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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 depend&hce of
W+, andW~ production on rapidity and impact parameter to next-to-leading order #PPkcollisions at 5.5
TeV/nucleon to study quark shadowing at hig. We also compare our PiPb results to thep rapidity
distributions at 14 TeV.

DOI: 10.1103/PhysRevC.64.044901 PACS nunier25.75.Dw, 24.85tp, 14.70-e

The heavy ion collisions at the LHC will be a rich testing quark-dominated processes, the comparison between Pb
ground for hard processes which should dominate particle pp interactions with and without shadowing is less useful
production[1,2]. One of the most promising signatures of than in gluon-dominated processes such as heavy quark pro-
quark-gluon plasma production at the CERN SPEiBsup-  quction[9]. In addition, the first, bespp data will be at the
pression[3,4] which has been compared to the Drell-Yan payimum LHC energy of 14 TeV. Therefore we will also
continuum in the lepton pair mass range 2ra<4.5 GeV present the predicted rapidity distributions in4PBb colli-

[5]. BothJ/¢ and Drell-Yan pair production are calculable in sions at 5.5 TeV/nucleon, thep distributions at 14 TeV, and
pertu.rb_atlve QCD. At the LHC, qugrkonlum SUppression W'”the PbtPb/pp ratios as a function of rapidity at the two
be difficult to compare to the dilepton continuum due toenergies

contributions fromcc andbb decays which have large un- e glectroweak production and decay channels of the
cgrtamﬂes |n. nuclefar collisiong). Since Fhe low mass - assive vector bosons make them excellent candidates for
dilepton continuum is expected to be dominatedblyde-  shadowing studies since no hadronic final-state rescattering
cays, thez® was suggested as an alternative reference pros possible. Thez? itself, with a 3.37% branching ratio to
cess for quarkonium suppression at the LHCB]. There are  |epton pairs, will be easily observable by reconstructing the
two difficulties with using thez® as a baseline for quarko- peak in the dilepton spectra. Full reconstruction of the lep-
nium suppression: the large mass differenceszo  tonic W* decaysW*—1* v, is not possible due to the miss-
>my ,my,, and the difference in production mechanisms,ing energy given to the undetected neutrino but charged lep-
predominantlyqq for the Z° andgg for quarkonium. Both tons with momenta greater than 40 GeV should be
these differences are important as far as nuclear effects aprominent. This decay channel has been used at the Tevatron
concerned. However, the differences that reduce the value &6 measure the asymmetry betwaafi andW~ production
the Z° as a baseline process are the same that make it aince the asymmetry is sensitive to the down to up quark
interesting object of study itself—th&° provides a unique ratio in the proton at intermediate values>ofnd highQ?
opportunity to study the modifications of the quark distribu-[10]. If the charged leptons frord/= decays can be identi-
tions in the nucleus at hig?. Therefore in this paper we fied in heavy ion collisions, such asymmetry measurements
examine the possible effects of this shadowing8mproduc- may also be employed at the LHC to reduce systematic un-
tion as well asV" andW~ production which are also quark certainties and obtain a more meaningful determination of
dominated. The impact parameter dependence of the shathe Q? dependence of quark shadowing in the nucleus.
owing effect will also be discussed. The next-to-leading orderNLO) cross section per
We further address the issue of how to measure the shadwcleon for nucleiA and B colliding at impact parametdy
owing effect. Since isospin will play an important role in and producing a vector bosdhwith massm at scaleQ is
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WhereHi\f is proportional to the leading ord€tO) partonic
ij —V cross section, an@=u,d,s, andc. The matriceC'"
and C'" contain information on the coupling of the various
quark flavors to bosoN.

We assume that the parton densiﬂFqAS(x,Qz,F,z) can be
factorized intox and Q? independent nuclear density distri-

butions, position and nuclear-number independent nucleogouplings

parton densities, and a shadowing functiﬁ(}A,x,Qz,F,z)
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where GE=1.1663% 10" ° Ge\?, m,=91.187 GeV, and
my=280.41 GeV. FoZ° production by a given flavdrwith
chargee;, the sum of the squared vector and axial vector
s GV)7+(ga)°=(1/8) (1—4|e;|xw+ 8efx)
wherexy, = sirféy=1—mg/ms

w
ij

®

that describes the modification of the nuclear structure func- The functionsAij(x) are universal for all vector bosons,

tions in position and momentum space. Thus we have

FAX.Q%T,2)=pa(s)S (A X,Q%1,2)f(x,Q),
i)
FP(x,Q%b—r,2')=pg(s')F(B,x,Q%b—r,2)f(x,Q?),

wherefi’\‘(x,Qz) is the density of partonin the nucleon and
the radial variabless and s’ are s=\r?+z%> and s’
|b—r|2+2'2. In the absence of nuclear modifications,

S'(A,x,Q2%r,2)=1. The nuclear density distribution is de-
scribed by a Woods-Saxon parametrization,

B 1+ w(s/Ry)?
pA(S)_polJrexp[(s— Rp)/d]

)

Electron scattering datil1] are used to fix the parameters
RA, d, w, andpo
Experimentg 12] have shown that the proton and neutron

structure functions are modified in the nucleus. For momen-

tum fractionsx<<0.1 and 0.3Xx<0.7, a depletion is ob-
served in a heavy nucleus relative to a light nucleus such
the deuteron. The low, shadowing region and the larger
EMC region is bridged by an enhancement at<0x 0.3

called antishadowing. Here we refer to the modification over

the entirex range as “shadowing” unless otherwise noted.

Many theoretical explanations have been proposed, typically

for only part of thex range such as the very lowor EMC

regions. However, as none of the models can describe the

effect over allx and Q?, we rely on parametrizations of the

nuclear modifications based on fits to data, as described later.
Most typical structure function measurements are insensi-

including virtual photons produced in the Drell-Yan process
[17]. We work in theMS scheme. The NLO correction to the
gq channel includes the contributions from soft and virtual

gluons as well as hard gluons from the prooqu&Vg. We
have, up to NLO17],

as(Q?)
3

Agg(¥)=8(1—x)+

QZ
><| —4(1+x)|n(—2) —8(1+x)In(1—x)
my
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The first delta function is the LO contribution while the NLO
contribution is proportional taxg(Q?). At NLO a4(Q?) is
calculated to two loops witlm;=5 active flavors. The last

Free terms are the soft and virtual gluon contributions. The

general integral of the “plus” functions in the last two terms
is [18]

fldxf(x) —In il_—xx)
1 f(x)—f(1) . f(1) .
=fadx%ln'(l—x)+ %In'“(l—a).
(7)

tive to any spatial dependence and thus average over the

entire nuclear volume. One experiment using a bubble chaniFhe quark-gluon contribution only appearsta) through
ber found that the structure function does vary spatially buthe real correctiomg— qV. At this order[17],

could not determine the dependence on impact parameter

[13]. In a nuclear collision, the impact parameter can be de-
termined from the transverse energy production. The influ-
ence of the spatial dependence of shadowing on transverse

energy production has already been considégil4]. The

effects of spatially inhomogeneous shadowing on heavy

guark[9,15], quarkonium, and Drell-Yaf2,16] production

in heavy ion collisions has also been discussed previously.
We now describe the NLO cross section in Ed) in

more detail. The functionbli\f are rather simpl¢17]:

o 8mGr_ | Cmg
i =73 BlE e

(4)

alQ)

(1-x)2Q?
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xmy)

Aqg(X) [2(1+ 2x2—2x)ln<

|

+1-7x%+ GX}. (8
For gauge boson production, we taR8=m2 and all terms
proportional to InQ%/m¢) drop out. Using the delta functions
in Eq. (1) we findx; ,=(my /\/xs)exp(*y). As at LO, when
Agq(x) is proportional to §(1—x) in Eq. (6), Xi,
=(my/\/s)exp(+y). The rather lengthy convolutions of the
shadowing functions and parton distribution functions in-
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FIG. 1. The MRST HO proton parton distribution functions X

evaluated a 2=m§. The up(solid line) and down(dashed ling
valence distributions are given {g) while the up(lower solid ling,
down (dashed ling strange(dot-dashed ling and charm(dotted
line) sea quark distributions are shown(ln), along with the gluon
distribution (upper solid ling, reduced by a factor of 10 for com-
parison.

FIG. 2. The homogeneous shadowing parametrizations used in
our calculations, evaluated @2:m§_ Valence shadowing is
shown in(a) for the S; (solid line), S\z’ (dashed ling andS; (dot-
dashed lingparametrizations. Sea quark shadowing is show()in
for S, (solid line), S5 (dashed ling Sy=S5J (dot-dashed ling S5
(dotted ling, andS§ (dot-dot-dot-dashed lineGluon shadowing is

cluding isospin via the proton and neutron numbers are giveﬁsg)wn in(c) for S, (solid ling), 53 (dashed link andS5 (dot-dashed
in the Appendix. '

We now define the coupling matrices in E4). The su-  based on the GRV L(22] parton densities. The ratios are
perscripts represent the initid) and final(f) state quarks or evolved over 2.25Q?<10* Ge\? [23,24 assuming that
antiquarks while the arguments indicate the orientation of th%;v: ng andsi= Sg while the more massive sea quarks are

quar!( line to Wh'_Ch th? boson is coupléﬁ?]_. The "coupﬂng evolved separately. Both ti® andS; ratios are evolved to
matrices are fairly simple foZ® production: C"(q; ;) higher Q2 using the DGLAP equationf21,23,24. It was
=& and C'(q; ) = 8. With W™ and W™ production,  ghown in Ref[21] that including recombination terms in the
the couplings are_elements of the CKM matrix. They aregyo|ytion, as in Ref[25], did not have a large effect on the
nonzero forC'(qy,q)) if e,+e==1 and forC'(qy,q) if  shadowing ratios, particularly at thevalues probed here.
ex=*1+¢,. In both cases, they take the Valubsqkq||2- The initial gluon ratio inS; shows significant antishadowing
Following Hamberget al. [17], we takeV,q=cosf-~V,s for 0.1<x<0.3 while the sea quark ratios are shadowed. In
andV = sin O~ —V,q With sin §.~0.22. contrast,S, has less gluon antishadowing and essentially no
We use the MRST HQ@central gluon[19] nucleon parton  sea quark effect in the sanxeregion. Unfortunately, th®?
distributions in theMS scheme, shown evaluated ar evolution ofS, stops below the vector boson mass, rendering
=m2 in Fig. 1. The valence distributions are somewhati'F less valuable. We show result§ with laII three parametriza-
larger than the corresponding sea quark distributiong at tions because no nuclear deep-inelastic scattefi§) data

>0.1 and extend to higharvalues. The sea quarks dominate IS available at higlQ?. Since theS; parametrization includes
the valence quarks at~10"* by a factor of~100. Note the most recent nuclear DIS data and is evolved to scales

compatible with the vector boson masses, @eresults

p . p ;
= = >0.01. -
also thatf ;-is larger thanf- whenx>0.01. The gluon dis should perhaps be favored.

tribution is shown at 1/10 of its magnitude. At laxy corre- The shadowing ratios in a lead nucleus compared to a

sponding to large rapidity, the gluon density is high. P— :
The shadowing effect is studied with three parametriza-pmton are shown in Fig. 2. The effect of shadowing on the

. - 5 valence quarks is strongest with, since all quarks are
tions of the average, homogeneous, s.hadowﬂbgé\,x,Q- ) treated equally. Th&, andS; valence ratios are rather simi-
{k=1-3}, measured in nuclear deep-inelastic scattering. Al

X S ¢ har in magnitude although the antishadowing range is broad-
the shadowing parametrizations are obtained and evolved ?Et forS,, 0.01<x<0.3 and thes; ratio is lower than ths,
o , 0. . S

leading or_der. Sinc_e the parametrizations are fit to “?‘“0_3 atio at lowx. TheS,; andS, sea quark ratios are very similar
heavy to light nuclei, the dependence of the parametrizationg,

on both the initial parton densities and the order of the cal
culation should be weak. The fir§;(A,x), assumes that the

guark, gluon,zand an_tiquark modificationsiare eq“;"a'e”t aNPote the difference between the light and strange sea ratios in
includes noQ~ evolution[20]. The secondS,(A,x,Q¢), has " g

o 3 .
separate modifications for the valence quarks, sea quark{!€ Sz Parametrization. The ratioS; andS; show no anti-
and gluons and includesQ? evolution from 4<Q?  shadowing effect but instead decrease wker0.1 while S3

<100 GeVf[21]. The third parametrizatior;(A,x,Q?%),is  and S5 are typically larger over alk and are antishadowed

henx<0.1. Then theS, ratio is essentially unity untik
>0.3. TheS; ratios are all larger than th®, and S, ratios,
ven at smallx, due to evolution. It is most interesting to
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when 0.0kKx<0.2. The antishadowing in the charm distri- ' [ ' [ ' [ T
bution is larger even than for the gluons. Since &lsea '
ratios are equivalent a?=2.25 GeVf, the difference is
solely the effect of evolution. Note also that the gluon shad- 14—
owing ratios are typically larger than the lar@8 sea quark
ratios over allx. At Q?=m? the strong antishadowing i8J
has essentially disappeared and is no larger than th&§ of -
although the antishadowing region &8 is broader, from
0.005<x<0.2.

Nuclear shadowing should depend on spatial position of 12—
the partons in the nucleus as well as on their momentum
Most models predict some form of spatial dependence, ac | _——
cording to the origin of the shadowing effect. Typically, the 5 .
spatial dependence can be expected to take two forms, eithe
proportional to the local nuclear density, E8), or the path
length of the parton through the nucleus. Both will be dis- L0 . l . l
cussed below. o 1 2 3 4

When the parton density is high, partons in one nucleon y
can interact with those in neighboring nucleons, recombining
to lower the parton densit}26]. In this case shadowing is
proportional to the local nuclear dens|t9,15]. Then

il

FIG. 3. TheK factors with S=1 for W' (solid line, W~
(dashed ling andZ° (dot-dashed lineproduction are shown.

Scws=S(AX,Q%r,2)=1+Nyd S(Ax,Q%)—1] dent on a static nucleus is inappropriate in heavy ion colli-
(9) sions since many interactions occur simultaneously, increas-
ing the density in the path of the initial parton. A cascade

where Nys is a normalization constant chosen so that@PProach cannot resolve the difficulty because nonlocal de-
(LIA) S d3spa(S) Sk yye= Sk . At large radii, s>R,, the me- pictions of these collisions are Lorentz frame (_Jlepenm]t
dium modifications weaken and the nucleons behave agnally. since the parton densities are distributed over an
though they were free. At the center of the nucleus, the modiX-dependent distance, baryon number is not locally con-
fications are larger than the average value determined fro€rved even if the valence quarks are considered to be fixed
nuclear DIS. spatially. Given the difficulties with the multiple interaction

It has also been suggested that shadowing stems froRjcture as well as those of matching the two spatial depen-
multiple interactions of the incident part§87]. In this pic-  dencies according tb, at eachx, we only present specific

ture, parton-parton interactions are longitudinally distributed®Sults for the local density model, E®).
over the coherence length,=1/2mx, where my is the Other mechanisms of shadowing effects in the EMC re-

nucleon masg28]. Whenx<0.016,1.>R, for all nucleiand 910N Such as nuclear bindirig1] and rescaling32,33 have
the interaction of the initial parton is delocalized over the&!SO Peen suggested but can explain only part of the observed
entire nuclear path, thus interacting coherently with all targe€ffect [34]. We note that these models would also predict
partons along the distandg. For smallx, shadowing de- SCMe spatial dependence. _
pends on the longitudinally integrated nuclear density at Ve first show that our shadowing results do not depend
transverse distandeand the spatial dependence can then b strongly on the order of the calculation. The ratio of the NLO
: %0 LO cross sections, both calculated with the MRST HO
parametrized as distributions, is often referred to as tKefactor. TheK factor
[dzpa(F.2) is given as a function of rapidity with no shadowing for Pb
i 27 N i 2y Zpall,Z +Pb collisions at 5.5 TeV in Fig. 3 for all three vector
Scp(AXQLN =1+ N [S(AX.QT) ”fdsz(ﬁ,z) ' bosons. Th& factor is~1.13 up toy= 3. It grows larger as
(10)  the edge of phase space is approached since large, pogitive,
corresponds to low, where the gluon density is high and
where the normalization is again defined bythe qg channel becomes more important. Thg channel
(1/A) [d?rdzpa(s) S, pza'( with N,>Nys. However, at contributes~15% of the total vector boson cross section,
large x, | <R, and shadowing is again proportional to the with or without shadowing. The&K factor increases faster
local density so that Eq9) corresponds to the largelimit ~ with y for the Z° because the higher mass means that the
of the multiple scattering formulation. phase space faz® production is exhausted at lower rapidi-
There are some problems with implementing the multipleties thanw™ production, leading to largegg contributions
scattering picture in nuclear collisions. While traversing theat highy,. TheK factors are quite similar when shadowing
formation length, both the initial- and final-state partons mayis included and differ from those without shadowing by
undergo multiple interactions, reducing the effectiyg ~1% aty=0. At high rapidities, a larger effect might be
similar to the Landau-Pomeranchuk-Migdal eff¢28]. In  expected from the gluons but, as seen in Fig),2he effects

pa(S) addition, the idealized picture of a single initial parton inci-
po
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1.00 T T T T T T T TABLE I. Vector boson production cross sections in units of nb
Treeteetiiele . per nucleon pair in PbPb collisions at 5.5 TeV/nucleon calculated
- e, .. . with the MRST HO parton densities. Full azimuthal coverage is
’Q. ) . ' assumed. The correspondipg cross sections at 14 TeV aré’
i SO RN =35.44 nb(CMS), 14.94 nb(ALICE), "' =60.50 nb(CMS),
n T =tle T~ e 24.76 nb(ALICE), ands"’ =52.95 nb(CMS), 22.88 nb(ALICE).
%, - N ™Sn o
[ ~ . {\ o "
T | Sy o(S=1) o(S=S) o(S=S) o(S=S)
N 0.50 Detector (nb) (nb) (nb) (nb)
n CMS 16.10 11.37 11.22 14.92
%, oz - ALICE 6.93 4.87 4.93 6.56
b~ W+
i T CMS 25.18 17.39 17.08 23.23
I I I ALICE 10.84 7.39 7.45 10.19
0.00 L L L L -
0 1 2 3 4 W
y CMS 26.63 18.39 18.12 24.58
ALICE 11.21 7.64 7.73 10.54

FIG. 4. The shadowing results at LO and NLO are compared.
The NLO results are given in the dash&j, dot-dasheds,, and
dotted, S;, lines. The LO shadowing ratios fd8,, circles, S,,
squares, an&,, diamonds, are also shown.

the total cross sections in Table | increaseb§% over the
MRST HO results. However, thK factors and shadowing
ratios in Figs. 3 and 4 change by less than 1%. Thus our

of shadowing on the gluon distributions are not as strong aghadowing results are essentially independent of parton den-
those of the sea quarks at lar@é. Thus the difference in the sity.

K factors between the calculations with and without shadow- | Taple Il we show the expected rate in nucleus-nucleus
ing is only marginally larger at high rapidity, up te4% at  cqllisions atb=0, N(S= S) = onnTpopf O)L B i (S=S)
y=4. N o with Lips=1/nb in a one month (£&) LHC run, oy

In Fig. 4, we show the ratio aZ” production in PB-Pb — _ g mpy 5t LHC energies, aribyp(0)= 30.4/mb. The ab-
collisions with af!d without shadowing at both LO and NLO. sojute numbers in the experimental acceptances are large but
The results are independent of the order of the calculationy, ot reflect the measurable decay channels. Including the
even at large rapidities. This is not surprising since we have 379, lepton pair branching f@ decays reduces the num-
shown that the differences between shadowing ratios at LQ, produced with no shadowing=1, to 990 in CMS and
and NLO are trivial for virtual photon production via the 45550 ALICE. The 10% lepton b}anéhing ratio fov* and

DreII-Yan procesos{Z], even for pair_s withm<my . A_‘t th_e W~ leaves nearly 4600 observable decays in CMS and 1980
higher scale ofZ® and W= production, the approximation in ALICE

should be even better because Kéactor is smaller.
We now calculate the NL@°, W', andW™ cross sec-
tions in nuclear collisions. Table | gives the total cross sec

tions in the CMS and ALICE central acceptancgg<2.4 tion of rapidity. The isospin effects wash out the differences

and|y|<1, respe_ctively, at the LHQ‘ The cross sections A etween thew™ and W™ distributions in the ratios so that
larger than the virtual photon mediated Drell-Yan cross sec-

tions at lower massd&]. The results, given for PbPb col- TABLE IL. Number of b ducedtzt 0 |

lisions, are integrated over impact parameter and presented th (16 | P‘LTP? I(_)H\(/:ector to;ogs_rp\r/(; ucle N '? atr?nte
in units of nb/nucleon pair. We note that with the normaliza-"To" ( S). . run at 5.5 tevinucieon. Hote that ho
. . . .~ “.decay branching ratios have been included.

tion of Sy, the impact-parameter integrated cross section is
unchanged when the spatial dependence is included. They octor N(S=1) N(S=S) N(S=S) N(S=S,)

next-to-next-to-leading ordéNNLO) W* andz? total cross

Figures 5 and 6 compare the ratiosZ8fandW™" produc-
tion in Pb+Pb collisions with the three shadowing param-
etrizations to Pk Pb collisions with no shadowing as a func-

sections have also been calculatdd]. The K factors ob- Z°
tained from the ratio of th@(aa?) to O(«a) cross sections ~ CMS 2.94¢10*  2.07x10* 2.05x10* 2.72x10%
differ by ~1% from theO(aa;) to O(a) K factor shown in ALICE  1.26x10* 8.88<10° 8.99x10° 1.20x10*
Fig. 3. Thus changes in the total cross sections between NLO W
and NNLO are on the few percent level even though the cms 45% 100 3.17x10* 3.12x10*  4.24x 10
vector bosons can be produced in thg channel as well at ALICE 1.98x10* 1.35x10* 1.36x10* 1.86x10°
NNLO, becausexs(m\z,)wo.llﬁ. The effects on the shadow- W~
ing ratios should be even smaller; see Fig. 4. CMS 4.86<10° 3.35x10* 3.31x10" 4.48x10°

We have checked how our results depend on the chosenal|CE 204x10° 1.39x10° 1.41x10* 1.92x104
set of parton densities. Using the CTEQ5M densifigs],
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S ! i i i i "1 10 collisions, an important point if using th&° as a baseline in

[ e, [ e e, different transverse energy bins. The integration over all im-
pact parameters is equivalent to the average shadowing, as
o8- o . T %  expected from the normalization of E¢). Although the
e ] FEF R results are shown using the local density approximation, the
% ~ 0.6 parametrization of the spatial dependence for a long coher-
| ence length, Eq10), differs only marginally. In central col-
: : lisions, the difference between the two parametrizations is
10 less than 1% while in the most peripheral bin, it is 3—6 %.
qr . 1 The largest differences occur in regions with the strongest
08— R C. o8 shadowing modifications. Thus the calculations are rather in-
E = — ~ R | TSP sensitive to the exact spatial parametrization, suggesting that
| « L Tl heavy ion collisions cannot distinguish between different de-
(© 19R, <b<21R,- /|| @aub . pendencies, only between homogeneous and inhomogeneous
IO I I AU I S A R shadowing.
° t &z 3 40 ! 2 8 The ratios are rather similar for all vector bosons. Bie
y y andsS; ratios are approximately equal as a function of rapid-

FIG. 5. TheZ® rapidity distributions, relative t&=1 for Pb  ity, presumably because ti@’ evolution of theS, param-
+Pb collisions at the LHC, calculated with the MRST HO distri- etrization ends a@?=100 GeV. The calculations cover the
butions. Centralb<0.2R,, semicentral, 0B,<b<1.1R,, and  entire rapidity range of vector boson production.y3~0,
peripheral, 1.R,<b<2.1R, impact parameters are shown along X;=X,=0.017, in the lowx region. As rapidity increaseg;
with the integral over alb. The homogeneous shadowing results areincreases, going through the antishadowing region and the
given in the dasheds;, dot-dashedS,, and dottedS;, lines. The  EMC region withx;~0.33 aty,= 3. The kink in theS; ratio
inhomogeneous shadowing ratios fd, ws, circles, S;ws,  aty~2.2 is an artifact resulting from the rather sharp transi-
squares, an@; ys, diamonds, are also shown. tion between the shadowing and EMC regionsxat0.15,

see Fig. 2. Note that the larger rapidity coverage of CMS

the results are essentially identical for the two charged vectamakes the EMC region accessible in this measurement.
bosons. Therefore the ratios are shown only forwie The ~ Wheny,—4, x,—1, entering the “Fermi motion” region
results are given for several impact parameter bins, the mosind causing the upturn of the ratios at lagge Note also
central bin,b<0.2R,, an intermediate impact parameter bin that at largex,, the valence quarks dominate. While increas-
aroundb~R,, and a peripheral bin arourtt~2R,. Itis  ingy, (X;) traces out the large portion of the shadowing
clear that by neglecting the impact parameter dependence otirve, the lowx part of the shadowing regime is accessible
shadowing, one may overestimate the effect in peripherarom x, with growing y,. At y,=3, x,~8x1074, in a

range where shadowing saturatesSjnand S,. There is no
— T T 1T 1 1 . saturation built into thé&; parametrization, causing a steeper
e, o ee s, decrease in the ratios for large with this parametrization
[ A ] e than withS; andS,. In addition, theS; sea quark shadowing
08— o Tr . T is never as strong at lowas forS; andS, so that these two
S et NN, [ PR Tk b RS parametrizations are both more strongly shadowed overall.

“G—a- g
[
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N ™. os The Z° ratios are all slightly higher than those fv" be-
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Si.y)/da” (S
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do®'(s

0.8 -3 08
J_

'S

1.0

06— °
(») b < 0.2R, s || ®)OSR <B<LIR BN cause the larger mass of t#8 results inx;~1.1xy .
We also point out that the large vector boson masses do
10 not allow us to restrict ourselves only to amregion where
1t .. 1 the coherence length is always larger tHag so that the
i | “w o8 multiple interaction approach could be used without having
AL *. to match the spatial dependence acno$®undaries. While
RN I e the target parton is at relatively low the projectile parton,
0.6[— NN °N. ] 08 . . . . .
() 19R, < b < 21R, * \|| (@anb N also affected by shadowing, is at relatively higlvherel ; is
[ [ R IR | N N N B small.
0 ! 2 8 40 t 2 3 4 The shadowing ratios are fairly simply traced out for vec-
y y tor boson production, especially at leading order since the
FIG. 6. TheW* rapidity distributions, relative t&=1 for Pb  fixed boson mass definesat anyy whereas Drell-Yan shad-
+Pb collisions at the LHC, calculated with the MRST HO distri- OWing effects are smeared over the mass interval. However,
butions. Centralp<0.2R,, semicentral, 0B,<b<1.1R,, and the ratios shown in Figs. 5 and 6 will not be accessible ex-

peripheral, 1.R,<b<2.IR, impact parameters are shown along Perimentally due to the nuclear isospin. The comparison
with the integral over alb. The homogeneous shadowing results aremust be made t@p interactions, preferably at the same en-
given in the dashed;, dot-dashedS,, and dottedS;, lines. The  ergy to retain the samevalues. This ideal situation may not
inhomogeneous shadowing ratios fd@, s, circles, S, ws, be realized for some time at the LHC. Therefore in Figs. 7—-9
squares, an&; s, diamonds, are also shown. we show the P# Pb rapidity distributions with and without

po

Sky)/da™ (S=1,y)

1.0

¢
.
+
+
N
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08—
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FIG. 7. TheZ® rapidity distributions inpp and PbtPb colli- FIG. 9. TheW™ rapidity distributions inpp and PbtPb colli-

sions, calculated with the MRST HO distributions. The upper solidsjons, calculated with the MRST HO distributions. The upper solid
curve is thepp result at 14 TeV while the lower solid curve is the curve is thepp result at 14 TeV while the lower solid curve is the
Pb+Pb distribution at 5.5 TeV/nucleon pair with no shadowing. Pb+Pb distribution at 5.5 TeV/nucleon pair with no shadowing.
The homogeneous shadowing results for+fb collisions are  The homogeneous shadowing results for+#b collisions are
given in the dasheds;, dot-dashedS,, and dottedsS;, lines. given in the dasheds,, dot-dashedS,, and dottedS;, lines.

homogeneous shadowing as well as the distributions fromapproached. This is due to the increasing importance of va-
pp collisions at 14 TeV for all three vector bosons. The Pblence quarks at large (largex,). The effect appears fav*

+Pb cross sections are given per nucleon pair for a mor@roduction inpp collisions because tha valence quarks
direct comparison. The higher energy extends the availablearry more momentum than thievalence quarks, see Fig.
vector boson rapidity space by one unit. T2fedistributions  1(a). On the other hand, the/~ pp distribution always de-

in Fig. 7 have a plateau over two units of rapidity. Thp  creases with rapidity. In PbPb collisions, there is a slight
W distribution in Fig. 8 rises over the first several units of increase inW~ production with rapidity instead of a de-
rapidity, followed by a decrease as the edge of phase spacedsease while th&v* distributions are either flat or decreas-
ing. This increase iV~ production shown in Fig. 9 is due to
the neutron excess in RPb where, innn collisions, W™
production proceeds dominantly throuffff §(~ f5fP). Like-
wise, the rise inW* production in PB-Pb relative topp
collisions disappears because of the neutron content of the
nucleus.

Finally, the ratios of the PbPb/nucleon pair t@p cross
sections are shown in Figs. 10—-12 for homogeneous shad-
owing. Due to the highepp cross sections, the ratios are
lower than those t&=1 at 5.5 TeV shown in Figs. 5 and 6.
Since both the PbPb andpp Z° rapidity distributions are
rather flat, the ratios in Fig. 10 are also flatyte-1.5. The
rise in theW™ pp distribution shown in Fig. 8 causes the
i Pb+Pb to pp ratios to decrease with rapidity over allin
Fig. 11. However, the increase W™ production due to neu-
trons in Pb-Pb collisions, barely visible in Fig. 9, is appar-
ent in theW™ Pb+ Pb topp ratio in Fig. 12. It should still be
possible to distinguish between the shadowing parametriza-
y tions and study quark shadowing @tzzm\z,, particularly

FIG. 8. TheW" rapidity distributions inpp and Pb-Pb colli-  Since the 14 Te\pp data will be available with higher sta-
sions, calculated with the MRST HO distributions. The upper solidtistics. Note that comparing thpp results to the Pi Pb
curve is thepp result at 14 TeV while the lower solid curve is the calculations with inhomogeneous shadowing would result in
Pb+Pb distribution at 5.5 TeV/nucleon pair with no shadowing. Slightly lower ratios in central collisions and higher ratios in
The homogeneous shadowing results for+fb collisions are  peripheral collisions, as expected from Figs. 5 and 6.
given in the dasheds;, dot-dashedS,, and dottedS;, lines. Once the basic nuclear shadowing effects on vector boson

do™ /dy (nb)
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FIG. 10. The ratios of th&° rapidity distributions in Pk Pb FIG. 12. The ratios of th&/~ rapidity distributions in P& Pb

collisions relative topp collisions, calculated with the MRST HO  collisions relative tapp collisions, calculated with the MRST HO
distributions. The solid curve is the ratio without shadowing. Thedistributions. The solid curve is the ratio without shadowing. The
homogeneous shadowing results are given in the dashediot-  homogeneous shadowing results are given in the dashedot-
dasheds,, and dottedS;, lines. dashedS,, and dottedS;, lines.

production have been understood, they can perhaps be used.1 fm. Therefore the decay jets could be modified in the
to study other medium effects in heavy ion collisions by medium which may still be progressing toward thermaliza-
comparing the leptonic and hadronic decay channels. Thtéon and will be subject to rescattering and jet quenching.
hadronic decays of the vector bosons70% of all decays of Thus a comparison of a reconstruct&d in the dilepton
each boson, may be more difficult to interpret. While thechannel where no nuclear effects are expected and medium-
width of theZ® decay td "1~ is not expected to be modified modified jets should result in a broader width in thgechan-

in the quark-gluon plasma due to the weak coup|id], the  nel than the *I~ channel[37]. In addition, thez® could be

Z° has a 2.49 GeV total width and will decay in any quark-used to tag jets through thﬁazog andgg— Z°q channels

gluon plasma to two jets througE®—qg—jet+jet in  to study jet properties in the quark-gluon plasfB
| thank K. J. Eskola for providing the shadowing param-

etrizations. | thank D. Kharzeev, K. Redlich, and U.A.
Wiedemann for discussions.

o
kS

APPENDIX

In AB collisions, the cross section per nucleon must in-
clude the nuclear isospin since, in generaf,# oy, # oy,
#oY.. We give the convolution of the nuclear parton densi-
ties in Eqg. (1), including only the couplings. We takﬁgv
=18, fi,=fh,, fa="f, andfi="fE. All other distributions
are assumed to be identical for protons and neutrons. The

proton and neutron numbers in nucleuareZ, andN,. To
be concise, we define

do"™ (PbPb)/de™ (pp)

oo SUAXTR(X,.Q2) =SV(A X +S(AXE, (A1)
y SUAXTR(X,.QY) =SMA X +S(A XL, (A2)

FIG. 11. The ratios of th&Vv* rapidity distributions in Pk Pb

collisions relative topp collisions, calculated with the MRST HO where we have abbreviated the shadowing functions as

distributions. The solid curve is the ratio without shadowing. TheSI(A’X)- _
homogeneous shadowing results are given in the dashediot- We begin with theqq channel. Forz® production, we
dashedsS,, and dottedS;, lines. have
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2 S(AX)S(Bx2)f(x1,Q7)F, (%2,Q%)C (01, L(G)*+ (9]
i,jeQQ
=31 Sxut Bx2)[ (A X0) SU(BXo){ZAR (%1, Q%) + Naf (X1, QO HZ5 (X2, Q) + Ngf (X2, Q2)}
+2ABS(A,X)S(B,X2) 2(x1, Q) F2(x2, Q%) 1+ 5 (1= §xurt $x8)(SU(A x0)SY(B,x2){Zfh(x1,Q?)

+Nafi(x1,Q)HZs(X2,Q%) + Npfi(x2,Q%)} + 2ABS(A,X1) S%(B,X,) f8(X1,Q) F2(X5,Q%)) + [ X1+ X , A B].
(A3)

Note that forZ® production, we have also included the square of the vector and axial vector couplings since these depend on
the quark charges. TH&* qq convolution is

> si<A,x1>si<B,x2>fQi(x1,Qz)f§j<x2,Q2>c“<qi a;)
i,jeQ,Q
=coszac[S“(A,xl)SE(B,xz){ZAfﬁ(xl,Q2)+ Nafi(x1,Q?) HZs(x5,Q%) + Ngf(x,,Q%)}
+ ABS(AX,) S°(B,x0) F2(x1, Q) FR(xz, Q)] + SIP O S(A,x1) STB X){ZAf2AX1,Q2)
+NAfE(XLQZ)}Bfg(Xz,QZ)+SE(A,XOSC(BaXz){ZAf%(M'Q2)+NAfg(X1'QZ)}BfE(Xz’Qz)]+[X1HX2aA<—>B]-
(Ad)

Finally, thew™ qaconvolution is
2 S(Ax)I(Bx)f;(x1,Q)1 (x2,.Q7)C'(q )
i,jeQQ
=cog ﬁc[SU(A,Xl)Sd(B,Xz){ZAfﬁ(Xl Q%)+ NAfﬁ(Xl Q) HZsfh(x2,Q%) + Npfh(x,,Q%)}
+ABS(A, X)) S(B, %) F2(x1,Q2) (x5, Q%) ]+ SIP O] SU(A, X1) S(B X {ZaF2( X1, Q?)

+ NAfﬁ(Xl ,Q?)}1BR(x,,Q%) + Sd(Aixl)Sz( B,X2){Zaf§(X1,Q?%) + NAfG(xs 'Qz)}Bfg(Xz Q)]+ X=Xz, A B].
(AS)

We now turn to thegg channel. The convolution fa® production is

2 (S(AX)SUB Xy (X1, Q%) (X2, Q%) + [Xg =X A B C (0, qi)[ (G4)+ ()]
i,keQQ

=BS(B, %) fH(X2,Q2){5 (1~ Fxw+ TXGI[ S (A X){ZaF(X1,Q%) + Nafil(x,Q%)} + SU(Aaxl){ZBfE(XZ Q%)
+Ngfi(%2,Q)} +2AS (A, x) FR(x1,Q%) ]+ 5 (1— gxw+ s XG) [ S (A X){ZATH(X1,Q?)

+NATH(X1, Q) )+ SUA X ){Z6F2(X2,Q2) + N o2, Q) + 2AS(A,x1) FR(X1, Q2 1} + [Xy o Xp A BI.

(A6)
For W* production in theqg channel, we have
2 (S(AX)SUB,Xp) g (x1,Q%)fy(%2,Q%) +[X1%,A—B])C" ()
i,keQQ
=BS(B,X,) F(%o, Q[ (A X ){ZaTB(X1, Q%) + Naf1(X1, Q%)) + SU(A X)) {Z6 (%, Q) + N (%2, Q2)}
+ALSYAX) F2(x1, Q) + (A X1) F(X1,Q)} ]+ [ Xy 5 Xp A B]. (A7)
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Now the couplings do not enter explicitly faV* and W~ production because each distribution is multiplied by tégs
+sirff). Finally, theqg convolution forW~ production is

2 (S(AxX)SUBXp) Ty (x1,Q1) (%2, Q%) + [ X1 X2, A= B]) C' (5,010
i, keQQ
=BS(B,xo) fA(%2, QA S (A XD ZAT2(X1, Q) + NaF (X1, Q2)} + SHA X1 ){Z6 (%2, Q%) + N Fhi(x2,Q%)}

+A{SS(A1X1)f2(Xl vQZ) + S;(A!Xl)fg(xl ’QZ)}] + [Xl(_)XZ ,AHB] (A8)
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