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Strong CP Problem & Axion Solution

QCD Lagrangian allows the interaction which explicitly violates P and CP symmetry:

g° The physical strong CP Phase: The upper bound on neutron
Lo =0-—=3 G“ G‘WV EDM requires

3272 0 =0+2%(a 4 o) =6 — Argdet(MUM?) < 10~10 11
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Strong CP Problem & Axion Solution

QCD Lagrangian allows the interaction which explicitly violates P and CP symmetry:

The physical strong CP Phase: The upper bound on neutron
EDM requires

2 ~
LG — 9 gS GZVG&/.LV - q g 10
f=0+2%(c} +al)=0— Argdet(M*“M*) < 1077 I

3272

The axion solution introduces an additional chiral U(1) symmetry, known as U(I)PQ,

which is spontaneously broken and the axion is the corresponding pseudo-Nambu-Goldstone
boson. Peccei and Quinn (1977)

After QCD confinement, the strong
dynamics generates the axion potential
and dynamically cancel the phase.

T < Agep

¢ a

{ V(a) = mc% fg ] —cos| — .

fﬁ fa T > Aqcp .
e e
; ,

The strong CP phase is promoted to a
dynamical field 6 _(x)

) a(x) 92 =
LD |0+ Npw > _-G% GV
( pr ) 3272 HY
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Domain Wall Problem

Axion Is a good candidate but suffers from cosmological threats:

* U(1)ra breaking before inflation —— |lsocurvature Problem
* U(1)ra breaking after inflation —— Domain Wall Problem
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Domain Wall Problem

Axion Is a good dark matter candidate but suffers from cosmological threats:

* U(1)ra breaking before inflation —— |lsocurvature Problem
* U(1)ra breaking after inflation —— Domain Wall Problem

String-domain wall system
dominates the universe if

After confinement, axion gets Npw > 1
the potential with Ny minima :

After SSB, cosmic strings are
produced by Kibble mechanism

Masahiro Kawasaki slide
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Domain Wall Problem

A potential solution to the domain wall problem is to introduce a small explicit breaking of the
U(1)rq symmetry ( Bias term ).

Bias term lifts the vacuum degeneracy !

* Domain walls collapse before
they dominate the Universe. \

wlbias —
w/o bias ------- |
* Axion DM abundance is changed. 2T
’
However ... 1 [ l ,f";
* Ad hoc introduction of the bias term 0 \ W B
| | = - 0 71/2 v
IS unsatisfactory. T /2
4 Ha — a'/fa

* The minimum of the extra potential contribution needs to be aligned with that of the QCD
potential to solve the strong CP problem.
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Small Instanton

Instanton : |ocalized object in Euclidean spacetime, satisfying Euclidean EOM with non-trivial topology
and minimizing the Euclidean action

SU(2) BPST | lution with - Al(e)] = 21) —
U(2) 2 instanton solution with Q =1 : w N WY (g — @)2 +£2
3g7r2 / d*x F*™ F2, = Q (Qez) Position Instanton size
Instantons contribute to the ~ ex 87 In QCD, large-size instantons dominate
axion potential P g2(1/p) due to asymptotic freedom.
A hidden gauge sector beyond QCD | |
$ GUT is a natural candidate.

Small instanton effects » A possible origin of the bias term !

However, a naive embedding into SU(5) GUT does not work because the resulting
small instanton effects do not lift the vacuum degeneracy.




Special Product GUT

Our GUT model :
SU(10) x SU(5)1 — SUB)y D SUB)e x SU(2)L x U(1)y

O SU (5)2: Special embedding \D|agonal subgroup
o All SM matter fields are charged under SU(S),.

e A vector-like pair of PQ-charged fermions transform as (anti-)fundamental
reps. under SU(10), so that Ny = 1.

o After GUT breaking, # of vector-like pairs of PQ-charged quarks is
larger than one, due to special embedding.

Domain wall problem ??

* The apparent vacuum degeneracy is lifted by small instanton effects on the
axion potential that operates as a PQ-violating bias term.
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Special Embedding

We focus on a gauge symmetry breaking : SU(2ZN) — SU(N). Consider a Weyl fermion that transforms as
the fund rep. of SU(2N) but behaves as the r rep. of the SU(N) subgroup :

Dy = 0utp — Z.QUVA%%V,M(T[Tv)w T (m=1,...,(2N)? — 1): SU2N) generators (fund rep.)
with
D auw — igIRA?R,M(Tﬁ{)w Tﬁ{ (a =1,... N? — 1) : SU(N) generators (I rep.)
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Special Embedding

We focus on a gauge symmetry breaking : SU(2ZN) — SU(N). Consider a Weyl fermion that transforms as
the fund rep. of SU(2N) but behaves as the r rep. of the SU(N) subgroup :

D, = 0,4 — igUVA%zv,M(ngv)w Ty (m=1,..., (2N)2 — 1): SU(2N) generators (fund rep.)
with
D 8,u¢ — Z.QIRA?R,M(TI%)@D Tﬁ{ (CL =1,... N? — 1) : SU(N) generators (I rep.)
1
Special Subalgebras tr(1{v1Ii{y) = =0™"
p r;éfunc? r( [iv ;JV) 5 B Oamobné’mn __ Cé’ab
tr(71rTir) = Tir(r)d
Tﬁ{ — OamT{'}z\/ e —— - Tir(r) | Special embedding corresponds to
Coefficients Embedding index 1/2 c> 1.
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Special Embedding

We focus on a gauge symmetry breaking : SU(2ZN) — SU(N). Consider a Weyl fermion that transforms as
the fund rep. of SU(2N) but behaves as the r rep. of the SU(N) subgroup :

D, = 0,4 — igUVA%zv,u(Tglv)w Ty (m=1,..., (2N)2 — 1): SU(2N) generators (fund rep.)
- with
D 8,u¢ — Z.QIRA?R,M(TI%)@D Tﬁ{ (CL =1,... N? — 1) : SU(N) generators (I rep.)
1
Special Subalgebras tr(1{v1Ii{y) = =0™"
p r;éfunc? r( [iv ;JV) 5 B Oamobné’mn __ Cé’ab
tr(71rTir) = Tir(r)d
Tﬁ{ — OamT{'}z\/ e —— - Tir(r) | Special embedding corresponds to
Coefficients Embedding index 1/2 c> 1.

A part of SU(2N) gauge field is expressed in terms of SU(N) gauge field :

) JIR ,a al
AUV,M — quv IR,M(O) +---  Canonically normalized kinetic term » JIR = ng/\/E

In our model, r =10 rep. of SU(5) C SU(10) leading to c = 3.

2 2
Theta term: / gU—Vtr(FUv /\ FU\/) — / IR tl“(FIR /\ FIR)
872 872

14
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Special Product GUT

To achieve SU(10) x SU(5); — SU(5)y we introduce a Higgs field :

®% : (10, 10) a(=1-10) :SUN0)index  i,j(=1—5) : SU®) indices

VEV of ® is described by the embedding of the 10 rep. of SU(5)1 into the <(I)> — 1
anti-fundamental rep. of SU(10) 10X 10

GUT Sector Axion Sector
Field Spin | SU(10) | sUG) | U)eg | UD), Field Spin | SU(10) | SUG): | U)eq | U(1),
? 0 | 10 | T0 0 0 ¥ 1/2 | 10 1 +1 | -1
24} 0 1 24 0 0 7 1/2 10 1 0 1
Field Spin | SU(10) | SU(5); | U(1)pq | U(1), ®pq 0 1 1 1 0
10\(f=1-3) | 1/2 1 10 0 0
5(1)(1” _1-3) 1/2 1 5 0 0 The PQ mechanism is implemented by a PQ breaking field and
! 5 a vector-like pair of PQ-charged fermions ( KSVZ
On 0 1 0 0 0 fermions ) that transform as (anti-)fundamental reps. under

SU(10).

» Now = 1
8



Axion Potential

01007 05 g2
e QCD effects Theta terms @ UV : / 1807;'9210 tr(F10 /N\ Fl()) 8571.'925 tl”(F5 /\ F5)
After the breaking of SU(10) x SU(5);1 — SU(5)y
Theta term @ IR : Ocy”
' Q72 tr(F /\E) SU(5)V gauge field
1 1
Special embedding — = 5 T 3 0. = 3010 + 05
g 910 95
2 A vector-like pair of SU(2)L doublet KSVZ (anti-)quarks
Axion coupling to gluons . /@9@ 4 ec) 9 tr(G A G) and a pair of SU(2)L singlet (anti-)quarks appear after
] Q2 GUT breaking.

- Pion mass and decay constant

sm2 f2 cos (B + 0. e <1077

- due to the SCPV
Physical phase

TN, T g

(M, + mg)

= Vocp &

Axion potential seems to correspond to the case with Npw = 3.
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Axion Potential

e Small instanton effects
The instanton effects can be captured by a local fermion operator.

% One flavor of KSVZ fermions in the (anti-)fundamental reps. of SU(10)

* Four flavors of Weyl fermions in the 99 rep. of SU(10) Field Spin | SU(10) | SU(S): | Uleq | U(L),
Wog ¢ (ff=1—-4)| 1/2 99 1 0 0
We assume an approximate chiral symmetry : Vipp (ff=1-4 ] 12| 1 75 0 0
Ugg — Wgge, WY — wll)e—ih Under SU(5) C SU(10) 99 = 75 & 274

* Mass terms are suppressed by a small parameter All components except the SU(2). triplet and SU(3)c

K< T octet acquire masses near the Planck scale.
N +2 (NKL (1) 35 Gauge coupling
L~ K M (W9 )y (\Ij99) TR M(\Ij ) (W75 ) * unification in non-SUSY
model

GUT scale M ~ Mp

e Suppress the instanton effect
* 24 multiplet within 99 acquires a mass of O(/{QM ) One-loop RGE

10
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Each flavor of Woq has 2T(Adj) = 20 legs
closed by 10 mass vertices.

Axion Potential
Q.

e Small instanton effects 2 wrq /| TPa

Instanton NDA
Csaki, D’Agnolo, Kuflik, Ruhdorfer (2024)

’t Hooft vertex

o 2% 10 5 "« Wog 4
Vbias &~ C10 (aUV(M)> (Ppq + Ppg) 2
" / % (Asuop)” e > M ypqg (k2 Mp) N7 p .
o ( 2\10Np o N\ i,y
~ (K*) C1o (CVUV(M) ) e By K he!
> (I)%QMZIQ—%/CMU\/(M) 4+ c.c AbSOU(lo) — MPboe 9t D bo : one-loop beta function coefficient

Suppression originating from SU(10) breaking C'10 : SU(10) instanton density YPQ: Yukawa coupling of ®p, and KSVZ fermions

—27 /auv

e
* Viias = 3 % 10% (k%) 5 g2 M3<I>pQ + c.c.
Xyuv Axion potential from small instanton
—27 /auv effects provides a bias term!
e
=6 x 10°e——; e_QWQMSUPQ cos(0,) €= (k%)
Xyv

Npow = 1 11



Axion Dark Matter

PQ symmetry is spontaneously broken after reheating.

We focus on the scenario where the axion field starts O V4. /392
. . .. 2 L bias a

to oscillate due to the axion mass originated from Myias — "

the bias term (before QCD phase transition): PQ

Temperature when the oscillation starts :

—0.19
Ma(11) = Mpias = 3H (1) Ty > 0.98 GeV vpQ/3 =1
"~ 1 ~ 1012 GeV e
T
H (T 2 ~ *T4 T
( 1) 9OM132’1 IxL1 Temperature when the axion would start to oscillate with

non-perturbative QCD effects if there was no bias term

Domain walls decay in a similar way as the standard Now = 1 case.

12



Axion Dark Matter

Axion abundance :

O h% ~ 2 x 1012 229

17
A large bias term shifts the
axion potential minimum :
2 2
) mbiaSvPQ )
Al = 0.
mgFy

Neutron EDM

A regime explored by ongoing

and future experiments !

10—62
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10—1%
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13
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Summary

 \WWe have presented a special product GUT model equipped with a viable post-inflationary
QCD axion.

 \We have achieved a domain-wall-free UV completion for an IR model where Now appears
larger than one.

e Small instanton effects on the axion potential operate as a PQ-violating bias term and allow
the decay of domain walls.

e The model gives a prediction for a dark matter axion window different from the ordinary Now =
1 case.

e Future directions:

Supersymmetric version Extra-dimensional version
Automatic gauge Axion quality problem

coupling unification y
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Special Subalgebra

Simple Lie algebras possess not only regular subalgebras
but also subalgebras.

Regular subalgebras : systematically obtained by removing nodes
from Dynkin diagrams.

SU(5) / Remove

do not follow this scheme ! O O O O

SUB) x SUE2) x U@d)

O—0O O

To identify the SM gauge group as such a special subgroup of a UV

gauge group Is essential to obtain small instanton effects resolving
the vacuum degeneracy of the axion potential.
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Spontaneous CP Violation

The minimum of the axion potential generated by small instanton effects
needs to be aligned with that of non-perturbative QCD effects.

a

Spontaneous CP violation

We introduce complex scalar fields with  arg((n,)) = O(1)

Field Spin | SU(10) | SU(B)1 | U(L)eq | U(1), Forbid dangerous terms
ne(a=1,2) 0 1 1 0 1 at the classical level.

To reproduce the CKM phase, n couple to the mixing term between the
KSV/Z fermion sector and the SM sector :

_ U ~a i1 1
L ~ (I)Pwa -+ Z Clafnozw ((I))aj]‘ofgj,)f
f=1-3,a=1,2

+ Y g 10;1)10;1,)5]{ + yf}f, 10}1)5501,)5}] All coefficients are

2 3
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Spontaneous CP Violation

The setup is similar to the Nelson-Barr mechanism.

Up-type quark mass matrix :

Ly (mu)spr 0 A
E ~ (qu U QU)MU y ./\/lu — AT UPQ 0
T\ 00 g
10\ R U
! A" = Zag;fna (mu)ff’ — Y/ USM

O(1) CKM phase is properly generated when (a“(n)) s 2 vpQ

Since determinant is real, the physical 0-parameters of SU(10), SU(5)1 or
SU(3)c vanish at the tree-level.

Radiative corrections can still generate nonzero corrections.
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