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What can a heavy U(1)g_1. Z’ boson do to the muon (g -2), anomaly
and to a new Higgs boson mass?*
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Abstract: The minimal U(1)g_ extension of the Standard Model (B-L-SM) offers an explanation for neutrino
mass generation via a seesaw mechanism; it also offers two new physics states, namely an extra Higgs boson and a
new Z’ gauge boson. The emergence of a second Higgs particle as well as a new Z’ gauge boson, both linked to the
breaking of a local U(1)g_L. symmetry, makes the B-L-SM rather constrained by direct searches in Large Hadron

Collider (LHC) experiments. We investigate the phenomenological status of the B-L-SM by confronting the new

physics predictions with the LHC and electroweak precision data. Taking into account the current bounds from dir-

ect LHC searches, we demonstrate that the prediction for the muon (g —2),, anomaly in the B-L-SM yields at most a

contribution of approximately 8.9x 107!2 | which represents a tension of 3.28 standard deviations, with the current

1o uncertainty, by means of a Z’ boson if its mass is in the range of 6.3 to 6.5 TeV, within the reach of future LHC

runs. This means that the B-L-SM, with heavy yet allowed Z’ boson mass range, in practice, does not resolve the

tension between the observed anomaly in the muon (g—Z)F and the theoretical prediction in the Standard Model.

Such a heavy Z’ boson also implies that the minimal value for the new Higgs mass is of the order of 400 GeV.
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I. INTRODUCTION

It is unquestionable that the Standard Model (SM) is a
successful framework that accurately describes the phe-
nomenology of particle physics up to the highest energy
scales probed by collider measurements so far. In fact,
contemporary direct searches for new physics or indirect
probes (e.g., via flavor anomalies) have been showing an
increasingly puzzling consistency with the SM predic-
tions. However, it is equally true that the SM has its
weaknesses, and several open questions are yet to be un-
derstood. One such weakness is a missing explanation of
tiny neutrino masses confirmed by flavor-oscillation ex-

periments. The minimal way of addressing this problem
is by adding heavy Majorana neutrinos, for realizing a
seesaw mechanism [1-3]. However, the mere introduc-
tion of an arbitrary number of heavy neutrino generations
can raise new questions, in particular, how such a new
scale is generated from a more fundamental theory.
Among the simplest ultraviolet (UV) complete theor-
ies that dynamically address this question is the minimal
gauge-U(1)p_1, extension of the SM [4-7], traditionally
dubbed as the B-L-SM. As its name suggests, the B-L-
SM promotes an accidental conservation of the differ-
ence between the baryon (B) and lepton (L) numbers in
the SM to a fundamental local Abelian symmetry group.
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Furthermore, such a U(1)g-;, symmetry can be embed-
ded into larger groups, e.g., SO(10) [8-12] or E¢ [13-15],
making the B-L-SM well motivated by Grand Unified
Theories (GUTs). The presence of three generations of
right-handed neutrinos also ensures a framework free of
anomalies, with their mass scale developed once the
U(1)p_L is broken by the VEV of a complex SM-singlet
scalar field, simultaneously giving mass to the corres-
ponding Z’ boson.

The cosmological implications of the B-L-SM are
also relevant. First, the presence of an extended neutrino
sector implies the existence of a sterile state that can be
keV- to TeV-scale Dark Matter candidate [16]. Particu-
larly, it can be stabilized by imposing a Z, parity as it
was done, e.g., in Refs. [17-19]. The U(1)g_L model with
sterile neutrino Dark Matter can also explain the ob-
served baryon asymmetry via the leptogenesis mechan-
ism (see Refs. [20-24] for details). As was mentioned
earlier, the B-L-SM features an extended scalar sector
with a complex SM-singlet state y, which, besides en-
riching the Higgs sector with a new potentially visible
state, can cure the well-known metastability of the elec-
troweak (EW) vacuum in the SM [25-27]. Indeed, it was
shown in Ref. [28] that an additional physical scalar with
a mass beyond a few hundred GeV can stabilize the
Higgs vacuum all the way up to the Planck scale. In the
framework of the B-L-SM, a complete study of the scalar
sector was performed in Ref. [29], where the vacuum sta-
bility conditions valid at any Renormalization Group
(RG) scale were derived. Last but not least, the presence
of the complex SM-singlet y interacting with a Higgs
doublet typically enhances the strength of the EW phase
transition, potentially converting it into a strong first-or-
der one [30].

Another open question that has no solution in the SM
framework is the discrepancy between the measured an-
omalous magnetic moment of the muon, a," =
%(g -2),;*, and its theoretical prediction, a3™ = %(g - Z)EM,
which reads [31, 32]

Aay = a,” - aM =261(63)(48)x 107! )

with the numbers in the brackets denoting experimental
and theoretical errors, respectively. This represents a ten-
sion of 3.3 standard deviations from the combined 1o er-
ror and calls for new physics effects beyond the SM the-
ory. In a recent work [33], it was further claimed that the
SM higher order perturbative corrections cannot explain
Aay,. A popular explanation for such an anomaly resides
in low-scale supersymmetric models [34-44] where
smuon-neutralino and sneutrino-chargino loops can ex-
plain the discrepancy (1). However, this solution is by no
means unique, and radiative corrections with new gauge
bosons can also contribute to the theoretical value of the

muon anomaly [45-48]. This is indeed the case for the B-
L-SM, or its SUSY version [49-51], where a new Z’
gauge boson can explain Ag,.

In a recent work [52], the impact of LHC searches for
a light Z’ boson, i.e., with mass ranging from 0.2 GeV to
200 GeV, was thoroughly investigated. The current col-
lider bounds are available from the ATLAS [53] and
CMS [54] searches for Drell-Yan Z’ production decay-
ing into di-leptons, i.e., pp — Z’ — ee,uu. In the current
work, we perform a complementary study where, for
heavy (TeV-scale) Z’ masses, the combined effect of the
electroweak precision and Higgs observables and col-
lider constraints on the pp — Z’ — ee,uu channel is in-
vestigated. We analyze whether the existing LHC con-
straints leave any room for partially explaining the
(g—2), anomaly and the impact it has on the model para-
meters and other physical observables, such as the
U(1)g-1. gauge coupling gp_, the kinetic mixing para-
meter gyg , and the extra scalar and Z’ boson masses.
Furthermore, with the current muon (g-2), experiment
E989 at Fermilab [55], it will be possible to either con-
firm or eliminate, at least partially, the currently ob-
served discrepancy, making our work rather timely.

The article is organized as follows. In Section 11, we
provide a brief description of the B-L-SM structure fo-
cusing on the basic details of scalar and gauge boson
mass spectra and mixing. In Section III, a detailed discus-
sion of the numerical analysis is provided. In particular,
we outline the methods and tools used in our numerical
scans as well as the most relevant phenomenological con-
straints leading to a selection of a few representative
benchmark points. In addition, the numerical results for
correlations of the Z’ production cross section times the
branching ratio for light leptons versus the model para-
meters and the muon (g-2), are presented. Finally, Sec-
tion IV provides a short summary of our main results.

II. MODEL DESCRIPTION

In this section, we highlight the essential features of
the minimal U(1)g_p extension of the SM that are relev-
ant to our analysis. Essentially, the minimal B-L-SM is a
Beyond the Standard Model (BSM) framework, contain-
ing three new ingredients: 1) a new gauge interaction, 2)
three generations of right handed neutrinos, and 3) a com-
plex scalar SM-singlet. The first one is well motivated in
various GUT scenarios [8-15]. However, if a family-uni-
versal symmetry such as U(1)g-p is introduced without
changing the SM fermion content, chiral anomalies in-
volving the U(1)g_ external legs would be generated. A
new sector of additional three B-L charged Majorana
neutrinos is essential for anomaly cancellation. In addi-
tion, the SM-like Higgs doublet, H, carries neither the ba-
ryon nor the lepton number and therefore does not parti-
cipate in the breaking of U(1)g_L. It is then necessary to

013103-2



What can a heavy U(1)g_, Z' boson do to the muon (g-2), anomaly and to a new Higgs boson ...

Chin. Phys. C 45, 013103 (2021)

introduce a new scalar singlet, y, solely charged under
U(1)g_L, whose VEV breaks the B—L symmetry on the
scale (y) > (H). It is also this breaking scale that gener-
ates masses for heavy neutrinos. The particle content and
charges of the minimal U(1)g_; extension of the SM are
summarized in Table 1.

Table 1.
B-L-SM. The last two columns represent the weak and B-L

Fields and their quantum numbers in the minimal

hypercharges, which we denote as Y and Yp_L throughout the

text.
SUB)c SUQ2)L U(l)y U()p-L

qL 3 2 1/6 1/3
UR 3 1 2/3 1/3
dr 3 1 -1/3 1/3
o 1 2 -1/2 -1
er 1 1 -1 -1
VR 1 1 0 -1

1 2 1/2 0
b% 1 1 0 2

A. The scalar sector
The scalar potential of the B-L-SM reads
V(H,y) =m*H H + 1" x + 1, (H H)*
+0¢X)? + 3 ) H H, ©)

where H and y are the Higgs doublet and the complex
SM-singlet, respectively, whose real-valued components
can be cast as

_ ! _i(wl_i(UZ) _ 1 ry
H—$( V+(l’l+iZ) ), X—$[)€+(l’l +1Z)]. (3)

While v and x are the vacuum expectation values (VEVs)
describing the classical ground state configurations of the
theory, & and K’ represent radial quantum fluctuations
around the minimum of the potential. There are four
Goldstone directions denoted as w;, ws, z, and 7/ , which
are absorbed into the longitudinal modes of the ¥, Z, and
7' gauge bosons once spontaneous symmetry breaking
(SSB) takes place. The scalar potential (2) is bounded
from below (BFB) whenever the conditions [29]

A0 -5>0, A,4,>0, 4)

are satisfied and the electric charge conserving vacuum

1 {0 X
= — e 5
e \/E(V) W V2 ©)

is stable. Resolving the tadpole equations with respect to
the VEVs, one obtains

(6)

which imply, together with the BFB conditions (4), that
A A
Aom? < ?3;12 and /ll,u2 < ?3m2. 7

While the signs of 4; and A, are positive, the inequalities
(7) put further constraints on the signs of m?, y?, and A3
according to Table 2. We see that if A3 is positive, a min-
imum in the scalar potential can emerge, provided that
both x?> and m? are not simultaneously positive.
However, in our studies, we have considered the A3 >0
solution in the last column of Table 2, where both the
SU(2). isodoublet and the complex singlet mass para-
meters are negative.

Table 2.
v symbol indicates the solutions of the tadpole conditions (7),
which, together with the positively-definite scalar mass spec-
trum, correspond to a minimum of the scalar potential, the
symbol X indicates unstable configurations.

Signs of parameters in the potential (2). While the

u>>0 >0 u? <0 u? <0

m*>0 m? <0 m*>0 m? <0
A3<0 x v v v
/13>0 X X X V4

Taking the Hessian matrix and evaluating it in the va-
cuum (5), one obtains

4,xF  A3vx
2 _ (412 3
M= (/l3vx 4/11\/2) ’ ®)

which can be rotated to the mass eigenbasis as

2
2 impg2 o (MO
m>=0""M 0-_( ' 2), )
i mn J 0 mh:

where the eigenvalues are

my =40+ o F A - 22+ (v, (10)

and the orthogonal rotation matrix O reads
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B (cos ay

—sinay,
sinay, ) ) an

cosay

The physical basis vectors #; and h; can then be written
in terms of the gauge eigenbasis ones /# and 4’ , as fol-

lows:
h h

In this article, we consider scenarios where U(1)g_r is
broken above the EW-scale, such that x > v. In the case of
decoupling v/x <« 1, the scalar masses and the mixing
angle become particularly simple,

. 1/13 1%
sinap = ———,

T mi‘ ~ 20V, miz ~ 20,07, (13)

which represents a good approximation for most of the
phenomenologically consistent points in our numerical
analysis discussed below.

B. The gauge sector

The gauge boson and Higgs kinetic terms in the B-L-
SM Lagrangian read

2 2 1 4 1 ’ v 1 LV
Luay = |DuH| +|Dux| —ZFWF“ —ZFWF” —EKFHVF” ,
(14)

where F* and F’* are the standard U(1)y and U(1)p_L
field strength tensors, respectively,

FHV = a#Av - aVA}l and F//IV = a/‘A:/ - aVAl’l ’ (15)

written in terms of the gauge fields A, and A}, respect-
ively. The « parameter in Eq. (14) represents the
U(l)y x U(1)p-L gauge kinetic mixing, while the Abelian
part of the covariant derivative reads

D, Dig1 YA, +ig|Y5_LA],. (16)

with g; and g/ being the U(1)y and U(1)p_L gauge coup-
lings, respectively; the Y and B —L charges are specified
in Table 1.

1. Kinetic-mixing

In order to study the kinetic mixing effects on physic-
al observables, it is convenient to rewrite the gauge kinet-
ic terms in the canonical form, i.e.,

FyyF* + FJ\ F'™ + 2kF,,, F' — B, B" + B B" . (17)

A generic orthogonal transformation in the field space
does not eliminate the kinetic mixing term. Thus, to satis-
fy Eq. (17), an extra non-orthogonal transformation
should be imposed, such that Eq. (17) is realized. Taking
k=sina, a suitable redefinition of fields {A,,A/} into
{By,B,} that eliminates k-term according to Eq. (14) can

be cast as
A\ (1 —tana\(B,
W)=l () (49

such that in the limit of no kinetic-mixing, a« =0. Note
that this transformation is generic and valid for any basis
in the field space. The transformation (18) results in a
modification of the covariant derivative that acquires two
additional terms encoding the details of the kinetic mix-
ing, i.e.,

Dﬂ Daﬂ +i(gY Y+gBY YBfL)B,u
+i(gp-L YB-L+gvB Y)B, (19)

where the gauge couplings take the form

8y = &1

8B-L = g seca
, (20)
8y = —g1tana

gey =0

which is the standard convention in literature. The result-
ing mixing between the neutral gauge fields including 7z’
can be represented as follows

Yu cos By sin By 0 B,
— | / / . , 3

Z, | =|—sinfycosdy,  cosbycosty, sindy, Aﬂ s
7 s s 4 / . / / /
Z# sinfy singy,  —cos6y, sindy, cosdy, Bﬂ

21
where 0y is the weak mixing angle, and 6}, is defined as

2gyB \/82 +8%(

)= ,
V(8 + 16023 | — 82— g3 + 4%y (82 +83)
(22)

sin(26y,

in terms of g and gy, which are the SU2)L and U(1)y
gauge couplings, respectively. In the physically relevant
limit, v/x < 1, the above expression greatly simplifies,
leading to
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) 1 gvB (V)2
Gy ~ = —) g2+, 23
sindy, 83 7)) V& T8y (23)

2
B-L

up to (v/x)* corrections. In the limit of no kinetic mixing,
i.e., gyg — 0, there is no mixture of Z’ and SM gauge bo-
sons.

Note that the kinetic mixing parameter 6;, has rather

I'a 0 0

0 I'e 0

2 2

2_V10 0 g

mv = —
410 0 -88Y
0 0 -—ggys
whose eigenvalues read

my =0, my = %vg (25)

corresponding to a physical photon and W* bosons as
well as

v
mzz = \182 +g§ 3
l[g%(B +16()°gh, N
2
2 g+ey

1] 8YB
sin(26;,) 4/g* + g%{
(26)

)

for two neutral massive vector bosons, with one of them,
not necessarily the lightest, representing the SM-like Z
boson. It follows from LEP and SLC constraints on 6},
that Eq. (23) also implies that either gyg or the ratio v/x
are small. In this limit, Eq. (26) simplifies to

my ~ %v,/g2+g%{ and my ~2gp_Lx,

where myz depends only on the SM-singlet VEV x and on
the U(1)g_r. gauge coupling and will be attributed to a
heavy Z’ state, while the light Z-boson mass corresponds
to its SM value.

27)

C. The Yukawa sector

One of the key features of the B-L-SM is the pres-
ence of non-zero neutrino masses. In its minimal version,
such masses are generated via a type-I seesaw mechan-
ism. The Yukawa Lagrangian of the model reads

Ly =Y, qrugiH - Y qridpiH - Y. tierH

o i
- Yy]fLiVRjH - EYXJV;{iVRjX +cC.C. (28)

stringent constraints from Z pole experiments, both at the
Large Electron-Positron Collider (LEP) [56] and the
Stanford Linear Collider (SLC) [57], restricting its value
to be smaller than 1073 approximately, which we set as
an upper bound in our numerical analysis. Expanding the
kinetic terms |D#H |2 + |D;4X|2 around the vacuum, one can
extract the following mass matrix for vector bosons

0 0
0 0
_8§Y —88YB (24)
8y 8Y8YB

2 X\,
8Y8YB  &yp Tt 16(;) 8B-L

[
Notice that Majorana neutrino mass terms of the form
M%vR would explicitly violate the U(1)g- symmetry
and are therefore not present. In Eq. (28), Y,, ¥, and Y,
are the 3x3 Yukawa matrices that reproduce the quark
and charged lepton sector of the SM, while Y, and Y, are
the new Yukawa matrices responsible for the generation
of neutrino masses and mixing. In particular, one can
write

2
Type-1 _ 1 v Tyv—1
m,; = %;YV Y){ YV (29)
for light v; neutrino masses, whereas the heavy v, ones

are given by

(30)

where we have assumed a flavor diagonal basis. Note that
the smallness of light neutrino masses implies that either
the x VEV is very large or (if we fix it to be at the O(TeV)
scale and Y, ~ O(1)) the corresponding Yukawa coupling
should be small, ¥, < 1076. It is clear that the low scale
character of the type-I seesaw mechanism in the minimal
B-L-SM is faked by small Yukawa couplings to the Higgs
boson. A more elegant description was proposed in Ref.
[58] where small SM neutrino masses naturally result
from an inverse seesaw mechanism. In this work,
however, we will not study the neutrino sector, and thus,
for an improved efficiency of our numerical analysis of
Z' observables, it will be sufficient to fix the Yukawa
couplings to ¥, = 107! and ¥, = 1077 values such that the
three lightest neutrinos lie in the sub-eV domain.

III. Parameter space studies

To assess the phenomenological viability of the min-
imal B-L-SM, we have developed a scanning routine that
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sequentially calls publicly available software tools in or-
der to numerically evaluate physical observables and con-
front them against experimental data. Analytical expres-
sions for such observables are calculated in SARAH
4.13.0 [59, 60] and then imported to SPheno 4.0.3 [61,
62], which is a spectrum generator where masses and
mixing angles, EW precision observables, the muon an-
omalous magnetic moment as well as a number of decay
widths and branching fractions are numerically evaluated.
In addition, various theoretical constraints, such as the
positivity of the one-loop mass spectrum and unitarity,
are taken into account. As a first step, our scanning
routine randomly samples parameter space points accord-
ing to the ranges in Table 3. As can be seen from Eq.
(13), A; varies in a rather narrow domain in comparison
to A23 , to comply with the experimental data on the SM
Higgs mass (in the limit of large singlet VEV). In particu-
lar, provided that SPheno computes the SM Higgs boson
mass in a two-loop order, the tree-level quantity v v21;
must not be too far from O(125 GeV) for most of the val-
id points. In fact, we have verified that valid points typic-
ally require 1; ~0(0.12-0.14), with a few cases where
quantum corrections are somewhat larger. For the singlet
VEV x, we scan over all its potentially phenomenologic-
ally interesting ranges, covering both large and small Z
masses and both heavy and light second Higgs bosons. In
particular, we aim at exploring a specific domain in the
parameter space where a heavy Z is still compatible with
a relatively light h,. As we will discuss below, our res-
ults demonstrate that a Z boson with mass up to 10 TeV
is still compatible with sub-TeV second Higgs state in the
considered BL-SM.

Table 3.
that the value of 4, is mostly constrained by the tree-level

Parameter scan ranges used in our analysis. Note

Higgs boson mass given in Eq. (13).

4 3 8B-L 8YB x/TeV

[1072,10%5] [107%,10] [107%, V4x] [107%, V4n]

[0.5,20.5]

A. Phenomenological constraints

In the B-L-SM, new physics (NP) contributions to a,,
denoted as Aaﬁp in what follows, can emerge from the
diagrams containing Z’ or h, propagators. In this article,
we study whether the muon anomalous magnetic mo-
ment can be at least partially explained by the model un-
der consideration. Each parameter space point generated
with our routine undergoes a sequence of tests before get-
ting accepted. The very first layer of phenomenological
checks is done by SPheno, which promptly rejects any
scenario with tachyonic scalar masses. If the positivity of
the squared scalar spectrum is assured, SPheno verifies
whether unitary constraints are also fulfilled. For details,

see the pioneering work in [63] or the discussion in [64].
The presence of new bosons in the theory can induce
large deviations in the EW precision observables. Typic-
ally, the most stringent constraints emerge from the ob-
lique S,T,U parameters [65-67], which are calculated by
SPheno. In Fig. 1, we present the results for the EW ob-
lique corrections in the ST (upper row) and TU (lower
row) planes, together with their correlations with respect
to the U(1)p-L gauge coupling gg_p (left), Z' mass, myz
(middle), and second Higgs mass, my, (right), shown in
the color scale.

Current precision measurements [31] provide the al-
lowed regions

S§=0.02+0.10, T=0.07+£0.12, U=0.00+£0.09 (31)

where S-T are 92% correlated, while S-U and T-U are -
66% and -86% anti-correlated, respectively. We compare
our results with the EW fit in Eq. (31) and require con-
sistency with the best fit point within a 95% C.L. ellips-
oid (see Ref. [28] for further details about this method).
We show in Fig. 2 our results in the ST (upper row) and
TU (lower row) planes, where colored points are consist-
ent with the EW precision observables at 95% C.L.,
whereas grey ones lie outside the corresponding ellipsoid
of the best fit point and are thus excluded from our ana-
lysis. The color scales show correlations with the scalar
quartic couplings ;3.

The B-L-SM predicts a new visible scalar, which we
denote as /,, in addition to a SM-like 125 GeV Higgs bo-
son, h;. Thus, in a second layer of phenomenological
tests in both Figs. 1 and 2, we also implemented the col-
lider bounds on the Higgs sector. In particular, we use
HiggsBounds 4.3.1 [68] to apply 95% C.L. exclusion lim-
its to a new scalar particle, h,, and HiggsSignals 1.4.0
[69] to check for consistency with the observed Higgs bo-
son, taking into account all known Higgs signal data. For
the latter, we have accepted points whose fit to the data
replicates the observed signal at 95% C.L., while the
measured value for its mass, my; =125.10+£0.14 GeV
[31], is reproduced within a 30~ uncertainty. The required
input data for HiggsBounds/HiggsSignals are generated
by the SPheno output in the format of a SUSY Les
Houches Accord (SLHA) [70] file. In particular, it
provides scalar masses, total decay widths, Higgs decay
branching ratios, and the squared SM-normalized effect-
ive Higgs couplings to fermions and bosons (that are
needed for analysis of the Higgs boson production cross
sections). For details about this calculation, see Ref. [68].

As the third layer of phenomenological tests, in this
work, we have studied the viability of the surviving scen-
arios from the perspective of direct collider searches for a
new Z' gauge boson. We have used MadGraph5
aMC@NLO 2.6.2 [71] to compute the Z’ Drell-Yan pro-
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Fig. 1. (color online) Scatter plots for the EW oblique corrections in the ST (upper row) and 7U (lower row) planes. In the color

scales, their correlations with the U(1)s_1 gauge coupling gg_r, Z’ mass, mz , and second Higgs mass, mj,, are shown in left, middle,
and right panels, respectively. The points shown here satisfied the unitarity constraints in SPheno 4.0.3 [61, 62] as well as the Higgs
phenomenology constraints in HiggsBounds 4.3.1 [68] and HiggsSignals 1.4.0 [69].
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(color online) Scatter plots for the EW oblique corrections in the ST (upper row) and TU (lower row) planes versus the scalar

quartic couplings ;3 shown in the color scale. Accepted points lying within a 95% C.L. ellipsoid of the best fit point and hence satis-
fying the EW precision constraints are given in color, whereas grey points are excluded. Other constraints are the same as in Fig. 1.

duction cross section and subsequent decay into the first-
and second-generation leptons, i.e., o(pp— Z')X
B(Z' — (€) with € = e, u, and then compared our results to
the most recent ATLAS exclusion bounds from the LHC
runs at the center-of-mass energy +/s = 13 TeV and integ-
rated luminosity of 139 fb~! [53]. The SPheno SLHA
output files were used as parameter cards for
MadGraph5 aMC@NLO, where the information re-
quired to calculate o(pp — Z')x B(Z' — ¢f), such as the
Z’ boson mass and its total width and decay branching ra-
tios into lepton pairs, is provided. In accordance with the
experimental analysis, we have imposed a transverse mo-
mentum cut of 30 GeV for both final-state leptons while
their pseudorapidities were limited to |n| <2.5. Analog-

ous analysis by the CMS Collaboration [54] relies on a
more complicated set of kinematic variables. Thus, in the
current work, for simplicity, we have only considered the
ATLAS bound on o(pp — Z')x B(Z' — €¢) thatis suffi-
cient for our purposes.

An important and rather restrictive constraint that
needs to be taken into account results from the LEP lim-
its on four-fermion contact interactions [72, 73]. In par-
ticular, we see from Tab. 3.13 of [72] that, for the B-L-
SM, this translates into the 95% C.L. upper bounds on the

gt couplings

774 mz oz mz
g <0.221238(ﬁ) g <0.274518(m). (32)
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This also poses upper limits on the U(1)g_. and kinetic
mixing gauge couplings g1 and gyp, respectively,
which are related to g{‘% via Eq. (35).

B. Discussion of numerical results

Let us now discuss the phenomenological properties
of the B-L-SM. First, we focus on the current collider
constraints and study their impact on both the scalar and
gauge sectors.

We show in Fig. 3 the scenarios generated in our
parameter space scan (for the input parameter ranges, see
Table 3) that have satisfied all theoretical constraints,
such as boundedness from below, unitarity, and EW pre-
cision tests; these scenarios are compatible with the SM
Higgs data and have a new visible scalari;unconstrained
by the direct collider searches. In the left panel, we show
the Z’ production cross section times its branching ratio
to the first- and second-generation leptons, 0B = o(pp —
Z"XB(Z' — tf) with £=e,u, as a function of the new
vector boson mass and the new physics contribution to
the muon anomalous magnetic moment Aa}fP (color
scale). In the right panel, we show the new scalar mass as
a function of the same observables. All points above the
solid line are excluded at 95% C.L. by the limit on Z’ dir-
ect searches at the LHC performed by the ATLAS experi-
ment [53] and are represented in grey shades. Darker
shades denote would-be-scenarios with larger values of
Aa)*, while smaller contributions to this observable are
represented with lighter shades. The red cross in our fig-
ures signals the lightest Z’ found in our scan, which we
regard as a possible early-discovery (or early-exclusion)
benchmark point in the forthcoming LHC runs. Such a
benchmark point is shown in the first line of Table 4. In
the right panel, we notice that the new scalar bosons can
become as light as 400 GeV, with Z’ masses being above
5.2 TeV. Such a moderately large minimal value for the

o(pp— Z') x B(Z'— ) [pb]

10? 103 104 10°
my [GeV]

Fig. 3.

new Higgs boson mass results from the fact that both the
h, and the Z’ bosons share a common VEV in their mass
forms, as seen from Egs. (13) and (27). Then, while dir-
ect searches at the LHC for a B-L-SM Z’ boson keep
pushing its mass to larger values, the new Higgs boson
mass also increases linearly with mz according to

my, ~ |22 (33)
2 gp-L

Furthermore, neither A, can be arbitrarily small (see
Fig. 2 central panels) nor gg-_ can be arbitrarily large
(see Fig. 1 left panels) in order to compensate an in-
crease in mz. We highlight with a cyan diamond the
benchmark point with the lightest 4, boson within this
range. This point is shown in the second line of Table 4.

The same observation can also be made from Fig. 4 ,
which represents the points excluded by the Higgs phys-
ics constraints and by the ATLAS Z’ search constraints
as well as passed physically valid points in our numerical
scan. The left panel shows the the scalar VEV versus the
second Higgs mass and the Z’ mass, while the right pan-
el illustrates such a dependence for A, coupling roughly
related to my, by means of Eq. (33). Indeed, we observe
that owing to the Higgs physics constraints, 1, cannot be
arbitrarily small in order to compensate a larger Z mass
(thus, a large singlet VEV). In particular, the smaller the
VEV or myg, the larger the A,. Therefore, the Higgs search
imposes the strongest constraints on my,, at least, in the
case of a large Z mass.

1. Implications of direct Z' searches at the LHC for the
(8-2), anomaly

Looking again at Fig. 3 (left panel), we see that there
is a dark-red region where Aa}* can be enhanced up to a

10% 103 10*
my [GeV]

(color online) Scatter plots showing the Z’ Drell-Yan production cross section times the decay branching ratio into a pair of

electrons and muons (left panel) and the new scalar mass my, (right panel) as functions of mz and the new physics (NP) contributions
to the muon Ag, anomaly. The solid line represents the current ATLAS expected limit on the production cross section times the branch-

ing ratio into a pair of leptons at 95% C.L., taken from Ref. [53]. Colored points have satisfied all theoretical and experimental con-

straints, while grey points are excluded by direct Z’ searches at the LHC. The six highlighted points in both panels denote the bench-

mark scenarios described in Table 4. These are represented by the red cross for the lightest Z’ scenario (first row), cyan diamond for the

lightest #, scenario (second row), and the black dots (last four rows).
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Table 4. A selection of five benchmark points represented in Figs. 3 and 6 to 8. The my/, my,, and x parameters are given in TeV. The

second line represents the point with lightest possible 4., while the first one shows the lightest allowed Z’ boson found in our scan. The

last four lines show four points that yield a minimal tension of 3.28 standard deviations, with the combined theoretical and experiment-

al error of the muon (g -2), anomaly.

mz my, x log, Aay® oB O log;oan 8B-L gYB g7 = iz
5.199 6.41 15.4 -13.01 1.16x107° ~0 -5.18 0.17 2.0x1073 0.08
6.478 0.41 9.77 -12.57 2.15%x107° 3.22x1077 -5.85 0.34 1.7%x1073 0.17
6.371 234 1.08 -11.05 0.01 1.05x107° -7.31 1.97 2.1x1073 0.98
6.260 231 1.15 -11.07 0.01 5.87x 1075 -2.79 1.87 0.125 0.94
6.477 2.40 1.14 -11.08 0.01 2.75%107° —4.29 1.93 0.06 0.97
6.252 2.53 1.28 -11.08 0.01 ~0 -8.65 1.86 1.6x1073 0.93
12| roms v v i i | 15 102 roms v v e e 0
= 10! 0z = 0] 1 .
£ E & S
< ~Ar A ~ —\\3 —4 %’O
S 00| S 5 S g e -
20 ‘ 6
I
107 : 107 o : _8
102 103 104 102 103 104
my [GeV] my [GeV]

Fig. 4.

(color online) Scatter plots showing the scalar VEV (left) and the 1, coupling (right) versus the second Higgs mass and the 7’

mass. All the shown points satisfy the theoretical and phenomenological constraints except the Higgs physics constraints (grey points)
and ATLAS 7’ search constraints (faded colored points), while the colored points are the physically valid points that pass all the exclu-

sion limits.

maximum of Aaﬁ“’ =8.9x107!2 for a range of mz boson
masses approximately between 6.3 TeV and 6.5 TeV, rep-
resenting a very small improvement in comparison with
the SM prediction. Such a mass region is particularly in-
teresting as it can be probed by the forthcoming LHC
runs. If a Z’ boson discovery remains elusive, it can ex-
clude a possibility of alleviating the tension between the
measured and the SM prediction for the muon (g -2), an-
omaly in the context of the B-L-SM. However, note that,
with new measurements at the E989 experiment at Ferm-
ilab, if a partial reduction in the current discrepancy is ob-
served, the B-L-SM prediction may become an important
result and a motivation for future Z’ searches at the LHC.
Note that such maximal Aa)" values represent a rather
small region of scattered red points where the new scalar
boson mass takes values of a few TeV. Furthermore, in
some scenarios represented by the second and third lines
in Table 4, the 6, and a;, angles are not vanishingly
small, which may hint about certain possibilities for ob-
serving both a new scalar and new vector boson in this re-
gion.

New physics contributions Aa},* to the muon anomal-
ous magnetic moment are given on the one-loop order by
the Feynman diagrams depicted in Fig. 5. Since the coup-
lings of a new scalar i, tothe SM fermions are sup-
pressed by a factor of sine;,, which we find to be always

smaller than 0.002, as can be seen in the bottom panel of
Fig. 6, the right diagram in Fig. 5, which scales as
2

h M 2 : :
Aay o« —-(yusinay)” with y, = Y7, provides sub-leading

h, .
contributions to Aa,. Furthermore, as we show in the top-

leftpanel of Fig. 6 , the new scalar boson mass, which we
have found to satisfy mj, > 400 GeV, is not sufficiently
light to compensate the smallness of the scalar mixing
angle. Conversely, recalling that all fermions in the B-L-
SM transform non-trivially under U(1)g_L, the new Z’
boson can have sizeable couplings to fermions via gauge
interactions proportional to gg_; and gyg, essentially
constrained by four fermion contact interactions.
Therefore, the left diagram in Fig. 5 provides the

Fig. 5.
SM.

One-loop diagrams contributing to Aa}* in the B-L-
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Fig. 6.

(color online) Scatter plots showing the Z’ Drell-Yan production cross section times the decay branching ratio into a pair of

electrons and muons in terms of the mz boson mass. The color gradation represents the new scalar mass (top-left), the U(1)p_L-break-
ing VEV (top-right), and the scalar mixing angle (bottom). The notation is the same as in Fig. 3 (left).

leading contribution to (8-2), in the model under con-
sideration. In particular, Aaf' can be written as

7 1
Aaﬂ a2

3 u|tsN

feem

2
Z/
2

pz'2 | puz'? m
+(g/ﬁ + 8 )fFFV(m%']], (34)

where the left- and right-chiral projections of the charged
oz oz

lepton couplings to the Z’ boson, g;* and gy “ , respect-
ively, can be approximated as follows
1 1 1 (v\2 g
oz YB 2 _ 2
~—gpL+-8yB+——=|- -g9,
8L = 38B-L+ ;8B 32(x) gZB—L(gY g)
1 1 1 (v 8YB
ez 2
+ + -8y 35
8R" = 58B-LT 8YB 16(x) g123—LgY (35)

to the second order in the v/x-expansion. The regions of
the parameter space that we are exploring feature a heavy

Z' boson such that m}; < m7,. In this limit, the loop func-
. m m
tions gprv|— | and frrv|—-

mz mz
grrv(0) —» 4 and frpy(0) —» —4/3, where Eq. (34) can be
approximated as

] tend to the wvalues

2
B T -G 36)

If v/x < 1, corresponding to the lighter shades of the col-
or scale in the top-right panel of Fig. 6, we can further ap-
proximate

oz

8L 37

1 1
=5 (gB—L + zgYB) , gl = _(gB—L +8vB)-

With this, the Z’ contribution to the muon anomalous
magnetic moment can be recast as

Ad” ~ —1

~ 38
Ko 48n? (38)

2
m

1
— [68B—L8YB +4g5 . +g%{B] ’
ms,

and for gyp < gp_L, which represents the majority of the
points in our scan,

, 1 m
Z H 2
Aau =~ W—Z,gB_L (39)

Note that, limits from four fermion contact interactions
do not allow gg_r to be sufficiently large to contribute to
a sizeable Aa)" via Eqs. (38) or (39). In particular, we
found that gg_; is always smaller than 1.97 as depicted in
the bottom panel of Fig. 7. In contrast, limits on the 6,

mixing angle and those from four-fermion contact inter-

1) Even the yellow region in Fig. 6 has v < x thus, expanding around small v/x also provides a reliable approximation.
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actions do not forbid an order one gy coupling in the
sparser upper edge of the top-left panel of Fig. 7. It is in-
deed such a sizeable gyp that only slightly enhances the
muon (g—2), anomaly, as can be seen in the red region
of both plots in Fig. 3. We have found four benchmark
points represented by the black dots in Figs. 3 and 6 to 8,
where the tension between the current combined 1o er-
ror of the muon anomalous magnetic moment and the B-
L-SM prediction is alleviated only by at most 0.01 stand-
ard deviations compared with the SM, a totally negli-
gible effect. These points are shown in the third to sixth
rows of Table 4.

A close inspection of Fig. 3 (left panel) and Fig. 6
(top-right panel) reveals an almost one-to-one corres-
pondence between the color shades. This suggests that
Aag' must somehow be related to the VEV x. To under-
stand this behavior, let us also look at Fig. 7 (top-left pan-
el) where we see that the coupling gyg is typically very
small apart from the green band at the upper edge, where
it becomes an order of one. For the relevant parameter
space regions, Eq. (27) is indeed a good approximation,
as was argued above. It is then possible to eliminate gg—r.
from Eq. (39) and rewrite it as

7 Yo (v
Aay, ~ @(;) for gyp < gp-L,

(40)
which explains the observed correlation between both
Fig. 3 (left panel) and Fig. 6 (top-right panel). Note that
this simple and illuminating relation becomes valid as a
consequence of the heavy Z’ mass regime, in combina-

0
-2 x
P
>
—4 =
o0
< 2
N
—6
T 10-
& : - -8
S 10? 10° 10* 10°

my [GeV]

7' — 00) [pb]

tion with the smallness of the 6}, mixing angle required
by the LEP constraints. Indeed, while we have not im-
posed any strong restriction on the input parameters of
our scan (see Table 3), Eq. (23) necessarily implies that
both gyp and v/x cannot be simultaneously sizeable, in
agreement with what is seen in Fig. 7 (top-left panel) and
Fig. 6 (top-right panel). The values of ], obtained in our
scan are shown in the top-right panel of Fig. 7.

For completeness, we show in Fig. 8 the physical
couplings of Z’ to muons (top panels) and to W* bosons
(bottom left panel). Note that, for the considered scenari-
os, the latter can be written as

A2
)

While both gg_1, and the ratio v/x provide a smooth con-
tinuous contribution in the oB-my projection of the
parameter space, the observed blurry region in g"W# is
correlated with the one in the top-left panel of Fig. 7 as
expected from Eq. (41). In contrast, the couplings to
leptons g{‘%" exhibit a strong correlation with gz, in Fig.
7 except for the sparser region at the upper edge of the
oB—-mz plane where the correlation becomes propor-
tional to gyg, in agreement with our discussion above and
with Eq. (37). In the bottom-right panel of Fig. 8, we also
show the relative value of the Z’ branching ratio into a
pair of right-handed neutrinos, B(Z’ — vgvg), versus the
corresponding branching fraction into charged leptons.
We have found that the Z’ decay into right-handed neutri-
nos is strongly suppressed for all the points that satisfy

wwz . 1 8B

~ 41
16 gB-L “h

10% 10*
my [GeV]

10°

104

mz [GeV]

Fig. 7.
(top-right), and the U(1)p_1, gauge coupling, gg-1. (bottom).

10°

(color online) The same as in Fig. 6 but with the color scale representing the gauge-mixing parameters, gyp (top-left) and 6},
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(color online) The same as in Fig. 6 but with the color scale representing the coupling of leptons to Z’ (top panels), the coup-

ling of W bosons to Z’ (bottom left), and the ratio of the Z’ branching fraction to right-handed neutrinos vg over its branching fraction
to charged leptons (bottom-right). In the bottom-right panel, green points correspond to allowed scenarios with fixed B(Z' — vgvg) = 0.

the theoretical and experimental constraints and thus can-
not significantly impact the exclusion bounds.

2. Barr-Zee type contributions

To conclude our analysis, one should note that the
two-loop Barr-Zee type diagrams [74] are always sub-
dominant in our case. To see this, let us consider the four
diagrams shown in Fig. 9. The same reason that sup-
presses the one-loop Ay contribution in Fig. 5 is also re-
sponsible for the suppression of both the top-right and
bottom-right diagrams in Fig. 9 (for details see Ref. [75]).
Recall that the coupling of 4, to the SM particles is pro-
portional to the scalar mixing angle «;, which is always
small (or very small), as we can see in Fig. 6. An analog-
ous effect is present in the diagram involving a W-loop,
where a vertex proportional to g""#" suppresses such a
contribution. The only diagram that might play a sizeable
role is the top-left one, where the couplings of Z’ to both
muons and top quarks are not negligible.

Let us then estimate the size of the first diagram in
Fig. 9. Diagrams of this type were already presented in
Ref. [76] but for the case of a SM Z-boson. Since the
same topology also holds for the considered case of the
B-L-SM, if we substitute Z with the new Z’ boson, the
contribution to the muon (g —2), anomaly can be rewrit-
ten as

g*gg_ m tan® 6,

z W nzZ g 2 2 2
Aay” = e &L &R I Talmymimp),
(42)
where gﬁ’zlé, calculated in SARAH, are the left- and right-

Fig. 9.
Aay,.

Barr-Zee type two-loop diagrams contributing to

chirality projections of the Z’ coupling to top quarks, giv-
en by

nZ _ 8YB

L 2 22 =

12 6

- ‘% sinfy sin6y,

_ _8B-L

/ / g : /
cos Oy cosfy, + i Ow sinfy,

17 _

8YB
8Rr -

3

8B-L
6

= costy, — N ‘%Y sinfy sinfy, . (43)

The loop integral T7(m3,,m?,m?) was determined in Ref.
[76] and, in the limit mz > m,, as we show in Eq. (54), it
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is simplified to

2

To(my,m,m;) ~ —, (44)
ms,

up to a small truncation error (see Appendix A for de-
tails). For the parameter space region under considera-
tion, the difference g!* — g% can be cast in a simplified

form as follows

, o (&> +g2) vy2| 1
nzZ _  MZN o D 44 ~ = .
(g.” —&r™) 3588 [8+ e (x) 188 (45)

Using this result and the approximate value of the loop
factor, we can calculate the ratio between the Barr-Zee
type and one-loop contributions to the muon (g - 2),,

Agl (8% + 87)8ys (K)4 <1
AdZ 409672 [6gB_L gy +4g5 | + 8%(13] * ,

(46)

which shows that AaZZ' does indeed play a subdominant

role in our analysis and can be safely neglected.

IV. CONCLUSION

To summarize, in this work, we have performed a de-
tailed phenomenological analysis of the minimal U(1)g_r
extension of the Standard Model known as the B-L-SM.
In particular, we have confronted the model with the most
recent experimental bounds from the direct Z’ boson and
next-to-lightest Higgs state searches at the LHC, as well
as with the LEP constraints on four-fermion contact inter-
actions. Simultaneously, we have analyzed the prospects
of the B-L-SM for a better explanation of the observed
anomaly in the muon anomalous magnetic moment
(g—2), in comparison with the SM. For this purpose, we
have explored the B-L-SM potential for interpretation of
the (¢ —2), anomaly in the regions of the model paramet-
er space that are consistent with current constrains from
the direct searches and electroweak precision observ-
ables.

We have studied the correlations of the Z’ production
cross section times the branching ratio into a pair of light
leptons versus the physical parameters of the model. In
particular, we have found that the muon (g-2), observ-
able dominated by Z’ loop contributions is maximized for
mz between 6.3 and 6.5 TeV. As one of the main results
of our analysis, we have found phenomenologically con-
sistent model parameter space regions that simultan-
eously fit the exclusion limits from direct Z’ searches and
maximize the muon (g—2), contribution to a value of
8.9x107!2, This represents a marginal or no improve-
ment in comparison with the SM prediction. The new

Muon (g-2), E989 experiment at the Fermilab will be
able to measure this anomaly with an increased precision
of 0.14 ppm. If a larger new physics contribution to this
observable is confirmed, the B-L-SM can not be con-
sidered as a candidate theory to explain that effect.

One should notice here that the recent lattice result by
the BMW collaboration [77] suggests that there is no
need for new physics to explain the muon (g - 2), data. If
correct, this eliminates the necessarily large effects in the
muon (g-—2), coming from the B-L-SM, compared with
the SM. While a confirmation of the currently observed
anomaly with a smaller error can become rather exciting
news, a more pessimistic scenario when the discrepancy
either disappears or partially reduces, would reinforce the
significance of our result and offer a motivation for fu-
ture Z’' searches at the LHC in the 5-7 TeV domain.
Along these lines, we have identified five benchmark
points for future phenomenological explorations: one
scenario with the lightest Z' (mz ~5.2 TeV), another
scenario with the lightest second scalar boson (m,, ~ 400
GeV), and three other scenarios that maximize the muon
(g—2), anomaly. Another important result resides in the
fact that an increasingly heavy Z’ boson also pushes up
the mass of the second Higgs boson. Therefore, the hypo-
thetical observation of such a new physics state as a scal-
ar or a vector boson would pose stringent constraints on
the B-L-SM. For completeness, we have also estimated
the dominant contribution from the Barr-Zee type two-
loop corrections and found a relatively small effect.

To finalize, let us comment that with all most relev-
ant constraints incorporated in our numerical analysis,
while the best explanation of the muon (g —-2), in the B-
L-SM predicting a value marginally above the SM one is
not satisfactory, our result offers an important piece of in-
formation that can be relevant for the upcoming a, preci-
sion measurements at Fermilab as well as for building
less minimal models containing heavy Z’ bosons and cap-
able of a good explanation of the muon (g -2), anomaly.
Another research direction that can be pursued is the BL-
SM analysis for the conditions of the HL-LHC. Along
these lines, a significance calculation in future Z
searches, similar to the one performed very recently in
the 3-3-1 model in Ref. [78] that is probing the Z boson
mass up to 4 TeV at the HL-LHC, should be pursued
aiming at probing vast regions of the parameter space still
allowed by the LHC searches.
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APPENDIX A: THE LOOP INTEGRAL T;(x,y,y)

In Appendix B of Ref. [76], the exact integral equa-

tions for T7(x,y,z) are provided. In our analysis, we con-
sider the limit where x>y=z, with x=m2 and
y=z=m?; Eq. (44) provides a good approximation up to
a truncation error. Here, we show the main steps in de-
termining Eq. (44). The exact form of the loop integral
reads

! Po(xy.y)  POxyy)  POryy)  Oxy.y) 100(xy.y) PO(x.y.y)
T7(x,9,y) = —— V) +2 + + - — + , Al
7(.3.5) x2 #00:) +2y Ox0y? Ox? * Ox20y X2 x  Ox Ox0y Aab
with ¢o(x,y) and ®(x,y,z) defined in Ref. [76]. Let us and the fourth to
now expand each of the terms for x <« y. While the first
term is exact and has the form P ) 4
XY,y y
1 y Ox2dy T (log X 1) ' (A3)
- @0(ny) = 2 log’y, (A2)
X X
) The fifth and the seventh terms read
the second can be approximated as
D(x,y,y) 10D(x,y,y) 2 1
3 24 1 _Z ~ Zlog - A
w=§_=§ for &=-. (A3) x2 x  Ox PRl (46)
0x0y? X X 3
In Eq. (49), the £ = 1/3 factor was introduced in order to and finally, the sixth term can be expanded as
compensate for a truncation error. This was obtained by
comparing the numerical values of the exact expression FO(x,y,y) 4 (lo y 1) (A7)
and our approximation. The third term can be simplified Axdy  x &% '

to

0*D(x,y,y) N 2

0x? x (A4)

2
(logy—logX)+ -,
x/ x

0

Noting that Eq. (48) is of the order 1/x%, combining Egs.
(47), (49), (50), (51), (52), and (53), we get the following

for the leading 1/x contributions:

8
X

T7(-x7y7y) ==
X

2 2 1 4 4 8 2
(logy—logz)+—log———(logz+1)+—(10gX—1)+—+— =
x/ x Tx x X X X X x x

z (A8)
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