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FIG. 1. WS2014–16 data passing all selection criteria. Fidu-
cial events within 1 cm of the radial fiducial volume boundary
are indicated as unfilled circles to convey their low WIMP-
signal probability relative to background models (in particu-
lar the 206Pb wall background). Exposure-weighted average
ER and NR bands are indicated in blue and red, respectively
(mean, 10%, and 90% contours indicated). Of the 16 models
used, the scale of model variation is indicated by showing the
extrema boundaries (the upper edge of the highest-S2 model
and the lower edge of the lowest-S2 model) as fainter dashed
lines for both ER and NR. Gray curves indicate a data selec-
tion boundary applied before application of the profile likeli-
hood ratio method. Green curves indicate mean (exposure-
weighted) energy contours in the ER interpretation (top la-
bels) and NR interpretation (lower labels), with extrema mod-
els dashed.

ground populations are simulated: Compton scatter-
ing of � rays (originating in trace radioactivity in de-
tector components), and � decays (originating in the
bulk LXe from trace amounts of 85Kr and 222Rn daugh-
ters). Simulated true recoil positions are converted
to S2 observed coordinates {xS2, yS2, zS2} using electric
field maps specific to each date bin. Distributions in
{S1, log10(S2)} result from the NEST model specific to
the simulated exposure segment. The contributions of
these ER backgrounds are additionally constrained by
the WIMP-search data, selecting a region of the ER
band [log10(S2) >medianER] that avoids overlap with
the NR signal region. There are two NR background
event populations: neutrons (from detector components
and cosmic muons), and coherent elastic nuclear scat-
ters of 8B solar neutrinos. Single-scatter neutron inter-
action rates have been estimated through radioactivity
screening data, simulations, and tests for multiple scat-
ter neutron events. Simulations show that the multiple
scatter event rates are significantly higher than the single
scatter rates, and so the former can be used to establish
upper limits on the latter event rates. These analyses
show that single scatter neutron events can be left out
of the background model due to their negligible event
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FIG. 2. E�ciencies for NR event detection, estimated us-
ing simulation with parameters tuned to calibration data. In
descending order of e�ciency—red: detection of an S2 (and
classification as such by analysis); green: detection of an S1
(�2 PMTs detecting photons); blue: detection of both an
S1 and an S2; black: detection passing analysis selection cri-
teria. Solid curves indicate exposure-weighted means of the
16 calibrated models. The scale of model variation is illus-
trated by including the e�ciencies of the date and z bins with
highest and lowest total e�ciency (black dashed curves). Be-
low 1.1 keV nuclear recoil energy, the lowest energy for which
light yield was measured in [11], e�ciency is conservatively
assumed to be zero.

contribution in the WS2014–16 exposure. The 8B solar
neutrino background is included as a low-rate NR back-
ground contribution in the PLR model.
Events from radon progeny on the PTFE surface can

exhibit suppressed charge yield, due to charge loss to the
PTFE (some radon progeny exhibit further charge sup-
pression due to nuclear recoil type, as in 210Po decay,
emitting 206Pb nuclei). The true recoil positions of these
events are ⌧1 mm from the wall surface, and as a result
inward leakage from the wall surface in the {rS2,�S2, zS2}
observation space is determined by S2 position recon-
struction uncertainty alone. This uncertainty scales as
S2�1/2. A small fraction of these events can leak into the
fiducial volume near the S2 threshold. This population
at high radius and low log10S2 can be seen in Fig. 1. An
empirical model is constructed similar to [9], using two
samples of the WIMP-search data outside the region of
interest. The PDF in {S1, log10(S2),�S2, zS2} is inferred
from a high-radius sample (greater than 1 cm beyond the
fiducial boundary). A high-S1 sample (S1 > 55 phd) of
events below the NR median is used to characterize the
radial distribution of these events as a function of S2.
Isolated S1 pulses appear in the event record, as do iso-

lated S2 pulses. Though these pulses are rare, they may
accidentally occur close enough in time (and in the cor-
rect order) to resemble a single-scatter energy deposition
in the LXe. The {S1, log10(S2)} distribution of these
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cross section �

0

, and C(�
0

) is a normalization constant
such that the integral of f

s

in the search region is nor-
malized to 1. The nuclear recoil ionization e�ciency
E

nr

(E
ee

) was used to convert the WIMP energy spec-
trum, which is a function of the the nuclear recoil energy
E

nr

, to the ionization produced by the nuclear recoil, E
ee

(Sec. IVA). To account for the finite energy resolution of
the detector, we computed the convolution between the
E

ee

spectrum and a Gaussian distribution with variance
�

2

res

as modeled in Sec. VI. As a last step, the spectrum
was multiplied by the detector e�ciency for the signal
✏

det

(E) as computed in Sec. VII (solid lines in Fig. 9).
The PDF for the background f

b

(E) is also normalized to
1, and its shape is given by a flat Compton scattering
energy spectrum multiplied by the background e�ciency
(dashed lines in Fig. 9).

To account for performance di↵erences between the
1⇥1 and 1⇥100 data sets, we defined a joint likelihood
function,

L
joint

(s
tot

,

�!
b ,M |�!E ) =

2Y

k=1

L
k

(↵
k

(M)s
tot

, b

k

,M |�!E ),

where the index k runs over the two di↵erent data sets,
and L

k

is the corresponding likelihood function. Note
that the functional forms of f

s

and f

b

depend on the data
set as the e�ciencies di↵er between data sets (Fig. 9).
The total number of expected signal events s

tot

relates
to the expected number of events on the kth data set
through the multiplicative factor ↵

k

that depends on the
relative size of the exposure and the signal spectrum from
a WIMP of mass M .

To quantify the statistical significance of a discovery
or to compute an upper limit on the WIMP interaction
rate, we performed a hypothesis test based on the profile
likelihood ratio statistic q. This test compares the good-
ness of fit of two models, one of which, L

restricted

, is a
special case of the other, L

free

.
For this discovery test, the q statistic can be written

as

q = �ln

"
max{L

restricted

(
�!
b |�!E , s

tot

= 0)}
max{L

free

(s
tot

,

�!
b ,M |�!E )}

#
,

where the numerator max{L
restricted

} is the maximum
value of the likelihood function obtained from a restricted
fit with constraints b

1⇥1 (1⇥100)

>0 and s

tot

=0, i.e., the
null (background-only) hypothesis. The denominator
corresponds to the global maximum obtained from the
fit to the data with all parameters free. The statistic q

is positive by construction and values closer to zero in-
dicate that the restricted fit has a likelihood similar to
the unconstrained (free) case. On the other hand, large
values reflect that the restricted case is unlikely. To quan-
tify how likely a particular value of q is, the correspond-
ing PDF is required. To compute this distribution, we
used a fully frequentist approach and obtained the PDF
by performing the estimation of q outlined above for a

eeE [keV ]
0 1 2 3 4 5 6 7

ee
Ev

en
ts

 p
er

 1
00

 e
V

0

0.5

1

1.5

2

2.5

3

FIG. 10. Energy spectrum of the final candidates in the 1⇥1
and 1⇥100 data sets. The red line shows the best fit model
with parameters s

tot

= 0, b
1x1

= 31 and b

1x100

= 23.

large number of Monte Carlo samples generated from the
background-only model (s

tot

=0).
We performed the discovery test on the joint data

set assuming the standard halo parameters: galac-
tic escape velocity of 544 km s�1, most probable galac-
tic WIMP velocity of 220 km s�1, mean orbital ve-
locity of Earth with respect to the Galactic cen-
ter of 232 km s�1, and local dark matter density of
0.3GeV c

�2 cm�3. We found the recorded events to be
compatible with the background-only hypothesis with
a p value of 0.8 (Fig. 10). The result corresponds
to a dominant background from Compton scattering
of 15±3 keV�1

ee

kg�1 d�1 (21±4 keV�1

ee

kg�1 d�1) in the
1⇥1 (1⇥100) data set.
We proceeded to set a 90% confidence level upper

limit on the WIMP-nucleon elastic-scattering cross sec-
tion, �̃

��n

. To compute the upper limit, we followed an
analogous approach where, for each value of M , we per-
formed a scan on s to find a s̃ such that the test based
on the corresponding q(s̃),

q(s̃) = �log

"
max{L

restricted

(
�!
b |�!E ,M, s

tot

= s̃)}
max{L

free

(s
tot

,

�!
b |�!E ,M)}

#
,

rejected the hypothesis s
tot

�s̃ with the desired 90% C.L.
Note that for each of the scanned masses, we generated
the corresponding q(s) distribution from Monte Carlo
simulations.
The limit on the WIMP-nucleon cross section �̃

��n

was
computed from s̃, the total exposure of the experiment
E , and the normalization constant C [Eq. (3)] as

�̃

��n

= C

s̃

E .

The 90% exclusion limit obtained from our data is
shown by the red line in Fig. 11. The wide red band
presents the expected sensitivity of our experiment gener-
ated from the distribution of outcomes of 90% C.L. exclu-
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and (b)
solar neutrino–nucleus scattering in germanium. In (a), we use units of events per keVee per year per NA

electrons (where NA is the Avogadro number) to be able to compare rates in di↵erent materials. Thick
black lines correspond to the total event rate, while thin lines break the rate up into contributions from
di↵erent neutrino production processes. We also show the observed electron recoil spectra in XENON-
100 [39] (see text for details) and Borexino [34], from the low-threshold analysis of CDMS data [32], and the
event spectra from CoGeNT [25] and DAMA [40]. Since CoGeNT and DAMA cannot distinguish nuclear
recoils from electron recoils, we interpret their data as electron recoil in the left panel and as nuclear recoils
in the right panels.

of about 2 keVee. Measurements indicate that the light yield might actually be larger at lower
recoil energies (down to 30 keVee) [41], and if this trend continues to even lower recoil energies,
the energy threshold in XENON-100 might be even lower (and the background rate per keVee
somewhat higher) than what is shown in figure 1a. However, in many scintillators the light
yield peaks at Er ⇠ 10 keVee and drops steeply below [41], so that the exact sensitivity of
the XENON-100 detector to low-energy electron recoil events remains somewhat uncertain. In
figure 1, as well as figures 2 and 3, we indicate this uncertainty by a dashed red lines below
Er = 50 keVee. Besides Borexino and XENON-100, also the GEMMA experiment [42] has placed
limits on neutrino–electron scattering at low recoil energies. GEMMA limits are not directly
comparable to to the limits shown in figure 1 because GEMMA used not solar neutrinos, but
reactor anti-neutrinos, and thus the neutrino spectrum was di↵erent. We will comment more on
GEMMA in section 4 when discussing neutrino magnetic moments, and also in section 7.

Neutrino–nucleus interactions:
For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [25] and CDMS [32]. Here we discuss only elastic neutrino–
nucleus scattering because it has been shown in [23] that the new physics contributions to the
cross sections for inelastic processes like neutrino-induced deuteron breakup or nuclear excitations
are about eight orders of magnitude smaller than the elastic scattering cross section in the class
of models we are interested in this paper. The reason is that in our models, deuteron dissociation
can only be mediated by an isoscalar vector current, whereas in the Standard Model, the isovector
axial vector gives by far the dominant contribution. Thus, considering the 4% uncertainty of







bosons in the minimal supersymmetric standard model (MSSM), see e.g. [42, 43]. The electrically-
neutral component of the Higgsino doublets have the same quantum numbers as, and therefore mix
with, other MSSM fermions, such as the singlet bino and SM weak triplet wino. If the wino or
bino masses are much heavier than the Higgsino, as is the case in some “split” supersymmetric
models [44,45], the mass splitting between Higgsino states can be small enough that Higgsinos could
be found in high recoil data already collected at direct detection experiments.

After electroweak symmetry breaking, the Higgsino dark matter sector is composed of two neutral
Majorana fermions (X1, X2) with inter-state mass splitting:
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where M1, M2, and µ are the bino, wino, and Higgsino mass term, respectively and µ ⇠ mX
1

,mX
2

in the parameter space of interest. Additionally, lest the reader think that narrow splittings for
Higgsinos only occur in “split” supersymmetry models, from the form of Eq. (15) it is clear that it
is possible to achieve a (fine-tuned) small splitting even if µ ⇠ M1 ⇠ M2, provided M1 and M2 have
opposite sign. The details of how the narrow splitting between the lightest two neutralinos arises
will not concern the remainder of this discussion.

• Relic Abundance: The relic abundance of neutralinos has been studied extensively. For
simplicity, we will assume a spectrum where all superpartners other than the Higgsinos are
decoupled to the point that the inter-Higgsino splitting shrinks to O(100 keV). In this limit,
the contribution to the energy density fraction of the universe from the Higgsinos is [43]

⌦h2 = 0.10
⇣ µ

1TeV

⌘2
. (16)

The correct abundance therefore requires Higgsinos masses of ⇠ 1.1 TeV, which we will use
throughout this section.

• Cross section: Higgsinos couple to nuclei via the Z boson, and the dark matter-nucleus cross-
section in this case can be parameterized in terms of the Fermi coupling GF and the DM-nucleus
reduced mass µN ,

�H̃
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A� [2� 4s2W]Z
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, (17)

where, matching to Eq. 12, the e↵ective per-nucleon cross-section is �n ⇠ 10�39 cm2, with
a precise value that depends upon the nucleus being scattered upon (i.e. the ratio of “A” to
“Z”). In Fig. 5, the cross-sections for Higgsino scattering o↵ nucleons in tungsten and xenon
nuclei are indicated with a horizontal line. Thus, we see that Higgsinos with inelastic mass
splittings up to 220 (300) keV could be excluded with presently available PICO data (analysis
of LUX-PandaX high recoil data). Finally, a future tungsten-based experiment with much
larger exposure than CRESST has the potential to probe Higgsino DM with mass splittings
up to ⇠ 550 keV.

• Loop-level elastic scattering: At the nucleon level, tree-level Z exchange leads to Higgsino
inelastic scattering with a cross section

�H̃
n ⇠ ⇡m2

n ↵
2
W

8m4
W

⇥ (velocity factor) ⇠ 10�39 cm2 ⇥ (velocity factor), (18)
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Figure 3: Rate for dark matter nucleon scattering assuming a DM-nucleon cross-section �n =
10�40 cm2 and a target made purely of 132Xe. Blue (red) lines indicate d�/dER for mX = 1 TeV
(= 10 TeV) inelastic dark matter, with � = 0, 100, 200, 300, 400 keV mass splittings between dark
matter states, as indicated. The vertical line marks the maximum recoil energy considered by LUX
in [30].

where �n and µn are the dark matter-nucleon scattering cross-section and reduced mass, A and Z are
the nuclear atomic mass and number, and fp(fn) encapsulate the DM-proton (DM-neutron) e↵ective
couplings. All of the energy dependence lies in F 2(ER), the nuclear form factor that characterizes
how coherently dark matter scatters o↵ the nucleus.

Detailed recoil energy dependent form factors have been calculated using nuclear physics models
for several relevant DM scattering elements and isotopes. Whenever possible, we use the results of
the most recent calculations, notably Ref. [39] calculate form factors for xenon. For elements/isotopes
where calculations are not publicly available, such as tungsten and iodine, we will use the Helm form
factor. The form factors (either Helm or from dedicated nuclear calculations) suppress higher-energy
scattering events which probe the sub-structure of the nuclei. As inelastic scattering involves large
recoil energies, form factor suppression will play a much larger role than in elastic scattering. Ad-
ditionally, the (spin-independent) form factors have several ‘zeros’, recoil energies corresponding to
momentum exchanges where the scattering contributions from di↵erent nucleons destructively inter-
fere. The specifics of the form factors we use can be found in appendix A.

We are now ready to examine the recoil rate as a function of inelastic mass splitting. We will
look at two di↵erent DM masses, 1TeV and 10TeV, colliding with two di↵erent nuclear targets,
xenon (A = 132), and tungsten (A = 184). The DM mass and nuclear parameters completely specify
the spin-independent scattering d�/dER in the limit of equal DM-proton and DM-neutron couplings
(fn = fp), up to an overall scaling by �n. For both masses and targets, we take vesc = 533 km/s,
average velocity v0 = 220 km/s and pick spring/autumn so that ve = 232 km/s, and assume a
DM density of 0.3GeV/cm3. The only remaining input is the DM mass splitting �, which sets the
minimum scattering velocity.
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Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated
luminosities, event rates, and nuclear masses for LUX [30, 40], PandaX II [31], PICO-60 [29], and
CRESST II [33]. Presently available recoil energy ranges (ER) used to derive bounds are indicated,
along with extended “inelastic frontier” recoil energy ranges. The dotted horizontal line indicates
the approximate Higgsino-nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands
show how bounds vary within the 90% confidence allowed values of the escape velocity given in [34],
vesc = 533+54

�41 km/s.

e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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• The lifetime is roughly

⌧(X
2

! X
1

+ �) ⇡ 4⇡2 m2

↵↵2

W �3
= (.1 sec)

⇣350 keV

�

⌘
3

⇣ m
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⌘
2

2 Integration over Scatter Sites

The integration variables are {L, ✓,�r}. L, the distance to the upscatter site as measured from the
detector, is integrated from 0 to R+ d. We restrict the angle ✓ so that we remain within the confines of
the earth, which implies it must lie in a range from a value ✓ = 0 (towards Earth’s center) to the edge
of the Earth sphere, where

cos ✓⇤ =
d2 + L2 �R2

2Ld
,

denoted by the green line in Figure 1. The remaining angular integration is over �r 2 {�⇡,⇡}.

Figure 1: Cross section of the Earth to show the geometry in question. We integrate the blue circles
over their radius L, around an azimuthal angle � 2 {�⇡,⇡}, and polar angle ✓ from the green line
(cos ✓ = cos ✓M ) to the red line (cos ✓ = 1).

We will integrate this probability over the volume of the Earth, i.e. integrate over all possible
upscatter sites. If the detector lies at the center of the Earth (d = 0), then the integration measure is

P (d = 0) =
1

VE

Z

Earth
d3r (...)

=
3

4⇡R3

Z ⇡

�⇡
d�r

Z
1

�1

d cos ✓

Z R

0

dLL2 (...). (2)

Things get a little more complicated in the general case of d 6= 0. In that case, the integral over the
Earth is

P (�) =
1

VE

Z

Earth
d3r (...)

=
3

4⇡R3

h Z ⇡

�⇡
d�r

Z
1

cos ✓⇤
d cos ✓

Z R+d

R�d
dLL2 (...)

+

Z ⇡

�⇡
d�r

Z
1

�1

d cos ✓

Z R�d

0

dLL2 (...)
i
. (3)
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2.3 Inelastic Dark Matter Kinematics

Consider now the kinematics of inelastic DM scattering. The two DM states, � and �⇤, have a mass

splitting of � ⌘ m
�

⇤ �m
�

. In an inelastic scattering process, a target of mass m
T

can excite � to �⇤. If

the initial speed of � in the lab frame is vlab
in

, the outgoing speed of �⇤ will be

vlab
out,± =

m
�

vlab
in

m
�

⇤ +m
T

cos↵

"
1±

r
1� cos2 ↵

max

cos2 ↵

#
. (5)

There are two solutions for vlab
out

, which must be summed over in the final rate. Here, ↵ is the angle through

which the outgoing particle is deflected, and the maximum kinematically allowed ↵
max

is defined by

cos2 ↵
max

=

✓
1 +

m
T

m
�

⇤

◆ 
1� m

T

m
�

+
2m

T

�

m2
�

(vlab
in

)2

!
. (6)

At ↵ = ↵
max

, one obtains vlab
out,+ = vlab

out,�.

The angle ↵
max

defines a cone in the forward region of the DM scattering, inside which the detector

must lie in order for �⇤ to reach it. If we further assume that the scattering is isotropic inside this cone

Do we eventually need to move past this approximation? , then the total rate is suppressed by

S =

✓
r
D

↵
max

L

◆2

.

The minimum velocity required for a successful upscatter is

v
m

=

s
2�

m
�

(1� µ/m
T

)2 + µ2/m
T

, (7)

where µ = m
�

m
T

/(m
�

+m
T

). In the integration over incoming velocities, we will integrate from v
m

to

v
esc

.

This paragraph is confusing. Maybe the way Paddy does this calculation is clearer? I keep confusing

myself trying to write this out. For the DM-nucleon cross section, we use

d�

d cos ✓
CM

= �0

s

1� 2 �

µ (vlab
in

)2

✓
m

�

m
�

+m
T

◆2

A4. (8)

Of course, the quantity appearing in the rate is instead the di↵erential cross section

d�

d cos ✓
lab

= J±(v
gal

in

)⇥ d�

d cos ✓
CM

,

so we will need to include the Jacobian factor

J±(v
gal

in

) =
d cos ✓

CM

d cos ✓
lab

= 2 t cos ✓
lab

± 1� t2 + 2 t2 cos2 ✓
labp

1� t2 + t2 cos2 ✓
lab

, (9)

with

t ⌘
s

m
�

m
�

⇤

m
T

2

m
�

⇤ +m
T

m
�

+m
T

 
1� 2 �m

�

m
T

(m
�

+m
T

)vgal
in

!�1/2

There are two solutions for the Jacobian, corresponding to the two possible outgoing angles in the CM

frame, or (equivalently) the two possible outgoing speeds in the lab frame.

To account for nuclear structure, we use the Helm form factor, which is [1]

F (q) =
3

q r
n

J1(q rn) exp

✓
�q2 s2

2

◆
(10)

with s ⇡ .9 fm and r
n

⇡ 1.14A1/3 fm, and where q =
p
2m

T

E
recoil

is the momentum transfer in the

collision.
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Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated
luminosities, event rates, and nuclear masses for LUX [30, 40], PandaX II [31], PICO-60 [29], and
CRESST II [33]. Presently available recoil energy ranges (ER) used to derive bounds are indicated,
along with extended “inelastic frontier” recoil energy ranges. The dotted horizontal line indicates
the approximate Higgsino-nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands
show how bounds vary within the 90% confidence allowed values of the escape velocity given in [34],
vesc = 533+54

�41 km/s.

e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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in allowing for several particles and interactions. Furthermore, like the visible sector which
contains several populations of cosmic relics, we will be open to the possibility that only a
subcomponent of dark matter is self destructing.

The challenge in model building is how to have a state that is very long lived (the bound
on the lifetime of the dark matter is of order 1028 sec [? ] to be on the safe side). And at the
same time, to annihilate very fast (on time scale of a seconds or less) after the interaction
with the detector. Below we discussed three examples of such models.

In the first model some of the dark matter consists of positronium-like bound state in
an excited state which is stable due to a large angular momentum barrier. Interaction with
matter in the earth can change the angular momentum of the bound state rendering is
unstable. I will second example consist of a model with a metastable minimum far away
from the origin. Interaction with the Earth can shake the internal structure and moved the
system to the global minimum where annihilation is very fast. In our last example model
dark matter consists of dark baryons. A baryon number violating interaction with matter
causes a transition from a dark baryon to a dark meson which can now decay in a detector.
We then estimate the signal rate of these models in large neutrino detectors and comment
on the searches that would be required to detect them.

II. HIGH ANGULAR MOMENTUM STABILIZATION

In this model, the dark matter, or rather a sub component of it, is stabilized thanks to a
large angular momentum barrier in a positronium-like bound state.

The dark sector gauge group is a broken U(1)
D

, and we denote the massive dark photon
by V . There is a small kinetic mixing between V and the photon, �, which controls the
interaction strength between the dark and SM sectors. The matter contents of the model
contains a fermion field, �, that is charged under U(1)

D

and a dark force real scalar, �. We
assume that the only mixing with the SM is via the kinetic mixing mentioned above.

Explicitly, the dark sector Lagrangian takes the form

L = �̄i /D��m
�

�̄�+
1

2
@
µ

�@
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�� 1

2
m2

�

�
µ

�µ � 1

4
V µ⌫V
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+
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2
m2
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V
µ

V µ � 

2
V
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F µ⌫ ,

(2.1)
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where

D
µ

� = (@
µ

+ ig
V

V
µ

)�, V
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= @
µ

V
⌫

� @
⌫

V
µ

, F
µ⌫

= @
µ

A
⌫

� @
⌫

A
µ

. (2.3)

Changing � into a scalar or � into a vector (and assuming its kinetic mixing with the photon
to be smaller or of similar size than that of V ) do not a↵ect our following discussions in a
significant way. In the following we use, ↵

V

= g2
V

/(4⇡) and ↵
�

= g2
�

/(4⇡).
We assume the following mass hierarchy

m
�

> m
V

� m
�

, m
V

,m
�

> ↵2

�

m
�

/4. (2.4)
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Changing � into a scalar or � into a vector (and assuming its kinetic mixing with the photon
to be smaller or of similar size than that of V ) do not a↵ect our following discussions in a
significant way. In the following we use, ↵

V
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/(4⇡) and ↵
�

= g2
�
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We assume the following mass hierarchy
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Thus � is a source of an attractive potential which allows � and �̄ to form positronium-like
bound states. Because we assumed � to be light, such a potential has many bound states.
(The number of bound state is roughly ↵

�

m
�

/(2m
�

).) We denote a general bound state as
 

n,`

with n being the principle quantum number, and ` the orbital angular momentum. We
do not consider the e↵ect on the spin as it does not a↵ect our main conclusions, but it can
be added in a straightforward way.

A. Bound states life-times

We now consider the lifetimes of such states and show that the state with ` & 10 have life-
times that is much longer the the bound on the DM lifetime, while S-wave states annihilate
very fast and if produce in a detector they decay inside it to SM particles.

In the vacuum, bound states could be destroyed either by direct ��̄ annihilation or by
de-excitation to a lower state. The amplitude for annihilation into dark photons for the  

n,`

state is proportional to the `’s derivative of the wave function at the origin, and roughly
speaking every derivative results in an extra power of ↵ in the amplitude. This decay rate
can be estimated by [4],

�
n,`!V

0
s

⇠
⇣↵

V

n

⌘
2`+3

↵NV
V

m
�

, (2.5)

RH: explain N
V

where C = (�1)`. The annihilation into �� or into �V have a similar
power counting. With m

�

⇠ m
V

⇠ 1GeV,  ⇠ 10�2, and ↵
�

⇠ 10�2 we find that the inverse
width of annihilation of the  

n=10,`=9

state is about 1055 seconds. YG: someone please
check the number, and remove this remarks after you do.

We next consider de-excitation. Since we considerm
V

,m
�

> ↵2

�

m
�

/4, the de-excitation of
 

n,`

to lower states cannot happen via on-shell �. The de-excitation rate of  
n,`

!  
n�1,`�1

by radiating light SM particles via o↵-shell V can be estimated by

�
n,`!n�1,`�1

⇠ 2↵4↵29

V

n43

m13

�

m4

V

m8

e

, (2.6)

YG: We need more details of how we got this estimate. where we have taken into
account that for all of the parameter space of interest to this study, the binding energy
release for de-excitation is well below the electron mass. As a result the virtual V ⇤ could
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FIG. 1:

models, however, keep direct detection phenomenology within the purview of low threshold
detectors. The reason for this is that the available energy in the problem is at most the
kinetic energy in the dark matter-nucleus system, ⇠ µv2, where v is the typical DM velocity,
of order 10�3 and µ is the reduced mass1.

In this paper we consider a drastic departure from this picture and discuss the possibility
that dark matter is capable of leaving not just kinetic energy in the detector, but rather
all of its mass m

�

. This leads to DM signals in the MeV-GeV energy ranges and allows
to extend the search for dark matter to detectors with threshold that is much higher than
those of traditional DM detectives. In particular, large existing neutrino experiments such
as Borexino and superK, as well as future experiments such as DUNE, can probe such
non-minimal DM models.

In order to realize this possibility we cannot simply allow dark matter to down-scatter to
a nearly massless state because dark matter will simply decay to this lower state. Instead, we
must consider a non-minimal setup in which an interaction of dark matter with a nucleus in
the detector or in the earth, triggers a transition from a state that is stable on cosmological
timescales to one which is very short lived. A sketch of this is depicted in Figure 1. The
decay, or self-annihilation, of the short lived state can then be detected. We emphasis that
this is crucial for our idea to work. That is, it is important that a meta-stable state exist and
it is the interaction with the Earth that Initiate a transition to the state where annihilation
occurs. We close such a dark matter a self-destructing dark matter.

Such a scenario is possible thanks to the high density of matter in the earth, one which is
unprecedented from the perspective of an incoming DM particle. The expected number of
interactions with cross section � o↵ of a population of target with number density n which
a DM particle takes part in is roughly

hNi ⇠ nh�vi�t , (1.1)

where v is the typical relative velocity and �t is the amount of time spent in this environ-
ment. A DM particle with � ⇠ 10�3 crosses the earth in about 0.04 seconds YZ: check
this number, but before that it spent about 1016 more time in the low density environment
of the galaxy. On the other hand, the number density of atoms in the earth is ⇠ 1023 denser

1 Exothermic DM [2], where DM down-scatters in the detector, is an exception to this, but the mass

splittings considered thus far have been small, of order the kinetic energy.
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FIG. 2: Contours that give 100 DM self-destruction events per year in the ✏�m
�

parameter space
of the angular momentum model. The other parameters are chosen to be m

V

= 2m
�

/3, ↵
V

= 0.01,
↵
�

= 0.001. The colorful thick curves correspond to Super-Kamiokande (red), and DUNE (dark
green). Contours for SNO+ (light green), Borexino (orange) are shown as arrows in order to reduce
the number of curves with the understanding that they run parallel to that of Super-K. The solid,
dashed and dotted curves assume the initial DM bound state is  

10,9

and comprises 10�9, 10�5

and 10�2 of the total DM relic density, respectively. The gray curves correspond to constant decay
length contours of the dark photon V (see Section V for their e↵ect on the signal characteristics).
The light red and blue shaded regions show the existing experimental constraints from searching
for visibly-decaying dark photons and DM direct detection (assuming � to be the dominant DM),
respectively.

the event rates in several detectors as a function of the model parameters. In Fig. 2, we
show the parameters that lead to 100 events per year in the ✏ � m

�

plane. For a weakly-
coupled bound state as the SDDM, its mass is related to that of �, m

 

' 2m
�

. The
colorful thick curves correspond to the observation of this rate of  0 decay events in various
neutrino experiments: Super-Kamiokande, SNO+, Borexino and DUNE. In order to reduce
the clutter in the plot, we have denoted the limits on the smaller two experiments with
arrows, with the understanding that their rate contours run parallel to those of Super-K.
The 100-event-per-year contour for ✏ is given by:
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year
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��̄
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scatter

⇥ Br (V ! l+l�)
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where nV is the e↵ective number of targets, defined by the terms in parentheses in Eqs. (2.18)
and (2.19) for L

V

< L
det

and L
V

> L
det

respectively. Our result is a rough estimate as we
have omitted the O(1) geometry-dependent factor for L

V

> L
det

and we neglected the
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FIG. 5: A schematic illustration of the expected signals for various decay lengths of the mediator V .
In the case of  0 ! 2V decay, each black arrow represents a pair of SM particles with a total energy
of m

 

0/2, an invariant mass of m
V

, and a total momentum pointing in the arrow direction. A
double arrow represents two such pairs back-to-back.

expect a double or triple lepton pair-production. In the case of  0 ! 2V decay, each pair
has energy which is half of the dark bound state mass and an invariant mass of m
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Opening Angle: As the mediators in all of our scenarios are produced boosted, their
decay products can’t be back-to-back. When the decay products are relativistic, the typical
opening angle between the, say, `+ and `� in each pair roughly satisfies
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in the case of  0 ! 2V decay. As long as m
V

is not too small, detectors with good angular
resolution will be able to distinguish the pair from a single energetic particle. On the other
hand, as long as the mediator is not too close to half the bound state mass, the pairs
will not be back-to-back and the detector will be able to reconstruct the direction of the
mediator velocity.

Event Directionality: When the decay length of the mediator is much larger than the
detector, each event will only consist of a single pair. This region of parameter space can
be further categorized based on the directional distribution of the mediator velocity. If the
decay length is shorter than the depth of the underground laboratory, the events will be
isotropic. If on the other hand, the decay length is larger than the laboratory depth, the
reconstructed velocities would be primarily coming from below. These two possibilities are
also shown schematically in Figure 5.

Associated Signals: The transition from the long-lived to the short-lived state could
also lead to a visible signal. In this case, if L

V

is smaller than the detector size, both the
transition and the decay of the mediator(s) can be visible. For example, in the model
described in section IV, the transition from the long-lived to the short-lived state was
associated with the removal of a neutron from a target nucleus which would lead to an
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FIG. 2: Contours that give 100 DM self-destruction events per year in the ✏�m
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parameter space
of the angular momentum model. The other parameters are chosen to be m

V
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�

/3, ↵
V

= 0.01,
↵
�

= 0.001. The colorful thick curves correspond to Super-Kamiokande (red), and DUNE (dark
green). Contours for SNO+ (light green), Borexino (orange) are shown as arrows in order to reduce
the number of curves with the understanding that they run parallel to that of Super-K. The solid,
dashed and dotted curves assume the initial DM bound state is  

10,9

and comprises 10�9, 10�5

and 10�2 of the total DM relic density, respectively. The gray curves correspond to constant decay
length contours of the dark photon V (see Section V for their e↵ect on the signal characteristics).
The light red and blue shaded regions show the existing experimental constraints from searching
for visibly-decaying dark photons and DM direct detection (assuming � to be the dominant DM),
respectively.

the event rates in several detectors as a function of the model parameters. In Fig. 2, we
show the parameters that lead to 100 events per year in the ✏ � m
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plane. For a weakly-
coupled bound state as the SDDM, its mass is related to that of �, m

 

' 2m
�

. The
colorful thick curves correspond to the observation of this rate of  0 decay events in various
neutrino experiments: Super-Kamiokande, SNO+, Borexino and DUNE. In order to reduce
the clutter in the plot, we have denoted the limits on the smaller two experiments with
arrows, with the understanding that their rate contours run parallel to those of Super-K.
The 100-event-per-year contour for ✏ is given by:
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where nV is the e↵ective number of targets, defined by the terms in parentheses in Eqs. (2.18)
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respectively. Our result is a rough estimate as we
have omitted the O(1) geometry-dependent factor for L
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and we neglected the
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photon [7]. Interestingly, the signals can reveal a large portion of the parameter space that
are not yet accessible otherwise with the existing dark photon searches. This gives a strong
motivation for exploring the neutrino experimental data and looking for the existence of DM
bound states in nature.

C. Bound state production in the early universe

To have a self-contained picture, we would like to discuss the production mechanism of
the ��̄ bound states in the early universe. Starting from high enough temperature, the
dark sector particles �, �̄, �, V are in thermal equilibrium with each other. For simplicity,
we assume they have the same temperature as the SM sector. We also assume there is no
primordial asymmetry between � and �̄ numbers. As the universe cools, the �, �̄ particles
will freeze out by annihilating into V ’s and �’s. After thermal freeze out, the number density
of �, �̄ at temperature T ⌧ m

�

/30 can be estimated as (assuming ↵
V

= ↵
�

as before)

n
�

= n
�̄

' 3⇥ 10�14T 3

⇣ ↵
V

0.01

⌘
�2

⇣ m
�

1GeV

⌘
. (2.13)

It is worth point out that for m
�

. 300GeV(↵
V

/0.01), the relic �, �̄ are not enough to make
up the observed dark matter relic abundance, which is the case for most of the self-destructive
dark matter parameter space in this model that can o↵er a competitive constraint. The
dominant dark matter in the universe may be from other dark sectors and has little to
do with the physics discussed here, thus we will not resort to a specific model for such a
candidate.

For T > ↵
�

m
�

⇠ (Bohr radius)�1, the bound states could be formed via the � + �̄ !
 

n,`

+� process, but they could also be easily destroyed through the inverse process because
the universe contains a plasma of �. For m

�

⌧ T , the � number density is not Boltzmann
suppressed. When the dissociation rate is much higher than the universe expansion rate,
the number density of bound states is roughly given by

n
 

n
�

=
n
�

neq

 

(neq

�

)2
⇠ n

�

(m
�

T )3/2
. (2.14)

where neq

i

is the thermal equilibrium number density of a particle i. We neglect the binding
energy and estimate the bound state mass to be 2m

�

. For m
�

= 1GeV, ↵
�

= ↵
V

= 0.01,
the above ratio is at most 10�17 near T ⇠ ↵

�

m
�

, which is a very tiny number.
For T < ↵

�

m
�

, and in the case that � is a vector boson, the probability for bound state
formation can be drastically higher than the above estimate. In this case, the � and �̄
particles in a bound state begin to react coherently when interacting with � whose wave-
length, of order T�1, is not short enough dissolve the structure inside bound states. In other
words, the screening e↵ect becomes important and the dissociation will be suppressed.3 In
the absence of dissociation, the fraction of � particles ending up in bound states is given by
the bound state formation rate times a Hubble time

n
 

n
�

=
n
�

h�
��̄! �

vi
H

. (2.15)

3 This is only the case when � and �̄ in the bound state have equal mass. Otherwise, one has to wait for

the temperature to further cool below the binding energy, which is of order ↵2
�m�.

8

where h�
��̄! �

vi is the bound state formation cross section evaluated at temperature T .
Using the cross section derived in [4] and for m

�

= 1GeV, ↵
�

= ↵
V

= 0.01, we find that at
temperature T ⇠ ↵

�

m
�

/10,
n
 n=10,`=9

n
�

⇠ 10�2 . (2.16)

YG: Did we calculate the liftime of the final state?

III. TUNNELING STABILIZATION

Here the idea is that the bound state is very long lived because it is in a stable or meta-
stable state that require tunneling to annihilate. The true ground state and/or excited
states, however, do not have a barrier and thus have exponentially shorter lifetime. The
idea is that there is some dynamics that generate a potential of the form of the one seen in
Fig 3. Some of the times the bound state is form close to the metastable minimum. Such
states are very long lived. After the impact with the detector there is a large probability to
go over the barrier ending up in a very short lived state.

More concretely, consider a potential of the form given in Figure 3. This is an idealized
example that has the right ingredients for tunneling stabilization: there is a deep well far
away from the origin, such that the ground state is centered far away and has negligible
support at the origin. Additionally, there is an excited bound state which goes all the way
to the origin, and so is unstable. The radial Scrödinger equation is

1

m
X

r2
d

dr


r2
dR

nl

(r)

dr

�
+


l(l + 1)

m
X

r2
+ V (r)

�
R

nl

(r) = ER
nl

(r) , (3.1)

with

V (r) =

8
><

>:

�V
0

r < r
1

�V
1

r
1

< r < r
2

0 r
2

< r

. (3.2)

In the equation above, m
X

is the mass of X and X̄.
Defining the reduced radial function

�
nl

(x) = r
�

1
2

0

r R
nl

(r) (3.3)

for x = r/r
0

and r
0

=
q

1

V0mX
, we get the nondimensional equation:

�00
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(x) +


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�
�
nl
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(x) , (3.4)
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low-metallicity ones [19]. A precise CNO solar neutrino
flux measurement has therefore the potential to discrimi-
nate between these competing models and to shed light on
the inner workings of heavy stars.
This paper provides a detailed description of the analysis

methods used to obtain the aforementioned measurements
of 7Be, pep, and CNO (upper limit) solar neutrino inter-
action rates in Borexino. After a brief description of
the detector, we discuss the expected neutrino signal, the
backgrounds, the variables used in the analysis, and the
procedures adopted to extract the signal. We then report on
a measurement of the annual modulation of the 7Be solar
neutrino rate. Finally, we discuss the physics implications
of the Borexino solar neutrino results and we report a global
analysis of the Borexino data combined with that of other
solar neutrino experiments and of reactor experiments
sensitive to Δm2

12 and θ12.
This paper reports the final results of the Borexino

Phase-I. Phase-II, with an even better radio purity already
obtained after an extensive purification campaign of the
scintillator, already started data taking in 2012 and will
continue for several years. The goals of Phase-II will be
reported in a separate paper.

II. THE BOREXINO DETECTOR

Borexino is installed in Hall C of the Laboratori
Nazionali del Gran Sasso (LNGS) in Italy. Its design
[20] is based on the principle of graded shielding, with
the inner scintillating core at the center of a set of
concentric shells of decreasing radio purity from inside
to outside (see Fig. 2). The active medium is a solution of
PPO (2,5-diphenyloxazole, a fluorescent dye) in pseudo-
cumene (PC, 1,2,4-trimethylbenzene) at a concentration of
1.5 g=l [21]. The scintillator mass (∼278 ton) is contained
in a 125 μm thick spherical nylon inner vessel (IV) [22]
with 4.25 m radius surrounded by 2212 photomultipliers
(PMTs) labeled as internal PMTs in Fig. 2. All but 371
PMTs are equipped with aluminum light concentrators
designed to increase the light collection efficiency.
Within the IVa fiducial volume (FV) is software defined

through the measured event position, obtained from the
PMTs timing data via a time-of-flight algorithm (see
Sec. X). A second 5.5 m radius nylon outer vessel (OV)
surrounds the IV, acting as a barrier against radon and other
background contamination originating from outside. The
region between the IVand the OV contains a passive shield
composed of PC and a small quantity of DMP (dime-
thylphthalate), a material that quenches the residual scin-
tillation of PC so that scintillation signals arise dominantly
from the interior of the IV [21]. The concentration of DMP
in PC was 5.0 g=l at the beginning of data taking and was
later reduced to 3.0 g=l (and then to 2.0 g=l) to mitigate the
effects of a small leak in the IV (discussed in Sec. II A).
A 6.85 m radius stainless steel sphere (SSS) encloses the

central part of the detector and serves also as a support
structure for the 2212 8 in. (ETL 9351) PMTs.
The region between the OVand the SSS is filled with the

same inert buffer fluid (PC plus DMP) which is layered
between the IVand the OV. The apparatus consisting of the
PC and its solvents, the nylon vessels, and the internal
PMTs is called inner detector (ID).
The ID is contained in a tank (9 m base radius, 16.9 m

height) filled by ultrapure water. The total liquid passive
shielding of the central volume from external radiation
(such as that originating from the rock) is thus 5.5 m of
water equivalent. The water tank (WT) serves also as an
active veto [outer detector (OD)] allowing the detection of
the Cherenkov light induced by muons in water. For this
purpose 208 PMTs are installed on the external side of the
SSS and on the WT walls. The walls of the water tank are
covered by a reflective material to enhance the light
collection. Details of the OD are described in [23].
All the materials of the detector internal components

(stainless steel, phototubes, cables, light concentrators,
nylon) were specially selected for extremely low radio-
activity. Furthermore, only qualified ultraclean processes
were employed for their realization, followed by careful
surface cleaning methods.
The final assembly of the elements in the SSS was

carried out in clean room conditions: the entire interior of
the sphere was converted into a class 1000 clean room,
while in front of the main entrance of the sphere itself an on
purpose clean room of class 100–1000 was used for all the
final cleaning procedures of the equipment. Key elements
determining the success of the experiment were also the
many liquid purification and handling systems [24], which
were designed and installed to ensure the proper fluid
manipulation at the exceptional purity level demanded by
Borexino.
The PC was specially produced for Borexino by Polimeri

Europa (Sarroch-IT), according to a stringent quality
control plan jointly developed. It was shipped to LNGS
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FIG. 2 (color online). The schematic view of the Borexino
detector.
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j of the PS-BDThistogram, kj is the actual number of entries
in that bin, andm is the total number of bins of the PS-BDT
histogram.
LRadð~θÞ is defined in a way similar to LBDTð~θÞ. The

radial dependence is assumed uniform for all the species
except the external background. The PDFs of the radial
distribution of the external background and its energy
dependence has been obtained with the Monte Carlo
simulation, as described in Sec. XI.
We have performed Monte Carlo tests with datalike

samples to show that the statistical interpretation of like-
lihood-ratio tests holds for our computed total likelihood.

XXII. THE 7Be-NEUTRINO INTERACTION RATE

The first measurement of the 7Be-ν interaction rate was
published by Borexino after only a few months of data
taking [5] and an update was reported in [6]. The accuracy
of those measurements was significantly improved in 2011
[7] using the results of the calibration campaign (see
Sec. VIII), a better understanding of the detector response,
and increased statistics. The data were collected in the
period from May 16, 2007 to May 8, 2010 and they
correspond to 740.7 live days after cuts and to 153.6 ton ×
year fiducial exposure. The resulting interaction rate of the
862 keV 7Be line [7] is

Rð7BeÞ ¼ 46.0$ 1.5ðstatÞþ1.5
−1.6ðsysÞ cpd=100 ton ð77Þ

and its corresponding νe-equivalent flux is ð2.79$
0.13Þ × 109 cm−2 s−1. The νe-equivalent flux is calculated
by assuming that the total observed interaction rate is
due to electron flavor neutrinos only. Considering the
3-flavor neutrino oscillations, the equivalent flux is
ð4.43 $ 0.22Þ × 109 cm−2 s−1, which can be compared
with the expected SSM flux of Table II.
The 7Be-ν interaction rate has been obtained fitting only

the energy spectra (Sec. XX). The lower bound of the fit
region was chosen to avoid pileup between two 14C β
decays (Qβ ¼ 156 keV) and it corresponds to 270 keV. The
higher bound of the fit region is 1250 keV in the analytical
fit approach, in which the contribution of the external
background (208Tl, 214Bi) is not included. The Monte Carlo
fit includes the simulated spectrum of the external back-
ground allowing one to extend the fit region up to
1600 keV.
The weights for the 7Be neutrino signal and the main

radioactive background components (85Kr, 210Po, 210Bi,
and 11C) were left as free parameters in the fit, while the
contributions of the pp, pep, CNO, and 8B solar neutrinos
were fixed to the GS98-SSM predicted rates assuming
MSW-LMA neutrino oscillations (see Table II).
The 384 and 862 keV branches of the 7Be solar neutrinos

(see Fig. 1) are combined into a single spectrum. The
production ratio between the two branches is 10.52∶89.48.
Accounting for the energy-dependent survival probability

and interaction cross sections, the ratio between the
interaction rates is 3.9∶96.1. Similarly, we have combined
the 13N, 15O, and 17F recoil spectra into a single spectrum,
referred to as the CNO solar neutrino spectrum. The rates of
222Rn, 218Po, and 214Pb surviving the cuts were fixed using
the measured rate of 214Bi-214Po delayed coincidence
events.
Due to the slight eccentricity ε ¼ 0.01671 of the Earth’s

orbit around the Sun, the flux ΦE of solar neutrinos
reaching the Earth is time dependent:

ΦEðtÞ ¼
RSun

4πr2ðtÞ
≃ RSun

4πr20

!
1þ 2ε × cos

!
2πt
T

""
; ð78Þ

whereRSun is the neutrino production rate at the Sun, t is the
time in days from January 1, T is one year, rðtÞ is the time-
dependent Earth-to-Sun distance, and r0 is its mean value.
We are interested in the neutrino flux averaged over oneyear,
while the data acquisition periods are unevenly distributed
over a few years time interval. We have calculated the
expected flux for each period used in the data analysis using
Eq. (78). Thus,we have obtained the correction to be applied
to convert the measured flux into the yearly averaged flux.
The result is a multiplicative factor of 1.0003, a negligible
correction within the accuracy of the present data set.
All events accepted in the final energy spectra used in

the fit have to pass the selection criteria discussed in
Sec. XIII A. As described in Sec. XIII, the fit procedure
has been implemented both with and without statistical
subtraction of the 210Po-α peak (Sec. XIV). When statistical
subtraction is not applied, the additional Gαβ-based
energy-dependent cut described in Sec. XIII C is used.
Figures 52, 53, and 54 show some examples of fit results
obtained using various procedures. Figure 52 refers to the
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FIG. 52 (color online). Example of fit of the energy spectrum
obtained using the Monte Carlo method without α-β statistical
subtraction. The fit was done using theNh energy estimator. After
the fit, the horizontal axis was converted into an energy scale in
keV. The values of the best-fit parameters, the rates of individual
species, are given in cpd=100 ton.
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and (b)
solar neutrino–nucleus scattering in germanium. In (a), we use units of events per keVee per year per NA

electrons (where NA is the Avogadro number) to be able to compare rates in di↵erent materials. Thick
black lines correspond to the total event rate, while thin lines break the rate up into contributions from
di↵erent neutrino production processes. We also show the observed electron recoil spectra in XENON-
100 [39] (see text for details) and Borexino [34], from the low-threshold analysis of CDMS data [32], and the
event spectra from CoGeNT [25] and DAMA [40]. Since CoGeNT and DAMA cannot distinguish nuclear
recoils from electron recoils, we interpret their data as electron recoil in the left panel and as nuclear recoils
in the right panels.

of about 2 keVee. Measurements indicate that the light yield might actually be larger at lower
recoil energies (down to 30 keVee) [41], and if this trend continues to even lower recoil energies,
the energy threshold in XENON-100 might be even lower (and the background rate per keVee
somewhat higher) than what is shown in figure 1a. However, in many scintillators the light
yield peaks at Er ⇠ 10 keVee and drops steeply below [41], so that the exact sensitivity of
the XENON-100 detector to low-energy electron recoil events remains somewhat uncertain. In
figure 1, as well as figures 2 and 3, we indicate this uncertainty by a dashed red lines below
Er = 50 keVee. Besides Borexino and XENON-100, also the GEMMA experiment [42] has placed
limits on neutrino–electron scattering at low recoil energies. GEMMA limits are not directly
comparable to to the limits shown in figure 1 because GEMMA used not solar neutrinos, but
reactor anti-neutrinos, and thus the neutrino spectrum was di↵erent. We will comment more on
GEMMA in section 4 when discussing neutrino magnetic moments, and also in section 7.

Neutrino–nucleus interactions:
For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [25] and CDMS [32]. Here we discuss only elastic neutrino–
nucleus scattering because it has been shown in [23] that the new physics contributions to the
cross sections for inelastic processes like neutrino-induced deuteron breakup or nuclear excitations
are about eight orders of magnitude smaller than the elastic scattering cross section in the class
of models we are interested in this paper. The reason is that in our models, deuteron dissociation
can only be mediated by an isoscalar vector current, whereas in the Standard Model, the isovector
axial vector gives by far the dominant contribution. Thus, considering the 4% uncertainty of



Monte Carlo data. The Monte Carlo data has been
generated with the input parameters optimized to reproduce
the source calibration data located in the detector center. As
an example, Fig. 48 demonstrates the z dependency of
the Nh estimator both for the data (black circles) and for the
Monte Carlo simulation (red stars). Figure 49 shows the
percentage difference between the Nh peak position of

the Monte Carlo and the data normalized to the data peak.
The source locations within the FVs used for the pep and
7Be neutrino analysis and locations outside both these FVs
are shown in different colors. As demonstrated in Fig. 49,
the Monte Carlo underestimates the energy for events close
to the 7Be-FV border by 2% at maximum. For this reason,
the events uniformly distributed in this FV are generated
with the light yield Yph

0 multiplied by a correction factor of
about 1.01. The exact value of this correction factor is
optimized based on the spectrum of 11C events uniformly
distributed in this FVand selected as described in Sec. XV.
This correction factor is not included in Fig. 49.
Figure 50 shows the relation between the energy estima-

tors Np, Nh, and Npe and the energy for β particles with
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FIG. 48 (color online). The Nh peak position vs z coordinate of
the 214Po α peak from the radon calibration source, shown for the
data (black circles) and the Monte Carlo simulation (red stars).
The various points at fixed z position correspond to different x
and y coordinates. The reduction of the collected light for
negative z is due to the concentration of broken PMTs close
to the detector’s “South pole.”
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FIG. 47 (color online). Energy spectra (Np, Nh, and Nd
pe

variables) of the calibration sources placed in the detector’s
center: measured data (black lines) versus the Monte Carlo
simulation (areas dashed with red lines). The peaks represent
(from the left to the right) the total γ decay energy of 57Co, 139Ce,
203Hg, 85Sr, 54Mn, 65Zn, 40K, and 60Co.
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FIG. 49 (color online). The relative difference NhðMCÞ−NhðdataÞ
NhðdataÞ as

a function of the radial position R of the 214Po α peak from the
radon calibration source. Blue triangles: 7Be-ν FV; green circles:
pep-ν FV; red stars: outside both FVs.
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j of the PS-BDThistogram, kj is the actual number of entries
in that bin, andm is the total number of bins of the PS-BDT
histogram.
LRadð~θÞ is defined in a way similar to LBDTð~θÞ. The

radial dependence is assumed uniform for all the species
except the external background. The PDFs of the radial
distribution of the external background and its energy
dependence has been obtained with the Monte Carlo
simulation, as described in Sec. XI.
We have performed Monte Carlo tests with datalike

samples to show that the statistical interpretation of like-
lihood-ratio tests holds for our computed total likelihood.

XXII. THE 7Be-NEUTRINO INTERACTION RATE

The first measurement of the 7Be-ν interaction rate was
published by Borexino after only a few months of data
taking [5] and an update was reported in [6]. The accuracy
of those measurements was significantly improved in 2011
[7] using the results of the calibration campaign (see
Sec. VIII), a better understanding of the detector response,
and increased statistics. The data were collected in the
period from May 16, 2007 to May 8, 2010 and they
correspond to 740.7 live days after cuts and to 153.6 ton ×
year fiducial exposure. The resulting interaction rate of the
862 keV 7Be line [7] is

Rð7BeÞ ¼ 46.0$ 1.5ðstatÞþ1.5
−1.6ðsysÞ cpd=100 ton ð77Þ

and its corresponding νe-equivalent flux is ð2.79$
0.13Þ × 109 cm−2 s−1. The νe-equivalent flux is calculated
by assuming that the total observed interaction rate is
due to electron flavor neutrinos only. Considering the
3-flavor neutrino oscillations, the equivalent flux is
ð4.43 $ 0.22Þ × 109 cm−2 s−1, which can be compared
with the expected SSM flux of Table II.
The 7Be-ν interaction rate has been obtained fitting only

the energy spectra (Sec. XX). The lower bound of the fit
region was chosen to avoid pileup between two 14C β
decays (Qβ ¼ 156 keV) and it corresponds to 270 keV. The
higher bound of the fit region is 1250 keV in the analytical
fit approach, in which the contribution of the external
background (208Tl, 214Bi) is not included. The Monte Carlo
fit includes the simulated spectrum of the external back-
ground allowing one to extend the fit region up to
1600 keV.
The weights for the 7Be neutrino signal and the main

radioactive background components (85Kr, 210Po, 210Bi,
and 11C) were left as free parameters in the fit, while the
contributions of the pp, pep, CNO, and 8B solar neutrinos
were fixed to the GS98-SSM predicted rates assuming
MSW-LMA neutrino oscillations (see Table II).
The 384 and 862 keV branches of the 7Be solar neutrinos

(see Fig. 1) are combined into a single spectrum. The
production ratio between the two branches is 10.52∶89.48.
Accounting for the energy-dependent survival probability

and interaction cross sections, the ratio between the
interaction rates is 3.9∶96.1. Similarly, we have combined
the 13N, 15O, and 17F recoil spectra into a single spectrum,
referred to as the CNO solar neutrino spectrum. The rates of
222Rn, 218Po, and 214Pb surviving the cuts were fixed using
the measured rate of 214Bi-214Po delayed coincidence
events.
Due to the slight eccentricity ε ¼ 0.01671 of the Earth’s

orbit around the Sun, the flux ΦE of solar neutrinos
reaching the Earth is time dependent:

ΦEðtÞ ¼
RSun

4πr2ðtÞ
≃ RSun

4πr20

!
1þ 2ε × cos

!
2πt
T

""
; ð78Þ

whereRSun is the neutrino production rate at the Sun, t is the
time in days from January 1, T is one year, rðtÞ is the time-
dependent Earth-to-Sun distance, and r0 is its mean value.
We are interested in the neutrino flux averaged over oneyear,
while the data acquisition periods are unevenly distributed
over a few years time interval. We have calculated the
expected flux for each period used in the data analysis using
Eq. (78). Thus,we have obtained the correction to be applied
to convert the measured flux into the yearly averaged flux.
The result is a multiplicative factor of 1.0003, a negligible
correction within the accuracy of the present data set.
All events accepted in the final energy spectra used in

the fit have to pass the selection criteria discussed in
Sec. XIII A. As described in Sec. XIII, the fit procedure
has been implemented both with and without statistical
subtraction of the 210Po-α peak (Sec. XIV). When statistical
subtraction is not applied, the additional Gαβ-based
energy-dependent cut described in Sec. XIII C is used.
Figures 52, 53, and 54 show some examples of fit results
obtained using various procedures. Figure 52 refers to the
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FIG. 52 (color online). Example of fit of the energy spectrum
obtained using the Monte Carlo method without α-β statistical
subtraction. The fit was done using theNh energy estimator. After
the fit, the horizontal axis was converted into an energy scale in
keV. The values of the best-fit parameters, the rates of individual
species, are given in cpd=100 ton.
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Monte Carlo fit without α-β statistical subtraction. The fit is
performed by minimizing the χ2 between the measured and
Monte Carlo generated spectra using the Nh energy
estimator. Finally, after the fit procedure, the plot is
transformed in the energy scale in keV. Similarly,
Fig. 53 shows an example of analytical fit using the energy
estimator Nd

pe with α-β statistical subtraction. The plot in
Fig. 54 demonstrates the fit using the Np variable based on
the analytical approach without α-β statistical subtraction
while Fig. 55 shows its corresponding residuals.
The shape of the 85Kr energy spectrum and the one due

to the electron recoil following a 7Be-ν interaction are very
similar, as can be seen by comparing the blue and red

curves in Figs. 52, 53, and 54. These two fit components
are correlated and their relative weight is influenced by
details of the energy scale. The amount of 85Kr returned by
the fit is also sensitive to the count rate in the low-energy
portion of the spectrum at the beginning of the fit region.
These effects translate in a dependence of the resulting 85Kr
rate on the fit procedure (analytical or Monte Carlo) and,
particularly, on the use or not of the α-β statistical
subtraction. The statistical subtraction procedure is gen-
erally the one giving the lowest krypton count rate. The
similarity of the spectrum of 7Be-ν and 85Kr produces a
systematic uncertainty in the determination of the 7Be-ν
interaction rate. However, the absolute value of the uncer-
tainty associated with the 7Be-ν interaction rate is smaller
than the one associated with the 85Kr: the reason is that the
determination of the 7Be-ν interaction rate is also con-
strained by the energy region between 550 and 750 keV
where the weight of 85Kr is significantly reduced. The
accuracy of the 85Kr direct measurement obtained with the
rare delayed coincidence branch (see Sec. XI C 2) is not
sufficient to constrain the weight of the krypton in the fit.
The different fit approaches produce slightly different
values for the 85Kr rate; all these values are self-consistent
and consistent with the direct measurement. The results
displayed in the Figs. 52, 53, and 54 clearly show this
effect. Table XIX summarizes the results about the back-
ground rates obtained by the fit of the energy spectra.
The CNO-ν and 210Bi spectra are very similar. This

trend is weakly influencing the 7Be-ν interaction rate
measurement.
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FIG. 53 (color online). Example of fit of the energy spectrum
obtained using the analytical method with α-β statistical sub-
traction. The fit was done using the Nd

pe energy estimator. After
the fit, the horizontal axis was converted into an energy scale in
keV. The values of the best-fit parameters, the rates of individual
species, are given in cpd=100 ton.

Energy [keV]
200 400 600 800 1000 1200 1400 1600R

at
e 

[c
ou

nt
s 

/ (
da

y 
x 

10
0 

to
n 

x 
1 

ke
V

)]

-310

-210

-110

1

10
 / NDF = 92 / 95 2χFit:

 1.71 ±Be: 45.75 7

 2.02 ±Kr: 33.03 85

 1.45 ±Bi: 39.10 210

 0.25 ±C: 28.99 11

 1.20 ±Po: 684.46 210

pp, pep, CNO (fixed) 

FIG. 54 (color online). Example of fit of the energy spectrum
obtained using the analytical method without α-β statistical
subtraction. The fit was done using the Np energy estimator.
After the fit, the horizontal axis was converted into an energy
scale in keV. The values of the best-fit parameters, the rates of
individual species, are given in cpd=100 ton.
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FIG. 55. Typical example of the distribution of the residuals of
the fit. This plot corresponds to the fit shown in Fig. 54.

TABLE XIX. Background rates obtained fitting the energy
spectra used to measure the 7Be neutrinos interaction rate.

Species rate [cpd=100 ton]
85Kr 31.2! 1.7ðstatÞ ! 4.7ðsystÞ
210Bi 41.0! 1.5ðstatÞ ! 2.3ðsystÞ
11C 28.5! 0.2ðstatÞ ! 0.7ðsystÞ
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Monte Carlo fit without α-β statistical subtraction. The fit is
performed by minimizing the χ2 between the measured and
Monte Carlo generated spectra using the Nh energy
estimator. Finally, after the fit procedure, the plot is
transformed in the energy scale in keV. Similarly,
Fig. 53 shows an example of analytical fit using the energy
estimator Nd

pe with α-β statistical subtraction. The plot in
Fig. 54 demonstrates the fit using the Np variable based on
the analytical approach without α-β statistical subtraction
while Fig. 55 shows its corresponding residuals.
The shape of the 85Kr energy spectrum and the one due

to the electron recoil following a 7Be-ν interaction are very
similar, as can be seen by comparing the blue and red

curves in Figs. 52, 53, and 54. These two fit components
are correlated and their relative weight is influenced by
details of the energy scale. The amount of 85Kr returned by
the fit is also sensitive to the count rate in the low-energy
portion of the spectrum at the beginning of the fit region.
These effects translate in a dependence of the resulting 85Kr
rate on the fit procedure (analytical or Monte Carlo) and,
particularly, on the use or not of the α-β statistical
subtraction. The statistical subtraction procedure is gen-
erally the one giving the lowest krypton count rate. The
similarity of the spectrum of 7Be-ν and 85Kr produces a
systematic uncertainty in the determination of the 7Be-ν
interaction rate. However, the absolute value of the uncer-
tainty associated with the 7Be-ν interaction rate is smaller
than the one associated with the 85Kr: the reason is that the
determination of the 7Be-ν interaction rate is also con-
strained by the energy region between 550 and 750 keV
where the weight of 85Kr is significantly reduced. The
accuracy of the 85Kr direct measurement obtained with the
rare delayed coincidence branch (see Sec. XI C 2) is not
sufficient to constrain the weight of the krypton in the fit.
The different fit approaches produce slightly different
values for the 85Kr rate; all these values are self-consistent
and consistent with the direct measurement. The results
displayed in the Figs. 52, 53, and 54 clearly show this
effect. Table XIX summarizes the results about the back-
ground rates obtained by the fit of the energy spectra.
The CNO-ν and 210Bi spectra are very similar. This

trend is weakly influencing the 7Be-ν interaction rate
measurement.
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FIG. 53 (color online). Example of fit of the energy spectrum
obtained using the analytical method with α-β statistical sub-
traction. The fit was done using the Nd

pe energy estimator. After
the fit, the horizontal axis was converted into an energy scale in
keV. The values of the best-fit parameters, the rates of individual
species, are given in cpd=100 ton.
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FIG. 54 (color online). Example of fit of the energy spectrum
obtained using the analytical method without α-β statistical
subtraction. The fit was done using the Np energy estimator.
After the fit, the horizontal axis was converted into an energy
scale in keV. The values of the best-fit parameters, the rates of
individual species, are given in cpd=100 ton.
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FIG. 55. Typical example of the distribution of the residuals of
the fit. This plot corresponds to the fit shown in Fig. 54.

TABLE XIX. Background rates obtained fitting the energy
spectra used to measure the 7Be neutrinos interaction rate.

Species rate [cpd=100 ton]
85Kr 31.2! 1.7ðstatÞ ! 4.7ðsystÞ
210Bi 41.0! 1.5ðstatÞ ! 2.3ðsystÞ
11C 28.5! 0.2ðstatÞ ! 0.7ðsystÞ
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Monte Carlo fit without α-β statistical subtraction. The fit is
performed by minimizing the χ2 between the measured and
Monte Carlo generated spectra using the Nh energy
estimator. Finally, after the fit procedure, the plot is
transformed in the energy scale in keV. Similarly,
Fig. 53 shows an example of analytical fit using the energy
estimator Nd

pe with α-β statistical subtraction. The plot in
Fig. 54 demonstrates the fit using the Np variable based on
the analytical approach without α-β statistical subtraction
while Fig. 55 shows its corresponding residuals.
The shape of the 85Kr energy spectrum and the one due

to the electron recoil following a 7Be-ν interaction are very
similar, as can be seen by comparing the blue and red

curves in Figs. 52, 53, and 54. These two fit components
are correlated and their relative weight is influenced by
details of the energy scale. The amount of 85Kr returned by
the fit is also sensitive to the count rate in the low-energy
portion of the spectrum at the beginning of the fit region.
These effects translate in a dependence of the resulting 85Kr
rate on the fit procedure (analytical or Monte Carlo) and,
particularly, on the use or not of the α-β statistical
subtraction. The statistical subtraction procedure is gen-
erally the one giving the lowest krypton count rate. The
similarity of the spectrum of 7Be-ν and 85Kr produces a
systematic uncertainty in the determination of the 7Be-ν
interaction rate. However, the absolute value of the uncer-
tainty associated with the 7Be-ν interaction rate is smaller
than the one associated with the 85Kr: the reason is that the
determination of the 7Be-ν interaction rate is also con-
strained by the energy region between 550 and 750 keV
where the weight of 85Kr is significantly reduced. The
accuracy of the 85Kr direct measurement obtained with the
rare delayed coincidence branch (see Sec. XI C 2) is not
sufficient to constrain the weight of the krypton in the fit.
The different fit approaches produce slightly different
values for the 85Kr rate; all these values are self-consistent
and consistent with the direct measurement. The results
displayed in the Figs. 52, 53, and 54 clearly show this
effect. Table XIX summarizes the results about the back-
ground rates obtained by the fit of the energy spectra.
The CNO-ν and 210Bi spectra are very similar. This

trend is weakly influencing the 7Be-ν interaction rate
measurement.
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FIG. 53 (color online). Example of fit of the energy spectrum
obtained using the analytical method with α-β statistical sub-
traction. The fit was done using the Nd

pe energy estimator. After
the fit, the horizontal axis was converted into an energy scale in
keV. The values of the best-fit parameters, the rates of individual
species, are given in cpd=100 ton.
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FIG. 54 (color online). Example of fit of the energy spectrum
obtained using the analytical method without α-β statistical
subtraction. The fit was done using the Np energy estimator.
After the fit, the horizontal axis was converted into an energy
scale in keV. The values of the best-fit parameters, the rates of
individual species, are given in cpd=100 ton.
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FIG. 55. Typical example of the distribution of the residuals of
the fit. This plot corresponds to the fit shown in Fig. 54.

TABLE XIX. Background rates obtained fitting the energy
spectra used to measure the 7Be neutrinos interaction rate.

Species rate [cpd=100 ton]
85Kr 31.2! 1.7ðstatÞ ! 4.7ðsystÞ
210Bi 41.0! 1.5ðstatÞ ! 2.3ðsystÞ
11C 28.5! 0.2ðstatÞ ! 0.7ðsystÞ
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