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Define the nuclear dependence coefficierfA,q;) in terms of the ratio of the transverse momentum
spectrum in hadron-nucleus and in hadron-nucleon collisirl¥/dg2/do"N/dgi=A*A97, We argue that,
in the smallg; region, thea(A,qy) for the Drell-Yan andJ/¢ production is given by a universal function
a+ bq%, where the parameteesandb are completely determined by either calculable quantities or indepen-
dently measurable physical observables. We demonstrate that this universal fur{éiop) is insensitive to
A for normal nuclear targets. For a color deconfined nuclear medi{,q;) becomes strongly dependent on
A. We also show that ouz(A,qy) for the Drell-Yan process is naturally linked to the perturbatively calculated
a(A,q7) at largeqt without any free parameters, aadqA,qy) is consistent with E772 data for ail; .

PACS numbgps): 12.38~t, 11.80.La, 13.85.Qk, 24.85p

[. INTRODUCTION The nuclear dependence of the transverse momentum

It has long been observed that in high-energy hadronspectrum is often presented in terms of the ratio of cross
nucleus collisions the transverse momentum spectra of pregectionsR or the nuclear dependence coefficientFor ex-
duced particles differ significantly from those in hadron-ample, for the Drell-Yan pair productiof} and o are de-
nucleon collisiong1,2]. This anomalous nuclear dependencefined by
is known as the Cronin effect. In recent years, much data on
such nuclear dependence for the Drell-Y{@-5] and J/ ¢ 1 dohA dohN
production[6—8] became available, and these new data have R(A,Gp) =~ d / T —AcAaD=1 (1)
renewed our interest to understand the observed novel effect ’ AdQ?dg3/ dQ?de? ’
[9]. Although it is believed that the Cronin effect is a result
of parton multiple scattering inside a nuclear medium, sys- . , ,
tematic calculations in QCD for such anomalous nuclear deWhereQ andqr are the Drell-Yan pair's total invariant mass
pendence only exist for the large transverse momengy ( 2"d transverse momentum, respectlvely,hAAné tye aétomlc
region[10—12, but not for the smaltj; region due to tech- Weight of the nuclear target. In E¢1), do™"/dQ"dqr and
nical difficulties in handling multiscale calculations in QCD do"/dQ?dq; are the transverse momentum spectrum in
perturbation theory. In this paper, we derive the nuclear dehadron-nucleus and hadron-nucleon collisions, respectively.
pendence in transverse momentum distributions for thé&ince single hard scattering is localized in space, both
Drell-Yan and J/¢ production in the small; region by  R(A,d7) anda(A,dr) should be very close to 1 if there is no
combining constraints from perturbatively calculable quanti-multiple scattering. However, data on the ratio of the Drell-
ties in the largey; region and the available information from Yan transverse momentum spectrum show tR&A,dr)
independently measured physical observaplés. very much differs from ongor «(A,qr) is significant away

In high-energy nuclear collisions, in addition to short- from 1] [4]. In Ref.[4], data onR(A,qy) shows a nontrivial
distance single scattering, parton multiple scattering becomeéependence on botA and gy for different nuclear targets
very important. According to QCD factorization theorem (including C, Ca, Fe, and W In terms of a(A,qy), the
[14], physical observables due to single hard scattering iforell-Yan data has the following general featuregA,qr
hadronic collisions depend on the parton distributions. In=0) is less than 1, it increases @sincreases, and it can be
terms of generalized QCD factorization theorgiB], contri-  as large as 1.0[3-5].
butions to physical observables from parton multiple scatter- Whendsy is large (~Q), the g+ dependence of(A,qr)
ing are directly proportional to multiparton correlation func- can be calculated within QCD perturbation theory, and a
tions. These correlation functions are as fundamental as thggnificant nuclear enhancement &{A,q;) was predicted
parton distributions, and they provide complementary infor{11]. Although it was argued in Ref11] that in the smalb;
mation on nonperturbative QCD dynam{ds$]. Since single region, thea(A,qt) or the transverse momentum spectrum
hard scattering is localized in position space, it is the mul-should show nuclear suppression, no quantitative analysis or
tiple scattering that is sensitive to the size of nuclear meprediction was given for the suppression. Since almost all
dium, and is therefore responsible for the anomalous nucleaxisting data on the nuclear dependence of the Drell-Yan
dependence. Measurements of such anomalous nuclear deeduction are in the smadj; region[3-5], it is very impor-
pendence provide a window of opportunities to explore theant to derive a quantitative description of the nuclear depen-
dynamics of parton correlations, which have important im-dence coefficien&(A,qy) or the ratioR(A,qgt) for the small
plications for the physics in relativistic heavy ion collisions. gy region.
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FurthermoreJ/ ¢ data in hadron-nucleus collisions show In addition, we show tha&(A,qy) for J/« production in
that thea(A,qt) [or R(A,q7)] for J/4 production as a func- small g; region is given by the same functional form;
tion of g7 has similar features as that of thgA,q;) [or  +b, g%, and the new parametess andb, are also com-
R(A,qy)] for the Drell-Yan production7,8]. Recent data pletely determined by the ratio of total cross sections

from Fermilab experiment E866 show thafA,qt) for J/ ¢ 05‘,’}/05‘,'} and the averaged transverse momentum square

production has a universal shape, but its magnitude depen«jq%)?,’fp in hadron-nucleon collisions, plus perturbatively cal-
on the range okg [6]. J/¢ suppression in relativistic heavy culable quantities, such as the transverse momentum broad-
ion collisions was predicted to signal the color deconfine-eningA(q%J,w in hadron-nucleus collisions. Our predictions
ment[17]. Recently, significant)/¢ suppression has been for a;,,(A,qr) are consistent with recent data from Fermilab
observed in existing fixed target experimefts$,19. The  EB866.
data have generated a lot of theoretical discussions in search- The predicting power of our nuclear dependence coeffi-
ing for the mechanism of the observatly suppression. Un-  cient functiona(A,qy) for the Drell-Yan and)/« produc-
derstanding the features ia(A,qy)y, is very valuable for ~ tionis its universal quadratic dependenceqen and the fact
such investigations. that all parameters are completely fixed by either calculable
In this paper, we argue that in the smaj} region, ©F independently measurable qua_ntltles._ I_n addition, we pre-
«(A,qy) for the Drell-Yan production is given by an univer- dict that thea(A,q7) is extremely insensitive to the atomic

sal functiona, + b, q%, wherea, and b, are completely numberA for normal nuclear targets while it can be very

. . . nsitiv A (or the medi i i
determined by the measured ratio of total cross sectlon%ee;i&me toA (or the medium sizefor a color deconfined

hAT4O2/ "N/ 4 O2
do™/dQ"da /,\?Q , and the averaged transverse momen- The rest of this paper is organized as follows. In the next

tum square a7)py in hadron-nucleon collisions, plus pertur- section, we argue that the Drell-Yan transverse momentum
batively calculable quantities, such as the transverse momeRgpectrum in hadron-nucleon and hadron-nucleus collisions
tum broadeningA(g%)py in hadron-nucleus collisions. The should be well represented by a Gaussian-like distribution in
(g2)MN and A(g2)py will be defined in Egs(7) and (12). the smallg; region at fixed target energies. From such a
According to the generalized QCD factorization theoremtransverse momentum spectrum, we derive a universal ex-
[15], as with all perturbatively calculable hadronic quantities,pression ofa(A,qy) for the Drell-Yan production in the
the transverse momentum broadening for the Drell-Yan prosmall gy region in Sec. lll. We explicitly demonstrate that
duction A(g2)py can be factorized into a convolution of an the a(A.qr) is insensitive to the atomic weighk, and the
infrared safe hard part and corresponding universal quark&(A.dr) in the smallgr region is naturally connected to the
gluon correlation functions. The infrared safe hard part igPerturbatively calculatee(A,gr) in the largeqy region. We
calculable in QCD perturbation theory and was derived inf€n compare our universal functiom(A,qr) with E772

Ref.[20]. Although the quark-gluon correlation functions are 9@ at allgr. In Sec. IV, we providea(A,qy) for J/y
nonperturbative in nature and unknown, just like the well-Production, and discuss the similarity and difference between

known parton distributions, these functions are universal an'® @(A.dr) for the Drell-Yan and/y production. We show
they appear in the factorized expressions of other physicg[1at in @ color deconfined nuclear medium, A, dy) for
observables. For example, the same quark-gluon correlatio{  Production becomes very sensitive to the atomic number
functions in the expression fa(g2)py appear in the factor- A (or the medium size Whllg it is extremely insensitive to
ized formulas for thex(A,qy) in the largeqy region[11]. the A for normal color confined nuclear targets. Finally, in

Because of the universality of these quark-gluon correlationgec'_v'_ we summarize our main conclusions, and d'SCU.S.S the
functions. the data OIZt\(Cﬁ}Dy can be used to extract the predicting power of our nuclear dependence coefficient

guark-gluon correlation functions, which can then be used th(A,qT).
predict «(A,qy) in the largeqy region. In this paper, we

show that the Fermilab E772 data Aq3)py can be used to IIl. THE DRELL-YAN TRANSVERSE
extract the size of the quark-gluon correlation functions, MOMENTUM SPECTRUM
which can then be used to predict théA,qr) in the small

; Depending on physics origins, the Drell-Yan transverse
4r region. momentum spectrum can be divided into three regions, as
We further demonstrate that oar(A,qy) for the Drell- - ghown in Fig. 1. The smaltj; region corresponds to the

Yan productipn in smaltj; region is.naturally connec’Fed to region WhereqT<q$~1 GeV. The spectrum in this region,
the perturbatively calculated(A,qr) in the largeqr region,  |apeled by | in Fig. 1, is dominated by the intrinsic transverse
and we also show that the predictedA,dy) is consistent  omenta of colliding partons. At leading order in perturba-

with the E772 data in both the small and large regions.  (ion theory, the Drell-Yan transverse momentum distribution
Furthermore, we show that although the ratio of the trans;g given by

verse momentum spectrulR(A,qy) can have a nontrivial
dependence on the atomic weightthe nuclear dependence
coefficienta(A,qgt) is insensitiveto the atomic weighA for =
normal nuclear targets. On the other hand, we argue that in a dQ?d’qy dQ?
color deconfined nuclear medium, thg A,q;) becomes

very sensitive to thé due to a long range color correlation. The effect of the parton intrinsic transverse momentum can

do™N do .
= — " 5%(Gy). ?)

054008-2



NUCLEAR DEPENDENCE COEFFICIENT®(A,q7) FOR. .. PHYSICAL REVIEW D 62 054008

Q?% u? andq3/ u?. The scaleu can be chosen to be equal to
Q or g1, or somewhere between, and the factorized Drell-
Yan cross section in Eq4) should not be sensitive to a
specific choice of the scale if the factorized expression is
reliable.

If the Q is much larger than thegy, the perturbatively

calculatedd o2%/d Q? dq% will have large logarithms, such as
In(Q2/q$), for any choice of the scalg. These large loga-
rithms are due to the gluon radiation off the incoming par-
tons before the hard collision takes place to produce a Drell-
Yan lepton pair[22,23. Because of the infrared and
collinear singularities associated with the massless gluons,
we can have two powers of the large logarithms for every
power of the strong coupling constaat in the perturba-
tively calculated d&ab/szdq$. Clearly, the logarithms
[ asINX(Q%A)]", can be larger than the unity if ti@is much
a’r a4 Ir larger than thegr. For example, forz® production at the
Fermilab Tevatron energies, the ra(I_ﬁ/q% can be as large
FIG. 1. Typical Drell-Yan transverse momentum spectrum as &gs 8x 10° for gr~1 GeV andQ~91 GeV. Consequently,
function of gy in three regions. the high order corrections irg can be as important as the
lower order terms, and therefore, the perturbatively calcu-

lated do®?/dQ?dq? at a fixed order ofal are no longer
reliable.

Using the renormalization group method, the large loga-
rithms [asIn(Q%?)]" in the perturbatively calculated

o727 (3 do?®/dQ?daf can be resummed to all ordersdn [22,23.
272 As pointed out in Ref[23], the resummation of the large
logarithms can be systematically carried out by solving a
where the superscrift) indicates region INpy is a dimen-  corresponding renormalization group equationhbirspace,
sional normalization, and is the width of the Gaussian-like which is the Fourier transform of the transverse momentum
distribution. The physical meaning of tiN,y and 7 will be  g; space. The kernel of the renormalization group equation
determined later. In principléypy and 7 are nonperturbative can be calculated order by orderdn in QCD perturbation
quantities. theory. In order to obtain the Drell-Yan transverse momen-
The intermediate; region, labeled by Il in Fig. 1, corre- tum distribution, one has to perform the Fourier transform of
sponds to the region whemg<qr=<qg: with gv=«xQ and  the b-space solution of the renormalization group equation
k~1/3—1/2. In this region, the physically observed scales:back to theg; space; and it is necessary to have lhepace
Q andgy are both large enough, and in principle, QCD per-solution for all values ob. However, since the kernel was
turbation theory can be used to calculate the short-distanagalculated in perturbative QCD, thespace solution is only
partonic scattering and the Drell-Yan cross section can beeliable for small values db (i.e.,b<1/Aqcp). Therefore, a

do/dQ?dq,?

be included by replacing thé function in Eq.(2) by its
Gaussian-representatiof(q,) =lim,_ o(1/\27 r)exd — g2/
272] [21], and we obtain

do(V 1

=Npy
dQ?dof

factorized into the following fornj14]: nonperturbative functiofFN"(b) had to be introduced to
cover the large region[23]. The parameters in theNP(b)
do™ D ) were determined by fitting experimental data on the Drell-
W:Z‘J Gam(X", 1) ® (X, u°) Yan gt spectrum[24,25. The role of this nonperturbative
Q7dgr = function FNP(b) is similar to that of the input parton distri-
deab Q? q% bution_s ¢(X,Q(2)) when we solvg the r.enormalizatioln group
®—— x’,x,as(lu,?),—z,—2 , (4  equationdor the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
dQ-dagr Mmoo (DGLAP) equationg for the parton distributionsQ? depen-
dence.
whereZ, , sum over all parton flavora andb, the w rep- As argued in Ref.[23], the nonperturbativeFNP(b)

resents both the renormalization and factorization scales, thgéhould have a Gaussian formbirspace. Since largevalues
¢'s and@'s represent the parton distributions and the con-correspond to a smati; region after the Fourier transform,
volution over incoming partons’ momentum fractions, re-the Gaussian form dENP(b) is consistent with ougy spec-
spectively. In Eq(4), the d&ab/szdq$ is a short-distance trum in region(l). Furthermore, the Drell-Yaq; spectrum
contribution for partons andb to produce a Drell-Yan lep- in region(ll) at fixed target energies is mainly determined by
ton pair, and it can be calculated perturbatively in terms of ahe resummedt-space distribution in largle region, which is
power series of the strong coupling constagtu?) with the ~ completely dominated by the shape &fF(b). Conse-
coefficients that depend logarithmically on the ratio of scalegjuently, the resummation performed in the snialtegion
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_ . where do("/dQ?dg? is the perturbatively calculated;

O ey T o s o 3 s Y o515 T 25 3 35 s spectrum [28,29, which is valid for region (lll), and
(@) a@V) (D) ar(GeV) do"/dQ?dq? is the Gaussian-like distribution defined in

Eqg. (3), which is able to fit data in region@)+(ll). Since

FIG. 2. Data on the Drell-Yan transverse momentum spectrumdo(m)/sz dq% is calculable,q# and parameterlpy and

;?.EZ;Z[ZG] e:lnd(b) C.FS[2|7]’ in co;nplartisgn Wi;[h z ct;_austSi?r_'""t‘ﬁ in Eq. (3) are the only unknowns for the Drell-Yagy spec-
It N € smallgy region plus a calculated perturbative tail In e trum at f|Xed target energ|es

large gy region. Taking the moments of the Drell-Yagy: spectrum in Eq.
does not have any noticeable effect on the pwspectrum  (5), we can express the parametdls, and 7 in Eq. (3) in
at fixed target energies. Experimentally, all existing data foterms of physically measurable quantities. For example, by
the Drell-Yan continuum betweed’ s andY peak at fixed integrating theg; spectrum in Eq(5), we obtain the Drell-
target energies[3,4] can be well represented by the Yan total cross section as the zeroth moment ofcthepec-
Gaussian-likeg distribution foqu<q#. In Fig. 2, we show trum. Using the data shown in Fig. 2, we found that the
that the Drell-Yan data at both 8Q@6] and 400 GeM27]  contribution from the second term in Eq.(5
can be well represented by a Gaussian-like fitderup to fq#(do('“)/szdqﬁ—da(')/szdqﬁ)dqi is much less than
2.5 GeV, andQ=5.5, 8.5, and 11.5 GeV, respectively. The one percent of the contribution from the first term
widths of the Gagssmn&léke ﬂ'.cs in Fig. 2 are consistent W|thf(d0(|)/sz dq%)dq%. Therefore, up to the less than one
the parameters in th&™(b) in the resummed Drell-Yan percent uncertainty, we obtain the normalizathdg, in Eq.
spectra24,25. (3) as
Actually, this finding should not be too surprising because
for a typical Drell-Yan pair of Q~5 GeV and gy

~1 G(_av gt fixed target energies, the ra@?/q% is about Npy~ d_Uz_ (6)

25, which is much smaller than the<@L0° for a Z° produc- dQ

tion at the collider energies. On the other hand, wi@nis .

much |arger than the typ|Ca:._2|_’ the q_l_ Spectrum in this Def|ne the Dre”-Yan aVeraged transverse momentum
region has an enhanced peak at a finite valugofind a  Sduare as

slower fall off in comparison with the Gaussian-like distri-

bution, as sketched in Fig. 1. The size of the enhancement 2 2 42\ A 2

and the size of the region depend on the valu®aind the 20 f Ar(do/dQ dgr)day

range ofqy [25]. Furthermore, because of the slower fall of (am)= do/dQ? (@)

the transverse momentum distribution with a full resumma-

tion of the large logarithms at logr, the transition between gy pstituting Eqs(5) and(6) into our definition in Eq(7), we
the resummed distribution and the large distribution cal-  gptain

culated in the fixed order perturbative QCD should be

smoother than the unphysical kink, as shown in Fig. 2, at the <q$)=272+ F(q#,fz), (8)
point where the Gaussian-like distributions are matched with

the large g perturbative tails. Since we concentrate oniih

Drell-Yan gt spectrum at fixed target energies in this paper,

we will effectively merge regiongl) and (ll) in the rest of do (M do®

our discussions. gk, )= f q%( - )dq%.
The largeqy region, labeled by Iil in Fig. 1, corresponds do/dQ?Jdr | dQ?daf  dQ*ddf

to the region WhereqT>q%. In this region, the transverse 9)

momentum spectrum calculated in conventional fixed order Lo . )
perturbative QCD should be reliab[@8,29, as shown by In principle,I'(g7,7°) is calculable, and its* dependence is
the solid line in Fig. 1. This perturbative tail of spectrum from the do("/dQ?da7. Even though(g?) enhances the
has a typical powerlike behavior. contributions from the perturbative tail, we find that the

In conclusion, the Drell-Yar; spectrum at fixed target I'(g7,7?) in Eq. (8) is much less than ten percent of the first
energies can be represented by a Gaussian-like distributiderm for the data in Fig. 2 at fixed target energies. Therefore,
in the smallg; region and a perturbatively calculated tail in by iteration, we derive the width of the Gaussian-like distri-
the largeg region bution de("/dQ?dq? in Eq. (3) as

054008-4



NUCLEAR DEPENDENCE COEFFICIENT(A,q7) FOR. .. PHYSICAL REVIEW D 62 054008

272~(q3) —T (g%, 7=(q3)/2), (100  A(g3)py was calculated at the leading orderdg, and was
expressed in terms of the quark-gluon correlation functions
where the precise value of: will be determined later. inside a nucleu$20]:

Substituting Egs(6) and (8) into Eq. (3), we obtain the
Drell-Yan q; spectrum at smalf; in hadron-nucleon colli- A(q%)DY
sions as
2 rog— ’ SH 2 ’ 2
4ra, ; eqf dX’ (X ) Toe(Q/sX')/x
3

hN hN

dQ?dgt  dQ? (gHBV—T(ahpy

ECOIVNCOIE = (

% e J dX’ Bgin(X') paia(Q?sX )X’

(13

1y

where the superscriptN represents the hadron-nucleon col-
lisions, (q2)V is the averaged transverse momentum squar

for the Drell-Yan production in hadron-nucleon collisions, fractional charge of quark and antiquark of flaxprand e

andz htLle thhgrt-hantjed thaUO.nF(Q%)B'\“(ET(Q%’TZ is the strong coupling constant. In E¢L3), the s=(p

=(d7)pv/2)py With (g7, 7°) defined n Eqm)- We emﬁha- +p’)2 with p’ the four momentum of the incident hadron

size that all quantitiesdo""/dQ? (qf)py, andT'(d7)py,  andp the averaged momentum per nucleon for the nucleus,

which completely define the Drell-Yaqr spectrum in the  and ¢, and ¢4 are parton distributions of the hadron and

small gy region, are either independently measurable or perthe nucleus, respectively. TREH(x) of flavor g in Eq. (13)

turbatively calculable. For the Drell-Yan data in Fig. 2 atjs the “soft-hard” quark-gluon correlation function in a

fixed target energies, we found tk(afag’\\'( ranges from 1.5 nycleus and is defined Hy0,20]

to 1.8 GeV, andI'(g)LY is less or about ten percent de-

pending on the value af} . - dy- . (dy;dy;
In order to derive an expression for the nuclear depen- Ta(X)= j Eelxp y JTG(T_VI)

dence coefficiente(A,qt), we need to know the Drell-Yan

transverse momentum spectrum in hadron-nucleus collisions. 1 _

In hadron-nucleus collision, initial-state partons have much X 0(_y£)§<PA|Fa+(y£)¢q(o)

larger probability to have multiple scattering before the hard

collision to produce the Drell-Yan pair. Therefore, in order Xy (Y F T 4(y1)|Pa), (14

to obtain the transverse momentum spectrum in hadron-

nucleus collisions, we need to consider contributions fro”\/vhere we assumed that the nucleus is moving alongtthe
both the single scattering and the multiple scattering. For th§; e cion  and the superscriptsand— represent the normal
single scattering contribution to the transverse momentum_ ,. " components in a light-cone coordinate, respec-

spectrum in hadron-nucleus collisions, we can use the San}ﬁ/ely In Eq. (14), they, y,, andy, represent the position

ar%ymentsT?:ver} abovtef_fordtrtle sptectrum_ In zadrlon'mic'eogoordinates of the quark and gluon field operators. Although

cotisions. 1herelore, ah/ixe zargf_energles, hreg escal"  these quark-gluon correlation functions are nonperturbative

tering contribution tado™/dQ"dgy in the smallgr region 504 ynknown, they are universal and as fundamental as the

can be well represented by a Gau53|an-_llll<(.e dlstrlbu_tlon. well-known parton distribution16]. They appear not only
For the Drell-Yan production, parton initial-state interac- in Eq. (13) for the nuclear broadenin@(q%}m but also in

tions dominate the multiple scattering because the virtua{he nuclear dependence of the Drell-Yan spectrum in
photon_ does not inFeract strongly. The initial-state mU|tiplehadron-nucleus collisions in the large region[11,12. In
scattering can provide extra transverse momentum to a pag i

ﬁ/hereEq runs over all quark and antiquark flavoeg,is the

i ticinating the hard collisi d tv ch rinciple, by using the nuclear dependence of the Drell-Yan
on participating the hard collision, and consequently chang T spectrum in the largej;r region, we can extract these

the transverse momentum spectrum of the produced I:)relquark-gluon correlation functions and predict the nuclear
Yan pair. Therefore, multiple scattering leads to a broaden;

Co broadeningA(g2)py , oOr vise versa.
ing in the averaged transverse momentum squafe™, GA(dr)oy

which is defined in Eq(7) with the superscriph A represent- On the other hand, by comparing the gperator_defln_ltlons
. L . of the quark-gluon correlation functlonﬁ (x), defined in
ing the hadron-nucleus collisions. Define 9

Eq. (14), with the definitions of normalized quark distribu-

AaD=(aD" (@)™, (1 Hons

andA(q3) is often called the nuclear broadening of the av- qi(x)= Ed’q/A(X)
eraged transverse momentum square. It was demonstrated in A
Refs.[20,30 that the nuclear broadeniny g2) is calculable 10dy . _
within QCD perturbation theory. In terms of the double scat- = Kf Ze‘”’ y < Pa
tering and the generalized factorization theorgh], the

transverse momentum broadening for the Drell-Yan pairs (15

U0 2wy ) PA>,
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one finds that the only difference between fF%'(x) and for thek; dependence of th€,q. After integrating over the
q”(x) is an operator factor, intrinsic k dependence, we find that just like the single scat-
tering case, the double scattering contributions to the Drell-

dy,dy, ~ _ e ety - Yan gy spectrum in the smaltjr region can also be ex-
f om0 Y1) 0(=Ya)F (Y2 R (Y1) pressed in terms of a Gaussian-like distribution defined in
Eq. (3) with a broadened width.
If these two gluon field strengthR’s are close together in a In order to understand the Drell-Yag: spectrum in the

color singlet nucleon in a normal color confined nuclear tartegion(ll) in hadron-nucleus collisions, in principle, we have
get, which limits thefdy; (or fdy;) to a nucleon size, the to carry out the resummation of the large logarithms at the
extra integrationfdy, (or [dy;) can be extended to the presence of multiple scattering. Following the generalized
nuclear size to give an extia'’® factor to thengH(x) over factorization theoren{15], the resummation of the large

g”(x). Therefore, one can estimate the size of the quarklogarithms at the presence of factorizable partonic multiple

gluon correlation functions by modeling them [49,16] scattering can be carried out by using renormalization group
method. In order to resum the large logarithms due to gluon
Toe(X)=N2A"A(x), (16)  radiations, it is necessary to calculate anomalous dimensions

of the multiparton correlation functions for deriving the ker-
where\ is a universal parameter proportional to the aver-nel of the renormalization group equation. However, follow-
aged color field strength square in position space in a normahg the same arguments given above for the single scattering
nuclear target, and thg’\(x) are the effective nuclear quark case, the resummed Drell-Yap spectrum in regiorfll) at
distributions normalized by the atomic weight With this  the fixed target energies is mainly determined by the nonper-
model forTng’, the Drell-Yan transverse momentum broad- turbative input distributionFNP(b), which generalizes the
ening A(q%}DY can be expressed §20] perturbatively resummed Drell-Yah-space distribution to
the nonperturbative large regime in order to perform the
Fourier transform back to theg; space. As argued above, the
Drell-Yan gt spectrum at the presence of multiple scattering
should still have a Gaussian-like distribution in the snagll
The factor ofA¥3in Eq. (17) is an unique feature of parton region, and we expect that the nonperturbaf&(b) at the
double scattering in a normal nuclear maft&6]. Data for  presence of multiple scattering should also have a Gaussian-
the transverse momentum broadening is consistent with thigke distribution. Therefore, at the fixed target energies, we
features of double scatteririg,20]. can merge the regiod) and(Il) of the Drell-Yanq; spec-
Same as the single scattering case, double scattering cofum in hadron-nucleus collisions. Since we limit this paper
tributions to the Drell-Yargy spectrum in the smalijr re-  to test the consistency of QCD treatment of multiple scatter-
gion is also dominated by the intrinsic transverse momenting at fixed target energies, which has not been done, we will
of scattering partons. Similar to E(R), at the leading order defer a complete analysis of QCD resummation at the pres-
in perturbation theory, thdoublescattering contributions to  ence of multiple scattering to a future publication, which will
the DreII-Yando“A/dQqu$ can be described Hy20] be very important for the nuclear dependence of Drell-Yan
gt spectrum at the collider energies.
dop? ) 2 Similar to the case in hadron-nucleon scatterings, when
mmqu(x,xl,xz, 7)6°(qr—k7), (18 dr>q5, the Drell-Yangr spectrum should have a perturba-
tively calculable tail in region(lll), and its nuclear depen-
where the subscrifid indicates the double scattering, and thedences are perturbatively calculable and were calculated in
proportionality coefficient depends on the structure of parRef.[11]. Therefore, the Drell-Yam}; spectrum in hadron-
tonic double scattering. In EGL8), dr is the transverse mo- nucleus collisions should have the same form as that in Eq.

f the ob d Drell-Y - (5). Using the calculated perturbative tail for the Drell-Yan
mentum vector of the observed Drell-Yan p&if,represents  gnocrym in hadron-nucleus collisions, we find that similar to

the intrinsic transverse momentum vector of the gluon whichy o 14 4ron-nucleon case. the second term in(Bqcontrib-

gives additional scattering, aﬁqg(x,xl,_xz,kT) represents a g only about one percent of the total cross section
general quark-gluon correlation function with x,, andx, da"/d Q2. Therefore, similar to Eq(6), we can identify the

being the light-cone momentum fractions carried by the,qmajization factor of the Gaussian-like distribution to be

quark and gluon fields, an#; is the magnitude ofkr  the total cross sectiodo™*/d Q2.

[16,20. Integrations over parton momerdadxdx, reduce Similar to Eq.(11), we derive the Drell-Yan transverse
the generalTq4(X,X;,X,,ky) to either Tog', defined in Eq.  momentum spectrum at smai in hadron-nucleus colli-
(14), or Tod! which is defined later in E¢25), depending on  sions as

the structure of the partonic part of the double scattering.

mag

4
A(af)py= ( ) N2 AY=bp A, (17)

Similar to Eq.(3), we can broaden thé function in Eq.(18) do"  do™ 1 I Ty
by its Gaussian-representation to include the effect of intrin- 32 42~ doZ (@A _T(gbA © o
; ) 4 . Q- dar Q° (appy—I'(ar)oy

sic transverse momentum of incoming quark or antiquark. (19)

We can also take into account the effect of gluon’s intrinsic
transverse momentum by using a Gaussian-like distributioavhere the superscrigtA represents the hadron-nucleus col-
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lisions, (q%)B’\?:(q%)B’\“pLA(q%)DW and the nuclear broad-  Substituting Eqs(17) and (21) into Eq. (20), and taking
eningA(qT>DY is given in Eq.(13) or Eq.(17). In Eq.(19), the smallypy limit, we obtain
L(@DBy=T(ar,™=(a7)pv/2)py with (a7, 7)55 defined

in Eq. (9) with the calculable hadron-nuclean: spectrum aoy(Agr)~1+ DY

aT 1
<q$>B¢—r<q%)B¢

replaced by the corresponding hadron-nuclggspectrum. In(A)

Similar to the hadron-nucleon case, we find thatltiig:) iy

in Eq. (19 is much smaller than correspondifg?2)hy X3y boy as
Since the Drell-Yan total cross sectido""/dQ? has almost +0 |n(A)> = (@)™ B (@M’

no nuclear dependence, E(L9 shows that the nuclear
broadeningA(q?)py determines the Drell-Yan; spectrum (22
at smallgt in hadron-nucleus collisions. From Eq41) and 5. ] )

(19, we can derive the nuclear dependence coefficientVherebpy=(4m?ag3)\? is defined in Eq.(17). Here we

a(A,qy) for the Drell-Yan process in smatj; region. used the experimental fact thf, (Q?)~1. In deriving the
second line in Eq(22), we usedA3*~In(A), which is a good

approximation for most relevant targets, and we neglected
the smalll’(q4) 1Y . For a given beam energgg?)iv for the
Drell-Yan pairs has a very weak dependence@and no
In this section, we derive the nuclear dependence coeffidependence oA. Therefore, Eq(22) shows that the leading
cient «(A,q) for the Drell-Yan production in the smadly  contribution to theapy(A,qt) for the Drell-Yan production
region. We also show that the derivedA,q¢) in the small  is a function ofgr and independent oA in the smallgy
gt region is naturally connected to the perturbatively calcu+egion.
lated @(A,qr) in the largeq; region. From the size of the correction term in Eg2), it is clear
Substituting Egs(11) and(19) into Eq.(1), we derive the that theapy(A,q7) for the Drell-Yan production is insensi-
apy(A,qr) for the Drell-Yan production in the smati; re-  tive to the atomic weigh# of targets. Furthermore, from Eqg.

Ill. THE NUCLEAR DEPENDENCE COEFFICIENT
FOR THE DRELL-YAN PRODUCTION

gion (20), we obtain
apy(A,07)= 1+|I’](A In[R Q )]+|n apy(d1= In(A)
Xpy a7 20 1. Xov
+ , ~1 - "
1+ xov (gh)pv—T(a7)By In(A)
whereR5,(Q?) = (1/A)(do"dQ?)/(do"™/dQ?). The xpy . Amlag) N2
in Eq. (20) is defined by - 3 (g3

(23

_A<q'2I'>DY_AF(q'|I_')DY A(af) oy
XDY= (@I _T(ghym ( >hN ' (21) From Egs.(21) and (23), it is clear thatapy(gqy=0) is de-
dr7ov— 2 7)oy 4 termined by the nuclear broadening(q3)py. If there is

with A(%)DY given in Eq (17), andAF(qT)DY—F(qT) nuclear broadening in averaged transverse momentum square

(i.e., xoy>0), the transverse momentum spectrum is sup-

I'(q5) By - Becausd(q¥)py contributes less than ten per- pressed atjr~0. For a normal nuclear target, the amount of
cent t0<qT>DY in both hadron-nucleon and hadron- nucleusthe suppression a@j;~ 0 is insensitive to the atomic number
collisions, AT'(q})py is also much smaller than(af)py. A of targets,
Since thexpy and(q7)py have no dependence ap, the Equation(20) shows that asj; increasesapy(A,qy) in-
nuclear dependence coefficieaby(A,qr) in Eq. (20) for  creases as well, and it changes from less than 1 to a value
the Drell-Yan production in the smadj region shows an |arger than 1. Leti correspond to the critical value of; at
universal quadratic dependence @p: apy(A,dr)=ai  which apy(A,g9)=1, and we have
+b,q%. The parameters; and b, are completely deter-

mined by either perturbatlvely calculable quantiieach as
A{g?) and theF(qT) s] or independently measurable quan- (4$)%=(a2)py IN(1+ xpy) =~ (a9 Byl 1+ O(xpy)]-
tities [such asR4,(Q?) and(g3)"]. oY (24)
Using E772[4] and NA10[3] data onA(g3)py and Eq.

(17), we obtain thatA(g$)py~0.022AY GeV?, which is  Similar toapy(A,qr=0), theg$ in Eq.(24) has a very weak
between 0.05 and 0.13 Gé&Vor all practical nuclear tar- dependence on the atomic numb®rfor a normal nuclear
gets. On the other hand, the value(gf)"™ for the data in target.

Fig. 2 is ranging from 1.5 to 1.8 GéVTherefore, theypy In the rest of this section, we show that thgy(A,qy) in
defined in Eq(21) should be a small number. Eq. (20) [or approximately in Eq(22)] for the smallgy

+ Xpy
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oscillation factor. But, thisgly, (or dy; ) integration is just
enough to produce aA3-type enhancement to the Drell-
Yan gt spectrum[10,11. In addition to the double-hard
quark-gluon correlation functions, the nuclear dependence at
large g also receives contributions from quark-quark and
gluon-gluon correlation functiongll]. By comparing the
operator definitions of the normal quark and gluon distribu-
tions with the operator definitions for the double-hard corre-
lation functions, similar to Eq(16), the double-hard quark-
gluon correlation functions can be parametrized 34

TOH(Xa,xp) = (27rC) A*BgA(x,) GA(Xy,), 26
FIG. 3. Sample Feynman diagram for the double scattering con- qg( aXp)=(27C) 4"0%a) G7(Xp) 26

tributions to the nuclear dependence of the Drell-Ygnspectrum  \yith qA(xa) and GA(xb) the effective nuclear parton distri-
at largeqy . butions normalized by the atomic numb&r The constant
o ) parametelC represents the size of quantum interference be-
region is naturally connected to the perturbatively calculate@yeen different nucleon states and possible overlap of two
apy(A.dr) in the largeqr region[11]. nucleon parton distributions in a nucleus. Currently, there is

The nuclear dependence of the Drell-Yan transverse mayq girect observable yet to extract information R [12]
mentum spectrum in the largg region can be calculated in -y tg determine the paramet€rin Eq. (26).

QCD perturbation theor%(l/&ﬂ;._'{he ratio of the Drell-Yan Whenx; (or x,) goes to zero, the corresponding parton
Qr SpectrumR(A,qr) =A“M9T" " defined in Eq.(1) was  fig|ds reach the saturation region, and ' is reduced to
derived in Ref[11] for the largeqy region. It was found11]  1SH Therefore, if we assume the full quantum interference
that at the leading order ias, theR(A,qr) depends on two iy saturation regioy the proportionality constar€ in Eq.

types of parton correlation functions due to different Struc-(2¢) can be related to the? in Eq. (16) by using the follow-
ture of partonic double scattering. For example, consider thg identity:

double scattering Feynman diagram in Fig. 3, which contrib-

utes to the nuclear dependence of the Drell-garspectrum lim X, Tog (Xa ,Xp) = Toe(Xa). 27
in the largegt region. In Fig. 3x, X4, andx, are independent Xp—0

parton momentum fractions for the double scattering. For the o bH SH )

contour integration ofix’s, taking the residues of poles of From Eq.(27) and the definitions of o4 and Ty, we obtain
the partonic double scattering diagram can eliminate the os- \2

cillation factor e %P™¥i for corresponding integrations C~ 2mxG(X) o’
dy; 's in position spacg10,11]. The lack of the oscillation X0

factor for integration of position variablg, ’'s leads to an  wherexG(x)|,~o is the gluon momentum density &t-0
Atype (or nuclear sizedependence. The partonic double limit, which is believed to be of order 1 at low energy
scattering diagram in Fig. 3 has two types of poles: one typ¢32,33. The precise value okG(x)|,~o depends on the
that corresponds t&—x;—0 andx—x,—0, and the other physics of parton saturatiof83], and it has not been well
type that corresponds to,=X,=X, andXx—X;=X—X,=X, measured experimentally. In this paper, we choose
with both x, andx, finite. The first type poles lead to the xG(x)|,—,~3 based on the simple forns(x)~3x (1
so-called “soft-hard” quark-gluon correlation functions de- —x)®, which is a result of a simple power counting for glu-
fined in Eq.(14), which have botldy; anddy, integrations ons at largex, Regge behavior for gluons at smajland an
free of the oscillation factor. The second type poles lead t@ssumption that gluons carry 50% momentum of the beam
the so-called “double-hard” quark-gluon correlation func- hadron. A different choice foxG(x)|,~ results in a differ-
tions[10,17] ent overall normalization facta€. The\? in Eq. (28) is the
same as the one in Eq16) for the soft-hard quark-gluon

(28)

oH 1 dy, (dy - ( .~ _ correlation functions. Other correlation functions can also be
Tqg (Xa,Xp)= _+f Ef Ef prdy, 0y —y;) determined in a similar way. Therefore, thé becomes the
el only parameter to fix the normalization of both the soft-hard
X O(—y; e P Y ko (v Yz TSH and the double-hard@® correlation functions. If we
extract the value ok? from the data on the transverse mo-
X(pA|FU+(y£)%(O)y+ Py ") mentum.br_oadenin@&qﬁ)DY by using Eq.(17), we can fix
our predictions of the nuclear dependence for the Drell-Yan
XFT(y1)|Pa), (25 g7 spectrum in the larggy region.

On the other hand, by assuming that the quantum inter-
where all the variables and the superscripts carry the sanference between parton field operators from different
meaning as those in E(L4). Unlike the soft-hard correlation nucleon states are strongly suppressed, one derives
functions, only onealy, (or dy;) integration in the double-
hard correlation functions defined in E@5) is free of the C=0.35(87rj) GeV? (29
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¥ As expected from EQq(22), the apy(A,qt) in Fig. 4(a)
;—if Lerm | | camm shows very little dependence on the atomic weiyhThere-
= b ' fore, the apy(A,qy) for the Drell-Yan production in the
1 small g1 region has scaling o\ and shows an universal
08 quadratic dependence gr. The scaling violation due to the
ij potentialA dependence is extremely small for a normal color
oL confined nuclear target. Sing@?2)ly can depend on the
1 beam energy an@ as well as the scaled longitudinal mo-
o T 08 R mentum &g), our universal functiomDY(A,qT) in Eq. (20)
@ aGeV)  (b) 4 (GeV) can depend on these observables accordif&fl.
In Fig. 4(b), we compare ourpy(A,qr) shown in Fig.
FIG. 4. (a) a(A,qr) for the Drell-Yan production as a function 4(a) with data from Fermilab experiment E772,34]. Using
of gr. Low gy region is given by Eq(20), and highdy region is  the o\ (A,q+) in Fig. 4a), we plot the ratio of cross sec-
given by R_ef.[ll] with the maximum and minimum values_ ofte  tions R(A,d7) —A«AaD-1 55 3 function ofyr. All param-
dlscqssed in the textb) R(A,qr) for the Drell-Yan production asa gters are the same as those used in plotting Fig. Also
function ofdr. Data from E7724,34), and the theory curves aré pioteq in Fig. 4b) are data from E772 on four different
given byR(A,qr) = AT with a(A,qr) given in(a). nuclear targets: C, Ca, Fe, and[W34]. It is very clear that
with ry=1.1-1.25 fm, which is just a geometric factor for without any extra fitting p"’.‘r?‘mete“ our predictions for the
finding two nucleons at the same impact paramgtér31). nuclear dependence coefficieaby(A,qr) provide a good
o description of the data oR(A,qy) for all values ofg;. The
Because of a combination of a small value of the mea- P . AU AT . T
sured A2 from Drell-Yan data[3,4 and a choice of A_dhepr:andgn(ée "R(C’;'\’QT) 'S&F'g' 4(b) |shclearly can|stent
[XG(X)]x~0~3, the numerical values of determined by \gltttt E'A;m epen e'r(;ce ov(A.qr) S't'ovvlnt th'g% 4a).
Egs.(29) and(28) approximately differ by a factor of 20. We di?:tii:ls ?0? Can(ﬁrov)l € even more critical tests of our pre-
believe that the numerical value for tizgiven in Eq.(29) Ei 4céDY ,q{ .t | ist fth )
without any quantum interference between parton field op: igure = demonstrales a clear consistency ot the genera
erators should represent a possible maximum for @e ized QCD factorization theorelrﬁlS],z which was used to
while the value given in Eq28) with full quantum interfer-  calculate the nuclear broadenidgqy)py and the nuclear
ence (in the saturation regionrepresents a possible mini- dependence |n2the large: region. Even though the nuclear
mum for theC. The paramete€ reflects the size of quantum Proadeningd(gr)py is dominated by information at lowy
interference involved in the multiparton correlation func- While the perturbative taflor the apy(A,qr) in the largeqgr
tions, and its precise value should be between those obtainé8dion is controlled by dynamics at larggr, our derived
by Egs.(29) and(28). More discussions on the consequencesoy(A.dr) for the smallgy region is naturally linked to that
of a different value of theC are given in Sec. V. for the largeq region without free fitting parameters. More
In Fig. 4, we plot theapy(A,q7) as a function ofy; for discussions'on the uncertainties, _such as th_e resummation
various nuclear targets. For the smaylregion, we used our and the choice of the paramet€y will be given in Sec. V.
apy(A,qr) in Eq. (20). For the largegr region, we used the
perturbative calculations oR(A,q7)=A**41"1 in Ref.
[11]. In plotting Fig. 4a), we used(g2)IN=1.8 Ge\? and IV. THE NUCLEAR DEPENDENCE COEFFICIENT
A(g2)py=0.022Y% Ge\2. We choose the value of? to FOR J/4 PRODUCTION
be consistent wittbpy=0.022 GeV. The solid and dashed A major difference between the Drell-Yan production and
lines correspond to the nuclear target £12) and W & J/y production is the final-state interaction. Because of the
=184), respectively. For the largg region, we plotted the virtual photon, the Drell-Yan production has only initial-
perturbatively calculatedrpy(qy) [11] with the maximum  state interactions whild/ production has both initial-state
and minimum values of th€ discussed above. It is clear and final-state interactions. Therefore, one may conclude that
from Fig. 4a) that our nuclear dependence coefficient for thethe nuclear dependence of the transverse momentum spec-
Drell-Yan g spectrum in the smalj; region is naturally  trum for J/ and the Drell-Yan production could be different
connected to the perturbatively calculaiegy(A,q7) in the  due to the strong final-state interactions. However, we argue
large g region. Without any adjustment of parameters, wein this section that in the smatir region at fixed target
choose thegt to be the transverse momentum at the crossnergies,J/¢ transverse momentum spectrum can also be
point between the low; and highgr spectrum. Without any well represented by a Gaussian-like distribution, and the
extra free fitting parameters, our predictions shown in Fig. 4uclear dependence coefficiem(A,q) for J/ production
are consistent with data in smajk region, and due to the is very similar to that for the Drell-Yan production.
large error in data at highy, current Drell-Yan data at the Kinematically, hadronid/ production is very much like
fixed target energies are consistent with almost any value dahe Drell-Yan production wittQ~M,,,. Therefore, thel/
the C between the maximum and the minimum discussedransverse momentum spectrum also has three similar char-
above. Different value o€ resulted in different value cxﬁ% acteristic regions shown in Fig. 1. However, becalsg
at the crossing point. From Fig(&, the value ofq# is be-  massMy,, is smaller than any typicaD measured from the
tween 2.3-4.0 GeV, which is very reasonable. Drell-Yan continuum, the IogarithnﬁasInZ(MW,/q%)]" for
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way as that for the Drell-Yafig2)% in Eq. (7). In Eq. (31),
I'(ap)5/y is perturbatively calculable and defined as

p
dUS/l/)/_

dg?

G
dUS/l/)/

dg?

1
LDy =—x quq%( )dqz, (32)
T

Ty

whereda'[)/dof is a perturbatively calculablg; spectrum

at largeqy, anddo’)/dd? is defined in Eq(30) with 272
=<q$>'},’}. The corresponding transverse momentum spec-
trum in the smallg; region is given by

1

(@35, -T@hs,

_ hA e~ 9D -T RSN

2 Ty

(33

hA

TheT'(q¥)5/}, is the small contribution tdg%)}/}, due to the

J/y production should be less important than any Drell-Yandifference between the perturbative tail and an extended

production. We then expect that at fixed target energies,
Gaussian-like distribution can i/ ¢/ transverse momentum
spectrum at smallj; even better. In Fig. 5, we plot data on

J/ transverse momentum spectrum from Fermilab experi-

ment E771[35]. The solid line in Fig. 5 is a fit using a
Gaussian-like distribution

dO’Sﬁ}, 1 2 2
— =Ny, ——e 2 (30
dq% J/I/ZTZ

where superscrigiG) stands for a Gaussian-like distribution,
Ny, and 7 are the normalization and the width of the
Gaussian-like fit, respectively. As expected, ffefor fitting

the J/¢ spectrum in Fig. 5 is about 0.9 per degree of free-

dom, which is much smaller than thé for fitting Drell-Yan
data in Fig. 2, where thg? per degree of freedom is ranging
from 1.0 to 2.0.

Similar to Eqgs(2) and(18), at the lowest order in pertur-

Gaussian-like distribution, and is defined in E82).
Introduce the nuclear broadening &fys transverse mo-
mentum spectrunA(q%)J,w,

A<Q$>J/¢E<Q$>9//}_ <Q$>?/’\Jb ,

where(q%}?h’,, is the averaged transverse momentum square
of J/¢ production in hadron-nucleon collisions. Similar to
Eq. (20), we derive the nuclear dependence coefficient
a(A,q) for J/¢ production in the smaldjr region

(34

bation theory, both the initial-state and final-state double

scattering contribution to thel/y transverse momentum
spectrum in hadron-nucleus collisions is proportional 6 a
function 52(ﬁT—IZT), whereqy is the total transverse mo-
mentum of any produced piH+/ partonic statde.g., a state
of charm and anticharm quark priandk; represents the

intrinsic momentum of the gluon which gives additional
scattering. Following the same arguments that follows Eq

(18) in Sec. II, we conclude that in the sma}l} region,J/

1
_ A
aJ/l//(Aqu)_l+_|n(A) In(Ry;,) +In 1+XJ/|//)
2
P (@9
Xaty (A7) 3= T (A7) 31y
whereRY};,=(1/A)al/,/ ol andxy, is defined by
N _A<q$'>\]/z//_Ar(q'lf')J/¢~A<q'2I'>J/¢ 36
= ~ .
(@5 -T@nhy, (a®5,
Similar to the Drell-Yan cas& (q¥)}), and AF(q%)J{\,[,, are
perturbatively calculable, and much smaller thqﬁu)ﬁ‘,d, and

A<q$>3,¢, respectively. By comparing Eq20) with Eq.
(35), we can see that the;,,(A,qr) for J/¢ production has

transverse momentum spectrum in hadron-nucleus collisiori§€¢ same universzal quadratic dependence qR:
can be well represented by a Gaussian-like distributiortay(Ad7) =ax+b.q7, and the parameters, andb, are

shown in Eq.(30), and the normalizatiohl;,,, and the width
T are given by

hA
NJll//“ TJl4s

27%~(aH)h—T (@D,
(31)

wherec', is the J/y total cross section, an@?)}/), is the

again completely fixed by either perturbatively calculable
guantities[such asA(q%)M, and F(q#)w,'s] or indepen-
dently measurable quantiti¢such as the ratio of the total
cross section (&)o' ag,“;, and the averaged transverse

momentum squaréqg?) 1.

For hadron-nucleus collisions at fixed target energies,
clear nuclear suppression fdv¢ total cross sections has
been observedl18,19. Various theoretical explanations of
the observed/ s suppression have been propo$a€]. Un-

averaged transverse momentum square, defined in the saiilee the virtual photon in the Drell-Yan production, the pro-
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ducedcc are likely to interact with the nuclear medium be- Therefore, we expect a stronger suppression than that pre-
fore they exit. If one assumes each interaction between thdicted by the Glauber formula in E(87) for a large nuclear
c?pair and the nuclear medium is about 8smeand can be medium, which results into a non-linear dependendence of

treatedindependentlyone naturally derives the Glauber for- the suppression on the ;emllog pias]. The quantltatlve
mula for the suppression prediction of the suppression depends on the increase of rela-

tive momentum per unit length for thec pairs in nuclear

hA medium. With only two parameters?, the average relative
A TR it length in medi ired by th
Sy=—n—=¢ Bla, (37) ~ momentum square per unit length in medium acquired by the
Ty cc pair andag which determines the transition probability

. L . for a cc pair of relative momentunikgg to form a bound-
where 5 is a parameter characterizing the size of SUPPresgiate )/, meson, it was shown in Reff38] that this picture
sion, andL ,=A"" is the effective length of the nuclear me- ¢ 5, snpression is consistent with all existing data includ-
dium. In terms of Glauber theory of multiple scattering, theing the NA5O data on the totall i cross section as well as
B=pnoaps With the nuclear densityy and an effective ab- ' spectrum(or dependence on transverse eneEgyof
sorption cross sectiotr,,s for breal@g al/y meson or for 4 5/ J events.

changing a coherent pre-resonameepair to a pair of open However, in this paper, we are interested in the general
charms. The characteristic feature of the Glauber formula is gatures of thea,(A,qr) in hadron-nucleus collisions at
straight line on a semi-log plot aff/}, vs La. With a large  fixed target energies. Because of the fact that the ratis wf
effective o, 6—7 mb, the Glauber formula given in Eq. total cross sections ihadron-nucleusollisions at fixed tar-
(37) fits almost allJ/¢ suppression data in hadron-nucleus get energies can be fitted by the Glauber formula in(Bd),

and nucleus-nucleus collisioni86], except the strong sup- we will not present any detailed model calculation for the
pression observed in Pb-Pb collisiorig]. ratio of J/¢ cross sections herg88]. Instead, we will ap-

If one believes that there is no color-deconfinement ofproximate thel/ suppression by using thaﬁ,w defined in
quark-gluon plasma was not formed at present heavy i0lEq, (37) for our discussions in the rest of this paper.
collisions at fixed target energies, one has to overcome at Similar to the Drell-Yan process, the nuclear broadening
least two obvious difficulties of the Glauber formula for the of transverse momentum square 3y productionA(q%)W
suppression: the size of the effective absorption cross sectigfyny pe calculated in principle within QCD perturbation
0 apbs, and the observed nonlinearity of the suppression on thgyeory. In our picture of the/y suppression, tha (q2)

. hA .
semilog plot ooy, vsLa. It was argued in Refl37] that  ghoyid not be directly tied to thé/y suppression, because

because of the size of thec pair produced in a hard colli-  the proadening is an effect on the total momentum ofctbe
sion, theJ/yy meson has to be formed several fermis lateryajrs while the suppression is a result of changing the rela-
after the production of thec pair. Therefore, the suppres- tive momentum of the pairs. This is why the observed
sion of J/¢ in hadronic collisions should be a result of mul- nuclear broadening of the transverse momentum square for

tiple scattering between the produced pairs and the theJ/y and Drell-Yan production shows a simila’® de-
nuclear medium before the pairs exit medi[88,39. Recall  pendence, while thé/¢ and Drell-Yan total cross sections
the fact that the Glauber formula in E(7) is derived for have a very different suppression.

the propagation of a single particle in a medium. On the However, due to extra final-state interactionsligs pro-
other hand, the preresonandhy is a state of at least two duction and the difference in partonic subprocesses between
particles(e.g., acc pair), and such a two particle state can be the Drell-Yan andl/ 4 prpductmn_A(q%)J,w will depend on
changed when it goes through the nuclear medium due to tH§€ gluon-gluon correlation function in addition to the quark-
multiple scattering. Just like the random walk for a pair ofgluon correlation functions mentioned in previous sections
particles moving through a medium, multiple scattering in-L16]. _But, for a normal nucle_ar target, both these correlation
creases the relative momentum between the pairs, and therginctions should be proportional to the target lengthAdP.
fore, decreases the effective phase space for the pairs to forgimilar to Eq.(17), for the normal nuclear targets, we can
a bound statdd/y meson. The observed suppression shouldiefine

be an immediate consequence of the fact that @air with

alarger relative momentum is more likely to become a pair A(GF) 3= Dy AYS, (38

of open charm mesons than a boundéd. In this picture of

J/4 suppression, the absorption cross sectignin Eq.(37)  \whereb,,, can be extracted from existing data. From Ref.

is an effective cross section for breaking @pair of relative  [40], b,,,,~0.06 Ge\f, which is larger tharbpy . With the
momentumAKcc into a pair of open charm mesons, and averaged transverse  momentum squaréq%}?,'f,,
clearly, such an effective cross section depends on the value 1 68 Ge\? extracted from the fit in Fig. 4, we havgy,

of Akcc. The largerAkcc is, the larger the effectiverans  ranges from 0.08 to 0.22 for most relevant nuclear targets.

should be. Because the multiple scattering between gluor§|ear|y,XJ,¢ is larger thanypy , but, it is still a small num-
and the pair changes the value k. while the pair exits  per for most targets.

the nuclear medium, the effective,,s cannot be a constant, Substituting Eqs(37) and (38) into Eq. (35), and taking
and it should increase as tle passes through the medium. the smally;,,, limit, we derive the leading contribution to the
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the nuclear target CA=12) and W A= 184), respectively.
As expected from Eq(39), Fig. 6@ demonstrates that
ay4(A,q7) for J/¢ production has the same universal func-
tional form asapy(A,q7), and it also has scaling oA

In Fig. 6(@), the thin lines correspond to the largg
region =2 GeV), where we expect that perturbative cal-
culations of the nuclear dependence should be valid. How-
ever, such calculations are not available yet.
YRR Py T E I Since the suppression af/¢ total cross sections in
@ ar(@ev) () ar (Gev) hadron-nucleus collisions corresponds t@gindependent
shift in the value ofay,,(A,q7), as we explained earlier, the
potential nuclear dependence for the shape pf(A,qy) is
most sensitive to the nuclear broadenin@?) . Although
QCD calculation of the nuclear broadeningJéfy transverse
ay4(A,qr) for 3/ production in a normal nuclear medium momentum square is not availablg yeg, similar to the Drell-
as Yan case, we expect the broadenihys),, to be propor-

tional to the “soft-hard” parton-parton correlation functions.
Different from the “double-hard” parton-parton correlation

(39) functions, both position variables for soft gluons, such as the
’ dy; anddy; in Eqg. (14), have no exponential oscillation
factors. Therefore, for a color deconfined nuclear medium,
both position variables can be as large as the size of the
medium; and in principle, the nuclear broadening Jér/
production can be enhanced as muchAZS, or A(q%}w
~bA?3, if we let the color correlation length be proportional
to AY3. Notice, the proportional parametegiven here is not
necessary the same as thg, extracted from data on a
normal nuclear medium. Since we are mainly interested in
the A dependence of the(A,qr), we will approximate the
b=by,, for following discussions.

In a color deconfined medium, thgy,, in Eq. (35) is no
longer a small number, and i&%® dependence cannot be
canceled by the I#). Consequently, ther;,,(A,qr) should

FIG. 6. a(A,qy) for J/¢ production, defined in E(35), as a
function ofqy for normal color confined nuclear targés, and for
possible color deconfined nuclear medii).

a?
<Q$>?/'\.‘//

byy |
<Q%>9/’\il//

ayy(Agr)~1—pBro+

where 8 was introduced in Eq.37) andr is a proportional
constant defined ak,=r,A. In obtaining Eq.(39), we
also neglected the very smdl(q¥)"}}y,. The leading contri-
bution toay,,(A,qr) given in Eq.(39) has the same univer-
sal quadratic dependence gn as apy(A,qr) in Eq. (22),
except a qr-independent shift in magnitude given by
— B[LA/In(A)]. SinceL, is proportional toAY® and AY®
~In(A), the shift in magnitude is insensitive to the atomic
numberA.

Similar to the Drell-Yan case, we obtain from Eg5),

In(1+ x34) 1 a?,‘;/A become very sensitive to the atomic weight(or the me-
ayy(qr=0)=1 In(A) In(A) ‘7?/'?/ dium size. In Fig. 6b), we plotted thewy,(A,qr) with the
g same parameters as those used to plot Fig), G&xcept
A(q%)y,=0.06A%® GeV?, which mimics a color deconfined
D3y nuclear medium. Notice that in plotting Fig(®, we did not
~1- W‘Bro: (40 include a possible change i dependence of the ratio of
Ty

J/y total cross sections, since it contributes only to a

gt-independent shift in magnitude. From Fig. 6, it is clear
and it shows that the,,(qr=0) is insensitive to the atomic  thatA dependence of they;,(qr) for J/y production can be
number A for normal nuclear targets. Corresponding toa sensitive probe for the color deconfinement of the nuclear
ay,(q7)=1, the critical valueq; for J/¢ production is  medium.

given by
14y oA A V. DISCUSSIONS AND SUMMARY
2_ /~2\hN Iy N
(g7) _<qT>J/¢( ) '”(1+XJ/¢)_|”(UT In this section, we discuss the predicting power of the
A

nuclear dependence coefficiea{A,q;) for the Drell-Yan
andJ/ ¢ production derived in the previous two sections, and
, (41  also discuss the uncertainties in the analytical expressions.
Finally, we summarize our main conclusions.
The predicting power of the nuclear dependence coeffi-

which is again insensitive to the atomic numiger cienta(A,qy) in Egs.(20) and(35) is its universal quadratic

In Fig. 6, we plot theay,(dy), defined in Eq(35), as @  dependence oqy, and the fact that all parameters are com-
function of q; for different nuclear targets. In plotting pletely fixed by either calculable or independently measur-
Fig. 6a), we used(q%)})=1.68 GeV, and A(gf)y, able quantities{l) the ratio oftotal cross sections(2) the
=0.06AY® Ge\2. The solid and dashed lines correspond toaveraged transverse momentum square in haduoteon

*(ﬁ)g)\l‘p

Bro 2\hN
1+ —
bJ/¢<QT>J/¢
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collisions, (3) the nuclear broadening of the averaged trans-

T2l
verse momentum square, afd) the perturbatively calcu- 552 12 [ SXF ;-"" +
lableT'(g%)’s. The ratio oftotal cross sectionsr™/ o™, can 1 ;/"" y
be either measured in experiments or calculated in a theory. r
The ratio is independent ajr, and therefore, it does not 08 - L
affect the shape at(A,qgt). On the other hand, the averaged 12 [
transverse momentum square in hadnoicieon collisions, L
(q%)h’\‘, does not have any nuclear dependence and can be 1 ;M -----
independently measured. The nuclear broadening of the av- 08 F t
eraged transverse momentum squarég?), can be factor- [ PO TOTON ST TOUTTO
ized into multiparton correlation functions and perturbatively 12 |
calculable partonic parts. These nonperturbative multiparton I X +
correlation functions are universal and can be extracted from 1r ‘,..r'*"‘ -
the nuclear dependence in the large region. Therefore, 08 ___,_,/
adding the small corrections from the perturbatively calcu- Lol et

0 05 1 15 2 25 3 35 4

L 5 .
lable I'(g7)’s, we can actually predict the(A,qy) for the ay (GeV)

Drell-Yan andJ/ production. Figure &) is an example of
our prediction and its comparison with E772 data. FIG. 7. Comparison of fits, using our universal quadratic form
The main uncertainty in our predictions far(A,qr) for a(A,q7) in Eg. (35), with J/¢ data from the Fermilab E866

comes from the size of the QCD resummation for potentialCollaboration[6] in three regions of different .
large logarithms, such dsvs IN%(Q%q3)]". For the Drell-Yan
production at both collider and fixed target energies, our for{23) [or Eq. (40)], we conclude that wheR ., increases,
mula for theapy(A,q7) should be valid or at least a good the intersectiong(gr=0), with the vertical axis afjr="0 in
approximation, as long af? is not too large andgy  Fig. 4[or Fig. 6a)] moves closer to one. On the other hand,
<2.5 GeV. Ford/y production, becaushl,, is relatively from Eq. (24) [or Eq.(41)], the increase of the beam energy
small in comparison with th@ for a typical Drell-Yan pair, leads to a larger value of the critical poig} at which the
our formula for ay,(A,qr) should be valid forgr a(A,q%)=1. Therefore, the curve af(A,qy) becomes flat-
<2 GeV. Whenqy is larger,ay,(A,qr) should be calcu- ter whenPy.,nincreases, which is consistent with the data
lable in perturbative QCD. from NA10 [41]. Similar qualitative conclusions can be de-
Another possible uncertainty in our predictions is therived for thex: dependencéor Q dependence in the case of
asymptotic value of normal parton distributions>as:0 at  the Drell-Yan production of «(A,qr). In any case, one
low energy, as seen in E(28). The precise asymptotic value should take into account the possibe dependence of all
of the parton distributions as— 0 itself is a very interesting four key quantities that determine(A,q+).
quantity, which can provide rich information on parton satu- Recent data from Fermilab experiment E866 shows that
ration [33]. For the quantities we discussed in this paperfor different regions o, the ay4(A,qr) for I/ produc-
different asymptotic values of the parton distributions resultion have similar shapes ig; dependence, but, different
into different normalizations of the “double-hard” parton- magnitude$6]. It was found that for thregq regions(small,
parton correlation functions. Since the contributions from theintermediate, and largethe magnitude ofxy,(A,qr) de-
“double-hard” correlation functions to thepy(A,q7) inthe  creases asy increases. This phenomenon is consistent with
largeqy region is as important as those from the “soft-hard” our prediction ofay,(A,qr) in Eq. (35 [or Eq.(39)]. Ac-
correlation function$11], different asymptotic values of the cording to Eq.(35), the suppression id/ ¢ total cross sec-
parton distributions can result into a different crossing pointjons represents gr-independent shift in the magnitude of
between the lovgr spectrum and the highy spectrum, and o, (A,q). The larger the suppression, the smaller
consequently, a slightly different value of tig . For ex- ay,(A,dr). Because of limitecke range, the ratio of total
ample, a smaller value okG(x)|x-o corresponds to a cross section®,=(1/A)c’/y/ o)y, in Eq.(35), becomese
slightly larger value ofjr, which actually describes the data dependent. It is an experimental fact that the lasgeis, the
Sllght'y better. AIthough current data are still not sufficient to more suppression fQ]'/l,b production(or Sma”erRJA/'JI) [42]
provide the precise values of parton distributionsxasO,  Therefore, from Eq.(35), the larger xg, the smaller
such asymptotic values can be measured in principle, angJ/ap(Aqu)’ which is consistent with experimental d48i.
corresponding uncertainties can be fixed. Although we do not have the four key quantities for different
_The four key quantities for determining the(A,dr):  xc regions to make absolute predictions, we can still test the
oo™, (a7)"", A(qgy), andI’(qr)’s can depend on beam yniversality(or consistencyof the ay,,(A,qr) by using the
energy,Ppeam andxg, and also the value @ in the case of  quadratic form ingy shown in Eq(35) to fit the data. In Fig.
the Drell-Yan production. For example, the dependence of, we plot E866 data oy, (A,gr) in three separateg
a(A,q7) on the beam energy can be qualitatively understoogegions: smal(SXF), intermediate(IXF), and large(LXF).
as follows. For given values of: (andQ in the case of the Wwe also plot in Fig. 7 our fits to these data with a universal
Drell-Yan production, a larger Ppeam (0r /S) leads to a  quadratic form ingy, as shown in Eq(35). It is clear from
larger (q3)"N because of the larger phase space. From EqFig. 7 that our universal function fary,(qr) is consistent
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with all data in the smalb; region, which covers1T<q#
~My,,/2. Also, as expected, our formula fery ,(A,qr)
deviates from the data whemp>M /2. As in the Drell-

PHYSICAL REVIEW D62 054008

strated that our(A,qy) is consistent with existing data.
Furthermore, we showed that ow(A,qy) is extremely
insensitiveto the atomic weighi for a normal nuclear tar-

Yan case, shown in Fig. 4, it will be very interesting to get. However, for a color deconfined nuclear medium, the

calculate the nuclear dependence of ¢ transverse mo-
mentum spectrum in the largg; region to test the QCD
dynamics.

In summary, we derived an analytic formula for the

nuclear dependence coefficiesm{A,q) for both the Drell-
Yan andJ/ production in the smallj; region. The formula
has a universal quadratic dependencegenand all param-

a(A,q7) becomes strongly dependent An(or the medium
size). Therefore, theA dependence of(A,qy) can be a po-
tential observable for detecting a color deconfined system.
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