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ABSTRACT This test is only meaningful if the values @f being compared

have been measured with similar, good accuracy.
The prospects for the measurement of the strong coupling g y

constantag(My) to a relative uncertainty of % are dis- 3. The QCDg-function (which is known to three loops in the

cussed. Particular emphasis is placed on the implicatiensmscr‘eme) determines the evolution of the coupling. Accurate
lating to future High Energy Physics facilities. measurements aefg over a wide range of momenta provide an

additional fundamental test of the theory. Tests of the QD
function constrain physics beyond the standard model,fiticpa
| INTRODUCTION ular models with additional colored particles. Measuretnen

Quantum Chromodynamics (QCD), the theory of the stroﬁ'ﬁe energy dep_endence cg‘ obsgrvablles in a single experiment
interaction, has a single free parameter, the strong ugipk. such as jet v_arlables at"e~ or pp colliders, can also test the
The coupling depends on the renormalization scheme and f&P #-function.
energy scale). Onceas(Q) is determined from an experi- The lasttwo reasons given above for an accurate measurement
mentally measured process, any other process mediatedbyohxs emphasize that it is not sufficient to determing using
strong interaction can be calculated to arbitrary accyraty a single method, but that precise measurements are negcessar
least in principle. Most determinations af; are based on per- using different processes and widely differéJttvalues.

turbative QCD, where itis conventional to evaluate the iogp  For the presentation here, we consider the prospect to mea-
in theMS scheme, which is only defined in perturbation theOfxureaM—S(MZ) with 1% accuracy. We attempt to identify those

Furthermore, it is also customary to choose #femass, Mz, methods which offer the greatest potential for such pregisi
as the reference scale. We shall adhere to these conveatidns

quote, for the most pardys(1 ) in our discussions. surements ofvs which are currently available. Measurements
A precise measurement ofy is motivated by a number of hertormed aiQ? scales different from/2 have been evolved
considerations: .y to Q?=M?% using the three loop QCIB-function (in theMS
1. The couplings of the electroweak theomy, andsin” 0w, gcheme). All determinations afs receive contributions from
have been determined with a precision of ab@ut. In con- e oretical systematic errors. These are, in many cases, th
trast, the strong coupling is presently known only to alidlit  qominant sources of uncertainty. In general, they are diffi-
It is pertinent to improve the accuracy with which the strong,j; ¢4 estimate. In determinations based on perturbat®®Q
coupling has been measured in order to place it on a more equg|;ces of such errors are the truncation of the pertudbagy
basis with respect to the other interactions. For example, tjes and nonperturbative effects (such as hadronizatiiost
current accuracy af.s measurements is one of the main limitag the perturbative calculations have been carried out id-ne
tions on Standard Model electroweak tests at LEP and ﬂ_C [lchIeading order (NLO), and, in a few cases, to next-to-iext
In addition, attempts to constrain Grand Unified modelsr,nfro|eading order (NNLO). The sources of theoretical uncetyain
the convergence of the standard model SU(3), SU(2) and Ufd)qeterminations based on lattice QCD are discussed in sec-
couplings at a Grand Unification Scale, are similarly lidit®y o 1)1, |n a few casesqs results are limited by experimental
the accuracy with whichyg has been measured. uncertainties.

2. QCD with its one parameteti,s, must account for the rich . - : .
Q P otis Theoretical uncertainties are in general not gaussian-

henomenology which is attributed to the strong interatio- . . . . .
pher gyl . g ax distributed and are estimated from a variety of differenthme
cluding perturbative and nonperturbative phenomena. Adun ) .
mental test then of QCD is the determinatiomaffrom exper- ods. Consequently, the correlations between diffefigninea-
surements are difficult to estimate. Given this difficulbette is

imental measurements which probe complementary processe . .
P P ypP no? a unique procedure to define a world average for the sesult

t Subgroup conveners shown in Figure 1. A number of proposals for world averages

Figure 1 [:]3] presents a summary of the most accurate mea-




SUMMARY OF MEASUREMENTS August 1996 II. DEEP INELASTIC SCATTERING

T
Tau decays . ~ Measurements of nucleon structure functions from the deep
Bj sum rule e inelastic scattering (DIS) of a lepton on a nuclear targeeha
GLS sum rule S . . .
UAB qq —> g gamma S yielded some of the most precise results for the strong aogipl
: . S.
SLAC/BCDMS F2(Q) e constaning. The field of nucleon structure functions remains
CCFR F2(Q), xF3(Q) B . . . . . .
HERA F2(x) e R very active, with major experiments in operation at CERN,
CLEO ggg a8 i i -
Psi/Upsiion decays & : DESY, Fermilab and SLAC. New structure function data, ex
gggzar tSpectrum (Lattice QCD) : =8 tending the measurements to previously unmeasured regions
UAL bb 8y the kinematic variables andQ? and utilizing polarized targets
UA1l, UAZ W+jets = 1
JAL UAZ Wiiet 3 3 and probes, have re_cently become available. T_hese programs
e+e— shapes e are expected to continue for at least the rest of this decade.
Global EW fits —a . . .
In this section, we assess which of these new data have the

Contral value potentlgl toyield ans measurement wnlh% accuracy. We do
0.118 +- 0.005 view [ ucture functi Vi

not review the formalism of structure functions or providerm

! ! ! indicati u '
than an indication of the methods used to deternaigefrom

0.06 0.08 0.1 0.12 0.14 them. References to existing literature with such inforamat
o (My) are given below where deemed appropriate.

Figure 1: Summary of current accurate measurementssof
by technique. Thers measurements are based on perturbative A. DIS Nucleon Structure Functions

QCD, except where otherwise noted. o ) ) ]
The basic kinematic variables of DIS are & of the in-

teraction, given by the difference in 4-momentum squared be

: tween the outgoing and incoming leptons, and the Feynman
exist [3.(p []. We shall usq][3] variabler defined byr=Q?/(2M (E-E’)), whereM is the mass
asg(Mz) = 0.118 £ 0.005 (1) of the target nucleon, witt’ and £’ the energies of the initial-
and final-state leptons, respectively, as measured in Hueda
as our nominal value for the world average. tory frame. In the quark—parton model,is interpreted to be

In conducting this study, we considered a wide range of agre fraction of the nucleon’s energy carried by the struck pa
proaches to the measurementegfs (M), eventually identi- ton. Experiments in DIS measure the energy and scattering an
fying four methods which exhibit the potential to yield riésu gle of the final-state lepton and/or recoiling hadronic eyst
with about1 % precision. The existence of perturbative calfhe lepton probes are either electrically charged (electand
culations to at least next-to-next-to-leading order is @@q- muony probes) or neutral (neutrinoor antineutrina’ probes).
uisite for 1% accuracy. A number of such calculations are ithe dominant mechanism for charged lepton scattering is sin
progress[5], and we shall assume that they will be avaiiale gle photon exchange in thechannel between the lepton and
the experimental measurements in question. nucleon system, while that for or 7 scattering is singléV *

The four methods are: (1) th@? evolution of the parity vi- exchange. Fo)? values which approach or excesfl;, W+
olating structure functiom F3, (2) the Gross-Llewellyn-Smith and Z° exchange become important for charged lepton scatter-
sum rule, (3) spin averaged splittings in tifieand+) systems, ing. Nonperturbative QCD corrections to single-partortteca
and (4) hadronic observablesdifie™ annihilations. Items (1) ing contribute higher twist terms to the cross sections,ctvhi
and (2) in the above list are measured in deep inelasticineutrscale like (10%)* (n=1,2,3--) and are important at low))>
scattering experiments. Item (3) is based on lattice QCD, @ypically Q?<4-5 Ge\?).
other methods use perturbative QCD. In addition to these foupf the many structure functions necessary to describe DIS
approaches, we found that two other methods@hevolution ¢ross sections in their most general form, only three are can
of the parity non-violating structure functiaf} at highz, and gjdates for a precise measurementogf: the structure func-
the jet E spectrum in high energy proton-(anti)proton CO'”tionsFQ(x,Q?), Fs(2,Q%) and g (z,Q2). F» is measured from
sions, offer the possibility to determime; with good accuracy the neutral current cross section for unpolarized chargpe |
in regions of@* which are complementary to those of the othepns to scatter from unpolarized targets and from the sureof t
measurements. The ultimate accuracy with whigttan be de- charged current cross sections for neutrin@md antineutrinos
termined using these last two techniques is uncertain aepte 3 tg scatter from unpolarized targets; is measured from the
however. Therefore we do not include them in our final list Gifference between the charged currerandz cross sections
techniques which might yield amg result with1 % precision.  for scattering from unpolarized targetg; is measured from

The remainder of this report is devoted to a presentationeof tthe asymmetry in the cross sections for longitudinally i
various methods we considered for@p measurement, with a charged leptons to scatter from polarized targets if therbaad
particular emphasis on the implications for future High 8ye target polarizations are parallel, compared to the casdlbg
Physics facilities. are antiparallel, and from the corresponding asymmetryefior

gets which are polarized perpendicular to the beam poliiza



directions [b]. The techniques that have been used to deternto that for jet rates from™e™ collisions and we will not discuss
ag usingFs, F3 andg; are mentioned in the following section.it further.

Structure functions can be resolved into color singlet andFrom the above list, it is seen that the most precise DIS re-
color non-singlet components. In QCD, the singlet and nosults foras are obtained from th€? evolution of F; at high
singlet terms evolve differently wittp? [ﬁ]. The singlet com- z (item 1), theQ? evolution ofzF; (item 3), the Bjorken sum
ponent receives a contribution from gluon splitting ingpairs. rule (item 5), and — with somewhat less precision at present —
As a consequence, thg@? evolution of the color singlet term the GLS sum rule (item 4). It is of note that all three struetur
depends not only on the running coupling constagtQ?) but  functions F», F3 and g; contribute at least one measurement
also on the probability for gluon splitting, given by the glu with 4-5 % accuracy, illustrating the strength of the complemen-
distribution functiong(z,Q?). This dependence of(z,Q?) is tarity offered by the unpolarized charged lepton, neutrarad
not important ifz is larger than about 0.25 because the propelarized charged lepton programs. The results utiliZeg}?
ability for gluon splitting at larger is small. Gluon splitting evolution of F; at low z (item 2) and the shape df; (item 6)
does not contribute to the non-singlet component of thecstrare less accurate. Method 2 is unlikely to provide a prea@se r
ture functions: th&)? evolution of this term depends oi(Q?)  sult for s in the future, since th€)? evolution of the singlet
only, irrespective of the range. Depending on the nature of theomponent at smalt depends on the gluon distribution func-
target (e.g. deuteriumydor hydrogen ), F; is either a pure tion g(z,Q?), as mentioned above: this situation will not change
singlet or a mixture of a singlet and a non-singlet, whetas for future data sets. If data are collected using differemiear
is always a pure non-singlet. targets so that the singlet and non-singlet componenis o&n

be separated, the evolution of the non-singlet componeht of

B. Methods used to Determing; from DIS at relatively smallz values could still be a viable method for
Structure Functions an accuratevs result: this was not found to be the caseﬁh [9],
however, which included such an analysis. It is more difficul

The following methods have been used to determinesing 1o assess the future status of the result based on method 6
the I, F3 andg, structure functions: since this method has only recently been proposed. Thisadeth
is based on the asymptotic behavior of the QCD resumed pre-
diction for F;, at largeQ? and smallz and has been applied
to HERA data. The dominant uncertainty arises from the am-
2. the same method as given in item 1, except atdoxalues biguity in the choice of the renormalization and factoriaat

(11 %) [E]; scales EB]. This suggests that a reduction in the uncéytam
) ] o ) ) . ays(Mz) below theb % level will require the inclusion of sub-
3. theQ* evolution of F; multiplied by the kinematic vari- |eading terms, the prospects for which are unknown. Further

1. the Q? evolution of F; at high z values, measured in
charged lepton scatteringd ) [E];

ablez, i.e. the evolution of: 1% (5 %) [L]; theoretical understanding of this method will probably be r
4. the Gross, Llewellyn-Smith (GLS) sum rule, basedrn quired before it can be used to accurately meaayreWe will
at fixed(Q2, integrated over alt values { %) [@]. not consider this method further. The remaining discussion

the prospects for a precisgy measurement from DIS therefore
5. the Bjorken sum rule, based on the difference between ttencentrates on items 1, 3, 4 and 5 in the above list.
g1 structure functions of protons and neutrons at figd
integrated over alt: values ¢ %) [L7]; C. Future Prospects for a Precisg

6. the shape of; from charged lepton scattering in the limit Measurement from DIS
of very largeQ? and very small: values ¢ %) [L3]. The future facilities which we consider for the purpose of
evaluating the potential for &% measurement ofig;5(Mz)

The reference given after each item refers to the most plFfdm DIS are the following:

cise result available for the method. This precision itse
Aags(Mz)lags(Mz), is given by the number in parentheses, 1. HERA with a luminosity upgrade, able to deliver data sam-
whereag5(Mz) is the value ofvg after it has been evolved to ples of about 150 pb' per year, yielding a total data sam-
the scale of theZ® mass and\ag5(Mz) is the corresponding ple for the HERA experiments of 500-1000ph
uncertainty including statistical and systematic terms. _ o

In addition to the methods listed above, DIS experimentghay?2- an electron—hadron collider utilizing the LHC, referted
measureds using one technique which is not based on struc- 88 “LEPxLHC” in the following;

ture functions: the measuremeniof using jet rated[14]. This 5 5, (7) beam from the Tevatron with upgraded luminosity,
method is very similar to the one based on event shapes from ; o Tevatron “Run 2” and TeV33. available for fixed tar-

ete™ annihilations and has similar sources of systematic un get experiments: it should be emphasized that the prospec-

certa_linty. The_ present accuracy of_the resultf@_i@(MZ) from tive fixed target neutrino facility under considerationéner
DIS jet rates is aboug %. It is not likely that this method will would make use of theull energy Tevatron beam:

yield a result foig5(Mz) with precision better than abouits
unless a next-to-next-to leading order QCD calculatiorobees 4. av (v) beam from the LHC, available for fixed target ex-
available. The overall situation for this measurementnslar periments;



5. future experiments measuring the polarized structure-fu of s in the Q2 range of 2-310° GeV?, i.e. the sam&)? range
tion g;. as a 500 Ge\¢ e~ collider.
We therefore conclude that ary result with a precision of

The facilities listed above have often been presented asalatabout2 % is a possibility for HERA at aQ? value of about
extensions to the HERA, Tevatron, and LHC programs, with tn@* GeV?. Extrapolating to LERLHC, a measurement of
possible exception of a fixed target facility at the LHC. Ihi® similar accuracy may be possible at(® value of about 2-
clear whether it is feasible to incorporate a fixed targetniea  3-10° Ge\2.
facility into the LHC program.

We next discuss each of items 1, 3, 4 and 5 from segtioh 11.B Q2 Evolution of 2.

in the context of these future facilities. .
The Q? evolution ofxF; offers an advantageous method to

measurevg because it is independent of the gluon distribution
Q? Evolution of F; at High = functiong(x,Q?) over the entirer range, as noted above. Mea-
surements of F3 are best obtained using the difference between
tthe v and7 cross sections for scattering on unpolarized tar-

gets (for a review of this method, see][15]). The relevant ¢t [15]. These measurements require a fixed target pragram

ture facilities for this measurement are an upgraded HERA afifder to collect adequate collision statistics. There inative
LEPxLHC. experiment at Fermilab (the NuTeV Collaboration), which is

An ag measurement based on the evolutiorfs not possi- e>_<pgcted to improve the preqsmn_a@ls(MZ) to abou_Q._S %

. W{thm the next few years, using this methc@[l?]. This i®lik
ble using the current HERA data sample because of the Spar% become one of the world’'s most precise measurements of
of data atr values above about 0.20. HERA has kinematic ac- P

cess toz values up to about 0.50 fap? values greater than as and to remain so for some time. The uncertainties on the
10° Ge\2 howeveFr) For the pu'rposes of an mgasurement NuTeV result are roughly evenly divided between statistcal

HERA data at)? ~ 10* GeV? anda ~ 0.50 are interesting be_systematlc sources, with the systematic uncertainty datadh

cause the large value ensures suppression of the contributiobry imprecise knowledge of the neutrino beam flux and of the

from the gluon distribution function, while th@? value is sim- calorimeter energy scale.

ilar to that inZ" decays: this offers the opportunity for a direct To 'mprove the precision of theg result from-th|s techmque
comparison of the DIS results with those frarhe~ Z° exper- yet further, higher statistics from tagged neutrino beaiifisoe

iments. The regio? ~ 10' Ge\2, =~ 0.50 is near the kine- necessary (tagged neutrino beams allow an event-by-eeent d

matic limit of HERA, making it likely that data samples of alio tkerm|r|1a(§|on (}f tt;}etlr:lmdtﬁnt_ nteutrlrt1_0 energy, as v(\;elljlaaaon i
1000 pb ! will be necessary for an accuratg, measurement nowledge ot whether e Interaction was caused by a neutrin

based on the evolution df;. Furthermore, weak effects due?r fm anu_geutt)rlno). fThe futur;;‘;mhues which Cto(;;!d pote
to Z° exchange contribute to the neutral current cross sectiot y Erov;he eams gr a tprec:) 3 mt?t?]suremen q glare.
for such@? values. It will be necessary to combine electron- erefore the primary févatron béam with an upgraded Iusiino

proton and positron-proton data in order to correct for teakv |tyr,]_SlrJ]c_h as t'!'gVStS,dan thtehLHC. G_|ven the QOOd tresulbft?i;
interference terms, leading to additional possibilities $ys- which IS anticipated from the ongoing experiment, menibne

tematic error. It has been estimat [16] that an unceytaint above, and given the improvement in accuracy expected from

ays(Mz) of about 0.002 might ultimately be achieved fron{i“gh?r Stfgtlt.'smis anglthtilr;ttrrc])_ductl?r:\ %f event-by_—devemnnno
measurements of the evolution Bf at HERA, implying a pre- agging, 1t1s plausioie that this method can provideammea-

cision of 1.52.0 %. Such a precision may require a combinatioﬁurememWitrl % precision. A study of the precision attainable

of HERA and fixed target results fd#, however]. EE)\?VEI;_VHe(r: fixed target experiment has not yet been performed,

Another possibility which has been envisioned is to oper- . . .
ate HERA with electron—deuteron collisions. Comparison ofIn conclusion, the method based on Giéevolution ofz F; is

the electron—proton and electron—deuteron data would/dlie astrong candidate to provide & measurement afyzg( M),

. . assuming that fixed target programs with tagged neutrinmbea
S'T‘g'et componentoﬁ to be extra(_:ted. A _recentstu16] "M are available at either TeV33 or the LHC. We note that the nec-
plies that this method could provide an improvement of about

25 % in the uncertainty ofvg, relative to what can be achieve ssary ma’an glements are already available a_t l\ﬂo [Slein
. he G-function is known to three loops, all that is needed for a
using the electron—proton data alone.

. full NNLO analysis ofag using thex F3 method are the split-
Th? C(_)mments made above e_mpha5|ze the relevancetir% functions calculated at NNLO. It is reasonable to expec

considering _electron—proton, posﬂro_n—protpn and ebeetr that this result will become available and that the theoattin-

deuteron options for LERLHC. A detailed estimate of theg certainty will be below 1%.

precision achievable using LE®.HC has not yet been made.

Assuming that there is not a great difference between the sys

tematic sources of uncertainty at HERA and LHBHC, it may GLSSumRule

be presumed that amg measurement with a precision on the The situation regarding the Gross, Llewellyn-Smith (GLS)

order of2 % is also possible at this latter facility. We note thasum rule ] is similar to that discussed above for €veevo-

LEPxLHC offers the possibility for an accurate determinatiolution of 2 F3 since both methods rely on th¢ structure func-

A measurement ofvg from the Q2 evolution of F, is best
performed using charged lepton scattering on unpolariaed



tion measured in neutrino fixed target experiments. The GLS _ _ . .
sum rule is based on the integral Table I: The estimated precision for (M 7) attainable at

future DIS experiments.

1
/ [2F3(2, Q)] d% , ) \ Method Precision \ Facility
0
5 )
the QCD prediction for which has been calculatedX@ys?) C,chgvr?lunon OfFY 2% HERA, LEPxLHC
(the next-to-next-to leading order irg). This is one of the few athighz
quantities calculated to such a high order in QCD pertuobati| (* evolution of F; 1% TeV33 fixed target,
theory. The integral2) is evaluated experimentally usaidy LHC fixed target
low vz_;llue_s onQ_, which _allows small values of. (The s_mall GLS sum rule 1.5% TeV33 fixed target,
x region is particularly important because of the: Weight- LHC fixed target
ing in (@).) TheQ? value for present experimen{s [10] is about
3 Ge\2. Because of the low)? value, higher twist corrections | Bjorken sum rule 2.5% Future polarized
are important. Furthermore, it is necessary to extrapatdte DIS experiments

the unmeasured region at low

Like the result foras based on the evolution afF;, the cur-
rent precision of thers measurement from the GLS sum rule i§he current result (about% accuracy [1R]) is quite precise
partially statistics-limited. There are several sourciesxper- by current standards, however. Given that additional jddr
imental systematic uncertainty which are relevant for theSG structure function data are currently being collected aRNE
result and which are not relevant for thés evolution result, DESY and SLAC, and that additional experiments are being
however: the measurement of the absolute cross sectionspianned, it can be anticipated that a reduction in the uncer-
both ther andw beams, the extrapolation into the lasregion, tainty in ag from this method will be possible. Many sources
and higher twist corrections. The NuTeV experiment expeaif systematic uncertainty (higher twists, extrapolatiotoithe
to attain a precision of abot% for as using the GLS sum unmeasured: region, measurement of the absolute cross sec-
rule. At TeV33 and the LHC, higher statistics, largg? val- tions) are common between this method and the GLS one. The
ues (reducing the uncertainty from higher twists) and béite  Bjorken sum rule measurementis complicated by its reliamce
x reach (reducing the extrapolation uncertainty) shoulddyiepolarized targets and probes, however, and thus has safrces
smaller statistical and systematic errors, making a measemt systematic uncertainty which are not present for the GLS-mea
of ags(Mz) with a precision ofl.5 % a possibility. surement. Therefore, we presume that the ultimate accuracy

In conclusion, the GLS sum rule provides an independéit ag5(M ) achievable from the Bjorken sum rule for exper-
method to determine,s from a neutrino fixed target experi-iments currently running or being planned lies between thie ¢
ment, using the structure functidry. Systematic uncertaintiesrent precision4 %) and that which we estimate will be achiev-
should be reduced at the high@? values offered by TeV33 able from the GLS sum ruld (5 %). Thus, an estimate of about
or the LHC, relative to the current experiments, makingxgn 2.5 % precision seems justifiable.

measurement with a precision of abaii % feasible. Although no study has been done at this point, we wish to
emphasize that some of the systematics which degrade the ac-
Bjorken SumRule curacy of the Bjorken sum rule measurementgf including

Lastly, we consider the determinationeg using the Bjorken th0Se due to higher twist and the lavextrapolation, may im-

sum rule [TP]. The Bjorken sum rule is based on the quantityProVe With a high statistics, high energy beam. Such a beam
would be available if a high energyte~ collider were con-

! structed with longitudinal polarization and a fixed-targepa-
/o [97(2, Q%) = 91 (2, Q)] da , ®) bility. In this way, it is plausible that the Bjorken sum ruteea-
surement could be more accurate than the estimate giveeabov

where ¢ and ¢ are theg; structure functions for proton and
neutron targets, respectively. The Bjorken sum rule mefbod
determiningag differs from the others discussed here in that
it is based on polarized cross sections. The method ressmbldable [} summarizes our estimates of the precision which
the GLS sum rule technique, however, because it is basednoight be attainable fofiy;5(1/z) from DIS experiments at fu-
an integral over: of a structure function measured at fixgd, ture colliders. These estimates are mostly based on exirapo
utilizes low Q? measurements (for current experiments,@¥e tions from current experiments rather than on detailedistud
value is about 2 Ge¥), requires extrapolation into the unmeaef future facilities. The best prospect forld&s measurement
suredr regions, and has a QCD prediction available at the nexf-ay (M) from a DIS experiment is from a fixed target neu-
to-next-to leading order. trino facility at a hadron collider with high flux, taggedand

Like the method based on the shapeff (item 6 in sec- 7 beams. The most promising measurement technique is the
tion [Il.B), it is somewhat difficult to assess the future sgadf observation of thé)? evolution ofz F.
theag result obtainable from the Bjorken sum rule because it isWe again emphasize, however, the importance of accurate
only recently that this method has been used to determine measurements at widely differe@? values. The DIS results

D. Conclusion for a Precises Result from DIS



based on:F3 offer the possibility for a precise measurement Finite-volume errors are much easier to control for quarko-
of ag in the Q? range from about 5 to 20 GeéV Those based nia than for light hadrons, since quarkonia are smallertitet
on the highx region of F;, offer the possibility for an accuratespacing errors, on the other hand, can be larger for quaakoni
measurement at a much larggf value, up to about f0GeV? and need to be considered. This error can be controlled by
for LEPxLHC. studying the lattice spacing dependence of physical qtissti

(in physical units). The lattice spacing is reduced (whie-

ing the physical volume of the lattice fixed) until the errer i

l.  THE HADRON SPECTRUM under sufficient control. The source of the lattice spacieg d

: . o o pendence are the discretizations used in the lattice lggran
Lattice QCD s, so far, the only systematic, first principies (or action). Thus, an alternative to reducing the latticacsp

proach to nonpertl_eratlve QCD' The expenmentally_ obgbrv%g in order to control this systematic error is the use ofdyet
hadron spectrum, like the high-energy observables distuss iscretizations. This procedure is generally referredstana:
the other sections, provide us with information on the frae pproving the action. For quarkonia, the size of lattice-apgc
rameter of QCDs. Determinations ofvs from the experi- orqr5in a numerical simulation can baticipated by calcu-
mentally observed hadron spectrum, based on lattice QGD, %rting expectation values of the corresponding operatsirsgu

thus c_omplementary to determinations which are based en RfStential-model wave functions. They are therefore idgal s
turbative QCD. tems to test and establish improvement techniques.

While an introduction to lattice QCD is beyond the scope of a |ot of the work of phenomenological relevance is done in
this report (see[[20] for pedagogical introductions andews), \hat is generally referred to as the “quenched” (and sonestim
we shall, in the following, outline the strategy for detenai 55 the “valence”) approximation. In this approximationagis
tions ofag bgsed on lattice QCD. In general, determinations gfe ot allowed to splitinto quark - anti-quark pairs (seargs).
as can be divided into three steps: This introduces a systematic error into the calculationwHo

The first step is always an experimental measurement; In ever, for quarkonia, a number of calculations now exist Wwhic
determinations based on perturbative QCD this might besscrartially include the effect of sea quarks, thereby sigaifity
section or (ratio of) decay rates. In determinations basddte reducing this systematic error. This is further discusseskic-
tice QCD this is usually a hadron mass or mass splitting,Xer etions and.
ample the mass of themeson, or a better choice, spin-averaged

splittings in the charmonium and bottomonium systems. dt“| A. Determination of the Lattice Spacing and the
tice language” this step is often referred to as “settingsttae” '

(see sectiofl 1T Quarkonium Spectrum

The second step involves a choice of renormalization schemélhe experimental input to the strong coupling determimatio
In perturbative QCD the standard choice is & scheme. is a mass or mass splitting, from which by comparison with
With lattice QCD a nonperturbative scheme may be chosen, dhd corresponding lattice quantity the lattice spacings de-
there are many candidates. In order to compare with perurbermined in physical units. For this purpose, one should-ide
tive QCD, any such scheme should be accessible to pertugbatify quantities that are insensitive to lattice errors. lrackonia,
calculations (without excessive effort). spin-averaged splittings are good candidates. The exparim
Finally, the third step is an assessment of the experimeriglly observed 1P-1S and 2S-1S splittings depend only nild|
and theoretical errors associated with the strong couplirtgr- on the quark mass (for masses betweenandm.). Figure[P
mination. This is of course the most important (and somegimghows the observed mass dependence of the 1P-1S splitting in
also the most controversial) step as it allows us to diststgu @ lattice QCD calculation. The comparison between results
and weight different determinations. The experimentabrsrr from different lattice actions illustrates that higheder lattice-
on hadron masses are negligibly small in lattice deterritinat Spacing errors for these splittings are smial| [22, 23].
of a, at this point. The theoretical errors that are partgf

determinations based on perturbative QCD include higher or —~ 03[ L
der terms in the truncated perturbative series and the iassdc \ F ]
dependence on the renormalization scale, and hadromzatio I 02 g i o —]
other generic nonperturbative effects. In lattice QCD thent - f ]
retical errors include (but are not limited to) discretiaaterrors \g 0.1 E
(due to the finite lattice spacing, # 0), finite volume effects, © Eo L LT
and errors associated with the partial or total omissioneaf s 0.0 0.5 10

quarks. | /aM

The consideration of systematic uncertainties shouldeyugl
towards quantities where these uncertainties are coedrdibr
a refiable det_ermlnatlon of;. AS h"?‘s been argued by Lep_ag istical errors only) from Ref[[23]3: O(a?) errors;x: O(a)
[@], guarkonia are among the easiest systems to study atith Lrrors
tice QCD, since systematic errors can be analyzed easily wit '
potential models if not by brute force.

Figure 2: The 1P-1S splitting as a function of the 1S mass (sta



Two different formulations for fermions have been usedin la
tice calculations of the quarkonia spectra. In the nontikesdic
limit the QCD action can be written as an expansion in powers
of v2 (or 1/m), wherev is the velocity of the heavy quark inside
the bound statm4]; Henceforth, this approach shall terred
to as NRQCD. Lepage and coIIaboratdE [25] have adapted this
formalism to the lattice regulator. Several groups have per
formed numerical calculations of quarkonia in this applodcn
Refs. [26[2]7] the NRQCD action is used to calculatetthand
c¢ spectra, including terms up 8(mv?) andO(a?). In addi- i |
tion to calculations in the quenched approximation, thsugr ® li
is also using gauge configurations that include two flavors of 10.0 = &% ]
sea quarks with mass, ~ 2m; to calculate theéb spectrum - oy o0 O

2

[22, B3]. The leading order NRQCD action is used in Reef. [29]%
for a calculation of théb spectrum in the quenched approxima- 2.

tion. >
al

The Fermilab group|BO] developed a generalization of pre-g
vious approaches, which encompasses the non-relatiistic = 9.5 — ; —
for heavy quarks as well as Wilson’s relativistic action light L O i
quarks. Lattice-spacing errors are analyzed for quarks art
bitrary mass. Ref@?»] uses this approach to calculatéitaed My T h, Xbo  Xoi  Xoz
cc spectra in the quenched approximation. The authors consid- r b
ered the effect of reducing lattice-spacing errors frOffa) to

O(a?). The SCRI collaboratior] [B1] is also using this approaghigure 3: A comparison of lattice QCD results for tiespec-

for a calculation of théb spectrum using the same gauge coRrym (statistical errors only). — Experiment; FNAL [B3);
figurations as the NRQCD collaboration withy = 2 and an : NRQCD (v = 0) [26]; : NRQCD (u; = 2) [P2]; o
improved fermion action (witi©(a?) errors). UK(NR)QCD [29]; »: SCRI [311.

All but one group use gauge configurations generated with
the Wilson action, leaving)(a?) lattice-spacing errors in the
results. The lattice spacings, in this case, are in the range
0.05—0.2fm. Ref. ] uses an improved gauge action together r 7

e

with a non-relativistic quark action improved to the sameeor
(but without spin-dependent terms) on coarse< 0.4 — 0.24
fm) lattices. The results for thé andcé spectra from all groups
are summarized in Figuré¢h 3 ajd 4.

The agreement between the experimentally-observed spec=
trum and lattice QCD calculations is impressive. As indidat o
in the preceding paragraphs, the lattice artifacts aremifft for 3 - .
all groups. Figureﬂ3 arﬂ 4 therefore emphasize the level

control over systematic errors.

Results with two flavors of degenerate sea quarks have now | |
become available from a number of groupg [22,[3B[ 34, 28h wit Ne /¥ he  Xeo  Xet  Xez
lattice-spacing and finite-volume errors similar to thempred
calculations, significantly reducing this systematic erkdow-
ever, several systematic effects associated with thesimif Figure 4: A comparison of lattice QCD results for ttiespec-
sea quarks still need to be studied further. They includeléhe trum (statistical errors only). —: Experiment; FNAL [p3]; o:
pendence of the quarkonium spectrum on the number of flavd8QCD vy = 0) [27]; o: ADHLM [§2].
of sea quarks, and the sea-quark action (staggered vs.n)\ilso
The inclusion of sea quarks with realistic light-quark nesss
very difficult and can, at present, only be done by extrapmtat
fromm, ~ 0.3 — 0.5m, to m,, 4. However, the dependence
of the quarkonium splittings on the sea quark masses can be
analyzed with chiral perturbation the0|’|}7_[35] to guide the e
trapolation.
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B. Definition of a Renormalized Coupling C. Sea Quark Effects

Within the framework of lattice QCD the conversion from the Calculations that properly include all sea-quark effectedt
bare to a renormalized coupling can, in principle, be made nget exist. If we want to make contact with the “real world”,
perturbatively. In the definition of a renormalized couglin these effects have to be estimated phenomenologically-or ex
systematic uncertainties should be controllable, and attshtrapolated away.
distances, its (perturbative) relation to other convergtialef-  The phenomenological correction necessary to account for
initions calculable. For example, the renormalized coupli the sea-quark effects omitted in calculations of quarkdméa
ay, can be defined from the nonperturbatively computed heawse the quenched approximation gives rise to the dominant sy
quark potential|E6]. An elegant approach has been devdloggematic error in this calculatiorﬁ]ﬁli[]M]. By demandingttha
in Ref. [@], where a renormalized coupling is defined nomsay, the spin-averaged 1P-1S splitting calculated on tiieda
perturbatively through the Schrodinger functional. Théhars reproduce the experimentally observed one (which setsathe |
compute the evolution of the coupling nonperturbativelpgs tice spacinga ™", in physical units), the effective coupling of
finite size scaling technique, which allows them to vary thee mthe quenched potential is in effect matched to the couplitige
mentum scales by an order of magnitude. The same technigtfective three flavor potential at the typical momentunieocé
has also been applied to the renormalized coupling defilmad frthe quarkonium states in question. The difference in the evo
twisted Polyakov loops[[38]. The numerical calculations irution of the zero flavor and 3,4 flavor couplings from the ef-
clude only gluons at the moment. However, the inclusion &ctive low-energy scale to the ultraviolet cut-off, where is
fermions is possible. Once such simulations become availabetermined, is the perturbative estimate of the correction
they should yield very accurate information ag and its evo-  For comparison with other determinationsgf, theMS cou-
lution. A renormalized coupling can also be defined from thging can be evolved to th&® mass scale. An average of
three-gluon vertex, suitably evaluated on the Iat [39] Refs. ] yields forvg from calculations in the quenched

An alternative is to define a renormalized coupling througipproximation:
short distance lattice quantities, like small Wilson loaps

Creutz ratios which can be calculated perturbatively anduy a%(MZ) =0.110 £ 0.006 . (8)
merical simulation. For example, the coupling defined from
the plaquette (the smallest Wilson loop on the lattice), = The phenomenological correction described in the previous
—31In (Tr Un)/4m, can be expressed 4s][40]: paragraph has been tested from first principles in iRef. [B2:
2-loop evolution ofny = 0 andny = 2 MS couplings — ex-
ap = ap(g)[l — (1.1940.07ny)ap(q)] (4) tracted from calculations of thee spectrum using the Wilson

action in the quenched approximation and with two flavors of
atg = 3.41/q, close to the ultraviolet cut-off. The coupling- sea quarks respectively — to the low-energy scale givesssons

is chosen such that it equals at one-loop: tent results. After correcting the two flavor resultrip = 3 in
the same manner as before and evolviggs to the Z° mass,

ap(q) = av(g) + O(ai) . (5) they find [33]
ap is related to the more commonly usktS coupling by o) (M) = 0.111 + 0.005 9)

MS

o5i5(Q) = CVP(€5/6Q) (1 + %OéP +ea(ng)ap + .. ) - (6) in good agreement with the previous result in Eﬂq (8). Thaltot

) ) ) ) ] error is now dominated by the rather large statistical sreord
The size of higher-order corrections associated with tfevab 4,4 perturbative uncertainty.

defined coupling constants can be tested by comparing parur e most accurate result to date comes from the NRQCD col-
tive predictions for short-distance lattice quantitietwionper- |5poration @8]. They use results fag from thebb spec-
turbative results|[40]. The comparison of the nonpertwbat y,m with 0 and two flavors of sea quarks to extrapolate the
calculated coupling of RefIIW] with the perturbative ped jerse coupling to the physical three flavor case diredttpe
tions for this coupling using Eqf](4) is an additional cotesigy |, iraviolet momentumy = 3.41/a. They obtain a result consis-
test. i tent with the old procedure. Recently, they have begun tystu
The relation ofap o axrs Eq. (§), has recently been calcuyg dependence afs on the masses of the sea quarks. Their

lated to two loops[[41] 42] in the quenched approximation (Weliminary result is:
sea quarksy s = 0):

) (8.2GeV) = 0.195+ 0.003 + 0.001 + 0.004 . (10
ea(ny = 0) = 0.96 . @ or 826V (10)

_ o (5) The first error is statistics, the second error an estimatesid-

This term shiftsv= (M) by +0.002. Because of the unknownyal cut-off effects and the third (dominant) error is duette t
ny dependence in the two-loop term, the perturbative uncer- quark mass dependence. The conversiohlf(including the
tainty is still £0.002 (at Mz). The extension of the two-loop 2-Joop term in Eq.[(6) and evolution to tt# mass then gives:
calculation tony # 0 will reduce this uncertainty to well below

1% for a1 (Mz). oL (M) = 0.118 + 0.003 (11)



where the error now also includes the perturbative uncsgytai by the SLD CoIIaboratior{EG]. Similar studies have been-pub
from eq. [15). A similar analysis is performed in R[34] orished by the LEP experimenl,‘s:l47]. The SLD result
the same gauge configurations but using the Wilson action for
a calculation of thexc spectrum. The result for the coupling is ags(Mz) = 0.1200 4 0.0025 £ 0.0078 (13)
consistent with Refs[ 22, B3]. . S . _

The preliminary calculation of the SCRI collaboratidn] [31)V@S de_nved from the colnS|der_at|on of 15 different infrasede
(ns = 2) can be combined with the result of Rdf][23]. Usingadronlc observables, including various event shape param

the same analysis as in Rdf.][22] givEs][28] ters, jet rates derived with several different jet findingesmes,
and energy-energy correlations. Th#).0025 experimental

error received contributions ef0.0009 from event statistics,
and-+0.0024 from detector-related uncertainties. TH6.0078
theoretical uncertainty resulted from contributionsief.0024
rom uncertainties in the hadronization process, add074
from missing higher orders in the perturbative calculatibthe
15 observables. Currently, all 15 observables have been-cal
lated to next-to-leading order tg. In addition, for six of the 15

oL (M) = 0.116 + 0.003 (12)
nicely consistent with EqJ (11). Clearly, more work is nekd
to confirm the results of Eqq. (11) ar@(lZ), especially iceal
lations with heavy quark actions based on R@ [30]. In parti
ular, the systematic errors associated with the inclusicsea

gggtrilgs- the simulation have to be checked, as Ouﬂmedo'BservabIes, the Iead_ing anq sub-leading Iogar_ithms hewe b
' resummed and combined with the next-to-leading order ealcu
lations.
D. Conclusions This breakdown of the uncertainty provides a basis for es-

) ) ) timating the accuracy of a similar measurementgf at an

Phenomenological corrections are a necessary evil that eflectron—positron collider of cms energs = 500 GeV, such
most coupling constant determinations. In contrastd@®CD 5 the proposed NLC. Statistically, the SLD measurement was
calculations with control over all sources of systematioer performed with the sample of 37,000 hadroni¢ ¢~ — q¢g)
can, at least in principle, yield truly first-principles danina- gyents remaining in the 1993 SLD event sample after the ap-
tions of g from the experimentally observed hadron Spectrurglication of hadronic event selection cuts. At a design hwsk

At present, determinations efs from the experimentally ity of 5 x 1033 cm~2sec™!, with a Born-level cross section of
measured quarkonia spectra using lattice QCD are compaa-pb, an NLC detector would collect approximately 150,000
ble in reliability and accuracy to other determinationseuas +¢~ — 47 events in a “Snowmass” year 867 seconds. The
on perturbative QCD from high energy experiments (see Figffects of initial state radiation and beamstrahlung, aredfi-
ure 1). The phenomenological corrections for the most imp@liencies introduced by event selection (to be discussembel
tant sources of systematic errors in lattice QCD calcutatiof  reduce this to approximately 25,000¢~ — g events per year
quarkonia have already been replaced by first principlesieal at /5 ~ 500 GeV, adequate for a statistical precisiondef %
lations. This has led to a significant increase in the acgu&c on the value ofvg at that scale. A well designed NLC Detector
as determinations from quarkonia. calorimeter should permit a substantial reduction in 4%

Still lacking for a first-principles result is the properinsion detector uncertainty.
of sea quarks. A difficult problemin this contextis the irgthn  The determination ofvg involves the comparison of the
of sea quarks with physical light quark masses. At preskist, thadronic observables with parton-level perturbativewdations
can only be achieved by extrapolation (fremy ~ 0.3 —0.5ms which depend upoms. The relationship between the parton-
to m, 4). Given sufficient numerical results on the light quarlevel calculations and the final state observables is thsstokd
mass dependence, chiral perturbation theory can be us#tforpy the fragmentation process. This introduces a correciod
extrapolation[[35]. These calculations can most likely ke p corresponding uncertainty, which must be applied to the ex-
formed with currently available computational resour@ssdt tracted value ofvs. It is generally expected [§8] that effects
ing to first-principles results for the quarkonia spectréneyr which alter the relation between the perturbative partwell
should, in turn, yield determinations af<(Mz) with a total calculations of observables, and the actual hadron-ldssy-
uncertainty belowl %. ables, scale as an inverse power of the momentum tra@sfer

so that for some observalilg

IV. ELECTRON-POSITRON ANNIHILATION

600 =0 — Opert (14)

a
~ o
The measurement afg via hadronic observables iate~
annihilation is a mature subject. Prospects for the aceunat- Typically, n» equals 1 or 2. On the other hand, the perturbative
surement ofvs in high-energy:* e~ annihilation have been un-evolution ofas scales roughly afin Q)~!. Thus, one expects
der discussion for some timE|45]. To assess the potentialfo the relative uncertainty ong due to fragmentation effects to
as measurement from this method, it is useful to examine anale asn )/Q. As a result, the- 10 % correction applied to
experimental analysis in detail, to assess those areasiahwhhe value ofag extracted from hadronic observables at #fe
the uncertainties might be reduced in the future. For this ppole is expected to reduce to~a2 % correction at,/s = 500
pose, we choose a recent comprehensive study;gfublished GeV, with an uncertainty of % or less.



In addition to the fragmentation, the relationship betwden gram would have an impact on the design of the high energy
perturbative parton-level calculation and the measuregiosb etecollider.
ables is compromised by missing higher orders in the peaturb Thus, ete™ annihilation at high energy appears to be a
tive expansion. In the SLD analysis, this uncertainty wds espromising avenue towards the measurement;g§(1/) to a
mated to beday5(Mz) = +0.0074 by varying the renormal- relative uncertainty of-1%. Furthermore, the high momen-
ization scale of the perturbative calculation over a range ptum transfer scale associated with the measurenight(s =
mitted by consistency with the hadronic data, and observiag (500 GeV)?) makes this approach an important component of
corresponding variation in the extracted valuengf. Current the program to constrain the possible anomalous running of
perturbative calculations are done to ordér; thus, uncertain- For this accuracy to be achievable, next-to-next to leadidgr
ties due to missing higher orders should scalefsleading to (O(a?)) calculations of:*e~ event shape observables will be
an uncertainty of£0.003-0.004 at/s = 500 GeV. Evolving required.
this back to the benchmark scal#=M/% using the three-loop
QCD g-function yields an uncertainty a£0.005-0.006, or 4— V. pp (pp) COLLISIONS
5% relative, on the value efy5(M ) extracted from hadronic )
observables at the NLC. Should next-to-next-to-leadirdgor ~ 1he greatest potential to extend measuremenissdb large
perturbative calculations become available, it shouldstha Values of the momentum transfer scéjé resides with thep

possible to approach the target uncertainty-af%. (pp) colliders. In adition, many approaches to the measurement
of agin pp (pp) collisions produce a range of values tog over

A final issue associated with the measuremenri®fn ete~ g broad lever-arm in2. For example, the inclusive jét; spec-
annihilation at large cms energy is that of identifying aacle trum from the Tevatron extends out to almost 500 GeV (see Fig-
sample oke*e™ — ¢g (¢ # t) events. Aty/s = 500 GeV, with-  ure[$ [5B]), providing sensitivity tavg over a range in momen-
out event selection cutgg (¢ # t) production ¢ o, = 3.1 pb)  tum transfer extending from 50 GeV to values nearly equiviale
has a substantially smaller cross section tHahW — produc- to that proposed for the next generation of electron—pmsand
tion (0Born = 7.0 pb), as well as significant backgrounds fronglectron—proton colliders. The LHC, currently schedutete-
Z°Z°% (0Born = 0.4 pb) andt (o porn = 0.3 pb) production. A gin delivering beams in the middle of the next decade, wil ex
study performed by the European Linear Collider QCD Workend this reach to several TeV.
ing Group ] identified a set of kinematic cuts which select
an 83 % pure sample okTe™ — qq (¢ # t) events. However, L
these cuts substantially impacted the hadronic distobstiof
the remaining;g events, leading to large<( 20 %) corrections
to the extracted value afg. To this end, in preparation for i ]
the Snowmass Workshop, a Monte Carlo stL@ [50] was unde}- | % ]
taken in which one of the European Working Group kinematig %
cuts —the requirement that at least one hemisphere haverare¢” I 2 }
structed invariant mass of less thah% of the visible energy m o m L $§$§ {
in the event — was removed. Instead, events were used onhgi
they were produced with the right-handed electron beanefto r~ - L

- —T
NLO QCD (CTEQ4M)

CDF  (Preliminary) * 1.01

A DO (Preliminary) * 0.99

o

Theory

move W+ W~ background), and if they gave no indication of [ Statistical  Errors  Only

the presence of B hadrons in the vertex detector (to elirirat 0.5 Lo L o o ‘ .
background). For an electron beam polarizatiodPof= 80 % 100 200 300 400
(P. = 90%), this yielded ar82 % (87 %) pure “Snowmass” Et

sample ofeTe™ — ¢q (¢ # t) events. A comparison of 3-jet

rates between a pure Monte Carlo sample®of~ — ¢g (¢ # t) Figure 5: The preliminary CDF and DO Run Ib data compared to
events, and the sample identified by the Snowmass cuts, indi-O QCD using CTEQ4M parton distributions. Experimental
cated that corrections due to the Snowmass event selecBongints normalized as indicated. This figure is reproducechfr
substantially less thaf%. Thus, with these cuts, the uncerReference[[§3].

tainty onag due to the event selection process is expected to be

well within the target ofi-1 %. It should be noted that electron )
beams withs0 % polarization, and bunch populations exceed- N the other hand, measurements:gffrom hadron collid-

ing that required for the operation of the NLC, are already fif'S have not yet approached the level of accuracy achieved by
use at the SLAC Linear Collider, and that polarized running {n® most accurate approaches. For example, a typical agiproa

part of the base-line proposal for the NLQ[Sl]. Fo constrainingvg in_pfo collisionsis to study the ratio a8 + 1_
jet events toV + 0 jet events|E4]. Experimental systematics,

As a final note, it has been pointed 0[52] that the high lsuch as energy scale and resolution uncertainty, introlduge
minosity of ane™ e~ linear collider, combined with the rise inerrors ¢ ~ 0.015) in the value ofag extracted from this ra-
theeTe™ — ¢q cross section with falling/s, may make it feasi- tio. In addition, since gluons liberated from the nucleoa san
ble to precisely constrain the evolution®§ over a wide range themselves form jets, the measurement is sensitive to therpa
of @2 in a single experiment. The execution of such a prakstributions used in calculating th& + 1 jet rate. For the most
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recent measurement of this rat|§|[55], the DO collaboradiimh established methods fars measurements, and we can evalu-
not report a value forvg, because of an inconsistency betweeate their potential fot % accuracy with reasonable confidence.
the best fit value ofvg used in the parton distribution functionThe items listed below the double line are either expected to
and that used in the perturbative matrix element. yield somewhat less accurate determinationagfor they are
Current work on the measurement ®@f with pp data thus less established methods which need further study to esthbr
concentrates on developing approaches which remove oceeduate their potential fors determinations with % accuracy.
the sensitivity of the method to variations in the partortriis-  Traditionally, DIS at relatively low momentum transfer has
tion functions, and to experimental parameters. This werk produced precise determinationswgf. In particular, measure-
still in its early stages, but a number of promising ideasb@e ments ofag via the Q2 evolution of xF; and the GLS sum

ing pursued. rule are expected to each achieve experimental accuraties o
For example, a generalization of th€ + jet method is the 2-3% in the upcoming run of the NuTeV Experiment, limited
measurement of the jet cross section ratios primarily by sample statistics, the uncertainty in the cabeter

. energy scale, and the understanding of the compositioneof th

RV — o(V + (n + 1)jets) (15) incident neutrino beam. Thus a high flux tagged neutrino beam
o(V + njets) ’ line derived from thefull energy Tevatron primary beam, and

eventually one of the LHC primary proton beams, is a strong

whereV = W+, Z° is a vector boson. The UA2 and DO mea-_ ~ . " ; .
. V. - .. __candidate for a facility which will produce 8% measurement
surements involved; ; for n # 0, however, the contribution 2 S
of .ag at low Q=. At present, however, such a facility is not

from sea gluons, and thus the dependence on the parton distri . )
. X : : part of the future program of either laboratory. We also wish
bution functions, largely cancels in the ratio. Anotherraggh

: : : to mention the approach of measuring via the Bjorken sum
that is being pursued is the measurement ofpthespectrum of ; . ) . . . .
o : ; X rule in polarized deep inelastic scattering. It is a rekdjinew
Z" production — for this measurement, there is no dependence ; .
. . method, but could yield a result as accurate asj2-Xertain
on experimental errors such as hadronic energy scales sod re

lution, jet algorithm definitions, or hadronization, altlgh the ?r/:jt?rrlne ag;??g?gggi’;U?Qt:?ﬁgeuﬁﬂgﬁgz frc;r ggh;tg:ow
measurement still requiregpriori knowledge of parton distri- P o . . 9

bution functions, and only measurag at the single momen- z, may be less prob_lema‘uc if polanzed high energy NLC elec-
tum transfer scal€?=M2%. Finally, fits to the triple differential tron beams are available for fixed target physics. This issue

o worthy of further study.
cross sect|06] Lattice QCD calculations have matured considerably in the
do

5 4 . last few years. First principles calculations of the sirsple
dErdmdn s {for (1) fgo (22) Agg (") hadronic systems, like quarkonia spectra, should be dessib
with current technology and computational resources. This
+ fou (@1) fo(@2)Agq(n*) + fo(@1) fa(@2)Agq(n”)}; (16) implies the potential for very accurate determinationsvgf
at relatively lowQ? from experimental measurements of the
5 hadron spectrum, with systematic uncertainties largelgpen-
dent of all other approaches discussed here. Since thenprese
T19 = 2Er (eim + ei’h) experimental errors contribute much less tha#, no future
Vs experimental facilities are required forl@ determination of

are being explored, which can simultaneously constiginthe O‘Wi(]\j[z> frF)r_” the hadron. spectrum. _

gluon distribution functiorf, (x), and the non-singlet quark dis- ¢ € annihilation experiments at high center-of-mass ener-
tribution function f2(x), thus removing the uncertainty due td3'€S & promising for accurate determinations gfrom mea-
poorly constrained parton distribution functions. surements of jet rates and other jet variables. Such expatsn

All of these studies have only recently been starfedi [57, ifPuld be performed at an NLC collider witle., = 500 GeV
spired by the large data samples available with the congplet®’ Nigher. _ _
of Tevatron Run I. Thus, it will be several years before the po ¢ Scattering experiments at HERA which measure the struc-
tential for the measurement afs at hadron colliders is fully ture functionf’, at high: over a wide range o2 can poten-
understood. Finally, it should be noted that this methdce(li tially yield determinations ofiyzg(112) with about2 % accu-
any other) requires that at least NNLO perturbative catiria  "acy- It should be noted that a future LEPHC faC|I|ty2can
be completed for a determination (M) with 1% accu- Potentially probe momentum transfers@t ~ (500 GeV)?.
racy. However, most of the matrix elements needed here arExperiments at hadron collidersi{ or pp) have the high-
identical to, or are limiting cases of, matrix elements 3seey €St potential energy reach. Accurate determinationssofvill

for NNLO calculations of hadronic observablesdhe— anni- require either concurrent extractions of the parton distion
hilation. functions (PDFs) from the same experiment or prior knowéedg

of the PDFs (with error bars) over the rangexgérobed by the

process under study. Feasibility studies are underway now f

VI. - CONCLUSIONS the Tevatron experiments, and it is expected that the gatent
Tablem lists the methods we consider promising for acaurdior providing an accurate measurementcgf in high energy
ag determinations. The items listed above the double line dradron collisions will be understood within the next few ggea

* m — 12
’[7 =
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Table Il: Summary of methods for potentia}s determinations ofiy;5(Mz). The methods listed below the double line are either
considered to yield somewhat less accurate determinationat highz at HERA, Bjorken sum rule), or they have not yet been
fully established£p andpp collisions).

Process ‘ Approach ‘ NNLO Calculation ‘ Energy Scale ‘ Facilities

DIS Q? evolution of F3 Partial 2-15 GeV TeV33 fixed target
2-45 GeV LHC fixed target

DIS GLS sumrule Available few GeV TeV33 fixed target
~ 10 GeV LHC fixed target

Hadron spectrum| Spin-averageéb andcé splittings | lattice QCD few—10 GeV | none

ete~ Hadronic observables Partial 500 GeV NLC

Polarized DIS Bjorken sum rule Available few GeV SLAC, DESY, HERA
~ 10 GeV NLC fixed target

DIS Q? evolution of F;, at highz Partial few—100 GeV | HERA
<500 GeV LEPxLHC

pp Jet properties Partial 100-500 GeV | Tevatron

pp < few TeV LHC
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