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Outline of the talk  

 

1.  Introduction. Many classes of dark matter. 
2.  Particle dark matter just below the WIMP window (~ MeV DM). 

Search for dark photon and dark-photon mediated dark matter 
3.  Super-WIMP dark matter absorption signals. 
4.  Bosonic condensate dark matter.  
5.  Search for macroscopic size dark matter + new forces. 
6.  Conclusions.  
 

 



Big Questions in Physics 
	


	


“Missing mass” – what is it? 	


New particle, new force, …? Both? How to find out? 	

	


Challenges ?? Too many options for DM. In “direct detection” there is an 
extrapolations from ~ kpc scale (~ 1021 cm)  down to 102 cm scale. 	


	




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. (asymmetric WIMPs are a variation.)	


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. 	
 	


	
Many reasonable options. Signatures can be completely different. 	




“Macroscopic” DM possiblities 
•   Primordial black holes (MBH > 1015 g)	


•  MACHOs	


•  Non-topological solitons (Q-balls)	


•  Topological defects (e.g. monopoles etc)	


•  ……..	


	


[Cosmological history for most part is not worked out… ] 	




WIMP “lamp post” 
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an ideal preparation to tackle problems in broad areas of basic science, engineering, industry, and even the

financial sectors.

In this paper, we discuss the context for direct detection experiments in the search for dark matter and

describe briefly the current state of theoretical models for WIMPs. A brief review of the technologies

and experiments is presented, along with a discussion of facilities and instrumentation that enable such

experiments, and a description of other physics that these experiments can do. We end with a discussion

of how the field is likely to evolve over the next two decades, with a specific roadmap and criteria for new

experiments.

The international dark matter program is expected to evolve from currently-running (G1) experiments to

G2 experiments (defined as in R&D or construction now), to G3 experiments which will eventually reach

the irreducible neutrino background. Down-selection and consolidation will occur at each stage, given the

growing financial cost and manpower needs of these experiments. The DOE has a formal down-selection

process for one or more major G2 experiments. Since substantial NSF contributions are also expected,

XENON1T is considered to be a joint NSF/international US-led G2 experiment. Additional G2 experiments

may also move to construction in the coming year by either having relatively low overall cost or relatively

low cost to DOE/NSF. It is unclear when and how the U.S. funding agencies will select G3 experiments, but

such a stage is on their planning horizon. It is expected that only one or two U.S.-led G3 experiments at

the $100M range will be financially tenable.

3 Dark Matter Direct Detection in Context

Direct detection is only one method to search for dark matter. Because dark matter can potentially interact

with any of the known particles or, as in the case of hidden sector dark matter, another currently unknown

particle (as shown in Fig. 5), it is important to place direct detection in the larger context of dark matter
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Figure 5. Dark matter may have non-gravitational interactions with any of the known particles as well as
other dark particles, and these interactions can be probed in several different ways.

research. The Snowmass Cosmic Frontier Working Group CF4 has prepared a report [2] exploring the

Community Planning Study: Snowmass 2013
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From the Snowmass 2013 summary, 1310.8327   



Intensity and Energy Frontiers 

            Log αX 
        Energy Frontier 

 
  

 
          Log mX 
   Intensity Frontier 
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           SM corner 
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LHC can realistically pick up New Physics with αX ~ αSM , and 
mX  ~  1TeV, while having no success with αX ~10-6, and mX ~ GeV.  
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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? 	
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Are WIMP models predictive?  

•  The most “economical” WIMP models, e.g. new “inert” EW 
multiplet, Higgs-mediated neutral scalar DM etc, tend to be very 
predictive:  mWIMP à σWIMP-atom  

•  Small enlargement of parameter space of models leads to the 
enormous range of possibilities for σWIMP-atom , including 
immeasurably small values (while maintaining correct abundance via 
annihilation) 

•  Consequently, there is no “no-loose theorem” when it comes to 
WIMPs, and even experimentalists’ best efforts (e.g. reaching 
“neutrino floor”) will not lead to “ruling out WIMPs as DM”.  

•  So, let’s try to get as much physics output as possible from our 
investment in the DM searches 
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New lampposts in DM searches 

 

•  Producing and detecting MeV-scale DM particles in proton-on-target 
and electron-on-target experiments 

•  Searching for electron recoil (not nuclear) – extending the mass 
range of direct WIMP detection  

•  Non-particle Dark Matter with precision measurements.  

•  …. 

With 80 orders of magnitude mass span just for particle DM, there got to 
be additional “windows of opportunity” for DM searches 

 



11 

MeV-scale WIMP Dark Matter and dark 
photons 
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Let us classify possible connections between Dark sector and SM 
H+H (λ S2 + A S)      Higgs-singlet scalar interactions 
Bµν Vµν         “Kinetic mixing” with additional U(1)’ group 
(becomes a specific example of Jµ

i Aµ extension) 
LH N     neutrino Yukawa coupling, N – RH neutrino   
Jµ

i Aµ   requires gauge invariance and anomaly cancellation 
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal…  
Dim>4 
Jµ

A  ∂µ a /f      axionic portal 
………. 
 

Neutral “portals” to the SM – an organizing 
principle 
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Dark photon model (as possible DM-SM 
mediator) 

(Holdom 1986; earlier paper by Okun’) 

This Lagrangian describes an extra U(1)’ group (dark force, hidden 
photon, secluded gauge boson, shadow boson etc, also known 
as U-boson, V-boson, A-prime, gamma-prime etc), attached to 
the SM via a vector portal (kinetic mixing). Mixing angle κ (also 
known as ε, η) controls the coupling to the SM. New gauge 
bosons can be light if the mixing angle is small.  

Low-energy content: Additional massive photon-like vector V, and a 
new light Higgs h’, both with small couplings.  

Well over several hundred theory papers have been written with the 
use of this model in some form in the last six years 

 
 
 
 
 
 
 

 



Model for “mini-charged” particles 

§  “Effective” charge of the “dark sector” particle χ is Q = e × ε (if 
momentum scale q > mV ). At q < mV one can say that particle χ 
has a non-vanishing EM charge radius, 	
 	
    . 	
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Figure 1: The interaction through the exchange by a mixed γ − A� propagator between the
SM particles and particles χ charged under new U(1)� group. In the limit of mA� → 0 the
apparent electromagentioc charge of χ is e�.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as ∆� ∼ g�e/(12π2) ×
log(Λ2

UV /M)2. In principle, the two sectors can be ”several loop removed”, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV → 0, then χ represent the ”millicharged particles”
with electric charge qχ = e�. For mV �= 0, at |q2| < m2

V , the particles χ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2χ � 6�m−2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)� (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero �. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ∼ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A� does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A� can be taken to be stronger than that of weak interactions, (e�)2/m2

A� ; (e�g�)/m2
A� �

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A� occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in different stages of implementation [21–24]. In this chapter, we are going to show
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1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the
electromagnetic current. A mass term, or in general a mass matrix for the vector states, is
protected against additive renormalization due to the conservation of the electromagnetic
current. If the mass matrix for such vector states has a zero determinant, det(M2

V ) = 0, then
the theory contains one massless vector, to be identified with a photon, and several massive
vector states.

This is the model of ‘paraphotons’, introduced by Okun in early 1980s [6], that can be
reformulated in equivalent language using the kinetic mixing portal. Following Holdom [7],
one writes a QED-like theory with two U(1) groups, supplemented by the cross term in the
kinetic Lagrangian, and a mass term for one of the vector fields.

L = Lψ,A + Lχ,A� − �

2
FµνF

�
µν +

1

2
m2

A�(A�
µ)

2. (1.1)

Lψ,A and Lχ,A� are the standard QED-type Lagrangians,

Lψ,A = −1

4
F 2
µν + ψ̄[γµ(i∂µ − eAµ)−mψ]ψ

Lχ,A� = −1

4
(F �

µν)
2 + χ̄[γµ(i∂µ − g�A�

µ)−mχ]χ, (1.2)

with Fµν and F �
µν standing for the fields strength tensors. States ψ represent the QED

electron fields, and states χ are similar particles, charged under ”dark” U(1)�. In the limit
of � → 0, the two sectors become completely decoupled. In eq. (1.1), the mass term for A�

explicitly breaks the second U(1), but is protected from additive renormalization, and hence
is technically natural. Using the equations of motion, ∂µFµν = eJEM

ν , the interaction term
can be rewritten as

− �

2
FµνF

�
µν = A�

µ × (e�)JEM
µ , (1.3)

showing that the new vector particle couples to the electromagnetic current with strength,
reduced by a small factor �. The generalization of (1.1) to the SM is straightforward, by
subsituting the QED U(1) with the hypercharge U(1) of the SM.

There is a multitude of notations and names referring to one and the same model. We
shall call the A� state as ”dark photon”. It can also be called as V (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle �, and throughout this
chapter assume � � 1. In contrast, one does not have to assume a smallness of g� coupling,
which can be comparable to the gauge couplings of the SM, g� ∼ gSM.

Athough the model of this type is exceedingly simple, one can already learn a number of
instructive features.

1. The mixing parameter � is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scale M without power-like decoupling.
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In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as ∆� ∼ g�e/(12π2) ×
log(Λ2

UV /M)2. In principle, the two sectors can be ”several loop removed”, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV → 0, then χ represent the ”millicharged particles”
with electric charge qχ = e�. For mV �= 0, at |q2| < m2

V , the particles χ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2χ � 6�m−2
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3. If there are no states charged under U(1)� (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero �. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ∼ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A� does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A� can be taken to be stronger than that of weak interactions, (e�)2/m2

A� ; (e�g�)/m2
A� �

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A� occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in different stages of implementation [21–24]. In this chapter, we are going to show
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“Non-decoupling” of secluded U(1) 
Theoretical expectations for masses and mixing  

Suppose that the SM particles are not charged under new US(1), and 
communicate with it only via extremely heavy particles of mass 
scale Λ (however heavy!, e.g. 100000 TeV) charged under the 
SM UY(1) and US(1)                            (B. Holdom, 1986) 

 
Diagram                                                       does not decouple! 
A mixing term is induced, κ FY

µνFS
µν, 

With κ  having only the log dependence on mass scale Λ	

κ  ~ (αα’)1/2 (3π)-1 log(ΛUV/Λ) ~ 10-3 

MV ~ e’κ MEW (MZ  or TeV) ~ MeV – GeV 
This is very “realistic” in terms of experimental sensitivity range of 

parameters.  

    Λ	

UY(1)                             UV(1)       
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g-2 of muon 
 

More than 3 sigma discrepancy 
for most of the analyses. 
Possibly a sign of new 
physics, but some 
complicated strong 
interaction dynamics could 
still be at play.  

Supersymmetric models with 
large-ish tanβ; light-ish 
sleptons, and right sign of µ 
parameter can account for 
the discrepancy.  

Sub-GeV scale vectors/scalars 
can also be at play.  
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κ-mV parameter space  
If g-2 discrepancy taken seriously, a new vector force can account 

for deficit. (Krasnikov, Gninenko; Fayet; Pospelov) 
E.g. mixing of order few 0.001 and mass mV ~ mµ 

MP, 2008 
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Since 2008 a lot more of parameter space got constrained 

γ

γ �

e

� �

Figure 2: One-loop correction to the muon magnetic moment due to dark photon exchange
diagram.

3.1 A possibility of extra U(1)s in top-down physics, and natural range for
masses and mixing angles

3.2 Putative solution to the muon g − 2 discrepancy

The persistent discrepancy of the measured muon g − 2 and the standard model (SM)
prediction at the level of ∼3σ [44] has generated a lot of experimental and theoretical activity
in search of a possible explanation. The intense scrutiny of the SM contributions to the
g − 2 has not produced any obvious candidate for an extra contribution ∆ae ∼ +3 × 10−9

that would cover a theoretical shortfall and match the observed value. Among the new
physics explanations for this discrepancy are weak scale solutions [45], as well as possible
new contributions from light and very weakly coupled new particles (see, e.g., [13, 46, 47]).
With the LHC continuously squeezing the available parameter space for the weak-scale g−2-
relevant new physics, solutions with light particles appear as an attractive opportunity.

It is easy to see that light vector particles coupled to muons via vector portal provide an
upward correction to the g − 2. In most models the new vector particle does not have an
axial-vector coupling to charged leptons, and the simple one loop diagram, Fig. 2 gives a
positive correction to the magnetic anomaly

aVl =
α

2π

�
g�

e

�2

×
� 1

0

dz
2m2

l z(1− z)2

m2
l (1− z)2 +m2

V z
=

α

2π

�
g�

e

�2

×





1 for ml � mV ,

2m2
l /(3m

2
V ) for ml � mV .

(3.1)
In this expression, g�/e is the strength of Vµ coupling to the muon vector current in units
of electric charge. For the kinetically-mixed dark photon A�, g�/e = �. For the choice of
� ∼ few×10−3 at mV ∼ mµ, the new contribution is capable to bring theory and experiment
in agreement. Since 2008, a lot of experimental and theoretical work has been done that
scrutinized this possibility. The following picture has emerged:

8
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ε-mV parameter space, Essig et al 2013  
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FIG. 6. Parameter space for dark photons (A�) with mass mA� > 1 MeV (see Fig. 7 for

mA� < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A� can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of �. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e− colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for � > 10−4 − 10−3; their reach is not explicitly shown.

string theory constructions can generate much smaller �. While there is no clear minimum

for �, values in the 10
−12 − 10

−3
range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A�
is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A�
could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the different possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic

21

Dark photon models with mass under 1 GeV, and mixing angles ~ 10-3 
represent a “window of opportunity” for the high-intensity experiments, 
and soon the g - 2 ROI will be completely covered.  Gradually, all 
parameter space in the “SM corner” gets probed/excluded. 
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Dark Matter, Hadron Physics and Fusion Physics
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Figure 6. The NA48/2 preliminary upper limits at 90% CL on
the mixing parameter ε2 versus the DPmassmA′ , compared to the
other published exclusion limits from meson decay, beam dump
and e+e− collider experiments [14]. Also shown are the band
where the consistency of theoretical and experimental values of
muon g − 2 improves to ±2σ or less, and the region excluded by
the electron g − 2 measurement [3, 15].

both the kinematic suppression of the π0 → γA′ decay and
the decreasing acceptance.

The assumption of prompt DP decay that is funda-
mental to this analysis is justified a posteriori by the ob-
tained results: all upper limits on ε2m2A′ are above 6 ×
10−5 (MeV/c2)2, corresponding to maximum DP mean
paths in the NA48/2 reference frame below 10 cm (see
Section 1). The corresponding loss of efficiency of the
trigger and event selection (both relying on 3-track vertex
reconstruction) is negligible, as the typical resolution on
the vertex longitudinal coordinate in the forward NA48/2
geometry is ≈ 1 m.

6 Summary and outlook
The NA48/2 experiment at CERN was exposed to about
2 × 1011 K± decays in flight in 2003–2004. The large in-
tegrated kaon flux makes it a precision kaon by also π0
physics facility, and the studies of the π0 decay physics
with the NA48/2 data have started. Preliminary results on
dark photon search in π0 decays are reported: no signal is
observed, and the obtained upper limits on the mixing pa-
rameter ε2 improve over the world data in the mass range
10–60 MeV/c2. In particular, the limits at 90% CL are

ε2 < 10−6 for 12 MeV/c2 < mA′ < 55 MeV/c2, and the
strongest limits reach ε2 = 6 × 10−7 at mA′ ≈ 20 MeV/c2.
Combined with the other available data, this result rules
out the DP as an explanation for the muon (g−2) anomaly,
assuming DP couples to quarks and decays predominantly
into SM fermions.

The performed search for the prompt A′ → e+e− de-
cay is limited by the irreducible π0D background: the ob-
tained upper limits on ε2 in the mass range 10–60 MeV/c2
are about three orders of magnitude higher than the sin-
gle event sensitivity. The sensitivity to ε2 achievable with
the employed method scales as the inverse square root of
the integrated beam flux, and therefore this technique is
unlikely to advance much below ε2 = 10−7 in the near
future, either by improving on the NA48/2 analysis or by
exploiting larger future π0 samples (e.g. the one expected
to be collected by the NA62 experiment at CERN [16]).
On the other hand, a search for a long-lived (i.e. low mA′

and low ε2) DP produced in the π0 decay from high mo-
mentum kaon decay in flight using the displaced vertex
method would be limited by the π0D background to a lesser
extent, and its sensitivity is worth investigating.
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E. Goudzovski et al (NA48) 2014 – excludes the remainder of 
parameter space relevant for g-2 discrepancy. 	


Only more contrived options for g-2 remain (e.g. Lµ – Lτ ) 



Future: SHiP project at CERN 
§  The sensitivity of SHiP tau neutrino detector to light DM 

scattering (400 GeV beam dump; >1020 protons on target)	


	

	


20 

�g�2�e BaBar, NA48�2, PHENIX
�g�2�Μ � 2Σ�g�2�Μ � 5Σ

E774

E141

Orsay, U70

Charm, Nu�Cal

E137, LSND

SN

SHiP,
bremsstrahlung

SHiP,
QCD

SHiP,
mesons

1 10 102 103
10�20

10�18

10�16

10�14

10�12

10�10

10�8

10�6

10�4

mA' �MeV�

Ε2

Visibly Decaying A'

Figure 5: Summary of constraints on the dark photon model. The limits at � ∼ 10−7; mA� >
200 MeV range come from old experiments, and can be improved with SHiP. The g−2 region
of interest is shown as a green band. The projected SHiP sensitivity contour is derived using
three modes of production: mesons, bremsstrahlung, and QCD production.

V (B) was derived in [33]. The full analysis of constraints on {α(B),mV } plane has not been
performed yet.

Some cases of other exotic particles produced in association with V have been constrained
in experiment. BaBar studies have placed limits on dark Higgsstrahlung [124], by exploiting
A�h� production with subsequent decays of h� to 2A� and eventually to pairs of charged SM
particles. The ensuing constraints are quite strong (reaching down to � ∼ few × 10−4 at
αD ∼ α), but applicable only to mh� > 2mA� region of parameter space. Another study
at KLOE [125] have searched for missing energy signature from h� decays outside of the
detector, and reached the constraints at the level of � ∼ few×10−3. Constraints on the most
motivated case, mh� � mA� , are more difficult to obtain because they involve stable h� on
the scale of the detector.

5.2 Production and detection of light vector portal DM

New constraints on vector portals occur when direct production of light dark matter states
χ opens up. The missing energy constraints on dark photons derived from e+e− colliders
were analyzed in [50]. Invisible decays of A� are usually harder to detect, except K+ →
π+A� → π++missing energy, where the competing SM process, K+ → π+νν̄ is extremely
suppressed [49]. Also, fixed targets experiments sensitive to the missing energy decays of
vector states have been proposed recently [126,127].

20
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What if dark photon decays to light dark 
matter? (epicycle #2) 



Light DM – direct production/detection  
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If WIMP dark matter is coupled to light mediators, the WIMP mass can 
be much lighter than Lee-Weinberg range, (Boehm, Fayet) 

   

 

Direct Detection

• Nuclear recoil too weak -  

• Can we find a relativistic source of Dark Matter?
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[Holdom]
[Pospelov, Ritz, Voloshin],
[Hooper, Zurek]
[Arkani-Hamed, Finkbeiner, Slatyer, Weiner]
...

V γ, Z

χ

χ†
SM

• Dark photon can address g-2 anomaly [Fayet, Pospelov]

• Scalar DM annihilation is p-wave, CMB ok

• Dark photon mediates interaction between DM and SM

• 4 new parameters: mχ,mV ,κ,α
�

1. Vector portal DM (“dark force”)

(V = A�, κ = �, α� = αD)

Dµ = ∂µ − igDVµ

L ⊃ |Dµχ|2 −m2
χ|χ|2 −

1

4
(Vµν)

2 ++
1

2
m2

V (Vµ)
2 − κ

2
VµνF

µν + . . .

[deNiverville, Pospelov, Ritz]

V

µ

12

(see talk by D. Morrissey)
DM mediation 

511 keV 
motivated 
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p + p(n) −→ V ∗ −→ χ̄χ

Fixed target probes - Neutrino Beams

30

π0, η −→ V γ −→ χ̄χγ
χ + N → χ + N

proton 
beam

(near) 
detector

χ + e→ χ + e

We can use the neutrino (near) detector as a dark matter 
detector, looking for recoil, but now from a relativistic 
beam. E.g.

MINOS
120 GeV protons

1021 POT
1km to (~27ton) 

segmented detector

MiniBooNE
8.9 GeV protons

1021 POT
540m to (~650ton) 
mineral oil detector

T2K
30 GeV protons

(! ~5x1021 POT)
280m to on- and off-

axis detectors

Proposed in Batell, MP, Ritz, 2009. Strongest constraints on MeV DM 
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Light DM - trying to force the issue 

Same force that is responsible for depletion of χ to acceptable levels in 
the early Universe will be responsible for it production at the collision 
point and subsequent scattering in the detector. 

 

DM Production & Scattering

χ χ

e e

χ χ

N N

χ χ

q q

V V V

Elastic scattering 
on electrons

Elastic scattering 
on nucleons

Deep inelastic 
scattering

p

N

target
absorber

decay volume
dirt

χ

detector

π0 → γV, V → χχ∗

p → π0 +X

π0, η
V

γ
χ

χ∗ V

χ∗

χ

q̄

q

In the detector:
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Comparison of Neutrino and light DM  

Neutrinos: 

Production:  

Strong scale σ ~ 100 mbn 

Detection:   

Weak scale σ ~ GF
2Ecm

2 

Light WIMPs: 

Production:  

σ ~ σstrong × ε2 

Detection:   

Larger than weak scale x-section! 

Signals   ~ σproduction × σdetection  can be of comparable strength 

The reason for “stronger-than-weak” force for light dark matter comes 
from the Lee-Weinberg argument. (The weak-scale force will be 
insufficient in depleting WIMP DM abundance to observable levels if 
mDM< few GeV. Therefore, stronger-than-weak force and therefore 
relatively light mediator is needed for sub-GeV WIMP dark matter).  

 



Prospects in improving sensitivity: protons 

26 

 

MiniBoone has completed a long run in the beam dump mode, as 
suggested in 

By-passing Be target is crucial for reducing the background (R. van de 
Water +…)  

Timing is used (10 MeV dark matter propagates slower than neutrinos) 
to further reduce backgrounds 

 

MiniBooNE
90% C.L.

MiniBooNE sensitivity to vector portal DM

23

[arXiv:1211.2258]
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  Future??  SHiP proposal at CERN  

The sensitivity of SHiP tau neutrino detector to light mediators will be 
improved. 

The sensitivity of SHiP tau neutrino detector to light DM 
scattering (400 GeV beam dump; >1020 protons on target) 

!"#$

%&%&'

(! )*+),)-./

0/.)1 2/*,)34

5678 5 88
56"8

56"9

56":

!";#</=$

Dark photon 
mediator,     
mDM =200 MeV 

(Figure by       
P. deNiverville)  
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FIG. 9. Parameter space for dark photons (A�) decaying invisibly to dark-sector states χ for various

mχ. Constraints from the electron (red) and muon (green) anomalous magnetic moment [120] are

independent of the A� decay mode (see also Fig. 6). Constraints from (on-shell) A� decays to any

invisible final state arise from the measured K+ → π+νν̄ branching ratio [120, 223, 263] (brown)

and from a BABAR mono-photon search [264–266] (blue); significant improvements are possible

with DarkLight [267] (dark blue dashed), VEPP-3 [135, 136] (magenta dashed), ORKA [265] (brown

dashed), and BELLE II [265] (light blue solid). If the χ are long-lived/stable and re-scatter in a

downstream detector, constraints arise also from LSND (gray) for m�
A < mπ0 , mχ < m�

A/2 [268].

Additional parameter space can then also be probed at existing/future proton beam-dump facilities

like Project X, LSND etc., (the solid dark green line shows a proposed MiniBooNE beam-off-target-

run [223]), and at electron-beam dumps at JLab (dark red), the ILC (purple), and other facilities

like SLAC, SuperKEKB etc. (not shown) [266]. Supernova constraints are applicable for lower

� [131] (not shown).
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  Compilation of current constraints on dark 
photons decaying to light DM 

The sensitivity of electron beam dump experiments to light DM is 
investigated in Izaguirre, Krnjaic, Schuster, Toro 2013; Surujon et al. . 
New collaboration, BDX        
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More coverage of parameter space 
using underground accelerators and 

neutrino detectors 
 with Eder Izaguirre and Gordan Krnjaic, 2014, 2015 
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NeuTel 3/3/2015: Physics at LNGS                          9                  Stefano Ragazzi – INFN LNGS & UNIMIB 

BOREXINO 

LVD 

GERDA - II CRESST 

CUORE 

DAMA/LIBRA 

COBRA 

VIP 

LUNA XENON 

LOW ACTIVITY LAB 

ERMES 

DARK SIDE 50 

XENON 1T 

LUNA-MV 

GINGER ERMES-W 

Planned location of LUNA-MV is in direct proximity of Borexino  
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“Coupling” LUNA and Borexino 

9

φ

γ

γ

f

p

LUNA

16
O

∗

α

φ

19
F

e

γ

Borexino

Potential problem: nuclear reactions can liberate some neutrons (e.g. via 
19F +α à 22Na +n), and there are stringent requirements on not 
increasing n background at the location of DM experiments. 
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Sensitivity plot 
§  6.05 MeV is in the “cleanest” region of Borexino.  
§  rp relevant region can be fully covered.	
 2

1.49 MeV energies from 144Nd∗ de-excitation.

The subsequent detection of a mono-energetic release in
a Borexino-type detector with 6.05, 2.19, or 1.49 MeV
can be free from substantial environmental backgrounds.
The strategy proposed in this Letter is capable of ad-
vancing the sensitivity to such states by many orders of
magnitude, completely covering the parameter space rel-
evant for the rp puzzle.

Scalar particles below 1 MeV. New particles in the MeV
and sub-MeV mass range are motivated by the recent 7σ
discrepancy between the standard determinations of the
proton charge radius, rp based on e − p interactions [2],
and the recent, most precise determination of rp from
the Lamb shift in muonic Hydrogen [3, 4]. One possible
explanation for this anomaly is a new force between the
electron(muon) and proton [5–7] mediated by a ∼100 fm
range force (scalar- or vector-mediated) that shifts the
binding energies of Hydrogenic systems and skews the
determination of rp. Motivated by this anomaly, we con-
sider a simple model with one light scalar φ that interacts
with protons and leptons,

Lφ =
1

2
(∂µφ)

2 − 1

2
m2

φφ
2 + (gpp̄p+ geēe+ gµµ̄µ)φ , (3)

and define �2 ≡ (gegp)/e2. We assume mass-weighted
couplings to leptons, ge ∝ (me/mµ)gµ, and no couplings
to neutrons. UV completing such a theory is challenging,
so we regard this as a purely phenomenological model.
The apparent corrections to the charge radius of the pro-
ton in regular and muonic hydrogen are [5–7]

∆r2p
��
eH

= −6�2

m2

φ

; ∆r2p
��
µH

= −6�2(gµ/ge)

m2

φ

f(amφ) (4)

where a ≡ (αmµmp)−1(mµ +mp) is the µH Bohr radius
and f(x) = x4(1 + x)−4. Equating ∆r2p

��
µH

− ∆r2p
��
eH

to the current discrepancy of −0.063 ± 0.009 fm2 [4],
one obtains a relation between mφ and �. Thus, for
mφ = 0.5 MeV, the anomaly suggests �2 � 1.3 × 10−8.
For mφ > 2me, the φ → e+e− process is highly con-
strained by searches for light Higgs bosons [1], so we
consider the mφ < 2me region, which is relatively uncon-
strained. Since ge � gp, the φ− e coupling is suppressed
relative to that of a massive photon-like particle, so pre-
cision measurements of α and (g − 2)e do not constrain
this scenario.

The astrophysical and fixed-target constraints depend
on the cross section for eφ → eγ conversion, which for
mφ � me with a stationary electron target is

dσ

dE
=

π(ge/e)2α2(E −me)

meQ4(Q− E +me)2

�
E(Q2 − EQ− 2meQ

− 2m2

e) +me(3Q
2 + 3Qme + 2m2

e)

�
, (5)

where E is the electron recoil energy and Q is φ energy.
At Q � me, this leads to the total cross section of

σeφ � π(ge/e)2α2

2meQ
= 13 mbn× 5 MeV

Q
×
�ge
e

�2

, (6)
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FIG. 2: Sensitivity projections for the scenario in Eq. (3).

The blue band shows the parameter space that resolves the

rp puzzle. An important aspect of our proposal, as it relates

to NP explanation of the rp anomaly, is the proportionality

of the signal to the products of the couplings, �2e4 = g2pg
2
e .

The “LUNA/Borexino” curve assumes a 400 keV proton beam

with 10
25

POT incident on a C3F8 target to induce p+19
F

→ (
16
O

∗ → 16
O + φ) + α reactions 100 m away from Borex-

ino. The Borexino 3 MeV and SuperK 3 MeV lines assume

the same LUNA-type setup with a 3 MeV p-accelerator 10 m

away from each detector. The SOX lines assume a radioac-

tive
144

Ce−144
Pr source 7.15 m away from Borexino. Shaded

in gray are constraints from a Borexino solar axion search

[8], LSND electron-neutrino scattering [9], and stellar cooling

[10], for which we assume ge = (me/mp)gp.

which determines the in-medium absorption probability
of φ. Absorption competes with the decay φ → γγ, oc-
curring through loops of fermions f with the width given
by a standard formula,

Γ(φ → γγ) =
α2 m3

φ

512π3

����
�

f

gf
mf

NcQ
2

fA1/2(τf )

����
2

, (7)

where Qf is the fermion charge, τf ≡ m2

φ/4m
2

f , and

A1/2(τ) = 2τ−2[τ + (τ − 1) arcsin
√
τ ]. (8)

An approximate proportionality to particle masses en-
sures that couplings to neutrinos are negligible.
Processes (5), (7) define the gross features of φ-

phenomenology in cosmological and astrophysical set-
tings. The ensuing constraints are summarized as fol-
lows:

• Energy loss in stars via eγ → eφ (red giants, white
dwarfs etc) is exponentially suppressed for mφ >
Tstar. In practice, it means a strong bound on mass,
mφ ∼> 250 keV, for the fiducial range of couplings.

• The decay of φ in the early Universe at T ∼ mφ

results in a negative shift of the “effective num-
ber of neutrinos.” For mφ > 250 keV the shift is
moderate, Neff ∼ −0.5 [11], and can be easily com-
pensated by the positive contributions from other
light particles (e.g. sterile neutrinos).



33 

Sensitivity to light DM 
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2

ample, models of new nearly massless neutrino-like states

interacting with nuclei via a baryonic current easily allow

for the interaction strength exceeding the weak interac-

tions [44]. The oscillation between regular neutrinos and

this type of ”baryonic neutrinos” with the long baseline

will lead to the solar neutrino scattering signal in many

DM experiments [45, 46]. Such signatures are very simi-

lat to the few GeV WIMP scattering off nuclei, and the

two signals can be easily confused. Constraining this

class of models using CENNS searches appears quite fea-

sible [44], and we will investigate such signature in detail.

The rest of this paper is organized as follows. In the

next section we define the two classes of models that we

study. In section 3, we present relevant details of calcu-

lations of the production and detection of light states. In

section 4, we discuss the sensitivity reach of the planned

CENNS experiments to the new light states, and present

our conclusions in section 5.

2. LIGHT DARK STATES

Light thermal relic dark matter, with a mass bellow

a few GeV, generically require new annihilation chan-

nels with light mediators in order not to over close the

universe. The simplest mediators couple via the renor-

malizable portal interactions. We will study one simple

benchmark model below, which uses the vector portal.

A. Benchmark model for light dark matter

The model we study uses a spontaneously broken U(1)�

gauge symmetry in the hidden sector, leading to a mas-

sive vector Vµ which is kinetically mixed with the pho-

ton [47], and dark matter is a hidden scalar or fermion χ
charged under U(1)�. At low energies, the Lagrangian is

given by

L = Lχ − 1

4
VµνV

µν
+

1

2
m2

V VµV
µ − κ

2
V µνFµν + · · ·

(1)

with

Lχ =

�
iχ̄ �Dχ−mχχ̄χ, (Dirac fermion DM)

|Dµχ|2 −m2
χ|χ|2, (Complex scalar DM)

where D = ∂ − ig�qeV , with g� (qe) the U(1)� gauge cou-

pling (charge), and the ellipses denote terms associated

with the spontaneous breaking of U(1)�, which will not

be important here.

We will assume that the vector V can decay on-shell

to dark matter, with mV > 2mχ. In this regime, a

light complex scalar DM candidate is less constrained

by the impact of annihilation on the CMB, as it is p-
wave suppressed. Other ways to avade CMB constraint

with fermionic DM involve particle-antiparticle asymme-

try and/or split states in the DM sector [14]. For sim-

plicity, we shall concentrate on the bosonic DM case and

determine sensitivity of future CENNS experiment to a

four-dimensional parameter space {g�,mV ,κ,mχ}. We

also comment that mV → 0 limit will recover a model

of ”millicharged” particles, and planned CENNS experi-

ments may also provide additional constraints on them.

In that case, the production of χ would have to occur via

the off-shell U(1)� mediator.

B. Baryonic neutrino model

A well-motivated portal to dark states that could have

a distinctly different phenomenology is the baryonic cur-

rent portal. The gauge group U(1)B coupled to the

baryon number is anomalous, but the anomaly can be

cancelled by new states at the electroweak scale. There-

fore it can be viewed as a self-consistent low-energy limit

of a bigger theory. The model we shall consider involves

new vector particle coupled to nucleon (through the un-

derlying coupling to quarks) in the following way:

LB = Lχ − 1

4
V B
µνV

B
µν +

1

2
m2

BV
B
µ V B

µ +

�

N=n,p

N̄ �DN, (2)

with Lχ given by the same Lagrangian as before, with

the covariant derivative specified for the U(1)B case with

the corresponding coupling gB . To make connection with

previous work, we note that a fermionic χ was called

”νb” in ref. [44]. We chall investigate the senstivity of

CENNS experiments to this model as well, and determine

the sensitivity limits to the possible enhancement of the

baryonic current force relative to the weak force, Nenh ≡
(g2B/M

2
B)/GF .

3. PRODUCTION AND DETECTION OF LIGHT
STATES

A. Fixed target production modes

[AR:Just kinetic mixing for now...]

Given the low beam energy at SNS, we account for a

number of production modes from meson decay.

(i) π0 decay in flight
A dominant production mode in the forward direction

utilizes radiative π0 decay,

π0 −→ γ + V ∗ −→ γ + χ†
+ χ. (3)

We utilize the Berman-Smith distributions for charged

pion decay, averaged over π+ and π−, and also allow for

off-shell V ∗ → χ†χ decays, which are significant when α�

is not too small (as recently emphasized in [11]),

Γπ0→γχ†χ =
1

4πmπ

�
dΠπ0→γV dΠV→χ†χdq

2|M|2, (4)

One can have a chance 
on improving sensitivity 
to very light DM, and e.g. 
decisively test models 
that aim at explaining 
511 keV bulge excess via 
DM annihilation.  

One will advance sensitivity to ALPs in 200 keV < ma <100 MeV range 
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Absorption signatures of super-WIMPs 
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“Simplified” models of super-WIMPs 
§  New light bosonic states V, A, S, P, T etc   below 1 MeV with small 

couplings [no worries about stability] can be very long-lived and can 
constitute the DM. 

§  The interaction with electrons and photons can be used for their 
detection 

§  S and P decays will give 2 photon signature – monochromatic lines – 
and will in general better constrained by astrophysics. [3.55 keV line 
can be fit by S or P without any problems]  

§  There is no issues with naturalness [conservatively understood]:  
 e.g. mS > 10-1 gS × Cutoff ~ 10-11 (gS/10-10) TeV ~ 10 eV  

§  Why bosonic? Sterile neutrinos can also do N + e à ν + e, but rates 
are tiny, and energy deposition is miniscule.  
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dark photon masses together with the reported data is
shown in Fig. 3.

A likelihood analysis is used to constrain the kinetic
mixing κ. The likelihood function is defined as

L(κ,mV ) =
�

i≥3

Poiss(N (i)|N (i)
s (κ,mV ) +N

(i)
b ) , (24)

where i labels the bin number (which equals the number

of S1 for each event) as shown in Fig. 6 of Ref. [20], N (i)
b

and N
(i) are the background and number of observed

events as presented in Ref. [20]. Following the latter ex-
perimental work, we apply a cut S1≥ 3. Here we neglect
the contribution from the uncertainty of nexp to the like-
lihood function, since from Fig. 2 of Ref. [20] one can see
that after we apply the S1≥ 3 cut, its influence on the
limit of κ is less than 10%. A standard likelihood anal-
ysis then yields the resulting 2σ limit on κ as a function
of mV . It is shown as the black dashed curve in Fig. 1.
Again, we find the direct detection constraints to be very
competitive with astrophysical bounds.

4. DISCUSSION AND CONCLUSION

With an array of direct detection experiments now
searching for signatures of elastic nuclear recoil of
WIMPs on nuclei, and with sensitivity levels marching
towards the neutrino background, it is important to keep
in mind that other dark matter scenarios can also be sen-
sitively probed with this technology. In particular, the
exquisite sensitivity to ionization signatures at various
experiments allows stringent constraints to be placed on
generic models of super-weakly-interacting dark matter.
In this paper, we have studied the sensitivity to the mini-
mal model of dark photon dark matter, and obtained lim-
its (summarized in Fig. 1) that exceed those from stellar
physics over a significant mass range.

The sensitivity of current direct detection experiments
already excludes dark photon dark matter with a ther-
mally generated abundance. This is not a problem for
the model, as the DM abundance may be determined by
non-thermal mechanisms. For example, the initial dis-
placement of the field from the minimum of the potential
(with or without the help of inflation) provides a plau-
sible means of generating the required relic abundance,
and further constraints on such models may be achieved
if a lower bound on Hinfl were to be established by ex-
periments probing the CMB.

Dark photon dark matter has certain advantages over
axion-like-particle dark matter with respect to direct de-
tection. The absence of the dark photon decay to two
photons removes the constraint from monochromatic X-
ray lines. This latter signature usually provides a more
stringent constraint on axion-like keV-scale DM than di-
rect detection. Furthermore, the cross section for dark

photons is significantly enhanced for small masses, rela-
tive to the cross section for absorption of axion-like par-
ticles.
The analysis presented in this paper addresses the

model of a very light dark photon field, that is partic-
ularly simple and well-motivated. In addition, one could
construct a whole family of ‘simplified’ models of very
light dark matter, with observational consequences for
direct detection [3]. The most relevant of these would in-
volve couplings to electrons, and one could consider DM
of different spin and parity:

(pseudo)scalar gSSψ̄ψ, gPP ψ̄γ5ψ,

(pseudo)vector gV Vµψ̄γµψ, gAAµψ̄γµγ5ψ, (25)

tensor gTTµνψ̄σµνψ, · · ·

Here ψ stands for the electron field, gi parametrizes the
dimensionless couplings, and V,A, S, P, T... are the fields
of metastable but very long lived DM. The case consid-
ered in this paper corresponds to gV = eκ, and the light
mass mV is protected by gauge invariance. However,
even cases where the mass of DM is not protected by any
symmetry are of interest, and can be considered within
effective (or simplified) models. In this case, loop pro-
cesses tend to induce a finite mass correction, which is at
most ∆mDMi ∼ giΛUV. With the cutoff ΛUV at a TeV,
it is natural to expect that, for a DM mass of ∼ 100 eV
for example, one should have gi < 10−10. As demon-
strated by the analysis in this paper, DM experiments
can probe well into this naturalness-inspired regime, and
set meaningful constraints on many variations of light
DM models.
Finally, we would like to emphasize that further

progress can be achieved through the analysis of
‘ionization-only’ signatures. For example, in noble gas-
and liquid-based detectors one can improve the bounds
for E < keV by accounting for multiple ionization elec-
trons (see Ref. [39]). The ionization of Xe atoms from the
lowest electronic shells is likely accompanied by Auger
processes, which generate further photo-electrons, and
the corresponding bounds can be tightened. Analysis of
these complicated processes may require additional input
from atomic physics.
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New DM signal: absorption of super-WIMPs 

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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Superweakly interacting Vector Dark Matter 

 

§  Vectors are long-lived if mV < 2 me. V has to decay to 3 photon 
via the light-by-light loop diagram:  

 
 
The γ-background constraints are weak. (No monochromatic lines) 
Can be viable DM model: MP, Ritz, Voloshin; Redondo, Postma  
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vector DM absorption signal 

 
 
 
An, MP, 
Pradler, Ritz 
(Dec. 2014) 
 
 
 
 
Large DM experiments can compete with stellar constraints and have 
sensitivity to mixing angles down to kappa ~10-15. See J. Pradler’s talk.  
Many experiments now (Xenon100, CDMS, Malbec, Xmas, Edelweiss, 
CoGeNT, and soon LUX) report their sensitivity to the keV-scale 

 super-WIMPs 
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FIG. 1. A summary of constraints on the dark photon kinetic mixing parameter κ as a function of vector mass mV (see Secs. 2 and 3
for the details). The thick lines exclude the region above for dark photons with dark matter relic density. The solid (dashed) line is from
XENON10 (XENON100); the limit from XMASS is taken from [21]. The dash-dotted lines show our newly derived constraints on the
diffuse γ-ray flux from V → 3γ decays, assuming that decays contribute 100% (thick line) or 10% (thin line) to the observed flux. The
thick dotted line is the corresponding constraint from CMB energy injection. Shaded regions depict (previously considered) astrophysical
constraints that are independent of the dark photon relic density. The limits from anomalous energy loss in the sun (sun), horizontal
branch stars (HB), and red giant stars (RG) are labeled. The shaded region that is mostly inside the solar constraint is the XENON10
limit derived from the solar flux [27].

careful analysis of the ‘ionization-only’ signal available
to a variety of DM experiments. Many experiments have
already reported relevant analyses [14–21].
The rest of this work is organized as follows. In Sec. 2

we introduce the dark photon model in some more detail,
describe existing constraints, and reconsider indirect lim-
its. In Sec. 3 we compile the relevant formulæ for direct
detection, confront the model with existing direct detec-
tion results and derive constraints on the mixing angle
κ. The results are summarized in Fig. 1, which shows
the new direct detection limits in comparison to various
astrophysical constraints. In Sec. 4, we provide a gen-
eral discussion of super-weakly coupled DM, and possi-
ble improvements in sensitivity to (sub-)keV-scale DM
particles.

2. DARK PHOTON DARK MATTER

It has been well-known since 1980s that the SM allows
for a natural UV-complete extension by a new massive or
massless U(1)′ field, coupled to the SM hypercharge U(1)
via the kinetic mixing term [22]. Below the electroweak
scale, the effective kinetic mixing of strength κ between
the dark photon (V ) and photon (A) with respective field

strengths Vµν and Fµν is the most relevant,

L = −
1

4
F 2
µν −

1

4
V 2
µν −

κ

2
FµνV

µν +
m2

V

2
VµV

µ + eJµ
emAµ,

(1)

where Jµ
em is the electromagnetic current and mV is the

dark photon mass. This model has been under signif-
icant scrutiny over the last few years, as the minimal
realization of one the few UV-complete extensions of the
SM (portals) that allows for the existence of light weakly
coupled particles [23]. For simplicity, we will consider
the Stückelberg version of this vector portal, in which
mV can be added by hand, rather than being induced
via the Higgs mechanism.

2.1. Cosmological abundance

Light vector particles with mV < 2me have multi-
ple contributions to their cosmological abundance, such
as (a) production through scattering or annihilation,
γe± → V e± and e+e− → V γ, possibly with sub-Hubble
rates, (b) resonant photon-dark photon conversion, or
(c) production from an initial dark photon condensate,
as could be seeded by inflationary perturbations. Notice



39 

Super-cool Dark Matter from misalignment 
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Super-cool Dark Matter from misalignment 

•  QCD axion (1981- onwards). 

 … 

•  Scalar DM through the super-renormalizable Higgs portal (Piazza, 
MP, 2010) Also, pointed out dark photon DM possibility. 

•  Nelson, Scholtz (2011); Arias et al (2012); Jaeckel, Redondo, 
(2013); … J Mardon et al, (2014). 

•  Most models are subject to uncertainty related to the “initial 
displacement” of the field from minimum (and possible isocurvature 
perturbation constraints.) 

•  Sad part: for non-QCD axion models, signals are not guaranteed, 
because nothing requires this DM to be coupled to the SM  

Sub-eV mass ranges – has to be non-thermal.  



41 

Dark Photon dark matter in the sub-eV range 
•  Misaligned photon dark matter, sub-eV range, from Chaudhuri et al, 

2014.  [See also Joerg, Andreas and Javier’s work. ] 

Xenon10 limit 
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Scalar DM through super-renormalizable portal 

•  Piazza, MP, 2010: There is a unique portal in the SM  

Sub-eV scalar dark matter through the super-renormalizable Higgs portal
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The Higgs portal of the Standard Model provides the opportunity for coupling to a very light

scalar field φ via the super-renormalizable operator φ(H
†
H). This allows for the existence of a very

light scalar dark matter that has coherent interaction with the Standard Model particles and yet has

its mass protected against radiative corrections. We analyze ensuing constraints from the fifth-force

measurements, along with the cosmological requirements. We find that the detectable level of the

fifth-force can be achieved in models with low inflationary scales, and certain amount of fine-tuning

in the initial deviation of φ from its minimum.

I. INTRODUCTION

About 95% of the energy budget of the Universe con-

sists of ”dark” – and unknown – components. This is

a strong motivation for considering and studying hidden

sectors beyond the Standard Model (SM). Gravitational

effects of dark matter cannot reveal the mass of its con-

stitutents, and indeed a wide variety of mass ranges, from

the inverse galactic size to the super-Planckian scales, is

conceivable. While many models that possess stable par-

ticles with masses comparable to the SM energy scales

have been a subject of incessant theoretical and experi-

mental activity, models with light sub-eV mass scale dark

matter received far less attention.

Below the eV mass scale the dark matter would have

to be of integer spin, and be produced non-thermally.

The only chance of detecting such dark matter non-

gravitationally would occur if such particles are converted

into electromagnetic radiation in the external fields or

they modify the interaction stength of SM particles. But

if light dark matter interacts with the SM, then immedi-

ately its lightness comes to question as the quantum loops

with SM particle may easily destabilize the mass scale. A

prominent particle in this category is the QCD axion [1]

that interacts with the SM currents derivatively, jµ∂µa,

and has its tiny mass generated by the non-perturbative

QCD effects protected at any loop level. Because of the

pseudoscalar nature of a and its derivative couplings, it

does not generate a long-range attractive force.

A very natural question to ask is whether SM allows

for couplings to other types of sub-eV dark matter fields

that lead to additional observable effects. For a recent

review of the light sector phenomenology see, e.g. [2].

Real scalar field φ and the vector field Vµ provide such

opportunities with their couplings to the SM fields via

the so-called Higgs and vector portals:

(Aφ+ λφ
2
)H

†
H Higgs portal (1)

∗Electronic address: fpiazza@perimeterinstitute.ca
†Electronic address: mpospelov@perimeterinstitute.ca

JµVµ; ∂µJµ = 0 Vector portal,

where H is the Higgs doublet, A and λ are parameters

and Jµ is some locally conserved SM current, such as

hypercharge of baryon current. If there is some initial

value for φ or Vµ fields with respect to their zero energy

configurations, one can source part/all of the Universe’s

energy density from the coherent oscillations around the

minimum.

The perils of low mass scale stabilization are immedi-

ately apparent in Eq. (1). Indeed, any loops of the SM

fields would tend to induce the correction to the mass

of φ field ∼ λΛ
2
UV , where ΛUV is the highest energy

scale in the problem serving as the ultra-violet cutoff.

Therefore, λ should be taken to incredibly small values,

making this portal irrelevant for the phenomenology of

sub-eV dark matter. In contrast, the vector portals and

the super-renormalizable Higgs portal, AφH
†
H, allow to

avoid problems with technical naturallness. In the lat-

ter case loop corrections scale only as A
2
logΛUV , while

the quadratic divergences affect only the term linear in

φ, which can typically be absorbed in an overall field

shift. In this paper we examine generic consequences of

this coupling for the sub-eV scalar dark matter, leaving

vector dark matter to future studies.

II. SUPER-RENORMALIZABLE PORTAL TO
THE SCALAR DARK MATTER

The specific case of a singlet scalar φ coupled via

a super-renormalizable term of the type φH
†
H, (see

e.g. [3–8] and references therein), has been mostly stud-

ied in connection with electroweak and GeV-scale phe-

nomenology, with a notable exception of [6, 9], where

a possibility of super-weakly interacting Higgs-coupled

dark matter was pointed out. The scalar potential in the

model of interest reads as:

V = −m
2
h

2
H

†
H + λ(H

†
H)

2
+AH

†
Hφ+

m
2
ϕ

2
φ
2
. (2)

This model is explicitly renormalizable and does not re-

quire any additional UV completion (if one is willing to
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•  There is no runaway direction if  

•  After integrating out the Higgs, the theory becomes very similar to 
Brans-Dicke – but better because of UV completeness our theory.  

       

•  Main consequence of such model is a new scalar force mediated by 
dark matter. 

2

tolerate the usual fine-tuning problem with m2
h itself).

We chose to redifine away possible linear terms in φ by

shifting the field, and absorbing A∆φ into m2
h.

After spontaneous symmetry breaking, the two fields

acquire a vacuum expectation value, �H†H� = v2/2,
�φ� = φ0, where

v2 =
m2

h

2λ−A2/m2
ϕ

, φ0 = − Av2

2m2
ϕ

(3)

and v = 246 GeV. The potential (2) has a stable mini-

mum only ifA2/m2
ϕ < 2λ, which is what we assume in the

following; otherwise, it develops a runaway direction in

the (φ, H†H) plane unless additional nonlinear φ4
terms

are introduced. The low energy dynamics is encoded in

the two physical fields h and ϕ, defined as

H =
1√
2

�
0

v + h

�
, φ = φ0 + ϕ (4)

and with Lagrangian

L =
(∂h)2

2
+

(∂ϕ)2

2
− m2

h

2
h2 −

m2
ϕ

2
ϕ2

(5)

−(Av)hϕ− A

2
h2ϕ+ . . . (6)

As already noted, Higgs loops give only logarithmically

divergent corrections to mϕ. Therefore, the requirement

of technical naturalness bounds the scale of mϕ from be-

low by the coupling A. In summary, by defining the

dimensionless ratio x ≡ A/mϕ, we assume x � 1 and

x <
√
2λ, although also values x � 1 will be considered.

III. FIFTH FORCE AND EQUIVALENCE
PRINCIPLE VIOLATION

The singlet ϕ couples to SM particles through the mix-

ing with the Higgs field. Depending on the mass mϕ and

coupling A, the ϕ-mediated attractive force can produce

testable deviations from 1/r2-gravitational force as well

as composition dependence, thus violating the Equiva-

lence Principle (EP). The leading contributions to ϕ-
couplings mediated by the ϕ-Higgs propagator is shown

in Fig. 1. As a rule of thumb, the ϕ-couplings are sup-

pressed with respect to the Higgs couplings by a factor

of Av/m2
h:

gϕxx =
Av

m2
h

ghxx, (7)

where ghxx is the effective dimensionless coupling of

the Higgs to x-particle at very low momentum tranfer.

Therefore, the effective Lagrangian describing the inter-

actions with the SM gauge and fermion fields takes the

following form:

Leff =
Av

m2
h

�
ghff f̄f +

ghγγ
v

FµνF
µν

+ . . .
�
ϕ . (8)

In the above, ghff are the Yukawa couplings to

fermions. Those can either be fundamental, as the SM

couplings to quarks and leptons, ghqq = mq/v, ghll =

ml/v where mq (ml) is the mass of the quark (lepton)

under consideration, or effective, as in the case of the

nucleons. The latter includes the contributions from all

heavy quarks contributing to the coupling to gluons ghgg
that provide a dominant contribution in the chiral limit

[10]. Below the QCD scale, the estimate of the effective

Yukawa coupling of the Higgs to nucleons is rather un-

certain due to a poorly known strangeness content of the

nucleon in the 0
+
channel:

ghNN � 200− 500MeV

v
∼ O(10

−3
). (9)

This is much larger than the naive contribution of up and

down quarks.

The violation of EP is evident from the fact that the

electrons and nucleons have couplings to the ϕ field that

do not scale exactly with masses,

ghee
me

�= ghNN

mnuc
. (10)

The effective coupling of the Higgs to the electromag-

netic field, ghγγ , is obtained by integrating out heavy

charged particles, and the question of which one is

“heavy” depends on the characteristic q2 of (virtual) pho-
tons. The coupling ghγγ can be written in the following

form (see, e.g. [12]):

ghγγ =
αEM

6π

�
3

�

q

Q2
q +

�

l

Q2
l −

21

4

�
, (11)

where summation goes over the quark and lepton fields

with charges Qq and Ql, and the last term is due to

the the W -bosons. For the purpose of calculating the

ϕ → γγ decay, one has to sum over e, µ, τ and c, b, t.
Corrections coming from the light quark sector are sub-

dominant, because in the chiral limit they contribute at

two-loops. In practice, their contribution would amount

Figure 1: The mixing with the Higgs Av mediates the cou-

pling of ϕ to SM particles.
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in Fig. 1. As a rule of thumb, the ϕ-couplings are sup-

pressed with respect to the Higgs couplings by a factor

of Av/m2
h:

gϕxx =
Av

m2
h

ghxx, (7)

where ghxx is the effective dimensionless coupling of

the Higgs to x-particle at very low momentum tranfer.

Therefore, the effective Lagrangian describing the inter-

actions with the SM gauge and fermion fields takes the

following form:

Leff =
Av

m2
h

�
ghff f̄f +

ghγγ
v

FµνF
µν

+ . . .
�
ϕ . (8)

In the above, ghff are the Yukawa couplings to
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ml/v where mq (ml) is the mass of the quark (lepton)

under consideration, or effective, as in the case of the

nucleons. The latter includes the contributions from all
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that provide a dominant contribution in the chiral limit

[10]. Below the QCD scale, the estimate of the effective

Yukawa coupling of the Higgs to nucleons is rather un-

certain due to a poorly known strangeness content of the

nucleon in the 0
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ghNN � 200− 500MeV
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This is much larger than the naive contribution of up and
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The violation of EP is evident from the fact that the

electrons and nucleons have couplings to the ϕ field that

do not scale exactly with masses,
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The effective coupling of the Higgs to the electromag-

netic field, ghγγ , is obtained by integrating out heavy

charged particles, and the question of which one is

“heavy” depends on the characteristic q2 of (virtual) pho-
tons. The coupling ghγγ can be written in the following

form (see, e.g. [12]):

ghγγ =
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where summation goes over the quark and lepton fields

with charges Qq and Ql, and the last term is due to

the the W -bosons. For the purpose of calculating the

ϕ → γγ decay, one has to sum over e, µ, τ and c, b, t.
Corrections coming from the light quark sector are sub-

dominant, because in the chiral limit they contribute at

two-loops. In practice, their contribution would amount

Figure 1: The mixing with the Higgs Av mediates the cou-

pling of ϕ to SM particles.
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5th force from Dark Matter exchange 
•  The main observational consequence of this model: possibility to 

have an observable 5th force   (x= A/mass) 

•  For the traditional parametrization,  

we can derive the strength of coupling 

(! the second bracket = 0.83) 

3

to at most 10% correction. Including these fermion con-
tributions gives ghγγ(q2 = m2

ϕ) � αEM/(8π). For the
purpose of calculating the coupling of ϕ to nuclei when
the EM fraction of energy is taken into account, electrons
should not be included in the sum, and muon contribu-
tion should include a form-factor. We are not going to
pursue this calculation, because it turns out that ghγγ
provides a subleading contribution to the EP violation.

Field ϕ mediates a fifth force of range ∼ m−1
ϕ . More

precisely, at the Newtonian level of approximation, the
total effective gravitational potential between two bodies
A and B at relative distance r, presents a Yukawa con-
tribution due to the interaction of the long range field
ϕ,

V (r) = −G
mAmB

r
(1 + αAαB e−mϕr) . (12)

The scalar couplings α can be expressed in terms of the
log-derivative of the masses as

αA√
2MP

=
d lnmA(ϕ)

dϕ
, (13)

where MP is the reduced Planck mass and mA(ϕ) in-
cludes terms in the Lagrangian that are bilinear in the
fields and couple to ϕ, such as those in eq. (8). When
calculating αA, one should consider the leading univer-
sal contribution from the nucleons and all the corrections
that are specific to the element A (See e.g. [13]). The
main, species-independent part of the nuclear mass is
given by mnuc(NA+ZA), and the universal coupling α is
obtained from eqs. (8), (9) and (13):

α = ghNN

√
2MP

mnuc

Av

m2
h

(14)
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115GeV

�−2 A

10−8eV
.

In the limit of a very long range force, the value of
α is bounded by post-Newtonian tests of General Rela-
tivity to α2 � 10−5 [14]. However, one can easily see
that for mass range of mϕ below 10−12 eV, the rela-
tive strength of the φ-induced force drops below 10−14

from the gravitational field strength, which would make
it extremely challenging for experimental detection and
immune to the Solar System tests. Thus, it is more in-
teresting to consider intermediate-range forces. Tests of
gravitational inverse-square law limit the Yukawa com-
ponent of the gravitational potential [15, 16]. By means
of equation (14), such tests give a bound on A. This
is shown in Fig. 2. The two panels are elaborations of
plots taken from Refs. [15] and [16]. A force with similar
values of mϕ and A (x � 1) is excluded in the range of
masses mϕ � 10−8eV − 10−3 eV.

The calculations of the EP-violating part of the scalar
exchange is a far more delicate excercise. One should rec-
ognize that the equivalence principle is violated already
at the level of nucleons, that is ghnn/mn �= ghpp/mp. As
is well-known, the neutron and proton mass difference

Figure 2: We plot the constraints on the mass mϕ and cou-
pling A = xmϕ coming from fifth force experiments, and tak-
ing ghNN to the maximum of its allowed range. The range
of the force is just λ = m−1

ϕ . The coupling α is obtained
in eq. (14) by assuming mh � 120 GeV. For two different
mass ranges, the lines corresponding to x = 1, x = 10−2 and
x = 10−4 are superimposed on the plots of references [15]
(upper panel) and [16] (lower panel).

comes about because of the unequal quark masses, and
electromagnetic contribution to the nucleon mass. One
can estimate (mn − mp)|mu �=md � 2.1 MeV and (mn −
mp)|EM � −0.8 MeV, so that together both contributions
combine to the observable mass difference ∆mnp = 1.3
MeV. The ϕ-dependence of both pieces is completely dif-
ferent. Because of the loop smallness of ghγγ the electro-
magnetic fraction of nucleon mass is far less dependent on
ϕ: ∂(mn−mp)|EM/∂h � ∂(mn−mp)|mu �=md/∂h. There-
fore, when we estimate the mass of an atom, we add to
the universal term proportional to the baryon number a
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One can expect a “natural” 5th force from DM in 10 micron – 100 m range 
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Macroscopic size DM [other than primordial 
black holes] 

MP et al, 2012; Derevianko and MP, 2013; 	


Adhikari et al, work in progress 



Extended field configurations of light 
fields 	


Take a simple scalar field, give it a self-potential e.g.  V(φ) = λ(φ2-v2)2. 	


If at x = - infinity, φ = -v and at x = +infinity, φ = +v, then a stable 
domain wall will form in between, e.g. φ = v tanh(x mφ) with 	


mφ = λ1/2 v	


The characteristic “span” of this object, d ~ 1/mφ, and it is carrying 
energy per area ~ v2/d ~ v2 mφ   Network of such topological defects 
(TD) can give contributions to dark matter/dark energy.	


	


0D object – a Monopole (also a Q-ball)	


1D object – a String	


2D object – a Domain wall	


 	


Energy 
profile 

d ~ 1/mφ 



Comparison with WIMPs and axions 

46 

	


	


Axions – small amplitude but “no space” between particles  

TD DM – large amplitude but also large 
(possibly macroscopic) spatial extent d. 
Large compared to WIMPs individual mass, 
and then large (possibly astronomical) 
distances between DM objects.  

TD DM is a possibility for DM that will have very different signatures in 
terrestrial experiments.  

WIMPs – EW scale lumps 
of energy (>> axion 
amplitude), very 
concentrated in space. 
And with significant ~ cm 
gaps between particles  



Transient signals from macroscopic DM  

47 

Regardless of precise nature of TD-SM particles interaction it is clear 
that 	


1.  Unlike the case of WIMPs or axions, most of the time with TD DM 
there is no DM objects around – and only occasionally they pass 
through. Therefore the DM signal will [by construction] be transient 
and its duration given by   ~  size/velocity.	


2.  If the S/N is not large, then there can be a huge benefit from a 
network of detectors, searching for a correlated in time signal.	


3.  There will be a plenty of the constraints on any model of such type 
with SM-TD interaction, because of additional forces, energy loss 
mechanisms etc that the additional light fields will provide.  	


	




Possible Interactions 

48 

Let us call by φ, φ1, φ2, … - real scalar fields from TD sector that 
participate in forming a defect. (More often than not more than 1 field is 
involved). Let us represent SM field by an electron, and a nucleon. 	


Interactions can be organized as “portals”:  coeff × OdarkOSM. 	


 A. 	
 	
 	
 	
 	
 	
 	
 Torque on spin	


	


B. 	
 	
 	
 	
 	
 	
Shift of ω + extra gr. force	


	


C. 	
 	
 	
 	
 	
 	
Shift of ω + extra gr. force	


	


D 	
 	
 	
 	
 	
 	
 	
extra gr. force	


An atom inside a defect will have addt’l contributions to its energy levels	
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from false positives induced by occasional abrupt changes
of magnetometer-operation conditions, e.g., magnetic-
field spikes, laser-light-mode jumps, etc. A global net-
work of synchronized optical magnetometers is an attrac-
tive tool to search for galactic/cosmological domain walls,
as it would allow for efficient vetoes of false domain-wall
crossing events.

Ideally, one would require n ≥ 5 magnetometer sta-
tions in such a network. The difference in timing ti of a
putative signal is related to the transverse velocity and
the unit normal vector to the wall, n, ti− tj = Lij ·nv−1

⊥ ,

where Lij are the three-vectors of the relative positions
of magnetometers i and j. Four stations are required to
specify magnetometer-defined 3D system of coordinates,
and three time intervals between four ti will enable to
unambiguously determine the three-vector nv−1

⊥ . This
makes the predictions for the timing of the event at the
fifth station, t5, which can be used as a tool for reject-
ing accidental backgrounds. Consider a network of simi-
lar magnetometers with fast response time separated by
distances of O(300 km) operating during a long period
T ∼ yr. Suppose that τ is an average time between
accidental spikes in the background above certain value
B0

eff that cannot be distinguished from the signal. Then
the probability of having four events in four different sta-
tions within time intervals corresponding to the typical
wall travel time from station to station, ttrav ∼ L/v ∼ s,
is P1234 ∼ T t3travτ

−4, where we take T � τ � ttrav.
To have this probability below one, one should achieve
τ > 100 s. If indeed four accidental background spikes
lead to false signals in four stations within ttrav, the do-
main wall interpretation will predict the event in the
fifth station within a narrow window of the wall cross-
ing ∆t ∼ ms, and the probability of this to happen due
to accidental background is P12345 ∼ (∆t/τ)P1234, or less
than 10−5 for τ ∼ 100 s. Increasing the number of sta-
tions will enable to search for weaker signal B0

eff , and
tolerate shorter τ [13].

Recently we set up a prototype for the magnetome-
ter network consisting of two magnetometers operated in
magnetically shielded environments located in Kraków,
Poland and Berkeley, USA (a separation distance of
about 9000 km). One of the magnetometers (Kraków) is
based on nonlinear magneto-optical rotation [14], while

the other magnetometer (Berkeley) is a SERF device
[15]. The magnetometers achieved comparable sensitivi-
ties of 10 fT/Hz1/2, which can be further improved upon
optimization. The expected parameters of the signal,
∆t ∼ 1 ms and the minimum time-separation between
the events ∆ttrav ∼ 30 s, can be precisely determined us-
ing a GPS time source (for more details see Ref. [16]). We
have recently performed proof-of-principle experiments
[16] demonstrating the ability to correlate the signals of
two magnetometers. In particular, we demonstrated sig-
nificant reduction of noise and rejection of false-positive
events present in magnetometer signals. The measure-
ments proved the feasibility of correlated magnetic-field
measurements opening avenues for further investigations
involving more magnetometers.
Summary. We have shown that a network of mod-

ern magnetometers offers a realistic chance for detecting
the event of an axion-type domain-wall crossing and can
probe parts of the parameter space where such walls can
contribute significantly to dark matter/dark energy.
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Experimental developments [old slide] 
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•  First steps towards creating the network of correlated atomic 
magnetometers have been made with potential nods at Berkeley, 
Mainz, Cal State East Bay, Krakow… (Budker, Jackson Kimball, 
Gawlik, Pustelny and others). A multi-node magnetometer network is 
called GNOME collaboration. 	


•  Atomic clock networks already exist (e.g. GPS, GLONASS etc). 
However, their sensitivity to a possible transient signal is not 
quantified properly. Blewitt, Derevianko (UNR) will address that and 
investigate the best possible clocks for a specialized network. 	


•  An investigation of Advanced Ligo sensitivity to the macroscopic 
size dark matter has been performed, Adhikari, Callister, Hall, Frolov, 
Muller, MP. 	
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Simulation of sensitivity to grav interaction 
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A passage of 0-dim objects (e.g. “monopoles”) gives a disturbance 
signal with characteristic w ~ v/L ~ 100 Hz (a good range for Ligo!). 
Average energy density is fixed to galactic ρDM.   

A few orders of magnitude short from being able to detect 
gravitational-size interaction with macroscopic DM.  



Sensitivity to new Yukawa interaction 
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•  A non-gravitational interaction between DM and SM could be 
parametrized by a Yukawa force,	


•  Vatom1-atom2 =  - GN m1m2 /r  (1 + δSM
2 Exp[-r/λ] ) 	


•  Vatom-DM =  - GN matommDM /r  (1 + δSMδDM
 Exp[-r/λ] ) 	


•  From the 5th force measurements we will know that the extra SM 
couplings are small, δSM

2 < 10-5.   In contrast, the coupling to the dark 
sector can be large, δDM

 >>1 if the range of the force is much smaller 
than the galactic size (e.g. λ ~ few km).	


•  σDM/mDM < 1 cm2/g   à   δDM < 1010  à   δSMδDM
 < 107	
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Sensitivity to “cat-size” DM 

One could have good sensitivity to extra force 
between DM-SM, that is not constrained by other 
means. 	


Simulation by Adhikari, Callister, Hall	

(picture by Vasya Lozhkin)	
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Conclusions 

1.  Dark matter takes 25% of the Universe’s energy budget. Its identity 
is not known. Many theoretical possibilities for the CDM exist: 
WIMPs, super-WIMPs, super-cold DM  

2.  *It is important to cast as wide an experimental net as possible*, as 
we continue our investments in WIMP searches 

3.  New signals of MeV dark matter can be investigated in the beam 
dump experiments from production and scattering.  

4.  New ionization signatures from absorption of super-WIMP dark 
matter are constrained by direct detection experiments.  

5.  Altogether different possibility: macroscopic dark matter inducing 
transient signal. Advanced Ligo will have strong sensitivity.  


