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Heavy axion models
Small-size instantons

Massless quark: dynamical axion
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Why axion?



Strong CP problem

Locp D ‘C/W —qme q + QQCD—GQ GV

One physical CPV phase: 0 = Ogcp + argdet M

d, ~ 107 '%fAle - cm 4 < 1010

Why is it so small? )
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Neutron EDM (Electric Dipole Moment)
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Strong CP proklem hint

Neutron EDM (Electric Dipole Moment)
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The axion solution

> If @ were a scalar field, its vev would be zero
s ~ _ a \ « ~
0 -GG —» 0— — | =GG
8 fo ) 8m
= Introduce a U(1) pg symmetry (classically exact):

€ Spontaneously broken — pGoldstone Boson: AXION

€ Anomalous: explicitly broken by QCD instantons — massive
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My definition of axion:

“Any pseudo-Goldstone Boson of a
global U(1) symmetry, which is exact at
the classical level but explicitly broken
by instantons”



Invisible axion mass

- Any model were the only P& are QCD instantons:
m2f2 - m2f2 My, M4
ala 7d ( 2
My + My)

- Why does it vanish for M, — 07
- Both 5’ and axion couple to instantons:

4
@ (2;7/ — ;L )éG —  mZ = QAQCD

ST Tohys f%

=> Physical axion: orthogonal combination
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Invisible axion mass

- Any model were the only P& are QCD instantons:
o o o o M. 1N d
-> Onesource of P&

~

> Two anomalous pseudoscalars: a, 7

27

One must remain light

=> Physical axion: orthogonal combination
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Invisible axion couplings

=> KSVZ: PQ implemented with exotic vectorial quarks and a scalar

=> DFSZ: PQ implemented with 2HDM + scalar

1 N
- Couplings: LD ngyaFF

1
Gary O = Yayy X Maq
a
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Invisible axion parameter space

m,f,= cte.

1/6, 4
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Invisible axion parameter space

md f(l = Cte.
1.4

Mg
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Invisible axion parameter space
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Invisible axion parameter space
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Invisible axion parameter space

/N
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Can we make it heavy?



How many light axions has your theory?

Compare the number of:

Anomalous pseudoscalars: PQYV instanton sources

vs



Heavy axion models

=> New strong interactions with scale A/

a a o , mofZ ~mifZz+ A% poiighta)
2 26a+ L e
8T fq 87 fq

=> New confining group = New theta

2 r2 2 p2 12 12 L ,
mafa ~ m?‘l‘fﬂ' + m.. f7‘(‘ (with light g’)

-> Need some larger symmetry to align them:

& 272
€ Unification
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Heavy axion models

=> New strong interactions with scale A’

Qv o light q’)
8n 2 p? ith light q)
m. {7 ~ LARGE const
> aJd a o
- ]
D¢ =< Chiang et al, 16]
‘ Unification Khobadize et al,]

[
[
[Dimopoulos et al, 16]
[Gherghetta et al, 16]
[Agrawal et al, 17]
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Invisible axion parameter space
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SU(5) mirror world PQWW axion

Z>

SUBIXSUBY » § = §’

2HDM in each world

One shared U(1)PQ through Scalar connecting both worlds
CONS: tuning in the scalar sector

2 2 2

(] 2

M, ~ ( o ) (=) mww  ~ GeV — Tev

QCD Um

=> Berherziani et al, 01 did it for the SM gauge group

arXiv:1805.06465 Color Unified Dynamical Axion - Pablo Quilez



https://arxiv.org/abs/1805.06465

Visible heavy QCD axion [Fukuda+Harigaya+lbe+Yanagida 01]

Z>

=> SMxSM’ » theta=theta’
=> Exotic vectorial fermions » KSVZ
-> Nice cosmology, several DM candidates:

2 £2 2 2 2 12
Mg fa ~ myfr +mg fr
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Gherghetta*Nagata+Shifman 16

SU(3 + N') = SU(3). x SU(N')

Exotic vectorial fermions = KSVZ

PROS: less matter content

CONS: mass splitting of unified partners

€ Need to further enlarge the gauge group and assume no extra CP phase

SU(N') x SU(3 + N') — SU(N") x SU(3).

R 2K 2

arXiv:1805.06465 Color Unified Dynamical Axion - Pablo Quilez



https://arxiv.org/abs/1805.06465

Small Size Instantons

Extra source of axion mass



Heavy axion: Small Size Instantons

-> Typically, at high energies (= small size) couplings are very small.
=> The instanton density has an exponential suppression:

_2n/y! i —27/0.1 —28
D[a’(,u)] X € /o’ (1) Usually sizable only at (e /0.1 10 )
the confinement scale

-> New Physics can change the RG flow and induce a new source of axion mass

=> Large coupling

- 4 —27/q
-> Atsome Large scale ASSI ~ [ € /
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Heavy axion: Small Size Instantons

- Typically, at high energies (= small size) couplings are very small.
-> The instanton density has an exponential suppression:

4 4 —27/q
> NewF ASSI ~ [ €
=> Large coupling New sizable contribution to

> Atsome Large scale [t  the axion mass!

*

Ekin, 82]
19, 86]
we, 17]
all, 87]
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Small Size Instanton: Randall and Flynn, 87

-=> Extra coloured fermions/scalars
=> Change the sign of the beta function

4
g
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Factoring the strong CP problem

SU(3); x SU(3)s — SU(3).

1 1 . 1 v
— Y] l’lj = ?
O (,u) Mgy (,u) (s (ﬂ)

=> 2 axions up to 1000 times heavier than invisible axion
=> Some tuning in the couplings is required

arXiv:1805.06465 Color Unified Dynamical Axion - Pablo Quilez



https://arxiv.org/abs/1805.06465

Massless quark solution

Dynamical axion



Massless quark solution

- Under a chiral rotation: Ul)a: q— e?"q
c jq — 0=—=GG — —m,qe'™ g — (8 GG
D —mgqq — b —mqeqe’ ™™g — (0 — a) —
> If my =0, the phase 6 can be fully reabsorbed ~—> Strong CP Problem solved!

-  No different from usual PQ solution [Peccei+Quinn 77]

=> Most economical option: Massless up quark, disfavored by lattice data [Manohar et al 16, PDG]
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Dynamlcal AXion [Choi+Kim 85]

=>  Exotic massless quark w How do we hide it?

-> New confining group A > AQCD

~

€ Problem: new CP violating phase

€ Solution: Add another massless quark X

-> SU(N) Confines + Chiral Symmetry Breaking:

pseudo-Goldstone Bosons (pGB): 16 =& —+ 3 + ?)

The 77' become dynamical axions

arXiv:1805.06465

SU3). | SUN)
v O O
X 1 []

Massless quark content

MG
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Dynamical Axion: masses  (croiskimas]

- Two axions: a1 = ( 1;?#) a2=(xx)

Aoep P
2 P€) instantons { . 3 pseudoscalars { xXx
A UbOD

=> One axion remains light:

2 p2 2

2 (2 34 2 2 4 ~ 2 _ MMM
ma1fa ~ A mn’fw NAQCD mazfa mwfw (mu‘|‘md)2

UV completion of a usual invisible axion
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Why dynamical?



Colour Unified Dynamical Axion

M. K. Gaillard, M. B. Gavela, R. Houtz, P.Q. and R. del Rey

First colour-unified model with massless quarks
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Color Unified Dynamical Axion

=> Unification allows to identify the two phases: only one massless quark needed

SU(6) 2V ST(3). x SU(3) x U(1)

O =0, =0

Bellow unification scale:
Over Unification scale:

SU(3). | SU(3)
| SU6) | SU2). | U(1) Yy, O O
o, 20 | 1 | O Vs ] O
2 X 1, 1 1
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Color Unified Dynamical Axion

SU(6) 2YT SU(3). x SU(3) x U(1)

=> SM quarks are embedded in fundamentals of SU(6)

SM
QLE\(QUE(U,DE(CZ “

Problem: How do we give large masses to the unified partners?

1. Without spoiling SM quark masses
2. Without breaking EW at a high scale
3. In order to separate the running of the two groups .
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Color Unified Dynamical Axion: The real thing

SU(6) x SU(3') 2% SU(3)e x SU(3)aine SM

-  Spontaneously broken by the vev of /\ /
QL — (Q7 Q)L
0O 001 0 O
(A)=Acur |0 0 0 0 1 O q/ Extra primed quarks
000001 L

Kq @A QL — Acur Kq 41,41
Y LN
(6,1) (6,3)(1,3)
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Color Unified Dynamical Axion: The real thing

SU(6) x SU(3') 22Uy SU(3)e x SU(3)ding

> SPomane{ Allows for a large mass for the tilde qv)
sector without spoiling the SM quark L
(A) = masses bd quarks

ke QA" QL — AcuT Kq 41,41
VN
(6,1)(6,3) (1,3)
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Color Unified Dynamical Axion

SU(6) x SU(3')

Os 6’
Two massless fermions to reabsorb both CP phases
SU(G) SU(3)/ SU(B)C SU(B)dlag
v 20 1 (0 u L]
X 1 [] X 1 L]

-+ Two dynamical axions n:p = (@Z¢) 77;( = (Xx)
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Running of the gauge couplings

SU(6) x SU(3) 255 SU(3)e x SU(3)ding
=> At the breaking scale:

04—

T T T T T T T T T T

SU(3)diag

N S
Oding () as(p) o' ()

S
w

su@) --- ac 1 loop

a. 2 loop

ac(Acur) = as(Acur)

T
)
1
1
)
1
1
1
1
1
\
\
\
\
\
\

Qpiagonal 1 l00p

aDiagonaI 2 |00p

Running Couplings
(=

o
—

SU(3)diag confines before QCD Zs

- SM: SU(
0'0 1 1 1 1 1 1
102 10* 108

Ag > AQCD

16“ l 1(;10 l 1(;12 l 10114 l
1\ RGE scale pin GeV
_ 10 TeV
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The anomalous pseudoscalars: dynamical axions + n’

=> Anomalous currents —=> Anomalous couplings of the pseudoscalars:
VY 5 5 /

Jpa =YV = fa 0" ny
. = 5., — /

Jya =XV x = fa 0,

V61, a 1,
LD 2 T W g G, — dis + V6 -2 ) GaingGai
8T fa 87 fd fq) dieeTdiee
Confinement /
LD Aéiag COS ( +6 %) + AQCD cos <2 nQCD n \/—771,1;) => 3 anomalous pseudoscalars
fa Jd Jr Jfa > 2 sources of mass/breaking

Another light axion model?

Incorporating 772901) )
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Small Size Instantons and axion mass

0.4

| N N R - > Large coupling &’ ~ 0.3
‘§ el -> Large breaking scale
So2l N\ 1 - Q@piagonal 1 loop Acur ~ 1014_18 GeV
g Qpiagonal 2 loop
é . A New sizable contribution
: to the axion massl!!

1 1 1 1

0.0+ !
102 104 106

1 1 1 1 1 1

108 1010 10!2 101¢ 1016 1018
RGE scale yin GeV
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Small Size Instantons and axion mass

=> Dilute Instanton Gas approximation:

dp 2m 2Ne 2 /
Adst = —Cins /— —2mfe @)
81 s (a'<p>> )

s —

Pure Yang-Mills Instanton

e

Fermionic suppression

/
y Lo = ASqp cos (2 n—X>

74 ASSI z 201eV

arXiv:1805.06465
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Dynamical axion potential and masses

Lers = A& 77/ M Ty Qe My
ef f = {dgs1 COS + Adlag cos ( 2=+ \/_ + AQCD cos | 2 + \/6 f_
d

fd fa fd Jr
N~ — - N~ — N— —
SU(3') ssiinstantons  SU(3)giag Instantons at cont. SU(3). Instantons at conf.
Ad  +AY Al
2 / 4( SSJI% 4d) (A:/J:A_d ) (3\4 \
M”x’"w"QCD - 2\/6A_§ 6= fdQCD 2\/6 f(j?f
0 B e
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Dynamical axion masses

. . / /
Axion masses: 7 o Ty,

phys
1010 A ‘
108 u
’>\ 106 4~
()
(&)
N—r
I i
%] 1 |
1] i i
= 104 4 L4 :
/ Il // ,/ : 3 i
/ II/ v 1 : —— Acur = 10%GeV
102 4-- V'I[I ,{l! e R— : ~ : Acur = 1017GeV
1,17 ] i
IIIII / 4 ! ! — Acur = 1016G6V
II’I ll : 3 —— Acur = 10PGeV
1l : | 14
I,Il 117 ‘1 i — Acyr = 10°GeV
100+t . . l ;
0.1 0.2 0.3 0.4 0.5 0.6
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Solution to the Strong CP problem

=> Any source of axion mass breaks the PQ symmetry, do SSI spoil the Strong CP solution?
=> Breaking pattern imposes:

TP 7 7 Odiag 2 5 Qe =
L D0 —GsGg+ 0 —G' G — (0 +0") ——=GaiagGiag + 06 — GG,
3687r66+ oy (6+)8ﬂ_ dgdg+68ﬂ_
=> Therefore the potential reads:

T ) s < o M My | 2 ) ( Ty )
22X 4§ ) + AL, cos V6L 40 +0 )+ Abop cos [ —V6 =L+
fa diag fa fa o QCD fa 0

=> The alignment of the 3 terms in the potential result in a CP-conserving minimum

<9—,_ 277_x> ~0, <9—6_ \/677—‘”> _ 0 Strong CP problem
Ja fa solved

Leps = A‘éSI cos (—
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Confinement and xSB of the SU(3) ;.

b | SUB)e | SU(B)diag

-  Chiral symmetry breaking by the condensates: (W), (xXx)
WY [] []
X ]

Ag 1
U(4)L X U(4)R — U(4)V

i e
> Resultsin16 pGB’s: 16 = 8. + 3. + 3. become dynamical axions

=> The “axipions”, through quadratically divergent gluon loops, get a large mass:

. N “Nhs LY,
T TR Ze 2 VX, XY

2
BCN_Aia
m() - diag

9ac
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Low energy Spectrum and Phenomenology

=> No light axion.

€ Both axions too heavy for colliders

->  Sterile fermions 'Qbu with couplings suppressed by AC’UT (basically invisible)

=> QCD Coloured “axipions” are collider accessible, octets: pos o0 [ATLAS arXiv:1710.07171]
—4n3d T T T T T T T T T T L
T, 8'°F ArLas F"rehmm:]-ary Inclusive Selection ?
/ % r 13 TeV, 36. 7" = coloron pair prod. cross section (LO)
/ _’i_ x102 « - sgluon pair prod. cross section (NLO)__
L © N = observed 95% CL limit 3
AN \ — expected 95% CL limit =
\ - ‘ 10 expected + 1o
» seeceazze 1 Sgluon search
Pair produced Anomalous decay 1
107"
m(8.) = 770 GeV
A > 3TeV | ~
2(8,) ~ 9% 2 diag ~ S
W {8l = 4 diag 10°
ﬂ- 1 l I 1 L l 1 1 1 l 1 1 1 l 1 1 1 l 1 I 1 ril

600 800 1000 1200 1400 1600
m, [GeV]
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Color Unified Dynamical Axion: model Il

SU(6) 2SYT SU(3). x SU(3) x U(1)

Instead of adding a second massless fermion:
SU(6) | SU(3)

Model | Y| 20 1
X 1 [

We added a second scalar AQ

SU(6) | SU(3)
v | 20 1
A L] U]

Model i
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Color Unified Dynamical Axion: model Il

. . /
Axion masses: Aphys; Ty phys

107 =
10% 47
10 4
—~
>
[0}
—2
S w
%)
(%2}
O
=
1075
e
10-8 4 /,/;/. . —_— ACUT = 1018G6V
/v
I/// // —_ Acyr = 10'7GeV
U
fl/,/ ! ! —_— Acur = 10'GeV
L s e e Aour =10"GeV
4 — Acyr = 10MGeV
0.1 0.2 0.3 0.4 0.5 0.6

Coupling o (Acur)
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Color Unified Dynamical Axion: model Il

. . /
Axion masses: Aphys; Ty phys

107 Poooscsmmmee——

——— /
i "y phys

Dynamical axion still very heavy
Fundamental axion a can be ¥ GeV or lower
CONS: Large scalar vev =» contributes to the EW hierarchy problem

L

a /
7
//
B //

ACUT = 1018G6V

l H
I////// Acur = 10'7GeV
U
fl/// Acur = 10'°GeV
1071 '!l/ T — Acur = 101°GeV

Acur = 101 GeV

0.1 0.2 0.3 0.4 05 0.6
Coupling o/ (Acur)
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Much territory to explore

l—‘/\ \_LJI R .
| ! True axion region
% s is amplified
> | R
N—"" l

?‘

6 B —

= . CAST

SUMICO )
-
-12 Ll I Ll I Ll I Ll I 1 I Ll I L1 I L1 I L.l I L_l
[Jaeckel+ Spannowsky 2015] 5: B o=y M @8 8 0B 0
() T My (GV)
True QCD region TeV
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Conclusions

=> Strong CP problem solved with massless quarks and unification.
SU(6) x SU(3') 2Y%5 SU(3). x SU(3)ding

=> Axions are heavy due to Small size instantons

—=>» Colored mesons observable at colliders

The {m., f.} region that solves the strong CP problem
is amplified
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Thank youl!



Color Unified Dynamical Axion: The real thing

SU(6) x SU(3) 22U ST(3), x SU(3)diag

=> Spontaneously broken by the vev of A
O 0 0O1 0 O
(Ay=Acur |0 O 0 0 1 O
O 0 00 0 1

Allows for a large mass for the tilde sector
without spoiling the SM quark masses

ke Q1 A*QL — AcuT Kq 4141

arXiv:1805.06465

SU(6) | SU(3) SU(3)c | SU(3)diag || SUQ2)L | U(L)y

q O 1 O 2

Q.| O 1 . 6
_ u O 1 1 =2

ve| O 1 - " ;
uy, 1 O 1 —%

_ dS g 1 1 2

D;| O 1 o _ ?
ds 1 0 1 !

U | 20 1 03 O O 1 0
2 X 1, 1 1 1 1

q, 1 O q, 1 O O -3
u'f 1 O uf 1 O 1 %
ge | 1 O df 1 O 1 -3
Al O 0 — - - 1 0
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Alternatives to the dynamical Axion

\ 2 28 2

Only one massless quark and a Z2 [Hook 15]
Complete copy of the SM
The ZQ ensures 02 = QQCD A4
No light axion: m> ~ f_g

a

The mirror EW sector has a large vev:

Z2
SU3). | SU(3)2
0| O 0
. 4 =

vy >V = m,>my, = N > Agep

In our work: UNIFICATION

arXiv:1805.06465
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SM mirror world axion

23
SMxSM’ » theta=theta’
2HDM + S
Like Rubakov but without SU(5)
One shared U(1)PQ:
€ PQWW axion with respect to the mirror world
€ KSVZ axion with respect to SM

N 2

arXiv:1805.06465 Color Unified Dynamical Axion - Pablo Quilez



https://arxiv.org/abs/1805.06465

