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Challenges in Medium-Baseline Reactor MH Resolution, NuFact’13Wei Wang W&M

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 studied by observing the 
spectrum of reactor neutrino flux
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Figure 2: The reactor ν̄e energy spectrum at distance L = 20 km from the source, in the absence of
ν̄e oscillations (double-thick solid line) and in the case of ν̄e oscillations characterized by ∆m2

31 =
2.5 × 10−3 eV2, sin2 2θ" = 0.8 and sin2 θ = 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
ν̄e 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 ν̄e energy spectrum
is essentially a direct test of the ν̄e oscillations. It is more effective than the total rate analysis since it
is not affected, e.g., by the overall normalization of the reactor ν̄e 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 ν̄e spectrum expected for ∆m2

" = 2 × 10−4 eV2

and ∆m2
" = 6 × 10−4 eV2 and the spectrum in the absence of ν̄e 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 ν̄e spectrum [36]. As Fig.
2 illustrates, the ν̄e 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
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Petcov&Piai, Phys. Lett. B533 (2002) 94-106

L~20km

✓Mass hierarchy is reflected in the spectrum
✓Signal 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 ν̄e 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 θ 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 θ!: the different behavior of the two survival probabilities
is due to the difference between sin2 θ! and cos2 θ!; correspondingly, the effect vanishes for
maximal mixing; thus, the more the mixing deviates from the maximal the larger the effect;

• the value of sin2 θ, 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 θ → 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 = 2πEν :

PNH − PIH

PNH + PIH
=

2 cos 2θ! sin2 θ cos2 θ

1 − 2 sin2 θ cos2 θ − cos4 θ sin2 2θ!
cos π

∆m2
31

∆m2
!

. (19)

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

! is about 25% for sin2 2θ! =
0.8 and sin2 θ = 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 ∆Eν must satisfy:

∆Eν ∼<
4π E2

ν

∆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 2θ! != 1, the LMA solution region is symmetric with respect to the change θ! → π/2 − θ!
(cos 2θ! → − cos 2θ!). While the value of sin2 2θ! is expected to be measured with a relatively high precision by the
KamLAND experiment, the sign of cos 2θ! will not be fixed by this experiment. However, the θ! − (π/2 − θ!) ambiguity
can be resolved by the solar neutrino data. Note also that the current solar neutrino data disfavor values of cos 2θ! < 0 in the
LMA solution region (see, e.g., [5, 6, 10]).
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Challenges in Resolving MH using Reactors

• 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.

3

Figure 2: The variation (left panel) of the MH sensitivity as a function of the baseline
difference 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 ∆χ2

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 Effect

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
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Challenges in Medium-Baseline Reactor MH Resolution, NuFact’13Wei Wang W&M

Reading the Signal in Another Way

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

– Δm232 uncertainty is too big 
for the small differences 
caused by different mass 
hierarchies. The shift can be 
easily absorbed by the 
uncertainty

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

4
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Challenges in Medium-Baseline Reactor MH Resolution, NuFact’13Wei Wang W&M

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.

5

• 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

S.F. Ge et al 
JHEP 1305 (2013) 131
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Challenges in Medium-Baseline Reactor MH Resolution, NuFact’13Wei Wang W&M

Energy Scale Places A Challenge

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

uncertainties have very similar role in MH determination

• Uncertainty in Δm2
32 causes nearly degenerated spectra 

between NH and IH
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Figure 3. The region of sensitivity to resolv-
ing the mass hierarchy in sin2 2θ13−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 difference 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 difference in the dis-
appearance probability assuming

∆m2
ee(IH) = 1.008× ∆m2

ee(NH) (4)

with this choice the difference 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 difference 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 difference between the
inverted hierarchy and the normal hierarchy. The
blue curve is assuming Eobs = Etrue and max-
imum difference 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 difference 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
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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 (unless we 
compensate the loss at the 
reactor flux spectrum level)

Could there be identical
oscillation patterns?

X. Qian et al, PRD87(2013)3, 033005



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: Effect 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), high photon yield, and 
relatively 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

8

�̄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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MH Sensitivity Study Setups (using the JUNO design)

• Model I: the degeneracy energy scale model, assuming 1% uncertainty

• Model II: a straightforward linear model with 1% uncertainty

• Model III: the Daya Bay energy model (Also see Soren’s Daya Bay talk on Friday)

– Five equally good models (for Daya Bay data) treated independently, which allows/
generates flexibility in shape.

– Correlations between different energy bins not reflected in the plot.
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Figure 2. Comparison of the energy spectra of the positron signal under different assumptions for NH and
IH cases

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

Dm2
32 best-fit value obtained from the observed energy spectrum allowed by its current uncertainty.

It has been illustrated in Ref. [20] that with the allowed uncertainty d (Dm2
32) = 0.13⇥ 10�3eV 2,

to break the degeneracy, energy non-linearity needs to be understood to the sub percent level. The
current generation of large LS detectors can achieve a precision of ⇠2%. This requirement can be
relaxed if the uncertainty in Dm2

32 get improved.
In addition to the most critical requirements on energy resolution and energy response, there

are other challenges in MBRO, such as backgrounds, reactor core distributions and event statistics.
We will discuss these factors with the sensitivity study in the following sections.

2.2 Mass hierarchy sensitivity study

2.2.1 The c2
min comparison method resolving MH

To study the physics sensitivity of MH determination in MBRO, a c2 is constructed using the pull
method to do model comparison between NH and IH as follows,

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 c2 differences between the two MH hypotheses is defined

– 5 –

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 difference of the minima as a measurement of the MH sensitivity. The
discriminator of the neutrino MH can be defined as

∆χ2
MH = |χ2

min(N)− χ2
min(I)|, (11)

where the minimization process is implemented for all the relevant oscillation parameters.
Note that two local minima for each MH [χ2

min(N) and χ2
min(I)] can be located at different

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 ∆χ2

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 differences 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

• Accidental background (~3000)

• Cosmogenic background (~550)

• Fast neutron background (~400)

• 13C(alpha, n)16O background (~6300)

• Geo-neutrino background (~3600)

Background assumptions
(Shapes from Daya Bay and Rates from KamLAND)

Energy model assumptions

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

C. Zhang, Los Alamos seminar on Daya Bay
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JUNO Sensitivity with Different Energy Models

10

S. Kettell et al arXiv:1307.7419

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

• Clearly, the degeneracy model has 
the worst impact to the sensitivity

• The current Daya Bay model, 
assuming 1% uncertainty, is still 
worse than the naive linear model 

• The flexibility/uncertainty in the energy 
scale functional format allows “pulls” on 
the spectrum to match the wrong MH

• The correlation between lower and higher 
energies constrains the allowed “pulls”.

• Key: construct a more definite energy 
non-linearity model

S. Kettell et al arXiv:1307.7419



Challenges in Medium-Baseline Reactor MH Resolution, NuFact’13Wei Wang W&M

How to Conquer the Energy Scale Challenge?

• Improve the energy calibration accuracy. (Plausibility?)

• Dual detector to mitigate the energy scale challenge? (Possibility?)

– See E. Ciuffouli et al, arXiv:1211.6818

• Which approach is more effective?

11

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.

– 10 –

• To reach the same level of improvements, energy 
scale uncertainty needs to be greatly improved.

- Remark: Super-K solar does reach the level of 
0.6% in absolute energy scale using an electron 
LINAC

- Could we realize this accuracy in a JUNO-like 
detector?
Proposed R&D: a positron and electron gun to 
cover the whole inverse beta decay spectrum.

Calibration�of�SuperCalibration�of�SuperͲͲK�with�K�with�an�electron��LINACan�electron��LINAC
Precise calibration of absolute energy scale, energy resolution, and angular 

resolution using electron LINAC.  

ENDCAP

0.1mm thick Ti window

• Beam�energy:�5�~�16�MeV/c�

Systematic error in the 
absolute energy scale : 
0.64 % (SK-I).

25

Super-K LINAC calibration 
(courtesy of T. Kajita)S. Kettell et al arXiv:1307.7419
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Challenges in Medium-Baseline Reactor MH Resolution, NuFact’13Wei Wang W&M

What Can Further Improve the MH Sensitivity? (I)

• Nonukawa et al pointed out that if Δm2ee and 

Δm2μμ measured precise&accurate sufficiently, 
MH can be resolved. See PRD72 (2005) 013009.

• Yufeng et al showed that if future Δm2μμ 

measurement could be improved to ~1%, the 
sensitivity can be improved significantly. (NOvA? 
T2K/T2HK/Hyper-K?)

12

X. Qian et al, PRD87(2013)3, 033005

• Combining future MH experiments (INO? PINGU?) Mattias will show PINGU+JUNO

~0.05-0.07x10-3eV2Jon Paley’s talk

Projection of Δm2ee Precision

46

MINOS 1σ on Δm2μμ

Now

C. Zhang LANL seminar
(Soeren will show real results on Friday)

Daya Bay Projected Δm2ee
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What Can Further Improve the MH Sensitivity? (II)

• Reactor flux uncertainty improvements can also improve the sensitivity.

• Currently, 238U fission products antineutrino spectrum is based on ab initio approaches by P. 
Vogel and updated by Mention et al in 2011. Uncertainties are ~10-20% and correlations 
between energies are “very difficult to evaluate”.
– Different assumptions lead to very different uncertainty in normalization, 2.2%-3.5%

• Which experiment(s) can provide better reactor flux predictions? (FRM-4? Daya Bay? RENO? 
Very short-baseline reactor experiments?)

13

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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Precision Measurement of the Reactor Flux and Spectrum at Daya Bay 
 

January 31, 2013 
The Daya Bay Collaboration 

 
Daya Bay collects reactor antineutrino data at a tremendous rate which enables a precision measurement 
of the reactor antineutrino spectra in the near site detectors. The Daya Bay experimental configuration 
allows spectral and flux measurements as close as 360m from the reactor cores at the Daya Bay site and 
480m at the Ling Ao site. At these detector locations the measured reactor antineutrino flux from the 
nearest reactor cores remains largely non-oscillated in the standard 3-neutrino oscillation framework. 
The contribution from the more distant reactors at ~900m is approximately 20% (7.5%) of the total 
event rate at Daya Bay (Ling Ao). The oscillation effects from the far reactor can be corrected for in any 
spectral analysis assuming a 3-neutrino framework. With this detector configuration Daya Bay will be 
able to report the following measurements and physics analyses: 
 
1. Highest-precision measurement of the reactor antineutrino spectrum in a reactor antineutrino 

experiment. An <1% statistical uncertainty is achievable in a 2-year run over a large range of 
energies at the near sites. 

2. Test of the reactor antineutrino spectrum and search for new antineutrino interactions: Using 
known reactor data such as thermal power output and fission fraction evolution from reactor core 
simulations Daya Bay can predict the expected non-oscillated spectral shape of reactor antineutrinos 
emitted from each reactor. A precise comparison of the spectral prediction with the Daya Bay 
measurement will test our understanding of reactor antineutrino spectrum calculations and reveal 
potential shape effects. Shape discrepancies may point to (a) missing nuclear physics in the reactor 
spectrum predictions or (b) new physics beyond the 3-neutrino framework including non-standard 
interaction (NSI) effects. Daya Bay can search for new antineutrino interactions through comparison 
of the measured and expected reactor spectra. Understanding the shape of the measured and 
predicted reactor spectrum is a pre-requisite to any absolute reactor flux measurement. Due to the 
high statistics of the Daya Bay measurement, the statistical uncertainty in the 2011–2012 Daya Bay 
data set is already below the flux conversion uncertainty on the spectrum.  

3. Absolute reactor flux measurement: In addition to a shape analysis, an absolute flux measurement 
tests our understanding of reactor flux predictions and can, in principle, shed light on the issue 
whether there is an apparent deficit in the measured reactor neutrino flux at short baselines, also 
known as the “reactor anomaly”. An analysis of past measurements and reactor flux predictions has 
revealed a discrepancy of about 5.7%. While Daya Bay has demonstrated superb relative detector 
uncertainties, an absolute measurement will be systematics limited. A statistical precision of 0.1% 
will be achievable. Improvements in the analysis may eventually reduce absolute detector 
uncertainties to <1%. An absolute flux measurement will be limited by our knowledge of the reactor 
flux normalization: this includes a theoretical uncertainty of 2.7% in the reactor flux predictions. 
One can compare Daya Bay data to previous reactor flux measurements by “anchoring” it to the 
absolute Bugey-4 measurement with an uncertainty of 1.4%. Daya Bay’s measured flux and 
spectrum will provide important input to test the reactor anomaly.  

4. Study of the time-evolution of the reactor antineutrino flux: The large reactor antineutrino event 
rate measured at Daya Bay allows a detailed study of the time variation of the reactor antineutrino 
flux. This contains information on the operation of the reactors as well as the evolution and isotopic 
composition of the core fuel. Correlating the measured antineutrino flux with reactor operations is of 
interest to reactor monitoring, the safeguard community, and applied neutrino science. With six 
reactors and 4 near-site detectors Daya Bay will provide the largest data set on reactor flux variations 
as a function of time. 

Daya Bay Projected Flux Precision (Snowmass’13)

S. Kettell et al arXiv:1307.7419
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Challenges in Medium-Baseline Reactor MH Resolution, NuFact’13Wei Wang W&M

The Special Statistical Case of MH Determination

• 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 fluctuations.

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

– Not proper for the mass hierarchy case 
due to its discrete nature.

• This is simply a special case that 
Feldman-Cousins pointed out long 
ago: when parameters are 
constrained, setting confidence 
intervals correctly needs MC

14

X. Qian et al, PRD86(2012)113011

Cross-checks & Confirmations: 
S.F. Ge et al JHEP 1305 (2013) 131; E. Eiuffoli et al arXiv:1305.5150
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The MH Sensitivity

• The median sensitivity (Asimov dataset) is reduced by half if counted in unit of sigma’s 
for the reactor MH sensitive. (A model w/o considering systematics. Other types of 
experiments, if signal has no large amount of statistics should check with MC)
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FIG. 2: (color online) The probability density functions
P (∆χ2|NH) and P (∆χ2|IH) in the Bernoulli model are
shown as the solid and dotted lines, respectively. The |∆χ2|
is assumed to be 9.

P (θ|NH) and P (θ|IH) are assigned degenerate distribu-
tions at 1 and −1 respectively. That is, P (θ = 1|NH) =
P (θ = −1|IH) = 1. Further, there is no nuisance pa-
rameter η. As a result, the expected bin counts will be
denoted by µNH

i = µ(1) and µIH
i = µ(−1) respectively.

Below, we showcase numerical calculations of vari-
ous sensitivity criteria for this example. In particu-
lar, we introduce approximations that are simple func-
tions of a term commonly known as “∆χ2 of Asimov
data set” in the physics literature. According to the
definition in Ref. [26], “the Asimov data set” under
hypothesis MH is given by xMH = (µMH

1 , · · · , µMH
N ),

where µMH
i = µi(θMH

0 , ηMH
0 ) and (θMH

0 , ηMH
0 ) =

argmax(θ,η) P (θ, η|MH) is the prior mode under MH.
In words, the Asimov data set is the most typical data
set under the most likely parameter values based on prior
knowledge subject to the given model.

Interestingly, ∆χ2 is itself often used as a measure of
sensitivity. Here, we’ll contrast the typical usage of ∆χ2

to that of the sensitivity criteria developed in the previ-
ous section. More accurate evaluations of these sensitiv-
ity criteria are also attainable via MC methods.

Suppose that the proposed experiment will collect
enough data such that the expected counts under NH
and IH are much larger than the difference between them:
µNH
i ∼ µiH

i >> |µNH
i − µiH

i |. Using the notations intro-
duced in Sec. II, if the nature is NH, then the observed
counts Ni can be represented as

Ni = µNH
i +

√

µNH
i · gi, (20)

where g1, · · · , gn are mutually independent standard
Gaussian random variables. Then, the statistic ∆χ2 of

Eq. 11 becomes

∆χ2
T=NH =

n
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i=1

(

µNH
i − µIH

i

)2

µIH
i

+
n
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i=1
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i

)
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+
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i

µIH
i

g2i

−
n
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i=1

log(1 +
µNH
i − µIH

i

µIH
i

) . (21)

Here, the subscript T = NH indicates that the nature
is NH. Since µiH

i >> |µNH
i − µiH

i |, the summation of
the last two terms in Eq. 21 is negligible as it is approx-

imately
∑n

i=1
µNH
i −µIH

i

µIH
i

· (g2i − 1) by a Taylor expansion

of the last term. Therefore, ∆χ2
T=NH follows a Gaussian

distribution, with mean and standard deviation:
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In the last step, since µNH

i − µIH
i << µNH

i ∼ µIH
i ,

we further neglect the term
(µNH

i
−µIH

i )3

(µIH
i

)2
. Similarly, it is

straightforward to show that when nature is IH, ∆χ2
T=IH

would follow an approximate Gaussian distribution with
mean = −∆χ2 and standard deviation σ∆χ2 . In fact,

when IH is true, ∆χ2
IH = −

∑n
i=1

(µNH

i
−µIH

i )2

µNH
i

≈ −∆χ2.

To see how the above approximation works, we look
at the example in Sec. II, where ∆χ2 ≈ 9. Fig. 2 shows
histograms (shaded area) based on large MC samples of
∆χ2 under NH and IH respectively. They agree very
well with the analytical approximation (dashed lines) in
Eq. 22.

Now, we are ready to calculate (1) the probability of a
hypothesis post data collection, and (2) various measure-
ments of sensitivity for an experiment concerning poten-
tial data generated from it.

First, given observed data x = (N1, · · · , Nn), the prob-
ability P (NH |x) can be directly calculated from Eq. 7.

LetG(t;m,σ) = 1√
2π·σe

− (t−m)2

2σ2 denote the pdf of a Gaus-

sian random variable with mean m and standard devia-
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P (∆χ2|NH) and P (∆χ2|IH) in the Bernoulli model are
shown as the solid and dotted lines, respectively. The |∆χ2|
is assumed to be 9.

P (θ|NH) and P (θ|IH) are assigned degenerate distribu-
tions at 1 and −1 respectively. That is, P (θ = 1|NH) =
P (θ = −1|IH) = 1. Further, there is no nuisance pa-
rameter η. As a result, the expected bin counts will be
denoted by µNH

i = µ(1) and µIH
i = µ(−1) respectively.

Below, we showcase numerical calculations of vari-
ous sensitivity criteria for this example. In particu-
lar, we introduce approximations that are simple func-
tions of a term commonly known as “∆χ2 of Asimov
data set” in the physics literature. According to the
definition in Ref. [26], “the Asimov data set” under
hypothesis MH is given by xMH = (µMH

1 , · · · , µMH
N ),

where µMH
i = µi(θMH

0 , ηMH
0 ) and (θMH

0 , ηMH
0 ) =

argmax(θ,η) P (θ, η|MH) is the prior mode under MH.
In words, the Asimov data set is the most typical data
set under the most likely parameter values based on prior
knowledge subject to the given model.

Interestingly, ∆χ2 is itself often used as a measure of
sensitivity. Here, we’ll contrast the typical usage of ∆χ2

to that of the sensitivity criteria developed in the previ-
ous section. More accurate evaluations of these sensitiv-
ity criteria are also attainable via MC methods.

Suppose that the proposed experiment will collect
enough data such that the expected counts under NH
and IH are much larger than the difference between them:
µNH
i ∼ µiH

i >> |µNH
i − µiH

i |. Using the notations intro-
duced in Sec. II, if the nature is NH, then the observed
counts Ni can be represented as

Ni = µNH
i +

√
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i · gi, (20)

where g1, · · · , gn are mutually independent standard
Gaussian random variables. Then, the statistic ∆χ2 of
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Here, the subscript T = NH indicates that the nature
is NH. Since µiH
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i |, the summation of
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In the last step, since µNH

i − µIH
i << µNH
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we further neglect the term
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. Similarly, it is

straightforward to show that when nature is IH, ∆χ2
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would follow an approximate Gaussian distribution with
mean = −∆χ2 and standard deviation σ∆χ2 . In fact,

when IH is true, ∆χ2
IH = −

∑n
i=1

(µNH

i
−µIH

i )2

µNH
i

≈ −∆χ2.

To see how the above approximation works, we look
at the example in Sec. II, where ∆χ2 ≈ 9. Fig. 2 shows
histograms (shaded area) based on large MC samples of
∆χ2 under NH and IH respectively. They agree very
well with the analytical approximation (dashed lines) in
Eq. 22.

Now, we are ready to calculate (1) the probability of a
hypothesis post data collection, and (2) various measure-
ments of sensitivity for an experiment concerning poten-
tial data generated from it.

First, given observed data x = (N1, · · · , Nn), the prob-
ability P (NH |x) can be directly calculated from Eq. 7.

LetG(t;m,σ) = 1√
2π·σe

− (t−m)2

2σ2 denote the pdf of a Gaus-

sian random variable with mean m and standard devia-

X. Qian et al, PRD86(2012)113011
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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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tion σ, evaluated at t, then

P (NH |x) =
P (x|NH) · P (NH)

P (x|NH) · P (NH) + P (x|IH) · P (IH)

=
ΠiG(Ni;µNH

i ,
√

µNH
i )

ΠiG(Ni;µNH
i ,

√

µNH
i ) +ΠiG(Ni;µIH

i ,
√

µIH
i )

=
1

1 + e−∆χ2(x)/2

where

∆χ2(x) =
n
∑

i=1

[

log
µIH
i

µNH
i

+

(

Ni − µIH
i

)2

µIH
i

−
(

Ni − µNH
i

)2

µNH
i

]

.

We mention that, if one reduces the full data x to its
function ∆χ2(x), then calculating P (NH |∆χ2) based on
our approximation in Eq. 22 will recover P (NH |x):

P (NH |∆χ2) =
P (∆χ2|NH) · P (NH)

P (∆χ2)
=

P (∆χ2|NH)

P (∆χ2|NH) + P (∆χ2|IH)

=

G

(

∆χ2;∆χ2, 2
√

∆χ2

)

G

(

∆χ2;∆χ2, 2
√

∆χ2

)

+G

(

∆χ2;−∆χ2, 2
√

∆χ2

) =
1

1 + e−∆χ2/2
. (23)

Next, we evaluate various sensitivity metrics of a fu-
ture experiment, using again the Gaussian distribution

for ∆χ2 in Eq. 22:

P
NH
T=NH ≈

∫ ∞

−∞

1

1 + e−t/2
G

(

t,∆χ2, 2
√

∆χ2

)

dt ≡ P (∆χ2) , (24)

FT=NH ≈
∫ ∞

0
G

(

t;∆χ2, 2
√

∆χ2

)

dt =
1

2



1 + erf





√

∆χ2

8







 , (25)

Fασ
T=NH ≈

∫ ∞

∆χ2
ασ

G

(

t;∆χ2, 2
√

∆χ2

)

dt =
1

2



1 + erf





∆χ2 −∆χ2
ασ

√

8∆χ2







 , (26)

PA%
T=NH ≈ 1

/(

1 + e
− 1

2

(

∆χ2−2z∗

A

√
∆χ2

)
)

. (27)

In Eq. 24 above, P
NH
T=NH was approximated by P (∆χ2),

which is a function of ∆χ2 only. In Eq. 27, z∗A represents
the Ath percentile of a standard Gaussian distribution,

hence ∆χ2 − 2z∗A

√

∆χ2 is the (100-A)th percentile of

∆χ2 according to the Gaussian approximation in Eq. 22.
Since P (NH |∆χ2) = 1

/

(1 + e−∆χ2/2) is increasing in
∆χ2, this means that the righthand side of Eq. 27 is
the (100-A)th percentile of P (NH |∆χ2), 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 ∆χ2 = 9. Had one followed com-

mon practice that directly compares
√

∆χ2 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 value, now confidence level considering 

the PDFs, is between the values obtained from the 
square root value approach and the >0 probability 
approach.

• To be accurate, one should do complete MC to obtain 
PDFs like in L. Zhan et al., PRD79(2009)073007.
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Next, we evaluate various sensitivity metrics of a fu-
ture experiment, using again the Gaussian distribution

for ∆χ2 in Eq. 22:

P
NH
T=NH ≈

∫ ∞

−∞

1

1 + e−t/2
G

(

t,∆χ2, 2
√

∆χ2

)

dt ≡ P (∆χ2) , (24)

FT=NH ≈
∫ ∞

0
G

(

t;∆χ2, 2
√

∆χ2

)

dt =
1

2



1 + erf





√

∆χ2

8







 , (25)

Fασ
T=NH ≈

∫ ∞

∆χ2
ασ

G

(

t;∆χ2, 2
√

∆χ2

)

dt =
1

2



1 + erf





∆χ2 −∆χ2
ασ

√

8∆χ2







 , (26)

PA%
T=NH ≈ 1

/(

1 + e
− 1

2

(

∆χ2−2z∗

A

√
∆χ2

)
)

. (27)

In Eq. 24 above, P
NH
T=NH was approximated by P (∆χ2),

which is a function of ∆χ2 only. In Eq. 27, z∗A represents
the Ath percentile of a standard Gaussian distribution,

hence ∆χ2 − 2z∗A

√

∆χ2 is the (100-A)th percentile of

∆χ2 according to the Gaussian approximation in Eq. 22.
Since P (NH |∆χ2) = 1

/

(1 + e−∆χ2/2) is increasing in
∆χ2, this means that the righthand side of Eq. 27 is
the (100-A)th percentile of P (NH |∆χ2), 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 ∆χ2 = 9. Had one followed com-

mon practice that directly compares
√

∆χ2 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

See also: G. Cowen et al Eur.Phys.J. C71 (2011) 1554X. Qian et al, PRD86(2012)113011
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One Brief Remark: Precision Measurements Warranted

• If JUNO performance reaches goals, sub-percent level precision measurements are less 
sensitive to the energy scale uncertainty and warranted

– Neutrinoless double beta decay needs precise theta12 measurement

– Enable a future ~1% level PMNS unitarity test

• Miao will present official JUNO sensitivities on Thursday. Also see Y.F. Li et al arXiv:1303.6733
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Precision vs Baseline S. Kettell et al
arXiv:1307.7419



Challenges in Medium-Baseline Reactor MH Resolution, NuFact’13Wei Wang W&M

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 (absolutely necessary. JUNO is attacking it from multiple 
directions)

– Energy scale uncertainty needs to be controlled <1% (essential.)

• A 2nd detector can mitigate the challenge to some level.

• Or sub-percent energy scale uncertainty is needed. Sub-percent uncertainty not achieved in massive 
LS detectors but realized in Super-K solar sector.

– Statistics (higher Δχ2 needed) (inconvenient)

• The statistical case of determining mass hierarchy is different from quantities whose measurements 
can be approximated by normal distributions.

– No “sabotage” reactors (plan carefully. JUNO has answered the question :)

• A case worth pursuing but we need well planned R&D programs to face and 
to conquer these unprecedented challenges.

– We have suggested a R&D program to address these challenges. Please check our 
Snowmass white paper: S. Kettell et al, arXiv:1307.7419 
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Mass Hierarchy using Reactors, Invisibles’13Wei Wang W&M

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%

20

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

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

Figure 7. The time evolution of Dc2 with respect to exposure

2.4 Expected sensitivity of MBRO to MH

Fig. 7 shows the sensitivity evolution with respect to exposure. We see that with the designed
degeneracy energy scale (energy model I), the Dc2 can reach ~10 in a 5 year run, which is a very
pessimistic situation. With the current preliminary Daya Bay energy scale model (energy model
III) and uncertainty, the final Dc2 could reach ~14, which is about 2s (Dc2 ⇠ 16) quoting the
conventional frequentist statement on the C.L. of the measurement. With a linear energy scale
uncertainty model (energy model II), the 5-year Dc2 could reach ~17,which corresponds to ~2s
C.L (Dc2 ⇠ 16).

As can be seen, the MH sensitivity strongly depends on the choice of the non-linearity model
(10 vs. 14 vs. 17 for model I, II, and III, respectively). Fig. 8 shows the fitted energy model at the
Dc2 minimum for these three models. Therefore, it is important to have a good understanding of
the energy response, at least the functional form of the energy model. The latter can also be viewed

– 9 –

S. Kettell et al arXiv:1307.7419
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Energy Scale References
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KamLAND non-linear curves, 
Classen dissertation, 2007

Correlation between energies
caused by energy model (Daya Bay)
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Reactors and Reactor Flux References
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Correlation between energies
and with norm (Daya Bay core1)



Isotope'Uncertain.es'

Op#on& Core&1& Core&2& Core&3& Core&4& Core&5& Core&6& Avg& ILL+&
French&

ILL+&
Vogel&

#1' 2.00%' 1.99%' 2.00%' 2.00%' 2.00%' 2.00%' 2.00%' 2.5%' 2.5%'

#2' 3.45%' 3.38%' 3.43%' 3.42%' 3.48%' 3.48%' 3.44%'

#3' 2.47%' 2.42%' 2.46%' 2.45%' 2.48%' 2.49%' 2.46%'

#4' 2.24%' 2.21%' 2.23%' 2.23%' 2.25%' 2.25%' 2.24%'

4/3/13' 238U'Treatment'Ma@ers' 8'

•  We'have4'op.ons'for'the'238U'uncertainty'and'correla.on'
treatment'
1.  Uncorrelated'(private'communica.on'with'Lhuillier)'

•  “In'prac.ce'we'assumed'no'correla.ons'but'we'added'in'quadrature'a'10%'
global'normaliza.on'error.”'

2.  Correlated'with'other'isotopes'(UW'treatment)'
3.  Correlated'between'bins'but'uncorrelated'with'others'(a'new'proposal)'
4.  Locally'correlated'between'bins'but'uncorrelated'with'others'(claimed'

treatment'by'Lhuillier'et'al'in'their'paper)'
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238U Spectrum Treatments

You Don’t Have to See the Details Here.


