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Multiple parton emission effects in next-to-leading-order direct photon production
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A recent global analysis of direct photon production at hadron collider and fixed target experiments has
noted a disturbing trend of disagreement between next-to-leading-0xdli€d) calculations and data. The
conjecture has been made that the discrepancy is due to explicit multiple parton emission effects which are not
accounted for in the theoretical calculations. We investigate this problem by merging a NLO calculation of
direct photon production with extra multiple parton emissions via the parton sh@®®eralgorithm. Our
calculation maintains the integrity of the underlying NLO calculation while avoiding ambiguities due to double
counting of multiple parton emissions. We find that the NEPS calculation can account for much of the
theory-CDF data discrepancy ds=1.8 TeV. It can also account for much of the theory-UA2 discrepancy if
a very large virtuality is assumed to initiate the initial state parton shower. For lower energy date.gets
\/§<63 GeV), NLO+PS calculations alone cannot account for the data-theory discrepancy, so that some
additional nonperturbativk; smearing is needefiS0556-282(96)01915-7

PACS numbe(s): 13.85.Qk, 12.38.Bx, 12.38.Qk

[. INTRODUCTION perturbative calculations, via multiple gluon resummation
technigues, or via the parton show@9 algorithm[12,13.
Direct photon productiofl—5] in hadronic collisions has The resummation and PS approaches both involve approxi-
long been recognized as an important testing ground for peimateall-orders perturbative QCD effects.
turbative QCD since many of the ambiguities involved in  In this paper, we explore the extent to which the direct
measuring jets are not present when analyzing photons. DRhoton data can be explained by combining a NLO QCD
rect photon production in lowest order QCD takes place vigalculation with multiple parton emission via the parton
annihilation and Compton scattering Feynman graphs. Sincghower algorithm. In doing so, we follow generally the pre-
the Compton graph involves initial state gluon-quark scatterscription outlined in Ref[14], where NLOW andZ boson
ing, measurements of direct photon events can serve as irgfoduction was merged with parton showers. In these calcu-
portant constraints in the determination of the gluon partorfations, the method of phase space slicing is used to evaluate
distribution function[5]. For such a program to proceed, the the NLO cross sectionkl5]. This method lends itself to a
greater precision involved in next-to-leading-ord&tLO)  direct implementation of parton showers wherein a potential
QCD calculations for the hard scattering are used. NLO calProblem of double counting multiple parton emissions can be
culations for partor parton— yX have been performed both avoided. We show that our implementation of showering
analytically[6] and in a Monte Carlo framewor]. with the NLO QCD calculation yields an excess of events at
A recent global analysis of direct photon production inlow pr relative to the unshowered NLO result at the Fermi-
hadron collisions has noted a discrepancy between NLO calab Tevatron and CERN Super Proton Synchrot{SppS)
culations and a large array of data for the transverse momer@nergies, qualitatively accounting for the discrepancy be-
tum p+ distributions of the photofi8]. Characteristically, in tween theory and experiment. Additional nonperturbative
both fixed target and collider experiments, there is an experismearing is required for lower energies characteristic of the
mental excess of photons at low transverse momentum. Sef-ERN Intersecting Storage RIngkSR) or fixed target ex-
eral possible explanations have been put forth to resolve theeriments.
discrepancy. These include improved(NLO) treatment of

bremsstrahlung contributiorj9] and isolation criterig 10], Il. CALCULATIONAL PROCEDURE
(i) modifying gluon distribution functions and QCD scale
choices to improve the data-theory agreenfdi or usage Central to our calculation of direct photon production is

of alternative parton distribution functiod®DF’s) [11], and ~ the numerical integration of phase space via Monte Carlo
(iii ) invoking additional partoni&r smearing effectf8]. The ~ methods[7]. One begins by evaluating th®(aas) and
latter case comes in two different guises: Extra parténic O(aa3) direct photon production subprocess Feynman
can come from nonperturbative effects from parton bindinggraphs, including bremsstrahlung corrections oiq— qa,

and intrinsic transverse momentum or from additional harcetc. Dimensional regularization is used here for ultraviolet,
multiple parton emissions which can be calculated or modsoft, and collinear singularities. The four-momenta for the
eled in perturbative QCD. The nonperturbative effects ar&—2 subprocess are labeled according to, for instance,
generally implemented as Gaussian smearing in an attemp(p1) +q(p2)— y(P3) +q(p4); similarly, for 2—3 subpro-

to match the data. The perturbative multiple gluon emissiorcesses, we usg(p;) + d(p,)— y(ps) +d(ps) +9(ps). etc.
effects can be implemented via even higfiaut fixed order  Ultraviolet singularities are renormalized using the modified
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minimal subtraction S) prescription[6]. Collinear singu- have been worked out for modeling final state shovj&g§
larities are factorized and then absorbed into parton distribu@S OPPosed to initial staiackward showers[13]. At this

tion functions(PDF’s) or fragmentation functions. Soft sin- St2ge, in a full simulation, the explicit parton emissions
gularities are canceled between—3 graphs and 22 would be combined with a hadronization model which con-

graphs. At this point, all cross section contributions are fi.verts the Jpartons into d_ete(_:table pa_rticles_. Our calcula_tion
nite. so that numericéll predictions can be made does not include hadronization. The inclusion of hadroniza-

. . tion should not alter our conclusion that multiple parton
W.h atis peculiar tp the Monte Carlo methoq of NLQ cal- emission in the initial state can qualitatively account for the
culation used here is that the phase space integrations

Afffscrepancy between theory and experiment in direct photon
done partly analytically and partly numerically. The bound- rodugtion.y y P P

ary between numerical and analytical methods is chosen by \yhjje the PS prescription for LL calculations is straight-
selecting twq theoretical c_utoff§ to demar.cate the CO”'”eaforward, the prescription for merging PS with NLO calcula-
and soft regimes. If any invariant quantity =(p;—p;) tions is not. One problem is that the shower emission from a
from the 2—3 subprocess has a vallig |<3.S1,, Where 2.2 subprocess may be double counted by the exact emis-
sij=(pi+p;)% then one is in the collinear regime. In this sjon of an extra parton in the-23 subprocess. Another
regime, the matrix element squared is evaluated in the leagsroblem is that, to be consistent, NLO dynamics should be
ing pole approximation and the integration near the collineaused to govern the parton shower development. We use ini-
pole is done analytically. The cross section contributiosieis tial and final state shower algorithms consistent with LL dy-
facto 2—2, and it is combined with the leading-order and namics, although we use the NLO parton distribution func-
virtual contributions to the 2> 2 subprocesses. If a final state tions in our calculation of initial state shower probabilities.
gluon energy(in the subprocess rest frajnbas a value Consequently, our calculation is not consistent with NLO:
Ey<JsVs12/2, then one is in the soft regime. The integra- The PS algorithm here should be regarded only as a param-
tions of the squared matrix elements are performed analytietrization of a fully consistent NLO PS program. From a
cally using the soft gluon approximation and combined withPractical standpoint, the error induced by using only collin-
contributions from 2-2 subprocesses. The totat-2 re-  €ar dynamics in the PS algorithm in the first place should be
sults, after factorization, are finite, but depend &nand  far larger than the error induced by neglecting NLO correc-
8., such that the soft and collinear singularities are recoviions to the underlying collinear shower dynamics. Our goal
ered in thes—O0 limit. The remaining phase space integra- here is to demonstrate that multiple parton emissions may be
tions are performed via Monte Carlo method. This allows'esponsible for the discrepancy between data and theory at
easy binning of any desired observables and allows for théW transverse momentum. _
simple evaluation of the effect of experimental cuts on the T avoid the double counting problem, we restrict shower
NLO prediction[7,15]. The 23 contributions are all posi- development to the 2 3 subprocesses in which all momen-
tive definite over phase space, but are also singular a$/m vectors are large and well separated. One can view a
8.0 or 5,—0. The 2-2 contributions compensate the Monte Carlo NLO calculation as a sort of truncated parton
2—3 contributions and result in a total cross section whichShOWer, with only a single extra parton emission, but which
is independent of; and &, over a wide range of valudg]. IS performed exactly t®(a«s). In this case, the 2:2 con-
The expressions for all-22 and 2-3 processes in direct tributions, which include various soft and collinear terms for
photon production, through NLO, are compiled in Rigf].  Which the starting shower virtuality would be tiny, would
This is the starting point of our evaluation of the transversenever shower. If the starting shower virtuality is appropri-
momentum of the direct photon using a merger of NLOately chosen for the 23 subprocesses, then only energetic,
QCD and parton showers. well-separated three-body final states will develop a parton
The PS algorithm combines the simplified collinear dy-shower. Thus, the third parton of the-23 subprocess can be
namics, represented by ti@? evolution of parton distribu- Vviewed as the first of the potentially multiple emissions, but
tion functions and fragmentation functions, with the exactwhich is performed using exact instead of collinear dynam-
kinematics of multiple parton emissidi2,13. As imple- ICS.
mented here, no additional weights to the integral are in- [n our calculation of direct photon production, we have
cluded with parton showers, as t@¥-evolved distribution ~Started with the NLO calculation of Reff7] merged with the
functions and fragmentation functions are used in evaluatin§’S along the lines of the preceding discussion. Our computer
the differential cross section. For the direct photon transverserogram generates -22 subprocesses, which frequently
momentum distribution, initial rather than final state shower-have negative weights, along with—2n processes, with
ing is most important. Using a backward shower algorithmpositive definite weights, but where=3. Crucial to our cal-
[13], the initial state showers are evolved backward from aculation is the stipulation of the starting virtualities for the
starting virtualityt, . The kinematics of the multiple partons Parton shower.
in the initial state shower result in transverse momenta for A naive choice of starting virtualityt,, such as
the partons participating in the hard scattering, effectivelylt,|=np%(y) (with n~1), does not ensure that the three-
boosting the direct photon transverse momentum relative tparton final state is well separated. This choice leads to large
the collinear approximation of the kinematics. In practice,amounts of showering even for soft or collinear configura-
the parton shower is cutoff at some la;, value where tions. One example of allowed showering with| =np2 is a
perturbative QCD is still valid, but where the multiple emis- high pt photon recoiling against two nearly collinear par-
sions no longer become resolvable. In all the results detons, with |t,g> 8,55, but still small. This is a region of
scribed below, we sdt,,=5 GeV2. Different prescriptions phase space where the-2 and 2-3 contributions at a
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specificpr(y) may cancel. Since showering is implementeddata vs theory discrepancy by adjusting independently the
only in the 2—3 processes and may result in a boostedfactorization and renormalization scales. Nevertheless, the
pr(y) for the 2—3 contribution, the required cancellation discrepancy between data and theory persists.
may not occur. This introduces a dependencesgiand & In Fig. 1(a), we show (data NLO)/NLO vs x;(y) for
for other configurationswhich is unphysical. In our proce- data from the CDF experimefi6] at the Fermilab Teva-
dure for merging NLO with PS, we minimizéut never tron, usingpp collisions atys=1.8 TeV. The data points are
completely eliminatgthe dependence of results on variationstaken from Ref[8], where the NLO distributions are calcu-
of parameters. lated using the CTEQ2M PDF'§17] evaluated at the

To minimize the dependence of results &nandé., we  renormalization-factorization scale=p+(y). The large en-
set the starting virtuality for initial state partons to hancement of data over theory can be seen below
|t,|=c,min(|t;;|,s;;) fori,j=1-5, namely, the minimum of x;(y)~0.05, which corresponds tp;(y)<45 GeV at the
all invariants formed by the five momenta in the-3 pro-  Fermilab Tevatron. Our calculation employs the same scale
cess, up to a multiplicative constaryf. With this prescrip- choices as Ref[8], but updated CTEQ3M PDFEL8]. In
tion, any nearly soft or collinear emissions in the-3 sub-  keeping with CDF cuts, we require the photon pseudorapid-
process will result in small starting virtualities and a smallity |»(y)|<0.9 and a photon isolation cut which requires
probability to shower. Only energetic, well-separateéd2  that the sum of energy, projected transverse to the beam axis,
subprocesses will develop a significant parton shower in théE}) of parton i within a cone of size
initial state. The final state showers are initiated with startindAR= /(A )%+ (A ¢)°=0.7 satisfy
virtuality s;,. Final state showers do not changg y) rela-
tive to the unshowered calculation; they can, however, affect _
the number of final state photons passing the isolation cut. E Er <2 GeV.

: AR=0.7
. CALCULATIONALVSEaUIID‘liAAND COMPARISON These two cuts are also used in Figs. 2 and 3 below.
To minimize differences due to parton distribution

Direct photon production data from a variety of fixed tar- choices, etc., rather than comparing the data to our NLO
get and collider experiments have been tabulated as a funcalculation merged with parton showe(BILO®PS, we
tion of x1(y)=2p1(y)/+/s in two recent studie§d,10]. To  show the effect of showering as an excess or deficit relative
compare against NLO calculations, it has proved convenierto the unshowered NLO calculation. In Figgbjland Xc),
to plot the quantity (datatheory)/ theory. Thus, data in per- we show the relative x(y) distributions (NLO
fect agreement with theory would lie along tige=0 hori- ©PS-NLO/NLO where the initial state virtuality is chosen
zontal line. In Ref[8], a common trend among the various with ¢c,=4. In our calculation, we have run for subprocess
experimental data sets was noticed, when compared agairgitotonp(y)>4 GeV, since the matrix elements are singu-
NLO QCD. For almost all data sets tabulated, the lowlar asp(y)—0; the results do not change noticeably if in-
X7(7y) range was underestimated by the thediy:O QCD). stead we usepq(y)>2 GeV. Fig. 1b) employs
In Ref.[10], the authors were able to improve somewhat thess=105.=0.1, and Fig. {c) hasds=105.=0.02. We see in
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Figs. 1b) and Xc) that the incorporation of the PS has led to NLO® PS calculation is similar for the two cases, the large

an enhancement of the relative;(y) distributions at

relativex(y) distributions show a deficit dfL0—20%. The

x7(y)~0.02 of abou{30—-40%, and hence is in accordance high x;(y) deficit is due to the effect of the photon isolation
with the data for the low range of(y). The enhancement cut.
has been traced to the fact that a small fraction of the large For very high energy events, there can still exist signifi-
population of very lowx(y) photons gets boosted up to cant shower virtualities for events with quasisoft or collinear
higher energies by recoiling against the multiple partonpartons, which introduces a slight dependence s&grand

emissions. Although the enhancement at la\ry) from the
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energy events, which leads to fewer isolated photons and smearing can move the loxt(y) theoretical prediction into
net diminution of signal due to the isolation cut. rough agreement with the data.

If we modify the initial shower virtuality magnitude by
varyingc, , we find that a choice af,~1 results in modest
enhancements of the low;(y) region by only ~10%.
Choosingc, as high ax,=9 yields enhancements typically In summary, we have investigated the effects of multiple
around 80%. Also, we have investigated how the resultParton emissions on direct photon production in hadronic
change by changing the initial state shower cutoff virtualityollisions by merging the PS technique with NLO QCD. For
choice fromt =5 GeV? to t,,i,=3 GeV2. The latter varia- experiments at very high enerdg.g., UA2 and CDF, the

. . i 0 . . _extraky smearing of the hard scattering subprocess induced
tion y|e|_ds_ typically a 20% effect. In spite of these various by the multiple parton emissions can cause some of the rela-

X S St?vely numerous lowp; photons from NLO QCD to be
section axr(y)=0.06 persists in all the cases we have ex-poosted to highep; values. Such an effect causes a shift in
amined. the predictedx;(y) distribution, therebyimproving the

In Ref.[8], it was noted that and hocGaussian smearing agreement between theory and experiment. Our results can-
of the subprocespt led to improved agreement between not be interpreted as a QCD prediction due to the many
theory and data. In Fig. (d), we additionally introduce uncertainties in the PS algorithm and in our merging proce-
Gaussian smearin@S) to both 22 and 2-3 processes, dure. Among these uncertainties are the nature of the PS

with average transverse momentum zero and widthl  algorithm itself and the prescription for initial and cutoff
GeV. The overall enhancement of the Ne®S at Virtualities in the PS. On the other hand, our results can be

xr()~0.02 remains, but with some slight additional en_interpreted as an existence proof t_hat' higher order effects
Y ' ' 9 (particularly from multiple parton emissiprcan account for
hancement for NL& PS5 GS at even IOW(?KT(V) value§. the theory vs data discrepancy. Other gro{ip8,11] have
The small effect of the Gaussian smearing at CDF is NOfgteq that the theory vs data discrepancy can be resolved in
surprising since the average boost generated by the PS algQt o QCD mainly by using modified parton distribution
rithm is ~2.5 GeV. functions. We comment that our result of an appropriately
In Fig. 2(a), we show data from the UA2 experimdr9]  shifted x{(7y) distribution will obtain for any choice of
(pp collisions at\'s=630 Ge\j compared with NLO QCD, PDF’s or hard scattering scale choices, as long as sufficient
for scale choicew= pr(y)/2. Here we use a photgm cut-  Parton showering can be produced. Since hard scattering pro-
off of pr(y)>2 GeV. Again, we see that data exceedsCeSSes in nature are of cours_adal—orders processes, one
theory by ~40%, although this time fox(y)~0.05 [cor- vyould expect at some level a discrepancy between Qata and
responding top-(y)~16 GeVl. In Fig. 2b), we plot the fixed order QCD to occur. Our results show that this may

. . - : . .__already be the case for the direct pho distributions.
NLO® PS result, using again the initial state virtuality choice Nai\)//ely one might expect a sirr)nilalﬁig%ancement in the

c,=4, and for u=p(y)/2 and §;=105.=0.02. Our  guantity(LO®PS-LO)/LO versusx;(y) when running one
merged NLGBPS calculation gives an enhancement ofof the standard QCD event generators. We made such a plot
~20% above NLO results forr(y)~0.05. Although the usingisaJET[21], and found an essentially flat distribution,
CDF and UA2 calculations start with similar virtualities, the contrary to expectations. In retrospect, this is easy to under-
relatively higher value of the Feynmanin the UA2 case stand. When takingvzp$(y), as leading-log generators do,
leads to lesser amounts of initial state PS radiation. This cagubprocess events with lop¢(y) have small virtualities, and

be offset to some extent by choosing a higher starting virtuhardly any showering occurs, so soft photons rarely get
ality, c,=9, shown in Fig. £). The increase in virtuality boosted to highext(y) values. However, using a NLO sub-

leads to a rise in our calculation to about 40% above NLQPTocess calculation, events with a lgey photon but two

expectations, in accordance with the data. Finally, in Fig.h'gh p+ final state partons can have large virtualities, and can

2(d), we include as well the Gaussian smearing, which Ieaddevelop significant showers; in this case, many soft photons

an get boosted to higher(y) values
to some additional enhancement at lay(y). _ L e
Finally, we turn to much lower energyp collider results For lower energy data se(s.g., (S<63 GeV), it is dif

" . ficult to produce sufficient QCD radiation via the PS to im-
from experiments at the CERN ISR &=63 GeV. In Fig. prove the theory vs data discrepancy. We do note, as in Ref.
3(a), we show the data from the R806 experimg2@i] com-  [g] that an intrinsic Gaussiak; smearing with width
pared with NLO QCD foru=p+()/2. Using the same scale ~1 GeV will push the theory in the right direction to
4, and including parton showers, we show in Figd)&nd  match with data. Thus, the theory vs data discrepancy can be
3(c), the comparisofNLO® PS-NLO/NLO for ¢,=4 and  resolved globally by invoking an extie; for the hard scat-
c,=9, respectively. We have lowered the photpcutoff  tering partons: Thak; would be primarily perturbative in
here topt(y)>1 GeV. Because of the large values of partonnature for high energy data sets, but mainly nonperturbative
x and small virtualities, at this energy, there is very little for data sets taken afs<100 GeV.

showering, so that perturbative multiple parton emission as
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