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Abstract

Quantum Chromodynamics (QCD) has placed the problem of hadronic symhetny
breaking on a rational basis. The current guark mass ratios can be shown

to be renormalization group invariants up to small and controllable
corrections from flavor interactions. We calculate the mass ratios of the
light u, d and s quarks using the pseudoscalar meson mass spectrum, the

baryon mass spectrum and >»—> 37 decay. The main theoretical assumptions

are that low lying resonance and Born terms correctly estimate the photonic
contribution to isotopic mass splittings and that chiral perturbation theory -
equivalently kaon PCAC -~ correctly estimates chiral symmetry breaking. Taking
account of all leading order chiral corrections to the meson spectrum and

from the baryon spectrum and 7)«—» 21 decay we obtain mu/md = 0.38 +0.13
and md/mS = 0.045 # 0.011. We conclude that while a vanishing up quark mass

is not rigorously ruled out it is unattractive from the standpoint of the

presently consistent phenomenology of hadronic symmetry breaking.



I. Current Quark Masses and Quantum Chromodynamics

In any discussion of the quark mass spectrum it is important to distinguish
between current quark masses and constituent quark masses. To provide a
framework for our discussion we will adopt quantum chromodynamics (QCD)

as our strong interaction theory (1). The Lagrangian for the SUC(S) gauge

theory with N quark flavors is
QLD a ) - Qb ,
b LR $ e AL e T

QD g o = | (1.1)
’ = -
-3, /.\ 3A(-‘ablc/-]bAi is the Yang-Mills field

O .
is the covariant derivative. Here mi is the bare current
th

where EJ‘ ?,_.
strength and 9“
quark mass of the 1 flavored quark. An important feature of QCD in the
absence of weak (flavered) interactions is that the current quark mass term
Zl;fQCD is the only term that can break the chiral SU(N) x SU(N) symmetry

of ;EQCD and maintain renormalizability.

Constituent guark masses are the physical masses of the quarks as ihey make
their appearance in hadrons. This constituent guark mass is not the same

as the current quark mass since QCD presumably undergoes a PCAC phase
transition. This implies that even in the absence of explicit flavor break-
ing (m? = o) the chiral 75;. syrmetry of the vacuum is broken. All the quarks

then can acquire a common mass M by the Nambu-Jona Lasinic mechanism (2).

The problem with discussions of constituent quark masses is that the constituent



quark mass, to the authors' knowledge, has never been given a precise
definition independent of a specific application and its dynamical details.
[f quarks could exist as free physical particles then the constituent quark
mass could be precisely defined as the mass of that particle. However if
quarks are permanently confined inside hadrons the constituent guark mass
depends on the details of the dynamics and a precise definition has not
yet been given. In spite of this difficutty the use of the concept of a
constituent, physical quark mass in specific phencmenological applications,
especially nonrelativistic potential models of permanently bound quarks, is

quite useful.

By contrast the current quark masses can be given a precise phenomenological
meaning. The reason is that the divergences of the currents that are measured

in electro and neutrino production experiments are given by m?éiqi and mig&%g&'
These operators make their appearance in the operator product expansion for

the current correlation function near the Tight cone. For example the w4 and

w5 structure functions measured in neutrino production from nucleons vanish

in the chiral Timit as m?-a() (3). J. Collins has shown that moments of

these structure functions give direct informaticns about current quark masses (4).
While in principle it is possible to determine the current quark masses in this

way 1t is nearly impeossible in practice since the distributions are multiplied

by a Tepton mass and hence are very small for the light Teptons.

Actually what one obtains from such experiments that probe the 1light cone is
not the bare mass m?(/\) which depends on the cutoff A\ but the cutoff in-
dependent quantity mi(/AJ where S is the renormalization mass. The relation

of migfa) to the bare mass m?(/\) is



e () =2 (/\//"D M (A) (1.2)

The important feature of equaticn (1.2), valid in QCD, is that the re-
normalization E}(/MéAA) is flavor (i) independent. This is a special
feature of QCD and is a consequence of the fact that in QCD the flavor and
cclor SUC(S) groups commute so the strong interaction is flavor independent.

Equation {2) impTies

so that the ratios Rij of the current quark masses are cutoff and S in-
dependent. The renormalization group invariant quantities Rij are unambiguous
pure numbers that can, in principle, be extracted from experiment. It is the

determination of these ratios that will be the subject of this article.

The SA dependence of migﬁa) is established {5) from the renormalization group

equation

9._. ' > , o _
(/A.% 4.,9(9)5_3_ FY(9)) M () T O

g (1.4)
3 .
where g (9) = ={by/3) 9" 4 enn is the Callan-Symanzik function and
2 - .
F(EG)= 7,9 #oov the ancmalous dimension of the cperator m?qiqi which

is independent ¢f the specific flavor, i. Equation (1.4) can be solved for



migp&) up to an integration constant m.

m ) = i F () (1.5)

Clearly Rij = mi/mj and for 1arge/4A asymptotic freedom implies

)ﬁjo/bo (1.6)

Fp) == (s

We can define m; to be the renormalized current quark mass.

The above discussion shows that current quark mass ratios Rij are unambiguous
in QCD if we ianore flavor breaking interactions due to weak interaction gluons
(QFD). However if we examine isospin breaking the photon interaction must be
taken into account. We will howeverignore the usual weak interaction for

Q2<< m 2 ~{60 GeV)E. As a conseguence of the electromagnetic flavor break-

W
ing interactions the operator m?ﬁiqi is noc longer universally renormalized

and there are ambiquities in the quark mass ratios as emphasized by J. Collins (4).
However, for quarks of the same electric charge, since the electromagnetic
interaction couples only to the charge, the renormalization is still universal.

Hence the guark mass ratios

o
:m’\(A) = ‘:"f-—"' "_-2‘—
3wy KTETER, TS (1.7)

for quarks of the same charge are unambiguous.



For quarks with different charges the mass ratios m; ( /mJ/AA are not

renormalization group invariant. The renormalization group equaticn in the

presence of electromagnetism 1;
A - -
(e 5/7,0‘3 (9,0)2; 55+ B (09) &+ (3,8)) m (p) = O (1.8)

| <
where /Q (9,e) = "(190/9“)33""' O(ggel)/_ BQ (e,9) =
/2n%7 f; O[3 | ¥ (9.¢) =¥, 57+ Z{)g/‘_}ébﬁ" vos
ATthough /99 is flaver independent ﬁggi and ?{{ are not, Expanding in

powers of c(:=eiﬂln and defining m; = migkb), where‘/xo is arbitrary,
cne finds (4) using (8)

- m&?"‘)_ V)’\A‘ , )__c > ] -
R’\;"(/A)- M3 0pm) M (HNA % g?) l”(/*//MO))

where A is a numerical constant. This equation exhibits the ambiguity if

Q§ %CI since R (/«) 1s/¢« dependent.

Although this ambiguity exists it is numerically unimportant. If we compare

the mass ratio Rij{pm) at two different values of sa (/AAIand S Jhe

difference is small compared to the mass ratio itself:

4 /‘") R /"‘ B 2 o0
) 5 2L = A (7 2’3) YV (1.10)

A7)
<<



. . —t /e L i
providing /AA'/QA«)_ is not of (:)(e /°<) . This is certainly the case
for experimentally available energies. Equivalently the cutoff dependence
in mf(/\)/m;(/t) is small compared to the ratio itself and we can
ignoreit. We conclude that quark mass ratios in QCD, even in the presence of

electromagnetism, are unambiguous up to very small and controllable corrections

of O ().

Having reached this conclusion there remains the problem of actually extracting
the values of the quark mass ratios from experimental data. The remainder of
this article will be deveted toc this task . The technique we will use is

{6’7). The basic

the chiral perturbation theory previcusly developed by us
observation of chiral perturbation theory is that many strong interaction
amplitudes approach their chiral SU{N) x SU(N} values as m; => 0 in a non-

analytic fashion such as m, n iy Orhqf;

. Chiral perturbation theory is a
systematic calculational technique for calculating the coefficients of all

such non-analytic terms which are usually the leading order terms in chiral
symmetry breaking. The main assumptions are that these nonanalytic terms are

the dominant contribution to symmetry breaking and that one can do perturbation
theory in the chiral symmetry breaking parameters, the renormalized quark masses
m . The current quark mass m. is not a dimensionless parameter. A typical
dimensionless parameter that makes its appearance in chirai perturbation

theory is 3}‘;7L15,/;67f25%2 where/ta(/L is a pseudoscalar mass that vanishes
as m; —>0 and Fn = 93 MeV is the pion decay constant. As long as this

parameter is small we have confidence that chiral perturbation theory is

applicable.

For the ltightest quarks, u and d, perturbation theory about the SU(2) x SU{2)

limit is very good since ¥ o ¥4y~ C.0l4. For the s quark j;:t,o.l S0



there is reason for less confidence in perturbation theory about chiral

SU(3)} x SU{3). However we remipd the reader that in the Ge]I-Mann»Oakes-Renner(a)
scheme, which is consistent with all available information on chiral symmetry
breaking (7), the breaking of chiral SU(3) x SU(3) and ordinary SU(3) are
comparable, both breakings being generated by the strange quark mass M-
Consequently the corrections to kaon PCAC, equivalent to chiral perturbation
theory is me s and ordinary 5U(3) are comparable. Conversely any attempt to

give up kaon PCAC will have to-account for the success of SU(3) symmetry in

a new way. This seems to us to be an unattractive and unnecessary option

although it is not strictly ruled out.

For heavy quarks like the ¢ we have no reason to believe that chiral per-
turbation theory is applicable since ¥ =1 . It is difficult to suppose

that the D mesons are approximate Nambu-Goldstone bosons like the 7 and K.

In fact it is possible that as one increases a current guark mass there is a
phase transition at a critical value M= ., rbeyond which there is no remnant
of the Nambu-Goldstone states for that flaver. In any case we have no reliable
way of determining the ratio of light (u,d,s) auark masses to heavy (c,t.b...)
quark masses with the methods available at this time. For this reason we restrict

ourselves to examining the 1ight guark mass ratios.

The origin of the quark mass spectrum is a deep problem. This probiem, it is
evident, is connected with the problem of establishing mixing angles like the
Cabibbo angle and other mixing angies (9) which arise upon diagonalizing the
general quark mass matrix mij' A soltution to this problem may come from the
interplay of QCD and QFD in a unified theory and from the systematics of the

quark vs. lepton spectrum. In the present state of the art of unified gauge



theories such connections remain speculative.
II. Quark Mass Ratios and Chiral Perturbation Theory

What are the motivations for examining the current quark mass spectrum?
There are at least two reasons: {a) In most weak interaction models (QFD)
the current quark mass term is generated by spontaneous symmetry breaking
of a local flavor group. A knowledge of mass ratios is useful in providing
constraints on model buﬂding. {(b) The vacuum of QCD will in general violate

2
P and T invariance since cne can add to (ﬁQCD the term {9 /_‘337‘(") E*Vx'/:‘tl/
(10) '

without altering renormalizability . This term gives a non-trivial con-
tribution to the action from instantons if ©#21n and will violate P and
T symmetry. But this interaction term is not invariant under a chiral ‘trans-
formation on a single quark field, such as up\—ae"“up\ , and could be
rotated away if ;PQCD +A1’QCD were invariant under this chiral transformation.
This is possible providing m?A= 0. Wnile a massless up quark is not the only
solution to the problem of potentially strong P and T viclations (11) it is

of interest to see if this solution is phenomenologically viable.

Our plan is as follows. First we describe the problem of determining the

AT =1 quark mass differences and then give the formulas for determining the
quark mass ratios in terms of meson and baryon masses. We give a careful
treatment of symmetry breaking which is controlled by chiral perturbation
theory. We will discuss separately the isosinglet-isosinglet mass ratio

(mdwm\)/; i, and the isovector-isosinglet mass ratio (my =My /cl Mg o

The ratio {md+mu)/> m,  of SU(2) x SU(2) to SU(3) x SU(3) chiral breaking



- 10 -

can be determined in chira1‘perturbation theory to lowest order to be
. 2 . . ,
given by /Aan/ﬁbﬁAif . Including the complete leading order corrections

from chiral perturbation theory we find

A +my,
20, -

0.0 2]

(2.1)

The ratio (mA—m.)/>m, of isospin to SU(3) breaking is far more difficult

to determine in a reliable way. The reason for this is that electromagnetism

is known to violate isospin and require divergent counterterms in the quark

mass matrix. Because these counterterms are divergent {in most QFD-theories

)

in the presence of electromagnetism there is a m,m mass difference which

d
is a free parameter. In practice the m,-my mass difference is determined

from (i) the groundstate pseudoscalar mescn mass difference KF-k® (i1) the

Zﬁ I = 1 baryon mass differences (ii1) the »—=>3 7 decay. Below we will

review the theoretical problem of defining the m, "My mass difference and the

phencmenological problem of extracting it from the data.

From the meson mass spectrum we obtain

Md =M 5 0175
= A

and from the baryon spectrum the consistent value

M-,
> Mg

=, 0I5 + 0.003

(2.3)
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The extraction of this ratio from the »3-—> 2711 decay is sensitive to the
details of SU{3) x SU{3) symmetry breaking (an extrapolation on the order
of the 7 mass is required). S0 the ) —>» 277 decay is inherently less
reliable. If one ignoresSU{3) x SU(3) symmetry breaking one obtains from
the measured rate a ratio which is consistent with (2.2) and (2.3) obtained
from the hadron mass spectrum. Depending on the treatment of symmetry break-

ing one can obtain results that improve or spoil the agreement with (2.2) and

(2.3).

From (2.1) and (2.2) or (2.3) we have

Mu o o, 38

—— e~

Mo

- —

B

Mg

Mol ~ .04 T

which rules out a vanishing up quark mass. The main ways to avoid this con-
clusion are (i)} The contribution of the low lying states to the Cottingham
formula for the electromagnetic mass shifts of the hadrons is underestimated

by a factor o~ 4 (ii) Kaon PCAC or equivalently chiral SU(3) x SU(3) pertur-
bation theory fails. If the latter is the case then we also lose the rationale
for an approximate SU(3) symmetry. Further it is not clear that if an alternative
approach is adopted that it will lead to a consistent account of all symmetry

breaking. We conclude that while a vanishing up quark mass is not rigorously

ruled out it is unattractive from the standpoint of the presently consistent

phenomenology of hadronic symmetry breaking.
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A. Calculational Procedure for AAI = 1 Mass Terms

The symmetry breaking part of QCD that we will consider is
Qc — , 7 . <
A PR o °Gu +m7 oo + g 3 (2.5)

to which is to be added the ‘conventional electromagnetic effective action

EM o [ My *,  Q Q,_
£ 25 (o D0 T @V -2) e
where \42? is the electromagnetic current and

A S FX(G, + Jauge Terms ) (2.7)
ﬁ; +AL

Before proceeding with caiculations it is necessary to discuss the extraction
of the electromagnetic mass shifts of quarks (tadpole) from the conventional
electromagnetic interaction. This has been discussed in detail by J. Gasser

(12), J.F. Gunion (13) and more recently, from the viewpoint

and H. Leutwyler
of the renormalization group, by J. Collins (14). We will simply review the
conclusicn of these articles.

First we note that 4j;fQCD has no AL = 2 part. On the other hand PV,
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one examines the operator product expansion of the T*'product, has finite

matrix elements for its Al = 2 part. Therefore the Cottingham integral

is convergent for AT = 2 mass shifts 11'ke/<A?,T+-7f4;o and mz++m2— -amse,
As is well known saturation of the Cottingham formula with Tow lying states

for these combination yields excellent agreement with experiment (15). The

A1 =2 mass shifts are evidently well understood but they give no information

on the quark mass spectrum.

By contrast the AI =0, 1 parts of ‘jf;A“ can be shown from the operator
product expansion to give divergent contributicns. These divergences are
cancelled by the mass counterterms in AiQCD to yield finite results for
symmetry breaking. While the subtraction of the logarithmically divergent
part is unambiguous in a renormalizable theory tike QCD there can remain a
finite term after the subtraction. This finite term in the gquark masses is
ambiguous because it depends on the subtraction procedure used; different
subtraction procedures treat finite parts differently. However this set of
finite rescalings is precisely that which is controlled by the renormaliza-
tion group and the ambiguity is due to the fact that the renormalization
subtraction can be carried out at different renormaiization masses . This

has been discussed in detail by J. Collins (14).

To see how this work in practice let us regulate j?E/” by the introduction
of a cutoff /\ 1in (2.7) according to the replacement f/@;—a»#/gaﬁ- !/(%?*/111

QCD+ IEM

Then if we consider the contribution of 43;? to a physical

mass shift AA\ it can be written as

A= (A/V\)/(\chﬂf— (A/V\)/!\;/V1 (2.8)
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E
where the two terms correspond to the matrix elements of A;fQCD and ;f gt
respectively. Now as /AA—=> 02 we have

: Em
A —s o C (A L
4 A->o00 (2.9)

with C a constant and/b\ the renormalization mass. By the renormalizability

of QCD and QFD A M must be /\ independent so that

(AM)/(\QCD;\_—;_;Z — o C In (/\//")

(2.10)
Defining the finite quantities
EM E/MN
(am)" = (A/V\)A — xC In (/\W)
QCD _ (2.11)
(am)TAP= (Am), ko C (o)
we can split up the contrﬁ'butions to the physical mass shifts as
AM = (A" (am)TAD (2.12)

where TAD means tadpole contribution. Here (AM)EMrepresents the con-

tribution of the low lying states, Born terms and resonances, before the
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onset of scaling behavior in the structure functions in the Cottingham
integral. The scaling part of the structure functions which gives the

(16) has been explicitly subtraéted

divergence in the Cottingham formula
out of the definition of Lﬂ,@q)gﬂknd is not to be included in numerical

estimates.

The finite ambiguity mentioned above is simply reflected in the fact that

)EM

we can change the numerical value of (4M or (AM)TAD by a different

choice of cutoff /A or equivalently a different choice of renormalization

point a4 . This ambiguity we see from (2.12) is given by

S (A= ¢ In (A, /AL) | (2.13)

where /1' and A , are two choices of cutoff. The constant C has been computed

by Caollins (14) with the result
C = (AM)TAD( 4mm‘md> (2.14)

where m, 4 are the renormalized quark masses. Toc estimate the ambiguity
i

we choose Wi, /my = /3, AN JAS=100  so that J(AM)TA b:‘!.#xlO'Q(AM)T_%

The ambiguity due to change in cutoff by a factor of 100 is 10'4

compared to
the tadpole term we are computing. Our conclusion is that we can extract the
tadpole contribution from physical A I = 1 mass differences if we subtract
just the non-scaling Born and resonance terms in the Cottingham integral from

the physical mass difference up to a small and negligible ambiguity.
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B. Pseudoscalar Mesons

The groundstate pseudoscalar mesons are a good source of information about
the current quark mass ratios. The ») and }7’ can mix and this introduces
an additional parameter rendering this system useless for our problem of

determining quark mass ratios. This leaves the 7] and K system.

We use the standard method invoking the PCAC relation for the axial currents

A;(x)i az= ,J“'",g'

a . gy =}
Q/,AA/A(K) = AEQ, cf_] (2.15)

where [ = ;fQCD +A ;PQCD + iEM with 4 ;fQCD and ;EEM given by (2.5) and

(2.6). ;f’QCD is chiral invariant so [SEQQ IQC DJ’—_O. We will take the

/
matrix element of (2.15) between the vacuum and the physical w and K states.

With the definitions

{o IA;w(O)I ArO> = A Vs b Ke

- /&N (2.16)
oldadg,uln™> = 5 Fp, et
{in the chiral 1.1'm1't the 7's are proportional to Z(/\//M) of {1.2))
we obtain the equations
2 /> - 3 \Emn
F‘rr"‘/("n*' = %n-f' (VV!;+~VWS) ’ Fv*’ (J‘/Mﬂ'r)
i/a c + yEM N
cropite = 2 () + P2
2 759 . T 2 = M
FK‘"/MW’ = £H+ (w‘: +m:>+FK+(?/4H*')
2 !/1 o c 2 M
FKa/MKC :ZKC [VVIS+W\A)+£HO (C)—/\AKC)
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where (a’/«;\))EMis the contribution of Igﬁa\md is explicitly of

order o . We have dropped the'Wq=7)nﬁxing terms in the m° equation,
which are second order in isospin breaking. Otherwise, (2.17) is exaﬁt.
The quantities Z’/;, m°, (J/\AD)EM are all divergent. After the re-
normalizations and ratios are taken everything will be finite as we have
previously discussed. To extract information from (2.17) we will make the
safe assumption of (i) dropping terms second order in isospin breaking
relative to terms first order in isospin breaking, (ii} dropping terms
first order in isospin bréaking relative to terms first order in SU(3) _
breaking, and (iii) using J/‘A?rf//k:ri“ =30 ln> mg/# Fr/b\?f + O /‘"/‘4;)
we find we can drop J}kﬁ relative to/ﬁ«i . For the quark mass ratios

we can replace the bare with the renormalized values and we obtain

gty — /t’\: (‘“5)

2 g m (2.18)
m._ - b3 2 2y EM
M = g e =)

> TEaTd o =
and

X b — f bR EM j- 2

Mt = e = (4/‘"”) * i Mn (2.19)

where
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) (2.20)

and

) 5= (Tee) T = (Gpmie)E
~ M > \EM
)" = (G )T = (Tpone)

(2.21)

are the conventional photonic contribution to the meson mass differences from
just the low lying states in the Cottingham formula. In equation (2.20) J}JK
are of the order of isospin violation while & is of the order of SU(3)
violations. If we also drop terms of the order of isospin violation times

chiral SU(2) x SU(2) violation relative to isospin violations (2.19) implies

the well known resuli

)E”‘ (2.22)

/“ni */“‘rfo = (4/4;

. 2
To determine the guark mass ratios from (2.18) we need to know (zxﬂ4ﬂ-)£;”“
/
J}< and & . These guantities cannot be obtained directly from experiment

and one is reguired to make theoretical assumptions.
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The contribution from the Jow lying states to the kaon mass difference

2)E Mo (474 v
the result

was estimated by R. Socolow ( in 1965 with

(A/’*K)EMQ 3 MeV (Socolow). (2.23)

Recently use has been made of the Dashen sum ru]e(lg) which impTlies

(Am)*"= (amn)™" (2.24)

which upon using (2.22) implies
E
(AMy) P 1.5 Hev (Dashen Sun Rule)

However 1t has been emphasized by .us (19) that the Dashen sum rule is obtained
in perturbation theory. The corrections to the Dashen sum rule are as large
as the terms one is retaining and hence the assumption upon which it was
obtained is false. This could be the explanation for the discrepancy between
the Socolow calculation and the Dashen sum rule. In view of this we will use
Socolow's estimate (2.23) for QQ/MH)EVB

. " . . Yoy ys
Since the guantities ‘ﬂﬂ and £ involve the ratio EEK.//Z}r/ etc. they
cannot be obtained from any experiment. However if we assume the validity of
chiral perturbation theory then these quantities can be calculated exactly}
independent of any model, to leading order in the chiral symmetry breaking.

The results of these calculations are (6,7)
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fe _ 3 (Mg =) SN
_E: = + éqn-lﬁ:' IH(M ///‘ )
EEVl, S 1)
= ) o ()
> TAD
Z't; =1 + (4 [ (/V\l//"‘l)
K° IQDH>E1
(" \TAD 2/ 3
AR s 3 (4M In [/V\ //A )
Feo 641>
_ (43/911 TAD 2 2
Y ~ 94('71:3?; Ir /M //4 )
(M=) 1 (1> p
£ = L) (N )
' R )l o

WA 2 2 £ gt e w
where (4%A4K> =Myt —Myo ~ C{Lm“:) M Here F;w 93 MeV, M is

a cutoff we will take to be the nucleon mass and /A«}:: mean (mass)2 of the

groundstate pseudoscalars 2= 0.17 (GeV)2

we obtain from (2.25)

c /2%
K-l Z;;: (033 s =08
F. o
/.
Fr ~3 g? -y
L= -0.3x(0 ”'f* )= -7.0x(0
2
F;o £ o

a4

. Using those numbers and (2.23)

5 = 5.6x0"

(2.25)

(2.26)

3
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The above calculation in chiral perturbation theory can be checked against

experiment for the quantity FK/F:T; . From KPB decay one finds

26 + 0.0 (2.27)

with f_ (o) the ki?i decay vector form factor. From the nonrenormalization

theorem (20) we know that f+(o) is near 1.0. An explicit calculation of the
(20)

exact first order correction in chiral symmetry breaking gives f (o} = 0.97
so that we obtain
.__F_*i = [.ax + Q.02 (2.28)
Fa

in excellent agreement with the calculated ratio (2.26). This gives us con-
fidence that our other estimates in (2.26) are roughly correct even though

they cannot be directly obtained from experiment.

Using the results of chiral perturbation theory (2.26) and Socolow ‘s estimate
of the kaon electromagnetic mass difference (2.23) the guark mass ratios can

be gotten from (2.18) with the result

Mo+ _ O.03 (0.038)

vy (2.30)

- v
A" "M — 0.0l75 (0.015)

1”‘45
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where the numbers in parenthesis are what would have been obtained if we
ignored the corrections of chiral perturbation theory and set & = o, J = o.

]
Equation (2.30) implies

Ma 4
ﬁa__. 0.2°8 (0. 44) (2.31)

" so0 the up gquark has nonvanishing mass.

Some attempts have been made to obtain m, = 0. Since Z-li/:!/Z;/; is not
obtainable from experiment some authors (21) have supposed' Eﬂrj/2;53:5 9"3,
over 100 % different from the result of chiral perturbation theory. Such an
assumption implies huge violations of ordinary SU(3) symmetry. Cominguez (22)
has pointed out that the ratio Z,L/D/E,;/) makes its appearance in the non-
renormalization theorem for f (o) and a value very different from 1.0 would
wreck the agreements of Cabibbo theory. Further if Zé/:/z?:,/’ was wildly
different from unity there is no good reason to suppose that a similar ratio
of wavefunction renormalization constants that makes its appearance in the
baryon mass difference calculations should be near unity. Then one loses the
Gell-Mann Okubo formula. It seems to us unlikely that if Zfb/z;,l differs
greatly from the result of chiral perturbation theory that the impressive
agreement of broken SU(3) with experiment could be maintained.

Soper and Deshpande (23)

have obtained m, = o by assuming dix = 0.036. This
assumption represents a huge violation of isospin. The value of J-K is
almost an order of magnitude greater than what we have calculated from chiral
perturbation theory JK = 0.0056. We think that the successes of chiral

perturbation theory do not warrant such a large value of J’K although it
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is not impossible that there is some special dynamical enhancement of cﬂ;
to which the chiral perturbation theory is blind. In the absence of a
demcnstration of such enhancement it is not possible to justify the large

value of Jk .

We finally remark that the quark mass ratios we obtain are not very sensitive
to the precise values of the chiral perturbation theory corrections & , cﬂ;
providing they are within 50 % of the values we obtain and not different

by orders of magnitude.
C. Baryons

From the baryon mass spectrum it is possible to establish an estimate of the
ratio (Vﬂd"mha)//b M . 70 do so one must extract the tadpole con-

tribution from the observed isotopic splittings according to

am), = (am) + @am)s?

(AM).Q = ML My

. Em
The Tow lying resonance and Born term contribution to (‘3/”\)43 from the
Cottingham formula were calculated by S. Coleman and H. Schnitzer (24) for
Em
all the baryons. There have been many calculations of Qﬂzﬁﬂ)PV) and these

15). The results of these calculations are

generally agree with each other (
1isted in table I along with the experimental mass differences and the cal-

culated tadpole terms @Q/VWAJEAED.
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In order to calculate the ratio (Mﬂd-—VHM)/IEIV”LS we will (1) drop
second order SU(3) violations relative to first order (i) drop SU(2) x SU(Z)
violations relative to SU{3) violations so me > My Then by considering

. : a_  [~8
the matrix elements of the divergence of the vector currents ;}AyﬁA‘—.A[le ;ﬁ]

between baryon states one obtains for the Al = 1 mass differences

am),” = M1+ )

A
(A/V\) b 2 £ (2.32)
>
TAD _ F_
where F/D is the F/D ratio for the baryon mass matrix.
The three AT = 1 mass differences in (2.32) are not all independent in
this model of symmetry breaking. First one finds from (2.32) the Coleman-
Glashow formula
- A b —
(Am) TP (A/V\)T_D_ F am)A2 =0
PN = pa Z (2.33)
which is satisfied within experimental errors. Second one obtains the F/D
ratio from the tadpole splittings as
TAb
E (dm)s+
-E; - = —2_. 7 (2.34)
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which should be equal to the F/D from the medium strong splittings

= /\/\E —MN

2, — —3.3 (2.35)

T m

since it is the same octet that is responsible for both splittings. These
ratios differ by 18 % in (2.34) and (2.35) and this gives us an idea of the

uncertainties in our calculations of the tadpole terms.

Finally we can compute the constant AN in terms of the ratio of quark masses

with the result

v

= 2 KM,;{'WM) (MZ —/V|/‘)

3 mg (2.36)

Using this and the Gell-Mann Okubo formula, = +Wnm__\ = w4+ AN
we obtain from (2.36) and (2.32) the result

(@am) % (am)TAB.

— ! ; :
-— % np = = (2.37)

Mz +m )y, =2 Ms

myp — iy,

DL’M5

From our previous analysis of the pseudoscalar mesons we recognize the left
hand side of (2.37) as(g»pf;pk+)T‘*§/45A{; to leading order in chiral

breaking so that
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> TAD TAD TAD
(A/MKC'KJ«) _ (A-M)hp + (A/V‘)Eoz— (2.38)
/4}?(- M= + MN - 2 MZ

which is just the hybrid sum rule first obtained by S. Coleman and S. Glashow(25).

The point of these remarks is that if the quark mass matrix model of symmetry
breaking is correct it is equfva]ent to the old tadpole model and so no really
independent estimate of md—mu/ZmS is obtained from the baryons. However we get
an idea of the uncertainties in our calculations by seeing if the baryon mass

spectrum gives a consistent answer for the ratio md—mu/ms. From (2.37) we find

MA ~My 0.0/05 +©, 003 (2.38)
:Hf‘lf\s
with an allowed 30 % uncertainty since the F/D ratio comparison is good

only to 18 % and SU(3) is good to only 2= 15 %. This result is not inconsistent

with our analysis of the mesons which gave, (¥d-My)/>m, = 0.0175.

Allowing for experimental and calculational uncertainties we conclude from our

analysis of the mesons and baryons

Md~Mu — 5010+ 0,003
)V\'!b

2.39
MA+Mu _ p .03 000> (2-3)

> W
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From this we obtain

Ma

2 = 0.3F% r o3

oy

_ (2.40)
MAd — 0. o45+0.01]

M,

as our estimate of the quark mass ratios.

To improve this analysis we suggest that new estimates of the photonic con-
tributions to kaon and baryon isotopic spiittings be undertaken to check the

calculations done over ten years ago (17,24)

. Although the chiral perturbation
theory corrections to the pseudoscalar mesons have been done and provide im-
portant = 20 % corrections to the symmetric estimates a similar calculation
taking into account second order SU(3) breaking in the baryon spectrum has

not been done. This might improve the agreement between the meson and baryon

estimate of md—mu/ZmS.
D. The decay ) —> 377

The purely photonic contributions to the 7> — 27 width vanishes in the

chiral SU(2} x SU(2) 1imit ({Sutherland's theorem (20)

) and for broken

SU(Z) x SU(2) has been estimated (27) to be two orders of magnitude smaller
than the experimental width. The decay can, however, be induced by the isospin
vialating quark mass terms (which also induce W°~> mixing) and these are
required in any case as counterterms to the usual electromagnetic interaction

in QCD (28).
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The amplitude (29) for the ) =1t n%decay is parametrized as
T.., =A+BE, (2.41)

From the central value of the decay width (30) r:_152: 203 eV and various

experimental values for B/A one finds

0.57 < [A|L ©.7¢C (2.42)

Assuming the decay is due to the term (Hﬂi -V”dc)(ﬁTuq-w;;U and using current
algebra in the SU(2) x SU(Z2) 1imit one finds B/A =-2 A&Abin good agreement

with the observed slope B/A ;:”‘Q-Uﬂ*iy- Using current algebra in the

SU(3) x SU(3) 1imit one obtains (31)
. 2
A = ( My = V"‘d) g (2.43)
2 EXVEY ﬁ;?

Assuming the sign of A is negative we obtain from the experimental range (Z2.42)

the result

VY\L_,{ -,

a

—_ N
» = 0.0145 +o0. 0015 (2.44)

in good agreement with our previous estimate (2.39) based on the meson and

baryon spectrum.
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The range represented in (2.44) only takes into account the experimental

range (2.42) and not uncertainties associated with SU{3) x SU({3) symmetry
breaking. fhe effects of symmetry breaking in this amplitude can be considerable
since extrapolations on the order of /61% are required. In a previous publica-

tion (23)

we have found a chiral symmetry correction factor = 34 % of

O(/"'; fh/u,i') which suggests that corrections of (J (/A;) can be large

also. So it is not inconceivable that symmetry breaking effects could dramatically
alter the estimate {2.44) which is consistent with the mescn and baryon spectrum.
Another analysis of symmetfy breaking in 37— 377 based on extended PCAC has

(32). They find that cuark mass ratios

been done by C. Dominguez and A. Zepeda
so obtained are compatibie with those obtained from the meson and baryon spectrum

and have results consistent with ours.

We conclude that the estimate of quark mass ratios from the X-93mdecay is
not inceonsistent with that obtained from the meson and baryon spectrum but
that the estimate is sensitive to potentially large symmetry breaking corrections

which are difficult to take into account reliably.
III. Conclusions

The advent of QCD as a theory of the strong interactions has placed the
problem of strong interaction symmetry breaking on a rational basis. Current
guark mass ratios are renormalizaticn group invariants up to small and con-
trollable terms coming from QFD interactions. Further we see that the old
wisdom of subtracting just the lTowest lying Born and resonance (non-scaling)
contributions to the Cottingham formula from the observed isotopic mass

difference and identifying the remainder as the tadpole can be justified
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using the renormalization group.

To actually extract the guark mass ratios from experimental data we have

used (1) the meson spectrum {ii) the baryon spectrum (iii)} the » >3n decay.
Beyond this one must make theoretical assumptions. The main theoretical assump-
tions are that (i} the Tow Tyingstates in the Cottingham formula contributing
to (AQAA)ENMave been correctly estimated {ii) chiral perturbation theory -
equivalently kaon PCAC - correctly estimates the leading order corrections to
the symmetric results. These assumptions, we emphasize, lead to a completely

consistent and coherent account of all hadronic symmetry breaking.

We have done a careful analysis of the groundstate pseudoscalar mass spectrum
taking into account all Teading order chiral corrections to the quark mass
ratios my t mu/2mS and my ~ mu/ZmS. The baryon mass spectrum and #7 —> 37
yielded values for these ratios consistent with those from tne meson spectrum

and we concluded

Me ~20.38+ 013
A
Md _ s.o45 0. 0l
Mg
These ratios are consistent with those recently obtained by S. Weinberg (33),

32) 12)

C. Dominguez and A. Zepeda ( and earlier by J. Gasser and H. Leutwyler (

and inconsistent with those estimates which obtain a zero mass up quark.
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E
Mass Difference  (AM) @am)="  um™Bam)- (am)"
P~ - 1.3 1.1 - 2.4
st- > - 8.0 - 0.7 - 7.3
=~ =" - 6.4 - 1.3 - 5.1
stes-28° 1.8 2.1 0

Table I. Baryon Mass Differences in MeV (to nearest 0.1 MeV)
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