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Abstract: We propose a novel method to detect reactor  and  oscillations by using elastic antineut-
rino-electron scattering processes  (for ), among which the  events can be singled out
by accurately measuring the  flux via the inverse beta decay . A proof-of-concept study shows that
such measurements will not only be able to test the conservation of probability for reactor antineutrino oscillations,
but also offer a new possibility to probe leptonic CP violation at the one-loop level.
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I.  INTRODUCTION

νe
νe→ νe

θ13

The reactor-based neutrino experiments have played a
crucial  role  in  the  developments  of  nuclear  and  particle
physics [1, 2], such as the discovery of the electron anti-
neutrino  [3],  the  discoveries  of  long- and  short-
baseline  oscillations [4, 5], and the first measure-
ment  of  the  smallest  lepton  flavor  mixing  angles  [5,
6]. The  new  flagship  reactor  neutrino  oscillation  experi-
ment JUNO [7, 8], a medium-baseline facility which has
just started  data  taking,  aims  to  resolve  another  funda-
mental  issue  in  particle  physics  and  cosmology  —  the
mass ordering of three active neutrinos.

νe

νe→ νµ νe→ ντ

νµ ντ

µ+ τ+ νµ+ p→ µ++n
ντ+ p→ τ++n

It is well known that the flavor oscillations of reactor
antineutrinos  belong  to  the disappearance category,  in
the  sense  that  the  events  observed  at  the  far  detector
are somewhat  fewer  than  those  recorded  at  the  near  de-
tector. Although  and  oscillations do take
place in a reactor experiment, they cannot be directly de-
tected via the corresponding weak charged-current inter-
actions  associated  with  and  [9].  The  reason  is
simply  that  the  reactor  antineutrino  beam  energy  is  too
low to produce the  or  events via the 
or  processes  in  the  detector.  A  burning
question  is  therefore  whether  there  exists  a  way  out  of
this impasse in the coming precision measurement era.

νµ
ντ

νe→ νµ νe→ ντ

να+ e−→ να+ e− α = e,µ,τ νe

νe

νe+ p→ e++n

The answer to this important question will be affirm-
ative, if a dedicated measurement of the appearance of 
and  events can be done by means of their weak neut-
ral-current interactions  with  the  target  material.  In  this
note we are going to propose a novel method to detect the
reactor  and  oscillations  with  the  help  of
elastic  antineutrino-electron  scattering  processes

 (for ),  among  which  the 
events can be singled out by detecting the  flux via the
inverse  beta  decay  to  a  sufficiently  high
degree of accuracy. We find that such precision measure-
ments  will  help  open  a  new  window  for  experimental
neutrino physics at least in the following three aspects:
 

νµ ντ
νe

νe→ νe

1.  to  directly  confirm  the  appearance  of  and 
events  originating from the  initial  events  of  a  nuclear
reactor via flavor oscillations, and thus to test the conser-
vation  of  probability  for  reactor  antineutrino  oscillations
by combining it with the  disappearance.

νe→ νµ
νe→ ντ

νµ e−

ντ e−

2.  to  probe  a  fine  difference  between  and
 oscillations, which is sensitive to both the μ-τ in-

terchange  symmetry  and  the  leptonic  CP  violation,  by
precisely  measuring  the  cross  sections  of  elastic -
and -  scattering reactions at the one-loop level.
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3.  to  search  for  possible  new  physics  either  beyond
the  standard  weak  interactions  or  beyond  the  standard
three-flavor oscillation scheme, or both of them.
 

We expect that the experimental and theoretical stud-
ies of this kind will find more applications at the low-en-
ergy luminosity or intensity frontiers of particle physics.

The  present  work  is  intended  to  provide  a proof-of-
concept investigation of points 1 and 2 listed above, with
a  very  preliminary  numerical  illustration  by  taking  the

νe→ νµ νe→ ντ

JUNO experiment  for  example.  In  particular,  we  high-
light  the  novel  possibility  of  probing  or  constraining  the
leptonic  CP-violating phase  from  a  precision  measure-
ment of the reactor  and  oscillations. 

II.  FLAVOR OSCILLATIONS

3×3
Let  us  focus  on  the  standard  three-flavor  oscillation

scheme, in which the  unitary Pontecorvo-Maki-Na-
kagawa-Sakata  (PMNS)  neutrino  mixing  matrix U [10,
11] can be parameterized as 1)

 

U =

Ü
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3

ê
=

Ü
c12c13 s12c13 ŝ∗13

−s12c23− c12 ŝ13s23 c12c23− s12 ŝ13s23 c13s23

s12s23− c12 ŝ13c23 −c12s23− s12 ŝ13c23 c13c23

ê
, (1)

ci j ≡ cosθi j si j ≡ sinθi j ŝ13 ≡ s13eiδ θi j

i j = 12,13,23

νe→ να

where ,  and  with  (for
)  being  the  flavor  mixing  angles  and δ be-

ing the nontrivial phase responsible for leptonic CP viola-
tion  in  neutrino  oscillations.  The  probabilities  of  reactor

 oscillations in vacuum are given by 

P(νe→ να) = δeα−4
∑
i< j

Re
(
UeiU

∗
e jU

∗
αiUα j

)
sin2 F ji

−8J
∑
β

ϵeαβ
∏
i< j

sin F ji , (2)

F ji ≡
(
m2

j −m2
i

)
L/(4E) mi, j

i, j = 1,2,3
where  with  being the neutrino
masses are defined (for ), E represents the av-

ϵeαβ
α,β = e,µ,τ

erage  antineutrino  beam  energy, L denotes  the  baseline
length,  stands  for  the  three-dimensional  Levi-Civita
symbol (for ), and 

J = 1
8

sin2θ12 sin2θ13 cosθ13 sin2θ23 sinδ (3)

is  the  unqiue  Jarlskog  invariant  of  CP  violation  for  the
PMNS lepton flavor mixing matrix [13, 14].

νe→ νe
νe→ νµ νe→ ντ

It is obvious that the disappearance oscillation chan-
nel  is CP-conserving, while the appearance oscil-
lation channels  and  contain the CP-viol-
ating terms of the same magnitude but the opposite signs.
That is why we find it useful to redefine

 

P+ ≡ P(νe→ νµ)+P(νe→ ντ) = 1−P(νe→ νe) = 4
∑
i< j

|Uei|2|Ue j|2 sin2 F ji ,

P− ≡ P(νe→ νµ)−P(νe→ ντ) =
∑
i< j

Di j sin2 F ji−16J
∏
i< j

sin F ji , (4)

Di j ≡ 4Re
[
UeiU

∗
e j

(
U∗τiUτ j−U∗µiUµ j

)]
where  characterize the effects of μ-τ interchange symmetry breaking for the PMNS
matrix U. To be explicit, we obtain
 

D12 = +sin2 2θ12 cos2 θ13 cos2θ23

(
1+ sin2 θ13+2cot2θ12 sinθ13 tan2θ23 cosδ

)
,

D13 = −2cos2 θ12 sin2θ13 cosθ13 cos2θ23

(
sinθ13− tanθ12 tan2θ23 cosδ

)
,

D23 = −2sin2 θ12 sin2θ13 cosθ13 cos2θ23

(
sinθ13+ cotθ12 tan2θ23 cosδ

)
, (5)
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O
(

10−3
)

1) Possible non-unitarity of U has been constrained to be below  in the canonical seesaw mechanism [12], and thus can be neglected in this work. Here the
Majorana phases of U are not taken into account either, as they are insensitive to the reactor antineutrino oscillations under discussion.
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θ23 = π/4 θ13 = 0
θ23 = π/4 δ = ±π/2

θ23
π/4 |J|

Di j J

P− P+

which will vanish in the limit of the μ-τ permutation sym-
metry  (i.e.,  and )  or  the μ-τ reflection
symmetry  (i.e.,  and )  [15].  Given  the
facts  that  the  best-fit  value  of  is  really  not  far  away
from  and the maximum value of  is about 3% in a
global  analysis  of  current  neutrino  oscillation  data  [16,
17],  we  conclude  that  the  magnitudes  of  and  are
both suppressed, leading to an unfortunate suppression of

 as compared with .
νe→ νe

νe

νe+ p→ e++n
P+

να+ e−→ να+ e− α = µ,τ

P++P(νe→ νe) = 1

Note  that  the  reactor  oscillations  have  been
firmly established by measuring the survival  events at
the  far  detector  with  the  help  of  the  weak  charged-cur-
rent  reactions.  The  first  purpose  of  this
work is to propose a careful precision measurement of 
by use of elastic  scattering (for )
via  the  weak  neutral-current  interactions  in  a  reactor-
based experiment  like  the  JUNO,  such  that  one  may  ef-
fectively test the consistency of the standard three-flavor
neutrino oscillation framework by examining the conser-
vation of probability associated with these pure quantum
processes [i.e.,  should hold].

P+ P(νe→ νe)

L = 53 km

sin2 θ12 = 0.308 sin2 θ13 = 0.02215 sin2 θ23 = 0.470
δ = 1.17π m2

2−m2
1 = 7.49×10−5 eV2

m2
3−m2

1 = 2.513×10−3 eV2

νe
νµ ντ

E ∈ [2,6] MeV

For the sake of illustration, we show the probabilities
 and  changing with the reactor antineutrino

beam  energy E in  the  left  panel  of Fig.  1,  where
 has been taken as a typical baseline length. In

addition,  the  best-fit  values  of  the  oscillation  parameters
, ,  and

,  together  with  and
 (normal  mass  ordering)  are

taken from Ref. [16], where a perfect agreement with the
results  from  an  independent  global-fit analysis  of  neut-
rino oscillation data in Ref. [17] can be found. From Fig.
1, it is clear that a significant fraction of the  events os-
cillate into the  and  events, especially in the energy
range .  One  may  therefore  expect  that  the
antineutrinos of all three flavors are detectable in a liquid-
scintillator detector.

P−

P− P+
νµ e− ντ

e−

νµ ντ
νe→ νµ νe→ ντ

In comparison, it is certainly more ambitious and thus
more challenging to detect  by means of the same tech-
niques,  so  as  to  probe  or  constrain  the  highly  nontrivial
effects of leptonic CP violation and μ-τ interchange sym-
metry breaking. The right panel of Fig. 1 illustrates how
small  is expected to be with respect to . A delicate
measurement of the cross sections of elastic -  and -

 scattering at the one-loop level of accuracy is mandat-
ory, in order to distinguish between the  and  events
that originate from the reactor  and  oscil-
lations.

In view of the fact that the behaviors of reactor anti-
neutrino oscillations in a medium-baseline experiment are
essentially  insensitive  to  terrestrial  matter  effects 1),  we
shall  not  take  into  account  such insignificant  corrections

in the following proof-of-concept analysis. 

III.  ELASTIC SCATTERING

νµ ντ

νe

νe e− νµ e− ντ
e−

The  elastic  scattering  of  or  with  an  electron
takes place via the standard weak neutral-current interac-
tions as typically illustrated in Fig.  2,  whereas that  of 
with  an  electron  occurs  through  both  neutral- and
charged-current interactions. After all the one-loop radiat-
ive corrections have been taken into account [22−25], the
differential  cross  sections  of  elastic - , -  and -

 scattering reactions are found to be 

dσe

dTe
=

2G2
µρ

2me

π

ï
κ2e s4

W+

Å
1− Te

E

ã2Åρ−2
2ρ
− κes2

W

ã2

+
meTe

E2
κes2

W

Å
ρ−2
2ρ
− κes2

W

ãò
,

dσµ
dTe
=

2G2
µρ

2me

π

ï
κ2µs

4
W+

Å
1− Te

E

ã2Å1
2
− κµs2

W

ã2

+
meTe

E2
κµs

2
W

Å
1
2
− κµs2

W

ãò
,

dστ
dTe
=

2G2
µρ

2me

π

ï
κ2τ s

4
W+

Å
1− Te

E

ã2Å1
2
− κτs2

W

ã2

+
meTe

E2
κτs

2
W

Å
1
2
− κτs2

W

ãò
, (6)

Te ≡ Ee−me

Gµ

me

sW ≡ sinθW θW

where  stands for the recoil  energy of the fi-
nal-state  electron,  is the  Fermi  coupling  constant  de-
termined from a precision measurement of the muon life-
time,  denotes the electron mass, E represents the ini-
tial  neutrino  energy,  and  with  being  the
Weinberg angle. Moreover, the overall factor ρ in Eq. (6)
is given by 

ρ = 1+
αem

4π

ß
3

4s2
W

lnc2
W−

7
4s2

W
+

2cZ

c2
Ws2

W
+G
Å

c2
W,

m2
h

m2
Z

ã
+

1
2m2

W s2
W

[∑
f

m2
f ln

Ç
m2

f

m2
W

å
−2

∑
q,q′

∣∣Vqq′
∣∣2
∫ 1

0
dx
î
m2

qx+m2
q′ (1− x)

ó
× ln

ñ
m2

qx+m2
q′ (1− x)

m2
W

ô
−2

∑
α

∫ 1

0
dx
î
m2
α (1− x)

ó
ln
ï

m2
α (1− x)

m2
W

ò]}
, (7)

αemwhere  denotes the electromagnetic fine-structure con-

ve→ vµ ve→ vτTowards a detection of reactor  and  oscillations with possible CP violation Chin. Phys. C 50, (2026)

θ12 F21
sin2θ23 sinδ

1) In fact, only  and  are slightly contaminated by terrestrial matter effects for a medium-baseline reactor antineutrino experiment like JUNO [18−20]. It is
also known that the combination " " is in particular insensitive to the matter-induced corrections [21].
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mh mW mZ

m f

mα mq

mq′

cW ≡ cosθW Vqq′

q = u,c, t q′ = d, s,b cZ

G(c2
W, x)

stant, ,  and  stand  respectively  for  the  Higgs-,
W- and Z-boson masses,  represents the charged-fermi-
on  mass,  refers  to  the  charged-lepton  mass,  and

 are  the  respective  up- and  down-type  quark  masses,
,  denote  the  elements  of  the  Cabibbo-

Kobayashi-Maskawa (CKM) quark flavor  mixing matrix
(for  and ),  the  coefficient  and  the
function  are defined as
 

cZ ≡
19
8
− 7

2
s2

W+3s4
W ,

G
(
c2

W, x
)
≡ 3

4
· x

s2
W

ï
1

c2
W− x

ln
Å

c2
W

x

ã
+

1
c2

W (1− x)
ln x
ò
, (8)

q′

κα α = e,µ,τ

and the summation over q and  quarks in Eq. (7) should
include their color factor "3". On the other hand, the fla-
vor-dependent  functions  (for )  are  expressed
as
 

κα
(
q2
)
= 1−

ß
cW

sW
·
ΣAZ

(
q2
)

q2
+

c2
W

s2
W

Re

ñ
ΣZ

(
m2

Z

)
m2

Z
−
ΣW

(
m2

W

)
m2

W

ô
− αem

2π
· c

2
W

s2
W

ïÅ
m2

Z

q2
−2
ã

×
ï

1
ϵ
−γE+ ln4π+ ln

Å
µ2

m2
W

ãòò
− 1

c2
W

ï
cA

c2
W
−Rα

(
q2
)ò™
,

(9)

q2 = −2meTewhere  is  the  square  of  momentum  transfer,
and 

cA ≡
19
8
− 17

4
s2

W+3s4
W ,

Rα
(
q2
)
≡ 1

3
+2

∫ 1

0
dx
î
x (1− x)

ó
ln
ï

m2
W

m2
α−q2x (1− x)

ò
.

(10)

 

P+ ≡ P(νe→ νµ)+P(νe→ ντ)
P(νe→ νe) P+ P− ≡ P(νe→ νµ)−P(νe→ ντ)

sin2 θ12 = 0.308 sin2 θ13 = 0.02215 sin2 θ23 = 0.470 δ = 1.17π

m2
2 −m2

1 = 7.49×10−5 eV2 m2
3 −m2

1 = 2.513×10−3 eV2

L = 53 km

Fig. 1.    (color online) The sum of the appearance oscillation probabilities  versus the survival probability
 changing with the beam energy E is shown in the left panel, while  and  in the right panel. The

best-fit  values  of  the  relevant  oscillation  parameters , ,  and ,  together  with
 and  (normal mass ordering) have been input [16, 17], and the baseline length is set to

.

 

να e− α = µ,τ

mµ mτ νµ e− ντ e−

να e−

Fig. 2.    The Feynman diagrams of elastic -  scattering (for ) via weak neutral-current interactions: (a) the tree-level contri-
bution; (b) the dominant one-loop contribution, where only one typical diagram is shown for illustration. It is the difference between
the charged-lepton masses  and  that makes the -  and -  scattering cross sections distinguishable. Note that a full set of the
one-loop Feynman diagrams will be taken into account in our analytical and numerical calculations of the -  scattering processes.
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d ≡ 4−2ϵ
γE ≃ 0.577

ΣAZ(q2) ΣW(m2
W) ΣZ(m2

Z)

In Eq. (9) the ultra-violet divergence term and the μ-
dependence term stemming from dimensional regulariza-
tion (with μ being the 't  Hooft  mass scale,  be-
ing  the  spacetime  dimension  and  being  the
Euler-Mascheroni  constant)  will  cancel  the  divergence
terms associated  with  the  one-loop self-energy functions
of the gauge bosons ,  and  [22].

ρ = 1
κe = κµ = κτ = 1
σµ = στ Rµ(q

2) Rτ(q
2)

νµ νµ ντ ντ

m2
µ

m2
τ

νµ e− ντ e−

P−

It is obvious that switching off the one-loop radiative
corrections  is  equivalent  to  taking  and

,  from  which  the  tree-level  equality
 is  simply  obtained.  Note  that  and 

arise  respectively  from  the  one-loop - -γ and - -γ
vertices as typically illustrated by Fig. 2 (b), and their dis-
crepancy  is  attributed  to  the  difference  between  and

 as  can  be  easily  seen  from  Eq.  (10).  If  the  resulting
discrepancy  between  elastic -  and -  scattering
cross sections is observed from a reactor antineutrino os-
cillation experiment,  it  will  allows  us  to  probe  or  con-
strain the fine effects of leptonic CP violation and μ-τ in-
terchange  symmetry  breaking  as  described  by  in  Eq.
(4).

νe νµ ντ

να νe→ να
α = e,µ,τ

Let us proceed to calculate the rates of ,  and 
events at the far detector. The initial reactor electron anti-
neutrinos are produced from the nuclear beta decays, and
the  fluxes  of  events  originating  from  oscilla-
tions (for ) with a baseline length L are given as
 

ϕα (E) =
1

4πL2
·P(νe→ να) ·

dN′e
dE
, (11)

dN′e/dE νe

να+ e−→ να+ e−
where  is  the  rate  for  the  initial  events.  In  the
far  detector,  the  event  rates  of  elastic 
scattering turn out to be
 

dNα
dT ′e
= NTT

∫ ∞

0
dTe

1√
2π δTe

× exp

[
−
(
Te−T ′e

)2

2
(
δTe

)2

]∫ ∞

Emin

dE
dσα
dTe

ϕα , (12)

NT

T ′e

Te

δTe

dσα/dTe ϕα

where  is the total number of the target electrons in the
far detector, T denotes the operation duration,  repres-
ents the observed energy in the detector corresponding to
the  electron  recoil  energy  and  the  energy  resolution

 with  a  Gaussian  distribution,  the  differential  cross
sections  and  the  fluxes  have  been  given  in
Eqs. (6) and (11) respectively.

To see the flavor effects in a clear way, we rewrite the
integrand of the second integral in Eq. (12) and sum over
the flavor index α. Then we are left with
 

∑
α

dσα
dTe
ϕα =

1
4πL2

· dN′e
dE

ï
P(νe→ νe)

dσe

dTe

+
P+
2

Ådσµ
dTe
+

dστ
dTe

ã
+

P−
2

Ådσµ
dTe
− dστ

dTe

ãò
,

(13)

P±
νe

νe

νe+ p→ e++n
νµ ντ

P+
P−

where the expressions of  have been given in Eq. (4).
Since the  contribution can be subtracted from the total
elastic  scattering  events  by  accurately  measuring  the 
flux  via  the  inverse  beta  decay ,  we  are
therefore  able  to  observe  the  appearance  of  and 
events as a whole. In other words, it is relatively easy to
extract  from such  a  precision  measurement,  and  ex-
tracting  the  information  on  will  be  very  challenging.
But the latter is highly nontrivial and deserves to be care-
fully studied, simply because it may open a new window
to probe or constrain leptonic CP violation in the reactor-
based experiments.

να e−

α = e,µ,τ
Pth

To illustrate, let us specify the nominal setup for a re-
actor antineutrino experiment by taking the JUNO detect-
or for example,  and calculate the elastic -  scattering
event rates (for ). Given the total thermal power

 of the chosen nuclear reactors, the production rate of
the reactor electron antineutrinos can be calculated by use
of 

dN′e
dE
=

Pth∑
i

fiϵi

∑
i

fiS i(E) , (14)

235U 238U 239Pu 241Pu fi

ϵi
S i(E) νe

Pth = 26.6 GW fi = {0.561,0.076,0.307,0.056}
ϵi = {202.36,205.99,211.12,214.26}MeV

αi j

NT ≃ 6.72×1033

where  the  subscript  "i"  refers  to  the  radioactive  isotopes
, ,  and ,  stands for the average frac-

tion of each isotope, and  denotes the thermal energy re-
leased per fission. The energy spectrum  of  from
the  beta  decays  of  fission  products  is  obtained  with  the
help  of  a  fifth-power  fitting  formula  [26].  We  assume

,  and
 as the typical  in-

puts in our numerical calculation 1), and use the values of
 from Ref. [26]. Then the elastic scattering event rates

at the far detector can be calculated by convolving the an-
tineutrino fluxes and the differential cross sections, given
the  total  number  of  target  electrons  cor-
responding  to  the  12%  mass  fraction  of  hydrogen  and
88%  of  carbon  in  the  20  kiloton  liquid  scintillator.  We
show  the  final  numerical  results  in Fig.  3. Some  com-
ments are in order.
 

• In the left panel, the contribution to the event rate in
Eq. (12) from the last term on the right-hand side of Eq.
(13)  has  been  illustrated,  where  the  dependence  on  the

ve→ vµ ve→ vτTowards a detection of reactor  and  oscillations with possible CP violation Chin. Phys. C 50, (2026)
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δ = 1.17π 1σ
δ = 0.95π 1.32π

δ = 1.20π

dN−/dT ′e

0.001 MeV−1day−1

νµ e− ντ e−

P−

0.001 MeV−1day−1

CP-violating  phase δ is  evident.  For  simplicity,  we  take
the  best-fit  value  and  its  lower  (upper)
bound  ( )  from  Ref.  [16].  Note  that  this
best-fit  result  agrees  perfectly  with  obtained
from Ref. [17] in the case of normal neutrino mass order-
ing.  Although  is  very sensitive to  the values  of
δ, the variation of the event rates at the JUNO turns out to
be  at  most.  As  indicated  in  Eq.  (13),
the  suppression  arises  mainly  from  the  difference
between  the  one-loop  cross  sections  for -  and -
scattering. The ratio of such a difference to the tree-level
cross section is about 1%, while the oscillation probabil-
ity difference  contributes some extra suppression. An
experimental  determination  of  the  event  rate  at  the  level
of  is no doubt a big challenge.
 

dNµ/dT ′e +dNτ/dT ′e
νµ e− ντ e−

dNe/dT ′e νe e−

T ′e ≈ 1.5 MeV νe

T ′e > 1.5 MeV νµ ντ

P+
P(νe→ νe)
E ∈ [2,6] MeV νµ ντ
νe νe

T ′e ∈ [0.1,4] MeV νµ ντ

(1 · · ·10) MeV−1 day−1

•  In the right  panel,  the sum  over
the event rates for -  and -  scattering is presented
together  with  for -  scattering.  Below

,  the  event  rate  is  always  dominant.
However,  for ,  we  have  more  and 
events. This observation can be easily understood as fol-
lows.  The  oscillation  probability  is  larger  than

 for  the  antineutrino  beam  energy
, indicating that more  and  events than

 arrive in the far detector. As mentioned before, the 
flux will  be  precisely  measured through the  inverse  beta
decay  such  that  its  contribution  to  the  elastic  scattering
events  can  be  reliably  subtracted.  For  the  visible  energy

,  the  appearance  of  and  at  the
JUNO could  be  optimistically  demonstrated  by  ob-
serving  the  elastic  scattering  events  at  the  rate  of

.
 

T ′e ∈ [0.1,4] MeVWithin the energy region , a number

210Pb 238U 419

T ′e ∈ [0.45,1.6] MeV

15

11C 1761

500 7Be

of  backgrounds  for  observing  the  recoiled  electrons
should be taken into account, including the internal back-
ground  due  to  the  radioactivity  of  contaminants  in  the
scintillator,  the  external  backgrounds  from  the γ radio-
activity of surrounding materials and beta decays of cos-
mogenic  isotopes  from  the  spallation  of  cosmic  muons.
According to the background analysis for the detection of
solar neutrinos at  the JUNO [27],  in an ideal radiopurity
scenario, the largest internal background comes from the

 chain and the  chain with a total rate about 
counts  per  kiloton  per  day  in  the  range

.  The  external γ background  can  be
eliminated by only retaining the events within the spher-
ical fiducial volume of a radius about  meters. The cos-
mogenic background is  dominated by the beta decays of

 at a rate of about  counts per kiloton per day. In
addition, the solar  neutrinos themselves serve as  an irre-
ducible  background,  where  the  dominant  contribution  of

 counts per kiloton per day is made by  neutrinos.
Obviously,  the  background  rate  is  much  larger  than  the
signal rate associated with the flavor oscillations of react-
or  antineutrinos.  One  possible  way  out  is  to  implement
the directional information on the recoiled electrons such
that the antineutrinos coming from the direction opposite
to the nuclear reactors can be distinguished from the oth-
ers.

νµ e− ντ
e− 106

Furthermore, the dependence on the leptonic CP-viol-
ating phase δ at the per-mille level will be relevant if the
statistical uncertainty in the total number of -  and -

 scattering events reaches the same level, i.e., with 
events.  This  can  be  realized  by  increasing  the  thermal
power of reactors, optimizing the baseline in order to en-
hance the CP-violating effect and the antineutrino fluxes,
and even constructing a much larger far detector. 

 

P−
(

dσµ/dTe −dστ/dTe

)
/2 dN−/dT ′e

δ = 1.17π 1σ δ = 0.95π 1.32π

dNe/dT ′e νe e− dNµ/dT ′e +dNτ/dT ′e νµ e− ντ e−

δTe/Te = 3%/
√

Te/MeV

Fig. 3.    (color online) In the left panel, the δ-dependent contribution  to the event rate is denoted as ,
and its numerical result is illustrated by inputting the best-fit value  and its  lower (upper) bound  ( ).  In the
right panel, the event rate  for -  scattering and the sum  of the event rates for -  and -  scattering
are  presented.  Here  the  JUNO detector  with  20  kiloton  liquid  scintillator  and  an  effective  energy  resolution 
have been taken into consideration.
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IV.  SUMMARY

νµ ντ

νµ e−

ντ e− 9

νe e− 17
νe
νe

νe+ p→ e++n
νµ ντ

We  have  carried  out  a proof-of-concept study  of  the
possibility to observe the appearance of  and  events
in the far detector of a reactor antineutrino oscillation ex-
periment.  Taking the JUNO experiment for example,  we
have  calculated  the  differential  event  rate  for -  and

-  scattering  and  find  that  the  total  rate  is  about 
counts per day for a 20 kiloton liquid-scintillator detector,
while that for -  scattering is about  counts per day.
However,  the  events  can  be  eliminated  by  precisely
measuring  the  flux  through  the  inverse  beta  decay

. We  stress  that  it  is  important  to  experi-
mentally verify the appearance of  and  events, so as
to test the conservation of probability for reactor antineut-
rino oscillations.

When the one-loop correction to the cross sections for

P− ≡ P(νe→ νµ)−P(νe→ ντ)
P−
νµ e− ντ e−

antineutrino-electron scattering is taken into account,  the
event rate becomes dependent on the leptonic CP-violat-
ing phase δ through the oscillation probability difference

.  Such  dependence  relies  on
both  a  nonzero  and the  difference  in  the  cross  sec-
tions of elastic -  and -  scattering, and hence it is
highly suppressed. That is why we expect that an unpre-
cedented  precision  measurement  of  elastic  antineutrino-
electron  scattering  events  at  the  per-mille level  is  re-
quired to  probe or  constrain leptonic  CP violation in  the
foreseeable future. 
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