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Shadowing effects on vector boson production
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We explore how nuclear modifications to the nucleon structure functions, shadowing, affect massive gauge
boson production in heavy ion collisions at different impact parameters. We calculate the dependence ofZ0,
W1, andW2 production on rapidity and impact parameter to next-to-leading order in Pb1Pb collisions at 5.5
TeV/nucleon to study quark shadowing at highQ2. We also compare our Pb1Pb results to thepp rapidity
distributions at 14 TeV.
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The heavy ion collisions at the LHC will be a rich testin
ground for hard processes which should dominate part
production@1,2#. One of the most promising signatures
quark-gluon plasma production at the CERN SPS isJ/c sup-
pression@3,4# which has been compared to the Drell-Ya
continuum in the lepton pair mass range 2.9,m,4.5 GeV
@5#. BothJ/c and Drell-Yan pair production are calculable
perturbative QCD. At the LHC, quarkonium suppression w
be difficult to compare to the dilepton continuum due
contributions fromcc̄ and bb̄ decays which have large un
certainties in nuclear collisions@6#. Since the low mass
dilepton continuum is expected to be dominated bybb̄ de-
cays, theZ0 was suggested as an alternative reference
cess for quarkonium suppression at the LHC@7,8#. There are
two difficulties with using theZ0 as a baseline for quarko
nium suppression: the large mass differences,mZ0

@mY ,mJ/c , and the difference in production mechanism
predominantlyqq̄ for the Z0 and gg for quarkonium. Both
these differences are important as far as nuclear effects
concerned. However, the differences that reduce the valu
the Z0 as a baseline process are the same that make
interesting object of study itself—theZ0 provides a unique
opportunity to study the modifications of the quark distrib
tions in the nucleus at highQ2. Therefore in this paper we
examine the possible effects of this shadowing onZ0 produc-
tion as well asW1 andW2 production which are also quar
dominated. The impact parameter dependence of the s
owing effect will also be discussed.

We further address the issue of how to measure the s
owing effect. Since isospin will play an important role
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quark-dominated processes, the comparison between
1Pb interactions with and without shadowing is less use
than in gluon-dominated processes such as heavy quark
duction@9#. In addition, the first, best,pp data will be at the
maximum LHC energy of 14 TeV. Therefore we will als
present the predicted rapidity distributions in Pb1Pb colli-
sions at 5.5 TeV/nucleon, thepp distributions at 14 TeV, and
the Pb1Pb/pp ratios as a function of rapidity at the tw
energies.

The electroweak production and decay channels of
massive vector bosons make them excellent candidates
shadowing studies since no hadronic final-state rescatte
is possible. TheZ0 itself, with a 3.37% branching ratio to
lepton pairs, will be easily observable by reconstructing
peak in the dilepton spectra. Full reconstruction of the le
tonic W6 decays,W6→ l 6n, is not possible due to the miss
ing energy given to the undetected neutrino but charged
tons with momenta greater than 40 GeV should
prominent. This decay channel has been used at the Teva
to measure the asymmetry betweenW1 andW2 production
since the asymmetry is sensitive to the down to up qu
ratio in the proton at intermediate values ofx and highQ2

@10#. If the charged leptons fromW6 decays can be identi
fied in heavy ion collisions, such asymmetry measureme
may also be employed at the LHC to reduce systematic
certainties and obtain a more meaningful determination
the Q2 dependence of quark shadowing in the nucleus.

The next-to-leading order~NLO! cross section per
nucleon for nucleiA and B colliding at impact parameterb
and producing a vector bosonV with massm at scaleQ is
1

AB

dsAB
V

dyd2bd2r
5Hi j

VE dz dz8dx1dx2dx dS mV
2

s
2xx1x2D dFy2

1

2
lnS x1

x2
D G

3H (
i , j PQ,Q̄

Cii~qi ,q̄ j !Dqq̄~x!Fqi

A ~x1 ,Q2,rW,z!Fq̄j

B
~x2 ,Q2,bW 2rW,z8!1 (

i ,kPQ,Q̄

Cif~qi ,qk!Dqg~x!

3@Fqi

A ~x1 ,Q2,rW,z!Fg
B~x2 ,Q2,bW 2rW,z8!1Fg

A~x1 ,Q2,rW,z!Fqj

B ~x2 ,Q2,bW 2rW,z8!#J , ~1!
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whereHi j
V is proportional to the leading order~LO! partonic

i j →V cross section, andQ5u,d,s, andc. The matricesCii

and Cif contain information on the coupling of the variou
quark flavors to bosonV.

We assume that the parton densitiesFi
A(x,Q2,rW,z) can be

factorized intox andQ2 independent nuclear density distr
butions, position and nuclear-number independent nucl
parton densities, and a shadowing functionSi(A,x,Q2,rW,z)
that describes the modification of the nuclear structure fu
tions in position and momentum space. Thus we have

Fi
A~x,Q2,rW,z!5rA~s!Si~A,x,Q2,rW,z! f i

N~x,Q2!,
~2!

F j
B~x,Q2,bW 2rW,z8!5rB~s8!Sj~B,x,Q2,bW 2rW,z8! f j

N~x,Q2!,

wheref i
N(x,Q2) is the density of partoni in the nucleon and

the radial variabless and s8 are s5Ar 21z2 and s8

5AubW 2rWu21z82. In the absence of nuclear modification
Si(A,x,Q2,rW,z)[1. The nuclear density distribution is de
scribed by a Woods-Saxon parametrization,

rA~s!5r0

11v~s/RA!2

11exp@~s2RA!/d#
. ~3!

Electron scattering data@11# are used to fix the paramete
RA , d, v, andr0.

Experiments@12# have shown that the proton and neutr
structure functions are modified in the nucleus. For mom
tum fractionsx,0.1 and 0.3,x,0.7, a depletion is ob-
served in a heavy nucleus relative to a light nucleus suc
the deuteron. The lowx, shadowing region and the largerx,
EMC region is bridged by an enhancement at 0.1,x,0.3
called antishadowing. Here we refer to the modification o
the entirex range as ‘‘shadowing’’ unless otherwise note
Many theoretical explanations have been proposed, typic
for only part of thex range such as the very lowx or EMC
regions. However, as none of the models can describe
effect over allx andQ2, we rely on parametrizations of th
nuclear modifications based on fits to data, as described l

Most typical structure function measurements are inse
tive to any spatial dependence and thus average over
entire nuclear volume. One experiment using a bubble ch
ber found that the structure function does vary spatially
could not determine the dependence on impact param
@13#. In a nuclear collision, the impact parameter can be
termined from the transverse energy production. The in
ence of the spatial dependence of shadowing on transv
energy production has already been considered@2,14#. The
effects of spatially inhomogeneous shadowing on he
quark @9,15#, quarkonium, and Drell-Yan@2,16# production
in heavy ion collisions has also been discussed previous

We now describe the NLO cross section in Eq.~1! in
more detail. The functionsHi j

V are rather simple@17#:

Hi j
Z0

5
8p

3

GF

A2
@~gV

i !21~gA
i !2#

mZ
2

s
, ~4!
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Hi j
W6

5
2p

3

GF

A2

mW
2

s
, ~5!

where GF51.166 3931025 GeV2, mZ591.187 GeV, and
mW580.41 GeV. ForZ0 production by a given flavori with
chargeei , the sum of the squared vector and axial vec
couplings is (gV

i )21(gA
i )25(1/8)(124uei uxW18ei

2xW
2 )

wherexW5sin2uW512mW
2 /mZ

2 .
The functionsD i j (x) are universal for all vector bosons

including virtual photons produced in the Drell-Yan proce
@17#. We work in theMS scheme. The NLO correction to th
qq̄ channel includes the contributions from soft and virtu
gluons as well as hard gluons from the processqq̄→Vg. We
have, up to NLO@17#,

Dqq̄~x!5d~12x!1
as~Q2!

3p

3H 24~11x!lnS Q2

mV
2 D 28~11x!ln~12x!

24
11x2

12x
ln x1d~12x!F6 lnS Q2

mV
2 D 18z~2!216G

18F 1

12xG
1

lnS Q2

mV
2 D 116F ln~12x!

12x G
1
J . ~6!

The first delta function is the LO contribution while the NL
contribution is proportional toas(Q

2). At NLO as(Q
2) is

calculated to two loops withnf55 active flavors. The las
three terms are the soft and virtual gluon contributions. T
general integral of the ‘‘plus’’ functions in the last two term
is @18#

E
a

1

dx f~x!F lni~12x!

12x G
1

5E
a

1

dx
f ~x!2 f ~1!

12x
lni~12x!1

f ~1!

i 11
lni 11~12a!.

~7!

The quark-gluon contribution only appears atO(as) through
the real correctionqg→qV. At this order@17#,

Dqg~x!5
as~Q2!

8p H 2~112x222x!lnS ~12x!2Q2

xmV
2 D

1127x216xJ . ~8!

For gauge boson production, we takeQ25mV
2 and all terms

proportional to ln(Q2/mV
2) drop out. Using the delta function

in Eq. ~1! we find x1,25(mV /Axs)exp(6y). As at LO, when
Dqq̄(x) is proportional to d(12x) in Eq. ~6!, x1,28
5(mV /As)exp(6y). The rather lengthy convolutions of th
shadowing functions and parton distribution functions
1-2
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SHADOWING EFFECTS ON VECTOR BOSON PRODUCTION PHYSICAL REVIEW C64 044901
cluding isospin via the proton and neutron numbers are gi
in the Appendix.

We now define the coupling matrices in Eq.~1!. The su-
perscripts represent the initial~i! and final~f! state quarks or
antiquarks while the arguments indicate the orientation of
quark line to which the boson is coupled@17#. The coupling
matrices are fairly simple forZ0 production: Cii (qi ,q̄ j )
5d i j and Cif (qi ,qk)5d ik . With W1 and W2 production,
the couplings are elements of the CKM matrix. They a
nonzero forCii (qk ,q̄l) if ek1el561 and forCif (qk ,ql) if
ek5611el . In both cases, they take the valuesuVqkql

u2.

Following Hamberget al. @17#, we take Vud5cosuC'Vcs
andVus5sinuC'2Vcd with sinuC'0.22.

We use the MRST HO~central gluon! @19# nucleon parton
distributions in theMS scheme, shown evaluated atQ2

5mZ
2 in Fig. 1. The valence distributions are somewh

larger than the corresponding sea quark distributions ax
>0.1 and extend to higherx values. The sea quarks domina
the valence quarks atx;1024 by a factor of;100. Note
also thatf d̄

p is larger thanf ū
p when x.0.01. The gluon dis-

tribution is shown at 1/10 of its magnitude. At lowx, corre-
sponding to large rapidity, the gluon density is high.

The shadowing effect is studied with three parametri
tions of the average, homogeneous, shadowing,Sk

i (A,x,Q2)
$k5123%, measured in nuclear deep-inelastic scattering.
the shadowing parametrizations are obtained and evolve
leading order. Since the parametrizations are fit to ratios
heavy to light nuclei, the dependence of the parametrizat
on both the initial parton densities and the order of the c
culation should be weak. The first,S1(A,x), assumes that the
quark, gluon, and antiquark modifications are equivalent
includes noQ2 evolution@20#. The second,S2

i (A,x,Q2), has
separate modifications for the valence quarks, sea qua
and gluons and includesQ2 evolution from 4,Q2

,100 GeV2 @21#. The third parametrization,S3
i (A,x,Q2), is

FIG. 1. The MRST HO proton parton distribution function
evaluated atQ25mZ

2 . The up~solid line! and down~dashed line!
valence distributions are given in~a! while the up~lower solid line!,
down ~dashed line!, strange~dot-dashed line!, and charm~dotted
line! sea quark distributions are shown in~b!, along with the gluon
distribution ~upper solid line!, reduced by a factor of 10 for com
parison.
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based on the GRV LO@22# parton densities. The ratios ar
evolved over 2.25,Q2,104 GeV2 @23,24# assuming that

S3
uV5S3

dV andS3
ū5S3

d̄ while the more massive sea quarks a
evolved separately. Both theS2 andS3 ratios are evolved to
higher Q2 using the DGLAP equations@21,23,24#. It was
shown in Ref.@21# that including recombination terms in th
evolution, as in Ref.@25#, did not have a large effect on th
shadowing ratios, particularly at thex values probed here
The initial gluon ratio inS3 shows significant antishadowin
for 0.1,x,0.3 while the sea quark ratios are shadowed.
contrast,S2 has less gluon antishadowing and essentially
sea quark effect in the samex region. Unfortunately, theQ2

evolution ofS2 stops below the vector boson mass, render
it less valuable. We show results with all three parametri
tions because no nuclear deep-inelastic scattering~DIS! data
is available at highQ2. Since theS3 parametrization includes
the most recent nuclear DIS data and is evolved to sc
compatible with the vector boson masses, theS3 results
should perhaps be favored.

The shadowing ratios in a lead nucleus compared t
proton are shown in Fig. 2. The effect of shadowing on
valence quarks is strongest withS1 since all quarks are
treated equally. TheS2 andS3 valence ratios are rather sim
lar in magnitude although the antishadowing range is bro
est forS3 , 0.01,x,0.3 and theS3 ratio is lower than theS2
ratio at lowx. TheS1 andS2 sea quark ratios are very simila
when x,0.1. Then theS2 ratio is essentially unity untilx
.0.3. TheS3 ratios are all larger than theS1 andS2 ratios,
even at smallx, due to evolution. It is most interesting t
note the difference between the light and strange sea ratio

the S3 parametrization. The ratiosS3
ū and S3

d̄ show no anti-

shadowing effect but instead decrease whenx.0.1 whileS3
s̄

and S3
c̄ are typically larger over allx and are antishadowe

FIG. 2. The homogeneous shadowing parametrizations use
our calculations, evaluated atQ25mZ

2 . Valence shadowing is
shown in~a! for the S1 ~solid line!, S2

V ~dashed line!, andS3 ~dot-
dashed line! parametrizations. Sea quark shadowing is shown in~b!

for S1 ~solid line!, S2
S ~dashed line!, S3

ū5S3
d̄ ~dot-dashed line!, S3

s̄

~dotted line!, andS3
c̄ ~dot-dot-dot-dashed line!. Gluon shadowing is

shown in~c! for S1 ~solid line!, S2
g ~dashed line!, andS3

g ~dot-dashed
line!.
1-3
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R. VOGT PHYSICAL REVIEW C 64 044901
when 0.01,x,0.2. The antishadowing in the charm dist
bution is larger even than for the gluons. Since allS3 sea
ratios are equivalent atQ252.25 GeV2, the difference is
solely the effect of evolution. Note also that the gluon sh
owing ratios are typically larger than the largeQ2 sea quark
ratios over allx. At Q25mZ

2 the strong antishadowing inS3
g

has essentially disappeared and is no larger than that oS2
g

although the antishadowing region ofS3
g is broader, from

0.005,x,0.2.
Nuclear shadowing should depend on spatial position

the partons in the nucleus as well as on their moment
Most models predict some form of spatial dependence,
cording to the origin of the shadowing effect. Typically, th
spatial dependence can be expected to take two forms, e
proportional to the local nuclear density, Eq.~3!, or the path
length of the parton through the nucleus. Both will be d
cussed below.

When the parton density is high, partons in one nucle
can interact with those in neighboring nucleons, recombin
to lower the parton density@26#. In this case shadowing i
proportional to the local nuclear density@9,15#. Then

Sk WS
i 5Sk

i ~A,x,Q2,rW,z!511NWS@Sk
i ~A,x,Q2!21#

rA~s!

r0
,

~9!

where NWS is a normalization constant chosen so th
(1/A)*d3srA(s)Sk WS

i 5Sk
i . At large radii, s@RA , the me-

dium modifications weaken and the nucleons behave
though they were free. At the center of the nucleus, the m
fications are larger than the average value determined f
nuclear DIS.

It has also been suggested that shadowing stems
multiple interactions of the incident parton@27#. In this pic-
ture, parton-parton interactions are longitudinally distribu
over the coherence length,l c51/2mNx, where mN is the
nucleon mass@28#. Whenx,0.016,l c.RA for all nuclei and
the interaction of the initial parton is delocalized over t
entire nuclear path, thus interacting coherently with all tar
partons along the distancel c . For smallx, shadowing de-
pends on the longitudinally integrated nuclear density
transverse distancerW and the spatial dependence can then
parametrized as

Sk r
i ~A,x,Q2,rW,z!511Nr@Sk

i ~A,x,Q2!21#
*dzrA~rW,z!

*dzrA~0W ,z!
,

~10!

where the normalization is again defined
(1/A)*d2rdzrA(s)Sk r

i 5Sk
i with Nr.NWS. However, at

large x, l c!RA and shadowing is again proportional to th
local density so that Eq.~9! corresponds to the largex limit
of the multiple scattering formulation.

There are some problems with implementing the multi
scattering picture in nuclear collisions. While traversing t
formation length, both the initial- and final-state partons m
undergo multiple interactions, reducing the effectivel c ,
similar to the Landau-Pomeranchuk-Migdal effect@29#. In
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addition, the idealized picture of a single initial parton inc
dent on a static nucleus is inappropriate in heavy ion co
sions since many interactions occur simultaneously, incre
ing the density in the path of the initial parton. A casca
approach cannot resolve the difficulty because nonlocal
pictions of these collisions are Lorentz frame dependent@30#.
Finally, since the parton densities are distributed over
x-dependent distance, baryon number is not locally c
served even if the valence quarks are considered to be fi
spatially. Given the difficulties with the multiple interactio
picture as well as those of matching the two spatial dep
dencies according tol c at eachx, we only present specific
results for the local density model, Eq.~9!.

Other mechanisms of shadowing effects in the EMC
gion such as nuclear binding@31# and rescaling@32,33# have
also been suggested but can explain only part of the obse
effect @34#. We note that these models would also pred
some spatial dependence.

We first show that our shadowing results do not depe
strongly on the order of the calculation. The ratio of the NL
to LO cross sections, both calculated with the MRST H
distributions, is often referred to as theK factor. TheK factor
is given as a function of rapidity with no shadowing for P
1Pb collisions at 5.5 TeV in Fig. 3 for all three vecto
bosons. TheK factor is'1.13 up toy53. It grows larger as
the edge of phase space is approached since large, posity
corresponds to lowx2 where the gluon density is high an
the qg channel becomes more important. Theqg channel
contributes'15% of the total vector boson cross sectio
with or without shadowing. TheK factor increases faste
with y for the Z0 because the higher mass means that
phase space forZ0 production is exhausted at lower rapid
ties thanW6 production, leading to largerqg contributions
at highyZ . TheK factors are quite similar when shadowin
is included and differ from those without shadowing b
'1% at y50. At high rapidities, a larger effect might b
expected from the gluons but, as seen in Fig. 2~c!, the effects

FIG. 3. The K factors with S51 for W1 ~solid line!, W2

~dashed line!, andZ0 ~dot-dashed line! production are shown.
1-4
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SHADOWING EFFECTS ON VECTOR BOSON PRODUCTION PHYSICAL REVIEW C64 044901
of shadowing on the gluon distributions are not as strong
those of the sea quarks at largeQ2. Thus the difference in the
K factors between the calculations with and without shado
ing is only marginally larger at high rapidity, up to'4% at
y54.

In Fig. 4, we show the ratio ofZ0 production in Pb1Pb
collisions with and without shadowing at both LO and NLO
The results are independent of the order of the calculat
even at large rapidities. This is not surprising since we h
shown that the differences between shadowing ratios at
and NLO are trivial for virtual photon production via th
Drell-Yan process@2#, even for pairs withm,mY . At the
higher scale ofZ0 and W6 production, the approximation
should be even better because theK factor is smaller.

We now calculate the NLOZ0, W1, andW2 cross sec-
tions in nuclear collisions. Table I gives the total cross s
tions in the CMS and ALICE central acceptances,uyu,2.4
and uyu,1, respectively, at the LHC. The cross sections
larger than the virtual photon mediated Drell-Yan cross s
tions at lower masses@2#. The results, given for Pb1Pb col-
lisions, are integrated over impact parameter and prese
in units of nb/nucleon pair. We note that with the normaliz
tion of SWS, the impact-parameter integrated cross sectio
unchanged when the spatial dependence is included.
next-to-next-to-leading order~NNLO! W6 andZ0 total cross
sections have also been calculated@17#. The K factors ob-
tained from the ratio of theO(aas

2) to O(a) cross sections
differ by '1% from theO(aas) to O(a) K factor shown in
Fig. 3. Thus changes in the total cross sections between N
and NNLO are on the few percent level even though
vector bosons can be produced in thegg channel as well at
NNLO, becauseas(mV

2)'0.116. The effects on the shadow
ing ratios should be even smaller; see Fig. 4.

We have checked how our results depend on the cho
set of parton densities. Using the CTEQ5M densities@35#,

FIG. 4. The shadowing results at LO and NLO are compar
The NLO results are given in the dashed,S1, dot-dashed,S2, and
dotted, S3, lines. The LO shadowing ratios forS1, circles, S2,
squares, andS3, diamonds, are also shown.
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the total cross sections in Table I increase by'5% over the
MRST HO results. However, theK factors and shadowing
ratios in Figs. 3 and 4 change by less than 1%. Thus
shadowing results are essentially independent of parton
sity.

In Table II we show the expected rate in nucleus-nucle
collisions atb50, N(S5Sk)5sNNTPbPb(0)LPbPb

int s(S5Sk)
with LPbPb

int 51/nb in a one month (106 s) LHC run, sNN

560 mb at LHC energies, andTPbPb(0)530.4/mb. The ab-
solute numbers in the experimental acceptances are larg
do not reflect the measurable decay channels. Including
3.37% lepton pair branching forZ0 decays reduces the num
ber produced with no shadowing,S51, to 990 in CMS and
425 in ALICE. The 10% lepton branching ratio forW1 and
W2 leaves nearly 4600 observable decays in CMS and 1
in ALICE.

Figures 5 and 6 compare the ratios ofZ0 andW1 produc-
tion in Pb1Pb collisions with the three shadowing param
etrizations to Pb1Pb collisions with no shadowing as a fun
tion of rapidity. The isospin effects wash out the differenc
between theW1 and W2 distributions in the ratios so tha

TABLE II. Number of vector bosons produced atb50 in a one
month (106 s) Pb1Pb LHC run at 5.5 TeV/nucleon. Note that n
decay branching ratios have been included.

Detector N(S51) N(S5S1) N(S5S2) N(S5S3)

Z0

CMS 2.943104 2.073104 2.053104 2.723104

ALICE 1.263104 8.883103 8.993103 1.203104

W1

CMS 4.593104 3.173104 3.123104 4.243104

ALICE 1.983104 1.353104 1.363104 1.863104

W2

CMS 4.863104 3.353104 3.313104 4.483104

ALICE 2.043104 1.393104 1.413104 1.923104

.

TABLE I. Vector boson production cross sections in units of
per nucleon pair in Pb1Pb collisions at 5.5 TeV/nucleon calculate
with the MRST HO parton densities. Full azimuthal coverage

assumed. The correspondingpp cross sections at 14 TeV aresZ0

535.44 nb ~CMS!, 14.94 nb~ALICE!, sW1
560.50 nb ~CMS!,

24.76 nb~ALICE!, andsW2
552.95 nb~CMS!, 22.88 nb~ALICE!.

s(S51) s(S5S1) s(S5S2) s(S5S3)
Detector ~nb! ~nb! ~nb! ~nb!

Z0

CMS 16.10 11.37 11.22 14.92
ALICE 6.93 4.87 4.93 6.56

W1

CMS 25.18 17.39 17.08 23.23
ALICE 10.84 7.39 7.45 10.19

W2

CMS 26.63 18.39 18.12 24.58
ALICE 11.21 7.64 7.73 10.54
1-5
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the results are essentially identical for the two charged ve
bosons. Therefore the ratios are shown only for theW1. The
results are given for several impact parameter bins, the m
central bin,b,0.2RA , an intermediate impact parameter b
aroundb;RA , and a peripheral bin aroundb;2RA . It is
clear that by neglecting the impact parameter dependenc
shadowing, one may overestimate the effect in periph

FIG. 5. TheZ0 rapidity distributions, relative toS51 for Pb
1Pb collisions at the LHC, calculated with the MRST HO dist
butions. Central,b,0.2RA , semicentral, 0.9RA,b,1.1RA , and
peripheral, 1.9RA,b,2.1RA impact parameters are shown alon
with the integral over allb. The homogeneous shadowing results a
given in the dashed,S1, dot-dashed,S2, and dotted,S3, lines. The
inhomogeneous shadowing ratios forS1 WS, circles, S2 WS,
squares, andS3 WS, diamonds, are also shown.

FIG. 6. TheW1 rapidity distributions, relative toS51 for Pb
1Pb collisions at the LHC, calculated with the MRST HO dist
butions. Central,b,0.2RA , semicentral, 0.9RA,b,1.1RA , and
peripheral, 1.9RA,b,2.1RA impact parameters are shown alon
with the integral over allb. The homogeneous shadowing results a
given in the dashed,S1, dot-dashed,S2, and dotted,S3, lines. The
inhomogeneous shadowing ratios forS1 WS, circles, S2 WS,
squares, andS3 WS, diamonds, are also shown.
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collisions, an important point if using theZ0 as a baseline in
different transverse energy bins. The integration over all
pact parameters is equivalent to the average shadowing
expected from the normalization of Eq.~9!. Although the
results are shown using the local density approximation,
parametrization of the spatial dependence for a long co
ence length, Eq.~10!, differs only marginally. In central col-
lisions, the difference between the two parametrizations
less than 1% while in the most peripheral bin, it is 3 –6 %
The largest differences occur in regions with the strong
shadowing modifications. Thus the calculations are rather
sensitive to the exact spatial parametrization, suggesting
heavy ion collisions cannot distinguish between different
pendencies, only between homogeneous and inhomogen
shadowing.

The ratios are rather similar for all vector bosons. TheS1
andS2 ratios are approximately equal as a function of rap
ity, presumably because theQ2 evolution of theS2 param-
etrization ends atQ25100 GeV2. The calculations cover the
entire rapidity range of vector boson production. AtyZ;0,
x15x250.017, in the lowx region. As rapidity increases,x1
increases, going through the antishadowing region and
EMC region withx1;0.33 atyZ53. The kink in theS1 ratio
at y;2.2 is an artifact resulting from the rather sharp tran
tion between the shadowing and EMC regions atx;0.15,
see Fig. 2. Note that the larger rapidity coverage of CM
makes the EMC region accessible in this measurem
When yZ→4, x1→1, entering the ‘‘Fermi motion’’ region
and causing the upturn of the ratios at largeyZ . Note also
that at largex1, the valence quarks dominate. While increa
ing yZ (x1) traces out the largex portion of the shadowing
curve, the lowx part of the shadowing regime is accessib
from x2 with growing yZ . At yZ53, x2;831024, in a
range where shadowing saturates inS1 and S2. There is no
saturation built into theS3 parametrization, causing a steep
decrease in the ratios for largeyZ with this parametrization
than withS1 andS2. In addition, theS3 sea quark shadowing
is never as strong at lowx as forS1 andS2 so that these two
parametrizations are both more strongly shadowed ove
The Z0 ratios are all slightly higher than those forW6 be-
cause the larger mass of theZ0 results inxZ;1.1xW .

We also point out that the large vector boson masses
not allow us to restrict ourselves only to anx region where
the coherence length is always larger thanRA so that the
multiple interaction approach could be used without hav
to match the spatial dependence acrossx boundaries. While
the target parton is at relatively lowx, the projectile parton,
also affected by shadowing, is at relatively highx wherel c is
small.

The shadowing ratios are fairly simply traced out for ve
tor boson production, especially at leading order since
fixed boson mass definesx at anyy whereas Drell-Yan shad
owing effects are smeared over the mass interval. Howe
the ratios shown in Figs. 5 and 6 will not be accessible
perimentally due to the nuclear isospin. The comparis
must be made topp interactions, preferably at the same e
ergy to retain the samex values. This ideal situation may no
be realized for some time at the LHC. Therefore in Figs. 7
we show the Pb1Pb rapidity distributions with and withou
1-6
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homogeneous shadowing as well as the distributions f
pp collisions at 14 TeV for all three vector bosons. The
1Pb cross sections are given per nucleon pair for a m
direct comparison. The higher energy extends the availa
vector boson rapidity space by one unit. TheZ0 distributions
in Fig. 7 have a plateau over two units of rapidity. Thepp
W1 distribution in Fig. 8 rises over the first several units
rapidity, followed by a decrease as the edge of phase spa

FIG. 7. TheZ0 rapidity distributions inpp and Pb1Pb colli-
sions, calculated with the MRST HO distributions. The upper so
curve is thepp result at 14 TeV while the lower solid curve is th
Pb1Pb distribution at 5.5 TeV/nucleon pair with no shadowin
The homogeneous shadowing results for Pb1Pb collisions are
given in the dashed,S1, dot-dashed,S2, and dotted,S3, lines.

FIG. 8. TheW1 rapidity distributions inpp and Pb1Pb colli-
sions, calculated with the MRST HO distributions. The upper so
curve is thepp result at 14 TeV while the lower solid curve is th
Pb1Pb distribution at 5.5 TeV/nucleon pair with no shadowin
The homogeneous shadowing results for Pb1Pb collisions are
given in the dashed,S1, dot-dashed,S2, and dotted,S3, lines.
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approached. This is due to the increasing importance of
lence quarks at largey ~largex1). The effect appears forW1

production in pp collisions because theu valence quarks
carry more momentum than thed valence quarks, see Fig
1~a!. On the other hand, theW2 pp distribution always de-
creases with rapidity. In Pb1Pb collisions, there is a sligh
increase inW2 production with rapidity instead of a de
crease while theW1 distributions are either flat or decrea
ing. This increase inW2 production shown in Fig. 9 is due to
the neutron excess in Pb1Pb where, innn collisions, W2

production proceeds dominantly throughf ū
n
f d

n(' f d̄
p
f u

p). Like-
wise, the rise inW1 production in Pb1Pb relative topp
collisions disappears because of the neutron content of
nucleus.

Finally, the ratios of the Pb1Pb/nucleon pair topp cross
sections are shown in Figs. 10–12 for homogeneous sh
owing. Due to the higherpp cross sections, the ratios ar
lower than those toS51 at 5.5 TeV shown in Figs. 5 and 6
Since both the Pb1Pb andpp Z0 rapidity distributions are
rather flat, the ratios in Fig. 10 are also flat toy;1.5. The
rise in theW1 pp distribution shown in Fig. 8 causes th
Pb1Pb to pp ratios to decrease with rapidity over ally in
Fig. 11. However, the increase inW2 production due to neu-
trons in Pb1Pb collisions, barely visible in Fig. 9, is appa
ent in theW2 Pb1Pb topp ratio in Fig. 12. It should still be
possible to distinguish between the shadowing parametr
tions and study quark shadowing atQ25mV

2 , particularly
since the 14 TeVpp data will be available with higher sta
tistics. Note that comparing thepp results to the Pb1Pb
calculations with inhomogeneous shadowing would resul
slightly lower ratios in central collisions and higher ratios
peripheral collisions, as expected from Figs. 5 and 6.

Once the basic nuclear shadowing effects on vector bo

d

.

d

.

FIG. 9. TheW2 rapidity distributions inpp and Pb1Pb colli-
sions, calculated with the MRST HO distributions. The upper so
curve is thepp result at 14 TeV while the lower solid curve is th
Pb1Pb distribution at 5.5 TeV/nucleon pair with no shadowin
The homogeneous shadowing results for Pb1Pb collisions are
given in the dashed,S1, dot-dashed,S2, and dotted,S3, lines.
1-7
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production have been understood, they can perhaps be
to study other medium effects in heavy ion collisions
comparing the leptonic and hadronic decay channels.
hadronic decays of the vector bosons,;70% of all decays of
each boson, may be more difficult to interpret. While t
width of theZ0 decay tol 1l 2 is not expected to be modifie
in the quark-gluon plasma due to the weak coupling@36#, the
Z0 has a 2.49 GeV total width and will decay in any quar
gluon plasma to two jets throughZ0→qq̄→ jet1 jet in

FIG. 10. The ratios of theZ0 rapidity distributions in Pb1Pb
collisions relative topp collisions, calculated with the MRST HO
distributions. The solid curve is the ratio without shadowing. T
homogeneous shadowing results are given in the dashed,S1, dot-
dashed,S2, and dotted,S3, lines.

FIG. 11. The ratios of theW1 rapidity distributions in Pb1Pb
collisions relative topp collisions, calculated with the MRST HO
distributions. The solid curve is the ratio without shadowing. T
homogeneous shadowing results are given in the dashed,S1, dot-
dashed,S2, and dotted,S3, lines.
04490
sed

e
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;0.1 fm. Therefore the decay jets could be modified in
medium which may still be progressing toward thermaliz
tion and will be subject to rescattering and jet quenchi
Thus a comparison of a reconstructedZ0 in the dilepton
channel where no nuclear effects are expected and med
modified jets should result in a broader width in theqq̄ chan-
nel than thel 1l 2 channel@37#. In addition, theZ0 could be
used to tag jets through theqq̄→Z0g andgq→Z0q channels
to study jet properties in the quark-gluon plasma@8#.

I thank K. J. Eskola for providing the shadowing param
etrizations. I thank D. Kharzeev, K. Redlich, and U.A
Wiedemann for discussions.

APPENDIX

In AB collisions, the cross section per nucleon must
clude the nuclear isospin since, in general,spp

V Þspn
V Þsnp

V

Þsnn
V . We give the convolution of the nuclear parton den

ties in Eq. ~1!, including only the couplings. We takef dV

n

5 f uV

p , f uV

n 5 f dV

p , f d̄
n
5 f ū

p , and f ū
n
5 f d̄

p . All other distributions

are assumed to be identical for protons and neutrons.
proton and neutron numbers in nucleusA areZA andNA . To
be concise, we define

Su~A,x! f u
p~x,Q2!5SuV~A,x! f uV

p 1Sū~A,x! f ū
p , ~A1!

Sd~A,x! f d
p~x,Q2!5SdV~A,x! f dV

p 1Sd̄~A,x! f d̄
p , ~A2!

where we have abbreviated the shadowing functions
Si(A,x).

We begin with theqq̄ channel. ForZ0 production, we
have

FIG. 12. The ratios of theW2 rapidity distributions in Pb1Pb
collisions relative topp collisions, calculated with the MRST HO
distributions. The solid curve is the ratio without shadowing. T
homogeneous shadowing results are given in the dashed,S1, dot-
dashed,S2, and dotted,S3, lines.
1-8



pend on

SHADOWING EFFECTS ON VECTOR BOSON PRODUCTION PHYSICAL REVIEW C64 044901
(
i , j PQQ̄

Si~A,x1!Sj~B,x2! f qi

N ~x1 ,Q2! f q̄j

N
~x2 ,Q2!Cii~qi ,q̄ j !@~gV

i !21~gA
i !2#

5 1
8 ~12 8

3 xW1 32
9 xW

2 !@Su~A,x1!Sū~B,x2!$ZAf u
p~x1 ,Q2!1NAf u

n~x1 ,Q2!%$ZBf ū
p
~x2 ,Q2!1NBf ū

n
~x2 ,Q2!%

12ABSc~A,x1!Sc̄~B,x2! f c
p~x1 ,Q2! f c̄

p
~x2 ,Q2!#1 1

8 ~12 4
3 xW1 8

9 xW
2 !~Sd~A,x1!Sd̄~B,x2!$ZAf d

p~x1 ,Q2!

1NAf d
n~x1 ,Q2!%$ZBf d̄

p
~x2 ,Q2!1NBf d̄

n
~x2 ,Q2!%12ABSs~A,x1!Ss̄~B,x2! f s

p~x1 ,Q2! f s̄
p
~x2 ,Q2!!1@x1↔x2 ,A↔B#.

~A3!

Note that forZ0 production, we have also included the square of the vector and axial vector couplings since these de
the quark charges. TheW1 qq̄ convolution is

(
i , j PQ,Q̄

Si~A,x1!Sj~B,x2! f qi

N ~x1 ,Q2! f q̄j

N
~x2 ,Q2!Cii~qi ,q̄ j !

5cos2uC@Su~A,x1!Sd̄~B,x2!$ZAf u
p~x1 ,Q2!1NAf u

n~x1 ,Q2!%$ZBf d̄
p
~x2 ,Q2!1NBf d̄

n
~x2 ,Q2!%

1ABSs̄~A,x1!Sc~B,x2! f s̄
p
~x1 ,Q2! f c

p~x2 ,Q2!#1sin2uC@Su~A,x1!Ss̄~B,x2!$ZAf u
p~x1 ,Q2!

1NAf u
n~x1 ,Q2!%B fs̄

p
~x2 ,Q2!1Sd̄~A,x1!Sc~B,x2!$ZAf d̄

p
~x1 ,Q2!1NAf d̄

n
~x1 ,Q2!%B fc

p~x2 ,Q2!#1@x1↔x2 ,A↔B#.

~A4!

Finally, theW2 qq̄ convolution is

(
i , j PQQ̄

Si~A,x1!Sj~B,x2! f qi

N ~x1 ,Q2! f q̄j

N
~x2 ,Q2!Cii~qi ,q̄ j !

5cos2uC@Sū~A,x1!Sd~B,x2!$ZAf ū
p
~x1 ,Q2!1NAf ū

n
~x1 ,Q2!%$ZBf d

p~x2 ,Q2!1NBf d
n~x2 ,Q2!%

1ABSs~A,x1!Sc̄~B,x2! f s
p~x1 ,Q2! f c̄

p
~x2 ,Q2!#1sin2uC@Sū~A,x1!Ss~B,x2!$ZAf ū

p
~x1 ,Q2!

1NAf ū
n
~x1 ,Q2!%B fs

p~x2 ,Q2!1Sd~A,x1!Sc̄~B,x2!$ZAf d
p~x1 ,Q2!1NAf d

n~x1 ,Q2!%B fc̄
p
~x2 ,Q2!#1@x1↔x2 ,A↔B#.

~A5!

We now turn to theqg channel. The convolution forZ0 production is

(
i ,kPQQ̄

~Si~A,x1!Sg~B,x2! f qi

N ~x1 ,Q2! f g
N~x2 ,Q2!1@x1↔x2 ,A↔B# !Cif~qi ,qk!@~gV

i !21~gA
i !2#

5BSg~B,x2! f g
p~x2 ,Q2!$ 1

8 ~12 8
3 xW1 32

9 xW
2 !@Su~A,x1!$ZAf u

p~x1 ,Q2!1NAf u
n~x1 ,Q2!%1Sū~A,x1!$ZBf ū

p
~x2 ,Q2!

1NBf ū
n
~x2 ,Q2!%12ASc~A,x1! f c

p~x1 ,Q2!#1 1
8 ~12 4

3 xW1 8
9 xW

2 !@Sd~A,x1!$ZAf d
p~x1 ,Q2!

1NAf d
n~x1 ,Q2!%1Sd̄~A,x1!$ZBf d̄

p
~x2 ,Q2!1NBf d̄

n
~x2 ,Q2!%12ASs~A,x1! f s

p~x1 ,Q2!#%1@x1↔x2 ,A↔B#.

~A6!

For W1 production in theqg channel, we have

(
i ,kPQQ̄

~Si~A,x1!Sg~B,x2! f qi

N ~x1 ,Q2! f g
N~x2 ,Q2!1@x1↔x2 ,A↔B# !Cif~qi ,qk!

5BSg~B,x2! f g
p~x2 ,Q2!@Su~A,x1!$ZAf u

p~x1 ,Q2!1NAf u
n~x1 ,Q2!%1Sd̄~A,x1!$ZBf d̄

p
~x2 ,Q2!1NBf d̄

n
~x2 ,Q2!%

1A$Ss̄~A,x1! f s̄
p
~x1 ,Q2!1Sc~A,x1! f c

p~x1 ,Q2!%#1@x1↔x2 ,A↔B#. ~A7!
044901-9
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Now the couplings do not enter explicitly forW1 and W2 production because each distribution is multiplied by (cos2uC
1sin2uC). Finally, theqg convolution forW2 production is

(
i ,kPQQ̄

~Si~A,x1!Sg~B,x2! f qi

N ~x1 ,Q2! f g
N~x2 ,Q2!1@x1↔x2 ,A↔B# !Cif~qi ,qk!

5BSg~B,x2! f g
p~x2 ,Q2!@Sū~A,x1!$ZAf ū

p
~x1 ,Q2!1NAf ū

n
~x1 ,Q2!%1Sd~A,x1!$ZBf d

p~x2 ,Q2!1NBf d
n~x2 ,Q2!%

1A$Ss~A,x1! f s
p~x1 ,Q2!1Sc̄~A,x1! f c̄

p
~x1 ,Q2!%#1@x1↔x2 ,A↔B#. ~A8!
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