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Strong CP problem

Experimentally,  QCD is known to preserve CP symmetry very well.

Hadron spectrum respects CP symmetry very well.

CP violating transitions in the SM are caused by CP violation in the 
weak interaction (i.e. by the CKM phase).

Picture from : https://en.wikipedia.org/wiki/Kaon 



This feature is not automatically guaranteed in QCD .

QCD has its own CP-violating parameter : θ

θ - term violates the P and CP symmetries

The θ - term is highly constrained experimentally !

[ 1979 Crewther, Veccia, Veneziano, Witten ] 

n n

γ
π

dn/e ~ 10-15 θ

dn/e < 2.9 x 10-26  @ 90%CL 
[hep-ex/0602020]

→ θ < 10-11

Why so small ?

Null observation of the neutron EDM :

 =  Strong CP Problem 

Strong CP problem

(positive valued quark mass)



Why the θ parameter and the phases of the Yukawa coupling  
conspire to be cancelling with each other ?

 =  Strong CP Problem 

Strong CP problem

(positive valued quark mass)
In the Standard Model, the quark mass matrix stems from 
the Yukawa couplings of 3x3 general complex matrices. 

Mu ∝ Yu (general complex) → (mu, mc, mt ) > 0  
Md ∝ Yd (general complex) → (md, ms, mb ) > 0  

The phases of the Yukawa matrices also contribute to θ.

QCD has its own CP-violating parameter : θ

This feature is not automatically guaranteed in QCD .



Peccei-Quinn Mechanism

Two Higgs doublet Model (Hu , Hd)

U(1) Peccei-Quinn symmetry (anomaly of SU(3)c)

Hu,d → eiα Hu,d

θ → θ’ = θ - 2Ng α           (Ng=3)

By the Peccei-Quinn rotation, θ can be shifted away !

so that the θ is unphysical (similar to θW).

[ ’77 Peccei, Quinn ]

u̅R → e-iα u̅R d̅R → e-iα d̅R



Weinberg-Wilczek Axion

U(1)PQ is spontaneously broken at the EWSB → axion = (CP-odd Higgs)

Axion is massive due to the SU(3)c anomaly

~ 100 keV

In terms of the axion, the PQ mechanism can be interpreted as a 
dynamical tuning of the θ angle.

a
θeff = 0

[ ’78 Weinberg, ‘78 Wilczek ]



fa is constrained by a meson decay rate into axion.

Br( K± → π ± + a (invisible) )  

           = O( fπ2 / fa2 )  x Br( K± → π ± + π0)  
             < 5 x 10-11   [E787 hep-ex/0403034 ]

fa > O(1)TeV

Original PQ-mechanism has been excluded !

[Axion decays into two photon but the lifetime is so long for ma  ~ 100 keV. ]

K± 

π ±

π0
a

x

Weinberg-Wilczek Axion [ ’78 Weinberg, ‘78 Wilczek ]



Invisible Axion : fa >> vEW [ ’80 Zhitnitsky, ‘81 Dine, Fischler, Sredniki ]

θ → θ’ = θ - 2Ng α           (Ng=3)

By the Peccei-Quinn rotation, θ can be shifted away !

so that the θ is unphysical.

U(1) Peccei-Quinn symmetry is broken by QCD anomaly.

ZDFS axion : Two Higgs doublet Model (Hu , Hd) and a Singlet S

Hu,d → eiα Hu,d u̅R → e-iα u̅R d̅R → e-iα d̅RS → eiα S

U(1) Peccei-Quinn (PQ) symmetry (e.g. n=2)



Invisible Axion : fa >> vEW

ZDFS axion : Two Higgs doublet Model (Hu , Hd) and a Singlet S

Hu,d → eiα Hu,d S → eiα S

The axion appears as a pseudo-Goldstone boson.

[ ’80 Zhitnitsky, ‘81 Dine, Fischler, Sredniki ]

U(1)PQ is spontaneously broken by <S> = vs ≫ v

U(1) Peccei-Quinn (PQ) symmetry (e.g. n=2)

u̅R → e-iα u̅R d̅R → e-iα d̅R



KSVZ axion : SM matter field are not  U(1)PQ neutral.

U(1) PQ symmetry broken by QCD anomaly

qL → e-iα/2 qLS → eiα S

U(1)PQ is spontaneously broken by < S > = vs >> v

Singlet S Extra colored fermions qL , q̅R

[ ’79 Kim, ‘80 Shifman, Vainshtein, Zakharov ]Invisible Axion : fa >> vEW

The axion appears as a pseudo-Goldstone boson.

q̅R → e-iα/2 q̅R



Axion can be emitted in astrophysical objects leading to stringent 
constraint on the decay constant fa.

fa > 109GeV

Invisible axion is very light :

Resultant constraint on the decay constant is  

Invisible Axion : fa >> vEW

[e.g. 1301.1123 Kawasaki, Nakayama]

θ1  = 0-2πInitial angle

Invisible axion is a good candidate for DM

IV. DOMAIN WALL PROBLEM

Here, let us briefly discuss the domain wall problem and axion dark matter. As discussed

in [32], the model su↵ers from the domain wall problem for h�i � h�0
i when global PQ

symmetry breaking takes place after inflation. To avoid the domain wall problem, we assume

either one of the following possibilities;

(i) Both phase transitions of h�i 6= 0 and h�0
i 6= 0 take place before inflation.

(ii) The phase transition, h�0
i 6= 0, takes place before inflation while the transition, h�i 6=

0, occurs after inflation.

The latter possibility is available as the fiveness charges of � and �0 are relatively prime and

|qa| : |qb| = 10 : 1.5

For the first possibility, the cosmic axion abundance is given by,

⌦ah
2
' 0.18 ✓2a

✓
FA

1012 GeV

◆1.19

, (33)

for the initial misalignment angle ✓a = O(1) [36]. Thus, in the allowed parameter region

in Fig. 1, i.e., FA . 1010GeV, relic axion abundance is a subdominant component of dark

matter. It should be also noted that the Hubble constant during inflation is required to

satisfy,

Hinf . 108 GeV ⇥ ✓�1
a

✓
FA

1010 GeV

◆�0.19

. (34)

to avoid the axion isocurvature problem (see Refs. [37, 38]).6

For the second possibility, the cosmic axion abundance is dominated by the one from the

decay of the string-domain wall networks [39],

⌦ah
2
' 0.035± 0.012

✓
FA

1010 GeV

◆1.19

. (35)

Thus, the relic axion from the string-domain wall network can be the dominant component

of dark matter at the corner of the parameter space in Fig. 1. To avoid symmetry restoration

5 The domain wall problem might also be solved for h�i ⇠ h�
0
i even if both the phase transitions take place

after inflation. To confirm this possibility, detailed numerical simulations are required.
6 Here, we do not assume that the axion is the dominant component of dark matter but use the axion relic

abundance in Eq. (33) to derive the constraint.
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[ see e.g. a comprehensive review by Raffelt ’06]

[ string-domain wall network axion ]

[ misalignment axion ]



What is the origin of the Peccei-Quinn symmetry ?

The PQ symmetry cannot be an exact symmetry .

 U(1) PQ symmetry is defined to be broken by the QCD anomaly.

Why is the PQ symmetry broken only by the QCD anomaly?

If the physics at the Planck scale breaks PQ symmetry we would have  

which distorts the axion potential 

The effective θeff-parameter is no more vanishing…

If we require  θeff  <<10-10, no term with m < 10 is allowed  fa > 109GeV.

a
θeff = 0

a
θeff ≠ 0

QCD effect
explicit  
breaking



What is the origin of the Peccei-Quinn symmetry ?

U(1)Y  in the Standard Model
U(1)Y  symmetry of the lepton sector has an SU(2)L anomaly.

Cannot be a gauge symmetry ? Absolutely Yes !

The SU(2)L anomaly of U(1)Y  of the lepton sector is cancelled by 
the SU(2)L anomaly of U(1)Y  of the quark sector!

= 0

lepton quark

Gauge symmetries do not suffer from explicit breaking.

Can we make the PQ symmetry a gauge symmetry ?

The PQ symmetry has an SU(3)c anomaly…
→ the PQ symmetry cannot be a gauge symmetry by itself.

U(1)Y 

SU(2)L 

SU(2)L 

U(1)Y 

SU(2)L

SU(2)L 

+



What is the origin of the Peccei-Quinn symmetry ?

Gauged U(1)PQ 

We arrange the U(1)PQ charges so that the total SU(3)c anomaly 
is cancelled !

The SU(3)c anomaly of U(1)PQ  of  sector 1 is cancelled by 
the SU(3)c anomaly of U(1)PQ  of  sector 2

U(1)PQ 

SU(3)c 

SU(3)c 

U(1)PQ 

SU(3)c

SU(3)c 

+ = 0

sector 1 sector 2

Gauge symmetries do not suffer from explicit breaking.

Can we make the PQ symmetry a gauge symmetry ?

The PQ symmetry has an SU(3)c anomaly…
→ the PQ symmetry cannot be a gauge symmetry by itself.



General Recipe to Construct gauged PQ models

Let us bring any “two” invisible axion models : 

U(1)PQ1 U(1)PQ2 

cf. DSFZ model
cf. KSVZ model

cf. DSFZ model
cf. KSVZ model

An anomaly free combination,  

can be a gauge symmetry !

→ Gauged U(1)PQ  Symmetry ! 

sector 1 sector 2



General Recipe to Construct gauged PQ models

No gauged U(1)PQ breaking term is allowed since U(1)PQ is an exact symmetry !

No global U(1)PQ1 breaking term consisting of fields in the sector 1 due to the 
gauged U(1)PQ symmetry.

 U(1)PQ1 breaking term  =  U(1)PQ breaking term 

 L = Φ1(x)n  + h.c.X

 L = Φ2(x)m  + h.c.X

No gauged U(1)PQ2 breaking term consisting of fields in the sector 2 due to the 
global U(1)PQ2 symmetry.

 U(1)PQ2 breaking term  =  U(1)PQ breaking term 

U(1)PQ1 U(1)PQ2 

sector 1 sector 2



General Recipe to Construct gauged PQ models

No gauged U(1)PQ breaking term is allowed since U(1)PQ is an exact symmetry !

Only dangerous operators to break  U(1)PQ1 and U(1)PQ2 symmetries are

 L = MPL4 - (dim O1+ dim O2) O1 O2 + h.c.

U(1)PQ1 U(1)PQ2 

sector 1 sector 2

U(1)PQ1  of  O1   ≠  0 U(1)PQ2  of  O2   ≠  0

while  O1O2   is gauge invariant.

If PQ1 and PQ2 breaking scales are O(109)GeV, the resultant breaking  
of either PQ1  or PQ2 is suppressed by arranging the charge assignment  
so that 

dim O1 + dim O2  > 10

→ well-protected global PQ symmetry by the gauged PQ  symmetry !



General Recipe to Construct gauged PQ models

Bring two independent KSVZ axion models

L = y1 S1 q1L q̅1R + y2 S2 q2L q̅2R  + h.c.

U(1)PQ1  symmetry 

q1L → e-iα q1LS1 → eiα S1

U(1)PQ2  symmetry 

q2L → e-iα q2LS2 → eiα S2

KSVZ fermions : N1 flavors of q1 , N2 flavors of q2  

Example : Barr-Seckel Model [ ’92 Barr-Seckel ]



General Recipe to Construct gauged PQ models

The lowest dimensional U(1)PQ1,PQ2  breaking operators

 L = MPL4 - (|q1|+ |q2| ) S1|q1| S2|q2| + h.c.

Gauged U(1)PQ  symmetry 

S1(q1) S2(q2) q1  :  q2   =  N2  :   -N1

→  ∂ jPQ  =  0

|q1| and |q2| are taken to be relatively prime integers

To obtain high quality global PQ symmetry :  |q1| + |q2| > 10

ex)  N1 = 1,  N2 = 9  

Example : Barr-Seckel Model [ ’92 Barr-Seckel ]



General Recipe to Construct gauged PQ models

Example 2 : Application to the Composite Axion Model

SU(Nc) gauge theory [1985 Kim]

SU(Nc) SU(3) U(1)PQ

QL Nc 3 1

Q̅R N̅c 3̅ 1

qL Nc 1 -3

q̅R N̅c 1 -3

⊂SU(4)

Strong dynamics of SU(Nc) exhibits the chiral symmetry breaking.

15 Goldstone Modes SU(3) : Octet  + 3 + 3̅ = Massive ( ~ gs ΛNc )

U(1)PQ :  singlet  = axion {

U(1)PQ is free from SU(Nc)  anomaly but is 
broken by QCD anomaly !

Assume no quark mass terms.

SU(4)L x SU(4)R 

                   → SU(4)V



General Recipe to Construct gauged PQ models

U(1)PQ is free from SU(Nc)  anomaly but is 
broken by QCD anomaly !

There are PQ breaking operators ; 

L = m (QL Q̅R) + (QL Q̅R)2/MPL2 + …

Gauged PQ mechanism suppresses those operators !

SU(Nc) gauge theory [1985 Kim]

SU(Nc) SU(3) U(1)PQ

QL Nc 3 1

Q̅R N̅c 3̅ 1

qL Nc 1 -3

q̅R N̅c 1 -3

⊂SU(4)

Example 2 : Application to the Composite Axion Model

Assume no quark mass terms.

which should be suppressed by hand.



General Recipe to Construct gauged PQ models

Bring two composite axion models and consider gauged U(1)PQ 

with the charge normalization  

SU(Nc) SU(Nc’)

sector 1 sector 2

QL(q) , Q̅R(q),  QL’(q’) , Q̅R’(q’)  q  :  q’   =  Nc’  :   -Nc

→   ∂ jPQ   =   0

The lowest dimensional global PQ breaking operators

L = (QL Q̅R)|q’| (Q’L Q̅’R)|q| / MPL3|q| + 3|q’| - 4  

→  Nc = 2,  Nc’ = 5 model is good enough to obtain  
the high quality global PQ symmetry !

Example 2 : Application to the Composite Axion Model



 B-L as a gauged PQ symmetry

We can construct a good gauged PQ symmetry without stable SM  
singlets based on the B-L gauge symmetry !

In the above examples, we assumed that [U(1)PQ]3 and U(1)PQ-gravitational 
anomalies are cancelled by the PQ charged but SM singlet fields.

→ The PQ-charged SM singlet fields tend to be light and have rather long lifetime.

Those long-lived particles sometime cause cosmological problems.

SM-charged fields SM singlet fields

U(1)PQ 

gravity 

U(1)PQ + = 0
gravity 

gravity 

gravity 



In the  SU(5) GUT, B-L is achieved as the U(1) fiveness = 5(B-L) - 4 Y : 

10SM (+1) ,    5̅SM (-3) ,    N͞R (+5)

 The seesaw mechanism is realized by introducing 𝟇(-10) ;which couples to the right handed neutrinos,

L = �
1

2
yN�N̄RN̄R + h.c. . (3)

Here, yN denotes a coupling constant, with which the Majorana mass is given by MN =

yN h�i. By integrating out the right-handed neutrinos, the tiny neutrino masses are obtained,

via

L = y`5̄SMN̄Rh
⇤ + h.c., (4)

where y` also denotes a coupling constant.

Now, let us identify the gauged PQ symmetry with B � L, i.e., fiveness. Following the

general prescription of the gauged PQ mechanism in [11], let us introduce extra matter

multiplets which obtain a mass from the VEV of �;

L = yK�
⇤ 5K 5̄K + h.c. , (5)

with yK being a coupling constant.2 Here, the extra multiplets (5K ,5̄K) are assumed to

form the 5 and 5̄ representations of the SU(5) gauge group, respectively. As in the KSVZ

axion model [30, 31], the Ward identity of the fiveness current, j5, obtains an anomalous

contribution from the extra multiplets,

@j5
��
SM+N+K

= �
g2a

32⇡2
10F aF̃ a . (6)

Here, F a (a = 1, 2, 3) are the gauge field strengths of the Standard Model and ga the

corresponding SM gauge coupling constants. The Lorentz indices and the gauge group

representation indices are suppressed. The factor �10 corresponds to the charge of the

bi-linear, 5K 5̄K (see Eq. (5)).

In the gauged PQmechanism, the U(1)gPQ gauge anomalies are canceled by a contribution

from another set of the PQ charged sector. For that purpose, let us also introduce 10-flavors

of extra matter multiplets (50
K , 5̄

0
K). We assume that they obtain masses from a VEV of a

2 The reason why the extra multiplets couple not to � but �⇤ will become clear shortly.

4

The fiveness in the SM and the right-handed neutrino sector is anomaly free. 
[ SU(5) x U(1)5 ⊂SO(10)  without new fermions ]

→ MR = yN  < 𝟇 >

 B-L as a gauged PQ symmetry



Introduce an extra pair of (5K,5̅K) coupling to 𝟇(-10) as in the KSVZ model
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→ U(1) fiveness has QCD anomaly

 For the gauged PQ mechanism,  introduce, for example 𝟇’(+1)  and   
 10 pairs of (5K ’ , 5̅K ‘ ) .complex scalar field �0 whose fiveness charge is +1;

L = y0K�
0⇤ 50

K 5̄
0
K + h.c. , (7)

where the charge of the bi-linear, 50
K 5̄

0
K , is set to be +1. With this choice, the anomalous

contributions of the Ward identity in (6) are canceled by the one from (50
K , 5̄

0
K), i.e.,

@j5
��
SM+N+K+K0 = 0 . (8)

The fiveness charges of the respective extra multiplets are chosen as follows. To avoid

stable extra matter fields, we assume that 5̄K and 5̄0
K can mix with 5̄SM, so that

5K(�7) , 5̄K(�3) , 50
K(+4) , 5̄0

K(�3) , (9)

respectively. As a notable feature of this charge assignment, it cancels the [U(1)gPQ]3 and

the gravitational anomalies automatically without introducing additional SM singlet fields.

In fact, the [U(1)gPQ]3 and the gravitational anomalies are proportional to

[U(1)gPQ]
3
/

�
(�10� q̄K)

3 + (q̄K)
3
�
+ 10

�
(1� q̄0K)

3 + (q̄0K)
3
�
, (10)

[gravitational] / ((�10� q̄K) + (q̄K)) + 10 ((1� q̄0K) + (q̄0K)) ,

with q̄K and q̄0K are the charges of 5̄K and 5̄0
K , respectively. By substituting q̄K = q̄0K = �3,

we find that both the anomalies are vanishing.

The anomaly cancellation without singlet fields other than the right-handed neutrinos

is by far advantageous compared with the previous models [11, 12, 32]. The singlet fields

required for the anomaly cancellation tend to be rather light and longlived, which make the

thermal history of the universe complicated [32]. The anomaly cancellation of the present

model is, therefore, a very important success as it is partly motivated by thermal leptogenesis

which requires a high reheating temperature after inflation, i.e., TR & 109GeV [26–28].

Under the fiveness symmetry, the interactions are restricted to

L = 10SM10SMh
⇤ + 10SM5̄h+ 5̄N̄Rh

⇤
�

1

2
� N̄RN̄R + �⇤ 5K 5̄+ �0⇤ 50

K 5̄+ h.c. ,

�V (�,�0, h) . (11)

5

(-10)

(-1)

→ U(1) fiveness is free from QCD anomaly
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is by far advantageous compared with the previous models [11, 12, 32]. The singlet fields

required for the anomaly cancellation tend to be rather light and longlived, which make the

thermal history of the universe complicated [32]. The anomaly cancellation of the present

model is, therefore, a very important success as it is partly motivated by thermal leptogenesis

which requires a high reheating temperature after inflation, i.e., TR & 109GeV [26–28].

Under the fiveness symmetry, the interactions are restricted to
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We assign 5̅ ’s the same quantum numbers with 5̅SM .

The 11 out of 14 indistinguishable  5̅’s become mass partners of 5K and 5K’
 All the extra matter particles decay into the SM particles.
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Satisfying these conditions is not easy than it looks.

Unlike the B-L of SM + right-handed neutrinos, there is no larger GUT group 
like SO(10) which guarantees the anomaly cancellation…

 B-L as a gauged PQ symmetry



5K (-7) ,   5̅K(-3) ,   5K ‘(+4) ,   5̅K ‘(-3) 5̅SM (-3)

We assign 5̅ ’s the same quantum numbers with 5̅SM .

The 11 out of 14 indistinguishable  5̅’s become mass partners of 5K and 5K’
 All the extra matter particles decay into the SM particles.

With this charge assignment,  [U(1)PQ]3  and gravitational anomalies  
are cancelled without SM singlets ! 

Global PQ breaking operator :

Here, 5̄ collectively denotes (5̄SM,5̄K ,5̄0
K), and V (�,�0, h) is the scalar potential. The cou-

pling coe�cients are omitted for notational simplicity. At the renormalizable level, the

above Lagrangian possesses a global U(1) symmetry, which is identified with the global PQ

symmetry. The global PQ symmetry corresponds to a phase rotation of a gauge invariant

combination, ��010, while the other fields are rotated appropriately. The global PQ charges

of the individual fields are generically given by

Q = �
Q�

10
⇥ q5 , Q0 = Q�0 �

3

10
Q� , (12)

for {SM, N̄R,5K , 5̄} and {50
K}, respectively. Here, q5 denotes the fivness charge of each field,

and Q�,�0 are the global PQ charges of � and �0 with Q�/Q�0 6= �10, respectively.

The global PQ symmetry is broken by the QCD anomaly. In fact, under the global PQ

rotation with a rotation angle ↵PQ,

��010
! ei↵PQ ⇥ ��010 , (13)

the Lagrangian shifts by,

�L��PQ =
↵PQg2a
32⇡2

F aF̃ a . (14)

It should be noted that the normalization factor of Eq. (14) is independent of the choice of

the global PQ charge assignment for the individual fields.

Since the global PQ symmetry is just an accidental one, it is also broken by the Planck

suppressed operators explicitly. However, due to the gauged fiveness symmetry, no PQ-

symmetry breaking operators such as �n or �0n (n > 0) are allowed. As a result, the explicit

breaking terms of the global PQ symmetry are highly suppressed, and the lowest dimensional

ones are given by,

L��PQ ⇠
1

10!

��010

M7
PL

+ h.c. , (15)

where MPL ' 2.44⇥1018 is the reduced Planck scale. As we will see in the next section, the

breaking terms are acceptably small not to spoil the PQ mechanism in a certain parameter

space.
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Global PQ (𝟇’(+1), 5K ‘(+1), others neutral) symmetry is well protected !
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FIG. 1. The constraint on the VEVs of � and �
0. The gray shaded region is excluded by�✓ < 10�10

for the non-SUSY model (see Eq. (31)). The orange lines are the contours of the e↵ective decay
constant FA. In the blue shaded region, h�i > h�

0
i.

Here, we have used the fact that the numbers of extra multiplets coupling to � and �0 are

giving by Na = qb = 1 and Nb = �qa = 10. By substituting Eq. (22), the anomalous coupling

is reduce to,

L =
g2a

32⇡2

A

FA
F aF̃ a , (30)

which reproduces the axial anomaly of Eq. (14) by the shift of the axion in Eq. (27). Through

this term, the axion obtains a mass from the anomalous coupling below the QCD scale, with

which the QCD vacuum angle is erased.

In the presence of the explicit breaking terms in Eq. (15), the QCD vacuum angle is

slightly shifted by3

�✓ ⇠ 2
1

10!

h�i h�0
i
10

M7
PLm

2
aF

2
A

⇠ 3⇥ 10�11

✓
h�i

1010 GeV

◆✓
h�0

i

1011 GeV

◆10

. (31)

where ma denotes the axion mass. Such a small shift should be consistent with the current

experimental upper limit on the ✓ angle, ✓ . 10�10 [33].

In Fig. 1, we show the constraint on the VEVs of � and �0 from the experimental upper

limit on �✓. In the gray shaded region, the explicit breaking e↵ect in Eq. (31) is too large

3 Hereafter, h�i and h�
0
i denote the absolute values of the VEVs of � and �

0.
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FIG. 2. The constraint on the VEVs of � and �
0 for the SUSY extension. The gray shaded upper

region is excluded for the SUSY model with m3/2 = 100TeV (see Eq. (41)). The orange lines are
the contours of the e↵ective decay constant FA. In the blue shaded region, h�i > h�

0
i. The gray

shaded lower regions are excluded as the gauge coupling constants become non-perturbative below
the GUT scale. The thin green region is excluded by the Axion Dark Matter eXperiment (ADMX)
[57] where the dark matter density is assumed to be dominated by the relic axion.

where we assume h�i =
⌦
�̄
↵
and h�0

i =
⌦
�̄0↵ for simplicity.12

In Fig. 2, we show the constraints on the VEVs of � and �0 from the experimental upper

limit on �✓. Here, we take the gravitino mass, m3/2 ' 100TeV, which is favored to avoid the

cosmological gravitino problem for TR & 109GeV [58–60]. For m3/2 ' 100TeV, the scalar

partner and the fermionic partner of the axion also do not cause cosmological problems

as they obtain the masses of the order of the gravitino mass and decay rather fast [61].

In the figure, the gray shaded region is excluded by the constraint on �✓ . 10�10. Due

to the suppression of the breaking term in Eq. (40), the higher value of h�0
i is allowed

compared with the non-SUSY model. The higher h�0
i is advantageous to avoid symmetry

restoration after inflation (see Eq. (37)), with which the domain wall problem is avoided in

the possibility (ii) (see section III). Accordingly, the decay constant can also be as high as

about 1011�12GeV, which also allows the axion to be the dominant dark matter component

(see Eq. (35)). Therefore, we find that the SUSY extension of the model is more successful.13

It should be noted that the 11-flavors of extra multiplets at the intermediate scale make

12 The following argument can be easily extended to the cases with h�i 6=
⌦
�̄
↵
and h�

0
i 6=

⌦
�̄
0↵.

13 As in [32], we will discuss a possibility where SUSY and B � L are broken simultaneously elsewhere.
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non-susy susy with exact Z4R

B-L (fiveness) works as the gauged PQ symmetry for a wide range of 
axion decay constant 

Δθeff > 10-10

too many extra matter 
to be consistent with  
coupling unification

Log10[ f1/ √2 /GeV ]

Lo
g 1

0[
 f 2

/ √
2 

/G
eV

 ]

Lo
g 1

0[
 f 2

/ √
2 

/G
eV

 ]

Log10[ f1/ √2 /GeV ]

Right handed neutrino mass is given by O( f1 )

B-L does not only provide frameworks for seesaw mechanism 
and thermal leptogenesis but also solves the strong CP problem !

 B-L as a gauged PQ symmetry



Exact discrete symmetry also protects the global PQ symmetry.

Remarks on exact gauged discrete symmetry

cf. In the exact gauged Z10 symmetric model,

→ a global and continuous PQ symmetry is well protected and leads to 
successful PQ mechanism.

The gauged PQ mechanism converges to the discrete symmetry model 
when we take  < 𝟇(+10) > = O( MPL ) .

 < 𝟇(+10) > breaks the gauge PQ symmetry down to gauged Z10  symmetry.



In the discrete symmetry model, the axion domain wall problem is serious.

Remarks on exact gauged discrete symmetry

N should be the multiple of 10 due to the exact Z10 symmetry.

The axion spontaneously breaks the symmetry below the QCD scale 
if the PQ symmetry takes place after inflation.

→ Stable domain wall dominates the universe below the QCD scale.

If the PQ symmetry breaking takes place before inflation, no domain  
wall problem, but the axion iso-curvature constraints put stringent  
upper limit on the inflation scale.

The gauged PQ mechanism, on the other hand, can evade both the domain 
wall problem even for a large Hinf .



Summary

PQ axion models are one of the most successful solution to the strong 
CP problem.

By definition, the PQ symmetry is quite puzzling…

The gauged PQ mechanism provides a simple way to provide a well-
protected global PQ symmetry.

Gauged B-L symmetry can solve the strong CP problem in addition to 
providing a good framework for the seesaw mechanism and thermal 
leptogenesis !



Backup  Slides 



Radiative generation of the global PQ breaking terms ?

By the gauged PQ symmetry, the global PQ symmetry is broken only by 
higher dimensional terms.

We assume that the effective Lagrangian is given by local operators with 
a cutoff around the Planck scale, MPL .

( c.f.  a model with 𝟇(+10) and 𝟇’ (-10) )

After performing path-integration, κ2 term can be, for example, overlaid by   

where m is some mass scale which couples to 𝟇 and 𝟇’.

( When m <<  < 𝟇 > or < 𝟇’ > ,  it means that the coupling is highly suppressed, 
and hence, it is good enough to think of m ~  < 𝟇 > or < 𝟇’ > )

[Here, we show operators relevant for the axion potential.]



Radiative generation of the global PQ breaking terms ?

By the gauged PQ symmetry, the global PQ symmetry is broken only by 
higher dimensional terms.

( c.f.  a model with 𝟇(+10) and 𝟇’ (-10) )

The lowest dimensional breaking term is, on the other hand, not overlaid by 

( n > 0 )

since the UV divergences are renormalized by local operators. 

We assume that the effective Lagrangian is given by local operators with 
a cutoff around the Planck scale, MPL .

EX), seesaw MR NR NR (Dim3)  —> (LH)(LH)/MR (Dim5) 
         but MR NR NR itself is not enhanced.



What is the origin of the Peccei-Quinn symmetry ?

Why is the PQ symmetry broken only by the QCD anomaly?

The wormhole transitions may make things worse…

space

space

tim
e

The charged particle under global symmetries can go through the 
wormhole leaving symmetry breaking terms

space

space

tim
e

X

X

X

X
X

X

X≃

 L = gn Φ(x)n  + h.c.

[1989 Abott, Wise, 1995 Kallosh, Linde, Linda, Susskind  
2017 Aronso Urbano]

 gn ~ (8πMPL)4-n   (for a large n)

The existence of the global symmetries is quite unnatural. 



General Recipe to Construct gauged PQ models
Axion appears when both U(1)PQ’s are spontaneously broken

a1 

a 2

0 2πf1

0

2πf2
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a 2
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domain of axion

ex) N1 = 2 ,  N2 = 3

4πf1

6πf2

    L  =    (∂μ  a)2 / 2     +    mA2   ( Aμ   -   ∂μ b / mA )2 / 2

[ mA2  =  g2( q12 f12 + q22 f22 ) ]

a : gauge invariant axion 

b : would-be goldstone boson of gauged U(1)PQ

a : axion



General Recipe to Construct gauged PQ models

nGCD : the greatest common divisor of N1 and N2  (N1 = nGCD |q2| ,  N2 = nGCD |q1| )

domain wall number

Axion appears when both U(1)PQ’s are spontaneously broken

a1 

a 2

0 2πf1

0

2πf2
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a 2
 

0 b : G
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domain of axion

ex) N1 = 2 ,  N2 = 3

4πf1

6πf2

a : axion

Only the gauge invariant axion has an anomalous coupling



Why don’t we care the weak θ phase ?

Weak θ phase ?

The weak θW shifts by

QL → eiα QL

while other parameters in the theory intact.

→ There is no weak θW problem.

θW → θW  + 6 α
under the baryon rotation

uR, dR → e-iα uR, dR



Domain Wall Problem in conventional PQ models

In the conventional PQ model, U(1)PQ is explicitly broken down  
to ZN symmetry by the QCD anomaly.

V(a)

a/faπ-π 0

ZN  is eventually broken spontaneously by the VEV of the axion .

ex) N = 3

→ Domain walls are formed when the axion gets VEV! 

ρDW ~ σ x H ∝ T2         ( σ ~ fa ΛQCD2 ) 
                  [ scaling solution 1990 Ryden, Press, Spergel ] 

Domain wall dominates over the energy density of the Universe for N>1 !

What happens in the gauged PQ models ?



(1) In the conventional PQ model, U(1)PQ is spontaneously broken at fa . 

Domain Wall Problem in the conventional PQ model
Closer look at the domain wall problem :

Around the cosmic strings, the axion field takes nontrivial configuration.

a/fa

0 2π

One global strings are formed in each Hubble volume in average.

Tension : μ2 ~ 2π fa2  log[fa/H] ~ 2π fa2 log[MPL/fa]

ρstring ~ μ2 H2 ∝ T4   
Energy density of the strings do not cause problem due to its scaling nature:

Top view of the strings

H-1

Winding number = 1

 [e.g. 1012.5502 Hiramatsu et.al.]



(2) Below the QCD scale, the axion feels its axion potential.

Domain Wall Problem in the conventional PQ model
Closer look at the domain wall problem :

a/fa

0 2π

Non-trivial axion field values around the strings causes non-uniformity of the  
energy density around the cosmic strings. 

H-1

Non-uniform energy density is concentrated 
on the domain walls stretching between the 
cosmic strings  
                       → domain wall problems.

a/faπ-π 0

domain wall [1012.4558  Hiramatsu et. al.]



Domain Wall Problem in the gauged PQ model

In the gauged PQ model, the genuine symmetry is not ZN but U(1)PQ .

Does it mean that there is no domain wall problem ?

a2/fa

0 2q2π
2q1π

Around the local string, only the would-be goldstone 
mode winds, and hence, the axion is trivial.

Winding number 
           = (q1, q2) 

→ Around the local string, no domain walls are formed  
                                                     even below the QCD scale !

Domain walls problems are solved … No Unfortunately…



Domain Wall Problem in the gauged PQ model

Even in the gauged PQ model, we could have global strings…

a2/f2

0 2q2π
2q1π

Winding number 
           = (q1, q2) 

0 2π

a1/f1 a1/f1

0 2π

a2/f2

Local string global string global string

Winding number 
           = (1, 0) 

Winding number 
           = (0, 1) 

Once the global strings are formed in the universe, the domain walls  
are formed below the QCD scale unless global strings disappear which  
is unlikely due to the suppressed interaction between two sectors.

[ The lifetime of the domain wall between the global strings are very long…] 

δa/Fa   = 0 δa/Fa   = q2 δa/Fa   = - q1



Domain Wall Problem in the gauged PQ model
Cosmologically Safe Scenarios ?

(1) Trivial solution :  PQ breaking before inflation.

In this case, the axion field value is fixed to a single value 
and hence, no domain wall problem happens.

Such scenarios predict the isocurvature fluctuation which is  
constrained by CMB observations.

[e.g. 1301.1123 Kawasaki, Nakayama]

adiabatic condition ma ≫ H . Thus, we obtain the present axion number to entropy ratio

as

Y (cold)
a =

na,0

s0
= β

(

ρa/ma

s

)

T=T1

, (13)

where s is the entropy density and s0 is its present value. Here β is the correction

factor taking into account that the adiabatic condition (ma ≫ H) is not satisfied at the

beginning of the oscillation. The correction factor was calculated by [39] which gives

β = 1.85. Thus, the present axion density is given by [40]

Ωah
2 = 0.18 θ21

(

Fa

1012GeV

)1.19 ( Λ

400MeV

)

, (14)

where h is the present Hubble parameter in units of 100km/s/Mpc. Here θ1 = a1/η is the

initial angle at onset of oscillation. When the PQ symmetry is spontaneously broken after

inflation, θ1 is random in space and hence we should replace θ21 by its spatial average, i.e.

⟨θ21⟩ = π2/3 × canh, where canh(≃ 2) is the anharmonic correction [40, 41]. On the other

hand, if PQ symmetry is broken before or during inflation, θ1 takes the same value in the

whole observable Universe. Then, θ1 is considered as a free parameter.

The density of the coherent axion oscillation cannot exceed the present DM density of

the Universe determined from the observations of cosmic microwave background (CMB),

ΩCDMh2 = 0.11. This gives the following upper bound on the axion decay constant:

Fa <
∼ 1.4× 1011 GeV, (15)

when the PQ symmetry is broken after inflation. For the case of PQ symmetry breaking

before or during inflation, see Section 3.3.5

3.2.2 Hot axion

Axions are also produced in high-temperature plasma [43, 44]. The abundance of such

hot axions in the KSVZ model, in terms of the number-to-entropy ratio Ya ≡ na/s, was

estimated recently in [44] :

Y (hot)
a ≃ 1.9× 10−3g6s ln

(

1.501

gs

)(

1012GeV

Fa

)2 (
TR

1010GeV

)

, (16)

5 Notice that Equation 14 assumes no late-time entropy production after the QCD phase transition. If
there is a late-time entropy production by decaying particles, the abundance is reduced and upper bound
on the PQ scale is relaxed [42].
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[isocurvature constraint]

θ1  = 0-2π
Initial angle

This scenario requires rather low scale inflation : e.g. HINF ~ 107GeV
for Ωa = ΩDM .



Domain Wall Problem in the gauged PQ model

Cosmologically Safe Scenarios ?

Bring two independent KSVZ axion models

L = y1 S1 q1L q̅1R + y2 S2 q2L q̅2R  + h.c.

KSVZ fermions : N1 flavor of 1 , N2 flavor of 9 
Gauged U(1)PQ charge :  S1(9) ,  S2(-1)

S1-global string = axion winding number 1

S2-global string = axion winding number 9

Arrange <S2> ≫ TR so that the gauged U(1)PQ  is not restored after  
inflation while the global U(1)PQ  breaking takes place after inflation.

(2) Less trivial solution :  PQ breaking before inflation.

All the non-trivial axion winding strings are inflated away.
No isocurvature fluctuation is generated since there is no 
massless mode during inflation.



Domain Wall Problem in the gauged PQ model
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6π For a model with nGCD = 1, the bottoms of  
the axion potential are gauge equivalent !

V(a)

a/Fa
2π-2π 0

a/Fa  = 0 - 2π

There is no absolutely stable domain wall !  

Practically, however, we have domain wall problem…

Gauge equivalent !



Domain Wall Problem in the gauged PQ model

ex) Gauged U(1)PQ charge :  S1(3) ,  S2(-1)

S1-global string = axion winding number 1
S2-global string = axion winding number 3
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δa/Fa   = 1 δa/Fa   = - 3
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Domain Wall Problem in the gauged PQ model

ex) Gauged U(1)PQ charge :  S1(3) ,  S2(-1)

Below the QCD scale, the non-uniformity of the energy density 
leads to the domain wall formation.

unstable stable

Pulled by other strings 
in another Hubble patch

S1-domain wall S2-domain wall

Since the domain wall formation is at very low energy, the walls 
do not know whether there were gauge bosons!

Pulled by other strings 
in another Hubble patch



Domain Wall Problem in the gauged PQ model

ex) Gauged U(1)PQ charge :  S1(3) ,  S2(-1)

Some lucky domain walls can annihilate into composite strings

→

It is however difficult to imagine that all the walls annihilates  
away successfully, since the strings are typically separated by  
the Hubble length…



Domain Wall Problem in the gauged PQ model

ex) Gauged U(1)PQ charge :  S1(3) ,  S2(-1)

S2 domain wall can be pierced by the S1 string. 

The tunneling rate is quite low…

→

Γ ∝ Exp[ - Fa3 / ΛQCD2 T ] ~ Exp[- 1010]

[1982, Kibble, Lazarides, Shafi]

The domain walls are almost stable…


