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Measurement of the Running of Effective QED Coupling at Large Momentum Transfer
in the Spacelike Region
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The ¢? running of effective QED couplingr(g?) is measured in a spacelike regidip GeV)> =
—q* = (54 GeV)?, using Bhabha-scattering and muon-pair production data" at collisions with a
center-of-mass energy of 57.77 GeV. The result verifies the prediction of a theoretical estimation with a
precision of better than 1% in terms af4?)/a(ty) with t, = —(10 GeV)2. [S0031-9007(98)07120-8]

PACS numbers: 12.20.Fv, 13.10.+q

The vacuum polarization (VP) of the photon field expectations for reactions in high-energy ¢~ colli-

mediating charged-particle interactions is one of the mossions [2]. The effect leads to corrections of more than

remarkable consequences from the quantum-field naturB0% to the cross sections for reactions wii?| =

of the quantum electrodynamics (QED). The VP effect is(30 GeV)>.. These reactions are, therefore, expected to
expected to depend on the momentum trangfeof the  provide good places for an experimental evaluation of the

interaction and to be able to be interpreted in terms of &P effect.
¢? running of the effective QED coupling(¢?) [1]. The It should be noted here that, in order to fully describe

effective coupling equals the fine-structure constardt e* e~ reactions at high energies, it is necessary to use
the Thomson limit 2 = 0) and is expected to increase the electroweak theory instead of QED. The electroweak

logarithmically ag¢?| increases at largg?|. theory predicts the participation of ti# boson together
The VP effect is known to be appreciable and necwith the photon. Hence, uncertainties @4 properties

essary to be taken into account in calculating reliablenay hide the VP effect from an experimental evaluation.
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Recent precise measurements on #feresonance [3] an assumption-free evaluation of the VP effect in the
have enabled an evaluation in the off-resonance region. spacelike region.

Theoretically, the VP effect can be estimated by adding Along with the experimental improvements, the ex-
the contributions of all possible virtual states (loops) thatstence of a suitable theoretical framework is crucial
can be embedded in the photon propagator mediatinfpr studies to probe the VP effect. It has been shown
charged-particle interactions. While the contribution of[14,15] that external photon-radiation corrections can be
leptonic loops can be reliably estimated from perturbativereated separately from short-range hard (effective-Born)
calculations, hadronic contributions are usually estimategrocesses including internal propagator and nonphotonic
with a dispersion integral based on the experimental dateertex corrections. This allows us to separate the VP ef-
concerning the reactioa™ e~ — hadrons [2,4], because fect from complicated experiment-dependent corrections
of the presence of nonperturbative strong interactionsdue to photon radiation. Note that the separation was not
Thus, the estimation suffers from ambiguities arising fromclear in traditional treatments of the radiative correction
techniques used for combining the results of many experifl6]. Furthermore, based on the above argument, precise
ments, as well as those from experimental uncertaintiexalculations of the photon-radiation corrections have been
Being motivated by the need for a precise determinamade available for analyses of experimental data [14,15].
tion of weak parameters at the CERN Large Electron- In addition, it has been established that the internal cor-
Positron Collider (LEP) experiments, the estimation hagections within the framework of the standard electroweak
been improved [5-7] and is now being considered taheory can be implemented with good accuracy by a
reach a precision at the level of 0.1% in terms ofsimple replacement of fundamental constants in tree-level
a(g?)/a [8]. (Born) formulas withg?-dependent effective parameters

Concerning the effect in the timelike regio?(= [improved-Born (IB) approximation] [17]. The approxi-

s > 0), an experimental evaluation was carried out bymation includes the replacement®fwith «(g?) with the

the TOPAZ group at TRISTAN [9,10] and the OPAL same definition that has been introduced within the frame-
group at the LEP collider [11] using data on the reactionsvork of QED.

ete” — hadrons ande™e™ — utu~. Although they Based on the improved-Born approximation, the
observed a significant contribution of the VP effect, theeffective-Born (EB) cross section for Bhabha scattering is
precision of the evaluation is limited by the data statisticaddescribed by the sum of the ten terms given in Eq. (20) of
and is still worse than 1%. Ref. [12]. The muon-pair production is described by the

It has been pointed out for a long time that thesum of threes-channel terms indicated with the following
VP effect in the spacelike regiom{ =t < 0) can be suffices: y,v,, vsZ;, and Z,Z,. Since theZ°-boson
probed in Bhabha scattering," e~ — e*e™ [4]. This  properties are known precisely [3], we can evaluatg?)
reaction is expected to be dominated by the exchange diy fitting the formulas to the experimental results.

a spacelike ftchannel) photon, for which the momentum In the following discussion the mass and total decay
transfer is correlated to the scattering angleas + =  width of Z° is fixed t091.19 GeV/c? and 2.49 GeV, re-
—s(1 — cos@)/2. Therefore, in principle, the effect can spectively, with the effective weak mixing-angle s\’

be observed in the scattering-angle dependence of tHer leptons of 0.232. The parameter in the effective
reaction. Although the required measurement is veryZ? coupling is fixed to 1.01, taking into account a correc-
simple, no evaluation has yet been made, due to thton due to the heavy top-quark mas§4 GeV/c?). The
limited precision of measurements and a lack of suitablénfluence of the errors in these parameters is negligible,
theoretical frameworks. since the interactions are dominated by photon exchanges

As reported [12], we measured Bhabha scattering aht our energy.

a center-of-mass energy/{) of 57.77 GeV with good As a measurement for Bhabha scattering, we use the
precision, based on high-statistics data collected with theesult on the EB cross section normalized to the cross
VENUS detector at the TRISTANM ¢~ collider of KEK.  section in the end-cap (EC) regio).§22 < cosf =

As a result of this measurement, we have observed 6.968),
significant running effect ofx(¢?) for the first time in

this reaction. However, we could not carry out any direct
measurement of(¢2), because of the presence of a non-
negligible contribution of the timelikes¢channel) photon
exchange. We needed to impose an assumption on the

g*> dependence in order to evaluate the significance of th&he result is obtained for 12 scattering angleés—=(
observation. 1-12), as presented in Table V of Ref. [12].

Recently we have completed an analysis on the muon- As for the muon-pair production, we use the total
pair productiong* e~ — u* u~, based on the same data cross section ¢55r) and the forward-backward (FB)
sample [13]. This measurement provides informatiorasymmetry AE%), obtained from a fit to the differential
on the s-channel photon exchange. Combining thisEB cross section [13]. In order to make a uniform
result with the Bhabha-scattering result, we can makdéreatment, we converdrTgT to a ratio to the EC Bhabha
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. , . .
scattering, defined aEsl; . al o)’ a(ty) (m = 1-5). a(s) "
REB — Nror(pp) _ ortor(pup) @) @ (1) (1)
pb NEE ok From an average weighted by the angular distribution,we
The converted result is choose as
R = (738 0.13) X 1077, 3) to = —(10.0 GeV)*. (5)

EB
App = —0.350 = 0.017, The first parameter in Eq. (4) is introduced only for a
with an error correlation of-0.036. The error from the technical reason. We don't expect any good measurement
luminosity determination (0.9%) is not included in this for it, since the experimental results are sensitive to it only
result. The conversion was done by refitting the angulamdirectly through thez® exchange and-Z interference
distribution after excluding the luminosity error. terms. These terms have relatively smaller contributions

The error matrix for these 14 measurement results ist our energy. The effective coupling in the spacelike
given by the quoted errors, together with the correlatioryegion a(r) is assumed to be constant in certain ranges
matrix shown in Table IV of Ref. [12] and the error of ; (denoted byr,) at large scattering angles. The
correlation betweerREE and Afg. The experimental assumed ranges are shown in Table I. The boundaries are
error in the measurement of the EC Bhabha (0.7%) igletermined from those for the c@sbins in the Bhabha-
added to the error matrix as a common normalization errogcattering measurement. The ranges,itinclude several
for drR}®/dQ) andREE. bins in cod;, except for the smallest} bin.

The experimental results used in the present discus- The result of the fit is presented in Table I. The result
sion are all EB quantities, for which experiment-dependentor «(z,)/a has a large error, as expected. The experi-
photon-radiation effects are unfolded. The unfolding pamental results are mainly sensitive to the other parame-
rameters were determined by using a computer prografgrs, which represent the running frogt = 7). The
ALIBABA [15]. The precision of the estimation byIBABA parametera(z,,)/a(to) has been determined with a pre-
is anticipated to be at the level of 0.5% or better for in-cision appreciably better than 1% in smhll bins, where
dividual cross sections. Indeed, the precision for the EGhe precision is dominantly determined by normalization
Bhabha scattering is estimated to be 0.47% from our studgrrors. Thus, the error correlation is large in these bins.
[13]. The influence of this error is expected to be smallelNormalization errors are gradually overwhelmed by the
for the quantities that we use in the present discussiorstatistical error agr| becomes larger. Accordingly, the

because the major part of the error would be common terror correlation becomes smaller. The precision is still
the measured reactions. However, the details are hard tose to 1% even in the largelst bin, where the error is

discuss here. Instead, we conservatively add an error @fominated by data statistics.

0.3% as a normalization error fdR;®/dQ, and an error  In the above fit we assumed the runningd;?) esti-
of 0.5% forR;;>. In addition, another error of 0.3% is as- mated in Ref. [5] for calculating the Bhabha cross section
signed as a common error fadRF® /dQ) andREB. integrated over the end-cap regiani€). We confirmed

Parameters allowed to vary in the fit must be choserthat the dependence of the result on this assumption is very
so that they can determine the predictions for the 14mall. Even if no running is assumed in the end-cap re-
measured quantities simultaneously. In addition, theion, the change in the fit result is smaller than 0.0001 for
correlation between them is desired to be small. Roughlgll parameters. This is a result of a proper choice of the
speaking, the result for Bhabha scattering is determinefitting parameters and thg value. The dependence be-
by a(t)/a(ty) predominantly, and?EB must be sensitive comes larger if we choose other values fpr

to a(s)/alty), wherer, represents a typicalfor Bhabha The results fora(z,,)/a(ty) anda(s)/a(zy) are plotted

scattering in the EC region. in Fig. 1 as a function o® = /|42[. We can obviously
Based on these thoughts, we choose the fitting parameee a systematic enhancement of the results from unity,

ters to be corresponding to an observation of the running. In the

TABLE I. Result of the fit to the experimental results. The best fit is presented together with the correlation matrix for the
estimated error.

0 = 14%] (GeV) Fit Error correlation
al(ty)/a 10.0 1.013 *= 0.052 1 0.046 0.036 —0.035 —0.101 0.015 0.101
al(ty)/alto) 20.7-25.2 1.0067 = 0.0047 1 0.696 0.531 0.423 0.264 0.368
25.2-324 1.0099 * 0.0049 1 0.518 0.411 0.246 0.374
32.4-38.2 1.0099 = 0.0061 1 0.338 0.217 0.285
38.2-45.6 1.0144 = 0.0074 1 0.248 0.138
45.6—53.9 1.0328 *+ 0.0114 1 —0.119
a(s)/a(ty) 57.77 1.0063 =+ 0.0095 1
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