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| study a possible effect of momentum deposition from many Ipartons traversing the hot and
dense region produced early in nuclear collisions at the LH@ expected number of such hard
partons is large. It is argued that the induced diffusionegakhich carry the momentum de-
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collisions, this may lead to small preference of the colectiow in the direction of the impact
parameter. As a result, a small contribution to the azimwthgmmetry of hadronic spectra is
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conclusions about early thermalisation and low viscosigyta be made, based on the measure-
ments of the elliptic flow parametegs.
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1. Introduction: elliptic flow

Elliptic flow is the name for an azimuthal asymmetry of hadmnduction in non-central
relativistic heavy ion collisions. The name is suggestedngymost common interpretation: the
bulk matter excited to high energy densities expands in ieetibns transverse to the beam due
to pressure gradients. In non-central collisions, the laperegion of the two nuclei is not sym-
metric in azimuthal angle, but rather almond-shaped wiéhghorter size in the direction of the
impact parameter. As the pressure gradients are largerevthersize of the fireball is shorter,
stronger transverse expansion will be generated in thetatireof the impact parameter. Through
the Doppler effect, more particles and flatter spectra a¥e #mitted in the direction of stronger
expansion and this leads to the observed azimuthal asymmkthe spectra. Hence the name
elliptic flow.

Elliptic flow is measured in terms of the second order Foutigfficient of the azimuthal
distribution of produced hadrong,. This is introduced as

3 2
E‘;g - ptjg' dy%<1+sz<y,pt>cos<2<<p—<m>>+...> (1.1)

where ¢ is the azimuthal angle of theeaction plane defined by the beam axis and the impact
parameter. Note that other than even cosine terms vanistmimstric collisions at midrapidity for
symmetry reasons.

Observed at RHIC, the elliptic flow is rather large. In hydnedmic simulations, it turns out
that such a large flow asymmetry can be achieved only if vesttfeermalisation is assumed [1, 2,
3] and the shear viscosity is extremely low [4]. These aredirtgmt conclusions from RHIC, though
their full theoretical understanding is lacking yet. Howg\n order to ensure the reliability of these
conclusions one should understand the interpretationeoéliiptic flow very well. Particularly, all
effects which cause elliptic flow in addition to the expansiue to pressure gradients should be
considered. In this contribution | examine one such possffect.

2. Introduction: quenching of hard partons

In nuclear collisions at highest energy, such as those aLl#@, but to some extent also
at RHIC, hard scatterings between incident partons happeuéntly. They normally lead to
production of jets or minijets. However, rather few of thgsts are indeed observed. The majority
of the leading hard partons loose energy totally in the sumding strongly interacting medium. On
the other hand, this also means that the energy and momeméutraasferred to the bulk matter
and it is appropriate to ask about how the matter responds.r@$ponse of the bulk is currently
widely discussed in the literature [5, 6, 7, 8, 9]. It is imjamt to note, however, that any such
response is primarily correlated with the direction of theédcing jet and not with the direction of
the reaction plane. A possible correlation with the reacptane may be due to different energy
loss in various direction of the initial jet.

At the LHC, we expect many such (mini)jets to be present innglsicollision. What is
the effect on the bulk medium of momentum deposition of alth&m? Since the directions of
their original velocities are distributed isotropicaltite simplest expectation would be that after



The contribution of hard processes to elliptic flow Boris Tomasik

Figure 1: lllustration of the probability that two streams could mdegft: two streams flowing in the out-
of-plane direction have a better chance to meet. Right: efirtsball is elongated out of the reaction plane,
two streams which flow in the in-plane direction have morecsga pass each other.

summing up all momentum depositions we end up with tranaligrsotropic flow. The situation
is less clear, however, in non-central collisions. The amgtny of sizes between the direction in the
reaction plane and that out of the reaction plane may be tefléec an asymmetry of the collective
effect resulting from momentum deposition from hard pastdduch an effect is examined here.

3. The effect of many jets

The main idea here will be that the jets induce some kind efastis when they deposit mo-
mentum into the bulk. In the literature, they are known afudibn wakes. It is important that even
if the leading partons are fully stopped, the streams seeroritinue and carry momentum [10].
Originally, they flow in all transverse directions isotropily. Let us imagine, however, that two
such streams come together from exactly opposite directidmeir momenta wouldanceland
energy would be deposited into the place of the merger. Theifiaw-generating effect would be
smaller than just from a simple addition of two streams. Iregy\handwaving and cartoon-like
way one could argue that in non-central collisions thereeigel chance of this to happen if the
jets fly in the direction perpendicular to the reaction plamke situation is sketched in Figure 1.
The fireball is elongated out of the reaction plane. Thus wt@gnerated streams of bulk matter
may have enough space to pass each other and not cancey; fiytle the reaction plane. Then
they both lead to observable asymmetry in the azimuthaldmedistribution. Streams which have
their direction perpendicular to the reaction plane hage &pace available for passing by and the
probability that they will merge and their momenta will cahis higher.

This reasoning would suggest, that the effect of having nferg partons inducing flow in
the fireball and the individual flows merging would lead to aipee net contribution to the elliptic
flow parameten,. The proper way to test this conjecture would be a hydrodyoaimulation
with the jets feeding the flow, i.e. technically source terfimsin the hydrodynamic equations
would be introduced. At the moment, such a simulation isn@aily too complicated with very
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large number of jets. | therefore choose a simpler way andtoast a toy model to represent the
situation under study.

4. The toy model

The streams within the fluid are represented by blobs of matteey all fly with velocities
of 0.99% in various directions. Below it is described how the direeti and initial positions are
chosen. When two blobs meet, they merge into one which hgerlarass and the momentum such
that energy and momentum are conserved. In this way the mafrgeo streams (diffusion wakes)
is represented. In the end, when there are no more mergerslais evaporate pions according to
a thermal distribution with a temperature of 170 MeV untilthéir energy is used up.

Here we make a calculation for the LHC.

The blobs carry momentum according to the distribution efifgartons in transverse energy
and pseudorapidity, which is parametrised as

do_ E —4.29717
d—ENTN = 8.3385- 1C°P ( il GTeV> ub/GeV (4.1)
dgg'“' 0 1—0.0670172. (4.2)

The normalisation here is for single nucleon-nucleon silli. The differential cross section in
Er is integrated over the pseudorapidity interval [-2.5,21b]s assumed that the distributions of
jets inEy andn factorize in this interval. These parametrisations havenhebtained from fits to
MC results published in [11]. There, they were shownBEgrabove 20 GeV. Here they will be
extrapolated to loweEs’s. As a result, the multiplicity of jets will be slightly ovestimated. A
more realistic parametrisation is being worked out.

The azimuthal angle is distributésbtropically. The mass of the blobs is determined from the
fixed velocity of 0.998 and the generated momentum.

The total average number of blobs in one collision is giverthgynumber of (mini)jets pro-
duced. This can be calculated with the help of parametoisat{4.1) and (4.2). We first define the
cross-section for a production of jets with transverse@nbigger tharkn,

* donn
En OEr
and then determine the number of jets produced in the nomaterclear collision of nuclei with
mass numbeA as

0(Em) = dEr, (4.3)

A2Tan(b) 0(Em) K
1— (1—Taa(b)o(EmK)¥
In the last equation we have introduced the impact pararbetad the nuclear overlap function

Taa(b) = / Ta(F) Ta(F — B) d%F, (4.5)

overlap

which is defined with the help of the nuclear thickness fuorcti

TA(?) = 2p0 z/ R'ZA —r2, (46)

4
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centrality b[fm] N;
0-10% 2.8 14174
10-30% 5.9 7820
30-50% 8.4 3330
50-75%  10.5 933
75-100% 124 56

Table 1: The centrality classes which were used in the simulatiomn.egch class the impact parameber
and the average multiplicity of minijets witer > 4 GeV in the simulated intervaN; is presented.

Integration in eq. (4.5) goes over the whole overlap regibthe two nuclei. In eq. (4.6)po

is the nuclear density; it is assumed here that the densityiferm. Note also the factdk =

104 fm?/ub which converts the microbarns from the cross section petrigation into fermis.
The original transverse positions of the blobs are genagfaben the distribution

p(7) = Ta(7)Ta(T—b), (4.7)

which corresponds to scaling with the number of binary silhs. In the longitudinal direction
and time, the space-time point of their appearance is detethas

Xo = Tolg (4.8)
X3 = ToUs, (4.9)

whereuy, is the four-velocity of the blob ant is the formation time of the stream, which is chosen
here 0.6 fm¢ in accord with the fast thermalisation conjecture [1].

The size of the blobs can be varied in order to simulate variansverse sizes of the streams.
It is decisive for the collisions because it actually givies size of the cross section for blob-blob
mergers.

5. Results

In the simulation from which results are presented the &ofgarameters wds,, = 4 GeV
and the radius of the blobs 2.5 fm. Results were simulatedvndéntrality classes, which are
summarised in Table 1. As mentioned and argued in the pregection, the jet multiplicities are
most probably overestimated and better parametrisatidhedf production cross section is being
elaborated. For the time being, let us proceed with the aviglparametrisation.

In Figure 2 the azimuthal distribution of pions producedhiis model is shown. In total, 10,000
events were simulated. Histograms are shown for centrelityses 10—-30% and 30-50%, where
the azimuthal anisotropy of produced pion distribution ésttseen. In both more and less central
collisions the histogram is flatter or the statistics is vwor§hough numerically the effect is small
and givesv, of just slightly less than 1% in this simulation, it is obv&from the histograms that
the production asymmetry is correlated with the reacti@m@! Note that the angle 0 corresponds
to the direction of the impact parameter. In other wordsatigular distribution of pions produced
in this model is given by the initial geometry andnnotbe tagged as non-flow contribution.
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Figure 2: The azimuthal distributions of produced pions for the caitjrclasses 10—-30% (left) and 30—-50%
(right).

6. Conclusions

The numerical results presented here were obtained witlrasimple toy model. Never-
theless, the message that they carry is that there could betabution to the elliptic flow from
feeding in momentum from the momentum loss of many hard partehich are expected at the
LHC. It may be important to understand this contributiongady—together with all other effects
determining the azimuthal asymmetry of the flow—if quatititaconclusions about the transport
coefficients are to be drawn from the measurements.

While we currently work on an improvement of the initial pasetrisation of hard parton
production, it goes far beyond the capability of the presgmby model to simulate proper response
of the medium to momentum deposition from many hard partdngeresting progress is being
made in exploration of this problem, however. As argued hiéngould be interesting to see a
result of a proper hydrodynamic simulation of this situatio
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