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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

fa

Axion: ® = T(fa + p)e Ta U(1)pq spontaneously broken (®) = NG

. : 1 s 1
Axion Lagrangian: £, = 5(8,&) + ig—GG + 4agmwFF + — 7 J“@ a
diphoton coupling axial current coupling

dim 5 term
’7' .
: . 2 _ a apy | |
Axionmass:  m2 = T=—i [ O [LGLEW 0. aGLETO]0 e
a

1012 GeV
|:> m2 f2 QCD [or precisely, Mg = 5.70(7) pueV <T) ]
[Cortona, Hardy, Pardy Vega,Villadoro, 1511.02867]

Ilght quark contribution

d"™ + h.c.

Axion quality:  Gravitational violation of U(1)pq M” I

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

[however, if only gravitational instantons ¢, ~ e™° — § > 200 ]
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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
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solve strong CP?

Axion-photon coupling [GeV ']
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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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IO AXion Quality PrObIem[Cox,TG,NgUYen|9||'09385]

5D metric: ds?* = A?(2)(dz® + d2?) = gy ndax™ da™ A(z) = k:_lz
AdS curvature scale
“slice of AdS”
U(1)pq
%@ ¥  ®=n(x)e®?) U(1)pg mg = A(A — 4)k?
“Bulk mass”
TR T
Auv Arp = Ayye ™" 4—
PQ symmetry
3/2 4—A A c ”
oaking | B | n(z) = B2 S 4 o(ka)®) | Buk VEV
A= #_‘;bUV(I\:zUV)A_4 \ “explicit” breaking
o= \/v%R - % (kzrr) ™2 = oo (kzrr) ™2 “spontaneous” breaking
6
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No UV PQ-breaking ()\=0)

2742 2 2 2(A-1)
©0)/.\ . “IR — gskag (A-1) z z _ ok
> fa(e) = 2 VA 1(1+4A(A—1)<2A—1 3 a))+ol)

(z1r > 2uv)

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 () +#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 — 10 1

Axion profile
suppressed!

Gherghetta_5DAxion - 5 June 2023



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 -
© kzip = 103, byy =0.1
5 6 7 8 9 10
A
K ZIR
Bulk Chern-Simons term: - W/ &z MNPRY Y Gy pGhR
Zuv
A _
B> - Mprmdod (WAST)E (B )
a K2 (A—4+byv) 00 Apv
9

UV axion mass
suppressed for large A

<€4— generates axion-gluon coupling
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Axion potential:

UV explicit PQ violation

0 CD)\2 2 a® 2\ vy a®)
V(a?) ~ —(mQ¢P))2F2 cos T+9 —g(m‘(l ))%Facos + 6

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

relative phase
Require: (m((IUV))2 S, 10_10 (mngCD))2

[Cox, TG, Nguyen 1911.09385]

00 100 om 102 9 100 108 100
F, [GeV] F, [GeV]

Solves
10°GeV S Fu <102GeV B> A 210 <— [avonauaiy

~ problem!
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AdS/CFT dictionary

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

,," local U(1) pq symmetry . < /" global U(1)po symmetry *,
E D, m2 = A(A — 4)k? > O, dimension A
E E : _ 82 E
: AUVe—ka = AIR E < : AIR = AUV€ bopT 92 :
5 o AERES (0) |
\\~~ )\ /,’ o \‘~~ )\@O ',"

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

Holographic interpretation:

4D composite axion,

5D axion,

» accidental global

U(l) PQ symmetry

local U(l) PQ symmetry

Cn

n—4
Mp

n CA CA
Axion quality: " (n>10) < —=~19 (it k) (A > 10)
W

~ =
A—4 A—4
M5 M5
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]
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Flavored Warped AXion s coomnsmsnons

. . . . ; [Also Wilczek 1982; Ema,Hamaguchi,Moroi,Nakayama 2016
DFSZ_IIke axion mOdel Wlth bUlk 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
UPre % H,, Hy, ® U(1)pq
AUV AIR S o PQ scale

Axion-fermion couplings:

[t Bua® 4 Ay 5 ii

z/ z o, (@in* ((ew)is — (c)ig”) us) AZmL’A'g = My, (similarly for down-type quarks and leptons)

Overlap between axion and fermion profiles

» (ew™)is = X, / uszyt. ((A';z).-k.)ﬁ(A‘g)k,- ¥ (A;t).-k.)?(Az*)k,-)

z

W
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Numerical results

kzig = 1019, 2k =1

A=10 o09p=3

i : ; . 1 (™
Flavor-violating couplings: AR Fo o 109GV,
qud,e ~ @(de’e) Scan over yz(f()i’e ~ 1
- 15 [Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]

10 - L] L] ] Al A A I Al I ] L] L] L] L) L) L) T T B 10 : T T T T T L) L) L) L) L) L) Ll T T T T T T
104 ¢
S -
108
1012 L

-4 -2 0 2 4 -4 -2 0 2 4
CQs + Cuy CLy + Cey
13
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10" ——

Future sensitivity =3

>3

€3

1012

—— 0'0—1
A =10
F, =10° GeV
—————— —%R—————GD:—Q—-
’&_
\¥ 0'0—3
oo =14
M — 0
e 0'0—5
4 -2 0 2 <
CQs T Cus

Experimental limits :

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

=

(FY )12 2 6.8 x 1011 GeV

0-0247

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

1013 :

- op = 3
- F, =10° GeV

S8 I S A= 18

o —

= 1012 E— |
i N A =141
s A =107
i E—— |
[ A=6

-4 -2 0 2 4
€Qy T Cuy

(K* — 7T a decays)

[ (8.3x 101! GeV) Bauer, Neubert, Renner,
Schnubel, Thamm 2102.13112;2110.10698 ]
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Neutrino-Axion Model c.rormemzoion

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

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

VQu,dLe N
H?.m Hd7 o

§
v
Q
=
N
g

O

AUV AIR <4— PQ scale

- 1 5) T ar 5) +— -
Bulk Yukawa Coup“ng: ﬁ (yz(;,i)‘L"NiHu + yf.,i).-LiEde + hC) ¢ PQ charge of N forbids

] bulk Majorana terms

(5)
1 T yJ /1] T
UV boundary: 2 (b,\rv,-ijA'j + #@Nfz\'j + h.c.)
I5
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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, kzir =107 B> F, =812 x10° GeV

4+ Light sterile neutrinos!

14}, ' ' ' ' ' o
12F ¢ .
1.0+ B
50'8_ | » 1 eV <my <10° GeV
0.6+ i
0.4+ 4
0.2} W
0.0} | | | | e X
107 10 10° 1 10* 10° 10°
my [GGV]
4+ Axion-neutrino couplings
1075
1077 ¢ S
- 107} Probe local DM halo  =®
< 1071 » with neutrino oscillations
= 10-8| [TG, Shkerin: 2305.06441]
107 ¢

107 107 107 1 0% 10® 10°
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Local Dark Matter Halo [TG, Shkerin: 2305.06441]

Ultra-light particles (e.g. axion) = dark matter
I:> can form dense compact objects  Plocal 2> Paverage

Consider a local halo surrounding the Earth:

Nonrelativistic ansatz: p(rt) = \/2;7 (\Il(r,t)e_""c)' + c.c.) W(r,t) = (r)e'Ft
— Ii% (12%) +2ME-E=0 r=r/R, M=Gm?MR, &=EmR?
¢/Rg

HALO SIZE
£~ Rg (10_9 ev)2 m < 107 %eV
£~ Ry (10—9 ev) " m > 1077 eV

m, eV
17
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How to probe halo?  Use neutrino oscillations!

Neutrino evolution  (Assume 2 flavour, ultrarelativistic, neglect decoherence and dispersion)

dv 1.
i~ = Haw H = —=Updiag(0, Ami .. Ul + AH

Dark matter-neutrino interaction

Gab

m
Lsim = w O Yra*YrLs » AHs = 1—gp where  @(r,t) = f(r) cos(mt + 8)
5 5 .
(¢ ~ mep > Vo)
Survival probability z-dependent eigenvalues affect survival probability!
TN : 2
i L.t 2/.%
el IZ Uan(O)e™ 5 i 45mE Gl L)
i
Miaio \ "/ .
€= % ~ (10622) (10_'::] eV) (loll-:'aizg) expansion parameter
_ mE 2.5 x 107 % eV* m E o . o
n= Amg o Amg (10_10 eV) 25 MeV number of halo oscillations per neutrino oscillation
18
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Small halo (¢ < Rg)

z=L

m= 3x10tgeV,E =1GeV
Amg ~ 2.5 x 1072 eV, sin® 260 ~ 0.087

€ = 0.1 (black line)
€ = 0.5 (thin, red line).
€ = 2 (thin, blue line),

e~ (i) (o) (e y ™

(10% deviation)
A
B10 GeV
E = 1 GeV (atmospheric neutrinos)
. - Am2 = 2.5 x 10~ %eV?
9
g; Gres = 30°
S 8
= 7 2.5 x 10~3 eV? m E
3 "=4°°( Am? )(10-9ev) (lGeV)
a0 6
2
5
4 Can probe scales upto A5 ~ 100 GeV
3
-llll PR AL A L A A A L A A A 1 P 2
-9 -8 -7 -8 -5 -4
log;o(m/eV)
19
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2. Axion mass from 5D small instantons

QCD axion mass:

, T
P

m

Dilute instanton gas approximation:

QCD asymptotically free

Fermion zero modes:

=

d 6 ___om
To(f pC (m) e os(1/p)

[TG, Khoze, Pomarol, Shirman: 2001.05610]

/d1 ()|T[ 53 G G ( (z), Tom )chb‘m(()} |0)  “topological susceptibility”

e~ Serr

27

+ >

Aqcp 1/p

“Large instantons” p~1/Aqgcp

|:> TocAQCD

My,

N ; Hf my
(pms)™f — suppression N é} iy
QCD

Ma,QCD = Tmou+ma)2 2

2 p2
2 _ UAZTRALY: ! mTl'le'

20
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How to enhance QCD axion mass!?

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

® Close fermion loops with Higgs boson

p = YLYdYe Ys Y B g3 (otherwise Mumimgmamm )

|:> [mgfs ~ %AéCD 4 Aﬂ where A7 > Aqcp

Use 5th dimension to make QCD axion heavy!

21
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QC Din5D Flat space 5D metric: ds? = dx? + dy?

b 1
/&y/@( S T{Gin] + gy VT B (GGt + 7oz Pl + - )

/

AD(z)  QCD gluon

)
f Béo) () = a(x) QCD axion
TR
5D instanton: Al(z,y) = AP () = 227;ﬁ2(09;2_f22”, Ad(x,y) =0
3
|:> S(I) 87r0R : 2_7r Finite action
g5 Qg
22

Gherghetta_5DAxion - 5 June 2023



5D small instantons

Fluctuations + Kaluza-Klein contributions

small instantons!

—Se : : : R d 2 6 K
& ‘f‘f 1 1 1 p T _ o 2 2
! ! ! TN / _C3( ) e v = — Ocmafa

: L honew® PG i
: 4D . 5D [
: : : 27 R
: : ' Seff = —3¢(R In—
: _ B> Sa= g X /”).+b° n
j\QCD 1/:R Jl\s )1/10 power law term!

6
f(R/P) ~ 1/3 ‘ K ~ CI3 ( 2m ) AR 3—by —;-(Qﬁm+A5R
R/p =z 20 a [ ] as(l/R) ( > ) © power law contribution can

overcome suppression

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

247‘(‘ ~ Qg

23
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1020
1016
1012
my
M3.Qcp

108

104

=

[TG, Khoze, Pomarol, Shirman: 2001.05610]

5D strong coupling

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

—==== €=0.35

————- €=0.25

67e

A5R = (xs(l/R)

fa > Ast

fo =105GeV < Agp

- - CP-odd higher-dimension

P - terms 1 =

e e.g.— GGG
o’ - A2
" - _ w

- [Bedi, TG, Pospelov: 2205.07948]

» ";’ ‘--._ - '———‘Oj
- //J ";;o = ---. - ——- -
/ _a;‘/" - - - —’———
| | | | | | |
104 10° 10% 107 108 10° 1010 10"
1/R (GeV)

Small 5D instantons can dominate for

24
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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

1
LD
Ay

B ve=wo () + o (L)

. 1 _~ 1 _
4 k.

Weinberg operator:

GGG [ Also fermion operator: £ D Z

ijkl

where xw(0) = —i gn)r(l)

Agi
Enhanced by A
QCD

Ast

<107°

Neutron EDM: 0>

25

Aijkt
2
A%

ViUt ]
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Heavy Axion Limits

[Agrawal, Howe: 1710.04213]
L)

" YT
-1 AL
107"t g |= R
3 i TR
ol & : Favoured by axiogenesis!
105+ |2 [Co, TG, Harigaya, 2206.00678]
- 2| |°
! FALPS lic
-
L -9
LIAXO
2 10
— S
|3 &
3l
10 : é{a
-z—S} Z
—brodd_|
07 7

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

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

26
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Other possibilities:
¢ Strong QCD  [Holdom, Peskin 1982] [Fiynn, Randall 1987]
€ Enlarge QCD color
SUB+ N') — SU(3). x SU(N')  pimopouios, Susskind 79; Dimopouios ‘79]
SU(3+ N) x SU(NY — SU(3)e x SU(N)p  (Galerd. Gavela, Hovie, Quiezd Rey: 1805.06465]

[Valenti, Vecchi, Xu: 2206.04077]

SU(S)l X SU(3)2 X oo X SU(S)k — SU(3)C [Agrawal, Howe 1710.04213]

[Csaki, Ruhdorfer, Shirman 1912.02197]

& . [Rubakov ’97] [Berezhiani, Gianfagna, Gianotti '00]
. M”’"O" QCD [Dimopoulos, Hook, Huang, Marques-Tavares: 1606.03097]
[Hook, Kumar, Liu, Sundrum: 1911.12364]

£> Axion mass is sensitive to UV completion!

27
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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!

28
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Extra Slides
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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 "

1007 10°10° 10* 107 102 10" 1 102 100 10 100 10° 107
myleV]

—_— -
(natural values)

@09 GeV < f, <102 Ge\a

1
f—J’“‘(‘?ua >  axion weakly-coupled - “invisible”
m2f2~tAep B> 107° eV <m, $107% eV
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Axion-Gluon Coupling

SU(3)C X U(l)pQ

— 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

32
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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)

33
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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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Results

Big halo (¢ ~ Rg)

(P n)l

08
06
04
02¢f

10§
|

'FHHHMMMJWQ“

0.0

log o (M /kg)

o]

05 1.0

(10% deviation)

log,o(E/eV)

35

/\
15

Xo = wL/L3*

m = 10"1%V
AmE =25 x 107%eV?

n =1 (dashed line)
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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 (As) are suppressed

36
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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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[Localized Instanton? (TG, Pomarol 211001762

1 1 L -
Running coupling: — = — — — log(p2zyy Topological charge: = /d“xG“,,G‘”“’
g couping A pologieal charge: @ = gz | 4 Ch
2 r2 -5
Q=1 Q=0 Q=0 Mg fo o< e
w ----------- - o om = $ S 87T2 << 87T2
local = -
p " 6i(p) T gilern)
? 2>
uv z~p IR

However, topological charge conservation * NO localized instanton!

CFT dual necessarily contains
colored fermions!

38
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Instead, obtain instanton-anti-instanton solution:

(22 + 22)2
20+ (22 + 22)

Az(x,z)=2n:,,%f(x,z), A2(z,2) =0 where  f(z,2) =

Also, obtain multi-instanton and new meron solutions [TG.Pomarol:2110.01762]

1 1 .’132
e.g. 5Dmeron: Q= 3 fx,2) = 222 4 3,2
1
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