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We review the applicability of the QCD factorization theorem to multiple scattering in deeply inelastic
lepton-nucleus scattering. We show why AH®-type nuclear enhancement can be calculated consistently in
perturbative QCD. We derive the transverse momentum broadening of the leading pions in deeply inelastic
lepton-nucleus collisions. We argue that the measurement of such transverse momentum broadening can
provide direct information on the multiple-parton correlation functions inside a nucleus. We also estimate the
numerical values of the broadening at different valuesand Q.

PACS numbegps): 11.80.La, 12.38.Bx, 13.85.Ni, 24.80y

[. INTRODUCTION the nuclear size for any physical observable will provide di-

. . . — rect information on multiparton correlation functions in a
Multiparton correlation functions inside a large nucleusnucleus

are extremely important and useful for understanding nuclear . .
However, there are many multiparton correlation func-

dependence in relativistic heavy-ion coII|S|ons._ When &ions in QCDI5]. It is therefore important to identify physi-
quark or a gluon passes through nuclear matter it loses en- :

. - o cal observables which depend only on a small number of
ergy via radiation, and it picks up extra transverse momen-

. ) . multiparton correlation functions. Otherwise, data will not be
tum because of multiple scatterifig—5]. The multiple scat- I . .
LT . : . . able to separate contributions from different correlation func-
tering is directly associated with multiparton correlation

: ) . . tions. It was pointed out recently in Ref6] that the
functions[5]. Inside a large nucleus, multiple scattering can, ;3
- ; A**-type enhancement of the transverse momentum broad-
take place within one nucleon or between different nucleons,

. : T : ning of Drell-Yan pairs and the jet broadening in lepton-
At high energy, a single hard scattering is always localize . . ;
o . nucleus deeply inelastic scatteriiBlS) are good observ-
within one nucleon, and it cannot generate any large depen- .
: . . .~ ables, because at the leading order ®f, these two
dence on the nuclear size. Similarly, multiple scattering

within one nucleon cannot provide much dependence on thgbservab[es depend only on one type of multiparton correla-
nuclear size either. Therefore, the large dependence on tHion Lunctlons.flt Irepresents ;he (;]orrfell?tlops between ha;d
nuclear size is a unique signal of multiple scattering betweequarks and soft-gluons, and has the following operator defi-

nucleons. Measurements of such anomalous dependence Bifon [5.6}:

dy- ., _dy;dy, B — T _ ,
Thetend)= [ e 222 sy ) 00y HPAl(0) Py F ) oy ) P, (@)

with A the atomic weight, and is the quark flavor ané is  fieldsy; that appear in the expectation values. For example,

the gluon field strength. In Eq1), x is the effective momen- enhancement can occur when the two quark fields are close

tum fraction andu represents the scale dependence of theéogether and the two gluon fields are close together, and they

correlation functions. pair off into color singlets that are separated by no more than
According to QCD factorization theorefi7,8], all infor-  a nucleon diameter in thg integrals; but the two pairs are

mation on the identity of the target is factorized into theseparated by a distance that varies up to the nuclear size. In

matrix elements. Th&*-type enhancement must be a prop- this manner, aside from an overall factorAfvhich reflects

erty of the relevant nuclear matrix elements, such as the ongrowth with the nuclear volume, we anticipate @i’

in Eq. (1). Experimentally, theA*-type nuclear enhance- nuclear enhancemeft0].

ment have been observed in the transverse momentum Direct measurement of the multiparton correlation func-

broadening of Drell-Yan pairs in hadron-nucleus collisionstions is of great importance for testing the generalized QCD

[9]. Theoretically, Eq(1) shows how such enhancement canfactorization theorenj8], which allows us to apply QCD

occur, through integrals over the relative positions of theperturbation theory for studying the collisions involving nu-
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clei. It was observed in Ref6] that measuring the jet trans- more sensitive to multiple scatteriig]. But, other than a
verse momentum broadening in DIS{p2), provides adi-  future HERA with a nuclear beam, existing fixed target fa-
rect measurement of the quark-gluon correlation functionscilities cannot produce good data on the production of lead-
TQF(XB!QZ) inside a nucleus. At the lowest order, the jeting pions atlarge transverse momenta in DIS. On the other
transverse momentum broadening in DIS can be expresséwind, at the small transverse momentifmthe differential
as[6] cross sectiomla/dxgdQ?d1Z is proportional to 12, and is
not perturbatively stable. A nontrivial all order resummation
s ZTAF(XB 1Q?) of th_e large Iogarithms Iogf/I%) is necessary in order to get
2 2veA s-2veN 4m2ayQ? 49 99 a reliable prediction of the transverse momentum spectrum at
A(pT)=(pn) " —(pn°*"~ 3 ' small I% [13]. However, the inclusive moments of the trans-
% €5 q"(xg, Q%) verse rznomentum spectrum.fdl%(l%)”daeAﬂe,Tx/
) dxgdQ?dI% with n=1 are perturbatively stable, and also en-
hance the information in the region of lar¢fe, where the
wherepy is the transverse component of the jet momentunmultiple scattering is most relevant. Therefore, thdepen-
in the photon-nucleus center of mass frame in DIS. In Eqdence for the moments of the transverse momentum spec-
(2), xg is the Bjorken variable an@®?= —q? with g is the  trum of the leading pions is a good observable for extracting

invariant mass of the virtual photon in DIS. information on multiple scattering.
However, other than a future DES&p collider HERA We define the first moment of the transverse momentum
with a nuclear beam, existing fixed target facilities cannotspectrum — the averaged pion transverse momentum

provide good measurements on jets in lepton-nucleus DIS. Bquared — as

is the purpose of this paper to show that by measuring the

leading pions in DIS and their transverse momentum broad- 2\ eA 212 0enenx [/ doen ex
ening, fixed target facilities, such as the Continuous Electron (I :f leIde dQ?d|2 dxgdQ?
Beam Accelerator FacilityCEBAF) [11], can provide good B T B
information on the quark-gluon correlation functions definedwhere do,s . ox/dxsdQ? is the total inclusive DIS cross

in Eq. (1). For leading pions to have large enough momen-ection normalized by the atomic weight In Eq. (4), the

tum at fixed target energies, the Bjorken variakiehas to  Bjorken variablexg=Q?%(2pq), andq=k; —k, is the four-

be Iarger than 0.2 in the fOIIOWing discussions. If one tries tOrnomentum of the virtual photon_ The transverse momentum
generalize our results to the collider energies, one has 10, of the leading pion depends on our choice of the frame. In
consider possible parton saturation, and its effects to thejs paper, we choose the photon-nucleus frame, and choose
transverse momentum broadenirig]. the z axis along the momentum line of the nucleus and the

This paper is organized as follows. In the next section, Wejirtual photon.
derive the transverse momentum broadening of the leading To separate the multiple scattering contribution from the

pions in lepton-nucleus DIS. We demonstrate analyticallysingle scattering contribution, we define the nuclear broad-
the direct correspondence between the transverse momentWhing of the transverse momentum square as

broadening of the leading pions and multiparton correlation
functions. In Sec. Ill, we estimate the numerical values of A(I13y=(12)eA—(12)eN, (5
such broadening at different values>af and Q?, by using

the model of the quark-gluon correlation functions intro- As we will demonstrate below, the nuclear broadening of the
duced in Ref[10]. We also derive explicit relations of the transverse momentum square defined in @&j.can be pa-
transverse momentum broadening fof and #°, and dis- rametrized a$14,15

cuss thexg andQ? dependence of the correlation functions.

4

A(IZy=a+b A3, (6)

II. TRANSVERSE MOMENTUM BROADENING

where bAY® represents the contribution directly from the
OF PIONS IN DIS

multiple scattering which is explicitly proportional to the
Consider leading pion production in the deeply inelastichuclear size ¢A™%) and terma includes all contributions

lepton-nucleus scattering from thelocalizedhard scattering as well as those suppressed
by high power of 1D?. In principle, the parametex in Eq.
e(ky))+A(p)—e(ky)+m(l)+X, €©)] (6) can also depend on the atomic weightBut, as we will

explain below, its dependence @ should be very weak
wherek; andk, are the four momenta of the incoming and (e.g.,A* dependence witlx=+0.02). In this paper, we are
the outgoing leptons, respectively,is the momentum per interested in the second term in E®), and we show that
nucleon for the nucleus with the atomic numi¢randl is  experimental measurement of the constam Eq. (6) will
the observed pion momentum. In order to extract useful inprovide direct information on the quark-gluon correlation
formation on multiple scattering from the pion production, it functions shown in Eq(1).
is natural to think that thé\ dependence of the differential To derive explicit expressions for tteeandb in Eq. (6),
cross sectiomoea . erx/dxsdQ?dI2 is the physical observ- we expand both numerator and the denominator in(&xin
able to study, because the transverse momentum spectrumtéms of a power series of Q7. In addition to the terms of
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leading power, we keep only the power suppressed termdium. Thetotal DIS cross section normalized by the atomic
that are explicitly enhanced by a factd3. Since the de- weightA is an inclusive quantity and depends only on one
nominatordo . ex/dxgd Q? is the total inclusive DIS cross hard scaleQ?. The QCD factorization theorerfl6,17 al-
section, the operator product expansi@PBE allows us to  lows us to factorize each term in E() into a convolution

expand it in terms of the power series of)#/[16,17, of a short-distance coefficient function and a corresponding
matrix element. The Q term in Eq.(7) can be expressed in

terms of twist-4 matrix elementsl7]. As demonstrated in
Refs.[8,18], integration of all position variablesy() of the
(MZ)) field operators, which define these twist-4 matrix elements,
are bounded by %Lp due to the oscillating exponential. Let
m andr be nucleon mass and radius, respectively. X/
<2r(m/p) (i.e., xg>1/2mr=0.1), all the fields in these
( 1 H twist-4 matrix elements are bounded within the size of indi-
1+0| —=
2

doeaex f dg’g%)ﬂex<xs w?
— SRR dx X, u?) ——— —, =5«
VTS 2 basal “)desz X Q7%

X[ 1+0

Dgo) (7)  vidual nucleon. Therefore, the power suppressed terms in Eq.

(7) is of the order of0(1/Q?) if xg>0.1, notO(AY¥Q?).

On the other hand, the numerator in E4) depends on

] o o two physically measured hadrons: the pion and the nucleus,
where u is the factorization and/or renormalization scale, g therefore, the OPE alone cannot be used to expand the
ban(x, 1) is the leading twist parton distribution of flavar  numerator. However, the generalized factorization theorem
in a nucleus normalized by the atomic weight and introduced in Ref[8] can be used to factorize the numerator
dol® . /dxsd@? is a perturbatively calculable short- up to the 102 power corrections. Similarly to the E¢L) of

distance hard part, which is independent of the nuclear meRef.[10], we expand the numerator in E@) as

@

dO' A X
dl2|2—=zem? x)®CO) % /x.2=1/p..Q?)®D. (2
f T TdXBdQ2d|-|2— aE’C ¢a/A( ) ea;,eCX( B Pc Q ) c 7T( )

1
+ o & [Tan(®)©CE ccx(xa/x,2=1/pe, Q) 2D (2)

+ han(X)®CE cox(xp/x,2=1/p., Q1) ®d, . (2)]+ -

=HO+ HP+ AR+, ®
|
whezre the ellipses represent Ferms further suppressed in F/Z*(XB,Q2)EAa(A,XB) FQ(XB,QZ) or
1/Q“, ® represents the convolution over partons’ momentum
. .. . . In[FA(X QZ)/FN(X QZ)]
fractions, and explicit dependence on the factorization and/or a(Axg) = 2(Xp, 2(Xg, )
1 NB) T

renormalization scale is suppressed for simplicity. In @Bgy.

c©®, c@, and C® are perturbatively calculable short-
distance hard parf8], andD._., andd, ., are twist-2 and  whereF5(xg,Q?) is a nuclear structure function normalized
twist-4 parton-to-pion fragmentation functions, respectively.by A andF5(xg,Q?) is an isoscalar nucleon structure func-
¢ are nuclear parton distributions, and fhg, in Eq.(8)  tion. Using the lowest order expression for the structure
represents the twist-4 quark-gluon correlation functi@ng.,  function F5(xg,Q%) =324 €5 Xg ¢bq(Xg,Q?) with e, being a
the one defined in Eq1)]. Both ¢4 and Ty, are normal-  quark’s fractional charge angl, the effective nuclear parton
ized by the atomic weighA. distributions of Ref[23], we plot the parametet(A,xg) as
Effective nuclear parton distributions,,(x) have been a function ofxg for A=12, 64, and 207 aQ?=4 and 9
measured19—27 and are known to have the nuclear shad-GeV? in Figs. 1a) and 1b), respectively. Figure 1 shows
owing for smallx (x=0.1), the European Muon Collabora- that although the exaaiy dependence and tifedependence
tion (EMC) effect for intermediatex values (0.3=x=0.7),  of the structure functions are nontrivial, the overallepen-
and Fermi motion effect for the large region. By fitting  dence of the structure functions is limitedAg with a value
recent high precision DIS and Drell-Yan data on variousof a=*0.02 forxg values between two vertical lines in Fig.
nuclear targets, Eskoket al.[23] extracted a set of effective 1, which are relevant to pion production in this paper. Actu-
scale dependent nuclear parton distributions. In order to eslly, as shown in Fig. 1, the absolute valuecofs limited to
timate theA dependence of the nuclear parton distributions0.05 for any practical value ofg accessible at fixed target
we introduce a parameter(A,Xg) as energies. Such dependence in the structure function as well

IN[A] *
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0.10 . — — L [RO HO) W@ 0
2 V2 _ _ A”
....._.......(i=12 ) A<IT> D,(AO) DF\JO) + D(O) +0 QZ ! (12)
— A=64
0.05 o AS2(7 J

where the power suppressed tef@A %/ Q?) should be very
small due to the cancellation betwe@#)®* and(12)¢N and
S 000 b= the fact that they are not enhanced by #1€. The first term

7 in Eq. (12) would be exactly equal to zero if the normalized
effective nuclear parton distributiong a(X)= ¢an(X).
However, because of the well-known nuclear effects in the

e ] parton distributions, the first term in EGL2) does not have
to vanish. But, because of very weakdependence of
nuclear parton distributions shown in Fig. 1, we identify this

0 02 04 06 08 term with thea in Eq. (6),

(a) XB
0 0
~ HYHY (13
0.10 = —_(0-
; ' 0 pO
Q=9 GeV DA” Da
Q:éi It is the second term in Eq12) that is responsible for the
005 I ——— A=207 ] A'2-type dependence of the nuclear broadening.
We introduceA(12),,; as
3 0.00 ,ﬁt\*\\ (2)
\:\:\:\vw" A<IT>1/3 bA1/3 D(o)
2005 } \\\\ - 0
T :f di212 da-é%)ﬁewx/da-((aA)ﬂeX (14
T TdxgdQ?dI2/  dxgdQ?’
1000 02 0d 08 0.8 where superscriptD) represents the double scattering con-
(b) X tribution and(0) stands for the leading power contribution.

Our formalism in Egs(13) and(14) can be verified from the

A dependence of the measured transverse momentum broad-
ening.

) ) 3 From the factorized formula in Ed8), the double scat-

as in thegy/a(x) is much weaker than tha™ dependence igring contributionH? depends only on the twist-2 parton-
caused by multiple scattering. Since the parton-to-pion frag:

. ; to-pion fragmentation functio® (z). Therefore, the differ-
mentation functionD. ., andd._., should not have ex-  gqsia| cross section in E¢L4) for the pion production in DIS
plicit A¥® dependence, the ter$?) is of the order of can be expressed as
O(1/Q?), not O(A¥¥Q?). On the other hand, the terhh(®
depends on the multi-parton correlation function in a nucleus
T a(X), and therefore, it will have aA-type enhancement

FIG. 1. Thea(A,xg) defined in Eq(9) as a function okg at (a)
Q?=4 GeV and(b) Q=9 Ge\~.

dz
A—’ X A—> X
Tere —Ef Tesec Derl2)—, (19

[10] deszdIZ dx dQdeC
Substituting Eqgs(7) and (8) into Eq. (4), and keeping B .
terms up toO(AY3Q?), we obtain whereX. runs over all parton flavors, z=1/p. is the mo-

mentum fraction carried by the produced pion, &nd, .(z)
is the fragmentation function for the parton of momentom

HP +HE) A° to become a pion of momentum. In Eq. (15),
(12)eA~ —+o — (10) D 2 - :
DO Q2 doll) ec/dxedQ’dp? is the double scattering contribu-
tions to the differential cross section to produce a parton of
Similarly, for a nucleon target, we have momentump,. in DIS, and it can be written as
(D)
HO [ A0 dTeAecx | o
C
(12)eN~ D<°>+O(§)' (12 dxgdQ%dp; | T
1 2
. . S — e v k k (D) 2
Substituting above Eq$10) and (11) into our definition of ~8r 22Q? L#*( 2) W,/ (X, Q% Pe)s
the nuclear broadening of the transverse momentum square B
in Eq. (5), we derive (16)
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AN q
7y 5
xp/ x,p+ky fg 5 J \(X+x2)p

) (x1—%5)p+ks

(b) (b) J

FIG. 2. (a) Diagram representing#”; (b) diagram representing

wb)
m 71: \q q/
v »Pe M

wheres=(p+k;)? is the total invariant mass of the lepton- /
Xp

nucleon system. In Eq16), the leptonic tensoc*” is given

+
by the diagram in Fig. @), t \ (x+x2)p

x,p+ky (x,—Xg)p+ky

L4 (kg ko) = 2Ty kv y-koy") (17 @
(ki ka) =5 Tr(y- Koy y-kav"),

FIG. 3. Lowest order double scattering contribution to the
and WELDV) is the hadronic tensor due to double scatteringbroadening of the parton: (a) symmetric diagram{b) and (c):
which is given by the diagram shown in Figh2 For com- interference diagrams.
parison, the lowest order differential cross section for pro-
ducing a parton of momentum. due to single scattering is ] .
given by iy-k _iy-k iyn

k2 k2 + 2k-n’
da'(e?‘-\)—ecx 2
dxgdQ%dpZ | T

(19
(0)

OeA—ecx

dxgd Q?

5(p§T>l dp. (18
wherek?=0 andn* is any auxiliary vector withk-n+0.

The first term in the right-hand side of E.9) corresponds

where do(®/dxgdQ? is the leading order inclusive DIS to the pole contribution, while the second term is the contact

cross section, which appears in the definitionAdf),5in  contribution[18]. Attaching one gluon to the initial quark

Eq. (14). line introduces a quark propagator, and this propagator will

The complete double scattering contributions to the prohave both the pole and contact contributions. The pole con-
duction of a leading quark of momentum in DIS at the tribution is long-distance in nature, representing the interac-
leading order ofxg come from the diagrams shown in Fig. 3, tions between the quark and the gluon long before the hard
which represent the final-state interactions, plus the sameollision between the quark and the virtual photon. The pole
order diagrams involving initial-state interactions shown incontribution is partially responsible for theedependence of
Fig. 4. In the following, we first discuss the role of initial- the leading-twist parton distributions in a nucld@gl], and
state interactions, and argue that although required by gaudberefore, is one of the sources for the weskiependence
invariance, they contribute to theeterm of Eq.(6) only. appeared in tha term in Eq.(6).

After the collinear expansion of the parton momenta, the Because of the nature of the contact term, its contribution
gluon interactions on the initial quark lines, as shown in Fig.is localized in space, and therefore, it does not contribute to
4, can be reduced into two categories: the long-distance arttie AY® type of nuclear enhancemefl]. Since the short
the short-distance contributions due to the fact that everyglistance contributions of Feynman diagrams in Fig. 4 have at
“on-shell” propagator can have a pole contribution as wellleast one propagator given by the contact term, these dia-
as a contact contributiofiL8]. For example, a quark propa- grams do not contribute to th&" type of nuclear enhance-
gator of momentunk can always be written as ment. At the same time, the contact term of the initial-state
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W (x5,Q%pe)
7%q q{—e—; ¢
v M _
. _ 1 [dy dy;dy, d’yq fd?k
47 ) 4 (2m)? (2m)? T
x eiktyit gl(F—2kra)2palp ™t (y; ~y5)
X(Paltrg(0)y™ AT(y1,Yar) AT(Y2) thg(Y ) [Pa)
* \q Q/ L —\ Lixgpty-
v, » X(2m)0(y, —y~) (2m)O(y, ) e”e
2m G ()
><(2 e W(pc)[5(pc —k5)— 5(DCT)]dpc (20
m A : 2
~| ——HO (P [— 8" (P2 )] Tgr(Xe %)
AN q (2pg)®
¥ AN /. ,
v 122 ><dch. (22
M In Eq. (22), T’(?F(xB ,12) is defined by Eq(1) with the fac-
izati H®)(pc) represents the spinor trace of

torization scaleu?.

the partonic part of the double scattering and is given b
FIG. 4. Lowest order double scattering diagrams which do not P P g g y

contribute to the broadening of the partan

) 4
RI0(po) = 3 P asaen€G T y- Py, Y (XP+Q) ¥y Pey’

interaction is important for the gauge invariance of the com- Xy (Xp+Q) 7,19, Po (22)
plete double scatteringtwist-4) process[18], but only at . ) .
order AC. where a color factor 112, with N,=3 was included. Using

the definitionz=1/p., see Eq(25) below, we can reexpress

Although the Feynman diagrams with the final-state inter-
Ithe momentunp, in &’ (ch) in terms of the momenturhof

actions in Fig. 3 are not gauge invariant in general, thei :
contributions to theA® behavior of nuclear enhancement the observed pion:
are observable and hence gauge invar{d@i. The three

lowest order diagrams in Fig. 3 are all convoluted with the o I% fe 12

same two-quark-two-gluon matrix element through three in- —6"(pe)=— 2 6 ) o'(ln). (23
dependent parton momenta. The leading power contributions d( _T)

of these diagrams come from the region phase space when all z

partons are collinear to the direction of the target, as shown
in Fig. 3. In order to convert the gluon fiel" to the cor- Combining Eqs(15), (16), (21), and(23), we obtain
responding field strength™* in covariant gauge, we expand

the gluon momenta in an extra transverse compokegrnh do®
Fig. 3[10Q]. All three Feynman diagrams in Fig. 3 have two
potential poles due to the interactions between the final-state

2

— 1T e
eAeX_ w ZJdZZZ

dxgdQ?dI?  87x35°Q? (2pq)® “q

quark and gluons. These two pol@shich are not pinched XD n(2) TQF(XB-QZ) LMVQELDV)(”Z)
can be used to carry out the momentum fraction anddx,
integrals[5,10]. After taking the poles, the hard-scattering x[—&’(l%)], (24)

factor (the interaction between the virtual photon and the
initial quark) and the final-state interaction between the “on-here the=, runs over all quark and antiquark flavors, and
shell” outgoing quark and the gluon are separately gaugg=1/p, is the momentum fraction of the quark flavpcar-
invariant. ried by the observed pion. At the lowest orderdg, hard

To derive the leading contribution from the double scat-gluon initiated double scattering, which is proportional to the
tering, we follow the derivation in Re{6]. By taking the  four-gluon correlation functionT,e, does not contribute
poles to fix the integrations of momentum fractionsand  [5,10].
X,, we derive contributions of all three diagrams in Fig. 3to  In the photon-nucleus frame, we choose the target mo-
the hadronic tensoM(?) in Eq. (16) as mentump along the—z axis, such thap#= (p°,p*,p’,p?
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=(P,0,0~P), and onlyp™ =(p°—p?)/2 is nonvanishing. form of the quark-to-pion fragmentation functions and the
In this frame, we have the following expression for the mo-quark-gluon correlation functions. In this section, without

mentum fractiore=1/p,, assuming any specific form for the quark-gluon correlation
functions, we derive relations for the transverse momentum

| [+ p-l p-l broadening betweerr™ and #° based on isospin symmetry
=— e (25 and the charge conjugation invariance. Furthermore, by us-

- . )
Pe pc PrPe d ing the simple model proposed in Rgb] for the quark-

. . _ > gluon correlation functions, we explore both the normaliza-
In deriving the last equation, we usgd=xsp+q andp tion and functional dependence of the momentum
~0. . broadening.
After working out the algebra for#"H(>), and substitut- Although new parametrizations of the quark-to-pion frag-
ing Eq. (24) into Eq. (14), we obtain mentation functions were obtained recef@], we will use
the simple parametrizations of Rg26] for the following
AUE) 14l min) analytical derivations and discussions on the general features
1 of the momentum broadening. Later, when we present our
X ) Z eé dz ZZDqu(Z)TG\F(XB 1) f|gures for_ the numerical valugs qf the momentum broaden-
_Amtay(p) “a Zrmin ing, we will use the parametrizations from both Ret26]
- 3 > A ) ' and[27], and demonstrate the similarities and differences.
E €39 (Xg, %) Similar to the parton distributions, the quark-to-pion frag-
a mentation functions have scaling violatidnor Q? depen-
(26) denceg. To simplify our discussion on the general features of
transverse momentum broadening, we ignore the scaling vio-
where D, . .(2) are the quark-to-pion fragmentation func- |ation of the fragmentation functions, and take for the frag-

tions, andq”(xg , 4%) = q/a(Xg 1) are the effective quark mentation functions the input distributions of R&R6],
distributions in the nucleus normalized by the atomic weightwyhich are given as

A In Eq. (26), Znin=pP Imin/(p-q) is defined in terms of

I min,» Which is the momentum cut for the pions measured in . . _ - o
the experiment. One can chookg, to be large enough to D" (2)=Dj =Dg =D, =Dy =——, (273
ensure that the observed pions are from the fragmentation of

energetic quarks. B . . _ (1-2)2
In Eq.(26), the u? in ag(x?) is the renormalization scale, D (z)=D7 =DJ =D =DJ = ,
and theu? in Toe(Xg %) andq®(xg,u?) are the factoriza- 4z 278
tion scale. Since the short-distance part of the transverse mo- (27b
mentum broadening defined in this paper is an inclusive and
infrared safe calculable quantity, the scafeshould be cho- DO(z)= Dw": DWOZ DEO: Dzoz E
sen to be the order of the physically measured momentum ! d ! d 4z’
scales. As shown in Eq26), the only physically measured (279

momentum scales for the transverse momentum broadening

0/ =T+ -
areQ andl . Since|l ;)| are of the same order 3?2, we with D (Z)._[D (Z)_+D (2))/2. For the strange quark
chooseu?=Q? for the numerical calculations below, and we fragmentation functions, we us®g =Dg =Dg =D".
believe that such a choice will not result into the large loga-Notice that the fragmentation functions given in &27), as
rithmic high order corrections. well as those given in Ref$25,27), violate Gribov-Lipatov

Since the quark-to-pion fragmentation functions have'eciprocity, which requires that the power of{¥) must be
been measuref25], Eq. (26) shows that the transverse mo- €ven. However, since it is not our purpose to invent better
mentum broadening of pions provides direct information onfragmentation functions in this paper, we will first use the
the quark-gluon correlation functions inside a nucleus. Thdragmentation functions in Eq27) in our numerical calcu-
measured size of the transverse momentum broadenin&tion to illustrate the size and the general features of the
A(12),,5 depends on the choice of the momentumlgyf (or ~ ransverse momentum broadening. Our predictions can be
equivalentlyz.,). Our predictions should be more reliable easily adjusted for other sets of fragmentation functions. _
for the leading pions, or pions with relatively large momenta._ !N Order to evaluate the transverse momentum broadening,
By measuring the transverse momentum broadeningrfor E£d- (26) requires the moments of the fragmentation func-
and=°, and keeping a reasonable large valug,gf, we can  ions. We therefore introduce
extract the quark flavor dependence of the correlation func- N
tions. D(i)(nyzmin)zf dz 7 D(i)(Z), (29

Zmin
I1l. NUMERICAL RESULTS AND DISCUSSIONS . _ .
wherei=+,— and 0 for#*, =, and #°, respectively.

The numerical values of the pion transverse momentunUsing the fragmentation functions defined in E87), we
broadening A(12)/5(I min)» depend on the explicit functional obtain the following identity:
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0.080 T . T dy™ ., _ oyt
qA(X,QZ):J’ Ee'x’) Y <PA lﬁq(o)7¢q(y_)PA>,
(32)
0.060 | _
one finds that only difference between tﬁ@F andg” is an
- operator factor
N 0.040 | .
5 dypdy, . _
f —5 01—y ) 0(y) Folys) F ().
0.020 | _
If these two gluon field strength’s are close together in a
color singlet nucleon in the nuclear target, which limits the
0.000 Jfdy; (or [dy,) to a nucleon size, the extra integration
0.1 0.9

Jdy, (or fdy;) can be extended to the nuclear size, which
min gives theA¥® in Eq. (31). Therefore, the proportional con-
FIG. 5.D*(22,), D™ (22, andD%(2.2,,,) as functions of ~ StantA? in Eq. (31) is proportional to averaged gluon field
strength square in position space in a nuclear target. Substi-
tuting Eqg.(31) into Eq. (26), we have

Znin -

D" imin_Do 1min:D0 +Zmin) — D~ (N, Ziin) s
(N, Zmin) (N, Zmin) (N, Zmin) (n,z )(29) A<|-2|—>l/3

for all n. This identity is useful for the following discussions ) 5 2 eé q*(xg,Q?) D w(2.Zmin)
on the general features of the transverse momentum broad- 47 as(Q )Al,g)\2 q
ening. From Eq(26), the transverse momentum broadening, 3 > A )
A(12) (I min), depends on the second momebtd (2, . % €307 (x5,Q%)
which are plotted in Fig. 5.

Given the quark-to-pion fragmentation functions, we de- (33
rive the following general relations between the transverse
momentum broadening af*, 7, and #° particles:

From Eq.(33), we can deduce a very simple formula for
the transverse momentum broadening = by using the
-t 0 0 - fragmentation functions given in EQR70):
A<I$>1/3_A<I'2I'>l/3:A<|'2I'>l/3_A<|'2I'>l/3 (309
o 4m’ag(Q?)
3

and A1) T~ AY3\2DO(2 .z (34)

ot 0 T
A<|$>1/3>A<|%)1/3>A<|$>1/3 ' (30b) In deriving Eq.(34), we neglected the strange quark contri-
bution which is much smaller. This simple expression shows

2\ 70 . . .
Equation (309 is a result of the isospin symmetry of the that _A<IT 13 has -a scalmg_behawozrgssl vangs. The ap-
fragmentation functions given in EG27) and the identity ~Proximatexg-scaling behaxlor of\(I7) 15 is a direct conse-
given in Eq.(29). The inequality given in Eq(30b) results ~ duence of the model fol-(x), given in Eq.(31). If the
from the fact that the contribution of each quark flavor isfuture experimental data on the transverse momentum broad-

weighted by the square of the quark's fractional chasge ~€ning of #° shows a strong violation of thes scaling, the
and the relatioD * (z2)>D%(z)>D (2). model. for the qugrk—gluon correlatllo.n functmﬁQF(xB),

Since the correlation functioriEy are not known, in or- ~ given in Eq.(31), will have to be modified. In addition, Eq.
der to obtain numerical estimates of the transverse momer{34) also shows thaQ? dependence oA(l12)7, is mainly
tum broadening of pions, we adopt the following model forfrom the Q2 dependence ofr(Q?). Since theQ? depen-
quark-gluon correlation functior$,10]: dence ofag(Q?) is already known, we can learn th@?
dependence of the correlation functiﬁ@F(xB ,Q?) by mea-

suring theQ? dependence oA(I2)7.. If the measured)?

0. . .
whereg”(x) is the effective twist-2 quark distribution of a dependence k(1) T consistent with f‘h@z dependence
nucleus normalized by the atomic weightand\ is a free  Of @s(Q?), it means the correlation functiof(xs ,Q?) has
parameter to be fixed by experimental data. This model wad Similar scale dependence as a normal parton distribution.
proposed after comparing the operator definitions of thd3y €xamining thexs-scaling property an@?* dependence of
four-parton correlation functions and the definitions of theA(12)7,, we can test whether the model be@F(xB,QZ),
normal twist-2 parton distributionfs]. For example, com- given in Eq.(31), is reasonable.
paring the quark-gluon correlation functid’rgF(x,Qz), de- It should be emphasized that our general conclusions
fined in Eq.(1), and the normal quark distribution given in last paragraph, as well as numerical estimates given

independent of the details of the correlation functim@g.

Tor(x,Q%) = A% (x,Q?), (31)
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FIG. 6. Transverse momentum broadening of pions, FIG. 7. Transverse momentum broadening of pions,
A(1%)13/A', as a function ofzy, at Q?=4 GeV and (@) Xg  A(I2),,5/AY, as a function ofz;, at Q?=9 GeV? and (a) xg
=0.2, and(b) x3=0.3. =0.2, and(b) xz=0.3.

below, are the consequences of our lowest order calculationsf the fragmentation functions. Although numerical details
High order corrections irs and/or in inverse powers @*  of the A¥3-type transverse momentum broadening depend on
can certainly change the dependencexgrandQ?, as well  the fragmentation functions used, the overall shape and mag-
as the absolute values of our numerical estimates. But, bgyitude of the broadening are consistent. The most important
cause of the inclusivity and the infrared safety of the transteature is that the size of tha'>-type broadening is large
verse momentum broadening, and the lack of the large Iogaénough to be measured experimentélly, 15.
rithms of the ratios of the physically measured spales, W€ | obtaining our numerical results, we used CTEQ3L par-
believe that the change should not be very dramatic, and thgh, gistributions of Ref[28] for the quark distributions in
our predictions should not be off by orders of magnitudes. {he nycleons. We took an average of the quark distributions
In the following, we obtain our numerical estlronates of of the proton and the neutron for the effective quark distri-
transverse momentum broadening fﬁf’ m ,2and77 Par bution in the nucleusy®(xg). If the A dependence of the
ticles by evaluating Eq33). We normalizeA(IT)1sby A™,  nyclear quark distributions is independent of the flavor, from
and plot our results in Figs. 6 and 7. In view of the limited Eq.(33), such nuclear dependence can be factorized and can-
range of Q available at CEBAF, we neglect the scaling celed between the numerator and denominator. However,
violation of the fragmentation functions for our numerical there is no obvious reason why the nuclear dependence of
estimates. We used the simple fragmentation functions giveguark distributions is flavor independent. But, as we dis-
in Eqg. (27) to produce Figs. 6 and 7. More realistic param-cyssed above, in the rangeprobed in these experiments
etrizations for quark-to-pion fragmentation functions werethe effective nuclear parton distribution should have ex-
obtained in Refs[25] and[27]. In particular, those in Ref. tremely weak nuclear dependence in comparison with the
[27] are extracted from DIS data. We present both results fop13.tyne enhancement that we discussed in this paper. In
A(12)7,/AY? by using two different sets of the fragmenta- order to verify this feature, we used botfi(xg)=q"(xg)
tion functions atQ?=4 Ge\? in Fig. 8 to illustrate the un- and the realistic parametrizations fqf(xg) given in Ref.
certainties in our numerical estimates due to different choiceg23] to calculate the transverse momentum broadening
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' ' ' FrorP Figs. %S and 7,O we noticed that the identity,
Q’=4GeV’ AID Tz~ AP Te=A(D 5~ A(IH)Ts, has some weak
£.202 violation on the value okg, which is due to the fact that the

’ number of sea quark increases at smatlgin comparison

with the valence quarks.

The value of\? for the quark-gluon correlation function
TQF, given in Eq.(31), has not been well determined. It was
estimated in Ref[10] by using themeasurednuclear en-
hancement of the momentum imbalance of two jets in
photon-nucleus collisiongl4,15, and was found to be the
order of A2~0.05-0.1 Ge\?. However, the nuclear en-
hancement of the Drell-Yan transverse momen{@®,30
indicates a much smaller value ®f [6]. Although the mo-

0.9 mentum imbalance of the di-jet data depends on the final-

Zin state multiple scattering, and the Drell-Yan data is an effect

of initial-state multiple scattering, the leading order calcula-

tion indicates thah? from the two data sets to be the same

[6]. Therefore, this work on the transverse momentum broad-

ening in pion productions should provide a new and indepen-

dent measurement of the size of the quark-gluon correlation

functions, and the value of the?, which is extremely im-

. portant for understanding the nuclear dependence and the

A1) T5/AY. We found no noticeable difference for the event rates in the relativistic heavy-ion collisions. Since both

transverse momentum broadening presented in Figs. 6, di-jet momentum imbalance and the transverse momentum

and 8, which were obtained wit*(xg) = q"(Xg). broadening are caused by the final state multiple scattering,

Figures €a) and &b) showsA(12),,3/A® as functions of we used\?=0.05 Ge\? for Figs. 6-8. Any change in?2
Zmin atQ%?=4 Ge\?, andxg=0.2 and 0.3, respectively. Fig- will only change the overall normalization factor in
ures 7a) and 1b) showA(1%),,3/AY3 as functions ok, at  A(I%),,3/AY3 and hence does not affect the general features
Q?=9 Ge\#, andxg=0.2 and 0.3, respectively. In these of A(I%),3/AYS,
figures, the reIationsA(I%}’f,;>A(l%}1’,(;>A(I$>’1T,; and fIWed_conc!ude _thzt th(la t_ranlsve_rsle momenttjm broadeqing

2yt 270 _ A /12\ 7 2\ of leading pions in deeply inelastic lepton-nucleus scatterin

A<IT>1’3_A<IT>1’3_A<IT>1’3_A<IT>1’3_ are clearzly Odemon- is an ex?:erl)lent observggle to probepthe parton correlatio%

strated. Furthermore, we hawg-scaling forA(I)7s, and  functions in the nucleus. Measuring tAé"-type transverse

A2 73/ A(19)T3~2 for smallzy,,. The approximate ratio, momentum broadening(I2),; in the leading pion produc-

A<|$>71T/;/A<|$>717/;%2' is a result of the isospin averaged tar- tion in DIS provides an indeper_wdent tegt for the e_xisting
gets, and can be easily verified by using the fragmentatiofnodel of the quark-gluon correlation functioft§. More im-

functions in Eq.(27), keeping only the valence quark contri- Portantly, by measuring such broadening, we can directly

butions andz? <1. measure thex and Q? dependence of the correlation func-
Comparing Figs. 6 and 7, it is evident that the absolutdions, which is very useful for predicting the event 83|
sizes of the&(l%}l,g decrease a®2 increases. This is caused and for understanding the nuclear dependence in relativistic

by theQ? dependence of the(Q?) in the overall factor of €&Vy-ion collisions.
the transverse momentum broadening. Due to the available
energy at CEBAF, we plotted the broadening @f

=4 Ge\? in Fig. 6. Even thouglQ?=4 Ge\? may not be We thank A.H. Mueller and G. Sterman for very helpful
large enough to apply for the fragmentation analysis, oudiscussions. This work was supported in part by the U.S.
results can be tested at CEBAF with its future upgrade, an®epartment of Energy under Contract No. DE-ACO02-
can be easily tested at the BNL Relativistic Heavy lon Col-98CH10886, and Grant Nos. DE-FG02-87ER40731 and DE-
lider (RHIC) with its future option of electron-ion collider. FG02-96ER40989.
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FIG. 8. Transverse momentum broadening of pions,
AIDTIAYS at Q2=4 GeV® and xg=0.2 with different
Dy—~(2). The solid lines are obtained by using the fragmentation
functions of Ref[26], and the dashed lines are obtained by using
the fragmentation functions of RR27].
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