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History of Reactor Experiments
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1980s & 1990s - Reactor neutrino flux 
measurements in U.S. and Europe 

1995 - Nobel Prize to Fred 
Reines at UC Irvine

2003 - First observation of reactor 
antineutrino disappearance

1956 - First observation 
of (anti)neutrinos

Past Reactor Experiments
Hanford
Savannah River
ILL, France
Bugey, France
Rovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde
Chooz, France

2008 - Precision measurement of 
Δm122 . Evidence for oscillation

KamLAND

Chooz

Savannah River

Chooz

55 years of liquid scintillator detectors
A story of varying baselines... 

70

2012 - Observation of short baseline 
reactor electron neutrino disappearance

KamLAND, Japan
Double Chooz, France
Reno, Korea
Daya Bay, China

courtesy: Karsten Heeger

Daya Bay
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Nuclear Reactors and Neutrinos
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TABLE II: Estimated backgrounds after selection efficiencies.

Background Contribution
Accidentals 80.5± 0.1
9Li/8He 13.6± 1.0
Fast neutron & Atmospheric ! <9.0
13C(",n)16Ogs, np ! np 157.2± 17.3
13C(",n)16Ogs, 12C(n,n!)12C" (4.4 MeV #) 6.1± 0.7
13C(",n)16O 1st exc. state (6.05 MeV e+e#) 15.2± 3.5
13C(",n)16O 2nd exc. state (6.13 MeV #) 3.5± 0.2
Total 276.1± 23.5

the scattered neutron but the cross sections are not known
precisely. A 210Po13C source was employed to study the
13C(!,n)16O reaction and tune a simulation using the cross
sections from Ref. [10, 11]. We find that the cross sections for
the excited 16O states from Ref. [10] agree with the 210Po13C
data after scaling the 1st excited state by 0.6; the 2nd excited
state requires no scaling. For the ground-state we use the cross
section from Ref. [11] and scale by 1.05. Including the 210Po
decay-rate, we assign an uncertainty of 11% for the ground-
state and 20% for the excited states. Accounting for "(Ep),
there should be 182.0± 21.7 13C(!,n)16O events in the data.

To mitigate background arising from the cosmogenic beta
delayed-neutron emitters 9Li and 8He, we apply a 2 s veto
within a 3-m-radius cylinder around well-identified muon
tracks passing through the LS. For muons that either deposit
a large amount of energy or cannot be tracked, we apply a 2 s
veto of the full detector. We estimate that 13.6± 1.0 events
from 9Li/8He decays remain by fitting the time distribution of
identified 9Li/8He since the prior muons. Spallation-produced
neutrons are suppressed with a 2 ms full-volume veto after a
detected muon. Some neutrons are produced by muons that
are undetected by the OD or miss the OD but interact in the
nearby rock. These neutrons can scatter and capture in the LS,
mimicking the #e signal. We also expect background events
from atmospheric neutrinos. The energy spectrum of these
backgrounds is assumed to be flat to at least 30 MeV based on
a simulation following [12]. The atmospheric # spectrum [13]
and interactions were modeled using NUANCE [14]. We ex-
pect fewer than 9 neutron and atmospheric # events in the
data-set. We observe 15 events in the energy range 8.5 –
30 MeV, consistent with the limit reported previously [15].

The accidental coincidence background above 0.9 MeV is
measured with a 10-ms-to-20-s delayed-coincidence window
to be 80.5± 0.1 events. Other backgrounds from ($,n) inter-
actions and spontaneous fission are negligible.

Anti-neutrinos produced in the decay chains of 232Th and
238U in the Earth’s interior are limited to prompt ener-
gies below 2.6 MeV. The expected geo-neutrino flux at the
KamLAND location is estimated with a geological reference
model [9], which assumes a radiogenic heat production rate
of 16 TW from the U and Th-decay chains. The calculated #e

fluxes for U and Th-decay, including a suppression factor of
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FIG. 1: Prompt event energy spectrum of !e candidate events.
All histograms corresponding to reactor spectra and expected back-
grounds incorporate the energy-dependent selection efficiency (top
panel). The shaded background and geo-neutrino histograms are cu-
mulative. Statistical uncertainties are shown for the data; the band on
the blue histogram indicates the event rate systematic uncertainty.

0.57 due to neutrino oscillation, are 2.24!106 cm!2s!1 (56.6
events) and 1.90!106 cm!2s!1 (13.1 events), respectively.

With no #e disappearance, we expect 2179± 89 (syst)
events from reactors. The backgrounds in the reactor energy
region listed in Table II sum to 276.1± 23.5; we also expect
geo-neutrinos. We observe 1609 events.

Figure 1 shows the prompt energy spectrum of selected
#e events and the fitted backgrounds. The unbinned data is
assessed with a maximum likelihood fit to two-flavor neu-
trino oscillation (with %13 = 0), simultaneously fitting the geo-
neutrino contribution. The method incorporates the abso-
lute time of the event and accounts for time variations in
the reactor flux. Earth-matter oscillation effects are included.
The best-fit is shown in Fig. 1. The joint confidence in-
tervals give !m2

21 = 7.58+0.14
!0.13(stat)+0.15

!0.15(syst) ! 10!5 eV2

and tan2 %12 = 0.56+0.10
!0.07(stat)+0.10

!0.06(syst) for tan2 %12<1. A
scaled reactor spectrum with no distortion from neutrino os-
cillation is excluded at more than 5&. An independent anal-
ysis using cuts similar to Ref. [2] gives !m2

21 = 7.66+0.22
!0.20 !

10!5 eV2 and tan2 %12 = 0.52+0.16
!0.10.

The allowed contours in the neutrino oscillation parame-
ter space, including !'2-profiles, are shown in Fig. 2. Only
the so-called LMA-I region remains, while other regions pre-
viously allowed by KamLAND at "2.2& are disfavored at
more than 4&. For three-neutrino oscillation, the data give
the same result for !m2

21, but a slightly larger uncertainty on
%12. Incorporating the results of SNO [16] and solar flux ex-
periments [17] in a two-neutrino analysis with KamLAND as-
suming CPT invariance, gives !m2

21 = 7.59+0.21
!0.21 ! 10!5 eV2

and tan2 %12 = 0.47+0.06
!0.05.

To determine the number of geo-neutrinos, we fit the nor-
malization of the #e energy spectrum from the U and Th-
decay chains simultaneously with the neutrino oscillation pa-
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where Md are the measured IBD events of the d-th
AD with its backgrounds subtracted, Bd is the corre-
sponding background, Td is the prediction from an-
tineutrino flux, including MC corrections and neu-
trino oscillations, !d

r is the fraction of IBD contribu-
tion of the r-th reactor to the d-th AD determined
by the baselines and antineutrino fluxes. The un-
correlated reactor uncertainty is "r (0.8%), as shown
in Table 6. The parameter "d (0.2%) is the uncor-
related detection uncertainty, listed in Table 4. The
parameter "B is the quadratic sum of the background
uncertainties listed in Table 5. The corresponding
pull parameters are (#r,$d,%d). The detector- and
reactor-related correlated uncertainties were not in-
cluded in the analysis. The absolute normalization $
was determined from the fit to the data.

The survival probability used in the &2 was

Psur = 1!sin2 2'13 sin
2(1.267!m2

31L/E)

! cos4 '13 sin
2 2'12 sin

2(1.267!m2
21L/E) ,

where !m2
31 = 2.32"10!3eV2,sin2 2'12 = 0.861+0.026

!0.022,
and !m2

21 =7.59+0.20
!0.21"10!5eV2 [53]. The uncertainty

in !m2
31 [14] had negligible e"ect and thus was not

included in the fit.
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Fig. 23. Ratio of measured versus expected

signals in each detector, assuming no oscilla-

tion. The error bar is the uncorrelated un-

certainty of each AD, including statistical,

detector-related, and background-related un-

certainties. The expected signal has been

corrected with the best-fit normalization pa-

rameter. Reactor and survey data were used

to compute the flux-weighted average base-

lines. The oscillation survival probability at

the best-fit value is given by the smooth curve.

The AD4 and AD6 data points were displaced

by -30 and +30 m for visual clarity. The !2

value versus sin2 2"13 is shown in the inset.

The best-fit value is

sin2 2'13 =0.089±0.010(stat.)±0.005(syst.)

with a &2/NDF of 3.4/4. All best estimates of pull pa-
rameters are within its one standard deviation based
on the corresponding systematic uncertainties. The
no-oscillation hypothesis is excluded at 7.7 standard
deviations. Fig. 23 shows the number of IBD can-
didates in each detector after correction for relative
e#ciency and background, relative to those expected
assuming no oscillation. A #1.5% oscillation e"ect
appears in the near halls, largely due to oscillation of
the antineutrinos from the reactor cores in the far-
ther cluster. The oscillation survival probability at
the best-fit values is given by the smooth curve. The
&2 value versus sin22'13 is shown in the inset.

The observed (e spectrum in the far hall was com-
pared to a prediction based on the near hall measure-
ments #Ma +)Mb in Fig. 24. The distortion of the
spectra is consistent with that expected due to oscilla-
tions at the best-fit '13 obtained from the rate-based
analysis.
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Fig. 24. Top: Measured prompt energy spec-

trum of the far hall (sum of three ADs) com-

pared with the no-oscillation prediction based

on the measurements of the two near halls.

Spectra were background subtracted. Uncer-

tainties are statistical only. Bottom: The ra-

tio of measured and predicted no-oscillation

spectra. The solid curve is the expected ra-

tio with oscillations, calculated as a function

of neutrino energy assuming sin2 2"13 = 0.089

obtained from the rate-based analysis. The

dashed line is the no-oscillation prediction.
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The Gate to Mass Hierarchy is Open

• How to resolve neutrino mass hierarchy 
using reactor neutrinos
– KamLAND (long-baseline) measures the solar 

sector parameters

– Short-baseline reactor neutrino experiments 
designed to utilize the oscillation of 
atmospheric scale

✓ Both scales can be probed by observing the 
spectrum of reactor neutrino flux
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Figure 2: The reactor !̄e energy spectrum at distance L = 20 km from the source, in the absence of
!̄e oscillations (double-thick solid line) and in the case of !̄e oscillations characterized by !m2

31 =
2.5 ! 10!3 eV2, sin2 2"" = 0.8 and sin2 " = 0.05. The thick lines are obtained for !m2

" = 2 ! 10!4

eV2 and correspond to NH (light grey) and IH (dark grey) neutrino mass spectrum. Shown is also the
spectrum for !m2

" = 6 ! 10!4 eV2 in the NH (dotted) and IH (dashed) cases.

Applying eq. (17) with !m2 = !m2
31, one sees that for the ranges of L which allow to probe

!m2
" from the LMAMSW solution region, the total event rate is not sensitive to the oscillations driven

by !m2
31 "> 1.5 ! 10!3 eV2. Thus, the total event rate analysis would determine !m2

" which would
be the same for both the normal and inverted hierarchy neutrino mass spectrum.
4.2 Energy Spectrum Distortions

An unambiguous evidence of neutrino oscillations would be the characteristic distortion of the
!̄e energy spectrum. This is caused by the fact that, at fixed L, neutrinos with different energies reach
the detector in a different oscillation phase, so that some parts of the spectrum would be suppressed
more strongly by the oscillations than other parts. The search for distortions of the !̄e energy spectrum
is essentially a direct test of the !̄e oscillations. It is more effective than the total rate analysis since it
is not affected, e.g., by the overall normalization of the reactor !̄e flux. However, such a test requires a
sufficiently high statistics and sufficiently good energy resolution of the detector used.

Energy spectrum distortions can be studied, in principle, in an experiment with L "= (20 # 25)
km. In Fig. 2 we show the comparison between the !̄e spectrum expected for !m2

" = 2 ! 10!4 eV2

and !m2
" = 6 ! 10!4 eV2 and the spectrum in the absence of !̄e oscillations. No averaging has been

performed and the possible detector resolution is not taken into account. The curves show the product
of the probabilities given by eqs. (9) and (13) and the predicted reactor !̄e spectrum [36]. As Fig.
2 illustrates, the !̄e spectrum in the case of oscillation is well distinguishable from that in the absence
of oscillations. Moreover, for !m2

" lying in the interval 10!4 eV2 < !m2
" "< 8.0 ! 10!4 eV2, the

shape of the spectrum exhibits a very strong dependence on the value of !m2
". A likelihood analysis

of the data would be able to determine the value of !m2
" from the indicated interval with a rather good

precision. This would require a precision in the measurement of the e+#spectrum, which should be
just not worse than the precision achieved in the CHOOZ experiment and that planned to be reached in

8
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L~20km

✓The mass hierarchy is contained in the spectrum
✓Independent of the unknown CP phase

the KamLAND experiment. If the energy bins used in the measurement of the spectrum are sufficiently
large, the value of !m2

! thus determined should coincide with value obtained from the analysis of the
total event rate and should be independent of !m2

31.

5 Normal vs. Inverted Hierarchy
In Fig. 2 we show the deformation of the reactor !̄e spectrum both for the normal and inverted

hierarchy neutrino mass spectrum: as long as no integration over the energy is performed, the deforma-
tions in the two cases of neutrino mass spectrum can be considerable, and the sub-leading oscillatory
effects driven by the atmospheric mass squared difference (see the first and the third line of eqs. (9) -
(13)) can, in principle, be observed. They could be used to distinguish between the two hierarchical pat-
terns, provided the solar mixing is not maximal 5, sin2 " is not too small and!m2

31 is known with high
precision. It should be clear that the possibility we will be discussing next poses remarkable challenges.

The experiment under discussion could be in principle an alternative to the measurement of
the sign of !m2

31 in long (very long) baseline neutrino oscillation experiments [21, 22, 23] or in the
experiments with atmospheric neutrinos (see, e.g., [24]).

The magnitude of the effect of interest depends, in particular, on three factors, as we have already
pointed out:

• the value of the solar mixing angle "!: the different behavior of the two survival probabilities
is due to the difference between sin2 "! and cos2 "!; correspondingly, the effect vanishes for
maximal mixing; thus, the more the mixing deviates from the maximal the larger the effect;

• the value of sin2 ", which controls the magnitude of the sub-leading effects due to !m2
31 on the

!m2
!!driven oscillations: the effect of interest vanishes in the decoupling limit of sin2 " " 0;

• the value of!m2
! (see Fig. 1): for given L and!m2

! the difference between the spectrum in the
cases of normal and inverted hierarchy is maximal at the minima of the survival probability, and
vanishes at the maxima.

A rough estimate of the possible difference between the predictions of the event rate spectrum
for the two hierarchical patterns, is provided by the ratio between the difference and the sum of the two
corresponding probabilities at !m2

!L = 2#E! :

PNH ! PIH

PNH + PIH
=

2 cos 2"! sin2 " cos2 "

1 ! 2 sin2 " cos2 " ! cos4 " sin2 2"!
cos #

!m2
31

!m2
!

. (19)

The ratio could be rather large: the factor in front of the cos # !m2
31/!m2

! is about 25% for sin2 2"! =
0.8 and sin2 " = 0.05.

The actual feasibility of the study under discussion depends crucially on the integration over
(i.e., the binning in) the energy: for the effect not to be strongly suppressed, the energy resolution of
the detector !E! must satisfy:

!E! #<
4# E2

!

!m2
31 L

$
2 ÷ 6 % 104 eV3

!m2
31 (L/km)

. (20)

5It would be impossible to distinguish between the normal and inverted hierarchy neutrino mass spectrum if for given
!m2

! > 10"4 eV2 and sin2 2!! != 1, the LMA solution region is symmetric with respect to the change !! " "/2 # !!
(cos 2!! " # cos 2!!). While the value of sin2 2!! is expected to be measured with a relatively high precision by the
KamLAND experiment, the sign of cos 2!! will not be fixed by this experiment. However, the !! # ("/2 # !!) ambiguity
can be resolved by the solar neutrino data. Note also that the current solar neutrino data disfavor values of cos 2!! < 0 in the
LMA solution region (see, e.g., [5, 6, 10]).
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Fourier Transformation to Extract Mass Hierarchy

4

• Treating L/E as the time domain, the 
frequency domain simply corresponds 
to Δm2

• In the Δm2 domain, take Δm2
32 as the 

reference point,
- NH: take “+” sign, the effective Δm2 peaks 

on the right of Δm2
32, then a valley

- IH:  take “-” sign, the effective Δm2 peaks 
on the left of Δm2

32, right to a valley

• Δm2 spectra have very distinctive 
features for different hierarchies

• In principle, no need for the absolute 
value of Δm2

32 L. Zhan et al., PRD78(2008)111103
J. Learned et al proposed the FT method 2006
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Reading the Signal in Another Way

• Reading it from a different 
perspective gives us, the 
experimentalists, a few 
obvious catches

– Δm2
32 uncertainty is too big 

for the small differences 
caused by different mass 
hierarchies. The shift can be 
easily absorbed by the 
uncertainty

– Energy resolution squeeze 
the “useful” part from the left

5
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The Energy Resolution Requirement

• In order to see the 
atmospheric scale oscillations 
in the survival spectrum, to 
the first order, the energy 
resolution should be at least 
the ratio between solar mass-
squared difference and the 
atmospheric one is ~3%

6
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Figure 4. The example curves for the non-linear model. See text for more explanations.

assumed to be flat. A 50% rate uncertainty is adopted. For a-N background, we expects ⇠6300
events, which is scaled from the KamLAND numbers. The energy spectrum is assumed to be the
same as measured in Daya Bay. A 20% rate uncertainty is adopted. For geoneutrino, we expects
⇠3600 events, which is scaled from the KamLAND. A 10% rate uncertainty is assumed. We took
the theoretical spectrum. For all the backgrounds above, we currently neglect the spectrum shape
related uncertainties.

2.3 Impact of detector energy responses

In order to study the effect of non-linear energy scale uncertainties, we have assumed 3 types of
energy models:

1. Model I:
The non-linear model set by Eq. 2.1, also shown as the blue curve in Fig. 4

2. Model II:
An linear shift in absolute energy scale uncertainty of 1%, sscale = 1%.

3. Model III:
The current preliminary Daya Bay non-linear model.

With the above 3 different energy scale models, we first perform a baseline scan. Fig. 5 shows the
sensitivity evolution with respect to baselines. Depending on the particular energy response models,
best baselines vary between 40km and 60km, which is consistent with other groups’ findings.

Now, let us examine the effect of energy resolution. For energy resolution, we have set up the
following generic model,

DE
E

=

r
a2 +

b2

E
+

c2

E2 . (2.3)

Where DE is the energy resolution at total visible energy E, a is due to energy leakage and detector
non-uniformity, c is due to background and noises and b is the term that depends photo-electron

– 7 –

leakage & 
non-uniformity

Photon
statistics

(dominant). 
Needs <3%

Noise
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Give The MH Signal a Closer Look

• At the energy where the effective mass-squared difference shift disappears, 
NH and IH spectra are identical. Below and above this energy, the phase 
difference between NH and IH shift in different direction.

7

S.F. Ge et al, arXiv:1210.8141 • It is obvious that the 
baseline is better 
beyond 30km

• Practically speaking 
(for real experiments), 
the power lies in the 
contrast between the 
lower part and the 
higher part of the 
inverse beta decay 
spectrum
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Energy Scale Places Another Challenge

• Oscillation is governed by ~Δm2
32/E, thus they 

have the same role

• Uncertainty in Δm2
32 causes nearly degenerated 

spectra between NH and IH

8

3

Figure 3. The region of sensitivity to resolv-
ing the mass hierarchy in sin2 2!13!event num-
ber (per detector) space. The black solid, the red
dashed, and the blue dotted curves denote the re-
gion boundary at 90%, 95%, and 99% CL, respec-
tively. The uncorrelated systematic uncertainties
are assumed to be of 0.2%.

We now turn to the question of whether reac-
tor neutrinos can be used to determine the neu-
trino mass hierarchy using the di!erence in the
disappearance probability for the normal and in-
verted hierarchies. This issue has been discussed
in some detail in a recent paper with respect to
the Hanohano experiment, see [3]. In Fig. 4 we
have plotted the percentage di!erence in the dis-
appearance probability assuming

"m2
ee(IH) = 1.008" "m2

ee(NH) (4)

with this choice the di!erence between the two
hierarchies is minimized in the energy window 2-
8 MeV accessible with reactors. If we know the
energy of the neutrinos exactly, Eobs = Etrue,
then the di!erence between the two hierarchies is
approximately 1%.

However, if the measured neutrino energy dif-
fers from the true energy by a small amount, say

Eobs = 1.015Etrue ! 0.07 MeV, (5)

Figure 4. The percentage di!erence between the
inverted hierarchy and the normal hierarchy. The
blue curve is assuming Eobs = Etrue and max-
imum di!erence is less than 2%. Whereas for
the red curve we have assumed that Eobs =
1.015Etrue ! 0.07 MeV for the IH, so as to repre-
sent a relative calibration uncertainty in the neu-
trino energy. Here the maximum percentage dif-
ference is less than 0.5%.

then the di!erence between the inverted hierarchy
oscillation probability using Eobs and the normal
hierarchy with Etrue can be considerable smaller
than 1%. Thus, the requirements for determining
the neutrino mass hierarchy with reactor neutri-
nos are very stringent.

I wish to thank the organizers of NOW 2008,
Prof. Fogli and Prof. Lisi, for a wonderfully stim-
ulating atmosphere.
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Degenerated Spectrum

• Recall the survival probability

9
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as shown in Fig. 1 taken from Ref. [20] (left) and Ref. [13] (right). From left panel of Fig. 1, below
~30km, dm2 is rather uniform across the entire IBD spectrum thus easily absorbed by the current
Dm2

32 uncertainty. From right panel of Fig. 1, without the contrast between the lower and the higher
parts of the spectrum which only appears when baseline is greater than ~30km, difference between
NH and IH can be easily explained by a constant energy scale shift or a shift in Dm2

32.
Due to the needs of good energy resolution and free proton targets for IBD anti-neutrino re-

actions, liquid scintillator (LS) is the best technology for MRNE. However, LS has a notorious
property: energy quenching causes non-linear energy response. Combined with potential elec-
tronic non-linearity effect, energy scale could potentially cause a total degenerated IBD spectra
between different MHs if the energy reconstruction is biased in the following non-linear fashion,

Erec =
2|D0m2

32|+Dm2
f (En̄e , L)

2|Dm2
32|�Dm2

f (En̄e , L)
Ereal. (2.1)

Here Erec is the reconstructed positron energy and Ereal is the true energy. |D0m2
32| represents a

different Dm2
32 best-fit value from the observed IBD spectrum allowed by its a priori knowledge,

i.e. its uncertainty provided by MINOS. It has been illustrated in Ref. [20] that with the allowed
uncertainty in dDm2

32 = 0.13⇥10�3eV 2, to break the degeneracy, energy scale non-linearity needs
to be constrained to sub percent level, which an order of magnitude improvement compared with
the current generation of LS detectors. This requirement can be relaxed if our knowledge in Dm2

32
and on the IBD spectrum get improved.

In addition to the most critical factors related to energy resolution and energy response, there
are other challenges in MRNE, such as backgrounds, reactor core distributions and event statistics.
We will discuss these factor with a sensitivity setup in following sections.

2.2 Mass hierarchy sensitivity setup

2.2.1 The c2
min comparison method resolving MH

To study the physics sensitivity to MH in MRNE, we set up a chi-square using the pull method to
do model comparison between NH and IH in the following way,

c2 =
N

Â
i=1

2 · (Nexp
i �Nobs

i +Nobs
i · log(Nobs

i /Nexp
i ))+c2

penalty, (2.2)

where Nobs
i is the number of observed IBD events in energy bin i given one of MH is true and Nexp

i
is the expected number of IBD events in bin i assuming either NH or IH. The penalty component
c2

penalty includes systematic constraints and any a priori knowledge on oscillation parameters from
other experiments. The best-fit minimal chi-square differences between the two MH cases is de-
fined as: Dc2 ⌘ c2

min,IH � c2
min,NH . Naturally, a positive Dc2 indicates the NH model is preferred

by the data over the IH model as the better model has smaller c2
min.

For continuous quantities that can be approximated by normal distributions, the
p
|Dc2| in

the unit of standard deviation s ’s, is commonly used as the confidence level. However, as pointed
out in Ref. [21], due to the discrete feature of MH, the square root rule does not apply any more in
setting the confidence level for MH measurement. The proper relation between Dc2 and confidence

– 5 –

• The current uncertainty in 
atmospheric mass-squared 
difference, combined with 
a non-linear energy 
response, would create the 
same survival spectrum for 
both mass hierarchies.

• No way to resolve MH if 
the non-linear energy 
response allows such 
curves

Could there be identical
oscillation patterns?

Q. Xin et al, arXiv:1208.1551



Absolute Energy Scale

• Minimal Impact on oscillation 
parameters

- relative measurement

• Important for reactor spectra 
measurement

• Energy scale non-linearity

- Scintillator quenching

- Cerenkov radiation

- Electronics non-linearity

• Constrain from γ calibration and β spectra 
(12B, 212Bi, 214Bi, 208Tl)

- e-, γ related through MC

- e+ = e- + 2 γ (511 keV)

26
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Figure 12: Cerenkov shape comparison of MC (NuWa) and direct calculation for electron.

Figure 13: E!ect of Cerenkov contribution. Eq. 5 is assumed as the quenching model with kB=
6.4!10!3 cm/MeV.
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Practical Energy Scale Issues Related to Reactor MH Experiments

• We need “free” protons and we need photons, the more the better

➡ Liquid scintillator detector seems the ideal choice: protons (H), many photons, and 
cheap. It turned out to be this is the choice of all current proposals.

➡ But liquid scintillator has a notorious feature: energy non-linearity due to quenching 
and Cherenkov lights

10

�̄e + p� e+ + nInverse beta decay: 

➡ Based on past/current 
understanding, the 
“convenient” non-linearity 
curve which could cause 
degeneracy follows a 
similar shape to the liquid 
scintillator energy 
response.

➡ There could be difficulties 
in resolving MH due to the 
non-linearity feature of LS

C. Zhang, Los Alamos seminar on Daya Bay
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Challenges in Resolving MH using Reactor Flux

• Energy resolution

• Energy non-linearity

• Statistics

• Reactor distribution
– The mass hierarchy information is in the 

multiple atmospheric oscillation cycles in 
the survival spectrum. For the valuable part 
of the spectrum ~3.5MeV, the oscillation 
length is ~3.5km. 

– Thus, if two reactor cores with equal or 
close powers differ by half oscillation length, 
the mass hierarchy signal will get cancelled.

11

Figure 2: The variation (left panel) of the MH sensitivity as a function of the baseline
di!erence of two reactors and the comparison (right panel) of the MH sensitivity for the
ideal and actual distributions of the reactor cores.

Figure 3: Two classes of typical examples for the residual non-linear functions in our
simulation.

and baseline distribution of each core of the Yangjiang (YJ) and Taishan (TS) nuclear
power plant, shown in Table 1. The remote reactors in the Daya Bay (DYB) and the
possible Huizhou (HZ) power plant are also included. The reduction of sensitivity due to
the actual distribution of reactor cores is shown in the right panel of Figure 2, which gives
a degradation of "!2

MH ! 5. In all the following studies, the actual spacial distribution
of reactor cores for the Daya Bay II Experiment is taken into account.

4 Energy Non-Linearity E!ect

The detector energy response is also crucial for Daya Bay II since a precise energy spec-
trum of reactor neutrinos is required. Assuming the energy non-linearity correction is
imperfect, we study its impact to the sensitivity by including in our simulation a residual
non-linearity between the measured and expected neutrino spectra. Assume the detector

6

• What is the status of the field?

– JUNO (Jiangmen Underground Neutrino Observatory, previously dubbed 
as Daya Bay II) in China. Stealing slides from Yifang Wang et al from IHEP

– RENO-50 in South Korea. Stealing slides from RENO-50 collaborators

Y.F. Li et al, arXiv:1303.6733



JUNO：Kaiping county, Jiangmen city

Daya Bay Huizhou Lufeng Yangjiang Taishan

Status running planned approved Construction construction
power/GW 17.4 17.4 17.4 17.4 18.4

Daya Bay
Huizhou

Lufeng

Previous site

Current site

Yangjiang
Taishan

Daya Bay

JUNO

KamLAND
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Site selection
u Allowed region determined
u Experimental hall selected: 

ð In granite
ð Mountain height: 270 m

u Preliminary geological survey 
completed: 
ð Review held on Dec. 17, 2012
ð No show-stoppers

u Detailed geological survey 
started and first round data 
are available now

u Contacts with local 
government established, good 
support

13



– LS volume:  × 20è for more mass & statistics
– light(PE) × 5è for resolution 

JUNO: a large LS detector

20 kt LS

Acrylic tank：Φ34.5m
Stainless Steel tank ：Φ37.5m

Muon detector 

Water seal 

~15000  20” PMTs
coverage: ~80%

Steel Tank

6kt  MO

20kt water

 1500  20” VETO PMTs
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Challenges of a 20kt LS Detector  

u Large detector: >10 kt  LS
u Energy resolution: < 3%/√E  è 1200 p.e./MeV

Daya Bay BOREXINO KamLAND JUNO

LS  mass 20t
~300t

(100t F.V.)
~1 kt 20kt 

Photocathode 
Coverage

~12% ~34% ~34% ?

Energy 
Resolution

~7.5%/√E ~5%/√E ~6%/√E 3%/√E

Light yield ~160 p.e./MeV ~500 p.e/MeV ~250 p.e./MeV 1200 p.e./MeV

15



More photons, how and how many ?
u Highly transparent LS: 

ð    Attenuation length/D:  15m/16m à 30m/34m    ×0.9
u   High light yield LS: 

ð    KamLAND: 1.5g/l PPO à  5g/l PPO
       Light Yield: 30%à 45%;                                    × 1.5

u   Photocathode coverage :
ð    KamLAND: 34%  à  ~ 80%                              × 2.3

u   High QE “PMT”： 
ð  20”  SBA PMT QE:  25% à 35%                       × 1.4
       or New PMT  QE：25% à 40%                       × 1.6
       Both：                     25% à 50%                        × 2.0

4.3 – 5.0   è (3.0 – 2.5)% /√E

Other  contributions：
0.5% constant term & 0.5% neutron recoil uncertainty

IHEP
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~14,000)PMTs,)
~74%.)Can)be)
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if)fill)2,600)PMTs)at)
gaps)
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LaEtude/longitude)
design,)~15,000)
PMTs,)~77%)

5/30/13 3

 Use R3600 PMT (20inch), 17.5 m from sphere center to its front

● Volleyball idea: 15180 个 PMT, coverage 78.25%

 Sketch:

Volleyball,)
~15,000)PMTs,)
~78%)
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No	  clearance:
	  coverage	  86.5%
1cm	  clearance:	  
coverage:	  83%	  

20"	  +	  8"	  PMT
8"	  PMT	  for	  be>er	  
?ming(vertex)

SBA	  photocatode

More Photoelectrons-- PMT

New	  type	  of	  PMT:	  MCP-‐PMT

17



MC example：Energy Resolution
u JUNO MC, based on DYB MC (tuned to data), 

except
ð JUNO Geometry and 80% photocathode coverage 
ð SBA PMT: maxQE from 25% -> 35%
ð Lower detector temperature to 4 degree (+13% light)
ð LS attenuation length  (1m-tube measurement@430nm)

ü from 15m = absorption 24m + Raleigh scattering 40 m
ü to 20 m = absorption 40 m + Raleigh scattering 40m

Uniformly Distributed Events

After vertex-dep. correction

18
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Sensitivity Prediction of JUNO

19

where the positive and negative signs correspond to normal and inverted mass hierar-
chies, respectively. Therefore, comparisons of oscillations between di!erent flavors may
distinguish the MH and even tell us possible information on the CP-violating phase.

One must keep in mind that the e!ective mass-squared di!erences defined here are
only MH-invariant under the condition of "21 ! 1. In the reactor neutrino experiment
at a medium baseline ("21 " 1), where all the oscillation modes and their interference
terms are measurable, the absolute value of "m2

ee is not invariant by changing the sign
of the neutrino MH. However, it is still close to "m2

ee rather than "m2
µµ and we can get

an additional MH sensitivity with the inclusion of a prior "m2
µµ measurement.

For a reactor neutrino experiment at medium baseline, corrections to the mass-squared
di!erences from the terrestrial matter e!ect are around 1% and the induced uncertainties
are negligibly small (less than 0.1%). On the other hand, in the muon-neutrino disappear-
ance channel of long-baseline accelerator neutrino experiments, the matter corrections are
suppressed by the smallness of !13 and only at the level of 0.2% for the baselines of several
hundreds kilometers (e.g., 295 km for T2K [30] and 735 km for NOvA [31]). Moreover,
the di!erent signs in the matter potentials of neutrino and antineutrino oscillations are
also favorable to increase the discrepancy of di!erent mass-squared di!erences.

3 Statistical Analysis

The 20 kt liquid scintillator (LS) detector of Daya Bay II Experiment [20–22] will be
located at equal baselines of 52 km away from two reactor complexes (36 GW in total).
In this study we use nominal running time of six years, 300 e!ective days per year, and a
detector energy resolution 3%/

!

E(MeV) as a benchmark. A normal MH is assumed to
be the true one (otherwise mentioned explicitly) while the conclusion won’t be changed
for the other assumption. The relevant oscillation parameters are taken from the latest
global analysis [27] as "m2

21 = 7.54 # 10!5eV!2, ("m2
31 +"m2

32)/2 = 2.43 # 10!5eV!2,
sin2 !13 = 0.024 and sin2 !12 = 0.307. The CP-violating phase will be specified when
needed. Finally, the reactor antineutrino flux model from Vogel et al. [32] is adopted in
our simulation1.

To obtain the sensitivity of the proposed experiment, we employ the least squares
method and construct a standard "2 function as following:

"2
REA =

Nbin
"

i=1

[Mi $ Ti(1 +
#

k #ik$k)]2

Mi

+
"

k

$2k
%2
k

, (10)

where Mi is the measured neutrino events in the i-th energy bin, Ti is the predicted
reactor antineutrino flux with oscillations, %k is the systematic uncertainty, $k is the
corresponding pull parameter, and #ik is the fraction of neutrino event contribution of
the k-th pull parameter to the i-th energy bin. The considered systematic uncertainties
include the correlated (absolute) reactor uncertainty (2%), the uncorrelated (relative)
reactor uncertainty (0.8%), the flux spectrum uncertainty (1%) and the detector-related

1We have tried both the calculated [32] and the new evaluations [33, 34] of the reactor antineutrino
fluxes. The discrepancy only influences the measurement of !12. Both evaluations give consistent results
on the MH determination.
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Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (10).

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline(km) 52.75 52.84 52.42 52.51 52.12 52.21

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline(km) 52.76 52.63 52.32 52.20 215 265

Table 1: Summary of the power and baseline distribution for the Yangjiang (YJ) and
Taishan (TS) reactor complexes, as well as the remote reactors of Daya Bay (DYB) and
Huizhou (HZ).

uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the di!erence of the minima as a measurement of the MH sensitivity. The
discriminator of the neutrino MH can be defined as

"!2
MH = |!2

min(N)! !2
min(I)|, (11)

where the minimization process is implemented for all the relevant oscillation parameters.
Note that two local minima for each MH [!2

min(N) and !2
min(I)] can be located at di!erent

positions of |"m2
ee|. This particular discriminator is used to obtain the optimal baseline

and to explore the impact of the energy resolution, which are shown in the left and right
panels of Figure 1. Ideally a sensitivity of "!2

MH " 16 can be obtained at the baseline
around 50 km and with a detector energy resolution of 3%.

The baselines to two reactor complexes should be equal. The impact of unequal
baselines is shown in the left panel of Figure 2, by keeping the baseline of one reactor
unchanged and varying that of another. A rapid oscillatory behavior is observed and
demonstrates the importance of baseline di!erences for the reactor cores. To evaluate
the impact from the spacial distribution of individual cores, we take the actual power

5

Chi-square analysis to fit the Asimov data generated assuming true MH

Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (10).

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline(km) 52.75 52.84 52.42 52.51 52.12 52.21

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline(km) 52.76 52.63 52.32 52.20 215 265

Table 1: Summary of the power and baseline distribution for the Yangjiang (YJ) and
Taishan (TS) reactor complexes, as well as the remote reactors of Daya Bay (DYB) and
Huizhou (HZ).

uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the di!erence of the minima as a measurement of the MH sensitivity. The
discriminator of the neutrino MH can be defined as

"!2
MH = |!2

min(N)! !2
min(I)|, (11)

where the minimization process is implemented for all the relevant oscillation parameters.
Note that two local minima for each MH [!2

min(N) and !2
min(I)] can be located at di!erent

positions of |"m2
ee|. This particular discriminator is used to obtain the optimal baseline

and to explore the impact of the energy resolution, which are shown in the left and right
panels of Figure 1. Ideally a sensitivity of "!2

MH " 16 can be obtained at the baseline
around 50 km and with a detector energy resolution of 3%.

The baselines to two reactor complexes should be equal. The impact of unequal
baselines is shown in the left panel of Figure 2, by keeping the baseline of one reactor
unchanged and varying that of another. A rapid oscillatory behavior is observed and
demonstrates the importance of baseline di!erences for the reactor cores. To evaluate
the impact from the spacial distribution of individual cores, we take the actual power
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Figure 2: The variation (left panel) of the MH sensitivity as a function of the baseline
di!erence of two reactors and the comparison (right panel) of the MH sensitivity for the
ideal and actual distributions of the reactor cores.

Figure 3: Two classes of typical examples for the residual non-linear functions in our
simulation.

and baseline distribution of each core of the Yangjiang (YJ) and Taishan (TS) nuclear
power plant, shown in Table 1. The remote reactors in the Daya Bay (DYB) and the
possible Huizhou (HZ) power plant are also included. The reduction of sensitivity due to
the actual distribution of reactor cores is shown in the right panel of Figure 2, which gives
a degradation of "!2

MH ! 5. In all the following studies, the actual spacial distribution
of reactor cores for the Daya Bay II Experiment is taken into account.

4 Energy Non-Linearity E!ect

The detector energy response is also crucial for Daya Bay II since a precise energy spec-
trum of reactor neutrinos is required. Assuming the energy non-linearity correction is
imperfect, we study its impact to the sensitivity by including in our simulation a residual
non-linearity between the measured and expected neutrino spectra. Assume the detector

6

Figure 6: the reactor-only (dashed) and combined (solid) distributions of the!!2 function
in Eq. (10) and Eq. (16), where a 1% (left panel) or 1.5% (right panel) relative error of
!m2

µµ is assumed and the CP-violating phase (") is assigned to be 90!/270! (cos " = 0)
for illustration. The black and red lines are for the true (normal) and false (inverted)
neutrino MH, respectively. The non-linearity in Eq. (12) is assigned with sign = +1,
size1 = 2% and size2 = 4%.

it is almost negligible if we choose the true MH in the fitting program. However, if the
fitting MH is di"erent from the true one, the central value of !m2

ee in the !2
pull function

will change by two units of the di"erence in Eq. (8), which accordingly results in a sig-
nificant contribution to the combined !2 function. Finally we can achieve !!2

MH ! 19
and !!2

MH ! 14 for the 1% and 1.5% relative errors of the !m2
µµ measurement.

Next we can discuss the ambiguity of the unknown CP-violating phase " and evolution
of the MH sensitivity with respect to changes of the !m2

µµ error. The !!2
MH dependence

on di"erent input errors is shown in Figure 7, where the blue, black and red lines stands
for di"erent values of the CP-violating phase (" = 0!, " = 90!/270! and " = 180!

respectively). In Figure 7, we can notice that the improvement are obvious for an external
!m2

µµ measurement better than 2% and becomes significant if we can get to the 1%
level. For the e"ect of the CP-violating phase, it is most favorable for the value close
to 180!. The cases of maximal CP violation are in the middle region which are just
the cases discussed in Figure 6. The ambiguity of the CP-violating phase can induce
an uncertainty of !!2

MH ! 2 (4) at #(!m2
µµ)/|!m2

µµ| ! 1.5% (1%). The e"ect of the
external !m2

µµ measurement can also be viewed as a probe of the CP-violating phase. If
the improvement is much better than the discussion in Figure 6, a preference of " close
to 180! can be achieved. Otherwise, we may get a nearly vanishing CP-violating phase if
the situation is totally opposite.

Current best measurement for !m2
µµ from the MINOS experiment [36] gives an error

of 4%. Two new experiments T2K [30] and NOvA [31] are in operation or construction
and each of them can reach 1.5% by 2020 after finishing of their nominal running plans
(5 years of $ mode at 750 kW for T2K and 3 years of $ mode plus 3 years of $̄ mode
at 700 kW for NOvA). If these experiments could extend to another 5-year running, it
might be possible to obtain the precision of 1% which will be useful for the measurement
of the precision reactor neutrino experiment.
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With 1% Δm2μμ prior

Figure 4: E!ects of two classes of energy non-linearity models in the determination of
the neutrino MH without the self-calibration in fitting. The normal (inverted) MH is
assumed to be the true one in the upper (lower) panels. The sign and size of the non-
linear parameters are indicated in the legend.

8

With non-linearity residual

Figure 5: E!ects of two classes of energy non-linearity models in the determination of the
neutrino MH with the self-calibration in fitting. The normal (inverted) MH is assumed
to be the true one in the upper (lower) panels. The sign and size of the non-linear
parameters are indicated in the legend.

9

With energy self-correction

Y.F. Li et al, arXiv:1303.6733
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Cross Check using Daya Bay Energy Model

• Daya Bay has released a preliminary 
energy model by weighting multiple 
models
– The functional format has certain degrees 

of flexibility

– The overall uncertainty is conservative

• Also includes backgrounds and reactor 
spectrum energy correlations

20

Cross checks by X. Qian

Preliminary Positron Non-linearity

• Other motivated models

- model electronic non-linearity 
from MC/data, using empirical 
parametrized LS non-linearity to 
fit γ calibration + 12B spectra,

- Fixed Birks + free Cerenkov + 
fixed electronics + beta-only fit

• Combined model to conservatively 
estimate non-linearity uncertainty

29

 1-2% energy scale uncertainty 
over the whole energy range

Pre
lim

in
ar

y

Figure 5. The sensitivity change with respect to different baseline choices under different energy response
assumptions.

Figure 6. The sensitivity as a function of b term in the resolution function for the 3 different energy scale
models.

(PE) statistics. We have assumed a =0.7% and c = 0.85%, which are extrapolated based on per-
formances of the Daya Bay and KamLAND LS detectors. Fig. 6 shows the sensitivity dependence
on the statistical uncertainties in the total number of PEs. As we can see, the sensitivity drops
dramatically once the PE uncertainty drops below ~3% for Model 2 and 3. For the designed Model
I, the turning point is even lower, ~2.5%.

2.4 Expected sensitivity of MRNE to MH

Fig. 7 shows the sensitivity evolution with respect to the event statistics. We see that with the
designed degeneracy energy scale, the Dc2 can only reach ~10 in a 5 year running, which is a very
pessimistic situation. With the current preliminary Daya Bay energy scale model and uncertainty,
the final Dc2 could reach ~14, which is about 2s (Dc2 ⇠ 16) quoting the conventional frequentist

– 8 –

5 years, 20kt, 40GW

• Model I: degeneracy model

• Model II: linear energy model

• Model III: the Daya Bay model
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What Can Further Improve the Sensitivity?

• We see that if future Δm2μμ measurement could be improved to ~1%, the sensitivity can be 
improved significantly. (NOvA? PINGU?)

• Reactor flux uncertainty improvements can also improve the uncertainty (FRM-4? Daya Bay?)

• Dual detector can improve the sensitivity if assume fully correlation energy model (Money?)

• Energy scale improvements are always effective (smart/thorough calibration systems)
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Table 1. The improvements in MH sensitivity with 100kt exposure as we improve our knowledge in reactor
flux.

Uncertainty improvement Dc2 (Model I) Dc2 (Model II) Dc2 (Model III)
Current ~3% 9.5 17.3 13.9

Factor 2 11.5 21.7 18.4
Factor 3 12.1 23.2 19.9
Factor 4 12.4 23.8 20.5
Factor 5 12.6 24.1 20.9

Table 2. The improvement in MH sensitivity for the degeneracy non-linearity model applying different dual
detector designs at different baselines

2nd Detector Dc2 Dc2 (sscale/4)
20kt at 53km 4.2 14.3
0.1kt at 2km 4.9 11.5
5kt at 30km 10.3 13.6

certainties can be achieved by employing near detectors like RENO-50 is using the current RENO
detectors as near detectors[19].

2.6 A dual detector design with ratio methods

With two detectors, one can form ratios between these two detectors, so that the uncertainties from
the reactor spectrum are largely canceled 1. However, as shown in Ref. [20], direct using ratios
would be more sensitive to the uncertainty in the energy model, as the constrain from the knowledge
of the reactor spectrum is not used. This is also true for the proposed Fourier transformation
methods [7, 10, 11]. On the other hand, Ref. [23] showed that by placing a second functionally
identical detector at ⇠30 km baseline, the energy non-linearity requirement can be largely reduced.
This is because of the different MH-dependent oscillation patterns at the two baselines, so that a
single “wrong” non-linearity can not fit both detectors as the two detectors have identical or highly
correlated energy responses. In our sensitivity calculation, we find that such a configuration does
improve the sensitivity significantly using ratios. Our results are shown in Table. 2. With the
assumed energy scale uncertainties based on the current Daya Bay preliminary results, a second
detector at L=30km can significantly improve the MH sensitivity with the ratio method. In the 3
special cases we test, we also see that without the second detector at 30km, we would have to reduce
the energy scale uncertainties much to reach the similar sensitivity resulted from the 30km second
detector. In our study, we have assumed the second detector’s energy scale is fully correlated with
the far detector.

3. Precision measurements and synergy with atmospheric neutrino experiments

3.1 Precision oscillation parameter measurement

With ⇠40 detected reactor neutrino events per day, and the multiple oscillation cycles in the energy
range of reactor neutrinos, it is estimated [17] that Dm2

21, Dm2
31 and sin2 q12 can be measured to a

1The assumption here is to not trust the uncertainty estimation of theoretical calculation of reactor spectrum.
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Improving Reactor Flux Uncertainty

2nd detector and energy scale

Nonukawa, Parke, Funchal, arXiv:0503283
Q. Xin et al, arXiv:1208.1551
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Sensitivity of MH Experiments

• A common practice to show the quality of proposed/designed experiments is to 
use the delta chi-square method using the so-called Asimov data set.

– It is meant to evaluate the performance of the most probable or the median experimental 
results without any statistical fluctuation.

– We quote the squared root of the delta chi-square as the confidence interval in unit of sigma, 
which is based on Wilks’ Theorem.

– Not proper for the mass hierarchy case due to its discrete nature. The median sensitivity 
(Asimov dataset) is reduced by half if counted in unit of sigma’s for the reactor MH sensitive. 
(Other types of experiments, if signal has no large amount of statistics should check with MC)
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Confidence Interval using Discriminator PDFs

• The neutrino mass hierarchy measurement is basically a model comparison 
case, or hypothesis test.

• Not complete if evaluating sensitivity only based on the sign of delta chi-square 
from Asimov dataset.

• We suggest a confidence interval setting method using discriminator PDFs. 
(This method has been effectively used in L. Zhan et al., PRD79(2009)073007 
based on Monte Carlo)
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In Eq. 24 above, P
NH
T=NH was approximated by P (""2),

which is a function of ""2 only. In Eq. 27, z#A represents
the Ath percentile of a standard Gaussian distribution,

hence ""2 ! 2z#A

(

""2 is the (100-A)th percentile of

""2 according to the Gaussian approximation in Eq. 22.
Since P (NH |""2) = 1

1

(1 + e!!!2/2) is increasing in
""2, this means that the righthand side of Eq. 27 is
the (100-A)th percentile of P (NH |""2), which serves as
the lower bound of the A% PI proposed in the previous
section. In Table. III, we list z#A for a few typical

choices of probability intervals, assuming that the nature
is NH.

For the example experiment used in the simulation
of section II, its ""2 = 9. Had one followed com-

mon practice that directly compares
(

""2 to the quan-
tiles of a Gaussian distribution, one would report the
“specificity” of the experiment to be 99.87% (1 - “one-
sided p-value”). In contrast, we obtained various sensi-
tivity metrics for the experiment according to Eq. 24-
27, and listed them in Table IV. First, assuming the

NOTE:

• The left example here is a 2-value binomial case, 
close to the reactor mass hierarchy resolution, 
sufficient to illustrate key points

- Sensitivity, now confidence level, is between the 
square root value and the >0 probability value.

• To be accurate, one should do complete MC to 
obtain PDFs like in L. Zhan et al., 
PRD79(2009)073007.
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See also: G. Cowen et al arXiv:1007.1727Q. Xin et al, arXiv:1210.3651
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RENO-50 (Based on RENO-50 Workshop)

• Utilizing the current 6 RENO reactors

• Baseline ~47km

• Target mass 10kt

• Cylinder-shaped detector

➡ Simulation resolution is ~6% at 1MeV

➡ Need to improve photoelectrons

24

RENO-50 Workshop
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Precision Measurements Warranted

• If the JUNO detector performance could reach designed goals, our cross check 
shows the sub-percent level precision measurements are less sensitive to the energy 
scale uncertainty and warranted --> enable a future ~1% level PMNS unitarity test
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Precision vs Energy Resolution

Precision vs Experiment Baseline
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Summary and Conclusion

• The mass hierarchy information is definitely in the survival spectrum of 
reactor antineutrinos (optimized baseline: ~60km)

• To resolve the mass hierarchy, medium-baseline reactor experiments face 
unprecedented challenges
– Energy resolution <3%/√E

– Energy scale uncertainty needs to be controlled <1%

– No “sabotage” reactors

– Statistics

• The statistical case of determining mass hierarchy is different from 
quantities whose measurements can be approximated by normal 
distributions.
– Subtleties in the sensitivity evaluation using chi-square difference approach.

• There are other valuable physics topics: sub-percent precision 
measurements and PMNS matrix unitarity test are the leading ones; 
proton decay is competitive for Kaon channel if time response is good

• A case definitely worth pursuing!
28
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• ~6 antineutrinos released per fission

• ~200 MeV Energy Released per Fission, ei

• 4 dominant fission isotopes: 235U, 238U, 239Pu, 
241Pu, >99.9%

– Fission Fractions, fi/F, of each isotope evolves as the 
reactor “burns”. Fractions are simulated using both 
commercial and open source reactor core simulation 
programs.

– Antineutrino Spectra, Si, are converted based on the 
electron spectra of 235U, 239Pu, 241Pu measured at 
Grenoble in 80’s by Feilitzsch et al. 238U antineutrino 
spectrum is calculated by Vogel et al.

• Thermal Power, Wth, through reactor monitoring

Mass Hierarchy using Reactors, Invisibles’13Wei Wang W&M

Nuclear Reactors as Antineutrino Sources

30

Fission fragments beta decay release antineutrinos

235U!n!X1!X2!2n . (12)

The mass distribution of the fragments (so-called fis-
sion yields) is shown in Fig. 5. The lighter fragments
have, on average, A!94 and the heavier ones have A
!140. The stable nucleus with A"94 is 40Zr94 and the
stable A"140 nucleus is 58Ce140. These two nuclei to-
gether have 98 protons and 136 neutrons, while the ini-
tial fragments, as seen from the equation above, have 92
protons and 142 neutrons. To reach stability, therefore,
on average 6 neutrons bound in the fragments have to
undergo ! decay, emitting the required 6 "̄e .

While the total number of "̄e’s is easy to estimate and
can be accurately determined given the known fission
yields, their energy spectrum, which is of primary inter-
est for the oscillation searches discussed here, requires
more care. In particular, the commonly used neutrino
detection reaction, the inverse neutron ! decay, has a
threshold of #1.8 MeV. Only about 1.5 "̄e/fission (i.e.,
#25%) of the total are above that threshold and hence
can be detected.

The existence of the 1.8-MeV threshold in the detec-
tion process "̄e!p!n!e! automatically ensures that
only "̄e’s from large-Q-valued, and hence short-half-life,
! decays are detected. Thus the observed "̄e signal
tracks closely in time the power excursions in the reac-
tor. This is of some practical importance, as large quan-
tities of spent fuel are usually stored on site by reactor
operators. There is no need to track the inventory of
spent fuel and to worry about the ! decays of the
neutron-activated reactor materials, which typically
have a low Q value and therefore long-half-life prod-
ucts. In practice, after a few hours from reactor turn
on/off, the detectable "̄e flux can be considered satu-
rated.

B. Fission-rate determination

The four isotopes whose fission is the source of virtu-
ally all the reactor power are 235U, 238U, 239Pu, and
241Pu. The fission rates deriving from their evolution
during a typical fuel cycle in one of the Palo Verde re-
actors is shown in Fig. 6, as calculated by a core simula-

tion program (Miller, 2000). For comparison, we also
show the evolution of 240Pu and 242Pu, which give the
next-to-leading contributions. The contribution of these
isotopes is of order 0.1% or less and will not be consid-
ered further.

Each isotope produces a unique neutrino spectrum
through the decay of its fission fragments and their
daughters, so plutonium breeding results in a small but
noticeable change in the emitted neutrino spectrum.

Two types of uncertainties can be attributed to the
isotope compositions described in Fig. 6: errors deriving
from uncertainties in the initial fuel composition and in
the measurement of the plant parameters that are used
as input to the simulation, and errors due to imperfect
core and neutronics modeling by the simulation program
itself. The errors intrinsic to the simulation are known to
contribute substantially less than 1% to the neutrino
yield from tests in which fuel is sampled and analyzed
for isotopic composition at the end of a fuel cycle.

The correlation between the "̄e yield and the plant
parameters used as input to the simulation is shown in
Fig. 7. Apart from the obvious correlation with the ther-
mal power, other parameters enter the simulation be-
cause they affect the criticality by altering the neutron
transport in the core (generally by the water density and
boron absorber concentration). We see that for the pa-
rameter with largest correlation besides power, the wa-
ter temperature in the cold legs, an error of 10% pro-
duces an uncertainty of only 0.15% in the "̄e yield. Of
course the inlet temperature is known to much better
than 10%.

Economic and safety reasons provide plant operators
with an incentive for measuring the thermal power of
the reactors accurately. Indeed, usually more than one
method is used and the results are compared to under-
stand the size of the uncertainties. Calorimetric methods

FIG. 5. Yields (in %) for 235U thermal neutron fission (nor-
malized to 200% for the two fragments).

FIG. 6. Time evolution of fission rates for each of the six most
important isotopes in one of the Palo Verde reactor cores. The
horizontal scale covers a full fuel cycle, at the end of which
about 1/3 of the core is replaced with fresh fuel. Only the four
most important isotopes are normally used to predict "̄e yields.
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The status of neutrino oscillation searches employing nuclear reactors as sources is reviewed. This
technique, a direct continuation of the experiments that proved the existence of neutrinos, is today an
essential tool in investigating the indications of oscillations found in studying neutrinos produced in
the sun and in the earth’s atmosphere. The low energy of the reactor !̄e makes them ideal for
exploring oscillations with small mass differences and relatively large mixing angles. In the last several
years the determination of the reactor antineutrino flux and spectrum has reached a high degree of
accuracy. Hence measurements of these quantities at a given distance L can be readily compared with
the expectation at L!0, thus testing the disappearance of !̄e . Two recent experiments, CHOOZ and
PALO VERDE, with baselines of about 1 km and sensitive to the neutrino mass differences
associated with the atmospheric neutrino anomaly have collected data and published results recently.
An ambitious project with a baseline of more than 100 km, KAMLAND, has now began to take data.
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Neutrinos have the distinction of being the first el-
ementary particle whose existence was predicted by a
theorist in order to explain seemingly unrelated
phenomena.1 Pauli made this prediction in 1930 in his
famous letter attempting to explain the continuous elec-
tron energy distribution in nuclear beta decay. It became
immediately clear that neutrinos would be difficult to
observe, because the corresponding cross sections are so
tiny. But in a series of experiments from 1953 to 1959,
Reines and Cowan (1953, 1959) were able to prove con-
vincingly that electron antineutrinos from nuclear reac-
tors are able to cause the inverse neutron beta decay,
!̄e"p!e""n , and hence that they are real particles.
Shortly afterwards, in 1962, the separate identity of
muon neutrinos, !" , was demonstrated (Danby et al.,
1962). Another decade later, in 1975, the # lepton was
discovered (Perl et al., 1975) and the observation of its
decay properties implied the existence of a third neu-
trino, !# , that was directly observed only very recently
(Kodama et al., 2001). Precise measurements of the de-
cay width of the Z boson have shown that just three
neutrino flavors [2.994#0.012 from the combined fit to

1For early developments in neutrino physics see, for example,
Chap. 1 in Winter (1991).
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Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (10).

Cores YJ-C1 YJ-C2 YJ-C3 YJ-C4 YJ-C5 YJ-C6
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline(km) 52.75 52.84 52.42 52.51 52.12 52.21

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ
Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline(km) 52.76 52.63 52.32 52.20 215 265

Table 1: Summary of the power and baseline distribution for the Yangjiang (YJ) and
Taishan (TS) reactor complexes, as well as the remote reactors of Daya Bay (DYB) and
Huizhou (HZ).

uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the di!erence of the minima as a measurement of the MH sensitivity. The
discriminator of the neutrino MH can be defined as

"!2
MH = |!2

min(N)! !2
min(I)|, (11)

where the minimization process is implemented for all the relevant oscillation parameters.
Note that two local minima for each MH [!2

min(N) and !2
min(I)] can be located at di!erent

positions of |"m2
ee|. This particular discriminator is used to obtain the optimal baseline

and to explore the impact of the energy resolution, which are shown in the left and right
panels of Figure 1. Ideally a sensitivity of "!2

MH " 16 can be obtained at the baseline
around 50 km and with a detector energy resolution of 3%.

The baselines to two reactor complexes should be equal. The impact of unequal
baselines is shown in the left panel of Figure 2, by keeping the baseline of one reactor
unchanged and varying that of another. A rapid oscillatory behavior is observed and
demonstrates the importance of baseline di!erences for the reactor cores. To evaluate
the impact from the spacial distribution of individual cores, we take the actual power

5

Y.F. Li et al, arXiv:1303.6733 (JUNO core baselines)

Correlation between energies
and with norm (Daya Bay core1)
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FIG. 2: Top panels show the comparison of IBD energy spectrum (no statistical fluctuations) w.r.t. Evis in (MeV) for fixed
|!m2

32| = 2.43 ! 10!3 eV2 (ideal spectrum in top left), for degenerate |!m2
32| (ideal spectrum in top middle), and degenerate

|!m2
32| with 100 kT · year exposure (realistic spectrum in NH case and ideal spectrum in IH case in top right). The ideal

spectrum represents the case without any statistical fluctuations, while realistic spectrum include these statistical fluctuations.
The resolution parameter a is chosen to be 2.6. Bottom panels show the ratio of NH to IH case. Due to statistical fluctuations,
the range of Y axis in bottom right panel is enlarged to 0.7-1.3 from 0.85-1.15.

di!erences used in the simulation are taken from [3, 12]:

sin2 2!12 = 0.861+0.026
!0.022

"m2
21 = (7.59± 0.21)! 10!5eV 2

sin2 2!23 " 1

|"m2
32| = (2.43± 0.13)! 10!3eV 2

sin2 2!13 = 0.092± 0.017 (Daya Bay) (4)

For example, with 5 years running at 60 km, the total
number of events is about 105. In addition, we assume
a = 2.6 in Eq. (3). The reactor anti-neutrino spectrum
was taken from Ref. [16]. The fuel fractions of U235, U238,
Pu239, and Pu241 are assumed to be 64%, 8%, 25%, and
3%, respectively.
Fig. 2 shows the comparison of the IBD energy spec-

trum (top panels) and the ratio of NH to IH spectrum
(bottom panels) w.r.t. Evis # E!̄ $ 0.8 in MeV. It is im-
portant to note that we assumed a perfect absolute en-
ergy calibration and knowledge of reactor IBD spectrum.
Also, the ideal spectrum without statistical fluctuations

is considered in the left and middle panels. Compared
with the case at known |"m2

32| with no uncertainty (left
panels in Fig. 2), the di!erence between NH and IH can
be considerably reduced due to the lack of precise knowl-
edge of |"m2

32| (middle panels in Fig. 2). Furthermore,
in right panels of Fig. 2, we show the realistic spectrum
of NH with statistical fluctuations at 100 kT · year ex-
posure together with the ideal spectrum for the IH case.
The ratio of these two spectra is shown in the bottom
right panel.

In this section we have therefore identified the ambigu-
ities associated with the uncertainty of the |"m2

32| value
in relation to the finite detector energy resolution. In
particular, we have shown that, under rather ideal con-
ditions (perfect energy calibration, very long exposure,
etc.), the corresponding degeneracies can be overcome at
intermediate distances (" 60 km) and in a limited range
of energies.

X. Qian et al, arXiv:1208.1551
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