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58 CP [a)&: mIWLMEYRE 0

QCD A% CP-odd #H¥MR:
L 99? a Sapv
0 .

3252 M

BITR 2R 0

SM Yukawa INEZBEMEU; FitheiEsRRNBE) R+ EDM RILMEIZEK
0 5 Yukawa 1T75Iz0HEM, HELYPEASE

01 < 107",
TEASHEEFR—RITE 0(1).

RILESTE

38 CP [BEEMZOE: Hft4 QCD EZM5 Yukawa BUMNIEBASHSHEREIRRZT?

‘ 0 = 60 — arg det(yuya) ‘
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HABdREBEHN QCD:

QCD =488
Vaen(a) ~ xqep [1 — cos <6_?—|— ni)} .

fa
BRER/ U BENIESR Oorr = 0.
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f£45 QCD axion MIRBHHARE?

QCD axion BIFTEMH QCD #hFhHREARI=H|:

mif? =xqep,  Ma~ Mnfr.
fa
HRSHERE
BESR BEERE m f2 R/, EEEI PQ IXERER
AIEERRIET, {F 0 £ 0, Bl Axion quality
fa 2 10° GeV, me S 107 %eV. problem,
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Axion quality problem: Planck R E{Z1ERIELD

EFSIN—MRAMRIPE/ENRYE, RIEAES PQ IRKRER

(¢Tg)ntia/2g0 ia/fa
O e o= 7(f +S)e

O4+n =cC

ERTERENI M T

AV (a) = —Acos (qfi + 6) , A~

BT RES quality 4

7l A AR 10
A~ —— ~ <10™
m2 f2 m2 2My

ELEERAE IR n FUH

» [10 + 2logo(fa/GeV) — 2 logm(ma/GeV)—‘
i log,o(Mp1/GeV) — log,o(fa/GeV)

XE2RIA [c|sind ~ O(1), BREE 0O(1) RE¥; BREHI d=4+n,
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Ei# QCD axion R4 PQ EERIET B

FEIE QCD axion X% ,
1
m3°P ~ 5.7 peV <M)

fa
RN quality &4, AJSFIHEAER:

fa [GeV] m?CD Nmin dmin = 4 + Nmin
10° ~6x107%eV 56 9-10
101° ~6x107%eV ~ 7 ~ 11
10t ~6x107%eV ~8 ~ 12
102 ~6x107%V ~9 ~ 13

X2 quality problem

S

EREEIMIE, 420 d < 9-13 BY Planck-suppressed PQ-breaking BT ERAIBEIE axion EZEM 0 = 0 #E
FF. heavy axion BURIDMFARIER m?2f2, MMEEREXDERER,
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Heavy axion B0iZ%8: 18K m2f2 MAE) CP EE

quality problem Z5HB9 B4R

Planck-suppressed PQ breaking F=4EIMNARERE A, ETRERN

A g

~

2 72 2
m2 f2 m2Mp,

SINEALXSFTROFRSREN 7 FAEBEE:

Af ~

2 p2
mafa = Xqop-

xacp BN, FELE—D A B55HK Valigned = Xett[1 —cos(0+a/ fa)], Xeff > XQCD-
|AG] > 1071, XFf2 quality problem,
FR mf? = vor TA, THRIMETE
0+a/fa=0,

RILETE

heavy axion 2&fi# quality problem RYFEEE AN ST m2 2, BIRNRE CP #/JVES QCD Ii3%,
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B4 mirror symmetry & B ABIEARIITTTHLEI?

ZEANEBXS mirror BX:

Gvis X Gmir7 Z2 : vis <> mir.

HRIESFRIIER

o SEERLFRINKY 0 FR1ERE;
o FHIAAY Yukawa 1BUHE—MEMRE ;
o [E—" axion [EITFEEZEI QCD 5 mirror gauge group,

Physicalf :  6yis — argdet Yeis = Omir — arg det Yonir

XHRZEY axion FEE

V(a) ~ —xaqcp cos (5vis + fi> — Xmir COS (émir 4 fi) .

Zs ¢ Ovis = Omir, Xmir > XQCD-

X
mirror SBEEIRE axion RE; BANTHRIEEREER/ NN 6 = 0,
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B heavy-axion IREWNFERM: ABDREEBR

RIS 7 /S RORI R (E)

mirror symmetry B] AfEFTEEEES QCD B CP #R/IVMEXSTS; LEAT heavy axion #41E R BE (o) gL 0 a0{a
BSR4
Xmir > XQCD-

EEREEPE R tuning KR
EAZERMER, XBEFEANBANIEGIRRE, flu
v >, Agep > Aqe, MGyt # Mcur.

XERREFRBHR /TR Zo-breaking masses. Higgs/GUT breaking S4XEL mirror fermion thresholds;
MREMNIAZBMIIIMAN, MEETIIMEATHREEXLERE.

|

RIDEEIS

AIENTIARZE: T mirror (EEEREMERIHILEAN, MILRMER mirror SU(5) BT RG running Bf)
HZEAERK susceptibility,
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E8 heavy-axion F{LZHIEE R M

2457 TERM

MIarFmamEX # confining group FI45 K EE, (BEEBEBIHIL CP-odd invariant;
EMIMERS QCD X3F, heavy axion TBERRIR strong CP,

color-unified / enlarged color ~ #£[&] color AR AIEEENEMIIST; 1B small-instanton FIEAE R Yukawa
1, m. BRAREER.

mirror QCD B mirror GUT Z, BRAEBUITT: FIRQBIAEZE Xmir > xqop, MAE
mirror IESIFTRR EIEN AT S,

AIIERENL
KA mirror-GUT AMa: {RE Z, LAHAIENRINGTE, BHERX susceptibility BIRIRRLARIZER mirror SU(5)
HZEF= N,

RIDETE
ERBLIHE tension B BAEIAE ma, XPREEBUIRERRZMMEIET,
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—Rg##l: asymmetric mirror confinement

2D IRE

ZIHAERNRERSIARTRILRE, MEER—T Zo-symmetric UV EigHBE B REF~ 4 EX

RO

1 UV: S mirror 2T 2 Bz BRIEH

MEBAFRARST; MEDOX  KRIKEREY mirror gauge group 4k

Guis X Gmir, Zs : vis <> mir.  1E#E % running, FHTELIMER:
N gauge coupling. 6 Al (@) #0, (®) =0. Gmir =25 A
Yukawa Z5H97ERBERYY
Hans SRR BELA MAVBEER, T miror il $FREM gauge dynamics 4.
THEER

|

RILEIE

IR B ETEIR; $BRERE mirror running, T—H8Z2—MRHEIERA SU(5) GUT,
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PZIFAEI SU(5) GUT: B LMEKER, mirror MIEEEF

UV theory
SU( vis X SU Il’llr

visible sector | mirerr sector |
@40 | | (@)=0
Y Y
SU(5)vis — SM unbroken SU(5)mir
L low energy QCD ) confines at f5

\ /

same axion couples to both]

V(a) = Vqcp + Vs

Heavy axion from asymmetric mirror confinement 12/23



B RKER mirror 7, AARABIFFERIIH

5|\ GUT breaking scalar 5E mirror partner: &, &,

LS e [V(@) + V(é)} €T D) (1),
V(X) = (Tr[XTx] - p?)".

FEXSFRE

e

i)

§ > 2)\@,

BB RVE: A A
(@) £0, (B) =0 or (®) =0, (&) 0.

EEE—MERTANFE: B0 GUT BER, mirror GUT FRIKIR,
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REEAN: 7, EXES5 8 — PQ axion

[SU(5)—charged fields)

breaks to the SM
Pio
J
wg

PeT

Hegb

( Visible SU(5) \

A

A

A

< >
< >
< >
< >

g -0 B

+——————<:@:>——————+
mirror

[SU(s)—charged fields]

remains unbroken
Pio
U5
P15
W15
ders

Hes

Shared PQ sector, not doubled

Y~ (1, gpq = 5),

¢1 ~ (1,gpq = —10)

same U(1)pq is seen by both sectors = one axion with visible and mirror anomalies

Heavy axion from asymmetric mirror confinement
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RE4%H: B—1 axion 57E mirror T

Aqcp
Agur ~ 10'° Ja fs ~10° ~ 0.2GeV
! ! ! !
I I I I
visible SU(5) PQ breaking mirror SU(5) QCD confines
breaks - confines -
bs =29/3 bo = 43/3 axion already heavy

ERKHR

B— PQ axion FRTREARI M QCD 5 mirror SU(5), HTF mirror SU(5) RIFERHABEZM, f5 %4
& axion H8E; fEE QCD BEERZETE Aqep MHEMAIMELE, Eith

ma 3 ~ x5 > XQcp-
B running SRIKIFTRE

A 7/ba
f5 = Agur ( QCD) ~ 1.54 x 10® GeV
Agur
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Fig. 2: heavy axion #&/® PQ 3J Planck fZ1IERITEE 4

Quality &4

- Planck-suppressed PQ-breaking operator 55
2+n
0 —10
= AO ~ 2“ <10 .
8 mg Mg,
@
&

Eitb, EEE fo BT, m2f2 @K, AD #)v.
1041

mirror SU(5) BYERH

FREZER mirror GUT mhSZEFLA T

1078 5 XTI {12 12 16
10 10 10 10 10 )

. [GeV] mg 32X5>>XQCD~
) FCARI#£H Planck fEIEIERE/NEZ (7T :

fa=10° GeV = n~2-3.

SESEEEEPE

BEEEFXLAE mirror SU(S) BEITISLIA (fa, ma) SEE; KE
BELAHAHIRE CP fRFIFERY Planck EEERF&LAEE
d=4+n,
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CP 333%: loop-induced Af {BHFRATAIIR

tree-level: [@—" CP invariant

Zy £ UV WERHES
B—" a/fo BENFEM anomaly,

loop level: radiative misalignment BY= 2

AG =S Tr(M™'6M).
SM-like/GUT Yukawa running 45t B
80sn—tike S 10727

~

¥78975 Yukawa invariant Js T mirror—visible RG RECHIA 3-loop 1, EHTENHE

6§J6 5 10°° (y1y1y15y15).

|

&R
FEEE (yiviyisyis) S 1072, FHE 0] < 10710 B9SCERRRHI,
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Fig. 3: heavy but weakly

NOMAD

SN1987A (v)
Solar v/ Low-E SNe

Globular clusters Diffuse-

10-18 fo=Acur . .
_ i IO
10-1 AT

1021072 10-! 10° 10' 102 10° 10* 10° 10°
mg [eV]

ZIMEE: EE band 2 mirror SU(5) axion FUIIX , i@ QCD axion S#HE ma fo =~ My fr, MAER R mifz ~ x5 >
XQCD, M gavy = em(8/3)/(2m fa)o BELLFIAREI mo BKR. 1B g /)\H heavy axion,

107 108 10° 10 10! 10'2
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Domain wall [9)§: PR

RS TR E AN E B
BRI EFRETAEE T domain-wall RS HIHE:
mirror Z, B RIETIFRIERR,  U(l)pq IEAEHEHRES.

1. GUT RE Z; wall 2. PQ domain wall

o &J&E: visible 5 mirror INEHEZ, e FJR: PQ anomaly/domain-wall number
o MBQ: EI bias FIREEFMSH strong CP, W
o {REFRLEE: o REMER: N =7,

Tru < Agur o TEBRIE wall WMLK:

Tru < f5 or quality-safe bias.

IMER

RT/#H9 cosmology BILBMAEERTHENMKER/ RARE, (ERERMNEM—FHARZM.
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SU(4) axionless 233X

BR/INVETE
UV F{REE mirror Zy, EZ1%H% visible FaiRTR: ENSM vectorlike pair 5 singlet scalar tHE {EFH:
SU(4)c x U(1)r — SU(3). x U(1)y. ypd(PP° 4+ PP°) + h.c.
mirror color RIFRIFER, HTE f1 M. 24 P [REJEH mirror confinement IESHY IR
threshold,
UV #I#E: U(1)pq &F B RIKIR
M et > 0, (@)pert = 0.

R+ 43%HA elementary axion?
o UV/perturbative theory 1 U(1)pq IRBBAMKER: ¢ F2 PQ order parameter,
« RMmEH elementary Nambu—Goldstone axion,

o {EEEB B FHENE mirror confinement, MAE UV PQ pNGB,
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SU(4) axionless: 1’ ;&JHBR theta BY scalar

A EHINENERE

mirror S/U\M)C ZFE, IR BHEP anomalous singlet scalar ', BERIAY#EH AN mirror anomaly 58I QCD #9
theta-like A5

Vir(n') =~ xa [1 — cos(6s — 717')] + xqep [1 — cos(fvis — 71')] .
£ aligned branch B1, UV matching {EMTUKEIRE—MEMAS ., WIVELEA
Oy —7(y=0,  Bus—T(n')=0.
E AT QCD HEY theta thE composite i’ SR,

5&4t QCD axion fYX 5!

o {E45 axion /2 elementary PQ pNGB, %17 a/f. EN/1FH\5t 0,
o XEI%H elementary PQ axion; 7’ && mirror confinement =4 #Y heavy anomalous singlet,
o 7' BIR=E3EHE mirror anomaly, mf], ~x1/F; ~ 7, BEIEFRZ light QCD axion,

¥
=
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ZIODER

asymmetric vacuum = unbroken mirror SU(5) = RG confinement f5 = heavy aligned axion.

1. RO 2. ThNFEM

AIL SU(5) BEERE) SM; mirror SU(5) fRIGHREE f5 H RG running / dimensional transmutation,
iR, HE f5 ShiSEH. TRANIZER mirror IRTARE.

3. EHiT5 quality 4. 58 CP {#RfRIR

mirror confinement =5 axion iﬂ'ﬁﬁ, {& m, AR mirror symmetry RIEFTEBEES QCD HBAIXSFF;
GeV 22, FH4EfZ Planck-suppressed PQ EES HEEEERIMEE ST,
breaking.,

T EAME
SU(4) axionless 932, 7' #1778 axion-like IBAIILECAE, {EARZE light QCD axion,
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Thank you for your attention.
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