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Why axions
or ALPs ?




Axions and ALPs a

are the tell-tale of hidden
symmetries

awaiting discovery

as they are (pseudo)Goldstone bosons



Many small unexplained SM parameters

Hidden symmetries
can explain small parameters

|

f spontaneously broken:
Goldstone bosons 2

—> 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~
beone

baulle
* 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)



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter
so small?

LQCD = GU)& G¥ + 06 Gw!v‘éuwvv

Where Gpv: Spvpo GpO



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter
so small?

LQCD = GUM G¥ + 0 GWEW
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(CP even) (CP oda)

experimentally (neutron EDM); 0 < 1077 ?




Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter
so small?

0 <1010 LoD 0 GGy
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A dynamical U(1)a solution ?



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter

so small?
LQCDD g GHVG MV
fa
A dynamical U(1)a solution Weinbers, 781

[Wilczek, 78]

- the axion a



Strong motivation for singlet (pseudo)scalars from fundamental

SM problems

The strong CP problem: Why is the QCD 0 parameter

A dynamical U(1)a solution

Itis a pGB:

- the axion a

so small?

LQCD :) g G pvé KV
fa
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Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter
so small?

L LQCDD g Gpvé HV
fa

A dynamical U(1)a solution
- the axion a

It is a pGB: V(_a)

Excellent DM candidate !!

[Abbot+Sikivie, 83] ,
[Dine and W. Fischler, 83] -2 -
[Preskil et al, 91]

ma.70

bid 2m




If axions or ALPs are the dark matter of the universe

e.g. for ma=10%¢eV, inside each cm-3there must be

109 = 1cm

1 cm

about one thousand million axions per cm-3 !



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

1/f2
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In “true axion” models (= which solve the strong CP problem):
ma fa — Cte.

1/f2




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

1/f2

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



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

ma fa = cte.

* If the confining group is QCD:

V(fi) — a GuGHY

a a

-2 -7 0 b 2




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

ma fa = cte.

* If the confining group is QCD:

a ~Y
V(—) — a GuvGHv
!, .
-2 -7 0 b 2
a/f.
2 p2 My, My
m2 R — m canonical QCD axion

aJa TwJTT (mu+md)2



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

ma fa = cte.

* If the confining group is QCD:

a ~~Y
V(—) «— aAG,,Guv
f M
2 a
-2 -7 0 n 2n
a/f,
2 p2 My Mq
mg a2 = m_J. (T + md)2 canonical QCD axion

QCD topological susceptibility = XQCD



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

ma fa = cte.

* If the confining group is QCD:

a ~Y
V(—) — 4a G vGHvY
f M
a a
-2 - 0 bid 2m
a/f.
2 £r2 2 p2 My Mg _
myJ, — Mplx (g + mg)2 standard QCD axion

QCD topological susceptibility = XQCD



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

ma fa = cte.

* If the confining group is QCD:

a ~Y
V(—) — da G vGHvY

¥ W
a a

-2 -7 0 b 2

a/f.
2 p2 My, Mg
mg az = Ml o m? invisible axion

QCD topological susceptibility = XQCD



How come the QCD axion mass is NOT ~Aacp

Because two pseudo scalars couple to the QCD anomalous current :

With only QCD:

one combination
must be (almost) massless

—s “Invisible axion”




How come the QCD axion mass is NOT ~Aaqcp

Because two pseudo scalars couple to the QCD anomalous current :

With only QCD:

one combination
must be (almost) massless

—s “Invisible axion”

The tiny axion mass is due to mixing

4 with n’ and pion:
My My
mg fa2 ~ m?r fﬁ = 5
My, + MMy
QCD (

relation independent of the UV axion model




u 2 2 —_— 2 p2 My, Mg
QCD: mafa =m fr

My + Mmg)?

10°<ma<102eV , 10% f2<1012GeV

N—"

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

“Invisible axion”



Intensely looked for experimentally...

{mq,1/fa}. direct a - gluon coupling
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e.g. Casper electric
{mq,1/fa}. direct a - gluon coupling

a O

LD T 87‘(‘GG

1(0.011 e\a 2 LSTRLY |
Y = —— no nFH* m ~m f .
2\ m, [N 7 15 (MY + mg)?

= GJayn

Coupling to the .




Intensely looked for experimentally...
~C 10-°
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Intensely looked for experimentally...
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[Farina et al, 17]
[Craig et al, 18]
[Di Luzio+Nardi et al, 17]
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ALPs (axion-like particles) territory
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ALPs (axion-like particles) territory

8
0 p———
(1 ==
8

e'e =inv.+y

Y-inv.

Difference between and ALP and a true axion:

an ALP does not intend to solve the strong CP problem

otherwise, the phenomenology is alike

SELE Cosmology ‘
™y

-12

12
Logioma (eV) ALP territory

and more?

Jaeckel+ Spannowsky 2015

“True” QCD axion



ALPs (axion-like particles) territory

8
0 p———
(1 ==

Y-inv.

e'e =inv.+y

Difference between and ALP and a true axion:

fm. [}

are independent parameters
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ALP territory

and more?

Jaeckel+ Spannowsky 2015

“True” QCD axion

Logioma (eV)



Axions and ALPs can explain Dark Matter
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My task today: can ALPs be true axions ?(i.e. solve strong CP)
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ALPs territory: can they be true axions ?
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ALPs territory: can they be true axions ?
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ALPs territory: can they be true axions ?
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but.....

Let me revisit, and challenge,

the standard QCD wisdom

“The QCD axion sum rule”
with Pablo Quilez and Maria Ramos, arXiv2305.15465



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

m, f,= cte.

If the confining group is QCD: I am going to
5 5 o o My Mg challenge
mof2 = myf; (o + g)? this !



The Peccei-Quinn symmetry

PQ symmetry = a global U(1)a symmetry,
exact at classical level

but explicitly broken only by QCD instantons

=3 QCD axion a



The Peccei-Quinn symmetry

PQ symmetry = a global U(1)a symmetry,
exact at classical level

but explicitly broken only by QCD instantons

=3 QCD axion a

LQCD :) g G pvé KV
fa

My, My

2 p2 2 p2
m — m
a-fa "f"r (M -I—md)2




The Peccei-Quinn symmetry

PQ symmetry = a global U(1)a symmetry,
exact at classical level

but explicitly broken only by QCD instantons

=3 QCD axion a

LoonD 2 GGy G |
QCD f MV This connection
assumes that
a 1S a Mass
eigenstate
2 2 2 2 _ MulMd
— M

ungranted !



The Peccei-Quinn symmetry

PQ symmetry = a global U(1)a symmetry,
exact at classical level

but explicitly broken only by QCD instantons

=3 QCD axion a

o ~ to be more precise:
LacoD ZGuGHY G that it only mixes
fa with the n’, 1.e.:

QCD eigenstate
My, My = mass eigenstate

C

2 p2 2 2
m = m_f
afa T (M +ma)® ungranted !



Remember:

In SM electroweak interactions families mix because

The weak interaction basis # the mass basis

(they are not simultaneously diagonal, unlike for QCD or QED)

J

—

-
W+

) cost, - ) -sinf, _-

¥ -
W+ W+

d

S



In QCD-axion interactions, axions may mix because

The gluon interaction basis £ the mass basis

(they are not necessarily simultaneously diagonal)



In QCD-axion interactions, axions may mix because

The gluon interaction basis £ the mass basis

(they are not necessarily simultaneously diagonal)

The axion field may not be the only singlet scalar in Nature.
It may mix with other singlet scalars

As long as the total scalar potential has a PQ symmetry,
the strong CP problem is solved



coupling to gluons

o [a . =
Standard QCD axion: g == G _ 9| GG
7T i

7

(mu B md)

Instead, we can have:
4 X )
_ % (e 5\ /o - -
L_§<F 9>GG—V/(CLG6,...,CLN)
— mf fz-2 = i XQCD within QCD
\_ X

distance to standard case (g=1)



Axion-exotic scalars mixing has appeared betore in other
constructions (clockwork, GUT, multiHiggs...)

Kim, Niles, Peloso 2005
Choi, Kim, Yun 2014
Kaplan, Ratazzi 2016
Giudice, McCullough 2017
Di Luzio et al. 2018

Fraser, Reece 2020
Darme et al. 2021

Chen at al. 2022

Agrawal Nee, Reig 2022

but, either by choice or by construction,
they took the limit where all but one decouple



Plan

1) A toy model with N=2 scalars

2) N tields and the most general PQ-invariant potential



N=2 toy example
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N=2 toy example

Ly s — (aGé | 9) GG — V(aGé,al)

F

or equivalently:

> — (a} | aAz |9)Gé—‘l
i 2

PQ symmetry : a1 — a1 —0f;



N=2 toy example

Ly s — (aGé | 9) Gé - V(aGé,al)

F
| I
or equivalently: Ffi f
&1 &2 s . 1 A D A9
Ly—2=|+—=+0)GG - =mja5-
fi fe 2
PQ symmetry : a1 — a1 —0f;
After confinement (and for /1 = fo = f and r= Zfﬁ ):
cp [ 1 {ml fl}
1VI2 — XQA * {m2,f2
2 1l —|— r

aq

Both eigenstat le to gl '53&8[ I ]GG
(9 elgensaes coupie OQuonS. {7 fl f2




N=2 toy example

Ly s — (aGé | 9) GG — V(aGé,al)

F
ag _ | G2
or equivalently: Ffi f
g Q> g
L:N:Q — ( - { ~ I 9) GG S _mg CL%”
i 2

PQ symmetry : a1 — a1 —0f;

After confinement (and for f1 = fo = f and:

M2 — XQACD (1 ) > {mi1, f1}

f2 1 1_'_7,, {m27f2

Both eigenstat le to gl 'LD&S[']GG
oth eigenstates couple to gluons: 87 | f1 fo




Distance to standard QCD band {ma, 1/ f a}
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Distance to standard QCD band {ma,, 1/ f a}
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m?zfg ‘single QCD axion

| 2v/4 + 12
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Distance to standard QCD band {ma,, 1/ f a}
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Distance to standard QCD band {ma,, 1/ f a}
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{mq,1/fa} Distance to standard QCD band
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ma,1/fa} Multiple QCD axion for N=2
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Distance to standard QCD band {ma, 1/ f a}
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Maxions (maximally deviated QCD axions): the maximal distance possible
for the closest axion eigenstate is... 2, and gi=go=2



N=2 QCD MAXION {ma,1/fa}

Maxion N=2




N=2 QCD MAXION {ma,1/fa}
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General MAXION condition for N=2

In general, N(N+1)/2 maxion families
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A ~ o 27
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Limiting case: Massless state has no mixing with gluons, the heavy one with mass ~ 4 72



General potential for arbitrary N scalars

Exact results and sum rules



Multiple QCD axion for any N

L—*SCpp yRig . )

N



Multiple QCD axion for any N and arbitrary potential

L—*SCpp yRig . )
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Multiple QCD axion for any N and arbitrary potential

bt e
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Multiple QCD axion for any N and arbitrary potential

O, QG ~
L= ;GGG—Vg(aGé, .

2 wx2 3 = waoebh (1.0 by — 295R X




Multiple QCD axion for any N and arbitrary potential

O, QG ~
L= ;GGG—Vg(aGé, .

2 wx2 3 = waoebh (1.0 by — 295R X

1 PQ field —> N eigenvectors a; coupled to /6.
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Several exact results follow from the eigenvalue-eigenvector

theorem
Jacobi.....

PETER B. DENTON, STEPHEN J. PARKE, TERENCE TAO, AND XINING ZHANG

ABSTRACT. If AisannXxn Hermitian matrix with eigenvalues A1 (A), ..., A\n(A)
and 7,7 = 1,...,n, then the j*! component v, j of a unit eigenvector vz associ-
ated to the elgenvalue Ai(A) is related to the elgenvalues M(Mj), ..., An—1(M;)
of the minor M; of A formed by removing the 5P row and column by the for-

mula
T

n—1

a2 T () = ak(4) = ] (u(A) — (M) -
k=1;k#i k=1

We refer to this identity as the eigenvector-eigenvalue identity

https://arxiv.org/pdf/1908.03795.pdf

. . s Ziz -

B
ST fz fz i i i fz



Peccei-Quinn condition for arbitrary M

lim detM?=0 = detM.,; =0
xQcp—0

PQ-invariance
condition
for arbitrary
potential




Peccei-Quinn condition for arbitrary M

lim detM? =0 = det My =

xQcp—0 1 L1
=2
i=1 71
PQ-invariance
condition
for arbitrary
potential

or equivalently

QCD-axionness is shared



: . 1
An intuitive view of the QCD-axionness 05 = —

gi

eigenstate

field (or combination of) field (or combination of)_
that has shift symmetry that couples to GG

B; = 1 (apq | a:) (@i | agg)

gi <aPQ ‘ &Gé>
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An intuitive view of the QCD-axionness 0§ = o

eigenstate

field (or combination of) field (or combination of)_

that has shift symmetry /at couplesto GG

1 (apQ | CLZ'> <CL7; ‘ aGé>

B = — =

gi (apq | Ggg)
apQ
. &i/ a2 = I 55
*e.g. inthe N=2 toy model: Ly=2 = (f | 7 | 9) GG — §m2 5°)
£



1

An intuitive view of the QCD-axionness 0§ = o

a7;> . elgenstates

aG§> : field(s) that couple to Gé

| CLPQ> : field(s) that maintain shift invariance

g 1 (apq | ai) (ai | aga)
e (apq | agg)

then

and it can be proven that:

L (apq | agg) i (apq | ai) (@i | agg) i Xooh - al 1
<a’PQ O’Gé> i <aPQ|aG§> ; sz 2'2 i Gi



Maxions (maximally deviated QCD axions):

max {miin{g,,;}} =N = Vi

N relations



Examples of N>2 axions

and Maxions



10—15

107"

a multiple QCD axion for N=3

.
i

) 9% First signal (g, = 3)
7 ¢ AxioninN =3

{ma,1/fa}

10~10 10~°

m, [eV]



10—15

10—17

10—10

a N=3 Maxion

Y  First signal (g, = 3)

y
7 jag ® Maxionin N =3

Potential=
Laguerre
matrices




Maxions

allanbe

0.0 0.9 1.0 1.5 2.0

-0.5

-1.0



a N=8 Maxion

{ma,1/fa}

=6 x 101* GeV

107
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{ma,1/fa}: coupling to gluons
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{ma,1/fa}: coupling to gluons

kHz MHz GHz THz PHz

SN1987A

Planck+BAO




Coupling to photons



Coupling to photons for the multiple QCD axion

o E | a _~
Standard single QCD axion: LD =" = —-1.92| —FF

2w | N | fa

A

model-dependent



Coupling to photons for the multiple QCD axion

Standard single QCD axion:

Multiple QCD axion:

LD

LD

Oerm | E 1 a _~
— —1.92| — FF

2w | N | fa
Cem _Ez’ ] a; —
o /\—a — 1.92- EFF

()

T

model-dependent



Coupling to photons for the multiple QCD axion

o E | a _~
Standard single QCD axion: LD =" = —-1.92| —FF
2w | N | fa
Kem —Ei ] i 7
Multiple QCD axion: Lo o 2o |z ~ 192 2 FF
model-dependent
i 5,/ N universal: £ % [2 g9 S U FF
(2 (2 " 27T -N . - Z fz
miz m2
* = L X g’l,
gai’Y’Yz 962"7'7 single QCD axion
- 1—2 N
(ZW)ZXQCD E aivy _
> N 1.92 5 — sum-rule
Xem i i i—1 my;




Coupling to photons for Maxions

10-10

CASTE

10—11
i 2 /
10—12 E ;3 :/
] T I
G o
10 13§ 6\;\.3
g _®
14 ! P
0=
1015 =
1016 = ’ g | Single axion
s P e Maxionin N =3
. ¢ Maxionin N = 30
10—17 | LR | | | LR | | | T T Ty | | I T
10~7 10—® 10~° 10~4 10-3

m, [eV]



Coupling to photons for Maxions

10—10

CASTE

A
-1 @0‘20
10 N\
[AX®
PUISars o 1 L IREIEES E 5
_ Qé‘ /
- e
: T
| sellLaguerre maxions
1075 = 1 1 1
E My_3 = XQA(;D 1 4—\/§ 1
: g g 1 13
10—14 =
10—15 -
= ’/-—
1016 = g Single axion
: P e Maxionin N = 3
- e Maxionin N = 30
10—17 R R | l T T T Ty l 1 T 111711 | ™ TTT T
10_7 10—6 10—5 10—4 10—3

m, [eV]



UV completions: one example



a simple KSVZ with 2 true QCD axions

0~ (3,1,0) S1.2 ~(1,1,0)

[’UV p— |8“51|2 -+ |8“SQ|2 -+ \Ijlllp\lll -+ \Dglw\lfg e [yl\Ifl\Illsl -+ yQ\DQ\PQSQ - hC] G V(Sl,g)
1 A . A ~
= (£ ) piti/ fi

forinstance V(S o)~ Sél reduces the system to just one PQ

and gives precisely the first N=2 mass matrix | showed you !



a simple KSVZ with 2 true QCD axions

0~ (3,1,0) S1.2 ~(1,1,0)

EUV — |8“31|2 -+ |(9“SQ|2 + illlqul —|—Egllp\112 = [ylﬁl\DlSl -+ yQEQ\IJQSQ —+ hC] e V(SLQ)

1 A « A »
S, = — ( s z) elti/ fi
7 fi+p

forinstance V' (S7 9)= AS3S, + h.c. reduces the system to just one PQ

1 &1—|-€L2 = . )\ A A Sdl‘l‘&Q :
‘/ve e A 6 e A
f 2XQCD( 7 ) + 4f ( 7

(= & = F)
XocD [2+ & —4r A
- M= ' ( _4r 2r> Ve

XQCD
Tr[M?] = Zm? =N %2

* Maxion solution for r=1/5 «——




How far from Aqcpo must the new scales be to impact
experiment?

Consider N=3 and an extra potential of the form:

and ratios of the other two scales : :\1 = 10_3:\2 = 0.5

This would lead to: (g1, g2, 93) =~ (1.2, 7.3, 497)

—> Measuring g1 and g2 with enough precision would allow to infer the
existence of a third axion even if 1/gs << 1



right ALP territory: they can be pure QCD axions

0 e ———
(81
Jay ™
T 8nf,
Y=-inv.
-1
L0g10(GeV )3 e'e =inv.+y
FCC-ee
projection

-6

A ---=Q9ar Pure true
pA2 QCD axion
region
4
-9
HB stars
SN1987a Cosmology
-12 4.»
-12 -9 -6 = 0 3 6 9 12
constraints in plot from

Jaeckel+ Spannowsky 2015 Logioma (eV)

“True” QCD axion



Conclusions

* The PQ solution to the strong CP problem leads in all

generality to multiple QCD axion signals

—> displaced to the right of the canonical QCD band
—> the usual single QCD axion is just one limit

* The smoking gun is the multiplicity of signals.

* Exact PQ invariance condition and exact PQ sum rule

* The main experimental impact is from scales not tar from

*

the QCD contribution

Beautiful synergy between different experiments.
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Backup



Clockwork axions

Certainly comply with the PQ condition: det M?/detM?{ = xqcp/F?

but do not allow Maxion solutions:

e.g. q=1/3 ,
TrTM*“=N

Tr2 M2 — Tr M2 . M2 ZNX%(;D

XQCD 1
MR
11

TTM? & r = -
1 r=0Vr 189

Not
compatible



{mq,1/fa}: coupling to gluons

The single QCD axion line

LD

a O

GG

foa 87

N

2 2 -~ 2 2 My Mg
Mg fo = mzfz

(mu + md)2

Coupling to the
nEDM

AXxion mass

kHz MHz GHz THz PHz
104
B N 107
10 SN1987A 10-8
10°° :
107 Planck+BAO 1077
_8 lofl()
10
10-° 10-"
10-10 10"
10-11 10-13
10-12 0=
10-13 10715
10-14 10~
10-15 1071
10-16 -t
10-17 1077
10-18 1072
10—21
10 19
10-2
10 20 | 5 ! EJ ”"r'q LA | l‘lmc: T T ITH‘3T lmflll T T T mfl\ mau
% 2 0 - b 5 A - A
070 M 0T 0T 07 407 407 40T 0T g0 0 e

m, [eV]

Adapted from AxionLimits
[Ciaran O’hare, 20]

[;_A®D] |48



Ringwald+Sokolov 2022: assume magnetic monopoles or dyons in UV theory

falGeV]
10" 10" 10" 10" 10" 10" 10" 10 10" 10" 10° 10® 10’
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Figure 1. [Existing and projected (dashed lines) constraints on the parameter space of ALP-
photon g,gg and g,ap couplings versus ALP mass and decay constant together with the lines
corresponding to g,pp (solid), |g.an| (dashed) and \/ |gaan| gans (dash-dotted) in different hadronic

avion modele writh one heavv PO charced fermion 2/ with the narametere oiven in a bov and Ne<xr —




Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter
so small?

0 <1010 LoD 0 GGy

G MV — Spvpc G PO

A dynamical U(1)a solution ?

It substitutes 6 by a spin O particle a, i.e. a field a(x), which has
a small potential with minimum at zero



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter
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scale fa

A dynamical U(1)a solution Weinbers, 78]
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[Wilczek, 78]



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter
so small?

LocoD( 8- 0)GuGh

f \

scale fa

A dynamical U(1)a solution Weinbers, 781
y

[Wilczek, 78]

with minimum at 6fa;. a = 0fa+ a’



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter
so small?

LQCD :) fg, G pvé KV
a

V\
scale fa

A dynamical U(1)a solution Weinbers, 78]
y

[Wilczek, 78]

a —0f.+a



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter

so small?
LQCDD g, GHVG MLV
fa
A dynamical U(1)a solution Weinbers, 781

[Wilczek, 78]
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Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter

A dynamical U(1)a solution

Itis a pGB:

so small?

LQCD :) g G pvé KV
fa

- the axion a

-2 -

a/fa

2

ma.70



Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The strong CP problem: Why is the QCD 0 parameter

so small?
ra LQCDD g GHVG MV
fa fa
A dynamical U(1)a solution Weinbers, 781

[Wilczek, 78]

- the axion a

It is a pGB: ~mainly derivative couplings d, a

Also excellent DM candidate ma7#0

[Abbot+Sikivie, 83]
[Dine and W. Fischler, 83]
[Preskil et al, 91]



Maxions (maximally deviated QCD axions):

N relations
N
Pane(A) = chl:/lkk
k=0
M _ _pn_ XQCD My Maxion
e F?(N — k) “k | conditions




