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ABSTRACT

We consider broken chiral SU(4) X SU(4) symmercry.
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From the observed

mass spectrum of pseudoscalar charmed mesons, we are able to solve for the

symmetry breaking parameters of the theory. We find that both vacuum

and Hamiltonian breaking play an important role as far as charmed states

are concerned. Purely from the masses of D and F mesons we deduce the

current algebra mass ratio Eﬁ <: 5. This differs greatly from values
m
s

obtained using linear or quadratic mass formulae. Considering n, n/, and

N, mixing we further obtain a good solution with fﬁ = 3.2 and <E£>= 5.67.
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I. INTRODUCTION
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Recent observati]i)h ’o3f charmed pseudoscalar mesons D, D P

+

£

as well as V]C prompts us to reexamine the question of how the
chiral SU(4) x SU(4) symmetry is brokenl.‘ Current ideas of strong interactions
based on Quantum Chromodynamics (QCD) and Unified Theories of Weak and
Electromagnetic interactions suggest that chiral SU(4) x SU(4) symmetry is
a Global symmetry of the Lagrangian associated with the flavor group. Further
this symmetry is broken both by the vacuum and explicitly in the interaction
Lagrangian by the quark mass terms which transform according to (4,4* ) @
(4* ,4) representation. Our knowledge of Quantum Chromodynamics is not yet
at a stage which will allow us to calculate directly the true vacuum of the
chiral group. Nevertheless, we can use current algebra techniques and the
observed mass spectrum of the pseudoscalar mesons and their decay constants
G Fk’ etc. to determine the properties of the vacuum as well as the mass
ratios of the quarks.

The 'charm' quark to 'strange' quark mass ratio “%:‘s is
in principle simply calculated from the knowledge of the ratio of SU(&)
breaking along the 15 direction to that along the 8 direction. Thus if

Hamiltonian for symmetry breaking is

Hs-’w\md’.-:j L-ru\k'..:j I (60 U, + €gUg + elsu-s\ (1.1)

5 54
then since m Ty << m_ M, 5
e o 4 €5 |

== 4. g

A & 5—\7-_2 65 5 (1.

)

-3
whether we use first order breaking formula to fit the masses or the masses

€
However, the estimates for EE vary widely depending on ;

squared. Thus if linear mass formula is employed we have %i ok ST
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and if quadratic mass formle. s employed we find €5 21,6 | .
s

m,
These yield for the ratio ;c the valuzs 9.5 and 20.7 respectively.
's

Further, neither fit is satisfactory because they yield the

formulae for the pseudoscalar mesons,
MF - M o = M K o v n
(118 GaV) # (- 414 GeV')
or {1.3)

2 2]
MF - Mg & Me - M

(625 GV') £ (.383 @)

Thus we need a more accurate treatment cf chiral breaking to yield

Mg
2
7
Work based on chiral SU(3) x SU(3]) breaking had revealed tha:

more reliable estimate of

a) the lagrangian is approximately SU(2) x SU(2) invariant leading to a
small number for the ratios % 4 and
s M, ? g ?
b) the vacuum is to a good approximationa SU (3) singlet implying
{- approximate equality of decay constants Fﬂ- = :K y as well as zhe
(mass)2 octet broken formula for the pseudoscalar sosons. An extremelr gbod
solutiona for all the parameters was obtained by solving the current algebra
equations which included a general "‘l-"l' mixing with a single hypothesis
on equality of renormalization constants ﬁ; = (ol v ‘E );_Y‘SQ/IF;)
where P;_ denotes the .-th pseudoscalar meson. —-n this paper we wist to

find a consistent set of solutions to ths current algebra equations using

similar technique in the case of SU(4) x SU(%) symmetry. We have founc,
2 2%

o
im&_vé, that the requiremsnt that vz, are 5U(4) symmetric is ccmpletely
iy «.*:q’
.__a;@va‘i;iance with the mass spectrum of the ps2udoscalar mesons. We shall show
Yo N

“ghat .Fuch an assumption leads to an extremely smal’ D-F mass splitting if
T

m'ﬁ’ecay constants are assumed equal, and iZ the latger raquirement is given
o e




up, a realistic valte for F_ =~ 1.28 leads to M. < Mp

’

which is quite unacceptable. In the present work, we use the value of M.D
and M '3 as inputs and find that Z.'s have large SU(4) breaking.

Purely from SU(3) symmetry of Z and the value of D and F meson masses,

we establish that tha ratio L

s
With further assumptions we are able to solve the coupled set of

equations that characterize the model. We allow for a general mixing for

9.7 and g A surprise is that the vacuum is not a SU(4) singlet,

although it is still te a good approximation SU(3) symmetric.

We have dztermined the ratios of quark masses and the decay

m, = ™
A B R =& e =
constants. These are L > > me % (1.4)

and the decay constants are, in urits of B ~9oMeV
B, ="1,28, F. = 0,974, F_ = 1.
K s By 0.974, F 1.056 %,
We could have started with the group U(4) x U(4) instead of
SU(4) x SU(4). This would lead to the U(1) problem discussed by w:.e:i.nberg.9
As noted by 't Ho oft:l,3 this problem can be circumvented in QCD where presence of
instantons leads to an anomaly in the divergence of UA(') current.
We have added an extrz term to the divergence of the A; current to
take into account this 2ffect. The netresult is that it is possible to
consider SU(4) x SU(4) algebra itself and solve for the unknown parameters. No
constraint is imposed on this from the UAO) sector. On the other hand,
from the knowledge of the solution we can say something about the matrix elements
of the U, (1) breaking term.
In Section ZI, we set up the basic equations of the model. The

section alsc serves to define our notations. In Section III, we show how simple

assumptions on equality of Z: give unacceptable values and in Section IV and V

v



we present our technique for solving thz set of equations. A discussion of our

results is contained in Sectionvi,

I1. THE FUMDAMENTAL EQUATIONS

The strong interacticn Hamiltonian dénsity is assumed to be of the
form H = Hp = €.u, - €gug - €U (2.1)
where W, is invariant under chirzl SU(4) x SU(4) symmetry, vhile the symmetry
breaking tems U transform acccrding to (lo' 4 @ (4, 5t ) representation.
In terms of the quark model, these symmetry breakiﬁg ‘terms are merely the mass
terms of the quarks. We shall neglect isospin breaking effects due to lack of

degeneracy of the mass of u and d quarks as well as convemtional electromagnetic

corrections, in this paper. The explicit relation between quark masses and

€, , €3 and €,5 are eacily found to be
€ €, 6-5\ :
m = m, === s I, = 2.2a)
a o (\-'2. v3 ve (
. _f6 _ 2€ €5
M F (:,—z VS * \-;(;) (2.2b)
m = _l_°_ -3 f‘.f)
b Vi Ve (2.2¢)
Nete that if m_ # My , then (2.2a) should have average
mass of light quarks, ™oz 4 Cmne v omy) on tie left hand side.
The generators of SUI4) x SU(4) can be expressei in terms of
F* and Fs , the vector and axial generators,
_ which are defined as usual by
FY(t) = d3x VU
() x‘f:t ? .":(o)' -~_|S) (2.3)
- . 3 v -
Fs» U") - ‘S; d4°x A, (l)
The scalar densities w(zar ) and . pseudoscalar densities

V‘._ (ELCI'\LYS%) satisfy the equal time commutation rules.



[F®), we] S )

¥o:t J i

[®. v ] = v fe. Vi
xg:t j‘ﬂk
L P - K
[o. we] = tdie Ve
" ! (2.4)
et ) 3 J . u *)
B, vie) ot = e
The current divergences are given by
P AVASEEIEEY O ITOY (252)
e
P g . .
3A,. R ACH “@‘)chgt (251)
From Equations (2.1) and (2.5) these are found to be
oL _ - 'Y N w
3 v/* - "sf;;k‘* - €5 Jiisk (2.6a)
. K 'S K N
et o hgdw_- A Y ‘{w &V + elsd‘.:s'kv * S.—v'
> A s : ‘ (2.6b)
2 o .~/.u)w
where V = 1‘69_1:" F/un: F is the anomaly in A; current
1
for  QCD

and is a SU(4) singlet operator.

We take matrix elements of Eq. (2.7) between vacuum and single

pseudoscalar or scalar meson states. Following conventional definitions are

employed ’
@Ay = EhFy
s,6,7 .
<ol A;" 1Ky = ‘t’,« Fu
Q06 4,12 .
<ol A, I9Y = v h Fp .
. [T S .
OV TS B

o!Ali,’,c = . F.t .
< M ']']')) h’* .]‘,]’,)L

(".f: 0,6 7 15)



oty ey = puFe
: A e TN L -
<-°H¢\Q,n |5.c,\z> - _ <O| V,:.o' 55{‘}“) = °Ff* FSD

4 5 V
<ol V/:}Ié.,.) = - <°'Vr ISy = = h“E"r (2.7

Our currents are so renormalized that F"=92 MeV. States SD and SF are

members, of the scalar 15-plet.

oy = Jz o

<ol \94,;,:,.7‘ Wy = vz
<ol v by = ;/z,>
v ey L oyz,
orv* i qn"m) : ‘/2:].*)'»1],_: (=38 o 19)
<or w7y €y = Jzp
<0|A\Af‘,.°'“'n| 5»7 = Vz,

3> 44

\ -S;> = \/ZS;

(oi ‘uu

V'V q.*];~')L7 ".371,,]1% T8y

We then find for pseudoscalar mesons

% ¢ €l>
Mp Fn € v 2 >

Vzﬂ - J; {) Jb‘



M fy _ & _ €& s
Vi, vz sy v
MoFo L e, & L Gs
vz, Z zv3 3
M:"F . €& _ g _ £is
vz, va v3 3
€ [
Mgl ‘_°_—€£+£'S)JZ * gJZ +6-5‘/‘7")'.
. ‘I\ V2 \f:- 1)" o

C|$ o . €% 8
J ']. - -\/—b \/Zr’:-

o
il o
m
.
1
J
'_“
V\
\—/
K

_ € o gs .2 é‘s J.,\S
M. F = S Jz o+ 22z, .
s i vz T A S 3

M= @ _qt\ 2.9

Similatly, we find for scalar mesons

2
MeFe - Y3
5 &g
VZ,
M), F$D - 58 5 6_5_ X
'l/ZsD ' 2‘3 Vo
) ,
"15;__’_':5; = -3 L, b
- o Vi (2.10)
‘/ZSp > /6

The above equations aTe exact corseqiences of the model. Further
equations are obtained by xingle particle saturation which becomes exact im the,

Nembu-Go_dstone limit, i.e., €, + 0. Thsn the only breaking of symmetry

is in the vacuum, resultinz in massless bzsons that saturate the commutation

rules. The corrections to these results are expected to be of order € and

except for charmed states, we might expect these to be quite small. Here
we assume the validity of all the relatiors and appeal to future experimenzs

as a way of establishing tkem. Defining <0|ui|0> = éi. we have for



pseudoscalar mesons

Fn-/Z“ = %31 + f_/lj %Z_;

PV 3_!;._ %3_} + i_-/i

Fov2y = %‘7_ ;’_j} f’i
FS’)H‘W ¢ Ed I F.i:]L\/L,]L— 3
»:] L:] N ; /2% . :i}sz:k - és:
F"f]v’z,‘;} + F‘j;,\/z‘;],_ v Ff}o zih = 3\'_/»%
F',j,,v’z%. i F',;Jz";) ' F'ﬁc S §~_
F-',]‘sz’f) + F';,\/z';; th Z%u 3 %_2%

Similar equations for scalar bosons cdn‘also be written.

(2.11)

However,

pole saturation can not be justified for these because ir. the chiral limit

the masses >f scalar bosons diverge. For the sake of completeness, we only

list them but shall not make use of them in this paper.

FovZe = 2 5,

- S . Ss
[ ~JZ- = 2% 2 2
SO >0 Z‘/} 'v/b
. S SAS
F y4 = - 25 22 —
5;\/ S V3 YT

(2,12)
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It is-also possible to derive relations by considering commutators of

generators with the divergences of currents, and then taking their vacuum

expectation values. These relations are also obtained from Eqms. (2.9) and

(2.11) by eliminating /21. We list these for completeness

2.2 L & 5 S . S5
™MF = €o & p2 ( N )

noa VL'»/_:,*./(:) 2‘_#} ve

X2 . . S S . S.s>
\\’]. (= = €0 _ -6_% e - &+ -

KK TL 2\/-5 * \/b ) JZ 2‘/} VG
MEFS = S

; = & , € _ e-s') S 4 Ss L b )

Vo {J} 7 B o2 JE

nP s (g -s - ) (%% k)
v2 »/j Ve

() (g (1 ) (55953 ﬁis)%“

V2 v3 Ve v2 Vj '7;:

(MWF:5L+ (M F'S) ’LF‘:]L) ( . eb)(:_,_c_ _ i;)Y € % be‘s__S_.s

v2 Voo [ 2
M e e A - (0% R A R) T
Mchz =% G
m_;; %1. - __i_ 2 e’_‘%s_:_s . 3"__]1 (€eSie + €553)
MI e = e@'_;é -‘/_;. (¢aSis + €sSc) + ;‘ €slis (2.13)

The basic problem we address to ourselves is to solve these equations

with reasonable assumptions. The result will be to determine symmetry

breaking parameters, i.e., 88/80, elsleo, and 58/60, 615/60 as well as

decay constants Fi's. In the next section we examine some simple but
experimentally inadmissible solutions and then in Section IV and V we make only

the most plausible assumptions to solve these eauations.
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IIT. SIMPLE SOLUTIONS AND PROBLEMS

The set of equations obtained in Section II clezrly Znvolve too many
unknown parameters to obtain a complete solution. 1In this section we shall
make some simplifying assumptions to illustrate che difficulty in obtaining
physically meaningful solutions. The simplest assumpticn is the generalization
of Gell-Manm, Oakes and Renner7 solution.to this enlargec¢ group. The assumption

is that the vacuum is a SU(4) singlet, i.e.

<o) =5, # o
<“ﬂ> ESS=° 5 <‘~.5\7 2 S5 =0

(3.1)
and further that SU(4) symmetry is good for vVZ 's i.e., Z =z, =z =I =
28 = le. We also-allow the possibility of n-n. mixing becausa ug in the

Hamiltonian mixes the 8 and the 15 components of the 15 representation.

We shall, however, following G - 0 — R, neglect .zany singlet (') mixing. Thus

\/Z?') = JZI;: = \/Zﬂ Gos 6

\/23 [ \/z_'s' = /Zﬂ Sin©
4" N

(3.2)
A consistent set of solutions is then obtained t> all the equations

in Section II. The mass sum-rules are

2 a
M: - MDI = M‘ - Mﬂ
2 2 2 (6t 8
4 M, - Mo = E(M,] Cns9+|"l,ks )

2y 22 - 2 2 .
- (M) 17 = (M - Mg ) Sia20
A PR A .7_

amy + My - 40’\: = 6(M,] S0 ¢+ M,)LCO, 9)

(3.3)



These are 4 equations iavolving seven variables,

nass (~2.6 GeV) we have

angle. A general feature of thzse equations is that because of large n,

2 . - Vv
S5 M, =215 G

Vs . = 60 MV

(3.4)
The experimental value of MD 1s, however, much lower, 1862 MeV2

while 1\% - MD is closer to 180 Hev?"zl‘he source of the problem can be traced
2
te (mass.

sum rules that emerge with our simplifying assumptions, while Ehe
heavier nasses are fit betcer w=th a linear mass formula.

Thus |

(3.5)
/
Inclusion of N in our mixing scheme does not change the basic

situatior. Ths matrix -u’Z:'qu,) - ($:€,8 <3 $8)  ig then a 3X3 orthogonal
e

matrix, end Eq. (2.11) yields the solution (remembering 68 =§

15 =0
oo ] /z,l,,).'»,,b (iz0,8 o 15) "
o J2q
(3.6)
Now solving the Eq. (2, %) is equivalent to the diagonalization of the
3%3 f]_,f]',v]c_ mass matrix.

We identify the physical states as

6 masses and 1 mixing

12



iy = 2 LY iy s )]

Y

\

Z:/L ['Jlo,] A stq’lpb> + Z-‘f),lPﬂ,)]

My * 2a (Y By VB IRy H 2R |

(3.7)
where .|f’_,> are SU(4) symmetric un-mixed states. Since operator V is a
SU(4) singlet, it is reasonable to assume that matrix elemznts of YV in
lowest order perturbation theory, are

GIVIN 1) 29 = V2
P = S T F Y
(3.8
2

where B is an arbitrary constamnt.

Equation (2.9) can be written as a matrix equatior.

2
MVz = yzm”
2 z
where utl = 'l M'] O °
I o HL o
\ '
z
< [} M

(3.9a)
is a diagonel matrix. -

13
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- 2 €c és é_l_
- Fra 2 va
6 G b, & &
72 V2 vy Ve ve
&s & € 9%
vz Ve V2 Ve
(3.9b)
and
vz = Jz¢ VoA J2'
1 1 l
/27, J28, J2'2,
l 1 1
o 8 s
¢ z vz
/Z’}L / r," "’c_
(3.9¢)
Eq. (3.9b) is then written as
2 2, W2 (M'L_Ml\ [ (M:azmz-}f’\i)
Moo= 'f“i(‘v"’ M) 5 (MM =
Jrpoa ot . 2 2 Ve (m2m*
7 (m,] “'\ﬂ) 5 (4Mg- Mg ) 3 (M. M,,\
‘ U P N . 2 2 2
157'5(1\1“”‘\417'3”0) ";QV‘K : Mn) < (C'M‘? ”"\-54”.?)

(3.9d)



This matrix is easily diagonalized as a function cf uz.
Using M," = 135 MeV, MK = 4.96 MeV and MD = 1862 MeV we:’however;
find that no value of uz giv;: masses of 'I_q' and M, -hat are close to the

experimental values. All results heing expressed in MeV, our results ere:

H Mn Mnc . Mn
1909.2 549 2879 1569
1653.4 . 543 2802 1413

954,6 493 2677 353

Further‘we still have MF - MD= 60 MeV, which is far from the
experimental value 180 MeV. Thus, we are forced t; give up our assumption
of vacuum being a SU(4) singlet. We next attenpf: a solation that_admits
nonvanishing 68 and 515 though still preserve the SU(4) symmztry of Z's.
The /Z mixing matrix in Eqn.(3.9c) is taken as

‘/;T | - SMG (os¢ ' (s © \f;_AQ QM#

Sy Sind ¢ r0lsplosy  SmOln¥ | Sin¥lasd - G0 St Gy

(¥ Sinh + Gsploap St S0 St Ls¥iosp — 0 S St

(3.10)
The set of Eqns. (2.9, 2.]:1) can now be solved nurericallv on a computer. This

approach, however, leads to a problem of mass raversal, i.e. comes out

)f])
greater than MF The source of the problem can be sz2en easily. From Eqns.

(2.9) and (2.11) we have since Z's are egual

15
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L
Mg Fa

3
o
o
.
1
3
°
Vﬂ
i
R
R
m
r
'

(3.11)
Simplifring ve obtain
2 2 S 2 -
Me-Mp = Fuo {m - ™ (FK_FJ\]
FD . ®
(3.12)

We then see that for FK ~ 1.28. the rieht side is nesatdive provided FD has
‘the same sien as FK. This is expected foom SU(4) svmmetrv. and also found
to be true in the numerical soZution.

We are forced ‘thuslto ebandor ths assumption of equalityv of /Z's
Nevertheless, from SU{3) X SU(Z) solution we kncw that the equality for VZ
among SW(3) members is a good zssumption. Thus we can retain the restrictive
assumption JZ‘ =»/ZK = /25 and 2p=v2;. The simplest assumption to
wake now is that the vacuum is a SU(4) simglet, i.e. 68 = 615 = 0. We can

assume tLhat /_2_ are 5U(4) broken alang ~the 15 direction, i.e.
v, | Pp> = ¢ s"p ‘e, Sw SPC vy d’-s«.‘p

(3.13)
where ll‘g) are pure SU(4) states. The states, 7],"]', f]c are taken as
linear combinations of IRy | 18,y and 1Py . The Eqns. (2.9) and
(2.11 ) can now be solved on a computer, and we again find no acceptable
solutior. We thus ares forced to consider the very gemeral case of symmetTy
breaking in Y2 's as well as jn the vacuum. In the next section we shall

see the restriction that emerges from pucely D and F masses on the nature of
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symmetry breaking.
IV. CONTSTRAINTS FROM D AND F MESON MASSES

In this section we obtain powerful congtraints on the .solution to
Eqs. (2.9) and (2.11) that arise purely from our knowledge of D and F
meson masses and the weak assumptions that the wave functicn renormalization
constants, Yz are SU(3) symmetric. The latter is verified to a good ex'tent
from previous work ;:>n SU(3) X SU(3) breaking. Consider the subset <-)f Eqns. (2.9)

and (2.11) whdch arise from W, K, D, and F meson pole saturation. We set

JTH=/TRand/TD=/TF.

We prefer to write these ecuations in terms of the masses of quarks and
quark expection values. Relations between €y and masses are given in Eqmns, (2.2)

and the vacuum expectation values 61 are related to (:‘m) bv

S; s <MYy

oL
aMgF -
IR olia ) I0.0 ) = M+ ™My = 2 MMy,
Vig |
2
- 2 My P = ™, + ™M
vz g
2
2 Mo fo - ™y + ™M
VZo
2
2 Mg ¥¢ - g v ™
VZo

F"\/Zn = <G,u,> + <;d> = 2 <G.u->

FKJZ" = <\1u,> 4+ <§S>
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T
v]
<
N
o
It
VAN
[Q LKA
e .
V4
+
N
¢
3
a4

Fevz, = CEey + <3s) (4:1)

We assume the masses of mesons M,"=135 Mev, M, = 496 Mev, MD = 1862 MeV,

M‘F = 2039.5 MeV and the ratio FK/Fn =123, The following relations can now
be easily derived.

- ‘A<2;c,)+|
M (%]l S5

By - _ 5, % Tz o1se
Gwy Fr
2
™. o, kB 3304
2
™, M2 Fo

(4.2)



19

Thus to a good approximation

",‘_‘-\—|]{<——“a_g> ""]
’4:' mg Uy

MD_ V22 <vc’<'> 4+ 1.56 :
™ {ouwy

(4.3)

Note this relatic;n is insensitive to assumed ecuality of L and Ty

We plot the ratio mc/mS as a function <Ec> /<Gul> in Fig. 1. Since
<5s) / {tu) is positive we expect <Ec> / {Bu) to be pasitive and large,
since the symmetry breaking arises from large m,. As {Ec) /(Gu}’*oc we
observe mt/inS + 5. Thus for all physically meanin-gful values of
{cc)/(Gu)we deduce the condition

e < s
Ms
(4.4)

This corclusion is very different' from the result that follows from the
quadratic mass formulaéthat yields mc/ ! = 20.7, or lirear r:xass. formula which
gives "’c/ms = 9.5. Some support for a small vaiue for -mc/'ms comes- from
consideration of renormalization group in QCD vhere Gecrgi znd Pol‘itzellflhave

deduced the value mC/ms=4. We can make further progress only after an

estimate of {cc)/{iy) or equivalently the ratic 61578,

A model for vacuum breaking which assumes a linear relatZon

<Fay = <3y, + Mg A
(4.5)



would vield

{eey _ L p Me {8s)
Lowy Ms N AW
- . 'm" .
= 1+ (0‘56) .;;5 ) (4.6)

The solation to Eqns. (4.2} anc (4.6) lead to mc/ms=2.b and <cc>/<uu>= 2.3.
Bowever'this value fcr mcfﬁsseems rather low and linear breaking can not be
justifiad. In the next secticn we shall consider the remaining equations

involving n,n’,nc mixing end solve fcr {Eq>/<ﬁu>. Our conclusion is that

Ge)iin 2 5.6

This leads to

~ 7 (4.7)

Y. GENERAL SOLUTION

In this section we obtain phenome=nological solution of the Egmns.(2.9)
and .(2.].1) by considering :he equatioms Znvolving n,nl and nc mixing in -
addition to comstraints of;:ained in the _ast section.

Reviewirg, we find that the equations resulting from considérations
of m, K, D, and F mesons i‘aave vielded a considerable amount of information .
They involve 6 equatieons with 9 unknowns and we obtain values of the 6
symmetry breaking parameters, €

s €., [ 68’ and §__ and the decay

o’ fg° F1e* %9 s
constants FD and FF if we know one unznown which can be chosen to be

615 ‘ -
The value of K in terms ol (cc) can be written as
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where we expect K to be large and positive number.

We now tuin to the n-mixing Eqns. (2.9) and (2.11) and obtain

solutions as a function of K.

a

We shall see that no: all values of X av
allowed.

Consicer Fqn (2.9). We ean eliminate F's which are involved

linearly ir favour of Vv 2's. It is useful here to defin2 new variabies

xl, X9, xs, e x6.
° z X
Y ot
X, = Z::]L + ,'1-“ + j—;
™M ”
M " e
-3 8
3 _ A
s Y
LFOOr T mE My
M'v] i Y)L-
“ \S ’ Zfs
-
) M']z Mi M



The new equations which take the place of n

}41 Pﬂq.
o e T 5
s 'S \/z‘Z,

Eq. (2.11) are then written in a matrix form, as:

0

G _& 5
vz vy Ve

An examination of €
is zero, and actually only 5 of t

So, it is possible to find the value of the 5 of the 6

4
o =
v2.

0 e
VL‘Q V6

53

€s
V2

& )4 o
vz Vb

¢ Fes .

éls
Vo
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(5.2)

-mixing equations in

e rx fSo $a 85
V&b ) W ' 2 \/3 Vo
0 Xl %g
éo L;g
X b
0 f) voil™® v
0 X Sig
1 2
Rt = i
| | :
kg il ic fic !
AL S
i Vo Ve
AL J B i
-

(5.3)

_matrix reveals that the determinant of the matrix

he 6 equations are linearly independent.

x's as a function



K5 o

of one of them (chosen as xz) and 6's, which are known for any given value
of K.

Now, since, - -

o<z

(:y]-. o v),'r)' o T]C’:i'

(5.4)
the bounds on x,z. are known to be:
! 1
=, < % < —,
e (5.5)
1

Further, x2 must be close to W because n is known to be nearly
an octet.

.Once the x's are known we have 6 equatiors [Eqq, (5.2)] Zor the
9 Z's. There is one constraint that ZZE]; = | . - So we need to
postulate 2 more reasonable constraints sto solve for the ind-Zvidual 2's.

Although there exists a lot of cholces to select two such constraints,

.we, here, investigate the one that seems the most reasonable. We demand that

n and n’ do not contain any charm quarks. Since cc & @(_)«o—\/} ).s) Qs

this requirement leads to

vy ey k]

'S

oud <o\v°_\/> Vg Iy =0 o \/z‘:), =V5J7-7);

(5.6)
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Then the Z's and from them the F's are obtained as functions of

-8
K= 15 and L Thz solutiors are found numerically by choosing particular

fzca
1

values of K and letting :2 vary near M_r;-r It was found that the set of
equaticns yleld consistent physical solutions only for a very narrow
rangé af 12. Besides, the solutions do 2ot vary much in this range.
This practically makes the whole set of solutions depend only on the
value of E. The least velue of K for which solutions vere found is
around 6. We present. a Table (Table I) to show the variation of the
solutioas as a function c¢f K. K = 6 imp_ies a large SU(4) vacuum breaking
{ S't'- (D ; SIS =~ 85 Sg ) compared to the almost symmetric vacuum found
in b*:olken chiral SU(2) X SU(3) models.

Al:zhough we can mot cetermine the velue of K from thesé equations,
‘we feel that K = 6~7 reptesenr.s-a reasocable solution. Larger values of
¥ would mean extremely large SU(4) breaking in the vacuum which would not
be reasona-le in view cf he validity of approximate SU(4) classification
cf states. We list b=lowthe verious symmetry breaking parameters, as
well as the decay constants thet emerge Zrom o;:: solution. (Complete

solutior. can be found in Appencix A)

m
K=6 &5 =~ 8.8 M 232
&3 Mg
Ey xs547- 22 oyse ™ x 35S
AWy <hwy My
o . oc74 e~ (056 Fx o~ .28
7F — A

E)
-

3

2
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We notice that although there is large SU(4) breaking bcth in the
Hamiltoniaa and in the vacuum, F's retai; their approxirate SU(4) symmetry.
Thi; prediction can be tested experimentally by direct weasurement of FD4and
FF' ‘
From our solutions we can also obtain the expectation value of the
operator V between vacuum and n, n, orn_ states. From Egn. (2.9) we

find, in (3eV)3

3q] = O. Cﬁljai

- o0.0014

e

Since these are expectation valuec of SU(4) singlet operator
which arises from QCD effects, it may be possible to verify them from
direct calculation in the future. Here we observe that the contribution
from n and N are small becaise these states are nof predominately

c
singlets, while n' is large as expected.
1

VI. RESULTS

We have found a good phenomenological solution for the hroken chiral
SU(4) X SU(4) model that incerporates thé masses of the charmed pseudoscalar
mesons D and F and nC exactly. The values for the symmetry preaking
parameters reveal that ‘the vacuum is not a SU(4) singler and a large
value for the ratio of the vacuum-expectations ;f the scalar densities,

Uy to u8 was observed. Further, the renormalization constants /Zi's for
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the pseudbscalar meson wave functions are foupd not to be SU(4) symmetric
although the SU(3) symmetry .is preserved.

' From the observed D and F meson masses we reached a strong Constraint
on the mass ratio g:— of the 'current' quarks :—: <S. With two more
plausible assumptions, namely that n-and n/ do not contain any charm
quarks, we obtain ’;_:_— Z 5.2 , FD zﬂ.q74 Fﬁ and FFZ 1056 Fﬂ .
This value of % comes very close to the value Georgi and Politze%lfound
from renormalization group consideration in QCD.. This value differs sharply
from the linear or quadratic mass fitting for SU(4) multiplets, both of

which give much larger values for this ratio.



Table I

8 o 5 (2
K=_15 |F/F | F/F T Zs —c &9 =S
7 5 (5] Ty
268 Foo /E_ﬂ o, s cduy {uu)y

0 0.430 | 0.540 | 2.545 1.884 1.186
1 0.541 | 0.644 | 2.711 2.233 1.933
2 0.642 | 0.793 | 2 67 2.508 2.679
3 {0.73% | 0.827 { 3.015 2,730 3.428
4 0.819-| 0.908 | 3.157 2.914 4.173
5 0.899 [ 0.984 | 3.292 3.058 4.919
6 0.974 | 1.056 | 3.421 33.5 | 3.199 2.56 | 5.656
7 1.045 | 1.124 | 3.547 3.311 6.413
8 1.113 | 1.189 | 3.667 3.310 7.159
9 1.177 | 1.251 | 3.784 "3.496 “7.906
10 - }1.238 | 1.310 | 3.898 3.572 8.653
11 1.297 | 1.367 | 4.008 3.540 9.399
12 1.354 | 1.422 | 4.115 3.701 10.146
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APPEND_X A
Ir. Secticn IV and V we hava discussed how the solution to Eqns. (2.9) and (2.11)
is obtained. Our inpute were the masses .H“ =135 MeV, M, =496 MeV, MD =1.862 GeV,
MF = 2,0395 GeV, Mﬂ= 54¢ eV, Mj, = 9358 MeV, %c = 2,83 GeV; the decay
constants of M and K mesons in inits of E1, Fpe=1, FK = 1.28. Here we. list

the complete set of parameters Eor our sclution with K = §_‘_‘L— =6

RN

in units of JZg | F_ ané M.

= -18.30 E

)

aa = 50.52 g 15 © ~58.47
50 = 3,262 : ‘SB = -0,3233 615 = -2.4743
{88 - 1.6 <3£_7 = 5.67
<ﬁu> Zﬁ';)
Ts = 33.5 Te = 3.2
My Vs -
Fp=1 F =128 F, = 0.974 F, = 1.056
B . 3, ol JL
P = 145 P/ = 0.0611 Fp =0
15 15 15
PO s -0.898  FUp, = -.0233 P, = -1.019
0 . ] 0
= - P, =-7. PO =o.
FO = ~.03:6 /= =7.369 e = 0-5886
s=1 YZg = 1 Yz, = 3.42 oo = 342 -
/2% = -0.1207 /40, =-0uss2 2% <108
n 0 Ne
8 8
/2. = 0.94% vz8 , = 0.015 /2 = -0.333
n a Ne
15 :
vz - 0087 2, = -0.089 2P = -4.416
n n Ne

g, =13.748 B¢ ="369.26 Bre - 0.6106
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FIGURE ZAPTION

Fig. 1. The curve reprasen:zs the variztion of Mz as z function
_ mg .
of <E=2

PN which is obtainad by ucing the masses of D and F mescns as input.
wu

The numbers on the curve are the vziues of tha parameter K defined t> be

S15 . The straight line represants linear breaking for the vacuum
V28
expectation values.
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