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Figure 1: A summary of several particle candidates and classes of candidates for DM discussed in the Report.
Shown are typical mass ranges, more details can be found in the text.

3.2.3 Non-thermal and Other Alternatives to the Thermal WIMP DM Paradigm
If WIMP-SM sector interactions are very much weaker than EW ones – in other words, when h�annvi is
too low – then � particles never reach thermal equilibrium after reheating and actually never freeze out.
This category of general WIMPs is called feebly interacting massive particles (FIMPs) [47].9

FIMP DM relics with correct density can still be produced non-thermally. The initial popula-
tion of such DM relics is assumed to be negligible but is generated through a decay of some heavier
particles or else via inelastic scatterings or decays of some heavier particles in the thermal plasma. This
class of processes is now commonly called freeze-in mechanism and in recent years has gained much
attention.10 Like thermal WIMPs, FIMP DM can be realised in a variety of models, either involving
renormalisable interactions or not. In the former case, when DM production involves for instance a
light mediator, the low-temperature production dominates over the high-temperature one and freeze-in is
largely independent of the reheating temperature Treh after inflation [47]. The opposite is typically true
in models with WIMPs exhibiting non-renormalisable interactions with the SM.

The detection of FIMPs as DM will be extremely challenging since they interact with the SM
sector extremely weakly, with usually Yukawa/gauge couplings of the order of 10�11 required to obtain
the right ballpark of the relic density.11 A potentially detectable signal in direct detection is still possible
if the very small coupling to the SM is compensated by a very small mediator mass. In that case a
scattering cross section is suppressed but could still be within reach of the next generation of detectors.
In addition, the scattering with electrons can also play a major role and opens up another opportunity,
especially if the FIMP is also very light, in the sub-GeV range, or even much less, down to the eV scale,
because, for a fixed local relic mass density, its number density must be large [60].

Typically FIMPs whose interactions with the SM are renormalisable, although highly suppressed,
and are produced via freeze-in (or some other non-thermal mechanism) tend to be fairly light, with mass
in the sub-GeV range, or even much less. This class of FIMPs are in principle experimentally testable
via electron scattering interactions. In contrast, FIMPs coupling to the SM with non-renormalisable
interactions, e.g., gravitinos or axinos, can be much heavier, up to the TeV scale. For comparison, thermal
WIMPs produced via freeze-out typically feature the mass range from a few GeV up to several TeV, and

9They are also called extremely weakly interacting massive particles (EWIMPs) or super-WIMPs.
10The name was introduced in Ref. [47] in the case of renormalisable WIMP couplings to the SM sector but in fact the

mechanism itself had been known much earlier and studied in the context of DM relics in the case of non-renormalisable
effective interactions suppressed by some high energy scale, e.g., the Planck mass, MPl ⇡ 1018 GeV for gravitinos [48–54],
the Peccei-Quinn scale, fa ⇡ 1011 � 1012 GeV for axinos [55–57] (for a recent review see [58]), or gauge singlet scalars
in [59]. See, e.g., [5, 8] for a detailed discussion.

11Note that already the requirement of avoiding DM thermalisation restricts its renormalisable couplings to be below
10�7 [60].
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Unexpected BH merger events in GWs

Refuelled attention towards PBHs
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Many limits on PBHs set in a vast range of masses
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FIG. 1. Constraints on f(M) for a monochromatic mass function, from evaporations (red), lensing (blue),
gravitational waves (GW) (gray), dynamical e↵ects (green), accretion (light blue), CMB distortions (orange)
and large-scale structure (purple). Evaporation limits come from the extragalactic �-ray background (EGB), the
Voyager positron flux (V) and annihilation-line radiation from the Galactic centre (GC). Lensing limits come from
microlensing of supernovae (SN) and of stars in M31 by Subaru (HSC), the Magellanic Clouds by EROS and MA-
CHO (EM) and the Galactic bulge by OGLE (O). Dynamical limits come from wide binaries (WB), star clusters
in Eridanus II (E), halo dynamical friction (DF), galaxy tidal distortions (G), heating of stars in the Galactic disk
(DH) and the CMB dipole (CMB). Large-scale structure constraints derive from the requirement that various cos-
mological structures do not form earlier than observed (LSS). Accretion limits come from X-ray binaries (XB) and
Planck measurements of CMB distortions (PA). The incredulity limits (IL) correspond to one PBH per relevant
environment (galaxy, cluster, Universe). There are four mass windows (A, B, C, D) in which PBHs could have
an appreciable density. Possible constraints in window D are discussed in Section VI but not in the past literature.

III. CONSTRAINTS AND CAVEATS

We now review the various constraints for PBHs which are too large to have evaporated completely by
now, updating the equivalent discussion in References [3] and [19]. All the limits assume that PBHs
cluster in the Galactic halo in the same way as other forms of CDM, unless they are so large that there
is less than one per galaxy. Throughout this Section the PBHs are taken to have a monochromatic mass
function, in the sense that they span a mass range �M ⇠ M . In this case, the fraction f(M) of the
halo in PBHs is related to �(M) by Equation (II.3). Our limits on f(M) are summarised in Figure
1, which is based on Figure 10 of Reference [27], this providing a much more comprehensive review of
the PBH constraints. Following Reference [144], the constraints are also broken down according to the
redshift of the relevant observations in Figure 2. The main constraints derive from PBH evaporations,
various gravitational-lensing experiments, numerous dynamical e↵ects and PBH accretion. Where there
are several limits in the same mass range, we usually show only the most stringent one. It must be
stressed that the constraints in Figures 1 and 2 have varying degrees of certainty and they all come with
caveats. For some, the observations are well understood but there are uncertainties in the black-hole
physics. For others, the observations themselves are not fully understood or depend upon additional
astrophysical assumptions. The constraints may also depend on other physical parameters which are not
shown explicitly. It is important to stress that some of the constraints can be circumvented if the PBHs
have an extended mass function. Indeed, as discussed in Section V, this may be required if PBHs are to
provide most of the dark matter.
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PBHs may originate from large density overfluctuations in the early universe

If their lifetime is larger than the age of the Universe PBHs can form (part 
of) the Dark Matter

PBHs neutrino detection already proposed in the past:

For masses in the range [5×1014g – 5×1015g] Hawking evaporation gives
rise to emission of elementary particles with energy of tens of MeV 

In the Hawking radiation also neutrinos are emitted with peak energy 
∼ 4TPBH
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Primordial black holes (PBHs) hypothetically generated in the first instants of life of the Universe
are potential dark matter (DM) candidates. Focusing on PBHs masses in the range [5 ⇥ 1014 �
5⇥ 1015]g, we point out that the neutrinos emitted by PBHs evaporation can interact through the
coherent elastic neutrino nucleus scattering (CE⌫NS) producing an observable signal in multi-ton
DM direct detection experiments. We show that with the high exposures envisaged for the next-
generation facilities, it will be possible to set bounds on the fraction of DM composed by PBHs
improving the existing neutrino limits obtained with Super-Kamiokande. We also quantify to what
extent a signal originating from a small fraction of DM in the form of PBHs would modify the
so-called “neutrino floor”, the well-known barrier towards detection of weakly interacting massive
particles (WIMPs) as the dominant DM component.

Introduction. The identity of dark matter (DM) is
one of the most puzzling mysteries in contemporary as-
troparticle physics and cosmology. In spite of enormous
e↵orts, no uncontroversial non-gravitational signal of DM
has emerged so far. In this context, the recent detec-
tion of gravitational waves from binary black hole merg-
ers by LIGO/Virgo [1, 2] has strongly revamped the at-
tention [3–7] towards the hypothesis that DM may be
composed of primordial black holes (PBHs). As first
recognized in the seventies, these objects can be gen-
erated in the early Universe from the collapse of large
overdensities [8–14], and may constitute a fraction of the
observed amount of DM [10, 13] (see [15–19] for recent
reviews). PBHs emit Hawking radiation [20], and for
large enough masses (MPBH & 5⇥1014g), have a lifetime
longer than the age of the Universe. The evaporation pro-
cess can give rise to observable signals. In fact, bounds
(present or prospective) on PBHs have been obtained
from X-rays [21, 22], �-rays [21, 23–27], 511 keV �-ray
line from galactic center [28–30], galactic e± [31], cos-
mic microwave background (CMB) [32–34], radio signals
from inverse Compton scattering on CMB photons [35]
and synchrotron radiation [36], and heating of the in-
terstellar medium [37, 38]. The possibility to constrain
PBHs using the emitted neutrinos was discussed long ago
in [39–41]. More recently, limits on PBHs have been ob-
tained in [29] exploiting the null searches of the di↵use
supernova neutrino background (DSNB) performed by
Super-Kamiokande [42]. Also, prospective bounds from
the experiment JUNO have been discussed in [43].

In this Letter, we entertain a novel possibility, never
addressed before in the literature, proposing to detect
the emitted neutrinos from PBHs by coherent elastic neu-
trino nucleus scattering (CE⌫NS). It is only recently that
the CE⌫NS process, predicted long time ago [44], has

⇤
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been successfully observed by COHERENT [45], where a
few kilograms detector was exposed to an intense neu-
trino flux of artificial origin. The very same process
involving neutrinos of natural origin, such as the so-
lar, DSNB and atmospheric ones, constitutes an irre-
ducible background [46–52] (forming the so-called “neu-
trino floor” [52]) towards detection and identification of
WIMPs as DM candidates in next-generation direct de-
tection experiments. Here we show that neutrinos from
PBHs with masses in the range [5⇥1014, 5⇥1015]g, which
emit neutrinos with peak energy between 10 MeV and
100 MeV, may emerge as a signal on top of such a famil-
iar background. As a consequence, it is possible to set
prospective bounds on the PBHs fraction fPBH of DM
in this mass range. As an interesting byproduct of our
study, we show how the neutrino floor gets modified by
the presence of a hypothetical signal from PBHs.
Neutrinos emitted by PBHs. A black hole is be-

lieved to quantum evaporate [20], emitting radiation akin
to a hot body. For a neutral non-rotating (Schwarzschild)
black hole, the Hawking temperature is given by [20, 53–
55]

kBTPBH =
~c3

8⇡GNMPBH

' 1.06


1016g

MPBH

�
MeV , (1)

where four fundamental constants appear, kB (Boltz-
mann), GN (gravitational), ~ (Planck), and c (speed of
light). The di↵erential flux per unit time of emitted par-
ticles depends on their spin. For spin 1/2 particles with
mass negligible with respect to TPBH like neutrinos, it is
given by

d2N⌫

dE⌫dt
=

1

2⇡

�⌫(E⌫ ,MPBH)

exp [E⌫/kBTPBH] + 1
, (2)

where E⌫ is the neutrino energy and �⌫ is a graybody
factor [53–55] encoding the imprint of the space-time ge-
ometry intervening between the event horizon and the
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Primordial black holes (PBHs) hypothetically generated in the first instants of life of the Universe
are potential dark matter (DM) candidates. Focusing on PBHs masses in the range [5 ⇥ 1014 �
5⇥ 1015]g, we point out that the neutrinos emitted by PBHs evaporation can interact through the
coherent elastic neutrino nucleus scattering (CE⌫NS) producing an observable signal in multi-ton
DM direct detection experiments. We show that with the high exposures envisaged for the next-
generation facilities, it will be possible to set bounds on the fraction of DM composed by PBHs
improving the existing neutrino limits obtained with Super-Kamiokande. We also quantify to what
extent a signal originating from a small fraction of DM in the form of PBHs would modify the
so-called “neutrino floor”, the well-known barrier towards detection of weakly interacting massive
particles (WIMPs) as the dominant DM component.
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tention [3–7] towards the hypothesis that DM may be
composed of primordial black holes (PBHs). As first
recognized in the seventies, these objects can be gen-
erated in the early Universe from the collapse of large
overdensities [8–14], and may constitute a fraction of the
observed amount of DM [10, 13] (see [15–19] for recent
reviews). PBHs emit Hawking radiation [20], and for
large enough masses (MPBH & 5⇥1014g), have a lifetime
longer than the age of the Universe. The evaporation pro-
cess can give rise to observable signals. In fact, bounds
(present or prospective) on PBHs have been obtained
from X-rays [21, 22], �-rays [21, 23–27], 511 keV �-ray
line from galactic center [28–30], galactic e± [31], cos-
mic microwave background (CMB) [32–34], radio signals
from inverse Compton scattering on CMB photons [35]
and synchrotron radiation [36], and heating of the in-
terstellar medium [37, 38]. The possibility to constrain
PBHs using the emitted neutrinos was discussed long ago
in [39–41]. More recently, limits on PBHs have been ob-
tained in [29] exploiting the null searches of the di↵use
supernova neutrino background (DSNB) performed by
Super-Kamiokande [42]. Also, prospective bounds from
the experiment JUNO have been discussed in [43].
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asymptotic observer. In our analysis, we employ the pub-
licly available BlackHawk code [56] for calculating the
energy spectra of the emitted neutrinos. BlackHawk pro-
vides the primary spectra for all fundamental Standard
Model particles using the Hawking evaporation spectrum
in Eq. (2). In addition, the code generates the spec-
tra of secondary neutrinos deriving from hadronization
of strongly-interacting constituents and decay of unsta-
ble particles. We sum up both kind of spectra in our
analysis. In [57], it has been shown that Dirac neutrinos,
having twice as many degrees of freedom as the Majo-
rana ones, would a↵ect the PBHs evaporation making it
faster (see also [58, 59]). Although the additional Dirac
degrees of freedom are sterile for the electroweak inter-
actions and not detectable in the CE⌫NS process, their
existence can alterate indirectly the emission rate of the
active degrees of freedom. For the PBHs masses con-
sidered in our work, this e↵ect can be quantified around
⇠ 10% [57]. For definiteness, we assume that neutrinos
have Majorana nature. We ignore neutrino oscillations
being irrelevant for the flavor-blind CE⌫NS process. We
take into account both the contributions coming from the
galactic and extragalactic PBHs. The galactic di↵eren-
tial neutrino flux is given by

d�MW

⌫

dE⌫
=

Z
d⌦

4⇡

d2N

dE⌫dt

Z
dl

fPBH ⇢MW [r(l, )]

MPBH

, (3)

where ⇢MW(r) is the DM density of the Milky Way
(MW), r denotes the galactocentric distance

r(l, ) =
q

r2� � 2lr� cos + l2 , (4)

with r� being the distance of the Sun from the galactic
center, l the line-of-sight distance to the PBH,  the angle
between these two directions, and ⌦ the solid angle under
consideration. For definiteness, we employ a Navarro-
Frenk-White (NFW) profile [60]

⇢MW(r) = ⇢�


r

r�

��1 1 + r�/rs
1 + r/rs

�2
, (5)

where we take ⇢� = 0.4GeV cm�3 for the DM density in
the solar neighborhood, r� = 8.5 kpc, and rs = 20 kpc
for the scale radius. We stress that the value ⇢� =
0.4GeV cm�3 lies at the lower end of its allowed range
according to the latest estimates (see for example [61]).
Therefore, the bounds we are going to derive will be
conservative in this respect. For the extragalactic com-
ponent, the di↵erential flux integrated over the full sky
is [16]

d�EG

⌫

dE⌫
=

Z tmax

tmin

dt [1 + z(t)]
fPBH⇢DM

MPBH

d2N⌫

dẼ⌫dt

���
Ẽ⌫=[1+z(t)]E⌫

,

(6)
⇢DM being the average DM density of the Universe at the
present epoch, as determined by Planck [62]. The time
integral runs from tmin set to the era of matter-radiation

FIG. 1. Neutrino fluxes from PBHs. The black dashed
contours represent the background fluxes originating from so-
lar, DSNB and atmospheric neutrinos. The colored solid lines
correspond to neutrinos from PBHs evaporation for three rep-
resentative values of their mass and fraction of total DM con-
tent. These benchmark values lie on the 90% C.L. exclusion
curve obtainable from a liquid xenon experiment with 200 t
yr exposure (corresponding to the black stars in Fig. 3).

equality to tmax, the minimum between the PBH lifetime
and the age of the Universe. The overall neutrino flux
from the sum of galactic and extragalactic contributions
is plotted in Fig. 1 for three benchmark values of MPBH

and fPBH. As it will be discussed in the next section,
these values are excludable at 90% C.L. from a xenon
experiment with 200 t yr exposure, assuming a measure-
ment compatible with the ordinary background. In the
same plot, we represent the background which is formed
from solar [63], DSNB [64] and low-energy atmospheric
neutrinos [65, 66]. As expected from Eq. (1), smaller
PBHs masses correspond to harder spectra of the emit-
ted neutrinos with peak located at ⇠ 4.2TPBH [67]. We
see that PBHs neutrinos can be visible above the abrupt
fall-o↵ of the solar hep neutrinos, where the dominant
contribution to the background is provided by DSNB and
atmospheric neutrinos.
Coherent scattering of neutrinos. Coherent elas-

tic scattering of a neutrino ⌫ (or antineutrino ⌫̄) on a
nucleus N can occur if qR ⌧ 1, where q = |~q| is the three-
momentum transfer and R is the nuclear radius [44]. The
di↵erential cross section can be expressed as [44]

d�⌫N
dER

(E⌫ , ER) =
G2

F
mN
4⇡

Q2

w

✓
1 � mNER

2E2
⌫

◆
F 2(q) ,

(7)
where GF is the Fermi constant, mN is the nucleus mass,
Qw =

⇥
N � Z(1 � 4 sin2 ✓W )

⇤
is the weak vector nuclear

charge, Z and N are the number of protons and neu-
trons, sin2 ✓W = 0.231 [68] is the Weinberg angle, ER

is the nucleus recoil energy, and E⌫ is the neutrino en-
ergy. The recoil energy can assume the maximum value
Emax

R = 2E2

⌫/(mN + 2E⌫). For the nuclear form fac-
tor F (q), encoding the loss of coherence for qR > 1, we
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fall-o↵ of the solar hep neutrinos, where the dominant
contribution to the background is provided by DSNB and
atmospheric neutrinos.
Coherent scattering of neutrinos. Coherent elas-

tic scattering of a neutrino ⌫ (or antineutrino ⌫̄) on a
nucleus N can occur if qR ⌧ 1, where q = |~q| is the three-
momentum transfer and R is the nuclear radius [44]. The
di↵erential cross section can be expressed as [44]

d�⌫N
dER

(E⌫ , ER) =
G2

F
mN
4⇡

Q2

w

✓
1 � mNER

2E2
⌫

◆
F 2(q) ,

(7)
where GF is the Fermi constant, mN is the nucleus mass,
Qw =

⇥
N � Z(1 � 4 sin2 ✓W )

⇤
is the weak vector nuclear

charge, Z and N are the number of protons and neu-
trons, sin2 ✓W = 0.231 [68] is the Weinberg angle, ER

is the nucleus recoil energy, and E⌫ is the neutrino en-
ergy. The recoil energy can assume the maximum value
Emax

R = 2E2

⌫/(mN + 2E⌫). For the nuclear form fac-
tor F (q), encoding the loss of coherence for qR > 1, we

Hawking Temperature

Number of neutrinos 
x unit time and energy

Milky Way 
Neutrino Flux

Extragalactic 
Neutrino Flux

Neutrinos emitted by PBHs 
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

Ordinary Neutrinos

Here we expect PBH neutrinos

Vitagliano et al. Rev Mod. Phys. 92 (045006)



Neutrinos fluxes from PBHs compared
with the ordinary ones

Continuos curves:
Primaries

Dashed curves: 
Secondaries

Secondaries have a
marginal role

PBH ns may be visible
above the hep cut-off
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measurable scintillation or ionization in common radiation detector materials. This is 

exacerbated by a trade-off between the enhancement to the CEnNS cross-section brought about 

by a large nuclear mass, and the smaller maximum recoil energy of a heavy target nucleus.     

 

Fig. 1. (A) Coherent Elastic Neutrino-Nucleus Scattering. For a sufficiently small momentum 
exchange (q) during neutral-current neutrino scattering (qR < 1, where R is the nuclear radius in 
natural units), a long-wavelength Z boson can probe the entire nucleus, and interact with it as a 
whole. An inconspicuous low-energy nuclear recoil is the only observable. However, the 
probability of neutrino interaction increases dramatically, with the square of the number of 
neutrons in the target nucleus. In scintillating materials, the ensuing dense cascade of secondary 
recoils dissipates a fraction of its energy as detectable light. (B) Total cross-sections from 
CEnNS and some known neutrino couplings. Included are neutrino-electron scattering, 
charged-current (CC) interaction with iodine, and inverse beta decay (IBD). Because of their 
similar nuclear masses, cesium and iodine respond to CEnNS almost identically. The present 
CEnNS measurement involves neutrino energies in the range ~16-53 MeV, the lower bound 
defined by the lowest nuclear recoil energy measured (Fig. S9), the upper bound by SNS 
neutrino emissions (Fig. S2). The cross-section for neutrino-induced neutron (NIN) generation 
following 208Pb(ne,e- xn) is also shown. This reaction, originating in lead shielding around the 
detectors, can generate a potential beam-related background affecting CEnNS searches. The 
cross-section for CEnNS is more than two orders of magnitude larger than for IBD, the 
mechanism employed for neutrino discovery (35). 

                      

How to detect such neutrinos having tens of MeV?

Coherent neutrino scattering CEvNS offers an opportunity! 

18/07/2022 9Antonio Palazzo, UNIBA & INFN

Science 2017



CEvNS is equally sensitive to all flavors: Neutrino oscillations play no role.

Secondary neutrinos have much lower energy than primary ones: 
Small impact in our analysis 

Nature of neutrino (Dirac vs Majorana) is irrelevant for our analysis:
the extra degrees of freedom of Dirac ns are sterile and do not participate
to CEvNS. 

We use the publicly available code BlackHawk to compute neutrino fluxes  

We employ a Navarro-Frenk-White profile for MW halo with r⊙ = 0.4 GeV/cm3

18/07/2022 10

Arbey & Auffinger 
1905.04268 

https://blackhawk.hepforge.org

Antonio Palazzo, UNIBA & INFN

Computational details

https://blackhawk.hepforge.org/


Differential Neutrino Event Rates
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Spectral shape from PBH neutrinos
can be different from background 

Atmospheric neutrinos are
the dominant background

Energy threshold = 5 keV

Antonio Palazzo, UNIBA & INFN
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The Neutrino Floor

CEvNS by ordinary neutrinos is a background 
to direct DM searches
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Detection of 8B neutrinos is around the corner!
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XENON1T
2012.02846
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FIG. 3. Projections of the 90% confidence volumes in Ly

and � (top), and in Ly and the Qy interpolation parame-
ter q (bottom). The green area shows constraints using only
the XENON1T data. Combining the XENON1T data and
external constraints on Qy [18] and Ly [21, 33] (shown in
black dash-dotted lines) gives the confidence interval shown
in pink, and an upper limit on �. Conversely, combining the
XENON1T data and constraints on � [16] and Qy yields the
dark blue interval and upper limits on Ly. The dashed white
line displays the 68% confidence interval. Ly is assumed con-
stant in the 8B CE⌫NS ROI for these constraints.

exposure [14]. As the isolated-S1 rate scales up with the
larger number of PMTs and the isolated-S2 rate with
the detector surface area, the AC background will be
the biggest challenge for the discovery of 8B CE⌫NS.
The AC background modeling and discrimination tech-
niques used in this analysis will improve the sensitivity of
XENONnT to 8B CE⌫NS and low-mass DM. The novel
cryogenic liquid circulation system developed to ensure
e�cient purification in XENONnT will mitigate the re-
duction of S2s due to impurities, improving the accep-
tance of low-energy NRs from 8B neutrinos and DM. Ad-
ditionally, the data will be analyzed in a triggerless mode
to minimize e�ciency loss and better understand the AC
background. Together with the significantly larger expo-
sure, these techniques give XENONnT strong potential
to discover 8B CE⌫NS.

The large uncertainty in both Qy and Ly will be the
dominant systematic in constraining new physics from
DM and non-standard neutrino interactions. Improving
these uncertainties by calibrating NRs in LXe using in

FIG. 4. Constraints on new physics using XENON1T data.
Top: Constraints on non-standard vector couplings between
the electron neutrino and quarks, where the XENON1T 90%
confidence interval (light blue region) is compared with the
results from COHERENT [3, 30] (pink and dark red regions)
and CHARM [34] (green). Bottom: The 90% upper limit
(blue line) on the spin-independent DM-nucleon cross section
�SI as function of DM mass. Dark and light blue areas show
the 1� and 2� sensitivity bands, and the dashed line the me-
dian sensitivity. Green lines show other XENON1T limits on
�SI using the threefold tight-coincidence requirement [8] and
an analysis using only the ionization signal [9], and other con-
straints [35–40] are shown in red. The dash-dotted line shows
where the probability of a 3� DM discovery is 90% for an ide-
alized, extremely low-threshold (3 eV) xenon detector with a
1000 t⇥ y exposure [41]. The black dot denotes DM that has
a recoil spectrum and rate identical to the 8B neutrinos.

situ low energy neutron sources [42] and dedicated de-
tectors [18] can crucially improve the sensitivity of next-
generation experiments to both 8B CE⌫NS and light DM.
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TABLE III. List of constrained nuisance parameters that are
included in the final statistical interpretation (see text), along
with the means and standard deviations of their Gaussian
constraints.

Description
mean std. of G
of G 2-hit 3-hit

⌘mod NEST model scaling 0 1
⌘AC AC sample scaling 1 0.30
⌘cut Data selection e↵. scaling 1 0.04
⌘flux

8B flux scaling [5] 1 0.04
✓i,BDTs BDT scaling for signal 1 0.26 0.23
✓i,BDTAC BDT scaling for AC 1 0.19 0.18
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FIG. 4. Top panel: our constraint on solar neutrino flux
using CE⌫NS analysis, along with XENON1T results [6] us-
ing the same CE⌫NS detection channel and B16-GS98 stan-
dard solar model prediction [30]. Bottom panel: updated
constraints on WIMP-nucleon spin-independent cross section.
The red solid and dashed line represents the results from this
and previous searches [10], respectively. The black solid and
dashed lines represent the results from XENON1T with and
without optimization in the low-energy region [6, 27]. Several
results from other experiments [28, 29] are also shown. The
neutrino floors (probability for an ideal xenon detector to see
less-than-3�-significance DM signal) [18] under di↵erent ex-
posure assumptions (1, 10, 100, and 1000 tonne-year from top
to bottom) are shown in grey shaded regions. The green and
yellow shaded region represents the ±1� region of sensitivity
for the WIMP search.

and check the events before and after the BDT applied.
We show the comparison of S1 and S2 spectra between
the prediction and data before the BDT in Fig. 3. The
observed number of events in the ROI for 2- and 3-hit
regions are given in Table I. After unblinding, 1 (with
S1=1.6PE and S2=165PE) and 0 events are found in 2-
and 3-hit ROI that survive the BDT.

We perform a simple statistical interpretation based
on 2-bin profile likelihood ratio (PLR) analysis (following
definition in Ref. [31]) using the 2- and 3-hit data. The
binned likelihood is defined as:

L = G(⌘)
Y

i

�Ni
i

Ni!
e��i · G(✓i), (1)

where the index i represents the hit number of S1 (2
or 3), and ⌘ (✓i) is series of constrained nuisance pa-
rameters, which are correlated (independent) between
2- and 3-hit bins with a Gaussian penalty G. The set
of parameters include ⌘mod, ⌘AC, ⌘cut, ⌘flux, ✓i,BDTs ,
and ✓i,BDTAC , corresponding to the uncertainties of LXe
light/charge model, AC background, 8B neutrino flux,
the BDT cut for signals, and the BDT cut for the AC
background, respectively, with their means and 1� val-
ues summarized in Table III. �i is the expected count
while Ni is the observed count. The expected counts for
the low-mass WIMP search and for 8B CE⌫NS in the
signal+background hypothesis can be written as:

��
i =(1 + f�

i ⌘mod)⌘cut✓i,BDTs ·Nwimp

+ (1 + f⌫
i ⌘mod)⌘cut✓i,BDTs⌘flux ·N⌫

+ ⌘cut · ✓i,BDTAC · ⌘AC ·NAC +Nother,

�⌫
i =(1 + f⌫

i ⌘mod)⌘cut✓i,BDTs ·N⌫

+ ⌘cut · ✓i,BDTAC · ⌘AC ·NAC +Nother,

(2)

where ��
i and �⌫

i are the expected count in the two hy-
potheses. Nwimp, N⌫ , NAC, and Nother are the expected
number of counts for low-mass WIMP, 8B CE⌫NS, AC,
and other background events (including ER and neu-
tron), respectively. fi is the fractional uncertainty to
signal rates due to uncertainties in the light and charge
yields, and depends on energy spectrum of interpreted
signal. Typical numbers of fi are 0.45 (0.60), 0.29 (0.39),
and 0.19 (0.30) for 4-GeV/c2 WIMP, 8B CE⌫NS, and 7-
GeV/c2 WIMP in 2-hit (3-hit) region. The total back-
grounds predicted in the 2- and 3-hit ROI for solar 8B
neutrino search are 1.46 and 0.04, respectively, in an ex-
posure of 0.48 tonne·year, as shown in Table I. Uncer-
tainty for other background events is negligible and ig-
nored here. The observed number of events is consistent
with two background-only hypotheses in searching for a)
solar 8B neutrino CE⌫NS without WIMP, and b) low
mass WIMP with nominal 8B CEvNS background, rep-
resenting a probability of 56% and 20% of observing the
same or less number of events than the data, respectively.

Using a similar procedure as in Refs. [10, 31],
we give the 90% upper limit on solar 8B neutrino
flux using the CE⌫NS channel, pushing the upper
limit to 9.4⇥106/cm2/s, in comparison to (5.46±
0.66)⇥106/cm2/s from the standard solar model B16-
GS98 [30]. Under the nominal 8B CEvNS rate, we
also obtain the best constraints on the spin-independent
WIMP-nucleon cross section with mass in the range of
3 to 10GeV/c2. The results are summarized in Fig. 4.
In Fig. 4, we also show the 8B neutrino floor curves

Detection of 8B neutrinos is around the corner!

PANDAX-4T
2207.04883



Impact of PBHs on Neutrino Floor
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Take home messages

Complementary to SK, JUNO, DUNE and THEIA

PBHs in the range 5×1014g – 5×1015 g emit neutrinos (En tens of MeV)

CEvNS provides a new opportunity to detect PBHs neutrinos 

Improvement of sensitivity may be achieved with time/directional info

DM Direct detection experiments would work as low-energy neutrino 
telescopes 
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