A high-quality QCD axion
from strong dynamics

Tony Gherghetta

V)N

UNIVERSITY OF MINNESOTA

2025 CERN-CKC workshop/13th KIAS Workshop on
Particle Physics and Cosmology, Busan, South Korea,
November 19, 2025

Based on [TG, Hitoshi Murayama, Pablo Quilez: 2505.08866]
[TG, Hitoshi Murayama, Bea Noether, Pablo Quilez: 2508.21813]

Gherghetta-CERN-CKC-KIAS workshop - 19 November 2025



Strong CP problem

Basis independent: 0 =0+ arg(det ./\/lq)

Observable effect

Neutron electric dipole moment:  dy =~ (5 x 107" - cm)#  crowner owecon, veneziano, witen. 1979

Ay $3%x107%e-cm B 9 <1010

Why is 6 so small?

8 does not appear to be “anthropic”

Y [Ubaldi: 0811.1599][Dine, Haskins, Ubaldi, Xu: 1801.03466]
0<6<0.1

Our Universe pOSSIbIe for [Lee,Meissner,Olive,Shifman,Vonk: 2006.12321]
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[Peccei, Quinn 1977;

Dynamical SOIUtiOn: PQ meChaniSm a‘nd a‘Xion Weinberg 1978; Wilczek 1978]

. ]- -2 a
Axion: ¢ = ﬁ(fa + p)e fa U (1)pq spontaneously broken (®) = %
1 2 | a o 1
0> L, = 5(8”@) 7.8 GG—I— agaWFF—i— 7 J"B a

Axion potential: Vqcp(a) ~ —m f2 cos <f 0_> +... B> minimum: O.q = f_ SRR <olves strong CP problem!

T _ _
E> mi = F T = —‘i/d'l;l? (OlT |:3‘_)l ,)GZ‘,GG”V(I). 3‘_)1 > rWGbm(O) IO) topological susceptibility
a 4T LT
1 A
fa

2 £2 3 _
:> mafa ~ quQCD = constant QCD prediction
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Axion qua]ity: [Georgi, Hall, Wise 1981; Giddings, Strominger 1988; S.J.Rey 1989;
Holman et al 1992; March-Russell, Kamionkowski 1992]

Gravitational |Cn ‘6 n len, |f” (na >
Via) =V — 4+,
violation of U(1)pq Z\[n agn—4 a7+ hee |:> (@) qep(a) — M- g COS 3

Vaen(a)

o . | axion quality
|:> minimum: ~ Oegr # 0!

mz " # 0 eeﬁ'

Terms must be suppressed to very high order! n > 10 (cn ~ 1)

M 3 1 .
T~ Zlog— for dynamical radial mode ]

[Note: gravitational instantons ¢,, ~ e S S >200 but S~ log
Ja/9s 2 7 gs .
[Alvey, Escudero: 2009.03917]
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Origin of dim-5 axion-gluon coupling?

Exam Ie: KSVZ Kim ’79; Shifman, Vainshtein, Zakharov ‘80] (Also DFSZ [Dine, Fischler,Srednicki '81; Zhitnitsky '80] )
[
) . 1qQw Y5 elementary Qe
U(]-)PQ colored Dirac fermion: \If — € \I/ complex scalar @ — e q)

Scalar potential: V((I)) = _m%?Q‘(I)P + APQ‘(I)‘LL |:> <(I)> - % fa = Tigg

Yukawa coupling: Aﬁ o h,'j(I)\I’Rg“IlLJ' + hC :> my ~ hﬁ

(2qv + g2 = 0) \/§
g; a =
Integrate out Dirac fermions: E> 32;2 EGG
However: Origin of PQ scalar potential? ~ Why is mpg < Mp?
What causes symmetry breaking? Axion quality problem?
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Questions

m Origin of PQ breaking potential and spontaneous breaking scale f ?

B How to solve the axion quality problem? Connection to GUT or supersymmetry?

V= =

5> Use strong dynamics to address these questions! &)

g(p)

No need to tune mass parameters in
fa < Mp KSVZ potential (or DFSZ) potentiall

Ta My M
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Composite AXion: (kim 1985 Choi, kim 1985];
strong dynamics: SU(NC) 4 x Q(D) 4 x Q(‘j) <4— assumed massless exotic quarks
flavor symmetry:  SU(4)p x SU(4)g — SU(4)y NGBs:8+3+3+1 U(l)pg C SU(4) 4

“weakly” gauged:  SU(3).

Axion quality:

‘Cn ‘eién
Mn—4
P

10)

A_a~ ™ T A4
Mp Mp ~

" (n > 10) S D0~ B (it ... ) (A >
H—J

xXam . [Randall1992]{Dobrescu 1996][Cheng, Kaplan 2001]; [Harigaya, Ibe, Schmitz, Yanagida 2015]{Redi, Sato 201 6]fLillard, Tait 2018];
ples: g Kap gay { ]
[Gavela, Ibe, Quilez, Yanagida, 2019][Ardu,DiLuzio, Landini, Strumia, Teresi, Wang 2020] [Vecchi 2021][Contino,Podo, Revello 2021]

Build models which better incorporate SM features:

® Naturally massless exotic quarks

® SM part of strong dynamics Will give two examples

® Connection to GUT/supersymmetry breaking?
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1. High-quality composite Pati-Salam axion

[TG, Murayama, Quilez: 2505.08866]

strong dynamics: SU(N,) 10 x Q(O) 10 x P(lj)

. Cloc-.l G lobal
flavor symmetry: SU(10)r x SU(10)g |:|SU(N.=)|Sp(lO)lSO(G)ISO(d) T(1)a U000
U U Qgll Ng 1 6 1 +1 +2 U(1)pq C SU(10) 4
« ” Q4] Nec 1 1 4 +1 -3
weakly” gauged:  SO(6) x SO(4)  Sp(10) PT N. | 10 | 1 : - -
I:> P, Q fermions are naturally massless!
Symmetry breaking: <PTQ3> — A35§ (r,s = flavor index)

SO(6) x SO(4) x Sp(10) - SUB) x U(1)p—r, x SU(2), x U(1) 15,

Nambu-Goldstone bosons: dim[SU(10), x SU(10)r/SU(10)v] = 99

dim[SO(6) x SO(4) x Sp(10)/U(3) x U(2)] = 63

36

Under U(3) X U(2) (80,10)®(10,30) B (31 + §_1, 2 + 2-1){{3(10, lo)
Obtain mass ~ g2A? QCD axion!
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PQ-violating operators

Need SO(6) (SO(4)), Sp(10) gauge invariants:

SU(Nc) symmetric

~—=
e.g. (@D =67(Q4ac Q) QD5 = 67 (QBia0 il Qbjs)
SO(6)
Sp(10)
E 2
(P?)a,p) = Jrs(Pr%€asP") (P.'),{‘:,b} = "B(PTUZ;P:F)
—

SU(Nc) antisymmetric

SU(N,.) invariants |:> number P fermions = number Q fermions

I:> mass terms and four-fermion operators (QQPP) are forbidden!

B>  obtain (QQPP)(QQPP) <— eightfermion operators!

1 a C
e.g. O12 = _AJS (QE,G){ b} (Qi’c),[lz’/d](P2)[C,d](P2)’{l¢l;,b} <— dimension 12
P

1 fc12 ;82 4 fa ®
M_183012 ~ Mge fa E> V(a) D) fa M—P COS eeff A =12
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Dark matter

(i) Pre-inflation

Dark matter via misalignment provided 10'°GeV < f, < 10'12GeV

M}

— although H; <107°f, ~ 10° GeV to suppress isocurvature perturbations

(ii) Post-inflation
Axion potential: ~ U(1) pg — Zan,
012 explicitly breaks Z4NC discrete symmetry

1
— provides bias potential  —=—01
M PO

1
O, B Oy 10710 for f, S10M GeV

— dark matter abundance provided f, ~ 10° GeV,! =10' 2, M PQ = 10% 17 GeV  [KawasakiSaikawa,Sekiguchi: 1412.0789]
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Axion-photon coupling

U(L)em ! SO(6)" SO@)" Sp(10)

E:I

-
N 3

Bonus feature

SO(6)! SO4) "
——

SU@)! SU@). ! SUQ)r
SM: 3! 4,2,1) Q,L

2>

* Qal!

Pati-Salam!

Grand Unification

SO(10)

- EM

2"fa

3! (4,2,1) o &e N
(1,2,2)! 10 Higgs

I =(10,1,3)! 126 to breakU(1)g, "

| QQPP

— forbidden by anomaly-free Zg symmetry!

Ui,

— dimension 8 PQ-violating op. |

!
-3

1.92(4)

P, Q electromagnetic charges fixed!

large axion-photon coupling!

104 107 1010 103 1016
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Axion-photon coupling limits on Pati-Salam axion

[TG, Murayama, Quilez: 2505.08866]
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2. High-quality axion from SUSY chiral dynamics

[TG, Murayama, Noether, Quilez: 2508.21813]
[see also Sato, Takeshita: 2508.21820]

strong dynamics: S U (10) A (45) 6 ' Fﬂ( ]@) [naturally massless fermions!]

[ [sU(10)| Z:s || SU6) 2 |U(1)ec]|Sp(6) ] SU(3). x U(1)y |

A B |+ 1 -3 1 1(0)
flavor symmetry: SUB)p ! U(1)po 1 o |4 o rv 0 loier) +0l—ar)
AFF| 1 [+1] B +5 [[g+1| 10+
Pial 1 [+13] 1 —15 1 1(0)

“‘weakly” gauged:  SU(3)c! UQ)y " Sp(6)p " SU(6)w PM-%IMW N

SUSY SU(10) chiral gauge theory has nonperturbative superpotential:

I 23i2/3
W=A% , = Ao . 5>  Vsusy ! 11101
— 7Sp) | (PfA)(PfAFF) susy - Iyl
I:> modulus | 1" i.e. runaway minimum!

BUT, runaway behavior can be stabilized with AMSB contribution! Murayama: 2104.01179; Csaki, Murayama, Telem: 2104.10171]

ow i
Vamseg = m (i,o,' Do — 3“") + c.c.
Pi
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D-flat condition: (Vp = 0) lal® = [bf* + |c]? A= (a(J)“ bgﬁ ) e ¥elfra F = (c—é“> e+dia/frq
V V \/_ 17 AIO 3/20
+ minimumat b=c=a/Vv2=A ‘
SuUsY AMSB I::> c=a/ 10| T35,

Symmetry breaking: IARP@"#0  IPfA"#0

SU(10)gauge x SU(6)p x U(1)pq x@1s
— Sp()gauge x Sp(6) 5 > SU(3)e x U(1)y

D) AL\ 3/20
At scale: fa =4—\/0_a ~0.17Ao (ﬁ) <«— exactfor m! | 49

Nambu-Goldstone bosons: dim[SU(6)p ! U(1)po/Sp(6)e] = 15

Under SU(3)c 8+3+8+1
Obtain mass ! 11 QCD axion!
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PQ-violating operators dimensior | U(1)rq
Jij AR @ 3 +5
PfA 5 115
Use anomaly-free discrete symmetry: Zies ! U(1)po (or Z4,Zg subgroups) [c.f. R-parity in MSSM]

m?2 fn+2 919 58

. " " . n _ _10
Forbids operators up to dimension n: Al = C}qXQCD ME P < 10
Z,: f.<3.7x10"°GeV (n = 8)
Zs: fo<6.7x 10 GeV (n = 16)
Zio: fa<4.5x10"GeV (n=28)
Comparison with axion arising from elementary scalar S: ] ] ]
40+ 1
SN
PQ-violating: NT 7 <«— forbidden with Zy symmetry
Mp 30} .
“elementary” axion
N I SU(14) X Zos |
20 i .

a 4
SU(10) x Zys |
SU(14) x Z12»

10}

I SU(10) x Z4
0 F SLI'(I(IJ) XI Zo ‘composite” axion
8 10 12 14 16 18

loglO (fa/GeV)
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Axion-photon coupling

apm E a
8t N f,

R s a ALY
FoFY" + ——Gq G

£a > & 1.

* Colored NGB'’s

LHC limit:

« Can form stable heavy isotopes

LHC R-hadron limit: my !

1.25 TeV

for qp=-1/3,
for g =2/3.

<+— decays can be prompt (f, ! 10° GeV)
or displaced (fa ! 10" GeV)

<+— decay to gluons

e.g(Xuu)?, (Xud)'

(like long-lived sbottom)
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Grand unification
Can extend SU(10) model to SU(14) to incorporate grand unification ~ A(91) 10! M(14)

Global symmetry breaking:  SU(10)p ! Sp(10)w

weakly gauge:  SU(5) ! Sp(10)w NGBs: 24+ 10+ ® + 1

or SO(10)! SU(10)w  NGBs:24+ 1  (SO(10) dynamically broken to SU(S) | U(1))

PQ-violating operators forbidden by anomaly-free Z 1, symmetry

Axion-photon coupling: E/N =8/3

('t

Work in progress
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Axion-photon coupling limits on SUSY chiral axion
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[TG, Murayama, Quilez: 2508.21813]
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Questions/Future Work

® |ncorporate neutrino sector?

— e.g. right-handed neutrinos at fa ! 10" GeV  [eg CoT6 Paut 231008557]

e Study SU(N)/Sp(2N) phase transition in early Universe

— Ist order phase transition for gravitational wave signal?

® Explore other possible strong dynamics
— completely break GUT group by strong dynamics?

— additional post-inflation scenarios!?
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sSummary

QCD axion elegantly solves the strong CP problem, but

® Oirigin of U(l) and axion decay constant?

— naturally explained by new strong dynamics
— can be part of GUT or supersymmetry breaking

® Axion quality problem?

— Avoided by gaugeldiscrete symmetries which are part of axion strong dynamics

® Phenomenology
— possible colored states near the TeV scale
— gravitational wave signal from confining phase transition?

0

Axion properties naturally emerge from strong dynamics! %)

20
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