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Relaxion mechanism

[4] uses potential instability to stop the relaxion. Such mechanisms have another virtue that

we can easily avoid the super-Plankian excursion of the relaxion, which is often troublesome

when one UV-completes the model. In addition, it also reduces the number of e-foldings

needed in the slow-rolling phase.

In this paper, we propose two stopping mechanisms that can be realized without extending

the original model. One is to use an instability of the Higgs field, and the other is rather

close to the original mechanism. Our primary interest is on the former one and we provide

a detailed analysis. For the latter, we only give the idea and an example in Appendix C. In

both mechanisms, the relaxion mass lies around the weak scale and mixes with the Higgs

boson, which increases the testability of our mechanisms. In addition, classical rolling always

dominates over quantum fluctuations during the relaxation. Thus, the spread of Higgs VEVs

over di↵erent Hubble patches is expected to be small, which cures the oddity of the original

model [1].

This paper is organized as follows. In Section II, we briefly review the original non-QCD

relaxion model, which we use throughout this paper. An overview of our mechanism is given

in Section III. Since our mechanism uses a special behavior of the homogeneous mode of

the Higgs field around the critical point, we explain it in Section IV. To promote it to

field theory, we discuss resonant particle production in Section V. After a short review of a

vacuum decay rate in Section VI, we summarize theoretical and experimental constraints in

Section VII. Then, we show an example parameter region in Section VIII. In Section IX,

we discuss possible cosmological history that is compatible with our mechanism. Finally, we

conclude in Section X.

II. MODEL

We review the original non-QCD relaxion model [1] in this section. Although we use it

as an example, our mechanisms are applicable to generic models.

The Lagrangian is defined as

L =
p
�g


1

2
(@X)2 + |D�|2 � V (�, X)

�
+ LSM, (1)

where

V (�, X) = (M2
� ✏X)|�|2 � r✏M

2
X + ⇤4(|�|2) cos

X

f
+

�

4
|�|4, (2)
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M2 � ✏X = 0
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No extension!

[4] uses potential instability to stop the relaxion. Such mechanisms have another virtue that

we can easily avoid the super-Plankian excursion of the relaxion, which is often troublesome

when one UV-completes the model. In addition, it also reduces the number of e-foldings

needed in the slow-rolling phase.

In this paper, we propose two stopping mechanisms that can be realized without extending

the original model. One is to use an instability of the Higgs field, and the other is rather

close to the original mechanism. Our primary interest is on the former one and we provide

a detailed analysis. For the latter, we only give the idea and an example in Appendix C. In

both mechanisms, the relaxion mass lies around the weak scale and mixes with the Higgs

boson, which increases the testability of our mechanisms. In addition, classical rolling always

dominates over quantum fluctuations during the relaxation. Thus, the spread of Higgs VEVs

over di↵erent Hubble patches is expected to be small, which cures the oddity of the original

model [1].

This paper is organized as follows. In Section II, we briefly review the original non-QCD

relaxion model, which we use throughout this paper. An overview of our mechanism is given

in Section III. Since our mechanism uses a special behavior of the homogeneous mode of

the Higgs field around the critical point, we explain it in Section IV. To promote it to

field theory, we discuss resonant particle production in Section V. After a short review of a

vacuum decay rate in Section VI, we summarize theoretical and experimental constraints in

Section VII. Then, we show an example parameter region in Section VIII. In Section IX,

we discuss possible cosmological history that is compatible with our mechanism. Finally, we

conclude in Section X.

II. MODEL

We review the original non-QCD relaxion model [1] in this section. Although we use it

as an example, our mechanisms are applicable to generic models.

The Lagrangian is defined as

L =
p
�g


1

2
(@X)2 + |D�|2 � V (�, X)

�
+ LSM, (1)

where

V (�, X) = (M2
� ✏X)|�|2 � r✏M

2
X + ⇤4(|�|2) cos

X

f
+

�

4
|�|4, (2)

3

M2 � ✏X = 0
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Fast-roll

and LSM is the SM Lagrangian without the Higgs potential. Here, we denote the relaxion

field and the Higgs doublet as X and �, respectively. The Higgs quartic coupling, �, is

similar as that in the SM, while the Higgs mass, M2, is assumed to lie around a new physics

scale. To relax the hierarchy between the two scales, we introduce a coupling between the

Higgs boson and the relaxion, whose coupling constant, ✏, is technically natural. Since ✏

breaks the shift symmetry of the relaxion, we expect a tadpole term of the relaxion with

|r| & 1/16⇡2. We assume M
2
, ✏ and r are positive.

We have another source of the shift symmetry breaking due to non-QCD strong dynamics,

which we assume to have the form of

⇤4(|�|2) =
⇤4

0

2
+ ⇤2

h
|�|2. (3)

The simplest example of the new strong sector is given in [1], where we introduce new

light fermions having the same SM charges as a right handed neutrino, N and N
c, and

new heavy fermions having the same SM charges as a lepton doublet, L and L
c. They are

charged under a new SU(3) group, G, whose field strength is denoted as Ga

µ⌫
. The relevant

part of the Lagrangian is given by

LUV = Lkin. �
1

32⇡2

X

f
G

a

µ⌫
G̃

aµ⌫ +mLLL
c +mNNN

c + y�LN c + ỹ�†
L
c
N, (4)

where f is a decay constant of the relaxion, y and ỹ are Yukawa couplings, and Lkin includes

the kinetic terms. After integrating out L, we have a mass of N in the e↵ective theory, MN ,

is given by

MN = mN �
yỹ

8⇡2
mL ln

M
2

m
2
L

�
yỹ

mL

|�|2, (5)

at the one-loop level. If MN is small enough, NN
c condensates at a scale below mL. It

generates

⇤4
0 ' 2

✓
mN �

yỹ

8⇡2
mL ln

M
2

m
2
L

◆
⇤3

c
, (6)

⇤2
h
' �

yỹ

mL

⇤3
c
, (7)

where ⇤3
c
= 4⇡f 3

G with fG being the decay constant in the strong sector.

4

Original non-QCD potential
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over di↵erent Hubble patches is expected to be small, which cures the oddity of the original

model [1].

This paper is organized as follows. In Section II, we briefly review the original non-QCD

relaxion model, which we use throughout this paper. An overview of our mechanism is given

in Section III. Since our mechanism uses a special behavior of the homogeneous mode of

the Higgs field around the critical point, we explain it in Section IV. To promote it to

field theory, we discuss resonant particle production in Section V. After a short review of a

vacuum decay rate in Section VI, we summarize theoretical and experimental constraints in

Section VII. Then, we show an example parameter region in Section VIII. In Section IX,

we discuss possible cosmological history that is compatible with our mechanism. Finally, we

conclude in Section X.
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as an example, our mechanisms are applicable to generic models.
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Fast-roll

and LSM is the SM Lagrangian without the Higgs potential. Here, we denote the relaxion

field and the Higgs doublet as X and �, respectively. The Higgs quartic coupling, �, is

similar as that in the SM, while the Higgs mass, M2, is assumed to lie around a new physics

scale. To relax the hierarchy between the two scales, we introduce a coupling between the

Higgs boson and the relaxion, whose coupling constant, ✏, is technically natural. Since ✏

breaks the shift symmetry of the relaxion, we expect a tadpole term of the relaxion with

|r| & 1/16⇡2. We assume M
2
, ✏ and r are positive.

We have another source of the shift symmetry breaking due to non-QCD strong dynamics,

which we assume to have the form of

⇤4(|�|2) =
⇤4

0

2
+ ⇤2

h
|�|2. (3)

The simplest example of the new strong sector is given in [1], where we introduce new

light fermions having the same SM charges as a right handed neutrino, N and N
c, and

new heavy fermions having the same SM charges as a lepton doublet, L and L
c. They are

charged under a new SU(3) group, G, whose field strength is denoted as Ga

µ⌫
. The relevant

part of the Lagrangian is given by

LUV = Lkin. �
1

32⇡2

X

f
G

a

µ⌫
G̃

aµ⌫ +mLLL
c +mNNN

c + y�LN c + ỹ�†
L
c
N, (4)

where f is a decay constant of the relaxion, y and ỹ are Yukawa couplings, and Lkin includes

the kinetic terms. After integrating out L, we have a mass of N in the e↵ective theory, MN ,

is given by

MN = mN �
yỹ

8⇡2
mL ln

M
2

m
2
L

�
yỹ

mL

|�|2, (5)

at the one-loop level. If MN is small enough, NN
c condensates at a scale below mL. It

generates

⇤4
0 ' 2

✓
mN �

yỹ

8⇡2
mL ln

M
2

m
2
L

◆
⇤3

c
, (6)

⇤2
h
' �

yỹ

mL

⇤3
c
, (7)

where ⇤3
c
= 4⇡f 3

G with fG being the decay constant in the strong sector.

4

Original non-QCD potential

It just goes through?

[P. W. Graham, D. E. Kaplan, S. Rajendran; ’15]
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height of the bumps of the relaxion potential oscillates, (ii) the relaxion slows down

due to the additional Hubble friction acting on the Higgs field. Since they hinder the

roll, the relaxion eventually hits a bump and bounces back.

4. Just after the bounce of the relaxion, the Higgs field finds its mass is negative due to

the negative contribution from the second term in Eq. (5), and develops a VEV. The

sudden development of the Higgs VEV plays a role of an anchor, which secures the

relaxion in a potential well between the bumps.

5. Once the anchor bites, the Higgs field can not return to the symmetric point due to

the Hubble friction, and the oscillation around the VEV dumps quickly. It finalizes

the relaxation.

It should be noticed that the Higgs mass squared is typically positive when the relaxion

stops unlike in the original mechanism. However, it does not matter since the Higgs mass

squared has been reduced to a value smaller than ⇤2
h
, and the negative Higgs mass squared

is provided by ⇤2
h
cos(X/f).

IV. EDGE SOLUTION

In this section, we show the behavior of the Higgs field around the critical point, which

triggers our stopping mechanism.

Before going into discussion, let us summarize the equations of motion for the homo-

geneous modes of the relaxion and the Higgs field, which are denoted by X̄(t) and h̄(t),

respectively. They are given by
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due to the additional Hubble friction acting on the Higgs field. Since they hinder the

roll, the relaxion eventually hits a bump and bounces back.

4. Just after the bounce of the relaxion, the Higgs field finds its mass is negative due to

the negative contribution from the second term in Eq. (5), and develops a VEV. The

sudden development of the Higgs VEV plays a role of an anchor, which secures the

relaxion in a potential well between the bumps.
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: Higgs homogeneous mode
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roll, the relaxion eventually hits a bump and bounces back.

4. Just after the bounce of the relaxion, the Higgs field finds its mass is negative due to

the negative contribution from the second term in Eq. (5), and develops a VEV. The

sudden development of the Higgs VEV plays a role of an anchor, which secures the

relaxion in a potential well between the bumps.
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due to the additional Hubble friction acting on the Higgs field. Since they hinder the

roll, the relaxion eventually hits a bump and bounces back.
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squared has been reduced to a value smaller than ⇤2
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, and the negative Higgs mass squared

is provided by ⇤2
h
cos(X/f).

IV. EDGE SOLUTION

In this section, we show the behavior of the Higgs field around the critical point, which

triggers our stopping mechanism.

Before going into discussion, let us summarize the equations of motion for the homo-

geneous modes of the relaxion and the Higgs field, which are denoted by X̄(t) and h̄(t),
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height of the bumps of the relaxion potential oscillates, (ii) the relaxion slows down

due to the additional Hubble friction acting on the Higgs field. Since they hinder the

roll, the relaxion eventually hits a bump and bounces back.

4. Just after the bounce of the relaxion, the Higgs field finds its mass is negative due to

the negative contribution from the second term in Eq. (5), and develops a VEV. The

sudden development of the Higgs VEV plays a role of an anchor, which secures the

relaxion in a potential well between the bumps.

5. Once the anchor bites, the Higgs field can not return to the symmetric point due to

the Hubble friction, and the oscillation around the VEV dumps quickly. It finalizes

the relaxation.

It should be noticed that the Higgs mass squared is typically positive when the relaxion

stops unlike in the original mechanism. However, it does not matter since the Higgs mass

squared has been reduced to a value smaller than ⇤2
h
, and the negative Higgs mass squared

is provided by ⇤2
h
cos(X/f).
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due to the additional Hubble friction acting on the Higgs field. Since they hinder the

roll, the relaxion eventually hits a bump and bounces back.

4. Just after the bounce of the relaxion, the Higgs field finds its mass is negative due to

the negative contribution from the second term in Eq. (5), and develops a VEV. The

sudden development of the Higgs VEV plays a role of an anchor, which secures the

relaxion in a potential well between the bumps.

5. Once the anchor bites, the Higgs field can not return to the symmetric point due to

the Hubble friction, and the oscillation around the VEV dumps quickly. It finalizes

the relaxation.

It should be noticed that the Higgs mass squared is typically positive when the relaxion

stops unlike in the original mechanism. However, it does not matter since the Higgs mass

squared has been reduced to a value smaller than ⇤2
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, and the negative Higgs mass squared

is provided by ⇤2
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FIG. 1. A solution to Eq. (16) with the parameters given in (18). Left: The solid blue line shows
the numerical solution and the dashed orange line shows the amplitude obtained with Eq. (27).
The solution represents the evolution of the Higgs field in a simplified treatment. Right: The the
coe�cients of the Fourier cosine series, a(!̄), with !̄ being a frequency of y(t). It is calculated for
8 < t < 12. The dashed red line indicates !̄ = !/2 and the dotted black line indicates !̄ =

p

m
2.

explain how they are stabilized below.

If we ignore the non-linear term and the time dependence of m2 in Eq. (16), the equation

becomes the so-called Mathieu equation, which exhibits instability for4

!
2
� 2⇤2

4
. m

2 . !
2 + 2⇤2

4
. (19)

Since m
2 decreases monotonically due to the motion of the relaxion, it enters the above

resonance band and y starts to grow exponentially.

The exponential growth, however, stops immediately after the non-linear term in Eq. (16)

becomes important. To understand the e↵ect of the non-linear term, let us analyze the

di↵erential equation given by

¨̃y(t) +m
2
ỹ(t) +

�

4
ỹ
3(t) = 0 , (20)

assuming m
2 is constant. A relevant oscillating solution is given by

ỹ(t) = A sn

 r
m2 +

�

8
A2t,�

A
2
�

8m2 +A2�

!

' A sin(m(A)t) , (21)

4 Here, we consider the first resonance band of the Mathieu equation. We will comment on the e↵ects of

the higher resonance bands later.
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where sn(u, k) is the Jacobi elliptic sine function and

m
2(A) =

⇡
2(8m2 +A

2
�)

32
⇥
K

�
�

A2�

8m2+A2�

�⇤2 ' m
2 +

3

16
�A

2
. (22)

Here, K(k) is the complete elliptic integral of the first kind, which is defined as

K(k2) =

Z 2/⇡

0

1p
1� k2 sin2

✓

d✓ . (23)

It motivates us to approximate the original di↵erential equation as

Ÿ +
�
m

2(A) + ⇤2 cos!t
�
Y = 0 , (24)

with A being the amplitude of the oscillation. Let us describe the behavior of the solution

as follows. When m
2 enters the resonance band, A starts to grow exponentially. Since it

makes m
2 larger, the growth stops immediately. However, since m

2 decreases due to the

motion of the relaxion, it re-enters the resonance band and the amplitude grows until m2

gets out of the resonance band. These occur repeatedly and the amplitude is kept around

the edge of the resonance band.

Let us discuss it more quantitatively and justify the above description. Assuming m
2 is

a constant, one can construct a solution to Eq. (24) that behaves like

Y (t) = e
i

2⌫!tu(t) , (25)

where u(t) is an O(1) function having a periodicity !. As discussed in Appendix A, ⌫ can

be approximated as

⌫ ' 1±
i

2

s
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✓
1�
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8!4

◆
�

✓
4m2

!2
� 1 +

3⇤4

2!4

◆2

, (26)

around the first resonance band. When ⌫ has an imaginary part, the amplitude grows

exponentially. Assuming m
2 is kept around the edge of the resonance band, i.e. Im(⌫) ' 0
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FIG. 1. A solution to Eq. (16) with the parameters given in (18). Left: The solid blue line shows
the numerical solution and the dashed orange line shows the amplitude obtained with Eq. (27).
The solution represents the evolution of the Higgs field in a simplified treatment. Right: The the
coe�cients of the Fourier cosine series, a(!̄), with !̄ being a frequency of y(t). It is calculated for
8 < t < 12. The dashed red line indicates !̄ = !/2 and the dotted black line indicates !̄ =

p

m
2.

explain how they are stabilized below.

If we ignore the non-linear term and the time dependence of m2 in Eq. (16), the equation

becomes the so-called Mathieu equation, which exhibits instability for4
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Since m
2 decreases monotonically due to the motion of the relaxion, it enters the above

resonance band and y starts to grow exponentially.

The exponential growth, however, stops immediately after the non-linear term in Eq. (16)

becomes important. To understand the e↵ect of the non-linear term, let us analyze the

di↵erential equation given by

¨̃y(t) +m
2
ỹ(t) +
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4
ỹ
3(t) = 0 , (20)

assuming m
2 is constant. A relevant oscillating solution is given by

ỹ(t) = A sn

 r
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8
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' A sin(m(A)t) , (21)

4 Here, we consider the first resonance band of the Mathieu equation. We will comment on the e↵ects of

the higher resonance bands later.
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Edge solution (full)
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height of the bumps of the relaxion potential oscillates, (ii) the relaxion slows down

due to the additional Hubble friction acting on the Higgs field. Since they hinder the

roll, the relaxion eventually hits a bump and bounces back.

4. Just after the bounce of the relaxion, the Higgs field finds its mass is negative due to

the negative contribution from the second term in Eq. (5), and develops a VEV. The

sudden development of the Higgs VEV plays a role of an anchor, which secures the

relaxion in a potential well between the bumps.

5. Once the anchor bites, the Higgs field can not return to the symmetric point due to

the Hubble friction, and the oscillation around the VEV dumps quickly. It finalizes

the relaxation.

It should be noticed that the Higgs mass squared is typically positive when the relaxion

stops unlike in the original mechanism. However, it does not matter since the Higgs mass

squared has been reduced to a value smaller than ⇤2
h
, and the negative Higgs mass squared

is provided by ⇤2
h
cos(X/f).

IV. EDGE SOLUTION

In this section, we show the behavior of the Higgs field around the critical point, which

triggers our stopping mechanism.

Before going into discussion, let us summarize the equations of motion for the homo-

geneous modes of the relaxion and the Higgs field, which are denoted by X̄(t) and h̄(t),

respectively. They are given by
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height of the bumps of the relaxion potential oscillates, (ii) the relaxion slows down

due to the additional Hubble friction acting on the Higgs field. Since they hinder the

roll, the relaxion eventually hits a bump and bounces back.

4. Just after the bounce of the relaxion, the Higgs field finds its mass is negative due to

the negative contribution from the second term in Eq. (5), and develops a VEV. The

sudden development of the Higgs VEV plays a role of an anchor, which secures the

relaxion in a potential well between the bumps.

5. Once the anchor bites, the Higgs field can not return to the symmetric point due to

the Hubble friction, and the oscillation around the VEV dumps quickly. It finalizes

the relaxation.

It should be noticed that the Higgs mass squared is typically positive when the relaxion

stops unlike in the original mechanism. However, it does not matter since the Higgs mass

squared has been reduced to a value smaller than ⇤2
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, and the negative Higgs mass squared

is provided by ⇤2
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FIG. 2. A comparison between a numerical solution to Eqs. (11) and (12) and the analytic result
given in Eqs. (31) and (32). Left: The blue line shows h̄ and the orange line shows Ah. Right: The
blue line shows ˙̄

X/f and the orange line shows !X .
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ignoring O(1/!3
X
), O(H2

/!X) and O(H3) corrections. It should be noted that the Higgs

oscillation does not grow due to the Hubble friction in the case of 3H!X/⇤2
h
& 1.

In Fig. 2, we compare a numerical solution to Eqs. (11) and (12) with the analytic results

given in Eqs. (31) and (32). The left panel shows h̄ (blue) and Ah (orange), and the right

panel shows ˙̄
X/f (blue) and !X (orange). We take

� = 0.52 , H = 5 GeV , ⇤0 = ⇤h = 60 GeV , ✏ = 0.026 GeV , r = 0.01 ,

f = 180 GeV , M = 32 TeV . (33)

At t = 0, we set M2
� ✏X̄ ' 4700GeV2 and take ˙̄

X around the terminal velocity. To mimic

quantum fluctuations of h̄, we take5 h̄ ' H/(2⇡) at t = 0 and switch o↵ the Hubble friction

when |h̄| is smaller than H/(2⇡). As we can see from the left panel, the amplitude is well

approximated by Eqs. (31) and (32) once the amplitude reaches the dashed line. From the

5 The behavior of the solution is almost independent of this value.
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blue line shows ˙̄

X/f and the orange line shows !X .

and obtain relations among !X , m
2
� and Ah as

m
2
� +

3�

16
A

2
h
'

!
2
X

4
+

⇤2
h

2
�

⇤2
h
(32⇤4

0 + 17⇤2
h
A

2
h
)

128f 2!2
X

�
(8⇤2

h
� 3�A2

h
)(8⇤2

h
� �A

2
h
)

512!2
X

�
9!2

X

4⇤2
h

H
2
, (31)

!X '
r✏M

2

3Hf
�

A
2
h
!X

8f 2
�

�A
4
h

128f 2!X

+
3A2

h
!
3
X

16f 2⇤4
h

H
2
, (32)

ignoring O(1/!3
X
), O(H2

/!X) and O(H3) corrections. It should be noted that the Higgs

oscillation does not grow due to the Hubble friction in the case of 3H!X/⇤2
h
& 1.

In Fig. 2, we compare a numerical solution to Eqs. (11) and (12) with the analytic results

given in Eqs. (31) and (32). The left panel shows h̄ (blue) and Ah (orange), and the right

panel shows ˙̄
X/f (blue) and !X (orange). We take

� = 0.52 , H = 5 GeV , ⇤0 = ⇤h = 60 GeV , ✏ = 0.026 GeV , r = 0.01 ,

f = 180 GeV , M = 32 TeV . (33)

At t = 0, we set M2
� ✏X̄ ' 4700GeV2 and take ˙̄

X around the terminal velocity. To mimic

quantum fluctuations of h̄, we take5 h̄ ' H/(2⇡) at t = 0 and switch o↵ the Hubble friction

when |h̄| is smaller than H/(2⇡). As we can see from the left panel, the amplitude is well

approximated by Eqs. (31) and (32) once the amplitude reaches the dashed line. From the

5 The behavior of the solution is almost independent of this value.
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The relaxion accidentally hits the bumps 
and stops HERE!
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FIG. 3: The same figures as in Fig. 2 with the parameter set given in eq. (55).

At the first approximation, the occupation numbers are given by

N�

✓
|k|2

a2

◆
'

1

2
exp

Z 1

|k|2/a2(t)

|=(µ�)|

H

dK

K

�
�

1

2
, (51)

N'

✓
|k|2

a2

◆
'

1

2
exp

Z 1

|k|2/a2(t)

|=(µ')|

H

dK

K

�
�

1

2
, (52)

where

K(t0) =
|k|2

a2(t0)
. (53)

Since the occupation number becomes larger for a smaller |k|/a, what we have to check is

N
max
�

⌘ N�

✓
9H2

4a2

◆
. O(1), N

max
'

⌘ N'

✓
9H2

4a2

◆
. O(1). (54)

In the following subsections, we discuss particle production before and after the Higgs

oscillation separately. To give a concrete example, we use the following parameter set;

� = 0.52, H = 10 GeV, ⇤0 = 80 GeV, ⇤h = 100 GeV, ✏ = 0.77 GeV, r = 0.001,

f = 80 GeV, M = 20 TeV. (55)

A numerical solution with the above parameter set is shown in Fig. 3. Again, we switch o↵

the Hubble friction when |h̄| < H/(2⇡) to mimic the quantum fluctuation.

A. Before the Higgs oscillation

Before the Higgs oscillation, eqs. (36) and (37) are independent of each other and have

the form of the Mathieu equation. In Appendix A, we obtain the characteristic exponents
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Fast-roll

[4] uses potential instability to stop the relaxion. Such mechanisms have another virtue that

we can easily avoid the super-Plankian excursion of the relaxion, which is often troublesome

when one UV-completes the model. In addition, it also reduces the number of e-foldings

needed in the slow-rolling phase.

In this paper, we propose two stopping mechanisms that can be realized without extending

the original model. One is to use an instability of the Higgs field, and the other is rather

close to the original mechanism. Our primary interest is on the former one and we provide

a detailed analysis. For the latter, we only give the idea and an example in Appendix C. In

both mechanisms, the relaxion mass lies around the weak scale and mixes with the Higgs

boson, which increases the testability of our mechanisms. In addition, classical rolling always

dominates over quantum fluctuations during the relaxation. Thus, the spread of Higgs VEVs

over di↵erent Hubble patches is expected to be small, which cures the oddity of the original

model [1].

This paper is organized as follows. In Section II, we briefly review the original non-QCD

relaxion model, which we use throughout this paper. An overview of our mechanism is given

in Section III. Since our mechanism uses a special behavior of the homogeneous mode of

the Higgs field around the critical point, we explain it in Section IV. To promote it to

field theory, we discuss resonant particle production in Section V. After a short review of a

vacuum decay rate in Section VI, we summarize theoretical and experimental constraints in

Section VII. Then, we show an example parameter region in Section VIII. In Section IX,

we discuss possible cosmological history that is compatible with our mechanism. Finally, we

conclude in Section X.

II. MODEL

We review the original non-QCD relaxion model [1] in this section. Although we use it

as an example, our mechanisms are applicable to generic models.

The Lagrangian is defined as

L =
p
�g


1

2
(@X)2 + |D�|2 � V (�, X)

�
+ LSM, (1)

where

V (�, X) = (M2
� ✏X)|�|2 � r✏M

2
X + ⇤4(|�|2) cos

X

f
+

�

4
|�|4, (2)

3

Positive but small

Negative Higgs mass

and LSM is the SM Lagrangian without the Higgs potential. Here, we denote the relaxion

field and the Higgs doublet as X and �, respectively. The Higgs quartic coupling, �, is

similar as that in the SM, while the Higgs mass, M2, is assumed to lie around a new physics

scale. To relax the hierarchy between the two scales, we introduce a coupling between the

Higgs boson and the relaxion, whose coupling constant, ✏, is technically natural. Since ✏

breaks the shift symmetry of the relaxion, we expect a tadpole term of the relaxion with

|r| & 1/16⇡2. We assume M
2
, ✏ and r are positive.

We have another source of the shift symmetry breaking due to non-QCD strong dynamics,

which we assume to have the form of

⇤4(|�|2) =
⇤4

0

2
+ ⇤2

h
|�|2. (3)

The simplest example of the new strong sector is given in [1], where we introduce new

light fermions having the same SM charges as a right handed neutrino, N and N
c, and

new heavy fermions having the same SM charges as a lepton doublet, L and L
c. They are

charged under a new SU(3) group, G, whose field strength is denoted as Ga

µ⌫
. The relevant

part of the Lagrangian is given by

LUV = Lkin. �
1

32⇡2

X

f
G

a

µ⌫
G̃

aµ⌫ +mLLL
c +mNNN

c + y�LN c + ỹ�†
L
c
N, (4)

where f is a decay constant of the relaxion, y and ỹ are Yukawa couplings, and Lkin includes

the kinetic terms. After integrating out L, we have a mass of N in the e↵ective theory, MN ,

is given by

MN = mN �
yỹ

8⇡2
mL ln

M
2

m
2
L

�
yỹ

mL

|�|2, (5)

at the one-loop level. If MN is small enough, NN
c condensates at a scale below mL. It

generates

⇤4
0 ' 2

✓
mN �

yỹ

8⇡2
mL ln

M
2

m
2
L

◆
⇤3

c
, (6)

⇤2
h
' �

yỹ

mL

⇤3
c
, (7)

where ⇤3
c
= 4⇡f 3

G with fG being the decay constant in the strong sector.
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and LSM is the SM Lagrangian without the Higgs potential. Here, we denote the relaxion

field and the Higgs doublet as X and �, respectively. The Higgs quartic coupling, �, is

similar as that in the SM, while the Higgs mass, M2, is assumed to lie around a new physics

scale. To relax the hierarchy between the two scales, we introduce a coupling between the

Higgs boson and the relaxion, whose coupling constant, ✏, is technically natural. Since ✏

breaks the shift symmetry of the relaxion, we expect a tadpole term of the relaxion with

|r| & 1/16⇡2. We assume M
2
, ✏ and r are positive.

We have another source of the shift symmetry breaking due to non-QCD strong dynamics,

which we assume to have the form of

⇤4(|�|2) =
⇤4

0

2
+ ⇤2

h
|�|2. (3)

The simplest example of the new strong sector is given in [1], where we introduce new

light fermions having the same SM charges as a right handed neutrino, N and N
c, and

new heavy fermions having the same SM charges as a lepton doublet, L and L
c. They are

charged under a new SU(3) group, G, whose field strength is denoted as Ga

µ⌫
. The relevant

part of the Lagrangian is given by

LUV = Lkin. �
1

32⇡2

X

f
G

a

µ⌫
G̃

aµ⌫ +mLLL
c +mNNN

c + y�LN c + ỹ�†
L
c
N, (4)

where f is a decay constant of the relaxion, y and ỹ are Yukawa couplings, and Lkin includes

the kinetic terms. After integrating out L, we have a mass of N in the e↵ective theory, MN ,

is given by

MN = mN �
yỹ

8⇡2
mL ln

M
2

m
2
L

�
yỹ

mL

|�|2, (5)

at the one-loop level. If MN is small enough, NN
c condensates at a scale below mL. It

generates

⇤4
0 ' 2

✓
mN �

yỹ

8⇡2
mL ln

M
2

m
2
L

◆
⇤3

c
, (6)

⇤2
h
' �

yỹ

mL

⇤3
c
, (7)

where ⇤3
c
= 4⇡f 3

G with fG being the decay constant in the strong sector.
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[4] uses potential instability to stop the relaxion. Such mechanisms have another virtue that

we can easily avoid the super-Plankian excursion of the relaxion, which is often troublesome

when one UV-completes the model. In addition, it also reduces the number of e-foldings

needed in the slow-rolling phase.

In this paper, we propose two stopping mechanisms that can be realized without extending

the original model. One is to use an instability of the Higgs field, and the other is rather

close to the original mechanism. Our primary interest is on the former one and we provide

a detailed analysis. For the latter, we only give the idea and an example in Appendix C. In

both mechanisms, the relaxion mass lies around the weak scale and mixes with the Higgs

boson, which increases the testability of our mechanisms. In addition, classical rolling always

dominates over quantum fluctuations during the relaxation. Thus, the spread of Higgs VEVs

over di↵erent Hubble patches is expected to be small, which cures the oddity of the original

model [1].

This paper is organized as follows. In Section II, we briefly review the original non-QCD

relaxion model, which we use throughout this paper. An overview of our mechanism is given

in Section III. Since our mechanism uses a special behavior of the homogeneous mode of

the Higgs field around the critical point, we explain it in Section IV. To promote it to

field theory, we discuss resonant particle production in Section V. After a short review of a

vacuum decay rate in Section VI, we summarize theoretical and experimental constraints in

Section VII. Then, we show an example parameter region in Section VIII. In Section IX,

we discuss possible cosmological history that is compatible with our mechanism. Finally, we

conclude in Section X.

II. MODEL

We review the original non-QCD relaxion model [1] in this section. Although we use it

as an example, our mechanisms are applicable to generic models.

The Lagrangian is defined as

L =
p
�g


1

2
(@X)2 + |D�|2 � V (�, X)

�
+ LSM, (1)

where

V (�, X) = (M2
� ✏X)|�|2 � r✏M

2
X + ⇤4(|�|2) cos

X

f
+

�

4
|�|4, (2)

3

Relaxion particles are created

Typically,
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and LSM is the SM Lagrangian without the Higgs potential. Here, we denote the relaxion

field and the Higgs doublet as X and �, respectively. The Higgs quartic coupling, �, is

similar as that in the SM, while the Higgs mass, M2, is assumed to lie around a new physics

scale. To relax the hierarchy between the two scales, we introduce a coupling between the

Higgs boson and the relaxion, whose coupling constant, ✏, is technically natural. Since ✏

breaks the shift symmetry of the relaxion, we expect a tadpole term of the relaxion with

|r| & 1/16⇡2. We assume M
2
, ✏ and r are positive.

We have another source of the shift symmetry breaking due to non-QCD strong dynamics,

which we assume to have the form of

⇤4(|�|2) =
⇤4

0

2
+ ⇤2

h
|�|2. (3)

The simplest example of the new strong sector is given in [1], where we introduce new

light fermions having the same SM charges as a right handed neutrino, N and N
c, and

new heavy fermions having the same SM charges as a lepton doublet, L and L
c. They are

charged under a new SU(3) group, G, whose field strength is denoted as Ga

µ⌫
. The relevant

part of the Lagrangian is given by

LUV = Lkin. �
1

32⇡2

X

f
G

a

µ⌫
G̃

aµ⌫ +mLLL
c +mNNN

c + y�LN c + ỹ�†
L
c
N, (4)

where f is a decay constant of the relaxion, y and ỹ are Yukawa couplings, and Lkin includes

the kinetic terms. After integrating out L, we have a mass of N in the e↵ective theory, MN ,

is given by

MN = mN �
yỹ

8⇡2
mL ln

M
2

m
2
L

�
yỹ

mL

|�|2, (5)

at the one-loop level. If MN is small enough, NN
c condensates at a scale below mL. It

generates

⇤4
0 ' 2

✓
mN �

yỹ

8⇡2
mL ln

M
2

m
2
L

◆
⇤3

c
, (6)

⇤2
h
' �

yỹ

mL

⇤3
c
, (7)

where ⇤3
c
= 4⇡f 3

G with fG being the decay constant in the strong sector.
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[4] uses potential instability to stop the relaxion. Such mechanisms have another virtue that

we can easily avoid the super-Plankian excursion of the relaxion, which is often troublesome

when one UV-completes the model. In addition, it also reduces the number of e-foldings

needed in the slow-rolling phase.

In this paper, we propose two stopping mechanisms that can be realized without extending

the original model. One is to use an instability of the Higgs field, and the other is rather

close to the original mechanism. Our primary interest is on the former one and we provide

a detailed analysis. For the latter, we only give the idea and an example in Appendix C. In

both mechanisms, the relaxion mass lies around the weak scale and mixes with the Higgs

boson, which increases the testability of our mechanisms. In addition, classical rolling always

dominates over quantum fluctuations during the relaxation. Thus, the spread of Higgs VEVs

over di↵erent Hubble patches is expected to be small, which cures the oddity of the original

model [1].

This paper is organized as follows. In Section II, we briefly review the original non-QCD

relaxion model, which we use throughout this paper. An overview of our mechanism is given

in Section III. Since our mechanism uses a special behavior of the homogeneous mode of

the Higgs field around the critical point, we explain it in Section IV. To promote it to

field theory, we discuss resonant particle production in Section V. After a short review of a

vacuum decay rate in Section VI, we summarize theoretical and experimental constraints in

Section VII. Then, we show an example parameter region in Section VIII. In Section IX,

we discuss possible cosmological history that is compatible with our mechanism. Finally, we

conclude in Section X.

II. MODEL

We review the original non-QCD relaxion model [1] in this section. Although we use it

as an example, our mechanisms are applicable to generic models.

The Lagrangian is defined as

L =
p
�g


1

2
(@X)2 + |D�|2 � V (�, X)

�
+ LSM, (1)

where

V (�, X) = (M2
� ✏X)|�|2 � r✏M

2
X + ⇤4(|�|2) cos

X

f
+

�

4
|�|4, (2)

3

Relaxion particles are created

Higgs particles are created

Typically,
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Relaxion-Higgs mixing

Lastly, we comment on the dynamics that gives the relaxion decay constant, f . Such a

small decay constant is obtained, for example, from a scalar clockwork mechanism discussed

in Appendix D. In such a case, we expect new particles around f . Alternatively, one could

use fermion condensations for the building block of the clockwork [62]. Then, we expect a

rich spectrum around 4⇡f ⇠ 1 TeV and thus we can safely ignore their e↵ects. Since it is

highly model dependent, we do not go into details in this paper.

2. Relaxion and Higgs boson

Let us move on to the collider constraints on the relaxion and the Higgs boson.

Since we assume a rather small f , the relaxion easily mixes with the Higgs boson. We

define the mixing angles as

sX ⌘ � sin
hXi

f
=

2fr✏M2

⇤4
0 + ⇤2

h
v2

, cX ⌘ � cos
hXi

f
=

q
1� s

2
X

, (96)

where hXi is the expectation value of the relaxion at the EW vacuum.9 Using these, the

mass matrix of the scalars are expressed as

0

@
�v

2

2

⇤2
h
v

f
sX

⇤2
h
v

f
sX

⇤4
0+⇤2

h
v
2

2f2 cX

1

A , (97)

in the basis of (�,').10

When ✓ is small, the mixing angle of � and ' can be calculated as

✓ '
�2fv⇤2

h
sX

(⇤4
0 + v2⇤2

h
)cX � �f 2v2

. (98)

Here, the mixing angle is defined by

0

@h125

S

1

A =

0

@c✓ �s✓

s✓ c✓

1

A

0

@�

'

1

A , (99)

where h125 is the 125GeV Higgs boson and S is the relaxion-like boson. The masses of h125

9 In the absence of ✏, the relaxion settles at sinhXi/f = 0 and coshXi/f = �1.
10 The coupling between the relaxion and the Higgs boson, ✏X|�|2, does not a↵ect the collider phenomenology

since ✏ is small.
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Lastly, we comment on the dynamics that gives the relaxion decay constant, f . Such a

small decay constant is obtained, for example, from a scalar clockwork mechanism discussed

in Appendix D. In such a case, we expect new particles around f . Alternatively, one could

use fermion condensations for the building block of the clockwork [62]. Then, we expect a

rich spectrum around 4⇡f ⇠ 1 TeV and thus we can safely ignore their e↵ects. Since it is

highly model dependent, we do not go into details in this paper.

2. Relaxion and Higgs boson

Let us move on to the collider constraints on the relaxion and the Higgs boson.

Since we assume a rather small f , the relaxion easily mixes with the Higgs boson. We

define the mixing angles as
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where hXi is the expectation value of the relaxion at the EW vacuum.9 Using these, the

mass matrix of the scalars are expressed as
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When ✓ is small, the mixing angle of � and ' can be calculated as
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Here, the mixing angle is defined by
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where h125 is the 125GeV Higgs boson and S is the relaxion-like boson. The masses of h125

9 In the absence of ✏, the relaxion settles at sinhXi/f = 0 and coshXi/f = �1.
10 The coupling between the relaxion and the Higgs boson, ✏X|�|2, does not a↵ect the collider phenomenology

since ✏ is small.
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Mixing angle

Higgs Relaxion

Large off-diagonal due to small f

Mixing angle is not suppressed 
if the masses are comparable

The relaxion can be produced at colliders 
The Higgs couplings are modified
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FIG. 8: The experimental constraints. The blue and the orange shaded regions are summaries

of Figs. 5 and 6, respectively. The green region is excluded either by the collider searches at

the 95% CL, or by the Higgs signal strength measurements. The black dashed lines indicates

mS = 50, 150, 250, 350.

FIG. 9: The evolution of the Higgs field for each sample point. The location of sample points is

shown in the left panel. For each point, the solution of the equations of motion is shown in the

right panel.

In the previous sections, we have assumed that the initial velocity of the relaxion is large

enough so that it can go over the first bump. A simple possibility to have such a initial

condition is that there was a radiation dominated era due to the decay of another inflaton,
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and �(h125 ! SM)|m125!mS is the Higgs partial decay width with the Higgs mass being

replaced by mS.

The experiments at LEP, Tevatron, and LHC have extensively searched for additional

neutral Higgs bosons. Their results are summarized in a public code, HiggsBounds[19–23],

which we use to obtain the 95% CL excluded region.

Finally, we discuss the Higgs phenomenology. The branching ratio of the Higgs into two

relaxions dominates easily due to a large coupling,

ghSS '
v⇤2

h

f 2
cX . (104)

Thus, we forbid it kinematically by requiring

m125

2
< mS. (105)

Since Higgs signal strengths are constrained, we require [18, 24]

c
2
✓
& 0.8, (106)

as a reference4. Notice that this constraint can be avoided if the relaxion mass and the

Higgs mass are degenerated. However, we do not consider such a region to avoid additional

fine-tuning.

VIII. PARAMETER REGION

In this section, we present an example parameter region. To reduce the number of

parameters, we fix the following parameters in this section;

H = 10 GeV, ✏ = 0.8 GeV, r = 0.002, M = 20 TeV. (107)

4 By using the P-value output of HiggsSignals[24, 25], the number is about 0.7 at 95% CL. If we use

�
2/DOF instead of the P-value, the number becomes 0.8. The ATLAS and the CMS collaborations

provide global fits of the signal strengths, which are 0.9 or higher since the central values are rather high

[26, 27]. The EW precision tests give much weaker constraints.
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In the previous sections, we have assumed that the initial velocity of the relaxion is large

enough so that it can go over the first bump. A simple possibility to have such a initial

condition is that there was a radiation dominated era due to the decay of another inflaton,
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4 By using the P-value output of HiggsSignals[24, 25], the number is about 0.7 at 95% CL. If we use
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2/DOF instead of the P-value, the number becomes 0.8. The ATLAS and the CMS collaborations

provide global fits of the signal strengths, which are 0.9 or higher since the central values are rather high

[26, 27]. The EW precision tests give much weaker constraints.
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Summary
• In the original relaxion model, the tunneling phase 
requires an unacceptably large number of e-folds. 

• The fast-roll relaxion can easily solve this problem, but we 
can not use the original stopping mechanism. 

• We propose a mechanism to stop the relaxion without 
extending the original model. 

• The mechanism predicts a relaxion that has a mass of 
O(100) GeV and mixes with the Higgs boson. It improves 
the testability of the model.


