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Strong CP problem

EQCD 2 QGG CP-odd term

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

Observable effect:

Neutron electric dipole moment  dy =~ (5 x 107'% - cm)§

dy| $3x107%%c-cm B [6<10710

Why is 6 so small?

8 does not appear to be “anthropic”

Our Universe possible for 0 < 6 < 0.1  [Lee,Meissner,Olive,Shifman,Vonk: 2006.12321]
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Dynamical Solution: PQ mechanism and axion

; . 1
Axion: ¢ = 7 (fa+ p)e Ta U (1)pq spontaneously broken
1 a oas .~ 1 ~ 1
. . m
Axion Lagrangian: La 5(8 a)® + ——GG + ZagawFF + —J"0,a
fa 8 Ja
diphoton coupling axial current coupling
dim 5 term
Axion mass;: m2 = I T=—i[d% (0|T G? Ca’“’( ), ! G ébm(()) |0) topological
- ¢ fc% B ‘ 39 2w T 32m2 ' susceptibility

1012 Gev> !

E> m2 f2 [OI" Precise|y’ meg = 570(7) ,uev ( fa

[Cortona, Hardy, Pardy Vega,Villadoro, 1511.02867]

I|ght quark contribution

d" + h.c.

Axion quality: ~ Gravitational violation of U(1)pq M" 1

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

[however, if only gravitational instantons ¢,, ~ e¥ — g > 200 1]
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Where does dim-5 axion coupling come from!?

Example; KSVZ [Kim ’79; Shifman,Vainshtein, Zakharov ‘80]

U(l)pQ Dirac fermion: W — eiq‘I’ Y5 complex scalar: b — eiqcpozq)

Scalar potential: V' (®) = —m%Q‘(I)‘Q + )\PQ’(I)‘4 |:> (P) =

Yukawa coupling: AL = h,’j(b\i'}{f‘l’[‘j + h.(_‘. E> my ~ h—a

(2qw + 92 =0)

Integrate out I
el [ LNeTe
Dirac fermions: E> 3272 f,

(Also DFSZ [Dine, Fischler,Srednicki '81;Zhitnitsky '80] )
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QCD axion limits

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

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

pre—inflation PQ transition -Telescope/ EBL
SN1987A

Cold DM M Gilobular Clusters (g,,)
WD cooling hint - White Dwarfs (gae)

il MADMX "
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mgleV|

(natural values)

@09 GeV < f, <102 Ge\a

1
f—J“(‘?ua 5>  axion weakly-coupled - “invisible”

m2f2~tAep B> 107° eV <m, $107% eV
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Questions

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

B How to solve the axion quality problem?

B Can the QCD axion mass be different?

G = a1l
" o,
1015 4
1016
210717 4
< 10*18;
10*195

Light-shining-through-walls

&

&

Haloscopes

_

solve strong CP?
o —>

LLALLLALL OLAUALLLLL ILAALLALY SLSLALLLLY EARILY B AR ALIL AL RRALL SRR AL RN BRI
10~1110-1° 102 10-% 107 10-% 10> 10~* 10~% 102 10~! 10° 10’

Axion mass [eV]

5> Use 5th dimension to address these questions!
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Why use the 5th dimension?

5th coordinate y
I n
| |

=

& Can generate a hierarchy of scales! %QD

length scales

Auv Ar < Auv

PRy

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

5th coordinate

- Y
. Auv
5D AdS <:> 4D energy scale |/ 4D strongly-coupled
gauge theory
Ar < Auy

Avv 7 Ar < Auy

=

& Can generate small couplings! &)

Small wavefunction
overlap
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1. Axion Quality Problem c..rue i

5D metric: ds® = A%(2)(dz® + d2?) = gayndax™ da™ Alz) = kiz
AdS curvature scale
“slice of AdS”
U(1)pq
%@ ¥  ®=n(x)e®?) U(1)pg mg = A(A — 4)k?
“Bulk mass”
TR
_ —7mkR Explai
Auv Arr =Agve™™ - P)(()psegglse
PQ symmetry
_ 1.3/2 4—A A i »
beaking | | 1(2) = BP((k2)72 + o(k2)2) | “Buk VEV
\ = tyy Fosrro YA—4 . .
= AT—I-I)UV( 2Uv) , explicit” breaking
A
o= \/v%R ~vn (kzrr) ™2 = o9 (kz1r) ™2 “spontaneous” breaking
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No UV PQ-breaking (A=0)

27..+2 2 2 2(A-1)
©0) /. . ZIR — gskog (A—-1) z z B 4
|:> fao(")_ao‘/A 1(1+4A(A_1)<2A_1 + 5 Al ) +0(p)

(Z[R > ZUV)

2500f
= 2000}
=< 1500}
1000}
500f

(0)

20 40 60 80 100
uv IR

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

Upv (®) D —20yv k> ?ncos(a) = —20pv k> *n (1 - %aQ - )

A _ A(].,\2(2-A)
0 (2) ~ 2 \/ — 2M(A —2)(kzyv )~ (kz)
(z115>>zUV) a (%)~ IR n(z ) (zIR) [1 + lyy + 200(A — 2)(zpv/z1R)A

[Cox, TG, Nguyen 1911.09385]

00 =0.1,0yy = 0.1,byy = 0,g5vVk =1 |
—A=5
——A=10

Axion profile
suppressed!
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UV axion mass

(A #0)

[Cox, TG, Nguyen 1911.09385]

O kZ]R = 10, euv =0.05

(kzyv = 1,00 = 1,byy = 0) 7]

=

10°7F " kzr=10% fyy =01 i
© kzip = 103, byy =0.1
5 6 7 8 9 10
A
K ZIR
Bulk Chern-Simons term: ~ 39,2 / &z MNPORY G pGhR
Zuv
A _
S T T NEC SN
a K2 (A—4+byv) 00 Apv

UV axion mass suppressed
for large A

<€— generates axion-gluon coupling
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Axion potential:

2
F,

)

V(a(o)) o —(m&QCD))QFf cos (— + é) - (mc(zUV))ch? cos (

7 N

relative phase

Require: (mt(zuv))2 < 10719 (mS,QCD) )2

[Cox, TG, Nguyen 1911.09385]

e ! L L | s LI ""'. 30_ ! L | ! ! I -]
: _.100°
2z 20 T 107
< [ e e L 1-==
2 R R N
. ) ]
o S, o: o
10° 1010 10t 102 10° 10% 10t 102
Fy [GeV] F, [GeV]

10°GeV S F, S102GeV B> A 210 |50 iy

~J
problem!
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Holographic (AdS/CFT) interpretation:

local U(1)pg symmetry VAN global U(1)pg symmetry
D, m% = A(A — 4)k? s O, dimension A
Ayyve ™R = Ag <~ o A= AUve_bCi%
o < (O)
A — 1 AP0
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Holographic interpretation:

5D axion, 0 4D composite axion, accidental
local U(1) PQ symmetry global U(1) PQ symmetry

Example: [Gavela, Ibe, Quilez, Yanagida:1812.08174]

New strong gauge group

Global symmetries
|SU(5) SU(3)c |SU(n)5|SU(n)10|U(1)3_LEU(1)pQ|
vs| 5 R ve | O 1 -3
Y10 10 R U0 1 O 1

Chiral condensate: (1010105) ~Af —  SU(n)s x SU(n)j0 — G D SU(3).

PQ condensate: (5 51055 10) ~ Ag <4— dimension 9! (due to gauge invariance and chirality)

(47)2 f9 —iZa/f.
L - a T alfa h. X
= “oar \7) gt v e
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F I avore d Wa rp e d AXl O  [Bonnefoy, Cox, Dudas, TG, Nauyen 2012.09728]

Consider DFSZ-like axion model with bulk Standard Model fermions:

SU(3)C X SU(Q)L X U(l)y X U(l)pQ
VQ,u.d,L.e
Udro % H,, Hy, ® U(1)pq
AUV AIR <4— PQ scale

constant bulk Higgs vevs

.ay(r,z .a (x,z) )
Bulk VEVs: Hy = ol <(I)> ; Hy = L ((1)> -' & = n(2)e™=2)

2IR ey _ =y
Bulk Yukawa couplings: ~ —2 / &z /=G - (y®) QU H, + 4 Q:D; Hy + Y LE;Hy+ h.c.)
Zuv

NG (yu,z'j d.ij

Bulk fermion mass: my, = cy, k
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BOnqueature.' explains fermion mass hierarchy (. romaroi 00

g (5) V2uu [FR dz 0
my, _yu,ij \/E o (kz)s fQiL(z)ijR(z)

15, (2) = No, (k2)> 6@
fgm(z) = Ny, (kz)?

} bulk fermion mass parameters

(similarly mzlj 2)

Auv AR <— PQscale
2.0 s 7| [ —— :

E i k2g = 1010
15¢ 15F ' tanf=3 -
10} 1.0f ‘ -

§ : & -
' : ' [ :
05F 05F 71
oof 0.0} e
| ; e |

_0.5 [ 1 1 | I 1 1 _05 [ TN TN TR TN N TN TN TN TN (NN TN TN TN SN NN TN TN TN Y NN SN SO TN 1

-0.5 0.0 05 1.0 15 20 -0.5 0.0 0.5 1.0 15 20
cL cL
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Axion-fermion couplings:

((CV)U (C:} )ij’ys) 'uj) Lmu A'g = My, (similarly for down-type quarks and leptons)

Overlap between axion and fermion profiles

2 @YX / : (,:’7")4. ()il > (A T (AL GID (42115

z

T — L

Axion profile: f2(2) = FL (1+ gég))

z-dependent part of axion profile depends on A

SM fermion profiles: 8., (2) = Ng, (k2)>2% (similarly for leptons)
3..(2) = Nu, (k=) >+eus
19..(2) = N, (kz)2+ep: .
Parameter count:

9 cq,, Cu;, Cq; parameters - (6 quark masses + 2 CKM) = 1 free parameter (cg, + Cu;)

6 cr,,ce, parameters - (3 charged lepton masses + 2 PMNS) = 1 free parameter (cp, + ce,)

(assuming, for simplicity, PMNS generated in charged lepton sector)

{Majorana neutrino-axion model [CoxTG Nguyen:2107.14018] == Jlight sterile neutrinos }
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Numerical results

kzig = 1019, 2k =1

A=10 o09p=3

i : ; . 1 (™
Flavor-violating couplings: AR Fo o 109GV,
Fqﬁd,e ~ O(qu,d,é) Scan over yz(i’()i’e ~ 1
- 15 [Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]

10 - L] L] L Al A A I L) I ] L] L] ] ] L) L) T T B 10 : T T T T L) L) L) L) L) L) L) Ll T T T T T T
104 ¢
S -
1083¢
1012

% 2 0 2 4 4 2 o0 2 4
CQs + Cuy CLy + Cey
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Limits on axion-quark couplings

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

F, i [GeV]

1013 1012 101 1010 10° 108 107 10° 10°
Fg
\ A — na F‘:d
Fe
Fg
Fq
B — pa F ‘ﬁd
Fys
Fis

‘ . , |Fe |Fy :F,(prosp) |F, 1
10 1073 104 103 1072 101 10° 10!
m; eft [eV] Mo = 4.69eV x 106 GeV /F,
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[Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]

1013-____ S —————————— 1013_
e op =1 [
A =10 ] - op = 3
F, =10° GeNV ; - F, =10° GeV
Future sensitivity =) = ="="="= _— - - — - op =2 — 1 - - — — — - - - - - - - - - - - -
] B S A =18
102} — gp =3 1 107} A=14]
—— dg = 4 : A =10
B -2 0 2 4 -4 -2 0 2 4
€Qs T Cug €Qs + Cus
Experimental limits : (FY )12 2 6.8 x 1011 GeV (KT — 7ta decays)

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

|:> 0'024, AZG

20
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[TG, Khoze, Pomarol, Shirman: 2001.05610]

2. Axion mass from 5D small instan.tons

QCD axion mass:

m2 — I di O|T Ge a;u( ] va vapa(o |0> ot losical tibility”
a f2 ZT Z). 3) 50 oo opological susceptibility
a
: : L s A
Dilute instanton gas approximation e Sest
6 2
dp B S R 6 W)
Toc [ 550 (asu/p)) ¢
--AQCD )1/P
QCD asymptotically free |:> T AQCD “Large instantons” p~1/Aqep
mu
. . Nf . Hf mf
Fermion zero modes: (pmy)™7 — suppression —{—— -
QCD
|:> m2 _ _mymg__myfz
CL,QCD (mu—l—md)2 fg
21
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How to enhance axion mass?

e Change QCD coupling in UV as(1/p) ~1  “Smallinstantons”  p ~ 1/Ayy

® Close fermion loops with Higgs boson

Yu Yd Yec Ys Yt Yb —93 : My MGgMeMsMp My
cp— 22 I IC I8 T T ~ 10 otherwise
" A 4w 4w 4w A Aw ( Aby )
~ L4 1 where A A

sAGep + AI) 1 2> AQCD

Use 5th dimension to make QCD axion heavy!

22
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QC Din 5D Flat space 5D metric: ds? = dx? + dy?

b 1
/d4/dy( S T{Gin] + gy VT B (GGt + 7oz Pl + - )

/

SU(3). x U(1) 9 qopa
o \L gluon

Béo) () = a(x) QCD axion

TR
5D instanton: Al(z,y) = A,(f)a(x) = 227;ﬁ2(09;2_f22”, Ad(x,y) =0
3
|:> S(I) 871'0R : 2_71’ Finite action
g5 Qg
23
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5D small instantons

Fluctuations + Kaluza-Klein contributions

small instantons!

A ' ' 6
_3 . . : dp 21 _ K 2 12
Ak - : / 03( )ec";— x m:f
: : : Jijas P as(1/R) R e
: 4D . 5D [
5 - B> | Sa= 17 - %R/l
: : > as(1/R)
AQCD 1/R A5 1/p | —

power law term!

6
£(R/p) ~ 1/3 ‘ —~ 2m 3—bp m"f'ASR
R/p > 20 K= 0[3] as(l/R) (ASR) © ( power law contribution can
~ overcome suppression

2
Valid up to %05 1 or AR < 6T

247‘(‘ ~ Qg

24
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Axion mass from 5D small instantons

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

5D enhancement

Yukawa coupling suppression from Higgs loops l

E> e~ \/28,C3) ( 7 )3 (mu+ma) 1 e 3(HmAsk)
MeQCD d as(1/R) Vua M fzR2  (AgR)3(b0-3)
Write A5R = % where ¢ SJ 1 (perturbativity limit)

Positive exponent: # —AsR <0 I:> e 2> 0.14

As
2

Maximum axion mass enhancement: Mg gp ~ Kf

25

Gherghetta_5DAxion - 8 February 2023



M3 @cb

=

1020

1016

1012

108

104

[TG, Khoze, Pomarol, Shirman: 2001.05610]

mmm=a =035

————- €=0.25

5D strong coupling

.~ CP-odd higher-
dimension terms
[Bedi, TG, Pospelov: 2205.07948]

- J’ .-"‘; ’-“-' ’—’———‘_
,/ ’,—;; " - - —
-~ -';"’ L e - _"——
e —_ NPT LAty L
1 1 | 1 1 | 1
104 10° 10° 107 108 10° 1010
1/R (GeV)

Small 5D instantons can dominate for

26
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Heavy Axion Limits

Favoured by axiogenesis!
[Co, TG, Harigaya, 2206.00678]

[Agrawal, Howe: 1710.04213]
L)

101} 3| |5 -
2|8
&
107> g |2
—_— 9 Q
! -ALPS lic
T e
o 10 LIAXO
j— S
| &3 &
1072 @Qo’z
[ 4 P
17 7&?&3"
1077 |

1072 107 0.01 100000 108 10"3
m, [eV]

Heavy QCD axion (1 MeV — 10 GeV)
solves strong CP + baryon asymmetry!

27
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Other possibilities:
I+ Strong QCD [Holdom, Peskin 1982] [Flynn, Randall 1987]

€ Enlarge QCD color
SU(3 —|— N/) — SU(3)C X SU(N/) [Dimopoulos, Susskind '79; Dimopoulos ‘79]
SU(3 + N) X SU(N)/ — SU(S)C X SU(N)D [TG, Nagata Shifman: 1604.01127]

[Gaillard, Gavela, Houtz, Quilez,del Rey: 1805.06465]

SU(3)1 X SU(3)2 X oee X SU(S)k — SU(B)C [Agrawal, Howe 1710.04213]

[Csaki, Ruhdorfer, Shirman 1912.02197]

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

[Hook, Kumar, Liu, Sundrum: 1911.12364]

£> Axion mass is sensitive to UV completion!

28
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Questions/Future Work
Generalize to z-dependent bulk Higgs VEVs

— could enhance specific axion-fermion couplings

Construct 4D dual models with A > 10

Dark matter ALPs with axion-fermion couplings!?

Small instantons in weakly-gauged holographic models

r, (2% +2?)?
TG, P 1:2110.01762 A%(x,z) = 2n% —
[ omaro ] M(az 2) N 2 722 1 (22 + 22)2

— 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!

30
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Extra Slides
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Axion-Gluon Coupling

SU(3)C X U(l)p@

— ta(x,z)
ser, | O

SM fermions 1 U(l)PQ
AUV AIR
ZIR
Bulk Chern-Simons term: __k 5. MNPQR a a ‘ generates
3272 LUV dze VuGnpGor axion-gluon

coupling

Under 5D gauge transformation:  V,;, — Vi + Oy

ZIR

K
B> 5= [ / diz a2, z) SV G, GO,

Zuv

33
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Add IR boundary term: / draCC
3272

ZIR

in: 4 0 0 0
Obtain: Seff = /d ( al )(EI ma) a® + 327r2F - — )GG)
1 op
where Fa = ; \/rlzll%

D - (A ()

— —

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

34
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Numerical results 1 _ (@ kag = 1010, g2k = 1
Fy A=10 o9=3

F, ~ 10° GeéV.
6) 1

u,d,e

Scan over y

Flavor-preserving couplings:

-
Cup

102}

1072 o T

LA

CA/XHU,J

103} 103

L) LR A

10+ 104
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N e Utri n O-AXi O n M Od eI [Cox, TG, Nguyen: 2107.14018]

SU(B)C X SU(2)L X U(l)y X U(l)pQ
YQudre N
H, H; ®
Ure % ‘ U(1)po
AUV AIR <— PQ scale

- 1 (5) (5) +— .
Bulk Yukawa coupling: ﬁ (yu,ijLil\eru n ye,ijLiEde + h.c.) < Eﬁkc&zrjgfa?‘;l\g?;]kgds
1 y&‘r’)
. | T v, | T
UV boundary: B (b,\r‘,-jﬂf i+ k3—/2’¢’?§f i+ h.c.)
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Predictions:

Parameters chosen to explain axion quality, neutrino mass differences and PMNS angles

0o = 0.1,A=0.1,A =10, tan B = 3, kzjg = 107

4+ Axion-neutrino couplings

4+ Light sterile neutrinos!

CN

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

|(c2!)s;

1075

5> F.=812x10°GeV

10—7 | “‘.. .\
V

107}
10—11 |
10—13 |
10—15 |

107 10°¢

1073

T

T

T

T

-

o

-

10~°

1078
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» 1eV <my <107 GeV
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Higher dimension terms:

L
ASs = —— / d'z / dy 28 Tr Gy yOGMN
g5 . Jo Ag
27 (3w g R
Seff = —3¢(R/p)—
= et B SR
Extremum: 1 ~ (R/ ) Ag
(¢ > 0) p* 247r3

2
Provided 2 47T3 <1 E> P > AL

1.e. instantons of size near UV cutoff (Aj) are suppressed
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[Co, TG, Harigaya, 2206.00678]

1072 \

10-3 ‘@3
. k \\. ' : X ] Scenario
i » : ma(Tew) = m,
% 10 E l'. ma( TE\V) < m,
@) - Ter = Tew
~ 1n-5
T = 10 & %G &

f »
107 a q%s

DUNE ND

10-8- Lol vl Lol Ll Lo an
1073 1072 107! 1 10 102

mge (GeV)

Heavy QCD axion solves strong CP + baryon asymmetry!
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