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Introduction

The most dramatic and encouraging devi:lopment in Strong. Inter-
action physics in-the past few ycars has been the emergence ot a
candidate fie)d theory to describe thesce intevacticns. This situ-
ation is in sharp contrast to that which obtained ten years &ago
when, at least at one wall kﬁdwn institution»offhithr luatning, it
was ftaugﬁt" that field theory was irrelavant to Strong Intorac-
tionsl). It s impoftant to kecp in mind this rapid rate of recent
developments when assessing the value of the physics discussed be-
low. In-particular, while quarks have now become well established
as importént (and valid) phenemenological and thoeoretical entities
{albeit after a rather checkered carly history), it is only with
the recent emevgence of a possibly correct theory of interacting
guarks and vector qlhuns, Quantum Chromo-Dynamics {(QUD}; that a
similar role has beon thrust upen gluons. Crudely stated, Lf the
gluons are present inside hadrons, then it is important to consider
in what fashion the gluons make their presence explicitly felt in
the intéraction of hadrons. Skepticiulm about the role 'of gluohs
should be considered in the light of earlier skepticism about the
role of 'quarks, a skepticism which has now largely vanished in Lhe
face of repdated successos, '

This talk i¢ intended ag a partial‘revinw2) of recent pyo-
gress in the study of the role of gluons in hadronic intaractions.
‘The general outline is to proceed from liighly phenomehological
{i.e., coprjectiral) topics to more riqurous'applfcatjons of aluon
physics which are explicitly rélated to the basic field theory,

In particular, the last section of the talk is devoted to one
atiempt to dcfine experimental tests of the basic properties of
QCDh and g1uons which ¢an bo gngﬂggggggggx_calculatédvih ﬁorturbu»
tion ‘theory. L o

gpérks and Gluons in QCD

within the context of QChL the gluops. {which form an octet
under “eolor" transformations) serve to mediate the ihtofactions
between the quarks and among the‘gluons,tbémSelvos. These intoer-
actions exhibit strong infrared divorgenées and’it’is‘prcsumed
that the long distance interactions arc sufficicently strong to
insure the “"confinement" of all color nonsinglet'statcs. At the



other end of the spbctrumifhe nonsabe lian chdracter of the theory
_{and ‘the gluons) insures that the cffective "::unrming'll coupling 1is
small at short distahces_und'véniéhes.in the limit of zero separa-
tionz)._ This feature of the theory is gonérally accepted as the
explanation of the-apparent suecess (or more bxecjsbly; near
success) ‘of the naive quark-parton model as applied to processes
inveolving interactions at "short distances®. Within the naive
model the quarks are treated as free at short distances while the
distributions of quarks within a hadron (which invelve long
distance, confinewmant physics) are assumed to depend . only on the
fraction of rhe total mOmdhtum'éarricd by the quark (scaling). A
similar assumption is made concerning the distribution of final
state hadrons which arise from the evolution of the scattered
quark. In this case thn”scaliﬁg is in terms of the fraction of the
quark's momentum carried by the hadron and the distribution is
raferred to as the distribution of hadrons in a jet. “In situations
where some rigor is possible, e.q., ete s hadrons ana ap + eX (sce
fig. la and lb), the corrcctions to this naive picture which result

Fig. 1 Simple guark processes: a) c'e” » hadrons;
‘ : b} ep + eX:
¢) Drell-Yan;
d) large Pep e



from the interactions inherent ju QCD are found Lo be rather
small3x. ‘Cross sections. do not gcale precisely but vather moments:
of the cross sections vary as prescribed powers of the logarithm

of the relevant large kincmatic variable, a behavior in good
agreement with the data. Tho appﬂication'nf the: naive gquark ﬁcdui
to more coaplex processces invoelving two initial hadrons, ©.9,., the
Drell-Yan process ;4 consistinq>of guark-antiquark annihilation into
a massin virtual photon {sec fig. 1), or larye Pip hadronie prO"
duCtions) involving large angle quark-quark scattering (sec

fig. 14}, was accomplished by the agsumption that these processes
can bo ‘described by the incgherent convolution of up Lo three com-
ponents as suggested in fig, 1. Yor the large Pop example tLhe
throe components arc: 1) the distributions of guarks in the ini-
tial hadrons, taken, for oXample, from single hadron processoes
like ep » eX; 2) the quark-quark scattering process in lTowest
order; 3} the hadron distribubion in the produced large P jet,
taken, for oxampla, from el v oax.  More -tj‘:f.p],ic:itfiy this struc-

ture, for the process A + B - C 4 X%, can be oxpreased as

4 ’
v 470 i 2 : ; 4 . .
D e DN 2 5 k } L A% L‘)
B ({Bp ’Id}{ad kai Wi ()\_a,} a) j{dxhd N b/f‘t( L1oYy
NtBCHX
TRV RE RN RS )
z;c

V?)ﬁﬁ??ﬁ Fa/l\ is the distrd bution of duark a in hadron A (xﬂ pﬂ/pA
and ka i? a transverse momen i Variah}a),‘ﬁu/c is the diu-
tribution of hqdfon_C in the jet 1nz!:a|e& by quark c (”(/w o
PC/PC),‘anﬂ-du/dt'is the qudrkmquaxh scattering cross section (0
refers Lo quérk%quark varxahles). That this naive oxtonsion Lo
more complex processes is appropriate in the context of OCbh has

- yet to be fully’demdnstratnﬂ hut early jndicatjonsb)‘arc that Lhe
naive medel is, in fact, the c¢orrect starting point,

Hadronic Production of Heavy Hadrons

Having set the stage with the phenomenocloyical applications of
quarks, as illustrated in fig. 1, the phenomenological applications
of gluonu arise simply by replacing quarks with gluons in these
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figures, Perhaps the lirst divect discussion of the possiblc:roie
“of gluons was in the hadronic §roduction of hadrons containing
charmed qpurk57’8). The idea Was to replace the gq pair in fig. 1o
by gluons and the massive photon by the Ner the pseudoscalar
partner of the y/J particle, as shownin fig. 2a. To calculate one

V/d 7

li
9,4 g

(¢)

(e)

Fig., 2 simple gluon processes: a) n, production;

1) cc production;
¢) ¥/J + vy production;
d) and e} 4/J + wluon production.

need only make an assumption as Lo the form of the gluon distribu-
T Lion in protons (the total momdntum in glue is known to be about
50%), about“ghich thore are varibus'thcoroticél bldsos-(e;g.,
£~ (1 - x)b, X = pq/ph)_and an assumption as to the n, -+ dg
coupling. One can also estimate in this modcl total hqdronic pro-
duction of cliarm via the gluonic production of an unconstrained ¢
pdir as in tho diagrams of fig, 2b. 'Such‘estimatms can casily
accéunt for the ]0~100pb3ﬁhqrm production cross section suggested
by the recént "Heam dump” experimente discussed in this moeting!).
The best measured cross section involving the production of the now
heavy particles is for V/J productién. ‘It was suggestcd7) that .
préductibn.miqht_occur via the gluonic productibn of the Xo states
which would then clectromagnetically decay £o yield a ¢/J and a vy



as in fig, 2¢.  kecent data on ATy coincidences sungest that
this process may indead account, for part of the shrerved /)

si¢gnal ). Note vhat - this nechaniam allows o simple eoiplanation ol
the suppression of ¥ production (but not T' productian) since the
. { .
X

states arv dbove the thivshold for hadionie docays {(while the
corresponding states for the T4 are presunably not).

8)

Mere recernt theoretical studies have included consideration
of the gluonic or gq production of color ootet states which then
decay into the /3 vina ql-m)n emission as in fig, 2d and 2e¢ (wo arne
(‘vxpli(:itl'y raqnnring the mmall 3 gluon covpling ‘m‘ EVAC I e :3:} and the
role of charmed gquarks sn Lhe hadvonia sea). l"\i'i(!}‘_lfh‘!i(“} invalving
a mig of these provesses serw Yo allow a good explanation of tho
existing data including the sizedbilo racis 6f gy oy A 4 %/

pp o g0 F X which wonld !wi*._un*yk oo giuon dorinaliod woldo L How
ever, as x - “"":,/'x/‘f‘(? vecomes small in Jarger s data oue docn cxpeoct

i/

gluon dominzances for most mode !l gluon distribuations and 14 @l i be
§ ! g

interesting to sec if this ral o appioaches ane,

Apother dmportant toot i Lo couapars the exaitatyon aucve:
e g ? : o pan®
(U (s)») for the g0 M <010 Gevo)y o with Shat fan the 7 (M5

100 GeV' ) to Yook “For the pyedicted diffevence

Sodne Lo 0L seading
viclation effects in rthe glaon distribations.  overaill hadronic
production of heavy pariidcled appeoars to Lo o goot place (o Lost

our plicnorenological ideas abont the role of gluons. AL presonn

the data-are cervtainly vonsistent with oxpestations, Jncluding

)

agluon diglritaions bebaving edcentially an {0 - %)

Gluons in Layae Vo

Playaios
[Rata SRR

The most prowising arena for the obscrvarion of thue character

istics 'off individoal h;_x(ﬁir:fm_i € (f’.:x)i‘i.t‘ 3 Fuents oin Lure 1 Y hadronio [RRIOE
- - x s (r 5 *
cesses s thd inclusive production of badrons abt fardge o, ! Ay
B : T ~ Sl

~illustrated in fig. 1@ thig is conjecturced to gdunr via the Teyge

(SR R
'anq},c;Qcal:ﬁm!’inqf_}f‘ two coxis_tit\mx'z*;:::] U-: nordaet Lo wadduiate
this proc¢ess within f:h(: contokt of QCLY, even ansuming 1,-‘1‘:'93”-;;)1(.:
factorized form of fig., Jd and eq. (1) ,-one gust discus: aol only
the st’-éndard gquark-quark seattering term {%Eifvr. 3a) but also in-
clude the posasi:b'i':iit_'y of ;g‘;ubn*quark scattering (fig. 3b), and the
possibility of 2 gliohs in (fig. 3¢} 6x out (i.e., qq ~ gg, .

fig, 3Q) o'r'?3C)t:}\12'l3}_{f?inj. de), As in the previous sestion the
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gluon disfrihutidné,agc,prwﬁumod to be sharply‘poaknd at small

X = pg/ph;'_Furthu,mnrn, since a gluon mush firs; fr&gmhnﬁ into
gquarks before L can =tart to produce hadzous, a jet initiated

h-y 4 gluon is nrwm\ci to produce more hadront with aller AVOTAYe
PR p}'ll/.pg than a cc‘>n‘¢_"=ponding quark initiated jet.  Thus the domi-
nant cffect of the inclusion of gluons in large Prp physics is Lo
increase the cross section at small %, = 2p /Ké'wnich i anLLLU~

T p
Jarly useful in fitting *he higher 5 data fyom tho 1§ 12’ }.

Of course one mast also include the effeocts of gluons as they
arc realitzed in the ponscadiiyng behavior of  the quark, ¢luan and et
distributions. Scveral parawﬂlurszntxﬁn, of this momentum depon-

. 14,15
dencoe dre available 2

which are {foaxly simitlar for the expero-
mentally relatively "well” Actormined guark dristributions but
differ considorably in the less well apecified gluon distributions
as noted below. These differences appear to arise {rom diflfering
assumptions about the input shape of the gluon distribution fe.q.,
(a + bx) (1 - x)(}"im;tuad of (1 - :':)5}. inally, even for Jowodst
order scattering, account must be takaen of the feature Qf'QCD that

the effdcetive eoupling is a decrcasing [unction of The result

, 7
i 413 * ‘
of the convolution of all thesc effeets is to produce an inclusive
s ) 3 . ' -
cross section Ed"o/d7n wh)uh, at large p? and fixed XT, exhibits a
behavior much more like the obscrved p, Y

: b)
L 12,13) : o . L . e
form . In fact, with the inclusion 6f some

Lahavior than tho nailvely

)
expected p,,
internal transverse poponlum “for the constituents within the ini-

‘;,nf i I\? 0 L

tial hadvois, ohe can achicvn A quire “aves

S e : 1A,
observed: data ovey a wide cner Gy range “ Uniopr: anate by

di’tai](d f}t, 3 WLern Ll ¢ pr “Hhent by acooosililao Py ra nyge 'If-g.onu

wirongly on iho hd] Of the constit wvnt" internal Pa dise-

tributions. , one can Ou}j drque “fer the LGHQ1‘LOWﬁy of QeD
and the simple faclorizing pictare witn the data; T dC’HqI?Y

test the gr’ jong of 00D will require data at considerably

-]argnr pT :(pm.>w.4 GéV/c) whire the cross sccotion shoutd exhibit
a glower l off at fixed Xy, There s actually some evidence
thaL this 1.3 tho Caf‘(\]ﬁ). ‘

Roturnxng to the nxpllclt role of gluﬂns in )argo Py physicy,
the results of ref, 13 (the rcader s referred also to the talk of
A. P. Contogouris elsewhere in these proceed}nq"),aquest a
sizable®réle indeed. For examplo-xn Lho process ppor 19 4 X at 90°
with /?:w 19.4‘Gav and at pyp ® 194 ch/c 46% 0of the triggers



afeifound toﬂarise from ¢lue ‘jots whil&-étfpw x 6;G0V/c the frac-
tion is only 3%, At Ve = 53 GeV and py's-of 2 “and 9 the correspond-
ing fractions ‘are 43% and 7%, However the reader is warned that
these results prouumably are sensitive te using the gluon aistribu-

tions of ref. 15 which tave a Jarger density of intermediate x

o

gluons than is gewerally assumed {i.e., an input shape like

{a + bx) (1 - )4-rdLherkthan {1 - x)J] It would be fhformative to
test this distribution in the hadronlc production calculations of
the previous section. ‘As noted above the large gluon -induced con?
tyibution at small Ko
mdqnltudn of the vxx(t;ng data on single particle inclusive produc-

is very helpfal in explaining the shape and

tion,

A perhaps more striking resull’ is the role of gluon induced
jets for the particles produced opposite the large P triqger
particle., Since gluon induced jots are assumed to ba lass
cf ficiont than guark jols at giving a large fraction of momentun to
a single hadron, their role is retatively suppressed on the trigger
side. However, in the caleulations of rof, 13, the dquark-gluon
scattéfing tarm (£ig. 3b) leads to a donminant contribution of gluon:

jets opposite the trigger. The fraction of Upnnsjto je{s which are

T . 4 H } - N »-,‘ anay -y - b4 o N : ) 1
oune gluon induced for the process pp » no 4+ hoppO'xte t X are 763
und 43% at IuLquu w 1,94 Gev/o and 6 UOV/C at v&'= 19.4 GeV and

)" zr ;) M N Y] ;";‘ E "_‘ . 1 "-c; .
690% and 1% at pTriggvr‘"v? GeV/¢ and J CCV/L at v _’33 GeVv Thi

layvge. gluoh jét contribut mr tends Lo reduce the numbor of . 1arm P

(1.6 ae v =b o/t adrone oppus LL'; LhL» Erigycy O.ld f.-l‘Ju to
( c.,lar;« L ?u/szgqvnr) hx( Ol OpY v 54 ive.
a pure guark cHuArk model . an offect useful in ordar Lbfﬁndotntand~
the data” ?). “Rlso the jnclusion of cven a small fraction of glxon

-inducéd'jctsbwn the trigger side wiill lead to a smaller averade
‘hadroﬁ'mOmdntum within an average jéf'u This mﬁans ‘that for calori-

)

Lo L . 1 . -
‘meter {ive., jebt) triggers ; the 1uL10 plnd;otxon for the rate of

'.Jet Yorsus single hadron tz;gqrrs at a flxﬂd pT will. xncrcav» asra
result of the . inclusion Of g]uonu, ‘an-apparéntly desirable’ effect
althqugh the experimental gitusdtion ig far-f:om=cleaxa In.snmmary
the gluons appear to pldy an cssential @Qlefif>one is to under-
stand large pT physics in terms of élomentary constiﬁugnt scattor-
,inglg). At tha samc tlme the resuits of this area of study are not

Cof sufficient rigor to actually be able to-test QCD here.
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procecdings ussien ®i11 b8 beins e oied e
Yon prncng.-,;;‘“ , : R :

iewed s Lhe sonree o the TAngo soss

lepton pairs ohacrved in pp celliidgions’ d

}

seen to exhihit sigable average b {op
: : [ S
to the bean direction, gluon enissicn, as vllustrated in {1gl 4a

4 9 - g “t

Pig.o 4 Large p, Drell-Yar:  a) o wmsiogions
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) DY and o) oo snoerdent gl
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“hasg “been i sounyed ™ an a froniinde é-j;\:)"-: 150
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jnvolved Lohaves as

Loen, 18 exhibits an dnfrorod siver

boen proposed to handle this question i

&

explicit quark mass.or sifaply cutting oif Lho disiyipGuion an wma )
1

p,l,“_ White fi CEEREE R e ly chat gluon phyores Dlevio Gii Sa SLant taie
“in the Drell-Yan process, it seems cl_c-:a_x"t;l‘.at cimpte SRRERY el e o)
cannot é‘xpl'éin a>11: of ti{_xé‘_ftﬁbf?;erved Py of the ]cpt'oiz paiizx : ' Thig, at.
present energies, r‘mor\prz»r“tiﬁflmi,'ivfﬁ[ (i.e., vmmcal(:u].ab}c} sources of
AR

Py are still important. Hence this {s not t}sz*‘pr’o‘?ussi'w{;(b"v_;{‘rrcw?iﬂ!;-‘:l"/,
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;jfést‘oué uhdorsténding'of giuon"ahd 619} 30 Thur whllo glnon‘ aro
'certalnly an - imporiant part of Lhe pnanOﬂonn1001Ca1 undorstandlng
of various h&dIOnlu prOLCogCa, this connection cannot ‘yat booin-
’véitéd‘td actually cho@k'wﬁéthot QLD L' th< corrogt thaor, of,
~Stfongj1nteraétionﬁ, ‘One attvmpt to Jofino prO(oq se s wh;ch can.

‘PEOVidP‘PYGCiSQ tCStS;jn'dlth‘bUd an. the next ,ertlon.

glhonﬁ’ﬁh Pr@di%ﬂ» x]ﬂu]atxoqj

From .the discussions oF the yrov;nu sections it should bLe
“apparent thal -at least part nf the difficuity éf'ﬁeffninq cxpufi~
mental toests of whwﬂhcr GO Ls the correct éheory arises {yom the
presence of hadeens in the inttial state with thesr ationdant aon-

stituent distvibubilon fupctions.  Essitntially Lhe only rnxiab‘u

tonl availahle for caleolating §e petturhation theory,
augmentod by the simultancous appixcatimn 6f renurmaliyntibn group
technigues, one can, -at presont, only valvujutv the lurge méwénfnﬁ
transior péhnviér GEf these distribution functions, taking the Iou )
momentum behavior from t@o'(prvsvﬁgly rather ifcoﬁrlerb data.' o’
attack the full hudron hdd10ﬁ prob\vm ntaxtlpg fvom {z:sb {IJn(L
ples, f.e., the CU Laqran#1an,'Ls»AL'presonL 1mpoug1b)e.'5h
‘natural response o this vktuatlbn'iv to study éferfaﬁnih§}5iyon
into hadrons ‘which rvaVOﬁ the prnb]om of ‘niiial Statéshadrcnié _
~anL funuflﬂhu. IurttﬁrmOfc, Ofer m\ ’ avofd int roducrng “onwa’rnnjn

lable quanhxtlvﬁ vxa the ,pog;i;vayion mf ‘the fina) “state.  For

pxample, the single pion tnoluvivo czo':§¢nrtlon is nbt ca1cuLab1g,

i;x'n*rhuli ¢txon ‘theory alofned '_huwzvcr, 1$& d(%%s'apgﬂsar possiliie to

R I I T Lo
cal¢ulntv the Lotal ole Jannihilation cross: th{iOn in pcrtnrbu ion

theory . The’prccedutvfié’tc ca}vuiatcf&hb rogs 5cct10n for ‘the

.fproduotlon of md‘SlCH‘ Cguarks and g)uun5 intrensrmal fzed yertu;hd~

’txon thoory dnd Lh@n,‘usxrq th07 onormalxzat«On qr_.% rvplaco H

’f;xvd rcnorualxzod onklmnq WILH Lhc ‘fvctuvr rnnn1uq coupl)ag
constant which behavos at arge tOtd] energy w av -

S 27% i) x W/.)
'fﬁheiefﬂf is the number of. quark "flavors" and u’défihog fﬁﬂ'xnncra
malization peint. The parameter u is g@nerally ‘chos z) o havf-
 va1ue around 500 MeV in ordcz Lo minimxze Lho‘(an/“) Corfﬁctxoﬁg 
4Jto the 1eadlnq behavxor of eq, (3)‘ Tho’rg‘ - i 5
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ST qimpic¢ ’vw~h crdHGs

_Q.};_;‘)an;‘;m‘,;, i ‘Zifwiw:; fa;:-)’ dly _ﬁr-c_}x.vi;-'_i‘\‘. ,
'5;§gction is the "antunna pattorn”fdﬁfta deftned Lo ke tho hadronic
Cprower fadia{¢d inte solid angle dh divided by Lhc energy  flux in
 {h519*¢f»dedm3,' Cmnﬁiduxing £hn case af e+cr peams pa}armzed ‘

Lransvoxao-LQ ﬁh% heam u;fnﬁtﬁcn and defining é‘poqufaﬁgie ﬁ,:
’1yp¢>uzf4 §r9a>tth polarization Giftciiéﬁ} ﬁhejoxdgx;qa_rnshltvié“

o S SRR e
%% = ~“- } 3ﬁf2"ﬂindw.f ¢5§~cos2w"_& e 4)
e 21‘ f, : ' il B R :

CCwhiere o i the Ifnﬁ'utruﬁtﬂrv_c&nstaht (wﬁ]/l??}_ahd_df,arm the

electrio ohardes of the various quark flavors in units of the elecs
5“‘t¥ﬁn~;hf:; LUUPEe relevant perturbation diagrams are displayed in

i

f_. ;i:(l P) }‘J ‘-

Sooa

,‘\ E - : -:‘,.;"" \\

L L Y RN+ 3 IS IV B
- by owirtsul 'u.r"m; = -
E C3 g inen w“‘z' 5 Grown ud Cas O) s

¥

Thic calenlation dues not juglude cdorrections die to the
fraqmcn!af€o* ol ‘the quarks awd gluons into hadrons which are of

"‘ordvr m/n*bu.;a%eﬂ Ley bhiee luqarxthw’ﬁ tﬁrHU' llClldLCd anove,
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whera o ot the porturbative ’(P!‘r.;-.trx.s;é} ad nonpertarbative
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values given above is plotted lor various encrgins i faeg. G

Wﬁi"ik;‘: the prediction of g (8) i post divectly bLosted witl,
a calorimetoer oxpei&iin_em, {assuming that correction is made for
heavy 1:3_1’5{9.;{'yn'."sdz.mt beny, making the assumption that ‘Lhe L?m}rg}y in.
neutral hadrons has thef same angular distribution as that in '
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1t is important to-note that the individaal contribulions o
eq. o (4) arislng from thé energy in guarks and the energy in gluons
separately exhibit anfrared divérgoﬁcos. Tt is only the total
energy ¢ross section which is a meaningful quantily to Study per-
turbhatively. Tl s point also‘appjfeg to the guestion of looking dat
the onergy and_éiocﬁric charyge wéighted cross scetion.in order to
~see whether, on average, fractional charge resides near the edge of
phaso,spaco as an indication of "guarkiness".. Since the glue does
not contribute to this cross section, it will-éxhihit infrared
singularities and ndt'bo calculable perturbatively. Hence one
should nol anticipate that thu expectations which arise from con-
siderdtion-of‘tho simple pcrtﬁ%bagivu diagrams of fig., S,Will'be
relevant. Als0, while at order gz the quark production cross sec-
tien (L.e., with no ecnexgy factor) is notidivorgent, it is fbundzs)
to be divergent at order 94 in keceping vith the philosophy that the
theory should not give sensibléfpertﬁrbative'réﬁults for nonsensi-
ble quantities. Work-is continuingzﬁ) to stud} the fofm of higher
order contributions to dr/d and to illuminate the st:&ctuxe'of



mere complicated correlations in the heivarchy of perturbatively

Galeulabhle cross Sethions.

“Summary,

Projress in the understanding of the role of glue in Strong
_Ihterécf{ons is progressing on several fronts. - Phéncwmenological
ﬁtudios of:large-pT} Prell-Yan, and heavy particle production
physics ¢give strong, if somewhat peripheral, indications that gluons
are ihdeed-progenr in hadrens and with distributions consistent
with naive expoctations, At the same time more rigorous studies of
the imp&icatiQns'ot gluons and QCD give ovory indication thuat Gon

fiymatron that- this is thé coryect theory is neay at hand,
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