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ABSTRACT: The Deep Underground Neutrino Experiment (DUNE) is a leading experiment
in neutrino physics which is presently under construction. DUNE aims to measure the yet
unknown parameters in the three flavor oscillation case which includes discovery of leptonic
CP violation, determination of the neutrino mass hierarchy and measuring the octant of 6a3.
Additionally, the ancillary goals of DUNE include probing the subdominant effects induced
by possible physics beyond the Standard Model (BSM). One such new physics scenario is
the possible presence of Large Extra Dimension (LED) which can naturally give rise to tiny
neutrino masses. LED impacts neutrino oscillation through two new parameters, — namely
the lightest Dirac mass mg and the radius of the extra dimension Rgp (< 2 pm). At the
DUNE baseline of 1300 km, the probability seems to be modified more at the higher energy
(2 4 —5GeV) in presence of LED. In this work, we attempt to constrain the parameter space
of mg and Rgp by performing a statistical analysis of neutrino data simulated at DUNE far
detector (FD). We illustrate how a combination of the standard low energy (LE) neutrino
beam and a medium energy (ME) neutrino beam can take advantage of the relatively large
impact of LED at higher energy and improve the constraints. In the analysis we also show
the role of the individual oscillation channels (v, — ve,v, — vy, v, — v;), as well as the
two neutrino mass hierarchies.
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1 Introduction

The phenomenon of neutrino oscillation has been firmly established from the analysis of
atmospheric [1] and solar [2] neutrino experiments, which provide an irrefutable evidence
that neutrinos are massive particles. Various other experiments have confirmed neutrino
oscillation till date. The global analyses of oscillation data [3—7] are mostly consistent with
the standard three-flavor (ve, vy, v;) neutrino scenario, fully described by three mixing angles
012,013, 023; one CP phase (d13) and two mass squared differences Am3;, and Am3,. However,
there still remains several unanswered questions in the neutrino sector. One such crucial
issue is how neutrino gains its tiny mass, since in the Standard Model (SM), neutrinos are
massless particles. In order to explain the small neutrino masses, in the traditional approach,
the SM is extended to include heavy right handed (RH) neutrinos to generate the tiny masses
of the neutrinos via seesaw mechanism [8-11].

But there is also an alternative mechanism to generate the small neutrino masses in
presence of a new physics model known as Large Extra Dimension (LED). The model of LED
was originally developed to address another fundamental problem, — the huge gap between
the electroweak scale (Mpw ~ 103 GeV) and the Planck scale (M, ~ G;,l/Q ~ 108 GeV)
(also known as the hierarchy problem) [12-14]. In this model, the familiar 4-dimensional
spacetime forms a hypersurface (known as brane) embedded within a higher dimensional
(4 + n dimension) spacetime, known as the bulk, — n being the number of extra spatial
dimensions with size R. The SM particles (quarks, leptons and gauge bosons) reside in the
brane, while gravity can propagate in the bulk (full 4 + n dimensions), — making gravity
orders of magnitude weaker in strength compared to other fundamental interactions. If
R is the radius of the extra dimension, then at a distance r < R, the gravitational force
falls off as r—(2t) while at r > R, it retains its usual 72 falloff. In LED, the electroweak
scale is the only fundamental mass scale (M; ~ Mgw ~ O(1TeV)) and it is related to
the Planck scale as Mg o~ M?‘*‘"R”. This gives the size of the extra spatial dimensions as



R ~ 2 x 108%™ =17 ¢m. One extra spatial dimension (n = 1) gives R ~ 108 km, which
indicates deviations of gravitational force at solar-scale distances and is thus easily excluded
from astrophysical observations. But n 2 2 suggests deviations of gravitational force at
O(1071) mm or below. Thus two or more extra spatial dimensions are still allowed and may
potentially be detected at future experiments.

LED can explain the smallness of neutrino mass in an elegant way [15-19]. Since the
RH neutrinos are singlets under SM gauge group, they can propagate into the bulk. The left
handed (LH) neutrinos which are SU(2) doublets in SM are restricted to the brane only. Thus
the Yukawa couplings between the RH neutrinos and the SM LH neutrinos are suppressed by
a factor of M@y /M, and this in turn gives the smallness of neutrino mass. The existence
of LED can be probed in neutrino experiments through the effects of Kaluza-Klein (KK)
excitations which describe the RH neutrinos in the bulk. The KK modes describing the
higher dimensional RH neutrino fields behave like an infinite tower of sterile neutrinos. They
induce additional frequencies in the oscillation probabilities and generate distortion in a
subdominant way. The usual practice is to consider an asymmetric space where only one out
of n extra spatial dimensions is large, such that there are four spatial dimensions in total. Two
additional parameters appear in the neutrino oscillation phenomenology in presence of LED,

— namely the lightest neutrino mass (mg) and the radius/size of the extra dimension (Rgp).

Several next-generation long-baseline neutrino experiments are in the pipeline in order to
explore the unresolved issues in neutrino oscillation physics,- such as, the search for leptonic
CP violation (CPV), determination of neutrino mass hierarchy and the correct octant of
the mixing angle 023 etc. .. These future experiments include, for e.g., Deep Underground
Neutrino Experiment (DUNE) [20, 21], Tokai to Hyper-Kamiokande (T2HK) [22], Tokai
to Hyper-Kamiokande with a second detector in Korea(T2HKK) [23], European Spallation
Source v Super Beam (ESSvSB) [24] among others. Due to the unprecedented precisions
these future neutrino facilities are expected to achieve, they are also sensitive to the effects of
new physics such as the presence of LED. In the present work we focus on DUNE and explore
its capability to probe the relevant LED parameter space of (mg — Rgp). DUNE is expected
to use the standard low energy (LE) tuned flux (having a peak around 2 — 3 GeV and falling
quickly at energies F 2 4 GeV) with a total runtime of 13 years distributed equally between
the v and v modes (6.5 years + 6.5 years) [25]. Among the additional fluxes that can be
used at DUNE, there is a possibility of using a medium energy (ME) beam (also known
as the v--optimized beam) which offers substantial statistics even at energies F 2 4 GeV
(although at the cost of some loss of statistics around 2 — 3 GeV) [25, 26]. It has already been
shown in literature that the combinations of different beams can be optimized in order to
improve the sensitivity to new physics parameters and other standard unknowns [27, 28]. In
this article we seek to exploit a possible optimized combination of the LE and ME beam
in order to probe the LED parameters more efficiently.

In literature, there are several works that analyze the LED parameters at DUNE and
other LBL experiments [29-39]. For e.g., the authors of [31, 34, 35] study LED parameters
at DUNE and further [31] analyzes the capability of DUNE to distinguish between different
new physics scenarios such as that of LED and light sterile neutrinos. The authors of [36]
have done an analysis of LED with the available data from MINOS/MINOS+ [40] and Daya
Bay [41] experiments and have also projected the future constraints from direct neutrino



mass measurement experiments like KATRIN [42]. The author of [38] has probed the LED
parameters using both the charged-current and neutral current interactions at DUNE and
also compared the results by estimating sensitivities from other LBL experiments such as
T2HK and ESSvSB. Most recently, the authors of [39] have analyzed the sensitivities to LED
parameters at DUNE when using a high-energy tuned beam. There are three distinct aspects
in which the present work goes beyond the other existing works on LED at LBL experiments.

¢ In the standard analyses of LED at DUNE, the beam used is generally the standard
low energy (LE)-tuned beam. In the present work we exploit the higher energy effects
of LED more efficiently and use the medium energy (ME) tuned beam (v -optimised
beam) in conjunction with the LE beam in order to improve the constraints on LED
parameter space. We would like to emphasize that our study estimates an optimized
combination of runtimes shared between the LE and ME beam so that we utilise the
statistics from both the low-energy and higher-energy bins.!

o We include the contributions from v, — v, channel (in addition to v, — v, and
v, — v,,) in our analyses and also discuss the individual roles of all three channels in
constraining LED.

o We use the most recent GLoBES configurations by the DUNE collaboration [43]. This
has a runtime of 13 years with 624 kt. MW.yr. exposure.

The article is organized as follows. We start with a brief overview of the relevant
theoretical basics of LED in section 2 in the context of neutrino oscillation, and then follow
it up with a probability level discussion in section 3. We then discuss about the different
beam tunes and the corresponding event spectra in section 4. This is followed by an outline
of the statistical procedure adopted in section 5, followed by our main sensitivity results
in section 6. Finally we conclude in section 7.

2 Theoretical basics of LED

In presence of LED, the fields carrying charge under the SM gauge symmetries are confined to
the familiar 4d spacetime (brane) and the fields that are singlets under SM gauge symmetries
can propagate into the (44+N) dimensional spacetime (bulk). Following the usual treatment
of LED models in neutrino oscillation phenomenology [29, 31, 36, 38, 44-52] we consider
effectively a (4+1) dimensional spacetime, such that one extra dimension is compactified on
a circle with radius Rgp, which is much larger than the other extra dimensions. We consider
three right handed neutrino fields v,z (lying in the 5d spacetime) associated with the three
left-handed neutrino fields vor (o = e, p, 7) residing in the 4d spacetime. The v,r can be
expressed as infinite number of Kaluza-Klein modes after imposing the periodic boundary
conditions due to the compactification of the fifth dimension. The relevant mass term of
the lagrangian after electroweak symmetry breaking becomes [29],

mass —Zma5|: aLVﬂR+\/§ZVaLVﬂR ] +ZZ 7(82 OZ%—I-hC (21)

Oénl

'This is in contrast to the study conducted in [39] where only one high energy beam was used to
constrain LED.
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where o, 8 = e, p, 7; mP? op 1s the Dirac mass matrix. v,p, Vg, ¥, , are the linear combinations

of the bulk fermion fields that couple to the SM neutrino fields 1/( 2, and the index n denotes
the KK mode. After diagonalizing the Dirac mass matrix m” using U and R such that
UlmPR = diag(mP, mP, mL), the mass term becomes,

3
Liass Z M VZR + h.c., (22)
=1

where M; is an infinite dimensional matrix:

mPRgp 00...0
V2mPRep 10 ...
1 [v2mPRgp02...0

o

\/ﬁmZDRED 00...n
The new basis in eq. (2.2) are given by,
0 /(0 0 /(0
ST AT S
A

aL R= Z Ry Z/(Ln}% with n > 0. (2.4)

The true mass is obtained after diagonalisation of the infinite-dimensional matrix M; and
the subsequent mixing of the three active neutrinos is given by,

VoL = Z Uocz Z V ) Z,E'Jn ’ (25>

/(n)

where U is the standard 3 x 3 unitary leptonic mixing matrix. v;;~ is a neutrino field with
mass m; = A!'/Rgp where A} are the solutions of the eigenvalue equation,

A — w(mP Rgp)? cot(mA?) = 0. (2.6)

mP (i = 1,2,3) are the three eigenvalues of the Dirac neutrino mass matrix, which are strongly
suppressed by the LED volume factor equal to (My/My) [17]. The eigenvalue equation
has infinite number of solutions for A? in the interval [n,n + 1/2] (for n = 0,1,2,...00).
This implies,

n+1/2

<mi < forn=0,1,2,...00. 2.7
Rep Rep 27

The elements of the mixing matrix V in eq. (2.5) are given by [16, 17, 53],

9
1+ m2(mP Rgp)? + (m}/mP)?

(V) = (2.8)



Assuming LED to be a perturbative effect (§; = mP Rgp < 1) on top of the standard three
neutrino oscillation, it is possible to solve the eigenvalue equation analytically to obtain
the following approximate expressions [44].

7'1'2 7'('2
mﬂ~—1+§+ } V”:\@&[l—3§"2+ } for n > 0 (2.9)
P RoRRER | f ; 5t . .

The neutrino oscillation probability in presence of LED from a flavour a to a flavour g
is given by,

2
: (2.10)
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ZZUSjUﬁj(‘G")QeXP<i( 2]23 )

j=1n=0

LED __
Pz/a—wﬁ -

where F is the neutrino energy and L is the baseline length. Expanding eq. (2.10), it can

PLED

Vs Contains the interference phases,

be seen that

L

mn L
25E A(miy )?

o) (j,k=1,2,3; myn=0,1,2,...00). (2.11)

2 2
= | (m
Further, each of these mass-induced interference terms are also proportional to the LED
mixing term (ij)Q(Vk”)2 (in addition to the mixing induced by the standard PMNS matrix U).
The phase differences can be seen as originating from the following three types of interferences,

o Interferences among standard neutrinos (i.e., 0-mode KK neutrinos): in this case the
corresponding phase and the LED mixing terms in leading orders are (using egs. (2.9)),

2 L

= A

2
VPP =1 - (&G +&) (k=1.23). (212)

The expressions in eq. (2.12) contribute to two kinds of terms in the probability
expression of eq. (2.10). The terms proportional to e:cp(—z'gb?,g) can be recognized
roughly as the contribution from the standard oscillation probability in the three
neutrino case. On the other hand, the terms proportional to —%2(5]2 + f,%)emp(—iqb?g)
give the correction to the probability due to the presence of LED. Note that this
correction has a negative sign implying that the presence of LED tends to decrease the
magnitude of oscillation probability.

o Interferences between the standard and (n > 0) KK mode neutrinos: in this case, the
corresponding phase and the mixing in leading orders can be derived as,

2 L, _n L
2F R, 2E’

n 2
(V)2 (V)? ~ 2

Sk = A(my)

&€ (j,k=1,2,3;n>0). (2.13)



For a typical value of Rgp = 0.5 um ~ 2.5 eV ™!, the mass-squared difference cor-
responding to the lowest mode (n = 1) KK neutrino is A(m?,}:)2 ~ —0.16 eV?, such
that \A(m%)Ql is orders of magnitude larger than the standard mass squared differ-
ences |Am3;| (~ 1073 eV?) and Am3; (~ 107° eV?). The mass-squared differences for
higher KK modes are even higher in magnitude (o< n?). Thus for the typical values of
L ~ O(10%) km and E < O(10) GeV, the interference terms with phases Jk (n>0)
get largely averaged out. Further, eq. (2.13) shows that the corresponding interference
terms are suppressed by the small perturbative term proportional to &2 (k = 1,2,3) as
well, and this suppression gets even stronger for higher KK modes (o< n2).

o Interferences among the (n > 0) KK mode neutrinos: the relevant phase and the mixing
factors can be shown as (in leading orders),

L
¢ m2in +2(§7 6/3) ﬁa

D2
RED

4 .
(VRO = — €6 (k= 1,2,3im,n> 0) (214)

The phases in eqgs. (2.14) are as large as % (in egs. (2.13)) in magnitudes and
the interference terms are increasingly suppressed by factors ~ O(¢4). Hence these
interference terms provide very little contribution to the probability in eq. (2.10). Both
egs. (2.13) and (2.14) justify our choice of considering only upto n = 2 KK neutrinos in
the analysis.

In presence of matter, the oscillation probability gets modified after taking into account
the charged and neutral current interactions experienced by neutrino. In matter the probability
is determined by the following evolution equation [31].

d 1 O1xn . %
i = [QEMTMJVJLJFZ (O " le >”§'L] with YVie =Y Us;Uak (dacVec+Vac).
k—1 nx1l Ynxn n— o0 a=e,u,T
(2.15)

The basis are given by egs. (2.4). The charged and neutral current potentials are given by
Vee = V2Gpne and Ve = —(1/v/2)Gpny,, where ne(n,) are the electron (nucleon) number
density along the path of neutrino propagation.

We implement the physics of LED and the oscillation probability in the General Long
Baseline Experiment Simulator (GLoBES) [54, 55] (see appendix A for details) and proceed
in the following way. Since the impact of LED is perturbative in nature, we require the
zero-th KK mode to correspond to the standard mass-squared differences [52]:

Am3; = (m)? — (m)’ (2.16)

The experimentally measured two standard mass-squared differences Am2; and Am2; help
us (using eqs. (2.6) and (2.16)) to fix two of the independent Dirac masses mP. Choosing the
lightest Dirac mass mg to be a free parameter of the LED model, all three Dirac masses mD
can then be determined. Clearly for the NH scenario, mg = m¥ and for IH mq = m3 Once

all the three Dirac masses are estimated, we use eq. (2.6) to obtain the neutrino masses m;' for



Parameter Best-fit-value 3o interval lo uncertainty
612 [Deg.| 34.3 31.4-37.4 2.9%
613 (NH) [Deg.] 8.53 8.13 - 8.92 1.5%
613 (IH) [Deg.] 8.58 8.17 - 8.96 1.5%
623 (NH) [Deg.] 49.3 41.2 - 51.4 3.5%
023 (TH) [Deg.] 49.5 41.1 - 51.2 3.5%
Am2, [eV?] 7.5x107° [6.94 - 8.14]x107° 2.7%
Am3, (NH) [eV?] | 2.55 x 1073 [2.47 - 2.63] x1073 1.2%
Am3, (TH) [eV?] | —2.45 x 1073 -[2.37 - 2.53]x 1073 1.2%
913 (NH) [Rad.] —0.927 [—7,—0.017] U [0.717, 7] -
913 (IH) [Rad.] —0.427 [—0.897, —0.047] —

Table 1. The values of the standard oscillation parameters and their uncertainties used in our study.
The values were taken from the global fit analysis in [3, 4]. If the 30 upper and lower limit of a
parameter is x,, and x; respectively, the 1o uncertainty is (x, — x;)/3(z, + 21)% [25].

higher KK modes (n > 0). We then use eq. (2.10) to determine the oscillation probability with
mo and Rgp as the additional model parameters in addition to the six standard oscillation
parameters. We have considered upto two KK modes (i.e., upto n = 2) and have checked
that the changes in oscillation probability is negligible for higher KK modes.

It needs to be mentioned that there exists a phenomenological constraint on Rgp [36].
From eq. (2.7), for the zero-mode mass Rgpmy < 1/2 (k = 1,2,3). But since,

mi = m? + Amzj > Amzj, (2.17)
we can write,

Rgp < k,j=1,2,3and k # j (2.18)

1
)
2 Afmkj
The largest such mass-squared difference is the atmospheric mass-squared difference and

is around 2.5 x 1073 eV? (which is Am2, for NH, and Am2; for IH). Thus the physically
allowed values of Rgp should satisfy,

eVl <2 pum. (2.19)

1
Rep <~
ED = 5 /2.5 x 103

3 Probabilities in presence of LED

In figure 1 we plot P(I;L —>(1;;), P(fll —>(1/L) and Péﬁ; —>(12) as a function of E for both the

standard (std) and LED case at the DUNE baseline of 1300 km. The black curves correspond
to the standard case. The red (blue) curves show the LED case with the LED parameter
as mg = 0 (mg = 0.05 eV). The compactification radius Rgp is 0.5 pum for all the LED
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Figure 1. This shows the probabilities as functions of energy (FE) for both standard (std.) scenario
and in presence of LED at the DUNE FD baseline of 1300 km. The three columns show the cases
of the three channels v, — v.,v, — v, and v, — v;, while the top (bottom) row depict the case
of neutrinos (antineutrinos). The black curves correspond to the std. case while the red and blue
curves illustrate the presence of LED (with two different values for the LED parameter mg as shown
in the figure legend). The LED compactification radius Rgp is chosen as 0.5 pum for the LED case.
The values of all standard oscillation parameters were chosen from table 1. The solid (dashed) curves
correspond to NH (IH).

cases. The solid (dahsed) curves in a panel depict the case of NH (IH), and the top (bottom)
row shows the case of neutrino (antineutrino). We note that the presence of LED has a
two-fold effect: firstly they introduce new frequencies (driven by the interferences between
the standard i.e., zero mode masses and i.e., n > 0 KK mode masses) leading to small wiggles
in the probability.? Secondly, LED decreases the magnitude of the probability (since the SM
neutrinos can oscillate into the KK modes). This reduction in magnitude is more for higher
values of mg. Both of these effects are more prominent at higher energies (E 2 6 GeV).
The overall reduction of probability is mainly due to the correction introduced by
terms proportional to (Vj0)2(Vk0)2 (see eq. (2.12)). The phase differences QS% (with (j,k =
1,2,3); (n > 0)) introduced by the n > 0 KK modes (see eq. (2.13) and the relevant discussions)
are very large compared to the ones induced by the standard (n = 0 KK mode) mass-squared
differences. Thus the interference terms involving the phase differences % = A(m%)QL/ 2FE

2Presence of the n-th KK mode introduces mass-squared difference ~ O(n? x 0.16) eV? (see eq. (2.13)), —
which introduces rapid small oscillations on top of the standard oscillations in the probability spectra. But
such fast oscillations are not observable due to the finite energy resolution of the detectors. So, in practice it
is more realistic to show the somewhat smoothened oscillations after applying the low pass filter in GLoBES
with a filter value equal to 125 MeV, — same as the bin widths we will use later for the event spectra and
subsequent statistical analysis. But even after such a smoothening, the secondary oscillations due to the KK
modes show up as small wiggles which can be observed in principle.
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Figure 2. This shows the standard low energy (LE) muon neutrino beam (black) and the (v,-
optimized) medium energy-tuned muon neutrino beam (red) at DUNE [25]. The solid (dashed) curves
correspond to the beam in v () mode.

get averaged out. At low E, clearly such terms have high frequencies leading to a complete
averaging out. But the frequencies decrease slightly at higher energies which leads to partial
non-averaging of the lowest KK mode. Thus the LED effect becomes more apparent at
higher energies giving rise to small oscillations/wiggles in the probability spectra. Detailed
analytical explanations of such reduction in probability in presence of LED have also been
discussed previously, for e.g., in [17].

The impacts of LED are clearly more prominent for the v, — v, channel (second
column). The results in this channel neither depend upon v, — v, or v, — v, channel
nor on the neutrino mass hierarchy. On the other hand, For P(v, — v.) (P(Uy — Ve)),
when going to from IH from NH, the values of probabilities for both std. and LED case
are reduced (increased) considerably by roughly a factor 2 — 3. Additionally we also see a
slight increase (decrease) of probability in the v, — v; (7, — U7) channel and when changing
mass hierarchy from NH to IH.

4 Beam tunes and event spectra

Our goal is to probe the difference between the standard and LED scenario in order to
explore the LED parameter space. For generating the events in the two cases, we carry out
simulations using GLoBES. The most recent configuration files from the Technical Design
Report (TDR) of DUNE [43] have been used in our simulations. DUNE consists of an on-axis



40 kiloton (kt) liquid argon FD housed at the Homestake Mine in South Dakota with a
baseline of L = 1300 km. A near detector (ND) with target mass 0.067 kt will be installed
at a baseline 0.570 km at the Fermi National Accelerator Laboratory (FNAL), in Batavia,
Illinois. We use the following broad-band beam tunes:

o The standard low energy (LE) beam tune used in DUNE TDR [25].

o The medium energy (ME) beam tune optimized for v, appearance [25, 26].

Both the beams are produced by a 120 GeV proton beam impinging on a graphite target
(delivering 1.1 x 10?! protons on target per year) and are obtained from G4LBNF, a GEANT4
based simulation [56, 57] of the long baseline neutrino facility (LBNF) beamline [25]. The
hadrons produced in the graphite target are then focussed using three magnetic horns operated
with 300 kA current and are allowed to decay in a helium-filled decay pipe of length 194
m to produce the LE flux. The higher energy tuned ME flux is simulated by replacing the
three magnetic horns with two NuMI-like parabolic horns with the second horn starting
17.5 m downstream from the start of the first horn. For both the fluxes, the focusing horns
can be operated in forward and reverse current configurations to produce beams in v and v
modes respectively. The two beam tunes used in our study are shown in figure 2. The LE
beam (black curve) peaks relatively sharply around ~ 2 — 3 GeV and falls rapidly beyond
roughly 4 GeV. The ME flux on the other hand peaks around ~ 3 —5GeV (with a broad peak)
and falls much slowly thereby retaining significantly higher flux of neutrinos (antineutrinos)
compared to the LE beam at £ 2 4 GeV. In figure 3, we show the event spectra for both std.
case and in presence of LED at DUNE FD generated using either the LE beam (red) or ME
beam (blue) with a total runtime of 13 years (6.5 yrs. each in v and 7 mode) corresponding
to an exposure of 624 kt. MW.yrs. As expected from figure 1 and the relevant discussions in
section 3, the events show a decrease in presence of LED. and the degree of this decrease
is more for v,-like events. Though the event spectra simulated using the LE beam (red) is
higher at lower energies, the spectra using the ME beam (blue) takes over at higher energies
(E Z 3.5GeV for v, spectra, and E 2 2.5 GeV for v, spectra). This observation is especially
significant for the v, events, — increasing the number of events by more than an order of
magnitude when using the ME beam. For e.g., the number of v, events (both for the std.
case and in presence of LED) with LE beam lie approximately within 40 — 80 around 8 GeV.
But with the ME beam, these numbers can shoot up to around 900 — 1000 at 8 GeV. Since
the value of P(v, — v,) is high (close to 1) at higher energies (see figure 1), the use of the
ME beam (which is expected to offer more statistics at high energies, — see figure 2) is thus
particularly advantageous for the v, — v, channel. Such a huge statistics at energies beyond
4 GeV is thus expected to offer more sensitivities in probing the effects of LED. For the
v, — Ve channel, the number of events N with the LE beam at £ 2 4 GeV is very small (for
e.g., N ~5— 10 around 8 GeV for NH: left-top panel of figure 3) owing to the sharply falling
LE flux. But ME beam offers high statistics at higher energy, — thus increasing the number of
events to around 20-60 in the range 4-8 GeV for NH. Since the ME beam is already optimized
for v, — v, appearance events, the number of v, events is significantly higher compared to
the case when LE beam is used. For e.g., in the NH case (top-right panel of figure 3) the
number of v, events at the peak of the spectrum when using LE is around 16 (E ~ 2 GeV).
But using ME beam, the number of v, events at the peak is around 40 (E ~ 3 GeV).
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Figure 3. This shows the event spectra generated at DUNE FD, using either the standard LE beam
(red) or the ME beam (blue) with a total of 13 yrs. of runtime (6.5 yrs. each in v and 7 mode). The
top (bottom) row corresponds to NH (IH). The solid curves correspond to the standard three neutrino
scenario, while the thick dashed and the thin dotted curves correspond to the LED case with different
sets of the choice of parameters (mg, Rgp) as shown in the legend. The three columns correspond to
the ve-like, v,-like and v;-like events respectively. Note that the vertical axes of the second column
(v, events) are in logarithmic scale for ease of comparison between the events generated by LE and
ME beams.

To analyse the role of ME more in probing the physics of LED, we now define the
following quantification of difference of event spectra,

ANys = [Ngls — NEEP|, (4.1)

where the first and second term in the right hand side denote the number of events for the
standard and LED case respectively. Clearly the quantity AN,z is a function of energy.
We estimate AN,g for all the energy bins upto 8 GeV at the DUNE FD using either the
LE beam or the ME beam alone and generate a heatplot for AN,g by varying the lightest
neutrino mass myp in the range [0.001,0.1]eV. The LED radius Rgp is kept fixed at 0.5 ym
throughout. Such heatplots are shown in figures 4, 5 and 6 for the v,v, and v; events
respectively. Clearly, when using LE beam, the deviation of events from the std. case in
presence of LED is maximum around 1.5 —4 GeV approximately, where the deviation AN, is
quantified to be around O(10) for mgy = 0.04 eV (top-left panel of figure 4). At higher energies
(2 6GeV) AN, reduces to very small numbers close to zero. Using ME, the deviation
AN, shows a slightly smaller magnitude at lower energies, while maintaining some non-zero
value (albeit small and ~ O(1)) at 5 — 8 GeV. Qualitatively similar observations can also
be inferred for the IH case (bottom row of figure 4).

For the v, — v,, channel, using the ME beam shows a clear significant advantage over the
LE beam. This is evident from figure 5 for a significantly wide range of energies (approximately
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Figure 4. This shows the heatplot for the absolute difference of v,.-like events for the standard and
LED case: AN, = [Nt — NLEP| in the plane of mg and E. The left (right) column corresponds
to the use of LE (ME) beam for the full 13 yrs. of runtime, while the top (bottom) row indicates
NH (IH). The best-fit values of the standard oscillation parameters (table 1) were used in generating
this figure.

3.5-8 GeV) where the deviation AN, can attain high values unlike the case where only LE
was used. We note that for a large number of energy bins (with 4.5 < E < 7GeV), the use
of ME beam can easily give AN, ~ O(100) for even very small values of mg upto 0.001eV
(top right panel of figure 5). In contrast, with the LE beam AN, is much smaller for most
of the energy bins and can reach O(100) only for very high mg (= 0.07€eV) and only at a
relatively narrow energy windows around 4 GeV and 1.5 GeV.

Due to large backgrounds, the efficiencies for detecting v, events at DUNE FD are
small. The capability to differentiate between the std. and LED events are also not very
good for the v, events. Hence AN, can reach only upto O(1) at best, as observed in
figure 6. This can be obtained only for high values of mg (2 0.06eV), and the ME beam
may offer only a slight advantage.

5 Analysis methodology

We explore DUNE’s capability to probe the LED parameter space by performing a Ax?
analysis. We use GLoBES [54, 55] for the Ax? analysis, using the latest GLoBES configuration
files corresponding to the Technical Design Report (TDR) by the DUNE collaboration [43].
This analysis was performed at DUNE FD, after taking into account the rate-based constraints
at ND (without explicitly simulating the ND) [35]. Electron neutrino appearance signals (CC),
muon neutrino disappearance signals (CC), as well as neutral current (NC) backgrounds and
tau neutrino appearance backgrounds (along with the corresponding systematics/efficiencies
etc.) are already included in the configuration files. In the present analysis, in addition to
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Figure 5. Similar to figure 4 but for the v,-like events.

Figure 6. Similar to figures 4 and 5 but for the v,-like events.

events from v, — v, and v, — v, channels, we consider the v, — v, channel. Charged
current interaction of an incoming v, produces a 7 lepton, which decays hadronically (with
a branching fraction ~ 65%) or leptonically (with a branching fraction of ~ 35%). The
analysis of the hadronic decay channel involves the capability of the detector to study the
resulting pions and kaons as well separating NC neutrino background. Following [58], we
have used an efficiency to identify 30% hadronically decaying 7 events. On the other hand,
the leptonic decay channels of 7 (77 — e Vevy; 77 — p” ;) are more difficult to analyse,
due to the large background mainly consisting of v.-CC and v,-CC respectively (along
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with backgrounds from NC and contaminations due to wrong sign leptons.). Following [59],
we have taken 15% efficiency to detect v, events for leptonically decaying 7 lepton. We
acknowledge that our implementation of the v, channel as a signal is conservative in nature.
Nevertheless, this provides a small but non-negligible statistics in terms of events and Ay?
sensitivity (see section 6). Using a much more sophisticated analysis of v, appearance channel
at DUNE (for instance, by implementing jet- clustering algorithms and machine learning
techniques, as has been discussed in [60]), one certainly expects to exploit the capabilities of
v, appearance channel further. v, interaction cross-sections are set to zero in the original
GLoBES TDR configuration files. We include the non-zero v, cross-sections from a slightly
older GLoBES configuration [61] and also use new rules for v, channel signals in GLoBES
following the discussions above.

Below we discuss in detail about the approximate analytical form of the Ay? and its
various terms.

mode channel bin Nstd( ata)
_f ijx
AGM) = min 23 2 Z{NJ;%,D )= N ) N ) n e s |
Ty (p 7/'7)
statistical
(pf** —pf*)? m
D e D D= A (5.1)
l pi k k
——
prior systematics

where the index ¢ is summed over the energy bins in the range 0.5 — 18 GeV.? The index
j corresponds to three oscillation channels (v, — ve,v, — vy, v, — v;) while the index z
runs over the modes (v and 7). N5 (treated as data) and NP (treated as fit) are the
set of events corresponding to the standard and LED cases respectively. The terms in the
first row of the right-hand-side of eq. (5.1) correspond to the statistical contribution. The
first two terms in the statistical contribution to the Ay? constitute the algebraic difference
(NLED — Nstd) while the last term (i.e., the logarithmic-term) corresponds to the fractional
difference between the two sets of events.* Note that pd®® ({012, 013, 63, d13, Am3;, Am3;})
and pfit ({012, 613, 023, 513, Am3,, Am3,, mg, Rgp}) refer to the set of oscillation parameters
for the calculation of N**4 and NVEP respectively. Data (i.e., N**9) is generated for the
standard three-neutrino case by considering the best-fit values of the oscillation parameters
from table 1. The events in the LED case (NYFP) are then fit to the data by varying the set
of LED parameters pfit : {mg, Rgp}. The set of standard oscillation parameters (pfit — pfit)
are also varied in the fit (using the uncertainties listed in table 1).

The two terms in the second line of eq. (5.1) correspond to the prior and systematics
respectively. The prior term accounts for the penalty of the I number of fit parameters

3We have a total of 66 energy bins in the range 0.5 — 18 GeV: 60 bins each having a width of 0.125 GeV in
the energy range of 0.5 — 8 GeV and 6 bins with variable widths beyond 8 GeV [43].

“Note that the definition of Ax? described in eq. (5.1) is Poissonian in nature. In the limit of large events,
this reduces to the Gaussian form:

2
LED std data
mode channel bin (N”zy (p yn ) N’szy( ))
P _P

lim Ax?(p™) ~ Z Z Nt (i) + prior + systematics | .
Jxy

N—o0
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deviating away from the corresponding p®@t*, The degree of this deviation is controlled by Tpl

data (see the last

which is the uncertainty in the prior measurement of the best-fit values of p
column of table 1 for the values used in the present analysis). The systematics-term accounts
for the variation of the systematic/nuisance parameters. 7 is the set of values of k-systematics
parameters {n1, 72, ... 1} while oy is the uncertainty in the corresponding systematics.
This way of treating the nuisance parameters in the Ax? calculation is known as the
method of pulls [62-65]. Regarding the systematics [43], the v, and v, signal modes have a
normalization uncertainty of 2% each, whereas the v, and v, signals have a normalization
uncertainty of 5% each. The v, and , signals have a normalization uncertainty of 20% each.
The background normalization uncertainties lie within 5% — 20% and include correlations
among various sources of background (coming from beam v./v, contamination, flavour
misidentification, NC and v,). The final estimate of the Ax? as a function of the set of

desired parameters (ﬁﬁt) (i.e., as a function of the LED parameters mg and Rgp) for a given

data i obtained after minimizing the entire quantity within the square

bracket in eq. (5.1) over the relevant set of rest of the fit parameters pfit — pfit (i.e., over all

set of fixed parameters p

the standard oscillation parameters), as well as over the systematics 7. This minimization
is also referred to as marginalization over the set {pfit — pfit;n}. Technically, this procedure
is the frequentist method of hypotheses testing [63, 66].

6 Results

From the discussions in section 4, we anticipate that at higher energies, ME beam should give
more sensitivity to LED parameters, while the sensitivities at lower energy are expected to
be better using the LE beam. In order to properly utilize the entire energy range, we seek to
optimize the combinations of runtime using LE and ME beams together. In figure 7, we show
the 90% C.L. Ax? contours (i.e., Ax? = 4.61 at two degrees of freedom) in the parameter
space of mg — Rgp at DUNE FD for different combinations of runtime (in yrs.) using LE
and ME beam together such that the total runtime remains fixed at 13 yrs. We marginalise
over all six standard oscillation parameters 012, 013, 023, 013, Am3,, Am%l by varying the value
of 023 to include both the octants and assuming the neutrino mass hierarchy to be either NH
or IH at a time. We take the prior uncertainties of the oscillation parameters as tabulated in
table 1 with 013 allowed to vary over the entire range of [—m, 7|. From figure 7, we note that
the use of ME beam even for a small runtime increases the sensitivity to LED parameters in
comparison to LE beam alone, especially for the NH scenario (left panel of figure 7). For e.g.,
for mg ~ 0.001 eV, DUNE can exclude Rgp = 0.47 pm with LE beam alone. But using a
combination of LE + ME beam, the exclusion capability becomes stronger by almost 13%
(Rgp 2 0.41 pm). The role of the ME beam is most significant in the region mg < 0.01€V.
For values of mg (2 0.1eV), all the combinations (including the LE beam alone) give similar
sensitivities For the IH scenario, the sensitivity with LE alone is already better (Rgp 2 0.36
pum at mg ~ 0.001eV) than the NH case. Sharing more than half of the total runtime with
the ME beam offers a slight improvement of the bounds (by a factor of 5 — 6% roughly).
But a smaller runtime with the ME beam does not practically offer improvement compared
to running the experiment with LE beam alone (orange dashed curve in the right panel of
figure 7). Similar to the NH case, the role of the ME beam is not relevant above mg ~ 0.1€V.
From figure 7, it appears that a runtime combination of (10 @ 3) yrs. in the (LE & ME)
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Figure 7. This shows Ax? contours at 90% confidence level (C.L.) obtained at DUNE FD at in the
parameter space of my — Rgp for various combinations of LE and ME beam. The legends show the
runtime combinations (in yrs.) used for LE and ME beams. For e.g., the black solid curve corresponds
to 13 yrs. of runtime in LE only; the black dashed curve refers to 10 yrs. of runtime in LE beam
combined with 3 yrs. of runtime using ME beam. Runtime in each beam are equally distributed into
v and v modes. The left (right) columns indicates the case of NH (IH).

beam combination offers the best optimized combination to probe the LED parameter space
for both NH and IH scenario. It needs to be mentioned that all the sensitivities to Rgp
are approximately independent of mg for mg < 0.01eV. Below we compare the results of
this optimized combination in more detail.

Figure 8 shows the 90% C.L. Ax? contours in the LED parameter space at DUNE FD. It
compares the sensitivities obtained from LE beam alone (13 yrs. of runtime) with that obtained
from the optimized runtime combination of (10 @ 3) yrs. using (LE @ ME) beam together, by
analyzing the sensitivities contributed by various oscillation channels. At first we perform a
conservative analysis by keeping all six standard oscillation parameters free and marginalizing
over all of them (cyan, magenta, black contours in figure 8). In the following we discuss
various noteworthy observations, by considering the NH scenario first (left panel figure 8).
The v, appearance channel alone can constrain Rgp upto roughly 0.69 pm for mg = 0.001 eV
when using LE beam only for the NH scenario. Combining this channel with the ME beam
actually worsens the sensitivity slightly. Considering v, appearance channel into the analysis
proves to be of very small impact as well (whether using LE beam alone or the optimized
combination of LE & ME beam). Adding the v, disappearance channel using the LE beam
alone significantly strengthens the constraints by excluding Rgp 2 0.47 pm, an improvement
of roughly 33% over what can be achieved using v, appearance channel using LE beam only.
We emphasize that this constraint obtained using the latest DUNE TDR configurations
and three oscillation channels is slightly better when compared to other projected DUNE
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Figure 8. This shows 90% C.L. Ax? contours obtained with DUNE FD in the parameter space of
mo — Rgp. The solid curves show the results with LE beam alone (13 yrs. of runtime), while the
dashed curves show the results when the optimized runtime combination of 10 yrs. with LE beam
was used in conjunction with 3 yrs. with ME beam. The cyan and magenta curves depict the case
when v, appearance channel and (v, + v,) appearance channel was used respectively for the analysis.
The black curves show the results when all three CC channels (v, appearance, v, appearance and
v, disappearance) were used together. For the cyan, magenta and black curves, all six standard
oscillation parameters were considered free and marginalized over. The red curves depict the results
when only two standard oscillation parameters 23 and d13 were marginalized while the rest were kept
fixed at their bestfit values (table 1). The left (right) panel corresponds to the NH (IH) case. The
dotted contours refer to the 90% exclusion contours using the dataset of MINOS/MINOS+ (green)
and Daya Bay (blue) respectively (as estimated in [36]).

constraints [31, 35, 38]. The optimized combination of runtime using (LE & ME) beams
tightens the constraints further by a factor of 13% to a value Rgp 2 0.41 um at mg = 0.001 eV
(as already mentioned in the context of figure 7.). Use of v, — v, oscillation channel at
DUNE begins to offer better sensitivity below mg < 0.01eV than the Daya Bay data.

We also perform the analysis with an optimistic case, — assuming that all the standard
oscillation parameters except 623 and d13 will be known to a very high accuracy when the
actual data taken by DUNE will be analyzed. In the optimistic scenario we only marginalize
over fo3 and 413 and keep the rest of the oscillation parameters fixed to their best fit values
in the fit. We show the consequent sensitivities (taking all three oscillation channels together)
as the red lines in figure 8. Using LE beam alone, such an analysis puts a strong constraint
and excludes Rgp 2 0.23 pum at mg ~ 0.001eV (an improvement of almost 50% over the
corresponding conservative assumption). The optimized combination of (LE & ME) does not
prove to be very beneficial in the optimistic assumption, — rather worsening the exclusion
region slightly: Rgp 2 0.24 pym at mg =~ 0.001 eV. We should mention that in a very recent
analysis of LED parameters using simulated data at DUNE FD with a high energy beam
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alone where the authors have marginalised over &13, Am3;, 63 with the octant of 63 fixed,
gives a similar constraint at 20 C.L. [39].

Crucially we observe that with the optimistic assumption DUNE can reach into the
sensitivity regions for MINOS/MINOS+ for almost all values of mg under consideration. The
future projections of other LBL experiments [38] such as T2HK and ESSvSB give constraints
(Rgp 2 0.45 pm and Rgp 2 0.6 pm respectively at mgy ~ 0.001 eV) comparable to what the
present analysis finds using only LE beam at DUNE. The analyses of Gallium experiments
GALLEX [67], SAGE [68], BEST [69] give somewhat weaker bounds on LED and can be
well-excluded by DUNE, as well as reactor experiments like Daya Bay. Though the data
from the direct neutrino mass measurement experiment KATRIN [42] only constrains LED
very weakly, the combined analysis of KATRIN with MINOS/MINOS+ and Daya Bay can
give very strong bounds on Rgp [36], — which are comparable to what can be achieved
using the optimistic assumptions at DUNE. Apart from the neutrino sector, the bounds
on LED have also been obtained from tabletop gravitational experiments [70-74], collider
experiments [75-79], and also from astrophysical [80-87] and cosmological data [88-92]. The
tabletop experiments give constraints on Rgp which are about two orders of magnitude
weaker (Rgp 2 37 pum at 95% C.L.) than what can be achieved at DUNE Using astrophysical
data, very strong constraints ranging in Rgp = 0.16 — 916 nm have been obtained. However,
these limits depend on the technique and some assumptions [93] in the analyses.

For the TH scenario (right panel of figure 8), the sensitivities obtainable by the v,
appearance (Rgp 2 0.53 ym) and (v, @ v;) appearance channels (Rgp = 0.48 um) are better
compared to the NH case. Consequently the bound achieved with all three CC channels are
better than the NH case, even though the contribution from the dominant channel v, — v,
is largely insensitive of neutrino mass hierarchy.® Further, we note that the combination with
ME beam offers only a slight improvement of results, especially for v, — v and v, — v,
channels. Thus the optimistic assumptions increase the sensitivities significantly, in the IH
case, by almost 30%. All the constraints obtained on Rgp for the lowest mg value (0.001¢eV)
are tabulated together in table 2.

Finally it should be mentioned that explicitly simulating an ND and performing the
analysis to a combined dataset at FD and ND should boost the LED constraints considerably.
But this demands careful consideration of systematic uncertainties, especially the bin-by-bin
shape related systematics and consequently a considerable amount of computing power. This
is beyond the scope of the present analysis and we leave it as a future work.

7 Summary and discussions

The LED model was proposed as an elegant solution to the hierarchy problem. It also offers
a natural explanation of neutrino mass generation. All the SM particles including the left
handed neutrinos lie on the familiar 4-dimensional spacetime known as brane. The brane is

®For small mo (< 0.16V), in the NH case we have &3 > &1, €. Thus from egs. (2.12) and (2.13) it is clearly
seen that the LED effects on probability in eq. (2.10) are dominated by terms when the index j equals 3.
But such terms are also multiplied by the PMNS matrix terms such as |Uas|? (a = e, p, 7). For the v, — v,
channel (as well as in Ue — V. channel in reactor neutrino experiments), the very small magnitudes of |U63|2
thus suppresses the dominant LED terms for NH. But for IH, {3 < &1, &2, and the corresponding PMNS matrix
factors are |UM|2 and |U042|27 — which are reasonably large for all @ = e, u, 7. This makes the sensitivity to
LED parameters in the v, — v. channel stronger in the IH case. But due to absence of such suppression by
the PMNS matrix terms, the other oscillation channels are mostly independent of neutrino mass hierarchy.
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Neutrino | Marginalization Beam Bounds on

Mass Assumption Channel used Rgp [pum]
Hierarchy (90% C.L.)
U LE 0.69
" © LE & ME 0.72
All six std. osc. LE 0.68

(Vy = ve) ® (vy — vr)

parameters free LE ¢ ME 0.68

NH LE 0.47
(Vy = ve) ® (v = vr) ® (Y — 1) IE & ME 0.4l

093, 513 free (Vy = ve) ® (W = vr) @ (Vy — V) B EBEME 8;2

LE 0.53

Vi 77 Ve LE® ME| 053

All six std. osc LE 0.48

IH parameters free Wy = ve) & (v = vr) LE & ME 0.46
LE 0.36

(V= ve) ® (v = vr) @ (v — 1) LE & ME 0.34

LE 0.25

023,013 free (Vy = ve) ® (W = vr) @ (Vu — V)

LE & ME 0.26

Table 2. The table shows the bounds on Rgp [pum] (as read off from figure 8) beyond which LED is
excluded at 90% C.L. for mg ~ 0.001eV.

embedded within a higher dimensional (4 + n) spacetime (with n extra spatial dimension)
known as bulk. All the particles that are singlets under the SM symmetries (such as gravitons,
right handed neutrinos) can propagate into the bulk. We consider effectively 1 extra spatial
dimension. The couplings of the three right handed neutrino fields lying in the (4 + 1)
dimension with the three left handed SM neutrino fields in the 4 dimensional spacetime, are
suppressed by the large volume of the extra spatial dimension and generates tiny masses for
the active neutrinos in a natural way. The three five dimensional right handed neutrino fields
behave like infinite number of Kaluza-Klein (KK) modes from a four-dimensional point of
view after the compactification of the fifth dimension. The compactification radius Rgp and
the lightest Dirac neutrino mass (mg) (in addition to the six standard oscillation parameters)
determine the neutrino oscillation probability in presence of LED.

In the present work we study the capabilities of DUNE FD to probe the LED parameters
mo and Rgp by using combination of different beam tunes. After a brief overview of the
theoretical basics of LED in the context of neutrino oscillation (section 2), we analyze the
oscillation probability for the three channels v, — ve,v, — v, and v, — v, (section 3).
We note the two-fold impact of LED, — namely an overall reduction of the magnitude of
oscillation probability for all flavours, and introduction of additional frequencies (due to
transition into the KK modes) in the probability spectrum. The impacts of LED seem to be
more pronounced at higher energies (2 5 GeV), which is especially prominent for the v, — v,
channel. In section 4, we show the two beams used in the present analysis. The first beam
is the standard low energy (LE) tuned neutrino beam at DUNE peaking at low energies
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(2—3 GeV) and falling sharply beyond 4 GeV. The second beam is the v--optimized beam that
has a broad peak at energies (3—5 GeV) and falling much slowly beyond that. We compare the
event spectra using LE beam or ME beam at-a-time for the three channels both in standard
case and in presence of LED, and highlight how the ME beam offers more statistics at higher
energies, — a fact which gives order-of-magnitude higher events for the v, — v, channel. We
then proceed to generate heatplots of the absolute difference of events (generated using either
the LE beam or the ME beam) between the standard and LED case in the space of mg and
neutrino energy F. The heatplots give a clear idea about how using ME beam is expected to
help provide higher difference of events between the standard and LED case at higher energy
bins, — thus potentially providing more sensitivities for a large range of values of my.

After a detailed discussion of the Ax? methods (section 5) we proceed to discuss our
main results in section 6. At first, we generate the 90% C.L. Ax? contours in the plane of
mo — Rgp by for various combinations of runtimes shared between LE and ME beams in order
to optimize the runtime combinations. We find that rather than using the LE beam alone,
using a combination of (LE & ME) with (10 + 3) yrs. of runtime gives better sensitivities
to the LED parameters for both NH and IH case. We then analyze the contributions of the
three oscillation channels to the sensitivities and show how the combination of (LE & ME)
beams impacts the channels individually. As expected, we find the role of v, — v, channel
to be the most crucial and estimate the bounds on Rgp as obtained using LE alone or with a
combination of (LE & ME). We also perform an analysis using optimistic assumptions that
all the values of the standard oscillation parameters except €s3, 13 will be known to a very
high precision when the analysis of the actual DUNE data will take place, and find out that
the bounds on Rgp strengthens significantly for both NH (by 50%) and IH (by 30%).

A Details of implementation of the physics of LED into GLoBES

To implement the physics of LED, we follow the prescription of GLoBES manual (GLoBES
version 3.2.18, chapter 8). We copy the relevant parts within the GLoBES source code (from
the file glb_probability.c) to our main C++ file. The relevant parts that are copied are
the following three functions.

1. int (xglb_set_oscillation_parameters_function) (glb_params p, void* user_data)

2. int (xglb_get_oscillation_parameters_function) (glb_params p, void* user_data)

int (*glb_probability_matrix_function) (double P[3][3], int cp_sign, double E, int psteps,
3. const double *lengths, const double *densities,
double filter_sigma, void* user_data)

The first two of these functions are then used to include the additional oscillation parameters
that appear in presence of LED (namely mg and Rgp) in the GLoBES probability engine.
Here we follow the prescription implemented in example6.c of the GLoBES example directory.
The third function above is used for the actual calculation of oscillation probability using
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eq. (2.10) (which is also written below for clarity).

53 v e - 5N

7j=1n=0

LED
Pua —>l/5

(A1)

Note that we have considered the KK modes upto n = 2 since the contributions for n > 2
is negligible. Here, U is usual 3 x 3 PMNS mixing matrix, L is the neutrino propagation
distance (1300 km) and E is the neutrino energy. To proceed further, we note that expanding
eq. (2.15) using the matrix form for M in eq. (2.3) upto n = 2 KK modes, we can arrive at
the following equation for neutrino evolution in matter in presence of LED (see appendix A
of [29] for a detailed calculation).

1/10 m + X1 X192 X3 k1 0 0 21 O O 1/10
vy Xog m+ X Xo3 0 Ky 0 0 2k2 O v
I/éo X31 X39 N3+ X33 0 0 kg 0 0 2ks I/éo
vt K1 0 0 100 0 0 O vit
zi vt | = ! 0 K 0 010 0 0 O Vil (A.2)
dt | % |~ 2ER%, > 7
vyl ED 0 0 k3 001 0 0 0 vyl
Vi 2K1 0 0 000 4 0 O Vi
v 0 2K9 0 000 0 4 0 v
Vi 0 0 2K3 000 0 0 4 Vi
H
Here,
Xjk =2EREpYj, =2ERE, Y UliUsk(dacVec + Vae),
=€, T
Kj = \/§§j = \@mJDRED,
nj = (N+ 1/2)’{§7 (]7k = 17273)a (A3)
such that N is the total number of neutrino mass states upto n = 2 KK modes
(i,e., N = 9). The determination of the matrix V and the mass-squares (m?)2 in

eq. (A.1) now boils down to the estimation of eigenvectors and eigenvalues of the mass-
basis hamiltonian H indicated in eq. (A.2). This eigenvalue problem is numerically
solved using the C++ package Armadillo [94, 95| and estimate the oscillation proba-
bility from eq. (A.1). Finally, before returning the probability value from the function
int (*glb probability matrix function) (), the GLoBES low-pass filter is applied (by
passing the filter value from the glb file through the variable double filter_sigma in order
to reduce the fast oscillations that are not observable by the finite energy resolution of
the detector. As a final step, the three redefined GLoBES functions mentioned above are
registered in the main C++ code by using the function,

int glbRegisterProbabilityEngine(int n_parameters,
glb_probability_matrix_function prob_func,
glb_set_oscillation_parameters_function set_params_func,
glb_get_oscillation_parameters_function get_params_func,

void* user_data).
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This way of including the physics of LED (or any new physics) into GLoBES following
the steps prescribed in the manual enables us to use the usual GLoBES commands for the
numerical calculation of probability, event spectra and Ay?2.
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