Tree Level FCNC from Models with a Flavored
Peccei-Quinn Symmetry
Work in progress, in collaboration with E. Rojas, R. Martinez and J. C. Salazar,

based in part on arXiv:2007.05653 [hep-ph]

Yithsbey Giraldo
Universidad de Narifio

December 4, 2020

5th ComHEP: Colombian Meeting on

¢ COM High Energy Physics

30 de noviembre de 2020 to 4 de diciembre de 2020

Yithsbey Giraldo (Universidad de Narifio) December 4, 2020 1/11



Overview

@ The five texture-zero mass matrices

O Yukawa Lagrangian and the PQ symmetry

© Yukawa Lagrangian and the PQ symmetry

@ Naturalness of Yukawa couplings

© The Effective Lagrangian

O Low energy constraints and experimental bounds
(@ Experimental bounds

© Conclusions

© Conclusions

Yithsbey Giraldo (Universidad de Narifio) December 4, 2020 2/11



The five texture-zero mass matrices

The five texture-zero mass matrices

@ Texture zeros — simplify the number of free parameters— zeros will have predictions.
@ The following five-zero textures gets a good fit for the quark and lepton masses

and mixing parameters.

@ Quark mass matrices (Yithsbey et al, J.Phys.G47,11,115002(2020)):

0 0 G 0 0 |Cule’®Cu
MU=|o0 A, B,]|, MY = 0 A, |BuleiBu |,
Cr B Dy vﬁ |Cule™"%cu  |Byle™®Bu D,
0 C; 0 0 |G O
MP=[c; o By, MP=1[|C 0 |By
0 B Ay 0 |Byl Ag

Hermitian matrices

@ Lepton mass matrices (Yithsbey,Phys.Rev.D86,093021(2012)):

0 |Cy |efv 0
MmN = |c,le~iev E, |Byle®v |, <« Dirac mass
0 |By |e~ v Ay neutrinos
. 0 |Gl o
M= = (|Gl 0 [Bel ) -
0 |Bel Az>

Hermitian matrices
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The five texture-zero mass matrices

The five texture-zero mass matrices

Diagonalization matrices for the quark sector:

i(dc,+014) meme(Ay—my)
e A, (me+my)(me—my)
UVt = | —eild,+010), [ (Autme)(mi=A,)m,

Au(me+my)(me—my)

014 my(Ay—my)
€ (metma)(me—my)

ot ¢ m,(my —me)ms

(mp—mg)(mg+ms)(mp+my—ms)

Di — i0 mg(mp—ms)
U= e (mb—dmd)b(md+ms)

it \/( mg(mp+mg)(ms—my)

my—mg)(mg+ms)(mp+mg—ms)

my < Ay < my.
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_ei(bc,+024) (Autme)memy el(¢c,+034)

me(me—Ay)my
Au(met+me)(me+my)

Ay(metme)(me—my)
_ (98, +024) mc(mrAu)(Armu% ei($8,+034) | (Autme)me(Ay—my)

Au(me+me)(me+my Au(metme)(me—my) |
eit2u me(Autmc) eif3u me(me—Au)
(metme)(me+my) (me+me)(me—my)

_elfoa mp(mp+mg)mg mg(ms—mg)ms
(mg+ms)(mp+mg—ms)(mp-+ms) (mp—mg)(mp+mg—ms)(mp-+ms)

eif2d (mp+mg)ms mp(ms—mg)
(mg+ms)(mp+ms) (mp—mgq)(mp+ms)
_e/‘ezd (mp—ms)ms(ms—mg) mp(mp+mg)(mp—ms)
(mg+ms)(mp+mg—mgs)(my+ms) (mp—mg)(mp+mg—ms)(mp-+ms)
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The five texture-zero mass matrices

The five texture-zero mass matrices

Diagonalization matrices for the lepton sector:

ei(r+ev) mym3(Ay —my) _ei(b2+cv) mymz(ma+Ay)

ei(03+cv) mymp(m3—Ay)
A, (ma+my)(ms—my) A, (mp+my)(ms+mz) A, (m3—my)(ms+my)
UNt — eit1y my (Ay—mi) eit2 m(Av+my) eitan m3(m3—Ay)
(my+mp)(m3—my) (ma+my)(m3+my)

(m3—my)(m3+my)
_ei(01—by) mi(Av+mp)(m3—Ay)

H62—by) [ ma(Ag—rm)(ms—Ay)
Aoimmmm — €T R

i(03,=by,) m3(Ay—m)(Av+m2)
A, (ma+my)(m3+ms) AL (m3—my)(m3+my)
010 mumy (my—my) _eitae mem. (me+ms) memy, (my—me)
(me—my+mz)(m,+me)(m-—me) (me—mp+mz)(mu+me)(m-+my) (me—mp+m7)(mr—me)(m-+mp)
UEt = o me(mr—my,) it my(me+m-) mr(my—me)
(my+me)(m-—me) (mu+me)(m-+my)

(mr—me)(mr+my)

_ el Me(Me+my)(mu—me) _eif my(me—my)(mu—me) mr(mr—my)(me+m-)
(me—my+m7)(mu+me)(m; —me) (me—my+m7)(my+me)(m-+m,,) (me—my+m7)(m;—me)(m-+m,)

<A <
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Yukawa Lagrangian and the PQ symmetry

LD — (quiy*®*dr; + Guiyy O ug; + LLiyf* ey + Ly * vg; + hc) |

0 x 0 She£0 Shr=0 Sh#£0
MV=1x x x| —|SH=0 SPr=0 sh=o0],

0 x x S0 SPr=0 Sl =

0 x 0 SEY#0 SE=0 SE#0
ME=|x 0 x| — |Sk= sfa;éo 555: :

0 x x S #0 S =0 Si=

where S,-?’“ = (=X, + Xy, — Xp,) and S5 = (=xg; + Xe; + X5,,)-

Peccei Quinn Charges PQ charges

Yithsbey Giraldo (Universidad de Narifio) December 4, 2020 4 /11



Yukawa Lagrangian and the PQ symmetry

Particle content and their respective PQ charges:

Particles Spin 5U(3)C 5U(2)L U(l)y QpQ(i = 1) QpQ(i = 2) QPQ(/ = 3) U(l)pQ
qLi 1/2 3 2 1/6 251 +2s4+a | —si+sm+a «a Xgi
UR; 1/2 3 1 2/3 s1+a S+ —s1+ 25+« Xu;
dgi 1/2 3 1 71/3 2s1 — 3+« 51259+« —S+a Xd;
lri 1/2 1 2 71/2 251+ 25+’ | —sp1+s+a o Xp;
eRj 1/2 1 1 -1 251 — 35 + o 51— 25 +a' -5+ Xe;
VR 1/2 1 1 0 —4s1 + 55 +a' | —s1 + 25+’ s+ Xy,

o The subindex i = 1,2, 3 stand for the family number in the
interaction basis.

o The columns 6-8 are the peccei-Quinn Qpg charges for the standard

model quark in each family.

o The parameters si, s, and « are reals, with s; # s,. Here: 51 =
and s, = % (e + 51). Where N is the QCD anomaly.
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Yukawa Lagrangian and the PQ symmetry

Beyond standard model scalar and fermion fields and their respective PQ
charges:

Particles | Spin | SU(3)c | SU(2)L | U(1)y Qrq U(1)pq
qf)]_ 0 1 2 1/2 S1 Xy
(Z)Q 0 1 2 1/2 52 X
d)g 0 1 2 1/2 —51 + 2% X3
Pa 0 1 2 1/2 —3s1 + 4sp Xpa
S 0 1 1 0 xs #0 Xs
QL 1/2 3 0 0 X
Qr | 1/2 3 0 0 | Xa X 70 x§:

0 e=(1—-Ag/N) and Ag = xq, — x@, is the contribution to the
anomaly of a heavy quark @ singlet under the electroweak gauge
group, with left (right)-handed Peccei-Quinn charges xq, .,
respectively.

o To solve the strong CP problem N =2¥q —¥u—Xd + Ag # 0 and
to generate the texture-zeros in the mass matrices it is necessary to
keep € # 0.
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Naturalness of Yukawa couplings

Naturalness of Yukawa couplings

o Quark sector:

Ul .
O a, B 0 R 0
. o o N D44, D35,
MY = Va}’,'JL-/a = 0 Yarn yosve | MP = Va}’,',E')a = Iyi2' % 0 ly22| 3
. . X 30, ,D2p
v i vy v 0 ly23’10s  ys3° 02

0 =1.71GeV, p=2091GeV, (3 =174.085GeV, 1y = 13.3MeV.

o Lepton sector:

0 Y]{\él ‘A/l 0 0 ‘yE4|‘A/ 0
N _ ~ N N4 o, N2 & N1g, E_~ E Eain 12 V4 £31n
M% = oy = | Ya¥a Y22 YL ME = ey = | Iyl 0 23103
o N E3|s, E25
0 }’3I\é3 V3 Y3A§2V2 0 lyss' Vs yaz 2
15| = 0.569582, |y&| = 0.00248291, yE2 = 0.574472,
Iyfs'| = 4.74362 x 107°,  [y3{*| = 0.000609894, ;5> = 6.68808 x 10°°,
|y24!| = 0.0000159881, |y = 157047 x 1077, y#? = 8.65364 x 107°.
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The Effective Lagrangian

. 1 1
L = (D,®*) DLo> + Z 7 Dt 4 2 Ouada — = mia’
P

Axion particle
Kinectic terms

- <EILiy,'jDa¢ade + Gy O gy + DLy O eri + LLiy) “ D vr + h.c)

Yukawa Lagrangian

+Ca¢<~oa¢a+cl OB+C2fow+C3 067

Axion-gauge-scalar effective interaction. Wilson coefficients.
@ Effective operators:
0.0 7,‘9/ ((Duo*) o — oof(D,0%)),  0p= —%B,WB’W,
Ow = — nguwam Oc = —%G;VCE“”.
Where A = facgff, c§fF = —2¥qg+Xu+Xd— Ag = —N and f; axion decay constant.
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The Effective Lagrangian

o Redefining the fields

« ix"iaa

O* — &' A 0,
oy

Y — A Yy,

iR
Yr — €' TA TR,

L— L+ AL o,
where

ALio =ALke + ALy + AL vikawa + AE(FHV).
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The Effective Lagrangian

o FCNC:

dua - _
AﬁKw :ﬁ Z(X’PL - XwRW’Y”Vsl/’ - (XTPL + XwR)¢7Mw7
o

AEY —qu_, (y,— de — Xq,-y,-jD“ + xq)ayl_J,Da) (DOCde

ia=

+ i (yianXej =Xy "+ Xwayl'an) P eg;
+/u<

Na Na Na | Ko
Vi Xup = XY — Xeayj ><D VR + h.c.
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Low energy constraints and experimental bounds

Low energy constraints and experimental bounds

The general form of the vector and axial coupligns:

o ALy FAi
va_ 1 oAFi _oTF VA Yy A
gaf,-fj' - 2f,c efF V,A 3 (mf F mf)

where AT/, = AZk(d) + AL (q) with ATY(q) = (Ufxg U[")” and
ARk(d) = (Ukxs Ug')". TS = £1/2
@ The parameters associated with the FCNC due to the differences between the
Higgs charges are: A3 = (RxoR7)®, ¥ = v/v2 and Y20 = (Y[ 5 v[1).

@ The term with v = 1 does not contribute to the FCNC since Y! = %mF is a
diagonal matrix but there are off-diagonal contributions for v = 2,3, 4. The
Yukawa matrix in the mass basis is given by Y'EW = (UL Ryayfe U,’;T),,.

ij

@ The factor 2 in front of AC’{A and the second term inside the brackets are a new

contributions with respect to the existing literature.

@ For normalized charges ¢ = 1.
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Low energy constraints and experimental bounds

Low energy constraints and experimental bounds

3
@ Branching ratio: Br(¢1 — ¢ a) = #2&1) <1 — :%) |gae.0, |2
Collaboration Upper bound

E949+E787 B(K* —nta) <0.73x 10710
CLEO B(B* - n%a) <4.9x1075
CLEO B(B* — K*a) <4.9x107°
BELLE B(B* - p*a) <213 x107°
BELLE B(B* —» K**a) <4.0x107°
TRIUMF B(pt —eta) <26x107°
Crystal Box B (;ﬁ — e*'ya) <1.1x107°
ARGUS B(r* = eta) <15x1072
ARGUS B(rt — pta) <2.6 x 1072

These inequalities come from the window for new physics in the branching ratio uncertainty of
the meson and lepton decay.

Yithsbey Giraldo (Universidad de Narifio) December 4, 2020 8 /11



Experimental b

Experimental bounds

N KR T = 5
-~ u*-e*a (TRIUMF)

---- u* ->e*ay (CristalBox)
---- T*>u*a (ARGUS)
T* >e*a (ARGUS)
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Conclusions

Summary and conclusions

o
(2]

©0

A model is proposed where the fermionic and scalar fields are charged under a
Peccei-Queen PQ symmetry.

The PQ charges are chosen in such a way that they can reproduce mass matrices with five
texture zeros that can reproduce the masses of the standard model (SM) fermions, the
CKM matrix and the PMNS matrix.

To obtain this result, at least 4 Higgs doublets are needed.

This model shows a route to understand the different scales of the SM by extending it
with a Higgs sector and a PQ symmetry.

Since the PQ charges are not universal, the model presents flavor changing neutral
currents (FCNC) at the tree level, a feature that constitutes the main source of
restrictions on the parameter space.

If we include a heavy quark it is possible to fit the anomaly reported by xenon as a
consequence of light axions.

In our work, we have normalized the PQ charges with the QCD anomaly —N in such a
way that keeping the parameter e =1 — Ag/N # 0 the textures of the mass matrices that
allow us to tackle the flavor problem are obtained and the problem of strong CP is solved.

We report the regions of the parameter space allowed by lepton decays and compare the
strength of these constraints with those coming from the semileptonic decays
K* — miv.
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Conclusions

THANK YOU!
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