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CrossMark
Abstract
We study the phenomenology of the light and heavy Higgs boson production and
decay in the context of a U (1)g_ extension of the standard model with an
additional Z’ boson at future e*e~ linear colliders with center-of-mass energies of
VS = 500-3000 GeV and integrated luminosities of £ = 500 — 2000 fb~.
The study includes the processes ete” — (Z,Z') — Zh  and
ete” — (Z,Z") — ZH, considering both the resonant and non-resonant effects.
We find that the total number of expected Zh and ZH events can reach 909, 124
and 97, 487, respectively, which is a very optimistic scenario and thus it would be
possible to perform precision measurements for both Higgs bosons 4 and H, as
well as for the Z’ boson in future high-energy and high-luminosity e*e~ colliders
experiments. Our study complements other studies on the B-L. model and on the
Higgs-strahlung processes ete™ — (Z, Z') — Zh and ete™ — (Z, Z') — ZH.

Keywords: models beyond the standard model, neutral currents, gauge and
Higgs boson production in e*e™

(Some figures may appear in colour only in the online journal)

1. Introduction

The U (1)g_r model [1-5] is one of the simplest extensions of the standard model (SM) with
an extra U(1l) local gauge symmetry [6], where B and L represent the baryon number and
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lepton number, respectively. This B-L symmetry plays an important role in various physics
scenarios beyond the SM: (a) The gauge U (1)g . symmetry group is contained in the grand
unification theory described by a SO(10) group [1]. (b) The scale of the B-L symmetry
breaking is related to the mass scale of the heavy right-handed (RH) Majorana neutrino mass
terms and provide the well-known see-saw mechanism [7-11] to explain light left-handed
neutrino mass. (¢c) The B-L symmetry and the scale of its breaking are tightly connected to
the baryogenesis mechanism through leptogenesis [12]. In addition, the model also contains
an extra gauge boson Z' corresponding to B-L gauge symmetry and an extra SM singlet
scalar (heavy Higgs boson H). This may change the SM phenomenology significantly and
lead to interesting signatures at the current and future colliders such as the large hadron
collider (LHC) [13, 14], international linear collider (ILC) [15-20] and the compact linear
collider (CLIC) [21-23]. Therefore, another Higgs factory besides the LHC, such as the ILC
and CLIC, which can study in detail and precisely determine the properties of the Higgs
bosons 4 and H, is another important future step in high-energy and high-luminosity (HL)
physics exploration.

The B-L model [24, 25] is attractive due to its relatively simple theoretical structure. The
crucial test of the model is the detection of the new heavy neutral (Z") gauge boson and the
new Higgs boson (H). The analysis of precision electroweak measurements indicates that the
new Z' gauge boson should be heavier than about 1.2 TeV [26]. On the other hand, searches
for both the heavy gauge boson (Z’) and the additional heavy neutral Higgs boson (H)
predicted by the B-L model are presently being conducted at the LHC. In this regard, the
additional boson Z' of the B-L model has a mass which is given by the relation Mz = 2V’ gll
[4, 5, 24, 25]. This boson Z' interacts with the leptons, quarks, heavy neutrinos and light
neutrinos with interaction strengths proportional to the B-L gauge coupling gll. The Z' boson
can be detected by observing di-leptonic and di-jet signals at colliders. The sensitivity limits
on the mass M, of the boson Z’ of the U (1)g_;, model derived for the ATLAS and CMS
collaborations are of the order of O(1.83-2.65) TeV [27-35]. In the case of the heavy neutral
Higgs boson H of the B-L model, this can be produced at the HL run at LHC (HL-LHC)
through multiple production processes: gluon fusion, weak boson fusion, associated WH/ZH
productions and the associated ##H production mode, with subsequent decay in heavy par-
ticles. The dominant decay modes are WW, hh and ZZ, respectively. In addition, the heavy
Higgs H can also be produced in association with a Z' [4, 5].The discovery prospects of the
heavy neutral scalar H during the runs at HL-LHC are extensively studied in [4, 5, 36-38]. It
is noteworthy that future LHC runs at 13—14 TeV could increase the Z’ mass bounds to higher
values, or evidence may be found of its existence. Precision studies of the Z’ properties will
require a new linear collider [39], which will allow us to perform precision studies of the
Higgs sector. We refer the readers to [4, 5, 24, 25, 40-45] for a detailed description of the B—
L model.

The Higgs-strahlung process ete™ — Zh [46-50] is one of the main production
mechanisms of the Higgs boson in the future linear e*e™~ colliders such as the ILC and CLIC.
Therefore, after the discovery of the Higgs boson, detailed experimental and theoretical
studies are necessary for checking its properties and dynamics [51-54]. It is possible to search
for the Higgs boson in the framework of the B-L model; however, the existence of a new
gauge boson could also provide new Higgs particle production mechanisms that could prove
its non-standard origin.

In this paper we study the phenomenology of Higgs bosons in the Type I see-saw model
[7-11] of neutrino mass generation in presence of a spontaneously broken U (1)g_1 symmetry
at future electron-positron linear colliders such as the ILC and the CLIC. We consider both
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physical Higgs states emerging in the model, one of which is SM-like (%) while the other (H)
is of B-L origin, both compliant with recent LHC data. We examine a variety of s, H decay
channels while we concentrate on the ete~ — Zh and ZH production modes, including the
possibility of Z’ mediation, which could be resonant, as we allow for Z/Z’ mixing (in
presence of relevant experimental constraints from LEP).

It is worth mentioning that in [40], the authors made a very exhaustive study of Higgs
physics through the Higgs-strahlung processes ete™ — Z'h, Z'H, the associated production
of a Higgs boson and a pair top quark ete™ — #fh, tfH and the associated production of a
Higgs boson pair and a Z’ boson ete™ — hhZ' in the aforementioned B-L model at future
ete™ linear colliders. They do not consider, however, the case of Z/Z’ mixing. Furthermore,
[40] is primarily a numerical analysis, whereas in the present paper we present a wealth of
useful analytical formulae. In addition, our analytical and numerical results for the Higgs
bosons production and decay at future e e~ colliders are helpful in searching for signatures of
new physics and could be of scientific significance. Moreover, our study complements others
studies on the B-L model and on the Higgs-strahlung processes ete™ — (Z, Z') — Zh and
ete™ — (Z, Z') — ZH, respectively.

The different stages of high-energy and HL of the ILC and the CLIC would provide a
clean environment to study the properties of additional Z’' and Higgs bosons through the
production of a Z/Z' in association with a Higgs boson which is SM-like (%), while the other
(H) is of B-L origin. The different Higgs boson production processes where the signatures
can best be exploited to reveal the B-L nature of the electroweak symmetry breaking (EWSB)
and in association with heavy particles, both SM (W, Z bosons and ¢ (anti)quarks) and B-L
(Z' boson and v neutrinos), are ete” — Zh, ZH, Z'h, Z'H (Higgs-strahlung process),
ete™ — 1,0,h (WW vector boson fusion process) and ete~ — ete h (ZZ vector boson fusion
process). Other important Higgs boson production mechanisms via a Z’ boson which are also
accessible to ILC and CLIC, are eTe™ — tfh, tfH and ete™ — Zhh, Z'hh, where the pro-
cesses ete™ — tfh, ttH, will play an important role for the precision measurements of the top
Yukawa coupling, while the processes eTe™ — Zhh, Z'hh will be crucial to understand the
Higgs self-coupling and the mechanism of EWSB and mass generation. The Higgs self-
coupling can be a non-trivial probe of the Higgs potential and probably the most decisive test
of the EWSB mechanism. Detailed discussions on these processes and some new physics
models can be found in [18, 19, 22, 55, 56].

Although we do not consider the background of the processes that we study, it is worth
mentioning that the most important background of the processes studied in our
article, ete” — Zh and ZH, are: ZZ,Zvy,7yy for the b-quark final state
(ete™ — Zh — ete™bb, u*pu—bb) and WTW-Z/~y for the W-boson final state
(ete™ — Zh — eteWHW—, utu ~WHW~), respectively [18, 19, 22, 55, 56].

As mentioned above, our aim in the present paper is to study the phenomenology of the
light and heavy Higgs boson production and decay, as well as the sensitivity of the Z’ boson
of the B-L model as a source of Higgs bosons through the Higgs-strahlung processes
ete™ — (Z,72')y — Zh and ete” — (Z, Z') — ZH, including both the resonant and non-
resonant effects at future high-energy and HL linear eTe~ colliders. We evaluate the total
cross section for Zh and ZH production and we calculate the total number of events for
integrated luminosities of £ = 500-2000fb~! and center-of-mass energies of
V5 = 500-3000 GeV. We find that the total number of expected Zh and ZH events for the
ete colliders is very promising and that it would be possible to perform precision mea-
surements for both Higgs bosons /& and H, as well as for the Z’ boson.
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This paper is organized as follows. In section 2, we present the B—L theoretical model. In
section 3, we present the decay widths of the Z’ heavy gauge boson of the B-L model. In
section 4, we present the calculation of the cross section for the process
ete” — (Z, Z'") — Zh. In section 5, we present the decay widths of the H heavy Higgs boson
of the B-L model. In section 6, we present the calculation of the cross section for the process
ete” — (Z,Z") — ZH, and finally, we present our results and conclusions in section 7.

2. Brief review of the B-L theoretical model

The solid evidence for the non-vanishing neutrino masses has been confirmed by various
neutrino oscillation phenomena and indicates the evidence of new physics beyond the SM. In
the SM, neutrinos are massless due to the absence of RH neutrinos and the exact B-L
conservation. The most attractive idea to naturally explain the tiny neutrino masses is the
seesaw mechanism [8—10, 57], in which the RH neutrinos singlet under the SM gauge group
is introduced. The gauged U (1)L model based on the gauge group
SU@B)c x SUQ2), x U(l)y x U(l)g_r [7, 58] is an elegant and simple extension of the
SM in which the RH heavy neutrinos are essential both for anomaly cancelation and pre-
serving gauge invariance. In addition, the mass of RH neutrinos arises associated with the
U (1)g_L gauge symmetry breaking. Therefore, the fact that neutrinos are massive indicates
that the SM requires extension.

We consider a SU(3)¢c x SU@2), x U(l)y x U(1)g_ model, which is one of the
simplest extensions of the SM [4, 5, 7, 24, 4045, 58], where U (1)g_1, represents the
additional gauge symmetry. The gauge invariant Lagrangian of this model is given by

L=Li+ Lym + Ls + Ly, (1

where L, Lym, £f and Ly are the scalar, Yang—Mills, fermion and Yukawa sector,
respectively.

The model consists of one doublet ¢ and one singlet x and we briefly describe the
lagrangian including the scalar, fermion and gauge sector, respectively. The Lagrangian for
the gauge sector is given by [4, 44, 59, 60],

1 1 1

Lo = =g Bu B = Wi W = 22,27 @
where W, B,, and Z;/w are the field strength tensors for SU(2);, U(1)y and U (1)g_1,
respectively.
The Lagrangian for the scalar sector of the model is

Ly = (D"®) (D, ®) + (D"x)' (D,x) — V (@, X), 3)
where the potential term is [42],

V(®, x) = m* (@) + 12X + M(PD)* + Naolx|* + M(@R)x[*, (4
with & and x as the complex scalar Higgs doublet and singlet fields, respectively. The
covariant derivative is given by [40-42]

D, = 0, + ig1°G + i[gTW; + & YB, + (8Y + g/ Ys_L)B,]. )

where g, g, g1 and gl/ are the SU (3)¢c, SU (2);, U (1)y and U (1)g . couplings with 7%, T, Y
and Yg_p being their respective group generators. The mixing between the two Abelian
groups is described by the new coupling g. The electromagnetic charges on the fields are the
same as those of the SM and the Yg_1 charges for quarks, leptons and the scalar fields are
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given by: YJ"uks — 1 /3, ylptons — _ 1 with no distinction between generations for ensuring
universality, Yz _1 (®) = Oand Y3 _1 (x) = 2 [4, 5, 40—42] to preserve the gauge invariance of
the model, respectively.

An effective coupling and effective charge such as g’ and Y’ are usually introduced as
gy =gy + gl’ ¥s_L and some specific benchmark models [61, 62] can be recovered by
particular choices of both g and gl/ gauge couplings at a given scale, generally the electroweak
scale. For instance, the pure B-L. model is obtain by the condition § = 0 (Y’ = ¥3_ ) which
implies the absence of mixing at the electroweak scale. Other benchmark models of the
general parameterisation are the sequential standar model (SSM), the U (1) model and the
U (1), model. The SSM is reproduced by the condition gl' =0 (Y'=Y), and the U(1)p
extension is realised by the condition § = —2g1/, while the SO(10)-inspired U (1),, model is
described by g = — g/’

The doublet and singlet scalars are

G* ) v+ ¢ + iz
D =|v+ ¢’ +iGy |, XZT,

NG

with G*, Gz and 7’ the Goldstone bosons of W+, Z and Z’, respectively, while v ~ 246 GeV
is the EWSB scale and v’ is the B-L symmetry breaking scale constrained by the electroweak
precision measurement data whose value is assumed to be of the order TeV.

After spontaneous symmetry breaking, the two scalar fields can be written as

(6)

0

/ 10
o=lvro| =TT @
7 V2
with v and V' real and positive. Minimization of equation (4) gives
m? 4+ 2\ v + ' =0,
W+ 42 4+ ' =0. ®)

To compute the scalar masses, we must expand the potential in equation (4) around the
minima in equation (7). Using the minimization conditions, we have the following scalar
mass matrix:

2w
M — v S _(Mu Mz ©)
/\3;\// )\2\//2 MZI M22 )
The expressions for the scalar mass eigenvalues (My > M) are
5 My + Myp) + \/(Mll — Mp)? + 4M5,
MH,h - 2 ’ (10)
and the mass eigenstates are linear combinations of ¢° and ¢/0, and written as
(h) _ (cosa —sina) @° (11
H sina cosa J| g0

where £ is the SM-like Higgs boson, H is an extra Higgs boson and the scalar mixing angle o
<_§ <a< g) can be expressed as
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2M1 2 _ )\3 vv’

tan(2a) = = s (12)
M22 - M“ )\2\1’2 - )\1\/2
while coupling constants A, A, and \; are determined using equations (10)—(12):
M} M?
A =21 - cos2a) + 1 1 + cos2a),
1= ) s )
M} M;,
Ay = 4v’;2(1 — cos2a) + 4V’fz(l + cos2a),
M} — M}
A3 = sin2a (—L—"1). (13)
2w/

If the LHC data [63, 64] are interpreted by identifying / with the recently observed Higgs
boson, then the scalar mixing angle o should satisfy the constraint sin> o < 0.33(0.36) for
My = 200(300) GeV as discussed in [65-67].

In table 1, the interactions of 4 and H with the fermions, gauge bosons, scalar and scalar
self-interactions are expressed in terms of the parameters of the B-L model.

To determine the mass spectrum of the gauge bosons, we have to expand the scalar kinetic
terms as with the SM. We expect that there exists a massless gauge boson, the photon, while the
other gauge bosons become massive. The extension we are studying is in the Abelian sector of
the SM gauge group, so that the charged gauge bosons W+ will have masses given by their SM
expressions related to the SU (2);, factor only. The other gauge boson masses are not so simple
to identify because of mixing. In fact, analogous to the SM, the fields of definite mass are linear
combinations of B, W{' and B'*, the relation between the neutral gauge bosons (B, W4 and
B’y and the corresponding mass eigenstates is given by [24, 25, 40, 41]

BH cosfy —sinfy cosfp_1 sinfysinfg_ \({ A
W3k | = |sinfy cosfOycosfg_1 —cosBysinfg_ || Z* |, (14)
B'* 0 sinfg_p cosfp_L z'"
with —% <O < %, such that
28\8% + &'
tan 20y ;. = S , (15)
~ v
a2+ 16(7) glfz — gt — g12
and the mass spectrum of the gauge bosons is given by
M, =0,
1
My~ =Zve,
"N\2
~2 v 2
v 1|8+ 16(7) & g
My =—Jg*+ g’ |-| ———=— + 1| - :
2 2 :
2 2 g + g sin20g_1. /g% + gl2
2+ 16(V—’)2g’2
vV 2 1 v 1 g
My =—\g+g || ————+ 1|+ ) (16)
2 "2 g2 + 812 sin293,L11g2 + g12




Table 1. Fermion, vector boson,

scalar coupling and scalar self-interactions in the B-L model.

Particle Couplings
fFh gin = i? sin o
ffH 8in = 1? cos
2
Z,Z,h &rzn = —iTZgW cos v
Z,Z,H 8770 = 7i¥ 2w sin «v
— o
W, W, h Sw-wtn = ‘ﬁ&m cosa
— —T -
W, W, H Swwtn = Y, §u SMA
Z,Zh 87z = 21| v eosaf (Bar. ) — V'sinag Ope. &) [8,.
f s 8) = —sin@0)(g7 + & + &7 — 2c0sQ20g g’ + &5
1 2
gOp1, &) = sin20"g.
Z,ZH 8oz = 2i[ Jvsinof (BeL. ) + v/ cosag (L. g) [,

W/z (p])wz/‘ (pz)Z/) (P3)

Sw-w+z = —igcos by cosOp_L[(Py = P28 + (P2 — P38y + (P3 — P8

Wi (pp W, (p)Z',(p3y)

gw-wrz = —igcos Oy sinOs_L[(py — P2)p&u + (P2 — P38y + (P3 — P8

T 1 _ = 121
Z,Z,h 87y = —8sinag Vg,
1l _ . 12
Z,Z,H 8pzn = —8cosag v 8w
_ MR
vgrRh 8upogh = Tl s«
— — Mg -
vRURH 8upign = 1 Cos @
T T - -
= - A\v(@Bcosa + cos3a) + AV (—3sina + sin3a
hhh i = v (Bcosa + cos3a) + ;A (—3sina + sin3
1 . .
+§)\3 [v(cosa — cos3a) — V/(sina + sin3a)]
h = 3\ v(cos?asina) + 3X1/(cos a sin®a
hhH i = 3 0

+%/\3 [V/(cosa + 3cos3a) + v(sinaw — 3sin3a)]

£00560 (9102) € "SAUd "Med JoNN 1O ‘shud T

| J8 zeyoueg-zaliwey 4
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where M and Mj; are the SM gauge bosons masses and My is the mass of new neutral gauge
boson Z’, which strongly depends on v' and gl’ . For § = 0, there is no mixing between the
new and SM gauge bosons Z’ and Z. In this case, the U (1)g_1. model is called the pure or
minimal model U (1)g_r. In this article we consider the case g = 0, which is mostly
determined by the other gauge couplings g; and gl’ [65-67]. The electroweak precision
measurement data can give stringent constraints on the Z — Z’ mixing angle 65 _; expressed
in equation (15) [68].

In the Lagrangian of the SU (3)c x SU(2), x U(1)y x U (1)g_r model, the terms for
the interactions between neutral gauge bosons Z, Z’ and a pair of fermions of the SM can be
written in the form [4, 5, 69-71]

Lyc

i 1 ! / /
va” &l — gz, + —= va“g(gvf N2 (17)

cos&W T 0s 0w 7

From this Lagrangian we determine the expressions for the new couplings of the Z, Z'
bosons with the SM fermions, which are given in table 2. The couplings gv (g 'y and gf (g'f )
depend on the Z — Z’ mixing angle 0p; and the coupling constant gl’ of the B-L interaction.
In these couplings, the current bound on the mixing angle is || < 1073 [72]. In the
decoupling limit, when fg; = 0 and gl’ = 0, the couplings of the SM are recovered.

3. The decay widths of the Z’ boson in the B-L model

In this section we present the decay widths of the Z’ boson [26, 69, 73-75] in the context of
the B-L. model needed in the calculation of the cross section for the Higgs-strahlung process
ete™ — Zh. The decay width of the Z’ boson to fermions is given by

AM? M?
L(Z — ff) = —ENMMy |1 — —|(gDH*1 + 2| —L
Z' — ff)= ﬁ 7 7 [(g V){ + (Mzz)}
+ (g’f>2{1 - 4[Mf ]}] (18)
M2,

where N, is the color factor (N, = 1 for leptons, N, = 3 for quarks) and the couplings g’ {; and
g/&f of the Z’ boson with the SM fermions are given in table 2.
The decay width of the Z’ boson to heavy neutrinos is

g’ 4aM;? 4M;}
F(Z, — VRVR) —_— SlIl2 eBLsz 1 — =1 - X s (19)
24w M, M,

where the width given by equation (19) implies that the RH neutrino must be lighter than half
the Z’ mass, M,,, < %, and the conditions under which this inequality holds is for coupled

heavy neutrinos, i.e. with minor mass less than % The possibility of the Z’ heavy boson
decaying into pairs of heavy neutrinos is certainty one of the most interesting of its features.
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Table 2. The new couplings of the Z, Z’ bosons with the SM fermions. g = ¢/sin Oy
and fg is the Z — Z’ mixing angle.

Particle Couplings

fz g‘f' = T3f cos O, — 20y sin By cos g1 + 2% cos Oy sin Oy,

gl = T cos .

#Fz 3‘7 = —T{ sinfpy — 20 sin? Oy sin Op + z% cos Oy cos Og1,

ggf = —T3f sin HBL-

The Z’ partial decay widths involving vector bosons and the scalar bosons are

GrM;, : My
[(Z' — WIW™) = ——% cos? Oy sin? GBLMZ/(MZ )

2472 2

2
[1 - 4M ] [1 + 20 LT 12MW] (20)
MZ/ Z/ Mz/

MMy M}
I'(Z' — Zh) = GF—ZZ\/)Th[)\h + 12M—§][f(GBL, gll)cosa + g(0pL, g]/)sin al?,

2472 £
1)
, G Mz My M2
I'(Z' - ZH) = ——=—=J u| \u + 12 Z |[f (OpL, g))sina — g(@pr, g/)cos al?,
2472 2,
(22)

where

2
M Mgy _ M ’ My M My M2\( My
M| L =5 =1 [ 5| =22 25 | 2 e e |
M2 M M2 M2 M M M2\ a2

V2 2 /
fOsL. g) = [1 + 4; ]Sln(29BL) + (]\j ]COS(ZGBL)
7 7

/
0. o) = 12%
g(OsL, &) (_4M

2
74

)gIIZ sin (29BL)
(23)

In the BL model, the heavy gauge boson mass M satisfies the relation My = 2v’g1'

£ > 6.9 TeV [62, 76, 771,
1

it is possible to obtain a direct bound on the B-L breaking scale v'. In our next numerical

calculation, we will take v/ = 3.45 TeV, while « :g for the h — H mixing angle in
correspondence with [4, 13, 14, 78].
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4. The Higgs-strahlung process et e~ — Zh in the B-L model

In this section, we calculate the Higgs production cross section via the Higgs-strahlung
process ete~ — Zh in the context of the B-L model at future high-energy and HL linear
electron-positron colliders, such as the ILC and CLIC.

The Feynman diagrams contributing to the process ete™ — (Z, Z') — Zh are shown in
figure 1. The respective transition amplitudes are thus given by

_ig = 1 e e
Mz = cos 0 [v (pl)v“g(gv - gﬂs)u(pz)]
(=8, + .0, /M) 2MZcosa |,
" 2/ —-| == 4 (2), (24)
[(I-?1 + pz) - MZ - lrz]
M " [_(p YL (gl — g“p)uc )] (8 + 02/ Mp) [ 2043
= v —(g — u(p .
“7 cos Ow VY AD : [(p, + Py)* — MZZ/ — 11“%,] V
X [f (OpL. g)cos a + g(OpL, g/)sinalel(Z), (25)

where €5 (Z) is the polarization vector of the Z boson. The couplings gv, g4, &'V, g’ are given
in table 2 and the functions f (6g, gl/) and g (fpy, gl') are given in equation (23), while I’ is
obtained of equations (18)—(22)

The parameters of the U (1)g_1 model, My, gll, fgr and «, contribute to the total cross
section for the process ete™ — (Z, Z') — Zh, and the expressions for the total cross section
of the Higgs-strahlung process for the different contributions can be written in the following
compact form [69]:

orot(eTe™ — Zh) = oz(ete” — Zh) + oz (ete” — Zh) + o7 (ete” — Zh), (26)
where

GEM cos® a sVAA + 12M2 /5]

ete™ — Zh) = 07+ (g))? ’ 27
oz(ete — Zh) ryral 2 A vy v e 27)
GiM? sV + 12M2 /5]
op(ete — Zh) =——L1(g)? + (8,7] ;
z 2r OV S0 M s — M2 + METL]
X [f @pL, g)cosa + g(@pL, g)sinal?, (28)

2176
GrM7 cos

e | e re 1
077/ (ete” — Zh) = [g58, + 858, 15V A [Mz (A + 12M3/s)
7

61w
1 2 2 SA 2
A+ 6(MZ — M) /5) + ——(\ — 12M2/5)
M2 8M2 M2,

[(s — M))(s — My) + MyMp T,y
[(s — M2 + METZ[(s — M7)? + MyT%)]
X [f(OpL. g)cosa + g(OpL, g)sinal, (29)
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e , h,H

Figure 1. Feynman diagram for the Higgs-strahlung processes ete™ — Zh and
ete” — ZH in the B-L model.

with

2
A[%%)_( _ﬁé_&%] MM (30)

b
N N N N S2

the usual two-particle phase space function.

The expression given in equation (27) corresponds to the cross section with the exchange
of the Z boson, while the expressions given in equations (28) and (29) come from the con-
tributions of the B-L model and of the interference, respectively. The SM expression for the
cross section of the reaction ete™ — Zh can be obtained in the decoupling limit when g, = 0,
gl’ = 0 and o = 0. In this case, the terms that depend on 6y , gl/ and « in equations (27)—(29)
are zero and equation (26) is reduced to the expression given in [46, 50] for the SM.

5. The decay widths of the H Higgs boson in the B—L model

In this section we present the decay widths of the H Higgs boson [4, 5, 79] in the context of
the B-L. model which we need to study the process ete™ — ZH. The decay width of the H
boson to fermions is given by

MM, amzy
MM L | sin2a, (31)
472
where Ny is the color factor, 1 for leptons and 3 for quarks.

The H partial decay widths involving vector bosons, heavy neutrinos and the scalar
boson are

L(H - ff) =

M; aM3 M am} Y
T — wiwoy = 22y -4+ 3 | [sin?a, (32)
87v2 M7 My A\ M}

G M aM2 M2 am2 Y
T(H — 77) = -1 |1 - 22 [1 —4=Z 4 3[—2 sinfa,  (33)

1672 M}, mr A\ M

M} My

I'(H — vgrg) =
( RVR) Tors?

(34)
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2 2
4M,

T(H — hh) = it - —r,
327My M,

(35)

where the coupling g, is given in table 1.

6. The Higgs-strahlung process et e~ — ZH in the B-L model

In this section, we calculate the Higgs production cross section via the process ete™ — ZH in
the context of the U ()g_p model at future high-energy and HL linear electron-positron
colliders such as the ILC and CLIC.

The Feynman diagrams contributing to the process ete™ — (Z, Z') — ZH are shown in
figure 1. The respective transition amplitudes are thus given by

_ 2) 5 .
- [ e (=8, + pu/Mz 2M; sina |,
M = (L — ,
Z7 cos Ow [V (P 2 (&v gA%)u(pz)] [(p, + py)? — —il'%] €
(36)
(7g11/ +ptpz//luZz’) 2M2
Mz = [v(p )7“ (& — g wulp )] A : z
9w ! Vo BT (py + py)? — ME — T
X [f (OB, g)sinor — g(OpL, g)cos aley. (37)

Following a similar procedure as that of section 4, we show our results for the total cross
section of the Higgs-strahlung process for the different contributions which can be written in
the following compact form:

oro(ete™ — ZH) = oz(ete™ — ZH) + oy (ete™ — ZH) + o7z (ete” — ZH), (38)
where

GEM} sin® o sVAA + 12M2 /5]

ete” — ZH N2 4 (g9)? , 39
oz( — ZH) = . [(g)" + (g)) ][(sszz)erMZzF%] (39
GEMS . sVYAA + 12M2 /s
op(ete — zH) = FML [(gre 4 (g — A M/
247T MZ/[(S — MZ') + MZ/FZ/]
X [f (@B, g)sine — g (gL, g)cosal?, (40)
GEMS sin o ¢ ¢ te 1
o7z/(ete” — ZH) = %{ gra + ga1svA [V%(A + 12M3/5)
1 2 S)\ 2
SO+ 6(MZ — Mz)/s) + =\ — 12M3/s)
Z/ 8 Z Z/

[(s — M7)(s — My) + MMy Tyly]
[(s — M2)* + M2T2][(s — M2)? + MZT%)]
X [f (OpL, g))sina — g (0L, g)cosal, (41)
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with

M2 M M2 MR MEME
A[l,—z,—H](lTZTH —4 ZS2H. (42)

The expression given in equation (39) corresponds to the cross section with the exchange
of the Z boson, while the expressions given in equations (40) and (41) come from the
contributions of the B-L model and of the interference, respectively. In the decoupling limit
when g, = 0, gl/ = 0 and oo = 0, the total cross section of the reaction eTe~ — ZH is zero.

7. Results and conclusions

7.1. Higgs boson production and decay h in the B—-L model

In this section we evaluate the total cross section of the Higgs-strahlung process
ete™ — (Z,Z'") — Zh in the context of the B-L model at next generation linear e*e~ col-
liders such as the ILC and CLIC. Using the following values for numerical computation
[72]: sin?6y = 0.231 26 £ 0.000 22, m, = 1776.82 + 0.16 MeV, m;, = 4.6 &+ 0.18 GeV,
m; = 172 + 0.9 GeV, My, = 80.389 £+ 0.023 GeV, M; = 91.1876 £+ 0.0021 GeV,
I; =2.4952 + 0.0023 GeV, M, = 125 £ 0.4 GeV and considering the most recent limit
from [62, 76, 77]:

My
g

> 6.9 TeV, (43)

it is possible to obtain a direct bound on the B-L breaking scale v and take v/ = 3.45 TeV

and o = % In our numerical analysis, we obtain the total cross section

Otot = Otor (NS, My, gll, 0L, ). Thus, in our numerical computation, we will assume /s,
My, gl’, fpL and « as free parameters.

In order to determine how g,,,, coupling change from their SM value, as well as the
functions f (6g, gl’ ) and g (ApL, gl’ ) with respect to the parameters of the B-L model, we give
a 2D plot in figure 2. As seen from this figure, both the g,,/, coupling and the functions
f (gL, g) and f(OgL, g) strongly depend on g/.

In figure 3 we present the total decay width of the Z’ boson as a function of M, and the
new U (1)g_ gauge coupling gll, respectively, with the other parameters held fixed to three
different values. From the top panel, we see that the total width of the Z’' new gauge boson
varies from very few to hundreds of GeV over a mass range of 1000 GeV < Mz < 3500 GeV,
depending on the value of gl’, when gl’ = 0.145, 0.290, 0.435, respectively. In the case of the
bottom panel, a similar behavior is obtained in the range 0 < gl/ < 1 and depends on the value
My = 1000, 2000, 3000 GeV. The branching ratios versus Z’ mass and the coupling gl' are
given in figure 4 for different channels: BR(Z' — ff), BR(Z' — W+W~), BR(Z' — Zh),
BR(Z' — ZH) and BR(Z' — vgiy), respectively. In these figures, the BR(Z' — ff) is the
sum of all BRs for the decays into fermions.In the case of the top panel, we consider
Og_1. = 1073, gll = 0.290 and 1000 GeV < Mz < 3500 GeV. For the bottom panel, we

13
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consider fg_ = 1073, My = 2000 GeV and 0 < gl' < 1. In both figures a clear dependence
is observed on the parameters of the U (1)g_ model.

We present figures 5-9 to illustrate our results regarding the sensitivity of the Z’ heavy
gauge boson of the B—L model as a Higgs boson source through the Higgs-strahlung process
ete™ — (Z, Z") — Zh, including both the resonant and non-resonant effects at future high-
energy and high luminosity linear eTe™ colliders, such as the ILC and the CLIC.

In figure 5, we show the cross section o (eTe~ — Zh) for the different contributions as a
function of the center-of-mass energy /5 for fg_p = 10~ and gll = 0.290: the solid line
corresponds to the SM and the dashed line corresponds to o7 (eTe™ — Zh) (equation (27)),
where the U (1)5_; model contributes to the couplings g}, and g} of the SM gauge boson Z to
electrons. The dotted—dashed line corresponds to oz (ete™ — Zh) (equation (28)), which is
only the B-L contribution, while the dot dotted—dashed line corresponds to the interference
o0z.7:(eTe” — Zh) (equation (29)). Finally, the dot line corresponds to the total cross section
of the process ete™ — Zh (equation (26)). In figure 5, we can see that the cross section
corresponding to o7 (ete™ — Zh) decreases for large /s, whereas in the case of the cross
section of the B-L. model equation (28) and the total cross section equation (26), respectively,
there is an increased for large values of the center-of-mass energy, reaching its maximum
value at the resonance Z’ heavy gauge boson, which is to say, /s = 2000 GeV.

We plot the total cross section of the reaction ete™ — Zh in figure 6 as a function of the
center-of-mass energy, /s for the values of the heavy gauge boson mass of
Mz = 1000, 2000, 3000 GeV and gl’ = 0.145, 0.290, 0.435, respectively. It is worth men-
tioning that the choice of the values for M, and gll is accomplished by maintaining the
relationship between My and gl’ given by equation (43). This relationship will always remain
throughout the article. In figure 6 we show that the cross section is sensitive to the free
parameters and also observe that the height of the resonance peaks for the boson Z’ changes
depending on the value of \/s = MZZ/. In addition, the resonances are broader for larger gl’
values, as the total width of the Z’ boson increases with gl’, as shown in figure 3.

An important quantity is the statistical significance

Bl — oM Ao,
S[o] = |0 Zn wl _ | Sz;|m, (44)
Zh

BL
e \O

where 60, is the statistical uncertainty, and £ the integrated luminosity. It determines the
deviation of the cross section from the SM prediction, in terms of standard deviations. In
figure 7 we show the energy dependence of this statistical significance for £ = 1000 fb~!, and
for three different masses, M, with its corresponding value for g]' : Mz = 1000 GeV and
gl’ = 0.145, Mz = 2000 GeV and gl’ = 0.290, Mz = 3000GeV and gl/ = 0.435,
respectively. As seen in the figure, the peaks are located at energies of
/s = 1000, 2000, 3000 GeV. The figure also shows that the sensitivity is reduced at higher
Z' masses. The statistical significance S[o] as a function of gl’ is shown in figure 8 for
Mz = 1000, 2000, 3000 GeV and /s = 1000, 2000, 3000 GeV with £ = 1000,
respectively. It is clear that the S[o] increases as gl/ increases, and demonstrates a clear
dependence on the parameters of the model. Thus, in a sizeable parameter region of the B-L
model, the new heavy gauge boson Z’ can produce a significant signal which can be detected
in future ILC and CLIC experiments.
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Figure 3. Top panel: Z’ width as a function of My for fixed values of g/. Bottom panel:
Z' width as a function of gll for fixed values of M.
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Figure 4. Top panel: branching ratios as a function of M. Bottom panel: branching
ratios as a function of g/.

The correlation between the heavy gauge boson mass M, and the gll coupling of the
U (1)g. model for the cross section of opy = 100, 200, 400, 500 fb (top panel) with
Vs = 1000 GeV, oro = 10, 20, 30, 35fb (central panel) with /s = 2000 GeV and
orot = 4, 5, 6, 7 fb (bottom panel) with /s = 3000 GeV is presented in figure 9. From the
plots we see that there is a strong correlation between the gauge boson mass My’ and the new
gauge coupling gl’ .

From figures 5-9, it is clear that the total cross section is sensitive to the value of the
gauge boson mass My, center-of-mass energy /s and g1’ , which is the new U (1)g_1 gauge
coupling. The total cross section increases with the collider energy and reaching a max-
imum at the resonance of the Z’ gauge boson. As an indicator of the order of magnitude, we
present the Zh number of events in table 3 for several center-of-mass energies
Vs = 1000, 2000, 3000 GeV, integrated luminosity £ = 500, 1500, 2000 fb~' and heavy
gauge boson masses Mz = 1000, 2000, 3000 GeV with gl’ = 0.145, 0.290, 0.435, respec-
tively. It is worth mentioning that the values reported in table 3 for the total number of
events Zh are determined while preserving the relationship between M, and gl/ given in
equation (43). We find that the possibility of observing the process eTe™ — (Z, Z') — Zh is
very promising as shown in table 3, and it would be possible to perform precision mea-
surements for both the Z’ and Higgs boson in the future high-energy and HL linear ete™
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Figure 5. The cross section of the production process eTe™ — Zh as a function of /s
for M;, = 125 GeV, Mz = 2000 GeV and g,' = 0.290. The curves are for the SM

(solid line), o7 (equation (25)) (dashed line), o/ (equation (26)) (dotted—dashed line),
07,7 (equation (27)) (dot dotted—dashed line), and the doted line correspond to the total

cross section of the process oy (equation (24)), respectively.
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Figure 6. The total cross section of the production process ete™ — Zh as a function of
Js. The curves are for Mz» = 1000 GeV and gl’ = (.145 (solid line), My = 2000 GeV

and gl' = 0.290 (dashed line), Mz = 3000 GeV and gl’ = 0.435 (dotted—dashed line),
respectively.

colliders experiments. We observe in table 3 that the cross section rises once the threshold
for Zh production is reached, with the energy, until the Z’ is produced resonantly at
/s = 1000, 2000 and 3000 GeV, respectively, for the three cases. Afterwards it decreases
with rising energy due to the Z and Z’ propagators. Another promising production mode for
studying the Z’ boson and Higgs boson properties of the B-L model is
ete” — (Z,Z'") — ZH, which is studied in the next subsection.
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Figure 8. The statistical significance S [o] of equation (41) as a function of gll. Starting
from the top, the curves are for My = 1000, 2000, 3000 GeV  and
Js = 1000, 2000, 3000 GeV with £ = 1000 fb~!, respectively.

7.2. Heavy Higgs boson production and decay H in the B—-L model

As in the previous subsection, in this study we use the Higgs-strahlung process
ete™ — (Z, Z") — ZH to investigate the impact of the parameters of the B-L model on this
process. First, we present figure 10 in order to analyze the behavior of the coupling g, as
well as of the functions f(fg, gl' ) and g(fgL, gll) with respect to the parameters of the
model. From this figure is clear that both the coupling g,,,, and the functions f (fgL, gl') and
g (0L, gl' ) are sensitive to the parameters of the model.
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Figure 9. Correlation between My and gll . Top panel: the contours are for
oot = 100, 200, 400, 500 /b and /s = 1000 GeV. Central panel: the contours are
for ore, = 10, 20, 30, 35 fb and /s = 2000 GeV. Bottom panel: the contours are for

Orot = 4, 5,6, 7fb and /5 = 3000 GeV.

In figure 11, we present the total decay width of the H heavy Higgs boson as a function of
My; and on the scalar mixing cos «, respectively. In the top panel figure, we observed that
total width of the H Higgs boson varies from a few to hundreds of GeV over a mass
range of 400 GeV < My < 1000 GeV, depending on
cosa = 0.2, 0.4, 0.6, 0.8, respectively. In the bottom panel figure, we show the dependence
of total decay width of the heavy scalar boson I'y; on the scalar mixing cos « for different
values of My and a moderate value of the mass of the heavy neutrinos M,, = 300 GeV. For

the value de cosa, i.e.
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Table 3. Total production of Zk in the B-L model for M = 1000, 2000, 3000 GeV,
£ = 500, 1500, 2000 b~ !, M, = 125 GeV, o = 7/9 and 05_, = 1073

L = 500; 1500; 2000 fb~!

J5 (GeV) My = 1000 GeV My = 2000 GeV My = 3000 GeV
g =0.145 g = 0.290 g = 0435
1000 227280; 681841;
909124
2000 16502; 49506; 66008
3000 3788; 11365; 15154

higher My, the decay width becomes larger for large mixing. This plot also shows that for the
limiting case when cos @« — 1, without mixing between the scalar bosons, I, (H) — 0 and
hence it is completely decoupled from the SM.

In figure 12, the top panel shows the branching fractions of H decays in ff, W—W+, ZZ,
hh and vgDg as function of its mass, varying My between 400 GeV and 1000 GeV for

M,, = 300 GeV and o = % As is clear from top panel, the three most dominant decay modes

of H are W"W, ZZ and ff. The bottom panel shows the branching ratios of H as function of
the scalar mixing cos a for a given value of My = 800 GeV and M,,, = 300 GeV. The W W+
pairs clearly dominate the H decays.

The total cross section for the Higgs-strahlung production processes ete™ — ZH as a
function of the collision energy for M, = 125GeV, My = 800GeV, M,, = 300 GeV,
Mz = 2000 GeV and gl’ = 0.290 GeV is shown in figure 13. In this figure the curves are for
oz(ete™ — ZH) (equation (39)) (solid line), o,/ (eTe™ — ZH) (equation (40)) (dashed line),
oz.7(eTe” — ZH) (equation (41)) (dotted—dashed line), and the dot dotted—dashed line
corresponds to the total cross section of the process ory(ete — ZH) (equation (38)),
respectively.

To see the effects of Op; , gll, My, the free parameters of the B—L model, we plot the total
cross section of the process ee™ — ZH in figure 14 as a function of the center-of-mass
energy /s for the values of the heavy gauge boson mass of Mz = 1000 GeV with
g/ = 0.145, My = 2000 GeV with g’ =0.290 and My = 3000 GeV with g’ = 0.435,
respectively, preserving the relationship between Mz and gl’ given by equation (43). In this
figure we observed that for /s = My, the resonant effect dominates, the cross section is
sensitive to the free parameters. We also observe that the height of the resonance peaks for the
boson Z’ change depending on the value of /5 = MZZ/, and in addition, that the resonances are
broader for larger gll values, as the total width of the Z’ boson increases with gl/, as is shown
in figure 3.

In figure 15, we show the correlation between the heavy gauge boson mass My and the
g{ coupling of the U (1) model for the cross section of o, = 10, 20, 30, 40 fb (top panel),
orot = 1, 1.5, 2, 3 fb (central panel) and o1, = 0.3, 0.4, 0.5, 0.7 fb (bottom panel). From
the plots we see that there is a strong correlation between My and gl/.
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Figure 11. Top panel: heavy Higgs boson decay width as a function of My for

M, = 125 GeV and M,,, = 300 GeV. Bottom panel: heavy Higgs boson decay width
as a function of cos a.
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Figure 12. Top panel: branching ratios as a function of My for M, = 125 GeV and
M,, = 300 GeV. Bottom panel: branching ratios as a function of cosa for

M), = 125 GeV, My = 800 GeV and M,,, = 300 GeV.

Finally, from figures 1315, it is clear that the total cross section is sensitive to the
value of the gauge boson mass My, center-of-mass energy /s and gll, which is, the new
U (1)g_r gauge coupling, increases with the collider energy and reaching a maximum at the
resonance of the Z’ gauge boson. As an indicator of the order of magnitude, we present the
ZH number of events in table 4, for several center-of-mass energies
V5 = 1000, 2000, 3000 GeV, integrated luminosity £ = 500, 1500, 2000 f6~! and heavy
gauge boson masses My = 1000, 2000, 3000 GeV with g]’ = 0.145, 0.290, 0.435, respec-
tively. It is worth mentioning that the values reported in table 4 for the total number of
events ZH are determined while preserving the relationship between My and gl’ given by
equation (43). We find that the possibility of observing the process ete™ — (Z, Z') — ZH
is very promising as shown in table 4, and it would be possible to perform precision
measurements for both the Z’ and Higgs boson in the future high-energy linear ete~
colliders experiments. We observed in table 4 that the cross section rises once the threshold
for ZH production is reached, with the energy, until the Z’ is produced resonantly at
Vs = 1000, 2000 and 3000 GeV,respectively, for the three cases. Afterwards it decreases
with rising energy due to the Z and Z’ propagators.
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Figure 13. The cross section of the production process ete™ — ZH as a function of /s

for M;, = 125 GeV, My

= 800 GeV, Mz = 2000 GeV and gl' = 0.290. The curves are

for oz(ete™ — ZH) (equation (37)) (solid line), oz (ete”™ — ZH) (equation (38))
(dashed line), 077 (ete” — ZH) (equation (39)) (dotted—dashed line), and the dot
dotted—dashed line correspond to the total cross section of the process ot (eTe — ZH)
(equation (36)), respectively.
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0 500 1000

1500 2000 2500 3000 3500

V3 (GeV)

Figure 14. The total cross section of the production process ete” — ZH as a function
of /s for M;, = 125 GeV and My = 800 GeV. The curves are for Mz = 1000 GeV
and gl' = 0.145 (solid line), Mz = 2000 GeV and gI' = 0.290 (dashed-line),

Mz = 3000 GeV and gl’ = 0.435 (dotted—dashed line), respectively.

In conclusion, in this article we

have studied the phenomenology of the light and heavy

Higgs boson production and decay in the context of a U (1)g_ extension of the SM with an
additional Z’ boson at future ee~ linear colliders with center-of-mass energies of
V5 = 500-3000 GeV and integrated luminosities of £ = 500-2000 fb!. Our study covers
the Higgs-strahlung processes ete™ — (Z, Z') — Zh and ete™ — (Z, Z') — ZH, including
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Figure 15. Correlation between My and gl/. Top panel: the contours are for
oot = 10, 20, 30, 40 /b and /s = 1000 GeV. Central panel: the contours are for
oot = 1, 1.5,2,3fb and /s = 2000 GeV. Bottom panel: the contours are for
orot = 0.3, 0.4, 0.5, 0.7 fb and /s = 3000 GeV.

both the resonant and non-resonant effects. We find that the total number of expected Zh and
ZH events can reach 909, 124 and 97, 487, respectively, which is a very optimistic scenario
and it would be possible to perform precision measurements for both Higgs bosons 4 and H,
for the Z’ heavy gauge boson, as well as for the parameters of the model g 1, gI’ and « in
future high-energy and HL e*e™ colliders experiments such as the ILC and CLIC. In addition,
the SM expression for the cross section of the reaction eTe™ — Zh can be obtained in the
decoupling limit when 6g_ = 0, gl’ = 0 and a = 0. In this case, the terms that depend on
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Table 4. Total production of ZH in the B-L model for M = 1000, 2000, 3000 GeV,
£ = 500, 1500, 2000 fb~ !, My = 800 GeV, a = 7/9 and 0_, = 1073,

L = 500; 1500; 2000 fb!

Js (GeV) My = 1000 GeV Mz = 2000 GeV Mz = 3000 GeV

g =0.145 g = 0290 g = 0435
1000 24371; 73115; 97487
2000 1437; 4312; 5750
3000 289; 869; 1158

Og_1, gl’ and « in (26) are zero and (26) is reduced to the expression given in [46, 50] forthe
SM. Our study complements other studies on the B-L. model and on the Higgs-strahlung
processes ete” — (Z, Z') — Zh and ete” — (Z, Z') — ZH.
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