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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)f

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

Why is 6 so small?

8 does not appear to be “anthropic”

Our Universe possible for 0 5 ) 5 0.1 [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
Axion: P = 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
eff = + 0=0 problem!

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

:> mc2L = f_,g T= —i/dd&l’ (O|T [32171,202,,&““"(1), 3 ! 1mébm(0) |0) topological susceptibility
1 A
Ja

B> mlf: ~mgAdcp = 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]

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 () Ocfr

Terms must be suppressed to very high order! (¢, ~ 1,17 > 10)

[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

B How to solve the axion quality problem?

B Can the QCD axion mass be different?

Light-shining-through-walls

Axion-photon coupling [GeV ']

3
a 1 g
Gayy = 5~ g
27 fa 3
10-15 o _
10-16 solve strong CP?
1 $H —
7] )
10717 4 @@)@§’
10718 4 G
10719 ]

LLALILLAL LIUBALLLAL ILLALLAAL NLALALLAALL BLALALLLALL IR LALL A RRLL S ARLIL R DML S RARLL B
107111019 10-2 1078 10-7 10=¢ 105 10~* 1072 102 10°! 10° 10!
Axion mass [eV]

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

5D metric: ds® = A%(2)(d2? + d2?) = gy nde™ dzY A(z) = é
AdS curvature scale
“slice of AdS”
U(1)pq
WQ ¥ D =p(x)eiel@?) U(1)po m2 = A(A — 4)k?

“Bulk mass”

TR >
kR I Explains
AUV Arr = Apve PQ scale

PQ symmetr B “ ”
Qeraking e | n(z) = PR + o (k2)) Bulk VEV

A

tyv A4
A - k 113 oy .
A — 4_|_va( zuv) J explicit” breaking
IR~ oy IR = 00 \RZIR spontaneous” breaking
7
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No UV PQ-breaking (\=0)

27..2 2 2 2(A-1)
|:II> ©0) () 0 2R /A gskop  ((A-1)° = z B 4
fa (/,)_on/A 1<1+4A(A—1)(2A—1 +— o A + O(oyp)

(Z[R > ZUV) “IR

| —

3000f -]
2500
= 2000F
éi; 1500}
1000} a=s
500f Ao
"7 0 a0 e s 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)

(kzyy = 1,00 = 1,byy =0) ]

0.100+
S 0.001
N UV axion mass
= suppressed for large A
e{f 10-5

® kzig =10, fyy = 0.05
10'7 L Wkzip= 102, fyy =0.1
L 4 kZ]R — 103, euv =0.1

5 6 7 8 9 10
A
I ZIR
Bulk Chern-Simons term: T 3972 d’x 6MNPQRVMG?\IPG%R <€—— generates axion-gluon coupling
Zuv
a A—4
» (mUV)2 = Ayyvoe(A—-2) [(kVA -1 F, 2 where R 1
a nQ(A — 4+ bUV) 00 AUV a Fa . Z[—R
KyvA -1
10
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Axion potential:

UV explicit PQ violation

0 CD)\2 2 a® S\ ovyage a®)
V(a®) ~ —(mREDP)N2E2 cos T—i—@ —g(m,(z ))i?Facos — 44

.
--------------

relative phase

Require:  (m&"))? < 10710 (m{%¢P))2

30F ' ”_'/—
: _.100
20'_ ______ =" __--10 /j
" T T L l‘—’-
R Rl
10:.':..‘:-'-: """""""" _
10° 101° T R T T TR
F a [GeV] F, a [GGV]
Solves
10°GeV S F, $102GeV B> A 210 «—[adonauay
problem!
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-
24
L4
’

AdS/CFT dictionary

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

local U(1)pg symmetry

5D axion,

.

L 4

e R e

local U(l) PQ symmetry

Axion quality:

Examples: [Kim

1985; Choi, Kim 1985];

reT T T 7

4

’

A\

global U(1) pg symmetry *,

O, dimension A

_ 82
A = Ayve ‘torre’

T T R R e

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

4D composite axion, accidental

global U(l) PQ symmetry

CA CA
R0~ Wity ) (A > 10)
W_J ~

due to gauge + Lorentz symmetry!

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

12
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4D MOdeI [Gavela, Ibe, Quilez, Yanagida: 1812.08174] [Cox, TG, Paul: 2310.08557]

New strong gauge group

. Global symmetries

| sue) | sue) | sum)s | sumy | U(t)s—1 = U(1)rg |

vg 5 R Vg O 1 -3

U0 10 R V10 1 O 1

Chiral condensate: (10101058) ~Af —  SU(n)s x SU(n)jg0 — G D SU(3).
PQ condensate: (5 51055 10) ~ Ag <4— dimension 9! (due to gauge and Lorentz invariance)
Ax £2.)3 e ‘composite axion!
» Lper = cpey ( Sf‘;Q) e 27q 4 h.c. frq=As/g.. 15g.54m
47 Mpl

Composite sterile neutrinos: ¥y = ¢lplyl), Uy = vlvigwo

~‘” 4 active Asf B : v?
Lgpr = i—%LiH(wg"/)S"»blO)j + %LiH(¢5¢Io¢Io)j +h.c. » mu,;‘ =M\ ( A;Q) o
. s active . 6
Common origin for the see-saw mass and PQ scales! =~ ;\\[v;s (13}\2,,1\5)
ie. mﬁfiti"e ~ Mg
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Flavored Warped AXioN e coousonsmomons

. . . . . [Also Wilczek 1982; Ema,Hamaguchi,Moroi,Nakayama 2016
DFSZ_IIke axion mOde/ Wlth bU/k Standard MOde/ fermlons' Calibbi,Goertz,Redigolo,Ziegler,Zupan 2016; Bonnefoy,Dudas,Pokorski 2019]

SU(3)C X SU(?)L X U(l)y X U(l)pQ

VQu,d,Le

Ure % H,, Hy, & U(1)pq

I - ..

Axion-fermion couplings:

8,a°
oo Gl v Ay 5 .
Z/d T 2F, (wan* (e )ij — (ei)iy )uj) Asz"A';; = MMy, (similarly for down-type quarks and leptons)
Overlap between axion and fermion profiles

o o [ D (e o0 )

2uv
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Numerical results

1

(e )i

Flavor-violating couplings:

(Fi )iz

Fa

Féd,e ~ O(FX,d,Z)

10" ——

1 015

1 014

1 013

10%

kzig = 109,02k =1
A=10 o9p=3

F, ~ 10° GeV.
5)  q

Scan over ¥y, ;.

[Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]
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1013 —

Future sensitivity =P

>ﬁ
Sy

10

0= [Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]
[ — 00 - l E -
A =10 [ op =3
F, =10° GeV - F, =10° GeYy
——————— —Q—————Gncg— e — — e e — e = e e e e — o — — — o
. s S A =18
&8 B
12 ]
— dp = 4 L A=10
—J_ oo=5 - A=6
S -2 0 2 4 -4 -2 0 2 4
€Qs T Cuy €Q; T Cuy
(FX)IQ > 6.8 x 101 GeV (Kt — mta decays)

Experimental limits :

[Martin Camalich, Pospelov, Vuong,
Ziegler, Zupan 2002.04623]

=

00247

[ (8.3 x 10'* GeV) Bauer, Neubert, Renner,
Schnubel, Thamm 2102.13112;2110.10698 ]

A>6
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2. Axion mass from 5D small instantons

QCD axion mass:

Dilute instanton gas approximation:

6 27
T o [ 201 (i) € =07

QCD asymptotically free

Fermion zero modes:

=

/d1 ()IT[ 5 5G G ( ), e ,CmePU[U] |0)  “topological susceptibility”

e~ Serf

Aqep 1/p

E:> TocAQCD

N . Hf my
(pmf) f— Suppression m @ my

My

2 UAZTRALY! m?rfﬂ'
Cl C?(:yl) .__- (7711L_F77Zci)2 hfg
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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!
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Warm-up: QCD in 5D Flat space 5D metric: ds?* = da? + dy?

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

/

AP(z)  QCD gluon

R Béo)(aj) = a() QCD axion
< TR >
5D instanton: Af(z,y) = ALI)G(ZE) = 2?;12(096)32%”, Ag(z,y) =0
3
|:> SU) 87r2R - 2m Finite action

gs Qg
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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!

: : TN —03( ) e_eﬂ'E_ Ocmgfg
: : o NG R) i

: 5D |

| E B  Sa= T 3¢(R/ o) + boln—

: : as(1/R)

: T : > JR— —

Aqep 1/R As 1/p power law term!

6
§(R/p) ~ 1/3 K ~C 27 3—by 2= HASR
~ 3 [ ——— R =17
R/p =2 20 » [ ] as(l/R) (A5 ) ¢ power law contribution can
~ overcome suppression

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

247 ~ g

20
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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

A5R =

6me

as(1/R)

ﬁl>’ASI

fo=105GeV < Agy

—" ” . . .
. R Dt o CP-odd higher-dimension
S ™ = terms 1 -
e T e.g.—- GGG
."’ f” AW
-* ’f -
PP [Bedi, TG, Pospelov: 2205.07948]
"— ,”
;”," -..-__.u
» PR _.-"".‘ -
i /.’ _‘.;';” PPt Ll e e .
/, ."/”’ - _—‘—
| | | | | | |
10? 10° 10° 107 108 10° 10'0 10"
1/R (GeV)

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

21
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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

. 1 /\1]kl [see also
Weinberg operator: Lo Velele [ Also fermion operator: £ O Z VithjPrdr  Bedi. TG Grojean Guedes, ]
A2 ijkl F Kley,Vuong: 2402.09361]

D V= (L) o (L)

where  xw(0) = —ilim / d4:ce“”<0’T{ 321 GG(z), GGG(O)}' >

a\N_,  _ xw(0) A% At
» (<fa> = Oina = ) o A2, < Enhanced by Naon

A
Neutron EDM: |0ina| < 10710 » A:; <1076

22
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5D AdS small instantons

1/MIR d 2 6 -
Axion mass: mifg =T ~ —2)0[3] (—W> e asﬁl/P) = /iMéV
1/ Muyv P Qs (MIR)
e Sert
QCD coupling 2t 27 <b 4 8772) log ( p~* )
in AdSS: as(1/p) as(Mir) ggk‘ Mir
——
AdS5 contribution > 0!
Thus, for p~ 1 > M, obtain 2 < 27 |:>
o - a(1/p) < au(Mir)

23

where as(Myy) =1

4D 5D

Aqcp

Mir Muv 1/p

axion mass enhancement?

Gherghetta - HolographicAxion - 27 June 2024



QCD instanton in 5D AdS w00

SUG).
X
< 7TR >
Muyv Mig
2
5D instanton: A (x, 2) = —i(8, )0 x g;2i 2 As(z,2) =0,  (QeSU(Q2))
(I) 1/Mir ()
I:> S [A,(fl)(x’z)] = 52 dr / dz\/g Tr G]\ZNGMN (cl)}
g5 1/Muyv
8 MUV 27 9
= 37 1og = inite acti 1
92k M o) <—— Finite action # o) I
Why did this happen?
24
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Holographic interpretation:

QCD gauge coupling:

11 2 .
(3] ©
2 2 (A 82 -1
m — m _ bO + _87'(' log _P [Pomarol *00; Arkani-Hamed, Porrati, Randall 00;
Qg (1 / p) Qg (M IR) g% k M, IR Goldberger, Rothstein "02]
H_J

CFT constituents

Bound states
(gluon resonances)

1=

v ¥ $

5D contribution (= borT)

CFT constituents must be bifundamental SU(3). x SU(NcgT)

CFT constituents = bifundamental (colored) matter (no spin 1!)

Z)CFT -~ NCFT > 1 dominates asymptotically-free
QCD contribution!

25
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Two possibilities:
(i) Colored fermion constituents:

chiral suppression from CFT fermions!

1/Mix g 9 6
p v _ 27 b
— —CB] (| —— a=177) (p My )PSFT
mifi="T ~ / <0z8(.7\ [IR)) € (pMiR)

1/Muv p° \ |

_ 27
= e os(MR) (No axion mass enhancement!)

SU(3).

p . .
<> CFT contains colored fermions

Muyv Mir

(i) Colored scalar constituents: No chiral suppression |:> Axion mass enhanced!

o However, topological charge conservation suggests no localized instanton!

* CFT dual necessatrily contains colored fermions !?!

M.Uv. zvp Mir

Can be avoided with singular configurations or constrained instantons? [Work in progress]

26
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Other possibilities:

I~ S'U'Oﬂg QCD [Holdom, Peskin 1982] [Flynn, Randall 1987]

€ Enlarge QCD color
SU(3 —|— N/) — SU(S)C X SU(N/) [Dimopoulos, Susskind '79; Dimopoulos 79]

[TG, Nagata, Shifman: 1604.01127]

SUB+ N)x SU(N) — SU(3). X SU(N)p  Gailaro, Gavela, Houtz, Quilez,del Rey: 1805.06465]

[Valenti, Vecchi, Xu: 2206.04077]

SU(S)l X SU(3)2 X X SU(B)k — SU(3)C [[lél?;\t’\ée;lﬁ:r\gﬁ,;{gg?\%i:ﬂ1907.02550]

[Csaki, Ruhdorfer, Shirman 1912.02197]

@ : [Rubakov '97] [Berezhiani, Gianfagna, Gianotti 00]
. error QCD [Dimopoulos, Hook, Huang, Marques-Tavares: 1606.03097]

[Hook, Kumar, Liu, Sundrum: 1911.12364]
[Dunsky, Hall, Harigaya: 2302.04274]

E> Axion mass is sensitive to UV completion!

27
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Questions/Future Work
® Generalize to z-dependent bulk Higgs VEVs

— could enhance specific axion-fermion couplings

® Dark matter ALPs with axion-fermion couplings?

— incorporate SM fermion mass hierarchy

® Construct 4D dual models with A > 10

— warped compactifications in string theory

® Small instantons in weakly-gauged holographic models

z, (2?4 2%)?
22 2292 4 (a2 + 22)2

[TG, Pomarol: 2110.01762] Al (x, 2) = 21y,

— other solutions that give axion mass enhancement?
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Summary

Axion quality problem can be solved in 5D warped dimension

— dual to 4D dynamical axion with accidental PQ symmetry

“Flavored” warped axion
— solves axion quality and explains fermion mass hierarchy

— predicts flavor-violating axion-fermion couplings
— light sterile neutrinos

5D small instantons
— can enhance axion mass and not spoil strong CP solution
— axion mass could be a sensitive probe of UV physics!

Holographic view provides complete framework to study

QCD axion!

29
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Extra Slides

31
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QCD axion limits

falGeV]
10 109 192 10" 10 107 108 107 10° 100 100 100 102 100 1

post—inflation PQ tranaition Hot-DM / CMB / BBN

- pre—inflation PQ transition -Telescope / EBL
(natural values)
SN1987A

Cold DM Globular Clusters (ga,)
WD cooling hint - White Dwarfs (gae)

il i M
|||||J ||||||J L1 LLU,IIJ LI 111 [ 1 IlIlIIJ IIIII‘ ||||||‘ Li

107 10° 107 10* 10° 102 10" 1 10100 100 100 100 100 10
mgleV|

@09 GeV < f, < 10'2 Ge\a

1
f—J“(‘? e >  axion weakly-coupled - “invisible”

mafa ~ sMGqep » 107° eV <m, <107°% eV

32
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Axion-Gluon Coupling

SU(S)C X U(l)pQ

_ ia(x,z)
[

SM fermions 1 U<1)PQ
Auvy AR
. ZIR
Bulk Chern-Simons term: _ 32'{;—2 / &Lr EA/INPQRVN[G?VPGGQR ¢ giircl::.-agtﬁjson
Zuv

coupling

Under 5D gauge transformation:  Vy; — Vi 4+ Oy

ZIR

K
|::> 88 =~ [ / d'z a(z#, z) #YP G, GO,

zuv

33
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Add IR boundary term: /d4xaGG
3272

ZIR

w2

Obtain: Seff = / diz ( a® (O —m2) a(O)_|_32 a(O)G'G)

~ — 27
wnere - Te = /A —1 1R

B - Aason (/BT ()

k2(A — 4+ byy) o0

T —

(suppression for F, < Ayy and A > 4)

34
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Numerical results PR kzm = 101, g2k = 1
(Fu,’ )ij a A =10 00 = 3

F, ~ 10° GeV.
ORI

u,d,e

Scan over y

Flavor-preserving couplings:

[Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]

£ |

107 - T

CA/XHu,d
A/ X,

103

104

35
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N eUtri nO-AXion M Odel [Cox TG, Nguyen: 2107.14018]

[Also Mohapatra, Senjanovic 1983; Holman, Lazarides, Shafi 1983;
Langacker, Peccei, Yanagida 1986; Bertolini et al 2015; Clarke,Volkas 2016]

SU(S)C X SU(2)L X U(l)y X U(l)pQ

Vo udLe N
HU7 Hda o

§
b
9]
3
=
e
O

AUV AIR <4— PQ scale

Bulk Yukawa coupling: (5) 7 L,i\' H, + ye IJL E Hy +h.c. ) - PQ charge of N forbids

1
\/l_c yu i bulk Majorana terms

(5)
1
UV boundary: 5( i VEN; + zz/‘; ®N°N; + h.c. )
36
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Predictions:

Parameters chosen to explain axion quality, neutrino mass differences and PMNS angles
0o = 01,A=01,A=10,tanf =3, kg =107 B> F,~812x 10 GeV

4+ Light sterile neutrinos!

14t
12p
1.0
0.8
0.6
0.4}
0.2}
0.0 | R T
107 10 107 1 100 108 10°

T

| » 1 eV <my < 10° GeV

CN

T

4+ Axion-neutrino couplings ;o5

1077} '.
— 107%
< 1071t » Probe local DM halo =B
= 10-13 | with neutrino oscillations
[TG, Shkerin: 2305.06441]
10—15 i
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[Co, TG, Harigaya, 2206.00678]

10~ ~J

1072 §

10-3 \ ‘¥
. \\, > < Scenario
n I Y ma(TeEw) = mq
% 10 | ‘lu ma( TE\V) < m,
&) ( Ter = Tew
Hlv 107
&3

1076

1077

DUNE ND
10-8 MR | A | PRSP T o 1| Lol L
1073 102 107! 1 10 102

mq (GeV)

Heavy QCD axion solves strong CP + baryon asymmetry!

38

Gherghetta - HolographicAxion - 27 June 2024



