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ABSTRACT: Our study aims to investigate the viability of neutrino mass models that arise
from discrete non-Abelian modular symmetry groups, i.e., I'y with (N = 1,2,3,...) in
the future neutrino experiments T2HK, DUNE, and JUNO. Modular symmetry reduces
the usage of flavon fields compared to the conventional discrete flavor symmetry models.
Theories based on modular symmetries predict the values of leptonic mixing parameters,
and therefore, these models can be tested in future neutrino experiments. In this study,
we consider three models based on the A4 modular symmetry, i.e., Model-A, B, and C
such a way that they predict different values of the oscillation parameters but still allowed
with respect to the current data. In the future, it is expected that T2HK, DUNE, and
JUNO will measure the neutrino oscillation parameters very precisely, and therefore, some
of these models can be excluded in the future by these experiments. We have estimated
the prediction of these models numerically and then used them as input to scrutinize these
models in the neutrino experiments. Assuming the future best-fit values of 033 and dcop
remain the same as the current one, our results show that at 50 C.L, Model-A can be
excluded by T2HK whereas Model-B can be excluded by both T2HK and DUNE. Model-C
cannot be excluded by T2HK and DUNE at 50 C.L. Further; our results show that JUNO
alone can exclude Model-B at an extremely high confidence level if the future best-fit of 619
remains at the current-one. We have also identified the region in the 63 - dcp parameter
space, for which Model-A cannot be separated from Model-B in T2HK and DUNE.
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1 Introduction

The Standard Model (SM) of elementary particles and their interactions suggests that
quarks and leptons exist in three generations or families. However, the prevailing reason
behind this and the hierarchical nature of fermion masses still remains a mystifying puzzle
in particle physics. Additionally, the differences in the mixing patterns between quarks and
leptons and whether they have any underlying principles are not yet understood, and to-
gether these issues make up the “flavor problem”. One possible explanation for the mixing
patterns in the lepton sector is non-Abelian discrete flavor symmetries, which have been ex-
tensively studied in the past few decades. However, the small mixing structure in the quark
sector does not seem to support non-Abelian discrete symmetries, and attempts to explain
both sectors with discrete flavor symmetries are rather challenging. In this article, we will
focus only on the lepton sector and try to see if we can probe such models with the neutrino
oscillation experiments rather than attempting to address the unified solution to the flavor
problem. The discrete symmetry approach to lepton flavor has two main features: (i) it pre-
dicts certain values of the neutrino oscillation parameters, and (ii) it establishes algebraic
relationships between some of the mixing parameters. These relationships are known as
lepton (or neutrino) mixing sum rules and have been illustrated in various references [1, 2].
However, in this article, we try to elucidate the theoretical frameworks based on A4 modu-
lar discrete symmetry group utilizing certain seesaw mechanisms. The most popular seesaw
mechanisms used to generate the light neutrino masses as well as definite flavor structure in



the neutrino sector are: type-I [3—6], which incorporates three singlet right-handed heavy
neutrinos, type-1I, with the inclusion of a scalar triplet [7-12], and type-III [13-18], where
a fermion triplet is added to the SM particle content. In these approaches, the masses of
the new heavy particles are rather heavy and are beyond the access of the present or future
experiments. Many other alternative approaches were proposed, e.g., linear seesaw [19-21],
inverse seesaw [22-30], where the new physics scale responsible for neutrino mass genera-
tion can be brought down to TeV scale, at the expense of the inclusion of new additional
fermion fields (S;), which are SM singlets. Another interesting idea that has received a
lot of attention in recent times is the application of modular symmetry [31-34], where the
usage of excess flavon fields can naturally be avoided. In this case, the Yukawa couplings,
which are holomorphic functions of modulus 7, perform the role of flavons. Here 7 is a
complex variable that appears in the Dedekind eta function 7(7) [35]. When this modulus
acquires the vacuum expectation value (VEV), it breaks the flavor symmetry. There exist
plentiful works in the literature based on modular groups S3 [36, 37], S4 [38-41], A4 [42-
62], As [63, 64], double covering of A4 [65-68], Sy [69, 70] and As [71-73]. These modular
groups are quite successful in accommodating the observed neutrino oscillation parameters.

Due to the predictive features of modular symmetry group-based models, they can
be probed in the forthcoming neutrino oscillation experiments. In this paper, we con-
sider three such models and study their viability in the upcoming neutrino experiments
T2HK [74], DUNE [75] and JUNO [76]. The experiments T2HK and DUNE are the future
accelerator-based long-baseline experiments, whereas JUNO is the medium baseline reactor
experiment which is expected to start taking data in early 2024. The experiments T2HK
and DUNE are expected to precisely measure the leptonic CP phase dcp as well as the oc-
tant of the atmospheric mixing angle #23. The experiment JUNO will further improve the
measurement of f15. It is also expected that DUNE and JUNO experiments will determine
the true nature of neutrino mass ordering. Also, T2HK will determine mass ordering at
good significance by combining beam and atmospheric data. Currently, two orderings of the
neutrino masses are allowed based on the sign of the atmospheric mass squared difference
Am3,. The positive sign of Am3, gives rise to normal mass ordering, whereas the negative
sign of the Am3; gives rise to inverted mass ordering. The rest of the parameters i.e., 613
and Am3, are currently very well measured [77]. Here it should be mentioned that the
current measurements of 03 and dcp are very weak. Due to this, a large number of models
are currently allowed, which predict a wide range of values regarding these two parame-
ters. However, with the future measurements of these parameters by T2HK and DUNE,
we expect to rule out many such models. One way to test these models in the neutrino
experiments is to use the sum rules which connects the model parameters to the leptonic
mixing parameters [78-82]. There are also studies which derived sum rules for the modular
symmetry models [83] and tested them in the neutrino experiments [84]. However, for the
models that we consider in our study, it is not possible to derive the sum rules. In this case
we numerically calculate the predicted values of the leptonic mixing parameters from these
models and use them as an input while studying these models in the neutrino experiments.
To the best of our knowledge this is the first work of this kind. In our work, we choose
three different models in such a way that their prediction of f23 and dcp are very different



from each other, but still, they are allowed because of the current wide allowed ranges of
these two parameters. Therefore, the main motivation of our work is to see how well future
neutrino experiments will be able to constrain these models. Among these three models,
we find that one of the models predicts a very narrow range of 612. This provides us an
opportunity to constrain this model using JUNO. In addition, we also notice that two of the
models have partially common allowed parameter space in terms of values of #o3 and dcp.
In our work, we study the capability of DUNE and T2HK to separate these two models.

The structure of this paper is as follows. In section 2, we provide an overview of the
theoretical framework for the three models borrowed from the original work as cited in
respective subsections 2.1, 2.2 and 2.3. Further, in section 3, we demonstrate the allowed
parameter space in terms of all six neutrino oscillation parameters for these three models
illustrated in 3.1, 3.2 and 3.3 respectively. In section 4, we highlight the features and
characteristics of T2HK and DUNE, which we use in our analysis. In section 5, we present
our results, and finally, in section 6, we pen down our ascertainment in conclusion.

2 Model framework

In this section, we present an overview of the models employed in our analysis, which are
based on modular symmetry. Specifically, we focus on the utilization of A4 modular sym-
metry to preserve the invariance of the superpotential. Our models incorporate different
seesaw mechanisms to account for the tiny masses of neutrinos. Here, we provide a descrip-
tion of these seesaw models, including the particle content, charges, and modular weights
under A4 modular symmetry.

2.1 Linear seesaw mechanism with A4 modular symmetry

The model considered here, which we referred to as Model-A, involves the extension of
the Standard Model with an additional discrete A4 modular symmetry. Broadly, it can be
considered a modified version of a type-I seesaw that follows the flavor structure of a linear
seesaw. To enrich the particle spectrum, six extra singlet heavy superfields (Ng, & Sr,)
along with a weighton field (pg) are introduced. The extra super-multiplets Ng, and Sy,
transform as triplets under the A4 modular group, while p, transforms as a singlet. How-
ever, the modular Yukawa couplings are also charged under A4 symmetry being a triplet
with modular weight k; = 2. The modular symmetry restricts the use of excessive flavon
fields, which would otherwise overpopulate the particle spectrum and reduce the model’s
predictability when working in BSM. This is achievable because the Yukawa couplings ac-
quire a modular form and take on the role of extra flavon fields and is applicable to subse-
quent models discussed in this work. The particle spectrum clubbed with modular Yukawa
couplings of the model and their group charges under various symmetries, along with their
modular weights, are depicted in table 1. Generally, the linear seesaw framework can be
realized by assigning suitable charges under different groups to the comprising particles.
Additionally, the model has an additional U(1)x global symmetry as outlined in the
original paper [85], enforced to eliminate certain undesirable terms in the superpotential.
The A4 symmetry is believed to be broken at a scale much higher than the electroweak



Fermions Scalars Yukawa couplings
Fields | e | pr | TR | Ler | Nr| ST | Hua | pa| Y =(y1,92,¥3)
SU22) | 1 1 1 2 1 1 2 1 —
1 11

U(l)y 1 1 1 —3 0 0 [35,-35| 0 —
U(l)x 1 1 1 -1 1 -2 0 1 —

Ay 1 1 1”7 11,171 3 3 1 1 3

kr 1 1 1 -1 -1 | -1 0 0 2

Table 1. Particle content and modular Yukawa couplings of the model and their charges under
SU(2)r x U(1)y x U(1)x x Ay where ky is the number of modular weight.

symmetry breaking [86]. The masses of the additional superfields are generated by assigning
a non-zero vacuum expectation value to the singlet weighton.

The invariant super-potential in the present model framework is represented as:

3

W = y¥L,, Hi 9% + GpLy, Hy (Y NR)11710 + Gp [Lo, Huy (Y SF)1.1717] %

a

+ansY (STNR)sym + BNsY (ST NR) Anti—sym]Pa 5 (2.1)

where, Gp = diag(ap, Bp, vp) and G, = diag(a)y, Bp, 7p) being the diagonal matrices
containing six free parameters, ayg and Byg are other free parameters involved in the
super-potential and p = (e, p, 7) corresponding to the lepton flavors and A, is the cut-off
scale.

Depending upon the charge assignment to left-handed (LH) and right-handed (RH)
charged leptons, which are singlets under A4, the charged lepton mass matrix obtained
from the first term in eq. (2.1), is found to be diagonal, and the couplings can be adjusted
to achieve the observed charged lepton masses. The mass matrix takes the form

yseva/ V2 0 0 me 0 0
M, = 0 Yy va /2 0 =10 m, 0. (2.2)
0 0 Y7 va/ V2 0 0 m,

Here, me, m,, and m, are the observed charged lepton masses. Further, in eq. (2.1) the
second term involves Ng,, which being an A4 triplet, its contraction happens with triplet
modular Yukawa coupling Y, hence resulting the Dirac neutrino mass matrix shown below

ap 0 0 Y1 Y3 Y2
U
MD:7U§ 0 Bp O Y2 Y1 Y3 : (2.3)

0 0| |¥y2v],,

Similarly, the flavor structure for the pseudo-Dirac term is due to the contraction of Ay



Fermions Scalars | Yukawa couplings

Fields cr | ESh Sl L | Ng| Hug | Y= (1,293
SU@2)L | 1 1 1 2 |1 2 —
Uy | 1 1 1 | =31 0 | 3-3 -

Ay 1 17 1 | 3| 3 1 3

kr -1 | -1 | -1 | -1| -1 0 2

Table 2. Particle content and Yukawa couplings under SU(2),, x U(1)y x A4 modular symmetry,
where, k; being the modular weight.

triplet Sz, with modular Yukawa coupling Y, and its mass matrix takes the form,

s |9 0 0| [y1ysye
_ Uu Upa ) /
Mg = 2% 0 0 , 2.4
LS NG (\/QAa Bp Y2 Y1 Y3 (2.4)
0 0 vp| |¥3vy2m

LR

where, vy, v4 and v,, are the VEV of H,, H; and p, respectively. Finally, the mixing
between the heavy fermions Ng, and Sz, results in a mass matrix consisting of both
symmetric and anti-symmetric matrices with ayg > Sng as given below,

2y1 —Y3 —Y2 0 y3 —uo
v aNs
M — Pa _ 2 _ + — 0 . 25
'S = 5| T ys 2y2 —y1 Bns | —ys U1 (2.5)
—Y2 —Yy1 2Yy3 . y2 —y1 O
ym asym

The linear seesaw is a modified form of type-I seesaw, and the mass formula for light
neutrinos in this framework is given by

my, = —MpMpeM}lg + transpose , (2.6)

with Mrg > Mp > Mpg. It should be emphasized here that, we have neglected the term

c qgc 4
proportional to (SLing > in eq. (2.1) by assuming the corresponding multiplicative free pa-

rameter to be extremely small, in order to retain the linear seesaw neutrino mass structure.

2.2 Type-I seesaw without any flavon fields

Here, we consider another model based on the A4 modular symmetry proposed by Fer-
uglio [33] identified as Model-B. In this model, the Higgs' and lepton super-fields undergo
specific transformations, which are detailed in table 2. This model is free from extra flavon
fields and only includes three right-handed (RH) neutrinos.

The super-multiplet’s (i.e., Hy & Hg) VEV are related to SM Higgs VEV by the relation vy =

1/v2 4+ v2, and tan B = (vu/v,).



The super-potential of the model can be expressed as

W = we +w, ,
with  we = aqESHA(LY )1 + BUESHa(LY )1 + ESHy(LY )10 |
and  w, = g(NLHLLY )1 + My(NGNEY ), | (2.9)

where, g, oy, 0;, 11 are the free parameters and M, is the mass parameter. The mass matrix
for the charged lepton sector is a non-diagonal matrix because the left and right-handed
charged leptons are triplets and singlets, and, due to the product rule of A4 symmetry,
they attain a form given below.

a1y1 oqys ay2
Vd
M; = — , 2.10
NG By Biyi Biys (2.10)
Y3 Yiy2 Myi

where vg is the VEV of Hy, and the free parameters can be determined by using the below
identities:
Det(MLMD = mzmimz,
Tr(MLM}E) = m2 + mi +m?2,

1

5 ([T MDP — [Te(MLM]))) = mZm, +mim? + m2m? | (2.11)
where, me, m, and m, are the charged lepton masses [87]. Further, the Dirac mass matrix
emerges as given below due to contraction between LH lepton doublets, RH neutrinos, and
modular Yukawa couplings as they are A4 triplets.

2g1y1 (81 +8g2)y3 (—81 — &2)12
U
Mp = 7% (—g1 — 82)y3 2g1y2 (—g1+82)u1 | - (2.12)
(—g1+8g2)ye (—g1—g2)yn 281y3

where, v, is the VEV of H,,. Finally, the Majorana mass matrix for heavy right-handed
neutrinos obtained from the second term of eq. (2.9), expressed as

291 —Yy3 —y2
Mp=|-ys 2y2 —yn | Mo . (2.13)
—Y2 —y1 2y3

As it is a type-1 seesaw mechanism hence, the light neutrino mass formula is given by
_ —19/T
my = —MpMp "My, . (2.14)

2.3 Type-III seesaw

The model considered here, referred to as Model-C, employs a type-III seesaw mecha-
nism with A4 modular symmetry and U(1)p_; symmetry in addition to SM symmetries.



Fermions Scalars Yukawa couplings

Fields E{p | ESp | ESp L 2%, Hyaq | pe Y = (y1,92,93)
SU(2)p, 1 1 1 2 3 2 1 —
U(l)y 1 1 1 -3 0 [3,-3]0 -~
U(l)p-1 1 1 1 -1 1 0 -2 —
Ay 1 1 1 1,171 3 1 1 3
kr 0 0 0 0 -2 0 2 2

Table 3. Particle content and Yukawa couplings of the type-III seesaw and their charges under
SU(2)r x U(1l)y x U(1)p_r x A4, and ky is the modular weight.

The model comprises BSM particles, i.e., three right-handed fermion triplets (Xg,) and
weighton (p.). Hence, A4 symmetry and U(1)p_7, symmetries are broken at a significantly
high scale than the electroweak symmetry-breaking scale. Table (3) provides the A4 charges
and modular weights for the added particles with elaborated discussion present in original
work [88]. The purpose of incorporating extra U(1)p_; symmetry is to avoid undesir-
able terms in the superpotential, which cannot be prevented by A4 modular symmetry
alone. The non-zero VEV of the singlet weighton aids in providing mass to the heavy RH
neutrinos. The complete superpotential of the model is given as

W = —y;;Ef Hals — (o) | HuS%, V2YL]

/

_Agﬂ (BsTr [25,YSg,| +94Tr 28, YR, ) %‘; : (2.15)
where, ay, = diag (a1, ag, a3), s = diag (b1, be, b3) and %, = diag(71, 72,73) representing
free parameter diagonal matrices, with MY, as the free mass parameter and A. is the cut-
off scale with the charged lepton mass matrix being diagonal, similar to, as depicted in
Model-A. The interaction between the neutral multiplet of a fermion triplet and the LH
neutrino leads to the Dirac mass term, which determines the Dirac mass matrix:

ar 0 0 Y1 Y3 Y2
Mp=vy| 0 az 0| |y291 93] (2.16)
0 O0az| |ysy2mn

where, v, is the VEV of H, and the Majorana mass matrix is given as,

v 5 2y1 —Ys —Y2 0 y3 —uo
v e »
MRZAi/i(QZ) T | Vs 2y —m +95 | -ys 0 ;m ;o (217)
C
—Y2 —Y1 2Y3 Y2 —n
sym asym

where, v, is the VEV of p.. The mass matrix for active neutrinos within the type-III
seesaw framework is expressed as follows:

m, = —MpMp' M} . (2.18)



Osc. Parameters | sin?f15 | sin®fa3 | sin?613 | Am3; [eV?] | |Am3, |[eV?] dcp
Nu-Fit (NH) 0.303 | 0.451 | 0.02225 | 7.41 x107° | 2,507 x1073 | 232°
Nu-Fit (IH) 0.303 | 0.569 | 0.02223 | 7.41 x107° | 2.486 x1073 | 276°

Model-A 0.315 | 0.428 | 0.02343 | 7.65 x107° | 2.502 x1073 | 45.30°
Model-B 0.340 0.452 | 0.02138 | 7.73 x10~° | 2.474 x1073 0°
Model-C 0.308 0.469 | 0.02169 | 7.17 x107° | 2.461 x1073 | 213.18°

Table 4. In the above table, we elucidate the best-fit value for the oscillation parameters (i.e.,
mixing angles sin? 0y, sin? fa3 & sin? §13 and mass squared differences (Am3, and Am2;) and dcp
phase.)

It is worth to emphasize that in this work, we mainly focus on three distinct flavor mod-
els based on A, modular symmetry, wherein these models incorporate different seesaw
mechanisms to account for the light neutrino masses. Model-A is based on linear seesaw
mechanism, where the light neutrino mass matrix is given in eq. (2.6). It requires interac-
tion terms of dimensions 4 and 7 to implement linear seesaw formalism in this framework
as seen from eq. (2.1). On the other hand, Model-B incorporates type-I seesaw mecha-
nism, so the interaction terms considered up to dim-4 are sufficient for studying neutrino
phenomenology. The contribution arising from the Weinberg operator, which violates the
Lepton number by two units, is neglected in our analysis. In Model-C, type-III seesaw
mechanism is considered where the SM gauge symmetry is extended by including U(1)g_1,
symmetry in addition to the A4 modular symmetry. The terms up to dimension-5, are
utilized to generate Majorana masses for neutrinos, preserving their conservation under
the U(1)p_r symmetry. Since different seesaw mechanisms are utilized in these models
to generate the light neutrino masses, it is impractical to treat them on equal footing by
keeping the interaction terms of same dimensions in all the three models.

3 Prediction of the leptonic mixing parameters from the models

This section is accentuated for discussing the results obtained for three different models
whose theoretical frameworks are aforementioned in section 2. In order to conduct numer-
ical analysis, we are utilizing the NuFIT neutrino oscillation data from [77, 89] at a 3o

interval as follows:

NO: sin?#;3=[0.02052,0.02398], sin? 03 =[0.408,0.603], sin®f15 = [0.270,0.341],

[ [
Am2, =[2.427,2.59] x 1073 V2, Am3; =[6.82,8.03] x 107° eV?, (3.1)
I0: sin?6;3 =1[0.02048,0.02416], sin?fy3 =[0.412,0.613], sin®615 =[0.270,0.341],
|Am3, | =[2.406,2.57] x 1072 eV?,  Am3, =[6.82,8.03] x 107° V. (3.2)

Here, we numerically diagonalize the neutrino mass matrices for each model through the
relation UTMU = diag(m?, m3, m2), where M = m,mJ, and U is a unitary matrix? from

2For non-diagonal charged lepton sector the lepton mixing matrix is given as U’ = U;r U, where, U;
matrix diagonalizes the charged lepton mass matrix [90].



which the neutrino mixing angles can be extracted using the standard relations:

Uss|? Uta|?
|Uas| sin2 gy = _1012]

. 92 2 i 2 —
sin20.2 = |U sin® g3 = ———> 1— (U2
in“ 013 = |Uys|*, mefas =1 [EN 1 —|Uss)?

(3.3)

The input parameters are randomly scanned over for each model individually, and
presented in tables 5, 6 and 7 for Model-A, Model-B, and Model-C, respectively. The
parameter space for the allowed regions is initially filtered by the observed 3o limit of solar
and atmospheric mass squared differences and further constrained by mixing angles and
the observed sum of active neutrino masses 0.058 < ¥m,, < 0.12 eV [91, 92] (i=1,2,3),
for Model-A and Model-C as these models satisfy normal hierarchy and 0.098 < ¥m,, <
0.12 eV [93] for Model-B, which follows the inverted hierarchy. The best-fit values of the
input parameters are obtained by utilizing the chi-square minimization technique and the
general chi-square formula [94, 95],

ey (BB (3.4)

- ag;
i 7

where F; is the experimentally observed best-fit value of oscillation parameters from NuFIT
and T;(z) is the theoretical prediction for the corresponding oscillation parameter as a func-
tion of z, where z indicates input parameters in the model, while o; is the 1o errors in E;.

By examining the values of the input parameters within their respective ranges, we
calculate the y? for all available observables in the neutrino sector, which include two mass-
squared differences, three mixing angles, and CP phase (dcp). These calculations yield a
cumulative x? minimum, which we use to determine the values of the free parameters that
correspond to the minimum, also known as the best-fit values. By employing these best-
fit values of the input parameters, we can refine the ranges for each model parameter by
aligning them closely around these values. By adopting this approach, we can generate
model predictions by placing emphasis on the parameter value that is most likely. Next,
we highlight the nitty-gritty of the model parameter space for each case below.

3.1 Model-A

To fit the current neutrino oscillation data, we chose the ranges for the model parameters
as shown in table 5,

The prediction of the leptonic mixing parameters for Model-A is shown in the top row
of figure 1. From the panels, we see that the model allows all the values of the parameters
012, 013, Oo3, Am%l and Am%l within the current 3o values of their global fit except dcp.
The allowed values of dcp lies within the range of 0° < dop < 89°. As the T2HK and
DUNE will be able to measure dcp very precisely, this model can be constrained in the
future based on the data from these two experiments. The best-fit values of the oscillation
parameters as obtained from this model are listed in the third row of table 4.

3.2 Model-B

Similarly, we showcase the model parameter space in table 6 for Model-B, which satisfies
the neutrino experimental data. The prediction of this model in terms of the neutrino



Parameter Range Parameter range
Re[7] [—0.5,0.5] Bh [6.0 —9.9]x1073
Im|[7] [1.2,1.8] 5 [3.2 — 8.3]x1073

ap (6.7 —9.7]x1076 ans [0.1 —0.24]

Bp [4.4 — 4.8]x107° Bns [1—2.2]x107°
YD [5.2 — 8.8]x1076 A, [10°,10%] GeV
o 2.3 — 6.3]x1073 Vpg [10,10%] GeV

Table 5. Model parameters ranges for Model-A.

Re(7) Im(7) 91 92 M, [GeV]
[—0.1,0.1] | [1.5,2.0] | [1,3]x107° | [2,5]x107° | [10%,107]

Table 6. Ranges required for input parameters in Model-B.

oscillation parameters is shown in the middle row of figure 1. For this model, the parameters
613 and Am?2, are unconstrained. For Am2; this model disallows a small region around the
lower edge of the 30 bound for this parameter, i.e., |[Am%,| < 2.43x1073. This model allows
only dcp = 0°. Additionally, this model predicts lower octant of fa3, i.e., sin? fa3 < 0.459
and also a narrow range of o with sin?#;5 around 0.34 which lies in the upper edge of
the current 30 according to NuFIT. Therefore, this model can be constrained by all three
experiments that we consider in this present study. The prediction of f93 and dcp can
be constrained by DUNE and T2HK, whereas the prediction of 615 can be constrained by
JUNO. Note that the allowed region of Model-B is basically a part of the allowed parameter
space of Model-A in terms of parameter fo3 and dcp. Therefore it will be interesting to see
the capability of DUNE and T2HK to distinguish these two models. The best-fit values of
the oscillation parameters as obtained from this model are listed in the fourth row of table 4.

Here it should be mentioned that Model-A is allowed for normal ordering of the neu-
trino masses, whereas Model-B is allowed for the inverted ordering. Therefore, once the
true mass ordering of the neutrinos is determined, one of these models will be excluded
immediately. However, in this study, we assume that both the mass ordering of the neu-
trinos are allowed, and we will study the distinguishability of these two models in DUNE
and T2HK based on their prediction of the leptonic mixing parameters.

3.3 Model-C

Finally, the parameter space for Model-C, satisfying the ranges of the neutrino experimental
bounds, is depicted in table 7.

The parameter prediction of Model-C is shown in the bottom row of figure 1. From the
panels, we see that all the parameters except dcp are unconstrained in this model. However,
there exists a correlation between 613 and Am3; as certain combinations of these parameters
are not allowed. The allowed values of dcp for this model lies in the range of 162° < dcp <

~10 -



Parameter Range Parameter range
Re[7] [—0.5,0.5] by [0.8 — 8]x10~!
Im|[7] [0.75, 2] bs [1—7]x1073

a1 [5—10]x10~7 s [0.1,1]x107Y

as [4.5 —10]x1076 M [107,108] GeV
as (0.5 — 5]x10~7 Ae [107,108] GeV
b1 [0.7 — 5] x 1072 Vp, [10%,107] GeV

Table 7. Ranges required for free parameters in Model-C.

256°. As the dgp values allowed from this model are very disjoint from the other two
models, this model can be easily differentiated from them. The best-fit values of the
oscillation parameters as obtained from this model are listed in the fifth column of table 4.

4 Experimental characteristics

To simulate the experiments T2HK, DUNE and JUNO, we use the software GLoBES [96,
97]. Below we describe the specification of these experiments that we use in our calculation.

DUNE (Deep Underground Neutrino Experiment) is a future accelerator-based long-
baseline experiment that features a 1284.9 km baseline with the line-averaged Earth-matter
constant density 2.84 g/cm?® and a 40 kton liquid Argon time projection chamber as far
detector. The neutrino source for this experiment can provide 1.1 x 102! protons on target
(POT) per year with a beam power of 1.2 MW. In this case, the flux will be an on-axis wide-
band flux. Our estimation of the physics capabilities of this set-up is based on assuming
5 years of neutrino run and 5 years of anti-neutrino run. The specifications regarding
backgrounds, systematic errors, etc., are taken from [98].

T2HK (Tokai-to-Hyper-Kamiokande) is another upcoming long baseline experiment
with baseline length of 295 km and is off-axial by 2.5°, producing a very narrow beam. For
T2HK, we have used the configuration provided in ref. [74]. The neutrino source, stationed
at J-PARC, will operate at a beam power of 1.3 MW and will have a total exposure of
27 x 10?! protons on target (POT), equivalent to ten years of operation. The 10 years of
runtime has been divided into two equal periods of five years each, one for neutrino and
the other for antineutrino mode. The averaged Earth matter density for this baseline is
around 2.70 g/cm?, and the detector technology will be water Cherenkov having a fiducial
volume of 374 kt.

For JUNO, we follow the configuration as given in ref. [76]. We consider a liquid
scintillator detector having 20 kton fiducial mass located at a distance of around 53 km from
Yangjiang and Taishan nuclear power plants. We have considered the energy resolution
of 3%/+/E (MeV). In this analysis, we consider all the reactor cores located at the same
distance from the detector. We consider the run-time to be 6 years.
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Figure 1.

The panels la, 1d and 1g illustrate the correlation of sin?fy3 w.r.t. dcp phase for

Model-A, B and C, respectively and 1b, le and 1h (1lc, 1f and 1i) project the inter-dependence
of Am2, (Am3;) w.r.t. to sin? ;5 (sin?6;3) for Model-A, B and C respectively. Here the vertical
and horizontal gridlines show the 3¢ range of the corresponding oscillation parameters. Also, the
NuFIT and model best-fit is shown by a red and blue dot, respectively.

5 Results

In this section, we will present our results. First, we study the capability of T2HK, DUNE,
and JUNO to constrain the three models that we discussed above with respect to the
current data. Then we study the capability of these experiments to differentiate one model
from another.
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We will present our results in terms of x? analysis. We define the Poisson x? as:

Nth
X2 _ 22 N]‘ph _ N;rue _ N;rue In (thrue>‘| , (5.1)
J J

where j is the number of energy bins, th»h is the number of events in the test spectrum
and N ;“‘e is the number of events in the true spectrum.

To test the models against the current values of oscillation parameters, we take the
current values of the oscillation parameters in the true and the values of the oscillation
parameters predicted from the models in the test. For each set of true parameters, we
minimize the y? with respect to all sets of predicted parameters. We find the minimum y?
i.e., X2, for all sets of true parameters and calculate Ax? as x2 — x2,;,. As, Model-A and
Model-C are allowed for the normal ordering of the neutrino masses, for these models, we
use the true values from NuFIT corresponding to normal ordering in the neutrino masses.
However, for Model-B, we use the NuFIT values corresponding to the inverted ordering
of the neutrino masses. The best-fit values from NuFIT for both normal and inverted
ordering of the neutrino masses are listed in the first and second row of table 4.

These results are presented in figure 2. The first row is for Model-A, the second row
is for Model-B, and the third row is for Model-C. For all three models, we have presented
the sensitivity in the 6a3 (true) - dcp (true) plane for DUNE and T2HK. In those panels,
we have shown the allowed regions corresponding to 3o (blue curve) and 50 C.L (brown
curve). The best-fit values of 623 and dcp for these allowed regions are indicated by a red
asterisk. Additionally, in these panels, the current 1o and 20 allowed regions from NuFIT
are shown in the orange and purple-shaded regions, respectively. The best-fit values from
the NuFIT is shown by the black asterisk. Assuming the current best-fit values of f3 and
dcp remain the same in future, DUNE and T2HK will measure these values very precisely.
The yellow shaded and the cyan shaded region show the allowed region from DUNE and
T2HK at 30 C.L, respectively, with respect to the current best-fit value of f23 and dcp.
Therefore, the yellow and cyan regions show how much the orange and the purple region
will shrink in the future by the measurements of DUNE and T2HK. In the next paragraph,
we will discuss the capability of T2HK and DUNE to exclude these models, assuming the
current best-fit values remain the same in the future and they are measured by T2HK
and DUNE. Or in other words, we will compare the allowed regions given by the blue and
brown curves with respect to the yellow region for DUNE and the cyan region for T2HK.

From this figure, in general, we see that the allowed regions for all three models are
more constrained in T2HK as compared to DUNE. This is probably because of the large
statistics of T2HK, which arises due to its shorter baseline as compared to DUNE. For
Model-A, we see that the 5o allowed region is well separated from the 3o allowed region
for T2HK, but for DUNE, they are consistent. However, the 30 C.L. region of Model-A
will not be compatible with the 30 allowed region of DUNE. For Model-B, the 50 allowed
region will not overlap with the 3¢ allowed region of both T2HK and DUNE if the future
best-fit values of 693 and dcp remain same as the current best-fit value. Further, it will
be difficult for both T2HK and DUNE to exclude Model-C as, in this case, the 50 allowed
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Figure 2. Panels representing the sensitivity of DUNE and T2HK in 6s3 (true) - dcp (true) plane.
Panel 2a, 2c and 2e represent the compatibility of Model-A, B, and C with DUNE, respectively,
while panel 2b, 2d and 2f represent the compatibility of the same models with T2HK. The black
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shows the future precision of #15 with respect to the current best fit of this parameter. The red
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Figure 4. The blue (brown) shaded regions in the panels represent the 30 (50) allowed regions of
Model-A, while the green region corresponds to the parameter space for which Model-B cannot be
separated from Model-A at 30 C.L. The left panel is for DUNE and the right panel is for T2HK.

region of this model remains consistent with the 30 C.L. allowed regions of T2HK and
DUNE. However, the 30 allowed region of Model-C is incompatible with the 3o allowed
region of T2HK.

In the previous section, we have seen that Model-B predicts a very narrow range of 612,
and this gives us an opportunity to constrain this model from the future data of JUNO.
In figure 3, we have shown the capability of JUNO to constrain this model (red curve).
In this figure, the green curve shows the sensitivity of JUNO to constrain the parameter
012, given its best-fit remains at the current best-fit value in the future. From this figure,
we observe that the future allowed values of 612 by JUNO are very much separated from
the allowed values of 812 by Model-B. Therefore, JUNO alone will be able to exclude this
model at an extremely high confidence level.
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Now let us discuss the capability of DUNE and T2HK to separate one model from
another. In the previous section, we have seen that Model-A and Model-B have some
common allowed parameter space in terms of f23 and dcp. However, the allowed region of
Model-C in 23 - dcp parameter space is disjoint with respect to Model-A and Model-B. This
implies that Model-C can be easily separated from Model-A and Model-B in DUNE and
T2HK, whereas these experiments will have confusion to separate Model-A from Model-
B. We have shown this in figure 4. The left panel is for DUNE, and the right panel is
for T2HK. To generate this figure, we have taken Model-A in the true spectrum of the
x? and Model-B in the test spectrum. For each set of true parameters for Model-A, we
have minimized over all sets of test parameters from Model-B and presented the results in
the dcp (true) - #a3 (true) plane for Model-A. Here also, we have subtracted the overall
X2, from each x? to calculate the Ay2. This Ax? is represented in these panels as green
allowed regions at 30 C.L. In these panels, blue and brown regions are the allowed region
for Model-A at 30 C.L and 50 C.L., respectively. Therefore, we understand that in the
green region, DUNE, and T2HK will not be capable of separating Model-A from Model-B.
However, in the rest of the blue and brown regions, DUNE and T2HK will be able to
distinguish between Model-A and Model-B. Here also, we see that the confusion between
Model-A and Model-B will be more prominent in DUNE as compared to T2HK.

6 Conclusion

This paper explores the potential of upcoming neutrino experiments to constrain a series
of theoretical models that utilize modular symmetry. Here, we make use of A4 modular
symmetry, which is favorable in eliminating the excess usage of flavon fields. In lieu of tra-
ditional flavon fields, the model incorporated modular Yukawa couplings that transformed
non-trivially under a modular A4 group, resulting in a unique flavor structure of the neu-
trino mass matrix and facilitating the study of neutrino phenomenology. The models under
scrutiny are linear seesaw identified as Model-A and involves three right-handed (RH) (Ng)
and three left-handed (LH) sterile (Sg) superfields and a weighton (p,); Model-B is a type-
I seesaw utilizing three RH (Ng) without any flavons, and Model-C is a type-III seesaw
involving fermion triplets superfields (X r) and a weighton (p.) in supersymmetric context.
These models based on modular symmetry can predict the values of the leptonic mixing
parameters, and therefore, there is an opportunity to probe these models in the neutrino
oscillation experiments.

We choose our models in such a way that their predictions of the neutrino oscillation
parameters are different from each other, but these models are allowed within the currently
allowed ranges of these parameters. Among the three models, Model-A and Model-C are
allowed for the normal ordering of the neutrino masses, whereas Model-B is allowed for the
inverted ordering of the neutrino masses. For our analysis, we have considered the future
accelerator-based neutrino experiments T2HK and DUNE and also the medium-baseline
reactor experiment JUNO. The experiments T2HK and DUNE are expected to measure
the parameters fo3 and dcp with excellent precision, whereas JUNO will provide the most
stringent measurement of #15. As the three models that we consider in our study provide
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narrow ranges of the oscillation parameters 63, 615 and dgp, the experiments T2HK, DUNE
and JUNO will have the capability to constrain these models in future. Apart from that, it
is also expected that DUNE, T2HK and JUNO will discover the true nature of the neutrino
mass ordering. Note that once the true mass ordering of the neutrino masses is determined,
either Model-A and Model-C or Model-B can be excluded immediately. However, in this
work, we will assume that neutrino mass ordering will be unknown, and we will study these
models in future neutrino experiments based on their prediction of the neutrino oscillation
parameters. For our models, it is not possible to define the sum rules which relate the
model parameters to the leptonic mixing parameters. Therefore, we adopted the strategy
to estimate the prediction of the models numerically and then used them as input for
studying these models in the neutrino experiments.

Among the three models that we consider in our study, Model-A predicts the values
of dcp to lie in the range of 0° < dop < 89°. Model-B allows only dcp = 0° and predicts
lower octant of fp3 in the region sin?fy3 < 0.459. It also predicts a narrow range of
012 with sin? 015 around 0.34. The allowed values of dcp for Model-C lie in the range of
162° < dcp < 256°. When studying these models in the neutrino experiments, we find that
capability of T2HK to constrain the models is better as compared to DUNE. Assuming the
future best-fit of 023 and dcp remains the same as the current one, we noticed that T2HK
could exclude Model-A at more than 50 C.L, but this model will be consistent with DUNE
at bo C.L. For Model-B, both T2HK, and DUNE will be capable of excluding this model at
more than 50 C.L. Model-C cannot be excluded by T2HK and DUNE at 50 C.L. Further,
our results show that JUNO alone can exclude Model-B at an extremely high confidence
level if the future best-fit of 815 remains at the current-one. As Model-A and Model-B have
a common parameter space in terms of 693 and dcp, we tried to see if these models can be
distinguished by T2HK and DUNE. We have identified the region in the 693 - dcp parameter
space for which Model-A cannot be separated from Model-B in T2HK and DUNE.

In summary, our results demonstrated the capability of T2HK, DUNE, and JUNO to
constrain a set of theoretical models based on modular symmetry for which it is not possible
to have sum rules connecting the model parameters and the leptonic mixing parameters.
These results will have a significant impact in the future in terms of excluding theoretical
models in future experiments.
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