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We show that an unambiguous way of determining the universal limiting fragmentation region is to consider
the derivative(d®n/d7?) of the pseudorapidity distribution per participant pair. In addition, we find that the
transition region between the fragmentation and the central plateau regions exhibits a second kind of universal
behavior that is only apparent @fn/d7?. The Vs dependence of the height of the central platedn/ds) ,-o
and the total charged particle multiplicityy, critically depend on the behavior of this universal transition
curve. Analyzing available Relativistic Heavy-lon CollidéRHIC) data, we show thatdn/dz),-o can be
bounded by Ifs andn,, can be bounded by fa. We also show that the deuteron-gold data from RHIC has
exactly the same features as the gold-gold data indicating that these universal behaviors are a feature of the
initial state parton-nucleus interactions and not a consequence of final state interactions. Predictions for LHC
energy are also given.

DOI: 10.1103/PhysRevC.69.044904 PACS nuner25.75.Dw

[. INTRODUCTION The hypothesis of limiting fragmentation has a long his-
tory. For hadron-hadroncollisions, this hypothesis was first
Recently, PHOBOS and BRAHMS Collaborations at put forward by Beneckedt al. [3] and also by Feynmaj#]
Relativistic Heavy-lon CollidefRHIC) published a set of and Hagedorij5]. This idea was further developed in Refs.
intriguing data. Among them are the striking feature of the[6-15.
limiting fragmentation[1,2]. It is reported by PHOBOS that Feynman hypothesized that as— o, the multiplicity
the shifted(by the beam rapidity,,,) pseudorapidity distri- spectrum
bution per participant paidn/dz= (dNy/d7)/(Npar/ 2) is
independent of colliding energy up to 85—-90% of the plateau . dnnn _ - lim hh
height[1]. 5o P 5dy Ppy
If taken at face value, this would imply that the height of
the plateau and its/s dependence would be almost fully becomes independent ab. Herey= (1/2)|n[(E +p)/ (Ep
determined by the limiting fragmentation curve and the lo-—p,)] is the rapidity andx_=2p,/\s is the Iongltudlnal
cation of the beginning of the plateau. Also, since the totamomentum fraction. If the mass of the particles is light
multiplicity is simply the area undetin/dz, its Vs depen- compared to the average, this expression also equals
dence would be largely determined by the limiting fragmen-dn,,/d7d?pr where %=(1/2)In [(p+p.)/(p-p.)] is the
tation curve as well. pseudorapidity. The universal functiofitx_,py) then to-
It is not easy to determine the validity of above statementsally determines the height of then,,/d» and the total
when only the rapidity distributiongdn/dz) are compared. multiplicity at high energies.

= f(x..pr) 1)

In this paper we argue that comparing slepes(d°n/dz?) Note that sincef(x,,py) itself is independent offs, the
is a much better way to determine various regions of thehe|ght of the plateaddn,/dy),-o must also be independent
rapidity distribution. of Vs. This also implies that the total multiplicity must be-

A surprising feature is the existence of another “univer-have likey,,,~In s where
sal” behavior, which is only apparent in the slopes. It turns
out thatd®n/dx? in the transition region between the limiting Yin = COSHL(V5/2my) = In(\s/my) ()
fragmentation and the central plateau also follows a univer-
sal curve. This is not an extension of the limiting fragmen-is the beam rapidity andy, is the nucleon mass. However,
tation curve. To our knowledge, this is the first time theup to Vs=1800 GeV theexperimental data does not show
existence of this second universal curve is demonstratedhat (dn/d»),-, is saturated. Also proton-proton and
These two universal curves basically determimédz. The  proton-antiproton data show that the height of the plateau
energy dependence shows up through the position of the bgrows like Irfs (see compilation by PHOBOS in Refs.
ginning of the central plateau. [16,17)). The total multiplicity then must grow like fs.
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This is not what one would expect from E().

The source of this discrepancy is the fact the strict
Feynman-Yang scaling is not perfect nor is it supposed to be.
The central regiorfor smallx ) is modified by radiation of
soft partons and the multiple rescatterings of produced par-
ticles. QCD radiative corrections should also give rise to the
additional scale dependencefitx_,pr) [18].

However, within the dynamic range where Feynman-Yang
scaling approximately holds, what should still work is the
universality ofdn/d» near n=y .. OF €quivalently at large
X_. We should still have

(@*N/d AN, ,/2)

Ay
dn

= f dszf[(pT/mN)e”,apT] = fy(7n),

)

where the universal functiofiy(%’) is independent ofi's
what the experimental data seem (o show in both hadron. FIS: L. €/dy2 numericaly calcuated from the PHOBOS
hadron collisions and the heavy-ion collisions. most central collision cgatal]. The triangles are.fon‘s:200 Ge}_/,

Physically, the existence of the limiting fragmentation is at_he squares are fors=130 GeV, a_nd the _cn_r(_:les are_fofs .
consequence of having a universal largelistributions in '19'(.3 GeV. Also S.hOW.” are two choices of limiting fragmemat'c.m
high energy hadrons combined with the short imeractior{ur}ctlons as explained in the text. The two arrows mark the starting
range in the rapidity spacgl9]. Therefore, learning about point O.f the p'.ateaunp_ym“) ‘%I‘f the starting point of the frag-
the limiting fragmentation is equivalent to learning about theMentation regior 77 ~Ymay) for vs=200 GeV curve.
universal largex distribution. ) o .

In the popular Venugopalan-McLerran model of gluon dy_would be largely determined by the limiting functidp(%’)
namics, these largepartons then act as the color source thatWhere 7' = 7=y, In reality, the fragmentation region ex-
generates the smatlpartons. Therefore establishing the va-tend up to 50% of the plateau height at RHIC energy. This
lidity and also the form of the limiting fragmentation in fact is hard to see when comparimiy/dz's but becomes
heavy-ion collisions can provide an important input for theapparent when comparing®n/d7?'s. In Fig._ 1, we plot
bulk dynamics of the soft degrees of freedom. d?n/ds? for the most central collisions fox's=200 GeV,

As far as we can determine, the second universal curve ifs=130 GeV, and Js=19.6 GeV numerically calculated
the transition region has never been studied before. In thfom the PHOBOS dath.One can see that there are three
following sections, we will argue that the appearance of thejistinct regiongwe will ignore the hump The limiting frag-
universal transition curve may be anticipated. However, furmentation region lies to the right of the minimum of

ther study is needed to uncover the true cause for this unig2n/q,2(5> ) in which all data points merge together. To
versality. L o . its left comes the transition region between the fragmentation
In this context, it is quite interesting that the deuteron-_ 4o plateatn, < 7< 7). The zero ofd?n/d+? is where
gold (d+Au) result contains the same fragmentation anda P Z . = .
. . the plateau beginén=17,). This is also the location of the
transition region curve as the gold-goldu+Au) result. hump indn/dz
This is discussed in more detail in Sec. Il B. It is clear from this figure that the true limiting fragmen-

The rest of this paper is organized as follows. In Sec. Il, . .
we analyze available RHIC data. A simple parametrization of 210N région starts from about half way between the plateau
andya. The area of the triangular shape is the height of the

d?n/ds7 is presented and its consequences explicitly calcus . -
lated. The results from several theoretical models including!at€@u. Therefore at these energies the limiting fragmenta-

HIJING [20], UrQMD [21,22, and a saturation mod§23,24 ion region extends up to abom_Jt 50% of the mgximum height.
are compared against the universal curves. Using the tw@pparent matching of data points beloyseen indn/dz' is
parametrizations ofin/d» from previous sections, we make due to the slow change in the slope but it is not a true uni-
a prediction for Large Hadron CollidgtHC) in Sec. Ill.  versal behavior.
Discussions and conclusions are given in Sec. IV. Appendix What is even more interesting is that the transition region
A contains details of a calculation not shown in the mainalso exhibits a universal behavior. This is easily seen if one
text. In Appendix B, we discuss the validitgr the lack of ~ matches the zeros aPn/d#? curves(locations of the hump
the Woods-Saxon form afn/d#z sometimes used to describe in dn/d7) as shown in Fig. 2. One can see that all data points
the data. again merge together. We will denote this “universal curve”
as

T=Ymax™ 7’

Il. EXPERIMENTAL LIMITING FRAGMENTATION
AND TRANSITION CURVES
1y, - . . .
. It is not possible to estimate experimental error bars for the slope
A. Analysis of RHIC Au+Au without knowing the correlation between the errors. It is likely that
If the universal behavior indeed extends up to 90% of thehe errors in the neighboring bins are highly correlated. In this
plateau heighf1], the height as well as the total multiplicity paper, we assume that this is the case.
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FIG. 2. d?n/d#"? numerically calculated from the PHOBOS FIG. 4. d?n/d%'? numerically calculated from CERN data as
most central dat@l]. Here %"= -1, wheren, is the location of  compiled by Particle Data GroJ@6]. Here 7= 7— 7, where, is

the hump indn/d#. The solid line isgy(7")=-0.657". the location of the hump indn/dz. The solid line isgy(%")
=-0.407".
2
au(7') = a2l (7p<n<1y). (4 pp(-0.4 is different from the heavy-ion result0.65. As
(O argued in Sec. Il B, this is most likely due to the nuclear

modification which is also supported by the@JNnG and
In Fig. 3, we also show the semicentral data from PHOBOSJrQMD results shown in Fig. 4. From now on, we will focus
together with the central collision data. The quality of theour attention on the central heavy-ion collisions.
data is not as good as the central collision data, but the uni- The shape ofin/d» is determined by the functional forms
versal behavior is still evident. We do not plot very periph-of f{,(')=dfy/d7’ andgy(7’) and the condition that these
eral data in Fig. 3 since the participant scaling seems not tewo curves meet at the transition point 7;:
have been well established for thdi. Instead, in Fig. 4,
we plot the result opp collisions at various high energies as 9u(ms = 7p) = F,(= Ymaxt 7¢). (5
measured at CERN together with a UrQMD calculation from
Ref. [25] and HIJING results. The quality of data for these . . :
measurements are not as clean as RHIC data from PHOBOZENtation region to the platealzj region. Once the valug,of
However, there is a strong indication that there is a commott d_eter_mmed by _the zero af n/qnz, the pseudorapidity
transition curve. There is also an indication that the slope iff/iStrioution dn/dz is fully determined byfy, gy, and the

This is the condition that connects the behavior of the frag-

condition (5).
0.5 T T T T T
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FIG. 3. d?n/d#’? numerically calculated from the PHOBOS
most central data and semicentral diith Here 7= - 7,, where FIG. 5. The tail part of the PHOBOS data dm/d»’ for the
7, is the location of the hump idn/dz. The solid line isgy(7") central 6% of Au+Au collisions a{s=19.6 GeV. The straight line
=-0.657". is (dn/dy')=0.4927125%",
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A question then arises: What are the functional forms of d?n p ~ )

the limiting fragmentation curvé, and the transition curve dy'2 =\ o + o'l Op(1'" + x1) = K%' + Xp)

gu? For the transition curvgy, the current RHIC data shown € €

in Fig. 2 suggest that it is a linear function gfwith a \'s X0 (== 1V O(0 +v.— S 11

independent slope. In this paper, we take this to be true and 2 XfN )01+ xp = 9, A3

write where ' = 7-ymaand6,(x) is the smeared function with

) , lim,_o6,(x)=6(x). The minimum ofd?n/d#’'? is located at

au(7) ==K7", (6) 5 =—xt=7~Ymax and the hump ofdn/dy’ is located at

7' ==Xp=7p~Ymax The parametersy and p control the
where "= 7-n,. The value oK we use is setto 0.65ich  height and the width of the hump. The parametér
is the slope of the straight line shown in Fig. 2. =0.65 is theslope of the transition region. By fitting the

As for the limiting fragmentation function, there is little combined »' >-1 data, we gefp=1.08, 1f=0.308, and
doubt thatf, is exponential fory>y,., as can be clearly 1/q=1.566=5/r. We mention here that this i Aalue is
seen in Fig. 5. But what about belowy,,,? A current theo- fairly close to the value of a similar coefficient obtained
retical analysig18] relatesf to the gluon distribution func- from saturation model studie$18,23,24,27-2p The
tion at largex. At moderateQ?, the gluon distribution func- shape ofdn/d# obtained from Eq(11) as well asd?n/d»?

tion has the form itself is shown in Fig. 6. In the figurep=0.95 is used
because having finite changes the slope a little.
XG(x,Q2) ~ x M1 = x)". (7) The transition between the fragmentation region and the

transition region happens af' =—x; where the two lines

With x=e~2¥mat7=g2+7' [18], this means that the limiting meet. This yields the following condition:
fragmentation function should behave like
~ pe’, (12)

_ P
K= x1) = e X 4+ g xi/d

fu(y) ~ e (1 -2, 8 o .
u(7') ( ) ® where the approximation works for largg/r. This is the
condition which relates the limiting fragmentation to the pla-

Here ~2 in the exponent Is due to the_mass difference be(eau and ultimately determines the size of the fragmentation
tween a proton and a pion. The behavior of the expressmnegion For largey;/r, the solution is given by

(8) is different from the exponential behavior shown in Fig. 5
in the #'>0(p>Yyma region. However in the szXp-rW(eXp/fp/Kr), (13

'<0(np< region, .
K (7=Yma) 1eQ where the Lambert function solves=W(w)exdW(w)].

With the values of the parameters from above, the ap-

fu(n') ~ e (9 proximation (13) is good within 1% for RHIC and LHC
but not for CERN SPS. For future reference, we note that
gives a reasonable description with-0.25[18]. for largew, W(w)=In w-In In w. Hence
Combined, the above analysis indicate that the behavior
of dn/dz changes from one exponential form to another ex- Xt~ 1IN Xp < Xp- (14)

ponential form wheny crossesy.y (or #’ crosses ) We

may represent such behavior with Integrating Eq(11) from <« to %’ gives the rapidity distribu-

tion dn/d#’. Numerical integration yields excellent descrip-
tion of the existing data as shown in Fig. 6. Unfortunately,
f1(5) = % —_ P _ (10) the .form- off,(»') in Eq. (10) does not allow analytic inte-
dz’ e”'t 4 gn'la gration in general. However, note thatg&5/r. If 1/q
=5/r, the necessary integration can be carried out in the

In Fig. 1, the solid curve corresponds to this form fitted toSharp 6-function limit (6,— ). The resulting form is ana-
n' >—1 portion of the combined data set. The dashed curvéytic but not very illuminating. Details can be found in Ap-
corresponds to the extension of the exponential figr0  pendix A.
region. Now consider the height of the plate&dn/dz),. Note
If the data points shown in Fig. 1 follow thrue universal  that the fragmentation regiaitn/d»? behaves exponentially
curve then we have no choice but to conclude thigt while the transition regior?n/d»? behaves linearly iny.
changes its behavior oncg=y., is crossed. On the other Therefore in the largg,s limit, the contribution from the
hand, we may also consider that RHIC energy is not highransition region dominates ifdn/dz),. Physically, this is
enough for the true universal curve to manifest and what wevhat one would expect. At high enough energies, the dynam-
see in the current data is an accident. One such example iss of the central plateau region and the dynamics of the
presented in Appendix B. For reasons explained in the Aplimiting fragmentation region should decouple and the height
pendix, this accident is unlikely. However, only further ex- of the central plateau should not depend much on the exact
periments can give a definite verdict. form of fy. The height of the plateau in the largg,, limit is
Using Eq.(6) for gy, we write for >0 then given by
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FIG. 6. Pseudorapidity distribution for 6% most central Au-Au
collisions atys=200 GeV. Data are from RefL]. Lower curves are
d?n/da? calculated numerically frondn/d» data. The solid lines
are our fits. Here we useNQJp(x—xo)=1/(1+e‘("‘x0)’f’) with p=0.25
and the parameters are setge0.95, 1+=0.308,q=r/5, §=0.3,
andK=0.65. The value op is different from 1.08 quoted in the text
because a finite value pfcompensates it a little. Herg, is not free
but fixed by the position of the hump. They are#t=-3.96, 5’
=-3.65, andzy’ =-2.6 for ys=200,130,19.6 GeV, respectively.

FIG. 7. dn/d% and d?n/d+? calculated using Kharzeev and
Levin’s result[24]. Open symbols are PHOBOS results and full
symbols are the calculations.

xsl4. At present energies, these are indistinguishable from
polynomials in Ins. However, as will be presented shortly,
LHC will be able to tell whether the bound8) indeed holds
for high energy heavy ion collisions.

At this point, we can attempt a partial explanation of the
appearance of the universal transition curve. Suppose that as

dn) K ) the collision energy becomes larger the dynamics of plateau
57 o = E(Xf = xp)* * OYmax) - (15 region largely decouples from the dynamics of the fragmen-
tation region. This is certainly the case for thg and g,
This implies given in this section as indicated by E34). Equation(14)
implies that in the larg®,., limit, 7> », and
<@> < EInz(v‘glm ) (16) "
dn/y 2 N 7t = Ymax+ O(N Ymay - (19

This is a consequence of having an exponential fragmenta-
tion curve and a polynomial transition curve. Note that the
functional form ofgy and f, enters only through the loga-

since 7, < 7 <Ymax @and x;~In x,. Integrating once more,
the total multiplicity can be obtained as

Mo = 5 (7= 79227+ 1) + Olyhg),  (17)  MMIC comection.
which implies ! : T T e
K - B8 AKL @ 1000 GeV ]
Notal < ?In (Vs/my). (18) Bl OKL @ 5500 GeV ]
/]

From Egs.(15) and (17) we conclude that the central g _os5t }°B E AA 9
plateaucannotrise faster thary? ., or In’s and the total mul- ;“a | 0198 °© A o
tiplicity cannot rise faster thayy,,, or In3s._The only possible = -r [ 88000 o o 1
way to get faster dependence is to hagedependenk, or 5 } AN %@En A
faster risinggy (for instance an exponentjalJudging from g -5 ¢ } <><><><> AAAAA o ]
Fig. 4, this is not likely up to 900 GeV. Also there is an of | 000 ]
additional evidence from the CDF Collaboratif80] that up 000 <><>
to ys=1.8 TeV, the central plateau jp collisions rises only o5 o0 b
as fast as Ifs.

In many current models of heavy-ion collisionSy, -3 o ; > 3 . 5 o
grows faster than fis. For instance, Ref[24] has Ny E——

B

~sM2 and thee*e™ model[17] hashyy,~ €% S, where\ and
c are constants. Parametrizationpgf, pA, andAA data up to
the SPS energy by Gazdzicki and Hang&i] gives N¢j

FIG. 8. d?n/d+? calculated using Kharzeev and Levin’s result
[24] up to the LHC energy.
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FIG. 9. dn/d»’ andd’n/d»'? from the central PHOBOS data  FIG. 10. d?n/d%'2 numerically calculated from the central

compared withHIJING v1.37 (filled symbolg calculations with PHOBOS data compared withJinG v1.37 calculations.
dE/dx=-2 GeV/fim[32].

The relationship21) is remarkable. It relates an observ-
At RHIC energies, the area undiy andgy looks like an  able that is a function of colliding energy to an observable
isosceles triangle. This is becauseylp, is still not that that is a function of the pseudorapidity at any fixed energy.
small compared t,,,. However since an exponential rises Unfortunately, energies probed so far are too small for this to
fast, the area will look more and more like a right triangle asmanifest. As seen in Figs. 2—4, the transition region is not
the energy grows and the area will become dominated by theguly dominant yet. However, we should be able to test this

transition part: relationship at LHC.

. It is also instructive to compare some theory curves with
(d”) N f ® d du(7— 70 RHIC data as shown in Figs. 7—11 As shown in Figs. 7 the

dn/o 7 P saturation model by Kharzeev and LeVi24] gives a good
— description of the plateau and the transition region at RHIC

p . . .

:_f d7"gu(7") energy although the fragmentation region is badly off. How-

0 ever, since the model is based on smajicture, it is not
Yimax supposed to be valid in the fragmentation region. From the

~ _J d7'gy(7"). (20 expression ofdn/dy given in Ref.[24], it is clear that the
0 transition curve obtained by Kharzeev and Levin is exponen-

Therefore, to leading order iy}, (dn/dn), is a function of 5

Yimax™ In(\fs/ my) andit is independent of the functional form OPHOBOS 20 GeV
of the fragmentation curvé,. Denoting the functional de- 4 O PHOBOS 130 GeV
pendence asdn/d7)o=S(Ymay, the universality ofgy fol- Sy A PHOBOS 200 GeV
lows if the following relationship holds -
E 3
n . 987") g
gu(ﬂ)z_diﬂ,,- (21) Z
Once the dependence ¢dn/dz), on Vs is given, gy is A
totally determined and it is indeed universal up to loga-
rithmic corrections. The relatio21) certainly holds for Z\f 0 Ranses
Egs.(6) and(15) whenyq,> 1. A Zia
The hole in this argument is that the relationstip) does N§ A
not automatically imply Eqg.(21). For instance, suppose &
Ymax) =@Ymax IN this case, any 2 b : . !
gu(7) =an Yool (22 W =1 = Yo
with n>1 satisfies Eq(20). Unlessn=2, however,gy(7") FIG. 11. d?n/d%’2 numerically calculated from the central

depends orym, and hence it is not universal. Surprising PHOBOS data compared with UrQMD calculatiofiled sym-
fact is that the data seems to suggess indeed 2 or at bols). The solid line is UrQMD result forn/s=200 GeV without
least very close to it. rescatterings.
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FIG. 12. The derivativéd?N/d7?)/(Npa/ 2) with respect toz.

Data are taken from the PHOBOS webdi]. FIG. 14. The same as Fig. 13 but fdN/d7.

tial and this form ofdn/dy does not satisfy the relatiqg1). ~ But the transition region universality is clearly not a feature

The reason Fig. 8 shows approximate universal behavior uff! the HIIING model. - _ o

to \s=1000 GeV is thah is small. At LHC energy, the vio- On the other hand, it is quite strikingzz] that the default
. . . . . ’ 2 i

lation of the universality is clearly seen for this model. UrQMD results get botlin/d» andd“n/d* right at RHIC

HIJING results[32,33 with shadowing and a parton energy energies. It is also significant that without rescatterings,
loss of dE/dx=-2 GeV/fm and an energy dependent scaleUTQMD does not describe the data well. Why UrQMD re-
parametep, as considered in Ref34] are shown in Fig. 9. sults in universal transition curve is not yet clear.

It is quite evident in th&l’n/d#? plot that the fragmentation

region dominates iRIJING. Again to test the transition curve .

universality, one must go beyond the RHIC energy. Figure 10 B. Analysis of RHIC d+Au

showsd?n/d#? up to the LHC energy. From the figure, itis  Recently the PHOBOS Collaboration published the result
quite clear thatHJING does not contain a universal transition of measuring the pseudorapidity distribution of produced
curve. Furthermore, at higher energies, the central region dgarticles in the deuteron-goldd+Au) collisions at \s
velops a bump instead of a plateau. This feature is due to the200 GeV[35]. At a first glance, it would seem that there is
abundance of the minijets. As can be seen in Fig. 17, bypo common feature at all between the-Au dn/dn and
enhancing the parametpg (equivalently, reducing the num- Au+Au dn/dz, especially if one just looks at the
ber of minijetg HIJING becomes closer to the other models. participant-scaled results. However, when dealing with very

O PHOBOS 200 GeV, Au-Au O PHOBOS 200 GeV, Au-Au
o APHOBOS 200 GeV, d-Au 8 APHOBOS 200 GeV, d—Au
0fo o A
L 00 0,0 ] il 0Q°0 0, ]
@ R @
o o
AQbf %QA
S of O&%@OGO Q ] g of %Qb@ooo o .
< o < o
“o A O A “o o} AAQ%
A o) A A e
A A AA A pd) A
M A A
£, A% A 4 A o
1t q:; - at " QA
m@) A @0008 A
o
%A .
_2 1 1 1 1 1 1 1 L 1 1 1 _2 1 1 1 1 1 1 1 L IA & 1
6 5 4 3 2 -1 0 1 2 3 4 5 6 6 5 4 3 2 -1 0 1 2 3 4 5 6
n n

FIG. 13. The same as Fig. 12 kit Au data is vertically scaled FIG. 15. The same as Fig. 12 it Au data is vertically scaled
by a factor of 1.3 and shifted to the right by 0.4 unit of pseudora-by a factor of 1.9 and shifted to the right by 0.2 unit of pseudora-
pidity (two experimental bins pidity (one experimental bin
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6 A dN/d# for >1.5 is common to both Au+Au and+Au
OPHOBOS 200 GeV, Au-Au results. It is also interesting to see that different scalaudy
St APHOBOS 200 GeV. d-Au ] ditional factor of 1.5 compared to Fig. 13 and the rapidity
Ak ] shift of 0.2 (or one experimental bjninstead of 0.4 brings
the Au side of the spectrum together as shown in Figs. 15
3l A ] and 16. Again, there is no room for doubt that there is a
- & % common curve. This implies that beside a constant compo-
2 2 & o) ] nent, the shape ofin/d» for both Au+Au andd+Au is
© A OoO simply related by scaling even in the Au side.
1F A o) b
5 &
ok A ] lll. PREDICTION FOR LHC
AA Given the two forms of parametrization considered in the
1 A ] previous sections, it is possible to extrapolate and predict
" e Aw . what should happen at LHC whexs=5500 GeV and/yay
6 5 -4 3 2 -1 0 1 2 3 4& 5 6 =8.68. To do so, we need to parametrize the functional form
n of », or 7;. The value ofz, in the model from Sec. Il A 'is

_ . not a free parameter. The position of the hump clearly visible
_FIG. 16._ The same as Fig. 15 but fdN/d#». d+Au result is in dzn/dnz as a zero is the value Ofp. From the PHOBOS
shifted vertically down by 3.6. data, one getsyma—7,=3.96,3.65 forys=200,130 GeV.

. For ys=19.6 GeV case, the data hgg.,— 7,=2.75. How-
asymmetric systems such as-Au, one must be careful ever, with our modely ..~ 7,=2.6 describes the data better.

about the scaling behavior. As can be easily shown in a s . o
simple wounded nucleon model, the scaling of produced par; By fitting the above values 057% With Ymasx= 7p=NY

r 4
ticles in the heavy-ion side and thieside should be different. 2 " Y 81dYmax= 7,=Ay"+C, we ge
The number of wounded nucleons in the heavy-ion side de- 0.60+0.7 %gi (Model 1)
pends on the linear size of the heavy ion whereagitbile Ymax~™ Mp = 0.33 Iyt O 96y°'75 (Model 1)
always have 1 or 2 wounded nucleons. Hence, the multiplic- ' max = == max '
ity in the heavy-ion side should have an additional scale (23)
factor ~A3 compared to thel side.

To see whether there is a common feature between A
+Au andd+Au or not, again it is much better to look at the
derivative(d?N/d7?)/(Npa/ 2) as shown in Fig. 12. Judging
from this figure, it is clear that theiie a common feature. To
bring it out more clearly, we vertically scale tde Au result
by a factor of 1.3 and shift it horizontally by 0.4 unit of
rapidity (or two-experimental bins This results in Figs. 13
and 14 which leaves no room for doubt that the shape o

These two parametrizations do not differ much upytQy
Y10. The LHC predictions from these two parametriza-
tions are given in TableiThe shape ofin/d» is given in
the Fig. 17 together with the Kharzeev-Levin prediction
and the HIJING predictions with two different minimum
minijet energies. The results obtained fgy=3.5 GeV sug-
gested in Ref[34] is clearly very different from other mod-
Is. Increasing the minijet scale parameter to a higher value
o=7.0 GeV brings it to a better agreement with other mod-
els. Only data from LHC will allow us to draw a definite

22_ T T T T T T T T T T T

% 3_000 — LHC: Param | ] conclusion and to choose the right value for this parameter
; o v LHC: Param Il Po- N _ _ _
18 | ——- RHIC 200 GeV . One striking feature is that in both the Kharzeev-Levin
6k o —'—OES"'\-‘G. 356V 1 model an_d theHIJING moc_iel wif[h po=3.5 GeV, the central
‘ O HUING: gz;m GoV plateau disappear. This is mainly due to the fact that these
&' models do not contain rescatterings of the secondaries and
;ﬁ : ] hence cannot undergo a Bjorken-like expansion.
= ]
% ol ] IV. DISCUSSIONS AND CONCLUSIONS
6 ] In this paper, we showed that there exists a second uni-
E versal behavior in the rapidity distribution of produced par-
b e ] ticles. The data we have analyzed clearly indicate that
2f ] d?n/dz?’s in the transition region taken at different energies
ot e 2 follow a common curve. This is not easy to see when com-

9 8 7 6 5 -4 -3 -2 -1 0 1 2 3
N =M= Ymax _
%Since we have only three data points, one cannot fit the full
FIG. 17. Predictions for central collisions at LHC. Also shown Y= 7,=Ay"+ 8 In y+C.
are parametrized RHIC 200 result. We s@=5.5 TeV and Pb To predict the height more accurately, we need to remember that
+Pb for LHC. Eq. (15) neglects some part of the tail contribution.
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TABLE |I. Predictions for LHC central collisions. We seb TABLE II. Predictions for LHC central collisions using the
=5.5 TeV and Pb+Pb for LHC. Woods-Saxon form. We sets=5.5 TeV and Pb+Pb.
Ymax™ 7p (dn/d7)g Niotal Ymax™ 7t (dn/d7)g Niotal
Model | 5.8 6.9 87 WS | 2.3 10.6 130
Model II 5.6 6.5 83 WS I 2.1 8.5 110
K&L 10.7 110
HIJING W/pp=3.5 GeVk 21.4 160

In this work, we found that the universal transition curve
is linear in7"=n—- 7, based on/s=20-200 GeV RHIC data
and UA5 pp data. A consequence of having a linear transi-
tion curve is that the plateau heigtdn/d»), cannot grow

paringdn/dn’s but C|ear|y seen when Comparim@n/dnz’s_ faster than Ifs and the total charged multiplicity cannot

We emphasize here that any model that purports to degrow faster than I¥s. This polynomial behavior in Iis is
scribe the rapidity distribution in the whole rapidity space Maintained if the transition curve is polynomial if'. A
must be able to reproduce not only the limiting fragmentafower law growth(dn/dz),~s" or ane’e” type exponential
tion curve, but also the universal transition curve. growth is possible only if the transition curve is exponential.

The existence of the two universal curves implies that thel'he available data does not show such exponential behavior.
shape and the size of the rapidity distribution itself is mostlylt does not, of course, rule out a change in the behavior at
determined by(i) the limiting fragmentation curvé,, (ii) the higher energies. As shown in the last section, these possibili-
universal transition curveyy, and i) the starting point of ties can be clearly distinguished at LHC.

HIJING W/pp=7.0 GeVE 11.6 100

the plateau regiom,. Nontrivial physics resides in thes What we have found in this study also impacts hydrody-
dependence ofy, or equivalently the size of the central pla- hamic studies. As can be seen in Eg3) the size of the
teau. plateau does not grow fast. Moreover ag,— ©, 7,/Ymax

The physics behind the limiting fragmentation curve is—0. Therefore, the relative region of validity for two-
well known to be the Feynman-Yang scaling which stateglimensional(2D) hydrodynamic calculation shrinks as the
that at high energy, largr behavior of an inclusive cross €nergy goes up and the need for 3D hydrodynamic calcula-
section is independent ab. In this paper we argued that the tion becomes greater. Furthermore, the existence of the uni-
physics behind the universal transition curve is in fact theversal transition curve will tightly constrain the longitudinal
decoupling between the dynamics of the plateau and thevolution of the hydrodynamic system.
fragmentation region. We note that it is also intriguing that We have also analyzed the deuteron-gold result from
perhaps a connection to the gluon parton distribution can bBHIC and found that there is a single common curve that
made. In saturation modelsn/dz is related to the gluon determines the shape afN/d» for both d+Au and Au
distribution functio18,23,24. In this case, the universal *Au cases. Afew conclusions can be drawn from our analy-
transition curve puts a severe restriction on the behavior o$is. First of all, the different scaling factors for the deuteron
the gluon distribution at moderate side and the gold side indicate that the scalingdefAu

system is more complex than a simple participant scaling.

5 T T T T T T T T 12 T T T T T T T T T T T
OPHOBOS 20 GeV - —— LHC: Param |
4 O PHOBOS 130 GeV r T T T~ - -~ LHC: Param |
a APHOBOS 200 GeV 10r N ---- LHC: WS | ]
3 [ \ ——- LHC: WS I
5 3 S R = N R Tt \ —-— RHIC 200 GeV
= _ 8 ) ]
3 a |
s 6 ]
~ 1 5 |
S o RN, oy 00 oo i
5 I
Z -1 27 ]
=
_2 1 L 1 Il Il L Il 1 0 I 1 1 1 1 L L L 1 L L
6 5 -4 -3 -2 A 0 1 2 3 9 8 7 6 5 -4 -3 -2 -1 0 1 2 3
N =1~ Y N =N = Ypa
FIG. 18. {x;,0}={1.32,0.694 for 200 GeV,{1.20,0.68} for FIG. 19. Predictions for central collisions at LHC. Also shown
130 GeV, and{0.77,0.619 for 19.6 GeV. The limiting curve pa- are parametrized RHIC 200 result. We sgt=5.5 TeV and Pb
rameters arec=0.492 and 14,=1.253. +Pb for LHC.
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This implies that using a simple participant scaling can podisions developed in the 1970[86—4(Q also had this type of
tentially mislead the comparison between theAu result  dn/d#. As will be shortly shown, this Woods-Saxon form is
and Au+Au result. This is especially significant for the Au not compatible with the transition region universality and
side where there appears to be a constant component on tbgnce it is unlikely that this is the right form afn/d».

of the two universal curves discussed in this paper. AgainNevertheless we feel that it is worth considering the Woods-
these facts are much more transparent if one compare€saxon form here because it gives an example of slowly
d?N/d22. changing(as opposed to univergalimiting fragmentation

Second, the existence of a function common to both Aucurve.
+Au andd+Au indicates that the dynamics of the transition A reasonable description of the current data can be pro-
region and the fragmentation region in the Au+Au case canvided by the following combination of the Woods-Saxon
not depend much on the final state interactions. It can onlyFermi-Dirag functions and a hyperbolic cositjé1]:
depend on initial state parton-nucleus dynamics. Especially,
whether or not a hot and dense system is formed in Au dn g cosh7/)
+Au collisions does not influence the shapedd/d» be- 57_ [1+e (rmlo][1 +elrmlo]’
yond the plateau region.

The exact physical meaning of the rapidity shifts and theyhereg, 7, ¢, ando are functions oy, Here the param-
constant component in thé+ Au data are under investiga- eter 7; roughly corresponds to where the fragmentation
tion. region begins. The hyperbolic cosine is there to provide

the dip in the middle. Since the dip is usually shallogv,
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(B1)

d
n_ J for 7>0. (B2)

dn

— =fy(n' B
APPENDIX A: INTEGRAL OVER  dfy/d7’ 7] w7, B3
max

To calculatedn/d», we need . o
7 where f (%) is independent of/., If 7/o>1, this just

W dfy ‘o implies that g=k,e¥mac 7/ so that it compensates the
. d d_,/r‘_p LT s (A} Jarge exponential in the denominator. Nea®ypay this

, yields fy(7')=koe”/?. However at SPS and RHIC en-

Changing variable ty=e” " yields ergy, Ymax IS only about 3 to 5 and it can be easily shown
, , ) that simply havingg= k,e¥mac 707 with a constanir does

et __dy LY It in the universal limiting f ion. Instead

- pr ————=—pr dy| 5 - _ not result in the universal limiting fragmentation. Instead,
= YAL+yh % y* 1+y* we must regard all parameters appearing in BBR) as

(A2) functions ofy,,, and look for a relationship among them

by requiring
These integrals can be found in integral tables, for instance
Ref.[42]. We get d dn
— =0 (B4)
7' de ’ p = . U"ymaxdn
f dy'—, =prye” Iy 7[tan'1(1 +1/2e7 /r)
“ dsj 2\2 near 7=Ymax (0Or 7' =7=Ymax=0).
_ = The solution of Eq.(B4) is obtained as follows. Set
_ 11 — ./ Iry _ K
tan (1 -v2e”") - ] =1/7 and 7=Ymat 7’ and x;=Ymax— 7r and write
1| ( 1+\2e77 4 e_znrlr) (A3) d
. n ! ’ n
2 1—\Ee"’”+e‘2’7 Ir f= _/:Lr' (B5)
dny’ 1 +e@ X7
APPENDIX B: UNIVERSAL FRAGMENTATION Taking the derivative with respect {o=y,., Yields
CONDITION FOR WOODS-SAXON
A popular choice of parametrization fain/d» is the “Entirely analogous analysis can be also performed using Eq.

Woods-Saxon function. Many models for hadron-hadron col{B1).
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af _ (dg/dy)(1 +€7"*x07) — g[ ' (d/dy) + d(x;7)/dyJe” X"

Jy (1 +e7*x07)2 =0
|
If this is to be independent af’ for small ', we must have
P of 7 1 i(l + @ Umac70)lo0) (B18)
(dg/dy)[1+e™"(1 - 7' 7]~ g[7'(d7/dy) +d(x;7)/dy], o %o
(B7)  ignoring terms ofO(e 2¥mac7/90) - At an asymptotically
which yields the following two conditions: high energy,
dg dr lim o=o0y. (B19)
— e XIT— = g— (B8) Ymax—®
dy “dy - .
g Hence the limiting curve is given by
an
dg Ay ful) = wee™ 1% (820
= “XfT] = q—2 L —
dy[1+e 1=9 dy ° (B9) Fitting the 7> Yymax portion of ys=19.6 GeV data yields

1/09=1.253 andky=0.492 asshown in Fig. 5. The height

Assuming monotonic functions, we can rewrite them as of the plateau and the total multiplicity can be now easily

dg dr obtained from Eq(B2)
— = —eu” (B10)
g T dn Ko(1 + eVmax /o)
— = — (B21)
and dn/, 1+e e
d d
dg _ (Xf_T) _ (B11) and
g l+ex’ dn
— - —7n¢l o
Solving the second equation first gives Motal = 27]f(d77>0+ O(e™). (B22)
— max= 760 . . .
9= KoL +eVmac7), (B12)  The resultingdn/dy and d?n/d+? are shown in Fig. 18 to-
Combine the two equations to get gether with PHOBOS data. Note that although fragmentation
region universality is reasonably well described by the
dixsm) B %exff B13 Woods-Saxon functions, the transition region universality is
(L+exn ¢ (B13) ot Again, we emphasize that it is the slafgn/d»?) that
~ B gives clearer criterion for the goodness of the description.
Let L=eX" and usedL=—-d(x;7)e™" to get Unlike the previous case, the Woods-Saxon case has no
dL dr separaten,. This is because both the fragmentation and the

- =— (B14) transition behaves like an exponentiak™ 7 illoo near -
1+L T Therefore the transition between the plateau and the limiting
behavior happens within about-garound;. This fact also
indicates that dynamics of the plateau and the dynamics of
7=C/(1+eX7), (B15)  the fragmentation region doewt decouple even at an as-
ymptotically highvs.
This nondecoupling also allows us to put a severe condi-
tion on the transverse energy. To calculate the energy content
(B16) of the plateau, we need to carry out an integral over the
product of the Woods-Saxon and a hyperbolic cosine. This
or can be done, but the resulting form is not particularly illumi-
nating. However, within the plateau we can approximate

Solving this equation, we finally get

which can be rearranged to yield

— 90
o= 1+ e‘(ymax_ﬂf)/”'

1 1 1
===+ =W (xi/ogle™¥""], (B17) dn _
g %o Xi Eplateauz 2 d_ <mT>pI. sinh(7;). (B23)
where we useg;=Ymax— 7 andW(w) is the Lambert func- 770
tion that solveswv=xe* for x. Hence given a value ofy,  Energy conservation demands that
the width and the height of the Woods-Saxon function is
completely determined. N (Uo=1) (Y 76)
Fgr Iarg}:a enoughtymax— 7/ o, (M. < Koe e (B24)
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where we used EqB21). Sinceo <1, this indicates that the

average transverse energy in the plateau region must be a

decreasingfunction of Ypax if Ymax— 7 1S an increasing
function of yp,, This is an absurd result. One would ex-
pect that as/s becomes largemy), would also become

PHYSICAL REVIEW @D, 044904(2004)

0.59/9:8%-0.68 Inya (WS 1)
- 0.47+0.59°% (WS 1I).
(B25)

Ymax™ 1 = {

larger or at least reach a limiting value, but not decrease. _
This, in our opinion, invalidates the Woods-Saxon de-The results for LHC are tabulated in Table II. The values of

scription ofdn/d».

(dn/dn)y andny,, are comparable to the saturation model

Nevertheless, it is instructive to also have the extrapolatedK & L) values in Table I. Also one can easily see in Fig.
Woods-Saxon result to LHC. For the Woods-Saxon form, wel9 that the limiting fragmentation curve followed by the

find that x;=1.32,1.20,0.77 forys=200 GeV, 130 GeV,
20 GeV, respectively. These yield

Woods-Saxon functions is not the same as the one fol-
lowed by the interpolating-exponential ones.
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