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Universality of AI = 1 meson mixing and charge symmetry breaking
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The Coleman-Glashow scheme for AI = 1 charge symmetry breaking (CSB) applied to meson
and baryon SU(2) mass splittings suggests a universal scale. This scale can be extended to KI = 1
nonstrange CSB transitions (p' ~H, ~~) and (vr' ~H ~ri~s) of size —0.005 Gev in the energy region
760—780 MeV. The resulting nucleon-nucleon vector meson exchange CSB potential then predicts
AI = 1 eKects which are in approximate agreement with recent data characterizing nuclear charge
asymmetry.

PACS number(s): 14.40.Cs, 12.40.Yx, 13.75.Cs, 21.30.+y

In a series of papers [1—3] we have long advocated
the successful Coleman-Glashow [4, 5] tree-level pic-
ture of electromagnetic (em) charge symmetry break-
ing (CSB), for the AI = 1 transitions (vr'~H, ~rI) and
(p ~H, ~u). In fact, it is well known that the observed
semistrong and electromagnetic splittings of all hadron
masses are related by a hierarchy of interactions which
break the underlying SU(3) symmetry. The fundamental
dynamical assumption of the Coleman-Glashow picture
is that symmetry-violating processes are dominated by
symmetry-breaking tadpole diagrams. A specific realiza-
tion of this dynamics, explored by Coleman, Glashow,
and collaborators, is due to an octet of scalar mesons
which yields a class of Feynman diagrams with one ex-
ternal line ("tadpoles" ) which only occur as internal parts
of other diagrams (see, for example, Fig. 1). Empirically,
these tadpoles dominate the electromagnetic self-energies
ofhadrons and the transitions (m ~H, ~rl) or (p'~H, ~~).
More recently, it was shown how the scalar qq meson
tadpoles can be coupled with current divergences (i.e. ,
PCAC dynamics) to link the Coleman-Glashow picture
with current quark mass differences [6]. From this tree-
level picture, em self-energies or em transitions could
have no dependence on the four-momentum squared of
the hadrons, and the theoretical predictions are simply
compared with measured em mass splittings and with
(on-mass-shell) CSB violating transitions u ~ 27r and
rt -+ 3m'. In Refs. [1, 3] our main interest was with the
exchange of the spacelike p or ~ vector meson between
two nucleons, so that a Fourier transform of the result-
ing diagram generates a CSB nucleon-nucleon potential
in coordinate space. Because the transition matrix el-
ement has no q2 dependence in this (tadpole) picture,

the (updated) on-mass-shell Coleman-Glashow determi-
nations of (p ~H, ~~) are correctly employed even in the
case of the spacelike momentum transfer of a nuclear
force diagram. Recently, however, some physicists have
developed alternative CSB schemes based on the diferent
off-shell q dependence of fermion loop (rather than tree)
graphs, both for (p'~H, ~~) [7—11] and for (vr'~H, ~rt)

[12, 13] transitions. Other alternative CSB schemes in-
clude approaches based on the phenomenologies of chiral
perturbation theory [14] and of @CD(ITEP) sum rules
[15]. These latter approaches attempt to connect the mi-
croscopic theory of @CD, formulated in terms of degrees
of freedom that do not appear in the physical spectrum,
to the resonances of the Particle Data Group (PDG) ta-
ble and of the CSB nucleon-nucleon potential. In these
fermion loop models and in the latter semiphenomenolog-
ical approaches, the transitions become weaker than the
on-shell values in the spacelike region and the suggestion
is made that the good agreement with charge asymmetry
data in nuclear systems from tree-level meson mixing will
be greatly lessened.

We attempt to clarify this debate by returning to the
fundamental symmetry structures of SU(3) and SU(6).
In the text we focus on the oK-diagonal LI = 1 g ~ 7r

and u ~ p electromagnetic transitions and characterize
them in as model-independent a fashion as is possible.
Then we compute these q ~ vr and ~ ~ p transitions
via treelike tadpole graphs first proposed by Coleman
and Glashow (CG) in 1964 [4, 5]. The agreement be-
tween these two approaches is satisfying, and it involves
no arbitrary parameters. Both schemes in fact are com-
patible with on-mass-shell data and also with the predic-
tions of a simple meson exchange nucleon nucleon poten-
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FIG. 1. Delta meson tadpole dominance of the CSB AI =
1 (a) (vr'~H, ~q~s, (b) (p'~H, ~w) transitions.
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This in turn requires the SU(2)-breaking part qA q to
have the AI = 1 tadpole form

Ht &
——c'Hs ——(m„—md)(uu —dd)/2 . (lc)

But since the current-quark mass difference m„—md in
(lc) is not actually known, we avoid modeling it and
instead follow the Coleman-Glashow scheme and exploit
only the model-independent symmetry properties of the
As tadpole operator in (lc).

The physics of this characterization is that the ob-
served octet pattern of the electromagnetic mass split-
tings is related to the octet pattern of the semistrong
mass splittings (Gell-Mann —Okubo formulas) by a single
octet of scalar mesons. That is, with (la) we can cal-
culate the dominant part (Ht &) of the electromagnetic
mass splittings in terms of the semistrong mass splittings
and one parameter c'/c, the measure of SU(2) symmetry
breaking relative to SU(3) symmetry breaking. (We em-
phasize, not one parameter for every unitary multiplet,
but only one parameter for all the hadrons. ) In order
to compare the Coleman-Glashow tadpole scheme with
experiment, it is necessary to have a theory of the next
corrections, the HJJ. To this end we follow Coleman-
Glashow and note that the electromagnetic mass of any
particle can be written in terms of the forward scatter-
ing of unphysical photons o8' that particle, summed over
all polarizations, and integrated over all photon four-
momenta. One can approximate this amplitude by the
dispersion theoretic poles in all three Mandelstam vari-
ables s, t, and u. The poles in s and u, summed and
integrated give the conventional expression for the self-
mass in terms of the experimental electromagnetic form
factors, first suggested by Feynman and Speisman [16].
The only t channel poles which survive the summation
and integration are those in which the particle exchanged
is a scalar meson, i.e. , the tadpoles. So one can calcu-
late matrix elements of HJJ as the conventional contri-
butions to the electromagnetic self-mass and add them to
the Coleman-Glashow tadpole. The resulting self-energy
can then be compared to experimental electromagnetic
mass splittings of hadrons. How this all works and the
verification that it works very well indeed is reviewed in
the Appendi~.

In order to extend the above (diagonal) CG mass split-
tings to the ofF-diagonal g ~ a and u —+ p meson mix-
ing transitions, first we invoke SU(3) symmetry to write
[17]

tial. Finally in the Appendix we review the successful di-
agonal Coleman-Glashow predictions of electromagnetic
splitting of both meson masses and of baryon masses.

We begin with the LI = 1 Hamiltonian density, scaled
to the strength of second-order electromagnetic theory
and therefore labeled by H as is traditional, which is
taken as a current-current part and a CG tadpole part:

3H, =Ht ~+HJg.
Here the I = 3 tadpole along with the I = 8 Hamilto-
nian contribute to the quark mass matrix as

cHS+ c'H3 ——m„uu+ mddd+ m, ss .

(p lH, l~) = Am2~. —Am' . (2b)

Since Am is not accurately measured, we compute this
cu m p transition in (2b) by invoking SU(6) symme-
try between the pseudoscalar and vector meson masses,
m2~ —m2 = m~. —m2. But because this SU(6) rela-
tion is valid to within 5%, it is reasonable to assume the
SU(6) mass difference also holds:

Lm~ —Lm2 = Am~. —Lm = —0.005 25 GeV

(2c)

Thus SU(3) and SU(6) symmetry implies a universality
between these AI = 1 transitions given in Eqs. (2):

(7r lH, lyons) = (p'lH, leo) = —0.00525 GeV (2d)

Indeed, we note that this latter p —u mixing scale is
not too far removed from the observed value of -0.0035
GeV found from early determinations of u ~ 2' decay
[1,2] (later discarded by PDG [18]) and from its decrease
to —0.0045 + 0.0006 GeV obtained from more accurate
data [3, 19]. Since (p'lH, lw) in (2b) is the same as the
(vr'lH, lyons) SU(3) scale in (2a), one might even sug-
gest that since w(783) is known to be alinost purely non-
strange and the nonstrange eta mass is [22] m„760
MeV, the universal strength of charge symmetry break-
ing (CSB) at energy scale 760—780 MeV is about -0.005
GeV . The Appendix contains the demonstration that
this universality between these oK-diagonal AI = 1 tran-
sitions is identical with the universality of diagonal mass
splittings in the pseudoscalar and vector mesons, as well.
as the baryon octet and decuplet. While we have iden-
tified this "CSB universality" in (2d) with SU(3) and
SU(6) symmetry breaking physics and data, in what fol-
lows we show that (2) also holds using (tree-level) tad-
poles or PCAC dynamics.

To return to the CG tadpole decomposition of H in
(la), for these off-diagonal transitions we follow Suther-
land [23] and Dashen [24] who employ PCAC to deduce
that (vr lH J~lg) = 0 (in the chiral limit). We extend this
result to w ~ p by appealing again to SU(6). This gives

(~ IH, lyons) = 0+ (~ IH ainus),

(p IH-l~) = (p IH~'.~l~) .

(3a)

(3b)

Then we consider the (tree-level) scalar 8 tadpole graphs
of Fig. 1 which make up Eqs. (3). The vector current

(7r'lH, lgs) = (Amx —Am )/~3,
where meson data [18] requires Am~ = mrs+ —m~. —
—0.003 99 GeV, Am = 0.001 26 GeV . This gs —+ m

AI = 1 transition can be converted to the nonstrange
AI = 1 scale

(~ lH, lyons) = Am~ —Am ——0.00525 GeV

(2a)

where i1~s is the idealized nonstrange (uu+ dd)/~Q eta
meson. In the same manner, SU(3) also scales the w —+ p'
AI = 1 transition (taking ur as pure nonstrange)
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divergence (O~iOV +'
~b ) = ~2fgm& defines the "scalar

decay" constant fg in analogy to the pseudoscalar decay
constant f, and b'(983) is the narrow width scalar meson
now called ao by PDG [18]. With an SU(2) rotation of
the charge-changing LI = 1 b tadpole generated by this
divergence, one finds [6, 25]

CpO]H ~~ ) Al

FIG. 2. Nucleon loop graphs contributing to (p' ~H, ~~).

(O~H, ~b') = fsm~, (4a) on-shell result

for the b,I = 1 scalar b' tadpole. The SU(2) charge
symmetry-breaking parameter J'g has been estimated to
be [6, 26] fg 0.5 to 0.6 MeV. Now we attempt to
sharpen that estimate. In the Appendix we show that
c'/c, the (universal) measure of SU(2) relative to SU(3)
symmetry-breaking is 2%%uo', specifically for meson states,
c'/c = 0.020. Then the scalar CSB parameter fg can be
computed as

fp = (c'/c) f„-(0.020)(21 MeV) 0.42 MeV, (4b)

where the parameter f„ is the scalar kappa measure
of SU(3) symmetry-breaking obtained by Glashow and
Weinberg [27] [taking f+(0) = 1]

(p')H. )(u) = ~, m~6m~

x [1 —( '(1+ ( + r.i ) tan '(( ')j (6a)

—0.0043 GeV (6b)

for ( = ~1 —4m~/m
~

and g~ = g~~~, g~ = g~~~,
and Kv taken from one-boson-exchange Gts to NN data
(but not for other, also plausible, values of the coupling
constants [30]). A quark loop model with confining quark
propagators achieves a similar on-shell result [with the
aid of five more parameters than (6)]

f„=fjc —f = 21MeV, (4) 16~242

for [18] fJc/f 1.22 and f —93 MeV. Finally then one
obtains from the (tree-level) tadpole graph of Fig. 1(a),
letting the pion four-momentum become soft,

m22
O~H

~ )
fbmg gbgwsw

m$ mq
m2

= —0.0044 GeV (4d)

Here we have used the eH'ective chiral-invariant meson-
meson coupling gg„= (m& —m„)/2f, obtained
from the linear (r model [28] g = (m —m )/2f
by the generalization to SU(3) [29]. The former cou-
pling (gs„~~ = 2.1 GeV) is in good numerical agree-
ment with that obtained from recent b —+ ger decay data
(ggz~~~ 1.8+0.2 GeV) [6, 18]. With regard to the w —p
CSB transition, the analog b tadpole graph in Fig. 1(b)
representing (p'~H, ~w) gives

where we have neglected the invariant momentum trans-
fer to the 8 (p2 = m2 —m —0) and assumed SU(6)
symmetry (gg ~ = gg„~~ ) for the unmeasured coupling
gg ~. The equality of (4d) and (5) shows that tree-level
scalar b' tadpole graphs recover the results (3) obtained
first by SU(3) symmetry-breaking physics and empiri-
cal electromagnetic mass splittings. Observe that once
the CSB scale (O~H, ~b') is determined via (4a) and
(4b), the Coleman-Glashow AI = 1 tadpole mechanism
and SU(6) symmetry requires the (on-shell) universality
(~ ]H, ]g~g) = (p ~H, ~(u) = —0.005 GeV as already
anticipated in (2d).

The nucleon loop model for (p ~H ~w) as depicted in
Figs. 2 and advocated by Ref. [10] does give the q = m2

x 1 fo„[ m ——4m„—(4/A)] —[i( -+ d])
(7a)
(7b)= —0.0049 GeV

where A = 2[(1/A ) + (1/p )], and the parameters, in-
cluding m„= 450 MeV and mg ——454 MeV, are chosen
as explained in Ref. [9]. The fact that the fermion loop
CSB scales in (6) and (7) are in approximate agreement
with -0.0043 GeV as given by the PDG in [18] or with—
0.0045 GeV2 as suggested in [3] or -0.0044 GeV2 as found
in (5) via the b tadpole mechanism and SU(6) symmetry
is only a constraint on the input parameters. In con-
trast, the most realistic (as determined from fits to other
measured and inferred quantities) of these multiparame-
ter but otherwise con6ning and self-consistent quark loop
models of the w ~ p' transition finds [8] an on-shell value
of only 25/0 of the universal and empirical value of (2).

In some sense, the nucleon loop computations of
Refs. [10, 13] and (6) resemble the "lengthy and brutal"
(Treiman's words) nucleon loop calculations [31, 32] of
the Goldberger-Treiman (GT) relation f g ~~ = m~g~.
Treiman [32] notes that this over enthusiastic dispersion-
theory exercise would have been for naught were it not
for the low energy theorem of Nambu [33] which later
put the GT relationship on a solid (and simple) footing.
We suggest that the CSB universality as characterized
by Eqs. (2) does provide an analogous (on-mass-shell)
footing based on SU(3) and SU(6) symmetry, but that
the correct dynamics is the tadpole dynamics of Fig. 1
and not the fermion loop dynamics of Fig. 2.

From our treelike SU(6) symmetry principle perspec-
tive, the above on-shell (p ~H, ~w) scale in. (3) or (5) at
mass 760—780 MeV is naturally translated to the ofF-shell
spacelike q NN exchange graph of Fig. 3, with CSB am-
plitude as in Refs. [1, 3, 34]. A partial-fraction identity
of the double-pole structure in Fig. 3 leads to a class III
(see reviews in [34]) exponential CSB potential



2926 S. A. COON AND M. D. SCADRON

U, d

FIG. 3. Nucleon-nucleon CSB vector meson exchange
graph.

FIG. 4. Quark loop graphs contributing to the p ~ p'
transition.

b,V—:V„~„('S,) —V„~ ( S,)

gag (p lH. lu)) ( 2

4vr 2mv (mvr
fn2 mv r—

) mN

(8a)

where mv = (m~ + m )/2. The O(q ) corrections to
the leading exponential in (8a) arise from the neces-
sary momentum-dependent Pauli couplings of the vec-
tor mesons to nucleons and are not due to any puta-
tive q dependence of the CSB (p lH, lee) transition.
These relativistic corrections are small, because P
~[&s&v+ ~(~s+&v)] = Icv/4 = 0.6 —1.2. Then the class
III CSB potential in (8a) is compatible with N% scatter-
ing and bound state (the Nolen-Schiffer anomaly) data
in mirror nuclear systems [1,3, 34—36], with Coulomb dis-
placement energies of isobaric analog states [37], and with
isospin-mixing matrix elements relevant to the isospin-
forbidden beta decays [38]. The mixing of vector mesons
also causes a class IV CSB force which is antisymmetric
in isospin under the interchange of nucleons. The corre-
sponding class IV CSB potential [39] is linear in P and
has the lead terms

a factor of 4 from q = m to q = 0. Indeed, an ex-
plicit variation of gz(q ) of about the same magnitude
is displayed in [11]. These predictions of an off-shell qz

variation in g~ can be confronted with data [21] because
this coupling constant is measured on the rho-mass-shell

(q = m ) in the e+e ~ p ~ e+e reaction and on the
photon-mass-shell (q = 0) from the high energy (3 to
10 GeV) reaction p + p -+ p' + p. A careful review and
compilation of experiments at the CEA, DESY, SLAC,
and Cornell facilities show no q variation whatsoever;
g~(q = m ) = 2.11+0.06 and g~(q = 0) = 2.18 + 0.22
[41]. The fermion loop models for the p —p* transition
fail this test, thus casting doubt on their validity in the
p —u mixing case.

Furthermore, the empirical constancy of g~ with q also
would seem to provide a counterexample to the claims
that (i) current conservation imposes a node condition
on a scalar polarization function II(q ) and that (ii) this
node condition imposes a q dependence which has im-
plications for physical quantities [42]. That is, one can
define a II(q ) for the p —p* transition by

(01&; lp:(q')) =«.II~-(q')

( ) (
~ ~

) I Pgpg~ (p IHernl~)
4' 4m 2 =.g, (q'g„„q„q„)n(— (10)

Am) e ~v~

(x
2mv) 7

1+ —Ame
2

(8b)

(01&." lp (q')) = «""(q)/g. (q') . (9)

Miller evaluates the q dependence of g~ using the
fermion loop model of [9] and finds a decrease of g~ by

where Am = m —m~ so that Am/2mv = 0.008 and
the exponential term in (8b) is ( 3%%up of the lead Yukawa.
This CSB potential (8b) is also compatible with precise
measurements of the elastic scattering of polarized neu-
trons off of polarized protons [40]. In the above CSB
potentials in Eqs. (8), the scale of (p lH, lw) is prede-
termined by the mass-shell or tree-level SU(3) symmetry
relations in (2)—(5). An additional ofF-shell q~ depen-
dence of the fermion loops of Fig. 2 is expected to spoil
the agreement with experimental nuclear asymmetry (as
also emphasized in [7—10]).

Can one confirm or deny empirically, at the level of par-
ticle mixing, an additional oK-shell q dependence from
the fermion loops of Fig. 2? Miller [21] has recently
pointed out that these fermion loop models (see Fig. 4)
have an implicit pred. iction for the q variation of the
p —p' coupling constant g~, defined by the vector cur-
rent matrix element

g2(q2) q2

From (ll) it is apparent that II(q ) (defined in this way)
does have a node at q = 0, but the concomitant physical
observable II(qz)/q~ has little, if any, q~ dependence as
follows from the data on g~(q~).

Then there is the issue of possible q dependence in
(a'lH, lg~~) via the em fermion loops of Refs. [12, 13].
While we also cannot disprove this scheme oK mass shell,
we likewise d.istrust the model even though it explicitly
recovers the SU (3) symmetry-breaking for (m'

l
H,

l g~g)
in (2a) or the equivalent scale of —0.005 GeV~ on mass
shell [as found &om the tadpole graph of Fig. 1(a) and
Eqs. (4)]. In Ref. [13] this scale is part of the input to
the model. That is, one of the divergences in the proton
loop of the vr —g analogue of Fig. 2 cannot be cancelled

which follows the convention of [42]. This explicitly dis-
plays the transverse structure of the polarization opera-
tor II~„(q ); the fermion loop of Fig. 4 is indeed trans-
verse in any covariant regularization scheme such as di-
mensional regularization [43] or dispersion theory [44].
Multiplying Eq. (10) by the rho meson polarization vec-
tor e and using the subsidiary condition e q = 0, Eq.
(10) reduces to Eq. (9) with the identification

ll(q')
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by subtracting the neutron loop (which was used in [10]),
but is removed by subtracting a counterterm chosen so
that the scale of (2a), (4d), and Ref. [1] is reproduced.
The quark loops with free, constituent quark propaga-
tors of the model of Ref. [12] are similarly normalized by
setting the cutoff of a monopole form factor for the quark-
quark-meson vertex to recover the scale of (2a) and (4d).
The model employed in [12] is the Georgi-Manohar (GM)
chiral quark model which describes an effective theory of
massive constituent quarks and a pseudoscalar octet. It
is the coupling of the octet with the quarks which gives
rise to the q dependent quark loops and to our greatest
concern with this model. From the perspective of our
analysis of CSB universality based on SU(3) and SU(6)
symmetry, an unfortunate aspect of this GM model is
described in Georgi's following remark. "In our (Georgi-
Manohar) picture, however, the spin-0 bound state of
quark and antiquark is not the pion. The pion is an el-
ementary Goldstone boson. Presumably, what happens
is that 8-channel pion exchange in the quark-antiquark
interaction produces a repulsive force that pushes up the
qq state. Thus, the connection between p and m is lost.
I believe that this picture of the meson is consistent but
probably not very useful [45]." Based on the above re-
marks by one of the GM authors, we suggest the CSB
results of Ref. [12] could be suspect.

The (on-mass-shell) reduced matrix element
(7r'IH, Iqivs) in (2a) and Eqs. (4) in fact also sets
the scale for the measured g —+ 3' decay amplitudes,
long thought to be a puzzle. To support this statement,
we follow the "PCAC consistency" (soft-pion theorem)
approach already applied to Kz and K3 decays and
only recently extended to g3 decays [46]. In this PCAC
consistency scheme, the soft-pion PCAC limit must be
consistently applied to all three Anal-state pions, leading
to the overall on-shell g3 Feynman amplitude,

M7y = (Mcci + Mcc2 + Mcc'3) + 0(m /m /) (12)
2

where Mt-~q is the usual equal time charge commutator
assuming soft momentum p, —+ 0, etc. The factor of 1/2
in (12) is due to the mismatch between (symmetrized)
PCAC consistency and Feynman amplitudes which treat
each final-state pion as independent (and instead account
for Bose symmetry factors in the resulting decay rate).
The analogue "mismatch" factor in K3 decays [46] cor-
responds exactly to the results of the chiral Lagrangian
approach of Cronin [47].

Applying standard PCAC and current algebra to the
PCAC consistency amplitude (12) then predicts for i13 o

and f = 93 MeV, the on-shell decay amplitude [46, 48]

l(3~ IH. In)I = (3/2j".)1(~ IH. I&)I+O(m.'/m„')

(13a)

To relate (m'IH Ig) in (13a) to our fundamental CSB
scale (2a), we employ the g —g' mixing angle relative to
the NS-S flavor basis [2],

(mz, —m~~ + m~ )(m„—mz )y= tan '
(2m' —m' —m')(m~, —m')

—42

(vr'IH, Ig) = cosP(~ IH, Ig~s)
= cos42 (Em~ —Am ) = —0.0039 GeV

(13c)

in turn predicts the PCAC consistency g3 ~ amplitude in
(13a),

3~'IH. Iq)l = (3/2y.')l(~ IH. Iq)l = 0.68 .

On the other hand, the observed g3 ~ decay rate assum-
ing a constant matrix element integrated over the Dalitz
plot is now [18]

I'.„(i1 ~ ) = (816eV)
I M~, .I' = (380 + 59) eV, (13e)

corresponding to the amplitude magnitude

IM„.I.„,= o.68+o.o5. (13f)

The agreement between (13d) and (13f) once again points
to the importance of the charge symmetry-breaking scale
I(7r'IHe~Ignrs)I = 0.0053 GeV~ as obtained from the
SU(3) symmetry-breaking formula (2a).

Alternative to the above discussion, chiral perturba-
tion theory (ChPT) has been applied to both the process
g —+ 37r [50] and to the question of a possible q depen-
dence in the g ~ vr' meson mixing transition [14]. Both
calculations were truncated at the one-meson-loop level
in an expansion based on an effective chiral Lagrangian
expressed with hadronic (rather than quark) degrees of
freedom. The former g3 ~ calculation does not match the
experimental amplitude (13f) as the PCAC consistency
amplitude (13d) does. Instead the ChPT rate of 230
eV falls 40% below the observed rate (13e). In spite of
its phenomenological diKculty, the ChPT calculation of
Ref. [50] has been used to argue that earlier extractions
of (vr'IH, Ii1) via pole models of q -+ 3vr' and q' -+ 37r

are incorrect [14]. We note that the analysis just pre-
sented in Eqs. (12) and (13) is not based on a simple
pole model and is presumably not subject to that partic-
ular criticism, but it also successfully links the mass-shell
symmetry-breaking formula (2a) with the measured rate
of g —+ 3' and that is the central issue.

This brings us to the alternative CSB scheme based
upon a one-loop calculation of ChPT which indicated
a modest q~ dependence in the transition q ~ m [14].
One-loop calculations of standard ChPT tend not to de-
scribe data very well in a variety of processes including
pp —+ n7r [51], elastic pion scattering [52], and the afor-
mentioned g —+ 3' . A variety of suggestions have been
put forth for this failure, ranging from truncation at the

(13b)

This mixing angle P is related to the usual singlet-octet
q' —g mixing angle 8 as 0 = P —tan ~2 42' —55'
—13, which is known [49] to be compatible with world
data. Then the reduced matrix element
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one loop level, through a lack of unitarity at this level
of the expansion [53], to an incorrect choice of the small
parameter in this perturbation expansion [54, 55]. In the
current situation, we would prefer that guidance for the
oIII'-shell behavior of the g ~ vr transition came from
fitting data on-mass-shell, as in Eqs. (2), (4), and (5),
rather than an approach (standard ChPT truncated at
one loop) which has so much trouble explaining those
processes most relevant to our topic.

Finally we discuss, by expanding on the remarks of
Iqbal and Niskanen [56], the crucial dependence of the
QCD(ITEP) sum rule results [15] for the cu —+ p' tran-
sition on the parameter (mg —m„)/(2m) where m
(mg + m„)/2 is the average nonstrange current quark
mass. High energy data allow this parameter to have val-
ues in a much wider range than the choice of 0.28+ 0.03
made in Ref. [15]. What is pinned down by the data is
the Coleman-Glashow c'/c ratio of SU(2) breaking rela-
tive to SU(3) breaking which is shown in the Appendix
to be 2'%%uo. Using instead the quark mass matrix of Eq.
(1), simple SU(3) symmetry requires

2) m, —rn

Before one can turri this accurately known ratio into the
parameter of the QCD sum rule calculation, one must
have an estimate of the mass ratio rn, /rn where m, is
the strange current quark mass, together with a value for
the d —u current mass difference. The present data allow
independent estimates of the former ratio which range
from m, /rn = 25 [50] (the choice of standard ChPT) to
m, /m ( 10 [57] to rn, /m = 5 [58]. It is not our intent
here to advocate any particular value of m, /m (our re-
sults are independent of this ratio), but to reiterate the
suggestion made by Iqbal and Niskanen that the QCD
sum rule finding of a q dependence in the u ~ p tran-
sition depends upon a parameter which could be as much
as a factor of five smaller than the value assumed in Ref.
[15]

In summary, from the (mass-shell) symmetry-breaking
formulas (2,3) and tree-level tadpole amplitudes of (4),
the AI = 1 CSB nonstrange transitions (rr'~H, ~rj~g)
and. (p'~H, ~~su) are universally determined to be —0.005
GeV at the energy scale 760—780 MeV. The Coleman-
Glashow AI =- 1 tadpole scheme summarized in the Ap-
pendix supports this picture. It is a dynamical conse-
quence of the tadpole scheme that the transitions g ~ vr

and va ~ p are q independent. Then the natural CSB
force generated between two nucleons is induced by the
vector meson exchange graph of Fig. 3. The latter (space-
like q ) amplitude can be Fourier-transformed to form a
CSB potential in coordinate space. The consequent Class
III and IV CSB potentials due to vector meson mixing
are in fact compatible with recent deductions [35—38] and
measurements [40] of nuclear charge symmetry breaking.

We suggest fermion loop models [7—13] and other alter-
native charge symmetry-breaking schemes [14, 15] pur-
porting to find the "true" oK-shell q dependence of
(rr'~H„„~rI) and (p'~H, ~w) transitions are quite model
dependent and cannot be tested except on the mass shell

q = m2&. But most models by construction make sure
that they recover the SU(3) symmetry scales of Eqs. (2)
and (3) and the tree-level tadpole CSB scales of (4) so
this is not much of a new test. The most elaborate and in-

ternally consistent example of these fermion loop models,
however, finds that the quark-loop mixing-amplitude ac-
counts for less than 25'%%uo of the mass-shell mixing strength
[8]. On the other hand, the quark loop models can be
tested o8' the mass shell for the transition p ~ p*, and
those which have been so scrutinized [9, ll] fail this test
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APPENDIX

HJJ = ie d xD" (—x—)T*[J„' (x), J' (0)].
1. 2 (A2)

In modern language the Hs and H3 Hamiltonian terms
combine to form the quark mass matrix

cHS + c'H3 ——m„uu + mddd + m, ss,
corresponding to the SU(2)-breaking part qA q or

H~ z ——c'Hs ——(m„—mq) (uu —dd)/2 .

(A3)

(A4)

But since the current-quark mass di8'erence m„—mg in

(A4) is difficult to determine accurately, we follow the
Coleman-Glashow (CG) SU(2) symmetry prescription [4,
5] that the entire em interaction is of the form

3H. = H,.„+H„,
where Ht & is the As SU(3) extension of the semistrong
Hamiltonian transforming like As. While this CG pos-
tulate is obvious from the structure of (A3), it was not
manifest in the prequark days of 1964.

Nevertheless the CG postulate (A5) leads to impor-
tant model-independent results, especially when com-
bined with the later observations of Dashen [24] that
neutral meson matrix elements vanish [59]

(Hgg) ~ = (Hgj)lc. =- (Hgj) Jc. = (Hgg) .„=0 (A6)

along with the nonvanishing charged meson matrix ele-

We begin with the usual Gell-Mann decomposition of
the "world" Hamiltonian density H through order c

H = FI + cH8 + c'03 + HJJ . (Al)
Here the first term is the strong (QCD) chiral Hamilto-
nian H„ the semistrong [SU(3) breaking] Hamiltonian
Hs transforms as A8 while conserving isospin and hy-
percharge, and the tadpole Hamiltonian Ht d

——c
transforms as A3. The latter changes isospin by one unit
AI = 1 in electromagnetic (em) interactions as does the
last em current-current Hamiltonian term in (Al) found
from the time-ordered LSZ operator
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(HJ J)sr+ (HJ J)K+ (A7)

(H, )~K = (H, d)~It-+ (Hgj)~It- = Am~ . (A9)

Subtracting (A8) from (A9) therefore requires the kaon
tadpole scale [60]

(Ht d) r,~ =- Am~ —Am = —0.005 25 GeV (A10)

This in turn leads to a 2'Fo Coleman-Glashow ratio of
electromagnetic (em) to semistrong (ss) interaction pseu-
doscalar (P) mass splittings:

c' ~3 (Hts „)~~3c(2)m —m
(A11)

Then the diagonal em mass splitting measured as [18]
Am~~ = m ~ —m~. = —0.003 99 GeV2, Am2
0.00126 GeV, in turn predict from the CG decompo-
sition (A5) combined with Dashen's observations (A6)
and (A7), [where, e.g. , (H, )rt = (H, ) + —(H, ) ~ ]

(H, )~ = (H, d)~ .+(Hgg)~ = 0+(Hgg)~It. = Am

(A8)

fitted scale (Ht d)~~ = —2.5 MeV for AN = p —n along
with (Ht d)~ = —210 MeV as the shift from the average
octet mass 1149 MeV. Then the Coleman-Glashow ratio
for octet baryons (B) is (see, e.g. , Refs. [2, 25])

( v 3 t'f —
—,'d& (H,'.,)

) a ( 2 ) k ~+" ) .. (H.d)~

(A15)

Likewise for decuplet (D) em mass splittings, the SU(3)
tadpole parts can be inferred from Table II, with
Coleman-Glashow ratio (see, e.g. , Refs. [2, 25])

(
— = 0.0179 .

(Hs d)~.. ~. —2.5 MeV

c) ~ (Hs d)~ ~ —140 MeV

(A16)

The approximate equality between the 2% Coleman-
Glashow ratios in (All), (A14), (A15), and (A16) speaks
well for the consistency of the Coleman-Glashow scheme
assisted by the Dashen observations (A6) and (A7).

The consistency of the Coleman-Glashow scheme can
be reexpressed in terms of the magnitude of the tadpoles
found in the fit to the eight octet baryon and decuplet
em mass splittings of Tables I and II:

Invoking the SU(6) relation m~~ —m2 = m~~. —m2 to
both charge and neutral masses, it is clear their diH'er-

ence,

Am~ —Am = Am~. —Dm = —0.00525 GeV

(A12)

3 3(Ht.d)~-- = -(Ht.d)~ -Z-
3

=1 3

2
= -(Ht.d)== -=--

—1 3= 3(Ht.d)Z. -~-

= —2.5 MeV . (A17)

can be used to Gx the imprecisely measured Am . But
the SU(6) squared mass difference in (A12) also scales
(Ht d)~It-. in a manner similar to (A10):

(Htad)&" —& (Htad)&++ —&' (Htad)&
2 2

= (H, d)--. —.— = —2.5 MeV . (A18)

(Ht'.d)~~. = am2~. —Sm,'
= Am~ —Am = —0.005 25 GeV (A13)

which in turn determines the CG ratio for vector meson
(V) em mass splittings,

t'a» (H,'.,) ~.
c)v 2 j m~. —m

(A14)

For the four octet baryon (B) em mass splittings in
Table I, an SU(3) pattern for the tadpole parts emerges,
with ratios (d/f ), = (d/f)„= —1/3. Also one finds the

Clearly the latter two parameters are the same in (A17)
and (A18) because they represent the single AI = 1 CSB
scale of -2.5 MeV. This baryon CSB scale, with spinors
covariantly normalized to uu = 2Mb~, ~ „,can be related
to the meson pseudoscalar and vector scale of (A10) and
(A13). To do this, fold in the factor of 2Mb, ~ „=2.3
GeV so that the baryon CSB scale is also of mass dimen-
sion GeV but now with (Ht d)n~„dD = —0.0057 GeV .
Since the latter is roughly compatible with the CSB me-
son splittings in (A10) and (A13), it is clear that there
is only one universal AI = 1 CSB scale for al/ P, V, B,
and D em mass splittings.

TABLE I. SU(2) mass splitting for octet baryons (in
MeV).

TABLE II. SU(2) mass splitting for decuplet baryons (in
MeV).

Baryons

m„—m
7Ay0

fAQ+
fD 0

HJJ
(Ref. 61])

o.ll

-1.0
-0.3
-1.1

-2.5
-3.8
-7.5
-5.0

Total

-4.8
-7.8
-6.1

Experiment
(Ref. [18])

-1.29
-4.88+0.06
-7.97+0.07
-6.4+0.6

Baryons

~++
g+0
g4+

HJJ
(Ref. [61])

3,3
-0.8

3

-5.0
-2.5
-5.0
-2.5

Total

-1.7
-3.3
-5.0
-3.3

Experiment
(Ref. [18])

2
-3.5+1.6
-4.4+1.0
-3.2+0.7
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To extend the above diagonal CG results to the
off-diagonal »v I = 1 transitions (p']H, ]w) and
(m'[H, ]qiv~), the matrix elements of the CG form (A5)
yield

(~'IH-In~~) = (~ IH~'. ale~~) + o

(p IH-l~) = (» IHt'. ~l~)+0.

(A19)

(A20)

(~ IHt'. elves) = &m~ —&m.', (A21)

(» lH,'.el~) = &m~ ~
—&m,'. (A22)

Here the zeros on the right-hand side of (A19) and (A20)
correspond to the Dashen observation (vr [Hgj[ri) = 0
and its obvious extension to (p']H JJ~(l)) —0 ~ But it has
long been understood [60] on the basis of SU(3) syrnme-
try that (A19) and (A20) obey

Finally then, the SU(6) symmetry squared meson mass
difference (A12) converts (A21) and (A22) to the univer-
sality relation

(7r'[H, ~ring) = (p']H, ]co) ——0.00525 GeV . (A23)

Such a conclusion as (A23) directly follows from calcula-
tion of the tadpole graphs in Fig. 1 as found in the body
of the text.

We have shown that the single universal SU(6) AI = 1
charge symmetry-breaking scale for the electromagnetic
mass splitting of the pseudoscalar and vector mesons and
the octet and the decuplet baryons can be expressed as
the Coleman-Glashow ratio (c'/c) of about 2%%uo. Alter-
natively universality can be seen from the approximate
equality of the four diagonal mass splitting scales (Ht &)
in (A10), (A13), (A17), and (A18) (the latter two ex-
pressed in dimensions of mass squared [62]) and the two
off-diagonal scales of (A23).
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