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Strong CP problem

»CQCD ) HGG CP-odd term

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

Observable effect:

Neutron electric dipole moment  dy =~ (5 x 107 °¢ - cm)d

dy| <3x107%c.com B <1070

Why is 0 so small?
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Possible solutions:

* massless up quark

arg(det M,) =0 X My /Mg == 0.5

* spontaneous CP violation

CP = exact symmetry

0 generated at higher order maybe

e Peccei-Quinn mechanism and axion

(anomalous) global U(1)pq , spontaneously broken at f,
—> axion

axion potential minimum cancels 6 / \W)
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Features of the Axion Solution

1 s 1
L, = 5(6Ma) + gg_GG—l— 4agaWFF—I— 7 Jﬂa a
a OT \ ) a \ou _J

diphoton coupling  axial current coupling

Axion Lagrangian:
dim 5 term

topological

T
2 — 1 a gLy b b
m 9 /d OlT 39, )C C # (1) 397 )C G | ) |O> susceptibility

AXi10on mass:

10'2 GeV
E: > 2f2 QCD [or precisely, m, = 5.70(7) peV (T) 1
W_/ [Cortona, Hardy, Pardy Vega,Villadoro, 1511.02867]

light-quark contribution

Axion quality:  Gravitational violation of U(1)pq M:_‘* ¢" + h.c.
P
Terms must be suppressed to very high order! (c, ~ 1,n > 10)

[however, if only gravitational instantons ¢,, ~ e¥ — 9 > 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 — Ciq.;, TVE

Scalar potential: V((I)) = —m%Q‘(I)‘Q + )\PQ|(I)‘4 E> ¢ = L)(fa

Yukawa coupling: AL C h,‘j‘b‘i’]{f‘l’[‘j + h.(?.

(2qw + 92 =0)

Integrate out
Dirac fermions:

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

complex scalar: d

2

2

— '

axion
i";f-" m?DQ
+p)e B f= 5
V2T s
radial mode
a
my ~ h—

2

V2

s iGé

3272 f,
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Limits on axion searches

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 5>  axion weakly-coupled - “invisible”

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

m What is the origin of the axion potential and spontaneous breaking scale f ?
m How to solve the axion quality problem?

B Can the QCD axion mass be different?

5> Use 5th dimension to address these questions!
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1. Axion Quality Problem ..o

5D metric: ds? = A%(2)(dz? + d2?) = gy ndae™MdaN A(z) Zkl—z
**’AdS curvature scale

“slice of AdS”

Udre 3 @ =nlz)ee@ | U()rg

TR
— Explai
Auv Arp = Agye ™ <« D080
: - 1 MmN LMyt 1 9 4
5D action: S =2 &’z —g| ——F" " Fun — —(D‘ <I>) ('DM@) — —mgzd'd
Zuv 49'5" 2 2
1 v -3 2y .2 12
———(0"0,V, + Ep A0, (AV;) — Epgas X a1 a)
2055pPQ — —
Gauge fixing parameter PQ charge
8
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PQ symmetry breaking
Urr(®) = /\IR (@ P — k3'UIR)2

Uy (®) = (— EUVk"’/?‘(I) ‘+h.c.)+ byyk ®T®

epr|C|t violation

> n(z) = k32 (A (k2)*2 + o (k2)2) “Bulk VEV”
A= A _iU: - (kzuv )A_‘1 \ <4—— explicit breaking

A
g = \/U%R 2/\ (kZIR) A= =00 (kZIR) A <€— spontaneous breaking
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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 AR = AUve_bCi%
o A (O)
A — 1 AP0
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Bulk equations of motion

AQV, + g#A%n? (8:a — V.) + €AD, (A1, (AV;) — g2A%n%a) =0
A*p?0a + 9, (A%)? (0.a — V1)) + €A% (0, (AVL) — g2A3n%a) =0

Kaluza-Klein expansion

oo

P

a(z*,z) = fM(z)a™ (z*)
n=0

Va(ah,2) = £3(2)a™ (o)

n=0
Boundary conditions
Vu| =0,
Zuv
¢ (0. (AVL) — ggA’na) | =0,
Zuv
+2A%0? (8,0 — V2) — 41%Y =0.

da

ZUVZIR
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Massless axion () =0)

o 4 c 2(A 1)
~ k 1-—
:: fv. ) 200VA — Lz \ 720 ZIR +0(e0)
Z

O(o,
27. 2 2 2(A—1)
(21r > 20v) ()~ AR /AT gskog  ((A—1) _ 4
Jar )= VA= It Ra—y \ 281 T =2, z,R A)|+00)

I anansssanasssassssnns SIS
25005_ -0.005}
= 2000} - |
< 1500¢ € -0.010f
1000;- A— . |
so0p Y : -0.015}
0: PR TP SRR SR S 1 L

20 40 60 80 100
? A
Global U(1)pg symmetry: 2O () = a© (2#) + ag
12
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Massive axion () #0)

Upv(®) D —2fuvk5/27) cos(a) = —Zvaks/Qn (1 - %aQ - )

3/2 z \2 NV (kzr ) (kx)22—A)
= f§°>(z)zzm’“—m(_) [1+2"(A 2)(kzyv)” (k2) ]

n(2) 2[R Lyy +200(A — 2)(zyv/z1R)?
(z1r > zuv)

L — e

[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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AXion mass

4—-A
(UV) 2 dyy (A—-1)(A—-2) [ zIr
(myg” " z1R)® ~ v A—d+bor \zov (z1r > zuv)

[Cox, TG, Nguyen 1911.09385]

. kZ]R — 10, eUV = 005
Wkzip = 102, Ly = 0.1
* kzm = 103, fuv =0.1

1.5

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

10 ) 6 7 8 9 10

I::> UV axion mass suppressed for large A
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Axion Quality Problem

SU(B)C X U(l)pQ

— ta(x,z)
uwr, | T

SM fermions U(l)PQ
Auv AR
. ZIR 4
Bulk Chern-Simons term: - 32’;2 / &z eMNPQRVMG?VPGCéR <4—— generates axion-gluon coupling
Zuv
_ —\ A A—4 where
|:> (mUV)Y2 = 42€Uvao(A 2) (n\/A 1) ( F, ) F? 1 o0 4
K (A_4+bUV) a0 Apyv Faﬁ;\/r_lle

| —
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Axion potential:

L)

0 QCD)\2 2 a® UV)\2 02 al®
V(@) ~ —(m@PN2E2cos [ — +6 | — (ml"V))2F2 cos +9:

F, Fq

relative phase

Require: (mSUV) )2 < 10719 (m&QCD) )2

[Cox, TG, Nguyen 1911.09385]
=2 — T —— T

30' '/’-
[ ’,100

ol 0]

o e e L 1-=-

e e = 0

T

1 a1l L 11l L L1 0 : Loa o1l L PR E T | " .......‘
10° 101 10t 102 10° 10 101 102

F, [GeV] F, [GeV]
9 12
10°GeV < F, 102 GeV B A: 210
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Holographic interpretation:

5D axion, « 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)s | SU(n)10 | U(l)p-L =U(1)pg |
vs| 5 R ve | O 1 -3
Y0 | 10 R V1o 1 O 1

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

2 9 .0
PQcondensate:  (55105510) ~ A <— dimension! &> Lpg=c Tk (%) Joeibelte tne
s Pl
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Flavored Warped AXioNn s coowsro sy mnsm

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

SU(3)C X SU(2)L X U(l)y X U(l)pQ

VQudL,e
HU7 Hd7 o

?
v
Q
=
N
g
O

AUV AIR <4— PQ scale

UV boundary: Uvv (®, Hu, Ha) = Au(|Hul” — v3)* + Aa(|Hal® — v3)* + buv k| @[
+ (a|Hy|* + b|Hg|?)|®|* + e(H, Hy®* + h.c.)
+ d|HyHa|* + e|HHq|?,

constant bulk Higgs vevs

:.“J.“‘. cay(x,z) 1 :',‘;.".. .a!(.:,:) 0 o
Bulk VEVs: H, = ‘lu"e'T ( ) \ H d;: i~ ( ) , b= n(z)exa(r.u)

V2 0 =R 7
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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)

fg,-L (z) = NQ; (kz)Q. bulk fermion mass

0 92 parameters
TB.n(2) = N (k2)* 60
(similarly mzlj .)
AUV AIR <4— PQ scale
2.0 ~—— | —
i k2ig = 1010
15} 15 tanf=3 -
10} 1.0} ‘ -
& & -
| [ | [
05F 05F = =5
0.0} 0.0f i
L L - e
_0.5 U TN TN TN N TN TN TN TN [N N TN TN TN NN TN TN T SN NN TN T TN 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
19
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Axion-fermion couplings:

— (5) Vu ealza) | (5) U itdzs)
-2 oy dsz J_( ut] \/_QuIUJG Yu dl] J_Qd'DJe d +h.C.)
d 20 0 f(?(z)ﬁ m0=0
he =X )@y +... 7, ={
where " H,afax (2) a”(2") fox (2) 196) — 2e0v) + £ pglev) .m0 £0
5D field redefinition:  Qu,(x,2) — €85 Qu.(,2), Ui(z,2) — 6B V=22 (z, 2)
: 4 6uao _ 4 Ay 5
B> i [ da e @ (€ - @) w)
a
1 (cu™)ij ‘IR u 9, qut 92, qut
where o= =XH (k Tt I i\m(n‘}k (A% F (A )ik(f«%u,) (43

; Overlap between axion and fermion profiles
Lmu At;z = mu'

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

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

20
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Obtain: 2(2) = Fi (1+ s&(j))

z-dependent part of axion profile

ZIR
(=X, [ " e o) (ARS8, A F (AD 15, (A1)
‘ ;
T — e ———
[Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]

10's:lllllllll LI L B B B R L R B 1015:IIIIIIIII

1 (e
(F*; — Fa

10%E

S kzig = 1010, g2k =1
:N 1013
A=10 o09=3
F, ~ 109 GeV.
1012

Scan over yq(jle,e ~1

-4 -2 0 2 4

21
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[Bonnefoy, Cox, Dudas, TG, Nguyen 2012.09728]

108 1083
-~ 0O0= I i
A =10 ] [ 0p = 3
F, =10° GeV 1 L F, =10° GeV
Future
. —y [ ———— - — — — Gg==2-1 = === - === = - - = =]
sensitivity e ————— . —— =
=g 5.8 \\ 18
<3 &= ~~——
1012} — 00 =3 0%t A=14]
[ — ] C —— = ]
— T Tw= 4 - A=10
T o0 =5 [ A=6
= -2 0 2 4 -4 -2 0 2 4
€Qs T Cus €Qs t+ Cuy
Experimental limits : (F‘Y)lg > 6.8 x 101 GeV (KT — mra decays)

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

|:> 0'024, AZ6

22
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2. Axion mass from 5D small instan.tons

[TG, Khoze, Pomarol, Shirman: 2001.05610]

QCD axion mass:
2 _ T /d’ 0|T[ G2, G (z), - o ,Cmc”"“(o]lo)

') 2

Dilute instanton gas approximation

Tocfde’ (m)6e

_ 27
as(1/p)

QCD asymptotically free

) . I[[,m
Fermion zero modes: (pm )Nt — suppression ~4—"
AT
QCD
2
E> a,QCD (mut+mag)2  f2

23

|:> T XX AQCD “Large instantons”

topological
susceptibility

p~1/Aqop
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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

My, MgM M s Mp Mt )

(otherwise e
uv

|:> [mgfg ~ %AéCD -+ A@ where A_] > AQCD

Use 5th dimension to make QCD axion heavy!

24
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QCD in 5D

Flat space 5D metric:

be 1
5

ds? = dz? + dy?

/

32°

+),45(—-) = AP(z)  QCD gluon

E> Béo)(a:) = a(x) QCD axion

Gluon: Gun,Au(+,

AXIOh FMNaB/L(_J_)7B5(+7+)

5D Chern-Simons: axion- gluon coupling

L=7mR

Orbifold compactification:

, 1 1 2
|:> Sy = /d4:1: (@Tr[ 2]+ 32 fTr[G,wG“"] + = (Opa)” +. )

1 L 1
here — = 75, — = beggsL
" g2 g f
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5D small instantons

3 -
5D instanton: A% (x,y) = A;(,,I)“(sc) = Maur(@=T0)y Ag(x,y) =0 » s — SWQR _ 2T Finite

(x—x0)2+p2 g2 Qg action

Fluctuations + Kaluza-Klein contributions

small instantons!

dp ( o )“ B K
C[3] eV =
/As P s(1/R) R!

2m R R
0> Seff = — 3¢(R/p)— + byln—

—

A

e~ Seff

5D

> power law term!

AQCD 1/:R A5 ]_/p

6
g(R/p) ~ 1/3 ‘ K s C 3 27r 3- bo Q—vn-'f'ASR
R/p = 20 - [ ] as(l/R) (ASR) ¢ power law contribution can
~ overcome suppression

2
Valid up to %0 1 op AsR < 6z

247 ~ Qg

26
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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/ ) A
(¢ > 0) p* 247r3

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

1.e. instantons of size near UV cutoff (Aj) are suppressed

27
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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 \
D | = B ) et L
~ K
Ma,QCD ! as(1/R) ) fmyma mgfzR?  (A5R)3(t0-3)
Write A5R = _Ome__ where ¢ SJ 1 (perturbativity limit)

as(1/R)

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

Axion mass can be enhanced up to maximum: meer ™ Kf—
a5f f2

28
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[TG, Khoze, Pomarol, Shirman: 2001.05610]

1024_' J J ' J 1e=03,¢c6=0
1020 u _ e =0.52, cg =0.5
5D strong coupling
1076 | .
1e=0.25,¢c56 =0
ma 10]2 B -
le =047, ¢ = 0.5
Mg QCD 108 } _
1041 1e=02c5=0
’] —Y L T T rr .
104 : [
1/R (GeV)

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

29
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Other possibilities:

5 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]
SU(3 + N) X SU(N)/ - SU(S)C % SU(N)D [TG, Nagata Shifman: 1604.01127]

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

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

[Csaki, Ruhdorfer, Shirman 1912.02197]

€ Mirror QCD [Rubakov *97] [Berezhiani, Gianfagna, Gianotti '00]
[Dimopoulos, Hook, Huang, Marques-Tavares: 1606.03097]

£> Axion mass is sensitive to UV completion!

30
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Conclusion

® Axion quality problem can be solved in 5D
warped dimension

— dual to 4D dynamical axion with accidental PQ symmetry

® Flavoured warped axion

— solves axion quality and explains fermion mass hierarchy

— predicts off-diagonal axion-fermion couplings

® 5D small instantons

— can enhance axion mass and not spoil strong CP solution

— axion mass could be a sensitive probe of UV physics

31
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