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We consider the multiple point principle (MPP) and the inflation of the gauged B — L (baryon
number minus lepton number) extension of the Standard Model (SM) with a classical conformal-
ity. We examine whether the scalar couplings and their beta functions can become simultaneously
zero at Aypp := 10'7 GeV by using two-loop renormalization group equations (RGEs). We find
that we can actually realize such a situation and that the parameters of the model are uniquely
determined by the MPP. However, as discussed by S. Iso and Y. Orikasa [Prog. Theor. Exp. Phys.
2013, 023B08 (2013) [arXiv:1210.2848 [hep-ph]]], if we want to realize electroweak symmetry
breaking by radiative B — L symmetry breaking, the self-coupling Ly of a newly introduced
SM singlet complex scalar W must have a non-zero value at Aypp, which means the breaking
of the MPP. We find that O(100) GeV electroweak symmetry breaking can be achieved even if
this breaking is very small; Ay (Ampp) < 107'°. Within this situation, the mass of the B — L

gauge boson is predicted to be Mz_; = 2+/2 x /A(v;,)/0.10 x v, =~ 696 GeV, where A is the
Higgs self-coupling and v, is the Higgs expectation value. This is a remarkable prediction of the
(slightly broken) MPP. Furthermore, such a small Ay opens a new possibility: W plays the role
of the inflaton [28]. Another purpose of this paper is to investigate the Ay W* inflation scenario
with non-minimal gravitational coupling £ ¥?>R based on two-loop RGEs.

Subject Index B02, B32, B40

1. Introduction

The discovery of the Higgs-like particle and its mass [1,2] is very meaningful for the Standard
Model (SM). The experimental value of the Higgs mass suggests that the Higgs potential can be
stable up to the Planck scale M, and also that both the Higgs self-coupling A and its beta function
B become very small around M,,. This fact attracts much attention, and there are many works which
try to find its physical meaning [3-22].

Well before the discovery of the Higgs, it was argued that the Higgs mass could be predicted to be
around 130 GeV by the requirement that the minimum of the Higgs potential becomes zero at M),
[3,4]. Such a requirement (not always at Mp;) is generally called the multiple point principle (MPP).
One of the good points of the MPP is its predictability: the low-energy effective couplings are fixed
so that the minimum of the potential vanishes; see, e.g., Refs. [23,24].

By taking the fact that the MPP can be realized in the SM into consideration, a natural question is
whether such a criticality can also be realized in the models beyond the SM. One interesting extension
is the gauged B — L (baryon number minus lepton number) model with a classical conformality
[25-28]. Here, “classical conformality” means there is no mass term at the classical level without
gravity. This model can be obtained by gauging the global U(1)p_; symmetry of the SM with three
right-handed neutrinos and an SM singlet complex scalar W. As discussed in the following, if we
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neglect the Yukawa couplings between the Higgs and neutrinos, there are six unknown parameters
in this model. In particular, two of them are new scalar couplings: ¥ and Ay. Therefore, in principle,
these six parameters can be uniquely fixed by the MPP conditions:

A(Ampp) = Ay (Ampp) = k(Ampp) = Br(Ampp) = Bry (Ampp) = Bc(Ampp) =0, (1)

where Anpp is the scale at which we impose the MPP. The analyses in this paper are based on the
following assumptions:

1. We consider the MPP at Aypp = 1017 GeV.

2. As well as the analyses in Refs. [25,26], we do not include mass terms in the Lagrangian. As
a result, all the low-energy scales are radiatively generated.

3. The Higgs mass is fixed at

M, = 125.7GeV, (2)

and we regard the top mass M; as one of the free parameters.

4. We assume that small neutrino masses are produced by the seesaw mechanism via radiative
breaking of the B — L symmetry. As a result, we can neglect the Yukawa couplings y, between
the Higgs and neutrinos because the typical breaking scale is very small (<<1013 GeV).

In Sect. 2.2, we will see that Eq. (1) can be actually realized at Appp = 10'7 GeV.

One of the good features of this model is that electroweak symmetry breaking can be trig-
gered by U(1)p_; symmetry breaking via the Coleman—Weinberg (CW) mechanism. In Ref.
[26], it was argued that we can naturally obtain v, = O(100) GeV by imposing A(Mpl) =0 and
K(Mpl) = 0. Here, the important point is that )\.\y(AMP})) # 0 is needed to realize such B — L
breaking.! Therefore, if we try to combine this fact and the MPP, a natural question arises:

o Is O(100) GeV electroweak symmetry breaking possible even if Ay (Awmpp) is small?

In Sect. 2.3, we will see that this is actually possible even if Ay (Appp) < 107!%. The reason for
this is very simple: By tuning the parameters of the model, we can obtain the favorable scale
at which U(1)p_; breaks so that vy becomes O(100) GeV. Therefore, the B — L model is a
phenomenologically very interesting model in that it can explain the natural-scale electroweak sym-
metry breaking while satisfying the (slightly broken) MPP. Furthermore, within this situation, we
find that the mass of the B — L gauge boson is predicted to be

Avp)
0.10

where vp_1 is the expectation value of W and we have used the typical value A(v;) >~ 0.1. This is

Mp_; =2gp 1 (vB_1)vp_1 = 2+/2 X

x v ~ 696 GeV, A3)

a remarkable prediction of the (slightly broken) MPP, and it is surprising that the predicted value of
Mp_; depends only on the SM parameters.>

On the other hand, there are many observational results from the cosmological side. One of the
reliable possibilities to explain them is cosmic inflation. As is well known, Higgs inflation is pos-
sible in the SM where the criticality of the Higgs potential plays an important role in realizing the
inflation naturally [17]. Of course, such a Higgs inflation is possible in the B — L model, but we
can also consider the inflation scenario where W plays the role of the inflaton [28]. In this paper, we

! Realizing B — L symmetry breaking when Ay (Aypp) = 0 is difficult; see Sect. 2.
2 Unfortunately, this value of Mp_; is already excluded by the ATLAS experiment [29]; see Sect. 2.3.
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study Ay W* inflation with non-minimal gravitational coupling £ W2R. Our analysis is based on the
following condition:

o We consider inflation in the situation where the minimum of the Higgs potential vanishes at
Awmpp = 10'7 GeV and electroweak symmetry breaking occurs at O(100) GeV.

In the following discussion, we will see that this condition strongly constrains the parameters, and,
as a result, we can obtain unique cosmological predictions? that are consistent with the recent values
observed by Planck [32] and BICEP2 [33].

This paper is organized as follows. In Sect. 2, we study the MPP and the B — L symmetry breaking
from the point of view of the slightly broken MPP. In Sect. 3, we investigate the inflation scenario
where the SM singlet complex scalar W plays the role of the inflaton. In Sect. 4, we give a summary.

2. MPP of the B — L model and symmetry breaking
The flow of this section is as follows. In Sect. 2.1, we briefly review the gauged B — L model. In

Sect. 2.2, we consider the MPP of this model. In Sect. 2.3, we study whether O(100) GeV electroweak
symmetry breaking can be realized even if Ly (Apmpp) is very small.

2.1.  Short review of the B — L model

In this subsection, we briefly review the B — L extension of the SM. Here, our discussion is mainly
based on Ref. [30]. As mentioned in the introduction, this model can be obtained by gauging the
global U(1)p_; symmetry. The kinetic terms of the two U(1) gauge fields are given as follows:

1 1 w
Lyin = —ZFWFM - ZFSKLFB—LMU - ZFZELFMW “4)
where w (€ R) represents the kinetic mixing. The U(1) part of the covariant derivative of a matter
field ¢y is given by

2 2
Du=0u+iy Y YigijAl (5)
i=1 j=1

where AL and Ai are the gauge fields of U(1)y and U(1)p_p, respectively, Y, ,é are the U(1) charges,
and g;; represent the U(1) gauge couplings. We can remove the mixing term by changing AllL and

2 Y B—L.

Ay, to the new fields A and A ;™"
1 1 Y 1 B-L 42 _ 1 Y 1 B=L ()

A V2Ad+fw) * V20 =-"2w) * ° # «/2(1—|—w)A“ V2 =20) *

We simply express Eq. (6) as AL =>4 R(’;‘AZ. By this transformation, the new gauge couplings are
8o = 8ijRL. (7)
J

We denote g;a as gyy, gve, &ey, and gpp without a prime in the following discussion. Only
three of them are meaningful because we can further rotate the gauge fields without producing

3 Here, we use “unique” in the sense that our predictions do not strongly depend on the parameters of the
model, except for Ay, &, and the initial value of W.
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AY __[cos® —sin6 AY
AB-L )] \sin® cos 6 AB-L "

Thus, we can choose the angle 6 so that one of g, vanishes. For convenience, we take the following

the mixing term:

bases:
B gerAL " + geyA], . —geyAl ! + gppAl, ®
= ’ n=
2 2 2 2
V 8EE t 8Ey V 8EE t 8ky
In these bases, the second term of Eq. (5) becomes
er ¥ B+ (g1 YE ™ + gmin ¥ ) Ev ©)

where

8EESYY — 8EYSYE 8YEZEE + 8EY8YY
y == . 8B—L =+/&rrt+ &Fy  &mix i= . (10)

2 2 2 2
V 8EE T 8k V 8ke t 8ky

As aresult, B, plays the role of the ordinary U(1)y gauge field, and E, is a new gauge field that can

have a mass if the B — L symmetry is broken. We use Eq. (9) for the calculations of the RGEs in
Appendix A.

The particle contents (except for the gauge bosons) and their charges are presented in Table 1. In
addition to the SM particles, there are three right-handed neutrinos and a SM singlet complex scalar
whose U(1)p—_1. charge is +2. The relevant terms of the renormalizable Lagrangian are

LD (H*H)2 " (w*w)z —k (HTH> (\quf)

o | o
=Y yiuRH e — 3 > Y veRvR® + he. (11)
ij ij

In the following discussion, we use the bases such that yéj and Yliej are real and diagonalized, and
assume that they are equal, respectively, for the three generations. As a result, by including the top
mass M;, there are seven unknown parameters in this model:

Mtv gB—L’ gmin )"\va K, y\H YR' (12)

If we assume that small neutrino masses (<1 eV) are generated by the ordinary seesaw mechanism
triggered by U(1)p_; symmetry breaking at a low-energy scale (<<1013 GeV), v, should be very
small, and its effects on the RGEs are negligible. In this paper, we assume such a situation.

2.2.  Multiple point principle

To understand how these couplings behave at a high-energy scale, we need to know the RGEs. The
two-loop RGEs of this model are presented in Appendix A. Furthermore, the one-loop effective
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Table 1. The particle contents of the B — L model and their charges except for
the gauge bosons. Here, i represents the generation.

SUQB). SUQ@). UMy UDs-1

0! 3 2 +1/6 +1/3
u'y 3 1 +2/3 +1/3
di 3 1 -1/3 +1/3
o 1 2 -1/2 ~1
Vi 1 1 0 -1
e 1 1 -1 —1

H 1 2 -1/2 0

v 1 1 0 +2

potentials in the Landau gauge are as follows:*

A A
Velgf(,ua ¢) = %¢4 + Vlliloop(ﬂ’ ¢)a Ve\?f(/‘b’ qj) = %ﬂ)qﬂ + quiloop('u’ qj)’ (13)

M, (¢)* M, (¢)? 3
Vfiloop(u, }) = T {—12- % [log ( ’:f) ) -~ + 2F(M)]

2
My (¢)* Mw(@)?\ 5
S e (M) g

Mz(¢)* Mz($)*\ 5

Mp(¥)* Mg(¥)2\ 3
quiloop(li, V) = v {—6 : # [log (2—2 ~3 +2ly ()

Mp_(V)* [10 (MB_L(\D)Z)
6472 & 2

+6-

+3- 2 + 2Fq/(l/b)i|} ; (14)

6

where

v (W) 2 (W) g3(1) + g5 (1)

ﬁq&, My (¢) = ——¢. Mz(¢) = 5 ¢,

Yr()

V2

Here, 1 is the renormalization scale and I', "y are the wave function renormalizations. To minimize

M;(¢) =

Mg(¥) = W, Mp_p(¥)* =22gp 1 ()W (15)

the one-loop contributions, we take i = ¢ (¥) in the following discussion.> From these results, we

* Here, we neglect the one-loop contributions that include A, Ay, and k because their effects are very small
when we consider the MPP.

3 Precisely speaking, u should be determined as a function of ¢ and ¥ by minimizing the one-loop effective
potential. However, in this paper, we simply choose & = ¢ (¥) when we focus on A (Afl,ff). It is known that
this choice is a good approximation [17].
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can define the effective self-couplings and their effective beta functions as follows:

Wi @ e (@)

1) = e A R T (16)
4VY(W) dASE (W)
W) == By =g (17)

Figure 1 shows the typical behaviors of A°(¢) and its parameter dependences. Here, for later con-
venience, the initial values of Ay, x, gp—r, mix, and Y are given at Appp = 107 GeV, and their
typical values are chosen to be 0.1, respectively. One can see that A% (¢) depends weakly on gp_1
and Y because they appear in 8, at the two-loop level.

Now, let us consider the MPP. By including the top mass M; and neglecting y,, there are six
parameters in this model:

Ml‘» 8B—-L, Emix> )"llfa K, YR (18)
Therefore, in principle, they are uniquely determined by the MPP conditions:

2T (Ampp) = 23 (Ampp) = k(Ampp) = B5" (Ampp) = BST (Ampp) = Be(Ampp) =0.  (19)

Among these, A5 (Ampp) = k(Ampp) = 0 are just the initial conditions of Ay and «, and other
conditions give us constraints between the remaining parameters. We can understand such constraints
qualitatively from the one-loop RGEs:

o ,Biff(AMpp) = 0 mainly relates M; and gnix because they appear in 8, at the one-loop level
(see Eq. (A12) in Appendix A). As a result, we can fix M; and gmix by A°T(Ampp) = 5T
(AMPP) = 0. They are

171.74GeV < M, < 171.82GeV,  0.21 < gmix(Awmpp) < 0.27, (20)

according to 0 < gp_r (Ampp) < 0.4.°
o We can obtain a relation between gg_1. (AMpp) and Yy (AMpp) by By (AMPP) = 0 because the
one-loop part of §;,, at Ampp is
1
B li-toop(Anire) = —s (9685, —3Y}) @1)
o Finally, gg—z (Ampp) (or Yg(Ampp)) can be fixed at 0 by B, (Ampp) = 0 because the one-loop
part of B, at Aypp is

1 1282_ gZ.
Bl -toop(Anrp) = —— (1285 g3y — 12VR32) = ——otymix (22)

1672 1672

In Fig. 2, we show the effective potentials (upper) and the runnings (lower) of k‘flff and « that satisfy
the above MPP conditions. Here, in the lower panels, we leave gp_ 1. (AMpp) as a free parameter. One
can see that the flat potentials can be actually realized at Apnpp.

Summary: From the MPP at Aypp = 1017 GeV, the parameters of the gauged B — L extension of
the SM are fixed at

M, ~171.8GeV, gp_1 (AMPP) ~ 0, gmix(AMpp) ~ 0.2,
Ay (AMPP) ~ O, K(AMPP) ~ O, YR (AMpp) ~ 0. (23)

%Y (AMpp) dependence is negligible.
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Ap(Ampp)=0.2, k(Anpp)=0.1, g5-1(Ampp)=0.1, gmix(Anmpp)=0.1, Yr(Ampp)=0.1

0.10

0.08

0.06

Aer

0.04

0.02

— M,=1712GeV

—

0.00

—-0.02

W

10 15 20

log,g ——
1 Gev

M=171.2 GeV, Apm(Ampp)=0.2, k(Ampp)=0.1, gz (Ampp)=0.1, Yr(Ampp)=0.1

0.10

0.08

— Zmix(Ampp) = 0
— Zmix(Ampp) = 0.4

w

10 15 20

log,, ——
g10 Gev

M;=171.2GeV, dy(Ampp)=0.2, k(Ampp)=0.1, g5 (Ampp)=0.1, gmix(Ampp)=0.1

0.10

0.08

— Yr(Ampp) =0
— Yr(Ampp) = 0.6

W

10 15 20

log, ——
1 Gev

M=171.2 GeV, Apm(Ampp)=0.2, g5-1.(Anipp)=0.1, gmix(Ampp)=0.1, Yr(Ampp)=0.1

0.10

0.08

— k(Awmpp) =0
— K(AMPP) =04

10

15 20
log g ——
1 Gev

M;=171.2GeV, Ap(Ampp)=0.2, k(Ampp)=0.1, gmix(Ampp)=0.1, Yr(Ampp)=0.1

0.10

— gp-1(Ampp) =0
— 8- (Ampp) =0.4

W

10

log,, ——
g0 Gev

M=171.2 GeV, k(Ampp)=0.1, gp-1(Ampp)=0.1, gmix(Ampp)=0.1, Yr(Anpp)=0.1

0.08

0.06

Aer
(=)
(=)
g

0.02

0.00

-0.02

— Ap(Ampp) =0
— Ay(Ampp) = 04

W

10

log, ——
1 Gev

Fig. 1. The runnings of the Higgs effective self-coupling A.s as a function of ¢. The upper-left (-right) panel
shows the M, (k (Ampp)) dependence. In the case of M, the blue band corresponds to 95% CL deviation from
171.2 GeV. The middle-left (-right) panel shows the gmix(Ampp) (g5 (Ampp)) dependence. The lower-left
(-right) panel shows the Yz (Awmpp) (Aw(Awmpp)) dependence.

2.3.  Electroweak symmetry breaking by breaking the MPP

We first explain how electroweak symmetry breaking is triggered by B — L symmetry breaking. If
W has an expectation value (W) := vg_; /+/2, the interaction term —« (H'H) (¥7¥) produces the

mass term of H:

L> —Ev2
2
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1.x 10 —0.0001 — gp-r(Ampp) =0.025
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H H
lo, -
#10Gev 810 ey

Fig. 2. The effective potentials (upper) and the runnings of AS' and « that satisfy the MPP conditions (lower).
The upper-left (-right) panel shows Velfif (Ve‘ff). They are exactly flat at Aypp = 10'7 GeV. In the lower panels, we
leave g (Ampp) as a free parameter. The different colors correspond to the different values of g1, (Awmpp).

Thus, if k is negative at the B — L breaking scale, electroweak symmetry breaking occurs, and the
corresponding Higgs expectation value v, is given by

Vp =,/ ——— X VUp—
h 2N B—L

This is a relation between vy, and vp_r. We must consider a few questions to realize electroweak
symmetry breaking at O(100) GeV:

(25)

w=up

Question I: Does B — L symmetry breaking actually occur? In particular, is it possible to realize it
in the situation where the MPP is exactly satisfied?

See the lower-left panel of Fig. 2 once again. This shows the running of k‘fﬁf when the MPP conditions
are satisfied. One can see that k‘f’lff is a monotonically decreasing function in the u < Appp region.
Thus, we cannot obtain B — L symmetry breaking if the MPP is realized exactly. However, as dis-
cussed in Ref. [26], the situation changes when A$ (Ampp) > 0 and ,Bﬁf (Ampp) > 0, which mean
the breaking of the MPP. See the upper- and middle-left panels of Fig. 3. They show the runnings of
)L‘fpff when A‘f’lff(AMpp) = 10719 and 10_12, respectively.7 One can see that )\‘flff can cross zero, and
its scale strongly depends on gp_ (AMpp). For convenience, we also show the corresponding effec-
tive potentials of W in the upper- and middle-right panels. Here, we have normalized the vertical

axes so that the minimums of the potentials can be easily understood. In the following discussion,

"In Sect. 3, we will see that 28T is required to be small to explain the cosmological observations. This is
why we have chosen A% to be so small here.
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Fig. 3. Upper (middle): the runnings of AT (left) and the corresponding effective potentials (right) in the
case of )\,S,ff(AMPP) = 10719 (107'2). Here, the vertical axes of the right panels are properly normalized. The
different colors correspond to the different values of g5, (A Mpp). Lower-left (-right): x vs gg_ at M, = 171.8
GeV for A5 (Ampp) = 10710 (107'2). Here, the solid blue lines are the numerical results of the RGEs, and the
dashed red contours represent —« = 0.10 x g% _,.

besides k‘flff(AMpp) > 0 and ,BAs/ff(AMpp) > 0, we consider the situation such that only A°, g, and
K satisfy the MPP conditions:

A (Ampp) = BT (Ampp) = Kk (Ampp) = 0
A5 (Ampp) > 0, ﬂfﬁ,f(AMPP) >0, Be(Ampp) > 0. (26)

Question 2: Although we have seen that B — L symmetry breaking is possible if we break the MPP,
is it possible to realize v, = O(100) GeV?

To answer this question, we should know the typical values of k at a low-energy scale (see Eq. (25)).
Before seeing the numerical results, let us understand them qualitatively. Because we now consider
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the MPP, the one-loop part of 8, approximately becomes (see Eq. (A13) in Appendix A)

2 2 2
1285 _18mix _ 8B-L

~ 1072, 27
1672 T x 27)

IBK | 1—loop =

where we have used gmix = 0.2, which was obtained from A°(Anpp) = A5 (Anpp) = 0. Thus, « at
a low-energy scale u is approximately given by

— k() = x 0.1 x g§_ (1), (28)

where c is a constant and we have used the fact that gz_; does not change significantly.

This is the qualitative expression of k (). In the lower-left (-right) panel of Fig. 3, we show k vs gg_ 1.
atu = M; = 171.8 GeV in the case Of)\?pff(AMPp) = 1019 (107'2). One can see that Eq. (28) nicely
explains the numerical results when ¢ is 1.0. As a result, v, is given by

0.1 x ¢ x gg_r(vp)?
V), =
h 27 (vp)

X vp_r =~ gp—1.(Vp)VB—L, (29)

where we have used the typical value A(vy) >~ 0.1. Therefore, we can obtain v, = O(100) GeV by
tuning gp_r. (AMPP) and Y (AMPP) so that the right-hand side of Eq. (29) becomes O(100) GeV.
The red lines of the upper- and middle-left panels of Fig. 3 show such examples. In the upper (lower)
case, gg_z is O(1073(10™%)) and vg_ is O(102(10%)) TeV.

A few comments are needed. First, because we no longer impose the flatness of Ve‘ff, the two
parameters gp_ 1 (AMpp) and Yg (AMPP) remain as free parameters. However, the parameter region
that can produce v, = O(100) GeV is quite limited. For example, in the k‘flff(AMpp) = 10710 case,
it is

1.6 x 107 < gp_r (Ampp) $3.2x 1073, (30)
and Yp (AMpp) is correspondingly fixed so that Afpff crosses zero around O (100) TeV. The reason for
this is as follows. When gg_ 1. (AMpp) is small, B, is too small to make A‘fpff negative at a low-energy
scale. As aresult, B — L symmetry breaking does not occur. On the other hand, when gp_1 (AMpp)
is too large, B — L symmetry breaking occurs at a very high-energy scale. We can actually see these
behaviors from Fig. 4. Note that the allowed values of gp_ 1, (AMpp) become small when we decrease
)\.e\’gf(AMpp).

Second, gp_ at alow-energy scale does not change very much from the value at Aypp. See Fig. 5.
This shows the typical runnings of gp_; when Afyff(AMpp) =10"10,

Finally, when Eq. (26) is satisfied, the mass of the B — L gauge boson is uniquely predicted to be

Avp)
X
0.10

where we have used Eq. (29) and ¢ = 1.0. By using the experimental value v, = 246 GeV and the
typical value A(vy) =~ 0.1, this leads to

Mp 1 =2gp 1 (vp_1)vp_1 =232 x vp, (31)

Mp_1 ~ 696GeV. (32)

Although this is a remarkable prediction of the MPP, this value is already excluded by the ATLAS
experiment [29] because gmiy is too large.?

8 In Ref. [29], gmix is represented by gy. Therefore, gmix = 0.24 corresponds to the contour y’ ~ 0.32/ sin @
in Fig. 7 of Ref. [29].
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ff -10 ‘ )
A A g(Ampp) =107, gp_1(Ampp) =0.0015 ) AT Augpe) = 1010, p 1 (Angor) = 0.0033
o ' ' ' ' ' ' ' 1.x 10"
8.x 1071} — Yr(Awee) =0 8.x 107! — Yr(Aupp)=0.007 44
6.x 107! — Yr(Ampp)=0.007 45
P | 5 Yr(Ampp) =0.007 46
u ‘3 ~11
’3 3 4.x 10
4.x10711
2.%x 107!
T e i
. u
log,,——
lOgloGeV gmGeV

Fig. 4. The impossibility of realizing v, = O(100) GeV when gg_; (Ampp) is outside the region given by
Eq. (30). The left (right) panel shows the running of )flff when gg_1 (AMpp) = 0.0015 (0.0033). In the left
panel, one can see that kfl,ff is always positive even if Yp (AMpp) = 0. In the right panel, one can see that B — L
symmetry breaking occurs at a very high-energy scale (3> 10 TeV).

Ay (Appp) = 107", Yr(Anipp) =0

0.0024 — g-1(Ampp)=0.0014
0.0022 — 2g-L(Ampp)=0.0017
_L(A =0.0020
0.0020 -1 (Awmpp)
1 0.0018
a0
0.0016
0.0014
0.0012
4 6 8 10 12 14 16
u
Log,,——
0 Gey

Fig. 5. The typical runnings of gz_; when A§ (Avpp) = 10717,

3. Non-minimal inflation: The SM singlet scalar as the inflaton

As is well known, Higgs inflation is possible in the SM [14—18]. There, the criticality of the Higgs
potential plays a crucial role in realizing inflation naturally; we can obtain sufficient e-foldings and
cosmic microwave background (CMB) fluctuations even if &€ is O(1) by making the running Higgs
self-coupling arbitrarily small (see Ref. [17] for more details). In other words, the smallness of the
self-coupling is needed to realize the inflation naturally. Such a Higgs inflation is, of course, possible
in our B — L model; however, the conclusion of the previous section indicates a new possibility:
The newly introduced SM singlet complex scalar W plays the role of the inflaton [28]. We study this
scenario in this section.
The action with the non-minimal gravitational coupling £ W2R in the Jordan frame is given by

M2 _i_%-\IIZ 1 )Lefqu
S]:/d4)€\/__g{_<plT R+§guvaﬂ\pav\p_¥\p4+... , (33)

where W is the physical (real) field, and we have written the relevant terms for later discussion.
To study the inflation, it is convenient to move to the Einstein frame. Namely, by the conformal
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transformation
§W?
g'uv - QZg/LVa Qz = 1 + _2’ (34)
M ol
and the field redefinition
d Q2 4 652W2/ M?
=2 \/ 2, (33)
dw Q4
the action becomes
M2 1 )"eff N7
se= [ e {_TPIRE D e AL s BUES SRR E)
This is the canonically normalized form, and the potential in this frame is given by
U(x) = 22w (y). 37
(x) a0 (37)
For large values of W > Mp/+/€, Eq. (35) becomes
d My |1+6
ax Ml +_5’ (38)
dv ~ W £
so we have
W~ My exp X . (39)
Mpi/(1+68)/§
In this limit, the potential in the Einstein frame, Eq. (37), becomes
LNV 2% -
U(X):—p I14+exp|— . (40)
482 Mpi/(1+68)/§

This is an exponentially flat potential (see, e.g., Fig. 6), so we can use the slow-roll approximations.
The slow-roll parameters are

14U M_lgl d_‘l’ﬂ/ ’ (41)
Udy) ~ 2 \dxu) "’
1d2 _ ld\IJ d d_\I/U, 42)
U dx av dy ’
1 d*U dU
¢ =My 43)
U?dyx3 dy
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AMy(Avpe) = 107'%, i1 (Awier) = 107, YeAwipr) = 107 XMy(Anire) = 1072, g1 (Agpp) = 0.001, Yr(Ayipr) = 0.001
25%10%  ———
5% 10"
) 2.0%10'%
4x 10" —e&=1 —e=1
i~ . —&=10 S 1.5% 101 —&=10
% s
8 3x10 £=100 S £=100
= * <
D 108 o 1.0x10"
14
1x 10" 5.0% 10
0 0
5 10 15 20 5 10 15 20
¥/Ampp W/Ampp

Fig. 6. The effective potentials in the Einstein frame. The left (right) panel shows the A (Ampp) =
10719 (10712) case. The different colors correspond to the different values of £.

where a prime represents a derivative with respect to W. By using these quantities, the number of
e-foldings N, the spectral index ng, its running dn; /d In k, and the tensor-to-scalar ratio r are given by

Xini 1 U Wini 1 U
N=/ d — =/ d‘l’—z—/ (44)
Xend Mpl dU/dX Wend Mpl U
ng =1 —6€ + 2n, (45)
dng 5 2
= 16en —24e~ — 2 46
Tk €1 € ¢, (46)
r = 16e, (47)

where Wi, (Wenq) represents the initial (end) value of W. In the following discussion, we denote Wip;
simply as W.
Here, we give the current cosmological constraints by Planck TT + lowP [32]. The overall

normalization of the CMB fluctuations at the scale kg = 0.05Mpc~! is

U
=] = (2.198+5578) x 107 (68% CL), (48)
TT~€
pl 'ko

and ng, dng/d Ink, and r are

dng

ng = 0.9655 £ 0.0062 (68% CL),
dInk

= —0.0126 3998 (68% CL), ro.002 < 0.10 (95% CL),
(49)
at the scale kg = 0.05 Mpc_1 for ng and dng/d Ink, and k, = 0.002 Mpc_1 for rg go2. On the other

hand, the BICEP2 experiment has reported an observation of rg gp2 [33]:

r0.002 = 0.207007 (68% CL). (50)

There has been discussion suggesting that this result may be consistent with r = 0 due to the
foreground effect [34,35].
Our calculations are based on the following conditions:

(1) Although there are six parameters, we consider the situation where Eq. (26) is satisfied.
Namely, M;, gmix (AMPP), and K(AMPP) are fixed, respectively, at 171.8 GeV, 0.2, and 0.
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Fig. 7. The cosmological predictions of the gauged B — L model. The upper, middle, and lower panels corre-
spond to A% (Ampp) = 1071°, 107'2, and 1074, respectively. The left (right) panels show n, vs r (dn,/Ink).
The blue (red) lines indicate that & (W) = constant, and the contours that correspond to N = 50 and 60 are

represented by orange and black, respectively.

(2) As the typical values of A5 (Anmpp), we choose

A5 (Ampp) = 1071°, 1072, and 10714, (51)
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off 110 s _
A y(Ampp)= 1077, £=10, ¥=3.4M,, ATy (Anpp) = 10710, £=10, ¥=3.4M,,
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Fig. 8. The gz_; (Awmpp) dependences of n;, r, and dn, i« Here, we change g1, (Ampp) within the region
such that electroweak symmetry breaking occurs at O(100) GeV, and & and W are chosen so that both the
observed value of A; and N = 50 are satisfied when gp_, (AMpp) = 0.0020. The left (right) panel shows
r (dng/Ink) vs ng.

(3) The remaining two parameters gp_1 (AMpp) and Yg (AMpp) are chosen so that v, becomes
O(100) GeV. As discussed at the end of Sect. 2, the allowed region is quite limited in this case.
We have checked that the cosmological predictions do not change very much even if we change
these parameters within such a region (see Fig. 8).

Figure 7 shows our numerical results when we fix gp_p. (AMPP) and Yp (AMPP). Our results
are, of course, consistent with previous results such as Refs. [28,36]. The left (right) panels show
r (dng/Ink) vs ng. Here, the solid blue (red) lines represent £ (V) = constant, and the contours
that correspond to N = 50 and 60 are represented by orange and black, respectively, from & = 0 to
£ = 100. In the left panels, we also show the contours of Ay = 2.2 x 10~ in green. These results
are consistent with the observed results (49) and (50) of Planck and BICEP2. In particular, as one can
see from the behaviors of the green lines, the values of ki’[ff(AMpp) that can simultaneously explain
Ay = 2.19 x 1072, sufficient e-foldings (N > 50), and the BICEP2 result » = (.2 are quite limited:

1071 < 28 (Ampp) < 10712, (52)

Among the three quantities ng, r, and dng / In k, one might think that the predicted values of dn;/ Ink
are small compared with the observed values O(—0.01). It might be possible to improve this situation
by including a higher-dimensional operator; see, e.g., Ref. [17].

In Fig. 8, we also show how n;, r, and dn,/Ink depend on gg_r(Ampp) when AST(Ampp) =
10719, Here, we change gp_— L(AMpp) within the region such that electroweak symmetry breaking
occurs at O(100) GeV. Furthermore, ¥ and & are chosen so that they explain both the observed
value of Ay and N = 50 when gp_1. (AMpp) = 0.0020. One can see that n; and r hardly depend on
gB—1 (Awmpp) and that the change in dn/ In k is at most O(0.0001). As aresult, in the situation where
the minimum of the Higgs potential vanishes at Aypp and electroweak symmetry breaking occurs at
O(100) GeV, the gauged B — L model uniquely predicts the cosmological observables. This is also
one of the benefits of the (slightly broken) MPP.
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4. Summary

In this paper, we have considered the MPP and the inflation of the gauged B — L extension of the
SM. We have found that the scalar couplings and their beta functions can simultaneously become
zero at Aypp = 10'7 GeV and that the parameters of the model can be uniquely fixed by these
conditions. However, from the point of view that electroweak symmetry breaking should be realized
by radiatively broken B — L symmetry, it is necessary to break the MPP: we need k‘f’lff(AMpp) >0
and ﬂkg‘f (AMpp) > 0. In Sect. 2.3, we found that small values of X‘:’Iff(AMpp) are compatible with
electroweak symmetry breaking at O(100) GeV. In particular, we have found that the mass of the
B — L gauge boson can be predicted to be

A(vp)

My, =232
BL =22 x 0.10

X v (53)

from the MPP of the Higgs potential and «. This is one of the remarkable predictions of the MPP.
In Sect. 3, we have studied inflation, where the SM singlet scalar W plays the role of the inflaton.
We have calculated the cosmological observables based on the assumptions that the minimum of
the Higgs potential vanishes at Aypp = 10'7 GeV and electroweak symmetry breaking occurs at
O(100) GeV. The results in this paper are consistent with the observations by Planck and BICEP2.
Among these, the predicted values of the running of the spectral index dn;/ In k are small compared
with the observed values O(—0.01). It might be interesting to consider whether we can improve this
situation. One such possibility is to include a higher-dimensional operator [17]. In conclusion, the
gauged B — L extension of the SM is a phenomenologically very interesting model in that it can
explain both the cosmological observations and electroweak symmetry breaking at O(100) GeV by
breaking the MPP.
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Appendix A. Two-loop renormalization group equations
The two-loop RGEs of the gauged B — L model are as follows:’

dTy 1 9, 3, 3, 5 5
L - = Zg2  —3y2_3y2), Al
FTRRRRVTSY <4gz+ 787 T 7 8mix =3V — Yy (A1)
dTy 1 5 3.,
—=——12 - , A2
di (4n)2< 8B-L 2 R) (A2)
dgy 1 41 4 g (199 , 9, 44, 92, 199 ,
di - @26 8y @t T8 8y 2g2+ 38 + 9 8p-1 T I3 Smix

N 164 17, 3, (A3)

9 Emix&B—L 6 yt 2yv ’

% Our calculations are based on Refs. [37—40]. In particular, the two-loop results with an arbitrary number
of Abelian groups are presented in Ref. [40].
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dgmix 1 41 32
it~ (4n) ( guix (8mix +287) + 5 8a-1 (8min +87) + 12gmixg§_L>
L [ (199, 328 9, M, 184, 199,
(47-[)4 8mix 18 o Smix 9 8mix§B—-L 2g2 3 &3 3 g5 1 - I

, (656 , 448 32, )
+ 8mix TngBfL + TngL + ?83834 +12g588-1

644 , 00 199 88 ,, 32,,
+ &mix 5 8v8h- L+ 9 —gh o+ 128585, + 9 gy+9gzgy+?g3gy+?g3g3%

164 , 224 , 4 2 2 32 ,,
+ TngB—L + 5 8851 +12g58v8-1 + 3 838v8n-L
17 10 , 4, 17,
- yt ngB L+ 6 gle + ?gming—L + §gmngB—L + ?gmixgy
( gygp-1 + gnmx + 38mix&y + 68min&8-1 + 128mixg5_ L) -3Y ﬁgmixgéL} , (A4)
dgp-1  8B-L 2 32 41 ,
= 12 2 o 1 gmix + —g2.
dt (47[)2 gB—L + 3 8B—LEmi + 6 gmlx
8B-L 800 92 184 32 448
T any { Bt ( 5 851t 5 & + S 8mix T 1283+ 85 + 5 gmings-L
164 328 32
+ 8B-L _gmixg§ + _g::;ix + 1zg§gmix + _gggmix
9 9 3
199 , , 199 9 4 ,
+ 1_8 Emix8y + 18 gmlx + 2g2gm1x + ?g3gmix

4 10 17 3
- ytz <§g§L + ?gmingfL + Zgrzmx> - y% <6gmingL - Egrznix - 128129L> - 3Y1%g%gL} ,

(A5)
dg I 19 4 g% 3, 35, 5 5 3, 3, 3,
a6 T a8 g st 12g3 + 4851 + S 8mix T 48mixg5-L = 77 = 5% |-
(A6)
dgs 7 5 gg 11 9 4 11 4
—_—— 26 mix - 2 ’ A7
T (4n)2g3+(4n)4 3 y+282 g3+3g3 Lt 6gmlx+3g gp-L —2y; (A7)
dy, Y 9 9, 17, 17, 2, 5
— = 3y; -8 — S8 — 8k — T8B-L — T8B-L&mix
dt (4 )2 yt + yu g3 4g2 12gY lzgmlx 3gB_L 3gB Lg
Vi 4 27 27 2.2 9 2.2 2 1 2
12y — —y' — — — —Yiy, +6A 121
+(4]T)4{ y 4yv 4ytyv 4 + +2K yt
225 , 131 131 , 25
+y; (3643 + 1o & + T —gy +385, + TG Smix + 7 Smix8B-L
e 45 2+15 15 +152 Jr15 A +502
Y 8 82 3 gY gB L 8 8Emix ) 8mix&B—-L 7 8mix8B-L
1085 , , 502 5 665 3 9, 20 ,
36 7 8mix85-1L T 27 —- 8mix8y&B-L T+ ngingfL + ZgzgmingfL - 383gmix83¢
203 3 8 91 2 2 1187 , 3,,
+ gLt 4g2g3 L 98383 LT 58 LT 51 Smix ™ 7 828mix

19 0, 11875

23 1187 3 19
+ 5 838mix + Jog Smix8y — Zgz — 108g3 + ng + 98585 — Zgzgy + ggigﬁ} . (A8)
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dy, Y ) 3, 3, 9 2 I, 9
= —3gmix&p—_1 — 0g%_; — —g5. — — =Y +3
di (47_[)2 < Emix&B—L 8B—L 4gm1x 4gY 4 + 4 + yt + 2yv
5 27 21 1
4 4 2 2 2 2 2
(4 )4{ ——yt 4YR v, (Zy,—i- 3 >+6k +2/< 12Ly; — k Yy
2 123 123 69
8 + gy + 27g3 L+ gmlx + —8mix&B-L
16 4
85 5 85 25
+ y7 (2085 + 24gy + 3g3 LT 24gm + G Smix8B-L

799
Yz (2285, + 38mixgs-1) +218mi85-L + Egﬁmg%_L
253

9 27
+ 218mingy 851 + Tgmixgzq‘ + ZgggmingfL +65g% , + Zg%g%fL
187 35 9 ,, 35 B 4,354 95,
— el — g e - : A9
+ 12 ngB L + 24gm1x 4g2gmlx + lzgmlng 4 g2 24gY 4g2gY ( )
dYg Yr

5
4 @ny <§Y1% +2y; — 6812;L>

Yr 19 27
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