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Abstract:
Polarizationstudieshaveprovento be relevantatcurrent acceleratorenergies,providingvaluableexperimentalinformationin different areasof

particle physics, someof which is a real challengefor dynamical theories.The purposeof this review is to answerthe question:doeshadron
supercolliderphysics need polarizedbeams?We presentin the framework of gauge theories, StandardModel andbeyondit, many original
calculationsof single or double helicity asymmetriesfor a large numberof interestingprocesses.Theseresults,someof which arespectacular,
emphasizethesignificant advantagesof the full use of polarizedprotonbeamsfor signal detectionin theexploration of the 1 1eV scale.

1. Introduction

Hopefully therewill be severalmulti-TeV hadronicmachinesin operationin the next decade.The
chancesare high that in the United Statesa SuperconductingSuperCollider (SSC)with an energyof
20 TeV per beamand a luminosity of i0~cm2s1 will be built. Europeis planning a Large Hadron
Collider (LHC), to be hostedin the LEP tunnel, with a proton beamenergyof 8TeV or so and a
luminosity up to i0~cm2s ~. There are manyfundamentalreasonswhy particle physicsneedshigh
energy,high luminosityandwhy thesenewhadroncolliderswill be major researchfacilities. Within the
framework of the StandardModelwe still haveto discoverthe Higgs boson,whose massis unknown,
and we must get a physical understandingof why and how the electroweaksymmetry is broken.We
would like to know if heavier quarksand leptonsexist and if there is a deep reasonfor having a
particular number of generations.Although parity violation has been known for many years, an
importantquestionremains:is parityviolation of theStandardModel a low-energypropertyof nature?
The answerto this questionmaybe given by extendingthe standardgaugestructure,for exampleby
restoring right—left symmetry.Other extensionshave also beenproposedin the framework of grand
unified theoriesor inspired by superstringmodels. There is somehope to go beyond the Standard
Model andto hit new areasin particlephysicswherenewparticlesandnewinteractionswould showup.
Forexample,onewould like to discoversupersymmetry,a furthersymmetryin naturerelatingfermion
and boson states, or to detect any structurequarks and leptons could have, another attractive
possibility.

To open windows for new physics thesefuture machinesshould be able to searchfor quite high
masses,sayin the TeV range,andgiven the fact that quarksor gluonsoften carry only a small fraction
of the hadronmomentum,a beamenergyof several TeV is certainly required. Moreover, the cross
section for producinganew particleof mass1 TeV/c2 is of the orderof 1036 cm2 or smaller(assuming
the interaction coupling constantis of the order of 0.1), so one should achieve a luminosity of
i0~cm~s’, which will allow one to reachcrosssectionsassmall as i0~°cm2 with a runningtime of
i07 s/year.Knowing that this interestingphysicswill lie in smallcrosssectionsandthat signal detection
will be the hardestpart of data analysis, furthermeansare neededto disentanglenew physics and
polarizedbeamsmight be one way to do it.

Spin has been shown to be very useful at lower energies[BOU8O,YOK8O, CRA83, BR082,
MAR84, SER86,M1N88], providingelegantandpowerful methodsin variousinstances,someof which
areworth recalling:
— the precise measurementof the massof the upsilon mesonsusing resonancedepolarizationof the
polarizedbeamin a e+ e- storagering [ART82], a methodwhichwasusedearlier at Novosibirskfor the
phi meson[BUK78];
— the useof the transversepolarizationof the beamsin a e+ e- storagering bothatSpear[5CH75]and
Petra [0R179]up to v’~= 30 GeV to confirm the spin 1/2 natureof the quarks,from the azimuthalcc
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distributionof chargedandneutralhadronsin e~e—+ hX, whichhasminima for cc = ±~rI2asshownin
fig. 1.1;
— the famous SLAC experiment [PRE78, PRE79] in deep inelastic ep scatteringwith a polarized
electronbeam on an unpolarizedtarget to detecta parity violation effect from -y—Z interferencein
beautiful agreementwith the predictionof the electroweaktheory;
— the observationin hadronic collisions of several interestingeffects in exclusive reactionsat large
angles,which are a real challengefor dynamicalmodels, and also of strong polarization effects in
inclusivehyperonproductiongrowing with transversemomentum.
Concerningthis last point, let us recall thatin pp elasticscatteringat 28 GeV/c, the analyzingpowerA
is of the order of 5% in the small-angleregion but increasesto a much higher positive value for
0cm 45°as shown in fig. 1.2. This is evidencefor the serious needof non-perturbativeeffects in a
kinematicregion whereperturbativeQCD is believedto be relevant[S0F87].For inclusive hyperon
productionby unpolarized400GeV/c protons,the experimentalsituationof the transversepolarization
of thefinal baryon in the protonfragmentationregion is summarizedin fig. 1.3. It is negativefor A, E°
and~ -, positivefor ~ ± andzerofor A. For illustration we alsoshow, in fig. 1.4, the A polarizationin
K- p—~ AX in the K fragmentationregion,which is nowpositive,largerthanin thepreviouscaseand
essentiallyindependentof the incident beam energy. Some qualitative featuresof thesedata are
consistentwith simple semiclassicaltheoretical ideas[AND83, DEG85], but we are still missing a
seriousunderstandingof the subtledynamicalorigin of this importantphenomenonwhereexperimentis
far aheadof theory.

Finally let us mentionan unexpectedeffect for ‘rr°productionin the centralregion with apolarized
target,wherea large transversespin asymmetryhasbeenobservedas shownin fig. 1.5 in irp andi~d
collisions at 40 GeV/c, which was first discoveredat CERN in pp collisions [ANT8OI.

~ ~

24 GeV CERN
Inclusive Hadron ~ 30.06eV

~ 74 2;

~ 1

20 L
-- d

~ “~J~’ ~2-

0 I
-180’ -90’ 00 ~ 90’ 160’ 2 2 2 6

P~.(GeV/c)

Fig. 1.1. Azimuthal 4 distributionin inclusive e~ehadron produc- Fig. 1.2. The analyzingpower A for pp elasticscatteringversusp~,
tion with variousCuts at V~= 30 GeV, from [0R179]. taken from [CAM85].The curveis hand-drawnto guide theeye.
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in protoninducedreactions.

Clearly, thesetransversepolarizationeffects,which makeall theexcitementin anenergyrangemuch
below 1 TeV, aretoo complicatedto be explainedin termsoflowest-ordercalculations.However,these
calculationsareuseful to evaluatehelicity effectsand, as we will see,they are very interestingin the
multi-TeV energyrange,wherelife is simpler.Thereareprobablyalsohigher-ordereffectswhich may
comeas surprisesbut we will restrictour study to the discussionof the lowest-orderones.

In presentday hadronic machinesthereis somereal effort to continuethe existing experimental
programs,both at BNL and Serpukhov,or to undertakenew programsat higher energies,like the
construction of the polarizedproton beamobtained from A decay at FNAL, which has already
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Fig. 1.5. Resultson single transversespin asymmetryversusPT’ taken from [VAS88].
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producedsomedata[FNA88},andat CERN thefuture installationof a polarizedgastargetby the UA6
collaboration[CER88].For future machines,polarizationis a major concern;in particularHERA will
havepolarized electrons,which is perhapsone of its most attractivefeatures;SLC will also have
polarizedelectronsand people seemto be convincednow that LEP should have polarizedbeams
[BL087, ALE88]. This would improve greatly our ability to get an accuratedeterminationof the
StandardModel parameters.Moreover,a precisemeasurementof the left—right helicity asymmetryat
theZ°peakwould allow one,through virtual effects,to get someinformationaboutthetop quarkand
Higgs bosonmassesaswell aspossiblemanifestationsof newphysics.Futuree~emachinesin theTeV
energyrangearebeingseriouslyconsidered(CLIC at CERN, TLC at SLAC, VLEPPin the USSR)and
a recentreport [AHN88]showsthatthe e+ e - physicscommunityis alreadyawarethat “. . . oneshould
planfor polarizationas an integral part of the collider design. .

The goalof thispaperis to showthat thereare fundamentalphysicsissueswhich canbe illuminated
by the useof polarizedbeamsin future hadroncolliders, so such anoption shouldbe takenseriouslyin
the designof theseplannedfacilities. We will follow the spirit of the work of Eichten,Hinchliffe, Lane
andQuigg [E1C84j(henceforthreferredto as EHLQ) and wewill try to providereliableestimatesof
spin asymmetriesboth for the physics of the StandardModel and for new physics implied by various
exciting speculations.We will considerthe pp, and not ~p, option, which hasthe meritson the one
handto reacha higher luminosity and on the otherhand to give accessto doublespin asymmetries,
sincenobody knowstodayhow to makea multi-TeV polarized~ beam.

On the contrary,such aprotonbeamseemsfeasibleand section2 will be devotedto a short review
on this question,where we will recall the essentialargumentsaccordingto the expertsin this field,
basedin particularon the SiberianSnakeconcept.In section3 we will give analyticexpressionsfor a
plausible set of unpolarized and polarized parton distributions and we will calculate the parton
differential luminosities, which are very useful for a quick estimateof the production rates at
supercolliderenergies.In section4 we will discuss,as first applications,direct photonproductionand
hadron jet phenomenadescribedin terms of hard scatteringconstituent interactions.When the
subprocesscenterof mass energyis above200GeV or so, weak interactionsand consequentlylarge
parity violating asymmetriesare expected.They will be presentedin somedetail in section5 in the
framework of the electroweakStandardModel, in particular spin tests in lepton pair, single gauge
bosonproductionand pair productionof gaugebosons.We will alsogive someasymmetriesinvolving
the production of the most important particle which remainsto be found, namely the scalar Higgs
boson.

We will then turn to new physicsandwe will treatin section6 the minimal extensionof the standard
modelwith new quarks,new leptonsand new gaugebosons.Compositenessincluding technicolorwill
be discussedin section 7, where new couplingsamongleptons,quarksand vector bosonswill be
considered,in particular taking into account residualinteractionswith contactterms. Let us stress
alreadythat thechirality structureof sucha new interactionis arbitrary: it maywell violateparity and
thiscould trigger newspectacularspin effects.In section8 we will investigatetheusefulnessof spin as a
tool to revealthe existenceof SUSY particles.Section 9 will be devotedto a new type of processes,
WW collisions,which hasagrowing interestat supercolliders.We will try to drawsomeconclusionsof
our study in section 10.

Finally, the recentresultsof the EMC experiment[ASH88]on deepinelasticscatteringof polarized
muonson a polarizedtargethasmotivateda largenumberof theoreticalpaperson the subjectof the
protonspin, sowe ought to reviewthe presentsituation.This will be done in appendixA, wherewe
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also mentionbriefly what HERA will miss without protonpolarization.This is followed by appendices

B to G, wherewe give severaluseful but lengthy formulae.

2. Technical feasibility of multi-TeV polarized protons

Our purposeis to give a brief summaryof reportsmadeby expertsin this domainandwe just stress
what is reasonablyexpectedfrom thenew technicaldevelopments[M0N84,TER83, C0U84].

The presentcapability to acceleratea polarizedproton beamhas beenprovedto a lab energyof
22 GeVIcwith a polarizationof 46%at theBrookhavenAGS [KR185},so a big gaphasto be bridgedin
the future to obtain a polarizedproton beamwith an energyof severalTeV. Among the different
projectspresentedin the literature the most probableconfiguration designedto get a multi-TeV
polarizedbeamcontainsthe following parts: a polarizedion sourcefrom which polarizedprotonsare
injectedinto a Linac; thebeamis thenacceleratedandstoredin oneor two boostersto reachan energy
around1 TeV; nextthebeamcomesinto the rings of themain collider, wherea newboostproducesthe
final beamenergy(fig. 2.1). At first sight this structurelooks similar to a standardunpolarizedbeam
accelerator;however,to keepa bunch ofprotonswith all theirspinsalignedin thesamedirection is the
main difficulty, becausethereexists a strongtendencyfor theprotonsto depolarizewheninteracting
with theelectromagneticfields createdby the different magnetsinstalled in an accelerator.

The first componentof this chainof devicesis an efficient polarizedprotonsource[SCH84].There
exist severaltypes of polarized sourceslike Lamb shift (metastable)sources,atomic (groundstate)
sources,ultracold atomic sourcesandoptically pumpedsources;all theseare currently in useand still

20 nV RINGS

POLARIZED SIBERIAN
ION SOURCE SNAKES

LINAC ~

CORRECIION I TeV
o,po~zs BOOSTER

PULSED
QUADS ~,/‘7o G.V

SNAKES BOOSTER

Fig. 2.1. Acceleration of polarized protons at the SSC (not to scale) [KR1851.
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underdevelopment.It is expectedin thenearfuture that f~I dc currentsof 100~A will beobtained,as
compared with 10 to 20 ~A obtainablenow. Moreover, a booster such as the one now being
constructedat the AGS will increasethe useablepolarizedbeamintensity by an additional factor of
about25. High-intensitycurrents(1 mA) will be necessaryto constructa beamof 1012polarizedprotons
in order to producea reasonabletotal numberof events/yearfor most of the scatteringprocessesof
interest.

The main concernwhen acceleratinga polarizedbeamto high energyis to avoid depolarization
resonances,so let us outline how this phenomenonoccurs.We considera circular acceleratorin which
vertically polarized particlesare kept on their orbit by a vertical magneticfield; in that caseeach
particle will precessabout the vertical axis, and thus the vertical projection of the spin vector is
preserved;as a result no depolarizationoccurs. However,in order to maintainparticlesclose to the
calculatedorbit focusingfields arenecessary,in particularhorizontalmagneticfields; consequentlythe
spin precessesout of the vertical direction, inducing a depolarization.It is shown that depolarization
becomesimportantwhenthe spin precessionfrequencyof theparticleis equalto anintegermultiple of
the frequencywith which theparticleseeshorizontalmagneticfieldsasit circles theacceleratorwith the
cylotronfrequency.If sucha condition is realizedthen a depolarizingresonanceoccurs; in fact, after
eachturn a small precessionaroundthe horizontalaxis addsin phasewith thoseof thepreviousturns
[RUT84].

One distinguishestwo major types of depolarizingresonances:the intrinsic depolarizationreso-
nances,which are causedby the horizontal magneticfields of the quadrupolemagnets,and the
imperfectiondepolarizingresonances,due to misalignmentsand imperfect magnets.The number of
resonancesa particlehasto crossin an acceleratorof 20 GeV is about30; this numberincreasesto 200
for an energyup to 100 GeV andin the caseof the SSC therewill be around30000 imperfection
depolarizingresonancesto correct in each ring!

For low-energyacceleratorslike the ZGS and the AGS intrinsic resonancesare destroyedby the
technique of “resonancejumping” using fast quadrupolemagnets; in the case of imperfection
depolarizingresonances,correctiondipole magnetsareappliedto thebeam.All thesetechniqueswork
well up to energiesof 30 GeV; their extensionto higherenergyseemsinappropriatebecauseonehasto
dealwith hundredsof resonances.A solutionto theproblemof depolarizingresonanceswasinvented
by Derbenevand Kondratenko[DER77];this solution is known asthe “SiberianSnake”.

The basicideaof a SiberianSnakeis to usea stringof six to tenmagnetswhich precessesthe spin by
180°aroundthe longitudinal directionafteroneturn aroundtheacceleratorandatthesametime yields
no net orbit deflection(the magnetsgive an importantbeammotion so theorbit follows a twistedpath
like a snake).During thecirculation of the beamany spin rotationwhich occursafter the first turn is
then canceledby the identical rotation which occurs during the secondturn. There are different
possibilitiesto combineseveralSiberianSnakes;for instance,one Snakerotatesspin by 180°aboutthe
longitudinaldirection(type I Snake),while anotheronerotatesit by 180°aboutthehorizontaldirection
(type II Snake).In that casetheprecessionfrequencyis 1/2, but theequilibriumspin is now up in one
half of the acceleratorand down in the other, the main advantageof the SiberianSnaketechnique
beingthat theeffect is energyindependent.Let us noticethat for theSSCa numberof 50 Snakesare
probably required in each ring to maintain a well-polarized beam.An experimentalmodel of the
SiberianSnakeis presentlybeingtestedat the IUCF proton coolerring [KR187,TER88].

In conclusion,acceleratinga polarizedprotonbeamup to 20TeV seemsfeasibleat a reasonablecost
(a few percentof the cost of an acceleratorwith unpolarizedbeams),providedone confirmsthat the
SiberianSnaketechniqueworks experimentally.
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3. Parton distributions andluminosities

3.1. UnpolarizedandpolarizedpaTton distributions

A high-energyproton beamis an unseparatedbeamof constituentpartonsand all fundamental
hadronicinteractions,which areprobedin pp collisions by testingtheStandardModel or by producing
new particles,involve the collisions of quarksand gluons at shortdistances.As an example,let us
considerthe hardscatteringhadronicprocess

a+b—÷c(or jet)+X, (3.1)

which is describedin termsof two to two partonsubprocessesasshownin fig. 3.1. In theQCDparton
model, thecorrespondinginclusive crosssection,providedfactorizationholds, is given by

do-(a+ b—~c + X) = ~ f dXa dxb [f(a)(x Q2)f~(xb,Q2) + (i ~~~J)]do~
1. (3.2)

The summationruns over all contributingpartonconfigurations;the partondistributionfca)(x Q
2) is

theprobability that hadrona containsa parton i carrying a fraction Xa of the hadron’smomentum.It
representsthe parton flux available in the colliding hadron, which is universal, that is, process
independent.Clearly the partpndistributionsplay a crucial role becausethey allow the connection
betweenhadron—hadroncollisions and elementarysubprocesses.d6

1 is the cross section for the
interactionof two partonsi and j, which can be calculatedperturbatively.The total energyof the
partonsin thesubprocesscenterof massframe is

(3.3)

wherevi~denotesthe total centerof massenergyof the initial hadrons.Finally Q
2, which is definedin

termsof the invariantsof thesubprocess,characterizesthe physicalmomentumscale.Thedistributions
f
1(x, Q

2) are extractedfrom deep inelastic data at low Q2 and their Q2 dependence,which is
logarithmic, is predictedin perturbativeQCD by the Altarelli—Parisi equations[ALT77]basedon the
renormalizationgroup. For supercolliderenergiesthe relevantQ2 rangeis 102 < <108GeV2. The

Fig. 3.1. Parton model representationof a hadron—hadron collision at short distances.
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distributionsfall rapidly with x at fixed Q2 and for increasing~ 2 f
1(x, Q

2) becomevery importantat
smallx, where moreand morepartonscan be produced.If we want to detecta small invariantmass,
say100 GeV, oneseesfrom eq. (3.3) that we also needsmallx values,sayx S i03 for Vi = 4OTeV;so
at supercolliderenergiesthehadronenergyis less efficiently usedandoneshouldkeepin mindthat the
kinematicregionof interestis i0~<x < 10_i. Thesesmall valuesof x, evenat low Q2, arenot probed
by currentexperiments,which only extendto x> 10_2.However,this presentlimited knowledgeis not
so critical becauseuncertaintiesare reducedfor higher Q2. Following recentstudies [GR183,C0L84]
we will take for grantedthat, modulo somereasonableapproximations,the small-x behaviorof the
partondistributions at large Q2 can be safelyobtainedanalyticallyfrom perturbativeQCD.

Ratherthan referring to any of the various numericalsolutionsavailable in the literature, we will
provide our own set of parton distributions in terms of a simple parametrizationof their x and Q2
dependences,alreadyusedin [B0U87].For the gluon distribution we take

xG(x,S)= K(S)expI12V(~Th)ln(1/x)] (1 — x)6, (3.4)

with

K(S)= 50.36[exp(S) — 0.957]exp(—7.597V~)

and t = ln(Q21A2) with A = 200MeV andS(Q2)= ln(t/t
0), where t0 correspondsto the initial momen-

tum valueQ~= 5 GeV
2. As usual b = 33 — 2Nf, Nf beingthenumberof quarkflavors. This expression,

exceptfor thefactor(1 — x)6 relatedto the large-xbehaviorof the distribution,wasoriginally proposed
in [RAL86].It givesan excellentapproximationup to x = 0.1, to thesolutionsprovidedby EHLQ in
[E1C84].Similarly by using the resultsquotedin [EIN86]for thevalenceu-quarkdistributionwe will
take

xu~(x,5) = K’(S)exp[4\r2\/(S/b) ln(1/x)] x°65(1— x)3 , (3.5)

with

K’(S) = 2V~exp(—1.5S).

For thevalenced-quarkdistribution we will take

Xdv(X, S)= 0.5(1— x)xu~(x,5). (3.6)

By comparingeq. (3.4) and eqs. (3.5) and (3.6) we seethat the gluon distribution dominatesover
valencequarkdistributionsat small x, becausegluonscarry a largefraction of theproton momentum
due to thehigh probability of emissionof soft gluons;This factwill havestrongconsequencesfor the
evaluationof the productionratesas will be discussedlater.

For the seau-quark distribution, following [RAL86Iwe will takefl

xu,(x,S)= ~[(S/b)ln(1/x)J112xG(x,5) , (3.7)

~ The factor V’~in eq. (2) of [B0U871is a misprint.



C. Bourrely et a!. / Spin effectsat superco!lider energies 329

andlike EHLQ we assumethat theseais isosymmetric,that is, u, = d~.Onecanalso find heavyquarks
insidea protonwith a probability which becomessignificantat high Q2. For a heavyquarkof massmq,
fq(x, Q2) = 0 unlessQ2 > m~and for very high Q2, aboveall massthresholds,we will simply take

xq,(x,5) = q~xu~(x,5), (3.8)

with

C,: b, : t~= 1:0.82:0.33:0.23:0.14.

A betterdeterminationofheavyquarkdistributionswill beneededfor a descriptionofinteractionssuch
that heavy flavor couplingsare enhanced,e.g. for Higgs production(seesection5).

So far we haveignoredthe spin of the initial protons,but if we considerthecaseof polarizedbeams
one candefinecorrespondinglypolarizedpartondistributions.For a givenparton(quark, antiquarkor
gluon) we denoteby f+ (x, Q2) the parton distributions in a polarizednucleoneither with helicity
parallel (+) or antiparallel (—) to the parentnucleon helicity. As usual, we define the unpolarized
distribution f = f.~+ f and the paTton helicity asymmetryz~f= f~— f. Let us recall that for the
inclusive reaction (3.1) with both initial hadronslongitudinally polarized, the double helicity hadron
asymmetryALL, definedas

A — dO~a(+)b(+)— dO~a(+~ij(_)LL,l J..,1 ‘ (.)
UO•a(+)b(+) UO•a(+)b(_)

is given by

ALL thr = ~ J dxadxb [~f(a)(x Q2) ~f~(x~ Q2) + (i ~-~j)]a~
1~

assumingthe factorizationproperty, where do is given by eq. (3.2) and ~ denotesthe subprocess
doublehelicity asymmetryfor initial partonsi and~2)~ The explicit expressionsof thesequantitiesfor
various subprocessesaregiven in section4. To get a roughestimateof ALL onecan usethe following
approximation:

ALL~-~~(WE/fI)(~Xf//f/)aLL, (3.lOb)

in terms of the averageof thepartonpolarizationsdefined as Af1If~.This shows that, even if at the
partonlevel ~ is aslargeas ±100%,it is expectedto be diluted twiceat thehadronlevel since,aswe
will seebelow, thepartonpolarizationsaremuch less thanone in the relevantkinematicregion.

Our experimentalknowledge on the quark helicity asymmetriesiXq1 comesfrom deep inelastic
scattering of polarized chargedlepton beams from polarized targets. One measuresthe virtual
photon—nucleonasymmetrydefinedas

2) Here we have assumed parity conservationfor the parton distributions, namelythe probability for a parton with a given helicity (+ or —)
inside a polarized nucleon with a given helicity (+ or —) is the sameif both parton and nucleonhelicities are reversed.
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A1(x)= ~1e~q1(x) (3.11)
~ e,q1(x)

In fig. 3.2 we show the dataon A1 versusx for polarizedprotonsfrom a SLAC—Yale experiment
[BAU83]and from the recentEMC experiment[ASH88]in the limited Q

2 range(Q2<70GeV2).This
graph also showsthe resultsof sometheoreticalcalculations.The dottedcurvecorrespondsto a model
basedon the three-quarkSU(6) wavefunction[BAB79].In this casethehelicity of theprotonis carried
by its valencequarksand thegluon doesnot contribute.The solid curve, in betteragreementwith the
data,correspondsto the modelof Carlitz andKaur [CAR77]introducingSU(6) breakingeffectsbased
on the ideathat valencequarkscarrymostof theprotonhelicity only atlargex values.In this casethe
gluon carries25% of the proton helicity. The dashed—dottedcurve correspondsto a model [CHI8S]
which generalizesthe Carlitz—Kaurmodel and leadsto a closerconsistencywith thedatanearx = 0 due
to a largercontributionof thegluon to theprotonhelicity. Finally thedashedcurve is thepredictionof
the MQM/QGD approach[GIA85],where the gluon is believedto play no role, which gives a fair
descriptionof thedataboth atsmall and largex. ThesenewEMC datahavegenerateda largenumber
of theoretical papers[SOF87a,GLU88, LEA88, PRE88, CL088, BR088, EFR88], most of them
devotedto the discussionof thevalidity of the sum rules [ELL74,BJ066] one is ableto testby using
the data(seeappendixA). The interpretationof theselow-Q2 datais controversialandremainsto be
clarified by themeasurementof A

1 on polarizedneutrons,which will indeedbe very crucial. A better
knowledgeof thestrangeseaquarkpolarization[PRE88]and of thegluon polarization[GUI88]is also
essential.In spite of theseuncertainties,if one adoptsa conservativeattitude, it is possibleto give at
high Q

2 a consistentsetof partonhelicity asymmetries,which will be usedto evaluatehadronhelicity
asymmetries.

For thegluonhelicity asymmetrythesmall-x behaviorhasbeenderivedin [E1N86]andby fitting the
numericalresultsof [CH187]we obtain the simple expression

10 I I I I I 1

0.01 0.02 0.05 0.1 0.2 0.5 0.7

x
Fig. 3.2. Data on A

1 versusx from [ASH88],with varioustheoreticalcalculations(seetext).
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xt~G(x,5)= K”(S)xexp[4(10+ \/64—6Nf)U2\/(S/b) ln(lIx)] (1— x)6, (3.12)

with K”(S) = exp(—4.5V~).
For thevalencequarkhelicity asymmetrieswe will usetheapproachintroducedin [CHI85]asmodel

I. So we take

i~u~(x,S)=cos2O~u~(x,S)—~cos2OddV(x,S), 313

MV(x,S)=—~cos2OddV(x,S), ( . )

which are directly expressedin termsof the unpolarizedpartondistributionsby meansof two dilution
factorscos2O~andcos20d given by the following simple formulae:

cos2O~= [1+ H~(1— x)2v~]’, H~= 0.09—0.045,
(3.14)

cos2O~= [1+ H~(1— x)/v’~]~, H~= 0.03—0.015.

In this model theseaquarkhelicity asymmetryremainspositive andit increaseswith largerx andhigher
Q2. For the u seaquark it can be parametrizedas follows:

i~u,(x,5)= (0.7+ 0.5 In S)xu,(x,S), (3.15)

while theotherflavors areobtainedby using thesamerulesasfor theunpolarizedpartondistributions.
Thesepartonhelicity asymmetriesarerequiredto satisfy important constraintslike theBjorken sum
rule at the level of partonmodel [BJ066,BJO7O]or with aQCD correction[KOD79}andalso various
new sum rules establishedrecently [EIN86,BOU87a], as a test of their correct Q2 evolution. These
requirements,which help to reducethe theoreticaluncertainty,are indeedfulfilled by eqs. (3.12) to
(3.15).

The resultingpartonpolarizationsversusx areshownin figs. 3.3 to 3.6 for u-quark,d-quark,gluon
and sea quark for Q2 = i0~GeV2 and 108 GeV2. They arepositive except for the d-quark as a direct

___I~ ~
io3 102 10’ 0.2 io-~ ia-3 10-2 10’ 0.2

x x

Fig. 3.3. u-quarkpolarization versusx for Q2 = tO4 and 10’ 0eV2 Fig. 3.4. d-quark polarization versusx for Q2 = iO~and 10’ 0eV2
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Fig. 3.5. Gluon polarization versusx for Q2 = iO4 and 108 0eV2. Fig. 3.6. Seaquark polarizationversusx for Q2 = i04 and 108 0eV2.

consequenceof eq. (3.13). Theyall grow with increasingx andslowly increasewith largervaluesof Q2
The u-quark polarization is the largestone, being over 50% for x 0.1.

3.2. Parton—partonluminosities

The partondistributionsderivedabovewill be usedto computedifferentialcrosssectionsandhelicity
asymmetriesfor various reactionsof interest at supercolliderenergies.We have checkedthat our
unpolarizeddistributions(eqs.3.4—3.8) follow thenumericalsolutionsprovidedby EHLQ within 10 to
15% except for Q2 as low as 10 GeV2, so they leadto a reasonabledeterminationof hadroniccross
sections.Event ratesgiven by EHLQ should be reliableto a factor two or betterand we expect the
same uncertaintiesfor event rates with polarized beams,but they should be smaller in helicity
asymmetries,which arecrosssectionratios. To evaluatethesehadroniccrosssectionslet usconsidera
convenient quantity introduced by EHLQ, the differential parton—partonluminosity, definedas

if T X (a) (b) .~
r —a—— = ~ J — [f~ (x,s)f

1 (T/x,s)+(v~—~J)]. (3.16)

It representsthenumberof partoni—parton j collisions per unit of T with subprocessenergysquared
= ~s.Thus the differential crosssectionwith respectto the scalingvariable r for the reaction(3.1),

using eqs.(3.2) and (3.16), is given by

thr dy.. (3.17)

By dimensionalanalysisonehas = k/sn, with couplingstrengthk, so thequantity (T/s~) d..~1/dT, which
hasthedimensionof a crosssection,can beusedto estimatethe total numberof events/yearN~,for a
given subprocess,

N,1 = L5k(r/s) d~1/dr, (3 18)
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knowing k and thehadron—hadronluminosity Lh, which is typically i~~°cm2atSSC3~.This notionof
partonluminositycanbe generalizedto the caseof ahadronicreactionwith oneor two polarized beams
by replacingin eq. (3.16) one or two unpolarized distributions f by the correspondingpartonhelicity
asymmetriesi~f. Thereforewe definethe following two useful quantities,namelythe singly polarized
luminosity

dy.. dx
T _~_._L= ~f ~f(a)(x s)f~(T/x, 1), (3.19)

when hadrona only is polarized, and the doubly polarizedluminosity

T d.~ = 1 ~f ~ [~f(a)(~ ~) ~f(b)(T/x 1) + (i*-*j)], (3.20)

when both initial hadronsa and b arepolarized.
We showall thesepartonluminositiesfor gluon—gluoninteractionsat v’~= 40TeV in fig. 3.7aandat
= 10TeV in fig. 3.7b. Clearly for higherenergyall partonluminositiesincreaseandoneshouldnote

at small V~a strong reductionof the (singly or doubly) polarizedluminosities.We also showvarious
parton luminositiesfor severalotherparton—partoninteractionsin figs. 3.8 to 3.13. By comparingfig.
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Fig. 3.7. The quantity (r/.i) d2/dr(in nanobams)versusVi for gg interactions in pp collisions (a) at VI = 40 TeV, (b) at VI = 10 TeV. Solid curve,
unpolarizedgluon distributions; dashed—dottedcurve,singly polarizedgluon distributions;dashedcurve, doubly polarizedgluon distributions.

3) Throughout the paperwe will give eventrates assumingthis luminosity for theSSC with polarizedbeams.
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Fig. 3.12. Sameasfig. 3.8 for uu interactions. Fig. 3.13. Doubly polarizedluminosities for various parton—parton
interactionsin pp collisions at VI = 40TeV. Note that the dashed—
dotted curve hasbeen changedin sign becausethed-quarkhelicity
asymmetryis negative.

3.7a and fig. 3.8 we seethat gluon—gluoninducedreactionswill occurmore copiously thanu-quark—
gluon induced reactions, except at the edgeof the accessiblekinematic region, but gluons are less
efficient thanu-quarksin building up asymmetries.Thereis a similar effect for d-quark—gluoninduced
reactions(seefig. 3.9),but since thed-quarkhelicity asymmetryis negative,it will reducethehadron
asymmetries.The luminositiesinvolving seaquarksare evensmaller.

By making ratios of the (singly or doubly) polarizedluminosity to the unpolarizedluminosity, one
canestimatehow mucha (singleor double)subprocessasymmetrywill’ contributeto thecorresponding
helicity asymmetryin hadron—hadroncollisions due to the dilution effect of the partondistributions.
This is more accuratethan using the partonpolarizationsmentionedabove[seeeq. (3.lOb)]. As a
simple examplelet, us considera reactionwith onebeamlongitudinally polarized,whosecrosssections
aredo~t~/dr[seeeq. (3.17)]; the single helicity hadronasymmetrydefinedas

A — do~/dr—do~Idr 2L — dff~/dr+ d~~/dr (3. 1)

canbe evaluatedby meansof theseratios. Let us denoteby â’j~(a~)the subprocesshelicity asymmetry
where parton i (j) is polarized. If the crosssection is dominatedby a subprocessinduced by the
collision of parton i and partonj and if a’~and â~are constantone has

AL a~(j)â~+ a
1(i)â~, (3.22)
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where

Td~../dT

a1(j) = di’
1/d (3.23)

representsthepolarizationof parton i in interactionwith theunpolarizedpartonj. This quantity is not
necessarilyrelatedto thesinglehelicity hadronasymmetryand its usefulnesswill becomeobviousin the
specific caseswe will study in the following sections.Someexamplesof a

1(j) aredisplayedin figs. 3.14
to 3.17 for two different energies.By comparingthesequantitieswe seethat

a~(g)—..a~(d), (3.24)

and it riseswith V~in thesameway as the u-quark polarizationriseswith x (see fig. 3.3). Similarly

ad(g) -~ad(fi), (3.25)

both are negativeandbehavelike the d-quark polarization (see fig. 3.4), and

ag(d) =-~ag(u), (3.26)

which behavelike the gluonpolarization(seefig. 3.5). Finally we show a~(u)in fig. 3.17, which hasa
fast rise at high \/~,reflectingthebehaviorof theseaquarkpolarizationfor largex (seefig. 3.6), and
we find

a~(u) a~(d). (3.27)

0.4 a~(g) o~aug ‘‘‘‘I 101eV 02 a9(d) ~Agd I
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Fig. 3.14. a~(g)and ag(u) versusV’~for Vt = 10 and4OTeV. Fig. 3.15. a
4(g) and a,(d) versus \1i for Vt = 10 and 4OTeV.
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Fig. 3.16. a
0(d) and ad(fi) versusVi for VI 10 and4OTeV. Fig. 3.17. a((u) versusVi for Vt= 10, 20 and 4OTeV.

Clearly doublehelicity hadronasymmetrieswill be smallerthansingle helicity asymmetriesdue to
the suppressionof all doubly polarized luminosities, as shown in figs. 3.7 to 3.13. Some specific
exampleswill be calculatedexplicitly in thenext section,which is mainly devotedto QCD tests.

4. Hadronicjets andQCD tests

Oneof the major difficulties for testing QCD is the fact that experimentscannotbe performed
directly with thebasicconstituentsquarksandgluons. Hadron—hadronprocessesarerathercomplicated
at the level of theconstituentsbecausemanysubprocesseshaveto besummedover in theevaluationof
the crosssectionsandthedoublehelicity asymmetries[seeeqs. (3.2) and(3.lOa)]. Thesesubprocesses
lead to different crosssectionsand doublehelicity asymmetriesas we will seebelow and it might be
possible,in a givenrestrictedrangeof the largetransversemomentumkinematicregion,to know which
subprocessesare dominant. This is oneway to test QCD and of coursethe correctknowledgeof the
partondistributionsis also partof this test. At high energiesmostof the informationat shortdistances
is containedin hadronicjet physics, which hasalreadyexhibitedsome simple aspectsat the CERN
Sp~Scollider. Jetproductionwill be very copiousat theSSC andwith its expectedluminositytherewill
be aboutoneeventper secondyielding at leastone jet with transversemomentumlargerthan 1 TeVIc.
Thereforeeventrateswill bevery high and jetswill be themainsourceof conventionalbackgroundto
new physics, so it is essentialwe understandas well as possibleboth their crosssectionsand their
helicity asymmetries.By reachingenormousvaluesof transversemomentumit will be possibleto probe
very short distancesand, for example,to detectsomeevidencefor quarkcompositeness,which leadsto
a definite signaturein singlehelicity asymmetriesresultingfrom thepresenceof anaxial couplingwhich
violatesparity (seesection7). In this section,sincewe assumethat parityis preserved,wewill compute
only doublehelicity asymmetries,which are expectedto be small as explainedpreviously.Although
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direct photonproductionhasa muchlower crosssection,it will be alsoconsideredbecauseit is simpler
and allows a direct probeof a smaller numberof specifichard scatteringprocesses.

4.1. Single-jet production

The invariant cross section for the production of a single jet of energyE (or rapidity y) and
transversemomentumPT readsafter a simple phasespaceintegration

E =~
1~ JdXa ~ 2xaX~Tey (a, Q

2)f/(xb, Q2) (~,

(4.1)
— 2pT — x.~.e — xaxTe

XT — X() — 2 — xTe Xb — 2Xa —

For large enough E the jet will be producedin the pp c.m. system at an angle 0cm such that
y = In cotg0cm/2~The subprocesscrosssectionfor initial partons i and~1) giving different final statesis
(do-

11/dI)(~,1, i~).Their Born expressions,with all possibleexchangesin the threechannelsarerecalled
in table 4.1 in termsof the Mandelstamvariablesat the partonlevel

Table 4.1
List of theasymmetriesaLL andcorrespondingBorn crosssectionsin perturbativeQCD. A factorof ira~It

2hasbeen
factored out of thepurely strong interactioncrosssectionsand ire~aa,I.i2out of thesingle-photoncross sections,

where eq denotesthequark charge(4 for u and — 4 for d)

Process â/, = IT/2 Cross section 9* = ~rI2

(s2—â2)/i2+(s2—i2)/Ii2—4s’2/h~ 4(~2+~i2 ~2+i2 2 ~2\

qq—*qq (~2+ â2)112+(~2+ 12)1ü2 — ~ 0.45 ~ + —
1~r— ~ 3.26

qq_-1qq} (~
2a2)/(~2+a2) 0.6 ~(~+I~)IF 2.22

qq—’qq —1 q(t +u )Is 0.22

- - (~2-~2)Ii2-(i2+ü2)II2+4ü2Is~i 4 (~ ü2 F+~2 2 ~2\

qq—’qq (~2+ ~2)/~2 ~(j2 + ~2)/~2 - ~ 0.37 + + - ~ 2.59

q~—*gg -1 44(12+ü2)/üI- )(i2+á2)I~2 1.04

qg_-*qg (~2— a2)/(~2+ ñ2) 0.6 (t2 + ~2)/i2— 4(~2+ â2)/Ii~t 6.11

gg—~q~ —1 4[4(a2+I2)/ai4(f2+t22)/~24 0.15

—3 + 2i!/~2i+~ 9 ( .t~2 ~i üí\
‘2 2 2 0.77 —I3—-~——~——~J 30.43— ~iIt — ~t/ü üt/~ 2 \ t u S /

.2 .2 .2 2 fu s~
qg—*q~y (s — u )/(s + u ) 0.6 — + 0.83

- 8(ü i\
qq—~yg —1 1.77

Clearlythe permutation(i j) in eq. (4.1) implies the interchange(1 ~-+ ~i)in thecross section.
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~=XaXb5~ 1=_~(1_cos0*), ü=—~(1+cosO4), (4.2)

where 0* is the c.m. scatteringangle, which can be expressedas

x e” — x~,e
cos0* = a —v (4.3)

xae +xbe

The scalingvariable Q2 which occursin the partondistributionsf
1 (x, Q

2) and in the runningcoupling
constantcç(Q2) is takento be Q2 = p~I4, which is a reasonableapproximationsuggestedfrom a recent
analysisof QCD radiativecorrections[ELL86].This choice is not uniqueand leadsto someuncertainty
in thecalculationof thecrosssections,which is also relatedto subtletiesassociatedwith next-to-leading
ordercontributions[0WE87].From table4.1 we seethat elasticprocessesgive themaincontributions,
gluon—gluonscatteringbeinglargely dominantfollowed by gluon—quarkandquark—quarkscattering.A
comparisonwith thesingle-jetproductiondataobtainedby UA1 andUA2 [ARN86,APP85] leadsto a
fair agreementwith thepredictionsof lowest-orderQCD [EIC84,0WE87]. So we expect that at future
collider energiesgluon—gluonscatteringwill dominateup to PT 1 TeVIc, then gluon—quarkwill take
over up to 5 TeV/c or so, where we start to reachthe quark—quarkregime.

The double helicity asymmetriesfollow from eq. (3.lOa) and the explicit useof eq. (4.1). The
expressionsof the ~ arealso given2~in table4.1 and arerepresentedin fig. 4.1. Accordingto a basic
propertyof perturbativeQCD, a quarkandantiquarkof a given flavor canannihilateinto a gluon only
if they haveoppositehelicities. It follows that all processeswith qj either in the initial stateor in the
final stateleadto ~ = —1 asshownby curveE in fig. 4.1. For all the othercases~ is foundpositive
and correspondsto one of the four different curvesA, B, C and D shown in fig. 4.1, where the

1.0
C A [gg—99
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/ “ ud.—ud
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~ 0 qg~q~

I uu — U iiD tda—..-da

-0.5 gg~q~
q~—99

E uG-...dd
dd—uü
q~—g~

E
-1.0

0 TI

e~
Fig. 4.1. The double helicity asymmetries~ versus9’ at the lowestorder in perturbative QCD.

2) They agreewith [CRA83]but not with [BAL81] for qg—* qg.



340 C. Bourre!yet a!. I Spin effectsat superco!!iderenergies

maximumeffect near900 occursfor gg—* gg. So ALL is expectedto be positive in spite of the small
contribution from the d-quarks,whichhaveanegativehelicity asymmetryL~daswehaveseenin section
3. The resultof ourcalculationfor a jet producedat zerorapidity is shownin fig. 4.2 versusPT for three
different energies.Theeffectis of theorderof a few percent,in agreementwith a roughestimatebased
on eq. (3.lOb) [5OF85].Evenfor PT < 1 TeV/c, wheregluon—gluonscatteringdominates,ALL is small
becausegluonsare lessefficientthanquarksin building up polarizations(seefigs. 3.14and3.15). ALL
decreaseswith increasingenergydue to the rapid growth of the single-jetcrosssectionwith energy
driven by the small-x behavior of the gluon distributions. ALL rises with largerPT becauseof the
decreaseof thecrosssection,which representslessand lessbackgroundin this kinematicregion, thus
making it easierto detectnewphysics,which might also give signalsin ALL (e.g., seesection8). The
curves in fig. 4.2 were not extendedabove PT values for which the cross section drops below
i0~°cm~/GeV,correspondingto slightly less thanone eventper hourper TeV/c of PT’ which is still
measurable.

4.2. Two-jetproduction

In the physicsof hadronicjetsonecanalso considertheproductionin the final stateof two jetswith
rapiditiesy1 andy2 andwith equalandoppositetransversemomentumPT~The differential crosssection
can be written as

d
3cr 1 2

2dô~.

2 = (f(Xa, Q )fj(xb, Q ) ~ (s, t, u) + (t~i)). (4.4)dy1 dy2 dpT ~ 1 + dt

If we define

y* = ~(y~— y2), Yboost = ~(y~+ y2), (4.5)

we have

Xa = ~eYb00sI , Xb = ~ e~bo01t, r = cosh
2 ~ sin 0* = cos~y~ (4.6)

10
pp — Jet + anything

8 101eV

20 1eV

P
1(TeV/c)

Fig. 4.2. Predictionsfor the doublehelicity hadron asymmetryALL in pp—’ jet + X at y = 0 versusPT for three different energies.
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So we seethat largevaluesof y * correspondto theforwardandbackwarddirectionsat thepartonlevel,
wherethedominantdifferential crosssectionsarestronglypeaked.Therefore,to avoidoverestimating
the eventrate,we must restrictourselvesto thecentral rapidity regions,that is

—Y~y1,y2~Y, (4.7)

whereYis of the orderof one.Fory1 = —y2 = 1 onehasy’ = 1 correspondingto 0* —40°.Fory
1’ fixed

aroundzero and for a given PT’ if one increasesYboo~t’then sinceXa increasesandXb decreases,the
cross sectionwill fall due to the fast decreaseof the parton distributionsat large x. Gluon—gluon
dominatesat smallYb

0o~twhereasgluon—quarkdominatesatlargeYboosr A largercrosssectionwhich
can be obtainedfrom eq. (4.4) after integrationover the jet rapidities, is the invariant jet-pair mass
distributiondcr/dM. The jet-pair massis given by

M=2pTcoshy~ (4.8)

andthe invariant massdistributionreads

V Ymax

du M
3 1 du..

~M=~ f dy~ f dy
2~(1+~,)cosh

2y*(fi(Xa,Q2)fi(Xb,Q2)sL(~,I,~)+(j~*j)),

—Y (4.9)
where

Ymax = min(Y, —log r — y
1), Ymin = max(—Y,log r — y1), (4.10)

which reduceessentiallyto V and — Yfor low massvalues.The doublehelicity asymmetryALL versus
the jet-pairmassis shownin fig. 4.3 at threedifferent energiesand it is evensmallerthanfor single-jet
production.

Finally we would like to remarkthat themagnitudeof theseasymmetriesin hadronicjet production
is relatedto the smallnessof the gluon polarization,but they would be zero if the gluons were not
polarized. They were found positive and recently the importance of this sign has been stressed

10
pp ....J.t~+ jet2 • anything

8

-J

Jet Pair Mass (TeV/c2)
Fig. 4.3. Predictionsfor the doublehelicity hadron asymmetry ALL for two-jet eventsin pp collisions versusthe jet-pair massfor three different
energies.
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[RAM88]for the evaluationof the jet contribution to the total crosssectionand the corresponding
doublehelicity asymmetry,

~OL = o50(p(+), p(+)) — u~0~(p(+),p(—)). (4.11)

This quantitywasmeasuredat very low energyat theArgonneZGS[AUE77]andwasfoundnegative.
According to our calculationthe jet contribution is expectedto be +1 p~bat V~= 0.02TeV, the
energy range of the Fermilab polarized proton beam

3~[M1L88], +10p~bat V~= 0.5 TeV and
—+25~bat V~=10TeV.

4.3. Direct photonproduction

Direct photon production at high PT is also a useful probe of the underlying parton—parton
interactions.Sincethe photon originatesin the hard scatteringsubprocessand doesnot fragment,the
cross section is also given by eq. (4.1). In the QCD parton model, in the absenceof photon
bremsstrahlungcontributions, direct photons are producedvia the quark—antiquarkannihilation
subprocessqi~—*-yg and the quark—gluon Compton subprocessqg—~q-y,whose cross sectionsand
doublehelicity asymmetriesare recalledin table4.1. The Comptonsubprocesshasa positive ~LL (curve
C in fig. 4.1),whereasfor theannihilationonehasaLL = —1 (curveE in fig. 4.1). We havecalculated
theunpolarizedcrosssectionat 90°and for different valuesof thec.m. productionangleandwe found
consistencywith the results of [0WE84]. Event rates are very small and for example one has
d2o/dydpT = 4 X i0~°cm2/GeVforPT 1 TeV!c and 0cm = 90°.As it is well known, awayfrom 90°the
Compton subprocessdominateslargely over annihilation except at very large PT~The results we
obtainedfor thedoublehelicity asymmetryareshownin fig. 4.4 for 0cm = 45°and90°.In both casesALL

is positive, which reflects the dominanceof the Compton subprocess.However, u-quark—gluonand
d-quark—gluonleadto oppositesign effects,which reducethemagnitudeof ALL. We also seethatALL
scaleswith XT (eq. 4.1),but sincethecrosssectiondoesnot, themeasurementof ALL at fixed XT will be

10
pp + anything

0.05 0.1 0.15 0.2 0.25 0.3 0.35

XT

Fig. 4.4. Predictions for the double helicity hadron asymmetry ALL in pp—+~yXversusXT, at very high energies(VI � 10 TeV), for two different
valuesof the c.m. production angle 0,,,, = 450 and 90°.

3) At VI = 0.02TeV, we havesmall Q2 valuesso there is no reason to claim that a leading-twist calculationis reliableandto believe thissign for
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easierto measurefor ~vi~= 10 TeV thanfor ~s/~= 40TeV. At 45°ALL riseswith XT, whereasit is flatterat
90°.This is dueto the fact that at 90°thepositive Comptonasymmetryis reducedby thecontributionof
thenegativeannihilationasymmetry,which becomesmoreand moreimportantfor increasingXT. ALL
becomesnegativefor XT 0.6, wherethe crosssectionis not measurableat V~= 10TeV, but this sign
changeis not predictedby muchlower energycalculations[BAL81,CRA83].

In conclusionof this sectionand to summarize,we haveseenthat pureQCD processesleadto small
doublehelicity asymmetriesandany deviationin theirmeasurementswill give usa clearsignalfor some
new physics.By measuringdoublehelicity asymmetrieswith all spin configurations,one also gets for
free singlehelicity asymmetriesAL. Thesesinglehelicity asymmetriesvanishfor single-particle(or jet)
inclusiveproductionbut not in the casewhereone observesat leasttwo particles(or two jets) in the
final state. They then involve a correlation between the transversemomentumand the angular
distributions of the two objectsproduced.We havenot calculatedthem but they are expectedto be
small comparedto theALS relatedto the existenceof a parity violating interactionat thesubprocess
level. Thereforepure QCD processesdo not give any appreciablebackgroundto thesesinglehelicity
asymmetries,which get large contributionsfrom electroweakinteractionsas we will seenow.

5. Spin tests of standard electroweak interactions

In this sectionwe will study on theTeV scalespin phenomenaassociatedto the StandardModel
descriptionof electroweakinteractions[GLA61,WE167, SAL68] basedon the SU(2)L X U(1) gauge
symmetrybrokenby theminimal Higgs mechanism.The threequarkand lepton doubletsareassumed
to interact through the chargedleft-handedvector bosonsW~and the neutral vector boson Z°,
experimentallyfoundat theCERN SjipS collider [ARN83,BAN83, BAG83], anda scalarHiggs boson
H which remainsto be discovered.Oneshould emphasizeherethat one of themajor physicsgoalsof
thenext generationof hadronsupercollidersis indeedto establishthe existenceof theHiggs particle.
At SSCwith ~‘= i0~cm2s’, onewill beableto produceeverysecondabout60 Z°’sand 200 W~’s,
so theseimpressiveproductionrateswill also be of greatinterestbecause,the standardproduction
mechanismbeingknown, they will allow aprecisecalibrationof thepartondistributions [CHA86].In
addition to gaugebosonpair productionit will be possibleto study the influenceof the threegauge
bosoncouplings,which is a characteristicof non-abeliangaugetheories.For example,approximately
one thousandW~Wpairsper daywill be producedat SSCandthis rate,which is a directconsequence
of the dampingeffect of the Z°contribution,is an obvious test to perform. Anotherfeature of the
standardmodel is the fact that gaugeboson productionat small angles is rather copious and will
constitutethemain backgroundfor an additionalyield througha productionmechanisminvolving new
heavyparticles.

The use of polarized beams will also lead to a reliable calibration of the polarized parton
distributions. We will see that with the set previously proposedone expectslarge single helicity
asymmetries,someof which are simplyexpressedin termsof partonpolarizationsa(j) definedin eq.
(3.23). Severalcharacteristicaspectsof theseasymmetrieswill be discussedandin particulartheeffect
of the three gauge boson couplings. One should also mention that all the correctionsdue to
next-to-leadinglogarithm contributions[BAR88J,which areusuallydiscussedin termsof theso-called
“K-factor”, areexpectedto be less importantfor helicity asymmetries,which arecrosssectionratios.
This is the case for the Drell—Yan mechanism [RAT83] and it is also known that in
e+ e- —* qij —* hadronsthe single helicity asymmetryis insensitive to higher-orderQCD corrections,
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which preserveparity [LYN87].We will treat successivelymassivedilepton production,single gauge

bosonproduction,pair productionof gaugebosonsandHiggs bosonproduction.

5.1. Massivedileptonproduction

Let us considerthe reaction

pp—+ �~� + anything, (5.1)

where the productionof high-masse+ e- and ~ p pairs occurs through the lowest-orderDrell—Yan
mechanismq~—~-y,Z—s.�~. Unlike the processeswe havestudied above, this processdoesnot
involve initial gluons and allows one to measurethe ~jcontentof the proton. As a consequence,the
expectedcrosssection for the invariant lepton pair mass M in the TeV region is rather low. More
specifically it is of theorderof 250 events/yearfor 0.9<M < 1.1 TeV/c2at SSCfor eachchargedlepton
species(see fig. 108 of EHLQ). This is minute comparedto pure hadronic processesand it can be
simply understoodby recallingthat the crosssectionaveragedover quark colors, which reads

, 2\ /

dcr j8ira ~lç, I T q~,

dM~3M)3~ ~M2 dT

is proportionalto a2 andnot to a~and is directly expressedin termsof quark—antiquarkluminosities,
which aremuchsmallerat a given M (or \/~)thangluon—gluonor gluon—quarkluminositiesaswe have
seenin section3.2. HereT = M2/s is theusualscalingvariableand K, containsall the informationabout
the underlyingelectroweakinteractions.In the StandardModel, from the contribution of the photon
and of theZ we have

= e~— 2e~a~a
1M

2Re D~+ (a~+ b~)(a~+ b~)M4ID~l2, (5.3)

where e
1 is theelectric chargeof the quarkq, of flavor i, a~and b�(a1 andb.) denotethevectorand

axial vectorcoupling constantsof the lepton (quark i) to the Z boson.We have

4x~—1 —1
a~= 4 1/2(1 — \1/2 b~= 4 1/2(1 — \1/2 for leptons

~ w) wk wI

1—~x 1
a, = 1/2 1/2 , b, = 1/2 1/2 for up quarks, (5.4)

4x~(1—x~) 4x~(1—x~)

_________ —1
a, ~ 1/2(1 — W b1 = ~ 1/2(1 — ~1/2 for down quarks,

w\ ~ ~ X~j

wherex~= sin
2 0~is theweakmixing angleandwewill usex~= 0.226. Finally D~is thepropagatorof

the Z bosonwith masssM~and width F~,

~ (5.5)



C. Bourre!y etal. I Spin effectsat supercol!iderenergies 345

With one proton beampolarizedin order to calculate the single helicity hadron asymmetryAL
definedin eq. (3.21)we needtheexpressionsof thecrosssectionsfor q.(h1)+ ~1(h2)—~er, whereh1
is thehelicity of thequark and h2 that of the antiquark.The integratedsubprocesscrosssectionis

~(h1,h2)= [(1-h1h2)K~+(h2-h1)~], (5.6)

where

N1 = —2e1a~b,M
2ReD~+ 2a

1b~(a~+ b~)M
4JD~I2. (5.7)

Since ae is very small, the sign of the asymmetryis that of a.b
1, i.e. positive for both up and down

quarks, and we see from eq. (5.6) that polarized quark—unpolarizedantiquark annihilation and
unpolarizedquark—polarizedantiquarkannihilation give oppositecontributions. We have

_~:_~ — r d~’qj~j

AL= ~~(M2 dT M
2 dT ), (5.8)

r d~qj~~ ~j~j2 dr

and the resultsare shownin f~.5.1 versusM at threedifferent energies.AL is only of theorderof a
few percent and this can be understoodbecauseit is driven by the u-quark polarizationa~(ü).With
u-quarkonly, we would have

AL (N~IK~)a~(fl), (5.9)

and althougha~(ü)is largeandgrows with M, it is reducedby the factor IsI~IK
0.It is also reducedby

theeffectof thed-quarkpolarizationa,~,which is negative(seefig. 3.16),and by thesubtractionof the

8 I I I I

pp—

6 201eV

1OTeY]

0 I I I I

0 1 2 3 4 5

M11 (1eV/c
2)

Fig. 5.1. AL for Drell—Yan dilepton pairproductionversusM at VI = 10, 20 and 40TeV.
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antiquarkpolarizationsa0(u)andaa(d).This last effect is moreimportantat V~= 10 TeV becausefor
higherM, a4 increasesvery quickly (see fig. 3.17)’~.Thesearethepredictionsof the StandardModel
but they could be different in magnitudeandsign in thepresenceof right-handedcurrents[CHA85]or
otherdeviationsfrom the StandardModel as we will seelater.

5.2. Singlegaugebosonproduction

The differential crosssectionfor the reaction

pp—*W~+ anything (5.10)

can be comyuted directly in the Drell—Yan picture in termsof the dominantquark—antiquarkfusion
reactionsud—+ W~and iid —* W - and we havefor the StandardModel W~production

= GF~\’~r~[u(x2,M~)d(xb,M~)+(a~b)]+hfc, (5.11)

GF = , Xa = v’~e~, Xb = v~e~’, r = M~/s.
wxW

Hereand in the following, hfc meansthatwe includeheavy flavor contributions(c~,tb) but sincethe
mixing anglesare small, contributions like u~,etc. are largely suppressed.Quark flavors are inter-
changedin eq. (5.11) for W production. The y distribution is rather flat for —4<y < +4 at

= 40 TeV, correspondingto an angle—2°< ~ < +2°,and thenit dropsvery sharply(seefig. 112 of
EHLQ).

In the StandardModel the W is a purely left-handedcurrent,so thesinglehelicity asymmetryin W~
productionreadssimply

A — ~U(Xa, M~)d(xb, M~)— M(Xa, Mt,) u(xb, M~) 512L u(xa,M~)d(xb,M~)+d(xa,M~)u(xb,M~)+hfc’

assumingthat only proton a is polarized. Note that the polarizedhfc cancelin the numeratoras a
consequenceof our proportionalityassumptioneqs.(3.8) and (3.15).This quantity, representedin figs.
5.2aandb for threedifferent energies,is directly relatedto theu- andd-quarkpolarizations(seefigs.
3.3 and3.4) and for y —4 it is dominatedby ~u/u atXa —0.1 for W’~andby ~d/d atX, —0.1 for W.
Fornegativey, Xa is small and from thequarkpolarizationsoneexpectsalso a very smallAL. At fixed y
for increasingenergy,since r decreases,the magnitudeof AL also decreasesas shownin the figures.

By integratingover y onegetshighereventratesandthecorrespondingsinglehelicity asymmetryfor
Wis

A = (rIM~)(d~5~~/dr— d.~a~/dT) (5 13)L (r/M~,) d~~/dr+ hfc ‘

1) The effect of the seaquark polarizationhas beenstudied in this processfor VI <1 TeV in [R1C86].
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Fig. 5.2. AL (a) in pp_.*W*, (b) in pp—+W,versusy for threedifferent energies.

which becomes,neglectingtheheavyflavor contributionin the denominator,

AL a~(d)— a~(u) at = M~, (5.14a)

and for W by permutingu and d

AL=ad(fi)—aÜ(d) at\/~=M~. (5.14b)

The resultingAL areshownin fig. 5.3 and they decreasevery slowly with increasingenergyconsistently
with fig. 3.16. The seaquark polarization a4 is very small at this V~value and effectively doesnot
contribute.
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_100 ~ 120

~(TeV)

Fig. 5.3. IntegratedAL in pp—+W°and pp—*W versusVI.

Similarly onecan analyzethe single-Z°productionin the Drell—Yan picture andone finds that the
helicity asymmetryas afunction of y reads [seeeqs. (5.3) and (5.7)]

2 — 2 — 2 2~ 2a,b1[I~q1(x,, M~)q,(x~, M~)— z~q,(x2,M~)q,(x~, Mi)]
L ~ .1

We show the resultsof thecalculationin fig. 5.4 andwe observethat the trendis very similar to that of
W + becauseit is dominatedby the u-quark polarization, whose effect is reducedby the negative
d-quark polarizationand by the subtractionof the seaquark polarization,which was assumedto be

50 I I I I 1 I I I I

40 P~

/
:io /

.~ • /

III~I

Fig. 5.4. AL in pp—+Z°versusy for threedifferent energies.
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positive. As for the W’s one can considerat eachenergythe crosssection integratedover y and the

correspondingasymmetryis
r (d~7~q.

4. d~4.q.
~2aIbIj~ji-~ dr — dT

AL= , (5.16)

~(a~+b,~)(—- d~q4)

which is displayedin fig. 5.5. In this casethe effect, which is at most4%, muchsmallerthanfor W’s,
also decreaseswith increasingenergy.

So far we haveassumedthat the W’s andZ’s areproducedin the Drell—Yan picture,i.e. with a small
transversemomentumPT’ but there are higher-orderQCD processeswhere the gaugebosoncan be
producedwith a largePT which is balancedby a hadronicjet. This is similar to the prompt photon
productionwe havestudiedabove(seesection4.3),but hereoneshouldconsiderthequark—antiquark
annihilation subprocessq1~1—~Wg and the quark—gluonCompton subprocessq1g---* q.W with i ~ j.
From thedecaydistributionof the ~producedat largePT it is possibleto discriminatebetweenthe
scalarand the vectornatureof the gluon emittedin the final state[ART84].By usingthis methodbased
on the fact that, unlike theelectromagneticcurrent, theaxial currentis not conserved,a scalargluon
was excluded at a 2u level at the CERN collider [STU87].Hopefully this will be confirmed by
higher-statisticsdata.

The differential crosssection for producinga W with PT andrapidity y is

dp~dy=2PT~f dXa (X~)y (fi(Xa, Q
2)fj(xb, Q2) (~,1, a) + (i~-~f)), (5.17)

where the explicit M~dependenceappearsin all the kinematicvariables,

~/~(TeV)

Fig. 5.5. IntegratedAL in pp—+Z°versusVI.
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S = XaXbS~ I — M~= xav’~mTe, a — M~= xbVi~mTe , (5.18)

throughthe transversemassm.~. = (M~+ p~’2 andwhere

— xa(mTIV~)e~~— M~Is — (mTI’s/~)e2+ M~Is
Xb — Xa — (mTI’./~)e~ X() — 1 — (mTI~1i)e~’

To get a feeling for theeventratesat ‘../~= 40 TeV, thecrosssectionaty = 0 andPT = 0.3TeV is found
to be around i0~nb/GeV with Q2 = p~. (see fig. 118 of EHLQ). It is largely dominatedby the
Compton diagram and dropsvery rapidly with increasingPT~ For initial partons carrying a given
helicity, let us recall that for annihilation q(h

1)~(h2)—*Wgwe have

(h1, h,) = 2~aa~(1— h1)(1±h2)a(~, a(~= (I- M~)
2+(~- M~)2 (5.19)

dt 9XW5 Ut

which is symmetricin I and~, and for Comptonscatteringq
1(h)g(A) —* q.W we have

(h, A) = ~aa~ (1- h)[(1 - A)c1(i) + A~(I)1,
dt 12x~s

(5.20)
° (s—M~~,)

2+(t2—M~ - 2(Ci—M~
5,)

2
c
1(t) = — .,., , c2(t) = — __________

For 41(h)g(A)—*~1Wthe sameformula holds but with h—* —hand A—* —A. The correspondingsingle
helicity asymmetriesare ~°L = â~= 1 for polarized quarks, â~= —1 for polarized antiquarksand
â’~= 1 — c2/c1 for polarizedgluons. This last quantity beingrathersmall on average,the single hadron
helicity asymmetrywill be dominatedby polarizedquarks.The resultsof thecalculationof AL at y = 0
versusPT for W~andW are shown in fig. 5.6 at threedifferent energies

2~.Here againAL is not
sensitiveto the gluon polarization ag and is driven by a~for W~and by ad for W. At fixed PT it
decreasesfor increasingenergybut it growssubstantiallyfor PT in a kinematicregionwherethe event
ratesarenot negligible.

5.3. Pair productionofgaugebosons

The first motivation for consideringtheseprocessesis to study trilinear couplings in a sensitive
kinematic region. If the gaugesector of the standardelectroweakinteractionsis correctly described,
detailedmeasurementsof crosssectionsand helicity asymmetriesfor the productionof W~Z°,W ±-y,
Z°Z°,Z°-yand W+ W - pairswill also provideus with a good calibrationof variouscombinationsof q4
luminosities. In particularwe will introducetwo universalcurveswhich allow a direct understandingof
the single helicity asymmetryin severalprocesseswewill considerbelow andin the subsequentsections.

2) For predictionsat lower energies,up to 1 or 2 TeV, see[HID81].
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Fig. 5.6. AL in pp—*w~+ jet at y= 0 versusPT at threedifferent energies.

5.3.1. The universalcurves
Since theW is a purely left-handedcurrentwe haveseenthat thesingle helicity asymmetryin W~

productionhasthe simple form in termsofluminositiesgiven abovein eq. (5.13). Moregenerallylet us
considera reactiondominatedby thesubprocess

q~~1—s.W(M)—* any final state, (5.21)

with the productionof an off-shellW of invariantmassM decayinginto a W and a neutralobject.The
singlehelicity asymmetryasa function of M will be given for W~by

~. (d~q.0.— d~4jqj

M~\ dT dr
d~’ (5.22)

1 q,41

~M2 dr

whereq~~1hascharge+1. In the sameway asfor eq. (5.13) one gets

r (d~u~— ~

M2~ dr dr
a~(M)= d2’,,~ (5.23)

+ hfc
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which can be approximated,since ud dominates,by

a~—a~(d)—a~(u)atV~°M. (5.24a)

Similarly for W by permutingu and d one has

aL — ad(u) — a~(d) at = M. (5.24b)

The flatteningof aj~for largeM at 10 TeV is due to the increasingeffect of a~(see fig. 3.17). The two
universalcurvesa~(M)as a function of M arerepresentedin fig. 5.7 at three different energiesand
theywill oftenbe referredto in the following. A straightforwardapplicationis theproductionof �±v~
from an off-shell W~of massM.

5.3.2. Production ofW~Z°and W~ypairs
A substantialyield of thesepairs is anticipatedat supercolliderenergiesand for exampleat theSSC

we expecta total numberof 4 x iOt W~Z°events/yearand4 x i04 W~-yevents/yearprovidedthatW~,
Z°and -y all satisfy y~<2.5(seefigs. 126 and136 of EHLQ). Needlessto recallthat thecrosssections,
which fall rapidly with increasingmassof the pair, are dominatedby quark—antiquarkannihilation

q~(h
1)~1(h2)—*W~Z°or W

2~y. (5.25)

This processgetscontributionsfrom the I- and a-channelquarkexchangeand from the .~-channelW~
gaugebosonexchange,so for W ±Z°it is a probeof the trilinear coupling WWZ fully specifiedby the
gaugestructureof theelectroweakinteractions[BR079].In particulartheangulardistribution in hard

10 1eV30 j::~~-~-2OTeV

~ :: ~~40T~

0

~ -10 ~ *01eV

~20TeV

—20 101eV

0 1 2 3

M(TeV/c2)

Fig. 5.7. The two universal curvesa~(M)versusM at threedifferent energies.
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photon production is highly sensitiveto the value of the magneticmomentparameterK of the W
[BRO79a]and deviationsfrom thestandardWWZ vertex,evenrestrictedby unitarity, will give clean
signalsin WZ production[ZEP88].A non-standardstructureof the WW-y vertexcanalso havedirect
consequencesin Wy production [BAU88].We will discusslatersometheoreticalconsiderationswhich
lead to anomalousmagneticmoments(seesection7).

The crosssectionscorrespondingto eq. (5.25) are

cr11(h1, h2) = &,1(unpol)(1 — h1)(1+ h2), (5.26)

wheretheunpolarizedcrosssectionsaregiven in [BRO79aJ.From thesimple form of eq. (5.26) wesee
that the single helicity asymmetryassociatedto the total yield dcr/dM with no rapidity cut is clearly
given by theuniversalcurvesa~(M) becausein the ratioonecandropô~1(unpol),which is a functionof
~ only. From fig. 5.7 we see that for example at v’~= 1OTeV a W~Z°(or W~-y)pair of mass
M = 0.5TeVIc

2 will haveAL = 25%, whereasa WZ°(or W~y)pair of the same masswill have
AL = —10%. Clearlyin a realisticexperimentalsituationoneshouldmakerapidity cuts,which decrease
the expectedeventrates,but we havecheckedthat thesecuts havealmostno effect on AL, whose
magnitudeis only slightly reduced.

5.3.3. Production ofZZ andZ-y pairs
Thesepair productionreactionsareuseful andwith a reasonablerapidity cut y~<2.5 we expectfor

eachchannel2 X i05 events/yearat the SSC. The productionmechanism

q.(h
1)~,(h2)—~ZZor Z-y (5.27)

doesnot involve the trilinear coupling and for the integratedcrosssectionswe have

ó~)= [(1— h1h2)K1+ (h2 — h1)N1]I(~), (5.28)

where1(c) can be deducede.g. from eqs.(4.69) and(4.79) of EHLQ. This hasa spin structuresimilar

to that of eq. (5.6), so the singlehelicity asymmetryis given by eq. (5.8) with for ZZ

K, = (a~+ b~)
2+4a~b~, N~=4a

1b1(a~+ b~), (5.28a)

andfor Zy

K1=e~(a~+b~),N,=2e~a~b1, (5.28b)

where e. is the electric chargeof the quark q1 and a, b. are given in eq. (5.4). The results of the
calculationofAL with no rapidity cut areshownin fig. 5.8 versusM, the invariantmassof thepair, for
threedifferent energies.The polarization of the d-quark is negative,and sinceadbd is positive, the
d-quarkpolarizationreducesappreciablythepolarizationof theu-quarkto give a rathersmallpositive
AL in the caseof ZZ. AL is also positive forZ-y but largerasa consequenceof theelectricchargeof the
quarks,which reducesthe effect of thed-quark. In all casesAL decreaseswith increasingenergy.A
possiblebackgroundfor Z-y productionis thestandarddirect photonproduction(seesection4), which
hasa largercrosssection,but it doesnot contributeto AL.
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Fig. 5.8. AL in pp— ZZ andpp— Z-y with no rapidity cutversusM at three different energies.

5.3.4. Production of W+ W- pairs
This processgives the highest productionrate and at SSC we expectabout 106 events/yearwith

yj <2.5 (see fig. 120 of EHLQ). It is dominatedby the subprocess

(5.29)

which gets contributionsfrom §-channel-y, Z exchangeinvolving the WWZ coupling gz and from
t-channelquarkexchange.The crosssection to producea W~W pair of invariant massM with no
rapidity cut for the W’s is [BR079]

do- = (81ra2)~ ~ K,(~ d~4I), (5.30)

where

K, = e + + a
1

with

the quarkexchangecontribution,

a1 = [e~+ 2e1a1g~M
2Re D~+ (a~+ ~ + ~- +

the bosonexchangecontribution, and
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the interferenceterm, where + (—) is for the d- (u-) quark[BR079].Here e = 4M~IM
2, /3 =VT~

andg~= cotg0~.The integratedcrosssectioncorrespondingto eq. (5.29) reads

~(h
1,h2) = 4~a

2[(1— h
1h2)K1+ (h2 — h1)N1], (5.31)

where

with

= (2e1b,g~M
2Re D~+ 2ajbjg2~M4JDzp2)[f33(~~

1 + ~-. +

and consequentlythe single helicity asymmetryAL hasa simple expressionin terms of luminosities
givenby eq. (5.8). Theresultsof thecalculationofAL versusM areshownin fig. 5.9 at threedifferent
energies.For s 4 1 we note that Ku N~ Kd — Nd, so togetherwith the result ~

2-.~’ddfollowing
from eq. (3.6), we have the very simple approximateexpression

AL ~a~(fl)+
3ad(d)— a4(q). (5.32)

We also show in fig. 5.9 the resulting asymmetriesin the absenceof the trilinear coupling, i.e. with
g~= 0. In this case

- —1~ —A ‘— ‘—A
1u’1d’ aU-I-ad, au—ad—u,

so AL is smaller andflatter becausethe effect of the d-quark polarizationbecomesmoreimportant.
Clearly it is possibleto distinguishbetweeng~= 0 andg~= cotgO~andtheperturbationintroducedby
thedecouplingof theZ is moresubstantialfor M very much abovethreshold.Theasymmetrieswith a

20 I I I I I
pp — W4W— 101eV

15• .. —— —201eV -

401eV

10 -

g~~0

0 I I I
0 1 2 3

M (TeV/c2)

Fig. 5.9. AL in pp—+W~W with no rapidity cut versusM at three different energies,for g~~ 0 and g~= 0.
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rapidity cut3~havebeencalculatedandasalreadymentionedin previouscaseswe foundthesametrend
with the magnitudereducedby 1% or so comparedto the casewith no rapidity cut. Finally we have
calculatedthe asymmetrycorrespondingto thecrosssectionintegratedover the pair massM and the
results are shown in fig. 5.10 for the two values of g~.The effects are smaller and less easy to
discriminate.

5.4. Higgs bosonproduction

The Higgs bosonpredictedby thestandardelectroweaktheoryis a neutralscalarparticlewhosemass
MH is not specified.However,accordingto someconsistencyargumentsone canderive a lower bound
[WEI76,LIN76] and an upperbound [LEE77]allowing the following range:

7GeV/c2~ MH � 1000GeV/c2. (5.34)

Onecould haveMH> 1 TeV/c2 for any model where the electroweaksymmetry is broken by a new
strongly interactingsector[CHA85a]but sincethewidth of theHiggs growswith MH, it would become
very large, making the Higgs not easyto identify as a resonance4~.Higgs productionin pp collisions
occurs via severalmechanisms,quark—antiquarkannihilation, gluon—gluon fusion via a quark ioop
[GE078Jandgaugebosonfusion [CAH84].

The first of theseleadsto the unpolarizedcrosssection

~ d~~’)’ (5.35)

with f3~= (1 — 4m~/M~)1/2 which is dominantfor heavyquarksbecauseof the factorm~,so we now
needto specify the top quarkdistribution. It is consistentwith thatgiven in theerratumof EHLQ and

15 I’I’II I

pp —W~W

i:

0 I I I I I • I
0 20 40 60 80 100

~Th(TeV)

Fig. 5.10. IntegratedAL in pp—wW versusVI, for g~s~0andg~= 0.

~ The expressionsfor K, and N with a rapidity cut can be deduced from appendixB.
~ The shapeof theHiggs resonanceproducedat the SSChas beenstudiedin [BEN86].
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following oursimple parametrizationsof section3 [seeeq. (3.7)] we proposeto takefor theunpolarized

(top or antitop) distribution
xt(x, S~)= ~[(S~Ib)ln(1Ix)]~2xF(x,S

1) , (5.36)

with

xF(x, S~)= a1 exp[a2V~(1— \/~)]exp[12a3~(S1/b)ln(1/x)] (1 — x)
6,

S~= ln[ln(Q2IA2)Iln(4M~/A2ln(lIx))]

which takes into account the threshold due to the top quark mass M
1 for M1 = 40GeV/c

2 this
parametrizationis valid for Q2 � 7 x i0~GeV2. The threeparametersa

1, a2, a3 havebeenfitted andwe
found

a1 = 4.95 x 1O~,a2 = 14.48, a3 = 2.75. (5.37)

The smallnessof a1 reflects the tiny amount of top quark in the proton. The polarizeddistribution
x I~t(x,S~)was obtainedfrom xt(x, S1) assuming,asfor thelight flavors,theuniversalbehaviorgivenby
eq. (3.15). The differential top—antitopluminositiesat v~= 40 TeV areshownin fig. 5.11 and from eq.
(5.35) we canestimatetheeventrateit leadsto, accordingto thevalueof V~= MH. For small \/~the
singly and doubly polarizedluminositiesare largely suppressed,so for a light Higgs we expectvery
small helicity asymmetriesfrom this mechanism.

— pp (tt)
100_ —-pp (tt)

-110 - -

~io2_ -

C
—.—

104- -

10-6 — ‘—.. \. -

.. \

\
iOlr ‘~. \.

10~1 1 10

‘J~(TeV)

Fig. 5.11. The quantity (nI) d2/dn versus V~ifor tt interactionsin pp collisions at VI = 40 TeV. Solid curve, unpolarizeddistributions;
dashed—dottedcurve, singlypolarized(t or i) distributions;dashedcurve, doubly polarizeddistributions.
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Gluon—gluonfusion is also very sensitiveto the massof thequark loop and thecorrespondingHiggs
productioncrosssection[seeeq. (4.90) of EHLQ] involvesthe gluon—gluonluminosity (see fig. 3.7a,
b). As a result it dominatesover direct quark—antiquarkannihilationfor MH <700GeV/c2 or so with
M

5 = 40 GeV/c
2 and ‘~/~= 10 TeV. For thesetwo productionmechanismsparity is conservedand one

should consideronly thedoublehelicity asymmetryALL. At the level of the subprocessesone has

âLL=(l4Mt/MH) fort~, ~LL=+1 forgg. (5.38)

ConsequentlyALL resulting from the combinationof the two mechanismsis positive and from the
relativesize of the two crosssectionswe expectit to follow thebehaviorof aq (see fig. 3.17) for large
valuesof MH independentlyof thevalueof M

5. This is indeedthe caseasshownin fig. 5.12, whereALL

is representedat v~= 10 TeV up to MH = 3.5 TeV/c
2 just for illustration. At ‘~/~ = 40 TeV, ALL is less

than1% and is notworth drawing.It is well knownthat if MH <2Mw and if theHiggs decaysmainly in
tt dueto the enormousbackground,thereis no way to detectit at supercolliderenergiesandwe see
that polarizedbeamswould not help. For MH > 2M~the WW/ZZ fusion mechanismdominatesover
gluon—gluonfusion for MH � 300 GeV/c2 if M~= 40 GeV/c2 wewill comeback to this in section9. In
this massrangetheHiggs bosonmay be observedup to MH —800GeV/c2 in the decaymodeH—+ ZZ
with both Z’s decayingto e+ e- or ~ p, butotherexperimentalsignatureshavealso beenconsidered
[CAH88].

Polarizedbeamsmight be more useful for associatedproductionof a Higgs bosonwith a vector
gaugebosonW or Z as we will discussnow. They occur by direct formation and decay of a virtual
gaugebosonin

q
1~1—~HW~,q~~j1—s-HZ. (5.39a,b)

Thecrosssectioncorrespondingto eq. (5.39a)hasan expressionsimilar to eq. (5.26)andthereforethe
singlehelicity asymmetryAL for HW~productionis given by theuniversalcurvesa~(M) (see fig. 5.7),
where M is the invariant mass of the producedHW system.The crosssectioncorrespondingto eq.

10II~I~I -

Mu(TeV/c2)

Fig. 5.12. ALL versusMH for pp— H + anythingat Vi = 1OTeV. The curvesfor M1 = 40GeV/c
2and M, = 100GeV/c2 are indistinguishable.
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101eV
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Fig. 5.13. AL in pp—* HZ versusM at threedifferent energies.

(5.39b) is similar to eq. (5.28) with

K,=a~+b~, N
1=2a1b,, (5.40)

allowing a simple calculationpf AL. The result is shownin fig. 5.13 at threedifferent energies.Here
againat V~= 10 TeV, AL is largerand the effect of thed-quark polarizationreducesits valuefor high
M, the invariantmassof the HZ system.

Wehaveseenthat theStandardModel of electroweakinteractionsatLHC andSSCenergiesleadsto
definite predictionsfor single helicity asymmetriesin gaugebosonproductionproviding betterinforma-
tion on thecouplingsof W~andZ°anda goodcalibrationof thepolarizedprotonstructurefunctions.
Wehavealso calculatedsomehelicity asymmetriesin Higgsproductionfrom quarkandgluoncollisions,
but in this situationatleastpolarizedbeamsdo not allow a betteridentificationof thesignalfor a light
Higgs. We will now study nonstandardscenariosand we will see that polarization may be even
necessaryto discoverdeviationsfrom the StandardModel.

6. Minimal extensionsof the Standard Model

The simplicity of theSU(3)~® SU(2)1® U(1)~,StandardModel is remarkablebut its Higgs sector,
which is theleastunderstood,makesit very puzzling.Although theStandardModel works impressively
well at CERN collider energy,somethingelsecould be presentin themulti-TeV energyrange.Many
attemptshave been made to enlarge the gaugegroup; minimal extensionsare obtained by the
considerationof newquarksandnew leptons,heavierthanthe usualknownfermions, interactingwith
new heavygaugebosonsin a similar fashionto thestandardelectroweaktheory. Weshall only study a
few typical examplesof suchminimal extensionsto showthe relevanceof polarizedbeamsto identify a
bump in a crosssection.Needlessto recall that helicity asymmetriesare less sensitive to systematic
errors and allow one to get valuable information on the couplingsof thesenew objects. We will
considerthe casesof chargedHiggsH~production,pair productionofheavyleptonsandproductionof
new gaugebosons.
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6.1. ChargedHiggs production

As soonasoneaddsmoreHiggsdoubletsto thestandardelectroweaktheory,it impliestheexistence
of chargedphysicalHiggs Ht, non-standardHiggs bosons’~.Ignoring all thedetailsof possibleversions
for the enlargementof the Higgs sector [LAN82,LAN84, ANS85], we should not forget that, asfor
neutral Higgs, the productionand the detectionof theseparticlesin pp collisions are difficult and
strongly related to their mass. The main production mechanism is the Drell—Yan process
q

1(h1)~~(h2)—~y,Z—* H~Hwhosecorrespondingintegratedcrosssection,similarly to eq. (5.6),reads
for scalarparticles

o~(h1,h2)= ~:ç [(1 - h1h2)~,+ (h2 - h1)I~], (6.1)

with

= e~+ 2e1a~g~~+~-M
2Re D~+ (a,~+ ~ (6.2)

N = 2e/b~g~~÷~-M2ReD~+ ~ (6.3)

where M is the invariant Higgs pair mass, MH±is the Higgs mass and /3 = (1 — 4M~±/M2)112.The
ZH~H coupling is, in theminimal extension,

1 — 2x~
gzH~H-= 1/2 1/2 (6.4)2x~(1—x~)

The single helicity asymmetryhas thereforea simple expressionanalogousto eq. (5.8) and is
independentof MH±. The resultof thecalculation is shownin fig. 6.1 at threedifferent energies.AL is
positive, it has the sametrend as in dilepton production (see fig. 5.1) but with a largermagnitude

20 - I I

_1OTeV

15 ~ — —201eV -

10 ,~/::_;-:.i~..——_—~ —401eV -

5 . pp~WH -

C I I I I I
0 1 2 3 4

M(TeV/c2)
Fig. 6.1. AL in pp—H~HversusMat V310, 20 and4OTeV.

I) This is a typical featureof supersymmetricmodels(seesection8).
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becauseof the valueof gzH~H-and the absenceof thesuppressionof thevectorcoupling in lepton pair
production. If the most prominent decayof H~is into a pair of hadronjets, this parity violating
asymmetrywill be presentin the four-jet crosssection.

AnotherobviousHiggs pair productionmechanismis pp—~W~(M)—-*H~H°,which occursby direct
formation and decayof a virtual W~.In this caseAL is given by the universalcurves(seefig. 5.7). If
chargedHiggs bosonsexist, it is temptingto searchthem in productionassociatedwith thestandardW~
andZ°.In theStandardModel thereareno H~WZand H~W-ycouplingsat the tree level, so they
shouldbe ignoredin first approximation.Althoughthey aresmall theHWZ couplingsexist in left—right
symmetricmodels[GUN86].

6.2. Heavyleptonpair production

In the absenceof a basicunderstandingof the patternof the fermion generations,one should be
opento thepossibleexistenceof newheavyfermions.From whatwe learntin section4, theproduction
of heavyquarksis not expectedto be strongly affected by the useof polarizedbeams,so we will
consideronly the caseof newheavyleptons. Let us considera new lepton doublet (L, vL). The mass
ML of the chargedlepton is assumedto be suchthat ML — MVL> M~,whereMVL denotestheneutrino
mass. The cross sectionsfor the productionof heavy leptons at the SSC are rather small and the
relevantmechanismis from q~annihilation via -y, Z for a L~L pair and via W for a LVL pair. For
ML = 200GeV/c2 we expect~ L~L eventsper yearand 5 x iOt LvL eventsper year if VL is taken
massless.TheL~L - signalcould be observedby an excessiveW~W - ratewith W + andW on opposite
sidesof thebeamwith an unbalancedPT~Gaugebosonfusion andgluon—gluonfusion via a quarkloop
give largercrosssectionsfor very high valuesof ML [AND88],but herewe will restrictourselvesto the
Drell—Yan mechanismq,(h

1)~,(h2)—~ ‘y, Z—~L~L, whoseintegratedcrosssectionis given by eq. (5.6)
with

K, = f3{(~+ ~/3
2)[e~— 2e

1a1a~M
2ReD~+ (a~+ b~)(a,~+ b~)M4ID~I2]

+ 3(M~IM2)[e~— 2e,aeajM2ReD~+ (a~— b~)(a,~+ b~)M4~D~j2]}, (6.5a)

= /3{(~+ ~/32)[—2ejaebjM2ReD~+ 2a
1b~(a~+ b~)M

4~D~I2]

+ 3(M~IM2)[—2a~a~b
1M

2Re D~+ 2a~b
1(a~— b~)M

4ID~I2]}, (6.5b)

where/3 = (1 — 4M~IM2)”2andM denotesthe leptonpair mass.ClearlywhenML 4 M we recoverthe
standardDrell—Yan expressionindependentof ML with eqs. (5.3) and (5.7). Oneuseseq. (5.8) to
calculateAL and the resultat V~=40TeV is shownin fig. 6.2 for different valuesof ML, wherewe also
recall the result for thestandardAL from fig. 5.1. Theeffectis smallandprobablyvery hard to observe.

6.3. Newgaugebosons

Therearemanyproposalsto incorporatethestandardelectroweakgaugegroupSU(2)L® U(1)~in a
larger framework. One possibility, assumingthat parity violation is a low-energyphenomenon,is to
constructleft—right symmetricmodels[M0H83,SEN84] basedon SU(2)L® SU(2)R® U(1) in which
onerecoversparity invarianceat high energies.In this caseone predictsthe existenceof two new
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5
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Fig. 6.2. AL in pp—*L~L versusM at vi = 4OTeVfor ML = 0.2, 0.6 and 1.OTeV/c2(dashedcurves). The solid curve is AL for light lepton pair
production.

bosonsW~,associatedto right-handedchargedcurrents,andoneadditionalnewneutral gaugeboson.
Themassof W~is at least300GeV/c2 andif onerequirestheproductionof i03 eventsin the rapidity
range y I <1.5,oneyearrunningof SSCwould becapableto discoverW~with a massup to 6.5 TeV/c2
asreportedin EHLQ. TheseheavyW would havea pureV + A coupling to quarksandleptons;if we
assumefor simplicity that theSU(2)L andSU(2)Rcouplingsareequal,thenthesignatureof newW’s is
extremelyclear: it leadsto obviouspredictionsfor AL in pp—* W~Xgiven by theuniversalcurves(see
fig. 5.7),that is —a~(M)for W~of massM and—a~(M)for WR becauseof the sign changeof theaxial
coupling. Thereforethe useof polarizedbeamsin this situation is one excellentmethodallowing a
completestudy of thecouplingsof newchargedbosons.This is also true, as we will seenow, for new
neutralgaugebosons,whosecharacteristiccouplingsto ordinaryquarksand leptonsarefar from being
uniquelyconstrained.In additionto left—right symmetricmodels,grandunified andsuperstringtheories
leadus to expectadditionalneutralweakcurrents.We havechosento examinethecorrespondingnew
bosonswhich are suggestedby the phenomenologyof the so-called E

6 superstringinspired models
[PEC86].Superstnngsin 10 dimensionsmay, after compactification,lead to a four-dimensionalE6
gaugegroupof strongandelectroweakinteractions.SinceE6 hasrank 6 and thestandardgaugegroup
SU(3)c®SU(2)L®U(1)yhas rank 4, it contains two extra U(1)’s orthogonalto U(1)~,whose
correspondingZ bosonsarecalled Z~,and Z~.Their masseigenstatesare any linear combination

Z(a)~Z~cosa+Z~sina, (6.6)

and the orthogonalstate. The mixing angle a specifiesa particular model and clearly a = 00, 900

correspondto pure Z~,Z~.As usual, weak bosons acquire their massesthrough spontaneous
breakdownof thesymmetryand if E6 is brokento a rank-5s~roupatthePlanckscale,a is uniquely
determined[LAN84a,LON86} andhasthevaluea = arctg(V3/5)= 37.780. Thecorrespondingbosonis
denotedZ’ and thebosonorthogonalto Z’ associatedto a = — arctg(V~7~)= 127.78°is calledZ1. The
effective neutralcurrentLagrangianfor sucha modelis
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= eA~J~+ gjl — x~)’2Z~J~+ g’Z(a)~J~(
0), (6.7)

where

= ~ fy~Qjf, J~= ~ Jy~(a~— b175)f

arethe standardelectroweakcurrentsand

J~(0)= ~ jy~(a- b75)f (6.8)

is thenewneutralcurrent.g1 is theSU(
2)L gaugecoupling relatedto gy, theU(1)~, coupling,as usual,

e = gjx~)’12= g~(1— x~)112,andg’ is the new U(1) coupling, which takesthe value

g’=V~7~e(1—x~)~2, (6.9)
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Fig. 6.3. AL (a) in pp—*Z’, (b) in pp—*Z

1, versusMat three different energies.
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normalizedsuchthat in the E6 symmetry limit, whenx~= 3/8, g’ is equalto g~. We have

,, g’ /cosa sina\
a~0, b~= -~- ~ + —~-)for up quarks,

(6.10)
,. slna ,~ g’ (cosa slna\

= g’ —~-, bd — -~- ~ — -ç~~-)for down quarks.

An extraZ mustbesufficiently heavyin ordernot to give rise to departuresof availableneutralcurrent
dataand accordingto experimentallimits [GEE86]we will takeM~>200GeV/c

2. SSCwould be an
excellentsource2~for producingZ’ and accordingto reasonableestimates[BAR87]we expect2 x iø~
eventsper yearif ~ = 500 GeV/c2and ten times less if M~= 1 TeV/c2. The productionmechanismis
the Drell—Yan processand clearly the single helicity asymmetryAL is given by eq. (5.16) using eq.
(6.10).The resultsof thecalculationaredisplayedin fig. 6.3afor Z’ andin fig. 6.3b for Z

1. Sincea~= 0
in all cases,thesizeof thenumeratorin eq. (5.16) is determinedby 2a~b~,which is negativefor Z’ and
positive for Z1. Moreoverfor Z1 u-quarksdecoupleandwe havea pure V — A coupling to thed-quarks
giving a muchlargermagnitudefor AL. We seethat theseasymmetriescanbe usedatSSCandLHC to
probe the couplings of thesenew bosonsprobably more accurately than with forward—backward
asymmetriesin p~~i pair production[ADE86,R0S87].

7. Compositeness

Compositenessis one of the approachesto the outstanding problemsleft unansweredby the
StandardModel. It supposesthat all or at least some of the particles consideredup to now as
elementaryand point-like, are in fact compositeand extendedobjects[PES81,HAR84, PES85J.

The idea that leptonscould be compositeis as old as the discoveryof the muon, whose“raison
d’être” is not yet understood.Later on the lepton—quarkanalogyand theproliferationof quarksand
leptonshasstrongly supportedthis hypothesis.The massgenerationproblem,i.e. the origin and the
mechanismfor thewide spectrumof lepton,quarkandgaugebosonmasses,hasled to theproposalthat
theHiggs bosoncould be composite.This is the technicoloridea.Finally thepeculiargaugesymmetry
breakingwhich distinguishesthemassiveW ± andZ°from the masslessphotonandgluonsmight leadus
to the assumptionthat W~and Z°are composite objectssatisfying a global SU(2) symmetryand
mediatingweakinteractionsappearingasresidualeffectsof the underlyingsubstructure.

Presentlythereis no experimentalindication of compositenessin anyof the threesectorsmentioned
above,which is not very encouraging.In spiteof this, very interestingmechanismshavebeenproposed
for theunderstandingof the intriguing aspectsof the lepton and quarkspectrumand thepropertiesof
compositeintermediatevector bosons.Although severalscenariosappearto be appealing,no model
hasyet beenfully satisfactoryand this is the reasonfor thedevelopmentof phenomenologicalstudies
whoseaims are, on the one hand, the searchof the possibleexperimentalsignals for compositeness
effects(newparticlesand interactions)and,on theotherhand,thedescriptionof theprocessesin order
to establishlimits on themagnitudeof theparametersmeasuringthe interactionscalesor theextension
of the expectedcompositeparticles.Another aspect,as a consequenceof the absenceof a unique
compositemodel, is the “effective” characterof theparametersintroducedin thesephenomenological

2) Event ratesat LHC from various models arealso given in [AGU87].
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descriptions,their model dependenceandhencetheir limited significance.Thereforetheexperimental
limits obtainedfrom thevariousprocessescannotbe numericallycomparedwithout ambiguityandone
needsto establisha completeset of limits in order to testvariouspossiblecompositenesseffects.

We will follow the strategyoften usedwhich consistsin separatelytreatingtheeffectscoming from
the three sectors,establishinga hierarchyin compositeness:compositeHiggs bosons(technicolor),
compositevector bosons(alternativemodels),compositequarksand leptons(substructure).

7.1. Technicolor

In this approachthespontaneousgaugesymmetrybreakingwith theHiggsmechanismis replacedby
a dynamicalsymmetrybreaking.The existenceof a whole spectrumof new fermionspertainingto a
new gaugegroup GTC is assumed[WEI76a,WE179, SU579]. The chiral symmetryassociatedto the
peculiar assignmentsof thesefermions is broken at an energyscaleATC of the order of 1 TeV. As a
consequence,amongthevariousJ~fermion—antifermionboundstates,calledthe technimesons,whose
massesare in principle of the order of ATC, there appearsome masslessobjects,the technipions
(JPC = 0~).Three of them (ir.~,ir~.),coupled to the gaugebosonsWt, Z°by weak interactions,
providethe degreesof freedomnecessaryto form the longitudinal statesandgeneratethe massterms.
The resulting W~,Z°propertiesare thentotally identical to the standardones.The besttest of this
basic technicolor idea is the observationof massive technimesonstateslike techni-rhos(p~,pg.),
techni-omega(WT) etc. Thesevector statescanbe especiallyproducedby the Drell—Yan mechanism,

q
1(h1)~~(h2)—~-y,Z—+p~.,q1(h1)~1(h2)—~W~—*p.~, (7.1)

whosecorrespondingintegratedcrosssectionsare thereforefor p~.

ô~(h1,h2)= ~ ~(M

2 — m~)[(1— h
1h2)K1+ (h2 — h1)A1~], (7.2)

with

K, = ~ + ~ ReD~+ (a~+ b~)g~~M
4ID~I2, (7.3)

= 2e~b
1g~~M

2 Re D~+ 2a
1b1g~~M

4ID~i2, (7.4)

andfor p~

&~(h
1,h2)=2(1 — h1)(1 + h2)g~~~~ 6(M

2 — m~T)IDWI2, (7.5)

wherem is the massof the techni-rhoand
PT

m~ 1—2x 1
(g~~

1,~ZPT~ gWPT) = ga,,,, (~,2x~
2(1— ;)1/2 ~~T72). (7.6)

The normalizationof thesecouplingsby ~ is only relevantfor thecalculationof theproduction
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crosssectionsand here we have usedvector dominancewith the natural assumptionthat the usual
coupling pirrr is the samefor the correspondingtechnimesons.Production rates in the case of
unpolarizedbeamshavebeengiven in EHLQ; from p~(p~)one expectsa small enhancementof the
W~W(W~Z) crosssectionin a kinematicregionwherethestandardrateis only a few hundredevents
per year at the SSC. Polarizedbeamsmight thenhelp to extracta convincing signal. For example,it
allows oneto distinguishthe productionof a neutralHiggs, H°—~W ±W -, which hasAL = 0 (seesection
5), from that of a neutraltechni-rho, p~.—*W~W,for which AL is not zero.For p.~production,asa
consequenceof eq. (7.5), AL is given by the universalcurvesa~(m~)(seefig. 5.7) andfor p~.,by
comparingeq. (7.6) andeq. (6.4), weseethatAL can be readoff from fig. 6.1 with M = m~. All these
asymmetriesare sizeable in the massrangeof interesthere, that is, above 1 TeV/ c2. They are mainly
relatedto m~but not directly sensitiveto the value of ATC.

This minimal technicolor mechanismhasbeen extendedin order to generatealso masstermsfor
leptonsand quarks.This is done by assumingthe existenceof a largergaugegroup GETC containing
GTC involving gaugebosonswhich coupleleptonsand quarksto technifermions.The resultinglepton
and quarkmassesare thenof theorder of

m= ATC/AETC, (7.7)

and to generateall mass terms the chiral flavor groupmust be ratherlarge. In the Farhi—Susskind
model [FAR79]one starts with the symmetry SU(8)L®SU(8)R®U(1)v, which is spontaneously
broken down to SU(8)~® U(1)~,,leading to 82 — 1 masslesstechnipions.There are 32 color-octet
quark—antiquarkbound statesP~,P~,P~and P~,24 color-triplet quark—leptonbound statesP

3
sometimescalled leptoquarks,and 7 color singletsof which three(itt, ir~.,ii.~) becomethe W~,Z°
longitudinal states,the remainingfour being denotedP~,P°,P andP°.Exceptfor the ir.~.’s,all these
statesshould then acquire small masses(as comparedto ATC) from radiative correctioneffects of
electroweak,strong andETC interactions.Initially it was expectedthat theycouldbe light enoughso
that theycould be observedat PEPor PETRAenergies.Presentlower limits [ADE85I arenow of the
order of 20 GeV/c

2, still consistentwith ETC models. In fact, one of the seriousproblem of ETC
modelsis thepredictionof unacceptablylargeflavor changingneutralcurrentsandso far attemptsto
curethis difficulty led to modify the model in a ratherunrealisticway.

From a purely phenomenologicalpoint of view onemay still assumethat this is solved and that it is
worthwhile to searchfor suchtechnipionstates.A detailedreviewof the productionprocesseshasbeen
given by EHLQ (seealso [E1C86]).For singleproductionof technipionsthemost importantprocessis
the productionof the neutral technipionsP° and P~via gluon—gluon fusion. Pair production of
color-triplet or octet technipionscan occur through both quark—antiquarkannihilationandtwo-gluon
fusion, the secondprocessbeing dominant.In all thesecasesparity is conservedso thereis no single
helicity asymmetryand the doublehelicity asymmetriesare small due to the smallnessof the gluon
polarization(seefigs. 3 .7aand b). However,color-singletchargedtechnipionscan beproducedin pairs
P+ P- by the Drell—Yan mechanismand in this casethereis a single helicity asymmetry,which is the
sameas for chargedHiggs (seefig. 6.1) regardlessof the massof theseP± objects.

7.2. CompositeW~and Z bosons

7.2.1. Anomalousmagneticmoments
Compositenessof W, Z bosonscould manifestitself throughseveraltypes of anomalousproperties

(massshifts, form factors,anomalouscouplings of various kinds and existenceof compositepartners
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and excited states).One classof anomalouscouplingswhich has receivedmuch attention is the one
concerning the vector boson trilinear couplings -yW~W and ZW~W (and also the four-linear
couplings,which we will not discusshere).In thegeneralcaseoneexpects[GAE79]tendifferenttypes
of trilinear couplingsto exist; restrictingourselvesto CP conservationand to pure spin-onecurrents,
theonly onesthat cancontributein processesinvolving light leptonsandquarks(for thecaseof heavy
quarkssee[CHA87])leavesonly four typesofcouplings.Forsimplicity we will also restrictourselvesto
dimension-four,parity and charge conjugation conserving terms (the most conservativecases of
departurefrom the standardsituation),which meanstwo types of couplings,the chargeone and the
magneticone. For‘yW~W,thechargedcoupling constantis fixed to e, and themagneticmomentK3 is
left free. For ZW~Wboth the chargecoupling constantg~andthe magneticmomentKz areapriori
left free. In thestandardcase = cotg O~andK7 = = 1. In a purely phenomenologicalway one can
vary thesethreeparametersindependentlyandobservetheeffecton variousexperimentalobservables
with unpolarizedbeams[BRO79a].As soonasone departsfrom the standardvaluesof the coupling
constants,oneobservesan increasein thecrosssectionasa consequenceof the lossof thecancelations
amongthe various diagrams,a typical feature of the standardgaugemodel. In generalthe single
helicity asymmetryis also affected by such departuresas we will see now in some detail’~.The
subprocesscross section q1(h1)~~(h2)—~W~Wwas given in section 5.3.4. Clearly the exchange
contribution e is unchangedbut a1’ a and i~aregeneralizedas follows. For the annihilation termswe
havenow

a1 = e~fA(K7, K7) + 2e1a1g~f~(K7, K~)M
2ReD~+ (a~+ b~)g~f~(K~,K~)M4ID~I2, (7.8)

= 2e,b~g~f~(K
7,Kz)M

2 Re D~+ 2a
1b1g~f~(K~,K~)M

4ID~I2, (7.9)

with

fA(’~a, Kb) +[~(1 + KaKb)+ ~(Ka+ Kb)]~ + ~),a,b ,Z.

The interferencetermbecomes

i, = ~—[e,f
1(i7) + g~(aj+ b,)M

2Re D~f
1(K~)], (7.10)

with

fI(Ka)=P(~ +
5~4~-K~-~- )-eN(1+K~)+ke]ln ~ a~’-y,Z.

We have assumedno rapidity cut for theseexpressionsbut they are given with a rapidity cut in
appendixC. Thenwe can calculateN,. and K, from eqs.(5.30) and (5.31) and useeq. (5.8) to obtain
AL. In thestandardcase,asexplainedin section5.3.4, for M2~M~,i.e. e 4 1, the ‘y + Z conspiracy
leadsto a W3 amplitudewith purely left couplingsto the initial quarks,soN~ K, andthesubprocess
asymmetry~L is almost 100%. This is also the caseif g~= (K

7/K~)cotgO~for any K7 and Kz. The
standardAL for W~W pair productionis recalledin fig. 7.laat ‘V~= 10 and40TeV togetherwith the

1) Another way to test the structure of the trilinear couplings and possible deviations from the Standard Model is to measurethe angular
distribution of the density matrix elementsof the gauge bosons[CHA88].
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Fig. 7.1. (a) AL in pp_,W*W versusM, the invariant massof the pair, for different values of i~, and K

5, at Vi = 1OTeV (dottedcurves) and
vi =4OTeV (solid curves). (b) AL in pp—~W~WversusM with theconstraints(7.11) and =2 at threedifferent energies.

results obtained using arbitrary values of K1 and Kz and holding gz= cotg~ We see that the
measurementof AL appearsto be an interestingway to discriminateamongseveralpossibilitieswith
anomalousmagneticmoments. However, there exists a special class of models [KUR87,NEU87]
characterizedby specific constraintsamongK3, Kz andg~.The following constraints:

KX K(lX

)

3 W 7 W
g~= 1/2 1/2 ‘ Kz = , (7.11)x~(1—x~) K7X~

were introducedin [NEU87]in order to kill theA
4 divergentbehavior2~of thebosonloop contribution

to the W, Z massshifts, when anomalouscouplingsare considered.For M2 ~- M~.,theseconstraints
preserveapproximately the purely left -y + Z combination; thereforeAL standsvery close to the
standardvalue althoughthe crosssectionis stronglymodified. For illustration we show in fig. 7. lb the

2) A is theultraviolet cut-off interpretedas the massscaleat which new physicalphenomenaset In.
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resultcorrespondingto 1(7 = 2, giving 1(~= 0.876andg~= 4.297. By comparisonwith fig. 5.9 weseethat
AL is very muchthesamefor M above1 TeV/c2,but for low M theZ propagatoreffect breaksthe ‘y + Z
conspiracyand AL differs from the standardresult.

7.2.2. Contacttermsin W+ W- production
Anotherpossibleconsequenceof thecompositenatureof W~,Z bosonsis theappearanceof residual

interactionterms(for exampledue to subconstituentrearrangements)in theprocessqij —~VVwhereV
standsfor a vectorboson. Such effectshavebeenstudiedin detail for the casee~e—*VV [MER87,
MER88]. Here we will only illustrate the possibility of a residualterminvolving longitudinal vector
bosonstates,which would be a strongsignal in favor of anomalousdynamicsin thevectorbosonsector
(and not in the quarksector).Taking for definitenessthe residualamplitude~

~ ~ 2 (c—dy
5)u(q)e’~pe~p’, (7.12)

with thechiralitystructurec — dy5 normalizedto c
2 + d2 = 1 and theeffectivecompositenessscaleA. g2

is usually takento be g2 = 4ir, p ands (p’ ands’) beingthe momentumandpolarizationvectorof the
W~(W). The subprocesscrosssection q

1(h1)~1(h2)—3W~Whasnow the following expression:

o(h1,h2)= &~

m(h

1, h2) + &7(h1, h2) , (7.13)

where o~
m(h

1,h2) is the standardintegratedcrosssection given by eq. (5.31) and ~r~
t(h

1,h2) is the

contactterm integratedcrosssection,which reads

~
t(h

1, h2)= ~ p([(i — h1h2)(c
2 + d2)+2cd(h

2—h1)]C4

+ (1 — h1h2)[(a,c + b1d)C~4+ e1cC~4]+ (h2 — h1)[(a1d + b1c)C~4+ e1dC~4]

+ ~—(1—hlh2+h2—hl)(c+d)CE4). (7.14)

The coefficientsC4, C~4,C~and C~4aregiven in appendixD with a rapidity cut, but hereonehasto
take them with z0 = 1 since thereis no rapidity cut in eq. (7.14). We showin figs. 7.2aand 7.2b at

= 40 TeV the sensitivity of AL to thechoice of A and to thechirality structureof the interaction.
Purevector (c = 1, d = 0) andpure axial (c = 0, d = 1) leadto thesameAL as shownin fig. 7.2a, and
when A increasesdeparturefrom the standardAL(A = ~) to AL = 0 occurs for largervaluesof the
invariantmassof thepair. Figure7.2b showsthe caseof a right-handedinteraction(c = — d). Clearly if
thecontactinteractionis left-handedwedo not expectanyseriousdifferencewith thestandardAL. The
resultsat V~= 10 and 20TeV havethe sametrendwith a slightly largermagnitude.

A similar studyof contacttermsfor othergaugebosonpair productionprocessescould be doneand,
for example,theeffectson thecrosssectionin yZ°productionhavebeenreportedin [RYZ87,KNE87].

3) Note that from dimensional arguments we have the fourth power of the scaleascompared to the second power in the four-fermion case[see
below eq. (7.17)].



370 C. Bourre!y eta!. I Spin effectsat supercol!iderenergies

V~:40TeV pp~—w~ ‘ I
15 Axial or vector -

__~ %%

10 -

/,

20 TeV -

0 __________________101eV

1 1eV

e(a) I I • I

0 1 2 3 4

M (TeV/c2)
2C I I I I I I

~i:40TeV pp—W4W ARight handed

1 1eV

I I • I I

0 1 2 3 4

M (TeV/c2)

Fig. 7.2. AL in pp—~W + W - versusM at Vi = 40 TeV, (a) with differentvaluesof the(axial or vector)contactinteractionscaleA, (b) with different
valuesof the (right-handed)contact interactionscale.4.

7.2.3. Y and Z* bosons
In compositemodels, by simple analogy with the known hadronspectrumit is natural to expect

besidesthe isovector triplet W~,W, W3, a weak isoscalarvector boson Y. Phenomenological
consequencesassociatedto the existenceof sucha newstatehavebeenstudiedin [KUR85]for e+ e-

collisions at LEP or SLC. Wewould like to describesomeimplications in pp collisions with polarized
beams at much higher energies. The Y boson can be producedby q~annihilation through the
Drell—Yan mechanismand oncemorewe will seethat AL providesa direct measurementof the Yq~
couplings.Following [KUR85]we will assumethat the Y bosoncouplesto quarksaccordingto two
different models,eitherthe isoscalarcouplesto the full hyperchargecurrent(modelA) or it couplesto
its left-handedpart only (model B), in analogywith the left-handedisovector.However,thesebasic
properties,in both cases,arespoiled by the mixing betweenthe photon and theweak bosonsin the
sameway asthe W3—-y mixing producesthe Z bosonwith left- andright-handedcouplingsdependingon
Q~and sin2 O,~.The physical Yq~couplings now dependon additional mixing parametersand their
generalexpressionsare given in [KUR85,BAU87]. In theabsenceof a precisequantitativeprediction
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for the mixing we will considertwo extremecases[BAU86]with eitherweakor strongmixing. In the
weak mixing casewe have

a, = gy(e, — ~ b, = —gy I~/2 (model A), (7.15a)

a, = b, = ~g~(e~— I~) (model B), (7.15b)

where gy is thebasicweak hyperchargecoupling constantandI~is the third componentof thequark
isospin. We will refer to thechoicesof eqs. (7.15a) and(7.15b) asmodel 1 andmodel 2, respectively.
The valueof gy determinesthe size of theproductionrate.Assuminga similar strengthfor the weak
isovectorandhyperchargecouplings,oneestimatesat theSSCthenumberof eventsper year in e+ e-

decaymodeto beof theorderof 106 for M~= 0.5TeV/c2 [BAU86].The correspondingasymmetryAL
is given by eq. (5.16) with M~replacedby M~,and by using eqs. (7.15a,b) we obtain the results
displayedin figs. 7.3a, b. Clearly AL is independentof gy and for model 1 it is negativeand large
whereasfor model 2 it is positive andhasthe typical behaviorof a purely left-handedobject. For high

0 I I I I I I I

pp-.-.V (model 1)

-5

~10 . 101eV

: ~ 10

M~(TeV/c2)

pp--V (model 2)

0 (b) - I I I • I

0 2 4 6 8 10

M~(TeV/c2)

Fig. 7.3. A

1 in pp—YversusM~(a) for model 1, (b) for model 2 (seetext) at threedifferent energies.
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M~at V~= 10 TeV the magnitudeof AL decreasesin both casesdue to the effect of the d-quark
polarization. In the strong mixing caseY decouplesin model A andbecomespurely right-handedin
model B, wherewe have

a, = —b, = — ~gye1. (7.16)

The result for AL is similar to that of model 1.
In thecaseof an excited weak boson[BAU87a]one startswith a triplet of excitedW* coupledto

left-handedfermion doubletswith a specific coupling constantg~.Again this purely left structureis
spoiled by the W

3_W*3_~ymixing leading to the physical Z* with left- and right-handedcouplings
dependingon ratio g~/g~aswell as on a new mixing parameterA~.So a priori it seemsdifficult to
predict the typical chiral structure-y ~(c— dy5) for theZ* couplingsto q~states.For thesereasonswe
restrictour illustration to largevaluesof Mi., say above1 TeV/c2, for which the mixing is expectedto
be small [BAU87a].In this caseonehasto dealwith a purely left-handedobject,so theasymmetryAL

will be similar to theabovemodel 2 (seefig. 7.3b). ThereforeAL allows a distinctionbetweensuchan
excitedbosonZ* and,for example,a newgaugebosonZ’ asconsideredin section6 (seefig. 6.3a).The
measurementof AL gives valuableinformationon theqi~couplingsto newobjectsand thus constitutes
a severetest for currentmodels.

7.3. Compositequarksand leptons

The compositenatureof quarksand leptonscould revealitself through anomalouspropertiesin a
wayvery similar to thosementionedabovein thecaseof W~,Zbosons(anomalousmagnetic(g— 2) or
electric dipole moments, form factors, residualinteractions)as well as through the discoveryof new
states(excited leptonsor quarks,exotic stateslike coloredleptons)which cannotbe assignedto any
standardmultiplet.

Many lower limits havealreadybeengiven for effectivescalesor massesof newstatesfrom various
sources,in particularthevalueof theelectronor muon (g— 2), theabsenceof flavor changingneutral
currents(FCNC) like p—~ey,the absenceof a departurefrom standardpredictionsfor e~eand qq
collisions, and theabsenceof a signalfor anynewstate.Expectationsof new limits accessibleat SLC,
LEP or HERA havealso beenobtained[TRE87,RUC87]. It appearsthat thereis still muchroom for
improvingtheselimits in a very fruitful wayatpp supercolliders.Only specialconstraintshaveappeared
to be required in a quasi-unavoidableway. FCNC seem to be forbidden up to very high scales
(i0~TeV), thus alreadysettingimportantrestrictionson subconstituentdynamics.Chirality playsa very
important role in the magnitudeof the lower limits obtainedfor the effective scales,for example,in
(g — 2) factors, in ~ e~yor in the searchfor excited leptons.The lessmodel dependentlimits on a
possible non-zeroextensionof quarksand leptonscomefrom the searchof four-fermion residual
interaction terms. At pp colliders one will have accessto (qqqq) and (qq��)contactterms giving
deviationsfrom standardpredictionsfor lepton pair, direct photonandhadronicjet production,which
we will examinein turn. We will emphasizethe advantagesof polarizedbeamsaswasalreadypointed
out in [ALB84].

7.3.1. Leptonpair production
If leptonsand light quarkshavecommon constituents,contactinteractionswill modify lepton pair

production.Under this assumptionwe will add to theusualamplitudedescribingq.(h
1)~,(h2)—~~ ~ -,
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the four-fermion residual amplitude4~

~ = (~) ~)y~(1 — ~y
5)u~i~(q)y~(1 — ~‘y5)v(~), (7.17)

and since thechirality structureis not known we will considertwo extremecases:~ = q’ = 1 left—left
(LL) coupling and ~ = q’ = —1 right—right (RR) coupling. The integratedcrosssectionreads as eq.
(5.6) with

K, = K~

m+ K~t, N, = N~m+ N~t, (7.18)

where K~mandN~mare the StandardModel K, andN, given by eqs.(5.3) and (5.7), and

K,~t= 2M2C[—e, + (a~+ b~’q’)(a,+ b,~)M2ReD~+ 2M2C}, N,~1= ~jK~1 (7.19)

with g2 =4w one hasC= 1I4aA2.
Modifications in the lepton pair crosssection due to this new interaction havebeenreportedin

[CH188]andEHLQand, for example,if thecompositenessscaleA is of theorderof 10 TeV, thenfor a
pairmassM = 2 TeV/c2 the eventrate at V~= 40TeV is a factorfourhigherthan theStandardModel
rate.The single helicity asymmetryobtainedfrom eq. (5.8) will bealso stronglymodified with respect
to the standardmodel result (see fig. 5.1). The results for AL are given in figs. 7.4a and b at

= 40TeV for different valuesof A. Hereone importantremarkis in order. Fromthe simple relation
betweenN7 and K,~tin eq. (7.19) we see that RR (LL) coupling will mimic a purely right- (left-)
handedinteractionproducingthe lepton pair. As a result,for small ARR’ i.e. 1 TeV, which is probably
not very realistic at SSC, the contactinteractiondominatesat largeM and we recoverthe universal
resultof a purely right-handedinteraction(see, for example,A = 1 TeV in fig. 7.2b) and similarly for
small ALL theuniversalresultof a purely left-handedinteraction(see,for example,A = in fig. 7.2b).
For very largevalues of ARRor ALL, AL tendsto theStandardModel result.

7.3.2. Direct photon production
Direct photonproductionathigh PT is also an interestingprobefor thepresenceof subconstituents

and thesensitivityof thecrosssectionat the SSC,which hasbeeninvestigatedin [0WE84],showsthat
one can get accessto compositenessscalesof about5 TeV. As we recalledin section4, direct photons
areproducedvia quark—antiquarkannihilationand quark—gluonComptonscattering.In the presence
of contactterms,the amplitudefor q,(h

1)~,(h2)—~g-ycan be written as (seeappendixE)

R~(A)= R~m(A)(1 + 2e~4
4(c — d

5)), (7.20)

where R~m(A) is the StandardModel annihilation amplitude, and the crosssectionbecomes

4) The relative sign of this amplitude with respectto the standard one is unknown and + (—)refers to destructive (constructive) interference. We
will take the + sign.
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Fig. 7.4. AL in pp—+ � ~� - versusM at vi = 40 TeV with different values of (a) theright—right contact interaction scaleARe, (b) the left—left
contact interaction scaleALL.

(h
1, h2)= 8iTe~aa~(z~/I+I/a)[(1—h1h2)(C~+D~)+2(h2—h1)C,D,], (7.21)

C, = 1 + âlc/2e,A
4, D, = âIdI2e,A4.

For quark—gluonComptonscatteringq,(h)g(A) —~ q,y by crossingsymmetry(~~ 1) we have

R,(C)= R~m(C)(1 + 2eA4(c — d
5)), (7.22)

and the crosssectionreads



C. Bourre!y et a!. I Spineffectsat superco!!iderenergies 375

(h, A) = lTelaaS {(â2 + s2)(C~+ D~— 2C,D,h)— A(u2 — s2)[(C~+ D~)h— 2C,D,]} (723)

For ~,(h)g(A) —~ ~y the sameformulaholds but with h —~— h and A —~— A. We recoverthe Standard
Model results given in table 4.1 for A = ~. Here also the chirality structure is arbitrary and for
illustration wewill takea left-handedinteractionc = d = 1 /~h.TheresultingAL areshownin figs. 7.5a
and b at V~= 10 and 40 TeV versusPT for different values of A. As usual the effect is larger in
magnitudeat v~= 10 TeV andexcept for A = 1 TeV, which is not very realistic,a cleansignal is present
up to A = 10TeV or so, whereasAL vanishesfor A = ~. AL changessign with a right-handedcontact
interactionsinced—s- — d.

7.3.3. Hadronic jet production
High-pr jet productioncan also give signals for compositenessand the influence of a contact

interaction in quark—quarkscatteringproducing an additional yield in the PT distribution of a single
outgoing jet has been studied in EHLQ and also in [BAR86].It was shown that compositeness

60 , I I I I I I

pp—s ~I~10TeV —1 V

~2o~I III

P
1 (1eV/c)

40 1

A~11eV

P1 (TeV/c)
Fig. 7.5. AL in pp—~yversusPT (a) at Vi = 10 TeV, (b) at Vi = 40 TeV, with different values of the left-handed contact interaction scaleA.
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dominatesover other exotic physics at the SSC, which may be sensitiveto a compositenessscale as
largeas 20 TeV. Herewewill examinethis influenceon thesingle helicity asymmetry,which is zeroin
the StandardModel (see section4). The four-fermion residual amplitude is analogousto that used
abovefor lepton pair production[seeeq. (7.17)] andwe assumea commonaxial coupling constantij.
The differential crosssectionfor quark—quarkscatteringnow takesthe form

(hi, h2)= [(1—h1h2)X1+(h2 — h1)X2 + (1 + h1h2)x; +(h2 + h1)X~], (7.24)

andwe havelisted in table7.1,wherewe shoulduseC= 1 /a~A
2,theexpressionof the X, for the seven

differentprocesses5~.Clearly for A = co we recoverthestandardresultsgiven in table4.1. The single-jet
PT distribution is obtainedfrom eq. (4.1), whose explicit use allows the calculation of AL, which is
shown in figs. 7.6a and b at y = 0 for v’~= 40 and 1OTeV. We havetaken a left-handedcontact
interaction(~= +1) and the solid curvescorrespondto threevalues of A.

As we haveseenin section4, quark—quarkscatteringdominatesjet productiononly at largePT anda
substantialpart of the crosssectioncomesfrom gg—~gg andgq—~gq scattering.Gluonsareconsidered
as elementaryso thereis no contactinteraction in gg—~gg, but this is not the casefor gq—~gq or
gg—~q~.Theselast two contributions,which were ignoredin EHLQ, havebeencalculatedhere6~.Due
to dimensionalarguments,sincewe have two bosonand two fermion fields, the residualamplitudegoes
like A4 and the effects should die off faster than for qq—+ qq when A gets larger. The effect from
gg—+q~jon AL is negligible and the effect of qg—* gq is important only at V~= 40 TeV for A of the
orderof 1 TeV or so (seefig. 7.6a).At 10 TeV, to seeaneffectoneshouldtakeA smallerthan250 GeV.

Table 7.1
List of the coefficientsX. entering in the cross sectioneq. (7.24) for variousprocesses

xI x~ x

2 x~

- - 4+2 .2’

q~q,~q,q1 ~ ~ + u C -~ usC 0

+~ 2q.q,—9qq1 ~ -~ -~ +s C 0 sijC

-- -- 4t1 4~ ~
q,q1—4q,q1 ~ -~ ~ +s C 0 s~C

4 ~ 12\ 4 1.,/1 1 \ 2 ~21 _~ ,/1 1\

q,q—4q,q ~ ~-~+-~) ~ 1~ +-s)—~--2]+isC 0

—— —— 4f~2 F\ 4L511 1\ 2~21 2 2 2/1 1\ -2

qq,~q,q -~-+~) ~L5)~~i5C 0

— — ~ ~ + ~2 ü
2 2 d2\ 4 ~ ~ 2(1 1 \ +2 2

q,q,-~q,q —~-—+~—~-~) ~
9u\~+~nC+lu7lC 0

q,~,—.)q1q1 ~ a
2+12 +2~22C2 0 2,22~C2 0

“For the unpolarizedcross sectionsgivenby X, + X~wedisagreewith eqs.(8.13) and(8.15) of EHLQ for theC2 terms,someof whichdo not
satisfythe ii I crossingsymmetry.

6) Polarizedcrosssectionsaregiven in appendixE for completeness.
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Fig. 7.6. AL in pp—6 jet + anythingversusPT (a) at vi = 40 TeV, (b) at Vi = 10 TeV, and y= 0 with different values of the left-handed contact
interaction scaleA. The dashedcurvein (a) includesgg—+ q~and gq—4 gq contact terms.

We havediscussedsomedeviationsto be expectedfrom QCDpredictionsif quarksandleptonshave
internalstructurewith a characteristicsizeof A’. Although someuncertaintiesremainin our estimates
we believe that polarized beams would increasenotably our sensitivity to the manifestationof
compositeness.

8. Supersymmetry

The ideaof supersymmetric(SUSY) theorieswas proposedseveralyearsago [GOL71,V0L73,
WES74] buthasbecomevery popularmorerecently.Motivationsfor thesetheorieshavebeenreviewed
in many places [FAY77,HAB85, N1L84] and a lot of studieshave been devoted to searchfor
supersymmetricparticles(sparticles)at present[ELL88Jor future hadroniccolliders [E1C84,BAR86a,
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SAV87, BAT87, MAN87, BAT88] aswell ase~emachines[LEP86,DI087, D1087a,CHE88].SUSY
implies the existenceof partnersof ordinary particleswhich differ from them by half a unit of spin.
Thus in any minimal SUSY extensionof the StandardModel, one finds scalars �L, ~R (~L, qR)

associatedto eachhelicity stateof a lepton � (or quarkq): spin 1/2 gluinos (i), photinos(i), winos
(W~) andzinos(Z°),thepartnersof gluons,photonsand theelectroweakgaugebosons,respectively.
Higgsinosarealso present,asfermionsassociatedto thetwo Higgs doubletswhich arenow necessaryto
give massesto all particles. Experimentallower limits obtainedup to now on the massesof these
hypotheticalsparticleslie in the rangeof a few tenths of GeV/c2 (for more precisionsee [WU87,
BAT88]) but theselimits are not very relevant for the Supercollider energiesconsideredhere.
Concerninga possibleupperbound,let us just recall that thehope to solve thenaturalnessorhierarchy
problemis a strong motivation to expectsparticleslying below the TeV range.For the experimental
detectionit is well known that, due to R-parity conservation[FAY75,SAL75], sparticleswill be
producedin pairs, eachsparticledecayingby a cascadeto the lightestsparticle(LSP) which is neutral
and turns out to be the photino in many phenomenologicalmodels. Interactingvery weakly with
ordinarymatter,the LSP will escapedetection:this implies that the productionof sparticlesis always
characterizedby missing energy—momentumevents. In spite of experimentalprogress,thereis no
doubtthat suchevents,as in the recentpast [HAL85],will remaindifficult to interpret.We will see
that, asin thecaseof e+ e- interactions[CHI85a,CHI85b, SCH85],polarizationcould helpto identify
the natureof theseevents.

8.1. Strongly interactingSUSYparticles

Gluinos and squarksshould be copiously producedat Supercolliders,even in the casewhen their
massesare quite high [EIC84,DAW85, SAV87, BAT87, BAT88]. For example,with an integrated
luminosity of i04°cm2, one gets i07 gluino pairs at the SSC and ten times less at the LHC for
m~= 400 GeV/c2. This ratereducesto i04 pairs if m~= 1.5 TeV/c2at the SSCor if m~= 1 TeV/c2at the
LHC.

In caseof direct decayto the LSP, thesignaturesfor squarkandgluino productionarevery similar:
multi-jets plus missingtransversemomentum.The most importantbackgroundis due to semileptonic
decaysof heavyquarkswith energeticneutrinosandalsoZ°—+ vi decays.Note that, in thecaseofvery
massivesquarksand gluinos, decaysinvolving winos andzinos tend to dominateif allowed [BAT88].

Sinceparity is conservedin theproductionofthesenewstrongly interactingparticles,we will only be
concernedwith doublehelicity asymmetriesALL asin section4. For the subprocesses- where a pair of
sparticlesis producedin the final state:gg—~~, qg--~~j, gg—~~, qq—* ~,. .. , the ~ are— 100%in
the limit of masslesssquarksandgluinos [CRA83,CRA83a]due to helicity conservation.This contrasts
with thestandardcasewhereall the dominantaLL werepositiveand smallerin magnitude(seesection
4). The invariantcrosssectionsand thecorrespondingALL, in the casewhereonly oneSUSY particleis
detectedthroughone jet plus missingenergy,canbecalculatedusingeq. (4.1)andthesubprocesscross
sections,which canbefoundin EHLQ or in [CRA83].For illustration, in thecaseof light sparticles,we
display in fig. 8.1 ALL versusPT’ calculatedat zero rapidity by addingthe dominant gg—~ ~ and

~ijcontributions.As expectedit is negativeand largerin magnitudethan in thestandardcase(see
fig. 4.2). For heaviersparticles,using the formulas which canbe foundin [CRA83],we havechecked
that this patternsurvivesmasseffects,apartfrom a slight decreasein magnitude.
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Fig. 8.1. The double helicity hadron asymmetry ALL in the production of one light strongly interactingsparticleaty = 0 versusPT for three different
energies.

8.2. Non-stronglyinteractingSUSYparticles

8.2.1. Sleptonpair production
The elementary reaction is a simple generalizationof the usual Drell—Yan process: q~j—+Iv,
—~e4~r.If we assumethedecayé~—~�~, thesignaturefor sucheventsis given by theproduction

of a lepton pair plus missing energy.Productionratescan be found, e.g., in EHLQ. The integrated
crosssectionfor theproductionof a £~~ or �~4 pair of invariantmassM is givenby eq. (5.6) with

K, = ~/33[e~+2e,a,g~~M2ReD~+ g~~(a~+ b~)M4lD~l2], (8.1)

= ~/33[2e,b,gL RM2Re D~+ ~ (8.2)

whereg~(ga) is thecouplingof theZ°to a pair ofleft-handed(right-handed)sleptons.Thesecouplings

are given by
g~=—(a~-~-b~),g~=—(a~—bf), (8.3)

with a~andb~definedin eq. (5.4),/3 = (1 — 4m~IM2)1~2asusual.Notethat, for a given process(�~4

or ~ 4), p3 disappearsin theratiowhencalculatingthesinglehelicity asymmetry,which consequently
is independentof thesleptonmass.In caseof degenerate�L and4, from theaboveequationsit is easy
to see that, if we sum the two indistinguishablecombinations,we recover the standardAL for
Drell—Yan pairsshownin fig. 5.1. The two differentasymmetriesfor theproductionof a left-handedor
right-handedsleptonpair are displayedin fig. 8.2. Thus, in caseof non-degeneracy,onceasignal for
scalarleptonsis discovered,AL should allow oneto distinguishbetweenleft-handedand right-handed
pairproduction. -

Anotherprocessis q,~
1—÷W~—~�~i, where~is thescalarpartnerof theneutrino.Again, sincethe

W is a purely left-handedcurrent,the asymmetriesaregiven by the two universalcurvesdisplayedin
fig. 5.7.
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Fig. 8.2. Thesingle helicity asymmetryAL for pairproductionof ascalarlepton for threedifferent energies(topcurvesleft-handed,bottomcurves
right-handed).

8.2.2. Electroweakgauginos
This sectoris characterizedby a largemodeldependence,dueto thevariouspossiblemixings which

can occur betweenpure gaugino and pure higgsino states(chargedor neutral). Thosemixings are
relatedto theSUSYbreakingmechanism(seee.g. [HAB85]),which complicatesthe issue.Production
mechanismsand possiblesignatureshavebeenreviewedin EHLQ and more detailedinvestigations
havebeenperformedfor SSC[DAW84,UKE86] or LHC ]MAN87] energies.

The first processwe consider is chargedwino pair production arising from the subprocess
—~W ~W- with left-handedsquarkexchangeandannihilationthroughIv andZ°.Productionratesare

typical of an electroweakprocess(e.g. W~W production)providedthe massesare not too high.
Moreover, the magnitudeof thecrosssectionand decaysarevery model dependent,accordingto the
possiblemixings and also to the spectrumof the other sparticles.Concerningspin effects, as in the
standardW~W case,due to thepurely left chiral structureof theexchangediagramanddue also to
the Iv—Z°conspiracyin the annihilationdiagram,thesubprocesssingle spin asymmetryturnsout to be
almost100%.ConsequentlyAL for this processcanbe readfrom fig. 5.9 (uppercurves),wherenow M
is the invariantmassof the wino pair. Fortheabovereasons,like in the e+ e- case[CHI85b],AL is not
very sensitive to a particularchoice of wino—higgsino mixing. For completeness,and to allow any
elaborateestimatestaking into accountdetectioncuts,we give in appendixF thepolarizeddifferential
crosssectionfor this subprocess. — — =

Next processesinvolving winos areq,~~—+W~and q,~
1—~W~Z°.As they go throughleft-handed

squarkexchangeand annihilationvia a W~propagator,eachsubprocessgives an asymmetryof 100%
and the resultingobservableasymmetriesaregiven by theuniversalcurvesdefinedin section5 (seefig.
5.7). — — -

We now turn to the productionof a pair of neutralinosq~—s~,~Z, ZZ, which proceedsby
left-handedandright-handedsquarkexchange.Note that oneshouldnot forget to antisymmetrizethe
two diagramsdue to the Majorananatureof theseneutralinos.Again, ratesaremodel dependentand
detectionwill be rathertedious.In particulartheobservationof the ~ modeseemshopeless.Formulas
for differential polarizedcrosssectionscan befoundin appendixF. For illustration, we displaythe~Z
casein fig. 8.3 for V~= 10TeV; at higher energiesAL is smaller, as usual. Again the choice of
zino—neutralhiggsinomixing model is not crucial. In theextremecaseswhereone typeof squarkis very
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Fig. 8.3. The single helicity asymmetryAL in pp—~~Z versusM at Vi = 10 TeV. rn+L 5’ m,~R(dashedcurve);in~5’ m~(dashed—dottedcurve);
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41(solid curve).

muchheavierthantheother(m~L ~‘ or q ~ qL) thesubprocessasymmetriestaketheir maximal
(positive ornegative)values.Thendilution effectsgive theupperand lower curvesshownin fig. 8.3. If
now = we get the intermediatecurveresultingfrom theweightedzinocouplingsto q~and ~R

(seeappendixF). In theZZ process,we havethe samepatternwith smallerabsolutemagnitudes.
Finally, electroweakgauginoscan also be producedin associationwith a squarkor a gluino, like,

e.g.,in q,~,—+W~andqg—÷W~.Indeed,ratesfor theseprocessesareenhancedroughly by a factor
Cx,/s~x.The diagramsaretheSUSY analogsof thoseenteringin W~+ jet productiondescribedin section
5. Consequentlythe asymmetriesAL turn out to be very similar to thoseshown in fig. 5.6.

9. WW collision processes

A newclassof collisionprocesseswill be provided by very high energypp (and alsoe~eand ep)
colliders: quasi-realvector boson—vectorboson collisions [CAH84,DAW84a, KAN84, DAW85a,
CHA85a, DUN86], wherevectorboson(V) meansW ~, W -, Z°or Iv. Theygeneralizethewell-known
IvIv collision processes[BUD75]observedat e~ecolliders.Theywill constitutea newtool for exploring
thedeeppropertiesof electroweakinteractions,the true natureof W~,Z°bosons,theorigin of gauge
symmetrybreakingand the still unknownscalarsector.Typicalchannelsto achievethis goalare:vector
boson fusion into Higgs, higher vector bosonor technimeson,vector boson—vectorboson scattering
processesand newfermion (or boson)pair production.Severalworks havealreadybeendevotedto
V—V collisions at pp supercolliders[SN086].

The effectivevectorbosonapproximationtreatsthe intermediatevectorbosonasa realpartoninside
the proton. Onestarts, with the definition of vector bosondistribution functions inside the proton
f~,~(x)obtainedby convolutingvectorbosonemissionby quarksfviq(Z) with quarkdistributionsinside
theprotonq(y). Onethendefinesluminositiesfor V—V collisionsasin section3.2 by convolutingvector
boson distributions inside eachof the colliding protons. This is done separatelyfor eachhelicity
combinationof the VA—VM pair andinvariant massdistributionsdc/drfor pp—pX +... with r = M~Is
arethenobtainedby productsof V—V luminositieswith crosssectionsfor VA—V~,subprocesses[seeeq.
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(3.17)]. The validity of this approximationdependson theoff-mass-shellbehaviorof thevectorboson
dynamics.Severalassumptionsaboutits effecthaveled to differentformsfor vectorbosondistributions
and luminosities[KAN84,DAW85a,LIN87a, CAP88]. Theymainly differ in thelow-x, x = E~,/E~,and
lOw-T regions.An additionaluncertaintyabouttheseprocessescomesfrom thepossibility of producing
thesamefinal stateX withoutgoingthroughV—V collisions or from thepresenceof a huge background
simulating the sameconfigurations.Becauseof all thesefeatures,detailedamplitudeanalyseswill be
requiredin orderto extractreliable informationaboutvectorbosondynamics.For this purposebeam
polarizationshould be particularly fruitful.

Firstly, monitoring V—V collision processeswill certainly be mandatory,i.e., a test of the V—V
luminosities to be used for measuringcross sections for subprocessesshould be performed. This
requirestheuseof a reactionfor which the theoreticaluncertaintiesand theexperimentaluncertainties
are minimized. This may be partly realized by some of the VV—~VV scatteringprocesses(like
IvW—~-yW, ZW—s- ZW) wheretheHiggsbosonis absentornegligibly contributing.Onemay alsoexpect
that SLC and LEP will substantiallyconstraintheW~andZ propertiesso that a reasonableprediction
can be madefor suchchannels.

Secondly, disentanglingof V—V processesfrom the backgroundand of V—V processesamong
themselveswill be providedby helicity asymmetries,which contain somesignatureof the type of vector
boson (Ivy Z, W~)that is exchanged.

We now give a summaryof thedescriptionof V—V collisions followed by afew typical examplesof
polarizationeffects.

9.1. Vectorbosondistributions insideprotons

Onefirst startsby vectorbosonemissionfrom quarklines,q.—~q1 + V. A helicity decompositionof
vectorbosonexchangediagramsfor examplein quark—protondeepinelasticscattering,q + p —~ q1 + X
[CAP88]leadsto the definition of threedifferent vectorbosondistributions insidequarks(or leptons):
an averagedtransversef~iq(z), a longitudinalf~iq(z) anda parity violating transversef~’q(z), wherez
is the reducedbosonenergy,z = E~/Eq. This last distribution, introducedin [CAP88],hasoftenbeen
neglectedin the literature[KAN84,DAW85a,LIN87a]’~.The variousformswhich havebeenproposed,
assumingsomeoff-mass-shellbehaviorfor vectorbosoninteractions,essentiallyagreein the limit of the
effectiveW approximation(LEWA),

f~jq.(Z)~ (a~+ b~— 2a,b,h)~ 1+ (1— z)
2 L, (9.1)

f~iq.(Z)_* (a~+ b~— 2a~b,h)~ ~ (9.2)

fTviq.(Z)4[2a
1b,— (a~+ b~)h]~— (2— z)L, (9.3)

where h is the quark helicity, a. and b. are the standardVqq vector and axial couplingsand in the
LEWA limit L —+ log(4E~JM~.)for Eqj ~ M~andz4 12). Vector bosondistributionsinsideprotonsare

I) However, see [RAI..Sfla]for an alternativedescriptionin termsof left and right vectorbosondistributions.

For a masslessphotonthe massM~shouldbe replacedby mq
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thenobtainedby convolutingthesefv,qi(Z) with thequarkdistributionsinsideprotonsgiven in section
3. For unpolarizedbeamswe have

f~’T(x) =J ~~ q,(y)f~T(x/y), (9.4)

wherex = E~/E~and the sum extendsover all quarkflavors insidetheprotonwhich cancoupleto the
vectorbosonV, an averageover quarkhelicity beingunderstood.The crosssectionfor q. + p —~ q. + X
where noneof the quarksor protonhelicities is observed,is expressedin termsof

T L T
j-~ f~~(x)o~+fv/P(x)crL +fvi~(x)ot, (9.5)

where0T,L,t aresimply relatedto the threecrosssectionsô(+), fr(0), o(—) for theprocessV + p—s-X
with helicity +, 0, — of the vectorboson,as follows:

UT2[ff(+)~()], UL=°(0), o~=~[ó(+)—o(—)]. (9.6)

In the caseof polarizedproton beams,the interestingquantitiessuitablefor computingpolarization

effectsare

= J ~ ~ z~q,(y)i~f~j,~’T(xIy), (9.7)

where ~q,is the quarkhelicity asymmetrygiven in section3.1 and

= ~[f~’T(h = —1) —f~,’~’T(h= +1)]. (9.8)

The resulting single helicity asymmetrywith polarizedprotons emitting a vectorbosonV thenreads

V( )_
L T .‘ L .‘ T .‘

fv,P(x)oT+fVIP(x)crL +f~,~(x)~

This asymmetrywill give thedriving effect for hadronasymmetriesin protoncollisions going througha
vectorbosonsubprocess. -

All thesedistributionsf~’T(x)havebeencomputedfrom eq. (9.4) with theLEWA expressionseqs.
(9.1), (9.2),(9.3) aswell aswith thecompleteexpressiongivenin [CAP88J,wherethe resultsarefully
reported.As an example,thephotondistributionsareshownin fig. 9.1 in orderto givea feeling about
the order of magnitude of these distributions as well as about uncertaintiesin the theoretical
predictions.The relative magnitudesof Iv~Z, W~andW distributionsfollow from
— the masstermenteringthe leadinglog factorL,
— the magnitudesof theelectroweakcouplingsa- andb.,
— the strongerprobability of finding a u-quark (allowing W~emission)thana d-quark (allowing W
emission)insidea proton.
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Fig. 9.1. Photon distributions inside a proton (E~= 20 TeV). Completeexpression(solid curve) andLEWA (dashed—dottedcurve) for f~(x).
Completeexpressionfor ~f~,~(x) (dashed curve).

In fig. 9.2 we haveplotted thepolarizationasymmetryfactors~ separatelyfor T, L and 1’,
which can becomparedto the partonpolarizationsobtainedin section3 (seefigs 3.3 to 3.6).This allows
us a priori to appreciate,independentlyof the subprocessconsidered,the spin dilution effect in the
p—* q —IV cascade.Theseasymmetryfactorsturn out to be largeenough,in particularfor the Z and
W~cases3~for high x values,to generateobservablepolarizationeffects.

9.2. Boson—bosonand boson—partonluminosities in pp collisions

The first predictionswere given in [KAN84,DAW85a,LIN87a] anda completeanalysishasrecently
been provided in [CAP88]by generalizingthe results previouslyobtainedfor r~processesin e~e-

collisions [BUD75,CRA83]. Again one startsby consideringprocessesat the quark level, that is, a
quark—quarkcollision q + q’ —+ q + q’ + VY’ whereeachquark emits a soft vectorboson followed by
theprocessVV’—~X.

In generaltherearenineteenindependentluminosity factorsto be defined,which, however,reduce
to ninewhereoneconsiderscrosssectionsintegratedover theazimuthalanglesof scatteredquarks.For
a given subprocessVV’ —* W the invariantmassdistribution du/d~(with ~= M~/5q

0)reads

do-
= ~ (~)u~= ~TT~TT + ~~LLo-LL + ~TL~TL + ~LT~~LT

U~ i=1,9

(9.10)

~ Note that ~ exceedsonenearx = 1 as a consequenceof the large factor (a~+ b~)/2a,b,[seeeq. (9.3)J.
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Fig. 9.2. Polarizationasymmetriesin Z, w’ distributions inside a proton (E, = 20 TeV). ~fT/fT (solid curves),~fL/fL (dashed curves), afT/fT

(dashed—dotted curves). (a) Z, (b) W~,(c) W (note theminussign).

wherethe ô’s arecrosssectionsfor the variousVV’ helicity combinations,five parity conservingones
(oTT, ~LL’ °~TL’ o-LT~ ó~)and four parity violating ones (ô~j-1., UTT, o-TL, o~LT), definedin appendixG.

The nine luminosity factors .~( ~) can be explicitly computedfrom the squareof the amplitude
correspondingto the VV’ exchangediagram with full integration over the final qq’ phase space
[BUD75,CRA83, CAP88J.A simpler approximation,in the spirit of the partonmodel, consistsin
defining ~( ~) asconvolutionsof singlevectorbosondistributions inside eachinitial quark,

~f*f’~f ~ f(z)f’(~Iz); (9.11)

so for thenine possibilitiesconsideredabovein eq. (9.10)we will have
2’ab=f~f’ a,b=T,L,T. (9.12)

The variousapproximateformsof fviq mentionedpreviouslyleadto luminositiesdiffering one from the
othermainly in the low-i region. Apart from simplifying kinematicalapproximations,an unavoidable
model dependenceassociatedwith the off-mass-shellbehaviorof the VV subprocessesaffects the
definitionsof theseluminosities(seediscussionin [CAP88]).Theleadinghigh-energy(LEWA) formsof
thesenine luminosity factorsat the quark—quarklevel aregiven in eq. (G.3) of appendixG.

One finally gets the invariant mass distribution do-/dr (with r = M~Is)for pp—pX + .~. (via
VV’—~X)in thesameform asin eq. (9.10),replacing~ by .~‘~3If~~(r). Theselast luminositiescan
beobtainedby convolutionof theabove~( ~) with quarkdistributionsinsideprotons.An alternative
and simpler procedureconsistsin constructing~‘~

11~~(r)directly as convolutions of vector boson
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distributions inside protonsf~~(x)definedin eq. (9.4),

= J ~ f~~(x)f~~(r/x), (9.13)

using the appropriatef’T distributions appearingin the definitions given in eq. (9.12) andwhere
symmetrizationis understoodwhen necessary.This is done in a similar way asfor theparton—parton
luminositiesintroducedin section3. When oneprotonbeamis polarized,nine asymmetriesfactorscan
now be formedwith

= J ~ ~f~(x) f~~(r/x), (9.14)

using the definedin eq. (9~7)4)~Correspondingasymmetrieswith two polarizedprotonbeams
have also been given in [CAP88]togetherwith the computationof many of these boson—boson
luminosities for IvIv~ IvZ, ZZ, IvW, ZW~and W~W.In fig. 9.3 we reproducea samplefor IvIv
luminositiesatv~= 40 TeV, which havebeencalculatedby convolutingthecompleteexpressionsof the
photon distributions.They arethe largestcomparedto any otherVV’ pair but still severalordersof
magnitudesmallerthantheparton—partonluminositiesof section3 (seefigs. 3.7 to 3.13)aswell asthe
correspondingcrosssections.

Onecan also considersinglebeamasymmetryfactorsdefinedasratios

(ij)f~j,\— cp(ti) / ~(iJ)
av k~) ~VVhI~VV,

similar to the parton polarizationsconsideredin section3 [seeeq. (3.23)]. In fig. 9.4 we give some

~: ~ I (a) a~(z) (b) a~, (w)

05~~”

10~ 102 10~ -io~ 10_2 10_i 102 10_i

Fig. 9.3. ~yyluminositiesin pp collisions at vi = 4OTeV. 2~(solid Fig. 9.4. Asymmetriesa,~)’1(V’)in pp collisions at Vi = 4OTeV. (a)
curve) and ~ (dashedcurve). 4T(Z) (solid curve), a~(Z)(dashedcurve), a~(Z) (dashed—dotted

curve). (b) a~(w) (solid curve), a~(W) (dashed curve),
a~(w)(dashed—dottedcurve).

~ It is understoodin thenotation of eq. (9.14) that V is emittedfrom the protonwhich is polarized.
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examplesof these for a~’~(Z)and a~j~(W). These asymmetriesalso have a universalcharacter
associatedto Z or W~emissionfrom a polarizedprotonbeam.Theydiffer from theonesestablishedin
section5 from q~—~W or Z becauseof the different kinematicsdefiningthescalingvariabler, in the
present case involving a two-step process. Finally, if we want to study subprocessesinvolving
boson—partonscattering,one has to constructboson—quarkand boson—gluonluminosities [LIN87,
CAP88] by considering

= f ~ f~’T(x)f~
1~(rIx), (9.16)

wherec standsfor quark orgluon. In the caseof onepolarizedprotononehastheanalogof eq. (9.14)
and the interestingquantitiesto evaluateareratiosa~(V)or 4(c) (with i = T, L, T) definedasin eq.
(9.15). Figure 9.5 illustratessomeof theseasymmetries.Theyall grow in the high-r regionandwe see
that W~ggives the largesteffects.[a~+(g)is largerthana~(g)(seefig. 3.14)becausetheemissionof a
W~involves a u quarkwith a higherx and z~uincreaseswith x.]

9.3. Applications

The possibleuse of thesepolarizedluminositiesto study boson—bosonsubprocesseswill now be

illustratedby a few applications.

(a) (b)
a~(v) ~

0.:

• i0
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(c) Id)

— _._ -a~(g)
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0 __________ I
102 10_i 10—2 10_i

I I

Fig. 9.5. Asymmetriesa~(V)and4(c) in pp collisions at vi =4OTeV (T, solid curve; L, dashedcurve; T, dashed—dotted curve). (a) 4(V)
(V=-y,Z,W~),(b) 4(g), (c~ 4+(g), (d) —4-(g).



388 C. Bourre!yet a!. / Spin effectsat superco!liderenergies

9.3.1. Higgsproduction
Using standardcouplings a heavy neutral Higgs boson can be producedby W~W/ZZfusion

[PRO79,JON79,CAH84, DAW84a].As recalledin section5 theseproductionprocessesdominateover
if and gg fusion assoonasMH > 300GeV/c2 if M

1 = 40GeV/c
2. Thesubprocesscrosssectionsto beused

in eq. (9.10) are [CAP88]

~TT
2N, ~LL_N4M4~ (9.17)

where M is the vectorbosonmassM~or M~,and

~ 2 .‘ 2

N= 4kV~gV~~5(s— MH),
2 2 eM eM

k =~.i—M gw~wtt•0, ~

all otherô’s beingzero.It is obviousfrom eq. (9.17) and from the luminosity factorsgivenin [CAP88],
that productionratesshown in fig. 9.6 aredominatedby LL contributionsassoonas MH > 2M~and
muchlargerthanthosefrom gluon—gluonfusion consideredin section5. Polarizationasymmetriesare
thentypical of pureW ~W- or ZZ fusion processesasgiven in fig. 9.4 and they could be very useful to
disentanglethebackground,which maybe important[GUN87].In a similar context,let usrecall that it
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Fig. 9.6. Cross sectionsfor Higgs or Z’ productionfrom w~wizzfusion in pp collisions at vi = 40 TeV versusMHZ. (or r = M~~.Is).
W~W—H(solid curve), ZZ—*H (dashedcurve), ww—+z’ with ~ given by eq. (9.20) (dashed—dottedcurve). wwz with sin4.~=0.1
(dashed—doubledotted curve).
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was also shown [DUN86a]that, to establishthe existenceof a Higgs of severalhundred GeV, in
pp—pH—s ZZ, thedeterminationof the polarizationof one final Z is useful.A Z from thebackground
pp—sq~—.s-ZZ is almostpurely transversewhere a Z from H decayis purely longitudinal.

9.3.2. HeavyZ’ production
A newneutralgaugeboson[R0B82,LEU82, ROB84, CAN85, W1T85] associatedto an additional

U( 1) gaugegroupcancoupleto W~W throughZ~—Z~mixing and thestandardZ0W~W Yang—Mills
couplings[C0H85,ELL86a]. Defining

Z’)=~Z~)cos4+~Z0)sin4, (9.18)

thecrosssectionsfor the subprocessW~W—sZ’ readaccordingto [CAP88]

- - 2 4k
2~°~TT= = ~N(s— 4Mw), o-TL = crLT = N

lvi w

~LL = ~- [(~ — 4M~)(~— 2M~)2+ 2k2sM~], (9.19)

~~(2ir)e2cotg29~sin2~ ~_ ~ ~ ~2_ ~. ~

JV — 4kV~Z ~ Z) ‘ — 45 ~ w

Theproductionrateis dominatedby LL contributionsasseenfrom eq. (9.19) andit dependsessentially
on thevalueof the mixing angle. Illustrationsare givenin fig. 9.6 usingthe mixing angleof [C0H85,
ELL86a],

kg ~I = F~icM2ZI—M2Z ~, (9.20)

taking for definitenessthe ratio of vacuumexpectationvaluesto be oh.’ = 0.5. Weseethat in this case
for ~ > 400GeV/c2 the mixing angleis very small (—P1°)anddecreasesfor largervaluesof Ma.. The
productioncrosssectionis rathersmall,say 102events/yearfor MzI = 500 GeV/c2,andthe identification
of Z’ will be difficult5~.The situation is much better with a constantmixing angle, for example
Isin 4 I = 0.1 (see fig. 9.6). In any casepolarizationasymmetriesaretypical of W~exchanges(see fig.
9.4b)andmuchbiggerthan theasymmetriesobtainedin section6.3. In additionto obviousdifferences
betweenZ’ andH productionprocesses,therearealso differencesin thedecayprocessessinceZ’ does
not coupleto ZZ andZ’ couplingsto fermionpairsarenot relatedto fermionmasseslike for theHiggs
couplings.

9.3.3. Boson—bosonscattering
In thestandardmodel thevariousVV—s-VV (V = W~,Z, Iv) scatteringamplitudesarefully predicted

in termsof e and sin2O~through Yang—Mills three-bosonand four-bosoncouplings.Only the heavy
Higgs boson coupledto W~W and ZZ can modify some of theseprocesses.So thesereactions

5) For a discussion of the backgroundsee [DES87].
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constitutea uniquesetof testsof the true natureof W ± and Z bosons,of their structureand of the
origin of massgeneration[CHA85a,DUN86]. Having verified to someaccuracythestandardbehaviour
of Z and W~bosonsthesereactions(or at leastsomeof them in well-defined kinematicaldomains
which should not be affectedby additional or anomalousterms)could then be usedto monitor the
whole setof VV collision processes,i.e. to measurevectorboson luminosity factorsat pp colliders.

Helicity amplitudeshavebeenexplicitly written downin [KUR87a]for thestandardcaseaswell asin
moregeneralmodels[MAA86,KUR87, B1L881 allowing, for example,for a W~anomalousmagnetic
moment.From them,one immediatelycomputesthesub-crosssectionso-TT, o-LL, o-TL~o-LT~andô~(all
othertermsvanish becauseof parity conservation)for all VV—~VVprocesses.In [KUR87a]theeffect
of a W ± anomalousmagneticmomenthasbeencomputedin thevarioussubprocessesaswell asin their
manifestationin e+ e- collisions. It appearsto bevery strongand this makestheseprocessespotentially
very fruitful for testingvectorbosondynamics.The samestudy canbe donefor pp collisions [CAP88]
and we just presentin fig. 9.7 the typical exampleW + W - —~W + W with different choicesof Higgs
massesand of anomalousmomentK. In [KUR88]it wasnoticed that a given final state,e.g. W~W,
can beproducedby differentinitial vectorboson—vectorbosonstates,e.g. IvIv~W~WandZZ, andthat
by varying the tagging conditionsone could perhapsdisentanglethesevarious reactions.Obviously
beampolarization,thanksto thedifferentvaluesof thepolarizationasymmetriestypical of Iv~Z, W or
W~exchangesas shownin fig. 9.4, is anotherway of solving this problem.

9.3.4. Heavyfermionpair production
Boson—bosoncollisions also constitute an interesting source of new types of leptons, quarks,

leptoquarksor otherexotic states.They generalizethe classicalmodes-Y-y—-*LL or QQ with new
possibilitieslike W~\\1 - -+ L~L-, Wy or WZ —sUD,... [WIL85,W1L86, DAW86, DAW87, L1N87].

10~ -

~ 2

10~~ io~ 1o_2 l0-~
t

Fig. 9.7. Cross sectionsfor w’w production in pp collisionsvia W~W_.w*w versusr. StandardModel predictionswith MH= 0.1 TeV/c
2

(solidcurve) andMH= 1 TeV/c2 (short-dashed curve). Alternative model predictions with K = 0 (long-dashedcurve) and K = 2 (cross-dashedcurve).
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Fig. 9.8. Cross sectionsfor fermion—antifermion productionvia VV collisions in pp collisions at vi = 40 TeV versus r. y’~—4L’L (solid curve).
w~—+UI) (dashed curve), WZ— UD (cross-dashedcurve), Wg— UI) (dotted—dashedcurve).

Oneof themost interestingcasesappearsto be W~g—s-UD, which hasthehighestratein this classof
processesandwhich seemsto be a competitiveway of producingvery heavyquarks.It wasmentioned
thantheUD modecould be moreeasilyidentified thantheUU oneproducedvia gg fusion. Ratesfor
theseprocessesin pp collisionsareshownin fig. 9.8. Dominantcontributionscomefrom longitudinal W
or Z states,e.g. W~g~—sUD. So here also the polarization asymmetry is clearly typical of W~
exchangeand already shownin fig. 9.5. It would help for characterizingthis processin distinctionto
QCD processesgiving no suchasymmetry.

Vector boson—vectorbosoncollision processesindeedappearto be very powerful for studyingthe
pure gaugesectorandthescalarsectorof theelectroweaktheory. Severalprocessesarevery sensitive
to the presenceof new particles(Higgs scalars,newgaugeor compositevectorbosons,newfermion
pairs) or of new interactions (anomalous three-boson and four-boson couplings, residual
interactions,.. .). However, the resulting productioncross sectionsin pp collisions are sometimes
ratherdifficult to identify and theseinterestingprocesseswill be hidden in the background.Simulta-
neoususeof all theavailablemeansto reducethis backgroundor to enhancethesignalwill certainlybe
mandatory.Polarizedbeamswhich allow characterizationof W~or Z°exchangeby typical helicity
asymmetries(seefig. 9.4) ascomparedto electromagneticor chromodynamicprocesseswill constitute
oneof thesemeans.If it is associatedto specialcuts on the final phasespace[GUN87],onecanhopeto
be able to identify and study thesenew kinds of collision processes.

10. Conclusions

Projectsfor multi-TeV proton machinesare being developed.They are strongly motivated by
standardand new physics aspectswhich are expectedto appearin the TeV range. However,these
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projectshaveto face an increasingnumberof difficulties relatedto thevery largenumberof particles
producedduring the collision. The analysisof such experimentswill require new strategies,new
methods,new ideasin order to disentanglethe signalshidden in this huge background.This report
aimed to answerthe question:would polarizedproton beamscontributeto sucha strategy?

Wehaveassumedthat longitudinallypolarizedprotonbeamswill be availablein thesefuturehadron
colliderssuchas SSC andLHC. The feasibility is indeedexpectedfrom the work of specializedstudy
groupsand it is basedon the following scheme:a high-intensitypolarizedsourceandan acceleration
set-upassociatedwith devicessuchasSiberianSnakesto preservethe beampolarization.

We havechosena setof spin dependentquark andgluon distributionsinside a polarizedprotonin
order to makepredictionsfor hadronhelicity asymmetriescoming from a given subprocess.In many
casestheseasymmetriesaresimply expressedin termsof polarizedluminositiesmultiplied by polarized
subprocessasymmetries.The above set of distributionshasthe appealingfeature of being given in
termsof a simple analyticalform compatiblewith our presentknowledgeof theprotonstructure.New
developmentsinitiated by theintriguing resultof theEMC experimentmight improveour knowledgein
this field andyield a moreaccuratesetof distributionfunctions.In suchan event,in order to makenew
predictionsit will be straightforwardto reevaluatethe polarizedluminosities,keepinguntouchedthe
subprocessasymmetriesestablishedhere.

A first applicationdealtwith hardQCD processeswhich areparity conservingandleadessentiallyto
doublehelicity asymmetriesALL. TheseALL were foundpositive and small for jet anddirect photon
productionand this is a test of QCD and of the spin content of the proton. Jet productionwill
constitutethemain partof the backgroundin thesearchof newparticles,so it will be characterizedby
the smallnessof theseasymmetries.

Single helicity asymmetriesAL appearwith electroweakprocesses.Becauseof maximal parity
violation, they can be largein somecases,in particularin any subprocessgoing througha W ± gauge
boson. The ALS are universalquantitiesdefinedby simple combinationsof ratiosof luminosities.We
havestressedthat this is oneof the bestways to calibratedirectly spin dependentdistributionsin the
kinematicrangeof interestat future supercolliders.On the otherhand, thereare several interesting
channelsallowing a testof somecrucial featuresof theStandardModel, especiallythestructureof the
trilineargaugecouplingin bosonpairproductionand theexistenceof theHiggs producedin association
with W~.Here the informationone obtainsby meansof polarizedbeamsis ratherunique.

We haveapplied the samemethod in order to characterizefeaturesof minimal extensionsof the
standardelectroweakmodel. In this casealso polarizationshould allow us to characterizeimmediately
thenatureof the newgaugeboson,W~right-handed or Z’ associatedwith a new U(1).

If we turn to genuinenewphysicslet usturn first to compositeness.In the fermionsectorit is likely
thata residualinteractionwill involve a specificchiral structure,which will leadto spectaculareffectsin
helicity asymmetries.We have illustrated the occurrenceof strong departuresfrom StandardModel
predictionsin leptonpairproduction,direct photonproductionand jet production.In thebosonsector,
AL wasshown to be ableto discriminatebetweenseveralmodelswhich predict anomalousself-boson
couplingsand which yield the sameunpolarizedcrosssections.Compositepartnerslike an isoscalarY
boson,an excitedW* or techni-rhoswill be clearly identified in the sameway.

Other exotic partnersare thosepredictedby supersymmetrictheories.A negativeALL is a typical
feature of jets plus missing energy events coming from the production of squarksand gluinos.
Moreover,AL in sleptonpairproductionandalso in neutralinopairproductionis very sensitiveto the
massspectrumof the left- and right-handedscalarpartners.

A newclassof processeswhich areaccessibleat supercolliderenergiesareWW collisions.Theyhave
beenadvertisedfor the searchof a very massiveHiggs bosonand for studyingthe behaviorof WLWL



C. Bourrelyet a!. I Spineffectsat superco!!iderenergies 393

scatteringbut recognizedas ratherdifficult to extractfrom thebackground.Herealsopolarizationwill
help becauseof the purely left natureof W~exchangescomparedto othergaugeboson exchanges.

Polarizationgives accessto newobservablesAL andALL, which containa definite signatureof the
underlyingdynamics.They provide anelegantway to reducethe backgroundandto clarify signalsfor
new physics. Polarizedproton beams will undoubtedlybe very useful and they may turn out to
constitutekey tools for the next generationof hadronsupercolliders.
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Appendices

AppendixA. The EMC effect, its various interpretationsand consequences

In thepartonmodel one introducesthe spin dependentstructurefunctionsdefinedin termsof quark
andantiquarkhelicity asymmetriesas

g~(x)= ~ e~[~q1(x)+

= j
tg[4i~u(x)+4~(x)+M(x)+M(x)+ z~s(x)+~x)] (A.1)

for protonsand similarly g~(x)for neutrons,obtainedfrom g~(x)by thesubstitutionu~ d. The total

amountof the proton spin carriedby quarksand antiquarksis
(A.2)

where

f dx [Aq
1(x)+ z~1(x)}.

Clearly the gluon helicity asymmetryandpartonorbital angularmomentumcan also contributeto the
protonspin with the obvious constraint

(A.4)

Through the light coneoperatorproductexpansionthe t~q1are relatedto the matrix elementsof the
quark axial-vectorcurrentsbetweenlongitudinally polarized protons. By making useof the SU(3)
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flavor symmetry, good to a level of 10%, they can be evaluatedin terms of the F and D axial

parameterswhich describethe ~3-decaysof the baryon octet, so we have
(A.5)

.~u+M—2~s=3F—D, (A.6)

with F = 0.477±0.011 and D = 0.755 ±0.011 [BOU83].The recentexperimentalresult in polarized
deepinelasticscatteringobtainedby the EuropeanMuon Collaboration,over the kinematicalrange
0.015~ x s0.7 and1.5~ Q2 s70GeV2andshownin fig. 3.2, yields a very precisevaluefor the integral
of g~(x,Q2) [ASH88,HUG88],

dx g~(x,Q2) = 0.116±0.009 (stat)±0.019 (syst), (A.7)

and it is essentiallyQ2 independent.By combining (A.5), (A.6) and (A.7) one finds

= 0.72±0.08, i~d= —0.51±0.08, i~s= —0.23±0.08, (A.8)

so that

= —0.02±0.24. (A.9)

It is very surprisingto find i~sso largeandit is evenmorestriking to be ledto theconclusionthat the

protonspin is not carriedby thequarks.At this stageit is interestingto recall that one canwrite

Jdxg~(x,Q2) = ~((9F_ D) — a~(Q2)(3F+ D)) + ~ ~s= (0.189±0.005)+ ~~s, (A.10)

which is knownasthe Ellis—Jaffe sum rule [ELL74]in theabsenceoftheQCD correctionandassuming
= 0, in strongdisagreementwith eq. (A.8).
Severalinterpretationsof the result (A.9) havebeen proposedincluding the possibility that the

experimentis wrong, which we will ignore. First it hasbeensuggestedthat thesmall-x extrapolation
wasincorrectlydone[CL088]and this could leadto a muchlargervalueof ~ but this argumentis not
very serious.Second,one might assume[ANS88]a rapid Q2 dependenceof the integralin eq. (A.7)
which hasto be negativeat Q2 = 0 due to the Drell—Hearn—Gerasimovsum rule, but the EMC data
haveno significantQ2 dependencedown to the lowestQ2 values.Accordingto anotherspeculation,the
result (A.9) is in perfect agreementwith a skyrmionmodel basedon the 1IN~expansionand chiral
symmetry [BR088] and more recently [ELL88a]it was arguedthat ~G=0 [seeeq. (A.4)] so

= 1/2 and theorbital angularmomentumis essentiallycarriedby thequarks.This possibility of no
gluon polarizationis certainly at variancewith theconsequencesof anothersuggestionrelatedto the
anomaly of the axial-vector current. According to this observation first made in [EFR88I and
reexaminedlater in [ALT88, CAR88], the ~q

1appearing in thenaivepartonmodel shouldbe replaced
by
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AqAq~—-~-AG. (A.11)

From this interpretationonecan restoretheagreementbetweeneq. (A.7) and eq. (A.10) whereAs is
replacedby As’ providedAs = 0 andAG (0.23) x 2 IT/a

5. As a consequenceoneshouldexpecta new
phenomenologyof spin effects at short distancesdriven by this sizable gluon polarization (i.e.,
AG -~ 6—7), which also impliesthat a polarizedprotonhasa significantamountof rotationsince(Li) is

very large. However, by using the availableexperimentaldataon the strangequark contentof the
protonit was shown that the measuredAs [i.e. As’ in eq. (A.11)] is boundedand one has[PRE88]

JAsI<0.052~i~, (A.12)

which implies

f dx g~(x,Q
2) > 0.183.

ClearlytheEMC experimenthasto be redoneboth on protonsandon neutronsbecausetheknowledge
of g~(x,Q2) would enableus to checktheBjorken-sum rule [BJ066J,that is eq. (A.5) usuallywritten
as

J[g~(x)_g~(x)]dx=~(-GA/Gv), (A.14)

which is predictedto be badly violated accordingto the approachconsideredin [GIA85].Thereare
severalprojectseitherwith a conventionalpolarizedtargetand a muon beamat CERN or by using a
polarizedjet target [D1C88]inside a polarizedelectronring at LEP or at HERA, which is a new
attractivepossibility.

We will endthis appendixby making a few remarkson thesignificanceof havinga polarizedproton
beamat HERA. The mainphysicsissues[BJ082]includethemeasurementof g~(x,Q2) in thesmall-x
region (x — 10.’) for large Q2 valuesand the accessto thenew structurefunctiong~(x,Q2), which
requirestransverselypolarizedprotons. From the two weak processese~p—svX one can separate
Au(x,Q2) and Ad(x,Q2) and of course in the high-Q2 range, if right-handedchargedcurrentsare
found, it would be nice to learnmore about their proton couplings from the use of polarization
[CH185].Finally thereareexciting possibilitiesof futurepolarizedep collisions with polarizedLEP and
polarizedLHC up to an energyof 1.8 TeV [C0R87].

AppendixB. StandardW+ W- pair production with rapidity cuts

The unpolarizedcrosssectionto produceaW~Wpair of invariantmassM suchthat both W’s lie in

the rapidity interval (— Y, Y) is given by

= ~ ~fdyboost ~ (B.1)
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whereYboost = ~ln(xa/xb) is the rapidity of thepartonc.m. framewith respectto theoverall c.m. and

zo

do-
~(z0, M

2) = J dz ~ (q~~~W~W), (B.2)
— zo

do ~do-
= p ~ ~ , z

0 =min(/3
1 tanh(Y— Yb

005J)’ 1).

In the polarizedcase, it is straightforwardto replacein (B .1) the unpolarizeddistributionsby the
polarizedonesand to get the equivalentof eq. (5.8). K. and N~defined in eqs. (5.30) and (5.31) are
now functionsof z0 andwe have

2 2 —1
L /13 z~ 22

I3ZO]
\\1

3e [( E) ii1—- —

4-—i-- )~, (B.3)

±1
i,(z

0)= i— [e1+ g~(a1+ b1)M
2 ReD~]

r 5 1 2~ 1 1 1
~ {~[_~- + — + + ~- ~ + - - ~ (i + ~)L}, (B.4)

2r r

a,(z
0) = [e~+ 2e~a1g~M

2Re D~+ (a~+ ~

x(~o[3e+W+1_~z~E2_E+1)]), (B.5)

a(z
0)= [2e1b1g~M

2Re D~+ 2a
1b1g~M

4~D~I2]

x (~°[3e+ 32 + 1— — + 1)]), (B.6)

where

/r—2(1 +f3z
0)\ (B.7)

L=ln~2(1p)).

AppendixC. W+ W - pair production with anomalousmagneticmomentsand rapidity cuts

The functionsfA andf1 definedin eqs. (7.9) and(7.10) becomefunctionsof z0 (definedin appendix
B) and read

fA(Ka,Kb,ZO)$3ZO[~b +[~(1+KaKb)+~(Ka+Kb)]
1 +~

2/KaKb 1 1
- - (1 + KaKb) ~+ ~)], (C.1)
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FK 3+2K 2” K 2K+1 1
fl(Ka,ZO)=pZoL~+ ° —KO—~s+ZO(\—~+ ~ls —~

— ~s(1 + K
0 + ~r)L, (C.2)

L beingdefinedin eq. (B.7).

AppendixD. Contacttermsin W+ W- production

The coefficientsenteringeq. (7.14) are given by
— contactterm:

C4 = (2)2 —~----~ (1 — )2(1 — —

1p22) ;
Ae 32e

— interferencebetweenthe contacttermand theannihilation through a Iv or a Z°:

(D.2)

Ae 5 8s

C
34 = ~2 g~Re (1 — s)(1 — s — ~I32z~)), (D.3)

— interferencebetweenthecontactterm and the quarkexchangeterm:

CE4 = — ~ (~.~)[~2(2 — e)(3+ r + — 4) + ~2 (i + ~_) + ~
2/32~2(3 + -~-~)], (D.4)

wherez
0 andL aredefinedin appendixB andg~= cotgO~.The aboveformulasaregivenin the caseof

rapidity cuts;theneq. (7.14)hasto beinsertedin eq. (B.1) to get thecrosssectionand theasymmetry
in an obviousway.

AppendixE. Contacttermsin processesinvolvingphotonsor gluons

The mostgeneralsetof contacttermsfor two-fermion—two-vector-bosonprocesseshasbeengiven in
[MER87].We haveto restrictourselvesto thecasewherethevectorbosonsaretrue gaugebosons(Iv
andg). In this illustration, from theseveralformsofcontacttermswhich areallowedwewill choosethe
one with the lowestdimensionanda spin structurewhich leadsto stronginterferencewith thestandard
amplitude. It is calledR~.Tin [MER87]and is definedwith an effectivecompositenessscaleA and a
chiral structurec — d75. It is also assumedthat thecolorstructureamongquarksandgluons is thesame
for thecontactterm and for the standardamplitude.

In the caseof q~—s~gand gq—s.~qthecompleteamplitudeis given in the text [seeeqs. (7.20) and
(7.22)]. We give below the completeexpressionsfor the crosssectionsin casesinvolving two gluons.

q(h1)~(h2)—sgg:

= (~ç)S

m + 4IT ~ 12) [(1 — h
1h2)(C

2+ + ~C)+ (h
2 — h1)(2cD+ ~D)]; (E.1)
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g(A)g(A’)—sq~:

do- /do-\’m ira2(â2+12) /

= t\-~~-) + ‘8~I~2 ~(1— AA’)[C + ~(C2+ D2)] — (A’ — A) 2 + 12 (D + 3CD)

(E.2)

wherewe have takenI = (p~— pA’)2

q(h)g(A)—+qg:
— (d)Srn + {(a~+ J2)[~(C’ — D’h) + C’2 + D’2 — 2C’D’h]

+ (a2 — J2)A[~(D’ — C’h) + 2C’D’ — (C’2 + D’2)h]} . (E.3)

For ~(h)g(A)—s~g,changeh—p—handA—s—A.
In all the formulas, thecorrespondingstandardcrosssections(do-IdI)sm canbe deducedfrom table

4.1 andwe havedefinedC = âlc/A4, D = aid/A4, C’ = CthcIA4and D’ = Cthd/A4.

AppendixF. Productionofgauginopairs

We give in this appendixthe polarized differential cross sections dfr/dQ for the subprocesses
q

1(h1)~,(h2)—* W + W -, ZZ, ~Z.The correspondingunpolarizedintegratedcrosssectionscan befound
in EHLQ (table IX) or in [DAW85]and in view of the simple structure describedbelow, it is
straightforwardto obtainintegratedcrosssectionsin thepolarizedcase.Crosssectionsfor theprocesses
q4—s-WZ, W~,where the subprocessasymmetriesare 100%, canbe found in the samereferences.
The generalform of do-/dfl for the abovereactionscan be written as

= [(1— h1h2)X1+ (h2 — h1)X2] , (F.1)

&= [~ — (M’ + M’)
2]112[J — (M — ~~)2]1/2 ,

M and M’ beingthe massesof the two outgoinggauginos.
(1) q~~~—~WW:

X
1e+a+i, (F.2)

X2=e+a’+i; (F.3)

— exchangeterm:

e = ~C~[(i— M~)/(I— q)I ; (F.4)
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— annihilationterms:

a = ~G1(1+ /3~cos
20) + ~G

2I3* cos0 + G3 ~ (F.5)

a’ = ~G4(1+ f3~,cos
20)+ ~G

513~cos0 + G6~ (F.6)

where ~ = (1 — 4M~.’/J)
112and

G
1 = e~+ 2e1a1a~JRe D~+ (a~+ b~)(4+ e1b~),~

2ID~I2, (F.7)

for] = 1, 3 with e
1 = —~= L

G1 = 2e1C1.~ReD~+ DJS
2IDZI2, (F.8)

forj=2, 4,5,6 with

C
2 = b.b*, D2 = 4a1b1a*b*,

C4 = b1a*, D4 = 2a1b,(4+ b~.),
(F.9)

C5 = a,b*, D5 = 2a*b*(a~+ b~),

D6=2a~b,(4—4);

— interferencebetweenannihilation andexchange:

= 21 2 {(e~/.~)[(1— M~,)
2+ M~J

+ (a
1 + b.).~ReD~[(a* — b~)(i—M~)

2+ (a,~+ b,~,)M~]}. (F.10)

In theaboveformulas,e. is thechargeof quarkq. anda. andb,, thestandardcouplingsofquarksto the
Z°,are defined in eq. (5.4). CL is the coupling of the quark—squark—winovertex occurringin the
exchangeterm,a* andb* beingthevectorandaxial couplingsof theZ°to theW~Wpair. The values
of thesesupersymmetriccouplingsaremodel dependent.Someillustrations,following extremecasesof
mixing, can be found, e.g.,in [CHI85a].In caseof pure wino productionone getsfor example

a~=—cotg0~,b~=0, CL= V~s~0~ (F.11)

(ii) q.~
1—sZZ,~Z:

(F.12)

X2=e,~—eR+~—iR+iL—i,~ (F.13)
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•ZZ:

eLR = ~C~R[(1— M~)/(i— qL~)]~ eLR = eLR with I’~-sâ, (F.14)

M~
~L.R = — ~CLR (I m~ )(t~— m~ ) (F.15)

qL,R qL,R

eLR = e~C~R(li. pf)(11 p~)/(i— qL~) eLR = eLR with I~-~a, p~-sp~, (F.16)

M-M-J
~LIR = — ~ C~R(1 m~ )(â—m~ ) ~ (F.17)

qL,R

where 1, andl~arethemomentaofthe initial quarkandantiquark,p~andp beingthoseof theoutgoing
gaugebosons.The dotdenotesherethescalarproduct.In thepurezinocasethecouplingsat thevertex

q1—qL,~—Z are given by

CL = —(at + b,), CR = —(a1 — b.). (F.18)

AppendixG. Collection of definitionsand technicalexpressionsfor WWcollision processes

As we mentionedin section9.2, the invariant mass distribution du/d~for q + q’ —sq+ q’ + VV’
involves9 terms[seeeq. (9.10)]. The nine sub-crosssectionsoccurringin eq. (9.10)aresimply related
[CAP88]to thenine crosssectionsfr(+ +), o-(+ —), &(+0), fr(0+), O-(0—), O100), fr(— +), o-(— —),

o-(—0) for the processVV’—sX with all possiblehelicities for the two vectorbosons.The five parity
conservingsub-crosssectionsare

~~TT= ~[o-(++)+ O-(——)+ o-(—+)+o-(+—)J, o-LL=u(00),

tLTTL= ~[&(+0)+&(—0)}, oLT= ~[&(o+)+o-(0—)], (0.1)

o-~=~[o-(++)+&(——)—o-(—+)—o-(+—)],

and the four parity violating onesare

O~=~[o-(++)—o-(——)—o-(—+)+o-(+—)],

= ~[o-(++) — o-(——) + &(—+) — &(+—)], (G.2)

cTtL = Hfr(-~-°)— &(—0)], cTLt = ~[o-(o+) — o-(0—)].

We also needthecorrespondingluminosity factors,which canbe obtainedin theLEWA limit by using
eqs. (9.1), (9.2), (9.3) in eq. (9.11). They read
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= AhA~I(~)~ [(2+ ~)2 log(1I~)- 2(1 - ~)(3+ fl]LL’,

~LL = AhA~I(~) ~ [(1+ ~) log(1/~)- 2(1 -

~TL~4hAh(
2lT2) ~

~LT_AhAh(2lT2) ~[2(1+~)log(1I~)- ~(1-~)(7+~)]L’,

~ = B,,B~(~-) [(4+ ~) log(1/fl — 4(1 — ~)]LL’, (G.3)

= AhB~I(~—) ~ [3(1- ~2) + ~(4+ ~) log ~]LL’,

~T—Bh.i4h(~.) -~[3(1—~2)~~(4~ ~)log~]LL’,

~tL_8h24h(~.2) ~

=AhB~I(~—~)~

wherewe defineAh = a
2 + b2 — 2abh and Bh = 2ab — (a2 + b2)h; h (h’) thehelicity of the initial quark

q (q’); a, b (a’, b’) the standardVqq (V’q’q’) vector and axial couplings; L—s~log(4E~IM~,)and
L’ —+ log(4E~/M~).
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