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Agenda

• The most prominent DM candidate: the 
SUSY WIMP.  How does it stand with 
new experimental constraints?        
Direct and Indirect Detection

• Looking beyond the SUSY WIMP. 
Sub-10 GeV WIMP.  Theories.  Direct 
and Indirect Detection.  Implications for 
Collider Experiments.



• Abundance of new stable states set by 
interaction rates

Why the Weak Scale is 
Compelling

! = n!v = H

Measured by WMAP + LSS

Freeze-out



Why the Weak Scale is 
Compelling

h�vi ' 3⇥ 10�26 cm3/s

' 1

(20 TeV)2

Kolb and Turner

Meausured by CMB plus 
large scale structure



Idea Focus: 
Supersymmetry

• Provides sharp predictions
• Must be neutral �̃ B̃, W̃3, H̃



Idea Focus: 
Supersymmetry

• Direct and indirect detection experiments 
provide a more direct handle on DM itself

• Indirect detection is a probe of relic 
density setting annihilation rate

Fermi



Direct Probe

• Direct detection: direct probe of couplings to nucleons

• Sneutrino scatters through Z

• Neutralino does not because operator vanishes 
identically for Majorana fermion �̄�µ�N̄�µN

Standard Model Dark Matter

�

N
�(�)

Mp � 1 GeV

Higgs boson
Z boson



Sub-Weakly Interacting 
Massive Particles
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ZEPLIN-III (2012)
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XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Scattering through the Z boson: ruled out

Next important benchmark:
Scattering through the Higgs

�n ⇠ 10�39 cm2

�n � 10�45�46 cm2



Monojets at LHC

• Probes direct coupling to nucleon
• Not competitive with DD for 

spin-independent scattering with 
DM mass above 10 GeV10
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Figure 5: ATLAS limits on (a) spin-independent and (b) spin-dependent dark matter–nucleon scattering,
compared to limits from the direct detection experiments. In particular, we show constraints on spin-
independent scattering from CDMS [42], XENON-10 [43], XENON-100 [44], DAMA [45], CoGeNT [46,
47] and CRESST [48], and constraints on spin-dependent scattering from DAMA [45], PICASSO [49],
XENON-10 [50], COUPP [51] and SIMPLE [52]. DAMA and CoGeNT allowed regions are based on our
own fits [11, 47, 53] to the experimental data. Following [54], we have conservatively assumed large systematic
uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for sodium and qI = 0.09± 0.03 for iodine,
which leads to an enlargement of the DAMA allowed regions. All limits are shown at 90% confidence level,
whereas for DAMA and CoGeNT we show 90% and 3� contours. For CRESST, the contours are 1� and 2�
as in [48].

searches. The dark matter annihilation rate is proportional to the quantity h�v
rel

i, where � is the
annihilation cross section, v

rel

is the relative velocity of the annihilating particles, and the average h·i
is over the dark matter velocity distribution in the particular astrophysical environment considered.
Working again in the e↵ective field theory framework, we find for dark matter coupling to quarks
through the dimension 6 vector operator, equation (1), or the axial-vector operator, equation (2),
respectively [11],
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Here the sum runs over all kinematically accessible quark flavors, and mq denotes the quark masses.
We see that, for both types of interaction, the leading term in �v

rel

is independent of v
rel

when there
is at least one annihilation channel with m2

q & m2

�v
2

rel

. Note that for DM couplings with di↵erent
Lorentz structures (for instance scalar couplings), the annihilation cross section can exhibit a much
stronger v

rel

-dependence. For such operators, collider bounds on h�v
rel

i can be significantly stronger
than in the cases considered here, especially in environments with low

⌦
v2
rel

↵
such as galaxies (see,

for instance, reference [11] for a more detailed discussion).
In figure 6, we show ATLAS constraints on h�v

rel

i as a function of the dark matter mass m�

for a scenario in which dark matter couples equally to all quark flavors and chiralities, but not

Fox, Harnik, Kopp, Tsai



Are there ways around 
for the Neutralino?

• Make the Neutralino a 
pure state -- coupling 
to Higgs vanishes

• However, Wino and 
Higgsino pure states 
can be probed by 
indirect detection

!g q

!q

(a)

"W qL, !L, !Hu, !Hd

!qL, !!L, Hu, Hd

(b)

!B q, !, !Hu, !Hd

!q, !!, Hu, Hd

(c)

Figure 6.3: Couplings of the gluino, wino, and bino to MSSM (scalar, fermion) pairs.

interactions of gauge-coupling strength, as we will explore in more detail in sections 9 and 10. The
couplings of the Standard Model gauge bosons (photon, W±, Z0 and gluons) to the MSSM particles are
determined completely by the gauge invariance of the kinetic terms in the Lagrangian. The gauginos
also couple to (squark, quark) and (slepton, lepton) and (Higgs, higgsino) pairs as illustrated in the
general case in Figure 3.3g,h and the first two terms in the second line in eq. (3.4.9). For instance, each
of the squark-quark-gluino couplings is given by

!
2g3(!q T aq!g+ c.c.) where T a = "a/2 (a = 1 . . . 8) are

the matrix generators for SU(3)C . The Feynman diagram for this interaction is shown in Figure 6.3a.
In Figures 6.3b,c we show in a similar way the couplings of (squark, quark), (lepton, slepton) and
(Higgs, higgsino) pairs to the winos and bino, with strengths proportional to the electroweak gauge
couplings g and g! respectively. For each of these diagrams, there is another with all arrows reversed.
Note that the winos only couple to the left-handed squarks and sleptons, and the (lepton, slepton)
and (Higgs, higgsino) pairs of course do not couple to the gluino. The bino coupling to each (scalar,
fermion) pair is also proportional to the weak hypercharge Y as given in Table 1.1. The interactions
shown in Figure 6.3 provide, for example, for decays !q " q!g and !q " "Wq! and !q " !Bq when the final
states are kinematically allowed to be on-shell. However, a complication is that the "W and !B states
are not mass eigenstates, because of splitting and mixing due to electroweak symmetry breaking, as
we will see in section 8.2.

There are also various scalar quartic interactions in the MSSM that are uniquely determined by
gauge invariance and supersymmetry, according to the last term in eq. (3.4.12), as illustrated in Fig-
ure 3.3i. Among them are (Higgs)4 terms proportional to g2 and g!2 in the scalar potential. These are
the direct generalization of the last term in the Standard Model Higgs potential, eq. (1.1), to the case
of the MSSM. We will have occasion to identify them explicitly when we discuss the minimization of
the MSSM Higgs potential in section 8.1.

The dimensionful couplings in the supersymmetric part of the MSSM Lagrangian are all dependent
on µ. Using the general result of eq. (3.2.19), µ provides for higgsino fermion mass terms

# Lhiggsino mass = µ( !H+
u
!H"
d # !H0

u
!H0
d ) + c.c., (6.1.4)

as well as Higgs squared-mass terms in the scalar potential

# Lsupersymmetric Higgs mass = |µ|2(|H0
u|2 + |H+

u |2 + |H0
d |2 + |H"

d |2). (6.1.5)

Since eq. (6.1.5) is non-negative with a minimum at H0
u = H0

d = 0, we cannot understand electroweak
symmetry breaking without including a negative supersymmetry-breaking squared-mass soft term for
the Higgs scalars. An explicit treatment of the Higgs scalar potential will therefore have to wait
until we have introduced the soft terms for the MSSM. However, we can already see a puzzle: we
expect that µ should be roughly of order 102 or 103 GeV, in order to allow a Higgs VEV of order
174 GeV without too much miraculous cancellation between |µ|2 and the negative soft squared-mass
terms that we have not written down yet. But why should |µ|2 be so small compared to, say, M2

P,
and in particular why should it be roughly of the same order as m2

soft? The scalar potential of the
MSSM seems to depend on two types of dimensionful parameters that are conceptually quite distinct,
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Figure 38: Tree level diagrams for neutralino annihilation into gauge boson pairs.
From Ref. [319].

U =

!
cos!! ! sin!!
sin!! cos!+

"
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V =

!
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sin!+ cos!!

"
, (182)

where

tan 2!! = 2
"

2mW
(µ sin" + M2 cos")

(M2
2 ! µ2 + 2m2

W cos 2")
(183)

and

tan 2!+ = 2
"

2mW
(µ cos" + M2 sin")

(M2
2 ! µ2 ! 2m2

W cos")
. (184)

The amplitude for annihilations to Z0-pairs is similar:

A(### Z0Z0)v"0 = 4
"

2 "Z
g2

cos2 $W

4#

n=1

$
O##L

1,n

%2 1

Pn
. (185)

Here, "Z =
&

1 ! m2
Z/m2

!, and Pn = 1 + (m!n/m!)2 ! (mZ/m!)2. The sum is

over neutralino states. The coupling O##L
1,n is given by 1

2 (!N3,1N$
3,n +N4,1N$

4,n).
The low velocity annihilation cross section for this mode is then given by

%v(## # GG)v"0 =
1

SG

"G

128&m2
!

|A(## # GG)|2, (186)

where G indicates which gauge boson is being considered. SG is a statistical
factor equal to one for W+W! and two for Z0Z0.

It is useful to note that pure-gaugino neutralinos have a no S-wave annihi-
lation amplitude to gauge bosons. Pure-higgsinos or mixed higgsino-gauginos,
however, can annihilate e!ciently via these channels, even at low velocities.
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FIG. 2. Upper limits on !-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming m! = E" , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a di!erent event reconstruction

 (TeV)χm
-210 -110 1 10

/s
)

3
 (9

5%
 C

L)
 (c

m
γγ

→
χ
χ

v>
σ<

-2910

-2810

-2710

-2610

-2510
HESS Einasto
Fermi-LAT Einasto

FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

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

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

SUMMARY AND CONCLUSIONS

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

central Milky Way halo were used to calculate upper lim-
its on !"v"!!!"" . Limits are obtained in a neutralino
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both the triplet and the doublet EWIMPs. Here, v/c = 10!3. The leading-order cross

sections in perturbation are also shown for #m = 0 (broken lines).

2!̃0 and !̃+!̃! have attractive and repulsive states, whose potential energies are

"± = (V11 ±
!

V2
11 + 4V2

12)/2 with Vij (i, j = 1, 2) elements in V. The attractive

state is cos # $N ! sin # $C with tan2 # = !"!/"+.

By virtue of the approximation, the pair annihilation cross sections for the triplet

EWIMP are obtained analytically,
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where pc and vc are defined by pc =
!

2'2m/mW and vc =
!

32'2mW /9m, respec-

tively.

If the kinetic energy of the EWIMP pair is much larger than the potential energy

(v $ vc) or the electroweak potential is point-like (pc % 1), the cross sections

23
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Are there ways around 
for the Neutralino?

• Bino escapes
• Pay a fine-tuning price
• Also escape in “blind 

spots”

• Again pay a fine-tuning 
price

determine the phase of µ. Taking |µ|2, b, m2
Hu

and m2
Hd

as input parameters, and m2
Z and tan ! as

output parameters obtained by solving these two equations, one obtains:

sin(2!) =
2b

m2
Hu

+m2
Hd

+ 2|µ|2
, (8.1.10)

m2
Z =

|m2
Hd

!m2
Hu

|
!
1! sin2(2!)

!m2
Hu

!m2
Hd

! 2|µ|2. (8.1.11)

(Note that sin(2!) is always positive. If m2
Hu

< m2
Hd

, as is usually assumed, then cos(2!) is negative;
otherwise it is positive.)

As an aside, eqs. (8.1.10) and (8.1.11) highlight the “µ problem” already mentioned in section 6.1.
Without miraculous cancellations, all of the input parameters ought to be within an order of magnitude
or two of m2

Z . However, in the MSSM, µ is a supersymmetry-respecting parameter appearing in
the superpotential, while b, m2

Hu
, m2

Hd
are supersymmetry-breaking parameters. This has lead to a

widespread belief that the MSSM must be extended at very high energies to include a mechanism that
relates the e!ective value of µ to the supersymmetry-breaking mechanism in some way; see sections
11.2 and 11.3 and ref. [66] for examples.

Even if the value of µ is set by soft supersymmetry breaking, the cancellation needed by eq. (8.1.11)
is often remarkable when evaluated in specific model frameworks, after constraints from direct searches
for the Higgs bosons and superpartners are taken into account. For example, expanding for large tan !,
eq. (8.1.11) becomes

m2
Z = !2(m2

Hu
+ |µ|2) + 2

tan2 !
(m2

Hd
!m2

Hu
) +O(1/ tan4 !). (8.1.12)

Typical viable solutions for the MSSM have !m2
Hu

and |µ|2 each much larger than m2
Z , so that signifi-

cant cancellation is needed. In particular, large top squark squared masses, needed to avoid having the
Higgs boson mass turn out too small [see eq. (8.1.25) below] compared to the direct search limits from
LEP, will feed into m2

Hu
. The cancellation needed in the minimal model may therefore be at the several

per cent level, or worse. It is impossible to objectively characterize whether this should be considered
worrisome, but it certainly causes subjective worry as the LHC bounds on superpartners increase.

Equations (8.1.8)-(8.1.11) are based on the tree-level potential, and involve running renormalized
Lagrangian parameters, which depend on the choice of renormalization scale. In practice, one must
include radiative corrections at one-loop order, at least, in order to get numerically stable results. To
do this, one can compute the loop corrections "V to the e!ective potential Ve!(vu, vd) = V +"V as a
function of the VEVs. The impact of this is that the equations governing the VEVs of the full e!ective
potential are obtained by simply replacing

m2
Hu

" m2
Hu

+
1

2vu

"("V )

"vu
, m2

Hd
" m2

Hd
+

1

2vd

"("V )

"vd
(8.1.13)

in eqs. (8.1.8)-(8.1.11), treating vu and vd as real variables in the di!erentiation. The result for "V has
now been obtained through two-loop order in the MSSM [135, 188]. The most important corrections
come from the one-loop diagrams involving the top squarks and top quark, and experience shows that
the validity of the tree-level approximation and the convergence of perturbation theory are therefore
improved by choosing a renormalization scale roughly of order the average of the top squark masses.

The Higgs scalar fields in the MSSM consist of two complex SU(2)L-doublet, or eight real, scalar
degrees of freedom. When the electroweak symmetry is broken, three of them are the would-be Nambu-
Goldstone bosons G0, G±, which become the longitudinal modes of the Z0 and W± massive vector
bosons. The remaining five Higgs scalar mass eigenstates consist of two CP-even neutral scalars h0
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µ � M1 ⇠ mwk

m� condition signs

M
1

M
1

+ µ sin 2� = 0 sign(M
1

/µ) = �1
M

2

M
2

+ µ sin 2� = 0 sign(M
2

/µ) = �1
�µ tan � = 1 sign(M

1,2/µ) = �1⇤

M
2

M
1

= M
2

sign(M
1,2/µ) = �1

Table 1: Table of SI blind spots, which occur when the DM coupling to the Higgs vanishes
at tree-level. The first and second columns indicate the DM mass and blind spot condition,
respectively. All blind spots require relative signs among parameters, as emphasized in the
third column. ⇤For the third row, the blind spot requires that µ and M

1

(M
2

) have opposite
signs when M

2

(M
1

) is heavy.

of any of neutralino to the Higgs boson can then be obtained by replacing v ! v+h, as dictated
by low-energy Higgs theorems [45, 46]:

Lh�� =
1

2
m�i(v + h)�i�i (13)

=
1

2
m�i(v)�i�i +

1

2

@m�i(v)

@v
h�i�i +O(h2), (14)

which implies that @m�i(v)/@v = ch�i�i [47, 48].
Consider the characteristic equation satisfied by one of the eigenvalues m�i(v),

det(M� � 1m�i(v)) = 0. (15)

Di↵erentiating the left-hand side with respect to v and setting @m�i(v)/@v = ch�i�i = 0, one
then obtains a new equation which defines when the neutralino of mass m�i(v) has a vanishing
coupling to the Higgs boson1:

(m�i(v) + µ sin 2�)

✓
m�i(v)�

1

2
(M

1

+M
2

+ cos 2✓W (M
1

�M
2

))

◆
= 0. (16)

The above equation implies that for regions in which ch�i�i = 0, m�i(v) is entirely independent
of v. At such cancellation points, m�i(v) = m�i(0), so the neutralino mass is equal to the mass
of a pure gaugino or Higgsino state and m�i(v) = M

1

,M
2

,�µ. As long as Eq. (16) holds for the
LSP mass, m�1(v), then the DM will have a vanishing coupling to the Higgs boson, yielding a
SI scattering blind spot. It is a nontrivial condition that Eq. (16) holds for the LSP, rather than
a heavier neutralino, because for some choices of parameters the DM retains a coupling to the
Higgs but one of the heavier neutralinos does not. We have identified these physically irrelevant
points and eliminated them from consideration. The remaining points are the SI scattering

1
We have checked that Eq. 16 can also be derived using analytical expressions for bilinears of the neutralino

diagonalization matrix from Ref. [49].
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Figure 7: Current limits from XENON100 and IceCube (top), expected reach of LUX and
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Direct Detection 
Through Loops
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Figure 2: Matching condition onto gluon operators. The notation is as in Fig. 1.

Matching conditions onto gluon operators are from the diagrams of Fig. (2):

c(0)2 (µt) = C↵s(µt)

4⇡


1

3x2
h

+
3 + 4xt + 2x2

t

6(1 + xt)2

�
,

c(2)2 (µt) = C↵s(µt)

4⇡


� 32

9
log

µt

mW

� 4� 4(2 + 3xt)

9(1 + xt)3
log

µt

mW (1 + xt)

� 4(12x5
t � 36x4

t + 36x3
t � 12x2

t + 3xt � 2)

9(xt � 1)3
log

xt

1 + xt

� 8xt(�3 + 7x2
t )

9(x2
t � 1)3

log 2

� 48x6
t + 24x5

t � 104x4
t � 35x3

t + 20x2
t + 13xt + 18

9(x2
t � 1)2(1 + xt)

�
. (22)

There is no dependence of c(0)2 or c(2)2 on CKM matrix elements in the limit of vanishing
d, s, b quark masses. The renormalized coe�cients are computed in the MS scheme. We have
employed Fock-Schwinger (x · A = 0) gauge [10] to compute the full-theory amplitudes for
gluonic operators in Fig. 2. The e↵ective theory subtractions are e�ciently performed in
a scheme with massless light quarks, using dimensional regularization as infrared regulator.
We have verified that the same results are obtained using finite masses and taking the limit
mq/mW ! 0. Details of this computation will be presented elsewhere.

5 RG evolution to hadronic scales

To account for perturbative corrections involving large logarithms, e.g. ↵s(µ0) logmt/µ0, we
employ renormalization group evolution to sum leading logarithms to all orders.

7

+ = c1 + . . .

Figure 1: Matching condition for quark operators. Double lines denote heavy scalars, zigzag
lines denote W bosons, dashed lines denote Higgs bosons, single lines with arrows denote
quarks, and the solid square denotes an e↵ective theory vertex. Diagrams with crossed W
lines are not displayed.

with derivatives acting on �v or involving �5, since these lead to spin-dependent interactions
that are suppressed for low-velocity scattering. The basis of operators is then

L�0,SM =
1

m3
W

�⇤
v�v

⇢X

q


c(0)1q O

(0)
1q + c(2)1q vµv⌫O

(2)µ⌫
1q

�
+ c(0)2 O(0)

2 + c(2)2 vµv⌫O
(2)µ⌫
2

�
+ . . . , (19)

where we have chosen QCD operators of definite spin,

O(0)
1q = mq q̄q , O(0)

2 = (GA
µ⌫)

2 ,

O(2)µ⌫
1q = q̄

✓
�{µiD⌫} � 1

d
gµ⌫iD/

◆
q , O(2)µ⌫

2 = �GAµ�GA⌫
� +

1

d
gµ⌫(GA

↵�)
2 . (20)

Here A{µB⌫} ⌘ (AµB⌫ + A⌫Bµ)/2 denotes symmetrization. We employ dimensional regu-
larization with d = 4 � 2✏ the spacetime dimension. We use the background field method
for gluons in the e↵ective theory thus ignoring gauge-variant operators, and assume that ap-
propriate field redefinitions are employed to eliminate operators that vanish by leading order
equations of motion. The matrix elements of the gluonic operators, O(S)

2 , are numerically
large, representing a substantial contribution of gluons to the energy and momentum of the
nucleon. To account for the leading contributions from both quark and gluon operators, we
compute the coe�cients c(S)2 through O(↵s) and c(S)1q through O(↵0

s).

4 Weak scale matching

The matching conditions for quark operators in the nf = 5 flavor theory at renormalization
scale µ = µt ⇠ mt ⇠ mW ⇠ mh are obtained from the diagrams in Fig. (1):

c(0)1U(µt) = C

� 1

x2
h

�
, c(0)1D(µt) = C


� 1

x2
h

� |VtD|2 xt

4(1 + xt)3

�
,

c(2)1U(µt) = C

2

3

�
, c(2)1D(µt) = C


2

3
� |VtD|2xt(3 + 6xt + 2x2

t )

3(1 + xt)3

�
, (21)

where subscript U denotes u or c and subscript D denotes d, s or b. Here C = [⇡↵2
2(µt)][J(J +

1)/2], xh ⌘ mh/mW and xt ⌘ mt/mW . We ignore corrections of order mq/mW for q =
u, d, s, c, b, and have used CKM unitarity to simplify the results.
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Figure 3: Cross section for low-velocity scattering on a nucleon for a heavy real scalar in the
isospin J = 1 representation of SU(2). The dark shaded region represents the 1� uncertainty
from perturbative QCD, estimated by varying factorization scales. The light shaded region
represents the 1� uncertainty from hadronic inputs.

including contributions to �/g through O(↵4
s) and �m through O(↵3

s). The residual µ0 scale
variation is insignificant compared to other uncertainties. We perform the RG running and
heavy quark matching from µt to µc at NLO. Hadronic input uncertainties from each source
in Table 1 and Table 2 are added in quadrature. We have ignored power corrections appearing
at relative order ↵s(mc)⇤2

QCD/m
2
c ; typical numerical prefactors appearing in the coe�cients of

the corresponding power-suppressed operators [18] suggest that these e↵ects are small.
Due to a partial cancellation between spin-0 and spin-2 matrix elements, the total cross

section and the fractional error depend sensitively on subleading perturbative corrections and
on the Higgs mass parameter mh. We find

�p(mh = 120GeV) = 0.7±0.1+0.9
�0.3⇥10�47cm2 , �p(mh = 140GeV) = 2.4±0.2+1.5

�0.6⇥10�47cm2 ,
(33)

where the first error is from hadronic inputs, assuming ⌃lat
s and ⌃lat

⇡N from Table 1, and the
second error represents the e↵ect of neglected higher order perturbative QCD corrections. For
the illustrative value mh = 120GeV, and as a function of the scalar strange-quark matrix
element ⌃s, we display the separate contributions of each of the quark and gluon operators in
Fig. 4.

7 Summary

We have presented the e↵ective theory for heavy, weakly interacting dark matter candidates
charged under electroweak SU(2). Having determined the general form of the e↵ective la-
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A 130 GeV Line in Fermi?

• *Large* rate
• Why no continuum 

photons?
• Continuum should 

dominate by
• Need special models

2
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�

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

2 4th Fermi Symposium : Monterey, CA : 28 Oct-2 Nov 2012

Figure 1: Left panel: ROI Reg4 from Weniger [2012], optimized for large S/N in case of slightly contracted profile.
Right panel: Gamma-ray flux measured within that ROI by Fermi-LAT. An excess of events around 130 GeV is clearly
visible in the data. We show the fits to the data in the energy range 80–210 GeV. For direct comparison we show a
very hard spectrum with super-exponential cut-o! (left dotted line; ! E!1.3 exp["(E/20 GeV)2]) and the ICS emission
from mono-energetic 230 GeV electrons at the Galactic center (dashed), both with arbitrary normalization.

(with ! 2! significance, see e.g. Su and Finkbeiner
[2012a], Rao and Whiteson [2012]). Whether or not
this already excludes an interpretation as dark matter
signal is a subject of current debate and certainly
requires more data to map the morphology of the
feature more accurately (see e.g. Kuhlen et al. [2013],
Gorbunov and Tinyakov [2012]).

After identification of the signature, di!erent
groups made e!orts to find corroborating evidence
for a true dark matter signal. Hektor et al. [2013]
found indications for the emission of a double line (at
110 and 130 GeV energies) when stacking 18 of the
most promising galaxy clusters. The statistical signif-
icance was estimated to be 3.6!. Su and Finkbeiner
[2012b] identified a similar double line structure with
3.3! significance when stacking unassociated point
sources. These point sources would then have to be
interpreted as dark matter subhalos emitting a strong
annihilation signal — an interpretation that was chal-
lenged in Hooper and Linden [2012], Mirabal [2013],
who found that the continuum spectrum of the unas-
sociated sources in question is not compatible with
expectations from dark matter and suggested active
galactic nuclei as possible candidates. In that case,
a significant line emission from these sources would
likely indicate an instrumental e!ect.

Earth limb photons, which stem from cosmic-ray
scattering on Earth atmosphere nuclei, provide a
smooth reference spectrum for systematic checks.
Most interestingly, it was found (Finkbeiner et al.
[2013], Hektor et al. [2012], Bloom [2012]) that the
low-incidence angle (" < 60!) part of the Earth limb
data exhibits a gamma-ray line feature at 130 GeV
with a significance of about 3!. This could point to-
wards an instrumental e!ect generating 130 GeV lines.
However, the same signature was not found in other
low-incidence angle test regions, like the Galactic disk

(excluding the Galactic center). Given the fact that
the Galactic center signature is localized to within a
few degrees around the Galactic center, over which
the observational profile of the LAT does not change
significantly, no consistent interpretation of the Earth
limb line and the Galactic center line in terms of an
instrumental e!ect has emerged yet. A further possi-
ble line signature at 130 GeV was found recently by
Whiteson [2013] in a 5! region following the Sun.
Formally, and before trials, the most significant fea-

ture is the line at the Galactic center. Given the com-
pletely di!erent nature of the various targets, it seems
rather unlikely that all these signatures have a com-
mon instrumental or physical origin (for an in-depth
discussion of some of the possible instrumental e!ects
see Finkbeiner et al. [2013]). In any case, there is no
way around waiting for additional data to see which of
these signatures, if any, are real e!ects and which are
statistical flukes in light of a large number of hidden
trials.

3. Updates

Given the best-fit values for the gamma-ray line flux
as determined from data taken until the 8th of March
2012 (as in Weniger [2012]), one can easily project how
the signal significance should evolve as more data is
added. On average, since we are in the background
limited regime, the accumulated significance in units
of Gaussian sigma should grow like x(t) = x0

!

t/t0 in

case of a true signal, and fall like x(t) = x0

!

t0/t in
case of a statistical fluke; here x0 is the significance
measured at time t0. Using the Gaussian approxima-
tion, the 68%CL error bands around this mean trend
can be estimated analytically in case a signal is present

eConf C121028



When Should We Start 
Looking Elsewhere?

• Cannot kill neutralino DM, but 
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• Well-motivated candidates that are 
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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served in Detector 3 of Tower 5. These detectors were
near the middle of their respective tower stacks. Fig. 2
illustrates the distribution of events in and near the sig-
nal region of the WIMP-search data set before (top) and
after (bottom) application of the phonon timing criterion.
Fig. 3 shows an alternate view of these events, expressed
in “normalized” versions of yield and timing that are
transformed so that the WIMP acceptance regions of all
detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�. A study on possible leakage
into the signal band due to 206Pb recoils from 210Po de-
cays found the expected leakage to be negligible with
an upper limit of < 0.08 events at the 90% confidence
level. The energy distribution of the 206Pb background
was constructed using events in which a coincident ↵ par-
ticle was detected in a detector adjacent to one of the 8
Si detectors used in this analysis.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [25]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [26], and the Helm form factor [27]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our
signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis,
including the event energies, in which the background
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FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the
exposure analyzed in this work alone (blue dotted line), and
combined with the CDMS II Si data set reported in [23, 28]
(blue solid line). Also shown are limits from the CDMS
II Ge standard [17] and low-threshold [29] analysis (dark
and light dashed red), EDELWEISS low-threshold [30] (long-
dashed orange), XENON10 S2-only [31] (dash-dotted green),
and XENON100 [32] (long-dash-dotted green). The filled re-
gions identify possible signal regions associated with data
from CoGeNT [33] (dashed yellow, 90% C.L.), DAMA/LIBRA
[10, 34] (dotted tan, 99.7% C.L.), and CRESST [12, 35] (dash-
dotted pink, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
light blue. The blue dot shows the maximum likelihood point
at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

rates were treated as nuisance parameters and the WIMP
mass and cross section were the parameters of interest.
We profiled over probability distribution functions of the
rate for each of our known backgrounds. The highest like-
lihood was found for a WIMP mass of 8.6 GeV/c2 and
a WIMP-nucleon cross section of 1.9⇥10�41 cm2. The
goodness-of-fit test of this WIMP+background hypoth-
esis results in a p-value of 68%, while the background-
only hypothesis fits the data with a p-value of 4.5%.
A profile likelihood ratio test finds that the data favor
the WIMP+background hypothesis over our background-
only hypothesis with a p-value of 0.19%. Though this
result favors a WIMP interpretation over the known-
background-only hypothesis, we do not believe this result
rises to the level of a discovery.

Fig. 4 shows the resulting best-fit region from this
analysis (68% and 90% confidence level contours) on
the WIMP-nucleon cross-section vs. WIMP mass plane.
The 90% C.L. exclusion regions from CDMS II’s Ge
and Si analyses and EDELWEISS low-threshold analy-
sis cover part of this best-fit region, but the results are
overall statistically compatible. There is much stronger
tension with the upper limits from the XENON10 and
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• In some (currently slight) tension with CMB
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WMAP7 WMAP7+ACT WMAP7 Standard WMAP7+ACT Standard

pann[cm
3/s/GeV ] < 2.42 ! 10!27 < 2.09 ! 10!27 - -

ns 0.977 ± 0.015 0.971 ± 0.014 0.963 ± 0.014 0.962 ± 0.013
100!bh

2 2.266 ± 0.057 2.237 ± 0.053 2.258+0.057
!0.056 2.214 ± 0.050

!ch
2 0.1115 ± 0.0054 0.1119 ± 0.0053 0.1109 ± 0.0056 0.1127 ± 0.0054

TABLE I: Constraints on the annihilation parameter pann and on the cosmological parameters that are more degenerate with
it, i. e. the scalar spectral index ns, the baryon density !b and the dark matter density !c. We report the results using WMAP7
data and WMAP7+ACT data. The constraints on pann are upper bound at 95% c.l., while for the other parameters we show
the marginalized value and their errors at 68% c.l. The last two columns reports the value of the cosmological parameters in
the standard "CDM case with no annihilation, as found by the WMAP7 team [24] and the ACT team [25].

the initial energy deposited into the gas is not constant
with cosmic time, even if the on–the–spot approximation
holds true at all redshifts of interest. This problem has
been addressed in [19], where the authors have computed
the evolution of the energy fraction f(z) for di!erent pri-
mary species, and DM particle mass. As it can be seen
from their Figure 4, the f(z) is a smoothly varying func-
tion of redshift (even more so for the values of interest in
our problem 100 <

! z <
! 1000). We show the constraints

for time-varying f(z) in Figure 1. Interestingly, the new
results rule out ‘thermal’ WIMPs with mass m!

<
! 10

GeV.
We have checked the constraints which is possible to

place using the redshift dependent shape of f presented in
Equation A1 and Table 1 of [19]. We have obtained con-
straints for purely DM models annihilating solely (and
separately) into electrons and muons, with di!erent DM
masses, reported in Table II. This choice of annihila-
tion channels brackets the possible values of f(z): the
case of annihilation to other channels (except of course
neutrinos, which practically do not couple at all with the
plasma) falls between the two limiting cases studied here.
Although the implementation of the z-dependence of

f clearly leads to more accurate results, we found that
taking a simplified analysis with constant f , such that
f(z = 600) = fconst, leads to a di!erence with respect to
the full f(z) approach of less than ! 15%, depending on
the annihilation channel considered.
Discussion and Conclusions. In this brief report

we have provided new updated CMB constraints on
WIMP annihilations, with an improved analysis that
includes more recent CMB data (WMAP7 and the
ACT2008) and implementing the redshift evolution of the
thermal gas opacity to the high energy primary shower.
We have also found that a simplified analysis with con-
stant f = f(z = 600) leads to an error on the maximum
DM self-annihilation cross section smaller than ! 15%,
with respect to a treatment that fully takes into account
the redshift dependence of f(z).
While we were finalizing this paper, Hutsi et al.

(HCHR2011) [26] have reported results from a similar
analysis, using an averaged evolution of the f(z). They
provide 2" ! upper limits from WMAP7 with 1" ! un-
certainties on these limits due to the method used. These

FIG. 1: Constraints on the cross section < "v > in function
of the mass, obtained using a variable f(z) for particles anni-
hilating in muons (x signs) and in electrons (diamonds) using
WMAP7 data (red) and WMAP7+ACT data (black) at 95%
c.l.. The exclusion shaded areas are obtained for interpolation
of the WMAP7 + ACT data points for muons (dark shading)
and electrons (light shading). The black solid line indicates
the standard thermal cross-section < "v >= 3!10!26cm3/s.

results are a factor between 1.2 and 2 weaker than ours.
This is partially due to the fact that we account for ex-

tra Lyman radiation in our code, but this can account for
only less than 10% of the di!erence between the results.
As in GIBM09, we have calculated how much the

Planck satellite and a hypothetical Cosmic Variance Lim-
ited experiment will improve the constraints compared
to WMAP7 in the case of constant f (constraints for
Planck and CVL reported in GIBM09). We obtain im-
provement factors of 8 and 23 for Planck and CVL re-
spectively, which are compatible with the ones reported
in HCHR2011, 6 and 13. The di!erence for the CVL
experiment is attributed to the slightly di!erent specifi-
cations used for the CVL experiment in HCHR2011 and
in GIBM09, namely the maximum multipole considered
in the analysis, as also stated in HCHR2011. Clearly the
data from the on-going Planck satellite mission, expected

Ionizing radiation from DM 
annihilation would distort 

microwave photons

 DM either does not self-
annihilate or has p-wave 
suppressed annihilation

Bertone et al, 1106.1528



Light WIMPs: Asymmetric 
Dark Matter

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

• Accidental, or dynamically 
related?

nDM � nb

�DM � 5�bExperimentally,
Mechanism

mDM � 5mp
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Light WIMPs: Good and 
Bad for Direct Detection

• Good: definite mass 
predictions

• Bad: prediction for scattering 
cross-section in direct 
detection model dependent

• For very light DM, scattering 
off electrons is most 
important process
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Figure 4: (Left) Nucleon scattering through a vector mediator. The green shaded region indicates the allowed
parameter space of direct detection cross sections. The lighter green region imposes the bound of thermal coupling
between the two sectors (“large width”) while the larger shaded region only requires mediator decay before BBN.
Also shown is the lower bound for the heavy mediator (m! ! mX) case. (Right) Electron scattering through a vector
mediator, for m! < mX (green) and m! ! mX (red); the intersection of the two regions is shaded brown. We show
the projected sensitivity of a Ge experiment, taken from [64]. Beam dump, supernova, and halo shape constraints
apply here and carve out the region of large !e at low mX . For more details, see the text. In the lighter green region,
the condition of thermal equilibrium between the visible and hidden sectors is imposed.

in this mass range if !µ decays dominantly to electrons, for which the e!ciency factor is f ! 1. For !µ

coupling primarily to quarks, f " 0.2 and CMB bounds don’t apply above mX ! 2 GeV. Then the minimum
annihilation cross section is #"v$ " #$2

X/m2
X " 10!25cm3/s, giving a bound of $X ! 5.2% 10!5(mX/GeV).

Requiring thermal equilibrium between the hidden and visible sectors, we take the bound on gq in Eq. (26),
with

&
ge! " 9. Combining the limits above results in a lower bound on the nucleon scattering cross section:

"n ! 10!48cm2 %
! mX

GeV

"4
#

GeV

m!

$6
! µn

0.5GeV

"2
. (34)

Since m! < mX , this quantity is saturated for any mX if we set m! to its maximum value of m! ! mX .
This bound is indicated by the “Large width” line in Fig. (4). Coincidentally, the lower limit here is similar
to the best achievable sensitivity for WIMP-nucleon scattering if the dominant irreducible background is
coherent scattering of atmospheric neutrinos o" of nuclei [71–73]. However, these studies focused on WIMP
DM; for light DM, solar neutrinos become much more important and the best achievable sensitivity may be
several orders of magnitude weaker.
The lower bound on "n given in Eq. (34) is derived by requiring the two sectors be in thermal equilibrium.

We may relax this assumption, and just demand the mediator decay by nucleosynthesis. This gives gq !
1.6 % 10!11

%

1 GeV/m!, as discussed in Section IVB. For such gq the two sectors are decoupled through
freezeout; then the relic density calculation is slightly more complicated and depends on the thermal history
of the sectors. The change in the relic density then modifies the bound on $X . We have checked that the
full calculation generally only changes the bound on $X by an O(1) factor [33], so here we take the bound
on $X from the large ! width case for simplicity. In this limit, the lower bound on "n is given by

"n ! 5% 10!54cm2 %
! mX

GeV

"

#

GeV

m!

$5
! µn

0.5GeV

"2
(35)
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Implications for 
Colliders

• Monojet constraints only strong for 
heavy mediators

• Light DM signatures resemble “Hidden 
Valley” signatures.  Weak scale states 
decay into the hidden sector. 
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Figure 4: Monojet constraints on direct detection cross sections in the case of small MZ0 , assuming
gZ0 = gD and M� = 5 GeV.

shown in Table. 2. They did a binned study in the signal region, and they translated

their constraints on the generator level rate of the monojet + MET in the signal region for

mediator masses of 100 GeV and 10 TeV, respectively. To incorporate it into our study

with general mediator masses other than the two chosen values, we do a interpolation to

get the corresponding constraints. The corresponding constraints on direct detection cross

section is shown as the dotted black curve in Fig. 3, where we can see that the new cuts

is di↵erent from the one set by ATLAS with VeryHighPT cuts and the previous CDF cuts

with 1 fb�1.

For very large M
Z

0 , we can e↵ectively integrate out the Z 0. The resulting contact interac-

tion provides a good approximation even at LHC energies. In this limit, both the direct

detection and monojet+MET cross sections depend on the same combination g2
Z

0g2
D

/M4

Z

0 ,

therefore the limits shown in Fig. 3 approach a constant value for very large M
Z

0 . We can

also see that the contact-interaction limit is reached at larger M
Z

0 for searches at higher

energies and more sensitive cuts, as expected. The limits become stronger for interme-

diate values of M
Z

0 , since in this regime, the Z 0 can be produced on-shell, leading to a

significantly enhanced cross section for the monojet+MET process. When Z 0 mass is com-

parable or less than the kinematical cuts used in the searches, the monojet+MET cross

section starts to be less sensitive to M
Z

0 . In this regime, the monojet searches are e↵ec-

tively setting limits on g2
Z

0 , while direct detection still depends on g2
Z

0g2
D

/M4

Z

0 . Therefore,

the limits becomes weaker in this range of M
Z

0 , as shown in Fig. 3. The constraints for

very small M
Z

0 is shown in Fig. 4. We see that in this case, the constraints from collider

searches are weak, mainly due to the M�4

Z

0 dependence on the direct detection cross section.

As we will see later in this paper, the collider search to Z 0-like resonances can not provide

useful constraint in this regime either. It remains a challenge to find better probes for

such light Z 0 with only hadronic decay modes. The “kink” feature in Fig. 4 is due to the

threshold e↵ect around the point at which 2M
�

> M
Z

0 , where the signal process can only

proceed through an o↵-shell Z 0.
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Figure 5: ATLAS limits on (a) spin-independent and (b) spin-dependent dark matter–nucleon scattering,
compared to limits from the direct detection experiments. In particular, we show constraints on spin-
independent scattering from CDMS [42], XENON-10 [43], XENON-100 [44], DAMA [45], CoGeNT [46,
47] and CRESST [48], and constraints on spin-dependent scattering from DAMA [45], PICASSO [49],
XENON-10 [50], COUPP [51] and SIMPLE [52]. DAMA and CoGeNT allowed regions are based on our
own fits [11, 47, 53] to the experimental data. Following [54], we have conservatively assumed large systematic
uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for sodium and qI = 0.09± 0.03 for iodine,
which leads to an enlargement of the DAMA allowed regions. All limits are shown at 90% confidence level,
whereas for DAMA and CoGeNT we show 90% and 3� contours. For CRESST, the contours are 1� and 2�
as in [48].

searches. The dark matter annihilation rate is proportional to the quantity h�v
rel

i, where � is the
annihilation cross section, v

rel

is the relative velocity of the annihilating particles, and the average h·i
is over the dark matter velocity distribution in the particular astrophysical environment considered.
Working again in the e↵ective field theory framework, we find for dark matter coupling to quarks
through the dimension 6 vector operator, equation (1), or the axial-vector operator, equation (2),
respectively [11],

�V v
rel

=
1

16⇡⇤4

X

q

s

1� m2

q

m2

�

 
24(2m2

� +m2

q) +
8m4

� � 4m2

�m
2

q + 5m4

q

m2

� �m2

q
v2
rel

!
, (10)

�Av
rel

=
1

16⇡⇤4

X

q

s

1� m2

q

m2

�

 
24m2

q +
8m4

� � 22m2

�m
2

q + 17m4

q

m2

� �m2

q
v2
rel

!
. (11)

Here the sum runs over all kinematically accessible quark flavors, and mq denotes the quark masses.
We see that, for both types of interaction, the leading term in �v

rel

is independent of v
rel

when there
is at least one annihilation channel with m2

q & m2

�v
2

rel

. Note that for DM couplings with di↵erent
Lorentz structures (for instance scalar couplings), the annihilation cross section can exhibit a much
stronger v

rel

-dependence. For such operators, collider bounds on h�v
rel

i can be significantly stronger
than in the cases considered here, especially in environments with low

⌦
v2
rel

↵
such as galaxies (see,

for instance, reference [11] for a more detailed discussion).
In figure 6, we show ATLAS constraints on h�v

rel

i as a function of the dark matter mass m�

for a scenario in which dark matter couples equally to all quark flavors and chiralities, but not

Fox, Harnik, Kopp, Tsai

An, Ji, Wang
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Example: Hidden 
Photons in SUSY HVs

• Targeted searches with simplified 
topologies

D0: “Search for Dark Photons from SUSY Hidden Valleys”

High multiplicities
Low mass resonances
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of SUSY partners. At colliders, in the case of R-parity
conservation [2], superpartners are produced in pairs and
decay to the SM particles and the lightest superpartner
(LSP). The LSP is a stable, weakly interacting particle,
and can not be detected in collider detectors.

Recently, these models were called upon to explain the
results of several cosmic ray detection experiments [3, 4].
Taken together with other experiments, including new
results from Fermi/LAT [5], there is evidence of an ex-
cess of high energy positrons and no excessive produc-
tion of anti-protons or photons. The excess can be at-
tributed [6] to the dark matter particles annihilating into
pairs of new light gauge bosons, dark photons, which
are force carriers in the hidden sector. The dark pho-
ton mass can not be much larger than 1 GeV to give
rise to Sommerfeld enhancement [7] of the dark matter
annihilation cross section, and not to decay into neu-
tral pions and/or baryons. The masses of the hidden
sector states are also around 1 GeV, with mass split-
ting around MeV, thus providing a possible explana-
tion of the DAMA [8] signal through ”inelastic Dark
Matter” scenarios. Dark photons decay through mix-
ing with photons into SM fermions with branching frac-
tions that can be calculated from the measurements [9]
of R = �(e+e� ! hadrons)/�(e+e� ! µ+µ�), and
strongly depend on the dark photon mass. For dark
photon masses (m

�D ) below the dimuon threshold of
' 200 MeV, only decays into electrons are possible. For
m

�D ' 0.5 GeV the decay rates into electrons and muons
are approximately 40% each. The lowest value of the lep-
tonic branching (3.7%) occurs if the dark photon mass is
accidentally equal to that of the � meson.

In this Letter we will follow the phenomenological sce-
nario developed in [10]. A diagram of a possible process
at the Fermilab Tevatron Collider is shown in Figure 1.
Gauginos are pair produced and decay into SM parti-
cles and the lightest neutral gaugino (neutralino, �̃0

1),
which in turn decays with comparable branching ratios
into either a hidden sector darkino X̃ (which is the LSP),
and a photon, or into darkino and a dark photon (�

D

).
Hadronic dark photon decays are overwhelmed by SM jet
backgrounds. Thus, we only consider dark photon de-
cays into isolated electron or muon pairs. Both darkinos
escape detection and result in large missing transverse
energy (E/

T

). The branching fraction of the neutralino
into the dark photon, B = Br(�̃0

1 ! �
D

X̃), is a free pa-
rameter of the model. If it is small, the decays into a
photon dominate, and signature is the same as of GMSB
SUSY [11] with the neutralino as next-to-lightest super-
partner (NLSP). Larger values of B give rise to events
where one of the two neutralinos decays into a dark pho-
ton, resulting in a final state with one photon, two spa-
tially close (and therefore not satisfying traditional iso-
lation requirements) leptons and large E/

T

.
This Letter describes a search for this, so far unex-

plored, final state in pp̄ collisions at a center of mass

FIG. 1: One of the diagrams giving rise to the events with
a photon, dark photon (�D), and large missing energy due to
escaping darkinos (X̃) at the Fermilab Tevatron Collider.

energy of 1.96 TeV recorded by the D0 detector [12]
at the Fermilab Tevatron Collider. As is described be-
low, our search is optimized for low dark photon masses,
m

�D < 2.5 GeV. Note that it is also sensitive to the case
where the neutralino decays into a hidden state Ỹ with
somewhat higher mass than the dark photon. The Ỹ may
cascade down to the darkino through other hidden states
which may be long-lived and can result in the emission of
highly collimated low energy SM particles, some of which
could be leptons. Most of the energy of the Ỹ will stay in
the hidden sector and therefore the high E/

T

should not
be substantially reduced. This analysis is also sensitive
to another possible scenario, proposed in [13], in which a
light axion that decays into muon pairs takes the place
of the dark photon in the decays described above.

Data for this analysis correspond to an integrated lu-
minosity of 4.1 fb�1 after application of data quality
and trigger requirements. Events must satisfy a set of
high transverse energy (E

T

), single electromagnetic (EM)
cluster triggers which are fully e�cient for photons with
E

T

> 30 GeV.
EM clusters are selected from calorimeter clusters,

built using the simple cone algorithm of radius R =p
(�⌘)2 + (��)2 = 0.4 [14], by requiring that the frac-

tion of the energy deposited in the EM section of the
calorimeter, EM

frac

, is above 95% and the calorimeter
isolation variable I = [E

tot

(0.4) � E
EM

(0.2)]/E
EM

(0.2)
is less than 0.2, where E

tot

(0.4) is the total energy in
a cone of radius R = 0.4, corrected for the underlying
event contribution, and E

EM

(0.2) is the EM energy in
a cone of radius R = 0.2, which is taken to be the EM
cluster energy.

Photon candidates are selected from central calorime-
ter (|⌘| < 1.1) EM clusters which have (i) EM

frac

> 97%,
(ii) I < 0.07, (iii) a shower shape consistent with that
of a photon, and (iv) the scalar sum of the transverse
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Decaying Into Hidden 
Sector

• Similar to RPV, but with (reduced) MET
• Lightest ordinary SUSY partner unstable 
• Potentially long lifetimes
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Theoretical Progress

• Pushed by experimental progress
• SUSY neutralino will become squeezed 

in the next 5-10 years
• There are well-motivated alternatives at 

lower mass, including SUSY Hidden 
Sectors or Valleys and Asymmetric 
Dark Matter



Experimental Outlook

New searches will be needed in light of 
the new theoretical models.  Some have 

been devised.  (Displaced vertex triggers. 
Search for low mass resonances.  Search 

for light DM in direct detection. ...) 
More are needed.


