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ABSTRACT I. Introduction

We compute the .%qu and K+K0 mass splittings in the standard The notion of symmetry has always possessed a great power of
SU(3)c x SU(2)L x U(1l) theory of strong, electromagnetic and weak simplification in physics. Unfortunately, Nature p?ovides us only
interactions of quarks. The only additional tool is PCAC, dealing very seldom with exact symmetries, and, as soon as one of the most
with the covariant (with respect to the group sukz)L x U(1)) accurate was discovered, strong isospin SU(2), it was evident, from
divergences of the corresponding hadronic currents. The questions the observation of the proton-neutron and ﬂ+ - ﬂo mass splittings,
of cancellation of infinities and the gauge dependence are worked out that it was broken and that a quantitdtive understanding of its
in detail. All computations are reduced to those of self energy type violation was not an easy problem,
diagrams in which the strong interactions can be easily resumed. This In the continuous search of more and more exact symmetries, the
leads to the recovery of the results of Daset al., and Dicus and physicists have been led to use them at more and more fundamental
Mathur, and their justification in a modern approach. The achievements levels. Mesons and baryons are no longer thought as elementary
and limitations of the method are discussed. " objects, and nature was hoped to be conceptually simpler at the

quark level. However, the isospin symmetry is now well known, from

the up-down quark mass difference, to be also broken at this level,

and the physicists are now challenged in two directions: is there
exact symmetry at a deeper level of still more elementary constituents
and, staying at this one, how to go up the hierarchy of particles and
explain hadron physics from quark physics?

Leaving completely aside the first speculative idea of an ulti-
mate simplification, we shall in this study address ourselves to the
question of computing, in our present state of knowledge of quark
interactions, an effect of isospin breaking at the hadron level. We
choose the simplestvobjects, the pions (and the kaons), thus showing
our ignorance tb deal with the (still too) complicated baryons and the

proton-neutron mass splitting.
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As will become.clear throughout this study, this is a new type
of approach by thg fact that the starting point is the now standard
model of strong, electromagnetic and weak interaction of quarks,
showing that one can deduce isospin breaking effects from this unifying
gauge theory. Tﬂe result itself cannot pretend to be new since we re-
cover the:old and good result of Dag et al., [1] based on simple elec-
tromagnetic interactions of pions treated as fundamental objects.

As the 1r+—170_ mass splitting has now a rather long history, we
shall first in this introduction review the main steps, contributions
and pr§b1ems which @arked out many efforts toward its comprehension
during the last 25 years. We shall after that briefly‘describe the
main characteristics of the method used here, its achievementsi(finite—
ness, recovering of a good numerical fesult, detailed study of the
gauge dependencé), and also its limitatidns: a complete gauge in-
variant cpmpﬁtation for physical (massive) pions is out of reach
of our present computational ability}i this will in particular con- -
strain us to evaiuate the electroweak contribution to the mass

splittings only at the chiral limit.

At the time whefe one had no theory of hadrons as composite par-
ticles, it was natural to consider the electromagnetic interactions
as the only responsible for the n+ﬂ0 (and p-n) mass difference. This
lead to the pioneering work of refs. [2]. The dispersion technique
[3] appeared here as the first of a long series of technical tools
which were to be applied to this specific problem. The evaluation of
the electromagnetic self-mass of pions was linked to the . electrgr

magnetic form factor; saturation by the lowest 2y resonance at

M = 750 MeV' (the p), gave the very good value m , -~ m . = 4.95 MeV.

ot 1T0

However, it was immediately recoénized that the K+K0 mass splitting,
with its opposite sign compared to the ﬂ+ﬂ0 was a challenge to the
present status of the theory.

The next step was taken by Coleman and Glashow [4a], and Socolow
[4b], in the 60's, contemporary with the great development of the
SU(3) symmetry {5]. The computation of the 5 mass splitting is
refined by taking into account higher intermediate states, and ﬁhe
K mass splittinglproblem is tried to be solved by incorporating the
so-called "tadpole" diagfams, where a scalar meson dctet (') induces
virtual iéospin breaking transitions to the vacuum. While this addi-
tion does not modify the result for the pion mass splitting, it makes
the great improvement of reversing the sign of the kaon one, though
giving 6nly half of its experimental value. Let us mention at this.
stage that the present translation of the "tadpole'" term in the
language of QCD is a product of d quark mass difference times some
non perturbative vacuum expectation values of bilinear quark oper-
ators [6a]. They indeed solve the problem of the kaon mass splitting
[6b] without affecting the pion one. They will be displayed ex-
plicitely in this study;

‘ After dispersion relations and symmetry cbnsiderations, the most
powerful tool to be'applied to the problem was Current Algebra and
PCAC [7], with the success of ref. [1], relying heavily on the newly
discévered hadronic sum rules of Weinberg [8]. The underlying theory
is still gcalar'electrodynamics forvpions and the quantity computed
the electromagnetic self-energy of the 7's. Relying on the electro-

magnetic gauge invariance of the pole of the pion propagator, the
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choosen gauge is the Yennie gauge [9], which simplifieé the computa-
tions by suppressing the mwmyy vertex. The 3 (linked) features of
this approach are: (putting aside the fact that the pion was then
formally treated as a fundamenéal field)
_ .*”it‘is performed at the chiral limit m, = 0, and relies
on soft pion techniques;

* it relies on both Weinberg sum rules, which are vital to
ensure the convergence of the integrals involved. From the present
QCD point of view, both are valid at the chiral limif; however, at
that ‘time, the use of the 2nd Weinberg sum rule was a problem because
it was known to be model dependenf.- Consequently, there was a need
to obtain convergence without it.

The next five years saw the outstanding development of gauge
theﬁries and the construction of médelé unifying the electromagnetic
dnd weak interactions [10]. In this framework, Weinberg [1la]
and 't Hooft [11b] draw the attention to.the fact that,the.weak inter-
actions are fundamental in determining mass splittings,especially'
in. the cancellation of divergences; but most of the paper deals
with' the fundamental fermionic fiel&s of the theory, and it is
only in this case that the mechanism of cancellagion éf divergences
is explicitly displayed; the question of composite particlgé is
hardly mentioned. However, aé the notion of quarks as fundamental
fields was still .a hypothesis, it was .natural to transpose those
ideas directly to the pions: five years after ref. [1], Dicus
and Mathur. [12a] and Yang [12b] showed that finiteness could be
achieved in the so-called now Glashow-Weinberg-Salam model [10],

introducing not only the photon but also the massive W and 2

bosons, without using the 2nd Weinberg sum.rule. The mass of
the Z was shown toitact as an ultraviolet cut-off. The ques-
tions which arise nowadays about this approach are the following:

* it is still performed for soft pions;

* the choice of the unitary gauge for the W and 2 propa-
gators seems hard to justify as soon as . one is not sure to com-
pute a géuge—invariant quantity in a gauge invariant electroWEAK_
theory of pionéé(l)

* one can check easily that ghe final formula doesn't give
any sensible result unless one plugs in the values of masses and
coupling constants extracted from both Weinberg sum rules, that
is the same as obtained at the chiral limit, in which case one
récovers the result of Das et al. up to negligible corrections.
Trying to avoid the 2nd Weinberg sum rule and working with mass-
less pions is contradictory in today's point of view;

* the mechanism proposed therein to cancel divergenceé is
not enough in QCD (which could not be. seen at that time): diver-
gences arise from the high energy 6f the current-current propaga-
tors involved, while bﬁly their low energy behaviour was there
plugged in (using vector meson or pole dominance).

From a modern point of view, the works that have been‘done up
t6 that time suffer consequently from several drawbacks: the
pions are treated as fundamental and massless, the question of
the gauge is very unclear and the finiteness not established (see
for example ref. [13] for a review ﬁn the subject at that time).

The years 70-75 have seen a big interest in light-cone

physics, [14] and it was applied to electromagnetic and weak
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mass shifts [15]; as an alterﬁative to soft pion techniques. The’
Glashow-Weinberg-Salam model is by now a usual ingredient, together
with the explicit quark realization of Current Algeﬁra [7]. In
those still prior-QCD works, one conclusion seems generally ad-
mitted: the divergences, originating from the deep-inelastic
electron-hadron scattering region, may be removed by a suitable
quark mass renormalization. The question of the gauge is seldom
mentioned [15a].

The two last works [16] resolutely tacklé the problem from the
point of view of Quantum Chromodynamics. In both of them, the weak
interactions are ignored and the computations performed in the
Yennie gauge. However, as soon as the quarks are the fundamental
fields and no. longer the mesons, ihe mass‘splittings can in éeneral
receive contributions from diagrams which are not of the form of
a meson self-energy and contribute to gauge dependence at order mz.
Consequently, we think that those computations are only justified

at the chiral limit, in which case the 2nd Weiberg sum rule is

perfectly valid [17]. While it is true (see the remark in Section 4)

that in a pure QED approach and in the Yennie gauge the infinities
do disappear, we shall show that it is only an artefact and that one

can consider the cancellation of infinities as a consequence of

the renormalizability of the SU(3)'c x SU(Z)L x U(1) theory of strong,

electromagnetic and weak interactions. In the first of those two
approaches [16a] where pion and kaon mass splittings are dealt with
simultaneously, Dashen's theorem [18] has to be put by hand, and
the numerical final values are emphasized to depend essentially on-

the asymptotic behaviour of QCD, which we show to be irrelevant

10

because of going away in the procedure of renormalization. 1In the

second approach, the authors advocate for some dubious cancella-
tions of infinities, and make use of a nice variation of the
Shankar method [19], but whose stability and reliability can be
hardly checked. And, again, we do not agree with the claim that
the pion and kaon mass differences are determined by the asymptotic
behaviour‘of QCD.

It seems so clear that, up to now, there is no satisfactory
finite computation of those mass splittings in the standard model

of quarks, and that the question of the gauge has not been inves-

" tigated.

In the new approach that we propose here, we shall partially
fill this gap, and that between meson and quark physics. One of
the main reasons why the mesons are more tractable than baryons
(p,n) is that we have in this case at our disposal the powerful
tool of PCAC [7], stating that the covariant, with respect to
SU(Z)L.x U(1), divergences of hadronic quark currents are the
interpolating fields of the corresponding mesons. However, as
already emphasized, we shall not be able to achieve this goal
completely and to obtain a complete gauge invariant computation
valid for physical (massive) mesons. Briefly, the reason for that
is the following; .

The mesons propagators that we study (linked by PCAC to the
propagators of the.divergences of the hadronic currents) have no
reason to‘be by themselves gauge independent, but only their

Lol 2 : g 24 24
poles (mn’mK)’ and the residues of those poles (f“m“,.prK).
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”Identifying these poles or residues implies computations performed in

2

QCD at Q = mn(mé), untractable because they .involve diagrams which

‘cannot be reduced to that of simple hadron_self—energy and where
strong interactions cannot be resumed (see Fig. 1). vThe com~
promise'that we shall take is to compute those propagators at
i 5;0, that is with mesons'off‘mass shell. So doing, it turns
out that, and this iS’the:bigladyantage‘of this method, all elec-
‘troweak contributions to the mass splittingskcan be expressed as

self-energy type diagrams (seeiFig. 2), involving 2 quarks and a

R "
A

“igauge’ (or Higgs) boson with’ external energy momentum 0, 1dentical
“to!'vacium fluctuations, and where all strong 1nteract10ns can be
»'very’easily restmed at all orders. As a consequence, they‘can he
héndled by introducing the appropriate hadronic resonnances. We
fobtain_trivially in additidn the '"tadpole" terms. The price to

pay for this'simplification is that, not computing with pions
z(kaons).‘on mass shelL'onexexpects;a'gauge dependence of the
electroneak terms of order mi(mﬁ). The explicit computations show
that this is indeed'what happens,land we recover in the pion case

the old result of Das et al. [1] and Dicus and Mathur [12a] up to

: 2
gauge dependent terms of order mi; corrections of order (mu + md)

and the "tadpole" terms. As we are computing a physical quantity,
this is the signal that our calculation is only valid for massless

pions, which also makes the (mu + md)2 ~correction_s irrelevant

except for giving an order of magnitude of the uncertainty of our

result. The tadpole term, _gauge independent, is shown to play no

role in the plon case and at the opp031te to be cruc1al for the
‘ i

kaon case. It dlsplays explictly the role of the up and down quark

12

mass difference in the hadronic mass shifts. The electroweak con-

tribution in the kaon case is also to be computed at the chiral

limit, whichapots itiequalfto the pion one, as stated by Dashen's

theorem [18]. - =~

We:obtain m <=m 0= 4.95 MeV, which, taking into account
. ) m ™ né
the expected ~infertitude of order ﬁl—, is in good agreement
: 9. i
p .

w1th the experimental result of 4 6 MeV.
» The paper is organized as follows:

* in the second section we present a general overview of the
method together with con51derations about the problem of gauge
invariance, -

* the third section is de:oted to technical computations:
detailed conputation of the‘divergences of hadronic currents in
the standard model, of the 2—point function w(O) ‘relatlve to
those divergences, detailed discu581on of the Higgs sector and
its non cancellation of the gauge dependence of the electroweak
sector.v The results will be seen to be still plagued with in—

-

finities, proportlonal to (md + mu) s originating from thew.
asymptotiz behaviour of current—current correlation functions
in QCD;

* the fourth.section studies the cancellation of infinities
and recovers the result of Das et al. [1] and'Dicus and Mathur

[12a]

* the fifth section deals briefly with the kaon case, where

the same treatment has been applied

* finally, we .conclude with a general discussion,and possible

extensions of the work.
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II. General Overview of the Method ' written:

_ » DA =3 A" -G -H=M, (2.3)

The purpose of this section is to present in a non technical H L3
way the main features of the method and to provide a qualitative . which is the same expression as that of the ordinary derivative in
uﬁderstanding 6f it; o ‘ ) a theory of only strongly interactive massive quarks. Equation

We shall deal explicitly with the pion case; the kaon case ) (2.3) ensures the gonservation of the axial current at the chiral
can be treated exactly in the éame way. . . ‘ limit. (Thé only discussion can be about the Higgs contribution:

Starting from the SU‘3)c X SU(2)L x U(l) Lagrangian of-the it turns out (as will be shown in Section 4) that the removing of
strong, electromagnetic and weak interactions of quarks, we divergenééé dictates the presence of M only in DuAu.)
identify by the PCAC hypothesié.the propagators“of.lhe charged - Defining the @(qz)'s as the propagators of the covariant
and neutral ﬁions with those of th; éoﬁafiént (with respect to : divergenceé of the hadronic currents:

the gauge group SU(Z)L x U(1)) divergéﬁces of the appropriate

hadronic axial currents: ; ‘ @(i)(qzj = iJ dhxeiq.x(O[TDuAu(i)(x) DQAV(1)+(0)|0 Y, (2.4)

p(1+i2) — U o
A -} = . d X 2 . -
(x) = ux)y>vg d(x) ( and yY(q")'s as those of the ordinary BuAu's, they are related
2.1) : . :

P = 1 @ Py - Ty aw) through Eq.(2.3) by:

. . ~ 2 N 2 4 iq-x . +
While in a pure Quantum Chromodynamics approach, the (ordinary) ¥ = v(q) - in xe {(0|T(G + H)(x) (G + H) (O)IO)

divergences receive contributions from the quark mass terms only,

A . +40|T@ + H) GMT(0)]0) + Co|TMG) G + HT ()@}, (2.5
they may be written in our general approach in the form: 4 o .

The advantage of making the y's appear explicitly is that

3uAu =M+G+H, . (2.2) they'will easily generate the "tadpole" terms through the use of

the Current Algebra Ward Identities [7] that they satisfy. On
where M represents the contribution from the mass terms (gen-

the other hand, as they can also be thought of, by PCAC, as the
erated through Yukawa couplings to a doublet of Higgs fields), : : :

propagators of pions, the ﬁ's may be written as:
G from the gauge bosons of the SU(Z)L x U(1) group, and H - AR L - -

2 4
f the Hi fields. Accordingl the covariant derivative 2" m
rom the Tiess Tie ¢ B> ‘ ~(1+i2), 2, - n+ n+ (1+42) X
u v (q) =5 + 6T + continuum,
of any axial current A with respect to SU(Z)L x U(1l) may be s 4" +m .

m
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f2o“‘-ao
$(3)(q2) = —EE—E——§~'+ G.T(B) + continuum. (2.6)
-q +m0 .

. m

-~

We shall always in the folloﬁing neglect the contributions of
the continuum.

The presence in Eq. (2.6) of SU(2)L x U(l) gauge dependent
terms (GT) is a priori unavoidable in any propagator, and only the
poles and the corresponding residues are expected to be gauge in-
dependent. So, a gauge independent computation of the pion mass
splitting would necessitate an identification of the poles or the
residues of the ¢'s, which unavoidably requires computations, per-
formed at q2 = mi,. of diagrams involving two quarks and onebgauge
or Higgs boson line (at the order g2 of electroweak interactions
we shall be working at). Those‘cannqt in general be reduced to
self-energy type diagrams (Fig. 2), and we do not know how to
tackle those depicted in Fig. 1, whose resummation at all orders
of strong interactions is untractable. We consequently need a
method in which strong and electroweak interactions factorize at
order g2 -of SU(Z)L x U(l), and where we can safely resume the
first, leading to diagrams of the type depicted in Fig. 3.

This tremendous simplificationAcan be achieved by working
at Q = 0, that is slightly off mass shell. However, the price
to be paid for that is a gauge dependence of order m2 in the

m
electroweak contribution to the mass splitting:

~(1+12) ~(3) 2 2 2 2 2
0 -2 (0) = 2(f°,m", - £7.m" ) + GT(0(m")). 2.7)
v v AT "o .

16

As we are evaluating a physical quantity, this means that the elec-

troweak part of our result can only be computed and trusted at

the chiral limit.

The tadpole term is not subject to this restriction; we shall
see that it is proportional to the gauge invariant and renormaliza-
tion-group invariant combination of (md - mu) times some quark
vacuum condensates. Actually, defining the chiral limit as the
limit where the Yukawa couplings go to zero does not‘mean that the
tadpole terms are absent. Once we admit the presence of a quark
condensation, the quarks are expected to acquire non vanishing
masses from this non perturbative mechanism, and, subsequently, a
difference between u and: d quark masses may be understood as
an effect of the electroweak interactions. A deeper discussion
[20] of this point is outside the scope of this work, and for
practical computations, we whall maintain the tadpole term, essen-
tial in the understanding of the kaon mass .splitting.

However, the limitation mentioned above for the electroweak
part makes our computation only trustable up to a relative in-
certitude of order m:/Mz, where M 1is a typical hadronic
scale-involved iy the calculation (the mass of the p or Al
me§0n).

It is also clear from Eq. (2.7), that in order to display

the quantity m2+ - m2 we shall have to make the assumption

2

g “0

of the equality of the hadronic parameters £ + and f 0’
k] T

that we are unable to compute in our present state of knowledge.

The program that we shall fulfill is accordingly the computation

of
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2fi (m2+ - mzo) = ¢(1+iz)(0) - 2¢(3)(b) - inAX eiqx ~ be computed at a given (for example 2nd) order of the coupling
n m

constant by evaluating the contribution of

{€0]T@ + H) (0 (G + H¥(0)|0) + (0|1 + #) Copt(0) |0)

. 1labye, oL, (2.9)
+(0|IM(x)(G+H)+-(0)_[o)};i;12,)‘2(3), (2.8) 2J int P line

to this parameter. In the case we are concerned in, we shall

and the extraction of a finite result from the above formula. directly evaluate the contribution of the T-product Eq. (2.9)

Indeed the resummation of diagrams displayed in Fig. 2 into to the mass splitting, thus short cutting the lengthy step of

those of Fig. 3 is not enough to ensure finiteness before work- working out explicitly all the conterterms needed in the

ing at the chiral limit; while the contributions from low energy SU(3)C . SU(Z)L X U(l) theory, and consider that as strictly

hadronic poles and resonances give back the result of ref. [12a], equivalent to the usual procedure. It turns out that this con-

the high energy contributions of the corresponding current-current tribution to the mass splitting is exactly of the same form as

hadronic propagators extracted from the asymptotic behaviour of the bare result; we shall consequently obtain the physical

Quantum Chromodynamics [17]give rise to divergences proportional (finite) result by simply subtracting from the last one its

2 B
to (mu + md) . We shall show, and this will be the purpose of the infinite part.

fourth section, that one can indeed obtain a finite result We shall next have to operate technically the removal of

before working at the chiral limit, condition that we shall have the infinities; in the absence, in this special case of vacuum

finally to fulfill due to the finite gauge dependence that we fluctuations, of a well defined algebraic procedure, we shall

shall be left with afterwards (in this respect, Section IV has only be able to achieve this up to corrections of order

no influence on the final result). (mu + md)2, which anyhow are irrelevant according to the

As we are working in a renormalizable theory{ all infinities expected uncertainty of our computations, as mentioned above.

which may appear in the computation of a physical quantity from After those many comments, we now turn to detailed computa-

the bare Lagrangian can be eliminated by only a suitable redefini-~ .. . tions displayed in theinext sections.
tion of the parameters of the original Lagrangian. This can be

achieved by introducing suitable counterterms respecting its

symmetries, the contribution of which may be simply subtracted

from the bare (infinite) result to obtain the physical (finite)

result. Now, the counterterms associated to any parameter may
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ITI. Computation of the 2-Point Functions

of the Current Divergences

We shall develop in this section all the formal apparatus lead-

ing to the formula;

D 0y L 25D gy = @, - B )W - 3

4 R
2| d°q Y _n2
+e J (2n)4 [(Duv(q) Duv(q))

(
2 W@ - 1 "W
W .

Dy (1+i2) Y
AA

4 (3) 3
- 2447 Gy(m + m)” J =4 0o* @ - @’ @
- (21)

+ i o¥ @), (3.1)

where the first term fepresents the "tadpole" contribution, the
second the SU(Z)L x U(1l) gauge bosons contribution and the third
that of the Higgs bosons.

The notations in (3.1) are the following:

G is the Fermi constant:

F
1.02 107
Gp = —4———5——— (Mp is the mass of the proton). (3.2)

Mp

< is the cosine of the Cabibbo angle.
y and Z ‘denote respectively the photon and Z gauge boson,
D' and D% their propagators, and the doublet of Higgs fields

is chosen as follows:

20

+
1 ¢ ¢l + i¢2
2 @0 V+H+ 1Q3

¢ = s (3.3)

such that the vacuum expectation value of ¢ is:

0
%= . (3.4)
v/2
¢3 @i
D  and D are the corresponding propagators.
2(3),
D is the propagator of the pseudoscalar bilinear quark operator.
3 1 - 5 = 5
PP @ =1 @erviue - Iwvam) BRER
(0) (8) (15)
and DS the sum %-DS <+-% DS + %-DS of propagators of
the scalar bilinear quark operators S(O), S(S) and S(15)

carrying the flavor SU(4) indices O, 8 and 15, whose complete

: (i) uv ag) uw
expressions may be found in Eqs. (3.19). I and I

w AA

are

the two point functions of the hadronic vector and axial currents
respectively, carrying the flavor SU(4) quantum numbers i or
j» for example:

(1+12)
1 " = in“xe TF 0T gt A0y Vygi(0)]0
AA

(3.6)

In order to simplify the formulas, all quark mass differences
will be dropped in the electroweak contributions. We shall
furthermore restrict ourselves to 2 generations of quarks.

The Higgs sector will be investigated in detail, in connection

with the question of gauge dependence.

! , €
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For the sake of'completeﬁess and self-sufficiency of the
paper, we shall write in detail the notations and conventions
used throughout the'paper, esﬁecially for the Lagrangian. We shall
also write in.full generality the expressions for the divergences
of the hadronic currents as obtained from the complete Lagrangian
[21].

We .shall show how; from Eq. (3.1) the result of Reéf. [12a]
may be fecovered, but no longer justified due to infinities

arising in particular from the asymptotic behaviour of the Vs,

1) The Langrangian

a) The kinetic terms and the guge field sector

We have the following contributions:

1 (a) juv(a)
°f = - = .
T.M 2 G © ; (3.7)
Gﬁi) is the gluon field tensor and a color index (a = 1 ...>8).
of =_lgp puv, (3.8)
Y 4 Tuv ?
Fuv is the electromagnetic field temsor.
oL = juv oM
kin.fermions ;¢Yu3 v (3.9
u
c
LR P
s
_ 22
°Lw , =~ l»w? o vl v e2 W
’ 2 1 4 sin"ey u
22 :
_i, gl o ver =, A (3.10)
4 “Tu,v)

. 2
8 sin ew cos ew
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V is defined in (3.3) and (3.4), . aw, is the Weinberg

angle.

°

1 }\(a)Gu(a)w;

= {7 -3
Line SU@3), vy, (e 3 (3.11)
8 is the strong coupling constant
6*®) i< the gluon field,
the A(a)'s are the 8 Gell-Mann matrices.
1-y
oL - uem. 1 = .M 5
int SU(2)_xU(1) e[ApJ * Tsin egcosoy VW T2 MY
sing.e -
" sin 6_ cos 9 lWuz v
W W
. 1 -y 1 -x
1 = + — - +
e — [wv W2 e+ gy T —2 w] . (3.12)
V2 sin Oy M u
AY is the photon field, J:m the_electrbmagnetig hadronic
current.
1
1 !
N = _ . (3.13a)
-1
-1
2/3
2/3
Q= is the charge matrix.
-1/3 (3.13b)

-1/3
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0 |c
C = , . (3.13¢)
0 0

c s
where C is the standard Cabibbo matrix, C = 1 !
S|
b) The gauge fixing terms
We write them iﬁ the form
1 2 1,2 '
LGF = - Cy _Zaw (cz +2c4€) , (3.14)
Y

£
e
t
o
[¢]
>

]
oY)
-

(o}
]

u 3
- &
auz iJMZ ’

. (3.15)
ot +
Cp =W -~ aMpe

(¢}
|

u- -
_ = Buw - awa¢ .

MZ’ Mw are the massesvof the Z and W bosons respectively.
Ql, @2, @3 defined in (3.3) and (3.4) are the 3 Higgs-Goldstone

bosons.

¢) The Ghost sector

We shall not need any explicit computation involving ghost
fields at the order of the electroweak interactions that we

shall be working at.
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d) The Higgs sector

The quarks will receive masses through Yukawa couplings to
the doublet of Higgs fields. The process of diagonalization of
the mass matrix, giving rise to the mixing matrix, is well known.
We refer, for example, ‘the reader to Ref. [22]. We shall only
write here the final result using the conventions used by most
physicists [23].

One obtains:

L = Sy My - W2 Gp WMYE + 1 W2 Gy YN msta :

Pp~-Higgs

l+Y5 +
5 Vo

W+ VM 7
c 0
(3.16)
where we introduced the diagonalized mass matrix M:
m
u

m

c
= 3.17
™ my . ( )

m
s
2 "
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(13-114) (13-i14), -
- P 16 ]

(3.18)

. . + cl(m -m)S Cl(m +m
For practical computations, it is also very useful to put s c s

this part of the Lagrangian in the following form: where the S's and the P's are scalar and pseudoscalar diquark opera-

tors., We list them explicitly below for the scalar case:

: ’ 12(0) (8) (15)
Lw—Higgs = —[(mu - md)S(s) + (mu + md) [S/_ + S,/§ + S/— ]
2 ' 6 i _ . _
o : s 54 | s -2 Gu - dw
(@ (8 .(15) L
S 28 s (4+15) _ — (8) 1~ = —
+m - + S = S = — +dd -2
s‘ 7 A /E | us 2/_5 (uu ss)
) o : o (6+17) = S s 1 = = = =
) S = ds S- = —=— (uu + dd + ss - 3cc)
s 3 .(15) N 276
+m°\—/§ +\/;s ”(1+ /iGF H) . |
' - ) S(9+110) = uc ’ S(O) (singlet) = L/_ (uu+dd+sstce)
. : 2/2
V. ‘ p(O  p®, 28 p® (11+4i12) _ =
+iW2 6, |(m; - m ) | - + ~ M (m; +m )P s(11+12) _ o4 . | . |
s(13+114) _ -, L _ -~ (3.19a)
S (ORI ¢ L)) IRN BN (0) By | IS o
' ms[Pﬁ ) ZP\/E . /E] " [PTZ ) 7_; P( ) ¢ so that one has in ba}rticular
| ' S(O)_-+ S(i) + 5(15)=% (vu + dd)
+\V2 Gp {[cl(md - mu)s(“iz) + ¢ (my + mu)P(l+12) . ‘/7 "3 6 ~
0 8 15
ts(m - mys@IHLD oL (L1412) s _25® + 549 _ ss (3.19b)
R 17 7 et V2 V3 (R
15 4+15
- 8y(mg - ”‘u)S(H )o=s @+ ‘.“u)B( ) _3(0) _\/3 (%) _ <.
+114 : 2 : '
+ cl(mS - _mc)S(13 114). + Cl(ms + mc) 'f’(13+114')] 4’+_

2) Computation of the divergences of the hadronic axial cur:rents2

(1-i2) (1-12) . L ;
- g - - P .
+ [cl(md mu) Cl(md mu) : Performing an infinitesimal axial flavor SU(n) transfor-
i 11-i12 mation on the quark field Y, the Lagrangian gets modified by
+ Sl(md - mc)S(ll 2 _ Sl(md + mc)P( 1-i12) . : v .
an amount &L which is the divergence of the corresponding

- 4-15

~ Sl(ms - mu)S(4 15 4 Sl(ms + mu)P( 13) current: .
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n

We find the general formula:3

5 Au(i)
o

= i%s[T(i)

1

MY + de @(’YS[T

@ o

1—Y5

+ vy
2 sin e.w cos ?W 5 2

sin2 ¥}

- Gy IT
sin Ow cos 9W ¢ 5

1

e, L

/2 sin ew

1 -

{1

&) v

LY @ ey

- Y
+ Wy —— [T(i)’“+]"’]]

+iWZ G, [IYSIT(i)m]+wH - e W e

l-é-y5
2

-2y

[

-1
(i) olc +
™/, M [0 o ]Lw

i (i) [o o) ] -
™ M Yo
_ c|o +

"

.
(1) foc +
T [ﬂo—] m},“’

T

(1)

b4

n
(i) 0lo )
-T WM [c O]L w} .

N v

(3.20)

(3.21)
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T(l) is 1/2>\(1), where the A(l)'s are the generalized

Gell-Mann matrices. In the particular cases i =1+ i2 and

i =3 we are interested in, we get:

auAu(:L+:'L2) -

j.(mu -I-'V_md)u_st )

P b 1
-ie u4{7f5d+—2—2
2 sin .ewcos 6w
c> 'l-Y
— 5 —_——- 5

Y2 sin ew

rs(o)
+ + 32—
l 2 3 3

+

(8) . (15)
— S Y s
V2 [cl(mu + md) ]

(0) (8) (15)
+c1(m —md)(P"-Q-P +P
vl E Ak
4 (9+110) . p(9+10)
- slm +my) T - g -m) T
4 (6-17) p(6-11)) _
+sl(mu+ ms) : 3 + sl(mu - ms) 72 ,

(-2 sin® aufvod-utd)

W2 GF[-(mu + md)P(1+12)H - i, - mu)sl’”lz@3

(3.22)
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) q q w, . _ 2-0, 2
w3 o Tou-m T wv B gy = q7p (9)
BUA = 1(m‘1 uYsu md dYSd)
. SR R = v(qH - qvjd“‘xel“'xcs(xo) o] (4%, 8 (1]0>
A= C1{“‘4+Y5 A - dyy — “] N
Y2 sin 8y 4 ~igex M 0+
- i|d"ze 8(x4) (o|[auA 0), A" (x)1}0),
P S RV 1=y s S e . S
e 5 = A 5 : : 3.24
+ > [u‘r-“{s 2 s S‘{'YS > u . . ( )
1 -y ) 1+ oy, where 0" has befen defined in (3.6); we have used its decom-
e L AR Mmoo g
5 2 5 2
position:

0 - (8 (15)
) et p')) 3y

-i\VZ GF l(m - mu)[

+ H-(m, +m)P SN _ Y )-1, 2 Pq¥ -0, 2
/2 /3 3 J d. 'u n* (q)=-[gw-9'%]n(q)+ﬂ—g—n(q)- (3.25)
. AA q q
((0)  (8)  (15) . .
. s s S . 3).3 . . : .
+ 1(mu + md)[ 7 + 73 + s ]@3 + 1(mu - md)S @ ]11 and ]-[0 are .orthogonal in the J =1 and J =0 channels.
' - . From (3.23), one deduces at q = 0:
s . . '
+ ‘/—25 _[+ 71 (m, + ms)(s([*hs)q>+ - 541307 or
v(0) = in["xé(xo) { o[[auA”(O), AT ()10 . (3.26)
8, : (b= -
+ L (@ - m @I, p(4-15), -y 1 o+ :
2 s. u The commutator [auA (0), A" (x)] appearing in (3.26) is
s 114412) + 11-112 entirely determined by the anticommutation relations of the
+ L (4w It | g(11-112), -, S ‘ '
2 d c ) fermionic fields. As already mentioned, we shall omit here-
s L 2 + (11-112 after the electroweak terms proportional to any quark mass
+ 2 @, - HID, T R, )] (3.23) I : :
2 d c difference. We obtain:

v 312 (0) - ~(m+ m ) + da)

3) Computation of the propagators (0) of the divergences of 2
. I T 1 1 -2 sin6,
the currents +e (u%u—dﬂd) + 'E m" ( uju - did)
w W
They will be computed by using the Current Algebra Ward
1

- - {ufyu - dfy.d)
Identities: [7] 2 sin ew cos ew 2‘YS Z 5



+ L (TG — 3 4)
/fsmew
__ l-x —_1-7
- 1 (dW' 3 c - sf 2 U)}
/Z_Sinew

AV2 Gy [(mu +m,) ( (uu + dd)H?

sy
+/_((c(m +m)du+ (m +m)dc

s _ :
-5 (mu + ms)su)‘l> )] s (3.27)

v (0) = - w0+ nfda))

1-y 1-y
—— [-c(u}6+ ——S—d + dfl ER
V2 sin ew
s _1'Y5
_qu,w E W
1-x
<y+ d+df1 3 ¢)

-V/f GF[< (mu wu + md'Ed)H)l - i (mu UYS‘II - deYSd)¢3)

s " —
+ 1/2—5—1 (@ +m )X - sus)
4 TTu s

+ (m, + mc)(Ed§+ - deg” ))] , (3.28)

where the notation ( ) means 'vacuum expectation value”.
In the last equation, the terms involving charged Higgs field

cancel by the relations:

i
-

‘R" (1+12)
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— + - -
(use ) =(sug ) etc. ..., (3.29)

easily deducible, for example,from the expansion procedure that
we shall use in the following.

The relévant combination for the pion mass splitting writes:

¢(3)

) -2 0) = (m - md)(Eu - dd)

_ _ l-ZSin26
+e(luﬂu - d%d) +m ufiu - d,id)

l ’ —_—
2 sin ew cos ew { u'iYSU - dzYSd>

. 2¢c 1—'Y
+ L (ot 3 3 4)
/Esinew
s ___1—' -Y
- 1 (dﬁ 3 c—cw 5
/Esinew
— L=y T N
+uﬁ+ 35 - S zsu)J

-\#2 GF [i(mu + md) ((~u75u - dysd)(P )
—_ Sl —_— -
+ r/f(cl(mu + md)( dup ) + > (mc + md)< dcp )

$; _
-5 (mu + ms)( sud ))} . (3.30)
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‘Now, the meaning of the vacuum expectation values of the type
(Eﬂq ) ete... is easily.made explicit Bx ; pexturbatiﬁe expansion
at next‘order of the'electréweak interactions. This leads
immedia;e;y to the vacuum fluctuation-type diagrams at zero
external momentum displayed. in Fig. 2. (aszﬁe shall treat the
pure quafk vacuum condensates at a phenomenological level, we
shall not address ourselves in this work to their possible inter-
pretation).

The aﬁove expansion is performed using the Lagrangian exhibited
in the subsection III.1. We obtain: )

dEHD oy 5,3 gy o (m, - m,Xuu - dd)

2 a* Y A Gy
re J 49 he! @ - @) 1 @
(2_") & HV vy

(3) (3)
+ ——1‘*—2— DZJq)[ 1 "™q) + T ‘“’(q)]

2 u
2 sin“p 0
sin W cos W

’ 2 : : .
5 S fo@aH) o H2)
3Tz D [ X "+ L] u\’(q_)”

2 . u
6:
2 sin -

AA \'AY%

4. 3 (3)
-21 V2 6 (n +,md)?J 48 ¥ @of (@, (3.31)
u 2m)

where the propagator of any pseudoscalar diquark operator is

defined as:
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pP(q)

ijd4x e TR (q, () 7, () (@, (0)v5a, (O

_ild4x eINY q )
1dee ql(x)vsqz(x)qz(O)qul(O) R - (3.32)
To deduce &q. (3.31), we have used the relation:

T 2 2 2 2 o

(1 -2 sin &w) -1-= —4;sin.6w cos ew. (3.33)

From (3.31), we recover the fact that the contributions to the
pion mass splitting are to be expected at second order of the
electroweak interactions; the linear dependence.in e and‘\/GF

of (3.30) ﬁas simply an artefact of our method.

4) Computation of the other contributions td $(1+12)(0) - 2$(3)(0)

According to (2.8) one may write

11D 0 - 2@ = v o) - P (0 - P (0) - 26 (o1,

(3.34)
with:
$(0) = 05(0) + 8,/(0) + 4gu(0) + bgy(0) + by (0D (3.35)
2(0), = if d*x (ol (6T [0)
$(0), = ifd‘*x<ol'ru(x>n*<0>lo> ,
4O, = inz*x.[_(O{TG(x)H-‘-(O) [0) + Co|TH ()6 (0)[0)T,
205, = in"xK 0|6 oMt (0|02 + Colm)6T(0) |0 ),
<i>(0)HM = ijd“’x{( O|TH (X)M+(0) 10) +¢ 0|TM(x)H+(0) |o . (3.36)
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We shall show that among those 5 additional contributions to

§ (12,0 (3)

of the electroweak interactions (ez) and chiral symmetry breaking

(mz) we are working.

_a) Computation of ¢G

Using the definitions (2.2) and (3.36) and the expressions

(3.21), (3.22) for the divergences of currents, we get:

4
¢’é1+12)(0) _ 2¢‘(;3)(0) - ez[. d 8
(2w)
(1+12)
Y Z g™
@@ = DL @) 1@
(1+12) (1+12)
SO E— nﬁ\,m)[ T W@+ T “"(q)]
4 "sin ew cos ew AA Vv
ci " 3, (1+2) O
+—=— D (@ | T"@ - 1 W@+ 170
2 sine, u AA . AA o'
- _(141-112)_W
\'AY
) _
s (9+110) (11+112)
r—2— 2@ | 1 Y@- 1 W
2 sin ew W AA AA
(9+i10) (11+i12) - (6-17) (4+1i5)
+ 1 W@- 1 W@ + 1 V@- =
w w. AA AA

only ¢G and ¢H are non vanishing at the order

4
({ﬁ;1+12)(0) _ 2%j3)(0) = V7 ¢, ij dq

(6+i7) (4+15)
+ 1 "W@- 1 "Wl|f.
Vv vv

~b) Computation of oy

From (2.2), (3.36), (3.21) and (3.22), we obtain

n®
(1+12) - RO AL
@, + md)Z[DH(q)[DP @ -2t <q)]
(0)

- o @) (15) v
3 5 B S
- 2p® (q)[D 2.(g) +2 . (@ ,D g (q)]}‘

g(15)

(3.37)

+ (0 (8
+p? (q)[Zci(mu + md)Z[D 5 (@ , D 5 (q). , D

2 . v
s 2Ins(gﬂuo)

1 g (11+112)
+ 5 (mc +my) (g) -D @],

s (6+17) (4+15)
+L @ + ms>2[ns_ @ -0° (q)]].

6

m]

(3.38)

As the leading mass dependence has already been extracted

in (3.38), we may compute all propagators at the chiral limit,

in which case one has the relations:

(1+12) 3)
o =20t ,
SOPHIO  (11+i12)

D D s
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(6+i7) (4+15) ‘
D° (@ =1° @ » (1+12) 3) . 2 (4
¢HM (0) —Z%M((O) = j\V2 GF (mu + md) d x
(0 s® s(15)
D~ (q) =D (@ =D (q). (3.39) . :
| | . D hu60op 1D (op 4 (3D 50y p A1) (op
Equation (3.38) consequently simplifies to '—Z(P(3)(X)H(X)P(3)(0)) - 2<P(3)(X)H(0)P(3)(0»
. 4 . _ !
oD 0 - 2P @) = 2 e ij 44 @, + ) | el 8%, 5P, sl 80 0
@n /z 73 Ve
(0) (8) (15) ' :
@ 2 @ 0% @] SO @ A9 5
4 2 3 6 +([v‘/_X + /_x+ /_X]Q(O)P (0))]
2 ‘ /3 6
() (8) (15)
e ol @, 2 @, wl| (3.40) i) 4 [s@ (B - a5
1 d 2 3 I : -/Ecl[<p (x)o (0)[ /_(0)+ = o) + = 0|
2 /3 3 i
: (0 (8) (15) .
) , s s -, o (1~12) .
c) Computation of ogy(0) and ¢4y (0) - ([ 7 (=) + (x) + (X)]¢ x)?P (0) H
* The nonvanishing diagrams which can arise in ¢GH only _ (3.41)

appear at higher order of electroweak interactions. So we forget

hem . - . .
them here which expression is as usual to be interpreted at next order

'* . . . . . .
In ¢GM’ due to the different behaviour of G and M of electroweak interactions. This leads to a sum of diagrams

under the»charge conjugation, the contrlbptlons of of the type displayed in Fig. 4. A detailed inspection shows

N + . . .
le X(OITG(X)M (0)|0) turns out to be exactly Fhe opposite of that they all cancel or vanish at the chiral limit, at which we

b + ) . .
that of 1Jd X(O!TM(X)G (0)!0). So ¢)GM plays no role too. may compute them since the leading mass dependence has already

been extracted in (3.41).
d) Computation of ¢HM

We get: ) ¢) Electroweak corrections to the (Eﬁ) vacuum condensates

Working consistently at the second order of electroweak

interactions needs looking at the electroweak corrections to
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the quark condensates appearing in the ''tadpole" term. One
generates diagrams of the type displayed in Fig. 5. However,
t

he (md

as proportional to a quark mass difference.

- mu) factor in this contribution entails its neglect

5) Final expression (non renormalized) for &(l+i2)g9) - 2$(3)(0)

According to Egs. (3.3), (3.34), we have to subtract (3.37)

and (3.40) from (3.31); we get:

‘L(l+12) (0) - z‘p(3) (0) = (mu - md)(;u - Ed)

4 ' 3).- (1+12)
.o _d_(Ll;[[DY\,'(CD @)l 1@ - “V(q)J
2m Lo v Vv AA

2 Z
-c . D" (q) 3)
T @t [2 ¢
4 sin ew 4 sin Bw cos ew vV

+

-1 W@+2 n"™@- 1

(1+i2) (3) (1+i2) o
" (q)
vV AA AA

ot @ ™Mo- 1 W@
' wy AA AA

8 sinzew

s2 [(9+110) N (11+i12)

(9+i10) (114+112) (6~17)
+ 1 Y@- 1 YW@+ 1 Y
‘A vv AA

-1 YW@+ 1 "W@- 1

(4+15) (6-17) (.4+15)w
(@)
AA Vv W

40

2 &% 3 ’S(O)( ) S(8)< )

+ 2iV2 G_(m +m)J~J—D¢(q)D 2 .2 3

T O PP 2 3
(15)
S 3
+ 2 @ 6()-DP (q)}
0) (8) (15)
+ s s S
_ C§D¢ (q)[n . () , D - (@ , D - (CDH_ (3.42)

In the approximation of neglecting quark mass differences, we

consistently take:

3) (1+i2) (4+15) (6-i7)
21 ™M@= 1 ", T =1 ",
W vV vV v
(9+110) (11+112)
T o= 1 ",
Vv vV
(and the same in the axial cases), (3.43)

so that the W contribution and part of the Z drop out, and

we recover the formula announced in (3.1).

6) Discussion and comments

a) From (3.1), one sees that the "tadpole" term, and
consequently the influence of the up-down quark mass difference,
is strongly suppressed in the pion case by the factor ({(uu) -
{dd)). 1Indeed, the SU(2) symmetry breaking at the level of the
vacuum quark condensates is not expected to exceed 1 or 2%.

[24]
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b) The y-Z contribution is proportional to ez, while
the Higgs is proportional to GF (mu + md)z. One so expects
a strong suppression of the last contribution with respect to
the first, and Fhe non-compensation of the gauge dependence
arising from the vy and Z propagators.

¢) At this point, one must remark the difference
between the computation we are doing and that of the radiative
corrections to the pole of a fermion propagator as performed in
ref. [25]. 1In this last work, the Higgs and ghost fields play
a fundamental role in the cancellation of the gauge dependence
of the gauge fields;‘thé tadpole diagrams (do not confuse with
the abusive expression of '"tadpole" terms that we have been
using before),,we;e also shown to be essential.' Actually, ex-
panding (3.30) at next order of the electroweak interactions
does indeed generate tadpole diagrams involving fermions, Higgs,
gauge ‘and ghosts fields, as shown in Fig. 6. However, due to
the always appearing combination (EE - gé) or (Eiig - éiéf)
on one side of the diagrams, we expect them to be suppressed
by at least one power of the quark mass difference (many of
them vanish also by Furry's theorem).

Now, apart in the above tadpole diagrams, ghosts fields

can only appear at higher orders of electroweak interactions by

a loop insertion in the gauge field propagators of Fig..2.

d) Forgetting for a while the Higgs contribution, expected
to be strongly suppressed (it is obviously divergent, but this
problem will be tackled in tﬁe next section), let us concentrate

on the vy-Z contribution.
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- With the choice of gauge fixing terms (3.14), (3.15), the

photon and Z boson propagators read:

: q.4 q.4q
Y I _uy BV
Duv(q) 2[[guv 5 ]+ aY 5 }, (3.44)
q q q
_ quqv quqv
1 I q2 2
D@D = -il—5—3 +a, A0 | . (3.45)
- ¢ - M a4 - aM, . '

Using furthermore the decomposition (3.25) of the Huv's’ we

obtain:

FUHD (0 (3 o) [;(1.{512)»(0)- _ 2¢(3)'(o>']w ,

. ) (1412)
=*_ie2J g_ﬂ_z (_3)-35 - —E_l__f 2 1 l(qZ) - I 1(q2)

2 1 (¢ - I "(q7) (3.46)
AA

q q2 - a M, vv

+[aY % N B o (4D, 2”
2

where . we can also use Egs. (3.43) to only make appear the
combination (3) of the Ni's.

The procedure used in Ref. [12a) is the saturation of the
its by the low lying resonnances and pole. In the narrow

width épproximation:



3; , M 1
I (@) = 2 s
vV g -q + M
[
4
(3 ¥y
- 2 1
R el (.41
AA gA -q +MA
1 1
(3) . me 2
~’0, 2 T
L@ =—5"5"-
AA -q + m
(5)0__. .
Using CVC to set 1II = 0, and taking a = a_, = a for simpli-
Y Z
Vv
fication, we obtain immediately:
: 2 4
coy ' 4 3M M
L (1+i2 ~
F ) - 2¢(3)(°)]yz - ZieZJ e |5
SRR L 2 . -M -M
(2m) " 147 (q 7) g 4 3
4 .
MA1 1 a2 fﬂ2m§ B
2 22 | Tl s 2wl (3.48)
gAlq. 'A]_ q q - z’ q T

which gives the finite result of ref. [12a] up to a gauge depen-
dent correction proportional to m:.

However, in QCD, one has the relations [17]:

) (1+i2) 21 L 3
2 1 t@h - i 1<q2)~qH , & T T
w AA (mu+md) t -gq
[3(m‘1 + md) 4.0[Ef}] , o (3.49a)
2t .2

VA
3y , (D .
2 @) - (q)~q211 _
vV AA T 2
(mu+md)
2
. (m + m,) 4
1 |3 u 4 m_
dt 7 8n s +0 2 . (3.49b)
t - q t

When plugged into Eq. (3.46), one sees immediately that they give
rise to logarithmically divergent integrals proportional to
(md + mu)z. The result (3.48) needs consequently some more work
to be justified.

Before entering the process of the removél of the divergences,
let us note that, looking only at the photon sector and taking
the Yennie gauge a = 3 does result in the suppression of diver-
gences. This makes the link with previous works [1,12a]. However
as lengthy discussed before, this is no longer justified when the
weak interactions are turned on.

It must also be stressed that, as well known, all the diver-

gences disappear at the chiral limit.
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IV. _About Infinities. Final Result

We shall follow the ling of approach described in the second
section, and show that it is possible to obfain a finite result
for the pion mass splitting before workiﬁg at the chiral limit.
This chapter will however provide only a conceptual improvement
;ince, at the end, the chiral limit will be needed in.order to
achieve gaﬁge independence, condition expected from the beginning
due to our "off mass shell" computation, and the result (3.48)
recovered.

As emphaéized previously, we shall show that the contribu-

tion to the mass splitting originmating from

A

5,00 = 3 Jd yT L OL () (4.1)

is identical to that obtained from the bare Lagréngian; the corre-
sponding infinities, equivalent to those computed from the counter-
terms of the SU(3)c X SU(Z)t x U(1) theory,.may be subsequently
simply subtracted from the bare result.

The divergences of the hadronic currents receive contribu-
tions from (4.1), that we shall denote C, such that Eq. (2.2)

must be changed into:

auAu=M+G+HI+C, (4.2)

and the expression of the covariant divergence Eq. (2.3) into:

DuAu =M+C. (4.3)

e+
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Accordingly, in Eq. (2.5), each M term has go be replaced by
M.+ C. All the (¢ terms are second order in the electroweak
inéeractions;_as this is the order we are working up to, all

the crossed terms in ( x(G + H{) in the computation of @ can be
dropped, and only the additional contributions to (0) from (4.1)

have to be computed. Let us denote them w£1+%2)(0) 23

and ¥ )(0).

Here again, all quark mass differences will be dropped.

1) Computation of (1+iz)(0) - Zw(a)(O),
c :

C

a) The y - Z sector

For the sake of briefness, we shall omit the W sector.
From Eq. (3.20) applied to (4.1), the contributions of (4.1) to

the divergences of the hadronic currents can be written:

J,
e -e %J a*y & G0 AT o ()37 (s)

+ 4 P Pa a0 )

S22 s
r—se J a*y {[(v(lﬁz)(x)z“(x)
-4 sin Bw cos ew "

. .2 (1+i2) u n U
-- (1 - 2 sin ew) Au (x)2Z (x)]JV(y)Z 69
LEROLEC [vé“ﬂ’ 2’ )

L2 (1+412)
- (1 - 2 sin eW)Av ‘

(y)Z"(y)” . (4.4)
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C(3)(x) -0, b) The Higgs sector
YZ

By the same procedure, one finds:
where the A's without isospin index stand for the photon field, c(l+i2)( , 0
H * =
and JS is the neutral weak current. The computation of the.

commutators involved in the Ward Identity (3.26) is someWhat C§3)(x) = % o Gp i[dAy[(mu wu(x) + my Eﬂ(x))¢3(x)(mu uygu(y)
lengthy but straightforward: it involves only standard Current
Algebra commutations relations. We.get: - m aysd(y))éa(y) + (mu ;YSU(X)
. 4 - — - 3
wc(l+12) 0) - ch(3)(0) - e2 J Lq_ - md d‘st(X))§3(x) (mu UU(Y) + md dd(Y))dJ (Y)] N (4.7)
YZ YZ (2“)4
’ * and
' (1#12)
D:\,(Q) [2 1" (@ - u\)(q)] . .
wo AA (1 2
pSAHD (o) 22D gy = 217 + m) I_<1_¢L4
(2m)
: (3)
1 Z B
+—————5— D (@2 I (® ' L - .
4 sin“0_ .cos 6 AA ) S P 2 ¢ s
W ~ [ @@ @-0" @) - h” @@} . 4.8
(1+12) (3) (1+12)
-n Wiqy - @ -2sinfe?2 TW@ - 1 "M@ll.
v W v AA which is again the same as the Higgs contribution in (3.1). (Recall

$(0) §(8) s(15)
that D5 means D + D + D
.5) 2 3 6
We come back at this step to the remark made in Section 2

Using the relation (3.33), (4.5) reduces to
about the presence or not of the Higgs term H together with

4 the mass term M in th iant derivati f th
12). 2 d ass term n the covariant derivative of the current
A OIS R ORE J——‘E; [wa(q) - Dﬁv(q)] |
(2w) (2.3): the choice (2.3) entails the existence of oy computed
(3) o (1+12) in Section IIL.4b, so that it gives a finite result when the
2 19 - 1 @i, (4.6)
W AA infinite part of (4.7) is subtracted. In the other choice, as

¢H would not have been present, we would have been left with

which is exactly the same as the Yy - Z contribution in (3.1). the extra contribution (4.8) alone.’

e
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2) Final finite expression for 2f§(m2 _ m2 ) the asymptotic behaviour of QCD. Only those last ones generate

+ 0
™ T

From now onwards, as we have shown its finiteness, we shall

‘infinities, and, as we have seen in (3.49), they are proportional

2
forget the Higgs contribution, much smaller than the gauge bosons ‘to (muV+ md)v'

We propose as a method to extract the finite part of (4.9)

5

one. We are now left with the practical question of computing the

finite part of: simply forgetting those second contributions. From what just

preceeds, we expect our procedure to differ with respect to a

P ' ’ 2,2
2 _ — . .
2fﬂ(m2+ _ mZ - ‘(mu . md)(uu -3 more orthodox remormalization procedure by the order of (mu + md) /M-,

m m

0 .
where M 1is a typical hadronic mass involved (that of the p or

4 ' (3) the A.)).
2 d Z v 1
+ e J—% [, @ - o’ @] 2 1 W@ , )
(27) U v This leaves (3.46) as the final result, where the II's are
(1+i2)uv saturated by the pion, p and Al only. Then, as already dis-
- I @f . 4.9) . _ , .
AA . cussed at length, the residual gauge dependence proportional to
ol forces us to evaluate this electroweak contribution only at
L§

The usual way of renormalizing Feynman diagrams is not the chiral limit, and trust our result only up to an accuracy

implementable here: indeed, in addit#on to the fact that we are of (mu 4 md)Z/Mz.
dealing with vacuum fluctuations, which is not a standard case, Performing explicifly the integrations, we obtain finally:

we have, in order to obtain a realistic picture, to resume the

strong interactions at all orders, introducing Vector Meson and f2(m2+ _ mzo) - %'(mu _ md)<;h ~da)
Pole dominance, and thus to depart from a description in terms " T
; n® 2 2 4 2 2
of the fundamental fields of the theory alone. Al mz . A1 m mz_ m
L e ey ey
N theless, the fi's may be physically described as m, - m m, 2 pf-m m,
ever » y _ phy y . gAl A Al 7 gp 7 Z]  chiral limit

sums of two types of functionms:

- at low qz, they are well described by Vector Meson and (4.10)

~ 2 =0, 2
: i
pole dominance, giving functions M(q") and 1"(q) rapidly which is (but for the tadpole term), the result of Ref. [12a].

2 2 .
damped in q~ (like 1/q in the narrow width approximation Using the relations [8]:

see (3.47))..

2 .
- we must add to them, at high q , functions driven by
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2
2 m
i N G
gZ ng T 2
P A1
4 mA
m A
L __1_y
.82 82 ,
0 Ay
given by the lst and 2nd Weinberg sum rules, (4.10) reduces to
2,2 2, _1 - -~
£ (m 4+ - 0) =3 (m - md)<uu - da@
™ T
4 2,2 2 2y
n mp/gb Eb_ m,
+ 3o —E-ln mz/ 5 : fz + 0 m2 n ;7 .
gp /&, ﬂ 7
2
8p .
Using the present experimental value Z;-z 2.36, we get:
=1 - Tu - d
m,-mg=—5—(m -n)uu-dd)+4.95 Mev, (4.13)
m m 4f ' m

T

where, as already mentioned, the tédpole term gives a negligible
contribution. (The results 4.12 and 4.13 are slightly different
from thbse of ref. [1] because we didn't use the relation [26]

2
m /g2 =

Ng-- 2f3 employed therein.)

(4.11)

(4.12)
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V. The K+K0 Mass Difference

+
The treatment of the K KO case can be done in a way
- + 0
exactly similar to w 7 . In order not to uselessly lengthen

this paper, we shall not go here explicitly through all the steps

_exposed in the previous sections: we shall in particular forget

the Higgs sector and direétly compuﬁe_the finite electroweak
contribution arising from the low energy behaviour of the
hadronic 2-point functions. And,-again, but for the expressions
of the divergences of .the hadronic currents that we give in full
generality, we shall drop all dependence in the quark mass dif-
ferences.

1) The divergence of the hadronic currents Ai4+15)_and A£6+17)

The hadronic currents having the quantum numbers os the K_

and KO are respectively:

A ) = Sy s,

A§6+i7) () = Ay, Vs

Using the Lagrangian displayed in Section III.1l, we obtain

through (3.21);

u(4+i5) _ —
auA ; = i(mu + ms)uYSS

N oy 1 )
“lejuftyss + oy 6, cos 6 “#Ys 2 8

(5.1)
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2
in 0
sin 0

cos 6

ufy.s
W 5

31n9w

1 Loy

- 5
- — K] [uﬁ Y5 -
V2 sin ew [ 1 2

1 -

- Y
- cl[dﬁ 'Ys 2 2

s - W_Ys Z

u(e+i7) _ . =
BuA = 1(md + ms)dyss
. 1-y 1-v
ie.. - ) 5 T 5
- e [cl[ufys —5T s dw Y 5 T3
2 gin ©
\
' 1- v, 1-v
-+ 5 4= 5
- sl[cW Yg 2 s + dyﬁ YS—Z u”
. 2 2
2) Computation of M + - M
0
K K

With the same notations as in the previous sections:

OIS G C R

We find:
2, 2 2 _ L(4HI5) o ~(6+17)
2fK(mK+ - mKO) =§ O -y 0

= (md - mu)(Eu + ss8 )

4 (3)
+ &2 J—dﬂz pY(q) - D2 (@} T "V
(2_") uv uv v

- (8)
_.+ I uv (@ -
A"
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AA

(4+1i5)
I u\’(q)} .

(5.5)

where, again, the contribution from the W gauge boson has

disappeared; In the same v;ray as before, divergences arise because

(5.2) .
has [17]:
3, (8) (4+i5)
P @D+ 1D - 1 D
A'A' \'AY . AA .
- q2 l I dt
el
0
-3 3 (8) (4+15) '
3 8 +i5
1%H 1% - 1 %D
A% w AA
~ q2 l r dt
m
to
(5.4)

of the asy'mptotic behaviour of the ]'[uv's; indeed, in QCD, 6ne

(5.6)

Consequently, the finite e}.ectroweak contribution will be computed

+
at the chiral limit, which makes it equal to the = 7

Here, however, the expected uncertainty is of order

xmlyézm °

case.

>

which

means that we have little control on the accuracy of our result.

Dashen's theorem

[18], stating that

(5.7
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emerges naturally in the framework exposed here, but with an un-
certainty that can be of order 25%. From (5.5), we see that the
essential difference with respect to the pion case is the "tadpole"

term:
- mu)Gu + ss). (5.8)

There is no longer suppression of the influence of the up-down
quark mass difference, and, as the quark condensates are known

to be negative, this term can reverse the sign of the K+ﬂ) mass
splitting with respect to the pion's. The expression (5.8),
together with'thé'accebtancé of Dashen's theorem, is at the root
of the absolute lower bounds on the up-down quark mass difference

that the authors of ref. [6] obtained by QCD sum rules techniques.
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V. Conclusion and Outlook

We have presented in this work an explicit computation of
the Y0 and K+K0 mass éplitfings in the standard
SU_(3)c X SU(2)L x-U(l) theory of quarks. The problems of in-
finities and gauge invariance have been investigated in detail;
while one has been able to get rid of infinities, the éoal of
performing a completely gauge invariant computation for massive
pions and kaons has been only partially achieved.

Some improvements can also cerﬁainly be made by working
outside the narrow width approximation and. introducing higher
resonnances in the process of resummation of the strong inter-
actions; this is however expécted to lead only to small numerical
modifications and not to alter the basic properties of this
approach. The above computations are one of the few examples where
hadronic properties can be expliéitly calculated.froﬁ a quantum
field theory of subconstituents. The most ambitious attempt in
this direction is certainly, up to now, the QCD sum rules approach
of Shifman, Vainshtein and Zakharov [26]. However, in this
approach, an additional scale always subsist, whose choice still
has some degree of arbitrariness. A recent attempt to deal with
the ﬂ+ﬁ0. mass splitting by QCD sum rules [27] underwent, among
others, the problem of ﬁhat choice. We have here got free of
that restriction.

Our calculations are also a precise example where the three
types éf interactions known at the level of elementary particles

cannot be disassociated: we deal with hadronic currents extracted
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(kaons...)(that one knows from PCAC to be proportional to the
from the QCD Lagrangian, but the electroweak corrections to : .
square root of the quark masses). However, computing the above
their divergences are the essential ingredients in the computa-
. . diagram replacing the electroweak bosons by a gluon is restricted
tions of the mass splittings; weak bosons are intimately linked . .
by the strong assumption of the "most attractive channel”,
with the photon, couple with the same strength and play a crucial
stating that the one gluon exchange is a trustable approximation.
role to ensure convergence; strong interactions resummation makes
°The last and most speculative extension is certainly
the link with hadronic physics,
asking the question of the origin of the quark masses and their
The vacuum fluctuation diagrams that we have shown to be
. splittings: do vacuum fluctuations of subconstituents play a
relevant here are now known to play an important role in chiral
- similar role, eventually at the price of introducing some new
symmetry breaking and mass generation [28]; within a less formal
type of interactioms [30] in particular can the up-down mass
approach, we have recovered the possibility that an electroweak mass
splitting be understood by analogy with the present work? We
can be generated by vacuum fluctuations involving massless
- ' ' hope that the next future will bring a deeper understanding of
constituents,
. . those most fascinating and challenging questions of today's physics.
Several extensions of this work come to mind: we think

that the computations of the mass splittings of heavier mesons
and that of protoh—neutron must present many analogies with
those presented above§ the difficulty to circumvent is then the
uncertainty in using, or the necessity of replacing, the PCAC
relations: the D, F..... mesons can hardly be thought of as
Goldstone particles, and the association of the proton or the
neutron with some interpolating hadronic current is questionable.
But it is not impossible that other tools can be used [Zé]e It
is also attractive to considep the possibility that all electro-
weak mass splittings are controlled by the above type of diagrams,
and this may be the point of unification.

°The next extension which one may think of is a hypotheti-

cal strong interaction contribution to the masses of the pions
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Figure Captions

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

1

2

A typical diagram which can contribute at q # O.

Type of diagrams we are left with at ¢ =‘0.
Resummation at all orders of strong interactions of the
diagrams of Fig. 2.

Type of diagram contributing to ¢HM'

Diagrams contributing to the electroweak corrections

to the quark vacuum condensates.

Tadpole type diagrams.
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