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Neutrino oscillation
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• The relationship between the flavor eigenstates and the mass eigenstates is expressed using the PMNS 
matrix:
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sij = sin(θij)
cij = cos(θij)
δ = phase CP
ξ1, ξ2 = phases de Majorana
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• The oscillation probability between flavors 
can be computed and expressed as: 

P (να → νβ;U) = P (ν̄α → ν̄β;U
∗)

sin2(∆m2
ijL/4E)

∆m2
ij ≡ m2

i −m2
j

2
√
2GFne = 7.56 × 10−5eV 2ρ(g/cm3)

νe +
71 Ga →71 Ge+ e−

νe +
37 Cl →37 Ar + e−

νe + e− → νe + e−
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νx + d → p+ n+ νx

νx + e− → νx + e−

n+2 H → γ +3 H
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E: Neutrino energy
L: baseline 

• In the case of anti-neutrinos reactor, we can only observe the disappearance and the probability can be 
written as:
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parameter best fit 2σ 3σ

∆m
2
21[10

−5eV2] 7.6 7.3-8.1 7.1-8.3

|∆m
2
32|[10

−3eV2] 2.4 2.1-2.7 2.0-2.8

sin2
θ12 0.32 0.28-0.37 0.26-0.40

sin2
θ23 0.50 0.38-0.63 0.34-0.67

sin2
θ13 0.007 ≤ 0.033 ≤ 0.050

TABLE I: Neutrino mixing parameters from a global fit, up-
dated in 2007, as the inputs to this study.

The leading-order expression for the cross section [17]
of inverse-β decay ( νe + p → e+ + n ) is

σ(0) = 0.0952× 10−42cm2(E(0)
e p(0)e /1MeV2) (3)

where E(0)
e = Eν − (Mn − Mp) is the positron energy

when neutron recoil energy is neglected, and p(0)e is the
positron momentum. The survival probability of νe can
be expressed as [18]

Pee(L/E) = 1− P21 − P31 − P32

P21 = cos4(θ13) sin
2(2θ12) sin

2(∆21)

P31 = cos2(θ12) sin
2(2θ13) sin

2(∆31)

P32 = sin2(θ12) sin
2(2θ13) sin

2(∆32) (4)

where ∆ij = 1.27∆m2
ijL/E, ∆m2

ij is the neutrino mass-
squared difference (m2

i −m2
j) in eV2, θij is the neutrino

mixing angle, L is the baseline from reactor to νe detector
in meters, and E is the νe energy in MeV.
Pee(L/E) has three oscillation components, P21, P31

and P32, corresponding to three oscillation frequencies
in L/E space, which are proportional to |∆m2

ij |, respec-
tively. Their relative amplitude(oscillation intensity), is
about 40 : 2 : 1 from a global fit [19] of mixing pa-
rameters as listed in Table I. The oscillation component
1−P21 dominates the Pee oscillation, while P31 and P32,
which are sensitive to the neutrino mass hierarchy, are
suppressed by the small value of sin2(2θ13).
The observed neutrino spectrum in L/E space, taking

the baseline L to be 60 km and all the other parame-
ters from Table I except sin2(2θ13), is shown in Fig.1,
together with that of no oscillation. For comparison, the
oscillation spectrum without P31 and P32 are also shown.
For a very small sin2(2θ13), a normal χ2 analysis on the
L/E spectrum with binned data, which requires accu-
rate knowledge on the neutrino energy spectra and much
smaller binning than the energy resolution, is difficult for
the mass hierarchy study.
Since neutrino masses all appear in the frequency do-

main as shown in Eq. 4, a Fourier transform of F (L/E)
shall enhance the sensitivity to the mass hierarchy. The
frequency spectrum can be obtained by the following
Fourier sine transform(FST) and Fourier cosine trans-
form(FCT):

FST (ω) =

∫ tmax

tmin

F (t) sin(ωt)dt
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.

FCT (ω) =

∫ tmax

tmin

F (t) cos(ωt)dt (5)

where ω is the frequency, ω = 2.54∆m2
ij; t = L

E
is the

variable in L/E space, varying from tmin = L
Emax

to

tmax = L
Emin

.
Since Pee is a linear combination of 1 − P21, P31 and

P32, FST and FCT spectra can be divided into three
components corresponding to 1 − P21, P31 and P32 re-
spectively. Fig.2 shows the three components of the FST
and FCT spectra together with full Pee oscillation for
both NH and IH cases. The oscillation frequency is pro-
portional to ∆m2

ij , so we can scale the frequency to be
δm2 and plot the spectra in axis of δm2 in the interested
frequency range of 1.8×10−3eV2 < δm2 < 3.0×10−3eV2.
From Fig.2, we know that:

1. P31 and P32 components dominate the FCT and
FST spectra in the interested frequency range of
1.8×10−3eV2 < δm2 < 3.0×10−3eV2 since |∆m2

31|
and |∆m2

32| are in this range, while 1− P21 is very
weak since its oscillation frequency is in a much
lower range. The FST and FCT spectra of Pee are
approximately the sum of P31 and P32 components
which are sensitive to mass hierarchy.

2. For NH, the P32 FCT and FST spectra are left-
shifted with respect to the P31 spectra because
|∆m2

32| < |∆m2
31|; while for IN, the P32 spectra

are right-shifted because |∆m2
32| > |∆m2

31|.

3. The peak of FCT spectrum corresponds to the zero
point of FST spectrum. This feature is helpful to
identify the position of |∆m2

32| and |∆m2
31|, without

knowing their accurate values a priori.

4. For FCT spectrum, P32 and P31 components have
similar shapes with the peak around |∆m2

32| and
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.
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• Studying oscillation with anti-neutrinos reactor does not rely on δCP and θ23 which allow for a clean 
measurements of the other parameters.
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Reactor neutrino oscillation
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• Baselines are short enough to neglect matter effects.

Neutrino oscillations with Reactor Neutrinos

Detected ⌫̄e energy 2–8 MeV
I Only sensitive to ⌫̄e ! ⌫̄e

JUNO

?

DB/RENO/DC

Distance: selects “oscillation regime”
I JUNO placed at �m2

21 minimum
I First experiment to see both �m2

J. P. A. M. de André for JUNO WIN 2019 June 4th, 2019 3 / 19

• There are 3 oscillations components which correspond 
to 3 oscillation frequencies in the L/E space which are 
proportional to |Δm2ij| respectively:

• Medium baseline (50 km): driven by (θ12, Δm212) 
parameters.

• Short baseline (1 km): driven by (θ13, Δm213) 
parameters.

• Very short baseline (few meters): sterile neutrinos 
searches.

Short baseline Medium baseline

with
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Reactor as a copious source of neutrinos
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Nuclear Chain Reaction 
!  Nuclear reactors are copious, isotropic 
sources of electron antineutrinos 

!  Neutrinos come from β-fission fragments, 
not directly from the fission  
 
!  Fission of 235U, 238U, 239Pu, 241Pu 

!  β-decay of neutron rich fission fragments 
!  X(A,Z)"Y(A,Z+1)+e-+anti-ve 
!  200 MeV / fission is released 
!  Fission rate is 4 GW / 200 MeV ~ 2.1020 
fissions / sec 
!  6 anti-veemitted per fission  
!  7.5 1020 anti-ve/s for a typical 4 GW core 

!  Antineutrino spectrum is time dependent 
as the beta daughters come into equilibrium 

 
 

• Nuclear reactors are an intense and pure source of electronic anti-neutrinos.

• Neutrinos come from beta-fission fragments from the fission of 235U, 238U, 239Pu, 241Pu.

• All the fission products are neutron-rich nuclei and all decays are beta-type, leading to a pure electronic 
anti-neutrino flux.

• For 1 GWth reactor (thermal power) we expect 2x1020 ν/s emitted in 4π solid angle.

Nuclear chain reaction
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Reactor Models

❑Summation (ab initio) method
▪ Calculate the spectrum of each beta-

decay branch using nuclear databases: 
fission yields, decay schemes

▪ ~10% uncertainty

10/21/2019 Neutrino Geoscience 2019 9

Sonzogni et al
PRC 91, 011301

❑Conversion Method
▪Measure total 

outgoing beta-decay 
electron energy 
spectra. 
(Experiments done 
for 235U, 239Pu, 241Pu  
at ILL in the 1980s)

▪ Predict 
corresponding anti-
neutrino spectra with 
>30 virtual branches

▪Default model by
most reactor neutrino 
experiments
• Considered to be 

more precise: 
~2.5% uncertainty

~6000 decay branches

❑Recent re-analyses 
in 2011 increased 
prediction by ~5%
▪ Conversion +3%
▪ Neutron lifetime +1%
▪ Non-equilibrium 

isotopes +1%

Reactor neutrino spectrum prediction
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• Taking into account the time evolution and the numerous branching, the prediction of the flux and 
spectrum are not easy.

• The spectrum can be computed as the sum of the 
contributions from all fission products.

2

rors are discussed and a prediction of 238U spectra is
given since this isotope is the only one with no integral
beta spectrum measured yet.
The second method relies on reference electron spec-

tra [9–12] measured at the high flux ILL reactor in Greno-
ble (France) using a high resolution magnetic spectrom-
eter [13]. It is presented in section IV where we explain
how these electron spectra are converted into antineu-
trino spectra with incomplete knowledge of the underly-
ing physical distribution of β-branches. We show how our
”mixed-approach” can improve the control of systematic
errors and lead to a significant correction of the refer-
ence neutrino spectra used by all oscillation experiments
so far. Finally we discuss in section V our results in the
context of neutrino reactor experiments.

II. INGREDIENTS OF REACTOR SPECTRA

In the present work we describe the total β spectrum
emitted by a reactor as the sum of the contributions from
the four fissioning nuclei mentioned in section I

Stot(E) =
∑

k=235U,238U,239Pu,241Pu

αk × Sk(E) (1)

where αk is the number of fissions of the kth isotope at the
considered time, Sk(E) is the corresponding β spectrum
normalized to one fission and E is the kinetic energy of
emitted electrons.
Most of the equations below can be found in textbooks

but they are useful here to define our notations and dis-
cuss the systematic errors in the following sections. In
the ab initio approach, Sk(E) is broken up into the sum
of contributions from all fission products.

Sk(E) =

Nfp
∑

fp=1

Afp(t)× Sfp(E) (2)

where Afp(t) is the activity of the fpth fission product at
time t and normalized to one fission of isotope ”k”. Then
the spectrum Sfp(E) of each fission product is itself a
sum of Nb β-branches connecting the ground state (or
in some cases an isomeric state) of the parent nucleus to
different excited levels of the daughter nucleus

Sfp(E) =
Nb∑

b=1

BRb
fp × Sb

fp(Zfp, Afp, E
b
0fp, E) (3)

BRb
fp and Eb

0fp are the branching ratio and the end-

point energy of the bth branch of the fpth fission product
respectively. Zfp and Afp are the charge and atomic
number of the parent nucleus. The sum of the branching
ratios is normalized to the β-decay partial width of the
parent nucleus (1 if the parent is a pure β− emitter, < 1
otherwise).
Equations (1) to (3) are valid for both electron and an-

tineutrino spectra. The expression of the electron spec-
trum of the bth branch is given by the product of the

following terms

Sb
fp = Kb

fp
︸︷︷︸

Norm.

×F(Zfp, Afp, E)
︸ ︷︷ ︸

Fermi function

× pE(E − Eb
0fp)

2

︸ ︷︷ ︸

Phase space

× Cb
fp(E)

︸ ︷︷ ︸

Shape factor

×
(

1 + δbfp(Zfp, Afp, E)
)

︸ ︷︷ ︸

Correction

(4)

To obtain the corresponding expression for the antineu-
trino spectrum one can safely neglect the nucleus recoil,
and replace in the above formula the electron energy E
by the antineutrino energy

Eν = Eb
0fp − E (5)

By definition this one-to-one relation is valid only at the
single β-branch level. Thus this is a unique feature of
the ab initio approach to predict electron and antineu-
trino spectra with the same precision. The normalization
factor Kb

fp of Eq.(4) is calculated so that the integral
∫ E0

0 Sb
fp(E) dE = 1. Hence the contribution to the in-

tegral of Sfp(E) is driven by the branching ratio, as it
should be. The next two terms come from the Fermi
theory. The Fermi function F(Zfp, Afp, E) corrects for
the deceleration of the electron in the Coulomb field cre-
ated by the Zfp×e positive charge of the parent nucleus.
Therefore in the case of β− decay the Fermi function
causes the electron spectrum to start at a non zero value
at zero kinetic energy. This corresponds to a sharp step
at the endpoint energy for the antineutrino spectrum,
leading to discontinuities when summing several branches
of different endpoints.
The shape factor Cb

fp(E) brings extra energy depen-
dence beyond the trivial phase space factor of the Fermi
theory, due to the nuclear matrix element connecting the
two nuclear levels of the β-decay. Its complexity depends
on the forbiddenness of the transition, driven by the spin-
parity of the connected levels. In the case of allowed
transitions Cb

fp(E) is a constant and is absorbed in the
normalization factor.
For accurate predictions one must also take into ac-

count corrections, represented by the δbfp factor in Eq.(6).
This term is threefold

δbfp(Zfp, Afp, E) = δQED(E) +AC(Zfp, Afp)× E

+AW × E (6)

The δQED term corrects for radiation of real and virtual
photons by the charged fermion lines of the β-decay ver-
tex. Its expression has been calculated at order αQED by
Sirlin et al. [14]. The fact that only the charged fermions
radiate photons implies that the δQED formula differs for
electron and antineutrino spectra, the electron spectrum
deviating more from the shape predicted by lowest order
calculation than that of the antineutrino. Strictly speak-
ing, Eq.(5) now becomes E0 = Ee + Eν + Eγ where Eγ

represents the energy of the radiated photon. Still the Eγ

spectrum goes like 1/Eγ and the dominant contribution
comes from soft (Eγ ≪ E0) radiated photons. Therefore

• It is based on the measured beta spectra of fissile 
isotopes at ILL.

• This spectrum can be converted to determine the anti-
neutrino spectrum using virtual branches.

• Several difficulties to include effective branches (charge, 
forbiddenness).

Reactor Models

❑Summation (ab initio) method
▪ Calculate the spectrum of each beta-

decay branch using nuclear databases: 
fission yields, decay schemes

▪ ~10% uncertainty

10/21/2019 Neutrino Geoscience 2019 9

Sonzogni et al
PRC 91, 011301

❑Conversion Method
▪Measure total 

outgoing beta-decay 
electron energy 
spectra. 
(Experiments done 
for 235U, 239Pu, 241Pu  
at ILL in the 1980s)

▪ Predict 
corresponding anti-
neutrino spectra with 
>30 virtual branches

▪Default model by
most reactor neutrino 
experiments
• Considered to be 

more precise: 
~2.5% uncertainty

~6000 decay branches

❑Recent re-analyses 
in 2011 increased 
prediction by ~5%
▪ Conversion +3%
▪ Neutron lifetime +1%
▪ Non-equilibrium 

isotopes +1%

• This requires a huge amount of nuclear data.

Summation (ab initio) method

Conversion method
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Measure reactor anti-neutrino
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Neutrino oscillations with Reactor Neutrinos

Detected ⌫̄e energy 2–8 MeV
I Only sensitive to ⌫̄e ! ⌫̄e

JUNO

?

DB/RENO/DC

Distance: selects “oscillation regime”
I JUNO placed at �m2

21 minimum
I First experiment to see both �m2

J. P. A. M. de André for JUNO WIN 2019 June 4th, 2019 3 / 19

• The preferred channel to observe neutrinos is via Inverse Beta 
Decay (IBD):

• The signal signature is given by a twofold coincidence:

1. Prompt photons from e+ ionisation and annihilation (1-8 
MeV).

2. Delayed photons from n capture on Gadolinium (∼8 MeV) 
or H (2.2 MeV), or signal from n capture on 6Li.

3. Time correlation: Δt ∼200 µs in LS.

4.  Space correlation (< 1m).

νe + p → e+ + n

• The energy spectrum is a convolution of flux and cross 
section (threshold at 1.8 MeV).

• The prompt energy is related to νe energy: 

Eprompt=Eν-Tn-0.8 MeV

_



Short baselines : 
θ13 measurements and spectral anomaly



C.Jollet

Discovery of θ13 mixing angle

8

•

Near 
Detector

Far 
Detector

sin2(2θ13)

• Short baseline allows the determination of θ13 :

• Mixing angle governs the overall size of νe deficit.

• Effective mass squared difference | Δm2ee| determines the deficit dependance on L/E.

• The use of near and far detectors allows to measure the flux before and after the oscillation to cancel 
out the associated systematics.

_
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Neutrino Physics from ReactorsB. Roskovec

Experiments

 15

Daya Bay

17.4 GWth

Near
2×2×20 t

Far
4×20 t

Double Chooz RENO

8.5 GWth
16.8 GWth

Far
8 t

Near
8 t

Near
16 t

Far
16 t

Power
[GWth]

GdLS mass  
Near/Far [t]

Distance 
Near/Far [m]

Overburden
[mwe]

Running 
until

Daya Bay 17.4 2×2×20
4×20

365, 490
1650

250
860 2020

Double 
Chooz 16.8 8

8
400
1050

120
300

Dec 2017
(Finished)

RENO 8.5 16
16

290
1380

120
450 2020-2021

Iso-flux configuration!

Power [GWth] GdLS mass
Near/Far [t]

Distance
Near/Far [m]

Overburden
[mwe]

Daya Bay 17.4
2x2x20
4x20

365,490
1650

250
860

Double Chooz 8.5
8
8

400
1050

120
300

RENO 16.8 16
16

290
1380

120
450
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ARTICLESNATURE PHYSICS

constrained with DC data, while the reactor flux relies on an exter-
nal reactor model. The model is commonly used by most reactor 
experiments, while here it is customized to the specific DC reactor 
conditions. The simple Chooz multireactor site geometry enables 
us to place the ND at the effective isoflux position relative to the 
FD. This implies meeting the condition LB1-ND/LB1-FD ≈ LB2-ND/LB2-FD 
for each reactor–detector pair distance (L). This way, both the FD 
and the ND are exposed to both reactors with the same fraction. 
From the single-detector (SD) to the multidetector (MD) configu-
ration, major systematics cancellation occurs by virtue of correla-
tions due to the identical detectors (detection systematics) and the 
isoflux reactor geometry (flux systematics). The site and detectors 
are briefly described in Fig. 1—see Supplementary Information for 
details. In this release, 481 days of data from SD operation (FD-I, 
April 2011 until January 2013) before commissioning of the ND and 
384 days of data with both detectors FD and ND (FD-II, January 
2015 until April 2016) are combined. The result presented here 
supersedes our previous results12,13. Each reactor typically runs at 
the maximum power allowing the lowest power uncertainty (0.5%), 
and stop for a few weeks once per year to refuel. The Chooz total 
reactor power modulation allows for ‘2-reactor’ (both on), ‘1-reac-
tor’ (either on) and the unique BG-only21 ‘0-reactor’ (both off) data 
sets. An exposure of ~25 d of 0-reactor data is available.

The ND is a direct reactor monitor for the FD-II (isoflux) and 
indirect for the FD-I. The isoflux implies that the neutrino fluxes 

are expected to be largely correlated across detectors, with negli-
gible impact from reactor power or composition variations. This 
correlation translates into an almost total rate + shape flux-error 
cancellation: a unique DC feature as compared with other reactor 
θ13 experiments22. On the other hand, the FD-I benefits from partial 
error cancellation. The ND provides the reference oscillation spec-
trum for both FD-I and FD-II for the θ13 measurement.

Total neutron capture (TnC), inverse-beta-decay (IBD) 
signal and BGs
Reactor νe

I
 are typically detected via the IBD (νe þ p ! nþ eþ

I
)23 

interactions on free protons (that is, H nuclei) via a coincidence 
technique, where the prompt trigger (e+) is followed by the delayed 
trigger (neutron capture). In DC, Gd is employed via scintillator 
loading (1 g l−1). Gd’s high neutron capture cross-section reduces the 
mean capture time (τcapture ≈ 30 μs) and provides a unique neutron 
capture tag (~8 MeV total energy), allowing for major BG rejec-
tion. The TnC technique, presented here for the first time, relies 
on a larger delayed energy range integrating over the γ peaks of all 
capturing elements available, H–n, C–n and Gd–n. Thus, TnC com-
bines past Gd-only12 and H-only13 selections. The main challenge is 
the control of larger BGs. The IBD spacetime coincidence defini-
tion relies on a multivariable ANN (artificial neural network), thus 
rejecting random (uncorrelated) BG coincidences—see Methods 
for details. Since the TnC integrates over all neutron capture  
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Fig. 1 | The DC Experimental Setup and Neutrino Selection. a,b, The underground LNCA (Laboratoire Neutrino Champagne-Ardenne) site (a) allows for 
an almost isoflux geometry of the Chooz-B reactors to the two identical DC detectors (b) yielding major interdetector cancellation of reactor flux and 
detection systematics. Active BG rejection is achieved by the exploitation of the multilayer (blue-shaded) liquid-scintillator design, whose light is read 
out by low-BG photomultipliers via flash analogue-to-digital converter deadtimeless electronics. The inner detector (ID) is subdivided into three optically 
coupled volumes: (1) GdT (10m3 liquid scintillator, Gd 1gl−1 loaded), (2) GC (23m3 liquid scintillator) and (3) buffer (100m3 non-scintillating oil). The inner 
veto (IV; 0.5-m-thick liquid scintillator) fully surrounds the ID, while the outer veto (OV; tracking plastic scintillator strip) is placed on the top. The IV tags 
external rock γ (anti-Compton veto), fast neutrons and cosmic μ while the OV mainly sees cosmic μ, covering the ID chimney region. An external inert shield 
surrounds the IV: 15cm steel (FD) and 1m water (ND). The glove-box allows clean and safe deployment of the same calibration sources (252Cf, 60Co, 68Ge and 
137Cs) in both the ND and FD. c, The IBD acceptance criteria have been widely opened to integrate over all nuclear capture γ: ~2.2MeV (H–n), ~5.0MeV (C–n) 
and ~8MeV (Gd–n). The overwhelming accidental BG is rejected over >4 orders of magnitude below 3.5MeV. Excellent data (blue points)-to-MC simulation 
(red area) agreement is found in the delayed energy distribution after the rejection. The 1σ uncertainty stands for 68% frequentist probability for statistics 
(error bar). The energy-scale uncertainty has negligible impact (<0.05%) due to the 1.3-MeV cut. d, The selection efficiency of the Gd only analysis12 
confines IBDs to the GdT volume only. The TnC selection enables efficiency in the full detector volume, as shown by the local efficiency (colour scale) map 
in cylindrical coordinates z versus the radial distance squared (ρ2) where average value per volume is >95% and >80% for GdT and GC, respectively.  
The relative yields per capture line are ~61.3% H–n, ~38.2% Gd–n and ~0.5% C–n.
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PoS(ICHEP2020)177
Recent Results from RENO ChangDong Shin

order to identify events coming from outside by their Cherenkov radiation and to shield against
ambient �-rays and neutrons from the surrounding rocks. The OD is equipped with 67 10-inch
R7081 water-proof PMTs mounted on the wall of the veto vessel. The detail of detection methods
and setup of the RENO experiment can be found elsewhere [6].

Figure 2: RENO detector

3. ✓13 measurement using n-H events

The motivation of (n-H) analysis is independent measurement of ✓13 value and consistency and
systematic check on reactor neutrinos. While longer capture time and low energy of the delay signal
create challenges in this analysis, high statistics can be achieved as events in the gamma catcher
region, which is twice as much as the target volume, can be used. We obtained the results of rate
only analysis using n-H data after cut optimization.

Figure 3: Energy spectra of prompt signal in n-H analysis

Figure 3 shows the energy spectrum of prompt signal after background subtraction. In case of
far detector, the rate of accidental background is ⇠30% of IBD candidates. Our current result is a
rate only analysis, and we need to reduce the background further to get energy dependent analysis
results. The best fit value of neutrino mixing angle is

3

PoS(EPS-HEP2019)389

Reactor antineutrino flux and spectrum measurement of Daya Bay Haoqi Lu

Figure 1: Antineutrino detector of Daya Bay
experiment.

Figure 2: Veto system of Daya Bay experiment.
It includes the inner water shield, outer water
shield and top RPC detector.

filled with 0.1% Gd-LS. The middle layer is LS for a gamma catcher, and the outer layer is filled
with MO to shielding the radioactivity from outside. Two acrylic tanks(with 3 and 4 meters) are
used to separate each layer. Two reflectors at the top and bottom of an AD can improve uniformity
and light collection of detector response.

3.2 Muon veto system

The Daya Bay muon veto system[8] is shown in Fig. 2 . The ADs are immersed in an octag-
onal pool with ultrapure water. The pool is divided into outer water shield and inner water shield.
The pool is cover with Tyvek sheet. The Tyvek sheet has very high reflectivity(>95%) and can
increase light collection efficiency.At least 2.5m of water surrounds each AD to shield agaist out-
side radioactivity. There are 288 8-inch PMTs installed in each near hall pool and 384 in the Far
Hall. A water circulation and purification system is used in each hall to maintain water quality. The
tops of the water Cherenkov detectors are covered by 4 layers of RPCs. The designed efficiency is
>99.5% with uncertainty less than 0.25% . From muon data analysis, muon detection efficiency
of water Cherenkov detector is >99.7% for long track muons[7], which is better than the design
requirement.

4. Calibration

The detector energy calibration is very important to understand the detector energy reponse
for particles. The experiment use different natural and artificial sources to calibrate the detector for
energy scale, time-variation, non-uniformity and non-linearity.

A lot of calbiration study had been done in the past[7, 9]. We know that the energy non-
linearity of LS is mainly from two sources. One is from scintillator response and the other one
is from the readout electronics response. Recently, the experiment did some activities to improve
energy nonlinearity. The experiment installated a full Flash ADC(FADC) readout system in EH1
AD1 and take data simultaneously with standard electronics at end of 2015. As the Fig.3 shows,

2

Double Chooz RENO Daya Bay

• The 3 detectors had the same onion structure:

• Target: Gadolinium-doped liquid scintillator.

• Gamma-Catcher: Liquid scintillator. Can be used as target for n-H analysis.

• Buffer: non-scintillating transparent mineral oil with PMTs.

• Veto for cosmic muon and fast neutron detection (Cherenkov detector or liquid scintillator).

• Top veto to tag muons (RPC or plastic scintillator strips).
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P

Accidental BG

Radioactivity from materials, 
PMTs, surrounding rock 

(208Tl).

Correlated BG

NOW 2014 Double Chooz | José I. Crespo-Anadón (CIEMAT) 17

Backgrounds
9Li and 8He:

•

 

Produced by muon-spallation. 

•

 

β-n emitters, mimic the antineutrino signal.

•

 

Long lifetime ~250 ms. Veto not feasible.

Correlated background

Fast neutrons

Stopping muons

Accidental background

17

9Li, 8He

Cosmic μ

12C

Neutrons from cosmic µ 
spallation gives recoil 
protons (low energy).

Fast neutrons Cosmogenics

P
ro

m
pt

D
el

ay

Neutrons from cosmic µ 
spallation captured on Gd/H, 
or γ like prompt fake signal in 

case of H analysis.

Neutrons from cosmic µ 
spallation captured on 
Gd/H, or γ like prompt 
fake signal in case of H 

analysis.

Electrons from 9Li/8He    
β + n decays.

Neutrons from 9Li/8He    
β + n decays captured on 

Gd/H.

NOW 2014 Double Chooz | José I. Crespo-Anadón (CIEMAT) 20

Backgrounds
9Li and 8He

Correlated background:

Fast neutrons

Stopping muons

Accidental background:

•

 

Random coincidence (uncorrelated):

–

 

Radioactivity from PMTs, rock, 
materials, …

–

 

Neutron-like signal produced by high 
energy depositions (β-emitters, n-

 capture, ...).

20

Gd

Cosmic μ

γ

Gd nH/

NOW 2014 Double Chooz | José I. Crespo-Anadón (CIEMAT) 18

Backgrounds
9Li and 8He

Correlated background:

Fast neutrons:

•

 

Nearby muon-spallation.

•

 

Prompt: proton recoil

•

 

Delayed: neutron capture

Stopping muons

Accidental background

18
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Data, Signal & Backgrounds

S/B = YY
9Li Rate unc. 7%

Fast-n Rate unc. 1%
Accidental Rate unc. < 1%

Double Chooz Preliminary Double Chooz Preliminary

Reactor-OFF Reactor-OFF

Thiago Bezerra Double Chooz New Results @ Neutrino 2020 21

Oscillation Analysis

NEW! sin22q
13

 = 0.102 ± 0.011 (syst.)  ± 0.004 (stat.)
(spectral distortions cancelled in Near-Far approach)

Neutrino Physics from ReactorsB. Roskovec

Spectrum Modulation

 25

Near to far ratio  

13 
Data'to'data'result:'sin22θ13$=$0.103$±$0.017'

Data/MC ratio plot Data/data  Double Chooz nH+nC+nGd

RENO nGd
Far/Near Shape Analysis

Energy-dependent disappearance of reactor antineutrinos

9

(± 7.6%)

(± 5.2 %)

sin22θ13 = 0.0896±0.0048(stat.)±0.0048(syst.)
| mee

2| = 2.68±0.12(stat.)±0.07(syst.) (×10-3 eV2)
Poster Presentation “Precise measurement of Dmee

2  and q13 at RENO” by D. H.  (# 172)
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Oscillation Results with 1958 Days
• Measure sin22θ13 and |Δm2ee| to 3.4% and 2.8% respectively

P ve → ve( ) = 1− sin2 2θ13 sin2 1.267Δmee
2 L

E
− solar term

effective mass 
splitting

Results are cross-checked by a few independent analyses

preliminary preliminary

results with 
1958 days

 sin2 2θ13 = 0.0856 ± 0.0029

|Δmee
2 |= (2.52 ± 0.07)×10−3  eV2

The statistical uncertainty 
contributes about 60% 
(50%) of the total θ13 
(Δm2ee) uncertainty.

poster
#6 (W)

~Δm232

~sin22θ13

~Δm232

sin22θ13

Daya Bay nGd

Daya Bay
Phys.Rev.Lett. 130 (2023) 16,  161802

RENO, 
Phys.Rev.Lett. 121 (2018) 20, 201801 

Double Chooz
Nature Phys. 16 (2020) 5, 558-564

~sin2(2θ13)
~Δm232

Reactors Off data

The 3 experiments have observed a 
deficit which is compatible with neutrino 
oscillation and which permit to measure 
θ13 as well as Δm232 (Daya Bay and 
RENO).
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Legacy of the Daya Bay Reactor Neutrino Experiment

The Daya Bay Reactor Neutrino Experiment

Daya Bay utilizes up to four liquid-scintillator detectors placed in two underground near halls for mea-
suring the flux and energy spectrum of low-energy electron antineutrinos emitted from three pairs of twin
2.9-GWth, pressurized-water commercial nuclear reactors. Disappearance of reactor antineutrinos is stud-
ied with up to four more identically-designed detectors installed in a far site with well-determined baselines
of O(1 km). Through an aggressive calibration program relying on natural and artificial radioactive sources,
as well as on spallation products, Daya Bay has achieved an energy resolution of about 8.5% at 1 MeV and
an absolute energy scale of better than 1%, with less than 0.2% systematic variation in energy response
across detectors. Daya Bay began data taking on 24 December 2011, and plans to end operation in Decem-
ber 2020. More information about the experiment can be found in Ref. [1].

Neutrino Oscillation Measurements

After discovering a relatively large ✓13 in 2012 [2], Daya Bay has been providing the world with the most
precise determination of this mixing angle. The latest result [3] uses about 4M antineutrino interactions col-
lected over 1958 days to measure the disappearance of antineutrinos at the Daya Bay far site, relative to
the signal detected at the near sites. The size of this disappearance gives sin22✓13 = 0.0856 ± 0.0029,
which is consistent with other measurements as shown on the left panel of Fig. 1. In addition, Daya Bay
has determined the wavelength of the oscillation, which is directly related to the mass-squared difference
�m

2
32. The latest result is �m

2
32 = (2.471

+0.068
�0.070) ⇥ 10

�3 eV2 under the assumption of the normal mass
ordering, or �m

2
32 = �(2.575

+0.068
�0.070) ⇥ 10

�3 eV2 for the inverted mass ordering, on-par with the preci-
sion of accelerator-muon-neutrino-based measurements of this parameter, as shown on the right of Fig. 1.
The consistency of measured parameters using MeV-scale electron antineutrinos and GeV-scale accelera-
tor/atmospheric muon neutrinos strongly supports the three-flavor model of neutrino oscillation and places
stringent constraints on non-standard models.
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FIG. 1. Comparison of the most recent measurements of sin2 2✓13 (left) [4–7] and �m
2
32 (right) [4, 8–10].

A 50% increase in statistics with the complete dataset and reduction of systematic uncertainties will give
Daya Bay the potential to measure sin

2
2✓13 to a precision of about 0.002, the best-known neutrino mixing

angle. It will remain the best determination of sin
2
2✓13 for the foreseeable future well into or beyond

DUNE/T2HK results [11, 12]. Daya Bay anticipates to reach its ultimate precision of about 5 ⇥ 10
�5

eV2 for �m
2
32, a level that would be sensitive to the mass ordering when compared to the muon-neutrino

disappearance results with similar precision.

Given the clear characteristics of low-energy electron antineutrino inverse-beta decay interactions and
negligible background, the Daya Bay measurements do not suffer from the interaction model uncertainties
that can plague high-energy neutrino experiments. This clear and precise determination of ✓13 helps resolve
the degeneracies in accelerator and atmospheric muon-neutrino measurements, and enhances the reach of
current and future experiments to precisely determine the CP-violating phase [11–14]. The complementary
measurement of ✓13 from Daya Bay and DUNE/T2HK will also offer a unique test of unitarity of the
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ied with up to four more identically-designed detectors installed in a far site with well-determined baselines
of O(1 km). Through an aggressive calibration program relying on natural and artificial radioactive sources,
as well as on spallation products, Daya Bay has achieved an energy resolution of about 8.5% at 1 MeV and
an absolute energy scale of better than 1%, with less than 0.2% systematic variation in energy response
across detectors. Daya Bay began data taking on 24 December 2011, and plans to end operation in Decem-
ber 2020. More information about the experiment can be found in Ref. [1].

Neutrino Oscillation Measurements

After discovering a relatively large ✓13 in 2012 [2], Daya Bay has been providing the world with the most
precise determination of this mixing angle. The latest result [3] uses about 4M antineutrino interactions col-
lected over 1958 days to measure the disappearance of antineutrinos at the Daya Bay far site, relative to
the signal detected at the near sites. The size of this disappearance gives sin22✓13 = 0.0856 ± 0.0029,
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A 50% increase in statistics with the complete dataset and reduction of systematic uncertainties will give
Daya Bay the potential to measure sin

2
2✓13 to a precision of about 0.002, the best-known neutrino mixing

angle. It will remain the best determination of sin
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DUNE/T2HK results [11, 12]. Daya Bay anticipates to reach its ultimate precision of about 5 ⇥ 10
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32, a level that would be sensitive to the mass ordering when compared to the muon-neutrino

disappearance results with similar precision.

Given the clear characteristics of low-energy electron antineutrino inverse-beta decay interactions and
negligible background, the Daya Bay measurements do not suffer from the interaction model uncertainties
that can plague high-energy neutrino experiments. This clear and precise determination of ✓13 helps resolve
the degeneracies in accelerator and atmospheric muon-neutrino measurements, and enhances the reach of
current and future experiments to precisely determine the CP-violating phase [11–14]. The complementary
measurement of ✓13 from Daya Bay and DUNE/T2HK will also offer a unique test of unitarity of the

2

from Snowmass 2021 - Letter of Interest 
Legacy of the Data Bay Reactor Neutrino Experiment  

and updated results for Daya Bay  (PRL 130, 1618021 (2023))

sin2(2θ13)

Δm232

• All experiments have measured a non zero 
value of θ13 doing analysis both studying n-
H and n-Gd captures.

• The pdg value is: sin2(θ13)=(2.20±0.07)×10-2

• Values measured by reactor experiments 
are consistent with ones from accelerator 
experiments.
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• A shape distortion with respect to predicted spectrum has been observed but the 3 experiments: both 
at near and far site a bump at ~ 4-6 MeV is observed. 

• This is a new « shape anomaly ».

ARTICLESNATURE PHYSICS

An empirical fit to the spectral distortion residual appears to 
resolve a structure consistent with a slope and one or two Gaussian 
peaks as shown in Fig. 2. The common normalization across all 

detectors can be measured as the output of the fit. The value is 
1.004 ± 0.008, while the input value was constrained by the uncer-
tainty of the Bugey4 measurement (1.4%)27. The markedly smaller 
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Fig. 2 | ND and FD spectra and SD ratios. Both ND (~210k IBDs) and FD (~90k IBDs) spectra are shown (top) within the fit [1.0, 20.0]-MeV range, including 
the unoscillated MC prediction and the BG model: accidentals, 9Li and fast neutrons. The 1σ uncertainty stands for 68% frequentist probability, both statistics 
(error bar) and systematics (coloured bands) contributions. The systematic uncertainty definition and breakdown are detailed in Methods. Cosmogenic BGs are 
estimated during the fit since 9Li (unconstrained) dominates in the [7.0, 12.0]-MeV region and fast neutrons above 12!MeV. The impact of accidentals on the θ13 
measurement is negligible. The two plots in the middle show the data (BG subtracted)-to-prediction ratio. The best-fit solution contrasts with the no-oscillation 
hypothesis. Two dominant spectral distortions can be appreciated: the θ13 signature (mainly FD) and a common 5-MeV excess, leading to a large χ2/d.f. of 
182/112. Bugey4 constrains the predicted normalization rate. The normalization with this constraint is lower than the prediction rate not using the Bugey4 
information. The cancellation of both common distortions and correlated uncertainties takes place from the SD to the MD configurations. The covariances used 
(not shown) play an important role during the fit. The FD-to-ND ratio (bottom left) represents clean θ13 rate!+!shape disappearance evidence used by the fit for 
parameter extraction. No traces of any remaining distortion are found, demonstrating the expected interdetector cancellation is key to ensure the θ13 accuracy. 
On the other hand, the ND data-to-MC prediction ratio (bottom right) allows for precise extraction of the spectral distortion, which is common in FD and ND. 
Both the rate and shape effects are visible, so rate!+!shape feature extraction is possible. An empirical structure is examined by fitting with two models: one and 
two empirical Gaussian peaks with a common slope. Both models reproduced data. The origin of these empirical features remains unknown.
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FIG. 1. Measured reactor ⌫e rates as a function of the dis-
tance from a reactor, relative to the HM prediction. The
shaded band around unity represents the model uncertainty.
The measured rate is corrected for the three flavor neutrino
oscillations at each baseline [3, 17–19].

tope is obtained as yi =
R
�(E⌫)�i(E⌫)dE⌫ where

the cross section of the IBD reaction, �(E⌫), is
used in the Ref. [20], the input neutron live time is
880.2 s [21], and �i(E⌫) is a ⌫e reference energy spec-
trum of the i-th isotope [1, 2]. Based on the mea-
sured R, the IBD yield of yf is obtained to be
(5.852± 0.006 (stat.)± 0.124(sys.))⇥10�43 cm2/fission.

A reactor ⌫e spectrum can be obtained by unfolding
the e↵ects of detector resolution and neutrino interaction
from a measured IBD prompt spectrum. Fig. 2 shows
an observed prompt energy spectrum based on 966 094
IBD candidate events in the near detector. A spectrum-
only comparison is made by normalizing the HM pre-
diction to the observed rate outside the prompt energy
range of 3.8 < Ep < 6.7MeV where a reasonable consis-
tency between the data and the HM prediction is seen. A
scaled HM* is defined by 0.912HM for the normalization.
The spectral ratio between the data and the prediction
shows a clear excess of observed IBD events near 5MeV.
A strong correlation is observed between the 5MeV ex-
cess, and the reactor thermal power, indicating the ex-
cess associated with the reactor [5]. The 5MeV excess
was first reported by the RENO collaboration in 2014 [7]
and other experiments [9–12] as well. The excess is also
seen by the experiments using reactors highly enriched
in 235

U [13, 14].

The observed IBD prompt spectrum contains several
detector response e↵ects including conversion of the neu-
trino energy to the prompt energy, prompt energy res-
olution, nonlinearity of energy scale, and energy loss in
the acrylic vessel. An accurate prompt-energy measure-
ment is crucial for extracting the reactor ⌫e spectrum.
The energy scale is calibrated using several radioactive
sources and neutron capture events. The energy scale un-
certainty is largely attributed to the nonlinear response
of scintillating energy, mainly due to the quenching e↵ect
and Cherenkov radiation. A more detailed description of
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FIG. 2. Top: Spectral shape comparison of the observed IBD
prompt energy spectrum (cross) in the near detector after the
background subtraction and the scaled HM prediction (his-
togram). The two spectra are normalized in the energy region
outside 3.8 < Ep < 6.7MeV. The systematic uncertainty as
a function of prompt energy is shown by the elements of a
covariance matrix in the inset. The energy-dependent uncer-
tainties only are shown in the inset. Bottom: Spectral ratio
between the observed spectrum and the scaled HM prediction.
The error bars represent statistical errors. The yellow band
corresponds to the total systematic uncertainty, the magni-
tude of the diagonal elements in the complete covariance ma-
trix. The blue shaded band represents the uncertainty of the
scaled HM prediction including the reactor-related uncertain-
ties.

the energy nonlinearity is given in Ref. [16]. The energy
resolution is roughly 7% at 1MeV and 3% at 7MeV [16].
These detector response e↵ects are simulated as closely
as possible in the IBD MC sample. A simulated prompt
energy spectrum is used as a training sample to unfold
the detector response e↵ects from the observed spectrum.
The uncertainty associated with the training sample de-
pendence mostly comes from the statistical fluctuation of
the MC and is estimated to be 0.07%.

A possible bias in the unfolded spectrum arises from
uncertainties of the prompt spectrum, associated with an
imperfect understanding of the detector response e↵ects
in the simulation. The bias size is evaluated from a large
number of prompt energy spectra that are generated
within the detector response uncertainties. A covariance
matrix, consisting of energy correlated and uncorrelated
biases, is constructed from energy-dependent uncertain-
ties as shown in the inset of Fig. 2. A major bias comes
from the energy scale uncertainty and is estimated by a
toy MC sample using varied charge-to-energy conversion
functions within its uncertainty. The bias is either cor-
related or anti-correlated among the energy bins and the
bias size is estimated to be 7% at 1MeV, 0.4% at 3MeV,
and 7% at 7MeV. The background and spill-in uncer-

• This bump is not due to a detector effect.

• Sterile hypothesis is not consistant with an excess at 5 MeV.

Double Chooz
Nature Phys. 16 (2020) 5, 558-564

Daya Bay 
Phys.Rev.Lett 123(2019) 111801

RENO, 
Phys.Rev.D 104 (2021) 11, L111301
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• The 3 experiments measured a deficit of the rate compared to predictions: R= 0.952±0.014(exp)
±0.023(model) for Daya Bay, R=0.940±0.020 (exp) for RENO, R=0.943±0.022 (exp) for Double Chooz.

• Total neutrino yield measurements have achieved great precision.

Giunti et al.
PLB 829 (2022) 137054
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4

tom panel of Fig. 1. The average effective fission fractions F̄i

for i = (235, 238, 239, 241) for the combined EH1 and EH2
ADs were (0.571,0.076,0.299,0.054).

Uncertainties in the input reactor data will result in system-
atic uncertainties in the measured IBD yields and in the re-
ported F239 values. The thermal power of each reactor was
determined through heat-balance calculations of the reactor
cooling water to a precision of 0.5%, uncorrelated among
cores [2]. Dominant uncertainties in this calculation arise
from limitations in the accuracy of water flow rate measure-
ments. Since these measurement techniques are independent
of the core composition, this uncertainty was treated for a sin-
gle core as fully correlated at all fission fraction values. Fis-
sion fraction uncertainties of �fi/fi=5% were determined by
comparing measurements of isotopic content in spent nuclear
fuel to values obtained by the APOLLO2 reactor modeling
code [2, 22]. As these comparisons do not suggest system-
atic biases in the reported fission fractions for specific burnup
ranges, fission fraction uncertainties were treated as fully cor-
related for all F239.

The fuel evolution analysis is particularly sensitive to de-
tection systematics not fully correlated in time. The stabil-
ity of the ADs’ performance in time has been well demon-
strated [20, 23]. Variations in the detector live time due to
periodic calibrations, maintenance, or data quality were cor-
rected for in the analysis with a negligible impact on sys-
tematic uncertainties. Percent-level yearly time variation in
light collection in the ADs has been corrected for in Daya
Bay’s energy calibration. Residual time variations in recon-
structed energies of order 0.2% had negligible impact on the
observed rate and spectrum variations described below. Time-
independent uncertainties in the IBD detection efficiency
were also included in the analysis; AD-uncorrelated and AD-
correlated efficiency uncertainties are 0.13% and 1.9%, re-
spectively [20].

To examine changes in the observed IBD yield and spec-
trum with reactor fuel evolution, effective fission fractions
F239 were used to group weekly IBD datasets into eight bins
of differing fuel composition, resulting in similar statistics in
each bin. For the F239 bins utilized in this analysis, the ef-
fective fission fractions (F235, F238, F239, F241) vary within
envelopes of width (0.119, 0.001, 0.092, 0.025), as illustrated
in Fig. 1. Each bin’s IBD yield per fission, �f in cm2/fission,
was then calculated based on that bin’s IBD detection rate [2].
Measured IBD yields [24], presented in Fig. 2, show a clear
downward trend with increasing F239.

The data were then fit with a linear function describing the
IBD yield as a function of F239, in terms of the average 239Pu
fission fraction F 239 given above:

�f (F239) = �̄f +
d�f

dF239
(F239 � F 239). (4)

The fit parameters are the total F239-averaged IBD
yield �̄f and the change in yield per unit 239Pu
fission fraction d�f/dF239. This fit determines
d�f/dF239 = (�1.86 ± 0.18) ⇥ 10�43 cm2/fission
with a �2/NDF of 3.5/6. The statistical errors in �f values
are the leading uncertainty in the measurement, with reactor

FIG. 2. IBD yield per fission, �f , versus effective 239Pu (lower axis)
or 235U (upper axis) fission fraction. Yield measurements (black)
are pictured with bars representing statistical errors, which lead the
uncertainty in the measured evolution, d�f/dF239. Constant yield
(green line) and variable yield (red line) best fits described in the text
are also pictured, as well as predicted yields from the Huber-Mueller
model (blue line), scaled to account for the difference in total yield
�̄f between the data and prediction.

data systematics also providing a non-negligible contribution;
errors arising from assuming linear trends in IBD yield with
F239 (Eq. 4) are negligible. The fit also provides a total
IBD yield �̄f of (5.90 ± 0.13) ⇥10�43 cm2/fission with the
error dominated by uncertainty in the estimation of the ADs’
IBD detection efficiency. This result was then compared to a
constant reactor antineutrino flux model, where d�f/dF239

= 0. This model, depicted by the horizontal green line in
Fig. 2, provides a best fit with �2/NDF = 115/7. The best-fit
d�f/dF239 value is incompatible with this constant flux
model at 10 standard deviations (�).

Observed IBD yields were compared to those predicted
by recent reactor antineutrino models, generated according
to Eqs. 1 and 2. Among many available models [9, 25–27],
235U, 239Pu, and 241Pu antineutrino spectrum per fission pre-
dictions from Huber [3] and 238U predictions from Mueller et.
al [4] were used to enable a direct comparison to the reac-
tor antineutrino anomaly. The predicted total IBD yield �̄f ,
(6.22 ± 0.14) ⇥10�43 cm2/fission, differs from the measured
�̄f by 1.7�. This 5.1% deficit is consistent with previous
measurements reported by Daya Bay [1, 2], as well as with
the ⇠6% deficit observed in global fits of past reactor exper-
iments. The predicted d�f/dF239 from the Huber-Mueller
model, (�2.46± 0.06)⇥ 10�43cm2/fission, is represented in
Fig. 2 after scaling by the 5.1% difference in the predicted and
measured �̄f from this analysis. This predicted d�f/dF239

differs from the measurement by 3.1�, indicating additional
tension between the flux measurements and models beyond
the established differences in total IBD yield �̄f . In particu-
lar, it suggests that the fractional difference between the pre-
dicted and measured antineutrino fluxes may not be the same
for all fission isotopes. If the measured fractional yield deficits
from all isotopes are equal, the ratio of the slope d�f/dF239

to the total yield �̄f will be identical for the measurement and
prediction. These ratios, -0.31 ± 0.03 and -0.39 ± 0.01, re-

• In 2017, Daya Bay measured the fuel evolution allowing to disentangle 235U and 239Pu yields:

• The fuel evolution (dσf/dF239) is incompatible with predictions at 3.1σ.

• 235U fissions produced 7.8% fewer antineutrinos than predicted while 239Pu is consistent.

• In 2019, RENO reinforce the conclusion.

5

spectively, are incompatible at 2.6� confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2

was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as

�a
f =

X

i

F a
i �i, (5)

where F a
i are the effective fission fractions for each isotope,

and �i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation

�f = F�, (6)

where �f is an eight-element vector of the measured IBD
yields, � is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a �2 test statistic

�2 = (�f � F�)>V�1(�f � F�), (7)

which allows a scan over the full � parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements �f .

FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission �235 and �239. The red triangle indicates the best fit �235

and �239, while green contours indicate two-dimensional 1�, 2� and
3� allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1� allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional ��2 profiles for �235 and �239,
respectively.

In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was

accomplished in Eq. 7 by adding terms (�i � �̂i)2/✏2i for
238U and 241Pu, where �̂i and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for �̂i were taken from Ref. [4]
for 238U (10.1⇥10�43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10�43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.

The IBD yields from 235U and 239Pu, �235 and
�239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10�43 cm2/fission, respectively. Allowed regions and
one-dimensional ��2 profiles for �235 and �239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
�f . The 10% uncertainties assigned to �238,241 provide a
subdominant contribution to the uncertainty in �235 and �239.
This �235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15) ⇥10�43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
�235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured �239 value is consistent with the predicted value
of (4.36±0.11) ⇥10�43 cm2/fission within the 6% uncertainty
of the measurement.

By applying additional constraints on �f in Eq. 7, these
�235 and �239 results were tested for consistency with hypo-
thetical �f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured �235 should devi-
ate from its predicted value while �238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by ��2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by ��2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by ��2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8� and 3.2� confidence
levels, respectively.

To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where �f =

P
j Sj , the sum of IBD yields in

all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.

3

Np is the number of target protons, P r(t) is the mean
survival probability, and ✏d(t) is the detection e�ciency
including the signal loss due to timing veto requirements.
The average IBD yield of yf,j for each data group is
determined by the observed Nj . No fission-fraction
dependent IBD yield expects a flat distribution of yf as

a function of F 235. There are several updates in this
analysis from the previous publication [26]. They are
use of an IBD cross section in Ref. [24], an updated
detection e�ciency including the neutron spill-out e↵ect,
and an improved thermal energy release per fission in
Ref. [23]. A detailed description of the updates will be
reported in an upcoming publication. Fig. 2 shows a
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FIG. 2. IBD yield per fission yf as a function of the 235U
e↵ective fission fraction. The measured values (black dots) are
compared to the scaled HM prediction (blue dotted line) and
the best fit of the data (red solid line). The value of F 235 for
each data point is calculated as an average of fission fractions
weighted by thermal power and a distance between reactor
and detector. The error of F 235 indicates the variation of
235U fission fraction. Errors of yf are statistical uncertainties
only.

measured distribution of yf as a function of F 235 or

F 239 for the eight data groups. We observe a clear
correlation between yf and F 235, indicating dependence
of the IBD yield per fission on the isotope fraction of
235U. A linear function is used for a fit to the eight
data points with �2/NDF=4.60/6 at the best fit. The
horizontal line represents an expected distribution for
no fuel-dependent IBD yield. This result rules out no
fuel-dependent variation of the IBD yield per fission at
6.6� confidence level, corresponding to the p-value of
3.4 ⇥ 10�11. It indicates that the variation of the yf
as a function of F 235 comes from unequal IBD yields
among di↵erent isotope fissions. The measured yield
variation is fitted with the HM prediction to obtain the
best-fit at a scaling of -6.0% with �2/NDF=6.25/7.
Thus the observed IBD yield variation over 235U fission
fraction is not inconsistent with the HM prediction at
1.3�. The measured IBD yield variation is also fit with
the prediction from the ab initio calculation in Ref. [27].
A best-fit of �2/NDF=4.79/7 is found at a scaling of
-5.1% to make a better agreement with the data in the
slope.

For determination of y235 and y239 simultaneously, a �2

with pull parameter terms of systematic uncertainties is
constructed using the observed IBD yield per fission and
minimized by varying the free parameters of y235 and
y239, and pull parameters. The subdominant isotopes of
238U and 241Pu are constrained in the fitter within un-
certainties of 10% [4] and 5% [28], respectively. The
uncertainties of thermal power, fission fraction, energy
per fission and detection e�ciency are considered to be
fully correlated among the eight data groups in the dif-
ferent fission fraction bins. Each correlated uncertainty
is taken into account through a pull parameter in the �2

calculation. The �2 is given by

�2 =
8X

j=1

✓
yobs,j � yexp,j

�obs,j

◆2
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where yexp,j =
h
F

j
235 · y235 + F

j
239 · y239 + F

j
238 · y238(1 + ⇠238) + F

j
241 · y241(1 + ⇠241)

i

· (1 + ⇠th + ⇠f + ⇠en + ⇠det),

(5)

where yobs,j is the observed IBD yield per fission aver-
aged over the four isotopes in the j-th data group, �obs,j

is the statistical uncertainty of yobs,j , yexp,j is the ex-
pected IBD yield per fission averaged over the four iso-

topes, F
j
i is the time-averaged e↵ective fission fraction of

the i-th isotope for the j-th data group, �238 and �241

are the uncertainties of y238 (10%) and y241 (5%), re-
spectively, �th, �f , �en and �det are the uncertainties of

thermal power (0.5%), fission fraction (0.7%), energy
per fission (0.2%) and detection e�ciency (1.93%), re-
spectively. The correlated uncertainties among the eight
data groups are considered by changing pull parameters
in the yexp,j within their uncertainties. Each pull param-
eter is common among the eight data groups to treat its
fully correlated uncertainty. ⇠238 and ⇠241 are the pull
parameters of y238 and y241, respectively, and ⇠th, ⇠f , ⇠en
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FIG. 4. Allowed regions of the IBD yield per fission for the six pairs of fission isotopes. The dots indicate the best-fit IBD
yields and the cross lines represent the model prediction. The three contours are allowed regions of 68.3, 95.5 and 99.7% C.L.
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FIG. 5. Fraction of the 5MeV excess as a function of F 235.
The red line is the best fit to the data and the dotted line
represents no correlation of 5MeV excess fraction with F 235.

is disfavored at 2.9� where the �2/NDF is 1.17/3 for the
best fit and 9.58/4 for no-correlation hypothesis. While
the current result shows an indicative correlation of the
5MeV excess fraction with F 235 and an anti-correlation
with the rest isotope fractions, further accumulated data
may reveal the source of the 5MeV excess. We repeat
extraction of the 5MeV excess by subtracting the HM
prediction estimated from reactor thermal powers and
fuel isotope fractions. The significance of correlation
between the 5MeV excess fraction and F 235 becomes
1.3�. The data-driven subtraction described earlier is
free from the uncertain HM flux normalization.

In summary, we report a fuel-dependent IBD
yield using 1807.9 days of RENO near detec-
tor data. We measure IBD yields per fis-
sion of (6.15 ± 0.19) ⇥ 10�43 cm2/fission and
(4.18 ± 0.26) ⇥ 10�43 cm2/fission for the dominant
fission isotopes of 235U and 239Pu, respectively. A
change in the IBD yield with respect to the e↵ective
235U fission fraction is observed at 6.6�. The measured
IBD yield per fission of (5.84±0.13)⇥10�43 cm2/fission
is 6.0% smaller than the HM prediction and confirms
the RAA. The measured IBD yield per 235U fission is
smaller than the HM prediction at 2.8�. This suggests
that the RAA can be largely understood by incorrect
estimation of the 235U IBD yield. We obtain the first
hint (2.9�) for a correlation between the 5MeV excess
fraction and the 235U fission fraction.

The RENO experiment is supported by the National
Research Foundation of Korea (NRF) grant No. 2009-
0083526 funded by the Korea Ministry of Science and
ICT. Some of us have been supported by a fund from
the BK21 of NRF and Institute for Basic Science grant
No. IBS-R017-G1-2018-a00. We gratefully acknowledge
the cooperation of the Hanbit Nuclear Power Site and
the Korea Hydro & Nuclear Power Co., Ltd. (KHNP).
We thank KISTI for providing computing and network
resources through GSDC, and all the technical and ad-
ministrative people who greatly helped in making this
experiment possible.

• From DayaBay spectra: In the [4-6] MeV region, a 7% (9%) excess of 
events is observed for the 235U (239Pu) compared to HM normalized 
model (Phys.Rev.Lett. 123(2019) 11, 111801).

Daya Bay 
Phys.Rev.Lett. 118 (2017) 25, 251801

RENO
Phys.Rev.Lett. 122 (2019) 23, 232501 

IBD Yield per fission

235U and 239Pu IBD yields per fission
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Mass hierarchy determination with reactor
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• Several conditions on baseline and energy resolution are 
necessary to perform such a measurement.

• At 53 km from the source, the oscillation is dominated by 
the terms (Δm212, θ12).

• If the energy resolution is high enough, it is possible to see 
the oscillation dominated by (Δm223, θ13) and a spectral 
analysis will permit to discriminate between the 2 
hierarchies.

Measuring NMO with reactor neutrinos
method: S. T. Petcov, M. Piai, Phys. Lett. B 533 (2002) 94; formulas: S. F. Ge, et al, JHEP 1305 (2013) 131

/ sin2 2✓13

6

?

Normal(+)/Inverted(�) Ordering ! measurable only if ✓13 “large”
Need excellent energy resolution to distinguish fast oscillation

J. P. A. M. de André for JUNO WIN 2019 June 4th, 2019 8 / 19

+ Normal hierarchy 
- Inverted hierarchy

• Reactor anti-neutrinos experiment allow to determine the mass hierarchy doing a clean measurement 
since it is independent of the CP phase 

Status and potentialities of the JUNO experiment

1. Introduction: the mass hierarchy determination and the JUNO option

Almost one century after its introduction by Pauli, neutrino is still one of the most mysterious
and intriguing elementary particles. It took almost half a century to prove that it is massive and
oscillating, but we don’t know yet its real nature (Dirac or Majorana fermion) and we don’t have
neither a clear idea of the value of its mass, nor a unique explanation of the reason for which it is
so much lighter than all the other particles. The answers to these long standing questions would
have a great impact both on elementary particle physics and on astrophysics. A first step forward
could be the discovery of the neutrino mass eigenvalues hierarchy. The two possible scenarios still
compatible with the data by different classes of neutrino experiments, usually denoted as normal
and inverse hierarchy (NH and IH), are represented in fig.1. In the first case the third neutrino
mass eigenvalue would be the highest one and |Dm2

31| = |Dm2
32|+ Dm2

21, where we denoted by
Dm2

i j = m2
i �m2

j the differences of the squared mass eigenvalues. In case of inverted hierarchy,

Normal

m1
2

solar: 7.5×10-5 eV2

m2
2

atomospheric:

2.4×10-3 eV2

m3
2

Inverted

m1
2

atomospheric:

2.4×10-3 eV2

m2
2

solar: 7.5×10-5 eV2

m3
2

νe νµ ντ

Figure 1: Neutrino mass eigenstate flavor composition and mass pattern in the two cases of normal (left)
and inverted (right) hierarchies. Taken from [1].

instead, m3 would be the lowest eigenvalue and the relation would be |Dm2
31|= |Dm2

32|�Dm2
21.

Hierarchy determination is essential both for model building (discriminating between different
possible extensions of the Standard Model) and for the evaluation of the discovery potential of
present and future experiments, like the ones looking for leptonic CP violation or for neutrinoless
double b decays (0n2b ). The decay probability for 0n2b is proportional to the “effective mass”
<mbb >, a combination of neutrino mass eigenvalues weighted by the squares of the mixing matrix
elements (mixing angles qi j and Majorana phases fi), that, in the 3 flavor scenario, is given by:

< mbb > =

�����

N

Â
i=1

U2
ei mi

�����=
��cos2(q13)(m1 eif1 cos2q12 +m2 eif2 sin2 q12)+m3 sin2q13

�� (1.1)

For IH the possible hmbb i value could reach the level of a few tenths of meV, which should be ac-
cessible by the next-generation experiments; on the opposite, in case of NH the effective neutrino
mass would be at least one order of magnitude lower and much more difficult to test experimen-
tally [2]. The situation changes significantly in case of more complicated models including sterile
neutrinos (like 3+1 models), as discussed, for instance, in [3]. Recent data from long baseline
accelerator experiments [4] and from cosmology [5] seem to favor NH. However, the theoretical
interpretation and the statistical significance of the conclusions on the mass hierarchy derived from
these results are not univocally determined [6] and they suffer from uncertainty related to other
assumptions or parameters (adopted cosmological model, value of CP violation, etc.).

1
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JUNO experiment
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• JUNO (Jiangmen Underground Neutrino Observatory) is a medium-baseline (52.5 km) reactor neutrino 
experiment.

• Its position has been optimized to resolve the neutrino mass ordering (conditions on baseline).

The detector has been designed to :

• ensure large statistics (20 kilo-ton liquid scintillator target) and unprecedented energy resolution (3% at 
1 MeV).

will the main goal of :

• perform a relative measurement on the mass ordering (no constraint on Δm231, Δ𝜒2>9) or an absolute 

measurement  (Δ𝜒2>16) accounting for constraints from long baseline experiments.

17.4 GW 
in operation

9.2 GW
in operation

Daya Bay

Yue Meng, Neutrino2020 4

Physics Prospects

JUNO

Neutrino mass ordering
• 3σ neutrino mass ordering sensitivity within 6 years. 
• 4σ with ∆m2

32 input from accelerator experiments. 
• > 5σ combined analysis with IceCube within 3–7 years or PINGU 

in 2 years (arXiv: 1911.06745)

Neutrino oscillation parameters
• Sub-percent accuracy  for θ12 ,

Δm2
21 and Δm2

31
• Current precision

From CERN Courier
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JUNO physics program
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• JUNO is a multipurpose Neutrino Observatory and it has a rich program in neutrino physics and 
astrophysics studying neutrinos in a large energy range.

45 evts/day 400 evts/year

8B : 16 evts/day
7Be : 490 evts/day/kton

>~100 evts/day104 evts at 10 kpc
DSNB : 2-4 evts/year

→Neutrino mass ordering
→Precision measurement of solar oscillation parameters 

Proton decays : p→ν+K+

Indirect Dark Matter Searches

_
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JUNO detector
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Calibration room
multi-dimension calibration 

systems
Top Tracker

3 layers of plastic scintillator 
(cover ~60% of  Water Pool)

→Precise muon tracker

Water Pool (WP)
35 kilo-ton pure water

2400 20’’ PMTs on CD surface
→High muon detection 
efficiency
→Protects CD against external 
radioactivity 

Central Detector (CD)
SS latticed shell
Acrylic sphere

Liquid Scintillator (LS)
20 kilo-ton based LAB LS

→High light yield : ~ 10 000 
photons/MeV
→ High transparency : ~ 20 
meters attenuation length at 430 
nm

Photomultipliers (PMTs)
17 612 20’’ PMTs
25 600 3’’ PMTs

→~ 78% coverage

High energy precision Backgrounds reduction

Water Pool Ø : 43.5 m

Stainless steel latticed shell Ø : 40.1 m

Acrylic Sphere Ø : 35.4 m

Po
ol

 D
ep

th
 : 

44
 m
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JUNO detector
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• Civil construction of a dedicated laboratory started in 2015 to host the JUNO detector.

• 2022-2023 : installation and commissioning. 

• 2024 : Filling and start of data taking.

Current status Central Detector PMTs view
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Liquid scintillator of JUNO
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• The composition of the LS is: LAB (solvant) + 2.5 g/L PPO (fluor) + 3 mg/L bis-MSB (wavelength shifter)

• The LS will be purified from optical impurities (transparency) and radioactivity contaminants (background 
events) before filling the detector.

radioactivity components requirements4 steps of purification
- Al2O3 filtration column (optical properties 

improvement)
- Dist i l lat ion (heavy e lements removal /

transparency improvement)
- Water extraction (U/Th/K radioisotope 

removal)
- Steam/Nitrogen stripping (Gaseous impurity Ar, 

Kr, Rn removal)

• Radio-purity will be ensured during the filling : an ancillary detector of 20 m3 will monitor batches of 
LS.

OSIRIS
Online Scintillator Internal Radioactivity Investigation System

- Exploit Bi-Po decay in 238U and 232Th chains.

- Few days (weeks) needed to verify compliance to 10-15 (10-16) g/g.

More details in N. Rodpai and Z. Wang poster
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Photomultipliers system
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• The goal is to have a high photo statistics in order to reach the requirement of the energy resolution : 
large coverage and high efficiency of photon detection.

• All 20’’ and 3’' PMTs tested before installation.
20’’ PMT 3’’ PMT

Quantity 5000 15000 25600

Manufacturer Hamamatsu 
(JP)

NNVT (CN) HZC (CN)

Charge 
Collection

Dynode Micro-channel 
plate

Dynode

Transit Time 
Spread

σ 1.3 ns σ 7.0 ns σ 1.5 ns

20’’ PMTS
~ 75% coverage
~ 1500 p.e./MeV

3’’ PMTS
~ 3% coverage
~ 40 p.e./MeV

20’’ PMT
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Photomultipliers system: commissioning
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➡ All tested PMTs are working well.

• Regular light-off/on tests during detector assembly

• Light off tests: full data taking and processing chain with PMT HV on

• Light on tests: joint elec/trigger/DAQ/DCS test with PMT HV off

➡ Very good electronics, shielding and grounding

E l e c t ro n i c s n o i s e : 2 . 8 A D C c o u n t s 
corresponding to ~4% of SPE

↳much better than the design of 10%

Electronics noise: 2.8 ADC counts corresponding 
to ~5% of SPE

↳much lower than the trigger threshold of 1/3 pe.
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Energy scale calibration
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To keep energy scale uncertainty below 1%, four calibration 
systems will be used:

• Automatic Calibration Unit (ACU): 1D along z-axis.

• Cable Loop System (CLS): 2D plane inside vessel.

• Guide Tube (GT): 2D plane inside vessel.

• Remotely Operated Vehicle (ROV): 3D anywhere inside 
vessel.
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Efficiency and backgrounds for reactor neutrino signal
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Selection cuts and IBD efficiency Background rates

JUNO IBD Spectrum

Total background                    4.11
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TAO detector: reactor neutrino source understanding 
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Taishan Antineutrino Observatory (TAO), is a ton-level, high energy resolution LS detector at ~44 meters 
from one of the Taishan reactor cores (4.6 GWth).  It is a satellite detector of JUNO.

Detector Design 

• 2.8 ton (1 ton fiducial volume) Gd-LS 
operated at -50°C 

• 10 m2 of SiPM for a > 90% coverage 

• 4500 p.e./MeV.

Purposes 

• Provide a model-independent reference 
spectrum for JUNO

• benchmark for investigation of the nuclear 
database.
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Neutrino mass ordering 
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• The experiment will start data taking in 2024.

• The median sensitivity to reject the wrong mass ordering is 3σ (Δ𝜒2=9) with an exposure of  6 years × 

26.6 GWth assuming normal ordering (3.1σ if inverted ordering is true).

• The sensitivity can be enhanced doing :

• combinaison with external Δm231 long baseline experiment constraint.

• combinaison reactor+atmospheric neutrino analysis ongoing.

JUNO Simulation Preliminary

More details in V.Cerrone poster
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Precision measurement of oscillation parameters
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• By measuring the energy spectrum, JUNO will be also sensitive to solar parameters and will perform 
precision measurements.

• Sub-percent precision measurement for Δm231, Δm221, sin2θ12

More details in V.Cerrone poster
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• Daya Bay, Double Chooz and RENO successfully measured θ13 and improved our knowledge of anti-
neutrinos reactor spectrum.

• JUNO will be the largest reactor anti-neutrino detector ever built (20 kilo-ton of liquid scintillator) with 
an unprecedented energy resolution (3% @ 1 MeV).

• The construction will be finalized this year and the filling of liquid scintillator and the start of data taking 
are foreseen next year.

• JUNO has a vast physics program in particle physics and astrophysics.

• The parameters Δm231, Δm221, sin2θ12 will be measured with sub-percent precision.

• The mass ordering determination in 6 years × 26.6 GWth will be given with :

• ~ 3σ with reactor neutrinos only (completely independent from CP-violation and θ23)

• > 3σ with long baseline and/or atmospheric neutrinos. 

• TAO program will improve the knowledge of reactor antineutrino fluxes and spectra.
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Solar neutrino measurements
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Challenging measurement due to:

• low overburden but new veto strategies for cosmogenic isotopes.

• detection via neutrino-elastic scattering, so higher requirements in terms of radiopurity:

‣ assuming an intrinsic 238U and 232Th radioactivity level of 10-17 g/g, a 2 MeV analysis threshold can 
be achieved.

products of IBD reaction, e+ and neutron, can be rejected to less than 0.5% using the correlation
between them. The residual mainly comes from the two signals falling into one electronics readout
window (1 µs). The recoil electron from the ⌫ � e ES channel, with a rate of 0.14 cpd/kt when the
visible energy is larger than 2 MeV, cannot be distinguished from 8B ⌫ signals. A 2% uncertainty
is assigned to this background according to the uncertainties of antineutrino flux and the ES cross
section.

4 Expected results

After applying all the selection cuts, about 60,000 recoil electrons and 30,000 background events are
expected in 10 years of data taking as listed in Table 4 and shown in Fig. 11. The dead time due to
muon veto is about 48% in the whole energy range. As listed in Table 2, the 212Bi�208Tl correlation
cut removes 20% of signals in the energy range of 3 to 5 MeV, and less than 2% in other energy
ranges. The detection e�ciency uncertainty, mainly from the FV cuts, is assumed to be 1%
according to Borexino’s results [20]. Given that the uncertainty of the FV is determined using
the uniformly distributed cosmogenic isotopes, the uncertainty is assumed to be correlated among
the three energy-dependent FVs. Since a spectrum distortion test will be performed, another
important uncertainty source is the detector energy scale. For electrons with energies larger than
2 MeV, the nonlinear relationship between the LS light output and the deposited energy is less than
1%. Moreover, electrons from the cosmogenic 12B decays, with an average energy of 6.4 MeV, can
set strong constraints to the energy scale, as it was done in Daya Bay [31] and Double Chooz [61].
Thus, a 0.3% energy scale uncertainty is used in this analysis following the results in Ref. [31].
Three analyses are reported based on these inputs.
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Figure 11: Expected signal and background spectra in ten years of data taking, with all selection
cuts and muon veto methods applied. Signals are produced in the standard LMA-MSW framework
using �m2

21=4.8⇥10�5 eV2. The energy dependent fiducial volumes account for the discontinuities
at 3 MeV and 5 MeV.

19

• Observation of intermediate energy solar neutrinos (pep, 7Be, CNO) feasible only if LS purity within 
specifications.

8B neutrino observation:

With 10 years of data taking, about 60000 signal 
and 30000 background events are expected:

• shed new light on current tension in Δm221 
between solar and reactor neutrinos 
measurement with the same detector.
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Supernova neutrinos
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Core collapse neutrinos 

multi-channel detection, all flavors
at 10kpc:

~5000 IBD

~ 300 eES

~ 2000 pES

~ 200 CC

~ 300 NC

Diffuse supernova neutrino background

Integrated neutrino signal from all the SN explosions in the Universe

Signal: IBD (2~4/year) for an expected significance of 3σ in 3 years
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Proton decay
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Competitive sensitivity to proton decay searches exploiting the p→ν+K+

• clear identification: 3 signals in coincidence.

• background from atmospheric neutrinos.

_

Expected sensitivity: 9.6 ×1033 years at 90% CL in 10 years of data taking (200 ton.yr).


