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ABSTRACT: We explore the possibility of relating extra dimensions with light and heavy
Dirac-type neutral leptons and develop a framework for testing them in various laboratory
experiments. The Kaluza-Klein modes in the large extra dimension models of the light
neutral leptons could mix with the standard model neutrinos and produce observable effects
in the oscillation experiments. We show that the chirality flipping up-scattering processes
occurring through either neutrino magnetic dipole moment or the weakly coupled scalar
interactions can also produce heavy Kaluza-Klein modes of the corresponding right-handed
neutral leptons propagating in one or more extra dimensions. However, to conserve the four-
dimensional energy-momentum, their masses must be below the maximum energy of the
neutrinos in the initial state. The appreciable size of extra dimensions connected with these
heavy neutral leptons can thus affect the cross-sections of these processes. This framework
applies to any up-scattering process. Our work here focuses only on its application to the
coherent elastic neutrino-nucleus scattering process. We derive constraints on the size of
extra dimensions using the COHERENT data in oscillation and up-scattering processes.
For model with one large extra dimension for the light neutral leptons, we obtain the limits,
R ~ 3 pm (NH) and R ~ 2.5 pm (IH), on the size of extra dimension corresponding to the
absolute mass limit, mg < 3 X 10736V at 90% C.L. from the short-baseline oscillations.
Using the up-scattering process for heavy neutral leptons, we obtain new parameter spaces
between the size of extra dimensions and parameters of the dipole or scalar interactions.
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1 Introduction

Kaluza and Klein introduced extra dimensions in 1920 to unify gravity with electromag-
netism by extending Einstein’s general theory of relativity to five-dimensional space [1, 2].
The advent of string theory revived the idea of extra dimensions after a long time. Nowa-
days, all versions of string theory are consistently formulated in ten space-time dimensions,
or eleven in the case of M-theory [3—7]. It was assumed before that the extra dimensions
are compactified over manifolds with radii of the order of Planck length, I, ~ 10733 cm,
and the corresponding energy scale of the Planck mass, M, ~ 2.4 x 10'® GeV, where the
quantum gravity effects become strong. There was no hope of testing such small (I,) and
big (M,) scales in any experiment. In this paradigm, the Higgs mass requires a large fine-
tuning for the vast gap between the electroweak scale (~ 1TeV) and the Planck scale, or
the grand unification scale (~ 106 GeV), referred to as the hierarchy problem.

Later, the authors of refs. [8-11] introduced the idea of large extra dimensions (LED),
suggesting that some of these extra dimensions could be much larger than the Planck
length. This model predicts that the extra dimensions’ sizes are of the order of a millimeter.
However, they remain hidden from the experiments because the LED model assumes that



all the standard model (SM) particles are confined to the four-dimensional (4D) Minkowski
space, and only gravity propagates in the extra dimensions. In this model, the fundamental
scale of quantum gravity can be lowered by about fifteen orders of magnitude less than the
Planck scale in 4D, which solves the issue of weak gravity and the hierarchy problem. Soon
afterwards, other interesting models, such as AdS/CFT correspondence [12], warped extra
dimensions [13, 14] and universal extra dimensions [15] were introduced. This development
made the idea of extra dimensions much more attractive. In earlier attempts, refs. [16-18]
proposed one or two large extra dimensions at grand unification or the super-symmetric
breaking scales. However, the large extra dimensions in these models were the size of a
femtometer, much smaller than the size predicted in the LED model [8-11].

Along with the hierarchy problem and weak gravity explanations, the LED model
can also explain the finite yet tiny masses of neutrinos [19, 20]. Several other recent
string theory models with extra dimensions and models of weak gravity conjecture also
offer a solution to the smallness of massive neutrinos [21-25]. In the conventional seesaw
mechanisms, very heavy right-handed neutrino! partners are necessary for generating the
small Majorana-type neutrino masses at a much higher energy scale at the expense of a
large gap between the electroweak scale and the higher energy scale. Alternatively, the
LED model assumes that gravity and the SM singlet degrees of freedom, in our case the
right-handed neutrinos, propagate in bulk. In contrast, the SM particles including the
left-handed neutrinos, reside on the 4D brane in the LED model, which is consistent with
all the SM predictions up to the TeV scale. The large volume of the extra dimensions
suppresses the wave function of the singlet degrees of freedom on the brane, which gives
rise to the small Dirac-type neutrino masses in the lowest Kaluza-Klein (kk) modes of
higher dimensions. Since there is no constraint on the right-handed neutrino masses, any
of them within the mass range from sub-eV to the Planck mass can contribute. The
light sterile neutrino can be such a candidate which can be decomposed into a tower of
kk excitation that can mix with the active neutrinos and therefore affects the standard
neutrino oscillations [26-38, 38-46].

Like the light kk sterile neutrino states (light bulk neutrinos), which mix with the
active neutrinos, we assume that the heavy right-handed partners (heavy bulk neutrinos)
also propagate in extra dimensions. In laboratory experiments, these can be produced in
the chirality flipping scattering processes through either the dipole interactions [20, 47—
60] or scalar interactions [61, 62], often called the up-scattering processes. The heavy
bulk neutrinos produced in the final state can be related to the extra dimensions at all
energy scales. The only constraint that restricts the size of their masses comes from the
kinematics of the process. Their masses must be less than the energy of the incoming
neutrinos so that the 4D energy-momentum is conserved. Here, we will focus only on
the coherent neutrino-nucleus elastic scattering (CEvNS) process, though the framework
developed here can be implemented for the high energy collider experiments which are
sensitive to larger mass ranges of the heavy bulk neutrinos such as LHC [63], FASER [64],

"We will interchangeably use the words ‘right-handed neutrinos’ and ‘heavy neutral leptons’ throughout
the text. We will call them ‘light’ or ‘heavy’ bulk neutrinos when they are assumed to propagate in extra
dimensions.



MATSULA [65], ShiP [66, 67], Bell II [68], FCC [69]. Some earlier works have studied
extra dimensions in high energy colliders [70-73].

Most of the neutrino oscillation experimental results agree well with the three massive
neutrinos mixing model, however, there are some experimental anomalies as observed by
Gallium experiments [74-76], LSND [77, 78], MiniBoone [79-81] and the reactor anoma-
lies [82, 83]. The results from these experiments call for the existence of light sterile
neutrinos [84-86]. The phenomenology of such light sterile neutrinos is often done in four
space-time dimensions (4D). However, this picture changes when the sterile neutrinos are
considered to be propagating in the higher dimensions [29, 30, 32-46, 87, 88]. It becomes
possible to constrain the size and the absolute mass of the lightest neutrino for the nor-
mal and inverted mass hierarchies. All these anomalies are related to neutrino production
through the charged-current processes. The recently observed neutral CEvNS process by
the COHERENT experiment [89, 90] and by reactor experiments [91, 92] also provide an
alternative way of the detection of light sterile neutrinos [93-99]. We will investigate this
possibility of testing the light sterile LED model with the CEvNS process. The CEvNS oc-
curs when the momentum transfer from the incoming neutrino to the target nuclei is small
enough that the condition ¢?r% < 1, where r is the nuclear radius, and ¢ is four-momentum
transfer, is satisfied. In the laboratory experiments, for average heavy nuclei, this can occur
for the neutrinos of energy of about 50 MeV and below [91, 93, 100, 101]. The sensitivity
of this process to a variety of new physics has been widely studied before [102-124].

In this work, we consider three cases for the bulk neutrinos in connection to the CEvNS
process. In the first case, when the light bulk neutrinos mix with the active neutrinos,
we will look for the deficit of the given SM flavor in the detector after short-baseline
oscillations. In the second case, the heavy right-handed neutrinos are produced in the
CEvNS process through the dipole interactions due to the neutrino magnetic moment.
Finally, in the third case, we will consider that the scalar interactions produce the heavy
bulk neutrinos by flipping the chirality of the SM neutrino in the initial state. In the first
case, the mass of the bulk neutrino is determined by the flavor oscillations. In contrast, in
the second and third cases, the mass of bulk neutrinos depends on the energy of incoming
neutrinos and the kinematics of the CEvNS process. Using the COHERENT data, we will
derive limits on the size of extra dimensions for the three cases in different scenarios having
different numbers of extra dimensions and kk-modes that are kinetically accessible.

The rest of the paper is organized as follows. First, we review the general formalism,
calculate short-baseline oscillation probabilities and cross-sections for magnetic dipole and
scalar interactions and then introduce the frameworks for extra dimensions in section 2.
Next, in section 3, we discuss the event rate calculation in the three frameworks for the
CEvNS. Next, we discuss the phenomenology and results in section 4. Finally, we discuss
the conclusion and future outlook in section 5.

2 Formalism

To see how the large extra dimensions model can explain the smallness of the neutrinos
masses, we consider a volume configuration in ‘d’ large extra dimensions with R; (i =



1,2,3...d) as the size of ith large dimension. For simplicity we assume a symmetric size
(R1 = Ry = R3... = Rq = R) of the d-large extra dimensions. The LED model suggests
that the 4D Planck mass (M,) is suppressed by the d-dimensional volume factor, (27 R)<,
according to the following relation [8-11],

M} = MEH(2rR)?, (2.1)

where ‘Mg’ is the (lowered) true gravitational scale. The true scale resides in between the
electroweak scale and the Mp in (4D + d) dimensional space. For Mg ~ 1TeV, the d =1
case is phenomenologically excluded since the size of the extra dimension is astronomically
large, while only d > 2 with a maximum LED size of ~ 1 mm are acceptable [125].

The smallness of the active neutrinos can be explained in a model-independent way
using the same volume suppression factor of eq. (2.1). The Higgs-neutrino interaction can,
therefore, reads as [20]

LD h(Mg/Mp)HPLVR, (2.2)

where ‘H’ is the Higgs doublet, ‘h’ is the Yukawa coupling, ‘v;’ is brane neutrino, ‘vg’ is
the bulk neutrinos propagating in the d-LED. After the electroweak symmetry breaking,
the active neutrino mass is

mp = hvMg /M, (2.3)

where v = 246 GeV is the vacuum expectation value of H. For h = 1 and M, ~ 10TeV,
the brane neutrino mass is mp ~ 1074 eV.

The bulk neutrinos could be light for one large extra dimension and the 0th kk-mode.
However, they can be heavy in higher dimensions and with higher kk-modes. The heavier
kk-modes are the Dirac partners of the corresponding left-handed heavier kk-modes in one
or more extra dimensions. The first case is relevant for the neutrino oscillation, where
the SM neutrinos oscillate into the lightest kk-modes, and their effects can be observed
in oscillation experiments. In contrast, the heavier bulk neutrinos can be tested in the
scattering processes when the SM neutrinos change their chirality and produce massive
right-handed neutrinos in the final state. Next, we will discuss how to relate the light and
heavy bulk neutrinos with the extra dimensions in the three cases.

2.1 Light Dirac bulk neutrinos

The most straightforward and phenomenologically attractive model relevant for the neu-
trino oscillations and the absolute mass experiments is the (4D+1)-dimensional LED model.
In this model, only one extra dimension is assumed to be much larger than the others, af-
fecting the neutrino oscillation pattern. At the same time, all the others are assumed to
be too small to be accessed by these experiments [26, 28-35]. Presumably, some frac-
tion of the active neutrinos can efficiently oscillate to the light bulk neutrinos for a small
mass-squared difference. The standard oscillations pattern and the effects should appear
in the resulting energy spectrum. The phenomenology of this model has consistently been
studied. Constraints on the LED size were derived for several short-, long-baseline, and
neutrino absolute mass experiments [36-38, 38—46]. We will examine this possibility here



with the short-baseline CEvNS experiment, derive the constraints, and compare them with
the existing ones.

In this model, the light bulk neutrinos couple to the left-handed 4D brane neutrinos?
through the SM Higgs field, leading to the Yukawa couplings according to eq. (2.2). This
coupling generates mixings between the brane neutrinos and the kk-modes of the light bulk
neutrinos in extra dimensions. After the electroweak symmetry breaking, one can write the
resulting mass terms and the SM charged-current interaction terms in the 4D space-time

s [34]

Z aL BR+\/§Z aLV,BR +ZZR anL) gzl%)
o,

a n=1
727 (1—75) v O W, +he, (2.4)
where a, 8 = e, u, 7 are the flavor indices, n = 0,1,2,3,...,00 are the kk-modes, mDﬁ is

the Dirac mass matrix, I/S}%, (72 and v/ L) are the linear combinations of the bulk fermion

fields that couple to the brane neutrinos, ygg.
To diagonalize the mass term, we change to the mass basis using the following redefi-

nitions of the fields,

3 .
i) =S U™, n=0,1,2,...,0 (2.5)
=1
3 .
v =3 U™, n=0,1,2,...,00, (2.6)
=1

where ‘U], is the 3 x 3 matrix which diagonalizes the Dirac mass matrix and for n = 0,
the 0th kk-mode, U, = U,; in eq. (2.5) such that diag(m1, ma,m3) = U'TmPU, where U
is the standard leptonic mixing matrix. We can write the mass term in a more explicit

form as,
3
L= ZW%MiV% +h.c., (2.7)
i=1
where VET = (VL( ) l/;%(l),l/g )) and v}, = (Vgo),uj%(l), 1/;?(2), ...) are infinite-dimensional

vectors, and the mass matrix, M;, for (n + 1) kk states looks as follows,

&G/V2& & ...
1 0O 10 ...
Mi=%1 0 02 .. (2.8)

T

where & = 2m;R. Finally, we require two matrices L and R of infinite dimensions to
diagonalize L' M*R" while the corresponding mass eigenstates are given by Vo= LZ vt and

2We will interchangeably use the words ‘SM neutrinos’ and ‘brane neutrinos’ throughout the text.



V}é = RlT V}é/ . The standard left-handed massive neutrinos flavor eigenstates, ¢, in terms

i(n)

of the bulk neutrinos mass eigenstates with ‘n’ kk-modes, v, ", are therefore given by,
3 o i(n)
Z UMZ/L =Y UaiL™vp", (2.9)
i=1n=0

By diagonalizing the quantity MTM, one can easily obtain the corresponding eigen-
vectors [26, 27, 34, 36]. The LY can therefore be obtained as [27, 34],

(L?”) = 2 (2.10)
1+ m262/2 + 2)\ /52

where ‘)\gn)’ are the eigenvalues of the corresponding Hermitian matrix RZM M which can

be found from the eigenvalue equation, A;n) = mgn)

det(RZMTM — /\g-n)l ) = 0. It leads to the following transcendental equation [27, 34],

R, by solving its characteristic equation

Alm ggf cot(mA™) = 0. (2.11)

1
For small §i(miD R < 1), the eigen-values, up to the leading terms, are

A — { %gi 121\f g +O0E)), n=0

2.12
’ n+ 5262 — s+ 0(EP), n=1,2,3... (2.12)

Using eq. (2.12), one easily derive the approximate mixing matrix elements of eq. (2.9) as
in the following

7
Lon _ 1—”1§1+17;4§0+0(§6) n=0 )13
) & 38 7 (2.13)
g—m—32n5+0(€) n:1,2,3

Next, we derive the oscillation probabilities for the CEvNS using the above setup.

2.1.1 Light bulk neutrinos via oscillations in CEvNS

In terms of the eigenvalues of eq. (2.12) and the mixing matrix elements of eq. (2.13), the
amplitude ‘A’ of neutrino flavor transition at a distance ‘L’ from the neutrino production
can be written as,

3 o o)\ 2 )\(n)ZL
AVéO)Vém(L) =33 ULU3 (Li ) X exp <z2 EVR2> , (2.14)

i=1n=0

‘E,’ is the neutrino

where ‘U,;’ are the elements of standard 3 x 3 leptonic mixing matrix,
energy, ‘)\Z(n)/ R’ are the masses of the corresponding neutrino states, ‘v’ The transition
amplitude of eq. (2.14) simplifies for the case of survival probability by splitting the terms
n = 0 terms and those n > 0 modes and then using the approximation, mZD R <« 1, and
the eq. (2.12). Given the general precision level of the current neutrino experiments and

the approximation, & < 1, it is sufficient to consider the second-order terms in ‘¢;’ and
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Figure 1. Oscillation probabilities relevant for the COHERENT set up with normal and inverted
hierarchies. We have used the oscillation parameter values, Amfj = 7.6 x 107°eV?, sin?26,, =
0.31,|Am3,;| = 2.4 x 10~3eV? for this plot.

first-order terms in the phases both for the n = 0 and n > 0 kk-modes. It leads to the
following simple form of the oscillation amplitude for the first six kk-modes,

3 242\ 2 2 2 2 2
B 2 S . &L & (& +n7)L
A©,0(L) = ;‘UM’ (1 12 ) o <14EVR2> P> <n2 SP\"oE, 2 ’

n=1
(2.15)
One can write this in a more explicit form as,
2 9 w?m2R?\° m2L
— . I R . ()
AV&O)VéO) (L) = ; ’UM| (1 5 ) exp (Z SE, )
= (2.16)
N i 2m? R? (2m2R? +n?)L
nz )P\ g R2 !
n=1
and the oscillation probability is given by
2
P o,o = ‘Ayémyém(L)’ (2.17)

Using eq. (2.17), we calculate the neutrino survival probabilities of ‘v.’ and ‘v, flavors
relevant for the COHERENT setup with a baseline of 19.3 meters. For simplicity, we
assume CPT invariance and treat ‘v, and ‘U’ the same while we further assume that ‘v’
and ‘v, flavor oscillate to the same bulk neutrino flavors at the detection. The resultant
probabilities as a function of the neutrino energy are shown in figure 1, for the case of
normal hierarchy (NH) with ms > ma > m; = mp and inverted hierarchy (IH) with



me > my > mg = mg where the SM neutrino mass squared differences are defined as
2 2

Am?j =m; —mj (1,7 = 1,2,3). We use the following values of the oscillation parameters
for the analysis, Amg; = 7.6 x 107°eV?, sin® 2015 = 0.31,[Am3;| = 2.4 x 107%eV? [125].
As shown in the figure, we consider the bulk neutrinos up to 5 kk-modes for figure 1 and
the rest of the analysis. For these plots, we assume mg = 0.0eV and R = 0.5um for all
the cases. In these figures, we have shown the no oscillations (black curves) and standard
mixing model (SMM) oscillations (green curves) case for comparison, where we also take
mog=0and R=0.

In figure 1, for both survival probabilities, P(v. — v.) and P(v, — v,), the fast
oscillations occur below 1 MeV due to the ‘E, 1’ dependence of the oscillation phases, both
for the standard phase term and for the bulk mode terms. However, as one can see, these
oscillations are stronger for the IH case. Also, the green curves correspond to the standard
oscillation case, with my = 0 and R = 0, the fast oscillations do not occur. They start
appearing due to the finite size of the extra dimension. Note that the different oscillation
patterns and mismatches in the minima of NH and IH occur for the same values of ‘mg’ and
‘R’. While the fast oscillations region below 1 MeV is not significant for the COHERENT
experiment, it could be important for future CEvNS experiments with higher sensitivity
to the lower recoils or reactor neutrinos [121].

2.2 Heavy Dirac bulk neutrinos

Suppose that any chirality changing process produces the Dirac-type heavy neutral leptons,
which propagate in the ‘d’ extra dimensions with ‘n’ kk-modes and ‘p;” momenta of the
kk-modes in the higher dimensions. In this case, it is straightforward to use the energy-
momentum conservation in 4D + d-dimensions and derive a general relation between the
mass of the bulk neutrinos, size, and number of large extra dimensions as given in the

following,
2

Mi=mi, + 3 % (2.18)
i=1...d

where ‘m,,,,” is the mass of the right-handed neutrinos in the 4D space-time dimensions, n; =
0,1,2...00 is number of kk-modes for any ith large dimension. Eq. (2.18) represents the
momenta of kk-modes in higher dimensions, but from a 4D point of view, they contribute to
the mass of the right-handed neutrinos. As mentioned, the chirality flipping processes can
produce these heavy right-handed neutrinos in the final state of the process. The strength
of kk-mode or the size of the extra dimensions strongly depends on the kinematical limit
of an experiment. From the 4D point of view, the total mass of the outgoing neutrinos
must be less than the maximum neutrino energies. The exact form of the mixings of the
right-handed bulk neutrinos is given in eqs. (2.4) and (2.6). The neutrino flavor and mass
mixings are irrelevant in scattering processes. Therefore, the SM neutrinos of a specific
flavor can be related to all kk-modes of heavy right-handed bulk neutrino through the
neutrino magnetic moment interactions induced at the quantum loop level or through the

weakly coupled scalar interactions.
Interestingly, this idea can be applied to both low energy scattering experiments, in our
case to CEvNS, and to high energy scattering experiments such as LHC [63], FASER [64],



MATSULA [65], ShiP [66, 67], Bell II [68], FCC [69]. The constraints derived from the
heavy right-handed neutrino masses produced through the dipole interactions in refs. [50—
52, 56-58] can therefore be re-evaluated for studying the sensitivity of those experiments
to the extra dimensions. The relation between the weak couplings of the scalar interactions
with a light mediator is also possible in models of extra dimensions [12-15]. Next, we derive
the differential cross-sections for the magnetic dipole and scalar interaction up-scattering
process in the presence of extra dimensions.

2.2.1 Heavy bulk neutrinos via dipole interactions in CEvNS

As pointed out earlier, the magnetic moment of massive Dirac-type neutrinos could link
the brane neutrinos (vr,) to all possible n kk-modes of the bulk right-handed neutrinos (v)
in ‘d’ extra dimensions with masses allowed by the kinematics of the process (in this case <
52.9MeV ), through chiral interactions. Thus with a single photon exchange approximation
with one neutrino (without mixing), the neutrino-photon interaction in the low momentum
exchange limit (¢> — 0) can be written as,

Lo =i (2”0"‘”) N Trowg v A (2.19)

Mme

)

where ‘p,’ is a single neutrino magnetic dipole moment per unit Bohr’s magneton (up),

‘a’ is the fine structure constant, ‘m.’ is the electron mass, ‘A"’ is the electromagnetic
3€GFT)’LV ~

field. In the SM, the magnetic moment for the Dirac-type neutrino u, = W

9y

3.2 x 107 ¥ up({&4) [126], where ‘e’ is the proton electric charge, ‘Gp’ is Fermi constant

4 )
and ‘m,

is a standard single neutrino mass. In eq. (2.19), we sum up over the kk-modes
‘n’ for an arbitrary number of large extra dimensions.

Consider a realistic case for the left-handed (or right-handed anti-neutrinos) in the
initial state, scattering off a spin-zero and spin-1/2 nuclei in the relativistic limit, which is
implemented in most of the neutrino and direct dark matter detection experiments.? Using
eq. (2.19), we can write the transition amplitude for such a process with spin-0 target and

spin-1/2 nuclei as

M0 — (Zﬁ;) (k)0 qu(k)] [Z(0], + p) F(e?)] (2.20)
and 9
iMPPL2 = ( ;?;”) (K)o g u(k)] [a(p)y"u(p) ZF (¢%)] (2.21)

where “i/q?’ is the photon propagator factor, the first bracket is the neutrino chirality-
flipping tensor interaction term and the second bracket is the simplified form of the nuclear
transition matrix element obtained after averaging over all the interactions between photons
and quarks, ‘Z’ is the proton number, and ‘F(¢?)’ is the nuclear form factor. Here, ‘u(k)’
and ‘u(k’)’ are initial and final state neutrino spinors with four momenta ‘.’ and ‘k”,
respectively, ‘p’ and ‘p”” are four momenta of initial and final nuclei, " = i/2[y, ,7,] is

3In ref. [103], it was shown that the spin-0 nuclei are also good approximations of spin-1/2.



the commutator responsible for relating left-handed brane neutrinos with the right-handed
bulk neutrinos.

Averaging over the initial and summing over the final spin states, one can write the
averaged squared matrix element for the spin-0 and spin-1/2 cases as

(iMP)epin—o = (%nfe’“;;ZfLoW%?(q?), (2.22)
and
(liM]*)spin—1/2 = % (W)2L1/2W1/2F2(q2)7 (2.23)
where,

Lo = Tr [(K + My)o"® o PLKo" g5
Wo = (), +2u) (0, + )]
Lyjp = Tr[(K + My)o*qaPrko" qs]
Wijg = Tr [ + M)y (Ky" + M) . (2.24)

Calculating the traces and using the relations for the four-momentum transfer, ¢ =
K —k=p—9p and ¢> = —2M,,T with ‘M, being the nuclear mass, ‘I” is nuclear recoil
energy, and ‘My’ is the mass of the heavy right-handed bulk neutrino, which is related to the
extra dimensions by eq. (2.18). Putting the two results into the following general two-body
scattering differential cross-section formula (see appendix A) Most previous studies have
considered the massless neutrino limits for the dipole interactions. An obvious question
could arise whether the kinematics for the massive neutrinos in the final state could give
a different cross-section. However, as we explicitly have derived (see A) the two-particle
scattering kinematics with both incoming and outgoing massive neutrinos or with incoming
massless and outgoing massive neutrinos and found that the final result remains the same
as in eq. (2.25), that is, independent of the masses of the incoming and outgoing particles
and only depends on the mass of the target particle,

do\ {|iM]?)
<dT> T 32nM,E2 (2.25)

One can get the electromagnetic differential cross section for the coherent scattering process
in the limit of relativistic incoming brane neutrinos and massive outgoing bulk neutrinos
for spin-0 and spin-1/2 target nuclei as,

Spin-0 case:

T B AE?  S8M,E2T? 8M,E2T

( do )Spin—O _ ma?u? (1 1 T M3 M2(4E, +2M,, —T)
dT

> Z2F*(q),
(2.26)

- 2
EM me

~10 -



Spin 1/2 case:

do\=Y2 a2 (11 MHT—M,) MZQ2E,+M,-T) R
(dT)EM T2 (T "B, " SMZE2T? AM, E2T (7).
(2.27)
The two cross-sections turn out to be different up to the following terms,
(da)spm—l/? (da )Spin—o  ma?pd (M + M3M,T — 2M2T?) (2.28)
dT' ) gy dT' ) gy 8E2Zm2M2T ' ’

We will use (2.26) in our analysis because the COHERENT experiment uses the CsI nucleus,
which is spin-0.

2.2.2 Heavy bulk neutrinos via scalar interactions in CEvNS

The general scalar interaction term for the neutrino vertex of the CEvNS process with the
SM left-handed brane neutrinos in the initial state and massive right-handed bulk neutrinos
in the final state with ‘n’ kk-modes is,

Lo=iy Y vrvy)s, (2.29)

where ‘S’ is the scalar mediator, and ‘ys’ is the coupling constant between the scalar field
and the neutrino. Without loss of generality, we consider only scalar interactions and
ignore their pseudo-scalar counterpart to focus more efficiently on the extra dimensions’
contribution. Also, we assume the same coupling strength (ys) of the scalar mediators with
the neutrino and target nucleus.

Following the details described in the section 2.2.1 and using the neutrino-scalar in-
teraction term in eq. (2.29), the spin average matrix element squared of the scalar medi-
ated CEvNS process, with a spin-0 and spin-1/2 target nuclei and approximately massless
brane neutrinos and massive right-handed brane neutrinos in the final state is respectively

given by
S 012 yg‘AQ 0
<|ZM| >Spin70 = WLOW y (2.30)
and 42
A2 _ Y 1/2
(iM% )spin—1/2 = mlq/zw /2, (2.31)
where ‘A‘ is the total number of protons and neutrons in the target nucleus, ‘M’ is the

mass of the light scalar mediator. Here the leptonic factors, ‘L,” and ‘Ly/;’, and in the
heavy nucleus approximation, the hadronic factors, ‘W,” and ‘W', is given by,

:(}c’+ md)PL%} :
Wo = |0, +pa) (B, + )]
Lyjy=Tr :(,k/‘F md)PLk/} ,
Wijg = Tr [ + M) (p+ My)] . (2.32)

L,="Tr

Using eq. (2.25), the resulting cross-section in the laboratory frame for the spin-0 and
spin-1/2 target nuclei are,
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Spin-0 case:

spin—0 4 2
<d0) _ Ys (2M'ﬂ —+ T)(QMHT + Md) A2F2(q2) (233)

dT 167 E2(2M,, T + M2)2

scalar

and

Spin-1/2 case:

spin—1/2 4 2
(da) _ Ys (2Mn + T)(2MnT + ‘]\411)142Fv2((]2)7 (234)

dT ) weatae 167 E2(2M,T + M2)2

One can notice by comparing eqs. (2.33) and (2.34) that cross-section for the scalar inter-
action is independent of the spin of the target nuclei for the coherent process, unlike for the
case of dipole interactions due to the neutrino magnetic moment as we saw in the previous
section.

2.3 Kinematics and size of extra dimensions

The kinematics of different processes differ depending on the neutrinos’ mass. In the 4D
space-time case, when we treat neutrinos as massless, we can have the same chiral initial and
final states (SM weak interaction) or opposite chiral states (dipole or scalar interactions).
However, since the opposite chiral initial and final state is also possible with massive
neutrinos in the final state, the mass of the final state neutrino affects the kinematics of
the process. This latter possibility is relevant for the bulk neutrinos. We derive explicit
expressions for all these cases in the following. Minimum neutrino energy required for
the standard weak and magnetic dipole interaction process with massless neutrinos in the
initial and final state to produce a nuclear recoil ‘I’ is given by

2SM _ 2M,T? + \/(2M, T + T?)4M2T? 5 35
Vmin 4MnT ? ( : )

while to produce a nuclear recoil ‘“T” with massive bulk neutrinos with mass, ‘My’, in the
final state, the above relation for a magnetic moment or scalar interactions take the form

) 2M, T2 + MT +/(2M,,T + T2) (2M, T + M3)?

Likewise, the maximum recoil energy of a nucleus in the standard weak and magnetic

moment with massless neutrinos is,

TSN _ 2M, E?

— _ 2.37
max 2MnEy + M,,%’ ( )

while the maximum recoil energy with massive right-handed bulk neutrinos in the final
state using eq. (A.2) is

L 2MER — (B, + My) M3 + By\/ (2Mo(By + Mg) — M3) (2My (B, — My) — M3)

Td
max AM, E, + 2]M?2
(2.38)
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Figure 2. (Left) Recoiled energy as a function of required neutrino minimum energy for different
values of the mass of bulk neutrinos allowed by the particle kinematics for CsI target nuclei. (Right)
Maximum recoiled kinetic energy for given incoming neutrino energy. The black dotted line in both

figures overlap with the My = 0 case.

One can reproduce the standard electroweak case of final state massless neutrino limits,
eq. (2.35) from eq. (2.36) and eq. (2.37) from eq. (2.38), in the limit My; — 0. From
eq. (218), My = /m2, + > ,_ 4n?/R? can be used to express the minimum neutrino
energy of eq. (2.36) and maximum kinetic expression of eq. (2.38) in terms of the size of

the extra dimension ‘R’

Using egs. (2.36) and (2.38), we show the effects of final state massive right-handed
neutrinos on the correlation between the minimum neutrino energy and the recoil energy
and the correlation between the maximum recoil energy and the incoming neutrino energy
in figure (2). Figure (2) was obtained for the ‘Csl’ nuclei, while the results scale up for other
nuclei according to the nuclear mass. Notice that in figure (2), we also show the standard
curves for both cases using egs. (2.35) and (2.37). They overlap with the massive neutrino
cases in the limit mg — 0 in eq. (2.36) and (2.38). We consider both cases with the simple
choice of d = 1 and n = 1. The left-hand side plot shows how the extra dimension’s size
affects maximum nuclear recoil, while the right-hand side plot shows how the minimum
neutrino required to produce a nuclear recoil depends on the size of the extra dimension.
The maximum recoil energy gets smaller with smaller extra dimensions in the first case. In
contrast, in the second case, the minimum energy required to produce a particular nuclear
recoil increases with the smaller and smaller size of extra dimensions. Notice that the other
possibilities with more than one extra dimension and higher kk-modes can also be checked

along the same lines using eq. (2.36) and eq. (2.38).
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3 Event rate and analysis

We apply the framework developed above for the extra dimension to the COHERENT
data of the Cesium-Iodide (Csl) target nuclear [89, 90, 127, 128]. The COHERENT de-
tector receives a prompt signal of mono-energetic (29.8 MeV) beam of muon-neutrinos ()
produced in 7t decay at rest (77 — ptv,) from a spallation neutron source. This is fol-
lowed by a delayed emission of a broad continuous spectrum of electron-neutrinos (v,) and
muon-anti-neutrinos (#,) with energy peaks around 35MeV and 52.9 MeV, respectively,
from p* decays (u* — veety,) over the characteristic time scale 2.2 s muon lifetime.
The fluxes are produced from 3.20 x 10?® protons on target from liquid mercury with an
average production rate of » = 0.0848 neutrinos for each flavor per proton [89].

For such a setup, the total number of events of the nuclear recoil in a given energy bin

‘4" and neutrino flavor ‘«’ reads

T/1+1 max Emax d d E
N T’ / ar [, 2% (B, TP o 0222 B ey Ty, 3.
T/l Emln dT Va "Va dEV

where G(T",T) is the gamma distribution function for the detector energy resolution, £(T")
is the detection efficiency function, T" and 7" denote the nuclear recoil energy, and the
reconstructed recoil energy, respectively. Both £(T") and G(T",T') were taken from ref. [89].
do,, (E,)/dE, is the flux corresponding to the flavor ‘a’ [115]. Here, N = (2mqet/Mcs1) Na
is the total number of Csl nucleons, mget = 14.57 kg, N4 is the Avogadro’s number, Mgg
is the molar mass of CsI, E™® = /MT/2, M is the mass of the target nucleus, EX®* is
the maximum neutrino energy.

In eq. (3.1), Pl,gﬂ),,((f) is the survival probability as given in eq. (2.17) which is a function
of the neutrino energy, size of extra dimension, and mass of the light neutrino in normal
and inverted orderings. do/dT(E,,T) is the differential cross section of CEvNS in terms
of the nuclear recoil energy, which is given by

do do do
E,. T: X o @ , 2
dT ( ) <dT)SM * <dT)LED (3:2)
_>

where A = (p,, R) are the new physics parameters for the neutrino magnetic moment
and A\ = (M, gs, R) for scalar interactions .The SM weak interaction cross-section of the
CEvNS mediated by neutral current interactions reads [93, 103, 129-131],

do G%M,Q3%, T MT T?\ ,
— =LF_"FEW (1 — F :
(dT) M 4 E, 2FE2 * 2FE2 (@) (3:3)

while the LED cross-section for the neutrino magnetic moment is given in eq. (2.26), (2.27)
and for the scalar interactions is given in eqs. (2.33), (2.34). Here Qu = N—(1—4sin? 0y )2
is the weak nuclear charge, and ‘N’ is the neutron number. Given the form of the total
differential cross-section in eq. (3.2) we do not expect any interference between the SM and
the LED cross-sections. Notice that in eq. (3.1), when extra dimensions through neutrino
magnetic moment or scalar interactions are considered, we take Pyéo)y((lo) = 1 while in
case of LED through short-baseline oscillations, the extra dimensions cross-section for the
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neutrino magnetic moment and the scalar interaction is put equal to zero. Finally, F(q¢?)
in eq. (3.3) is the nuclear form factor. We use the Klein-Nystrand parameterization as in
the following [132]:

F(g?) = ijf;o in(aRa) — aRacos(aRa)] | 15 53 - (3.4)
Here ¢> = 2MT is the momentum transfer in the scattering of neutrinos off the nuclei, pg
is the normalized nuclear density, R4 = 1.24'/3 fm is the nuclear radius and a = 0.7 fm is
the range of the Yukawa potential.

The COHERENT measurement [89] considers the energy-dependent quenching factor,
Jq(T") and measures the energy spectrum in terms of photo-electrons (p.e). For calculating
the total number of events in a particular bin ‘¢’ of photo-electrons, we use the following
relation between the recoil energy and the number of photo-electrons (Np.)

Npe. = fo(T") x T x Y, (3.5)

where Y = 13.35 photons/keV is the light yield and f,(7") is taken from [89].
To fit the energy spectrum in figure 3 of ref. [89] (also shown in figure 6) with the SM
prediction and with the extra dimension models, we use the following x2-function

i NE a) — B 2 o 2
X2:§9:< 6bs ~ Nexp(1 + @) B(1+B)> +<)2+<5> @)

- a
= o Oa og

where Nébs represents the observed events above the steady-state background in the -th
bin and o¢ is the relevant uncertainty [89], Néxp is the total expected events as a sum of
the three neutrino flavors as given in eq. (3.1) and B’ is the sum of prior predicted beam-
related neutron and the neutrino-induced neutron backgrounds in the given energy bin.
The first and second penalty terms correspond to the systematic uncertainty of the signal
and backgrounds where ‘e’ and ‘5’ are the corresponding pull parameters. The uncertainty
in the signal is 0, = 0.127 and the uncertainty in the total background is og = 0.6 [89].
The signal uncertainty includes a contribution from the quenching factor, neutrino flux,

efficiency, form factor, and the light yield [89].

4 Phenomenology

This section discusses the phenomenology of the three frameworks developed above and
their application to the coherent elastic neutrino-nucleus scattering under certain assump-
tions.

4.1 Short-baseline oscillations

In this case, we consider the combined effect of all the three flavors of brane neutrinos ‘v,’,
‘v, and ‘D, from Pion and Muon decay oscillating to the same light bulk neutrinos in the
final state. We convolute the event rate in eq. (3.1) with oscillation probability of eq. (2.17)
and fit the LED size ‘R’ and mass m; = mg for NH and m3 = mg for IH using eq. (3.6).
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Figure 3. Two dimensional 90% and 99% excluded regions in the ‘R-m,’ space where ‘R’ is the
LED size and m, = m; in case of NH (Right) and m, = m; in case of IH (Right). For guidance, we
also overlay excluded boundaries of other experiments derived in [36-46, 133]. These results were
obtained for 5 kk-modes.

We consider five kk-modes in our analysis. The obtained exclusion regions for both mass
orderings are shown in figure 3. In both cases, we also show the exclusion boundaries of
the other existing and future experiments at 90% C.L. [36-46]. For the COHERENT case,
we show our results at 90% and 99% C.L. corresponding to the Ay? for two degrees of
freedom. The limit on the size of large dimension is, R ~ 3 pum, at 90% C.L. for the
absolute mass, mg < 3 x 1073 ¢V in case of NH. In case of IH, the limit is R ~ 2.5 ym, at
90% C.L. for the absolute mass, mg < 3 x 1073 eV.

Compared with other experiments, one case sees that at lower ‘R’ and for overall
‘mg’, COHERENT is consistent with the other experiments. However, for the LED size
0.02um < R < 0.6pum and mg 2 0.2eV the COHERENT excluded region is not smooth.
One can understand this behavior by the probability function in egs. (2.16), (2.17) is
highly oscillatory. In this range, the overall long-shaped oscillation regions are caused
by the longer oscillation patterns above 1 MeV, as shown in figure 1 while the additional
terms in the exponents of eq. (2.17) causes the inner sub-structures since they depend on
‘mg’ and ‘R’ These sub-structure patterns in the form of sub-oscillations above 1 MeV for
relatively different values of ‘mg’ and ‘R’ can also be seen in figure 3. The overall excluded
region in the case of COHERENT is relatively weaker for the current COHERENT data
compared to the other experiments but competitive with KATRIN, at least in the case of
NH. However, more data in the future from COHERENT and other similar experiments
CEvNS experiments can certainly improve these limits [91, 108, 121, 134-144].

4.2 Magnetic dipole interactions

As discussed in section 2.2.1, the neutrino magnetic moment changes the chirality of the
incoming neutrinos in the low-energy elastic scattering processes. For left-handed neutrinos
in the initial, it is possible to generate massive right-handed neutrinos (or vice versa),
which could be related to the extra-dimensions through energy-momentum conservation
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according to eq. (2.18). The heavy right-handed bulk neutrinos are free to propagate in the
extra dimensions with an infinite number of kk-modes for each dimension. The maximum
incoming neutrinos energy puts a natural limit on the number of extra dimensions and
kk-modes.

In this case, only two parameters are involved in the analysis, the coupling of neutrino
magnetic moment and the size of the extra dimension. However, the number of extra
dimensions and kk-modes is arbitrary. Energy-momentum conservation of the process in
4D space-time can only constrain them. Here for convenience, we re-write the cross-section
of the neutrino and spin-0 nucleus scattering used in this analysis,

do\*P" 0  ra?ul (11 T M4 M2(4E, +2M,, —T) 25,2
(dT)EM ~ w2 \T B TiE smET 8M, E2T (@),
(4.1)
where M, in terms of the extra-dimensions, with the kinematical upper limit, is given by
n?
My = \lm,%R + > =5 < Eymax (4.2)
i=1...d

We analyze the parameter space of the neutrino effective magnetic moment and the
extra dimensions in two cases. In the first case, we consider five extra dimensions and one
kk-mode and the fit the dipole coupling ‘(u,)’ and the inverse size of the extra dimension
‘(R71) for each of the five dimensions. In the second case, we fix the number of extra
dimensions to one ‘(d = 1)’ and consider five kk-modes, (n = 1, 5, 15, 20, 25), and fit
‘" and ‘R™1" in each case. We show results in figure 4. We show the first case on the
left-handed side of figure 4 and second case on the right-hand side of the figure.

In both cases, we extend (R™!) along the horizontal axis up to the kinematically
allowed limit, that is, the neutrinos’ maximum energy, which is about 53 MeV in the case
of COHERENT. In addition to the absolute mass value of (R~!), the number of extra
dimensions and kk-modes contributes to the total mass in the final state. Therefore, in
the first case (n = 1), the kinematical limit for d = 1 is about 53 MeV while for d = 2, 3,4
and 5, it reduces for the (R~!) along the horizontal axes. Similar, arguments apply to
the second case (d = 1) where the 53 MeV limit is applicable to the n = 1 case while for
n = 5,15,20 and 25, the allowed parameter space shrinks down proportionally. However,
the shrinking of the parameter spaces with increasing the number of extra dimensions (first
case) or increasing the number of kk-modes (2nd case) is compensated by the smaller and
smaller values of the magnetic moment couplings. The value of the dipole coupling gets
smaller as the number of extra dimensions or kk-modes increases. It implies that as the
number of extra dimensions or kk-modes grows, the neutrino magnetic moment and the
size of the extra dimensions get smaller and smaller.

It is interesting to note that limits from the left-hand side of figure 4 for extra dimension
d > 4 and magnetic dipole coupling u, < 3 x 10~?up are consistent with the LED model
predictions, depending on the true gravitational scale. From eq. (2.1), R ~ 10 cm for d
=4 and R ~ 10" cm for d = 5 while from the left-hand side of figure 4, R > 2 x 10~!! for
d=4and R >3 x 107'2 for d = 5. Notice that these limits correspond to n = 1 kk-mode.

17 -



10-7 ¢ f ' A | ' f oon 107 ¢ ' ' R f . oo

90% C.L. (2 dof) ] 90% C.L. (2 dof)

n=1 d=1

1078 1 108 7

5 n=1]

1] n=25n=20 n=15 n

|y llup]
| Mgl

10-10L . L . . | 10-10L . L — ]
10° 10! 10° 10!

R [MeV] R [MeV]

Figure 4. Excluded boundary regions with 2 d.o.f at 90% of the neutrino magnetic moment and
the size of extra dimensions in the presence of heavy right-handed bulk neutrinos in the final state
in the coherent scattering process. We fix the number of kk-modes to one and vary the number of
extra dimensions (Left). We fix the number of extra dimensions to one and vary the number of
kk-modes (Right).

Similarly, one can obtain limits from the right-hand side of figure 4 for d = 1, but with
higher kk-modes. However, they are inconsistent with the LED model predictions since the
d =1 case is astronomically large in the LED model and inconsistent with observations. It
implies that for this specific data set of the CEvNS, the fundamental gravitational energy
scale to be ~ 1TeV as predicted by the LED model is allowed if one allows extra dimension
d>4and n=1.

4.3 Scalar interactions

As discussed, the scalar interactions are another possibility of the chirality flipping of the
massless neutrinos in the initial state to heavy neutrinos. We have already derived the
differential cross-section for v — N coherent scattering mediated by weakly couple light
scalar mediators where the outgoing neutrinos are the massive right-handed bulk neutrinos
as given in eq. (2.33) and eq. (2.34). We assume that these neutrinos, like the case of the
dipole interactions, also propagate in the extra dimensions. The differential cross-section
for the spin-0 case is the following,

do \*P=0 42N, + T)(2M, T + M?
() _ s( n2 )( n - 2d)A2F2(q2) (43)
dT ) sealar 167 E2(2M,, T + M?2)
where,
n2
Mg= |m2, + > ng < Eymax. (4.4)

i=1...d
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Figure 5. Excluded boundary regions of the scalar coupling and mediator mass at 90% for 2 d.o.f
in the presence of heavy right-handed neutrinos connected with extra dimensions in the final state
of the scattering.

Unlike the neutrino dipole interactions, which depend on two parameters, the scalar inter-
actions have three free parameters, the coupling constant ‘g,’, the mass of the light scalar
mediator ‘M’ and the size of the extra dimension ‘R’ Here, we explore the conventional

)

parameter space of ‘gs’ and ‘M’ for different choices of the size of the extra dimension,
the number of extra dimensions, and the number of kk-modes.

We show the results in figure 5. First, we consider d = 1 and n = 1 and fit g,
and M for the case of massless neutrinos in the final state or with 4D (0 kk-mode) light
Dirac neutrinos. As seen in figure 5, there is no distinction between the SM case where
massless neutrinos are involved and the case when light Dirac type right-handed neutrinos
are involved. Appreciable deviations from the 4D case occur for R~' = 26 MeV and
R™! = 52 MeV. In principle, the deviation can occur for any value of ‘R™!" below the
maximum energy of the incoming neutrinos. For the simple case considered here, with
one extra dimension and one kk-mode, the light scalar mediator couplings prefer smaller
values and relatively lighter mediator masses. For more than one extra dimension and
higher kk-modes, the ‘R™!’ values will change in order to satisfy the 4D energy-momentum
conservation. However, the allowed boundaries should more or less remain the same.

In figure 6, we show the effects of the extra dimensions on the COHERENT energy
spectrum. In this figure, we have used the benchmark values obtained from the magnetic
dipole interactions (figure 4) and scalar interactions (figure 5).
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Figure 6. Effects of the extra dimensions on the COHERENT recoil nuclei spectrum of the dipole
interactions due to neutrino magnetic moment (left) and scalar interactions (right). We use the
benchmark values as the upper limits of the magnetic moment and the size of the extra dimension
(figure 4-left) and from the upper limits of the scalar coupling constant and the mediator mass
(figure 5). In the case of magnetic moment, we use limits from the three extra dimensions, while
in the scalar case, we use one extra dimension. In both cases, we take the one kk-mode.

5 Summary and future outlook

In this work, we have presented several possibilities for testing extra dimensions with light
and heavy right-handed neutrinos, called bulk neutrinos. We reviewed the mixings of light
bulk and SM neutrinos in the first part. It offers an alternative phenomenology to the
4D space-time sterile neutrinos. The basis of this framework is the large extra dimension
model [21-26, 28-35]. Many authors have studied its phenomenology for various types of
oscillation experiments [36-38, 38-46]. We have applied this framework to the coherent
elastic neutrino-nucleus scattering and used the COHERENT experimental data to con-
strain the size of large extra dimensions both in the case of the normal and inverted mass
orderings of the SM neutrinos. We compared existing experimental limits from the other
neutrino oscillation experiments and summarized the results in figure 3. The COHER-
ENT constraint on the size of the extra dimension at 90% C.L. are, R ~ 3 ym (NH) and
R ~ 2.5 ym (IH), for the neutrino absolute mass, my < 3 x 1073 eV. The overall excluded
region from COHERENT data is relatively weaker than the other limits but comparable
to the bounds from the KATRIN experiment for the case of normal hierarchy.

In the second part, we have introduced a new framework for the heavy right-handed
bulk neutrinos. We showed that any chirality flipping process could produce these heavy
bulk neutrinos in the final state from the SM neutrinos in the initial state. The initial
state neutrinos reside on the 4D brane, while the right-handed neutrinos are assumed to
propagate in extra dimensions. We have shown that magnetic dipole moment or scalar
interactions can produce such bulk neutrinos, where the weakly coupled scalar mediators
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mediate the process in the latter case. The masses of the heavy bulk neutrinos can be
related to the size and number of extra dimensions through the energy-momentum relation
in extra dimensions and the 4D mass. The higher dimensional momentum modes contribute
to the mass of the heavy bulk neutrinos from the 4D point of view. The energy limit of
the incoming neutrinos constrains the heavy bulk neutrino masses and, therefore, the size
of the extra dimensions. We derived differential cross-sections for the magnetic moment
and scalar interactions with spin-0 and spin-1/2 target nuclei.

We have applied this framework to the coherent neutrino-nucleus scattering using the
COHERENT data and have analyzed the two possibilities. For magnetic dipole interac-
tions, we analyzed two cases. First, we have fixed the number of kk-modes to one and fitted
the effective magnetic moment and size of the extra dimension for five extra dimensions.
Second, we fixed the number of extra dimensions and changed the number of kk-modes.
We have summarized the results in figure 4. We have shown that, depending on the true
gravity scale, the constraints on the size of extra dimension ‘R’ are comparable to the LED
prediction for d > 4 with ‘n = 1’ kk-mode. Following the LED model predictions, we
consider the true gravitation scale of 1 TeV. The corresponding best-fit value of the effec-
tive neutrino magnetic moment turns out to be about 3 x 10~%up. For scalar interactions,
we analyze the conventional parameter space of the coupling constant and mediator mass.
We find that scalar mediator couplings prefer smaller values and relatively lighter mediator
masses for the benchmark values of d = 1,n =1, R~! = 26 MeV and R~! = 52 MeV. In this
case, the number of extra dimensions and kk-modes can increase, but ‘R~!" would decrease
because of the four energy-momentum conservation. For example, the R~! = 52MeV in
fig 5 can also be obtained for d = 1 and n = 5 but with R~! = 3.5 MeV.

The future outlook of this work is as follows. Regarding the CEvNS, we have focused on
the real data collected by the COHERENT experiment. However, future experiments with
accelerator and reactor neutrinos can also test the extra dimensions using the different
frameworks presented here [91, 108, 121, 134-144]. Moreover, since the size of the 4D
mass of the heavy right-handed neutrinos is restricted only by the energy of the incoming
neutrinos, an interesting application of this framework would be to the high energy facilities,
for example, LHC [63], FASER [64], MATSULA [65], ShiP [66, 67], Bell II [68], FCC [69].
The sensitivity studies of the heavy neutral lepton in refs. [50-52, 56-59] can be extended
by including the extra dimensions using the framework developed in this work.

We would like to point out some further physics directions of this work that might
inspire future extensions. One possibility is to study the decay of the heavy extra dimension
kk-modes to the SM particles and how could they change the phenomenology, for example,
ref. [52] has studied this possibility without extra dimensions. Another possible direction is
to work on how the framework developed here applies to other models of extra dimensions
such as AdS/CFT correspondence [12], warped extra dimensions [13, 14] and universal

extra dimensions [15].

- 21 —



A Two particle kinematics

In the laboratory frame, when particle ‘B’ is at rest in a process (A + B — A+ B), the
standard textbook expression for the scattering angle dependent differential cross-section,
after applying energy-momentum conservation reads as [145],

[\

do B 1 \?3|2 [iM|
dcos 327rm2.‘?1|2‘|?3|(E1—|—m2)—E3|?1|COSG’

(A1)

where ?1 and ?3 are the three momenta of the initial and final state of the incident
particle (A and A/), ‘mso’ is the mass of the target particle and ‘F;’ and ‘E3’ are energies
of initial and final states of the incident particle. ‘0’ is the scattering angle of the recoiled
target particle with the direction of the incident particle.

One can derive the relation between the scattering angle and recoiled electron kinetic

energy as
‘ﬁ3|(E1 +ma) — Eg\ﬁﬂ cos 6

dcosf = — |2

dT (A.2)
| P1[| P3

We use this expression in eq. (A.1) and obtain the well-known expression,

do 1 |iM]?

for the recoil kinetic energy-dependent differential cross-section, which we used in eq. (2.25)
in the limit of massless incident neutrino.
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