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P.S. The talk is solicited, and my interpretation of “unusual/
alternative” is anything but neutralino and axions. 	

	

1.  Introduction. Rough classification of Dark Matter. Focus on 

WIMPs. 	

2.  Simplest WIMPs. EW and Higgs mediation. Significance of 

[possible] Higgs discovery for “light” WIMPs.	

3.  Are we guaranteed to “see” WIMPs even with the best try of 

colliders/direct/indirect detection? Snapshot of “secluded” 
WIMP ideas that led to the hunt for “dark forces”.	


4.  Message for the direct detection community: keep your options 
open. Alternative uses of WIMP detectors: looking for solar 
axions, exotic solar neutrinos, absorption of super-WIMPs, 
constraining the neutrino properties.	


	




2nd missing mass problem – 
 origin/nature of dark matter 

In the era of precision 
cosmology we know that	

1.  There is substantial body of 

evidence for DM at different 
distance scales.	


2.  It is 6 times more abundant 
than baryons and contributes 
~1/4 of the total energy 
budget.  

The discovery of atomic nucleus created the 1st missing mass problem 
of 1920s: Why A>Z or why is Mnucleus > Z mproton ? Led to the 
discovery of neutrons and the strong force. 	

	

Would the search for DM #2 lead to a similar spectacular discovery? 	




Simple classification of particle 
DM models 

At some early cosmological epoch of hot Universe, with temperature 	

T >> DM mass, the abundance of these particles relative to a species of 
SM (e.g. photons) was	

Normal: Sizable interaction rates ensure thermal equilibrium,        NDM/Nγ =1. 
Stability of particles on the scale tUniverse is required. Freeze-out calculation gives the 
required annihilation cross section for DM -> SM of order ~ 1 pbn, which points 
towards weak scale. These are WIMPs.	

Very small: Very tiny interaction rates (e.g. 10-10 couplings from WIMPs). Never in 
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate 
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other 
“feeble” creatures – call them super-WIMPs] 	

Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers 
of lowest momentum states, e.g.  NDM/Nγ ~1010. “Super-cool DM”. Must be bosonic. 
Axions, or other very light scalar fields – call them super-cold DM. 	

	

Signatures can be completely different. EW Moriond à focus on WIMPs	




WIMP paradigm 
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1. What is inside this green box? I.e. what forces mediate WIMP-SM 
interaction?	

	

2. Do sizable annihilation cross section always imply sizable scattering 
rate and collider DM production? Not really…	

	




EW mediation: Z bosons 
First model of WIMPs constructed: heavy neutrino N annihilating to SM 
states via virtual Z.   NN à Z* à SM   for small mN and     NNà ZZ, 
WW for mN above di-boson threshold. (Lee; Weinberg; Zeldovich, 
Dolgov and Vysotsky, mid 70s). More generically, N could be split on 
two Majorana components N1 and N2, with ΔmN significantly modifying 
the pattern of scattering (Tucker-Smith, Weiner, 2000, and some earlier 
works).	

	

Collider physics and direct detection provide complementary sensitivity 
to the model (Direct scattering is very sensitive to small ΔmN, while   
LEP I provides a very powerful constraint on ZàN1N2 from Zà 
invisible. In particular, models with gN> 0.3 gW are all gone after LEP 
irrespective of ΔmN.	

	

LEP I was a big “reckoning day” for light Z-mediated Dark Matter. 	
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Simplest models of Higgs mediation 
Silveira, Zee (1985); McDonald (1993); Burgess, MP, ter Veldhuis(2000)	

	

DM through the Higgs portal – minimal model of DM	

	

	

	

	

	

125 GeV Higgs is “very fragile” because its with is ~ yb

2 – very small 	

R = ΓSM modes/(ΓSM modes+ΓDM modes). Light DM can kill Higgs boson easily 

(missing Higgs Γ: van der Bij et al., 1990s, Eboli, Zeppenfeld,2000)	
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Fig. 2. Feynman diagrams which contribute to B-decay with missing energy in the minimal scalar
model of dark matter.

2. Minimal Scalar Models

The simplest WIMP model is a singlet scalar16,17,13 which interacts with the Stan-
dard Model through exchange of the Higgs:

−LS =
λS

4
S4 +

m2
0

2
S2 + λS2H†H

=
λS

4
S4 +

1
2
(m2

0 + λv2
EW )S2 + λvEW S2h +

λ

2
S2h2,

(1)

where H is the SM Higgs field doublet, vEW = 246 GeV is the Higgs vacuum expec-
tation value (vev) and h is the corresponding physical Higgs, H = (0, (vEW +h)/

√
2).

The physical mass of the scalar S receives contributions from two terms, m2
S =

m2
0 +λv2

EW , and requires significant fine-tuning to provide a sub-GeV mass. In this
section we will calculate the branching ratio for the pair production of scalars in the
decay B → K + SS, which contributes to Br(B+ → K+ + missing energy). Being
minimal, this model obviously possesses maximum predictivity, and the branching
ratio of WIMP production can be calculated as a function of dark matter mass only.

It should be noted that the decay B → K + missing energy is actually ex-
pected to occur regardless of the existence or nature of light dark matter. As shown
in Figure 2a and 2b, the Standard Model predicts the transition b → s + νν
at one loop, so that the B-meson can decay to neutrinos 18, with Br(B+ →
K+ + missing energy) $ (4 ± 1) × 10−6. However as demonstrated before 12,
the decay B → K + SS (resulting from the b → s transition shown in Figure 2c)
can enhance the missing energy signal by up to two orders of magnitude.

The transition b → s + h occurs as a loop process, which at low momentum
transfer can be calculated by differentiation of the b → s self-energy operator with
respect to vEW ,

Lbsh =
(

3g2
Wmbm2

t V
∗
tsVtb

64π2M2
W vEW

)
sLbRh + (h.c.). (2)

As the Higgs is significantly heavier than the other particles involved in the process,
it can be integrated out leaving an effective Lagrangian for the b → s transitions
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Fig. 1. Current limits on WIMP-nucleon spin-independent cross sections from dedicated under-
ground searches. The solid lines represent the predictions for the minimal scalar model with a
100 GeV Higgs, while the current limits are given from (I) CRESST, (II) CDMS (2005 Si), and
(III) CDMS (2005 Ge). In the interval of 100 MeV - 2 GeV the predicted signal has signiciant
QCD-related uncertainty.

study their rare decay modes. As a result such facilities provide a new opportunity to
search for light dark matter. For the minimal scalar WIMP model these experiments
have already excluded most of the parameter space with mS ! 1 GeV, while future
data from B factories will be able to probe as high as mS ∼ 2 GeV 12.

The purpose of this paper is to explore the question of how generic the limits on
light WIMPs derived in Ref. 12 are, and whether all dark matter models with sub-
GeV WIMPs can be efficiently constrained by B-physics. To answer these questions
we study the class of models where the interaction between Standard Model sector
and WIMPs is mediated by one or more Higgs particles. We demonstrate that b → s
decays with missing energy provide important constraints on the parameter space
of such models. We also point out the possibility, based on the two-Higgs doublet
model (2HDM) at large tanβ, that these constraints can be circumvented.

In Section 2 we review our previous results on the minimal scalar model and
extend the result for more general scalar models with an additional singlet scalar
that mixes with the Higgs boson. In Section 3 we apply the same tecniques to a
related model with two Higgs doublets and calculate the branching ratios of WIMP-
producing decays of B-mesons. This model has the additional benefit of relaxing the
fine tuning condition required for a sub-GeV scalar WIMP in the minimal model. In
Section 4 we introduce some simple models of fermionic dark matter, calculate the
WIMP production in B-decays, and discuss the limitations on such models from
the Lee-Weinberg limit. We also address the case of NMMSM (next-to-minimal

Missing Higgs: R(mS)
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Figure 3: The ratio, R, of the total Higgs width in the Standard model over the same width
in the Standard Model supplemented by the singlet scalar, plotted as a function of mS.

Are we going to see the Higgs boson at Tevatron and/or
LHC ? In this scenario, only if 2 jets + missing energy is
detected, and separated from the background.

Maxim Pospelov, SI2007, Mt. Fuji
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There are many Higgs-mediated models that are 
invisible for DD yet lead to missing Higgs decay 

Example: S – mediator, mixes with h; N – DM particles	

	

	

Combination Aβ breaks CP, but in the dark sector. Annihilation cross 

section 	

	

	

requires	

	

Suppression of Higgs visible widths, R < 0.001. Elastic cross sections are 

hopeless, suppressed by 	
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λminH†HS2 regulates the abundance of S as WIMP
DM. It also provides a rigid link between the invis-
ible Higgs branching ratio and the DM scattering
cross section [5, 8].

Various combinations of the portal and hidden
sector couplings (A,λ,α/β) will determine the relic
density and scattering cross-section of dark mat-
ter. Our primary strategy will be to constrain these
parameters by requiring that the relic dark matter
abundance is regulated by the annihilation at freeze-
out either of DM itself or of its mediators, and then
to explore the interplay between the existing con-
straints and future sensitivity in direct detection and
the invisible decay width Γ(h → 2DM). To assess
the importance of this decay channel, we will char-
acterize the invisible Higgs branching with the fol-
lowing figure of merit [8], which approximates the
dilution of all visible Higgs decay modes in the low
mh regime,

Rvis =
Γ(h → bb̄)

Γ(h → 2DM) + Γ(h → bb̄)

∼
Y 2
b

Y 2
b + 2

3λ
2
minv

2/m2
h

, (3)

where v is the electroweak v.e.v., and the phase
space factors are neglected. The Yukawa coupling
of the b-quark is normalized at the mh scale. As the
DM mass is taken below mDM ∼ 40 GeV, the in-
visible Higgs decay channel becomes dominant, and
a detection of the Higgs boson via its conventional
decay modes would require an increase in the size of
the Higgs dataset by a factor of 1/Rvis.

In the next section, we outline a series of spe-
cific model scenarios falling within the general Higgs-
mediated setting of (1) and (2), focussing on the link
between the invisible Higgs width and the direct de-
tection sensitivity.

2. SCENARIOS AND SIGNATURES

The Higgs portal allows for a number of Higgs-
mediated dark matter scenarios, where the set of
induced h − DM couplings determines both the di-
rect scattering cross-section and the invisible Higgs
width. Below, we detail a series of modules (or sim-
plified models [13]) which encode the basic physics.
Many of these modules can be embedded as part of
more comprehensive UV theories.

A. WIMPs and the pseudoscalar Higgs portal

A conventional WIMP scenario of fermionic DM
mediated by the Higgs portal has been discussed be-
fore (see e.g. [14–16]), but only in its CP-conserving

version. Here we consider a CP-odd combination of
the trilinear Higgs portal with a pseudoscalar cou-
pling,

L = (H†H)(AS + λS2) + βSN̄iγ5N, (4)

which, on integrating out the heavier scalar S and
taking the unimportant coupling λ to be small, leads
to

Leff = λhhN̄iγ5N. (5)

The effective Higgs coupling λh results from S − h
mixing induced by the ASH†H term in the La-
grangian, and is taken to satisfy the freeze-out con-
dition,

�σv�N̄N→SM �
3λ2

h

4π

�
mb

mh

�2 m2
N

m4
h

∼ 1 pb. (6)

This requires,

λ2
h ∼ 10×

�
20 GeV

mN

�2

, (7)

where we have takenmN ∼ 20 GeV, which is close to
the lower bound given by the perturbative threshold,
λ2
h ∼ 4π. With mh ∼ O(120) GeV, this scenario

has a limited range for the DM mass, where λh is
always significantly larger than the b-quark Yukawa
coupling, leading to Rvis � 1 and the possibility
of an O(103) suppression of all visible Higgs decay
modes.

Turning to direct detection (see Fig. 1(a)), we
observe that the pseudoscalar density N̄iγ5N van-
ishes in the nonrelativistic limit, which suppresses
the elastic DM-nucleon scattering cross section by
an additional factor of (v/c)2 ∼ 10−6,

σeq
p �

1

2π
(v/c)2 ×

g2hppλ
2
hm

2
p

m4
h

×

�
Amp

Amp +mN

�2

<
∼ 10−48 cm2

× λ2
h. (8)

Note that (distinct from σSI) this is an equivalent
DM-nucleon scattering cross section derived from
the DM-nucleus cross section with A nucleons. One
observes that not only is this cross section well below
the current level of direct detection sensitivity, but it
may be below the potentially irreducible background
due to the solar neutrino recoil signal [17].

At this point, we should try to address the ques-
tion of how natural it is to have a dominant CP-odd
coupling for DM, given the fact that CP violation
is small (or flavor-suppressed) in the observable sec-
tor of the SM. Unfortunately this question does not
have a clear-cut answer in the model (5) due to the
super-renormalizable nature of the portal ASH†H.

2

λminH†HS2 regulates the abundance of S as WIMP
DM. It also provides a rigid link between the invis-
ible Higgs branching ratio and the DM scattering
cross section [5, 8].

Various combinations of the portal and hidden
sector couplings (A,λ,α/β) will determine the relic
density and scattering cross-section of dark mat-
ter. Our primary strategy will be to constrain these
parameters by requiring that the relic dark matter
abundance is regulated by the annihilation at freeze-
out either of DM itself or of its mediators, and then
to explore the interplay between the existing con-
straints and future sensitivity in direct detection and
the invisible decay width Γ(h → 2DM). To assess
the importance of this decay channel, we will char-
acterize the invisible Higgs branching with the fol-
lowing figure of merit [8], which approximates the
dilution of all visible Higgs decay modes in the low
mh regime,

Rvis =
Γ(h → bb̄)

Γ(h → 2DM) + Γ(h → bb̄)

∼
Y 2
b

Y 2
b + 2

3λ
2
minv

2/m2
h

, (3)

where v is the electroweak v.e.v., and the phase
space factors are neglected. The Yukawa coupling
of the b-quark is normalized at the mh scale. As the
DM mass is taken below mDM ∼ 40 GeV, the in-
visible Higgs decay channel becomes dominant, and
a detection of the Higgs boson via its conventional
decay modes would require an increase in the size of
the Higgs dataset by a factor of 1/Rvis.

In the next section, we outline a series of spe-
cific model scenarios falling within the general Higgs-
mediated setting of (1) and (2), focussing on the link
between the invisible Higgs width and the direct de-
tection sensitivity.

2. SCENARIOS AND SIGNATURES

The Higgs portal allows for a number of Higgs-
mediated dark matter scenarios, where the set of
induced h − DM couplings determines both the di-
rect scattering cross-section and the invisible Higgs
width. Below, we detail a series of modules (or sim-
plified models [13]) which encode the basic physics.
Many of these modules can be embedded as part of
more comprehensive UV theories.

A. WIMPs and the pseudoscalar Higgs portal

A conventional WIMP scenario of fermionic DM
mediated by the Higgs portal has been discussed be-
fore (see e.g. [14–16]), but only in its CP-conserving

version. Here we consider a CP-odd combination of
the trilinear Higgs portal with a pseudoscalar cou-
pling,

L = (H†H)(AS + λS2) + βSN̄iγ5N, (4)

which, on integrating out the heavier scalar S and
taking the unimportant coupling λ to be small, leads
to

Leff = λhhN̄iγ5N. (5)

The effective Higgs coupling λh results from S − h
mixing induced by the ASH†H term in the La-
grangian, and is taken to satisfy the freeze-out con-
dition,

�σv�N̄N→SM �
3λ2

h

4π

�
mb

mh

�2 m2
N

m4
h

∼ 1 pb. (6)

This requires,

λ2
h ∼ 10×

�
20 GeV

mN

�2

, (7)

where we have takenmN ∼ 20 GeV, which is close to
the lower bound given by the perturbative threshold,
λ2
h ∼ 4π. With mh ∼ O(120) GeV, this scenario

has a limited range for the DM mass, where λh is
always significantly larger than the b-quark Yukawa
coupling, leading to Rvis � 1 and the possibility
of an O(103) suppression of all visible Higgs decay
modes.

Turning to direct detection (see Fig. 1(a)), we
observe that the pseudoscalar density N̄iγ5N van-
ishes in the nonrelativistic limit, which suppresses
the elastic DM-nucleon scattering cross section by
an additional factor of (v/c)2 ∼ 10−6,

σeq
p �

1

2π
(v/c)2 ×

g2hppλ
2
hm

2
p

m4
h

×

�
Amp

Amp +mN

�2

<
∼ 10−48 cm2

× λ2
h. (8)

Note that (distinct from σSI) this is an equivalent
DM-nucleon scattering cross section derived from
the DM-nucleus cross section with A nucleons. One
observes that not only is this cross section well below
the current level of direct detection sensitivity, but it
may be below the potentially irreducible background
due to the solar neutrino recoil signal [17].

At this point, we should try to address the ques-
tion of how natural it is to have a dominant CP-odd
coupling for DM, given the fact that CP violation
is small (or flavor-suppressed) in the observable sec-
tor of the SM. Unfortunately this question does not
have a clear-cut answer in the model (5) due to the
super-renormalizable nature of the portal ASH†H.

2

λminH†HS2 regulates the abundance of S as WIMP
DM. It also provides a rigid link between the invis-
ible Higgs branching ratio and the DM scattering
cross section [5, 8].

Various combinations of the portal and hidden
sector couplings (A,λ,α/β) will determine the relic
density and scattering cross-section of dark mat-
ter. Our primary strategy will be to constrain these
parameters by requiring that the relic dark matter
abundance is regulated by the annihilation at freeze-
out either of DM itself or of its mediators, and then
to explore the interplay between the existing con-
straints and future sensitivity in direct detection and
the invisible decay width Γ(h → 2DM). To assess
the importance of this decay channel, we will char-
acterize the invisible Higgs branching with the fol-
lowing figure of merit [8], which approximates the
dilution of all visible Higgs decay modes in the low
mh regime,

Rvis =
Γ(h → bb̄)

Γ(h → 2DM) + Γ(h → bb̄)

∼
Y 2
b

Y 2
b + 2

3λ
2
minv

2/m2
h

, (3)

where v is the electroweak v.e.v., and the phase
space factors are neglected. The Yukawa coupling
of the b-quark is normalized at the mh scale. As the
DM mass is taken below mDM ∼ 40 GeV, the in-
visible Higgs decay channel becomes dominant, and
a detection of the Higgs boson via its conventional
decay modes would require an increase in the size of
the Higgs dataset by a factor of 1/Rvis.

In the next section, we outline a series of spe-
cific model scenarios falling within the general Higgs-
mediated setting of (1) and (2), focussing on the link
between the invisible Higgs width and the direct de-
tection sensitivity.

2. SCENARIOS AND SIGNATURES

The Higgs portal allows for a number of Higgs-
mediated dark matter scenarios, where the set of
induced h − DM couplings determines both the di-
rect scattering cross-section and the invisible Higgs
width. Below, we detail a series of modules (or sim-
plified models [13]) which encode the basic physics.
Many of these modules can be embedded as part of
more comprehensive UV theories.

A. WIMPs and the pseudoscalar Higgs portal

A conventional WIMP scenario of fermionic DM
mediated by the Higgs portal has been discussed be-
fore (see e.g. [14–16]), but only in its CP-conserving

version. Here we consider a CP-odd combination of
the trilinear Higgs portal with a pseudoscalar cou-
pling,

L = (H†H)(AS + λS2) + βSN̄iγ5N, (4)

which, on integrating out the heavier scalar S and
taking the unimportant coupling λ to be small, leads
to

Leff = λhhN̄iγ5N. (5)

The effective Higgs coupling λh results from S − h
mixing induced by the ASH†H term in the La-
grangian, and is taken to satisfy the freeze-out con-
dition,

�σv�N̄N→SM �
3λ2

h

4π

�
mb

mh

�2 m2
N

m4
h

∼ 1 pb. (6)

This requires,

λ2
h ∼ 10×

�
20 GeV

mN

�2

, (7)

where we have takenmN ∼ 20 GeV, which is close to
the lower bound given by the perturbative threshold,
λ2
h ∼ 4π. With mh ∼ O(120) GeV, this scenario

has a limited range for the DM mass, where λh is
always significantly larger than the b-quark Yukawa
coupling, leading to Rvis � 1 and the possibility
of an O(103) suppression of all visible Higgs decay
modes.

Turning to direct detection (see Fig. 1(a)), we
observe that the pseudoscalar density N̄iγ5N van-
ishes in the nonrelativistic limit, which suppresses
the elastic DM-nucleon scattering cross section by
an additional factor of (v/c)2 ∼ 10−6,

σeq
p �

1

2π
(v/c)2 ×

g2hppλ
2
hm

2
p

m4
h

×

�
Amp

Amp +mN

�2

<
∼ 10−48 cm2

× λ2
h. (8)

Note that (distinct from σSI) this is an equivalent
DM-nucleon scattering cross section derived from
the DM-nucleus cross section with A nucleons. One
observes that not only is this cross section well below
the current level of direct detection sensitivity, but it
may be below the potentially irreducible background
due to the solar neutrino recoil signal [17].

At this point, we should try to address the ques-
tion of how natural it is to have a dominant CP-odd
coupling for DM, given the fact that CP violation
is small (or flavor-suppressed) in the observable sec-
tor of the SM. Unfortunately this question does not
have a clear-cut answer in the model (5) due to the
super-renormalizable nature of the portal ASH†H.

2

λminH†HS2 regulates the abundance of S as WIMP
DM. It also provides a rigid link between the invis-
ible Higgs branching ratio and the DM scattering
cross section [5, 8].

Various combinations of the portal and hidden
sector couplings (A,λ,α/β) will determine the relic
density and scattering cross-section of dark mat-
ter. Our primary strategy will be to constrain these
parameters by requiring that the relic dark matter
abundance is regulated by the annihilation at freeze-
out either of DM itself or of its mediators, and then
to explore the interplay between the existing con-
straints and future sensitivity in direct detection and
the invisible decay width Γ(h → 2DM). To assess
the importance of this decay channel, we will char-
acterize the invisible Higgs branching with the fol-
lowing figure of merit [8], which approximates the
dilution of all visible Higgs decay modes in the low
mh regime,

Rvis =
Γ(h → bb̄)

Γ(h → 2DM) + Γ(h → bb̄)

∼
Y 2
b

Y 2
b + 2

3λ
2
minv

2/m2
h

, (3)

where v is the electroweak v.e.v., and the phase
space factors are neglected. The Yukawa coupling
of the b-quark is normalized at the mh scale. As the
DM mass is taken below mDM ∼ 40 GeV, the in-
visible Higgs decay channel becomes dominant, and
a detection of the Higgs boson via its conventional
decay modes would require an increase in the size of
the Higgs dataset by a factor of 1/Rvis.

In the next section, we outline a series of spe-
cific model scenarios falling within the general Higgs-
mediated setting of (1) and (2), focussing on the link
between the invisible Higgs width and the direct de-
tection sensitivity.

2. SCENARIOS AND SIGNATURES

The Higgs portal allows for a number of Higgs-
mediated dark matter scenarios, where the set of
induced h − DM couplings determines both the di-
rect scattering cross-section and the invisible Higgs
width. Below, we detail a series of modules (or sim-
plified models [13]) which encode the basic physics.
Many of these modules can be embedded as part of
more comprehensive UV theories.

A. WIMPs and the pseudoscalar Higgs portal

A conventional WIMP scenario of fermionic DM
mediated by the Higgs portal has been discussed be-
fore (see e.g. [14–16]), but only in its CP-conserving

version. Here we consider a CP-odd combination of
the trilinear Higgs portal with a pseudoscalar cou-
pling,

L = (H†H)(AS + λS2) + βSN̄iγ5N, (4)

which, on integrating out the heavier scalar S and
taking the unimportant coupling λ to be small, leads
to

Leff = λhhN̄iγ5N. (5)

The effective Higgs coupling λh results from S − h
mixing induced by the ASH†H term in the La-
grangian, and is taken to satisfy the freeze-out con-
dition,

�σv�N̄N→SM �
3λ2

h

4π

�
mb

mh

�2 m2
N

m4
h

∼ 1 pb. (6)

This requires,

λ2
h ∼ 10×

�
20 GeV

mN

�2

, (7)

where we have takenmN ∼ 20 GeV, which is close to
the lower bound given by the perturbative threshold,
λ2
h ∼ 4π. With mh ∼ O(120) GeV, this scenario

has a limited range for the DM mass, where λh is
always significantly larger than the b-quark Yukawa
coupling, leading to Rvis � 1 and the possibility
of an O(103) suppression of all visible Higgs decay
modes.

Turning to direct detection (see Fig. 1(a)), we
observe that the pseudoscalar density N̄iγ5N van-
ishes in the nonrelativistic limit, which suppresses
the elastic DM-nucleon scattering cross section by
an additional factor of (v/c)2 ∼ 10−6,

σeq
p �

1

2π
(v/c)2 ×

g2hppλ
2
hm

2
p

m4
h

×

�
Amp

Amp +mN

�2

<
∼ 10−48 cm2

× λ2
h. (8)

Note that (distinct from σSI) this is an equivalent
DM-nucleon scattering cross section derived from
the DM-nucleus cross section with A nucleons. One
observes that not only is this cross section well below
the current level of direct detection sensitivity, but it
may be below the potentially irreducible background
due to the solar neutrino recoil signal [17].

At this point, we should try to address the ques-
tion of how natural it is to have a dominant CP-odd
coupling for DM, given the fact that CP violation
is small (or flavor-suppressed) in the observable sec-
tor of the SM. Unfortunately this question does not
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Tomorrow is a big reckoning day for the Higgs- 
mediated Dark Matter models 

	

•  A discovery of the SM(-like) Higgs with mass of ~ 125 GeV will 

wipe out many DM models with mDM < 50 GeV that use Higgs 
particle for regulating its abundance in a fairly model-independent 
way. (this point was made repeatedly in recent literature Mambrini;  Raidal, Strumia;  X.-
G. He, Tandean; Fox, Harnik, Kopp, Tsai; MP, Ritz; Lebedev; others…)	


	

•  Any theorist model-builder who wants to play with sub-50 GeV 

WIMPs may “run out of SM mediators” and will be then bound to 
introduce new mediation mechanisms, such as new [scalar] partners 
of SM fermions, new Higgses and/or new Z’. Light mediators have 
been also dubbed “dark forces”. 	


•  Existence of new mediator forces – especially light mediators – can 
change “usual” WIMP phenomenology in a profound way. (Fayet; 
Boehm; Finkbeiner, Weiner; MP, Ritz, Voloshin...)	
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 Secluded WIMPs and Dark Forces 
MP, Ritz, Voloshin; Finkbeiner and Weiner, 2007. Original model: Holdom 86 

This Lagrangian describes an extra U(1)’ group (dark force), and 
some matter charged under it. Mixing angle κ controls the 
coupling to the SM. 	


ψ – Dirac type WIMP; Vµ – mediator particle.	

Two kinematic regimes can be readily identified: 	

§  mmediator > mWIMP	

	
ψ+ + ψ- -> virtual V* -> SM states	


 κ has to be sizable to satisfy the constraint on cross section	

2. mmediator < mWIMP	

	
ψ+ + ψ- -> on-shell V +V, followed by V -> SM states	


There is almost no constraint on κ other than it has to decay 
before BBN. κ2 » 10-20 can do the job.	
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                Two types of WIMPs 
  Un-secluded       Secluded 

Ultimately discoverable      Potentially well-hidden 
Size of mixing*coupling is set by                    Mixing angle can be 
annihilation. Cannot be too small.                   10-10 or so. It is not  

                  fixed by DM annihilation 
 
        You think gravitino DM is depressing, but so can be WIMPs 
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Indirect signatures of secluded WIMPs 

Annihilation into a pair of V-bosons, followed by decay create boosted 
decay products.	


If mV is under mDM vDM ~ GeV, the following consequences are 
generic	


(Arkani-Hamed, Finkbeiner, Slatyer, Weiner; MP and Ritz, Oct 2008)	

1.  Annihilation products are dominated by electrons and positrons	

2.  Antiprotons are absent and monochromatic photon fraction is 

suppressed	

3.  The rate of annihilation in the galaxy, <σann v>, is enhanced relative 

to the cosmological <σann v> because of the long-range attractive 
V-mediated force in the DM sector. (Sommerfeld and resonant 
enhancement)	


Fits the PAMELA signature. [which can of course be explained by a 
variety of pure astrophysical mechanisms] 	
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PAMELA positron fraction seem[ed] to be “abnormal” 

No surprises with antiprotons, but there is seemingly a need for a new source 
of positrons!  

There is a  “boost” factor of 100-1000 “needed” for  the WIMP 
interpretation of  PAMELA signal. E.g. SUSY neutralinos 
would not work, because the annihilation cross section is too 
small. Light dark force rectifies this problem. 	




14 

Thinking about secluded WIMPs and dark forces have resulted 
in the brand new research program at the intensity frontier: 
searches of light (~ few GeV and lighter) mediators using colliders 
and fixed target experiments.  

Recently, exclusion limits 
have become more stringent 
thanks to Mainz and Jlab 
experiments. 	


Such searches are motivated in 
their own right, independently 
from the DM theme and will be 
continued in the future. 	
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Currently all “direct DM detection” 
experiments search for the same thing 

An	  average	  Dark	  Ma,er	  	  	  	  	  	  	  	  	  	  	  	  	  A	  more	  expensive	  DM	  experiment	  
detec6on	  experiment	  	  	  
	  
	  
	  
	  
	  
	  
	  
Diversifying 	

physics output of 	

direct detection exp’s 	

is needed !!! (Take a 	

cue from HEP exp’s) 	


    $$ 

 
      $$$$$$ 
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Scattering vs absorption 

WIMP-nucleus scattering 	
 	
Atomic absorption of super-WIMPs	


WIMP Super-WIMP electron 

nucleus nucleus 

Signal: ionization + phonons/light 	
      Ionization at E=msuperWIMP  

d(Events)/dE d(Events)/dE 

E E 
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Absorption of vector DM 

 
 

Direct detection search of Vector super-WIMP is competitive with 
other constraints. MP, Ritz, Voloshin, 2008.  

See also Postma, Redondo, 2008, for the in-depth analysis of the same  
model.  
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Axions from the Sun 
Sun can emit exotic nearly massless particles (axions, “dark 
vectors”, pico-charge particles etc), which lead to the ionization 
signal in DM detectors. (F.Avignone et al, from 1980s). 	
5

The solar axion flux was calculated in Ref. [19] (where
CAST results were also used to constrain it in combina-
tion with coupling of axions to photons). At Earth this
flux is given by

Φa = 4.5× 1023
(
1 GeV

faN

)2

× cm−2s−1, (18)

where faN is some effective coupling constant to nucleons
that can be related to the coupling of axions to quark
spins. The expected counting rates of argon, germanium
and xenon experiments are given by

RAr " 4

(
106GeV

(fafaN )1/2

)4

kg−1day−1, (19)

RGe " 18

(
106GeV

(fafaN )1/2

)4

kg−1day−1, (20)

RXe " 11

(
106GeV

(fafaN )1/2

)4

kg−1day−1, (21)

where the following values for the K-factors are used:

KAr(14.4 keV) = 329;

KGe(14.4 keV) = 2746;

KXe(14.4 keV) = 2930.

These rates should provide the sensitivity to (fafaN )1/2

in the window between 106 and 107 GeV. Similar strength
constraints were derived in the recent work [20], where
a ∼ 3% annual modulation of the axion signal was ex-
ploited in conjunction with DAMA results. (Unlike the
signal from WIMP dark matter that is expected to have
a maximum in June, the solar axion signal is minimized
in early July.) We leave it to the experimental collabora-
tions to determine the exact upper limits on solar axions
ensuing from their results.
If the coupling to photons is not zero, Fµν F̃µνa/(4faγ),

then we can calculate the counting rate, using the axion
flux provided in Ref. [8]:

dΦa

dεa
= 6.02× 1030

(
1 GeV
faγ

)2
ε2.481a e−

εa
1.205 (22)

×cm−2 s−1 keV−1.

Counting rate for the axio-electric effect is given by the
product of the calculated absorption cross section and
the flux (22). For (fafaγ)1/2 normalized on 108 GeV, we
get the counting rates plotted in Figure 4. Integration
over axion energy leads to the following total counting
rates

RAr " 5.0

(
108GeV

(fafaγ)1/2

)4

kg−1day−1, (23)

RGe " 5.2

(
108GeV

(fafaγ)1/2

)4

kg−1day−1, (24)

RXe " 8.2

(
108GeV

(fafaγ)1/2

)4

kg−1day−1. (25)

FIG. 4: Counting rate for the axio-electric effect for Ar, Ge
and Xe as a function of axion energy.

Comparing this to the counting rate of the CDMS
experiment [11], one can see that the equivalent of
(fafaγ)1/2 ∼ 108 GeV are being probed, as the count-
ing rates in the window from 1.5 to 4 keV reach
O(1 kg−1day−1keV−1). Similar sensitivity is achieved
in the CoGent experiment [13].
Finally, the axion flux can be created by the emission

of the axions due to the same interaction that leads to
atomic ionization. In this case, however, the production
cross section is down by additional factor of E2

a/m
2
e [14],

and the sensitivity to fa in this case does not exceed 106

GeV.

V. CONCLUSIONS

QCD axions represent one of the most well-motivated
extensions of the Standard Model. Their light mass and
small couplings allow them to be produced in the Solar
interior and escape reaching the Earth. With the prolif-
eration of the low-background searches of dark matter,
one should also conduct searches of solar axions. In this
paper we have calculated the cross sections relevant for
these searches, improving upon the simple scaling rela-
tions that tie the axio-electric and photo-electric effects.
Last two years has brought a significant progress in

sensitivity to any ionizing effects in Germanium in the
window from 1 to 10 keV [11, 13]. Currently, the Co-
Gent experiment has very low backgrounds in the window
from 2 to 4 keV, where the solar axion signal is expected
to peak. With acquiring more statistics, the sensitivity
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Comparing this to the counting rate of the CDMS
experiment [11], one can see that the equivalent of
(fafaγ)1/2 ∼ 108 GeV are being probed, as the count-
ing rates in the window from 1.5 to 4 keV reach
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V. CONCLUSIONS

QCD axions represent one of the most well-motivated
extensions of the Standard Model. Their light mass and
small couplings allow them to be produced in the Solar
interior and escape reaching the Earth. With the prolif-
eration of the low-background searches of dark matter,
one should also conduct searches of solar axions. In this
paper we have calculated the cross sections relevant for
these searches, improving upon the simple scaling rela-
tions that tie the axio-electric and photo-electric effects.
Last two years has brought a significant progress in

sensitivity to any ionizing effects in Germanium in the
window from 1 to 10 keV [11, 13]. Currently, the Co-
Gent experiment has very low backgrounds in the window
from 2 to 4 keV, where the solar axion signal is expected
to peak. With acquiring more statistics, the sensitivity

Counting rates in the DM 
detectors can provide 
sensitivity to axion couplings 
complementary to e.g. CAST. 
Derevianko et al, 2010	

	

Emission of other exotic light 	

states and their signals at DM 
detectors need to be studied 
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Probing non-standard neutrinos from the 
Sun with Dark Matter detectors 

MP, 2011; Harnik et al, MP, Pradler, 2012 

•  If there is a 4th neutrino, sterile under standard EW interactions, 
but very interactive via new baryonic currents unexpected 
phenomenological consequences show up: 

1.  Signals at direct Dark Matter detectors at low recoil 
2.  New “neutral-current-like” events at fixed targets/neutrino 

beams 
3.  New signatures at neutrino detectors  
4.  …. 
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The model of “baryonic neutrino” 
•  Consider a new “neutrino-like” particle coupled to baryonic 

currents: 

At the nucleon level we have a isosinglet vector current: 
 
 
These properties suppress standard neutrino signals and enhance the 

elastic recoil.  Let us introduce an analogue of Fermi constant: 
 
 
Suppose the masses and mixings are such that some part of the solar 

8B neutrinos oscillate into νb.  
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Effective interaction and enhancement of 
elastic channels  

How much signal you would have is given by  
Probability of oscillation * interaction strength 
 
 
 
Despite N being very large, say a 100 or a 1000, standard neutrino 

detectors will have hard time detecting νb because nuclear excitations 
and deuteron breakup due to iso-singlet vector are extremely inefficient 

 
 
 
For calculation of the neutron signal at SNO and C(4.4 MeV) signal at 

Borexino, see, MP, 2011. Large GB à light-ish mediator 
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“Just-so” phase reversal 
•  If oscillation length is comparable to the Earth-Sun distance, the 

phase can be reversed, and more neutrinos will arrive on the 4th of 
July. νB Boron-8 neutrino spectrum with “just so” Δm. One can 
get within one month from DAMA/LIBRA modulation.  
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CRESST, CoGeNT, DAMA [amplitude]  

	  

“Baryonic neutrino” is a 
legitimate piece of new 
physics that can be 
searched with exactly the 
same instruments/types 
of signal.   

CRESST-II 730 kg×days

Ev (keV)

co
u
nt
s/
ke
V

40353025201510

10

8

6

4

2

0

observed
n
α

Pb
e−/γ

νb

CRESST-II 730 kg×days

Ev (keV)

co
u
nt
s/
ke
V

40353025201510

10

8

6

4

2

0

Figure 5: CRESST-II recoil spectrum. The solid line is the histogram of reported events in the
730 kg × days run summing to a total of 67 events. The gray shaded (stacked) histograms show
the best fit contribution from νb (darkest shading) and the modeled backgrounds as labeled and
explained in the main text. The spiky dashed (red) solid line is the unbinned νb signal.

Nuclear recoils are again quenched in scintillation light. This is a virtue as it allows for a

discrimination against e− and γ induced events. Moreover, the quenching factors of Ca, W,

and O differ. To a limited degree, recoils against the respective elements can therefore be

distinguished.

The analysis finds an intriguing accumulation of a total of 67 events in their overall

acceptance region between 10–40 keV, shown by the solid line in Fig. 5. The low-energy

threshold of each detector-module is determined by the overlap between e/γ- and nuclear

recoil band. Allowing for a leakage of one background e/γ-event per module distributes the

individual detector thresholds between 10.2–19 keV. Whereas e/γ-events are a well control-

lable background, the experiment suffers from a number of less well-determined sources of

spurious events. To assess how well the observed events can be explained in terms of new

physics makes the modeling of such background, unfortunately, unavoidable.

In the following we briefly mention each of the known background sources and outline

our treatment of them (in ascending order of uncertainty):

1. As alluded before, the thresholds of the detector modules are chosen such that a leakage

of a total number of 8 e/γ-induced events into the nuclear bands are expected. We find

the energy distribution of these events by digitizing and binning the corresponding line

from Fig. 11 of [9].
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Figure 4: Recoil spectrum from the 442 live-day run of the CoGeNT experiment. The black (gray)
data points show the signal after (before) subtraction of the cosmogenic radioactive background.
The solid line is a fit to the black data points. It decomposes into the contribution from νb (dashed
line) and the contribution of a constant background (dotted line.)

In addition to the signal-rise below 1 keVee the data also appears to be annually modu-
lated in the 0.5–3.2 keVee bracket. The observed event rate peaks in mid-to-late April (2010)
with a modulation amplitude of ∼ 16% at ∼ 2.7σ confidence. The modulation is most pro-
nounced between 1.4–3.2 keVee. The latter behavior is neither expected from DM scatterings
nor could it be explained by νb scatterings since the recoil spectrum arising from 8B neutrinos
is cut off for Ev � 1.4 keVee. We will not further address the potential modulation of the
CoGeNT signal and await for further data on this intriguing result.

Cosmogenically induced radioactive background has to be subtracted from the CoGeNT
data before fitting the exponential excess. The radioimpurities in the crystal have been
identified by the collaboration, with the most prominent ones given by the electron capture
decays of 68Ge and 65Zn centered at 1.3 keVee and 1.1 keVee, respectively. From a fit of
observed K-shell electron capture peaks seen in the high energy data and from the expected
ratio of L-to K-shell decays one can subtract the low-energy L-shell background in the 0.5–
3.2 keVee window. We follow REF in the subtraction and collect the time-stamped events in
0.1 keVee bins. The result of this procedure can be seen in Fig. 4 as the difference between
gray (with peaks) and black (peaks subtracted) data points.

Nuclear recoil energies on germanium have to be converted into the measured ionization
signal. We employ a Lindhard-type, energy dependent quenching factor, Ev(keVee) = Q ×
ER(keV)1.1204 with Q = 0.19935 and account for a finite detector resolution by convolving
the recoil signal with a Gaussian of width σ2 = (69.4 eV)2 +0.858 eV×Ev(eV). Finally, the
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Figure 2: The data points show the DAMA modulation amplitude as reported in [8] in units of
counts per day (cpd) per kg detector material and recoil energy. The solid line is the best fit to
the data.

of the signal as a function of time. In addition, t0 is not expected to be identical with
the DM value of 152.5 days. At first sight, a direct fit of the time series seems therefore
favorable. However, the reported residuals are binned in energy so that they only provide
coarse-grained information on the recoil energy distribution. This, in contrast, calls for a fit
of the modulation amplitude instead. We have implemented both approaches and discuss
their results below. In addition, one can also attempt a joint fit of both data sets. This
approach is complicated by the fact that the data sets are not independent.

We start by fitting the modulation amplitude. Observable scatterings of νb occur on
sodium only and no appreciable rate is expected for Ev � 7 keVee. The latter expectation is
in accordance with what is seen in the data. Therefore, we only fit the first ten data points
with Ev � 7 keVee in order not to bias the goodness-of-the-fit estimate. With the help of
the usual χ2 function we obtain the following best fit values,

DAMA Sm : ∆m2
b = 2.5× 10−10 eV2, Neff = 102, χ2

min/nd = 9.3/8, (24)

with an associated p-value of p = 0.32; nd denotes the number of degrees of freedom. The
result of this fit is shown by the solid line in Fig. 2. Confidence regions in ∆m2

b and Neff are
constructed by demanding,

χ2(∆m2
b ,Neff) ≤ χ2

min +∆χ2, (25)

where χ2
min is the obtained minimum (24). We choose ∆χ2 = 9.21 which corresponds to

generous 99% C.L. regions. The choice results in the two disjoint gray shaded regions shown
in Fig. 6.
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Conclusions 

	  

 
1.  Tomorrow [or may be later this year], many models of sub-50 GeV 

WIMPs that live off SM Higgs mediation and lead to the suppression 
of the visible Higgs decay modes may end up dead – if the Higgs is 
discovered.  

2.  Secluded models of WIMPs – with the annihilation to metastable 
mediators with subsequent decay to SM states – decouples 
annihilation from scattering or collider signals. Light mediators help 
to “explain” PAMELA etc anomalies by boosting the cross section. 
Most importantly, thinking of these issues re-ignited experimental 
interest to searches of “dark forces” at around and below GeV.  

3.  Do we get our money worth with direct detection experiments where 
often the sole focus is σ-m plot? How about axion physics, 
superweak DM, non-standard solar neutrino signals… The latter can 
even be entertained as an explanation for various anomalies in direct 
detection.  


