Ul ‘I9ASMO}] ‘SOUIJERUI SSRUW UOIULIS) JO SIIMNJONIIS JUSISYIP I0] JUSIIYIP oq Ued H
pue on1y pjoy jou pasu (1°1) jo (HIN) AYPIeIdIy ssew ouynou oY) ‘eouss uf
"uoreIsudd yoes Ioj ssewr eueIofeN papuey-jySi1 snbrun € pue Xuyew SSeU OULIINAU

ov1l( [euoFelp juspusdopur UOHRIULS B SUIMSSE O} UOUIWIOD SI J] ,"POALISP 3 Ued

o

(1'1) ¢ ».«.S 2w »;N.EZ W W'

fprersiy
SSEUI OULIINAU dATRU JUIMO[[O] O} ,WISIURYIIUW MES-3§ 9T} JO Y o[eds oy} Yym °f
Suthjuapt 4q ueyy, “Aqrurey yoea Joj ourrynou popuey-jySu je|Suts suo Jupnporjur
£q ouop st SIYJ, ‘S[oPOW UOIX® SIQISIAUI JO YIOMOUIRI} OY) UIYIIM SISSBW I} JO
SSaU[[RWS Y} JO FUIPUR}SIOPUN U IASIYIR URD SUO ‘SSISSEW JOU IR SOULIINSU I
‘PIRY X
jo[durs-s33ry xa[durod ® Jo (AHA ) onfea uotyejdadxe wnnoea sdre[ oy 4q paurejqo st
°f oreos Funjearq ayy Yorym ut ‘sad4y o(ZASH) AoTeYRZ-ULYSUTRA - G-Iy (1T
pue o(ZSJAQ) WSHUIIYZ-ANOIUPaIG-Io[yosL{-aul( () :s[opour uorxe [qIsiAUI Jo sodA3
[RWIIUIUWL UMOUY-[[oM OM} BT DIAY], 4_, UOIXE S[(ISIAUI 9Y} ‘U0SOq duojsplon)-opnasd
a[qIstAUL Ue 03 351 5A13 V(1)) Jo umopiea1q 9[eds-YSiy SIY], . SUOIYRISPISUOD [e2150]
-owsod pue ‘[estsdydoryse ‘fejuswizadxs aY) 03 SuIpI020® ASN) , 01 — 40T JO 19pI0 3y
ut °f o[eds ® je syea1q Yorym Arpuruiks dd(1)n (HJ) uumy)-120094 reqojs e ppe 03 st
wd[qoid s1y) Jo uoynjos jueds[e uy ‘juswour sjodip UCIINGU Y} JO UOIJRAIISGO-UOU
Y3im 9218 03 I9pI0 Ul ,_(] > 0} paunj auy aq o} sey ueidueide] O oY} Ul W1
Suneoia J, ‘g e sorpdiynw yym g sejeurered ayJ, wepqord-gy Suoxss ayy jo Jur

-puejsIapun jo yoer[ aYj st [9powI prepue}s 2Y3 Jo saInjesy %HOuQmmnmudwﬁﬁ 2yj jJo auQ

uonpnpoyuy |

o)
Hh& - 88 dd 1YL

¥8289000d-WD

AR

VAANAD ‘SATIVIArT NYHD

(@ meraoy TeotsAyq oy pagjruims)

"A[9A1303ds31 595D a1 B[qRISUN pUR d[qels 10} A3 (401 ‘0T ‘,_01) pue
A2 (0T ‘4-01 “,-0T) 98uex ayy ut aq 03 (“2 1 ‘%) jo sassewr ayy sooeld [opour ay,
"AnppuriAs auImn)-19009 ] [ejuozlioy [eqo3 ® YjiMm Pamopus sedlIyewt ssewr uojds| pue

syrenb ad£)-yosziuig jo [opowr e ut sesseur ournynau JyJ Jo uisyyed oy Apnys app

PeIISqY

§VE I9A vpoun) D g ‘saenoouvg Yoy yoosqsay foof ‘dnosn fiodyp SWATYL
SN "N uyor pue Juap ‘H'D

A1ipuwag uurndy-1andag
[2IUOZIIO] YNM [3POJA YISZII4] Y3} Ul sassejy ourrynaN 43y

8861 dog
$8-88-dd-TU.L




practice, it is hard to get exact expression of NMH because of the difficulty in di-
agonalizing the complicated 6 X 6 neutrino mass matrix in general. Naturally, one
hopes to obtain a simple matrix coming from the model itself. The first goal in
constructing such models, to achieve realistic nr.mnmmm fermion mass matrices which
are constrained by the experimental informations on their mass patterns and the
Kobayashi-Maskawa (KM) matrix of quark mixings.® It is well-known that the most
promising quark mass matrices are the Fritzsch-type matrices!® which lead to the
KM matrix. They are based on the observed quark masses. A way to derive the
Fritzsch quark matrices is to impose a global horizontal family symmetry on the
model. It should be very interesting if this symmetry can be identified as a PQ
symmetry and thus relating the fermion mass matrices and the strong CP-problem
simultaneously. Obviously, the PQ charges of the symmetry, denoted by CASwDM
are no longer generation-independent. To incorporate this we have to go beyond the
DFSZ and KSVZ models. It has been pointed out by Davidson and Wali (DW)!!
that the two Higgs doublets and one Higgs singlet minimal model with Fritzsch-type
quark mass matrices and a global horizontal-PQ symmetry exists and these charges
are uniquely determined. In their model, flavor changing neutral current induced by
the pseudo-Goldstone boson called familon-axion are suppressed if dﬁvwo breaking
scale is large. In this paper, we will study in detail the DW model. Especially, we
will explore the light neutrino masses in various cases.

The paper is organized as follows. In Sect. 2, we present details of the model and
study the fermion mass matrices. In Sect. 3, we examine the light EES,FO 1Nasscs
with S,S experimental and cosmological ro::mm imposed on .&S.:. The 8:&:&9%

remarks are given in Sect. 4.

2 The Model

The model contains two doublets ¢;(i = 1,2) and one singlet x Higgs fields with
SU(3). x SU(2),, x U(1)y x CACWD symmetry where U(1)f, is a global horizontal PQ

symmetry. The Higgs and fermion fields have the following U(1)f transformations:

$r—oe g, $o ey, x—ex

i = (g,us,de, 1,10 €e0)y — el F (2.1)

iwmaonwu Gv.h 8::..H A“v.a v&nnrmmonmln—o?-rg&&acmawwbn:mv"ouuaoczonm
respectively and i = 1,2,3 are the family indices. The fermionic PQ charges are
denoted by Z;.

We now determine the horizontal PQ charge Z; of each fermion family by requiring
that the up- and down-quark mass matrices be the Fritzsch-type matrix. The PQ

charge for the quarks can be written in a matrix form
Z=(2;=2:+2;), (2.2)

explicitly

27, o+ 2y, Zy+ 274
Z = Nu + N» MNN Nu + Nw . Amwv
Zv+ 23 Zy+Zy 273

In order to have a Fritzsch-type matrix:!®
0 F: O
F=|F 21 0 Nﬂnw , Awhv
0 Fy Fy

for quark mass matrices one must satisfy the following conditions:




ne.u< - na.|v< Q 0

g
Am.HNv ¢ n@.l@/\ a\ 0 €93 < Q I.% = Z: pue
0 Vil 0
C(wet)m=w (e )w = g
«Q-uugﬂﬂﬁ S-U—z.ann\ O
¢ .Q.GC%.N{ 0 n&-euaa.& ml\ll = 32
0 eg?%atpy 0 I
2108y g, 2%y 0
C A gp-2%afly 0 -2ty & = "W
0 6....»5«5 0 T

:S90LIYRU SSRUI UOTULISY SuImo[[o] Y} surejqo auo ‘(g-g) ut sfurydnoo emeynx a1y) wo.
! 19} SULMO][0} 93 surejq 8'¢) ut saury enx 2 1

Cutru

e T
£q uaa1d st
pue ‘A[ewoue 10[0d 2y} elA sseUI [[RwWS © sa1inboe uoixe 9y, " ASK) 2101 — g0T Jo 98uex

9Y3 Ul aq 03 IRy P[NOM °f ‘UOIXE-UO[IUIR} S[qISIAUL Ue UTE}qO O} 19PIo U] ‘a & Y 10}

(e12) o lVeat «a_s_ =°f

<IN

jue}suod £edop uoixe oy} YHm

2

(e12) ‘ TE + (' — 'r%a) gsm

St P[oY uorxe a1y jeyy spuy suo (11°g)-(6g) woiq ;epour
ZSAQ Y3 se sures ay} A[30exa St (§°g) Ut umoys A reryuajod s3Biy oYy, ‘prey sISy
19[3uls pue s312[qnop 33 Jo s, ATA Y} UO paseq so[eds JUIIAYIp omy je soeld sayey
Sunyes1q Arpowrwids snosuejuodg ‘A9 087 = e/t TU m\/v =t + ma\, = a areym

(11'3) Ve N’ =(X) ‘ta,0 mlﬂ,e = (*¢)

pue

l . ) 9
(01%) (4t + V) a..umﬂ\, =x «|(n+y L,ﬁea w5 ] < ‘%
¥

'SMOJ[O} SB S, \2A 110y} pue sp[oYy sST1Y oy ajm ap
(62) “[ou+ X2 [99]
P10 19)0 + (9 )9 19)00 K+ 9 Jp i

‘rerjuajod s3Ity retouad jsowr oYy pue

(82) Coq+ (Xap Hatty +  Xdnp ¥aty+
+ X Yntly + X4 Hally + x::bsm\—ww:v
+(ee=pac—nge—b)+ ?vae — 5_@ P =v + Aﬂ:@mbnm:+
HYncp by + Yntp by + Unip Ty + UnipThly) = g
s3uidnoo emeyng Surmor[o} oYy aary sny3 ap
¢ PPOW ZS4Q
ayy ur se OMASD - o[°(£)N§] uo Arewoue 10[00 Jo junoure sures sy3 ur symsa (1°g) ur
solreyd P jo juswuSisse oy Jey) uses A[ises st 9] -2d£3-yosz)11] 9q SedlIjRUW SSRUI
ytenb-umop pue -dn yjoq asey 0y 19pIo ur dysoddo aq jsnw P pue l$ 1o sofrero
Od 243 12y} pajou aq pnoys 3] ;' M 4q uda18 suo oYy A[eswaid are (1g) ur saSreyd
Od 2y, "1oded Sumrewss sy 10§ (1°g) ur uSis snd 2y aey [[eys om pue pauysp

-01 ore safreyo s ‘¢ oy jo suSls oYy USYM judTeAInbe oW0Iaq SUOIINIOS OM} B,

. .m,mn,mv = (S 4T 01
(L7) AHn nﬂ:mnv

are suornjos Ajuo

8y} jey} spuy auo ‘(9'g) pue (g'g) woif ‘IF are 'l 10§ mowucaoanQvD ay} asnedaq
(92) ‘1#1%Z + 21 ‘I’z1g ‘'zl

pue




where M, 4., M? and M" are the u-, d-, and e-type, Dirac neutrino, and right-
handed Majorana neutrino mass matrices respectively. It is interesting that all the

mass matrices in (2.15) are Fritzsch-type. Using the framework on the Fritzsch
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fermion mass matrices,'? one assumes that

_F.su. | = _E..é»_ ~ /g my, (2.16)

where f =u, dand e, k =1,2 and 1,5 = 1,2, 3 are the family indices.

3 Light Neutrino Masses

The general form of the neutrino mass matrix is given by
M= (e v ) (31)
where MP and MV are 3 x 3 matrices as given in Eq. (2.15). We will assume that
MP =M, , (3.2)

based on the similarity of their structures and a common Yukawa coupling A" for all

families of right-handed neutrino, i.e.,
RN =hY . (3.3)
Therefore we have for the light neutrino mass matrix
M, = -MPT(MM)* MP = —MT (MN) ' M, (3.4)

by virtue of the “see-saw” mechanism. Ignoring the phases in (3.4), since we are not

interested in CP violating phenomena in this paper, we find

, 0 Bugc 0
3 m 3'—h m, m mym m
M, = —5 “.z A |J:a. Do 2. e \ﬂ -/ e +,\ﬂ . (3.5)
g O - 3:..2.:_“ + \ww w
7

Following the discussions in Ref. 13, one estimates the three light neutrino masses to

be

My /MM

gﬁn ~ § , Aw@m‘v
2/2m, vm.m,
gs. ~ 4' y Awmvv
2 m?
and M, =~ $ . (3.6¢)

The neutrino mass hierarchy is
M, : M, : M, =~ E 1 2m. \/mgm, : m?. (3.7)

To calculate the neutrino masses in (3.5), one has to know the value of m;. Re-
cently, the ARGUS collaboration has observed a large BS — By mixing." It has been
suggested that the large mixing results from a large m; or a large charged Higgs
effect.’®!” Albright, Jarlskog and Lindholm'® have shown that in the Fritzsch-type
of models, the ARGUS result requires t-quark mass in the range of 95 < m™* <

105 GeV without the charged Higgs effect and 70 ~ mf™* < 105 GeV with the

charged Higgs contribution respectively. The relation between the physical mass and

running mass for the first order QCD correction is'?
phys 4
mp Y =my(p=my) T + F Q.T:“v_ s (3.8)
and?®
mP* ~ 0.6 myp =1 GeV), (3.9)

for the mass range between 40 GeV and 180 GeV. Therefore the ARGUS experiment

would imply

70 ~ my(u = 1 GeV) < 175 GeV . (3.10)

8
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4 Concluding Remarks

In this paper, we have studied the neutrino masses in the horizontal type of PQ
symmetric model. The model has two doublets and one singlet Higgs fields which are
the same as the DFSZ invisible axion model. The requirement of a Fritzsch matrix
for quark masses uniquely determines the horizontal PQ charges for all families. The
charged lepton, Dirac neutrino, and right-handed Majorana neutrino mass matrices
are also all Fritzsch-type. Three light neutrino masses are obtained by the “see-saw”
mechanism. The neutrino mass hierarchy is different from the “naive” mass hierarchy.
For the case of all three stable neutrinos, the solar neutrino problem can be solved
with the MSW mechanism due to the v, — v, oscillations. For existing unstable v,
case, the masses of v, v,, and v, are predicted to be order of 1072 eV, 10 eV and
1 MeV, respectively.

The model also contains the following interesting feature: (i) it can easily be
extended to the GUT’s scheme by replacing the standard group;'»?® (ii) the lepton
mixings can be calculated as in Ref. 13; (iii) the model has the cosmological axion
domain wall problem® just like the DSFZ model. This problem may be solved in the
new inflationary model?” or in the theory with U(1)f, being embedded in a larger
symmetry?® so that the Lazavides-Shafi mechanism?® can be applied.
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