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Abstract: The China Jinping Underground Laboratory (CJPL), which has the lowest cosmic-ray muon ux and
the lowest reactor neutrino ux of any laboratory, is ideal to carry out low-energy neutrino experiments. With two
detectors and a total ducial mass of 2000 tons for solar neutrino physics (equivalently, 3000 tons for geo-neutrino
and supernova neutrino physics), the Jinping neutrino experiment will have the potential to identify the neutrinos
from the CNO fusion cycles of the Sun, to cover the transition phasefor the solar neutrino oscillation from vacuum
to matter mixing, and to measurethe geo-neutrino ux, including the Th/U ratio. These goals can be ful lled with
mature existing techniques. E orts on increasing the target mass with multi-mo dular neutrino detectors and on
developing the slow liquid scintillator will increase the Jinping discovery potential in the study of solar neutrinos,
geo-neutrinos, supernova neutrinos, and dark matter.
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In this paper, we present the physics prospects of
the Jinping neutrino experiment [1]. Section 1 briey
intro duces the underground laboratory. Section 2 de-
scribes the detector concept. Sections 3{7 give the
sensitivity studies for solar neutrinos, geo-neutrinos,
supernova burst neutrinos, supernova relic neutrinos
and dark matter, respectively. Section 8 gives a brief
summary.

1 Experimental site

1.1 Overview

The China Jinping Underground Laboratory
(CJPL) [2]islocatedin Sichuan province, China, 28.2 N,
101.7 E and 2400 meters under Jinping mountain.

The rst phaseof the Jinping laboratory (CJPL-I)
wasconstructed in the middle of the tra ¢ tunnels at the
end of 2009. Two dark matter experiments, CDEX [3]
and PandaX [4] are now running at CJPL-I. The sec-
ond phase of the Jinping laboratory (CJPL-I ) started
at the end of 2014. Four 150-m long tunnels have been
constructed to provide spacefor more underground ex-
periments [5].

We proposeto build two neutrino detectorsin CJPL-
I, with atotal ducial target massof 2000tons for solar
neutrino physics and, equivalertly, 3000 tons for geo-
neutrino and supernova neutrino physics. The initial
plan is to adopt the liquid-scintillator technique as the
baselinedesign, with the capacity of extensionto a slow
scirtillator detector.

1.2 Rock radioactivit y

The radioactivity of the rock in Jinping tunnel was
measured[6] and the results are shonvn in Table 1 to-
gether with the measuremeits from Sudbury [7], Gran
Sassq[8], and Kamioka [9] underground laboratories.

Table 1. Radioactivit y contamination in Bqg/kg for
some underground laboratories.

site 238y 232Th 40K
Jinping 1.8 0.2 (*Ra) <0.27 <11
Sudbury 13.7 1.6 226 2.1 310 40
Gran Sassohall A 116 12 12 04 307 8
Gran Sassohall B 71 16 0.34 0.11 7 1.7
Gran Sassohall C 11 23 0.37 0.13 4 19
Kamiok a 12 10 520

1.3 Cosmic-ra y muon ux

According to the in-situ measuremen [10], the muon
ux is aslow as (2.0 0:4) 10 =(cm? s). A com-
parison with other underground labs can be seenin
Fig. 1 [10, 11]. Cosmic-ray muon induced radioactive

isotopes are extremely dangerousbadkgrounds for low-
energy neutrino experiments and are therefore expected
to be signi cantly suppressedat Jinping.
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Fig. 1. (color online) Muon ux vs reactor neutrino

background ux for various underground labs in
the world.

1.4 Reactor neutrino background

Jinping is also far away from all the nuclear power
plants [12] in operation and under construction. A world
map with all nuclear power plants and SNO, Gran Sasso,
Kamioka, and Jinping laboratories is showvn in Fig. 2. A
reactor badkground ux comparisonwith theselaborato-
riesis shown in Fig. 1. The reactor electron antineutrino
badkground at Jinping is rather low and will be explained
in detail in later sections.

Fig. 2. (color online) World map with all the nu-
clear power plants in operation and under con-
struction. SNO, Gran Sasso,Kamioka and Jin-
ping laboratory locations are also marked.

2 Detector concept

With the primary physics goalsfor low-energy neu-
trinos, the Jinping detector design follows the struc-
ture adopted by the recert underground neutrino exper-
iments, and it will also considerthe unique features of
the low environmental badkgroundsand the tunnel struc-
ture.

Target massis a key factor of the proposedneutrino
experiment and a few constraints must be consideredto
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reach the level of target massrequiremert. In addition,
gradedshielding is necessaryto reach a radioactive clean
certral region.

1) The deep overburden limits both the tunnel size
and shape, putting a constraint on the target vol-
ume for a singledetector. A thin and long detector
is very poor for physics performance.

2) The attenuation length is about 20 meters for lig-
uid scirtillators. A detector should not have a di-
mensionsigni cantly larger than this length.

3) Water shielding in the outer layer was usedin pre-
vious experimernts to detect cosmic-ray muons and
shield the detector from neutrons and radiative
gammasin the surrounding rock, steel structure,
and PMTs. The minimal thicknessis around 1{2
meters.

4) A certral ducial volume is necessaryto reject
badkground ewerts in the outer layer of the tar-
get region, which is usually from the gammaback-
grounds on the target material vessel.

5) Cost and risk for any large amount of civil con-
struction and detector construction.

In this section,we give a preliminary plan for the neu-
trino detectors. A preliminary study from a test-stand
is alsoshown to demonstrate the possibleseparationbe-
tweenCherenkov and scirtillation light. Consideringthe
current level of technology and expected developmert,
we also give somethought to the electronicsusedto pre-
cisely read out the waveform from photomultiplier tubes
(PMTs).

2.1 Exp erimental hall layout and neutrino de-
tector

At CJPL-Il, two cylindrical caverns have already
been planned, eat around 20 m in diameter and 24 m
in height.

A conceptual designfor a cylindrical neutrino detec-
tor can be seenin Fig. 3. A sphericalinner vesselis also
an option. The certral vesselis made of acrylic, and the
height and diameter of the cylinder are both 14 meters.
The vesselis lled with the target material, which canbe
either a regular liquid scirtillator or a slow liquid scin-
tillator. The ducial volume is de ned by a cylinder of
11.2m diameter and 11.2m height, and the ducial mass
is 1 kiloton assumingthe target material density is 0.9
g/lcm?.

The certral vesselwill be sealedand surrounded with
pure water. Scintillation and Cherenkov light originat-
ing from neutrino interactions with the target material
in the certral region will be collected by the PMTs.

These PMTs will be mounted on a supporting stain-
less steel structure, and will be kept 2{3 m away from
the certral vesselto shield from gammas. The outer-
most layer of the detector is a low radioactive stainless
steeltank 20 m in both diameter and height, which hosts
the certral vessel PMTs, supporting structure, and pure
water.

20m

Fig. 3. (color online) The conceptual design for a
cylindrical neutrino detector at Jinping. Two de-
tectors are neededto reach the desired massre-
quirement.

With two neutrino detectors, the total ducial vol-
ume will be about 2 kilotons for the solar neutrino stud-
ies, in which the detection processis neutrino-electron
scattering. For the geo-neutrino and supernova neutrino
studies, the equivalent ducial masscan be extendedto
3 kiloton, becausethe signal is from the inversebeta de-
cay process,i.e. a prompt-delayed coincidence,and has
a better rejection of badkground.

Sud a designis consideredasthe most economicop-
tion when balancing the need of the ducial massand
the dimensionsof the CJPL-11 tunnel. However, contin-
uing studies incorporated with scirtillator performance
are ongoingto nalize the detector design.

2.2 Target material

We will usea liquid scirtillator with su cien t light
yield for our baseline design. We also consider using a
slow liquid scintillator aiming at the separation between
Cerenkov and scirtillator light. Redundart measure-
mernts of a particle can be possiblein this option. The
prompt Cherenkov light can be used for the directional
reconstruction of charged particles while the slow scirtil-
lation light can be usedfor the energy reconstruction of
particles. Furthermore, Cherenkov light yield and scin-
tillation light yield have di erent dependencieson parti-
cle momertum and can be exploited to identify gammas,
electrons, muons, and protons.
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2.2.1 Liquid scintillator

The light yield of liquid scirtillator can be as high
as(l 2) 10* photons/MeV, which is su cien t for the
energy resolution required in later sections.

2.2.2 Slow liquid scirtillator

Slow liquid scintillator could be water based or olil
based, which is still under developmen. Linear alkyl
benzeng(LAB) is oneimportant ingredient for the water-
basedliquid scirtillator (WbLS) [13, 14]. With a 20liter
cortainer in a small test-stand [15], we measured the
time pro le of scirtillation light in the LAB and tested
the waveform separation between Cherenkov and scin-
tillation light. As shown in Fig. 4, a clear separation
between the Cherenkov (prompt componert) and scin-
tillation (slow componert) light can be achieved. The
yield of scirtillation light wasestimatedto bel 10° pho-
tons/MeV. More e ort is neededto balancethe fast and
slow componerts with increasinglight-yield.

0
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Fig. 4. (color online) Average waveforms of the
Cherenkov+scintillation (red) and scintillation-
only (blue) light in LAB.

2.3 Electronics

Becauseof the dierent ne timing structures in the
slow liquid scintillator detector, a dedicated electronics
systemis neededto record the waveform output from the
PMTs. This new feature can consequetly be exploited
to perform particle identi cation betweengammas,elec-
trons, and protons, for instance.

Waveform sampling with 1 GHz FLASH ADC
(FADC) will be applied as the baseline technology for
the Jinping neutrino experiment. Multi channels with
di erent gains will be usedto cover the dynamic range
from 1 photon-electron (PE) to 100 PE.

For each PMT, a separateelectronics module with a
High Voltage generator, a basedivider, an FADC sam-
pler and a processingcircuit will be installed at the end
of eah PMT in a water tight housing. The signal from
a PMT doesnot needto passthrough any coaxial cable

which may degrade the signal quality and timing res-
olution. The reliability of the circuit and the housing
structure is a major designchallenge.

Each PMT works in self-trigger mode: whenewer a
signal level goes beyond a given threshold, the sample
data in a designedreadout window around the over-
threshold points will be stored and transferred. The win-
dow sizeis adjustable up to a few micro-seconds.All the
electronics contain syndronized time-tick courters for
aligning sample fragments among PMTs.

Out of the water, the badk-end electronics will pro-
vide the data acquisition, clock synchronization and con-
trol service. The PMT electronics and badk-end elec-
tronics will be connected via multi-pair twist cables
which will carry the low voltage power supply, dedicated
clock/time signal, upstream and downstream data links.
An encdading algorithm with variable lengths will be ap-
plied to the data stream to reduce the bandwidth re-
quirement.

MC
0

No Trigger
600.0

50

480

..........

.....

1600)
1400}
1200}
1000}
800
600
400
200

B I R A
charge/pe

Fig. 5. (color online) An event display of a 7 MeV
electron simulation in a cylindrical detector lled
with LAB. Each circle indicates a PMT with
at least one photo-electron (PE) detected. The
red circles are for prompt Cherenkov radiation,
and the blue ones are for the scintillation light,
where the Cherenkov or scirtillation identi cation
is based on MC truth. The bottom-left panel is
for the distribution of the number of PEs for all
the PMTs, and the bottom-right panel is for the
time distribution. A Cherenkov ring is visible in
this plot.
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2.4 Simulation studies

Preliminary simulation studies have been started to
optimize the detector design to take the advantage of
the Jinping laboratory ervironment and achieve the

023002-4



Chinese Physics C  Vol. 41, No. 2 (2017) 023002

physics goals. The following work was done with the
Geart4 [16, 17] simulation packagetogether with the cus-
tomized geometry, light emissionmodel, PMT response,
etc. Figure 5 shaws an evert display for a 7 MeV elec-
tron, which can be produced via the neutrino-electron
scattering in LAB according to our measuremeh For
demonstration purposes,we use di erent colors for the
Cherenkov and Scirtillation light.

3 Solar neutrinos

3.1 Intro duction

Particles from sourcesat cosmicdistancesare of great
interest. Neutrinos, as a stellar probe, have extremely
low interaction crosssections. Unlike gammas, optical
photons and protons, neutrinos can easily reach our de-
tectors without being interrupted by matter on their
paths. The original status, i.e. energy and direction,
can therefore be maximally maintained, exceptthat the
neutrino a vorswill oscillate amongthe three families of
neutrinos, and consequetly information about the ini-
tial interactions of neutrino productions can be probed.
The attributes of neutrinos make them powerful probes
of the deep interiors of sourceslike the Sun, providing
ways to test models of solar ewolution along with neu-
trino oscillation.

3.1.1 Solar models

Solar models, neutrino theories, and solar neutrino
experiments have developed rapidly over the past half
a certury. This remarkable history has been docu-
mented in Refs. [18{21] and referencestherein. Nowa-
days the Sun is described by the Standard Solar Model
(SSM) [22, 23], which relies on about 20 parameters.

" The rst group of parametersare the current solar
age, luminosity, mass,and radius.

The primordial abundancesof key elemerts, He, C,
N, O, Ne, Mg, Si, S, Ar, and Fe.

The cross-sectionsof nuclear reactions, includ-
ing p(p, € .)d, d(p, )3He, *He(*He, 2p)*He,
3He(*He, )'Be, ®He(p, e .)*He, "Be(e , .)’Li,
p(e p, .)d, 'Be(p, )°B, *N(p, )*O.

The ewolution starts with a cluster of homogeneous
gasof H, He, C, N, etc. Nuclear fusion reactions burn
H, He to heavier elemeris and emits gammas, electrons,
positrons, etc. The Sun fuels itself by both the pp
and CNO fusion processes,n which the pp-cycle con-
tributes 99% of the total for energy production. The
whole processesare constrained by the boundary condi-
tions of the current solar status. The transport of energy
in the certral region is primarily through the inverse
bremsstrahlung processof photons, and the calculated

radiative opacity depends upon the chemical composi-
tion and the modeling of complex atomic processes.In
the outer region, the energyis brought to the surfaceby
cornvective motion. The interior of the Sun is assumed
to be spherical symmetric and to be at the balance of
gravity, radiation, and particle pressure.

The presert composition of the solar surfaceis pre-
sumedto re ect the initial abundancesof all of the el-
emerts that are as heavy as carbon [24]. These metal
elemens are assumedto be chemically homogeneous
throughout the Sun, except for a minor correction due
to diusion. Suggestionshave been made to argue the
assumption of composition. CNO neutrino measure-
ment could be a direct test of the solar-core metallicity
[25, 26)].

The nuclear reaction cross-sectionsare from theoreti-
cal calculations and/or terrestrial measuremets [27, 2§].
For example,the cross-sectionfor the initial p(p, € ¢)d
processis too low to be measuredin a laboratory, and
has to be calculated with nuclear physics theory. The
3He(*He, )"Be cross-sectionis measuredin the labo-
ratory, and the result must be extrapolated to the so-
lar Gamow peak with correct theoretical consideration.
More experimental e orts on this regard can be found in
LUNA [29], JUNA [30], and [3]] etc.

Electron neutrinos can oscillate to muon and tau neu-
trinos in the three- avor framework in vacuum or low
electron-densily material [32, 33]. Howewer, this quan-
tum ability of neutrinos is changedin the high electron-
density environment in the Sun'sinterior, alsoknown as
the matter, Mikheyev-Smirnov-Wolfenstein (MSW) ef-
fect [34, 35].

The SSM describes the whole life of the Sun from
the pre main-sequencdime to the current day, even into
the future. The study of solar neutrinos directly tests
the theory of stellar ewolution, nuclear energy genera-
tion, and neutrino oscillation. The knowledge of the
Sun is critical to further understand stars in distant
space.

3.1.2 Solar neutrino experiments

The rst triumph of solar neutrino ux measuremen
was for the . componert detected using a ¥ Cl detec-
tor at Homestake [36], but it was a big surprise that the
measuremem was only about 50% of the prediction. The
following steady experimental e orts by SAGE ("*Ga de-
tector) [37], GALLEX ("*Ga detector) [3§], GNO (*Ga
detector) [39], Kamiokande (water Cherenkov detec-
tor) [40], and Super Kamiokande (water Cherenkov de-
tector) [41] all con rmed the Homestake measuremenh
Later the SNO [42] experiment used a heavy water de-
tector to make a measuremen sensitive to all the a-
vors, whoseneutral current scattering result agreeswith
the SSM prediction. Today we understand that electron
neutrinos, ., generatedthrough the fusion processe®sc-
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curring inside the Sun may oscillate to other avors,
or , and this processis a ected by the MSW e ect in
the surrounding densematerials in the Sun.

Recerly the Borexino experiment successfullyiden-
tied the low energy "Be, pep and pp solar neutrinos,
and measuredthe uxes in agreemen with the SSM pre-
diction when taking the oscillation into accourt [43]. A
new era of precision measuremen of the solar neutrino
has begun.

3.1.3 Helioseismology

Solar oscillation was rst found in Ref. [44] by study-
ing the velocity shifts in absorption lines formed in the
solar surface. The surface of the Sun is divided into
patcheswhich oscillate with velocity amplitudes of order
0.5km s ! and periods of order 5 minutes. This phe-
nomenon can be usedto deducea precise sound speed
pro le in the Sun and correspondingly the density and
pressure pro le. Helioseismologyis the other method
that can be usedto study the interior of the Sun.

3.1.4 Open Problems

The remaining issuesfor the properties of neutrinos
and the solar model [45{47] are summarizedbelow.

~ Discovery of the missing solar neutrino compo-
nents is expected from a more precise measure-
ment [19, 25, 48]. CNO neutrinos are believed to
dominate the fueling processesnside high temper-
ature massiwe stars, but have not yet beenobsened
by any neutrino experiment. Searding for CNO
neutrinos from the Sun is the rst practical ap-
proach, despite its relatively small ux. The hep
neutrinos are alsostill missingfrom any experimen-
tal measuremets.

Precisemeasuremets of all the solar neutrino com-
ponerts will provide not only a tighter constraint
on the solar model, but alsoa high statistics obser-
vation of pp and others in real time, all of which
might give completely new insights into the energy
production and uctuation of stars. In addition,

a precise measuremen of the solar neutrino ux

could play a key role in the study of the following
problems.

Solution of the metallicity problem. As discussed
in Ref. [49, 50|, an improved solar model predic-
tion is available with the input of the most up-
to-date photospheric abundance of metals, which
is 30% lower than earlier results. The new cal-
culation basedon the low metallicity assumption
predicts lower uxes for seweral neutrino compo-
nents than thosebasedon the previous high metal-
licity assumption. The next generation of solar
neutrino experiments are expected to resole the
conict.

023002-6

A precise measuremeh of the CNO neutrino is
especially important for the metallicity problem
[25, 26]. The relation of the solar neutrino uxes
and helioseismologycan be seenin Fig. 6. The
CNO neutrino ux predicted by the SSM has a di-
rect dependenceon the abundanceof the metal el-
emerts than other componernts. The variance of
metallicity will change the temperature, density
and pressureprole and aect the uxes of oth-
ersindirectly.

» CNO neutrinos

primordial
heavy temperature, S
elements: C, —» pressure,and —>» pp,g Be, pep,
N, O, Ne, Mg, density B, hep
Si, S, Ar, Fe

\—> sound profile

Fig. 6. (color online) The relation of solar neutrino

uxes and sound speed measuremern of helioseis-
mology.

" A full picture of the MSW e ect in the solar elec-

tron neutrino oscillation. The oscillation of low
energy ., < 1 MeV, likely occurs in vacuum.
As the neutrino energy increases,the MSW e ect

on solar neutrino oscillation emergesand becomes
dominant due to the high electron density envi-

ronment of the Sun's interior, and the transition

of . to the other avors will evertually reach a
maximum. However, this transition region from

vacuum to matter is still poorly constrained by ex-
periments [51{54].

Precise measuremets of 1, and m3,. There is
currently a 2 tensionin the m3, measuremen
betweensolar [55] and reactor measuremets [56).
The Sun emits electron-neutrinos, while reactors
emits electron-artineutrinos. Better measuremets
can be used to improve the measuremen of the
PMNS matrix and matter e ect, and provide a test
of CPT invarianceaswell. A more precisevalue of
12 Will help to de ne a better lower edge of the
inverted neutrino mass hierarchy, and is thus im-
portant for neutrinoless double beta decay experi-
merts in the future.

Obsenation of . regeneration inside the Earth.
The Earth should in principle have a terrestrial
matter e ect on solar neutrinos. A regeneration
of these neutrinos will give rise to a ux asym-
metry for electron avor solar neutrinos during
the daytime and the nighttime [57, 58]. An in-
dication of the day-night asymmetry has already
been obsened with a 2.7 signi cance at Super
Kamiokande[59].
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~ Probing the sub-leadinge ects in addition to neu-
trino oscillation [51, 54]. The Sun serwes as an
ideal neutrino sourceto probe for new physics, es-
pecially for thosethrough a secondarye ect of the
standard scheme. In addition, the expectedupturn
behavior has not been obsened yet for the solar
neutrino oscillation from the matter to the vacuum
e ect. This hasleft alot of spacefor non-standard
neutrino interactions. Other interesting topics can
also be studied with solar neutrinos, sudh as new
neutrino states, sterile neutrinos, e ects of vio-
lation of fundamental symmetries, new dynamics
of neutrino propagation, and probes of spaceand
time.

The rest of the section is arranged as follows. Sec-
tion 3.2 introducesthe simulation setup for the sensitiv-
ity study, including neutrino oscillation probability, solar
neutrino model, detector con guration, etc. Section 3.3
addressesthe systematics which can a ect the studies
of the solar model and MSW e ects. Section 3.4 gives
the sensitivity for identifying ead solar neutrino com-
ponert. Sections3.5, 3.6 and 3.7 discussthe potentials
for studying the transition of vacuum-matter oscillation,
day-night asymmetry, and the test of high and low metal-
licity models, respectively.

3.2 Simulation study

A simulation study was done with somedefault set-
tings for Jinping, including the expectedsignal and back-
ground levels, energy resolution, target mass, and live
time, in order to evaluate the sensitivity for eat physics
topic.

3.2.1 Solar neutrino model

The neutrino energyspectra for all the solar neutrino
componerts weretaken from Ref. [22]. The averageneu-
trino ux predictions on Earth without the oscillation

10° S

102 pp pep
2 10 hep Be7 384
E | Be7 862 BS
. NI3 o015
=10 F17
£ 107
5107
> 10
2 10%
= 10°
E 107
= 1078

-9
101()71 1 10
neutrino energy/MeV
Fig. 7. (color online) Solar neutrino energy spec-

tra and uxes with the high metallicity hy-
pothesis, where the unit for continuous spec-
tra is 10'°°=MeV/cm %=s, and for discrete lines is
10°=cm?/s.

e ect are from Ref. [50, 60| for the high and low metal-
licity hypotheses,respectively. The correlations between
the neutrino componerts estimatedin Ref. [61] wereused
in the study. The spectra with the high metallicity ux

prediction are shown in Fig. 7 and all the numerical val-

uesare listed in Table 2.

Table 2. Theoretical predictions for solar neutrino
uxs and errors without oscillation basedon the
high and low metallicit y hypotheses[50, 60]. The
production branching ratios for the 0.38 and 0.86
MeV "Be lines are 0.1052and 0.8948, respectively.

E Max ux (GS98) ux (AGS09)
or Epine / high metallicit y/ low metallicit y/
MeV ( 10%9s 1cm 2) ( 109s lcm 2)
pp 0.42 5:98(1 0:006) 6:03(1 0:006)
‘Be 0.38 0:053(1 0:07) 0:048(1 0:07)
0.86 0:447(1 0:07) 0:408(1 0:07)
pep 145 0:0144(1 0:012) 0:0147(1 0:012)
BN 119 0:0296(1 0:14) 0:0217(1 0:14)
50 173 0:0223(1 0:15) 0:0156(1 0:15)
"r 174 552 10 4(1 0:17) 3140 10 4(1 0:17)
8B 15.8 558 10 4(1 0:14) 459 10 4(1 0:14)
hep 185 804 10 7(1 0:30) 831 10 7(1 0:30)

3.2.2 Oscillation probability

The propagation path of solar neutrinos from the Sun
to the Earth canbedivided into three parts: 1) from the
inner core to the surface of the Sun; 2) from the sur-
face of the Sun to the surface of the Earth; 3) the path
through the Earth during the nighttime.

The survival probability of solar electron neutrinos
with energyE from the inner coreto the surfaceof the
Sun must include the matter e ect [34, 35 and can be
approximated by the following formula [62, 63],

1 1
~+-cos2 Y, cos2 1, ; (1)

P, = co¢
ee — CO 13 2 2

where the mixing anglein matter is

co2 M =p 002 =2 _ : 2)
(cos2 1,  )2+siN’2
with
p_
_ 2 2Ggcog 3n.E ; 3)

2
mi,

where G¢ is the Fermi coupling constart and n. is the
density of electronsin the neutrino production place of
the Sun. The calculation is done under the assumption
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of adiabatic ewolution [64], so that the density of elec-
trons varies slowly and does not cause any excange
among the mass eigenstates after being created. For
the solar caseinitially only .'s are produced by the
fusion processes. With sin? ;,=0.307, sin®> ,3=0.0241,

m2, = 754 10 % eV?, and n.= 6 10%®=cm® [65] in
the inner core of the Sun, the survival probability of .
as a function of neutrino energy was obtained, without
consideringthe generation of radius distribution of eath
componert. Correspondingly the appearanceprobability
of and is

Po(y=1 Pg: (4)

The secondpart is the disappearanceprobability for
the propagation from the surfaceof the Sunto the surface
of the Earth. The masseigenstatesof neutrinos emerging
from the surfaceof the Sun aretreated asdecoheren [66]
due to the sizablewidth of the energy spectrum of eadh
neutrino componert, even for “Be neutrinos [67]. The
amplitudes of all the mass eigenstateskeep unchanged
and decoherenm all the way to the Earth. The uxes
per unit areaonly decreaseby a factor of the Earth-Sun
distance squaredwith a percert-level annual modulation
e ect dueto the eccertric orbit of the Earth. The above
oscillation probability P, is sucien t for most studies
[68].

3.2.3 Elastic scattering crosssection

The neutrino electron elastic scattering processwill
be usedto detect solar neutrinos. The scattered elec-
tron's energyand direction can be measuredand usedto
derive the incoming neutrino energy and direction. The
di erential scattering cross-sectionsas a function of the
kinetic energyof the recoil electron, T, and neutrino en-
ergy, E , in the electron rest frame can be written, for
example,in Ref. [69] as:

" #
d(E T o . T. ? meTe
= % e 1 =2 . (5
aT. m, 9% E 97 (5)
with
2 2
o= 55Me . ga06 10 “cm?: ©6)

where m, is the electron mass. Depending on the avor
of the neutrino, g, and g, are:

(e

o =g 9= %+ si? ' 0:73;

g =g “=sin ' 023 @)
where  is the Weinberg angle, then for they are
g =g )= %+sin2W' 0:27;

¢ =g =sin® ' 023 (8)

The dierential cross-sectionfor . electron scattering
as a function of T, and the cosineangle betweenthe re-
coiling electron and initial neutrino direction are showvn
in Fig. 8. The directional information will be lessuseful
when the energy of solar neutrino becomessmaller.

— 1o xX10% x10%

<12 o

d @| 314 (b)

R =)

< T 1.2
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c c
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g 2 —u 20.2%

o ! ! ! ! ! = 0 1
00246810 ° “0 0z 04 06 08 i
kinetic energy of electron/MeV cos!

Fig. 8. (color online) (a) the dieren tial crosssec-

tion for the scattering as a function of the kinetic
energy of recoil electron for a 10 MeV ¢ (blue)
and . (black); (b) the distribution of the co-
sine angle betweenthe recoiling electron and ini-
tial neutrino direction for a 10 MeV ¢ (blue) and
alMeV ¢ (black).

3.2.4 Detectable electron spectrum

Since the obsened spectrum of electron kinetic en-
ergy contains all the contributions from electron-, muon-
and tau-neutrinos, the electron kinetic energy spectrum
becomes

z d z d (E ;T.
R =N, dE E 7((1.'.8 )Pee(E )
d . (E ;T
+ By pyE ) ©
where N, is the number of electronsin the target, is
the neutrino ux of the Sun, d =dE is the dierential
energy spectrum of the solar neutrinos, E d— is
dT, dT.

the di erential scattering crosssection as a function of
electron kinetic energyfor . (. ), and P is the

1073
= F17 015
g 10 N13 BS
glo—ss Be7_862 Be7 384
» 10 hep pep
> 107 pp Total
2 10
z 107
3
§ 10 39
% 10740
g 10
g 102
© e

10~ 1 10

electron kinetic energy/MeV
Fig. 9. (color online) Kinetic energy distribution
of recoil electrons for eact solar neutrino compo-
nent, in which the MSW oscillation and the high
metallicit y hypothesesare both considered.
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Table 3. Expected electron event rates for di eren t thresholds and metallicit y hypotheses. The uncertainties are all

from the solar model prediction only.

electron event
rate /day/100 ton

>0 keV (GS98)
high metallicit y

>0 keV (AGS09)
low metallicit y

> 200 keV (GS98)
high metallicit y

> 200 keV (A GSO09)
low metallicit y

pp 13259 0:80 13370 0:80 4:557 0:027 4:595 0:028
7Be (0.38 MeV) 1:93 0:13 1:76 0:12 0:228 0:016 0:208 0:015
7Be (0.86 MeV) 46:9 3:3 42:8 316 22 288 2.0
pep 2:735 0:033 2:792 0:034 2:244 0:027 2:291 0:028
BN 2:45 0:34 1.80 0:25 148 0:21 1:.09 0:15
150 2:78 0:42 1:.95 0:29 2:03 0:31 1:42 0:21
s 0:069 0:012 0:0426 0:0072 0:0506 0:0086 0:0312 0:0053
8B 0:443 0:062 0:364 0:051 0:427 0:060 0:351 0:049
hep 0:0009 0:0003 0:0009 0:0003 0:0009 0:0003 0:0009 0:0003

survival probability. The recoiling electron spectra of the
solar neutrinos for all the fusion processegan be seenin
Fig. 9. The number of electron candidates for the high
and low metallicity hypothesesand the e ectiv e number
of electron candidates with a 200 keV energy threshold
are shown in Table 3, where the number of electronsper
100tons was assumedto be 3:307 10* [43].

3.2.5 Fiducial target mass

In our sensitivity study the ducial target massesare
setto be 1000,2000,and 4000tons, respectively.

3.2.6 Detector responsemodel

Three types of target materials were studied for
the detection of the recoiling electrons through elastic
neutrino-electron scattering.

Liquid scintillator, with its high light yield and low
detecting threshold, has been successfully applied in
many low-energy neutrino experiments. The liquid scin-
tillator detector responsecan be approximated by a sim-
ple characteristic resolution function. The non-uniform
and non-linear detector energy responsescan both be
corrected, so they do not needto be included in this
study. The SNO+ experiment inherited the almost
doubled photocathode coverage from the SNO exper-
iment [70] compared to Borexino [71], so a doubled
light yield was considered possiblein this study. Lig-
uid scintillator was usedas a referencematerial for this
study.

Water is the secondoption under our consideration.
The technique dewveloped by the Super Kamiokande ex-
periment [72] is very mature, but the light yield is
low.

Slow scintillator is the third option, because of
the attractiv e feature that it can separate scirtillat-
ing and Cherenkov light and provide additional in-
formation for energy reconstruction and badkground
suppression.

Three typical energy resolutions were tested in this
study and their valuesin terms of photo-electron/MeV
(PE/MeV) and corresponding resolution functions are

summarizedin Table 4.

Table 4. Three typesof light yields and resolution
functions for the detector response.

light yield resolution function material
o ( E=E)
200 PE/MeV 1= 200E =MeV water (SK)
500 PE/MeV 1= 500E =MeV LS or Slow-LS
1000 PE/MeV 1=ID 1000E =MeV LS (SNO+)

3.2.7 Background assumption

There are mainly three categoriesof badkgrounds. 1)
Cosmic-ray muon induced spallation badkgrounds. With
the overburden of Jinping, these badkgrounds will be a
factor of 200lower than thosein Borexino and a factor of
2 lower than SNO. 2) Internal radioactive beta or gamma
badkgrounds. They are the residual badground remain-
ing in the detecting material regardlessof the depth. We
assumethat thesebadkgrounds can be reducedby puri -
cation down to the samelevel as Borexino. 3) Environ-
ment radioactive badkground. This presens as external
gammasfor a certral detector volume. Borexino badk-
ground rates were applied in our study, and were scaled
accordingto the surfacearea.

For simplicity, no quending e ect was considered
in the following study, so that for sequetial beta and
gammadecys, all the gamma energiesand beta kinetic
energieswere added linearly without consideringthe de-
cay structure of excited states. For the positrons from
the beta+ decays, twice the electron masswas added to
the detected energy for the positron annihilation.

The external gammabadkground was modeled by an
exponertial distribution, motivated by Ref. [43]. The
major external 2Tl is assumedto have an exponertial
energy tail with a decay constart of 0.4 MeV, which is
related to the gammaray attenuation length and ducial
volume bu er dimension.

A summary of the evert rates for all the badkgrounds
can be found in Table 5. Details are given below.

The Borexino-l "Be refers to the analysis result of
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the phase-1’Be measuremenh at Borexino [43, 73, 74,
from which the ducial volumemass,livetime, and back-
ground rates of 1*C, 8Kr, 2°Bi, and ** C were extracted.
The values for *C and *C were used for the Jinping
study. Other background values, *°C, 26 Tl, !Be, and
Ext-28T| were extracted in a similar way as discussed
below.

The Borexino-1 pep refersto the analysisresult of the
phase-lpep measuremen at Borexino [43, 75], wherethe
data of 598.3live days was scaleddown by 48.5%for the
nal selection e ciency. With the technique of three-
fold coincidence(TF C), the badkground rate of *°C was
suppressed.The °C badkground rate without the TFC
technique wastaken as a standard value of the Borexino
experiment, and then scaledto Jinping. The most sig-
ni cant and represenativ e external gammabackground,

Ext-2%Tl, as a major background was extracted from
this analysisand usedfor the Jinping study.

Borexino-I 8B is for the phase-I1®B analysisat Borex-
ino [76], where the energy beyond 3 MeV was dis-
cussed. The reported rates of the high energy badck-
grounds?® Tl and **Be weretakento bethe standard val-
uesfor the Borexino experiment, and usedfor the Jinping
study.

The second phase of the Borexino experiment has
a much lower 8Kr and ?°Bi badkground rates [77]. A
samplewith doublethe live days of data wasassumed,n
order to comparethe phaseone analysis. The measured
badkground rates of ®¥Kr and ?2°Bi of the secondphase
were usedfor the Jinping study.

For comparison purposes,the background situation
of the SNO+ experimert [7§] is also listed.

Table 5. A summary of the ducial mass, live time, and backgrounds for all the known running or planned solar
neutrino experiments. Seethe text in Sec.3.2.7 for the referencesand calculation methods for each experiment or
analysis. Jinping's ducial massand resolution will be scannedin the study.

mass/ time/ resolution/ lac 85gr 210gj 1lc 10¢c 208 7] 11Be Ext- 208 1|
100 ton day PE/MeV /counts/da y/100 ton
Borexino-l ‘Be  0.7547  740.7 500 346 10° 312 410 285 0.62 0.084  0.032 2.52
Borexino-l pep  0.7130  290.2 500 346 10° 312 41.0 248 0.8 0.084  0.032 2.52
Borexino-l 8B 1 345.3 500 346 10° 312 410 285 0.62 0.084 0.032 2.52
Borexino-l | 7"Be  0.7547 1480 500 3:46 10° 1 250 285  0.62 0.084  0.032 2.52
Borexino-I | pep  0.7130 580 500 3:46 10° 1 250 248 0.8 0.084  0.032 2.52
Borexino-1 | B 1 690 500 3:46 106 1 250 285 062 0.084  0.032 2.52
SNO+ 5 1500 1000 3:46 10° 1 250 0.29 0.0062 0.084 0.00032 1.47
Jinping scan 1500 scan 3:46 10° 1 25.0 0.15 0.0031 0.084 0.00016 1.17
3.2.8 Total spectrum |3.4  Precision for each comp onent measuremen t

Simulation sampleswere constructed with solar sig-
nals and backgrounds. They were tted and analyzedfor
ead physicstopic below and the corresponding discovery
sensitivities will be reported.

3.3 Systematics of the ux measuremen t

Two systematic uncertainties were consideredfor the
measuremen of the solar neutrino ux. Oneis the du-
cial volume de nition, which is only related to the bias of
vertex reconstruction rather than the resolution. A 1%
systematic uncertainty was assumedfor the ducial vol-
ume cut. The other is from the energy response of the
detector. With the experience of the Borexino experi-
ment and the recert Daya Bay experiment [79, 80], we
believe that the uncertainty from the non-linearity and
non-uniformity e ect in the energyreconstruction canbe
cortrolled down to the level of 1%. With a large data
sample expected at Jinping, we assumedthere was no
tting procedureerror asintroduced by Borexino analy-
sis. In total, 1.5% systematic uncertainty is assignedto
all the ux measuremets.

Simulations with the inputs from Table 3 and var-
ious target massesand energy resolutions were done
to evaluate the expected precisions. A tting example
is shown in Fig. 10. The 0.38 MeV to 0.86 MeV ratio

Jinping 2 kton 500 PE/MeV study

10° MC sample pp
" pep BC77384
10 Be7_862 B8
107 N13 015
Kr85 Bi210
2 10° Cil Cl4
= 10° TI208 ExtTI208
S
S 10
]
5 10°
5
10°
10
1
10 1 10
visible energy/MeV
Fig. 10. (color online) Fit results for the simula-

tion sample with a 2000-ton target massand 500
PE/MeV energy resolution.
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of the "Be lines was xed accordingto Table 2. Since
the characteristic line shapes for the **O and ¥ F were
not distinguishable, only the O componert was consid-
ered in the tter. The hep neutrino cortribution was
not signicant in the t, and was ignored. Table 6
lists the relative statistical precisions for all the solar
neutrino componerts with the high and low metallicity
models.

Table 6. Relative statistical precision of solar neu-
trino uxes for three dierent target massesand
energy resolutions. The default results are for the
high metallicit y assumption and the onesin the
parenthesesare for low metallicit y if signi can tly
dierent. NA is marked when the relative uncer-
tainty is greater than 50%.

energy resolution/PE/MeV

200 500 1000
pp 0.02 0.007 0.005
ducial  "Be 0.007 0.006 0.005
mass pep 0.07 0.05 0.04
1000ton 13N NA 0.5 (NA) 0.3 (0.4)
150 0.3 0.2 (0.4) 0.1 (0.2)
8B 0.02 0.02 0.02
pp 0.01 0.005 0.004
ducial  "Be 0.005 0.004 0.004
mass pep 0.06 0.03 0.03
2000ton 13N 0.4 0.3 0.2 (0.3)
150 0.2 0.1 0.08 (0.1)
8B 0.02 0.02 0.02
pp 0.01 0.004 0.003
ducial  "Be 0.004 0.003 0.003
mass pep 0.04 0.03 0.02
4000ton 13N 0.3 0.2 (0.3) 0.2 (0.3)
150 0.1 (0.2) 0.07 (0.1) 0.06 (0.09)
8B 0.01 0.01 0.01

3.4.1 Improvemert on the known neutrino componerts

pp neutrino:  As shown in Fig. 10, the electron en-
ergy from the elastic pp neutrino scattering is slightly
higher than that from the main badkground *#C, and
the best signal region for detecting the pp neutrinos is
around 0.2{0.3 MeV. The statistical uncertainty on the
pp neutrino ux is very sensitive to the energy resolu-
tion of the detector, which can reach 1% with the 500
PE/MeV light yield. The total uncertainty will be dom-
inated by the systematicuncertainty. We hopeto cortrol
the dominant systematic uncertainty and reducethe to-
tal uncertainty down below 1%, and this will help to
explore the expected di erence betweenthe neutrino lu-
minosity and the optical luminosity.

"Be neutrino:  The "Be and B neutrinos are critical
to distinguish the high and low metallicity hypotheses.

The "Be neutrino ux can be measuredstatistically to
better than 1%, which is lessdependert on the energy
resolution due to the characteristic sharpturn. The total
ux uncertainty is dominated by the systematic uncer-
tainty.

8B neutrino: The B neutrinos su er the largest
matter e ect, which makesthem sensitive to the vaccum-
matter transition phaseand the day-night ux asymme-
try. The relatively high energy of 8B neutrinos makes
them less contaminated by other badkgrounds, and be-
cause of the broad energy spectrum, the study of B
neutrinos does not rely on the energy resolution much.
The statistical precision of the ux of 8Be neutrinos is
expected to be about 1%{2% , which is limited by the
target mass,and is comparableto the systematic uncer-
tainty.

pep neutrino:  The distinguishable structure of the
pep neutrino spectrum, like the "Be neutrinos, makes
them easily identi able. With the three energy resolu-
tion options considered,the sensitivities can all reach 7%
and even 3% if the target masscan be increasedto 2000
tons. The pep neutrinos are one of the key ingredients
in the study of the solar model and the vacuum-matter
oscillation transition.

3.4.2 Discovery of the CNO neutrinos

CNO neutrino: The ux of CNO neutrinos strongly
dependson the metallicity hypothesesand itself is a very
interesting subject sincethe CNO neutrinos are from the
main fueling processof high temperature stars, while the
pp processis dominant in the Sun becauseof the rela-
tively low temperature. The major badkgrounds for the
13N and *O neutrino detection are the "Be and pep neu-
trinos, and ®Kr and ?°Bi decays. An e ectiv e identi -
cation of the other neutrinos and backgrounds will help
to resolve the CNO neutrinos, and this relies on the en-
ergy resolution. With a resolution of 500 PE/MeV or
better, discovery of the ®O neutrinos at Jinping will
be possible (the relative error is better than 30%) for
the high metallicity assumption. With a larger tar-
get mass, for example 2000 tons, the discovery poten-
tial will be signi cant for both high and low metallicity
assumptions.

3.5 Matter-v acuum transition phase

The transition of oscillation probability from the
matter-governed region to the pure vacuum-like region
is a very interesting phenomenon of the MSW e ect.
This e ect hasbeenstudied by Borexino [43, 76|, Super
Kamiokande [72], SNO [78], and previous experimerts.
Experimentally, however, the oscillation in the transi-
tion region is still loosely constrained, giving chances
for non-standard e ects enhancedby an MSW-lik e reso-
nance,for exampleasdescribed in Refs.[53, 81{84]. The
current status is shown in Fig. 11. With the Jinping
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simulation, the expected ux measuremelts are com-
pared with the predictions with neutrino energyand re-
coil electron kinetic energy which are shown in Fig. 11
and 12, respectively. For Fig. 12, the uncertainty of eath
bin is assignedas the square root of the full statistics
of ead bin including all the badkgrounds and signals,
and, for a better demonstration, the bin rangeswere ad-
justed accordingto the statistics of ead individual signal
region.

1.0g
2 09 = current status
'_g 0.8 §_
g 07 =
= 06F
g :—4*
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Fig. 11. (color online) The transition of oscillation

probabilit y from the vacuum to matter e ect asa
function of neutrino energy. The central line is for
the theoretical prediction, while the shaded area
is obtained by marginalizing 12, 13, and m,
with the presert experimental uncertainty. Top
plot: Data points plotted are the presert mea-
suremerts [74, 75, 77]. Bottom plot: We assume
a 2000-ton target mass, 1500-day exposure, a res-
olution of 500 PE/MeV, and the low metallicit y
hypothesis. The v epoints with error bars are the
simulation results for pp, "Be, pep, **0 and B, in
which the certral values are set to the true ones,
the y-error bars include both statistical and sys-
tematic uncertainties and the x-error bars corre-
spond to the range of energy measuremert, while
the 150 x-error is omitted for a clear view.
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Fig. 12. (color online) The ratio of the detected
kinetic energy spectrum of recoil electrons after
background subtraction over the non-oscillation
truth. Here we assumeda 2000-ton target mass,
1500-day exposure, a resolution of 500 PE/MeV,
and the low metallicit y hypothesis. The solid line
is for the theoretical prediction and the points are
simulated data with statistical errors. Becauseof
the large correlation among the points, the sys-
tematic uncertainties are not included.

3.6 Day-nigh t asymmetry

After solar neutrinos passthrough the Earth, elec-
tron neutrinos may be regeneratedbecauseof the MSW
matter e ect [57], which leadsto a slightly higher sur-
vival probability during the night than during the day
time. The averagesurvival probability is very sensitive
to m2 and the density prole at the nearby surface
of the Earth [58, 59]. The latter can causea day-night
asymmetry varying around 1%{3% for the rate of so-
lar neutrinos. With 5 years of data-taking and a 2000-
ton detector, the total statistics of 8B could reach 10000
everts, which is insucien t to have a conclusive mea-
suremen of the day-night asymmetry.

3.7 Metallicit y problem

With the expectedimprovemerts in the measuremen
of solar neutrino uxes, we have carried out a study of
the hypothesistest for the solar modelswith the high and
low metallicities. The study is focusedon the experimen-
tal capability with given oscillation parameters,because
the theoretical uncertainties of the solar neutrino ux
predictions are di cult to quartify currently [23]. The
evaluation was done assuming2000-tontarget massand
1500-day exposure.

The ability to distinguish two hypotheses,separation

S, isde ned as
" # _
x 1=2
S= (Fh;i Fl;i )(V l)ij (Fh;i FI;J’ ) ;

i

(10)

where Fn; and F;; are the predicted neutrino uxes
for the i-th componert with the high (h) and low (I)
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metallicities, respectively, and V is the covariance ma-
trix, which follows the usual de nition as

Vi= o (11)

where ; is the uncertainty of the i-th component and
i givesthe correlation betweenthe i-th and j-th com-
ponents.
Firstly, an optimistic calculation of the separation,
Sept » betweenthe two hypotheseswas done assumingall

of the ux measuremets were independert. By simpli-
fying Eg. (10),

"X Pz Ty i}

Sopt = Sa i (Fni Fu)=7

#1—2

(12)

where S, ; gives the separation achieved for the i-th
componert. Table 7 givesthe inputs for calculating S ,
including the ux di erence betweenthe two hypotheses,

the expected experimental uncertainties, e, Sopt;i
and the theoretical uncertainties eoy . The nal re-
sult is

Sopt = 9:6; (13)

which can be treated as a 9.6 rejection to the high
metallicity hypothesisand vice versa. The most power-
ful separationsare expected from the "Be, *°0, and B
neutrinos.

Table 7. Details of the high and low metallicit y hy-
pothesestest. The secondcolumn shows the ux
di erence, i.e. GS98-AGS09 [50, 60]. The third
column givesthe expected absolute experimental
error, exp;i, Which is calculated according to the
GS98 ux estimation and the expected statisti-
cal and systematic errors. The fourth column is
the separation for the i-th component, jSop;ij, as
de ned in Eq. 12. In the last column, the abso-
lute theoretical uncertainty for the i-th compo-
nent, teory ;i, iS preserted for comparison. The
ux dierence, exp;i, and theory i are in units
of 101 (pp), 10° ("Be), 10° (pep, BN, 0), 10°
(®B, 'F), and 10° (hep) cm 2s 1.

I:h;i Fl;i exp ;i jSopI i J theory ;i
pp 0.05 0.10 0.53 0.036
"Be 0:44 0.078 5.7 0.32
pep 0.03 0.048 0.62 0.018
13N 0:79 0.89 0.89 0.30
150 0:67 0.23 3.0 0.28
17p 2:12 - - 0.76
5B 0.99 0.14 7.1 0.64
hep 0.27 2.49

Secondly a model separation quantity S.,.s was con-
senatively evaluated taking into accourt the cortribu-
tion from the "Be, B, and O neutrinos, and the exper-
imental correlations amongthem. The correlations stem

from the tting procedureto separatethe "Be and B
componerts, sincethe statistical precisionsare relatively
high, aslisted in Table 6. The major sourcesof system-
atic errors, target massand energy response, might be
fully correlated among all the neutrino componerts for
the worst case. It should be noted that the relative sys-
tematic uncertainty of 1.5%is dominant for the "Be neu-
trinos and signi cant for the 8B neutrinos. As a result,
the correlation betweenthem is as high as 50%, degrad-
ing the power to distinguish the models. The correlation
matrix betweenthem is given below

3

1 0:1581 0:5799

= 20:1581 1 0:1104?) ;
0:5799 0:1104 1

(14)

where the rows and columns are arranged sequetially
for the "Be, *0O, and 8B, respectively. The calculation
gives
Scons = 7:6: (15)
As a conclusion, the proposed Jinping neutrino ex-
periment has the capability to resolve the high and low
metallicity hypothesesin the given referenceswith 7{10
with the xed input of presert mixing angles. We
expect the uncertainties on these mixing angleswill be
improved with terrestrial experimerts.

3.8 Conclusion and summary

Basedon the discussionin this section, with 2000-ton
ducial massand 500 PE/MeV light yield, the expected
outcome for the proposedJinping neutrino experiment
running over 5 yearsis very promising to make a discov-
ery of the CNO neutrinos andto signi cantly improvethe
measuremets of the pp, "Be, and pep neutrino uxes.
The experiment can also provide a stronger constraint
on the vacuum-matter transition to the MSW e ect, and
have the experimental capability to distinguish the high
and low metallicity hypothesesin the given references.
Due to the limited target mass, physics relying on the
statistics of 8B neutrinos cannot be precisely probed, for
example,the day-night asymmetry. In this study, we did
not discussthe possibleimprovemen of the measuremen
of neutrino mixing anglesand the possibility to rule out
other new physics.

4 Geo-neutrinos

4.1 Intro duction

Identifying and understanding the Earth's energy
budgetis a fundamertal questionin geology asit de nes
the power that drivesplate tectonics, mantle convection,
and the geadynamo [85]. The motivation for understand-
ing geo-neutrinosstarts with the wish to understand our
planet.
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The Earth's total heat ow is currently estimated to
be 46 3 TW [86]. The driving power comespresum-
ably from two sources: 1) the heat ewolved from decay
of radiogenicisotopes,and 2) primordial energythat re-
sulted from the accretion of the planet and the gravita-
tional di erentiation of iron sinking to the certer of the
Earth [87, 88]. Estimates for the radiogenic heat pro-
duction (from K, Th and U, >99%) in the Earth cover
a cortinuum of compositional models that can be de-
ned by three groups: (1) low Q models (10{15 TW
of power), medium Q models (17{22 TW) and high Q
models (> 25 TW), which were previously classi ed as
cosmahemical, geacchemical, and geadynamical models,
respectively [87]. The cortinents are estimated to ac-
counts for 7 TW of the total budget of heat-producing
elemerts, which translates to the mantle having insignif-
icant (3 TW) to substartial (>18 TW) amourts of ra-
diogenic power [89].

Geo-neutrinos are produced by radioactive decays
from inside the Earth, with only those from the #*2Th
and Z8U decay chains being detectable becausetheir en-
ergiesare > 1.8 MeV, the threshold for initiation of in-
verse beta decay (IBD). Quantifying the ux of these
geo-neutrinoswill place limits on the radiogenic power
in the planet and provide authoritativ e insights into
the building blocks of the Earth and the energy driv-
ing plate tectonics. The eld of neutrino geoptysicsonly
becamepractical recertly by the advent of large under-
ground neutrino detectors, i.e. the KamLAND [90{92]
and Borexino [93{95] experiments.

The current experimental status can be seenin
Ref. [88]. The fuel that drivesthe Earth's enginecomes
from unknown proportions of primordial energyfrom as-
senbling the planet and nuclear energy from the heat
produced during natural radioactive decay. There is an
order of magnitude uncertainty in presern-day estimates
of the amount of radiogenic power driving mantle dy-
namics. The existing measuremets of the Earth's ux
of geoneutrinos [90{95] reveal the amount of uranium
and thorium in the Earth, and have excludeda fully ra-
diogenic Earth, but regrettably, becauseof the consider-
able uncertainty from these models, cannot discriminate
between the three competing compositional models for
the Earth. The most recert result from the Borexino
experiment [95] reported a gure for the mantle ux of
geo-neutrinos, although with about 75% uncertainty at
the 1-sigmalevel.

The mantle neutrinos are of the most theoretical in-
terest, but the corresponding fraction is only from 15%
to 30% for any given cortinental experiments [96], and
the distribution of heat producing elemens is not pre-
cisely known. The crustal geo-neutrino ux is the best
known of the cortributors to the total ux, asit the
most accessiblepart of the Earth. Calculating the geo-

neutrino cortribution from the cortinental crust is done
by integrating data from geoplysical [97499] and geo-
chemical[96] surveysof corntinents, with detailed regional
studiesfor the rst 500km surrounding the detector [10(
asthis region typically contributes half of the total geo-
neutrino signal. Critical constraints on the Earth models
will comefrom precisemeasuremets of the Earth's geo-
neutrino ux.

A natural nuclear ssion reactor at the certer of the
earth with an estimated power output of 3{10 TW has
been proposedas the energy sourceof the earth's mag-
netic eld [10]]. Experimental results may critically as-
sesssudh assumptions and set limits on its presumed
power cortribution.

Due to its location far away from nuclear power
plants, Jinping is an ideal site to precisely measure
the geo-neutrino ux and to probe for potential geo-
reactors. Next we will intro duce geo-neutrino signalsin
Section 4.2, the critical badkgrounds from reactor neu-
trinos and other cortributors in Section4.3, and the sen-
sitivit y to study geo-neutrinosat Jinping in Section4.5.
The sensitivity for geo-reactorswill be briey discussed
in Section4.6.

4.2 Geo-neutrino  signal

This section discussesthe spectrum and ux of the
geo-neutrinos,together with their detection.

4.2.1 Geo-neutrino spectrum and ux

Natural decays from the 2®U and #?Th families and
40K produce heat:

28| 26Ph+8 +6 +6 o+ 51:698MeV;

22Th| X8Ph+ 6 +4 +4 .+ 42652MeV;
OKI QCa+t + +1:311MeV (BR = 89:3%);

O+ 1 DAr+ +1:505MeV  (BR = 10:7%):

(16)

The predicted beta-deca spectra of the antineutrinos
are from Ref. [102.

The geo-neutrino ux prediction dependson the geo-
models and locations. The recert ux prediction at the
Jinping site in Ref. [89] wasusedfor the sensitivity study
in this section. The total neutrino ux is 5853 TNU
including both U and Th.

4.2.2 Geo-neutrino detection

In principle, neutrinos can be detected via either the
elastic scattering processor the inversebeat decay (IBD)
reaction. Owing to the low cross-sectionand the poten-
tial solar neutrino background, we do not expect the rst
processcan be usedat Jinping. The electron antineutri-
nos will be detected using the IBD reaction chain [103

+p! € +n; followedby n+H! d+ (2:2MeV): (17)

023002-14



Chinese Physics C  Vol. 41, No. 2 (2017) 023002

Depending on the detector type, the energy of electron
antineutrinos can be approximately calculated by either
T+ + 1:8 MeV in water or T+ + 0:78 MeV in scirtilla-

tor. Here, T+ is the visible energy of the positron, and
the tiny energy of neutron recoil is neglected. The 1.0
MeV di erence in scintillator is due to the fact that the
visible energy of the positron is actually the sum of the
positron kinetic energy and the annihilation  energy
Becauseof the soft geo-neutrino spectra and the high
Cherenkov threshold, the measuremen of geo-neutrinos
can only be performed in liquid scirtillator detectors or
water-basedscirtillator detectors.

4.3 Geo-neutrino backgrounds

4.3.1 Reactor antineutrino background

Reactor electron antineutrinos are an irreducible
badkground to the detection of geo-neutrinos. The only
way to reducethe reactor neutrino ux is to apply the
1=r? law and place the detector far away from nuclear
power plants. Fortunately, the location of Jinping is at
least 1200km away from any nuclear power plant either
operational or under construction, and is therefore the
best site for geo-neutrino experimerts of all the existing
experiments. Below, we evaluate the reactor antineu-
trino badkground at Jinping.

4.3.2 Dierential neutrino ux of a single reactor

Reactor antineutrinos are primarily from the beta de-
cays of four main ssile nuclei #°U, 2®U, #°Pu, and
21py, The dierential . ux, (E ), for a reactor is
calculated by [104]

€)= Pl %

fa fiS(E ),

(18)
|
where i sums over the four isotopes, Wy, is the ther-
mal power of a reagtor which can be found in the
IAEA [105 104, f; ( ;f; = 1) is the ssion fraction of
ead isotope, € is the averageenergyreleasedper ssion
of eadh isotope, and S; (E ) is the antineutrino spectrum
per ssion of ead isotope. A set of typical ssion frac-
tions, f;, and the averageenergyreleasedper ssion, e,
are listed in Table. 8.
Table 8. Fission fraction and averagereleaseden-
ergy of each isotope [104].

isotope fi e /MeV/ ssion
285y 0.58 202:36 0:26
28y 0.07 20599 0:52
239 py 0.30 211:12 0:34
241py 0.05 214:26 0:33

4.3.3 Total dierential reactor neutrino ux

To get the total reactor neutrino badkground spec-
trum at Jinping, nping (E ), we usedthe thermal pow-
ers of all the currently running and under construction

nuclear power plants from the IAEA [105, and took into
account the electron antineutrino survival probability.
snping (E ) IS expressedas

Re%tor s 1
Jinping (E ): I(E )P e! e(E ;L)—z; (19)

i 4L

with
. . m2, (eV)L (km)

. 2 2r1- 21 .
P. .(E;L) 1 sin“2 ,,sin*[1:267 E (Gev) 1;
(20)
where E is the neutrino energy L is the distance from

ead reactor to the Jinping site, and ;; and m3, are
neutrino oscillation parameters. L is calculated using
the longitude and latitude coordinates for eat nuclear
power plant and Jinping site, and 1, and m3, are set
to be 0.586and 7:58 10 ° eV?, respectively. Table 9
lists the numerical results for the uxes.

Table 9. Reactor neutrino ux at Jinping.

Jinping operation construction total
China others China others
=(10%cm 2s 1) 3.71 2.73 6.20 0.35 12.99

4.3.4 Other non- . badkgrounds

Other possiblebadkgrounds are the cosmic-ray muon
induced °Li and 8He, ( , n) background, and the ac-
cidental coincidencebadkground. According to the re-
cert publication by Borexino [95], the signal-to-non- -
badkground ratio is 100, sothesebadkgrounds wereig-
nored in this study.

4.4 Fiducial mass for geo-neutrinos

The detection of .'s is through the IBD processin
Eq. (17). Sincethe delayed-coincidencetechnique is ap-
plied to identify the prompt and delay signal pair, the
ratio of signal to badkground can be signi cantly im-
proved. Consequetly, a lesserrequiremert on the du-
cial volume can be applied, increasing the target mass
from 2000tons to 3000tons.

4.5 Sensitivit y for geo-neutrinos

The event rates of geo-neutrino signal, reactor neu-
trino badkground, and the sensitivity of observing geo-
neutrinos and determining the Th/U ratio are discussed
in this section.

4.5.1 Signal and badkground rates and spectra

The detectable spectra from the IBD processcan be
calculated as

RJinping (E ): Jinping (E ) (E ): (21)

With a modest setup, i.e. 1 kiloton ducial volume and
1500days' data-taking, the total signaland reactor back-
ground rates are summarizedin Table 10. Within the
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geo-neutrino signal region, <2.8 MeV, the reactor neu-
trino badkground rate is less 30/kton/1500 day. The
signal to background ratio is rather promising.

Table 10. Total geo-neutrino and reactor neutrino
event rates at Jinping.

geo-neutrinos reactors
238y 282Th Total
rate/kton =1500 day 138 34 172 64

4.5.2 Sensitivity for geo-neutrino signals

According to the true signal and background spectra,
and the exposure of 3 kiloton of target mass,1500days
of data-taking, and 500 PE/MeV detector energy res-
olution, werandomly sampledthe spectra and performed
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Fig. 13. (color online) Fit result for both the geo-

neutrino signals and backgrounds. The top plot
is tted with the Th/U ratio xed to 3.9, while
in the bottom plot Th and U componerts are t-
ted separately. Numbers shown in the corner are

2/ndf and the ratios of the t result to the nom-
inal value for the reactor background and geo-
neutrinos.

a likelihood t with both signalsand badground. One
example t with Th/U ratio xed to the known value is
givenin Fig. 13. The precision of the total geo-neutrino
ux can be determined down to 4%. The other t with
the Th and U fractions freeis alsoshown in Fig. 13. The
28 fraction can be determined to 6%, and the 2*2Th
fraction's precision can reach 17%.

4.5.3 Th/U ratio

With 5000tests of random sampling and tting, we
estimated the expected precisionto determine the ratio
of U to Th componerts, i.e. how well we can determine
the expected chondritic massTh/U ratio of 3.9. The re-
sult is that the Th/U ratio can be well measured,with
a precision of 27%.

4.5.4 Sensitivity to geo-neutrino models

With the 4% precision in determining the total geo-
neutrino ux, the result canbe comparedwith the model
predictions. Shown in Fig. 14 are two possible outputs
with uncertainties overlaid on the model predictions of
geo-neutrino ux asa function of heat production. The
prediction hastwo main uncertainties. The rst isa 10%
uncertainty of the crust neutrino ux, and the other is
the distribution of the mantle neutrinos, which could be
uniform in the mantle or in the extreme caseonly concen-
trate around the border of the mantle and the core. With
the expectedimprovemert of the geo-neutrino ux mea-
sureme, it should be possibleto acceptor reject some
geo-neutrino predictions. But, certainly, a more precise
geologicalsurvey of the near-by crust, and, if possible,a
better understanding of the mantle neutrino distribution,
are necessarnyto decreasethe prediction uncertainty.

100
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30 low O

20 medium Q
10 high O

0

geoneutrino signal/TNU

0 5 10 15 20 25 30 35
radiogenic heat from**U+*Th/TW

Fig. 14. (color online) The geo-neutrino sensitiv-
ity vs geo-neutrino model predictions at Jinping.
The three lled regionsin the plot delimit, from
the left to the right, low- medium- and high-Q
models, respectively. The two horizontal bars are
plotted at two possiblegeo-neutrino ux assump-
tions with Jinping geo-neutrino measuremen sen-
sitivit y.
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4.6 Sensitivit y for a geo-reactor in the core

The geo-reactorneutrinos are predicted to have the
same energy distribution as man-made reactors. The
number of everts over 2.9 MeV was counted. According
to Poissonstatistics, a 95% upper limit was deducedfor
the total power of the geo-reactorin the Earth core:

Preacto < 223 TW (95% CL); (22)
which can conclusively con rm or excludethe 3-10 TW
geo-reactorproposal.

4.7 Discussion and summary

The reactor neutrino badkground can be suppressed
signi cantly, given the ideal location of the Jinping de-
tector. As discussedin Section 4.5, the expected total
number of geo-neutrino candidatescan be over 500 for a
3 kiloton target masswith 1500-liveday exposure, while
the number of badkground events from nuclear power
plants is evaluated to be lessthan 100 below 2.8 MeV.
The ux of geo-neutrinoscan be determined with a pre-
cision of 4% and the ratio of Th/U can be determined to
better than 27%. As shown in Section 4.6, a conclusive
con rmation or rejection of a geo-reactorwith 3{10 TW
can also be made.

5 Supernova burst neutrinos

5.1 Intro duction

On 1987 February 23, about two dozen supernova
(SN) burst neutrinos were obsened in the Kamiokande
1, IMB, and Baksan experiments from the stellar col-
lapse SN 1987A, resulting from the star Sanduleak -
69202exploding in the Large Magellanic Cloud, about 50
kpc away from the Earth [104112]. This wasthe rst ob-
senation of a supernova neutrino burst and SN 1987Are-
mains the only known low-energy astrophysical neutrino
sourcesincethen exceptfor the Sun. SN burst neutrinos
carry away almost all of the gravitational binding en-
ergy of a stellar collapse,and are important in studying
the core-collapsesupernova (ccSN) mechanism[113. SN
neutrinos canalsoprovide a large range of physical limits
on neutrino properties [114116]. Since ccSN explosions
are likely the strongest galactic sourcesof gravitational
waves,joint obsenations of both SN burst neutrinos and
gravitational wavescould provide deepinsight into ccSN
explosionsas well as other fundamental physics[117].

The detection of SN burst neutrinos is soimportant,
but galactic SN explosionsoccur with a rate of only a
few per certury [118, which makesthe detection a once-
in-a-lifetime opportunity. SN neutrinos are expected to
arrive at the Earth a few hours beforethe visual SN ex-
plosion, which enablesa preciousearly warning for a SN
obsenation [113. The Supernova Early Warning Sys-

tem (SNEWS) [119, 12Q collaborates with experiments
sensitive to ccSN neutrinos, to provide the astronomy
community with a very high-con dence early warning of
a SN occurrence, allowing them to point more powerful
telescopesor facilities at the evert [121].

5.2 Supernova burst neutrino signal

We studied the 1987A-type ccSN model, in which
the SN burst neutrinos have three main phases,includ-
ing prompt . burst, accretion, and cooling, respec-
tively [113. The duration of 10 secondscovers 99% of
the luminosity carried o by all avors of neutrinos and
antineutrinos in a SN explosion. The energy spectrum
of SN burst neutrinos follows a quasithermal distribu-
tion [123,

f (E)/ E e ¢ *DE=Fa, (23)

where E,, is the average energy and  describes the
amount of spectral pinching. In this study, E,, is set
to be 12.28 MeV and to be 2.61, which correspond
to the cooling phasefor SN burst .'s, and we chosea
10-secondseard window for SN burst neutrinos.

The SN burst neutrinos are emitted in the few-tens-
of-MeV range, and the detected neutrinos are dominated
by IBD everts [123 in a liquid scintillator detector with
a fraction of about 90%. The coincidenceof IBD prompt
signal from the positron (a 0.78-MeV downward shift of
neutrino energyin general,seeSection4.2.2) with the de-
layed gamma emission( 2.2 MeV) of the IBD neutron
capture on H providesaclear . signatureagainstthe un-
correlated badkgrounds. Based on the chemical decom-
position, the IBD crosssection, and SN burst neutrino
ux [113, the expected number of SN burst neutrinos
can be determined by

L 10kpc *

N=No 5 Gerg D

™ .
1kt

(24)

where N, corresponds to the expected number ( 300)
of SN burst neutrinos at a distance (D) of 10 kpc and a
target mass(TM ) of 1 kiloton. Generally, the luminosity
(L) emitted is xed for the study, which may vary with
models. No selectione ciency is involved here.

Note that the total neutrino ux could be measured
by using elastic neutrino - proton scattering as proposed
in Refs.[124, 125. For that, the quending of protons
in LAB hasto be known [12€], which was measuredre-
certly. Hencea new opportunit y could also be explored.

5.3 Supernova trigger sensitivit y

A supernova trigger systemcan be implemented with
one or seeral detectors. This systemrelies on an online
scanfor any increaseof IBD signalswithin a sliding 10-
secondwindow as detailed in Ref. [127]. The Jinping
experimernt is also aiming to be part of SNEWS in the
future.
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For the IBD selectionin a liquid scintillator detector
at Jinping, a prompt signal energycut, 10{50 MeV, a 3
delayed energy cut for the 2.2 MeV gamma peak from
neutron capture on hydrogen, and a 1{1000 s prompt-
delayed time interval cut are needed. The total selec-
tion e ciency is estimatedto be 85% basedon the SN
burst neutrino energy spectrum resulting from Eq. (23)
and the nH analysis of the measuremen of ,; at Daya
Bay [128 129. This selectione ciency will be usedto
calculate the detection probability of the supernova trig-
ger, which is de ned asthe probability that a supernova
neutrino burst will be detected.

Requiring >2 IBD candidatesin a 10-secondwindow
will suppressthe badground to a negligible level, due
to the quite low cosmogenichadkground rate at Jinping.
The detection probabilit y of a supernova trigger is shavn
in Fig. 15 asa function of distance to the Earth.

Notice that the most distant edgeof the Milky Way
is just 23.5kpc from the Earth and SN 1987A exploded
at a distance of 50 kpc. The larger distance will cover
more SNSs.
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Fig. 15. (color online) Supernova detection probabilit y.

5.4 Discussion

The detection probability of a supernova trigger at
Jinping is expected to be 100% throughout a 100 kpc
distance in the scenarioof two detectorswith 1500 du-
cial target massead. This sensitivity is comparableto
the Super-Kamiokande experiment [130.

The 10 MeV threshold can be even lower due to the
low badkground rate, increasing the selection e ciency
of SN burst neutrinos and covering more SN modelswith
soft neutrino energy spectra.

With the slow liquid scintillator, the pointing abil-
ity of the SN neutrino bursts could be achieved by re-
constructing the direction of Cherenkov light [131] from
the neutrino-electron scattering interactions as Super-
Kamiokande does.

6 Supernova relic neutrinos

Supernova relic neutrinos (SRNs), also known as
the Di use Supernova Neutrino Background (DSNB), is
highly interesting for neutrino astronomy and neutrino
physics. As describedin the previous section, the chance
to detect supernova burst neutrinos is rather rare. How-
ever neutrinos emitted from past core-collapse super-
novae have accunulated and formed a contin uum di use
badkground, so the chance to discover supernova relic
neutrinos is relatively higher. Obsenation of supernova
relic neutrinos will reveal the processof stellar ewolu-
tion and the history of our universe,and it is a unique
tool for astronomy researt. Experimental seartheshave
beencarried out by Super Kamiokande [13X134], Kam-
LAND [135, Borexino [136, and SNO [137]. However,
no SRN signal has been found yet. In this section, we
will estimate the future prospects of the Jinping under-
ground experimert.

6.1 SRN models

The SRN spectrum can be predicted by [138§:
z 1

[(1+2) [E @+ DR (@] SNdz

dz

(25)
wherethe rst term within the integral is an averagesu-
pernova neutrino spectrum ' [E ] and then appropriately
redshifted, the secondterm, Rgy(2), is a core-collapse
rate density asa function of redshift z, and the last term
is the known cosmologicalline-of-sight factor.
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Fig. 16. (color online) Model dependenceof . en-
ergy spectra for supernova relic neutrinos.

Many models have beenproposedto predict the SRN
ux and spectrum. In this analysiswe will comparethe
following model predictions with the sensitivity of Jin-
ping: LMA [139, constart SN [140], cosmic gas [14]],
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chemical ewolution [14Z], heavy metal [143 144], popu-
lation synthesis[145, HBD 6 MeV [14€], star formation
rate [147, and failed SN [148. The most interesting
< energy spectra from the above models are shown in
Fig. 16. The average energy of supernova relic neutri-
nosis highly red-shifted from 20 MeV to below 5 MeV
for all models, and the total ux predictions among the
models are within about an order of magnitude.

6.2 Detection of SRNs

There are three avors of neutrinos and anti-
neutrinos in SRN, among which .'s are most likely to
be detected becauseof the large crosssection of IBD in
hydrogen (free proton) rich material within the energy
region of seweral tens of MeV and the powerful rejection
with delayed coincidencewith neutron capture.

Liquid scirtillator and slow liquid scirtillator were
studied asthe detecting material, sinceboth have a high
e ciency for tagging the delayed neutron to reject ac-
cidental badkgrounds [134136]. The gadolinium-loaded
water technique [149 was skipped in this study.

In liquid scintillator detectors, the high dE/d x de-
posited by protons and alphas makesit possibleto be
di erentiated from beta and gamma by a pulse shape
analysis[150.

In slow scirtillator, low energy protons, alphas, and
muons in the interesting energy region cannot produce
Cherenkov light in the seard for SRNSs. If the slow scin-
tillator can be usedto distinguish Cherenkov and scin-
tillation light, it will be a more powerful tool to suppress
badkgrounds.

The SRN evert rate to be detected via the IBD pro-
cesscan be calculated by

drR _ d

(26)
where (E ) represerts the dierential IBD cross sec-
tion [103, N, is the number of free protons in the tar-

get, and T is the data-taking time. The target massfor
the IBD signal will be about 3 kilotons. The di eren-

tial detectableor visible energy E s, spectra per kiloton

detector per year is shaovn in Fig. 17, and the expected
evert rates in the most interesting region of 10{30 MeV
are listed in Table 11.

6.3 Backgrounds

There are six main typesof badkgrounds for the SRN
detection: 1) accidertal coincidences;2) reactor .'s; 3)
fast neutrons induced by energetic cosmic-ray muons;
4) °Li or ®He radioactive isotopesinduced by energetic
cosmic-ray muons; 5) atmospheric neutrino background
through a charge current (CC) process;and 6) atmo-
spheric neutrino background through a neutral current
(NC) process.The estimation of the background rates is

explained below.
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Fig. 17. (color online) Visible energy spectra of su-
pernova relic neutrinos for di erent models and
visible energy spectra of all the possible back-
grounds.

Table 11. Expected event rates for the super-
nova relic neutrinos and the corresponding back-
grounds with E.is in the range around 10{30
MeV. For the signal, the rangesof seweral models'
predictions are printed. Background rates are cal-
culated assuming a liquid scintillator target, and
the atmospheric CC and NC background rates in
parenthesesare the results with a slow liquid scin-
tillator target.

event rate kton-ly ear 10 kto%\-y ear 20 kt0}1-y ear
signal 0.05{0.66 0.5{6.6 1{13
accidental 0 0 0
reactor 0 0 0
fast neutron 0:7 10 3 7 10 3 14 10 3
Li/ 8He 1 10 3 10 10 3 20 10 3
atmos. CC 0.2 (0.1) 2(1) 4(2)
atmos. NC 0.2 (0.1) 2 (1) 4(2)
total bkg. 0.4 (0.2) 4(2) 8 (4)

6.3.1 Accidental coincidence

Accidental coincidencebadkground was consideredto
be negligible given the ideal location, cleannessof the
neutrino detector and concrete estimation [151].

6.3.2 Reactor .

Reactor . everts are identical to the SRN signal ex-
cept for the energy spectrum, which is below 10 MeV
as showvn in Fig. 17. A requiremert on energy above
10 MeV together with the fact that there is no nuclear
power plant in closeproximity will signi cantly suppress
the reactor . background down to a negligible level.
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6.3.3 Fast neutrons

Cosmic-ray muons or their secondaryproducts may
collide with the nuclei in the target or surrounding ma-
terials, and knock out energetic fast neutrons. The re-
coil proton from the fast neutron can mimic a prompt
positron signal, while the scattered neutron is quickly
thermalized and captured by a nucleus, forming a de-
layed neutron signal [157].

The fast neutron badkground was scaled from the
KamLAND measuremen (3:2 3:2)/(4.53 kton-year) =
(0:7 0:7)=kton-year[135 to the Jinping site. The muon
rate at Jinping is about 1000 times lower than Kam-
LAND, asshown in Fig. 1. As a result, the fast neu-
tron badkground is reducedto a rather low level, which
is estimated to be (0:7 0:7) 10 3¥kton-y ear for those
with visible energyfrom 10to 30 MeV. Here we ignored
someminor correctionslike the detector shape di erence
between KamLAND and Jinping, and the fast neutron
yield increasesas an exponertial function of muon en-
ergy [153.

6.3.4 Spallation product °Li/ ®He

The spallation products °Li/ 8He induced by cosmic-
ray muons [154 can deca via a beta delayed neutron
emission. The beta signal together with the delayed
neutron signal have a similar signature to the IBD sig-
nal. The half-life and Q-value of °Li are 173 ms and 14
MeV, respectively, and 119 ms and 11 MeV for ®He, re-
spectively. The visible energy spectra of thesetwo badk-
ground sourcesare shown in Fig. 17. It was noted that
SLi/ ®He badckgrounds were usually generatedlocally and
could not y very far, sothat the muons concernedwere
in the sensitive target region. With an e cient muon
detection and new theoretical studies of spallation back-
grounds [155, 15€], these badkgrounds can be e ectiv ely
removed.

With a suppressionfactor of 1000from the large over-
burden, the KamLAND measuremen is scaledto the
Jinping case,4.0/4.53 (kton-y ear)/1000= 1 10 3/kton-
year, for the visible energy within the range from 10 to
30 MeV.

6.3.5 Atmospheric neutrino CC background

Atmospheric neutrino [157, 15§ interactions through
the charged current (CC) can form an irreducible badk-
ground, which is, however, not dominant.

High energy atmospheric 's and 's can produce
low-energy muons followed by Michel electrons and de-
layed neutrons, and contaminate the SRN signal region.
In water Cherenkov detectors, the muon momertum can
be below the Cherenkov threshold, and becomean invisi-
ble muon badkground. However, these muons are always
visible in scirtillator. Becauseof the ine ciency of the
muon tagging and the negative muon capture, there is
still a non-negligible cortribution from atmospheric neu-

trinos.

The rate estimation in KamLAND, 0.9/(4.53 kton-
year) = 0.2/kton-y ear, can be applied to Jinping. With
the slow scirtillator technique, it was assumedto be
0.1/kton-y ear with the extra capability of particle iden-
ti cation for both prompt electron and delayed gamma
signals.

6.3.6 Atmospheric neutrino NC bacdkground

The dominant atmospheric badground for SRNs is
found to be from the neutral current process (NC)
as studied in the KamLAND experiment. Neutrinos
at higher energiesbeyond the signal region may col-
lide with *2C in the target and knock out a neutron.
The neutron scattering o protons or particles emitted
in the de-excitation of the remaining nuclei causesa
prompt signaland the neutron capture will givea delayed
signal.

New techniques have been proposedto further sup-
pressthis background [150, 159. To have a delay neu-
tron produced,there is a 2/3 chancethat a**C at ground
state is produced. The half-life and Q-value of the *C
ground state are 20 min and 2 MeV, respectively. A
triple tagging of the prompt signal, neutron capture, and
11C decay may help to veto this badkground, but 5% of
the badkground still survives. For the other 1/3 of cases,
1C is in an excited state and decays through neutron,
proton or alpha emissions.A pulse shape discrimination
technique canalsobe applied to suppressthe badkground
probability down to the 1% level.

It was expected that the badkground level
16.4/(4.53 kton-year) = 3.6/kton-year at Kam-
LAND could be suppressedroughly by a factor of
16=1/(5%+1%) at Jinping with a badkground level sim-
ilar to the CC badkground of 0.2/kton-y ear. We expect
that in a slow scintillator detector the above level can be
further suppresseddown to 0.1/kton-y earwith the extra
capability of particle identi cation.

6.4 SRN Sensitivit y

The event rate in E,s for the range around 10{30
MeV are summarizedin Table 11, and the results with 3
kton 3.3 years(10 kton-year) and 3 kton 6.7 years
(20 kton-year) are also showvn. With a slow scintilla-
tor detector, a neutrino experiment at Jinping is very
promising to make a discovery.

7 Dark matter

7.1 Neutrinos from dark matter annihilation in

the halo

Neutrinos can be copiously producedvia dark matter
(DM) annihilation or deca in the Galactic DM halo. For
annihilating DM, the resulting neutrino energyspectrum
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canbeadelta function if the neutrino pair is the direct -
nal state of DM annihilation, i.e. ! ; or it canalso
be a cortinuous one, if DM annihilates into Standard
Model fermions which subsequetly decay with neutri-
nos. In this section, we will focuson the casewhere the
neutrino spectrum is a delta function, since the mono-
energetic neutrinos are readily distinguished from the
badkground. The dierential ux of the anti-electron-
neutrino in the ! caseis given by (neglecting
neutrino oscillations)

Y4
d e(Ee=m;)_}h | vi} ) )
d 2 ame 3 X ()
h | i

wherethe factor (1=3) averagesover the three a vors,the
factor (1=2) pertains to identical DM patrticles, the inte-
gral is carried out along the line of sight (los), (m ) is
DM density (mass), isthe angleaway from the galactic
certer (GC), indicates the direction of DM annihila-
tion, r(x; )= (x?+R? 2xR coq ))¥*? is the distance
to the GC, R = 8:5 kpc is the distance from the GC to
the solar system, and x is the distance between us and
the location of DM annihilation. For the analysis with-
out any directional information, one can obtain the total

anti-electron-neutrino  ux

h!viZ h | i

(EEm)= e 490 T

Javg ;

(28)
where J.,4 is the averagedJ factor over the whole sky
with a rather weak dependenceon the details of the
dark matter density distribution in the halo, for some
commonly used dark matter proles: Navarro-Frenk-
White (NFW) [160, Moore [16]], and Kravtsov [162.
We take the value J,,=(R ?) = 5 [163, assuming

= 0:4 GeV/cm?. Thus the anti-electron-neutrino ux
at E _.=m , isgivenby

Do MeVZ h , i
JE .,=m)" 11 10°cm ?s* T3 10 Bomes T
(29)

The monoenergetic feature of the neutrinos due to
dark matter annihilation considered here makes them
quite easyto detect over the continuous badgrounds.
The number of everts due to the anti-electron-neutrino
are given by [164]

N ' det e Ntarget t : (30)

where the detection crosssection 4 needsto be eval-
uated at E _ = m for the dark matter annihilation, the
total neutrino ux . is givenin Eq. (29), Nige is the
number of target particles in the detector, t is the total
time-exposure,and is the detector e ciency .

The Jinping neutrino experiment can seard for
monochromatic peaksin the energyrangeE (1 100)
MeV. The dominant badgrounds come from reactors,
supernova relics, and atmospheric neutrinos in the en-
ergy range of interest. For simplicity, we only consider
the DM massabove 10 MeV with IBD signature, to
avoid the reactor neutrino badkground. The energyreso-
lution is consideredto be E=E = 8%. The signal events
due to DM in the energybin around the DM masswith
bin width equal to twice the energy resolution is com-
puted, which is then comparedto the badkground everts
to derive the discovery limits. As shown in Fig. 18, one
can probe the DM annihilation crosssectionto 10 2* (
10 %) cm?®/s with 10 (100) kton-year exposure. Current
exclusion limits on the DM annihilation into neutrinos
are given by KamLAND [135 and Super-Kamiokande

[165.

B e o e B L L B |
2 10> 7
E [ 10 kton year ]
f:\\ 5>< ‘l 0725 -_ _-
3 L J
7
=
>
\E/ 2x10% |- -
100 kton year
AP e
10 20 30 40 50 60
Mpw/MeV

Fig. 18. The discovery reach of the DM annihila-
tion cross section for MeV masgrange. The lim-
its is derived with criteria S=5 B or 10 everts,
whichever is larger. Three backgrounds: super-
nova relic neutrino, atmospheric neutrino (both
CC and NC) are considered. We assume 100%
detection e ciency here.

7.2 Neutrinos from dark matter annihilation in

the Sun

Another promising signal for indirect detection of
dark matter is to look for energetic neutrinos from the
annihilation of dark matter that have accunulated in the
Sun and/or Earth (for early discussions,seee.g. [166
170). When the solar system moves through the dark
matter halo, a dark matter particle can scatter o a nu-
cleus in the Sun or Earth and lose its velocity to be
lower than the escape velocity, and thus becomesgravi-
tationally trapped. The dark matter particle undergoes
various scatterings in the Sun and evertually settles to
the core, after capture. Over the lifetime of the Sun, a
su cien t amount of dark matter can accunulate in the
core, so an equilibrium between capture and annihila-
tion (or evaporation) is expected. Unlik e other Standard
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Model particles, the neutrinos produced via dark mat-
ter annihilation can escape easily from the Sun and can
be detected in neutrino experiments on the Earth. The
number of dark matter particles inside the Sun, N , is
described by the di erential equation

dN

a - Ce
where the three constarts describe capture (Cc), anni-
hilation (C,), and evaporation (Cg). For dark matter
heavier than the evaporation mass(which is typically 3{
4 GeV [17], 177)), the Cg term canbeignored. The dark
matter annihilation rate is given by [173

1

CaN? CeN ; (31)

— 1 2(4— \.

A W - ECC tanh (t— ), (32)
where 1=p CcCa. The present dark matter annihi-
lation rate is found fort=t ' 45 10° years. When
t , the annihilation and capture are in equilibrium,

soone has 5 = Cc=2. Thus, in equilibrium, the ,
only dependson the capture rate. Therefore, the result-
ing neutrino ux depends on the dark matter-nucleus
crosssectionin the capture process,not on the annihila-
tion crosssection. The dark matter spin-dependert cross
section, SP, canbe written as[173 174

= Pm) (33)
where °(m ) is the conversionfactor betweenthe spin-
dependert crosssectionand the muon ux. The ?°(m )
can be obtained from Figure 3 of Ref. [173 for the
Standard Model nal states, f = W*W ; * ;tt;bb,
from which the neutrinos come. These curvesare based
on calculations using DarkSUSY [175. The Super-
Kamiokande[17§ experiment hasthe best constraint on
the dark matter spin-dependert crosssection from neu-
trino telescope experimerts.

7.3 Discussion

Besidehigh energyneutrinos from the annihilation of
dark matter particles, low energy neutrinos can also be
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