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Charm quark production in noncentral heavy ion collisions

V. Emel'yanov! A. Khodinov?! S. R. Klein? and R. Vogt?
IMoscow State Engineering Physics Institute (Technical University), Kashirskoe Avenue 31, Moscow, 115409, Russia
2Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
3Physics Department, University of California, Davis, California 95616
(Received 23 June 1997

The effect of gluon shadowing on charm quark production in large impact parameter ultrarelativistic heavy
ion collisions is investigated. Charm quark production cross sections are calculated for a range of noncentral
impact parameters which can be determined from the global transverse energy distribution. We show that
charm quark production is a good probe of the local parton density which determines the effectiveness of
shadowing. We discuss why shadowing may have a spatial dependence and show that this spatial dependence
may be detected in noncentral heavy ion collisidi80556-28137)03211-1

PACS numbdrs): 25.75.Dw, 21.65tf, 24.85+p

I. INTRODUCTION Laboratory. However, the techniques discussed here should

also be applicable toc andbb production in Pb-Pb colli-
Deep-inelastic scattering experiments using nuclear tarsions at the CERN Large Hadron Collid&HC). The charm
getS showed that the quark and antiquark distribution fUanuark production rate armj.l_ Spectra are calculated as a func-
tions are modified in the nuclear environmehf and hence  tjon of the impact parametdr for noncentral collisions with
are different in heavy nuclei than in free protons. It is ”Otimpact parameters greater than the nuclear raljus

unreasonable to expect the nuclear gluon distributions to be £q this study, we need to select events according to im-
affected at least as much as the quark distributions. Howevey, ., parameter. Although the impact parameter of the colli-

little is knO\.Nn _abqut the nuclear gl_uor_l distribution becaus sion is not directly measurable, it may be inferred from the
the gluon distributions can only be indirectly probed. Gluon- .

) : total transverse enerdy; of the even{7]. We discuss the
dominated production processes, suchJag and heavy elationship betweerE; and b and present calculations
quark production, can provide an indirect measure of thd . P T ind p

showing that, for a giver;, the impact parameter can be

nuclear gluon distribution. Since th¥# ¢ is more strongly d relativel | dditional i h
affected by absorption processes than charm quarks, evidefft¢asured relatively accurately. Additional input, such as a
measurement of nuclear breakup, through the use of a zero

from their respectivéd dependencel,3], charm quark pro- : . X X
duction provides a cleaner determination of the nucleafl®gree calorimeter, can refine this estimate. _
gluon distribution. Section Il summarizes the calculations @f production

To date, all measurements and indirect determinations dft Peripheral collisions including a discussion of the nuclear
nuclear parton distributions have been insensitive to the paParton shadowing and its possible spatial dependence. Sec-
sition of the interacting parton within the nucleus. Howevertion Ill discusses the relationship between transverse energy
there is no reason to expect the parton momentum distribuand impact parameter. Section IV presents the numerical re-
tions to be constant within the nucleus. They should at leastults for the charm quark production rates grydspectra for
vary with the local nuclear density. If shadowing is due totwo ranges of noncentral impact parameters. We demonstrate
gluon recombination, the position dependence could be quitRow these rates are sensitive to the nuclear gluon distribu-
strong[4]. One way to probe the position dependence of thajon. Our results are put into an experimental perspective in
shadowing is to measur production over a wide range of Sec. V. Finally, Sec. VI draws some conclusions.
impact parameters, thus scanning gluon localization in the
nucleus. The charm quark production rate has been shown to
be large ir_1 central coIIisioerS]; here, we will show that Il ¢c PRODUCTION
these studies are also feasible at large impact parameters. L

This paper thus proposes a method for measuring the po- To study the effects of shadowing @t production in
sition dependence of the gluon momentum distribution inperipheral collisions, we emphasize the modifications of the
heavy nuclei. We show that the charm quark production rateparton distribution functions due to shadowing as well as the
in noncentral collisions are sensitive to the details of thdocation of the interacting parton in the nucleus. We discuss
gluon distribution and its position dependence. We use twdhe method used to calculate pair production and intro-
different parametrizations of nuclear shadowing along withduce two parametrizations of nuclear shadowing. We also
two parametrizations of the position dependence of the shadlescribe two models of the spatial dependence of the shad-
owing to calculate charm production in 100 GeV per nucleorowing. o
Au+Au collisions at the Relativistic Heavy lon Collider = The double differential cross section foc pair produc-
(RHIC) [6], now under construction at Brookhaven Nationaltion by nucleiA andB is
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dO'AB > N > da'i~(X1P1,X2P2,mC,Q2)
EEc———————=> | dzdZdx;d%,FA(x;,Q3,r,2)FE(x,,Q2,b—r,2 )E.E;— .
C Cdgpcdspzdzbdzr |,J 1 20 1 ] 2 c—c d3pcd3pc_
(€N
Herei andj are the interacting partons in the nucleus and the funcfigrexe the number densities of gluons, light quarks,
and antiquarks evaluated at momentum fractionscale Q?, and locationr, z. (Note thatr is two dimensiona). The
short-distance cross sectiémj is calculable as a perturbation seriesaig(Q?).

At leading ordenLO), cc_production proceeds by two basic processes

g+qg—c+c, 2
g+g—c+c. @)
The LO cross section t(j)(aﬁ), can be written as
EE.— 078 —fsddzddc 2 F.2,6—r,2") 64 (xP1+ X,P 4
c cw— 5, dzdzdxdx (X1,X%2,Q%,1r,2,b—r,2") 6" (X1P1+ XPo— pc—P¢), (4)

where /s, the parton-parton center-of-mass energy, is relatedy® the hadron-hadron center-of-mass energy, by
s=x1x2824m§, where the momentum fractiong andx, are

m R
X1,2:—T(eiy+ety), (5)

Vs

andmy= \/mC2+ pTZ. The target fractionx, decreases with rapidity while the projectile fractionincreases. Here, the intrinsic
transverse momenta of the incoming partons has been neglected. The convolution of the subprocess cross sections with the

parton number densities is containeddx; ,x,,Q%r,z,b—r,z') where

I N .. - . . do
C(xl,xz,Qz,r,z,b—r,z’)=% [F'g(xl,Qz,r,z)F%(xz,Qz,b—r,z’)+F%(xl,Qz,r,z)Fg‘(xz,Qz,b—r,z’)]Tqq

. . . do
+F5(x1. Q% D)F§(x, Q%D —1,2' )~ . ®)

Four-momentum conservation leads to the rather simple ex- dor ma? 8costy—y)—1
gg_ "%

pression —
dt  96m}[1+coshy—y)]®
— 2m? 2m!
doas x| cosly—y)+— ——|. (9)
dp2dydyd2bd?r Mr M
> o - Leading order calculations tend to underestimate the mea-
— 2 _ '
_f dzdZx;x,C(x1.,%2,Q%F.2,b=r.2"). (™ sured charm quark production cross section by a constant

factor, usually called & factor,

The LO subprocess cross sections éar production byqq
annihilation andyg fusion, expressed as a functionrof, v, KO =

R expt
andy, are[9]

Tl AB—cCC)
Tenl AB—CC) _) (10)
O'Lo( A Bﬁ (o] C)

The next-to-leading ordéNLO) corrections to the LO cross
d(}qq_ Wag cosr(y—Weri/m% segtion have been calculatEpD,l]] and an ana}logous theo-
=— =, (8) reticalK factorKy, can be defined from the ratio of the NLO

dt  omi [1+coshy—y)] to the LO cross sections,
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_ ono(AB—cce)

th (11

oLo(AB—cC)
where oy o is the sum of the LO cross section and the
O(ay) corrections.

Previously[12], the NLO calculations were compared to
the cc total production cross section data to fiy, andQ so
thatK 50~ 1 to provide a more reliable estimate for nuclear
collider energies. Reasonable agreement with the measured
total cross section was found for.=1.2 GeV,Q=2m, for
MRS D-' the parton densitie$13] and m.=1.3 GeV,
Q=m, for the parton densities GRV HQL4]. We choose
different scales for the two sétsbecause of the different
initial scales of the two parton distributions. The MRS-D
distributions havngvMRfS GeV?; we chooseQ=2m, so
that Q%> Q%YMRS. The GRV HO sea quark and gluon distri-
butions are valence-like at IowananGRf 0.3 GeV?. We
can then us®=m, becausen>Qj zry. However, below
Q?~5 GeV? the gluon distribution is still somewnhat
valence-like.

When calculating inclusive distributions rather than total
cross sections, it is more appropriate to cho@semy, par-
ticularly whenpt>m, since a constant scale introduces un-
regulated collinear divergencdd6]. Therefore, we take
Q=2m; for the MRS D~ distributions and)=m; for the
GRYV HO distributions. Both sets of parton densities result in,[h
a NLO totalcc production cross section of 350 ub in pp
collisions aty/S=200 GeV.

The differentialKy, for the charm quarlpy distribution, 1+ w(s/Ry)?
the pair mass distribution, and the charm quark angair pa(S)=po A ,
rapidity distributions are nearly constant at RHIC energies 1+exd(s—Ra)/d]
[16]. They are also essentially independent of the parton den-
sity. The value oKy, is determined by a comparison of the where R, is the nuclear radiugj is the surface thickness,
NLO and LO total cross sections. Our LO calculations, Ed.and w allows for central irregularities. The electron scatter-
(4), are multiplied by the appropriatey, found for the spe-  ing data of Ref[17] is used forR,, d, andw assuming that
cific parton density: 2.5 for the MRS-D’ distributions and  the charge and matter density distributions are identical. The
2.9 for the GRV HO distributions. central density p, is found from the normalization

The nucleon parton densities are only a part of the spacerd2rdzp,(s)=A. For gold, w=0, d=0.535 fm,R,=6.38
dependent nuclear number densitiE§(x,Q2r,z) intro-  fm, andpy=0.1693 fm 3.
duced in Eq(1). We have assumed that these nuclear num- If the parton densities in the nucleon and in the nucleus
ber densities factorize into nuclear density distributionsgre the same, the®l(A,x,Q%,r,z)=1. We will use this as a
independent ok andQ?, the nucleon parton densities, inde- paseline against which to compare our results with shadow-
pendent of spatial position arl and a shadowing function ing included.
that parametrizes the modifications of the nucleon parton We now discuss our choices of the shadowing parametri-
densities in the nucleus, dependentxanQ®, A, and loca-  zations used in our calculations, independent of the position.

Sy

1

FIG. 1. The collision geometry of nuclear collisions in the plane
transverse to the beam. The parton-parton collision point is indi-
cated byA andb is the impact parameter.

A three-parameter Woods-Saxon shape is used to describe
e nuclear density distribution,

(13

tion, Measurements of the nuclear charged parton distributions by
A N i 27 P ) deep-inelastic scattering on a nuclear target and a deuterium
Frx.Q%r,2)=pa(s)S(AX,Q%r2)T1(x,Q%), target show that the rati®e,=F5/F3 has a characteristic
FiB(x,QZ,B—F,z’)=pB(s')Si(B,X,Q2,5—F,z')fi"(x,Qz), shape as a function of The region below~0.1 is referred

12) to as the shadowing region and the region<0x3<0.7 is
known as the EMC region. In both regions a depletion is

where s=\r?+22, s'=+/|b—r|?+2z'2 and fP are the Observed in the heavy nucleus relative to deuterium and
nucleon parton densities. We assume thaindz' are un-  Re,<1. At very low x, x~0.001,Re, appears to saturate
correlated. The collision geometry in the plane transverse t19]. Between the shadowing and EMC regions, an enhance-
the beam is shown in Fig. 1.

2We note that at even smaller valuesxpfshadowing within the
These structure functions can be found in the CERN progrannucleon itself is expectef,18]. However, at RHIC energies, this
library PDFLIB [15]. very low x region is not expected to be reached.
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ment, antishadowing, occurs wheRe2>1. There is also an parametrizations were used earlier to estimate the effect of

enhancement as— 1, assumed to be due to Fermi motion of shadowing orcc andbb production in central collisiong5]

the nucleons. The general behavioRy, as a function ok with no spatial dependence assumed for the shadowing.

is often referred to as shadowing. Although this behavior is The first parametrization is a fit to recent nuclear deep-
not well understood for alk, the shadowing effect can be inelastic scattering data. The fit does not differentiate be-
modeled by arA-dependent fit to the nuclear deep-inelastictween quark, antiquark, and gluon modifications and does
scattering data and implemented by a modification of thenot include evolution imQ?. Therefore it is not designed to
parton distributions in the proton. We use two different mod-conserve baryon number or momentum. We define
els of the relation betweeRg, and S(A,x,Q?). These two Re,=S1(A.X) [20] with

( . 1+0.0134 1/x— 1/Xgp)
*1+0.0122%  1/x— 1ixgy) |

X< Xgh,

S](Aax)_ < aEMC_ bEMCX, Xsh< X< XFermi’ (14)
( 1_XFer i) 0.321 y e
Ri| ———— , E | ,
f 1 X ermi

where  Rs=agmc— bemcXshs R¢=agmc— bemcXrermis Duke-Owens densities, leading to some small deviations in

beme =0.525(1- A~ 13— 114502 +0.93A 1+ 0.88A 4"
—0.5% %), and agyc=1+begucXemc. The fit fixes
Xgh=0.15,Xgmc=0.275, anKgemi= 0.742. Thus, the nuclear
parton densities are modified so that

the momentum sum but the general trend is unchanged.
Since the shadowing is likely related to the nuclear den-
sity, it should also depend on the spatial distribution of the

partons within the nucleus so théi(A,x,Qz,F,z)—>1 as

s—oo. The reduced shadowing is reasonable since the shad-
owing mechanism should be less effective when the nuclear
_ density is low. This spatial dependence should also
The second parametrizati®(A,x,Q?) modifies the va-  pe normalized so that (A} fd?rdzp(s)S (A,x,Q%1,2)
lence and sea quark and gluon distributions separately andsi(A,x,Q?) to recover the deep-inelastic scattering results
also includes(;)'2 evolution[21], but is based on an older fit \yhich do not have any explicit impact parameter depen-
to the data using the Duke-Owens parton densj@2 The  dence. This approach may fail when-1, because then the
initial scale for the evolution iQy=2 GeV and theQ®  change in the structure function is likely due to Fermi mo-
evolution is studied with both the standard Altarelli-Parisitijon, which should not exhibit spatial dependence.
evolution and with modifications due to gluon recombination  one natural parametrization of the spatial dependence fol-

at h|gh denSity. The g|u0n reC-Ombination terms do noqows the nuclear matter density distribution,
strongly alter the evolution. In this case, the nuclear parton

densities are modified so that

A%, Q%) =S1(A,X)fP(x,Q?). (15)

i 2y
0(x.Q%) =5 2 2 S = S (A, Q2 F,2) = 1+ Nyygr X Q) 71
fU(x,Q9)=S(A,x,Q )f\p/(x,Q ), (16) T+ ex(5—R/d]
FA(x,Q?) = S(A,x,Q2) F&(x,Q?), 17 14Ny S(AX,0%)—1] ? | 9
0
FA(X,Q2)=S(A,x,Q)E(x,Q?), (18

where Nyws=1.317 is needed for the normalization to
where fy=uy+dy, is the valence quark density and S'(A,x,Q%). This form of the spatial dependence has a rather

fs=2(u+d+ s) is the total sea quark density. We assumeWeak dependence os until thei nucliefar surface is ap-
thatSY andS; affect the up, down, and strange valence and’roached. Note that V\_/h&iiFHO, Sws<S' in the shadowing
sea quarks identically. The ratios were constrained by assuri’d EMC regions whileS,s>S' in the antishadowing re-
ing that Re ~S; at largex and Rg,~S; at smallx since ~ 9ion- _ _
XfB(x,Q2)—0 asx—0. For the gluons, we takR ~S§ The aptual spatlal'depender)ce of .shadowmg may be

VAT 0 ) " ' F2 stronger if the shadowing effect is not directly related to the
for all x [21], since one might expect more shadowing for thepyclear matter density distribution. This can occur if the glu-
sea quarks, generated from gluons, at smal  ons are not well localized within the nucleus. One can alter-
These parton densities do conserve baryon numbehatively assume that the shadowing is related to the nuclear
[5dxfA(x,Q%)=3, and momentum, [5dxx f{*(x,Q%)  thickness at the collision point, proportional to the distance a
+124(x,Q%) +124(x,Q?)] =1, at allQ°. We have used the parton from one nucleus travels through the oth28].
MRS D—-' and GRV HO densities witt8, instead of the Therefore we also consider
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_ R 1+Ng[S(A,x,Q%)—1]Y1—(r/Ry)?> r<R
KAXQAT2)=| S AR, n (20
A

whereNg=1.449 assures the normalization after the average - .

over p(s). Similarly, whens—0, S;<S' in the shadowing TAA(b):J' d*rTa(N)Ta(b—r), (22)

and EMC regions whil&,>S' in the antishadowing region.

The normalization is higher here because of the larger regiowhere the nuclear thickness function is defined as

over which the suppression due to shadowing is reduce®(r)=/dzpa(zr). In Au+Au collisions at b=0,

relative toS}s. Taa=29/mb[26]. The E; distribution can be expressed as
We calculate thec production cross sections in periph- [24]

eral nuclear collisions witl§'(A,x,Q%)=1, S;, andS,. As

we will show, the shape of the inclusive charm quark doy 25> [Naa(b) I NP (b
distributions are similar fos, andS, . Therefore, we model dE; N=1"" NI XL~ Naa(b)]
the spatial dependence 8f only, according to Eqg19) and N
(20). 1 doff N
x | 11 dEq— 52— 8(Er—3L1En). (23
i=1 (oa Ti

Ill. CORRELATION BETWEEN E¢

AND IMPACT PARAMETER If NEA is large, doy/dE; can be approximated by the

Gaussiar 24|
Although the impact parameter is not directly measurable,

it can be related to direct observables. We discuss here the doy &b 1 ox [ET—E'Ar\ﬁ(b)]2
indirect measurement of the impact paramétéy means of dEr = Pma2(b) - 252(b '
the transverse energir [7,24]. Here ET=Ei\/mi2+ pTZi, H() i) (24)

summed over all detected particles in the event with masses

m; and transverse momenyg; . It is also possible to infer where the meag-, Eﬁﬁ(b), and standard deviation(b),

the impact parameter by a measurement of the nucleajre proportional to the first and secokg moments of the
breakup since the beam remnants deposited in a zero degrggrd cross section,

calorimeter are correlated with the impact parameter. A mea-

sure of the total charged particle multiplicity, proportional to ﬁﬁ(b):TAA(b)Uﬂp(poKEﬁﬂp, (25)
E+, could be used to refine the impact parameter determina-
tion. Thi(0)=Taa(0) o BP(Po) (EDE. (26)

The transverse energy contains “soft” and “hard” com-
ponents. The “hard” components arise from quark andin the rapidity interval |y|<0.5, oPP(po)(E1)RP~17
gluon interactions above momentupy, the scale above mp GeV andsPP(po)(E2)PP~70 mb GeV [25].

which perturbative QCD is assumed to be valid. Minijet pro- At RHIC energies, the hard part does not dominate the

duction, calculated fopr je>Po~2 GeV[25], becomes an  soft component, proportional to the number of nucleon-
important contribution to the dynamics of the system in high-n,cleon collisions,

energy nucleus-nucleus collisions. The hard cross section

ofP(po) =20y, twice the single LO minijet production N3 (D) =Taa(b)oBP, (27)
cross section, can be calculated perturbatively. “Soft” pro-

cesses withpr<<p, are not perturbatively calculable, yet they where 0&°~30 mb. Since the soft component is almost in-
produce a substantial fraction of the measuEsdat high  dependent of the collision energy, we assume, as in Ref.
energiesand almost the entire; at CERN SPS energies [24], that the hard and soft components are separable on the
These processes must be modeled phenomenologically. Wip level and thus independent of each other at fixed
assumeo&’=ohP i, the inelasticpp scattering cross sec- Therefore the totaEy distribution is a convolution of the
tion. Our calculation of the totdf distribution follows Ref.  hard and soft components with total mean and standard de-

[24]. viation,
If the hard component is formed by independent parton-
parton collisions, then the average number of hard parton- E’T&A(b)=TAA(b)[aﬂp(p0)<ET>ﬂp+ €0l (29
parton collisions as a function d, NQA(b), is
o?(b) =Taa(b)[ o fP(Po) (EF)EP+ €11, (29)
NEA(D)=Taa(b)aPP(po), (21)  wheree, and e, are taken from lower-energy data and ad-

justed to the same rapidity interval as the hard component,

ly|=<0.5, =15 mb GeV,e; =50 mb Ge\? [24]. Shadow-
where aPP(py) ~6.5 mb at RHIC[25] and Taa(b) is the ing, which affects the hard component by reducing the mini-
nuclear overlap function, jet cross section, is not included in these averages. Multiply-
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' ' ' ' approximated by a Gaussian. For a small number of colli-
AL+ AU E sions, Eq.(24) overestimates the number of ok events,
even allowing a finite probability for negativie; events. In

100

s practice, the agreement is quite good eveh=atl.8R,, cor-

9 E responding tal yp= 0.9/mb,N§A= 5.5, andE+~30 GeV. At

£ 2 significantly smallefE a correction is needed. Further, the
i 1 event-by-event fluctuations are large when the collision num-
3 NP 1OR ber is small, increasing the uncertainty in the impact param-

\ eter measurement.
: At small E the presence of charmed quarks will alter the
: y \ 5 relationship betweerE; and impact parameter because a
N FOP b= 128}, *]  cc—DD pair must haveEr>2mp~3.7 GeV. Typical val-
001 i b L - ues areEr~4—-6 GeV. Thus, whefE;<20 GeV, the rela-
1% 220 (Gev) %0 o tionship betweem‘:T andp in charm events Wi|| bg diffe_rent.
T This altered relationship can be studied in simulations to

FIG. 2. Cross section as a function Bf, for a selection of ~COTect the data. . . _

impact parameters ranges. Finally, other types of interactions can contribute to
charm quark production at low;. The largest identified
ing ofP by a shadowing factor modifies tHg; distribution charm quark contribution in very peripheral collisions is
by less than 109%27]. A correction has been included here. Photon-gluon fusior8,28].

Figure 2 shows th&s distribution (for y<|0.5) for 100 Any real detector can only measLig in a limited rapid-
GeV/nucleon Au-Au collisions for several different impact ity interval. For example, the calorimeter of the STAR de-
parameter intervals as well as the total cross section. Sifector at RHIC will cover the range-1<y<2 [29]. The
gling out a particulaiE; range can therefore select a ratheracceptance can be compensated by appropriately modifying
narrow distribution of impact parameters. For example, re{ET)EP. (ED)PP, €. ande;, given here forly|<0.5. The
quiring Er<<300 GeV selects almost exclusively events withaccuracy scales roughly as the square root of the observed

- : : y .
0.1 [ Lb>1.6R, 5 Y L b> 1R,
H 3 By A

b>R, while E;<180 GeV selects events with>1.2R, . energy. A large acceptance can also extend the region of
Good event purity can be obtained with even narrowenalidity of Eq. (24) to largerb.
selections. For example, 300 GeVYE>180 GeV largely The major source of systematic uncertainty here lies in

corresponds to 1R,>b>R,. An example of the purity can the scaling, division into hard and soft components, and in
be seen in Fig. 3 which shows the range of impact paramaccurately calculating the hard cross section at high energies.
eters atE;=200 GeV. The distribution is centered at The spatial dependence of shadowing, discussed in the fol-
b=1.27R, with a standard deviatioor~0.05R,. Approxi- lowing section, will also contribute uncertainty to the impact
mately 90% of the events fall into the range Parameter measurement. However, this uncertainty should be
1.1R,<b<1.33R,, narrow enough to be an effective im- less than the 10% change due to the inclusion of shadowing
pact parameter selector. ThusB¢=200 GeV, the impact [27]. These uncertainties can be investigated by comparing
parameter can be measured to within 10%. However, théhe measuredo/dEy curve to the geometrido/db at small
statistical accuracy depends on the average number of collimpact parameters. We expect that, for 1.2R,, the sys-
sions, proportional t&+, so thato/b~ 1/\Es. tematic errors will be comparable to the statistical. _

For very smalE+, complications arise. The first concerns  1he noncentral event selection technique to constrain the
the transition from Eq(23) to Eq.(24) which is only valid if ~ Impact parameter may be useful in other analyses of heavy

NﬂA(b) is large enough for the Poisson distribution to be'o" data. At _Iarge_lmpact parameters, only t.he outer portions
of the nuclei are involved, but as the collision centrality in-

14 creases, the nuclear interior is more deeply probed. Therefore
3 E; = 200 GeV the impact parameter variation roughly corresponds to the
12 portion of the nucleus involved in the interaction, and can
Ry = 6.38 fm

thus be used to study the difference between the parton con-
stituents of the nuclear core and those near the surface.

0.8 -

P, (1/fm)

IV. RESULTS

0.6 |-

The best way to determine the gluon momentum fraction
is to detect both charm quarks. Thepandx, can be fixed
exactly and the shadowing mapped out. The measurements

L are relatively easy to interpretyf= — y sincex; =x,. After

0.0 ————————— . . first discussing the general results when the kinematic vari-

110 119 120 129 190 19 "% ables are integrated over, we show {he distributions for
O/Ra the MRS D-' and GRV HO parton densities assuming both

FIG. 3. Distribution of impact parameter for events with the ¢ and ¢ are detected. The low experimental efficiency
E+=200 GeV. for detecting charm suggests that it is unlikely for both

0.4 -

0.2
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40

100 80
MRS D-' GRV HO
8ot
— 60 Faias —
- :Q;‘ (@ y=0 y=0 —Tf\}_ () y=0 y=0
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£ sl "y
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g %
o 40+ \
o W
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ko] 201 )
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[ 0
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do/dp2dydy (mb/GeV?)
do/dp-2dydy (mb/GeV?)

FIG. 4. Charm production cross section as a functior ¢ér
the MRS D~ parton densities, witls=1 (solid line) and with two
nuclear shadowing parametrizatioBs(dashed lingandS, (dotted
line).

quarks to be detected in an event. Thus we subsequentl
discuss the feasibility of the study if only one of the charm
quarks is detected.

Figure 4 shows thec production cross section as a func-
tion of impact parameter fdy>R, with S=1, S;, andS; at
RHIC [6]. The cross sections were calculated by integrating

Eq. (1) over thec and ¢ four-momenta. The rates for these
noncentral collisions are still quite large. Without shadow-
ing, for b>1.2R, the charm cross section is 2.9 b while for i 2 s 1 2 3
b>1.8R, it is still 200 mb. At the RHIC Au+rAu design pr (GeV) pr (GeV)
luminosity, 2x< 107 cm™~2 sec ! [6], this results in 6300 and o _ ,
430X 10P cC pairslyear(3000 H. Thus these measurements . "'C: 5. Thepy distribution ofcc pairs for the MRS B-' (a),

will not be statistics limited, even with the roughly 35% () and(c)and GRV HO(d), (e), and(f) parton densities. We have
reduction in cross section when shadowing is included. ~ Selected events with>1.2R, and three values of the and c

Figures 5 and 6 show the charm quarkdistributions in ~ duark rapiditiesy=0, y =0 in (a) and(d); y=0, y =2 in (b) and
two different impact parameter intervats>1.2R,, roughly ~ (€); y=2, y=—2in (c) and(f). The solid curves are witls=1.
corresponding t&E+< 180 GeV in Fig. 2, anth>1.8R,, for The spatially independent shadowing results are given in the dashed
several selected and ¢ quark rapidities. The results with 2d dotted curves fof; and S,, respectively. The effect of the
the MRS D~ and GRV HO parton densities are compared.Spa.‘t'al dependence @ is also shown. The dashed curve with _the
Bv measurind charm quarks as a functioroeffor a variet solid squares shoyvs the result WS@R and the dashed curve with

y . 9 ) q P Y the open circles gives the result with ys. In (a), (b), (d), and(e)
of rapidities, d|fferent_values ot; andx, are probed. For o S, andS, ws curves overlap.
example, pr=0, y=y=0 corresponds tox;=x,=1.3 .
X 10~2 while pTZO' y:2’ and y_: -2 Corresponds to are still valence-like at |0\NQ Thus for y= y:O and
X,=X,=5.1X 1072, At p;~2.1 GeV,x, andx, are doubled, Pr<1.5 GeV the gluon distribution continues to increase,
moving into the antishadowing region fyr|=2. Thus vary- ~ causing the observeet15% difference between thg=1
ing x, andx, changes the relative strength of the shadowingdistributions atpr~0 in Figs. a) and gd). At larger rapid-
Calculations with5=1, Sy, S; ws, S1r, andS, are shown in ity and x, such as in Figs. (6) and gf), the difference is
each case. reduced to~8%.

In every case considered, the unshadowed cross section is The shadowing functions affect the chapmdistributions
larger than the shadowed cross sections. The ¢tatatoduc-  differently for the MRS D-" and GRV HO parton distribu-
tion cross sections witlQoxnm, differ only by 2% inpp tions because of the difference in the chFe In generalSS
collisions. (Recall thatn=2 for MRSD—' and n=1 for  increases more rapidly witk thanS; between the shadow-
GRV HO) When the total cross section is computed by in-ing and antishadowing regions. With the MRS-D parton
tegrating an inclusive cross section wh€yenmy, the dif-  distributions, atpr~0, 81~S§ for Q=2m;. As pt in-
ference increases t&6% due to the running scale in the creasesS§>Sl due to the evolution 0$§,. Therefore, when
parton distributions ands. The inclusive distributions re- p;~1 GeV, thep distribution withS, will be ~10% larger
flect the lowx and Q? behavior of the parton distributions. than the distribution wittS,. This continues to hold apy
The MRS D-' gluon distributions are always decreasing asrises, as shown in Figs(&, 5(b), and Fc). The GRV HO
a function ofp;. However, the GRV HO gluon distributions case is different because of the lower scale. There, the evo-

M y=2 y=-2
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apparent for larger impact parameters. Whan 1.2R,,

both spatial forms increase the cross section about 15% over
S;. Forb>2R, the spatial results are approximately halfway
between the cross sections w1 andS=S,. The simi-
larity of results between the two spatial parametrizations
suggests that the parton localization measurements may not
be too hard to interpret.

Thus measurements of charm quark production at large
impact parameters probe the nuclear surface where shadow-
ing effects are greatly reduced, and, for extremely peripheral
collisions, the limit of independemtp collisions is regained.

As the collisions become more central, the charm quark pro-
duction rate should begin to deviate from the naive expecta-
tion from superimposeg@p collisions. By measuring charm
production as a function of impact parameter, it is possible to
watch the shadowing turn on with the rate of increase pro-
viding a measure of parton localization in the nucleus.

So far we have assumed that both thand ¢ quarks are
detected. Given the low efficiency for detecting charm
quarks, either by their semileptonic decays or by reconstruc-
tion of specific final states, it is worth considering what can
be learned if only one of the quarks is detected. Figure 7

shows the rapidity distribution of th?quark, assuming that
the ¢ quark is detected at=0 andp=0 assumingS=1,
S, S, Siws, andS; r. Kinematically, this situation corre-

sponds to charm pair invariant mahisz=2m§(1+coshw

so that increasing corresponds to increasing phase space
along with increasing invariant mass. The cross section in-
creases untiy~ =1 whereM~ 3.4 GeV and decreases with
largerM, typical for invariant mass distributiori42]. Figure
pr(GeV) pr (GeV) 8 shows the single charmy distribution aty=0 integrated

FIG. 6. The same as in Fig. 5 but witi>1.8R, . over y for b>1.8R,. The results are similar to _the case

when both quarks are detected. Although some information
is lost if only a single quark is detected, the trends remain the
same as those seen in Fig. 6. Therefore it should still be
possible to extract the shadowing information from the data.

do/dp2dydy (mb/GeV?)
do/dp2dydy (mb/GeV?)

1 2 3 1 2 3

lution of S, with Q2 does not begin untiQy,=2 GeV, cor-
responding tr~1.5 GeV. Forp;<1.5 GeV,S; >S5 . At

pr~2 GeV foryzy_zo, the evolution 01‘8(23 causes the
situation to be reversed ar$f> S,, as can be seen by in-
spection of Fig. &). At larger rapidities, the larger slope of V. DISCUSSION

S5 in the shadowing region cause the switch betw8gand If the charmed quark rapidity and momentum can be mea-
S, dominance to occur at lower values pf, even before sured over a broad range of impact parameters, the gluon
the evolution ofSS begins, since is larger at smalpy and  momentum distribution and its spatial/density dependence
largey. can be measured. However, there are a number of difficulties
Including spatial dependence 1B, increases the cross involved in relating these calculations to measurements.
section toward th&=1 value at highb where the nuclear Charm is normally detected either via its semileptonic de-
density is low. The cross section is now larger because theays or through reconstruction of selected decay modes.
lower density near the nuclear surface reduces the shadowvhile the detection of leptons from semileptonic decays is
ing. As the impact parameter rises, the tails of the densityairly straightforward, the leptop; andy differ from that of
distributions are probed and the shadowed cross sections ajre parent hadron. The parent hadron distribution can also
proach theéS=1 result. This happens relatively slowly, espe- differ slightly from that of the initially produced quark al-
cially for S; s, since the density is nearly constant exceptthough the hadronic environment reduces this effé€i.
within d of the surface. The shadowing is thus almost conWhile this momentum shift does not create any fundamental
stant except near the nuclear surface. For g#0.535 fm  problems, it adds another intermediate step which must be
while b=1.8R,, the lower bound on the impact parameter in correctly modeled. Fully reconstructed charm decays such as
Fig. 6, corresponds to collisions within 1.2 fm of the surfaceD* "= D% " — (K~ #")#" could allow for a full recon-
so that some collisions occur below the surface layer in astruction of the meson direction, reducing the uncertainty in
least one nucleus. In both Figs. 5 andS6g>S; \ys because the determination of the charmed quark andy. However,
the dependence on the nuclear thickngdlseit for a spheri- the small branching ratios and low efficiency for detecting
cal nucleug decreases the effects of shadowing already athese decays probably preclude the useful detection of both
smallr while S, s is almost constant. The effect is more charmed quarks in a pair.
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do/dp,*dydy (mb/GeV?)

<|

FIG. 7. Thec_rapidity distribution forpr=0 and the charm quark is producedyat 0. The solid curve is witl5=1. The spatially
independent shadowing results are given in the dashed and dotted cur@&safutS,, respectively. The effect of the spatial dependence
on S, is also shown. The solid squares show the result Bjth and the open circles give the result wi,ys.

In addition to gold, RHIC will accelerate a variety of parameter could be determined, the techniques discussed
lighter nuclei. The surface layer is a larger fraction of thehere could be used to study shadowing. One of the nuclear
nuclear radius in lighter nuclei. In this case, the Woods-structure functions would merely be replaced with that for a
Saxon and square root spatial dependences should moiree proton. TheA dependence of charm production at vari-
closely match over the full range of impact parameters. Sinceus impact parameters can in any case provide an additional
RHIC is also apA collider, the gluon localization could in handle on interplay between shadowing and its spatial de-
principle be probed for an individual nucleus. However, forpendence. FopA, dileptons can also be used to probe gluon
pA, the number of collisions is small enough for the Gauss-shadowing 31]. L
ian approximation to break down, rendering teto b cor- At LHC, similar calculations can be made foc andbb
relation problematic. FopA, a useful relationship between production. The higher energy implies that the charm and
Er andb has not been demonstrated. However, if the impachottom pairs will be produced at much lowey increasing

40

Py (GeV) pr(GeV)

FIG. 8. Thepy distribution for single charm quarks with=0 for MRS D—' (a) and GRV HO(b) parton densities. We have selected
events withb>1.8R,. The solid curves are wits=1. The spatially independent shadowing results are given in the dashed and dotted
curves forS; andS,, respectively. The effect of the spatial dependenc&pis also shown. The dashed curve with the solid squares shows
the result withS; r and the dashed curve with the open circles gives the resultSyij.
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the importance of shadowing and further reducing the pro- The correlation between impact parameter and transverse
duction cross sections. Thus the sensitivity of the cross seenergy has been used to fix We have shown that the im-

tion to the spatial dependence will be enhanced. pact parameter determination is reliable to within a 10% sta-
tistical uncertainty on an event-by-event basisbier1.2R, .
VI. CONCLUSIONS The systematic errors are expected to be comparable.

We have calculated charmed quark production in non-
central Aut-Au collisions for several different structure
functions and assumptions about nuclear shadowing.

Shadowing reduces the charm production cross section up V.E. and A.K. would like to thank the LBNL Relativistic
to 35%. However, when the spatial dependence of shadowNuclear Collisions group for their hospitality and M. Strikha-
ing is included, the effect is decreased. By measuring th@ov for discussions and support. We also thank K. J. Eskola
charmed quark production rates as a function of impact pafor providing the shadowing routines and for discussions.
rameter, it is possible to study the effect of shadowing and td’his work was supported in part by the Director, Office of
detect, for the first time, its localization within the nucleus. Energy Research, Division of Nuclear Physics of the Office
This spatial dependence provides an indication of the gluowf High Energy and Nuclear Physics of the U.S. Department
recombination distance scale. of Energy under Contract No. DE-AC03-76SF0098.
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