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Outline of the talk  

 

1.  Introduction. Pushing boundaries for new physics.  
2.  Some motivations for new light states, with DM or without (511 keV 

line from galactic bulge, DAMA signal from scattering on electrons, 
muonic H Lamb shift, g-2 etc). Existing searches of MeV dark 
matter.  

4.  New opportunity: underground nuclear accelerators and radioactive 
sources. Constraints on scalar e-p scattering force, and a possible 
search with nuclear underground accelerators. 

5.  Putting e-linac underground – new possibility to search for light DM. 
5.  Conclusions 
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Main idea  
§  New physics with mass scales of several 100 keV – 100 MeV 

and very weak couplings to electrons & nucleons can be 
difficult to search for. Various motivations exist (g-2, “proton 
charge radius” models, light DM etc.) 

§  When mass < few MeV (up to 20 MeV), the new states can be 
accessed via nuclear reactions. 

§  Underground facilities have unique possibilities for producing 
new states using low-energy proton accelerators, and detecting 
their decay/scattering with large & clean neutrino detectors 
(such as Borexino, SuperK, etc.) 

§  A large progress in covering the parameter space is possible 
with relatively modest investment.  

§  Larger investments – e-linac underground – will lead to 
qualitatively better sensitivity to light New Physics. 	


 



“Stronger than weak” New Physics 
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           SM corner 

 

     

If you see new effects like e.g. LFV, EDM etc it’ll be here (can be 1000 
TeV, difficult to access, and no pressing need for UV completion) 

There is a lot of “untouched” territory even for interactions that are 
“stronger than weak”. Examples: dark photon; baryonic dark vector; 
gauged flavor symmetries such as Lµ-Lτ	
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Dark Photons 
Consider a new vector particle with the mass, and the coupling to the 

electromagnetic current, i.e. massive photon (Okun; Holdom…) 
  

§  This is an extremely popular model, subject to a variety of 
experimental searches in MeV-GeV range with κ ~ 10-3. Can be used 
to “regulate” DM abundance or form the super-WIMP DM.  
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Lorentz symmetry, and its universality with respect to propagation and interaction of dif-

ferent types of particles, is a very well-established symmetry of nature. Stringent constraints

are derived on the parameters of effective Lagrangian that encode possible departures from

Lorentz symmetry [1, 2]. Existing models of Lorentz symmetry breaking did not go far be-

yond the effective Lagrangian description, and the idea that either a vector or the gradient of

a scalar field condense at intermediate or low energy while restoring the Lorentz symmetry

at high energies [3–5] so far has not found any reasonable ultraviolet (UV) completion. Even

more, it is not fully understood whether such completions exist in principle.

It is also conceivable that Lorentz symmetry is somehow broken by the UV physics, and

for example quantum gravity is often being tauted as being capable of causing that (see

e.g. [6]). If Lorentz violation (LV) is indeed a UV-related phenomenon, then there is a

significant conceptual hierarchy problem. One would expect that LV should manifest itself

in the lowest dimensional operators. Since the set of such operators starts from dimensions 3

and 4 [1,2], one should naively expect that the strength of LV interactions is of the order of

ΛLV for dimension 3 operators, and O(1) for dimension 4. Several mechanisms of protecting

higher-dimensional LV operators from “leaking” into the lower dimensional ones have been

proposed and partially summarized in [7].

The localization of LV to higher-dimensional operators can occur in various ways. For

example, Ref. [8] assumed that operators responsible for Lorentz violation are tensors of a

higher rank and irreducible, and therefore their appearance in dimension 3 and 4 operators is

prohibited. Refs. [9, 10] argue that supersymmetrization of the Standard Model (SM) leads

to automatic elimination of lower dimensional LV operators. The soft-breaking terms allow

this leakage into lower dimensions to happen, but in a controllable way: e.g. the coefficients

of dimension 4 operators are induced by the dimension 6 operators:

c
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ε (κ, η)-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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[motivation #1] Muon anomalies…  
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FIG. 2: Extracted values for gP as a function of the poorly
known molecular transition rate λop [12, 13, 28]. In con-
trast to earlier experiments (OMC [11], RMC [14]), MuCap
is rather insensitive to this parameter.

are obtained in recent analyses [29, 30] of an earlier 0.3%
measurement of muon capture on 3He [31], with uncer-
tainties limited by theory. MuCap provides the most
precise determination of gP in the theoretically clean µp
atom and verifies a fundamental prediction of low-energy
QCD.

We are grateful to the technical staff of the collabo-
rating institutions, in particular of the host laboratory
PSI. We thank M. Barnes, G. Wait, and A. Gafarov for
the design and development of the kicker, the Demon
collaboration for providing neutron detectors, the AMS
team at the ETH Zürich for the deuterium measure-
ments, and A. Adamczak, N. Bondar, D.B. Chitwood,
P.T. Debevec, T. Ferguson, J. Govaerts, S. Kizilgul, M.
Levchenko, and C.S. Özben for their contributions. This
work was supported in part by the U.S. NSF, the U.S.
DOE and CRDF, PSI, the Russian Academy of Sciences
and the Grants of the President of the Russian Federa-
tion. NCSA provided essential computing resources.
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May be something happens with muonic “neutral” channels at low 
energy. We do not know – therefore it would be quite foolish not to 
explore additional possibilities of testing “NC-like” signatures in muons 
at low energy. 

Resolution of current puzzles (rp, g-2 etc) may come not necessarily from 
trying to re-measure same quantities again (also important), but from 
searches of new phenomena associated with muons. 
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Some muon anomalies can be explained by light NP 
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FIG. 2: Extracted values for gP as a function of the poorly
known molecular transition rate λop [12, 13, 28]. In con-
trast to earlier experiments (OMC [11], RMC [14]), MuCap
is rather insensitive to this parameter.

are obtained in recent analyses [29, 30] of an earlier 0.3%
measurement of muon capture on 3He [31], with uncer-
tainties limited by theory. MuCap provides the most
precise determination of gP in the theoretically clean µp
atom and verifies a fundamental prediction of low-energy
QCD.
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Can result from  

New Physics at      IF it is NP, it can only be light, lighter  

100 GeV scale or MeV              100 MeV 

scale 
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• For the SOX-type setup we find similarly powerful
sensitivity from the 144Ce −144 Pr(ν̄e) radioactive
source, which can produce a scalar with 2.19 or
1.49 MeV energies from the 144Nd∗ de-excitation
that occurs along the decay chain.

The subsequent detection of a mono-energetic release in
a Borexino-type detector with 6.05, 2.19, or 1.49 MeV
will 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)
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FIG. 2: Sensitivity projections for various experimental se-

tups in terms of �2 = gpge/e
2
and mφ, which parametrize

the NP explanation of the rp anomaly in Eq. (4); the blue

band is the parameter space that resolves the puzzle. 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 Borexino

and yield 10 signal events (> 3σ) above backgrounds [8]. The

Borexino 3 MeV and SuperK 3 MeV lines assume the same

setup with a 3 MeV p-accelerator 10 m away from each detec-

tor. The SuperK projection shows 100 signal events (> 3σ)
above backgrounds at 6.05 MeV [9]. The SOX lines assume

a radioactive
144

Ce −144
Pr source 7.15 m away from Borex-

ino with 50 and 165 events (> 3σ) above backgrounds for

2.19 and 1.49 MeV lines respectively. Shaded in gray are con-

straints from solar production [8], LSND electron-neutrino

scattering [10], and stellar cooling [11], for which we assume

ge = (me/mp)gp.

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

σeφ � π(ge/e)2α2

2meQ
= 13 mbn× 5 MeV

Q
×

�ge
e

�2

, (6)

which determines the in-medium φ-absorption probabil-
ity. Absorption competes with the φ → γγ decay, pro-
ceeding 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 ~ 1 MeV, and couplings gp,µ ~10-3 can “resolve” g-2 and/or rp 
anomalies. [Hard to UV complete in honest way] 



Astrophysical motivations (#2): 511 keV line 	
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FIG. 7 Map of Galactic 26Al γ-ray emission after 9-year
observations with COMPTEL/CGRO (from Plüschke et al.,
2001).

to Galactic 26Al, as suggested at a time when the mor-
phology of 26Al emission was unknown (Prantzos, 1991
and Sec. IV.A.2). It is consistent with the (statistically
significant) similarity to the Galactic free-free emission
map, which reflects electron radiation from HII regions
ionized from the same massive stars that eventually re-
lease 26Al(Knödlseder, 1999).

The total flux of 26Al γ-rays depends slightly on the
measuring instrument. In terms of statistical precision,
the SMM result of 4.0±0.4 10−4 ph cm−2s−1rad−1 has
been considered the canonical value. Imaging instru-
ments, however, have consistently reported lower flux
values of 2.6±0.8 10−4 ph cm−2s−1rad−1 (COMPTEL)
and 3.1±0.4 10−4 ph cm−2s−1rad−1 (SPI), respectively.
The latest SPI value is compatible with the full range
of measured values by other instruments (within statis-
tical uncertainties), and we adopt it here. The detected
flux translates into a decay rate of 26Al which depends
slightly on the adopted 3D distribution of 26Al in the
Galaxy (Diehl et al., 2006). The most recent analysis of
SPI data results in a rate of Ṅ26= 4.3 1042 s−1 or 2.7
M"/Myr (Wang et al., 2009). Assuming a steady state,
i.e. equality between production and decay rates, this is
also the present production rate of 26Al in the Galaxy;
recent models of massive star nucleosynthesis can read-
ily explain such a production rate (Diehl et al., 2006 and
Sec. IV.A.2).

Being predominantly a β+-emitter (with a branching
ratio of fe+,26=82%, see Table VII) 26Al is itself a source
of positrons. The corresponding Galactic e+ production
rate is Ṅe+,26= fe+,26Ṅ26 ∼ 3.5 1042 s−1 . This consti-
tutes a significant contribution to the total Galactic e+

production rate (Sec. II.A.3 and Table I): 17% of the
total e+ annihilation rate and almost half of the (thick)
disk in the double bulge+thick disk model, or 10% of
the total and 70% of the thin disk in the Halo+thin disk
model. We shall see in Sec. IV that positrons from other
β+-decaying nuclei can readily explain the remaining disk
emissivity, while the bulge emissivity remains hard to ex-
plain.

D. Summary of observational constraints

The results of the analysis of Galactic γ-ray emissions
in the MeV range can be summarized as follows:
1) Intensity: The total rate of positron annihilation

observed in γ-rays is at least Le+=2 1043 s−1, depending
on the adopted source configuration. Most of it comes
from the bulge (unless there is important emission from
an extended, low surface brightness, disk).
2)Morphology: The bulge/disk ratio of e+ annihilation

rates is B/D ∼1.4; however, substantially different ratios
cannot be excluded if there is important emission of low
surface brightness (currently undetectable by SPI) either
from the disk or the spheroid. About half of the disk
emission can be explained by the observed radioactivity
of 26Al (provided its positrons annihilate in the disk).
There are hints for an asymmetric disk emission with
flux ratio F (l <0o)/F (l >0o)∼1.8, which has yet to be
confirmed.
3) Spectroscopy: The ratio of the 511 keV line to the

E<511 keV continuum suggests a positronium fraction
of 97±2 % and constrain the physical conditions in the
annihilation region. The observed continuum at ∼MeV
energies can be mostly explained with standard inverse
Compton emission from cosmic ray electrons. A con-
tribution from unresolved compact sources is possible,
while a (small) contribution from high-energy (>MeV)
positrons annihilating in flight cannot be excluded.
These are the key observational constraints that should

be satisfied by the source(s) and annihilation site(s) of
Galactic positrons. We shall reassess them in the light of
theoretical analysis in the end of Sec. IV and V.

III. THE GALAXY

The expected spatial distribution and intensity of the
positron annihilation emission obviously depends on the
corresponding distribution of the potential e+ sources, as
well as on the properties of the ISM in which positrons
first slow down and then annihilate. One may distin-
guish two types of e+ sources, depending on whether
their lifetimes (τS) are shorter or longer than the lifetime
of positrons in the ISM (τe+). Calculation of the total e+

production rate requires in the former case (τS < τe+) an
estimate of (i) the Galactic birthrate RS of the sources
and (ii) the individual e+ yields ne+ (i.e. the average
amount of positrons released by each source). In the lat-
ter case (τS > τe+), the total number of such sources
in the Galaxy NS is required, as well as the individual
e+ production rate ṅe+ of each source. In the former
class belong supernovae or novae and the corresponding
positron production rate is Ṅe+ = RSne+ ; in the lat-
ter class belong e.g. low mass XRBs or millisecond pul-
sars, and the corresponding positron production rate is
Ṅe+ = NSṅe+ .
The galactic distribution of any kind of stellar source of

positrons is somewhat related to the distribution of stars
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FIG. 4 511 keV line map derived from 5 years of INTE-
GRAL/SPI data (from Weidenspointner et al., 2008a).

based on approximately one year of SPI data (Fig. 3).
The two maps are compatible with each other (within
their uncertainties), suggesting that the positronium
fraction does not vary over the sky. The images illustrate
the remarkable predominance of the spheroidal compo-
nent. In contrast to OSSE data, which suggested a rela-
tively strong disk component, the Galactic disk seemed to
be completely absent in the first year SPI images. Model
fitting indicated only a marginal signal from the Galac-
tic disk, corresponding to a bulge-to-disk flux ratio > 1
(Knödlseder et al., 2005). This strong predominance of
the Galactic bulge, unseen in any other wavelength, stim-
ulated ”unconventional” models involving dark matter
(Sec. IV.C). However, Prantzos (2006) pointed out that
the data could not exclude the presence of disk emission
of a larger latitudinal extent (resulting from positrons
propagating far away from their sources), which could be
rather luminous and still undetectable by SPI, because
of its low surface brightness.
After accumulating 5 years of INTEGRAL/SPI data

the 511 keV line emission all-sky image revealed also
fainter emission extending along the Galactic plane
(Fig. 4). With a much improved exposure with respect
to the first year (in particular along the Galactic plane),
511 keV emission from the Galactic disk is now clearly
detected (Weidenspointner et al., 2008a). However, the
detailed quantitative characterization of components of
511 keV emission requires parameterizing these in the
form of (necessarily idealized) spatial emission models
fitted to the data. No unique description emerges at
present, since both the spheroid and the disk may have
faint extensions contributing substantially to their total
γ-ray emissivities. It turns out that the bulge emission
is best described by combining a narrow and a broad
Gaussian, with widths (FWHM, projected onto the sky)
of 3o and 11o, respectively. Another, more extended com-
ponent is needed to fit the data, a rather thick disk of
vertical extent 7o (FWHM projected on the sky). The
model implies a total e+ annihilation rate of 2 1043 e+

s−1 and a spheroid/disk ratio of 1.4 (Table I). It should
be noted, however, that alternative models, involving ex-
tended components of low surface brightness (thus far
undetected by SPI) are also possible. One such alterna-

TABLE I Two model fits of the Galactic 511 keV emission
(from Weidenspointner et al., 2008b): fluxes, photon emissiv-
ities and e+ annihilation rates (computed for a positronium
fraction of fps=0.967, see Sec. II.B.4). Notice that ”thin”
and ”thick” disks have not the same meaning as in Sec. III.

F511 L511 Ṅe+

(10−4 cm−2 s−1) (1042 s−1) (1042 s−1 )

Bulge + thick disk

Narrow bulge 2.7+0.9
−0.4 2.3+0.8

−0.7 4.1+1.5
−1.2

Broad bulge 4.8+0.7
−0.4 4.1+0.6

−0.4 7.4+1.0
−0.8

Thick disk 9.4+1.8
−1.4 4.5+0.8

−0.7 8.1+1.5
−1.4

Total 17.1 10.9 19.6
Bulge/Disk 0.8 1.4 1.4

Halo + thin disk

Halo 21.4+1.1
−1.2 17.4+0.9

−1.1 31.3+2.2
−2.6

Disk 7.3+2.6
−1.9 2.9+0.6

−0.6 5.2+1.1
−1.1

Total 28.7 20.3 36.5
Halo/Disk 2.9 6 6

tive (Weidenspointner et al., 2008b) involves a centrally
condensed but very extended halo and a thinner disk
(projected vertical extent of 4o), with a spheroid/disk
ratio of 6 (Table I).
With more SPI data, it was possible to proceed to

more detailed constraints on the morphology of the disk
emission. The flux in the disk component remains con-
centrated to longitudes |l| < 50◦; no significant 511 keV
line emission has been detected from beyond this interval
so far. The accumulated SPI data yield a flux from nega-
tive longitudes of the Galactic disk that is twice as large
as the flux from an equivalent region at positive longi-
tudes. The significance of this asymmetry is still rather
low, about ∼ 4σ. Indications for such an asymmetry
were already noticed in the OSSE data (M. Leising, pri-
vate communication). It should be noted, however, that
a different analysis of the same SPI data finds no evi-
dence for a disk asymmetry (Bouchet et al., 2008, 2010),
although it cannot exclude it, either. Clearly, clarifying
the asymmetric or symmetric nature of the disk profile
should be a major aim of the 511 keV studies in the years
to come4.

4. Spectroscopy with INTEGRAL/SPI

Before INTEGRAL, the spectral shape of the positron
annihilation emission was only poorly constrained by ob-
servations. All high-resolution observations suggested a
modest line broadening of FWHM∼ 2 keV (Harris et al.,
1998; Leventhal et al., 1993; Mahoney et al., 1994;
Smith et al., 1993). The excellent spectral resolution of

4 INTEGRAL will continue operations until 2012, at least.

There is a lot more positrons coming from the Galactic Center and the 
bulge that expected. The emission seems to be diffuse.  

1.  Positrons transported into GC by B-fields?  

2.  Positrons are created by episodic violent events near central BH? 

3.  Positrons being produced by DM? Either annihilation or decay? 
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         Mediators  (SM Z, h etc or dark force) 
Heavy WIMP/heavy mediators:  - “mainstream” literature 
Light WIMPs/light mediators: Boehm et al; Fayet; MP, Ritz, Voloshin; Hooper, 

      Zurek; others 

Heavy WIMPs/light mediators: Finkbeiner, Weiner; Pospelov, Ritz, Voloshin 
(secluded DM); Arkani-Hamed et al., many others 

Light WIMPs/heavy mediators: does not work. (Except for super-WIMPs; or 
non-standard thermal history) 

Light mediators allow to speculatively tie several anomalies to the possible effects of 
WIMP dark matter.  

Possible connection to WIMP-y dark matter 

Light (thermal relic) DM

18

⇒ viable thermal relic density for a sub-GeV WIMP requires new annihilation 
    channels through light states, i.e. light DM as part of a hidden sector.

Standard Model Hidden Sector

DM Annihilation

DM Production!

! by inversion, light mediators allow direct production of DM at low energy!

(particularly if mmediator > 2 mDM)

The Lee-Weinberg bound on the WIMP mass ~ few GeV 
applies if annihilation in the early universe is via SM forces.  

[Boehm & Fayet ’03]

Br(med ! DM) ~ 1

WIMPs, super-WIMPs 
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Light DM models to explain 511 keV 
Basic question – do you need a non-standard component? Reasonable 

astro people disagree  
(Martin, Strong, Jean, Alexis, Diehl, 2012) – extra (nonstandard) 

component to bulge emission is needed 
(Lingenfelter, Higdon, Rothschild, 2009) – there is no need for extra 

(nonstandard) component to explain bulge emission 
 
If it is annihilation of WIMP DM…. 
§  mDM < 5 MeV  
§  Cross sections for annihilation ~ O(10-4) from “standard WIMP” 

freeze-out cross section in the galactic environment 
§  Any model of this type will require light mediator (not 100 GeV) 
§  Must pass CMB constraints – for a “symmetric” WIMP saturating 

DM abundance, it is almost invariably p-wave annihilating DM.  
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Light DM models to explain 511 keV 
 

§  Light (5 MeV and lighter) scalar DM can satisfy all criteria 
 (Fayet,…). With mixing angle ~ 10-4 and smaller has a chance of 

evading all the constraints.  
 
 

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)
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Motivation 3: conspiratological DAMA scenarios 
 

§  One possible explanation that is still not completely ruled out is 
scattering on electrons [not absorption] – leads to ionization of Na and 
Iodine.  

§  Requires mDM ~ few GeV and large cross sections – much larger than 
typical  σ ~ GF

2 * me
2. 

§  Possible only with very light mediator ~ up to few MeV. Kinetic 
mixing parameter ~ 10-4 or so.  

§  Disclaimer: does not give a good fit to DAMA reported spectrum  
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Figure 2: Model-independent residual rate of the single-hit scintillation events, mea-
sured by the new DAMA/LIBRA experiment in the (2 – 4), (2 – 5) and (2 – 6) keV
energy intervals as a function of the time. The residuals measured by DAMA/NaI and
already published in ref. [4, 5] are also shown. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment. The exper-
imental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curves represent the cosinusoidal functions be-
haviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained by
best fit over the whole data, that is: (0.0215± 0.0026) cpd/kg/keV, (0.0176± 0.0020)
cpd/kg/keV and (0.0129±0.0016) cpd/kg/keV for the (2 – 4) keV, for the (2 – 5) keV
and for the (2 – 6) keV energy intervals, respectively. See text. The dashed vertical
lines correspond to the maximum of the signal (June 2nd), while the dotted vertical
lines correspond to the minimum. The total exposure is 0.82 ton×yr.

8
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How to search for light weakly coupled 
particles?  

 

§  Large intensities, low backgrounds are required 
§  For detection of light DM, large detectors can be a big plus 
§  Larg(est) energies are not necessarily a decisive factor 
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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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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! 

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).  
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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).
43

  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. 
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How to search for new sub-MeV scalar? 
Project with Eder Izaguirre and Gordan Krnjaic, 2014 

 
§  What if some scalar force – call it φ –  fixes rp discrepancies at 

least between normal H and µH?  
§  Couplings will be very small, and the mass will be small,         

O(500 keV), yeyp /e2 ~  10-8.  
§  This turns out to be somewhat of a blind spot in terms of 

constraints  
§  Our proposal: use small underground accelerators coupled with 

large scale detectors such as Borexino, Super-K etc… Up to ~ 
20 MeV kinematic reach is available due to nuclear binding. 

§  Use of nuclear reactions and scintillator or water Cerenkov 
detectors provide direct sensitivity to the product yeyp 
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O(0.5 MeV) scalars with O(10-4) couplings – an 
unexpected blind spot   

1.  No tree level FCNC, and too weakly coupled to be killed by 
loop effects in flavor. Too weakly coupled to be excluded by 
e.g. LSND 

2.  Too heavy to be produced in regular stars thermally – no strong 
energy loss constraints. 

3.  Too strongly coupled to matter and not coupled to neutrinos – 
thermalized during the SN explosions. No energy loss, no effect 
on neutrino spectra.  

4.  Being produced inside the Sun in the pp chain, particles can get 
absorbed/decay before exiting the Sun.  

5.  In cosmology, such particles give negative shift to Neff  , and are 
“gone” before the main sequence of BBN reactions begins. 
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Cosmological “effective” Neff 

 

4

FIG. 1. (Color online) The left panel shows N0
eff as a function of the WIMP mass for electromagnetically coupled light WIMPs

in the absence of equivalent neutrinos. From bottom to top, the solid red curve is for a Dirac WIMP, the dashed green curve
is for a complex scalar, the solid black curve is for a Majorana fermion, and the dashed blue curve is for a real scalar. The
horizontal, red/pink bands are the Planck CMB 68% and 95% allowed ranges for Neff . The right panel specializes to the case
of a Majorana fermion WIMP, showing Neff as a function of the WIMP mass for ∆N∗

ν equivalent neutrinos. The solid curve is
for ∆N∗

ν = 0, the short-dashed curve is for ∆N∗
ν = 1, and the long-dashed curve is for ∆N∗

ν = 2. The horizontal red bands are
the Planck CMB 68% and 95% allowed ranges for Neff , including baryon acoustic oscillations in the CMB constraint. (After
Figs. 7 and 8 of Ref. [13].)

with ∆N
∗
ν = 2 in the presence of a sufficiently low-mass WIMP, and more massive light WIMPs (mχ

>∼ 10MeV)

are excluded for ∆N
∗
ν
>∼ 1. For a Majorana fermion WIMP that couples electromagnetically, depending on its mass,

−0.2 <∼ ∆Nν
<∼ 2.5 is allowed by the CMB.

2

The corresponding results for the contrasting case of a light WIMP that couples only to neutrinos are shown in

Fig. 2. In the neutrino coupled case, −0.2 <∼ ∆Nν
<∼ 0.8 is allowed by the CMB, depending on the WIMP mass. It

is clear from the discussion here that the CMB – alone – is insufficient to break the various degeneracies among mχ,

∆Nν , and Neff . However, since the presence of a light WIMP (and equivalent neutrinos) will also affect the early

Universe energy and entropy densities before, during, or immediately after primordial nucleosynthesis, BBN provides

an independent probe which may help to break some of the degeneracies. Here, the changes to standard BBN (SBBN:

no light WIMP, ∆Nν = 0) in the presence of a light WIMP and ∆Nν equivalent neutrinos are investigated. The

BBN and CMB (Planck [22]) constraints are compared in a joint analysis, leading to lower bounds to mχ and, to

best fits and 68% and 95% ranges for Neff , ∆Nν , and the baryon density parameter, ΩBh2 ≡ η10/273.9, where the

baryon-to-photon ratio is η ≡ (nB/nγ)0 = 10
10η10.

In the analysis here, the key connection among Neff , ∆Nν , and mχ is

Neff(mχ, ∆N
∗
ν) ≡ N

0
eff(mχ)(1 +∆N

∗
ν/3) , (4)

where N
0
eff ≡ 3[(11/4)(Tν/Tγ)

3
0]

4/3
depends on the nature and interactions of the WIMP, along with the WIMP mass.

In our further discussion, the superscript “∗” in ∆Nν is (usually) suppressed with the understanding that ∆Nν need

not be an integer or an integer multiple of 4/7. For the specific case of a sterile neutrino, it is assumed that ∆Nν = 1.

2 In principle, the number of equivalent neutrinos should be non-negative, ∆Nν ≥ 0, since it is known that the three SM neutrinos mix
thoroughly before and after they decouple (e.g., Refs. [19, 25, 26]). In the subsequent analysis ∆Nν < 0 is allowed and compared to
the results where a prior is imposed, restricting the number of equivalent neutrinos to ∆Nν ≥ 0. In fact, it is found that ∆Nν < 0 is
marginally disfavored when any CMB constraint is included.

9

FIG. 4. (Color online) The four panels show the BBN yields of
4
He (upper left), D (upper right),

3
He (lower left), and

7
Li (lower

right) as a function of the WIMP mass, mχ, for ΩBh
2
= 0.022 and ∆Nν = 0. Solid curves show results for fermionic WIMPs

(red for Dirac, black for Majorana) and dashed curves show results for bosonic WIMPs (green for a complex scalar, blue for a

real scalar). In the upper left and lower right panels, the curves in region III are from top to bottom, Dirac fermions, complex

scalars, Majorana fermions, real scalars. In the lower left and upper right, the sequence is reversed. The
4
He abundance is

shown as a mass fraction YP, and the other abundances are shown as ratios by number to hydrogen.

understanding the results and the parameter constraints they provide, the yields for fermionic and bosonic WIMPs
are shown as functions of mχ for ∆Nν = 0 and the CMB value of ΩBh2 in Fig. 4.

Similar results may be found in the prior literature [1, 2, 21]. The results here are in excellent agreement with
those presented in Ref. [21]. They are in fair agreement with those shown in Ref. [1], the latter having been computed
in 1986 with different rates and a much lower adopted value of ΩBh2. There is a small, but real disagreement with
Ref. [2] (and between Refs. [2] and [1]) in the middle mass range of each graph, including the entire region between

From Nollett, Steigman 2013; scalar - blue curve.  Neff of 2.5 is probably 
still OK, and if not it is easy to arrange a positive contribution to Neff 
(e.g. new neutrinos.) 
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What are underground accelerators ??? 
§  Built for the needs of measuring rare reactions in nuclear 

physics. Relatively cheap. Example: LUNA at LNGS. 
§  Using proton of 3He on targets with energy < 0.5 MeV, and in 

the future up to 3 MeV.  
§  Located in the cleanest possible environments.  
§  Other projects in the works (DIANA) at Sanford Lab. 
 
 
Future Luna MV 

Luna 400 keV 



22 

Main idea schematically 

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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Production stage; candidate reactions 
 
§  T + p à 4He + γ ;  
Up to 20 MeV mass can be explored, production x-section: ~10µbn.  
§  15N + p à 16O + γ      (7Li + p à 8Be + γ; 11B + p à 12C + γ…) 
Very similar; was studied by LUNA before. 
§  Photon-less reactions leading to excited nuclear states. Whenever 

you can emit gamma, you can emit scalar particle. 
6Li + 3He à 8Be* +p 

19F + p  à 16O* + 4He, … 
§  Reaction cross sections in 10’s of milli-barn. 
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19F + p  à 16O* + 4He is the best candidate! 
 
§  19F + p  à 16O + 4He populates the first excited 6.05 MeV state 

of oxygen. Cross sections are in ~ 20 mbn range [i.e. not small].  
§  Normal decay of O(6.05 MeV) is due to 0+ à 0+ transition with 

the emission of electron-positron pair. Very suppressed. 	

§  The enhancement of the branching is 	
 	
 	


	
Br[O(6.05) à O(g.s.) + φ]=3600*(yp
2/e2) 

 

O(6.05)  O(g.s.)    O(6.05)  O(g.s.) 
 
6.05 MeV is in the “cleanest” region of Borexino – no 208Tl 
background. 	


electron 

positron 

φ 

8

φ(pφ) e(pR)

e(pT ) γ(pγ)

φ(pφ) γ(pγ)

e(pT ) e(pR)

FIG. 9: a) χχ̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A� on- or off-
shell) and b) χ scattering off a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming χ resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

φ e

e γ

φ γ

e e

FIG. 10: a) χχ̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A� on- or off-
shell) and b) χ scattering off a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming χ resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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Calculation of the production rate 
 
§  At E ~ MeV, nuclear reactions are improbable as Coulomb 

stopping is more efficient. Probability is given by 
 
 
 
§  For p on 19F reaction, we calculate the probability of exciting 

6.05 MeV oxygen state as P(3 MeV) = 6 × 10-6.  

§  With achievable currents on the order of ~ 10 mAmp,  
the                Production Rate = (yp/e)2 × 1015 Hz.  
§  Alternatively, one can also use SOX set-up: radioactive beta 

sources with ~PBq activity that can produce “dark scalars”, 
“dark photons” etc if they are < MeV in mass.  

1
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Lorentz symmetry, and its universality with respect to propagation and interaction of dif-

ferent types of particles, is a very well-established symmetry of nature. Stringent constraints

are derived on the parameters of effective Lagrangian that encode possible departures from

Lorentz symmetry [1, 2]. Existing models of Lorentz symmetry breaking did not go far be-

yond the effective Lagrangian description, and the idea that either a vector or the gradient of

a scalar field condense at intermediate or low energy while restoring the Lorentz symmetry

at high energies [3–5] so far has not found any reasonable ultraviolet (UV) completion. Even

more, it is not fully understood whether such completions exist in principle.

It is also conceivable that Lorentz symmetry is somehow broken by the UV physics, and

for example quantum gravity is often being tauted as being capable of causing that (see

e.g. [6]). If Lorentz violation (LV) is indeed a UV-related phenomenon, then there is a

significant conceptual hierarchy problem. One would expect that LV should manifest itself

in the lowest dimensional operators. Since the set of such operators starts from dimensions 3

and 4 [1,2], one should naively expect that the strength of LV interactions is of the order of

ΛLV for dimension 3 operators, and O(1) for dimension 4. Several mechanisms of protecting

3
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Scattering rate 

§  Scattering rate is readily computable, with cross sections 
	
 	
σ (e + φ à e + γ)  ~  (ye/e)2 × σ Compton 

   In Borexino [that has good energy resolution] all events are 
recorded and will appear at 6 MeV. In Super-K, only the most 
energetic electrons > 4-5 MeV can be detected.  

3

Sanford Underground Research Facility (SURF) has cur-
rent plans to host the Dual Ion Accelerators for Nuclear
Astrophysics (DIANA), which are expected to be capa-
ble to deliver 10-100 mA 3 MeV proton beams. SURF is
also home to the Large Underground Xenon (LUX) ex-
periment, which despite its smaller volume compared to
Borexino and Super-Kamiokande, could be sensitive to
new sub-MeV states.

LUNA/Borexino

The LUNA accelerator [9] at the underground Labo-
ratori Nazionali del Gran Sasso (LNGS) can deliver mA
currents of MeV scale proton energies [10]. The main re-
sults in this Letter assume a target which is not currently
used by the LUNA experiment, but is advantageous be-
cause it features a nuclear reaction where a new physics
signal could see an enhancement over the corresponding
SM rate: protons impinging on a Fluorine rich target
(e.g. C3F8) can trigger the reaction p+19 F → α+16O∗,
followed by the de-excitation process in Eq (2). In the
main results in Fig. 2 we show a realistic scenario assum-
ing the existing 400 MeV accelerator, in addition to an
optimistic scenario where a 3 MeV beam is used.

Since the rate for producing α nuclei in Eq. (5) is un-
suppressed by �, they are produced in each reaction and
can yield neutrons in their collisions with other parti-
cles inside the target. Copious neutron production is
disfavored in a large underground laboratory as it con-
taminates with nearby low-background experiments with
potential backgrounds. For a 500 µA proton beam inci-
dent on a C3 F8 target, we estimate the neutron yield
from secondary α+19F → 23Na + n reactions to be ∼
2/s, so this is of no concern at LNGS, which can accom-
modate 103/s, but may be a consideration under different
production conditions.

Super Kamiokande

The Super Kamiokande (SuperK) detector [11] located
in Kamoika contains a 50,000-ton water cerenkov detec-
tor 39 m in diameter and 42 m tall. In the main result of
this Letter we show the expected sensitivity of a poten-
tial experiment at the Kamioka Observatory, assuming a
3 MeV beam delivering a 10 mA proton current against
a C3F8 target. The accelerator is assumed to be 10 m

away from the Super-Kamiokande detector so as to ben-
efit from the large acceptance volume.

IV. OTHER CONSTRAINTS

LSND

The LSND measurement of the elastic electron-
neutrino cross section [3] is also sensitive to light scalars

8

φ e

e γ

φ γ

e e

FIG. 9: a) χχ̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A� on- or off-
shell) and b) χ scattering off a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming χ resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 3: Leading order Feynman diagrams contributing to
electron scattering via φ capture in a large underground de-
tector.

that induce electron scattering via the process depicted
in Fig. 3. This analysis has previously been used to
constrain new particles produced in π0 decays to dark
sector states including kinetically mixed photons V via
π0 → γV [12]. In our scenario, a scalar φ cannot be
produced from pseudoscalar π0 decays from the leading
order processes that yield kinetically mixed photons, so
the dominant process is π− absorption via π−p → nφ.
The analogous SM process π−p → nγ has branching
ratio ∼ 35% [? ], so we approximate the φ branching
with ∼ �2 × 35%. The π− production rate at LSND
is roughly 10% of the π+ production [], which implies
∼ 1022 π− for the exposure in [3]. Assuming isotropic φ

emission and the scattering cross section in Eq. (8) with
Q → mp+mπ− −mn, and the cuts from this analysis, we
obtain a roughly flat bound �2 ∼< 10−8 for mφ < MeV as
shown in Fig. 2. This sensitivity exceeds even the bounds
from (g − 2)e from [13], which only imply �2 ∼< 10−7

over this mass range, assuming mass weighted couplings
gp = (mp/me)ge; for ge = gp, the bounds (g − 2)e are
comparable to those set by LSND.

Solar Production

For mφ < 2me and in the absence of couplings to neu-
trinos, the only scalar decay mode is φ → γγ through
triangle loops of fermions f , so the width is

Γ(φ → γγ) =
α2 m3

φ

512π3

����
�

f

gf

mf
NcQ

2
fA1/2(τf )

����
2

, (9)

where Qf is the fermion charge, τf ≡ m2
φ/4m

2
f , and

A1/2(τ) =





arcsin

√
τ , τ ≤ 1

− 1
4

�
log 1+

√
1−τ−1

1−
√
1−τ−1 − iπ

�2
, τ > 1

(10)

If this decay mode is sufficiently long lived, φ particles
produced in solar p + d →3He + φ reactions can reach
the Earth and deposits electromagnetic energy inside the
Borexino detector.



Advantage of being clean…	

§  If new particle is stable on 

the scale of underground 
Lab, it will fly into e.g. 
Borexino etc causing e +φ 
à e + γ , and releasing O
(6-20) MeV energy 
depending on the reaction. 	


§  In the cleanest 
experiments, e.g. 
Borexino, above 5 MeV 
there is no 208Tl events, 
and  the background for 
this search are only 8B 
neutrinos.	
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3

pseudocumene buffer which shield the scintillator from
γ-rays and neutrinos from the periphery of the detec-
tor. The scintillator and buffer are contained in a 13.7
m diameter Stainless Steel Sphere (SSS) on which 2212
photomultipliers (PMTs) are mounted to detect scintil-
lation from events inside the IV. The SSS is immersed in
a water-Čerenkov muon detector.
In Borexino, charged particles are detected through the

scintillation light they produce in the liquid scintillator.
The energy of an ionizing event occurring in the scintil-
lator is converted to scintillation light and is quantified
by the total light collected by the PMTs. To good ap-
proximation, the measured light depends linearly on the
energy released in the scintillator and the energy resolu-
tion is scaled as 5%/

√
E[MeV].

The detector energy and spatial resolution were stud-
ied with radioactive sources placed at different positions
inside the inner vessel [57]. For energies >3 MeV of inter-
est for this work, the energy calibration was performed
with an 241Am-9Be neutron source [49, 50]. The position
of an event is determined using a photon time of flight
reconstruction algorithm. The position resolution mea-
sured using the 214Bi-214Po β − α decay sequence, is 13
cm [48].

B. Data selection

The measured Borexino energy spectrum in the 0-15
MeV range from 1192.0 live-days of data and with dif-
ferent selection cuts is shown in fig.2. Below 3 MeV the
spectrum is dominated by 2.6 MeV γ’s from β-decay of
trace 208Tl in the PMTs and in the SSS.
The first cut on the raw data filters out events occur-

ring within 2 ms of muons crossing the entire detector
(curve 2, Fig.2). Muons are identified by the outer de-
tector, by the specific mean time of PMT hits when they
cross the SSS and on the time corresponding to the maxi-
mum density of hit PMTs. This timing cut rejects resid-
ual muons that were not tagged by the muon detector
and that interacted in the pseudocumene buffer region
[53].
To remove muon-induced background due to short-

lived isotopes (1.1 s 8B, 1.2 s 8Li, etc [50]) and signif-
icantly reduce that from 11Be (τ = 19.9 s), an additional
20 s veto is applied after each muon crossing the SSS
(curve 3, fig.2). This cut has a dead time of 745.8 days
and brings the live-time down to 446.2 days.
A software fiducial volume cut is needed in order to

suppress external radiation background. Curve 4 of fig.2
shows the effect of selecting a central 100 ton fiducial vol-
ume (FV) by applying a radial cut R ≤ 3.02 m. Finally,
an α−β selection cut based on pulse shape-discrimination
performed with the Gatti optimal filter [58] is applied.
Only events with negative Gatti variable (correspond-
ing to γ- and β-like signals) are selected [48]. Since the
energy of α particles is highly quenched in liquid scintil-
lator, this cut has no effect on the spectrum for energies
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FIG. 2. Energy spectra of the events surviving incremental
selection cuts. From top to bottom: (1) raw spectrum; (2) 2
ms post-muon veto cut; (3) 20 s after muons crossing the SSS
cut; (4) FV cut. See text for details.

higher than 4 MeV.

III. NEUTRINO FLUXES AND THE
e+e−-SPECTRA

Here we report on the search for heavy neutrinos pro-
duced in 8B decays in one of the side branches of the
pp fusion reaction chain in the Sun. The decay, 8B →
8Be + e+ + νH , is a variant of the standard decay with
a left-handed light neutrino. In Borexino the search is
performed by comparing the measured energy spectrum
with that expected from νH -decays. The latter requires
the knowledge of the heavy neutrino flux Φ(Eν) through
the detector, of the kinetic energy of the e+e− pairs pro-
duced (eq. I), and the response function of Borexino to
energy released by e+e− pairs in the scintillator.
The emission of a heavy neutrino in the β+-decay of

8B is suppressed by the mixing parameter |UeH |2 and a
phase-space factor as:

Φ(EνH ) = |UeH |2

√

1−

(
mνH

EνH

)2

Φ8B(Eν) (3)

where EνH is the total energy of the heavy neutrino. We
use the neutrino spectrum from 8B decay Φ8B(Eν) given
in [59]-[61].
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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).
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Ultimate intensity frontier experiment? 
Project with Eder Izaguirre and Gordan Krnjaic, ongoing 

 
§  Biggest possible detector with low-ish threshold: e.g. Hyper-K 
 
§  Powerful electron accelerator underground, close to Hyper-K 

§  No neutrino backgrounds (c.f. with Y. Kahn et al, 2014 
proposal to use cyclotrons underground). High efficiency of 
producing light particles compared to nuclear accelerators.  

§  As a result, best sensitivity to light DM, to O(MeV) scale 
metastable particles, to anything at all that can be kinematically 
produced, and then scatters/decays in Hyper-K volume. 

§  If the cost of Hyper-K project can indeed be 109$, a 20 mln 
accelerator nearby can be a small perturbation. 
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Ultimate intensity frontier experiment? 
Project with Eder Izaguirre and Gordan Krnjaic, ongoing 

 

 
 

Hyper-Kamiokande project
~0.6GeV !µ"

295km
higher intensity ν by 

upgraded J-PARC

Quest for CP Violation 
in lepton sector

+
Proton Decay

1

x25 Larger ν Target

Construction cost estimation

10

Total ~80Billion JPY
Excavation 30Billion JPY
Tank 30Billion JPY

Photo-detectors 20Billion JPY High QE HPD

Rough estimation by pre-
conceptual-design

Examples of electron accelerators in the range 25 - 100 MeV

Scanditronix medical RTM MM-50 Danfysik 53 MeV RTM

Research Instruments
100 MeV linac

Electron linear accelerator 
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Sensitivity to light DM 
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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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Conclusions 

§  Light new particles (e.g. ~ MeV) with 10-3 and smaller couplings are 
difficult to rule out in general. Can be invoked for explanations of 
various particle and astro anomalies. 

§  Very light scalar particle (~ 0.2-0.5 MeV), providing additional 
repulsion between protons and electrons is one of the logical 
possibilities that could help reconciling eH and µH results. Can be 
very efficiently searched for in underground accelerators as source of 
exotic particles and large clean detectors (Borexino, Super-K, …). It 
looks as reasonably cost-effective search.  

§  Ultimate searches for light particles can be done using e-linacs in the 
underground labs. Sensitivity to broad classes of light new physics 
(including MeV-scale WIMP dark matter, ALPs in O(10 MeV) range 
etc) can be improved quite decisively.  



Current status	
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Results on muonic hydrogen
ν(2SF=1

1/2 → 2PF=2
3/2 ) = 49881.88(76)GHz R. Pohl et al., Nature 466, 213 (2010)

49881.35(64)GHz preliminary

ν(2SF=0
1/2 → 2PF=1

3/2 ) = 54611.16(1.04)GHz preliminary

Proton charge radius: rp = 0.84089 (26)exp (29)th = 0.84089 (39) fm (prel.)

µp theory: A. Antogini et al., arXiv :1208.2637 (atom-ph)

0.8 0.82 0.84 0.86 0.88 0.9

µp 2010
H spectr.

dispersion
e-p scatt.

Mainz 2010

µp 2012
CODATA 2010

proton rms charge radius rp  (fm)
Randolf Pohl ECT* Trento, 28.10.2012 p. 15Importantly, Zeemach radius extracted from 2 lines is perfectly consistent with 

previous (normal hydrogen) determinations 
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rp from Normal Hydrogen 

Red line – muonic hydrogen result 
Blue band – fitted value of rp from precision spectroscopy of normal hydrogen.  
It is a serious 5σ discrepancy (but only when one takes into account many transitions!) 

1% error estimate comes from average of 15 measurements
Obtain line center to accuracy of width/(100 to 1000)
No specific problems known.

The electronic H-atom data
rp puzzle (3): Is H-spectroscopy wrong ?

rp from H spectroscopy: • 2S-2P transition in H (independent on R∞)
• two transitions n → n′ in H (⇒ rp and R∞)

2S1/2 -  2P1/2

2S1/2 -  2P3/2

2S1/2 -  2P1/2

1S-2S + 2S- 4S1/2

1S-2S + 2S- 4D5/2

1S-2S + 2S- 4P1/2

1S-2S + 2S- 4P3/2

1S-2S + 2S- 6S1/2

1S-2S + 2S- 6D5/2

1S-2S + 2S- 8S1/2

1S-2S + 2S- 8D3/2

1S-2S + 2S- 8D5/2

1S-2S + 2S-12D3/2

1S-2S + 2S-12D5/2

1S-2S + 1S - 3S1/2

Havg = 0.8779 +- 0.0094 fm
µp : 0.84184 +- 0.00067 fm

proton charge radius (fm)   
0.8 0.85 0.9 0.95 1

The maximal deviation from our result is ∼3σ

Systematics ∼ n3

ur ∼ 10−11 ⇔ linewidth/100

A. Antognini, PANIC11, MIT, Cambridge, USA 25.07.2011 – p.12

Plot from Aldo 
Antognini
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