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Why CP-violation ?



Why CP-violation ?

Why 3 generations of quarks and leptons, with mixing and
leading to CP-violation…. for ``nothing’’? 



Why CP-violation ?

CP-violation is a fantastic 
window to BSM
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In the SM the quark EDM is 3-loop suppressed

SM predicts ~ 10-34 
Experiment:



In the SM the neutron EDM is very 
suppressed

SM predicts ~ 10-30 - 10-32

Experiment:

      
``penguin dominated’’

(80’s: Gavela at al.,     

       Khriplovich+Zhitnitsky)




In the SM they are 3-loop suppressed

SM predicts ~ 10-30 - 10-32

Experiment:

BSM window: In general 

electric dipole moments 

at one loop



Why ALPs 

or general Scalars ?
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Strong motivation for singlet (pseudo)scalars from fundamental 
SM problems

The nature of DM is unknown

It may be a (SM singlet) scalar S
the “Higgs portal”

Silveira+Zee; Veltman+Yndurain; Patt+Wilczek… 

δL = Φ+ΦS2

S has polynomial couplings
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Strong motivation for singlet (pseudo)scalars from fundamental 
SM problems

The nature of DM is unknown

It may be a (SM singlet) scalar S
the “Higgs portal”

Silveira+Zee; Veltman+Yndurain; Patt+Wilczek… 

The strong CP problem

Why is the QCD θ parameter
so small?

Α dynamical U(1)A solution

the axion a
It is a pGB: ~ derivative couplings

~ ∂μ a  

Peccei+Quinn; Wilczek… 

LQCD⊃   GμνGμν~

Also excellent DM candidate

δL = Φ+ΦS2

a
fa
_

S has polynomial couplings



(Pseudo)Goldstone Bosons appear in many BSM theories 

* From string models     

……     

* The Higgs itself may be a pGB ! (“composite Higgs” models)     

* Axions  that solve the strong CP problem,  and ALPs (axion-like particles)     a

* Majorons, for dynamical neutrino masses      

  The Wilson line around the circle is a GB, which behaves as an axion in 4d  
* e.g. Extra-dim Kaluza-Klein: 5d gauge field compactified to 4d   



Axions and ALPs  a

are the tell-tale of hidden 

symmetries

awaiting discovery

Because they are (pseudo)Goldstone bosons, 



Think of the pions…

and of the massive W and Z… 



ALPs (axion-like-particles)



An ALP (axion-like particle) is a generic scalar field a 

with derivative couplings to SM particles

 and free scale fa:

general effective couplings
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An ALP (axion-like particle) is a generic scalar field a 

with derivative couplings to SM particles

 and free scale fa:

general effective couplings Xμν =Fμν, Gμν, Zμν, Wμν….

{    ,   } ___ci

ci
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where Xψ is a general 3x3 matrix in flavour space

Georgi + Kaplan + Randall  1986 
Choi + Kang + Kim, 1986 

Salvio + Strumia + Shue, 2013 

Complete basis (bosons+fermions):

ALP-Linear effective Lagrangian at NLO 
SM EFT

=



where Xψ is a general 3x3 matrix in flavour space

Georgi + Kaplan + Randall  1986 
Choi + Kang + Kim, 1986 

Salvio + Strumia + Shue, 2013 

Complete basis (bosons+fermions):

ALP-Linear effective Lagrangian at NLO 
SM EFT

=
{    ,   } ___ci
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neutron, proton, top, 

electron, muon…
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neutron, proton, top, 

electron, muon…

neutrinos
Bonilla, B.G, Machado [arXiv:2309.15910]



ALPs (axion-like-particles)

CP-violation



L = LSM + La 

CP-violation

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133 

ma > 1 GeV
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CP-violation in flavor-nondiagonal entries
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The ALP EFT

Related by the UA(1) anomaly

✓̄ = ✓ +Arg det(MuMd)physical

 nEDM data imply θ < ~10-10  -
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The ALP EFT

ALPs contribute at one-loop to the quark mass terms, 
 i.e.  ALPs contribute to  θ

✓̄ = ✓ +Arg det(MuMd)physical

-
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ALP contribution to  θ -

C13
Q /fa C⇤13
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u ut

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133 



ALP contribution to  θ -

C13
Q /fa C⇤13
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u ut

* Factor mt for chirality flip

x

* Factor pμ2 from vertices
 pμ

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133 



ALP contribution to  θ -
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x
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ALP contribution to  θ -
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* Factor mt for chirality flip

x

* Factor pμ2 from vertices
 pμ
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As a function of ma 
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We checked our results in the ``chirality-flip’’ basis  
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Chiral rot.:

where



There are two diagrams in the ``chirality-flip’’ basis:  

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133 



General Scalar

CP-violation

L = LSM + LS 

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133 



K and F arbitrary:  more parameters than for ALPs

Generic scalar

e.g. CP-violation in flavour-diagonal couplings

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133 
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K and F arbitrary:  more parameters than for ALPs

bounds also improved by orders of magnitude

Contribution to θ from:   -

Generic scalar



V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133 

Generic scalar



What happens if there is a
PQ symmetry (in addition) ?

either for ALPs or generic scalars



θ disappears but a residual θ induced remains:   -

With a PQ symmetry present:   

-

Vafa-Witten theorem does not apply with extra explicit CP 
sources and

M. Pospelov, arXiv: hep-ph/9707431, Phys. Re. D 58 (1998) 097703 

 we have updated the bounds in this case  
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ALPs
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Generic scalar



CONCLUSIONS

 * ALP couplings to fermions induce one-loop corrections        
   to    —> to the nEDM

 * We have improved the bounds on CP-odd ALP-fermion 
couplings by ~ 4 orders of magnitude

 * The same kind of improvement applies to generic singlet 
scalars

θ 
-

 * Novel bounds on ALP-neutrino couplings




Backup



V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133 
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Intensely looked for experimentally…

“True” QCD region

  direct  a-gluon coupling

figure from cajohare.github.io

g

g
1/ a 



 ma (eV)

(GeV-1)

figure from cajohare.github.io

~C
  a-photon coupling



Axions and ALPs can explain Dark Matter

within the blueish

bands


axions/ALPs would 

account for all the DM


https://cajohare.github.io/AxionLimits/docs/am.html
https://cajohare.github.io/AxionLimits/docs/ap.html

- photon
coupling

https://urldefense.com/v3/__https://cajohare.github.io/AxionLimits/docs/am.html__;!!D9dNQwwGXtA!TgNcYUsC1iLePZqv5CHpe9OSr2EAvXZiVSgUSzGF3TMYqX7_zryWk5escfxeCLzC2YnBNPzpXDATGxaB2ws4JDJQ3irj$
https://urldefense.com/v3/__https://cajohare.github.io/AxionLimits/docs/ap.html__;!!D9dNQwwGXtA!TgNcYUsC1iLePZqv5CHpe9OSr2EAvXZiVSgUSzGF3TMYqX7_zryWk5escfxeCLzC2YnBNPzpXDATGxaB2ws4JJOurwDc$


Jaeckel+ Spannowsky 2015 

CAST

+

SUMICO

           Log10ma (eV) ALP territory
and more?

 ALPs (axion-like particles) territory



Other new ways to probe ALPs at LHC

Z

Z
γ

γ

a*

a*

a*

g

g

We also looked at two jets: 

—->  

Non - resonant diboson searches
(Fdez. de Troconiz, Gavela,  


No,  Sanz, 2019)



ALP-mediated EW VBS
• Vector Boson Scattering

→ production of a diboson pair + 2 face-to-face jets with high invariant mass
→ explore ALP EW couplings with reduced dependence on the gluon coupling

• EW ALP-mediated processes !"!# → !"%!#%&"&#

VBS s-channel VBS t-channel

Reinterpretation of Run 2 CMS 
analysis:
&"&# = ((, (*,+±*,+±(,+±+±

CMS-SMP-20-001, CMS-SMP-20-016, 
CMS-SMP-19-008, CMS-SMP-19-012

2022: ALP-mediated EW VBS (vector-boson fusion)



Results

• !" and #±#± are the most
constraining channels

• Only !" and !! can 
constraint the plane in the
%&'/)* direction. 
→ high-mass "" channel can 
improve it

−2	ΔLLR = 3.84

JESÚS BONILLA: ALP 1-LOOP CORRECTIONS AND NR SEARCHES 15

J. Bonilla, I. Brivio, J. Machado-Rodríguez and J. F. de Trocóniz [2202.0345]

RESULTS



J. Bonilla, I. Brivio, J. Machado-Rodríguez and J. F. de Trocóniz [2202.0345]

Comparison with existing boundsComparison with existing bounds                          



Alonso-Alvarez, 

Gavela, Quilez, 


arXiv:1811.05466



: direct      - gluon couplinga 
e.g. Casper electric
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Neutrinos are excellent messengers onto the dark sectors 
of the universe

What about a-neutrino couplings ? 

  a-neutrino couplings

Bonilla, Gavela, Machado [arXiv:2309.15910] Phys.Rev.D 109 (2024) NEW
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ēR�

µcEeR =�
✓
i
a

fa
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ēLMEcLeR + h.c.

◆
� Tr [cL]

a

fa

"
g02

64⇡2
Bµ⌫B̃

µ⌫ +
g2

64⇡2
Wµ⌫W̃

µ⌫

#
,

@µa

fa
⌫̄L�

µcL⌫L =

✓
i
a

fa
⌫̄LM⌫cL⌫R + h.c.

◆
� Tr [cL]

a

fa

"
g02

64⇡2
Bµ⌫B̃

µ⌫ +
g2

64⇡2
Wµ⌫W̃

µ⌫

#
,

ALP-neutrino interactions

UCSD 21J. Machado-Rodríguez

M. Chala et al, Eur. Phys. J. C 81 (2021), no. 2 181
M. Bauer et al, JHEP 04 (2021) 063
J. Bonilla et al, JHEP 11 (2021) 168 

 
 

Mass-suppressed

<latexit sha1_base64="zAUQYhJN/1o3mUa/0jzZ/aRv47g="></latexit>

LALP � @µa

fa
LL�

µcLLL +
@µa

fa
eR�

µcEeR

( ) connected by gauge invariance



ONE-LOOP EFFECTCLASSICAL EOM
<latexit sha1_base64="04GPIO0fkd23XkIjDKYQcJG8ICE="></latexit>

@µa

fa
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ēLMEcEeR + h.c.

◆
+Tr [cE ]

a

fa

g02

16⇡2
Bµ⌫B̃

µ⌫ ,

@µa

fa
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ēL�

µcLeL =

✓
i
a

fa
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Bounds on ALP-neutrino coupling
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Lots of space to explore by LHC and future 
colliders
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