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Abstract: Recently, a novel idea [1] has been proposed to relax the electroweak hierarchy problem through the
cosmological inflation and the axion periotic potential. Here, we further assume that only the attractive inflation
is needed to explain the light mass of the Higgs boson, where we do not need a specified periodic potential of the
axion field. Attractive inflation during the early universe drives the Higgs boson mass from the large value in the
early universe to the small value at present, where the Higgs mass is an evolving parameter of the Universe. Thus,
the small Higgs mass can technically originate from the cosmological evolution rather than dynamical symmetry or
anthropics. Further, we study the possible collider signals or constraints at a future lepton collier and the possible
constraints from the muon anomalous magnetic moment. A concrete attractive relaxion model is also discussed,
which is consistent with the data of Planck 2015.
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1 Introduction can technically relax the EW hierarchy problem and has
become a theoretical highlight in frontier studies of the
hierarchy problem and exploring new physics beyond the
SM [8-24]. Especially, this new mechanism opens a new
window to understand some puzzles and key parameters
in particle physics from the aspect of cosmological evo-
lution.

Following this cosmological evolution idea, our toy

Recently, a novel type of resolution for the elec-
troweak (EW) hierarchy problem? has been proposed
(relaxion mechanism) in Ref. [1], which is very differ-
ent from the traditional approaches (either weak scale
dynamics [2-6] or anthropics). In this relaxion mecha-
nism, the relevant fields below the cutoff scale are just : )
the standard model (SM) fields plus the axion field with model here takes advantage of the attra.ctlve properties
an unspecified inflation sector being involved, and the of the “a-attractors” [25737]. to fix johe Higgs 1nass at'to—
Higgs mass is dependent on the axion field [1], which is day’s Val}le rather t.hap the increasing potential barlflers
motivated from Abbott’s field-dependent idea to solve of the axion potential in Ref. [1]. In recent years, Linde
the cosmological constant problem [7]. Accordingly, the and Kallosh have proposed a broad class of supergrav-
cosmological evolution of the Higgs mass and the specific 1ty inflationary models based on conformal symmetry in
axion potential choose the EW scale, which is smaller the Jordan frame, where a universal attractor behavior
than the cutoff of the theory. The highest cutoff relaxed ~ €Xists in the Einstein frame [25-37]. These classes of su-
in Ref. [1] is about 10 GeV. This relaxion mechanism pergravity inflationary models are called “a-attractors”,
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2) Many mechanisms have been proposed to solve the EW hierarchy problem, including the extra dimensions theory, the supersymmetry
theory, and the compositeness of the Higgs boson [2-6]. However, all these new models lead to a technically natural EW scale [39], since
the current experimental data from the colliders and indirect experiments have put their model parameters into fine-tuned regions. Or,
we can just ignore the EW hierarchy problem if we believe the anthropic principle.
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since their potentials involve a free parameter a [30-37).
These inflation models of “a-attractors” mainly have two
classes: one is the so-called T-models with the potential
f?(tanh(¢/(v/6aM,,))) and the other is the so-called E-
models with the potential f2(1—exp(—+/2/3a¢/M,)) in
the Einstein frame. In the limits of small o and large
e-folding number N, these models have the same pre-
dictions [30-37] corresponding to the central area of the
ng—r plane favored by the data of Planck 2015 [38].

Our toy model here only tries to provide a possible
cosmological interpretation of the light Higgs mass, and
only the attractive inflation field is needed motivated
from the above relaxion mechanism and the attractive
inflation. Here, we do not consider the UV-completed
theory for a fully natural theory. In addition, our mod-
els may be tested in particle physics experiments.

In Section 2, we first describe the cosmological sce-
nario to explain the light mass of the Higgs boson by
attractive inflation. In Section 3, we study the possible
signals or constraints in future lepton colliders and the
constraints from the muon anomalous magnetic moment.
Then, in Section 4, we perform a detailed analysis of cos-
mological perturbations seeded by the inflation fields in
a concrete model. Section 5 gives a brief summary.

2 A cosmological scenario to explain the
Higgs mass by the attractive relaxion

In this section, we show a possible cosmological sce-
nario to explain the light mass of the Higgs boson by
attractive inflation. In our toy model, the field contents
below the cutoff scale are just the SM fields and the in-
flaton field. The relevant potential can be written as

V(¢,h): ﬂhél_’_ (g2¢2_M2)

4 2

where the field h and ¢ represent the Higgs field and the
inflaton field, respectively. The second term in Eq.(1)
generally can be the form of (f(¢) — M?)h?/2. In this
scenario, the Higgs mass in the early universe is field
dependent, namely, m? = g?¢* — M?. This is just the
starting point of our discussion. We assume that the ini-
tial value of the inflation field ¢ starts at ¢ > M /g, where
M represents the cutoff scale in this toy model. Thus,
the mass of the Higgs boson in the early universe is nat-
urally set to be the order of the cutoff scale M. Here,
V..« means the attractive potential, which can drive the
cosmological inflation and fix the current Higgs mass. In-
terestingly, the potentials in a broad class of supergrav-
ity inflation models (the so-called “a-attractors”) [30-37]
can just satisfy the requirements. One class of potentials
is given by [30-37]

h? 4+ Vi, (1)

Viee = Vo = M*ta h2T<M>, P
tt T 1 \/6_04Mp1 ( )

where M, is the reduced Planck mass. This class of
potential is just the potential in the T-models of “a-
attractors”. The potential Vi can be obtained from a
canonical Kahler potential such as (#—@)? in the super-
gravity model. The non-minimal coupling case between
the inflaton field and the gravitational field can also lead
to the same predictions when compared to this type of
attractive potential in some limits. The other type of
attractive potential can be written as [30-37]

5 2E
Vatt:VE:M4 (1—67 3%((157%)/1”?1) . (3)

This potential can be motivated by considering a vector
rather than a chiral multiplet for the inflation models in
supergravity, and is just the potential in the so-called E-
model. Here, the power exponents T and E in Egs. (2)
and (3) are integers and « is the free parameters. ¢, is
a constant, which is related to the current Higgs boson
mass.

We take the potential Vi as an example to illuminate
the cosmological origin of the light Higgs boson mass.
Firstly, under the slow-roll approximation, the spectral
index n,, the tensor-to-scalar ratio r, and the e-folding
number N, as functions of ¢ can be obtained:
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For the E-models, the corresponding results are
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These types of potential in the small « limit are favored
by the data from Planck 2015 [38].

Firstly, in the very early universe ¢ > M/g, the
effective mass-squared of the Higgs boson m} is pos-
itive and the vacuum expectation value (vev) of the
Higgs field is zero. The final solution is insensitive to
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the initial condition of ¢ as long as the initial mass-
squared of the Higgs m? is positive, since it is slow-
rolling due to Hubble friction. The inflaton field ¢
drives the slow-roll inflation by the attractive poten-
. o o 4 2T ¢_¢c _ _
tial Vo = Vpr = M*tanh <\/6_04Mp1> or Vyyw = Vg =
M4 (1—e*\/sza<¢*¢c)/Mpl)2E as shown in Fig. 1. With
the evolution of the universe, the inflaton field natu-
rally crosses the critical point for the Higgs mass where
m3 =0, namely, a transition point occurs when ¢ = M/g.
When the inflaton field across this critical point with
¢ < M/g, the mass-squared term m? transits from a
positive value to a negative value, and then the Higgs
field acquires a vev. Thereby, the cosmological inflation
can scan the physical mass of the Higgs boson, as shown
in Fig. 1.

attractive
relaxion

slow roll

slow roll

<h>=0

<h>=v <h>=v

Fig. 1. (color online) Schematic diagram of the at-
tractive relaxion scenario. The left figure is the
case for the so-called T-models and the right fig-

ure is the case for the E-models.

After reheating and dissipation®, the inflaton field
¢ is stuck in the vicinity of ¢.. Thus, the Higgs mass
evolves from a large field-dependent mass to the cur-
rrent 125 GeV mass. In the early universe, the field de-
pendent mass of the Higgs boson is m}? = g?¢?(t) — M2,
where ¢(t) > ¢.. During the cosmological evolution,
the mass of the Higgs boson becomes much smaller.
When the inflaton is stuck by the attractive potential
of ¢ as shown in Fig. 1, the Higgs mass is fixed as
w?=g?¢? — M? < 0. Here, p? is the coefficient of the h?
in the SM with m; = —2u? = (125GeV)2. This provides
a cosmological interpretation of the light Higgs mass,
and ¢. = /M?2+pu%/g. For M = 10° GeV, g = 1072,
. ~ 108 GeV. We call the inflaton field ¢ the attractive
relaxion, which has the above attractive inflation behav-
ior.

3 Collider signals at a lepton collider and
the muon anomalous magnetic mo-
ment

In this section, we discuss the possible collider signals
or constraints from particle physics experiments for two
simple cases of Higgs portal interactions f(4)h?/2.

3.1 Higgs invisible decay

For the case of f(¢) =g?*¢?* in Eq. (1), this toy model
will contribute to the Higgs boson invisible decay. This
scenario can be tested at a future lepton collider, such
as the circular electro-positron collider (CEPC), by pre-
cisely measuring the width of the Higgs invisible decay.
Here, the Higgs invisible decay channel is induced from
the Higgs portal term ¢g?h%¢?/2 in Eq. (1). We obtain
the following interaction term

Lo =—g"vdh, (4)

which leads to the Higgs invisible decay, and its decay
width is

g2 / 4m2  gho?
I (h = 1— ~ . 5
(h=¢9) mtmy, mi  8mmy, (5)

Figure 2 shows the relation between the Higgs portal
coupling ¢ and its decay width I3, (k). The current
Higgs portal coupling from LHC data is constrained as
g <0.088.

0.08F .
0.06 | ]
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I,/ MeV

Fig. 2. The corresponding Higgs portal coupling to

each Higgs invisible decay width value.

For the future lepton collider, the expected accuracy
for the branching ratio of the Higgs boson invisible de-
cay BR(h — inv), normalized to 5 ab™! is about 0.14%
combined [41]. If the signal is not observed at the future
CEPC, it will provide an upper bound for the Higgs por-
tal coupling of about g < 0.073 at the future CEPC [41].

3.2 Muon anomalous magnetic moment

For the case of f(¢) = g?¢, the mixing interaction
g*voh between ¢ and h is induced, and ¥ is defined as
the mixing angle between the inflaton and the Higgs bo-
son. This will contribute to the muon anomalous mag-
netic moment. Through the effective interaction of the
inflaton field with the SM particles by mixing effects, the
inflaton ¢ can contribute to the muon anomalous mag-
netic moment. Up to now, there exists a 3.5 deviation
between SM predictions and experimental results [42]:

Aa, =a;® —aiM = (236+87) x 1071 (6)

1) After the inflation ends, the reheating process may be important in these models [40], but we leave this for future work.
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At the one-loop level, the contribution from the infla-
ton ¢ to the muon anomalous magnetic moment can be
written as

GFm4
4712\/_

where Gy is the Fermi constant with v/2Gy = 1/v?. Since
it needs Aafjp < Aa,, the constraints on the model pa-
rameters can be obtained numerically as 9 < 0.75.

P2y
m? Wy +m¢(1 Y)

AQSP = dy, (7)

4 A concrete model

In this section, we study a concrete attractive relax-
ion model, assuming a non-minimal coupling of the in-
flation field ¢ to gravity, namely (1/2)¢R¢? [43]. Such
a non-minimal coupling may arise from some quantum
gravity effects, such as the Higgs field with asymptoti-
cally safe gravity [44, 45]. We begin the discussion with
the following action [43] in the Jordan frame:

252

1o 1,20,
~5(Vo)? =5 (VR =V (9.h), (8)
where

and x%/8m =G, which G is Newton’s gra\ntatlonal con-
stant.

Performing the Weyl conformal transformation with
22 =1-¢k*(p—¢.)? and defining a new field ¢, to make
the kinetic term of ¢ be canonical as

1= (1= 69)¢r2(0— 9
/V G-tw-oe » 10

dor (1= (1= 66)€r2(6—0.)°
d¢“¢ (=€ g7 ()

we obtain the following action in the Einstein frame:

1
= d4 — _ —
S / vV —g (2/@'2R 5

()
—%ezF(W)(Vh)Z—U(thh)) , (12)

with

F=31-6(6 - 6.)7,

\%
(1—E€r2(d—0c)?)?
We use the longitudinal gauge (Newton gauge),

U= 4Fle)y =

ds® = —(1+2®)dt* +a*(t) (1 —2¥)d;;dz’da?

and take @ =V here.

Firstly, we derive the background field evolution
equations for the cosmic expansion rate H = a/a and
homogeneous parts of scalar fields by variation of the
action in Eq.(12) :

(13)

k2 /1 1 .
H2 2 - .2 - 72Fhl2 14
> (3o ge i n)), (1)

. /{2 .
H=—" (gt +e i), (15)
G1+3Hp + U, +F, e 2 h2=0, (16)
h+3Hh+e* U, —2F, p1h=0, (17)

Secondly, following the standard perturbative methods
in cosmological inflation [46], we obtain the Fourier-
transformed, first-order Einstein equations for the metric
and field fluctuations as

S+ 4HP+ k2UP
2 .
= ? (U»<P1 +E¢1672Fh2)5(p1
e i — U,hzsh} ,

2

—7(<P15‘P1+(3H<P1+Um e 2 h?) 5,
e 2F Qi (U + 3Hhe 2F)sh)

k*

. 2 .
b+ HP— % (¢15<p1 +e*2Fh5h) ,

0101 —

5y +3HIp, +

P1P1L D

k2 _ h?
; +U»4P14P1 - (e 2F) _] &PI

=4, d—2U , & —2F , e T héh+U.,,,0h,

Sh+(3H —

k2
+ (—2 +e’
a
= 4hd —2*F U, &
r (2}7‘&1 U,h + U,tmh - 2E‘P1<P1 Sﬁ’lh) 5901'

2E<P1 (pl)éh

FU,M) 6h—2F , hip,

For >0, F= %ln(1—§ﬁ2(¢—¢c)2), then e = 1—&k?(¢d—
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¢0)27 e = 1/(1 _652(¢_ ¢C)2)7 Fo, = E¢/(d(p1/d¢),
and U, =U ,;/(dy:1/d¢). Note that we should be care-
ful in dealing with the original field ¢ and the new field

1
Write
ds® =a*(t)[—dr* + (6;; +2B,;)dz'da’], (18)
then we have . E
B+3HB+—B=0. (19)
a
Setting M, =1, then the tensor power spectrum is ob-
tained as AR3
Pr=—3B (20)
and the scalar power spectrum is
k3,
Ps = %C ) (21)
where the so-called Bardeen parameter is defined by
H? 7
=b—— | P+—=|. 22
(=o-= ( + H) (22)

Here, we take the single field slow-roll approximation.
Then, the detailed conditions of the cosmological infla-
tion are described by the following slow-roll parameters:

S

d2 U / ng 12
=—T 24
n T (24)
where € and 7 represent the first and second derivatives
of the inflation potential in the Einstein frame, respec-

tively. The number of e-foldings N, is given by

N, l/tfHd (25)
e = —— t.
NOES

K

Thus, the amplitude of density perturbations in k-space
under the slow-roll approximation is defined by the power
spectrum: o\ el

P=as(5) (26)
where Ag is the scalar amplitude at some “pivot point”
k*, which is given by

U

Ag=——o
57 24m2e

; (27)

o
which can be measured from cosmic microwave back-

ground radiation (CMB) experiments. At the leading
level, the scalar spectral index n, can be written as

ns=1—06e+2n, (28)
and the corresponding tensor-to-scalar ratio r* is

r* = 16€. (29)

Using the recent Planck 2015 data n, =0.9655+ 0.0062
and In(10'°Ag) = 3.089 £ 0.036 [47], we can obtain the
constraints on the model parameters, and fit the com-
bined experimental results of Planck 2015 using this
model in the n, —r plane as shown in Fig. 3, where we
choose the pivot scale k* =0.002Mpc™!, and rj 40, < 0.10
at 95%C.L. Figure 3 shows that our prediction is well
within the joint 95% C.L. regions. Roughly speaking,
during inflation, there may exist the effect of entropy
perturbation from the Higgs field. After reheating, it can
be converted to curvature perturbation if the Higgs field
couples to the inflaton field. In particular, if the reheat-
ing process is realized by the so-called Higgs reheating,
then this effect would be very manifest. But this only
applies to the case when the coupling between the infla-
tion field and the Higgs field is sufficiently strong. How-
ever, the coupling between them is weak in this attrac-
tive relaxion model, and thus the result for the curvature
perturbation is almost unaffected. This non-minimal
coupling model just corresponds to a special case of the
T-models, which can explain the light Higgs mass from
the cosmological evolution.

0.25F ' j " " T T J
Planck TT,TE,EE+lowP+  N.=50
<) Planck TT+lowP e N.=60
S o020} ]
g
S —— our model
2
g ]
5 0.15
8
8
& 0.10 | _
2
g
0.05 E
0

093 094 095 096 097 098 099 1.00

primordial Tilt (n,)

Fig. 3. (color online) Marginalized joint 68% and
95% C.L. regions for ns and r* from Planck
2015 [47] compared to the theoretical predictions
of this inflationary model.

5 Conclusion

We have put forward a toy model, which aims at
providing a possible interpretation of the Higgs mass
by attractive inflation. Only the inflaton field is needed
and a broad classes of inflation models with attractive
potentials can satisfy the conditions. This proposal ties
the puzzling light mass of the Higgs boson to an attrac-
tive inflaton field which plays an important role during

1) Detailed discussions on the effects of the Higgs field are given in Ref. [45].
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cosmological evolution. The possible collider signals or
constraints at the future lepton colliders, the possible
constraints from the muon anomalous magnetic moment
and the concrete models were also discussed in detail.
The attractive relaxion idea here represents a new in-
terplay between particle physics and cosmology, and
these new ideas of cosmological evolution would open a
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