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Abstract:

We have carefully examined, in both analytical and numerical ways, how small the terrestrial matter

effects can be in a given medium-baseline reactor antineutrino oscillation experiment like JUNO or RENO-50. Taking

the forthcoming JUNO experiment as an example, we show that the inclusion of terrestrial matter effects may reduce
the sensitivity of the neutrino mass ordering measurement by Ax%;o ~ 0.6, and a neglect of such effects may shift the

best-fit values of the flavor mixing angle 6,5, and the neutrino mass-squared difference Ay, by about 1o to 20 in the

future data analysis. In addition, a preliminary estimate indicates that a 20 sensitivity of establishing the terrestrial

matter effects can be achieved for about 10 years of data taking at JUNO with the help of a suitable near detector

implementation.
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1 Introduction

The approved JUNO project in China is a flag-
ship of the new-generation medium-baseline reactor an-
tineutrino oscillation experiments [1, 2], and its pri-
mary physics target is to probe the intriguing neutrino
mass ordering [3, 4] (i.e., whether m, < m, < m; or
m, <m,; <m,). A similar project in South Korea, the
RENO-50 experiment [5], has been proposed for the same
purpose. Since the typical energies of electron antineu-
trinos produced from a reactor are around 4 MeV, ter-
restrial matter effects are expected to be negligibly small
in any given v, — Vv, oscillation experiment. However,
a careful examination of the sensitivity of measuring the
neutrino mass ordering to the matter-induced contami-
nation has been lacking, although some preliminary esti-
mates of the matter effects on the leptonic flavor mixing
angles and neutrino mass-squared differences have been
made in this connection [6-8].

In the present work we aim to evaluate how small the
terrestrial matter effects are and whether they can af-
fect the precision measurements to be done in the JUNO
and RENO-50 experiments. Our main results will be
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presented both numerically and in some useful and in-
structive analytical approximations. A remarkable ob-
servation is that the terrestrial matter contamination
may give rise to a correction close to 1% to the quan-
tity associated with a crucial judgement of whether the
neutrino mass ordering is normal or inverted. Taking the
JUNO experiment as an example, we show that the in-
clusion of terrestrial matter effects may reduce the sen-
sitivity of the neutrino mass ordering measurement by
Ax3, =~ 0.6, and a neglect of such effects may shift the
best-fit values of the flavor mixing angle 6,, and the neu-
trino mass-squared difference A,; by about 1o to 20 in
future data analysis. Moreover, a preliminary estimate
indicates that a 20 sensitivity of establishing the terres-
trial matter effects can be achieved for about 10 years
of data taking at JUNO with the help of a suitable near
detector implementation.

2 Analytical approximations

Let us begin with the effective Hamiltonian that is
responsible for the propagation of antineutrinos in mat-
ter [9, 10]

* Supported by National Natural Science Foundation of China (11135009, 11305193), the Strategic Priority Research Program of the
Chinese Academy of Sciences (XDA10010100) and the CAS Center for Excellence in Particle Physics

1) E-mail: liyufeng@ihep.ac.cn
2) E-mail: yfwang@ihep.ac.cn
3) E-mail: xingzz@ihep.ac.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded
by SCOAP? and published under licence by Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy
of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd

091001-1



Chinese Physics C

Vol. 40, No. 9 (2016) 091001

1 meO A 0 0
_ 2 T
SE U0 om0 |U 00 o0fl, (O
0 0 O

2
0 m3

where U (or U) and 7, (or m,) stand respectively for
the effective (or fundamental) lepton flavor mixing ma-
trix and neutrino masses in matter (or in vacuum), and
A=22 G,N_E with G}, being the Fermi constant and
N_ being the background density of electrons. In fact, A
itself and the minus sign in front of A denote the charged-
current contribution to the coherent ¥_e~ forward scat-
tering in matter. Given a constant matter profile which is
a good approximation for the reactor-based antineutrino
oscillation experiments, one may establish the exact an-
alytical relations between |U,;|? and |U,,|* as follows [11]:
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(2)
where ANij =m;—m; and A}, =m?—m; as compared
with the fundamental neutrino mass-squared differences
A, = m?—m? (for i,j = 1,2,3). To see the mat-
ter effects hidden in ANZ.J. and Aj; in a transparent way,
we take into account their approximate expressions ex-
panded in terms of two small parameters a = A,, /A,
and 3 = A/A,, in the normal neutrino mass ordering
(i.e., Ay >0) case [12]:

Ay~ Ay, 1——a—|— (1-3|U,*) B

1y |3|6@6—d],
1 1 1
A~ Ay |1- 2 2(1 3| |)ﬂ—§e
2w d6@6+6]; 3)

D In the next-to- lcadlng order approximation one may obtain the analytical result |U 3\2

as estimated in Eq. (7), \U MRS

and
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where
€=/ +2(|U, "~ [Uol) B+ (1-2U, 8 . (5)

Note that the smallness of |U,| is already implied in
making the above approximations. With the help of Egs.
(3) and (4), the expressions in Eq. (2) can be simplified
to

~ a+ﬂ+e a—ﬂ—e
|Ue1|2: |Uve1|2 |Ue2|27
a—i—ﬂ a— ﬂ+e
U = S50, P U2
U |~ |U 3|2 (6)
in the leading-order approximation V. Given A ~

1.52 x 107* eV? Y, (p/g/cm?®)(E/GeV) =~ 1.98 x

(1-28)|U.5|2. Since B is of O(107%)

|Uu3|? is actually an excellent approximation.
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10~* eV?(E/GeV) for a realistic oscillation experi-
ment [13], where Y, ~ 0.5 is the electron fraction and
p =~ 2.6 g/cm?® is the typical matter density for an an-
tineutrino trajectory through the Earth’s crust 2, we
find that § is much smaller than « in magnitude:

a~3.12x1072x Ay :|:2.4 x 1073 eV?
o T5x10-5 oV A :
E  424x107% eV?
~3.20%x 10 | ;
7 I Mev A, (7)

In this case one may simplify the expression of € in Eq.
(5) as e~ a+(|U,,|* = |U,|?) B plus much smaller terms.
Note that Egs. (3), (4) and (6) are valid for a normal neu-
trino mass ordering. If an inverted neutrino mass order-
ing (i.e., A, <0) is taken into account, the correspond-
ing expressions can simply be obtained from the above
equations with a straightforward replacement € — —e.

In the standard parametrization of U [14], |U,,| =
cosf,,cosb,,, |U,| = sinb,,cos6,, and |U_| = sinf,,.
A global analysis of current neutrino oscillation data
yields the best-fit values 6,, ~ 33.5° and 6,, ~ 8.5° [15-
18], which are insensitive to the neutrino mass ordering.
Therefore, e ~ a4+ 3 cos26,, holds as a good approxima-
tion. Taking the same parametrization for the effective
neutrino mixing matrix U in matter, one may link the
effective flavor mixing angles 6,, and 6,; with the fun-
damental flavor mixing angles 6,, and 6,, via Eq. (6).
Namely,

|[7 2~ a+Bcos®fy, U, 12+ Beos®O,, U, |2
el a+p[cos20,, Y a4 Pcos20,, 27

|~ 2 a— fBsin’ 912 2 Bsin’ 6, U2
Uer a+Bcos26,, Uer a+fcos260,,

Vol U (8)
and thus we arrive at the 513 ~f,, and
cos? 0, ~ (atB)cos” by, ;
a+ (cos20,,

(a—p)sin6,,

in26,, ~ .
S P a+ fBcos20,,

Accordingly, we are left with

acos26,,+ 0 A
20, ~ —— 12 T 500 —sin’4 10
COs2by, = a+t Bcos26,, C0820,, + A, sin“6,, (10)
and
-~ 2 32\ 229
sin” 26, ~ (a” — 5%)sin" 20,

(a4 Bcos26,,)?

~sin220,, (1-2-2 cos20,,) . (11)
AQI

which are associated with a determination of the sign of
A, and with a precision measurement of the value of
0,,, respectively. Note that Eqgs. (8)—(11) are valid no
matter whether the neutrino mass ordering is normal or
inverted. We see that the matter-induced correction is
clearly characterized by the ratio

E 7.5%x1075 eV?

A
A 1.05%10°2 C(12
A, Y IMey T A, (12)

Therefore, we conclude that the precision measurements
to be carried out at JUNO and RENO-50 may suffer
from terrestrial matter contamination at the 1% level.

We proceed to calculate the matter-induced correc-
tion to the probability of V, — ¥V, oscillations. In vacuum,
we have P(V, —»¥_)=1—-P,— P, with [19]

P, =sin”20,,cos* 0, ,sin* F,,
—cosF, cosF,; +cos20,,sinF, sinF,) ),
(13)

1
P = 3 sin®26,, (1

where F, =1267 x A;,L/E with A}, being the neutrino
mass-squared diﬁerence in unit of eV2 L being the base-
line length in unit of km and F being the antineutrino
beam energy in unit of MeV (for ji=21,31,32), and

L
F,=F, +F,, =1267 x — (A31+A32)_1267><EA* (14)

with the definition A, = A;, + A,,. Needless to say,
A, must be positive (or negative) if the neutrino mass

ordering is normal (or inverted). Exactly parallel with

Eq. (13), the expression of E(Ve —%,) in matter can be
written as P(V,—7¥,)=1—P,— P, with
P, =sin?26,, cos* 6, sin’ F,,
P = % sin® 20, , (1 —cosF, cosFy,
+c0s20,,sin F, sinF;l) , (15)

where ﬁji = 1267 x ANjZ.L/E with ANJ.Z. being the effective
neutrino mass-squared difference (for ji =21,31,32), and

F.=Fy +Fpy=1267x = (A31 + A32)
L~
—1267x —A 16
L3 (16)

with the definition A, A31+A32 With the help of Eq.
(3), we find that A,, and A, can approximate to

Ay ~ Ay + Acos20,, A ~A +A, (17)

2) For the JUNO (or RENO-50) experiment, whose baseline length is much shorter than accelerator-based long-baseline neutrino
oscillation experiments, it might be more appropriate to take a somewhat smaller value of p. This issue will be addressed later.
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respectively. Then Eq. (15) can be explicitly expressed
as

P,~ P, + Asin®26,,cos20,, cos 6, ,

L 2
: (1267E Sin2F,, — ——sin’ F21>

21

~ 1 L
P ~P + §Asin2 20,, {1267E [(1+cos*26,,)
-sinF, cos F,, +2cos 26, cos F_sin F,, ]

A (18)
where F, =1267A,,L/E ~ /2 (or equivalently, L ~ 50
km) has been implied in accordance with the designs
of the JUNO [1, 2] and RENO-50 [5] experiments, and
hence 1267AL/E ~ A/A,, ~ 1072 is a small expansion
parameter. The difference

1
+——sin®0,,sin F, sin F, } ,

P, %)~ PE.~%7.)= (P~ F)+(P.~P.) . (19)

which is proportional to A as shown in Eq. (18), is there-
fore a clear measure of the terrestrial matter effects as-
sociated with JUNO or RENO-50.

3 Numerical simulation

Now we turn to a numerical study of the terres-
trial matter effects in a medium-baseline reactor antineu-
trino oscillation experiment like JUNO or RENO-50. For
simplicity and illustration, we adopt the best-fit values
A, ~T75x107% eV?, A, ~4.839x 1073 eV?, sin0,, ~
0.304 and sin” @, ~ 0.0218 obtained from a recent global
analysis of current neutrino oscillation data [18]. The ter-
restrial matter density along the antineutrino trajectory
is typically assumed to be p~2.6 g/ cm®, and its uncer-
tainty will be briefly discussed later on. In our analysis
we are going to focus on the normal neutrino mass order-
ing as the true mass ordering, and we find that our main

0.010 T T T T T T T T T

——w/0 smearing
------ w/ smearing

E
§ 0.005 baseline = 52.5 km
2
T
5 0
g
2
LY

—0.005 |- E

(@)
—0.010 L L 1 L 1 L 1 s 1 s
2 4 6 8 10 12

antineutrino energy /MeV

conclusion will actually remain valid even if the inverted
neutrino mass ordering is taken into account.

As a result of our exact numerical calculations with-
out involving any analytical approximations, Fig. 1
shows the absolute (a) and relative (b) differences be-
tween the matter-corrected probability P(¥, —¥,) and
its vacuum counterpart P(V, — ¥,) associated with a
medium-baseline (L = 52.5 km) reactor antineutrino os-
cillation experiment. The solid curves are for the true
antineutrino energy, and the dashed ones are averaged
over a Gaussian energy resolution of 3%/+/F (MeV). We
see that the absolute difference P(V, —¥,)—P(V, —¥.)
can reach about 0.7% in the vicinity of the first oscilla-
tion peak of A,,, which corresponds to a relative matter-
induced correction of about 4% as illustrated in Fig.
1(b). As a matter of fact, the main profile of P(¥, —
V) - P, —¥,) or | P(¥, —%,)- P(¥,—%,)| /PF, -
v,) is attributed to the A, -triggered oscillation, where
the matter-induced suppression in sin? 2512 provides a
positive correction in the A,;-dominated range. The
small wiggles in Fig. 1 are caused by the A_-triggered
oscillation, and their amplitudes are modulated by the
energy-dependent correction of cos26,,.

Before calculating the statistical sensitivity of a re-
alistic experimental measurement, it is necessary to test
the accuracy of our analytical approximations made in
Egs. (8)—(11) and Eqgs. (15)—(18). Figure 2 shows a
comparison between the results of ﬁ(VC —¥_) obtained
from a complete numerical calculation and the analyt-
ical approximations made in Eq. (18): their absolute
(a) and relative (b) differences with or without smearing
effects for a reactor antineutrino oscillation experiment
like JUNO or RENO-50. In this figure the solid lines
are for the true antineutrino energy, and the dashed
curves are averaged over a Gaussian energy resolution
of 3%/+/E (MeV). We find that the absolute errors of
our analytical approximations are lower than 3 x 107% in

0.04 T T T " T j J

0.03 L ——w/0 smearing} 4
-1 fw ] w/ smearing

0.02 baseline = 52.5 km

0.01
0

-0.01 | b
-0.02 | E

-0.03 | i

-0.04 Lu (b). 1 n 1 s 1 s 1

2 4 6 8 10 12

antineutrino energy /MeV

[P(matter)—P(vacuuml)]/P(matter)

Fig. 1. (color online) The absolute (a) and relative (b) differences between P(V, —¥,) (in matter) and P(V, —7¥.)
(in vacuum) for a reactor antineutrino oscillation experiment with L =52.5 km. The solid lines correspond to the
true antineutrino energy, and the dashed lines are averaged over a Gaussian energy resolution of 3%/+/FE (MeV).
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Fig. 2. (color online) Comparison between the results of ﬁ(VC —¥,) achieved from an exact numerical calculation
(numerical) and from the analytical approximations in Eq. (18) (analytical): their absolute (a) and relative (b)
differences with or without smearing for a reactor antineutrino oscillation experiment with L =52.5 km. The solid
curves are for the true antineutrino energy, and the dashed ones are averaged over a Gaussian energy resolution of

3%/\/E (MeV).

most of the antineutrino energy range, proving that
Eq. (18) and the associated analytical approximations
can be safely employed in the following sensitivity stud-
ies.

Taking account of JUNO’s nominal setup as de-
scribed in Refs. [1, 20], we are going to illustrate how
the terrestrial matter effects influence the measurements
of both the neutrino mass ordering and the flavor mixing
parameters. We shall also discuss an important issue: to
what extent one can establish or constrain the terrestrial
matter effects at JUNO or RENO-50, or in a similar ex-
periment to be proposed.

Given the JUNO simulation, which has been de-

M;(p™,n) T,

L(p"m) (1 + Z%k%)

scribed in detail in Ref. [1], let us consider a 20 kt
liquid scintillator detector with an energy resolution of
3%//EMeV) Y. We take account of the real reac-
tor powers and baseline distributions of the Yangjiang
and Taishan nuclear power plants listed in Table 2 of
Ref. [1], which have a total thermal power of 36 GW,
and a power-weighted baseline of 52.5 km. Moreover, we
assume a detection efficiency of 80% and a nominal run-
ning time of six years and 300 effective days per year in
our numerical simulation.

To discuss the statistical sensitivity of the experimen-
tal measurement ), we construct the following standard
x? function:

2

Npin

2 _
=2
i=1

where M, and 7, are the measured and predicted an-
tineutrino events in the ¢-th antineutrino energy bin,
respectively; o, and €, are the k-th systematic uncer-
tainty and the corresponding pull parameter, respec-
tively. The considered nominal systematic uncertainties
include the correlated reactor rate uncertainty (~ 2%),
the uncorrelated reactor rate uncertainty (~ 0.8%), the
energy-uncorrelated bin-to-bin reactor flux spectrum un-
certainty (~ 1%) and the detector-related uncertainty
(~ 1%). Some additional important systematic un-

E2
+>° U—’; , (20)
= Ok

|certainties on the measurements of the neutrino mass
ordering and oscillation parameters have been thor-
oughly discussed in sections 2 and 3 of Ref. [1]. In
Eq. (20), p stands for the oscillation parameters (i.e.,
p={45,4,,01,,015}), and n=A(p)/A(p=2.6 g/cmg) is
defined as the effective matter potential index.

Figure 3 is a comparison of the neutrino mass order-
ing sensitivities with (solid) and without (dashed) con-
sidering the terrestrial matter effects. The black lines
come from the fitting in the assumption of the normal

1A generic parametrization of the energy resolution is written as \/(a/\/ E)2+b2+(c/E)?, which is numerically equivalent to an

effective energy resolution of /a2 + (1.6 x )2+ (c¢/1.6)2/V/E in the mass ordering measurement [1]. The requirement of 3%/+/E (MeV)
can be regarded as the total contribution of all the stochastic and non-stochastic terms.

2)See Refs. [1, 20-25] for an incomplete list of the works dealing with the statistical sensitivity of the mass ordering measurement

in a medium-baseline reactor antineutrino experiment.
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mass ordering (NMO) of three neutrinos, and the red
lines assume the inverted mass ordering (IMO). The ver-
tical distance between the minima of the red and black
curves is defined as a measure of the neutrino mass or-
dering sensitivity:

AXIQ\/IO = |anin(NMO) - X?nin(IMO” ) (21)

where the minimization is implemented for all the rel-
evant oscillation and pull parameters. Compared with
the situation of ¥, — ¥, oscillations in vacuum, the
inclusion of terrestrial matter effects may reduce the
value of Ax3o from 10.28 to 9.64, which is compara-
ble with other important systematic uncertainties and
hence should not be neglected in the future mass order-
ing measurement. In the above calculation we have typ-
ically taken p~2.6g/ cm® for the terrestrial matter den-
sity. For reactor antineutrino oscillations with a medium
baseline (i.e., L ~ 50 km from the reactors to the de-
tector), however, the ¥, trajectory during propagation is
expected to include a large proportion of the sedimentary
layer. In other words, the real experiment may actually
involve a somewhat smaller terrestrial matter density. In
Fig. 4 we illustrate the sensitivity of the mass ordering
measurement Axy;, as a function of the matter poten-
tial index 1. One can see that Ax3,o depends linearly on
n. If a smaller matter density p~2.0g/cm’ is taken into
account for JUNO, the mass ordering sensitivity will be
reduced from 10.28 to 9.79.

25
20
~ 15
J
5
10
5
oL— v NSy
4.78 4.80 4.82 4.84 4.86 4.88 4.90 4.92 4.94 4.96 4.98
|A,/(10-%eV?)
Fig. 3. (color online) Comparison of the neutrino

mass ordering sensitivities with (red solid) and
without (red dashed) considering the terrestrial
matter effects. The vertical distance (defined as
Axiio) between the minima of the red and black
lines denotes the sensitivity of the mass ordering
measurement.

Now we turn to discuss the terrestrial matter effects
on the relevant flavor parameters. In our numerical anal-
ysis, p~2.6g/cm’ (i.e., n=~1) is typically taken to mod-
ulate the measured antineutrino events M,. In Fig. 5(a)

we include terrestrial matter effects in the predicted an-
tineutrino events T}, and display the fitting results of A,,
and 0,,. The red star denotes the true values of these
two parameters. It turns out that the best-fit points
can return to the true values, and the allowed regions
are consistent with the fitting results in the assumption
of the vacuum v, — ¥, oscillations (see section 3.2 of
Ref. [1]). The 1o precision levels of A, and sin®6,,
with the nominal systematic setup can reach 0.23% and
0.58%, respectively. In comparison, the 1o precision lev-
els of A,, and sin’f,, in the absence of matter effects
were found to be 0.24% and 0.54%, respectively (see sec-
tion 3.2 of Ref. [1]). A minor reduction in the accuracy
of sin® @, is certainly attributed to the suppression of 6,
in terrestrial matter.

8.5

Ax’mo
© S
W S
/
" " " " 1 " " " "

8.0 1 1 1
0 0.2 0.4 0.6 0.8 1.0 1.2

matter potential index (7))

Fig. 4. Sensitivity of the mass ordering measure-
ment AxZo as a function of the matter potential
index 7 = A(p)/A(p = 2.6 g/cm®). The vertical
dashed line with n~1 or 0.77 stands for the ter-
restrial matter density p~ 2.6 g/cm® or 2.0 g/cm?®,
respectively. The value of Ax%;o for n~0, 0.77
or 1is 10.28, 9.79 or 9.64, respectively.

For the sake of comparison, let us neglect terrestrial
matter effects in the predicted antineutrino events T; and
illustrate the fitting results of A,, and 6,, in Fig. 5(b).
The red star points to the true values of these two param-
eters, and the blue dot stands for the best-fit point. The
allowed regions are shifted to higher A,, and lower 6,,,
and the best-fit point is located at A,, ~7.514x107%eV?
and 6, ~33.26°. The precision of A,; and §,, turns out
to be the same as that in Fig. 5(a). Hence the best-
fit values of A, and 6,, deviate around 0.80 and 2.40
from their true values, respectively. If additional system-
atic uncertainties [1] of the flux spectrum and the energy
scale are taken into account in the analysis, the sizes of
the deviations might be reduced.

Finally let us discuss to what extent one can establish
or constrain the terrestrial matter effects at JUNO. As-
suming a matter density p~2.6 g/ cm® in the measured
antineutrino events, we illustrate the change of Ax?(n)
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as a function of the matter potential index 7 in Fig. 6
with both fixed and free oscillation parameters. If all the
oscillation parameters are fixed, we obtain Ax?(0) ~11,
indicating that the terrestrial matter effects can be tested
with a significance of more than 30. However, the sig-
nificance of establishing the terrestrial matter effects will
significantly reduce to 1.30 after the oscillation param-
eters are marginalized. This can be understood with
the help of Egs. (11) and (17), where the corrections of

the matter potential to sin®6,, and A,, are about 0.8%
and 0.4%, respectively. If some additional systematic
uncertainties are considered in the analysis [1], including
the background, the reactor flux spectrum uncertainty of
1%, the energy scale uncertainty of 1% and the energy
non-linear uncertainty of 1%, then the projected preci-
sion levels for sin®6,, and A,, will be 0.72% and 0.60%,
respectively. Correspondingly, the sensitivity of estab-
lishing the terrestrial matter effects will be less than 1o.

345 - .
(@) B -
Il 2
340 3o 1
72}
]
&
2 335F .
>
330 .
325 . .
7.45 7.50 7.55 7.60

345 : . . . :
®) -
a2

34.0| 30

v

8

&

2 335t . i
33.0} _
325 . .

7.45 7.50 7.55 7.60

Ay /(10-5eV?2)
Fig. 5.

A/(10-%eV?)

(color online) The allowed regions of Ay and 05 with (a) and without (b) including terrestrial matter effects

in the predictions. The matter density p~2.6 g/ cm® is assumed in the measurements. The red stars denote the
true values of Ay and 6,5, and the blue dot is the best-fit point when the terrestrial matter effects are omitted.

12 T T T T
- - -fixed parameters
0P free parameters A
S
R
<
0.0 0.4 0.8 1.2 1.6 2.0
matter potential index (#)
Fig. 6. (color online) Sensitivity of the terrestrial

matter effects with the JUNO nominal setup. The
black dashed and red solid lines are shown for the
fitting results without and with considering the
uncertainties of the neutrino oscillation parame-
ters, respectively.

If near detectors can be built to monitor the re-
actor antineutrino flux, a relative measurement of the
rate and spectrum between the near and far detec-
tors is expected to significantly reduce the reactor- and

detector-related systematic uncertainties in the sin®6,,
and A,, measurements, and thus the sensitivity of es-
tablishing the terrestrial matter effects can accordingly
increase. Without specifying the details of the near
detectors, we just split the systematic uncertainties
into the (detector-correlated) absolute uncertainties and
(detector-uncorrelated) relative uncertainties. Assuming
the absolute errors will be cancelled by virtue of the near
detectors and the relative errors are at the Daya Bay
level [26-29], we show the sensitivity of ruling out the
vacuum neutrino oscillation scenario (i.e., n = 0) as a
function of the running time in Fig. 7, where the signif-
icance is defined as the square root of Ax?(n=0). We
observe that a 20 sensitivity of establishing the terres-
trial matter effects can be achieved for about 10 years of
data taking, if one or two appropriate near detectors are
implemented to the nominal JUNO configuration. Fur-
ther details on the near detector configuration will be
discussed elsewhere?.

4 Concluding remarks

To summarize, we have examined how small the
terrestrial matter effects can be in a medium-baseline

D Given different motivation and different detector consideration, there are a few other works on the near detector ideas for a

medium-baseline reactor antineutrino oscillation experiment [30-32].
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Fig. 7. Sensitivity of ruling out the vacuum neu-

trino oscillation scenario (i.e., n=0) as a function
of running time with the nominal JUNO configu-
ration and appropriate near detectors. The signif-
icance is defined as the square root of Ax?(n=0).

reactor antineutrino oscillation experiment like JUNO or
RENO-50, which aims to carry out a precision measure-
ment of the neutrino mass ordering and relevant flavor
parameters. To do so, we have expanded the probability
of v, — Vv, oscillations with L ~ 50 km in terms of the
small matter parameter. Our analytical approximations
are simple but accurate enough for a deeper understand-
ing of the outputs of the exact numerical calculations.
Taking the JUNO experiment, which is currently under

development, as a good example, we have shown that
the inclusion of terrestrial matter effects is likely to re-
duce the sensitivity of the neutrino mass ordering mea-
surement by Ax3, ~ 0.6. We find that the terrestrial
matter effects may also shift the best-fit values of 6,, and
A,, by about 1o to 20 if they are ignored in future data
analyses.

We conclude that the terrestrial matter effects must
be carefully taken into account because they are non-
negligible in the reactor-based measurements of the neu-
trino mass ordering and v, — Vv, oscillation parameters.
But it remains difficult to establish the profile of terres-
trial matter effects at a high significance level in a realis-
tic experiment of this kind, such as JUNO or RENO-50.
This issue motivates us to consider the possibility of
installing near detectors to measure the initial reactor
antineutrino flux V), in a location where the matter effects
are not present. In this case a comparison between the
measurement of P(V, —¥,) and its energy dependence
at the far detector (L ~50 km) and that of P(¥, —7¥)
at the near detectors (L ~ 0) will allow one to probe the
fine effects of terrestrial matter associated with JUNO or
RENO-50. Our preliminary estimate indicates that it is
possible to establish the terrestrial matter effects with a
20 sensitivity for about 10 years of data taking at JUNO
with the help of a suitable near detector implementation.

We thank Eligio Lisi, Shun Zhou and Jing-yu Zhu for

useful discussions.
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