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Neutrino Mixing and Oscillations
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2.2.2 Neutrino Oscillation Probability in Vacuum

According to quantum mechanics the time evolution of the quantum state is
governed by equation:

i
@| (t)i
@t

= Ĥ| (t)i (2.7)

The Hamiltonian in vacuum is just kinetic term. Then the evolution of mass
eigenstate is simple plane wave travelling in the direction of the neutrino momen-
tum:

|⌫i(t)i = e�i(Eit�piL)|⌫ii (2.8)

where Ei and pi are the neutrino mass eigenstate energy and momentum respec-
tively. In the ultrarelativistic limit, we can assume t ⇡ L and write
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where in the last step we have introduced the common energy for all of the mass
eigenstates. The evolution of mass eigenstate can be written as:

|⌫i(L)i = e�i
m2

i
2E L|⌫ii (2.10)

We derive Eq.(2.10) based on the ultrarelativistic limit. This is completely jus-
tified for reactor antineutrinos which typical energy is ⇠4 MeV and mass of the
neutrinos .1 eV. Thus the gamma factor is � & 106, which makes reactor an-
tineutrinos indeed ultrarelativistic.

In our experiments, we produce flavour eigenstates rather than mass eigen-
states. The time evolution of such a flavour state can be written as
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Then we can write the amplitude, and consequently probability, that we measure
neutrino with flavour � while flavour ↵ was produced. The probability is a
function of propagation distance as
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Using the unitarity of mixing matrix U
X
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in the Eq.(2.13) and with little bit of mathematics we get commonly used expres-
sion for oscillation probability:
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126 Oscillation-driving Parameters  
(in case of 3-neutrino framework): 
• Two mass splittings Δm212, Δm312  

(Δm322=Δm312-Δm212) 
• Mixing angles θ12, θ23, θ13 
• CP-violation phase δCP
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Daya Bay Experiment Collaboration
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Daya Bay Layout
Far Hall
1540 m from Ling Ao I
1910 m from Daya Bay
324 m overburden

Ling Ao Near Hall
470 m from Ling Ao I
558 m from Ling Ao II
100 m overburden

Daya Bay Near Hall
363 m from Daya Bay
93 m overburden

Daya Bay Layout
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Keys to Precise Measurement
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2) High statistics: powerful nuclear reactors, big detectors, long run-time  
1) Baseline optimization 

3) Reduction of systematic errors: 
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(i) Detector-related: identically designed detectors, calibration
(ii) Reactor-related: relative near-far measurements

4) Background reduction: use of water shield and veto 

largest uncertainty in 
previous measurements 

Keys to a Precise Measurement of θ13

All of these features make Daya Bay a powerful experiment that can 

measure θ13 very precisely and also make a strong impact in other areas

High statistics - powerful source, large detectors 

Reduction of systematics - Near&Far functionally identical detectors 

Ideal baseline 

Low background
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Antineutrino Detector and Muon Tagging System
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Antineutrino detector (AD) 
• 3 separated regions - GdLS, LS, MO 
• 192x8” PMT 
• 3 ACUs with radioactive sources and 

LEDs for weekly energy calibration

Muon tagging system 
• ADs submerged in the water pool - passive 

shielding from n and γ; active muon detector 
• Inner and outer optically separated regions 

of the pool - two independent water 
Cherenkov detectors  

• 4-layer resistive plate chamber array 

Mineral oil

Liquid 
scintillator

LS doped  
with Gadolinium

Automated 
calibration units
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Detection Method - Inverse Beta Decay

IBD selection 
• Remove flashing PMT events 
• Prompt energy cut: 0.7 MeV<Ep<12 MeV 
• Delayed energy cut: 6 MeV<Ep<12 MeV 
• Coincidence time: 1 μs<dt<200 μs 
• Selection of isolated prompt-delayed pair 
• Veto after tagged muon for the background 

reduction

8

Inverse beta decay:

Inverse beta decay candidates selection

IBD selection
• Remove flashing PMT events

• Prompt Energy Cut: 0.7 MeV < Ep < 12 : MeV

• Delayed Energy Cut: 6 MeV < Ep < 12 : MeV

• Coincidence Time Cut: 1 µs < �t < 200 µs

• Multiplicity Cut: prompt and delayed signals
isolated

• Muon Veto:
-Water pool muon (nPmt > 12): 0.6 ms
-AD muon (E > 20 MeV): 1 ms
-AD shower muon (E > 2.5 GeV): 1 s

Detection method
⌫̄e + p ! e+ + n

30 µs n + Gd ! Gd⇤ ! Gd + �s (8 MeV)

200 µs n + H ! D + � (2.22 MeV)
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IBD selection
• Remove flashing PMT events

• Prompt Energy Cut: 0.7 MeV < Ep < 12 : MeV

• Delayed Energy Cut: 6 MeV < Ep < 12 : MeV

• Coincidence Time Cut: 1 µs < �t < 200 µs

• Multiplicity Cut: prompt and delayed signals
isolated

• Muon Veto:
-Water pool muon (nPmt > 12): 0.6 ms
-AD muon (E > 20 MeV): 1 ms
-AD shower muon (E > 2.5 GeV): 1 s

Detection method
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IBD Backgrounds

IBD background at Daya Bay (Mostly common for all LS experiments) 
• Low background experiment with B/S ~2.0% at Far Hall 
• Precise measurement - background uncertainties well under control

9

Uncorrelated: Correlated:

Accidental 
coincidence

of two independent 
events

µ

n
p

µ

n
β

9Li γ γ

n+Feα+13C

16O*γ n

9Li/8He
Unstable spallation 
products induced 
by cosmic muons

Fast neutrons 
Induced by 

untagged cosmic 
muons

13C(α,n)16O
Induced by α 
interacting on 
carbon atoms

241Am-13C 
Correlated signal 
from calibration n 
source in ACUs

γ
β>6 MeV
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FIG. 3. The top panel shows the ratio of the Bugey-3 15 m IBD data
to a three-neutrino prediction, while the bottom panel shows the ratio
of the MINOS Far-over-Near data for CC events to a three-neutrino
prediction. The red lines represent the four-flavor predictions at the
LSND best-fit point for �m2

41 = 1.2 eV2. The shaded band displays
the sizes of the systematic uncertainties. A value of sin2 2✓14 = 0.11
is used for the Bugey-3 prediction so that when multiplied by the
MINOS 90% C.L. limit on sin2 ✓24, as in Eq. 5, it matches the LSND
best-fit of sin2 2✓µe = 0.003. A ��2 value of 48.2 is found between
the data and the LSND prediction. Similarly, a value of sin2 ✓24 =
0.12 is combined with the Bugey-3 90% C.L. limit on ✓14 to produce
the MINOS four-flavor prediction, resulting in ��2 = 38.0 between
data and prediction.

combined results of Daya Bay/Bugey-3 and MINOS con-
strain sin

2

2✓µe < [3.0⇥ 10

�4 (90% C.L.), 4.5⇥ 10

�4 (95%
C.L.)] for �m2

41

= 1.2 eV2. While the results do
not exclude the MiniBooNE neutrino-mode best-fit point
(�m2

41

= 3.14 eV2, sin2 2✓µe = 0.002) [9] at the 90% C.L.,
they do exclude the LSND best-fit point (�m2

41

= 1.2 eV2,
sin

2

2✓µe = 0.003) [8] and the MiniBooNE antineutrino-mode
best-fit point (�m2

41

= 0.043 eV2, sin2 2✓µe = 0.88) [9] at
greater than 3�.

In conclusion, we have combined constraints on sin

2

2✓
14

derived from a search for electron antineutrino disappear-
ance at the Daya Bay and Bugey-3 reactor experiments
with constraints on sin

2 ✓
24

derived from a search for muon
(anti)neutrino disappearance in the NuMI beam at the MINOS
experiment. Assuming a four-flavor model of active-sterile
oscillations, we constrain sin

2

2✓µe, the parameter control-
ling electron (anti)neutrino appearance at short-baseline ex-
periments, over six orders of magnitude in �m2

41

. We set the
strongest constraint to date and exclude the sterile neutrino
mixing phase space allowed by the LSND and MiniBooNE
experiments for �m2

41

< 0.8 eV2 at a 95% C.L. These results
increase the strong tension between null results from disap-
pearance searches and appearance-based indications for the
existence of light sterile neutrinos.

The MINOS experiment is supported by the U.S. Depart-
ment of Energy; the United Kingdom Science and Technol-
ogy Facilities Council; the U.S. National Science Foundation;
the State and University of Minnesota; and Brazil’s FAPESP
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FIG. 4. MINOS and Daya Bay/Bugey-3 combined 90% C.L. limit on
sin22✓µe compared to the LSND and MiniBooNE 90% C.L. allowed
regions. Regions of parameter space to the right of the red contour
are excluded. The regions excluded at 90% C.L. by KARMEN2 [43]
and NOMAD [44] are also shown.
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(top)
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ee

(bottom) obtained using various combinations of the two
selected ⌫e samples, statistical methods, and reactor ⌫e flux models.
The horizontal dashed lines show the best estimate of each parameter,
while the gray regions show and the ±1� confidence interval from
the reference results (Selection A, Method D, and the Huber-Mueller
reactor flux model). (Editor: The ⇠0.5� systematic offset in �m2

for Methods A and B slightly undermines our claim that the result is
independent of statistical method. Resolve or explain this problem!
Current evidence points to the method for handling the relative
energy scale and 9Li backgrounds systematics. Also explain the offset
for ✓

13

when using Selection B. Change legend to use ’Selection’
instead of ’Sample’.)
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FIG. 41. (Editor: To be updated based on Method D histograms.)
The measured reactor ⌫e spectral distortion, displayed as the
oscillation survival probability versus ⌫e proper time ⌧ / L/E⌫ .
An effective propagation distance L

e↵

was estimated for each hall
based on the distribution of reactors contributing to the signal.
An average true ⌫e energy hE⌫i was determined for each bin in
the observed prompt positron spectrum based on the model of the
detector response. The ⌫e survival probability was given by the
observed signal in each bin divided by the prediction assuming no
oscillation. The measurement sampled ⌫e survival over almost one
full cycle, demonstrating the distinct evidence in support of neutrino
flavor oscillation.

to the other approaches. The flavor and sign of both2486

FIG. 42. Confidence intervals for sin2 2✓
13

and
���m2

ee

�� from
comparison of the ⌫e rate and prompt positron spectra observed in
the far versus near detectors. (Editor: Figure needs larger fonts,
thicker lines, less border whitespace.)

Experiment sin2 2✓13 Value

MINOS†

0.05 0.1 0.15 0.2

0.051+0.038
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0.093+0.054
�0.049

T2K†
0.140+0.038

�0.032

0.170+0.045
�0.037

RENO 0.082±0.010

D-CHOOZ 0.111±0.018

Daya Bay 0.084±0.003

FIG. 43. A comparison this measurement of sin2 2✓
13

with
other measurements. The RENO [56] and Double-CHOOZ [57]
experiments also estimated sin2 2✓

13

from observations of reactor
⌫e disappearance. The MINOS [58] and T2K [24] experiments
observed the appearance of ⌫e in beams of accelerator µµ, which
is sensitive to the combination 2 sin2 ✓

23

sin2 2✓
13

. These latter
measurements are presented assuming sin2 ✓

23

= 0.5, �
CP

= 0, and
the normal (upper) and inverted (lower) mass ordering. (Editor: Put
Daya Bay first, then other reactor expts, then accel. expts.) (Editor:
Should we include this unpublished near-far Double-CHOOZ result,
or only include their published far-only result?) (Editor: Figure
needs larger fonts, thicker lines, uniform line colors and markers
(or add legend!).) (Editor: Include NOvA appearance result [25]? )

produced and detected neutrinos are pure ⌫e. There2487

is only one interaction process, inverse beta decay, and2488

the small uncertainty in this well-known cross-section is2489

effectively cancelled in the ratio of the far detector to2490

near detector observations. The relationship between the2491

observed interaction and the incoming neutrino energy did2492

not require detailed Monte-Carlo characterization, and could2493

be estimated analytically. Consequently, the measurement2494

was robust to potential overlooked or unexpected systematic2495

uncertainties historically common to neutrino physics. The2496

largest systematic uncertainty arose from potential variation in2497

the energy calibration of the far versus near detectors, which2498

Three neutrino framework:

sin22θ13 measurement 
• Most precise measurement up to date 
• Precision 4% → 3% by the end of 2017 
• Crucial for experiments searching for 

CP-violation in lepton sector 
|Δm2ee| measurement 
• Comparable precision with long baseline 

accelerator experiments

10

Neutrino Oscillations at Daya Bay

Phys. Rev. D 95, 072006 (2017)
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Daya Bay measurement: 
• No hint of light sterile neutrino observed 
• Most stringent limit for |Δm241|<0.2 eV2 

Phys. Rev. Lett. 117, 151802 (2016) 

Combined result with MINOS and Bugey-3  
Phys. Rev. Lett. 117, 151801 (2016)
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of data

LSND=Daya Bay⊕MINOS 
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Table 9. Tabulated results of the flux measurement from each AD. �f is the measured cross section in units of
10�43cm2/fission. Y is the IBD yield in units of 1018cm2/GW/day. RH+M and RI+V are the ratios of measured
flux with respect to Huber-Mueller and ILL-Vogel model predictions, respectively. �exp is the total fractional
experimental uncertainty of the flux measurement. 235U, 238U, 239Pu, 241Pu are the flux-weighted fission fractions
of each fission isotope. L is the flux-weighted baseline for each AD. Psur is the average ⌫̄e survival probability at
each AD. See the text for more details.

�

d
f ·10

43
Y ·1018 RH+M RI+V �exp

235U 238U 239Pu 241Pu Ld Psur

(cm2/fission) (cm2/GW/day) (%) (m)

EH1-AD1 5.907 1.531 0.945 0.991 2.1 0.564 0.076 0.303 0.056 566 0.985

EH1-AD2 5.912 1.536 0.946 0.992 2.1 0.564 0.076 0.303 0.056 561 0.986

EH2-AD1 5.925 1.538 0.948 0.994 2.1 0.557 0.076 0.312 0.055 594 0.983

EH2-AD2 5.894 1.529 0.944 0.990 2.1 0.552 0.076 0.315 0.057 598 0.983

EH3-AD1 5.819 1.521 0.940 0.986 2.2 0.559 0.076 0.310 0.055 1635 0.934

EH3-AD2 5.858 1.540 0.946 0.992 2.2 0.559 0.076 0.310 0.055 1636 0.934

EH3-AD3 5.842 1.536 0.944 0.990 2.2 0.559 0.076 0.310 0.055 1640 0.934

EH3-AD4 5.907 1.554 0.956 1.002 2.2 0.552 0.076 0.315 0.057 1641 0.934
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Table 9 further summarizes a few characteristic pa-
rameters calculated for each AD, including the average
fission fraction f

iso
d , average baseline Ld and average sur-

vival probability P

d
sur. These parameters can be trivially

obtained in the case of a single reactor core, but require
clear definitions in the multi-core case of Daya Bay. The
average fission fraction f

iso
d is defined as follows:

f

iso
d =

P6

r=1
�dr ·f iso

rP6

r=1
�dr

, �dr =
N

f
r

L

2
dr

(15)

where �dr is the flux-weighting factor calculated from N

f
r

and Ldr (see Eq. 12 for definition). We note that the av-
erage fission fractions for the two newly installed ADs
(EH2-AD2 and EH3-AD4) are slightly di↵erent from the
ADs at the same site, because they are seeing di↵eren-
t reactor core histories with respect to other detectors.
The average baseline Ld is defined as

1

L

2
d

=

P6

r=1
N

f
r ·1/L2

drP6

r=1
N

f
r

. (16)

Finally, the average survival probability P

d
sur is calculat-

ed as follows:

P

d
sur =

P6

r=1
NdrP

dr
surP6

r=1
Ndr

(17)

where Ndr is the predicted number of IBD events at the1402

dth AD from the rth reactor core without oscillation, and1403

P

dr
sur is the average survival probability given an AD-core1404

pair as defined in Eq. 12.1405

The measured IBD yields for each AD are plotted in1406

Fig. 16. The yields are consistent among all ADs after1407

correcting for the small variations of fission fractions at1408

the di↵erent sites. The results are summarized in Ta-1409

ble 10.1410
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Fig. 16. Yield Y for the IBD events in the 6-AD
only (top) and 6-AD plus 8-AD (bottom) period
with corrections of 3-flavor oscillations (closed cir-
cles), and additional corrections due to the vari-
ations of flux-weighted fission fractions at dif-
ferent sites (open squares). The horizontal line
is the average yield of the near detectors, and
the gray band is its 1� systematic uncertainty.
The rate predicted by the Huber+Mueller (IL-
L+Vogel) model and its uncertainty are shown in
blue (orange) region.

5.3 Comparison with Past Reactor Experiments1412

Recently, there was great interest in the so-called1413

“reactor antineutrino anomaly”, which arises from re-1414

evaluations of the reactor ⌫̄e flux that resulted in an1415

increase of the predicted ⌫̄e flux in the Huber+Mueller1416

model [24, 25]. Combining the new predictions with the1417

010201-21
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Data lower than the prediction models 
• Huber+Mueller: 0.946±0.020 
• ILL+Vogel: 0.992±0.021
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�

exp
err and �

exp
cor now represent experimental uncertainties1453

only. We then build a covariance matrix V

exp such that1454

V

exp
ij = R

obs
i ·�exp

i,cor ·Robs
j ·�exp

j,cor, (19)

where R

obs
i is the “ratio” column in Table 11 corrected1455

by the “Psur” column for the ✓13-oscillation e↵ect. R

obs
i1456

represents the observed rate from each measurement.1457

We then calculate the best-fit average ratio R

past
g by

minimizing the �

2 function defined as:

�

2(Rpast
g )= (Rpast

g �Ri) ·(V exp
ij )�1(Rpast

g �Rj), (20)

where V �1 is the inverse of the covariance matrix V . This1458

procedure yields the best-fit result Rpast
g =0.942±0.009,1459

where the error is experimental only.1460

Since we now use the Huber+Mueller model as the1461

reference model, we re-evaluate the model uncertainty1462

using the correlated and uncorrelated uncertainty com-1463

ponents given by ref. [24, 25]. Using the weighted average1464

fission fraction from all experiments (235U : 238U : 239Pu1465

: 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the model1466

uncertainty is calculated to be 2.4%, and the final result1467

becomes:1468

R

past
g = 0.942±0.009 (exp.)±0.023 (model) (21)

Finally, we compare the Daya Bay result with the1469

past global average. In the previous subsection, we ob-1470

tained the Daya Bay measured reactor antineutrino flux1471

with respect to the Huber+Mueller model prediction:1472

RDYB =0.946±0.020(exp.). This result is consistent with1473

the past global average Rpast
g =0.942±0.009(exp.). If we1474

include the Daya Bay result in the global fit, the new1475

average is Rg =0.943±0.008(exp.)±0.023(model). The1476

results of the global fit and the Daya Bay measurement1477

are shown in Fig. 17.1478
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Fig. 17. The measured reactor ⌫̄e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscilla-
tions at the distance of each experiment. The blue
shaded region represents the global average and
its 1� uncertainty. The 2.4% model uncertainty
is shown as a band around unity. The measure-
ments at the same baseline are combined together

for clarity. The Daya Bay measurement is shown
at the flux-weighted baseline (573 m) of the two
near halls.

The consistency between Daya Bay’s measurement1480

and past experiments suggests that the origin of the “re-1481

actor antineutrino anomaly” is from the theoretical side.1482

Either the uncertainties of the theoretical models that1483

predict the reactor antineutrino flux are underestimated1484

or more intriguingly, there exists an additional neutrino1485

oscillation that suppresses the reactor antineutrino flux1486

within a few meters from the reactor. Such an oscillation1487

would imply the existence of one or more eV-mass-scale1488

sterile neutrinos. To investigate this tantalizing possi-1489

bility future very short baseline (10 m) experiments are1490

required to observe the L/E dependence of such an os-1491

cillation.1492

6 Measurement of Reactor Antineutrino1493

Spectrum1494

In this section, we extend the study from reactor an-1495

tineutrino flux to its energy spectrum. The measured1496

prompt energy spectra from the four near-site ADs were1497

summed and compared with the predictions. The detec-1498

tor response of the Daya Bay ADs was studied and used1499

to convert the predicted antineutrino spectrum to the1500

prompt energy spectrum for comparison. A discrepancy1501

was found in the energy range between 4 and 6 MeV with1502

a maximum local significance of 4.4 �. The discrepancy1503

and possible reasons for it were investigated.1504

6.1 Detector Response1505

The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13 =0.084 and |�m

2
ee|=2.42⇥10�3 eV2,

based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫̄

e

) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,

S(Ep)=

Z
S(E⌫̄

e

)R(E⌫̄
e

,Ep)dE⌫̄
e

(22)

where R(E⌫̄
e

,Ep) is the detector energy response and can1506

be thought of as a response matrix, which maps each an-1507

tineutrino energy to a spectrum of reconstructed prompt1508

energies. The energy response includes four main e↵ects:1509

the IBD prompt energy shift, IAV e↵ect, non-linearity,1510

and energy resolution, which are studied in the following.1511

6.1.1 IBD Prompt Energy Shift1512

The antineutrino energy is transferred to a positrons
and a neutron via the IBD reaction, ⌫̄e+ + p ! e

+ +n.
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48.5/24 in the full energy range from 0.7 to 12 MeV, cor-1688

responding to a 3� discrepancy. The ILL+Vogel model1689

shows a similar level of discrepancy from the data.1690

Another compatibility test was performed with a
modified fitting algorithm. In this method, N(=number
of prompt energy bins) free-floating nuisance parameters
are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in [65]. The
compatibility was tested by evaluating

��

2 =�

2(standard)��

2(N extra parameters) (29)

for N degrees of freedom. We obtained ��

2
/N =1691

50.8/25, which is consistent with the results obtained1692

by the first method using Eq. 28.1693
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Fig. 23. (A) Comparison of predicted and mea-
sured prompt energy spectra. The prediction is
based on the Huber+Mueller model and normal-
ized to the number of measured events. The error
bars on the data points represent the statistical
uncertainty. The hatched and red filled bands rep-
resent the square-root of diagonal elements of the
covariance matrix (

p
(Vii)) for the reactor related

and the full systematic uncertainties, respectively.
(B) Ratio of the measured prompt energy spec-
trum to the predicted spectrum (Huber+Mueller
model). (C) The defined �

2 distribution (e�i) of
each bin (black solid curve) and local p-values for
1 MeV energy windows (magenta dashed curve).
See Eq. 30 and relevant text for the definitions.

6.3 Quantification of the Local Deviation1695

The ratio of the measured to predicted energy spectra
is shown in Fig. 23B. The spectral discrepancy around 5

MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the �

2 contribution of
each energy bin,

e�i =
N

obs
i �N

pred
i

|Nobs
i �N

pred
i |

sX

j

�

2
ij ,

�

2
ij =(Nobs

i �N

pred
i )(V �1)ij(N

obs
j �N

pred
j ). (30)

By definition,
P

i
e�2
i is equal to the value of �2 defined in1696

Eq. 28. As shown in Fig. 23C, an enhanced contribution1697

is visible around 5 MeV.1698

In the second approach, the significance of the devia-1699

tion is evaluated based on the modified oscillation anal-1700

ysis similar to Eq. 29. Instead of allowing all the N1701

nuisance parameters to be free floating, only parameter-1702

s within a selected energy window are varied in the fit.1703

The di↵erence between minimum �

2s before and after in-1704

troducing these nuisance parameters within the selected1705

energy window was used to evaluate the p-value of the1706

local variation from the predictions. The p-values with1707

1 MeV sliding energy window are shown in Fig. 23C. The1708

local significance for a discrepancy is greater than 4 � at1709

the highest point around 5 MeV. In addition, the local1710

significance for the 2 MeV window between 4 and 6 MeV1711

were evaluated. We obtained a ��

2
/N value of 37.4/8,1712

which corresponds to the p-value of 9.7⇥ 10�6(4.4 �).1713

Comparing with the ILL+Vogel model shows a similar1714

level of local discrepancy between 4 and 6 MeV.1715

The excess between 4 and 6 MeV was ⇠1.5% of the1716

total observed IBD candidates. An excess of events in1717

a same energy range was not observed in the spallation1718

12B beta decay spectrum, ruling out detector e↵ects as1719

an explanation. Adding a simple beta-decay branch or a1720

mono-energetic peak cannot reproduce the observed ex-1721

cess, indicating that it cannot be explained by a simple1722

background contribution. Contributions from other in-1723

teraction channels (e.g. ⌫̄e+13C) were investigated and1724

were found to be too small to account for the excess. The1725

events in the energy region around 5 MeV are carefully1726

examined: the neutron capture time, the delayed energy1727

spectrum, and the distance distribution for the delayed1728

neutron capture signal were found to match IBD event1729

characteristics. The vertex distribution of the prompt1730

signal was found to be uniform and consistent with IBD1731

events.1732

Figure 24 shows the event rate versus time in the1733

energy window of 4.5-5.5 MeV and other windows.1734

The strong correlation indicates that the excess around1735

5 MeV is proportional to the reactor antineutrino flux.1736

Therefore, it strongly suggests that the deviation is due1737

to the imperfect modelling of the reactor antineutrino1738

spectrum. A recent ab-initio calculation of the antineu-1739

trino spectrum showed a similar deviation from previous1740
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48.5/24 in the full energy range from 0.7 to 12 MeV, cor-1688

responding to a 3� discrepancy. The ILL+Vogel model1689

shows a similar level of discrepancy from the data.1690

Another compatibility test was performed with a
modified fitting algorithm. In this method, N(=number
of prompt energy bins) free-floating nuisance parameters
are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in [65]. The
compatibility was tested by evaluating

��

2 =�

2(standard)��

2(N extra parameters) (29)

for N degrees of freedom. We obtained ��

2
/N =1691

50.8/25, which is consistent with the results obtained1692

by the first method using Eq. 28.1693
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Fig. 23. (A) Comparison of predicted and mea-
sured prompt energy spectra. The prediction is
based on the Huber+Mueller model and normal-
ized to the number of measured events. The error
bars on the data points represent the statistical
uncertainty. The hatched and red filled bands rep-
resent the square-root of diagonal elements of the
covariance matrix (

p
(Vii)) for the reactor related

and the full systematic uncertainties, respectively.
(B) Ratio of the measured prompt energy spec-
trum to the predicted spectrum (Huber+Mueller
model). (C) The defined �

2 distribution (e�i) of
each bin (black solid curve) and local p-values for
1 MeV energy windows (magenta dashed curve).
See Eq. 30 and relevant text for the definitions.

6.3 Quantification of the Local Deviation1695

The ratio of the measured to predicted energy spectra
is shown in Fig. 23B. The spectral discrepancy around 5

MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the �

2 contribution of
each energy bin,

e�i =
N

obs
i �N

pred
i

|Nobs
i �N

pred
i |

sX

j

�

2
ij ,

�

2
ij =(Nobs

i �N

pred
i )(V �1)ij(N

obs
j �N

pred
j ). (30)

By definition,
P

i
e�2
i is equal to the value of �2 defined in1696

Eq. 28. As shown in Fig. 23C, an enhanced contribution1697

is visible around 5 MeV.1698

In the second approach, the significance of the devia-1699

tion is evaluated based on the modified oscillation anal-1700

ysis similar to Eq. 29. Instead of allowing all the N1701

nuisance parameters to be free floating, only parameter-1702

s within a selected energy window are varied in the fit.1703

The di↵erence between minimum �

2s before and after in-1704

troducing these nuisance parameters within the selected1705

energy window was used to evaluate the p-value of the1706

local variation from the predictions. The p-values with1707

1 MeV sliding energy window are shown in Fig. 23C. The1708

local significance for a discrepancy is greater than 4 � at1709

the highest point around 5 MeV. In addition, the local1710

significance for the 2 MeV window between 4 and 6 MeV1711

were evaluated. We obtained a ��

2
/N value of 37.4/8,1712

which corresponds to the p-value of 9.7⇥ 10�6(4.4 �).1713

Comparing with the ILL+Vogel model shows a similar1714

level of local discrepancy between 4 and 6 MeV.1715

The excess between 4 and 6 MeV was ⇠1.5% of the1716

total observed IBD candidates. An excess of events in1717

a same energy range was not observed in the spallation1718

12B beta decay spectrum, ruling out detector e↵ects as1719

an explanation. Adding a simple beta-decay branch or a1720

mono-energetic peak cannot reproduce the observed ex-1721

cess, indicating that it cannot be explained by a simple1722

background contribution. Contributions from other in-1723

teraction channels (e.g. ⌫̄e+13C) were investigated and1724

were found to be too small to account for the excess. The1725

events in the energy region around 5 MeV are carefully1726

examined: the neutron capture time, the delayed energy1727

spectrum, and the distance distribution for the delayed1728

neutron capture signal were found to match IBD event1729

characteristics. The vertex distribution of the prompt1730

signal was found to be uniform and consistent with IBD1731

events.1732

Figure 24 shows the event rate versus time in the1733

energy window of 4.5-5.5 MeV and other windows.1734

The strong correlation indicates that the excess around1735

5 MeV is proportional to the reactor antineutrino flux.1736

Therefore, it strongly suggests that the deviation is due1737

to the imperfect modelling of the reactor antineutrino1738

spectrum. A recent ab-initio calculation of the antineu-1739

trino spectrum showed a similar deviation from previous1740
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fissions not constant over time (235U->239Pu) 

Daya Bay is first to measured this evolution 

Constant flux ruled out on more than 10σ 

Equal deficit hypothesis excluded 2.6σ 
235U is suspected to cause the discrepancy
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4

fission fractions F̄i for i = (235, 238, 239, 241) for the com-
bined 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 measured IBD yields and in reported 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]. Domi-
nant uncertainties in this calculation arise from limitations in
the accuracy of water flow rate measurements. Since these
measurement techniques are independent of core composi-
tion, this uncertainty was treated for a single core as fully
correlated at all fission fraction values. Fission fraction un-
certainties of �fi/fi=5% were determined by comparing mea-
surements of isotopic content in spent nuclear fuel to values
obtained by the APOLLO2 reactor modeling code [2, 22]. As
these comparisons do not suggest systematic biases in the re-
ported fission fractions for specific burnup ranges, fission frac-
tion uncertainties were treated as fully correlated 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
corrected for in the analysis with 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
data systematics also providing a non-negligible contribution;
errors arising from assuming linear trends in IBD yield with

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) and variable yield (red) best fits described in the text are also
pictured, as well as predicted yields from the Huber-Mueller model
(blue), scaled to account for the difference in total yield �̄f between
data and prediction.

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 (�). This measurement
indicates that antineutrino fluxes from the dominant fission
isotopes 239Pu and 235U differ substantially.

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 predicted and
measured �̄f from this analysis. This predicted d�f/dF239

differs from the measurement by 3.1�, indicating additional
tension between flux measurements and models beyond the
established differences in total IBD yield �̄f . In particular, it
suggests that the fractional difference between predicted and
measured antineutrino fluxes may not be the same for all fis-
sion isotopes. If measured fractional yield deficits from all
isotopes are equal, the ratio of the slope d�f/dF239 to the to-
tal yield �̄f will be identical for measurement and prediction.
These ratios, -0.31 ± 0.03 and -0.39 ± 0.01, respectively, are

Phys. Rev. Lett, 118, 251801 (2017) 

1230 days of data

Message: Prediction models very 
likely need revision to be able 

to explain observations

235U is suspected element
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Yury Malyshkin Daya Bay and JUNO 12 

JUNO Location  

JUNO 

N 22°07’05”, E 112°31’05” 
Jinji town, Kaiping city,  
Jiangmen city, Guangdong province 

N 22°07’05”, E 112°31’05” 
Jinji town, Kaiping city,  
Jiangmen city, Guangdong province 

Hong Kong 

Guangzhou 

Southern 
China 

JUNO Location & Collaboration
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Courtesy of Yury Malyshkin

Collaboration: 71 institutions with 533 members

52.5 km

52
.5

 k
m

JUNO
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JUNO Experiment

Multipurpose experiment with primary goal to determine neutrino mass 
hierarchy (MH) 
Using reactor neutrino oscillations on medium baseline 
First experiment to measure two neutrino oscillation modes simultaneously

14

Central detector
20 t liquid scintillator 

detector 

Water pool
 Ultrapure water 

Cherenkov detector  

Top tracker
3 layers of plastic 

scintillator 

Keys to Precise Measurement:
• Powerful source: 10 nuclear reactors 

(26.6 TWth in 2020, later 35.7 GWth) 
• Ideal baseline: 52.5 km 
• Shielding: 700 m underground 
• Huge target mass: Single 20 kt LS detector  

- ~105 events in 6 years detected via IBD 
• Superb energy resolution: 3%@1 MeV 

- High-yield scintillator 
- 75% photo coverage 

• Systematics suppression: 
- Unique combination of two sets of PMTs: 

17k 20-inch PMTs + 25k 3-inch PMTs 
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JUNO Physics Program

15

Reactor neutrino oscillations: Other physics:
Mass hierarchy determination 
Precise measurement of particular 
oscillation parameters

Parameter Current 
precision (1σ)

Improvement 
by JUNO

sin22θ12 5% <0.7%
Δm212 2.3% <0.6%

Δm312 2.5% 
sign unknown

<0.5% 
sign determination

Supernova (SN) neutrinos
• 104 events from SN @ 10 kpc 
• Testing SN models 
• Possibility of independent 

determination of MH 
Diffused SN neutrinos
• 1-4 events per year 
• Discovery if measured 

Geoneutrinos
• see next slide 

Solar neutrinos
• 7Be neutrinos detected via elastic 

scattering 

Proton decay
• p->K++ν 

…and more

Courtesy of Yury Malyshkin
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Summary of Daya Bay&JUNO
Daya Bay experiment 
• Provided most precise measurement of sin22θ13 and |Δm2ee| 

• Searched for sterile neutrinos itself as well as joined analysis  
with MINOS 

• Measured reactor neutrino properties: Spectrum shape, absolute flux, 
fuel evolution -> Predictions do not correspond to the data 

• Run until 2020 - Precision of sin22θ13 <3% by then 
JUNO experiment 
• Start data taking 2020 
• Broad physics program including: 

- Neutrino mass hierarchy determination 
- Reduction of the uncertainty of particular oscillation parameters 
- Measurement of neutrinos from various sources
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ANDES 3 kt Liquid Scintillator Detector

17

Cavern can accommodate  
~3 kt liquid scintillator (LS) detector
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The Earth Dynamics

18

Inner core - Solid metal

Outer core - Molten metal

 Upper and lower mantle 
Solid but viscous silicate rock

Crust - Lower density silicate rock

Surface heat flow: (46±3) TW*

Cooling of the interior: ? TW
=

Heat sources: ? TW
+

Plate tectonics

Earth 
dynamics

*Jaupart et al. (2007)
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Heat Sources - Radioactivity

Radionuclides in the Earth:

19

Energy per decay chain 
Part carried away by geoneutrinos 

Rest is converted to heat

Geoneutrinos: 
Mostly electron antineutrinos

Radiogenic heat  
breakdown: 
238U: ~40% 
232Th: ~40% 

40K: ~20%

L
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estimates the energy escaping the Earth on average each time
a parent nuclide decays. The average energy of 40K requires a
small correction, accounting for the emission of the neutrino
from electron capture. Subtracting the average escape energy
from the decay energy computes the radiogenic heat absor-
bed by the Earth on average per decay (Qh = Q ! Qn). The
calculated rate of heating per unit mass of the parent nuclide,
or the isotopic heat generation, is

h ¼ NAl
m

Qh ð6Þ

with NA Avogadro’s number, l the decay constant, and m the
molar mass. Table 1 presents the quantities used to calculate
the radiogenic power of 238U, 235U, 232Th, and 40K. These
quantities also allow calculation of the isotopic antineutrino
luminosity

l ¼ NAl
m

nne : ð7Þ

Element specific heat generation and antineutrino luminosity
follow from summing the isotopic values weighted by natural
abundance. Table 2 presents values for uranium, thorium and

potassium. These concur with values from similar recent
calculations [Enomoto et al., 2007; Fiorentini et al., 2007].
Previous calculations of heat production tend to underesti-
mate the contributions from uranium and thorium and over-
estimate the contribution from potassium at about the 4%
level or less [Hamza and Beck, 1972; Rybach, 1988].

3. GEONEUTRINO DETECTION

[13] Geoneutrino detection presently exploits a coinci-
dence of signals from quasi-elastic scattering on a free pro-
ton (hydrogen nucleus) in organic scintillating liquid. This
follows the traditional method for real-time measurement of
reactor antineutrinos, which was developed decades ago
[Reines and Cowan, 1953]. In this neutron inverse beta
decay reaction, an electron antineutrino becomes a positron
by collecting the electric charge from a proton, which
becomes a neutron [Vogel and Beacom, 1999].

ne þ p→eþ þ n ð8Þ

Both reaction products produce signals, correlated in posi-
tion and time. The positron retains most of the available
energy, which is approximately the electron antineutrino
energy (Ene ) minus the difference between the rest mass
energy of the neutron and proton (D = Mn ! Mp). It rapidly
(<1 ns) loses kinetic energy through ionization, producing a
prompt signal proportional to the energy of the electron
antineutrino.

Te ¼ Ene !D! me ð9Þ

The positron soon annihilates with an electron, releasing
gamma rays with total energy equal to twice the electron
mass. If the gamma rays interact within the detector, typically
by Compton scattering, this increases the energy and spatial
spread of the prompt signal. Prior to annihilation, the positron
has a significant probability (&50% in scintillating liquid) of
briefly forming a bound state with an electron (positronium),
delaying the annihilation signal by several nanoseconds
[Franco et al., 2011]. Although this delay degrades the
positron position resolution, it provides a method for reject-
ing background.
[14] The momentum of the electron antineutrino transfers

principally to the neutron, initially moving forward and losing
energy through collisions with hydrogen nuclei. Some of the
recoiling protons contribute relatively small amounts of ioni-
zation energy to the prompt signal. After coming to thermal
equilibrium, the neutron diffuses through the medium, typi-
cally for many microseconds before getting absorbed by an

Figure 1. These curves show the antineutrino intensity
energy spectra per decay of 238U, 232Th, 235U, and 40K,
which are the main nuclides contributing to terrestrial radio-
genic heating and the surface geoneutrino flux.

TABLE 1. Parent Nuclide Quantities for Radiogenic Heating and Geoneutrino Flux

Nuclide Percent n.a. m (g/mol) l (10!18 s!1) nne Q (pJ) Qn (pJ) Qh (pJ) h (mW/kg) l (kg!1ms!1)

238U 99.2796 238 4.916 6 8.282 0.634 7.648 95.13 74.6
235U 0.7204 235 31.210 4 7.434 0.325 7.108 568.47 319.9
232Th 100.0000 232 1.563 4 6.833 0.358 6.475 26.28 16.2
40K 0.0117 40 17.200 0.893 0.213 0.103 0.110 28.47 231.2

DYE: GEONEUTRINOS RG3007RG3007

4 of 19

Dye (2012)Geoneutrino energy above IBD threshold
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Breakdown of the Heat Balance

20

LowQ 
~10 TW

Surface heat flow 
(46±3) TW

Crust 
(7±1) TW

Mantle 
(13±4) TW

Mantle cooling 
(10-23) TW

Core cooling 
(4-15) TW

0.4 TW

MiddleQ 
~20 TW

HighQ 
~30 TW

*Huang et al. (2013) 
**McDonough&Sun (1995)

6.8 TW*

6.8 TW*

6.8 TW*

3.2 TW

13.2 TW

23.2 TW

Bulk Silicate Earth 
(BSE) models:

BSE: (20±4) TW**

Cooling Heat sources
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Geoneutrino Measurements so far

2005 - KamLAND - first to measure geo-v’s 

2016 - KamLAND - best precision - 17% uncertainty  

Only two experiments so far: KamLAND and Borexino

21

1 TNU (Terrestrial Neutrino Unit) = 1 event detected by IBD per year on 1032 protons 
KamLAND - 1 kt

Borexino - 280 t

KamLAND Borexino
2005 2011 2013 20132010 20152016

preliminary
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Upcoming Experiments

22

Borexino
0.28 kt

KamLAND
1 kt

Jinping
~3 kt

JUNO
20 kt

SNO+
0.8 kt

ANDES
3 kt

OBD
50 kt
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Geoneutrino Measurement at JUNO
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Figure 8-8: Result of a single toy Monte Carlo for 10-year measurement with Th and U components
left free and independent. The data points show the energy spectrum of prompt candidates of events
passing IBD selection cuts. The different spectral components are shown as they result from the
fit; black line shows the total sum for the best fit. The U and Th signal are shown in red and
black areas, respectively. The following colour code applies to the backgrounds: orange (reactor
antineutrinos), green (9Li - 8He), blue (accidental), small magenta (α, n).
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Potential:

Chinese Physics C Vol. XX, No.XX (201X) XXXXXX

where N obs
i,geo(U) and N obs

i,geo(Th) are the geo-neutrino
events from U and Th respectively. Therefore, we only
have to determine a total geo-neutrino event normaliza-
tion α in the fitting process. Considering the increas-
ing running time, we can determine the errors of geo-
neutrino measurements in α, which is shown in Fig. 4.
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Fig. 4. The 1σ uncertainty of geo-neutrino mea-
surements as a function of running time at JUNO
with a fixed chondritic Th/U ratio.

With 1, 3, 5, and 10 years of data, the precision of the
geo-neutrino measurement with a fixed chondritic Th/U
ratio is 13%, 8%, 6% and 5%, respectively, which as ex-
pected, decreases with higher statistics.

4.2 Scenario with a free Th/U ratio

The high statistics geo-neutrino events at JUNO also
provide us the potential to measure individually the U
and Th contributions. Therefore, in this senario, the
experimental assumptions are the same as before. How-
ever, two individual fitting parameters for the U and Th
contributions of Eq. (10) are assumed as follows:

Npred
i,geo =N obs

i,geo(U)×α+N obs
i,geo(Th)×β . (12)

Using the least-squares method, the two-dimensional χ2

distributions are shown in Fig. 5 for one (upper panel)
and ten (lower panel) years of running, where the blue,
green and red lines correspond to the allowed ranges of
1σ, 2σ and 3σ confidence levels respectively. Within the
first year of running, we derive the precision of Th and U
contributions to be 80% and 40%, respectively. With the
increase of data-taking time, accuracy of 30% and 15%
respectively can be obtained for ten years of running,
which could allow us to get high-significance measure-
ments of the Th and U components in the Earth, and
test the chondritic assumption of geological studies.

U[30.0TNU]
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Th
[9

.0
TN

U
]

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
chi2D

Entries  10000
Mean x   1.008

Mean y   1.005
RMS x  0.7353

RMS y  0.6227

chi2D
Entries  10000
Mean x   1.008

Mean y   1.005
RMS x  0.7353

RMS y  0.6227

U[30.0TNU]
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Th
[9

.0
TN

U
]

0.2

0.4
0.6

0.8
1

1.2

1.4

1.6

1.8

chi2D
Entries  10000
Mean x  0.9823

Mean y  0.9991

RMS x  0.7275

RMS y  0.6108

chi2D
Entries  10000
Mean x  0.9823

Mean y  0.9991

RMS x  0.7275

RMS y  0.6108

Fig. 5. The χ2 distribution with a free Th/U ratio
for one year (upper panel) and ten years (lower
panel) running, where the blue, green and red
lines correspond to the allowed ranges of 1σ, 2σ
and 3σ confidence levels respectively.

4.3 Extracting the mantle component

Geo-neutrinos are generated from the crust and man-
tle regions of the Earth. However, different from the
crust, the mantle is almost unreachable and we have very
limited knowledge of the abundance and distribution of
radioactive elements in the mantle. The amount of ra-
dioactive heat coming from the mantle is unknown and
model-dependent [3, 19–23].

In principle the angular information of geo-neutrinos
can help us to disentangle the mantle and crust contri-
butions, but current (i.e., KamLAND and Borexino) and
next-generation (i.e., SNO+ and JUNO) experiments are
using LS detectors, which are insensitive to the direction
of low energy neutrinos. As a result, we are left with
an indirect substraction method of extracting the man-
tle component of geo-neutrino events. In this respect,

010201-6
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where N obs
i,geo(U) and N obs

i,geo(Th) are the geo-neutrino
events from U and Th respectively. Therefore, we only
have to determine a total geo-neutrino event normaliza-
tion α in the fitting process. Considering the increas-
ing running time, we can determine the errors of geo-
neutrino measurements in α, which is shown in Fig. 4.
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With 1, 3, 5, and 10 years of data, the precision of the
geo-neutrino measurement with a fixed chondritic Th/U
ratio is 13%, 8%, 6% and 5%, respectively, which as ex-
pected, decreases with higher statistics.

4.2 Scenario with a free Th/U ratio

The high statistics geo-neutrino events at JUNO also
provide us the potential to measure individually the U
and Th contributions. Therefore, in this senario, the
experimental assumptions are the same as before. How-
ever, two individual fitting parameters for the U and Th
contributions of Eq. (10) are assumed as follows:

Npred
i,geo =N obs

i,geo(U)×α+N obs
i,geo(Th)×β . (12)

Using the least-squares method, the two-dimensional χ2

distributions are shown in Fig. 5 for one (upper panel)
and ten (lower panel) years of running, where the blue,
green and red lines correspond to the allowed ranges of
1σ, 2σ and 3σ confidence levels respectively. Within the
first year of running, we derive the precision of Th and U
contributions to be 80% and 40%, respectively. With the
increase of data-taking time, accuracy of 30% and 15%
respectively can be obtained for ten years of running,
which could allow us to get high-significance measure-
ments of the Th and U components in the Earth, and
test the chondritic assumption of geological studies.
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Fig. 5. The χ2 distribution with a free Th/U ratio
for one year (upper panel) and ten years (lower
panel) running, where the blue, green and red
lines correspond to the allowed ranges of 1σ, 2σ
and 3σ confidence levels respectively.

4.3 Extracting the mantle component

Geo-neutrinos are generated from the crust and man-
tle regions of the Earth. However, different from the
crust, the mantle is almost unreachable and we have very
limited knowledge of the abundance and distribution of
radioactive elements in the mantle. The amount of ra-
dioactive heat coming from the mantle is unknown and
model-dependent [3, 19–23].

In principle the angular information of geo-neutrinos
can help us to disentangle the mantle and crust contri-
butions, but current (i.e., KamLAND and Borexino) and
next-generation (i.e., SNO+ and JUNO) experiments are
using LS detectors, which are insensitive to the direction
of low energy neutrinos. As a result, we are left with
an indirect substraction method of extracting the man-
tle component of geo-neutrino events. In this respect,
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JUNO geo-v advantage 
• High statistics 
• In 1 year - highest sample of geo-v’s 
JUNO geo-v limitation 
• Huge reactor background 
• Large cosmic-ray muon induced 

background
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Geoneutrino Measurement at ANDES
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Fast 
neutrons 0.50±0.15 10×Jinping ⇐ 10×higher muon flux

9Li/8He 7.0±2.1 10×Jinping ⇐ 10×higher muon flux

13C(α,n)16O 3.0±0.9 JUNO-like scintillator

Only 238U and 232Th geo-v’s can be detected

Event rates at ANDES 3 kt liquid scintillator detector
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For fixed RTh/U≃4 
• σgeo-v=5.1%[4.7% stat. only] in 6 years of data 
• σgeo-v=4.0% in 10 years 
For free RTh/U: 
•  Rule out zero Th flux on ~4σ in 6 years of data (>5σ in 10 years)
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Design: What Matters for Geoneutrinos
What is needed to perform good geo-v measurement? 

• Low cosmic ray muon flux-> Be underground 

• Low reactor antineutrino flux -> Be far from reactors  

• Low radioactivity -> Purified liquid scintillator 

• High statistics -> Large detector (3 kt?) 

What does not matter that much 

• No need for superb energy resolution 

• Even ~10%@1 MeV is enough

26
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Reactor Neutrino Background

Daya Bay shown that predictions of the reactor neutrino flux does 
not match measured data 

Daya Bay has measured the generic antineutrino spectrum 

We use it as the best description of this background we currently 
have

27

Reactor signal 
in geo-v window

1σ uncertainty
(10 years)

JUNO 355 TNU 5->8%
Jinping 6.8+ TNU 3.3->?%
ANDES 0.9 TNU 4.0%

Predictions do not agree with data-> 
Using Daya Bay Reactor Neutrino Spectrum:

Courtesy 
of O. Šrámek

Antineutrino flux in geo-v 
energy signal window



B. Roskovec Geoneutrinos @ ANDES 

Information from Geoneutrino Measurements
Geoneutrinos can reveal the contribution of cooling/heat sources to the 
drive of Earth dynamics -> depends on radionuclides in the mantle

28

Current prediction: 
~13% uncertainty

Current measurements: 
>17% uncertainty

Future prediction: 
~7% uncertainty

Local crust model 
(L≲300 km): 

Input from various 
geophysicist fields

www.nature.com/scientificreports/
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lithospheric signal, which must be subtracted from the total measurement. In our geoneutrino emission model 
the uncertainty in the lithospheric flux simply scales with the lithospheric flux magnitude and is therefore com-
paratively large at Jinping.

It has been recognized that a large fraction of the expected geoneutrino flux at a detector originates from the 
closest few hundred km surrounding a detector24. Figure 1 shows the lithospheric contribution to the geoneutrino 
flux coming from the surrounding 1°longitude ×  1°latitude tiles of the C1 discretization. Almost a quarter of the 
signal (23%) originates in the tile in which Jinping sits. The plot of cumulative geoneutrino flux versus distance to 
emitter (Fig. 3) at Jinping shows the steepest sloping curve of all detectors, where 50% of signal originates within 
300 km distance, 60% within 500 km, and 70% within 1000 km. Thus, it is fundamentally important to charac-
terize the local geology as it represents the largest contributor to the signal and uncertainty on the total expected 
flux. The geoneutrino flux estimates from the local lithosphere must become constrained by multiple geophysical 
and geochemical observables including existing heat flow data, seismic observations, gravity data, and meas-
ured element abundances in rocks. Local crustal studies have been performed around KamLAND, Borexino, and 
SNO+  and constitute an urgent challenge for geoscience in geoneutrino research at Jinping and JUNO.

The area around Jinping has been heavily studied because of the many devastating earthquakes that have 
occurred in the region, with the most recent ones being the 2008 Wenchuan (Sichuan) earthquake and the 2013 
Lushan earthquake42–46. Furthermore, Jinping is sited on the eastward facing ramp of the Tibetan Plateau that 
abuts the Sichuan Basin and is known to be located in one of the world’s fastest moving geological regions, with 
vertical uplift rates reaching up to 6 mm/yr and horizontal movements exceeding 10 mm/yr47. Hundreds of GPS 
measurements and identification of the many major tectonic faults reveal large scale tectonic block rotation and 
crustal flow in the region48–51. This region has been and continues to be intensely studied for both understanding 

Reservoir
Geoneutrino flux in TNU†

Th U Th + U
Upper CC +  sediments 7.37 ±  0.74 28.3 ±  6.0 35.7 ±  6.7
Middle CC 2.70 ±  0.22 8.1 ±  2.5 10.8 ±  2.7
Lower CC 0.292 ±  0.088 0.72 ±  0.22 1.02 ±  0.31
OC sediments 0.032 ±  0.002 0.102 ±  0.005 0.134 ±  0.008
OC crust 0.009 ±  0.003 0.045 ±  0.013 0.054 ±  0.016
CC +  OC 10.40 ±  0.77 37.3 ±  6.5 47.7 ±  7.2
CLM . − .

+ .0 40 0 25
0 56 . − .

+ .1 4 0 8
1 7 . − .

+ .1 8 1 1
2 3

CC +  OC +  CLM . − .
+ .11 0 0 9

1 1 39.3 ±  6.8 . − .
+ .50 4 7 6

7 8

Depleted Mantle (DM) . − .
+ .0 67 0 17

0 15 . − .
+ .3 68 0 93

0 83 . − .
+ .4 35 1 10

0 99

Enriched Mantle* (EM) . − .
+ .0 87 0 34

0 44 . − .
+ .2 6 1 6

2 2 . − .
+ .3 5 2 0

2 6

DM +  EM . − .
+ .1 59 0 47

0 43 . − .
+ .6 6 2 2

2 1 . − .
+ .8 1 2 7

2 5

TOTAL . − .
+ .12 6 0 9

1 0 45.9 ±  6.4 . − .
+ .58 5 7 2

7 4

Table 1.  Prediction of geoneutrino flux at Jinping location: 28.15°N, 101.71°E, 2400 m depth, based on 
CRUST1.038 model of the crustal structure. *See text for details on how the EM was determined to satisfy 
BSE model. †See text for details on units. CC =  Continental Crust; OC =  Oceanic Crust; CLM =  Continental 
Lithospheric Mantle.

Figure 2. Geoneutrino flux predictions at geoneutrino detectors, showing contributions from Near-field 
crust (NFC), Far-field crust (FFC), and the convecting Mantle (DM + EM). NFC is a 6°longitude by 4°latitude 
region centered at the detector location. NFC and FFC include the small contribution (< 2 TNU) from the 
underlying Continental Lithospheric Mantle (CLM). See Fig. 1 for detector locations and TNU.

Future measurements: 
~5% uncertainty

Even single measurement 
can improve the model

Combination of prediction 
and measurements: 

Mantle heat production

Prediction: Measurement:
Šrámek et al. (2016) 
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Constraining Mantle with Several Measurements

29
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crust of the Himalayas to the west and the normal ~40 km crust of eastern China. While currently unable to 
measure geoneutrino directionality, predictions of azimuthal signal intensity provide insight into the geology of 
the local crust and inform mapping and sampling efforts for regional geologic models.

Conclusion
The predicted geoneutrino signal for the proposed Jinping Neutrino Experiment is . − .+ .58 5 7 2

7 4 TNU, of which 
. − .
+ .50 4 7 6

7 8 TNU is from the Crust +  Continental Lithospheric Mantle and . − .+ .8 1 2 7
2 5 TNU is from the 

Depleted +  Enriched Mantle. The Jinping measurement, combined with geoneutrino measurements at other con-
tinental sites, is currently our best chance at resolving the mantle signal. Dedicated geophysical effort toward an 
accurate local lithospheric model is required. This is a realistic goal, given the wealth of geophysical data in this 
well studied seismogenic region at the boundary between the Tibetan Plateau and the Sichuan Basin.

Refinement to model predictions of the lithospheric flux are crucial to reducing the uncertainty estimates of 
the mantle flux. The strategy mapped out here reveals that geoneutrino data will constrain the amount of radio-
genic heat production in the mantle by combining all measurements from continental detection sites to reduce 
the uncertainty. Reference model predicts that constraining the mantle’s radiogenic heat production to 12 ±  4 TW 
is achievable within 8 years. Such a strategy will successfully discriminate between models of the Earth’s compo-
sition, i.e., the previously described low-Q, medium-Q, and high-Q models predicting anywhere from 2 TW to > 
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Figure 4. Top: Most recent measurement of total geoneutrino flux at KamLAND (KL)31 and Borexino (BX)33 
(vertical axis) vs. lithospheric flux prediction (this study). Best fit of slope 1 line shown as red dashed line, 
including ± 1σ uncertainty (red band). The y-intercept reveals signal from the convecting mantle (DM +  EM), 
which scales with radiogenic power in BSE (purple). Bottom: Simulated measurements in year 2025 (vertical 
axis) vs. lithospheric predictions at geoneutrino detectors KL, JUNO, BX, SNO+ , and Jinping (JP). Assumes 
that detectors measure the nominal value predicted by the emission model, and measurement uncertainty is 
assumed to be 11% (KL)52, 6% (JUNO)53, 13% (BX), 9% (SNO+ ), and 4% (JP)28, respectively. We show results 
for two BSE compositional estimates, previously termed medium-Q and low-Q models21,58. The solution of 
mantle flux for the medium-Q model translates into 12 ±  4 TW of radiogenic power in the mantle.

Total flux 
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Lithosphere flux 
(predicted)
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Mantle flux 
(measured - predicted)

Šrámek et al. (2016) 
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crust of the Himalayas to the west and the normal ~40 km crust of eastern China. While currently unable to 
measure geoneutrino directionality, predictions of azimuthal signal intensity provide insight into the geology of 
the local crust and inform mapping and sampling efforts for regional geologic models.

Conclusion
The predicted geoneutrino signal for the proposed Jinping Neutrino Experiment is . − .+ .58 5 7 2

7 4 TNU, of which 
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7 8 TNU is from the Crust +  Continental Lithospheric Mantle and . − .+ .8 1 2 7
2 5 TNU is from the 

Depleted +  Enriched Mantle. The Jinping measurement, combined with geoneutrino measurements at other con-
tinental sites, is currently our best chance at resolving the mantle signal. Dedicated geophysical effort toward an 
accurate local lithospheric model is required. This is a realistic goal, given the wealth of geophysical data in this 
well studied seismogenic region at the boundary between the Tibetan Plateau and the Sichuan Basin.

Refinement to model predictions of the lithospheric flux are crucial to reducing the uncertainty estimates of 
the mantle flux. The strategy mapped out here reveals that geoneutrino data will constrain the amount of radio-
genic heat production in the mantle by combining all measurements from continental detection sites to reduce 
the uncertainty. Reference model predicts that constraining the mantle’s radiogenic heat production to 12 ±  4 TW 
is achievable within 8 years. Such a strategy will successfully discriminate between models of the Earth’s compo-
sition, i.e., the previously described low-Q, medium-Q, and high-Q models predicting anywhere from 2 TW to > 
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Figure 4. Top: Most recent measurement of total geoneutrino flux at KamLAND (KL)31 and Borexino (BX)33 
(vertical axis) vs. lithospheric flux prediction (this study). Best fit of slope 1 line shown as red dashed line, 
including ± 1σ uncertainty (red band). The y-intercept reveals signal from the convecting mantle (DM +  EM), 
which scales with radiogenic power in BSE (purple). Bottom: Simulated measurements in year 2025 (vertical 
axis) vs. lithospheric predictions at geoneutrino detectors KL, JUNO, BX, SNO+ , and Jinping (JP). Assumes 
that detectors measure the nominal value predicted by the emission model, and measurement uncertainty is 
assumed to be 11% (KL)52, 6% (JUNO)53, 13% (BX), 9% (SNO+ ), and 4% (JP)28, respectively. We show results 
for two BSE compositional estimates, previously termed medium-Q and low-Q models21,58. The solution of 
mantle flux for the medium-Q model translates into 12 ±  4 TW of radiogenic power in the mantle.
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crust of the Himalayas to the west and the normal ~40 km crust of eastern China. While currently unable to 
measure geoneutrino directionality, predictions of azimuthal signal intensity provide insight into the geology of 
the local crust and inform mapping and sampling efforts for regional geologic models.

Conclusion
The predicted geoneutrino signal for the proposed Jinping Neutrino Experiment is . − .+ .58 5 7 2

7 4 TNU, of which 
. − .
+ .50 4 7 6

7 8 TNU is from the Crust +  Continental Lithospheric Mantle and . − .+ .8 1 2 7
2 5 TNU is from the 

Depleted +  Enriched Mantle. The Jinping measurement, combined with geoneutrino measurements at other con-
tinental sites, is currently our best chance at resolving the mantle signal. Dedicated geophysical effort toward an 
accurate local lithospheric model is required. This is a realistic goal, given the wealth of geophysical data in this 
well studied seismogenic region at the boundary between the Tibetan Plateau and the Sichuan Basin.

Refinement to model predictions of the lithospheric flux are crucial to reducing the uncertainty estimates of 
the mantle flux. The strategy mapped out here reveals that geoneutrino data will constrain the amount of radio-
genic heat production in the mantle by combining all measurements from continental detection sites to reduce 
the uncertainty. Reference model predicts that constraining the mantle’s radiogenic heat production to 12 ±  4 TW 
is achievable within 8 years. Such a strategy will successfully discriminate between models of the Earth’s compo-
sition, i.e., the previously described low-Q, medium-Q, and high-Q models predicting anywhere from 2 TW to > 
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Figure 4. Top: Most recent measurement of total geoneutrino flux at KamLAND (KL)31 and Borexino (BX)33 
(vertical axis) vs. lithospheric flux prediction (this study). Best fit of slope 1 line shown as red dashed line, 
including ± 1σ uncertainty (red band). The y-intercept reveals signal from the convecting mantle (DM +  EM), 
which scales with radiogenic power in BSE (purple). Bottom: Simulated measurements in year 2025 (vertical 
axis) vs. lithospheric predictions at geoneutrino detectors KL, JUNO, BX, SNO+ , and Jinping (JP). Assumes 
that detectors measure the nominal value predicted by the emission model, and measurement uncertainty is 
assumed to be 11% (KL)52, 6% (JUNO)53, 13% (BX), 9% (SNO+ ), and 4% (JP)28, respectively. We show results 
for two BSE compositional estimates, previously termed medium-Q and low-Q models21,58. The solution of 
mantle flux for the medium-Q model translates into 12 ±  4 TW of radiogenic power in the mantle.
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Summary of ANDES 3 kt LS Detector
Geoneutrino physics: 
• ANDES the third deepest underground laboratory - Low muon flux 
• The lowest reactor background among continental experiments 
• Measurement in the location with one of the thickest crust (D>60 km) 
• The only detector in a convergent margin tectonic setting, where 

oceanic plate is subducted beneath continental crust 
• First deep underground laboratory in southern hemisphere 
• Potentially the most precise  

geo-v measurement 
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Propaganda: 
• Opportunity for physicists  

from Latin America 
• Investment to the future - LS detectors has demonstrated long lifetime 

full of interesting results: KamLAND (since 2002), SNO (since 1999), 
SuperKamiokande (since1996)  

?
🏆ANDES 
🏆Jinping 
🏆JUNO


