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Is the Higgs the only (fundamental?) scalar in nature?

Or simply the first one discovered?



Is the Higgs the only (fundamental?) scalar in nature?

Or simply the first one discovered?

What about a singlet (pseudo) scalar?

Strong motivation from fundamental issues of the SM



Many small unexplained SM parameters

Hidden symmetries
can explain small parameters

|

f spontaneously broken:
Goldstone bosons

—> derivative couplings to SM particles



(Pseudo)Goldstone Bosons appear in many BSM theories

* e.g. Extra-dim Kaluza-Klein: 5d gauge field compactified to 4d
The Wilson line around the circle is a GB, which behaves as an axion in 4d

4D

$

omr~
beane.

bulle
* Majorons, for dynamical neutrino masses

* From string models

* The Higgs itself may be a pGB ! (“composite Higgs” models)

* Axions a that solve the strong CP problem, and ALPs (axion-like particles)



The strong CP problem: Why is the QCD 6 parameter
so small?

LQCD = Gpv GHY + 6 Gpv aUV

Guv = Euvpo Gy



The strong CP problem: Why is the QCD 6 parameter
so small?

6 < 10—10 LacoD0 Guvéw

Gipv= €vpo Geo

A dynamical U(1)a solution ?



The strong CP problem: Why is the QCD 6 parameter

so small?
a--- = LQCDDQ/ GM\/GPN
f&l fa
A dynamical U(1)a solution Weinberg, 78]

[Wilczek, 78]

- the axion a  couplings~ 0., a



The strong CP problem: Why is the QCD 6 parameter
so small?
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A dynamical U(1)a solution
- the axion a  couplings~ 0., a

It is a pGB: V(%)

o/ fa



The strong CP problem: Why is the QCD 6 parameter
so small?

_ LQCDaf@ GwGH

1
fa p

A dynamical U(1)a solution
- the axion a  couplings~ d,, a

It is a pGB: V(ﬁ)

Excellent DM candidate

[Abbot+Sikivie, 83] ,
[Dine and W. Fischler, 83] -2 - 0
[Preskil et al, 91] a’/fa,




In “true axion” models (= which solve the strong CP problem):
mafa — Cte
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In “true axion” models (= which solve the strong CP problem):
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In “true axion” models (= which solve the strong CP problem):
mafa — Cte

1/,

Mg

The value of the constant is determined by the strong gauge group



In “true axion” models (= which solve the strong CP problem):

mafa= Cte

* If the confining group is QCD:

V(%) — a GWGFW
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In “true axion” models (= which solve the strong CP problem):

mafa= Cte

* If the confining group is QCD:

a ~
V(E) — a GMVGuv
a
-2 - 0 bs 2
a/ fa
2 p2 My Mg
m2 < = m canonical QCD axion

a“ a Ten (mu‘|‘md)2



In “true axion” models (= which solve the strong CP problem):

mafa= Cte

* If the confining group is QCD:

a ~
V(E) — a GMVGuv
a
-2r - 0 bd 2
a/ fa
2 p2
mi a2 = Mm_J. canonical QCD axion



In “true axion” models (= which solve the strong CP problem):

mafa= Cte
. . . L2222 2 2
If the confining group is QCD: m? f2 = m; f

105<myu<102eV , 10%f,<1012GeV

N

Because of SN and hadronic data,
if axions light enough to be emitted

“Invisible axion”
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... and theoretically

https://arxiv.org/pdf/1611.04652.pdf

Mg

“True” QCD axion
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e.g. KSVZ, DFSZ...
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EW hierarchy problem
10+ gravitational tunings ?

(eV)



ALPs (axion-like particles) territory
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ALPs (axion-like particles) territory
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“True” QCD axion and more?




ALPs territory: can they be true axions ?(i.e. solve strong CP)

y
0 1 177 1
1 ==
Y

Y-inv.

e'e"»inv.+y

Difference between and ALP and a true axion:

otherwise, the phenomenology is alike

SNELE Cosmology

an ALP does not intend to solve the strong CP problem
-

7 ar e S : : 12
Jaeckel+ Spannowsky 2015 * Logioma (eV) ALP territory

“True” QCD axion and more?



-Linear effective Lagrangian at NLO
|

SM EFT _
Complete basis (bosons+fermions):
1 total
d=
Lot = Lom + 5(0,0)(0"a) + Z ¢;09=5

where Xy is a general 3x3 matrix in flavour space

Georgi + Kaplan + Randall 1986

Choi + Kang + Kim, 1986
Salvio + Strumia + Shue, 2013



The field of axions and ALPs is BLOOMING

in Experiment ... and Theory
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in Experiment ) ... and Theory
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Advances on Haloscopes
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The field is BLOOMING

in Experiment (.. and Theory




In “true axion” models (= which solve the strong CP problem):

mafa= Cte

* If the confining group is QCD:

2 p2 2 p2

* If the confining group is larger than QCD:

m2f2 = m2f2 |I| extra




In “true axion” models (= which solve the strong CP problem):

mafa= Cte

* If the confining group is QCD:

2 p2 2 p2

* If the confining group is larger than QCD:

m2f2 = mlf: 4 extra



In “true axion” models (= which solve the strong CP problem):

mafa= Cte

* If the confining group is QCD:

2 p2 2 p2

* If the confining group is larger than QCD:

if m2f2= LARGE constant

the true-axion parameter space relaxes

A heavy true axion?



m;f7 = ' LARGE constant



e.g., and additional confining group
mczl fg = mf‘.f,g + A4 A’ > Aqcp
QCD QCD’



e.g., and additional confining group
2 p2 __ 2 p2 14
mafa - m‘lrf';r + A A" > AQCD

~ 4
a 2 r2 A

_GG = —
Ja - Ml 1+ A*/(2mg < Yp >)

/ ~

Extra confining group:
QCD: A=Aqcrs Pt »?\gw P
2 r2 T 2 p2
mafa = mq < ¢¢ > m,,rfw mifg ~J A/4

SN1987a
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HEAVY axions

m;f7 = ' LARGE constant

[Rubakov, 97]
[Berezhiani et al ,01]
[Fukuda et al, 01]
[Hsu et al, 04]
[Hook et al, 14]
[Chiang et al, 16]

an old idea, [Khobadize et al,]

- Dimopoulos et al, 16
strongly revived lately {Gherghetta e 16]]

[Agrawal et al, 17]
[Gaillard et al, 18]
[Fuentes-Martin et al, 19]
[Csaki et al, 19]
[Gherghetta et al, 20]

~



To know how heavy are the axion(s) of your

BSM theory

Compare the number of pseudoscalars-coupled to anomalous
currents:

Nps : N’aco 7% % a3 ...

with how many different sources of (instanton) masses

Ninst : G G G’GN’ G”é” ......

| ~_| 7

other sources of instantons




To know how heavy are the axion(s) of your
BSM theory

Compare the number of pseudoscalars-coupled to anomalous
currents:

With only QCD:

A1

one combination
must be (almost) massless

—s “Invisible axion”




To know how heavy are the axion(s) of your
BSM theory

Compare the number of pseudoscalars-coupled to anomalous
currents:

With only QCD:

A1

one combination
must be (almost) massless

—s “Invisible axion”

The tiny axion mass is due to mixing
with n’ and pion:

2 9 2 9 T, 1Ny
m ~ T
afa, 7rf7r (7nu 1 772,(1)2

independently of the axion model




Much territory to explore for heavy ‘true” axions and for ALPs
e.g. ~ leV

0 vV v q
(81
Gavy ™
T 8,
Y=-inv.
LOQ10(G€V'1) e*e =inv.+y
-3 | :
FCC-ee
projection
-6
A -—-—--C gavy

pPA2

HB stars

SNELE Cosmology

-12

-12 -6 A 0 3 6 9 12
constraints in plot from

Jaeckel+ Spannowsky 2015 Logioma (eV)
“True” QCD axion

-9




ALPs territory: they can be true axions
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ALPs territory: they can be true axions
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X require tunings, but there are proofs of concept
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LIGTHER than usual axions ?
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LIGTHER than usual axions

mg fg = SMALL constant

How to do that without fine-tunings”

Luca de Luzio, Pablo Quilez, Andreas Ringwald & BG:

* And solve the strong CP problem: arXiv 2102.00012
* And solve the strong CP and DM problems: arXiv 2102.01082



LIGTHER than usual axions

202 _ .22  _
m, f5 = m_f: extra

How to do that without fine-tunings”

Luca de Luzio, Pablo Quilez, Andreas Ringwald & BG:

* And solve the strong CP problem: arXiv 2102.00012
* And solve the strong CP and DM problems: arXiv 2102.01082



Can you naturally solve the strong CP problem
with a lighter-than usual axion ?

(forget dark matter for the moment)



You want a lighter axion—> you want a tlatter potential

mu+md

a dm,m , a
Canonical QCD axion: VSM(]T) = —m?rfﬁ\/l T d)2 sin’ (2f>

2
T

2
T

V(a/fo)mf;

— Vsul(a/ fa)
0.0 - N

6 7r 2T
a/ fa

how to add something that naturally flattens it”




A Z> (or Zn) symmetry : mirror degenerate worlds

[Hook, 18]

/o SM — SM’
a — a+ 7f,

~

L= Ly + Loy + ;‘; (;a — 9) Gf + ;‘; (Z — 0 + 7?) GT'G'

QCD QCD’
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Hook, 18
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[Hook, 18]
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Example: Z;




Zn axion : N mirror degenerate worlds [Hook, 18]

SM
Zn: SM — SMF SMi-s
2k SMy-,
_> — Ja
a a + ~ f

SMy-3
=> The axion realizes the Zy non-linearly.

-> N degenerate worlds with the same couplings as in the SM except for the

theta parameter
N—-1

Qg 21k ~
L = Z [£SMk + 8_’/1' (ga + T) Gka] + ...



Compact analytical formula for Zn axion mass
di Luzio, Quilez, Ringwald, BG arXiv 2102.00012

=> Using Fourier decomposition and Gauss hypergeometric functions
we managed to show that:

€ The total Zy axion potential approaches a cosine:

oy Mafa a

VN (E> ~ —V COS(Nf_a)

€ Compact analytical formula for the axion mass
2 2 m2f2 l—2 30 N —
m?2 f2 ~ T A3/2 z =m,/my
VT V142

MaJa NN2—N

X 2
2 £2
mxzJrz

exponentially suppressed —m——




ZN axion mass formula

10—10
o Numerical result

1071 4 . Hook's fit m2f? ~ ele2z(1/2)"

10-14 J — Holomorphicity bound
___ This work m?f? ~ "";%% Vi N3/2 N

| I I | | | I I I I

0 10 20 30 40 50 60 70 80 90 100
Number of worlds N/

10—16

excellent agreement with numerical already for N=3
di Luzio, Quilez, Ringwald, BG arXiv 2102.00012



Caveat:

—> There are N minima: we “only” solve strong CP with 1/N prob.

N -1

6, = {£2nl/N} for ¢=0,1,..., 5

9 <1071
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1 /N probability
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di Luzio, Quilez, Ringwald, BG arXiv 2102.00012
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Model-independent bounds from high-density objects

A stellar object of high (SM) density is a background that
breaks explicitly Zn

0.30 1
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5(04,nn)/m?
o o
> =

=
[E—
-

Vv

0.05 A

0.00 A

B/ 1 G

0
a/ fa
the potential minimum is at m (instead of 0)

Hook, Huang 2018
Di Luzio, Quilez, Ringwald, BG arXiv 2102.00012



Model-independent bounds from high-density objects
Alm|
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Model-independent bounds from high-density objects
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Dark matter from the Zn axion

For instance:

* Could CASPER-Electric Phase-| find a true axion?

* Could fuzzy DM (mpm~10-22eV) be a true axion?

di Luzio, Quilez, Ringwald, BG arXiv 2102.01082



This was without asking the true axion to solve DM:
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To solve the strong CP problem and DM: purple region
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To solve the strong CP problem and DM: purple region
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ALPs territory: they can be true axions
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ALPs territory: they can be true axions
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ALPs territory: they can be true axions
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ALPs territory: they can be true axions
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Degenerate ALPs

What happens if the ALP is charged under some unbroken
dark symmetry D?

The ALP would then necessarily be in a multiplet of D

If the SM sector is uncharged —> no single ALP production

ALPs



Discrete Goldstone Bosons

Spontaneously broken discrete symmetries
can ameliorate the UV convergence of theories with scalars !

(Das-Hook)

The byproduct is degenerate multiplets of ALPs
B. Gavela, R. Houtz, P. Quilez, V. Enguita-Vileta arXiv:2205.09131

—> see talk by Victor Enguita



Consider a triplet of real scalars ® = (q51, 0o, (/53)

and a typical SSB condition qb% + qb§ + qb?, = f2

* Within SO(3), two massless GBs result ¢ (1, 12)

—> explicit breaking needed to give them masses
V (1, oy d3) D A° (61 d1 + €23 + €3¢§) + AP+
t_—
arbitrary and sensitive to quadratic corrections
* Within A4 (or As..) c SO(3)

—> two massive 7111, T result without breaking the symmetry

—> NQT sensitive to quantum quadratic corrections



The point is that SB discrete symmetries allow invariant potentials

* but very few invariant terms possible, e.g. for A4

I2 :¢% ¢g ng
13 :¢1¢2¢3
T, =¢) + b3 + ¢

The most general potential is an arbitrary function of them:

V(¢17 ¢27 ¢3) — V(127137I4)




The point is that SB discrete symmetries allow invariant potentials

* but very few invariant terms possible, e.g. for A4

Iz :Qﬁ ¢g
I3 — ¢1¢2¢3

¢

2 this is the only quadratic
3 invariant

Ty = ¢1 + ¢ + ¢35

The most general potential is an arbitrary function of them:

V(¢17 ¢27 ¢3) — V(127I371.4)



The point is that SB discrete symmetries allow invariant potentials

* but very few invariant terms possible, e.g. for A4

atlow energy I, = @7 + ¢35 + ¢3 = f
I3 = 010203
4 4 4
Ly =¢1 + ¢g+ @3




The point is that SB discrete symmetries allow invariant potentials

* but very few invariant terms possible, e.g. for A4

at low energy Z, isirrelevant for 1y, T2

I3 :¢1¢2¢3
T, =¢) + ¢3 + &5

In consequence, the most general potential for 114, 112 IS:

V(Wl, 772) — V(I3>I4)



*

We explored the natural minima and discovered that a discrete
subgroup remains explicit in the spectrum, i.e. "a la Wigner”’

/3 for A4 —> degenerate m, m doublet

no single ALP emission possible

/’ﬂi — -

ALPs

The endpoint of distributions (e.g. invariant mass, mrt...) differentiates
easily one from more than one invisible particles emitted



*

We explored the natural minima and discovered that a discrete
subgroup remains explicit in the spectrum, i.e. "a la Wigner”’

/3 for triplet of A4 —> degenerate i, m doublet

/3 and Zs for triplet of As —> degenerate m, m> doublet

A4 for quadruplet of As —> degenerate m, 2, i3 triplet

T

non-abelian

efc.



> The parameter spaee to frnd a true axion that solves the
®strong CP problem has expanded beyond the QCD axion band:
heawer and Ilghter true axmns e.d. flrst fuzzy DM axmn
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Strong physics case to look everywhere for
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':*Axmns

—> The parameter epace to frnd a trrje axion that eolves the |
®strong CP problem has expanded beyond the QCD axion band:
heaV|er and Ilghter true axmns e g. f|rst fuzzy DM axmn

 Talks J'Machado
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Strong physics case to Iook everywhere for
one or more axions or ALPs




:. —> The parameter space to find a true axion that ,
_solves the strong CP problem has expanded beyond the
",’_‘_QCD axion band.
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Strong physics case to look everywhere for singlet
scalars with couplings proportional to momenta



M




Backup



ALPs
We will consider the SM plus a generic scalar field a

with derivative (+ anomalous) couplings to SM particles

and scale f;:

an ALP (axion-like particle)

9
L = Lon ;a % SMH

oA

general effective couplings

This is ~shift symmetry invariant: @ — @ + cte. s ~ Goldstone
boson

Brivio, Gavela, Merlo, Mimasu, No, del Rey, Sanz 2017 arXiv:1701.05379



An example of
HEAVY axion theory

which solves the strong CP problem



use Massless Quarks

A new QCD-colored massless quark has a U(1)a symmetry:
it solves the strong CP problem

b — e'P5q)

Q0

0 — 04+ =
- 87Tp

Hide the massless coloured quark in heavy states
bound by the new strong force

K. Choi, J.E. Kim 1985



Colour Unified Dynamical Axion

First colour-unified model with massless quarks
M.K. Gaillard, M.B. Gavela, P. Quilez, R. Houtz, R. del Rey arXiv:1805.06465

]
SUG) SU(3)c x SU(3)

Confinement scales: Aacp A

solves strong CP problem with massless SU(6) fermion



Colour Unified Dynamical Axion

First colour-unified model with massless quarks
M.K. Gaillard, M.B. Gavela, P. Quilez, R. Houtz, R. del Rey arXiv:1805.06465

]
SUG) SU(3)c x SU(3)

Confinement scales: Aacp A

solves strong CP problem with massless SU(6) fermion

SU(6) x SU(3') 2U% SU(3). x SU(3)diag

......... —> packup slides



Colour Unified Dynamical Axion

First colour-unified model with massless auarks
M.K. Gaillard, M.B. Gavela, P. Quilez, R. Houtz, R. del Rey arXiv:1805.06465

]
SUG) SU(3)c x SU(3)

Confinement scales: Aacp A

Solve strong CP problem with massless SU(6) fermion

|

+ The massless quark to absorb .SU.(L\ WD ub},/

the unified group’s g Tlao | 1 | o
L

We aim at A ~TeV >> Aaqcp



Running Couplings

You would like to achieve:

0.4 | | l| | | | | | | | | | | I I |

1| su@B)
03+ "‘

|

0.2 \ -
0.1

- SM: SU(3). SU(6):
“O%02 10 105 10° 10 1022 10% 10

RGE scale pin GeV

BUT HOW???

1018



The SM fermions

There is a problem: SM quarks have now SU(6) partners

SM SM SM

~

l
7{L)R Dg) — (d7 d)R

These are the troublemakers



A UV complete solution
Add a new group outside the CUT group

SU(6) x SU(3') 2U%5 SU(3). x SU(3)diag

with prime fermions charged only under SU(3’)

Both SU(3): and SU(3)diag unbroken and confining, Adiag >> Aacp



A UV complete solution
Add a new group outside the CUT group

SU(6) x SU(3') 2U%5 SU(3). x SU(3)diag

with prime fermions charged only under SU(3’)

* The role of prime fermions is to pair with the quark partners and make
them heavy



sule 5@ WD, M%ML

T (20 |1 |1 Acur, % | O

Y|4 | a4 X1
2% | 1

The two massless quarks

= O al
TG SN

» Goal: SU(3)aiagcOnfines at a higher scale than SU (3).

1 11 L= A
— | — 1\OUT
Qdiag (1)  ae(pt)

ac(Acvr) = as(Acur)



A UV complete solution
Add a new group outside the CUT group

SU(6) x SU(3') 2U%5 SU(3). x SU(3)diag

with prime fermions charged only under SU(3’)

Su(e) [suls) s,
G |lo|1 |o + We can form terms like:
U [= 1 |14 qn A Qr
De| O |1 | 4
e | 1 | O |0
Enﬁ 1 g 1 \ These fields pair up with the
&1 a |1, tilde fields to form masses
T (20 |1 | 1
A | O | @ | 14 <= Scalar field responsible for CUT breaking



The CUT breaking

L3 liqu* Qr + ks AUR + kqds ADp + h.c.

0O 0 0 1 0 O + This VEV pattern grabs
(A)=Acur| 0 0 0 O 1 O only the tilde quarks
0O 0 0 0 0 1 out of the spectrum

L > Acur (%EQL + /{uu’L@ + /{dd’Ldﬁ) + h.c.

* This accomplishes the task of forming mass terms for the
SU(6) partner fields ¢, u, d



Model I: Unification and Confinement
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Model I: Unification and Confinement

0.4 I I

<
w
T | T T T

||
|
1
1
1
1
1
\
1
\
\
\
\ a. 2 loop
\
\
\

Qpiagonal 1 100p

QDiagonal 2 loop

Running Couplings

&
ped

s
a
L SM: SU(3)c

0.0+ ' L L L L I

su(6)!

1 ]

1 ]

102 T104 106 108 1010 10!2 1014T 1016 1018
Adiag~#TeV RGE scale pin GeV A

CUT



The axion spectrum of the CUT theory

SU(6) x SU(3")
O6 03

two massless fermions so as to rebasorb both 6 and 6’

—> two dynamical axions with scale set by Adiag:

Ny = (Vo) N’y = (Xx)



What are the masses of the two dynamical axions?

There are three pseudo scalars-coupled to anomalous currents:

X

N’aco N’y n
e
axions

For how many sources of (instanton) masses ? Two or three ?

~

Gdiangiag GCGC and.... 7



Small Size Instantons (SSI) and Axion Mass

Instantons effects are exponentially suppressed

D[o/(,u)] x e—%/a’(u) Usually §izable only at (6—27T/0-1 ~ 10—28)
the confinement scale

[Holdom+Peskin, 82]

. . . Dine+Seiberg, 86
But SSI relevant in high-scale SSB theories {Hymmandi. 87]}
: [

0.4 Agrawal+Howe, 17]

&
W

Running Couplings
)

e
[—
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102 10%* 105 108 10! 10'2 10 1016 1018
PRRE crnala 111n (2a\/




Small Size Instantons (SSI) and Axion Mass

Instantons effects are exponentially suppressed

—2n/a (L - —27/0.1 —28
D[o/(,u)] X e /o (1) Usually §|zable only at (e 7/ ~ 10 )
the confinement scale

Holdom+Peskin, 82]

[
. . . Dine+Seiberg, 86

But SSI relevant in high-scale SSB theories {Hymmandfh.sv]}

f [

0.4 Agrawal+Howe, 17]
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The effective potential for the three singlet pseudoscalars:
N’aco Ny  Nx
axions

2 2
A4 7\ 2 A41a A4
Vepp = =3 (2"—><) + e (g +f"¢ ac (yaco /5"
d

2 f?’l‘ fd
R , -~ . ~— s/
SU(3") sslInstantons SU (3)diag Instantons at conf. SU(3)c Instantons at conf.

has three sources of mass —> two massive axions



N’ocp  plus two axions: Ny and Ny

1012 i

101(] i

N x

—
<
x

i
|

Mass (GeV)

Both axions heavy :
one out of collider reach
the other with mass GeV — 103 TeV

Acur = 10%GeV
ACUT = 1017G€V
ACUT c 1016G6V
Acur = 101°GeV
ACUT = 1014GeV

0.1 0.2 0.3 0.4
Coupling o/ (Acur)

0.5

3)

0.6



107"

1072

1073

Collider Phenomenology

PP— pp; P— qq

I I I I I I 1 I 1 I 1 1 1 I
ATLAS Preliminary Inclusive Selection
\s=13 TeV, 36.7 ! == coloron pair prod. cross section (LO)
=== sgluon pair prod. cross section (NLO
== observed 95% CL limit
- expected 95% CL limit

expected + 1o

expected + 20
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+ We have a bound on
color octet scalars

m(mq) 2 700 GeV

Adiag ~ 3 TeV

and this is the PQ scale !
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Collider Phenomenology

PP— pp; P— qq
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ATLAS Preliminary Inclusive Selection
\s=13 TeV, 36.7 ! == coloron pair prod. cross section (LO)
=== sgluon pair prod. cross section (NLO
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+ We have a bound on
color octet scalars

m(mq) 2 700 GeV

and this is the PQ scale !



The low-energy spectrum is observable
e.g. with large Yukawas:

« The U(3) flavor symmetry is broken by condensate (1))
UB)xUB)r — U3y

QCD-colored “pions”

+ This results in 9 pGB’s. 9= 1.

+ The “pion” masses get pushed up to the cutoff of the theory via
interactions with gluons

~ 2
~ A Adiag



* The most general Lagrangian includes Higgs-prime fermions Yukawa
couplings:

L3y, ¢ Puf + vy g ®df + hc.



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:

£ >0 —GGGG +0' 3 G’G’ — (06 +0) aglag GaingGaing + 9‘6 =G

-

Adsy (7 POAG n ), " Nyen ), i
__ =SS X / l1ag Ix / _
Verr = =5 ( fd+9) +—5 <2fd ffd+9+9> +—5 (ffdwﬁ)

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

<9—, B nx> 0 <96 B 77¢> 0 Strong CP problem
fa fa

solved




Pseudoscalar potential and masses

2 2
A4 '\ A41a A4 / /
d

2 fd 2 2 f7r fd
N ~— __/ N —_— __/ N .
SU(3") ssl Instantons SU (3)diag Instantons at conf. SU(3)c Instantons at conf.
A4 _I_A4 A4 \
/ 4 ( SSIC% d) 2\/6 fg 0
4 Aj+ASep) A}
M? _ Ag ( d TAQeD QCD
77X777¢=77QCD 2 6 3 6 3 2\/6 fwfd
A¢ A¢
9 QCD 4 ZQCD )
\ 0 Ve 2



Small Size Instantons (SSI) and Axion Mass

a) for small Yukawa couplings in the prime sector:

. _ _ [t Hooft, 73]
=> Dilute Instanton Gas approximation: [CallantDashen+Gross, 77]

[Shifman+VainshteintZakharov, 80]

— dp [ 2r 2N 2 1
- A4 — _Cz'ns / e—zw/a’(p) “.2 3 /c 11114
SSI ¢ | o (a,(p)> 37" (XX) (an) 1:[yu Yo
Pure Yang-Mills Instanton Fermionic suppression

" Lepp = Aggy cos (2 %) Assr 2 20TeV

(xx)

arXiv:1805.06465



N’x= (Xx)

(¥)

Ny

Axions
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" For small prime Yukawa couplings :—
One axion very heavy and out of collider reach
One axion mass above GeV
— ACUT = IOIBGGV
— ACUT = 1017G€3V
— ACUT s 1016G6V
—— ACUT = 1015G6V
— ACUT = 1014G€V
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Small Size Instantons with Fermions

+ Adding fermion effects gives an instanton suppression




b) for O(1)Yukawa couplings in the prime sector:

The prime sector instantons generate a large
effective mass for the x fermion

ceff — _mXXX My ~ 4.1 % 10_10ACUT



N'x= (xXx)

Ny = WY)

Axions
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Mass (GeV)

Axions: Ny =@Wy) N'x= (Xx)
1012 4
1010
b/
N'x
10% -
106 - A i e
-7 / _—___F_ el —
< p22=--—-For O(1) prime Yukawa couplings :
o = 108GeV
= 107GeV
102 4 -t — 10'5GeV
/ / 15
/1 7 ,/ e ACUT=10 GeV
I, II // ,I — Acur = 104GeV
100 117 0s . . .
0.1 0.2 0.3 0.4 0.5

Coupling (.}f,(j'\(j‘UT)



We also developed another UV completion

Same CUT gauge group

but instead of adding a second massless fermion as in

model |:

we added a second scalar A»:

sule) [su')
T (20 | 1
Y|4 | 0O
sulo)|sufz')
T (20 | 1

model Il A 0] B

2

A, Ao and the prime fermions have now PQ charges



Model II: Small Size Instanton Contribution
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It runs faster




Model II: Small Size Instanton Contribution

The prime Yukawa couplings to the Higgs are now forbidden by PQ symmetry

Mor=- [




Axions: o
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Axion masses: ct, N’y = @)

107 4

The dynamical axion is still very heavy

the & mass can be ~GeV or lower

Only octet coloured pions under TeV

¢ 7/ —— Acvur = 10¥GeV

l{j 10 A // 7 l~ .

,/ v —_— Acvr = 10V GeV

/ /7 .

'/ —— Acur = 10%GeV

/7 P

10-13 4, — Acur = 10Gel
/

[ — Acur = 10MGeV

L [ T L]
0.1 0.2 0.3 0.4 0.5 0.6

Coupling o' (Acur)



Axion masses: (. 17),,

107 4

10° Fo-

10° 4

What | don’t like of model Ii:

—> it is a hybrid solution, with one axion dynamical and one elementary

—> one PQ scale is ~Acur —> it contributes to EW hierarchy via scalar potential

”
,/
al —— Acur = 10%GeV
l{j 10 / /, + { 1 o T
7 7/ T >
,/ v,/ —— Acur = 10YGel
/ /7 .
Y/ S —— Acvr =101GeV
/ // a/_ 15 .
10-13 ¥4 e Nevr = 1077 GeV
/
[ — Acur = 10MGeV
L [ T L]
0.1 0.2 0.3 0.4 0.5 0.6

Coupling o' (Acur)



Collider Phenomenology

+ Collider accessible states are QCD colored “pions”

7'(' 8% ~
d
T/
7
// ___N
\
\\'IT M,UJ

» Pair produced * Anomalous production



Collider Phenomenology

+ Collider accessible states are QCD colored “pions”

7T 87 ~
L > D, mgD g - 7% 6; dabe Gy, G
d
T/
7
// ___N
\
\\.’T M,UJ

dominates production dominates decay



The low-energy observable spectrum
a) for small Yukawa couplings in the prime sector:

+ The U(4) flavor symmetry is broken by condensates: (1)) (XX)
U(4)L X U(4)R — U(4)V
> This results in 16 pGB's. 16 =8, + 3.+ 3.+ 1.+ 1.

+ The “pion” masses get pushed up to the cutoff of the theory via
interactions with gluons

Yo,
~ A Adlag

Oéc

Adla
— g



The low-energy observable spectrum
a) for small Yukawa couplings in the prime sector:

+ The U(4) flavor symmetry is broken by condensates: (1)) (XX)

U(4)L X U(4)R — U4 14 QCD-colored “pions”

= This results in 16 pGB’s. 16 :—— 1.+ 1.

+ The “pion” masses get pushed up to the cutoff of the theory via
interactions with gluons

Yo,
~ A Adlag

Oéc

Adla
— g



The 77’ Pseudoscalars

+ The associated currents of the QCD singlets are:
1

- — 1549 — L9 L
Jipa = OV = fa 0ty ¢ E = el
1 — N 5 — / & i .
Ho=Xx = fa 0t fa is the pGB scale:
Adiag < 47de
NN\ — o -
T4 " Oy, = —V6 GG
8:quA = —2 gG/G’



A crucial fact:
at high T, the potential minimum shifts from 0 to mr

* Mirror worlds need to be colder than SM world:

! ).5H
BBN: N4 =2894+057,  CMB: Ng =2.997)3;. d < 0-51

—> SM temperature effects break explicitly Zn

V(a.)/'m‘jz\f:,\z

T=0.298 GeV

a/fa

Va(7) = —Vszu(%)

s



At high T, the potential minimum shifts from 0 to i

a/ fa

0.75
0.67

0.59

0.52
0.44 >

D
0.36

028 Temperature

The axion gets trapped in 1 : Trapped Misalignment

di Luzio, Quilez, Ringwald, BG arXiv 2102.01082



Trapped misalignment: a pure temperature effect

* At high temperatures, the axion is trapped in the wrong minimum
* The onset of oscillations is delayed
* Less dilution = more DM

* After trapping, the axion can have enough kinetic energy to overfly
many times the barrier—> further dilution: trapped +kinetic mislaign.

The Zn axion can explain DM and solve the strong CP (with 1/N probab.)

di Luzio, Quilez, Ringwald, BG arXiv 2102.01082



Could Casper Phase | detect an axion ? g Il
n
Canonical QCD axion:
Jayn o
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No signal possible from a canonical QCD axion
Signal possible from a Zn axion



85% of matter is dark

what is it?
Is it a new type of particle? what mass?
r // // // / 100 V Fermion
A 10722 Myark matter(€V) 10%° Boson

Does it feel anything else than gravity?



85% of matter is dark
what is it?

Is it a new type of particle? what mass?
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Intensely looked for experimentally...
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https://arxiv.org/pdf/1611.04652.pdf
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[Farina et al, 17]
[Craig et al, 18]
[Di Luzio+Nardi et al, 17]



Experiment: new experiments and new detection
ideas

* Helioscopes: axions produced in the sun.
CAST, Baby-IAXO, TASTE, SUMICO

* Haloscopes: assume that all DM are axions
ADMX, HAYSTACK, QUAX, CASPER, Atomic

*  Traditional DM direct detection: axion/ALP DM
XENON100

* Lab. search: LSW (light shining through wall, ALPS, OSQAR)
PVLAS (vacuum pol.)...... and LHC!

see C. Braggio talk at Invisibles18



Experiment: new experiments and new detection

ideas
e.g. iIn Haloscopes
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plus LHC !
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