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Measurement of the Electromagnetic Coupling at Large Momentum Transfer
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We report the first purely electroweak measurement of the strengthening of the electromagnetic
coupling,aqgp With increasing momentum transfé?, by comparing the process e — u™ u~ with
the process™e™ — eTe utu~. The data were accumulated at an average center-of-mass energy
(/s) = 57.77 GeV using the TOPAZ detector at the TRISTAN e~ collider. We measuraaéD(Qz)
to change from its known value ozﬁzaéD = 137.0 at Q> = 0t0 128.5 = 1.8(sta) + 0.7(sysd at
0% = (57.77 GeV/c)?. This result agrees with electroweak predictions. [S0031-9007(96)02091-1]

PACS numbers: 13.10.+q, 12.20.Fv

The theory of electromagnetism predicts that the couit 0> dependent. Calculations then rely on an evolution
pling, aqEp, Will strengthen with rising momentum trans- of the QED coupling fromQ? = 0 where it is precisely
fer 02, while the strong couplin@ong is predicted, and measurectvééD(O) = 137.0359895 =+ 0.0000061 [3] to
has been measured [1], to decrease with rigilg The its valueaqrp(Q?) at theQ? value of interest. This pro-
possibility that these two couplings may at some energyedure of eliminating the vacuum graphs as well as the
become equal has lead to speculation that new physiase of the Ward identity [4] greatly simplify theoretical
exists in that regime [2]. The strengthening of the eleccalculations.
tromagnetic force with rising?? can be understood as a Because of the importance of the running coupling
result of the “bare” charge causing a “polarization” of theto physics, it should be observed experimentally. How-
vacuum. All charges are surrounded by clouds of virtuakever, the variation ofvqep is only logarithmic withQ?,
photons, which spend part of their existence dissociategequiring high energy experiments for direct observa-
into fermion-antifermion pairs. The virtual fermions with tion. The TRISTANe*e™ collider at KEK is unique in

charges opposite to the bare charge will be, on averag@s ability to measure this variation because of its large
closer to the bare charge than those virtual particles of

. . . + + et et e"

like sign. Thus, at large distances, we observe a reduced € H u

bare charge due to this screening effect. As we probe ut

closer we penetrate into the cloud of virtual particles, de- i

creasing the screening effect and observing more of the

bare charge and thus a strengthening of the coupling. e woe woe €
When comparing theoretical calculations with experi- (a) (b) (c)

mental results in the larg@? regime, it is found that the . .
| FIG. 1. Sample diagrams for (a) a loop or vacuum polariza-
oop or vacuum graphs of the photon propagator, showly, graph, (b) the dominant diagram fef e~ — u* u-, and

schematically in Fig. 1(a), can be effectively “absorbed” or(c) the multiperipheral process, the dominant process for “an-
eliminated by a redefinition of the QED coupling, making titagged”e*e™ — e*e~ ut uevents.
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center-of-mass energy dominated by electromagnetic pho- Nyrw = L adpp(0*)g[1 + aaqep(0)],
ton exchange. ) )

The Q2 variation of agep has been studied before by Wheré N+~ is the number of single photon produced
Banerjee and Ganguli [5] by combining results from allMuons selected from the datd, is the integrated Iu-
LEP experiments. They found good agreement with théninosity, g is the Born cross section with the coupling
standard model. However, this is an estimation baseffmoved multiplied by the detection efficiency and accep-
on Z° parameters measured at t#8 peak, where the tance [10],Q7 is the square of the.momentum transfer
photon contribution is overwhelmed. Therefore, theirfOF Single photon muon pair productio(§y7.77 GeV/c)?,
work illustrates the consistency of the parametrization of"d@qep IS the electromagnetic coupling at that momen-

the standard model and is not a direct measurement &¢M transfer. The constamtis a radiative correction to
aQED(M%)- the Born term for events which satisfy the selection cri-

A more direct measurement of the coupling hagleria. It contains only so-called external photonic cor-
been done by the TOPAZ group [6] using TOPAZ rections [11] for real Q? = 0) photons. The radiative

hadronic data normalized by low angle Bhabha scatcorrection is smalldaqep(0) = —0.1353 * 0.0017] be-
tering data. From this result, the coupling wasCause our event selection criteria, especially the require-

measured to be a(Sl}:D[QZ — (57.77 GeV/c)?] =  ment that the angle between the two muon momenta be

128.6703(stad*31(sysh, where the uncertainty in the gr?:/lter than 17°Ofav3r nonradiativle events.
integrated Iuminosity dominated the systematic error, W€ estimateg and a separately, using thetiNnAMI-

This result was found by assuming that quantum chromolATEYA Monte Carlo generator [12] and a complete

dynamic, QCD radiative corrections are well understoodl€teéctor simulation. The calculation gf is exact, and

to high order,a3, .. in the strong coupling. independent of the value afqep. For the calculation

strong

In this experiment we use an integrated luminosity ofof @, the generator performs a complete electroweak
268.0 = 4.0 pb~' [7] to measure the variation afqkp calculation valid to ordegep. While the calculation
as a function ofQ? by taking the ratio of the measured of a allowed aqep to vary with 92, fixing aqep in this
number ofete” — u*u~ events, produced at average calculation would have changed the correctioagep (0)

0% = (57.77 GeV/c)? [8], to the measured number of by less than 0.001.

antitaggede e~ — eTe u T u~ events (where the final The number of experimentally observed events for
state electron and positron escape down the beam pipe ¢ — e"e u"u” can likewise be compared to the-
unobser;/ed) produced with a medig? of 7 x 1075  oretical predictions. Thus, we write

GeV/c)*. These processes are shown schematically in

I(:igs./l()b) and 1(05), respectively. The cross sectiony of Neeww =1L agen(0)f(1 + bagen(0)).

the single photon process is proportionalatéED[Q2 =  whereN,+.,+,- is the number of two photon produced
(57.77 GeV/c)?], while the two photon process is propor- muons selected from the datg; is the Born cross
tional to aep(Q? = 0). section for the procesg*e™ — eTe  u*u~ with the

Our method has several advantages: First, the sysoupling removed and the effects of detector efficiency
tematic error is greatly reduced because we are usingnd acceptance included [10]. Finally,is a radiative
two similar data samples taken at the same time ussorrection to the Born term for events which satisfy the
ing the same detector subsystems, as well as the sarsglection criteria.
data reduction software. Most notably, systematic error In this casef was calculated with full detector simula-
from an independent luminosity subsystem measuremetion using the tree level Monte Carlo program of Kuroda
is avoided, and detection efficiency errors generally canfl3], but is independent of the value @fgp. This simu-
cel due to the similar event signatures for both processdstion produced excellent agreement with the experimental
within the detector. Second, this approach is less modelata [14].
dependent as these processes are purely electroweak inThe constantb was calculated as the ratio of two
nature and require no assumptions about QCD. Third, s&eparate Monte Carlo generators [15,16] from Berends
Js = 57.77 GeV, theZ° makes only a 6% contribution et al. The first calculates all the nonradiative or tree
to the number ok "¢~ — u* u~events produced so that level diagrams. It was found that only the multiperiph-
single photon exchange dominates the interaction. Fieral diagrams, Fig. 1(c), made a significant contribution
nally, this method avoids the need to make assumptiongiven our selection criteria [17]. The second generates
about theQ? evolution of the coupling in the normal- radiative corrections using the tree level multiperipheral
izing sample. For example, in the TOPAZ experiment,diagrams and a subset [18] of the radiative graphs shown
the lowest angle Bhabha scattering data have an averag@ make a significant contribution [19] to this process up
02 of about5 (GeV/c)? with a corresponding coupling to order adgp.
agep[0? = 5 (GeV/c)*] ~ 134. The radiative calculation uses a fixed value of

The data were analyzed with the TOPAZ detector,@qen(0), but includes vacuum polarization graphs up to
which is described in detail in Ref. [9]. The number of the appropriate ordeaéED. The fact that the process
observedete” — u' u(y) events is predicted to be ete” = eTe utu~ has a nonzer@? value is taken
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into account as a correction teygp(0) by these vacuum tion, is 2347 = 49(sta) = 4.6(sysh. The selection con-
polarization graphs. tained backgrounds of.2% = 0.2% due to cosmic ray
Comparing these Monte Carlo calculations, the radiaevents and0.04% = 0.02% due to = pair production.
tive termb aqep(0) is found to be—0.007 £ 0.007. The  Other possible backgrounds, such @aspair production,
smallness of this correction results from our demand thahadronic events, two photon pair production, two pho-
both the final state electron and positron not be observetbn 7 production, as well as others were studied using
in the detector. Monte Carlo calculations and each was estimated to con-
Both the single photon generator and the two photoriribute less than 0.5 events background.
generator have theoretical errors, estimated by the authorsCombining the presented values vyields the
[12,15,16]. The theoretical calculations used emass of measurement of the electromagnetic coupling at
91.189 GeV/c?, a top quark mass of76 GeV/c?, and Q = 57.77 GeV/c,
the Higgs mass was set 300 GeV/c>.
The ratio of the measured number of single photonaaéD((57.77 GeV/c)?) = 128.5 = 1.8(stah = 0.7(sys?.

events to two photon events can then be written as
) ) By taking the ratio of the two measurements, many
Nutw  _ 2qep(Q7) ¢ (1 + aaqep(0) systematic errors are eliminated. Those contributions
Neteptu- agep(0) f (1 + bagep(0) to the systematic error that do not cancel, in terms of
The experimentally determined value of the electromag-6aQ.l”%D/‘Y.QéD’.a.re (@) 0.2% from differences in the time-
netic coupling, as a function @, is then of-fllg_ht hit efﬂmgncy as a functlon of muon momentum,
' ' affecting the trigger efficiency, (b) 0.2% and 0.1%,
aéED(QZ) _ Nuww f (I + bagep(0) respectively, from uncertainty in the factogs and the
4 TN . o : ete” — utu~ radiative correction, and (c) 0.3% and
«qen(0) Newwwru 8 (1 + aagen(0)) 0.4%, respectively, from uncertainty in the factofs
The selection ofete™ — u*u~ candidates is de- andthee®e™ — e"e” u™ u™ radiative corrections. Our
scribed in Refs. [20,21]. For this analysis, however, wemneasurement is limited by statistics.
made the following modifications which reduce tracking Our measurement is in agreement with the theoretical
related systematic errors: (1) muons are identified by theiprediction [23] of
penetration through an absorber into the muon cham-
ber system [14] rather than by their energy deposition agep((57.77 GeV/c)*) = 129.6 + 0.1.
in the lead-glass calorimeter, and (2) the angular region
of interest has been restricteddd =< | cosf,, | = 0.66. The measurement is shown in Fig. 2 together with the the-
With these modifications, the muon tagging procedure an@retical prediction. Our experimental result differs from
geometric acceptance fer e~ — u*u~ candidates are the valueaqep(0)™' = 137.0 by 4.5 standard deviations.
the same as those fear'e™ — e+e_M+M_ candidates. The prObablllty of a fluctuation Causing a deviation this
Other kinematic cuts on the sample were (3) the momenlarge is abou? X 107°.
tum transverse to the beam, of each muon, had to be larger Our previous publication [6] presented a measurement

than Eveam /3, and (4) the angle between the two muonsOf the electromagnetic coupling using a technique un-
had to be greater than 170 correlated to the present measurement. Combining our

With these criteria, the measured number ofPresent measurement with our previous result we find

ete” — utu~ events after background subtraction

is 2775 = 52.7(sta) + 8.7(sysh. The selection con- agep((57.77 GeV/c)*) = 128.6 = 1.6.

tained backgrounds o0f0.8% = 0.07% from = pair

production,0.5% * 0.3% from cosmic ray muons, and The combined TOPAZ result differs fromqep(0) by
0.42% + 0.01% frome*te™ — e"e ™ u™ events. 5.3 standard deviations.

The selection of ete” — ete utu~ candidate In conclusion, we have measured the electromag-
events is described fully in Refs. [14,22]. The kinematicnetic coupling @qep at a momentum transferQ? =
requirements on the sample were (1) the momentun®57.77 GeV/c)?, using data taken with the TOPAZ de-
transverse to the beam of each muon had to satisfiector at the TRISTANe e~ collider at KEK, Japan’s
1.9 = p;, = 10 GeV/c, (2) the angle of the muon mo- National Laboratory for High Energy Physics. Our mea-
menta with respect to the beam direction had to satisfgured value differs significantly from1/137 its known
0.1 =|cosd, | = 0.66, and, finally, (3) the antitagging value at low energy. We find good and significant agree-
condition demanded that no electromagnetic energy afment with the prediction of the rise in strength of the elec-
magnitude greater thaf.32F.,, be deposited in the tromagnetic coupling with increasing momentum transfer.
calorimetry system, which covers the angular regionThe strong force has already been measured to decrease
32° =60 = 176.8° in strength with increasing momentum transfer [1]. Our

With these criteria, the measured number of antitaggedeasurement of the increase in strengtlxgf.p for large
ete” — eTe utu~ events, after background subtrac- Q2 supports the idea that the electromagnetic coupling
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