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•  Why heavy flavour, especially b, is interesting?

•  Open heavy flavour at LHC in theory
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Energy loss for heavy quarks: differ from light?

• In vacuum, characteristic mass-dependent depletion of the gluon radiation at angles 
喬< mQ/EQ : dead cone effect

‣ distribution of gluons radiated by a heavy quark 

• In medium, dead cone implies lower energy loss (Dokshitzer and Kharzeev, 2001)

‣ angular distribution of gluons induced by the quark propagation in the 
medium with the size of the dead cone(Dokshitzer and Kharzeev, PLB 519 (2001) 199.)
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,where               

suppress high-energy tail of gluon radiation spectrum
⇒	 sizable reduction of energy loss
⇒	 most pronounce for bottom
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Heavy quark energy loss at RHIC via heavy-flavour electron

RAA of the heavy-flavour electrons approaches the π0 value for pT > 4 GeV/c

➝ Indicate strong coupling of heavy quarks to the medium (larger than expected)

⇒	 additional energy loss mechanism required?
➝ elastic energy lose negligible?
➝ collisional dissociation probability of heavy mesons in the QGP

⇒ roll of individual D, B meson contribution?

PHENIX, PRL 98, 172301 (2007)

Figure 3 shows the measured RAA and vHF
2 of heavy-

flavor electrons in 0%–10% central and minimum bias
collisions, and our corresponding !0 data [6,29]. The
data indicate strong coupling of heavy quarks to the me-
dium. While at low pT the suppression is smaller than that
of !0, RAA of heavy-flavor decay electrons approaches the
!0 value for pT > 4 GeV=c although a significant contri-
bution from bottom decays is expected at high pT . The
large vHF

2 indicates that the charm relaxation time is com-
parable to the short time scale of flow development in the
produced medium. It should be noted that much reduced
uncertainties and the extended pT range of the present data
permit the comparisons of RAA and v2 of the heavy and
light flavors.

More quantitative statements require theoretical guid-
ance. Figure 3 compares the RAA and v2 of heavy-flavor
electrons with models calculating both quantities simulta-
neously. A pQCD calculation with radiative energy loss
(curves I) [30] describes the measured RAA reasonably well
using a large transport coefficient q̂ ! 14 GeV2=fm,
which also provides a consistent description of light hadron

suppression. This value of q̂ would imply a strongly
coupled medium. In this model the azimuthal anisotropy
is only due to the path length dependence of energy loss,
and the data clearly favor larger vHF

2 than predicted from
this effect alone.
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FIG. 2 (color online). RAA of heavy-flavor electrons with pT
above 0.3 and 3 GeV=c and of !0 with pT > 4 GeV=c as
function of centrality given by Npart. Error bars (boxes) depict
statistical (point-by-point systematic) uncertainties. The right
(left) box at RAA ! 1 shows the relative uncertainty from the
p" p reference common to all points for pT > 0:3#3$ GeV=c.
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FIG. 3 (color online). (a) RAA of heavy-flavor electrons in
0%–10% central collisions compared with !0 data [6] and
model calculations (curves I [30], II [31], and III [32]). The
box at RAA ! 1 shows the uncertainty in TAA. (b) vHF

2 of heavy-
flavor electrons in minimum bias collisions compared with !0

data [29] and the same models. Errors are shown as in Fig. 2.
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FIG. 1 (color online). Invariant yields of electrons from heavy-
flavor decays for different Au" Au centrality classes and for
p" p collisions, scaled by powers of 10 for clarity. The solid
lines are the result of a FONLL calculation normalized to the
p" p data [18] and scaled with hTAAi for each Au" Au
centrality class. The inset shows the ratio of heavy-flavor to
background electrons for minimum bias Au" Au collisions.
Error bars (boxes) depict statistical (systematic) uncertainties.
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FIG. 3 (color online). (a) RAA of heavy-flavor electrons in
0%–10% central collisions compared with !0 data [6] and
model calculations (curves I [30], II [31], and III [32]). The
box at RAA ! 1 shows the uncertainty in TAA. (b) vHF

2 of heavy-
flavor electrons in minimum bias collisions compared with !0

data [29] and the same models. Errors are shown as in Fig. 2.

 

[GeV/c]pT

0 1 2 3 4 5 6 7 8 9

)]
-2

 [(
G

eV
/c

)
dy T

dp
N2 d

 T
 pπ2
1

-1410

-1310

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110

1

10

210

310

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8 9

±
ba

ck
gr

ou
nd

 e

±
he

av
y-

fla
vo

r 
e

0

0.5

1

1.5

2

2.5

3 10×Min-Bias 
2 10×0-10% 

1 10×10-20% 
0 10×20-40% 
-1 10×40-60% 
-2 10×60-92% 

/42mb-2 10×p+p  = 200 GeVNNsAu+Au @ 

FIG. 1 (color online). Invariant yields of electrons from heavy-
flavor decays for different Au" Au centrality classes and for
p" p collisions, scaled by powers of 10 for clarity. The solid
lines are the result of a FONLL calculation normalized to the
p" p data [18] and scaled with hTAAi for each Au" Au
centrality class. The inset shows the ratio of heavy-flavor to
background electrons for minimum bias Au" Au collisions.
Error bars (boxes) depict statistical (systematic) uncertainties.
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FIG. 3 (color online). (a) RAA of heavy-flavor electrons in
0%–10% central collisions compared with !0 data [6] and
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FIG. 1 (color online). Invariant yields of electrons from heavy-
flavor decays for different Au" Au centrality classes and for
p" p collisions, scaled by powers of 10 for clarity. The solid
lines are the result of a FONLL calculation normalized to the
p" p data [18] and scaled with hTAAi for each Au" Au
centrality class. The inset shows the ratio of heavy-flavor to
background electrons for minimum bias Au" Au collisions.
Error bars (boxes) depict statistical (systematic) uncertainties.

PRL 98, 172301 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
27 APRIL 2007

172301-5

Figure 3 shows the measured RAA and vHF
2 of heavy-

flavor electrons in 0%–10% central and minimum bias
collisions, and our corresponding !0 data [6,29]. The
data indicate strong coupling of heavy quarks to the me-
dium. While at low pT the suppression is smaller than that
of !0, RAA of heavy-flavor decay electrons approaches the
!0 value for pT > 4 GeV=c although a significant contri-
bution from bottom decays is expected at high pT . The
large vHF

2 indicates that the charm relaxation time is com-
parable to the short time scale of flow development in the
produced medium. It should be noted that much reduced
uncertainties and the extended pT range of the present data
permit the comparisons of RAA and v2 of the heavy and
light flavors.

More quantitative statements require theoretical guid-
ance. Figure 3 compares the RAA and v2 of heavy-flavor
electrons with models calculating both quantities simulta-
neously. A pQCD calculation with radiative energy loss
(curves I) [30] describes the measured RAA reasonably well
using a large transport coefficient q̂ ! 14 GeV2=fm,
which also provides a consistent description of light hadron

suppression. This value of q̂ would imply a strongly
coupled medium. In this model the azimuthal anisotropy
is only due to the path length dependence of energy loss,
and the data clearly favor larger vHF

2 than predicted from
this effect alone.

 

Npart
0 50 100 150 200 250 300 350

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4  = 200 GeVNNsAu+Au @ 

 > 0.3 GeV/c
T

 : p±e
 > 3.0 GeV/c

T
 : p±e

 > 4.0 GeV/c
T

 : p0π

FIG. 2 (color online). RAA of heavy-flavor electrons with pT
above 0.3 and 3 GeV=c and of !0 with pT > 4 GeV=c as
function of centrality given by Npart. Error bars (boxes) depict
statistical (point-by-point systematic) uncertainties. The right
(left) box at RAA ! 1 shows the relative uncertainty from the
p" p reference common to all points for pT > 0:3#3$ GeV=c.

 

A
A

R

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

 = 200 GeVNNsAu+Au @ 

0-10% central(a)

Moore &
Teaney (III) T)π3/(2

T)π12/(2

van Hees et al. (II)

Armesto et al. (I)

[GeV/c]pT

0 1 2 3 4 5 6 7 8 9

H
F

2v

0

0.05

0.1

0.15

0.2

(b)
minimum bias

AA R0π
 > 2 GeV/c

T
, p2 v0π

HF
2 v±, eAA R±e

FIG. 3 (color online). (a) RAA of heavy-flavor electrons in
0%–10% central collisions compared with !0 data [6] and
model calculations (curves I [30], II [31], and III [32]). The
box at RAA ! 1 shows the uncertainty in TAA. (b) vHF

2 of heavy-
flavor electrons in minimum bias collisions compared with !0

data [29] and the same models. Errors are shown as in Fig. 2.

 

[GeV/c]pT

0 1 2 3 4 5 6 7 8 9

)]
-2

 [(
G

eV
/c

)
dy T

dp
N2 d

 T
 pπ2
1

-1410

-1310

-1210

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110

1

10

210

310

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8 9

±
ba

ck
gr

ou
nd

 e

±
he

av
y-

fla
vo

r 
e

0

0.5

1

1.5

2

2.5

3 10×Min-Bias 
2 10×0-10% 

1 10×10-20% 
0 10×20-40% 
-1 10×40-60% 
-2 10×60-92% 

/42mb-2 10×p+p  = 200 GeVNNsAu+Au @ 

FIG. 1 (color online). Invariant yields of electrons from heavy-
flavor decays for different Au" Au centrality classes and for
p" p collisions, scaled by powers of 10 for clarity. The solid
lines are the result of a FONLL calculation normalized to the
p" p data [18] and scaled with hTAAi for each Au" Au
centrality class. The inset shows the ratio of heavy-flavor to
background electrons for minimum bias Au" Au collisions.
Error bars (boxes) depict statistical (systematic) uncertainties.

PRL 98, 172301 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
27 APRIL 2007

172301-5 4

RAA (pT ) =
1
Ncoll

dNAA / dpT
dNpp / dpT

2

Fig. 5 in [11]).
Possibility (3) is of course the most radical and would

imply the persistence of non-perturbative physics in
the sQGP down to extremely short wavelengths. Pro-
cesses can be postulated to improve the fit to the
data [17], but at the price of losing theoretical control
of the tomographic information from jet quenching data.
DGVW [11] showed that by arbitrarily increasing the
initial sQGP densities to unphysical dNg/dy>∼ 4000, the
non-photonic electrons from heavy quarks can be arti-
ficially suppressed to RAA ∼ 0.5 ± 0.1. Thus, to ap-
proach the electron data, conventional radiative energy
loss requires either a violation of bulk entropy bounds
or nonperturbatively large αs extrapolations of the the-
ory. Even by ignoring the bottom contribution, Ref. [18]
found that a similarly excessive transport coefficient [20],
q̂eff ∼ 14 GeV2/fm, was necessary to approach the level
of suppression of electrons in the data.

Bottom quark jets are very weakly quenched by ra-
diative energy loss. Using the FONLL production cross-
sections, their contribution significantly reduces the sin-
gle electron suppression [11] compared to that of the
charm jets alone. The ratio RAA is not sensitive to the
scaling of all cross-sections by a constant. However, it is
sensitive to any uncertainty in the relative contribution of
charm and bottom jets to the electrons [19]. Recent data
from STAR on electrons from p+p collisions [7] may in-
dicate an even larger uncertainty in the production than
expected from FONLL. However, PHENIX p+p to elec-
tron data are compatible with the upper limit of FONLL
predictions [21, 22], similar to the comparison between
FONLL and Tevatron data.

The discrepancy between the ‘DGLV Rad only’ predic-
tions and the data in Fig. 1 and recent work [23, 24, 25]
motivated us to revisit the assumption that pQCD elas-
tic energy loss [26] is negligible compared to radiative. In
earlier studies, the elastic energy loss [26, 27, 28, 29, 30,
31] was found to be dEel/dx ∼ 0.3− 0.5 GeV/fm, which
was erroneously considered to be small compared to the
several GeV/fm expected from radiative energy loss. The
apparent weakness of conventional pQCD collisional en-
ergy loss mechanisms was also supported by parton trans-
port theory results [32]-[33], which showed that the typ-
ical thermal pQCD elastic cross section, σel ∼ 3mb, is
too small to explain the differential elliptic flow at high
pT > 2 GeV and also underestimates the high pT quench-
ing of pions.

In contrast, Mustafa [23] found that radiative and elas-
tic average energy losses for heavy quarks were in fact
comparable over a very wide kinematic range accessible
at RHIC. In Fig. 2, we confirm Mustafa’s finding and
extend it to the light quark sector as well. The frac-
tional energy loss, ∆E/E, from DGLV radiative for u, c, b
quarks (solid curves; see also App. IB) is compared to
TG [27] and BT [28] estimates of elastic (dashed curves;
see also App. IA). For light quarks, the elastic energy
loss decreases more rapidly with energy than radiative
energy loss, but even at 20 GeV the elastic is only 50%
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FIG. 2: Average ∆E/E for u, c, b quarks as a func-
tion of E. A Bjorken expanding QGP with path length
L = 5 fm and initial density fixed by dNg/dy = 1000
is assumed. The curves are computed with the cou-
pling αs = 0.3 held fixed. For Debye mass µD ∝
(dNg/dy)(1/3), the gluon mass is µD/

√
2, the light quark

mass is µD/2, the charm mass is 1.2 GeV, and the bot-
tom mass is 4.75 GeV. Radiative DGLV first order en-
ergy loss is compared to elastic parton energy loss (in
TG or BT approximations). The yellow bands provide
an indication of theoretical uncertainties in the leading
log approximation to the elastic energy loss.

smaller than the radiative.
From Fig. 2 we see that for E > 10 GeV light and

charm quark jets have elastic energy losses smaller but of
the same order of magnitude as the inelastic losses. But
due to the large mass effect [34]-[39],[18], both radiative
and elastic energy losses remain significantly smaller for
bottom quarks than for light and charm quarks, but the
elastic energy loss can now be greater than inelastic up
to ∼ 15GeV. We present both TG and BT as a measure
of the theoretical uncertainties of the Coulomb log (see
App IC for benchmark numerical examples). These are
largest for the heaviest b quark. As they are not ultra-
relativistic, the leading log approximation [27, 28] breaks
down in the kinematic range accessible at RHIC. More
rigorous computations of elastic energy loss [50] and nu-
merical covariant transport techniques [32] can be used to
reduce the theoretical uncertainties in the elastic energy
loss effects.

Theoretical Framework.
The quenched spectra of partons, hadrons, and leptons
are calculated as in [11] from the generic pQCD convo-
lution

Ed3σ(e)

dp3
=

Eid3σ(Q)

dp3
i

⊗ P (Ei → Ef )

⊗ D(Q → HQ) ⊗ f(HQ → e), (1)

where Q denotes quarks and gluons. For charm and bot-
tom, the initial quark spectrum, Ed3σ(Q)/dp3, is com-
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• The same qualitative behavior in QCD:
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• Radiative energy loss
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• Collisional energy loss
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More with B-jet
b quark fragmentation function

b-quark fragments much harder than light quarks
→Jet energy can be measured more precisely, so it gives better handle 
on the fragmentation function to extract medium modification effect.
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B-jets constitute a very pure samples 
of quark jets
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FIG. 7: As in Fig. 6 but for light u, d quarks and gluons.
The yellow bands are computed in this case with effec-
tive g, u path lengths Lg = 3.5 and Lu = 5.0 fm based
on Eq. (7). Note that charm and light quark quenching
are similar in this pT range.

smaller width for fluctuations relative to radiative fluctu-
ations. Even in moderately opaque media with L/λ ∼ 10,
inelastic energy loss fluctuations are large because only a
few, 2-3, extra gluons are radiated [4]. Thus, gluon num-
ber fluctuations, O(1/

√
Ng) lead to a substantial reduc-

tion in the effect of radiative energy loss. On the other
hand, elastic energy loss fluctuations are controlled by
collision number fluctuations, O(

√

λ/L), which are rela-
tively small in comparison for a significant proportion of
the length scales probed. Therefore, fluctuations of the
elastic energy loss do not dilute the suppression of the
nuclear modification factor as much as Ng fluctuations.
The increase in the sensitivity of the final quenching level
to the opacity is a novel and useful byproduct of includ-
ing the elastic channel; see Fig. 11 in Appendix D. The
inclusion of elastic energy loss significantly reduces the
fragility of pure radiative quenching [45] and therefore
increases the sensitivity of jet quenching to the opacity
of the bulk medium [47].

Numerical Results: Pions and Electrons
We now return to Fig. 1 to discuss the consequence of
including elastic energy loss of c and b quarks on the
electron spectrum. The inclusion of the collisional en-
ergy loss significantly improves the comparison between
theory and the single electron data. That is, the lower
yellow band can reach below RAA ∼ 0.5 in spite of keep-
ing dNg/dy = 1000, consistent with measured multiplic-
ity, and using a conservative αs = 0.3. A large source
of the uncertainty represented by the lower yellow band
is the modest but poorly determined elastic energy loss,
∆E/E ≈ 0.0−0.1, of bottom quarks (see Fig. 2). There is
additional uncertainty from the relative contributions to
electrons from charm and bottom jets. The dashed lines
show an extreme version of this in which charm jets are
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FIG. 8: The consistency of the extended jet quench-
ing theory is tested by comparing its prediction to
the nuclear modification of the π0 spectra observed by
PHENIX [1].

the only source of electrons. If the charm to bottom ra-
tio given by FONLL calculations is accurate, the current
data suggests that even the combined radiative+elastic
pQCD mechanism is not sufficient to explain the single
electron suppression.

As emphasized in [11], any proposed energy loss mech-
anisms must also be checked for consistency with the ex-
tensive pion quenching data [1], for which preliminary
data now extend out to pT ∼ 20 GeV. This challenge
is seen clearly in Fig. 5, where for fixed L = 5 fm,
the addition of elastic energy loss would overpredict the
quenching of pions. However, the simultaneous inclusion
of path fluctuations leads to a decrease of the mean g
and u,d path lengths that partially offsets the increased
energy loss. Therefore, the combined three effects con-
sidered here makes it possible to satisfy Re

AA < 0.5± 0.1
without violating the bulk dNg/dy = 1000 entropy con-
straint and without violating the pion quenching con-
straint Rπ0

AA ≈ 0.2±0.1 now observed out to 20 GeV; see

Fig. 8. We note that the slow rise of Rπ0

AA with pT in the
present calculation is due in part to the neglect of initial
kT smearing that raises the low pT region and the EMC
effect that lowers the high pT region (see [5]).

Conclusions
The elastic component of the energy loss cannot be ne-
glected when considering pQCD jet quenching. While
the results presented in this paper are encouraging, fur-
ther improvements of the jet quenching theory will be
required before stronger conclusions can be drawn.

From an experimental perspective, there is at present
significant disagreement between measured p+p to elec-
tron baselines [7, 8]. In addition, direct measurement of
D spectra will be essential to deconvolute the different
bottom and charm jet quark dynamics.

Simon Wicks, William Horowitz, Magdalena Djordjevic, Miklos Gyulassy
Nucl.Phys.A784:426-442,2007

ω dI
dω

∝α sCR f (ω ),

CR = 3(4 / 3) for g(q)

More with B-jet
Quark vs. gluon energy loss in the medium

Color charge dependence of 
energy loss

RQ = dσQ
final / dσQ

initialhere,                                            (partonic modification factor before hadronization)
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Open heavy flavour RAA at LHC (I)

Novel heavy flavour suppression mechanisms in the QGP S771
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Figure 2. Left panel: suppressions of D- and B-meson production via collisional dissociation
in the QGP in central Au+Au and Cu+Cu reactions at RHIC [12] for gluon rapidity densities
dNg/dy = 1175 and 350, respectively [2]. Right panel: quenching of the non-photonic electrons
from the softened D- and B-meson spectra in central Au+Au collisions [12]. Data are from
PHENIX [3, 16] and STAR [4, 13, 14].

One of the reasons for the large suppression in our current energy-loss implementation
is that the Einstein fluctuation–dissipation relation induces minimal Gaussian fluctuations.
These are significantly different from those in the probabilistic treatment of PQCD-energy
loss [1, 2, 5] and yield larger quenching for the same mean !E. Future Langevin simulations
of c- and b-quark diffusion should include momentum fluctuations beyond Einstein’s relation
and the decay of the heavy quark/hadron spectra into (e+ + e−) for direct comparison to the
non-photonic electron observables at RHIC [11].

3. QGP-induced dissociation of heavy mesons

In the perturbative QCD-factorization approach, the cause of the limited single non-photonic
electron quenching is identified as the small suppression of B-mesons, which dominate the
high-pT e+e− yields. Such models assume that the hard jet hadronizes in vacuum, having
fully traversed the region of hot and dense nuclear matter, L

QGP
T ! 6 fm, and lost energy

via radiative and collisional processes [1, 2, 5, 6]. In [12] we examined the validity of this
assumption for different species of final-state partons and decay hadrons. For a pT = 10 GeV
pion at mid-rapidity τform ≈ 25 fm # L

QGP
T , consistent with the jet-quenching assumptions

[1, 2]. In contrast, B- and D-mesons of the same pT have formation times τform ≈ 0.4,

1.6 fm, respectively, $L
QGP
T . Therefore, at the finite pT range accessible at RHIC and LHC

a conceptually different approach to the description of D- and B-meson quenching in A+A
collisions is required, when compared to light hadrons.

Motivated by this finding, in the framework of the GLV theory, we derive the collisional
dissociation probability of heavy mesons in the QGP [12]:

Pd(χµ2ξ) = [1 − Ps(χµ2ξ)] " 0, Pd(χµ2ξ = 0) = 0. (3)

In equation (3) 2χµ2ξ = 2(µ2L/λ)ξ is the cumulative 2D transverse momentum squared
per parton. The dissociation probability also depends on the detailed heavy meson light cone
wavefunction. The dynamics of open heavy flavour production and modification in this model
is represented by a set of coupled rate equations that describe the competition between b- and
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to the asymptotic behavior of the classical supergrav-

ity (SUGRA) correlations. Unfortunately these corre-

spondences are hard to interpret in terms of gauge the-

ory energy loss mechanisms since infinitely coupled SYM

does not support a familiar quasiparticle basis similar to

gluon and quark degrees of freedom in QCD. In contrast,

the third model, while more easily interpretable, requires

a stronger form of the AdS/CFT correspondence. All

three approaches remain under active debate (see, e.g.

[21, 33, 34]).

We focus in this Letter on the third proposed AdS/

CFT application that involves the most direct string the-

oretic inspired gravity “realization” of heavy quark dy-

namics [18, 19, 20]. A heavy quark in the fundamental

representation is a bent Nambu-Goto string with one end

attached to a probe brane and that trails back above the

horizon of a D3 black brane representing the uniform

strongly coupled SYM plasma heat bath. This geometry

maps the drag force problem into a modern string the-

oretic version of the old 1696 Brachistochrone problem

that yields a remarkable, simple analytic solution for the

string shape and momentum loss per unit time.

AdS/CFT compared to pQCD Exploiting this AdS/

CFT correspondence, the drag coefficient for a massive

quark moving through a strongly-coupled SYM plasma

in the λ = g2
SY MNc � 1, Nc � 1, MQ � T ∗

limit is

given in [19, 20, 21] as

dpT

dt
= −µQpT = −π

√
λ(T ∗

)
2

2MQ
pT , (1)

where T ∗
is the temperature of the SYM plasma as fixed

by the Hawking temperature of the dual D3 black brane.

Issues related to the relaxation of the strong assumptions

made in deriving, and the momentum limitation of the

applicability of, Eq. (1) will be discussed later in the text.

Applying Eq. (1) to LHC requires an additional pro-

posal that maps QCD temperatures and couplings to

the SYM world and its SUGRA dual. The “obvious”

first prescription [35] is to take gSY M = gs constant,

T ∗
= TQCD

, and Nc = 3. However it was suggested in

[35] that a more physical “alternative” might be to equate

energy densities, giving T ∗
= TQCD/3

1/4
, and to fit the

coupling λ = g2
SY MNc ≈ 5.5 in order to reproduce the

static quark-antiquark forces calculated via lattice QCD.

The string theoretic result for the diffusion coefficient

used in the Langevin model is D/2πT ∗
= 4/

√
λ [31].

This illustrates well the problem of connecting the T ∗

and λ of SYM to “our” QCD world. Using the “obvious”

prescription with αs = .3, Nc = 3, one finds D/2πT ∼
1.2. However, D/2πT = 3 was claimed in [13, 31] to fit

PHENIX data somewhat better. Note that D/2πT = 3

requires an unnaturally small αs ∼ 0.05 that is very far

from the assumed λ� 1 ’t Hooft limit.

We proceed by computing the nuclear modification fac-

tors, neglecting initial state shadowing or saturation ef-

FIG. 1: (Color Online) Rc
AA(pT ) and Rb

AA(pT ) predicted for
central Pb+Pb at LHC comparing AdS/CFT Eq. (1) and
pQCD using the WHDG model [25] convolving elastic and in-
elastic parton energy loss. Possible initial gluon rapidity den-
sities at LHC are given by dNg/dy = 1750, from a PHOBOS
[6, 38] extrapolation, or dNg/dy = 2900, from the KLN model
of the color glass condensate (CGC) [39]. The top two curves
from pQCD increase with pT while the bottom two curves
from AdS/CFT slowly decrease with pT . The AdS/CFT pa-
rameters here were found using the “obvious” prescription
with αSY M = .05, τ0 = 1 fm/c, giving D/2πT = 3 (abbrevi-
ated to D = 3 in the figure). Similar trends were seen for the
other input parameter possibilities discussed in the text.

fects. In order to correctly deconvolute such effects from

the final state effects that we compute below, it will be

necessary to measure nuclear modification factors in p+A
as a function of (y, pT ) at LHC just as d+A was the crit-

ical control experiment [1] at RHIC [2].

Final state suppression of high-pT jets due to a frac-

tional energy loss �, pf
T = (1 − �)pi

T , can be com-

puted knowing the Q-flavor dependent spectral indices

nQ + 1 = − d
d log pT

log

�
dσQ

dydpT

�
from pQCD or directly

from p + p→ Q + X data. The nuclear modification fac-

tor is then RQ
AA(pT ) =< (1− �)nQ >, where the average

is over the distribution P (�;MQ, pT , �) that depends in

general on the quark mass, pT , and the path length � of

the jet through the sQGP. As in [25] we average over jets

produced according to the binary distribution geometry

and compute � through a participant transverse density

distribution taking into account the nuclear diffuseness.

Given dNg/dy of produced gluons, the temperature is

computed assuming isentropic Bjorken 1D Hubble flow.

As emphasized in [25], detailed geometric path length

averaging plays a crucial role in allowing consistency be-

tween π0, η and heavy quark quenching in pQCD.

For AdS/CFT drag, Eq. (1) gives the average frac-

tional energy loss as �̄ = 1 − exp(−µQ�). Energy loss is

assumed to start at thermalization, τ0 ∼ 0.6− 1.0 fm/c,

and stops when the confinement temperature, Tc ∼ 160

MeV, is reached. The exponentiated T 2
dependence in

µQ leads to a significant sensitivity to the opacity of the

medium, as well as to τ0 and Tc.

To understand the generic qualitative features of our

numerical results it is instructive to consider the simplest

I Vitev, A Adil and H van Hees, 
J. Phys. G: Nucl. Part. Phys. 34 (2007) S769

W A Horowitz and M Gyulassy, 
J. Phys. G: Nucl. Part. Phys. 35 (2008) 104152

GLV + QGP dissociation shows  B-meson suppression comparable to (or larger) D-meson 
as low as pT ∼15 GeV 

pQCD curves have a significant rise and the AdS/CFT curves fall with pT

←B

←D
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Heavy meson dissociation in QGP AdS/CFT drag and pQCD
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case of a geometric path average over a static, finite, uni-
form plasma of thickness L; then

RQ
AA(pT ) =

1− enQµQL

nQµQL
≈ 1

nQµQL
, (2)

where the pT dependence is carried entirely by the spec-
tral index nQ(pT ). RAA can be interpreted for L� �Q ≡
1/(nQµQ) as the fraction �Q/L of the Q jets that escape
unstopped from the strongly coupled plasma within the
AdS/CFT approximation.

FIG. 2: The double ratio of Rc
AA(pT ) to Rb

AA(pT ) predictions

for LHC using Eq. (1) for AdS/CFT and WHDG [25] for

pQCD with a wide range of input parameters. The generic

difference between the pQCD results tending to unity con-

trasted to the much smaller and nearly pT -independent results

from AdS/CFT can be easily distinguished at LHC.

Two implementations of pQCD energy loss are used in
this paper. The first is the full WHDG model convolving
fluctuating elastic and inelastic loss with fluctuating path
geometry [25]. The second restricts WHDG to include
only radiative loss in order to facilitate comparison to
[30]. Note that when realistic nuclear geometries with
Bjorken expansion are used, the “fragility” of RAA for
large q̂ reported in [36] is absent in both implementations
of WHDG.

Unlike the AdS/CFT dynamics, pQCD predicts
[23, 24, 25] that the average energy loss fraction
in a static uniform plasma is approximately �̄ ≈
κL2q̂ log(pT /MQ)/pT , with κ a proportionality constant
and q̂ = µ2

D/λg. The most important feature in pQCD
relative to AdS/CFT is that �̄pQCD → 0 asymptotically
at high-pT while �̄AdS remains constant. nQ(pT ) is a
slowly increasing function of momentum; thus RpQCD

AA
increases with pT whereas RAdS

AA decreases. This generic
difference can be observed in Fig. 1, which shows repre-
sentative predictions from the full numerical calculations
of charm and bottom RAA(pT ) at LHC.

Double Ratio of charm to bottom RQ
AA A disadvantage

of the RQ
AA(pT ) observable alone is that its normaliza-

tion and slow pT dependence can be fit with different
model assumptions compensated by using very different

medium parameters. In particular, high value extrapola-
tions of the q̂ parameter proposed in [26] could simulate
the flat pT independent prediction from AdS/CFT.

We propose to use the double ratio of charm to bot-
tom RAA to amplify the observable difference between
the mass and pT dependencies of the AdS/CFT drag
and pQCD-inspired energy loss models. One can see in
Fig. 2 that not only are most overall normalization dif-
ferences canceled, but also that the curves remarkably
bunch to either AdS/CFT-like or pQCD-like generic re-
sults regardless of the input parameters used.

The numerical value of Rcb shown in Fig. 2 for
AdS/CFT can be roughly understood analytically from
Eq. (2) as,

Rcb
AdS ≈

Mc

Mb

nb(pT )
nc(pT )

≈ Mc

Mb
≈ 0.26, (3)

where in this approximation all λ, T ∗, L, and nc(pT ) ≈
nb(pT ) dependences drop out.

The pQCD trend in Fig. 2 can be understood qualita-
tively from the expected behavior of �̄pQCD noted above
giving (with nc ≈ nb = n)

Rcb
pQCD ≈ 1− pcb

pT
, (4)

where pcb = κn(pT )L2 log(Mb/Mc)q̂ sets the relevant mo-
mentum scale. Thus Rcb → 1 more slowly for higher
opacity. One can see this behavior reflected in the full
numerical results shown in Fig. 2 for moderate suppres-
sion, but that the extreme opacity q̂ = 100 case deviates
from Eq. (4).

The maximum momentum for which string theoretic
predictions for Rcb can be trusted is not well understood.
Eq. (1) was derived assuming a constant heavy quark
velocity. Supposing this is maintained by the presence
of an electromagnetic field, the Born-Infeld action gives
a “speed limit” of γc = M2/λ(T ∗)2 [37]. The work of
[19] relaxed the assumptions of infinite quark mass and
constant velocity; nevertheless Eq. (1) well approximates
the full results. Requiring a time-like endpoint on the
probe brane for a constant velocity string representing a
finite mass quark leads to [21] a parametrically similar
cutoff,

γc =
�

1 +
2M√
λT ∗

�2

≈ 4M2

λ(T ∗)2
. (5)

There is no known limit yet for the dynamic velocity
case. To get a sense of the pT scale where the AdS/CFT
approximation may break down, we plot the momentum
cutoffs from Eq. (5) for the given SYM input parameters
corresponding to T ∗(τ0) and T ∗

c . These are depicted by
“O” and “|” in the figures, respectively.

Conclusions Possible strong coupling deviations from
pQCD in nuclear collisions were studied based on a recent

Charm-to-Bottom ratio at LHC

RAAc/RAAb vs. pT is remarkably robust observable for finding deviations 
from different theoretical framework

➝ Interesting to measure charm and bottom separately

W A Horowitz and M Gyulassy, 
J. Phys. G: Nucl. Part. Phys. 35 (2008) 104152

8

Grouping into two bands, 
irregardless of input parameters
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Baseline: PYTHIA, with EKS98 shadowing, tuned to reproduce c and b pT distributions from 
NLO pQCD(MNR)

to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production at the LHC. (In Fig. 5,
these trigger bias effects account for the small but visible
differences between RD=h and RB=h in the model calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production at the LHC. (In Fig. 5,
these trigger bias effects account for the small but visible
differences between RD=h and RB=h in the model calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
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Heavy-to-Light ratios at LHC

Heavy-to-light ratios:

Compare g➝h, c➝D and b➝B (Light flavour hadrons come mainly from gluons)

to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production at the LHC. (In Fig. 5,
these trigger bias effects account for the small but visible
differences between RD=h and RB=h in the model calcula-
tion in which the mass dependence of parton energy loss

 [GeV]Tp
5 10 15 20 25

D
/h

R

0

0.5

1

1.5

2

2.5

3

/fm2 = 4 GeVq
/fm2 = 25 GeVq

/fm2 = 100 GeVq

/fm2 = 4 GeVq
/fm2 = 25 GeVq

/fm2 = 100 GeVq

 = 5.5 TeVNNsPb-Pb 0-10%, 

 = 0cm

 [GeV]Tp
5 10 15 20 25

D
/h

R

0

0.5

1

1.5

2

2.5

3

 = 1.2 GeVcm

 [GeV]Tp
5 10 15 20 25

B
/h

R

0
1
2
3
4
5
6
7
8
9

 = 0bm

 [GeV]Tp
5 10 15 20 25

B
/h

R

0
1
2
3
4
5
6
7
8
9

 = 4.8 GeVbm

FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production at the LHC. (In Fig. 5,
these trigger bias effects account for the small but visible
differences between RD=h and RB=h in the model calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production at the LHC. (In Fig. 5,
these trigger bias effects account for the small but visible
differences between RD=h and RB=h in the model calcula-
tion in which the mass dependence of parton energy loss
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FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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FIG. 4 (color online). Left-hand side: Nuclear modification
factors for D mesons (upper plot) and electrons from charm
decays (lower plot) in central (0%–10%) Pb-Pb collisions at
!!!!!!!!
sNN

p " 5:5 TeV. Right-hand side: The ratio of the realistic
nuclear modification factors shown on the left-hand side and
the same factors calculated by solely neglecting the mass de-
pendence of parton energy loss.
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RD/h enhancement probes colour-charge dependence of energy loss

RB/h enhancement probes mass dependence of energy loss

RD(B)/h (pT ) = RAA
D(B) (pt ) / RAA

h (pt )

ΔEq < ΔEg

mass effect

Armesto, Dainese, Salgado, Wiedemann, PRD 71 (2005) 054027. 
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ω dI
dω

∝α sCR f (ω ),

CR = 3(4 / 3) for g(q)

to-light ratio RD=h shows for realistic model parameters a
significant enhancement RD=h ! 1:5 in a theoretically
rather clean and experimentally accessible kinematical
regime of high transverse momenta 10 & pT & 20 GeV,
see Fig. 5 (upper panels). The reason is that parton pro-
duction at midrapidity tests values of Bjorken x which are a
factor !30 smaller at LHC than at RHIC. At smaller
Bjorken x, a larger fraction of the produced light-flavored
hadrons have gluon parents and thus the color-charge
dependence of parton energy loss can leave a much more
sizable effect in the heavy-to-light ratio RD=h at LHC. In
summary, charm quarks giving rise to D mesons in the
kinematical range 10 & pT & 20 GeV behave essentially
like massless quarks in Pb-Pb collisions at the LHC. But
the significant gluonic contribution to light-flavored had-
ron spectra in this kinematical range makes the heavy-to-
light ratio RD=h a very sensitive hard probe for testing the
color-charge dependence of parton energy loss.

At the higher LHC energies, the higher mass scale of b
quarks can be tested in the corresponding nuclear modifi-
cation factors and heavy-to-light ratios for B mesons and
for electrons from b decays. As seen in Figs. 5 and 6, for
transverse momenta 10 & pT & 20 GeV, the mass depen-
dence of parton energy loss modifies the nuclear modifi-
cation factor by a factor 2 or more. It dominates over the
color-charge dependence. As for all spectra discussed
above, the medium dependence of trigger bias effects is

rather small for beauty production at the LHC. (In Fig. 5,
these trigger bias effects account for the small but visible
differences between RD=h and RB=h in the model calcula-
tion in which the mass dependence of parton energy loss

 [GeV]Tp
5 10 15 20 25

D
/h

R

0

0.5

1

1.5

2

2.5

3

/fm2 = 4 GeVq
/fm2 = 25 GeVq

/fm2 = 100 GeVq

/fm2 = 4 GeVq
/fm2 = 25 GeVq

/fm2 = 100 GeVq

 = 5.5 TeVNNsPb-Pb 0-10%, 

 = 0cm

 [GeV]Tp
5 10 15 20 25

D
/h

R

0

0.5

1

1.5

2

2.5

3

 = 1.2 GeVcm

 [GeV]Tp
5 10 15 20 25

B
/h

R

0
1
2
3
4
5
6
7
8
9

 = 0bm

 [GeV]Tp
5 10 15 20 25

B
/h

R

0
1
2
3
4
5
6
7
8
9

 = 4.8 GeVbm

FIG. 5 (color online). Heavy-to-light ratios for D mesons
(upper plots) and B mesons (lower plots) for the case of a
realistic heavy quark mass (plots on the right) and for a case
study in which the quark mass dependence of parton energy loss
is neglected (plots on the left).
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FIG. 6 (color online). The same as Fig. 4 but for B mesons and
electrons from beauty decays.
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ARMESTO et al. PHYSICAL REVIEW D 71, 054027 (2005)
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Heavy quark production at LHC

11

system:
√sNN:

Pb+Pb(0-5%)
5.5 TeV

charm/beauty

Pb+Pb(0-5%)
2.75 TeV

p+p
14 TeV

p+p
7 TeV

3.4/0.14 2.1/0.075 11.2/0.5 6.9/0.23

90/3.7 56/2 0.16/0.007 0.10/0.003

0.58/0.77 0.60/0.85 - -

σ NN
QQ[mb]

Cshadowing
EKS98

MNR code (NLO): Mangano, Nason, Ridolfi, NPB373 (1992) 295

Ntotal
QQ

Theoretical uncertainty of a factor 2-3

PHENIX 200 GeV (measured)
             = 567 ± 57 (stat) ± 193 (sys)σ cc

NN [µb]

Measurement at lower energy

binary scaling of charm yield
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A Large Ion Collider Experiment 

MinJung Kweon                                                QM09, Knoxville, 02 April 2009 5

A Large Ion Collider Experiment

ACORDE

EMCAL

TRD

TPC

ITS

TOF

PHOS

FMD
V0

ZDC
~116m from I.P.

DIPOLE
MAGNET

ABSORBER

TRACKING
CHAMBERS

MUON
FILTER

TRIGGER
CHAMBER

ZDC
~116m from I.P.

Collaboration: 31 countries, 109 institutes, > 1000 people
12

Detector and strategy

Heavy Flavour at mid-rapidity

Charm cross section and energy loss will be studied in particular with
D0 → K−π+, D+ → K−π+π+, D∗+ → D0π+, D+s → K+K−π+,
D0 → K−π+π−π+ and – under study – Λ+c → K−π+p
(cτ ∼ 50 ÷ 350µm)

Inner Tracking System (ITS)

Layers 1-2 Silicon Pixel
Detector (SPD)

Layers 3-4 Silicon Drift
Detector (SDD)

Layers 5-6 Silicon Strip
Detector (SPD)

The vertex resolution is provided by the ITS (SPD+SDD+SSD) and
in particular by the inner layers of pixels (SPD)

C.Bianchin (Università and INFN - Padova) ALICE open charm 25/07/2010 8 / 26

ITS
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Heavy flavour measurement at ALICE

• Hadronic decays: D0→Kπ,  D±→Kππ,  Ds→K K*, …

• Leptonic decays: 

‣ D, B→l (e or μ) + anything

‣ Invariant mass analysis of lepton pairs: J/Ψ, Ψ’, Υ family, B→J/Ψ + anything, 
χc→J/Ψ + anything

•  e-D0 correlations

• B-Jet	

In central barrel, vertex parameter cut 
effective for heavy quark identification

Impact parameter 
resolution < 50 μm 
for pt > 1.5 GeV

ALICE Physics Performance Report 2, J. Phys. G: Nucl. Part. Phys. 32 (2006) 1295
13

capable from ~ 100 MeV to above 50 GeV

PID of hadrons, electrons: -0.9<y<0.9 
           muons: 2.5<y<4.0

(See Chiara Bianchinʼs Talk)
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Electron Identification with TRD and EMCAL

14

TRD: Test beam measurement at CERN 
PS with electron and pion beam

Nuclear Physics A 830 (2009) 535c–538c

Author's personal copy

were consistent with those obtained offline (Fig. 4) after the tracking in a second pass calibration.
The extracted drift velocity values has a variation of 3.3% over the chambers.

The obtained spatial resolution within the TRD chambers is ≈350 µm at 0◦, which is close to
the design goal.

As a part of commissioning, in 2004 and 2007 there were test beam measurement at CERN
PS with electron and pion beams. The likelihood distributions for six layers, based on the total
energy deposit in one layer are shown in Fig. 5 for the momentum of 2 GeV/c. Cuts of given
electron efficiency are imposed on the likelihood value and the pion efficiency πe f f is calculated.
The momentum dependence of the pion efficiency calculated with different likelihood methods
and for the neural networks is shown in Fig. 6. It demonstrates that we exceed the design goal of
factor 100 pion rejection for isolated tracks for momenta less than 10 GeV/c.

Figure 5: Distributions of the likelihood for electrons
and pions with a momentum of 2 GeV/c, obtained
from the total energy deposit.
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Figure 6: Measured pion efficiency as a function of momen-
tum for three methods: likelihood on total charge, bidimen-
sional likelihood [5] and neural networks [6].

Seven out of the total 18 supermodules of the TRD will be ready in the ALICE setup when
cosmic ray data taking resumes in July 2009 and will contribute to physics results with beams ex-
pected to start in fall 2009. The completion of the TRD setup with all 18 supermodules installed
is planned during the next long shutdown of the LHC.
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Factor of 100 rejection

arXiv:1006.1278v1 [nucl-ex]

EMCAL: Hadron rejection factor from 2007 
CERN test-beam data compared to simulation

Allows heavy flavour electron measurement up to more than 50 GeV/c
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Beauty, Beauty-Jet tagging at ALICE via electron

15

• High rate of lepton production           
  from semi-leptonic decay                
   (~11%[b→e] + 10%[b→c→e])

• Long life time (~ 500 μm)

• Large mass (~ 5 GeV/c2)
  but, light enough to be produced copiously at LHC :)

• High decay multiplicity of B

• B tagging

  ⇒ Secondary vertex reconstruction of beauty decay through electron + hadrons

• B-jet tagging

  ⇒ Reconstruct jets, then associated with secondary vertex tagged by above b 
tagging method

⇒ ALICE has Good eID + vertex detectors

+ Jet reconstruction at ALICE (See Christian Klein Boesing’s talk)
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B tagging algorithm(Secondary Vertexing)

16

primary 
vertex

secondary 
vertex

p

r

ℓIP

quasi 
secondary 

particle

Jet Axis

Primary 
Vertex

Secondary 
Vertex

Decay length of 
B hadron

h1 h2

h3

h4

h5

e

e+hi+hj

construct vertex
calculate vertex χ2

apply χ2 cut 

e+ h1, e+h2, .., e+hi,
 .., e+hn

construct vertex
calculate vertex χ2

apply χ2 cut 

e+hi+hj+hk

construct vertex
calculate vertex χ2

apply χ2 cut 

Identified electron: seed e

pass 

not pass 

pass 
calculate distinctive 

variables
apply B tagging 

condition

B-Jet tagging → secondary vertexing 
with jet associated tracks

Vertexing based on Kalman Filter

Similar approaches evaluated at CDF which resulted in many important physics publications

• Signed decay length
 
(Signed Lxy ) = r

 r

⋅ p


r

⋅ p


• Invariant mass
• Secondary vertex χ2/NDF
• Impact parameter of secondary particle(ℓIP)

b tagged electron
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Distinctive variable (Singed decay length)

1.9 < Minv < 5.2 GeV/c2

single track pT > 2 GeV/c

Powerful to discriminate beauty electrons from others 
together with invariant mass cut
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Purity and efficiency
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⇒	 Require good understanding on MC

(MC) [GeV/c]Tp
2 4 6 8 10 12 14 16 18

Ta
gg

in
g 

Ef
fic

ie
nc

y 
[A

rb
itr

ar
y 

U
ni

ts]

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08
 [cm]min

xysigned L
0 0.02 0.04 0.06 0.08 0.1 0.12

Pu
rit

y

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

secvtx associated w/ beauty elec.
secvtx associated w/ charm elec.
secvtx associated w/ conversion elec.

 elec.0secvtx associated w/ 
secvtx associated w/ other elec.

PYTHIA MinBias, √s = 10 TeV, 2.7x107 events, MC PID

2.0 < Minv < 5.2 GeV/c2

single track pT > 2 GeV/c

No Minv cut
single track pT > 2 GeV/c

2.0 < Minv < 5.2 GeV/c2

single track pT > 2 GeV/c
0.08 < singed Lxy < 1.5 cm

~80%	 purity	 with	 currently	 optimized	 cuts
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 Preliminary look of p+p@7 TeV data

19
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Electron Identification with TOF + TPC

20

• Method to select a pure sample of electrons: TOF + TPC

• Select tracks falling within 3σ from TOF electron line
• Apply nσ cut from TPC dE/dx electron line (momentum dependent cut at 
lower bound to minimize π contamination)

pp collisions @ √s = 7 TeV, 1.6 x 10 8 events
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Electron Identification performance with TRD

Response of the TRD to pions from K0 
decays and to electrons from ϒ conversions 

21
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Vertexing Performance

• Impact parameter resolution is the convolution of the track position 
and the primary vertex resolutions

• Vertexing performance within ~10% to the MC target

22
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Single Electron Inclusive Spectrum (eID with TPC + TOF)

23

Inclusive spectrum contains electrons from: 
   hadron decays (mainly π0 Dalitz decay)

+ ϒ conversion in the material 
+ Charm and beauty hadrons
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Background subtraction via Cocktail Method

24

R [cm]
0 20 40 60 80 100 120 140 160 180

/ e
ve

nt
 s

ca
le

d 
by

 m
ul

tip
lic

ity

0.5

1.0

1.5

2.0

2.5

-310×
Data
MC

ALICE Performance
pp @ 7 TeV

3rd June 2010

Radial distribution of the ϒ 
conversion points. 

)2 (GeV/cM
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2
C

ou
nt

s 
/ 4

 M
eV

/c

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

reconstructed
scaled Background

 ) + Xn @ 7TeV-e+  e-e+ e    ( 0 p+p 
 MinBias events810

ALICE Performance
RAW DATA

Invariant mass distribution of two ϒ's. 
π0 and η are seen.

Background description via electron cocktail
• use measured hadron(π0) spectra for the electron background from hadron decays

(deduce the contributions of other sources via mT scaling)
• use well understood material budget for describing conversion electrons (relevant 
material budget by requiring a hit on the most inner detector ~1.2 % X 0) 
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Beauty electron tagging, beauty jet tagging via associated jets

25

Beauty electron tagging via secondary vertexing

Beauty Jet tagging → secondary vertexing with jet associated tracks

Analysis Ongoing

Raw jet spectrum p+p @ 7 TeV

primary 
vertex

secondary 
vertex

p

r

ℓIP

quasi secondary 
particle

Jet Axis
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Summary

26

•  At LHC, charm and beauty quarks are produced copiously and this provide 
a tool to understand color charge and mass dependence of energy loss in 
the medium

•  ALICE has excellent electron identification and vertexing capability and this 
allows beauty electron tagging

•  Non-photonic elelectron analysis ongoing with √s = 7 TeV data

•  B, B-jet tagging analysis ongoing with √s = 7 TeV data

•  Pb-Pb collisions foreseen at √s = 2.76 TeV in November 2010 

Other ALICE talks:
Christian Klein Boesing,  Jet and high pT Measurements with the ALICE Experiment
Hermes Leon Vargas, Parton discrimination using jets with ALICE at the LHC
Chiara Bianchin, Italy Open charm analysis for energy loss studies with ALICE at LHC
Takuma Horaguchi, Japan Study of di-Jet reconstruction in p+p and Pb+Pb collisions with DCAL at LHC-ALICE
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BACKUP SLIDES

27
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Nuclear modification for open heavy flavour
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Figure 1: Nuclear modification factors for D0 mesons (left) and for B-decay electrons (right).
Errors corresponding to the centre of the prediction bands for massive quarks are shown:
bars = statistical, shaded area = systematic.

4 Charm and beauty measurements

Among the most promising channels for open charm detection are the D0 → K−π+ (cτ ≈
120 µm, branching ratio ≈ 3.8%) and D+ → K−π+π+ (cτ ≈ 300 µm, branching ratio ≈
9.2%) decays. The detection strategy to cope with the large combinatorial background from
the underlying event is based on the selection of displaced-vertex topologies, i.e. separation
from the primary vertex of the tracks from the secondary vertex and good alignment between
the reconstructed D meson momentum and flight-line [2, 6]. An invariant-mass analysis is
used to extract the raw signal yield, to be then corrected for selection and reconstruction
efficiency and for detector acceptance. The accessible pt range for the D0 is 1–20 GeV/c
in Pb–Pb and 0.5–20 GeV/c in pp, with statistical errors better than 15–20% at high pt.
Similar capability is expected for the D+. The systematic errors (acceptance and efficiency
corrections, centrality selection for Pb–Pb) are expected to be smaller than 20%.

The production of open beauty can be studied by detecting the semi-electronic decays
of beauty hadrons, mostly B mesons. Such decays have a branching ratio of # 10%. The
main sources of background electrons are: decays of D mesons; π0 Dalitz decays and decays
of light vector mesons (e.g. ρ and ω); conversions of photons in the beam pipe or in the
inner detector layer; pions misidentified as electrons. Given that electrons from beauty have
average impact parameter d0 # 500 µm and a hard pt spectrum, it is possible to obtain a
high-purity sample with a strategy that relies on: electron identification with a combined
dE/dx (TPC) and transition radiation (TRD) selection; impact parameter cut to reduce
the charm-decay component and reject misidentified π± and e± from Dalitz decays and γ
conversions. As an example, with 107 central Pb–Pb events, this strategy is expected to allow
the measurement of electron-level pt-differential cross section in the range 2 < pt < 20 GeV/c
with statistical errors smaller than 15% at high pt. Similar performance figures are expected
for pp collisions.

B production in pp and Pb–Pb collisions can be measured also in the ALICE muon
spectrometer (−4 < η < −2.5) analyzing the single-muon pt distribution [2]. The main
backgrounds to the ‘beauty muon’ signal are π±, K± and charm decays. The cut pt >
1.5 GeV/c is applied to all reconstructed muons in order to increase the signal-to-background

DIS 2008

1 year at nominal luminosity
(107 central Pb-Pb events, 109 pp events)

RAA
D(e) (pT ) =

1
Ncoll

dNAA
D(e) / dpT

dNpp
D(e) / dpT

A. Dainese, nucl-ex/0811.3232
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Fig. 3. Ratio of the nuclear modification factors for D0 mesons and for charged
hadrons (left) and ratio of the nuclear modification factors for B-decay and for
D-decay electrons (right). Errors corresponding to the centre of the prediction bands
for massive quarks are shown: bars = statistical, shaded area = systematic.

signal are π±, K± and charm decays. The cut pt > 1.5 GeV/c is applied to
all reconstructed muons in order to increase the signal-to-background ratio.
Then, a fit technique allows to extract a pt distribution of muons from B de-
cays. Since only minimal cuts are applied, the statistical errors are expected
to be smaller than 5% up to muon pt ≈ 30 GeV/c.

Heavy-to-light ratios in ALICE. ALICE investigated the possibility of using
the described charm and beauty measurements to study the dependences of
parton energy loss. The expected experimental errors on these observables
are compared to recent theoretical predictions from parton energy loss [9].
The sensitivity to the heavy-to-light ratios RD/h = RD

AA/Rh
AA and RB/D =

Re from B
AA /Re from D

AA in the range 5 < pt < 20 GeV/c is presented in Fig. 3 (the
pt distribution of D-decay electrons will be calculated from the measured D0

pt distribution). Predictions with and without the effect of the heavy-quark
mass, for a medium transport coefficient in the range 25–100 GeV2/fm, are
shown. For 5 < pt < 10 GeV/c, the measurement of the expected enhancement
of heavy-to-light ratios with respect to unity appears to be feasible.

5 Quarkonia capabilities

Figure 4 shows the schematic acceptances for charmonia and bottomonia
in the (y, pt) plane. ALICE can detect quarkonia in the dielectron channel
at central rapidity (|y| <

∼ 1) and in the dimuon channel at forward rapidity
(−4 < y < −2.5). In both channels the acceptance extends down to zero
transverse momentum, since the minimum pt is 1 GeV/c for both electrons
and muons. ATLAS and CMS will use only dimuons and they have similar
acceptances, covering pt

>
∼ 3 GeV/c and |y| <

∼ 2.5. CMS and ATLAS studies in-
dicate that, near the edges of the pseudorapidity window, there is some accep-
tance down to pt ≈ 1.5 GeV/c. We emphasized the importance of separating

7

A. Dainese, nucl-ex/0609042

Data of one full luminosity Pb+Pb run (106 s) should clarify heavy flavor quenching story 
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http://arxiv.org/abs/nucl-ex/0609042
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Powerful to reject charm background
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~ 4M 10 TeV p+p charm electron triggered events ~ 1M 10 TeV p+p beauty electron triggered events

Invariant mass cut is good to suppress charm background 
→ Allow to separate beauty from charm

MC PID for electron selection

• Signed decay length
 
(Signed Lxy ) = r

 r

⋅ p


r

⋅ p


• Invariant mass
• Secondary vertex χ2/NDF
• Impact parameter of secondary particle(ℓIP)
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Charm/Beauty from HVQMNR
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plot by Anton: http://www-alice.gsi.de/ana/results/results.html
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Yield

Pythia simulation for 10 TeV MinBias
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 109 pp events leads ~190k(47k) charm and ~98k(25k) beauty electrons at pt > 1 GeV/c  
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Distinctive variables and cuts

33

- Single track quality cuts(for electrons, hit is required on the most inner 
detector to reduce conversion background)
- Electron selection cuts
- Single track pT > 2.0 GeV/c
- 2.0 GeV/c2 < invariant mass < 5.2 GeV/c2

- 0.08 cm < signed Lxy < 1.5 cm
- Secondary vertex χ2/NDF <3(5), tighter cuts for 2 particle sec. vertex 
- |impact parameter of secondary particle| < 0.1 cm

- Collision event selection cuts
- Number of tracks to contribute to the primary vertex >=2 
(primary vertex with beam diamond constraint)

Event selection cuts

Track & secondary vertex selection cuts

‣ signed decay length
 
(Signed Lxy ) = r

 r

⋅ p


r

⋅ p


‣ invariant mass
‣ secondary vertex χ2/NDF
‣ impact parameter of secondary particle(ℓIP) primary 

vertex

secondary 
vertex

p

r

ℓIP

quasi secondary 
particle

Jet Axis

Secondary vertex variables


