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The term 'tomography’ is commonly applied to the idea of gind properties of a medium by
the modifications this medium induces to a known probe prapiag through it. In the context of
ultrarelativistic heavy-ion collisions, rare high traesse momentump) processes taking place
alongside soft bulk-matter production can be viewed as atpaphic probe as long as the energy
scales are such that the modification of hjghprocesses can be dominantly ascribed to inter-
actions with the medium during the propagation of partonariois highpr observables have
been suggested for tomography, among them hard single madppression, dihadron correla-
tions andy-hadron correlations. In this paper, we present a modeytfid number of different
observables within the same calculational framework tessshe sensitivity of the observables
to different properties of the medium and discuss the praspef obtaining tomographic infor-
mation.
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1. Introduction

The expression ’jet tomography’ is often used to descrilgeahalysis of hard perturbative
Quantum Chromodynamics (pQCD) processes taking placaebe soft matter created in an ul-
trarelativistic heavy-ion collision. Such processes,chtare well understood in p-p collisions, can
be viewed as a known probe as they take place before any fiomstale of a soft medium. Thus,
only the subsequent propagation of partons through thexsedium (and possibly hadronization,
although at sufficiently higlpr the hadron formation length is larger than the medium exbens
is sensitive to interactions with the medium. Hence, anyifitcadion of hard processes embedded
in a medium potentially carries tomographic informatiomatthe medium properties.

In particular the experimental focus is on the nuclear seggion of hard hadrons in A-A col-
lisions compared with the scaled baseline from p-p coltisjavhich is expected due to interactions
of a hard parton with the soft medium (see e.g. [1]). Howeter,nuclear suppression factor

d?NAA/d prdy
Raa(PT.Y) = 5620 /d prdy’

(1.1)

is a rather integral quantity, arising in model calculaidrom a convolution of the hard pQCD
vacuum cross sectiodo\ﬁfﬁ”x for the production of a partorf, the energy loss probability
Pt (AE) given the vertex position and path through the medium andvéttelum fragmentation

function D¥2°, (z, u2), as schematically expressed

domes ™ = Zdoﬁa%*f+x®Pf (AE) @ DYh(z if), (1.2)
where
dogee ™ = Z fiya(x1, Q%) @ fj/a(Xe, Q%) @ Gij—t k- (1.3)
]

Here, fi/a(X, Q?) denotes the nuclear parton distribution function whichetgfs on the parton
momentum fractiorx and the hard momentum scal and Gij—f+k is the the partonic pQCD
Cross section.

Eq. (1.2) has to be properly averaged over all possible cestdistributed according to the
nuclear overlafaa and all possible paths through the medium. In [2] we haveeatdhat one can
factorize this spatial averaging from the momentum spagedtation Eq. (1.2) and thus define the
geometry-averaged energy loss probabiliB(AE, E)) Raa can thus be viewed as providing
constraints for the form ofP(AE, E)),,.

Taa+

2. Calculational framework

Any model for medium modifications of a hard process mustaiarthree major ingredients:
The hard pQCD process, the bulk matter evolution for whicheitleer use a hydrodynamic [3] or
a parametrized evolution model [4] and the energy loss fitibadistribution given a hard parton
path through the soft medium [5].

The primary hard process is calculated in leading order p@Q@&er the assumption that the
transverse momentum scale is large enough so that hadiionizakes place outside the medium
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and that the produced leading hadron can be assumed to reaolvith its parent parton. The
calculation, when supplemented by a K-factor, agrees wigl mard hadron production measured
in p-p collisions. In particular, the AKK set of fragmentatifunctions [6] also gives a satisfactory
description of proton production whereas the older KKP ggtpes not. Explicit expressions for
the hard process calculation can be found e.g. in [8].

The interaction of the hard parton with the soft medium isgklted using the radiative energy
loss formalism of [5]. If we call the angle between outgoiragtpn and the reaction plang the
path of a given parton through the medidnr) is specified by(rp, ¢) and we can compute the
energy loss probabilitf?(AE) pah for this path. We do this by evaluating the line integrals

w(ro.9) = | dEgq@) and (@) (ro.) = [ dEq(e) XY
along the path where we assume the relation
6(&) =K -2-£¥4(&)(coshp — sinhp cosa) (2.2)

between the local transport coefficiex(€ ) (specifying the quenching power of the medium), the
energy densitye and the local flow rapidityp with anglea between flow and parton trajectory
[9, 10]. Herewy is the characteristic gluon frequency, setting the scalkeénergy loss probability
distribution, and/dL) is a measure of the path-length weighted by the local quagghower. We
view the parameteK as a tool to account for the uncertainty in the selectiomgpénd possible
non-perturbative effects increasing the quenching pow#reomedium (see discussion in [8]) and
adjust it such that pioniBaa for central Au-Au collisions is described. Using the nuratiresults

of [5], we obtainP(AE; w, R) path for ax andR = 2w?/(gL) as a function of jet production vertex
and the anglep.

The information about the soft medium is contained in thal@nergy densitg (&) and the
flow rapidity p(§). These parameters are obtained from dynamical evolutiodefsavhich are
tuned to describe a large body of bulk matter observabled][3Details of the evolution models
including contour plots of their time evolution can be found8]. In the following, we mainly
illustrate three scenarios: A hydrodynamical evolutiomwdtter ("Hydrodynamics’), the best fit
to soft hadronicpr spectra and HBT correlation data of the parametrized eeolunodel ('Box
density’) and the hydrodynamical model under the assumptiat only the partonic evolution
phase leads to energy loss ('Black core’). Since in all moggh for central Au-Au collisions is
described by construction via a fit &f, the latter model implies tha€ takes large values and the
evolution exhibits a very black interior region and a dilti@dronic halo which does not induce
energy loss at all, quite different from the other models.

3. SingleHadron Suppression

SinceRaa does not contain any spatial information, the productionices of hard partons
and their path through the medium have to be averaged out Watices(xo, Yo) are distributed
according to a probability density

P(%.Y0) Ta(ro+ bﬁi\{ggro —b/2) |

(3.1)



Prospects of Jet Tomography Using Hard Processes insiddtédvigdium Thorsten Renk

T i 1 i 1 i i T
0.3~ typical energy loss L + PHENIX data
— smoothed geometrical suppressip typical fractional energy loss
— semi-opaque medium 0.75- typical energy Iossl A
g — hydrodynamical evolution (quarks — smoothed geometrical suppression
0.2- — — hydrodynamical evolution (gluons; — semi-opague medium
o — hydrodynamics -
[m
E’ 0:5( 0.5~ } geometrical suppression B
D [ I
0.f ™\ 1 o Efﬁ . 31
. 'y T 77% T
ooy 111
7\ = N RY!
o) S S i i~ Se 0 \ \ \ \ s ! s
0 5 10 15 20 0 5 10 15 20
AE [GeV] p; [GeVic]

Figure 1: Left panel: Trial energy loss distributio®(AE))T,, for various scenarios of jet energy loss in
the medium (see text and [2] for details). Right plarRys as calculated from the trial distributions shown
on the left hand side.

whereb is the impact parameter. The thickness function is giverhbynuclear densitpa(r,z) as
Ta(r) = [dZzpa(r,z). Hence, given the energy loss probability distributy{AE ) yath for a given
path through the medium, we obtain

1 27T " 00 "00
(PH(OEE)) =5 |, 09 [ [ dyoP(0,Y0)Pt (A) e (3.2)

Before we proceed to calculate this quantity, let us illstithe sensitivity oRaa to details of
(P (AE))T,, (and hence the potential for tomographic information) bseiing trial distributions
into the folding integral Eq. (1.2). These trial distribaris are shown in Fig. 1, left panel, the
resultingRaa is shown in the right panel and compared with the PHENIX datgions [11] (see
also [2] for detalils).

It is apparent from the figure that despite strong differeringhe functional form ofP(AE)),,,
all distributions describe the measurfegh reasonably well above some minimysq. The notable
exception is the case of a constant fractional energy logghinh Raa drops as a function opy,
which does not seem to capture the overall trend well. It basetconcluded thaRaa does not
exhibit great tomographic capability beyond a single oNersergy loss scale (the numerical value
of which moreover is different for each model). This may explwhy different calculations extract
rather different quenching properties of the medium from tfitRaa.

However, while the curves are reasonably similar over timetkiatic range shown here, they
do show differences in details which unfortunately canrotdsolved within the current data pre-
cision. Thus, there is some reason to suspect that eithexaised ecperimental statistics or a larger
accessible kinematic range may provide more stringenttiints for the energy loss distribution.

In Fig. 2 left panel we show the calculatBda using the procedure outlined above to determine
(P(AE))T,, instead of a trial ansatz. Onbeis adjusted, the result does not exhibit strong sensitivity
to the underlying medium evolution model (we do not show #mults for all different medium
evolutions here as the curves are difficult to distinguiaiggin confirming thaRaa has very limited
tomographic capability in the RHIC kinematic range.

If the AKK fragmentations [6] are used for computation forialhthe baseline process of
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Figure 2: Left panel:Raa for pions and protons as compared to the measBidRcp) data [11, 12] for
RHIC conditions Right planel: Model predictions ek at the LHC based on two scenarios which describe
the data at RHIC [14].

proton production in p-p collisions is roughly under cohtfjio detail, AKK seems to overpredict
the process by about a factor 2), the calculatioRgf for both pions and protons agrees well with
the data [13]. This is not a trivial result, as in the AKK fragntation scenario proton production
is gluon-dominated whereas pion production is not, henedliffierence between pion and proton
production should reflect the different energy loss praperdf quarks and gluons. In the calcula-
tion as presented here, the rather small difference betwe#on and pion suppression is caused
by the fact that gluon suppression is already in a saturagiine — increasing the quenching
power of the medium further induces only a small change irgthenic Raa [13].

In Fig. 2, right panel we show the extrapolation of fhedependence dRaa to LHC energies
based on the hydrodynamical scenarios which describe tteeadaRHIC [3, 14]. While there
is some uncertainty associated with the extrapolation efriiaclear parton distribution function
(NPDF [15] vs. EKS98 [16]), this is a small effect, and it bews indeed apparent that with
the extended kinematic lever-arm of LHC the different prtips of the two scenarios (dense core
and dilute halo vs. more evenly distributed quenching ppwan clearly be distinguished. The
results here differ from a previous calculation presentefll¥]. The improvement of the present
calculation over the previous work is chiefly in the use of aalyically evolving soft medium
instead of a static cylinder ansatz and in using Eq. (3.1)tHerprimary vertex distribution as
compared to a homogeneous distribution.

Let us illustrate the differences induced by the spatidtitigtion of the quenching power by
studying the geometry of single hadron suppression diréatthe model. In Fig. 3 we show the
probability density of finding the primary pQCD vertex leaglito an observed hadron above 8 GeV
in pr. Itis evident (and quite expected) that emission occurd@rénantly close to the near side
surface of the medium. However, the degree to which surfaisséon is realized is quite different
in all three models. Clearly, the strong suppression froencibre region of the black core scenario
repels the distribution much more from the center than thesrnegen distribution of the other two
scenarios. Thus, surface emission is not a property of &pkat energy loss formalism, but arises
from the interplay of energy loss formalism with the undenygeometry and evolution of the soft
medium.
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Figure 3: Probability density for finding a hard vertex in the transeplane in 200 AGeV Au-Au colli-
sions leading to an observed hadron above 8 GeV transvensentaom, shown for three different medium
evolution scenarios (see text). In all cases, the hard Inguhapagation defines thex direction. All contour
intervals are linear.

4. Dihadron suppression

We can make use of the sensitivity of the vertex distributibisingle hadron suppression to
the medium evolution by considering dihadron suppresslara back-to-back event, the second
hadron propagation path is not averaged over the initiatlageEqg. (3.1) but over a conditional
probability distribution given a valid trigger, i.e. ovend distribution shown in Fig. 3 (which
is quite different from the overlap). Thus, even if two mo@eblutions lead to identicaRaa,
this does not mean that they would produce the same dihadroelation pattern. We call this
conditional probability distribution given a higbr near-side trigger in the followingP(AE))t,
and investigate its capability to obtain tomographicabiniation.

For computational purposes, we employ a Monte-Carlo (M@justion of the experimen-
tal trigger condition, followed by the simulation of the awside parton intrinsidsr smearing,
propagation, energy loss and fragmentation. The procddutescribed in detail in [3].

In Fig. 4 we compare the yield per trigger on the near and awdsy for different medium
models with the data obtained by the STAR collaboration I8, Within errors, the near side
yield per trigger is described by all the models well. Thex@d significant disagreement among
the models. The model calculations appear significantlyenaiiferent if we consider the away
side yield. Here, results for the 4-6 GeV momentum bin diffgralmost a factor two. However,
none of the model calculations describes the data in this Dhis is in fact not at all surprising
as below 5 GeV the inclusive single hadron transverse mamespectra are not dominated by
pQCD fragmentation and energy losses but, rather, by hytiadics possibly supplemented with
recombination [20, 21] type phenomena. For this reasontatie@ Raa at pr < 5 GeV cannot be
expected to be described by pQCD fragmentation and enesggdo either.

This is clearly unfortunate, as the model results are cenalie closer to the experimental
result in the 6+ momentum bin on the away side and hence olityali discriminate between
different models is reduced. Since at this large transvarsmenta the pQCD fragmentation +
energy losses dominate the singe hadron spectrum, we dkpéthe model is able to give a valid
description of the relevant physics in this bin: Not onl\Rig, well described by the data, but also
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Figure4: Yield per trigger on the near side (left panel) and away sig{ panel) of hadrons in the 4-6 GeV
and 6+ GeV momentum bin associated with a trigger in the ré&@eV < pr < 15 GeV for the different
models of spacetime evolution as compared with the STAR [d&al9]. The individual data points have
been spread artificially along thxeaxis for clarity of presentation.
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Figure 5: Yield per trigger on the near side (left panel) and away sitgh{ panel) of hadrons in the 4-6
GeV and 6+ GeV momentum bin associated with a trigger in thgeal2 GeV< pr < 20 GeV for the
different models of spacetime evolution. The individuaiedaoints have been spread artificially along the
axis for clarity of presentation.

the contribution of recombination processes to the yielexisected to be small [20]. Thus, as it
stands, only the black core scenario can be ruled out by ttee tiee box density with Bjorken
expansion seems strongly disfavoured but still marginatigeptable.

Thus, as it stands, the kinematic window to study dihadroretations in a perturbatively cal-
culable region is not enough to exploit the difference betw@(AE))t, and(P(AE))r,, and thus
to obtain detailed tomographic information. However, thaation may improve for an increased
kinematical window in the region where pQCD + fragmentati@m be applied. In order to test
this, we redo the MC simulation with trigger hadrons in thega between 12 and 20 GeV.

The distribution after fragmentation into hadrons in bifidseV width in the perturbative
region is shown in Fig. 5 for the near side (left panel) andyaside (right panel). It is again appar-
ent that within errors all models agree in the expected niearydeld. The momentum spectrum
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Figure6: Probability density for finding a hard vertex in the transeeplane in 200 AGeV Au-Au collisions
leading to an event with both an observed near side hadroregho= 8 GeV (defining the-x direction)
and an away side hadron witir > 4 GeV for three different medium evolutions (see text). Adhtour
intervals are linear.
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Figure7: Left panel: Probability density for finding a hard vertexlrettransverse plane in 5.5 ATeV Pb-Pb
collisions leading to a near side hadron wjth > 25 GeV propagating into thex direction for the LHC
hydrodynamical model prediction. Right: Probability dignsequiring in addition an associated away side
hadron withpr > 10 GeV momentum. All contour intervals are linear.

of the away side exhibits considerably more structure. @dwed the scenarios can now be clearly
told apart in bins in the perturbative region. For exampkeTkh and the box density (which have
virtually identical (P(AE))T,,) show almost a factor two difference in the 10-12 GeV momentu
bin. As we have seen above in the case of the LHC extrapolati@vident again from the analysis
that having a larger lever-arm in momentum is needed to gesscto tomographic information.

Finally, let us discuss the geometry of dihadron suppressioFig. 6 we show the probability
density of finding a hard vertex leading to a high near side trigger and a correlated associated
hard away side hadron. Here, clear differences betweemidiag emission in the case of a dense
core and production across the whole volume become apparent

In Fig. 7 we also show the geometry of single hadron and ddraduppression for LHC
conditions in central Pb-Pb collisions. For a 25 GeV trighadron, we expect some degree of
surface emission (note that the dihadron production Oigion is somewhat repelled from the
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center) but no strong tangential emission.

5. A ssmple model

As we have seen, quite a general class of models predict & sseabf Raa With pr at RHIC
and a more pronouned one at LHC. Assuming RHIC kinemaRgs,is rather insensitive to de-
tails of the energy loss probability distributions, at LH@&tsensitivity is considerably enhanced.
Likewise, dihadron correlations become more sensitivdhéorhedium density distribution if the
kinematic range is increased. In the following, let us trjlltestrate that all these observations can
be understood from simple considerations.

Quite generally, energy loss probability distributions ¢ee decomposed as

(P(AE))1uy1r) = TS(AE) + S P(AE) +A- 5(AE —E) (5.1)

whereT is a transmission term describing a parton penetratingutiitahe medium without energy
loss,Sis a shift term which characterizes partons emerging froennttedium after a finite energy
loss andA is an absorption term describing partons which have bedtedhn energy so much that
they become part of the soft medium.

Let us now assume a power law for the parton spectrum at RHtCL&C ~ 1/p7 with
NRHIC > NiHe. Energy lossAE then changes this spectrum t@(pr + AE)", thusRaa in this
simple model can be obtained from

Raa ~ /dAE(P(AE)>TAAl/ <1+ %) n

It is evident from the expression thRia at givenpr is equal to the transmission termplus
a contribution which is proportional to the integral f(AE))T,, from zero up to the energy scale
Emax Of the partonseen through the filtesf the steeply falling spectruniRaa grows withpr since
Emnaxgrows linearly withpy. However, at RHIC conditions the characteristic seal®f the energy
loss probability distribution is far abov€nay, thus the growth is slow anlaa is dominated byl ,
rendering it almost a constant. Since tomographic infolmnas mainly contained in the shift term
S the apparent insensitivity &aa to assumptions about the medium can be understood.

This is very different at LHC wherEax~ @ (SinceEmax grows linear withpr but «w, grows
with the entropy density and hence much slower) and a praremlinontribution of the shift term
can be probed. Here, a riseRfa with py is expected, along with a greater tomographic sensitivity.

6. Conclusions

We have investigated the capability of single and dihaduppeession to provide tomographic
information about the soft medium created in ultrarelatiei heavy-ion collisions. We have argued
that at RHIC kinematics, the nuclear suppresssion fdgt@ris not very sensitive to the medium
evolution. While dihadron suppression, due to its différgeometrical averaging, exhibits in prin-
ciple more sensitivity to medium properties, unforturatile present data situation allows only to
rule out a very pronounced difference between a stronglpraliisy core and a dilute halo. This
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insensitivity can be traced back to the fact thgt the intrinsic scale for energy loss is much higher
thanEmax the accessible parton energy at RHIC.

However, when going to LHC energies, this condition no longads. Raa becomes dom-
inated by partons being shifted in energy, and tomograpffizrination can be recovered even
from the pt dependence dRaa. Dihadron correlations and other measurements, sugkhasiron
correlations [2] which provide a monochromatic source afdhguarks in the medium dRaa Vs.
reaction plane [22], which allows for a systematic variatiwf in-medium pathlength, may pro-
vide additional information such that a multi-pronged ag@mh to jet tomography finally becomes
feasible.
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