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A b s t r a c t 

We consider the CP-conserving electroweak transition s —• 
df. To include confinement effects below the charm scale, we 
perform the loop calculations within the bag model. According 
to the calculation, confinement effects are rather important and 
give amplitudes three orders of magnitude bigger than that ob
tained from the free quark loop, which is ~ eGfrnl/M^. More
over, the amplitude is of the same order of magnitude as the 
perturbative two loop amplitude ~ eGFa,ln(mc/iJ.). For the 
decay mode f)~ —• -y 5 " we obtain a branching ratio 4.4 x I O - 0 . 
Other radiative decays of strange baryons are known to be dom
inated by pole diagrams. 

*) Present adress: Ekenesvn.24, N-3055 Krokstadelva, Norway 



I. Introduct ion 

Since the pioneering work of Gaillard and Lee[lj, rare electroweak de
cays of strange particles have played a major role in the understanding and 
tests of gauge theories in general and of the Standard Model (SM) in par
ticular. Some processes studied in [lj are observed, and found to be have 
a branching ratio in agreement with the SM. For instance, in the process 
K+ —• 7T+e+e~, observed at the 10~ 6 level, the electroweak quark loop for 
the transition s —> drj' plays an important role[2]. (i" is a virtual photon, 
and s(d) is the .s-quark(<£-quark)). The Feynman diagram for this quark 
process is shown in Fig.l. A u, c, or t-quark may enter the quark loop, 
but t-quark loop contribution can be neglected in the CP-conserving case. 
Ov. ing to the GIM-mechanism [3], the leading logarithmic effects due to 
the loop momenta above the charm scale m„ are cancelled. Only the ef
fects due to u-quark loop momenta below the charm scale and down to the 
renormalization scale /J, ~ 1 GeV remains[l,2j. Thus the amplitude is 

A(s-> df-)~eGF ]n(?r)- M 

If the virtual photon is replaced by a real photon 7, the dominating con
tribution ~ Gf is cancelled by the GIM-uiechanism, and there remains an 
amplitude with a power-like GIM-suppression, and one obtainsfl] 

A(s - dr,) ~ « G F ^ I z p i (2) 

from the pure electroweak diagram Fig.l (m u is the u-quark mass). Taking 
into account perturbative QCD by Including additional gluon exchanges 
within the diagram Fig.l, the strong, powerlike GIM-suppression in (2) is 
replaced by the more relaxed logarithmic one as in (l)[4,5j: 

^ - W 7 ) g C D ~ e G f ^ l n ( 4 ) , (3) 

where a, is the strong fine structure constant. This result is refined by 
using the renormalization group equations[4J. 

Because the values of m c and /j are rather close, the logarithm in (l) 
and (3) is rather small, for instance compared to the logarithm In(A/^./^ 2) 
occurring in the non-leptonic strangeness changing effective harniltonian[6]. 
Moreover, its numerical value is rather uncertain. These facts illustrates 
that perturbative QCD does not work too well below the charm scale. An 
alternative approach to this problem was advocated[7| to understand the 
penguin diagram[8], being thought to be responsible for the AJ = 1/2 rule, 
and which also depend 01 the same logarithm as in (1) and (3). 
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In (7j the following idealization was made: The loop momentum region 
is divided in a "high momentum region" (HMR) and a "low momentum 
region" (LMR) at a scale A ~ 1 GeV < mc. In the HMR ordinary perturba-
tive QCD is valid, while in the LMR confinement effects has to taken into 
account in some model dependent way. For the c-quark loop, mc acts essen
tially as an effective infrared cut-off. Thus the c-quark loop belongs entirely 
to the HMR, while the u-quark loop gets contributions from both regions. 
In the HMR, the u- and c-quark loops approximately cancel by GIM, as 
stated above. Thus we are mainly left with u-quark contributions for loop 
momenta below A. In this region (LMR) we have to use a model which can 
take into account such low loop momenta. Applications of the philosophy 
described above are performed[7] in terms of the MIT-bag model(9]. 

The purpose of this paper is to perform the loop calculation within the 
bag model, and compare the result with the pure electroweak result one 
loop result (2) and the (-combined perturbative QCD and electroweak-) 
two loop result (3). In our explicite calculation we will choose A = mc such 
that all effects due to loop momenta below m c are calculated within the 
bag model. Then the effective weak non-leptonic hamiltonian is simplified 
because the effects of the penguin diagram[8j are absent. 

II . The bag-model loop calculation 
According to the philosohy in [7J, pertubative QCD is valid down to 

some scaleA ~ 1 GeV < mc. At this scale the W-boson propagator is shrunk 
to a point, and the effective four-quark interaction taking perturbative QCD 
into account is given by[6] 

Hw = 2Gcff(C+Q+ + C_Q_), Q± = QA± QB, 

GF Gt!t = —^sin8ccos6c (4) 

where Gp is Fermi's coupling constant, and Be is the Cabibbo angle. The 
coefficients C± include the effect of hard gluons at the weak interaction: 

c ± =. [i + j2:M M % < w » . 6 = u _ ™ > , ( 5 ) 

4TT H* 3 

where -7+ = —2, -7. = 4, and Nj is the number of flavours between the 
scales fi and My/. In our case we have chosen \i = Lambda = mc. S£,(di) 
is the left-handed part of the s(d) quark field. When perturbative QCD is 
switched off, C± = C±(Mw) = 1, and we retain the free quark hamiltonian 
H<£] = 4Gt/,QA. 

Performing the loop calculation in the bag-model, one has to replace the 
free quark-propagators by confined propagators S(x.y) written in terms of 
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MIT-bag wave functions: 

S(x, y) = - « X C f ø - ya)Mx)*3$) - Hso - x0)^{x)i^[y)} (6) 
N 

where the sum runs over different modes n, and the superscript C means 
charge conjugation for the anti-quark modes. The amplitude for the dia
gram in Fig.l may then be written 

(?) 
where A„ is the electromagnetic field, and 11"" is a vacuum polarization 
like tensor 

n""(x,y) = Tr[S(x,y)n"S(y,x)YL\ , (8) 

where L = (1 - 7s)/2 is the left-handed projector, x and y are the space-
time points of the weak and the electromagnetic interactions respectively. 
Note that XV" is a double sum over bag model quark modes for the left 
and right part of the quark loop in Fig.l. To obtain the contribution from 
the LMR, this double sum should run over modes corresponding to quark-
energies below A. The QCD factor obtained from the weak hamiltonian (4) 
is 

riqcD = 2C+ - C. (9) 

taken at /i = mc. This linear combination of C± enters because the photon 
emitted from the quark loop is a colour singlet. Using the explicite expres
sions for the Dirac spinors within the bag model, one obtains an amplitude 
of the form 

A(s - di) = eGsf![Uue - V{iqx e~)] (Xd
SX.) ! 

V = 0 QVVQCD ; V = A QvnqcD , (10) 

where (3 and A contain the integrals over bag model wave functions and 
XsiXd) is the Pauli spinor of the ^(d)-quark. q = (u, q) and e" are the photon 
momentum and polarization vector respectively. (The time component of 
the polarization vector has been chosen to be zero. Higher order terms in 
the photon momentum are ignored). It should be noted that technically 
there is also a contribution to the amplitude that does not vanish in the 
limit q —> 0. But this constant is removed because it is part of a physically 
non-significant infinite constant obtained if we sum over all quark modes 
with arbitrarily high energy. This constant corresponds to the divergent 
term which is removed by renormalization in the perturbative case). 

We find that the quantities /3 and A in (10) have the form 
g(n, n')B(n,n') 

/?~E ; 

(E„ + En,y 

x , E yy (u) 
_ _| An + -fin' 
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The B's are volum integrals over the product of four bag-model wave-
functions. These integrals are of the type involved in weak non-leptonic 
baryon to baryon transitions, and are known to be of the order W~3GeV3 

[10,11]. The d's are dipole moments involving a volume integral over the 
product of two bag-model wave-functions and the radius \y\. For these we 
typically have Mp d ~ 1 (Mp is the proton mass.) The g's are volume 
integrals of the product of two bag wave functions (corresponding to vector 
formfactors) and are typically of order one for the lowest bag modes. To 
obtain nonzero contributions to U, both modes (n,n') have to be S-modes 
or both have to be P-modes. In contrast, for V, one has to be an S-mode 
and one has to be a P-mode. Summing over S1/2, P1/2 and P3/2 modes with 
energies below the charm scale, one obtains a result of the form (11) after 
some tedious calculation. Numerically one obtains[l2] 

P = 2.4 MeV , A = 1.2 MeV . (12) 

The factor TJQCD which is one at the W-scale changes sign[2] at a scale ~ 
2-3 GeV and will be rather sensitive to the involved parameters. Because of 
this we have considered the two loop extension[l3] of (5). Thus the two loop 
result[l4] for the running a, is also needed. Using the two loop expressions 
together with a,(Mw) — 0.12 and mc = 1.4 MeV, we obtain TJQCD — —0.5 
which gives: 

U cs -0 .8 MeV , V a -0 .4 MeV . (13) 

The perturbative calculation generates an effective interaction of the 
form(4,5] 

L.,f = eGeffjTi < v ( a + tn^F»" , (14) 

where 
a= -(m, + md)K , b = -[m, - md)K . (15) 

m,(md) is the mass of the s(d)-quark. K is the result of the loop integration. 
To lowest order in a„ 

37T > 
which will be modified by higher order QCD[4] The amplitude owing to 
(14) will also have the form (10), with 

U = fa, V = fb; / = 2 / B a d*x (u,ud+±v,vd) , .(17) 

where the u's and v's are the upper and lower component of the Dirac bag 
wave functions for s- and d-quarks respectively. It is easy to see that / is 
the sum of the bag integrals appearing in the vector and the axial vector 
form factors for s —• d transition. Using (15)-(17), we obtain 

Uptrt - Vpert ~ -0 .5 to - 0.8 MeV , (18) 

* = T _ - ' < T ) . («) 
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depending on the value for n. (In the perturbative case ji is often chosen 
around 0.7 GeV.) Thus the result (18) is rather close to the bag model 
result (13). In (18) we have neglected the current mass m<j. If one had 
used a mass of order 100 MeV for m,t, the values of J/and V would be split 
roughly as in (13). 

III. Conclusions 
The free quark electroweak loop result is suppressed by TOJ/MJJ, ~ 10" 4 , 

while the perturbative two loop result is ~ {u,/ir)ln(mc/ii) ~ 1 0 _ 1 . The 
last expression is somewhat uncertain because we don't know the precise 
value of ii corresponding to the calculation of matrix element of the hadronic 
operator in (14). Because the free quark result seems to be accidentally 
small, and the two loop perturbative result is rather sensitive to the value 
of IJ., we have considered the electroweak s —» d-y loop within the bag model 
by adapting the philosophy of [7j. Our result can be summarized as follows: 

(1): The expression (7) would have given the free quark result (2) if the 
bag model propagators were peplaced by ordinary free quark propagators. 
Although the bag model is rather crude, we may conclude that that the 
suppression (2) is an artifact of the free quark approximation. 

(2): Choosing ii = m 0 in (4) as we have done here, the perturbative 
result is zero within the leading logarithmic approximation, which can be 
seen from (16). However, we have calculated the effect of loop momenta 
below mc by means of the bag model and found a result of the same order of 
magnitude as the two loop perturbative result. The QCD factor Vqco('"c) 
is unfortunately sensitive to the explicite values chosen for a,{Mw) and 
m c . This is in contrast to the penguin diagram case[7|, where the QCD 
factor were ( C + + C_)/2 =; 1.6. In that case an enhancement ~ 3-5 over 
the perturbative one were found. 

(3): The phenomenological consequenses of our result will be basically 
the same as for the perturbative case[4,5]. Radiative decays of strange 
baryons are, except for fi~ -» -y a" and 5" -» 7 2 " , dominated by pole 
diagrams determined by the simple effective hamiltonian[6j in (5). For 
the decay ft" —» 1 5" we obtain, by using (13), a branching ratio 4.4 x 
10" 6 from the s —• d*j bag loop transition. This result is of the same 
order of magnitude as that obtained from pole diagrams determined by 
the penguin operator[ll | . For the decay 5" —»-y£~ we obtain a too small 
branching ratio ~ 10" 6 , which is no surprise because this decay is known 
to be determined by unitarity contributions(5]. 

6 



References 
[1] M.K.Gaillard and B.W.Lee, Phys. Rev. DlO (1974) 897. 

[2] A.I.Vainshtein, V.I.Zakharov, L.B.Okun', and M.A.Shifman, Yad. Fiz. 
24 (1976) 820 [Sov. J. NucJ. Phys. 24 (1976) 427); F. J. Gilman and 
M. B. Wise, Phys. Rev. D21 (1980) 3150; J. O. Eeg, Phys. Rev. D23 
(1981) 2596. 

[3] S.L.Glashow, J.lliopoulos and L.Maiani, Phys. Rev. D2 (1970) 1285. 

[4] M.A.Shifman, A.I.Vainshtein and V.I.Zakharov, Phys. Rev. D18 
(1978) 2583. 

[5] Ya.I.Kogan and M.A.Shifman, Yad. Fiz 38 (1983) 1045. [Sov. J. Nucl. 
Phys. 38 (1983) 628); L.Bergstrøm and P.Singer, Phys. Lett B169 
(1986) 297; R.Safadi and P.Singer, Phys. Rev. D37 (1988) 697. 

[6] M.K.Gaillard and B.W.Lee, Phys. Rev. Lett. 33 (1974) 108; 
G.Altarelli and L.Maiani, Phys. Lett. 52B (1974) 35. 

[7j J.O.Eeg, Phys. Lett. 155B (1985) 115; Phys. Lett. 171B (1986) 103; 
and Z. Phys. C33 (1986) 227. 

[8] A.I.Vainshtein, V.I.Zakharov and M.A.Shifman, Pis'ma Zh. Exp. Teor. 
Fiz 22 (1975) 123 [Sov. Phys. JETP Lett. 22 (1975) 55); M.A.Shifman, 
A.LVainshtein and V.I.Zakharov, Nucl. Phys. B120 (1977) 316. 

[9] T.De Grand, R.L.Jaffe, K.Johnson, and J.Kiskis, Phys. Rev. D12 
(1975) 2060. 

[10] H.Galic, D.Tadic, and J.Trampetic, Nucl. Phys. B158 (1979) 306; 
LPicek, Phys. Rev. D21 (1980) 3169. 

[11] J.O.Eeg, Z. Phys. C21 (1984) 253. 

[12] J.Aa.Ruud, "A Bag Model Calculation of the Quark Process s —» di", 
Thesis, Dept of Physics, Univ. of Oslo, May 1990. 

[13] G.Altarelli, C.Curci, G.Martinelli and S.Petrarca, Phys. Lett 99B 
(1981) 141. 

[14] See for example: W.Marciano and H.Pagels, Phys. Rep. 36C (1978) 
137, and references therein. 

7 



Figure 1. 
The electroweak s —<• d*t loop. When the W-boson is heavy, the W-

propagator is shrunk to a point (-and a Fierz-transformation can be per
formed) . 
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