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The Strong CP problem

The QCD Lagrangian violates CP symmetry

N Qs ~ Gauge-invariant + renormalizable -
Lqcp D 0g2GE GEY —p _ ! Natural expectation
Non-perturbative QCD (instantons) 0~ O (1)
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The Strong CP problem

The QCD Lagrangian violates CP symmetry

N Qs ~ Gauge-invariant + renormalizable "
Lqcp D 052G G — _ ! Natural expectation
Non-perturbative QCD (instantons) 0~ O (1)

Prediction: electric dipole moment for the neutron

?10_ ® Neutron Scat.
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Peccel-Quinn mechanism
A new global chiral U(1) symmetry + scalar field ¢

[Peccei, Quinn 1977]
[Weinberg 1978]

[Wilczek 1978]
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Peccel-Quinn mechanism
A new global chiral U(1) symmetry + scalar field ®

[Peccel, Quinn 1977]
[Weinberg 1978]

[Wilczek 1978]

1) Spontaneously broken —=  a new Goldstone boson: the axion
d(x) ~ fret®)/ fa a(x) 7y a(x) + v fa

2) QCD anomaly

Colored fermions charged under U(1)

= Explicit PQ breaking:
generates a potential for the axion
(shift-symmetry is broken!)

P Qg a ~ 1% —pn | alx
Locn D b () 226G, GH et () = 0 + 42



Peccel-Quinn mechanism

The QCD potential relaxes to the CP-conserving minimum

Axion potential

~ a2 £2
V% ity conlhe) o~ Nyen/ f

[Weinberg 1978]

A4
QCD [Wilczek 1978]

<§ > _ () \Vafa-Witten theorem [Vafa, Witten 1984]
o E(9) > E(0) i



Global symmetries

Global symmetries are not fundamental



Global symmetries

Global symmetries are not fundamental

Quantum Gravity conjectures

[Susskind 1995] Black Hole physics
[Banks, Seiberg 2011] No global symmetries in string theory

[Harlow, Ooguri 2018] No global symmetries in ADS/CFT

Quantum Gravity must break all global symmetries

AUV — Mpl ~ 1.2 X 1019 GeV > AQCD

10



Global symmetries

Global symmetries are not fundamental

Gauge Theory EFT perspective
Write down the most general gauge-invariant Lagrangian

!

The renormalizable Lagrangian is invariant under accidental global symmetries...
Ex: baryon/lepton number in the SM
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Global symmetries

Global symmetries are not fundamental

Gauge Theory EFT perspective
Write down the most general gauge-invariant Lagrangian

!

The renormalizable Lagrangian is invariant under accidental global symmetries...
Ex: baryon/lepton number in the SM

...broken by higher-dimensional operators (parametrization of UV physics)

ALyy ~ ——Old

d—4
AUV

Ex: Quantum Gravity
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The quality problem

Good axion model: the PQ symmetry arises accidentally at low-energy (How?)

New gauge symmetries!
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The quality problem

Good axion model: the PQ symmetry arises accidentally at low-energy (How?)

1 New gauge symmetries!

UV physics (gravity?) violates PQ symmetry
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The quality problem

Good axion model: the PQ symmetry arises accidentally at low-energy (How?)

1 New gauge symmetries!

UV physics (gravity?) violates PQ symmetry

1

This generates Peccel-Quinn breaking operators at low-energy
ALyy ~ =0

d—4
AUV

l Explicit PQ breaking
New contribution to the axion potential (shift-symmetry Is broken)

AVuy (Oerr) ~ Ay (A{?V)d 18




The quality problem

The minimum of the potential is shifted

Axion potential

-7 0 T
Octr

(Best) 0 —=  CP — violating minimum!

16



The quality problem

We solve the Strong CP problem only if

(Oogp) < 10719 (neutron EDM)
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The quality problem

We solve the Strong CP problem only if
(Oop) < 10710 (neutron EDM)

Minimizing the full potental this translates to

fo N7t 4 ~10. 4
(—a) o S 10 XQCD

Auv
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The quality problem

We solve the Strong CP problem only if
(Oop) < 10710 (neutron EDM)

Minimizing the full potental this translates to

fo N7t 4 ~10. 4
(—a) a|<S 10 XQCD

Auv

UV PQ-breaking physics
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The quality problem

We solve the Strong CP problem only if
(Oogp) < 10719 (neutron EDM)

Minimizing the full potental this translates to

d—4
Ja 41< 10—1 4 _
Auv a f~ XQCD | QCD anomalous breaking

XQCD = iy mi 7~ (76 MeV

UV PQ-breaking physics
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The quality problem

We solve the Strong CP problem only if
(Oogp) < 10719 (neutron EDM)

Minimizing the full potental this translates to

d—4
fa 4 —104, 4
(AUV ) fa 5 QCD anomalous breaking

Ty T 2 £2 4
- I : XQCD = (mu+md)2m7rf7r = (76 MGV)
UV PQ-breaking physics Experimental bound d

22



The quality problem

We solve the Strong CP problem only if
(Oop) < 10710 (neutron EDM)

Minimizing the full potental this translates to

Auv

fo Y o4 10, 4
(—a) fo S107"Xaep

fa < AUV
The lowest-dimensional PQ-breaking operators are the most dangerous!
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The quality problem

We solve the Strong CP problem only if
(Oop) < 10710 (neutron EDM)

Minimizing the full potental this translates to

fo N7t 4 10 4
(—a) fo S 107 XQCD

Auv

For physically well-motivated scales PQ must be preserved up to
park Matter £, ~ 1011 GeV operators of dimensiond =10-12

Gravity AUV ~ Mpy
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The quality problem

We solve the Strong CP problem only if
(Oop) < 10710 (neutron EDM)

Minimizing the full potental this translates to

favdn ~10., 4
More generally AT S 107X 6ep
For physically well-motivated scales PQ must be preserved up to

operators of dimensiond =10-12
=) \\e can reduce d if some fo = v < fq

25

Dark Matter  f,, ~ 10! GeV

Gravity AUV ~ Mpy




Solutions to the quality problem

New gauge symmetries

[Krauss and Wilczek ‘89, Dias et al. ‘03, Carpenter et al.”09, Harigaya et al. "13, Barr and Seckel "92, Di
Luzio, Ubaldi and Nardi "17, Ardu et al. "20, Di Luzio "20, Darmé, Nardi "21, Darmé, Nardi, Smarra "22,...]

Low-scale f,

[Rubakov 97, Berezhiani, Gianfagna, Giannotti ‘01,
Gianfagna Giannotti Nesti 04, Gaillard, Gavela et al. ‘18, ...]

Gravitational suppression of coupling

[Lee ‘88, Giddings, Strominger ’88, Abbott, Wise ‘88,
Alvey, Escudero ’20,...]
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Solutions to the quality problem

New gauge symmetries

[Krauss and Wilczek 89, Dias et al. ‘03, Carpenter et al.”09, Harigaya et al. "13, Barr and Seckel "92, Di
Luzio, Ubaldi and Nardi "17, Ardu et al. "20, Di Luzio "20, Darmé, Nardi "21, Darmé, Nardi, Smarra "22,...]

Gauge symmetries protect PQ breaking up to dimension N
Ex: Zn SU(N)® SU(N) SU(N)— SO(N). ..
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Solutions to the quality problem

New gauge symmetries

[Krauss and Wilczek 89, Dias et al. ‘03, Carpenter et al.”09, Harigaya et al. "13, Barr and Seckel "92, Di
Luzio, Ubaldi and Nardi "17, Ardu et al. "20, Di Luzio "20, Darmé, Nardi "21, Darmé, Nardi, Smarra "22,...]

Gauge symmetries protect PQ breaking up to dimension N

Ex: Zn ,SU(N)® SU(N) SU(N) — SO(N) ...
However....

1) ad-hoc gauge symmetries, with no relation to the SM structure

11) lack of testability of the UV mechanism addressing the quality problem

29



Interplay of vertical and horizontal symmetries

Idea

GUT extension of the SM = vertical structure

+

Gauged flavor symmetries = horizontal structure

No ad-hoc symmetries [ addressing 1) |
PQ protection (quality problem)

Interplay
———> <

Axion — flavor connection (backup)

Cosmological signatures [ addressing i) ]

- 32




Interplay of vertical and horizontal symmetries

Examples: SO(10) ® SU(3);
SU(4)ps @ SU(2), @ SU(2)r @ SU(3) s, (Pati-Salam)

[Di Luzio 2020] [2503.16648]
Field Lorentz SO(10) Z, |SU(3); Z; | Generations U(l)pq Field Lorentz Pati-Salam 7, | SU(3) fn 25  Generations U(1)pg
e | (1/2,0)] 16 +i| 3 3 1 +1 Q. | (1/2,0) ] (4,2,1) +i 1 +1 3 +3
Yo (1200 1 41| 3 S 16 0 Qr |(01/2)] (0L +i| 3 &P 1
¢ | (0,0) 10 -1| 6 7 1 —9 U, (0,1/2) (1,1,1) +1| 3 &4 8 +2
16 (0,0) 16 1 3 M/ 1 —1 ¢ (0,0) (1,2,2) +1 3 oA /3 Np > 1 )
b5 | (0,0) 26 -1 6 €27 1 —2 by (0,0) | (15,2,2) +1 3 e Ny > 2 +2
¢ss | (0,0) 51 1 1 1 0 Al (0,00 | (10,1,3) —1| 6 P 1 +2
% (0,0) (4,1,2)  +i 3 ot4m/3 1 1
&1 (0,00 | (15,1,3) +1 1 +1 1 0

Accidental PQ symmetry (renormalizable)

Quality of the PQ symmetry (non-renormalizable)

34



Pati-Salam - flavor model

Field = LorentZC Pati—Sala@ Zy <: SU(3) ; )) Z3 | Generations U(1)pq
Q. | (172,00 #2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2

o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,0) | (10,1,3) —-1| 6 "3 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
| (0,00 | (15,1,3) +1 1 +1 1 0

Gauge group: SU(4)ps @ SU(2), @ SU(2)r @ SU(3),
only “right” flavor is gauged

Avoid high-scale EW-breaking
or EW-scale flavor gauge bosons



SM + RHNSs

Flavor anomaly
cancellation
(see later)

Pati-Salam — flavor model

Field Lorentz Pati-Salam 7, | SU(3 Z3 | Generations U(1)pq
Q. 11/2,00 (421 +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1

C ¥ 0,1/2) (1,1,1) 41| 3 8 8 +2
o | (0,0) | (1,2,2) +1| 3 B Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
& | (0,00 | (15,1,3) +1| 1 +1 1 0
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Pati-Salam - flavor model

Field Lorentz Pati-Salam 27, | SU(3 Z3 | Generations U(1)pq
Q. | (1/2,0) | (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2) i 3 /3 1 +1
U, (0,1/2) (1,1,1) +1| 3 43 8 +2
IR ) ?:4?T/3
smHiggs F2Y | (00 | (1,2,2)  +1p 3 o Ny > 1 +2
SM flavor structure | (0,0) | (15,2,2) +1| 3 ¢ Ny > 2 +2
(0,0) | (10,1,3) —1 6 ei4m/3 1 42
Break PQ and B-L (0,0) (4,1,2)  +i 3 e/ 1 —1
at high scale (0,0) | (15,1,3) +1 1 +1 1 0

Avoid larger global symmetries (connecting A and y)

37



Pati-Salam — flavor model

Accidental global

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations (U(1)p

Q. | (1/2,0)] (4.2,1) +i 1 +1 3

Qr | (0,1/2) | (4,1,2)  +i 3 1 +1

Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2
o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
| (0,00 | (15,1,3) +1| 1 +1 1 0

3

Ng Ny
—Ly = Z Z Y, @L}IQR ¢ + Z

a=1 =1

a=1 I=1

PQ symmetry !

3
a 1 .
Z 2V3Y; (Q)'Qr X + 5 YrQrQprA" +h.c

V=V(¢:]*) + DT+ OX* (|X)° + |A]P + [x[* + &) + T (2* + A%) + A*¢ + hee.

38



SSB and vev hierarchy

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,0) (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2

o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
| (0,00 | (15,1,3) +1 1 +1 1 0

SSB chain: SU(4)ps ® SU(2), ® SU(2)r ® SU(3) 4, ® U(1)pq



SSB and vev hierarchy

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,0)] (4.2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2

o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
| (0,00 | (15,1,3) +1| 1 +1 1 0

SSB chain: SU(4)ps ® SU(2), ® SU(2)r ® SU(3) 4, ® U(1)pq

Pati -Salam flavor Peccei-Quinn

Gauge Accidental global



SSB and vev hierarchy

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,00 | (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2
o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
¢ | (0,00 | (15,1,3) 41| 1 +1 1 0
SSB chain: SU(4)ps ® SU(2), @ SU(2)r @ SU(3) s, @ U(1)pq

XS GU(3), ® SU(2) L @ U(1)y



SSB and vev hierarchy

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,00 | (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2
o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
| (0,00 | (15,1,3) +1 1 +1 1 0
SSB chain: SU(4)ps ® SU(2), @ SU(2)r @ SU(3) s, @ U(1)pq

XS GU(3), ® SU(2) L @ U(1)y

Pati-Salam breaking



SSB and vev hierarchy

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,0) (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2

o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
| (0,00 | (15,1,3) +1 1 +1 1 0

SSB chain: SU(4)ps ® SU(2);, ® SU(2) s U(1)re

M’if) SU3).®@SU2),@U(1)y flavor breaking

- - A, 1,2
Possibly in two steps SU(3) ¢, Vaxds SU(2) ¢, ( 53 7 X
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SSB and vev hierarchy

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,0) (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2

o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
| (0,00 | (15,1,3) +1 1 +1 1 0

SSB chain: SU(4)ps ® SU(2), ® SU(2)r ® SU(3) ¢,

X SU(3), ® SU2), @ U(L)y PQ breaking



SSB and vev hierarchy

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,00 | (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2

o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
| (0,00 | (15,1,3) +1 1 +1 1 0
SSB chain: SU(4)ps ® SU(2), @ SU(2)r @ SU(3) s, @ U(1)pq
(

A? 2
(2x:8)

SU3). @ SU2), @ U(L)y 2 SU(3). ® U(1)em

EW breaking



SSB and vev hierarchy

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,00 | (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2

o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
¢ | (0,00 | (15,1,3) 41| 1 +1 1 0
SSB chain: SU(4)ps ® SU(2), @ SU(2)r @ SU(3) s, @ U(1)pq
(

A? 2
(2x:8)

SU3). @ SU2), @ U(L)y 2 SU(3). ® U(1)em

Large vevs: (A, x, &) ~V ~ 10914 GeV

PS + flavor + PQ breaking

Small vevs: (®,%) ~ v ~ 102 GeV
EW-breaking




SSB and vev hierarchy

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,00 | (4,2,1) +i| 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 /3 1 +1
U, (0,1/2) (1,1,1) +1| 3 43 8 +2
o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,00 | (10,1,3) -1 6 /P 1 +2
X | (0,0) | (41,2) +i| 3 1 ~1
& | (0,0) | (15,1,3) +1| 1 +1 1 0
SSB chain: SU(4)ps @ SU(2)r, @ SU(2)r @ SU(3) ¢, @ U(1)pq
A, x, i35
X G1(3). @ SU©2)L @ U(1)y =% SU(3). @ U(1)awm
Large vevs: (A, x, &) ~V ~ 10914 GeV Hierarchy

PS + flavor + PQ breaking

Small vevs: (®,%) ~ v ~ 102 GeV
EW-breaking

v LV K Mp




Axion embedding

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,0) (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2

o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,0) | (10,1,3) —-1| 6 "3 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
| (0,00 | (15,1,3) +1 1 +1 1 0

Scalar field ¢ D Vjexp (

decomposition

\/%T{Zl) m) o =alan,ay)

(physical) axion
embedding

48



Axion embedding

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,0) (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Up (0,1/2)  (1,1,1) +1| 3 M3 8 +2

o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,0) | (10,1,3) —-1| 6 "3 +2
x | (0,0) | (4,1,2) +i| 3 3 1 ~1
| (0,00 | (15,1,3) +1 1 +1 1 0

Scalar field ¢ D Vjexp (\/rf/ I) mms) o =alaa,a,) (physical) axion
decomposition ¢ embedding

Peccei-Quinn scale fa, — 3\/V2—|—4VA2 ? 3\/3



Axion embedding

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,0) (4,2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
Uy (0,1/2) (1, 1, 1) +1| 3 43 8 +2
o | (0,0) | (1,2,2) 41| 3 | Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,0) | (10,1,3) —-1| 6 "3 +2
X | (0,0) | (41,2) +i| 3 1 ~1
| (0,00 | (15,1,3) +1 1 +1 1 0

Scalar field ¢ D Vjexp (\fTé¢|) mms) o =alaa,a,) (physical) axion

decomposition embedding
Peccei-Quinn scale f — s T ; %
- aj _— 2 2
3¢/ V2+4V2 3v5

mmm) related to PS and flavor breaking scales



Axion quality in PS — flavor model

Let’s introduce the higher-dimensional operators

[d] [d] ny,d—n
ALy ~ O ) (O) 2"V

d—4 d—4 d—4
Mg, Mg, Mg,
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Axion quality in PS — flavor model

Let’s introduce the higher-dimensional operators

[d] [d] ny,rd—n
ALy ~ O ) (O) 2"V

d—4 d—4 d—4
Mg, Mg, Mg,

l which ones are dangerous for PQ quality?

1) Gauge-invariant
. _ Easy checks
11) PQ- breaking
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Axion quality in PS — flavor model

Let’s introduce the higher-dimensional operators

[d] [d] ny,d—mn
ALy ~ O ) (O) 2"V

d—4 d—4 d—4
Mg, Mg, Mg,

l which ones are dangerous for PQ quality?

1) Gauge-invariant
. _ Easy checks
11) PQ- breaking

111) check non-vanishing explicit index contraction o
. . . Not trivial
ivV) non-vanishing vacuum contribution (O) # 0
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Axion quality in PS — flavor model

An operator which satisfies (i-to-1v) provides a contribution to the axion potential

’UmVAlVXn_l < _10 V NVANV Umvn 10
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Axion quality in PS — flavor model

An operator which satisfies (i-to-1v) provides a contribution to the axion potential

?JmVAlvxn_l < —10 Vi~ Va~V vV —10. 4

(AA*)ASX*G' N ‘/11/]\4;1
(I)Z—kzkAQX*Ll N U2V6/M§l
(134_k2kAX*2 - U4V3/MI_?§1

PI=FEFY2 — 08 /M,

Set of rules based on group centers (see backup)
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Axion quality in PS — flavor model

An operator which satisfies (i-to-1v) provides a contribution to the axion potential

v VAV, ~10 Ve Van Vo myn 10., 4
leg,l—l—m—él 5 10 XQCDH Nntm—2 < 10~ XQCD
Pl
10 - ¥ [GeV]
— 1.5 x 10°
(AA*)ASX*Ei N Vll/Mgl 3.7 x 10°

(I)Q—kzkAQX*LL N U2V6/M§l

Powers of 7

(I)4_kaAX*2 - ”U4V3/M1§1

PI=FEFY2 — 08 /M,

0 1 2 3 + 5 6
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Axion quality in PS — flavor model

An operator which satisfies (i-to-1v) provides a contribution to the axion potential

v VAV, ~10 Ve Van Vo myn 10., 4
M;1+m_4 S, 10 XQCDH M;frm I < 10— XQCD
10 - ¥ [GeV]
— 1.5 x 10°
(AA*)ASX*6 N Vll/Mgl 3.7 x 10°

PLETk A2y 5 2176 /N4 | d = 8 operator Is the

most dangerous

Powers of 7

@4_kEkAX*2 - ”U4V3/M1§1

PI=FEFY2 — 08 /M,

0 1 2 3 + 5 6
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Axion quality in PS — flavor model

Logm[VX/GeV]

11.0 - PQ quality pmbl*em
: Oag| > 10 e _
10.5] P :
10.0 - KL £, = 10° GeV-
/£ -54x108GeV
9.5 b L _
: .
2.0F .’ fo = 10% GeV
[ ari’ ‘ /4,
850 A -
- 4o Astrophysics RS
8.0 -
80 85 90 95 10 0 10 5 ll U

Log,o[Va/GeV]
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Axion quality in PS — flavor model

L I B L | L B B IR
11.0 - PQ quality problem -
i Oag| > 10‘19, 1 vIVAVY < 10—10,4
10.5 B it + i MP4>1 ~ XQCD
E ; 7 ;
3 100 K S 100 Gev- 1 <5.6 x 108 GeV
g /£ -54x108GeV
o0 : e ;
— 90_' /f Q -
i / Jfa =10" GeV -
i N kg :
8.5+ ﬁ:f "‘?{*ﬁ{;- i
- L Astrophysics RS
.0 . :

80 &85 90 95 100 105 11.0
Log,o[Va/GeV] 60



Axion quality in PS — flavor model

11.0F PQ quality probkm -
; Ouge| > 100" VVAVY < 101044
105 Y : ME ~ T XQep
E i ,’f ]
g 100 \ " fi=10°GeV fo < 5.6 x 108 GeV
n - 54x10°GeV
%3 _ . ‘..--'K
—~ 90 S =
[ , fo = 108 GeV
fj .rf fp\; ]
. ! 8.5- Av] T se,
axion-¢ e?:g?g coupling b ) Astrophysics ' ‘Tf'c?jzj 1
red giants+white dwarfs 8.0 ... S SR o d
80 85 90 95 100 105 11.0
Log,o[Va/GeV] 61

® 7, >23x 108 GeV
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Axion quality in PS — flavor model

B U ' . | — L——— . L ',-'r-
11.0 - PQ quality problém -
L ~10 : v2Vivi
- O.c| > 10 | A x —10, 4
(0.4 ) | Effl ’f"’ ] Mél 5 10 XQCD
& 10.0- \ S f=10° GeV- fo 5.6 x 10° GeV
A QST“M_ £ =54x10°GeV.
= -2 | s .
%'H ] ~.‘,’
= 90 " g
I , £, = 10® GeV
[ 4,7 : 4
AN - .
e ! 85 As RRAFIE
axion-e e:‘:r:)?: couphing R Astrophysics ' ‘Tf’f?jfsj mmmm) \inimal value allowed
R0’ . ] |0mn | ~ 4.7 x 10712

red giants+white dwarfs

8.0 &5 9.0 95 10.0 10.5 11.0  Testable by future proton/neutron

EDM experiments
® f,>23x10% GeV Log,,[Va/GeV] &

Y



Anomalons

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,0)] (4.2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
(0, 1/2) | (1,1,1) +1| 3 €3 8 +2
| (0,0) | (1,2,2) 41| 3 7P| Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,0) | (10,1,3) —-1| 6 "3 +2
X | (0,0) | (41,2) +i| 3 1 ~1
| (0,00 | (15,1,3) +1| 1 +1 1 0

Flavor gauge anomaly [SU(3)3,] cancellation requires extra fermions: anomalons
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Anomalons

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq

Q. | (1/2,0)] (4.2,1) +i 1 +1 3 +3

Qr | (0,1/2) | (4,1.2)  +i 3 3 1 +1
(0?1/2) (1,1,1)) +1| (3) &7 8 +2
D (0,0) (T, 2, +1 e Ny > 1 +2

X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2

A | (0,00 | (10,1,3) -1 6 /P 1 +2

X | (0,0) | (41,2) +i| 3 1 ~1

| (0,00 | (15,1,3) +1| 1 +1 1 0

Flavor gauge anomaly [SU(3)3,] cancellation requires extra fermions: anomalons

GUT singlet — only charged under the flavor group
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Anomalons

Field Lorentz Pati-Salam Z, | SU(3);, ~ Z3 | Generations U(1)pq
Q. | (1/2,0)] (4.2,1) +i 1 +1 3 +3
Qr | (0,1/2) | (4,1,2)  +i 3 1 +1
(0? 1/2) | (1,1,1) +1| 3 €3 8 +2
| (0,0) | (1,2,2) 41| 3 7P| Ny>1 +2
X | (0,00 | (15,2,2) +1| 3 &P Ny >2 +2
A | (0,0) | (10,1,3) —-1| 6 "3 +2
X | (0,0) | (41,2) +i| 3 1 ~1
| (0,00 | (15,1,3) +1| 1 +1 1 0

Flavor gauge anomaly [SU(3)3,] cancellation requires extra fermions: anomalons

GUT singlet — only charged under the flavor group

General prediction of these models
Field Lorentz | SO(10) Z, | SU(3); Z; | Generations U(1)pq
U | (1/2,0)] 16 4+i| 3 7P 1 o+l
o (1/2,0) 1 +1| 3 P 16 0 65




Anomalons

Anomalons are massless at the renormalizable level

‘IJR\I/R QRIIJR QL\PR

_ forbidden by gauge invariance
VrVRrod QrVYr¢ QrLVYgre

Higher-dimensional operators generate their mass
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Anomalons

Anomalons are massless at the renormalizable level
UrVr QgrV¥Ygr

UpUrd QrVrd QLVro

)
Qr¥r forbidden by gauge invariance

Higher-dimensional operators generate their mass

type operator O d (Mpy)

LV QUpx(d+E+%) 5 vV Ayy
LU QLUeAY' (O +3"+3") 6 oV7/Ay
RU  QpU,A"y 5 V2 Ay
RU  QpUpAA Yy 7OV,
T Tl Aty 6 VZ/ADy
VAV 7 i 5 02/ Ayy
PO WU (S 28" £ 8% 5 0¥ Ay
T PRl AN 8 V7/ALy

Being SM-singlets, they mix with neutrinos !
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Anomalons

Anomalons are massless at the renormalizable level

‘IJR\I/R QRIIJR QL\PR

_ forbidden by gauge invariance
VrVRo QrYRO QrLVYRe

Higher-dimensional operators generate their mass

type operator O d_(Mo) Being SM-singlets, they mix with neutrinos !

LUV QUpx(®+E+Y%) 5 oV/Ayy

LY Q. UpAX (P +X+X") 6 oV?/Aly l

RU QU Ay 5 V2/Ayy

RU  QpU,AA" 7 VAL ] ] ] _ ]

A . . New (light) fermions, interact with the SM via
WrWRrA Y y Vo Ay . . .

AR RN 5 0*/Auy 1) flavor gauge interactions

PO WU (S 28" £ 5% 5 0¥ A .. ; - .

TU WU AL s viah, 1) neutrino mixing

Anomalon phenomenology = potential test of the quality mechanism ! =




Anomalon spectrum

1 {ﬁ]f ! (M) (Myp)ig {Mm]mi {FL];
2 {(”R) {{MHL}"“’ (Mrr)az (Mpa)ay ((;,-H) Spectrum in the neutrino—anomalon sector

II;R}KA *'F"'LIJ'L)KAJ {*JH-\IIH}KAB {‘Fl’fﬁlf‘IJ)KANB 'I’R)NB . :
20 // 20

15

10

logio(mx /eV)

11 12 13 14
log,o(V/GeV)

High-qlgjality axion



Anomalon spectrum

@\ Oy s (M)
2 (vR) . (Mpp)as (Mgr)as (Mpy)a NB
( (

it

1I"R}KA Myr )k AJ {ﬂ’f‘-liﬁ'}ifﬂg {gi-fw)_;{’l N

Dark Radiation
AN — & (2)4/3 pw
e — 7\ Pry
m-y 5

(7,)’
(VH)Ej
V) 5

High-qﬁality axion

) Spectrum in the neutrino—anomalon sector

:5315
F 10
g
S
<
()
01ev 4 -
'O""""""""""'
11 12 13 14

log,o(V/GeV)
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Anomalon spectrum

1 {ﬁL)i ! {JF"JLL)[J {ﬂJLR)fB {ﬂ’fL"I-")fNi {FL};
2 {(”R) {(MRL}"” (Mrr)az  (Mpo)an ((UR} Spectrum in the neutrino—anomalon sector

e 4 M)k (Mer)k™s (Mye)xn® V) 5

%
o E 15;

Dark Radiation 510

_ 8 (11\4/3 py = 5
ANet = 7 () Py ®

—_ 0
my < 0.1 eV {_55

10!

High-quality axion =~ . = ° %
gn-q y log,o(V/GeV)
Planck 18’
AN <0.285(95%C.L.) AN (16)  ANag (20)

Planck 2018 [1] ANz < 0.115 AN,g < 0.285
_ e R o SO[10,11]  ANeg <005 AN <0.1
ol o . [D’Eramo, Hajkarim, Yun 2021]  cMB-S4[7,8] AN <0.03 ANug < 0.06

10 10% 10° 10% 107 10° 100 10® 10° 10° CMB-HD [14] ANy <0014 ANyg <0028 [Li, Xu 2023
Tp/GeV

LANEEIAO) Ay




Anomalon production

How are they produced in the early Universe?

72



Anomalon production

How are they produced in the early Universe?

Flavor production Neutrino mixing

VL

vy,
91/\11
SM

B3 Flavor gauge boson
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Anomalon production

How are they produced in the early Universe?

Flavor production

SM

B Flavor gauge boson

Large couplings g, 0w ~ O(1)

l

Thermalization with SM bath

4/3
ANEH ~ 11352 (L987) 7 > 0.285

already excluded by PLANCK 18°!

Neutrino mixing
ot

VL

/
L 91/\11
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Anomalon production

How are they produced in the early Universe?

Flavor production Neutrino mixing
]S{M )} €+ vy,
" 91/\11
SM
B Flavor gauge boson o o= T
Large couplings gy, 0w ~ O(1) Very small couplings ¢g¢, 0w < O(1)
Thermalization with SM bath No thermalization / freeze-in production
4/3
ANEH ~ 11352 (L987) 7 > 0.285 ANEI ~ 56.96 Yy /gs(Te1)'/3 < 0.014

already excluded by PLANCK 18”! not observable!
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Anomalon production

How are they produced in the early Universe?

Flavor production Neutrino mixing
]S{M )} €+ vy,
" 91/\11
S
RM Flavor gauge boson U o= T
Large couplings gy, 0w ~ O(1) Very small couplings ¢g¢, 0w < O(1)
l Intermediate regime l
Thermalization with SM bath 0.014 < ANFI<1.13  No thermalization / freeze-in production
th . q g3 (207 ) ANE! ~ 56.96 Yy /g (Tp1)/* < 0.014
ANEH ~ 11352 (L987) 7 > 0.285 l i ~56.96 Yy /g.(Tr1)'/® < 0.
already excluded by PLANCK 18”! not observable!

More precise computation is needed 6



Conclusions

The Peccel Quinn symmetry must be protected by UV sources (quality problem)

!

GUT + flavor gauge symmetries provide the desired protection
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GUT + flavor gauge symmetries provide the desired protection

e No ad-hoc symmetries introduced

l

Connection between PQ and flavor structure
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Conclusions

The Peccel Quinn symmetry must be protected by UV sources (quality problem)

!

GUT + flavor gauge symmetries provide the desired protection

e No ad-hoc symmetries introduced e Phenomenological signatures

! l

Connection between PQ and flavor structure Cosmology of anomalons
+more precise computations

+anomalons as extended neutrino sectors
+flavor observables?

Further investigation is needed 80



Conclusions

The Peccel Quinn symmetry must be protected by UV sources (quality problem)

!

GUT + flavor gauge symmetries provide the desired protection

e No ad-hoc symmetries introduced e Phenomenological signatures

! l

Connection between PQ and flavor structure Cosmology of anomalons
+more precise computations
THANK YOU! +anomalons as extended neutrino sectors

+flavor observables?

\J A}
G
Further investigation is needed 81



BACKUP SLIDES



Axion quality in PS — flavor model

Field Lorentz Pati-Salam Z, |SU(3); ~ Z3; Generations U(1)pq
o | (0,0) (1,2,2)  +1 3 B Ny >1 +2
2 | (0,0) | (15,2,2) +1| 3 &P Ng>2 +2
A | (0,0) | (10,1,3) -1 6 e /3 1 +2
x | (0,0) (4,1,2)  +i 3 e/ 1 ~1
Some criteria
(AAF)AZ O ol (I4+m) = even
2—kyk A2, %4
OTEERATY X ()™ (I +m) = even
4—kvk *2
d-kyEA Y Y. A Ax*?
@4—]62]622
¢! ()™ l—m|/3€Z

SU2)L

SU(2)p + center[SU(2)Rg]
center|SU(4)] = Z4

center|SU(3) .| = Zs

84



(

Explicit VEVs

i’ ud dd
(@7 4)=(00)®va —(V8)R@va ,

abi.}‘ ) — ﬁ% dlﬂg (]--; ]_7 1= _3) ® 1

V2

(15)
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General SSB chain

SU(4)ps X SU(2), x SU(2)r x SU(3);, x U(1)pq
S8, SU(3), x SU2),, x U(L)y x SU2) ;.

<&=3\J}1,9

, SU(3). x SU(2), x U(1)y

(®x.x)

’ SU(3)C X U(I)EM
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List of PQ-breaking operators with d < 10

O (d=6) (0) -
P° v’ =0 1
i R VU O L0 5
O(d=T7) (0) #
@4—.&2.‘:&}:*2 1'4V3 7/_) 0 5
R WIS vV 6
O (d=38) (0) -
(I)E_kEkﬂzx*‘l o210 40 3
(1)4—;:2;:‘&}:*25 e 5
PFYIFAAT VP 7
(I)ﬁ—kzkxx* vﬁv‘z T
q)ﬁ—kzkgz 5172 7
iR DU 100 DT 5
i 3 ) S T 7
o7 P* v® 1
i) v® 1

O (d=9) (0) #
AP0 VP01
(I)z—kzkﬂzxmg 2V 3
(1'4—;:2;:&2&*}(*2 e 5
(1)4—;:2;:&}:*252 RAE 5
(1)4—;:2;:&:0:*3 e 5
(I'ﬁ—kzkga 8173 7
(I)E—kzkﬁ&xg 6173 7
‘I*ﬁ_kzkxx*é 25173 7
(}4—&2&@@*&;\/*2 25173 5
(I)S—kzkz*&xx‘z 25173 6
(I)*Zﬁ&x*z 2513 1
R VLT T 10 DY T U 6
i 3 IS WPV 8
O ¢ vV 1




|Cay|

AXI

emca
Loy == Yq FHY

87 fa

on — photon coupling

~

C,, = E/N —1.92(4) == model independent
1 a — w0 mixing
model dependent

- o pQ N = apyE -
. o E/N =8/3  9J)%== -GG+ ""=FF
5 ol Pt
10 R 1 T 11T ll
1[]'4 WISP
1 Neutron — : A
10 stars
2
10 -:E
1 ~e
10 ™ T "
1[],[': E/N=8/3 —_—— < N
T CALPHA T
- B
10_] DM-Radio ADMX QUAX v BREAD AMPOST
10—2 ¢ Accidental PQ (pre-infl.) ®» Accidental PQ (post-infl.) + High quality RC
(post-infl.)
-3 L Ll L Lol Lo Lol L p|“||I|ni|||l L1
10

107 108 1077

10 10° 10* 103 102 10! 10°
m, [eV]
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Axion astrophysical limits

¢, =—045 +0.29 cos” 3 — 0.15sin” 3,

AXIon COUpllngS with matter ~ gax = cxmx/fa cn = +0.013 — 0.14 cos” 3 + 0.27sin” 3.

ce = 0.33sin? 3

SN 1987A ) 2 0.6192, + 0.53¢angap < 8.3 x 10719
Red giants+white dwarfs ) Joe <2 % 10713

Saturating the perturbative bound tan 3 = 0.25 mmmp  f, > 2 x 108 GeV
v, VA0 4 3 o+ X [0l P dominated by SN 1987A

tanf = — =

v, dd |- ds)- a2
¢ \/ZA [va |J + ZA [0 |z + ZA U4 |z

Including radiative corrections to axion-electron 8
coupling a stronger bound is obtained — fa > 2.3 x 10° GeV

mY
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Axion embedding

Tt == a,9'i0,9, PQ—QXZ«/” |V 410, MWZW 122719, (ax)™”
Fis] ‘
Bt Z(B L),6live. Jh=(B- L) Zf Valdu(a)a+ (B —L)x Y V2(245|9,(an)®,
AR

with ¢ =, PQ + (B - L)

on

where ¢ > Vyexp (\/ﬁ |1V |) ’ b’f _ Z V4|2, V2 Z |Z_43|2
¢ A AB

Current
orthogonality Canonical axion field
) , ) .=— r;YZH Al ukmq,ﬁZM (an)”
—8VA 4V
b, — == . { ==
=0y oy
. 16V2V3E
Vi =g Vy +qAVa = ¢ —5——
Anomaly A Vx tda € V2
matching
V2V, V. Vs
- — _ X
('?PJEQ _ n:FTIiEFF ‘ fm = N , S
41'T Am 4 3\/1;:{ +4Vi
N =3xT(3)(2PQ(QL) —2PQ(Qr)) =6 (UV),
NV =3xT(3)(2q(qr) — 24(qr)) = 6¢;  (IR), 7



Axion embedding

: : : I x|A] @, | & 2 | S| = |5
Re_peatwﬂh_allﬁelgls to obtain PQ (-1 2 2 2 2 (2 2 |2 g = PQ+ (B — L) +c;Y
axion couplings with matter B-L|-1|=2/ 0 [0 0O |0 0 |0
Y | 0|0 |-1/2|1/2|~-1/2|1/2|—-1/2|1/2
Current

orthogonality Canonical axion field

- -Z—(QYZ“ 4|”k}4+f}32|5 (an)”

—8ViA 4v7
. = CqQ—s—5 . { =y
=0y oy
16V2VA
2 2, x VA
Anomaly Vo' = Vi aaVa = VELVE
matching
V2V, V. Vs
- ‘ — _ X
S‘UJEQ = 4 G(’ {EEdIiEFF -ffﬂ - IN > g
. : DA AT
N =3xT(3)(2PQ(Qr) —2PQ(Qg)) =6 (UV),
N =3 xT(3)(2q(qr) —24q(qr)) = 6¢;  (IR), o



SM fermions embedding

I

Uy dpy

_ T =i o

Uy o d%g (QR}M A _
T — 3

urg dra

I S |

Vi €r,

A LA
up1 dr1
A A
Upo dpo
A A
Upq dpg

'p €R
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Anomalon — neutrino mixings

type operator O d (Mo)

LL  QuQ A@*+@X+%%) 6 v'V/Afy

LR Q;Qr(®+X+Y) 4 v

RR  QpQpA” 14V

LY QUpx(®+X+Y) 5 oV/Auy M,
LY  QuUpAY' (@ +X"+X") 6 oV?/Aly | Mp,
RV QpUpA™y 5 V?/Auv

RU  Qp¥,AA"%y 7 VYA

VU W0, Aty 6 V'/Aby

RV T N 5 0 /Ayy

O UpU, (S 422"+ 5" 5 v?/Ayy

VU U0, AAY 8 V°/Ayy

MLR
MRR

My,
Mgy,

Mg, My, p My, o, Mg, g,
Mg, Mgr My,g,

My, v,
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Anomalon spectrum

— T .

1 {VL}I (Mpp)ry (Mpg)is (f"fm]mﬁ (L) ;

= | (wr)" (Mre)as  (Mer)az  (Mpe)an® (vr)” : . _

2 (W )% ( 5]\ Spectrum in the neutrino—anomalon sector
R A

Jﬂ'f*lijIt’ ﬂJ {*"H'-IIH}KAB {ﬂ'f*lﬂli).‘{ﬂ N 'I’R]NB

= 15 —mr 15
b |
— e |
=< 10 - 10
E — T |
h% 5] My 5
D ]
SR | S— f/ﬁﬂ
-5 =5
9 10 11 12 13 14

log,,(V/GeV) Accidental axion
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Sterile mixing angle

Anomalon spectrum

(7)) ' (Mpp)r (Mig) e (Mpg)in® (7.)’
( éfffj {(&;’Eixi {{&iﬂ{uﬁfg {(Sizii:*; (g;”})jg Spectrum in the neutrino—anomalon sector
20 // 20
Dark radiation S 15 TMu 15
+ “E.. e .
=< 10 m - 10
Dark Matter £ L |
- - — 0 — 1 ~ | 5
Analogous to sterile neutrinoDM £ ; my = [1,100] keV_

—
o
[

il Excluded by the Tremaine -Gunn bonn("
— 1.4

—
o
E'S

106_

108

() e = 0

_____________ -5 = -3

9 10 11 12 13 14

log,,(V/GeV) Accidental axion

Thermal DM gives
too much free—streaming

—

o i PO .~ . > [Cirelli, Strumia, Zupan 2024]
3 10 30 100 o5
Sterile neutrino mass M in keV
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log;q |1

Anomalon — neutrino mixings

-1

logyo |1l

=1F

-6r 8§ - -6

logy [Upsl; V =10°GeV, I=7=10" logyo [Uss]; V =10"GeV, [=7=10" logo |Urrl; V =10"GeV, [=F=10"*
1 _l_v T T Y T T T Y T T T 1 Y 1 Y T .4

v - T v - y

15

—6t | -fi
=TI g

. . " " i -8t  So——— — — ) -4
-5 -1 -3 -2 -8 =T -6 -5 -1 -3 -2 -1

T 3|

T T T v v

logso |1l logyp 1]

-1f] : -1f ' 3

logyo [Usal;  V =10°GeV, r =7=10"° logye |Ural; V = 10" GeV, r =7 =10"° logyo [Uzol;  V =10"GeV, r =7 =10"°

25 -5 H
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Freeze — In via neutrino mixing

1 Neutrino-anomalon mixing

VL

VL

VL

vy,

0,y <1
Y

rV—mix
Y\II

Neutrino interactions in the

early Universe

-

a -
Zf:e.,lu...'r |HVJF Vo |

2 5
F{.-" ™~ GFT
T 2 MeV

2 572
Fn‘:, ™~ GFT gyllfm

_ 6
v\
Hu‘l’ = =

T (14 0(1)-EG)

¥ o T”*‘-D'm
finite temperature/density
correction mgy > m,

T¥1m ~ max {130 MéV(m@m/kﬂV)”:i? MeV'}

~ Zm (};,equ/H)IT:TFLm 97



Freeze — In via neutrino mixing

92
L 5 Boyarsky, Ruchayskiy,
(1 + 2B (b(p, T) & (‘*(T))) + 62 Shaposhnikov 2009

9? — Qif(T) -

M?

my < m, mmp resonantpoleat p*~ a.,(m.—ms)/(GET)
1 1 T . ' - 1 ANeﬂ‘

- los i - {08

0.6 0.6

04 0.4

0.2 0.2

[Hannestad,
Tamborra, Tram e _ _ _
2012] log, (sin’26)) log, (sin"26,) 8




Anomalon thermalization

piaver AL, y (97 /4m)* if T > mw,
H gisz (T/V)4 if T << ?Tlﬂ,rfﬁ

flavor 2
Iy 9.  Mp

(T my, ) ~ \I s )V <

1% g.(my, )\
* W

10—9 fR )

) 97, < (10”Gev)( 106.75 )

High-reheating rgmer
mmm) resonant production H

peak

Low-reheating

1/3 4/3 - 1/6
FfIaVOI‘ M T3 N T V V . T
e S M L <{V(g EU;II) ) EIOEGW(mHGw) (gléﬁilé)) |
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Domain Wall problem

: a .
Blas term vbias — _2314 COS (_T + h) V' = Npw /.

1072 12 \*/, m 3
) fo A~ 5w 1070 : ( a )
decay 7= 9% Q’( = )(hm) 0.02 eV

Matching the bias term to  ®2-FxkA2y*4 5 2V6 /M2

—>

[1]

2 2
~ (N;’Pl) (A}/Pl) ~ 10752(Npw /12)2(0.02 eV /m, )?

6
‘ ldecay ™~ 1073 sec (ﬁ) (0.63’“6\/)5
DW decay before BBN mmm)p 1, >4 x 108 GeV

~ 100



Accidental origin of PQ symmetry
Example: SO(10) model

If flavor Is not gauged

L= Ly—o+ y10¥16¥16P10 + Y10V16¥16P10 + Y136 ¥16V16P136 T h-C.
2

3 copies
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Accidental origin of PQ symmetry
Example: SO(10) model

If flavor Is not gauged
L= Ly—o+ y10¥16¥16P10 + Y10V16¥16P10 + Y136 ¥16V16P136 T h-C.

Y -0 =) SU(3)r®U(1l)pg 9lobal, accidental
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Accidental origin of PQ symmetry
Example: SO(10) model

If flavor Is not gauged
L= Ly—o+ y10¥16¥16P10 + Y10V16¥16P10 + Y136 ¥16V16P136 T h-C.

Y -0 =) SU(3)r®U(1l)pg 9lobal, accidental

l

SM flavor
{16, P10, P136} ~ {3,3,6}
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Accidental origin of PQ symmetry
Example: SO(10) model

If flavor Is not gauged
L= Ly—o+ y10¥16¥16P10 + Y10V16¥16P10 + Y136 ¥16V16P136 T h-C.

Y -0 =) SU(3)r®U(1l)pg 9lobal, accidental

l l

SM flavor PQ symmetry

{16, D10, 136+ ~ {3,3,6}  PQ¥1s) = —2PQ(¢) = +1
[SU(3)2U(1)pq] # 0
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Accidental origin of PQ symmetry
Example: SO(10) model

If flavor Is not gauged
L= Ly—o+ y10¥16¥16P10 + Y10V16¥16P10 + Y136 ¥16V16P136 T h-C.

Y -0 =) SU(3)r®U(1l)pg 9lobal, accidental

l l

SM flavor PQ symmetry

{16, D10, 136+ ~ {3,3,6}  PQ¥1s) = —2PQ(¢) = +1
[SU(3)2U(1)pq] # 0

BU Y #0
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Accidental origin of PQ symmetry
Example: SO(10) model

If flavor Is not gauged
L= Ly—o+ y10¥16¥16P10 T|y10V16¥16P10 [+ Y136 ¥16V16 P136 T h-C.

Y -0 =) SPE  Bpie€, global, accidental

l l

SM flavor PQ symmetry

{16, P10, P136+ ~ {3,6,6}  PQie) = —2PQ(¢s) = +1
[SU(3)2U(1)pq] # 0

BU Y #0 =) Explicitly PQ and flavor breaking by 710
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Accidental origin of PQ symmetry
Example: SO(10) model

We gauge SU(3);  {v16, P10, P136} ~ {3,6,6}
L= Ly—o+ y10¥16%16P10 + Y10/ ¥10 + Y136V16%16P135 + h-C.
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Accidental origin of PQ symmetry
Example: SO(10) model

We gauge SU(3)r {16, ¢10, P136} ~ {3,3,6}
L= Ly—o+ y10¥16%16P10 + Y10/ ¥10 + Y136V16%16P135 + h-C.

Y#0 wmp U(l)pqg global, accidental symmetry of the
renormalizable Lagrangian

Similar for the Pati-Salam realization

GUT + flavor : (accidental) origin of the PQ symmetry
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Flavor: quarks and charged leptons

Ng 3 Ny 3 & ud Y ouy v ouy
& = 1 a e = ] a (My)ia=Yrva +Yiva +Y7 vg,
Ly =Y 3V @) Qr 0"+ YD 23 @) Qr T T e
a=1 [=1 a=1 J=1 (ﬂ'fD)IA — YJ-[ vy + Y; vy + }/j’ [ .
1 N ’ ;
Py P P ‘ ¥ odx ¥ ody
T 2 YR QrQrA" +he., (Mp)ja=Yrvy —=3Y7 vy —3Y vy
}"f’ v ? * Vf o v fr; * }’f’ o Tf -
f ! fl f 7 fl
I".Jf [r = 'ir’f ey ? tI’+VEE v 1113 Vrf i.-‘; * +}”EE F;E qu’ *uf; cI'+VQE 1,':1; =

i ] [ f ¢ f
P s Y ul T TR TN e LR T M TR

3 3 3
Yaouy +Yy vy +Yy vy Yywe +Yg v Yy weo Y owg Y3 vz +Yy vy

}"' EI) FT!-:]} qu:- !!gd] qu:- i."%{ i .
f o db b db 5 o ao s Both &, needed to avoid Mg o< Mp
J!“'rI_D — Yo vy Yo vy 4Y5 wve Yo vy +Y5 vg )
r # i f
}_,-T;I: Ff{{r },E;I:-_Ugclr_‘i_}_,ﬂz ugz },;{: a,lfftI)-}—VgE 1‘§E+F;E TJgE
}__, i 'r_.‘:d fr :'["' [ . dds }__, i v .dtI:- . )
v IR 2 generations ¥, ¥’ needed to

ﬂ'fE — Fg i Fg Uag _HFE 1”2_l ,-2 U'g —H}Jg_' g

distinguish down and charged lepton
sectors in more than 1 family
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Flavor: quarks and charged leptons

Independent parameters

real

dy

kD

(My)ra = Y7 v + Yol + Y7 Ve,
(Mp)ra = Y vl + Yo + Y7 '--'dE ,

* s
: - . - PN
Z11,22,33.12,13.23 (Mg)ia = }I‘I’-;gf —3 YI f‘,q —3Y E -‘uf,‘

M, = —M;gMgpMig. Completely determined by 771 233121320 (appearing nowhere else)

8 independent diagonal entries in (A7, Mp, My) fix 8 masses

+uppMy 3 extraentries to fix CKM angles

+upp(Mp, MEg) 3extra entries, use 1 to fix last mass

Large number of phases fixes CKM and PMNS phases

set of entries # independent
{diag M;;, diag Mp,, diag Mg} 8
{upp My, diag M, diag My} 11
{upp My;, upp Mp, upp Mg} 14
(M, My, M) 18
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Perturbativity

- BGEIfQI' (IMDI{VZI) =(1,2), (Yigﬁ(ﬂipsl) =20 Location of Landau pole, (Ng,Ns) = (1,2)
- | 1 13} .
| 12f — azh(ups) = 50 -
l ¢ [ azh(ups) = 100
| HE!: 1.1 _— n
. | 3 :
= l E 1_0_______________ s e __ 1
oT8] i ]
E i
09 .
n,af— .
-} é é 1|ﬂ I 1I1 1I2
l0g,o(1/GeV) log;o(ups/GeV)

Landau pole of gauge couplings at scale O(10) x PS scale

New physics around the LP scale =) We must require that this new physics is PQ-conserving in order not

to worsten the quality problem! .



Anomalon production

Thermal anomalons are already excluded ==s) Freeze-in production of Yy = ny/s

4/3
ANGH =~ 1135 ((575) > 0285 AN == 56.96 Ya, /g, (Tr)/*
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Anomalon production

Thermal anomalons are already excluded ==s) Freeze-in production of Yy = ng/s

4/3
AN~ 1135 (39552 ) T > 0285 AN > 56.96 Yo /g, (Ter)/?
F |\

Flavor production

yflavor {0-3 grMp) /gg’/zV if g5 <1072 (V/10° GeV)

0.9 Mpi T3y / 622V if Tam < 10° GeV (rr %) ?
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Anomalon production

Thermal anomalons are already excluded ==s) Freeze-in production of Yy = ng/s

4/3
AN~ 1135 (39552 ) T > 0285 AN > 56.96 Yo /g, (Ter)/?
F |\

Flavor production

0.9 Mp Ty /93/2‘/4 if Try < 10° GeV (ﬁ)w

yflavor {0-3ngp1/g§’/2V if g5 <107 (V/10° GeV)

vy

v—mix 4 \ Ny 2 My, -
Neutrino mixing vr Yy~ 25 x 1003000 (100w, PsE) if me > m,

0,0 <1
require numerical solution of quantum kinetic equations if myg < m,
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Anomalon production

Thermal anomalons are already excluded ==s) Freeze-in production of Yy = ng/s

ANFH ~ 11352 (

Flavor production

Neutrino mixing

106.75 4/3
gS(Tdec}) > 0.285

F

VL

vy

0,0 <1

ANE ~ 56.96 Yy /gs(Trr) /3

Our results

ANEl <« 0.014 deep freeze-in regime

BUT

0.014 < AN < 1.13  thermalization / freeze-in border
gy <107 %r Try < 10° GeV

1 or 0,y ~ 10231

More precise computation is needed e



Freeze — In of dark radiation

Alternatively, we can drop the assumption py ﬂ:}f ° and estimate AN.g as follows: the
freeze-in production of the anomalons is maximally efficient at some temperature T,
(which depends on the specific production mechanism). Since anomalons are produced
by scatterings of SM bath particles, each one carrying energy E ~ T', their average energy
immediately after production is also of order ~ T'. Therefore, we can parametrize their

energy density as pg(Tpy) =~ Temy(Ty) = ETps(Te)Yy. where € is an O(1) number.

The energy density of a relativistic particle redshifts as a function of the scale factor

ar = a(T) as py(T) = I’\l}(Tpl)(a'rm/(l’r)il = Pw(TFI)(T/TFl)d(gs(T)/gs(Tm))4/3~ At the
time of the CMB, this corresponds to

A,\;Fl? S 1_6 (]'_1_>1/3 gS(T(/‘I\IB)‘I/:;
21 \ 4 g.(Ter)'°

§ Yy
€Y, ~ 56.96 ( . ) 5, (5.17)
3101 gs(TFl)l/J
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Misalignment angle 6

o
| | | |

—_—
I I I

Axion production

pa(T')/ pcom

1n

fa

2x1011 GeV

-

H x T?%/Mp

ma(T) ~ ma(T./T)*
T. ~ 160 MeV

~

J

)7/6
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Solutions to the quality problem

d—4
)\(f—“) fo S1079AG0p

Auv

Particle Content Gravitational Theory Action Scaling |Quality Problem? Refs.
Free Axion Einstein Gravity Mg/ fa No 132, 33]
Axion, Dynamical Radial Mode Einstein Gravity, or
log M1/ fa Yes 130, 34]

(incl. Arbitrary f Potential) Kaluza-Klein/ f(R) Gravity
Extended Global Symmetry Einstein Gravity > log M1/ fa.i Yes This Work
Axion, Dilat Mpi/fa)-g3" N 35-40

Hom, el (Open*) String Theory (Mp1/fa) - g ° 35-40)
Axion, Dilaton, Dynamical Radial Mode log(Mp1/fa) - 95" Yes This Work

[Lee ‘88, Giddings, Strominger ‘88]

[Abbott, Wise ‘88, Alvey, Escudero *20]

Studied in the context of Euclidian Wormholes

S ~ Mp1/ fa
S ~ log Mpl/fa

No quality problem

Quality problem
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D =9 operator vanishes on the vacuum

. . . L .
1. For m = 0 we have n = 9: the dominant candidate is V¥, which can come only from

G

3 . e . ,
the operator A”y"™. This contribution in fact vanishes on the vacuum, essentially

due to anti-symmetrization in flavor contraction while only having one copy of A and
Y available. The argument applies to all 100 independent contractions of this type
of invariant, where the counting was performed using condition 3 from App. B.2.
To demonstrate this somewhat remarkable result, notice that there is only one SM-
singlet in the Pati-Salam part of irreps A and v, i.e. there is one flavor 6-plet VEV
in A and one flavor 3-plet VEV in x*. Using LiE for only the SU(3),  factor, the
number of singlets 1 in the tensor product 6%** @ 3% is zero, where an exponent

®@,n denotes the n-th symmetrized tensor power. This argument applies regardless
of the choice of index contraction in A%y*°.

It is instructive to demonstrate explicitly how this argument works. Given the VEV
structure from Eqs. (B.7) and (B.8), the SU(4)pg indices must take the value 4 and
SU(2) g indices must take the value 1, and thus a contribution must necessarily have

the VEV form

#AB CD EF (G 1 +H 1 +I {rxd 1 #K [ +L
Y/t /el /il VA VAl VA VAl VAl Ve (B.15)
where the 12 flavor indices need to be contracted with an SU(3)-invariant tensor, for
example four Levi-Civita tensors. Such a contraction will always contain sufficient
anti-symmetry in index exchange contraction so that Eq. (B.15) vanishes. 119



Future directions

e A complete analysis of the PQ quality problem at the quantum level, including
loop-induced effects, remains an essential next step (cf. App. B.3.2). Extending the
current tree-level investigation to incorporate quantum corrections will provide a
more robust understanding of the model’s viability in addressing the PQ quality
problem.

e The computation of anomalon abundance via neutrino mixing in the early universe,
in the regime my < m, (parametrically favored by the solution to the PQ-quality
problem), requires a treatment based on quantum kinetic equations. This is a
computationally intensive task, particularly when considering multiple sterile states
and flavor mixing among active neutrino states. While analytical approximations
have been employed for sterile neutrino dark matter, a full numerical solution is
necessary to accurately determine the anomalon production rates in this regime.
Addressing these challenges will refine the constraints on the parameter space of

the model by providing a more robust determination of AN g.
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keV — anomalon dark matter

For instance, if V = 10" GeV (fa ~ 10" GeV), the 8 light anomalons have mass
mo ~ 1+ 10keV. As long as Try < V(V/Mp)Y? ~ 10”2 GeV (pre-inflationary) or
95, K 107° (post-inflationary), they are produced by freeze-in. The mixing with active
neutrinos depends mostly on the parameters A and f;'; as shown in Fig. 4 (lower right).

Mixings larger than roughly 10 are already excluded by X-ray searches, while smaller
angles are allowed. The population produced via mixing can still be the larger one even
if mixings are small, Yﬁ;i”ix < 107%(0,4/10" ) ?*(my/10keV). This corresponds to a very
small fraction of the total dark matter abundance, Qy o/Qpy ~ 10~ (potentially up to
1% if we push Try up to ~ 10"° GeV, where the computation is not fully reliable), which
is not constrained by warm dark matter limits.

On the other hand, if V = 10" GeV, the picture reverses, as the 16 heavy anomalons

are now the keV-ish ones, m | ~ 10keV. They possibly contribute to a small fraction of

dark matter, analogous to the discussion above. The mixing angles are mostly determined
by the coefficients A, B, C, see Fig. 4 (upper center), and tend to be slightly larger than

i

in the previous case, so that X-ray searches would impose more severe constraints on the
model parameters.
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Anomalon decays

Anomalons with mass in the 1+ 100 keV range dominantly decay via neutrino mixing
to 3vp, with decay width
_ Grmubiy
o 96m
They are cosmologically stable if 6,4 < 0.018(10 keV/mg)aﬂ. The decay channel ¥, —
vy is also open with rate

I's, (5.12)

vy GEMy Oy
. 2567 '
Although subdominant, the latter process actually imposes the strongest constraints on
the mixing; X-ray searches exclude 6,4 = 2 x 10" °(10keV /my)*? (see [138]).
Ultra-light anomalons could decay via the same channels of keV-ish ones if my > m,,
but they are cosmologically stable, as their decays are suppressed by their small mass
I' o¢ (my/v)". The same also applies to the decays of active neutrinos into anomalons
when my < m,,.
Finally, notice that the decays of heavy anomalons to lighter ones are suppressed,
as they involve the exchange of a flavor gauge boson. These decays are completely

(5.13)

irrelevant in all scenarios: heavy anomalons m; 2 TeV decay much faster via the
other decay channels discussed above; ultra-light anomalons are still cosmologically sta-
ble; for keV-ish anomalons we should compare these decays with Eq. (5.12). The ex-
change of a flavor gauge boson implies a decay rate, which is suppressed at least by
1/(GEV'824) ~ (v/V)'(1/6,4)° compared to the decay channel into 3v,. Thus, even in
the most pessimistic case (V ~ 10” GeV), the decays to active neutrinos are dominant
unless 6,4 < 107",
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