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ABSTRACT: In this paper, we investigate the sensitivities of the upcoming long-baseline
neutrino experiments P2SO and T2HKK to the long-range force (LRF). In the context of
these two experiments, our objective is to study (i) their capabilities to put bounds on the
LRF parameters as well as on constraining the mass and coupling strength of the new gauge
boson, which gives rise to LRF due to matter density in Sun and (ii) the effect of LRF in
the measurement of standard oscillation parameters. In our study, we find that among the
different neutrino experiments, the best bounds on the LRF parameters including mass of the
new gauge boson and its coupling strength will come from the P2SO experiment. Our study
also shows that LRF has non-trivial effect on the determination of the standard neutrino
oscillation parameters except the precision of Am3;. For this parameter, the precision remains
unaltered in the presence of LRF for both these experiments.
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1 Introduction

Neutrinos, being elusive subatomic particles with intriguing properties, hold great promise
as a tool for discovering and understanding new phenomena in the realm of physics. Their
unique characteristics, such as extremely weak interactions with matter and ability to change
between different flavors, make them particularly interesting. Numerous experiments provide
conclusive evidence that lepton flavor is not conserved during the propagation of neutrinos [1].
Neutrinos undergo oscillations, transitioning between different flavors, and the frequency of
these oscillations is contingent upon the distance travelled and the energy of the neutrinos.
The evolution of neutrino flavor during their traversal through matter is influenced by the
Mikheev-Smirnov-Wolfenstein (MSW) mechanism [2]. This mechanism is characterized by the
elastic forward scattering of neutrinos with matter. In the framework of the Standard Model
(SM) of particle interactions, this effect is precisely determined. The presence of electrons
in matter creates an effective potential for the neutrinos, known as the matter potential
(V), plays a crucial role in influencing flavor transitions [3]. In the MSW mechanism, this
potential is proportional to the electron number density at the neutrino’s position:

Voo = V2GENe(r). (1.1)



Here, G is the Fermi constant, and N¢(r) is the number density of electrons. The matter
potential can be modified by introducing flavor dependent interactions and such alterations
have the capacity to reshape the pattern of flavor transitions experienced by neutrinos as they
traverse through matter. One example of such interactions is flavor-dependent vector-like
leptonic Long Range Force (LRF) [4-6].

The effect of LRF can be realized in general, through the U(1) extension of the Standard
Model, where the SM gauge group SU(2); x U(1)y, augmented by an additional U(1)x
symmetry. The anomalies associated with U(1)z,, U(1)r,, U(1), and U(1)g/3 symmetries
are equivalent, and hence combinations such as U(1)r,-r,, U(1)r.—r, and U(1)r, 1, can be
consistently accommodated in a way that maintains the gauge group as anomaly free [7-10].
It is important to emphasize that at any given moment, any one of these three symmetries can
be seamlessly incorporated into the SM gauge group, as outlined in refs. [8, 9]. This paves the
way for them to be potentially natural and efficient extensions of the SM. An additional new
neutral vector boson is introduced by gauging each one of these symmetries, which mediates
novel neutrino interactions with matter. In the context of local symmetry, the Goldstone
boson is absorbed by the corresponding gauge boson, resulting in the acquisition of mass by
the latter. The mass scale of this gauge boson can be interpreted in two ways: either through
contact interaction or long range interaction. If the new gauge boson possesses sufficient mass,
it will induce contact interactions and consequently lead to the emergence of Neutral Current
(NC) Non-Standard Interactions (NSI) [11]. On the flip side, if the mediator is excessively
lightweight, the approximation of contact interaction becomes invalid, and the flavor-specific
forces between neutrinos and matter particles extend over long distances. In such instances,
neutrino propagation can still be characterized in terms of a matter potential. However, this
potential is no longer solely determined by the particle number density at the neutrino’s
position in the medium. Instead, it relies on the average matter density within a radius of
approximately 1/My around the neutrino with My being the mass of the new gauge boson
Z' [12]. With such an exceedingly small mass for My, its interaction with matter is extremely
weak, resulting in a very small gauge coupling (¢’). For this reason, this scenario can be
considered as an invisible sector. There exist constraints on the LRF parameters expressed
in terms of arrp = ¢'2 /4w derived from the measurement of differential acceleration of the
earth and moon towards the Sun from lunar ranging [13-16]. The value of the LRF parameter
has been obtained as arrr = 3.4 x 1074 at 20 C.L. for the interaction range < 1 A.U.

In general, interactions induced by LRF alter the matter potential in neutrino propagation.
Because of this alteration of the matter potential, the probabilities of neutrino oscillation
will get modified and therefore one can study the effect of LRF in neutrino oscillation
experiments. The concept of long range interaction with the help of flavor symmetries in the
context of neutrino oscillation was first introduced in ref. [17], where the bounds on flavor
dependent LRF parameters are obtained from atmospheric neutrinos. Later, bounds from
solar neutrinos are also obtained in ref. [18]. In a study conducted in ref. [19], bounds on
the couplings for both vector and non-vector long-range forces have been reported from the
oscillation of the solar neutrinos. There exist several other descriptions in the literature, for
example in refs. [6, 20-25], the effect of LRF in neutrino oscillation experiments has been
illustrated. In this paper, we will study the effect of LRF in the upcoming long-baseline



experiments P2SO [26] and T2HKK [27]. For the study of LRF in other two future long-
baseline experiments i.e., T2HK [28] and DUNE [29], we refer to refs. [21, 23]. In this
study, our aim is to estimate the upper bounds of the LRF parameters and consequently
study their effects on the determination of the standard oscillation parameters. We will
also estimate the bounds on the mass of the new gauge boson and the new gauge coupling
for LRF due to the Sun.

The paper is structured in the following manner. In the next section, we will describe
the theoretical overview of the long-range force and write down the expressions for the LRF
potentials. Next, we will show how these potentials can be incorporated in the neutrino
oscillation Hamiltonian in a model independent way. After this, we will write down a
prescription on how one can calculate the neutrino oscillation probabilities in the presence of
a LRF. In section 5, we will provide the configurations of the experiments that we will use in
our calculation. Section 6 outlines simulation details of our numerical analysis. In section 7,
we present our results and finally, in section 8, we summarize our findings and conclude.

2 Theoretical background

According to the SM, lepton family number is considered to be conserved in nature. However,
several decay processes such as yu — ey, u — ece, and 7 — py with upper limits on their
respective branching ratios (BRs) as, 4.2 x 10713 [30], 1 x 107!2 [31] and 4.2 x 1078 [32],
are considered as potential indications of lepton flavor violation (LFV). As these BRs are
relatively small, it is challenging to conclusively confirm the existence of LFV in nature.
We take advantage of the small BRs of the LFV processes and assume that lepton flavor
conservation could be a fundamental symmetry of nature and hence, the specific linear
combinations involving L., L,, and L, may be subject to gauging [7-10]. In this work, we
consider three such combinations which are: L. — L,, Le — L; and L, — L; symmetries. In
scenarios, where the additional U(1) corresponds to L. — L; for j = (u,7), the electrons
within the celestial bodies such as the Sun or the Earth create a potential that influences
neutrinos in terrestrial experiments [6, 17, 18]. The flavor-specific nature of U(1), 1, leads
to alterations in neutrino oscillations, thus provides a pathway for constraining the gauge
coupling. The effective potential for neutrinos on Earth, in such case is defined as,

Ne _
2 Mgz .
J = gej47rj“6 Zea’, (2.1)

Ve

where, g.; is the new gauge coupling i.e., g, for L, — L, and g., for L, — L; symmetries,
N, ~ 10°7 [33], is the number of electrons inside the Sun,' M. Z.; 1s the mass of new gauge
boson and r measures the distance between the source of the potential and the neutrinos
on Earth. Due to the absence of muons and taus on earth matter, it is not straight forward
to investigate the effect of L, — L, symmetry, as its associated gauge boson Z,; does not
directly couple to electrons, protons or neutrons. Nevertheless, there exists an indirect effect
stemming from the kinetic mixing between the SM gauge boson Z and Z,,;. Assuming that

'The e, p, n within the Earth can also generate a long-range potential at the neutrino site. However, it’s
noteworthy that this potential is approximately 10 times smaller compared to the potential generated by
matter in the Sun [18].



there are equal number of electrons and protons inside the Sun, so that their effect cancel
each other completely and neutrinos on Earth are influenced by only neutrons inside the
Sun. Such effective potential can be defined as [34],

e Nn

Vier = gur (€ — sinfpy) —— - 2.2
" Gur (€ = sin wX)4sin6wcosew 47r're ' (2:2)

where, g, is the new gauge coupling associated with the new gauge boson Z,, with mass
Mgz,., x is the kinetic mixing parameter between Z and Z,. [35], { is the rotation angle
between mass and flavour bases of gauge bosons, 6,, is the Weinberg angle and N,, ~ N, /4
~ 1.5 x 10% [34], is the number of neutrons in the Sun. The bound on the value of
(€ —sinfy,x) is < 5 x 10724 [34] and e/sin 6y, cos , = 0.723.

Our goal in this work is to study the effects of the LRF potentials V¢, Ver and V,,
in the neutrino oscillation experiments.

3 Formalism

In the three flavor scenario, the effective Hamiltonian (in mass basis) for the propagation
of neutrinos in the vacuum is given as follows:

. m? 0 0
Hvac = ﬁ 0 m% 0 5 (31)
0 0 mj

where m1, mg, ms are the masses of the neutrinos (v, 2, v3) and E is their energy. Including
the matter potential and the potential due to LRF in flavor basis one obtains,

0 O 0
Hypp =55 |U |0 Am2, 0 |U'| + Huyatter = Hrrr, (3.2)
0 0 Am3
with
diag(Veu,—VeH, 0) for U(l)Le—L,u
HLRF = dia‘g(‘/:’:"l'7 O) _‘/;57‘) for U(]-)Leflmw (33)
diag(O, V/“—, —V/“—) for U(l)Lu—Lﬂ
where ‘4’ sign is for neutrino and ‘—’ sign is for antineutrino flavor states, the unitary PMNS

matrix U contains three mixing angles, 612, 613 and 623 as well as one Dirac-type CP phase

dcp, which facilitate the rotation from the mass basis to the flavor basis, and Am?j =m? —m?

(i = 2,3 & j = 1). Since matter contains only e, u and d, the form of Hyatter will have
only ‘ee’ term and this will be equal to the earth matter potential V¢ defined in eq. (1.1).

The matter potential can be further simplified as,

P
~75 X, (e , A4
Vee 7.5 (1014 (g/cmg)) eV (3 )



where X, represents the ratio of the number of electrons (N) to the sum of the number of
protons (NN,) and neutrons (Ny). For a neutral medium, where the charges are balanced, X,
is equal to 0.5. The value of p is the earth matter density which is around 2.95 g/cm? for the
P2SO experiment and around 2.7 g/cm?® for the T2HKK experiment.

The structure of Hyrr depends on the coupling of Z,3 to the lepton generations. For
instance, as Z, can only couple to the first and second generations of leptons, the resulting
potential emerges solely in the ‘ee’ and ‘pup’ terms, while other matrix elements are zero
in Hypp.

4 Analytical expressions

The analytical expressions for the oscillation probabilities in the presence of LRF for L, — L,
and L. — L, cases have been derived in refs. [21, 22] and for the L, — L. case, one can follow
the formalism described in ref. [36]. The total Hamiltonian H, defined in eq. (3.2) can be
diagonalized using a unitary matrix U defined as,

U = R(03) R(015) R(612) , (4.1)
where for simplicity, it is assumed that CP is conserved. 92]- are the modified mixing angles
and can be expressed as,

I'sin 2923 — C COS 2023

I"cos 2093 + (sin 2053 — 2B’
_ sin 2013(1 — asin? f12) cos Aflaz — 1 sin Afag

tan 2053 ~

9

(A3 — A — asin2 015 cos? 015 — sin? 613)
__ cos 015[n cos Afas + sin 2613(1 — asin? f15) sin Afa3]

tan 26 4.2
an 2y o — M) ) (4.2)
with
17 . A3 — A —sin® 613 — asin® 019 cos? 6
)\1 = — )\3 + A + Sin2 913 + o sin2 912 COS2 913 — 3 S P13 C/kSIH 12 €05 V13 s
2 cos 2014
1f in 2053 + I cos 203 — 2B
A== |I'+2a cos? 019 — G sin 2053 + CO/S 23 ] ,
2 cos 205,
17 in 2053 + I cos 2003 — 2B
A3 = = T+ 2acos® 19 + ¢ sin 202 + CO,S 2 ] ; (4.3)
2 cos 2054
and
[ = cos® 013 — cos? 015 + asin? 015 sin? 013 ,
C = asin 2(912 sin (913 , N = o sin 2012 COS 913 5 (4.4)
Am3, . 2EVoe 5 2EV,,
= ) = , B= LT Afyg = O3 — Ol . 4.5
Am%, Am?, Am3, 23 2872 (4.5)
The diagonalised form of H, can be written as,
mZ 0 0
L=g-| 0 mg 0|, (4.6)
0 0 mf



with m] (i = 1,2, 3) being the modified masses of neutrinos defined as,

Am? A=A
2, Amgy 1— A2
~ 22 4.
m = 2 [A F ot 529;2}’ (4.7)
A A1 —A
2 31 1 2
~—— A+ — 4.8
e 2 [1+ 2 cos20’12}’ (48)
Am? A A3 —A—sin263— 20 20
mgzz M1 [)\3+A+sin2913+asin2«9120052913+ 3 Sin” 613 — arsin 61z cos 13}
2 cos 26 4
(4.9)
The probability of v, — v, transition can be given as [21, 37|,
A 2 L A 2 L
Py, = 40505 sin> =22 L 402,02 sin %
P AmZ L AmZ L
02 2
+ 2 U'LL3U33U#2U62 ( 1E sin 1E )
A CAmBL . AmBEL
+ 2UH3UE3U“2U32 <sm 2271 Sin 22} ) , (4.10)
and the expression for v, — v, survival probability can be given as
d the expression for v, L ival probability be gi ,
A A o AmBZL
Py, = 1= (407 (1= Up, ) sin® =222
N AmP L
2 2\ 4in? 31
+4075 (1 - Upg) sin® =2
ro A o AmMBL ., AmAL
— 2U32U33 <4sm2 421 sin? 4;1 )
NN CAmBL . AmPZL
- 2U32U33 (sm 251 sin 2;]1 )] , (4.11)

where, L represents the baseline which is 2595 km for P2SO and 1100 km for T2HKK and
Amg are the effective mass square differences.

5 Experimental details

In this study, we mainly focus on the two upcoming long-baseline experiments P2SO and
T2HKK. Here are the relevant experimental details:

5.1 P2SO

The Protvino to Super-ORCA (P2SO) is an impending long-baseline experiment where
neutrinos will be produced at a U-70 synchrotron located at Protvino, Russia, and will
propagate towards the detector situated at a distance of 2595 km in the Mediterranean Sea
40 km offshore Toulon, France. We refer to refs. [26, 38-40] for the detailed configuration
of the P2SO experiment. The accelerator will produce a 450 KW beam corresponding to
4 x 10?° protons on target annually for P2SO configuration. The Super-ORCA detector will
use ten times more denser detector compared to the ORCA. Energy window ranges from
0.2 GeV to 10 GeV for P2SO experiment. We have considered total run period of six years
consisting of three years in neutrino and three years in antineutrino modes.



Parameters True values + 1o
sin2 015 0.30375013
sin? 03 0.0222510-50028
sin? fa3 0.45170019
Scpl’] 232736
AmZ, [107°eV?] 7.41%5:20
|AmZ,| [1073 eV?] 2.5071 5058

Table 1. Values of oscillation parameters with their 1o errors used for the study [1].

5.2 T2HKK

In our computational analysis for T2HKK experiment, we adhere to the configuration outlined
in ref. [27]. The neutrino source is situated at J-PARC, featuring a beam power of 1.3 MW
and a total exposure of 27 x 10?! protons on target (POT), corresponding to a comprehensive
10-year operational period. This operational timeline is divided, with 2.5 years dedicated to
neutrino mode and the subsequent 7.5 years to anti-neutrino mode, maintaining a balanced
1 : 3 ratio between neutrinos and anti-neutrinos. This setup will have a detector of 187
kt fiducial volume positioned at 295 km from the source, exposed to a 2.5° off-axis flux.
Additionally, there will be another detector with the same volume, situated 1100 km from the
source, encountering a 1.5° off-axis flux. The energy window under consideration spans from
0-3 GeV. This is an alternate setup of the T2HK (Tokai to Hyper Kamiokande) experiment
where both the detectors will be placed at 295 km.

6 Simulation details

We have simulated P2SO and T2HKK experiments using GLoBES [41, 42] software package.
In order to implement LRF we have modified the probability engine of GLoBES. We have
estimated the sensitivity in terms of x? analysis, where we use the Poisson log-likelihood
and assume that it is y2-distributed:

n N test
G =23 [ e~ g ()] o
i=1 i

where N*' and N are the number of events in the test and true spectra respectively,
and n is the number of energy bins. The systematic error is incorporated by the method
of pull [43, 44]. The values of the oscillation parameters are taken from NuFit 5.2 and are
listed in table 1. While calculating the x?, the true values of the oscillation parameters are
always kept at their best-fit values as shown in table 1. The relevant oscillation parameters
are minimized in the test using the current uncertainties associated with these parameters.
We will present all our results for the normal ordering of the neutrino masses i.e., Am3; > 0.
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Figure 1. Appearance and disappearance probabilities for neutrino and antineutrino cases as a
function of LRF potentials for P2SO and T2HKK. The value of dcp is taken to be zero for all cases
and values of other oscillation pacameters is taken from table 1. Neutrino energy are taken where the
neutrino events peak.

7 Results

In this section, we will present our results. First, we will show how the appearance and
disappearance probabilities depend on the LRF parameters. Then we will compute the
bounds on the LRF parameters with P2SO and T2HKK. After that, we will study the effect
of the LRF parameters in the determination of CP violation, octant of 693 and mass ordering
of the neutrinos for these two experiments. Then we will investigate whether the precision
of dcp, Am%l and 623 will be affected if LRF exists in nature. Finally, we will show the
capability of the aforementioned experiments to constrain the mass and coupling of the new
gauge boson for the long-range force due to Sun.
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Figure 2. Dependence of the relevant modified oscillation parameters on the LRF potential Vg,
which are mainly responsible for the oscillation probabilities presented in figure 1.

7.1 Effect on the probabilities

First, let us examine the impact of LRF on the oscillation probabilities in long-baseline exper-
iments. Figure 1 illustrates the probabilities for Standard Interaction (SI) and LRF potentials
in P2SO and T2HKK. The left and right panels represent the appearance and disappearance
probabilities, while the upper and lower plots depict the neutrino and antineutrino cases,
respectively. In each panel, the black line denotes the probability in the SI case. Solid lines
correspond to P2SO, and dashed lines are for T2HKK. The orange, cyan, and purple curves
indicate the variations in probabilities with respect to the LRF parameters V,, V.; and
Viir, respectively. These panels are generated for a neutrino energy of 4.9 GeV for P25O and
0.75 GeV for T2HKK. These are the energies where the event spectrum peaks in neutrino
modes for these experiments. Here it is important to note that for the T2HKK baseline,
the first oscillation maximum does not occur at 0.75 GeV. Rather, this energy corresponds
somewhere between the first and the second oscillation maximum. For this reason, the values
of the neutrino probabilities and the antineutrino probabilities for T2HKK are not very
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Figure 3. Sensitivity limits on LRF parameters Ve, Ver, and V),, for P25O and T2HKK experiments.

The values of all oscillation parameters are taken from table 1.

different at V,3 = 0. Whereas for P2SO, at V3 = 0, the neutrino probabilities are higher
than antineutrino probabilities as for this baseline, 4.9 GeV is close to the first oscillation
maximum. From the figure, we see that for both P25SO and T2HKK, LRF parameters of er
and ut sectors affect the appearance probability significantly in neutrino case, whereas in the
antineutrino appearance probability, appreciable change occurs due to V¢,. In the disappear-
ance channel, all the three LRF parameters significantly affect the probabilities for P2SO in
both neutrino and antineutrino cases. However, for T2HKK, the effects of V¢, is higher for
neutrinos only and the effect of V), is higher for both neutrinos and antineutrinos. From the
panels, we also see certain differences in the probabilities for P2SO and T2HKK. For example,
in the top left panel, the probabilities are increasing functions of V., and V,,; for P2SO, but
they are decreasing functions in T2HKK. Some differences in the nature of the probability
curves in P2SO and T2HKK can also be observed in the disappearance channel probabilities
for both neutrinos and antineutrinos. To understand these differences, one way is to look at
the effective values of the mixing parameters in presence of LRF, which are shown in figure 2.

In the top left, top right and bottom panels of figure 2, we present the variation of
the effective parameters Am/3 for neutrinos, ], for neutrinos and 6}, for antineutrinos,
respectively, as a function of the LRF parameter V3. The other specifications of these panels
are exactly same as figure 1. From these plots, we see that for some of these curves, the
behaviour in P2SO and T2HKK are quite different. For example, in the top left panel, the
cyan curve is an increasing function of V., for P2SO, whereas it is a decreasing function
of Ve, for T2HKK. Further, the nature of the purple curve is also different for P2SO and
T2HKK. Similarly, the differences between P2SO and T2HKK can also be seen in the orange
curve in the top right panel and the cyan curve in the bottom panel. Because of these
differences in the behaviour of the effective mixing parameters in P2SO and T2HKK, the
probability curves also become different for these two experiments. We have checked that,
the behaviour of the other effective mixing parameters, which are not shown for figure 2
are similar in P2SO and T2HKK.

,10,
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7.2 Sensitivity limits on the LRF parameters

In this section, we study the capability of P2SO and T2HKK to put limits on the LRF
parameters. In figure 3, we show the bounds on the LRF parameters corresponding to eu, e,
and pr sectors from P2SO and T2HKK experiments. This has been obtained by taking the
standard scenario in the true spectrum and the LRF scenario in the test spectrum for the
calculation of x%. Left, middle, and right panels are for V,,, Ver, and V,,;, respectively. In
each panel solid curve represents the sensitivity limit for P2SO and dashed curve is for T2HKK
experiment. More constrained bounds are obtained from P2SO experiment as compared to
T2HKK for all the LRF parameters due to the longer baseline and higher statistics of P250
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Figure 6. CPV sensitivities as a function of V3 for the true value of dcp = —90° for P2SO and
T2HKK experiments.

P2SO - - - - - - T2HKK P2SO - - - - - - T2HKK P2SO - - ---- T2HKK

Ve, [eV] x 10715 (true) Ve, [eV] x 10715 (true) V- [eV] x 107% (true)

Figure 7. Octant sensitivity as a function of Vg for two different true values of dcp for P2SO and
T2HKK experiments. We have considered the parameter 63 to be LO for the analysis.

experiment. Sensitivity limits on the LRF parameters are shown in table 2 at 90% C.L. from
P2S0O and T2HKK. In that table, we also list the bounds from Super-Kamiokande (SK), INO,
DUNE and T2HK experiments in order to compare our results with the bounds form other
experiments. From the table, we see that P2SO experiment can put the strongest bounds on
the LRF parameters. The bounds obtained from T2HKK are better than T2HK but weaker
than DUNE. The bounds obtained from SK are somewhat poor and the future atmospheric
experiment INO is expected to put stronger bounds on the LRF parameters than T2HKK.

In figure 3, we see a dip in the sensitivity curves for P2SO in all three panels. However,
these dips are not present in the T2HKK curves. To understand this, in figure 4, we
show the contribution from the individual probability channels for the P2SO experiment.
In each panel solid curve is for the combination of appearance and disappearance events.
Dashed (dash-dotted) curves in each panel are the sensitivities considering only disappearance
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LRF Potential [eV]| SK [17] | INO [22] | DUNE [23] | T2HK [23] P2SO T2HKK
(This work) | (This work)

Ve (x1071) 71.5 1.56 1.46 3.45 0.23 2.40

Ver (x1071) 83.2 1.56 1.03 3.43 0.23 2.15

Vir (x107) — — 0.67 1.84 0.13 1.5

Table 2. Sensitivity limits at 90% C.L. on LRF parameters from several experiments.

a5 P2SO - - - --- T2HKK P2SO - - - - -- T2HKK P2SO - - - - - - T2HKK
6op =0°
30 dop = —90°

—_
(@58
T

40 0 10 20 30 40
V. [eV] x 10715 (true)

|
40 0 10 20 30
Ve, [eV] x 10715 (true)

0 10 20 30
Ve, [€V] x 1071% (true)

Figure 8. Variation of neutrino mass ordering sensitivities with respect to Vg for both T2HKK and
P2S0O experiments.

(appearance) events. It is clear from the panels that, the dip is mainly due to the contribution
of disappearance neutrino events.

To understand the origin of the dip coming from the disappearance channel, we tried
to look into the effect of marginalization. In figure 5, we show how the sensitivity of the
disappearance channel changes with respect to the marginalization of the parameter 0s3.
From the panels, we see that when o3 is kept fixed in the test, the dip disappears in all
three cases. This implies the presence of octant degeneracy (i.e., 623 — 90° — fa3) in the
disappearance channel of P2SO. As this degeneracy is not present for T2HKK, we do not
see any dip for this experiment.

7.3 Effects of LRF parameters on CP violation, Octant and mass ordering
sensitivities

In this section, we discuss how LRF can affect the sensitivities of P2SO and T2HKK in
determining the unknowns in the neutrino oscillation. We do this by keeping V5 fixed in
both true and test spectra of x2. At present, there are three unknowns in neutrino oscillation
formalism, which are: (i) true ordering of the neutrino masses, which can be either normal or
inverted, (ii) true octant of f3 which can be lower or higher and (iii) the value of dcp which
can lead to CP violation (CPV) in the neutrino sector. Let us begin with the CPV sensitivity.
Figure 6 shows the CPV sensitivity as a function of V,5. Left/middle/right panel shows the
sensitivity for Ve, /Ver/V,r. We have obtained CPV sensitivity by excluding CP conserving
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Figure 9. Allowed parameter space between a3 (test) dcp (test) with Vs fixed to their upper bound
values at 5 o C.L. for P2SO and T2HKK.

values of dcp for true value of dcp as —90°. Solid curves represent the sensitivities for P2SO
while dashed curves are for T2HKK experiment. CPV sensitivities of T2HKK are higher
compared to P2SO experiment for all the LRF parameters as well as SI. In general, we see
that as V3 increases, the CPV sensitivity decreases. Additionally, we observe kinks in the Ve,
and V,; curves. We have checked that these kinks appear due to the degeneracy associated
with the parameter fo3. If we keep 6o3 fixed in our calculation, these kinks disappear.

In figure 7, we show the same as figure 6 but for octant sensitivity. We obtain the octant
sensitivity by considering the true 23 in lower octant (LO) and varying the test 653 in higher
octant (HO). We show this for two values of dcp i.e., 0° and —90°. From the panels we
see that, in general, octant sensitivity is higher in P2SO as compared to T2HKK. Further,
we see that sensitivity is almost similar for both the values of dcp. For T2HKK, we see
that octant sensitivity continuously increases as Vg increases. Whereas for P250, octant
sensitivity increases continuously for V¢, and for the other two V.. and V),;, the sensitivity
curve has a dip. We have checked that this dip occurs because the y? minimum appears
with different values of 23 for different V3. The change of sensitivity with respect to Vg
is much higher in P2SO as compared to T2HKK.
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Next, we study the effect of LRF parameters on the neutrino mass ordering sensitivity.
Mass ordering sensitivity signifies the ability of the experiment to determine the true ordering
of the neutrino masses. Figure 8 shows the mass ordering sensitivities as a function of V3
for two different true values of dgp i.e., 0° and —90°. The labelling of the panels is same
as figures 6 and 7. Here also, we see that the sensitivity of P2SO is higher than T2HKK
and sensitivities are similar for both the values of dcp. However, it is interesting to see that
for Ve, the sensitivity increases for T2ZHKK and decreases for P2SO as V;, increases. For
the other two V3, sensitivity increases for both the experiments as V4 increases. We also
observe a kink in P2SO for V,,; and V... We have verified that these kinks are due to the
large backgrounds of the P2SO experiment [45].

Here we observe that P2SO has better sensitivity for mass ordering and octant as
compared to T2HKK whereas for CPV, T2HKK performs better. In general, the mass
ordering and octant sensitivities depend on the matter effect whereas the CP sensitivity
depends on the statistics. Further, the experiment P2SO is sensitive towards the first
oscillation maximum whereas T2HKK probes both the first and second oscillation maxima.
While the first maximum corresponds to a higher value of F giving rise to enhanced matter
effect, the CPV sensitivity is higher at the second oscillation maximum [46]. The P2SO
experiment has larger matter effect due to longer-baseline as well as the energy of the neutrinos
at the first oscillation maximum. For this reason it is more sensitive to mass ordering and
octant in spite of the fact that its sensitivity is limited by background [45]. Whereas in
T2HKK the CPV is enhanced due to the effect of the second oscillation maximum as well
as the shorter baseline giving large statistics.

7.4 Effect of LRF parameters in the precision of dcp, Amgl and 033

In this section, we study the effect of the LRF parameters in the precision measurements of
Scp, Am3, and fa3. To show this, we have kept Vap fixed in both true and test spectra of
the x? using their 50 upper limit values. Then, taking the current true values of cp, Am3,
and 623, we show 2-D allowed regions of these parameters at 20 C.L. and 30 C.L.

Figure 9 shows the allowed regions in dcp — #23 plane. The top row is for P2SO and the
bottom row is for T2HKK. In each row, left, middle and right panels are for V,,, Ve, and
V- respectively. In each panel, dashed red (blue) curve is 20 (30) contours in the presence
of LRF and the shaded regions represent the SI for the respective experiments. Asterisk
symbol in each panel represents the true values of corresponding oscillation parameters. From
these panels, we note certain changes in the precision of dcp and 63 in presence of LRF. For
T2HKK, the precision of 023, almost remains same as in the SI case for all V3. Whereas for
dcp, the precision improves as compared to SI case for V., and V). For P2SO, the precision
to both dcp and 023 are almost similar to the SI case for V. and V.. For V¢, the precision
of 13 is better than the SI and the precision of dgp is slightly poor than the SI scenario.

To show the effect of LRF parameter on the precision of Am3;, we adopt the same
approach for generating the allowed parameter space in Am?ﬂ — 053 plane. The results are
presented in figure 10. From the panels, we see that the precision of Am3; remains almost
unaltered as compared to SI scenario in the presence of LRF.

,15,



V.. P2SO V.., P2SO V.., P2SO

44.0p N [
i 30 region for SI | —— 30 contour for LRF i
43.5 [ 20 region for SI T —— 20 contour for LRF [
= 43.0F — Pty — PNy
7 -y - PAPENENY - PN
S i Ry - y Y i AT N
: 42.5 [ III / 4 ) \ ‘\\ a III /! ‘\ ‘I [ /. / ‘\ ‘l
o B 1/ (Y N i ] B ,’ I 1
[ [ A N 1y I [ H 1l
) 1y * 1 [ * ] ) ! * 1t
cgl B vy I - [ [ - H Il y
42.0 [ SRS S B ) R s u [ vy
R Sy S R L [ S’/ L N i
N Sy T [~ [ ey B N s
N S \ ~— / \ ~—=" ¢
41.5F o o o
410'....I.........I.........I.........I.... Lo b b b b B b b b by
’ 2.48 2.50 2.52 2.54 2.48 2.50 2.52 2.54 2.48 2.50 2.52 2.54
Am2; [x1073eV?| (test) Am2; [x1073eV?] (test) Am2, [x1073eV?] (test)
o V., T2HKK V.., T2HKK V.., T2HKK
i 30 region for SI | —— 30 contour for LRF i
43.5 - 20 region for SI T —— 20 contour for LRF -
E //r ~\\ E ’/, ~\‘ E T N
e S 1] S — N - e -
4(3 [ / 4 N hN N 4 .~ M N R o y- S N
Q | ’ ,/ \\ \\ B / '1 S ‘\ [ 4 / N \
= -l NN - N - NN
—42.5 — | AR - b R\ — [ VoY
o, [ 3 v T T3 o Sy
- L . Vo [ - Vol L1 * 1
g R 1oy - | v P
T A0 NN P A fo A o
v Y ;1 NN ;) Voo ;]
: \\ \\ II I’ : A \\ II II : \\ . y II
\ S e ; AN o e ¢ s N S 4
415 - \\ S - J - (N e g J - AN N /
ol e - N \\\ o N s\\N 7
41O'....I.........I.........I.........I.... Lo b b b b B b b b by
2.48 2.50 2.52 2.54 2.48 2.50 2.52 2.54 2.48 2.50 2.52 2.54
Am2; [x1073eV?| (test) Am2; [x1073eV?] (test) Am2, [x1073eV?] (test)

Figure 10. Allowed parameter space between 023 (test) Am3, (test) with V,,5 fixed to their upper
bound values at 5 ¢ C.L. for P2SO and T2HKK.

Model
Le—L, Le— L, L,— L,
Experiment
P2SO (This work) 2.66 x 10727 2.48 x 107%7 6.03 x 10727
T2HKK (This work) 7.47 x 10727 712 x 10727 6.637 x 10726
T2HK [23] 1.30 x 10726 1.24 x 10726 4.31 x 10726
DUNE [23] 8.55 x 10727 7.03 x 10727 2.59 x 10726

Table 3. Projected upper bound on g,s from various long-baseline experiments.

7.5 Sensitivity limits on Mz_, and gag

Neutrino oscillation experiments can also give us the opportunity to put bounds on the mass of
the new gauge boson Mz, and the new gauge coupling g,s. In figure 11, we present the same
at 20 C.L., corresponding to the long-range force experienced by the neutrinos at Earth due
to the matter density of the Sun, using egs. (2.1) and (2.2). In each panel, the dashed curve
is for T2HKK while the solid curve portrays the allowed region for P2SO. From the panels,
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Figure 11. Plots portraying the allowed range for gauge coupling vs mass of gauge boson for the
long range potential in all three cases, is at 20 C.L. for both P2SO and T2HKK. For more details
please refer to the section 7.4.

we see that the bounds obtained for P2S0 are better than T2HKK and among the three
symmetries, the most stringent bound comes from L, — L, gauge symmetry. From these plots,
we find the upper bound for the coupling of ultra light mediators with mass Mz_, < 10717 eV
to be gog S 10726 for L, — L models. Earlier bounds on g, using Super-Kamiokande data
are: ge, < 8.32 x 10726 and ger < 8.97 x 1072% at 90% confidence level [17]. Using solar
and reactor data from KamLAND, the bounds obtained in ref. [18] are ge, < 2.06 x 10726
and ger < 1.77 x 10726, at 30, assuming 613 = 0°. The projected bounds on Jap for the
upcoming DUNE and T2HK experiments are obtained in [23]. The limit on gauge coupling
is also established based on the energy dissipation due to Z,; radiation emitted by compact
binary systems, yielding g,, < 10720 for M Zyr < 1019V [47]. Furthermore, the constraints
on ge, and ger have been obtained in ref. [48] using the perihelion precision of planets for
Mg, < 1079V, as gej < 102, For comparison, we list the corresponding excluded ranges
for the Z,3 coupling and mass obtained from different long-baseline experiments in table 3.
From the table we see that the bounds obtained from P2SO are better as compared to other
future long-baseline neutrino experiments.

8 Summary and conclusion

In this paper, we have studied the sensitivity of the two upcoming long-baseline experiments
P2SO and T2HKK to the long range force. The proposed P2SO experiment will study the
oscillations of the neutrinos originating from protvino and to be detected at the Super-ORCA
detector. Whereas the T2HKK experiment, which is an alternative option of the T2HK
experiment, will have a dual baseline configuration i.e., one detector will be located in Japan
and another detector will be located in Korea.

When the Standard Model is extended with L. —L,,, L — L and L, — L, type U(1) gauge
symmetries, it gives rise to a new gauge boson Z,g and a new coupling constant g,g. If the
new mediator is inordinately lightweight, it gives rise to a long range potential which can affect

,17,



the propagation of the neutrinos in the matter. The nature of this new long range potential
Vap would be different depending on the symmetry i.e., Lo — L,, L — L; and L, — L.

In the first part of our paper, we have put forward a prescription on how to calculate the
neutrino oscillation probabilities in the presence of LRF and studied how this new potential
affects the neutrino oscillation probabilities in P2SO and T2HKK. In our study, we find
that the effect of the LRF parameters V., and V. is more in the appearance probability
in neutrino case, whereas in the antineutrino appearance probabilities, only significant
change occurs due to V,. In the disappearance channel, all the three LRF parameters
significantly affect the probabilities in P2SO in both neutrinos and antineutrinos whereas
for T2HKK, the effect of V;, and V,,; is higher in neutrinos and the effect of V), is higher
in antineutrinos. We have also noticed some significant difference between the T2HKK and
the P2S0 probabilities. This is because the effective mixing parameters behave differently
at these relevant energies and baselines.

Next, we moved on to study the capability of the above mentioned experiments to
constrain the LRF parameters. In our analysis, we find that sensitivity of P2SO is better than
T2HKK due to the former’s longer baseline and higher statistics. However, the sensitivity
of P2S0 suffers from octant degeneracy in the disappearance channel for higher values of
Vap- While comparing our results with the other experiments, we found that P2SO can
give the strongest bound on the LRF parameters among the current and future neutrino
oscillation experiments. The bounds obtained from T2HKK are better than T2HK but poor
than DUNE. The bounds obtained from SK are somewhat poor, and the future atmospheric
experiment INO is expected to put stronger bounds on the LRF parameters than T2HKK.

Next, we studied the effect of LRF in the measurement of standard oscillation parameters.
Regarding CP violation sensitivity, we find that the sensitivity is a decreasing function of Vg,
whereas for octant sensitivity it is an increasing function of Vg for both P250O and T2HKK.
Regarding octant sensitivity, the change of sensitivity with respect to V,z is much higher in
P2S0 as compared to T2HKK. For mass ordering, the sensitivity is an increasing function of
Veu for T2HKK but it is a decreasing function for P2SO. For the other two V,,43, mass ordering
sensitivity is an increasing function with respect to V3 for both the experiments. Additionally,
we noticed that the sensitivity of P2S0O is affected by the degeneracy related to o3 for CP
violation measurement and octant measurement and it is affected by large background for
the determination of mass ordering. Regarding the precision measurement of dcp, Am3; and
f23 we find that, LRF does not affect the precision of f93 in T2HKK whereas for P2SO, the
precision to both écp and 63 are unaltered except for Ve,. For V¢,, the precision of 63 is
better than the SI and the precision of dcp is slightly poor than the SI scenario. Additionally,
for T2HKK the precision of dcp improves as compared to SI case for V., and V.. The
precision of Am%l remains unchanged in presence of LRF in both the experiments.

Finally, we have computed the bounds on the mass of the new gauge boson and its
coupling strength associated with the LRF experienced by the neutrinos at Earth due to
the matter density of the Sun. Our results show that the bounds obtained for P2SO are
better than T2HKK and among the three symmetries, the most stringent bound comes for
Le — L;. While comparing the bounds with the other future long-baseline experiments, we
find that the best bound on these parameters comes from P2SO.
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Here we would like to emphasize that in our analysis, we used the values of the oscillation
parameters from the global fit which are estimated taking the standard three flavour scenario.
If one fits the data from the neutrino oscillation experiments assuming that LRF exists in
Nature, the fitted values of the oscillation parameters will change as with the inclusion of
LRF, the parameter space will also include the parameter V. The amount of change will
depend on the value of V' and this will also affect our results. However, from table 2, we
see that the current upper bound on V is around 10712 eV from the SK data and the future
experiments are expected to improve this bound one or two orders of magnitude. Given the
smallness of V', we expect the change in the oscillation parameters due to LRF will be small.
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