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Main idea: a very long baseline oscillation into a “semi-
sterile” neutrino that has no charged current interactions 
but much enhanced baryon current can produce a light 
WIMP-like signal and evade other constraints.  

As the extreme case for this idea, imagine that you have a 4th 
neutrino species, with mixing angle ~1, and Δm2 = 10-26 eV2 
with a SM neutrino. Oscillation length for 10 MeV neutrino = 
Hubble scale, consequence for diffuse SN neutrino 
background. Does not interact – no chance to ever see it. But 
what if interacts more strongly than normal ν….? 
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Main Idea  
In recent years a lot of man*hours was spent on the discussion of 

possible signals (keV-scale energy deposition) observed by some 
“direct DM detection” experiments. 99% of these discussions is 
inevitably centered around: is it WIMP or is it background? Could it 
be anything else that leads to O(keV) scale energy deposition? My 
answer: it could be different new physics, including solar neutrinos	


	

Scattering of 8B neutrinos is very similar in shape to many “DM 

signals”… but about 10-4 from what is “needed”. But a new state 
with stronger-than-weak elastic scattering rate can appear:	

	
 	
 	
 	
8B:   νSM   à  ν”Baryonic” 	


	

	


	
 	
The model will be interesting for “direct detection” if one can	

	
 	
1. Enhance the coherent scattering rate by ~104 	

	
 	
2. Hide this enhancement from the solar ν experiments.  
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           SM forces  

V (r) = !X

r
exp(!r / "X ) =

!X

r
exp(!rmX )"#" Amplitude $ !X

q2 +mX
2

LHC can realistically pick up physics with αX~1, and mX ~  1TeV, 
while have no success with αX~10-6, and mX ~ GeV.  



Many models of MeV-GeV New Physics 
escape LHC and flavour constraints. 

          Log αX 
 

        
 

   
 

          Log mX 

List of models that can be “stronger than weak”	

1.   “Kinetically mixed” vector force. 
2.  Vector forces coupled to baryonic current.  
3.  Some exceptional lepton forces, such as gauged µ-τ, gauged 

µR, etc. 	
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The model 

§  Consider a new “neutrino-like” particle coupled to baryonic 
currents: 

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

elastic recoil.  Let us introduce an analogue of Fermi constant: 
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Comments on the model 

§  “Stronger-than-weak” force, N ~100,  implies Mmediator<<MZ. The 
most safe place to hide it is below 100 MeV, where one can have 
gB ~ (10-2-10-3) e. This is not ruled out by any of the existing 
experiments.  

§  Neutrino mass is not a problem: one could use the same set of RH 
neutrinos to [economically] introduce the mass in both sectors, 

 
§  Kinetic mixing will be developed radiatively, but κ ~ loop factor, 

hence ok with recent constraints.  

§  The model has gauge anomaly (it is B, not B-L), but I can cancel 
it at the weak scale.  

to the quark currents. We shall not pursue the meson decay constraints on the model any

further in this paper, and turn our attention to the neutrino mass sector.

The most natural way of having a UV-complete theory of neutrino masses is via the

introduction of right-handed neutrinos states NR. We can use the same singlet right-handed

neutrinos to couple to the Higgs-lepton bilinears LH and Higgsb–neutrino νb bilinears νbφb

in a gauge-invariant way,

L = LHYN + νbLφbN + (h.c.) +
1

2
NMRN. (5)

Here MR and Y are the familiar 3×3 right-handed neutrino mass matrix and Yukawa matrix,

while b is the new Yukawa vector parametrizing the couplings of the left-handed part of νb

to N . Integrating out N states results in the low-energy 4×4 neutrino mass and mixing

matrices, Mij, where i, j run over e, µ, τ, b flavors. While of course a full four-state analysis

can be done, we shall simplify our discussion by the following assumptions:

1. The entries of 3×3 submatrix Mactive, active will in general be much larger than Mactive,b

and Mb,b components so that the mixing pattern can be addressed sequentially: first

the mixing of the SM neutrinos and then the admixture of the νb.

2. A tri-bimaximal ansatz will be taken for the 3×3 mixing of the SM neutrino species

for simplification, although having θ13 = 0 is not crucial.

3. The lowest mass eigenstate of SM neutrinos, ν1 for normal mass hierarchy, will be

much lighter than solar or atmospheric neutrino mass difference and comparable to

Mactive,b and Mb,b mass entries. This will create a preferential mixing of νb to ν1, with

the relevant parameters that we call ∆m
2
b and θb, while the 1− 2 and 2− 3 mixing is

largely unaffected.

4. The sign of GB will be chosento esnure that the matter effects for νb will not lead to

the matter-induced νactive → νb transitions.

The combination of these assumptions forms the following (simplified) picture of neutrino

oscillations: inside the Sun the neutrino oscillations occur largely between νe and ν+ ≡
(νµ + ντ )/

√
2,
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(6)

while the ”−” combination and νb stay unexcited. We would need only the higher-end of the

Boron neutrino spectrum where MSW effect dominates. Upon the neutrino exit from the

dense region of the Sun, it represents an incoherent mix of electron and ν+ neutrinos with

probabilities

Pe(Sun) � 1

3
; P+(Sun) � 2

3
; Pb(Sun) = 0. (7)

Then vacuum oscillations start building a non-zero probability for νb due to its preferential

mixing with the lightest eigenstate, which we take to be ν1. Upon the arrival to the Earth, the

4
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Oscillation of Solar neutrinos into νb 

§  Suppose the mass matrix is such that some part of the solar 
neutrinos oscillate into neutrinob.  

 
       18.8 MeV   

At the Sun location we have (“+” is an appropriate mu-tau neutrino 
combination that participates in solar neutrino oscillations) 

§  At Earth’s location one can easily have a more complicated mix: 

 

and, since sign (VNCB) = qb, resonant flavor transitions for !b could be possible for qb = +1
and " > #/4 or for qb = !1 and " < #/4 (and vice verse for !b.) We note, however, that the
e!ciency of a transition has a separate dependence on "m2, unrelated to Eq. (10), as the
matter-induced oscillations seize to occur in the limit of "m2 " 0. From (10) we find the
necessary condition for which NCB e#ects are least likely to play a role,

"m2 cos 2" # 10!4 eV2 $
!

E

10MeV

"!

N
100

"!

$

g/cm3

"

. (11)

In this work we focus on a parameter region which obeys this limit. A discussion for larger
values of "m2 is beyond the scope of this work.

2.2 Solar !b flux

Let us consider a scenario in which the baseline of !b oscillation Losc is on the order of the
earth-sun distance, L0 = 1AU % 1.5$ 108 km. This “just-so” choice of parameters suggests
a canonical mass squared di#erence,

Losc

L0
% 0.5$

!

10!10 eV2

"m2

"!

E!

10MeV

"

. (12)

“Flavor” eigenstates !"L (% = e, µ, &, b) are found from mass-eigenstates nkL by inversion
of (4), !"L =

#

k U"knkL, and their evolution is obtained by solving

i
d$

dx
= H$, H =

1

2E

$

UM2
dU

† +A
%

. (13)

Here $ is the vector of amplitudes for the flavor states, $ = ('e,'µ,'# ,'b), M2
d =

diag(m2
1, m

2
2, m

2
3, m

2
4) is the diagonalized mass matrix and the entries of A = diag(ACC +

ANC , ANC , ANC , ANCB) are related to the induced matter potentials via Ax = 2EVx. In gen-
eral, the baryonic neutrino flux at the Earth location is found upon numerical integration
of (13) from the production point r0 of !e in the solar interior to earth at distance L with
initial condition $(r0) = (1, 0, 0, 0), This could be a complex problem when matter e#ects
are involved, but fortunately not for the region of the parameter space we are interested in.

With a few simplifying assumptions the appearance probability at earth can be obtained
analytically [10]. We seek access to the high energy end of the neutrino spectrum, E! !
10MeV, because scatterings of !b will then more likely be picked up by a detector. The
largest flux in combination with high endpoint energy comes from the neutrino emission in
the decay of 8B. With 4He being the most tightly bound light nucleus, hep neutrinos have
the highest endpoint in energy but come with a flux which is smaller by three orders of
magnitude. The 8B and hep respective fluxes and endpoint energies are given by [30],

%8B = (5.69+0.173
!0.147)$ 106 cm!2 s!1, Emax,8B = 16.36MeV,

%hep = (7.93± 0.155)$ 103 cm!2 s!1, Emax,hep = 1.88MeV. (14)

In the solution to the solar neutrino problem the MSW e#ect dominates the flavor evolution
of the highly energetic part of the neutrino spectrum and neutrinos exit the sun mainly as !2.

5
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Elastic scattering signal  

§  There can be a considerable recoil signal from neutrino_b due to 
the coherent enhancement, and interaction strength that I took 
stronger-than-weak: 

Here I(Er) is the recoil integral given by  
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Effective interaction and enhancement of elastic 
channels  

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

detectors will have hard time detecting neutrinob because 
 
 
 
 
The last formula is especially important because it allows to “hide” 

the enhancement of the elastic scattering from the dedicated 
neutrino experiments.  
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Signals of νb in “conventional” neutrino 
detectors 

§  Consider for example the deuteron breakup reaction, or Carbon 
excitation with subsequent energy release: 

 
Because of the properties of baryonic currents the hadronic 

amplitude is quadratic in neutrino energy, and the signal is 
quartic: 
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Importance of different couplings for elastic and 
inelastic scattering 

 
 
 
 
 
 
 

coupling Inelastic scattering Elastic scattering 

Isosinglet vector g_V^0     4 (looser)    1 (winner) 

Isovector vector g_V^1     2-3    2 

Isosinglet axial g_A^0      2-3  3-4 

Isovector axial g_A^1     1 (winner)  3-4 

If in SM iso-vector axial coupling would have been zero, there  

could not have been any SNO NC signal.  
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Inelastic processes are suppressed 

§  Even if coupling^2 is enhanced by 10000, the NCB process is just 
about 10% of the SM NC process at SNO (A,B,C are different 
choices of Δm2) 
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Counting rate at BOREXINO 

Counting rate at BOREXINO is not going to be very large either 
 
 
 
Small signal but comparable to Boron8 SM neutrino ES. 
 
P.S. the analysis of 4.4 MeV  signature can be done by the  
Borexino collaboration, as they know very well how it should look 

like (this line induced by neutron scattering is used in some 
calibration methods).  
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General comment about elastic scattering signal 

§  Very similar to sub-10 GeV scale WIMPs.  
§  Somewhat softer at the highest recoil, hence “safer” from strong 

Xe, Ge CDMS etc constraints where threshold is higher 
§  Has a chance of “explaining CoGeNT and/or CRESST signals”. 

Can be a correct magnitude and not too bad a spectral shape.  
§  Will show difference with the low-mass WIMPs if a lighter target 

(e.g. He) is used. Neutrinos will give more recoil on He, while 
WIMPs will give less.  

§  What about “DAMA modulation signal”? Last time we checked 
the Sun was closer to Earth in January – hence anti-modulation 
compared to DAMA. However, neutrino oscillation is a quantum 
[=nonmonotonic] phenomenon, and one can have a phase 
reversal.  

 



16 

Recoil in Germanium detectors: CoGeNT, CDMS 
MP, J. Pradler, 2012 
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Figure 4: Recoil spectrum from the 442 live-day run of the CoGeNT experiment. The black (gray)
data points show the signal after (before) subtraction of the cosmogenic radioactive background.
The solid line is a fit to the black data points. It decomposes into the contribution from νb (dashed
line) and the contribution of a constant background (dotted line.)

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

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

Nuclear recoil energies on germanium have to be converted into the measured ionization
signal. We employ a Lindhard-type, energy dependent quenching factor, Ev(keVee) = Q ×
ER(keV)1.1204 with Q = 0.19935 and account for a finite detector resolution by convolving
the recoil signal with a Gaussian of width σ2 = (69.4 eV)2 +0.858 eV×Ev(eV). Finally, the

12

1.  You can put the model line through CoGeNT dots. Probably not 
advisable as we learn that most of it [all of it?] is likely background 

2.  CDMS does not kill the “νb explanation” of CoGeNT  
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DAMA and “Just-So” phase reversal 

§  If oscillation length is comparable to the Earth-Sun distance, the 
phase can be reversed, and more neutrinos will arrive in July 
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Fitting DAMA modulation amplitude 

§  Neglecting the phase offset of ~ 1 month, the fit of the νb model 
to DAMA modulation amplitude can be pretty decent. (Needless 
to say it is the scattering on Na) 
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Figure 2: The data points show the DAMA modulation amplitude as reported in [8] in units of
counts per day (cpd) per kg detector material and recoil energy. The solid line is the best fit to
the data.

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

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

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

min/nd = 9.3/8, (24)

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

b and Neff are
constructed by demanding,

χ2(∆m2
b ,Neff) ≤ χ2

min +∆χ2, (25)

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

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

9
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…But July is not June… The phase is off 

It is formally ~5σ away from the DAMA phase. 
NB: Similarly DAMA explanation by muons is also a bad fit, Chang, Pradler, Yavin  
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Figure 3: The data points show the DAMA/LIBRA reported residual event rate for various energy
bins as a function of time. The red line is the residual event rate associated with the fit to the
modulation amplitude in Fig. 2. The dotted line is a fit of the sinusoidal function A× cos[ω(t− t0)]
with ω corresponding to a period of one year and a phase t0 as expected from DM. As can be seen
the νb signal is approximately out of phase by one month. For a quantitative statement see main
text.
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CRESST fit is not too bad…  

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

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

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

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

distinguished.

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

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

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

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

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

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

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

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

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

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

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

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

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

from Fig. 11 of [9].

14

where the sum runs over all bins and yi is the sum of background and signal contributions;
the last term is absent when ni = 0. Confidence regions are directly constructed from (28).

Figure 5 shows the recoil spectrum induced by νb as the (magenta) continuous and falling
line. Summing all background contributions to the νb signal the best fit parameters read,

CRESST-II: ∆m2
b = 3× 10−10 eV2, Neff = 49, χ2/nd = 27.7/27, (29)

with a p-value p = 0.48 under the approximation that χ2
P in (28) follows a χ2 distribution with

nd = 27. The amplitude of the neutron background is found to be A = 1.23. Fixing instead
A = 1 yields the same parameters (29) with negligible degradation in χ2. Discontinuous
jumps in the count rate when going from lower to higher recoil energies are due to the onsets
of the various detector modules with increasing energy thresholds. Also shown as a stacked
histogram are the modeled sources of background as labeled.

It is also likely that the new CRESST data constrains larger values of Neff . This is
especially true given that the detector model with lowest threshold only observed one count
between 10–12 keV. In order to put a constraint we use what has been termed “binned
Poisson” technique in [10]: for one bin, an average number of events ν = νs + νbg consisting
of νs signal and νbg background events is excluded at a level 1 − αbin if the probability to
see as few as nobs observed events is αbin. Since nobs is a Poisson variable, αbin is given the
lower tail of the Poisson distribution, αbin =

�nobs
n=0 ν

n exp(−ν)/n!. When dealing with more
than one bin the level of exclusion 1− α is given by

1− α = (1− αbin)
Nbin , (30)

where Nbin is the number of bins; α is the probability to see as few events as observed in
at least one of the bins. For placing a constraint from CRESST we only use the bins from
10–25 keV as those are the ones for which νb can give a contribution. More conservative
constraints are obtained when assuming that there is no background.

This paragraph is hard to follow. It jumps to CoGeNT and DAMA in the section about
CRESST. Figure 6 shows the most relevant part of the (Neff ,∆m2

b) parameter space. The
shaded areas as labeled indicate the 99% C.L. regions in which solar νb explain either the
DAMA modulation signal or the CoGeNT low-energy excess (with constant background
only.) As can be seen clearly, the regions are disjoint. To understand better the behav-
ior of this, the dashed gray line gives the 99% C.L. contour when we allow for an addi-
tional exponential background when fitting CoGeNT. It envelops the CoGeNT compatible
region—above the line even without any exponential background component νb overshoots
the observed signal.

3.4 Null-searches

3.4.1 CDMS-II low threshold analysis

The CDMS-II collaboration has published a low threshold analysis from the Soudan site using
eight Ge detectors with a raw exposure of 241 kg days [11]. At the expense of discriminating
power of e−/γ against nuclear recoils, a threshold of 2 keV was reached. This is an interesting

16
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Putting things together on Neff-Δm2 plot 

Strongest constraints on Neff are from Xenon-10 ionization-only 
analysis – but it is the most uncertain as well. All-in-all the model 
is not doing much “worse” than 10-GeV WIMPs… 
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Figure 6: Summary plot of direct detection favored regions and constraints in the parameters !m2
b

and Ne! at 99% confidence. Favored regions: the broad light shaded gray band shows the CRESST-
II region. The two darkest islands are the regions in which the CoGeNT excess is explained. In
presence of an exponential background contamination (e.g. due to “surface events”), the region
below the thin gray line labeled as “CoGeNT hull” becomes in principle viable (see main text for
details.) The two medium gray shaded islands indicate the regions in which the DAMA modulation
amplitude is fitted; these regions as well as any other parameter choices however exhibit a tension
in timing when compared to the DAMA residuals. Constraints: Ne! values above the respective
lines are excluded (or seriously challenged.) The top constraint is the one from Xenon100, the two
degenerate ones below are obtained with the CRESST-II data and CDMS-II low-threshold data.
The two dotted lines at the bottom show the constraints arising from the Xenon10 low-threshold
analysis with two di"erent assumptions on the ionization yield Qy (see main text for details.)
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Future? Xenon-100 low threshold and COUPP 

The model is more predictive than WIMPs. You cannot change 
spectral profile much, or modify interactions to n/p at will. If it is 
nature’s choice, νb model with Neff ~ O(100) will be seen soon.  

COUPP, 60 kg!1 year
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Figure 8: Predictions for a COUPP 60 kg bubble chamber for !m2
b = 3!10!10 eV2 and Ne! = 60

as a function of bubble nucleation threshold with one year of exposure. The solid lines are from
top to bottom for the 8B and hep fluxes of !b. For comparison, a signal from a 10GeV DM particle
with spin-independent nucleon cross section of "n = 10!41 cm2 is shown.

the nuclear recoil calibration has a large e!ect since "S2 " !"ER. This illustrates 1) that
the Xenon10 constraints in the previous section should be viewed with care and 2) that
without further experimental insight into Qy in (31) a conclusive prediction for Xenon100 is
not feasible.

3.5.2 COUPP

As already mentioned in Sec. 3.4.2, detectors which employ fluorocarbon compounds as target
material are attractive because of their favorable kinematics in contrast to heavier targets.
A large scale experiment of this type is the COUPP 60 kg bubble chamber currently in the
progress of moving into the SNOLAB underground facility [57]. It uses a superheated CF3I
liquid with temperature and pressure adjusted such that only nuclear recoils set o! bubble
nucleation events. It is a counting experiment for events above adjustable threshold without
a priori insight into the recoil energy distribution. We assume an exposure of 1 yr together
with a detector e#ciency " = 0.7.

Light target nuclei make COUPP particularly attractive for the searches of light WIMPs
and #b. In Fig. 8 the integral signal of #b for "m2

b = 3!10!10 eV2 and Ne! = 60 as a function
of detector threshold is shown. The two solid curves from top to bottom correspond to 8B and
hep neutrinos, respectively. Already below a threshold energy of " 20 keV the 8B flux induces
a clear signal. Limited insight into the energy distribution should be possible by varying
the rather “steplike” detector threshold. In particular, with a multi-year exposure (or larger
values of Ne!) the crossover from the 8B to the hep neutrino spectrum may be observable.
More importantly, the variation of the threshold provides discriminating power between a
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Figure 7: Projection for a Xenon100 low-threshold analysis for an exemplary parameter choice
∆m2

b = 2.5× 10−10 eV2 and Neff = 100. The x-axis gives the ionization signal S2 in units of PEs.
The horizontal and vertical dashed lines show the maximum rate from radioactive Kr decay and
the S2 software threshold of the detector, respectively. The solid lines are the νb-signals from 8B
and hep neutrinos as labeled. The vertical arrow at 700 PEs indicates the current threshold of the
S1 scintillation signal. The dotted line shows again 8B neutrinos for a calibration scale following
[18] instead of [15]. This highlights the severe sensitivity on the extrapolation of Qy.

The resulting constraints are again presented in Fig. 6. In contrast to all other null
searches, Xenon10 severely challenges the entire region of interest with Neff � 20. We
caution the reader that it is also the constraint with the largest uncertainty. We will further
illustrate the strong sensitivity of the results on Qy below when considering a prospective
Xenon100 low-threshold analysis.

3.5 Future sensitivity in Direct Detection

3.5.1 Xenon100 low threshold

In the previous section we have seen that a low-threshold analysis in Xenon10 can yield very
stringent constraints. Therefore, it is conceivable that the collected 100 live days of data
with the Xenon100 detector may offer another sensitive test for this model. Here we present
projections for a Xenon100 ionization-only (S2) study.

Once the prompt scintillation signal S1 is discarded, the goal lies in lowering the threshold
in S2 as much as possible. In [4] the Xenon100 quoted software threshold is 300PE which
corresponds to 20 ionized electrons. This is a factor of five larger compared to the Xenon10
low-threshold analysis. The gain in exposure by about an order of magnitude somewhat
compensates for this since the increase in detector mass does not seriously affect the extrac-
tion efficiency of ionized electrons. However, an air-leak during the run introduced unwanted
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Possible avenues to search for neutrino_b and  
new baryonic currents 

§  Hadron colliders: If GB /GF is fixed at a 100 or so, Tevatron 
experiments will produce an upper bound on vector mass.  

§  Neutrino oscillations:  Matter effects for (anti)neutrino_b can be 
significant. In light of latest developments in neutrino physics, the 
4th one may not be an unwelcome addition.  

§  Neutrino beams: Ample opportunities to produce neutrino_b in 
hadronic cascades (T2K, MiniBoone type of experiments) and 
detect them using the “NC-like” scattering on nucleons in near 
detectors. Similar to light DM beam idea 

§  Cosmology: a departure from N_neutrino = 3 is expected. Better 
CMB probes are forthcoming.  

§  Rare decays: New precision tests of K-> pi nu nu may detect 
extra energy sinks.  
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Conclusions 
§  A lot of work has been done on active à sterile neutrino 

oscillations. What about “semi-sterile”, when new states have 
stronger-than-SM interactions in neutral channels?  

§  I have presented a model that takes solar neutrinos and transforms 
them into “baryonic neutrinos” – those that have much stronger 
coupling to baryon current than the SM ν’s.   

§  In this model “little guys” (= “DM” experiments) can compete and 
surpass in sensitivity the “big guys” (= neutrino experiments). Many 
DM anomalies can be explained within this model if the 
enhancement of interaction amplitude relative to SM is O(100). (~1 
month discrepancy with DAMA phase will remain). The signal is 
reminiscent of ~10 GeV WIMPs but is far more predictive.  
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Part II: new pieces of data in ν-physics  

First time there is a wide energy 
coverage of energy release in 136Xe. 
This allows to study/set constraints 
on Dark Matter sector where the 
neutral states are accompanied by 
excited charged states.   
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FIG. 4: MS (top) and SS (bottom) energy spectra from the
2,896.6 hours of low background data used for this analysis.
The best fit line (solid blue) is shown. The background com-
ponents are 2!"" (grey region), 40K (dotted orange), 60Co
(dotted dark blue), 222Rn in the cryostat-lead air-gap (long-
dashed green), 238U in the TPC vessel (dotted black), 232Th
in the TPC vessel (dotted magenta), 214Bi on the cathode
(long-dashed cyan), 222Rn outside of the field cage (dotted
dark cyan), 222Rn in active xenon (long-dashed brown), 135Xe
(long-dashed blue) and 54Mn (dotted brown). The last bin on
the right includes overflows. There are no overflows in the SS
spectrum.

These variations are used as measures for the systematic
uncertainties in the final fit. The 71% MC estimate for
the 0!"" e!ciency is further verified over a broad en-
ergy range by comparing the 2!"" MC e!ciency with
low-background data. Although the 2!"" spectrum has
vanishing statistical power at Q!!, the e!ciency is found
to be a smooth function of the energy and agrees with
the simulated e!ciency to within the ±9.4% overall scale
uncertainty mentioned above.
The fiducial volume used in this analysis contains

79.4 kg of 136Xe (3.52!1026 atoms), corresponding to
98.5 kg of active enrLXe. The trigger is fully e!cient
above 700keV. The cut represented by the dashed diago-
nal line in Figure 1 eliminates a population of events due
to interactions in the enrLXe region for which the charge
collection e!ciency is low, leading to an anomalous light-
to-charge ratio. This cut also eliminates # decays from
the low background data, but causes only a negligible
loss of e!ciency for $- and "-like events. Cosmic-ray in-
duced backgrounds are removed using three time-based
cuts. Events preceded by a veto hit within 25ms are re-
moved (0.58% dead time). Events occurring within 60 s
after a muon track in the TPC are also eliminated (5.0%
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FIG. 5: Energy spectra in the 136Xe Q!! region for MS (top)
and SS (bottom) events. The 1 (2)# regions around Q!! are
shown by solid (dashed) vertical lines. The 0!"" PDF from
the fit is not visible. The fit results have the same meaning
as in Figure 4.

dead time). Finally, any two events that occur within 1 s
of each other are removed (3.3% dead time). The combi-
nation of all three cuts incurs a total dead time of 8.6%.
The last cut, combined with the requirement that only
one scintillation event per frame is observed, removes "-
# decay coincidences due to the time correlated decay
of the 222Rn daughters 214Bi and 214Po. Alpha spectro-
scopic analysis finds 360±65 µBq of 222Rn in the enrLXe,
that is constant in time.
The SS and MS low background spectra are shown in

Figure 4. Primarily due to bremsstrahlung, a fraction
of "" events are MS. The MC predicts that 82.5% of
0!"" events are SS. Using a maximum likelihood estima-
tor, the SS and MS spectra are simultaneously fit with
PDFs of the 2!"" and 0!"" of 136Xe along with PDFs
of various backgrounds. Background models were devel-
oped for various components of the detector. Results
of the material screen campaign, conducted during con-
struction, provide the normalization for the models. The
contributions of the various background components to
the 0!"" and 2!"" signal regions were estimated using
a previous generation of the detector simulation [8]. For
the reported exposure, components found to contribute
< 0.2 counts (0!"") and < 50 counts (2!""), respec-
tively, were not included in the fit. For the current ex-
posure, the background model treats the activity of the
222Rn in the air-gap between the cryostat and the lead
shielding as a surrogate for all 238U-like activities exter-
nal to the cryostat, because of their degenerate spectral
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WIMP-nucleus “recombination” 
§  Quasi-degenerate χ0-χ± WIMP particles with Δm in ~ MeV range. 

New signatures due to χ-nucleus binding, MP, Ritz (2008).  
Charged particles are unstable in vacuum but can be stable when 
attached to a nucleus depending on mass splitting.  
 
 
 
 
 
 
 
 
If Δm < 18 MeV, there will be a signature of “recombination” with 136Xe 
Different spin:  
Same spin:    
	


(N!!

2 ) Z -Eb (MeV), Gaussian -Eb (MeV), step-like
(1H!!

2 ) 1 0.025 -
(4He!!

2 ) 2 0.35 -
(11B!!

2 ) 5 2.2 2.1
(12C!!

2 ) 6 2.8 2.7
(14N!!

2 ) 7 3.5 3.2
(16O!!

2 ) 8 4.0 3.7
(40Ar!!

2 ) 18 9.1 8.0
(74Ge!!

2 ) 32 14.6 12.5
(132Xe!!

2 ) 54 21.7 18.4

Table 1: Estimates for the binding energies of the state (N!!

2 ) assuming a gaussian and step-like nuclear
charge distribution for several relevant elements.

in the dark sector through some symmetry, then the interaction of !±

2 with the SM gauge
bosons would naturally imply a splitting of O(100 MeV) [11].1

Denoting the mass di!erence as "m = m!2
! m!1

, we explore the upper bound on "m
that leads to the formation of stable (N!!

2 ) bound states. In the limit m! " mN , the
binding energy depends only on the nuclear mass, and is naively given by the analogue of
the Rydberg energy, !Eb # (Z")2mN/2. More precisely, since the characteristic radius of
the orbit rB # (Z"mN)!1 generally lies well within the nucleus, we obtain a better estimate
by solving the Schrödinger equation with a given charge distribution inside the nucleus. This
leads to the results shown in Table 1 for several elements that will be relevant in this paper.
Two types of charge distribution with the same $r2

c%, Gaussian and step-like, are employed
that can be viewed as two extreme approximations of a more realistic nuclear charge density.

Table 1 reveals three distinct kinematic regimes:

[(I) : recombination with light elements] 0 < "m < 4 MeV, (3)

[(II) : recombination with heavy elements] 4 MeV < "m <# 20 MeV, (4)

[(III) : resonant loop enhancement] 20 MeV <# "m <# 100 MeV. (5)

In regime (I), stable bound states with light nuclei up to oxygen may be formed. Some
models in this kinematic regime are significantly constrained by searches for anomalously
heavy isotopes of carbon and other light elements as discussed below. Regime (II) is equally
interesting, as it opens the possibility of ‘recombination’ processes where WIMPs may com-
bine with the heavy elements inside the detectors used for the direct searches of dark matter.
Finally, kinematic regime (III) arises when "m is too large for recombination to occur in
inelastic scattering, but still small relative to the WIMP mass, and the elastic scattering
cross-section can be resonantly enhanced through loop processes, with an o!-shell !!

2 ap-

1It is also worth noting that if !1 and !2 arise from the low-energy hadronization of a single relic state
charged under SU(3)c, e.g. as hadronized squarks [12], they can naturally be split by O(MeV) as members
of an isospin doublet. In such cases, recombination with nuclei could occur through strong rather than
electromagnetic interactions, but this may be subject to more stringent constraints than the scenarios for
electromagnetic capture that we consider here.
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Figure 3: The electromagnetic capture of !0
1 to form the bound state (N!!

2 ) and radiating a positron.

3.1.2 Electromagnetic recombination

For models of type B, which lack a weak charged current, alternative recombination channels
are open if the charged states represent bosons and the neutral states fermions, or vice versa.
In particular, the electromagnetic processes shown in Fig. 3 become possible. In the early
universe the abundance of charged states is then rapidly depleted via processes such as
!±

2 " !0
1 + e±, while in the current epoch !!

2 may be regenerated via recombination in the
form,

!0
1 + N " (N!!

2 ) + e+, (14)

which may occur given the appropriate kinematics (3,4), where N is again a generic nucleus,
and (N!!

2 ) a stable bound state. Process (14) may appear to violate lepton number, and
thus be suppressed. However, this need not be the case if either !1 or !2 carry lepton
number as happens e.g. in models where !1 is a sneutrino, and !2 a chargino, or when !1 is
a neutralino, and !2 a charged slepton. In the widely discussed neutralino-stau scenario, the
coupling to the positron would actually represent a flavour-changing process in the lepton
sector, which may be somewhat suppressed but does not have to be vanishingly small.

Process (14) is an interesting variant of standard radiative recombination of a nucleus
with an electron, in that Coulomb interactions are present in the final rather than the
initial state, and since the positron has to tunnel out of the nucleus the cross-section will be
Gamow-suppressed, particularly when the positron is non-relativistic. To be concrete, we
will consider the situation where !1 is a scalar and !2 a Dirac fermion, with the e!ective
vertex,

L = g!1ē!
!

2 + h.c. (15)

The free decay width "!2
of !2 in the early universe is then su#ciently fast to avoid problems

with BBN provided g2 > 10!17 [14].

We estimate the capture rate by considering the overlap between the scattering and
bound state wavefunctions as in (8), i.e. " # "!1"!2

|$#scat
N |#bs

N %|2 & FG where "!1"!2
is the

free decay width (for $m < 0), and FG is the Gamow factor associated with the interaction
of the radiated positron with the nuclear potential. In the centre-of-mass frame of !1 and
N , the positron energy is Ee+ ' |Eb| + |Ekin| ! $m + me ( 5-15 MeV, while the nuclear
barrier is characteristically of O(Z$/RN) that may reach 20 MeV for large nuclei. In that
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Figure 1: The weak charged-current capture of !0
1 to form the bound state (N!!

2 ).

pearing as an intermediate (virtual) state in scattering. The upper limit in this case is not
strict, but simply gives an estimate for the level beyond which these processes are less rele-
vant; 100 MeV is the characteristic centre-of-mass momentum for interactions of a 100 GeV
halo WIMP with terrestrial nuclei.

3 Pseudo-degenerate WIMP-nucleus scattering

3.1 WIMP-nucleus recombination

One of the more interesting processes that becomes kinematically accessible for the mass
splitting in (4), is the ‘recombination’ of WIMPs with nuclei, and indeed such inelastic
scattering can dominate the cross-section if !1 is otherwise relatively inert, as would be
characteristic of a WIMP. In this section, we explore several classes of interactions.

3.1.1 Weak charged-current recombination

For models of type A, a natural class of capture processes will proceed via weak currents,
the simplest example of which is shown in Fig. 1, !0

1 + n " !!

2 + p. Depending on the
value of !m, the recombination process may occur directly to the ground state of the bound
WIMP-nucleus system, or to an excited intermediate state that will subsequently decay
to the ground state through emission of "’s and/or neutrons depending on the nucleus in
question,

!0
1 + N (Z) " (N (Z+1)!!

2 )" " (N (Z+1)!!

2 ) + (", n, . . .). (6)

This process may receive a resonant enhancement but of course is also subject to the details
of nuclear binding and so may not be energetically allowed for many light nuclei, depending
on the relative binding energies of N (Z) and N (Z+1). For example, the capture (6) is not
possible for such abundant nuclei as 12C, 14N, and 16O, because the (Z +1, A) nuclei are too
massive. In addition to (6), there always exists a #+-type process,

!0
1 + N (Z) " (N (Z)!!

2 ) + e+ + $, (7)

which is clearly non-resonant.

The non-resonant contribution (7) is relatively easy to estimate, and to refine to a full
calculation if needed. For our purposes it su"ces to estimate the non-resonant capture cross

5
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Application to simplest case 
§  Consider                                          caused by   
The rate can be calculated almost exactly, but here is the parametric 
estimate for Δm ~10 MeV “recombining” on 136Xe:  

σv ~ 0.1 g2 (Z α)2 RN/mχ ∼ g2 (TeV/mχ) 10-21 cm3 / sec	

 
Current experimental sensitivity of EXO-200 above 2.6 MeV is better 
than ~ O(20) counts/(104 kg days)  à σv < 10-29 cm3 / sec (mχ/TeV). 
This leads to the conclusion that     g2 < 10-8 (mχ/TeV)2, or translating it 
to the lifetime of a sub-TeV free χ ± particle, one gets 	

τ  > 2 π mχ / Δm2/g2  > 10-8 seconds 

Stable enough to create charged tracks at LHC detectors.  
 
Conclusion: EXO-200 data have sensitivity to DM models that are 
otherwise very difficult for collider/elastic scattering DM detection.  
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thus be suppressed. However, this need not be the case if either !1 or !2 carry lepton
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sector, which may be somewhat suppressed but does not have to be vanishingly small.
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with an electron, in that Coulomb interactions are present in the final rather than the
initial state, and since the positron has to tunnel out of the nucleus the cross-section will be
Gamow-suppressed, particularly when the positron is non-relativistic. To be concrete, we
will consider the situation where !1 is a scalar and !2 a Dirac fermion, with the e!ective
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!

2 + h.c. (15)

The free decay width "!2
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|$#scat
N |#bs

N %|2 & FG where "!1"!2
is the

free decay width (for $m < 0), and FG is the Gamow factor associated with the interaction
of the radiated positron with the nuclear potential. In the centre-of-mass frame of !1 and
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