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Strong CP problem

The U(1)A problem

In the limit whre the SM fermions are massless the QCD lagrangian
has the symmetry U(N)V ⊗ U(N)A, for the first family N = 2.
U(2)V = SU(2)V ⊗ U(1)V = SU(2)I (isospin symmetry) ⊗ U(1)B
(Baryon number conservation).

The global U(2)A = SU(2)A ⊗ U(1)A symmetry is broken
spontaneously by the quark condensate, thus, one expects 4
Nambu-Goldstone bosons (π0, π−, π+, η(?)), but η is too heavy.
Although pions are light, there is no clue of another light state in the
hadronic spectrum. Weinberg dubbed this the U(1)A problem,
suggesting that, somehow, there was no U(1)A symmetry in QCD.
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Strong CP problem

The Strong CP problem

1. ’T Hooft realized that the current associated with the U(1)A symmetry is

anomalous, i.e., ∂µJ
µ
5 = g2N

32π2F
µν F̃µν where N is the number of massless quarks.

From this it is possible to add to the lagrangian the CP violating term:

L = θ
g2N

32π2
Fµν F̃µν ∝ θ

g2N

32π2
E⃗ · B⃗ , (1)

Under parity E⃗ → −E⃗ and B⃗ → B⃗ (polar vector). Under charge conjugation
E⃗, B⃗ → −E⃗,−B⃗, so that this term is not CP invariant. This interaction produces
an electric dipole moment for the neutron dn = e(mq/mn)θ ≈ 10−16θe-cm. The
current bound from PSI collaboration set dn < 2.9× 10−26e-cm. Why θ is so
small?, this is the strong CP problem.
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The PQ solution.

Paccei-Quinn Solution

Peccei and Quinn suggested that the SM has an additional U(1)PC

chiral (global) symmetry which drives θ → 0. This global U(1)PQ

symmetry was named after Roberto Peccei and Helen Quinn.
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The hierarchy problem

What is our work about?

Our aim is to use the U(1)PQ symmetry to generate quark textures
motivated from the data. In particular, we are interested in the hermitian
textures

MU =

 0 0 |Cu|eiϕCu
0 Au |Bu|eiϕBu

|Cu|e−iϕCu |Bu|e−iϕBu Du

 ,

MD =

 0 |Cd| 0
|Cd| 0 |Bd|
0 |Bd| Ad

 ,

(2)
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The hierarchy problem

The PQ charges of the SM fermions are:

Particles Spin SU(3)C SU(2)L U(1)Y QPQ(i = 1) QPQ(i = 2) QPQ(i = 3) U(1)PQ
qLi 1/2 3 2 1/6 −2s1 + 2s2 + α −s1 + s2 + α α xqi
uRi 1/2 3 1 2/3 s1 + α s2 + α −s1 + 2s2 + α xui
dRi 1/2 3 1 -1/3 2s1 − 3s2 + α s1 − 2s2 + α −s2 + α xdi
ℓLi 1/2 1 2 −1/2

xQR−xQL
2 + s1 − 2s2

xQR−xQL
2 + s1 − 2s2

xQR−xQL
2 + s1 − 2s2 xℓi

eRi 1/2 1 1 −1
xQR−xQL

2 + 2s1 − 4s2
xQR−xQL

2 + 2s1 − 4s2
xQR−xQL

2 + 2s1 − 4s2 xei
νRi 1/2 1 1 0

xQR−xQL
2

xQR−xQL
2

xQR−xQL
2 xνi

Table: The columns 6-8 are the PQ (QPQ) charges for the SM quarks in each
family. The subindex i = 1, 2, 3 stands for the family number in the interaction
basis. The parameters s1, s2 and α are reals with s1 ̸= s2.
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The model particle content.

In order to generate these matrices at least 4 higgs
doublets are needed.

Particles Spin SU(3)C SU(2)L U(1)Y QPQ U(1)PQ
Φ1 0 1 2 1/2 s1 xϕ1

Φ2 0 1 2 1/2 s2 xϕ2

Φ3 0 1 2 1/2 −s1 + 2s2 xϕ3

Φ4 0 1 2 1/2 −3s1 + 4s2 xϕ4

QL 1/2 3 1 0 xQL xQL
QR 1/2 3 1 0 xQR xQR
S1 0 1 1 0 s1 − s2 xS1
S2 0 1 1 0 xQR − xQL xS2

Table: Beyond SM scalar and fermion fields and their respective PQ charges. The
parameters s1, s2 are reals, with s1 ̸= s2.
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The model particle content.

conveniently choosing the VEVvenient way it is possible to reproduce the quark

masses and the CKM mixing matrix and Yukawa couplings of order 1.

Y U,D
ij ∼ 1. (3)

So, by setting various Yukawa (for quarks) couplings close to 1 (except yU2
23 , yD3

23 and
yU1
13 ) we obtain:

v̂1 =1.71GeV, v̂2 = 2.91GeV, v̂3 = 174.085GeV, v̂4 = 13.3MeV. (4)
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The model particle content.

High energy Lagrangian

LLO ⊃ (DµΦ
α
)
†
D
µ
Φ
α

+
∑
ψ

iψ̄γ
µ
Dµψ +

2∑
i=1

(DµSi)
†
D
µ
Si

−
(
q̄Liy

Dα
ij Φ

α
dRj + q̄Liy

Uα
ij Φ̃

α
uRj

+ ℓ̄Liy
E
ijΦ3eRj + ℓ̄Liy

ν
ij Φ̃3νRj +

1

2
Y
N
ij ν̃

c
Ri
ν̃RjS2 + h.c

)
+ (λQQ̄RQLS2 + h.c) − V (Φ, S1, S2) . (5)
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The model particle content.

In our model, the Yukawa interaction term generates the neutrino mass matrices

L ⊃ yνij
vΦ3√
2
ν̄LiνRj +

1

2
Y N
ij ν cRi νRj

vS2√
2
+ h.c. , (6)

in such a way that the left-handed neutrinos mass matrix is

mν
ij = −

(
mDm

−1
N mD

)
ij

= − v2SM√
2vs2

(
Y νY −1

N Y ν)
ij

(7)

where mN
ij =

1√
2
Y N
ij vS2 , the Dirac neutrino mass matrix is mD

ij = Y ν
ijvSM/

√
2, with

vΦ3 ∼ vSM ∼ 246GeV.
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The model particle content.

At the same time, as discussed in the previous section, the axion decay constant is given by fa ≃ vS2xS2 . From

f
2
a =

n∑
i=1

x
2
i v

2
i the axion mass ma ∝ f−1

a ≃ (xS2vS2 )−1, in such a way that the neutrino mass matrix is

proportional to the axion mass, i.e.,

m
ν
ij = −xS2

(
Y
ν
Y

−1
N Y

ν
)
ij

× 7.5 × 10
6
ma .

in the standard model (Y ν)2 ranges from ∼ 10−11 for the electron to 1 for the top quark, which implies a wide range for the
axion masses. The neutrino mass matrix must be less than the cosmological bound (i.e.,

∑
imνi ≤ 0.12eV), which implies

|xS2Tr
(
Y
ν
Y

−1
N Y

ν
)
× 10

6
ma| ≤ 0.12eV (8)
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The model particle content.

On the other hand, the trace of the neutrino mass determinant is the product of the three neutrino masses, i.e.,

mν1m
ν
2m

ν
3 = − (detY ν)2

detYN

(
xS27.5 × 106ma

)3
. Combining the neutrino oscillation data and the cosmological upper

bound on the neutrino masses it is posible to bound the neutrino mass determinant det(mν) = mν1m
ν
2m

ν
3 ,

0 ≤ |mν1m
ν
2m

ν
3 | ≤

{
(0.038eV)3, N.O.

(0.034eV)3, I.O.
, (9)

which implies ∣∣∣∣∣xS2 (detY ν)2/3(
detYN

)1/3
∣∣∣∣∣ma ≤

{
5.1 × 10−9eV, N.O.

4.5 × 10−9eV, I.O.
(10)
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The model particle content.

Scalar Potential

The scalar potential compatible with the symmetries includes quadratic, quartic,
and specific trilinear interactions:

V (Φi, Sj) =
4∑
i=1

µ
2
iΦ

†
iΦi +

2∑
k=1

µ
2
sk
S
∗
kSk +

4∑
i=1

λi

(
Φ

†
iΦi

)2

+
2∑
k=1

λsk

(
S
∗
kSk

)2
+

4∑
i=1

2∑
k=1

λisk

(
Φ

†
iΦi

) (
S
∗
kSk

)

+
4∑

i, j = 1︸ ︷︷ ︸
i<j

(
λij

(
Φ

†
iΦi

) (
Φ

†
jΦj

)
+ Jij

(
Φ

†
iΦj

) (
Φ

†
jΦi

))

+ λs1s2
(
S
∗
1S1

) (
S
∗
2S2

)
+K1

((
Φ

†
1Φ2

) (
Φ

†
3Φ2

)
+ h.c.

)
+ K2

((
Φ

†
3Φ4

) (
Φ

†
3Φ1

)
+ h.c.

)
+ K3

((
Φ

†
3Φ4

)
S
2
1 + h.c.

)
+K4

((
Φ

†
1Φ3

)
S
2
1 + h.c.

)
+ F1

((
Φ

†
2Φ3

)
S1 + h.c.

)
+ F2

((
Φ

†
1Φ2

)
S1 + h.c.

)
+

1

2

(
mζS2

)2

SB
ζ
2
S2

+
1

2

(
mξS2

)2

SB
ξ
2
S2

. (11)
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The model particle content.

To preserve naturalness, all dimensionless parameters in the potential (11) were chosen
in the range:

λi, λsk , λisk , λij , Jij , λs1s2 ,Ki ∈ [−1.5, 1.5] . (12)

Despite being dimensionless, K3 and K4 are subject to stronger constraints, leading to
narrower intervals. Similar considerations apply to F1 and F2:

F1 ∈ [−10, 10] GeV ,

F2 ∈ [−160, 160] GeV ,

K3 ∈ [−1.5, 0.5] ,

K4 ∈ [−1.5, 0.1] .

(13)
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The model particle content.

distribution of scalar mass spectrum
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Figure: To connect with current phenomenology, we set MH1
= 95 GeV, MH2

= 125 GeV, M
H

±
1

= 130 GeV.

Heavier scalars span the ranges MH3
∈ [200 GeV, 50TeV], M

C
±
2

∈ [200 GeV, 300TeV], MA1
∈ [95 GeV, 200 GeV].

Higher states are taken above the current LHC reach.
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The model particle content.

It is possible to obtain dimension five effective lagrangians
by means of the non-linear transformation

S
i −→ e

i
x
Si
Λ

a
S
i
,

Φ
α −→ e

i
x
Φα
Λ

a
Φ
α
,

ψL −→ e
i
xψL
Λ

a
ψL,

ψR −→ e
i
xψR

Λ
a
ψR, (14)

Because the axial symmetry is anomalous, the path-integral measure is not invariant:

Dψ̄Dψ −→ Dψ̄Dψ exp
i

16π2

∫
d
4
x
a(x)

fa

(
Nfg

2
sG

a
µνG̃

aµν
+ · · ·

)

Under parity G0i → −G0i and G̃ij → G̃ij , such that GaµνG̃
aµν is proportional to the contraction of the ”electric” like

fields with the magnetic ones, i.e., B · E both invariant under charge conjugation, hence GaµνG̃
aµν is CP violiting.
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The model particle content.

Effective quark-axion interaction vertex.

from LKΨ we obtain the flavour-violating derivative couplings:

∆LKD =− ∂µad̄iγ
µ
(
gVafifj + γ5gAafifj

)
dj , (15)

where;

gV,Aadidj
=

1

2faceff3
∆Dij

V,A, (16)

In this expression we made the substitution Λ = fac
eff
3 . The axial and

vector couplings are:

∆Dij
V,A = ∆Dij

RR (d)±∆Dij
LL (q), (17)

with ∆Fij
LL (q) =

(
UD
L xq UD†

L

)ij

and ∆Fij
RR(d) =

(
UD
R xd UD†

R

)ij

.

Pres: Name (RRI-WVU) Short title Month-Year 18 / 36



Low energy constraints

Constraints from Semileptonic decays

it is shown that the decay widths of pseudoscalar K±(B) mesons into an
axion and a charged pion (vector K∗) are given by

Γ(K± → π±a) =
m3

K

16π

(
1− m2

π

m2
K

)2

λ
1/2
Kπaf

2
0 (m

2
a)|gVads|2,

Γ(B → K∗a) =
m3

B

16π
λ
3/2
BK∗aA

2
0(m

2
a)|gAasb|2, (18)

where λMma =
(
1− (ma+m)2

M2

)(
1− (ma−m)2

M2

)
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Low energy constraints

Constraints from Semileptonic decays

Collaboration upper bound

N62 Collaboration[1] B
(
K+ → π+a

)
< (13.0+3.3

−3.0)× 10−11

CLEO [2] B
(
B± → π±a

)
< 4.9× 10−5

CLEO [2] B
(
B± → K±a

)
< 4.9× 10−5

BELLE [3] B
(
B± → ρ±a

)
< 21.3× 10−5

BELLE [3] B
(
B± → K∗±a

)
< 4.0× 10−5

(19)

Table: These inequalities come from the window for new physics in the branching
ratio uncertainty of the meson decay in a pair ν̄ν.
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Low energy constraints

Frame Title

Figure: Tree level diagram contribution to the FCNC processes K± → π±a and
B± → K∗±a.
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Low energy constraints

Frame Title
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Figure: Allowed regions by lepton decays. For the down-type quarks and charged
leptons the non-universal part of the PQ charges just depend on the diference
s2 − s1 = Nϵ/9, hence the flavor-changing neutral-current couplings (the off
diagonal elements) just depend on ϵ.
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Low energy constraints

Frame Title

L ⊃ −ceff1
α1

8π

a

ΛPQ
BµνB̃

µν − ceff2
α2

8π

a

ΛPQ
W 3
µνW̃

3µν − ceff3
α3

8π

a

fa
GaµνG̃

aµν .

The decay width of an axion decaying in two photons is

Γ(a → γγ) =
4πα2m3

a

Λ2
PQ

|Ceff
γγ |2 , (20)

where

Ceff
γγ =− ceff3

32π2

(
ceff1 + ceff2

ceff3
− 2.03

)
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Low energy constraints

Frame Title

Figure: The excluded parameter space by various experiments corresponds to the
colored regions, the dashed-lines correspond to the projected bounds of coming
experiments looking for axion signals, the blue region corresponds to the
parameter space scanned by our model in the interval −1 ≤ ϵ ≤ 1.
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A dark matter candidate

S1 and S2 potential.

V (Φ, Si) =
2∑
k=1

µ2
skS

∗
kSk

+
2∑
k=1

λsk (S
∗
kSk)

2
+

4∑
i=1

2∑
k=1

λisk

(
Φ†
iΦi

)
(S∗
kSk)

+ λs1s2 (S
∗
1S1) (S

∗
2S2)

+ F1

((
Φ†

2Φ3

)
S1 + h.c.

)
+ F2

((
Φ†

1Φ2

)
S1 + h.c.

)
+

1

2

(
mζS2

)2

SB
ζ2S2

+
1

2

(
mξS2

)2

SB
ξ2S2

. (21)

In these expressions Si =
vSi

+ξSi
+iζSi√

2
; i = 1, 2.
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A dark matter candidate

dark matter connexion

Figure: The scalar potential V (ϕα, S1, S2) is invariant under the symmetry

S2 −→ S†
2 (which is equivalent to a Z2 symmetry), but this symmetry is broken

by the interaction term λQQ̄RQLS2 + h.c.. In fact, from this interaction, it is
also possible to generate, at one loop, a mass term for the CP-odd field
1
2

(
mζS2

)2
SB

ζ2S2
in the effective Weinberg-Coleman potential.
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Conclusions

Conclusions

In this work we have proposed a PQ symmetry that gives rise to quark mass matrices with five texture-zeros. This
texture can adjust in a non-trivial way the six masses of the quarks and the three CKM mixing angles and the CP
violating phase.

Since in our model the PQ charges are non-universal there are FCNC at the tree level. We calculated the tree level
FCNC couplings from the effective interaction Lagrangian between the kinetic term of the quarks and the axion, these
couplings are well known in the literature.

In our model, the elements of the neutrino mass matrix can be related to the axion mass, thereby linking the smallness
of both mass scales within a common framework.

Pres: Name (RRI-WVU) Short title Month-Year 27 / 36



Conclusions

Scalar Potential

1. “Appears and dissapears.” Burchell et al (1998)

2. Appears and dissapears.

3. Reappears

Appears;
Appears
Appears
Appears
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Conclusions

Descriptive statistics

Add an image or table.
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Conclusions

Model

Yi = β0 + β1Xi + β2X2i + β3Otheri + γSi + ui (22)

Y: Externality

Var1.

Var2.

Var3.

Var4.

Var7

Var8: Socioeconomic characteristics

Var8.1

Var8.2.

Var8.3.

Median income.

Median home value.

S: State dummies
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Frame title
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Conclusions

ReSULT
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Conclusions

Result

Name Turn Height

Juan 1 1.9

Jose 2 1.7

Michael 3 1.95
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Conclusions

Discussion

1. Comment1

2. Comment2.

3. Comment3.

4. Comment4.
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