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We develop a dipole model for DESY HERA deep inelastic scattering data which incorporates the impact
parameter distribution of the proton. The model describes the inclusiveytbpatross sections as well as the
diffractive J/ ¢ differential cross sections. We compare the model with previous approaches and show that the
t distributions are sensitive to saturation phenomena. We estimate the boundary of the saturation region and
show that it dominates the data in the |- region where the totaj* p cross section exhibits the same
universal rise as hadronic cross sections. The model is then extended to nuclei and shows good agreement with
the nuclear shadowing data at smallFinally, we estimate the saturation scale in nuclei.
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[. INTRODUCTION shadowing. Finally we estimate the saturation scale in heavy
nuclei.

One of the most important observations of the DESY
collider HERA experiments is the rapid rise of th&p cross Il. DIPOLE DESCRIPTION OF DIS
section with they* p center of mass energy/ in the deep
inelastic scatteringDIS) region. This observation indicates  In the dipole picturg8,9], the y* p interaction proceeds in
that over a region of size- 1/Q? additional gluons are abun- three stages: First, the incoming virtual photon fluctuates into
dantly radiated at smal~Q?W?. The simultaneous obser- a quark-antiquark pair, then tiogg pair elastically scatters on
vation of a significant number of diffractive events in DIS o proton, and finally th&qa pair recombines to form a

leads to the dipole saturation model of Golec-Bierat and;irya| photon. This is shown schematically in Fig. 1. The
Wausthoff (GBW) [1]. The model successfully described the gmpitude for the complete process is simply the product of

dazta in the transition region between low and intermediat§he amplitudes of these three subprocesses. We discuss each
Q¢ and indicated the emergence of saturation phenomena i 1.

DIS_. In spite of its comp_elllng success the model has SOMe  The amplitude for the incoming virtual photdwith po-
obvious shortcomings. First, the treatment of QCD evolutiongizationx = + ,—,0) to fluctuate into a quark-antiquark pair

is only rudimentary. Second, the dipole cross section is inte; . L — L
grated over the transverse coordinate although the gluon de{1Qf flavorf with helicitiesh,h=1/2) is given by the photon

sity is expected to be a strongly varying function of the im-light cone wave function ¢, )}" which depends upon
pact parameter. The evolution was improved by(Qz,z,r). Here z denotes the longitudinal momentum frac-
incorporating  Dokshitzer-Gribov-Lipatov-Altarelli-Parisi tion of the photon carried by the quark andhe transverse
(DGLAP) into the dipole cross section, thereby extending thesize of theqq pair. These wave functions are determined
model applicability to the higlQ? region[2]. from light cone perturbation theory to leading order in the
In this paper we further improve the dipole model by fermion electromagnetic chardd0]. Similarly, the ampli-
introducing the impact parameter of the proton into the dityde for theqq to recombine to form a virtual photon is
pole dynamics. For the form of the dipole cross section we( v )hﬁ
adopt the Glauber-Mueller formula which can be derived un-"7f/*
der simplifying assumptions3]. The transverse profile of the . .
proton can be probed experimentally by measuring the mo- y 1-z Y
mentum transfet to the proton in diffractive events. Thus
diffractive and inclusivey* p processes form a tool to deter-
mine the gluon density and saturation dynamics at DESY
HERA. Whether the experimental data are sufficient to re-
veal the rich nonlinear dynamics of saturation and the color
glass condensaid] remains an important phenomenological
question[5—7] which this work addresses. ) p
The impact parametdiP) saturated dipole model can be
extended to DIS interactions in nuclei in a natural way. We FIG. 1. The interaction of a quark—antiquark dipole with a pro-
study nuclear effects and compare them with data on nucleasn.
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The elastic scattering of thegq pair with squared momen- meson production with squared momentum transfér-
tum transferA?=—t is described by the elastic scattering —t and transverseT) or longitudinal polarizatioriL) is

amplitude Adli(x,r,A). (The notation in this section follows dz _
Munier et al. [5].) Here A, is defined such that the elastic AL,T(A)ZJ dzrj EJ d?b(V|y) re "*42[1-S(b)].

gq cross section is (9)
quE= L|A (x,r,A)|2 1) Assuming that theSmatrix element is predominantly real,
dt 167 e we may substitute [2L.—S(b)] with d?o4q/d?b. Then, the

) ) _ _ ) elastic diffractive cross section is
It is convenient to work in coordinate space and define the
S-matrix element at a particular impact parameier do, 1 dz L dogg 2
’ f dzrf —f d?b(V|y) e PA— .
41 ' d?b

1
1 o dt 167
S(b)=1+ Ef d?Ae’PAA%I(x,r,A). ) (10)

This corresponds to ones intuitive notion of impact aram_Note, it is the total dipole cross section at a particular impact
P pact p arameter which appears in this formula. Munétral. [5]

eter only when the dipole size is smal Coﬂpafed o the siz xtractedS(b) from the diffractive data using the formalism
of the proton. The total cross section for g pair is found g tlined above.
by taking the imaginary part ofAg or in terms of the
Smatrix element IIl. MODEL DESCRIPTION
In order to describe the data it is necessary to make spe-
cific assumptions about the dipole cross section and the pho-
o ton and vector meson wave functions. First, we give a simple
This motivates the definition of theq differential cross sec- model for the dipole cross section and contrast this model
tion with other models that have appeared previously. Then we
define the gluon structure functiorg(x, %) and the proton
Tqq shape functionT (b) which enters the dipole cross section.
E:Z[l— ReS(b)]. (4 Then we define and discuss the properties of the vector me-
son wave functions in some detail. Finally after the dipole
cross section and the wave functions are specified, we deter-
mine the model parameters by fitting the inclusive total cross
section and elastic diffractive vector meson data.

aqg(x,r)=|miAgﬁ(x,r,0)=Jd2b2[1—ReS(b)]. &)

The total y* p cross section for transverse and longitudi-
nal virtual photons is then given by the imaginary part of the
forward scattering amplitude

* dz A. The dipole cross section
o0 = [ o [ 123 Lo, _ "
™o The total cross section for a smallgq dipole to pass
through a dilute gluon cloud is proportional to the dipole
area, the strong coupling constant, and the number of gluons
in the cloud[12]

do
_ qq9
O'qq(X,r)—J dzbﬁ (6) T2 ) ) )
O'qE=N—I’ as(M )xg(x,,u )s (11)
c

with

(] V)fL,T denotes the probability for a polarized virtual pho-

ton to fluctuate into ajq pair with flavorf, where x g(x,4?) is gluon density at some scaje’. Now

imagine that the density of gluons in the target is not small.
Divide the target into thin slices of thickneslz [46]. The

M= W08y 0f" (7)  probability that a dipole at impact parametedoes not suf-
hh fer an inelastic interaction passing through one slice of the
1 - - proton is
IN=5 2 W Wy} (8 2
Ay P(b)=1— —r2ag(u?)xg(x,u?)p(b,2)dz.  (12)

Ne
In the dipole picture elastic diffractive vector meson pro-

duction appears in a similarly transparent wag|. We de-

note amplitude for a vector meson to fluctuate intpoppair

by (zpv);:h. This vector-meson wave function will be dis-
cussed below. The amplitude for elastic diffractive vector

Here p(b,z) denotes density of the gluons within a proton
and is normalized to 1,

f d2b dzp(b,z)=1. (13)
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r (Ge\/'“) large Q? region the model matches smoothly onto DGLAP
e » EI0 since we will evolvexg(x,?) with DGLAP. In the smalix
% =< s region, the model evolution can be improved. Indeed, evolu-
U175 F e N T X = %8_4 tion based upon the Balitsky-Kochegov equafitb,16 has
g - X = been extensively studig®,7] and provides a reasonable de-
b 15 E scription of the total and total diffractive cross sections. Nev-
LS - ertheless, the Glauber-Mueller dipole cross section provides
1.25 -- a simple model which exhibits saturation as a function of
1 - impact parameter in a reasonably generic way and is there-
fore a useful tool in exposing saturation effects in the data.
0.75
05 - B. The proton shapeT(b)
TF The impact parameter dependence of the dipole cross sec-
0.25 | X ~ tion determines the properties of théistributions in elastic
L SSS diffractive processes. Here the variabldenotes the squared

0 four-momentum transfer between the incoming and outgoing
o 1 2 3 4 5 6 7 8 protons in the diffractive process; p—Vp. Thet distribu-
b G@V::ﬂ tion is directly related to the Fourier transform ©fb) via
Egs. (16) and (10). Presently, the best data on diffractite
FIG. 2. The dipole cross section as a function of the impactdistributions are available for vector-meson production.
parameteb for various dipole sizes evaluated at twovalues. DESY HERA experiments reportgd7—19 that all diffrac-
tive vector-meson distributions can be described by a single
Exponentiating this result, the probability that the dipole suf-exponent for [t|<1 GeV,
fers no inelastic interactions passing through the entire pro-

*

; 2 ' p
ton is|S(b)|?, d(;\;M wexp(—BI). an
2
a
|S(b)|2=ex;{ B N—Crzas(ﬂz)xg(x,uz)T(b) A Since thel/ ¢ wave function is better known than tieor
¢ wave functions, we will concentrate al ¢ production.
HereT(b) is the thickness function, The value of the coefficienB for the J/¢ t distribution is
around 4 GeV? and is only weakly dependent &h? and
T(b)= f“ dzp(b,2) (15) Q2. The exponential form in Eq(17) is the Fourier trans-
. e form of
To obtain the total cross section at a given impact parameter _ n2
we assume that th8-matrix element is predominantly real. Te(b)= 2mBg X~ b*/2Bg). (18
Then the cross section at a given impact paranieteigiven
by 2[1—ReS(b)] or We therefore tried this form foil (b). To account for the
expected exponential behavior at large impact parameters we
do— 2 also considered the form
quq =2 1—exp< - Z—I\lcrzas(ﬂz)xg(x,uz)T(b)) }
16 Tob)= [ dblexi—(b—b/)2Bo,IKe(b'Woy).
(19

This expression is known as the Glauber-Mueller dipole
cross section[3] and can also be obtained within the Due to the asymptotic behavior &fy(x)~ \/2xexp(—x),
McLerran-Venugopalan modél13]. It provides a simple Tgyb) falls off exponentially at large impact parameters.
model for the interaction of gq probe with a dense target. ~ The parameter8g, Bgy and Wgy are only weakly de-
The functionT(b) and xg(x,«?) are determined from the pendent on the other parameters in the model and were de-
fits to the data. Figure 2 shows the dipole cross section astermined iteratively. From the fit to the limitedrange, |t|
function of the impact parametbrfor various dipole sizes at <0.7 GeV?, the following values were found:Bg
two distinctx values. The properties of the dipole cross sec-=4.25 GeV 2 for Tg(b) and Bgy=3.25 GeV 2 and Wgy
tion will be discussed below. Similar dipole cross sections=0.66 GeV'! for Tgy(b). Figure 3 shows a representative
were found in the model of Refl14]. The cross section is subset of datfl9] together with the results of a fit to the data
evaluated for the largest dipole sizes only to illustrate satuusing both forms ofT(b). The slope of the data fixes the
ration in the Glauber-Mueller approach. This dipole size isparameter88s andBgy andWgy. The normalization of the
not contributing to the observed cross section. curves in Fig. 3 is a determined by the underlyiig light

The Glauber-Mueller dipole cross section is a simplecone wave function and is therefore model dependent. We
model which respects unitarity. As discussed below, in thewill use three model wave functions which are discussed
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FIG. 3. The differential cross section for exclusive diffractive
J/ production as a function dffor representative bins i [19].
The solid(dashed lines show the results of the IP saturation model
assumingTgy (Tg) for the proton shape.

more fully in Sec. lll F and in the Appendix. The figure is for
the CORNELL wave function. Unless explicitly stated, the
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FIG. 4. The gluon structure function for various dipole sizes.
The dipole size determines the evolution sqgafe The dashed lines
show the GRV resultf21].

charm quark the gluon structure function is evaluatec at
=(4m2+Q?)/(Q*+W?), where m, is the charm quark
masq 20]. This implies that the dipole cross section is flavor
dependent when performing the sum over flavors in (&jy.

The present model has, in some sense, one less parameter
than the model of Ref.2]. The parametety which previ-
ously determined the asymptotic size of the dipole cross sec-
tion is now replaced by the parametg (or Bgy andWgy)
which is (are fixed by the shape of the diffractivedistribu-
tion.

The gluon structure function obtained from the fit is
shown in Fig. 4 for various dipole sizes. The dipole size
determines the evolution scaje? through Eq.(20). QCD

profile function adopted throughout the rest of this work is€volution changes the rate of rise of the gluon structure func-

Tsy(b), which for practical purposes is equivalentlig(b).

C. Gluon structure function and dipole evolution

The dipole cross sectiditq. (16)] requires the gluon den-
sity xg(x, u?) for all scalesu?. As in previous worK2], the
scaleu? is related to the dipole size by

C 2
r—2+,LLO.

pr=

(20)
The gluon density is evolved to the scalé with leading
order DGLAP without quarks for the gluon density. The evo-
lution of the gluon density is performed numerically for ev-
ery dipole size during the integration of Eq5). The initial
gluon distribution is taken at the sca.k% in the form
Xg(X, u§)=Agx to(1—x)5C. (21)
The parameters of the modé€l ,ué, Ay, and\y are deter-

mined from a fit to the DIS data. For light quarks the gluon
distribution is evaluated at=xg;=Q?/(Q%+W?). For the

tion xg(x, ). The rate of rise is usually quantified by the
exponent\ ¢,

dlog[xg(x, 4?)]
eff= iAo (22
d log(1/x)
The exponeni\.¢; is a measure of the strength of gluon
emission process, see, e.g., RéR]. Figure 5 shows a rapid
increase of the exponemtys; with decreasingx for small
values of the dipole radius

D. Comparison with the GBW model

In the original GBW mode[1] the dipole cross section
aqq(x,r) was independent of impact parameter and gave a
good description of the inclusive totaf* p cross section. It
also described some diffractive proces$g@®,23 without
providing any information about the dependence. In the
GBW model the dipole cross sectien,q is given by

GBW r?
ofood )
R0

s (23

:o-o
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FIG. 5. The logarithmic rate of rise of the gluon structure func-
tion as a function of, A o= d log[xg(x,u?)]/dlog(1K). \ess is a
measure of the strength of the gluon emission process.

FIG. 6. The integrated dipole cross section as a function of the
dipole size. The solid and dashed curves trace the dipole cross sec-
tion in the IP saturation model and the saturation model of Réf.
respectively.
whereR, denotes the saturation radius amglis a constant.

The saturation radius s dependent, E. Photon wave function
The longitudinal and transverse photon wave functions in
, 1 ( X )Aesw the conventions of Ref24] are given by
Ro= — (29 —
GeV? | Xo (y,0)6"(r,2) =187 NJ[ —22(1~2)
Ko(er)
The parameters,=23 mb, A\ggw="0.29 andx,=3x10"* XQ(Sh+h-+dh-h+) I~

were determined from a fit to the data. The saturation radius

Ry is analogous to the gluon distribution and determines the e B o -
growth of the total and diffractive cross sections with de- (1 )TU(r,2) = ¢ SiV2N [ —ie 11 (28) 47
creasingx. For large size dipolesr®2W saturates by ap-

. o aa Ko(er
proaching a constant value, which is independent of the —(1-2) 5hfﬁ+)&r+mf5h+ﬁ+]ﬂ
exponent\ g - 2m

Once the impact parameter is included, saturation be- (26)

comesb dependent. For small values Iof the cross section
grows rapidly withr until it reaches the saturation plateau

hh _ N fia—ier (1 _
seen in Fig. 2do,,/d?b=2. The extension of the plateau (4y,0)=2(1,2)= €87 V2Ne{ Fie i [(1=2) Gph-

bs can be estimated from the  condition Ko(er)
7212 Ner2ag(p?)xg(x, ) T(bg)=1. Using the Gaussian —26h-ni 10t Midnhf—
form of T(b) and approximatingkg(x, u2) ~ (Xo/x) eft we

obtain

wherere'¢r=r,+ir,, e=2z(1-2z)Q*+m?, e is the elec-
tromagnetic charge of quark flavol, and d,Kq(er)=
5 T ) ) N —eK(er).
bs=2Bglog| ;g as(w)(Xo/X)el]. (25) For small dipoles ér<1) the photon wave function
c-e scales a&(er)~1/er. For large dipolesdr>1), the wave
function falls off exponentially with the quark mass,
Thus, the integrated dipole cross sectigy, increases loga- K(er)~ \m/2erexp(—er).
rithmically for larger and smallx due to the growth of the
plateau region. The logarithmic growth of the cross section at
smallx is determined by .¢; andBg . This behavior should ) )
be compared to the GBW cross section which becomes a T0 describe vector meson production, we developed sev-
constanio, that is independent ofggyy. The differences are eral models of thel/y light cone wave function, i)"".
illustrated in Fig. 6. These phenomenological wave functions should satisfy sev-

F. Vector meson wave function
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mulas for the decay width and other constraints on the lon-
gitudinal and transverse wave functions are given in the

eral model independent constrai2b,26. First, the wave 7,*J/¢ Overlap
function must satisfy the normalization condition ¥= 0
dedZ ~ . ~~ 3a5 r
1= f o3 2 (k. 2)|2. en & -
" g 3F —— CORNELL
Second, the decay width of the vector meson further con- I Gaus—RF
strains the wave function. Precise definitions and explicit for- 25 F/\ Gaus-LC

Appendix. 2
As an example, we model th& ¢ wave function as a

Gaussian in momentum space in the meson rest frame, 1.5

~ p?

Ynr(P)=NL rexp — ——/, (28) 1

w7

where p denotes the charmed quark 3-momentum. In DIS 0.5
reactions the meson wave functions are defined on the light Lo,
cone and not in thé/y rest frame. Following Frankfurt and I
Strikman[25] we boost thel/ ¢y wave function from the rest 0 1 2 3 4 5
frame to the light cone. The constariis + and w1t were G V—:w
adjusted to satisfy the normalization and decay constraints. r ( € )

This wave function is denoted Gaus-Riest framé.
As noted in Ref[25] this procedure does not lead to the
proper asymptotic form of the light cone wave function at

FIG. 7. A comparison of the meson photon overlap function
[Eq. (30)] for the three differendi/ s wave functions adopted in this

~ work.
small distances¢~2z(1—2z). Therefore, we also considered
a Gaussian wave function defined directly on the light cone, G. Dipole size
K2 To interpret the IP saturation model physically, we deter-
&L,T(kyz): NLz(l—z)ex;{ - _2> (299  mined the typical dipole size contributing to the* total cross
oL section. The distribution of dipole sizess?/ Pda?"P/dr is
_ _ ) the integrand of Eq(5) after thez integration is performed.
Once again, the norm and decay width consthirendw, . Figure 8 shows this distribution at representative values of
This wave function is denoted Gaus-L({Ijht cone. andQZ2. For each illustratest andQ? the arrow indicates the

J/ 4 wave functions were also studied with potential mod-median radius of a dipole which scatters off the proton. Note
els[27-29 and successfully describe the energy levelsof that at smallesQ? andx=10"° the majority of dipoles are
bound states. Potential models were less successful at repremaller thanr<2 GeV ! and thus half of the dipoles are
ducing the meson decay width which is sensitive to the shorperturbative.
distance behavior of the wave function. This shortcoming

may be less important since the short distance behavior of IV. RESULTS FOR 7*p PROCESSES

the wave function is suppressed by the vanishing dipole ) _

cross section at smatl. We determined the nonrelativistic A. Inclusive total cross section

wave function by integrating the radial ScHioger equation The fit to the totaly* p cross section data was performed

with the Cornell potentiaﬂZ?]. As before we naively boosted in the rangex<0.01 andQ2>0_25 Ge\t. The smallx cut
this wave-function to the light cone. Naturally, this wave |eads to an upper limit o2, Q?<200 Ge\?. Figure 9

function is denoted CORNELL. _ ~ shows they*p cross section as a function &f? at the
In order to visualize the meson wave function we defineyariousQ? measured by the DESY HERA experimef3§].
the meson photon overlgp,«(r) as Following the rise of the total cross section wit¥f at fixed
d Q?, we observe a striking change: for sm@f (the top of
z Fig. 9 the cross section rises slowly with the center of mass
() =r | — V)T, 30 ) .
Pyev(r) f47r(7| v 30 energyW?, while for largeQ? (the bottom of Fig. 9 the

cross section rises strongly. If we parametrize the cross sec-
which has the simple interpretation as the amplitude for diftion by a power law
fractive vector meson production from the elastic scattering

of a dipole of radius. The overlap function is shown in Fig. TP~ (W2)Mot(@)  (1/x)Mot(@?), (31)
7 for the transverse component of the thd¢ wave func-
tions considered in the paper. this change in the rate of rise from low to higf translates
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FIG. 9. They*p cross section as a function ¥ at various
Q2. The values ofQ? are shown on the left side of the plot along
with the scale factor applied to the data for a better visibility. The
full (dashedl line shows a fit by the IP saturation model with
my,q,s=50 MeV (m, 4 =300 MeV). The fits are performed for
<0.01.

o 1 2 3 4 5 6 7 8 10

FIG. 8. The distribution of the dipole sizes contributing to the
inclusive total cross section at various virtualiti€@® and some
representativex values. The vertical arrows indicate the median
radius of a dipole which scatters off the proton. The horizontal
arrows indicate saturation region-r(b,x) atb=0. See Table II.

into a Q dependence of the exponenf,. \o(Q%) is il-  parametecC is strongly correlated to the parametérs and
lustrated in Fig. 10 and summarizes one of the principal ob7\g and does not affect the fit quality. Therefore, we 6et
servations at DESY HERA. At smal}?, oxp inCreases =4 py fiat. The mass of the charm quark was,
with W2 as in all hadronic reactions,;,~0.08 [31]. At  —1.3 GeV as required by elastic diffractidéy production
large Q” the exponenh, increases substantially. discussed below. The results of the fits to the ZEUS data are
In the IP saturation model the increase of the exponengollected in Table I. Because of the good agreement between
ot With Q7 is a consequence of the DGLAP evolution. the H1 and ZEUS datasets the combined H1-ZEUS fit re-
When the dipole size becomes smaller tha®/u, DGLAP  turns nearly identical parameters. The fits show a clear pref-
evolution becomes increasingly effective and the growth okrence for the light quark mass i, 4 ;=50 MeV, which is
the gluon distribution at sma becomes increasingly rapid. taken as a reference value. Note, the quality of the fit re-
Mathematically speaking\.¢; increases for small size di- ported here is even better than the fits of R&f.
poles as seen in Fig. 5. Averaging over dipole sizes with the As seen in Table I, when light quark mass is increased, the
photon wave function translates.t(r) into \,(Q?). The  fit subsequently increases,. DGLAP evolution can only
large increase i, with Q? indicates a transition from a increase the observed rate of rise of the cross section with
predominance of large to a predominance of small dipolesv?, \,,,>\. Therefore, as seen in Fig. 9, for larger masses
when evaluating the cross section. The contribution of largef the light quarks the cross section rises too quickly with
dipoles at lowQ? is determined by the light quark mass, W2 at low Q2. It is certainly known that the strange quark
My,d,s - mass is heavier than theandd quarks. However, the influ-
The parameterd,;, Ay and w5 were found by fitting the  ence of the strange quark on the overall fit is relatively small
total y* p cross section for various light quark masses. Thesince its contribution td=, is suppressed relative to thed
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FIG. 10. The exponent,y,; as a function ofQ>. Niot param- T T
etrizes the total cross section at fixed, (rt{,*tp~(1/x)%t. 10%10° 102 10% 10° 102

X
contribution by the ratio of charges squared/(e’+e3)

=1/5. Therefore, we have neglected_the dn‘ference between FIG. 11. A comparison of the measurgg [32] to the results of
the s and u,d quark masses. Including a heavier strangéy. model.
qguark would make the fit only marginally worse. However,
the clear dependence of the fit quality on the mass of the ) )
light quark is a property of the model. It is due to the inter-Pution. Figure 11 shows a comparison between the measured
play of DGLAP evolution and the properties of the photonand predicted values of the charm structure funcE§n The
wave function. It may indicate the shortcomings of the waveresults depend weakly on the charm mass. The good agree-
function at large distances. ment with data for both ZEUS and H1 experime[8g,33

In contrast to the GBW modéll] and the model of Ref. confirms the consistency of the model and supports the di-
[2], saturation is not responsible for the change\ g with pole picture.
Q? once the impact parameter is included. This is because
the total dipole cross section continues to grow within the C. Determination of F
saturation region although the differential dipole cross sec- ) L ,
tion has attained its asymptotic valde/d?b=2. Therefore, As a byproduct of our investigation we determined the
for the total cross section saturation effects are smaller thalpngitudinal structure functiorF . A measurement of

in the original GBW model. However, for diffractivtedistri- would be a critical test of our understanding of the gluon
butions saturation will appear more clearly. distribution. F| is zero in the naive parton model and is

nonzero only after gluon radiation is included. In dipole
models at smalk, bothF_andF, are governed by the gluon

. _ - ) distribution and therefore they behave similarly. Figure 12

_ Thehdlpole model makes a d|rer(1:t prgdllctlon for thi'r}::'“'shows the ratio of, to F, as a function ofx for various

sive charm contribution td-,. In the dipole approach the ,hq0n virtualities. The ratio is around 18% and gently varies
charm quark distribution is calculated from the gluon distri-\\iih x |n the standard QCD fits, /F, may show a stronger
variation withx at low Q? [35]. This is because the shape of
the gluon structure function seen in Fig. 13 is very different
from the dipole model presented here. The difference in the

B. Charm production

TABLE |. Table of parameters determined in the fit to the total
v* p cross section for different assumptions on the light quark mas

Muds- gluon structure function between the MRST[84] and the
2 2 dipole model fit is due to the sea quark contribution. In the
M. (MeV) Ag Mo Ho X INor MRST fit the initial sea quark contribution is independent of
300 1.67 0.226 6.85 702/160  the gluon distribution and subsequently influences the gluon
150 2.34 0.043 1.32 199/160  evolution. In the dipole fit the sea quark distribution is al-
100 2.85 —0.04 0.96 153/160 ways derived from the gluon distribution. It is important to
50 3.47 -0.12 0.77 137/160 measurd= in order to determine the gluon density precisely

and to clarify the relative roles of gluons and sea quarks.
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FIG. 12. The ratioF| /F, as a function of at various photon Q2 (Ge\/l)
virtualities.
FIG. 14. A comparison of the measured total elastic diffractive
D. J/ ¢ production J/ 4y cross sectiongl8] with the results of the model.

The cross sections for elastic diffractidéys production ] o
were calculated using EGL0) with the dipole cross section range considered. Therefore, we only show the predictions of
determined by fittingo,«,. Figure 14 compares the com- the Gaus-RF wave function in what follows. The CORNELL

puted totall/ s cross section with H1 measuremefi§] for ~ Wave function, which is more concentrated at the origin

various photon virtualities atW=90 GeV. The absolute leads to a prediction which is in significantly better agree-
: : ! ]

magnitude of the cross sections is very sensitive to the charffent with data at larg®”, see Fig. 14. In contrast to Ref.

quark mass. The charm quark mass was adjustechto [25] the scaleu®=C/r*+ ug is fixed withC=4. Within the

=1.3 GeV in order to match the experimental cross sectioi@ngeC=1-10 the results were almost independent of the

at Q?=0. A small shift of 50 MeV in the charm mass ParametelC after refitting totaly* p cross section.
changes the cross section by around 15%. Figure 15 compares model predictions with the measured

The predicted totall/y cross sections for the Gaus-RF J/ cross section as a function of enefgfat Q°=0. In this
and Gaus-LC wave functions are very similar in tQ&

Yp > J/¥p
o = 1 Q*=0
> r— IPSat —  r=05GeV’ ~
U NEER MRST —  r=1Gev; 0 225 F
= —  r=2Gev’ £
ReS — r=3GeV; % 200 - e ZEUS
(@) —_— r=5GeV é o CORNELL
= o 3 IP—Sat, ¥,/
175 -eer IP=Sat, ¥, ™
10 150 F
125 £
100 F
75 F
1 :
50 |
25 |
clvv v b b b b by
X 0 50 100 150 200 250 300
W (GeV)
FIG. 13. A comparison of the gluon structure function of the IP
saturation model with the results of the MRST[B4] for various FIG. 15. A comparison of the measured total elastic diffractive
dipole sizes. The dipole size determines the evolution seale J/ 4y cross sectiongl9] with the results of the model.

114005-9



H. KOWALSKI AND D. TEANEY PHYSICAL REVIEW D 68, 114005 (2003
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O C Y 70 < W< 90 GeVv uﬁuj i — r=1.0GeV"
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“0-3; 0.25 05075 1 12515175 2 22525
S t(GeV?)
- RN [ e
10 £ FIG. 17. The Fourier transform of the differential dipole
r da'qq/dzb cross section for various dipole sizes.
c L, st

L o b b b b AR RS A
05 1 1.5 2 , 3 35 4 For smallr, the b dependence of the dipole cross section is
essentially Gaussian and its Fourier transform is a pure ex-
t (Ge\/z) ponential int. For larger, due to saturation, the shape of the
dipole cross section becomes more boxlike, as seen in Fig. 2.
FIG. 16. A comparison of the measured diffracti¥/ cross — The two dimensional Fourier transform of a box is propor-
sections[19] with the results of the IP saturation model for two tional to the Bessel functiod, which leads to dips in the
different J/¢4 wave functions. Also shown are the results of the distribution. Although the distortions to the proton shape
nonsaturated model evaluated with CORNELL wave function. seen in Fig. 2 are small when displayed in coordinate space,
they appear vividly after taking the Fourier transform and
case, bothl/y wave functions are in good agreement with examining thet distribution. For dipoles with=3 GeV !

the data. thet distribution is substantially changed.
Note, there is a-15% discrepancy in the normalization
of the J/¢ cross sections between ZEUS and H1. This dis- E. Saturation versus nonsaturation

crepancy was absorbed in the charm quark mass; we take
m.=1.25 GeV when comparing with ZEUS data ang
=1.3 GeV when comparing with H1.

In order to isolate the effects of saturation we compared

the results of the IP saturation model with a model which is

not unitarized. This model, denoted IP Non-Sat, replaces the
dipole cross-section of Eq11) with the first term after ex-

Figure 16 compares th# ¢ diffractive cross section as a B 5
function of t for various W? to model predictions. In the d"qq: W—rza (u2)xg(x, ) T(b). (33
measured region, both s wave functions lead to very simi- d2b N¢ ° '

lar results although at largethey start to differ significantly.

In the larget region the exponential behavior of the differ- The proton shap@&(b) was assumed to be the same as in the
ential cross section is considerably distorted and the IP satugyrated case. The fit to the total cross section was repeated
ration model predicts diffractive dips. Figure 17 illustrates anqg 4 nonsaturated gluon structure function was determined.
the emergence of the dip by displaying the Fourier transforirhe optimal fit was obtained for a higher quark mass than in
of the differential dipole cross section for various dipole he saturated casen, 4 ;=150 MeV. This is expected since
sizes the dipole cross sedtibaqg grows faster withr than in the
2 saturated case. The fit yieldd;=3.5, Ag=—0.13, Mg

(32) =0.80 andy?/Npr=0.8. Naturally, the saturated and non-

saturated dipole cross sections are very similar since they
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FIG. 18. A comparison of the gluon structure function in the IP

saturation and IP nonsaturation models at various dipole sizes. The FIG. 19. The_ diffractive 2s,lop8 measu_red_ by the ZEUS expe_ri-
dipole size determines the evolution scal@ ment as a function ofV at Q“=0. The solid line shows the predic-

tion of the IP saturation model.

both fit the inclusivey* p cross sections very well. Conse-

) ) . In conclusion, we note that thalistribution provides pre-
quently, all observable cross sections which only are sensi-. . . . .
cise information about the interplay of saturation and evolu-

tive to the dipole cross section integrated over impact param - cnomena. Therefore. it is crucially important to mea-
eter are indistinguishable. This was verified explicitly for the P . ) ' . 'y 1mp i
sure elastic vector meson production with a small systematic

total diffractive J/ ¢ production. In particular, this agreement . .

can be seen in Fig. 10 for the,(Q?) distribution. How- uncertainty over a wide range tn
ever, the gluon distributions are not the same as illustrated in )
Fig. 18 which compares the saturated and nonsaturated mod- V. SATURATION SCALE Qs

els. For small dipole sizes the distributions are similar but | the limit of high gluon density called the color glass

they differ significantly as becomes large. condensatéCGO) [4], the interaction probability in DIS be-

The t distribution provides additional insight into the dy- ¢,meg |arge. The probability of no interaction is measured by
namics of saturation in DIS. Figure 16 compares predlct|on§he square of th&matrix elementS2(b). Normally, in high

for diffractive J/¢ production in the saturated and nonsat-gnergy reactions the interaction probability is smafi~1.

urated modes. As discussed above, saturation distorts the i yever, in the CGC limit this probability approaches unity,
pact parameter distribution and leads unavoidably to d|ffracsz~0_ Figure 20 showss’(b=0) as a function ofx for

ti\_/e dips 'r? thet distrib_utliodn. Without sat_uration, aI‘S se_(;,-n in various dipole sizes. For small size dipoles the gluon struc-
Fig. 16, the exponential decrease continues to lard&f- e fynction grows strongly with decreasingand the
fractive dips in thet distribution were clearly observed in g o:iv diminishes quickly. For large size dipoles, the gluon

elastic hadronic reactions6]. In DIS processes at DESY density density does not grow and tBenatrix is small even
HERA the measured range of thelistribution is too small at relatively largex.

for a dip to appear. In addition the DESY HERA experiments To delineate the saturation region in ther?) plane we
have always measured elastic diffractive events with SOME <t define a density profil®
small admixture of inelastic diffractive events. Even if in- '
elastic events are a small fraction of the total, these events 272
will dominate thet distribution at large since the inelasti¢ D(b,x,r?)= N—as[,uz(rz)]xg[x,,uz(rz)]T(b). (34
distribution falls slowly[19,36]. c

In the smallt range, saturation slightly increases the slop
parameteB of diffractive vector meson production at large
W. Figure 19 compares the slope param&eietermined by
the ZEUS experiment with model predictions. The observed

P= ex;{ -

eThen, the saturation radiug is defined as the dipole size for
which proton consists of one interaction length

increase of the slopB with W (called shrinkaggis slightly
larger than the model prediction. This could be an indication
that the shap@& (b) is somewhat dependent ardue to QCD
evolution. Since considerably more data are available thafhis defines an implicit equation fog which can be solved
were used in the present analysis we plan further study of theumerically. Now the saturation sca@é is defined as the
observed shrinkage. density profileD evaluated at the saturation radius,

D(b,x,ré)ré)

> =e 1 (35)
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TABLE Il. Table of saturation radii and of the percentages of the

1.2
“&n [ b=0 r (GeV'“) inclusive totaly* p cross section in the saturation regiomkrg.
1| b (GeVY) 0 1 2
i Q? (GeV?) x rs % rs % rs %
08 |- 0.4x10°° 1172 1.3 68 2.052
- 0.4x10 4 1.6 70 1.9 65 2.7 51
06 - 4.0x10°* 1.6 33 1.9 25 2717
C 4.0x10°8 2.2 44 2.4 28 3.220
- 40x 1073 2213 2412 329
04 - 40X 1072 2721 2918 3.5 16

0.2
neglected when the saturation scale was evaluated. Including
— = the charm quark reduces the gluon density and the saturation
-6 5 -4 3 scale.
10 10 10 10 We also calculated th& matrix element and determined
X the corresponding effective saturation scale for the nonsat-
urated model. As seen in Fig. 21, the saturation scale is very
FIG. 20. The square of th& matrix as a function ofx for  similar for IP saturated and IP nonsaturated models. This is
various dipole sizes. because the corresponding gluon structure functions are very
similar for small size dipoles, as seen in Fig. 18. Therefore,
our estimates of the saturation scale are only weakly model
. (36)  dependent.
Table Il records the saturation radii and the percentage of
) o2 . , the totaly*p cross section in the saturation regiom;rs.
In the GBW model S°=exp(-r7/2Rp) and we findQs At low Q2 (Q2=0.4 Ge\) the cross section is dominated
= 1/R(2) in accord with the original definition of the saturation by dip0|es which are |arger than the saturation radius. As
scale. The saturation region is then defined by the conditioBeen in Fig. 8, a fraction of these dipoles may be considered
thatr>rg(b,x). perturbative since they are smaller thes2 GeV 1. In the
Figure 21 shows the saturation sc&§ as a function of |arge Q2 region saturation is of secondary importance. The
1/x in the central impact parameter region. We observe thategionQ?~4 Ge\? is particularly interesting since a signifi-
the saturation scale is lower than the GBW value. This iscant fraction of the dipoles are perturbative and are approxi-
primarily because the charm quark contributionRg was  mately the size of the saturation radius. BFKL and saturation
dynamics are expected to influence observable cross sections
[ (Gev™') in this kinematic domain.
b It is also interesting to define the saturation exponent

\\

o

Q4(b,x)=D(b,x,r3)=

ol ™

L dlog(Q?)

Ns= Tlog(1h) ° 37

Q.” (Gev?)

Figure 22 shows the saturation exponkgtas a function of

1/x for various impact parameters. The saturation exponent
exhibits a sizablex dependence. It varies betwegg=0.15
atx=10 2 andAg=0.35 atx=10"° which should be con-
trasted with the constant GBW valug,ggyw=0.29. An
analysis of BFKL evolution near the saturation boundary
found that the exponents is nearly constant as a function of
log(1k) in the DESY HERA kinematic windoW37].

10 \\HHH‘ L \HHH‘ L \HHH‘ L \\\HH‘ L \HHH‘ L L1
102 103 104 105 106 VI. NUCLEAR DEPENDENCE

1/x Now that impact parameter distribution of the proton is
taken into account, the dipole picture provides a framework
FIG. 21. The saturation scale as a functionxofThe dashed O modeling nuclear phenomena in DIS. The distribution of

curve shows the critical line2=e ™) in the nonsaturated model at nucleons in the nucleus,(r) is parametrized according to
b=0. the Woods-Saxon distributig38]
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FIG. 22. The saturation exponent as a function ofx and FIG. 23. The transverse densiyT,(b) for several light nuclei

impact parameter. The dashed curve shows the exponent along th@MPared to the proton transverse profiig(b).

ipact parameter. - ne . _
critical line (5°=e™) in the nonsaturated model bt=0. the smoothnucleus assumption underestimates nuclear shad-

owing considerably as can be anticipated by comparing the

()= N (3g  densities in Fig. 23.
Pa (r—Ryp) ' The proton profileT ,(b) indicates that the gluons are dis-
ex 5 |1 tributed within individual nucleons with a radius of

~0.5 fm. The nucleons are then distributed within the
where A denotes the number of nucleons in the nuclels, nucleus according to a Woods-Saxon distribution. Therefore
=0.54 fm,Ry=(1.12 fm)AY*—(0.86 fm)A~“*andNis ad-  the gluons form dumpy distribution within the nucleus. To
justed to normalize the distribution to 1, account for this correlation among the gluons we generalize

the model in the following way. The probability of a

3> > given configuration of nucleons within the nucleus
f d*rpa(r)=1. B9 {(by,2).(b2.22), ... .(on.za)} is
_717A
The transverse distribution is defined as Pl 2052, ... o 2} = iz1p(by,Z). (42)

+oo For a given configuration of nucleons the probability that the
TA(b)=f dzpa(\/b%+27%). (400 dipole scatters at impact paramekbeis
. . dO'qE
Figure 23 compares the proton shapgb) with the trans- ——
verse densityl 5(b) for several light nuclei. db {(by.2),(b5.2,). ... ,(bp Z)}
For a first estimate of nuclear effects we assume that the
gluons are distributed uniformly throughout the nucleus. This
assumption is realized by replacing the proton shape in Eq.
(16) by the integrated Woods-Saxon distributioiy(b)
scaled by the number of nucleons,

=2

772
— — 2 2 2

A
><21 Tp(b—bi)) . (43

Oqq
_:2
d?b

2
_ 2 2 2
! exp( ' 2NCaS(“ )Xg(X, p )ATA(b)”' Now we may average over all possible configurations of
(41) nucleons to determine the cross section

This naive assumption, called ttsgnoothnucleus assump- d"qH:
tion below, cannot be true since Fig. 23 shows that the center g2, J ~ "~ = 7477 WPz B2zl
of the proton is on average more dense than the carbon

nucleus. Nevertheless it is instructive to evalug§éAF) for dogq
this case and to compare it with NMC measurements of X d2b (44)
shadowing at smalt [39], see Fig. 24. The figure shows that {(by,21),(b3.25), - .. (ba 120}
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FIG. 24. Shadowing in DIS: a comparison of model predictions
(open points to data (full points) with the smooth and lumpy
nucleus assumptions. The NMC measuremg3f$were performed
atQ?=0.74, 1.20, and 1.70 Gé\for carbon and a®?=0.60, 0.94,
and 1.40 GeY for calcium (in order of increasing values.

Noticing that the integrals factorize we have

dogq A
_:2 — —
b [1-(1-D"] (45)
77_2
'Ef d2b’TA(b+b’){1—exp(—eras(;ﬁ)
c
xxg(x,,uz)Tp(b’)> . (46)

To simplify this further, we notice that the integral ovEr
is different from zero only over the size of the proton which

PHYSICAL REVIEW D 68, 114005 (2003

g b=0 Gev"’
% 10 ; Usss Auygs
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N |
o Cay
O] P
1 -
L L \\HH‘ L L \\HH‘ L \\\HH‘ L L \\HH‘ L \\\HH‘ L L1l
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1/x

FIG. 25. The quark saturation sca@g()q atb=0 as a function
of x for various nuclei. The gluon saturation scale i@ilg

=(N¢/Cp)(Q2)q~2.25@Q3)q.

is small compared to the nucleus even for the deuteron. Thus
Ta(b+b")=Tx(b). Using the definition of the total cross

section of theqapair on the protonr 2E[Eqs.(6) and(16)]

we have
2[1—(1

Only if Ais large andr is small do we recover themooth
nucleus formula of Eq41). Similar considerations were dis-
cussed in the context of setting up initial conditions for clas-
sical QCD simulations of nucleus-nucleus collisior@].
Figure 24 shows that tHempynucleus model slightly over-
estimates the observed shadowing. However, good overall
agreement with data clearly indicates that the IP saturation
model can be used to study nuclear effects.

To estimate the saturation scale for heavy nuclei we fol-
low the same procedure as for proton. We set the lumpy
nucleus Smatrix element squared,|S|?=[1—(Ta(b
=0)/2)o SE]ZA equal toe™!. This is an implicit equation for
the saturation radiusg. Oncer g is determined numerically
the saturation scale is determined from the relatiQg
=22,

Figure 25 shows the saturation scale for various nuclei
calculated in this fashion. It is interesting to observe that the
saturation scale is not increasing liké&”. Rather, for Au the
nuclear enhancement factor is only a factor=eR at x
=102 and~3 atx=10"%. When comparing the saturation
scale to other estimates it is important to remember that this
is the saturation scale for quarks. The saturation scale for
gluons is Q2)y=N./Cr(Q%),~2.25Q%), [41]. Thus for
Relativistic Heavy lon CollidefRHIC) conditions withx

P

A
2

da'qa:
d%b

Tab)
2

(47)

q
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~10"2, (Q3), is ~1.3 GeV* which is slightly smaller than In the low Q? region up to~4 Ge\?, saturation dynam-
was estimated previously by analyzing RHIC multiplicity ics contributes significantly to the observed cross sections.
data[41-44. The saturated state is at least partially perturbative since it is

frequently initiated by small dipoles. Abov@?~ 10 GeV?
saturation plays a secondary role. Dipoles are very small and
VII. SUMMARY although they are strong gluon emitters the gluon phase-
) ) _ space density remains small.

We developed an impact parameter dipole saturation |y order to isolate the effects of saturation, we also studied
model which describes for DESY HERA the totgl p cross 4 dipole model which is not unitarized. This IP nonsaturated
section and differential diffractivd/y with high precision. g6 also obtained a good description of the data. However,
The new feature of th(_a modgl Is an Impact pargmeter depe%'ven with the nonsaturated model the fit returned large gluon
dent dipole cross section which respects unitarity constraintyjansities and unitarity corrections became important in the
The impact parameter distribution is determined by mea;

A3/ t distributi I For the . Isame region ok andQ?. Thus, the saturatioAnsatzis the
suredJ/y t distributions to a large extent. For the functional |, /.o ~onsistent approach.

form”of fthe dlipole Chr.ois secti:)n we ado'pt the'ﬁllauﬁer- The extension of the model to nuclei is fairly straightfor-
Mueller formula[3] which can also be obtained within the ;214 e evaluated the nuclear cross section with two dif-

McLerran-Venugopalan mo_d@13]. . . ferent Ansdze for the distribution of gluons within the
The parameters of the dipole cross section are determin cleus and compared the results to data on nuclear shadow-
frgm a fit to DESY HERA data. The fit depends on the Spe'ing at low x. We found that thdumpy nucleusAnsatz in
g'f'c form ofhphoaon and the]/f wave functltl)lnl.(At sh(;rt which gluons are distributed around the nucleons in a similar
Istances, the photon wave function is well known from,,nner a5 around a free proton, leads to a good description

QED. For theJ/y wave function we proposed sevemi- ¢ tho data. We then used thinsatzto evaluate the satura-

saze and verified that the dipole cross section was almosliion scale in heavy nuclei and found thaﬁ increases more
independent of these alternatives.

13 : i
QCD evolution effects are taken into account by evoIvingSIOWIy thenA™. Nevertheless, for gold and uranu@é IS

the gluon structure function with the lowest order DGLAP enhanced by factor of 2 when compared to the proton. For

equations. DGLAP evolution is essential in contrast to theR|2_”C conditions the g_luon saturation scale was found to _be
2~1.3 GeV, which is somewhat smaller than was esti-

GBW model. Q . L
In the dipole approach only the gluon structure function jsmated previously from RHIC multiplicity datel].

modeled. All sea-quark contributions kg are obtained from The success of the model suggests that the _saturated state

the photon wave function and the subsequent dipole-gluofNOWN as the color glass condensate plays an important role

scattering. The validity of this approximation is corroborated® PESY HERA. Saturation is particularly important in the

by the excellent agreement between the predicted and ogmall x an.d IOWQ _region where _they p total inclusive

served open charm contribution . cross section exhibits the same universal rate of growth as all

The impact parameter dependence of the dipole cross Se@own hadronic Cross sections. Revealing the color glass
tion determines the properties of théy total and diffractive condensate experimentally would represent a fundamental

cross sections. The saturatidmsatzfor the dipole cross 2dvance towards an understanding of the high energy limit of

section predicts diffractive dips in thiedistribution which QCD.

are not necessarily predicted by Ansatzwithout saturation.

For J/ ¢ production the diffractive dips appear in a region of
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With an accurate determination of tif&matrix element
we evaluated the saturation sc@é(x)—the scale at which
multiple collisions becomes important. T@?g determined in
the model is approximately half of the GBW value and is The discussion here closely folloy26] and uses some of
only weakly dependent on the specific form of the dipolethe concepts of25]. The light cone wave function fod/ ¢
cross section. can be written as an expansion in the Fock space,

APPENDIX: THE J/¢ WAVE FUNCTION
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V) =odcc)+ dgmlaag) + - - - . Al o hh
V)= Veddec) + Yl a0) (AL V=S @R
hh
Below we neglect higher Fock components_in the wave func- Ko(er)
tion and treat the meson as a predominantypair. Restor- =€:V2N¢ 22(1-2)Q 2 b
ing indices, thel/ ¢ state is given by
1 — —
V=5 2 @R
hh
VM) = f ('ﬂv) (k,Z) A=+1
19
b - - enN (4 (12| - - 127)
2 |c¥(k,z,h)cP(—k,1-zh))  (A2) ¢

JN¢
XeKl(er) Ko(er)} (A6)

27 *érme 27
Here\ =0,= 1 denotes the polarization of the vector meson,
h,h=* denote the helicities of thequark and anti-quark Two inputs are used to constrain the wave function
respectively, and,b are the color indices of thequark and ¢, ;. The first input is the normalization of the wave func-
anti-c-quark. Here and below we strictly adhere to the “ght'Uon (V*'|V"):(2w)32p* s(p'*—p*)8(p —p) s,

cone conventions of Ref24]. This leads to the requirement that
The J/ wave function is modeled after the photon wave

function. The longitudinally polarized vector mesaxn=0)

is 1= (A7)
— Shaht 6
~ hh _ h+ h— h+~ or
k,z)= ———— ¢ (k,z A3
(v)o (k,2) \/E éL(k,2), (A3)
d’kdz 5
| - | 1- [ Bk (A8)
while the two transverse polarizations< = 1) are given by 167
Ko for ¢, and
(T V3(k,2)= +We*'“’k[zﬁhm-—(1—2)5h-ﬁ+]
C
d’kdz k2
i - | [+ (1-27] 541 [Brik 2l
+ Shany |D7(K,2) 1673 mg
(A9)
I kK for ¢r. Note that formulaB19b) in [26] is incorrect by a
(t//v)'lhl(k,z): —He*"Pk[(l—z) Shaihe—Z6h_n+] factor of 2 for the transverse wave function. The second
C

input is the leptonic decay width of the vector meson. The
decay width of the meson is given by

+0nn- | r(k.2), (A4)
47Ta f2
. Iry= 3 My’ (A10)
wherek € “k=k,+ik,. Once the wave function in momen-
tum space is specified then Fourier transforms return the Qheref, is given by
wave function in coordinate space, v
eMyfyel=(0|J% V). (A11)

2

()1 ,2) = f e (G2, (AS)

In this formulae)’ = (e*,e*,ex,ey) is the polarization vector
of the meson ance is the charge of the positrore”;
=1/1/2(0,0,11) for transversely polarized mesons aeffl
Note that under Fourier transformke™ k¢(k,z) becomes =(p"/My,—M,/p",0,0) for the longitudinally polarized
Tie®'¢g,¢(r,z). The overlap with the photon wave func- mesons. Evaluating this matrix element in light cone pertur-
tion is then bation with the conventions ¢R4] gives

(2m)?
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R d?kdz.
fV:ec\/ZNCZJ —3¢|_(k,2)
167

R m. [ d’kdz k2
fy=e.v2N —f 2+ (1-2)%]—+1
V C c MV 16773 [ ( ) ]m(z:
$r(k,2)

><z(l—z) '

(A12)

wheree,= + 2 (in contrast toe,= 4 mae,€.) is the charge
in units of the positron charge.

PHYSICAL REVIEW D68, 114005 (2003

Here ynyr(p) is the nonrelativistic wave function in momen-
tum space

3

P oer (P (A7)

(2m)®

l/’NR(;):f

For the two long distance model$Gaus-RF and
CORNELL) #g(p) is specified. Then with the form @f, 1
specified, the nonrelativistic motivation for the light cone
wave function is abandoned ai  are constants adjusted
to satisfy the normalization and decay conditifgs|s. (A7)

_ To go further, we must specify the form of the wave func- gng (A12)] including the terms proportional tok{/m)?.
tion. We have studied three model wave functions, Gaus-RFyerms proportional tok,/m.)2 mock up relativistic effects

CORNELL, and Gaus-LC. Two of the moddlSaus-RF and

CORNELL) are motivated by the expected long distance be-

havior of the wave function. One of the modéGaus-LQ is

motivated by the expected short distance behavior of th

wave function.

and constitute~25% of the total elastic diffractive cross

section. For the short distance mod&aus-LQ ZbL,T is
specified directly. For the numerical results quoted below we

fake M, =3.096 GeV andn.=1.3 GeV.

Gaus-RF In this model we take

For large distances, and for truly heavy vector mesons, the
nonrelativistic wave function should give a good description

of the light cone wave function. To make the correspondence
between the light cone and nonrelativistic wave functions we

repeat the discussion in R¢R5]. In the nonrelativistic limit,

terms proportional tok;/m.)? can be dropped and the nor-

malization condition Eq(A7) is identical for the longitudinal

and transverse wave functions. Simple kinematic relation

give the invariant mass of the quark-antiquark er\z,

=(p1+pp)?=(m2+k?)/z(1—2z). This relation assumes that
the quark and antiquark are on shell, which is true for non-

relativistic quarks to order (k,/m¢)2. In the rest frame of

the mesonwhere the quarks have momentymand —5)
the invariant mass isp+ p,)?=4(p?+m?). Comparing
these terms gives the identification

k2+(2z—1)°m?

2
4z(1-2) ’ (AL3)
VK2 +m?
deBPp— ———_d?%k,dz. (A14)

T az(1-2)]?

Requiring probability conservation per unit phase space

d°p ~ , d%kdz - ,
(277)3|¢NR(p)| = 16’773 |¢L,T(ktrz)| ’ (A15)
leads to the identification
k2+m? 1a
¢ ki,z)=N _t c
oL,7(ki,2) L,T(4Z3(1_Z)3)
~ k2+(2z—1)?m?
X nr| P= W .
(Al16)

2
~‘//NR(p)= NL,TeXF{ - DT) ,

w7

(A18)

wherew, t andN_ t are adjusted to satisfy EGA12) for the

f’iecay width and EqA7) for the norm. These parameters are

N, =1.74 GeV 2  =0.66 GeV andN;=1.86 GeV *?2
and w7=0.61 GeV.

CORNELL In this model we take the form ofyg(p)
from the wave function of a nonrelativistic potential model
of J/4. Using a shooting methof#5] we solve the radial
Schralinger equation for the Cornell potential to find

wNR(i). The parameters of the potential are taken from Ref.
[27]. Note, the constituent quark mass of the potential model
(m.=1.8 GeV) differs from the current quark masmy
=1.3 GeV) in Egs.(A3), (A4), (Al6) for the light cone
wave function. In this model the decay condition E412)

is not satisfied.

Gaus-LC We now turn to the short distance model Gaus-
LC. At short distances the light cone vector meson wave
function is proportional te<z(1—z) [24,25. This motivates
the following Ansatzfor the wave function

k2

b 1(r,2)=N_1z(1- z)exp( - T) (A19)

w7

N_t and w1 are adjusted to reproduce the normalization
condition and the decay width. Fod/¢ we find N_
=1.21GeV!, w =0.80GeV andN;=1.63 GeV! and
w71=0.58 GeV.

With the wave function?f;,_,T(k,z) specified the wave
function ¢ 1(r,z) and its derivativeJ, ¢(r,z) are found tak-
ing Fourier transforms. The final overlap between the photon
and vector meson wave function is given by E46).
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