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We discuss hadron production in heavy ion collisions at the Relativistic Heavy lon CalR#dC). We
argue that hadrons at transverse moméita5 GeV are formed by recombination of partons from the dense
parton phase created in central collisions at RHIC. We provide a theoretical description of the recombination
process folP;>2 GeV. BelowPr=2 GeV our results smoothly match a purely statistical description. At high
transverse momentum hadron production is well described in the language of perturbative QCD by the frag-
mentation of partons. We give numerical results for a variety of hadron spectra, ratios, and nuclear suppression
factors. We also discuss the anisotropic floyand give results based on a flow in the parton phase. Our results
are consistent with the existence of a parton phase at RHIC hadronizing at a temperature of 175 MeV and a
radial flow velocity of 0.58.
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I. INTRODUCTION numerical results. The competition between recombination
Recent data from the Relativistic Heavy lon Collider and fragme ntation delays the onset of the perturbative/
(RHIC) have shown a strong nuclear suppression of the piOIIragmentatlon regime to rglatlvely high transverge momen-
yield at transverse momenta larger than 2 GeW central ~ tum of 4—6 GeV¢, depending on the hadron species. This is
Au + Au collisions, compared tp+p interactions[1]. This  the explanation for several key observations at RHIC.
is widely seen as the experimental confirmation of jet (i) The two component form of hadron transverse momen-
guenching, the phenomenon that high energy partons logem spectra, including an exponential part and a power law
energy when they travel through the hot medium created in @il with a transition between 4 and 6 Gea//
heavy ion collision{2—4], entailing a suppression of interme- (i) The very different behavior of the nuclear suppression

diate and highP hadrons. ) factorsRy, of mesons and baryons.
However, the experiments at RHIC have provided new (iii) The particle dependence of the elliptic flow.

puzzles. The amount of suppression seems to depend on the
Ea:jorg)r;lsp;;'\zzelnn Zfa;::], d|n4trée &;ﬁiugﬂonrggsgogogje?nnsd tin- In addition, our calculation clarifies the range of applica-
P pp ility of perturbative calculations including energy loss.

be completely absent. Generally, pions and kaons appear [o The paper is organized as follows. In the following sec-

suffer from a strong energy loss while baryons and antibaryE. lain why f tati iaht not be the domi
ons do not. Two stunning experimental facts exemplify this lon we eﬁp amn w fyhra(\jgme_n ation mig nod_ € the domi-
[5-8. First, the ratio of protons over positively charged nant mechanism of hadronization at intermediate transverse

pions is equal to or above 1 fa?;>1.5 GeVk and is ap- momenta of a few C_;e\_t/in heavy ion c_ollis_ions. We discuss
proximately constant up to 4 Gew/ Second, the nuclear the fundamental principles of recomblqatlon and fragmenta-
suppression factoRa, below 4 GeVt is close to 1 for pro-  tion. In Sec. Il we present the theoretical framework of re-
tons and lambdas, while it is about 0.3 for pions. combination in more detail and also discuss its shortcomings.
There have been recent attempts to describe the differef# particular, we address the question of applicability at low
behaviors of baryons and mesons through the existence #fansverse momentum. In Sec. IV we introduce our param-
gluon junctiong 9] or alternatively through recombination as €trization of the parton spectrum and discuss further calcula-
the dominant mechanism of hadronizatift0,11. The re- tional details, and in Sec. V we present numerical results on
combination picture has attracted additional attention due tépectra, hadron ratios, nuclear suppression, and elliptic flow.
the observation that the elliptic flow pattern of different had-Section VI summarizes our work.
ron species can be explained by a simple recombination
mechanism[12-15. The anisotropiew, for the different
hadrons are compatible with a universal valuevgfin the Il. FRAGMENTATION VERSUS RECOMBINATION
parton phase, related to the hadronic flow by factors of 2 and
3 depending on the number of valence qudigj.
In this work we elaborate on the arguments presented in Inclusive hadron production at sufficiently large momen-
Ref. [10]. We will present the formalism as well as new tum transfer can be described by perturbative quantum chro-

(iv) The unusually large baryon/meson ratios.

A. Fragmentation of partons

0556-2813/2003/64)/04490223)/$20.00 68 044902-1 ©2003 The American Physical Society



R. J. FRIES, B. MULLER, C. NONAKA, AND S. A. BASS PHYSICAL REVIEW @8, 044902(2003

modynamicgpQCD). The invariant cross section for a had- ing with P1. This makes it clear that fragmentation is a rather
ron h with momentumP can be given in factorized form inefficient mechanism for the production of high hadrons,

[17], since it has to overcome the limited availability of partons at
dor 14z dor even higher transverse _momentum. As a result, the average
ETh :Ef _Da—>h(Z)Ea3_a- (1) (2) is larger than what is expected from the shape of the
ep T 7 d°P, fragmentation functions. For pion productidg), is about 0.6

The sum runs over all parton spec@gand o is the cross for the production from a valence quark, 0.4 for a sea quark,
. P P a8 and 0.5 for a gluon in the range 2 Ged4# P;<10 GeVLt
section for the production of partoa with momentum . . .
for leading order KKP fragmentation functions.

P,=P/z. Thus the parton production cross section has to . , . .
: . An outgoing high energy parton is not a color singlet and
ﬁwemc%r;\é?i)u;ﬁd .mteh t?gbggiﬁﬁglslgy thé; r;a:retir;rl?egénﬁ gts_ will therefore have a color string attached. The breaking of
' b a-h 9" the string will initiate the creation of quark-antiquark pairs

mentation functiond18]. Like parton distributions they : . o .
X i) 2 _until there is an entire jet of partons, which have to share the
are nonperturbative quantities. However, they are univer- - e :
_ L energy of the initial parton. They will finally turn into many
sal and once measured, e.g.gf®” annihilations, they can

. oo adrons. If phase space is already filled with partons, a single
gfogzgget: describe hadron production in other hard QClslparton description might not be valid anymore. Instead one

i . . would have to introduce higher twiginultiple parton frag-
iogzlngalf_ig. (129 we t%%nc?)?::mg;e tg;?;ﬁ;;g?ﬁ”;ﬂ?:ﬁ mentation functions. In the most extreme case, if partons are
Eramér andgﬁ’t')tlt%(’KKP) [19], the ?atioD /D, ois al- ‘abundant in phase space, they might simply recombine into
) I} a—p a— - “ ”
ways smaller than 0.2 for each partan This reflects the had;]onsr.] Th_|s mﬁans thatand adt()q_uzrk thathare CI?S;TtO
well known experimental fact that pions are much more€3¢ other In phase space can bind together to form.a
abundant than protons in the domain where pQCD is app”:l'he scale of being close will be set by the width of the pion
cable. The excess of pions over protons even holds down tﬁ/:}ﬁsf[ut?g'ggr'r:r:);ﬁﬁ:ﬁ%?&gﬁ;?gjgﬁl ﬁq'g:qg}??m;“mqm'e"_

very low Py, smaller than 1 GeV, where perturbative calcu-" . _ ) o S
lations are no longer reliable. In that domain one can argu?'a.t‘aly notice that this .recomblnatlor) mechanism Is very ef-
icient for steeply falling spectra: in order to produce a

that the difference in mas®,>M_, lays a huge penalty on s ! :
8, m 8y g= p Y 5 GeV pion we can start with two quarks havif@n aver-

proton production. The small value of thE#° ratio pre- .
dicted by these calculations over the entire rangB;db the ~ 299 about 2.5 GeVe transverse momentum and each being
reason why the ratip/=°~1 measured at RHIC is so sur- therefore far more abundamn averaggthan a 10 GeVe
prising parton that could produce the pion via fragmentation. Of

i gourse the recombining partons must be close in phase space,

It has been suggested that the fragmentation function binati ib dif the oh d
D,_n(2 can be altered by the environmdi20,27. The en- Isﬁy ir:(l:gvr\? ination will be suppressed it the phase-space den-

ergy loss of the propagating parton in the surrounding me N _ .
gy propagafing p g Recombination can be interpreted as the most “exclusive”

dium leads, in first approximation, to a rescaling of the vari—f ¢ hadronizati h d point of a h hetical
able z. This would affect all produced hadrons in the same'2™ Of hadronization, the end point of a hypothetical resum-

way, and thus cannot explain the observations at RHIC. In fnation .Of fragmentat_ion. processes to aybitrary t\.NiSt' We can-
picture with perturbative hadron production and jet quench-nOt achieve a quantitative undelrstandlng of .th|s at th'e mo-
ing alone, the different behavior of hadrons cannot be de[ne.nt. However, we can'try to find an effective description .
scribed by one consistent set of energy loss parameters. -y&hlch can _be tested against observable consequences. In this
save the validity of the purely perturbative approach, specieﬁ’ork we will advocate a simple model for recombination and

dependent nonperturbative contributions to the fragmentatioﬁompar? it with single parton .fragmentation._ These two
functions have to be introduceati hocto explain the data Mechanisms of hadron production compete differently de-
[22]. pending on the phase-space density of partons. From the

Perturbative hadron production consists of three steps"‘.‘b_ove we understand _that_ the co_mpetition between fragmen-

: fption and recombination is dominated by the slope and the

interaction with a medium, and finally hadronization of the absolute value of the phage-s_pace distribu.tion of partons. Be-
parton. Only modifications in our understanding of hadroni-°W We show that recombination always wins over fragmen-
zation are able to provide an explanation of the experiment?atlon for an exponentlally' falling parton spectrum, but that
observations, since the other steps are blind to the hadrdf@dmentation takes over if the spectrum has the form of a

species that will eventually be created. power law, as it is provided by pQCD. We will apply this
insight to hadron production in relativistic heavy ion colli-

sions at midrapidity and transverse momenta of a few @GeV/
where we expect a densely populated phase space. For the
For the production of a hadron with momentuPvia  recombination of three quarks into a proton the momenta of
fragmentation we need to start with a parton with momentunthree partons have to be added up, but only two momenta in
P/z>P. The fragmentation functions favor very small valuesthe case of a pion. Assuming an exponential parton spectrum
of z, i.e., the situation where the energy of the fragmentinghis implies for a proton a distribution-[exp(-P;/3)]® and
parton is not concentrated in one hadron. On the other handipr pions ~[exp(—-P;/2)]%, predicting a constanp/«* ratio
the transverse momentum spectrum of partons is steeply falwhere the value is determined by simple counting of quan-

B. From fragmentation to recombination
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tum numberg10]. We will show that some of the surprising intermediate momenta. The formalism will set the stage to
experimental results from RHIC can be explained in thisobtain quantitative results in this regime by recombining
way. quarks from a possibly thermalized phase. We know that the
parton phase will not behave like a perturbative plasma near
the hadronization poift33]. Instead quarks at hadronization
) o will be effective degrees of freedom exhibiting a mass and
The idea of quark recombination was proposed long agguons will disappear as dynamical degrees of freedom. We
to describe hadron production in the forward regiorpef  will assume here that the effective quarks behave like con-
collisions [23]. This was later justified by the discovery of stituent quarks and that there are no dynamical gluons.
the leading particle effect, the phenomenon that, in the for- This is different from the work of Grecet al. [11] who
ward direction of a beam of hadrons colliding with a target,syggested to recombine one perturbative quark with thermal
the production of hadrons sharing valence quarks with thgyuarks, leading to an additional contribution at the transition
beam hadrons is favored. For eXampIe, in the Fermilab E79ﬂeg|on between the pure therma| phase dominating below
fixed target experiment with a 500 Ge¥" beam[24] the 5 GeV/c and the pure fragmentation regime dominating

C. The recombination concept

asymmetry above 5 GeV¢. A similar form of this pick-up reaction of a
perturbative parton was recently proposed in the context of
) = dop-/dx: — dop+/dXe 2 the sphaleron modgB4.
F dop-/dxe + dop+/dxe One can also attempt to extend the recombination concept

to low P, however, the theoretical situation is much more
betweenD™ and Dt mesons grows near|y to unity when ambigUOUS there. The main reasons are that the Simple count-
the Feynman variabl&:, measuring the longitudinal mo- ing of quantum numbers violates energy and entropy conser-
mentum relative to the beam momentum, approaches ation at lowPr, where the bl_JIk (_)f thg hadron yield resides.
Fragmentation would predict this asymmetry to be veryNevertheless, once recombination is recognized to be the
close to zero. However, recombination of thquark from  dominant hadronization mechanism at intermedRjdrom
a ct pair produced in a hard interaction withdavalence 2105 GeVE, itis quite reasonable to expect that this mecha-
quark from thesn~, propagating in forward direction with Nism extends down to very small transverse momentum,
large momentum, is highly favored compared to the re_yvhere qugrk_s are even more abun_dant. However, the theoret-
combination of the with a d which is only a sea quark of ical description will only be on solid g_round once the prob-
the 7. This leads to the enhancementdf overD* me-  ems of energy and entropy conservation are addressed prop-

sons in the forward region. erly.
The leading particle effect is a clear signature for the ex- o
istence of recombination as a hadronization mechanism and D. A nonrelativistic model
has been addressed in several publications recg2i2q. For a first estimate, let us consider a simple static model

In this case recombination is favored over fragmentationor the recombination process. We start with a system of
only in a certain kinematic situatiofthe very forward direc-  quarks and antiquarks which are homogeneously distributed
tion), which is a only small fraction of phase space. in a fixed three-dimensional voluméwith phase-space dis-

In central heavy ion collisions many more partons areyipytions w(p), so that the number of quarks or antiquarks

produced than in collisions of single hadrons. The idea thajyith g particular se& of quantum numberéolor, spin, iso-
recombination may then be important for a wide range ofgpjp) js

rapidites—and at least up to moderate transverse

momenta—was advocated befd®7—29. However, it was d®p

only recently that RHIC data indicated that recombination Na:VJ Wwa(l))- 3
could indeed be a valid approach up to surprisingly high

transverse momenta of a few Gey// Hadronization is assumed to occur instantaneously

Charm and heavy hadron production have the advantagéroughout the volume. The distributions(p) are sup-
that the heavy quark mass provides a large scale that permip®sed not to change during the hadronization process, i.e.,
a more rigorous treatment of the recombination pro¢26s  the quarks are assumed to be quasifree.

The description of recombination into pions and protons The spatial wave functions for a two-particle quark-
seems to be theoretically less rigorous. However, a simplantiquark state with momengs andp, and a meson bound
counting of quantum numbers in a picture where the strucstate with momentun® are

ture of hadrons is dominated by their valence quarks often

provides surprisingly good results. This has been pointed out (X|g, pypy) = V1 PrarP2), (4)
for particle spectra and rati¢80,10,31 and for elliptic flow
[12—-14. Most of the work so far has stayed on a qualitative (XM, P) =" Y2PRy (y), (5)

level without quantitative predictions. Recombination f

mesons in heavy ion collisions has been investigated in Refespectively, with the center of mass and relative coordi-

[32]. natesR=(x;+x,)/2 andy=x;-X, for the two quarks in the
We will argue below that the counting of quantum num- meson system. To keep our notation simple we omit the

bers is a good description of the recombination process foproper antisymmetrization of multifermion states, since all
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. . . . , A o
combinatorial factors will cancel in the final result. The om(Q) = Nye a7\, (13)
internal meson wave function is normalized as

The normalization factor is determined by H®) asj\f,j
fd3y|(pM(y)|2: 1. (6) =(2Vm/Ay)*. For this example we have the second order
correction

The overlap amplitude is given by 5

(2m)° %{W(P/Z)AW(PIZ) -[Vw(P/2)]3. (14

(0, p1p2IM, P) = wéa(P —-pi-plom@. (7

M(2m)?®
We want to emphasize once more that in the lifit
Here, we have introduced the relative momentqm(pl >AM the exact Shape of the wave function is not important.
-p,)/2, conjugate toy, and &y(q) is the Fourier trans- [n a relativistic framework this statement is softened by the
formed wave function. The squared amplitude is fact that we consider the hadron formation in a boosted
frame, whereP is large. Therefore\,,, which is of the order
) (2m)3 ~ ) of Agcp in the rest frame of the hadron, will be dilated.
(g, p1p2IM, P)[? = V2 SP-p1-pIlem@l® (8 As an example, let us assume an exponential parton dis-
tribution of the formw(p)=e™T. The meson spectrum at
We conclude that the total number of mesons found in theéarge P is then given by
quark-antiquark distribution is

dN % 2A%
&P d*p, dp, o =C RUE TR (15)
=CyV? P~ M@2m)? TP |’
M=) 22 2m (2mp? @
X W(p)W(p,)[(q, p1p1|M, P)|2 (99  Uusing Egs.(12) and (14). The second order term intro-

duces a power correction of orda# /TP to the universal
with a degeneracy factdCy. The momentum distribution result, depending both on the width of the wave function

of the mesons is given by and the slope of the parton distribution.

For nucleons we start with three quarks at coordinates
dNy -c \ f d%q w E+ . P lon ()2 We introduce center of mass and relative coordindes
d°p ~ Mem®) @2mET\2 q)W 5 ~9)ieml DI =(X1+X2+X3)/3, Y=(X1+Xp)/2=X3, andz=X; =X,

(10) The overlap amplitude between a three quark state and a
baryon with momentun is
From the above equation the spectra of mesons can be
calculated for given quark distributions. This will require (2m)® .
knowledge ofgy,. The wave function has some widtky,, (d, p1p2p4lB, P) = Tés(P_ P1~ P2~ P3)%s(a,S).

and we assume that it drops rapidly faf> A,,. Let us study
the kinematic region wher®>Ay. The integral over the
relative momentuny is dominated by valuefy|~ Ay, and

thus we can assume thiaf <|P|. We apply a Taylor expan-

(16)

Here ¢g(q,s) is the baryon wave function in momentum
space, depending on the relative momeqtand s conju-

sion gate toy andz, respectively.

P = p\2 P P Hence the baryon distribution is given by

ol 5eaful 5 o) =w{ )+ aa| (3 oar()
ij dNB_C \Y d®q s a9
p p Bp B 3 3 3le8l0, S
—aiw(g)ajw(g)} +0(@), (1D T emn Emen
P
, _ , _ ><W<—+g+s>w<—+9—s)w<——q>. (17)

where the first order term in the expansion vanishes. 3 2 3 2 3

From the lowest-order term in the expansion we get a ) _
contribution to the meson spectrum which is independent ofe 1S the appropriate degeneracy factor. In the region

the shape of the wave function. Only normalizati@ en- ~ Where the nucleon momentufis large compared to the

the product of the quark distribution functions. The lead-

vV ing term is universal and contributes
Cu—=—3W(P/2)%. (12)
(2m)
3
The second order tertfiike all higher order termsin the CB(ZW)3W(P/3) (18)

expansion generates a correction depending on the shape
of the wave function. For the sake of simplicity, let us to the nucleon distribution. The second order term pro-
assume a Gaussian shape vides a correction
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nation from a power law spectrum are suppressed. We will
thus omit these contributions in our work.

One might ask whether these considerations are still valid
in the case of more realistic formulation of recombination. It
turns out that the basic formulas obtained above are still
valid in a relativistic description. Deviations are less than
20% for P1>2 GeVlc.

Given an exponential parton spectrum we note that re-
combination yields a constant baryon-to-meson ratio. The
ratio is then only determined by the degeneracy factors

R
o0 29
r dNy Cy

FIG. 1. Sketch of trajectories of hadrons and their precursorslust counting the hadron degeneracies, the dipéef ra-
moving close to the speed of light in ther plane wheret is the  tio (neglecting protons and pions from secondary hadronic
time in the lab frame and the radial coordinate. The hypersurface decay$ would be~2, in contrast to~0.2 from fragmen-

3, (solid line) and a generalization with finite widitthe shell given tation in pQCD. We will later see that finite mass effects
by dashed lingsare shown. The emission timerz during which  and superposition with the fragmentation process will
recombination occurs is given by the conditions in the surroundingring down thep/#° ratio from 2 to approximately 1 in
medium and the trajectory. We approximate this short time by takthe range between 2 and 4 GeMtansverse momentum.
ing the hypersurfacg& infinitely thin. A radially expanding hyper-

recombining quarks

® quasi free quarks

surface does not alter the argument. 1ll. THE RECOMBINATION FORMALISM
v 1 3 In this section, we turn to a better description of recom-
CB—3—<A§2 + —A§1>{W(P/3)2AW(P/3) - w(P/3) bination. This will require a more realistic model of the par-
(2m)°2 4 ton phase including longitudinal and transverse expansion as
X[Vw(P/3)14, (190  well as an improved space-time picture.
) ] ) ) Let us consider a system of quarks and antiquarks evolv-
assuming a normalized Gaussian wave function ing in Minkowski space. We choose a spacelike hypersurface
R ~ 2IoA2. - 2IaN2 3, on which recombination of these partons into hadrons oc-
¢80, s) = Nge@ o1 ez, (200 curs. In the simplest scenario, that could be just a slice of

Minkowski space with fixed timé,, leading back to the case
we described in the preceding subsection.

It has been discussed in the literatyBs,3q, how the

Let us summarize and analyze our first results. The trangreeze-out can be smeared around the hypersurface to ac-
verse spectrum of mesons from recombination is proporeount for a finite hadron emission time. However, RHIC ex-
tional to Cyw?(P1/2) whereas fragmentation would generate periments suggest a very rapid freeze-out. The measured
a distribution proportional td(z) ®w(P1/z). For an expo- two-particle correlation functions are consistent with an ex-
nential parton spectrum=e 7T the ratio of recombination tremely short emission time in the local rest frame, suggest-

E. First conclusions

to fragmentation is ing a sudden transition after which the individual hadrons
interact only rarely{37]. Therefore, we assume here an in-
Bzﬂe—(PT/T)(l—mz» (21) stantaneous recombination, corresponding to an infinitely
F (D) thin hypersurface.

The microscopic picture is shown in Fig. 1. Quarks mov-
ing out of the hot system cross the phase boundary. The
relevant time scale is the hadron emission titiwg given by
the evolution of the system and the trajectory of the hadron

where(D) and(z)<1 are average values of the fragmen-
tation function and the scaling variable. Obviously, for
large Pt one always get®/F>1. In other words, recom-

bination aIWE.in wins over fragmentation at_“higﬁ’} for recursorArg is the time that, e.g., gq pair has available to
an exponential parton spectrum. The same is true for bar){i)ecide whether to recombine into a meson while the system
ons as well as mesons. o , in the vicinity crosses the phase boundary. This has to be

Now let us consider a parton distribution given by a.,ynnared with the hadron formation time. The sudden

power law spectrumv=A(Pr/w)™* with a scaleu anda>0.  ocompination assumption is validAfrz/ 7=<1. The recom-
Then the ratio of recombination over fragmentation is bination of valence quarks is then decoupled from the actual
R CyA hadronization—where the bound states of valence quarks be-

4 o P -a
== —(—) (—T> (22 come free hadron states—and further hadronic interactions.
F D)\@/ \Q

and fragmentation ultimately dominates at high Again,
this holds both for mesons and baryons. This implies that Recombination has already been considered before in a
fragmentation from an exponential spectrum and recombieovariant form utilizing Wigner functions for the process of

A. Wigner function formalism
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baryons coalescing into light nuclei and clusters in nucleai he integration oveR’ has been carried out and provides
collisions[38,35. Here, we will provide a derivation for the {he three-momentum conservatiewsP.

recombination of a quark—antiquark pair into a meson. The \ye gefine the Wigner funct|orI>W of the meson as
generalization to a three quark system recombining into a

baryon is straightforward.

By introducing the density matrip for the system of
partons, the number of quark-antiquark states that we will

interpret as mesons is given by

dP . _
Nnﬁ% fW<MvP|Pab|M:P>- (24)

Here |[M;P) is a meson state with momentumand the
sum is over all combinations of quantum numbers—
flavor, helicity, and color—of valence partons that con-
tribute to the given mesoM. We insert complete sets of

coordinates

d®P
N = (2m)?®

X(F1, T5M;P)

o3F 0% a3 , A3 (M ; PPy, P o)1, Tl P 1, T5)

and change the variables tq ,=(f,,+f;,)/2 andrj,

=f,,-f1, We define the two-parton Wigner function

Wop(r1,r2;p1,p2) as

r: r; r; r
<—— wehd)
3 3
d*py d°p; oripyT

(2m)3(2m)?

1Pz r2Wab(r 1,1 2:P1, P2)

and introduce a notation for the meson wave funcigpn

. , r'
s P> = giP(R+R /2)¢M<r _ E) )

(27)
It is convenient to change coordinates again to
RV =(r{+r{)2, (29)
r(=r—rl) (29)
with conjugated momenta
P=p;+ps, (30)
a=(p1~p2)/2. (31)
We arrive at
&P d’q
3R 3,7
e )3fd oPr d3r
oW (R LT R r P P )
| RT RT3 74 574
r.I
xar ¢M<r+—)¢>M(r E)' (32

) , r./ . r/
Pyi(r,q) = [ dr’ear <pM<r + 3)¢M<r - 5) . (33

Then
dNM d3qd®r
- 2 -3 3
XW, <R+ R - -P+ P >CI>W
ab 2 212 q12 q M(r!q)-
(34)

To evaluate this expression, we have to model the Wigner
functions of the parton system and of the meson. We assume
that the two-parton Wigner function can be factorized into a
product of classical one-particle phase-space distributions
Furthermore the color and helicity states for each flavor will
be degenerate. We can therefore replace the sum over quan-
tum numbersa andb by a degeneracy fact@y.

We introduce the following simplifications: the spatial
width Ar of the hadron wave function, translating into a
width of <I>‘,(,|V, will be small compared to the size of the sys-
tem at hadronization. The phase-space distributigfrsp)
are steeply falling functions of the momentym but vary
much less with the spatial coordinatevithin the typical size
Ar of a hadron. We shall assume that the spatial variation of
the phase-space distribution is small on this scale, replacing
R+r/2 with R.

In our derivation we implicitly chose an equal time for-
malism by introducing the spatial coordinate stafésat a
fixed time. However, in our result the integration over the
final-state phase space

d*PPR = d®Pd®RP- u(R)/E (35)

is manifestly Lorentz invariant. HerE is the energy of
the four-vectorP andu(R) is the future oriented unit vec-
tor orthogonal to the hypersurface defined by the hadroni-
zation volume. This form can be easily generalized for an
arbitrary hadronization hypersurfage[39,35. We have

E

dNy Jd3RP-u(R) d%q
ep - M @2a)d (2m)?®

P W
><Wa<R;2 )(D (q)wb( q) (36)

a,b now only denote the flavors of the valence quarks in
mesonM and

Pyi(q) = f oy, q) (37)

is the spatially integrated Wigner function of the meson.
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B. Local light cone coordinates law tail, given by pQCD, at high transverse momentum. We
The structure of hadrons is best known in the infinite mo-Will study recombination in the pQCD domain in a forthcom-

mentum frame which is described in light cone coordinatesi"d Publication.

If we let the hadron momentur® define thez axis of the Here, we want to focus on recombination from the expo-
hadron light congHLC) frame, we can introduce the light Neéntial part of the parton spectrum. It will be given by a
cone coordinates, e.gy’,q, for the relative momentung. slope 1M with a temperaturehke parametér. T. also sets
Note that we denote transverse momenta in the HLche scale for the typical momentum transfer in the parton
frame—i.e., the component orthogonalRe-by the labelL, ~ medium before hadronization. T is an effective blue
but transverse momenta in the center of m@) frame of ~ Shifted temperatur@ =y(1+8)/(1-B)T in an expanding me-
the heavy ion collision—orthogonal to the beam axis—bydium with physical temperatur€ and flow velocity, then
the labelT. The labels + and - always refer to light cone the typical scgl@<'|” will even be smaller. Here we use the
coordinates in the HLC frame for a givéh We fix the HLC ~ Phase transition temperature at zero baryon dengity
frame by a simple rotation from the CM frame, i.8,=(E  ~175MeV[4]]. _ '

+|P|)/\2. We reintroduce the momentuksP/2—q of parton We cannot expect that perturbative QCD will work as a
ain the meson. Assuming a mass shell condik&qmg with description of partons at the phase transiti8g]. What are

arbitrary but fixed virtualitym,, we can rewrite the integral the quanta that recombine? We |§n0w that in pQQD for de-
creasing scales the nonperturbat{leng-rangé matrix ele-

0 ments describing hadrons get more “valencelike,” though we
Bk = d*k2KOS(K2 - m2) = dk"dk | — (3g) ~ cannot seriously extend this study to scales_below 1 Gev.
K We will assume here that we recombine effective constituent

partons, taking into account only the valence structure of the
in HLC coordinatesm, will be of order Agcp, or more  hadron. Gluons are no dynamic degrees of freedom in this
precisely, of the order of a constituent quark mass. In theicture, and the quarks and antiquarks will have an effective
HLC frame, where we assume that formalf—«, we  mass.

parametrizek*=xP* with 0s=sx<1. Sincek <k*, we have This picture is supported by the recent discovery of
KO/k*~1/42. We end up with “magical factors” of 2 and 3 in measurements of spectra and
the elliptic flow of mesons and baryons, respectively, at
dNy, dPRPUR) [ dxPd%, _RHIC [16]. Later we will apply our assumptions to partons
—= 'V'f 3 J = 3 w,(R;xP*", k ) in the exponential spectrum having as much as 2 Ge)/
d°p (2) V2(2m) transverse momentum. This might raise doubts about the va-
XDy (%, k OW[R; (1 -X)P*, —k ,]. (39) lidity of an effective description. However, we have to keep

in mind that the momentum is in principle meaningless, only

Here we have rewritten the spatially integrated Wignerthe momentum transfer experienced by a particle in a reac-

function of the meson in terms of light cone coordinatestlon sets the scale "?‘t W.h'Ch we .r_esolve Its structure.
From the normalization condition

for quark a and approximate it by a squared light cone

wave function of the meson (M:P|M;P) = (2m)38(P - P) (41)
Dy (% K ) = [Bux k2. (40) We infer [d® @y (r)=1 and finally
The light cone wave functions we introduce here do not J dk'd%, [Bu(x k 2=1 (42)
necessarily coincide with the light cone wave functions \,5(277)3 M L '

@ (x,k , ,u) used for exclusive processes in QJBO]. S ) ] ]
There, a hadron is decomposed into a series of Fock states bfiiS is different from the light cone wave functions in
perturbative partons, starting from the valence structure. I§Xclusive processes which involve a dimensional quantity
terms of this expansion we know that the valence Fock statgonnected to the weight of the Fock state, e.g., the pion
has only a small contribution at scales>1 GeV. u is given ~ de€cay constant, in case of the pion. _ _ _
by the momentum transfer in the hard reaction which is de- Ve further utilize the fact that we work in a kinematic
scribed by pQCD. However, because the momentum transféfgime whereP™ is large compared to all nonperturbative
in a hard exclusive reaction has to be spread over all partorfidantities. Of course, our main concern here is that we do
in the hadron state, the exclusive process itself acts like 8Ot really know the shape of the wave functig. We can
filter, weighting the lower Fock states more strongly. In otherch0ose a factorized ansatz
words, the contributions of higher Fock states, though more - -
likely in the wave function, are generally suppressed by in- Pl KL) = du0)Qk,) (43
verse powers of the momentum transfeigher twisy. This  with a longitudinal distribution amplitudepy(x) and a
usually permits a fairly good description of hard exclusivetransverse part. We know that the transverse shape should
processes in terms of the lowest Fock state. be quite narrow, e.g., given by a Gaussian with a width
As we will discuss below, we expect the parton spectrumA | <P*. Considering hadrons at midrapidity , will
of a heavy ion collision at freeze out to be composed of ammainly be pointing in the longitudinal and azimuthal di-
exponential part at small transverse momentum and a poweections in the CM frame, where the variation of the par-
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ton distributionsw is small. This impliesw(R;xP*,k ) transverse momenta of orddr,. This implies that the en-
~W(R;xP") for typical transverse momentk, ~Aqcp  ergy is conserved up to terms of ordAﬁ/P* and m?/P*,
<P*. We can then integrate thke, dependence of the wherem stands for the masses of the participating particles.

wave function. This leaves us with Energy conservation is a problem at low transverse mo-
3 1 mentum and can only be overcome if one takes further inter-

E% - f d*RP-u(R) dx Wy(R:XPY)| by (X2 actions between the partons into account. This would require
d’P M (2m)3 0 o M a much more sophisticated formulation that includes nonper-

. turbative initial- and final-state effects.
XWp[R; (1 =x)P]. (44) Restricting ourselves to large transverse momentum fi-

The amplitudepy(x) encodes the remaining QCD dynam- nally permits to use light cone fractions for the spatial
ics. We expect it to be peaked arourd1/2, meaning that momentumP in the CM frame instead of the momentu#
the two quarks will carry roughly the same amount of mo-in the HLC frame. The relatiop®=xP" between the quark
mentum. But the width of the distribution, since it is formu- momentump and the hadron momentur in light cone
lated in terms of momentum fractions, could be quite broaccoordinates translates to
in momentum space. Thus we cannot use the same argument M2
as for the transverse coordinates in order to integrate out this p=xP+ O(x—) +O(A ). (47
degree of freedom. However, for an exponential parton spec- P

trum we have This is a leading order expansion M?/P2 whereM is the
+ + + hadron momentum. At midrapidity this further translates
vt (1 D e XPTT o= (1P T — o~PHIT )
Wa(RIXPH)We[R; (1 )P ~ €7 e e to the simple formulg;=xP; for the transverse momenta.
(45)
D. Low transverse momentum and hadron

Hence the product of parton distributions is independent .
thermodynamics

of x and we can perform the integral over which just
gives the trivial normalization of the wave function from It is well known that total hadron yields at RHIC can be
Eq. (42) [10]. There will be corrections to that from mo- described very accurately by a purely statistical model, using
mentum components other th&1 which are not additive only hadronic properties, such as masses, chemical poten-
because energy is not conservieste the following sub- tials, and spin degeneracig$2—44. The hadron yields are
sectior). Where we want to take into account wave func-given by thePrintegrated spectra and are naturally domi-
tions, we adopt the asymptotic form of the perturbativenated by particles with less than 2 GeMfansverse momen-

pion distribution amplitude tum. The picture of thermal hadron production does not nec-
— essarily require the existence of a parton phase.
Pm(X) = V30X(1 - x) (46) However, one can show that recombination of a thermal-

ized parton phase is consistent with thermal hadron produc-
tion in the limit Pr—oc. Although pQCD will eventually
_ dominate over both mechanisms at laRyethis nevertheless
C. Energy conservation suggests that the recombination mechanism connects a ther-

Energy conservation is not manifest in the recombinatiormal parton phase with the observed thermal hadron phase.
approach. Since we are dealing with a2 process, one of Therefore it is justified to call recombination from a thermal
the particles in general needs to be off mass qi88). This  parton phase the microscopic manifestation of statistical had-
does not pose a problem in the physical environment wherton production.
recombination takes place. Both in the quark phase and in
the hadronic phase we expect interactions with the surround- E. Summary of the formalism
in_g medium to occur. S.incglrecombination,. as described in We want to summarize what we have so far. From Eq.
this work, has been S|mpllf|ed to a counting of_ quantum(44) the meson spectrum is given by
numbers and momenta, without real QCD dynamics, we ne-

P-u(R)

as a model for mesons.

glect effects of these additional interactions that ensure en- Ny, ! 5
ergy conservation. This is tolerable due to the small time  Ezp :C'V'f dUR—(z 3 f dxwy(R; XP)| o (X)|
scale of hadronization and that changes in the parton distri-

butionsw by interactions during this time are negligible. We XWp[R; (1 —X)P], (48)

also neglect effects that final-state interactions between the

hadrons could have on the spectra—these are expected {#f'€edor measures the volume of the hypersurfacand
contribute mainly in the low momentum domain Re . For baryons, the same steps result in the expression

Pr<1GeV.

. : Ng P-u(R)
For large momentd, the energies of the particles are E5=-=Cg| dor—=—3 | Dx Wa(R;xP)
dominated by the kinetic energies and not by the masses. The d°P s (2m)
light cone wave functions have a transverse widlthwhich X Wo(R: XoP)Wo(R; XsP)| (X, X0, Xa)|2.  (49)

is a nonperturbative momentum scale. Therefore the mo-
menta of the recombining quarks will be collinear up toa, b, andc are the valence partons amg(x;,x,,x3) is the
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effective wave function of the baryon in light cone coor- A. Modeling the parton phase
dinates. We use the short notation Assuming longitudinal boost invariance, we fix the hyper-

1 surfaceS by choosingr=yt?-z°=const for
f Dx; = f dx; X dXgS(Xg + Xp + X3 — 1) (50 ) i
0 R*=(t,X,Y,2) = (7 coshz, p cosg, p sin ¢, 7 sinh 7).

for the integration over three light cone fractions. Inspired (59
by the asymptotic form of the light cone distribution am- ¢ s convenient to introduce the space-time rapiditgnd
plitudes for pions and nucleons we choose the radial coordinatg, since the measure for the hyper-
surface>, then takes the simple formogr=rd7pdpd¢ and

r
ém(¥) = V30x(1 -X), 51 the normal vector is given by
ba(X1, Xa1 Xg) = 12/35%; XX (52) U(R) = (coshw, 0, 0, sinfy). (59

for mesons and baryons, respectively. Using a similar parametrization of the parton momentum

These wave functions are broad in momentum space. In
order to study the effect of the width of the wave functions
on our results it will be interesting to alternatively explore with rapidity y and transverse mase;=\m?+ p% we ob-
the case of narrow wave functions in the spirit of Sec. Il D.tain p-u(R)=m; cosi{7-y). We remind the reader that we

p* = (my coshy, pr cos®, pr sin ®, my sinhy) (60)

The limiting case are-shaped wave functions will use capitalized variable&®,Pr,M, My, etc) for had-
5 1 rons.
[pm()|?= 8(x - 3) (53) Now we have to specify the spectrum of partons. As al-
ready discussed above we assume that the parton spectrum
| pa(Xq, Xo, X3)|? = 8(X1 = 5) (X2 — 3)- (54)  consists of two domains. At large, the distribution of par-
. tons is given by perturbative QCD and follows a power law.
The spectra are then given by For the transverse momentum distribution at midrapidity for
Ny P.uR) p p central collisiongb=0) we use the parametrizatiga5,46
E@ = CMJ aR—3wa(R;—>wb<R, ) (55) ot
s (2) 2 2 dNg k C 61
Fprdy| . (L +plBF (61
E% = Csf dO'RPL(I?Wa(R;E)Wb<R;E)WC<R;E). The parameter€, B, andg are taken from a leading order
d°P s (2m) 3 3 3 (LO) pQCD calculation and can be found in Rg46] for

(56) the three light quark flavors and gluons. A constéht
factor of 1.5 is included to roughly account for higher
It is an important observation that in the case of exponenerder corrections inag [47]. The calculation includes
tial parton distributions, the shape of the wave function isnuclear shadowing of the parton distributions, but no
almost negligible. We have to be aware that there will behigher twist initial-state effects. Higher twist effects, such
corrections to the above equations of ordef|P| and  as the Cronin effect, will fade liké\'*A2,/P? for high
Aqco/|P|, wherem is the mass of the hadron or the par- transverse momentuf@8]. Since we will show that frag-

tons, reducing their range of applicability to large mentation and pQCD are only dominant for transverse
On the other hand, the spectrum of hadrons from fragmomenta above 5 Ge%/in the hadron spectrum for
mentation is given by Eq1), RHIC, it is safe to omit the Cronin effect.
1 Energy loss of partons, resulting in a shift of the trans-
E% :EJ d_ZD (2)E % (57) verse momentum spectruf3,4], is taken into account and
&P~ < ), 2T e, parametrized as

The number of partons can be obtained from the cross —(L)
section via the impact parameter dependent nuclear thick- Apr(b, pr) = e(b)\‘"pTR_-
ness function dN/d®P=Tyya,(b)do/d®P. We take A
Tauau(0)=9A?/87R2 for central collisionsRy=A31.2 fm  For collisions at impact paramet&=0 we take(L)=Rx

(62)

is the radius of the nucleus. and thereforeApT(O,pT)=e(O)\s‘°p_T (we postpone the dis-
cussion of the impact parameter dependence to Sec)lV C
IV. HADRON AND PARTON SPECTRA The choice 0f<L>:RA neglects the fact that for the Strong

guenching observed at RHIC energies, jet emission be-
In the following we want to discuss the pa[ton phase crecomes a surface effef4,49]. However, we note that only
ated in collisions of gold nuclei at RHIC withs=200 GeV  the producte(L) as a whole is a parameter. We have no
per nucleon pair. We will then proceed to calculate the hadambition here to make a connection to the microscopic
ron spectra emerging from recombination and fragmentatioparameters of jet quenching, therefore we will not disen-
of this parton phase. tanglee and(L). This would require a more sophisticated

044902-9



R. J. FRIES, B. MULLER, C. NONAKA, AND S. A. BASS PHYSICAL REVIEW @8, 044902(2003

102FN" 4 pOCD LOVEL energy loss is quite successful to describe the available

o\ s PQCD LO+EL ] data on highP; spectra(P>5 GeV/c) for =, Kg, and
N T uherma To17S ey charged hadrongh*+h")/2 in central Au+Au collisions.

From a fit to these data we fing,=€(0)=0.82 Ge\¥? for
central Au+Au collisions. This value corresponds to an
average energy loss of 3 GeV for a 10 GeV parton in a
Au+Au collision withb=0. The perturbative spectrum for
up and strange quarks at midrapidity is shown in Fig. 2.
For fragmentation of pions, kaons, protons, and antipro-

B e
o o

(1/27p7) dN/dpy dy (GeV?)
[N
o

10 tons we use LO KKP fragmentation functions with the
10° | scale set to the hadron transverse momenni19]. A
61 fragmentation is calculated with the LO fragmentation
10 functions of de Florian, Stratmann, and VogelsdBbg)].
107 ¢ Besides the perturbative tail of the parton spectrum that
10° ‘ ‘ ‘ will turn into hadrons via fragmentation, we assume the ex-
0 2 4 6 8 10 12 istence of a spectrum of thermalized partons that are recom-
pr (GeV) bining at hadronization and dominate at low and intermedi-

) ~ate values ofpy. In this phase we assume the effective
FIG. 2. (Color onling Spectrum ofu ands quarks at hadroni-  gegrees of freedom to be constituent quarks without dynami-

fzationhin; Ce”ga' Aut+Au CO'”_sLon at: RHIC. Pe”“rbaﬁ‘(’f pr‘]argons cal gluons. We take the spectrum to be exponential with a
rom hard QCD processes with subsequent energy (dashe given temperaturd,

lines) and the thermal phase wiffi=175 MeV and radial flonw

=0.5% (solid lineg are shown.
( ? Wy(R:p) = 7,6 P RTe 72 (p, ). (63)

model of the emission geometry. We also do not use a

radial profile for the emission and the density of the me-vy, is a fugacity factor for each parton speci@sWe also
dium. This can be found discussed elsewhere in the literanclude longitudinal and radial flow through the velocity
ture[4,21,23. Nevertheless, our “minimal” description of vector

v“(R) = (coshz_ coshzy, sinh 7 cos ¢, sinh 7sin ¢, sinh 77, coshzy). (64)

7.(R) and »(R) are the rapidities of the longitudinal and  The two component model of the parton spectrum with an
radial flow which still could depend on the space-time exponential bulk and a power law tail is also predicted by
point Re X. For the longitudinal expansion we choose aparton cascades like VNI/BM$51], although the interac-

Bjorken scenario where the longitudinal rapidity is simply tions in that case are purely perturbative. This implies that an

fixed by the space-time rapidity exponential shape of the spectrum does not necessarily mean
that the parton system is in thermal equilibrium.
(R = 7. (65) In the region where contributions from recombination and

fragmentation are of the same size we expect other mecha-

The transverse flow is given by a velocity(R) with vt nisms to play a role, which interpolate between the two pic-
=tanh 7. For practica| purposes we will not work with a tures. This could include partial recombination and hlgher
radial profile but assumey to be independent gf and¢.  twist fragmentation. In the absence of a consistent descrip-
However, for collisions with finite impact parametewe  tion of these mechanisms we simply add both contributions
will later allow a dependence af; on the azimuthal angle to the hadron spectrum—recombination from the exponential
¢ in order to describe the measured elliptic asymmetry irPart and the fragmentation from the pQCD part—for
the spectra. The space-time structure of the parton sourdér>2 GeV/c.
in Eq. (63) is given by a transverse distributid(p, ¢) and
a wide Gaussian rapidity distribution with a width

We assume that hadronization occurg=ab fm at a tem-
peratureT=175 MeV in the parton phase. This is consistent It is not a priori clear from QCD what the degeneracy
with predictions of the phase transition temperature at vanfactors Cy, for each hadrorh are. In principle, every quark
ishing baryon chemical potential from lattice Q@®1]. For  has three color and two spin degrees or freedom. One could
the spread of the parton distribution in longitudinal directionargue that three quarks of any color and spin can form a
we chooseA=2. The constituent quark masses are taken tgroton and that quantum numbers can be “corrected” at no
be 260 MeV foru andd quarks and 460 MeV fos quarks.  cost by the emission of soft gluons. That would lead to de-

B. Degeneracy factors
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generacy factorﬁpzzx(3x2)3 and C0=(3%X2)2. On the andK, are modified Bessel functions. Figure 2 also shows
other hand, there are no dynamical gluons in our picture anthe thermal spectrum of up and strange quarks. The radial
it would be consistent to require recombining partons to havélow velocity v+=0.5%, fugacitiesy,=y4=1, y4=v5=0.9,
the right quantum numbers at the beginning. vs=7vs=0.8 and the radiupy=9 fm were determined by
Surprisingly this is supported from work on recombina-fits of our calculation to the measured hadron spectra in
tion in pQCD, where the contributions from color octets andcentral collisions, see below.
spin-flip states to the recombination ®fmesons were found The transverse momentum spectrum of hadrons formed
to be small[26]. Using this assumption, the degeneracies ardy recombination from the thermal parton spectrum can be
only determined by the degrees of freedom of the hadronderived from Eqs(48) and(49) to be
e.g., Cy=2, C,=1, etc. These are exactly the degeneracies
used in the statistical thermal model. We will not take into dNy
account feed-down from decays of resonances, except for the d’P.dy y
A, where the2? is too close in mass to be suppressed. Hence 1
we useC,=4. X f dX o) Pk, Pr), (69)
This is different from Ref[10] where we counted reso- 0
nances to give nucleons with weight 1. However, this over-
estimates the correction frolt decays. Nevertheless, the dNg
degeneracy of 5/3 given in Refl0] for the proton was of 2P-dv
the right size due to a mistake in the normalization of the T ly=0
baryon states, which gave an additional factor of 1/3!. There- )
fore the numerical results given in R¢10] are still valid. X f DX; |a(Xq, X2, Xa)| ke (X, Pr)  (70)
We should add that due to the small but probably nonva-
nishing color octet and spin flip contributions and due tofor mesons and baryons, respectively. We introduced the
feed-down corrections we expect all degeneracy factors tghort notations
have an error of at least 20%.

TAT PT S|nh nr
=CyM1—32 lo| ———

'TAT PT S|nh 771'
=CBMT(2—W)327aVb7c IO{T

cosh
kw(x, Pp) = Kl[ T+ x2P2 + R+ (1 - x)ZPT]]
C. Central collisions
For the momentum spectrum of quarks (71)
dNth ‘uR) cosh
d3p -9 f 9o R @2m? "2y R (66) ke(X;, Pr) = K1|: 7}T[\|'TTZ‘H(1PT"' VMg +X5P7

we rewrite the exponent in E¢63) as
+ Mg +xgP7] | (72)
p - v(R) = my cost{n - y)cosh 7 — pr cog¢ - ®)sinh 7y,

(67) Herem,, m,, andm, are the masses of the valence quarks
and M is the transverse mass of the hadron. The most
central data bin of the experimental collaborations always
corresponds to an average impact parameter larger than
zero. Therefore we choose=3 fm to compare to data
with 0-5 % and 0-10 % centrality. See the following
subsection for a discussion of the impact parameter depen-
dence. Figure 3 shows the result of our calculation for the
spectra of pions, protons, antiprotons, kaons, lambdas, xis,
and omegas for central collisions. See Sec. V for discus-
sion.

where my is the transverse mass of quaak The factor
g=6 in Eqg.(66) is counting the color and spin degenera-
cies. In the case of central collisior{sBmpact parameter
b=0) we can assume that; and f are independent od.
For simplicity we furthermore assume thfats also inde-
pendent of the radial coordinageand that the radial dis-
tribution of the partons is homogeneous up to a ragyis
f(p)=0O(po—p). We can then easily perform th¢ and p
integrals in Eq.(66). If we consider the region aroung
=0, we can also neglect the Gaussian profile functios,in
since 7%/ A< (my/T)coshz, and integrate over this vari-
able analytically.

The transverse momentum spectrum of partons in the In order to describe peripheral collisions, we have to scale
thermal phase is then given by the perturbative part of the parton spectrum given in(&d)
by the ratio of thickness functions, or equivalently by the

D. Peripheral collisions

dNg A . -
a =2 T number of binary nucleon collisions
Pprdy| .y T (2m)
y=0
b b
P sinh 7 my COSh??T deert(b)_ AuAu( )ngert coII( )deert (73)
X 1o T K4 - . Tauau(0) Neoi(0)

(69) Our values for the number of collisioné.,, as a function
of impact parameter are listed in Table | and are close to
AT=p%w is the transverse area of the parton systemignd the values used by PHENIX Collaborati¢s2].
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FIG. 3. (Color online Hadron spectra at midrapidity as a function of transverse mome®uiior central Au+Au collisions at/S
=200 GeV. We show fragmentatiqdotted ling, recombinationdashed lingand the sum of both contributiorgsolid line) at b=3 fm vs
data from PHENIX and STARfor ®, E*+E"~, and Q+Q recombinations only Q+(Q data are minimum bias, therefore the result of a
calculation with impact parameté=10 fm is also shown. All data are preliminary exceft p, andp data from PHENIX. All error bars
give statistical errors only, except fa® data from PHENIX which give the total error. See Sec. V for more details.

The length and width of the overlap zone of two nuclei for more detailed studies of the jet quenching effect.
with radius R,, colliding at impact parameteb, are I(b) For the thermal phase of the parton spectrum, we keep the
:\;Rf\_(b/z)Z and w(b)=R,—b/2. We scale the average temperaturel and the hadronization time independent of
length entering the energy loss in E@2) as (L)=[I(b) the impact parametdn, but adjust the size of the volume
+w(b)]/2. On the other hand, the density of the hot mediumaccording to the profile functiof(p). We scale the transverse
is decreasing with increasing impact parameter. We choosae€aAr of the parton phase at hadronization with the trans-

the simple ansatz verse area of the overlap zone of the two nuclei
1-e PRaDIRa |(b)w(b)r pe
eb)=eo———"%— (74) Ar(b) = ————Aq(0) = I (b)w(b) 5. (75
l-e Ram Ra

for the b dependence of the energy loss parameter, whictin principle, the radial flow velocity+ is expected to vary
describes the data surprisingly well. We refer to Héfl. ~ with impact parameter. However, it turns out that the
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TABLE I. Average number of binary nucleon collisioNsy, for

some values of the impact paramelen collisions of gold nuclei. f d® cos 2b dZN/dP$

vo(Py) =(cos 2b) = . (77
b@fm) O 3 55 75 9 10 11 12 13 139 qu) dZN/dP12-
Neoy 1146 913 594 350 199 120 61.6 26.0 10.0 5.3

The parametew is given by the collision geometry. It has
] the value

slope of the measured hadron spectra above 2 Ga¥/
consistent with a constant flow velocity;=0.55 up to _w(b) - [(b)
very large impact parameters, so that we fix this value for @= w(b) +1(b) (78)

all b. It may be questionable whether partons are produced

in equilibrium in peripheral collisions. We therefore intro- for given impact parametes.

duce an additional impact parameter dependent fugacity n the thermal phase, the hydrodynamic expansion from
¥(b) common to all quark flavors. However, the measuredan originally anisotropic overlap zone of both nucer b
hadron spectra favop(b)=1 up to high values ob. Cor-  #0) induces an elliptic anisotropy of the parton spectrum.
rections are only necessary for very peripheral collisionsThis leads to a dependence of the transverse flow on the
We take y(b)=1 for b=<10.5 fm, (11 fm)=0.7, (12 fm) azimuthal angle¢. To model the anisotropy in the parton

=0.4, andy(13 fm)=0.4. phase we take the azimuthal dependence of the transverse
rapidity to be
= Ellptc flow m($) = {1~ f(pricos 26]. (79)
For hadrons from fragmentation we assume that the azi- 0

Here 77 is the rapidity given by the flow velocityr
=0.5%, so thattanh 77$=0.55. The amlitude of the aniso-
tropy f(py) is given by the geometrical anisotropyat low
transverse momenta, but faster partons will experience the
anisotropy in the expansion less than slower ones. There-

muthal anisotropy in peripheral collisions is induced by the
azimuthal dependence of the energy 1§58,54,49,4. To
determine the coefficient, we generalize Eq62) to

L
Apr(b, pr, @) = 60\,@ <R_>(1 —a cos 2D), (76) fore we choose an ansatz
A
o
wheree(b) is given by Eq.(74). This leads to a spectrum f(pp) = T+ (pp? (80)
d?N/dP? with nontrivial dependence of. From that we Pr/Po
obtain the elliptic flow by applying the definition From Egs.(66) and(67) one obtaing55,5q

f deb cos 261,0py sinh 7r(S)TIKmr cosh o @)/T]
B(pr) =(cog2d)) = . (82)
f deb Ialpy Sinh 7x(STIK[mr cosh7()/T]

Our assumptions implyg:v‘;':ug:vg in the thermal phase, buf=1 differ slightly at smallp; because of the bigger
strange quark mass. We determine the parammtar the parametrization of the parton phase from a comparison to the
PHENIX measurement of the elliptic flow of piori§7]. We obtainp,=1.1 GeVkt.

After having fixed the coefficient3(p;) for each parton species we write the azimuthally anisotropic phase-space
distribution for thermal partons at midrapidity as

WA(R; p) = w,(R; p)[1 + 203(py)cos 2D]. (82)

Here w,(R;p) is the phase space distribution without anisotropy from &®). Substituting this into the basic recom-
bination formulas(48) and (49) we obtain

f dx| b (X)[H{v3(xPy) + Ukz)[(l =X)Prltku(x, Pr)

UgA(PT) = (83)

J AX by () [P{L + 205(xP)ws (1 = X)PrIHy (X, Pr)
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f DXi|¢B(Xi)|2[Ug(X1PT) + Ug(xsz) +v5(x3P) + 3Ug(xlPT)Ug(xsz)Ug(XspT)]kB(Xiy Pr)
v3(Pr) = (84)
f Dl ¢B(Xi)|2{1 + 2[U§(X1PT)U2(X2PT) + 05X Pr)v5(xgPy) + Ug(XZPT)Ug(XBPT)]}kB(Xia Pr)

for the anisotropies in the meson and baryon spectra, respectively. Usidegfunetion approximation this reduces to the
relations already given before in the literatudet, 15

v5(5P) +v5(5Pr)
1

M
(Pp) = , 5
T T a(Ped(Ee
(pey = 2HPr) + o8(3Py) +u5(3Pr) + u8(APr)ob(EPr)uS(3Pr 86
RS Z}g(%PT)vg(%PT) + zvg(%PT)Ug(%PT) + ng(%PT)Ug(%PT) .
I
If we assume one universal partonig for the recombin- F. The statistical thermal model

ing quarks, the above expressions simplify to In this subsection we give a brief account of the statistical

model following variant | of Ref[42]. For further details we

2U2 lPT . .
vam(Py) = (2 ) (87) refer the reader to the comprehensive literafdr2-44,58.

1+ 21)2(%PT)2’ The hadron spectrum is supposed to emerge from a hy-
persurfacdl and has the form
3v,(3P7) + 3v,(3P7)° dN, f P v(R)
Pr) = 88 ——= — P).
U2,B( 7) l+602(%P-|—)2 (88) Ed3P HdUR (277)3 Gh(R;P) (92

Since the maximal values of, will be of the order of 0.1, We use the same parametrization for the four-velocity
we can neglect the quadratic and cubic terms and arrive a(R) as in Eq.(64). The hypersurfacél is determined by
the following simple scaling law, which connects the el-the condition\v?=7gy=const. Thehadronic phase-space

liptic flow of hadronsu} to those of the partons,: distribution functions are given by
Chfsm(r)
1 P\ = nfsm
vh(Py) = nvZ(ﬁPT> (89 Gr(R:P) = e (Po=ugBr—psSh—m )/ Tsm 4+ 1 (93

for bosons and fermions, respectively= gy, Sinh 77 is
fhe radial coordinate antky(r)=0(ro—r) is a radial pro-
file function providing a cylindrical shapeC, is the de-
0 generacy factor and,, S, and|l, are baryon number,
and K down to transverse momenta of about 308V/c  gangeness, and third component of the isospin for hadron
[16]. This is a very strong support for the recomblnatlonspeciesh_
picture. Apparently a part of the uncertainty in the recom- Equation(92) can be evaluated analogous to E&f). We
bination mechanism at lo®y, introduced by the violation 5ie that in the limitP;— Egs.(69) and (70) are equiva-
of energy conservation, canc«_als after takin_g the ratios ifgnt to (92) if the same hypersurface and the same tempera-
Egs.(83) and(84). The recombination formalism seems 0 e and chemical potentials are used. This is an indication
give valid results foro, down to transverse momenta of it recombination from a thermal parton phase is the under-
several hundred/levic. , , lying microscopic picture of hadron production in a statisti-

We combine the contributions to the anisotropic flow o) model. While we will not elaborate on this in more detail,
from recombination and fragmentation by using the relative,q il quote some results of the statistical model for hadron
weightr(Pr) for the recombination process ratios and compare with our calculation.

The geometric parameters are fixed to g,=7.66 fm
va(Pr) =1 (Ppva r(Pr) +[1=r(PPJoo fPr). (900 andr,=6.69 fm for most central collisions at RHIC in Ref.

[42]. Particle ratios at midrapidity in a boost-invariant model
are not influenced by the expansion of the sysfégj, thus
we can use the parameters which are determined by particle
_— ratios from the entire phase space. We follp48] and set
((Pr) = dN"/d°Py _ (00 Tsw=177MeV, up=29MeV, png=10MeV, and s

V7 (dNRIdRPy + dNF/d?Py) =-0.5 MeV.

with n being the number of valence quarks and antiquark
contained in hadrorh. This scaling law was indeed al-
ready found to hold in STAR data on the elliptic flow &f

r(P;) is defined as the ratio of the recombination contri-
bution to the spectrum and the total yield,
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G. Note on the parameters in our model 0.0
We want to give a brief summary of all the parameters for / ____________
the parton phase. Essentially we have three degrees of free- 01— T
dom for central collisions. These are the energy loss given by JPPtioanl
&(L), the slope of the exponential part given by temperature -0.2 [
T, and radial flow velocityvr and the normalization of the = i
recombination spectrum by the volum&;. In addition there -0.3
are the parton fugacities. After fixing,), T, andrto physical
or at least reasonable values, we retgjrvt, andp, as true -0.4 0
parameters that were determined by fitting to the final data g
given by PHENIX for the inclusiver® spectruni52]. This is -0.5

2 3 4 5 6 7 8 9 10

in contrast to our previous study where the parameters of the P, (GeV)

parton spectrum were fixed by the preliminary charged had-

ron spectrun(10]. FIG. 4. (Color onling Relative deviatiorr s of the &function

th The light qt;:gk fltj.gacng glt;/asf set t.?. 1 |fn acc;)_rdanlc(:e WIEjhapproximation from calculations using wide wave functions for
e measureg@/ 7 ratio an e fugacities for antiquarks an r]geutral pions and protons.

strange quarks were obtained from other ratios. The ratio o
fugacitiesy,/v,=0.9 can be translated into a baryon chemi-4 GeV/c the spectrum is exponential and dominated by re-
cal potentialug=27 MeV. For other impact parameters, the combination from the thermal phase. In our calculation the
simple geometric scaling of the volume and the number ofontribution from fragmentation is artificially cut off below
collisions withb and a reasonable ansatz &b) describe the 2 GeV/c (corresponding to a lower cutoff of about 4 GeV/
data up tob=10 fm. Only for very peripheral collision there in the parton spectrujrbecause perturbative QCD loses its

is the need to introduce the new parameigs). validity at low Pr.

In the crossover region the vyield is slightly underesti-
mated, due to our simplified treatment not allowing for re-
combination involving perturbative partons and mixed

In this section we are going to discuss our numerical remechanismg11]. We also note that below 2 Ge¥'the cal-
sults on hadron production. culated recombination spectrum bends down and underesti-
mates the data. This effect is caused by neglecting the large
binding energy of pions in our recombination formalism, in
which pions have an effective mass ofi2z=520 MeV com-

In Fig. 3 we show our results for hadron production from pared to the true pion mass of 140 MeV. In addition, pions
fragmentation and recombination in central Au+Au collisionfrom secondary decays of hadronic resonances are an impor-
at ys=200 GeV for impact parametdr=3 fm. We compare tant contribution at very lowPr.
to available experimental data from the PHENIX and STAR The same effect can be seen in the kaon spectra, where we
Collaborations at RHIC. The® spectrum has been measuredagain underestimate the yield fd*<2 GeV/c. The Kg
by PHENIX up to 10 GeVé. The final data were released spectrum was measured by STAR up to 6 GeYB1]. The
very recently[52] together with final data for neutral pion preliminary K* and K™ spectra up to 2 Ge\t/are available
production inp+p collisions up to 14 GeW [59]. Error bars  from PHENIX [60], and first results o™ from STAR up to
show the total error in ther® yield. All our calculations use 4 GeV/c were shown recently61]. The K2 data above
expression$48) and(49) with realistic light cone wave func- 2 GeV/c can be described very well by our calculations. We
tions (51). For protons and neutral pions we also performednote that the last four data points of the preliminary STAR
the calculations in thé-function approximation for the wave data onK™ follow a different systematics than the rest of the
functions(55) and(56). Figure 4 shows the relative deviation points and also seem to deviate from K@adata. This could
rs=(dN-dN,)/dN of the #° and p spectrum in&function indicate a failure of proper particle identification in this mo-
approximation from the recombination calculation using re-mentum range.
alistic wave functions. The deviation is less than 22% for Protons and antiprotons have been identified by PHENIX
protons and less than 12% for pions at snfgll It becomes  Collaboration up to 4.5 Ge\¢/and the final data were pub-
considerably smaller at largé?; since the violation of en- lished very recently62]. In contrast to the Goldstone bosons
ergy conservation is less important there. This explains whyonsidered before, the mass pfand p in our constituent
calculations using55) and(56) are often satisfactory. quark picture is closer to the physical mass of 938 MeV and

Preliminary data onr* and 7 production are only avail- secondary protons and antiprotons are less abundant. Hence
able up to 2 GeWe [60], but we can expect that the global our calculation provides a satisfactory description of the
behavior of charged pions is similar to that of neutral pionsspectra even between 1 and 2 GeVThis is true for all
All data except form®, p, andp shown in Fig. 3 are prelimi- hadrons that are not Goldstone bosons. The crossover be-
nary. Only statistical errors are given for all sets besigf®s tween the recombination and the fragmentation process is
In the pion spectra we clearly see the tW¢ domains of  shifted upward folp andp compared with pions, to around
hadron production. Above 4-5 Ge¥/the spectrum is domi- 6 GeV/c. We alert the reader to the apparent suppression of
nated by fragmentation and follows a power law. Belowthe fragmentation process below 6 Ge\tbmpared with re-

V. NUMERICAL RESULTS

A. Hadron spectra
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1 ® (h*+h’)/2 PHENIX 0-10%
(h*+h)/2/25 PHENIX 20-30%
(h*+h')/2/200 PHENIX 40-50%
10" (h*+h)/2/1000 PHENIX 60-70%
2 (h*+h)/2 STAR 0-5%

(h*+h')/2/25 STAR 20-30%
(h*+h)/2/200 STAR 40-60%
(h*+h)/2/1000 STAR 60-80%

*
||
102! ¢
*

P (GeV)

FIG. 5. (Color onling The ratior(P1)=R/(R+F) of recombined
hadrons to the sum of recombination and fragmentation 7#or
(solid line), Kg (dashed ling andp (dotted line$. For protons and
pions different impact parameteos0, 7.5, and 12 fngfrom top to
bottom) are shownK? is for b=0 fm only.

combination. This is much more prominent here than in the

(1/27P;) dN/dP; (GeV'®)

case of pions. In Fig. 5 we show the ratfi@P) of recom- - ¥
. . . . —— (h"+h')/2 R+F b=3 f
bined hadrons to the full calculation, defined in Efl). The 10" — Eh::h_;z RYF be7.5 fm ¥
shift of the crossover to highd?; from pions over kaons to — f:::{: s ¥
protons is obvious. The 50% mark changes from 4 to 4.5 to 10" T
6 GeV/c. 2 3 4 5 6 7 8 9 10 11 12

. . . . P (GeV
Here we need to emphasize an important point regarding 7(GeV)

the perturbative calculation. The fragmentation functions are F|G. 6. (Color online The spectrum of charged hadrofis

a nonperturbative input to these calculations, and are derivesh)/2 for four different impact parameters 3, qdivided by 25,
from other experiments. Most data about fragmentation func10 (/200), and 12 fnt/1000 (from top to bottor in comparison
tions are frome*e™ annihilation experiments which do not with data from STAR and PHENIX in different centrality bins.
allow to distinguish between quark and antiquark fragmenta€ontributions from fragmentation onlglotted and the sum of re-
tion. Quarks have to be created in pairs, so that only frageombination and fragmentatigqiR+F, solid lineg are shown.
mentation functions likeDy, ., Can be deduced. Addi-

tional input from semiexclusive reactions helps to separate In summary, our calculations using one fixed parameter
the contributions, but fragmentation functions still requireset are consistent with all the currently existing data from
improvement for applications in hadron interactions. TheRHIC and allow us to make predictions for future measure-
KKP parametrization seems to work well faf production — ments.

at RHIC[59] but we anticipate more problems for other had-

rons, in particular for protons and antiprotons. This suggests B. Hadron ratios

a considerably larger theoretical uncertainty for the results

from fragmentation of all hadrons other than pions. For this : :
hown. The systematic errors can be quite large—we refer

reason, and due to the lack of appropriate fragmentatio . . -
functions, we do not show the fragmentation contribution for;eiélesader to the cited experimental publications for further
®, E, andQ in our calculations. : . o . .
- N One of the main motivations at the onset of our investi-
Ouroresul'§oforA+A mt_:lu_de an equally large contribution gation was to find an explanation for the surprisingly large
from 3° andX". The preliminary STAR data are taken from proton over pion ratios that are of the order of 1 above
Ref. [61]. For the multistrange hadron spec+Z", () 1 5 GeVt. The data on the/=° andp/=° ratios stem from
+(), and ®—which are supposed to have a pssevalence  PHENIX collaboration[62]. We have already shown in a
structure—we present only recombination spectra. Therevious publicatior{10] that recombination naturally pro-
strange hadron yields determine our value of the stranggides ap/«° of order one for hadron transverse momenta up
quark fugacity ys=0.8. Preliminary STAR data is available to 4 GeV. In addition, we predict that a sharp drop beyond
on E7+E* [61] and Q+Q (minimum biag [63]. We also 4 GeV/c should be seen when the fragmentation process
show a calculation for an impact parameter of 10 fm whichtakes over. The value predicted for the ratio in the fragmen-
agrees well with the minimum biaQ+() data. No spectra tation domain is about 0.1. At small transverse momenta, the
for ® mesons at RHIC have been published so far. statistical model describes the data well but continues to rise
The charged hadron spectrufi+h™)/2 is shown sepa- beyond 4 GeVe.
rately in Fig. 6: pions, protons, antiprotons, and kaons are The K*/#" and K™/# ratios have been measured by
taken into account. This spectrum, including its impact paBRAHMS [64], and theK™/K" ratio is compared to data
rameter dependence, will be discussed in detail in the sectioiiom PHENIX [60]. For the statistical model we probe an
on centrality dependence. additional strangeness fugacity and provide curves for values

In Fig. 7 we show hadron ratios. Only statistical errors are
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3.0 ° p/° PHENIX ® p/r° PHENIX
— R+F
25+ m= Stat. Model
2.0 }

15

1.0

® PHENIX cent. 0-10%

0.5 r 0 FIG. 7. (Color onling Hadron
(h +h)/2n ratios p/«°, p/=° plp, K*l=*,
® KJK* PHENIX K™/ 7, K_/_K+, (A+A)/4K§, 25"
+EN/(A+A), and 27% (h*+h") as
functions of transverse momen-
tum P;. The calculation for=E
baryons only takes into account
recombination. We show data
from STAR, PHENIX, and
BRAHMS and results from the

0.0

02y L, o o statistical model (dash-dotted
0.0 K'/m K/ K/K lines). Where several curves for
' ,:' * (A+A)/4K% STAR * 2(=+2")(A+A) STAR  plp PHENIX the statistical model are shown
1.0 # * Plp STAR these are for different strangeness
%ﬂ fugacities 1.0, 0.9, and 0.8rom

087 4 11 top to bottom.

! ay
0.4 it Y % . J[
0.2 ) o A i

(A+R)/4K°, 2(=+2)(A%A) p/p
0.0 =

2 4 6 8 10 122 4 6 8 10 122 4 6 8 10 12

P; (GeV) Pr (GeV) Pr(GeV)

of 1.0, 0.9, and 0.8. For the recombination pgyt0.8 was proton/pion ratio, if confirmed, and first observations of a
used as discussed above. The interesting feature of the preimilar drop in theA/kaon ratio will be strong arguments in
liminary p/p data from STAR[65] and PHENIX[60] is that  favor of the recombinatiohfragmentation picture.
PHENIX implies a flap/p ratio up to 4 GeV¢, while STAR
sees a decrease from 2 Ge\oh. (This may be related to the C. Centrality dependence
apparent surplus df” measured by STAR in the same mo-  Figures 8 and 9 show the centrality dependence ofthe
mentum range, indicating & possible failure of charged parandk? spectra. Final results in various centrality bins 6
ticle identification beyond 2 Ge\/) Our calculation pre- pave been published by PHENI%2]. The K? data are pre-
dicts a flat ratio in this transverse momentum range ir\iminary results from STAR61]. The impact parameter de-
agreement with the PHENIX data. A linear sum of statisticalpengence of the charged hadron spectttifr-h™)/2 was al-
and systematic errors is shown for the STAR data. ready shown in Fig. 6 with data from STARE6] and
Preliminary results for the ratio(sA+A)/4K2 and 22" PHENIX [67].
+E7)/(A+A) were also presented from STAR Collaboration  The impact parameter dependence of the parameters in
[61]. Our calculations(for Z recombination only are in  our calculation was fixed by a fit to the® data but it is
rather good agreement. Recombination predicts a large peaonsistent with the kaon and charged hadron data. We notice
in the A/kaon ratio and a sharp decrease beyond 4 GeV/that with increasing impact parameter the hadrons from frag-
similar to thep/#° ratio. First indications of such a sharp mentation come ever closer to the data points below the
transition can be seen in the STAR data. This observatiorrossover point. Thus fragmentation becomes more and more
supports the recombination picture including a transition tomportant in peripheral collisions in accordance with our ex-
the fragmentation regime beyond 4 G&V/ pectations. For the most peripheral bin7f, with an impact
For completeness we also show the ratio of charged hagsarameter of 13.9 fm we refrained from extracting a recom-
rons to neutral pions reported by PHEN[B2] in compari-  bination contribution. In principle, the data can be explained
son with our results. Our calculation agrees very well withby fragmentation alone down to 2 Ged/M/e give a recom-
the PHENIX data in the recombination region but slightly bination contribution forb=13 fm although its contribution
underestimates the ratio in the fragmentation region. might be disputable already in this centrality bin.
In summary, our calculations are in good agreement with  Figure 5 shows the ratio afP;) for three different impact
the available RHIC data. The predicted decrease in th@arameterg0, 7.5, and 12 fmfor protons and pions. The
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FIG. 8. (Color onling The spectrum of neutral pions for impact FIG. 9. (Color onling The spectrum of neutral kaons for impact
parameters 3, 5.&divided by 5, 7.5 (/25), 9 (/100), 10 (/200), 11 parameters 3, 1¢/25), and 12 fm(/200) (from top to botton in
(/500), 12 (/1000, 13 (/2000, and 13.9 fm(/5000 (from top to  comparison with data from STAR in different centrality bins. Con-
bottom) in comparison with data from PHENIX in different central- tributions from fragmentation onlydotted line$ and the sum of
ity bins. Contributions from fragmentation onigotted lineg and  recombination and fragmentatigR+F, solid lineg are shown.
the sum of recombination and fragmentati®F, solid lineg are

shown. 13.9 fm calculation is fragmentati@r) only.
D. Nuclear modification factors

The nuclear modification factor is defined as the ratio of

systematics confirms that the crossover point shifts tghe hadron yield in Au+Au collisions to the one jm+p
smallerP; for increasingb and that the weight of fragmen- Scaled with the number of collisions
tation be_comes more and more important. In Fig. ;0 we dis- B dZNAu+Au(b)/dP'2r
play the impact parameter dependence offihe° ratio. As Raa= bYN_ /AP (94
expected, the proton/pion ratio is decreasing with increasing Neon(b)d“Np, o/dPt
b in the recombination region and is unaltered where fragSimilarly one can consider scaled ratios of different cen-
mentation is dominating. trality bins like central(by=3 fm) to peripheral

It is an interesting question at which impact parameter the
recombination mechanism becomes negligible for transverse
momenta above 2 Ge¢/This will happen at smaller impact -
parameter for pions than for protons. Related to this issue is s e
the question whether recombination contributes to hadron L2 < o PHENIX 0-5%

1.8
1.6 g

-
o
-

production at central rapidity irp+A or d+A reactions, % 1.0 - :t',f';':);i‘,’“'gz%
where the produced matter is less dense. We still expect re- 208 — R+F b=7.5fm
combination to be an important mechanism at By How- 0.6 [ _— 2:;";3,3;:“
ever, there will probably be no chemical and thermal equili- 0.4

bration in the parton spectrum, and much less flow. Bhe 0.2

dependence in Au+Au collisions is not a good basis for ex- 0.0 > 3 4 5 6 7 8 9 10
trapolation since flow and equilibration seem to diminish P; (GeV)

only in very peripheral collisions. That makes it difficult to

give quantitative predictions without data. However, we FIG. 10.(Color onling The ratiop/#° for three different impact
would expect that no recombination effects in pion produc-parameters 3, 7.5, and 13 ffsolid lines, top to bottomncompared
tion are visible above 2 Ge\¢/in d+Au collisions. to the statistical modeidash-dotted linpand PHENIX data.
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1.6

: ° PHENIX (0-10%)/(60-92%)
° - gg:g;j’;”HEle o 82 * STAR (0-5%)/(60-80%)
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--- (b=10)/PHENIX pp
127 (0-10%)/pp PHENIX
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FIG. 13. (Color online Rcp for charged hadrons given by the
ratio of particle yields at impact parameters 3 and 12 fm compared
to data from STAR and PHENIX.

0.0
2 3 456 7 8 9 10 11 12
P (GeV)

FIG. 11. (Color onling Nuclear modification factoRa for 7° Recombination predicts a slight increase below 4 GeV/
at impact parameters (®ottom) and 10 fm(top). Normalization by ~ which can be observed in the data. However, recombination
p+p is via our own calculatior(solid lineg or via PHENIXp+p  js not able to compensate the loss of pions through jet
results(dashed lines Data onR,, are from PHENIX Collaboration guenching at highP;. In peripheral collisions jet quenching

with point-to-point errors Only. effects are much weaker.
Figure 12 displays the scaled ratp for neutral pions
Neoi(0)d?N g au(bo)/d P2 (©@5) and protons. The ratio of impact parameters 3 and 12 fm is
P= Ncoll(bo)dzNAu+Au(b)/dP‘%’. used and compared to data from PHENIX Collaboration

[67]. The data for protons shoRR-pto be between 0.8 and 1

In Fig. 11 we show the nuclear modification factor for below 4 GeVE, which is quite surprising, considering the
neutral pions for two impact parametebs;3 andb=10 fm.  strong suppression suffered by the pions in that momentum
We provide ratios taken both with our ows¥p calculation  domain. As already noticed above, recombination is more
and with thep+p results from PHENIX59] and compare to effective for protons than for pions. Therefore our calculation
final data from PHENIX[52]. We notice that there is an for the protons yields a similar value of 0.8 as observed by
apparent uncertainty in the perturbative calculation whichthe experiment. This implies that protons from recombina-
makes the two curves using our o p calculation and the tion make up for the loss suffered from jet quenching at
PHENIX p+p results deviate. However, both curves are condintermediate transverse momenta. Our calculations predict
sistent with the data for central collisions. The problem issharp drops ifR-p and Ra, for protons and antiprotons be-
amplified for peripheral collisions, where the curve using ouryond 4 GeVt where fragmentation with jet quenching start
p+p calculation overestimate®,, below 4 GeVE. The  to dominate.
spread between both curves can be interpreted as a typical In Fig. 13 we giveR.p for charged hadrons compared to
error to be expected in a lowest-order perturbative calculaglata from STAR[68] and PHENIX[69]. The contribution
tion. The nuclear modification factor for pions shows thefrom recombination below 4 Ge¢/leads to a value of about
strong jet quenching effect that suppresses the pion yield b§.6 which is between the values for protons and pions. The
about a factor of 5 for the higheBt: bins in central collision.

1.2
1.2 . * K’ STAR
- s v 10,4 | i
X 1.0 S — K’ (b=3)/(b=12) R+F
) ;;H — 7 (b=3)/(b=12) R+F 8 %ﬁ } A+]\((b:?3)/((b:12)) Ri
S 0.8 i E — p+p (b=3)/(b=12) R+F 5 0.8 1&
§ 0.6 § 0.6 7 -
= < 0.4
a ¢ 3} 0.2
So.2 : So.
0.0 0'023 5 6 7 8 9 10
2 3 4 5 6 7 8 9 10 4
P (GeV) Pt (GeV)
FIG. 12. (Color onling Rep for neutral piongbottom) and pro- ~ FIG. 14. (Color onling Rep for K2 (bottom and A+A (top)
tons(top) given by the ratio of particle yields at impact parametersgiven by the ratio of particle yields at impact parameters 3 and
3 and 12 fm compared to data from PHENIX. 12 fm compared to data from STAR.
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o2l N pQCD 0.2 e " PHENIX
messcthermall | b O 7 PHENIX
—— total ~~
0.15 0.15
> 0.4 > 0.1
---- 77 Reco
0.05 co5:/ e w: Frag
— 7" R+F
uquarks | i e ©" R+F NW
0.0 0.0
0o 1 2 3 4 5 6 7 8 01 2 3 45 6 7 8 9 10
pr (GeV) P; (GeV)

FIG. 15. (Color onling Elliptic flow v, in the parton phase as a FIG. 16. (Color onling v, for positively charged pions. We
function of transverse momentupg. The flow in the thermal phase show recombination onlydashed ling fragmentation onlydotted
(dashed lingand a pQCD calculatiofdotted ling are shown. The line), and the full calculatiorgsolid line). The result of a calculation
solid line interpolates between the two domains. The shaded regioim the 5-function approximatiorfNW) for the wave function is also

shows the region where the interpolation takes place. shown(dash-dotted ling Data are taken from PHENIX Collabora-
tion [57].

observed steep drop to the value attributed to jet quenching _ . o

is well described by our theory. 18 v, for charged hadrons is compared with preliminary

Finally in Fig. 14 we compilecRep for Kg and A+A to-  STARdatg[71]. This is interesting since for charged hadrons

gether with data from STARG1]. The different behaviors of 1€ measurements extend up to 7 Ge'dhd constrain, in
mesons and baryons are again impressively confirmed. F4f€ PQCD domain. Note that in this casgwas extracted by
the first time experimental data indicate that a steep decreast/ AR from four particle correlations. This is supposed to
in Rep for baryons will occur beyond 4 Ge¥/ The data on reduce nonflow effects t®2'[72] in comparison with the
A+A suggest a drop to the perturbative value even sharpé‘f'suaI reaction plane analysis.

than what our results show. This could be due to too few

baryons from fragmentation using this particular set of frag- 0.3
mentation function$50]. 0.25
E. Results on elliptic flow 0.2
Figure 15 shows the elliptic flow,(py) of u quarks before
hadronization. The contributions from jet quenching and £'0.15
from anisotropic flow in the thermal phase are shown sepa-
rately as well. Due to the very different behavior in the two 0.1
domainsp, is more sensitive to mechanisms which interpo-
late between the perturbative domain and the soft domain. 0os5| " = pPHENIX
The range of this theoretical uncertainty is highlighted by the . % o PHENIX
S o o 7 PHENIX
shaded region in Fig. 15. 0.0
In Fig. 16 we provide results fo#r*. The contributions Y
from fragmentation and recombination are shown separately. 0.25 * — Kkt
The full calculation interpolates between these two curves in
the interval between 2 and 4 Ged//We also compare the 0.2 f’}%
result of a calculation using th&function approximation for X i
the wave functions. As expected, the deviations are small. % 0.15 & { e
Our calculations agree with PHENIX data op of 7" and e
7 [57]. 0.1 oo
Our results on the particle dependence of elliptic flow are ) % A+Abar STAR
summarized in Fig. 17. One can see the different behavior of 2 K% STAR
mesons and baryons by comparing protons with pions and 0.05 e K" PHENIX
kaons withA’s. v, for baryons saturates at a higher value O K PHENIX

than for mesons in the recombination domain. At higRer 0'00 1 2 3 45 6 7 8 9 10
when fragmentation takes over, the results rapidly approach Pr (GeV)

each other. In our calculation, where we do not take into

account the binding energies, we cannot resolve the splitting FIG. 17. (Color online Upper panel: anisotropic flow fqy and
between protons and mesons coming from the mass differs* compared to PHENIX dat§57]. Lower panel:v, for K* and
ence. Nevertheless, the agreement with data from PHENIX +A compared to preliminary STAR dateA+K,K2) [70] and
[57] and preliminary data from STAR/70] is good. In Fig.  PHENIX data(K*,K") [57].
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0.3 functions for the produced hadrons. This formalism is ad-
equate for momenta much larger than the non-perturbative
0.25 scales involved. At lower energies, energy and entropy con-
0.2 servation pose a serious problem, the solution of which re-
quires a dynamical, rather than purely kinematic, treatment
='0.15 of the recombination process. We have found that, for prac-
o tical purposes, hadron spectra are well described down to
) transverse momenta of 2 Ged/for Goldstone boson&r,K)
0.05 and 1 GeV¢ for other hadrons.
Recombination competes with fragmentation from pertur-
0-00 1 2 3 456 7 8 9 10 batively scattered partons. The large energy loss of these
P: (GeV) partons leads to sizable quenching factors, which reduce the

fragmentation contribution and cause it to be buried under
FIG. 18. (Color onling v, for charged hadrons. Again we show Soft physics at scales which one would not generally attribute
the contributions from different mechanisms as in Fig. 16. Data ard¢o soft physics. However, 4 Ge¥in the pion and 6 GeW

preliminary and taken from STAR Collaboration. in the proton spectrum correspond to a transverse momentum
of only 2 GeVkt on an average for the coalescing partons.
In Fig. 19 we test the scaling law from E9) for pro- The interplay of recombination and fragmentation leads to

tons and pions. Protons and pions follow one universal curvénteresting effects in particle ratios and nuclear modification
below 1.5 GeV¢, which is very similar to the flow of ther- factors. The proton/pion ratio is naturally around 1 in the
mal partons given in Fig. 15. Beyond 1.5 GeMiie predict recombination regime. For protons the unquenching effect by
a transition to the values given by pQCD. The scaling law isrecombination below 4 Ge\fis so strong that essentially no
no longer valid in that domain. nuclear suppression can be observed at all in this momentum

We would like to emphasize that we expect modificationsrange. For the proton/pion ratio and suppression fad®ars
from other hadronization mechanisms in the region wher@ndRc-p we expect a sharp drop beyond 4 Ge\tidicating
we interpolate between the recombination and the fragmerthe beginning of the perturbative regime.
tation dominated domains. These could be quite important in For the azimuthal asymmetpy, our calculations describe
the case of, and alter the results in the interpolation region, the data well. The different behavior of baryons and mesons
e.g., they could smoothen the transition between both doabove 1 GeVé can be explained. The scaling 1a89), de-
mains. Interactions in the hadronic phase could aljefiur-  rived from the recombination formalism, is consistent with
ther. data up to 1.5 Ge\W. We predict a violation of this scaling
law at higher values, coming from perturbative QCD.

In this publication we have only considered single hadron
production and neglected correlations in the hadron emission

In this work we have presented extensive evidence thapeattern. The yield of secondary hadrons, when triggering on
recombination is the dominant hadronization mechanism fog leading hadron, is a promising quantity to provide more
central Au+Au collisions at RHIC up to about 4 Ged/for information about the underlying hadronization mechanism.
pions and 6 GeW for protons. We have described a covari- ~ With fragmentation and energy loss alone, no consistent
ant framework that permits the calculation of recombinationexplanation involving all hadron species can be given. In
from a dense thermal parton phase using light-cone waveontrast, we are able to describe most available RHIC data

on spectra, ratios, nuclear suppression, and elliptic flow of

VI. CONCLUSIONS

0.1 hadrons, including their impact parameter dependence, for

0.09 — =" R+F transverse momenta above 1-2 Ge¥for v, even down to

0.08 7Tt PR4F very low P;—consistently with a very small number of glo-

007 bally adjusted parameters. As input for the recombination

' process we use a dense phase of partons with temperature
£,006 T=175 MeVand radial flow velocity;=0.55 at hadroniza-
> 005 tion time 5 fm. All RHIC data shown in this work are con-

0.04 sistent with the existence of such a phase.

0.03
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