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The U(1)4 problem

o In the limit whre the SM fermions are massless the QCD lagrangian
has the symmetry U(N)y ® U(N) 4, for the first family N = 2.
U(Q)v = SU(Q)V X U(I)V: SU(Q)] (isospin Symmetry) (=9 U(l)B
(Baryon number conservation).
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The U(1)4 problem

o In the limit whre the SM fermions are massless the QCD lagrangian
has the symmetry U(N)y ® U(N) 4, for the first family N = 2.
U(Q)v = SU(Q)V X U(I)V: SU(Q)] (isospin Symmetry) (=9 U(I)B
(Baryon number conservation).

o The global U(2)4 = SU(2)4 ® U(1) 4 symmetry is broken
spontaneously by the quark condensate, thus, one expects 4
Nambu-Goldstone bosons (7%, 7=, 7+, 7(?)), but 7 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) 4 problem,
suggesting that, somehow, there was no U(1)4 symmetry in QCD.
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The Strong CP problem

'"T Hooft realized that the current associated with the U(1)4 symmetry is

anomalous, i.e., O, JE = 5= 2F‘“’FW where N is the number of massless quarks.
From this it is possible to add to the lagrangian the CP violating term:

g N ¢*N = =
FW0<9327T2E B,

£L=0g (1)

Under parlty E— —FEand B— B (polar vector). Under charge conjugation

E B — E —B, so that this term is not CP invariant. This interaction produces
an electric dipole moment for the neutron d,, = e(mgq/m,)0 ~ 10~ %0e-cm. The
current bound from PSI collaboration set d,, < 2.9 x 10~ ?%¢-cm. Why 0 is so
small?, this is the strong CP problem.
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The PQ solution.

Paccei-Quinn Solution

o Peccei and Quinn suggested that the SM has an additional U(1)pc
chiral (global) symmetry which drives § — 0. This global U(1)pg
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) pg symmetry to generate quark textures
motivated from the data. In particular, we are interested in the hermitian
textures

0 0 |Cyy| e
MY = 0 Ay |ByleBu |,
—ipcy, —iPB,,
|Cule | Bule D, 2)
0 |Cy 0
MP=||C4d 0 |Bd],
0 |Bg Ay
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The PQ charges of the SM fermions are:

Particles  Spin  SU(3)c  SU(2)L U(1l)y Qpqli=1) Qpqli =2) Qpq(i =3) U(1)pq
qri 1/2 3 2 1/6 —251+2s2 + —s1+ s+« @ Zy,
UR; 1/2 3 1 51+« Sy + —$1 4+ 282 + Ty,
dpi 1/2 3 1 3s9 + s1— 289 +a —sot x4,
(L 1/2 1 2 T2 45y — 25y T2 TOL gy — 25y L+ 51— 259 T
eri 12 1 1 TR 0L 4 95y —dsy T TOL 495 —dsy 2RO 495y —4sy oz
Vi 1/2 1 1 0 Tt T Tt e Tin T T,

The columns 6-8 are the PQ (Qpg) charges for the SM quarks in each
family. The subindex ¢ = 1,2, 3 stands for the family number in the interaction
basis. The parameters sq, s2 and « are reals with s; # so.
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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). U(l)y Qprq U(1)pq
Py 0 1 2 1/2 S1 T,
Dy 0 1 2 1/2 £ T,
By 0 1 2 172 —s1 425 ag,
o, 0 1 2 12 —3s1+4ss  ay,
QL 1/2 3 1 0 zq, z0,
Qr 1/2 3 1 0 TQp TQp
S1 0 1 1 0 $1 — 82 Tg,
S 0 1 1 0 TQr — TQ, T,

Beyond SM scalar and fermion fields and their respective PQ charges. The
parameters s, So are reals, with s1 # so.
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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.

yig_va ~ 1. 3)

So, by setting various Yukawa (for quarks) couplings close to 1 (except Yo, yb? and
y15') we obtain:

01 =1.71GeV, 02 =2.91GeV, 03 =174.085GeV, 04 = 13.3MeV. (4)
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High energy Lagrangian

2
Lio D (Dp®*) DFe™ + Z“Z’"f“ Dy + Z(D;LSUTD/LS«L
" i=1

D _ Uag
- <qLiy,,_;a‘I’ade +arivi; % ur;

TrivE dsens + 00" dsvps + ~YNBE o5 Ss +h
+LlrLiYi;P3er; +€LiY;; P3VRj +5 ij VriVRjS2 T hc

+ (AQQRQLS2 + he) — V(®,S1,S2). 5)
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The model particle content.

In our model, the Yukawa interaction term generates the neutrino mass matrices
v Udg _ 1 N — VSs2
LD Yij 7\/5 ULiVR; + ) X/ij Vi VRj 7\@ +h.c., (6)
in such a way that the left-handed neutrinos mass matrix is

(7)

2
mi; = — (mDmf\,lmD) = Ysm (Y”YJGlYV)..

ij _fT,Usz %

where m)} = %Yié\lvsw the Dirac neutrino mass matrix is m{, = Yvsm/v/2, with
Vog ~ Usm ~ 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 f, =~ VS, TS, From

n
ff = Z 'c?v? the axion mass m, o f(jl ~ (zg, 1/52)71, in such a way that the neutrino mass matrix is
1

proportional to the axion mass, i.e.,
mY. = —=x YYygltyY x 7.5 x 10%m
ij = T¥S2 N ij - a -

in the standard model (Y")2 ranges from ~ 10~ 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., >, my,; < 0.12eV), which implies

|z, Tr (Y"Ylgly") x 10%mq| < 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.,
(dety'” )2

dety V

3
(mSQ 7.5 X 106m,a) . Combining the neutrino oscillation data and the cosmological upper
bound on the neutrino masses it is posible to bound the neutrino mass determinant det(m") = nLi’mgmg

v,ov, v _
mymgomg =

(0.038eV)3,  N.O. ©

v
0 < |mymymg]| < {(0 034eV)3 0.

which implies

. (dety”)?/3 5.1x10~%V, N.O. (10)
S2 (dety N)173 |7 = 45 x 107%v, 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(®i, S;)

Pres: Name (RRI-WVU)

+ o+ o+ o+

+

i“ ole, + ZungkSkJrZ)\ (@*ep )
i=1 =1
L2 4 2 l
D Aep (SESE)ZH D0 D Nis,, (@1 @) (SiSk)
k=1 i=1k=1
50 (v (wlm) (s]m,) 4 0 (o]5) (o))
i, =1
i<j

Asysy (S751) (5552) + K1 ((@]@2) (ehes) + hec.)
Ko ((ﬁ,m) <<1>£<1>1) + h.a)
Ks ((q>§<1>4) s2 4+ h.c.) + Ky ((qﬁ%) 52 4+ h.c.)

I ((4)%3) S+ hc.) 4 Fy ((q{%) Sy + hL.)

1 2 1 2 4
5 mCSZ) Csz + 5 (mESQ)SB 652 ’
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The model particle content.

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

in the range:
Ny Asp s Nisger Nigis Jigy Asyso, 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 F; and Fj:

Fy € [~10,10] GeV |

Fy € [—160,160] GeV | (12)
Ks € [~1.5,0.5] ,
Ky €[-15,01] .
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The model particle content.

distribution of scalar mass spectrum

M, =125GeV, M, =130GeV
) v
T T m

le+06 g T T

H

3
g

[
Sl

(Pseudo)Scalar mass (GeV)

To connect with current phenomenology, we set ]WHl = 95 GeV, JVIH2 = 125 GeV, J\IHi = 130 GeV.
1
Heavier scalars span the ranges My, € [200 GeV, 50 TeV], ]VICi € [200 GeV, 300 TeV], M 4, € [95GeV, 200 GeV].
2

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

TYR
Yp — e A “Yp, (14)

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

DDy — DPpDap exp

i 4 a( ) apv
dte 22 (Ngc G“+~--)
16#2/ Fds
Under parity Go; — —G; and C;‘ij — Gij, such that GZVC:“”’W is proportional to the contraction of the "electric” like

fields with the magnetic ones, i.e., B - E both invariant under charge conjugation, hence G;’L’VG‘””' is CP violiting.
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The model particle content.

Effective quark-axion interaction vertex.

from L v we obtain the flavour-violating derivative couplings:

ALygp =— a,tacip/‘ (g;/flfj + ’y5gff1fj> dj, (15)

where;

V,A 1 Dij

— - _ADi 16
gadid‘j 2faC§ﬂ: V,A ( )

In this expression we made the substitution A = facgff. The axial and
vector couplings are:

Dij Dij Dij
Au,i = AR}%(d) + ALLJ(Q)a (17)

j

with A (q) = (UP 2, UPT)" and Afi(d) = (UR 24 URY)
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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

m3 m2\* 12
I(K* — nta) = (1—2> Mo m2) gk,

16w mie
* m 3/2
P(B — K*a) =7 2N ADmd) gk (18)

where Mg — (1 - Loz (1 (macpn?)
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Low energy constraints

Constraints from Semileptonic decays

Collaboration upper bound

N62 Collaboration[1] | B (K* — 7%a) < (13.0737) x 10!

CLEO [2] B(B* = na) <4.9x107° (19)
CLEO [2] B(B* — K*a) <4.9 x 107°
BELLE [3] B(B* — p*a) <21.3x107°
BELLE [3] B(B* - K**a) <4.0x 107°

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

Frame Title

+

Tree level diagram contribution to the FCNC processes K+ — 7% and

B* - K**a.
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Low energy constraints

Frame Title

- K*on®a
-- B*-n*a (CLEO)

--- B* 5K*a (CLEO)

-

o
&
O
V‘\'/"
12 1072 10-° 10-° 10~
lel

1072

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
s9 — s1 = Ne/9, hence the flavor-changing neutral-current couplings (the off

diagonal elements) just depend on e.
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Low energy constraints

Frame Title
Lo — effﬂ a B VB;J,V _ effa2 a WB WZ/:U _ efFa3 a
U8t Apg " “2 8r Apg 387 fa
The decay width of an axion decaying in two photons is
Ara? m off 12
I(a = yy) =—5—1C5
APQ
where
B N e
T 32m? s '
Pres: Name (RRI-WVU) Short title

Ga Gapu )

Month-Year

(20)

23/36



Frame Title

1077
107°
—
Z
| 10714
> 1
S |
13 J 5 S
NP TN
< - ' z
3 = =
-1 i :i N
[T vid
©
L
- 1 v
107174
ABRACADABRA™ 7 | “l<e<1
-
- =
-0 f=2 7 '// Y
10712 1010 105 106 101 10-2 100
m, (eV)

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 < e < 1.
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S1 and S5 potential.

2
V(®,8) = Zuiks;*:sk

2

+ ZM (S%Sk) +ZZAM,€ (ol@:) (sisi)

i=1 k=1

+ A5152(5151)(5252)
R ((cbgcbs) sl+h4c.)

NI S ((@{%) Sy + h.c.>

1 2
+ 5 <TTLCS2> CSZ ('I’TL552> stz. (21)
g, g, +Hics.
In these expressions S; = %, i=1,2.
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A dark matter candidate

dark matter connexion

S 2 S 2

The scalar potential V (¢, S1,S2) is invariant under the symmetry
Sy —» ST (which is equivalent to a Z symmetry), but this symmetry is broken
by the interaction term )\QQRQLSQ + h.c.. In fact, from this interaction, it is
also possible to generate, at one loop, a mass term for the CP-odd field

% (m432)28 C§2 in the effective Weinberg-Coleman potential.

Pres: Name (RRI-WVU) Short title Month-Year 26 /36



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.
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Conclusions

Scalar Potential

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

Appears and dissapears.
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Conclusions

Scalar Potential

Reappears

Appears;
Appears
Appears
Appears

© © 0 o
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Conclusions

Descriptive statistics

Add an image or table.

Pres: Name

Name Turn Height
Juan 1.9
Jose 1.7
Michael 1.95
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Conclusions

Model
Yi = Bo + £1.Xi + B2Xo2i + B30ther; +vS; + u; (22)

o Var8.1

o Varl.
o Var8.2.

o Var2.
o Var8.3.

o Var3. .
o Median income.

o Var4.

Median home value.

©
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Conclusions

Frame title

Name Turn Height

Juan 1 1.9
Jose 2 1.7
Michael 3 1.95
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ReSULT

Chart Title
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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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Discussion

Commentl
Comment?2.
Comment3.

Comment4.
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Conclusions

Frame Title
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