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1. Introduction

In relativistic heavy-ion collisions the subjects of treese momentumyp) distribution and
azimuthal anisotropy have been given prominent attentimth kxperimentally and theoretically
from the very beginning [1]-[6]. In the second half of thiscdde details of the properties of
elliptic flow have continued to be studied experimentallyhwgreater accuracy [7]-[13]. The hy-
drodynamical model at loyr [14]-[17] and the recombination-coalescence model atimgeliate
pr [18]-[21] have described the data on elliptic flow so wellttlitdle room seems to exist for fur-
ther improvement. In this paper we study the problem of attimianisotrophy in the framework
of our version of the recombination model [22] in which we sioler thermal and shower partons.
We take into account the ridges at lgw generated by semi-hard scattering near the surface and
the shower partons at highpf. We calculate the second harmomicfor pion and proton, as well
as for a light quark, and show that, whpp is extended to the intermediate region, there is signifi-
cant departure from the constituent quark number scalisigitrsuggested by simple consideration
of quark recombination [20, 21].

2. Azimuthal anisotropy at low pt

Let us first review our approach to elliptic flow at lggy without rapid thermalization [23].
Instead of assuming the meaningfulness of thermodynamicaitities, like pressure and tempera-
ture, at early time, we recognize that when the parton tenssvmomentum is around 2 - 3 GeV/c,
the rate of lowQ? semi-hard scattering can be high, while the time scale wegbis low enough
(~ 0.1 fm/c) to be sensitive to the initial spatial configuratidrtiee collision system. When such
scattering occurs near the surface of the overlap regiohdriransverse plane, each semi-hard
parton creates a ridge ) andAg [24]. Ridges due to the scattering of lonpartons(< 0.03)
are abundantly produced even if triggers are not used totselents to examine their properties.
The effect of such ridges on both tipg and ¢ dependences of the produced particles should not
be ignored.

The direction of a scattered parton is random, but the aeedirgction of all outward par-
tons near the surface is normal to the surface. The formafidhe ridge of hadrons takes some
time for the transverse expansion to complete, but the tires in which the ridge partons flow
are determined by spatial configuration at early time. We atarmle out the applicability of hy-
drodynamics at some point of the expansion process whetikggtion is established. However,
fast thermalization is not needed if semi-hard scattermginitiate the anisotropic expansion by
emitting semi-hard jets normal to the overlap surface dy ¢iane.

The overlap region in the transverse plane for two nuclebdiusRa at impact-parametéy
apart is, assuming simple geometry with sharp boundatiesalimond-shaped area bounded by
two circular arcs whose maximum angle®is where

cosb =b=b/2Ra, (2.1)
and the anglep within the arcs satisfiegp € %, which is a set of angles defined by

lo| < P and |TT— | < P. (2.2)
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Semi-hard jets normal to the surface lead to the developwiethe ridges R) of hadrons in the
final state with thep dependence given by

R(pr, ) = R(pr)0(9) , (2.3)

where

O(p) = 0(P— o)) +6(® —[m—¢) . (2.4)
The bulk (B) medium has nap dependence and will be denoted Bypr). The single-particle
distribution at lowpry is then

dN
prdprde

The second harmonic in thedistribution is

B(pr) +R(pr)O(9) . (2.5)

2"dg cos2pdN/prdprde

Vo(pr) = (cos2p) = =— (2.6)
¢ dg dN/prdprde
When Eg. (2.5) is used in the above, we obtain
sin 2d(b)

Y ,b) = . 2.7
2Pr) = 18 pr) /Rpr) + 20(0) @7

At very low pr, mB/R can be very large, then we can have the even simpler formula
vo(pr.b) ~ PTG a(by) | 2.8)

mB(pr)

where thepr andb dependences are factorized.

3. v, for pion and proton at low pr

Let us now consider the loywr behaviors oB(pr) andR(pr). If the semi-hard scattering
occurs near the surface, one of the scattered partons magemile the recoil parton directed
inward gets thermalized. The emerging semi-hard partasrsgathe surface lose extra energy to
the medium in addition to those others that cannot escapes ffiere is an enhancement over the
bulk, for which the thermal distribution has the same forrhbith a higher inverse slop@’

NqB+R /
—Cqre @/T 74 3.1
% dgrdp ~ C4Te s pe 3.1
It is not necessary for us to specify how long the equililoratiime is, since Eg. (3.1) may be
regarded as phenomenological input witndT’ to be determined from data.
For pions, neglecting pion mass, we obtain in [22] the pi@triiution due tol' T recombina-
tion

dNB C* /T

" prdorde 6 &2

Br(pr)
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for the bulk medium at ang. Starting from Eq. (3.1) we obtain f@g € Z

prdarde 6

For pion one can usEr in place ofpr in last two equations. TheR,(pr) has the concrete
form

Br(pr) + Ra(pr,0) = (3.3)

Re(pr) = EefETmT)/T’ (1_e—ET(pT>/T”) : (3.4)

1 1 1 AT
== AT=T-T. 3.5
™ T T TT (3:3)
Experimental data [4] giveE'=0.3 GeV for pion, we then obtaifi = 0.255 GeV whem\T=45
MeV is adopted,and

T/ =17 GeV (3.6)

for the pion. Then we have

Br(pr) _ 1
Re(pr) T oeEr(pr)/TT 1

which depends only om”. We assume the validity of this equation for pf < 2 GeV/c where TT
recombination is valid. Whepr is small, Eg. (3.7) can be approximated BY/Er, so Eq. (2.8)
has the simple expression

(3.7)

Er(pr)
T’
The centrality dependence wf is shown as a function d&r in Fig. 1. Good agreement with
data can be seen there.
For proton production in central Au-Au collision we have ahbed for TTT recombinations
[22]

vi(pr,b) = sin2d(b) . (3.8)

2
& - A&e_pT/T (3.9)
prdpr Po

where

_ C3B(a+2,y+2)B(a+2,a+y+4)
6 Bla+ly+1Bla+la+y+2)’

(3.10)

a =1.75 andy = 1.05. Here we want to extend Eq. (3.9) to lowar, still aty ~ 0, so to take the
mass effect into account we rewrite the equation in the form

p?
Bp(pr) = AL e Er(P/T, (3.11)
Similarly, for bulk + ridge we have

2
Bo(pr) + Ro(Pr.9) = ArLe TP, e . (3.12)

4
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Figure 1. (Color online) Comparison of cal-
culatedvy with data for Au+Au collisions at

200GeV [7] for 8 centrality bins whose corre-
sponding values df are shown in the legend.

Figure 2: Fit of inverse slopes op production
for five centrality bins [3].

The ridge solution is then fap € #
2
_ APT o Er(pr)/T (1 _ g Er(pr)/T”
Ro(pr) = A Te (1 e ) (3.13)

As stated in the above, the slopes determined fronEthdistribution for 0-5% centrality is
the value ofT’. We obtain from the proton distribution in [4] = 0.35 GeV. Assuming dominance
by proton, we use Eg. (3.13) to fit the data by varylXif. The best fit is foAT = 45 MeV. With
AT = 0.045 GeV we obtain from Eg. (3.9) = 0.305 GeV, and

T/ =2.37 GeV (3.14)

for 0-10% centrality.

To investigate the centrality dependencevgffor proton, we go to Ref. [3] and find that,
whereas the slope for pion is essentially independert (@fefined as centrality in %), that for
proton (and antiproton) decreases withSince theEr distribution of proton has a break in slope
fromEr <1 GeV to> 1 GeV, we choose to consider the tabulated slop@ farich is independent
of the Er regions and in our view should be the same agfdiVe find that (identifyingTl) = Tg)

T, =035(1-056) GeV,  &=c/100 (3.15)

gives a good fit of the data as shown in Fig.vg(pT,b) can be calculated using Eq. (2.7). The
result is shown in Fig. 3 in rough agreement with the datalibgeé large errors [7].

4. v, at intermediate pr

As pr is increased to above 2 GeV/c, it is necessary to consideptaglayed by the shower
partons [22]. We now realize, as discussed in the precediotios, that the thermal distribution
is B+ R, since semi-hard scattering is always present. The ongcelif this realization is just
to relabelT in previous work byT’ now, as its value is determined from data. As we proceed
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Figure 3: (Color online) Comparison of cal-  Figyre 4: (Color online)v¥ for a wide range of

culatedv) with data for Au+Au collisions at . The small symbols are the same as those in
200GeV [7] for 8 centrality bins whose corre- riq 1. the larger symbols (in green) are prelimi-
sponding values df are shown in the legend. nary data from [26].

to consider TS recombination in this section, itTisthat we shall use for the thermal partons.
The condition ofgp € % in Eq. (3.1) forT’ to be used is for TT recombination. Now for TS
recombination, there is a hard parton to generate the shpawvéwn. That hard parton may have
any @. Even ifo & %, the energy loss of the hard parton can enhance the thermahpanear its
trajectory, so the neW’ can depend oh and g, characterizing the new ridge associated with hard
parton.

The shower parton distributioﬁj(z) is the invariant probability of finding a parton of type
with momentum fractiorz in a shower initiated by a hard parton of typelts application to TS
recombination in central collisions averaged overgall discussed in Ref. [22]. We now considgr
dependence due to energy loss of the hard parton with vapgtiglength in the dense medium. Let
us denote the distribution of hard partoemerging from the surface of the medium with transverse
momenturrk at angleg by

d Nihard

Wo o =Fi(k @) . (4.1)

Jet quenching degrades the hard-scattering momentum frewatuek’ at the point of scattering
to the emerging momentukiby an amounf\k that depends on the path lendtlp) in the medium.
Assuming that the energy loss is proportional to the squaokaf the initiating parton momentum
[25, 19], we writeAk in the form

Ak = g(b){(b, @) VK, (4.2)
wheree(b) is the energy-loss coefficient that may be given a reasorfiabie[19]

1— e—2(1—6)

eb) =& =

(4.3)

and/ = ’max/2Ra, since the density decreases with increagingv/e determiney = 0.55 Ge\/2
by fitting the normalization of the data for 0-10% centrabityjust one pointfr = 4.35 GeV/c).
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Thenv, for both pion and proton at intermedigbe can be calculated without free parameter.
The results are shown in Figs. 4 and 5.
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Figure5: (Color online)vh for awide range of ~ Figure 6: Scaledv, for pion, proton andi
Er. The small symbols are the same as thosequark. For theu quark the thermal, is plotted

in Fig. 4. The larger symbols (in green) are at low Er, changing to shower, at highEr.
preliminary PHENIX data [26] for centralites The data points are scaled from those in Fig.
0-5% (open circle), 5-10% (full circle), and 1 (open circles) and Fig. 4 (filled circles) from
40-60% (triangle). The STAR data are for 10- [7]. At higherEr /ng only minimum bias data
40% (blue square) gf/sun = 62.4 GeV [8]. are available, not suitable for display here.

5. Breaking of quark number scaling

In the naive application of the recombination model thegugrk number scaling (QNS) o,
namely the universality of}(pr /ng)/ng Whereng is the number of constituent quarks in the hadron
h [20, 27]. Experimental verification of QNS has evolved to thplacement opr by Er with
impressive confirmation of the scaling behavior [8]-[12]least at lowEr /ng. Since it is known
that fragmentation is more important than recombinatiomeay high pt (or in very peripheral
collisions), QNS should break down at some point. The qoess at what point. We show here
that it occurs rather early, even when TS recombinationilisdetminant. In fact, at even lower
pr where TT and TTT recombination are more important, QNS isvatitl in general for specific
centralities. The scaling violation af is shown in Fig. 6 for four centralities. QNS violation
can be seen clearly from the figure, more obvious for pergilmilisions. Such a violation is due
to the difference of the elliptic flow for therma} and shower parton\zg. In the intermediateor
region where thermal-shower recombination is domime2it,> vJ . For this region one can derive

VI(Er) 248 2
2 ~ > £
V(3Er/2) 3+06 3’

d=V3(0)/V5(d-)—1>0,  q.ZEr/2. (5.1)

However, averaging over all centralities leads to apprexemQNS, in agreement with minimum
bias data [8, 9, 11, 12].
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6. Summary

We have demonstrated that the observed features of ellipticare on the whole reproduced
by ridge consideration at loyer and thermal-shower recombination at intermedipte Con-
stituent quark number scaling @f is shown to be violated. In the same way, one can calcujate
of hadrons in the strange sector. More detailed discussiarbe found in [28].
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