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Strong CP problem

One of the long-standing problem in the Standard Model
QCD has its own P and CP-violating parameter: 0

9° Gn
Lo ~ 55 —50GG

O parameter is observable
Neutron electric dipole moment constrains the 0

0 <101

06 Baker et al.

Why is the theta value so small ??



Peccei-Quinn mechanism

QCD anomalous symmetry: Peccei-Quinn (PQ) symmetry
77T Peccel and Quinn

SU(3)c

U(1)ra #0

SU@S)c

Axion (U(1)PQ NG boson) dynamically cancel theta-term
v a) 18 Weinberg, *78 Wilczek

Peccei-Quinn mechanism can solve the Strong CP problem !!
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Gravity badly and explicitly breaks PQ symmetry

Spontaneous PQ breaking scalar field (Global PQ charge : +1)
1 . a
b > \Eprez fa
a : axion
If physics at Planck scale breaks PQ symmetry

(1)5
LS - h.c....
M

which distorts axion potential
5
a f 5 -a_
V(a) ~ —m?2 fcos (—) + | Mi—=——¢€""7« + h.c.
we e fa \/§Mpl

Naively, the large theta angle is expected

0~ O(1) > 101
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Gravity badly and explicitly breaks PQ symmetry

Spontaneous PQ breaking scalar field (Global PQ charge : +1)
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c large theta angle is expected
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Gauge symmetry to overcome gravity effect

To prohibit the axion potential term induced by gravity
(135
LS —
M,
One answer : Gauge symmetry g9 Krauss and Wilczek, *95 Intriligator and Seiberg

<I>(—|—1) : charged under Z12, 13... or U(1)X gauge symmetry

(I)5 12 13
L3 — L3 (I)—8, <I>_9
MS,~ M,

Higher discrete gauge symmetry, smaller the shift of theta

vV A < 1071



Gauged PQ mechanism (Our proposal)
H. Fukuda, M. Ibe, M. S, and T. T. Yanagida, Phys. Lett. B771, 327 (2017).

Two or more PQ symmetries make a gauge symmetry
U(1)gPQ protecting anomalous global symmetry

e.d. One linear combination of two anomalous symmetry can be
anomaly free

U(1)PQT U(1)PQ2
cf.ZDFS model cf.ZDFS model
cf. Composite axion model cf. Composite axion model
cf. KSVZ model cf. KSVZ model

U(1)pg, X U(1)pg, = U(l)grpq x U(1)pg



Let seek the possibility

B-L symmetry = U(1)gPQ symmetry
( fiveness ) M. Ibe, M. S, and T. T. Yanagida, arXiv:1805.10029.



B-L (fiveness) gauge symmetry

cf. 5(B—L)—4Y
For matter fields 10sy = (g1, 4R, €r), Dsm = (dg, 1)

10g0 (+1), BIM (—3)

The higgs doublet has the fiveness charge (B-L=0)
h(+42)

*The colored Higgs assumed to have GUT scale mass

Right handed neutrinos

Ngr(+5)
Yukawa potential is

L = 10g10qph™ + 1OSM53Mh -+ ESMNRh* + h.c.
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B-L (fiveness) gauge symmetry

For the seesaw mechanism,
Introduce a SM singlet scalar

¢(+10)
which spontaneously breaks the fiveness symmetry

(@) # 0

Thus, the potential is

1 _ _ _ _
L = —in¢NRNR + 10q0 1090 A ™ + 1090 Dsnh + D Nph™ + h.c.

Where the marinara masses

My = yn(®)

SU(5)xfiveness model as a possible extension of SM
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B-L (fiveness) = Gauged PQ symmetry U(1)gPQ?

Let us identify the gauged PQ symmetry as fiveness

As in KSVZ model,
We add the extra vector-like multiplet (one flavor)

5K7 5I(
Which obtain the mass from a coupling with the singlet

L = ngb*SKSK + h.c.

*We comment about the reason that
we choose this mass term later

In this stage, the fiveness is an anomalous symmetry
2

Ay o
3272
In gauged PQ mechanism, this anomaly is canceled by another sector

Ojglsm+n+k = —10
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B-L (fiveness) = Gauged PQ symmetry U(1)gPQ?

To cancel the fiveness anomaly ( with SU(5) ),

Let us introduce the ten flavor of extra multiplet
5%, 57 x10

which obtain the mass from an extra singlet complex scalar field with
fiveness charge +1”

¢ (+1), (¢) #0

Therefore,
L =yt *5 5
With these choice, the anomaly of fiveness are canceled

075|sMaNtkir = 0
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B-L (fiveness) = Gauged PQ symmetry U(1)gPQ?
To obtain the gauged PQ symmetry (B-L symmetry),

gravitational] < ((—=10 — gx ) + (Gx)) + 10((1 — %) + (
where the charges are assigned by B
5r(—10 — (?K) 5K (0K )

5k (1 — k), 5k(qx) x10

The answer Is

5x(=7), 5x(—3), 5% (+4), 5% (—3)
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U(1)gpql® o< ((—10 — gx)® + (7x)%) + 10((1 — 7% )° + (7x)*)



The quality under gauged PQ symmetry

The lowest one is 10
1 99

£N | h .
100 MT, C

The quality of global PQ symmetry is

L ()(¢)" (@) (¢) \"
A~ 295 MT m2F2 510 <1010GeV> (1011GeV>

A < 10719
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Summary of constraints on PQ (gPQ) breaking scale

g
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10~

The axion decay constant

b VO
V(9)2 4+ 102(¢")?
F,=10° GeV
(@) >(P)
9 10 11 12 13
Log,ol[{@)/ GeV]

Mass of right-handed neutrino

/ Thermal leptogenesis My = yn {(¢) = 10°GeV
¢/ Astrophysical constraint Fys > 10°GeV

16



The summary of constraints on PQ (gPQ) scale (SUSY)
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The axion decay constant

V2(6) (")

M 10

The axion production
by the misalignment mechanism

QO h2 ~ 0.1862 Fa \'
CT T e 1012GeV

’92 Lyth

¢/ Thermal leptogenesis My = yn{(¢) = 10°GeV

¢/ Astrophysical constraint
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Uniqueness of fiveness charges
M. Ibe, M. S, and T. T. Yanagida, arXiv:1805.10029.
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Uniqueness of the Fiveness Charge

5 % (n+ 3)

For :

Adding B
]-OSM and NR X 3

The fiveness charge assignments

5(—3), 10gp(+1), Ngr(+5)

19



Uniqueness of the Fiveness Charge

For n>0,
The anomaly free condition require more fermions

Given the fact that the SM consists of 3 flavors,
it is simple to add n-flavors of 5 fermions

In the seesaw mechanism
The order parameter with fiveness charge -10

gb(—lO), <¢> 7é 0

However, another scalar field is needed to obtain anomaly free fiveness

¢ (agr), (¢") # 0

In the presence of these scalar fields,
the mass terms of are generated from

L=¢55+¢*5'5+8'5 5+6*5 5
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Uniqueness of the Fiveness Charge

All of 5 are assumed to have same charges

Each D hast

5(—3)

5 (-
With t

133N — 73

ne flveness charges
-13), 5'(=7), 5 (—gp +3), 5 (g9 +3)
O
N, év Ny, N5 respectively
N+ (g5 +3)° Ny + (g +3)°N; —3°n=0

4 4

13N5 — TNL 4 (qg + 3)Ng + (—qo +3)N; —3n =0

n=Ns+ N, +N, +N,
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Uniqueness of the Fiveness Charge

For n<22 n=Ns+ N, +N, +N,

Only two sets of solution exists
N; =0, N: =10, N, =0, N, =1, gy =1
Or

Ns =7, N, =1, N, =3, N, =0, g5 = 20
To solve the remaining Strong CP problem

N; =0, N: =10, N, =0, N, =1, gy =1

This is our choice in the model
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Uniqueness of the Fiveness Charge

Forn<22  n=nN;+N;+N; +Ng

Only two sets of solution exists
N; =0, N: =10, N, =0, N, =1, gy =1

Or

/7 17/

To solve the remaining Strong CP problem

N; =0, N: =10, N, =0, N, =1, gy =1

This is our choice in the model
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Summary

We construct the model

U(1)B-L = Gauged PQ symmetry
M. Ibe, M. S, and T. T. Yanagida, arXiv:1805.10029

This model is only one possibility
Once we allow the principle

N flavor of 5
Any deeper insights?
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Back up
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Where is the axion?

Axial component 1 - 1 .
b1 = —=fr1e'"T1, fy = — fae )2
V2 V2
L = |Duprl’ +|Duo2l”

1 1, _ :
= 5(00)" + 5(9b)" — gop@Au(q fa0"a + 42£a0"D)

2
9gop
+ QQQ (g1 f7 + a5 f5)A* A,

1 1
0P+ 5 (Au - 0,07

1

2

Axion g

(@) _ 1 ( @2f2 —q1]1 ) ( a )
& Ve +afs \ ol @ 0
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