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We calculate the transverse momentum distribution for the production of massive lepton pairs in longitudi-
nally polarized proton-proton reactions at collider energies within the context of perturbative quantum chro-
modynamics. For values of the transverse momen@ngreater than roughly half the pair mags Q1
>Q/2, we show that the differential cross section is dominated by subprocesses initiated by incident gluons,
provided that the polarized gluon density is not too small. Massive lepton-pair differential cross sections should
be a good source of independent constraints on the polarized gluon density, free from the experimental and
theoretical complications of photon isolation that beset studies of prompt photon production. We provide
predictions for the spin-averaged and spin-dependent differential cross sections as a furi@tiat ehergies
relevant for the Relativistic Heavy lon Collider at Brookhaven, and we compare these with predictions for real
prompt photon production.

PACS numbes): 12.38.Bx, 12.38.Qk, 13.85.Qk, 13.88

I. INTRODUCTION AND MOTIVATION higher orders, indicating that the experimental inclusive
cross section differential ipr may be used to determine the
Both massive lepton-pair productionh;+h,— y* density of gluons in the initial hadrofg-5].

+X;y*—ll, and prompt real photon productioh;+h, In two previous paperf6], we addressed the production
—y+X are valuable probes of short-distance behavior inof massive lepton-pairs as a function of the transverse mo-
hadron reactions. The two reactions supply critical informa-mentumQ+ of the pair in unpolarized nucleon-nucleon reac-
tion on parton momentum densities, in addition to the opportions, h;+h,— y* + X, in the region whereQ+ is greater
tunities they offer for tests of perturbative quantum chromo-than roughly half of the mass of the pal@;>Q/2. We
dynamics(QCD). Spin-averaged parton momentum densitiesdemonstrated that the differential cross section in this region
may be extracted from spin-averaged nucleon-nucleon reaés dominated by subprocesses initiated by incident gluons.
tions, and spin-dependent parton momentum densities fror@orrespondingly, massive lepton-pair differential cross sec-
spin-dependent nucleon-nucleon reactions. An ambitious exions in unpolarized nucleon-nucleon reactions are a valu-
perimental program of measurements of spin-dependence able, heretofore overlooked, independent source of con-
polarized proton-proton reactions will begin soon atstraints on the spin-averaged gluon density.
Brookhaven’s Relativistic Heavy lon CollidéRHIC) with Turning to longitudinally polarized proton-proton colli-
kinematic coverage extending well into the regions of phaseions in this paper, we study the potential advantages that the
space in which perturbative quantum chromodynamic®rell-Yan process may offer for the determination of the
should yield reliable predictions. spin-dependence of the gluon density. To be sure, the cross
Massive lepton-pair production, commonly referred to assection for massive lepton-pair production is smaller than it
the Drell-Yan proces$1], provided early confirmation of is for prompt photon production. However, just as in the
three colors and of the size of next-to-leading contributionaunpolarized case, massive lepton pair production is cleaner
to the cross section differential in the pair m&ssThe mass theoretically since long-range fragmentation contributions
and longitudinal momenturtor rapidity) dependences of the are absent as are the experimental and theoretical complica-
cross sectiorfintegrated over the transverse moment@s  tions associated with isolation of the real photon. Moreover,
of the pai) serve as laboratory for measurement of dméi-  the dynamics of spin-dependence in hard-scattering pro-
guark momentum density, complementary to deep-inelasticesses is a sufficiently complex topic, and its understanding
lepton scattering from which one gains information of theat an early stage in its development, that several defensible
sum of the quark and antiquark densities. Prompt real photoapproaches for extracting polarized parton densities deserve
production is a source of essential information ongheon  to be pursued with the expectation that consistent results
momentum density. At lowest order in perturbation theory,must emerge.
the reaction is dominated at large values of the transverse There are notable similarities and differences in the theo-
momentump+ of the produced photon by the “Compton” retical analyses of massive lepton-pair production and
subprocessg+g— y+q. This dominance is preserved at prompt real photon production. At first-order in the strong
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coupling strengthe, the Compton subprocess and the an- * —— """ -
nihilation subprocesg+g— y+ g supply the transverse mo-
mentum of thedirectly produced prompt photons. Identical ¢ ___ . 1000900, . 1099999

subprocesses, with the reglreplaced by a virtualy*, are
responsible at(as) for the transverse momentum of mas-
sive lepton-pairs. An important distinction, however, is that
fragmentation subprocesses play an important role in prompt
real photon production at collider energies. In these long-
distance fragmentation subprocesses, the photon emerges ~ —é vvvvvv

(2)

from the fragmentation of a final parton, e.g+g—q+g,
followed byq— y+ X. Theoretical modeling of the fragmen- 000090
tation component introduces some level of systematic uncer-
tainty. Photon isolation diminishes the role of fragmentation,
but the necessity to invoke phenomenological fragmentation
functions and the infrared ambiguity of the isolated cross
section in next-to-leading order raise questions about the ex- :46

tent to which isolated prompt photon data may be used for A
fully quantitative determinations of the gluon density. It is
desirable to investigate other physical processes for extrac-
tion of the gluon density that are free from these systematic

uncertainties. Fortunately, no isolation would seem neces- © :e

sary in the case of virtual photon producti@nd subsequent

decay into a pair of muonsn typical collider or fixed target FIG.71. (a)Lowest-order Feynman diagrams for the direct pro-
experiments. Muons are observed only after they have pergessq+qg— y+g. (b) Examples of virtual gluon loop diagram)
etrated a substantial hadron absorber. Thus, any hadrofgamples of next-to-leading order three-body final-state diagrams.

within a typical cone about th'e direction Of. th‘.é will have olarized as well as in the spin-average case. In Sec. lll, we

been stopped, and the massive lepton-pair signal will be erB’resent next-to-leading order predictions for the transverse

tirely inclusive. . _ momentum dependence of the cross sections for massive
Another significant distinction between massive lepton-jepton-pair and real prompt photon production in unpolarized

pair production and prompt real photon production is thatyroton-proton collisions at energies typical of the RHIC col-

interest inh; +h,— y* + X has been drawn most often to the Jider. Predictions for spin dependence are provided in Sec.

domain in which the pair mas@ is relatively large, justify- V. Our conclusions are summarized in Sec. V.

ing a perturbative treatment based on a small value ,6Q)

and the neglect of inverse-power high-twist contributionsll. MASSIVE LEPTON PAIR PRODUCTION AND PROMPT

(except near the edges of phase spatke focus in prompt PHOTON PRODUCTION AT NEXT-TO-LEADING

real photon production is directed to the region of large val- ORDER

ues ofpr where as(pr) is small. Interest in the transverse |, ihojusive hadron interactions at collider energis,

momentumQ; dependence of the massive lepton-pair pro-

. . >V +h,— y* + X with y* —11, lepton pair production proceeds
duction cross section has tended to be limited to small Valueﬁ]rough partonic hard-scattering processes involving initial-

of Q1 where the cross section is largest. Fixed-order pertur :

) : , e state light quarkg) and gluonsg. In lowest-order QCD, at
bation theory[7] is applicable for largeQ+, but it is inad- (e gth 9 lsq : g_ Si g Q* At
equate at smalQ;, and all-orders resummation methods (a5), the only partonic subprocess +q—y".

[8—12) have been developed to address the re@qre Q. O(as), both q+q—y* +g and q+g— y* +q participate,

As long asQ is large, the perturbative requirement of with the recoil of the final parton balancing the transverse
smalla(Q7) can be satisfied without a large value@fWe momentum of the Iepton—pglr. These processes are shown in
therefore explore and advocate the potential advantages 93'2 ](_a) and Za}). Calculations of .the cross section at order
studies ofd2o/dQdQr as a function ofQ for modest val-  C(@s) involve virtual loop corrections to thes®(as) sub-
ues ofQ, Q~2 to 3 GeV, below the range of the tradi- proc_esse@ﬁgs. 1b) and 2b)] as well as COI’]tI’IbU'tIOI’]S from
tional Drell-Yan region. There are various backgrounds with? wide range of 2.3 parton subprocess¢ef which some

. S examples are shown in Figs(cl and Zc)].
which to contend at smafp such as the contributions to the ™1, ¢ physical cross section is obtained through the factor-
event rate from prompt decays of heavy flavors, ehg.,

T ization theorem
+h,—c+c+X;c—I|+X. These heavy flavor contributions

20000

(®)

. 10QQ009Q 1099009

*

may be estimated by direct computation and/or bounded d?ay’,
through experimental measurement of the like-sign-lepton 2N | dxgdXofh (xq, w2l (X0, 12)
co 2 Z 10X (X1 Mg ) Th (X2, Kt
distributions. dQrdy i
In Sec. I, we review perturbative QCD calculations of the 27 ok
transverse momentum distribution for massive lepton-pair XSd 9i] (5,Q,Q7.y: 42) 1)
production in the case in which the initial nucleon spins are dtdu (>R Y se):
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’ e The cross section foln; + h2—>|I_+ X, differential in the
invariant mass of the lepton pa@? as well as its transverse
momentum and rapidity, is obtained from E{) by the

7 relation
(2

d30'h h2 _( Aem )dZO'y
dQPdQZdy | 37Q7) dQidy

where Q2=(p,+py)?, and p,,p; are the four-momenta of
the two final leptons. The Drell-Yan factar,,/(37Q?) is
included in all numerical results presented in this paper.

While the full next-to-leading order QCD calculation ex-
ists for massive lepton-pair production in the case of unpo-
larized initial nucleons, only a partial calculation is available
®) in the polarized casfl3]. Correspondingly, we present spin-
averaged differential cross sections at next-to-leading order,
““““““ but we calculate spin asymmetries at leading order. Spin
asymmetries are obtained by dividing the spin-dependent dif-
ferential cross section by its spin-averaged counterpart. For
prompt photon production, comparisons of asymmetries
computed at next-to-leading order with those at leading order
show only modest differencg44], whereas the cross sec-
tions themselves are affected more significantly. Given the
similarity of prompt photon production and massive lepton-
pair production in the region dt of interest to ug6], we
expect that the leading-order asymmetries will serve as a

FIG. 2. As in Fig. 1, but for the subprocesses initiated by theuseful guide for massive lepton-pair production.
g+g initial state. Rewriting Eq.(3) and integrating over an interval i@?,

we calculate the spin-averaged differential cross section

It depends on the hadronic center-of-mass en&gyd on Ed3o'|h| . /dp® as
the mas®Q, the transverse momentu@, and the rapidity v
of the virtual photon;u; is the factorization scale of the

NN

(SQ.Qry),

%}?ii% |

HY T

(c)

3 I
scattering process. The usual Mandelstam invariants in the Ed Thih, _ @em J' Q2 dQ% (1 dx
partonic system are defined bg=(p;+p,)? t=(p; dp? 3728 T Joz, Q2 Jxming ;1
—p,«)% andu=(p,—p,+)?, wherep; andp, are the mo- o
menta of the initial state partons apgs is the momentum . : do}
: A X, (k0w T (Ko pH)s— = (@)
of the virtual photon. The indice§ €{qq,qg} denote the hy 7 hy 7> dt

initial parton channels whose contributions are added inco-
herently to yield the total physical cross section. Functiongn Eq. (4), Qmax and Qmm are the chosen upper and lower
fl(x,u) denote the usual spin-averaged parton distributionjmits of integration forQ2, andx™""= (x; — 7)/(1—xy). The
functions. = —
. Ak o value of x, is determined fromx,=(X;Xo— 7)/(X;—X4),
The partonic cross section| (s,Q,Qr,Y;uf) is 0b-  \ith
tained commonly from fixed-order QCD calculations

through — Q%*-U 1
x1=Q S =§ey\/x$+4r, (5
d267" a2y @ d2ay ) g
dtdu ~ A gran T ) Gy an
— Q*-T 1
d?oy @ X _S =-e Vx5+4r. (6)
+ad(p)—g gy +Oad). 2 s 20 T

We useP,; andP, to denote the four-vector momenta of the
The tree, virtual loop, and real emission contributions aréncident nucleonsS=(P;+ P,)?. The invariants in the had-
labeled(a), (b), and(c) as are the corresponding diagrams inronic system,T=(P,— py*)2 and U= (P,— py*)z, are re-
Figs. 1 and 2. The parametgris the renormalization scale. lated to the partonic invariants by

It is set equal to the factorization scaje;= Q%+ QT2 o
throughout this paper. (1= Q%) =x1(T— Q%)= —X;X,S, (7)
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and o’ (+, )= (+,-)
_ L= x > , (16
(U= Q%) =x3(U=Q%)=—x;x3S. ® o7 (F. )T+, )
The scaled variables; and 7 are where +,— denote the helicities of the incoming protons.
20Q+ Q2 IIl. UNPOLARIZED CROSS SECTIONS
Xr=——=, 71=-—4.
Vs S We turn in this section to explicit evaluations of the dif-

o ] o ferential cross sections as functions@f at collider ener-
When the initial nucleons are polarlzed_Iongltudlnally, We gies. We work in the modified minimal subtractioM_$)
can compute the difference of cross sections renormalization scheme and set the renormalization and fac-
torization scales equal. We employ the 1998 Martin-Roberts-
Stirling-Thorne set IMRST98-1 of spin-averaged parton
densities[15—17 and a two-loop expression for the strong
coupling strengthag (), with five flavors and appropriate
threshold behavior atu=m,. We use the valueA®
EA T ) =300 MeV of the MRST98-1 set. The strong coupling
Thih,  @em fonaxdifl dxy strengthas is evaluated at a hard scale= \/Q%+ Q2. The
dp? 3725 4 2, Q2 range of center-of-mass energies of the RHIC collider is
. from \/S=44 to 500 GeV[18]. We offer results for three
Ao values of the energy/S=50, 200, and 500 GeV.
dt - For \S=200 GeV, we present the invariant inclusive
10 cross sectiofE d*o/dp® as a function oR+ in Fig. 3. Shown

in this figure are theﬁandqg perturbative contributions to
The functionsAfL(x,,u) denote the spin-dependent partonthe cross section at leading order and at next-to-leading or-
distribution functions, defined by

der. We average the invariant inclusive cross section over the
rapidity range—1.0<y<1.0 and over the mass interval 5
AFLOG ) =T () — - (% ) (1) <Q<6 GeV. ForQ;<1.5 GeV, theqq contribution ex-
_ ceeds that ofgg channel. However, for values ot
L. (X, ) is the distribution of partons of typewith posi- >1.5 GeV, theqg _con_tribution becomes_ inqreasingly im-
tive (+) or negative ¢) helicity in hadronh. Likewise, the ~ Portant. As shown in Fig. (@), the qg contribution accounts
polarized partonic cross sectidrr”* is defined by for about 80% of the rate ond®@1=Q. The results in Fig. o
4(a) also demonstrate that subprocesses other than those ini-

A" =07 (+,+)—a" (+,-), (12) E)?ted by theqq and qg initial channels contribute negligi-
y

Ao=0o,,—0, _, ©)

where +,— denote the helicities of the incident nucleons.
In analogy to Eq(4), we find

min

X3 X1~ Xg

X Afh (k1 P AT (xp, 1)

with +,— denoting the helicities of the incoming partons. N Fig. 4(b), we display the fractional contributions to the
The hard subprocess cross sections in leading order f¢i0SS section as a function @y for a larger value of Q:
the unpolarized and polarized cases are 11<Q<12 GeV. In this case, the fraction of the rate attrib-
utable toqg initiated subprocesses again increases Wih

It becomes 80% foR+=Q.

d(}qa:_ dA(ATqE:eZZﬂ'aemC,:ﬁ u t

s — - For the calculations reported in Figs. 3 anth4), we
dt dt 4 Nc s{t u chose values of Q in the traditional range for studies of mas-
20%(Q2—u—t) sive lepton-pair production, viz., above the interval of the
+—, (13) J/y andy’ states and either below or above the interval of

ut the Y's.
) For Fig. 4c), we select the interval 20Q0<3.0 GeV. In
SM_ _ 2Maemas|S t 2Q%U (14) this region, one would be inclined to doubt the reliability of

dt 9 Ne s|t s st |’ leading-twist perturbative descriptions of the cross section

do/dQ, integratedover all Q. However for values o)

and that are large enoughy¢(Qt) is small and a perturbative
description of theQ dependence ofi’a/dQdQ; ought to
be justified. One word of caution is appropriate: in general,
in two-scale situations, a series of logarithmic contributions
with terms of the typex. In"(Q/Qy) will arise. Thus, ifQy

Our results on the longitudinal spin dependence are ex>>Q, resummation of this series must be considered. For
pressed in terms of the two-spin longitudinal asymmetrysimple practical reasons, such as event rate, we do not ven-
AL, defined by ture into the domairQ> Q of concern, and our fixed-order

2u+s 2u-+t

dAogg  ,Taemas
S =e >
t S

dt 9 Ne s (15
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0 ."FT’f’.“.‘tYS.:.ZOP?"lV. . This capability saturates near 70 GeMser beam, and be-

: low about/S= 140 the luminosity drops roughly &
Adopting the nominal valu€ d®*o/dp®=10"2 pb/Ge\?,
__ NLO we use the curves in Fig. 5 to establish that the massive
lepton-pair cross section may be measure®@ic=7.5, 14,
and 18.5 GeV at/S=50, 200, and 500 GeV, respectively,
7777777 Lo when 2<Q<3 GeV, and toQ;=6, 11.5, and 15 GeV
when 5<Q<6 GeV. In terms of reach in the fractional mo-
mentumxg,on carried by the gluon, these values@f may
be converted txyyon=Xr=2Qr//S=0.3, 0.14, and 0.075
at \/S=50, 200, and 500 GeV when<2Q<3 GeV, and to
Xgluon= 0.24, 0.115, and 0.06 when<gQ<6 GeV. On the
face of it, the smallest value of'S provides the greatest
reach inxq,0n- However, the reliability of fixed-order per-
turbative QCD as well as dominance of thg subprocess
improve with greater Qr. The maximum value Q<
7_7.5 GeV attainable at/S=50 GeV argues for a larger

S.
It is instructive to compare our results with those expected
for prompt real photon production. In Fig. 6, we present the
predicted differential cross section for prompt photon pro-
duction for three center-of-mass energj@8]. We display
the result with full fragmentation taken into consideration
(upper ling and with no fragmentation contributions in-
cluded (lower ling). To be sure, the fully inclusive photon

| A T T S cross sectiorfupper ling is not measureable in typical col-
0 5 10 15 20 2 30 lider investigations since photon isolation restrictions must
Q@ (GeV) be imposed to eliminate backgrounds, and the result without

FIG. 3. Lowest ordefdashed linesand next-to-leading order fragmentation i_s scheme d_ependen_t and Correspond_ingly il
(solid line9 perturbative calculations of the invariant inclusive defined theoretically. As this paper is not devoted primarily
cross sectiorEd®/dp® as a function ofQ; for pp—y*X at yS 0 real photon production, we choose not to delve into the
=200 GeV, in theMS scheme. Contributions from tligg andqq numer]ca}l details anq uncertainties associated with isolation
channels are shown separately. The results are averaged over tggescrlptlong, def.errlng to others, e.g., _REI'A']' On the
rapidity interval —1.0<y<1.0 and over the interval 5:0Q ojther hand, |solat|0n_ removes_as_ubstantlal part of th_e long-
<6.0 GeV. distance fragmentation contribution. Our curves with no

fragmentation contributions includdgtbwer line) mimic the
calculation should be adequate. The results presented in Figffects of isolation in crude fashion. The upper and lower
4(c) demonstrate that, as at higher masses,qpencident ~ curves together provide a rough estimate of the range of
subprocesses dominate the cross sectiorQfpr Q. theoretical possibilities for real photon production. They also

The calculations presented in Figs. 4 show convincingly@llow us to determine over what interval iy fragmentation
that data on the transverse momentum dependence of ti@Important.
cross section for massive lepton-pair production at RHIC Comparing the magnitudes of the prompt photon and
collider energies should be a valuable independent source #fassive lepton pair production cross sections in Figs. 5 and
information on the spin-averaged gluon density. 6, we note that the inclusive prompt photon cross section is a

In Fig. 5, we provide next-to-leading order predictions of factor of 1000 to 4000 greater than the massive lepton-pair
the differential cross section as a function @ for three ~ cross section integrated over the mass interval<2)Q
values of the center-of-mass energy and two intervals of<3.0 GeV, depending on the value Q. This factor is
massQ. In order to ascertain the range of valuesnf that ~ attributable in large measure to the factay,,/(37Q?) as-
can be explored, we taked3o/dp3=10"3 pb/Ge\? as the sociated with the decay of the virtual photon fo"u"~.
minimum accessible cross section. This level is based oAgain taking Ed®o/dp3=10"3 pb/Ge\? as the minimum
assumed luminositie§18] of 8x10°** cm 2sec’! at \/S  accessible cross section, we may use the curves in Fig. 6 to
=200 GeV, and X10°2 cm 2 sec! at /S=500 Gev, establish that the real photon cross section may be measured
along with runs of 10 weeks per year, equivalent to inte-0 Pr=14, 33, and 52 GeV a§/§_: 50, 200, and 500 GeV,
grated l[uminosities of 320 pd year! and respectively. The corresponding reach )q=2pT/\/§
800 pbr! year!. Better performance than anticipated of =0.56, 0.33, and 0.21 afS=50, 200, and 500 GeV is two
the accelerator and extended running time will increase thé0 three times that of the massive lepton-pair case.
reach. The luminosity scales roughly witfS because the The breakdown of the real photon direct cross section at
focusing power can be increased as the energy is reducedS=200 GeV into itsqq andqg components is presented

N

10

10 °E “<y<1

10

Ed’o/dp’ (pb/GeV?)

10

10

10

il

5GeV<Q<6GeV
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pp — Y X at V8 = 200 GeV PP—> Y‘X at VS = 200 GeV
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FIG. 4. Contributions from the various partonic subprocesses to the invariant inclusive cross Beétidp® as a function ofQ+ for
pp— y*X at \/S=200 GeV. The cross section is averaged over the rapidity interdiaD<y<1.0 and over the intervalé) 5.0<Q
<6.0 GeV,(b) 11.0<Q<12.0 GeV, andc) 2.0<Q<3.0 GeV. The contributions are labeled iy (solid), qa(dasheci gg (dotted, qaz
non-factorizable part&dot-dashey andqq (wide dots.
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. — YX at RHIC
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L — V§=500GeV |
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FIG. 6. Differential cross sectiorisd®s/dp® at rapidityy=0 as

—— S =500 GeV a function ofp; for real photon productiomp— yX at \'S=50,
200, and 500 GeV for two cases: no fragmentation terms included
(lower and the inclusive case with full fragmentation includeg-

------ VS =200 GeV pen.

in Fig. 7. As may be appreciated from a comparison of Figs.

10 ’2; NS = 0V 2 4 and 7, dominance of thgg contribution in the massive
F 3 lepton-pair case is as strong as in the prompt photon case.
. The significantly smaller cross section in the case of massive
-l<y<l1

lepton-pair production means that the reachjf,qn is re-
stricted to about a factor of two to three less, depending on
JS andQ, than that potentially accessible with prompt pho-
tons in the same sample of data. Nevertheless, it is valuable
to be able to investigate the gluon density with a process that
has reduced experimental and theoretical systematic uncer-
tainties from those of the prompt photon case.

In our previous paperd6] we compared our spin-
averaged cross sections with available fixed-target and col-
lider data on massive lepton-pair production at large values

Ed’o/dp® (pb/GeV?)
5
ol

—
=)
T

Ll

5GeV < Q< 6GeV ® ] of Qr, and we were able to establish that fixed-order pertur-

- | 1 bative calculations, without resummation, should be reliable
10 T T T S T s T for Q1>Q/2. The region of smalQ; and the matching re-
Qr GeV) gion of intermediateQ, are complicated by some level of

phenomenological ambiguity. Within the resummation ap-
proach, phenomenological non-perturbative functions play a
FIG. 5. Differential cross sectiorBd®s/dp® as a function of  key role in fixing the shape of th®@ spectrum at very small
Q; for for pp—y* +X at /S=50, 200, and 500 GeV, averaged Q-+, and matching methods in the intermediate region are
over the rapidity interval-1.0<y<1.0 and the mass intervale) ~ hardly unique. For the goals we have in mind, it would ap-
2.0<Q<3.0 GeV, andb) 5.0<Q<6.0 GeV. pear best to restrict attention to the regiQpR=Q/2.
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100 e .plpu_’uy).(“.“l,s.:?o??e?’. - existing parametrizations all of which will have been modi-

r ] fied substantially by the time data are available from RHIC.

i 1 Rather, we use the existing parametrizations as illustrative
%0 - /\_,// possibilities in order to estimate the range of magnitudes that

[ ] might be expected foA; at RHIC energies and to gauge the
sensitivity that measurements of spin dependence in massive
lepton-pair production may offer. The goal, after all, is to
] measure the polarized gluon density, not to test parametriza-
e @ ] tions.
L ] In this section, we present two-spin longitudinal asymme-
60 [ y=0 ] tries for massive lepton-pair production as a function of
I ] transverse momentum. Results are displayedpfprcolli-
sions at the center-of-mass energigd=50, 200, and 500
GeV typical of the Brookhaven RHIC collider.
i 1 As noted earlier, the two-spin longitudinal asymmetries,
40 7 A, are computed in leading-order. More specifically, we

_ ] use leading-order partonic subprocess cross sectioasd
30 - 7 Ao with next-to-leading order spin-averaged and spin-
r dependent parton densities and a two-loop expression for

oF . as. The choice of a leading-order expression for is re-
quired because the full next-to-leading order derivation of

Ao has not been completed for massive lepton-pair produc-
tion. Experience with prompt photon production indicates
i that the leading-order and next-to-leading order results for

0 e the asymmetry are similar so long as both are dominated by

pr (GeV) the gg subprocess. To obtain the spin-dependent cross sec-

G ional ibutions f h leadi q tion, we use the GS polarized parton densities with the GS
FIG. 7. Fractional contributions from the next-to-leading order, ., .« A ()—231 MeV. This value ofA® differs from the

qq and thegg channels to the differential cros_,s sectithg>o/d p® MRST valueA® =300 MeV for the unpolarized densities
as a function ofpy for real photon productiopp—yX at VS sed in our computation of the spin-averaged cross section.
=200 GeV and rapidityy=0. No fragmentation terms are in- The use of different values ok for the spin-dependent
cluded. and spin-averaged cross sections may appear unfortunate.
However, there is not much of an alternative at present short
of creating new sets of polarized parton densities based on
Given theoretical expressions derived in Sec. Il that relatéhe most up-to-date spin-averaged densities that we prefer to
the spin-dependent cross section at the hadron level to spitise for the spin-averaged cross section. To chatije ar-
dependent partonic hard-scattering matrix elements and pditrarily in the GS set to equal that of the MRST set would
larized parton densities, we must adopt models for spindistort the spin-dependent densities.
dependent parton densities in order to obtain illustrative In Figs. 8a)—(c), we present the two-spin longitudinal
numerical expectations. The current deep inelastic scatteringsymmetriesA; , as a function ofQr for the three GS
data do not constrain the polarized gluon density tightly, anc¢hoices of the polarized gluon density. The asymmetry be-
most groups present more than one plausible parametrizaomes sizable for large enouddy for the GSA and GSB
tion. Gehrmann and StirlingGS) [20] present three such parton sets but not in the GSC case. Comparing the three
parametrizations, labeled GSA, GSB, and GSC. In the GSAigures, we note tha#\ | is nearly independent of the pair
and GSB setsAG(x, u,) is positive for allx, whereas in the massQ as long af)t is not too small. This feature should be
GSC setAG(x,u,) changes sign. After evolution ta?  helpful for the accumulation of statistics; small bin widths in
=100 GeV, AG(x,u) remains positive for essentially all mass are not necessary, but #¢ andY resonance regions
x in all three sets, but its magnitude is small in the GSB andshould be excluded.
GSC sets. We use the three parametrizations suggested byAs noted above thelg subprocess dominates tisin-
Gehrmann and Stirling, and we verified that the positivityaveragedcross section. It is interesting and important to in-
requirement A fL(x, )/ Tl (x, 1) | <1 is satisfied. quire .whether'th|s dominance persists in the spln—_depgndent
Other sets of spin-dependent parton densities have bed#uation. In Figs. 9 and 10, we compare the contribution to
published, e.g., the set of Glk, Reya, Stratmann, and Vo- the asymmetry from the polarizeglg subprocess with the
gelsang(GRSV) [21]. The three GS parametrizations of the complete answer for all three sets of parton densities.dithe
polarized gluon density span a range of possibilities that igontribution is more positive than the full answer for values
very similar to that spanned by the four gluon densities ofof Qr that are not too small; the full answer is reduced by the
GRSV. It is not our purpose to “test,” or to suggest tests, ofnegative contribution from thgq subprocess for which the

0 [ — @

S0 - -

Contributions from partonic subprocesses in %

w | .

IV. PREDICTIONS FOR SPIN DEPENDENCE
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FIG. 8. Computed longitudinal asymmetty, as a function of); for pp— y* X aty/S=200 GeV. The asymmetry is averaged over the
rapidity interval—1.0<y<1.0 and over the intervalg) 2.0<Q<3.0 GeV,(b) 5.0<Q<6.0 GeV, andc) 11.0<Q<12.0 GeV, for three
choices of the polarized parton densities, GSA, GSB, and GSC.

from processes such gg that contribute in next-to-leading
order. For the GSA and GSB sets, we see that once it be-
comes sizablée.g., 5% or morg the total asymmetry from

parton-level asymmetrySLL:—l. At small Qr, the net

asymmetry may be driven negative by ttﬁ contribution,
and based on our experience with other calculati®g,

014014-9



BERGER, GORDON, AND KLASEN PHYSICAL REVIEW D62 014014

pp — X a8 VS = 200 GeV pp = ¥ X at RHIC

20 _I L LI T T | L LI | T T T 7T | T 1 LI L I_ 50 [ LI} ‘ T T | ‘ ‘ T r T ‘ T '_
F g [ 5GeV<Q<6GeV (a) ]
[ 5Gev<Q<6GeV ] s L -l<y<l ]
175 = 7 r VS = 50 GeV ]
[ a1<y<1 ] [ VS =200 GeV i
L ] Q0 “ 4/S =500 GeV 7]
15 — F -
| —— GsA i - .
L i 35 _
e GSB ] [ ]
L J 30 —
0 [ GSC ] ® C 1
® F 1 '5_| 25 - —
& i ] < L ]
<:] L  upper: only qg channel -] A ]
75 - - 20 — g
[ lower: all contribution ; e ] L ]
5 - - _| 15 r ]
[ ] 0 [ .
s I n L upper: only qg channel |
L 4 L lower: all contributions B
L ] s - e
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FIG. 9. Comparison of the contribution of thegg subprocess Ley<t i
. . 3 45 - .
(upper curve to the longitudinal asymmetrA | with the total U= 50Gev j

(lower curvé as a function of Q; for pp—9y*X at /S

=200 GeV. The asymmetry is averaged over the rapidity interval 40
—1.0<y<1.0 and over the interval 50Q<6.0 GeV. Results are

shown for three sets of spin-dependent parton densities.

VS =200 GeV
VS = 500 GeV

35

all subprocesses is dominated by the large contribution from
the qg subprocess. 30
As a general rule in studies of polarization phenomena,
many subprocesses can contribute small and conflicting
asymmetries. Asymmetries are readily interpretable only in
situations where the basic dynamics is dominated by one
major subprocess and the overall asymmetry is sufficiently »
large. In the case of massive lepton-pair production that is
the topic of this paper, when the overall asymmefty 15
itself is small, the contribution from thgeg subprocess can-
not be said to dominate the answer. However, if a large
asymmetry is measured, similar to that expected in the GSA
case at the larger values @f, Figs. 9 and 10 show that the
answer is dominated by thgg contribution, and data will
serve to constraiM G(x, u¢). If AG(X,us) is small and a )
small asymmetry is measured, such as for the GSC parton el
set, or at smalQ+ for all parton sets, one will not be able to > 1 QT(léev) 20 ® ®
conclude which of the subprocesses is principally respon-
sible, and no information could be adduced allbG(x, uf), FIG. 10. Computed longitudinal asymmethy, as a function of
except that it is small. Qy for for pp—y* +X at \/S=50, 200, and 500 GeV, averaged
In Figs. 1Ga) and 1@b), we examine the energy depen- over the rapidity interval-1.0<y<1.0 and the mass intervala)
dence of our predictions for two different intervals of mass5.0<Q<6.0 GeV andb) 2.0<Q<3.0 GeV. Shown are both the
Q. For Qt not too small, we observe th#t, in massive complete answer at leading-order and the contribution fronythe
lepton pair production is well described by a scaling functionsubprocess. The GSA set of polarized parton densities is used.

25

A in%

10 ’ upper: only qg channel ]

lower: all contributions ]

(]

T L T S T e e e B B B AL B LA o B B o B A A

(=4
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RN . S SN — QCD. Dominance of thegg contribution is again evident as
[ ] long asA is not too small. So long &+=Q, we note that
the asymmetry in massive lepton-pair production is about the

s r y=0 7 same size as that in prompt real photon production, as might
i i be expected from the strong similarity of the production dy-
w L —— 8= 50GeV ] namics in the two cases. As in massive lepton-pair produc-

tion, A, in prompt photon production is well described by a
scaling function ofxr=2pr/yS, AL (VS,pr)=h,(x7).
For Ed®o/dp®=10"2% pb/Ge\?, we predict longitudinal

[ , ] asymmetried\ | =31%, 17%, and 10% in real prompt pho-
30 [ S V5=500Gev ton production at/S=50, 200, and 500 GeV.

s -/ N§=200Gev ]

V. DISCUSSION AND CONCLUSIONS

Ay in %
54
T
!

[ ra P In this paper we focus on th@ distribution for p+p

0 L ] —y* + X. We present and discuss calculations carried out in
i s ] QCD at RHIC collider energies. We show that the differen-

tial cross section in the regio@+=Q/2 is dominated by

5 ] subprocesses initiated by incident gluons. Dominance of the
[ 1 gg contribution in the massive lepton-pair case is as strong
0 " upper: only qg channel ] as in the prompt photon cage;+ p— y+ X. As our calcula-

tions demonstrate, th@ distribution of massive lepton pair
production offers a valuable additional method for direct

s A fower all contributions - measurement of the gluon momentum distribution. The
e ] method is similar in principle to the approach based on
P o P U T BTN FE PEN T P P prompt photon production, but it avoids the experimental and

0 102030 4 % 6070 %0 %010 theoretical complications of photon isolation that beset stud-

ies of prompt photon production.

FIG. 11. Computed longitudinal asymmetky, as a function of For the goals we have in mind, it would appear best to
p+ for real photon productiopp— y+ X at /S=50, 200, and 500 restrict attention to the region @ above the value at which
GeV and rapidityy=0. Shown are both the complete answer atthe resummed result falls below the fixed-order perturbative
leading-order and the contribution from tligy subprocess. The expectation. A rough rule-of-thumb based on our calcula-
GSA set of polarized parton densities is used. tions isQ+=Q/2. Uncertainties associated with resummation
make it impossible to use data on Qg distribution at small
Qr to extract precise information on parton densities. As

of x7=2Qr/S, AL(VS,Qr)=hyx(xr). In our discussion long Q is large, the perturbative requirement of small

. _ . 3
of the spin-averaged cross sections, we tdo#o/dp a(Q7) can be satisfied without a large value @f We

_ 73 - . - .

6 c;lrgbini%tg ﬁ\eevieziIzz?nrgliglrguvr\ztr?iﬁﬁzzl?rl]e;igoi% Sv?/gt'soenétherefore explore and advocate the potential advantages of
. . y H 2 i -

that longitudinal asymmetrie&, | =20%, 7.5%, and 3% are studies ofd"¢/dQdQr as a function oy for modest val

. . . ues of Q, Q~2 GeV, below the traditional Drell-Yan re-
predicted at this level of cross section #=50, 200, and Q@R

- gion.
500 GeV when 2Q<3 GeV, andA, =11%, 5%, and 2% In this paper we also present a calculation of the longitu-
when 5<Q<6 GeV. For a given value d)+, smaller val-

) X dinal spin-dependence of massive lepton-pair production at
ues of \S result |in greater asymmetries because|grge values of transverse momentum. We provide polariza-
AG(x)/G(x) grows withx. o _tion asymmetries as functions of transverse momenta that
The predicted cross sections in Fig. 5 and the predictegay he useful for estimating the feasibility of measurements
asymmetries in Fig. 10 should make it possible to optimizess gpin-dependent cross sections in future experiments at
the choice of center-of-mass energy at which measuremengg|cC collider energies. The Compton subprocess dominates
might be carried out. A/S=500 GeV, asymmetries are not the dynamics in longitudinally polarized proton-proton reac-
appreciable in the interval @T in which event rates are tions as |0ng as the p0|arized g|uon dengi@(xuuf) is not
appreciable. At the other extreme, the choice ¢8  too small. As a result, two-spin measurements of inclusive
=50 GeV does not allow a sufficient range @. Accel-  prompt photon production in polarizgzb scattering should
erator physics considerations favor higher energies since thsonstrain the sizesign and Bjorken x dependence of
instantaneous luminosity increases Wit8. Investigations in -~ AG(x, u;).
the energy interval/'S=150 to 200 GeV would seem pre-  Although theqg Compton subprocess is dominant, one
ferred. might question whether uncertainties associated with the
In Fig. 11, we display predictions fok | in prompt real quark density compromise the possibility to determine the
photon production for three values of the center-of-mass ergluon density. In this context, it is useful to recg23] that
ergy. These calculations are done at next-to-leading order iwhen the Compton subprocess is dominant, the spin-
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averaged cross section, Ed), may be rewritten in a form in  dent that the production of massive lepton-pairs at large
which the quark densities do not appear explicitly: enoughQ+ will determine the gluon density provided the

_ -~ proton structure functions are measured well in deep-
Ed3<r'h'1hz ~J i J i Fo(X1,u?) Gix Z)Ed3(}'q|g inelastic lepton-proton scattering.
dp3 1 2 X1 2 Mt dp3

Significant values ofA|; (i.e., greater than 5%may be
expected foxy=2Q+//S>0.10 if the polarized gluon den-
sity AG(x,u¢) is as large as that in the GSA set of polarized
parton densities. If so, the data could be used to determine
the polarization of the gluon density in the nucleon. On the
other hand, for smalA G(x, u¢), dominance of theg sub-
process is lost, and G(x, u¢) is inaccessible.

+ (x1<—>x2)> : (17

Likewise, the spin-dependent cross section, (£6), may be
expressed a23]

Ed3A0_|h|_h
12
—Nf dxlf dx,
dp®
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