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The potential for probing extra neutral gauge boson mediators (Z0) from low-energy measurements is
comprehensively explored. Our study mainly focuses on Z0 mediators present in string-inspired E6 models
and left-right symmetry. We estimate the sensitivities of coherent-elastic neutrino-nucleus scattering
(CEνNS) and neutrino-electron scattering experiments. Our results indicate that such low-energy high-
intensity measurements can provide a valuable probe, complementary to high-energy collider searches and
electroweak precision measurements.
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I. INTRODUCTION

Despite its amazing success [1], it is well-accepted that
the Standard Model (SM) can not be the whole truth.
Although the SM seems to capture the most essential
features concerning the gauge description of fundamental
interactions, it leaves many in the open. Indeed, many are
the theoretical motivations for having an extended gauge
structure. The latter include the desire of incorporating a
dynamical seesaw mechanism that can naturally account
for small neutrino masses [2,3] in such a way that these are
linked to the origin of parity violation in the weak
interaction [4]. Embedability into a simple unified structure
at high energies [5] also motivates the existence of new
gauge bosons.
Searches for heavy intermediate vector bosons have

been extensively performed using high energy accelerators
such as the LHC [6]. Their existence could also have
important implications for electroweak precision tests [7–9]
and induce charged lepton flavor violation [10,11].
Building on early work [12,13], here we will examine
the sensitivity of a number of experimental low-energy
setups to the existence of heavy electrically neutral inter-
mediate vector bosons Z0. These are expected in theories

with gauged B-L [14,15], in extended electroweak models
predicting the number of families [16,17], in models with
dynamical symmetry breaking [18–20], in string-inspired
extensions of the SM [21], as well as in ambitious
“comprehensive unification” scenarios with extra dimen-
sions [22]. It has been shown that a neutral Z0 can have
masses at the TeV scale in a way consistent with a neutrino
mass generation as well as gauge coupling unification in
SOð10Þ [23]. In this work, we focus on scenarios where a
Z0 boson has mass around the few TeV scale.
The recent discovery of coherent elastic neutrino-nucleus

scattering (CEνNS) by the COHERENT experiment [24] at
the Spallation Neutron Source (SNS) has inspired many
phenomenological studies addressing the sensitivity of
low-energy approaches to new physics (for a review, see
Ref. [25]). New constraints have been placed on nonstand-
ard and generalized interactions [26–29], nuclear physics
parameters [30–32], neutrino electromagnetic properties
[33,34], sterile neutrinos [35–37] as well as implications for
dark matter [38]. It has been noted [39–48] that light
mediators may be accessible to CEνNS experiments,
providing information that is complementary to what can
be achieved from high-energy and/or precision measure-
ments. Constraints on the Z0 parameters from CEνNS have
been reported in Refs. [26,49].
In the present paper, we further explore the com-

plementarity of the high-intensity, low-energy approach
as a tool to search for new physics. In the same spirit as
Refs. [12,13], here we consider the sensitivity of various
low-energy experimental setups involving CEνNS and
neutrino-electron scattering to the existence of extra
neutral gauge bosons arising from well-motivated left-right
(LR) symmetric and E6-based theories. Regarding SNS
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neutrinos, in addition to the “first light” CEνNS measure-
ment with a CsI[Na] detector, we also explore the new
physics potential at the future Ge, liquid argon (LAr) and
NaI[Tl] detector subsystems of COHERENT [50]. In addi-
tion, we test the corresponding capabilities at various pro-
posed reactor-based CEνNS facilities such as CONUS [51],
CONNIE [52], MINER [53], TEXONO [54], RED100
[55], RICOCHET [56], and NUCLEUS [57]. We also
explore the potential for probing these vector mediators
through νe − e− scattering [58] using a liquid xenon (LXe)
detector exposed to neutrinos from a 51Cr1 source [61].
Our paper is organized as follows. In Sec. II, we

introduce the formalism for CEνNS and neutrino-electron
scattering in left-right and E6 theories. The various exper-
imental setups using both SNS and reactor neutrinos for
the case of CEνNS, as well as 51Cr neutrinos for the case
of neutrino-electron scattering are described in Sec. III.
Finally, in Sec. IV, we present our numerical results for the
expected sensitivities to the mass of Z0 gauge bosons in the
context of the models discussed.

II. CEνNS AND NEUTRINO-ELECTRON
SCATTERING WITHIN Z0 MODELS

In this section, we first introduce the notation relevant for
the description of CEνNS and νe − e− cross sections in the
SM. We provide the new couplings in the neutrino-quark
and neutrino-charged lepton sectors present in extended
electroweak models based on left-right or E6 gauge
symmetries. Next, we discuss their subleading effect on
the dominant Standard Model cross sections.
We start from the neutral-current interaction cross

section of a neutrino with an energy Eν scattering off a
nucleus with Z protons, N ¼ A − Z neutrons (A is the mass
number), and mass mA. In the framework of Standard
Model interactions only and for a sufficiently low momen-
tum transfer, the CEνNS channel dominates the cross
section, provided that the coherence condition q ≤ 1=R
(R is the nuclear radius) is satisfied. Assuming a four-
fermion contact interaction, the relevant CEνNS cross
section can be expressed in terms of the nuclear recoil
energy TA as [49,62]

�
dσ
dTA

�
SM

¼ G2
FmA

π
Q2

V

�
1 −

mATA

2E2
ν

�
F2ðQ2Þ; ð1Þ

where GF denotes the Fermi constant and QV is the vector
weak charge written in the form,

QV ¼ ½2ðgLu þ gRu Þ þ ðgLd þ gRd Þ�Z
þ ½ðgLu þ gRu Þ þ 2ðgLd þ gRd Þ�N: ð2Þ

For later convenience, QV is expressed in terms of the left-
and right-handed couplings of the quark q ¼ fu; dg to the
Z-boson, as

gLu ¼ ρNC
νN

�
1

2
−
2

3
κ̂νNŝ2Z

�
þ λLu ;

gLd ¼ ρNC
νN

�
−
1

2
þ 1

3
κ̂νNŝ2Z

�
þ λLd ;

gRu ¼ ρNC
νN

�
−
2

3
κ̂νNŝ2Z

�
þ λRu ;

gRd ¼ ρNC
νN

�
1

3
κ̂νNŝ2Z

�
þ λRd ; ð3Þ

with the weak mixing angle taken in the MS scheme,
i.e., ŝ2Z ¼ 0.2312. The radiative corrections from the
Particle Data Group, ρNC

νN ¼ 1.0082, κ̂νN ¼ 0.9972, λLu ¼
−0.0031, λLd ¼ −0.0025, and λRd ¼ 2λRu ¼ 3.7 × 10−5, are
also included.
In the present study, important corrections due to the

finite nuclear size are incorporated through the momentum
variation of the nuclear form factors FðQ2Þ. These lead to a
suppression of the expected CEνNS event rate. A com-
prehensive analysis of the form factor effects has been
recently conducted in Refs. [30,31] using the first
COHERENT data. Here, we consider the symmetrized
Fermi (SF) approximation [63],

FðQ2Þ ¼ 3

Qc½ðQcÞ2 þ ðπQaÞ2�
�

πQa
sinhðπQaÞ

�

×

�
πQa sinðQcÞ
tanhðπQaÞ −Qc cosðQcÞ

�
; ð4Þ

with

c ¼ 1.23A1=3 − 0.60 ðfmÞ; a ¼ 0.52 ðfmÞ; ð5Þ
where c and a represent the half-density radius and
diffuseness, respectively.
Within the SM, the differential cross section describing

νe − e− scattering arises from both neutral- and charged-
current interactions and reads [13]

dσ
dTe

ðEν; TeÞ ¼
2GFme

π

�
ðgLe Þ2 þ ðgRe Þ2

�
1 −

Te

Eν

�
2

− gLe gRe
meTe

E2
ν

�
; ð6Þ

where the QED corrections have been neglected and the
chiral couplings take the form,

gLe ¼ ρνe

�
−
1

2
þ κ̂νeŝ2Z

�
þ 1;

gRe ¼ ρνeκ̂νeŝ2Z; ð7Þ
1This follows the same spirit as the proposal in [59]. Note also

that a proposal for measuring CEνNS with a 51Cr source also
exists; see Ref. [60].
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with the radiative corrections ρνe ¼ 1.0128 and
κ̂νe ¼ 0.9963.
We now proceed with our discussion by expressing

the new couplings fL;Rq and fL;Re relevant to CEνNS and
νe − e− scattering in a more convenient form. In the context
of the E6 and LR symmetric models discussed below, the
corresponding beyond the Standard Model cross sections
are obtained through the substitutions gL;Rq → fL;Rq and
gL;Re → fL;Re in the cross sections expressions in Eqs. (1)
and (6) for CEνNS and νe − e− scattering, respectively.

A. Left-right symmetry

There are various left-right-symmetric models using the
gauge group SUð2ÞL ⊗ SUð2ÞR ⊗ Uð1ÞB−L, restoring the
parity symmetry at high energies [4]. These models give an
interesting phenomenology, associated to the existence of
additional charged and neutral gauge bosons [7–11]. Here
we consider models where the Z0 arises from left-right
symmetrical extensions of the SM. In contrast to the
charged intermediate vector bosons, it has been shown
that the neutral one, Z0, can have masses at the TeV scale
consistent with neutrino mass generation and gauge cou-
pling unification in SOð10Þ [23]. In what follows, we will
focus on the phenomenology coming from such a Z0 boson.

1. CEνNS

In the framework of the left-right symmetric model, the
relevant parameters describing CEνNS are modified as
follows [64]:

fLu ¼ ρNC
νN A

�
1

2
−
2

3
κ̂νNŝ2Z

�
− B

2

3
ŝ2Z þ λLu ;

fLd ¼ ρNC
νN A

�
−
1

2
þ 1

3
κ̂νNŝ2Z

�
þ B

1

3
ŝ2Z þ λLd ;

fRu ¼ ρNC
νN A

�
−
2

3
κ̂νNŝ2Z

�
þ B

�
1

2
−
2

3
ŝ2Z

�
þ λRu ;

fRd ¼ ρNC
νN A

�
1

3
κ̂νNŝ2Z

�
þ B

�
−
1

2
þ 1

3
ŝ2Z

�
þ λRd ; ð8Þ

with the definitions,

A ¼ 1þ ŝ4Z
1 − 2ŝ2Z

γ; B ¼ ŝ2Zð1 − ŝ2ZÞ
1 − 2ŝ2Z

γ; ð9Þ

and γ ¼ ðMZ=MZ0 Þ2, where MZ0 denotes the Z0 mass.

2. Neutrino-electron scattering

Turning to the case of neutrino-electron scattering in the
left-right symmetric model, the relevant couplings are
trivially obtained as

fLe ¼ AgLe þ BgRe ;

fRe ¼ AgRe þ BgLe ; ð10Þ

where the dependence on the Z0 mass is incorporated
through the parameters A and B defined as in the case of
CEνNS in Eq. (9).

B. E6 models

New neutral gauge bosons also appear in the primordial
E6 gauge symmetry [7–9]. Since it is a rank-six group, E6

in general yields two neutral gauge bosons beyond those
present in the SM. These gauge bosons couple to two new
hypercharges, χ and ψ that correspond to the Uð1Þ sym-
metries present in E6=SOð10Þ and in SOð10Þ=SUð5Þ. The
corresponding hypercharge quantum numbers are given in
Table I. We assume that, at low energies, there is only one
Uð1Þ symmetry, written as the combination of the sym-
metries Uð1Þχ and Uð1Þψ . This defines a one-parameter
family of models with hypercharge given as

Yβ ¼ Yχ cos β þ Yψ sin β; ð11Þ
whereas the charge operator takes the usual form Q ¼
T3 þ Y. Within this framework, we can write the expres-
sions for the low-energy effective Lagrangian and compute
the corresponding corrections to the SM couplings.

1. Coherent elastic neutrino-nucleus scattering

In the context of the E6 model, the new couplings read

fLu ¼ gLu þ εLu ;

fLd ¼ gLd þ εLd ;

fRu ¼ gRu þ εRu ;

fRd ¼ gRd þ εRd ; ð12Þ
where the εPq contributions are written as [65]

εLu ¼ −4γŝ2ZρNC
νN

 
cβffiffiffiffiffi
24

p −
sβ
3

ffiffiffi
5

8

r ! 
3cβ
2
ffiffiffiffiffi
24

p þ sβ
6

ffiffiffi
5

8

r !
;

εRd ¼ −8γŝ2ZρNC
νN

 
3cβ
2
ffiffiffiffiffi
24

p þ sβ
6

ffiffiffi
5

8

r !
2

;

εLd ¼ εLu ¼ −εRu ; ð13Þ
with the abbreviations cβ ¼ cos β and sβ ¼ sin β. Three
different E6 models are considered here, namely the

TABLE I. Hypercharge quantum numbers for the Standard
Model fermions under E6.

T3

ffiffiffiffiffi
40

p
Yχ

ffiffiffiffiffi
24

p
Yψ

Q ð 1=2
−1=2Þ −1 1

uc 0 −1 1
ec 0 −1 1
dc 0 3 1
l ð 1=2

−1=2Þ 3 1
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ðχ;ψ ; ηÞ models corresponding to cos β ¼ ð1; 0; ffiffiffiffiffiffiffiffi
3=8

p Þ.
Note that, for cos β ¼ ð− ffiffiffiffiffiffiffiffiffiffi

5=32
p

; 0Þ, the new physics
contributions vanish, and therefore, there is no sensitivity
to Z0; i.e., the ψ model can not be probed in CEνNS studies.

2. Neutrino-electron scattering

For this case, the relevant couplings read

fLe ¼ gLe þ εLe ;

fRe ¼ gRe þ εRe ; ð14Þ
with the new contributions written as

εLe ¼ 2γŝ2Zρνe

 
3cβ
2
ffiffiffi
6

p þ sβ
3

ffiffiffi
5

8

r !
2

;

εRe ¼ 2γŝ2Zρνe

 
cβ
2
ffiffiffi
6

p −
sβ
3

ffiffiffi
5

8

r ! 
3cβffiffiffiffiffi
24

p þ sβ
3

ffiffiffi
5

8

r !
; ð15Þ

and γ defined as previously in the CEνNS case. Here, it is
interesting to note that, for cos β ¼ −

ffiffiffiffiffiffiffiffiffiffi
5=32

p
, the coupling

constants are equal to zero, so there is no sensitivity to new
physics in this case [65].

III. EXPERIMENTAL SETUPS

We now examine a number of conceivable experimental
setups that may be used to probe for the existence of new
neutral gauge bosons. In particular, we consider CEνNS
experiments employing both SNS and reactor neutrinos
with various possible targets, as well as a future νe − e−

scattering experiment using a 51Cr source.

A. CEνNS from accelerator and reactor neutrinos

For the case of CEνNS experiments, the total number of
events between the threshold T th and the maximum nuclear

recoil energy allowed by the kinematics, Tmax
A ¼ 2E2

ν=mA,
can be expressed as [49]

Ntheor ¼
X
να

X
x¼isotope

F x

Z
Tmax
A

T th

Z
Emax
νffiffiffiffiffiffiffiffiffiffiffiffi
mATA=2

p λναðEνÞEðTAÞ

×

�
dσx
dTA

ðEν; TAÞ
�

tot
dEνdTA: ð16Þ

As indicated, the sum is taken over the detector isotopes,
x, and the neutrino flavors, α. In this expression, F x ¼
Nx

targΦν denotes the corresponding luminosity on the
detector. This depends on the neutrino flux at the detector,
ΦνðLÞ, and the number of target nuclei,Nx

targ, (see Table II).
The efficiency function EðTAÞ for each given experiment is
taken according to Table II as well.
For the pion decay at rest (π-DAR) neutrinos, relevant

for the COHERENT experiment, the neutrino energy
distributions are adequately described by the Michel
spectrum [68],

λνμðEνÞ ¼ δ

�
Eν −

m2
π −m2

μ

2mπ

�
;

λν̄μðEνÞ ¼
64E2

ν

m3
μ

�
3

4
−
Eν

mμ

�
;

λνeðEνÞ ¼
192E2

ν

m3
μ

�
1

2
−
Eν

mμ

�
: ð17Þ

For reactor-based neutrino experiments, we consider the
corresponding antineutrino energy distribution λν̄eðEνÞ
resulting from the fission products2 of 235U, 238U, 239Pu,
and 241Pu [69], while for Eν̄e < 2 MeV, we rely on the
theoretical spectrum given in Ref. [70].

TABLE II. CEνNS experiments and various setups considered in the present study.

Experiment Detector Mass Threshold Efficiency Exposure Baseline (m)

SNS
COHERENT [24] CsI[Na] 14.57 kg 5 keV [66] 308.1 days 19.3
COHERENT [50] HPGe 15 kg 5 keV 50% 1 yr 22
COHERENT [50] LAr 1 ton 20 keV [67] 1 yr 29
COHERENT [50] NaI[Tl] 2 ton 13 keV 50% 1 yr 28

Reactor experiments
CONUS [51] Ge 3.85 kg 100 eV 50% 1 yr 17
CONNIE [52] Si 1 kg 28 eV 50% 1 yr 30
MINER [53] 2Ge:1Si 1 kg 100 eV 50% 1 yr 2
TEXONO [54] Ge 1 kg 100 eV 50% 1 yr 28
RED100 [55] Xe 100 kg 500 eV 50% 1 yr 19
RICOCHET [56] (Zn, Ge) (1 kg, 1 kg) (50 eV, 50 eV) 50% 1 yr 100
NUCLEUS [57] (CaWO4, Al2O3) (4.41 gr, 6.84 gr) 20 eV 50% 1 yr 100

(Ge, Si) (0.5 kg, 0.5 kg) 50 eV

2Note that for the noncommercial reactor used by MINER,
only the 235U contribution is considered.
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B. Neutrino-electron scattering from a 51Cr source

Another experimental configuration that we have studied
uses neutrinos from an artificial neutrino source, as sug-
gested in [59].3 Following Ref. [61], we consider, for this
case, a cylindrical LXe detector with height h ¼ 1.38 m,
diameter d ¼ 1.38 m, located at L ¼ 1 m above a 1 MCi
radioactive 51Cr source with a flux ϕ0 ¼ 2.94 × 1015 ν=
ðMCi m2 sÞ. The emitted neutrino spectra consist of two
monochromatic beams with energies Eν1 ¼ 430 keV and
Eν2 ¼ 750 keV with a relative strength α1 ¼ 10% and
α2 ¼ 90%, respectively. Due to the exponentially decaying
nature of the source within a time interval Δt, we take the
time-averaged activity [61],

hRCr51i ¼
τR0

Cr51

Δt
½1 − e−Δt=τ�; ð18Þ

where R0
Cr51 denotes the initial radioactivity and τ ¼ 39.96

days is the mean lifetime of 51Cr. The number of neutrino-
electron scattering events within a bin i with recoil energy
in the range ½Te;i; Te;i þ δTe� and maximum recoil energy
Tmax
e ¼ 2E2

ν=ð2Eν þmeÞ is given by

Ni
events ¼ F

Z
Te;iþδTe

Te;i

�
α1

dσ
dTe

ðEν1 ; TeÞ

þ α2
dσ
dTe

ðEν2 ; TeÞ
�
dTe; ð19Þ

with F ¼ Φ
51Cr
avg VneΔt. Here, V represents the detector

fiducial volume, ne is the electron density of the target

material, while the factor Φ
51Cr
avg ¼ ϕ0

1 m2

r2avg
hRCr51i represents

the average neutrino flux. Finally, due to its cylindrical
geometry, the average distance ravg between the source and
the detector is written as [72]

ravg ¼
�
4L
d2h

log
L2ðd2 þ 4ðhþ LÞ2Þ
ðd2 þ 4L2Þðhþ LÞ2

þ 4

d2
log

d2 þ 4ðhþ LÞ2
4ðhþ LÞ2 −

4

dh
tan−1

�
2L
d

�

þ 4

dh
tan−1

�
2ðhþ LÞ

d

��
−1=2

: ð20Þ

As a test case, in our calculations, we assume the three
configurations assumed in Ref. [72], (A, B, C): with
R0
Cr51 ¼ ð5; 5; 10Þ MCi 51Cr and a time interval Δt ¼

ð100; 50; 50Þ days, respectively.

IV. NUMERICAL RESULTS

We now perform a statistical analysis of the different
experimental configurations discussed in the previous
sections. Our present study is based on a χ2 fit of the
measured (COHERENT with CsI detector) or expected
(other CEνNS experiments) number of events. We mini-
mize over the nuisance parameters and probe the Z0

mass by computing Δχ2ðSÞ ¼ χ2ðSÞ − χ2minðSÞ with S≡
fMZ0 ; βg. Our statistical analysis of the COHERENT data
relies on the χ2 function [24],

χ2ðSÞ ¼ min
a1;a2

�ðNmeas − NtheorðSÞ½1þ a1� − B0n½1þ a2�Þ2
ðσstatÞ2

þ
�
a1

σa1

�
2

þ
�
a2

σa2

�
2
�
; ð21Þ

with Nmeas ¼ 142 (measured number of events), σa1
¼

0.28 (normalization uncertainty on the signal events), and
σa2

¼ 0.25 (normalization uncertainty on the background
events). Ntheor denotes the calculated number of events in
the left-right or E6 model. The statistical uncertainty is
calculated as σstat ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nmeas þ B0n þ 2Bss

p
with B0n ¼ 6

and Bss ¼ 405 being the prompt-neutron and steady-state
background events, respectively (see Refs. [24,66] for more
details).
For the analysis of future CEνNS data expected at the

Ge, LAr and NaI detector subsystems at COHERENT,
as well as at the different reactor-based experiments,
we consider a single nuisance parameter a and assign
conservative values for the systematic uncertainty, namely
σsys ¼ 0.2. Although quite simplified, we think this analy-
sis is justified at present. The χ2 function in this case reads

χ2ðSÞ ¼ min
a

�ðNSM − NtheorðSÞ½1þ a�Þ2
ðσstatÞ2

þ
�

a
σsys

�
2
�
;

ð22Þ

where NSM represents the number of events assuming
purely Standard Model interactions and, as previously,
Ntheor is the calculated number of events in the presence of
LR and E6 interactions, while the estimated statistical
uncertainty is taken to be σstat ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NSM þ Nbg

p
. We assume

a flat steady-state background Nbg ¼ σbgNSM, with
σbg ¼ 0.2. It should be noted that, for the CONUS experi-
ment, a realistic background level of 1–3 cpd has been
previously assumed [73] while, for the case of Ricochet, a
likelihood analysis with a binned uncertainty following a
Poisson distribution has been considered in Ref. [56].
For other reactor-based experiments, background-related
information is given in Ref. [74].
As a first step, we obtain the sensitivity on MZ0 in the

framework of the LR-symmetric model from the available
data of COHERENT in terms of a χ2 fit as described above.

3For a study focusing on ν̄e − e− scattering at the TEXONO
experiment, see Ref. [71].
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In a similar manner, we estimate the projected sensitivities
at the future SNS and reactor experiments looking for
CEνNS events. The results are presented in the upper-left
(upper-right) panel of Fig. 1 for the case of SNS (reactor)
experiments. From this analysis, it becomes evident that for
all the setups, the sensitivities are rather poor compared to
current bounds from the LHC [6]; i.e., we find that MZ0 ≳
125 GeV at 90% C.L.
We now turn to the Z0 models obtained in the context of

E6 symmetry. In particular, we explore the corresponding
sensitivity on MZ0 in the (χ, ψ , η) realizations of E6 by
fixing cos β ¼ (1, 0,

ffiffiffiffiffiffiffiffi
3=8

p
). For each model, we extract the

sensitivity on MZ0 assuming the available CEνNS data as
well as the data expected in the future. The results obtained

are presented in the lower panel of Fig. 1, where the red
(gray) band corresponds to the χ (η) model. Note that in
comparison with the upper plots in Fig. 1, here the color
labels corresponding to each experiment are dropped. The
band width illustrates the sensitivity range considering all
the experiments: for the COHERENT experiment, the least
(most) constraining detector is the CsI (NaI), as can be seen
in the upper panel of Fig. 1, while for reactor-based
facilities, one finds that essentially all experiments have
the same sensitivity. In both cases, the sensitivity to the Z0
mass at 90% C.L. is slightly below (above) 200 GeV for the
η (χ) model. A summary of the obtained limits at 90% C.L.
is listed in Table III. Notice that CEνNS is not sensitive to
the ψ model, since the εVp ¼ 2εVu þ εVd and εVn ¼ εVu þ 2εVd

FIG. 1. Δχ2 profiles for the Z0 mass in the left-right-symmetric model (upper panel) and E6 models (lower panel). The results
correspond to CEνNS at the SNS (left) and at reactor-based experiments (right). For the case of E6 models the red (gray) band
corresponds to the sensitivity on MZ0 in the χ (η) model.
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couplings4 are vanishing; see Eq. (13). Before closing this
discussion, we should note that some of our results could,
in principle, be extracted by remapping the NSI bounds
derived from the current and future CEνNS data [35,41,49].
However, the importance of probing for new neutral gauge
bosons more than justifies a dedicated study.

A. Improving the sensitivities on the Z0 mass
with future CEνNS experiments

We now explore to what extent the control of uncer-
tainties will offer improved sensitivities on the vector
mediator mass. Note that the quenching factor uncertainty
is nuclear isotope dependent. For example, the current
uncertainty on CsI is 18.9% [24], while for LAr, it is 2%
[67]. Hence, after considering the uncertainties on the flux
(10%), the form factor (5%), and the acceptance function
(5%), the corresponding total systematic uncertainties for
CsI and LAr experiments read 28% and 12.4%, respec-
tively. The latter indicates that our earlier assumption of
σsys ¼ 20% might not be always accurate. To this purpose,
we perform a χ2 analysis assuming different values for the
systematic uncertainty σsys, while keeping all other detector
specifications fixed according to Table II. Reducing the
systematic uncertainty is not unreasonable by combining
improved quenching factor measurements with a better
understanding of the nuclear form factors and neutrino
fluxes, as well as from the expected substantial improve-
ments on detector technologies aimed at the future CEνNS
experiments. Our results are presented in the upper and
lower panel of Fig. 2 for the LR symmetric and E6 models,
respectively. As shown previously, the left and right panels
show the sensitivities of SNS and reactor CEνNS experi-
ments. Focusing on the LR symmetric model, it can be seen
that, for very low uncertainty, the LAr and NaI detectors
perform better while, for larger uncertainty, the CsI detector
is optimal. Similarly, for the case of reactor-based
CEνNS experiments, the xenon-based RED100 (Ge-based
TEXONO) appears to have the best (worst) performance.
The same conclusions are drawn for the case of E6 models
where, for convenience, only the bands are displayed. In
both cases, one sees the improvement with respect to Fig. 1.

At this point, we turn to the impact of neutrino
luminosities on improving the attainable sensitivities on
the Z0 mass at future CEνNS experiments. We do this by
scaling up the number of events, assuming a correspond-
ingly larger detector mass and running period. This
information is encoded in the future detector luminosity
factor, that we denote here as F 0. We have checked that,
with the chosen values of statistical and systematic uncer-
tainties [see Eq. (22)], the sensitivity shown in Fig. 1
remains practically unaffected by an increase in the
exposure. Indeed, the sensitivity on the Z0 mass is domi-
nated by the systematic uncertainty at all experiments.
Figure 3 illustrates the projected sensitivity on MZ0 at
90% C.L. as a function of the ratio F 0=F , where F
corresponds to the current or proposed luminosity of each
experiment in Table II and σsys ¼ 5%. This level of
systematic uncertainty can only be reached through a
substantial improvement on the quenching factor uncer-
tainty, an improved determination of the nuclear form
factors, and a better understanding of the neutrino energy
distribution. We therefore conclude that higher intensity
CEνNS experiments will offer only slightly improved
results with respect to those expected from the current
experimental setups. Moreover, one sees that the expected
sensitivity for the χ model is better than that expected in the
η or LR symmetric models.

B. Improved Z0 sensitivities with future
neutrino-electron scattering experiments

We now expand our analysis by including also informa-
tion coming from neutrino-electron scattering, which
involves both neutral and charged currents. As a concrete
example, we focus on new interesting proposals that aim to
measure neutrino-electron scattering events by employing a
LXe detector exposed to neutrino emissions from a radio-
active 51Cr source [61]. Our statistical analysis in this case
is based on the χ2 function,

χ2 ¼
X
i

�
Ni

SM − Ni
th

δNi
SM

�
2

; ð23Þ

with δNi
SM ¼ ffiffiffiffiffiffiffiffiffi

Ni
SM

p
. Since we are dealing with a large

number of events, here we have binned the sample with

TABLE III. Sensitivity at 90% C.L. on the Z0 mass for all experimental configurations assumed in the present study (see Table II and
the text). The values of the reported limits are given in GeV units. We also present results for the proposed 51Cr-LXe experiment,
corresponding to the scenarios (A, B, C).

Model COHERENT Reactor experiments νe − e−

CsI LAr Ge NaI CONUS CONNIE MINER TEXONO RED100 NUCLEUS RICOCHET 51Cr-LXe
χ 183 220 215 217 218 228 223 215 215 222 221 (510, 481, 564)
η 144 170 166 168 169 177 173 167 166 172 171 (487, 459, 540)
ψ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � (224, 211, 250)
LR 110 124 122 125 125 125 124 123 125 125 125 (483, 455, 534)

4Note that εVq ¼ εLq þ εRq with q ¼ fu; dg.
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δTe ¼ 5 keV, assuming 120 bins in the range ½0; Tmax
e �.

The sensitivities on MZ0 for the LR symmetric and E6

models is shown in the left and right panel of Fig. 4,
respectively. As previously, the χ model (dashed lines) is
more sensitive toMZ0 compared to the ηmodel (solid lines),
while the ψ model (dotted lines) is the least sensitive. Our
results indicate that neutrino-electron scattering within 50–
100 days will reach a sensitivity of the order of 200–
600 GeV, i.e., more competitive with respect to the one
extracted from the purely neutral-current CEνNS.
We can obtain the sensitivity contours in the ðcos β;MZ0 Þ

plane, where β is the parameter defining a one-parameter
family of E6 theories, as shown in Fig. 5. The left panel
illustrates the allowed regions obtained from CEνNS at the
SNS and at reactor experiments, indicated by the shaded
blue and green bands, respectively. The right panel shows

the corresponding regions from a neutrino-electron scatter-
ing experiment using a 51Cr source, for the different
configurations assumed (A, B, and C). The following
conclusions can be extracted from the figure: concerning
CEνNS, the SNS facilities are less sensitive compared to
the reactor-based ones, while neutrino-electron scattering at
LXe with a 51Cr source is the optimum choice, since it can
exclude a larger region of the parameter space. Notice as
well the presence of two special β values for which CEνNS
experiments have no sensitivity to MZ0 , since the Z0
couplings vanish in this case. Likewise, one sees that
neutrino-electron scattering presents only one such special
β value with no Z0 sensitivity. These results are in agree-
ment with our discussion in Sec. II B.
One sees that the potential for probing a new Z0 media-

tor from low-energy measurements of neutrino-electron

FIG. 2. 90% C.L. sensitivity on the Z0 mass as a function of the systematic uncertainty σsys. The analysis assumes CEνNS experiments
at the SNS (left) and at reactor facilities (right). The upper (lower) panel shows the results for the left-right symmetric (E6) model.
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scattering or CEνNS seems to lie well below the sensitivity
reached by direct searches at the LHC; i.e., the search for
high-mass dilepton resonances produced a laDrell-Yan [6].
However, our analysis has been very conservative, as it
relies only on the proposed experimental configurations of
the first generation of CEνNS experiments. Moreover, we
have presented the sensitivity range expected from the
various experiments of each type, considering one experi-
ment at a time.

C. Combined expected sensitivities on the Z0 mass

So far our strategy has been to explore the potential in
probing Z0 physics within a given low-energy experiment.
However, one may explore the phenomenological potential
of high intensity low-energy experiments by performing a
combined analysis of CEνNS and νe − e− scattering
experiments. Due to the lack of experimental data, how-
ever, only the COHERENT-CsI, CONNIE, and 51Cr-LXe
experiments are taken into account. While considering only

FIG. 3. 90% C.L. sensitivity on the Z0 mass as a function of the total luminosity at a given detector. The results for the E6 and LR
symmetric models are shown for the case of CEνNS experiments at the SNS (left) and at reactor facilities (right).

FIG. 4. Same as Fig. 1 but from the analysis of neutrino-electron scattering using a 51Cr source. The left panel shows the results for
left-right symmetric models. In the right panel, corresponding to E6 models, the solid (dashed) [dotted] curves correspond to the χ (η)
[ψ] model. The different lines A, B, and C correspond to different assumptions for the activity of the source and the exposure, see the text
for details.
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three experiments for this particular analysis, we however
note that different neutrino sources and detector materials
are assumed, minimizing the impact of correlation effects
of the present analysis. The corresponding results are
illustrated in Fig. 6 for the χ and η models of E6, assuming
different choices of systematic uncertainties ranging from
20% to zero. Notice that different experimental uncertain-
ties are assumed for the case of CEνNS experiments, while
for neutrino-electron scattering, the C configuration is
assumed. As before, one can also present the sensitivities
to the various gauge bosons of E6 models associated to
different values of β. One sees that future neutrino-electron
scattering and high-intensity CEνNS data with a better

control of uncertainties have promising prospects for
reaching few TeV scale. This is the scale currently probed
at the high energy frontier experiments, such as the LHC.5

It follows that low-energy measurements may offer new
probes of Z0 parameters, complementary to the high-energy
frontier approach.

V. CONCLUSIONS AND OUTLOOK

In this work, we have quantified the attainable sensitiv-
ities on extra neutral gauge bosons Z0 that can be reached at
high-intensity, low-energy facilities. We focused on
existing and next generation coherent-elastic neutrino-
nucleus scattering (CEνNS) as well as neutrino-electron
scattering experiments. As neutrino sources, we have
discussed the spallation neutron source as well as reactor
neutrinos and neutrinos from radioactive sources. We have
concentrated on compelling models that predict the exist-
ence of a new neutral vector boson mediator, such as string-
inspired E6 schemes and models with left-right symmetry.
The Z0 contributions to the CEνNS and neutrino-electron
scattering in this class of theories were studied. Current Z0
limits are obtained from Fig. 1 and given in Table III.
Future Z0 sensitivities from individual CEνNS at SNS and
reactor experiments are given in Figs. 2 and 3. A com-
parison with the expected sensitivity from a future neutrino-
electron scattering using a 51Cr source and a ton-scale
liquid xenon detector is also given in Fig. 4. Expected
sensitivities for an arbitrary E6 model are presented in
Fig. 5. Finally, combined global sensitivities were pre-
sented in Fig. 6. The high-intensity, low-energy approach
is not only complementary to the high-energy frontier

FIG. 5. 90% C.L allowed regions in the ðcos β −MZ0 Þ plane for CEνNS (left) and neutrino-electron scattering (right) experiments.

FIG. 6. Projected sensitivity for the χ and ηmodels of E6 from a
future combined analysis of CEνNS and neutrino-electron
scattering data (see text).

5Notice that LHC constraints usually assume the Z0 to have
SM-strength couplings and should be adequately rescaled as a
function of β.
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measurements at colliders, but could also become com-
petitive in the long run, as shown in Fig. 6.
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