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Abstract We study a model with U(1), -1, gauge sym-
metry and discuss collider searches for a scalar boson, which
breaks U(1)r,—r, symmetry spontaneously, decaying into
light Z’ gauge boson. In this model, the new gauge boson, Z’,
with a mass lighter than O(100) MeV, plays a role in explain-
ing the anomalous magnetic moment of muon via one-loop
contribution. For the gauge boson to have such a low mass,
the scalar boson, ¢ with O(100) GeV mass appears asso-
ciated with the symmetry breaking. We investigate exper-
imental constraints on U(1)r,-r, gauge coupling, kinetic
mixing, and mixing between the SM Higgs and ¢. Then col-
lider search is discussed considering ¢ production followed
by decay process ¢ — Z’Z’ at the large hadron collider and
the international linear collider. We also estimate discovery
significance at the linear collider taking into account relevant
kinematical cut effects.

1 Introduction

The standard model (SM) of particle physics has been
describing phenomena over the wide range of energy scale
from eV to TeV scale. Despite of such enormous success, the
anomalous magnetic moment of the muon, (g — 2),,, shows
a long-standing discrepancy between experimental observa-
tions [1,2] and theoretical predictions [3-6],

Aa, = Aay” — Aalf = (28.8+8.0) x 10717, (1)

where a, = (g — 2),/2. This difference reaches to 3.60
deviation from the prediction and seems not to be resolved
within the SM. The on-going and forthcoming experiments
will verify the discrepancy with high statistics, which will
reduce the uncertainties by a factor of four [8,9]. Then, when
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the discrepancy is confirmed by the these experiments, it must
be a firm evidence of physics beyond the SM.

Many extensions of the SM have been proposed to resolve
the discrepancy so far (See for a review [7]). Among them,
one of the minimal extensions is to add a new U (1) gauge
symmetry to the SM. When muon is charged under the sym-
metry, the deviation of (g — 2), can be explained by a new
contribution from the associated gauge boson of the sym-
metry through loop diagrams. The L, — L. gauge sym-
metry is particularly interesting in this regard because it is
anomaly free extension and can also explain the neutrino
mass and mixings simultaneously [10-12]. In this model, it
was shown in Refs. [13-15] that the deviation of (g — 2),
can be resolved when the gauge boson mass is of order 10
MeV and the gauge coupling constant is of order 10~*. Such
a light and weakly interacting gauge boson is still allowed
from experimental searches performed in past. Interestingly,
it was also shown that the gauge boson with similar mass and
gauge coupling can also explain the deficit of cosmic neu-
trino flux reported by IceCube collaboration [16-20]. Many
experimental searches have been prepared and on-going for
such a light particles in meson decay experiment [21], beam
dump experiment [22] and electron-positron collider exper-
iment [23]. Theoretical studies on search strategy at collider
experiment are also proposed (see e.g. [24-27] for L, — L+
model ).

As mentioned above, the L, — L; gauge boson has a mass,
hence the symmetry must be broken. This implies that at least
one new complex scalar, which is singlet under the SM gauge
group, should exist to break the symmetry and give a mass
to the gauge boson. Then, from the gauge symmetry, there
must exist an interaction of two gauge bosons and one real
scalar by replacing the scalar field with its vacuum expec-

! In these analyses, Z' mass is considered to be O(10)-O(100) GeV
and Z’' can decay into charged leptons st~ (zT77) providing four
charged lepton signals.
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Table 1 Contents of scalar fields and their charge assignments under
SU@R)L x Uy x UL, -L,

Scalar Lepton

H ¢ L, L, L: er ur TR
SUQ2)L 2 1 2 2 2 1 1 1
U(ly 0 e e e T B |
UMD, -, 0 1 0 1 —1 0 1 -1

tation value (VEV). Since this interaction is generated after
the symmetry breaking, the confirmation of the interaction
by experiments is a crucial to identify the model. The VEV
of the scalar can be estimated as about 10-100 GeV from the
gauge boson mass and the gauge coupling. Thus, naively one
can expect that the physical CP-even scalar emerging after
the symmetry breaking has a mass of the same order. Such
a heavy scalar can not be directly searched at low energy
experiments, and hence should be searched at high energy
collider experiments, i.e. the Large Hadron Collider (LHC)
experiment and future International Linear Collider (ILC)
experiment [28,29]. In this paper, we study signatures for
the scalar as well as the light gauge boson using Z’-Z’-¢
vertex at the LHC experiment and Z-Z-¢ vertex at the ILC
experiments.

This paper is organized as follows. In Sect. 2, we briefly
review the minimal gauged L, — L. model and give the
partial decay widths of the scalar and gauge bosons. In Sect.
3, we show the allowed parameter space of the model. Then
we show our results on the signatures of the scalar and the
gauge boson production at the LHC and ILC experiments in
Sect. 4. Section 5 is devoted to the summary and discussion.

2 Model

We begin our discussions with reviewing a model with
gauged U(1)L,—r, symmetry under which muon (x) and
tau () flavor leptons are charged among the SM leptons. As
a minimal setup, we introduce a SM singlet scalar field ¢
to break the L, — L, symmetry spontaneously. The gauge
charge assignment for the lepton and scalar fields are given
in Table 1, and the quark sector is the same as that of the SM.
In the table, L., Ly, L; and eg, pug, T denote the left
and right-handed leptons, and H denotes the SU(2); dou-
blet scalar field, respectively. The Lagrangian of the model
is given by

1 €
L=Lsm+|Dugl? =V — Zz;wZW — EBWZ““’
+8'Z,07 @)

Jy = Luy"Ly+ gy g — Loy Le — Try* e, (3)
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V = —/L%_IHTH — ué(p*ga + TH(HTH)2 + %((ﬂ*@z
+ Anp(H H)(9* ), 4)

where Lsm, Jz2 and V represent the SM Lagrangian, the
U(1)p,—r, current and the scalar potential, respectively.
The gauge fields and its field strengths corresponding to
Ui, -r, and U (1)y are denoted by Z’ and B. In Eq. (3),
Dy, = 8, —ig'Z, is the covariant derivative, and g’ and
€ represent the L, — L. gauge coupling constant and the
kinetic mixing parameter, respectively. In the following dis-
cussions, we assume that the quartic couplings of the scalar
fields, Ay, Ay and Ay, are positive to avoid runaway direc-
tions. In Eq. (4), ,u,%{ and ui are the tachyonic masses of H
and ¢.
The scalar fields H and ¢ can be expanded as

HT 1 .
HZ(\%(U%—EI—HA))’ 0= "7y +étia. O

where HT, A and a are massless Nambu—Goldstone bosons
which should be absorbed by the gauge bosons W, Z and
7', while H and ¢ represent the physical CP-even scalar
bosons.

The VEVs of the scalar fields, v and v, are obtained from
the stationary conditions 9V /v = dV /dv, = 0;

201 = MHold)
Ak = A,

(6)

200y — Mph2)
V= ) s v(ﬂ =
Atk = My,

Without loss of generality, the VEVs are taken to be real-
positive by using the degree of freedom of the gauge sym-
metries to rotate the scalar fields. Inserting Eq. (5) into Eq.
(4), the squared mass terms for CP-even scalar bosons are
given by

~ T ~
1 2

¢23(3) G )G o
4\ ¢ AHQUVy  AgUy 0]

The above squared mass matrix can be diagonalized by an

orthogonal matrix. The mass eigenvalues are given by

Agv a2 5
m%,¢=7¢¢i*\/()\[{v2—k¢v£) +4)\-%{¢U2U%,

4 4
®)

and the corresponding mass eigenstates i and ¢ are obtained
as

h cosa sino H 2AHoVVy
= : ~ ], tan2aa = ———"—,
¢ —sina cosa ) \ ¢ AV = Ayvd

9
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where « is the mixing angle. When o < 1, & is identified as
the SM-like Higgs boson. Note that the scalar quartic cou-
plings, A, and A g, are smaller than unity in our discussion.
In fact, the typical order of these couplings are O(1072)
and 0(10_3), respectively, when we take sina = 0.05 and
mg = O(100) GeV, mz = 100 MeV. Therefore the pertur-
bative unitarity and stability of the potential are maintained
at least up to 10 TeV.

After the spontaneous breaking of the electroweak and
L, — L, symmetries, the gauge bosons acquire masses. The
neutral components of the gauge bosons mix each other due
to the kinetic mixing while the charged ones remain the same
as those of the SM. Assuming € < 1, the mass eigenvalues
of the neutral components, Z > 3, are obtained after diago-
nalizing the mass term as well as the kinetic term,

m, =0, (10a)
m%Z =m% (1 —2€*sin’ Oy) + O(e*'m?%), (10b)
m223 =m% + O(®m?%), (10¢)

where mz and Oy are the Z boson mass and the Weinberg
angle in the SM, respectively, and

mz = g'v, (11)

The corresponding mass eigenstates of the gauge bosons are
given by

7 = An, (12a)
zZy ~7M, (12b)
ZY ~ 7" — esinfy Z*, (12¢)

up to (9(62). Thus, Z; is the photon, and Z; and Z3 are almost
Z and Z’, respectively. We denote Z| and Z, as Z and Z’ in
the rest of this paper. Note that p-parameter in our model is
shifted from 1 as

2
1 2
p:m—2221+262sin2«9W:1+ 10_6( < ) , (13)

m Z E 1073
where the experimental observation is given by p =
1.00041'8:8883 [30] with 20 error. Thus we can avoid the
constraint from p-parameter for ¢ < 3.7 x 1072,

The Yukawa and gauge interactions of the SM fermions
and ¢ in mass-basis are given by

2

_ m2,
LD E ?sina¢ff+v—zcosot¢Z;LZ/“
f
2

@
m 2m?
+ —ZsinagZz, 7" + =W
v

sinagW,Fw—+

+ Z), (—ee cos O Iy + &' T5) + O(e?), (14)

where m ¢ and Jgy represent the mass of the fermions f and
the electromagnetic currents of the SM, and e and 6y are the
electric charge of the proton and the Weinberg angle, respec-
tively. In Eq. (14), the interactions between Z’ and Jgy are
induced through the kinetic mixing.? In the LHC and lepton
collider experiments, the scalar ¢ can be mainly produced
via the gluon fusion and associate Z production processes.
One can see from Eq. (14) that the relevant interactions are
proportional to the scalar mixing, sin «. Therefore the pro-
duction cross section increases as sin « becomes larger.

For the SM-like Higgs boson, the gauge and scalar interac-
tions in mass-basis are also obtained by inserting Eq. (9) into
the Lagrangian. The relevant interactions in our discussions
are given by

2
m?, 1
L£> —ZsinahZ, Z'" — 5 8hoshdd + O(e), (15)
v

where gpg¢ is the constant given by

gh¢g = 3sina cosa(Ayvsina + Ayv, COS )

+ App(vcos® o + vy sin’ @ — 2v,, sina cos? &

— 2usin® @ cos ). (16)
There exist other gauge and scalar-self interactions involving
h. However, those are negligible when the mixing angle o
and the kinetic mixing parameter € is much smaller than the
unity. Note that A g, is written in terms of « from Eq. (9).
Therefore g4y becomes proportional to o when « is small
enough.

In the end of this section, we show the decay widths of ¢,
Z' and h. As we will explain in the next section, we focus
our discussions on the situation that the Z’ gauge boson has
amass lighter than 2m ,, while the scalar boson ¢ has a mass
of order 10-100 GeV. Thus, the ¢ can decay into Z’ as well
as the SM fermions and the gauge bosons. The partial decay
widths of ¢ are given by

g% cosa m, 4m?,
Lyszzr = T 1 - 2
¢ ¢
4 2 2
m 2m<,
x |2+ ﬁ(l— 22) , (17)
dm’y, meg
2\ 3
4m
__mg mgNZ g f

Lo zzow+w—)

2 Then Z’ interaction is flavor diagonal and K-meson and B-meson
physics do not give significant constraints to the Z’ coupling and mass.
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. 3
sin? & Mz wy mzw)
87 vr my

where m 7 =+ are the mass of the gauge bosons, respectively.
Here we have assumed final states are on-shell. It is important
to mention that ¢) dominantly decays into Z’Z’ when Z’ mass
is light since its partial decay width is enhanced by mg / m‘é,
factor.

The Z’ boson can decay into vy, v, . or eTe” modes
because my < 2m,,. Then the partial decay widths of Z’ are
obtained as

2

Lzsvp = g2 (20)
2.2 2 2 2
0 4
Tgmere = o2 W (1422 ) 1= 22
127 msy, my,
(2D

where we have ignored the neutrino masses and mixing. The
branching ratio (BR) can be parametrized by the ratio of
L, — L, gauge coupling and kinetic mixing parameter, € /g’.
We show BR(Z' — ff)asafunctionof ¢/g’ in Fig. | where
red and blue curves respectively correspond to v, ; v, ; and
eTe™ mode. The mass of Z’ is fixed to 100 MeV, however the
branching ratio is almost independent of the Z’ mass when
myz > m,. It is seen in Fig. 1 that Z’ mainly decays into
neutrinos for € /g’ < 1. For later use, the branching ratio is
about 0.07 fore/g’ = 1.

1.00-

Vu(r) V(o)

0.50

0.20

0.10

BR(Z'->ff)

0.05

0.02

0.01

05 10 20 50 100
€/g'
Fig. 1 BR(Z' — ff) as a function of € /g’ where red and blue lines

correspond to vy, v, r and et e™ mode respectively. The mass of Z' is
fixed to 100 MeV

@ Springer
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Fig. 2 The branching ratio of the Higgs invisible decays, h — Z'Z’
and h — ¢¢

The SM-like Higgs boson can decay into not only Z’ but
also ¢ when mgy < my, /2. The partial widths of these decays
are given by

Uy zrz/

_ 2
¢ sin2a m2, . 4m?, - m} . 2m%,
8t my m? 4m?, m3

(22a)
2
8hoe | — 2mg 2
32nm h my '
As we mentioned above, ¢ dominantly decays into Z’,
and Z’ mainly decays into neutrinos for € /g’ < 1. Therefore

these decays are invisible. The branching ratio of the invisible
decays in our model is given by

F/1~>¢>¢ = (22b)

r 171 I
BR(h — invisibles) = h—27'7Z + h—>p¢

. (23)
FCsm+Thoszz + Thoge

where 'sy is the total width of the Higgs boson in the SM.3
When mg > my /2, I'j 44 should be dropped in Eq. (23).
The invisible decay of the Higgs boson has been searched at
the LHC experiment in the production via gluon fusion [32],
vector boson fusion [32-35], and in association with a vector
boson [32,33,35-38]. We employ BR(h — invisibles) <
0.25 given in [35]. In Fig. 2, the branching ratio is shown
in mz-g’ plane. The blue, green and red lines correspond
to BR(h — invisibles) = 0.25,0.05 and 0.001, respec-
tively. The scalar mass is taken as my = 30 GeV (solid)
and mg > my, /2 (dashed), and the scalar mixing is fixed to

3 Another invisible decay of the Higgs boson h — ZZ* — vvvv,
exists within the SM. The partial width of this decay is about 4.32 keV
[31], and it is much smaller than the widths of & — Z’Z’/¢¢ in our
parameter region. Thus, we have neglected this.
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sin = 0.03 for reference. The SM-like Higgs mass and its
total decay width is taken as 125 GeV [39] and 4.07 MeV
[40], respectively. From the figure, we can see that g’ should
be smaller than 2 x 10~3 for m 7/ < 2my, to avoid the upper
bound from the LHC experiment. This region of g’ is consis-
tent with the favored region to resolve (g — 2),, discrepancy.

3 Allowed parameter space

In this section, we show the allowed parameter space of
g, € and myz/, a. The parameters of Z’ are tightly con-
strained by experiments such as beam dump experiments
[41,42], meson decay experiments [21,43—46], neutrino-
electron scattering measurements [47], electron-positron col-
lider experiment [48,49], neutrino trident production process
[50,51]. A hadron collider experiment such as the LHC also
constrains the gauge interaction for heavier Z’ region [25-27]
although we will not discuss such a heavy Z’. The parame-
ters can be further constrained by requiring that the Z" gauge
boson gives enough contributions to (g — 2) .

As we mentioned in the introduction, the deviation of
(g —2),, between the experimental observations and the the-
oretical prediction are

12.8 (4.8) < Aa? x 10'0 < 44.8 (52.8). (24)

within 20 (30). The contribution from Z’ to the anomalous
magnetic moment is given by

2 (g +eecosOy)? ! 2m}x*(1 = x)
Aa; = 82 dx ) - >
o x my+ (1 —x)my
(25)

The favored region of the gauge coupling and the Z’ mass to
explain the deviation were studied in [52-55]. The region is
summarized as

2x 1074 < g/ <2x 1073, (26)
5< my <210 MeV. (27)

The VEV of ¢ is estimated from Eqs. (26) and (27) as

v, = % ~ 10 — 1000 GeV. (28)

Since the mass of ¢ is roughly given by A, vy, it is naturally
expected that m is the same order of v,. The most stringent
bound on the kinetic mixing parameter is set by NA64 [21].
Based on the analysis in [54], the constraint from the meson
decay is obtained by

€cosOw+/BR(Z' — ete™) < emp, (29)

where eyp is the upper bound in [21], which depends onm .
For mz = 100 (5) MeV, the favored region of € is obtained
as

<2(0.6), (30)

Oﬁ\lm

respectively.

On the other hand, the scalar mixing and the invisible
Higgs decay branching ratio, B Rjuyis, are also constrained
by analysis of data from the LHC experiment [56,57] as

sinae < 0.3, (3
BRinvis = 0257 (32)

In Fig. 3, we show the allowed region of sin« in my-
g’ plane. In the left and right panels, mg is taken as 30
GeV and larger than my /2, respectively, and €¢/g’ = 1
is assumed. The blue, green, red and brown lines indicate
BR(h — invisibles) < 0.25 for various values of sin«
shown in the figure. The area below lines is allowed. The
constraint on g’ becomes tight as sin « increases since the
decay widths of the invisible Higgs decays Eq. (22) are pro-
portional to @ when o < 1. The orange and purple regions
are the favored region of (g —2),, within 20 and 3¢. From the
right panel, we can see that the scalar mixing, sin «, should
be between 1.7 x 1073 and 7.5 x 1072 to explain (g — 2),,.
This range of sin« becomes slightly shifted to 2.5 x 1073
and 1.1 x 10! for me 2 my, /2, as shown in the left panel.
Note that for lighter mz/, €/g’ = 1 is excluded by NA64.
However, when we use €/g’ = 0.6, the (g — 2),, favored
region and the excluded region are slightly shifted upward
in this case. Therefore, the result does not change so much.
In the following analysis, we fix mz = 100 MeV, ¢/g' =1
and sin « = 0.05, and discuss the observation possibilities at
the LHC and the ILC collider experiments.

4 Signature of extra scalar boson and Z’ in collider
experiments

In this section, we discuss signature of ¢ and Z’ in collider
experiments; the LHC and the ILC. We consider the mass of ¢
and Z’ are O(10—100) GeV and O (100) MeV, respectively.
The scalar boson ¢ can be produced in collider experiments
through the mixing with the SM Higgs boson, and dominantly
decays into Z’ bosons. As we showed in the previous section,
7' dominantly decays into vv, and subdominantly into eTe™
for €/g’ < 1. We investigate possibilities to search for the
signature of ¢ and Z’ in collider experiments in this situation.

@ Springer
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0.010(
0.005

0.001
@ 5 x10™

1.x10™4
5.x107°

2.9x1072

— 5.4x1072
— 8.7x1072
5 10 50 100
mz (MeV)

Fig. 3 The allowed region of the parameters in mz-g’ plane. In the
left and right panels, m is taken as 30 GeV and larger than mj/2,
respectively. The blue, green, red and brown lines represents the upper
bound on the invisible Higgs decays. The values of sin @ corresponding

4.1 Signatures at the LHC

In the parameter space of our choice, the gauge boson Z’
is mainly produced from ¢ decay at the LHC because Z’
interacts with quarks only through the kinetic mixing. The
main production of ¢ is gluon fusion through the mixing with
the SM Higgs.

To identify the gauge and scalar bosons, Z’ should decay
into ete™ because Z’ and ¢ are electrically neutral. How-
ever, ete™ pair from Z’ decay will be highly collimated
due to lighter Z’ mass than GeV scale. Here we estimate
the degree of collimation; if Z' — eTe™ decay system

is boosted with velocity of vy ~ /mi/4 — mzz,/(m¢/2)

which is induced by decay of ¢ — Z’Z’, the angle between
et and e~ is approximately 6 ~ cos™! (1 — SmZZ,/mi) where
we assumed e direction before boost is z-direction and v/
is perpendicular to the direction. Then the angle is ~ 1°
for mz = 100 MeV and mg = 50 GeV. It is discussed in
[60,61] that reconstruction of such a collimated e™e™ pair is
experimentally challenging due to angle resolution with the
ATLAS detector. The reconstruction of e*e™ pair is possi-
ble for mz > 15 GeV, which is already excluded for muon
(g —2) to be explained. Even for ™ u™ pair, the reconstruc-
tion has been simulated only above mz > 1 GeV. A new
analysis would be needed for the reconstruction of e* and
e~ momenta. However such a new analysis is beyond the
scope of this paper and we do not discuss here. From this
fact, lepton colliders are more suitable to search for ¢ in our

@ Springer
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to each line are shown in the figures. The favored regions of (g — 2),
within 20 and 30 are indicated by the orange and purple bands. The
gray area is excluded by the neutrino trident production process

parameter choice because it can use missing energy search
due to the precise knowledge of the initial energy.

Although the light Z’ is hard to observe at the LHC, for
future reference, we show the production cross section of ¢
via gluon fusion process gg — ¢ through the mixing with
the SM Higgs boson. The relevant effective interaction for
the gluon fusion is given by [58]

oy sina

Legg = T A1p(t)9Gl, G, (33)
where wa is the field strength for gluon and A;/2(t;) =

—Hin[(1 + 7/ — yT)] — in]? with 7, = 4mi /m3.
This effective interaction is induced from ¢#¢ coupling via the
mixing effect where we take into account only top Yukawa
coupling since the other contributions are subdominant. In
Fig. 4, we show the production cross section estimated by
MADGRAPH5 [59] implementing the effective interaction by
use of FeynRules 2.0 [63], which is multiplied by scaling fac-
torkg = (0.05/ sin «)? since the cross section is proportional
to sin® a. We also included K-factor of K ¢¢ = 1.6 for gluon
fusion process which comes from NLO correction [64]. We
can see that the production cross section is @(0.01 —0.1) pb
for 70 < my < 190 GeV. Assuming the integrated luminos-
ity 300 fb—! (LHC) and 3000 fb—! (HL-LHC), the number of
¢ produced is O(103 — 10%) and O(10* — 10°), respectively.
Therefore we have sizable number of events, and background
estimation as well as analysis on the collimated eTe™ pair
will be important.
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Fig. 4 The cross section for pp — ¢ as a function of m which is multiplied by scaling factor x, = (0.05/ sin a)?, and /s = 13 TeV is applied

4.2 Signatures at the ILC

Here we discuss ¢ production processes and possibility to
search for its signature at the ILC experiment. In lepton col-
lider experiments, ¢ can be produced by the processes such
thateTe™ — Z¢,eTe™ — vigandete™ — eTe ¢ where
the second process is W boson fusion and the third process is
Z boson fusion; these processes are induced by the interac-
tions in Eq. (14). Remarkably, polarized electron and positron
beams will be available at ILC where possible combinations
of (e™, e™) polarization is (—+, +—, ++, ——). In our fol-
lowing analysis, we apply fractions of (45%, 45%, 5%, 5%)
with the total integrated luminosity L = 2000 fb~!, and
+80(30)% polarization for the electron(positron) beam as a
realistic value [29]. To simplify the analysis, we only consider
(e™, e7) polarizations (+, —) and (—, 4) with the integrated
luminosity of 900 fb~! where we respectively denote these
cases as LL and RR polarizations hereafter.

In Fig. 5, we show the production cross sections for
/s = 250 GeV for two polarization cases calculated by
CalcHEP 3.6 [62] implementing relevant interactions,
which is scaled by ko = (0.05/sina)? factor. The figure
shows that eTe™ — Z¢ mode gives the largest cross section
for mg < 160 GeV for the LL and RR polarizations. In our
following analysis, we thus focus on the Z¢ mode since cross
sections for the other modes are small. Then we consider two
cases; (1) Z decays into two leptons, £7¢~ (¢ = e, u) and
(2) Z decays into two jets, jj. In both cases, ¢ decays as
¢ — Z'Z' — vvvd which is the dominant decay mode.
Therefore our signals are
O+ E i+ E (34)
for cases (1) and (2) respectively where £ denotes missing
energy. Note that we can reconstruct mass of ¢ in lepton

collider experiments using energy momentum conservation
even if ¢ becomes missing energy.

Hereafter we perform a simulation study of our signal and
background (BG) processes in both cases (1) and (2); the
events are generated via MADGRAPH/MADEVENT 5 [59],
where the necessary Feynman rules and relevant parame-
ters of the model are implemented by use of FeynRules 2.0
[63], the PYTHIA 6 [66] is applied to deal with hadroniza-
tion effects, the initial-state radiation (ISR) and final-state
radiation (FSR) effects and the decays of the SM particles,
and Delphes [67] is used for detector level simulation.

4.2.1 The case of 70 F signal

Here we discuss the "¢T¢~ + E” signal and correspond-
ing BG events. We then estimate the discovery significance
applying relevant kinematical cuts. In this case we consider
following BG processes:

e ete™ > 4T v,
o ete™ > ¢,

where the first process mainly comes from eTe™ —
ZZ/W+W~ followed by leptonic decays of Z/W* while
the second process gives £7¢~ + [ evens via leptonic decay
of t*. Signal and BG events are generated with basic cuts
implemented in MADGRAPH/MADEVENT 5 as

pr(f¥) >7GeV, [n(tH)| < 2.5, (35)

where pr denotes transverse momentum and 1 =
—In(tan 6/2) is the pseudo-rapidity with 6 being the scat-
tering angle in the laboratory frame. With the basic cuts, the
cross sections for the BG processes are obtained such as
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Fig. 5 The cross section for ¢ production processes in eTe™ collider for two polarization cases LL and RR as a function of m 4. The scaling factor

kg = (0.05/ sin a)?is multiplied with the cross section
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Fig. 6 Distribution of invariant mass for £*¢~ with only basic cuts where left-, middle- and right-panels correspond to signal, £7£~vv BG and

77 BG events. Here k, = 1 is applied

o(ete” — £ vv) = 1.99(0.186) pb

for LL(RR) polarization, (36)
o(ete” — t7tT) =2.36(1.94) pb
for LL(RR) polarization, (37)

where detector efficiency is not applied here. Note that
£T¢~vd background is small for RR polarization since
WT W™ production cross section is suppressed.

We then investigate kinematic distributions for signals
and BGs, and also efficiency of kinematical cutoff. Plots in
Fig. 6 show £7¢~ invariant mass distributions where left-
, middle- and right-panels correspond to events from the
signal, £+£~vv BG and t7t~ BG with only basic cuts in
Eq. (35). Here we show distribution for both LL and RR
polarizations in £7£~vd BG, and those for only LL polar-
ization are shown in the other plots since RR case present

@ Springer

almost the same behavior. We find that the distribution for
signal events shows a clear peak at Z boson mass. On the
other hand the distribution for £7¢~vd BG has a peak at Z
mass and continuous region coming from ete™ — WTW—
process. Note that continuous region is much suppressed in
RR case since contribution from ete™ — WHTW™ is small.
The distribution for z + = BG has broad bump peaked around
80 GeV. To reduce the BG events, we thus impose the £+~
invariant mass cuts as

mz —10GeV < My+p- <mz + 10 GeV. (38)
Furthermore we reconstruct the mass of ¢ using energy
momentum conservation. The reconstructed mass is given
by

My = \[s +m% —2E+ + Ep-)vs 39)
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Fig. 7 Distribution of reconstructed ¢ mass after imposing basic and M+, cuts where left-, middle- and right-panels correspond to signal,

£7¢7vv BG and Tt~ BG events. Here k,, = 1 is applied

Table 2 The number of events for signal (Ng), BG (Npg) and sig-
nificance (S¢;) for RR polarization case after each cut where we have
adopted mg = (30, 65) GeV as reference values. The integrated lumi-

nosity is taken as 900 fb~!, and Ng(Sy) is given by the products of
scaling factor k, and the value for k, = 1

Kka N5 =" my = (65, 30) GeV NELvP NG Ko SEe=!
Only basic cuts (51.,53.) 7.7 x 10* 6.3 x 10* (0.14, 0.14)
+My+,- cut (48.,49.) 2.1 x 10* 1.3 x 10* (0.25,0.27)
+Mye cut for mg = 65 GeV (42.,--+) 2.2 x 107 1.3 x 10? (2.2,--)
+M cut for mg = 30 GeV (---,34) 1.7 x 10? 14. (---,2.5)

where E,+ is energy of final state £*. Plots in Fig. 7 show
the distribution of M (Z“ for the signal and BGs. As in the
M+, distribution, we show the distribution for both LL
and RR polarizations in £7£~vd BG and show only those
for RR polarization in the other plots. We see that the mass
of ¢ is indeed reconstructed giving clear peaks. Note also
that £¢~vv BG has a peak at Z boson mass which comes
from ete™ — ZZ process due to energy momentum con-
servation. Then we also impose kinematical cuts for M ;ec
such that

mg — 10 GeV < Mdr)fc < mg + 10 GeV. (40)

Table 2 summarizes the effect of kinematical cuts to signal
and BGs for RR polarization as an example where cut effi-
ciency has similar behavior in LL polarization. We see that
the number of events for the BGs can be highly reduced by
the My+,- and M ;jc cuts while that of the signal events does
not change significantly. Note that the number of the BG
events is large in the region M ;ﬁc > 80 GeV. It would be
difficult to search for our signal if m is in the region.
Finally we estimate the discovery significance by

Ny

VNBG'

WS (41)

where Ng and Np¢ respectively denote the number of events
for the signal and total BG. The significances before and after
kinematical cuts are shown in the last column of Table 2
for RR polarization. We see that cut for M, can reduce
the BG events significantly while keeping signal events.
In addition, we compare the significances in RR and LL
polarizations, and sum of them after all kinematical cuts
in Table. 3. Then we find that the events from only RR
polarization provides the largest significance since £ ¢~ vD
background in L L polarization is large and hence decrease
the significance. We can obtain discovery significance of
2.2(2.5) for my = 65(30) GeV with k, = 1 correspond-
ing to sina = 0.05 in RR polarization. Thus small scalar
mixing as sine = 0.05 will be constrained when mass of
¢ is as light as 65 GeV for RR polarization. Furthermore
if sina ~ 0.1 we can get discovery significance larger than
Se1 = 5 since k, ~ 1/4. Note that more detailed kinematical
cuts will improve the significance [69] but it is beyond the
scope of this paper.

4.2.2 The case of jj + E signal

Here we discuss the ”jj + E” signal and corresponding BG
events and estimate discovery significance applying relevant

@ Springer
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Table 3 The number of events for signal (Ng), BG (Np¢) and significance (S.;) for RR and L L polarizations with integrated luminosity of 900
fb~! each and for sum of events from two polarizaitons, where we show cases for mg = 65(30) GeV with all kinematical cuts imposed

Kka N&=" my = 65(30) GeV NELP NEL Ko S5 ="
RR 42.(34) 2.2(1.7) x 102 1.3(0.14) x 102 2.2(2.5)
LL 53.(47.) 4.7(1.7) x 103 1.6(0.15) x 102 0.75(1.1)
LL + RR 95.(81.) 4.9(1.9) x 103 2.9(0.29) x 102 1.3(1.8)

kinematical cuts. In this case we consider following BG pro-
cesses:

+
+

e ece” — jjuvv,

+ot,

e cle —T
where the first process mainly comes from ete™ — ZZ fol-
lowed by Z decay into jets/neutrinos and the second process
gives jj + F events due to miss-identification of 7-jet as
hadronic jets with missing energy. Signal and BG events are
generated with basic cuts for jets in final states implemented
in MADGRAPH/MADEVENT 5 as

pr(j) >20GeV, n(j) <5.0.

With the basic cuts, the cross sections for BG processes are
obtained such as

(42)

o(ete” — jjvp) = 0.398(0.158) pb

for LL(RR) polarization, (43)
where efficiency at the detector is not applied here and cross
section for ™7 is the same as Eq. (37).

Asinthe £T¢~ + E case, we investigate kinematical dis-
tributions for the signal and BGs to find relevant kinematical
cuts. Plots in Fig. 8 show distributions of invariant mass of
two jets where left-, middle- and right-panels correspond to

events from signal, jjvv BG and 7t~ BG with only basic
cuts in Eq. (42). To compare with "¢+ ¢~ + £ case we show
distribution for both LL and RR polarization in jjvv BG,
and we find the behaviors are not significantly different in
these polarizations since the BG comes from ZZ produc-
tion; the distributions for the other plots have also similar
behavior in LL and RR polarizations. The distribution for
signal shows Z peak which is slightly broader than that in
€1~ case above and the position of peak is slightly smaller
than Z boson mass; this is due to the fact that jet energy res-
olution is worse than that of charged leptons. The jjvv BG
case also shows distribution peaked around Z boson mass.
The distribution for T+t~ BG shows broad bump peaked
around 160 GeV. In reducing BG events, we thus impose jj
invariant mass cuts such that

mz—20GeV<ij <myz +5GeV. 44)

We also reconstruct the mass of ¢ as in the case of charged
lepton final state with energy momentum conservation. Sim-
ilarly we obtain the reconstructed mass as

My = \/s +m% —2(Ej, + Ej)\/s (45)
where E; is energy of a jet in final state j;. Plots in Fig. 9
show the distribution of M ;‘fc for signal and BGs. We see

J
that the reconstructed mass of ¢ tends to larger than actual

o e o ete ot
. .. ete - jjvy 4, ,
ete »PL-jj+4v 8- 4
120, ] Vs =250GeV
Vs =250GeV Vs =250GeV L=900fb"
100 L=9%0f" L=900fb"
=65GeV —
my e g 6 LL vc
g =, =
wn)
5 2 -
5 60 5 4 g
e 2 o
=] Pt S
H 40 S ot
) R
20
0 0
0 50 100 150 200 0 50 100 150 200 50 100 150 200
M;;[GeV] M;;[GeV] M;;[GeV]

Fig. 8 Distribution of invariant mass for two jets with only basic cuts where left-, middle- and right-panels correspond to signal, jjvv BG and

71~ BG events. Here k,, = 1 is applied
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BG and Tt~ BG events. Here k, = 1 is applied

Table 4 The number of events for signal (Ng), BG (Np¢) and significance (S.;) for RR polarization after each cut where the setting is the same

as Table. 2

ke N&= my = (65,30) GeV N NE% o S
Only basic cuts (3.8 x 102, 1.2 x 10%) 1.1 x 10° 6.1 x 10° (0.45, 0.46)
+M;jj cut (2.9 x 102,9.3 x 10%) 8.0 x 10* 3.0 x 10* (0.88, 1.1)
+M¢ cut for my = 65 GeV (13 x 102, +) 5.7 % 10° 13102 (16,
+ M cut for mg = 30 GeV (-, 1.5 % 10%) 3.3x 107 6.4 ¢, 8.3)

value of my and peak for jjvv BG is also larger than mz.
This is due to energy loss of two jets due to initial/final state
radiation which is stronger than the case of charged lepton
final states. Then we impose kinematical cuts for M (ch such
that

mg — 15(10) GeV < M;jc < mg +25(50) GeV, (46)
for my = 65(30) GeV. Table 4 summarizes the effect of
kinematical cuts to signal and BGs for RR polarization. We
find that t*7~ BG is highly suppressed by M; and M, ;fc
cuts, and main BG after cuts is jjvv one.

Finally we estimate the discovery significance using
Eq. (41) which is shown in the last column of Table 4 for
RR polarization. In addition, for comparison, we show sig-
nificances for RR, LL and sum of LL and RR polariza-
tions in Table 5 for my = 65(30) GeV. Significance tends to
higher than that of ”¢7 ¢~ + E” case; this is due to the facts
that higher number of signal events by BR(Z — jj) >
BR(Z — ¢7¢7) and eTe™ — WT W~ process does not
contribute to jjvv final state. We then obtain significance
much larger than 5 for my = 30 GeV with k, = 1 cor-
responding to sina = 0.05; S;; ~ 5 can be obtained with
sina = 0.04. Note also that we have the largest significance
when we sum up events from L L and R R polarizations sim-
ply due to increase of the number of signal events.

Before closing this section, let us discuss the potential of
the other lepton colliders and possibility of testing scalar mix-
ing in future Higgs measurement. In addition to the ILC, the
CEPC [70] and FCC-ee [71,72] can investigate our scenario;
the CEPC at /s = 240 GeV can provide data with inte-
grated luminosity of 5 ab~! while at the FCC-ee integrated
luminosity can be 10(5) ab~! for /s = 160(~ 250) GeV
and that of 1.5 ab~! is possible for /s = 350 GeV. Then
these experiments also have the potential to find the signa-
ture of our model which would give similar significance as
our analysis since the energy and integrated luminosity are
not significantly different from the case of the ILC. Thus
combining the analysis of these experiments we can further
improve the test of our model. Moreover the lepton colliders
can significantly improve measurements of the SM Higgs
coupling which can constrain the scalar mixing. The cou-
plings of hZZ interaction can be measured with the most
strong sensitivity of ~ 0.1% error and the other coupling can
be also measured with few % error in each future lepton col-
liders [29,70,71]. In our case, the SM Higgs coupling is given
by cos & x C;fé”v/hff where Cié”v/hff is the SM Higgs cou-
pling with vector bosons/fermions. Thus divination from the
SM is given by 1 — cosa =~ 0.0013 x (sin @/0.05)? which
would be tested by hZ Z coupling measurement. The more
stringent constraint can be obtained from future measure-
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Table 5 The number of events for signal (Ng), BG (Np¢) and significance (S.;) for RR and L L polarizations with integrated luminosity of 900
fb~! each and for sum of events from two polarizaitons, where we show cases for mg = 65(30) GeV with all kinematical cuts imposed

Kka N&=" my = 65(30) GeV

RR 1.3(1.5) x 102
LL 1.6(1.9) x 102
LL + RR 2.9(3.4) x 10%

Ngg" NiG ka8
5.6(0.33) x 10° 1.3(0.064) x 10% 1.6(8.3)
1.3(0.085) x 10* 2.0(0.13) x 10? 1.4(6.5)
1.9(0.12) x 10* 3.3(0.19) x 102 2.1(9.7)

ment of invisible decay branching ratio of the SM Higgs. For
example, the ILC at /s = 250 GeV with integrated luminos-
ity of 2 ab~! can explore the branching ratio up to 0.32% [29].
Therefore, comparing with Fig. 2, wide parameter region can
be explored which will be good complimentary test of our
model.

5 Summary and discussion

We have studied a model with U(1),,—r, gauge symme-
try which is spontaneously broken by a VEV of SM singlet
scalar field with non-zero L, — L. charge. In this model Z’
boson and new CP-even scalar boson ¢ are obtained after
spontaneous symmetry breaking. Then we have focused on
parameter region which can explain muon g — 2 by one-loop
contribution where Z’ boson propagates inside a loop, taking
into account current experimental constraints. In the param-
eter region Z' mass range is 5 MeV < myz < 210 MeV, and
mass of ¢ is typically O(100) GeV. We have also found that ¢
dominantly decays into Z’'Z’ mode and Z’ decays into e*e™
or vyv, modes depending on the ratio between U (1) u—Lo
gauge coupling constant and kinetic mixing parameter.

Then we have investigated signatures of ¢ production pro-
cesses in collider experiments. Firstly gluon fusion produc-
tion of ¢ at the LHC has been discussed considering mixing
between the SM Higgs boson and ¢; the cross section is thus
proportional to sin® & with mixing angle «. In principle we
can obtain sizable number of events from pp — ¢ — Z'Z’
followed by decay of Z' — eTe™ even if Higgs-¢ mix-
ing is as small as sina < 0.1. However ete™ pair from
light Z’ decay is highly collimated and it is very challenging
to analyze the signal events at the LHC requiring improved
technology.

Secondly we have investigated ¢ production at e*e™ col-
lider such as the ILC. In ete™ collider, ¢ can be produced
via ete™ — Z¢, W boson fusion and Z boson fusion pro-
cesses through the mixing with the SM Higgs boson. Among
them Z¢ mode can give the largest cross section if kine-
matically allowed and we have focused on the process. One
advantage of e*e™ collider compared with hadron collid-
ers is that we can use energy momentum conservation and ¢
mass can be reconstructed even if final state includes missing
energy. In addition, we can use polarized electron/positron
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beam at the ILC experiment. We have then considered the
process eTe~ — Z¢ where ¢ decays into missing energy as
¢ — Z'7Z' — 4vsince BR(Z' — vd) >» BR(Z' — eTe™)
in the parameter region to give sizable muon g — 2. For
Z boson decay, we have discussed two cases (1) Z —
e~ = e, ) and (2) Z — jj giving “¢t¢t + E” and
“jj + E” signal events respectively. Numerical simulation
study has been carried out for these cases generating sig-
nal events and the SM background events. In our analysis,
we have applied two polarization case in which (e~, e™)
beams are polarized as (—80%, +30%) and (+80%, —30%)
denoted by LL and RR polarizations respectively. We have
investigated relevant kinematical cuts to reduce the back-
grounds showing corresponding distributions. Finally we
have estimated discovery significance for our signal taking
into account the effects of kinematical cuts. The significance
of 2.2(2.5) has been obtained for “¢T ¢ + £ signal when
we take sina = 0.05, my = 65(30) GeV and integrated
luminosity of 900 fb~! for RR polarization. Remarkably,
we have the largest significance from R R polarization which
is even larger than sum of L L and R R events since BG from
ete™ — WTW™ — £T£7vD process is suppressed in RR
polarization. Furthermore the significance of 2.4(9.7) has
been obtained for ” jj + £ signal when we take sin @ = 0.05
and my = 65(30) GeV, which is larger than the case with
charged lepton final state. In this case, we have find the largest
significance can be obtained by simply summing up events
from events LL and RR polarization. In addition, we can
obtain larger significance for larger sin « although muon g—2
tends to become smaller. Therefore we can search for the sig-
nal of ¢ at ete™ collider with sufficient integrated luminos-
ity, and combining together with results from future muon
g — 2 measurements our U (1) u—Le model will be further
tested. Note also that the significance would be improved
by more sophisticated cuts and further analysis will be given
elsewhere. For the last comment, we discuss displaced vertex
of Z’ decay into e*e~. From Eq. (20), the order of the life-
time can be estimated as 77 ~ 247 /(g?my) ~ 4 x 10714
sec., where we assumed g’ = 10~4 and myz = 100 MeV.
The decay length is ¢tz ~ 1 cm which is comparable with
the radius of an innermost vertex tracker at the ILC. There-
fore displaced vertices of Z" decaying into eTe™ might be
measured if enough number of Z’ is produced.
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