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The origin of neutrino mass is a big unsolved problem of the Standard Model (SM) that motivate us to
consider beyond the SM (BSM) scenarios where SM-singlet right-handed neutrinos (RHNs) are introduced
to explain the origin of the light neutrino masses through the seesaw mechanism. There is a variety of ways
which could lead us to this goal, and one of them is a general U(1) extension of the SM. In this scenario,
three SM-singlet RHNs are introduced to cancel the gauge and mixed gauge gravity anomalies. After
anomaly cancellation, we notice that the left- and right-handed charged fermions are differently charged
under the general U(1) gauge group evolving a chiral scenario. After the breaking of the general U(1)
symmetry, a neutral BSM gauge boson (Z') acquires mass, and it is a free parameter. Such Z’, being lighter
than 5 GeV, could be probed at the intensity and lifetime frontiers like FASER, FASER2, DUNE, and ILC
beam dump experiments. The estimated bounds are needed to be compared with the existing bounds.
We find that existing constraints from Orsay, Nomad, PS191, KEK, LSND, CHARM experiments, and
cosmological scenario like SN1987A can be compared in our case once estimated for chiral scenarios.
Finally, we compare the parameter spaces showing viable ones that could be probed by FASER, FASER?2,
DUNE, and ILC beam dump experiments and already excluded regions from Orsay, Nomad, PS191, KEK,

LSND, CHARM, and SN1987A for a chiral scenario.

DOI: 10.1103/PhysRevD.106.095033

I. INTRODUCTION

Observations of the tiny neutrino mass and flavor mixing
[1] by different terrestrial experiments can not be explained
within the framework of the Standard Model (SM). Studies
of galaxy rotation curve, bullet cluster, and large-scale
cosmological data indicate that nearly 25% of the energy
budget of the Universe is allotted for the nonluminous
objects called dark matter [2], which is another aspect for
thinking beyond the SM (BSM). To accommodate neutrino
mass, a simple but interesting aspect called the seesaw
mechanism was proposed where the light neutrino mass
can be explained by the suppression in terms of a large
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mass scale where the SM is extended by SM-singlet heavy
right-handed neutrinos (RHNs) [3—7]. Such a scenario is an
appropriate realization of the Weinberg operator where a
dimension five operator can be predicted with the SM
where a heavy mass scale can be integrated out and lepton
number can be violated by a unit of 2 [8]. The imple-
mentation of the seesaw mechanism is possible in the
context of a U(1) gauge extension of the SM, namely B — L
(baryon minus lepton), where three generations of right-
handed neutrinos are incorporated to acquire an anomaly
free model [9-17]. After the B — L symmetry breaking, the
Majorana mass terms of the heavy neutrinos are generated
which further help to achieve tiny neutrino masses through
the seesaw mechanism. In addition to that, several attempts
are made to explain the origin of the observed DM relic
abundance predicting a variety of BSM scenarios [18,19].

There is another interesting scenario where the SM
gauge group: Ggy = SU(3) ® SU(2), ® U(1), can be
extended by a general U(1), gauge group. To cancel the
gauge and mixed gauge-gravity anomalies, we introduce
three generations of the right-handed neutrinos. After
breaking of the general U(1), symmetry, the Majorana
mass term of the heavy neutrino is generated which helps to
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explain the origin of light neutrino mass after the
electroweak symmetry breaking [20-22]. Apart from
the neutrino mass, such a scenario has an additional
aspect giving rise to a BSM and neutral gauge boson
called Z’, which acquires mass term after the general
U(1)y symmetry breaking. Like the heavy neutrinos, the
mass of Z' is a free parameter. Unlike the B — L scenario,
the general U(1), extension has an interesting property.
After the anomaly cancellation, we find that the U(1)y
charges of the left- and right-handed SM fermions are
different. As a result, they interact differently with the Z’
invoking chiral interactions. In the context of high energy
electron positron collider, the chiral property of the heavy
Z' has been tested in Ref. [23]. These models have been
well studied in the context of different phenomenological
aspect; however, the implication of the chiral nature of the
7' was unexplored in the context of intensity and lifetime
frontiers. As a result, we study these chiral scenarios to
estimate the constraints on the model parameters from
FASER, FASER2, DUNE, and ILC beam dump experi-
ments systematically for the first time.

In this paper, we study two different general U(1)y
extensions of the SM. The first case consists of three
generations of the RHNs, which are charged equally under
the general U(1), gauge group, and three generations that
participate in the neutrino mass generation mechanism
through the seesaw mechanism. On the other hand, in the
second case, two of the three generations of the RHNs are
equally charged under the general U(1), gauge group, but
the third one is differently charged [21]. In the second case,
we have two Higgs doublets and three SM-singlet scalars,
which are differently charged under the general U(1)y
gauge group. Because of the general U(1), gauge sym-
metry, one of the Higgs doublets participates in the neutrino
mass generation mechanism whereas the other one has
Yukawa interactions with the SM fermions making the
model neutrinophilic [22].

The Z' mass being a free parameter could be light
(£ 5 GeV), and it can be tested at different low and high
energy experiments of the lifetime and intensity frontiers.
To study such a scenario, we formally implement our
chiral model setup into the context of different beam
dump experiments [24,25] such as proton beam dump in
the context of DUNE [26], electron/ positron beam dump
in that of International Linear Collider (ILC) [27,28],
and the Frascati PADME experiment [29], and FASER
(ForwArd Search ExpeRiment) [30-32], which is a
new experiment to search for long-lived particles coming
from the ATLAS interaction point, where B—L, L; — L;
[33-39] and dark photon scenarios have been proposed
to probe successfully at different masses of the neutral
BSM gauge boson, respectively. As we mentioned above,
the Z' interacts differently with the left-handed and right-
handed charged fermions in our model setup. Therefore,

it will affect the search reaches for the Z’' boson mass and
general U(1)y gauge coupling depending on the U(1)y
charges of the charged fermions. Finally, due to the chiral
nature under our model setup, the Z’ will have both vector
and axial vector currents.

We restrict ourselves for the Z’ lighter than 5 GeV for the
UV-complete models under consideration. In our scenarios,
the couplings of the SM charged fermions with the Z’ do
not depend on the generations. As a result, we can probe the
light Z' (< 0.5 GeV) from the supernova muons produced
from SN1987A [40-43]. Due to the generic U(1)y cou-
pling between the Z' and charged fermions including
muons, we apply this observation to constrain the general
U(1), scenarios. We noticed that a vectorlike scenario in
the context of U(1)g_; has been studied in Ref. [44].
Finally, we compare the bounds from different experiments
like Orsay, Nomad, PS191, KEK, LSND, CHARM, and
cosmological scenario like SN1987A on the general U(1)y
coupling with Z' mass plane for different U(1), charges.
The existing bounds deal with the vectorlike scenarios.
As aresult, we need to estimate the existing bounds for the
chiral scenarios. Finally, we compare the viable parameter
regions obtained from FASER, FASER2, DUNE, and ILC
beam dump with the existing bounds from Orsay, Nomad,
PS191, KEK, LSND, CHARM, and SN1987A for the
chiral scenario.

We organize our article in the following way. The general
U(1)y extensions of the SM studied in this article have
been described in Sec. II. Methodology of the calculations
of the constraints on the general U(1), gauge coupling for
different Z' masses is shown in Sec. III. We discuss the
results obtained in Sec. IV. Finally, we conclude our article
in Sec. V.

II. MODEL

We consider a general and gauged U(1), extension of
the SM involving three generations of RHNs that are
required to cancel the gauge and mixed gauge-gravitational
anomalies. To realize anomaly cancellation, we find that
the left- and right-handed fermions are differently charged
under the general U(1), gauge group. It manifests the
chiral nature of the Z' interactions with the charged
fermions. To illustrate such an aspect, we introduce two
UV-complete scenarios and explain how the chiral inter-
actions have been evolved.

A. Case-1

To investigate a general U(1)y extension of the SM, we
introduce a SM-singlet scalar (®) and three generations
of the SM-singlet RHNs to cancel gauge and mixed
gauge gravity anomalies. We write down the particle
content of a minimal U(1)y extension of the SM and
the general charges (x’f,f:{q,u,d,f,e,y}) of the
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particles in Table I. The U(1)y charges of the particles are the same for three generations. The general charges can be related
to each other from the following gauge and mixed gauge-gravity anomaly cancellation conditions:

respectively. Using the Ggyy ® U(1)y gauge symmetry, we
write the Yukawa interactions in the following way:

LYukawa — _YgﬁﬁHu[; - Ygﬁq_%gd[;e - YZﬁ?‘ZH eg
— VPN - Y{@(NR) N + He..  (2)

where H is the SM Higgs doublet, and A = iz>H* with 72
being the second Pauli matrix. From the Yukawa inter-
actions, we write the following conditions using U(1)y
neutrality as

1
— L B N S !
—Efo Xg T Xy =Xy =Xy =Xp— X, = —Xp+ X,

2xgp = —2x),. (3)

Finally, solving Egs. (1) and (3), we express the U(1)y
charges of the particles in terms of x; and x4. Hence, we
find U(1)y charges of the particles can be written as a linear
combination of the U(1), and B — L charges. It implies that
the left- and right-handed fermions are differently charged

TABLE L.

3 6x,> = 3x)} =3/ + 20, — X

/
2xq

- x,—x; =0,
3x;+x’f:O,
xy — 8x), — 2x; + 3x, — 6x, = 0,
XP =222+ xf —xF+xP =0,

-x2 =0,

6xy — 3x;, — 3x); + 2x, — x, — x, = 0, (1)

under the general U(1), gauge group. Fixing xp = 1 with
xyg = 0, the U(1), charges reduce to those of the B—L
scenario, and with xz = —2, the charges reduce to those of
the U(1)g scenario [45-47]. Similarly, with x; = —1, the
U(1)y charge of the right-handed electron (ey) is zero, with
xy = —0.5, the U(1)y charge of the right-handed up-type
quark (ug) is zero, and with xy = 1, the U(1)y charge of
the right-handed down-type quark (dy) is zero, respec-
tively. For the other benchmark points like x5 = 0.5 and 2
considered in Table I, the U(1)y charges of all the SM
fermions are nonzero. In this model, we consider gy as the
U(1)y gauge coupling, which is a free parameter appear-
ing as either ¢'xy or ¢'xg in the interaction Lagrangian. In
the case of a general U(1) extension of the SM, there is a
neutral BSM gauge boson Z' which interacts with
particles in the model. After the anomaly cancellation,
we notice that the left- and right-handed fermions interact
differently with the Z’' leading to the chiral nature of
the neutral gauge boson that will be investigated in the
article further.

The renormalizable Higgs potential of this model is
given by

Particle content of the minimal U(1)y model with general U(1)y charges before and after anomaly cancellation, and a

stands for three generations of the fermions. Considering different benchmark values of the xy fixing xo = 1, we estimate different
charges of the left- and right-handed fermions of the U(1), model. Here, x; = 0 is the B — L case, which is a purely vectorlike scenario,

studied in this article as a reference.

SUB).  SUQ),  U(l), U, ) 1 —05 0 0.5 1 2
U(1)g B-L
qL 2 6 Xg = %0 +3%0 0 3 i 3 s 3 3
g 3 X, = 3Xm + X0 -1 -3 0 3 3 ! 3
dy 3 1 -3 Xy ==3¥ +3% 1 3 3 3 6 0 -
3 1 2 -3 Xp = =3%y — Yo 0 -3 i -1 3 -3 2
e -1 X, = =Xy — Xo 1 0 -1 -1 -3 -2 -3
N% 1 1 0 X, = —Xg -1 -1 -1 -1 -1 -1 -1
1 1 1 1

H 1 2 -3 —3%H = —3%H1 2 i -z -l
@ 1 1 0 2xg = 2xo 2 2 2 2 2 2 2

095033-3



ASAI DAS, LI, NOMURA, and SETO

PHYS. REV. D 106, 095033 (2022)

V =m%(HH) 4 Ay(HH)? + m3,(®'®) + 1o (OTD)?

+ /1mix<HTH> ((DT(I)), (4)

where H and ® are the SM Higgs doublet and SM-singlet
scalar, respectively, which can be approximated separately
in the analysis of scalar potential where A, is very small
[20,48]. After U(1)y gauge symmetry and electroweak
symmetry are broken, the scalar fields H and @ potentially
develop their vacuum expectation values (VEVs) as

1 [v+h Vgt
( 0 > and (@) = 7 (5)

where electroweak scale is marked with v = 246 GeV at
the potential minimum and v¢ is considered to be a free
parameter. After the U(1), symmetry breaking with a limit
v >> v, the mass term of the neutral BSM gauge boson Z’
is evolved and can be defined as

(H) =

mzy = 2gxve, (6)

for xp = 1. The Z' mass is a free parameter in this model,
and gy is the U(1)y coupling. From Eq. (2), we find that the
RHNS interact with @, which can generates the Majorana
mass term for the heavy neutrinos after the U(1), sym-
metry breaking. After the electroweak symmetry breaking,
the Dirac Yukawa mass term is generated, which finally
induces the seesaw mechanism to explain the origin of tiny
neutrino mass term and flavor mixing. The Majorana and
Dirac mass terms can be written as

TABLE II.

Y$ g YP
Mpye = —= Ve, m = —=0, (7)
V2 RYG)
respectively. The neutrino mass mixing can be written as
0 mp
m=( 0 ) ®)
mp my
and the light neutrino mass eigenvalues ~ — mpmy'm?

can be obtained by diagonalizing Eq. (8). In this paper, the
neutrino mass generation is not the main subject. Therefore,
we are not investigating the properties of the light and
heavy neutrinos in this article. The mass of the Z’ and the
U(1)y gauge coupling are constrained by the previous
studies of LEP [49], Tevatron [50], and LHC [51] from
different decay modes [23].

B. Case-II

There is another interesting U(1) extension of the SM
whose minimal particle content is shown in Table II. We
call it an alternative U(1)y scenario. Using Eq. (1), we
cancel the gauge and mixed gauge-gravity anomalies due to
the presence of the general U(1)y scenario. The U(1)y
charge xy is a real parameter that allows us to manifest the
chiral nature of the Z’ interactions with the left- and right-
handed fermions. In this scenario, the three generations of
the RHNs are differently charged under the U(1). The first
two generations have U(1), charge —4, and the third one’s
charge is 45 being a unique choice to cancel the gauge and
mixed gauge-gravity anomalies [52].

Particle content of the alternative U(1)y, model with general U(1)y charges before and after anomaly cancellation, and

a = 1,2, 3 stands for three generations of the fermions. Considering different benchmark values of the xy, we estimate different charges
of the left- and right-handed fermions of the U(1), model. Here, x5 = 0 is an alternative B — L case, which is a purely vectorlike

scenario, studied in this article as a reference.

SU@3)¢ SuU(2), u(l)y U(l)y -2 -1 -0.5 0 0.5 1 2
U(1)g B-L

9i 3 2 6 Xy = %0 T3 0 b i g s : 3
w3 1 5 T N R B S S S
G 3 N 25~ L R S R SR
&y 1 2 -1 X, =—3sxp—1 0 -1 -3 -1 2 -3 -2
e 1 -1 X, =—xyg—1 1 0 -1 -1 -3 -2 -3
N3? 1 1 0 X, =—4 -4 -4 -4 -4 -4 -4 -4
N3 1 1 0 Xy =35 5 5 5 5 5 5 5
H, 1 2 -1 Xy =—% ! 1 0 -1 -1 -1
Hy 1 2 ob wm=cdwe3d 4383y 3 0
@, 1 1 0 Xp, = +8 +8 +8 +8 +8 +8 +8 +8
D, 1 1 0 xp, = —10 -10 -10 -10 -10 -10 -10 -10
@, 1 1 0 Xp, = =3 -3 -3 -3 -3 -3 -3 -3
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There are two Higgs doublets (H,, H,) that have been
introduced in this model. In addition to that, there are three
SM-singlet scalars (®;,3). The Higgs doublet H,, a
second Higgs doublet, only interacts with the lepton
doublet and the first two generations of the RHNs due
to the U(1)y charge assignment. As a result, it generates the
Dirac mass term for the first two generations of the RHNs
with U(1)y charge —4. The Yukawa couplings of the
remaining RHN (N3) with the Higgs doublets are for-
bidden due to the U(1)y charges. In addition to that,
the Majorana mass terms of N,lgz are generated due to the
Majorana Yukawa coupling with SM-singlet scalar @, after
the U(1)y symmetry breaking. That for N3 is also
generated from the VEV of @,. As there is no Dirac mass

|

term obtained involving N3 due to the preservation of
U(1)y symmetry, N3 does not participate in the tree-level
neutrino mass generation mechanism. As a result, the
interaction Lagrangian of the RHNs is given by

_['im )

NE

= =

2 2
aff oo 1 TAraNC
> YVETH,NL +5 > YD, (NG )°NE
=1 2 a=1

a

+=Y3®,(N3)°N3 + H.c., (9)

where without the loss of generality, we assume Y, is
diagonal. The potential of the scalar fields involved in the
model can be written as

V = mj; (HH,) + Ay, (H H\)? + my, (HyHy) + Ay, (H3Ho )+ mgy (O] D)) + 4y (@]@))? + my, (O3 D) + 4y (PD,)?
+ m3, (DID3) + A3 (PI®3)? + (uDs(H|Hy) + Hee.) + Ay (H{Hy ) (HyHy) + 4s(H Hy) (HYHy ) + Ao (H H ) (D] @)
+ A (H Hy) (D)D) + Ag (H] Hy) (D] D3) + Ao (H3H,) (] ®1) + Aio(H Hy ) (D3 Dy) + A1 (H{ Hy) (P1Ds)
+ A (@] @) (D]D;) + A13(PJD,) (P D3) + 414 (PLD3) (] D). (10)

Choosing suitable parameters for the scalar fields in the
model to develop their respective VEVs, we write

n-t(3) w-(3),

U1 U2 U3
<q)1> \/57 <(I)2> \/E’ <(I)3> \/E’
with the condition, vj; + v; = (246 GeV)*.

In this model setup, we consider negligibly small quartic
couplings between the SU(2), doublets and SM-singlet
scalars ensuring higher order mixing between the RHNs
after the U(1)y breaking to be strongly suppressed.
Thanks to the proposed gauge symmetry, the doublet
and singlet scalar sectors interact only through the triple
coupling ®;(H TH ») + H.c. which has no significant effect
on determining the VEVs (v;,3) of the singlet scalars
(@,3) due to the collider constraints v? + v3 + v3 >
vi] + v,zlz. As a result, we arrange the parameters in the

|

(11)

[
scalar potential in such a way that the acquired VEVs of the
SM-singlet scalars will be almost the same and y < vy,
respectively. Hence, we comment that the third SM-singlet
scalar @5 can be considered as a spurion field to generate
the mixing between the two Higgs doublets H, , through
the p term in Eq. (10). After ®; acquires VEV such as

(®3) = v3/+/2, the mixing between H,, could be
expressed as m2. = uv,/v/2 allowing the part of the

mix

potential of the Higgs doublet sector resembling that of
the two Higgs doublet model. The U(1), symmetry ensures
that there is no mixing term present among @, , ;. Hence, in
our model, there are two existing physical Nambu-
Goldstone (NG) bosons, which are originated from the
SM-singlet scalars, and they are phenomenologically
harmless because they are decoupled from the SM thermal
bath in the early Universe by the tiny scalar quartic
couplings and gauge coupling. We consider the SM-singlet
scalars to be heavier than Z’ so that Z’' will not decay into
the NG bosons. Following U(1), symmetry breaking, the
Z' boson mass could be given as

4

1
my = gx\/64v% + 10003 + 903 —l——x%,v%l + (

2

1 2
——xy+ 3) v}, gx\/64v% + 10003 + 923. (12)

The Z' mass is a free parameter of the model and gy is the U(1)y coupling.
The Majorana masses of the heavy neutrinos are generated after the U(l)y symmetry breaking and are

written as
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yL? Y3

2 3
—— 7y, Mys = —=10,, 13
\/El Ny \/52 ( )

using the collider constraints to set (v? + v3 + v3) >
(vj,, + v},), and the Dirac mass terms for the first two

M2 =
Ny

generations of neutrinos are generated by (H,), and it is
given by

Ya[i
my =L (14)

Vp,»
vz "

which further participates in the seesaw mechanism to
generate tiny neutrino masses and flavor mixing. The
neutrino mass matrix can be written as

0
m, = < T mD)’ (15)
mp my

and the light neutrino mass eigenvalues ~ — mpmy!mk can
be obtained by diagonalizing Eq. (15). We have already
mentioned that due to the U(1)y charges, only Ny* are
involved in the minimal seesaw mechanism [53-56], while
N3 has neither direct involvement in the neutrino mass
generation nor any interaction with the SM sector allowing
N% to be considered as a potential dark matter (DM)
candidate. Due to the U(1), symmetry, the first Higgs
doublet (H;) does not couple with the RHNs and the
neutrino Dirac masses are generated by the VEV of the
second Higgs doublet (H,) according to Eq. (14). As a
result, this setup can be considered as a sort of the
neutrinophilic scenario in the two Higgs doublet model
(2HDM) framework [57-61]. In Eq. (10), we may consider
0 < m2y, = pvs/V2 < m}, , which further leads to v, ~

inrzmxvhl/mé3 < vy, [57].

C. Z' interactions with the fermions

From the above two examples, we find that charged
fermions interact with Z’ in the same way if we consider
X = 1 in case-I. Due to the presence of the general U(1)y
charges, the interaction Lagrangian between the Z' boson
and the SM fermions (f) including the quarks and leptons
can be written as

L= _gX(]_CVquLPLf +}‘7;4‘IfRPRf)Z//u (16)

where Py gy = (1 £ y5)/2. The quantities g;, and g, are
the U(1) charges of the left- and right-handed fermions of
the cases-I and II. From Eq. (16), we write the vector and
axial vector couplings (Cy ,) for the charged and neutral
fermions of our models in Table III considering xq = 1 in
case-I and that will reproduce the couplings of the fermions
with Z’ in case-II. In this case, the charges of the fermions
of case-1II will be the same as those of case-I for different

TABLE IIl.  Vector and axial-vector couplings of different SM
fermions with Z’ involved in the general U(1), scenarios and a
stands for the three generations of the fermions. The axial vector
couplings for the charged fermions vanish for the B — L case.

Axial vector
Vector coupling (Cy) coupling (Cy)

Type of fermion 4, g ;q,k a5, ;qm
Charged lepton (£7) —3xp—1 Lxy
SM-like neutrinos (v%) Ixg+1 Txy+1
Up-type quarks (q,«) Sag+1 ~Lxy
Down-type quarks (gz«) —Lxy+1 —1xy

values of xy resulting in the same couplings with Z'.
Hence, the interactions between Z’ and the SM fermions
depend on the choices of xy and x4 manifesting the chiral
nature of the model. Using Eq. (16), we calculate the partial
decay widths of Z' into different SM fermions. The partial
decay width of the Z’ into a pair of a single generation of
charged fermions can be written as

2 2

- my g m
N(Z = Jf) =N~ {(q},‘ +4%) (1 - mzf )
Z/

2

"y
+6ququ m2:|’ (17)

Z/

where m is the SM fermion mass where No =1 for the
SM leptons and 3 for the SM quarks. The partial decay
width of the Z’ boson into a pair of light neutrinos for three
generations can be written as

2
mzgx -

rz - =3 , 18

( w) 2d4n qr, (18)

neglecting the tiny neutrino mass. Here, g, is the U(1)y
charge of the SM lepton doublet. The Z' gauge boson can
decay into a pair of heavy Majorana neutrinos and the
corresponding partial decay width in one generation of the
RHN pair can be written as

2 2\ 2
apyay — 129 My)?
F(Z’—)NRNR) = 2247[Xq12VR <l_mév> s (19)
Z/

with gy being the U(1)y charge of the RHNs, and my is
the RHN mass. From case-I, we find that gy, = xp =1
and from case-II, we find that gy, = —4 or 5 depending on
the generation of the RHN. In this analysis, we consider
that the masses of RHNS are larger than half of the Z' mass
not allowing the Z' — Nz Ny mode. Hence, the total decay
width of Z' in this setup can be given by
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Fow = F(Z’ - hadrons) + F(Z’ N l_/]/)
+ Y [(Z - 2. (20)

f=ept

Hence, we can estimate the branching ratio for the visible
mode as

'z - 2v)

BR(Z' — visible) =1 —
l—‘total

, (21)

where the word “visible” stands for all the possible decay
modes of Z' except neutrinos.

Depending on the Z' mass in our analysis to probe Z’ in
the context of FASER, FASER2, DUNE, and ILC beam
dump experiments, we consider hadronic decay modes
of Z'. Because of the presence of U(1)y charges, we
estimate the branching ratios of the Z’ into different modes
and show them in Figs. 1 for different x5 . The partial decay
width into the hadronic modes is complicated and calcu-
lated by the modified R ratio for my = 1.65 GeV [24]. On
the other hand, for the lighter mass, vector-meson domi-
nance (VMD) is valid, and we use the DARKCAST code
from Ref. [25]. We find that for x; = —2, there is no
interaction between the left-handed fermions and Z’, which
is a U(1)g scenario. As a result, the Z' can not decay into
invisible mode. Therefore, in this case, Z' decays into
visible mode only. For the other charges under consider-
ation, we find that the left- and right-handed changed
fermions have variations in interacting with the Z’, which
has been manifested in the branching ratios showing its
chiral nature. It is important to mention that xy = 0 is the
U(1)p_; case, which is a vectorlike scenario.

III. CALCULATION OF THE CONSTRAINTS
ON THE GAUGE COUPLINGS

In beam dump experiments and FASER(2), Z' gauge
boson is produced through the bremsstrahlung process and
rare decays of 7° and 5 mesons. Moreover, for the cases of
electron and positron beam dump experiments, the pair-
annihilation process also contributes to the production of Z’
gauge bosons. In this section, we explain the calculation
of the number of signal events at proton, electron, and
positron beam dump experiments and FASER(2). The
number of signals is roughly calculated by the number
of produced Z' gauge bosons and acceptance.

Even if a lot of long-lived particles with short lifetimes or
large angles with respect to a beam axis are produced at a
beam dump, they decay in front of the detector or swerve
from it. Therefore, it is important to consider the acceptance
of detectors for long-lived particle searches. The accep-
tance of the detector is estimated by’

For precise estimation, we need full Monte Carlo simulations to
evaluate the acceptance of the detector, but it is left to future works.

ACC(Z/) = Pdec (mZ’v 9x» 52’)

7, Py lab
o) det _ 7Z’ Jlal > ’ 22
seom <fdump + fsh + fdec p%’.lab ( )
with Zgymp, £sn, and £y being the length of the beam
dump, shield, and decay volume, respectively, ry the
radius of the detector, p?ﬁlab the transverse momentum of
Z' gauge boson in the lab frame, and p3, . that in the
direction of the beam. In Eq. (22), @geop (x) stands for the
step function. The probability that Z’' decays in the decay
volume is calculated by

Pdec(mZ’v gx; ﬁZ’)

f ul + fs f €C
—exp (-2 Ty _exp (==t )|, (23)
dZ’.lab dZ’,lab

where ZiZ’,lab denotes the decay length of Z’ in the lab frame
and is evaluated by

|pz| 1
mz l—‘total ’

dZ’,lab = (24)
with p, the momentum of Z' gauge boson.

On the other hand, the ways to calculate the number of
produced Z' depend on the production processes of Z'.
Hereafter, we review the calculations for the number of
produced Z' in each type of beam dump.

A. Proton beam dump experiments and FASER

In proton beam dump experiments and FASER, Z’
gauge bosons are mainly produced by the bremsstrahlung
process and rare decays of z° and 7 meson. For the
bremsstrahlung process, the production cross section is
calculated by [24,30,62]°

o(pp — pZ'X)
—d*2d9—|’32’|*29 /
= 1Pz CosUz B |W(|PZ'| , COS Z/)Gpp(s)’
Pi
(25)

where 6, stands for the angle of Z’ respect to the beam
axis, f’p,» does for the momentum of initial proton in the
beam, and s’ = 2m,(E, — E,) with m,, being the proton
mass and E,(Ez) the energy of initial proton (Z' gauge
boson). In the calculation of the cross section for brems-
strahlung production, we use the Fermi-Weizsicker-
Williams approximation [63-65], and 2 — 3 process is
approximated by the 2 — 2 one,

pi(pp) +1 (@) = pe(py,) +Z'(pz), (26

This subsection follows Ref. [30], and the detailed discussion
is shown in this reference.
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FIG. 1. Branching ratios of Z’ into different modes for different xj fixing xq = 1. For x; = —2, Z’ decays only into visible modes,

whereas in the case of the other choices of xj, Z’ decays into both visible and invisible modes.
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where y* stands for the virtual photon with momentum ¢, and this approximation is valid when the energies of relating
particles are much higher than their masses and transverse momentum of Z’ as E/, E oo E pp > Mz, p%, \ab [66]. Cross

section of pp inelastic scattering is denoted by ,,,(s), and w(|p

! / 2 2 2 2
6xp,pr,R + xp,R) P (xp,L + xp,R)mZ’

2, cos 0 ) is the splitting function [62,66,67] given by

1+ (1-2)? m?

A 2, P
z + (xp.L xp‘R) Zm%/

2

H

+2z(1 - z){zz(xﬁL +x;,2’R)m‘,‘, + (1= z)(xﬁ,_ +x§R)m§,

1
(4 2= DR+ 370) 4 6(1 =205, o, b, 27)

- 95
w(|pz|*. cos0z) = 167;;H (5o + X5 R)
x/2 _
+2z(1—z)( 2L
where
Pz |P7]
7= =% cosfy, (28)
Pyl 1Pyl

H=(pi)?+ (1 —2)m% + 22m?
=[Pz [*(1 —cos?0,) + (1 — 2)m2, + 22m%.  (29)
The U(1) charge of the proton are obtained by x, ; = 3x;
and x;,’R = 2x), + x/,. According to Refs. [62,67], the
integrand in Eq. (25) more dominantly contributes to the
cross section when the virtuality of the virtual photon y* is
smaller. This virtuality is evaluated by

2 ~ 1 2 2 2,212
|anin| N4E],_Zz(1 _Z)Z {(pz/,lab) + (1 —Z)mz/ +Z mp} 3

(30)

and we apply the momentum cut as |¢2,.| < Aqcp With
Agcep =250 MeV  being the QCD  scale, following
Ref. [30]. It should be emphasized that the second
term in the square bracket of Eq. (27) is enhanced when
x), 1 # X, g and Z' is much lighter than the proton, and this
is a characteristic behavior of the chiral Z’' gauge boson.

For the Z’ gauge boson with a mass as heavy as vector
mesons, the electromagnetic form factor of nucleons cannot
be ignored. In the VMD model mentioned in the last
of Sec. II, this form factor, which incorporates both the
Breit-Wigner components of the p- and w-like mesons, is
calculated by [68,69]

m%, - |132"2 —imyTy’

Fl(P%f) =

V=p,p'p" 0,0 "

where my (I'y) stands for the mass (decay width) of the
meson V. In Table IV, the values used in the calculation of

the form factor are shown. The differential production rate
of the Z' gauge boson is calculated by

dNbrem B |]_52’|
d[pz[dcosz B,

Q

pp(5)
op(s)”

|, cos0,)

w(|pz (32)

Q

with s =2m E), .
On the other hand, for production by meson rare decays,
the differential production rate is calculated by

dnM _ do(pp — MX)
d|pylPdcosy — d|py|>dcos by

-BR(M — Z'y), (33)

where p,, and 0,, are the momentum and angle of meson
respect to the beam axis, respectively. The branching
fractions of the rare meson decays are given by

m%\3 0
5| BR(z” = yy) - Rpo(my),

70

BR(z" — Z'y) = 2(1 -
(34)

2

m 3
BR(n—>Z’y):2<l—m—§> BR(n—»yy)-Rn(mZ/), (35)

where BR(7? — yy) ~0.99 and BR(; — yy) ~0.39. The
function, R0, (mz), is the ratio of decay widths between
72°(n) = Z'y and 7°(y) — A’y with A’ being the dark
photon and is calculated by darkcast [25].

TABLE IV. Values used in the calculation of the form factor in
Eq. (31). These values have been taken from Refs. [30,68].

Meson V p yZ o’ 1) o' "

fv 0.616 0.223 -0.339 1.011 -0.881 0.369
my [GeV] 0.770 1.250 1.450 0.770 1.250 1.450
'y [GeV] 0.150 0300 0.500 0.0085  0.300 0.500
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From Eqgs. (32) and (33), the total expected numbers of events in proton beam dump experiments are given by

b N
NEZED N I ()2 / a5 P / dcos

p-meson __
N, event N P E
M=y

where N, stands for the number of protons on target.

For FASER(2) case, the total expected number of events
can be calculated in the almost same way as in the case
of proton beam dumps. It should be noted that the only
difference is that both protons have high energies in the lab
frame. Therefore, for the calculation by using Eq. (36), the
Lorentz transformation needs to obtain the momentum and
energy of one proton in the rest frame of the other one.

In this paper, we take account of v-Cal [66,70], LSND
[71], PS191 [72], NOMAD [73], and CHARM [74] as past
proton beam dump experiments and DUNE [75-77] as a
future one. Moreover, we also calculate sensitivity regions
by FASER(2), which is an experiment for the search of
long-lived particles produced by proton-proton collision at
the ATLAS interaction point. For v-Cal, DUNE, and
FASER(2) cases, we obtain bound and sensitivity regions
for the chiral Z’' gauge boson by Egs. (36) and (37). The
specification of the experiments is shown in Table V.

For LSND, PS191, NOMAD, and CHARM cases, we
obtain bound curves by rescaling the bounds of U(1),_,
case [24]. Then the upper bound on {my, gy} plane is
approximately scaled applying [25,78]

t7(95%1) ~ T2 (9% Xu. X ) (38)
where 7, is the lifetime of the Z’, and gz_; denotes the
gauge coupling in the U(1),_; case. The lower bound is
scaled by

- R dNM
/dpMz/dcoseM/d|pzr|2/dcos92r|—-Acc(Z’),

dN

————0O(Agcp — ¢%) - Acc(Z'), 6
d|py|*dcos O, (Agep — g°) - Ace(Z) (36)

37
d|py|*dcos 8y, (37)

glov ~ glow BR(M — Zj_,7)BR(Zy | — e'e”)iy
X T\ BR(M - Zy)BR(Z — eteT )iy

(39)

where 7 is lifetime with gauge coupling being unity and Z’
is produced via meson decay with M = z° for LSND,
PS191, and MONAD, and M = 5 for CHARM. Here, the
branching ratio of meson decay is estimated using the
method given in Ref. [25].

B. Electron and positron beam dump experiments

In electron and positron beam dump experiments, Z’
gauge bosons are mainly produced by not only the
bremsstrahlung process and rare decay of z° and 5 mesons,
but also pair annihilation. One difference from proton beam
dump experiments is that electrons and positrons in the
beam produce electromagnetic showers in the beam dump,
and thus, the initial particles have various energies and
angles with respect to the beam axis.

For the bremsstrahlung process, the production cross
section is calculated as [28,79-81]

do(e*N — e*NZ') gia&mx

dxd, 2

A%,
(1-x)Eipy %Za

(40)

TABLE V. Specification of the beam dump experiments and FASER(2). Symbols for chemical elements with the atomic (mass)
number, Z(A), are denoted by X. s and £ stand for the center of mass energy of proton-proton collision at the ATLAS interacting point
and integrated luminosity, respectively. 95% exclusion sensitivity corresponds to Nyene = Noso,-

Experiment Beam type  Epeam [GeV] N, N, Target [4X] (fdump + ) [m]  Cyee M) 7y [m] Nosg
E137 e~ 20 1.87 x 1020 %g’ggA] 179 204 1.5 3
E141 e” 9 2 x 10" 1384w 0.12 0.35 0.075 3419
ILC beam dump et 125 4 x 10% H,O 81 50 2 3
v-Cal 68.6 1.71 x 10'8 ;g'ssFe 64 23 1.3 4.5
DUNE 120 1.47 x 102 éZ'OIC 574 5 25 3
Vs [TeV] L [fb]
FASER P 13 150 p 478.5 1.5 0.1 3
FASER2 p 14 3000 P 475 5 1 3
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where «, stands for the fine structure constant, x =

Ez[E;, Bz =1/1— m7,/E7, and

1—
it = —xE}0%, — m2, R m?x. (41)
x

The effective photon flux, y, is calculated as [79]

lmax t - t 1
. / 4= Gy(1) (42)
Imin

where i, = {m%,/(2E;)}* and t,,, = m2,. The electron
form factor, G,(¢), is given by the elastic and inelastic
component as follows:

Gy (1) = Gy (1) + Gojnai(1), (43)
|

2 —2x + x?

AZ/|t:t 1 —x

= (x7 +x2)

min

+2((xZ + x2)m

and these two components are given by

a’t \?2 1 2,
Grel = 72, 44
2.el <1 + a2t> (1 + t/d) ( )

(s s

4
<1 + 0.71 GeVz)

at
Gainel = 1+ d?t

where a = 111Z""3/m,, d=0.164 GeV2A~2/3 4 =
773Z7*3/m,, and p, =2.79 with Z and A being the
atomic and mass number of the beam dump material,

respectively. The amplitude in Eq. (40), A%, are obtained
as follows:

X
b (72 = 6,5, + X)) -

+ 2{(«? + x2)(1 —x)my, — (xZ(1 = x = x?) = 6x,x,(1 — x) + xZ(1 — x — x*))m%,m?

1
— (2 = 6x,x, + x2)x*mt} PR

The number and energy distribution of the electrons and
positrons in the beam dump are evaluated by the track
length, [;(i = e™, e™), discussed in the Appendix.

For the pair annihilation process, the production cross
section is calculated as [28,82]

FZ//4
(Vs—my)*+T2,/4

2 2
ﬂg m !
z4—nz(x’fz+x’f)5<E,-—2 Ze+me>, (47)

1
olete =27 zimé,gﬁ(x? +x2)

where s stands for the center-of-mass energy squared, and
&(x) is the Dirac delta function. In Eq. (47), we use the
narrow-width approximation.

Lastly, for production by meson rare decay, the differ-
ential production rate is calculated in the same way as the
proton beam dump case and given by

dnM _ do(e*p — MX)
d|pul*dcosty  d|pyl*dcosy

BR(M — Z'7). (48)

The total expected numbers of events in electron and
positron beam dump experiments are given by

(46)
[
brem dll
Nevent = ]Vei Z dEt ﬁ LN dEX
do(e*N — e*NZ')
do <Acc(Z"), (49
* / X dvdoy ce(Z). (49)
. di,-
Nevene = No= | dEg+ dE. ne-olete” - Z7Z') - Ace(Z'),
(50)
NI =N 30 [ dlput [ dacosoy [ dlpzP
M=" 1y
dNM

dcosOy —s———— Acc(Z'), 51
x/ cos Zd|ﬁM|2dcoseM ce(Z), (51)

where N = is the number of incident electrons and positrons
into the beam dump, and ny(n,-) is the number density of
the nucleus (electron) for the target material.

In this paper, we take account of E137 [83] E141 [84],
Orsay [85], and KEK [86] as past electron beam dump
experiments and ILC beam dump experiment [28,87-89] as
future one. For E137, E141, and ILC beam dump experi-
ment cases, we obtain bound and sensitivity regions for the
chiral Z' gauge boson by Egs. (49), (50), and (51). The
specification of the experiments are shown in Table V.

For Orsay and KEK cases, we obtain bound curves by
rescaling the bounds of U(1),_, case as for the proton
beam dump case. The constraint on the upper region on
{myz, gx} plane is approximately scaled by using Eq. (38),
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which is the same as the proton beam dump case. On the
other hand, the constraint on the lower region is obtained by

low low 2BR(ZQE—L - €+€_)%Z’
9x ~9B-L n ’ ” / + —\= ’
(5x73/4+3xyxe+2x35)BR(Z' > ee7)Tz |
(52)

where Z’ is produced via the bremsstrahlung process.

C. Supernova bound

The process of calculations of the constraints from
SN1987A has been described in Ref. [44] for the B — L
|

and flavored scenarios. In our case, we follow this method,
however, due to the chiral nature, Z’ will differently interact
with the left- and right-handed fermions. Due to this fact,
we can not directly use the results given in Ref. [44] and
will calculate the necessary analytical expressions required
for the chiral scenarios to estimate bounds on parameters of
the general U(1)y scenarios. Hence, we can systematically
compare the bounds obtained from supernova with those
obtained from FASER, FASER2, DUNE, and ILC beam
dump experiments.

The luminosity of the light Z' from the supernova is
given by

&k
Lyp= /dV/WwFProd(wv r) exp[_rabs(a}v r)]

Rb 1 (&)
= A (4ﬂr2dr> ﬁ/ dw w? MFprod(w, r) eXp[—Tabs ((1), r)]’

where the parameter r is the radial distance inside the
neutrinosphere (with R, ~ 25 km), w is the energy of the
7', and my is the mass of the Z'. The rescattering and
reabsorption effects of Z' traveling through the star are
described by the absorptive optical depth,

anr -
Tabs — /dirabs(w’ ?) = / dr ew/T(r)rprod (w’ ?>’ (54)

where the second equality is due to principle of detailed
balance [90], T(F) is the temperature of the star at
radius 7 [91], and Ry, is taken to be 100 km.

In this work, we consider the Z’ productions from
neutrino-pair coalescence (vv — Z'), semi-Compton scat-
tering (yu — Z'u), and muon-pair coalescence (uy — Z') as
follows:

1—‘prod(w’ r) =L,z + Fm—»Z’u + F/m—>Z’7 (55)

Zl

(a)

(53)

[
and the relevant processes are shown in Fig. 2. The rate of
the neutrino pair coalescence is given by

2 2
97,7 % 1

, 56
3zw e?/T — 1 (56)

FW—>Z’(w’ I”) =

considering my > 2m,. The rate of the semi-Compton
scattering is calculated by [92]

nﬂ(r)Fdeg(r) - mé,
e?/T — 1 w?’

(57)

Upmzu(o,r) =or
where

497,,0%m 3[ 16 3+1
or = X =

32 4|(3-1)? " 2

2(3"2 —-65-3)
G 1)3 lns} ,
(58)

(b) (©)

FIG. 2. The Feynman diagrams of (a) neutrino-pair coalescence, (b) semi-Compton scattering, and (c) muon-pair coalescence

processes, respectively.
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with § =14 2w/m,. In the region of light Z, this
contribution dominates the others. Hence, we can use
semi-Compton scattering cross sections as an appropriate
approximation. Finally, we estimate the muon coalescence
by taking the on shell muon decay for my > 2m,, which
can lead to Z’ production. Hence, the production rate can be
calculated as

g%wm%, 4mﬁ Zmi
=i\ T2\ LT )
6w(e”’ —1) m, ms

(59)

Fﬂﬂ_,z/ ((1), r)

where g7, ., = 9%(Cy; + C}) involving the information
of the U(1)y charges of left- and right-handed muons
and left-handed neutrinos from Tables I and II, respec-
tively. Hence, the vector and axial vector couplings
(Cy.a) for the leptons can be found in Table III. The
temperature profile 7(r), muon number density profile
n,(r) as well as the suppression factor due to muon
degeneracy Fye,(r) are determined from simulations in
Ref. [91]. There are two supernova models SFHo018.8
and SFHo020.0 which can be used for providing a
conservative and an optimistic constraint, respectively.
We show the SFH020.0 profile in Fig. 3 for different xy
and that for SFHo18.8 is not shown for simplicity as it is
less constrained. However, in the calculations of the
bounds on gy for different m,, both bounds are
discussed. In this analysis, we ignore the subdominant
rate of pair neutrino annihilation into Z'Z’ due to two
powers of U(1), coupling suppression compared to the
semi-Compton scattering and bremsstrahlung from
muons, respectively, following Ref. [44]. For the case
with x; = =2 (upper-left panel of Fig. 3), the coupling
between the neutrino and Z’ is turned off, and the
luminosity is dominated by the semi-Compton scatter-
ing. Therefore, the luminosity is not sensitive to my
when myz < 2m,. While as myz 2 2m,, the muon-pair
coalescence dominates the production, and smaller
coupling can be reached. For other values of xy, the
lower bounds on gy is mainly determined by the
semi-Compton scattering when my < 10 MeV and by
the neutrino- and muon-pair coalescence when
myz 2 10 MeV. Note that although the productions of
neutrino- (muon-) pair coalescence can be enhanced by
large my, the lower bounds do not become more
stringent for heavier Z’ in the region my = 100 MeV
due to the Boltzmann suppression. The rescattering and
reabsorption effects lead to the dramatic reduction in
luminosity at large gy, giving rise to the upper bounds
on the coupling. The Boltzmann suppression renders
weaker upper limit for heavier Z'. We mention that
following the arguments given in Refs. [44,93], we do

not consider the effect of electrons because electron
semi-Compton rate is suppressed by Pauli blocking.3

IV. RESULTS AND DISCUSSIONS

We calculate the number of the chiral Z' gauge bosons
generated by meson decay, bremsstrahlung, and pair
annihilation processes at electron, positron, and proton
beam dump experiments and FASER(2) and obtain the
constraints and future sensitivities of the chiral Z' gauge
bosons. Moreover, we estimate the constraints from
SN1987A by discussing energy loss derived from the
chiral Z' gauge bosons.

In the calculation of meson production at beam dumps,
we calculate the differential production cross section of 7°
and n mesons by the Monte Carlo event generator EPOS -
LHC [95] implemented in the CRMC simulation package
[96] for FASER(2) and Pythia8 [97] for other experi-
ments. In those of bremsstrahlung and pair annihilation
productions, the track lengths of the electron and positron
are calculated by EGS5 [98] code embedded in PHITS
3.23 [99], and we use the approximate formula shown in
the Appendix. The partial decay widths of the chiral Z’
gauge boson into lepton pairs are calculated by the
analytical formula in Egs. (17), (18), and (19). On the
other hand, in the calculation of that into hadrons
for my, < 1.65 GeV, we assume the VMD and use
DARKCAST code [25]. However, DARKCAST can use for
gauge bosons only with vector interactions.* Therefore, we
calculate the branching fractions into hadrons and electrons
in the assumption that only vector interactions exist by
DARKCAST and translate them into those in our chiral
model as follows:

*In this analysis, we consider the effect of Z’ for simplicity.
However, the effect of plasmon could be considered which will
leave the results almost the same according to Ref. [92]. Here, we
restrict ourselves to the radial movement of the bosons whereas
the directions other than radial ones, which will reduce the rate
appearing in opacity. Consideration of the other directions will
weaken the upper limit of the cross sections by 1 order of
magnitude. It can be simply scaled affecting the upper limit on gy
roughly by a factor of 3. However, the lower limit will remain the
same as Ref. [94].

*While in final drafting phase, we noticed Ref. [100] studying
axial vector bosons and the new version of DARKCAST. This
version can be used even for the chiral case, and contributions of
axial gauge couplings to hadronic decay of the chiral Z’ gauge
boson can be calculated. We compared the branching fractions of
the hadronic decay between our result and one by new DARK-
CAST and confirm that the deviation is at most 10% depending
on the choice of xy. Therefore, the change derived from the
contributions of axial gauge couplings to hadronic decay is small.
In addition to that, we found a disagreement of the formula for the
decay width of Z' — 2v in between our paper and the new
DARKCAST code and used the modified one in the comparison.
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FIG. 4. Limits on gy —myz plane for xz <0 and x4 =1
considering 10 MeV < m, < 5GeV showing the regions could
be probed by FASER, FASER2, ILC-Beam dump, and DUNE.
We compare the parameter space with existing bounds from
different beam dump experiments and a cosmological observa-
tion of supernova SN1987A(SFH020.0), respectively.

I'(Z' — hadrons) . 7

BR(Z' — hadrons)p.

only vector BR(Z/ N e+e_)DC s

=0(Z - ete) (60)

where BR(Z' — X),. stands for the branching fraction of
the decay Z' — X calculated by DARKCAST, and

F(Zl - e+e—)only vector

_ mpalygh <1 N 2mg> | _dm

127 m%, m2,

. (61)

103 E
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FIG. 5. Limits on gy —my plane for xz =0 and x4 = 1

considering 10 MeV < mz < 5GeV showing the regions could
be probed by FASER, FASER2, ILC-Beam dump, and DUNE.
This is the B — L case shown as a reference. We compare the
parameter space with existing bounds from different beam dump
experiments and a cosmological observation of supernova
SN1987A (SFHO20.0), respectively.

with x/,, = (x, ; +x,)/2. For the calculations of the
expected numbers of the signal events, we use FORESEE
package [101].

We show the limits and sensitivity regions on the
my — gy plane for xy = —-2,—1,-0.5, 0, 0.5, 1, and 2
and xo =1 in Figs. 4-6, respectively, as illustrating
examples. The horizontal and vertical axes are the Z' mass
and gauge coupling constant, respectively. The boundaries
of the bound and sensitivity regions correspond to Ngsq,
events. Moreover, we also show the constraints from
SN1987A, which gives bounds almost in the same mass
range of Z' from experiments for long-lived particle search.
We find the beam dump experiments have sensitivities
around 0.01 GeV <m, <1GeV and 107% < gy <1074,
Particularly, for the lighter Z' mass region than mesons,
especially 7°, the chiral Z’' gauge bosons are dominantly
produced by rare meson decay. Therefore, the bounds
from proton beam dump experiments become weaker
around my ~ 100 MeV. For the E137 and ILC beam
dump experiments, there are protrusions around my ~
O(100) MeV. This behavior comes from the enhancement
of the Z' production cross section by pair annihilation
process. For FASER, there are island-shape regions around
my ~ 0.7 GeV. This behavior results from the enhance-
ment of the electromagnetic form factor of nucleons
in Eq. (36).

At this point, we mention that, for my < 10 GeV,
big bang nucleosynthesis (BBN) gives a constraint on
the U(1)z_, model as ggz_; < O(107'1) [102], and this
constraint is stronger than the limits obtained from the
beam dump studies. In the context of BBN from Ref. [102],
we mention that semi-Compton scattering (e”y — e~ Z')
process for my < 10 MeV will impose stronger constraints
on gy —my plane. Hence, in Figs. 4-6, we show the
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FIG. 6. Limits on gy —my plane for xz >0 and xg =1
considering 10 MeV < mz < 5GeV showing the regions could
be probed by FASER, FASER2, ILC-Beam dump, and DUNE.
We compare the parameter space with existing bounds from
different beam dump experiments and a cosmological observa-
tion of supernova SN1987A (SFH020.0), respectively.

allowed parameter regions from beam dump experiments
for 10 MeV < mz < 5GeV. In addition to that stronger
bounds from red giants [103], horizontal brunch (HB) starts
[104], the Sun [104], fifth force searches [105], and neutron
scattering [106] can be imposed on the gauge coupling for
O(eV scale) < mz < 10 MeV in the B — L case, and from
Ref. [102], we find that strongest limit on the gauge
coupling could reach at O(107'5).

Among them, FASER(2), DUNE, and ILC beam dump
experiments, which are promising future experiments for

SEstimations of such constraints in the context of the chiral Z’
scenarios for my < 10 MeV are beyond the scope of this current
paper. However, these studies will be considered in detail in the
future to estimate the limits on the gauge coupling from
cosmological and astrophysical observations for different x.

long-lived particle search, have higher sensitivities than the
past beam dump experiments. Particularly, the sensitivity
of the FASER2 and ILC beam dump can reach my ~
O(1) GeV because of its high energy beam and luminosity.
On the other hand, that of DUNE can reach gy ~ O(107%)
because of its luminosity and long distance between the
beam dump and detector. As mentioned below Eq. (30),
the production cross section through the proton brems-
strahlung process is enhanced for my < m,, and the Z'
gauge boson has an axial coupling to the proton, that is,
X, 1 = X, g = =X /2 # 0. Therefore, for the x5 # 0 cases,
DUNE (v-Cal) gives a stronger sensitivity (bound) than for
the x5z =0 (U(1),_, ) case.

We obtain excluded region via scaling formulas Egs. (38)
and (39) from proton beam dump experiments: NOMAD,
PS191, LSND, and CHARM. The constraints are stronger
when vectorlike Z’ couplings to quarks and that to electrons
are larger since they are relevant to meson decay to produce
7' and its decay into electron-positron pair. Thus, we obtain
the strongest constraint for xyz =2 case. Note that
NOMAD, PS191, and LSND constraints are relevant up
to Z' mass lighter than z° mass since Z’ is produced via 7°
decay at these experiments while slightly larger Z’' mass
region can be constrained by CHARM since Z' is domi-
nantly produced via 5 decay. In addition, we obtain
excluded regions from electron beam dump experiments:
Orsay and KEK applying the scaling formulas Egs. (38)
and (52). The constraints are stronger when the Z’ coupling
to electrons is larger since it is related to Z’ production cross
section and its decay into electron-positron pair. Thus, we
also obtain the strongest constraint for x; = 2 case.

The energy loss of SN1987A (SFH020.0) gives a bound
around my, <0.5 GeV and 10719 < gy <1077, As have
been discussed for Fig. 3, in cases with xy # —2, the upper
bounds on gy decrease steadily with increasing m  due to
Boltzmann suppression. And the lower bounds become flat
for my < 10 MeV since the Z’ production is dominated by
semi-Compton scattering. For my = 10 MeV, the pair
coalescence dominates, and its production rate is enhanced
by large Z’' mass. The shape of the supernova bound for the
Xy = —2 case is different from the others because neutrino-
pair coalescence is turned off. The bound is cut off at
mz ~ 2m, where the muon decay comes on shell, which
prevents the traveling of Z'. Except for the region with
gx ~ 10712107 and m, ~ 300 MeV, the sensitivity is
retained for the SFH020.0 profile, due to the muon-pair
coalescence. The peak in the around 20 MeV comes from
the Z' bremsstrahlung from nucleons np — npZ’, which
has been rescaled from Ref. [44].6

®For mz <20 MeV, hadronic activity is dominant over
conservative muon profiles. A comprehensive analysis of the
hadronic modes has been performed in Refs. [107,108] which is
beyond the scope of this article at this stage.
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V. CONCLUSIONS

We have discussed the bounds and sensitivities of the
chiral Z’' gauge boson by electron, positron, and proton
beam dump experiments, FASER(2), and SN1987A. We
take account of rare meson decay and bremsstrahlung
processes for all kinds of beam dump experiments and
pair annihilation one for electron and positron beam dump
experiments. All the formulas of the Z' production cross
section are shown in Sec. III. The couplings of Z’ to the
fermions are generally chiral and depend on the U(1)y
charges of the SM Higgs doublet and U(1)y-breaking
singlet scalars. Therefore, our results in Figs. 4-6 are
different from each other.

We found that the chiral Z' gauge boson can be explored
by experiments for long-lived particle search and SN1987A
in a broad parameter region. At this moment, we comment
that for the lighter Z’ mass than 0.01 GeV, the bound from
BBN is the most stringent and could reach gy ~ O(107!1)
specially in the B-L case [102]. Such a light Z’ is
beyond the scope of this paper; however, it will be
considered in a future study. For the small coupling region
as 107" < gy <1077, the discussion of the energy loss in
SN1987A give a strong bound when 10 MeV < my <
0.5 GeV for different xy, and this, however, has a uncer-
tainty derived from the supernova models. For the xi; = —2
case, the behavior of the bound from SN1987A is com-
pletely different from the other cases. This is because the
left-handed lepton doublet has no coupling with Z’ for
xy = —2. The result is obtained only from the interaction
between the right-handed charged leptons and Z' where
semi-Compton scattering and muon-pair coalescence
will contribute. For other choices of xy, both left- and
right-handed leptons will contribute. We noticed that
the beam dump experiments could give bounds in the
relatively large coupling (1078 < gy <107*) and broad
mass (O(1)MeV <my SO(1)GeV) region. Particularly,
FASER(2), DUNE, and ILC beam dump experiments,

10
(L
100E
di; 10-15—
Y E137
102 .
E — MC simulation
103 L ]
E ---- Fit function }
10—4k1111111111111111 )
0 0.2 0.4 0.6 0.8 1.0

(v

which are promising experiments in the future, have higher
sensitivities than the past experiments. We assume 10-years
run for the calculations of the future beam dump experi-
ments, and 150 fb~!(3 ab™!) for LHC run 3 (high-
luminosity LHC). We found that the sensitivity of
DUNE reaches gy ~ O(107), and that of ILC beam dump
experiment does m, ~ O(1) GeV. Therefore, these future
experiments are important for the exploration of the chiral
Z' gauge boson. In this paper, we consider FASER(2),
DUNE, and ILC beam dump experiments as future experi-
ments. Besides these, there are other proposed experiments,
for example, HPS [109], SeaQuest [110], MATHUSLA
[111], CODEX-b [112], and AL3X [113], and they may
have sensitivities to chiral Z’' gauge bosons. We leave
studies of constraints from them for another occasion.
Finally, we note that if the number of the expected events
is enough, there is a possibility that the information about
the helicity of daughter visible particles and the ratio of the
number of detected leptons and hadrons help the discrimi-
nation of models. We leave this study for future work.
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APPENDIX: TRACK LENGTH

The track length /; of a particle i is a useful variable to
estimate how many particles are produced in electromag-
netic showers. This variable depends on particle species,

102 T T T N T T T N T T T N T T T T T T
W
100
~ E i=e
i 4oL
L E141
102E i=ct
E  —— MC simulation
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FIG. 7. Normalized differential track lengths of electron and positron in the beam dumps of E137 and E141 experiments. The

Monte Carlo simulation has been done by PHITS 3.23 [99].
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beam energy, and material of the beam dump. For example,
in the case of the electron beam, the track length of electrons
consists of the contributions from not only electromagnetic
shower, but also beam electrons. For removing the depend-
ence on the material detail, we introduce the dimensionless
normalized track length defined by

l;, (A1)

where p and X, stand for the density and radiation length of
the beam dump material, respectively.

In this paper, we use EGS5 [98] code embedded in
PHITS 3.23 [99], which is one of calculation code for
Monte Carlo simulation, and estimate the track length of
electron and positron in beam dump. In Figs. 7, we show
the results of the Monte Carlo simulation.

As a result of the simulation, we confirm that the fitting
formula of the track length in Ref. [28] gives a good
agreement with our results calculated by PHITS. The
fitting formula is given by [28]

a, X, d
dEi B pEbeam du’

(A2)

where u = E;/Ep.,m With Ep.,, being the energy of the
incident particle, and

S

dl dl dl
u—<¢ = (u _e> + (u —€> (e*from e*beam),
du du primary du shower

(A3)

dl dl
ud_; N (u d_;> shower(e:':from ebeam),  (A4)

with

7 0.7
<ud—le> :O.581+0.131< “ ) . (AS)
du primary 1—u

dl 1—u
—_¢ = — bu?
<u du)shower u (a ! )’

where (a,b) = (0.199,0.155) for ILC beam dump, and
(0.199,0.170) for E137 and E141.
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