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

The prospects for the measurement of the strong couplirr]%Ve been measured with similar, gamuracy.

cussed. Particular emphasis is placed on the implications ¥ Scheme) determines the evolution of the coupling. Accurate
lating to future High Energy Physics facilities. measurements afs over a wide range of momenta provide an

additional fundamental test of the theory. Tests of the QED
| INTRODUCTION function constrain physics beyond the standard model, in partic-
: U ular models with additional colored particles. Measurements of

Quantum Chromodynamics (QCD), the theory of the stroﬁ'@e energy dependence of observab_les in a single experiment,
interaction, has a single free parameter, the strong coupling such as jet yanables atte~ or pp colliders, can also test the
The coupling depends on the renormalization scheme and el #-function.
energy scale(). Onceag(Q) is determined from an experi- The last two reasons given above for an accurate measurement
mentally measured process, any other process mediated byathes emphasize that it is not sufficient to determimge using
strong interaction can be calculated to arbitrary accuracy, aasingle method, but that precise measurements ecessary
least in principle. Most determinations ef are based on per- using different processes and widely differ€itvalues.

turbative QCD, where itis conventional to evaluate the couplingror the presentation here, we consider the prospect to mea-

in theMS scheme, which is only defined in perturbation theorXuream(MZ) with 1 % accuracy. We attempt to identify those

Furthermore, it is also customary to choose ﬂ‘Pemass,MZ_, methods which offer the greatest potential for such precision.
as the reference scale. We shall adhere to these conventions

quote, for the most pary;;5(1z) in our discussions.

A precise measurement ofs is motivated by a number of
considerations:
1. The couplings of the electroweak theaty,,, andsin? y,

algldgure 1 [3] presents a summary of the most accurate mea-
surements ofvs which are currently available. Measurements
performed at)? scales different from/2 have been evolved

to Q?=M2 using the three loop QCB-function (in theMS
scheme). All determinations efg receive contributions from

thave ?heentdetermlnel(_j W'Fh a prectjlol? of atibmlt%t. In COE nt- theoretical systematic errors. These are, in many cases, the
rast, In€ strong coupiing 1s presently known oniy to a dominant sources of uncertainty. In general, they are diffi-

Itis pertinent to improve the accuracy with which the SIroNg, i+ to estimate. In determinations based on perturbative QCD
coupling has been measured in order to place it on a more e J !

basis with t to the other int " F | rces of such errors are the truncation of the perturbative se-
asis with respect 1o the other interactions. For exampie, & o nonperturbative effects (such as hadronization). Most
current accuracy ot s measurements is one of the main limita-

! the perturbative calculations have been carried out to next-
tions on Standard Model electrqweak tests a_t_LEP and SLC |, leading order (NLO), and, in a few cases, to next-to-next-to-
In addition, attempts to constrain Grand Unified models, fro

ding order (NNLO). The sources of theoretical uncertainty
the convergence of the standard model SU(3), SU(2) and U determinations based on lattice QCD are discussed in sec-

couplings at a Grand Unification Scale, are similarly limited thon lll. In a few casesq results are limited by experimental
the accuracy with which ¢ has been measured. uncertainties

2. QCD with its one parametet;s, must account for the rich ) o ) )
phenomenology which is attributed to the strong interaction, in-1 "€oretical - uncertainties are in general not gaussian-

cluding perturbative and nonperturbative phenomena. A fundistributed and are estimated from a variety of different meth-
mental test then of QCD is the determinatiorm@ffrom exper-

ods. Consequently, the correlations between diffesgninea-
imental measurements which probe complementary proces§é‘§.emems are difficult to estimate. Given this difficulty, there is

not a unique procedure to define a world average for the results
t Subgroup conveners shown in Figure 1. A number of proposals for world averages
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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 target have
GLS 1 8 . . .
UAB o —> g gamma e yielded some of the most precise results for the strong coupling
g%f;%/ ?S?Q%SXFI;‘ZS((QQ)) e constantvs. The field of nucleon structure functions remains
HERA F2(x) i very active, with major experiments in operation at CERN,
s T e DESY, Fermilab and SLAC. New structure function data, ex-
b-bbar Spectrum (Lattice QCD) @ +8 - tending the measurements to previously unmeasured regions of
UAL b 8y the kinematic variables andQ? and utilizing polarized targets
JaL UAZ Wijets ‘ o ‘ and probes, have recently become available. These programs
ete— shapes — i are expected to continue for at least the rest of this decade.
Global EW fit = . . .
e e : : In this section, we assess which of these new data have the
: : potential to yield anvs measurement with % accuracy. We do
Central value —a— . . . .
0.118 +- 0.005 not review the formalism of structure functions or provide more
| | | | than an indication of the methods used to determigefrom
0.06 0.08 0.1 0.12 0.14 them. References to existing literature with such information
o (My) are given below where deemed appropriate.

Figure 1: Summary of current accurate measurementsgof
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 t#)é of the in-

teraction, given by the difference in 4-momentum squared be-
tween the outgoing and incoming leptons, and the Feynman

exist [2, 3, 4]. We shall use [3] variabler defined byr=Q?/(2M (E-E")), whereM is the mass
of the target nucleon, witl and E’ the energies of the initial-
ags(Mz) = 0.118 £0.005 (1)  and final-state leptons, respectively, as measured in the labora-
tory frame. In the quark—parton model,is interpreted to be
as our nominal value for the world average. the fraction of the nucleon’s energy carried by the struck par-

In conducting this study, we considered a wide range of a@n. Experiments in DIS measure the energy and scattering an-
proaches to the measurementogf<(1 ), eventually identi- gle of the final-state lepton and/or recoiling hadronic system.
fying four methods which exhibit the potential to yield resultshe lepton probes are either electrically charged (electiamd
with about1 % precision. The existence of perturbative calmuony probes) or neutral (neutrinoor antineutrina probes).
culations to at least next-to-next-to-leading order is a prererhe dominant mechanism for charged lepton scattering is sin-
uisite for1 % accuracy. A number of such calculations are igle photon exchange in thechannel between the lepton and
progress [5], and we shall assume that they will be available ficleon system, while that for or 7 scattering is singléy*+
the experimental measurements in question. exchange. Fo€? values which approach or exceddyy, , W+

The four methods are: (1) th@? evolution of the parity vi- andZ° exchange become important for charged lepton scatter-
olating structure function F3, (2) the Gross-Llewellyn-Smith ing. Nonperturbative QCD corrections to single-parton scatter-
sum rule, (3) spin averaged splittings in tieand+ systems, ing contribute higher twist terms to the cross sections, which
and (4) hadronic observablesdtie~ annihilations. Items (1) scale like (1%)™ (n=1,2,3-") and are important at low})?
and (2) in the above list are measured in deep inelastic neutr{bmically Q? <4-5 Ge\?).
scattering experiments. Item (3) is based on lattice QCD, allof the many structure functionseoessary to describe DIS
other methods use perturbative QCD. In addition to these faitoss sections in their most general form, only three are can-
approaches, we found that two other methods(hevolution didates for a precise measurementagf: the structure func-
of the parity non-violating structure functidn, at highz, and tions 5 (2,Q?), Fs(x,Q?) andg,(x,Q?). F» is measured from
the jet Er spectrum in high energy proton-(anti)proton collithe neutral current cross section for unpolarized charged lep-
sions, offer the possibility to determime; with goodaccuracy tons to scatter from unpolarized targets and from the sum of the
in regions ofQ)? which are complementary to those of the othesharged current cross sections for neutrin@gd antineutrinos
measurements. The ultimaecuracy with whichy s can be de- 7 to scatter from unpolarized targets; is measured from the
termined using these last two techniques is uncertain at preselffference between the charged currerandz cross sections
however. Therefore we do not include them in our final list gbr scattering from unpolarized targetg; is measured from
techniques which might yield ans result with1 % precision.  the asymmetry in the cross sections for longitudinally polarized

The remainder of this report is devoted to a presentation of ttigarged leptons to scatter from polarized targets if the beam and
various methods we considered for@apn measurement, with a target polarizations are parallel, compared to the case that they
particular emphasis on the implications for future High Energyre antiparallel, and from the corresponding asymmetry for tar-
Physics facilities. gets which are polarized perpendicular to the beam polarization
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directions [6]. The techniques that have been used to deterntiménat for jet rates from* ¢~ collisions and we will not discuss
ag usingl,, I3 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 fora s are obtained from th€? evolution of /%, at high
singlet terms evolve differently wittp? [7]. The singlet com- z (item 1), theQ? evolution ofz F; (item 3), the Bjorken sum
ponent eceives a contribution from gluonlging into ¢ pairs. rule (item 5), and — with somewhat less precision at present —
As a consequence, th@? evolution of the color singlet term the GLS sum rule (item 4). It is of note that all three structure
depends not only on the running coupling constant(?) but functionsF,, F3 andg; contribute at least one measurement
also on the probability for gluon splitting, given by the gluomvith 4-5 % accuracyijllustrating the strength of the complemen-
distribution functiong(z,Q?). This dependence of(x,Q?) is tarity offered by the unpolarized charged lepton, neutrino, and
not important ifz is larger than about 0.25bause the prob- polarized charged lepton programs. The results utilizingzhe
ability for gluon splitting at larger is small. Gluon splitting evolution of 7', at low = (item 2) and the shape df; (item 6)
does not contribute to the non-singlet component of the striace less accurate. Method 2 is unlikely to provide a precise re-
ture functions: th&)? evolution of this term depends ey (Q?)  sult for a5 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. deuteriumycor hydrogen k), F, is either a pure tiong(z,Q?), as mentioned above: this situation will not change
singlet or a mixture of a singlet and a non-singlet, wheréas for future data sets. If data are collected using different nuclear
is always a pure non-singlet. targets so that the singlet and non-singlet componernts oén

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

B. Methods used to Determinrg; from DIS at relatively smallz values could still be a viable method for
Structure Functions an accuratevg result: this was not found to be the case in [9],
) S however, which included such an analysis. It is more difficult

The following methods have been used to determinesing o assess the future status of the result based on method 6
the I';, I3 andyg, structure functions: since this method has only recently bgenposed. This method
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 atdamlues biguity in the choice of the renormalization and factorization

(11 %) [9]; scales [13]. This suggests that a reduction in the uncertainty of
) ) o ) ) . agps(Mz) below theb % level will require the inclusion of sub-
3. the@” evolution of £3 multiplied by the kinematic vari- |eading terms, the prospects for which are unknown. Further
ablez, i.e. the evolution of: F'; (5 %) [10]; theoretical understanding of this method will probably be re-
4. the Gross, Llewellyn-Smith (GLS) sum rule, basedign quired bgfore it_can be used to accurately rr!e_a&tgr.g\Ne Wi_”
at fixedQ?, integrated over alt values { %) [11]; not consider this metho_d further. The remaining discussion on
the prospects for a precisg; measurement from DIS therefore
5. the Bjorken sum rule, based on the difference between ttancentrates on items 1, 3, 4 and 5 in the above list.
g1 structure functions of protons and neutrons at figgd

integrated over alt values ¢ %) [12]; C. Future Prospects for a Precise

6. the shape of’, from charged lepton scattering in the limit Measurement from DIS
of very largeQ? and very smalk: values ¢ %) [13]. The future facilities which we consider for the purpose of

. . evaluating the potential for 8% measurement ofiz=(M
The reference given after each item refers to the most pﬁa 9 b % wis(Mz)

cise result available for the method. This precision itse om DIS are the following:
Aags(Mz)lags(Mz), is given by the number in parentheses, 1. HERA with a luminosity upgrade, able to deliver data sam-
whereays(Mz) is the value ofxs after it has been evolved to ples of about 150 pb* per year, yielding a total data sam-
the scale of the&Z® mass and\agg(M7) 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 experiments havé- @n électron-hadron collider utilizing the LHC, referred to
measured s using one technigue which is not based on struc- @S “LEP<LHC" in the following;
ture functions: the measurementcof using jetrates [14]. This 3 5, (3) heam 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-

4o L - . i I _ _
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 reSU|bf9i'§(MZ) from_ tive fixed target neutrino facility under consideration here
DIS jet rates is abok %. It is not likely that this method will would make use of thill energyTevatron beam:

yield a result forvg( Mz ) with precision better than abouito
unless a next-to-next-to leading order QCD calculation becomed. av (v) beam from the LHC, available for fixed target ex-
available. The overall situation for this measurement is similar periments;

1. the Q? evolution of F, at high z values, measured in
charged lepton scattering %) [8];
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5. future experiments measuring the polarized structure fumd- s in the@? range of 2-310° GeV?, i.e. the same&)? range
tiong;. as a 500 Ge\¢te~ collider.
We therefore conclude that ary result with a precision of

The facilities listed above have often been presented as natatsdut2 % is a possibility for HERA at a@? value of about
extensions to the HERA, Tevatron, and LHC programs, with ti€* Ge\?. Extrapolating to LERLHC, a measurement of
possible exception of a fixed target facility at the LHC. It is na&fimilar accuracy may be possible at( value of about 2-
clear whether it is feasible to incorporate a fixed target neutrigd 0°> GeV?.
facility into the LHC program.

We next discuss each of items 1, 3, 4 and 5 from section 11.B (? Evolution ofz F

in the context of these future facilities. .
The ()? evolution of z F; offers an advantageous method to

_ _ measurevg because it is independent of the gluon distribution
Q* Evolution of F; at Highz functiong(z,Q?) over the entire: range, as noted above. Mea-
A measurement ofis from the Q2 evolution of F, is best surements of /5 are best obtained using the difference between

performed using charged lepton scattering on unpolarized tH€ and 7 cross sections for scatte_rmg on unpolarized tar-_
gets (for a review of this method, see [15]). The relevant fgets [15]. These measurements require a fixed target programin

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

An s measurement based on the evolutiofi'ofs not possi- e>_<pe_cted to improve the preqsmn_oQTS(MZ) to abou_tz._5 %

. W{thm the next few years, using this method [17]. This is likely
ble using the current HERA data sample because of the Scar?(l)ybecome one of the world’s most precise measurements. of
of data atr values above about 0.20. HERA has kinematic ac- P

cess tor values up to about 0.50 fap? values greater than ag and to remain so for some time. The uncertainties on the
10° Ge\2 howeve? For the pu.rposes of an megasurement NuTeV result are roughly evenly divided between statistical and

HERA data at)? ~ 10* GeV? anda ~ 0.50 are interesting be- systematic sources, with the systematic uncertainty dominated

. L brY imprecise knowledge of the neutrino beam flux and of the
cause the large value ensures suppression of the contributio

from the gluon distribution function, while th@? value is sim- ca_:_or!meter erj[ﬁrgy scgl_e.  the It this techni
ilar to that inZ° decays: this offers thepportunity for a direct 0 Improve the precision o s resuitirom this technique

comparison of the DIS results with those frarhe- 20 exper- yet further, higher statistics from tagged neutrino beams will be
iments. The regio? ~ 10* GeV?, z ~ 0.50 is near the kine- necessary (tagged neutrino beams allow an event-by-event de-
matic limit of HERA, making it likely that data samples of aboutermmatlon of the incident neutrino energy, as weleasiori

1000 pbr! will be necessary for an accurate, measurement nowledge of whether the interaction was caused by a neutrino

based on the evolution df,. Furthermore, weak effects duel an antl_neutrlno). The futur_e facilities which could poten-
ly provide beams for a precisel’s measurement ok s are

to ZY exchange contribute to the neutral current cross sectid

for such@? values. It will be necessary to combine electron_t— erefore the primary Tevatron beam with an upgraded luminos-

proton and positron-proton data in order to correct for the Weg ,_suc_h as '_I'e_V33, and the LHC. G_|ven the QOOd resultoa‘gr

interference terms, leading to additional possibilities for sy\g- ich is ant|c_|pated fr_om the ongoing experiment, mentioned
tematic error. It has been estimated [16] that an uncertainty%?love' anql given the |m_pr0veme_nt in accuracy expected fr_om
asrs(Mz) of about 0.002 might ultimately be achieved fronplgher statistics and the introduction of event-by-event neutrino

measurements of the evolution8f at HERA, implying a pre- tagging, it is_ plausible_that this method can pro_vi_dey@rm_ea-
cision of 1.52.0 %. Such a precision may require a combinatioﬁurement with % precision. A study of the precision attainable

of HERA and fixed target results fdf,, however [16]. EgiebHe? 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 @igevolution ofu /% is

the electron—proton and electron—deuteron data would allow ﬁ_lstrong candidate to providd & measurement ofgr5( My ),

aSsuming that fixed target programs with tagged neutrino beams
singletcomponent of; to be extracted. Arecent study [16]im- 9 get prog 99
plies that this method could provide an improvement of about

are available at either TeV33 or the LHC. We note that the nec-
25 % in the uncertainty ofv s, relative to what can be achieve ssary ma’F”X _elements are already available a_t NLO [5]. Since
: he g-function is known to three loops, all that is needed for a
using the electron—proton data alone. ) . :
. full NNLO analysis ofas using thex F's method are the split-
The comments made above emphasize the relevance

tif§ functions calculated at NNLO. It is reasonable to expect

considering _electron—proton, posﬂrqn—prot_on and electrO{h—at this result will become available and that the theoretical un-
deuteron options for LERPLHC. 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 LHRHC, it may GLS Sum Rule

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 [18] is similar to that discussed above for}teevo-
LEPxLHC offers the possibility for araccurate determinationlution of  F'5 since both methods rely on thi& structure func-
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tion measured in neutrino fixed target experiments. The GLS =~ . . .
sum rule is based on the integral Table I: The estimated precision fag;<(M7) attainable at fu-

ture DIS experiments.

1
/ [z F5(z, Q)] Cl—x , (2) ‘ Method Precision ‘ Facility
0
3 i
the QCD prediction for which has been calculatedys?) gt hieVﬁIutlon Of 2% HERA, LEPLHC
(the next-to-next-to leading order irg). This is one of the few ghe
quantities calculated to such a high order in QCD perturbation@? evolution of /5 1% TeV33 fixed target,
theory. The integral (2) is evaluated experimentally using fairly LHC fixed target
low value_s onZ_, 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 (2).) The@? value for present experiments [10] is about
3 Ge\E. Because of the low)? value, higher twist corrections | Bjorken sum rule 2.5% Future polarized
are important. Furthermore, it i®pessary to extrapolate into DIS experiments

the unmeasured region at law

Like the result foro s based on the evolution afFs, the cur-
rent precision of the.s measurement from the GLS sum rule iShe current result (about% accuracy [12]) is quite precise
partially statistics-limited. There are several sources of expély current standards, however. Given that additional polarized
imental systematic uncertainty which are relevant for the Gls$ructure function data are currently being collected at CERN,
result and which are not relevant for thé’s evolution result, DESY and SLAC, and that additional experiments are being
however: the measurement of the absolute cross sectionspi@nned, it can be anticipated that a reduction in the uncer-
both ther andv beams, the extrapolation into the lawegion, tainty in a5 from this method will be possible. Many sources
and higher twist corrections. The NuTeV experiment expeai systematic uncertainty (higher twists, extrapolation into the
to attain a precision of about% for a5 using the GLS sum unmeasurec: region, measurement of the absolute cross sec-
rule. At TeV33 and the LHC, higher statistics, larggt val- tions) are common between this method and the GLS one. The
ues (reducing the uncertainty from higher twists) and better Id&yorken sum rule measurement is complicated by its reliance on
x reach (reducing the extrapolation uncertaintypsid yield polarized targets and probes, however, and thus has sources of
smaller statistical and systematic errors, making a measurengystematic 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 ultinsauracy

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

measurement with a precision of abaui % feasible. Although no study has been done at this point, we wish to
emphasize that some of the systematics which degrade the ac-
Bjorken Sum Rule curacy of the Bjorken sum rule measurementv@f including

Lastly, we consider the determinationof using the Bjorken t10S€ due to higher twist and the lavextrapolation, may im-
sum rule [19]. The Bjorken sum rule is based on the quantityProv€ With a high statistics, high energy beam. Such a beam
would be available if a high energy"e~ collider were con-

! v 5 n 21 4 3 structed with longitudinal polarization and a fixed-target capa-
/0 [91(2, Q%) = g7 (2, Q7)] da, (3) bility. In this way, it is plausible that the Bjorken sum rule mea-

_ surement could be more accurate than the estimate given above.
where ¢ and ¢ are theg; structure functions for proton and

neutron targets, respectively. The Bjorken sum rule method fo
determininga g differs from the others discussed here in that
it is based on polarized cross sections. The method resembldable | summarizes our estimates of the precision which
the GLS sum rule technique, however, because it is basednoight be attainable foti;5( A7) from DIS experiments at fu-
an integral over: of a structure function measured at fixgd, ture colliders. These estimates are mostly based on extrapola-
utilizes low@? measurements (for current experiments,@ie tions from current experiments rather than on detailed studies
value is about 2 GeVj, requires extrapolation into the unmeaef future facilities. The best prospect forl& measurement
suredr regions, and has a QCD prediction available at the nexf a5;5( Mz ) 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 shapef®f(item 6 in sec- ¥ beams. The most promising measurement technique is the
tion 11.B), it is somewnhat difficult to assess the future status observation of th€)? evolution ofz F.
theas 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@f values. The DIS results

D. Conclusion for a Precises Result from DIS
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based onz F;5 offer the possibility for a precise measurement Finite-volume errors are much easier to control for quarko-
of a5 in the Q? range from about 5 to 20 GéV Those based nia than for light hadrons, since quarkonia are smaller. Lattice-
on the higher region of I, offer the possibility for araccurate spacing errors, on the other hand, can be larger for quarkonia
measurement at a much larggt value, up to about 0GeV? and need to be considered. This error can be controlled by
for LEPxLHC. studying the lattice spacing dependence of physical quantities
(in physical units). The lattice spacing is reduced (while keep-
ing the physical volume of the lattice fixed) until the error is
I1l.  THE HADRON SPECTRUM under sufficient control. The source of the lattice spacing de-

pendence are the discretizations used in the lattice lagrangian

Lattice QCD is, so far,_the only systematlc,_flrst principles aR(’)r action). Thus, an alternative to reducing the lattice spac-
proach to nonperturbative QCD. The experimentally observed: iy order to control this systematic error is the use of better

hadron spectr_um, like th_e hlgh-e_ner_gy obser_vables discussegily etizations. This procedure is generally referred to as im-
the other sections, provide us Wl_th information on the fre_e PBfoving the action. For quarkonia, the size of lattice-spacing
rameter of QCDp 5. Determinations ofvs from the experi-  gryqrs in a numerical simulation can beticipatedby calcu-
mentally observed hadron spe(_:tru_m, base_d on lattice QCD, %rt‘?ng expectation values of the corresponding operators using
thus c_omplementary to determinations which are based on Fff‘tgfential-model wave functions. They are therefore ideal sys-
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 and reviewg)pat is generally referred to as the “quenched” (and sometimes
we shall, in the foIIowm_g, outline the strategy for d_eter_mlnaaS the “valence”) approximation. In this approximationas
tions ofas based on lattice QCD. In general, determinations gfe not allowed to split into quark - anti-quark pairs (sea quarks).
as can be divided into three steps: This introduces a systematic error into the calculation. How-

The first step is always an experimental measurement., In ever, for quarkonia, a number of calculations now exist which
determinations based on perturbative QCD this might be a crggstially include the effect of sea quarks, thereby significantly
section or (ratio of) decay rates. In determinations based on l&fducing this systematic error. This is further discussed in sec-
tice QCD this is usually a hadron mass or mass splitting, for etens I11.A and III.C.
ample the mass of themeson, or a better choice, spin-averaged
splittingsin the charmonium and bottomonium systems. In “lat-
tice language” this step is often referred to as “setting the scale
(see section lll.A).

The second step involves a choice of renormalization scheméelhe experimental input to the strong coupling determination
In perturbative QCD the standard choice is #1& scheme. is a mass or mass splitting, from which by comparison with
With lattice QCD a nonperturbative scheme may be chosen, @hd corresponding lattice quantity the lattice spacings de-
there are many candidates. In order to compare with perturbermined in physical units. For this purpose, one should iden-
tive QCD, any such scheme shoulddizessible to perturbativetify quantities that are insensitive to lattice errors. In quarkonia,
calculations (without excessive effort). spin-averaged splittings are good candidates. The experimen-

Finally, the third step is an assessment of the experimeriglly observed 1P-1S and 2S-1S splittings depend only mildly
and theoretical errors associated with the strong coupling de®@-the quark mass (for masses betweenandm.). Figure 2
mination. This is of course the most important (and sometimgidows the observed mass dependence of the 1P-1S splitting in
also the most controversial) step as it allows us to distinguighattice QCD calculation. The comparison between results
and weight different determinations. The experimental errdf@m different lattice actions illustrates that higher-order lattice-
on hadron masses are negligibly small in lattice determinatig#gacing errors for these splittings are small [22, 23].
of «; at this point. The theoretical errors that are paruof
determinations based on perturbative QCD include higher or- —~ 03Fk

der terms in the truncated perturbative series and the associated n F

dependence on the renormalization scale, and hadronization or I 02k ? i & 1
other generic nonperturbative effects. In lattice QCD the theo- — - ]
retical errors include (but are not limited to) discretization errors \E/ 0.1 -

(due to the finite lattice spacing,# 0), finite volume effects, o u

and errors associated with the partial or total omission of sea
quarks.

The consideration of systematic uncertainties should guide us
towards quantities where these uncertainties are controlled,
a reliable det_ermmatlon of;. AS h‘?‘s been argued by Lep_ag i?tical errors only) from Ref. [23]0: O(a?) errors; x: O(a)
[21], quarkonia are among the easiest systems to study with I ors
tice QCD, since systematic errors can be analyzed easily with™
potential models if not by brute force.

A. Determination of the Lattice Spacing and the
Quarkonium Spectrum

O'O 1 1 ‘ 1 1 1 1 ‘ 1 1 1
1/aM

Igi)éure 2: The 1P-1S splitting as a function of the 1S mass (sta-
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Two different formulations for fermions have been used in lat-
tice calculations of the quarkonia spectra. In the non-relativistic
limit the QCD action can be written as an expansion in powers
of v? (or 1/m), wherev is the velocity of the heavy quark inside
the bound state [24]; Henceforth, this approach shall be referred
to as NRQCD. Lepage and collaborators [25] have adapted this
formalism to the lattice regulator. Several groups have per-
formed numerical calculations of quarkoniain this approach. In
Refs. [26, 27] the NRQCD action is used to calculatetthand
ce spectra, including terms up t8(mv*) andO(a?). In addi- i “§£

o I

tion to calculations in the quenched approximation, this group
is also using gauge configurations that include two flavors of 10
sea quarks with mass, ~ 1m; to calculate théb spectrum o -..?z oo O

2 —
[22, 28]. The leading order NRQCD action is used in Ref. [29]7;

for a calculation of thés spectrum in the quenched approxima- &
tion.

Energy

The Fermilab group [30] developed a generalization of pre-= 95
vious approaches, which encompasses the non-relativistic limit oge, O
for heavy quarks as well as Wilson’s relativistic action for light
guarks. Lattice-spacing errors are analyzed for quarks with ar- - E
bitrary mass. Ref. [23] uses this approach to calculatéithed my T by Xeo  Xor Xez
cc spectra in the quenched approximation. The authors consid-
ered the effect of reducing lattice-spacing errors fi@if&) to
O(a?). The SCRI collaboration [31] is also using this approa
for a calculation of théb spectrum using the same gauge co
figurations as the NRQCD collaboration with = 2 and an
improved fermion action (witk?(«?) errors).

drigure 3: A comparison of lattice QCD results for thtespec-
drum (statistical errors only). —: Experimen®; FNAL [23];
o: NRQCD (n; = 0) [26]; e NRQCD (ny = 2) [22]; o:
UK(NR)QCD [29]; *: SCRI [31].

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 i

E + —E—

0.05—0.2fm. Ref. [32] uses an improved gauge action together -
with a non-relativistic quark action improved to the same order

(but without spin-dependent terms) on coargse~(0.4 — 0.24 PRY
. - _ = 35— 1 —
fm) lattices. The results for thié andce spectra from all groups o °
are summarized in Figures 3 and 4. S i 7
> L i

The agreement between the experimentally-observed spe%ﬂ
trum and lattice QCD calculations is impressive. As indicated5
in the preceding paragraphs, thtilee artifacts are different for i oo )
all groups. Figures 3 and 4 therefore emphasize the level of 3.0 —Ze@ —
control over systematic errors. L N

Results with two flavors of degenerate sea quarks have now
become available from a number of groups [22, 33, 34, 28], with ) ) ~
lattice-spacing and finite-volume errors similar to the quenchEure 4: A comparison of lattice QCD results for #espec-
calculations, significantly reducing this systematic error. Hoff UM (Statistical errors only). —: Experiment; FNAL [23]; o:
ever, several systematic effects associated with the inclusioMfQCD (2 = 0) [27]; o2 ADHLM [32].
sea quarks still need to be studied further. They include the de-
pendence of the quarkonium spectrum on the number of flavors
of sea quarks, and the sea-quark action (staggered vs. Wilson).

The inclusion of sea quarks with realistic light-quark masses is
very difficult and can, at present, only be done by extrapolation
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 theory [35] to guide the ex-
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 effects do not
bare to a renormalized coupling can, in principle, be made ngmet exist. If we want to make contact with the “real world”,
perturbatively. In the definition of a renormalized couplinghese effects have to be estimated phenomenologically or ex-
systematic uncertainties should be controllable, and at shwapolated away.
distances, its (perturbative) relation to other conventional def-The phenomenological correction necessary to account for
initions calculable. For example, the renormalized couplintiie sea-quark effects omitted in calculations of quarkonia that
ay, can be defined from the nonperturbatively computed heawse the quenched approximation gives rise to the dominant sys-
quark potential [36]. An elegant approach has been develogethatic error in this calculation [43, 44]. By demanding that,
in Ref. [37], where a renormalized coupling is defined nomsay, the spin-averaged 1P-1S splitting calculated on the lattice
perturbatively through the Sabdinger functional. The authorsreproduce the experimentally observed one (which sets the lat-
compute the evolution of the coupling nonperturbatively usingi@e spacinga~1, in physical units), the effective coupling of
finite size scaling technique, which allows them to vary the mthie quenched potential is in effect matched to the coupling of the
mentum scales by an order of magnitude. The same technigifective three flavor potential at the typical momentum scale of
has also been applied to the renormalized coupling defined frém quarkonium states in question. The difference in the evo-
twisted Polyakov loops [38]. The numerical calculations inution 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 availabltermined, is the perturbative estimate of the correction.
they should yield veryaccurate information ons and its evo-  For comparison with other determinationsxgf, theMS cou-
lution. A renormalized coupling can also be defined from th#ing can be evolved to th&® mass scale. An average of
three-gluon vertex, suitably evaluated on the lattice [39]. Refs. [43, 44] yields forvg from calculations in the quenched

An alternative is to define a renormalized coupling througipproximation:
short distance lattice quantities, like small Wilson loops or
Creutz ratios which can be calculated perturbatively and by nu- a%(MZ) =0.110 £ 0.006 . (8)
merical simulation. For example, the coupling defined from
the plaquette (the smallest Wilson loop on the lattieg), = The phenomenological correction described in the previous
—31In(Tr Ug)/4m, can be expressed as [40]: paragraph has been tested from first principles in Ref. [33]. The

2-loop evolution ofny; = 0 andn; = 2 MS couplings — ex-
an=ap(¢)[1 — (1.19+0.07 nf)ap(q)] (4) tracted from calculations of the spectrum using the Wilson
action in the quenched approximation and with two flavors of
atqg = 3.41/a, close to the ultraviolet cut-off. The coupling> sea quarks respectively — to the low-energy scale gives consis-

is chosen such that it equals- at one-loop: tent results. After correcting the two flavor resultte = 3 in
5 the same manner as before and evolviRgs to the Z° mass,
ap(q) =av(g) +O(ay) . (5) they find [33]
ap is related to the more commonly usktd coupling by a@(MZ) =0.111 =+ 0.005 Q)
MS

a5E(Q) = aP(€5/6Q) (1 + %O‘P +ea(ng)ap + .. ) - () in good agreement with the previous resultin Eq. (8). The total
) ) _ . _ error is now dominated by the rather large statistical errors and

The size of higher-order corrections associated with the abqua perturbative uncertainty.
defined coupling constants can be tested by comparing perturbgy, o most accurate result to date comes from the NRQCD col-
tive predictions for short-distance lattice quantities with nonpgly, o - ation [22, 28]. They use results fog from thebb spec-
turbative results [40]. The comparison of the nonperturbatively,m with 0 and two flavors of sea quarks to extrapolate the
calculated coupling of Ref. [37] with the perturbative prediGaerse coupling to the physical three flavor case directly at the
tions for this coupling using Eq. (4) is an additional consistengy;..violet momentumy = 3.41/a. They obtain a result consis-
test. tent with the old procedure. Recently, they have begun to study

The relation ofap 10 ayg ,EQ. (6), has recently been calcuihe gependence afs on the masses of the sea quarks. Their
lated to two loops [41, 42] in the quenched approximation ('Iﬁ‘eliminary resultis:

sea quarksy; = 0):

%)(8.2GeV) = 0.195+0.003 4 0.001 £ 0.004. (10
ea(ng = 0) = 0.96 . @~ or B26V) (10)

_ () The first error is statistics, the second error an estimate of resid-

This term shiftsvg(M) by +0.002. Because of thenknown - yal cut-off effects and the third (dominant) error is due to the
n; dependence in the two-loop term, the perturbative uncer- quark mass dependence. The conversiok(including the
tainty is still £0.002 (at Mz). The extension of the two-loop2-|oop term in Eq. (6) and evolution to ti#® mass then gives:
calculation ton; # 0 will reduce this uncertainty to well below

1% for alL(My). ol (Mz) = 0.118 0003, (12)
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where the error now also includes the perturbative uncertaimy the SLD Collaboration [46]. Similar studies have been pub-
from eq. (6). A similar analysis is performed in Ref. [34] otished by the LEP experiments [47]. The SLD result
the same gauge configurations but using the Wilson action for
a calculation of thee spectrum. The result for the coupling is agrs(Mz) = 0.1200 4 0.0025 £ 0.0078 (13)
consistent with Refs. [22, 33].

The preliminary calculation of the SCRI collaboration [31)vas derived from the consideration of 15 different infrared-safe
(n; = 2) can be combined with the result of Ref. [23]. Usingadronic observables, including various event shape parame-

the same analysis as in Ref. [22] gives [28] ters, jet rates derived with several different jet finding schemes,
and energy-energy correlations. Th&).0025 experimental
G (M) = 0116+ 0.003 19y error received contributions a£0.0009 from event statistics,
s Mz) = 0. ' ’ (12) and40.0024 from detector-related uncertainties. THh6.0078

nicely consistent with Eq. (11). Clearly, more work is need theoretical uncertainty resulted from contributionstaf.0024
y 9 ) Y, rom uncertainties in the hadronization process, afd)074

to confirm the results of Egs. (11) and (12), especially in CE;I|CH;

lations with heavy quark actions based on Ref. [30]. In parti 'om missing higher orders in the perturbative calculation of the
vy q : . 13 N Palfe hservables. Currently, all 15 observables have been calcu-
ular, the systematic errors associated with the inclusion of 3

€ . : o .
quarks into the simulation have to be checked, as outlined ?Bed to next-to-leadlng order ifs. In add_ltlon,for_5|x ofthe 15
section [I1A. observables, the Iead_lng anq sub-leading Iogar_lthms have been
resummed and combined with the next-to-leading order calcu-
lations.
D. Conclusions This breakdown of the uncertainty provides a basis for es-

) ) _ timating the accuracy of a similar measurementagf at an
Phenomenological corrections are a necessary evil that e'étl%ﬁtron—positron collider of cms energs = 500 GeV, such

most coupling constant determinations. In contrast, lattice QCR he proposed NLC. Statistically, the SLD measurement was
calculations with control over all sources of systematic erderformed with the sample of 37,000 hadroni¢ ¢~ — ¢7)
can, at least in principle, _yield truly first-principles determingsyents remaining in the 1993 SLD event sample after the ap-
tions ofa 5 from the experimentally observed hadron spectrurpjication of hadronic event selection cuts. At a design luminos-

At present, determinations afs from the experimentally ity of 5 x 1033 cm~2sec!, with a Born-level cross section of
measured quarkonia spectra using lattice QCD are compata- pb, an NLC detector would collect approximately 150,000
ble in reliability andaccuracy to other determinations baseght.~ —; 47 events in a “Snowmass” year ®67 seconds. The
on perturbative QCD from high energy experiments (see Figffects of initial state radiation and beamstrahlung, and ineffi-
ure 1). The phenomenological corrections for the most imp@fencies introduced by event selection (to be discussed below),
tant sources of systematic errors in lattice QCD calculations @ijuce this to approximately 25,000¢~ — 7 events per year
quarkonia have already been rapd by first principles calcu- at /s ~ 500 GeV, adequate for a statistical precisiordef %
lations. This has led to a significant increase in the accuracydif the value of 5 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 proper inclusiomletector uncertainty.
of sea quarks. A difficult problem in this context is the inclusion The determination ofxs involves the comparison of the
of sea quarks with physical light quark masses. At present, thigdronic observables with parton-level perturbative calculations
can only be achieved by extrapolation (fremy ~ 0.3 —0.5m; which depend upons. The relationship between the parton-
to m, 4). Given sufficient numerical results on the light quarkevel calculations and the final state observables is thus obscured
mass dependence, chiral perturbation theory can be used forg{aéhe fragmentation process. This introduces a correction, and
extrapolation [35]. These calculations can most likely be paferresponding uncertainty, which must be applied to the ex-
formed with currently available computational resources leaglacted value ofvs. It is generally expected [48] that effects
ing to first-principles results for the quarkonia spectra. Theyhich alter the relation between the perturbative parton-level
should, in turn, yield determinations of;s(M7) with a total calculations of observables, and the actual hadron-level observ-
uncertainty below %. ables, scale as an inverse power of the momentum tra@sfer

so that for some observahilg

V. ELECTRON-POSITRON ANNIHILATION 50=0—0
= — YUpert

~ % . (14)
The measurement afg via hadronic observables e~
annihilation is a mature subject. Prospects for the accurate mégpically, n» equals 1 or 2. On the other hand, the perturbative
surement ofvs in high-energy:*e~ annihilation have been un-evolution ofa 5 scales roughly aéin @)~!. Thus, one expects
der discussion for some time [45]. To assess the potential forthe relative uncertainty ong due to fragmentation effects to
«as measurement from this method, it is useful to examine anale adn )/@Q. As a result, the- 10 % correction applied to
experimental analysis in detail, to assess those areas in whiuvalue ofx s extracted from hadronic observables at fie
the uncertainties might be reduced in the future. For this pymele is expected to reduce to~a2 % correction at,/s = 500
pose, we choose acent comprehensive study®f published GeV, with an uncertainty of % or less.
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In addition to the fragmentation, the relationship between theam would have an impact on the design of the high energy
perturbative parton-level calculation and the measured observe~ collider.
ables is compromised by missing higher orders in the perturbafhus, ete~ annihilation at high energy appears to be a
tive expansion. In the SLD analysis, this uncertainty was espromising avenue towards the measurement;gf(1/z) to a
mated to beAag;s(Mz) = £0.0074 by varying the renormal- relative uncertainty of-1%. Furthermore, the high momen-
ization scale of the perturbative calculation over a range péwm transfer scale associated with the measurenight«(s =
mitted by consistency with the hadronic data, and observing 50 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 leading order
ties due to missing higher orders should scaledseading to (O(«%)) 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 scalg=M2 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 afy(Mz) extracted from hadronic )
observables at the NLC. Should next-to-next-to-leading order he greatest potential to extend measurements;db large
perturbative calculations become available, it should thus Y@lues of the momentum transfer scéjé resides with thep

possible to approach the target uncertainty-o1%. (pp) colliders. In adition, many approaches to the measurement
of agin pp (pp) collisions produce a range of values tof over

A final issue associated with the measurementoi ete~  abroad lever-arm if2. For example, the inclusive jét, spec-
annihilation at large cms energy is that of identifying a cleafum from the Tevatron extends out to almost 500 GeV (see Fig-
sample okt e~ — ¢7 (¢ # t) events. Aty/s = 500 GeV, with- ure 5 [53]), providing sensitivity tas over a range in momen-
out event selection cutgg (¢ # ¢) production ¢s.-» = 3.1 pb) tum transfer extending from 50 GeV to values nearly equivalent
has a substantially smaller cross section tHahi¥~ produc- to that proposed for the next generation of electron—positron and
tion (¢B.rn = 7.0 pb), as well as significant backgrounds frorelectron—proton colliders. The LHC, currently scheduled to be-
Z°Z° (6Born = 0.4 pb)andit (oo = 0.3 pb) production. A gin delivering beams in the middle of the next decade, will ex-
study performed by the European Linear Collider QCD Workend this reach to several TeV.
ing Group [49] identified a set of kinematic cuts which select
an83 % pure sample ofte~ — ¢ (¢ # ) events. However,
these cuts substantially impacted the hadronic distributions of s ]
the remainingyg events, leading to large 20 %) corrections i A DO (Preliminary) * 0.99
to the extracted value ofs. To this end, in preparation for o5 | } ]
the Snowmass Workshop, a Monte Carlo study [50] was undex- | ]
taken in which one of the European Working Group kinematig » }
cuts — the requirement that at least one hemisphere have a recol I ¢ }
structed invariant mass of less thah% of the visible energy N 0 W ig H& }
in the event — was removed. Instead, events were used onlysi s V
they were produced with the right-handed electron beam (to re- ' .

1 T T T T T T T T

NLO QCD (CTEQ4M)
CDF  (Preliminary) * 1.01

o

rﬂ/Theory

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

the presence of B hadrons in the vertex detector (to elimiiate o5 [.__ L ‘ N )
background). For an electron beam polarizatioPpf= 80 % 100 200 300 400
(P. = 90%), this yielded an82 % (87 %) pure “Snowmass” Et

sample ofete™ — qq (¢ # 1) events. A comparison of 3-jet

rates between a pure Monte Carlo sample'of~ — ¢7 (¢ #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 selectiongiits normalized as indicated. This figure is reproduced from
substantially less thah%. Thus, with these cuts, the uncerReference [53].

tainty ona g due to the event selection process is expected to be

well within the target oft-1 %. It should be noted that electron )
beams with80 % polarization, and bunch populationsoeed- On the other hand, measurementsygffrom hadron col_lld-

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 {8€ MOst accurate approaches. For example, a typical approach
part of the base-line proposal for the NLC [51]. to constrainingys in pp collisionsis to stud_y the ratio a¥” + 1
jet events tdV + 0O jet events [54]. Experimental systematics,

As a final note, it has been pointed out [52] that the high lguch as energy scale and resolution uncertainty, introduce large
minosity of anete~ linear collider, combined with the rise inerrors & ~ 0.015) in the value ofx s extracted from this ra-
theet e~ — ¢q cross section with falling/s, may make it feasi- tio. In addition, since gluons liberated from the nucleon sea can
ble to precisely constrain the evolution®f over a wide range themselves form jets, the measurement is sensitive to the parton
of @? in a single experiment. The execution of such a pralistributions used in calculating th& + 1 jet rate. For the most
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recent measurement of this ratio [55], the DO collaboration dégtablished methods fars measurements, and we can evalu-
not report a value fors, because of an inconsistency betweeate their potential fot % accuracy with reasonable confidence.
the best fit value ofrs 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 determinations gfor they are
Current work on the measurement @f with pp data thus less established methods which need further study to better eval-
concentrates on developing approaches which remove or reduiete their potential for: s determinations with % accuracy.
the sensitivity of the method to variations in the parton distribu-Traditionally, DIS at relatively low momentum transfer has
tion functions, and to experimental parameters. This workpsoduced precise determinationscgf. In particular, measure-
still in its early stages, but a number of promising ideas are haents ofa s via the Q? evolution of zF; and the GLS sum

ing pursued. rule are expected to each achieve experimental accuracies of
For example, a generalization of thE + 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 calorimeter

i energy scale, and the understanding of the composition of the
R’ = o(V +(n + Ljets) ’ (15) incident neutrino beam. Thus a high flux tagged neutrino beam-
o(V + njets) line derived from theull energy Tevatron primary beam, and

whereV = W*. 79 is a vector boson. The UA2 and DO mea_eventually one of the LHC primary proton beams, is a strong

surements involvedt! ; for n # 0, however, the contribution candidate for a facility which will produce 8% measurement

5 A
from sea gluons, and thus the dependence on the parton digtfrigs at low Q°. At present, however, such a facility is not

. . : : rt of the future program of either laboratory. We also wish
bution functions, largely cancels in the ratio. Another approa . : . .
. . : 0 mention the approach of measuring via the Bjorken sum
that is being pursued is the measurement ofthespectrum of . . . . d . ;
0 ; . X rule in polarized deep inelastic scattering. It is a relatively new
7" production — for this measurement, there is no dependence . ‘
. : method, but could yield a result ascurate as 2-%. Certain
on experimental errors such as hadronic energy scales and reso- TR . : .
o : - . Systematic limitations, such as the corrections for higher twist
lution, jet algorithm definitions, or hadronization, although th . . .
measurement still requiregpriori knowledge of parton distri dnd the extrapolation of; into the unmeasured region at low
9 9 P x, may be less problematic if polarized high energy NLC elec-

bution functions, and only measurag at the single momen- . : . . .
99 T . ; : - tron beams are available for fixed target physics. This issue is
tum transfer scal€)=A{ ;. Finally, fits to the triple differential
) worthy of further study.
cross section [56] ] . . .
Lattice QCD calculations have matured considerably in the
do 9 A . last few years. First principles calculations of the simplest
dErdnidys @5 1o (1) fya (22) Agg (7) hadronic systems, like quarkonia spectra, should be possible
i i with current technology and computational resources. This
+ for (@1) fa(22) Agg(n™) + fa(@1) f2(22) Agg (") }; (16) implies the potential for very accurate determinationsvgf
at relatively low@? from experimental measurements of the

=D 3 i hadron spectrum, with systematic uncertainties largely indepen-
dent of all other approaches discussed here. Since the present
Ty 9= 2Br (ei”l + einz) experimental errors contribute much less tHdh, no future
’ Vs experimental facilities are required forld& determination of

are being explored, which can simultaneously constiginthe ofg5(Mz) from the hadron spectrum.

gluon distribution functiory, (), and the non-singlet quark dis- e*e” annihilation experiments at high center-of-mass ener-

tribution function f»(z), thus removing the uncertainty due t¢/€S are promising for accurate determinations ofrom mea-

poorly constrained parton distribution functions. surements of jet rates and other jet_varlab_les. Such experiments
All of these studies have only recently been started [57], ificuld be performed at an NLC collider withlr, = 500 GeV

spired by the large data samples available with the complet@nMigher- _ _

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 ofs at hadron colliders is fully ture function?’; at highz over a wide range o) can poten-

understood. Finally, it should be noted that this method (lili&!ly yield determinations ofixrs( M) with about2 % accu-

any other) requires that at least NNLO perturbative calculatiofcy- It should be noted that a future LEPHC faC|I|ty2<:an

be completed for a determination efg(1z) with 1% accu- Potentially probe momentum transfers@f ~ (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 elemenés@ssary €St potential energy reach. Accurate determinationssodwill

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

of the PDFs (with error bars) over the rangecgirobed by the
VI. CONCLUSIONS process under study. Feasibility studies are underway now for
the Tevatron experiments, and it is expected that the potential
Table Il lists the methods we consider promisingdocurate for providing an accurate measurementagf in high energy
ag determinations. The items listed above the double line aradron collisions will be understood within the next few years.
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Table Il: Summary of methods for potentiadc determinations ofiy(Mz). The methods listed below the double line are either
considered to yield somewhat less accurate determinationat(highx 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 I Partial 2-15 GeV TeV33 fixed target
2-45 GeV LHC fixed target

DIS GLS sum rule Available few GeV TeV33 fixed target
~ 10 GeV LHC fixed target

Hadron spectrum| Spin-averageds andce 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 ', at highz Partial few—100 GeV | HERA
< 500 GeV LEPxLHC

PP Jet properties Partial 100-500 GeV | Tevatron

pp < few TeV LHC

The Q? reach of the LHC is substantially larger than that of VIlIl. REFERENCES

any other accelerator mentioned heréo@ld it prove possible
to accurately determineg in hadronic collisions, the construc-
tion of a higher energy collider would extend thesach even

further.
In summary, the goal of measuring to an accuracy of %,

(1]

(2]

with a number of complementary approaches, and over a widdl
range of()?, seems feasible. The complete program will likely
require a number of new facilities. At lo@?, to approach a

precision ofl % in DIS experiments, it will most likely be nec- [4

essary to establish a tagged neutrino beam facility utilizing this]
full energy Tevatron beam, or eventually one of the LHC pro-
ton beams. The determination®f from the hadron spectrum
using lattice QCD is the only method without facility implica-

tions. At high@?, a measurement afs in e*e~ annihilation

fits quite naturally into the physics program for the proposed

Next Linear Collider. The potential for complementary de-

terminations inpp collisions at the Tevatron (ang collisions

at the LHC) still needs further study, as do measurementis of

at highx at HERA or at a possible LEPLHC lepton-hadron

collider.
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