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1. Introduction

The strong CP problem can be solved by Peccei-Quinn (PQ)
meChan |Sm . Peccei and Quinn (1977)

However, this Is only the case that U(1)p, Is exact.

Quality problem of U(1)p

P COmosite axion models e.g. Kim (1985), Choi and Kim (1985), Randall (1992)
® VVa rped extra dimenSiOn mOdels e.g. Dienes, Dudas, Gherghetta (2000), Choi (2004)

o Gauge symmetry to protect U(1)pg &5 i ane fah, 01, Hangaya, foe

° SuperCOnfOrmaI axion mOdel Nakai and Suzuki (2021), Nakagawa, Nakai, Yamada, Zhang (2024),

Nakagawa, Nakai, Xu, Zhang (appear soon)

e.g. Rubakov (1997), Berezhiani, Gianfagna, Giannottoi (2001)
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1. Introduction

For example, explicit PQ breaking operator under Z,

-5
~ 10—14( T ) (N = 5) e

10MeV 00.. 0= alf,

< 1071

It may be solved (though depending on particle contents

and charges). 3 /20



Severe constraints
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ver nstraints -
Severe const Not allowed for conventional model

EuXFL

More stringently
with coupling to ¢, b
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1. Introduction
We focus on O(10)MeV QCD axion proposed by D. Alves

& N Weiner_ Alves and Weiner (2018), Liu, McGinnis, Wagner, Wang (2021), Alves (2021)

How to evade experimental constraints

J/1, T decay can be suppressed.

Beam dump bound is ignored forz,_,, < 107 Psec .

—>ee N
e.g. Blumlein, et al. (1991)

Krauss & Nash (1988)

Induced pion decay must be suppressed. 7z — ey (a — eTe)
\HM\ < (0.5-0.7)X% 10~  SINDRUM collaboration (1986) 6 120



What we did

We study this O(10)MeV axion from the following two
viewpoints:

(1) PQ quality and cosmology
Domain wall problem - f, ~ 1GeV

.. — Low-scale inflation
(1) Phenomenology

- Electron electric dipole moment (EDM)
* B decay induced from gluon loop

7 120
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2. Model of O(10)MeV axion

The following model is considered. s oy 2019 L MeGinnis, Wagner

H| H, | Hi | He | ®, | ®4 | ®.

sU2)l 2| 2 | 2| 2|1 ]1]1 0. 04 O.
U(ly [1/2]-1/2|1/2|1/2| 0 | 0 | ©
Ul)pq| 0 | —Qu|—Qd|—Qe|—Qu|—Qa|—Qe

No lower bound on |8, _|

for UR, dR, ER

7 £1GeV

where m,/m, = 0.474 £0.029, Q, =1 9 /20



2. Model of O(10)MeV axion

Fixing the charges as follows: Q, =2 Q;=1, Q.= 1
mn

n=2123
Yukawa terms
Lpq =— ) (QYi'Huup+ Q'Y Hadp, + L'Y. Heep) +h.c.
i=1,2,3 ' ’
Ly = — Z Z (Qinjﬁu% + QiY;de‘;z + EiYeine%) + h.c.

i=1,2,3 j=2,3
Potential terms
Vpq = (A1HH,®}, + Ay HH)®q + AsH H'® + A, @97 + A;9;97) + h.c.

Vaia = Z ﬂ‘I’\IjT\I’ T /\‘I’(\IJT\P)
v = H Hu,HdaHea(I)ua(I)daq) 10/20



2. Model of O(10)MeV axion

EW and PQ are spontaneously broken by VEV of Higgses,
(H) =vew (Hp)=vy (®p)=ve;,  f=ude

The axion is a linear combination of pseudo-scalars.

All other modes are heavy enough by taking the parameters
as follows:

' Ay > Ak(:1,2,3) ~ 20 GeV, f Vo = \/Zf Q?E(UJZ'-‘
Utcude) X DMV, voycyyy 1 GOV, —> vy~ 1GeV

u,d,e)

~

11/20



3. Quality & cosmology

e Now = 0, + 0 = 3
— Stable domain wall (DW) network

PQ breaking operators can break the DW.

Viot AV is inconsistent with 56.
for usual QCD axion.

Quality-DW tension

VB@ “v‘\ ;';" == I‘ : :
R P Ringwald & Saikawa (2016)

AV ~ Gwall/ tdec
12/20



3. Quality & cosmology

The most dangerous PQ breaking operators are given by

Log= Y

3 O
(gl (HH')2®,  HH'® ¥
f=u,d,e

+ g5 + g3 +...| +hec
Mp1 7 MPI 7 MPI )

: ! <H > =V
‘ EW
| Vf(=u,de) =20 MeV, ve, . ~1GeV.]

13/20



3. Quality & cosmology

— V & COS (a%+5)

* U(1)pq Is high-quality.

 Quality-DW tension can

be also solved.

Fixing 7 = 2

Beam dump
experiment

)
>
-
e
© =37
—_ *
—6 -
Y ldec > IBBN ~ TTTTme—-al
0.2 0.4

06 08 14/20



3. Quality & cosmology

HHT®3

Fixing 7 = 2

10

f

(HH')*®;
Lper = :
pa= 3 (gl e, | 2

 Quality-DW tension can
be still solved.

e SOmMe suppression is
required for high quality.

~
—
~
~
~
~
~
~
~
_y
_y
_y
-y
L
y
L
y
-y
_y
~
~

No tunin

= |
~~~

Ja [GeV]

0.6

08

15/20



4. Electron EDM

The model includes the seven-Higgs model.

— too large electron EDM?

Extra PQ symmetric terms is as follows:

S0 many!
V=2 — A\HH,® + AyHH®; + AsH H'®* + A,85 02 + A5 0502 + AgH H|®?

scalar

+ BIHH,®%? + ByHH®,®% + BsHH!®? + ByH'H,8®, + BsH,H ®}®* + BsH,H®: "
+ B;H H,®,®* + Bs®,93®*? + ByH?H'H! + h.c.,

V=3 — A\HH,® + AyHH!|®; + AsH H ®* + A8 ®2 + AL®"®° + B HH, "’
+ BoHH!®,®% + BsH, H & ®* + BgH, H;®:®% + B;H'H,®4®" + BigH H!®** + h.c.

16/20



4. Electron EDM

de eC 2 2
o~ Gigyevaceme (7 (T ) e (7))

X (Sin2 [ tan B) ,

Nakai & Reece (2017)

de(€Xp) S 4_1 X IO_BOecm Roussy, et al. (2023)

Barr-Zee type diagram — M 2 8TeV for {~1

e Typical scale of M ~ 0(100)GeV

Fine tuning Is necessarily required.
17/20



5. B - Ka induced from gluon loop

We have no interaction with 2nd & 3rd generation fermions

at the tree-level.
However, gluon loops induce such couplings.

(c,s,t,b)

18/20



5. B - Ka induced from gluon loop

|44

‘ Ebsa — _igbsa,ngRa + h.c.
b S

o _ 2 2 2
. 0 -~ Gpmiy, my, PQ  Mu; ¢4 AGv
‘ 44/272 v ui et 2 s T m2
a ™ Yo y.=u.c, W i
_|_

Batell, Pospelov, & Ritz (2011)

BBSM(BO — K*OCL(—> e 6_)) 3 AUV °
~ ].O lIl f _
BSM(BO — K*0¢te) my or m, = 10MeV.

The LHCD result has excluded the range of m, 2 30MeV.

Aalj, et al. [LHCb] (2013) 19/20



Summary

The model is not excluded, but we found new bounds.

Constraints

Summary comments

Quality/cosmology

Quality-DW tension can be solved, but we
still need fine tuning for PQ breaking.

The bound on mass of light scalar modes

eEDM <107° | | T
<! requires the tuning of CP violating phases.
LHCb and Belle II can probe the lighter
B—K decay m, S 30MeV|mass range, which may determine the fate

Thanks a lot!

of this 10MeV model.

20/20






One loop contribution

(H) X
* Forn =2,
A ’26‘ : s d 0
\y,/ \\‘(—/—'"'— m
H, = "\ H, —€ o~ * 1%, 2 e
,f Y "~ 1oz AsBivive.| 35 — M 2 500GeV
' €L, €ER ER !
ER —P——P—HX—P > ——p— €], ) _
EE\ Marginally consistent
Forn = 3,
() (£Id>
*, d, 0 §
\‘\\y//i)_e\\e/:“"X@,z) ; ™~ 16772 ‘A Bl()’U’Ud’Uq, |M6 y — M Z 100GeV
H., '\ H,
y 1

: Tuning Is required, because one
ER — PP KPP €[ :
“HH\ pseudoscalar is O(1)GeV.




Leading order chiral PT ........c

- 1
E;O) = Zﬂ Tr (2BM,(a) U + h.c.] — 5M3n§
My 62 Qua/fa
M,(a) = mg et Qda/fa U: SUQ).;. NONeEt
ms
_ o Note: The second order perturbation
AXION-Meson mixing and UV correction may contribute.
0(0) _ 1 ((Qumu — Qdmd) e (Qu — Qd)) f_ﬂ'
“ (1 + €py) (Mmy + myg) S 2 fa

2 3 , :
9 = Vo @uraa T - g.ran

Enn')




Charged Kaon decay

K™ — z"ais unreliable for judging the model. Anes & weiner (2018)

1. The conventional bound was not estimated properly.

2. The uncertainty from chiral PT for branching ratio

M(KT — 7r+a)| = O, M(K™ — nng) + Oan, M(K™T — nng),

As long as pion-phobia, pion mixing
doesn’t give a large contribution.

a—"ng mixing

Br(K™ — n7a) Depending on chiral PT order

3. The uncertainty from chiral PT for eta-axion mixing



Beam dump & ee collision

Q. |/, [GeV™]
5.00-\\ KLOE

— —15
—1,=10""s

.......... | _1n-14
----- ] €— Ta— 10 S

------------------------ — 7,= 107"

----------------------- 7, =107"%

30 ma [M@V] Alves & Weiner

(2018)




Future prospects for DP bounds
1O, 1/f, [GeV™']
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/GeV
(g T 2)6 Sae Liu, McGinnis, Wagner, Wang (2021)

0.002

m m 0.001 | Anastasi, et al. (2015), Alves & Weiner (2018)

5.x10~%

2.x1074 Rb exp.

Morel, et al. (2018)

1.x10_4

8.,/ MeV

1.x10™8 2.x1078 5.x10°8 1.x10~7 2.x10~ 5.x10~"




