PHYSICAL REVIEW C 68, 044906(2003
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The current normalization of the cross section of inclusive tgtparticle production in deuteron-gold
collisions measured at RHIC relies on Glauber model calculations for the inaefb&ticcross section. These
calculations should be corrected for diffraction. Moreover, they miss Gribov’s inelastic shadowing which
makes nuclei more transpargieblor transparengyand reduces the inelastic cross section. The magnitude of
this effect rises with energy and one may anticipate it to affect dramatically the normalization of the RHIC
data. We evaluate the inelastic shadowing corrections employing the light-cone dipole formalism which effec-
tively sums up multiple interactions in all orders. We found a rather modest correction factor for the current
normalization of data for higlpr hadron production im-Au collisions. The results of experiments insensitive
to diffraction (PHENIX, PHOBOS should be renormalized by about 20% down, while those which include
diffraction (STAR), by only 10%. In spite of smallness of the correction it eliminates the Cronin enhancement
in the PHENIX data for pions. The largest theoretical uncertainty comes from the part of inelastic shadowing
which is related to diffractive gluon radiation or gluon shadowing. Our estimate is adjusted to data for the
triple-Pomeron coupling and is small, however, other models do not have such a restriction and predict much
stronger gluon shadowing. Thus, one arrives at quite diverse predictions for the correction factor which may be
even as small aK=0.65. Therefore, one should admit that the current data for pjgidron production in
d-Au collisions at RHIC cannot exclude in a model independent way a possibility of initial state suppression
proposed by Kharzeev-Levin-McLerran. To settle this uncertainty one should directly measure the inelastic
d-Au cross sections at RHIC. Also, collisions with a tagged spectator nucleon may serve as a sensitive probe
for nuclear transparency and inelastic shadowing. We found an illuminating quantum-mechanical effect: the
nucleus acts like a lens focusing spectators into a very narrow cone.
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I. INTRODUCTION (EMC) effect at large Bjorkerx).
Absolute values of the higpy nuclear cross sections are

IRece”r?t.data f(?’[_hlglpT hadron production in deuteron- e i o measure at RHIC, only the fraction of the total
gold collisions atys=200 GeV at RHIC[1-3] demonstrate j,qaqtic cross sectiodN™/d2p; is known. Then, one has to

importance of these measurements for proper interpretation, majize it by multiplying the fraction with the total inelas-
of data from heavy ion collisions. The observed nuclear efy;. -ross section

fects at highpy are pretty weak, the enhancemég@ronin

effech measured for pions by PHENIX is only about g'ihnAthA/dsz 1 dN"d%p;
10—20%, in accordance with expectation of Ré#] and RNN(pT):W:N_m, 2
with somewhat larger effect found in Ré], while a sup- in Pr Reol T

, . ; ere
pression, rather than an enhancement was predicted in ReY. hN
[6]. To discriminate between these predictions the data NcoII:AO-%- (3)
should have at least few percent accuracy. (rinA

In this paper we draw attention to the fact that only theln some experiments the denominator in E@L),
shape ofp; distribution was measured experimentally, while do"™/d?p;, was directly measured or borrowed from other
the normalization of the data is based on theoretical calculameasurements, otherwise it should be corrected for dif-
tions which are not correct. Therefore, the reported results diractive dissociation of the colliding protons which pos-
deuteron-gold measuremerjts-3] may be altered by more sesses a large rapidity gap and escapes detection. In what

appropriate calculations. follows we assume that the denominator in Ed),
The nucleus to nucleon ratio demonstrating the wellde™/d?py, was directly measuretsee, however, discus-
known Cronin effec{7] is defined as sion in Sec. | B 2 and concentrated on nuclear effects, i.e.,

A the inelastic nuclear cross sectiof)”* which was calcu-
Run(pr) = do™"/dpy () latedin Refs[1-3] in an oversimplified approach.

AN Ada™d?p;’
At large py, of the order of few GeV this ratio exceeds A. Number of collisions: What is actually colliding?
one, but eventually approaches one at very hpglas is The Glauber approach is a model for the elastic hadron-
expected according tk; factorization(it may even drop nucleus amplitude. It is demonstrated in Appendix A how to

below one due to the European Muon Collaborationcalculate inelastic and quasielastic cross sections using uni-
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tarity and completeness. The model does not say anythingithin the Glauber model it is proportional to the nuclear
about exclusive channels of inelastic interaction. One carthickness functioﬁl’ﬁ(b), i.e., to the number of opportunities
formally expand the Glauber exponential, and it looks like afor a parton to perform a hard process. Indeed, the projectile
series corresponding to different numbers of inelastic colli-high-energy partons participate in hard reactions independent
sions of the same hadron and with the same inelastic cros¥ the accompanying partons, since color screening plays no
section. However, a high-energy hadron cannot interact intole for a hard interaction. Moreover, naively, one may ex-
elastically many times, since the very first inelastic collisionpect that this factoTp(b) (Tg in the case oAB collision) is
breaks down coherence between the constituents of the hadll one needs to normalize a hard process, and this normal-
ron. It takes a long time proportional to the energy to pro-ization is independent of the soft cross secigfl. However,
duce a leading hadron in final state. N¢oi is defined for events where inelastic collision did hap-
The cross section of inelastic hadron-nucleus collisionpen. Therefore, it must be properly normalized by the prob-
P is related to the probability for the incoming hadron to ability for the incoming hadron to make inelastic interaction
get the very first inelastic collision, usually on the nuclearat the given impact parameter:
surface. This is whyo'=«A?3, Since the process is fully N T(b)
inclusive, subsequent final state interactions do not affect the Nean(b) = 1-exf- "N TN(b)]’ (4)
cross section due to completeness. n A
N, defined via expansion of the Glauber exponentialAveraging this expression over inelastic collisions at dif-
term should not be treated as multiple sequential interactionterent impact parameters one indeed arrives to the expres-
of the projectile hadrorisuch as expansion of the exponen-sion (3).
tial describing the time dependence of particle decay does
not mean that the particle can decay many timagter the B. Correcting data for Ry ay

st oot tracton e ders f e e Uy et sy o RHIC 3 el
P 9 9 i Pihe Glauber Monte Carlo model assumioff¥=41-42 mb.

parently havg Iit_tle o (.jo with the pr_operties of the incomingm this paper we challenge these calculations and show that
hadron and its inelastic cross section. Formally, one can rethe published results fabAu collisions are subject to im-

late N to the mean number of the Pomerons which un- . :
dergo unitarity cuts. The Abramovsky-Gribov-Kancheli portant corrections and the con_clusmns are model dependgnt.
There are two major corrections to be done to the Cronin

(AGK) cutting rules[8], which are not proven in QCD, as- . . .
sume that these cuts have the same eikonal weights as givgﬁt'o’ E_q.(2), measured at RHIC. We combine them in a
correction factoi,

by the Glauber model. In this approach multiple interactions
are not sequentialplanap, but occur in parallel, i.e., they — pRHIC

allow a simultaneous unitarity cut. In terms of the light-cone RoalPr) = Raa ™ (PrK, ®)
approach multiple interactions correspond to higher Fockwvhere

states in the projectile hadron. The constituents of these K =KgKg- (6)
states propagate through the nucleus and experience their ) ) L )
first inelastic interaction independent of each other. Thd1€ré Ker is the correction related to Gribov's inelastic
probability of such multiple interactions has little to do with Shadowing missed in Glauber model calculations. Itis in-
the properties of the low Fock states which dominate thdroduced in the following section and calculated through-
hadron-nucleon cross section, therefore it should not be eXQut the paper.

pressed as a power @ﬁ},”. At any rate, whether the AGK ; EV%”. withfin the C;Iaultéetr) model thg: bcalc;JIations per-
weights are correct or not, it is clear thiit, cannot be formed in Refs[1-3] should be corrected by a factiig,. It

treated as sequential interactions of the projectile hadron. ©figinates from a more accurate treatment of the inelaéc
The first inelastic collision of the incoming hadron is a cross section which should correspond to the class of events

soft color-exchange interaction. The projectile partons do no?electe_d fqr the analy5|§, as Is explained in Sec. | B 2. This
alter either their numbefor a given Fock stapeor their ~ CO'Téction is calculated in Sec. Il. . :
longitudinal momenta, but the whole system of partons ac- Therg IS an addltlonal correction which ‘TShOUId be_ n-
quires a color. Therefore, the remnants of the hadron turn otﬁluded'mto Eq(6) if one 'needs to compare .W'th thepreﬂcal
to be color connected to the remnants of the target. Then nefyf€dictions for the Cronin effect fopA collisions. It is re-

partons are produced from vacuumg., via the Schwinger ated to the fact that the deuteron is a nucleus and is also
mechanism aiming to neutralize the color of the projectile .S“bJeCt to the Cronin effect. Therefore h|g_henhan.cclament
d-A must be somewhat stronger thangrA collisions.

partons. Their momenta are much smaller than those of thig ¢ L :

projectile partons. Such an excited and color neutral partonid S correction is evaluated in Sec. VII and found rather

system keeps propagating through the medium and experr™all

encing new soft color-exchange interactions similar to the

ordinary hadrons. The corresponding cross section is subject

to color screening and is controlled by the transverse, rather It is known that Gribov's inelastic correctiorf9] to the

than longitudinal, size of the system. Glauber approximation make nuclear matter more transpar-
From the practical point of view, there is nothing wrong in ent and reduce the hadron-nucleus cross sections compared

using N, as a multiplication factor for hard reactions, sinceto the Glauber model. This effect steeply rises with energy,

1. Inelastic shadowing
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' generator in all three experiments corresponds to the Glauber
3400¢ n—-Pb formula derived in Appendix A, EqA14), whereo is the
total inelasticNN cross section. Then, according to deriva-
tion, Eq.(A14) describes the total inelastic cross section on a
nucleus minus the part related to quasielastic nuclear excita-
tions (with no hadron producedThis is not what was actu-
' ' ally measured in any of the three experimefits3]. These
* experiments have different event selections and the calcula-
tions should comply with that.
The STAR experiment triggers on forward neutrons from
the gold[2] and detects all inelastid-Au collisions includ-
FIG. 1. Data and calculationgl0] for the total neutron-lead !ng quasielastic excitation of the gojldn this case, accord-

cross section as a function of energy. The dashed curve correspontid to the Glauber formall§m prNesented in Appendix 'ﬁ\&l one
to the Glauber model, while the solid curve is corrected for Gri-should rely on Eq(A10) with ofg'=51 mb, rather thaw},
bov’s inelastic shadowing. =42 mb. At the same time, the two other spectrometers,
PHENIX and PHOBOS, seem to be insensitive to large ra-
as one can see from the example depicted in Fig. 1 for thB'déty g%p fvegtihl.e.,EdlﬁrzclzTe ﬁxcﬁjatgons ofﬁhg de_tuhteron
total neutron-lead cross section measured and calculated fio 909L ’g]NN OeJ?N qO'J(“N O)J\,§~ou © applied with a
Ref. [10]. Apparently, the Glauber model overestimates thereplacemen in 1 Oin _.2 sd ~0gg ~30 mb, i.e., the s'mg'le
cross section, and the deviation rises with energy. Without nd the double diffraction must be sqbtrac(ede details in
good theoretical input one cannot predict what will happen a ec. I1112,13. Ap_parent_ly, it makes d|ffere_nce whether ane
the energy of RHIC, which is 100 times higher than in fixed—pfggrmz calculations with input cross section 51 mb, 42 mb,

target experiments at Fermilab. This is a serious challen98 . N .
for the theory to calculate the inelastitA cross section at The numerator in Eq4), ojy", is even more sensitive than

these energies, and the results apparently will be model gdhe denominator to assumptions where inelastic channels

pendent. However, it is certain that the sign of the correctior‘?hOUId be_mcluded. Howeve_r this dpes not seem to be a
remains negative and it can only rise with energy, i.e., jgoroblem, since the cross section of highproduction inpp

cannot be smaller than what is shown in Fig. 1 for low en_coIIisions,do*f’p/deT, was directly measured in all the three
ergies ' experiments°’, and we consider only the nuclear modification

Our own estimates summarized in Table | give a moderatéacmr’ Eq.(5), in what follows.
reduction, about 20%. The weakness of the effect is based on
a proper treatment of diffraction and is fixed by data on large
mass diffractive dissociation of protori4l]. At the same
time, many models predict quite a strong gluon shadowing This paper is organized as follows. We present a brief and
even at high virtualities. Naturally, this effect should not besimple derivation of basic formulas of the Glauber model
weaker in softNN interactions. Then it may lead to a stron- [16] in Appendix A. In Sec. Il we treat the deuteron as a
ger suppression of the inelasté cross section than that we nucleus and generalize the Glauber model for this case. We
found, as is discussed in Sec. VI B. derive formulas for the cross sections of different channels,

Note that although inelastic shadowing makes nucleaperform numerical calculations, and present the results in
medium more transparent, the mean number of collisiondable I. We corrected the input inelashtN cross section for
increases according to E). It sounds counterintuitive that diffraction and found a smalles{” than in Refs[1,3], but
a hadron experiences more collisions in a less absorptiviarger than in Ref[2].
medium. Formally it follows from Eq(3), but can be ex- Events with a tagged spectator nucleon may serve as a
plained qualitatively. For instance, if one calculated the meaigensitive probe for nuclear transparency, since the spectator
number of collisions in a photoabsorption reaction on a
nucleus using _the Glauber formula, the regult W(_)UId be very Y| appreciate the very informative communication with Carl
small, proport.|onal tpaem _H_owever, Neon IS defmgd for Gagliardi on this issue.
events when inelastic collision takes place. In this case it 2y part of diffraction might have been included into the trigger

comes from hadronic fluctuations of the photon and is muchficiency of the PHENIX spectrometer; namely, double diffraction,
larger than the number of collisions given by the Glauber e, excitation of nucleons in both the deuteron and the gold can
formulas, Eq(3). This example explains whi., increases  reach and fire sometimes the closest of the two beam beam counter
due to inelastic shadowing. (BBC) triggers covering pseudorapidity intervalg=+(3-3.9.
However, the main part of diffraction, single diffractive excitation
of either the deuteron, or gold could hardly reach the opposite hemi-
sphere and fire both the BBC triggers simultaneously, which is the
As far as the need to calculate the deuteron-nucleus inrigger condition. | am thankful to Barbara Jacak and Sasha Milov
elastic cross section is concerned it should be done in corrgor informative and clarifying discussions on this issue.
spondence with the class of events selected by the trigger3aithough it is stated in Ref{1] that the cross sectiotio??/d?p;
The cross section calculated via the Glauber Monte Carlovas normalized to 42 mb, it was measuiéd,15.
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C. The outline

2. How inelastic is the inelastic cross section?

044906-3



B. Z. KOPELIOVICH PHYSICAL REVIEW C68, 044906(2003

TABLE I. Results for different cross sections and numbers of collisions calculated using Glauber approxi-
mation(Sec. l)), corrected for inelastic shadowing related to valence quark fluctuat®ets V A), and for
gluon shadowing(Sec. V). The results including the ultimate renormalization fackordepend on the
experimental setup and are different for the STAR and PHENIX experiments.

Observable Glauber  Valence quark Plus gluonic Correction
model fluctuations excitations factor
oA (mb) 4110.1 3701.0 3466.2
STAR o-ﬁ]'A“(mb) 24227 2226.@2335.9 2118.32228.3
FactorK in Eqgs.(5) and(6) Kg =1.04 Kg=0.8710.92 K=0.91(0.96
Nig; (minimum biag 6.9 75 7.9
oidr;A‘_‘(tag@(mb) 458.4 544.9511.5 551.8520.1)
Ngo(tago 2.9 4.4 5.0
PHENIX ot (mb) 2146.0  1998.2100.) 1930.32033.7
~ Factork Kg=0.92 Kgr=0.90.95 K=0.830.87)
N2OMAT (minimum biag 5.5 5.9 6.1
Thamdietagg (mb) 324.3 480.M451.5  498.4470.6
NI (tagg 2.3 2.9 3.2

must propagate through the nucleus with no interaction. Werediction of rather weak gluonic shadowing,20%, and
calculate the total cross section for this channel and the transmall contribution to the inelastic corrections. At the same
verse momentum distribution of the spectators. Contrary tdime other models predict much stronger gluon shadowing
naive expectation that noninteracting nucleons retain thei¢Sec. VI B) which may substantially change the normaliza-
primordial Fermi momentum distribution, we found an tion of thed-Au data.

amazingly strong focusing effect; namely, the nucleus acts Since nuclear matter becomes more transparent due to
like a lens focusing the spectators into a narrow cone withnelastic shadowing, the number of participants changes as
momentum transfer range of the order of the inverse nucleawell. In Sec. VI C we found this effect to be sizable.

radius. The transverse momentum spectrum of the spectators In Sec. VIl we sum up the effects considered so far to see
acquires typical diffraction structure having minima andhow much they affect thel-Au data. The results are pre-
maxima. sented in Table I. We also corrected the PHENIX data for

Inelastic shadowing corrections are introduced in Sec. IVhigh-p; pions to see how important these corrections are
First, we use the traditional presentation in terms of inelasticompared to the current error bars. We found a considerable
diffractive excitations in intermediate state of hadron-nucleushange: the Cronin effect for high- pions had disappeared.
elastic amplitude(Sec. IV A). This approach is quite re- Our observations are summarized in Sec. VIIl. The main
stricted, being unable to deal with higher order scatteringonclusion is that the current data for highhadron produc-
terms which are especially important at high energies. Theretion in deuteron-gold collisions are not decisive, and should
fore, we switch to the eigenstate representation introduced ihe complemented with direct measurements of the inelastic
general terms in Sec. IV B. Its realization in QCD is the d-Au cross section.
light-cone color-dipole approach presented in Sec. V.

The part of the inelastic corrections related to the lowest
hadronic Fock component consisting only of valence quarks
corresponds to diffractive excitation of resonances in usual
terms. This contribution is analyzed and estimated numeri- The basic formulas of the Glauber model for hadron-
cally in Sec. VA. We demonstrate that these correctionsiucleus collisions are presented in Appendix A. If one treats
make heavy nuclei much more transparent: instead of expahe deuteron as a hadron, one can calculategmtal, total
nential attenuation we found a linear dependence on the irelastic, and inelastic cross section, provided that the elastic
verse nuclear thickneg$Sec. V A 1. Correspondingly, we dNamplitude is known. The latter can be calculated employ-
derived formulas for cross sections of different channels coring the Glauber model, too. This is done in Appendix A.
rected for inelastic shadowing for hadron-nucle(ec. One can do calculations differently, treating the deuteron
V A 2), and deuteron-nucleuSec. V A collisions. In Sec. as a system of two nucleons interacting with the nucleus. In
V C we study the possibility of improving our calculations. this case one can consider more reaction channels as deu-
We tested sensitivity of our results to the form of the nucleonteron excitation, etc., which have been missed in the previ-
wave function and derived formulae for the case of a realistious approach.
saturated dipole-nucleon cross section.

Gluonic excitations corresponding to Fock states contain-
ing extra gluons are considered in Sec. VI. They correspond
to diffractive excitations of large mass which are known to We generalize EqA5) from Appendix A for a deuteron
have quite a small cross section. This smallness leads tolzeam as follows:

II. EXTENDING THE GLAUBER MODEL TO
DEUTERON-NUCLEUS COLLISIONS

A. The total cross section
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A
Tt = 2ReJd2rT|\Ifd(rT)|2(O|1 H[l I‘pN(b_"T/Z Soll1- 1ﬂnN(b"'rT/Z S0110)

1 1 1 Z
=2 f d%b f d2rT|‘I'd(rT)|2(1—exp{—Eatot{TA<b+ rT)+TA(b—§rT>} g‘lNTx(b)exp<— 4I;LN>})’ (7)

wherery is the transverse nucleon separation in the deusmallerrt is, the stronger nucleons shadow each other, and
teron and/W4(ry)|? is the deuteron light-cone wave func- this is accounted for by the third term.

tion squared and integrated over relative sharing by the One can see the difference between this expression and
nucleons of the deuteron longitudinal momentum. It isEq.(A5) (for h=d). In the latter case the averaging oveis
presented in Appendix B. The effective nuclear thicknesgut up into the exponent, while in the former case, &),
function T,T(b) convoluted with theNN elastic amplitude the whole exponential is averaged. We will see in Sec. IV B

is introduced in Eq(A6). that this difference is a part of Gribov’s inelastic corrections,
We did calculations with nuclear density in the Woods-so Eq.(7) takes the first step beyond the Glauber approxima-
Saxon form tion.
Note that the last term in the exponent in Ed) is quite

3A 1 g  small. Besides smaliness ol\/ oy, the exponential factor
Palr) = 4mR3(1 +ﬂ2a2/RA) r-Ry)’ ®)  is rather small. The mean value of the exponent is
X (r3)/4By\=~5. This term reduces the totadAu cross section
by 1.3% only.

with R,=6.38 fm anda=0.54 fm, same as in Refl] for ] ] )
easier comparison. The result for the total cross section B- The cross section of elastidA scattering and deuteron
o4 is shown in Table I. breakup dA—pnA

Equation(7) is easy to interpret. The first two terms inthe  According to Eq.(A9) in order to find elastiaddA cross
exponent correspond to independent interaction of twaection one should square the partial elastic amplitude and

nucleons separated by transverse distahc©f course, the integrate oveb:

1 1 1 £
o —deb derT|\Ifd(rT)|2(1—ex;{ 2aw{TA<b+ 2rT> +TA<b—§rT>}+ ae|NT§(b)exp< 4|;LN)})

This is the square of the average of the elastic amplitude over deuteron configurations. If, however, we take average of the
amplitude squared, the result will include also dissociatlespn, i.e.,

2

(9)

cINdA— dA) + 09a(dA— npA) = fdzbf dro|Wy(ro)|?

1 - 1 -
X|1l-ex _Eo-tot b E +TAb

2

I\JIH

NNT-N r%
) + g A(b)ex _4BNN)

(10

C. The total inelastic cross section

Subtracting from the total cross section the elastic part one gets the cross section of all inelastic chaawel&/dan
however, prefer to subtract the deuteron quasielastic breakup too, since it is not detected by any of the RHIC experiments.
Then we have

ol = olor— 04l — 0fieddA— npAY
1 N
= f dzbf d2r | Wy(ro)|? X (1 - exp{— oy {TA(b+ rT> + TA(b

044906-5
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The result of numerical calculation for this cross section D. The cross section of nondiffractive channels

is exposed in Table I. This cross section covers dif- |, experiments insensitive to large rapidity gap event one
fractive excitations as well, therefore we place the resulsphould employ the inelastic cross section with all diffractive
in the upper part of the table which is supposedcontributions removed; that is one should also subtract the
to be related to experiments sensitive to diffractioncross sections of quasielastic excitation of the nucléus,
(STAR). —A’, and diffractive excitation of colliding nucleons.

The impact parameter distribution of the inelastic cross The cross section of singledA—dA") and double(dA
section is plotted by a dashed curve in Fig. 2 and the inte—pdA) quasielastic and quasidiffractive nuclear excitation
grated cross section is shown in Table I. reads[compare with Eq(A13)]

ooa(dA— dA') + o5 (dA— pnA)

A 2
= f Pro|Wq(r)[2x 1 (0] | 1 =TT [1-TPNb- /2 -§][1 -T"™b + /2 -5)]| |0)
k=1
A
—(0]1 =TT [1-TPN(b—Fr/2 = §)I[L —T"™N(b + /2 — §)1|0)?
k=1

-1 -1 r2
:fdzbjd2rT|\Ifd(rT)|2(exp{—U{}‘,N{T,'§<b+—FT> +T§(b——r}>}+ 4a§,NTN(b)y(rT)exp<— T )}
2 2 4By
—exp) — o TN(5+}F>+TN<5—}F) +UNNTN(b)exp<— i ) ) (12)
tot A 2 T A 2 T el 4BNN '

where
lp=x_ -~
Qa o '
\ NN 2 NN\ 2 2
o 087 \ 8‘Tel I Ol I
= . yr)=1-—- exp(——) +8<—) exp(— )
Z ol A 3ofy 8B ofey 4By
< N (13)
© o4l A
A\
B\
02 ¢ -\
is a correction factor hardly different from 1. In what
00 2 4 6 10 12 14 follows we do not keep the small terms in EG.3). Note
b(fm) that the form of Eq(12) is analogous to that of E§A13).

For experiments insensitive to diffraction the quasielastic

FIG. 2. The impact parameter distribution of inelastic deuteron-Cr0SS section, Eq12), should be subtracted from E(LL)
gold collisions(three upper curvasncluding diffractive excitations ~and the result would be similar to EGA14). However, we
(STAR trigged. Impact parameteﬁ corresponds to the center of SF'” MISS the Clont_rlbutlon of dlﬁractlvg channels related to
gravity of the deuteron. The dashed curve corresponds to thglffractwe .ex.C|tat|on_s of nucleons in the deute_ron "’_md
Glauber approximation, Eq10). The thin solid curve includes in- _nucleus. It is impossible to introduce conS|st_entIy d|ffr:_;1ct|on
elastic shadowing related to excitation of the valence quark skelln the framework of the Glauber model which is a single-
eton, Eq(45). The thick solid curve is final, it includes gluon shad- channel approximation. Diffraction naturally emerges in the
owing as well. The bottom solid thick curve shows the differenceMultiple coupled channel approach or in the eigenstate
between the Glauber and final curves. The dotted curve shows tH@et.hOd imrqu(}ed below. Meanwhile, one can use the fol-
range of model uncertainty and corresponds to gluon shadowinfWwing prescription.
with R;=03 (see Sec. VIR All curves are calculated with total Let us expand the exponentials in EG2) in small ex-

cross sectio\N=51 mb. pansion parametery" Ty(b) up to the first order,
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1 ingly, their p; distribution changes. This is how elastic scat-
~ J deJ erT|‘I’d(fT)|29XW[‘ Ttot |:TA<b+ ?T) tering on an absorptive target happens: it is not due to trans-
parency of the target, but is caused by absorption. In the limit
N NN T of a completely transparent target, the incoming plane wave
*Ta( P~ 5fr el | Ta| D+ o' T is not disturbed and no scattering occurs. Absorption makes a

hole in the plane wave, and one can think about the outside

+TN<6_ }r* ) + (14) area of the incoming wave which undergoes .elastig scatter-

A T ing. On the other hand, one can subtract the incoming plane
wave whose Fourier transform is justdunction(zero angle
scattering and the rest is a wave packet with a transverse
‘area of the target size. A Fourier transform of this wave
packet gives the elastic amplitufigompare with Eq(A9)].

Thus, the spectator neutrons experience elastic scattering
on the target, rather than simply propagating with the undis-
in all orders ofo-e| Ta(b). This is a substantial correction turbed primordial transverse Fermi momentum. Below, we

In order to include the possibility of diffractive excitation
of nucleons in the colliding nuclei, one should replace in Eq
(14),

NO g

e| - + 20—5d + O'dd (15)

since at RHIC energya'=9 mb, andohV+20\N+g\N  derive formulas which show how elastic scattering of the

=21 mb. spectator neutrons happens and perform numerical evalua-
The final Glauber model expression for the nondiffractivetion of the effect.

inelasticdA cross section reads We start with the cross section of this process which can

be written as

dA — 2 2 2
Unondiff—J d bf dr|Wy(ro)] tagg(dAH nX) = Ref d?ro|Wy(ry)[?

1
1 ex;{ TA b+ —rT> A R
xO[T[1-T"™(b-rfr-8)F

. 1 N r2 k=1
+TA<b S ) + 4NN (b)exp< 4BNN) ) A

1-T] [1-2"Nb-8)] ¢ o),
16 X g[ (b-30]1(|0)

N

where (18)
~NN_ NN_ ~NN D i ' i
NN = NN — N, (17) whereb is the impact parameter of the proton. The first
) ) factor here would be the elastic neutron-nucleus cross sec-
We calculated the nondiffractive part, §46), of the in- tjon, if it were not weighted by the second term which is
elasticd-Au cross section and the result is shown in Table |the inelastic proton_nuc|eus Cross Section, i'e., the differ-

The corresponding number of collisions also presented in thgnce between the total and elastic and quasielastic cross
table is rather small compared to the one quoted in Réf.  sections(see Appendix A

This is mainly due to a smaller inelastic cross sectiffii we After integration over the coordinates of bound nucleons
use. we get
1. QUANTUM MECHANICS AT WORK: ILLUMINATING tagg 2 2
FOCUSING EFFECT FOR SPECTATORS Tnonait 04— NX) = f d bf dro¥alrol”

Assume that only the proton in the deuteron interacts in- xexp[— oNNTND - 77)
elastically with the nucleus, while the neutron is a spectator
(of course, all the following results are symmetric relative to {1 ex;{ ~NN-|-A (b) + 40
interchangep<n). This is a very interesting process of si-
multaneous interaction and no interaction. It provides direct (2
information about nuclear transparency. Apparently, this pro- % (5 - F1/2) y(rﬂexp(— T )H
cess pushes the neutron to the ultraperiphery of the nucleus 4Bnn
where its survival probability is high, while the proton pre- (19

fers to hit the dense area of the nucleus and interact.

Naively, the survived spectator neutrons should maintairiere we made a correctlon for diffractive channels replac-
their primordial transverse momentum distribution controlleding oy 0 &l and o0 Gy, valid only for those experi-
by the deuteron size. This is assumed in the Glauber Montments which are not sensitive to diffractigPHENIX,
Carlo. However, quantum mechanics is at work, and theHOBOS. Correspondingly, the numerical result for
nucleus acts like a lens focusing spectator neutrons. The surad%,. (dA—nX) is placed at the bottom part of the table.
vival probability modifies the shape of the wave packet ofThe results at the upper part of the table use the total

the spectators in the impact parameter plane. Corresponeéastic and total cross sections instead&@ﬂN and ’&m’\' as
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FIG. 3. The impact parameter distribution of interacting protons . o
in tagged deuteron-gold collisions with spectator neutrons. The cal- G- 4. The impact parameter distribution of spectator neutrons
culation includes diffractive excitationSTAR triggey. Impact pa- in tagged deuteron-gold collisions with interacting protons. The cal-
culation includes diffractive excitatiofSTAR trigge). Impact pa-

rameterb corresponds to the proton. The dashed curve represents
the Glauber approximation, EGL0). The thin solid curve includes rameterb corresponds to the proton. The dashed curve represents

inelastic shadowing related to excitation of the valence quark skelt"® Glauber approximation, EGL0). The thin solid curve includes
eton, Eq.(45). The thick solid curve includes gluon shadowing as inelastic shadowing related to excitation of the valence quark skel-

well. All curves are calculated with total cross secti(ﬁ‘ﬁ’\‘ eton, Eq.(45). The thick solid curve includes gluon shadowing as
=51 mb ot well. All curves are calculated with total cross secti@f,

=51 mb.

an input for calculations. Indeed, since the STAR experi-
ment is sensitive to quasielastic nuclear excitation as well,
it should be included, and one has to rely on E4L13).
We also demonstrate the impact parameter dependence
a299dA—nX) in Fig. 3. Interestingly, the interacting pro-
tons in taggedlA collisions strongly pick at the very edge
of the nucleus in spite of the large radius of the deuteron®
This is not a trivial observation and can be probably in-
terpreted as follows. The spectator neutron must be mos'[lgatagg(d’A‘H nX)
outside of the nucleus. Then, for protons which are close d’or
to the edge of the nucleus the interval of azimuthal angle
between the proton and the neutron is larger than for a = 2fdzb{l exg— ahTh(b) T}
proton deep inside the nuclear area. This phase space fac- 2m)
tor enhances the contribution of peripheral protons.

To see how the spectator neutrons are distributed one can X f d’r10%r, X expligr(Fy = )]

use the same equatiqa9) with the replacemenlBD 5+FT.

much more peripheral than minimum bias inelastic colli-
Sions and the proton should have a much smaller number
gf collisions.

To get the transverse momentum distribution of spectator
neutrons, one should Fourier transform the elastic neutron
amplitude before squaring it:

The result of calculations is depicted in Fig. 4. This plot 1 _ _

demonstrates that the spectators have a more peripheral im- XeXp{ 20tOt [TA(b ") +TA(b rZ)]}

pact parameter distribution than the interacting protons, but %

they are amazingly close. u (r, ru(ry, ro) +w(rp, row(ry, ro)

We also calculated the number of collisions of the proton Xf erl }
which underwent interaction in events with a tagged specta- o L+t +r)
tor neutron, (21)
T It is important that the proton inelastic interaction is inco-

NEoi*= g fdzbfderWd(rT)FTA(bHT/Z) herent,ptherefore we sphould first sum up coherently all

(T
tagg amplitudes of neutron elastic scattering for the fixed im-

xXexg- ototTA(b—rTIZ)] (20) pact parameter of the proton, then Fourier transform it,
square and after all integrate over the proton impact pa-

The results folN29? for events which include diffraction rameter. This is explicitly done in Eq21). Apparently,
or not are shown at the upper and bottom parts of Table integration overg; in Eq. (21) leads to the expression in
respectively. The mean value &, for tagged events Eq. (19). The S and D wave functions are presented in
turns out to be nearly a half of the minimal bias value, Eq.Appendix B.
(3), which is for two nucleons in the deuteron. This con- In Fig. 5 we compare the normalized differential cross
tradicts the intuitive expectation that tagged events araection, Eq(21),

044906-8



TRANSPARENT NUCLEI AND DEUTERON-GOLD.. PHYSICAL REVIEW C 68, 044906(2003

104 107

103
102 k-
10
1k
10
10
10
10
10
10
10

10 F
10 Bern 10 ¢
0.15 0.3 10 B

g;(GeV) 015 03
g(GeV)

=0

=

o
w

Rtagg(qT)
Rtagg(qT) |b

© b U e b A b N B

© b N &b b A e N s

o©
o

o
o

FIG. 5. Transverse momentum distribution of spectator neutrons
in the tagged reactiod+Au— n+X (solid curve, and in the pro- FIG. 6. Same as in Fig. 5, but for a centtak=0) proton-gold
jectile deuteron(dashed curve The inelastic reactiop+Au— X is collision, accompanied by a spectator neutron.
assumed to include diffractiqt® TAR experiment The calculations

are performed in the Glauber approximation, E2). teron are enhanced. Apparently, such large-size configura-
tions are related to a smaller Fermi momentum and this
1 dU?A simpl_e observatipn explains the qugsing effect.
Riagg(0r) = ng#] (22) This explanation offers a possibility to study the correla-
o> dar tion of the focusing effect with centrality of collisio‘hSup-

pressingb integration in Eq(21) one can trace thb depen-
dence of the focusing effect. In Fig. 6 the same comparison
of two gy distributions is shown for central collisiob=0
(impact parameter of the interacting profomhe interpreta-

with the undisturbed primordial distribution of the neutron
in the incoming deuteron, also normalized to 1,

d
% = ! 5 J dr 1 d?rexdig(Fy — )] tion of central collisions is especially clear. Once the proton
d°q  (2m) hits the center of the nucleus, the spectator neutron must be
* U (e, rou(ry, ro) + W (r, r)w(r,, ry) located along a rage ring outside the nucleus with a radius
Xf dr. =227 2 , larger than the nucleus. Correspondingly, thedistribution
‘°° VL +r(ri+r) has the typical diffractive shape and a small widtly

(23 <1/Ra.

The surprising observation is that the spectator neutrons. C;ontrary to our expectat|gn_s, the d|str|b%|,t!ons are quite
have a much narrowey; distribution than the Fermi motion Similar. The mean value o(qu>_—0.00_O32 GeVis close to
in the deuteron. This is opposite to the usgabroadening ouroresult, EQ(ZL%’ . thhe E"”'m"".' bias sam%lg. buti
(Cronin effecy for particles propagating though a matter Ei ge maé/ won e;wfyt;amwma IOS. the |str; u'tzlpn,s |
[17]. In the present case the nucleus acts like a lens focusin 9. 6, are deeper than for the minimal bias sample, Fig. 5. In

neutrons. Figure 5 also exposes quite a different shape of t ct, for central collisions the minima go do_wn to zero, since
g distribution of spectators having diffractionlike minima we neglect the rea_l part of the e_Iastu_: amplitude and the FO”'
and maxima. rier transform oscillates changing sign. However, the posi-

Comparing the mean values qi of spectator neutrons tion of the minima(slightly) depends on the impact param-

with the primordial value in the deuteron, the difference isgit:trril;)ljtig;nes v(\:/glrlllscjl?f“fr:a.remer;?rz?r;edmth?;tig:s? tibem;ng#in
tremendous, about factor of 20, P ' 9

distribution will have minima which are partially filled up.
2 _ One should be cautious when comparing these predictions
=0.00038 GeY, 24 ) . . )
{@Dspect (24 with data which might be contaminated by nonspectator neu-
5 trons. First, the neutron calorimeters used at RHIC have a
(97 deuteror= 0.0065 GeV. (25 rather large acceptance which covers transverse momenta up

This focusing effect is a beautiful manifestation of quan—tFJ ~300 MeV._ TheFEfore* most of the neutrons which expe-
rienced quasielastic scattering contribute as wekcept

tum mechanics. The intuitive interpretation is rather straight- ; S )
forward. The condition that the neutron in the deuteron re—STAR)' Besides, the range of longitudinal momenta is rather

mains intact while the proton must interact means that th arge and events With. diffractive excitation on nucleons in
he gold should contribute, too. All such neutrons are not

neutron tries to pass the nucleus through the diluted periph-
ery while the proton prefers the collision to be central. Thes
conflicting conditions cause a strong suppression of small-

size deuteron fluctuations, while large separations in the deu-*l am thankful to Alexei Denisov for this suggestion.

Shectators and have much widgrdistribution.
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h - h diagonal diffractive amplitudes for excited state transitions
X;— X,. A solution proposed in Ref23] is presented in the
following section.

There is, however, one exclusion which is free from these
A CF A problems, hadron-deuteron collisions. In this case no inter-
action in the intermediate state is possible and knowledge of
diffractive cross sectiofN— NX is sufficient to calculate
the inelastic correction with no further assumptions. In this
case Eq(26) takes the simple forn©9,24], analogous to Eq.
17),

FIG. 7. Diagonal and off-diagonal diffractive multiple interac-
tions of the projectile hadron in intermediate state.

. . . (A
Second, selecting central collisions in accordance Wlth(

higher multiplicity, one should remember that central colli- h 5 dg's’g‘
sions are suppressédee Fig. 3 and one should not mix Aﬂtot:‘ZJdM Jdp'ZFdMgdp%Fd(t)- (28)
them up with the fluctuations of multiplicity.
We calculate this correction fopd collisions following
IV. INELASTIC SHADOWING CORRECTIONS Ref. [25] at \s=200 GeV using the slop&=10 GeV?
which is reduced by the proton vertex contribution 4 GV
A. Intermediate state diffractive excitations compared toBﬁl'N: 14 GeV2 The upper cutoff imposed by

The Glauber model is a single-channel approximation, ithe deuteron form factor on integration oWef is quite high
misses the possibility of diffractive excitation of the projec- at this energy and we can use the free-diffraction cross sec-
tile in the intermediate state illustrated in Fig. 7. These corfion o'=4 mb[12]. Then we findAojy=-1.75 mb.
rections, called inelastic shadowing, were introduced by Gri-
bov back in 1969[9]. The formula for the inelastic B. Eigenstate method
corrections to the total hadron-nucleus cross section was sug- |t a2 hadron were an eigenstate of interaction, i.e., could

gested in Ref[18], undergo only elastic scatteringas a shadow of inelastic

channely and no diffractive excitation was possible, the
AgMA=— 477J d?b expl — }UhNT (b) Glauber formula would be exact and no inelastic shadowing
tot 2 totiA corrections would be needed. This simple observation gives
w0 a hint that one should switch from the basis of physical had-
f dz,pa(b, Z;) ronic states to a new one consisting of a complete set of
py=0 - mutually orthogonal states, which are eigenstates of the scat-
" tering amplitude operator. This was the driving idea of de-
Xf dzpa(b, 27)€9 %272 (26) scription of diffraction in terms of elastic amplitudg2s,27,
2 and becomes a powerful tool for calculation of inelastic
shadowing corrections in all orders of multiple interactions
where 0'2(’1\1 is the cross section of single diffractive disso- [23]. Hadronic stategincluding leptons and photonsan be
ciation hN— XN with longitudinal momentum transfer decomposed into a complete set of such eigenstiites

Iy = % Wilk), (29)

dO'hN
X dm? —=9
f M2 dM?dp?

min

o - M2 - m2
LT 2E,

(27)

whereW| are hadronic wave functions in the form of Fock
state decomposition. They obey the orthogonality condi-
tions

This correction makes nuclei more transpargr#]. One
can also see from Fig. 1 that E(26) does a good job de-
scribing data at low energig40,2Q, since it takes care of
the onset of inelastic shadowing via phase shifts controlled s (‘I’E/)T‘I’E: Shiv
by q,. Higher order off-diagonal transitions are neglected. K
Diagonal transitiongor absorption of the excited statare
important, but unknown. Indeed, the intermediate stakas
definite masdM, but no definite size, or cross section. laid
hoc fixed in Eq.(26) at o{“OT It has been a long standing
problem of how to deal simultaneously with phase shifts We denote byfé[\‘:i alot/2 the eigenvalues of the elastic
which are controlled by the mass and with the cross sectioamplitude operatof neglecting its real part. We assume that
which depends on the size. This problem was eventuallyhe amplitude is integrated over impact parameter, i.e., the
solved in Refs[21,22 within the light-cone Green function forward elastic amplitude is normalized a$f('§'|\‘2
approach(see Sec. W =4 7 do¥/dt—. We can then express the elasfjghh) and

The situation changes at the high energies of RHIC angff-diagonal diffractivef.(hh’) amplitudes as
LHC, all multiple interactions become important, but phase

shifts vanish, substantially simplifying calculations. No ex- fIN=2i > | W26k = 2i(o); (31)
perimental information, however, is available for off- k

% (U= 6. (30)
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hN "N — o h'\ tygeh kN — XA, quasielastic,hnA—hY, and double diffraction,hA
fealh— M) = 2l§k: (Vi) Wi (32) — XY. This part of the cross section is what is measured as
. . ) .. the inelastic cross section in heavy ion gu(d)A collisions
Note that if all the eigenamplitudes were equal, the dif-3¢ 5ps and RHIC, and what we are going to calculate below.
fractive amplitude(32) would vanish due to the orthogo-  5ne may wonder, what is the difference between the cross
nality relation, Eq.(30). The physical reason is obvious. If ¢actions in Eqs(34) and(36) and those in Glauber approxi-
all the f&\ are equal, the interaction does not affect theytign, Eqs(A5), (A9), and(A14)? The difference is obvi-
coherence between the different eigencompon@dt®f s in the former set of equations the exponentials are av-
t_he projectile _hadrodh). Therefqre, off-diagonal transi- eraged, while the Glauber approximation contains
tions are possible only due to differences between the eigyponentials of averaged values. For instance, the total cross

genamplitudes. _ , _ , section in the Glauber approximation reads
If one sums up all final states in the diffractive cross sec-

tion, one can use the completeness condi(®®). Then, ex- oA ) 1
cluding the elastic channels one g§28,28,29 Trotlal = 2] db{l - exg- 3(oiTaD)]}, (39
d hN ) ) _ h .
16r —2| = [whR(olN)2 - (E |‘I’ih|2<7'tglt)2 wher_e<ot0_9-o$0'f._ If we subtract this from Eq(34), the
dt | 5 i rest is Gribov’s inelastic correction calculated in all or-
ders. Indeed, we can compare it with expresdid4) ex-
= (o2 ~ (oot (39 P pressiad

panding the exponentials in Eq&34) and (38) in multi-
As long as the main problem of the Glauber approxima-plicity of interactions up to the lowest order. Employing

tion is the need to include off-diagonal transitions, oneEqg. (33) we find

should switch to an eigenstate basis. Then each of the eigen- 1

states can experience only elastic diffractive scatterings and hA_ DA — | 2hI/ad \2_ /(A \2\TTh ()2

the Glauber eikonal approximation becomes exact. Thus, all 7t oo = f d b4[<(Tt°t> ((@10)]Ta(b)

the expressions for cross sections of different channels de-

rived in the Glauber approximation in Appendix A are exact =- 47Tf dzbf,l(b)zf dm? L‘Qd .
for any of the eigenstates. Then, the corresponding cross sec- dmdt t=0
tions for hadron-nucleus collisions are obtained via a proper (39)

averaging of those in Appendix 3,29,
This result is identical to Eq.26), if we neglect there the
a{}ﬁ= 2[ d?b{1 — (exd - %O'totTK(b)D}v (34) 22;§ﬁesnr1t|izlvamshmg at high energies and also expand the
Note that since the inelastic nuclear cross section in the
form of Eq. (A14) is correct for eigenstates, one may think
UglA:f d2b|1 —(exl{— %O-totTR(b)D'Z’ (35 that averaging this expression would give the correct answer.
However, such a procedure includes a possibility of excita-
tion of the projectile and disintegration of the nucleus to
oh= f d?b{1 - (exd - ain Ta(D)])}. (36) nucleons, but misses the possibility of diffractive excitation
of bound nucleons which is not a small correction. We intro-

It is interesting that the last expression me is already duce a corresponding correction in the following section.

free from diffraction contribution. Although only elastic and
quasielastic cross sections were subtracted frafi in V. LIGHT-CONE DIPOLES AND INELASTIC
Glauber model in Appendix A, after averaging over eigen- SHADOWING
states it turns out that diffraction is subtracted as well. In-
deed, direct averaging of the elastic cross section (&),
is different from Eq.(35) and includes coherent diffraction, ~ The light-cone dipole representation in QCD was intro-
hA— XA, in which cross section read&3,29 duced in Ref[29] where it was realized that color dipoles
are the eigenstates of interaction and can be an effective tool
for calculation of diffraction and nuclear shadowing. It was
concluded that the key quanﬂty of the approach, the cross
1 h 2 section of the dipole-nucleom, (r1), is a universal and fla-
~(exi - 200 TAb)])7). CL independent function which depends only on transverse
Averaging of the quasielastic cross section, E413), separatiorr and energy. Of course the energy must be suf-
leads to inclusion of diffractive excitation of the hadron ficiently high to freeze variations of the dipole size during

A. Excitation of the valence quark skeleton

MAA— XA) = j dPb{(extl- b))

h— X besides excitation of the nucleus—Y. interaction, otherwise one should rely on the Green function
Thus, EQ.(36), resulting from a direct averaging of the approach30,21,22 (see Sec. VL
single-channel inelastic cross section E4l4), corresponds This representation suggests an effective way to sum up

to that part of the totahA cross section which does not all multistep inelastic corrections in all ordef29]. Since
contain elastic scatterindpA—hA, coherent diffractionhA  dipoles are eigenstates of interaction in QCD, they are not
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subject to any diffractive excitation, and the eikonal approxi-geometry of the nucleus. In other words, the exponential
mation becomes exact. Therefore, if energy is high enough teerm in Eq.(A5) is very small for central collisions, and the
keep the transverse size of a dipole “frozen” by Lorentz timetotal cross section is rather insensitive to even dramatic
dilation during propagation through the nucleus, one carvariations of its magnitude.

write the cross sections in the form of Eq84)—«36). The The elastic cross sectioifhe partial elastic cross section
averaging in this case means summing up different Focks given by the square of the averaged value of the elastic
components of the hadron consisting of different numbers oamplitude. We get

quarks and gluons, and for each of them integration is over

r+ (intrinsic separations weighted with the square of the ha_ 1 2 [om TA(D)?
hadron light-cone wave functiopW,,(r{)[>. We assume that Tel =7 [1 +%U{‘0’}'T2(b)]2'
the hadron does not have a “molecular” structure, i.e., is not ) ) i ) ]
like a deuteron consisting of two colorless clusters. There- Correspondingly, the differential elastic cross section
fore all the following expressions apply only to elementary€ads
hadrons. To simplify calculations, in what follows, we rely doht 1
on the quark-diquark model of the proton, neglecting the 20l _ _—
diquark size. The total cross section is basically insensitive to deg 167

the diquark size, besides, there are many evidences that this
size is indeed sma|i31,32.

(43

hN--h 2
Ta(b) -
2 Otot | A .
— LA _explig-b)| . (44)
f 1+ 30 TA(b)

The total inelastic cross sectioifhe cross section of all
inelastic channels is given by the difference

1. Nuclear transparency J , 0{10’}‘1_2([3)[1 +‘_110_{10|\tl-|-2(b)]
d

hA_ hA_ hA_
i O — Oint — Og| —
According to the Glauber model hadrons attenuate expo- in = Yot Vel [1 +%U?Or\tl-|-2(b)]2

nentially in nuclear matter,

(45)

Tr=exp— o'NT,), 40 _ . o

A= 0ot Ta) (40 This cross section approaches the unitarity limit for
where Tr, called nuclear transparency, is the survival,"N Th(h)>1 at the nuclear center, but is proportional to
probability of a hadron propagating through a nucIearTA(b) at the nuclear periphery.
matter of thicknes3,. However, we know that the hadron " piffractive excitation of the hadroriThe combined cross
fluctuates and can be viewed as a combination of Fockection of elastic scattering and diffraction when the hadron
states of different content and size. Some of them havingnay pe either excited or not, but the nucleus remains intact,

a small transverse size can easily penetrate the mediuf given by the average of thA elastic partial amplitude
and do not attenuate as fast as in E40). squared:

Assuming that the hadronic wave function has a Gaussian

form and the dipole cross sectian(ry)ocr? (this smallry A 1, [oINTR (b)]?

behavior does a good job describing hierarchy of hadronicPsae(NA— XA) =5 | d Nrh 1_hNThoyT
| | Jor : 2 [1+0MmTh(b)][1 +2ainTa(b)]

cross sections and their siZ&s8]) we can perform averaging

in EQ. (34) and arrive at a rather simple express|@9] (46)

Here we first averaged over the quark coordinates in the
(exd—oa(nNTa) = T o, (41) nucleons, second, squared the result, and third, subtracted
1+010iTa the elasticdA cross sectioficompare with Eq(37)].
This explicitly demonstrates how Gribov's corrections Diffractive excitation of the nucleuhe cross section of

make nuclei more transparent. Since exponential attenudb® reaction where the nucleus is diffractively excited, and

collisions with heavy nucleithe difference might be tre-

\ 26" (b
mendous. AMA— XA') = f dzb[l +0'erI1N-?h((é)]3' 7)
Otot | A
2. Cross sections ot
. where
The total cross sectionThe total hadron-nucleus cross

section is modified according to EGt1) as FIN= GIN 4 6NN XN) + o"™N(hN — hY)

hA _ 2 U'Po’\tlTR(b) + Ugy(hN — XY), (48)

Oior= | d 1 _hNTh (42)
1+3501Tab)

and o) is a cross section of single diffractive excitation
Although Gribov’s correctiongcolor transparengymake ~ Of either the beam or the target; the double diffractive

nuclei much more transparent, the modified total cross se®ross sections’ly corresponds to diffractive excitation of

tion, Eq. (42), is not much smaller than the result of the both.

Glauber approximation, E@GA5). This is because the central Deriving Eqg. (47) we made use of the smallness of the

area of a heavy nucleus is “black,” i.e., fully absorptive, inelastic cross section and expanded the exponential. Higher

both cases, and the cross section is mainly related to therders ofcl)' are neglected, but the corrections are easy to
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calculate. We also neglected the small variation of the elastic PP = NN -GN, (50)
slope of the dipole-nucleon cross section with _

Equation(47), as one can see from E@8), takes into  which comes to abou#’=30 mb atys=200 GeV.
account the possibility of diffractive excitation of the projec-  Then, the number of collisions at a given impact param-
tile. This is a direct consequence of the eigenstate approachter corrected for inelastic shadowing reads

In addition, we also included the possibility of diffractive ~NN ~ NN, NN 1
excitation of bound nucleons in the target. These excitations Ngoyi(b) = [1 + oM ()] 1 - el /Ot

are not shadowed by multiple interactions in the nucleus, <"~ NN ot oA [1+0hNTR(D)]?

since all extra particles produced in this way stay in the (51)

nuclear fragmentation region and do not break down the
large rapidity gap structure of the event. Therefore, they may
be incorporated int@h adding the last two terms. Afs B. Deuteron-nucleus collisions
=200 GeV single and double diffraction cross sections are

So far we considered the case of colorless hadrons, but
about equalohy'~ahn'~4 mb [12,13, oy'~9 mb, soGh"

colored constituents. The specifics of a deuteron is that it

~2Dl_frfnb.t_ . Eqsd 4(48). d ¢ d contains two colorless clusters, nucleons. Therefore, one of
iffractive reactions, Eqs47) and(48), do not produce o i jaqtic corrections which we already took into account

any particles at central rapidities. Therefore, if one wants 9, n Eq. (7) is related to fluctuations of the deuteron size. The

calculate the part of the total hadron-nucleus cross Sec'['Oﬂext step is to average over the fluctuations of the sizes of the
detected experimentally, one should subtract these d'ﬁraCt'Vﬁucleons

contributions,

The total deuteron-nucleus cross sectiblow we should
A= GIA_ GIA (WA XA) - qel(hA—’ XA ?hvsrnal?gggtnoggre;heaknﬁrnucleon separation, as well as over
:J d2b O'tO’[TA(b) { 20'e|N/0't0'[ } (49) :
L+ogTa®) [ [1+ogTad)]? oot =2 J dzbf e[ Wo(rp) XD, Py, (52)

Sincepp cross section is used as a baseline for compari-
son, the same subtraction should be done in this case, toahere

2
r
L UZ',NTR'(b)exp<— 4BTNN)
[1 + lo'tot (6+ rplll+ lo'tot b - %FT)] [1+ 1O'tot b + IFT)]Z[:I- + 20'tot Tx(b - ﬁT)]Z

The result of calculation exposed in Table | is smaller than the Glauber model value. The difference comes from inelastic
shadowing related to diffractive excitations of the colorless clusters in the deuteron, each consisting of three valence quarks.

Elastic and diffractive scattering of deuteror@orrespondingly, the total cross section of elastic scattering and diffractive
excitation of the deuteron has the form

(FA(b, Py, = 1 . (53)

Uel "_a-s,g‘(dA_> XA) fdzbf erT|q}d(rT)|2<gdA(b rT)>r1r (54)
where
26NN () p< i )
A 2 O¢| 1A ex 4BNN
(@b, F))r r, =1 - LN 1 Iy . - + . N 1o
[1+ 2‘7tot +3M)[1+3 totTA( -3M] [1 +0'to TA(b+ ]1l+o NT (b_ 3]
I,2
N
1 ol (b)exp( 4BNN>
+ . (55)

[1+oNNTN(b+ [ + 2o 2b—%r})] [1+0NNTN(b + 27D L1 + ofNTN(b - 177) 12

Inelastic deuteron-nucleus collisian$ we subtract the elastic and diffractive cross section,(&4), from Eq.(52) the rest
will be the inelastic cross section which covers all diffractive excitations of the nucleus, but not gold. This is what is measured
in the STAR experiment. To comply with the condition of experiments insensitive to diffraction one should also subtract the
cross section of diffractive excitation of the nucleus. The results feapare with Eq(49)]
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T = oot~ oar — 05g(dA— XA) - oLf(dA— dY) - oi(dA— XY) = f b f FreWo(r) XA, F) o (56)

where

1 25NN b + 1rp)
[1+0'NNTN(b+ FOTL + oMb - 27p)] [1+ b+ i b- LF.
tot tot | A AR U'tot ( 7)1 [1+0'tot 3]

<hdA(6v I?T)>rl,r2

253 TA(b - 57) 7
[1+ 030 TN + 3r)][L + ol A~ 3T [1+ oMb+ 311 + og wb -3

The results of calculations of both inelastic cross sectiongind the inelastic corrections are maximal in this case. It is
with and without nuclear diffraction, as well as the corre-not surprising thalN., is quite large(considering that only
sponding numbers of collisions which are rather small com-one nucleon interacts
pared to what was calculated in R¢l], are presented in
Table I. As expected, the cross sections are smaller than pre-
dicted by the Glauber model, while the numbers of collisions C. Towards realistic calculations
are larger. We also plottdsldependence af2*in Fig. 2 (thin 1. Three valence quarks
solid curvg. Comparing with the Glauber curve we see that

this class of the inelastic shadowing corrections leave th For the sake pf simplicity we used so far the approxima-
mid of nucleus black, but make it rather transparent on thgIon O.f a quar_k-d|quark structure of the proton ar_1d neglected
' he diquark size. Indeed, as long as the diquark is as small as

periphery. . . . 0.2-0.3 fm[31,32, this approximation is rather precise even
Produt_:tlon of spectator nuclleon§|m||arly, one dgnves for heavy nuclei which can hardly resolve such a small size.
an equation for the cross section of a channel with taggegl, yever, the mean size of the isoscalar diquark is still a
spectator nucleons corrected for inelastic shadowing, debatable issue; besides, an isovector diquark is probably a
big object. Then, one may expect nuclear matter to be more
v 5 opaque for a high-energy nucleon compared to what was
AU J &b J e [We(rr)] found above.
1agg " + oMb + 27, We evaluate nuclear transparency for another extreme,
ot 2 i.e., for the case of a proton wave function symmetric in all
quark coordinates, with a mean size of any diquark of the

00 B nbmreenre - order of 0.7 fm:
1+01t Ta b_irT)

NNTN(b 57) + 20§|NTN(b)eX[:[— r2/4Byy] . i
[1+ G'to TA(b + BN . [W\(Fy, P, Fa)P = (wrz)zeXp<_ 2 )5(,?1 +Fy+ ).
N N
59 (59

Events with tagged nucleons are especially sensitive t0 To perform the averaging of the eikonal exponentials in
the transparency of the nucleus. We calculated the cross seggs.(34)—(36) we need to know the three-body dipole cross
tion, Eq. (58), and the results of these as well as those ofkection, which we express via the conventiogglone as
corresponding numbers of collisions are shown in Table I.

The effect of inelastic corrections on the impact parameter

distribution of interacting protons in tagged events with a 03q(F1, T, F3) = %[aqq(rl)+aqq(r2) +0gqrs)]. (60
spectator neutron is demonstrated in Fig. 3. Calculation was

done for inelastic proton interaction including diffractive ex-

citations (STAR). As one could anticipate, the nucleus be- It satisfies the limiting conditions, that is, it turns into
comes much more transparent in the center. Indeed, for @qq(r) if one of the three separations is zero. Assuming
nearly black nucleus inelastic corrections keep it black sincéhat oqq(r)= Cr?, this cross section averaged with the wave
transparency or the exponential term is so small that even fiunction squared, Eq59), gives crtot —CrN/2

it is modified by a large factor, the final change is very small. Now we can calculate the nuclear transparency averaging
However, tagged event is a direct measure of transparencthe eikonal exponential
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3 pion wave function squared automatically reproduces the
(exd - ogq(ri)TA(b)D:fH dr;| W (Fy, P, F3)[? pion-proton cross section. Thep total cross section is
i also well reproduced using the quark-diquark approxima-
X exf— oa4(Fy, Fay Fa) Ta(D)] tion for the proton wave function. The parameters are ad-
justed to HERA data for the proton structure function.
_ 1 (61) Agreement is quite good up to at lea@t~ 10 Ge\? suf-
[1+200TAD)]? ficient for our purposes.

With such a dipole cross section one can perform analytic

We see that nuclear transparency in this case is a quggaiculations expanding the Glauber exponentials in(Bd)
dratic, rather than a linear function of the inverse nuclearyng(37). Then the total cross section gets the form

thickness. For smalbjy Ta(b)<1 it coincides with the
result of the quark-diquark model, E¢41), however it 1 ()TN (D)
falls steeper at larg&(b). This is not surprising: in order Ttg = 2[ d’by 1- ex;{— an(S)T/h«(b)]E %
to make use of color transparency the whole proton has to n=0 '
fluctuate into a small transverse area, and it is more prob- (64)
able for a two-body system than for a three-body system.
One can consider these results as a lojfey. (61)] and
an upperfEqg. (41)] bound for nuclear transparency. We cal-
culated different cross sections using the average of the ei- 1
konal exponential in the form of E@61) instead of Eq(41), o o(hA— XA) = J d’by 1+ exr{— —cro(s)T,'l(b)]
and the results are shown in Table | in parenthesis. Unfortu- 2
nately, we still do not know the proton wave function suffi- ® [o (s)Th(b)]"
ciently well to fix this uncertainty for nuclear transparency. > Lo A
Nevertheless, the difference is not large for real nuclei. For o N'(1+ng)
instance, the inelastic nondiffractivkAu cross section pre-

sented in Table | increases by about 6%. x(l _ 21—nexp[_ %UO(S)TR(b):D

2. Realistic dipole cross section (65)

[

Correspondingly, the sum of elastic and diffractive deu-
teron scattering on the nucleus reads

The dipole cross sectiong‘qoc@ used above is justified
only for smallry, while it is expected to level off at largaq
separations. More reliable calculations can be done using
realistic phenomenological cross section. A quite popular pa-
rametrization was proposed in R¢84] and fitted to HERA . 1
data for F,(x,Q?). However, it should not be used for our 02§|(hA—>XA):f d’b EXD{—Effo(S)TQ(b)]
purpose, since it is unable to provide the correct energy de-

The cross section of quasielastic excitation of the nucleus
with simultaneous possibility to excite the deuteron is given

pendence of hadronic cross sections; namely, the pion-proton * [ao(s)TR(b)]“
cross section cannot exceed 23 Tb. X T
A parametrization more appropriate for soft hadronic n=0 '
physics was proposed in RgfL1]: 252
X .
r2 [L+nd][L+(n+D)S][1+(n+2)5]
Oqq(T7,9) = 00(3){1 - exn(— Rg_(Ts))} : (62) (66)
whereRy(s)=0.88 fm(sy/9)*1*ands,=1000 Ge?. In con- In all these equations
trast to Ref.[34] all values depend on energgs it is 8(r2)
supposed to be for soft interactionsther than orx, and =—. (67)
the energy dependent parametgts) is defined as 3Ry(s)
3r(s) Now one can calculat’éﬂA subtracting Eqs(65) and (66)
oo(s) = ggﬁ’(s)(l +OT)- (63) from Eq. (64). However, in this paper we restrict ourselves
81 by calculations performed above and leave this more com-

Here(r4),=0.44%0.01 fd [35] is the mean square of the plicated computation for further study.

pion charge radius. Cross secti@f?) averaged with the
VI. GLUON SHADOWING AND THE TRIPLE-POMERON

- DIFFRACTION
According to Ref[35] this dipole cross section reproduced well

the energy dependence of the photoabsorption cross seﬁﬁ(g) First of all, to avoid confusion it should be emphasized
This happens only due to the singularity in the light-cone wavethat we are not talking about gluon shadowing in hggh-
function of the photon at smalk. This is a specific property of the hadron production ax==0 in d-Au collisions. This process
transverse photon wave function and is not applicable to hadronsexploits Bjorkenx>0.01 which is too large for gluon shad-
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owing [4,1]]. On the contrary, we consider gluon shadowing The key point which affects further calculations is the
in the soft inelastiadd-Au collisions which is the main con- nonperturbative light-cone wave function of the quark-gluon
tributor to the total cross section. This process is related téock state,
much smallex~ 107,

Gluon shadowing is an important source of inelastic cor- 2 |as€-T r?
rections at very high energies. It is pretty clear if one em- Wqall) = P 57exp<— ?) (68)
ploys Eq.(26). The part of the diffraction which corresponds 0
to the triple-Reg_ge_ grapif’R, or the lowest order Fock pHere we assuméas usual that the gluon is carrying a
component consisting only of valence quarks, has a d®ep negligible fraction,as<1, of the quark momentum. This
dependencedoly/dM?c1/M2, Therefore the integral over wave function is quite different from the perturbative one
M2 in Eq. (26) well converges, the minimal momentum which is the same as in light-cone description of the Drell-
transferqg_ vanishes at high energies, and this part of inelasticyan procesg$39,11]. The latter, employed for calculation
corrections saturates. of diffractive gluon radiation(the triple-Pomeron terin

The triple-PomeronPIPP) part of diffraction which cor- results in overestimation of data for large mass diffraction
responds to the Fock state containing at least one gluon By more than an order of magnitude. This problem has
divergent at large massaj(f;g'/dl\/lzoc 1/M?, since the gluon been known since 1970s as the puzzle of smallness of the
is a vector particle. The cut off is imposed by the nucleartriple-Pomeron coupling. The way out is to make a natural
form factor in Eq.(26), i.e., the conditiong, <1/R,. As a  assumption that the parent light-front quark and gluon ex-
result of the divergence, this part of the inelastic correctionderience a nonperturbative interaction which squeezes that

rises as Ifs/s;) and reaches a substantial value at the energ§lu@rk-gluon wave packet and therefore reduces the dipole
of RHIC. cross section. The parametgy in Eq. (68) controls the

strength of the real part of the light-cone potential which

done in Eqs(34)<36) corresponds to the Bethe-Heitler re- IS chc:seg in ahGauslsianffc;]rm. Fit to diffractive data
gime of gluon radiation. Indeed, gluon bremsstrahlung is re-" pXleads to the value of the mean transveqses sepa-

sponsible for the rising energy dependence of the phenonfation W(r5)=ry=0.3 fm. This conclusion goes along with
enological cross sectiori62), and in the eikonal form the results of nonperturbative mo_dels, such as the instan-
(34)~(36) one assumes that the whole spectrum of gluons i§0n vacuum model[40] and lattice calculationg41],
multiply radiated. However, the Landau-Pomeranchuk-Which found a similar small size for gluonic fluctuations.
Migdal (LPM) effect [37,38 is known to suppress radiation Such @ semihard scale rh/also leads to quite a steep
in multiple interactions. Since the main part of the inelasticEnN€rgy behavior of the radiation cross section and well
cross section at high energies is related to gluon radiatiorfXPlains data for the total and differential elastic cross
the LPM effect becomes a suppression of the cross sectiof€ctions ofpp scattering[42]. _
This is a quantum-mechanical interference phenomenon and Apparently, smaliness af, leads to quite a weak shadow-
is a part of the suppression called Gribov’s inelastic shadowl"d for Fock states containing gluons. As a consequence, we
ing. The way it is taken into account in the QCD dipole €xPect rather weak gluon shadowing, which is not a surprise
picture is inclusion of higher Fock statd3gG), etc. Each of N V|ew.of the close connection between diffraction and
these dipoles is of course colorless and its elastic amplitugghadowing. As long as the gluon clouds around valence
on a nucleon is subject to eikonalization. q_uarks are small,_Grlbov’s corrections are suppressed. Be-
As already mentioned, E¢26) should not be used at high sides, the fluctuations containing gluons become heavy and
energies as it misses all higher order multiple off-diagonafh® onset of gluon saturation takes place at much smaller
transitions, and incorrectiad hog calculates diagonal ones. than usually expected. _ _
On the other hand, the eigenstate expressions, Egs. 1h€ mean quark-gluon separatiop~0.3 fm is much
(34)(36), are not safe to use either. Indeed, the significanﬁma”er than the quark sepa_ratlon in light hadrons. For thls_
part of the integral oveM? in Eq. (26), next to the upper F€ason one can ne.glt.ect the mterferences between the ampll—
cutoff, corresponds to a finitg . In other words, the fluctua- tudes of gluon_rad_|at|on by different valence quarks. Since
tion valence quarkst gluonsis not frozen by Lorentz time the gluon contribution to the cross section corresponds to the

dilation during propagation through the nucleus. difference between the amplitudes|q§qG and|qqg com-
ponents, the spectator quarks cancel out. Then the radiation

cross section is controlled by the quark-gluon wave function
A. The Green function for glue_g|ue dip0|es and the CO|OI’ 0Cte¢GG) d|p0|e Cross SeCt'On
Thus, the contribution to the total hadron-nucleus cross

_ A proper treatment of a quark-gluon fluctuation "breath- goion which comes from gluon radiation has the form
ing” during propagation through a nucleus is offered by the

light-cone Green function formalism. In this approach the
absorption cross section as well as the phase shifts are func- o-gA: f
tions of longitudinal coordinate. This is also a parameter-free

description, all the unknowns are fixed by comparison with

other data. We employ this approach and calculate gluowhere ag is the fraction of the quark momentum carried
shadowing following Ref[11]. by the gluon,

Eikonalization of the lowest Fock staléqg) of the proton

1 dCYG 2 -
aG

X
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I,2

P(ag, b) =Ta(b) f d’r|Wo(F, ag)[oGgl(r, o) ReV(r,2) = m’

(73

where parameter, was fitted to data for single diffraction
pp—pX.

The gluonic dipole cross sectiarsg(r,s) is assumed to
be different from thejq one, Eq.(62), only by the Casimir
factor 9/4. To simplify calculations we rely on the small-
approximation, ogg(r,9=~Cgg(s)r’, where Cgg(s)
=d ogg(r,9)/d r,zzo. This approximation for the dipole cross
(70)  section is justified by the small value gf=0.1 fn.

In the case of a constant nuclear densiiyr)=pa O(Ra

1 o
- EReJ led22®(22 - Zl)pA(bl Zl)pA(b, 22)

X f dzrldzrz‘l';e(rza ag)oge(ra, )

X Gga(2) 2211, 21) 06a(r1, 8) Vsl ag).

Here the energy and Bjorkex are related as=2myE,  ~¥). the solution of Eq(71) has the form
=4/xr?, A
The second term in Ec(._?O) corre;ponds to the trlple- Goo(fa 2iF1, 2) = —————
Pomeron part of the inelastic correction, Eg6), written in 27 sinh(QAz)
impact parameter representation. The amplitude of diffrac- A
tive gluon radiation qN—GqN is proportional to X expy — —{(r§+ r3)coth QAz)
WVl ag)oaa(r). A glue-glue dipole emerges in this expres- 2
sion because this is not elastic scattering but a production 2F, - F,
process. Its amplitude comes from the difference of the scat- - m} } (74)

tering amplitudes of different Fock components of the quark
[39], |g) and|gG), which is a dipole cross section of a color where
octet-octet dipolefg—G. Since the size of thgq pair is
i_rrelevant for gluon §hadowing, we neglect it and replace the A= 12\’/1 Siag(l- aG)EqCGGPArg
qqg by a gluon(see in Refs[43,11]). Therefore the second ro
term in Eq.(70) can be interpreted as production of@ pair
at the pointz; and then as propagation of this pair with iA
varying transverse separation up to pajvhere it converts =,
back to the quark. a6(1 - ag)E
Propagation of the dipoles of varying sizes through the
absorptive medium between poirgsandz, is described by Az=2,-17. (75
the Green functionGgg(r,2;f1,z;). It satisfies the two-
dimensional Schroédinger equation

Integrations in Eq(70) can be performed analytically,

Pla, B) = 2%Re IHW) (76)
1 = e L
9 ol 25020 { A(Fy) "3,
|— 5,20,11,24) = | ————————
dz, eeta i A 2Eqa'G(1 - ag) where
~ . . 2,2
+ V(rz, 22)]GGG(I‘2, Zy,1, Zl)' W= COS[‘(QL) + A rO + 15|nf‘(QL) (77)
2A '
(71
L =2{R4- b2 (79)

where imaginary part of the light-cone potential is related i . )
to absorption in the medium, The first term in Eq(70) is a part of the nuclear cross

section calculated in the Bethe-Heitler limit, i.e., without
. N gluonic inelastic shadowing. Therefore it is included in the
ImV(F, 2) = = 3066(Mpalb, 2). (72 nuclear cross sections calculated so far. The new inelastic
shadowing correction comes from the second term in Eq.
For further calculations we assume that the quark energg70). Its fraction of the totapA cross section is depicted in
is Eq=s/6my, but the results are hardly sensitive to thisFig. 8. The onset of shadowing is delayed up e
approximation. ~20 GeV. We believe that this result is trustable since the
Perturbative calculations treating a quark-gluon fluctua-Green function approach treats phase shifts and attenuation
tion as free particles overestimates the cross section of difin nuclear matter consistently. Nevertheless, in order to get
fractive gluon radiatior{or the triple-Pomeron couplinddy  an idea about the scale of theoretical uncertainty we also
more than an order of magnitude. The only way to suppressvaluated the magnitude of gluon shadowing using the
this cross section is to reduce the mean transverse size of theown values of the triple-Pomeron coupling and E2f).
fluctuation. This is done in Refll] via introduction of a The results are quite similar, in both cases the gluon shad-
real part of the light-cone potential in E(r1), owing correction is pretty smajll1], ~20% at the energy of
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0.3 " On the other hand, if gluon shadowing emerging from the
first order iteration is very strong, as it was found in Refs.
[48-5(Q, it should be substantially reduced by next iterations
which effectively play the role of self-screening; namely, as
long as the gluon density is reduced at smxalbne cannot
use in Eq(26) the cross section of diffractive dissociation on
a free nucleon target. It is suppressed by the same gluon
shadowing,(at largerx though. The stronger is the gluon
shadowing the more important is this self-screening effect. It
was missed in calculationgl8-50 which grossly overpre-
dicted the strength of gluon shadowing.

Now we are in a position to correct our previous calcula-
tions for the gluonic part of inelastic shadowing which we fix
at 20%. We do it replacingryq(ry)0 Rs(b)ogq(ry), where
Rg(b)=1-A;(b) is the suppression factor related to gluon
shadowing. This simple prescription is based on the intuitive
expectation that a dipole interacts with a lesser number of
RHIC. Such a weak shadowing is a direct result of smallnes§luons in the nucleus than the eikonal model assumes. In-
of the parameter,=0.3 fm which we use. This seems to be deed, for small separatioms, the dipole cross section reads
the only way to suppress diffractive gluon radiation corre-[51] 0qq(r1)=(7*/3)ag? G(x,r7), i.e., it is indeed propor-
sponding to the triple-Pomeron contribution and to reacHional to the gluon density which is reduced in nuclei. More
agreement with data on diffractive dissociatipm— pX. For ~ motivations for this procedure can be found in Réfel,45.
this reason, all effects related to gluons, including saturation, The results for nuclear cross sections corrected for gluon
or Co|or-g|ass condensate, are quite Suppressed_ shadowing are shown in Table | and depicted in FigS. 2-4 by

Naturally, the inelastic correction in EqéZ0) and (77)  thick solid curves.
varies with impact parameter vanishing on the very periph-
ery and reaching a maximum at central collisions. At small
Ta(b) the inelastic correction is proportional &(b) while Although we predict quite a modest gluon shadowing ef-
the partial amplitude is proportional fy(b). Therefore, the fect and therefore a rather small inelastic shadowing correc-
ratio linearly rises withTa(b) (see in Refs[44,45) with a  tion, many models predict much stronger effects. One can
coefficient approximately equal to 0.2 fmFor very large call it theoretical uncertainty if one treats all models equally
Ti(b) the correction may even exceed the rest of the cros@hough some of them are probably more equal than others
section, then apparently higher order corrections must bg?2]).
added to stop this growth. Such a saturation is not important For instance, the popular event generator HIJING con-
for real nuclei, therefore we use the linear parametrizatioriains aQ?-independent gluon shadowiri§3] which is a fac-
RG(b):l—Aﬁ(b):l—O.ZTA(b) for further calculations. tor of 0.3 atx~107°. With such a dramatic gluon shadowing

The valence quark part of the inelastic shadowing correcwe get the impact parameter dependence of the inelastic
tions makes the nucleus more transparent, i.e., it reduces tlogoss section depicted by dotted curve in Fig. 2. The corre-
elastic scattering amplitude as one can explicitly see compasponding correction factd{=0.65 for the PHENIX data.
ing the corrected amplitude, E@L2), with the Glauber form, If we treat shadowing in terms of the dipole approach, it is
Eq. (A5). However, both approach the black disk limit for clear that shadowing is a monotonic functionQ@s since the
large Ta(b)ajer>1. An important question is whether this is size of the dipole can only rise towards the soft limit. This is
still true after inclusion of gluonic corrections. confirmed by Dokshitzer-Gribov-Lipatov-Altarelli-Parisi

Equation(70) has the typical form of a nonlinear equation (DGLAP) evolution of nuclear shadowing in the perturbative
such as Glibov-Levin-RyskinGLR) evolutions equation domain. Therefore, one can use gluon shadowing predicted
[45], or in the dipole form Balitsky-KovchegoBK) equa- by different models at the starting scaly of the order of
tion [46]. The second term on the right-hand side of &)  1-2 Ge\* as a bottom bound for the shadowing correction
corresponds to glue-glue fusion in GLR equation or the mul-expected in the soft limit. We calculate Bjorkenfor the
tiple interaction in the nucleus in BK equations. We calcu-RHIC energyys=200 GeV and’=1 Ge\~.
lated the correction in the lowest order using the uncorrected A strong gluon shadowing was predicted in R¢#3,49,
dipole cross sectiowgg(r), i.e., the undisturbed free gluon R;=0.3—-0.4. HERA data for diffraction’ p— Xp were used
density. Next iterations would be to implement the correctedas an input in Eq(26) modified for y'A collisions. The sta-
gluon density(at largerx, howevey, or ogg(r), into the sec- tistics of these data are much lower than in proton diffraction
ond term in Eq(70). This procedure leads to the BK equa- pp— pX and not sufficient for reliable determination of the
tion whose solution is still a challenge. However, due totriple-Pomeron coupling. Different solutions for this cou-
smallness of the correction, 20%, we do not expect largeling fitted to deep-inelastic scatterigDlS) diffractive data
higher order corrections and the saturated solution should neary dramatically[54]. Besides, as is mentioned above, the
be very different from our result which we employ in further gluon self-screening missed in Refd8,49 should signifi-
applications. cantly reduce the effect of gluon shadowing.

G
AA\'n /Utot
(@)
N

0.1 1

0.0

10 102
s"2(GeV)

FIG. 8. Ratio of the gluonic inelastic shadowing correction
(minimal biag to the total nuclear cross section as function of cen-
ter of mass energys.

B. More models for gluon shadowing

044906-18



TRANSPARENT NUCLEI AND DEUTERON-GOLD.. PHYSICAL REVIEW C 68, 044906(2003

Explicit calculations of gluon shadowing via gluon di- 1.0
poles were performed in Ref50]. The gluon shadowing
corresponding to the RHIC energies was foundRgt=0.6 0.9 1
which leads to correction facta=0.78 for the PHENIX o
ratio Rya. This calculation also, however, does not include % o051
the gluon self-screening and is based on the assumption that © -
gluon and quark dipoles have identical distribution functions. AN o7
A strong gluon suppression was also found in a model 0-71 AN
with an early onset of strong saturati@®b] whose charac- -
teristic scale is a steep function of ener@ge (1/x)°2%2 It 0.6

was assumed in the Kharzeev-Levin-McLerran apprd&th
that for Q?< Qé gluon densityxG,(x,Q?) is proportional to
Q%R% with a factor which was taken from the McLerran-
Venugopalan mod€l56] at x=10"1. Such an oversimplified
picture exhibits a strong gluon shadowing. If we compare th
XGa(x,Q?) with the Gluck-Reya-VogiGRYV) parametrization
[57] at x~10 it turns out to be strongly suppressed by

E‘E?;@G:OAZ' In this case the correction factor in E5).is pact parameter according to calculations in Refs.
_Sﬁch. a diversity of model predictions suggests a concIuLll’M”43 and the parametrization used above. We
sion that the current data for deuteron-gold collisighs3] present the correction to the “Glauber” expression defined

cannot resolve in a model independent way the dilemma

FIG. 9. Solid line is the correction factor, E@1), for inelastic
shadowing to the number of participants prAu collisions as a
§unction of impact parameter. Dashed curve also includes a correc-
tion to ol (see text

whether final state interaction or initial conditions is the main Ra(b) oM Tg(b)

source of hadron suppression in heavy ion collisions. Indeed, §,,{b) = : /{1 - exi— ol Ta(b) I}
» Csha NN in 'B

if the latter were true, it would unavoidably lead to a sub- 1+Rg(b)oiy Te(b)

stantial reduction ofr\* and the ratio, Eq(5) (compared to (81)

the Glauber model o ) )
in Fig. 9 depicted by solid curve. As one could expect, the

C. Number of participants correction factor peaks at the nuclear periphery and ap-
Although the concept of number of participants originatesproaches one at large impact parameters.
from a naive treatment of multiparticle production called If we compare with Glauber calculations employing the
wounded nucleon model, it is a widely used characteristic ofncorrect inelastic cross sectiaf)l =42 mb, the correction is
centrality of collisions. We are not going to dispute here itseven larger, as is demonstrated by dashed curve in Fig. 9.
meaning, but just to see how it is affected by the inelastic

Correctiong relying on its formal definition, VII. CRONIN EFFECT:- RENORMALIZING
dN,(s, b R THE DATA
IO (5= B - exti- o To(b)]) _ o
&b g Cronin effect for highp; pions atys=200 GeV was pre-

dicted in Ref.[4] to be a rather small enhancement, about

10% at the maximum. The smallness of the effect is due to
(79)  the change of the mechanism of highparticle production
which takes place at the RHIC energies. At lower energies
(SPS, CERN different bound nucleons contribute to this
hard process incoherently. The nuclear enhancement is due
to initial/final state p; broadening of partons propagating

Apparently, inelastic shadowing corrections should reduc hrough the nucleus. This broadening should not be trans-

Np since nuclear matter becomes more transparent. The Cor%jildeljgtgini Q?gg{gﬁtzlggo?]fi;hberoF:(aert%g d;tu?ur:'cé?]elp the
rected expression fdx, reads T 58] g ay

an incoming light-cone fluctuation which contains a hjgh-

+ Ta(9)[1 - exd- NN TAG- DT},

wheres is the parameter of collision of nucléi,B. We
use subscripGl to emphasize that it corresponds to this
model which is inspired by the Glauber modalthough
they have nothing in common

dN,(s, b) - Rs(b) parton is freed via coherent interaction with many nucleons
—— = o TA(S = b)Tg(b) X i i
b Oin A B 1+Rg(b)o"T4(b) in the target. It turns out that such a coherent mechanism
in '8 leads to a weaker Cronin enhancement than the incoherent
5- 6) one. This is why calculationg59,6Q missing this effect of
+ RGﬁ — ¢, (80) coherence predict a stronger Cronin effect.
1+Rg(§-b)a"TA(S-b) The PHENIX data for neutral pionfl] are depicted in

Fig. 10 by full points in comparison with the predicted ratio
[4]. However, as it was stressed above, the normalization of
the data is based on Glauber model calculations which are
6 am thankful to Larry McLerrran, who suggested to look at this subject to different corrections, all of which have negative
parameter sign. As a result, the data should be renormalized according

Here the gluon shadowing fact®; is a function of im-
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0 — FIG. 11. Cronin ratioR,(py) calculated at/s=200 GeV using

012345678 the formalism developed in Ref4].

P (GeVic)
FIG. 10. The Cronin rati@®a,,q4(py) for pions. Open circles show — i 2 hN 2 2
the results of PHENIX with normalization base upon Glauber (D g{‘o'\t‘ dsRel’ (S)|\Pd(s)| |\Ifd(0)| . (89

model calculations of the inelasti#Au cross section usingh"

=42 mb[1]. Full points show the same data corrected for a proper

value of inelastid\N cross section and Gribov’s inelastic shadow- where we neglected the elastic sloBg, compared to the

ing. The error bars include statistic and systematic uncertaintiediuclear radius squared. For the parton distribution func-

The curve is the prediction from Re#®]. tions in a nucleon we use the leading order GRV param-
etrization[57].

to Table | by multiplying the experimental values by coeffi- e calculated this ratio using 7the computer code for the

cientk=0.83. The corrected data are shown by open circlesCronin effect developed in Ref4],” and the deuteron wave
Cronin effect on a deuterorTheoretical predictions have function'Wq(ry) describedinB.

been done so far fquA collisions. In order to compare mod- _ The results foRy,(py) are depicted in Fig. 11. Indeed, the

els with dA data one should make sure that the Cronin enCronin enhancement is only 2%, and can be neglected com-

hancement on the deuteron itself is a small correction. w@aringd-Au data with predictions done fgy—Au.

evaluate the ratio

VIIl. SUMMARY AND CONCLUSIONS
do”Yd?p;
Rod(pr = 2do™IPp;” (82 The main observations and results of this paper are as
follows.
_ o _ ) (1) The current normalization of inclusive high-cross
in the limit of short coherence length which gives an up-section in deuteron-gold collisions measured at RHIC is
per estimate for the effect. Following R¢#] thepd cross  pased on Glauber model calculations of the inelagtiu
section at highpy is given by the following convolution:  ¢ross section which is subject to Gribov’s inelastic shadow-
ing corrections. Importance of these corrections is not debat-
o= A able, they have solid theoretical ground and are confirmed by
Tpd(Pr) = iz;'l Fip ® Fija ® Gij—ia ® D (83 precise measurements,20] (see Fig. 1. These corrections,
e Eg. (26), have negative sign, i.e., make nuclear medium

o . more transparent, and they rise with energy.
whereF;, andFj,q are the distributions of parton species (2) First of all, the Glauber calculations must be im-

i,j dependent on Bjorkem, , and transverse momenta of ryed. The inelastidiN cross section used as an input
partons in the colliding proton and deuteron, respectivelyghoyid e corrected for diffraction. For experiments insensi-
The beam parton distributioR is modified by the trans- tive to diffraction (PHENIX, PHOBOS, the cross section
verse momentum broadening of the projectile parton dughould be reduced fromﬂ”=42 mb down to‘a{}i'\‘zgo mb.
to interaction with another nucleon in the deuteron. TheOn the contrary, if an experimental trigger detects diffraction
broadening of the mean transverse momentum square(q;TAR), this cross section should be increased Up’m‘
reads[61,17] =51 mb. This modification results in a correction fackas
presented in Table 1.

(3) There are two types of inelastic shadowing correc-

> d(qu(rT) . . . . .
ANk =2 ——5— (T, (84) tions. One corresponds to diffractive excitation of the va-
dry rr=0 lence quark skeleton, or nucleonic resonances, and is related

to thePPR triple-Regge graph. We calculated this correction,

where(T) is the mean nucleafdeuteron thickness cov-
ered by the projectile parton before or after the hard col- 7| am thankful to Jan Nemchik who performed this calculation for
lision, pd collisions.
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Egs.(42), (61), and(64), using the light-cone dipole repre- Denisov, Jérg Hlfner, Yuri lvanov, Berndt Muller, Andreas
sentation which effectively sums up all orders of multiple Schéafer, Mike Tannenbaum, and Xin-Nian Wang. My special
interactions. thanks go to Yuri lvanov and Irina Potashnikova for their
(4) Another type of inelastic shadowing is related to dif- kind assistance with numerical calculations. This work was
fractive gluon bremsstrahlung or to the soft limit of gluon supported by the grant from the Gesellschaft fir Schwerion-
shadowing in nuclei related to tHePP triple-Pomeron dif- enforschung DarmstadGSl), Grant No. GSI-OR-SCH, and
fraction. We performed calculations in Sec. VI using the so-Grant No. INTAS-97-OPEN-31696.
lution for the Green function, Eq74), describing propaga-

tion of a glue-glue dipole through nuclear medium and found APPENDIX A: GLAUBER MODEL GLOSSARY

a rather weak gluon shadowing for gold, about 20%. At the The pA elastic amplitude at impact parametehas the
same time, other models predict much stronger gluon shadsikonal form

owing ranging up to corrections of 70¢8ec. VI B).

(5) Altogether, we expect a reduction of inelastieAu R A .
cross section compared to what was used for normalization I"bi{s, z) =1-T1[1-T"™b-35)], (A1)
of high-p; data at RHIC. We conclude that the published data k=1
should be corrected by factdk which is about 0.8 for \yhere{s,z} denote the coordinates of the target nucleon
PHENIX and about 0.9 for STARsee Table )l The renor- N, j"N'is the elastic scattering amplitude on a nucleon
malized data for pions do not possess any more the Cronifgrmalized as
enhancement. This correction factor might be even smaller,
down to 0.65, if we use a stronger gluon shadowing pre- hN ) N
dicted by other models. Tior = Zf d* ReI™(b),

(6) One should admit that current data for highhadron
production ind-Au collisions at RHIC cannot exclude in a
model independent way the possibility of initial state sup- |N:J d?b|T"N(b)|2. (A2)
pression suggested in RgB], although that would contra- €
dict the author’s personal viewpoints.

(7) Probably the only way to settle this uncertainty is a
direct measurement of either the cross section of Ipigh-
pion production ind-Au collisions or the inelastid-Au cross In the approximation of single-particle nuclear density
sections at RHIC. one can calculate a matrix element between the nuclear

(8) A very sensitive test of models for inelastic shadowingground states:
offer tagged events with a spectator nucleon. In the situation 1
where direct measurement dfAu inelastic cross section is (Or"(b;{5, zHloy=1 - {1 ~a f d’sI"™(s)

1. Heavy nuclei

difficult, this might be a way to restrict models and narrow
the band of theoretical uncertainty. The relative fraction of B A
these events 20% measured in R&f.create apparent prob- S _a
lems for models with strong gluon shadowing which predict Xf_x dzpa(b =S, Z)] - (AY)
a much larger fraction. Even with our weak shadowing this
fraction ranges between 23% and 26%. However, one shoulhere
make sure that the detected neutrons are really spectators, A
which is not the case current(gee discussion in Sec. )l > _ 3 L2
(9) We found a beautiful quantum-mechanical effect: the Pa(b1, 2) = g oril ¥ A{)| (A4)
nucleus acts like a lens focusing spectators. In spite of the
naive anticipation that nucleons which escaped interactiofs the nuclear single particle density.
retain their primordial Fermi momentum distribution, there is ~ Total cross sectionThe result, Eq(A3), is related via
a strong narrowing effect substantially reducing the transunitarity to the totahA cross section
verse momenta of the spectators. Besides, the distribution

apquires the typical diffractive maxima and mininisee 0{1&:2 ReJ 26l 1 - 1‘Efd23FhN(S)TA(5_§) A
Figs. 5 and & A

1
~ 2, _ _~ _hN s h
ACKNOWLEDGMENTS 2 f db{l eXF{ Z‘Ttot(l 'Ppp)TA(b)”, (AS5)

This paper was written during a visit to Columbia Univer- wherep,, is the ratio of the real to imaginary parts of the
sity and | am thankful to Miklos Gyulassy and Alberto Ac- forward pp elastic amplitude
cardi for hospitality and many inspiring discussions. | have
also been much benefited from discussions with Barbara Ja- 2 -
cak, Peter Levai, Ziwei Lin, Sasha Milov, Denes Molnar, Tﬂ(b):wfdzs ReT™(s)Ta(b-9) (A6)
Sergei Voloshin, and other participants of the workshop, as ot
well as with Peter Braun-Munzinger, Claudio Ciofi, Alexei and
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% fragments; that is, the quasielastic cross section,(&#3),
Ta(b) = f dzpa(b, 2) (A7)

Moo= [ DL -exi- TIOT. (L0
is the nuclear thickness function. We use exponential form

of I'"™\(s) throughout the paper, This additional subtraction makes sense only for experi-

oN _ ments which miss the nonproduction breakup of the
ReT"™(s) = tot p< ) (A8) nucleus. If, however, all inelastic events are detected, in-
cluding diffractive (production and nonproduction chan-
nely excitations of the nucleugcheck with Ref[2]) one
should rely on Eq.A10) for the inelastic nuclear cross
section.

Diffractive cross sectionOne needs to know this cross
sectlon in order to subtract it also from the inelastic cross
section, since diffractive events escape registratiop(@®
collisions at SPS and RHIC. The Glauber approximation is
tude is known, the elastic cross section reads yalid only.for a_single-chann_el problgm. One can (_axtend it to

include diffraction properly introducing phase shifts due to

1 longitudinal momentum transfer. However, one needs to

oo = f d’b|1- exr{ ~0lor A(b):| (A9)  know the cross section of interaction of the produced diffrac-
tive excitation with nucleons. This goes beyond the reach of

Total inelastic cross sectiodpparently it is given by the the Glauber model, and instead of further ad hoc develop-
difference between the total and elastic cross sections, ment of the model we solve this problem within the eigen-

state method in Sec. IV B.

—eX ,
47TBhN ZBhN

whereBy,y is the slope of the differentidiN elastic cross
section. Note that the accuracy of the optical approxima:
tion in Eq.(A5) is quite high for gold,~1073, so we use it
throughout the paper. We also neglect the real part of the
elastic amplitude in what follows, since it gives a vanish-
ing correction~p? /A%=.

Elastic cross sectiamAs long as the partial elastic ampli-

o= - o= [ cofa - exti- AATIO).  (AL0 -
2. Proton-deuteron collisions

This includes all inelastic channels when either the hadron Apparently, Eq(A5) should not be applied to light nuclei,

or the nucleuqor both are broken up. in particular, to a deuteron. Instead one should use
Quasielastic cross sectioAs a result of the collision the pd_ o NN pd
nucleus can be excited to a stdfé. Summing over final ot = 2010t T Mooy, (A15)

states of the nucleus and applying the condition of completeghere
ness, one gets the quasielastic cross section

=S | cbrcolr™ o) By EIrb)0) - Kol b0 Sofi==2 [ d | e TG+ 2B i)
Oge

(A16)
:J d?b[(0]|IT"A(b)|?|0) — |(O|T"(b)|0)|2]. (A11)  One can switch via Fourier transform to momentum rep-
resentation in each of these three factors and perform in-
Here we extracted the cross section of elastic scatterintggration overr andb. The result has a form of a one-
when the nucleus remains intact. dimensional integral16],
Then in the first term of this expression we make use of
the relation
AoPl=- f d? TFd(4qT) q% (A17)
2 TA( hN hN 2 2\ i
d<s {1 2"™(s) + [T"™(9) ]} whereF4(g°) is the charge form factor of the deuteron. We

neglected the correction-10° due to the nonzero real
part of the forwardNN amplitude. Note thagin Eq. (A17)

= 1‘ZTh(b)( tot ~ 2|N ' (A12) is the deuteron diameter, rather than the radius. This is
why the form factor argument isq%.
and arrive at We use parametrization of the deuteron form factor from
Ref. [25],
2 ANTh (YT _
qe'"J Pbiexr- o Thb)] - exil- o5 TAb)). Fo(GR) = 0.5 + 0,45 A (A18)
(A13)  andw=19.66 GeV2B=4.67 GeV2
Inelastic nondiffractive cross sectiotf one is interested Using ofgy=51 mb atys=200 GeV and the elastic slope

in the fraction of the total inelastic cross secti@i0) which ~ By=14 GeV?, we found the totalpd cross sectionofs
covers only reactions with production of new particles, one=97 mb with Glauber correctlong‘,’:—S mb. Since at this
should exclude the nucleus breakup to nucleons and nucleppint a correct proton-deuteron cross section is needed, we
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have to go beyond the Glauber approximation and add theecipe suggested in Rg63] and is widely accepted. To the
inelastic correction considered in Sec. IV. We show that it isbest of my knowledge, it works rather well for nonrelativistic
equivalent to adding the differential cross section of singlesystemsnuclei[64], heavy quarkonid65], etc)

diffraction, pN— XN, to the elastic one in EqA17). This The idea is straightforward to express the deuteron wave
increases the value of the shadowing correction by 1.75 mbunction in momentum representation,

Finally, we arrive at the cross sections 1

9515 mb, 1@ = 5 [ e ®1)

ot tot

(o792 via the light-cone variables in the rest frame of the deu-
pd: pd _ tot

o= ot =84.9 mb. (A19) teron. To do it one should connect the three-dimensional
167Bpq momentum squared with the effective mass of ¢heair,
Interestingly, the inelastic cross section is not affected b)g2:M2/4—m,%‘, expressed in terms of light-cone variables
the Glauber correction, it is slightly larger than the sum of R+ m
two inelasticNN cross sections. The slope from the dif- M%(a, Op) = N (B2)
ferential elasticpd cross section was measured and fitted al-a)
in Ref. [62], In order to change integration variabde to the light-cone
d0' (Upd 2 a one uses their relatiomy =(a—-1/2)M(qr, @), and gets a
= 10V Bpdt+Cpdt”, (A20) Jacobian which can be attributed to the definition of the
dt 16w - light-cone wave function
where r(q )3/4
de: bo + byn St (A21) Hq) 0 ( 2 2)1/2 e, Gr) =¥(a,qp). (B3
with parameters b,=32.8+0.6(GeV?) and b, Applying this procedure to th& andD-wave radial wave
=1.01+0.09(GeV?). Parameter Cpa=54.0£0.9(GeV?)  functions one gets
was found to be energy independent. At the energy of
RHIC Bpy=44.1 GeV? and we use this value in Eq. u(n 0 U(Fy, a),
(A19). r
The inelastic cross section, EGA19), contains inelastic
diffractive channels such as quasielastic breakup of the deu- W(F)
— 0 W(f', @). (B4)

teron, pd— ppn and excitation of the nucleonzl— Xd, pd
—pY, and pd— XY. For the experiments insensitive to dif-

fraction (PHENIX, PHOBOS these channels must be sub-  This dependence om is important for exclusive final
tracted. states, for instance, deuteron dissociation to nucleons with

definite longitudinal momenta. However, for most applica-

APPENDIX B: DEUTERON WAVE FUNCTION AT REST tions in this paper we need to know theretribution inte-
AND LORENTZ BOOSTED grated over,
To perform calculations for interaction of a high-energy 1
deuteron, one should not use the three-dimensional deuteron |‘I’d(FT)|2:f dofU%(rr, a) +WA(rr, )], (B5)
wave function, but needs to know the light-cone deuteron 0
wave function expressed in Lorentz invariant variables, theThe result of this is identical to the simple integration over
transversen-p separation’y and the light-cone fractiom  |ongitudinal variable in the rest frame of the nucleus,
=p;/pg of the deuteron momentum carried by a nucleon. One " ) )
cannot get this wave function by a simple Lorentz boost % 2:J u(r) + wA(r)
a(ro)l dr 3 : (B6)
from the rest frame of the deuteron, where the three- -
dimensional wave function is supposed to be known, to the
infinite momentum frame. Deuteron is not a classical system, e use the contemporary deuteron wave functions which
under a Lorentz boost it acquires new constituents which argmploy the Nijmegen-93 potentigs6].”
quantum fluctuations. These constituents buildup higher
Fock components. This makes the procedure of Lorentz® am grateful to Miklos Gyulassy for suggesting this and provid-
boost extremely complicated. There is, however, a practicahg relevant data.
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