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The Strong CP Problem

CP Violation sources in the SM, besides CKM and PMNS:
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Pure QCD + Fermion phases effects: L D 0 1(93;2 GM,/G“V

H = 0 + arg det M,

Neutron Electric Dipole moment
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Abel et al., PRL 124(2020)
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Dynamical solution with a scalar field getting a vev!
2
a - g ~
SM +a 5 p
» LD (fa | 6’) 62 GMVG

<a> — _éfa

Traditional method is with @ being an angular component, that is a GB!
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Solutions: PQWW Axion

# SM + U(1)pganomalous under QCD

2HDM has enough new dofs Peccei & Quinn, PRL38 (1977)
Weinberg, PRL40 (1978)
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The AXION arises as a combination of the GBsin ®; and ®,!
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As @ is a GB, shift symmetry can be used to absorb 0

— a

0 200, — T7e — X % & v
| Ua( QL Ur DR) » LQCDCSWfaGMVGM

IF the axion acquires a vanishing VEV, then the
Strong CP Problem is solved!

By using the chiral perturbation theory, it is possible to derive the effective
scalar potential of the axion: see Grilli, Hardy, Pardo & Villadoro, 1511.02867

Minimum indeed in (a) =0 and m~< =
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Everything seems working BUT fq ~ \/U% + v5 ~ 100 GeV and the axion
coupling to photons is strongly constrained!
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PQWW model

EXCIUdEd ! ! Credit to Ciaran O’Hare, https://cajohare.github.io/AxionLimits/
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Solutions: Invisible Axions

Add additional NP such that f, > vgw

DFSZ Models KSVZ Models

Zhitnitsky 1980 Kim 1979,

Dine, Fescler, Sredniki 1981 Shifman, Vainshtein, Zakharov 1980
SM fermions SM + Exotic quarks

2 EW scalar doublet 1 EW scalar doublet

1 EW scalar singlet 1 EW scalar singlet

ldea: the VEV of the new singlet is the axion scale!
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Other Solutions (Exotics/Baroques)

# Models with DARK QCD sector and kinetic mixing with SM QCD [many papers]

4 Models with multiple axions [many papers]

4 Axions from CHM LM, Pobbe & Rigolin, EPJC78 (2018)
Brivio et al., Chin. J. Phys. 61 (2019)
Gherghetta & Nguyen, JHEP12 (2020)

# Models with axion arising in the flavour sector
Flaxion:  U(1)pg =U(1)pn

Ema, Hamaguchi, Moroi & Nakayama, JHEP 1701 (2017)
Calibbi, Goertz, Redigolo, Ziegler & Zupan, PR D95 (2017)

Wilczek, 1982

MFV Axion: [J(1)pq C U(3)5

Arias-Aragoén & LM, JHEP 1710 (2017) 168

Extended Majoron: U(l)PQ — U(l)L

Majoron: Y. Chikashige et al, PRL45 (1980), PRL98 (1981)
Gelmini & Roncadelli, PRL99 (1981)

Extended: de Giorgi, LM, Ponce & Rigolin, JHEPO3 (2024)
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Axion-Like-Particles (ALPs)

In the presence of NP: 717, outside this range and 171 p(l/fa
Credit to Ciaran O’Hare, https://cajohare.github.io/AxionLimits/
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Axion-Like-Particles (ALPs)

Gayy [GeV_l]

4 Pseudo scalar field
4 Derivative couplings with fermions
# Anomalous terms

# Generic mass term with m, < f,

# Not necessarily solves the Strong CP problem, but...

de Giorgi & Ramos, PRD111(2025
Laboratory
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The QCD axion could
have a much larger mass
than traditionally
believed!
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Axion-Like-Particles (ALPs)

Either UV model or EFT

i CG,CB,Cw
44 Wy
ngh energy ¢ i = {q, u,d,l, e}
Running
EWSB §
EWSB Cagg) Cayy)CayZ;CaZZ; CaWW *
-energy ch,i = {u,d, e, v} C;-R,j = {u,d, e} matChing
a A
“Low”-energy ZJ; ’;1;’ £ ::gt Exp. observables
)
~ 2 GeV y
X—PT CAL) C}%

In general, FV couplings are always present at low-energy!
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The ALP EFT: high energy

The model independent approach is best described by the EFT
Georgi, Kaplan & Randall, PLB169 (1986)

9 Mimasu & Sanz, JHEPO6 (2015)
T Brivio, LM, et al., EPIC77 (2017)
2
E — — @L &8“& a4 a” + Chala et al., EPJC81 (2021)
2 2 Bonilla et al., JHEP11 (2021)
TR Y ~ B Bauer et al., PRL127 (2021)

+ CQOQ +cOp + ¢, 0, + cqO4 + c. O,
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Anomalous terms
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-automated computing algorithm

Jorge Alda, Marta Fuentes Zamoro, LM, Xavier Ponce Diaz, Stefano Rigolin, arXiv: 2508.08354.
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Global Result: 1 op. at a time at UV

Jorge Alda, Marta Fuentes Zamoro, LM, Xavier Ponce Diaz, Stefano Rigolin, arXiv: 2507.19578.
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CMS & LHCb: By, — HL-LHCb: future Bg — it ©
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Example: Belle Il Anomaly

BT - K"ovr ~ 2.8¢

0,,a
[ZZL(S[)SW b+ ¢’} 5 7519) mg, = 2 GeV
fa Atmannshofer et al., PRD109 (2024)
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ALP Mass Generation

# Is there a mechanism to give (this) mass to the ALP?

We are looking for:

# SB that leads to ALP: U(1)pq SSB

4 SB that provides a mass to the ALP: breaking of the shift symmetry

#» Connection to other physics, otherwise equivalent to add Tngag2

» Minimal Massive Majoron Model

Connects the generation of the active neutrino
masses with the ALP and provides a mass m,,

De Giorgi, LM, Ponce, Rigolin, JHEPO3 (2024)
(De Giorgi, Fuentes, LM, FP73 (2025))
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The Majoron

_ 1 c
»Ctype—I =V HYNNR + §NRANR + h.c.
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f Dynamical
¢ — IO _|_ fa eia'/fa A — YNN—a neutrino mass
\/§ \/5 generation!

f, ~ 10" — 10 GeV
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The Majoron

O = p_\;ifa em/fa » a Majoron: GB of LN SSB

Within this minimal setup, a Majoron mass could be generated by gravity:

Q" Akhmedov et al., PLB299 (1993)
Vgrav. — (g 1 Babu et al., NPB403 (1993)
MP] Alonso & Urbano, JHEP02 (2019)

4 not precise - free coefficients

# Majoron mass independent from other parameters, but expected to be
tiny due to Planck mass.

Non minimal Seesaw mechanisms provide an alternative, where gravity does
not play any role!
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Low-Scale Seesaws

Generic neutral lepton mass Lagrangian:

1 T
e C _ C C
~Lun D SXEMuX xr = (v Ni S%)
0 ™ p
L(Ng) = L(S _) Mbype-l _
(Nr) = L(Sr) R ml A
m, =~ mDA_lmig
0 my  €mgs
L(N L(S MLESS — T 0
(Nr) # L(SR) x| My MNS
Mohapatra, PRL56 (1986) €Mmg TNNS 0
Mohapatra & Valle, PRD34 (1986) T -
1,89 msimy =+ mnmMmg
m,>> ~ €
mns

€M g n~ 10eV myNs ~~ 1'TeV
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Low-Scale Seesaws

0 my  €mg
L(Ng) # L(Sp) wep M = mL 0 mnys
emg MNS 0

T T
LSS o, STy T MNMg

™

1) —

mnys

EMMg ~~ 10eV mMyNs 1'TeV
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the price of a small 0 m N 0
iCi ing! ISS _ T
(exphutlcljrelakn;g. . MX = | my 0 MNS
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De Romeri et al., JHEP10 (2017) O NS 5SS
T Akhmedov et al., PLB368 (1996)
ISS TN mN Malinsky et al., PRL95 (2005)
m., ~ €N SsS 5
Mpys

emgg ~ lkeV myg ~ 1TeV
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The strategy is:
# ldentify LN and PQ symmetries

# Promote the LN conserving terms to [J(1)pgq SSB terms

NrmygS§, wegp NpYysSho

# Use the LN explicit breaking terms to also explicitly break U(l)pQ

All in all:

0 my EM g
MMM =t mY, myn(9) Yns(o)
emg Y]:\fs (@) 0

T T T
MMM . MsMmy +mymg o YNN Msmy

S Yns () " Yuns Yns(9)
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The MMM Model

T T T
MMM MsMy +mymg 5> YNN Msmg

m,/ ~ € % - € v v
NS (@) Ns Yns (o)
| min(|Yj|)
10° 102 10! 10°
NO
105 10° 10 10 108 10° 10 10 108 10° 10 10" GeV

Yns (o) Yns(9) Yns(®)

Shaded region agrees with active neutrino oscillation data.
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The MMM Model

The Majaron mass is given by

The suppression is due to

neutrino mass dependence!
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Coupling a~y~y
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The MMM Model
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DM Candidate?

Coupling avv

Possible DM
Candidate!

= From GMB
109 -
— Borexino SK Reinterpreted
— Kamland —— Atmospheric Neutrinos
— SK ---- Juno (20yr)
1()! C e e — ......,.) i s RIS
10V 10/ 10° 10° 10
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Conclusions

# Axion and ALP physics is a very active research topic at the moment
# Great results from the experimental collaborations

# Theoreticians advanced a lot in model building and effective description

# ALPs can help understanding the Belle Il excess, but

# ALP mass m, = 2 GeV
4 specific UV realisations to guarantee a long lived ALP

# The ALP mass generation is a long standing open problem: the MMM is an
example, but it is just the tip of the iceberg:

4 MMM could be testable soon and it is a possible DM candidate
# MMM does not help with the Belle Il excess (too light)
4 Other textures may work
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