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Charm and Beauty Separation from Heavy Flavor Electron
Measurements at RHIC

SI Fan, CHEN Xiaolong, ZHANG Shenghui, ZHANG Yifeif

(State Key Laboratory of Particle Detection and Electronics,
University of Science and Technology of China, Hefei 2530026, China)

Abstract: Heavy quarks (charm and beauty), especially beauty, with expectedly different properties from
light quarks are considered as ideal probes for the Quark-Gluon Plasma (QGP). However, there are few
measurements on beauty hadrons or on their decay leptons. With the most recent measurements on
charmed hadrons and heavy flavor decay electrons (HFE) at mid-rapidity in Au+Au collisions at
VSuw = 200 GeV at RHIC, a data-driven method is developed to separate charm and beauty components
from the HFE measurements. From charmed hadron measurements, electrons from charm decays via
semileptonic decay simulations are obtained, with which the beauty component can be extracted from the
HFE spectrum. As preliminary results, the p; spectra, R,a and v, distributions of electrons from charm
and from beauty decays (R$7® and v57°, R57° and v5~°) in minimum bias Au+Au collisions are presen-
ted, respectively. Less suppression of R%;° is observed compared with that of RS} at moderate-to-high

b—e

pr, and vy ge

shows smaller than v

at low-to-moderate pr.
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1 Introduction

The Quark-Gluon Plasma (QGP) is predicted by
the Quantum Chromodynamics (QCD) as a new mat-
ter state containing deconfined quarks and gluons un-
der extremely high temperature and density. It is be-
lieved to have been produced in the early universe
after the Big Bang. Recent experimental results from
the Relativistic Heavy-Ion Collider (RHIC) at
Brookhaven National Laboratory (BNL) and the
Large Hadron Collider (LHC) at European Organiza-
tion for Nuclear Research (CERN) support that a
strongly coupled QGP (sQGP) has been created in ul-

tra-relativistic heavy-ion collisions,
1-2]

mimicking the
early universel To study the properties of the
QGP and its evolution is particularly helpful for un-
derstanding the early universe.

Charm and beauty are called as heavy quarks due

to their much larger masses compared to those of light
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quarks (u, d and s). Heavy quarks are believed to be
created predominantly via initial hard scatterings be-
fore the formation of the QGP in the early stage of
heavy-ion collisionsBﬁl]7 and to experience the full
time evolution of the QGP. Their total yields can be
evaluated by the perturbative-QCD (pQCD) theory
and be scaled with the number of binary collisions
(Ncoll)[‘l]. For these reasons, heavy quarks are always
considered as ideal probes for studying the properties
of the QGP.

When partons travel inside the hot-dense medi-
um and interact with the medium constituents, they
deposite energy into the medium. Theoretical calcula-
tions predict that the radiative part of the partonic
energy loss is mass dependentm. The energy loss of
heavy quarks should be smaller than that of light
quarks due to the suppression of the gluon radiation
in the forward angle by the quark mass, and beauty
would lose even less energy than charm for it is three
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times heavier than charm quark. The heavy quark
production as a function of the transverse momentum
(pr) is predicted to be modified by their energy lossl6l,
which, experimentally, is usually characterized by the
nuclear modification factor ( Raa )m defined as

Ra (pr) = LM (1)

<Ncoll> dep/de ’

where dNa./dpr and dN,,/dpr are particle produc-
tion yields in A4+A and p+p collisions, respectively,
and (N.y) is the average N,y often calculated using
a Monte Carlo Glauber model. The dN,,/dpr is used
as the baseline since there is no QGP created in p+p
collisions. With the normalization of (N.y), Raa
should be equal to unity if there is no medium effect
in A+A collisions. Partonic energy loss could result in
a suppression on the value of R,, at moderate-to-
high pr. Recent measurements on the R,, of open
charm hadrons show strong suppression at high pr
with a similar magnitude as light flavor hadrons, sug-
gesting significant interactions between charm and the
sQGP medium!®. However, most of heavy flavor elec-
tron (HFE) measurements report results on electrons
from heavy flavor decays without charm and beauty
components separated due to technique limits, and
large uncertainties are reported in a few existing sep-
arations for these two components[g}.

An anisotropic collectivity exists in the expand-
ing medium created in heavy-ion collisionsY. Light
quarks are unable to prevent themselves from follow-
ing the collective flow and achieving thermal equilibri-
um!, However, heavy quarks are expected to be
more difficult to mobilize and to obtain anisotropic
momenta because of their much larger masses. To de-
scribe the azimuthal anisotropy, a Fourier expansion
of the azimuthal angle () is obatined in the mo-
mentum space as

&N &N >
FE = 1+ 2v,, cos |n (¢ — ,
&'p 27rppoTdy{ 2 2neos s wRﬂ}
(2)

where 1 denotes the reaction plane (defined by the
beam axis and the direction of the impact parameter
between two colliding nuclei). And the elliptic flow
(vy) is defined as the 2nd cofficient

vy (pr) = (cos [2 (¢ — Pr)]) - (3)

The heavy quark v, is proposed to be a significant

observable for quantifying partonic matter properties,

(6]

such as the thermalization®. Recent measurements

shows that charm gains significant flow like light

with the sQGP
. Because beauty is three times heavier
than charm, its behavior in the anisotropic collective
flow could be different from that of charm. However,
most of heavy flavor wv,
charmed hadrons or the HFE and there are few res-
ults for beauty v,
semileptonic channels at RHIC.

quarks interactions

medium!

through
13]

measurements are for

via either hadronic decays or

2 Data-driven method

We have developed a data-driven method to sep-
arate charm and beauty components from the HFE
measurements on pr spectra and on Ry, and v, dis-
tributions based on the most recent charmed hadron
measurements at mid-rapidity in minimum bias (Min
bias) Au+Au collisions at /syy = 200GeV at RHIC.
Parts of heavy flavor hadrons decay to light flavor
hadrons and leptons, such as electrons, via
semileptonic channels. These electrons carry informa-
tion about the properties of origin heavy quarks.

It is started from the charmed hadron measure-
ments on pr spectra of DOB], Dﬂt[m]7 D, [14], A, [15]
and J/v 16717 4t mid-rapidity in Au+Au collisions at
V5w =200 GeV with the STAR experiment at RHIC,
all of which are parameterized and shown with uncer-
tainty bands in Fig. 1. Measurements on D° at
0~80%, D, at 10%~40% and J/¢ at 0~60% are used
because of their largest statistics and best precision,
and they are parameterized and extrapolated to 0<

pr <20GeV/c with the Levy function!'®!
&N 1dN  (n-1)(n-2)
2mprdprdy 27 dy nT[nT + mo(n — 2)]

5 7 —-n
<1+VpTerO mO) @

nT

and the power-law function]

_ &N _2dN(n-D(@n-2)
2nprdprdy 7w dy (n — 3)2 (pr)?

(v oray) - ©

where mg is the rest mass of the particle. Halves of
the differences between Levy and power-law fits are
quadratically summed into uncertainty bands. The
D spectrum is obtained by scaling the D° spectrum
with a constant (0.42940.038) fitted from the D*/D°
ratio measured at 0~10% centrality, since there is no
obverse pr dependence observed. Because D° and D+
make up the triplet state of D-mesons, their proper-
ties, including shapes of the p; spectra, should be
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highly consistent. The A, spectrum is fitted and ex-
trapolated to the pr range of 0~10GeV/c with the
measured D° spectrum multiplied by the average of

different model calculations on A./D° ratio: Kol*"),
Grecol?!) and Tshingua[m with their differences as the
uncertainty.
AutAu @\syy =200 GeV
?‘\G 10 Preliminary
>
o
g BT
N -6 L -~
_UF: 10 iy N .g\‘
—%i—- i iy \\-\\ , it g
B ool s — Dro-sod) T
R - D* (0~80%) /10— :
s F o= D, (10%~40%) g
5 For— AL (10%~80%) [/10°] .
10712 F « — = JAy (0~60%) -
o 1 2 3 4 5 6 7 8 9 10

p+/(GeV/e)

(color online) Measured and parameterized pr
spectra with uncertainty bands of charmed had-
rons (018, pEd Dyl A 03] 6Ty g
mid-rapidity in Au+Au collisions at /snn=
200GeV.

Fig. 1

All aforementioned parameterized pr spectra of
charmed hadrons are input into Monte Carlo simula-
tions of semileptonic decays to electrons, of which the
J/v spectrum is input in a Pythia decayer[%] decay-
ing to ete™. In each simulated event, we sample the
hadron p; from a uniform distribution with % in
this pr bin as the weight in order to increase the stat-
istics at higher pr. The 4-momentum is determined
additionally with a uniformly distributed azimuthal
angle ¢, a gaussian mid-rapidity y and the hadron
mass. And the electron momentum in the hadron rest
frame is sampled from the measured distribution24.
After Lorentz transformation, the final electron p;
from semileptonic decays in the laboratory frame can

be obtained. The output electrons are filled in the
dN

27 prdpT

trum uncertainties are also input into the simulations

distribution. Upper and lower hadron spec-
and propagated to the output accordingly.

The output electron pr spectra are normalized by
measured cross of parent hadrons and
semileptonic decay branching ratios. In particular,
those from D, A. and J/¢ are scaled by N, to
0~80% centrality from 10%~40%, 10%~80% and
0~60%, respectively. Uncertainties of branching ratios,
N normalization (for Dy, A, and J/¢) and the
D*/D° ratio (for D) are also taken into account and

sections

propagated quadratically. Fig. 2 shows the final elec-
tron pr spectra from charmed hadron decays and the
summed charm component (¢ —e) with shaded

bands as uncertainties at mid-rapidity in minimum bi-
as Au+Au collisions at /syy =200GeV. The electron
spectrum from beauty decays (b — e) is calculated by
subtracting the ¢ — ¢ component from the HFE spec-
trum measured by STAR?. The ¢ —e uncertainty
contributions to the last two points of b — ¢ at pr
> 7 GeV/c are safely doubled due to higher pr ex-
trapolation of charmed hadron spectra.

Min bias AutAu @ sy = 200 GeV

- ----D'—e ---D*—e[/10]
10 ----D—e — A —e
——Jy—e ——C—oe

v HFE data ¢ b—e
Preliminary

d*N/(N,2npdp.dy)/(GeV/c)?

o 1 2 3 4 5 6 7 8 9 10

pr/(GeVlc)

(color online) Electron pr spectra from charmed
hadron decays and the sum of them (¢ — e) with
uncertainty bands at mid-rapidity in minimum bi-
as Au+Au collisions at /sx\w =200GeV. The elec-
tron spectrum from beauty decays (b —e) is ob-
tained by subtracting ¢ — e from the HFE data.

Fig. 2

The beauty component fraction in the HFE spec-
trum is defined as

e dNbae dp

= HFE/ - (6)
Fig. 3 shows the f°~° at mid-rapidity in minimum bi-
as Aut+Au collisions at /syy =200GeV (f27¢) ob-

tained from Fig. 2 compared with previous measure-

Min bias @ sy = 200 GeV
L2F o forethis work --- FONLL Preliminary
~+ PHENIXp+p © STAR p+p
LOF . parameterized STAR p+p +
¥ Averaged f:°
) 0.8 ged /3% + + + +
2
™ 0.6
04+
0.2
0 I I I I I I I I I
1 2 3 4 5 6 7 8 9
p/(GeV/e)
Fig. 3  (color online) Fractions of beauty decay elec-

trons in the HFE (f°~¢) at mid-rapidity in min-
imum bias Au+Au collisions at ,/syy =200GeV
compared with the FONLL theoretical calcula-
tion! and measurements by STAR[%’]7 by
PHENIXE" and their average in p+p collisions.
The last point of the PHENIX p+p data at
9GeV/c is extrapolated.
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ments in p+p collisions ( fy7¢) by STAR[20) (red open

squares) and by PHENIX 27 (green crosses). The fixed-
order next-to-leading log (FONLL) calculation!® is
presented as the gray dashed curve, with which the
STAR p+p data are parameterized (cyan dashed
curve with band). Blue solid squares denote the aver-
age of the STAR and the PHENIX p+p data with
half of their difference taken into account in the un-
certainty bars. At pr ~3.5GeV/c, beauty and charm
components are comparable. The f7¢ looks system-
atically higher than fy¢,in particular in pr > 7 GeV/ ¢
where fP.° increases up to (90 +10)%.

3  R.. separation

The Rxa of electrons from charm and from
beauty decays (R and R5;¢) as functions of pr
can be extracted from the Rs, of the HFE (RF)
measured by ST AR with

fk:e HFE
N
R = 1 b — R (7)
pp
Rb—>e _ fAbA—>e RHFE 8
AA T fpoe TUVAA ( )

pp

which are shown as blue solid squares and red solid
circles in Fig. 4, respectively. The f;’[ﬁe here denotes
the averaged one of STAR and PHENIX p+p data in
Fig. 3. As a cross-check, two red dashed curves repres-
enting b(c) — ¢/FONLL are obtained directly by the
definition of Rs, in Eq. (1) and show a good agree-
ment with our results. Results of this work are con-

185 Min bias Au+Au @ 55 = 200 GeV
161 c—e DUKE & c—e HFT template
1440 --b—e DUKE ¢ b—e HFT template

---- b(c)—e/FONLL# R < this work
L2 T ¢ R %3¢ this work
<10F % s,
“os} *

Preliminary
061 By {

PRV A

02t E EE §%$ ....... $-o-

0

2 3 4 5 6 7 8 9 10
p/(GeVlc)

(color online) The nuclear modification factors
(Raa) of ¢—e and b—e with HFT tem g)late
analys159 and DUKE model prcdlctlons as
comparisons at mid-rapidity in minimum bias
Au+Au collisions at /sy =200GeV. Uncer-
tainty bars of this work denote quadratically
summed contributions of fb(°>_’C and RITE and
boxes are from f%>¢. b(c) — ¢/FONLL are ob-
tained directly With the Raa definition.

Fig. 4

sistent with the HFT template analysis (open green
symbolb)[g] and show improved precision. The R%;®
with the DUKE model
prediction[%], but R$.° is clearly lower than the pre-
diction in pr >4GeV/c.
compared with that of R$;¢ can be observed, which
could indicate the possible mass dependence of the en-
ergy loss of charm and beauty.

result is consistent

Less suppression of R3}°

4 v, separation

The D° v, at 0~80% centrality measured by
STAR! is parameterized by Eq. (9)[29] with the lin-
ear term forced to pass through the origin according
to the properties of v, ,

Do Pon

vz (pr) = P — l - n — Psnpr,
14 exp ) 1+exp »
2 2

9)

where n is the number of constituent quarks, p; (i =
0, 1, 2, 3) are free parameters. The v, distributions of
D-mesons (ngaks = 2) and A, (Nguiks = 3) are ob-
tained with the number-of-constituent-quark (NCQ)

scaling assumption(29 730 ag vy /n vs. (\ /DE+mi— m0> /n

from the parameterized D° v, . Semileptonic decays of
charmed hadrons are simulated with the hadron pr
spectra and v, distributions as inputs. Different from
the simulations in Sec. 2, the azimuthal angle ¢ in

each pr bin is sampled from the distribution®”!
dN
e 1+ 2vyc08(2¢). (10)

The v, of D—e (v27°) and A, —e (vs*7) as
functions of pr can be obtained by fitting the output
electron ¢ distributions with Eq. (10) in different py
bins. The uncertainty bands of charmed hadron wv,
from parameterization are also input into the simula-
tions and propagated to electron v, distributions.

The v, of ¢ —e (vS7°) is an average of v)™

27 with their relative production yields in Fig. 2
as weights. In a similar way, the v, of b —e (v§7°)

can be extracted with

and v,

HFE 1— b—e c—e
Ug—m _ Y% —( b_)CAA ) V5 7 (11)
AA

where v denotes the v, of the HFE obtained by
parameterizing the combined distribution measured
by STARP and PHENIXPU with Eq. (9). Fig. 5

c—¢

shows the results of v§7° (blue solid squares) and v5™*

(red solid circles). As a comparison, the v, of ¢ — e
(v§ 7¢) shown as red open squares is calculated in the

same way with the ¢-meson pr spectrumm] and v, [33]
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0.25
Min bias Aut+Au @ sy = 200 GeV
020 ® c—oe ¢ b—e Preliminary
---b—e (NCQ scaling)
0.15F © ¢—e ?
0.10 - - ,T, ? SI'T R
0.05 i . ; f
EJ * ‘,:V« o
O -4 -2
~0.05} -
—0.10 — ;
0 1 2 3 4 5 6
p/(GeVlc)
Fig. 5 (color online) The elliptic flows (v2) of ¢ —e

and b—e at mid-rapidity in minimum bias
Au+Au collisions at /sxy =200GeV. The uncer-
tainty of v§7° is propagated from o§FF (bars),
v57¢ (brackets) and f5¢ (grey bands). The v§~¢
with the NCQ scaling assumption of the B-meson
ve and v%b ¢ are shown as comparisons.

at 0~80% centrality as inputs of the Pythia decayer.
A non-zero v57° in pr >3.0GeV/c is observed and
consistent with the electron v, from charmed and
strange hadron decays within uncertainties in p; >
4.5GeV/c. However, v57¢ is clearly smaller than vg~°
at 1.5GeV/c < pr <4.0GeV/c. In addition, we un-
fold the B-meson p; spectrum from the b — e points
extracted in Fig. 2 and assume that the B-meson v,
follows the NCQ scaling. The black dashed curve rep-
resents the refolded v5~° with the Pythia decayer and
our v57° result deviates from it at 2.5GeV/c < pr <
4.5GeV/c with a confidence level of 98.2% (x2/ndf =
11.92/4), which could be related to the beauty
thermalization or its hadronization mechanism in the

QGP.
5 Summary

This paper reports a data-driven method de-
veloped to separate charm and beauty components
from heavy flavor electron measurements at mid-
rapidity in minimum bias Au+Au collisions at RHIC.
Semileptonic decays of charmed hadrons are simu-
lated with the most recent measurements on charmed
hadrons with RHIC-STAR as inputs. By subtracting
the output electrons from charm decays, the beauty
component is extracted from the HFE spectrum, and
the pr spectra, Ry and v, distributions of electrons
from charm and from beauty decays are obtained. In
these preliminary results, less suppression of RY;° is
observed than that of RS;° at moderate-to-high pr,
and o8¢ is smaller than v$7°, vy~ and the ov}~*
with the B-meson v, NCQ scaling assumption at low-

to-moderate pr. Improved results further elucidating

charm and beauty physics in heavy-ion collisions will
be available in the near future.
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