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The QCD axion
[Peccei+Quinn 77]

=> Solves the Strong CP problem [Weinberg, 78]

[Wilczek, 78]
. [Abbot+Sikivie, 83]
= Excellent Dark Matter candidate [Dine and W. Fischler, 83]
[Preskil et al, 91]
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The aX|On SO[Ut'On [Peccei+Quinn 77]
- Strong CP problem £ D fgcp g—SGG Neutron EDM
-

(Electric Dipole Moment)

Why is it so small?

0 <1010
= ~
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The aX|On SO[Ut'On [Peccei+Quinn 77]
- Strong CP problem £ D fgcp g—sGé Neutron EDM
-

(Electric Dipole Moment)

Why is it so small?

0 <1010
= ~

> If § were ascalar field, its vev would be zero [Vafa+Witten, 84]

_ Qs ~ _ a )\ as =~
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The pGoldstone boson of the PQ sym.

= Introduce a U(1)pgsymmetry (classically exact):  [Peccei+Quinn 77]

€ Spontaneously broken — pGoldstone Boson: AXION [Weinberg, 78]
[Wilczek, 78]

€ Anomalous: explicitly broken by QCD instantons — massive
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The pGoldstone boson of the PQ sym.

- Introduce a U(1) pg symmetry (classically exact): [Pecceit+Quinn 77]

€ Spontaneously broken — pGoldstone Boson: AXION [Weinberg, 78]
[Wilczek, 78]

€ Anomalous: explicitly broken by QCD instantons — massive

a Qg = 2 42 2,2 My Mgy
LD _S_GG — > mafagmwfw 2
a OT (mu + md)
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The pGoldstone boson of the PQ sym.

- Introduce a U(1) pg symmetry (classically exact): [Pecceit+Quinn 77]

€ Spontaneously broken — pGoldstone Boson: AXION [Weinberg, 78]
[Wilczek, 78]

€ Anomalous: explicitly broken by QCD instantons — massive

a « ~ My T
LD— =GG —— mifiemlfi —_
o ST (Mqy + my)
1 -
- Couplings: LD ZgaWaFF
L = ! 4 1.92(4
ga’Y’Y X _a — gafYW X Mg Sary: = _maem N el ( )
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Invisible axion parameter space
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Summary slide from Patras 2021

Beyo n d th e Ca n O n i Ca l ba n d Review talk: “True axions beyond

the canonical band” P. Quilez

A) Photophilic/photophobic axions B) Heavy/even lighter axions

1. Heavy axions: extra instantons

1. Single scalar: Playing with fermionic

M [Rubakov, 97] [Dimopoulos et al, 16]
representations [Berezhiani et al ,01] [Gherghetta et al, 16]
[Fukuda et al, 01] [Agrawal et al, 17]
. . . Hsu et al, 04 Gaillard, Gavela, Houtz, Rey PQ, 18
“Preferred axion window” “Axion from monopoles” et 081 et o 1Y P T
[Di Luzio, Mescia, Nardi, 16] [Hook et al, 14] [Csaki et al, 19]
s s ’ : [Chiang et al, 16] [Gherghetta et al, 20]
[Di Luzio, Mescia, Nardi, 18] [Sokolov, Ringwald, 21] [Khobadize et al,]

2.  Multiple scalars: Alignment in field space 2. Evenlighter QCD axion

[Hook, 18]
" s w . by« L. N [Luzio, Gavela, PQ, Ringwald, 21]
Clockwork axion KNP alignment” “Multi-higgs models [Luzio, Gavela, PQ, Ringwald, 21]
[Farina et al, 17] . . . .
[Coy, Frigerio, 17] [Agrawal et al 17] [Di Luzio, Mescia, Nardi, 17]
[Kim et al, 04] [Kim et al, 04] [Di Luzio, Giannotti, Nardi, .
[Choi et al, 14 and 16] +Refsin FIPs report  Visinelli, 16] More PQ breaking
[Kaplan et al 16] [210212143] [Darmé, Di Luzio, Giannotti,
[Giudice et al 16] Nardi, 20]

Based on 230515465 - Pablo Quilez




The single QCD axion line
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Coupling to the

"EDM Axion mass
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The single QCD axion line

a Oy

LD — —=GG

fa

87

2 2 2,2 MyMyg
mg fq ~mzfr

(my, + mg)?

Coupling to the
nEDM

Axion mass
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Can the QCD axion deviate from the
standard m_-f_relation being QCD the
only source of PQ breaking?



Or is it written in stone?




How many QCD axions can there be?



If there are other scalar singlets in
Nature, other ALPs,

What are the consequences of a
general mixing with the QCD axion?



Multiple QCD axions



Multiple QCD axions

N,

as ak 2y o A A A

£:8_7T(E E_9>GG_VB(CL17G27"'7CLN)7
k=1
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Multiple QCD axions

N A

aS ak " o A A A

EZS_W(E ﬁ_9>GG_VB(a’17a’27"’7a’N)7
k=1

3 true U(1)pq <= classically exact and only broken by QCD
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Multiple QCD axions

” 2
1 ag A A
E——§XQCD<E T) — Vg(ay, G2,...,an),

il N " R . - . )
Lo —Q@kMiz@z with M2 = M2 + M2, Diagonalize mass matrix
1
LD ——m2a?
2 771
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Multiple QCD axions

N 2
1 i . )
L= _§XQCD<§ T) _VB(a17a27'°'7aN)7

1 . R R R . . .
£ —Q&kMizdz with M2 = M2 + M2, Diagonalize mass matrix
1
2 2
Compute coupling to gluons
of the N mass eigenstates
g Ay
Lo —=2GG
87 fi
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Multiple QCD axions

N 2
1 ak o A
= _EXQCD<ZJ(‘T _VB(a17a27'°'7aN)7

Diagonalize mass matrix

k=1 JFk
| M
das/F
1
LD —§mz2af
1 (mligg) l
fi F -
LD S_WZGG
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Compute coupling to gluons
of the N mass eigenstates
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Deviation from the QCD line: g -factor
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Deviation from the QCD line: g -factor
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Toy example: N=2 mif? = T,

E @ (01 B gV eGolaza. —v ! AN

=g = — [ — —Mo Q = — — ra

N=2 - f f 9 o Qo N=2 = 2XQCD f f 2
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Toy example: N=2 mif? = fimd

as (a1 Gz 2\ = 1., 1
taa 2 (B2 )66~ baat. —vhca— hraes

8 f

Note that there are 2 relevant axion linear combinations:
€ Theonethat couplesto GG

. | .
Ao = —F= (a1 + a2)

V2

€ Theoneimplementing the PQ symmetry:

apqQ = ai ,

PQ: ap — a1 —0 f allows to fully reabsorb 6
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Toy example: N=2

M2 a

EN:2=%<Q3+&?+9)GEJ—
8 f f

N —

Limit r — oo: The mass eigenstates read,

ay ~ ap ,with

as >~ a5, with
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NN

MMy

2,2 _ p2 2
mii:fﬂmﬂ'

(mu + md)2

X gi

1
2

apQ:al, aGéIE

g1—1 = a1 = AQCD-like
g2 — 0 = a2 = Qdecoupled

ai Qs
— V=2 = 5XxqQcp <? + —
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Toy example: N=2

A

2

s (Q ~ ~ ]-A o~
Crnea=-2 (2 +217)G6 - -m2a2.
i |

8

Limit r — oo: The mass eigenstates read,

ay ~ ap ,with

as >~ a5, with

Limit r — 0: The mass eigenstates read,
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MMy
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. A\ 2
ap a2 A
— V=2 = 5XxqQcp <? + —A> + ra%

2

apQ :&1,
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Toy example: N=2 R

24+
e e

Single QCD axion

0 1| 2 3 1 S
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Toy example: N=2 R

My, + md)2
-> There seems to be a see-saw like pattern, is
g there any conserved quantity or sum rule?
;=
Single QCD axion
O " " " L 1 L " L 1 L " " " " 1 " L " L 1 L " I "
0 1| 2 3 4 5)
T
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Toy example: N=2 mif? = fhmd

g 7r<mu —|—md)

-> There seems to be a see-saw like pattern, is
there any conserved quantity or sum rule?

> For r ~ 2 the axions deviate from the
single QCD line, what is the maximum
deviation for N axions?

|

g=1

Single QCD axion

0 1| 2 3 1 S
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2 r2
1 9 9 My, my 1 mqJa |sing1e QCD axion

QCD-axionness g =" maZ r2fe = ms

1 XQCD e Inverse of the distance to QCD line A 7
9; mi i e Fraction of its mass stemming from QCD : :
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QCD-axionness: a sum rule from true PQ

1 XQCD e |nverse of the distance to QCD line H
g; m%ff e Fraction of its mass stemming from QCD .
Al
HU(l)pQ — E — =1,
1=l Yi
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Toy example: N=2 mif? = fhmd
(mu+md)
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Toy example: N=2 mif? = fhmd

(mu+md)
or— ‘ |
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QCD-axionness: a sum rule from true PQ

1 _ Xxqep IU(1)pg = iiﬂ
gi m%f? i—1 9 |
Mass Eigenstates
AN
1 {apq| ai)lfai | aga)
Yi (arq | aga)
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QCD-axionness: a sum rule from true PQ

1 _ XQCD
9 mif?

1 (apq| ailfa |

Mass Eigenstates

o~ _—

aGé>

gi
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Combination that
couples to gluons
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QCD-axionness: a sum rule from true PQ

1 _ XQCD
gi  m;f?

Combination whose shift sym.
is only broken by QCD

Mass Eigenstates

o~ _—

| i)l |

aGé>

i (apq | agg)
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Gluon interaction
basis

£

Mass #
basis

PQ
basis

Multiple QCD axions will deviate from the standard relation

Combination whose shift sym.
is only broken by QCD

Mass Eigenstates

AN

/

Combination that
couples to gluons

| i)l |

aGé>

gi
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Gluon interaction # Mass # PQ
basis basis basis

Multiple QCD axions will deviate from the standard relation

N
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Experimental consequences - -
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Experimental consequences - - 3%
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Experimental consequences - -

1
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Experimental consequences - - 3%
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Experimental consequences - - 3%
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: 1 N
Experimental consequences .- =135 Zgi ~1
4) rrl\l/[aéx{miin{gi}} =N = g;=N, Vi.

Based on 2305.15465 - Pablo Quilez 48



0 - Maximally deviated QCD axions 1
QCD Maxions : Multiple QCD axions > —

7
1=1 g
4) max{mln{gi}} =N = g;=N, Vi.
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- First signal (g, = 3)
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i,. Quantamacazine Physics Mathematics Biology = Computer Science  Topics  Archive A 2 Q

Neutrinos Lead to Unexpected Discovery
in Basic Math

=2 Three physicists wanted to calculate how neutrinos change. They ended
up discovering an unexpected relationship between some of the most

ubiquitous objects in math.

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

ABSTRACT. If Aisan nxn Hermitian matrix with eigenvalues A1 (A), ..., An(A)
and i,j = 1,...,n, then the j*® component v;,; of a unit eigenvector v; associ-
ated to the eigenvalue \;(A) is related to the eigenvalues A\; (M;), ..., An—1(M;)
of the minor M; of A formed by removing the 4*P row and column by the for-

mula
n n—1
wiil> T (A = 2e(A) = TT (a(A) = 2 (M)
k=1;k#1 k=1

We refer to this identity as the eigenvector-eigenvalue identity and show how

Based on 230515465 - Pablo Quilez
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QCD Maxion conditions

4) max{mln{gz}} =N = g;=N, Vi.

M2
XQCD ,,M?
B = NWBNik—l‘
N )yN-
Pz (A Z BMk)‘k
al XQCD
2
tr M :; =N
= N(N+1)/2.

m-parameter family of Maxion matrices,
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QCD Maxion conditions Zi 1

4) Ig&x!min!a;ll =N = a=.N Vi,

THz PHz

As a particular case of the QCD Maxion
2

B]h\;[_k = If the starting extra potential is diagonal

LAGUERRE MAXIONS

10~?

10710
10—11
1012

naxions

10—13
p M2 ()\) 10—14
10-15
10—16
2 1017
tr M 10-18
10—19
O~ 10720
10—21
m=N(N+1)/2. 1019

10720 10722

0 10 0 0 107 10 07 40 07 7 7 07 0 A e

m-parameter family of Maxion matrices,
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QCD Maxion conditions

4) max{minfad =N — - N Vi

I\

M?2
Br_j =

Pmz(N)

tr M? =

As a particular case of the QCD Maxion
If the starting extra potential is diagonal
LAGUERRE MAXIONS

- = lim
Ji A s

ALv()

(A—Xi)Ln-1(N)

THz PHz

naxions

m-parameter family of Maxion matrices,
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Coupling to photons

1073
Same E/N
1
N N
1 o (0 E &k =~ 2
0L==) g9 ., arFF = == FF -
kY r ’ 1012 4 2
4 k=1 8m k=1 .ﬁf fk E =
T
All the results apply to photons if all a, 2 T
have the same E/N %
S 1045
i% =
5 2 J
Zl'L — T;’a X g,L ) 10—15E E/N E [2/3,8/3].
gai77 ga'y’y single QCD axion ]
10716 E Single axion
o N 3 ¢ Maxionin N =3
T 2 E — A " e Maxionin N = 30
()# __1'92 Zgaz’;’y :10 10717 1 T L | I 1 L | I I Ty I 1 LI
Ao N 1 m; 1077 10-6 107° 104 1073
‘ gy [eV]
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Caveats

=> For sizable effects, extra masses need to be of the order of the QCD

contribution

= Difficult to measure precisely gluon coupling, theoretical uncertainty,

oy = eEPM (37 1 15)x 1073 | =
gany = e—p— = | ) x 10 (fy;)GeV

(But typically very precise in masses/frequencies, detectable multiple signals)
=> Coupling to photons more precise, but has model dependencies.

-> Most experiments rely on DM

\/PDM,local X GaXX
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Conclusions

= Multiple QCD axions can solve the strong CP problem!

= Asum rule from the PQ symmetry links the possible values {m.f}.

- Finding one axion gives us a lot of information on the posible others

- The maximum deviation for N axions is v/ [V

- Outlook:
€ Modified experimental bounds for multiple axions? | Erancesca’s talk
€ DM production for multiple axions?
€ Topological defects, etc. Kiwoon Choi’s talk
€ Connection to PQ quality problem Ryosuke’s talk
€ Motivated UV scenarios/patterns: string axiverse? Extra dim?
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Or is it written in stone?
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Thank you
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Back up slides
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Exact diagonalization: N=2

EN:2=%<CL3+C?+9)GC?—

ai

as

A

8 f

241 +ag (T—\/m)
V2Vatr? — /At 2
24+ a1 (—-r+ V4t 72)

m2 f2 =|f2m2 —"0 % g,
(M, + M)
1 a1 as )\’
— VN=2 = 3 XQcp <? + ?)
2v4 + 12

- \/5\/4—1—7“2—7'\/44—7’2 -
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Multiple QCD axions

N . A
% Y% _ g\ al —Valar & - % (%G 5\l _ vR(s -
L= 87 (,cz_:l fk 0) GG VB(ala CLQ,--.,CLN) — 3 ( F 9) GG VB (a ,)
- N
Zi
In the rotated basis, M? = R M2R7” el 4

by XTI X 1 0 byj— X992 X¥
2 _ 2 2 _ 11 _ XQCD 11 2
M‘MA+MB‘<X M%)‘ P2 (0 0>+( X w2 )

3U(1)pg => lim detM? =0 = det M% = 0| (aolayg) # 0

xqQcp—0

Applying Schur’s formula for invertible M, ,
2 XQCD =
det M3 (b — 222 - XM72X) = 0

det M2 XQCD
ead = (b1 — XM ?X
det M? ) = CF?
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Multiple QCD axions

N A

as ak ~ S A A A

£:8_7T(E E_9>GG_VB(CL17&27"'7CLN)7
k=1

7

aoa/F
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Multiple QCD axions

N 2
1 a . -
[’:§XQCD<§ f7k> +VB(CL1,...,CLN_1)-

k=1 Jk
N—_——
a‘Gé/F

1 A N N N
Vo —§akMilal with M? = M?% + M3%,

AU(1)pg = lim detM? =0 = detMp =0.

xQcp—0
Rank [Mi} —
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Toy example: N=2 R

] /A4
g’l: - ] 91(2) Wi(?"—2)j
Or Single QCD axion | g - ]‘
0 2 | 6 8 10
r
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Toy example: N=2 mif? = fhmd

(M + md)2

-> There seems to be a see-saw like pattern, is
g; = there any conserved quantity or sum rule?
f"
ot Single QCD axion
0 2 4 6 8 10
r
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Toy example: N=2 mif? = T,

T (my + ma)
5 19 15p7 7 T T T —> There seems to be a see-saw like pattern, is
g; = m; [ . there any conserved quantity or sum rule?
XQCD | g]_
107 For 7 ~ 2 the axions deviate from the
N | single QCD line, what is the maximum
= deviation for N axions?
=

® 2 QCD maxion fiélds

max min (g, g2) = 2

-
-
-
_‘——
—

0 Single QCD axion
1 i i L 1 " L L 1 L " i 1 i i i 1 L " L 1

0 2 4 6 8 10
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Deviation from the QCD line: g -factor

kHz MHz GHz THz PHz
= XQCD SN1987A
2,2 _|p2 2 mqy,my Planck+BAO
zfz — fﬂ'mﬂ' X gi
I
-
S
O48 a; el
£ T f GG HE‘10714
v S
i
1
LD ——m?a%

UBLRRLLLY SRR | LLLALLLL SR AU AR R AL RN R
Q 9 _? ) _6 5 A 3 2 _ \}
A o ™ 407 407 407 407 40T 4077 40 RS\

407 407 40T 407 O A0

mq [eV]

[, A9D] [*428)|
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