A Holographic View
of the QCD axion

Tony Gherghetta

V)N

UNIVERSITY OF MINNESOTA

Workshop on “New Physics Directions in the LHC era and beyond”
Heidelberg, Germany, April 25, 2024



Strong CP problem

EQCD ) QGé CP-odd term

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

Observable effect:

Neutron electric dipole moment  dy ~ (5 x 107*%¢ - cm)#

dy| $3%x1070e.cm B> |6 < 10710

Why is 6 so small?

6 does not appear to be “anthropic”

Our Universe possible for 0 SJ 0 5 0.1 [Lee,Meissner,Olive,Shifman,Vonk: 2006.12321]



Dynamical Solution: PQ mechanism and axion
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light-quark contribution

Axion quality:  Gravitational violation of U(1)pg |j\2|f —®" + h.c

| n|fn na .. i li
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Terms must be suppressed to very high order! (. ~ 1, > 10)

o . - 3 1
[Note: gravitational instantons ¢, ~ e~> — S > 200 but S~ log ~ —log — for dynamical radial mode ]
fa\@ 2 s [Alvey, Escudero: 2009.03917]




Questions

B How to solve the axion quality problem?

B Can the QCD axion mass be different?

Light-shining-through-walls
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solve strong CP?
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£> Use 5th dimension to address these questions!



Why use the 5th dimension?

& Can generate a hierarchy of scales!

& “Warped” dimension is dual to 4D strong dynamics! &)

5D AdS

& Can generate small couplings! &)
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4D strongly-coupled
gauge theory
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Io AXion Quality PrObIem[COXyTG,NgUYen|9||'09385]

5D metric: ds® = A2(2)(dz? +dz?) ! gun dzM dzN A(z) = é
AdS curvature scale
“slice of AdS”
U)rq
UBrq ¥ @=np(z)e@) | Ul)pg  |[mi=a@-ar
“Bulk mass”
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_ 1.3/2 4—A A i ”
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No UV PQ-breaking (! =0)
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Global U(1)pg symmetry

; a0 (z#) = aO(z#) + ag

Massless axion



UV PQ-breaking (! £0)

Upv(®) D —2€ka5/27) cos(a) = —2€ka5/277 (1 - %ag + .. )

O)(3) =~ 2 k/? 2\ L 2MA = 2)(kzuy )P (k2) XA
> f7(=) = 21r s 1( ) ll+eUV+2aO(A—2)(zUV/ZIR)A

[Cox, TG, Nguyen 1911.09385]

10=0.1,"yy =0.1,byy = 0,05 k=1 |
m——A=10

Axion pro ble
suppressed!




UV axion mass (! £0)

[Cox, TG, Nguyen 1911.09385]
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Axion potential:

UV explicit PQ violation

0 CD)\2 12 a® N vy al®
V(a' ))2—(mgQ ) F; cos T+0 —§(m((, ))%Facos +9

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

relative phase
Require:  (m§’"))? < 10710 (mg?“P))?

[Cox, TG, Nguyen 1911.09385]
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AdS/CFT dictionary
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Holographic interpretation:

4D composite axion,

5D axion,

accidental global
U(l) PQ symmetry

local U(l) PQ symmetry

i'n G G
Axion quality: lcnle"™ | (n! 10) VIREARVIAK) ity 10
P P A )

due to gauge + Lorentz symmetry!

Examples; [Kim 1985; Choi, Kim 1985];
[Randall1992]; [Redi, Sato 2016]; [Lillard, Tait: 1811.03089]; [Gavela, Ibe, Quilez, Yanagida: 1812.08174]



4 D I\/I O d e I [Gavela, Ibe, Quilez, Yanagida:1812.08174] [Cox, TG, Paul:2310.08557]

New strong gauge group Global symmetries

——
| sU6) | sue). | SU(n)s | SU(n)10 | U(1)p-L = U(1)pg |
vs | B R vg | O 1 -3
o 10 R Y10 1 O 1
Chiral condensate: (1010108) ~ A —  SU(n)g x SU(n)jg — G D SU(3).
PQ condensate: (5 51055 10) ~ Ag <4— dimension 9! (due to gauge invariance and chirality)
Ax 213 gt composite axion!
» Lper = cpg (AsfoQ)” —2iges +he. feq=As/g.. 1<g.<dnm
4w Mgl

Composite sterile neutrinos: ¥y = ylplpl) | Uy = vl

~ ~ 2
&ij & i Asfi v’
Lerr = 35 LiH (Vsbsvro) ; + 22 LiH (vsvlovlo), + b B> mive=\ A 2 3 A

. e 1 .
Common origin for the see-saw mass scale and the PQ scale! =2~ jf;é; (13fLA5)

i.e mi™e 1 m,



Flavored Warped AXion s, cou e monons

. . . . B [Also Wilczek 1982; Ema,Hamaguchi,Moroi,Nakayama 2016
DFSZ'IIke axion mOde/ Wlth bUIk Standard MOde/ fermlons' Calibbi,Goertz,Redigolo,Ziegler,Zupan 2016; Bonnefoy,Dudas,Pokorski 2019]
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' QudLe

UPro % Hy Hg,! U(1)pq

AUV e ] PQ scale

Axion-fermion couplings:
d4 8”0' Ay B ) ij quf .
(C )is — (€ )iy )“J ATmyg AR = my, (similarly for down-type quarks and leptons)
Overlap between axion and fermion profiles

B @Ne=Xn [ ol (ana G 7 b J8 i)

2uv

P



Numerical results

kzig = 1010, g2k =1

A=10 o090=3

H ; ; . 1 (e
Flavor-violating couplings: LR Fo o 100GV,
Fiar ! O(Fyg) Scan overy\y, ! 1
[Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]
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[Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]
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[Martin Camalich, Pospelov, Vuong,

Ziegler, Zupan 2002.04623]

4,

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



2. Axion mass from 5D small instantons

QCD axion mass:

o T , |
- /dz O[T | 55- L_Go, G (), o

C'b bpc(U 1 )| |0)  “topological susceptibility”

@ Sett

Dilute instanton gas approximation:

! T o
s/ #)

! 2" !
T ! !—5C[3] o ©

QCD asymptotically free I:> T éCD

. _ N it M
Fermion zero modes: (tme )V — Suppression-—s @} g
* QCD

|:> m?2 — mymg M{f
a,QCD (my+mg)? f2




How to enhance QCD axion mass!?
e Change QCD coupling in UV 1 s(1/")! 1  “Small instantons” VAT

® Close fermion loops with Higgs boson

K = &ﬂkﬁﬂﬂ ~ 10—23 (OtherW|Se mumdrlngmsmbmt
! A7 47 A 4w 4w An ' Ov

2¢2 1 1) 4 4 1,1
E> (mafa! = QCD+!|J where! | I ! ocp

Use 5th dimension to make QCD axion heavy!



QC Din5D Flat space 5D metric: ds? = dx? + dy?

L
‘ 1 : bCS i / 1 9
S5 = — /‘141”/0 dy (@TT[GT:!N] + WEUNRSTBMTT[GNRGST] + @ELN + .. )

SU(3).! U(1)

Aflo) (x) QCD gluon

.............................................................................................. Béo) (x) ! a(x) QCD axion

< TR >
. . Aa — A(I )a — 2! ap ! (X! X0)1 Aa — O
5D instanton: 1Y) u(X) RO 2(x,Y)
3
|:> Sé') = 871'0R = L Finite action
g5 Qg



®
5 D s m al I I n stanto n s [Poppitz, Shirman ’02] [TG, Khoze, Pomarol, Shirman: 2001.05610]

Fluctuations + Kaluza-Klein contributions

small instantons!

A . ' ‘
'S 1 [ 1 R 6
@ eff . . ' dp A B K og 2
. . - T!/—CS( )e=ﬂ;—!mf
: : : J1/As pS [ ] Q’s(l/R) R4 a'a
: 4D . 5D |
: : : 27 R
: : 1 Se = ——— l —
: : : B Se=_m 35(R/P"”° n
!: QcD 1/|:Q l g )1/! power law term!

6
f(R/p) ~ 1/3 K ~CI3 2m 3—by ——= +ASR
» ~ S— A:R ax(1/R)
R/p = 20 [ ] as(1/R) (AsR) © power law contribution can
~ overcome suppression
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|::> Small 5D instantons can dominate for

[TG, Khoze, Pomarol, Shirman: 2001.05610]

I A I ' |
Assume boundary Standard Model fermions (b = 7) and QCD in bulk

~—=-- €=0.35 6"

| |
FsR! #s(1IR)

5D strong coupling

fa>1lg

f,=10%Gev< ! g

. e ,” . . .
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- o -
- =+ terms 1 .
et e eg.——GGG
‘»‘ ’/ | 2
’,¢",/ | W
R [Bedi, TG, Pospelov: 2205.07948]
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E n h an ced E D M s [Bedi, TG, Pospelov: 2205.07948]

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

ijkl - _ [see also
T,bil,/)j’(/)k’l,bz Bedi,TG,Grojean,Guedes,]

A
[Also fermion operator: £ D E Az
F Kley,Vuong: 2402.09361]

Weinberg operator: Lo LGG@
A%V ijkl

B V@ -wO) (1) + 5O (f—)2
1

. 1 = _
— _inh 4, ikx
where xw(0) = —i %12% d'ze <0 IT{—32W20G($)’_A%V GGG(O)}'O>

Z s

a xw (0) 'S
— ) =0ina = — !
» (<fa> d (0 12 << Enhanced by oo

Neutron EDM: fnal $107° B> % 10 ©
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What 1s the HOlographiC View? [TG, Pomarol:2110.01762]

Runnina ¢ lina: 1 — i_ —lo ( ~ ) ; . — d4 a G:au!
g coupling: 20 & & g(Hzuy Topological charge:  Q 302 XG
d!
Q=0 m2f 2 5 '+ S

---E—----%------E ----- 8|2 8'2
E> Siocal = [

EUT ' @D

uv 2 IR

However, topological charge conservation * NO localized instanton!

CFT dual necessarily contains
colored fermions!
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Heavy Axion Limits

Favoured by axiogenesis!

[Co, TG, Harigaya, 2206.00678]
[Agrawal, Howe: 1710.04213]
L] ~
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Heavy QCD axion (1 MeV! 10 GeV,
solves strong CP + baryon asymmetry!
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Other possibilities:

et Strong QCD [Holdom, Peskin 1982]  [Flynn, Randall 1987]

€ Enlarge QCD color
SU(3 + N !) I SU(3)C " SU(N !) [Dimopoulos, Susskind ’79; Dimopoulos 79]

[TG, Nagata, Shifman: 1604.01127]

S U (3 + N ) ' S U ( N ) b S U (3) I ' S U ( N ) D [Gaillard, Gavela, Houtz, Quilez,del Rey: 1805.06465]

[Valenti, Vecchi, Xu: 2206.04077]

SURB)1! SUR)2! 4B SURB)k " SU(B)c o e g1 02197)

@ : [Rubakov '97] [Berezhiani, Gianfagna, Gianotti '00]
. M”'ror 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!
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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!
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Extra Slides



QCD axion limits

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

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

- pre—inflation PQ transition -Telescope / EBL

(natural values)
SN1987A

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

ml MADMX "

1007 10° 1072 10* 107 102 107! 0° 100 10* 100 10° 107
mgleV]

(109 GeV! f ! 10% Ge\a

' pa >  axion weakly-coupled - “invisible”

§'6co E»  10°%eV! m,! 10 eV
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Axion-Gluon Coupling

SUB):! ULpo

— ta(x,z)
Urq & =nzle

SM fermions U(l)PQ
AUV I IR
. ZIR
Bulk Chern-Simons term: _ _F 5 P eMNPQRVMGf,‘VpG“QR
327% /.

Under 5D gauge transformation:  Vy ! Vy +Iy"

ZIR

K
|:> dS = ~ 353 [/ d'z a(a", z) VP Gy, GY,

Zuv

29

generates
axion-gluon
coupling



Add IR boundary term: /d4xaGG
3272

ZIR

Obtain: 8,7 = / diz ( a© (@ — m2) a(O)+321r2F a(O)Gg)
1 op
where Fal‘;mzu%

B | ot (T (Y

K,Q(A —4+byv) 00

(suppression forF; ! ! yy and" > 4)
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. V.A zir = 100, g2k =
Numerical results 1 e Foan = 10705k =1
(Fu™")ij Fa A=10 o09=3

F, ~ 10° GeV.
® | 1

ude *

Scan overy

Flavor-preserving couplings:

[Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]
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N eutrin O'AXion M Odel [Cox TG, Nguyen:2107.14018]

! Qu,d.L,e

MQ Hu,Hg,!

N g
LA

Bulk Yukawa coupling:

Si-

~

UV boundary: (b,\r',«ijNj +

b | -

(v TaN;Hu + y

N

(5)
YN ij
1:3/2

32

(5),-L_,'Ede + hC) ¢ PQ charge of N forbids

e,1]

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

SU@B).! SU@)L! ULy ! UL)po I

! IR €— PQscale

bulk Majorana terms

@Nf"\rj + hC)



Predictions:

Parameters chosen to explain axion quality, neutrino mass differences and PMNS angles
0o =01,A=01,A=10,tanf =3, kzir =107 E» F,=812x10°GeV

I Light sterile neutrinos!

14t
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I Axion-neutrino couplings -5 .

1077} 2
— 107°}
ST (U » Probe local DM halo =P
= 10-8| with neutrino oscillations
[TG, Shkerin: 2305.06441]
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Heavy QCD axion solves strong CP + baryon asymmetry!



