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In this paper, we first calculate the realistic Earth matter effects in the detection of type II supernova

neutrinos at the Daya Bay reactor neutrino experiment which is currently under construction. It is found

that the Earth matter effects depend on the neutrino incident angle �, the neutrino mass hierarchy �m2
31,

the crossing probability at the high resonance region inside the supernova, PH, the neutrino temperature,

T�, and the pinching parameter in the neutrino spectrum, ��. We also take into account the collective

effects due to neutrino-neutrino interactions inside the supernova. With the expression for the dependence

of PH on the neutrino mixing-angle �13, we obtain the relations between �13 and the event numbers for

various reaction channels of supernova neutrinos. Using these relations, we propose a possible method to

acquire information about �13 smaller than 1.5�. Such a sensitivity cannot be achieved by the reactor

neutrino deta at the Daya Bay experiment which has a sensitivity of the order of �13 � 3�. Furthermore,

we apply this method to other neutrino experiments, i.e. Super-K, SNO, KamLAND, LVD, MinBooNE,

Borexino, and Double-Chooz. We also study the energy spectra of the differential event numbers, dN=dE.
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I. INTRODUCTION

Observable effects of supernova (SN) neutrinos in
underground detectors have been a subject of intense in-
vestigation in astroparticle physics, both on general
grounds and in relation to the SN event like 1987A [1].
In particular, flavor oscillation in SN may shed light on the
problem of neutrino masses and mixing by means of the
associated matter effects. Several neutrino laboratories,
including the Daya Bay reactor neutrino underground
laboratory [2] which is under construction, can be used
to detect possible neutrino events from an SN explosion
and serve as the SN Earth Warning System [3]. Hence
theoretical prediction for the detection of SN neutrinos in
the Daya Bay and other neutrino experiments is very
desirable.

In Ref. [4], the authors studied the matter effects, in-
cluding both the Earth and SN, on the detection of neu-
trinos from a type II SN explosion. The results of the study
were applied to the Daya Bay reactor neutrino experiment
which measures the mixing-angle �13 down to sin22�13 ¼
0:01. In that paper, a simplified picture for the matter
density of the Earth was used, i.e. the mantle-core-mantle
picture in which � ¼ 12 g=cm3 (� is the Earth matter
density) for the core and � ¼ 5 g=cm3 for the mantle,
where the core radius and the thickness of the mantle are
half of the Earth radius, respectively. The energy spectra of
neutrinos from the cooling stage were assumed as exactly

thermal and the average temperature for the neutrinos,
T�e

¼ 3:5 MeV, T ��e
¼ 5 MeV, and T�x

¼ 8 MeV, were

used (�x denotes ��, ���, ��, or ���). Because of the large

mixing-angle solution of neutrinos [5], the crossing proba-
bility at the low resonance region inside the SN, PL, is
zero. Since the crossing probability at the high resonance
region, PH, depends on the unknown neutrino mixing-
angle �13, two extreme cases, i.e. PH being 0 and 1, were
studied. In the present work, we improve the investigation
in Ref. [4] by generalizing the simplified mantle-core-
mantle picture for the Earth matter density to the realistic
density profile including the effects due to variations of the
neutrino temperature T� and the pinching parameter �� in
the neutrino energy spectra. We also include the collective
effects arising from neutrino-neutrino interactions in the
SN. Furthermore, the target material is taken to be the
Linear Alkyl Benzene (LAB), which has been selected as
the main part of the liquid scintillator in the Daya Bay
experiment [2], instead of C9H12 as used in Ref. [4].
In the realistic case, the matter density of the Earth

changes with the depth continuously [6], the energy spectra
of neutrinos from the cooling stage are not exactly thermal
and has a nonvanishing pinching parameter, and the neu-
trino temperature may vary in some ranges [5,7,8].
Furthermore, since neutrino and antineutrino densities are
very high near the neutrinosphere, the neutrino-neutrino
interactions become significant. This leads to collective
effects in the SN which affect the neutrino spectra [9–
16]. One main purpose of the present work is to investigate
the effects of all these factors on the detection of SN
neutrinos. In order to compare with Ref. [4], we will first
calculate the effects of the realistic distribution of the Earth
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matter density on the detection of SN neutrinos in the
simple case T�e

¼ 3:5 MeV, T ��e
¼ 5 MeV, and Tx ¼

8 MeV, in the absence of pinching parameters, i.e., ��e
¼

� ��e
¼ ��x

¼ 0. Then we study the effects due to the

variation of neutrino temperatures and the inclusion of
the pinching parameters in the energy spectra. In the future,
if the values of T� and �� can be constrained more
precisely, the event number of SN neutrinos can be more
accurately predicted.

The other main purpose of the present paper is to pro-
pose a possible method to acquire information about �13
below the sensitivity of the Daya Bay experiment, i.e. 3�,
through the detection of SN neutrinos. This can be
achieved since at the high resonance region inside the
SN, the crossing probability PH is very sensitive to �13.
Analytical expressions for transition probabilities between
different neutrino flavors have been investigated in the
literatures. Using the Landau-Zener formula [17], the
crossing probability, PC, which is the neutrino jumping
probability from one mass eigenstate to another at the
resonance region, were also calculated for specific matter
density distributions, including the linear [18–21], expo-
nential [22], hyperbolic tangent [23], and 1=r [24,25]
density distributions. Using a similar method, the crossing
probabilities at the high and low resonance regions inside
the SN, PH and PL, were given in [25–27]. The neutrino
event numbers N which we will obtain depend on PH.
Using the relation between PH and �13, we can predict
the SN neutrino event numbersN as a function of �13. With
this, we give a possible method to acquire information
about �13 smaller than 1.5� by measuring the ratios of
the event numbers of different flavor of SN neutrinos,
e.g., the ratio of the event numbers of �e and ��e. This
method is applied to the existing neutrino experiments and
experiments under construction, including Daya Bay,
Super-K, SNO, KamLAND, LVD, MinBooNE, Borexino,
and Double-Chooz.

Finally, the energy spectra of the differential neutrino
event numbers, dN=dE, where E is the neutrino energy,
will be studied. We will make predictions for dN=dE as a
function of E for different neutrino Earth incident angles �
and for different values of �13. Then we discuss some
interesting properties of these predictions.

The paper is organized as follows. In Sec. II, we review
the necessary formulas for the detection of SN neutrinos on
the Earth. In Sec. III, we apply these formulas to the Daya
Bay experiment, where the realistic Earth matter density,
the collective effects, the variation of the neutrino tem-
perature, and the pinching of the neutrino spectra are
considered. In Sec. IV, the relation between the neutrino
event number N and �13 is discussed and a method to
obtain information about �13 smaller than 1.5� is proposed.
This method is applied to the Daya Bay experiment as an
explicit example. In Sec. V, the method is applied to several
existing main neutrino experiments, including Super-K,

SNO, KamLAND, LVD, MinBooNE, Borexino, and an-
other experiment under construction Double-Chooz. In
Sec. VI, we study the energy spectra of the differential
neutrino event numbers (dN=dE) and discuss some of their
properties. Finally, a summary is given in the concluding
Sec. VII.

II. FORMULAS FOR DETECTION OF SN
NEUTRINOS ON THE EARTH

The SN explosion is one of the most spectacular cosmic
events and a source of new physical ideas. A broad area of
topics of fundamental physics can be studied by the ob-
servation of SN. In the core collapse of SN, a vast amount
of neutrinos are produced in two bursts. In the first burst
which lasts for only a few milliseconds, electron neutrinos
are generated via the inverse beta-decay process which
leads to a neutron rich star. In the second burst which lasts
longer, neutrinos of all flavors are produced via the
nucleon-nucleon bremsstrahlung process, �e ��e annihila-
tion, and eþe� annihilation [28–30].
When the SN neutrinos of each flavor are produced they

are approximately the effective mass eigenstates due to the
extremely high matter density environment. While they
propagate outward to the surface of the SN they could
experience collective effects arising from neutrino-
neutrino interactions [9–16] and the well-known
Mikheyev-Smirnov-Wolfenstein (MSW) effects [18–25].
After travelling the cosmic distance to reach the Earth,
the arriving neutrinos are mass eigenstates, which then
oscillate in flavors while going through the Earth matter.
Therefore, we also have to consider the Earth matter effects
[4,5,31–33] when we compute the event numbers of the
various flavors of neutrions.
In the Daya Bay experiment, SN neutrinos undergo the

following reactions in the detector.
(1) ��e þ p reaction

The large cross section, low threshold, and abun-
dance of target protons make this the dominant
channel for the detection of SN neutrinos. The in-
verse beta-decay process,

�� e þ p ! eþ þ n;

has a reaction threshold [34,35]

Eth ¼ 1:80 MeV: (1)

At low energies we approximate the large cross
section as [35,36]

�ð ��epÞ ¼ 9:5� 10�44ðEðMeVÞ � 1:29Þ2 cm2:

(2)

(2) �� e� scattering
The neutrino-electron scattering,
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�e þ e� ! �e þ e� ðCC and NCÞ;
��e þ e� ! ��e þ e� ðCC and NCÞ;
�� þ e� ! �� þ e� ðNCÞ;
��� þ e� ! ��� þ e� ðNCÞ; � ¼ �; �

where CC and NC stand, respectively, for the
changed current and neutral current interactions,
produce recoil electrons with energy from zero up
to the kinematics maximum. In our rate calculation
we integrate over the ranges of the electron recoil
energies. Then, the total cross sections for the
neutrino-electron scattering are linearly propor-
tional to the neutrino energy, and have the following
forms [35]:

�ð�ee! �eeÞ ¼ 9:20� 10�45EðMeVÞ cm2;

�ð ��ee! ��eeÞ ¼ 3:83� 10�45EðMeVÞ cm2;

�ð��;�e! ��;�eÞ ¼ 1:57� 10�45EðMeVÞ cm2;

�ð ���;�e! ���;�eÞ ¼ 1:29� 10�45EðMeVÞ cm2:

(3)

(3) 12C reactions
For the neutrinos and 12C system, there are two
charged-current and six neutral-current reactions.
The effective cross sections are obtained by scaling
the experimentally measured energy values from the
decay of the muon at rest to the energy scale for SN
neutrinos. In this way, one can obtain the following
effective cross sections [35–37]:
Charged-current capture of ��e:

��e þ 12C ! 12Bþ eþ;

Eth ¼ 14:39 MeV;

12B ! 12Cþ e� þ ��e;

h�ð12Cð ��e; e
þÞ12BÞi ¼ 1:87� 10�42 cm2: (4)

Charged-current capture of �e:

�e þ 12C ! 12Nþ e�;

Eth ¼ 17:34 MeV;

12N ! 12Cþ eþ þ �e;

h�ð12Cð�e; e
�Þ12NÞi ¼ 1:85� 10�43 cm2: (5)

Neutral-current inelastic scattering of �� or ���

where � ¼ e, �, �:

�� þ 12C! 12C� þ �0
�; Eth ¼ 15:11 MeV;

��� þ 12C! 12C� þ ��0
�; Eth ¼ 15:11 MeV;

12C� ! 12Cþ	;

h�ð�e
12CÞi ¼ 1:33� 10�43 cm2;

h�ð ��e
12CÞi ¼ 6:88� 10�43 cm2;

h�ð�xð ��xÞ12CÞi ¼ 3:73� 10�42 cm2; x¼�;�:

(6)

The effective cross sections in Eqs. (4)–(6) are given for
SN neutrinos without oscillations [4,35]. When neutrino
oscillations are taken into account, the oscillations of
higher energy �x into �e result in an increased event rate
since the expected �e energies are just at or below the
charged-current reaction threshold. This leads to an in-
crease by a factor of 35 for the cross section
h�ð12Cð�e; e

�Þ12NÞi if we average it over a �e distribution
with T ¼ 8 MeV rather than 3.5 MeV. Similarly, the cross
section h�ð12Cð ��e; e

þÞ12BÞi is increased by a factor of 5.
For the case of neutral-current inelastic scattering of �� or
���, when the oscillations of higher energy �x into �e and
��x into ��e are taken into account, the cross section
h�ð�e

12CÞi is increased by a factor of 28 and the cross
section h�ð ��e

12CÞ is increased by a factor of 5.
There will be several detectors located at the near and far

sites at the Daya Bay experiment. In Ref. [4], the authors
take the liquid scintillator to be mainly C9H12 and the total
detector mass to be 300 tons. The Daya Bay Collaboration
has decided to use LAB as the main part of the liquid
scintillator and the total detector mass is about 300 tons.
LAB, which has a chemical composition including C and
H, is a mixture of the monoalkyl benzene with 9 to 14
carbon atoms in the side chain. The main LAB components
contain 10 to 13 carbon atoms in the side chain. Therefore,
LAB can be approximately expressed as C6H5 � CnH2nþ1

where n ¼ 9� 14. In our calculation, the ratio of the
numbers of C and H, NC=NH, is about 0.6. Then the total
numbers of target protons, electrons, and 12C are

NðpÞ
T ¼ 2:20� 1031; NðeÞ

T ¼ 1:01� 1032;

NðCÞ
T ¼ 1:32� 1031:

(7)

Neutrinos from an SN may travel through a significant
portion of the Earth before reaching the detector and are
therefore subject to the Earth matter effects. Suppose a
neutrino reaches the detector with the incident angle � as
indicated in Fig. 1, then the distance the neutrino travelling
through the Earth is

L ¼ ð�Rþ hÞ cos�þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � ðR� hÞ2sin2�

q
; (8)

where h is the underground depth of the detector and R
(6400 km) is the radius of the Earth. At the Daya Bay
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experiment, h � 0:4 km. Let x be the distance that the
neutrino travels into the Earth, then the distance of the
neutrino to the center of the Earth, ~x, is given by

~x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�Rþ hÞ2 þ ðL� xÞ2 þ 2ðR� hÞðL� xÞ cos�

q
:

(9)

In the following, we will calculate the event numbers of
SN neutrinos that can be observed through various reaction
channels ‘‘i’’ at the Daya Bay experiment. This will be
done by integrating over the neutrino energy E, the product
of the target number NT , the cross section of each channel
�, and the neutrino flux function FD

� ðEÞ=4
D2,

N�ðiÞ ¼ NT

Z
dE � �ðiÞ � 1

4
D2
� FD

� ; (10)

where � stands for the neutrino or antineutrino of a given
flavor, D is the distance between the SN and the Earth, and
the index i represents different channels through which SN
neutrinos are observed.

For the neutrino of flavor �, the time-integrated neutrino
energy spectra can be described by the Fermi-Dirac distri-
bution (we consider the case where the spectra of neutrinos
from the cooling stage are not exactly thermal)
[5,7,8,28,38],

Fð0Þ
� ðEÞ ¼ Nð0Þ

�

F�2T
3
�

E2

expðE=T� � ��Þ þ 1
; (11)

where T� is the typical temperature of the neutrino [5,7,8],

T�e
¼ 3–4 MeV; T ��e

¼ 5–6 MeV;

T�x
¼ 7–9 MeV; ð�x ¼ ��; ��; ���; ���Þ;

(12)

and�� is the pinching parameter of the spectra (�� > 0) to

represent the deviation from being exactly thermal. The
values of �� for �x and ��x (x ¼ �, �) are the same (which
will be denoted as ��x

in the following) since they have the

same interactions, and are in general different from ��e
or

� ��e
. The values of �� need not be constant throughout the

cooling stage, and are typically [5,7,8]

��e
� 3–5; � ��e

� 2:0–2:5; ��x
� 0–2;

ð�x ¼ ��; ��; ���; ���Þ:
(13)

In Eq. (11), F�j, where j is an integer, is defined by

F�j ¼
Z 1

0

xj

expðx� ��Þ þ 1
dx; (14)

and Nð0Þ
� is the total number of the neutrinos of flavor �,

Nð0Þ
� ¼ Lð0Þ

�

hEð0Þ
� i ; (15)

where the average neutrino energy is hEð0Þ
� i ¼ F�3

F�2

T� and

the luminosity Lð0Þ
� is related to the total energy release

during the SN explosion, Eð0Þ
SN , through the following equa-

tion:

Lð0Þ
� ¼ 0:99

6
Eð0Þ
SN: (16)

In the numerical calculations below we take

Eð0Þ
SN ¼ 1:97� 1059 MeV; (17)

and the distance D to be 10 kpc ¼ 3:09� 1022 cm
[39,40]. Using the above formulas, the energy spectrum
function can be rewritten as

Fð0Þ
� ðEÞ ¼ Lð0Þ

�

F�3T
4
�

E2

expðE=T� � ��Þ þ 1
: (18)

In order to obtain the neutrino energy spectrum function
at the detector, the collective effects [9–16], the MSW
effects [18–25], and the Earth matter effects [5,31–33]
should be considered. Let PH (PL) be the crossing proba-
bility at the high (low) resonance regions inside the SN,
P�� represent the collective effects of neutrino-neutrino
interactions which is a stepwise flavor conversion proba-
bility of neutrino at a critical energy EC, and Pie (i ¼ 1, 2,
3) be the probability that a neutrino mass eigenstate �i

enters the surface of the Earth and arrives at the detector as
an electron neutrino �e. Then the flux of �e at the detector,
denoted as FD

�e
, can be written as

FD
�e

¼ X
i

PieFi; (19)

where Fi is the flux of �i at the Earth surface, in either the
normal or inverted hierarchy. Pie is the probability of the
ith mass eigenstate contained in �e and obeys the unitary
condition

P
iPie ¼ 1.

FIG. 1. Illustration of the path of the SN neutrino reaching the
detector in the Earth. D is the location of the detector, � is the
incident angle of the neutrino, O is the center of the Earth, L is
the distance the neutrino travels through the Earth, and ~x is the
distance of the neutrino to the center of the Earth.
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A significant amount of studies on the collective effects
of neutrino-neutrino interactions, including simulations,
have been made by a number of authors, e.g., Duan et al.
[9–11], Dusgupta et al. [12], Raffelt et al. [13,14], Esteban-
Pretel et al. [15], and Fogli et al. [16]. In order to obtain a
simple expression of the stepwise flavor conversion prob-
abilities P�� for the neutrino and �P�� for the antineutrino,
we take a constant matter density and box-spectra for both
the neutrino and antineutrino [14]. An analysis of the
collective effects in the case of three flavors has been
made in [12], and it allows us to characterize the collective
oscillation effects and to write down the flavor spectra of
the neutrino and antineutrino arriving at the Earth.
Following [12], we have P�� ¼ �P�� ¼ 1 in the case of
normal hierarchy; while in the case of inverted hierarchy,
one has �P�� ¼ 1, and

P�� ¼
�
1 ðE< ECÞ;
0 ðE> ECÞ; (20)

where EC ¼ 7 MeV [12,16].
Because of the large mixing-angle solution of the neu-

trino mixing, the crossing probability at the low resonance
region inside the SN vanishes, PL ¼ �PL ¼ 0. Also, for
very small sin�13, we can neglect the contributions from
P3e and �P3e [31]. Therefore, after a straightforward calcu-
lation the following results [12] for the fluxes at the detec-
tor can be obtained:

FDðNÞ
�e

¼ P2ePHF
ð0Þ
�e þ ð1� P2ePHÞFð0Þ

�x ;

FDðNÞ
��e

¼ ð1� �P2eÞFð0Þ
��e
þ �P2eF

ð0Þ
��x
;

2FDðNÞ
�x

¼ ð1� P2ePHÞFð0Þ
�e

þ ð1þ P2ePHÞFð0Þ
�x
;

2FDðNÞ
��x

¼ �P2eF
ð0Þ
��e
þ ð2� �P2eÞFð0Þ

��x
; (21)

for the normal hierarchy (4m2
31 > 0), and

FDðIÞ
�e

¼
�
P2eF

ð0Þ
�e

þ ð1� P2eÞFð0Þ
�x
; ðE< ECÞ

Fð0Þ
�x
; ðE> ECÞ

FDðIÞ
��e

¼ �PHð1� �P2eÞFð0Þ
��e
þ ð1þ �P2e

�PH � �PHÞFð0Þ
��x
;

2FDðIÞ
�x

¼
� ð1� P2eÞFð0Þ

�e
þ ð1þ P2eÞFð0Þ

�x
; ðE< ECÞ

Fð0Þ
�e

þ Fð0Þ
�x
; ðE> ECÞ

2FDðIÞ
��x

¼ ð1þ �P2e
�PH � �PHÞFð0Þ

��e
þ ð1þ �PH � �P2e

�PHÞFð0Þ
��x
;

(22)

for the inverted hierarchy (4m2
31 < 0).

Let us remark the important result that an unit flavor
conversion probability means the absence of the collective
effects. Hence as indicated in Eq. (21) the final SN neutrino
and antineutrino fluxes in the normal hierarchy are not
modified by the collective effects. Neither are the antineu-
trino fluxes in the inverted hierarchy. Only the neutrino
fluxes in the inverted hierarchy and for E> EC are modi-
fied as indicated in Eq. (22).

The probability Pie (i ¼ 1, 2, 3) has been calculated in
Ref. [31], in particular,

P2e ¼ sin2�12 þ 1

2
sin22�12

Z xf

x0

dxVðxÞ sin�m
x!xf ; (23)

where �12 ¼ 32:5� [41], VðxÞ is the potential that the
neutrino experiences in the Earth, and �m

a!b is defined as

�m
a!b ¼

Z b

a
dx4m ðxÞ; (24)

where

4m ðxÞ ¼ 4m2
21

2E

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcos2�12 � "ðxÞÞ2 þ sin22�12

q
: (25)

In Eq. (25),4m2
21 ¼ 7:1� 10�5 eV2 and "ðxÞ is defined as

"ðxÞ ¼ 2EVðxÞ
4m2

21

: (26)

For a typical neutrino energy E ¼ 10 MeV, " is less than
0.13 [4]. Therefore, we neglect contributions of Oð"2Þ.
In the Earth the potential VðxÞ is

ffiffiffi
2

p
GFNeðxÞ for an

electron neutrino and � ffiffiffi
2

p
GFNeðxÞ for an electron anti-

neutrino where GF is the Fermi constant and NeðxÞ is the
electron number density in the Earth matter. Let the matter
mass density inside the Earth be �ðxÞ. For nuclei of equal
number of protons and neutrons the electron number den-
sity is

NeðxÞ ¼ �ðxÞ=ðmp þmnÞ; (27)

where mp and mn are, respectively, the proton and neutron

masses. The realistic matter density inside the Earth is
shown in Table I [6].
Since the crossing probability at the high resonance

region PH depends on the neutrino mixing-angle �13,
which is unknown [28,41,42], we will first consider two
extreme cases, PH ¼ 0 (for the pure adiabatic conversion)
and PH ¼ 1 (corresponding to a strong violation of the
adiabatic condition). This enables us to estimate the range

TABLE I. The realistic matter density inside the Earth where r
is the distance to the center of the Earth and R ¼ rðkmÞ=6371
[6].

r (rm) �ð103 kg �m�3Þ
0–1221.5 13:0885� 8:8381R2

1221.5–3480.0 12:5815� 1:2638R� 3:6426R2 � 5:5281R3

3480.0–5701.0 7:9565� 6:4761Rþ 5:5283R2 � 3:0807R3

5701.0–5771.0 5:3197� 1:4836R
5771.0–5971.0 11:2494� 8:0298R
5971.0–6151.0 7:1089� 3:8045R
6151.0–6346.6 2:6910þ 0:6924R
6346.6–6356.0 2.900

6356.0–6368.0 2.600

6368.0–6371.0 1.020
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of the total neutrino event numbers to be given in Sec. III.
Then in Sec. IV, we will obtain the expression of the
crossing probability PH and work out the relation between
the event number N and �13. From appropriate ratios of
event number which change with �13, we will be able to
obtain some information about �13 smaller than 1.5� by
detecting SN neutrinos.

III. NUMERICAL RESULTS FOR EARTH MATTER
EFFECTS IN THE DETECTION OF SN

NEUTRINOS

In this section, we calculate the realistic Earth matter
effects in the detection of type II SN neutrinos at the Daya
Bay experiment and give the numerical results for the two
extreme cases ofPH ¼ 1 and 0. A summary of the results is
given in Table II.

TABLE II. Summary of the realistic Earth matter effects. N (I) represents the normal (inverted) hierarchy, ‘‘1’’ (‘‘0’’) represents
PH ¼ 1 (0). The numbers in the columns ’Incipient’ and ’Min’ are the event numbers when the SN neutrino Earth incident angle is
zero and is the angle in the column ’Angle’, respectively. The column ’Angle’ gives the angles at which the event numbers are
minimum and the Earth matter effects are the strongest. The column ’Ratio’ gives the percentages of the Earth matter effects.

Conditions Hierarchy (PH) Reaction Incipient Min Angle Ratio

Nð1Þ ��ep 122.28 113.93 94� 6.82%

�e� 5.13 5.03 93� 2.03%
12C 36.70 35.98 93� 1.97%

T�e
¼ 3:5 MeV Ið1Þ ��ep 122.28 113.93 94� 6.82%

T ��e
¼ 5 MeV �e� 5.20 5.18 93� 0.36%

T�x
¼ 8 MeV 12C 39.12 38.73 93� 0.99%

��e
¼ 0 Nð0Þ ��ep 122.28 113.93 94� 6.82%

� ��e
¼ 0 �e� 5.13 5.11 93� 0.36%

��x
¼ 0 12C 39.18 38.79 93� 0.99%

Ið0Þ ��ep 171.72

�e� 5.20
12C 45.53

Nð1Þ ��ep 163.14 151.75 95� 6.98%

�e� 5.13 5.00 94� 2.48%
12C 28.00 27.20 93� 2.86%

T�e
¼ 4 MeV Ið1Þ ��ep 163.14 151.75 95� 6.98%

T ��e
¼ 6 MeV �e� 5.13 5.11 94� 0.43%

T�x
¼ 9 MeV 12C 29.93 29.50 93� 1.43%

��e
¼ 5 Nð0Þ ��ep 163.14 151.75 95� 6.98%

� ��e
¼ 2:5 �e� 5.13 5.11 94� 0.43%

��x
¼ 2 12C 29.96 29.53 93� 1.43%

Ið0Þ ��ep 213.24

�e� 5.13
12C 35.16

Nð1Þ ��ep 122.79 118.26 94� 3.69%

�e� 5.13 5.05 93� 1.59%
12C 40.58 39.93 93� 1.62%

T�e
¼ 3 MeV Ið1Þ ��ep 122.79 118.26 94� 3.69%

T ��e
¼ 5 MeV �e� 5.17 5.16 93� 0.21%

T�x
¼ 7 MeV 12C 43.24 42.89 92� 0.81%

��e
¼ 3 Nð0Þ ��ep 122.79 118.26 94� 3.69%

� ��e
¼ 2 �e� 5.13 5.12 93� 0.21%

��x
¼ 0 12C 43.45 43.10 92� 0.80%

Ið0Þ ��ep 148.53

�e� 5.17
12C 51.38
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A. A simple case T�e
¼ 3:5 MeV, T ��e

¼ 5 MeV,
Tx ¼ 8 MeV, ��e

¼ � ��e
¼ ��x

¼ 0

We consider, similar to Refs. [4,35], the simple case of
T�e

¼ 3:5 MeV, T ��e ¼ 5 MeV, T�x
¼ 8 MeV (�x denotes

��, ���, ��, or ���) and the neutrino spectra from the cooling

stage to be exactly thermal, i.e., ��e
¼ � ��e

¼ ��x
¼ 0.

The realistic Earth matter density we use is given in
Table I [6]. The numerical results for the event numbers
for various reaction channels are given in Fig. 2.

The inverse beta-decay ��e þ p ! eþ þ n has the larg-
est Earth matter effect among all the channels. It can be
seen from Fig. 2(a) that the maximum Earth matter effect
appears at around �� 94� and the effect is about 6.82% in
the cases of PH ¼ 0, 1 (normal hierarchy) and PH ¼ 1
(inverted hierarchy). When the neutrino incident angle
becomes larger than about 103�, the event number in-
creases very slowly. In the case PH ¼ 0 (inverted hier-
archy), the event number is independent of the incident
angle.

For the neutrino-electron elastic scattering, we can see
from Fig. 2(b) that the total event number is much smaller
than that of the inverse beta-decay. The maximum Earth
matter effect appears at �� 93� and the amount is as large
as 2.03% for PH ¼ 1 (normal hierarchy), 0.36% for PH ¼
1 (inverted hierarchy), 0.36% for PH ¼ 0 (normal hier-
archy), while there is no Earth matter in the case PH ¼ 0

(inverted hierarchy). When the incident angle becomes
larger than about 100�, the total event numbers increase
very slowly for all the above four cases. The smallness of
the event number of this channel is due to the small cross
sections of the neutrino-electron elastic scattering given in
Eq. (3).
For the neutrino-carbon scattering, it can be seen from

Fig. 2(c) that the maximum Earth matter effect appears at
�� 93� and the amount is as large as 1.97% for PH ¼ 1
(normal hierarchy), 0.99% for PH ¼ 1 (inverted hier-
archy), 0.99% for PH ¼ 0 (normal hierarchy), while there
is no Earth matter in the case PH ¼ 0 (inverted hierarchy).
When the incident angle becomes larger than about 100�,
the total event numbers increase slowly for all the four
cases.

B. Realistic earth matter effects for different T� and ��

In this subsection, we consider the realistic Earth matter
effects due to the variations of both the neutrino tempera-
tures T� and the pinching parameters ��. In the following,
we will calculate the SN neutrino event numbers for the
limiting walue of T� and �� given in Eqs. (12) and (13). In
other words, we consider the event number of SN neutrinos
in the following two extreme cases:
(i) T�e

¼ 4 MeV, T ��e
¼ 6 MeV, T�x

¼ 9 MeV, ��e
¼

5, � ��e
¼ 2:5, ��x

¼ 2;
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FIG. 2. The event numbers observed at the Daya Bay experiment as a function of the incident angle � when T�e
¼ 3:5 MeV, T ��e

¼
5 MeV, T�x

¼ 8 MeV, and ��e
¼ � ��e

¼ ��x
¼ 0. (a) the channel ��e þ p ! eþ þ n; (b) the reactions �þ e� ! �þ e�; (c) the

neutrino-carbon reactions. The solid curves correspond to PH ¼ 1 (normal hierarchy), the dashed curves correspond to PH ¼ 1
(inverted hierarchy), the dotted curves correspond to PH ¼ 0 (normal hierarchy), and the dot-dashed curves correspond to PH ¼ 0
(inverted hierarchy). For (a), the solid curve also corresponds to PH ¼ 1 (inverted hierarchies) and PH ¼ 0 (normal hierarchy).
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(ii) T�e
¼ 3 MeV, T ��e

¼ 5 MeV, T�x
¼ 7 MeV, ��e

¼
3, � ��e

¼ 2, ��x
¼ 0.

The results are shown in Figs. 3 and 4.
(1) The case T�e

¼ 4 MeV, T ��e
¼ 6 MeV, T�x

¼
9 MeV, ��e

¼ 5, � ��e ¼ 2:5, ��x
¼ 2

For the inverse beta-decay ��e þ p ! eþ þ n, it can
be seen from Fig. 3(a) that the maximum Earth
matter effect appears at around �� 95� and the
effect is about 6.98% in the cases where PH ¼ 0,
1 (normal hierarchy) and PH ¼ 1 (inverted hier-
archy). When the incident angle becomes larger
than about 103�, the event number increases very
slowly. In the case PH ¼ 0 (inverted hierarchy), the
event number is independent of the incident angle.
We can see from Fig. 3(b) that the total event
number of the neutrino-electron elastic scattering
is much smaller than that of the inverse beta-decay.
The maximum Earth matter effect appears at ��
94� and the amount is as large as 2.48% for PH ¼ 1
(normal hierarchy), 0.43% for PH ¼ 1 (inverted
hierarchy), 0.43% for PH ¼ 0 (normal hierarchy),
while there is no Earth matter in the case PH ¼ 0
(inverted hierarchy). When the incident angle be-
comes larger than about 100�, the total event num-
bers increase very slowly for all the above four
cases.
For the neutrino-carbon scattering, it can be seen
from Fig. 3(c) that the maximum Earth matter effect
appears at �� 93� and the amount is as large as
2.86% for PH ¼ 1 (normal hierarchy), 1.43% for
PH ¼ 1 (inverted hierarchy), 1.43% for PH ¼ 0
(normal hierarchy), while there is no Earth matter
in the case PH ¼ 0 (inverted hierarchy). When the
incident angle becomes larger than about 100�, the
total event numbers increase slowly for all the four
cases.

(2) The case T�e
¼ 3 MeV, T ��e

¼ 5 MeV, T�x
¼

7 MeV, ��e
¼ 3, � ��e ¼ 2, ��x

¼ 0

Similar to the above case, for the inverse beta-decay
��e þ p ! eþ þ n, it can be seen from Fig. 4(a) that
the maximum Earth matter effect appears at around
�� 94� and the effect is about 3.69% in the cases

where PH ¼ 0, 1 (normal hierarchy) and PH ¼ 1
(inverted hierarchy). When the incident angle be-
comes larger than about 103�, the event number
increases very slowly. In the case PH ¼ 0 (inverted
hierarchy), the event number is independent of the
incident angle.
For the neutrino-electron elastic scattering, which is
plotted in Fig. 4(b), the maximum Earth matter
effect appears at �� 93� and the amount is as large
as 1.59% for PH ¼ 1 (normal hierarchy), 0.21% for
PH ¼ 1 (inverted hierarchy), 0.21% for PH ¼ 0
(normal hierarchy), while there is no Earth matter
in the case PH ¼ 0 (inverted hierarchy). When the
incident angle becomes larger than about 100�, the
total event numbers increase very slowly for all the
above four cases.
Also, for the neutrino-carbon scattering, it can be
seen from Fig. 4(c) that the maximum Earth matter
effect appears at �� 93� and the amount is as large
as 1.62% for PH ¼ 1 (normal hierarchy), �� 92�
and 0.81% for PH ¼ 1 (inverted hierarchy), �� 92�
and 0.80% for PH ¼ 0 (normal hierarchy), while
there is no Earth matter in the case PH ¼ 0 (inverted
hierarchy). When the incident angle becomes larger
than about 100�, the total event numbers increase
slowly for all the four cases.

The above results can be understood by considering the
fact that the oscillation behavior is determined by the
factor 4m2

21ðeV2ÞLðmÞ=EðMeVÞ, where L is the distance

that the neutrino travels in the Earth as given in Eq. (8).
When � < 90� this distance is smaller than 10 km and
hence the amount of the Earth matter effects are very small.
When � increases beyond 90� this distance exceeds
100 km, the Earth matter effect becomes greater and
reaches a maximum value for 91� � 95�. When � is
more than 100�, the distance that neutrino travels in the
Earth is greater than 2000 km, then there could be many
oscillations in FD

�e
and hence the averaging Earth matter

effect is smaller than the maximum value.
In Table II, we list the incipient values of the SN

neutrino event numbers where the neutrino incident angle
� is zero and hence practically the vacuum event numbers,
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¼ 2,

��x
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the minimum SN neutrino event numbers and hence the
maximum Earth matter effects, the incident angles at
which the maximum Earth matter effects appear, and the
Earth matter effects for all the cases considered. It can be
seen that the realistic Earth matter effects are much smaller
than those given in Ref. [4] where the mantle-core-mantle
approximation for the Earth matter density was used.
When both T� and �� vary in their ranges, the event
numbers of SN neutrinos and the Earth matter effects
will vary all the three reactions. More precise values of
T� and �� will help obtain more reliable event numbers
and the Earth matter effects. There are also some charac-
ters which can be seen from Table II:

(i) In the two cases: PH ¼ 1 (inverted hierarchy) and
PH ¼ 0 (normal hierarchy), we have the same event
numbers and the same Earth matter effects for all the
three kinds of reactions;

(ii) In the case PH ¼ 0 (inverted hierarchy), the event
numbers are independent of the incident angle � (i.e.
there is no Earth matter effects) for all the three kinds
of reactions;

(iii) In the case PH ¼ 1 (normal hierarchies), there are
the largest Earth matter effects in all the four cases
for the three kinds of reactions;

(iv) When T� and �� increase, the maximum Earth
matter effects in all the four cases increase for the
three kinds of reactions.

IV. A POSSIBLE METHOD TO ACQUIRE
INFORMATION ABOUT �13 SMALLER THAN 1.5�

In the above section, we took the crossing probability at
the high resonance region inside the SN, PH, to be in the
two extreme cases, i.e. PH ¼ 0 and PH ¼ 1, due to the fact
that PH depends on the neutrino mixing-angle �13 which is
unknown. In this section, using the expression of PH, we
will derive relations between the event numbers of SN
neutrinos, N, and �13, and then propose a possible method
to obtain information about �13 smaller than 1.5�.

Considering the MSW effects [18], a number of authors
including Bethe [19], Parke [20], Haxton [21], Petcov et al.
[22], Nötzold [23], Kuo and Pantaleone [24,25] used the
Landau-Zener formula [17] to calculate the crossing proba-
bility PC at the resonance region inside a star. Several
different density distributions in the case of two-flavor
transitions were considered. In particular in [24,25] the
following result is given:

PC ¼
expð� 


2 	FÞ � exp½� 

2 	ð F

sin2�
Þ�

1� exp½� 

2 	ð F

sin2�
Þ� ; (28)

where � is the mixing angle and

	 ¼ j�m2j
2E

sin22�

cos2�

1

jd lnNe=drjres ; (29)

whereNe is the electron density and F can be calculated by

Landau’s method. The expression of F was given in Table I
in Ref. [24] and Table III in Ref. [25] for different density
distributions. Consequently, if we consider the following
electron density distribution

Ne ¼ 1

mn þmp

� ’ 1

2mn

krn; (30)

where k is a constant and n is an integer, then

	 ¼ 1

2jnj
�j�m2j

E

�
1þð1=nÞ�sin22�

cos2�

��
cos2�

2
ffiffiffi
2

p
GF

1
2mn

k

�
1=n

;

(31)

F ¼ 2
X1
m¼0

1=n� 1
2m

� �
1=2

mþ 1

� �
ðtan2�Þ2m; (32)

where

1=n� 1

2m

 !
¼ ð1=n� 1Þ!

ð1=n� 1� 2mÞ!ð2mÞ! ;

2
1=2

mþ 1

" #
¼ ð�1Þm Jm � Jmþ1


=4
;

Jm ¼
Z 
=2

0
ðsin�Þ2md� ¼ ð2m� 1Þ!!

ð2mÞ!!



2
:

(33)

We note that our expression for Jm in Eq. (33) has the same
final result as given in Eq. (B5) in Appendix B of Ref. [24].
But the defining integrals are different.
In order to obtain the expression for the crossing proba-

bility at the high resonance region inside the SN, PH, we
can use the similar method in the case of three-flavor
transitions [26,27]. It is known that the following matter
density profile for the SN is appropriate [28,43–45]:

� � C �
�
107 cm

r

�
3 � 1010 g=cm3; (34)

where the constant C depends on the amount of electron
capture during the star collapse and its value is between 1
and 15. This corresponds to n ¼ �3 and k ¼ C � 1031 in
Eq. (30), then we have

	 ¼ 1

6

�
1010 MeV

E

�
sin32�13
cos22�13

��j�m2
31j

1 eV2

�
C1=2

�
2=3

:

For very small �13, PH has a simpler expression:

PH ¼ exp

�
�


2
	F

�
:

Since �13 is small, we need only to consider the m ¼ 0
term in Eq. (32), then

F � 2

�
1=n� 1

0

��
1=2
1

�
¼ 1:

In addition, since �m2
21 	 j�m2

31j, we can set
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j�m2
31j � j�m2

32j:
Then we obtain

PH ¼ exp

�
� 


12

�
1010 MeV

E

�
sin32�13
cos22�13

�

�
�j�m2

32j
1 eV2

�
C1=2

�
2=3
�
: (35)

In the 2� allowed ranges [41,42,46,47]

j�m2
32j ¼ 2:6� ð1þ0:14

�0:15Þ � 10�3 eV2; �13 < 10�;
(36)

and we will use 2:6� 10�3 eV2 for j�m2
32j in the follow-

ing calculation.
From Eq. (35), the dependence of PH on �13 and E is

shown explicitly. In order to obtain such simple expression
of PH, we assume �13 to be very small and use the sim-
plified structure model of SN in which � / r�3 in the
above calculations. Therefore, Eq. (35) is usually suitable
for very small �13 (we have checked numerically that in the
range of �13 we are working Eq. (35) is a good approxi-
mation), and the expression for PH should be reevaluated if
�13 is larger.

In Fig. 5(a), we plot PH as a function of �13 and it can be
seen that when �13 is zero, PH ¼ 1; in the small range of
�13 of 0

� � 2� PH varies rapidly in the range 0< PH < 1;
and when �13 is larger than 2�, PH ¼ 0. Therefore, it is
possible to use the value of PH to obtain the value of �13
when it is in the range 0� � 2�. In Fig. 5(b), we plot PH as
a function of E with �13 in the range 0� � 2� and again it
shows that �13 can be measured by the energy spectrum of
PH if the value of �13 is in the range of 0� � 2�.

Using Eqs. (10), (18), (21), (22), and (35), we obtain the
relation between the event number of SN neutrinos N and

the neutrino mixing-angle �13. The curves of N versus �13
in the range 0� � 3� for the Daya Bay experiment for the
inverse beta-decay is given in Fig. 6. From this plot, we can
see that when �13 
 1:5�, N is very sensitive to �13. When
�13 > 1:5�, N is nearly independent of �13. Therefore,
when �13 is smaller than 1.5�, one could acquire some
information about �13 by detecting the event numbers of
SN neutrinos. However, in practice, since we do not have
the accurate values of the SN neutrino flux parameters T�

and �� and they vary in some ranges, the event number of
SN neutrinos which we will detect depend on these two
unknown parameters strongly. It can be seen from Fig. 6
that the uncertainties of the event number due to those of
T� and �� are very large, and it is difficult to obtain the
value of �13 from the event number of SN neutrinos. This
difficulty also occurs in the neutrino-electron scattering
and neutrino-carbon reactions. Therefore, we need to
work with a quantity which changes with �13 but is in-
sensitive to the values of T� and ��.
In order to reduce uncertainties from unknown quanti-

ties such as luminosity [8], distance [40], temperatures T�,
and pinching parameters ��, ratios of measurable quanti-
ties can be used. For instance, [48] defines the ratio of high-
energy to low-energy event numbers that are measurable in
neutrino oscillation experiments:

R ¼ Neventð30<E< 70 MeVÞ
Neventð5<E< 20 MeVÞ : (37)

Also, many different quantities to obtain the information
about �13 and the mass hierarchy are suggested in [26]. In
the following we choose a suitable reaction and then define
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a ratio of event numbers which is sensitive to the mixing-
angle �13 but only dependents on T� and �� slightly.

For the inverse beta-decay, there is only one flavor
neutrino ��e. The numerator and denominator or R of
Eq. (37) have the same flavor and our calculation shows
that it has a significant dependence on T� and ��. Hence R
is not a suitable quantity to work with. In the case of
neutrino-electron scattering, the event number of SN neu-
trinos detected at the Daya Bay experiment is very small as
shown in the above section. Again this channel of reaction
is not useful for our purpose. We now turn our attention to
the channel of the neutrino-carbon reactions at the Daya
Bay experiment.

For the neutrino-carbon reactions, we define the quantity
R1 to be the ratio which is the event number of �e over that
of ��e. Using Eqs. (10), (18), (21), (22), and (35), we can
obtain the relation between R1 and the mixing-angle �13.
With this, we can obtain some information about �13
smaller than 1.5� since the uncertainties due to T� and
�� are small. In Fig. 7, we plot R1 as a function of the
mixing-angle �13 when T� and �� take their limiting
values in the ranges given in (12) and (13) for different
incident angle �. It can be seen from these plots that the
uncertainties of R1 due to T� and �� are indeed not large.
For �13 
 1:5�, R1 is very sensitive to �13. However, while
�13 > 1:5�, R1 is nearly independent of �13. Therefore,
when �13 is smaller than 1.5�, we may restrict the
mixing-angle �13 in a small range and get information

about mass hierarchy by detecting the ratio of event num-
bers of SN neutrinos even though there are still some
uncertainties due to the incident angle �, the mass hier-
archy 4m2

31, and the structure coefficient C of the SN

density function as given in Eq. (34). Recently, there are
discussions on methods for the determination of the neu-
trino mass hierarchy and the incident angle of the SN. For
examples, in Ref. [49], a method to identify the mass
hierarchy at extremely small �13 through the Earth matter
effects is given, and a method to determine the incident
angle of the SN by the electron scattering events can be
found in [50]. For the structure coefficient C, its value can
be more precisely determined if we can obtain more exact
density profile of the SN [45]. In the future, if the incident
angle �, the mass hierarchy 4m2

31, and the structure coef-

ficient C can be determined, the uncertainties in the deter-
mination of �13 through the SN neutrino will be much
reduced.
At the Daya Bay experiment, the sensitivity of sin22�13

will reach 0.01, i.e., to determine �13 down to about 3�.
Therefore, if the actual value of �13 is smaller than 3�, the
Daya Bay experiment can only provide an upper limit for
�13. However, if an SN explosion takes place during the
operation of Daya Bay, roughly within the cosmic distance
considered here, it is possible to reach a much smaller
value of �13 through the ratio of the event number of
different flavor SN neutrinos in the channel of neutrino-
carbon reactions as discussed above.

V. ACQUIRING INFORMATION OF �13 SMALLER
THAN 1.5� FROM OTHER NEUTRINO

EXPERIMENTS

In this section, we will apply the above method to some
other current neutrino experiments including Super-K,
SNO, KamLAND, LVD, MinBooNE, Borexino, and
Double-Chooz which is under construction.
For Super-K, the target material is water, the total de-

tector mass is 32000 tons, and the depth of the detector h ¼
2700 m.w.e.1 [47,48,51,52]. Then the total numbers of the
targets (protons, electrons, and 16O) are

NðpÞ
T ¼ 2:14� 1033; NðeÞ

T ¼ 1:07� 1034;

NðOÞ
T ¼ 1:07� 1033:

(38)

First, we consider the inverse beta-decay. When the inci-
dent angle � ¼ 30�, we use Eqs. (10), (18), (21), (22), and
(35) to plot the event number of SN neutrinos at Super-K as
a function of the mixing-angle �13. The result is shown in
Fig. 8. Similar to the Daya Bay experiment, it can be seen
that the uncertainties of the event number due to the two
quantities T� and �� are very large, and hence we cannot
make predictions on �13 from the event number of SN
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FIG. 7. The ratio of the event number of �e to that of ��e, R1, as
a function of the mixing-angle �13 in the channel of neutrino-
carbon reactions at the Daya Bay experiment. (a) the incident
angle � ¼ 30�; (b) � ¼ 90�; (c) � ¼ 93�; (d) � ¼ 150�. The
solid curves correspond to the normal hierarchy (max), the
dashed curves correspond to the inverted hierarchy (max), the
dot-dashed curves correspond to the normal hierarchy (min), the
dotted curves correspond to the inverted hierarchy (min), where
‘‘max’’ (’’min’’) corresponds to the maximum (minimum) values
of T� and ��.

1m.w.e. refers to meter-water-equivalent and 1 m of rock is
about 2.7 m of water.
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neutrinos. Therefore, we need to choose a suitable reaction
at Super-K and find out a quantity which is sensitive to �13
but only dependents on T� and �� slightly.

Although the event number of SN neutrinos in the
channel of neutrino-electron scattering is very small at
Daya Bay, it is much larger at Super-K due to the large

number of target electronsNðeÞ
T . We define R2 as the ratio of

the event number of �e to that of ��e from SN. Using
Eqs. (10), (18), (21), (22), and (35), we can obtain the
relation between R2 and the mixing-angle �13. By measur-
ing this ratio, we can acquire some useful information
about �13 smaller than 1.5� since the uncertainties due to

T� and �� are small. In Fig. 9, we plot R2 as a function of
the mixing-angle �13 when T� and �� take their limiting
values in the ranges (12) and (13) for different incident
angle �. It can be seen from these plots that the uncertain-
ties in R2 due to T� and�� are not large. When �13 
 1:5�,
R2 is very sensitive to �13. However, while �13 > 1:5�, R2

is nearly independent of �13. Therefore, when �13 is
smaller than 1.5�, �13 can be constrained in a small range
by the event numbers of SN neutrinos. Furthermore, in
spite of uncertainties due to �13, T�, �� and C, the plots
show that if R2 is smaller than about 2.35, the mass
hierarchy must be normal while if R2 is larger than about
2.5, the mass hierarchy must be inverted.
For SNO, the detector material was heavy water, the

total detector mass was 1000 tons, and the depth of the
detector h ¼ 6000 m.w.e. [53,54]. Therefore, we need to
consider the reactions between neutrinos and deuterium.
There are two changed-current and six neutral-current
reactions. The cross sections are obtained by scaling the
experimentally measured energy values from the decay of
the muon at rest to the energy scale for SN neutrinos. In
this way, one can obtain [36,48,55,56]:
Charged-current capture of �e or ��e:

�e þ d ! pþ pþ e�; Eth ¼ 1:44 MeV;

��e þ d ! nþ nþ eþ; Eth ¼ 4:03 MeV;

h�ðdð�e; e
�ÞppÞi ¼ ð3:35T2:31

�e –3:70Þ � 10�43 cm2;

h�ðdð ��e; e
þÞnnÞi ¼ ð3:05T2:08

��e
–7:82Þ � 10�43 cm2:

Neutral-current inelastic scattering of �� or ��� where
� ¼ e, �, �:

�� þ d ! nþ pþ �0
�; Eth ¼ 2:22 MeV;

��� þ d ! nþ pþ ��0
�; Eth ¼ 2:22 MeV;

h�ðdð��; �
0
�ÞnpÞi ¼ ð1:63T2:26

��
–2:78Þ � 10�43 cm2;

h�ðdð ���; ��
0
�ÞnpÞi ¼ ð2:03T2:05

���
–3:76Þ � 10�43 cm2:

For T�e
¼ 3:5 MeV, T ��e

¼ 5 MeV, T�x
¼ 8 MeV,

h�ðdð�e; e
�ÞppÞi ¼ 5:68� 10�42 cm2;

h�ðdð ��e; e
þÞnnÞi ¼ 7:89� 10�42 cm2;

h�ðdð�e; �
0
�ÞnpÞi ¼ 2:49� 10�42 cm2;

h�ðdð ��e; ��
0
�ÞnpÞi ¼ 5:12� 10�42 cm2;

h�ðdð�x; �
0
xÞnpÞi ¼ 1:76� 10�41 cm2;

h�ðdð ��x; ��
0
xÞnpÞi ¼ 1:40� 10�41 cm2; x ¼ �; �:

(39)

As indicated in Eq. (39), it can be seen that the average
effective cross sections of �x and ��x reactions are different.
Therefore, we need to distinguish the energy spectrum

functions Fð0Þ
�x and Fð0Þ

��x
appearing in Eqs. (21) and (22).

0 1 2 3
2.2

2.3

2.4

2.5

2.6

θ
13

 ( in units of degrees )R
2 (

 n
eu

tr
in

o−
el

ec
tr

on
 s

ca
tte

rin
g 

)

Super−K: θ = 30o

0 1 2 3
2.2

2.3

2.4

2.5

2.6

θ
13

R
2

θ = 90o

0 1 2 3
2.2

2.3

2.4

2.5

2.6

θ
13

R
2

θ = 93o

0 1 2 3
2.2

2.3

2.4

2.5

2.6

θ

R
2

θ = 150o

C=1

C=15

FIG. 9. Similar to Fig. 7 but for the ratio of the event number
of �e to that of ��e, R2, as a function of the mixing-angle �13 in
the channel of neutrino-electron scattering at the Super-K ex-
periment.

0 0.5 1 1.5 2 2.5 3
1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

2.1

2.2
x 10

4

θ
13

 ( in units of degrees )

N
 (

 in
ve

rt
ed

 b
et

a−
de

ca
y 

)
Super−K (θ = 30o)

C=15

C=1

max

min

FIG. 8. Similar to Fig. 6 but for the Super-K experiment.

XIN-HENG GUO, MING-YANG HUANG, AND BING-LIN YOUNG PHYSICAL REVIEW D 79, 113007 (2009)

113007-12



Similar to the neutrino-carbon scattering, the average
effective cross sections in Eq. (39) are given for SN neu-
trinos without oscillations [56]. When neutrino oscillations
are taken into account, the oscillation of higher energy �x

into �e again results in an increased event rate since the
expected �e energies are just at or below the charged-
current reaction threshold. This leads to an increase by a
factor of 7 for the cross section h�ðdð�e; e

�ÞppÞi.
Similarly, the cross section h�ðdð ��e; e

þÞnnÞi is increased
by a factor of 3. For the case of neutral-current inelastic
scattering of �� or ���, when the oscillation of higher
energy �x into �e is taken into account, the cross section
h�ðdð�e; �

0
�ÞnpÞi is increased by a factor of 7, while when

the oscillation of higher energy �x into ��e is considered,
the cross section h�ðdð ��e; ��

0
�ÞnpÞi is increased by a factor

of 3.
Now, we define R3 as the ratio of the event number of �e

to that of ��e in the channel of neutrinos-deuterium scatter-
ing. Using Eqs. (10), (18), (21), (22), and (35), we can
obtain the relation between R3 and the mixing-angle �13. In
Fig. 10, we plot R3 as a function of �13 when T� and ��

take their limiting values in (12) and (13) for different
incident angle �. Similar to electron-carbon reactions, it
can be seen from these plots that the uncertainties of R3 due
to T� and �� are not large. When �13 
 1:5�, R3 is very
sensitive to �13. However, while �13 > 1:5�, R3 is nearly
independent of �13. Therefore, when �13 is smaller than
1:5�, we can constrain �13 in a small range by the detection
of the event numbers of SN neutrinos in the channel of
neutrinos-deuterium reactions at SNO.

Similar to the Daya Bay experiment, the method to
obtain information about �13 smaller than 1:5� can be
applied to KamLAND [57], LVD [58], MinBooNE [59],

Borexino [60], and Double-Chooz [61] in the channel of
neutrino-carbon reactions. We can also constrain �13 in a
small range with the ratio of the event number of SN �e to
that of ��e in these experiments. Since the number of target
carbons of Double-Chooz is much smaller than that of
Daya Bay, the event number of SN neutrinos which can
be detected is fewer and it will be more difficult to obtain
information about �13 by our method.

VI. ENERGY SPECTRA OF THE DIFFERENTIAL
EVENT NUMBERS

In this section, we consider the energy spectra of the
differential event numbers, referred generically as dN=dE,
where E is the neutrino energy. From Eq. (10), one can
obtain

dN�ðiÞ
dE

¼ NT�ðiÞ 1

4
D2
FD
� : (40)

Since the inverse beta-decay is the most important reaction
among the three kinds of reactions in the Daya Bay ex-
periment, we examine the energy spectra of this process,
taking the simplest parameter set T�e

¼ 3:5 MeV, T ��e
¼

5 MeV, T�x
¼ 8 MeV, ��e ¼ � ��e

¼ ��x
¼ 0 as an

example.
Using Eqs. (2), (18), (21), (22), and (40), we make a

three-dimensional plot of dN=dE versus E in the Daya Bay
experiment for different Earth incident angle � in
Fig. 11(a) for �13 ¼ 0 (inverted hierarchy). We can see
that when the incident � increases the Earth matter effects
become more and more obvious. The curve of dN=dE
changing with E is very smooth when � is small.
However, it becomes oscillatory when � is greater than
90�. Therefore, this shows that the Earth matter effects on
dN=dE need to be considered in this case.
Using Eqs. (2), (18), (21), (22), (35), and (40), we plot

dN=dE as a function of E for different �13 in Fig. 11(b) for

0 1 2 3
1.5

2

2.5

3

θ
13

 ( in units of degrees )R
3 (

ne
ut

rin
o−

de
ut

er
iu

m
 r

ea
ct

io
ns

 )

SNO: θ = 30o

0 1 2 3
1.5

2

2.5

3

θ
13

R
3

θ = 90o

0 1 2 3
1.5

2

2.5

3

θ
13

R
3

θ = 93o

0 1 2 3
1.5

2

2.5

3

θ
13

R
3

θ = 150o

C=1

C=15

FIG. 10. Similar to Fig. 7 for the ratio of the event number of
�e to that of ��e, R3, as a function of the mixing-angle �13 in the
channel of neutrino-deuterium reactions at the SNO experiment.

50
100

150
0

50
100

0

2

4

θ

(a)

E ( MeV )

dN
/d

E
 (

 in
ve

rs
e 

be
ta

−
de

ca
y 

)

0
1

2
30

50
100

0

1

2

3

4

5

θ
13

(b)

E ( MeV )

dN
/d

E

FIG. 11. In the case of inverted hierarchy, the differential event
number dN=dE observed in the inverse beta-decay channel at
the Daya Bay experiment as a function of the neutrino energy E.
(a) for different incident angle � (�13 ¼ 0); (b) for different �13
(� ¼ 30�, C ¼ 3) when T�e

¼ 3:5 MeV, T ��e
¼ 5 MeV, T�x

¼
8 MeV, ��e

¼ � ��e
¼ ��x

¼ 0.

REALISTIC EARTH MATTER EFFECTS AND A METHOD . . . PHYSICAL REVIEW D 79, 113007 (2009)

113007-13



the case of inverted hierarchy, where the structure coeffi-
cient of SN C ¼ 3, and the Earth incident angle � ¼ 30�
are used. We can see that the energy spectrum changes with
�13 in the range 0� � 1:5�.

VII. SUMMARYAND DISCUSSIONS

In this paper, we have calculated the realistic Earth
matter effects in the detection of type II SN neutrinos at
the Daya Bay experiment under construction. It is found
that the Earth matter effects depend on the neutrino inci-
dent angle �, the neutrino mass hierarchy �m2

32, the cross-

ing probability at the high resonance region inside the SN,
PH, the neutrino temperature T�, the pinching parameter in
the neutrino energy spectra��, and the collective effects of
neutrino-neutrino interactions in the SN.We have given the
event numbers that can be detected through the inverse
beta-decay, the neutrino-electron scattering, and the
neutrino-carbon scattering. We have studied the effects
due to the variations of the neutrino temperature T� and
the pinching parameter �� in the neutrino energy spectra.

Since the neutrino crossing probability at the high reso-
nance region inside the SN, PH, depends on the neutrino
mixing-angle �13, it is possible to get information about �13
by detecting SN neutrinos. In fact, there have been some
general discussions on this possibility [26][29]. We have
made concrete calculations and given explicit event num-
bers by using the relation between the event numbers of SN
neutrinos N and the neutrino mixing-angle �13 under dif-
ferent scenarios of neutrino parameters. For �13 smaller
than 1:5�, we propose an approach to constrain the value of
angle �13 in a small range and get information about mass
hierarchy by measuring the ratio of the event numbers of
different flavors of SN neutrinos. For the Daya Bay experi-
ment, we choose the ratio of the event number of �e to that
of ��e in the channel of neutrino-carbon reactions. We have
also applied this method to other neutrino detectors includ-
ing Super-K, SNO, KamLAND, LVD, MinBooNE,
Borexino, and Double-Chooz. For the Super-K, the suit-
able reaction is the neutrino-electron scattering due to its
large number of target electrons. We have also shown that
the neutrino-deuterium reactions at SNO may be used to

acquire useful information about �13. We stress that the
measurement of �13 through PH depends on the knowledge
of the primary neutrino fluxes and the density profile inside
the SN.
We have studied the energy spectra of the differential

event numbers, dN=dE. From the dependence of dN=dE
on the neutrino energy E for different Earth incident angle
�, we have found that when the Earth incident angle �
increases the Earth matter effects become more and more
pronounced.
In our calculations, we took the distance from the SN to

the Earth to be 10 kpc, where the maximum of the pro-
genitor population appears in the Milky Way [39]. The
distribution of the SN progenitors as a function of the
distance to the Earth can be found in Ref. [40]. It should
be noted that the distance of a supernova event can be
determined to a good accuracy by optical observations.
We let the parameters in the neutrino energy spectra (the

temperatures and the pinching parameters) vary in some
reasonable ranges. In fact, the simulations from the two
leading groups, the Livermore group [34] and the Garching
group [8] (which considered more reactions in their simu-
lation and found different dominant neutrino production
processes in the formation of the SN neutrino spectra and
fluxes), led to parameters which agree within about 20–
30%. However, their central values of SN parameters are
different.
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(1998); H. Yüksel, S. Ando, and J. F. Beacom, Phys.
Rev. C 74, 015803 (2006); , Phys. Rev. C 74, 015803
(2006)

[52] Y. Fukuda et al., Phys. Rev. Lett. 81, 1158 (1998); 86,
5651 (2001); Nucl. Instrum. Methods Phys. Res., Sect. A
501, 418 (2003); Y. Ashie et al., Phys. Rev. D 71, 112005
(2005).

[53] J. Boger et al., Nucl. Instrum. Methods Phys. Res., Sect. A
449, 172 (2000); C. J. Virtue, Nucl. Phys. B, Proc. Suppl.
100, 326 (2001).

[54] J. F. Beacom and P. Vogel, Phys. Rev. D 58, 093012
(1998); J. F. Beacom and L. E. Strigari, Phys. Rev. C 73,
035807 (2006).

[55] S. H. Chiu and T. K. Kuo, Phys. Rev. D 61, 073015 (2000);

T. A. Thompson, A. Burrows, and P. A. Pinto, Astrophys.
J. 592, 434 (2003).

[56] N. Tatara, Y. Kohyama, and K. Kubodera, Phys. Rev. C 42,
1694 (1990); J. N. Bahcall, K. Kubodera, and S. Nozawa,
Phys. Rev. D 38, 1030 (1988); S. Ying, W. C. Haxton, and
E.M. Henley, Phys. Rev. D 40, 3211 (1989).

[57] A. Suzuki, Nucl. Phys. B, Proc. Suppl. 77, 171 (1999);
L. D. Braeckeleer, Nucl. Phys. B, Proc. Suppl. 87, 312
(2000); J. Busenitz et al. (KamLAND Collaboration),
Proposal for US Participation in KamLAND, March
1999; J. Busenitz, Int. J. Mod. Phys. A 16, 742 (2001);
K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003); T.
Araki et al., Nature (London) 436, 499 (2005).

[58] G. Bari et al., Nucl. Instrum. Methods Phys. Res., Sect. A
277, 11 (1989); M. Aglietta et al., Nuovo Cimento105,
1793 (1992); W. Fulgione, Nucl. Phys. B, Proc. Suppl. 70,
469 (1999); M. Aglietta et al., Proceedings of 28th
International Cosmic Ray Conferences (ICRC 2001),
1093 (2001); M. Selvi and F. Vissani, Prepared for 28th
International Cosmic Ray Conferences (ICRC 2003), 1297
(2003).

[59] A. O. Bazzarko, Nucl. Phys. B, Proc. Suppl. 91, 210
(2001); R. Tayloe, Nucl. Phys. B, Proc. Suppl. 118, 157
(2003); S. J. Brice, Nucl. Phys. B, Proc. Suppl. 143, 115
(2005); I. Stancu, Nucl. Phys. B, Proc. Suppl. 155, 164
(2006); Z. Djurcic, Nucl. Phys. B, Proc. Suppl. 168, 309
(2007); S. Case, S. Koutsoliotas, and M. L. Novak, Phys.
Rev. D 65, 077701 (2002); M.K. Sharp, J. F. Beacom, and
J. A. Formaggio, Phys. Rev. D 66, 013012 (2002).

[60] C. Galbiati, Nucl. Phys. B, Proc. Suppl. 143, 21 (2005); G.
Ranucci, Nucl. Phys. B, Proc. Suppl. 168, 111 (2007); G.
Alimonti et al., Astropart. Phys. 16, 205 (2002); M. Balata
et al., Eur. Phys. J. C 47, 21 (2006).

[61] F. Ardellier et al., arXiv:hep-ex/0606025; S. Berridge
et al., arXiv:hep-ex/0410081; M. Apollonio et al., Eur.
Phys. J. C 27, 331 (2003).

XIN-HENG GUO, MING-YANG HUANG, AND BING-LIN YOUNG PHYSICAL REVIEW D 79, 113007 (2009)

113007-16


