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ABSYRACT

A measuremen} of jet energy spread in the reaction e*e” -> hadrons
is presented. Using a jet calculus model for the jet deye]opﬁént Ne
determine the Qariation of the'sfrong coupling constant with respect to
momentum transfer. The observed variation is consistent with that .
'expected for QCD over a wide range of moméntuﬁ transfers. This method
alone is not sufficient to distinéuish QcD from simple limitea tran-

sverse momentum models.
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In recent years the theory of the strong interaction, QCD, has been
successful in explaining the characteristics of Jeep inelastic lepton-
nucleon scattering and hadron productién in e* e” annihilation. An
important consequence of QCD is a decreasing coupling conétant with
increasing energy. The experimental verification of this fact is diffi-
cult, since thg coupling constant ag changes logarithmically uith the
energy. The value bf ag at fixed energy can be determined by the lep-
tonic branching ratios of the ¥, 27 and T regonances[1]. Heasurements
of ag over a range of energies in deep inelastic lepton nucleon scatter-
ing have large statistical errors[2]. Konishi, Ukawa and Veneziano[3]
have suggested'a §tatisticallyvpouerful method which uses the angular
energy spread inside a ha&rén jet to determine ag. In 5ét.ﬁevelopment.
the relevant mass ﬁcale in the succesive branching of partons varies
from ﬁalf the center-ocf-mass energy doun to a feﬁ cév, thus ailouing the
variation of the effective coupling constant to be determined over
almost tuo orders of magnitude in q2.

In this method, energy and momenta are measured using a set of fic-
titious calorimeters that completeiy cover a jet produced in the reac-

tion e*e” = hadrons. Each calorimeter subtends an opening angle (28).

'If Ej is the energy measured in the i-th calorimeter. then thg jet

energy is given bv-

N .
Ejet = Z E;(8) , N=number of calorimeters.

and the jet energy spread of order n is defined as:
E;(8)

CN(8) = ¢ £ xi™8) >. uwith xj = ~——— (n
I E;(8)
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The mean value is computed bv'averaging over all measured jets and

f

energy conservation requires C'(8) = 1, In QCD, & is proportional to

the internal momentum transfer in the parton cascade and allows the

determination of aglq?).
The jet energy spread uas measured from data taken with the MARK II
detector at the electron positron storage ring PEP at the stanford Lin-

" ear Accelerator Center. The data used in this analysis correspond to an

integrated luminosity of approximately 14500 nb-! accumulated at a cen-'

ter-of-mass energy'of 29 Ge¥. The MARK II detector is composed of a
large-volume’ solenoid magnet'coax{él with the PEP beam line, a system of
16 layers of cylindrical drift chambers in the field to determine parti-
cle momenta, a set of liquid argon-and-Tead shower counters outside the
tracking region .covering 2w in azimuth to detect photons and identify
electrons, a time-of-flight system to measure p;rticlg velocities, and a
set of steel absorbe}s and counters to.fdentify § mesons. The defector
has been aescribed in detail elseghere?k].-

Events for this analysis were selec{ed.by_app!ying fhe follbuing
cuts. Charged and'neufral {Eacks had:to iié in the polar angle range
505 <8 ¢ 130° to ;tgv safé!y _uithin ﬁhgvregion_covered_ by the )iquid
‘argon shduer counfefé; chafgedf{facks uere"réqdifed to have a hinimum
transverse momentum with ‘respéct t§ the beanm ax%s of 100MeV/c and pho-
tons to haVe a measured enérgv of at iéést 300 MeV. The particle identi-
fication /qapébilities:of the.nARK 11 were used to assign masses :to
charged particles. If the mass Nas'ambiguqus a pion mass uas assumed.

Photons seare rejected if thejf distance to any charged track was less

than 15cm at the entrance of the liquid argon shower counters. ' All
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events uere analysed as tuo-jet events. Selected events uére required to
have a measured thfust value greater than 0.8%. This cut removed events
uitﬂ hard gluon radiaticn at large angles; and mas made to justify the
leading lbgarithm approximation{5] used in the jet calculus. The
results are quite independent of the particular value of the thrust cut.
The pola( angle of the thrust axis had fo be-in the range betuéen 65¢
§n¢ 115° to make sure that most of the enefgy flou of the jets uent
into the ahgulaf region uhere it could be measured. The meaﬁuré& energy
of each of the tuo jets had ty be §t'least 8GeVv. Each jet was required
tq contain at least  three detected particles with at least two of them

being charged. In addition .the detected charged multiplicity of the

- event had to exceed four to discriminate against r-pair production. To

remove shouering Bhabha events, events uere réjécted if an.electron uith

. more than 8 GeV uas identified. After applying the above cuts there

remained 1866 jets uith an average jet energy of 11 Gev.

For each open{ng angle 8§, thg-tothl solid angle qas,inided into a
set of calorimeters uith,approximately»equal‘size.v7 The number of calo-
rimefers varied between 6 and 76, and the orientation of the calorime-

ters was chosen for each event such - that the jet axis pointed into the

‘cénter of a calorimeter. If Ej was the energy in the i4fh calorimeter

and M; the number of calorimeters with assigned ene}gies different from

zero, then the follouing moments were calculated:

1 N M; Ej
eMEI=— ¥ I x;" with x;= (2a)
N j=1 i=1 ' .E Eg .
. 1 K M; 1
and x{€) =— X I/H; I x; = {~— (2b)
. R j=t i=1 M;

here H is thé number of iets.

LA ~3,
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The measured values x(8) and C"(§) had to bé corrected by a nontev
Carlo‘simulatjon of the data ?or"track and ‘event selection cuts, 1unde-
tected energy, fnitiél state radiation ond weak decays of charmed and
bottom mesons.  This correétion procedure depends only on the acceptance
of the detector and is insensitive to changes ' in the parameters of the
fragmentation’model. The resuiting corrections for CN(E) are typically a
few per?ent and reach 15% for larger momenfs , for x(§) they are about
35%4. The corrections are given in detail in table 1.

The corrected‘values for the jet energy spread C"(&) and the aver-
age fractional energies x(58) of the caloriméters are-given in table 2.
The quoted errors are the linear sums of the statistical and-svStémafic
error arising from uncertainties- in the correction procedure. For
small angles the systematic error dominates. We have checked that the
result does not depend on the particular choice of the calérimeters by
repeating the analysis with different grids.

The jet energy;spread has been calculated by K.Konishi et al.[3] in
the frameuork of perturbative QCD. .This "jet calculus” is a probabi-
listic¢ interpretation of jet development. - In this picture & primary
‘parton-crcated~in the process e'e” -> q§ at a center-of-mass energyrvﬁr
develops into a parton shougr by successive gluon radiation and quark-
antiquark pair production. This leads to a trece-like structure uhere the
virtual mass  of the primary parton decreases successively along each
branch. The shouer evolution is calculated perturbatively until the vir-
tual mas§ of the remaining partons. are of the o}der of a typical
hadronic mass. Then the partons turn non-perturbatiQ;ly ,in£o hadrons.

Since momentum transfers involved in this. final hadronization process
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are small compared to the transverse ﬁomentum'sqale of the:perturbative -
jet evolution, directional energy flou is approiimafely codservgd. As
assumed by ref. 3..'these non-perturbative eftects should not alter the
resultAofithe analysis, if_the minimum momentum transfer observed (i.e.
minimum &) is not too small. As a reéult the measu;ed hadronic energy E
inside a cone of opening angle 26 originates from the decay of & virtual

parton in the shouer with a virtual mass up to:

452 = (x> s 8in?6 3

_where the avefage is to be taken over all sets:of calorimeters of fixed

"opening angles 26 * and over all jets. Equation (3) .is'only an upper

limit for the invariant mass, since angles smalier than the size of. the

‘calorimeter cannot be, resolved. - ' -

In the theory the densitv of such virtual partons'uith fractional

energy x in a shower of a primary parton i with mass up to Vs74 is given

by a partonic fragmentation function[3,6] Bj(x,s,§2), (i=quark,gluon).

The jet energy spread is then'given by the moments of'the_quark fragmen-

tation function at that §2:
CNqld?) = €  xiM >q = § dx X" Dglx,s,§2) )

The q2 evolution of these fragmentation {functions is predicted by the

~well knowun. Altarelli-Parisi equations[7] which can be solved {for the

moments Cq™ with the result[81:

A a.m

ag(4§%) 2nh as(4§2) 2ub .
Cqn(g2) = agM (- ) + by () (5
as(s) - as(s)
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Here, A+M™A.M and ayMby™ are the eigenvalues and the first coimponents
of the correspunding eigenvectors of the matrix of anomalous dimensions
as given by references 3 and 8, and b=‘33‘2Nf for N¢ quark fl#vors. The
range of validity of this calcuiation is ' limited to ag(4§2)¢{m - and
§2)>m%hadron. This is equivélent to the requirement that.28 must not be
taken too small.

" In comparing the experimental results to.eq; (5), one has to choose
the number of quark flavors effective in the development ‘of the parton
cascade. Recently, Eduwards and Gottschalk[S] have shomun that the quark

mass dependent effective QCD coupling constant can be approximated suf-

ficiently uwell by the formula for massless quarks if one introduces

thresholids for the production of new quark flavors at ‘approximately
tuice the respective quark mass. ‘Except for the highest value of 4§52 in

table 2 the invariant masses of the partons in the cascade are too lou

to permit production of charmed quarks ‘in their decév. and at the high-

est value 4G§2 = 796eV2 eq. (5) gives results for N¢ = 3-and N¢ = 4 which
are almost identical. ‘

In fig. 1-ue shou the measurements of C2(4§2) and yc6(4a=) as a
function of the averaged values 4§2? ané compare them to the predictions
of eq. 5 for N¢=3.  We do not consider moments of order hfﬁhér'than 6
because the correction factors become large. The second order moment C2
is uell described by eq. 5 with an a;’ of about 0.16 at Qo\= 29GeV even
doun to small values of §2, where perturbative methods may not be appli-
cable. The prediction of the moménts are very sensitive to d;, houever
the momentum transfer scale is Véry-approximatés For the sikth order

moment C¢ the agreement is still good although the best fit value of
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ag(296ev) is 0.{8. | The significance of the variation of ag uwith the
order of the moments is not clear to us. Higher order corrections to the
jet calculus or residual non-perturbative effects can contribute to this
difference.

Equation (5) can be solved numerically for the ratio.as(4ﬁ2)/as($)
which allou? the variation of as with invarignt mass to be determined
from the experiment. In fig. 2 the ratios as(4§2)/as(s) derived from C2

and CS%, wusing Ny=3, are plotted against 4§2. The data clearly show a

decreasing ratio with increasing energy. The curves are the predictions

from the first order calculation of ag:

s (4G%) 1
g = - - ) ~ 16)
ag(s) ) 1 + ag(s) b In(452/s)

uith‘asfsi as a parameter. The agreement betueen data and the perturbé-
tive prediction is good for n=2 even doun to very low.values of 452,
where the application of the ﬁerturbative thedry\becomes doubtfuj.' For
n=6 the agréement is also qualitatively as stated above but, a higher
value of ag(s) is required. The ratios ag(4§2)/ag(s) derived with the
assumption of 4. flavors are slightly larger and would require a value
of as(s) uhich is larger by a feu percent. ,

Me havé also compared the data to the prediction of other com-
pletely sd hoc models of e*e = hadrons in order to see if the jet
energy moments are a sensi{ivé diScr%minéﬁt among models. 6ne simula-
{ion uses an implausible model that generates events looking nothing
1iKe ihe daté (isotropic phase space) with the multiplicity'a&justed to
agree uith the data: A jet axis can be determined becadsé a finite num-

ber of particles in the final stale can rnever give complete spherical

LA
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symmotfy. The moments determined from the simulati;n look nothing like
the data in magnitude or in shape.

The second simulation generates hadrons in back-to-back jets with a
transverse momentum distributioﬁ sith respect to the jet axis that is
gaussianly distributed and a longitudinal momentum distribution deter-
mined by phase space. Again, the mean multiplicity is adjusted to fit
the real datéi Thesé events'lﬁok, .:éupeffiéiéliy. very much liké real
data; aﬁd this model as well as QCD fits the energy moments with <pyd =
400 Mev for €2 and <py> = 480 Mev for c5. It is'Hntefééting fo note that
these values of (pLS are similar to thosbfaefermined at the SPEAR stor-
age ring for-fefs produced at.7.4 SeV Mmhich give (bi)': 3642 Mev[10].

Mode!s.for the -jet development such as the one ﬁroposed by‘Feynman
‘and Field[11], which are adsuﬁteﬂ not only to #it p, but also py will
nafurally reproduce -the energy moments. .

.InAa third model we have tésted.fhe senéitiVity of.the jet calculus
me thod and'our experimental procedure by using a leading lﬁgarithm Qco-
Monte carlof12]. The jet developmént in this model is determined by mil-
tiple gluoh emission with a logarithmically changing couplihg constant,
ag & 1/ln(q2(A2). Since A iﬁva' parameter, e uere able to éiamiﬁe'the
éensiti?ity cf thé experimental procedure tbsa variation of ag.
. In conclusion, this analysis shous that the perfurba%ivé qcp jet
"calculus gives a good description of the jet energy moments. In the
frameuwork of thisi model we 'Have' éxtracted 65' af &ifferent momentuin
‘transférs and we have demonstrated that the data require"é decreasing
value of ag Wwith increasing energy. This method alone is not suf{gcient

to distinguish QCD from simple linited transverse momentum models.

4

\ ¥
4
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Table 1. . 7

Correction factors for the moments ¢"(§) and for x(6).

3 n= 2 4 6 {x(63>
3.1 .992 1.017 1.002 .664

15.9 .993 .991 .966 .659
19.7 .973 .950 918 .645

26.3 | .952 .997 - 865 .632

29.5 .940 .887 .840 .612

47.8 | .938 .882 .835 .617
able 2. -

Energy spread moments and momentum transfer as a function of §.

3 c2 c¥ cé ﬂﬁz(GeVZ)
13.1 .500£.007 .280%.009 .191%.007 | 1.15%.28
15:9 .574%.007 .355%.009 .254%,010 2.18%.53
19.7 .637+.010 .429%.012 .322i.054 4.4 1.0
26.3 L718£.012 .531£.018 ".420%.021 1.3 3.0
29.5 .745:.014 .575:.022 466,026 16.4 4.7
47.8 .864;.014 .751%.022 .667%.032 - 79.9 122.2
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FIGURE CAPTIONS
Meqsured.second and sixth orqer moments of the j;t'energy spread as
a fuﬁction of the QbserVed average 462; The curves are the result
of eq. § with-diffeérent values of a;(29 GeV).

Ratios ag(4§2)7as derived from the second and - sixth order moments

‘of the energy spread. 'The full and dashed lines are the perturba-

ti?e QcD expectations for ag(s) =.0.17 (0.16 resp.).
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