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We present a successful description of the medium modification of light and heavy flavor jets within a
perturbative-QCD-based approach. Only the couplings involving hard partons are assumed to be weak.
The effect of the medium on a hard parton, per unit time, is encoded in terms of three nonperturbative,
related transport coefficients which describe the transverse momentum squared gained, the elastic energy
loss, and diffusion in elastic energy transfer. Scaling the transport coefficients with the temperature of the
medium, we achieve a good description of the centrality dependence of the suppression and the azimuthal
anisotropy of leading hadrons. Imposing additional constraints based on leading order (LO) hard thermal

loop (HTL) effective theory leads to a worsening of the fit, implying the necessity of computing transport

coefficients beyond LO HTL.
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Experimental results from the Relativistic Heavy Ion
Collider (RHIC) have established that a new kind of hot
and dense partonic matter has been created in central Au +
Au collisions [1]. High transverse momentum (p7) partons
created in the initial hard collisions were predicted to
provide a reliable probe of this highly excited matter [2].
These partons lose energy in the dense medium leading to a
depleted yield of high p; hadrons compared to that in
binary scaled p + p collisions [3]. Because of the large
energy scale involved, these hard partons were expected to
couple weakly with the medium allowing for the use of
perturbative QCD (pQCD) to describe their propagation
through the dense matter. Experimentally, the basic picture
of parton energy loss has been confirmed by the observa-
tion of significant suppression of the high p; yield for both
light [3] and heavy flavors [4]. There now exist sophisti-
cated (and successful) calculations of light flavor suppres-
sion [5]. Not only have these accounted for the centrality
dependence and azimuthal anisotropy of the single inclu-
sive suppression but also for photon and hadron triggered
correlations on both the near [6] and away side of the
trigger hadron [7].

The success of pQCD-based calculations of heavy flavor
modification, however, has been less than satisfactory. In a
prior effort, Armesto et al. [8] were able to describe both
light and heavy flavor suppression in central collisions (and
the azimuthal anisotropy) including only radiative energy
loss. However, they required a time averaged jet transport
parameter § = d(Ap,)*/dt ~ 14 GeV?/fm for a gluon jet
(p 1 1s the momentum transverse to the jet axis and ¢ is the
time spent in the medium), yielding a p | comparable to the
energy of the parent jet and at least a factor of 5 larger than
estimates from leading order (LO) hard thermal loop
(HTL) theory. In a recent analysis by Wicks et al. [9],
the authors incorporated both radiative and elastic energy
loss. The elastic energy loss coefficient é = dE/dt was

0031-9007/10/105(26)/262301(4)

262301-1

PACS numbers: 25.75.Bh, 12.38.Bx, 12.38.Mh, 13.87.Fh

calculated in LO HTL, but the radiative energy loss was
calculated in a different medium of static scattering cen-
ters, estimating the density of scatterers and the transverse
momentum per scattering with the help of LO HTL calcu-
lations constrained by entropy considerations. These
authors were unable to quantitatively describe the suppres-
sion of nonphotonic electrons in central collisions at
RHIC. This has led the authors of Ref. [10] to question
the ability of any pQCD-based approach to consistently
describe high p; suppression, leading to the speculation
that hard partons with energies in the tens of GeV may be
strongly interacting with the produced dense medium [11].
This has cast a pall of doubt on the entire program of
pQCD-based jet tomography of dense strongly interacting
media.

In this Letter, we provide a satisfactory explanation of
both light and heavy flavor suppression (including its
centrality dependence and azimuthal anisotropy) within a
single pQCD-based approach. Taken in combination with
the results of Refs. [5-7], this effort closes the gap in the
suite of hard probe observables at RHIC that can be suc-
cessfully described by pQCD. We base our approach on the
factorization paradigm inherent to the higher twist scheme,
where a hard jet is weakly coupled with the gluon distri-
bution of the medium, which itself may be strongly or
weakly coupled. The effect of the medium is encoded in
terms of three nonperturbative transport coefficients: g, é,
and the diffusion in elastic energy transfer per unit time
&, = d(AE)?*/dt.

The primary difference with Ref. [9] is that we do not
insist on estimating the transport coefficients in LO HTL
but instead treat them as parameters of the model.
Assuming near on-shell propagation for the hard partons,
we relate ¢ and &, to the loss in longitudinal momentum per
unit time (dp./dr) and diffusion per unit time in longitu-
dinal momentum transfer [d(Ap,)?/dt]. Assuming a
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medium close to local thermal equilibrium and the appli-
cability of the fluctuation-dissipation theorem [12], we set
d(Ap,)?/dt =2d(Ap,)?/dt = (4T /|v])dp./dt, with v the
velocity of the jet parton. The only input parameter is
chosen as ¢ (assuming the same for both light and heavy
quarks), which is assumed to scale with temperature (¢ =
CT?). This form is similar to the results obtained for a
hard jet weakly coupled to a strongly coupled medium
[13]. It is also suggested by higher order calculations of
q in HTL effective theory [14] as well as the consideration
of running coupling [15]. With such setting, we achieve a
satisfactory description of the medium modification of
both light and heavy flavor jets and their elliptic flows.
For completeness, we also perform a fit with the form of
the coefficients taken from LO HTL theory (with the
in-medium ¢« as the fit parameter). While the transport
coefficients obtained from the fit turn out to be comparable,
a worsening of the fit is obtained, in agreement with
Ref. [9]. Thus, while the applicability of LO HTL effective
theory to the calculation of medium properties may be
questioned, the assumption that a hard jet is weakly
coupled with the medium, allowing for a pQCD-based
description of light and heavy flavor suppression, is further
verified and established.

High momentum partons produced in hard collisions
tend to be rather virtual. In vacuum, virtuality (Q?) is lost
by subsequent emissions. The probability for these
emissions can be calculated using pQCD as long as the
virtuality at a given emission is large enough. Below a
certain Q2, one will need to use an experimentally fitted
fragmentation function (FF) to calculate the inclusive
distribution of single hadrons. The change of this FF
due to prior higher virtuality (transverse momentum) emis-
sions can be calculated using the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) evolution equations
[16]. These require the measured FF at some lower scale
w? as input and compute the modification to this single
hadron distribution due to multiple emissions from w2 up
to Q2.

Hard virtual partons traversing a dense medium will
scatter off the constituents of the medium in addition to
emitting lower virtuality partons; this changes the momen-
tum distribution of the propagating partons between
emissions. A parton with light-cone momentum ¢~ (¢~ =
q° — q., for a parton traveling in the —z direction) much
larger than its virtuality ¢~ >> Q can be effectively de-
scribed with a length (L™) dependent three-dimensional
distribution ¢(¢~, ¢, L™). The change in this distribution
due to multiple scattering per unit length, up to second
order in gradients, can be expressed as [17]

I¢/OL™ = q Vg, ¢ +2.0¢/dq™ + &3.0°p/dq 7% (1)

where, gy, €., and é,. are nonperturbative transport co-
efficients which encode properties of the medium. These
can be expressed in terms of two gluon operators, e.g.,

G = [47a,C/(N2 = 1)] [ dy~(F**(y")F;:(0)),
2)
oy = [47 e, Co /(N2 — 1)] f dy~(F*~(y")F (0)).

These operator products can be factorized from the hard
process and computed in any given model of the medium.
The angled brackets () indicate an expectation of the
operator product in an arbitrary ensemble. We do not
present the operator expression for the elastic loss &, as
we will always relate it to the expression for fluctuations in
the elastic loss, é,., via the fluctuation-dissipation theo-
rem. These light-cone transport coefficients may be related
to the Cartesian coefficients as g = (1 + |v])§i., & =
|v|élc9 and éZ = vz/(l + |U|)é21C'

The multiple scattering and emissions from a hard vir-
tual parton and its effect on the final single hadron distri-
bution can be calculated as long as the virtualities, both on
entry and exit from the medium, are large enough for
pQCD to be applicable. For the case of only transverse
scattering, when Q% >> k7, the soft scale of the medium,
one recovers a DGLAP-like picture with ordered emissions
given by a splitting function which is modified by multiple
transverse scattering in the medium [18]. The medium
modified fragmentation function, for a hadron with mo-
mentum fraction z of the jet, now depends on the location
of entry (¢;) and exit ({y) from the medium; its change with
virtuality is given as

0Dz Q% q )Y < a, [rdy (4 .4
————— =) = | = | diP;(y,{, Q% q
T % Bl ST

X Di(z/y, Q% q Y. (3)

In the equation above, 13,-_,]» is the in-medium splitting
function at location ¢ [18],

p i—j = [Pi—»j(y)fl(f)/WQz]{z —2cos[(¢ — .Zi)/'rf]}r )

where 7, is the formation time of the emitted gluon with
forward momentum fraction y and transverse momentum
I} = Q: 74 =2q y(1 —y)/I34. The full evolution equa-
tions for medium modified fragmentation functions will
also include a pure vacuum contribution, which is implic-
itly included. By taking mass effects into account, the
above results have also been extended to heavy quarks
[19], which suffer less radiative energy loss due to
the dead cone effect [20]. Here 7, = 2¢~ y(1 — /3 +
(1 — y)*M], with M the heavy quark mass. The in-
medium splitting function also contains a multiplicative
factor Q% /[Q* + (1 — y)*MQ]".

In this calculation, the masses of the heavy quarks
and heavy mesons are taken as M. = 1.3 GeV,
M, =42 GeV, Mp =19 GeV, and Mz = 5.3 GeV.
Our input to the evolution equations is picked using re-
strictions based on formation length: given a mean length
traversed of (L7), partons with formation lengths
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(7 = ¢~ /©Q?) much larger than this will not be modified by
the medium; as a result, we take as input the vacuum FF at
to = g~ /L™ .Incases where uj falls below 1 GeV?, udis
set equal to 1 GeV?. These FFs are then evolved up to the
hard scale using a sum of the medium modified evolution
equations [Eq. (4)] and the standard vacuum evolution
equations. The modification due to elastic energy loss is
incorporated by shifting the fraction z,

D(z) = / dAZP(AZ)D(/(1 — A2)/(1 — Az), (5

where P(Az) is a Gaussian distribution with a mean and
variance determined by ¢é and é,, respectively.
Final hadron spectra are obtained as the convolution,

doy = Zfa/A ®fb/B ® da-ab—»jd ® D~h/jr (6)
abd

where f(, 5)/( ) 15 the parton distribution function, do is
the partonic cross section, and D,, /; is the FF after radiative
and collisional energy losses. For both light and heavy
sectors, parton distribution functions are taken from
CTEQ)S parametrizations [22] (shadowing corrections are
obtained from EKS98 parametrizations [23]). Here do is
evaluated at leading order, with a K factor accounting for
next-to-leading order effects (1.7 and 2.4 for light and heavy
sectors, respectively). The renormalization and factoriza-
tion scales are set to be the transverse energy of hadrons
El. = (ph + M3)"/2. The vacuum FFs for light quarks and
gluons are taken from the Kniehl-Kramer-Potter parame-
trization [24], and ¢ — D, b — B FFs are obtained from the
PYTHIAG6.4 generator [25]. We introduce multiplicative
semileptonic decay functions of heavy mesons (f,/y) to
obtain the nonphotonic electron spectrum. These are ob-
tained from fits to D and B decays [26,27]. The normal-
izations are determined from their branching ratios:
BR(D —¢) = 10% and BR(B—e¢) = 10.36% [27].
With these, we obtain a reasonable description of the base-
line measurements of 7° [28] and nonphotonic electrons
[29] in p + p collisions.

Given the temperature dependence of ¢, é, and é,, a
midrapidity thermal space-time profile T(7,, 7) is re-
quired. The initial spatial profile for the entropy density
s ~ T3 is chosen to be proportional to the participant
density in the collision of two nuclei with a Woods-
Saxon profile [30]. The medium is assumed to thermalize
at 7o =0.6fm/c, with a T, = 400 MeV at the hottest point
in central collisions. The temperature diminishes with time
as 7~1/3 due to on-dimensional Bjorken expansion. The
spatial distribution of the initial hard jets is determined by
the binary nucleon collision density.

We compare with the measured nuclear modification
factor (R4,) as a function of py, defined as the ratio of
the yield in A + A to the binary scaled yield in p + p,

1 dN*4/d?prdy
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FIG. 1 (color online). R, (solid lines) for 77° in central (a) and
midcentral (b) and nonphotonic electrons in central (¢c) Au + Au
collisions at RHIC, with § « T3 (and corresponding & and é,).
Dashed and dot-dashed lines represent the radiative and colli-
sional contributions, respectively.

where N, is the number of binary nucleon collisions.
With a single §, = 1.3 GeV?/fm (and associated values
of é, é,) for a quark jet at 7 = 400 MeV, a satisfactory
description of R4 for 77° in central and semicentral colli-
sions and R4, for heavy-flavor electrons in central colli-
sions is achieved [see Fig. 1]. It is clear that the inclusion of
elastic energy loss [31] is necessary to explain both light
and heavy flavor suppressions. Using these values we can
predict the impact parameter integrated azimuthal anisot-
ropy [minimum bias v, (Fig. 2)]. A non-Glauber-based
initial profile will affect this predicted v,, as will a more
realistic hydrodynamic simulation.

We close with a discussion of a weakly coupled medium
where the transport coefficients are estimated using LO
HTL theory. This gives, for a light quark or gluon,
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FIG. 2 (color online). The predicted minimum bias v, for 77°
and heavy-flavor electrons in Au + Au collisions at RHIC, using
the same parameters as determined in Fig. 1.
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FIG. 3 (color online). R, for nonphotonic electrons in central
Au + Au collisions at RHIC (solid line), with ¢, e, and é,
calculated in LO HTL. Dashed and dot-dashed lines represent
the radiative and collisional contributions, respectively.

where mj, = 4ma (1 + N;/6)T* is the Debye mass
(Ny = 3). LO HTL expressions for the heavy quark ¢ are
obtained from Ref. [32]. The in-medium coupling «; is
adjusted to describe the central collision data for light
flavors (similar to Fig. 1, not shown); this yields g, =
1.3 GeV?/fm for a quark jet with E =20 GeV, from
which we predict the results for heavy quark energy loss.
In agreement with Ref. [9], we find (see Fig. 3) a consid-
erable worsening of the comparison with the heavy flavor
data  (y?/d.o.f. =110/20 = 5.5, compared  with
x?/d.o.f. =24/20 =~ 1.2 in Fig. 1).

In conclusion, we have carried out a global fit of high pr
single inclusive observables for both light and heavy fla-
vors at RHIC, where only the coupling of the jet with the
medium is assumed to be weak. The properties of the
medium are encoded by nonperturbative transport coeffi-
cients g, é, and é,, which are related by the fluctuation-
dissipation theorem for an isotropic thermal medium. With
only one input parameter (chosen as §) scaling with 73, we
achieve a good agreement with the experimental measure-
ments for both the suppression and the elliptic flow. This
supports the assertion that perturbative QCD and weak
coupling approaches can be applied to the description of
jet modification in a dense medium, even if the medium
may itself not be weakly coupled. Insisting on estimating
all the transport coefficients solely within LO HTL theory
leads to a failure to explain the heavy flavor suppression,
implying the need to go beyond LO HTL to compute jet
transport coefficients.

We thank N. Armesto, M. Gyulassy, U. Heinz, W.
Horowitz, and B. Miiller for helpful discussions. This
work was supported in part by U.S. DOE under Grants
No. DE-FG02-01ER41190 and No. DE-FGO02-
05ER41367.

[1] M. Gyulassy and L. McLerran, Nucl. Phys. A750, 30
(2005); J. Adams et al., Nucl. Phys. A757, 102 (2005); K.
Adcox et al., ibid. A757, 184 (2005); 1. Arsene et al., ibid.
A757, 1 (2005); B.B. Back et al., ibid. A757, 28 (2005).

(2]
(3]
(4]
(51
(6]
(71

[17]

[18]
[19]

(20]

(21]

[22]
(23]

[24]
[25]

[26]
[27]
(28]
[29]
[30]

(31]
(32]

262301-4

M. Gyulassy and X.-N. Wang, Nucl. Phys. B420, 583
(1994).

K. Adcox et al., Phys. Rev. Lett. 88, 022301 (2001); C.
Adler et al., Phys. Rev. Lett. 89, 202301 (2002).

A. Adare et al., Phys. Rev. Lett. 98, 172301 (2007); B. 1.
Abelev et al., Phys. Rev. Lett. 98, 192301 (2007).

S. A. Bass et al., Phys. Rev. C 79, 024901 (2009); see also
A. Majumder, J. Phys. G 34, S377 (2007).

A. Majumder, E. Wang, and X. N. Wang, Phys. Rev. Lett.
99, 152301 (2007).

H. Zhang, J.F. Owens, E. Wang, and X.N. Wang, Phys.
Rev. Lett. 98, 212301 (2007); T. Renk, Phys. Rev. C 78,
034904 (2008); G. Y. Qin, J. Ruppert, C. Gale, S. Jeon, and
G.D. Moore, Phys. Rev. C 80, 054909 (2009).

N. Armesto et al., Phys. Lett. B 637, 362 (2006).

S. Wicks, W. Horowitz, M. Djordjevic, and M. Gyulassy,
Nucl. Phys. A784, 426 (2007).

W. A. Horowitz and M. Gyulassy, Phys. Lett. B 666, 320
(2008).

C.P. Herzog et al., J. High Energy Phys. 07 (2006) 013;
S.S. Gubser, Phys. Rev. D 74, 126005 (2006).

G.D. Moore and D. Teaney, Phys. Rev. C 71, 064904
(2005).

H. Liu, K. Rajagopal, and U. A. Wiedemann, Phys. Rev.
Lett. 97, 182301 (2006).

S. Caron-Huot, Nucl. Phys. A820, 115C (2009).

A. Peshier, arXiv:hep-ph/0601119; A. Peshier, Phys. Rev.
C 175, 034906 (2007); B. G. Zakharov, JETP Lett. 88, 781
(2009).

Y. L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977); V.N.
Gribov and L.N. Lipatov, Sov. J. Nucl. Phys. 15, 438
(1972); G. Altarelli and G. Parisi, Nucl. Phys. B126, 298
(1977).

A. Majumder, Phys. Rev. C 80, 031902 (2009); A.
Majumder and B. Muller, Phys. Rev. C 77, 054903 (2008).
A. Majumder, arXiv:0901.4516.

B.-W. Zhang, E. Wang, and X.-N. Wang, Nucl. Phys.
A757, 493 (2005).

Recent efforts [21] have claimed that there may be more
induced gluon radiation for heavy quarks than for light
quarks due to finite size effects.

B. G. Zakharov, JETP Lett. 86, 444 (2007); P. Aurenche
and B. G. Zakharov, JETP Lett. 90, 237 (2009).

H.L. Lai et al., Eur. Phys. J. C 12, 375 (2000).

K.J. Eskola, V.J. Kolhinen, and C. A. Salgado, Eur. Phys.
J.C9, 61 (1999).

B. A. Kniehl, G. Kramer, and B. Potter, Nucl. Phys. B582,
514 (2000).

T. Sjostrand, S. Mrenna, and P. Skands, J. High Energy
Phys. 05 (2006) 026.

B. Aubert et al., Phys. Rev. D 69, 111104 (2004).

N.E. Adam et al., Phys. Rev. Lett. 97, 251801 (2006).
S.S. Adler et al., Phys. Rev. Lett. 91, 241803 (2003).

A. Adare et al., Phys. Rev. Lett. 97, 252002 (2006).
C.W. De Jager, H. De Vries, and C. De Vries, At. Data
Nucl. Data Tables 14, 479 (1974).

G.Y. Qin et al., Phys. Rev. Lett. 100, 072301 (2008).

E. Braaten and M. H. Thoma, Phys. Rev. D 44, R2625
(1991).


http://dx.doi.org/10.1016/j.nuclphysa.2004.10.034
http://dx.doi.org/10.1016/j.nuclphysa.2004.10.034
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.084
http://dx.doi.org/10.1016/0550-3213(94)90079-5
http://dx.doi.org/10.1016/0550-3213(94)90079-5
http://dx.doi.org/10.1103/PhysRevLett.88.022301
http://dx.doi.org/10.1103/PhysRevLett.89.202301
http://dx.doi.org/10.1103/PhysRevLett.98.172301
http://dx.doi.org/10.1103/PhysRevLett.98.192301
http://dx.doi.org/10.1103/PhysRevC.79.024901
http://dx.doi.org/10.1088/0954-3899/34/8/S25
http://dx.doi.org/10.1103/PhysRevLett.99.152301
http://dx.doi.org/10.1103/PhysRevLett.99.152301
http://dx.doi.org/10.1103/PhysRevLett.98.212301
http://dx.doi.org/10.1103/PhysRevLett.98.212301
http://dx.doi.org/10.1103/PhysRevC.78.034904
http://dx.doi.org/10.1103/PhysRevC.78.034904
http://dx.doi.org/10.1103/PhysRevC.80.054909
http://dx.doi.org/10.1016/j.physletb.2005.12.073
http://dx.doi.org/10.1016/j.nuclphysa.2006.12.048
http://dx.doi.org/10.1016/j.physletb.2008.04.065
http://dx.doi.org/10.1016/j.physletb.2008.04.065
http://dx.doi.org/10.1088/1126-6708/2006/07/013
http://dx.doi.org/10.1103/PhysRevD.74.126005
http://dx.doi.org/10.1103/PhysRevC.71.064904
http://dx.doi.org/10.1103/PhysRevC.71.064904
http://dx.doi.org/10.1103/PhysRevLett.97.182301
http://dx.doi.org/10.1103/PhysRevLett.97.182301
http://dx.doi.org/10.1016/j.nuclphysa.2009.01.029
http://arXiv.org/abs/hep-ph/0601119
http://dx.doi.org/10.1103/PhysRevC.75.034906
http://dx.doi.org/10.1103/PhysRevC.75.034906
http://dx.doi.org/10.1134/S0021364008240016
http://dx.doi.org/10.1134/S0021364008240016
http://dx.doi.org/10.1016/0550-3213(77)90384-4
http://dx.doi.org/10.1016/0550-3213(77)90384-4
http://dx.doi.org/10.1103/PhysRevC.80.031902
http://dx.doi.org/10.1103/PhysRevC.77.054903
http://arXiv.org/abs/0901.4516
http://dx.doi.org/10.1016/j.nuclphysa.2005.04.022
http://dx.doi.org/10.1016/j.nuclphysa.2005.04.022
http://dx.doi.org/10.1134/S0021364007190034
http://dx.doi.org/10.1134/S0021364009160048
http://dx.doi.org/10.1007/s100529900196
http://dx.doi.org/10.1007/s100520050513
http://dx.doi.org/10.1007/s100520050513
http://dx.doi.org/10.1016/S0550-3213(00)00303-5
http://dx.doi.org/10.1016/S0550-3213(00)00303-5
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1103/PhysRevD.69.111104
http://dx.doi.org/10.1103/PhysRevLett.97.251801
http://dx.doi.org/10.1103/PhysRevLett.91.241803
http://dx.doi.org/10.1103/PhysRevLett.97.252002
http://dx.doi.org/10.1016/S0092-640X(74)80002-1
http://dx.doi.org/10.1016/S0092-640X(74)80002-1
http://dx.doi.org/10.1103/PhysRevLett.100.072301
http://dx.doi.org/10.1103/PhysRevD.44.R2625
http://dx.doi.org/10.1103/PhysRevD.44.R2625

