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We discuss the phenomenology of initial-state pakeroadening in direct-photon production and related
processes in hadron collisions. After a brief summary of the theoretical basis for a Gaussian-smearing
approach, we present a systematic study of recent results on fixed-target and collider direct-photon production,
using complementary data on diphoton and pion production that provide empirical guidance on the required
amount ofk; broadening. This approach provides a consistent description of the observed pattern of deviation
of next-to-leading order QCD calculations relative to the direct-photon data, and accounts for the shape and
normalization difference between fixed-order perturbative calculations and the data. We also discuss the
uncertainties in this phenomenological approach, the implications of these results on the extraction of the gluon
distribution of the nucleon, and the comparison of our findings to recent related work.
[S0556-282(99)03805-9

PACS numbgs): 12.38.Qk, 13.85.Ni, 13.85.Qk

INTRODUCTION tum vector,IZT, of each of the two colliding partons.

Evidence of significark; has long been observed in mea-

Direct-photon production has long been viewed as arsurements of dimuon, diphoton, and dijet pairs. A collection
ideal process for measuring the gluon distribution in theof measurements of the average transverse momentum of the
proton[1]. The quark-gluon Compton scattering subprocesairs (pr)pai) iS presented in Fig. 1, for a wide range of
(99— yq) dominatesy production in all kinematic regions center-of-mass energies'§) [11].
of pp scattering, as well as for low to moderate values of The values of(pT>pair are large, and they increase ap-
parton-momentum fractior, in pp scattering; the cross sec-
tions have been calculated to next-to-leading ord¢rO)
[2]. The gluon distribution in the proton is relatively well Pion Data
constrained at smak (x<0.1) by deep-inelastic scattering 61 T ; —
(DIS) and Drell-Yan(DY) data, but less so at larger[3]. I “ +¢c$ |
Consequently, direct-photon data from fixed-target experi- S| o o © |
ments that have been incorporated in several modern globa 0 °
parton distribution function analyses can, in principle, pro- .l | ]
vide an important constraint on the gluon content at moder- 4+ L , -
ate to largex [4-7]. L 10

However, a pattern of deviations between the measured
direct-photon cross sections and NLO calculations has beer
observed 8]. The discrepancy is particularly striking in the i *

.

2 : :

<Pr pair (GeV/c)

Vs (GeV)

™

recently published higher-statistics data from E706 experi- 2| + -
ment[9]. E706 observed large deviations between NLO cal- | L |
culations and data, for both direct-photon am@l inclusive - © _

cross sections. The final direct-photon results from (2@ ' i Proton Data : Eﬁfgﬁn y
also exhibit evidence of similar, although smaller, discrepan- Loo©  Dijet
cies. The suspected origin of the disagreements is from ef- 1. ... N R e
fects of initial-state soft-gluon radiation. Such radiation gen- 10 10° 1?/35 GeV)
erates transverse components of initial-state parton momenta,
referred to in this discussion &s. To be precise, as if9], FIG. 1. (py) of pairs of muons, photons, and jets produced in
kr denotes the magnitude of the effective transverse momeradronic collisions versuss.
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proximately logarithmically with increasings. The values The Y function is added to ensure a smooth matching be-
of (ky) per parton(estimated as=(pr)pai/+2) indicated by ~ tween the low and the higpr regions, where the resummed
these DY, diphoton, and dijet data, as well as the inclusiveand the fixed-order descriptions work better, respectively.
direct-photon andr® production data, are too large to be At collider energies, most of thier can be attributed to
interpreted as “intrinsic” — i.e., due only to the finite size perturbative soft-gluon emission. However, for fixed-target
of the proton.(From these data, one can infer that the averkinematics, almost all of thk is due to the non-perturbative
agekr per parton is about 1 GeWV/at fixed-target energies, mechanisms. A proper treatment requires both the appropri-
increasing to 3—4 Ge\ at the Fermilab Tevatron collider. ate data to determine the non-perturbative input, and an
One would expect (k;) values on the order of implementation of the soft-gluon resummation formalism for
0.3-0.5 GeV¢ based solely on proton sizePerturbative the particular process.

QCD (PQCD corrections at NLO level are also insufficient ~ The resummation calculation for multiple soft-gluon
to explain the size of the observed effects, and full resumemission in direct-photon production is quite challenging.
mation calculations are required to describe DY amz ~ The production rate and kinematic distributions of photon
[12-14, and diphoton[15,16 distributions. Values of pairs produced in hadron interactions have already been cal-
(P)pair for DY and diphoton data exhibit similar trends ver- culated[16], and a similar calculation of the transverse mo-
sus energy; for DY data, pion-beam values are somewhdfentum distribution of a photon-jet system is also plausible,
larger than those for proton beams at the safmeThe dijet  Put more involved, since the final-state parton takes part in
data hint at somewhat larger values(@) ., than DY re- soft-gluon emission and in color e>.<change with the initial-
sults at the same energy, a difference that may be related f§ate partons. A recent work on this subjg20] addressed
different color-flow between initial and final states in Dy Only the effects of multiple soft-gluon radiation in the initial
and in dijet events, as well as to a larger contribution fromsState. Incorporating jet definition in the formalism is also not
gluon-induced subprocesses for dijet production. Simila@ fully resolved issue. Finally, the calculation of individual
soft-gluon(or k) effects can be expected to be present in all fransverse momenta of the photon and the jet is further com-

hard-scattering processes, such as the inclusive production Bicated by the fact that several overlapping power-
jets or direct photon§17]. suppressed corrections can contribute. In the absence of the

This paper presents a phenomenological modekfoef-  full resummed calculation, approximations are made in order
fects in direct-photon production and, by extension, in allf® compare theory with data. .
hard-scattering processes. Quantitative comparisons of this_IN lieu of a rigorous calculation of the resummeg dis-
model with data from E706 have been reported previousl;ﬁ”bUt'O”a effects of soft-gluon radiation can be approximated
[9,18. We will discuss the successes and uncertainties ofY & convolution of the leading-order cross section with a

this prescription, as well as the implications for determiningkT-smearing functiofi21]. In the formalism described above,
the gluon distribution. this is equivalent to absorbing all of the perturbative gluon

emissions into the non-perturbative Sudakov form factor.
Since no explicit resummation of soft-gluon emissions is
kr SMEARING FORMALISM: THEORY AND PRACTICE performed, the average value kf used in the smearing

We now briefly describe the theoretical underpinnings of.ShOUId be representative of the value obseriacexpected

k; effects using the Collins-Soper-Sterm@ss formalism t-?ﬁ kinematic regflmethOf :hede_zxpen:jnégt). .
[19]. In this formalism, thep; spectrum in hard-scattering for diﬁa;i(plrliisgonro(guctﬁ)ne:t ;gg-or has th(;r(;grsmsec on
processes is written as the convolution of the parton distri- P P 9

butionsf;,;,, theC functions(representing the finite pieces of 3

the virtual corrections and two Sudakov form factorss” E —U(h hy— yX)

and SNP. SP can be regarded as being perturbative in~ 7 gp3 Y

character andSN® as non-perturbative. The perturbative

Sudakov form factor represents a formal resummation of 2 2
soft-gluon emissions. The non-perturbative Sudakov form _agz:as f dx;dXofa, n, (X1,Q%) Fa, y(X2,Q%)
factor is determined from a fit to the data, is expected to be R

universal(for a given parton flavor and hadron typand is s do

usually parametrized as a Gaussian distribution. The dividing
line between the perturbative and non-perturbative contribu-
tions is somewhat arbitrargimilar to the better known cases n )
of parton distributions and fragmentation functiprend itis ~ Whereda/dt is the hard-scattering parton-level cross sec-
quantified by a theoretical scale in the resummation formation. andf, ,, andf,, ., are the parton distribution func-
ism. Thepr distribution (e.g., of the Drell-Yan pajrcan be tions (pdf) for the colliding partons, anda, in hadronsh;
written symbolically as and h,, respectively. To introduck&; degrees of freedom,
one extends each integral over the parton distribution func-
tions to thek-space,

X — — (a18,— ya3) S(s+1+1), 2
Wdt(lz vagz) &( ) 2

do _(eNP__ cP
dpy  00° ETHSIG[(Cai®Fin )(Cay®Fim)1+Y.

' () dxlfallhl(xlvQZ)—’dxldszlg(ETl)fallhl(Xl,QZ) ©)
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(a corresponding substitution is done for parégrin hadron  LO ky-enhancement factor. Admittedly, this procedure in-
h,). volves a risk of double-counting since some of the
The distributiong(Ky) is usually taken to be a Gaussian, Kr-enhancement may already be contained in the NLO cal-
culation. However, we expect such double-counting effects
e—k$/<k$> to be small, and consequently this uncertainty K¢pt)
—, (4)  should also be small(For example, the NLO estimate for
(k) (P1)pair Of the diphoton pairs produced ipp— yy at s

2\ 5 ; =31.5 GeV is on the order of a few hundred MeYivhile
where (kr) is the square of the 2-dimensiondD) rms the resummed prediction is well over 1 GeM/14].)

Wldth of thekr distribution for one partond?sanon,2d, and It is clear that this type of treatment kf effects is model
is related to the square of the 2D average of the absolulgependent. In particular, different functional forms can lead
value ofk; of one parton througkk?)=4(kr)%/ 7. We em-  to quantitatively different answers. For example, adding sub-
phasize thatkr) represents the average effective 2D trans-stantial non-Gaussian tails k smearing can affect the out-
verse momentum per partofiThe average transverse mo- put distributions. One of the strengths of the approach we
mentum of the parton pair is, of course, a factor/@flarger  follow in this paper is that thé distribution used in the
than the average transverse momentum per parton. smearing is based on experimental information, and the
The 4-vectors of the colliding partons are expressed imGaussian character of tHe effects is consistent with the
terms of the momentum fractiox of the partons. Ignoring data observed by E70@]. Moreover, any non-Gaussian
parton and hadron masses, tails may result primarily from single hard-gluon emission,
and such contributions should therefore already be contained
x1=(Ey+pi /s, (5 in the NLO cross sections used in this analysis.
A complete treatment of soft-gluon radiation in high-
where the parton four-vector is production, including the appropriate non-perturbative input,
- should eventually predict the effectike values expected for
P1=(E1.kr,pi)), (6)  each process angs. We will employ (k) values represen-

_ tative of the kinematic distributions in the data, and based on
with comparisons with the same model as used to modify the
) NLO inclusive cross sections.

le The effects of soft-gluon radiation are also included in
X1\/S () QCD Monte Carlo programs such &sTHIA [22], ISAJET
V= [23], and HERWIG [24]. However, in these programs the
and emission is normally cut off at a relatively high parton vir-
tuality, with the remainind; effect supplied by a Gaussian
k2 ] smearing similar to that discussed above. For fixed-target
1 (8) energies, essentially all of the effects are provided by this
xl\/g_ phenomenological Gaussian term. The above programs differ
in the details of the way parton energy and momentum are

(Similar expressions are used for par@n) rescaled aftek is inserted, which can also produce quanti-
It is straightforward to evaluate the invariant cross sec+ative differences in results.

tions, includingk; effects, according to the above prescrip-

t!on. In gene.ral, bgcagse the. unmodified PQCD cross sec-  App||CATIONS OF THE ky MODEL TO DATA

tions fall rapidly with increasingpr, the net effect ofky

smearing is to increase the predicted yield. We denote the The experimental consequenceskgf smearing are ex-

enhancement factor &§(p1). Since the invariant cross sec- pected to depend on the collision energy. At the Tevatron

tion for direct-photon production is now a six-dimensional collider, the smallest photop; values probed by the CDF

integral, it is convenient to employ Monte Carlo techniquesand DO experiments are rather large (10-15 GgVand

in the evaluation oK(p1). An exact treatment of the kine- thekr-enhancement factors modify only the very lowest end

matics can be implemented in a Monte Carlo framework, bupf the p; spectrum, wher@+ is not significantly larger than

it is more difficult in an analytic approach. kr. In the energy range of the E706 measurements, large
A Monte Carlo program that includes such a treatment ok-effects can modify both the normalizations and the shapes

ks smearing, and the leading-order cross section for pigh- of the cross sections as functionspaf. Consequently, E706

particle production, has long been availab¥]. The pro- data provide a particularly sensitive test of taemodel. At

gram provides calculations of many experimental observiower fixed-target energies, thie; enhancements are ex-

ables, in addition to inclusive cross sections. The progranpected to have less; dependence over the range of avail-

can be used for direct photons, jets, and for single lugh- able measurements, and can therefore be masked more easily

particles resulting from jet fragmentatigeuch as inclusive by uncertainties in experimental normalizations and/or

a0 production. Unfortunately, no such program is available choices of theoretical scales. Nonetheless, the UA6 and

for NLO calculations, but one can approximate the effect ofWA70 data generally support expectations frém smear-

kt smearing by multiplying the NLO cross sections by theing.

g(kp)=

X1\/S+

1
E]_:E

1
P,= §|:Xl\/§_
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1 | CTEQ4M pdf 3 10 | CTEQ4M pdf
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_ FIG. 2. Top: The CDF and DO i_solated direct-photon CrOSS S€C- k16, 3. Top: The photon and® cross sections from E706 at
tions, compared to NLO theory W'tho.mr (dashedl an_d with k Js=31.6 GeV compared t&;-enhanced NLO calculations. Bot-
enhanc.ement fo(kT>=3'5 GeVik (solid), as a functlo_n ofpr . tom: The quantity(data—theorytheory for direct-photon produc-
Bottom: The quantity(data—theorytheory (for theory withoutky . . i :
adjustmeny, overlaid with the expected effect frokq enhancement tion, using k-enhanced NLO calculations for several values of
forJ<I< }=3.5 GeVk. The errorpbars have experimental statistical (kt). The error bars have experimental statistical and systematic
and sTs;en%atic uncértainties added in uadrgture uncertainties added in quadrature. The points corresponding to cal-
Y q ) culations with differentky) are slightly staggered ip;, to reduce
the overlap of experimental error bars.

Comparisons to Tevatron collider data
tailed examination of the lowy behavior of the photon

At .the Tevatron coIhdgr, the above r_n.odell of soft-gluon cross section(The CDF data included in the plot are from
radiation It_aadsI toFg rezlatlvely small mhod|f|cat|on of the NlLOr n 1A only.) A similar enhancement is expected for jet pro-
S_ross Seth'OH' nrg. 2 we Cg(;mparhet € _CDIFNaLnCc)J D(: 'S? ate uction at lowpy, but larger experimental uncertainties, and
tigﬁgtﬁtﬁfﬁ dC\:v?tShSOlSJiCtlgr'?ha]nt:oe:ngﬁtreltlncztihe Iowg?ggr?;)f the relatively large additional non-perturbative effects ex-

- . L . X
the plot we display the quantitylata—theorytheory: for the pected in this regiof27], preclude a useful comparison.
collider regime we did not multiply the NLO theory by the
kr-enhancement factor, but instead displayed the full devia-
tion of the NLO calculation from the data. The expected The conventional({k;)=0) NLO calculations yield cross
effect from k; enhancement is also shown fqiks) sections that are signficantly below the E706 direct-photon
=3.5 GeVk. This is the approximate value @) per par- and#° measurement®] (see Figs. 3, 4, and)5No choices
ton measured in diphoton production at the Tevati®h],  of current parton distributions, or conventional PQCD scales
and one expects a simildk;) per parton for single-photon provide an adequate description of the déta the compari-
production. (In the diphoton process, the 4-vectors of thesons presented here all QCD scales have been gBt/2).
photons can be measured precisely, providing a direct deteihe previously described,-enhancement algorithm was
mination of the transverse momentum of the diphoton sysused to incorporate the effects of soft-gluon radiation in the
tem, and therebyky).) calculated yields. That is, the theory results plotted in the

As seen in Fig. 2, thé; effect diminishes rapidly with figures represent the NLO calculations multiplied by
increasing pr and is essentially negligible above kr-enhancement facto#§(pt) [28].
~30 GeVk. The trend of deviations of NLO calculations Because parton distributions for nucleons are known bet-
from the measured inclusive cross sections is described reter than those for pions, we first present comparisons of the
sonably well by the expectdd effect. Some of the observed various model calculations with proton-beam data. As seen
excess can be attributed to the fragmentation contribution tat the bottoms of Figs. 3 and 4, the NLO theory, when
isolated direct-photon productid26], but this alone cannot supplemented with appropriake enhancements, is success-
account for the entire deviation of the theory from data.  ful in describing both the shape and normalization of the

The larger statistics in the Tevatron collider run IB E706 direct-photon cross sections at bafe=31.6 GeV
samplegqcurrently under analysiswill allow for a more de- and 38.8 GeV. As expected, tlkg-enhancement factors af-

Comparisons to E706 data

074007-4



k+ EFFECTS IN DIRECT-PHOTON PRODUCTION

-1.00<y,, <0.50

af NLO Theory (i =pi/2)
10 | CTEQ4M pdf

I L S L

pBe at Vs=38.8 GeV (E706) |
ey [pb/(GeV/c)2 per nucleon]
o [nb/(GeV/c)2 per nucleon]

stat and sys uncertainties combined

4 7° uses BKK ff -
10 | ----- (kp = 1.5 GeV/c
sf — (k=13 GeV/c 3
10 | e () = 1.1 GeV/e -
- ﬁk'r>.: 0'(l) GeY/c | [ R | o e ]
% A T T T T T T IpBe |_> "YX T T '_7
é o (ky=15GeVic O (k)=11GeVfc 1
B 38F + + ® (k)=13GeVic o (k)=0.0GeV/c 3
= ]
L 2F + + + E
S 44
E I T TR A S TP S 1
N phdbgo ]
I SRS SIE1100 B 0 . —
S e B e e T

12

pr (GeV/c)

FIG. 4. Top: The photon ang® cross sections from E706 at

tom: The quantity(data—theorytheory for direct-photon produc-
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FIG. 5. Top: The photon and® cross sections from E706 at
Js=38.8 GeV compared té-enhanced NLO calculations. Bot- /s=31.1 GeV for incidentm~ beam, compared t&r-enhanced
NLO calculations. Bottom: The quantitidata—theorytheory for
tion, using kr-enhanced NLO calculations for several values of direct-photon production, usinig-enhanced NLO calculations for
(k). The error bars have experimental statistical and systematiseveral values ofk;). The error bars have experimental statistical
and systematic uncertainties added in quadrature.

fect the normalization of the cross sections, as well as thge aqdition ok, smearing therefore increases the size of the

cross sectiorfand steepens the slope [ir). At highestpt
(corresponding to largg), the unmodified NLO cross sec-

=38.8 GeV, provide good representations of the incidenttion becomes increasingly steétue to the rapid fall in par-

shapes of thep; distributions. The values of(k;)
=1.2 GeVkt at \s=31.6 GeV, and 1.3 GeW at s

proton data. Bothk; values are consistent with those emerg-
ing from a comparison of the same PQCD Monte Carlo cal-
culations with E706 data on the production of high-mass g

w°w0, y#O andyy pairs[9].

g
£

g

In Fig. 5 we present comparisons between calculationsjg

and E706 data form Be interactions at/s=31.1 GeV.
Here again, the uncorrectedk{)=0) NLO theory is not
consistent with the data. Once tlkg-enhancement factors

Ny

are applied, good agreement is observed between data ar

calculations fokr)~1.4 GeVk. (Note that DY data lead
one to expect a higher value @f;) for a =~ beam than for

a proton beam of the same eneigy.

For comparison, results of calculations usifig) values

+0.2 GeVE relative to the central values are also shown in
the figures. These can be taken as an indication of uncertain

ties on(ky) (see next section The corresponding enhance-
ment factorsK (p;) at v/s=31.6 GeV are displayed in Fig.

6.

It is interesting to note that, in this energy range, khe
enhancement does not decrease with incregsin@s for the

case of the collidgr and, in fact, increases at the highest

values ofp;. This is a consequence of the widerange

7

6

. L

pBe —> vX at Vs=31.6 GeV ]

0755y, 075 i

(k) =14 GeV/e
kp=12GeVle [ ]
(ky=1.0GeV/c 1

. A
9 10 11 12
pr (GeV/c)

spanned by E706, and can be understood through the follow- FIG. 6. The variation ok; enhancement¥(p;), relevant to
the E706 direct-photon data for protons\&=31.6 GeV, for dif-

negligible in comparison to the; in the hard-scattering, and ferent values of ky).

ing argument. At lowp;, a (ky) of 1.2 GeVk is non-
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FIG. 7. Theks-enhancement factors for direct-photon produc-
tion expected for WA7(Qp data.

ton densities and hence the effect df; smearing again

becomes larger.
NLO calculations for® production have a greater theo-
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FIG. 9. Top: The photon ana® cross sections from WA70 at
Js=23.0 GeV for incidentw~ beam, compared t&;-enhanced
NLO calculations. Bottom: The quantitidata—theorytheory for
direct-photon production, usinigr-enhanced NLO calculations for

retical uncertainty than those for direct-photon cross section&everal values ofkr). The error bars have experimental statistical

since they involve parton fragmentation. However, #e
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FIG. 8. Top: The photon ana® cross sections from WA70 at
Js=23.0 GeV for incident protons comparedkg-enhanced NLO
calculations. Bottom: The quantitglata—theorytheory for direct-

and systematic uncertainties added in quadrature.

effects in 7° production can be expected to be generally
similar to those observed in direct-photon production, and
the ° data can be used to extend tests of the consequences
of k; smearing. Figures 3, 4, and 5 also show comparisons
between NLO calculation$29] and #° production from
E706, using Binnewies-Kniehl-Kram@KK) fragmentation
functions (ff) [30]. The previously described Monte Carlo
program was employed to generdtgenhancement factors
for #° cross sections, angk;) per parton values similar to
those that resulted in good agreement with direct-photon data
also provide a reasonable descriptionsdf production. For

a0 production, an additional smearing of the transverse mo-
mentum, expected from jet fragmentation, has also been
taken into account.

Comparisons to WA70 and UA6 data

We have examined the expectations for the size of soft-
gluon effects for fixed-target experiments WA70 and UAG.
Both experiments have measured direct-photon production
with good statistics, and their data have been included in
recent global fits to parton distributions. WA70 measured
direct-photon andr° production inpp and 7~ p collisions at
Js=23.0 GeV[31], and UA6 has recently publishdd0]
their final results(with substantially reduced uncertainties

for direct-photon production ipp andap collisions aty/s

photon production, usini-enhanced NLO calculations for several =24.3 GeV. These center of mass energies are somewhat
values of (ks). The error bars have experimental statistical andsmaller than those of E706, and tfle) values are therefore

systematic uncertainties added in quadrature.

expected to be smaller(perhaps of the order of
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FIG. 10. Top: The photon and® cross sections from UA6 at FIG. 11. Top: The photon and® cross sections from UA6 at
Js=24.3 GeV for an incident proton beam compared to Js=24.3 GeV for an incident antiproton beam compared to
kr-enhanced NLO calculations. Bottom: The quantifgata—  kr-enhanced NLO calculations. Bottom: The quantifgtata—
theory/theory for direct-photon production, usinkr-enhanced theory/theory for direct-photon production, usingr-enhanced
NLO calculations for several values ¢k:). The error bars have NLO calculations for several values ¢kr). The error bars have
experimental statistical and systematic uncertainties added igxperimental statistical and systematic uncertainties added in
quadrature. quadrature.

0.7-0.9 GeVE, based on Fig. )l WA70 has compared ki- dominant production mechanisms for the two processes are

nematic distributions observed in diphoton eve(iits = p ; . ] ; ;
interaction$ to NLO predictions, and has found that smear-dlﬁeﬂant' qga}rk .gluonEompton scattering domlr?atesp‘pr
andqqg annihilation forpp at the UA6 energy. As in the case

ing the NLO theory with an additionakKk;) of 0.9
+0.2 GeVk provides agreement with their daa2]. We of E706 and WA70 measurements, the UAB cross sec-
tions are also higher than the NLO calculation withéwgt

therefore use this(ky) as the central value for the i ! .
kr-enhancement factors for both experiments, and vary th@nd can be much better described by introdugingnhance-

(k7) by =0.2 GeVk, as with E706. The corresponditkg
enhancement expected over the range of measurements is
shown in Fig. 7. Over this narrowex: range, the effect df; DISCUSSION OF k1-SMEARING PROCEDURES

is essentially to produce a shift in normalization. In this section, we consider uncertainties in the Monte
Comparisons of the WA70 direct-photon and cross  carlo method employed in our previous discussion, and

sections with thekr-enhanced NLO calculations are shown .omment on an analytic approach for calculating skgh

in Figs. 8 and 9. Renormalization and factorization scales ofnhancements.

py/2 are used in the NLO calculations, as in the E706 com-

parisons. Ther? cross sections both for incident proton and

7~ beams, and the photon data from incident beam, all Uncertainties in the Monte Carlo model and related issues

lie above the NLO calculations kaT>=O,' and are in better Our approach contains several phenomenological param-

agreement with thé&r-enhanced calculations; only the pho- giers that affect the range of its results, the most important of

ton cross section for incident protons seems not to require &nich is the amount of Gaussian smearing represented by

kr correction. _ (ky). Thus far, both the value dk;) (with its dependence
The latest photon cross sections from UA6 fgrandpp  on /s) and its possible range of uncertainty can only be

scattering are shown in Figs. 10 and 11. The photon crosgetermined empirically. A range of variation of

section forpp interactions lies clearly above the NLO cal- +0.2 GeVk for (kf)~1—-2 GeVk appears reasonable on

culation for(kr)=0, but is consistent witlkr-adjusted cal- the basis of several considerations. These inclethe

culations for(kr) in the range of 0.7-0.9 GeW/ The result  range ofk; values inferred from high-mass pair distributions

for pp interactions is also above the unmodified NLO calcu-in E706 datajii) observed differences between photon and

lation, but requires a smaller value @¢;). We note that the #° results; (i) comparisons ofky) values required in in-
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pBe — yX at Vs=31.6 GeV |

-075<y, <075

clusive cross sections to those representing the properties ¢g 7 71— 1
massive pairs at E706 and WA70/UA6 energies, &nd i
differences between dimuon, diphoton, and dijet values of
(Pr)par Seen in Fig. 1. (The dependence of the

k. Enhanceme
[+
T

kr-enhancement factor on the variation (ky) was illus- mrrm=10GeV (k) = 1.4 GeVle
i i [N e m = 0.0 GeV
trated in Flgs. 6 and Y. . ' . . AN m=10GeV (p)=12GeV/c
For the fixed-target experiments discussed in the previous L e m = 1.3 GeV
section, we already presented calculations ugkyg values [ ]
s [ ., -+ MRST K

of 0.2 GeVkt above and below the selected central values.
The observed variation in predictions reflects an uncertainty
in the kr-enhanced theoretical results. The dependence o
K(pt) on(ky) is especially strong at the extremgsw and
high) in py. These calculations used renormalization and i
factorization scales gi/2. Changing the scale f; reduces 2
predicted cross sections at fixed-target energies by about 30 i
40 %, a factor comparable to the estimated spread irkthe
factors over much of thp range; the full uncertainty in the
calculations must include contributions from uncertainties in i
both(kT>andQCDscales. Y P T S P S

Another parameter in the model, a propagator nmsis 4 5 6 7 8 *:)T GV
introduced to regularize the divergences of the leading-order

QCD matrix elements due to the propagator factoss i, FIG. 12. The effect of different propagator massefor predic-

and 10 in the configuration where one or more of thesetions of ky enhancement&(py) for E706 direct-photon data at
f= 31.6 GeV. Thek; enhancement used by the MRST group

invariants approaches zero. To avoid the large weights ass ; . !

ciated with these configurations, the propagators are replac 6] is also shown in the figure.

by 1/(s+m?), 1/(t—m?), and 1/40—m?), respectively,

wherem has a typical value of order 1 GeV. The physical study of diphoton production afs=31.5 GeV, using the

effect of the propagator mass is to cut off the region whereressosprogram([14], indicates that thék) increases from

almost all of the transverse momentum of the produced phaabout 1.2 GeW¢ for photons withpy of 5 GeV/c to ap-

ton is due to the Gaussian smearing, and very little to thgroximately 1.4 GeW for photons withpy of 10 GeVk.

hard scattering. While thé-enhancement factor is rela- If direct-photon production were to have a similar behavior,

tively insensitive to the value oh for the measured range at the anticipated; enhancement at p; of 10 GeV/f would

collider energies, it is somewhat sensitive for data at fixedpbe about 40% higher than for a constaiit) value of

target energies. 1.2 GeVk (see the dependence of the enhancement factor
To illustrate the sensitivity of thé&r-enhancement factor on (k) in Fig. 6).

K(pr) to the choice of the propagator mass, we display in  Suppression mechanisms may also exist at largéue to

Fig. 12 the results fom=1.0 GeV(default valug, 1.3 GeV,  the restriction of phase space for gluon emission from large-

and 0, forpBe— yX at Js=31.6 GeV. Abovepr values of  x partons. A gluon emitted from an incoming parton carries

5.5-6.0 GeV¢, theks enhancement has little sensitivity to away a momentum fractioAx=2pe’/y/s, wherey is the

m. At lower py, the dependence on the propagator massapidity of the gluon. Since gluons emitted at forward rapidi-

should be considered as a measure of an uncertainty of thies would carry away more of the incident parton’s momen-

model in this region of phase space. Clearly, larger enhanceum than available, the effective rapidity range for gluon

ments are obtained at low; when there is no propagator emission becomes restricted to central rapidities. Such ef-

mass (h=0). fects are not taken into account correctly in the simipje
The value of(ky), appropriate in the calculation, depends models discussed above.
on the kinematic situation. The increase of the valuékg} Finally, there has been much recent interest in studying

with s is understood, in general terms, as the result of anhe effects of resumming large logarithms of the form
increase in the available phase space for multiple-soft-gluom(l_XT), wherex;=2py/+/s [34,35. As x; approaches 1,
emission. This growth is predicted by a CSS-type of resumfor any hard-scattering process, the perturbative cross section
m_ation for Drell-Yan proce;seﬁ%3] and, as iIIu.strated in  is enhanced by powers of In{X;) that have to be resummed
Fig. 1, has been observed in Drell-Yan and diphoton dataat || orders. These types of effects should currently be neg-
For simplicity, the model calculation assumes a constanfigiple for direct-photon production at the Tevatron collider
value of (kr) for a given ys. In reality, various physical (because data are available only for relatively small values of
effects can modify this simple choice and cause a modificax;), but may be important at fixed-target energies. Definitive
tion in the shape of the enhancement fad{¢pr). Below,  answers to the question of whether this effect leads to a net
we discuss a few of these effects. enhancement or suppression, and its consequences for the
First, one might expect a dependence(kf) ons, the  shape of thep; distribution, are not presently available. A
hardness of the partonic interaction, similar to thatso®  treatment that includes botky and threshold resummation
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effects may be necessary for a more satisfactory descriptioent conclusions about the gluon distribution, especially at

of the fixed-target data. large x (see next section For comparison, the MRSK;
factor for E706(at \@z 31.6 GeV) has also been plotted in
Analytic smearing methods Fig. 12; it is similar in size to our calculations fgk;) values

in the range of 1.2—-1.4 Ge¥/ but has a different shape in
pr. Until these differences are understood, we must assume
that there is a significant shape-dependent uncertainty asso-
ciated with the particular assumptions used for modeking
effects.

An alternative to the Monte Carlo calculation of tke
enhancement is its implementation through analytic convo
lution of the theoretical cross section with(@aussiah ky
distribution in either one or two dimensions. The latter is a
better approximation, but the correction to the one-
dimensional convolution is second orderkin/p+, leading
to a difference of about 10% for the fixed-target applications. IMPACT ON THE GLUON DISTRIBUTION
To compare to the Monte Carlo results, the parameters of , ,
such analytic convolutions must be interpreted in terms of !t IS now generally accepted that the uncertainty in the
the parton-levetky) values. gluon distribution at larget is still quite large. Thus, it would

We consider the kinematics of the production of a direct2PP€ar important to incorporate further constraints on the
photon accompanied by a recoil jet. As mentioned beforegluon’ especially from direct-photon data. In the following,

the total transverse momentum imparted to the final stat¥/® describe a global pdf fit that employs dgrmodel in the
(v+jet) by the colliding partons has an rms width analysis of E706 direct-photon measurements. Since jet pro-
duction at the Tevatron collider is another available con-

— straint for the gluon content at large we discuss the con-
7 2parons20° \/Ealpanon'w © sistency between the E706 direct-photon results and the
However, the single photon is subject only to half of this CTEQ4HJ gluon distributioriderived using higtp jet data
transverse kick, because it shares the tptaWith the recoil ~ from CDF) [37].
jet. Consequently, thk; rms width relevant for an analytic

smearing of the single-inclusive photon cross section is Application of ky enhancements in a pdf fit

1 1 To investigate the impact d&f; effects on determinations
75,20 5 O 2parton 25~ 75 @ 1parton 20 (10  of the gluon distribution, we have included the E706 direct-
V2 photon cross sections for incident protons, along with the

DIS and DY data that were used in determining the

The above can be illustrated by a simple example. ConsidetTEQ4M pdfs, in a global fit to the parton distribution func-
the production of a photon and a jet with equal and oppositgions. The CTEQ fitting program was employed to obtain
pr values(for example, 4 GeW) close to 90 degrees in the these result§38], using the NLO PQCD calculations for
center of mass. Compare this to the situation when the coldirect-photon cross sections, adjusted bykhenhancement
liding partons impart some amount bf, say 1 GeV¢, in  factors. However, the WA70, UA6, CDF, and DO data were
the direction of the photon. The photopr is now  excluded from this particular fit. The resulting gluon distri-
4.5 GeVk, and the jetpr becomes 3.5 GeV/(in the op-  bution, shown in Fig. 13, is similar to CTEQ4M, as might
posite directiol, resulting from a total of 1 GeW of k;  have been expected, since theenhanced NLO cross sec-
imparted to the photonjet system. Thus, the photon itself tions using CTEQ4M provide a reasonable description of the
only receives half of the partonic total. This factor of two is data shown in Figs. 3 and 4.
critical, and can be easily overlooked, in calculatikg The data sets used in determining CTEQ4M did not in-
smearing using analytic methods. The above conclusionslude the E706 direct-photon cross sections, but did use ear-
have been verified within the explicit Monte Carlo treatmentlier direct-photon data from UA6 and from WA7@vithout
of event kinematics.(The convolution formulas forky  k; correction$, along with the inclusive jet cross sections
smearing are discussed more fully in the Appendix. from CDF and DO 39]. The jet cross sections were particu-

Recently, the MRST group has produced a new set ofarly useful for defining the gluon distribution in CTEQ4M at
parton distributions, incorporatirig; effects in their analysis moderate values of.
of the WA70 and E706 direct-photon dd&6]; they used an The new MRST gluon distributiotalso shown in Fig. 13
analytic smearing technique rather than a Monte Carlo apis significantly lower than CTEQ4Mand MRSR2 at large
proach. The correction algorithm differs in detail with the x. While the MRST fit employs; enhancements, it attempts
one discussed above, and seems to require a significantly accommodate the WA70 incident-proton direct-photon
smaller (kr) to describe the datéabout 0.65 GeW per  data, which does not exhibit an obvioks effect. In addi-
incoming parton as compared to 1.2 GeMthat was used tion, the MRSTkr-enhancement factors are larger at large
for E706 at\s=31.6 GeV). This discrepancy may be due pr than our corresponding results, resulting in a smaller
to a difference in the interpretation kf that is related to the gluon at largex. This further serves to illustrate the extent to
factor of two present in Eq10). If we reinterpret the MRST  which the extracted gluon distribution is affected by the spe-
value of 0.65 GeW as our 1.3 GeW per parton, then cific procedures applied in the fit. In contrast, the CTEQ4HJ
agreement is restored. Nevertheless kirenhancement fac- specialized gluon distributiofdiscussed in more detail in the
tors differ somewhat in the two techniques, leading to differ-next subsectionis much larger than CTEQ4M in the same
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FIG. 13. A comparison of the CTEQ4M, MRST, and CTEQ4HJ g y) 5 e 7 s e 10 1w
gluons, and the gluon distribution derived from fits that use E706 pr (GeV/c)
data. Theg andg]| gluon densities correspond to the maximum
variation in(ky) that MRST allowed in their fits. FIG. 14. Top: The photon cross section from E706 \&

=31.6 GeV compared tk-enhanced NLO calculations using the
range. The current spread of the solutions for the gluon disCTEQ4HJ parton distribution functions. Bottom: The quantity
tribution at largex is uncomfortably large, and additional (data—theorytheory usingkr-enhanced NLO calculations for sev-
theoretical effort is warranted to proper'y incorporate theeral values 0(k-|->. The error bars have experimental statistical and
available direct-photon data into the pdf fits. systematic uncertainties added in quadrature.

Discussion of the CTEQ4HJ gluon tion is significantly larger at higk than that of CTEQ4M, by

As presented above, when analyzed viithenhancement a factor of 1.5 ak=0.5(for Q=5 GeV/c), and by a factor
factors, the E706 direct-photon data lead to a gluon distribu®f 5 atx=0.7. o
tion similar to that in CTEQ4M. The implications for the size ~ Because of the dominance of thg scattering subprocess
of the gluon at large are especially important because of thein the Tevatron jet cross sections at high, a large change
excess observed by CDF in the high-inclusive jet cross in the gluon distribution is required to generate a relatively
section(when compared to calculations using conventionalsmall change in the jet cross section. As the CTEQ exercise
pdfs). The CTEQ Collaboration produced a global fit has demonstrated, until the theoretical issues related to inter-
(CTEQ4HJ [37] to improve the description of the highy  pretation of direct-photon data are resolved, there is freedom
jet data from CDF in run I1A40]. The highp data points within the data sets used in the global fits to change the
were given an enhanced weight to emphasize them in that figluon distribution in this way. It should also be noted that a
The resulting CTEQ4HJ parton distributions produce a jetrecent analysi$43] of deuteron and proton structure func-
cross section that by design follows the CDF data pointgions, using corrections for nuclear binding effects in the
more closely than the cross section obtained using CTEQ4Mleuteron, suggests that the down-quark distribution in the

The CDF inclusive jet cross section from run [B1] nucleon at largex may be significantly larger than previously
demonstrates an excess at hghsimilar to that observed in  assumed; clearly this also influences the calculated cross sec-
run IA. For DO, the inclusive jet cross section from run tions for the highp jet production.
IA+IB is consistent with the NLO QCD calculation using The CTEQ4HJ gluon distribution is compared to those
conventional parton distributions such as CTEQ4M, but carirom CTEQ4M, MRST, and the fits including the E706 data
also be well-described with calculations using the CTEQ4HJn Fig. 13. Figures 14 and 15 show comparisons of the E706
parton distribution functions; in fact, calculations usingdirect-photon cross sections and the NLO calculations using
CTEQA4HJ result in bettey? agreement with the DO jet data the CTEQ4HJ parton distributions, with and without the
[42]. kt-enhancement factor. The shapeinof these calculations

The CTEQ4HJ quark distributions are similar to thoseappears less consistent with the data than the corresponding
obtained in a more standard fis for example CTEQ4M  results using the CTEQ4M gluon. However, current uncer-
since the DIS and DY data provide significant constraints ortainties in the understanding &f effects in direct-photon
the quark distributions over all (and on the gluon distribu- production(discussed in the previous sectippreclude an
tion at smallx) [3]. However, the CTEQ4HJ gluon distribu- unambiguous interpretation of this difference.
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and inclusive jet measurements serves as a strong impetus,
and provides a testing ground, for new theoretical develop-
ments, perhaps incorporating bdth and largex resumma-

tion, which will have less model dependence than the formu-
lations discussed in this paper. Further progress built on this
interplay between theory and experiment will allow a more
definitive determination of the gluon distribution, especially
in the largex region, where significant uncertainties still re-
main.
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APPENDIX

In this appendix, we collect formulas relevant to the ana-
Iytic treatment ofk; effects in inclusive cross sections. As
discussed in the main text, we assume a Gaussian description
for the partork;-distributions; the width parameters entering

the formulas are labeled explicitly to help keep track of their
FIG. 15. Top: The photon cross section from E706 & meaning.
=38.8 GeV compared thr-enhanced NLO calculations using the  For definiteness, let us consider direct-photon production.
CTEQ4HJ parton dlsFrlbutlon functions. Bottom: _The quantity The full 2-dimensional convolution of th@arametrizepdif-
(data—theorytheory usingk-enhanced NLO calculations for sev- tarential cross sectioB (for example =do/dpy) with the

eral values of k). The error bars have experimental statistical andGaussiarkT-smearing functions can be written as
systematic uncertainties added in quadrature.

CONCLUSIONS E’(DT)=J d’kr d%kr,d%0r ——
77<le>

We have described a phenomenological modelkfoef-
fects in highp inclusive cross sections in whighky) values
used in the calculations df;-enhancement factors are de-
rived from kinematic distributions in the high-mass pair data.
Despite uncertainties, the results are remarkably successful
in reconciling the data and theoretical calculations for a
broad range of energies. THg-enhancement factors im-
prove the agreement of PQCD calculations with E706, UA6or, integrating out the>-function constraints, as
and =~ beam WATYO0 direct-photon cross sections over the

1

Xe k%1/<k-2r1> e k$2/<k-2r2> 3 ( qT)

au k$2

R .
x &%) Pr—ar—5 (kr+kr) |, (A1)

full pr range of measurements, and at the lowend of 1 L
CDF and DO results. Al fixed-target® measurements also 2’(pT)=J d2kr—5—exp(—k§/ 0% ,p) S (| pr—Kql),
agree much better with sudiz-enhanced calculations. 02D

The proper treatment of soft-gluon radiation in direct- (A2)

photon cross sections can affect the extraction of the gluon h is the width parameter appropriate for the
distribution, especially at large valuesxfin this particular Where o, zp 1S he wi par - approprie L g
treatment ok; enhancement, the E706 data, which span th(jsmeanng of the direct-photon mclqsw.e d!str|but|on, It s re-
widestx-range of any direct-photon experiment, are in bette ated to the width of the partok;-distribution through Eq.

; PR (10).
agreement with the gluon distribution from CTEQ4M than The ky-enhancement factors, defined a&(py)

from CTEQ4HJ. However, within the phenomenological ap—zz, /s b lculated ically. F
proach, any physical mechanism which gives rise to less en- ~. .(pT) (pr), can be ca culated numerically. For a more
hancement at largethan our specific model calculation can Intuitive treatment, one can S|mpl_|fy the. discussion by reduc-
make the CTEQ4HJ gluon more consistent with the E70dn9 the abovP equation to a 1-dimensional case. Let us de-
data. compose thé; vector into components parallel and perpen-
A definitive conclusion regarding the quantitative role of dicular to py. Then only the parallel component strongly
ks effects in hard scattering, and reliable additional informa-affects the value of the photgw;, while the perpendicular
tion on the largex gluon distribution, awaits more complete component affectpr much less for typicak;<<ps configu-

theoretical calculations. The new generation of direct-photomations (since it adds tgpr in quadraturg Neglecting the
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effect of the perpendicular component, and integrating it outmate 1-dimensional formula above yields~2.1 for (kt)

one arrives at a 1-dimensional approximation:

+ o 1
3/(pr)= | ke et~ k1202, 1003 (pr— )
- 27T0'$’1D T 71D
(A3)
where
1 1
(A4)

g = =0 = =0
v,1D \/— v,2D 2 1parton,2Dr
2

and we used Eq10) to relateo,, ,p and o'1parton, 20

=1.2 GeVk, compared t&-°~2.0 obtained in the full LO
Monte Carlo calculation. In general, despite the approxima-
tions in the treatment, the analytical results are quite close to
the results of the LO calculations. They® factor in the
relation of o, ,p and o1part0n,20[EQ. (10)] is crucial to ob-
taining this consistency.

A different representation, useful, for example, for param-
etrizing CDF and DO measurements, assulmesl/p}. For
this parametrizatiorfor more general functional form®&ne
can expanc (pr—ky) as a power series ik; (for ky small
compared t@r):

Two particularly interesting special cases are the expo- 1 ; @
nential form of the cross section, used to describe the data at(PT—k7) =2(pr)+ 5y KES"(pr)+ —k =M (pr)+ -

fixed-target energies, and thep}/form, appropriate at col-
liders.

(A6)

For an exponential representation of the cross seclon, (the odd powers ok; integrate out to zefo One obtains

~exp(—bpy), one obtains

1 1
K(pr)= eX[{ 8 bzo'%partonzlg = ex;{ 2 b2<kT>2) .

(A5)

Using the LO calculation op p— yX at s=31.6 GeV(and
(kr)=0), one findsb~1.8 (GeVk) ? at py=6.5 GeVk
(a value in the middle of thp; range of E706 The approxi-

(kpy2 n(n+1) (kr)* n(n+1)(n+2)(n+3)
2 A T p?
+.enl (A7)

K(pr)=1+

For a constanfor a slowly changingslope parametar (and
for (ky)<<pr), the effects ok; smearing decrease aspi/,
as might be expected for a power-suppressed process.
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