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Strong CP problem

LQCD D QGG CP-odd term

Basis independent: 0 = 0 + arg(det M,)

Observable effect

Neutron electric dipole moment:  dy =~ (5 x 107 % - cm)@  torewner oweccnia, venezian, witen 978

dy] $3x107%c.cm B 9 <1010

Why is 6 so small?

8 does not appear to be “anthropic”

o [Ubaldi: 0811.1599][Dine, Haskins, Ubaldi, Xu: 1801.03466]
0<8<0.1

Our Universe DOSSIbIe 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]

. 1 . a
AX]()n: o = E(fa + ,0)6ZE U (1)pq spontaneously broken (®) = \f/%

1 s 1
B> Lo=;0.07+ Jf‘ GG+ 1090 FF + — ; L 19,

_a —0! solves strong CP
off = +0=0 problem!

Axion potential:  Vyep(a) ~ —m? £2 cos < 7 >+ 5> minimum: 6 f

1po6'bpa(0) |0) topological susceptibility

1 a Fapv 1
Go, G (2), -

|:> me = F T= —i/d"‘;r. (0|T [3%2

1 A

2 £2 3
B> mifi~mgAep = constant QCD prediction
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QCD axion limits
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@09 GeV < f, < 10'2 Ge\a

77" Oua => axion weakly-coupled - “invisible”

my fo ~mghoep B> 1072 eV <mg <107°% eV

Y
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Origin of dim-5 axion-gluon coupling?
Example; KSVZ [Kim '79; Shifman, Vainshtein, Zakharov ‘80] (Also DFSZ [Dine, Fischler,Srednicki ’81; Zhitnitsky *80] )

U(l)p@ Dirac fermion: ¥ — %4¥ @75\ complex scalar: P — 922 P

Scalar potential: V((I)) = —mQPQ’(I)P + APQ‘(I)‘LL |:> <(I)> — % fa= TE’S

T, fa
Yukawa coupling: AL = hii;®V ;¥ + h.c. may ~ h——
(2qv + g2 = 0) ’ ’ I:> v \/§

Integrate out =2 9> a

— GG
Dirac fermions: 3272 f,

BUT  Origin of PQ potential? ~ Why is mpg < Mp ?
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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]

5 n
Gravitational ‘Cn|€Z nl® " on 4 he. V(a) = Voen(a) — len| fo cos (% s )
violation of U(1)pq M7 agn—4 I:> Q My 4 .

o ) ] axion quality
I:> minimum: ~ Ocg 7 0 ! problem

]
O 2L () Oectt

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

[Note: gravitational instantons ¢,, ~ e S S > 200 but S~ log

3 1
~ —log — for dynamical radial mode ]
fa Vs 2 Ys [Alvey, Escudero: 2009.03917]
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Questions

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

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

m Can the QCD axion mass be different?

Light-shining-through-walls
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solve strong CP?

ion-photon coupling [GeV ~!]
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5> Use 5th dimension to address these questions!
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Why use the 5th dimension?

¢ Can generate a hierarchy of scales and small couplings! =

5th coordinate y
—_—

A —ky
5D AdS uve
length scales \

“redshift”
/

AUV AIR < AUV AUV AIR

¢ “Warped” dimension is dual to 4D strong dynamics! ©

5th coordinate y
—_—

Auv

AUVe_ky

//_-

Auv Ar < Auy

“Holographic view”

AR <€ Ayy
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. Axion Quality Problem c....iom

1
5D metric: ds® = A%(2)(d2? + d2?) = gy nde™ dzY A(z) = ™
AdS curvature scale
“slice of AdS”
U(L)pq
Udre 1 @ =nz)e@) | Ul)pg m = A(A - )82
“Bulk mass”
) mh " Explains
Auv Arg = Apye ™8 4_
PQ symmetry 3/2 4—A A
: z) =k Mkz)"" = +o(kz “Bulk VEV”
breaking . & | 1(2) (A(kz) (k2)™)
A= EU—V(;;ZUV)A—4 . i .
A —4+byy ’ explicit” breaking
o=/vig— % (kzrr)™® = o0 (kz1g) ™2 “spontaneous” breaking
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No UV PQ-breaking (\=0)

27..2 2 2 2(A-1)
|:II> ©0)(,\ AR /A gskog  [((A=-1)" = z _ 4
fa (/,)_on/A 1<1+4A(A—1)(2A—1 + — o A + O(oyp)

(Z[R > ZUV) “IR

| —

3000 ---====m==mmmmmmmm oo ]
2500}
= 2000F
s 1500}
1000}
500}

20 40 60 80 100
uv IR

Global U(1) pg symmetry: a9 (z*) = a0 (z*) + ag
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UV PQ-breaking () +#0)

Upv(®) D —2£ka5/2ncos(a) = —2€ka5/277 (1 - %aQ - )

k3/2 . A 2A(A _ 2)(kz )A(kz)2(2—A)
) (5) ~ 2y A—l(—) 1 —
( E> a (2) TRLG) 2IR [ i Lyy +200(A - 2)(2yv/21R)?
2IR > 2Uv)

00="0.1,0py =0.1,byy =0,95vVk =1 |
_A — 10 b

Axion profile
suppressed!
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UV axion mass (\ #0)

(]CZUV = 1,0’0 = 17bUV = 0) T

0.100 -
~
o 0.001 UV axion mass
= suppressed for large A
2 10-° -

® kzig =10, fyy = 0.05
10~7F " kzr=10% fyy =01 i
< kZ[R — 103, eUV =0.1

5 6 7 8 9 10
A
: K [*R o  MNPQR a so
Bulk Chern-Simons term: ~ 392 d’re VuMGNpGoR <4—— generates axion-gluon coupling
Zuv

A -
» (m{UV))2 — Ayyoo(A —2) (/A -1 F, \*™ = where o
a nQ(A —4+ bUV) 00 a F, ~ -

A_lzIR
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Axion potential:

(0)
Fq

V(a?) ~ —(ml@CD))2F2 cos (a_ +6

(m,(,U V))2 < 10-10 (m&QCD) )2

Require:

10° 10 ~1on 1012
F, [GeV]
10° GeV S F, $1012GeV B
13

10}

---------------

UV explicit PQ violation

relative phase

[—_

100
'f
‘a"" -]
_______ 1077
_______________________ 1-="]
S
1l 1 1l 11111
0° 1010 101 102
F [GeV]
Solves
AC > 10 <4—— | axion-quality
~J problem!
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AdS/CFT dictionary

------------------------------------------------

:" local U(1)pq symmetry \\ > /" global U(1)po symmetry *,
®, mg = A(A —4)k? VRN O, dimension A :
| | | e :
. AUVe_WkR = AIr : s : AR = Ayve bopT9? :
E o 5 YRS : (0) 5
\“~ )\ ",' (_) \‘~~ )\Qboo "'l

-----------------------------------------------

Holographic interpretation:

5D axion, 0 4D composite axion, accidental
local U(l) PQ symmetry global U(l) PQ symmetry
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Composite AXiON:  (Kim 1985 Choi, Kim 1985];

A
9(p)
fo K Mp No need to tune mass
parameters in KSVZ potential
(or DFSZ) potential!
—
'fa Mp %
Axion quality:
Cn eién n A ~ ca ol .
|M|I¢;—4 " (n 2 10) < M?—4O MAT (i ... k) (A = 10)

Examples: [Randall1992];[Cheng, Kaplan 2001];[Redi, Sato 2016];[Lillard, Tait 2018];[Contino,Podo, Revello: 2112.09635]

Build models which better incorporate SM features:

® Gives rise to QCD axion
® SM part of strong dynamics

® Connection to GUT physics? <4+—— Will give an example

I5
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I. High-quality composite Pati-Salam axion

SU(N.,) 10 x Q(OJ) 10 x P(O)

strong dynamics:

| " GCiocal G icbal
flavor symmetry: SU(IO)L X SU(lo)R "SU(N’C)ISp(IO)lSO(G)ISO(J) U(1)s|U(1)pq
U U Qsf| N 1 6 [ 1 [ +1 ] +2
Q4| Nc 1 1 4 +1 -3
“weakly” gauged: SO(6) x SO(4)  Sp(10) Pl N 10 1 1 -1 0

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)p, x U(1) 15,

Nambu-Goldstone bosons: dim[SU(10)z, x SU(10)g/SU(10)y] = 99
dim[SO(6) x SO(4) x Sp(10)/U(3) x U(2)] = 63
36

(80,10) D (10,30) B (31 + 3-1,21 +2_1) (10, 10)

Under U(3) x U(2)
QCD axion!

Obtain mass ~ g?A2
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PQ-violating operators

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

SU(Nc) symmetric

~—=
e.g. (@D =87(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 |:> no. P fermions = no. Q fermions

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

|:> obtain (QQPP)(QQPP) <«— eight-fermion operators!
1 a c
€.g. O12 = F(Qgﬁ){ b} (Qi’c),[“’,d](P2)[C,d](P2)’{l:;,b} <«— dimension 12
P

1 f‘? i 4 fa ° )
M—1§012 ~ M_fée Fa I:> V(a) D f, (M—P) cos Ocry A =12
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Dark matter

(i) Pre-inflation
Dark matter via misalignment provided 10'°GeV < f, < 10'12GeV

1 _
775 012 B 0y <1070 for f, S10M Gev

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

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

1
— provides bias potential  —=—01
M PO

— dark matter abundance provided f, ~ 10° GeV,d = 1072, M PQ = 1015717 GeV [Kawasaki,Saikawa,Sekiguchi: 1412.0789]
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Axion-photon coupling

U(l)gm D SO(6) x SO(4) x Sp(10) I:> P, Q electromagnetic charges fixed!

7 o NEM 7

2| =

Bonus feature |Grand Unification

SO(6) x SO(4) — SO(10) o o Maur
H,_J »

SU(4) x SU((2)L, x SU(2)r  Pati-Salam! 601
3x(4,2,1) Q,L : \
l.é 101

3% (4,2,1) u,d,e,N
(1,2,2) C 10 Higgs
® = (10,1,3) C 126 to breakU(1)p_r x U(1)f

— dimension 8 PQ-violating op. CI)TCI)QQPP

—> forbidden by anomaly-free Zg symmetry!

10* 107 1010 103 1016
p [GeV]
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Axion-photon coupling limits on Pati-Salam axion
[TG, Murayama, Quilez: 2505.08866]
fa [GeV]
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109 CAST
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._.'I JEPET Astrophysics ! | Might be seen at IAXO (CERN)!
e ;i
FUS— 5
T e

~ 10 13

S
>

10—11

-“'
10-5o4 |
i
-

10—16
- -3 -1 -
W' et "t Al

ALSO: High-quality axion from SUSY chiral dynamics [TG, Murayama, Noether, Quilez: 2508.21813] [see also Sato, Takeshita: 2508.21820]

20
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2. Axion mass from 5D small instantons

QCD axion mass:

| Ge (v
/d ()|Tl),w " (z), oo

Dilute instanton gas approximation:

T o [ %03 (a8<1/p>>66

=

(pms)Nf — suppression

QCD asymptotically free T o AQC D

Fermion zero modes:

. 27
as(1l/p)

2 g2
m’ﬂ'f’fl'

2 M, Mg

=

21

,C m( 7507 (0) ] )| 10)  “topological susceptibility”

e~ Serf

Hf my
N
f mgq
AQC’D
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How to enhance QCD axion mass?

[ Change QCD Coup|ing in Uv as(1/p) ~1  “Small instantons” p~1/Ayy

® Close fermion loops with Higgs boson

~ 1072 (otherwise m“deX%Tzsmbmt )

> (m2s2 ~ meAdon +A) where Ay 3> Aqen

Use 5th dimension to make QCD axion heavy!

22
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QCD in 5D Flat space 5D metric: ds? = dz? + dy?

b 1
/d4 / ( TI[G”N] + 355‘) \[NRS'I’B\ITr[GNRGST] + g F”'\ + . )

/

A () QCD gluon

R Béo)(aj) = a() QCD axion
« TR >
. a Ia 2Mauv(x—2x0) v a
5D instanton: AM(CL‘,y) = AL) (z) = Zcﬁx(o)uf)% , Af(z,y)=0

3

|:> SU) 87r2R - 2n Finite action
g5 Qs

23
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°
5 D s m al I I n sta nto n S [Poppitz, Shirman ’02] [TG, Khoze, Pomarol, Shirman: 2001.05610]

Fluctuations + Kaluza-Klein contributions

small instantons!

e—Sesy AE : R dp O 6 e K o
| | TNV ,ASFCB] (as(l/R)) e = =7 My fa
i o |
E E B>  Sa= il —3€(R/p).+boln—
: : as(1/R)
I:\QCD 1/}% 1;5 )1//0 B power law termi

6
g(R/p) ~y 1/3 ' K~C3 271- R 3—b0 —— 2x )+A5R
R/p =2 20 - [ ] as(l/R) (A5 ) ¢ power law contribution can
~ overcome suppression

2
Valid up to %48 1 or AgR< 6T

2473 ~ g

24
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1020
1016
1012
My
Ma.Qco

108

104

[TG, Khoze, Pomarol, Shirman: 2001.056 1 0]

Assume boundary Standard Model fermions (bo = 7) and QCD in bulk

5D strong coupling

=0.30
=0.25

A5J%EE

6me

as(1/R)

fa > ASI

fo=105GeV < Agy

" - . . .
. R Dt o CP-odd higher-dimension
S ™ = terms 1 -
’_¢-"”A’/ / egA—QGGG
| W
PP [Bedi, TG, Pospelov: 2205.07948]
"' ,”
";” .“J
= -n"
.-"-.- -
i /”' _.‘;',';’ ._--""’ ,_—"" .
a® e - -
/, ."/”’ - _—‘—
| | | | | | |
10? 10° 10° 107 108 10° 10'0 10"
1/R (GeV)

IZ:> Small 5D instantons can dominate for % Z 100 TeV

25
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E n hanced E D M s [Bedi, TG, Pospelov: 2205.07948]

Higher-dimension CP-odd sources are enhanced by small instantons

Weinberd operator: £O 1 GGG [Alsofermlon operator: EDZ "klzb,zbﬂ/mbz Esjiél'lé(,)Grojean‘Guedes,]
gop : A2 ijkl A Kley,Vuong: 2402.09361]

D ve-wo () + o (L)

where xw(0) = —ilim / d4xe““<0':r{ L -GG (z), GGG(O)H >
k—0 39272 W

» a xw(0) A% Agt
— ) =bina = — LY
(<fa> d x(0) X A%V <4—— Enhanced by Aqon

A
Neutron EDM: fina] S 10710 B> A:; <1076

26
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Questions/Future Work

® |ncorporate neutrino sector?

— e.g. right handed neutrinos at f, ~ 10" GeV  coxT rau 2310085571

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

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

— Ist order phase transition for gravitational wave signal?

® Small instantons in weakly-gauged holographic models

T, (22 + 22)?
22 1202 + (22 + 22)2

a L\ 9,0
[TG, Pomarol:2110.01762] AM<I, Z) = 277/“’

— other solutions that give axion mass enhancement?
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Summary

QCD axion elegantly solves the strong CP problem, but

® Origin 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 gauge/discrete symmetries which are part of axion strong dynamics

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

® 5D small instantons
— can enhance axion mass and not spoil strong CP solution

Axion properties naturally emerge from strong dynamics!

28
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