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1. INTRODUCTION

Extracted beams of high energy neutrinos, muons, photons, mesons, hyperons, and

nucleons have been employed at Fermilab since early in the decade of the 1970's to carry out

a broad and compelling program of investigations. Throughout this period, a steady stream

of accelerator and detector innovations has increased the power of the laboratory's facilities.

Recently further major accelerator upgrades have been proposed to ensure that Fermilab

will be able to address the important physics issues of the decade of the 1990's. My charge

at this Workshop is to discuss physics opportunities at fixed-target energies. In the following

six sections I will treat electroweak tests; deep inelastic lepton-hadron scattering; tests of

perturbative quantum chromodynamics; heavy quark production, spectroscopy, and decays;

prompt photon production; massive lepton pair production; and spin dependent phenomena.

2. ELECTROWEAK TESTS

Precision measurements in the electroweak sector of the standard model must be

carried out not primarily to verify again anc' again that the model works so well but to find

evidence of new physics and to define the regions in phase and parameter space from which

new physics is excluded. Examples which come to mind of high precision studies which can

be carried out well at fixed target energies include measurements of sin2 0\y; studies of CP

violation in the K meson and, possibly B meson systems; axion searches; searches for flavor

changing neutral currents; and neutrino mass/oscillation studies. These opportunities were

examined at the recent Main Injector workshop, summarized by Winstein.1^ In this section I

will concentrate on determinations of sin2 6w- Of principal relevance for tests of the standard

model are comparisons of determinations of sin2 9\v from several different processes. Physics

from outside the standard model is likely to affect different processes differently, hopefully

producing a pattern of systematic differences in the values of sin2 9w which may point the

way to fruitful extensions of the model.

Values of sin2 0w extracted from a number of processes are listed below2"4)



Reaction sin2 0\v

vN -* pX 0.233 ± .003 ± [.007] (CCFR, FMMF, CDHS, CHARM)

(v\p->(~v\p 0.210 ±.033

^v\ e -* ^ \ e 0.199 ± .019 ± [.002] (BNL, CHARM I)

W,Z 0.229 ± .007 ± [.002] (UA1/2)

Atomic parity 0.220 ± .007 ± [.018]

SLAC eD 0.221 ± .015 ± [.013]

Theoretical error [ j includes 0 < mt < 100 GeV and 10 < MH < 1000 GeV

The first of the two error flags is experimental in nature; the second, in square brackets,

reflects theoretical uncertainties.

There is consistency among the different determinations of sin2 6\y shown in the ta-

ble and, as well, evidence at the 2 or 3 standard deviation level for electroweak radiative

corrections. The questions of interest here are: What improvements can be expected in the

future, and what special role should Fermilab fixed targets experiments play?

In approaching these questions it is useful to contrast determinations of sin2 0\y made

at large Q2 from those at the more modest values of Q2 accessible at fixed target energies. We

may adopt a set of basic parameters denoted a, G,,, Mz, mt, MH, and c (the electromagnetic

coupling strength; the Fermi weak decay strength; the mass of the Z°; the top quark mass;

the minimal standard model Higgs mass; and e = the effect of some new physics such as a

Z', fourth generation,...). In terms of these, sin2 0w is a derived quantity, but a different

derived quantity in different cases. As an example, the masses of the W and Z bosons are

expressed as

z sin2 Ow cos2 Oiv(l - Ar) '

where

* " < *

and Ar, the electroweak radiative correction parameter, is a function of mt and MH. In the

minimal standard model, Ar is calculated with a small uncertainty if mt and MJJ are known.



A tabulation of values5^ of sin2#iy is reproduced below for Mz = 91 GeV and various choices

of mt and MH (the p parameter is fixed at p — 1).

M2(GeV)

91

91

91

MH(GeV)

10

100

1000

mt{GtV)

30
60
90
120
150
200
30
60
90
120
150
200
30
60
90
120
150
200

0.23497
0.23533 |
0.23148 |
0.22821 (
0.22467
0.21765
0.23657
0.23692 i
0.23307 j
0.22979 |
0.22625
0.21980
0.23980
0.24014
0.23627 |
0.23298 |
0.22942 1
0.22235

To the right of the values of sin2 6\v is a vertical line indicating roughly the range of values

allowed by present deep inelastic lepton scattering measurements. Note that smaller values

of sin2 6w imply larger values of the top quark mass mt.

Other determinations of sin2 9w at large Q2 will come from measurements of the

forward-backward asymmetry in e+e~ interactions at SLC and LEP and from the left-right

asymmetry in polarized electron polarized positron interactions.

At fixed target energies, several processes can be used to derive values of sin2 0w-

Radiative corrections and physics beyond the standard model affect each of these processes

differently, and the experimental problems also differ in each case. Cleanest from the per-

spective that no hadronic uncertainties are involved is the ratio of the v^e cross section

divided by the v^t cross section. In terms of sin2 Ow, this ratio is

1 - 4 sin2 0w + f sin40»,j
(4)



The state-of-the-art is represented by Brookhaven experiment E-734 and the

CHARM II experiment at CERN. BNL E-734 has published6) a determination of sin2 0w

based on 160±17±4i^ and 97±13±5P / i events, correspondingly to an uncertainty of ±0.02

on sin2 0w The CHARM II group anticipates more than 800 events in each channel and

projects an eventual uncertainty of ±0.005 on sin2 6\y. Other competition for possible new

proposals at FNAL includes the LCD proposal at Los Alamos. Relatively small statistical

precision is an obvious drawback of ue measurements.

High statistical accuracy can be achieved in deep inelastic neutrino scattering from

hadron targets. In this case, values of sin2 0\y can be determined from the ratio of the neutral

current cross section divided by the charged current cross section:

"•V

As analyzed by Brock4), these data from experiments at CERN and Fermilab yield sin2 B%y —

0.233 ± 0.003 ± 0.007. The uncertainty in this case is dominated by the theoretical error,

which, in turn, is related to the poorly understood threshold behavior for charm production

(the "slow rescaling" disease), v(d,s) —» \ic. Cures have been considered and will continue

to be investigated. Among the experimental possibilities for either tackling the problem

head-on or avoiding it are these:

a) one might consider making precise direct measurements of the threshold behavior of

charm production in an experiment at a new Main Injector facility;

b) one might exploit the Tevatron by running at the highest values of Eu, selecting dimuon

production data above the region in which the threshold behavior is a problem;

c) one might avoid charged-current complications entirely by studying the vjv ratio7),

In case (c), an eventual uncertainty of ±0.004 has been estimated on sin2 9w.

Manpower and other resources presumably cannot support all these possibilities. Yet,

measurements of sin2 Q\v at modest Q2 must be made with a precision comparable to that

expected at colliders. Moreover, it is critical to build in "redundancy" because it is possible



that only a systematic pattern of deviations will prove telling. Suppose, for example, precise

i/e measurements show that sin2<?iv < 0.2, whereas precise studies of uN —+ (iX yield

s\n20\v > 0.23. What physics beyond the standard model would be implicated?

3. DEEP INELASTIC LEPTON-HADRON SCATTERING

The measurement and theoretical study of structure functions in inclusive lepton scat-

tering is a rich field for continuing work in particle and nuclear physics. The advantage of

this subject is its firm underlying foundation in the operator product expansion and renor-

malization group improved QCD perturbation theory. This statement applies not only to the

dominant structure functions, Fz(x,Q2), F$(x,Q2) and gi[x,Q2) but also to those less well

known and harder to measure, F[.(x, Q2) and g2(x,Q2). Measurements of these quantities

probe the structure of the target precisely. The reaction mechanism is uncontroversial. In

the context of the QCD parton model, the data are used to extract the spin-averaged and

spin-dependent light-front parton momentum densities of nucleons and of nuclei, to study the

variation of these densities with Q2, and to determine the strong coupling strength a,(Q2).

Moreover, even the (twist-4) O{l/Q2) corrections to the scaling limit have been analyzed

theoretically.8"11^ They can be related to quark and gluon correlation functions in the target

ground state.

Investigations of the hadronic final state12' provide opportunities to examine hadronic

jet formation, fragmentation functions, and, the case of nuclear targets, propagation of

partons in nuclear matter.

With multimuon detection capability, ftN —» fi (extra fi's)X, the door is opened

to investigation of J/ip production13' as well as of charm and bottom production. These

studies provide additional tests of QCD dynamics, constraints on the gluon density, and

opportunities to determine the charm component of parton densities.

The state-of-the-art in deep inelastic muon-hadron scattering is represented by two

huge CERN experiments, EMC14' and BCDMS.15' These great efforts have resulted in deter-

minations of the magnitude and of the x and Q2 dependences of the spin averaged structure

function F2(x) Q2). The results of the two experiments disagree in their shapes of the x

dependence and in their absolute normalizations. The disagreements lead to inevitable dif-

ferences in the parton densities16' and in the values of a,(Q2) extracted from the data.

Given the enormous resources devoted to the EMC and BCDMS experiments, it seems



obvious that concerted efforts should be made by people well versed in the two experiments

to understand and settle the differences by reanalysis of the two data sets. The Fermilab

muon experiment E-665 will provide another measurement of F2(x,Q2), extending the data

to greater values of Q2. Not knowing why the two CERN experiments disagree, I cannot

assert that E-665 will "settle the issue". The call and challenge to do so are evident.

Determinations have been made of o3(Q
2) from a number of different processes. A

compilation17' is reproduced in Fig. 1. The figure illustrates that as(Q
2) is small, in the

sense that values hover near 0.15. However, because the uncertainties on the separate de-

terminations are relatively large, it is hard to see evidence in the figure that a,(Q2) varies

with Q2 in the manner predicted theoretically. The uncertainties translate into a wide band

of allowed values of the QCD parameter A. Surely we can do better!

Mishra and Sciulli examine the status of determinations of quark and antiquark par-

ton densities in their recent comprehensive review.18' I will comment here on only one of

the important points they discuss. While there is fair agreement among the various deter-

minations of the up valence quark density, xuv(x), there is disagreement at about, the factor

of two level in the case of the down quark, xdv(x). At stake are not only the values of

dv{x) in various parton density compilations but also important predictions at, e.g., collider

energies which are sensitive19' to the ufd ratio. It would be ironic if the best determinations

of the magnitude and x dependence of the u/d ratio were to come from measurements of the

asymmetry in the rapidity distribution of W production at pp colliders.

At compilation of data is presented in Fig. 2 on the nuclear A dependence of the ratio

o / s\2\ _ *2 (X, Q ) .
RBMC(X,Q ) = FD{xQ2y (7)

It is evident that J?EMC ^ 1> contradicting the naive assumption of simple additivity. Mea-

surements of F*(x,Q7) lead to a determination of the quark and anti-quark densities of

nuclei, qA(x,Q2) and qA(x,Q2) (not of the densities of bound nucleons\). A model of the

nucleus is required to relate qA(x, Q2) to the quark density of a free nucleon qN{x, Q2), and,

therefore, the data provide tests and insights into such models.20' Particularly intriguing

from the perspective of QCD dynamics is the region of very small x where "shadowing"

is observed, viz., REMC < 1- In this region it is plausible that (the large density of) par-

tons from different nucleons overlap spatially and that destructive interference is responsible

for the observed shadowing.21' Models of this interference are still rudimentary. Guidance



would come from a clear picture of the empirical dependence of shadowing on x, Q2, and A.

Until and unless we have measured and understood shadowing in the relatively simple case

• of deep-inelastic lepton scattering, we will not be on very firm ground in trying to explain

shadowing and, more generally, nuclear dependence in more complex situations involving

either two hadrons in the initial state and/or production of hadronic final states.

I defer discussion of the spin dependent structure functions to Section 7.

A comprehensive program of experimental investigations would include the topics

listed below:

1. The disagreement between EMC and BCDMS experiments on muon scattering must

be resolved if truly quantitative extraction of parton distributions is to be achieved.

2. Q2 dependence of as(Q
2). Does it run? From the experimental point of view there is

as yet no single process which has accurate data over a significant range in Q2. Can

this question be answered with Fermilab E-665?

3. Small XBJ. The XBJ dependences of xF3(x, Q2) and of F% — F% are poorly measured

at small a;, but they are of significant theoretical interest. Examination of truly small

x of order 10~5 would require studies at HERA.

4. Precise determinations of the magnitude and x dependence of the sea distribution in

the nucleon structure functions.

5. Higher twist terms in structure functions including target mass effects and kinematic

terms proportional to k^/Q2: Once experiments agree on the asymptotic form of î ififi

etc., precise experiments at low to moderate Q2 can be used to extract O(l/Q2) twist-

4 terms. These provide a rich source of new information about hadron and nuclear

structure. This study, in particular, may require a range of experimental facilities:

CEBAF at the lowest Q2; SLAC at intermediate Q2; and FNAL, HERA and SPS at

the highest Q2.

6. Strangeness contribution to nucleon structure functions. The suggestion of a large

polarized strange sea needs to be followed up by deep inelastic lepton experiments that

tag the strange quark in the final state. It may be possible to obtain information on the

strange quark polarization by measuring the spin projection of self-analyzing hadrons

such as the A.



7. Charm contribution to the nucleon structure functions. There are theoretical and
experimental indications of significant intrinsic charm in the proton at the few percent

level. The intrinsic contribution is important at large XBJ and may be responsible22)

for the anomalous nuclear dependence of J/ip production observed in proton-nucleus

collisions. Measurements which tag charm events in deep inelastic lepton scattering

are needed.

8. Spin structure functions: this study has hardly begun (see Section 7).

• The EMC measurement of the spin dependent structure function g\ must be

confirmed.

• The spin dependent structure function of the neutron g™ must be measured and

the Bjorken sum rule tested.

• The second spin-dependent struction function gi must be measured.

9. Extraction of parton distributions16) in deep inelastic lepton scattering:

(a) In order to distinguish reliably anti-quark from quark partons in hadrons, it is

important that high statistics neutrino and anti-neutrino deep inelastic scatter-

ing experiments be done such that right-handed structure functions (due to the

anti-quark content) can be separated from left-handed ones (due to the quark

content). This separation requires higher statistics and wider y-coverage than so

far available. (Here y = v/E).

(b) In the same vein, more reliable distinction between up-like quark flavors and

down-like quark flavors can be made if the u- and P-data are of sufficient quantity

and quality that they can be analysed individually, rather than combined as is

done in current experiments.

(c) Di-muon final states in v-, v- and ^-scattering must be studied in much more

detail to gain better information on the strange-quark and charm-quark content

of hadrons.

4. HEAVY FLAVOR STUDIES; CHARM AND BOTTOM

In this section I discuss the production dynamics of charm and bottom, spectroscopy

of charm and bottom mesons and baryons, and weak decay systematics.
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4.1 Cross Sections

In hadron hadron interactions, the lowest order parton-parton subprocesses leading

to production of a pair of heavy quarks are qq —• QQ and gg -* QQ. The square of

the invariant matrix element for these two-to-two subprocesses is proportional to a2, where

a, = g2f4ir and g is the coupling strength in QCD. In QCD, a, is a logarithmic function

of the factorization/renormalization/evolution scale Q, which is only determined to be of

order the mass TUQ of the heavy quark. Additional subprocesses enter in the next order in

the QCD perturbation expansion. These include qq —• QQg, gg —* QQg, gq —> QQq, and

gq —» QQq, and they provide difFerent event topologies.

A significant result reported during the past year was the completion23' of a calcu-

lation, through order a3
a in QCD perturbation theory, of the inclusive single heavy quark

production cross section differential in the transverse momentum kr and rapidity y of the

heavy quark. This result follows the earlier publication24' of the cross section through order

<*l integrated over all kr and jr. Explicit comparisons with data have also been made25'26'

. The O(a^) contributions are larger in many cases of interest than the O(a2) terms. Not

yet available are 0{a3
s) predictions for momentum correlations27' between the heavy Q and

heavy Q for values of transverse momentum kr greater than the quark mass IUQ. These

are eagerly awaited inasmuch as the O[a\) QQ jet contributions provide different event

topologies28'29' when kj > TTIQ. These distributions are important, especially at collider

energies, for a proper estimation of the bottom quark background to a possible top quark

signal.

Several sources of uncertainty beset attempts to make definite predictions. These

include choice of the heavy quark mass; choice of parton densities (particularly the gluon

density); and specification of the evolution scale Q2. The last is an intrinsic theoretical

uncertainty. For calculations of total cross sections, there is only one scale in the problem,

and it is "natural" to expect Q to lie in the range TUQ/2 ;$ Q < 2TJIQ. Phenomenological

results are most unambiguous and reliable in cases in which they do not show sensitivity

to the choice of Q. When the cross section is computed to order a,, changes in Q in the

vicinity of TOQ result in "systematic errors" of order a*. These differences are not always

small. There appears to be no general evidence for the choice of an optimized evolution

scale for heavy flavor production26' . For calculations of the cross section differential in the



transverse momentum kr of the heavy quark, a convenient choice of scale is Q2 — m.Q + k\.

For many cases of practical interest the QCD contributions in order O(a\) are large.

The ratio K of the full cross section computed through order a3 to the result obtained in

lowest order, order a2, is defined as

K = a (0{al)+ 0{a3
s)) jo (0{a\)) . (8)

Although K is large numerically, it is remarkable that K does not appear to vary significantly23'

over most of the range of h? and y.

Important predictions are that the average transverse momentum of a heavy quark

(fcr) grows with TUQ and that (fcr) — ^IQ- Phase space and parton density restrictions reduce

the value of (ICT) at fixed target energies25'27"29' .

4.2 Hadroproduction of Charm

In Fig. 3 I present calculations of cross sections for charm quark production in pp

interactions at fixed target energies25* . Values of K are typically 3 for charm production

in it~p and pp interactions at fixed target energies. It has been known for some years that

the lowest order calculations in QCD provide cross sections which are significantly below

experimental measurements. The large increase provided by the O(a3) contributions helps

to remedy this discrepancy.

The data in Fig. 3 are from the LEBC-EHS30' and LEBC-MPS31' experiments.

Cross sections have been determined in many other experiments. I choose not to show

them in Fig. 3 because many of those measurements were made with nuclear targets, and

the precise nuclear A dependence is not known in each case. A glance at Fig. 3 shows the

considerable sensitivity of predictions to the choices of the charm quark mass mc and of the

parton densities.32"33'

Calculations for ir~p —+ ccX are presented in Ref. 25, and those for photoproduction

in Ref. 34. The results in Fig. 3 and those for x~p —> ccX and fN —» ccX demonstrate

that defensible QCD calculations reproduce the energy dependence and the magnitude of

the measured total charm cross section at fixed target energies. However, because of the

sensitivity to the choice of the parton densities, we cannot use the results to "pin down"

the charm quark mass appropriate in perturbative calculations to better than 1.2 < mc <

1.5 GeV. It does appear possible, however, to discard a mass as large as mc = 1.8 GeV. The

10



agreement between theory and data in Fig. 3 is an indication that charm production may be

on the way towards being "understood" in terms of perturbative QCD. There are important

open issues, however, including: discomfort with the large size of the K factor; possible

leading particle effects in the experimental longitudinal momentum distribution of charm

particles, dafdxp, not reproduced by perturbative calculations of charm quark production;

the nuclear dependence of charm production; and higher-twist effects known to be important

in deep-inelastic lepton scattering for values of Q2 ~ 4m*.

I would emphasize the special importance of experiments to determine the nuclear A

dependence of charm production. The incoherence/factorization assumptions inherent in

applications of perturbative QCD lead to the expectation of an approximately linear depen-

dence on A. If measurements were to establish that crcS cc cr0A
a with a substantially less

than 1, e.g. a < 0.9, then the applicability of perturbative QCD would be seriously in doubt.

An interpretation of values of a < 1 is proposed in Ref. 22. As data samples become larger,

it should be possible to study charm production at large kj and to examine cc momentum

correlations.27*

4.3 Charm Spectroscopy and Decays

Great improvements have been made over the past decade in our knowledge and

understanding of charm spectroscopy and decays.35* Fixed-target experiments, notably Fer-

milab E-69136*, made major contributions to this progress. A sample of data is shown in

Fig. 4. The pseudoscalar (D,Da) and vector {D',D") are established; their masses and

lifetimes have been well measured. Good candidates for the L = 1 D" states have been

observed. Their quantum number assignments must yet be determined to guarantee that

they are the expected Jp = 2+ , 1+ , 1+, and 0+ states. Lifetimes

2r(Ac
+) ~ r(D°) ~ T(D*) s ~r(D+) (9)

are explained theoretically in terms of dominance of spectator diagrams, but important inter-

ference effects are present.35'37* Several semi-leptonic and hadronic branching fractions have

been measured with uncertainties at the level of 10%. The Cabibbo allowed modes are dom-

inant, as expected, and final-state interaction effects are significant. The field has witnessed

excellent interactions between theorists and experimenters. Theoretically, the issues have to

do with probes of QCD at the interface of the perturbative and non-perturbative regions

where QCD sum rules, potential models, and lattice methods appear to be the approaches

11



of choice.

An impressive menu can be constructed of both near term and longer term investi-

gations of charm meson and baryon physics. Some items are listed here, in rough order of

difficulty.

1. The ratio of the Cabibbo-Kobayashi-Maskawa matrix elements Vcd and Vcs may be

obtained from the ratio of semi-leptonic branching fractions of D —* -KCV and D —*

Kev. Fermilab experiments E-687 and E-791 should each have about ten times the

statistics of E-691, meaning about 3000 ICs and 100 7r's. This new level of accuracy

still represents only a 10% measurement. A worthwhile goal would be 1000 TT'S.

2. Much can be done to establish the spectroscopy of higher mass £)*'s, including spin/parity

analyses. Spin-orbit mass shifts probe the potential38* in the region in which it is linear.

3. The decays of the D3 should be studied. Since 77 and J?' final states are involved,

electromagnetic calorimetry is needed.

4. The world data sample of charm baryons is sparse.39) Important contributions should

come from Fermilab E-781, hyperon + nucleon —» charm, and a new Main Injector

experiment is contemplated.39)

5. Charmonium states will be studied in the p accumulator experiment E-760. It is

important to establish the 1Pi(l+~) state and its decay modes and to establish the
1D2(2~+) and 3Z?2(2~+) states. Masses, widths, and branching fractions will find ready

interpretations in the context of potential models. The expected pattern of helicity

amplitudes in these processes is predicted by perturbative QCD.

6. For doubly Cabibbo suppressed decays, e.g. D —> K+TT~, D+ —* K+p°, or D+ —*

K+ir~ir+, the simplest expectation is

-tan^^lO-3. (10)

For initial studies, about ten times the statistics of E-691 may be enough. Final state

hadronic effects should play significant roles in these processes and, correspondingly,

the measurements will test the extent to whkh the dynamics of allowed decays are

understood. The doubly suppressed decays are important background for studies of

DD mixing.

12



7. D°/D° mixing37'40' is predicted to be small in the standard model, meaning that mixing

may be sensitive to new physics such as a fourth generation or supersymmetry. Esti-

mates suggest that the mixing parameter TM = | ( i 2 + y2) ^ 1O~3 where y = Ar/(2r)

and x = AM/T. Here AF and AM are the differences in the widths and masses of the

two CP eigenstates. Experiment E-691 placed a limit on TM of less than 3.7 x 10~3

at 90% confidence level.41) The process D* —* -K+D° was used to tag the flavor at

production, and a search was made for mixing in D° —> K+it~ and D° —* K+ir~ir+x~.

Seen were 909 right-sign events with 1.2 ± 3.6 from mixing. A suitable goal would be

to probe r\i to 10~4

8. For studies of possible CP violation,37'42' where asymmetries of < 10~3 are anticipated

in D —> jr+7r~ and D —» K+K~, one would need 100 to 1000 times the statistics of

E-691.

4.4 Hadroproduction of Bottom

In Fig. 3 calculations of the 66 pair cross section are shown as a function of energy in

ir~p interactions. Predictions for pp —• bbX may be found in Refs. 23, 25, and 26. As in the

case of charm discussed in Sec. 4.2, the contributions in order a3 are significant. At fixed

target energies the value of K in pp interactions is larger than in ir~p interactions, related

to the more important role of gluon initiated subprocesses in pp interactions.

The one datum in Fig. 5 is a measurement of the CERN WA78 collaboration.43'

Originally the VVA78 group had published44' a value of a{-K~N -* bbX; pub = 320 GeV) =

4.5 ± 1.4 ± 1.4 nb per nucleon. Subsequent reevaluations were made of their overall nor-

malization reference as well as of their acceptance and efficiency based on a model which

incorporates production properties in transverse and longitudinal momenta consistent with

those predicted27'28' in perturbative QCD. These improvements result in a reduction of the

cross section43' to 3.1 ± 0.4 ± 0.1 nb per nucleon if the 66 mixing parameter x ' s fixed at

X = 0.2. A linear dependence of a on nuclear baryon number A was assumed, as is rea-

sonable for bottom quark production. Another group45' reported observation of a signal

consistent with bottom production and quotes a "model dependent 66 production cross sec-

tion" CT(TT~N —* bbX; p^b = 286 GeV) = 14lg nb per nucleon, considerably larger than that

of the CERN WA7S collaboration. An analysis by the WA78 collaboration43' shows that

13



the difference between the cross sections quoted by WA78 and NA10 is most likely due to

different model assumptions, not to differences in the data. The model adopted by the NA10

group to simulate BB production is questionable; it incorporates correlations considerably

at variance with QCD expectations.27)

In lowest order perturbation theory simple momentum correlations are expected be-

tween the heavy Q and Q produced in hN —y QQX. For example, the transverse momentum

vectors should be equal in magnitude but oppositely directed: PTQ = —PTQ- Thus, the pair

transverse momentum is'expected to be small {\PTQ + PTQ\ ^ 0(1 GeV)), and the distribu-

tion in the difference A^ between the azimuthal angles of the Q and Q in the transverse

plane should display a peak near A<f> = ISO0. Next to leading order contributions in QCD

change these expectations. "Gluon splitting" terms produce events in which A<£ ~ 0, and

"flavor excitation" terms provide a broad distribution in A<f>. The distribution in the pair

transverse momentum \PTQ + PTQ\ is broadened. A full O(az
a) calculation of these correla-

tions has not been published, but Monte Carlo programs can be used to estimate the role of

the next to leading order terms.

An analysis was presented in Ref. 27 of the expected correlations in longitudinal

momentum between a heavy quark Q and its antiquark Q produced in hadronic interactions

at fixed target and collider energies. For a sufficiently heavy quark (e.g. bottom), the

nature of these correlations should be predicted reliably by lowest-order perturbative QCD

as long as the transverse momentum k-r is not large in comparison with TTIQ. The QCD

Born cross sections have simple dependences on the difference Ay of the rapidities of the Q

and Q. They show that the basic QCD dynamics favors positive, albeit broad correlations

in rapidity. When sufficient phase space is available, as it is at collider energies, the two

particle rapidity distribution cPcr/dyidy2, considered as a function of y2 for fixed yt, should

therefore display at peak at y2 near yi. However, d2a/dyidy2 is expected to be a broad

distribution. Depending upon the rapidity y\ of an identified Q, the "correlation length"

between the produced Q and its accompanying Q may exceed by a factor of two the ~ 2

units which is typically assumed. This statement has implications for the design of future

detectors and for the evaluation of acceptances in analyses of current data.

Doubly differential distributions in rapidity and in Feynman xp are presented in

Ref. 27 for bottom quark production at typical fixed target and collider energies. One

conclusion evident from a comparison of results at y/s = 630 GeV and y/s = 1.8 TeV is

that the average value of the rapidity difference is expected to increase. Considered as a
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function of y2 at yi = 0, the predicted full widths at half maximum of <P<r/dyidy2 are 3.6

and 4.2, respectively. At fixed target energies, the relatively limited phase space mitigates

against observation of strong correlations. In terms of the Feynman XF variable, one expects

a slight residual anticorrelation.27) Comparison of these predictions with forthcoming data

should provide valuable additional insight into the applicability of perturbative QCD for

heavy quark production.

For bottom production, the scale is set by the relatively large mass of the bottom

quark m;, ~ 5 GeV. Perturbative calculations ought to be reliable, and the nuclear depen-

dence should be linear, a oc A1. Theory and experiment agree at better than the factor

of two level at fixed target and collider energies, but only much more precise data over a

broad range of energies will permit tighter bounds on the "parameter set" (mj, Q2, A, and

G(x,Q2)). It would certainly be valuable to have several more data points in Fig. 5. Cross

sections from the CDF experiment at y/s = 1.8 TeV are eagerly awaited. Approved fixed-

target experiments on bottom quark produciion include CERN WA84 nN at 350 GeV and

Fermilab E791 TTN at 500 GeV, E653 TTN at 600 GeV, E771 pN at S00 GeV, E789 pN at

800 GeV, and E6S7 wideband photon beam.

4.5 Bottom Spectroscopy and Decays

The cross sections in Figs. 3 and 5 may be converted to ratios which show (a) the

relative abundances of bottom and charm and (b) the fraction of the total cross section

represented by bottom production:

20 nb ^ _4

' 30 fib ~
(11)

~ ^ - ^ 3 x l 0 - 4 SOOGeVpN
30 jib y

b)

^ ^ - J ° ?b,1/3 = 2-5 x lO-M1'3. (12)
atol 40 mb/!2/3 v '

Obvious conclusions are that intense beams are required, experiments must be capable

of handling a very large number of interactions per second, and sophisticated, selective

triggers and analysis methods must be devised. Compensating at least to some extent for
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the small bb cross sections at fixed target energies is the fact that the secondary weak decay

vertex from bottom decay is often well separated owing to the Lorentz boost in high energy

fixed target production. This feature should assist b detection efficiency. Likewise, more

readily detected fast electrons and muons emerge as semi-leptonic decay products of 6's

produced at high energy.

The ambition of any study of 6's whether at LEP, at hadron colliders, at fixed-target

energies, or at yet-to-be-constructed bottom factories is a large sample of reconstructed and

tagged (particle vs. antiparticle) bottom mesons. The long term dream is a sample of 108

produced £'s generally regarded as necessary for observation of CP noninvariance in the B

system.46* To provide some basis for comparison, we may recall that each LEP experiment

aims to log about 107 Z°'s before emphasis shifts to LEP II, meaning only (!) ~ 106 i?'s per

LEP experiment.

In the table below, adapted from one devised by Cox47), I list a series of goals in the

study of B mesons and approximate branching fractions, along with the required numbers

of produced events in a year of 107 seconds (right column) and the required interaction rates

in a fixed target experiment (left column).

Interactions Goal (BR) Produced
per sec BB/107 sec

Few x 10s • Measure B production cross section Few x 104

• Measure B hadron lifetimes

• Reconstruct exclusive final states (~ 10~3)

• i - » u transitions (~ 10~4)

• Measure B° *-* B° Mixing

• Search for rare modes, e.g.
B -» KfifL (~ 10"6)

107 • CP Violation 10s

• Measure CP violation phases

The aims are clear and compelling; the challenge is evident. Debates will continue

about the relative virtues of fixed-target versus collider, central versus forward, and e+e~

(symmetric or asymmetric) versus hadronic production. Demands are strong on accelerator

and detector technology in one way or another in all cases.

For studies of B mesons a favorite strategy is to begin with the identification of a
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PN -+ BB + X,

(13)

B —• anything.

The J/i/; at a secondary vertex is an unambiguous signature of B production. In addition

a large CP violation is expected i n 5 - » J/V> + X decay modes. The composite branching

fraction for B —» J/ip —• ///* is about 8 x 10~4. Another approach may be based on semi-

leptonic decays of Z?'s,

PN -» BB + X

B —> Dfiv (14)

B —> anything.

The table47) below shows the expected yields of B's in Fermilab experiment E-771

for 107 seconds of beam in p SI interactions at 800 GeV. The numbers include experimental

acceptances and efficiencies. In parenthesis () are yields for operation at 107 interactions per

second.

Produced B's in specified in-
clusive categories of muonic B
decays

Total number of B's with sin-
gle (i or di/z reconstructed
summed over all modes

Total B's reconstructed in a
particular exclusive mode

Total B's reconstructed for all
"accessible" modes

5-J/f + X

5.4 x 104 (2.7 x 10s)

1.7 x 103 (0.8 x 104)

35 (165) [J/VJTfl

350(1650)

n . ., i v
D " ** LL ~T~ *A.

(0 C fit events

i.e. B -> pfii/)

B -*• irp.v

1200(6000)

"Other" B events

1.4 X 10e (7.0 X 106)

2.2 x 10s (1.1 x 106)

96(480) [D°w+x-]

500(2500)

A few hundred reconstructed events are necessary in a few selected modes to detect

and study CP violation in B —* J/ipX. The numbers in the table indicate that this goal is

at the edge of feasibility at fixed target energies.
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4. PROMPT PHOTON PRODUCTION

The reliability of calculations done within the context of perturbative quantum chro-

modynamics (QCD) is an issue of importance whether one's focus is testing the theory or

computing backgrounds in searches for new physics. In the specific case of prompt photon

production at large values of transverse momentum (/>r), the basic theory is particularly

simple.48* For example, in nucleon-nucleon interactions at fixed target energies, the domi-

nant QCD subprocess in lowest order perturbation theory is one in which an incident quark

interacts with an initial gluon: qg —> 79. Correspondingly, provided that calculations can

be done well enough, measurements of NN —* *yX would determine the gluon density in a

nucleon, G{x). Indeed, prompt photon production is the most incisive probe of the gluon

density.

Inclusive prompt photon production has additional advantages. Experimentally, one

sees the final parton — photon directly; there are no jet definition problems. The coupling

of this photon to quarks is the well understood electromagnetic coupling.

Measurements have been made at fixed target and collider energies.49) They indicate

that a transverse momentum of at least 4 GeV is necessary to suppress the background

from TT° decay. This selection is also desirable to justify the application of leading-twist

perturbation theory. Fermilab fixed target experiments on the schedule now include S-706

(hN -* fX, hN -+ 77A'), E-672 (hN -> 7 + jet + X; -f + jet + X) and, for the inverse

process; E-683 (7 + N -* jet + jet + A').

Different regions of the gluon's light-front momentum fraction x are probed in different

experiments. Typically x ~ xj = r^f. An illustration of these ranges is provided below.

WA 701
UA6 J

ISR

CDF

Vs = 23 GeV
3 < pT < 6 GeV

yfs = 63 GeV
5<pr< 11 GeV

V^ = 1800 GeV
10 < PT < lOOGeV

X

0.25 to 0.5

0.16 to 0.34

0.01 to 0.1
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In principle, therefore, G(x, Q2) is measured in limited ranges of x. It would be preferable

in practice if the results of the different analyses were presented as values of <j(ar,Q2) in

their respective ranges of x. Instead, information is often provided in the form of a global

fit parameter such as n from u simplistic parametrization such as xG{x) = Nn(l — x)n. The

imposition of momentum sum rules in the fits fixes a relationship between N and n. Because

of this coupling, it is difficult to decide at the end whether one has not learned about the x

dependence of xG(x) from the normalization of data rather than from the pr dependence!

Several issues must be addressed in the process of calculating cross sections. First,

there are intrinsic theoretical uncertainties associated with the choices of the factorization

and renormalization scales. Second, there are more prosaic uncertainties related to the

imperfect determination of required parton densities and AQCD from other processes, notably

deep inelastic lepton scattering. To the extent that one's ambition is to determine the

gluon parton density and AQCD from the prompt photon data, alone or in combination with

deep inelastic data, the controlling uncertainty is the first mentioned above. The question

then becomes: under what conditions and in whicli kinematic regions are the intrinsic scale

uncertainties sufficiently limited so that reliable information may be extracted on G(x)7

Additional complications should be mentioned. These include the treatment of brem-

sstrahlung subprocesses, qq —> qq'). the role of higher-twist contributions and intrinsic trans-

verse momentum of the incident partons, and nuclear target dependence. Higher twist and

intrinsic transverse momentum effects may be of substantial relevance at fixed target energies

where values of py are relatively small. Bremsstrahlung contributions enter at next-to-leading

order in QCD perturbation theory; they are significant at collider energies. Nuclear effects

broaden the p? distribution. To the extent that they are significant, they complicate the

process of extracting the x dependence of the gluon density from the p? dependence of the

differential cross section.

The cross section for prompt photon production in hadron-hadron interactions is

specified by the following parton model expression:

^ « E /dx1dx2fi(xuM
2)fj{x2,M

2)aij + O (^-) . (15)
d Py ;• J \PTJ

The term denoted O(l/pT) represents high-twist contributions. In Eq. (15), i and j label

the types of incident partons (gluons, quarks, and antiquarks). The probability is fi(xi, M2)

that a parton of type i carries the (light-cone) fraction xi of its parent hadron's incident

momentum. The parton-parton hard scattering cross section Cij may be expressed as a
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perturbative expansion in the strong coupling strength a,(/t):

&U = Aan
a(fi) [1 + Ba.{ji) + •••] (16)

The factorization scale M in Eq. (15) and the renormalization scale /i in Eq. (16) are expected

to be of the same size as the large momentum invariants in the parton scattering subprocess.

In Eq. (16) the lowest-order and the next-to-leading order terms A and B are functions of

kinematic invariants, and they may depend on M and ft. For prompt photon production,

the power n = 1 in Eq. (16), whereas for hadroproduction of a pair of heavy quarks n = 2.

To evaluate Eq. (15), we must compute CT,J; have sets of parton densities fi(x,M2);

and determine the scales M and /*. Calculations of o",-j in QCD perturbation theory have

been made for a number of processes, although few have been done through next-to-leading

order. For hadron-hadron interactions, the next-to-leading order term B in Eq. (16) has

been calculated for the total cross section for production of a pair of heavy quarks24'34', the

inclusive single heavy quark differentia] cross section in pr and rapidity23', the production of

a photon at large py50'51', the total cross section for the production of a W, Z, or large-mass

lepton pair (Drell-Yan process)52', the differential cross section for production of a W, Z,

or large-mass lepton pair at large pr53\ and the inclusive single hadron jet differential cross

section at large pr-54^

If the terms in Eq. (16) were computed to all orders in a,, then the results of Eq. (15)

would not depend on the choices of fi and M. Any change in /t or M would alter the relative

magnitudes of the different terms in the series expansion in a,, leaving the sum unaltered.

However, for calculations done through a finite order in a,, there necessarily is dependence

on the choices of M and /*. The dependence is a reflection of the ignorance of uncalculated

higher order terms in the series.

There are several approaches to the matter of M and fi dependences. We may vary

M and (i over a "reasonable" range of values and examine the resulting band of values of the

cross section. This band constitutes one estimate of the theoretical systematic uncertainty

in the final result. For prompt photon production at large pr, it seems clear that M and (i

should be about equal to the momentum transfer which occurs in the physical hard scattering

process. Otherwise, one is left to explain the occurrence of disparate scales in the problem.

It seems most straightforward to vary M and fi from />r/2 to 2pj. There is no requirement

that M = /i, but such a choice simplifies the discussion.

Other approaches have been advocated for selecting preferred choices of the scales
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M and (i. One might choose M and ji so that the term B in Eq. (16) is very small. This

approach, called fastest apparent convergence55^ (FAC), is predicated on the hope that the

unknown yet higher order terms will also be minimized at the same time. Otherwise, one

might determine M and fi from imposed supplementary conditions, viz. dcr/dM = 0 and

dcrfdfi = 0 (minimal sensitivity,56) PMS). The supplementary conditions are true, of course,

if a is calculated to all orders in as. Neither the FAC or the PMS approach is guaranteed

to converge, in the sense that the required values of M and ft may not exist in the region

M > MQ and fi > no where the functions /,(:r,M2) and a,(fi) are well specified. Stated

differently, the procedures would not be acceptable if unreasonably large values of a,(/j) or

unreasonably small values of M are derived through applications of the procedures, as is

evidently the case at collider energies.57*

Appealing agreement between theory and experiment can be achieved at fixed-target

energies. An example is shown in Fig. 6 where data from the CERN WA70 collaboration58)

are shown along with calculations59' based on two different sets of parton densities.32'60-1 In

these calculations, the PMS scheme is used to fix M and fi. The resulting values of A/ send

to increase with px, with values slightly less than pr/2. They show some variation with

xp. However, the values of ft obtained from the PMS procedure remain below 2 GeV for

most of the values of px and xp shown in Fig. 6. In the case of the D01 parton densities,

fi even drops below 1 GeV in some regions. Matters worsen if one attempts to include data

at px = 4.11 GeV in the analysis. Stated differently, the values of a, used in computing

the curves in Fig. 6 tend to be larger than one would expect from the compilation shown

in Fig. 1 (e.g. at px = 5.7 GeV, a, > 0.23 for the ABFOW set, and a, > 0.27 for the

DO1 set). The situation improves with px but not with y/s. At y/s = 39 GeV (c.f. E-706),

calculations at xF = 0 and px = 6 GeV yield {M,a,) - (2.5 GeV, 0.32) for the DO1 set and

(M,as) = (1.6 GeV,0.24) for the ABFOW set. The values of M tend to be small and the

values of a, large. Correspondingly, I am reluctant in practice as well in principle to accept

the PMS scheme.

I want to conclude this discussion on an optimistic note because I think prompt

production remains the process of choice for determinations of the gluon density. Uncertainty

about the precise values of M and fi is an intrinsic theoretical limitation. It would seem

best to accept that. Fits to data can be produced from which the derived gluon densities

are presented within a band of values corresponding to a range of choices of fi and M,

e.g. 2pr > M,fi > 0.5pr- Interactions between theory and experiment should continue to
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be fruitful. Perhaps even a full calculation of next-to-next-to leading order 0{az
a) terms is

feasible.

The prospects for Fermilab experiment E-706 seem particularly bright. High statistics

runs will extend the pj range to 12 GeV or greater (xj k. 0.6). I would advocate runs with

proton or deuterun targets (a) to eliminate confusion associated with nuclear dependence

and to facilitate comparisons with CERN ISR and CERN fixed target data, and (b) to

study interesting aspects of nuclear dependence, such as the expected broadeiang of the px

distribution. The study of phcton-jet correlations in E-706 and E-672. particularly the joint

rapidity distribution, da/dyydyieidpx, will permit further tests of QCD and provide additional

constraints on determinations of the gluon density.61) Finally, I conclude this section with a

brief comment on the high-twist 0 ( l / p r ) term in Eq. (14). For some interesting cases, the

ratio of the leading-twist (LT) contribution to the cross section divided by the higher twist

(HT) coi. ribution is expected to behave very roughly as62)

_ xrf. ( 1 7 )

Correspondingly, to the extent that high-twist contributions are present, the data may dis-

play a steeper fall-off in pr and a harder dependence on arj\ Unless otherwise taken into

account, high-twist "contamination" would therefore force leading-twist fits to the data to

yield larger values of a, and harder gluon distributions. To determine experimentally whether

high-twist contributions are present, it is necessary to try to separate the pj and xj depen-

dences in the data. This could be done at one beam energy if it were possible to make fits

to data in different px, i j ranges. Even better would be to do the same experiment at two

or more different (widely spaced) beam energies thereby decoupling pj and xy.

6. CONTINUUM LEPTON-PAIR PRODUCTION

Massive Iepton pair production, pN —» fifiX, has provided its share of discoveries,

notably the J/ip and T, and has been a fertile ground for tests of perturbative QCD. In this

process the infamous UK factor" was discovered, and in this process it is best understood.

As described by the Drell-Yan mechanism, continuum lepton pair production is mediated by

the lowest order subprocess qq —> 7* —>fifi and by higher order subprocesses in QCD of the

general form ab —* j ' c - Here a and b are parton constituents of the two initial hadrons, and c

represents one or more final state constituents. These are the same subprocesses responsible

for QCD radiative corrections in DIS.
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In this section I describe a series of opportunities in the study of massive lepton pair

production beginning with the opportunity to

1. test in detail the dynamic relationship between deep inelastic scattering and mas-

sive lepton pair production. High-precision measurements of the rapidity distribution

dcr/dy, in conjunction with DIS experiments, provide stringent tests of the basic tenets

of the QCD-parton model—factorization and the universality of the parton densities.63*

A fundamental question is the relation between structure functions measured in dif-

ferent reactions involving the same hadrons and/or nuclei. For instance, deep inelastic scat-

tering structure functions may be used to define what are perhaps the most commonly used

quark distributions. Used in hadronic reactions, however, they lead to large perturbative

corrections52', which suggests that a resummation of perturbation theory into a generalized

"K-factor" is necessary. It has been argued that accurate Drell-Yan (DY) structure func-

tions can be used to define more natural parton distributions for other hadron-hadron cross

sections. For instance, in Ref. 64, it was shown how to define quark distributions for which

the one-loop correction for DY is quite small. Of course, such distributions, if applied to

DIS, would produce a large K-factor there. Nevertheless, it is probable that one may in

this way separate the resummation, or K-factor, problem from other aspects of higher-order

calculations.

It may be possible to isolate the K-factor as a separate problem in QCD once DY

structure functions are well measured. This should make it more straightforward to study

questions of interest at the interface of nuclear and particle physics, such as the nuclear

EMC effect, shadowing and multiple scattering in nuclei. At the same time, more accurate

measurements of structure functions in DY cross sections would also make it possible to

test resummation predictions for the K-factor, which are themselves important high-order

consequences of the theory.65) Detailed results on the K-factor are quite dependent on the

behavior of parton distributions for small and large x (Ref. 65), so that it would be interesting

to have, for instance, data to compare from a number of nuclear targets. The measurement

of the DY cross section for a variety of nucleon and nuclear targets over a range of Q2/s,

both inclusive and as a function of rapidity, would in this way be stimulating to theoretical

and phenomenological studies in nuclear and particle physics.

The typical value of x probed in a given experiment is x = M/y/s, where M is the mass

of the Drell-Yan pair. Thus, as a practical matter, to map out the i dependence of parton
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densities v/ith the Drell-Yan process and to investigate scaling deviations quantitatively, it

is necessary to make measurements at several energies.

Other important possibilities provided by massive lepton pair production include the

chance to

2. determine parton constituent densities of mesons66' such as TTS and A"s.

3. determine the antiquark densities of nucleons and nuclei. Massive lepton pair produc-

tion in proton-nucleus scattering is particularly sensitive to the anti-quark content of

the hadron.67' Comparison of proton-nucleus scattering with nucieon-nucleon scatter-

ing can yield valuable information on the difference between u- and <f-densities.

4. to test QCD in a situation in which there are two large scales, M and p j . Detailed

data on da/dy dpr provide a rich testing ground for the QCD formalism beyond the

leading order52'—higher-order perturbative calculations as well as resummation results

and Sudakov form-factors. Broadening of the pr distribution with A is of significant

interest.68'

5. to examine predictions for the structure of the angular distribution, dcr/dcos Qd<j> in the

massive lepton pair rest frame. The present situation is unsatisfactory in that data69'

disagree with a firm prediction which is the analog of the DIS Callan-Gross relation. It

would be valuable also to study further aspects of the high twist eftect observed11'66'70'

in E-615.

Experiment E-772 operated recently with an 800 GeV/c incident proton beam. Ob-

servations made in that study raise two issues in addition to those already mentioned in this

section:

6. Antiquark structure functions in the region x > 0.25.

Experiment E772 measures the antiquark structure functions in the deuteron and in

heavy nuclei for 0.03 < x < 0.25 and Q2 > 16GeV2. The antiquark structure func-

tions deduced from massive lepton pair production can be compared with those ob-

tained from neutrino deep inelastic scattering. Furthermore, the nuclear dependence

of the antiquark structure is valuable for understanding the origin of the nuclear EMC

effect.20' Unfortunately, the data are limited to x < 0.25, not because of the acceptance

of the spectrometer, but because of the low cross sections. To map out the antiquark
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structure functions at x > 0.25, a high rate experiment with a proton beam of 50-

200 GeV is required. The ability to distinguish different origins of the EMC effect is

enhanced20^ at large x.

7. Shadowing at small x.

Shadowing is observed at small a; in deep inelastic scattering from heavy nuclei. Pre-

liminary results from E772 do not show this effect. Several differences are evident

between DIS and massive lepton pair production:

(a) In E772. it is predominantly the antiquark distribution which is measured, whereas

in DIS, a sv ;i of quark and antiquark distributions is measured. This raises the

question whether shadowing is different depending upon whether the partons are

quark or antiquark constituents.

(b) The virtual photon is time-like in massive lepton pair production and space-like

photon in DIS.

(c) Q2 in massive lepton pair production {Q2 > 16GeV2) is larger than in the DIS

case (Q2 > 3GeV2).

(d) Attenuation of the incident hadron beam may be involved.

To shed more light on the nature of shadowing one should

• Study massive lepton pair production at small x with a pibn beam so that both

quark and antiquark are probed to small enough x.

• Perform DIS at higher muon beam energies, so that the Q2 and x dependences of

shadowing can be explored in detail, (c.f. Section 3).

Finally, measurements of the spin dependence of hard scattering processes with po-

larized proton beams and polarized targets would increase our depth of understanding of

g\(x, Q2) measured in deep inelastic scattering. These questions are discussed in Section 7.

7. SPIN DEPENDENCE

Measurements71'72* of the spin dependent structure function g\(x, Q2) in deep inelastic

muon-proton scattering have generated a fair amount of excitement73'74'75176' during the past

year. The data are shown in Fig. 7. Of principal interest lately has been the behavior of
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gi(x,Q2) for x ;$ 0.1 where measurements must be made with much greater precision. It

would also be valuable to do similar studies with polarized deuteron targets in order to

extract the polarized structure function for the neutron, g"{x, Q2). The data would allow

tests of the fundamental Bjorken sum rule.77' A calculation of xg"(x, Q2) along with a fit to

the data on xg{(x, Q2) is shown in Fig. 7.

The significance of g^(x, Q2) is that it provides information on the manner in which

the spin of the nucleon is carried by its constituents. Taken at face value, the data in Fig. 7

suggest either (a) a large positive polarization asymmetry of the gluons,73) AG(x, Q2) > 0,

or b) a negative polarization asymmetry of sea quarks, Aq(x,Q2) < 0. Neither of these

interpretations is uncontroversial. In particular, the interpretation of a large AG(x, Q2) is

subject to ambiguity75) because the gluon contribution enters formally as a higher order

contribution in QCD.

More direct access to the polarized gluon density is provided by processes in which

the gluons contribute in the lowest order of perturbation theory. A prime example is prompt

photon production at large transverse momentum in nucleon-nucleon interactions76), with

both beam and target polarized along the beam direction. Likewise information on Aq(x, Q2)

can be obtained from studies of massive lepton pair production (the Drell-Yan process) in

nucleon-nucleon interactions with both beam and target polarized longitudinally.78' For the

prompt photon measurement a substantial increase in intensity and energy of the present

Fermilab polarized beam will be necessary. It may be possible to do the Drell-Yan study of

Ag(x, Q2) with an intense polarized beam from the Main Injector.

I will discuss the prompt photon and massive lepton pair possibilities in somewhat

more detail below, but first I comment on the potential of E-704.

An early measurement in E-704 will be of the proton-proton and proton-antiproton

total cross sections in well specified spin states, Acri = CT(~)—cr(^). According to the optical

theorem, the difference ACT/, is proportional to the imaginary part of an amplitude. This

particular amplitude is controlled by ^-channel exchanges which carry axial-vector quantum

numbers79', such as the a\. At pi^ = 6 GeV, ACT/, has been measured, ACT/, ~ —1 mb.

Assuming a.\ exchange, we can bravely extrapolate, obtaining

where aa, is the intercept of the ai Regge trajectory. The extrapolation yields ACT£P ~

26



-20 /xb at piab = 185 GeV.

Should we expect surprises in Acx? Given the uncertainties in the phenomenology

and the long extrapolation, it will be shocking if there are no surprises. In order to obtain

an imaginary part for Aox, not to mention its sign, we need a mechanism for broken ex-

change degeneracy in pp scattering. There is no established mechanism and, therefore, the

interpretation of the data at 6 GeV in terms of ai is by no means certain.

After the initial round of measurements with E-704,1 would argue that it is critical to

increase the energy and intensity of the beam so that experiments can be carried out in the

"hard-scattering region", e.g., pr it 5 GeV for inclusive single hadron production. Generally

speaking, neither spin-averaged nor asymmetry data at small pj can be interpreted reliably

in a hard-scattering context. At present, there is no other context from which quantitative

predictions may be extracted.

In the case of unpolarized pp or pn scattering, direct photon production at large p? at

fixed target energies is known to be dominated by the "Compton" subprocess qg —» -yq. Here

q and g stand for quark and gluon constituents. Data therefore allow a direct determination

of the (spin averaged) gluon distribution G(x, Q2) in a hadron. Similarly, when both the

beam and target nucleons are polarized, the cross section for prompt photon production is

dominated by the qg —> jq subpiocess, and it can be expressed in terms of the polarized gluon

distribution AG(x,Q2). Inclusive direct photon production at large transverse momentum

in proton-proton interactions with longitudinally polarized beam and target should be an

incisive probe of the polarized gluon distribution in a proton.76^

We may define the difference A<TVN for pN —+ fX as

&*PN = 2 WM++) ~ °PN(+-)] , (19)

where +(—) indicates that the spin of the incident nucleon is aligned along (opposite) the

direction of the particle's motion in the overall center of mass frame. Very roughly, the

inclusive prompt photon yield at large pr is then expressed as

= 25l (*„, Q2)AG(xb, Q2)AahUq9 -» 7?) + (*. " *»)• (20)

In Eq. (20), gi{x,Q2) is the spin dependent structure function measured in deep inelastic

lepton scattering, and A<7hard is the spin dependent parton-parton hard scattering cross sec-

tion computed from QCD perturbation theory. Equation (20) indicates that measurements
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of ACT will determine AG. Estimates of AG and of A<rpp and A<rpj are provided in Ref. 76.

It is perhaps worth emphasis that even a determination of the sign of AG in a limited range

of i would be of substantial interest.

For massive lepton pair production, the Drell-Yan process, the mechanism applicable

at large mass and small pj is quark-antiquark annihilation; qq —» 7*. Therefore, studies of

PP —* i"X w ' th longitudinally polarized beam and target would yield direct information on

the polarization asymmetry of antiquarks in the proton. Investigations of pp —* 7" A' would

provide an important check of the basic assumptions.

Since the qq —> 7" annihilation occurs only from an initial qq state with net helicity

1, the predicted asymmetry at the parton level is maximal. Predictions at the hadron level

follow readily. For example, for 7* production in antiproton-proton interactions,

Acrf ( „ , x2) oc - A ^ ( i , ) A ^ ( * a ) . (21)

The fractional momenta Xi and ar2 are related to measured kinematic quantities through the

expressions M2 — sx\X2 and xp = x\ — a:2; M is the mass of the 7" and xp is its fractional

longitudinal momentum in the center of mass frame. Adjusting M2 and xp, one may explore

a range of values of x\ and x2-

Fits to g\{x,Q2) agree on both the magnitude and (positive) sign of Aqp (= A<j*)

for x > 0.2. Therefore, if xx > 0.2 and x2 > 0.2, we may use Eq. (21) to predict A<rf in

antiproton-proton interactions with a high degree of confidence.

For proton-proton interactions, the expression analogous to Eq. (21) is

Aaf a -Aqp(x1)Aqp(x2). (22)

If the kinematics are chosen such that xj > 0.2, then data on ACT£P will determine the

polarization asymmetry of the sea, Aqp(x2). Interpretations of #i(x, Q2) suggest that Aip

should be negative. Thus, we predict A<r£p > 0 for z2 ;$ 0.2.

• For studies of massive Iepton pair production there can be an advantage to relatively

low energies. For a given M > 4 GeV, a lower beam energy means larger values of x are

probed where Aqp(x) is larger. In this sense, there is substantial interest in Drell-Yan studies

at the Main Injector or with the existing polarized beam provided the beam intensity can

be increased. Values of xt and x2 are shown in the table below for M = 4 GeV and different

values of xp and beam momentum.
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piab = 120 GeV PM, = 185 GeV

xp = 0 xi = x2 = 0.26 xi = i 2 = 0.21

XF - 0.50 an = 0.62, x2 = 0.12 xx = 0.58, i 2 = 0.08

8. CONCLUSIONS

In each section of this review I tried to emphasize important issues which can and

should be addressed in fixed target experiments at Fermilab. The interest in precision

measurements of sin2 8\v at relatively low Q2 was stressed as was a comprehensive program

of nucleon and nuclear structure studies with deep inelastic lepton-hadron scattering. In

charm meson and baryon physics, rich possibilities are present at statistical levels of 10,

100, and 1000 times the sample of experiment E691. A systematic program of studies of

bottom physics can be mapped out: cross sections, branching ratios, rare decays, mixing, and

perhaps even CP violation. What does it take to assure enough tagged and reconstructed

5's to be competitive with e+e~ facilities and/or hadron colliders? Throughout this review

I mentioned tests of QCD dynamics in deep-inelastic scattering, in heavy flavor, prompt

photon, and massive lepton pair production, and in studies of spin dependence. The roles

of prompt photon, massive lepton pair, and spin dependence studies as probes of the parton

structure of mesons, nucleons, and nuclei were described. Less was included than might have

been on the nuclear dependence of hard scattering processes investigated in E-665, E-672,

E-772 and other experiments; it would be good to sharpen those issues.

The opportunities at fixed target energies are evident—let's get on with the work!
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FIGURE CAPTIONS

Fig. 1. Values of the strong coupling strength a, are compared with theoretical calculations
for various choices of the five flavor QCD parameter Ajf§, from Ellis, Ref. 17.

Fig. 2. A comparison of data and a calculation of the ratio of structure functions /?EMC(£I Q2)
for deep inelastic electron and muon scattering on nuclear targets. The dashed line
is the calculation of the pure pion exchange model of Ref. 20. The solid line is a
calculation based on the combination of shadowing in the region of small x and effects
due to the pion exchange model at larger x, Ref. 21.

Fig. 3. Cross sections for pp —• cc.Y as a function of the laboratory momentum for two choices
of the charm quark mass mc and two different sets of parton densities. I obtained
these results from the full QCD expression through order a3

3; the evolution scale Q2

was chosen as Q2 = Am2. The data at pub = 400 and 800 GeV are derived from
measurements by the LEBC-EHS (Ref. 30) and LEBC-MPS (Ref. 31) collaborations.

Fig. 4 A selection of charm meson data from Fermilab E-691. Top left, the Z?+ with 4100
events in the peak. Top right, the D"+ ->• D°x+, D° - • K~e+v. Bottom, from left to
right, £"(2420), £"(2453), and D"(2443).

Fig. 5. Cross section through order or' for bottom quark production in ir~p interactions as a
function of laboratory momentum, from Ref. 25. Here mj = 5 GeV, and two choices
are made for the evolution scale, Q2 = m2 and Q2 = 4mjJ. The one datum is the result
reported by the WA78 collaboration, Ref. 43.

Fig. 6. Calculations of the inclusive prompt photon yield Edcr/dzp are compared with data
from the WA70 collaboration, Ref.58. Shown is the xp dependence for four values of
pr- Two different sets of parton densities were used. The dashed and solid curves show
results based on the ABFOVV (Ref. 60) and Duke-Owens (Ref. 32) sets respectively.

Fig. 7. The solid, dashed and dot-dashed lines are calculations for the polarized structure
functions of the proton xg\{x,Q2), neutron xg*(x,Q2), and deuteron xg^(x, Q2), re-
spectively, as functions of x for Q2 = 10.7 GeV2. The data on xg\{x,Q2) are from the
EMC collaboration, Ref. 71, and the calculations are from Ref. 76.
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