THE QCD PARTON MODEL AT COLLIDER ENERGIES

FERMILAB-Conf-84/96-T
September, 1984

R. K. Ellis
Fermi National Accelerator Laboratory, Batavia, IL 60510

Summary

Using the example of vector boson productlon, the
application of the QCD improved parton model at
ecollider energies 13 reviewed. The reliability of the
extrapclation to 35C energies is assessed.
Predictions at +3 a (.54 TeV are compared with data.

Predictions for the interactions of hadrons in
the TeV range are usually made using the parton mode}.
suitahly modified to lnclude the effects due to QCD .
The model has been remarkably successful in analysis
of experiments at fixed target energiss, but present
colliders test the model in a new energy regime, which
will be further extended by the projected asuper
colliders. This extension of the kinematic range
raises certain theoretical I{ssues which Sse addreased
here, and elsewhere in these prcceedings It 1s also
of interest to compare the predictions of the model
with data at S = 0.54 TeV, in order to assess the
accuracy of projections to auper-collider energies.
This program (s carried out In this paper.

Schematically, the parten model cross-section may
be written as
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where f, are the parton distributions and Jj,k run over

parton “species, The QCD parton model contzins three
ingredients. These are,
a) the apecification of distributions of quarks,

antiquarks and gluons inside the cclliding hadrons.

b) the extrapolation of the parton distributions to

the higher energles relevant for collider
experiments,
g) the calculations of parton 2ross-sections which,

when combined with the parton distributions, fix
the overall hadronic cross-section.

The first tople, the measurement of the parton
densities will only be mentioned briefly. The
principal source of information on these distributions
comes from deep-inelastic lepton hadron scattering.
For a review of the experimental problems 1In these
determinations we refer the reader to ref.(3). The
shape of the valence gquark distributions {a wall
determined. The uncertainties in the measurement of
the antiquark distributions are somewhat larger, but
the distributicns themselves are smaller at fixed
target energies. The shape of the gluon distribution,
which is determined from scaling vieclations in
deep~inelastic scattering, is <correlated with the
measured value of the scale breaking parameter A,

Setting aside the guestion of the experimental
determination of the parton distributions, we now
discuss the extrapclation to collider energles. In
general the parton djstribution functions are required
at values of x and Q° which are outside the range
measured in deep-inelastic scattering, The partlcular
values depend on the tranasverse energy or mass of the
object belng produced. A W=-boson produced in proton
anti-proton coilisions at /8 = 0.5 TeV is most likely
to have come from a pair of partona having a fraction
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x = 0.15 of the hadrons' longitudinal momentum,
Values of x which are higher or lower are probed if
the W is produced in the forward or backward

direction. At ¢S -_éo TeV the typical value of x has
become x = 2.0x10 7, although in the measurable
rapidLEH range, cne is sensitive to values as small as
¥ = 10 . For the production of hypothetical heavier

particles, say of mass 8. the values of x are larger
but the values of QF, at which the distribution is
needed are also larger. We are therefore Interested
in a range such that,

Q/x < E (2}
where E is the total centre of mass energy of the

collider,
The extrapolation to the values of x and Q2

required 4 is performed using the Altarelli-Parisi
equation.
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The functions P are the evolutlion kernels which are
calculated as a perturbation series I(n the strong
coupling econstant. Normally the equations are used
including only the Ffirst ordgr evolution kernel,
although the second order terms” and certainGterma of
even higher orders have also been calculated.” As the
evolution proceeds uncertainties Iin the sea and gluon

distribution functions tend to diminish. This s
shown in Fig, (1) for the cage of tge gluon
déstribution 2 function at QT = 4 GeV and
Q

000 GeV¥~. The curves which are yery different at
low Q° approach one another at high Q. These curves
were obt?ined using the two parameterisations of Duke

and Owens' which evolve with different values of A,
Part of the reasen  why different atarting
distributions, (compatible with data), give similar

results after evolution is that Eq. (3) is driven by
the hardest term on the right hand side, which is the
wall measured valence distribution.
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Fig. 1
Two parametsisations for

5 the gluon gistributicn
function at Q° = 4 GeV® and Q

= 2,000 GeV™.



The extrapolation using the first-order
Altarelli-Parisi kernels is expected to be acceptable
throughout the range explored at super-colllider
energies. A possible source of danger is the low
region, untestad by fixed target experlments, As
aiready mentioned above, despite _our ignorance of
these distributions at low x and @, the AP equations
are expested to give a reliable estimate at low x and
higher Q°. This is because the growth at low x, due to
parton cascade from higher x, is so much larger than
the presumed starting value at low x. The issue is
whether the AP equatlicons with flrst order kernels are
an accurate representation of the behaviour of the
theory in this region. The one loop evolution
equations at low x are dominated by the poles at x = 0O
which appear in the splitting functions. In the limit

x - O.(CA-3. Cp=i/3),
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In this approximatton, the gluon distributicn function
avolves according to
2 1
2 C, a (Q7) 2
dexq) . A2 [ 4z 6(z,0) (5)
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The solution ﬁo this egyation in the limit in which
In(1/x%) 1n(ln Q%) >>1 1is,
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where [(ba_(Q7)] 1nQ“/A%. The second order
splitting function does not lead to a large
modification of this behaviour; gt small x the matrix
of evolution kernels is given by,
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This equation  should be comparad with the
corresponcding results for the timelike case, For
example, the function which controla the fragmentation
of a glucn is given by,

2 2, 2
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and after resummation to all orders tse moments of
this function are known to be given by,
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Returning to the spaceéike caae we 3gee from
Eq. {7) that terms of order o_ln(1/x) /x for m=1,2 are
absent. Indeed it 13 known tﬂat to all orderas the
most singular terms in the perturba%&on series for the
aplitting function are of the form,
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The values of the. ccefficients a, are known.6 Note
that a}-a =0. S3ince the correction térms are of order
mln(1/x),ae should not envisage any problems with
perturbation theory until «ln(1/x) - 1. Thus the first
order equations provide an adequate description at
least down to values,

x> 103 at @ = 10%Cev (1)

In ref, (2) it is argued that lowest order
perturbaction theory should be valid tc even smaller
values of x, because of the steepness near x = {, with
which the splitting function is convoluted. However,
Eq. {(11) is sufficient for most purpcaes at energies
E < 40 TeV.

In order to make numerical esatimates of the

cross-sections we will wuse the results of numerical
integration the of Altarelli-Parisi equation given In
the literature, The parameterisations w?ioh we
consider are those of Duk?1 and Owens (DO}, Gluck
Hoffmann and Reya (?gR) and Eichten, Hinchliffe,
Lane and Quigg (EHLQ). © Nene of the parameterisations
is entirely satisfactory throughout the range
YS=0,5-40 TeV. A satisfactory parameterisation must
a) be ocompatible with tne data at fixed target
energles,
b) give a satisfactory fit to the result of numerical
evolution of the low energy distributions throughout
the range of collider and super-collider energies
{cf.eq.{11)). The stated range of accuracy of the
three szets is

DO: 5.1073 ¢ x <1 2 <¢Q<10° GeV (few %)
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GHR: 10 <x <1 2 < Q < 200 GeV

y

BHLG: 10 Y < x <1 2.3 ¢Q <10 Gev (5% (12)

where the percentage is the estimated maximum
deviation of the parameterisation from the result of
the numerical evolution of the starting distributions.
Thus we see that the first two sets have an x range
somewhat less than desired for super-collider
energies.

Not all features cof fixed target data are
reproduced by the parameterisations, although there is
some degree of choice in the data sets which are used.
The DO parameterisations have an SU(3) §ymmetric sea
which appears toc be excluded by the data. Since sea
distributions are important at super-collider
erergies, this deficiency can lead to noticeable
differences, The ratio of valence down and up quarks
is measured t0 be approximately given by

dv(x)/uvgzﬁ = 0.57(1-x) (13)

The EHLQ structure functions f£it this ratio rather
poorly (see ref.(12)) and hence somewhat underestimate
W production cross-sections at CERN collider energies,
Different theoretical treatments of the charm quark
threshold can be lead to appreciable differences at
small values of X. Generally speaking these
incompatibllities of the parton distribution functions
with data lead to leas than 20% effects in the final
crosa-sections, nevertheless they introduce an
avoldable source of error.



The total _cross-sections for  wvector  Dboson
production in pp collisions at CERN collider energies
including the 0(e_) corrections have been presented in
ref. (13). The “gluonic radiative correcticns were
implemented following the basic strategy of ref. (14},
Inclusion of the 0{«_) corrections lncreases the zero
order cross-section -“the so-called X factoer - by
about 30%. This is to be compared with the 0{a_)
correction in Drell-Yan produc;&on at fixed targgt
energies which 1is about 80%. This decrease in the
size of the radlative correctlon is mainly due to the
decrease in the size of the running coupling a_. The
contribution of the initial gluons after factorigation
is negative and less than a 5% correction.

The thecretical calculatiens of the
cros?gsectlons for pp collisions at S = 0,54 TeV
are,

+ - Q
WoeW +1.3 oz I
6 = (n.2 O‘G)nb T .3 O.E]nb (1u)

The thearetical uncertainties in these cross-sections
have been eatimated by using different sets of parton
distributiona and different arguments for the running
coupling. The value for the -W cross-section found
using the EHLQ structure function is somewhat low but
lies within the range given In Eq, (14). The ratio of
the tWo crogss-sections, important for gounting
neutrinos is lems subject to thecretical error,
+ -

W + W
Z

a

= 3.3 £0.2 (15)

Multiplying Egs. (14)
electrons,

by the branching ratio into

B(W + ev)] = 0.089 B(z° » e'2”) = 0.032 (16)
which are the values obtained for a top quark mass
m = 40 GeV and o /7 = 0.04, we find that the product
of the crosa-section and decay branching ratio 1s,

whset + 110
(0B) = (370 _ gy lep
o+ -
Z+e e
{aB) R CER an

The corresponding experimental results are15'16

wt z°

Ual : (oB)" = 53018C+90pb (gB)® = T1£24+13pb  (18)
o Q

UAZ : (o)™ = 530:100+100pb  (oB)% = 110£40£20pb (19)

Theoretical predictions for higher energies are.
given in Table (1). These results are also subject to
theoretical error. Fig. (2) displays these results
for a fix?d set of parton distribution functions {(Duke
and Owens', Set 1) and a given choice of scale for
a (Q=M ). The solid curve is for proton-antiproton and
tRe dofted curve 1is for proton-proton collisions,
Above S = 10 TeV the two curves are essentlally
identical because of the dominance of 3ea quarks.
Also shown plotted are the croas-sections for the
production of hypothetical bosons of mass 0.2, 0.5 and
1 TeV which couple to quarks exactly in the same way
as the normal W boson, These curves are also subject
to theoretical uncertainties similar to those in Table
1, Although the cross-section for the production of W
boscns at 40 TeV is large, 1t should be borne in mind
that only about 30% of them occur at observable
rapidities ¥y < 2. A W produced at rapldlty greater
than 2 lies within 15° of the beam pipe.

-3 -

1000 T YT u YT T T T
E

T T TTTEI T T TI

TV ITT

T TYTITTOF T 1

o il s
1 [[] Le»]
V3 Tev

et il

Fig. 2 -
The total cross-section for the production of WoewW
bosons, M = 83 GeV 1in proton antiproten collisions
{solid line) and proton proton collisions (dashed
line). The other curves refer to heavier charged
bosons with the same couplings to quarks as the W of
the standard model.
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Siter) [ o ¥ (M =83 Gev)(nb) oF (M, 0m9% Gei) ()
+1.3 «0.4
7 0.54 H.2_0_6 1.3_9-2
+1.6 0.5
0.63 5.3_0.9 1.6__0.3
.0 +1.2
1.6 16'0-2.5 4.9_0_8
+6. +1.9
2. 20. -y, 6.2_1_2
+35. +12.
10. 5. 25, 27- g,
20. 130. 1;2' L6, :gg'
4o, 190.£100. T0. +30.
Table 1
Theoratical rasults for the W and Z total

eroas-sections in pp interacticns at various energies.
Estimates of the theoretical error are also given.

We now conaider the transverse momentum of the
produced vector bosons in more detail. This 13 a
subject of both theoretical and practical importance.
They are theoretically impertant because it has been
snown that essentially the whole g distribution
{including the low q. region) can be predicted. The
procedure for the résummation of multiple glucn
emission including transverse momentum conservation
was introduced In ref, {17) and further developed 1in
refa. (18,13,19). The comparison with W boson
production data at v5 = 0.5U4 TeV¥ is shown in Fig. 3.
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Fig. 3
The normalised +d1§ferent1a1 cross-section R for the
production of (W +W ) bosons as a function of q at
¥S = 0,54 TeV, The dotted and dashed histogrami are
the suitably normalised data of the UA1l and U4z
collaboraticona respectively. The solid line is the
theoretical predietion for

2 du(y-O)J/du(y-O) (20)
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based co¢on the1garton distributions of Gluck at al.11 A
full analysls of the uncertainty in the theoretical
prediction due to the form of the parton distributicn
functions, the size of A, and the uncalculated higher
order corrections shows that 1t 1s about 25%. Within
the limited statistics the agreement between theory
and data 13 acceptable. The change of the ratio R

with increasing centre-of-mass energy s illustrated
in Fig. &.
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The normalised differential cross-section R for the
production of W +W bosona in proten anti-proton
collisicns at various centre of mass energles.

With increasing energy a larger fraction of the
events lie above q. = 30 GeV. It fs therefore to this
large transverse fomentum tail, which s well
deseribed by the simple perturbative formula, that we
turn our attention.
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At super colliders the large transverse momentum
region is of most lnterest because it is in this
region that the search for physi{cs beyond the standard
model will take place., W and/or Z production at larqe
Q.. could cause "monojets"™ or ‘“"lepton + Jjet"™ events
wItn missing transverse energy. Both of these types
of events are typical triggers in the search for new

phenomena. In order toc estlimate the probability of
such events from conventional QCD sources, we define
the quantity
n(a,) = I:; E%%%:%% de//,IiT Eﬁéizg% ap, {21)
where A 1s the kinematic limit of the transverse
momentuf. ’
I Gev ™ (q,)3
/3=0.54 TeV pp | v¥S=10 TeV pp | v¥S=40 TeV pp
25 3.4 20.4 - ---
30 2.0 £0.2 26.0 --=
40 0.8 £0.1 16.9 ---
50 0.40+0.05 1.7 15.
60 0.1640.02 8.3 11,
70 —-- 6.0 8.
80 ——- 4.5 6.
90 .- 3.4 5.
100 - 2.6 4,
1¢ - 2.1 3.
120 -— .7 2.
130 —— 1.3 2.
140 — 1.1 1.
150 - 0.9 1.
Table 2

The probability =(q,) of finding a W boson2§bove a
certain qT at various centre-cf-mass energies,

In Table (2) the values of = at vS = 0.54 TeV and
10 TeV for pp collisions and at ¥S = HO TeV for pp
¢ollisions are given. The resglts at ¥5 = oeah have
been calculated using the O(usl contribution coming
from quark-antiquark annihilation. The difference
between, v calculated in order a_ and calcuéated in
order o° is small, but inelusion of the Of(a_.) term
leads o a subatantial decrease in the error which ia
mainly due to the s3cale ambiguity in the running
coupling constant. At the other two energles the
percentage errors on w1 are of the same order as the
percentage errors given in Table 1 at the
corresponding energles. The figures are therefore for
illustration only. Table 2 indicates that 1t is most
unlikely to find more than 3% of the W's (or Z's, for
which a 3simllar result holds) with an assoclated jJet
of g, & 35 GeV, Taking into  account the factor &
bethen r(Z+vv) and r(Z+e e ) it Trollows that at
VS = 0.54 TeV we should expect about five times fewer
monojetas with q_ 2 35 GeV, than regular Z decays to
electron pairs at’'v/8 = 0.54 TeV,
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