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Abstract

High transverse momentum single (non-photonic) electrons are shown to be sensitive to the stopping power of both, lzottbanarme,
quarks inA A collisions. We apply the DGLV theory of radiative energy loss to pradandb quark jet quenching and compare the FONLL and
PYTHIA heavy flavor fragmentation and decay schemes. We show that single electronginth®-10 GeV range are dominated by the decay
of b quarks rather than the more strongly quenchegiarks in Au+ Au collisions at,/s = 200 A GeV. The smalleb quark energy loss, even
for extreme opacities with gluon rapidity densities up to 3500, is predicted to limit the nuclear modification®agfonf single electrons to the
rangeR 4 4 ~ 0.5-0.6, in contrast to previous predictions Bf; 4 < 0.2—03 based on taking only quark jet fragmentation into account.

0 2005 Elsevier B.VOpen access under CC BY license.

PACS 12.38.Mh; 24.85.+p; 25.75.-q

1. Introduction and gluon energy loss—gluon jet fragmentation ifitand B
mesons can be safely neglected.

Recent datd1] from the Relativistic Heavy lon Collider The “fragility” of light hadron tomography pointed out in
(RHIC) on “perfect fluidity” [2-5] and light quark and gluon Ref.[18] is primarily due to the significant reduction in sen-
jet quenching6-9] provide direct evidence that a novel form sitivity of the attenuation pattern to the sQGP density when
of strongly interacting Quark Gluon Plasma (sQGP) is createthe gluon jets originating from the interior are too strongly
in central Au+ Au collisions at,/s = 200 A GeV [10]. qguenched. In that case, the attenuation of light hadrons becomes

In the near future, measurements of heavy quark jet quenctsensitive to geometric fluctuations of the jet production points
ing will provide further important tests of the transport prop- near the surface “corona”.
erties of this new form of matter. In particular, rare heavy Heavy quarks, especially quarks, are predicted to be sig-
quark jets are valuable independent probes of the intensity dfificantly less fragile in the DGLJ12—15]theory of radiative
color field fluctuations in the sQGP because their high masenergy loss because their energy loss is expected to be consider-
(m. =~ 1.2 GeV,m, =~ 4.75 GeV) changes the sensitivity of ably smaller. If radiative energy loss is the dominant jet quench-
both elastic and inelastic energy loss mechanisms in a well deag mechanism in ther ~ 10 GeV region, then heavy meson
fined way[11-17] relative to those of light quark and gluon tomography could be a more sensitive tomographic probe of the
jets [6-9]. Open heavy quark mesaiD, B) tomography also absolute scale of density evolution and the opacity of the pro-
has the unique advantage that—unlike light hadtenk) to-  duced sQGP.
mography that is sensitive to the large difference between quark However, one disadvantage of heavy meson tomography

is that direct measurements of identified high-D and B
- mesons are very difficult with current detectors and RHIC lumi-
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quark attenuation at RHIC have focused on the attenuation of The fragmentation function®(c — D) and D(b — B),
their single (non-photonic) electron decay prody2&-23] where D and B indicate a generic admixture of charm and

Some preliminary datg24,25]surprisingly suggest that sin- bottom hadrons, are consistently extracted feora— data[38—
gle electrons wittpr ~ 5 GeV may experience elliptic flow and 40]. The charm fragmentation functigdO] depends on the
suppression patterns similar to light partons. We emphasize iparameter [41]. We taker = 0.04 form. = 1.2 GeV. Bottom
this Letter that either result would have even greater implicafragmentation instead depends on the parametg2] with
tions than previously thought about the nature of the produced = 29.1 for m;, = 4.75 GeV. The fragmentation is done by
sQGP. If confirmed in the final analysis, the sQGP would haveescaling the quark three-momentum at a constant angle in the
to be completely opaque to evérquark jets ofpy ~ 10 GeV, laboratory frame.
in contradiction to all radiative energy loss estimates so far. The leptonic decays ab and B mesons are controlled by

A significant complication of the heavy quark decay lep-measured decay spectra and branching ratios. The spectrum for
ton measurements is that estimates in REf§,27] indicated  primary B — ¢ decays has been measured recefB,44]
that bottom decay leptons may in fact dominate electrons fronThe fit to this datd34] is assumed to be valid for all bottom
charm forpy > 3 GeV in pp collisions. In this Letter, we show hadrons. Preliminary CLEO data on the inclusive semi-leptonic
that jet quenching further amplifies theontribution to the lep-  electron spectrum fron» decayg45] have also been fittd@4]
ton spectrum and strongly limits the nuclear modification factorand assumed to be identical for all charm hadrons. The con-
of electrons inA A collisions. tribution of leptons from secondar® decaysB — D — e is

The preliminary electron daf@4,25] are so surprising that obtained as a convolution of thg — ¢ spectrum with a parton-
novel jet energy loss mechanisms may have to be postulatedodel prediction folb — ¢ decay[34]. The resulting electron
[28-31] The elliptic flow of highpy heavy quarks can be ac- spectrum is very soft, making it a negligible contribution to
counted for, e.g., if theslastic cross sections of all partons, the total, particularly appr > 2 GeV. The appropriate effec-
including bottom, are assumed to be anomalously enhanced tive branching ratios ar@46]: B(B — ¢) = 10.86+ 0.35%,
> 20 mb, far in excess of perturbative QCD predictions, up to aB(D — ¢) = 10.3+ 1.2%, andB(B — D — ¢) = 9.6+ 0.6%.
leastpr ~ 10 GeV. While these enhanced cross sections could The uncertainty in our results due to the choice of fragmen-
lead to heavy flavor elliptic flow at the pion level even at hightation and decay schemes is studied using the corresponding
pr, they may greatly overestimate the attenuation of light and®’YTHIA [47] routines, assuming Peterson fragmentafés]
heavy flavored hadrori81-33] with a range of parameters.

Given the critical role that single electron tomography of the To compute the medium induced gluon radiation spec-
sSQGP may play in the near future, it is especially important tarum, we need to include in general three effects: (1) the
scrutinize the theoretical uncertainties and robustness of curreiier-Mikayelian or massive gluon effeft3,14] (2) transition

predictions. This is the aim of this Letter. radiation[49] and (3) medium-induced energy Idd2,14] In
Ref.[50], it was shown that first two effects nearly cancel and
2. Theoretical framework can thus be neglected for heavy quark suppression at zeroth or-

der in opacity. We therefore only compute the medium-induced

The calculation of the lepton spectrum includes initial heavydluon radiation spectrurfi2]. We employ the effective static
quark distributions from perturbative QCD, heavy flavor energyMedium approximation formula
loss, heavy quark fragmentation into heavy hadrdg, and ;@

Hg decays to leptons. The cross section is schematically writ—— d'”d
ten as: . -
2,2 302
Ed%©) _Eid%0©Q) b g CF%%/ y 2q2u di .
= ;] —> s
dp3 p? i Y s ( )2 + (G2 + m2x2 4 m? 2)?
® D(Q — Ho) ® f(Hg — ¢), X/ dk29(2X(1—x)PT—|k|)
(k| = 1aD? + 1®32((K| + a2 + u?)3/2

where ® is a generic convolution. The electron decay spec-
. . . K2 — m2x2 — m?2
trum, f(Hp — e), includes the branching ratio to electrons. 2 (K2 _ 2 g
i the initi x 1+ (K =0 s (1)
The change in the initial heavy flavor spectra due to energy loss k2 4+ m2x2 + mg
is denotedP (E; — Ey).

The initial heavy quarkpy distributions are computed at ~ Here E = \/p% +m? is the initial energy of a heavy
next-to-leading order with the code used in R¢®&l,35] We  quark of massn, k is the transverse momentum of the ra-
assume the same mass and factorization scales as if8Bgf. diated gluon andg is the momentum transfer to the jet.
employing the CTEQG6M parton densitig&/] with no intrin-  The opacity of the medium toadiated gluons is L/, =
sickr. (9ma?/2) [dt p(r)/p?(t) wherep ~ g(p/2)Y/? is local De-

As in Ref.[15], we compute heavy flavor suppression with bye mass in a perturbative QGP. The gluon density at proper
the DGLV generalizatiofil2] of the GLV opacity expansiofT] time 7 is related to the initial rapidity density of the produced
to heavy quarks. We take into account multi-gluon fluctuationgyluons byp () ~ (ng/dy)rrrRz with R = 6 fm in central
as in Ref][8]. collisions assuming a uniform cylinder undergoing a Bjorken
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(1 + 1)D expansion. Transverse expansion does not signifi- The parton level quenching is shown in detaiFig. 2by the

cantly affect the integrated energy 1d54].

nuclear modification factorRa4(Q) = dNg(pr,dNg/dy)/

The Ter-Mikayelian effect at first order in opacity is due to ad N (pr,0) with Q = g,u,d,c and b. The left-hand side

asymptotic transverse gluon mass in the mediugz n/v2.
We assumey, = 0.3. The induced radiative energy loss fluc-
tuation spectrump (E; — E ), was computed as in ReB],

shows results for the default casiy,/dy = 1000[9], while
the right-hand side shows the high opacity cas¥,/dy =
3500. For comparison, we also show the PHENBX] data on

starting from the average induced gluon spectrum in the efthe 70 nuclear modification factor measured in the central 0—

fective static medium approximation given by E{L). In this
approximation the effective statjicis approximated by ((t))
with () = R/2 =3 fm andL = R. We have checked that the

10% of Au+ Au collisions at,/s = 200 A GeV. As expected,
gluon quenching is largest due to its color Casimir factor and
its small in-medium mass. The “dead cone effdétl] is seen

more numerically intensive Bjorken expansion gives very simi-by comparingc quark quenching to light:, d quenching at

lar results.

Note thatkmax = 2x(1 — x) pr in EQ. (1) instead ofkmax =
xE, as in Ref[12]. There is a 20% theoretical uncertainty in
R4 4 due to the range of reasonable kinematic bounds.

3. Bottom versus charm quark suppression

Fig. 1 shows thec andb quark distributions at midrapidity
before fragmentation. The solid curves indicate that, at NL.O,
production becomes comparablectproduction in the vacuum
only for pr 2 15 GeV. However, jet quenching is greater for
the lighterc quark, and for the default gluon densityy, /dy =
1000 [9], the more weakly quencheldls dominate over the
more strongly quencheds for pr = 9 GeV. For more extreme
opacities, characterized hered¥, /dy = 3500, the cross over
shifts down topy ~ 7 GeV. With the fragmentation and decay
scheme of Ref34], the electron decay distributions;—~ ¢ and
b — e, are seen to cross each othepat~ 5.5 GeV when the
¢ andb quarks are not quenched, reducetto~ 3 GeV for
dN,/dy = 3500. The electron results fawv, /dy = 1000, ly-
ing between the solid and long-dashed curveBiin 1, are not
shown for clarity. Thus electrons in the- ~ 5 GeV region are
sensitive tab andc quark quenching.

10" R

10°
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-
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pr < 10 GeV. Forpr > 10 GeV>» m., the mass difference
between the charm and light quarks is almost negligib0g.
However, in both case$, quark quenching remains signifi-
cantly smaller than that of the light and charm quarksgfer<
20 GeV sincepr/my, is not large. The effect of the mass can
therefore never be neglected in the RHIC kinematic range.
Fig. 2also shows an estimate of quenching assuming

Raa(7°) ~ fyRaa(g) + (1— fo)Raa(w), )

where f, ~ expg—pr/10.5 GeV is the fraction of pions with

a given pr that arise from gluon jet fragmentation. The ap-
proximate form is a fit to a leading order QCD calculation at
/s =200 AGeV, discussed in Ref§s3,54] The approxima-
tion in Eq. (2)is strictly valid only for pure power law gluon and
quark distributions with @7-independent spectral index. How-
ever, it provides a simple estimate that shows #fauenching

is primarily controlled by light quark quenching above 10 GeV.
In addition,Fig. 2 shows that current data would be incompat-
ible with radiativeg, u andd quenching if the medium had an
opacity greater than that of thieV, /dy = 3500 case considered
on the right-hand side.

We note that the quark quenching predicted Fig. 2 with
1000< d N, /dy < 3500 is similar to the quenching range pre-
dicted in Fig. 2 of Ref[17] for the effective transport coeffi-
cientg = MZ/Ag in the range 4 § < 14 Ge\?/fm. For ac
quark with py ~ 12 GeV, for example, we predi®4(c) =
0.25-0.5 in this range, as does R@f7] for the same factor of
3.5 variation of the sQGP density.

Our primary new observation is that sineeuark quench-
ing is greatly reduced relative toquenching, if heavy quark
tomography is performed via single electron suppression pat-
terns, the loweb quenching strongly limits the possible elec-
tron quenching, as we showliig. 3. For electrons arising from
¢ fragmentation and decay, we again confirm the predictions of
Ref.[17]. However, for electrons arising fromdecay, there is
only a modest amount of quenching. Note the similar magni-
tudes of heavy quark and decay electron quenching if the quark
pr is rescaled by a factor of2.

In Fig. 3, the sensitivity of the electron quenching to vari-
ations in the heavy quark fragmentation scheme is shown by

Fig. 1. The differential cross section (per nucleon pair) of charm (upper blue}he difference between the solid and dashed curves. The solid

and bottom (upper red) quarks calculated to NLO in G84] compared to sin-

gle electron distributions calculated with the fragmentation and decay schem%

urves are calculated as in Rg4] while the dashed curves

of Ref.[34]. The solid, dotted and long dashed curves show the effect of DGLVAIIS€ wWhen Peterson fragmentatien £ 0.06, ¢, = 0.006) is

heavy quark quenching with initial rapidity densitiesid¥, /dy = 0, 1000, and
3500, respectively.

used. While there can be considerable differences in the frag-
mentation schemes on an absolute scalel-geél, these differ-
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Fig. 2. Heavy quark jet quenching before fragmentation into mesondNgy/dy = 1000 (left) and 3500 (right) are compared to light 4) quark and gluon
guenching. The resultinxj;o R4 4 is compared to the central 0-10% PHENIX dgga).
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Fig. 3. Single electron attenuation pattern for initiél, /dy = 1000, left, and/ N, /dy = 3500, right. The solid curves employ the fragmentation scheme and lepton
decay parameterizations of R§34] while the dashed curves use the Peterson function ayith 0.06 ande;, = 0.006 and the decay to leptons employed by the
PYTHIA Monte Carlo. Note that even for the extreme opacity case on the right the less quénghatk jets diluteR 4 4 SO0 much that the modification of the
combined electron yield from bothandb jets does not fall below0.5-0.6 neapy ~ 5 GeV.

15

ences mostly cancel in the nuclear modification factors shown
in Fig. 3.

The yellow band corresponding to the combinedt b —
e electron sources shows that, in the kinematic range 4 1
pr(e) < 10 GeV accessible at RHIR 44 (¢) is dominated by
b quark quenching. Even for the highest opacity, shown on the
right-hand side, we therefore predict that due toithe ¢ con-
tribution 05

coel/boe

Raa(e) >05 for pr <6 GeV. 3)

Increasing the opacity further is not an option within the theory
of radiative energy loss because pion quenching would then be 2 4 6 8 10 12 14 16
; Py (GeV)

over-predicted. T

The robustness of the bottom dominance in the electroaig_ 4. The ratio of charm to bottom decays to electrons obtained by varying
spectrum can be seen in the ratio of charm relative to bottom dene quark mass and scale factors. The effect of changing the Peterson function
cays to electrons iffig. 4. We use the NLO MNR cod&5]to  parameters frora. = 0.06, e, = 0.006 (lower band) te. = ¢, = 107> (upper
compute heavy quark production for a range of mass and scafgnd) is also illustrated.
values: 1.2< m. < 1.7 GeV, 45 < mj;, <5 GeV and combina-
tions of the renormalizationy g, and factorizationy r, scales  charm and bottom to maintain the asymptotic approach of the
such that(ug/mr, urp/mr) = (1,1), (2,1), (1,2) and(2, 2). distributions at highpr. In all cases, the bottom contribution
We employ the sam@ug/mr, up/m7) combinations for both becomes larger fop;y < 5.5 GeV, even before energy loss is
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