!11. Pink band is observed "DM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate !+ does not a"ect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (! = 0). Oscillations
turn on at x $ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (! = 10!4). Scattering
quenches oscillations until x $ 500. For "osc > !! > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density #DM % YX&YX̄ , assumed
to be #DM = 8.8 # 10!11, equal to the baryon density. The pink band corresponds to the
observed DM energy density #DM (with ±2$ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x $ 100.
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FIG. 1: left panel: Allowed regions (90 and 99% C.L., corresponding to purple and blue) for

standard spin-independent scattering, QNa = 0.3, QGe from Eq. (17). DAMA regions are shown

in a darker color than the CoGeNT regions. A green band shows 90% exclusion regions from

XENON10 depending on the extrapolation of Le� below threshold (central values of [15] are taken

and extrapolated to remain constant (light dashed) below threshold, or to drop linearly to zero

(dark dashed); these extrapolations correspond roughly to Case 1 and Case 2 of [32]). CDMS-Si

(red dot-dashed) and SIMPLE (short dashed) constraints are also shown. right panel: Same as left

panel, but with QNa = 0.45 and QGe from Eq. (18).

dominant form of scattering.

IV. MODELS

Though di�erent in detail, both the anapole and magnetic dipole operators are velocity
and momentum suppressed, and thus need su⇥ciently large cross-sections to explain the
event rates seen at DAMA and CoGeNT. Therefore the mass of the dark photon Aµ that
mediates the interaction should be fairly light. For example, consider the mass of the
mediator necessary to generate the large cross-sections for scattering through the anapole
interaction, Eq. (1). That cross-section scales as
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panel, but with QNa = 0.45 and QGe from Eq. (18).
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FIG. 12: (Color online) Scintillation e⇥ciency for nuclear re-
coils relative to that of 122 keV gamma rays in LXe at zero
field, comparing this work (�) to previous measurements from
Arneodo (⌅) [5], Akimov (�) [6], Aprile (�) [7], Chepel (⇥) [8]
and Aprile (⇤)[9]. Also shown is the theoretical model (dashed
line) explained in Section V, which includes the Lindhard fac-
tor, an electronic quenching due to bi-excitonic collisions and
the e�ect of escaping electrons.
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FIG. 13: (Color online) Scintillation e⇥ciency for nuclear recoils
measured in this work (�) and the theoretical model (dashed
line) compared to the scintillation e⇥ciency found from the
neutron calibration data by the XENON10 (top shaded area)
[12] and the ZEPLIN-III (bottom shaded area) [4] collabora-
tions.

14 shows the energy dependence of the ionization yield
measured in this work for 1.0 kV/cm and 4.0 kV/cm, as
well as previous measurements [10] and the calculated
values when comparing the XENON10 nuclear recoil
data and Monte Carlo simulations [12]. The ionization
yield errors shown in Figure 14 were derived from the
width of the S2 signals from nuclear recoils and from
the 57Co calibrations. By comparing the dual phase runs
triggered by the S1 signals with the runs triggered by
the S2 signals, we determined that there is no significant
uncertainty in the S2 signals due to the trigger.
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FIG. 14: (Color online) Ionization yield as a function of re-
coil energy. Shown are the measured values in this work at
1.00 kV/cm (⇤) and 4.00 kV/cm (�), along with previously
measured values at 0.10 kV/cm (⇤), 0.27 kV/cm (�), 2.00 kV/cm
(⌅) and 2.30 kV/cm(⇥) from [10], error bars omitted for clarity.
Also shown are the ionization yields calculated by comparing
the XENON10 nuclear recoil data and the Monte Carlo simu-
lations [12] for single elastic recoils at 0.73 kV/cm, using two
di�erent methods (⇥ and �).

V. EMPIRICAL MODEL OF LEFF

The data shown above reveal a relative scintillation
e⇥ciency that decreases with decreasing energy. A suit-
able theoretical expression for Le� in LXe can be written
as the product of at least three components:

Le� = qncl · qesc · qel (4)

First is the Lindhard factor [21], qncl, which quantifies
the larger fraction of energy dissipated into atomic mo-
tion or heat in a nuclear recoil compared to that for an
electron recoil. As a function of recoil energy, Er, the
Lindhard factor can be written as

qncl =
k · g(�)

1 + k · g(�)
(5)

where for a nucleus with atomic number Z and mass
number A, k = 0.133·Z2/3 ·A�1/2, g(�) = 3.0�0.15+0.7�0.6+�,
where � is the reduced energy � = 11.5 · Er · Z�7/3.

The second term, qesc, is the reduction of the scintil-
lation light yield due to escaping electrons. These are
electrons produced by ionization that thermalize outside
the Onsager radius and become free from recombination
even in the absence of an electric field [22]. The e�ect of
escaping electrons has been observed for electron recoils
[22] and has only recently been considered as a possible
additional factor governing the total scintillation reduc-
tion for nuclear recoils in LXe [23]. This is because of the
surprisingly high ionization yield from nuclear recoils
[10]. This factor can be expressed in terms of the ratio

Manzur et al
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FIG. 5: left panel: Same as Fig. (2)b (standard WIMP coupling), but with v0 = 270 km/s. right

panel: Same as Fig. (3)b (scattering through anapole operator), but with v0 = 270 km/s.
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FIG. 6: Same as Fig. (4)b (scattering through magnetic dipole operator), but with v0 = 270 km/s.

One can see that optimal agreement of DAMA and CoGeNT with each other and with the results of

the null experiments is obtained for scattering through this operator with this set of astrophysical

and experimental parameters (most importantly, QNa = 0.45 here).

DM, since the main obstacle to taking dark matter to be very light is the rapidly rising
spectrum at low energies in DAMA and CoGeNT, ruining the fit at low recoils. The
q2 dependence tends to counteract this, allowing for successful models which evade the
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moment operators,

Oa = ⇧̄�µ�5⇧Aµ (1)

Od = ⇧̄⌅µ⇥⇧Fµ⇥/�, (2)

are unique in that the contributions from spin-dependent and spin-independent scattering
can be equal for some elements (sodium in particular).1 The model that we have in mind
is a massive dark photon kinetically mixed with the visible photon. That the coupling to
nuclei in the scattering goes through the SM photon imposes constraints on the coe⇤cients
of the scattering cross-section which we utilize.

These operators also have unusual velocity and momentum dependence:

⌅a =
µ2
N

4⇤(q2 +M2)2

⇤⇤
4v2 � q2

(mN +m⇤)2

m2
Nm

2
⇤

⌅
F 2
1 + (F1 + F2)

2q2
2

m2
N

⌅
, (3)

⌅d =
4µ2

Nq
2

⇤�2(q2 +M2)2

⇤⇤
4v2 � q2

⇤
1

m2
N

+
2

mNm⇤

⌅⌅
F 2
1 + (F1 + F2)

2q2
2

m2
N

⌅
, (4)

with M the mediator mass, � an expansion parameter (associated in some models with
strong coupling in the DM state), mN the nucleus mass, m⇤ the DM mass, and q and
v the momentum transfer and velocity of the incoming WIMP. We use the standard
notation for the form factors F1, F2 for a coupling of a gauge field to N , e.g. ON ⇥
iAµN̄

�
F1�µ +

iF2
2mN

⌅µ⇥q⇥
⇥
N when N is spin-1/2. This unusual momentum and velocity

dependence has been noted before in other contexts [14, 17–23], though in most of these
cases only some of the terms in the full expression are considered (but see [8]). We find,
by contrast, that both terms arising from the magnetic and electric form factors can be
important and give rise to significantly modified spectra.

In this paper we show that non-standard velocity and momentum dependence can,
depending on how they enter into scattering cross-section, reconcile the DAMA and CoGeNT
regions. The dark magnetic dipole moment interaction in particular has the right structure
to give agreement between the two experiments, consistent with null results of other direct
detection experiments. The dark anapole interaction on the other hand does not bring the
two experimental regions together, and its main benefit is to alleviate tension between DAMA
and the null results. The magnitude of the shifts in the preferred DAMA and CoGeNT
regions, and whether this leads to better agreement, is a detailed numerical question.
This can however be understood qualitatively as follows. CoGeNT records slightly lower
momentum transfer than DAMA, and since these operators are momentum suppressed, this
causes CoGeNT to shift slightly up relative to DAMA in comparison to the standard spin-
independent case. More importantly for these operators, however, is the velocity dependence.

1 The operator which is usually called the anapole couples to the current, Oa = ⇥̄�µ�5⇥⇤⇥Fµ⇥ , as discussed

in [17]. This operator has the same spin structure as Eq. (1), but has an additional q2 suppression.

3

We next derive the rate for scattering through the anapole operator, Eq. (1). The photon
coupling to nuclei is

ON = AµN̄(p) (F1(q)(p+ p�)µ + (F1(q) + F2(q))2i⇥µ⇥q
⇥)N(p�). (13)

where F1(q), F2(q) are form factors, and the spin tensor ⇥µ⇥ is a generator in the appropriate
representation of the Lorentz group for spin-J nuclei N . For instance, for spin-1/2 nuclei,
⇥µ⇥ = 1

2⇤µ⇥ , and for spin-0 nuclei ⇥µ⇥ = 0. In (13), the fields N have the standard non-
relativistic normalization, which for spin-1/2 nuclei di⇤ers from the standard relativistic
normalization by a factor of

⌃
2mN . The form factors satisfy F1(0) = Z, (F1(0) + F2(0)) =

1
2J

mN
mp

bN
bn
, where bN denotes the nuclear magnetic moment and bn = e/2mp denotes the

Bohr magneton, since we are already using the more common symbols µN , µn for reduced
masses.3 In the non-relativistic limit, the nuclear magnetic moment coupling can be written
bN

↵J
J · �B. We take the q-dependence of F1(q) from the Helm form factor, and we neglect the

q-dependence of F2(0). Making these substitutions, the resulting matrix element, for a Dirac
state, is

1

4

⇤
|M|2 =

4m2
⇤m

2
N

M4

�
4v2Z2F (ER)

2 � q2
�
(m⇤ +mN)2

m2
⇤m

2
N

Z2F (ER)
2 � 2A2J + 1

3J

b2N
m2

Nb
2
n

⇥⇥
.

(14)
The resultant scattering cross-section, the analogue of Eq. (3) and which should be inserted
in Eq. 8 to obtain the di⇤erential rate, is

⇤N =
µ2
N

4⇥M4

�
4v2Z2F (ER)

2 � q2
�
(m⇤ +mN)2

m2
⇤m

2
N

Z2F (ER)
2 � 2A2J + 1

3J

b2N
m2

Nb
2
n

⇥⇥
. (15)

When reporting cross-sections for the anapole case, we use a convention closely related to
Eq. (15), taking ⇤̃ = µ2

n/4⇥M
4.

Similarly, the rate through the magnetic moment operator, Eq. (2), can be computed.
We find the resultant scattering cross-section is

⇤N =
4µ2

N

⇥M4�2

�
4q2v2Z2F (ER)

2 � q4
��

2

mNm⇤
+

1

m2
N

⇥
Z2F (ER)

2 � 2A2J + 1

3J

b2N
m2

Nb
2
n

⇥⇥
.

(16)
When reporting cross-sections, we use the convention ⇤̃ = 4µ2

n/⇥M
4.

In the appendix we o⇤er analytic expressions for the velocity integrals in Eq. (5) necessary
for computing the total rates in both the standard case and in the case of v2 dependence in
the rate. We next discuss our results using these expressions for the anapole operator with
experimental uncertainties folded in.

3 We are assuming here that the coupling to the nucleus goes through the photon. For a more general

coupling through a dark force only, the magnetic moment and charge can be allowed to float, shifting our

results.

6

moment operators,

Oa = ⇧̄�µ�5⇧Aµ (1)

Od = ⇧̄⌅µ⇥⇧Fµ⇥/�, (2)

are unique in that the contributions from spin-dependent and spin-independent scattering
can be equal for some elements (sodium in particular).1 The model that we have in mind
is a massive dark photon kinetically mixed with the visible photon. That the coupling to
nuclei in the scattering goes through the SM photon imposes constraints on the coe⇤cients
of the scattering cross-section which we utilize.

These operators also have unusual velocity and momentum dependence:

⌅a =
µ2
N

4⇤(q2 +M2)2

⇤⇤
4v2 � q2

(mN +m⇤)2

m2
Nm

2
⇤

⌅
F 2
1 + (F1 + F2)

2q2
2

m2
N

⌅
, (3)

⌅d =
4µ2

Nq
2

⇤�2(q2 +M2)2

⇤⇤
4v2 � q2

⇤
1

m2
N

+
2

mNm⇤

⌅⌅
F 2
1 + (F1 + F2)

2q2
2

m2
N

⌅
, (4)

with M the mediator mass, � an expansion parameter (associated in some models with
strong coupling in the DM state), mN the nucleus mass, m⇤ the DM mass, and q and
v the momentum transfer and velocity of the incoming WIMP. We use the standard
notation for the form factors F1, F2 for a coupling of a gauge field to N , e.g. ON ⇥
iAµN̄

�
F1�µ +

iF2
2mN

⌅µ⇥q⇥
⇥
N when N is spin-1/2. This unusual momentum and velocity

dependence has been noted before in other contexts [14, 17–23], though in most of these
cases only some of the terms in the full expression are considered (but see [8]). We find,
by contrast, that both terms arising from the magnetic and electric form factors can be
important and give rise to significantly modified spectra.

In this paper we show that non-standard velocity and momentum dependence can,
depending on how they enter into scattering cross-section, reconcile the DAMA and CoGeNT
regions. The dark magnetic dipole moment interaction in particular has the right structure
to give agreement between the two experiments, consistent with null results of other direct
detection experiments. The dark anapole interaction on the other hand does not bring the
two experimental regions together, and its main benefit is to alleviate tension between DAMA
and the null results. The magnitude of the shifts in the preferred DAMA and CoGeNT
regions, and whether this leads to better agreement, is a detailed numerical question.
This can however be understood qualitatively as follows. CoGeNT records slightly lower
momentum transfer than DAMA, and since these operators are momentum suppressed, this
causes CoGeNT to shift slightly up relative to DAMA in comparison to the standard spin-
independent case. More importantly for these operators, however, is the velocity dependence.

1 The operator which is usually called the anapole couples to the current, Oa = ⇥̄�µ�5⇥⇤⇥Fµ⇥ , as discussed

in [17]. This operator has the same spin structure as Eq. (1), but has an additional q2 suppression.

3
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DM in a Data Rich 
Discovery Era

• Meaning of experimental results 
still unclear -- as not 
uncommonly the case in a 
discovery era!

• Neutralino from MSSM not 
viable

• Consider range of theoretically 
motivated theories 

• Is 7-10 GeV mass window 
suggestive of something else?
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg � days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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2. Search Via 
Annihilations

• Missions in space

• 1. Fermi - photons
• Many anomalies!
• DM or astrophysical 

source?
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Fig. 2.— All-sky residual maps after subtracting the Fermi di!use Galactic model from the LAT 1.6 year maps in 4 energy bins (see
§3.1.1). Two bubble structures extending to b± 50! appear above and below the GC, symmetric about the Galactic plane.

This procedure provides a di!use model that faithfully
reproduces most of the features of the di!use Galactic
emission. One shortcoming is the existence of “dark gas”
(Grenier et al. 2005), clouds with gamma-ray emission
that do not appear in the H I and CO surveys. These
features are seen in dust maps (Schlegel et al. 1998) and
may simply be molecular H clouds underabundant in CO.
The Fermi di!use model is primarily intended as a

background for point source detection, and comes with a
number of caveats. However these caveats apply mainly
near the Galactic plane, and at E > 50GeV. It is nev-
ertheless useful for qualitatively revealing features in the
di!use emission at high latitude. In Figure 2, we show
the residual maps after subtracting the Fermi di!use
Galactic model in di!erent energy bins. A double-lobed
bubble structure is clearly revealed, with similar mor-
phology in the di!erent energy bins. We note that the
bubble is neither limb brightened nor centrally bright-
ened, consistent with a flat projected intensity distribu-
tion.

3.1.2. Simple Template-Based Di!use Galactic Model

Since the dominant foreground gamma-rays originate
from !0 gammas produced by CR protons interact-
ing with the ISM, the resulting gamma-ray distribution
should be morphologically correlated with other maps
of spatial tracers of the ISM. A good candidate is the
Schlegel, Finkbeiner, & Davis (SFD) map of Galactic

fermi.gsfc.nasa.gov/ssc/data/access/lat/ring for FSSC final4.pdf

dust, based on 100µm far IR data (Schlegel et al. 1998).
The !0/bremsstrahlung gamma-ray intensity is propor-
tional to the ISM density ! the CR proton/electron den-
sity integrated along the line of sight. As long as the
CR proton/electron spectrum and density are approxi-
mately spatially uniform, the ISM column density is a
good tracer of !0/bremsstrahlung emission. The dust
map has some advantages over gas maps: there are no
problems with self absorption, no concerns about “dark
gas” (Grenier et al. 2005), and the SFD dust map has
su"cient spatial resolution (SFD has spatial resolution
of 6’, and LAB is 36’). On the other hand, SFD con-
tains no velocity information, so it is impossible to break
the map into Galactocentric rings. Nevertheless, it is in-
structive to employ the SFD map to build a very simple
foreground model. The goal is to remove foregrounds in a
fashion that reveals the underlying structure with as few
physical assumptions as possible. We will compare the
resulting residuals using this simple di!use model with
those using the Fermi di!use Galactic model.
As an example, we reveal the Fermi bubble structure

from 1" 5 GeV Fermi-LAT 1.6 yr data in Figure 3. We
use the SFD dust map as a template of the !0 gamma
foreground. The correlation between Fermi and SFD
dust is striking, and the most obvious features are re-
moved by this subtraction (top row in Figure 3). This
step makes the bubbles above and below the GC easily
visible. The revealed bubbles are not aligned with any
structures in the dust map, and cannot plausibly be an

Cholis, Dobler, Finkbeiner, Slatyer, Weiner

Figure 5. Left panel: statistical significance for VIB-signal in terms of the TS value, as function of
m! and for the di!erent target regions shown in Fig. 3. Right panel: fits to data in Reg2 for the best
signal candidate at m! = 149 GeV. We show the background-only fit without DM signal as green
bars. The red bars show the background plus DM signal fit, the blue line the corresponding VIB
signal flux. In the right panel, we rebinned the data into (9 times) fewer bins than actually used in
our statistical analysis in order to improve the optical appearance of the figure. Note that the shown
fluxes are already integrated over the individual energy bins and properly convolved with the LAT
IRF.

to values of 10!28 cm3 s!1 for DM masses m! ! 100 GeV. As we will discuss below in
Section 4.1, our limits are much stronger than what can be obtained from e.g. dwarf galaxy
observations. For comparison, the gray cross in Fig. 4 shows the CMSSM benchmark point
BM3 [19], which lies in the coannihilation region and was already discussed above. This
benchmark point still remains unconstrained by our limits; its rather small cross-section is
closely related to the requirement that the neutralino is a thermal relic, as we will discuss in
Section 4.2 below.

In the left panel of Fig. 5, we show the significance for a VIB-like spectrum as function of
m!, assuming that µ = 1.1. The di!erent lines correspond to the di!erent target regions. The
significance is shown in terms of the TS value that was discussed above. We find a possible
signal candidate at a DM mass of m! ! 150 GeV. The indication for a signal is largest
for the target region Reg2, which corresponds to ! = 1.1, and has a nominal significance
of

"
TS = 4.3". Taking into account the LEE as discussed above, the significance is 3.1".

The corresponding fit to the data is shown in the right panel of Fig. 5; the spectral feature
in the measured flux can be easily recognized by eye. A similar preference for a signal,
although with less significance, appears also in the other regions Reg1, Reg3 and Reg4 (note
that the fluctuations around 50 GeV are completely within the statistical expectations). TS
values of zero indicate that for these values of m! the data would be best fitted with an
unphysical negative signal normalization; in this case, the likelihood of the model with DM
contribution becomes identical to that of the null model because we enforced a non-negative
signal normalization in our fits.

We have performed several tests to exclude the tempting DM interpretation of this
signature, none of which has succeeded so far: By masking out di!erent halfs of the signal
region of Reg2, for example, we find that the signal independently appears in the north,
south, east and west parts of Reg2 (though with a large scatter in the significances), as
expected from a DM signal. When shifting the target region away from its position by
about 10–20", on the other hand, the signal disappears completely. This makes a purely

– 12 –
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A Line was Supposed to 
be a Smoking Gun ... 

• Slightly off galactic 
center

• A broken power law?
• Detector systematic?
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Fig. 15.— Profiles for both ! and b. Even though the high-incidence-angle photons (" > 40!; right) panels have half the exposure (9.7%
vs. 19% for the left panels), they have more than half of the photons, and nearly the same TS due to lower o!-line background leaking in.
This demonstrates the statistical power of the high-incidence photons for line detection. See section 5 for a discussion of the significance.

Figure 15).
In the latitude direction, the fit is complicated by the

concentration of conventional continuum emission in the
plane. The cusp is not significantly o!set in the b direc-
tion, but sits in the region of highest background, so ad-
dition of the cusp is not demanded as strongly by the fit.
We introduce two new degrees of freedom, the amplitude
and FWHM of a Gaussian centered at b0 = 0. This yields
TS = 28.4 and p = 6.8!10!7, corresponding to 4.8! (lo-
cal significance). The maximum likelihood parameters of
the Gaussian are Fb = 3.9+1.5

!0.7 and Ab corresponding to
16.1 photons. Both the " and b fits are roughly compati-
ble with FWHM=3", but there is a slight preference for
an elongation of the cusp in the b direction. A careful
study of this will require much more data.
In Figure 15 (right panels) we also display the same

plots for the high-incidence sample (# > 40"). See Figure
16 for such plots in 30 energy bins. The high-incidence-
angle subsample contains half of the exposure time (9.7%
vs. 19%) but due to better energy resolution ("E/E "
0.06) has less background on the line, and therefore yields
a TS almost as large as the full data. In this sense, most

of the TS results from high # events. This subsample
would have yielded TS = 32.6(p = 3.9! 10!7, 4.93!) for
the " profile, and TS = 26.1(p = 2.2!10!6, 4.59!) for the
b profile. Although these are slightly worse p values than
for the full data, they may actually be more persuasive
due to the lower background.
The fact that the cusp appears to be significantly o!

center implies that our spectral fit in the previous section
erred by using a centered cusp template. In Figure 17
we show the measured energy spectrum of a 3" FWHM
cusp template, centered at " = #1.5" and b = 0". The
local significance of this fit is 5.5! relative to the null
hypothesis of zero intensity. This improvement is heart-
ening; however, because of the extra parameter, the trials
factor is now larger, diluting the significance.

6. VALIDATION TESTS

6.1. Assessment of line profile

In section 4, we investigated the cusp emission by ana-
lyzing maps in various energy bins. This allowed a sepa-
ration of spectral components by morphology, but relied
on an arbitrary choice of binning. The result – that there
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Figure 2. The gamma-ray spectrum in Regions 3 (Einasto Profile, left) and 4 (r!1.15 profile, right),
from the analysis of [9], and the best-fit power-law (red dashed), power-law plus monochromatic line
at E! = 130 GeV, smeared by the LAT energy resolution (green), and a broken power-law (blue)
similar to the spectrum observed in the Fermi bubbles regions.

[e.g. 12], star capture by the central super-massive black hole [e.g. 13], and a population of
high-energy confined cosmic-ray protons [e.g. 14, 15]. As argued in the original work of [10],
a dark matter interpretation for the bubbles is unlikely, especially based on spectral features,
morphology and the associated radio and X-ray counterparts. Contrived dark matter density
profiles and/or di!usion models must be invoked to explain the bubbles’ gamma-ray spectrum
with dark matter annihilation [see e.g. 16]. Finally, we note that the gamma-ray flux extracted
by [10] (see e.g. their Figure 14) shows an extremely hard spectrum, which softens sharply
at energies of around 110-150 GeV.

The sudden softening of the Fermi bubbles spectrum at an energy of approximately
150 GeV [10, Fig. 14] is important, as this spectral break can easily be confused with a
gamma-ray line. In general, any attempt to match a broken power-law spectrum by a single
power-law produces a best fit spectrum with a spectral index intermediate between the two
spectral indices from the best-fit broken power-law. In the case which is relevant here, where
the high energy spectral index is softer than the low energy index, this creates a deficit in
medium energy emission which is always most pronounced at the point of the spectral break.
Neglecting complicating factors such as an energy dependence in the statistical error of the
input function, the addition of a delta-function “bump” will provide the largest improvement
to the overall fit when the delta-function resides at the point of the spectral break. Adding a
“line” will produce an increasingly more beneficial e!ect to the quality of the fit the narrower

– 4 –

Su, Finkbeiner

Linden, Profumo

Tuesday, October 2, 12



A Line was Supposed to 
be a Smoking Gun ... 

• *Large* rate
• Why no continuum 

photons?
• Continuum should 

dominate by
• Need special models

2

�

�

SM

SM

�

�

SM

�

�

FIG. 1: WIMP annihilation to charged SM final states (Left), e.g., fermions ff̄ or WW , generates annihilation to �� at one-loop (Right).

Second, the total annihilation cross section in the early Universe must be h�vi ⇠ 3 ⇥ 10

�26
cm

3/s to generate the observed
relic density. For h�vi

��

⇡ 10

�27
cm

3/s, according to Eq. (1), one expects �� ! f ¯f or WW to be far too large, giving a
relic density much smaller than observed. Even if tree-level annihilation is p-wave suppressed, the additional O(10) suppression
from the DM relative velocity (squared) is not sufficient to avoid depleting the DM relic density.

In addition to the dimension six or seven operators just discussed, fermionic DM may couple to photons through a dimension-
five magnetic dipole operator �̄�µ⌫�F

µ⌫

or electric dipole operator �̄�µ⌫�5�Fµ⌫

, where �µ⌫ ⌘ �i[�µ, �⌫

]/2. This type
of DM can be found in models where DM is a composite state [27–35], and was considered recently in connection with the
Fermi line signal [36]. Dipolar DM encounters similar challenges in explaining both the line signal and relic density, since the
dipole operator mediates ��̄ ! f ¯f as well as ��̄ ! ��. For the magnetic dipole case, fixing h�vi

��

= 10

�27
cm

3/s gives
h�vi

ff̄

& 10

�25
cm

3/s, which gives a too-small DM relic density. In the electric dipole case, ��̄ ! f ¯f is p-wave suppressed,
and the relic density is too large, unless there are additional annihilation channels. Furthermore, Dirac DM models with such
large dipole interactions are excluded by direct detection experiments [37].

So far, we have seen both the relic density constraint and the continuum photon bound strongly disfavor simple WIMP models
for enhanced � line signals. To alleviate these tensions, we have to consider extensions to the simple WIMP models with
designed features to enhance the �� signal [21, 36, 38–52].

In this paper, we discuss three generic scenarios that are exceptions to these constraints, allowing for a large �� annihilation
rate while annihilation to fermions is suppressed compared to Eq. (1), both in the early Universe and in the galactic halo today.
The three exceptions are:

• Coannihilation: The relic density is set by �1�2 ! f ¯f , where �1 is DM and �2 is a next-to-lightest state nearby in mass.
Annihilation to f ¯f is suppressed during freeze-out by the �1-�2 mass gap, giving the correct relic density for O(10GeV)

splitting. No annihilation to f ¯f occurs today since �2 decays to �1 and is not populated.

• Forbidden channels: DM annihilates to charged fermions F ¯F that are slightly heavier than the DM particles themselves.
Due to the high velocity tail of the DM distribution, annihilation occurs in the early Universe, setting the relic density, but
is kinematically forbidden today.

• Asymmetric DM (ADM): The relic density is set by a primordial DM asymmetry, where a large annihilation rate ��† ! f ¯f
is quenched by the DM chemical potential. After freeze-out, the asymmetry is washed out by DM particle-antiparticle
oscillations due to tiny DM number-violating mass terms. ��† ! �� annihilation can occur today with a large rate, while
��† ! f ¯f can be p-wave or chirality-suppressed.

In the remainder of this work, we study in detail several minimal DM models as examples to illustrate each of these mechanisms.
In each case, we show that an enhanced �� annihilation rate can naturally be reconciled with the observed relic density and
present � continuum constraints.

In Sec. II, we discuss coannihilation, presenting two models: (i) magnetic dipolar DM, and (ii) coannihilation with charged
partners, which generates DM coupling to �� at dimension seven. In Sec. III, we consider a model with forbidden channels,
and we derive the mass gap between DM particles and charged states required for the correct thermal relic density. In Sec. IV,
we present a scalar ADM model and discuss the ingredients necessary for generating the � line while remaining consistent with
other constraints. Our conclusions are summarized in Sec. V. We focus in this paper on models needed to explain the 130 GeV
line, though we emphasize that our results are easily generalized to the case of multiple lines.

II. COANNIHILATION

In coannihilation scenarios, DM freeze-out is dominated by annihilation with a next-to-lightest state that is nearby in mass.
For concreteness, we consider �1�2 ! f ¯f , where �1 is the DM, �2 is the nearby state, and f is a SM fermion. We assume that
the �1�2 coannihilation channel is dominant in the early Universe, while direct �1�1 annihilation is suppressed. If the mass
splitting �m ⌘ m2 �m1 is comparable to the freeze-out temperature T

f

, coannihilation can provide a natural framework for
enhanced � signals from thermal DM:

Several interesting proposed scenarios, with similar 

phenomenology for indirect dark matter detection 

Large annihilation rates 
+ 

Hard charged leptons 

Easy Preys for Fermi 

gamma-ray detection! 

Final State Radiation Inverse Compton RSM

R��
⇠ (⇡/↵)2 ⇡ 105

Figure 5. Left panel: statistical significance for VIB-signal in terms of the TS value, as function of
m! and for the di!erent target regions shown in Fig. 3. Right panel: fits to data in Reg2 for the best
signal candidate at m! = 149 GeV. We show the background-only fit without DM signal as green
bars. The red bars show the background plus DM signal fit, the blue line the corresponding VIB
signal flux. In the right panel, we rebinned the data into (9 times) fewer bins than actually used in
our statistical analysis in order to improve the optical appearance of the figure. Note that the shown
fluxes are already integrated over the individual energy bins and properly convolved with the LAT
IRF.

to values of 10!28 cm3 s!1 for DM masses m! ! 100 GeV. As we will discuss below in
Section 4.1, our limits are much stronger than what can be obtained from e.g. dwarf galaxy
observations. For comparison, the gray cross in Fig. 4 shows the CMSSM benchmark point
BM3 [19], which lies in the coannihilation region and was already discussed above. This
benchmark point still remains unconstrained by our limits; its rather small cross-section is
closely related to the requirement that the neutralino is a thermal relic, as we will discuss in
Section 4.2 below.

In the left panel of Fig. 5, we show the significance for a VIB-like spectrum as function of
m!, assuming that µ = 1.1. The di!erent lines correspond to the di!erent target regions. The
significance is shown in terms of the TS value that was discussed above. We find a possible
signal candidate at a DM mass of m! ! 150 GeV. The indication for a signal is largest
for the target region Reg2, which corresponds to ! = 1.1, and has a nominal significance
of

"
TS = 4.3". Taking into account the LEE as discussed above, the significance is 3.1".

The corresponding fit to the data is shown in the right panel of Fig. 5; the spectral feature
in the measured flux can be easily recognized by eye. A similar preference for a signal,
although with less significance, appears also in the other regions Reg1, Reg3 and Reg4 (note
that the fluctuations around 50 GeV are completely within the statistical expectations). TS
values of zero indicate that for these values of m! the data would be best fitted with an
unphysical negative signal normalization; in this case, the likelihood of the model with DM
contribution becomes identical to that of the null model because we enforced a non-negative
signal normalization in our fits.

We have performed several tests to exclude the tempting DM interpretation of this
signature, none of which has succeeded so far: By masking out di!erent halfs of the signal
region of Reg2, for example, we find that the signal independently appears in the north,
south, east and west parts of Reg2 (though with a large scatter in the significances), as
expected from a DM signal. When shifting the target region away from its position by
about 10–20", on the other hand, the signal disappears completely. This makes a purely
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FIG. 6: Tree-level dark matter annihilation to heavy fermions in the forbidden case (Left). �� ! �� at one-loop (Right).

where a ⌘ m2
1/m

2
�

, b ⌘ m2
2/m

2
�

, and the functions I
n

(a, b) are defined in [58]. In the m
�

� m1,2 � �m ⌘ m2 �m1 limit,
we have F+ ⇡ (2 � ⇡2

) and F� ⇡ 2; however, for m
�

⇠ m1,2, these approximations overestimate the �� rate and we use the
exact expression in our analysis. Also, we expect the rates for �1�1 ! ZZ,Z� to be comparable, although the exact prediction
depends on the SU(2)

L

⇥ U(1)

Y

quantum numbers of �2 and �.
In Fig. 5, we present numerical results for this model.

• The solid curves show mass contours for h�vi
��

= 10

�27
cm

3/s, for fixed m1 = 130 GeV and for different couplings
g
S

, with g
P

= 0.1 g
S

(left panel) and g
P

= g
S

(right panel). The � line signal requires g
S

& O(1) and m2,m�

& m1.

• The dashed contours show parameters giving the DM relic density ⌦dmh2
= 0.11, for different values of the SM fermion

coupling g0 ⌘ p|g0
S

|2 + |g0
P

|2, with m1 = 130 GeV and g
S,P

fixed by h�vi
��

. There is a clear resonance for m
�

⇡
m1 + m2, with smaller values of g0 and larger �m allowed. (The width �

�

is computed as a function of the given
parameters.)

• The gray region is excluded by ⌦dmh2 < 0.11. For �m . 5 GeV, �2�̄2 annihilation is not sufficiently Boltzmann
suppressed, depleting �1 provided �1 and �2 are in chemical equilibrium. (This holds for g

S,P

⇠ 1, g0 � 10

�7.)

Taking m2 ⇡ 135 GeV (corresponding to the edge of the gray region) gives ⌦dmh2
= 0.11 in a large region of parameter space

(10�7 ⌧ g0 ⌧ 10

�1, off-resonance) with little dependence on the other new physics parameters, since the relic density is set
through electromagnetic interactions. That is, the new physics particles need not have large couplings to SM states, aside from
their electromagnetic couplings. In any case, this coannihilation model presents a viable framework for explaining the DM relic
density with an enhanced � line signal.

III. FORBIDDEN CHANNELS

The second exception occurs when all the virtual charged particles generating the DM coupling to photons have a slightly
larger mass than the DM. Although the coupling between DM and the charged particles has to be strong to overcome the
loop-suppression factor, the annihilation cross section to charged particles at tree-level is suppressed kinematically. During
freeze-out, DM is non-relativistic and its typical velocity is ⇠ 0.3 c. If the charged particles have masses not far from the DM
mass, annihilation to the charged particles can still proceed in the early Universe, albeit less efficiently. As a result, one is able to
obtain the correct relic density despite the large couplings needed to generate a photon line. On the other hand, DM has a typical
velocity ⇠ 10

�3 c in the halo today so that the direct annihilation to the charged particles is kinematically forbidden, evading
constraints from continuum photons. In Ref. [8], this mechanism was used to generate enhanced DM annihilation to �Z and
�h, with the forbidden particle as the t quark. Here, we investigate a different model with enhanced annihilation to ��, and we
compute the required mass splitting between the forbidden states and DM to obtain the correct relic density and the Fermi line
signal simultaneously.

We proceed to estimate the relic density through annihilation to the charged particle pairs, �̄� ! F ¯F , where we use F
to denote charged fermions heavier than DM. We begin by reviewing the discussion of [53]. Since the velocity of the final-
state particles is small, it is convenient to write the annihilation cross section in the form (�v) = (a + bv2)v2, where v is the
relative velocity of the initial-state particles, v2 is the velocity of the final-state particles in the center of mass frame, and a and b
characterize the s-wave and p-wave contributions to the annihilation cross section respectively as usual.5 Note v2 must present in
the annihilation cross section because it is from the phase space of the final-state particles. Energy and momentum conservation

5 The reader should not be confused with the mass ratios a, b defined in Sec. II. Here, a, b refer to s- and p-wave cross sections only.
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ
�

+ 3Hn
�

= �h�e↵vi
�
n2
�

� (neq
�

)

2
�

(2)

where n
�

⌘ P
i

n
�i is the total �

i

density. In writing Eq. (2) in terms of only n
�

, we assume the individual densities n
�i are in

chemical equilibrium due to rapid �
i

f $ �
j

f and �
i

$ �
j

f ¯f processes, such that

n
�i

n
�

⇡ neq
�i

neq
�

=

g
i

(1 +�

i

)

3/2
exp(�x�

i

)

ge↵
⌘ r

i

. (3)

We have defined x ⌘ m1/T , �
i

⌘ (m
i

�m1)/m1, and ge↵ ⌘ P
i

g
i

(1 +�

i

)

3/2
exp(�x�

i

), with g
i

degrees of freedom for
�
i

. The thermally-averaged effective cross section is h�e↵vi ⌘ P
i,j

r
i

r
j

h�
ij

vi, where �
ij

is �
i

�
j

annihilation cross section
and its thermal average is

h�
ij

vi = x3/2

2

p
⇡

Z 1

0
dv v2 (�

ij

v) e�v

2
x/4 . (4)

The DM relic density today is given by

⌦dmh
2
=

1.07⇥ 10

9
GeV

�1

g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 10

19
GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
f

= ln

�
0.038 ge↵m1mPl h�e↵vi /pg⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
e↵

vi, which is dominated by large �
1

�
2

and �
2

�
2

annihilation cross sections. This is
distinct from models where �

1

�
1

annihilation is itself too large, and h�
e↵

vi can be suppressed by 1/g
e↵

by having a “parasitic” species �
2

that does not
annihilate strongly (see, e.g., [54, 55]).
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FIG. 6: Tree-level dark matter annihilation to heavy fermions in the forbidden case (Left). �� ! �� at one-loop (Right).

where a ⌘ m2
1/m

2
�

, b ⌘ m2
2/m

2
�

, and the functions I
n

(a, b) are defined in [58]. In the m
�

� m1,2 � �m ⌘ m2 �m1 limit,
we have F+ ⇡ (2 � ⇡2

) and F� ⇡ 2; however, for m
�

⇠ m1,2, these approximations overestimate the �� rate and we use the
exact expression in our analysis. Also, we expect the rates for �1�1 ! ZZ,Z� to be comparable, although the exact prediction
depends on the SU(2)

L

⇥ U(1)

Y

quantum numbers of �2 and �.
In Fig. 5, we present numerical results for this model.

• The solid curves show mass contours for h�vi
��

= 10

�27
cm

3/s, for fixed m1 = 130 GeV and for different couplings
g
S

, with g
P

= 0.1 g
S

(left panel) and g
P

= g
S

(right panel). The � line signal requires g
S

& O(1) and m2,m�

& m1.

• The dashed contours show parameters giving the DM relic density ⌦dmh2
= 0.11, for different values of the SM fermion

coupling g0 ⌘ p|g0
S

|2 + |g0
P

|2, with m1 = 130 GeV and g
S,P

fixed by h�vi
��

. There is a clear resonance for m
�

⇡
m1 + m2, with smaller values of g0 and larger �m allowed. (The width �

�

is computed as a function of the given
parameters.)

• The gray region is excluded by ⌦dmh2 < 0.11. For �m . 5 GeV, �2�̄2 annihilation is not sufficiently Boltzmann
suppressed, depleting �1 provided �1 and �2 are in chemical equilibrium. (This holds for g

S,P

⇠ 1, g0 � 10

�7.)

Taking m2 ⇡ 135 GeV (corresponding to the edge of the gray region) gives ⌦dmh2
= 0.11 in a large region of parameter space

(10�7 ⌧ g0 ⌧ 10

�1, off-resonance) with little dependence on the other new physics parameters, since the relic density is set
through electromagnetic interactions. That is, the new physics particles need not have large couplings to SM states, aside from
their electromagnetic couplings. In any case, this coannihilation model presents a viable framework for explaining the DM relic
density with an enhanced � line signal.

III. FORBIDDEN CHANNELS

The second exception occurs when all the virtual charged particles generating the DM coupling to photons have a slightly
larger mass than the DM. Although the coupling between DM and the charged particles has to be strong to overcome the
loop-suppression factor, the annihilation cross section to charged particles at tree-level is suppressed kinematically. During
freeze-out, DM is non-relativistic and its typical velocity is ⇠ 0.3 c. If the charged particles have masses not far from the DM
mass, annihilation to the charged particles can still proceed in the early Universe, albeit less efficiently. As a result, one is able to
obtain the correct relic density despite the large couplings needed to generate a photon line. On the other hand, DM has a typical
velocity ⇠ 10

�3 c in the halo today so that the direct annihilation to the charged particles is kinematically forbidden, evading
constraints from continuum photons. In Ref. [8], this mechanism was used to generate enhanced DM annihilation to �Z and
�h, with the forbidden particle as the t quark. Here, we investigate a different model with enhanced annihilation to ��, and we
compute the required mass splitting between the forbidden states and DM to obtain the correct relic density and the Fermi line
signal simultaneously.

We proceed to estimate the relic density through annihilation to the charged particle pairs, �̄� ! F ¯F , where we use F
to denote charged fermions heavier than DM. We begin by reviewing the discussion of [53]. Since the velocity of the final-
state particles is small, it is convenient to write the annihilation cross section in the form (�v) = (a + bv2)v2, where v is the
relative velocity of the initial-state particles, v2 is the velocity of the final-state particles in the center of mass frame, and a and b
characterize the s-wave and p-wave contributions to the annihilation cross section respectively as usual.5 Note v2 must present in
the annihilation cross section because it is from the phase space of the final-state particles. Energy and momentum conservation

5 The reader should not be confused with the mass ratios a, b defined in Sec. II. Here, a, b refer to s- and p-wave cross sections only.
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FIG. 8: Scalar DM � annihilating to SM fermions ff̄ (Left) and �� (Right), where F is a new massive charged fermion.

value of each coupling enters the calculation individually only through �

�

, which is only important near the resonance. The
dependence is negligible for small m

�

, where the width is very narrow and it does not play a role. For m
�

& 300� 350 GeV,
the effect is more noticeable since more decay channels become kinematically accessible. In this model, the preferred value of
m

F

is ⇠ 130� 165 GeV depending on parameters. With such heavy charged particles, it is clear that �� ! F ¯F is forbidden
kinematically in the galaxy today, and the model evades the continuum photon constraint.

IV. ASYMMETRIC DARK MATTER

Asymmetric DM (ADM) [61] provides a third exception for reconciling an enhanced � line signal with the observed relic
density.6 We assume that DM � is a complex state carrying a U(1)

�

conserved charge, and that a nonzero � chemical potential
arises sometime before the freeze-out epoch, generating an asymmetry of � over its antiparticle �†. In ADM freeze-out, the
��† annihilation cross section can be much larger than ⇠ 6⇥ 10

�26
cm

3/s required for symmetric freeze-out. In this case, ��†

annihilation is quenched once �† is depleted, and the relic � density is determined by the primordial asymmetry. This is similar
in spirit to coannihilation, where the coannihilating state �† is suppressed by a chemical potential, rather than a mass splitting.

DM annihilation can occur in the Universe today if the � asymmetry is washed out after freeze-out through � $ �† oscilla-
tions [68–71]. Particle-antiparticle oscillations are generic in a wide class of ADM models where, unless U(1)

�

descends from
a gauge symmetry, one expects U(1)

�

-breaking mass terms to arise, e.g., through Planck-suppressed operators. In this case, �
and �† are no longer mass eigenstates, and oscillations commence once the mass splitting between the real components of � is
comparable to the Hubble expansion rate.

We consider a model where � is a complex scalar with an interaction

Lint = � ¯F (g
L

P
L

+ g
R

P
R

)f + h.c. , (31)

where g
L,R

are couplings, f is a SM fermion, and F is a new massive fermion carrying U(1)

�

with mass m
F

> m
�

. We
assume f, F carry electric charge Q

f

|e| = Q
F

|e|. DM directly annihilates to f ¯f at tree-level and to �� at one-loop, shown in
Fig. 8. Since one expects the former to be enhanced over the latter by O(⇡2/↵2

), we must address how this model can generate
the observed � line while avoiding � continuum constraints.

The case of scalar DM provides a natural mechanism to suppress annihilation to f ¯f , thereby evading the � continuum con-
straint. If � couples chirally, ��† ! f ¯f is p-wave or chirality-suppressed as a consequence of angular momentum conservation.
Taking, e.g., g

L

= 0, we have

�(��† ! f ¯f)v ⇡ |g
R

|4(3m2
f

+m2
�

v2)

48⇡(m2
�

+m2
F

)

2
, (32)

keeping only the leading terms in v2 or m2
f

. On the other hand, if g
L

⇠ g
R

6= 0, the leading contribution is s-wave and is not
chirality-suppressed:

�(��† ! f ¯f)v ⇡ |g
L

|2|g
R

|2m2
F

4⇡(m2
�

+m2
F

)

2
. (33)

For example, in the case of f = ⌧ , the annihilation rate in the galactic halo today (v ⇠ 10

�3
) is

�(��† ! ⌧ ⌧̄)v ⇡
⇢

10

�23
cm

3/s⇥ |g
L

|2|g
R

|2 for g
L

⇠ g
R

6⇥ 10

�28
cm

3/s⇥ |g
R

|4 for g
L

= 0

, (34)

6 For early ADM works, see [62–66]; for more recent works, see [67] and Refs. therein.

3. Asymmetric Dark Matter
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(4.) Degenerate States

A Simple Recipe for the 111 and 128 GeV Lines

JiJi Fan and Matthew Reece
Department of Physics, Harvard University, Cambridge, MA, 02138

Recently evidence for gamma ray lines at energies of approximately 111 and 128 GeV has been
found in Fermi-LAT data from the center of the galaxy and from unassociated point sources. Many
explanations in terms of dark matter particle pairs annihilating to �� and �Z have been suggested,
but these typically require very large couplings or mysterious coincidences in the masses of several
new particles to fit the signal strength. We propose a simple novel explanation in which dark matter
is part of a multiplet of new states which all have mass near 260 GeV as a result of symmetry. Two
dark matter particles annihilate to a pair of neutral particles in this multiplet which subsequently
decay to �� and �Z. For example, one may have a triplet of pseudo-Nambu-Goldstone bosons,
⇡h
± and ⇡h

0 , where ⇡h
± are stabilized by their charge under a new U(1) symmetry and the slightly

lighter neutral state ⇡h
0 decays to �� and �Z. The symmetry structure of such a model explains

the near degeneracy in masses needed for the resulting photons to have a line-like shape and the
large observed flux. The tunable lifetime of the neutral state allows such models to go unseen
at direct detection or collider experiments that can constrain most other explanations. However,
nucleosynthesis constraints on the ⇡h

0 lifetime fix a minimum necessary coupling between the new
multiplet and the Standard Model. The spectrum is predicted to be not a line but a box with a
width of order a few GeV, smaller than but on the order of the Fermi-LAT resolution.

Introduction: Dark matter makes up 80% of the
matter in our universe, but its nature continues to be
elusive. A number of independent lines of evidence o↵er
a persuasive picture of dark matter’s existence and grav-
itational interactions, but it is unclear whether it has
interactions that are stronger than gravity with known
Standard Model particles. Recently, a striking observa-
tion has been made of monochromatic gamma ray emis-
sion near the center of the galaxy [1, 2], with energy about
128 GeV. Subsequent studies [3, 4] have shown that there
may be a second line with an energy of about 111 GeV,
and that both lines also show up in unassociated sources
in the Fermi-LAT catalogue [5]. This is suggestive of
dark matter annihilating to �� and �Z, with the unasso-
ciated sources as potential dark matter subhalos within
the Miky Way.

typically) a factor of e4/(8�2) lower, i.e. ��v� (��) � 10�29 cm3/s. So we expect robust
tension between continuum gamma-ray bounds and annihilation through loops of
SM matter.

3. Subdominant wino DM? To illustrate the previous point: computing for winos in the
MSSM with Micromegas [?], we find at 128 GeV:

��v� (W̃ 0W̃ 0�W+W�) � 3� 10�24 cm3/s (10)
��v� (W̃ 0W̃ 0� �Z) � 9� 10�27 cm3/s (11)
��v� (W̃ 0W̃ 0� ��) � 2� 10�27 cm3/s (12)

If we believe Hooper’s results, then even if winos are only about 1/10 of all the dark
matter there is some tension with the galactic center, and the corresponding photon lines
would be at the 10�28 cm3/s level, too small to explain the observation. The suggestion
of Acharya et al. [?] is then ruled out, in an especially decisive way if Hooper’s bound
is correct.

4. Direct detection: Any dark matter that annihilates to �� or �Z can in principle show up
in direct-detection experiments through either a loop process (exchanging two photons
or a photon and a Z with the nucleus) or the 2 � 3 process �N � �N�. However,
these will typically be small enough that there is no limit (in fact, they may be small
enough that the neutrino background swamps any possible detection, possibly with the
exception of directional direct detection). Estimates for a particular model appear in [?],
and are several orders of magnitude below the current limits.

I expect that any model consistent with Hooper’s tree-level continuum gamma-ray con-
straints will also be safe, or at worst borderline, from direct detection through Higgs
exchange. Can we make this statement more precise? This is interesting even inde-
pendent of the gamma-ray line, since it suggests that Fermi-LAT is doing roughly as well
as Xenon at constraining models.

5. Neutrinos: Annihilation to Z bosons in the sun lead to a flux of neutrinos that may be
detectable on Earth. What are the numbers? Edit: I think it’s hopeless—but still
should maybe write down some numbers.

�

Figure 3: Illustrating the role of charge particles in arguments about the �-ray line.

5

FIG. 1. A model of DM + DM ! � + � often implies the
existence of a tree-level annihilation, by cutting the loop.

Because dark matter charge is constrained to be
tiny [6, 7], a model in which two dark matter particles
annihilate to two photons will generally rely on annihi-
lation through a loop of charged particles. As illustrated
in Figure 1, this will imply the existence of a tree-level
annihilation process to charged particles (whenever they
are light enough to be kinematically accessible). These
charged particles can radiate photons and frequently de-
cay to showers of hadrons that can in turn decay to fur-
ther photons. This would appear as a continuum spec-
trum of gamma rays that have not yet been seen in Fermi-

LAT data, ruling out many models fitting the lines, in-
cluding MSSM neutralinos [8–10].
Estimates of the strength of the line vary from about

1.3 to 5.1 ⇥10�27 cm3/s [2, 11], and depend to some ex-
tent on assumptions about the halo properties. For the
simplest cases of DM annihilating through a loop, this re-
quires rather large couplings, even allowing for numerical
enhancements from coincidences in the mass of the DM
and the charged particle in the loop [12, 13]. (Similar re-
marks apply to UV completions of MiDM/RayDM [14].)
Another possible source of enhancement is from s-
channel exchange of a pseudoscalar [13, 15–17] or (for
�Z without ��) vector [18], but this again requires a tun-
ing of the mass in the propagator for an enhancement.
(Another interesting model that predicts this topology
is Goldstone fermion dark matter [19].) These models
could be probed at colliders [14] or in direct detection
experiments [20].

DM

DM
�h

0

�h
0

Figure 4: Topology leading to a box-shaped gamma ray feature
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�0 �0 a
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Figure 5: Decay of �0
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FIG. 2. The process DM+DM ! ⇡h
0 +⇡h

0 , for a pseudoscalar
⇡h
0 which subsequently decays to photons, leads to a box-

shaped gamma-ray spectrum [21, 22]. The goal of our model
is to explain the narrowness of the box by placing the DM
and ⇡h

0 in the same multiplet due to some symmetry, with
nearly the same mass.

A strikingly di↵erent option is the possibility that the
gamma ray lines are actually narrow box-shaped fea-
tures [21, 22]. This occurs when dark matter annihilates
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What do you require 
from a Model?
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FIG. 7: Contours show the coupling g
�

g
F

(Left) and the heavy charged particle mass m
F

(Right) required for h�vi
��

= 10�27 cm3/s and
⌦

�

h2 = 0.11 as a function of the mediator mass m
�

in the forbidden case. We take m
�

= 130 GeV, Q
F

= c
F

= 1, g
�

= 0.5g
F

(dotted),
g
�

= g
F

(solid), and g
�

= 2g
F

(dashed). All contours stop when g
�

g
F

⇠ O(40).

Using Eq. (24), we can estimate the magnitudes of coupling constants required to generate the photon line signal. When m
�

is
far from 2m

�

, a large coupling constant g
�

g
F

⇠ O(4� 10) is required for h�vi
��

= 10

�27
cm

3/s, depending on the mediator
mass. While m

�

⇡ 2m
�

, the line signal can be enhanced dramatically. In this resonance limit, the annihilation cross section to
photons can be approximated as

(�v)
��

⇡ 10

�27
cm

3/s

 
g2
�

g2
F

Q4
F

c2
F

2⇥ 10

�4

!⇣ m
F

130 GeV

⌘2✓
260 GeV

m
�

◆2✓
1 GeV
�

�

◆2

. (28)

Therefore, the line signal can be enhanced significantly in the resonance case and the required coupling constants can be much
less than O(1).

Next, we discuss the thermal relic density for �. Since �� ! F ¯F is dominated by the s-wave process, we only keep the a
term in the expansion of (�v) = (a+ bv2)v2, which is given by

a =

1

2⇡

g2
�

g2
F

c
F

m2
�

(s�m2
�

)

2
+m2

�

�

2
�

, (29)

where s = 4m2
�

/(1� v2/4) with a minimal v as 2(1�m2
�

/m2
F

)

1/2. In our numerical work, we take the thermal average on the
whole annihilation cross section av2 as in Eq. (20). This is important to calculate the relic density near resonance. We also have
checked that one may take s = 4m2

F

and use Eq. (21) directly if it is off resonance.
To see how we can enhance �� signals and obtain the DM density simultaneously in the forbidden case, it is suggestive to

check the ratio of (�v)
��

to (�v)
FF̄

. Taking Q
F

= c
F

= 1 and m
F

& m
�

, we have

(�v)
��

(�v)
FF̄

⇡ 2⇥ 10

�5 ⇥ 1

v2

(4m2
F

�m2
�

)

2
+m2

�

�

2
�

(4m2
�

�m2
�

)

2
+m2

�

�

2
�

. (30)

We see that there are two effects can overcome the loop suppression factor and boost (�v)
��

with respect to (�v)
FF̄

. The first
is the phase space factor v2; for m

F

& m
�

, we have v2 ⌧ 1. The second boost factor is from a resonance effect. Since F ¯F
annihilation occurs at s ⇡ 4m2

F

, while �� annihilation occurs at s ⇡ 4m2
�

, the latter can be enhanced by a pole at m
�

⇡ 2m
�

.
Both effects rely on forbidden channels. If m

F

⌧ m
�

, then v2 ⇠ 1 and both F ¯F and �� annihilation have the same resonant
enhancement because they have a same pole at m

�

= 2m
�

. Therefore, a successful implementation of these enhancements
relies on the mass gap between F and �.

We present our numerical results for the forbidden case on two complementary panels of Fig. 7. In Fig. 7 (Left), we show g
�

g
F

required for the DM relic density and h�vi
��

= 10

�27
cm

3/s as a function of m
�

. For each point along the contour, the value
of m

F

is given in Fig. 7 (Right). When m
�

⇡ 2m
�

, �� ! �� is enhanced and a small coupling constant is needed to generate
the Fermi line signal. In this case, a relatively small m

F

is required to suppress annihilation to F ¯F . It is interesting to note that
m

F

has to be very close to 130 GeV to obtain the correct relic density when �� is enhanced maximally. On the other hand,
(�v)

FF̄

is on resonance during freeze-out for m
�

⇡ 2m
F

. Therefore, one needs larger m
F

to suppress the boosted annihilation.
We also can see that the numerical result only has a mild dependence on the relative size of g

�

and g
F

. This is because the

2. Forbidden Channels
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The Road Ahead

• Direct Detection 
experiments will 
continue to probe 
Higgs mediated 
scattering

• Higgs pole largely 
covered within 5 - 
10 years
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The Road Ahead

• LHC will continue looking 
for physics Beyond the 
Standard Model at the weak 
scale

• Evidence for Higgs; further 
accumulate this year

• Be patient! Current energy 8 
TeV; Ramp-up to 14 TeV 
after 1-2 year shutdown
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Figure 11: Confidence intervals in the (µ,mH) plane for the
H!ZZ(")! 4!, H! "", and H!WW(")! !#!# channels, including
all systematic uncertainties. The markers indicate the maximum like-
lihood estimates (µ̂, m̂H ) in the corresponding channels (the maximum
likelihood estimates for H!ZZ(")! 4! and H!WW(")! !#!# coin-
cide).

by the common parameter µggF+t  tH . Similarly, µVBF and
µVH have been grouped together as they scale with the
WWH/ZZH coupling in the SM, and are denoted by the
common parameter µVBF+VH . Since the distribution of
signal events among the 10 categories of the H! ""

search is sensitive to these factors, constraints in the
plane of µggF+t  tH #B/BSM and µVBF+VH #B/BSM, where
B is the branching ratio for H! "", can be obtained
(Fig. 12). Theoretical uncertainties are included so that
the consistency with the SM expectation can be quanti-
fied. The data are compatible with the SM expectation
at the 1.5$ level.

10. Conclusion

Searches for the Standard Model Higgs boson have
been performed in the H! ZZ(")! 4!, H! "" and
H!WW (")! e#µ# channels with the ATLAS experi-
ment at the LHC using 5.8–5.9 fb$1 of pp collision data
recorded during April to June 2012 at a centre-of-mass
energy of 8 TeV. These results are combined with ear-
lier results [17], which are based on an integrated lu-
minosity of 4.6–4.8 fb$1 recorded in 2011 at a centre-
of-mass energy of 7 TeV, except for the H! ZZ(")! 4!
and H! "" channels, which have been updated with the
improved analyses presented here.

The Standard Model Higgs boson is excluded at
95% CL in the mass range 111–559 GeV, except for
the narrow region 122–131 GeV. In this region, an ex-
cess of events with significance 5.9$, corresponding
to p0 = 1.7 # 10$9, is observed. The excess is driven

SM B/B× 
ttHggF+

µ
-1 0 1 2 3 4 5

SM
 B

/B
× 

VH
VB

F+
µ

-2

0

2

4

6

8

10

γ γ →H 

ATLAS 2011 - 2012
-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.9 fb∫ = 8 TeV:  s

SM
Best fit
68% CL
95% CL

Figure 12: Likelihood contours for the H! "" channel in the
(µggF+t  tH , µVBF+VH ) plane including the branching ratio factor
B/BSM. The quantity µggF+t  tH (µVBF+VH) is a common scale factor
for the ggF and t  tH (VBF and VH) production cross sections. The
best fit to the data (+) and 68% (full) and 95% (dashed) CL contours
are also indicated, as well as the SM expectation (#).

by the two channels with the highest mass resolution,
H! ZZ(")! 4! and H! "", and the equally sensitive
but low-resolution H!WW (")! !#!# channel. Taking
into account the entire mass range of the search, 110–
600 GeV, the global significance of the excess is 5.1$,
which corresponds to p0 = 1.7 # 10$7.

These results provide conclusive evidence
for the discovery of a new particle with mass
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV. The signal
strength parameter µ has the value 1.4 ± 0.3 at the
fitted mass, which is consistent with the SM Higgs
boson hypothesis µ = 1. The decays to pairs of vector
bosons whose net electric charge is zero identify the
new particle as a neutral boson. The observation in
the diphoton channel disfavours the spin-1 hypothe-
sis [140, 141]. Although these results are compatible
with the hypothesis that the new particle is the Standard
Model Higgs boson, more data are needed to assess its
nature in detail.
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The Road Ahead

• PAMELA / Fermi 
and cosmic ray 
positrons

• Fermi photons
• Data rich! Many 

experiments 
collecting data
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Fig. 2.— All-sky residual maps after subtracting the Fermi di!use Galactic model from the LAT 1.6 year maps in 4 energy bins (see
§3.1.1). Two bubble structures extending to b± 50! appear above and below the GC, symmetric about the Galactic plane.

This procedure provides a di!use model that faithfully
reproduces most of the features of the di!use Galactic
emission. One shortcoming is the existence of “dark gas”
(Grenier et al. 2005), clouds with gamma-ray emission
that do not appear in the H I and CO surveys. These
features are seen in dust maps (Schlegel et al. 1998) and
may simply be molecular H clouds underabundant in CO.
The Fermi di!use model is primarily intended as a

background for point source detection, and comes with a
number of caveats. However these caveats apply mainly
near the Galactic plane, and at E > 50GeV. It is nev-
ertheless useful for qualitatively revealing features in the
di!use emission at high latitude. In Figure 2, we show
the residual maps after subtracting the Fermi di!use
Galactic model in di!erent energy bins. A double-lobed
bubble structure is clearly revealed, with similar mor-
phology in the di!erent energy bins. We note that the
bubble is neither limb brightened nor centrally bright-
ened, consistent with a flat projected intensity distribu-
tion.

3.1.2. Simple Template-Based Di!use Galactic Model

Since the dominant foreground gamma-rays originate
from !0 gammas produced by CR protons interact-
ing with the ISM, the resulting gamma-ray distribution
should be morphologically correlated with other maps
of spatial tracers of the ISM. A good candidate is the
Schlegel, Finkbeiner, & Davis (SFD) map of Galactic

fermi.gsfc.nasa.gov/ssc/data/access/lat/ring for FSSC final4.pdf

dust, based on 100µm far IR data (Schlegel et al. 1998).
The !0/bremsstrahlung gamma-ray intensity is propor-
tional to the ISM density ! the CR proton/electron den-
sity integrated along the line of sight. As long as the
CR proton/electron spectrum and density are approxi-
mately spatially uniform, the ISM column density is a
good tracer of !0/bremsstrahlung emission. The dust
map has some advantages over gas maps: there are no
problems with self absorption, no concerns about “dark
gas” (Grenier et al. 2005), and the SFD dust map has
su"cient spatial resolution (SFD has spatial resolution
of 6’, and LAB is 36’). On the other hand, SFD con-
tains no velocity information, so it is impossible to break
the map into Galactocentric rings. Nevertheless, it is in-
structive to employ the SFD map to build a very simple
foreground model. The goal is to remove foregrounds in a
fashion that reveals the underlying structure with as few
physical assumptions as possible. We will compare the
resulting residuals using this simple di!use model with
those using the Fermi di!use Galactic model.
As an example, we reveal the Fermi bubble structure

from 1" 5 GeV Fermi-LAT 1.6 yr data in Figure 3. We
use the SFD dust map as a template of the !0 gamma
foreground. The correlation between Fermi and SFD
dust is striking, and the most obvious features are re-
moved by this subtraction (top row in Figure 3). This
step makes the bubbles above and below the GC easily
visible. The revealed bubbles are not aligned with any
structures in the dust map, and cannot plausibly be an
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Summary

• Dark Matter has not shown itself yet, 
but we continue to probe from all sides!
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