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A model is presented, where the Froggatt-Nielsen and Peccei-Quinn symmetries are identified. This provides a solution to the strong CP
problem and an explanation to the fermion mass hierarchy. At leading order, the quark mass matrix possess a Nearest-Neighbour-Interactio
structure, while the neutrino mass matrix has a Majordpaexture. From a thorough numerical analysis the viability of this model is

asserted, by comparing against current measurements. The data obtained from this analysis is then used to study properties from the axion
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1. Introduction tral currents, as well as the axion from this theory being a
dark matter candidate, are discussed.

The Peccei-Quinn (PQ) symmet§(1) pq, is a global, ax-

ial, abelian symmetry, which was introduced by Peccej an% The P . . fl

Quinn [1, 2] to provide a solution to the strong CP problem. < e Peccei-Quinn symmetry as a flavour

The idea of this solution is to introduce the PQ symmetry, ~ Symmetry

accompanied by a scalarensuring the symmetry breaks to The Peccei-Quinn symmetry i Il suited to functi

QCD in such a way that it acts upon tkkgerm of QCD, ren- y! y 1s well suited fo function as a

dering it unphysical. Shortly afterwards, Weinberg [5] andﬂlalwo(;Jr sym_mettry(;.l Axlonsfzorlrwsflaqur symnlztilleg are gsu-

Wilczek [6] independently found that the spontaneous breakdy denominate axions[14, 15], axiflavons| ], an

ing of the PQ symmetry gives rise to a pseudo-GoIdstonélavourfu' axiong19-21]"" The most straightforward imple-
bosoni which is now called thexion

mentation of the PQ symmetry as a flavour symmetry is by
Another important aspect of the PQ symmetry are itS|dent|fy|ng it with the Froggatt-Nielsen (FN) symmetry [22],
: . U(1)pn, in other wordsU(1)pg = U(l)pn. Through
breaking patterns. The effective PQ model rests on a .
. . ) . careful selection of the PQ-FN (as of now only called PQ)
dimension-5 operator, the axion-gluon coupling to remove L . . .
. charges, it is possible to incorporate the Froggatt-Nielsen
the #-term from the QCD lagrangian. Important observables Lo . .
oo ; : mechanism in KSVZ- and DFSZ-like axion models.
in this theory are the axion mass,, the axion-photon cou- . . I .
. . . The Froggatt-Nielsen mechanism, similarly to the Peccei-
pling gy, and the axion-electron coupling,. [7]. These

. . uinn mechanism, relies on the introduction of a global
can be constrained by experiments. On the other hand, thg_" . .
higher dimension operators can be generated from theoriea}s elian symmetry, th_e FN symmetry, and a scal_ar sm;glet.
lled the flavon, which carries FN charge, but is otherwise

with at most dimension-4 operators, where the assignment ot o . .
o ; : : neutral. This singlet couples to the fermions and the Higgs

the fermion’s PQ charges determines relationships betweeél : : ;

- o oublet in the following fashion
the axion's observables. The two standard realizations of a
UV axion model are the Kim-Shifman-Vainshtein-Zakharov P i O om0
(KSVZ) model [8, 9], where PQ-charged, heavy, vector- —Lrn Dy FLH R An T Y FiHfR Am’ @)
like fermions are added, and the Dine-Fischler-Srednicki-
Zhitnitsky (DFSZ) model [10, 11], where the Higgs sec- whereF7 is theSU(2),, fermion doublet, While,,f};,//2 are the
tor is extended with an additional heavy, PQ-charged scalatight-handed singletst the Higgs doubletyfjw coupling
SU(2)r, doublet:” constants, and the FN cut-off scale. The powers and

In this work, a DFSZ-like model [13] is presented and m are positive integers, whose values are limited by the FN

built, where the PQ symmetry is treated as a flavour symeharges of the fermions and the scalars. After the FN sym-
metry. This model extends both the quark and the leptometry breaks, which should happen before the electroweak
sectors. Two UV completions of the quark sector are alsqEW) symmetry breaking, these operators become the Stan-
considered. Afterwards, properties of the axion are obtainedard Model (SM) Yukawa couplingse.
through the branching ratios of flavour violating decays with L , o
axions. In Ref. [13], the possibility of flavour changing neu- — Ly O yj; FiHfE e +yl FIHf e+ O(A™Y). (2)

]



2 STEFAN NELLEN

TABLE |. Field content and transformation properties of the PQ-symmetry under the DFSZ type-| seesaw model=whexe3 represents
families of three quarks. The PQ charges of the quarks are given in the order of the families’ masses, with the lightest as the first.

Fields/Symmetry Qir UiR dir H, Hg o
SU(2)L x U(1)y (2, 1/6) (1, 213) (1,-1/3) 2,-1/2) (2, 1/2) 1,0)
Ul)pg (9/2, -5/2, 1/2) (-9/2, 5/2, -1/2) (-9/2, 5/2, -1/2) 1 1 1

. . . /
Heree = v, /A, whereuv, is the flavon’s vacuum expectation valuey). The SM Yukawa couplings are théf;jf.1 -

e”/myfjl/2. If € is small enough, it is possible that the couplirygj}é/2 are all of orderO(1), and the difference in the orders

of magnitude in the SM Yukawa couplings comes from differing powets dtis provides a simple solution to the fermion
mass hierarchy problem. For historical reasons, it is common to-séi- ~ 0.2 [23], wheref is the Cabibbo angle.

3. A flavourful axion model

The following model consists of a KSVZ-like model. This means that, besides the fiaxother Higgs doublet,, 4, will

be introduced. For consistency in the lepton sector, it will also be necessary to introduce a second flaften breaking of

the PQ symmetry, it is also possible to extract the axion from the theory’s scalars, though its exact composition depends on the
UV-completion of the quark sector. Two different UV-completions of the quark sector are provided.

3.1. The quark sector

The PQ-charge assignment for the quarks follows from the standard KSVZ charges for the scalars (see [12]). This assignment
ensures that no other abelian symmetries are permitted bés{des andU (1) pg, where all the other constraints are set by
requiring the operators to be invariant under the PQ and SM symmetries. The PQ charges for the quarks follow from imposing
a texture on the quark mass matrices, which in this case is the Nearest-Neighbour-Interaction texture (NNI) [24]. This texture
is similar to the Fritzsch texture [25, 26], it has the same zeros, but unlike the Fritzsch texture, it is not necessarily*hermitic.
The non-zero elements are in the- j + 1, and thel = N = j entries, leading to

0 x 0
M“d=|x 0 x|. 3)
0 x X

This constraint is not enough to fix the charges, as such, the next constraint is th&t 3hentry of the both quark mass
matrices is generated at dimension-4, while all the others are generated at dimension-5. The charges and representations of the
guarks and scalars can be read off of Table I.

The lagrangian for the up-sector, up to dimension-12, is

S}
A8

4

o) s, Ciby Gl 1, Cag S5 oot
L5 S5 Qg + — =@ Huuaro + -5 Qy p Huusro™ + =2 Qo Huuaro + -7 Qo Hauzro

Ci= * O3 = CHh= 5 * u 7y
+ %QQLHdU?,RG + ﬁQgLHuUlRU4 + %QSLHdUZRU +y33Q3, Huusr - 4)

Analogously, the down-sector lagrangian reads
c Cty Cty C
LD ﬁQlLHdleag + %QlLHdde + ﬁ@mlﬁﬂzdma4 + %QQLHdleU
Ch— =~ v Ch . O Ch— =~ . —
+ ﬁQzLHudzRG ‘4 %QQLHudfiRU + ﬁQSLHdleOA + %QgLHudZRU +953Qs Hadsr ,  (5)

Whereij/d represents the coupling constant of each term &ns the FN cut-off scale of the model. After PQ and EW
breaking, we get from the FN mechanism, up to dimension-7, the following mass matrices

0 £vyaC14 " 0
MY = | v, 4 Col? o Evd/Zng)/d : (6)
0 svd/uCZ;Q/ y;;/ vu/d
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FLAVOURFUL AXION AND THE PECCEI-QUINN SYMMETRY 3

TABLE Il. Vector like fermions and their transformation properties of the PQ-symmetry under the DFSZ type-l seesaw model, where
C=1L,R.

Fields/Symmetry Fl& F2L F23, F32 Fj2 F2L F%, F32
U(l)y 2/3 2/3 2/3 2/3 -1/3 -1/3 -1/3 -1/3
U(1)ro 712 712 312 32 712 712 -312 32

wheree = v, /A = (0)*/A, andv, /4 is thevevof the up- or down-sector Higgs doublet. Supposing 0.2, we can safely
neglect contributions from higher dimensions, as these will ente¥. atherefore, we obtain the desired NNI structure for the
qguark masses. Unlike other FN models, the mass hierarchy between the up- and down-sector is not generatpdwgithe
This is especially noticeable between andm,. Nevertheless, it can be explained by a hierarchy betwgemduv,.

3.1.1. UV-completion: Type-l Seesaw

Here, heavy vector-like fermionsi?;j, which carry colour charge are introduced. These also carry PQ charge and weak

hypercharge. Analogously to the type-I seesaw mechanism for neutrinos [29], the fermic#is (@)e singlets. Table I
contains the charges of the new fermions, while Fig. 1 shows the Feynman diagram corresponding to the UV-completion. The
UV-complete Lagrangian for the up-sector, which corresponds tc4kgs(

—LV D VhQ 1 HuFah + My Fig Fyp + V'Y Fiiousr + V5 Qop HuFop + My F2RF2 + V5 F2louir
+ Vi Qo HaF 2 + M FZFZ + V' 5y F2 o usp + Vi Qap HaF 2% + M F3FS + V' 5o Fit o usr.  (7)
Similarly, for the down-sector of EJ5] we have
o] yar) 4 773 = a7 d o7
L4V D VHhQi HaF i + MG FEFGE + V' Fifodor + Y5 Qop HaFig + M3 FiLFap +YV'5, Filodig
A 1T 123 d 7523 « A I7 132 d 532 _x
+ V5 Qo Hu i + MG FRFG] + V' Fiio"dsn + V5 Qs HuFih + MG FSEFGE + V5 Fifo"da . (8)

The heavy fermionsF¥, will couple to the left-handed quarks and the Higgs doublets with a Yukawa co@z}‘f}ngnd to the
flavon and the right-handed quarks with a different Yukawa coupliﬁg, They mix through the mass terms WiM;’j.

m"/? ~ Mg, qn — MQLFRM;;FRMFLQR : 9)

Assuming the new fermions are much more massive than the SM querkd/z, ,, > Mg, qn, Mo, s MF, q,, Where
My, 4, are the matrices of the quadratic fermion couplings, it is possible to find a relationship for the quark mass matrices,
which reads

m"/? ~ Mg, qn — MQLFRMI;LlFRMFLqR : (10)
This is analogous to the type-l seesaw mechanism for neutrinos, where the heavy right-handed neutrinos decouple in the sarr

fashion, with the addition here of an extra term coming from the quark Dirac mass thé&gtix,, . For a review on the minimal
seesaw mechanisms see [30]. Explicitly these matrices are,

H, o H, o

| | N s

| | Yo"

| | N rd

I I Y

1 | |

I ! ''d
Qi —»——» >——>»—0jr 154

(] 3]
FqR FqL Q“’J P> L » qiR

FIGURE 1. UV-complete diagram for the type-l seesaw lagrangian FIGURE 2. UV-complete diagram for the type-1l seesaw lagrangian
from Egs. [7) and B). from Egs.2) and (13).
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4 STEFAN NELLEN

yu/dy/u/d
0 D2V 12y, v, 0
u/d~yu/d u/d~yu/d
u/d _ Vo1 Viog Yoz Vo * *
m B Mz Vu/dVo 0 Mzs Vdjulo | (11)
w/d~yu/d
Vaz V'3d * * u/d
0 Mz Vd/uVo Y33 Vu/d

which have the desired NNI texture. It is also worth noting that the suppressing role playgd bythe low-energy theory is
now taken over byl /M, setting a natural scale for these masse$fat ~ A.

3.1.2. UV-completion: Type-Il Seesaw

For the second UV-completion we introduce two hea¥y(2), doublets®,, ;. These transform undeit/ (2), x U(1)y x

U(1) pg in the following representationsp,, in (2, —1/2, 2) representation, and, in the (2, 1/2, 2) representation. The
topology of the UV-complete diagram, which can be seen in Fig. 2, is the same as type-Il seesaw in the neutrino sector [30],
hence this UV-completion will be denotedtgpe-Il seesawThe lagrangian of the up-sector (Ed))(is UV-completed as

LYY S VLQ1, Puusg + Vi Qo Puuir + ki Hy®f o + VisQa Pausr + Vi Qs Pausr + kaHa®ao™ . (12)
In the same vein, the lagrangian of EB) becomes
—L‘dUV D) yiigalL‘I)dabR + ygi@QL(I)dle + Hquq)IlU + yggészf)ddSR + yg2@3L‘i)dd2R + deﬁuq)da* . (13)

In this case, under the assumption that the new scalars are by far the heaviest particles, the mass matrices for the up- and
down-quarks read

0 yfz/dvfbu/d 0
m/t = | v/ v, , 0 Vof o, | - (14)
w/d w/d
0 Vig V8,,, Y33 Vu/d

here thevs, , are thevevsof the heavy doublets, which at leading order age,, ~ —[/iu/dvg’()u/d/Mq%u/d], with Mg, as
the masses ob,, /4. Again, these matrices are of the NNI type. Unlike the type-I seesaw, the correspondence we have now
to the FN-cutoff is quadratic in the masses of the new scalars, and inversely proportional to the trilinear coepling;-

Mgu/d/’iu/d-
3.2. The Lepton Sector

In the lepton sector a new flavos), is introduced. Alongside it, heavy, right-handed neutrinos are introduced. These couple
to the left-handed SM neutrinos, in a such a way that the standard, minimal, type-l seesaw mechanism is realized, as such,
this sector is already UV-complete. This is a model building choice made a priori, so that the neutrino mass matrices have the
A, [31] texture. The representations of the new fields can be read from Table Il

The leptons’ Yukawa lagrangian is given by

7‘62 ) yezeLHdgeR + y,uz,uLﬁug,uR + yTZTLHdng + ylllzeLHuNl + ygzuLﬁdNQ

N
Y12

NeNyo! + UBNEN, o 4+ YN N 15
2120+2130+2330- (15)

_ M, ——
+%um%+§wmﬁ

From here it can be seen that the charged lepton mass matrix and the neutrino Dirac mass matrix will be diagonal, whereas the

right-handed Majorana mass matrix will not. The inclusions’as required because ttié, 2) term foro is prohibited by the

PQ symmetry, as can be seen from Table | and Ill, and thus the Majorana mass matrix would be singular at leading order in a

theory with only thes flavon.

TABLE IlI. Field content and transformation properties of the leptons and the ftdyarherei = 1, 2, 3 represent the three lepton families.

Fields/Symmetry L Ui N; o
SU2)L x U(1)y 2, -1/2) 1,-1) (1,0) (1,0)
U(1)pq 1,-3,0) (0, -2,-1) (0, -2, -1) 2

Supl. Rev. Mex. Fis3 020726



FLAVOURFUL AXION AND THE PECCEI-QUINN SYMMETRY 5

The condition for the seesaw mechanism to work, namely that the right-handed neutrinos are much heavier than the left-
handed neutrinos, is naturally satisfied, since the PQ symmetry breaks much before the EW symmetry does (only the right-
handed neutrinos couple to the flavons). Parametrizing the neutrino mass matrices we have

N N
My Y12Vo’  Y13Vc

Mg = y{\évg/ 0 0 (16)
yhve 0 yRue
and
Mp = diag (vuyy, vays, vays) - (17)
For the masses of the SM neutrinos we have
T -1
m, = —MpMp Mp, (18)
from the seesaw mechanism. Explicitly, this is
0 . vuf{g\;jlyyg 0
S I i (v295)2(1\(11va/y§rv3(y{v3)2) VuVi Ve Y3 UE UG (19)
Y e TS v2,y35(u1s)? Vot Y12Yss
0 VLUV Y Y YTy AN
V. YT udh vl

and corresponds to thé, texture. Much like the quark-sector, the PQ charges of the leptons are chosen in such a way that this
texture is obtained.

3.3. The scalar sector

|
The scalar sector depends on the UV-completion of the quarkSOme _properties of this axion can be obtained at this
sector. The full scalar potential is, in both cases, but particP0int. The first properties can be inferred from constraints
ularly for the type-Il seesaw, rather complicated (see [13])ON thevevs It is necessary to replicate SM Higgey
It has to have specific Higgs-flavon couplings to ensure that® />~ Y;’v; ~ 246 Gev. The next constraint is that

the only abelian symmetry in the scalar sectot/id)y x v/ 2.; X;vi is bounded from below by the value ¢, the
U(1)pg [11,32]. These arél, H,o' and H, H 02, axion decay constant, which is usually a free parameter. For

To extract the axion from the theory’s spectrum it is use-these two constraints to be simultaneously satisfied a strong
ful to write down the scalars explicitly. As a matter of fact, hierarchy must exist between thevsof the flavons and the

the scalars in both UV-completions can be written as Higgs doublets, whereim, , > v, 4. Furthermore, to
0. . avoid mixing betweem and A’, the conditionv, > v, is
H, = (hu +ZA"> . Hy= ( 0 hd_ ) , imposed. This also generates the mass hierarchy between the
he ha +iAq quarks and leptons, and implies that the quarks will couple
c=S8S+iA, o =8 +iA, more strongly to the axion than the leptons. The axion decay
constant is related to the P@vas f, = v,,,/ﬂN, where
H, — (¢2 +iAL> Dy = < ¢>(J{ ) (20) N is the theory’s colour anomaly factor [7]. The R@vis
“ b ’ $q+idy) related to thevevsof the scalar fields by, = /> X202,

where®,, ,, appear only in the second UV-completion of the Which by applying the aforementioned hierarchies reduces
quark sector. The axion is the PQ Goldstone boson orthogthe decay constant to
onal to the Goldstone absorbed by theas such it can be

expressed as a linear combination of the Goldstone bosons Vg "
A le. fa'\'ﬁ- (24)
X, Y02
a = APQ — Z; 5 Ui ) AZ . (21) - .
V2 YR, X0 The mass is inversely proportional to the decay constant [33]

HereY; is the hyperchargeX; the PQ-charge, and its vev
of each scalar field. The other two Goldstone bosons are

102 GeV
3. Yiv A mg &~ 5.70 (e) eV, (25)
Ag = \/ﬁ , (22) fa
and S XAy and another important observable is the axion-photon cou-
Apq = 72 X202 (23) pling ga~, Which depends on the decay constant and the ratio
L of the electromagnetic and colour anomaly fact@*gN, as

Supl. Rev. Mex. Fis3 020726



6 STEFAN NELLEN

10-°

1077

10-8 ABR —ll 2 TABLE |V. Best-fit values of the model parameters in the quark

163 o sector are shown in the upper table. The global best-fit as well as

= 10 10 PO - o sizoniall % their 1o error [36, 37] for the various observables are given in the
‘> 1011 Je ‘ 2l U0 NN second and third columns of the lower table. Also, the best-fit val-
p @ Ti LS 2 £ 2 . . .
Y 1012 s fe 2 & E HLE: ues of the various observables are listed in the last column of the
>~ 108 % 3
_&12714 AN - lower table.
8019715 z ' o RS Parameter Best fit
R 0 o A, /(1072 GeV) 1.493
1077 | SAE \;@ — x B
10718 ;\.\s\x‘\(‘/‘,‘l‘-\“w oe"’(‘o o Bu/(l() ? GeV) _5531
— i eROSITA
10710 AT % A0 .9 ® 1 6 5 A 3 2 24 \\\\ \\\ ;Zsr;: \\A 0‘; \\b \\7 Cu/Gev _3'008
407407407 107407 40T 40T 40T A0 40T 40T 40T 10T A0 407 40T 407 AT A0 A 1
iy [eV] D, /(10" GeV) 3.562
E,/(10* GeV) 1.679

FIGURE 3. Different axion models, including this flavourful axion,

—2
and bounds in thg,, —m, plane. Current bounds are solid, while Aa/(1077 GeV) —1.241
future projections are transparent. This plot was adapted from [35]. By/(1072 GeV) 1.228
Cq/(107 GeV) —3.083
Dg/(107* GeV) —4.774
E4/ GeV —2.797
ay = a <E _ 2mu+4md> a/° 96.64
2rfy \N 3 my +my Bu/° 98.34
~ % (E_199) (26) Global-fit value .
2w fo \ N Observable Model best-fit
Best-fit value ¥ range
:Jn this n|1|0dedIE/N t: 28/&5 ~ 1.87ci \évhmE Imprlllesg?DW;"sz 07, /° 13.03 12.93 — 13.07 12,933
e small and negative. Compared to a benchmar ax- 4 o
. . i 0 0.209 0.201 — 0.216 0.2085
ion, coming from aSU (5) Grand Unified Theory [34], where ;3/0 -
E/N = 8/3, the following relationship is found 033/ 241 237 —2.45 2411
07/° 69.21 66.12 — 72.31 68.516
9ol ®)| ~ 14 27 m./(107% GeV)  1.288 0.766 — 1.550 1.2889
gk tawion ’ me/(1071 GeV)  6.268 6.076 — 6.459 6.2677

. . . L me/ GeV 171.68  170.17 — 173.18  171.684
implying this axion is very weakly coupled to the photon. s

Further constraints on the relationship between mass and thige/ (107" GeV)  2.751 2577 — 3.151 2.7507
axion-photon coupling can be seen in Fig. 3. Note that thems/(1072GeV)  5.432 5.153 — 5.728 5.4328
constraint coming from kaon decays applies only to the ax- m;/ GeV 2.854 2.827 — 2.880 2.8536
ion from this model. X2 0.0355

can be read from Table IV (quarks) and Table V (leptons),

4. Numerical Results . o e
while the parametrization of the mass matrices is as follows

4.1. Masses and Mixing Parameters of Fermions
0 Auyd 0

Bu/d €_ia”/d 0 Cu/d €_ia”/d

A x? fitis conducted to find the parameters of the mass matril’'u/d = , A
Du/d e~ Buya Eu/d e~ Buya

ces, which are compared against experiments and global fits.

The x? function is defined as follows 0 qei®e 0
(n i) my, = |aeibs  beitr  ceite | (29)
2 exp — Mfit e [1o¥]
= Mrexp R/ 28 0 ce de
=D , (28)

exp

The form of these matrices comes from the leading order EFT
where the sum runs over all observables. In this equation  derived in Sec3! Taking for example the quark mass ma-
represent the masses and mixing parameters calculated froffices m,, /4, Which need to be diagonalized by a bi-unitary
the mass matrices, whije,,, ando.,, are the observables to transformation,
be fitted and their standard deviations. The fit is conducted at
the Mz scale [36,37]. The observable and fitting parameters mdiag — ngVR = OTszPRO , (30)

Supl. Rev. Mex. Fis3 020726



FLAVOURFUL AXION AND THE PECCEI-QUINN SYMMETRY 7

TABLE V. Best-fit values of the model parameters in the lepton sector are shown in the upper table. The global best-fit as welbas their
error [36—38] for the various observables are given in the second and third columns of the lower table. Also, the best-fit values of the various
observables are listed in the last column of the lower table.

Parameter Best fit
a/(1073eV) 9.933
b/(1072eV) 2.646
c/(1072eV) 2.475
d/(1072eV) 2.264
ba/° 29.87
®u/° 91.88
be/° 3.03
ba/° —109.97
Observable Global-fit value Model best-fit
Best-fit value b range
6%,/° 34.5 33.5 — 35.7 34.85
65/° 8.45 8.31 — 8.61 8.432
653/° 47.7 46.0 — 48.9 48.11
§tye 218 191 — 256 258.8
af° 65.27
8/° 265.08
Am3,/(107° eV?) 7.55 7.39 — 7.75 7.571
Am3, /(1073 eV?) 2.424 2.394 — 2.454 2.4221
S m. /(1072 eV) 6.453
me/ MeV 0.4865763 0.4865735 — 0.4865789 -
my/ GeV 0.10271897 0.10271866 — 0.10271931 -
m,/ GeV 1.74618 1.74602 — 1.74633 -
X7 2.0053

where,m is a quark mass matrix/z, ,r are unitary trans- In other words, it is possible to sé; = 13, and since only
formation,O is an orthogonal transformation, atl ,r are  phase differences appear in the CKM matrix, it is possible to
diagonal phase matrices, for the left- and right-handed tranget rid of two other phases, leaving only two phases as free
formations, respectively. It is worth noting, that théd sub-  parameters. In this case, the free phases are choserutp be
script has been dropped, since the procedure is the same fand 3,. The reduction process for the neutrinos is similar.
the up- and down-type quarks. Nevertheless, in this work it is not necessary to reduce the
First, one of the six global phases can be absorbed by thearameters of the neutrino mass matrix, as there are enough
fields, leaving only five phases to be redefined. This meanfitting parameters to account for the free parameters in the
that it is possible to writeP, = diag(1, e'®, eif), P, =  Neutrino matrix.
diag(eir1, ez etrs). Itis then possible to reparametrize the
fields such thatn — P,mP},, andm®¢ is only written in ~ 4.2. Flavour violating decays with axions
terms of real parameters. This implies that the entire com- o o )
plex structure of the mass matrices is entirely contained irf |2vour violating processes containing quarks are particu-
the phase matrices. Furthermore, the number of free phasi¥!y interesting, as they can have an axion in the final
can be reduced to just two, as the CKM matrix only involvesState [39]i.e.

the left-handed transformations 4 — 4;4, (32)
where the quarlg; can decay to the quarg and an axion.
Verar = (V)u(Ve)a = (0T P))(PLO)q At low energies, these processes can be studied from the ef-

fective axion-quark lagrangian, and are independent of UV-
completion. The parameters for the effective lagrangian are
obtained from the 2fit.

= OTdiag(1, e~¥(@w—aa) =iBu=Bay0, . (31)

Supl. Rev. Mex. Fis3 020726



8 STEFAN NELLEN

A particularly sensitive test of neutral flavour violation is strong CP problem. A flavourful axion arises from the the-

the K™ — 7T a decay, where for this model we have ory’s spectrum. The model was constructed in such a way,
9Ge\? that the quark mass matrices have an NNI texture, where as
(K" — 7ta) ~ m _ (33)  the neutrino mass matrix has an texture.

Vs Properties of this axion are directly obtained from the

The E949 collaboration [40] sets the strongest constraint of1€0ry's parameters, as well as from a study of flavour vi-
this branching ratio, which is olating decays with axions, for which the parameters for a
K+ ta) low-energy effective theory are obtained fromy4fit. This
+ + L — T a —11 axion has the peculiarity that it is very weakly interacting,

BR(K™ —n7a) = Crotar (K1) <T3x1077 . (34) about an order of magnitude less than standard benchmark
axions, and will most likely also evade future measurements.
Besides this, results from the? fit also show that the NNI
and A, textures for the quark and neutrino mass matrices, re-
spectively, are in good agreement with current measurements

fo=T7x10°GeV . 35)  and global fits.

This translates to, > 2.5 x 1019 GeV. And from the rela-
tionship between, andf,, v, ~ V2f,N with N = 5, the
bounds ony,, can be shifted to the axion decay constant

This is the kaon decay constraint which can be seen in Fig. 3Acknowledgments
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