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| Imperfect axions = CP violation & PQ breaking
2. CP-violating axions and new macroscopic forces
3. PQ quality problem

4. PQ quality from the interplay of GUT/flavor symmetries
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The QCD axion

Strong CP problem Dark Matter
9e AF
0Lqcp = 932;2 GG o] S107" Qpy (non-thermal production)
promote @ to a dynamical field (axion) i) misalignment (axion oscillations)

which relaxes to zero
i) topological defects: strings & domain walls

a .
0 — — with {(a)=0
Ja
[Peccel, Quinn /7, Weinberg /8, Wilczek /8] [Preskill, Wise, Wilczek '83
Abbott, Sikivie '83
Dine, Fischler '83,
Davies '86,
Harari, Sikivie ‘87, ...]
S
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-2 - 0 /4 2r
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The axion hunt

* The QCD axion DM hypothesis could be tested in the next two decades

[https://cajohare.github.io/AxionLimits]
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Back to PQ mechanism

* New spin-0 boson with a pseudo-shift symmetry a — a+«f,

@ g7 n
broken by 3072 GG

E(0) < E({(a)) [Vafa, Witten PRL 53 (1984)]
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Back to PQ mechanism

* New spin-0 boson with a pseudo-shift symmetry a — a+«f,

@ g5 ~F
broken by 3072 GG

E(0) < E({(a)) [Vafa, Witten PRL 53 (1984)]

* its origin® can be traced back to a global U(1)rq [Peccei, Quinn 77, Weinberg 78, Wilczek ‘78]

|. spontaneously broken (the axion is the associated pNGB)

2. QCD anomalous

g
a N« ~
2 6#]5@2 °G -G
A7
g
*axions can also arise as zero modes from string theory compactification [Witten PLB 149 (1984), ... ]
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Back to PQ mechanism

* New spin-0 boson with a pseudo-shift symmetry a — a+«f,

E(0) < E({(a)) [Vafa, Witten PRL 53 (1984)]

@ g5 ~F
broken by 3072 GG

Heﬂc — @ €—V4E(9eff) — /DQO e—So-I-iQefffGé

_ ‘/Dgp e—So-i-i@efffGé

< /Dg& |6—So+i9efffG(~¥| _ o~ VaE(0)

(path-integral measure positive definite for a vector-like theory, e.g. QCD)
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Imperfect axions

* Does the axion really relax to zero !

- PQ mechanism is imperfect already in the SM (due to CKM)

a . _
Ot = @) G2 fijckm ~ 10718 [Georgi, Randall NPB 276 (1986)]

Ja
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Imperfect axions

* Does the axion really relax to zero !

- PQ mechanism is imperfect already in the SM (due to CKM)

a . _
Ot = @) G2 fijckm ~ 10718 [Georgi, Randall NPB 276 (1986)]

|

Im VgV Vs VE ~3x107°

Ja
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Imperfect axions

* Does the axion really relax to zero !

- PQ mechanism is imperfect already in the SM (due to CKM)

- U()pra I1s not expected to be exact (being a global symmetry)

a —
eeﬂz%gm o

¢d | ¥ d—4
OPQ—break — T d—4 . (A . ) f;zL S 10_10A?2CD
Avvy uv

L. Di Luzio (INFN Padua) - Imperfect Axions



Imperfect axions

* Does the axion really relax to zero !

- PQ mechanism is imperfect already in the SM (due to CKM)

- U()pra I1s not expected to be exact (being a global symmetry)

a _
Ot = —< Fa> § 107"
d

f d—4
( i ) fa S107"AGen

OPQ—break — Ad Aoy

uv
m-vqb d z 9 (for AUV ~ MPI and fa ~ 109 GGV)

[Georgil, Hall, Wise NPB 192 (1981)

Barr, Seckel PRD 46 (1992)

Kamionkowski, March-Russell PLB 282 (1992)
Holman+ PLB 282 (1992), ... ]
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https://www.sciencedirect.com/science/article/abs/pii/0550321381904338?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.46.539
https://www.sciencedirect.com/science/article/pii/037026939290492M?via=ihub
https://www.sciencedirect.com/science/article/pii/037026939290491L?via=ihub

CPV beyond CKM

e Axion potential in the presence of Ocpy e.8. Ocpy =

2
Vi)~ ~k [ 2
a)~—K| —
2 \Ja
- - 4 a a
K =(GG,GG) ~ Ab - -

o 4Dqisq)
CpPV

L. Di Luzio (INFN Padua) - Imperfect Axions



CPV beyond CKM

e Axion potential in the presence of Ocpy e.g. Ocpy =

2
1 a a
Va)~—=—K| — ) +K'| —
2 \U/a Ja
K =(GG,GG) ~ Ay, @
(D)

(q9)(qiysq)
ACPV ’

AL
QCD
= (GG, Ocpy) ~

OO
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CPV beyond CKM

e Axion potential in the presence of Ocpy e.8. Ocpy =

o 4Dqisq)
CpPV

Fundamental origin of CP violation / PQ breaking
Baryogenesis !

Acpv

Ocpv

Aqcp
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CPV beyond CKM

e Axion potential in the presence of Ocpy e.g Ocpy = 5—(G9)@irsq)
CpPV

Fundamental origin of CP violation / PQ breaking
Baryogenesis !

Acpy
Ocpv

Agcp
(GG,Ocpv) #0  —Bp b= <jfi> nEDM

e ¢ g>y aNN new macroscopic forces
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CP-violating axions

* ¥ >glaNiysN + g2, ,aNN gy~ éeeff §—  from UV sources of CP-violation
Ja or PQ breaking

[Moody, Wilczek PRD 30 (1984)

Barbieri, Romanino, Strumia hep-ph/9605368
Pospelov hep-ph/9/07/43 |

Bertolini, LDL, Nesti 2006.12508

Okawa, Pospeloy, Ritz 21 1 1.08040

Dekens, de Vries, Shain 2203.11230]
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https://arxiv.org/abs/2203.11230

CP-violating axions

* ¥ >glaNiysN + g2, ,aNN g, ~ Qeeff e from UV sources of CP-violation
Ja or PQ breaking

[Moody, Wilczek PRD 30 (1984)

Barbieri, Romanino, Strumia hep-ph/9605368
Pospelov hep-ph/9/07/43 |

Bertolini, LDL, Nesti 2006.12508

Okawa, Pospeloy, Ritz 21 1 1.08040

Dekens, de Vries, Shain 2203.11230]

* From LO bary-meson chiral Lagrangian E%:[B'é‘)“& %%L’)]Nest' 2006.12508

——— — ——

e S —————

7'('0 .
Gan,p = ffﬁﬂﬁd) + (bp + bF)<F—> + bD\/ng <;1i> _

— I S — e -

gy & d,, due to meson tadpoles

(de-correlates scalar coupling from nEDM)
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https://arxiv.org/abs/hep-ph/9605368
https://arxiv.org/abs/hep-ph/9707431
https://arxiv.org/abs/2006.12508
https://arxiv.org/abs/2111.08040
https://arxiv.org/abs/2203.11230

CP-violating axions

. _ f, & olati
* ¥ >ghaNiysN + g, aNN gy~ =0, M= from UV sources of CP-violation
Ja or PQ breaking

New macroscopic forces from non-relativistic potentials  [Moody, Wilczek PRD 30 (1984)]

2 : :
9; - —=--49 9; “““““ ')’59§ '75-9:> —==—- ')’59‘;i
¥ Y v v, ¥ ¥,
(@) (b) | (c)
monopole-monopole monopole-dipole dipole-dipole
1. 2 —m,r. A A
—gsgse * 1.2, 027 mg ]| oy
Vir)= drr Vr)=(gsgp) 87M, . -+ 2 e
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CP-violating axions

. _ f; - olati
* ¥ >ghaNiysN + g, aNN gy~ =0, M= from UV sources of CP-violation
Ja or PQ breaking

New macroscopic forces from non-relativistic potentials  [Moody, Wilczek PRD 30 (1984)]

|
gg}-—--49% ) irsgﬁh
e |

voo% % %
(a) | (b) !

monopole-monopole Q\onopole—dipoly

e e e e e

double 6. ¢ suppression ARIADNE, QUAX-gpss, ...

iysQp)-———=- iysQp
\ Y,
(c)
dipole-dipole

spin suppression + bkgd
from ordinary magnetic forces
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CP-violating axions

égeff §—  from UV sources of CP-violation
Ja or PQ breaking

[O'Hare,Vitagliano 2010.03889
https://cajohare.github.io/AxionLimits]

®* ¥ D ghaNiysN + gchaZVN gch ~

Force range, A
Ro Rg km m cm pm nm A

Nucleon-nucleon cou

10-38 'aa;l;:g;at:);e’térs/é«g~°° & Monopole-dipole
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CP-violating axions

* ¥ >glaNiysN + g2, ,aNN g, ~ égeff e from UV sources of CP-violation
Ja or PQ breaking

[LDL, Gisbert, Nesti, Sarensen 240/.15928]

Force range, A
Rgo Rg km m cm pm nm A

Monopole-dipole
UL | ||||‘Iﬁ| LRLILLLLL BAAL Y.’|'|||I'IT| T T |||||n|_!'rlﬁ UL BURLILLLLY ERLALLLL WUUALLLLL! DSUALLLL

A6 A% AE A% A2 Ay A0 9 % T 6 5 & 3 2 A 0.l aD
407407 107 407 407 107 107 407107 407 407 107407 407 407 107 107 10 407 40

m, [eV]

Nucleon-nucleon cou
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The need for a “PQ theory”

* U(l)pq often imposed by hand', while a proper PQ theory should:

. realise the PQ as an accidental symmetry

2. protect the U(1)pg against UV sources of PQ breaking (PO-quality problem)
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The need for a “PQ theory”

* U(l)pq often imposed by hand', while a proper PQ theory should:

. realise the PQ as an accidental symmetry

2. protect the U(1)pg against UV sources of PQ breaking (PO-quality problem)

* Many attempts based on extra discrete/continuous gauge symmetries
- solution to PQ-quality problem hidden in the UV
- ad-hoc gauge symmetries

e.g. Zo symmetry acting on ¢ allows only ¢° terms and higher
g Lig Sy Y g Y g
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The need for a “PQ theory”

* U(l)pq often imposed by hand', while a proper PQ theory should:

. realise the PQ as an accidental symmetry

2. protect the U(1)pg against UV sources of PQ breaking (PO-quality problem)

* Many attempts based on extra discrete/continuous gauge symmetries
- solution to PQ-quality problem hidden in the UV
- ad-hoc gauge symmetries

e.g. Zo symmetry acting on ¢ allows only ¢° terms and higher
g Lig Sy Y g Y g

. can the PQ symmetry emerge from well-motivated gauge structures,
~—$ such as GUT or flavor symmetries ?

L. Di Luzio (INFN Padua) - Imperfect Axions



Accidental SO(10) axion

* Automatic U(l)pq iIn SO(10), upon gauging the flavor group SU(3)s [LDL 2008.09119]

L. Di Luzio (INFN Padua) - Imperfect Axions


https://arxiv.org/pdf/2008.09119.pdf

Accidental SO(10) axion

* Automatic U(l)pq iIn SO(10), upon gauging the flavor group SU(3)s [LDL 2008.09119]

[See also Chang, Senjanovic PLB 188 (198/)]

1 2 3 1lc 2c 3c c\ ¢
e I S S S A i=1,2,3
d;, dp di ey dRC dRC dRC 63.:% o

U(3) = U(l)pq x SU()
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Accidental SO(10) axion

* Automatic U(l)pq iIn SO(10), upon gauging the flavor group SU(3)s [LDL 2008.09119]

[See also Chang, Senjanovic PLB 188 (198/)]

1 2 3 1lc 2c 3c c\ ¢
Wig = (OF Uk Up o Pro UROURCURVR i=1.2.3
d;, dp di ey dRC dRC dRC 6?% o

ey U(3) =(U(1)pg)x SU3);

s — €U born as a PQ symmetry, due to chiral SO(10) embedding
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Accidental SO(10) axion

e Automatic U(l)pq in SO(10), upon gauging the flavor group SU(3)s

[LDL 2008.091 (9]

[See also Chang, Senjanovic PLB 188 (198/)]

Field | Lorentz | SO(10) Zs | SU@3); Zs | U(1l)pq
v [(1/20[ 16 i [ 3 P

¢1 ..... 16 (1/2’ 0) 1 1 g e’i47r/3 0
do | (0,00 | 10 —1| 6 T8 -2
i | (0,00 | 16 0| 3 P
éi | (0,0) | 126 -1 & )
b5 | (0,0) | 45 1| 1 1 0

* U(l)pgarises accidentally in the renormalizable Lagrangian

Ly = Y10 V16¥16P10 T+ Y136 V16¥ 160136 T+ h.C.

VQ — ‘¢10|2 T WWF -+ ¢4215 + ’¢16’27
= ¢?6¢7{0 + h.c.
V4 V2 -terms + ¢10¢126 + ¢10¢126¢126 T ¢%6¢T0¢45 + h.c.
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Accidental SO(10) axion

e Automatic U(l)pq in SO(10), upon gauging the flavor group SU(3)s

Field | Lorentz | SO(10) Zs | SU@3); Zs | U(1l)pq
g |(1/2,00] 16 @ | 3 L

¢i ..... 16 (1/2’ 0) 1 1 g e’i47r/3 0
P10 (0,0) 10 —1 6 s 2
b | (0.0) | 16 i | 3 M
¢m (O, O) 196 _1 6 i2m/3 _9
65 | (0,0) | 45 1| 1 1 0

* U(l)pgarises accidentally in the renormalizable Lagrangian

(protection neatly understood in terms of Z4 x £3 center)

L. Di Luzio (INFN Padua) - Imperfect Axions

Leading PQ-breaking operator is ¢1s¢55 (d=9)

[LDL 2008.091 (9]



https://arxiv.org/pdf/2008.09119.pdf

L. Di Luzio (INFN Padua) -

Accidental SO(10) axion

e Automatic U(l)pq in SO(10), upon gauging the flavor group SU(3)s

[LDL 2008.091 (9]

Field | Lorentz | SO(10) Z, |SU(3); Z3 | U(1)pq
V1 (1/2,0) | 16 i 3 &
ot (1/2,0) | 1 1 3 M0
b0 | (0,0) 10 —-1| 6 &3] -9
b6 | (0,0) 16 i 3 M
¢ | (0,00 | 126 -1 6 *P| -2
b5 | (0,0) 45 1 1 1 0
. : : : : VWVM
* Axion In a linear combination of |6 and |26 phases fa =
3\/ Vig + 4V

SO(10) x U(1)pq

(Pas)p_1

126

2% SU(3), x SU(2), x U(1)y x U(1)pq

Vie

— SU(3), x SU(2);, x U(1)y

Imperfect Axions

-

> SU(3). x SU(2),, x SU(2)g x U(1)_1, x U(1)pq



https://arxiv.org/pdf/2008.09119.pdf

Accidental SO(10) axion

e Automatic U(l)pq in SO(10), upon gauging the flavor group SU(3)s

Field | Lorentz | SO(10) Zs | SU@3); Zs | U(1l)pq
b |(1/200] 16 i [ 3 T
”""""’b ¢i ..... 16 (1/2’ 0) 1 1 g e’i47r/3 0
P10 (0,0) 10 —1 6 e —2
b6 | (0,0) 16 i 3 B
dms | (0,0) | 16 -1 & P
65 | (0,0) | 45 1| 1 1 0

[LDL 2008.091 (9]

e Anomalons (cancel SU(3)f gauge anomalies)

massless at the renormalizable level

related to the emergence of U(I)pro

parametrically light, zero mass lifted by effective operators, e.g. %wlwlgﬁﬁqﬁm
Pl
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Accidental SO(10) axion

[LDL 2008.091 (9]

[LDL, Landini, Mescia, Susi¢ 2503.16648]

« {8' R
+‘5\' Yj.Q\A\“"{}z’&QfO
105 ‘,,0@ Q*0 ?3\%‘»@0
AL L
104 Wis
3 “C_| Neutron RB A
10 stars
— 102 &=
5w s
— 100 oL/N=8/3 e <
“Radi ' M ALPHA
101 DM-Radio ADMX Quax ¥ BREAD A
102 ¢ Accidental PQ (pre-infl.) = Accidental PQ (post-infl) & High quality
10—3, N T T 1 1 T A O N 1 I A W11 | (ploslt-lllnlflll'l)l L
102 10 107 10° 10° 10*% 102 10?2 10! 10°
m, [eV]

B g PQ theory could tell us where to search in an otherwise huge param. space !
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Accidental SO(10) axion

[LDL 2008.091 (9]

[LDL, Landini, Mescia, Susi¢ 2503.16648]

o % K
10° s SR
IR L
10* B
3 B | Neutron RE A
10 stars
— 107 =
5w :
 — 100 E/N=8/3 . =
Ladi ' W ALP
10_1 DM adlo ADMX QUAX o> BREAD AMPOST
10—2 e Accidental PQ (pre-infl.) » Accidental PQ (post-infl.) ¢ Hjigh quality
I T4 T T 1 T ) A I/ 1 I A Wil | pIO tlllnli;]ll)l L
10 -9 8 7 6 5 -4 -3
10~ 10~ 10~ 10~ 10~ 10~ 10~ 102 1071
m, [eV]
seesaw scale iso-curvature fluctuations PQ quality

B g PQ theory could tell us where to search in an otherwise huge param. space !
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Accidental Pati-Salam axion

* We recently studied a simpler version of the theory [LDL, Landini, Mescia, Susi¢ 2503.16648]

Field | Lorentz | Pati-Salam 7, | SU(3);,  Z3 | Generations | U(1)pq
Qr | (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

® | (0,00 | (1,2,2) +1| 3 P Nyg>1 +2
X | (0,00 | (15,2,2) +1| 3 &3 Ny>2 +2
A | (0,0) | (10,1,3) —-1| 6 43 1 +2
x | (0,00 | (41,2) +4i| 3 43 1 ~1
¢ | (0,00 | (15,1,3) 41| 1 +1 1 0

Table 1: Field content of the Pati-Salam model and relative transformation properties
under the Lorentz group, SU(4)ps X SU(2), x SU(2)z x SU(3);,, its Z, X Z5 center, and
the accidental U(1)pq. Exotic fermions, which ensure SU(3);, anomaly cancellation, are
highlighted in light gray. Note that the U(1)pq charge of ¥, is fixed by non-renormalizable
operators, while ¢ is not charged under U(1)pq being a real scalar field.
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Accidental Pati-Salam axion

* We recently studied a simpler version of the theory [LDL, Landini, Mescia, Susi¢ 2503.16648]

v’ SM flavor structure

v/ anomalon-neutrino spectrum w8  high-quality PQ predicts sub-eV anomalons
¢/ anomalon contribution to AN

v/ axion phenomenology (degenerate with SO(10) model)

X Landau pole emerges one order of magnitude above f,
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Conclusions

* Axion imperfections lead to interesting phenomenology
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Conclusions

* Axion imperfections lead to interesting phenomenology

e CP violation / PQ breaking enhance axion-mediated forces

- axion as a low-energy portal to new sources of CP violation beyond CKM
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Conclusions

* Axion imperfections lead to interesting phenomenology

e CP violation / PQ breaking enhance axion-mediated forces

- axion as a low-energy portal to new sources of CP violation beyond CKM

* New solution to PQ quality problem based on GUT/flavor symmetries
- predicts a somewhat heavy axion m, 2 0.01 eV

- anomalons as low-energy remnants of UV mechanism responsible for PQ quality
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PQ breaking & monopole-dipole

[LDL, Gisbert, Nesti, Sarensen 240/.15928
See also Zhang 2209.09429]

e Axion scalar coupling to atomic system 4X

A—-Z7 Z
9ox = Tgfn +Z95p +nge

- leverage PQ-breaking in the electron Yukawa sector

g2 =n (\;;fA) % sin &

ZLHGR + h.c.

l

n [ fo \" mi . v
et = 272 (ﬁA) XQCD sino In (].GGV)

- nEDM bound relaxed due to loop and chirality suppression
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PQ breaking & monopole-dipole

[LDL, Gisbert, Nesti, Serensen 240/.15928
See also Zhang 2209.09429]

* Axion scalar coupling to atomic system 4X
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- nEDM bound relaxed due to loop and chirality suppression
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PQ quality in Pati-Salam model

* PQ-breaking operators [LDL, Landini, Mescia, Susi¢ 2503.16648]
A4A*X*6 : @2—kEkA2X*4 , (D4—k2kAX*2 : @4-’621622 :
VinVanV v v? V° v* V? v’
Ay’ Agy Apy " Auy
V.V,
.fa, x 2 AUV ~ MPl = 1.22 x 1019 GeV
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PQ quality in Pati-Salam model

. . ™" V" _
° PQ quahty condrtion An+m — S <10 10XQCD [LDL, Landini, Mescia, Susi¢ 2503.16648]
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Anomalon spectrum

e LOROV, &Y, basis (3+3+16+8)

High-quality PQ scenario corresponds -

to sub-eV anomalons
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[LDL, Landini, Mescia, Susi¢ 2503.16648]
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Spectrum in the neutrino—anomalon sector
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Anomalons & AN, ¢

SM
R

e Production channels: ILDL, Landini, Mescia, Susi¢ 2503.16648]

Wy
9gf 9f
|. Flavor interactions EM" Flavor gaugeboson .

8 (11\*? py Ny [ 106.75 \*/* .
AN = — | — ¥ ~1.13 s too large if thermally produced
a=3 (%) b, 4 \0Td) 7 : 7P

- to avoid thermalization: small gauge coupling or low reheating temperature

vV g (mw, ) 2
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- freeze-in production generically small, but could saturate AN, & bound
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Anomalons & AN, 4

e Production channels: ILDL, Landini, Mescia, Susi¢ 2503.16648]

|. Flavor interactions N
& 1259

2. Neutrino-anomalon conversion: ete™ - 0,1, - 7, ¥, v g

- non-resonant scenario myg 2 m,

: 10.75 3/2 Nu My
v—mix 4 2 m
Y\IJ Mg Sm, ~ 2.5 x 10 ( Jent ) m§=1: (ley\l/ml keV )

- resonant scenario mg S m,

ey expect larger contribution to AN,¢ / stronger constraints on mixing angles
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Axion GUTs

* Motivated by a coincidence of scales

MGUT? MB—L

In fact, explored since the early the 80's (as soon as the axion went “invisible™)

SUS) X U(1)pq SO(10) X U(1)pq

[Wise, Georgi, Glashow PRL 402 (1981) [Reiss PLB 109B (1982)

Lazarides PRD 25 (1982)

Co, D'Eramo, Hall 1603.04439 Mohapatra, Senjanovic Z. Phys. C 1/ (1983)
LDL, Ringwald, Tamarit 180/.09/69

Fileviez Perez, Murgui, Plascencia 1908.01//2] Bajc, Melfo, Senjanovic, Vissani hep-ph/05 10139

Altarelli, Meloni 1305.100]
Ernst, Ringwald, Tamarit 1801.04906]

SU(9) x U(1)pq

[Georgl, Hall, Wise NPB 192 (1981)]
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Axion GUTs

* Motivated by a coincidence of scales

MGUT’ MB—L

In fact, explored since the early the 80's (as soon as the axion went “invisible™)
SUS) X U(1)pq SO(10) X U(1)pq
* Why now !
- p-decay & magnetic monopoles elusive, axion exp.s may offer a fresh window on GUTs
- axion mass fixed* in terms of the GUT scale (model dependent)

= Useful input for haloscope searches

*requires the axion to belong to a non-trivial representation of the GUT group
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Axion GUTs

e Axion GUT models discrimination ?

[Ernst, LDL, Ringwald, Tamarit 181 1.1 1860Q]

falGeV]
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S0O(10) x U(1)pq predictions

Model 1, Npw =3
Model 2.1, Npw = 3
Model 2.2, Npw = 1
Model 3, Npw € {1,3}

SU(5) x U(1)pq prediction

WGG + 245 model

\__/
Axion dark matter predictions for different PQ breaking scenarios
pre-inflationary
post-inflationary, Npyw = 1

post-inflationary, Npw = 3

Predicted sensitivities
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