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and B. Choosing the most stable periods, and
correcting for the linear drift, the mean value
for the shift is found to be A = 0.005 = 0.013
nsec.

The result for the velocity measurement of
yrays of energy = 6 GeV from™a source with
B =0.99975 (according to special relativity) as
given by eq. {2) is

¢' = (2.9977 = 0.0004) x 1010 ¢m/sec .

If we interpret this result using eq. (1) with
c=2.9979 x 1010 cm/sec, the corresponding
value for % is: '

B=(-3%13)x 105,

Note that the ¥ rays observed in this experi- ,
ment pass through some beryllium, a thin mylar
window and about 60 m of air before their velo-
city is measured. As this material is refractive,
the extinction theorem implies that the original
v rays from the moving source will be slowly ab-
sorbed and replaced by similar radiation re-
emitted by the stationary medium, thus invalidat-
ing the experiment 7). This effect becomes im-
portant if the phase delay due to the medium ex-
ceeds say A/27, where X is the wavelength of the
v rays. Deriving the refractive index for y rays
from the forward scattering amplitude per elec-
tron A = ez/mcz, the maximum allowable dis-
tance becomes

dmax = (A)1 ~ 5 km of air

for y rays of 6 GeV, where # is the number of

electrons per em3 of the medium. We conclude
that reradiation by stationary material is a ne-
gligible effect in this experiment.

The authors appreciate the invaluable help of
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of the experiment. The collaboration of the CERN
PS group, notably D. Dekkers, K. Gase and W.
Richter is gratefully acknowledged. We also wish
to thank Drs. H. G. Hereward and P. H. Standley
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References

1) D.Sadeh, Phys. Rev. Letters 10 (1963) 271.
2) T.Alviger, A Nilsson and J. Kjellman, Nature 197
(1963) 1191; Arkiv Fysik 26 (1964) 209,
3) W.Kantor, J.0pt. Soc. Am. 52 (1963) 978.
4) J.F.James and R. S. Sternberg, Nature 197 (1963)
1192,
5) F.B.Rotz, Physics Letters 7 (1963) 252,
6) P.Moon and D.E. Spencer, J. Opt. Soc. Am. 43
(1953) 655.
7) 4.G.Fox, Am. J. Phys. 30 (1962) 297.
8) H.Dingle, Monthly Not. Roy. Astron. Soc. 119 {1959)
67.
9) W.De Sitter, Proc. Amsterdam Acad. 16 (1913)'395;
Physik Z. 14 {1913) 1267.
10) W. Zurhellen, Astron. Nachr, 198 (1914) 1.
11) H. Thirring, Z. Physik 31 (1925) 133,

%) % 3k %k X

RADIATIVE CORRECTIONS TO e*+e” — pt+u”

G. FURLAN
CERN, Geneva, Switzevland

R. GATTO and G. LONGHI
Istituto di Fisica dell’ Universita, Fivenze, Italy,
Laboratovi Nazionali di Frascati del CNEN, Frascati, Roma, Italy

Received 24 August 1964

In this note we give an evaluation of the radia~
tive corrections to the colliding beam reaction
et+e™ — u++u~. We use Eriksson's work on the
renormalization group in electrodynamics 1) to
obtain a tentative estimate of the higher order
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corrections in @. Our results show that the high-

er order terms play a minor role for colliding

beam experiments in the energy range of interest

for the various projects now under development 2)
Our calculation of the two-photon contribu-
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Table 1
Radiative corrections to et+e™ - ut+u~. The cross sec~
tion is written as do = do,{1+8), where dog is the low-
est order cross section. Thetotalc.m. energyis W and
the c.m. angle is 8, The cut-off ¢ for the emitted photons
ig isotropicinc.m. and is chosen as {5 of W.

w 9 9 w 8 2
GeV) %10 (Gev) 5% 10
0.5 30° - 9.42 10.0 300 -12.09
600 - 8.03 600 -10.73
900 -~ 7.04 90° - 9.77
120° - 6.05 120° - 8.81
1500 - 4,67 150° - 7.47
1.0 30° -10.04 = 20.0 300 -12.69
60° - 8.66 60° -11.35
90° - 7.67 90° -10.39
120° - 6.69 1200 - 9.44
150° -~ 5.38 1500 - 8.11
2.0 30° -10.66 30.0 30° -13.05
60° - 9.29 60° -11.71
900 - 8,31 900 -10.75
120° - 7.33 120° - 9.80
150° .~ 5.98 1500 - 8.49
4.0 300 -11.28
60° - 9,91
90° - B8.94
1200 - 7.97
150° -~ 6.62

tions is carried out, using the method of Yennie
et al. 3). The results are reported in table 1 for
a c.m. isotropic energy cut-off €, for the emitted
photons, of & of the total c.m. energy.

The graphs contributing to the lowest order
radiative corrections to et+e~ — u++u~ are re-
ported in fig. 1. We are inferésted in the asymp-
totic expressions of the corrections for large W,
total centre-of-mass energy. For the vertex
corrections &y (graphs Vj and Vg) and the self-
energy corrections g (graphs SE; and SEf), we
have derived exact asymptotic expressions, in- .
cluding constant terms in W, by adapting known
results4). Forthe two-photon-exchange correc-
tions (graphs 2y) we have used the technique of Yen-
nie etal. 3). Inthe terminology of these authors, we
have calculated the dominant convection contribu-
tion (neglecting the dependence of the basic matrix
element from the soft photon momentum &), which
gives a logarithmic contribution. We call this
contribution 63. We have also calculated the spin
convection contribution and the correction to the
convection contribution due to first order terms
in 2. We call these contributions 69'. They only
give eonstant terms in the asymptotic limit (for
a fixed scattering angle 6 different from 0 or. 7).
The corrections from initial and final emission
of real soft photons (graphs B; and B¢, respectiv-
ely) were calculated exactly. These corrections
are called 5 g. The dominant convection contri-

) (Ve)

@)

CY) Y,

Fig. 1. Lowest order radiative corrections to e*+e™ .~
pt+u~ (the heavy line denotes the muon). Initial and final
vertex graphs are denoted by (V;) and (Vg respectively,
self-energy graphs by (SEj) and (SEy), bremsstrahlung
graphs by (B;) and (Bp), and the two-photon exchang,
graphs by (2y). ;
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‘butions 6 g to the interference terms between ‘ini-

tial and final bremsstrahlung, were consistently
calculated with the technique of Yennie et-al.
These terms give in fact compensating terms in
A (photon mass) to the two-photon-exchange ‘cor-
rection. Spin convection contributions to-these:
interference terms should not contribute appre-
ciably for small energy cut-off ¢ to the emitted
real photons. The expressions we give here are
also corrected for the Coulomb interaction be-
tween the particles in the initial and final states,
which affects the constant term in 0.

We distinguish between initial or final correc-
tion by an index i or £. The final corrections can
be obtained from the initial ones by the substitu-
tion of m, initial fermion mass, by u, the mass
of the final fermion. The initial radiative cor-
rection is the following:

GR(i) (€)= 5V(i) (A + 5B(i) (x€) + 6SE(i)

_of.29 28

. 7
=7 "3 —§+21n§/—(21n%—1)

-21n2+(1—§+41n2)1n% ()

The dominant convection contribution from two-
photon-exchange 69 and the dominant convection
contribution § » in the interference between ini-
tial and final bremsstrahlung give a correction

(always for 6 #0,7):
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1-cos 6

x W_ l-cos 6
62+5B~?(4m2_€ D In 576056

(2)

In these formulae o is the fine structure constant,
W the total centre-of-mass energy, € is the soft
photon energy cut-off, and ¢ is the centre-of-
mass scattering angle. Spin convection contribu-
tions and terms arising from the % dependence in
the matrix element of the basic process contribute
the constant term

by' = @y, 1-cos § (3)

7T l+cos 8 °

We have included 69’ in the radiative corrections,
even if other similar terms may come from other
neglected contributions (as, for instance, spin
convection interferences from bremsstrahlung
graphs). In any case, 0 independent terms cannot
appear in 8y, 5, and 09'; these contributions
have to be odd in cos 4 as they must vanish for
any observation symmetrical with respect to the
final charges. Numerically, the energy indepen-
dent correction 69" turns out to be negligible with
respect to the energy independent terms of 6y,
Ogg, and b B

We now try to get from these first order cor-
rections an indication on the contribution of the
higher order terms in @, To this end we use
Eriksson's results 1), which allow us to obtain
from the first order corrections an approximate
expression for the differential cross section of
the reaction including terms of all orders in a.
Actually, the original Eriksson's results are
given for the case of charged particles of equal
masses, but the generalization is straightfor-
ward. We obtain:

o 1-cos 8

do=dog (1 -{2(1+2In 2)] I, 2o+ 4In2
56 4g2 e[ 4o 1-cos 8
+—9—+—§—}exp an[_ T @+ln1+cos(9>,

2 2.

1% a8
-61n 1-g[ln—+1n— J

( KT m2 li2 _‘)

313 ! w2 w2 ‘, (4)
-—2—<13—+41n 2)In (1 ﬁ{m—mf]n—uz]),

where do, is the cross section at lowest order.
We write do = dog(1+ 6). Numerical values of &
are given in table 1 for different values of W,
total centre-of-mass energy, of the centre-of-
mass scattering angle §, and for the choice of
€/W =101, The expression (4) is derived by
combining the renormalization group techniques
to sum up the finite (not infra-red) part of the

matrix element and the well-known summation
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formula for its intra-red part and for the soft
photon contribution. Consequently, it has definite
limits of validity that we want now to discuss.

The equations of the renormalization group are a
strict consequence of very general properties of
the theory, so that it is difficult to get from them
very explicit consequences, just owing to their
too general character. Thus, if we assume that
the quantities of interest can be expanded aga
power series in the charge, it is not possible -

in general - to improve upon perturbation results,
as the group equations do not give unique solu-
tions without imposing particular conditions. The
discussion has then to be focused on the additional
requirements - of physical character - one has to
introduce to get unique results, at least for the
dominant terms 5). The investigation of the asymp:
totic region of large momenta seems particularly
favourable. This is the region where the kinemat-
ical variables (s, and « for a scattering ampli-
tude) are all large, as compared to the involved
masses, and all of the same order. Moreover
(and this is really the crux of the matter) one has
to assume the existence of the limit of vanishing
masses for quantities which are the generaliza-
tion (in the sense of the renormalization group)

of the physical Green functions. As a consequence
of these hypotheses the equations finally depend
on one variable only and can be'more easily
handled. An improvement of the perturbative ex-
pansion can then be achieved in the following
sense. The series can be rearranged according

to the different "ogarithmicity' of its terms
(that is through combinations of the form (e2i

In 7(W/m)) and in particular once the lowest order
corrections are known, it is possible to sum up
the maximally logarithmic terms, which always
turn out to be of the form (e2 In (W/m))". It is
this last result which heavily rests on the possi-
bility of neglecting the mass dependence. Such a
possibility ean be verified for the photon propa-
gator but, for instance, for matrix elements the
problem seems to be quite open. Since we use the
Eriksson’'s formula, we take this hypothesis as
granted: anyway its validity can be verified in the.
limit of our perturbative results, We have still

to recall the limitations on €, which are charac-
teristic of the soft photon summation procedure,
The presence of € limits the result only to the
c.m. frame with,a rigori, ¢ « m. However, as it’
can be verified explicitly by evaluation of the hard
photon contribution 6), the soft photon formula is’’
still quite good also for large €. To summarize
eq. (4) gives in the asymptotic region (In (W/m’)
>>1, 6 not too close to 0,7) a summation of the
maximally logarithmic parts, i.e., it reproduces::
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correctly the terms e2% In%(W/m) while the
neglected ones are of the form ,ezn Int(W/m)
(i < n). Inaddition, one has to remember that we
are working in the frame of perturbation theory
(@ In (W/m) < 1) so that the previous result has
to be meant as an expansion in o, where - to avoid
the problem of the convergence of the series -
only a finite number of terms is taken into ac-
count.

In particular eq. (4), expanded in a power
series of @, reproduces at first order the cal-
culated lowest order correction 61:

2
_a € W_)- _28 _ 2n°7

6y=2l2m (2 1)-2mm2-% -
+ ('1—3?-’-+4 In 2>1n% + (same terms with m — p1)
€ 1-cos @
-2(1421n2+21nw—)1n———1+c059}.

Numerically, 6 differs from & only at most by
6% in all cases considered in table 1. We remark
that the presence of the u meson, whose mass is
rather larger than the electron mass, shifts the
asymptotic region of at least an order of magni- -

tude. So at the lowest energies the evaluation of
& gives really only an order of magnitude. It is
clear that increasing the energy we came closer
and closer to the region where it would be pos-
sible to limit ourselves to the higher logarith-
mic terms only. In this-limit it would become
really unimportant to use the electron or the mu-
on mass in our final expressions.
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We wish to report here on a theoretical investi-
gation, the details of which will be given else-
where. We will limit ourselves here to a very
simple example, without any claim for generality,
in order to illustrate as clearly as possible the
underlying physical ideas.

We will show that the existence of vector bo-
sons coupled to conserved currents necessarily
leads to the exponential damping of the transverse
momenta * of those secondaries that are involved
in conserved currents, provided the dominant me-
chanism of multiple production obeys the rule of

independent emission. The importance of the

-smallness of transverse momenta and inelastici-

ty for the understanding of high-energy interac-

tions has been repetidly emphasized 1-4), Let us

stress here that starting from these two facts,

one can explain practically all the most important

features of particle collisions at high energies.
We assume, therefore:

i) There exist vector mesons (V-mesons) uni-

* The smallness of the inelasticity can be explained by
the same argument,
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