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Abstract The deep underground neutrino experiment
(DUNE) is a proposed next generation superbeam experi-
ment at Fermilab. Its aims include measuring the unknown
neutrino oscillation parameters—the neutrino mass hierar-
chy, the octant of the mixing angle 8,3, and the CP-violating
phase dcp. The current and upcoming experiments T2K,
NOvA, and ICAL@INO will also be collecting data for the
same measurements. In this paper, we explore the sensitiv-
ity reach of DUNE in combination with these other exper-
iments. We evaluate the least exposure required by DUNE
to determine the above three unknown parameters with rea-
sonable confidence. We find that for each case, the inclusion
of data from T2K, NOvA, and ICAL@INO help to achieve
the same sensitivity with a reduced exposure from DUNE
thereby helping to economize the configuration. Further, we
quantify the effect of the proposed near detector on system-
atic errors and study the consequent improvement in sensitiv-
ity. We also examine the role played by the second oscillation
cycle in furthering the physics reach of DUNE. Finally, we
present an optimization study of the neutrino—antineutrino
running of DUNE.

1 Introduction

The flavor mixing of neutrinos leading to neutrino oscil-
lations was confirmed by the Super-Kamiokande experi-
ment [1], more than a decade ago. In the years since, we have
measured most of the neutrino oscillation parameters to some
precision. Solar neutrino experiments like SNO [2,3] and the
reactor neutrino experiment KamLAND [4] have measured
the solar oscillation parameters 612 and Ajj (=m% — m%)
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quite precisely. The atmospheric parameters 63 and |A3zg]
(=|m§ — m%l) have been measured by Super-Kamiokande,
MINOS and T2K [5-7]. The smallest mixing angle 03 has
been measured quite recently by the reactor neutrino exper-
iments Double Chooz, Daya Bay, and RENO [8-10]. The
combined fit to world neutrino data significantly constrains
most of the oscillation parameters today [11-13].

Some quantities, however, still remain unmeasured. The
sign of the atmospheric mass-squared difference A3 is cur-
rently unknown. The case with m3 > my (m3 < my) is
called a normal (inverted) hierarchy or NH(IH). The octant in
which the atmospheric mixing angle lies is another unknown.
If 63 < 45° (B3 > 45°), then 63 is said to lie in the
lower (higher) octant or LO(HO). Finally, the value of the
CP-violating phase §cp is completely undetermined with the
whole range from —180° to +180° being allowed at 3o
C.L. However, recent hints point to a value of §cp close to
—90° [14]. There are many other fundamental questions, like
the absolute masses of the neutrinos and their Dirac/Majorana
nature. However, these cannot be probed by neutrino oscil-
lation experiments.

The primary task before the current and next generation
of neutrino oscillation experiments is therefore, to measure
the unknown parameters (mass hierarchy, octant of 6,3, and
dcp) and to put more precise constraints on the values of
the known ones. These can be achieved by experiments that
probe the v, — v, and v, — v, oscillation channels at
scales relevant to the atmospheric mass-squared difference.
The superbeam experiments T2K [15] and NOvA [16] which
are operational are the two current generation long-baseline
experiments that are likely to shed light on the above issues.
The discovery of a non-zero 613 and a precise measurement
of this parameter have added a boost to the explorations of the
potential of these experiments toward measuring the above
unknowns [17-28]. Some of the earlier studies on this topic
can be found in [29-31]. Atmospheric neutrino experiments
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can also throw light on the above issues. One such project,
ICAL@INO [32], is already approved and will use a mag-
netized iron calorimeter detector with charge sensitivity. The
combined capabilities of the long-baseline experiments T2K,
NOvA, and the atmospheric neutrino experiment ICAL have
been discussed extensively, e.g. see Refs. [22,23,26,33-35].

The main problem in determining the oscillation param-
eters is the problem of parameter degeneracy [36—41], i.e.
two different sets of oscillation parameters giving the same
value of probability. Therefore, in the degenerate parts of
the parameter space, it is difficult for any one experiment
to measure all the unknown parameters [42-47]. Depend-
ing on the values of the oscillation parameters in nature,
the current and upcoming experiments may be able to mea-
sure one or more of the unknown parameters over the next
few years. However, the expected sensitivity even in favor-
able parameter space is in the range 2—-30. For unfavorable
values of parameters as well as for enhanced sensitivity in
the favorable region we will need next generation facili-
ties. The LBNE experiment [48] in the United States and
the LBNO experiment [49] in Europe were two of the pro-
posals for such a facility. Many studies have explored the
physics reach of these experiments [28,50-61]. These dif-
ferent proposals are now converging into a unified endeavor
of a long-baseline experiment using a high-intensity beam
from Fermilab. The proposal outlines construction of a deep
underground neutrino observatory at Sanford underground
research facility (SURF) in South Dakota. This was initially
called the Experiment at the Long Baseline Neutrino Facility
(ELBNF) [62], now re-christened as DUNE. The prospective
detector is a modular 40 kiloton liquid argon time projection
chamber (LArTPC). One of the major goals of this facility
as outlined in [63] is a 30 CP sensitivity for 75 % values
of Scp.

There are also proposals for future atmospheric neutrino
experiments, such as HyperKamiokande [64,65] which is a
Water Cerenkov detector and PINGU [66] which is a multi-
Megaton ice detector using the Cerenkov technique. Some
phenomenological studies involving these experiments have
been presented in Refs. [67-71].

By the time the next generation experiments start collect-
ing data, we will also have information from the current gen-
eration of experiments NOvA, T2K and the upcoming ICAL
experiment. It is therefore pertinent to ask what the mini-
mum amount of information needed from the future exper-
iments in light of the information from this data is. This
question was addressed in Ref. [54] in the context of the
LBNO experiment. In that paper, three prospective baselines
namely 2290, 1540, and 130 km were considered for the
LBNO configuration. For the first two baselines the proto-
type detector was a LArTPC, whereas for the 130 km baseline
a Cerenkov detector was considered. It was shown that there
exists a synergy between experiments and channels, because
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of which the combined analysis of many experiments gives
very good sensitivity. Therefore the same physics goals can
be achieved with a lower exposure for LBNO. In this work,
we carry out a similar analysis for DUNE with a baseline of
1300 km and taking a LArTPC detector. We determine the
most conservative specifications that this experiment needs,
in order to measure the remaining unknown parameters to
a specified level of precision. This early physics reach of
DUNE can be taken as the aim of the first stage, if the exper-
iment is conducted in a staged approach. For this purpose,
we use the latest experimental specifications provided by the
collaboration.

In addition, we study the impact of the near detector (ND)
in reducing the systematic uncertainties,by explicitly simu-
lating events at both the near detector and the far detector
(FD). The role of the near detector and improved systemat-
ics used for a superbeam experiment have been considered
in Ref. [72], specifically in the context of the precision mea-
surement of §cp. We show the effect of systematics for all
the three performance indicators—hierarchy, octant, and écp,
considering the overall signal and background normalization
errors at both ND and FD.

We also study the role of the second oscillation maxi-
mum in improving the sensitivities, both for DUNE alone
and in conjunction with T2K, NOvA, and ICAL. Optimiza-
tion of the neutrino and antineutrino run has been studied
before in Refs. [51,73]. In this work, the adequate expo-
sure is obtained by assuming equal neutrino and antineu-
trino runs. Subsequently we also change the proportion of
neutrino and antineutrino runs in the adequate exposure and
study the optimal combination. This is determined for each
of the three unknowns for only DUNE as well as DUNE in
conjunction with the LBL experiments T2K and NOvAand
the atmospheric neutrino experiment [CAL@INO.

The plan of the paper is as follows. In Sect. 2, we discuss
the configurations of the experiments considered in this work.
The next section explores the question posed above — deter-
mining the minimal or ‘adequate’ configuration required for
DUNE in light of data from T2K, NOvA, and ICAL, in order
to determine the unknown parameters. We then discuss the
effect of systematics in Sect. 4 and the significance of the
second oscillation maximum for DUNE baseline in Sect. 5.
Finally, in Sect. 6, we present an optimization study of the
neutrino—antineutrino running at DUNE to get the best pos-
sible results.

2 Simulation details

Among the current generation of neutrino oscillation experi-
ments, in this work we consider NOvA, T2K, and ICAL@]I-
NO. NOvA and T2K are currently operational, while
ICAL@INO project has been approved. The precise con-
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figuration of DUNE is still being worked on, and in this
work we allow its specifications to be variable. For this
work, we have simulated the long-baseline experiments using
the GLoBES package [74,75] along with its auxiliary data
files [76,77].

The T2K experiment in Japan shoots a beam of muon
neutrinos from J-PARC to the Super-Kamiokande detector
in Kamioka, through 295 km of earth. This experiment will
run with a total integrated beam strength of around 8 x 10!
pot (protons on target). The specifications used for this detec-
tor are as given in Refs. [15,78-80]. We assume in our study
that T2K will run only in the neutrino mode with the above
pot. The T2K collaboration has started running in the antineu-
trino mode. For advantages of neutrino vis-a-vis antineutrino
runs we refer to [81,82]. More discussions of the effect of
antineutrino data from T2K will follow in the relevant sec-
tions.

The NOvA experiment at Fermilab takes neutrinos from
the NuMI beam, with a beam power of 0.7 MW. The planned
run of this experiment is for 6 years, divided into 3 years
of neutrino and 3 years of antineutrino mode. The neutrinos
are intercepted at the TASD detector in Ash River, 812 km
away and 14 milliradians off the beam axis. The off-axis
nature of these experiments helps to impose cuts to reduce
the neutral current background. After the measurement of
the moderately large value of 013, the event selection criteria
were re-optimized with the intention of exploiting higher
statistics [19,83]. We have used this new configuration for
the NOvA experiment in our work.

ICAL@INO is a magnetized iron detector for observing
atmospheric neutrinos [32]. Magnetization allows for a sepa-
ration of ™t and p~ events, and hence a distinction between
neutrinos and antineutrinos. The total exposure taken for this
experiment is 500 kiloton year, i.e. 10 years of data collec-
tion using a 50 kiloton (kt) detector. We assume an energy
resolution of 10 % and angular resolution of 10° for the neu-
trinos in the detector. These give results comparable to the
muon analysis [35,84] that has been performed by the INO
collaboration. The new ‘3-d analysis’, which also includes
hadronic energy information [85] is expected to give better
results. The statistical procedure followed in calculating the
sensitivity of this experiment follows the treatment outlined
in Ref. [86].

DUNE is the next generation international neutrino oscil-
lation experiment proposed to be hosted at Fermilab. The
beam of neutrinos, with a wide-band profile, will travel 1300
km from Fermilab to a liquid argon detector at SURF, South
Dakota. The projected beam power is 1.2 MW with the pos-
sibility of upgradation to 2.4 MW. The detailed design of
this experiment including beamline, detector, and engineer-
ing aspects is expected to rely on the results of R&D work
already carried out by earlier proposals including LBNE and
LBNO. The higher energy available, along with the long

baseline, means that the neutrinos will experience greater
matter effects than NOvA or T2K. There are two options
being considered for the proton beam—380 and 120 GeV. For
a given configuration of the beamline and beam power, pro-
ton energy varies inversely with the number of protons in the
beam per unit time, and hence the neutrino flux. In this work,
we have chosen the 120 GeV beam which gives us a lower
flux of neutrinos and hence a conservative estimate of our
results. The details of the LArTPC detector response have
been taken from Ref. [87]. In this work we use the recently
updated neutrino flux corresponding to 1.2 MW beam power
[88]. However, we give our results in terms of MW-kt-yr.
This will enable one to interpret the results in terms of vary-
ing detector volume, timescale and beam power. Note that
although we use the flux corresponding to 1.2 MW beam
power, if the accelerator geometry remains the same, then
the change in the value of the beam power will proportion-
ally change the flux. Therefore, the flux for a different value
of beam power can be obtained by simply scaling the ‘stan-
dard’ flux file by the appropriate factor.

Since DUNE is proposed to be an underground observa-
tory it will also be possible for it to observe atmospheric
neutrinos. In this work, we have not considered this possibil-
ity. A detailed study on atmospheric neutrinos for the DUNE
experiment is presented in Refs. [55,56].

The sensitivity of DUNE to the mass hierarchy, the octant
of 63, and §cp comes primarily from the v, — v, oscillation
probability P,.. An approximate analytical formula for this
probability can be derived perturbatively [89-91] in terms of
the two small parameters « = A»;/A3; and sin 0;3.
sin? [(1 — A)A]

(1—- Ay
+ o sin 2613 sin 2617 sin 2623 cos (A + Scp)
XsmAAsmﬁl—Aﬂﬂ
A (1 — A)

Here, A = A3y L/4E is the oscillating term, and the effect of
neutrinos interacting with matter in the earth is given by the
matter term A = ZﬁGpneE/Ay, where n,. is the number
density of electrons in the earth. Note that this expression is
valid in matter of constant density. This approximate formula
is useful for understanding the physics of neutrino oscilla-
tions. However, in our simulations, we use the full numerical
probability calculated by GLoBES.

In the analyses that follow, we have evaluated the x>
for determining the mass hierarchy, the octant of 6,3, and
discovering CP violation! using a combination of DUNE
and the current/upcoming experiments T2K, NOvA, and

Py =4 sin? 013 sin? 623

+ O?). (1)

! The commonly used phrase ‘CP-violation discovery’ is taken to mean
the distinguishing of a given value of §cp from the CP-conserving cases
0, 180°. This should not be confused with the statistical usage of the
word ‘discovery’ that implies 5o evidence.
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ICAL. For each set of ‘true’ values assumed, we evaluate
the x2 marginalized over the ‘test’ parameters. In our sim-
ulations, we have used the effective atmospheric parame-
ters corrected for three-flavor effects? [92-94]. The true
values assumed for the parameters are sin? 012 = 0.304,
[Az1] = 2.4 x 1073 eV2, Ay = 7.65 x 1075 eV2, and
sin? 2613 = 0.1. The true value of Scp is varied throughout
the full range [—180°, 180°). For true 6,3, we have consid-
ered three values—39°, 45°, and 51° which are within the
current 30 allowed range. The test values of the parame-
ters are varied in the following ranges: 6,3 € [35°,55°],
sin? 26013 € [0.085,0.115], cp € [—180°, 180°). The test
hierarchy is varied as well. The solar parameters are already
measured quite accurately, and their variation does not impact
our results significantly. Therefore, we have not marginal-
ized over them. We have imposed a prior of o (sin” 20;3) =
0.005 on the value of sin® 203, which is the expected pre-
cision from the reactor neutrino experiments [95]. We have
included backgrounds arising from NC events, mis-identified
v, events, intrinsic beam backgrounds as well as wrong-sign
backgrounds. The systematic uncertainties are parameterized
in terms of four nuisance parameters—signal normalization
error 2.5 % (7.5 %), signal tilt error 2.5 % (2.5 %), back-
ground normalization error 10 % (15 %), and background
tilt error 2.5 % (2.5 %) for the appearance (disappearance)
channel [48].

In Sect. 3, our aim is to economize the configuration of
DUNE with the help of the current generation of experiments.
We have done that by evaluating the ‘adequate’ exposure
for DUNE. The qualifier ‘adequate’, as defined in Ref. [54]
in the context of LBNO, means the exposure required from
the experiment to determine the hierarchy and octant with
X2 = 25, and to detect CP violation with X2 = 9. To do so,
we have varied the exposure of DUNE and determined the
combined sensitivity of DUNE along with T2K, NOvA, and
ICAL. The variation of total sensitivity with DUNE expo-
sure tells us what the adequate exposure should be. In this
work, we have quantified the exposure for DUNE in units
of MW-kt-yr. This is a product of the beam power (in MW),
the runtime of the experiment (in years)® and the detector
mass (in kilotons). As a phenomenological study, we will
only specify the total exposure in this paper. This may be

2 The effective atmospheric mass-squared difference and atmospheric
mixing angle are obtained by fitting oscillation data to the effective
two-flavor oscillation formula. From a physics point of view, there is
no advantage in using these effective parameters and then correcting
for three-flavor effects. However, from a computational point of view,
we find that the use of these effective parameters gives more precise
results while scanning the parameter space, since the hierarchy and
octant degeneracies are exact in these parameters.

3 A runtime of n years is to be interpreted as n/2 years each in neutrino
and antineutrino mode. In this work, we have always considered equal
runs in both modes for DUNE unless otherwise mentioned.
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interpreted experimentally as different combinations of beam
power, runtime and detector mass whose product quantifies
the exposure. For example, an exposure of 40 MW-kt-yr
could be achieved by using a 10 kt detector for 2 years (in
each, the v and the Vv mode), with a 1 MW beam. We use
events in the energy range 0.5-10 GeV for DUNE which
covers both first and second oscillation maxima. The relative
contribution of the second oscillation maximum is discussed
in Sect. 5.

3 Adequate exposure for DUNE
3.1 Hierarchy sensitivity

In the left panel of Fig. 1, we have shown the combined sen-
sitivity of DUNE, NOvA, T2K, and ICAL for determining
the mass hierarchy, as the exposure for DUNE is varied. The
hierarchy sensitivity typically depends very strongly on the
true value of dcp and 0;3. In this work, we are interested in
finding out the least exposure needed for DUNE, irrespective
of the true values of the parameters in nature. Therefore, we
have evaluated the x 2 for various true values of these param-
eters as listed in Sect. 2, and taken the most conservative case
out of them. Thus, the exposure plotted here is for the most
unfavorable values of true dcp and 6»3. Since hierarchy sen-
sitivity of the P, channel increases with 6,3, the worst case
is usually found at the lowest value considered—~6,3 = 39°.
The most unfavorable of dcp is around +(—)90° for NH(IH)
[18]. Separate curves are shown for both hierarchies, but the
results are almost the same in both cases. We find that the
adequate exposure for DUNE including T2K, NOvA, and
ICAL data is around 44 MW-kt-yr for both NH and IH. This
is shown by the upper curves. The two intermediate curves
show the same sensitivity, but without including the ICAL
data in the analysis. In this case, the adequate exposure is
around 78 MW-kt-yr. Thus, in the absence of ICAL data,
DUNE would have to increase its exposure by over 75 % to
achieve the same results. For the benchmark values of 1.2
MW power and 10 kt detector, the exposure of 44 MW-kt-
yr implies under 2 years of running in each mode whereas
the adequate exposure 78 MW-kt-yr corresponds to about 3
years exposure in each mode.

Finally, we show the sensitivity from DUNE alone, in the
lower most curves. For the range of exposures considered,
DUNE can achieve hierarchy sensitivity up to the x* = 16
level. The first row of Table 1 shows the adequate exposure
required for hierarchy sensitivity reaching x2 = 25 for only
DUNE and also after adding the data from T2K, NOvA, and
ICAL. The numbers in the parentheses correspond to IH.
With only DUNE, the exposure required to reach x? = 25
for the hierarchy sensitivity is seen to be much higher.
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Fig. 1 Hierarchy (octant) sensitivity x2 vs. DUNE exposure, for both
hierarchies in the left (middle) panel. The value of exposure shown here
is adequate to exclude the wrong hierarchy (octant) for all values of dcp.
Two additional sets of curves are shown to show the fall in x2 without
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data from ICAL, and the sensitivity of DUNE alone. The right panel
shows the fraction of §cp range for which it is possible to exclude the
CP-conserving cases of 0 and 180°, at the x2 = 9 level. An additional
set of curves is shown to show the CP sensitivity of DUNE alone

Table 1 Adequate exposures

for hierarchy, octant and CP in Sensitivity DUNE + NOvA + T2K + ICAL  DUNE + NOvA + T2K  DUNE
units of MW-kt-yr for NH(IH) Hierarchy (x2 = 25) 44 (44) 78 (78) 190 (212)
Octant (x2 = 25) 74 (74) 130 (100) 168 (152)
CP (40 % at x> = 9) 130 (72) 130 (72) 228 (180)

3.2 Octant sensitivity

The mass hierarchy as well as the values of §cp and 623
in nature affect the octant sensitivity of experiments signifi-
cantly. In our analysis, we have considered various true val-
ues of dcp across its full range, and two representative true
values of 6,3—39° and 51°. Having evaluated the minimum
X2 for each of these cases, we have chosen the lower value.
Thus, we have ensured that the adequate exposure shown
here holds, irrespective of the true octant of 6,3. Note that
octant sensitivity reduces as we go more toward 6,3 = 45°.
Thus the above choice of true 6>3 only corresponds to the
more conservative value of 653 out of 39° and 51°.

The middle panel of Fig. 1 shows the combined octant sen-
sitivity of the experiments, as a function of DUNE exposure.
Around 70-74 MW-kt-yr for NH(IH) is the required expo-
sure for DUNE, to measure the octant with NOvA, T2K, and
ICAL. This implies a runtime of around 3 years in each mode
for the ‘standard’ configuration of DUNE. Without informa-
tion from ICAL, however, DUNE would have to increase
its exposure to around 130(100) MW-kt-yr for NH(IH) to
measure the octant with x> = 25. For a 1.2 MW beam and
a 10 kt detector this implies about 5(4) years for NH(IH)
in each mode. DUNE-only would need a higher exposure of
168 (152) MW-kt-yr for NH(IH) corresponding to about 7(6)
years in each mode. Thus including ICAL data reduces the
exposure required from DUNE. This is summarized in the
second row of Table 1.

3.3 Detecting CP violation

The CP detection ability of an experiment is defined as its
ability to distinguish the true value of écp in nature from the
CP-conserving cases of 0 and 180°. This obviously depends
on the true value of §cp. If §cp in nature is close to 0 or 180°,
this ability will be poor, while if it is close to +90°, it will
be high. CP detection also depends on 63, and typically it
is a decreasing function of 6,3 [33]. Here, we have tried to
determine the fraction of the entire §cp range for which our
setups can detect CP violation with at least x> = 9. We have
always chosen the smallest fraction over various values of
623 (39°, 45°, and 51°), so as to get a conservative estimate.

We find in the right panel of Fig. 1 that for the range of
exposures considered, the fraction of §cp is between 0.35
and 0.55. While the exposure increases by a factor of 2, the
increase in the fraction of dcp is very slow. In Ref. [23], it
was shown that the addition of information from ICAL to
NOvA and T2K increases their CP detection ability. This is
because ICAL data breaks the hierarchy-§cp degeneracy that
NOvA and T2K suffer from. However, the DUNE experiment
itself is also capable of lifting this degeneracy for most of the
values of §cp [53]. Therefore, the inclusion of ICAL data
does not make any difference in this case. This combination
of experiments can detect CP violation over 40 % of the dcp
range with an exposure of about 130 MW-kt-yr at DUNE
for NH (i.e. a runtime of around 5.5 years in each mode for
DUNE with the initial 10 kt detector or around 1.5 years in

@ Springer
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Table2 CPV coverage fraction at 3o for total 600 MW-Kt-yr exposure

30 CPV DUNE DUNE + NOvA + T2K
coverage for 6>3

39° 69 (73) 71 (74)

51° 60 (65) 63 (67)

each mode with the final 40 kt detector). Without including
T2K and NOvA information the exposure required will be
228 MW-kt-yr for 40 % coverage for the discovery of §cp.
As mentioned in the introduction, one of the mandates of
DUNE is 30 CP coverage for 75 % values of §cp [63]. We
find that an exposure of 300 MW-kt-yr in neutrinos and 300
MW-kt-yr in antineutrinos gives 69 % (73 %) CP coverage
at 30 for 03 = 39° and 60 % (65 %) for 51° in NH(IH).
We also find that addition of NOvA and T2K data does not
help much for such high values of exposure. The results are
summarized in Table 2.

In the following sections, we fix the exposure in each case
to be the adequate exposure as listed in Table 1, for the most
conservative parameter values.

4 Role of the near detector in reducing systematics

The measurement of a relatively large value of 03 makes
the issue of systematic uncertainties more relevant. The role
of the ND in long-baseline neutrino experiments has been
well discussed in the literature; see for example Refs. [96—
98]. The measurement of events at the ND and FD reduces
the uncertainty associated with the flux and cross-section
of neutrinos. Thus the role of the near detector is to reduce
systematic errors in the oscillation experiment. It has recently
been found that the ND for the T2K experiment can bring
about a spectacular reduction of systematic errors [99]. The
impact of ND and systematic uncertainties in the context of a
measurement of the CP violation using appearance channels
has been studied in [72,100] taking the T2HK experiment as
an example.

In this study, we have tried to quantify the improvement
in results, once the ND is included. The conventional way of
doing this is to assume that the existence of the ND leads to
areduction of systematic effects, and therefore input smaller
systematic errors by hand in the analysis. Instead of using
this approach, we have explicitly simulated the events at the
ND using GLoBES. The design for the ND is still being
planned. For our simulations, we assume that the ND has a
mass of 5 tons and is placed 459 meters from the source.
The flux at the ND site has been provided by the DUNE
collaboration [88]. The detector characteristics for the ND
are as follows [101]. The muon (electron) detection efficiency
is taken to be 95 % (50 %). The NC background can be
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rejected with an efficiency of 20 %. The energy resolution
for electrons is 6 %/+/E(GeV), while that for muons is 37
MeV across the entire energy range of interest. Therefore,
for the neutrinos, we use a (somewhat conservative) energy
resolution of 20 %/+/E (GeV). The systematic errors that the
ND setup suffers from are assumed to be the same as those
from the FD.

In order to have equal runtime for both FD and ND, we
fix the FD volume as 10 kt and consider both detectors to
receive neutrinos from 1.2 MW beam. This fixes the runtime
of FD, which is then also used in the simulation for ND. The
run times used in this section are chosen corresponding to the
adequate exposures from the previous section as given in the
first column of Table 1: 3.6 year for hierarchy sensitivity, 6.2
year for octant sensitivity and 10.8 year for CPV discovery
sensitivity.

In order to simulate the ND+FD setup for DUNE, we use
GLoBES to generate events at both detectors, treating them
as separate experiments. We then use these two data sets to
perform a correlated systematics analysis using the method of
pulls [102]. This gives us the combined sensitivity of DUNE
using both ND and FD. (We have explained our methodol-
ogy in Appendix A.) Thereafter, the procedure of combining
results with other experiments and marginalizing over oscil-
lation parameters continues in the usual manner. The results
are shown in Fig. 2. The effect of reduced systematic errors
is felt most significantly in regions where the results are best.
This is because for those values of §cp, the experiment typi-
cally has high enough statistics for systematic errors to play
an important role.

Next, we have tried to quantify the reduction in systematic
errors seen by the experiment, when the ND is included.
To be more specific, if the systematic errors seen by each
detector setup are denoted by r, then we wonder what is the
effective set of errors e for the FD setup, once the ND
is also included. In other words, for given systematic errors
m, we have found the effective errors g that satisfy the
relation

x>(FD(ef)) = x>(FD() @ ND(rr)), 2)

where the right-hand side denotes the correlated combina-
tion as described in Appendix A. The mes thus computed
can be used in future simulations as the reduced set of sys-
tematic errors because of the presence of the ND. We have
chosen typical values of systematic errors for the detector:
the v, appearance signal normalization error of 2.5 %, the
v,, disappearance signal normalization error of 7.5 %, the v,
appearance background normalization error of 10 % and the
v, disappearance background normalization error of 15 %.
The tilt error is taken as 2.5 % in both appearance and dis-
appearance channels. The first four numbers constitute 7, as
labeled in the figure. We find that the tilt errors have a very
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Fig. 2 Hierarchy/octant/CP violation discovery sensitivity x?2 vs. true Scp in the left/middle/right panel. The various curves show the effect of
including a near detector on the sensitivity of DUNE alone and DUNE combined with the other experiments
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Fig. 3 Reduction in systematics due to inclusion of the near detector.
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error, the v, disappearance signal normalization error, the v, appearance
background normalization error, and the v;, disappearance background
normalization error

small effect in this particular analysis, and we fix them to
the value specified above. The result of the computation is
shown in Fig. 3, for the case of hierarchy determination. The
sensitivity of FD + ND obtained using these numbers, are
matched by an FD setup with effective errors as follows: a v,
appearance signal normalization error of 1 %, a v, disappear-
ance signal normalization error of 1 %, a v, appearance back-
ground normalization error of 5 %, and a v,, disappearance
background normalization error of 5 %. Similar results are
obtained in the case of octant and CP sensitivity also. Thus,
inclusion of the ND brings the systematic errors down to 13—
50 % of their original value. These results are summarized
in Table 3. Note that the numbers presented in Table 3 are
indicative assuming the systematic uncertainties are energy
independent. However, the improvement in the systematic
uncertainties in the actual analysis incorporate this energy
dependence due to a full bin-by-bin analysis of the ND data.

Table 3 Reduction in systematic errors with the addition of a near
detector

Systematic error Only FD (%) FD + ND (%)
Vv, app signal norm error 2.5 1
v, disapp signal norm error 7.5 1
v, app background norm error 10 5
v, disapp background norm error 15 5

5 Significance of the second oscillation maximum

For a baseline of 1300 km, the oscillation probability P,
has its first oscillation maximum around 2-2.5 GeV. This is
easy to explain from the formula

Ag"f)L i
4E 2’

where Ag’?) is the matter-modified atmospheric mass-squared
difference. In the limit Ay; — 0, it is given by

Al = A31\/(1 — A)2 +5in? 2613 .

The second oscillation maximum, for which the oscillating
term takes the value 37 /2, occurs at an energy of around
0.6-1.0. Studies have discussed the advantages of using the
second oscillation maximum to get information on the oscil-
lation parameters [73,103]. In fact, one of the main aims of
the proposed ESSnuSB project [104,105] is to study neutrino
oscillations at the second oscillation maximum.

The neutrino flux that DUNE will use has a wide-band
profile, which can extract physics from both, the first and
second maxima. Figure 4 shows P, for the DUNE base-
line, superimposed on the v, flux. This is in contrast with
NOvA, which uses a narrow-band off-axis beam concentrat-
ing on its first oscillation maximum, in order to reduce the
70 background at higher energies.
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Fig. 4 Neutrino oscillation probability P, for various representative
values of §cp and normal hierarchy, for the NOvA and DUNE baselines.
Also shown as shaded profiles in the background are the v, flux for both
these experiments (on independent, arbitrary scales)

In order to understand the impact of the second oscil-
lation maximum, we have considered two different energy
ranges. Above 1.1 GeV, only the first oscillation cycle is rel-
evant. However, if we also include the energy range from
0.5 to 1.1 GeV, we also get information from the second
oscillation maximum. Figure 5 compares the sensitivity to
the hierarchy, octant and CP violation only from the first
oscillation cycle, and from both oscillation cycles assuming
the adequate exposures obtained in the previous section. We
see that inclusion of data from the second oscillation maxi-
mum only increases the x2 by a small amount. This increase
is visible only for hierarchy sensitivity. The effect is seen
to be more pronounced in the region écp ~ —90°. This is
because the probability for {IH,5cp = —90°} is closer to
that for {NH,5cp = +90°} at the first oscillation maximum,
as reflected in the first panel of Fig. 6. But at the second
oscillation maximum the separation between the probabili-
ties for these two sets is higher. Therefore adding the second
oscillation maximum aids the hierarchy sensitivity.

In the right panel of Fig. 6 we show how the exposure for
hierarchy sensitivity depends on the inclusion of the second
oscillation maximum for only DUNE and DUNE + T2K +
NOvA+ ICAL. It is clear from the figure that the second
maximum plays a more significant role for higher exposure.
For the combined case, So sensitivity is reached at arelatively
lower exposure and hence the second maximum does not play
a major role. This is also seen in Fig. 5. However, only for
DUNE, since 5o sensitivity is reached for a relatively higher
exposure, the inclusion of the second oscillation maximum
is seen to play an important role. This feature is reflected in
Table 4.

6 Optimizing the neutrino—antineutrino runs

One of the main questions while planning any beam-based
neutrino experiment is the ratio of neutrino to antineutrino
run. Since the dependence of the oscillation parameters on
the neutrino and antineutrino probabilities are different, an
antineutrino run can provide a different set of data which may
be useful in the determination of the parameters. However,
the interaction cross-section for antineutrinos in the detec-
tors is smaller by a factor of 2.5-3 than the neutrino cross-
sections. Therefore, an antineutrino run typically has lower
statistics. Thus, the choice of neutrino—antineutrino ratio is
often a compromise between new information and statistics.

Itis now well known that neutrino and antineutrino oscilla-
tion probabilities suffer from the same form of hierarchy-écp
degeneracy [18]. However, the octant-§cp degeneracy has the
opposite form for neutrinos and antineutrinos [20,24]. Thus,
inclusion of an antineutrino run helps in lifting this degener-
acy for most of the values of §cp [53]. For measurement of
dcp, it has been shown for T2K that the antineutrino run is
required only for those true hierarchy-octant-§cp combina-
tion for which octant degeneracy is present [81]. Once this

50
0 b " DUNE(1st+2nd maxima) ] " DUNE(1st+2nd maxima) — " "DUNE(1st+2nd maxima)
DUNE(Only 1st maxima) ====--- DUNE(Only 1st maxima) ====--- DUNE(Only 1st maxima)
DUNE(1st+2nd maxima)+Othefs; . DUNE(1st+2nd maxima)+Others - . 20 |- DUNE(1st+2nd maxima)+Others -
DUNE(only 1st maxima)+Others 40 - DUNE(only 1st maxima)+Others e 1 DUNE(only 1st maxima)+Others
~ Kt DUNE: 130 MW-kt-yr
?I:’:lEH74 MW-kt-yr P NH Y!
40 [-DUNE: 44 MW-kt-yr P 30 F e i r
~ True IH ~ et enenee®™ . N
= = =
Y3 £ 20 e T
20 | / N T
I 2 10 b
O 1 - 1 1 1 1 0 1 1 1 1 1 0
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Fig. 5 Hierarchy/octant/CP violation discovery sensitivity x 2 vs. true Scp in the left/middlelright panel. The various curves show the effect of data
from the second oscillation maximum on the sensitivity of DUNE alone and DUNE combined with the other experiments

@ Springer



Eur. Phys. J. C (2016) 76:114

Page 9of 14 114

0.12 ML BLALELELE B AL BLELELELE B SURLAL AL B B

Pue(neutrino)

0.08 [ §

E(GeV)

Hierarchy sensitivity(120 GeV Proton Beam)

50 T T
DUNE-+others(1st+2nd) ]
DUNE+others(Jst) -------
DUNE(1st¥2nd) ------++
40 _.DUNE(1st) 7
sof /" ]
« v ]
= -—
E .
PN PR PR FETTE FETTl FETE FEETl FEETl FERey Free

0
40 80 120 160 200 240 280 320 360 400 440
Exposure(MW kt yr)

Fig. 6 Left panel The probability vs. energy showing the hierarchy-Scp degeneracy affecting the hierarchy sensitivity at the two oscillation maxima.
Right panel Hierarchy exclusion X2 vs. exposure, with and without the second oscillation maximum

Table 4 Effect of the second oscillation maximum on the sensitivity of DUNE

Sensitivity

DUNE+NOvA+T2K+ICAL (MW-kt-yr)

Only DUNE (MW-kt-yr)

Ist + 2nd osc. cycles

Only 1st osc. cycle

Ist + 2nd osc. cycles Only 1st osc. cycle

Hierarchy (x2=125) 44 56
Octant (x2 = 25) 74 78
CP (40 % coverage at xz =9 130 140

212 436
168 190
228 256

The numbers indicate the adequate exposure (in MW-kt-yr) required by DUNE for determining the oscillation parameters, with and without the
contribution from the second oscillation maximum. For each of the three unknowns, the true parameters (including hierarchy) are taken to be ones

for which we get the most conservative sensitivity

degeneracy is lifted by including some amount of antineu-
trino data, further antineutrino run does not help much in CP
discovery; in fact it is then better to run with neutrinos to
gain in statistics [81]. But this conclusion may change for
a different baseline and matter effect. From Fig. 4 we see
that for NOvA the oscillation peak does not coincide with
the flux peak. Around the energy where the flux peaks, the
probability spectra with dcp = =£0, 180° are not equidis-
tant from the §cp = £90° spectra. For antineutrino mode
the curves for £90° switch position. Hence for neutrinos
Scp = 0° is closer to cp = —90° and §cp = 180° is closer
to cp = 90°, while the opposite is true for antineutrinos.
This gives a synergy and hence running in both neutrino and
antineutrino modes can be helpful. For T2K the energy where
the flux peak occurs coincides with the oscillation peak. At
this point the curves for §cp = 0, 180° are equidistant from
dcp = £90° and hence this synergy is not present. Thus,
the role of antineutrino run is only to lift the octant degener-
acy. The recent hint of cp from T2K [14] already gives us
some evidence of the octant (see Table XX VIII in Ref. [106],
or Ref. [81]). Moreover, NOvA and DUNE will collect far
more data with antineutrinos than T2K. Thus, the inclusion
of antineutrino run at T2K does not make much difference to
our results. In the following we have varied the proportion of

neutrino and antineutrino runs at DUNE to ascertain what is
the optimal combination. The adequate exposure is split into
various combinations of neutrinos and antineutrinos — 1/6 v
+5/6v,2/6 v+ 4/67v,...6/6 v+ 0/6 v. The intermedi-
ate configuration 3/6 v + 3/6 v corresponds to the equal-run
configuration used in the other sections. For convenience of
notation, these configurations are referred to simply as 1+ 5,
etc., i.e. without appending the °/6’. The results are shown in
Fig. 7.

The top row of Fig. 7 shows the hierarchy sensitivity of
DUNE for various combinations of neutrino and antineutrino
run. Normal hierarchy and 63 = 39° have been assumed
as the true parameters. For DUNE, we have chosen a total
exposure of 44 MW-kt-yr which was found to be the adequate
exposure in Sect. 3 assuming equal neutrino and antineutrino
runs. In the left panel, we see the results for DUNE alone. The
figure shows that in the favorable region of écp € [—180°, 0]
the best sensitivity comes from the combination 3 + 3 or 4 +
2. Although the statistics is more for neutrinos, the antineu-
trino run is required to remove the wrong-octant regions. For
NH, écp € [0, 180°] is the unfavorable region for hierar-
chy determination [18], as is evident from the figure. In this
region, we see that the results are worst for pure neutrino run.
The best sensitivity comes for the case 5 + 1. This amount
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Fig. 7 Sensitivity for DUNE for various combinations of neutrino and
antineutrino run by itself (left panel) and in conjunction with T2K,
NOvA, and ICAL (right panel). The top/middle/bottom row shows the
sensitivity to hierarchy/octant/CP violation detection. The total expo-

of antineutrino run is required to remove the octant degen-
eracy. The higher proportion of neutrino run ensures better
statistics. In the right panel, along with DUNE we have also
combined data from NOvA, T2K, and ICAL. With the inclu-
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sure has been divided into 6 equal parts and distributed between neu-
trinos and antineutrinos. For example, for hierarchy sensitivity, 6 + 0
corresponds to 44 MW-kt-yr in only neutrino; 3 4 3 correspond to 22
MW-kt-yr in each neutrino and antineutrino mode

sion of these data the hierarchy sensitivity increases further
and even in the unfavorable region x> = 25 sensitivity is
possible with only neutrino run from DUNE. This is because
NOvA, which will run in antineutrino mode for 3 years and
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the antineutrino component in the atmospheric neutrino flux
at ICAL, will provide the necessary amount of information
to lift the parameter degeneracies that reduce hierarchy sen-
sitivity. Therefore, the best option for DUNE is to run only
in neutrino mode, which will have the added advantage of
increased statistics. In the favorable region also the sensi-
tivity is now better for 6 4+ 0 and 5 + 1 i.e. less amount of
antineutrinos from DUNE is required because of the antineu-
trino information coming from NOvA. Note that overall, the
amount of antineutrino run depends on the value of §cp. How-
ever, combining information from all the experiments 4 + 2
seems to be the best option over the largest fraction of §cp
values.

In the middle row of Fig. 7, we have shown the octant
sensitivity of DUNE alone (left panel) and in combination
with the current experiments (right panel). For DUNE we
have used an exposure of 74 MW-kt-yr. We have fixed the
true hierarchy to be inverted, and 63 = 39° i.e. in the lower
octant. For this case the probability for neutrinos is maxi-
mum for cp ~ —90° and overlaps with the higher octant
probabilities. Thus the octant sensitivity in neutrino chan-
nel is very poor. This the worst results for these values of
dcp come from only neutrino runs. For antineutrino channel
because of the flip in dcp the probability for cp = —90°
is well separated from those for HO. Therefore the octant
sensitivity comes mainly from antineutrino channel [20].
Thus, addition of antineutrino runs help in enhancing octant
sensitivity. Therefore at —90° the best sensitivity is from 1
+ 5 i.e. 1/6th neutrino + 5/6th antineutrino combination.
On the other hand the neutrino probability is minimum for
dcp = 4+90° and LO and therefore there is octant sensi-
tivity in the neutrino channel. However, since we are con-
sidering IH the antineutrino probabilities are enhanced due
to matter effect and for a broadband beam some sensitivity
comes from the antineutrino channel also. Therefore there is
a slight increase in the octant sensitivity by adding antineu-
trino data as can be seen. Overall, the best compromise is
seen to be reached for 2 + 4 i.e. 1/3rd neutrino and 2/3rd
antineutrino combination, which gives the best results over
the widest range of §cp values. Addition of NOvA, T2K,
and ICAL data increases the octant sensitivity. The octant
sensitivity is best for combinations having more antineutri-
nos. For 6cp ~ +90° all combinations give almost the same
sensitivity. We have not presented the results for NH in this
case. For this case after adding T2ZK+NOvA+ICAL to DUNE
requires at least 4 4 2 to reach X2 = 25forécp € [—180°, 0]
while for §cp € [0, 180°] the octant sensitivity almost crosses
x? = 25 for all combinations of neutrino and antineutrino
run. Therefore, the exact combination chosen does not make
much difference to the final result.

The left and right panels of the bottom row in Fig. 7 show
the ability of DUNE (by itself, and in conjunction with the
current generation of experiments, respectively) to detect CP

violation. Here the true hierarchy is NH and true 6,3 is 51°.
Although this true combination does not suffer from any
octant degeneracy, we see in the left panel that 6 4 0 is
not the best combination. This is due to the synergy between
neutrino—antineutrino runs for larger baselines as discussed
earlier. In both cases, we find that the best option is to run
DUNE with antineutrinos for around a third of the total expo-
sure. On adding information from T2K and NOvA, we find
great improvement in the CP sensitivity. From the right panel,
we see that the range of Scp for which x2 = 9 detection of
CP is possible is almost the same for most combinations of
neutrino and antineutrino run. Therefore, as in the case of
octant determination, the exact choice of combination is not
very important.

7 Summary

The DUNE experiment at Fermilab has a promising physics
potential. Its baseline is long enough to see matter effects
which will help it to break the §cp-related degeneracies and
determine the neutrino mass hierarchy and the octant of 63.
This experiment is also known to be good for detecting CP
violation in the neutrino sector. The current and upcoming
experiments T2K, NOvA, and ICAL@INO will also provide
some indications for the values of the unknown parameters.
In this work, we have explored the physics reach of DUNE,
given the data that these other experiments will collect. We
have evaluated the adequate exposure for DUNE (in units of
MW-kt-yr), i.e. the minimum exposure for DUNE to deter-
mine the unknown parameters in combination with the other
experiments, for all values of the oscillation parameters. The
threshold for the determination is taken to be x2 = 25 for
the mass hierarchy and octant, and x> = 9 for detecting CP
violation. The results are summarized in Table 1. We find that
adding information from NOvA and T2K helps in reducing
the exposure required by only DUNE for determination of all
the three unknowns— hierarchy, octant and §cp. Adding ICAL
data to this combination further help in achieving the same
level of sensitivity with a reduction in exposure of DUNE
(apart from dcp). Thus the synergy between various experi-
ments can be helpful in economizing the DUNE configura-
tion. We have also probed the role of the ND in improving
the results by reducing systematic errors. We have simulated
events at the near and far detectors and performed a corre-
lated systematics analysis of both sets of events. We find an
improvement in the physics reach of DUNE when the ND
is included. We have also evaluated the drop in systematics
because of the near detector. Our results are shown in Table 3.

Further we have checked the role of information from the
lowest energy bins which are affected by the second oscil-
lation maximum of the probability. We find that inclusion
of these bins enhances the hierarchy sensitivity since the
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hierarchy-§cp degeneracy has a complementary behavior at
the two oscillation maxima. Thus the increase in sensitivity
is most significant in regions of parameter space where the
degeneracies reduce the sensitivity. We find that the effect is
more prominent when a greater exposure is required. For the
combined analysis to reach x> = 25 one needs, respectively,
44 (56) MW-kt-yr including (excluding) the second oscilla-
tion maximum. However, for only DUNE the same sensitivity
requires 436 MW-kt-yr but including the second oscillation
maximum the exposure is reduced to 212 MW-kt-yr to reach
x? =25.

Finally, we have done an optimization study of the
neutrino—antineutrino run for DUNE. The amount of antineu-
trino run required depends on the true value of cp. It helps in
achieving two objectives—(i) reduction in octant degeneracy
and (ii) synergy between neutrino and antineutrino data for
octant and CP sensitivity.

For a hierarchy determination using a total exposure of 44
MW-kt-yr the optimal combination for only DUNE is (3+3),
which corresponds to 22 MW-kt-yr in neutrino and antineu-
trino mode each, for §cp in the lower half-plane [—180°, 0]
and true NH-LO. For écp in the upper half-plane ([0, 180°])
the optimal ratio is 5/6th of the total exposure in neutrinos
and +1/6th of the total exposure in antineutrinos. Adding
information from T2K, NOvA, and ICAL the best combi-
nation for DUNE is 2/3rd neutrino + 1/3rd antineutrino for
dcp in the lower half-plane. In the upper half-plane, pure
neutrino run gives the best sensitivity. In the latter case, the
antineutrino component coming from NOvA and ICAL helps
in reducing the required antineutrino run from DUNE. For
octant sensitivity the best result from the combined experi-
ments comes from the proportion (1/6th + 5/6th) except for
dcp = +90° where all combinations give almost the same
sensitivity. For 6cp all combinations give similar results when
all data are added together, with equal neutrino and antineu-
trino or 2/3rd neutrino + 1/3rd antineutrino combination far-
ing slightly better.

To conclude, the DUNE experiment can measure mass
hierarchy, octant and dcp with considerable precision. Inclu-
sion of the data from the experiments like T2K, NOvA, and
ICAL can help DUNE to attain the same level of preci-
sion with a reduced exposure. Thus the synergistic aspects
between different experiments can help in the planning of a
more economized configuration for DUNE.
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Appendix A: Computing the effect of the near detector
on systematics

In this appendix, we discuss briefly the simple procedure
that we have used to combine results from the ND and FD,
with correlated systematics. This procedure is based on the
method of pulls [102]. The (1o) systematic errors are given
by a set of numbers w. These errors can be normalization
errors (which affect the scaling of events) or tilt errors (which
affect the energy dependence of the events). The ‘experi-

mental’ data N**® are simulated using the ‘true’ oscilla-

tion parameters pex, while the ‘theoretical’ events N;iet(th)

are generated using the ‘test’ oscillation parameters pg,. The
subscript i here runs over all the energy bins. The super-
script det can take values ND or FD. The theoretical events
get modified due to systematic errors as

M;iet(th) (Pw) = Nidet“h) (pth)[l + ngn"
k

E —E
+y g }
1

Emax — Emin

where the index k() runs over the relevant normalization

(tilt) systematic errors for a given experimental observable.

All the pull variables {£;} take values in the range (-3, 3),

so that the errors can vary from —30 to 4+-30. Here, E; is the

mean energy of the ith energy bin, Enin and Emax are the

limits of the full energy range, and E,, is their average.
The Poissonian x 2 is calculated for each detector as

X2 (Pex. Pun: {£1) = ZZ[M?““‘” (Pn) — N (pex)
i

det(ex)
N; (Pex)
d
+N (pey) In ( et — ||
M; (Pw)
The results from the two detector setups are then combined,

along with a penalty for each source of systematic error. The
final x2 is calculated by minimizing over all combinations

of &,

1 (Pex. Pi) = min [xz P (pex, pn; 1)
J

+x2 P (pex. P () + Zs}}
J

= x>(FD @ ND).

Usually, for two experiments with uncorrelated system-
atics, the adding of penalties and minimizing over the pull
variables is done independently, and the resulting x? values
are added. In contrast, here we add the same pulls to both
detector setups, and then minimize over the pull variables.
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This takes care of correlations between the systematic effects
of the two setups.
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