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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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True axion = QCD axion = axion that solves
the strong CP problem




1

True axion = QCD axion = axion that solves
the strong CP problem

Canonical axion = Vanilla axion = Original
invisibles axions KSVZ, DFSZ, Composite




1. The QCD axion
a. Canonical axion mass
b. Canonical axion coupling to photons

2. Beyond the canonical band
a. Photophilic/photophobic axions

i. Single scalar: Playing with fermionic representations
ii. Multiple scalars: Alignment in field space
b. Heavy/even lighter axions
3. Howtodisentangle them?
a. Other couplings
b. DM



The aX|On SO[U'UOH [Peccei+Quinn 77]
- Strong CP problem £ D fgcp g—sGé Neutron EDM
-

(Electric Dipole Moment)

Why is it so small?
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[Peccei+Quinn 77]

The axion solution

- Strong CP problem £ D fgcp g—sGé Neutron EDM
-

(Electric Dipole Moment)

Why is it so small? 7] 5 1010

=

> If § were ascalar field, its vev would be zero

[Vafa+Witten, 84]
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The PQ mechanism

- Introduce a U(1) pg symmetry (classically exact): [Peccei+Quinn 77]
€ Spontaneously broken

€ Anomalous



The PQ mechanism

= 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

12



The PQ mechanism

- Introduce a U(1) pg symmetry (classically exact):

[Peccei+Quinn 77]

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

€ Anomalous: explicitly broken by QCD instantons — massive

-

\_

KSvz )

Complex scalar singlet
Exotic quarks

[Kim, 79]

[Shifman, Vainshtein,
Zakharov '80] /

INVISIBLE AXIONS

-

DFSZ I

Complex scalar singlet
2HDM
SM quarks generate anom.

[Zhitnitsky, 80]

[Dine, Fischler, Srednicki ’81]/

\_

4 Composite axion

Massless exotic quarks

New confining sector

[Kim, 85]
[Kim, Choi, 85 ]
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Axion: pseudo-Goldstone boson of U(1),

=> Axion properties follow from its pGB nature: derivative and anomalous couplings
=> Axion EFT can be computed from the PQ current

ipg = fPQd”a+ Z Xty i +
i

oua
L, = X gt 4+ —— x 0,74
fro IpQ fPQ HIPQ



Axion: pseudo-Goldstone boson of U(1),

=> Axion properties follow from its pGB nature: derivative and anomalous couplings
=> Axion EFT can be computed from the PQ current

ipg = fPQd”a+ Z Xty i +
i

oua
~ fro PQ f P
N E
- At quantum level: BTG = as el G- 4—:F F
gauge
N=> (XL - Xgr) T(Cq)
® global
E=) (XL —Xgr) Q%
Q
Anomaly coefficients gauge

[Di Luzio]




Axion: pseudo-Goldstone boson of U(1),

=> Axion properties follow from its pGB nature: derivative and anomalous couplings
=> Axion EFT can be computed from the PQ current

ipg = fPQd”a+ Z Xty i +
i

oua
Ly = X jpo + =—— X OuJ
KnJ P
fPQ Pa fP @
> Atquantum level: BTG = NO“G G+ %F F
aem =
gauge L, DOF —F F“V—I—N——G GHY
N =Y (XL —Xr) T(Cq) Y ¢ A fpq " Am fpq
2 global
E=Y (X —Xr) Q% S
Q
Anomaly coefficients gauge

[Di Luzio]




Axion: pseudo-Goldstone boson of U(1),

=> Axion properties follow from its pGB nature: derivative and anomalous couplings
=> Axion EFT can be computed from the PQ current

Jpo = fred"a+ )y  xitny i +

d,a
L X jpo + =—— X OuJ
¢ fPQ PQ fP HIPQ
> Atquantum level: BTG = Na*G G+ %F F
(0] -
gauge L, DOF em—F F“V—I—N——G LGPV
N:Z(XL—XR) T(Cq) 47 pr 47 fPQ H
@ global ;= 1PQ *
E=Y (X, —Xr) Q% S “T N
\ E
Anomaly coefficients cauge Ly D —dem & p  fuv -+ 2a LGV
Sl “7 N 4rn f, M A f, "

[Di Luzio]




Jary

Canonical axion parameter space {gav,ma}
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Canonical axion
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Invisible axion parameter space a---
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Heavier/lighter axion
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Beyond the canonical band

A) Photophilic/photophobic axions :4——:>| B) Heavy/even lighter axions

1. Single scalar: Playing with fermionic 1. Heavy axions: extra instantons

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]
“Cl s on . P . L » [Luzio, Gavela, PQ, Ringwald, 21]
ockwork 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] + Refs in FIPs report Visinelli, 16]
[Kaplan et al 16] [210212143] [Darmé, Di Luzio, Giannotti,
[Giudice et al 16] Nardi, 20]




Why bother?

=> Test the robustness of our theoretical predictions
=> Widen the parameter space of axions solving the Strong CP

=> Solution to invisible axion shortcomings:

See talk of E. Nardi
on Friday

€ Peccei-Quinn quality problem

€ DM axion postinflationary: Domain Wall problem

€ DM axion preinflationary: isocurvature perturbations
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' ' Jayy = —%aem % —-1.92(4)
Preferred axion window: 1 quark : @. )

[Di Luzio, Mescia, Nardi, 16]

[Di Luzio, Mescia, Nardi, 18] Ty, Mg

2 2 2 42
mafa zmﬂ'fﬂ

2
e Benchmark E/N=0 and window |E/N —1.92| € [0.07,7] are (m + ma)
somehow arbitrary.

e Two criteria:
1) KSVZ fermions decay fast enough
2) Absence of Landau poles below m,
(Assuming KSVZ post-inflationary scenario)
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Preferred axion window: 1 quark f @ )
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Preferred axion window: +quarks @ )

[Di Luzio, Mescia, Nardi, 16]
[Di Luzio, Mescia, Nardi, 18] 1078
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(mu + md)

me fa = mz 2

= Maximum coupling: 10
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ALPS-1I

=>  Minimum coupling:

E/N ~ (1.92,1.94,1.95)
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photophobic
(within th. errors)
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Beyond the canonical band

A) Photophilic/photophobic axions i__;‘ B) Heavy/even lighter axions

1. Single scalar: Playing with fermionic 1. Heavy axions: extra instantons

M [Rubakov, 97] [Dimopoulos et al, 16]
representations [Berezhiani et al ,01] [Gherghetta et al, 16]
[Fukuda et al, 01] [Agrawal et al, 17]
. . N 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]
“Cl .y« . - . » [Luzio, Gavela, PQ, Ringwald, 21]
ockwork 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] + Refs in FIPs report Visinelli, 16]
[Kaplan et al 16] [210212143] [Darmé, Di Luzio, Giannotti,
[Giudice et al 16] Nardi, 20]




Axion from monopoles
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Beyond the canonical band

A) Photophilic/photophobic axions i__;‘ B) Heavy/even lighter axions

1. Single scalar: Playing with fermionic 1. Heavy axions: extra instantons

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]
“Cl .y« . - . » [Luzio, Gavela, PQ, Ringwald, 21]
ockwork 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] + Refs in FIPs report Visinelli, 16]
[Kaplan et al 16] [210212143] [Darmé, Di Luzio, Giannotti,
[Giudice et al 16] Nardi, 20]




+Scalars: Alignment in field space S

-

1 E
ga,\/,\r = —Haem N = 192(4))

. : : : 262 22  Muld
Clockwork, KNP, Multi-higgs... share the key mechanism: hierarchical myfo = my fr (M + ma)2
charges are obtained because the axion is an admixture of several
axions with a particular alignment.
Toy example with two scalars that take vevs: 1= — (0t p) €Ty = — (04 po) & F
’ V2 V2
L= o199y + Paxx
35



1 E
ga'y'y = —Raem _ 192(4))

+Scalars: Alignment in field space S

-

. : : : 262 22  Muld
Clockwork, KNP, Multi-higgs... share the key mechanism: hierarchical Mafa = M fr (M + ma)2
charges are obtained because the axion is an admixture of several
axions with a particular alignment. 1 ' 1 .
Toy example with two scalars that take vevs: ¢1 = 7 (v+p1)e'™ g2 = 7 (v+p2)e' ™

L= o199y + Paxx
There are 2 U(1)’s and therefore two conserved currents:

it =v0"ar + Py + ...
iy = v0*as + Xy x + ...
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ga,\/,\/ = —maem _ 192(4))

+Scalars: Alignment in field space S

. : : : 262 22  Muld
->  Clockwork, KNP, Multi-higgs... share the key mechanism: hierarchical Mafa = M fr (M + ma)2
charges are obtained because the axion is an admixture of several
axions with a particular alignment. 1 ' 1 .
->  Toy example with two scalars that take vevs: ¢1 = 7 (v+pr)e'™ ¢ = 7 (v+p2)e' ™

L= 615 + 9oXx + 150163

> The 2 U(1)’'s are now broken to U(1) xU(1),» U(1),

=00 ar + 9P+ Jp == +Mjy
jé‘:v@“a2+)_<fy“'y5x+... ]%Q:Mjf-l—]g




| | o= 5 ([E] 10200
+Scalars: Alignment in field space f @. )

. : : : 262 22  Muld
->  Clockwork, KNP, Multi-higgs... share the key mechanism: hierarchical Mafa = M fr (M + ma)2
charges are obtained because the axion is an admixture of several
axions with a particular alignment. 1 » 1 .
->  Toy example with two scalars that take vevs: ¢1 = 7 (v+pr)e'™ ¢ = 7 (v+p2)e' ™

_ _ C "
L=o19¢p + daxx + m%ﬁby
=> The PQ current reads:

jhg = v (May + az) + My "y + xv"7°x . ..




+Scalars: Alignment in field space S

-

1 E
ga,\/,\r = —Raem N = 192(4))

Ty, Mg
Clockwork, KNP, Multi-higgs... share the key mechanism: hierarchical mgfa ~mz fx (M + ma)?
charges are obtained because the axion is an admixture of several
axions with a particular alignment. 1 y 1 y
Toy example with two scalars that take vevs: ¢1 = 7 (v+pr)e'™ ¢ = 7 (v+p2)e' ™
n — C * M
L= 1Y + ¢aXX + 375 %192
\M -3
The PQ current reads:
o 0 J 1 =y aO
Jpg =00 + az) +[M¢7 g ¢]+ XX
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1 E
ga'w = —Raem _ 192(4))

+Scalars: Alignment in field space S

-

. : : : 262 22  Muld
Clockwork, KNP, Multi-higgs... share the key mechanism: hierarchical Mafa = M fr (M + ma)2
charges are obtained because the axion is an admixture of several
axions with a particular alignment. 1 » 1 .
Toy example with two scalars that take vevs: ¢1 = 7 (v+pr)e'™ ¢ = 7 (v+p2)e' ™

_ B C .
L= g1y + paxx + m%qbéw
The PQ current reads:
i = v0" (Marl+ az) +Mipy* 27 ¥+ xv"7"x ..

If Y is electromagnetically charged Q_,,=1and x is QCD triplet:
EM

% =M >1 Photophilic axion!
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oy = _Raem _ 192(4))

Photophilic clockwork axion o

[Farina et al, 17] -

2 r2 2 r2
Mafa = M Gl
u

=> Let us consider N+1 scalar fields with next neighbour interactions:

N—1
Z (K;n¢ib %-l—l + hC) AMAXM

n=0



1 E
oy = _Raem _ 192(4))

Photophilic clockwork axion o

[Farina et al, 17] My, M

2 p2 2 r2
mafa 2,rnﬂ'fw (77’1, +md)2
u

=> Let us consider N+1 scalar fields with next neighbour interactions:

N—1
Z (ﬁn¢L %-l—l + hC) AMAXM

n=0

-  These terms break [U(1)]N'» U(1),, and the PQ axion is a specific combination

1 1 1
a=C 7To—|—§7rl—|—...—|—3—M7rM—|—...+3—N7rN
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Photophilic clockwork axion o

[Farina et al, 17] My, M

2 p2 2 r2
mafa 2,rnﬂ'fw (m +md)2
u

=> Let us consider N+1 scalar fields with next neighbour interactions:

N—1
Z (K;n¢ib %-l—l + hC) AMAXM

n=0

-  These terms break [U(1)]N'» U(1),, and the PQ axion is a specific combination

1 1 1 . |
a=C (WO + 3T b Tt 3—N7rN> Exponentially large!
YE, E- YD e
| | E _ 3N—M
o —eo— - _l_ ........ _._l N
o T ™ TN-1 TN
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ga,‘/,", — —Waem N = 192(4)>

a

Photophilic clockwork axion

[Farina et al, 17] Ty, Mg
202 . 22 u
mafa - mﬂ'fw (TI’L + md)2
f2 (GeV) “

1020 1018 1016 _1014 101_2 A 101_0 _ 108
105 7 ; 7 z '/ u* P S i
1078} :
o[BS f
10 10 'ﬂ/\hﬁ?ﬁ/’ 5 -
s 1077 _ 3N —M
(D B — —
X 10714t Z\/
Om) L .-"' |AXO
10-16[ ADMX
[ ABRA-Res A
10-18L ABRA-Broad -
i CASPEr-EDM -
10-20 CASPEr-wind 4

10714 10-12 10-10 10-8 1076 1074 1072 100

m; (eV)
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Photophilic axion: KNP alignment

[Agrawal et al, 17]

=>  Similarly to toy example. A hidden group is responsible for the alignment

1 14 14 14
L=~ J(HyH" + GG + F, F")

ap, ~ [V O ~ v Olem ~ LV
M%b)H,, H — bG,, MPBaF,, F
+ 8mFy (a+ JH, + 8mFy GG+ 8mFy o
£ _ Moth
N

=> With several axions and hiddens sectors one can also implement clockwork.

=> Alternative scenario: kinetic mixing with an extra light axion.

2 2 2 42
mafa zmﬂ'fﬂ

1 E
Gayy = _Ra’em _ 1~92(4)>

©3

Ty, Mg
(my +mg)?
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Photophilic axion: KNP alignment

[Agrawal et al, 17]

=>  Similarly to toy example. A hidden group is responsible for the alignment

1 14 14 14
L=~ J(HyH" + GG + F, F")

ap, ~ [V O ~ v Olem ~ LV
M%b)H,, H — bG,, MPBaF,, F
+ 8mFy (a+ JH, + 8mFy GG+ 8mFy o
£ _ Moth
N

=> With several axions and hiddens sectors one can also implement clockwork.

=> Alternative scenario: kinetic mixing with an extra light axion.

2 2 2 42
mafa zmﬂ'fﬂ

1 E
Gayy = _Ra’em _ 1~92(4)>

©3

Ty, Mg
(my +mg)?
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a N

Photophilic axion: KNP alignment 3

[Agrawal et al, 17]

1 E
ga,\/,", — —Waem — — 192(4))

m2 2 ~ m?2 £2 Ty Mg
fa 1GeV] Jo = G may?
108 106 10 102 1010
107® ) _

ALPS llc

IAXO

3 CASPE(—EDM

\
N
W

U(T)pq. m = {1,16}
SU(M), M € [3,10]

107
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Multiple-Higgs doublet models

202 22  MuMd
. . mafa - mﬂ'fw (mu + md)2
=> DFSZ with 3+N Higgs doublets and PQ scalar:
‘CY — YUQLU'RHU —|_ YdQLdRHd _|_ YeLLeRHe [DiLuzio,M‘escia,l'\lardi,‘I?]
E?l LL;zl;ic,),1§]|annott|, Nardi,
[Darmé, Di L G
Nardi, 20]

48



1 E
Gayy = _maem N = 1~92(4))

©3

2 2 2 42
mafa 2/rrLTl'J[‘TF

Multiple-Higgs doublet models

My, My

: : (my + maq)?
=> DFSZ with 3+N Higgs doublets and PQ scalar:

‘CY — YuQLuRHu + YdQLdRHd + YeI_/LeRHe [Di Luzio, Mescia, Nardi, 17]

[Di Luzio, Giannotti, Nardi,
Visinelli, 16]
[Darmé, Di Luzio, Giannotti,

=> The photon coupling is enhanced by enlarging the electron PQ charge Nardi, 20]

E  $X(Hy,) + 35X (Hg) +X (He)

N X (Hy,) + 3X (Hy)




1 E
ga,\/,\v’ = —maem N = 192(4))

Multiple-Higgs doublet models 3

m2f2 ~ mzfz My My
aJa — Wﬂ(mu+md)2
=> DFSZ with 3+N Higgs doublets and PQ scalar:
EY — Y’U/QLURH’U/ —|_ YdQLdRHd _|_ YBLLGRHC {g?tuzio,ggscia,l?la,\;di,d17]
Visinelli,,16]lann°ttl’ o
-  The photon coupling is enhanced by enlarging the electron PQ charge Nara 30, et
4 1
E  4X(H,) + 31X (Hy) +{X (H.)
T 1 1
N 5 (Hy) + 35X (Ha)
=> And it can be done similarly a la clockwork with the N extra doblets
E N
— X 2
N

=> Interesting interplay with nucleophobic/electrophobic models.




Beyond the canonical band

A) Photophilic/photophobic axions 1__)‘ |[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]
“Cl .y« . - . » [Luzio, Gavela, PQ, Ringwald, 21]
ockwork 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] + Refs in FIPs report Visinelli, 16]
[Kaplan et al 16] [210212143] [Darmé, Di Luzio, Giannotti,
[Giudice et al 16] Nardi, 20]




Beyond the canonical band

A) Photophilic/photophobic axions i__;‘ B) Heavy/even lighter axions

1. Single scalar: Playing with fermionic 1. Heavy axions: extra instantons

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. Evenlighter QCD axion

2.  Multiple scalars: Alignment in field space
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Modifying the axion mass

a Qg . =~ o dmymg . 2( a )
LD 7 -GG (a) d \/ (i +ma) \2fa

1.0 A

[Di Vecchia +Veneziano,80]
[Leutwyler+Smilga, 92]
[di Cortona et al, 15]

0.8 A

0.6 71

0.4 A

0.0 1
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The Z2 case: Mirror world

Zy: SM — SM'

a — a—+ Tf,

L= Low+ Loy + 5= (--9)GG+—(

fa l

QCD

— =0+
fa

—~

)GG’

:

QCD’

54



What about lighter axions?

— Vsu(a/fa) |

—— Vaar(a/ fa)

0 2w
a/fa
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What about lighter axions?

SM
0.6 4
&'k 0.5 4
ke
— Vsu(a/fa) | NE\ 044
2 0 2 iy

Artt 2= Vam(affa) +
SM 0.6 0.1 . B & somumen ¢ VSM’(a/fa) )
e %1 ) — Va(a/fa)
o 0.01 : S
§ " 27 m O 7r 2w
S 031 a/fa
§o.2

—— Vaar(a/ fa)

2w

ol
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What about lighter axions?

SM
0.6 4
&'k 0.5 4
— Vsu(a/fa) | :‘g‘: (170 LA, U] 1
27 - 0 2 > .
aifs <= 031 The Z, axion
o 3 -
N B predicts: a)
SM' a a
061 | : 0 N Oeff — 7-(-/2 fu)
Ext 051 : - — — |
§ BT 27 T 0 s 27
S 0.3 a/fa
§/o.2
0.1
—— Vaar(a/ fa)
0.0 :

0 2w
a/fa
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Z,, axion: N-mirror worlds T
SM [mf ~ m?2 f> ( mj—md) _
Zy: SM —s SMF My —
a—>a—|—@f M
N " SM

k=3
=> The axion realizes the Z non-linearly.

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

theta parameter

N-—
= [cwk (ea 2;’“) Gka]

k=0

|—l

[Hook, 18]
[Luzio, Gavela, PQ, Ringwald, 21]
[Luzio, Gavela, PQ, Ringwald, 21]
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. . ga~,7=—%aem %—1.92(4)
Z,, axion: N-mirror worlds f@( >

2 2 2,2 MyMyg 4
{mafa:mwfwu——...

(my +mg)?

> N needs to be odd. Example: Z,

2f2 m?‘(’fﬁ 1_ZN3/2 N
m ~ wl z
asa ﬁ 1+Z

2 = My /My

[Luzio, Gavela, PQ, Ringwald, 21] ea
[Luzio, Gavela, PQ, Ringwald, 21]
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Even lighter Z, axion 3

107° 22 2 £2 My Mg
Magta MmeJx 2
(my +my)
CROWS

1077

108
1075
|
-
55 10—1(!
=, 2 p2
7 Hydra A o 7y S c m2 2 ~ mﬂ' e 1 ZN3/2 N

) e - e 3 N .§ -
> 01 ada ﬁ 1+2
M87
10-12 Chandra ; 4 ﬂ-~ ' [/ 2 p2 —-N
7 my fo o< (my/mg)” ~ 2
10—13 s
sl

1014 Dl L /A L L/l Lild L4 I L AT IR RV B il
107%107*10-210""10"1 10 10% 10~7 107° 10~ 10~* 107* 10~ 107!
[Hook, 18] mg [eV]
[Luzio, Gavela, PQ, Ringwald, 21]
[Luzio, Gavela, PQ, Ringwald, 21]




1

How can we disentangle the different
scenarios?
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Disentangling different scenarios 3

107° 22 ., 2 p2
mafa—mwfw (TI’L +md)2_"'
U

Astrophysics

An+ag4a

MADMAX . 1012

\

ADMX

20 Lottty il el o gl o gonil pil il pving el S e
1072 10= 1071 1072 10=% 107 10=% 10> 10~' 10=* 10=% 107!
mq [eV]

mg (eV)
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Disentangling different scenarios 3

2 p2 2 r2
mafazmwfw (TI’L +md)2_"'
U

Astrophysics

An+ag4a

= 104 | |

iw | Is it an ALP ot a true QCD axion?

— 107"

ER F e / Is it a photophilic axion or a light axion?

—_
o

L

=1 =
=TT
>

Clockwork, KNP, multihiggs, ZN,...?

107!
108
E 1016
- f 10
i J10l7
10—2[] | oo OO i il il STRVTITY WPRVTITY MARRRTIV MAMRTIT SRTHT MASETI M 10
1072 1071 1071 107 107% 1077 10 10— 10=* 107* 1072 107!
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CASPEr Electric

Jayn

SN1987A

CASPEr Electric /

phase 1 /

; phase 111

10-23 €
10712107*210-210-10107? 1072 10~7107%10-220-* 10-% 102
ma(eV)
[Irastorza+Redondo, 18]

-

Every true DM axion generates a signal in CASPEr

~ 1(0.011
D & %GG <P (L= _L \& o ysnkH

fo 87 2\n_Ja
Coupling to the

nEDM

L

= Gayn

For the nEDM one can only go
beyond the QCD band horizontally

-

If it lies in the yellow band < photophilic

me (eV)
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Beyond the canonical band: DM prediction

A) Photophilic/photophobic axions :4——:>| B) Heavy/even lighter axions

1. Single scalar: Playing with fermionic 1. Heavy axions: extra instantons

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]
“Cl s on . P . L » [Luzio, Gavela, PQ, Ringwald, 21]
ockwork 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] + Refs in FIPs report Visinelli, 16]
[Kaplan et al 16] [210212143] [Darmé, Di Luzio, Giannotti,
[Giudice et al 16] Nardi, 20]
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[Coy, Frigerio, 17] [Agrawal et al 17] [D! Luz!o, M.esua, Nard|, 1.7]
[Kim et al, 04] [Kim et al, 04] [l?| .Lu2|.o, Giannotti, Nardi, .
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Clockwork axion dark matter

[Long et al, 18]

=> Usual misalignment is unaffected
=> Axions from decays of topological defects drastically modified:
€ Since fog<<f, there is more room for the post inflationary scenario
€ Rich structure of the string/domain wall network from all the extra
scalars => SUPPRESSED DM axion production
€ Production of relativistic axions => Dark radiation that can be

constrained with Neﬁ 21 i

i) A/

69



Beyond the canonical band: DM prediction

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] [D! Luz!o, M.esua, Nard|, 1.7]
[Kim et al, 04] [Kim et al, 04] [l?| .Lu2|.o, Giannotti, Nardi, .
e O el + Refe in Fiporeport  Visinelli, 16] Unaffected Modified
[Kaplan et al 16] [210212143] [Darmé, Di Luzio, Giannotti,
[Giudice et al 16] Nardi, 20]




Dark matter from even lighter Z axion
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Novel production 107
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Conclusions

S Z0 2

\Z

The parameter space of true axions may be much wider.
The QCD axion might already be in the reach of your experiment!
Experiments should explore further down than the E/N=0 benchmark

Much needs to be done to disentangle the axion model parameters

. . . . ; See talk of S. Hoof
from possible signals in multiple experiments. on Wednesday

Much progress has also been made in extending the ALP DM arena

See talks of P. Serensen
and C. Eroncel on Tuesday.

(kinetic mis., trapped mis., axion fragmentation...)
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Thank you



Backup slides
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0.6 -

0.4 -

0.0

True axion potential

02 -

& V()= —mﬁfﬁ\/l = —4m“md)2 sin? (%)

(my, + my
[Di Vecchia +Veneziano,80]

[Leutwyler+Smilga, 92]
[di Cortona et al, 15]

e V(@) ~ —m2f2 cos(a/ fa)
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What about lighter axions?

SM

0.8

0.64

0.4+

0.2

Vola) ~ éos(a/f},)

— Vi(a) ~ (:os(a/f‘;, 7+ M)

0.6 4
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Completely
massless axion?
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Vi(a) ~ cos(a/fo + )
—— Vila) + Va(@)

N

™

0
a/fa
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Potential for N=3, z=1

1.75 -
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The axion mass matrix

There are two pseudoscalars that couple to the anomaly: the axion

and the n 5
"o a o @
2 GG — = A +
(7 7) o6 — 34ken (012 7)
By (mu + md) By (mu — md) 0
Mfry moay =4 | Bo(mu—ma)  4K/fx+Bo(mu+ma)  2K/(fxfa)
0 2K/ (frfa) K/f;
The physical axion is a (model-independent) combination of the pion
and the eta’ Fomg—m 7
N T d — My ™
a ~q — —
phys 2fa My + Mg e 2fa o

|

=g 0 6
9axX = Gaxx T Var 9nxx + Oy 9y xx Gury = ~ g O

arXiv:1811.05466 Axion couplings to EW gauge bosons - Pablo Quilez 78



https://arxiv.org/abs/1805.06465

Heavy axion models

Gary (GeV_l)

[Jaeckel+ Spannowsky 2015]

m?2 f2 ~ LARGE const

|~

N CAST _
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True QCD region
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Axion potential

52 %0l s Via/fa) ~m2f (
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—— QCD instanton potential
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