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How many QCD axions can there be?



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



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

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



The single QCD axion line
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The single QCD axion line
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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]
> » ’ : [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]




Multiple QCD axions



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

i1 Sk
= —%&kmﬁl&z with M2 = M2 + M2, Diagonalize mass matrix
1
LD —§m?a?
Compute coupling to gluons
of the N mass eigenstates
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87 fi
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Multiple QCD axions

Diagonalize mass matrix

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 m?f? = fom?

(M + md)2

AN 2
<a1 —|—a—A2> +ra3
fof

3 — VN=2 = =XQcD

i, )

ﬁNZQ:O‘S<a3+“3+9)GG
8 f f

l\.')lr—\

16



Toy example: N=2 mif? = fhmd
(mu + md)
L @ (01 0 ANea_lpza v ! h o 2+ i
-2 = — = R — =My Ao . —_9 = — — — Tra
N=2 B f f 5 9 Qo N=2 2XQCD 7 7 2
-> Note that there are 2 relevant axion linear combinations:
@ Theonethat couplesto GG
66 = —= (@1 + d2)
Opp = —= (01 +a
GG \/§ 1 2
€ Theoneimplementing the PQ symmetry:
apqQ = ai ,




Toy example: N=2

8
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f f 9.

Limit r — oo: The mass eigenstates read,

ay ~ ap ,with
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Toy example: N=2

A
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Limit r — oo: The mass eigenstates read,

ay ~ ap ,with

as >~ a5, with

Limit r — 0: The mass eigenstates read,

1 5. .
a; ~ —2(a1 — a9) ,with
| ) 5 ;
as ~ ﬁ(al + ag) , with

MMy
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Toy example: N=2 R
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Toy example: N=2 mif? = fhmd

(mu + md)2

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

Ot Single QCD axion
1 i i L 1 L L n 1 n i i 1 i i i 1 " L L 1

0 2 4 6 8 10
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Toy example: N=2 R

My, + md)2
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—> 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?

® 2 QCD maxion fiélds
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QCD-axionness

1 XQCD e Inverse of the distance to QCD line
g; m?ff e Fraction of its mass stemming from QCD

1/fa[GeV~1]
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QCD-axionness: a sum rule from true PQ

1 e Inverse of the distance to QCD line i
XQCD -
g; m?ff e Fraction of its mass stemming from QCD .
Al
HU(l)pQ — E — =1,
1=l Yi

[z-A20] [48]
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Experimental consequences gi - Xaop
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Experimental consequences - - 3%
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Experimental consequences - - %%
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Experimental consequences - - 3%
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Experimental consequences - - %%

m? f?
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N
Experimental consequences -=1:% >

4) Irl\l/[aéx{mim{gi}} =N = g;=N, Vi.
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0 - Maximally deviated QCD axions 1
QCD Maxions : Multiple QCD axions > —

4) max{miin{gi}} =N = g;=N, Vi.
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-L-Quantamacazine Physics Mathematics Biology = Computer Science  Topics  Archive O A/ 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
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QCD Maxion conditions > -
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m-parameter family of Maxion matrices,
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QCD Maxion conditions zNji —1

4) Ig&x!min{aq‘ll =N = a=.N Vi,

THz PHz

As a particular case of the QCD Maxion
2

BN = If the starting extra potential is diagonal haxions
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m = N(N +1)/2.
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QCD Maxion conditions
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Coupling to photons

e
Same E/N
1
N ~
Qem E A 22 N
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; 10—14_
50
2 2
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aiyy Yaryy single QCD axion
10716 3 Single axion
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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




Conclusions

N Z0E ZE 2 R

Multiple QCD axions can solve the strong CP problem!

A sum rule from the PQ symmetry links the possible values {m. fl.
Finding one axion gives us a lot of information on the posible others
The maximum deviation for N axions is \/N

Outlook:

€ Modified experimental bounds for multiple axions?

€ DM production for multiple axions?

€ Topological defects, etc.




Thank you
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Back up slides

46



Exact diagonalization: N=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 M?
det M?

= (bu — X'M;?X) = AL




Multiple QCD axions
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Multiple QCD axions

N L

2
1 a - ~
EZﬁXQCD(Z%) +VB(G1,...,CLN_1).

k=1 Jk
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1 N N A N
ED—Q“kMildl with M? =M% + M3,

AU(1)pg = lim detM? =0 = detMp =0.
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Deviation from the QCD line: g -factor
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