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Abstract We consider the minimal U(1)g_; extension of
the standard model (SM) with the classically conformal
invariance, where an anomaly-free U(1)p_; gauge symme-
try is introduced along with three generations of right-handed
neutrinos and a U(1) g, Higgs field. Because of the classi-
cally conformal symmetry, all dimensional parameters are
forbidden. The B — L gauge symmetry is radiatively bro-
ken through the Coleman—Weinberg mechanism, generating
the mass for the U(1)p_; gauge boson (Z’ boson) and the
right-handed neutrinos. Through a small negative coupling
between the SM Higgs doublet and the B — L Higgs field,
the negative mass term for the SM Higgs doublet is gener-
ated and the electroweak symmetry is broken. In this model
context, we investigate the electroweak vacuum instability
problem in the SM. It is well known that in the classically
conformal U(1)p_ extension of the SM, the electroweak
vacuum remains unstable in the renormalization group anal-
ysis at the one-loop level. In this paper, we extend the anal-
ysis to the two-loop level, and perform parameter scans. We
identify a parameter region which not only solve the vacuum
instability problem, but also satisfy the recent ATLAS and
CMS bounds from search for Z’ boson resonance at the LHC
Run-2. Considering self-energy corrections to the SM Higgs
doublet through the right-handed neutrinos and the Z’ boson,
we derive the naturalness bound on the model parameters to
realize the electroweak scale without fine-tunings.

1 Introduction

The stability of the electroweak scale is one of the biggest
mysteries in the standard model (SM), since the self-energy
of the SM Higgs doublet field receives quantum corrections
which are quadratically sensitive to the ultraviolet cutoff of
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the SM. A fine-tuning of the Higgs mass parameter is required
to reproduce the correct electroweak scale if the ultraviolet
cutoff scale is far above the electroweak scale (the gauge hier-
archy problem). This problem can be solved if new physics
beyond the SM makes the self-energy of the SM Higgs dou-
blet insensitive (or logarithmically sensitive) to the ultravio-
let cutoff. It is well known that supersymmetric extension of
the SM can achieve this insensitivity. Despite lots of efforts
of searching for supersymmetry at the large hadron collider
(LHC) experiments, current LHC data include less indica-
tions for productions of supersymmetric particles. Hence we
may seek other possibilities to solve the gauge hierarchy
problem without supersymmetry.

According to the argument by Bardeen [1] once the classi-
cal conformal invariance and its minimal violation by quan-
tum anomalies are imposed on the SM (or the general Higgs
model), the model can be logarithmically sensitive to the
ultraviolet cutoff. If this is the case, we introduce the classi-
cally conformal symmetry to the SM to make the model free
from the quadratic corrections.! In this system, there is no
mass parameter in the original Lagrangian, and the mass scale
must be generated by quantum corrections. The massless
U(1) Higgs model discussed by Coleman and Weinberg [3]
nicely fits this picture, where the model is defined as a mass-
less, conformal invariant theory, and the U(1) gauge sym-
metry is radiatively broken by the Coleman—Weinberg (CW)
mechanism, generating a mass scale through the dimensional
transmutation.

Recently, the extension of the SM with the classically con-
formal invariance has received a fair amount of attention, and

! In terms of the ultraviolet completion, one may consider a conformal
model into which the SM is embedded. Based on a toy model, it has been
shown in [2] that the SM Higgs mass is sensitive to a scale at which
the SM merges into a conformal field theory. Since conformal field
theories in four dimensions have not yet been completely understood,
it is highly non-trivial to verify if this sensitivity is inevitable. Hence,
we leave this issue in this paper and assume that the SM Higgs does not
receive quadratic corrections to its self-energy.
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many models in this direction have been proposed [4-27].
Among them, the classically conformal U(1)p_; extension
of the SM [28,29] is a very simple and well-motivated model,
since the B — L (baryon number minus lepton number) is a
unique anomaly-free global symmetry and it can easily be
gauged. Once the U(1)p_y is gauged, we need new chiral
fermions to cancel the U(1)p_; gauge and the mixed grav-
itational anomalies. The simplest possibility is to introduce
three right-handed neutrinos, which are nothing but the par-
ticles that we need to incorporate the neutrino mass in the
SM. In this conformal symmetric model, the B — L gauge
symmetry is broken by the vacuum expectation value (VEV)
of the B — L Higgs field developed by the CW mechanism,
and the masses for Z’ boson and three right-handed neutrinos
are generated. This radiative B — L gauge symmetry break-
ing is the sole origin of the mass scale in this model, and the
negative mass squared for the SM Higgs doublet is generated
by this symmetry breaking [28].

The SM Higgs boson was finally discovered at the LHC,
and the experimental confirmations of the Higgs properties
in the SM have just begun. According to the SM, we can
read off the value of the quartic Higgs coupling at the elec-
troweak scale from the measured Higgs boson mass, and we
can investigate the behavior of the Higgs potential toward
high energies by extrapolating the quartic coupling through
its renormalization group evolution. It turns out that the run-
ning quartic coupling becomes negative around 10'© GeV
[30], and this fact means that the electroweak vacuum is
not stable. Practically, this instability may not be a problem,
since the lifetime of our electroweak vacuum is estimated
to be much longer than the age of the universe [31]. How-
ever, in our context of the classically conformal extension of
the SM, this electroweak vacuum instability seems to cause
a theoretical inconsistency. The instability indicates that the
electroweak symmetry is radiatively broken at a very high
energy, which in turn generates a large mass term for the
B — L Higgs field. Therefore, with such a large mass, the
B — L symmetry breaking is no longer triggered by the CW
mechanism.

In this paper, we investigate the electroweak vacuum sta-
bility in the context of the classically conformal U(1)p_p,
extension of the SM. It is well known that the electroweak
vacuum is still unstable in this context in the renormalization
group analysis at the one-loop level [26,27]. We extend the
analysis to the two-loop level and find that there exist param-
eter regions which can keep the electroweak vacuum stable.
In our analysis, we use the result from the combined analy-
sis by the ATLAS and the CMS experiments for the Higgs
boson mass measurement in the range of my, =125.09 +0.21
(stat.) £ 0.11 (syst.) GeV [32] and the recent result of top
quark mass measurement m; = 172.38 £ 0.10 £ 0.65 [33]
by the CMS experiments. We also consider the current col-
lider bounds, namely, a lower bound on the B — L gauge
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Table1 The particle contents of the U (1) p— extended SM, In addition
to the SM particle contents, the right-handed neutrino N ;e (i=1,2,3
denotes the generation index) and a complex scalar ® are introduced

SUB)c SU@)L U(Dy UDp-L
9 3 2 5 3
”i{ 3 1 % %
di 3 2 -1 1
i 1
o 1 2 -1 ~1
ek 1 1 -1 -1
H 1 2 ~1 0
® 1 1 0 +2
N} 1 1 0 -1

symmetry breaking scale from the LEP electroweak preci-
sion measurements, and a lower bound on the Z’ boson mass
from the recent ATLAS [34] and CMS [35] results at the LHC
Run-2. In addition, we evaluate self-energy corrections to the
SM Higgs doublet from the heavy states, the Z’ boson and the
right-handed neutrinos associated with the B — L symmetry
breaking, and find naturalness bounds to reproduce the elec-
troweak scale without any fine-tunings of model parameters.

This paper is organized as follows. Our model is defined
in the next section. In Sect. 3, we discuss the radiative B — L
symmetry breaking through the CW mechanism and the elec-
troweak symmetry breaking triggered by it. In Sect. 4, we
analyze the renormalization group evolutions of the cou-
plings at the two-loop level, and find a parameter regions
which can keep the quartic SM Higgs coupling to be posi-
tive anywhere between the electroweak scale and the Planck
scale. We also consider the current collider bounds of the
model parameters, in particular, the recent ATLAS and CMS
results of search for Z’ boson resonance at the LHC Run-2 are
interpreted to our B — L model. In Sect. 5, we evaluate self-
energy corrections to the SM Higgs doublet, and we derive
the naturalness bounds to reproduce the electroweak scale
without fine-tunings for the model parameters. We summa-
rize our results in Sect. 6. Formulas we used in our analysis
are listed in the appendices.

2 Classically conformal U (1) p—j, extended SM

We investigate the minimal U(1)p_; extension of the SM
with the classically conformal invariance, where the model
is based on the gauge group SU3)cxSU(2)r xU(1)y x
U(1)p_r. The particle contents of the model are listed in
Table 1. In addition to the SM particle contents, we intro-
duce the B — L Higgs field with the B — L charge 2 () and
three right-handed neutrinos (Né) for cancelation of all the
gauge and gravitational anomalies. The covariant derivative
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relevant to U(1)y x U(1)p_ is given by

- g1 gve )\ ([ Bu
D = 3 —_ k]
w =0, —i(Qy OBL) <g3y gBL) (Z//L)

where Qy and Q p are U(1)y and U(1) p_y, charges of a par-
ticle, respectively, and gs are the gauge couplings. Because
of the kinetic mixing between the two U(1) gauge bosons,
the off-diagonal elements (gyp and gpy) are introduced.
In the following analysis, we take the boundary condition,
gyp = gpy = 0, at the B — L symmetry breaking scale,
where the two U(1) gauge bosons are diagonal with each
other, for simplicity.
The Yukawa sector of the SM is extended to have

2.1)

Jp— ) 1 -
Lyukawa D =Yg €6 HNg — ~YRONKCNK +hee.,  (2.2)

2

where the first term is the neutrino Dirac Yukawa coupling,
while the second term is the Majorana Yukawa coupling.
Without loss of generality, we have already diagonalized the
Majorana Yukawa coupling. The B — L gauge symmetry
breaking generates the Majorana neutrino mass term in the
second term. The seesaw mechanism [36—41] is automati-
cally implemented in the model after the electroweak sym-
metry breaking.

We apply the classically conformal invariance to the
model, and the scalar potential is given by

V =AHH)? 4+ (@ @) + (H H) (@ ). (2.3)

Note that the mass terms are all forbidden by the confor-
mal invariance. If 13 is negligibly small, we can analyze the
Higgs potential separately for ® and H. This will be justified
in the next section. When the Majorana Yukawa coupling YIQ
is negligible compared to the U(1)p_1 gauge coupling, the ®
sector is identical to the original Coleman—Weinberg model
[3], so that the U(1)p_; gauge symmetry is radiatively bro-
ken. The mass term for the SM Higgs doublet is generated
through A3 with the non-zero VEV of @, and the electroweak
symmetry is broken when we choose A3 < 0 [28]. Therefore,
the electroweak symmetry breaking is driven by the radiative
B — L symmetry breaking.

3 Radiative gauge symmetry breakings

Assuming anegligibly small A3, we first analyze the U(1)p_,
Higgs sector. Without mass terms, the CW potential [3] at the
one-loop level (in the Landau gauge) is found to be

2
V(¢)=%¢4+’3‘1’¢4 (1n[¢ }—é) 3.1

8 M2| 6
where ¢ /ﬁ = N[P], and we have chosen the renormal-
ization scale to be the VEV of ® ({(¢) = M). Here, the

coefficient of the one-loop quantum corrections is given by

1
1 4 i \4
i

where, in the last expression, we have used A% < g‘é I3
as usual in the CW mechanism. The stationary condition
dV/d¢lg—py = 0leads to

1 :
Bo=1— |:20A% +96g%; — Z(Y}\,)4:|

3.2)

11
M == Po, (3.3

and this A; is nothing but the renormalized quartic coupling
at M defined as

1 d*V(p)

31 de¢?t =M '

For a more detailed discussion, see [26].
Associated with this radiative U(1)p—; symmetry break-

ing, the Z’ boson and the right-handed Majorana neutrinos
acquire their masses as

g (3.4)

D €8
Mz =2gpi M, My=—M.
VA 8 N ﬁ
In this paper, we assume degenerate masses for the three
Majorana neutrinos, YI{I = yn (equivalently, MI"\I = My)
forall i = 1, 2, 3, for simplicity. The U(1)p_; Higgs boson
mass is given by

(3.5)

d?v 3
Mé = 5 = ﬂq;Mz ~ =)
do= [,y 8w

When the Majorana Yukawa coupling is negligibly small,
this reduces to the well-known relation derived in the radia-
tive symmetry breaking by the CW mechanism [3]. For a
sizable Majorana mass, this formula indicates that the poten-
tial minimum disappears for My > M /2'/4, leading to the
upper bound on the right-handed neutrino mass in order for
the U(1)p_1 symmetry to be broken radiatively.

Once the U(1)p_; gauge symmetry is radiatively broken
by the CW mechanism, the electroweak symmetry is subse-
quently triggered through the coupling A3. With (¢) = M,
the SM Higgs potential is given by

4 4
Mz —2My

o (3.6)

V(h) = 2 + EMzhz, (3.7)
4 4
where H = 1/+4/2(0 )T in the unitary gauge. Choosing
A3 < 0, the electroweak symmetry is broken in the same way
as in the SM [28]. However, the crucial difference from the
SM is that in our model the electroweak symmetry break-
ing originates from the radiative breaking of the U(1)p_y,
gauge symmetry. At the tree level, the stationary condition

@ Springer
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V/|h=» = 0 leads to the relation |A3] = 2A(v/M)?, and the
Higgs boson mass my, is given by

d*v

— | = alM? =202
dh? |,_,

(3.8)

2 _
my =

In the following renormalization group analysis, this relation,
A3 = —mﬁ /M 2 is used as the boundary condition for 13 at
the normalization scale © = M. Since M 2 3 TeV by the
LEP constraint [42—44], |A3] < 1073, With such a small A3,
the back reaction to the B — L Higgs sector through A3v>
is negligibly small, and this fact allows us to treat the two
Higgs sectors separately.”

4 Electroweak vacuum stability

In the context of the classically conformal U(1) g extended
model discussed in the previous sections, we now investi-
gate a possibility to solve the electroweak vacuum instability
problem. The electroweak vacuum stability has been investi-
gated in the minimal B — L model [45,46] (see also [47]), and
the parameter regions for which the electroweak vacuum is
stable have been identified. A crucial difference in our anal-
ysis from the previous one is that our model is classically
conformal and the gauge symmetry breaking originates from
the CW mechanism. Hence, we have constraints on the ini-
tial values of A, and A3 at the scale M, and it is non-trivial
to solve the electroweak vacuum instability problem. In the
classically conformal extension of the SM the electroweak
vacuum stability has been investigated though the renormal-
ization group analysis at the one-loop level in [26,27], it turns
out that there is no parameter region to keep the electroweak
vacuum stable. In the following, we extend the renormal-
ization group analysis to the two-loop level, and examine if
the vacuum instability can be resolved by the higher order
corrections.

In our analysis, we employ the SM renormalization group
(RG) equations at the two-loop level [30] from the top quark
pole mass to the U(1)p_; Higgs VEV (M), and connect the
RG equations to those of the minimal U(1)p_7 extended SM
at the two-loop level.> All formulas used in our analysis are

2 As discussed in Ref. [29], this very small |[A3], through which the
B — L Higgs can mix with the SM Higgs, makes the experimental
search for the B — L Higgs boson very challenging.

3 To generate the RG equations at the two-loop level for the minimal
U(1)p—r model, we have used SARAH [48,49]. For a complete RG
analysis at the two-loop level, we need to take into account the threshold
corrections at the one-loop level to match the two-loop RG evolutions at
M . The most important corrections is to top Yukawa coupling at M since
the electroweak vacuum instability problem is very sensitive to the input
of top Yukawa coupling. We have estimated the threshold corrections
to be of the order of y; x (1/3)2013L/(47r) through the Z’ boson loop

@ Springer

listed in the appendices. As is well known, the RG evolu-
tions of the Higgs quartic coupling is sensitive to the input
values of the Higgs boson and top quark masses. For inputs
for the Higgs boson mass and top quark pole mass, we adopt
the result from the combined analysis by the ATLAS and the
CMS experiments for the Higgs boson mass measurement
in the range of my =125.09 + 0.21 (stat.) £ 0.11 (syst.)
GeV [32] and the recent result of top quark mass measure-
ment by the CMS experiments [33] in the range of m; =
17238 £0.10 £ 0.65.

The RG evolutions of the Higgs quartic coupling are
shown in Fig. 1 for two different values of my = 125.09
GeV (left panel) and 125.41 GeV (right panel) with a fixed
m¢ = 171.63 GeV. Here we have fixed the other parame-
ters as gpr = 0.314, gyp = gpy = 0 and yy = 0O at
u = M = 4 TeV. The solid lines denote the RG evolutions
of the Higgs quartic coupling in our model, while the dashed
lines denote those in the SM. We can see that in our model,
the Higgs quartic coupling remains positive up to the Planck
scale, Mp; = 1.2 x 10'2 GeV, and therefore the electroweak
vacuum becomes stable. As the same as in the SM [30],
the situation becomes better with an increasing (decreasing)
value of my, (my) for a fixed value of the m (my,).

In order to identify parameter regions to keep the elec-
troweak vacuum stable, we perform parameter scans for the
free parameters Mz and My with fixed values of M = 3.5,
4.0 and 4.5 TeV. Here, we have used the same values for
my and my as in Fig. 1. In this analysis, we impose the
following conditions for the running couplings at M <
i < Mp: the stability of the Higgs potential (A, A > 0
and |A3]> < 4Xxy), and the conditions that all the run-
ning couplings remain in the perturbative regime, namely,
giz(i = 1,2,3), géL, g%,B, géy < 4w and A, A3 < 4m.
The results are shown in Fig. 2. In this Figure, we also show
the B— L Higgs boson mass by using Eq. (3.6). As we expect,
the allowed region becomes larger as my, is increased.

We also perform parameter scan for various values of mp
and m, in the ranges of 124.68 < my/GeV < 125.32 and
171.63 < m/GeV < 173.13, with fixed values of M = 2
and 4 TeV. The results are shown in Fig. 3 for M = 2 TeV
(left panel) and M = 4 TeV (right panel). The parameter
sets inside of the triangles satisfy all constraints of the elec-
troweak vacuum stability and the perturbativity of the run-
ning couplings. For a fixed my, there is an upper bound on
my, or equivalently, there is a lower bound on my, for a fixed
my. The allowed region for M = 4 TeV is more restricted

Footnote 3 continued

diagrams, which changes the top Yukawa input at M by O(0.01%) for
apr, = 0.012 (see Fig. 4), or equivalently @(0.01 GeV) in terms of
top quark mass. Since we have neglected the threshold corrections in
our analysis, our results in this paper have a theoretical uncertainty of
0(0.01 GeV) in the top quark mass. As can be seen from Fig. 3, the
uncertainty at this size is negligibly small.
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Fig. 1 The renormalization group evolution of the Higgs quartic cou-
pling (&) in the B — L model (solid lines), along with the one in the
SM (dashed lines). We have taken my, = 125.09 GeV (left panel) and
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Fig. 2 The results of parameter scans for M and My. We have used
mp = 125.09 GeV (two panels in the left column) and my, = 125.41
GeV (two panels in the right column), for the fixed value of m; =

than the one for M = 2 TeV. When we increase the M value
further, the allowed region disappears (see Fig. 4).

Finally, we show in Fig. 4 the results of our parame-
ter scans for various values of gp; and M, with my, =
124.77 GeV (left panel) and 125.09 GeV (right panel) for

0.00

=0.02

Log,o[1/GeV]

myp = 125.41 GeV (right panel) with the fixed values of M = 4.0 TeV
and m¢ = 171.63 GeV
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171.63 GeV. In each panel, three regions from left to right correspond
to M = 3.5,4.0 and 4.5 TeV, respectively

my = 171.63 GeV. In this figure, we present the results
with ap; = g% ./ (4m) and Mz by using the mass formula
My = 2gpr M. Here we have considered not only the con-
ditions of the electroweak vacuum stability and the pertur-
bativity, but also the current collider bounds. The search for

@ Springer
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Fig. 3 The results of parameter scans for various values of my and m in the ranges of 124.68 < my/GeV < 125.32 and 171.63 < m/GeV <
173.13, with the fixed values of M = 2 TeV (left panel) and M = 4 TeV (right panel)
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Fig. 4 The results of parameter scans for various values of ap; =
g%L/(47t) and Mz . We have used my, = 124.77 GeV (left panel) and
125.09 GeV (right panel) with m; = 171.63 GeV. The regions inside
the shaded triangles satisty all the constraints. The vertical solid lines
from left to right correspond to the limits from the LEP, the ATLAS

effective 4-Fermi interactions mediated by the Z7, boson at
the LEP leads to a bound [42] (see also [43,44])

My
— > 6.9 TeV
8BL

.1)

at 95% confidence level. The ATLAS and the CMS collab-
orations have searched for Z’ boson resonance at the LHC
Run-1 with /s = 8 TeV. The most stringent bounds on the
Z' boson production cross section times branching ratio have
been obtained by using the dilepton final state. For the so-
called sequential SM Z’ model [50], where the Z’ boson has
exactly the same couplings with the SM fermions as those
of the SM Z boson, the cross section bounds lead to lower
bounds on the Z’ boson mass as Mz > 2.90 TeV from the
ATALS analysis [51] and Mz > 2.96 TeV from the CMS
analysis [52,53], respectively. Very recently, these bounds
have been updated by the ATLAS [34] and CMS [35] anal-

@ Springer
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with the LHC Run-1, the CMS with the LHC Run-1, the CMS with
the LHC Run-2 and the ATLAS with the LHC Run-2, respectively. The
naturalness argument prefers the regions on the left sides of the diagonal
dashed lines

ysis with the LHC Run-2 at /s = 13 TeV as My > 3.4
TeV (ATLAS) and Mz > 3.15 TeV (CMS), respectively. We
interpret theses ATLAS and CMS ret the B— L Z’ boson case.
In our model, the U(1)p_;, gauge coupling is a free parame-
ter, and for a fixed gauge coupling we can read off the lower
limit on the Z’ boson mass from the ATLAS and CMS cross
section bounds. In this way, we can find an upper (lower)
bound on the U(1)p_; gauge coupling ap; = g%L/(4n)
(Z' boson mass Mz/) as a function of Mz (agy). In inter-
preting the ATLAS and the CMS results to the B — L model,
we follow a strategy presented in detail in [54] (see also
[55,56]). In Fig. 4, the vertical solid lines correspond to the
bounds from the LEP result, the ATLAS with the LHC Run-
1, the CSM with the LHC Run 1, the CMS with the LHC
Run-2, and the ATLAS with the LHC Run-2, from left to
right. The parameters inside the shaded triangles satisfy all
the constraints. Naturalness bound, which will be obtained
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in the next section, is also shown as the dashed lines. In,
for example, Ref. [57], the search reach of the Z’ boson at
the LHC Run 2 with a 14 TeV collider energy and a 100/fb
luminosity is obtained as Mz ~ 5 TeV for ap; >~ 0.01. A
large potion of the allowed regions presented in Fig. 4 can be
tested in the near future. The (indirect) search reach of the
future e*e™ linear collider with a 1 TeV collider energy can
be as large as 10 TeV (see, for example, [29]), and almost of
all allowed regions presented in Fig. 4 can be covered.

5 Constraints from naturalness

Once the U(1)p_1 gauge symmetry is radiatively broken by
the CW mechanism, the masses for the Z’ boson and the
Majorana neutrinos are generated, which in general create
self-energy corrections to the SM Higgs doublet. If the B— L
gauge symmetry breaking scale is very large, the self-energy
corrections may exceed the electroweak scale and require us
to fine-tune the model parameters in reproducing the cor-
rect electroweak scale. Two major corrections have been dis-
cussed in [28,29]: one is one-loop corrections with the Majo-
rana neutrinos, and the other is two-loop corrections involv-
ing the Z’ boson and the top quark. In the calculations of
the self-energy corrections in [29], the cutoff procedure with
the Planck scale cutoff is applied to derive the naturalness
bounds. Although this treatment is good for rough estimates,
in order to derive more accurate naturalness bounds we will
renormalize the loop corrections properly in this section.

Since the original theory is classically conformal and
defined as a massless theory, the self-energy corrections to the
SM Higgs doublet originates from corrections to the quartic
coupling A3. Thus, what we calculate to derive the natural-
ness bounds is quantum corrections to the term A3/4%¢? in the
effective Higgs potential. For the one-loop diagram involv-
ing the Majorana neutrinos (for the Feynman diagram, see
Fig. 3 in [29]), we calculate the effective potential as

Yo * [ )?

AVy_ -
1—loop 2 16722

e? (ng?1+C). 6D
where the logarithmic divergence and the terms independent
of ¢ are all encoded in C. By adding a counter term, we renor-

malize the coupling A3 with the renormalization condition,

84
eff

— = 1a, 5.2
Ih2a4? : ©2)

h=0,p=M

where Vet is the sum of the tree-level potential and AV _jo0p,
and X3 is the renormalized coupling. As a result, we obtain

1 |Yp YN/ ¢? o
\% 23— —— |[In|—=|-=3)|Ah . (53
eff D [4 3 162 e ¢°. (5.3)

Substituting ¢ = M, we obtain the SM Higgs self-energy
correction as

3| Yp|? | Yn|? 3m, M3
Yo" I'NI" ) o 3muMy

2
Ami =
h 872 47292

5.4
where we have used the seesaw formula, m, ~ Y]%v2 /Mn
[36-41].1f Amﬁ is much larger than the electroweak scale, we
need a fine-tuning of the tree-level Higgs mass (|A3|M?/2)
to reproduce the correct Higgs VEV, v = 246 GeV. Here, we
introduce the naturalness condition as

2
= >, (5.5)
2| Amy |

For example, when the light neutrino mass scale is around
m, =~ 0.1 eV after the seesaw mechanism, we have an upper
bound for the Majorana mass as My < 4 x 10° GeV.

For the two-loop diagrams involving Z’ boson and top
quark (for the Feynman diagrams, see Fig. 4 in [29]), we
have

2

ZOzBLmt

2
2,2 2
AVaotop > — =B <ln[¢ 1+ C), (5.6)

where the logarithmic divergence and the terms independent
of ¢ are all encoded in C. Following the same strategy as the
above, we obtain

2
30[131‘171t
47202

The dashed lines shown in Fig. 4 are plotted by using the
condition § = 1 in Eq. (5.5).

Am? = M2, (5.7)

6 Conclusions

We have considered the minimal B — L extension of the Stan-
dard Model, where the anomaly-free global B — L symmetry
in the Standard Model is gauged and three right-hand neu-
trinos and a B — L Higgs field are introduced. This model
is very simple and well motivated, since the right-handed
neutrinos acquire their Majorana masses associated with the
B — L gauge symmetry breaking, and the seesaw mecha-
nism for the neutrino mass generation is automatically imple-
mented. Motivated by the argument that the Higgs model can
be free from the gauge hierarchy problem once the classi-
cally conformal symmetry is imposed in the model, we have
introduced the classically conformal symmetry to the min-
imal B — L model. In this context, the B — L symmetry
is radiatively broken by the Coleman—Weinberg mechanism
and this breaking is the sole origin of all mass parameters in
the model. The electroweak symmetry breaking is realized
by the negative mass term for the Higgs doublet, which is
subsequently generated through the B — L gauge symme-
try breaking. Therefore, the electroweak symmetry breaking
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originates from the radiative B — L gauge symmetry break-
ing.

In the context of the classically conformal B— L model, we
have investigated the electroweak vacuum instability prob-
lem. With the measured Higgs boson mass around 125 GeV,
it turns out that the electroweak vacuum is not the true mini-
mum in the effective Higgs potential of the Standard Model.
In other words, the electroweak symmetry is radiatively bro-
ken at some energy much higher than the electroweak scale.
This ruins the theoretical consistency of our model that the
radiative B — L symmetry breaking is the sole origin of the
mass. We have analyzed the renormalization group evolu-
tions of the model couplings at the two-loop level with the
recent results of the Higgs boson mass and top quark mass
measurements at the LHC. We have identified parameter
regions which satisfy the conditions of the stability of the
electroweak vacuum and the perturbativity of the running
couplings, as well as the current collider bounds from the
search for the B — L gauge boson, in particular, at the LHC
Run-2.

In addition, we have considered the naturalness of the elec-
troweak scale against self-energy corrections for the Higgs
doublet. We have refined the previously obtained results in
a theoretically consistent way for the Coleman—Weinberg
effective potential, and derived the naturalness bounds on the
B — L gauge boson and the right-handed neutrino masses.
The allowed regions satisfying the naturalness bounds can
be tested in the future collider experiments.
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Appendix A: The beta functions for the SM couplings

A.1: The one-loop beta functions for the SM gauge
couplings

We have

41 ;4

Og]’ -~

,3(1) ,3(1) — 6 2, ,3(1) % (A.1)

A.2: The one-loop beta function for the top Yukawa
coupling

We have

@ Springer

(A2)

A.3: The one-loop beta function for the quartic Higgs
coupling

We have

9 9/2 3
(1) gl 81 4
) =_)\< 5 +9gz>+4(58182+ 25 +gz>

+12202 + 1227 — 12y (A.3)

A.4: The two-loop beta functions for the gauge couplings

We have
@ _ g%(19981 273 | 4483 17y3>
st 750 10 5 10
9¢%  35g2 3y2
@ — ( Ly 7752 4 o 2__t)
’382 82 10 + 6 + 83 ) s
11g 9
B2 = gi( - T 2683 - 239). (A4)
A.5: The two-loop beta function for the top Yukawa
coupling
We have
@ _ ,(393g7  225g3 3622 9 ,,
By = ye| ¥ =0 T 1g 1T308) 5818
19 , ,  1187g} 5, 23g3
— - —= = 108
+158183+ 500 8283 2
3 2

A.6: The two-loop beta function for the Higgs quartic
coupling

We have
17¢> 9 3g?
(2) 81 82 2 2
10ay2 | =21+ =2 181 3
(1w (s g5 )
117 , , 1887 o 73g3\ 1677 4 5
—
( 20 51827 00 81T g 200 £182
289 ,, 3 57g1  3411g}
16 5 4 30533 942 2.4 3
—?81 t T g Egzyt — 64g3y, — 781
—72)%y2 — 3yt + 60yf). (A.6)
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In our analysis, we numerically solve the SM RG equations
with the following boundary conditions at u = m; [30]*:

3 as(mz) — 0.1184
= /2 |1.1666 +0.00314 ( B2 — 21107
s =3 11660 0o (U021
my
—0.00046 (GeV )]
(m)—064779+000004( ™ 473 34)
g2lmy) = U. . GV .
4£0.00011 mw — 80.384GeV
' 0.014GeV ’
( )—035830+000011( ™73 34)
g1lmy) = U. . GV .
— 80.384GeV
—0.00020 ™V = 80-384GeV )
0.014GeV
(my) = 0.93690 + 0.00556 (= — 173.34
yelmy) = U. + 0. (GeV_ . )
—0.1184
_0.00042 ( ©3Um2) —0-1184Y
0.0007

A(my) = 0.12604 + 0.00206 (G_V — 125, 15)
€

—0.00004 (G";‘V ) . (A7)

We have used the inputs, a3(mz) = 0.1184 and mwy =

80.384 GeV.

Appendix B: The beta functions for the couplings

in the U(1)p_ 1 extended SM

B.1: The one-loop beta functions for the gauge couplings

We have

5
,3(1) = (gl <32\/;gBLgBY +41g3y + 1808%3)

+32v/10g7gyp + 41g3
+4gBygyB (15\/883L + 4« 10g3Y>>,

19
1 _ _ 3
Bq, 5 82
B = —T7g3.
1
By = <4gngB<15\/_gBL +4v1 gBY)

5
+81 (32\/;%’1% +4lgBY>
5
+gpy| 64 38BL8BY + 12083, +41g2y

4 We have employed the boundary conditions in arXiv:1307.3536v4.

1 2 g
ﬁély)3=m(g1<4l\/ggmg3y+l6v ( BL 1 2¢3 ))

5
+41ggyp +4gyp (8\/;gBLgBY

2
+45< g3BL + YB)))
3/1 2
o _ [ L]z
’BgBL = \/2(10(4\/;83L(8YB<4\/1081 +45gy3>
+3Og%L> + gBY(gyg<41g% + 16x/10gy3>

2
+32\/10g12/3) +41\/;gBLgZBY>).

B.2: The one-loop beta function for the top Yukawa
coupling

(B.1)

We have

9y3 5 2 5
,3(1) 2t — )’t<\/;gBYgBL + ggZBL + \/;gngB

17¢1 923 o Ughy 2
— 4+ —= 48 .
gt T 883 g+ i

(B.2)

B.3: The one-loop beta function for the Majorana Yukawa
coupling

We have

N Yn/2
Bry —2<10( 2) —9— <3gBL+gYB))

B.4: The one-loop beta function for the scalar quartic
couplings

(B.3)

We have
1 )\ 9 2 2 9g2 2
B = (2(—5&—982— 53y+12yt)
+24( )2 D 234 2
) 208182 1008183Y
27 9 93 27ghy )
il 2—6
“Lzoog“LzogngY“L § 200 37 y)’

,3“) = 2( 36A2(3g3L + gyg) + 144¢5 585,
3

+48g5; +108gy g+1023 + A5 + 322 Yy — QYIﬁ)’

9, 9gBY

36¢2 )

36 54

—i——\/gglgBYgYBgBL + =
5 5 5
+423 4 6223 + 8h223 + A3 (3Y§ + 6yt2)-

M _ 9
B! A3<24gBL+ 58

Shy8EL + =8&i87s

(B.4)
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B.5: The two-loop beta functions for the gauge couplings

We have

B = 0 (398g1 +328v10gpy g} + 398gpve!

432841 gYBg;‘
+270g3 g7 + 88083 g7 + 3281083y &7

+1318gBYg1 +920gYBg1 170ytg1

1840
+TgBL g1 + 328+/ 10gBngBg1

5
+36808BY8YB§% + 656\/;8BY88L813

+328+10g35, 87 + 1318g3y 47
+1120+/ 10g3yg$3g% +920gpy 82587

—200g5yy7 81 + —~/ 088Y85. 81

1840

t- gBY8pL 81 +360v108385y g7

+270g385y 8t + 320108385y 8]
+880g2gpyg> + 112081083, gy 53>

5
+3680g129ng3g12 + 656\/;8%1/8[%812

2
+3680\/;g%ygug% +328V10g 5y 81
+920g%y 1 + 1440083 5 g1
+360+/10g3 g%y g1 + 18008385y 81
+320+/10g3 g%y 81 + 16008383y 81
+1120v/10g3y 87 581 + 560085y 87 581

—80g%yvig1 — 85v10gpygypy e

2240
—— V1 gBYgBLgl

11200
3 ——ghy8pL81 + 960087 s8R 81

—45g%YY§g1 + 1120+ IOg%ngBgl
53 2 5
42240 ggBYgBLgl+3680 ggbygBLgl

5
—100\/783)/% gBLEI

+920g3y + 14400g5y gy 5 + 18008383y

+1600g2g3,, + 560083, g%
11200
~S0v 1085y 8v830 + —5— 8By 8hL

+9600g3yg%38§L

5
_15./15géygBLY§ + 2240\/;g‘§ygBL
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5
—80\/;5’%;/)’38&)
1
p2 = 2563 (4 T0erern + 118}
+45g5 — 260g3

5 40g2
+8\/ggBLgBY + 3BL +11g BY

12062, - 20y3),

1
ﬂg) =108 (36v 0g1gys + 278}
+175¢3 + 36043
+24v/15gp1gpy + 12083,

+27ghy + 1808} 5 — 45)7),
@ _
ﬁgBY -

5 4
100 <1SgByg1 +380gypg] + 328\/;§'BL81

+18g5y87 + 3281085 587
+164v10gpygypg; +380gpygype;

5
+328\/788Y83L81+920ngYgBLgl

2 3 3 2 3 2
+1840 38YBEBLE + 18gy 81 +920gy 581

2240 /5
+T\/;83L81+328V 0gny 8y 581

+1840gpygyp&1 + ——8BY&RLE&I

3
1840
+—gYBgBLg1 + 180g28Y381 + 880g3gY381

3
+380g3y8vpgi — 85V10y gy gt

5 5
+320,/ §g§gng% + 328\/;g%ygBLg%
2, 2 S 5 2
+920 3gBygBL81 + 1120 3gy3gBLgl

5 2
+2896\/;83Y8Y383L81+1840ngY8YBgBLg1

B 5 . 2 4 3
100 3V N8BLE] + 18g5y 81 + 92028y 8y p&i

+@\/§gBYg133Lgl

3 3

+@ 3gBYgBLgl +3200V/68y 583, €1
+90g385y 81 + 184085y 87 581
2240«/_83YgBLg1 + 1320mgBYgYBgl23Lg1
+183£83YgYBgBL81 —60v/15¢pygBLYR81
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+1808%83Y8Y381 + SSOgggBYgYBgl

5
—50+10 ytgsygmytgl+328[gBYgBLg1

+920\/;gBYgBLgl

5
+1 120\/;83Y8y3gBLg1 + 5600\/;831/8)/38&81

+120v/15g3 gy 85181

5
+600«/_gngYgBLgl+320f8383Yg3L81
+1600\/;8383ygBL81

5, 2,
+2896 ggBngBgBLgl+184O ggBngBgBLgl

5
80\/7ythYythLg]+560V gBYgYB

11200
— /3gBYgBL + 32007685y 8y BSH,L
400
+1120v/ 1083y 851 — - ¥ 88y N8

—300g5yg%, Y2 + 180108282, gv 5
+160v/10g385y gy B — 425y gBY &7 5t
+4800v/6gpy g3 pgnr + 600863383, 851

2 2
+1600\/;g§g§YgBL + 5600\/;g%yg§BgBL

2
_|_1840\/;gBng3g3L — 500\/;yt*g3ygysythL

+120v/15g2 8587 + 5607/ 105y g5 21
+160v/10g3 g5y 8y 581 + 48007683 pgnL 81

2

3680
+380g%y8YBgl + —g%ygBLgl

3
+164v10g%ygvp +90g3 8By 87

+164v10 gBYgYBg1+920\/783YgBL)

~ 100
4328+ 10g7 g3 5 + 9600g%, g3

5
+1840g1g5y 8y + 1120\/781gBLgYB

5
+920\/;8183Lgy3 + 1120\/;gBYgBLg§/B

2
+5600\/;gBygBLg§/B +380g7g% 5 + 1641083, 85

+3200v/6g3, 87 5
+180g1g3875 + 880818387 5 + 3808185y 875

(920818y3 +5607/10gpy &5 5 + 48006851 87 5

1120

1840
— V108185, 875 + —— 3 —— 21851875

11200 2
3 gBygBLgYB

1120
— V1 gBYgBLgYB +

+164v 0gtgnygyp + 1807108385y 87 5

5
+160v/10g385y 87 5 + 656\/;8%(?&812/3

2 2 2 2 2 2
+1840 §g1gBLgy3+1840 ggBYgBLgYB

5 2
+2896\/78188Y813L8YB +1 840\/>8183Y83L8YB

+6400gBLgy3 + 18g1gBng3

2240 |5 1840 /2,
+T gglgBLgYB—i-T gglgBLgYB

2240 |5

i 3
3 3gBYgBLgYB

2240

3680
— V1 gBYgBLgYB + 812;y8123LgYB

3

3680

—1 glgBYgBLgYB + TglgBYgBLgYB

+188183Y8YB + 9081838y 8Y B
—SOYTg%;thgYB — 200y g18BY &Y B

2
+328,/ 3g1 gpLEY B + 380,/ gg?gBLgYB
+328 38BYSBLEYB + 920 38BY8BLEYB

+120v/15g183851.8v B + 60\/6818%33L8YB

5 2
+320\/7818383L8YB+880\/>glg3gBLgYB

5 2
+328\/;g18%;ygBLgYB + 380\/;g18%ygBLgYB

5 2
+328\/78183Y83L8YB +920fglgBYgBLgYB

+120v15g38 8y 8818 B
+600v/683 g8y 8818V B

2896

5
+320\/;g3gBYgBLgYB + 1600\/;g3gBYgBLgYB

5
—170\/;)’?81)&8“81/3

5
—100\/;)’(*8BY)’thL8YB — 180YNggy YNSY B

224 22400
—1 8183L+ 9 gBYgéL
4480 5
+T 383Y83L+

3680
+T 3glgBYgBL+ V 08785,
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1840
+Tgl33YgBL +120v/10g1838%,.

328
+—v10g1g§g%L =

1840

+Tg1gByg3L + 120082gBYgBL

3200 ,

+Tg3gBY83L

V10g185y85,

- 7~/ 10y g108% 1,

80
—?\/ 10y, gBy y185, + 656818y 8BL

+6x/8gngygBL + 30\/8818%88Y88L
—~60v/T0¥ngy g3, Yn — 1703 gtrgrs).

3
2 _
@ =570 (920gY 5 +328V10g18%

2
+2240,/ > g8y 5 + 920\@gBLg‘;B

m

2240
+380g7 83 5 + 38085y 87 5 + =V 1085, 87 5

41840 5
3 —— 85185 + 656\/;5’18&8%3

5
+3680\/7g1g3LgYB+656\/783Y83L3YB
4480 [5 , , 41840 [2 5
+T 583L8YB+T 3gBLgYB

L 2240 7360,

— V1 glgBLSYB‘i' 3 — 818BL8YB

7360
+TV1083Y83L8YB + ———gBrer 8rp

3
—85v IOyt*glytg%/B — 50+ IOyt*gBYytg%B

5 2
+656\/;g%gBLg§3 + 380\/;g%gBL8%/B

+240+/ ISg%gBLg%B + 6Ox/6g%gBLg%B

5 2
+640\/;g§gmg§3 + 880\/;g§gBLg§B

5 2
+656 gBYgBLgYB—+380 gBygBLgYB

2
—425f VivgnLer s + 18ghyevn

4480 80000
—1 8BL8YB + g%LgYB

4480 5 4 4480 /5

+T 58183L8Y3+T 3

7360
= 3gBYgBLgYB + 188183Y8YB

656
+90838 5y gv5 + V108185875

1840

+T4§183L8YB + 240+ 10g§g%LgYB
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_gBYg%LgYB

640
+1200g3¢5, 8v5 + —-v1083g5. 875

3200 5 5

656
3 838BL8YB + 5V 1085y 85,875

1840 5 1000 w2
3 gBYgBLgYB— 3 — Yt 18BL8YB

5 5
- 100\/;Yt>kgl)’thLgYB - 80\/;y€kgBYythLgYB

—60+/15 YNgBYgBL YngyB

80000 4480
gBL —— V1 8BYgBL

9 3

1840 /2
0 2 4ow6g§gzL

3200 /2 3 1840 (2 3
+— 3 38383L+T 383Y83L

400 /2
3 gyt*ytg%L +6‘/68%YgBL +6«/58128%3Y83L

+30+/6828%y 851 — 100v/6YNgh; YN
+180g367 5 + 8808387 )- (B.5)

B.6: The two-loop beta function for the top Yukawa

coupling
We have
1
@) = 3600() 500+/15 *
By, 600yt( 5 + 8BYVt&BLY,

2
+1000yg5, v — 340\/;glgBYgYBgBL

5 100
+50\/;g%gBY83L -5V 10g18vB85;

190

+Tg128%n +270v15g3 gy gBL
5 1600
+450g%£g%ﬂ — 800g3gny 881 — —— 83831
5 2

—100 38BY8YBEBL

26600 /5

5 ggBYg%L + 1085085y 8%,

40600 ,

5 200
+4016\f Sby8BL — — 8yp8BL+ —g —8bL

+750v/10g1 8y pyoyi + 12753y + 337583 vy
+1200083 vy 4 127582y yoyit

1150082 5 yoy — 4050y2 (yt*>2 +405v10g192¢v 5
—270g%¢% — 400/10g1 ¢3¢y
+760g2g% +25v/10g18%y gy 5 —
+2008v/10g7 gy 5 + 162758785

1068185y
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+66507/10g183 5 + 1187g% + 5400262 — 27083 g%,
+675g38% 5 — 345085 + 76083 g%y

—800g3gy 5 — 64800g3 + 9585y 87

11874, + 1015083 5 + 300)\5)

320 , - s \/?
t3 8Lt g (yt Y (— 9605 + 100 J8BY8BL

+ — 540y, y,; + 504/10g1 gy 5
+223g7 + 675g3 + 128043 + 223g%y

+160g%3) + 120y? (yt*)z) (B.6)

B.7: The two-loop beta functions for the heavy neutrino
Yukawa coupling

We have

| 2
Bix = 30 20~ (- 225YN<§g%L +aba) Iy

+128\/§g3yg%L + 7085y 851

+738087 g%, + 254085, + 45Yx

+96+/10g183 5 + 105g2g2 5 + 5715g% 4

—8033 —2013) + 880g3, Y3 ¥y + 132083 , Y3
—1600 Y3 YN — 1075, (B.7)

B.8: The two-loop beta functions for the scalar quartic
couplings

We have
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t
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+400 8yt — 2<)’t*> Ch 440y g3y
45

+Zyt*g%)’t)t

1 1
gint + gBY)‘2>
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