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Strong CP problem



Strong CP problem

® QCD action:

2

SqQcp = /d4$ {EQuafrks — 93% GCLWG“ ]

® QCD vacuum angle:
0 = 0 — arg(det M, - det M)

® Experimental upper bound on the angle:

%) —10
9 r’g 10 06 Baker et.al.

How to explain the smallness?

v



Strong CP problem

f <101

® CP symmetry is maximally broken by CKM phase:

OcKM ~ 1

® The challenge for model building:

O(1) CP phase quark mass matrices

l

|arg(det M, - det My)| ~ 1

l

0> 101 Some mechanism needs!
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Solution to Strong CP problem

Axion: a dynamical solution to Strong CP problem

® O-parameter becomes a dynamical field Geff

0 — O.g (axion field)

2

Lo = —0 g = L= O GG,

3272 py 327T2

® Axion obtains potential by non-perturbative QCD effect
V(Oegr) = AQCDCOS(Heﬂ:)

V(Oesr)

AU/VAY

® At the potential minimum, Strong CP problem is solved!
() =0
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A concrete axion model

® KSVZ model’79 Kim, ’80 Shifman, Vainshtein, Zakharov
L S ®grqgr (extra quarks)

® PQ symmetry |
d — P, qr, e "“qr, 4R — 4R

® U(1)PQ - SU(3)c- SU(3)c triangle anomaly is nonzero

SU(@3)c 72 i
U(1)PQ #0 > JjipH = GG
:[:::, SU@3)c JPQ 3272

® SSB of U(1)PQ gives axion

1 ;o @:axion field
— fa
¢3 \/ifae f4: axion decay constant

2 ~~
(®) £ 0 — 4 3,5GG()
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Gravity may break PQ symmetry badly

® If physics at Planck scale explicitly breaks PQ symmetry

pF+4 - | ®2k|P
£L> > (Ak i +Ak|Mk| —|—h.c.—|—...>
k=1.2,... p

Ak, Ak :dimensionless couplings

Axion potential is affected by Planck mass suppressed terms

V ~ —m? f3 cos (ﬁ> + <)\1 (fa/\/?)g)e%a/f“ + h.c.> + ...

fa Mpl

original axion potential
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Gravity may break PQ symmetry badly

V(Oesr) = —AéCDCOS(a/Fa) + Veravity

Y i

. \/

° a/Fa o CL/}?’GJ

(6) ~ 1 without very very tiny parameters
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Quality problem in axion model

More quantitatively,
Shift of axion VEV should be smaller than 10-10

5 2
V(a) ~mga® + |hi|—3* (5a> +5—a5>+...

\/§5Mp1 fa fa
2 4 5a
VY W W P
QCDfC% \/§5Mp1 fa

2
4 5
QCD 1 5
(fa V2 MyAhep, 2

5
5
\Ae\:y<i>y:w _Ja 50 <107
Ja V2 MuAbep

Couplings must be extremely tiny
4

1012 GeV'\’ [/ A
|>\1|<1056< 7 ‘ ) <0.1Q§fv> for § = O(1)

Axion Quality Problem !!
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Addressing axion quality problem

® Mechanism only allows highly Planck mass suppressed terms

(1)12 (1)13
Vi e b
MPL MPL

e.g. using (new) gauge symmetry

® Mechanism suppresses coefficients

(I)5
Vo Ao 4 A 1
Mpr,

e.g. conformal dynamics

® Mechanism gives large axion mass around thetabar=0
4
> 2, Macep
[VARREE , My, > 5
PL fa
e.g. visible axion model

1
V ~ §mia2 + A

® No axion (another quality problem?)

e.g. Nelson-Barr model
14



Our models to address quality problem
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“Gauged” PQ symmetry

17 H. Fukuda, M. Ibe, M.S., T. T. Yanagida
Solving quality problem: protecting axion by gauge symmetry
® Introducing two U(1)PQ sectors

U(1)PQ1 sector U(1)PQ2 sector

SU(3)c SU(3)c

U(1)PQ1 <[12//z #+ 0 U(1)P02<LVAWN #+ 0
SU(3)c SU(3)c

® Alinear combination of two U(1)PQ's cancel the anomaly and is gauged

U(l)ypg = c1U(1)pg, + c2U(1) pg,

SU(3)c
U(1)gPQ <[Ii\\//z =0
SU(3)c
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Cosmology of “Gauged” PQ symmetry

Main difference: SSBs of two PQ symmetries
We have two scenarios that may work

Pre-inflationary scenario

Time

=1 SSB of U(1)PQ1
=1~ SSB of U(1)PQ2

=1 End of inflation

—- Reheating

—+— T~AQCD, axion oscillation

\4

~ standard pre-inflatinary scenario

17

Post-inflationary scenario
Time

— End of inflation

— Reheating

— SSB of U(1)PQ1

Global string1
Cﬁ 01

Py ~ vyetnh

= SSB of U(1)PQ2
Global string2

Q) 92 |
Dy ~ vge'2?2
= T~AQCD, axion oscillation

‘2 Domain wall problem



Solution to DW problem?

’19 °20 T. Hiramatsu, M. Ibe, M. Suzuki

SpeCiaI condition Global string Global string2
Ul/v2 >1 Qﬁ 01 Q 92

Q1 = ]_, QQ > ]_ CI)l ~ ’Uleichel @2 ~ ?}267:%92

Time

-+ SSB of U(1)PQ1

T T T R [
Rdw
Rothers
0.8 |- il / /
e | Localstring | 1 5o of U(1)PQ2
S IEIIIIIIIIIII
E i1 /
o4 |- - 1
oS I v
02 | . Ndw>1 - ) Qﬁ / /
3 gauge
0 Lz L kd , | | Ndw=1string Local string Ndw>1 string
10 15 20 25 30 35 v
i 299

Small fraction of Ndw>1 string
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Spontaneous CP violation model

84 Nelson, ’84 Barr

A Energy scale

CP symmetric Joxm =0, 0 =0

—— SSB of CP symemtry

(}P 5CKMN17§%O

4 Tree level
Loop levels
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Nelson-Barr type model

‘ A Simple mOdel ’91 L. Bento, G. C. Branco, and P. A. Parada

SM quark sector vector-like quarks

_ - Ma _
Qfa uf, df sl £ 0 q, q

LO+Y YEHQdy  +) alimaqdy +1qq
i a,f

® The theta angle is zero at tree level:

0 = 0 — arg(det M, - det My) = 0

® Dangetous terms:
Radiative corrections

D HQa+ ot Moy gq 4 " pg
f a ‘ S
s T * % : q .
LD YoM H"H + YapeaNaMon.ng + h.c. S <
+ flavor sym violating terms

’15 Dine&Draper
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A natural model

] ’22 S. Girmohanta, S. J. Lee, Y. Nakai, M.S.
Subregion 1 Subregion 2

Planck cP TeV ,
Nelson-Barr, warped extra dim.

Three brane setup
Higgs (SM fields) : IR

_ n: intermediate
7 X X e XH , qg: subregion 1
Other SM fermions
— Vg ——> g: UV brane
u and d: subregion 2
< SM gauges —»
y=20 Y1 YIR

5d profiles + avoid dangerous term, small corrections
Hierarchy problem

Flavor structures

radion stabilization in three branes

— . ’21 S. J. Lee, Y. Nakai, M.S.
cosmology, GWs production

o ’23 S. Girmohanta, S. J. Lee, Y. Nakai, M.S.



“Just a curiocity”

Another view of Strong CP problem or its solutions?

Generalized symmetries, (-1)-form symmetry

Understanding Strong CP problem in a different manner?
New way to solve Strong CP problem?

Replacing the Strong CP problem to another problem?
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Review: higher-form symmetries
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Generalized symmetries

14 D. Gaiotto, A. Kapustin, N. Seiberg, and B. Willett

Generalization of notion of symmetry

symmetry generator ~ topological operator

U_exp(za ) — exp( zoz *] = exp za/*JJr%Oé/d*j)
Q
Q @ —"
¥ = =00
) >/



Generalized symmetries

® O-form symmetry (ordinary symmetry)
Ul(t) = exp(ia/JOde)
U(t) =U(t)

U(Zs(t)) = U(Zs(t"))
Yig(t') — Xa(t) = 0%y

O-form symmetry

Codimension 1, i.e. (4-1)-dim, topological operator

Uy (M=) = exp(ia/ *J)
M (d—1)
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Generalized symmetries

® p-form symmetry (p=0,1,2...)

p-form symmetry

Codimension (p+1), i.e. (4-(p+1))-dim, topological operator

U(Sa_ 1)) = explia / "

Zd—(p—H)

U(Za—pr1) = UG- (pr1))

26



1-form symmetry in 4d Maxwell Theory

® d=4 Maxwell theory
1 1
S|al :/——F/\*F:/d4:z¢— — F, F*

2e2 4e2
EOM: dx F =0
Bianchi identity: dF = 0
® Two conserved currents

dxF =0 -+ *jo=x*F

® Two symmetry generators (topological operators)

U5(8%) = expliar [ 4 Up(5%) = expia [ i)
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1-form symmetry in 4d Maxwell Theory

® Charged operators are Wilson-line and 't Hooft line operators

US(S2)qu (7) = 6iqeane (7)

U™ (ST, () = 9% T, (")
Atime
: Wy, (7) Wy, (7)

Pt y:path of infinitly heavy test particle w/

charge ge




1-form symmetry in 4d Maxwell Theory

® Gauging electric 1-form symmetry
A= A+ Q)
F — F +dQ(x)
B, — B¢ + dQ(x)

> /<F—Be>A*<F—Be>

® SSB of electric 1-form symmetry

Stuckelberg mass term, gauge fields obtain mass



(-1)-form symmetry

30



(-1)-form symmetry?

® p-form symmetry generator
U(Sa-prn) = explia [ )

2d—(p+1)
d=4, p=-1 *

® (-1)-form symmetry generator??

U(24) = explia / W) 7

— not topological operator (whole spacetime integration)

— no (or we do not know) charged operators

Not the same to zero or higher-form symmetry

Another way to define (-1)-form symmetry?
— coupling with background gauge field

31



(-1)-form U(1) symmetry

Theory has (-1)-form U(1) symmetry when xjo(z) can linearly

couple to periodic background field 9(x)
D. Aloni, E. Garcia-Valdecasas, M. Reece, M. S.

e OF 3 g OF exp(i/ 0(x) * jo(x))
M
0(x) =0(x)+ 27
M : spacetime manifold
— *Jo(x) (-1)-form U(1) symmetry current

— / xjo(x) € Z (-1)-form symmetry charge
M

e.g. 4d | "
*70 = @tr(F A F)

— instanton number symmetry:19p. cordova, 0. 8. Freed, H. T. Lam, N. Seibere
— coupling to background axion field

32



(-1)-form U(1) symmetry

® Gauging (-1)-form U(1) symmetry

Gauging (-1)-form U(1) symmetry

Background ® — Dynamical 0

— Analogous to usual gauging

1
ANK]O) > Y(z)=Tr(FAF)

ST

— Axion field is the gauge field for (-1)-form symmetry!

Gauging (-1)-form symmetries are related to
any couplings are given by dynamical field VEVs

33



SSB of (-1)-form U(1) symmety

D. Aloni, E. Garcia-Valdecasas, M. Reece, M. S. (2024)
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SSB of (-1)-form U(1) symmetry

D. Aloni, E. Garcia-Valdecasas, M. Reece, M. S. (2024)
We have various evidences of SSB of (-1)-form U(1) symmetry

SSB of 0-form U(1) symmetry SSB of (-1)—form U(1) symmetry

Photon becomes massive Axion obtains potential (mass)
NG boson NG field

Stueckelberg mass term Stueckelberg-like mass term

Dual: string bounded by monopole | Dual: domain wall bounded by string

35



SSB of (-1)-form U(1) symmetry

We have various evidences of SSB of (-1)-form U(1) symmetry

SSB of 0-form U(1) symmetry SSB of (-1)—form U(1) symmetry

Photon becomes massive Axion obtains potential (mass)
NG boson NG field

Stueckelberg mass term Stueckelberg-like mass term

Dual: string bounded by monopole | Dual: domain wall bounded by string

e.g. axion obtains mass from non-zero topological susceptibility

X = lim igg” / ¢ (0T K, () K, (0)|0)d 2
% ~
! MK, ~ FF
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SSB of (-1)-form U(1) symmetry

We have various evidences of SSB of (-1)-form U(1) symmetry

SSB of 0-form U(1) symmetry SSB of (-1)—form U(1) symmetry

Photon becomes massive Axion obtains potential (mass)
NG boson NG field

Stueckelberg mass term Stueckelberg-like mass term

Dual: string bounded by monopole | Dual: domain wall bounded by string

e.g. axion obtains mass from non-zero topological susceptibility

X = lim igg” / ¢ (0T K, () K, (0)|0)d 2
% ~
! MK, ~ FF
Pole at q2=0 — NG field

. 1
¢"q" / ¢ (0| T K, (2) K, (0)|0)d*z oc L3 —

e q°
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Order paramerer of SSB

We have various evidences of SSB of (-1)-form U(1) symmetry

SSB of 0-form U(1) symmetry SSB of (-1)—form U(1) symmetry

Photon becomes massive Axion obtains potential (mass)
NG boson NG field

Stueckelberg mass term Stueckelberg-like mass term

Dual: string bounded by monopole | Dual: domain wall bounded by string

Order parameter of SSB of (-1)-form U(1) symmetry

Vacuum energy density E(O) that depends on theta-angle

38



Strong CP problem & (-1)-form symmetry

The Strong CP problem
— Partition function depends on 6

= Generating “functional” with B-term as an external source term

— Vacuum energy density depends on 0

— SSB of the (-1)-form U(1) symmetry

A sufficient condition of Strong CP problem

If we encounter Strong CP problem,
there is SSB of global (-1)-form U(1) symmetry

39



Strong CP problem & (-1)-form symmetry

Equivalently,

A necessary condition to solve Strong CP problem

If SSB of global (-1)-form U(1) symmetry is avoided

Strong CP problem is solved

~

Gauging the (-1)-form U(1) symmetry satisfies this condition
i.e. axion, massless quark solutions

Explicit breaking of the (-1)-form symmetry?
E. Garcia-Valdecasas, M. Reece, M. S. (2024)
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Summary & Outlook

® Summary

— (-1)-form U(1) sym ~ instanton number sym
— Gauging ~ axion field

— SSB ~ vacuum energy density E(theta) @ ot Sy
— Strong CP problem —> SSB of global (-1)-form |8

— Still looking for new solutions

® Outlook

— More on NG theorem for (-1)-form sym?

— Hierarchy problem & (-1)-form sym?
— More on explicit breaking of (-1)-form sym?
— Axion quality problem & (-1)-form sym?

etc.
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Concrete model

Axion: pseudo-NG boson from SSB of U(1)PQ symmetry

@ KSVZ m odel 79 Kim, 79 Shifman, Veinshtein, Zakharov

£ =—6QQ

® U(1)PQ symmetry
b — %P, Q — e Q, Q — e Q
¢: PQ field
® U(1)PQ - SU(3)c- SU(3)c triangle anomaly is nonzero

SU@3)c 72 )
U(1)PQ | #=0 > JipyH = GG
SU@3)c JPQ 3272

® SSB of U(1)PQ gives axion

2 ~

() #0 = L= —0(x) 5] 5 CCla)

Qb -~ ,Ueig(a:)
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Axion Cosmology

Two standard scenarios

Pre-inflationary scenario Post-inflationary scenario
fime —T— End of inflation
—+ SSB of U(1)PQ .
—— Reheating
—T End of inflation
—— Reheating —+ SSB of U(1)PQ
2V
Axion field
®
a
—— T~AQCD, axion oscillation T T-AQcb
R Domain wall formation
\ — — [Tk
v , v
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