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Abstract. We show that the single, non-photonic electron nuclear fiwadion factorR3, is af-
fected by the thermal enhancement of the heavy-baryon to/h@ason ratio in relativistic heavy-
ion collisions with respect to proton-proton collisionseWake use of the dynamical quark re-
combination model to compute such ratio and show that tlidymres a sizable suppression factor
for theR% , at intermediate transverse momenta. We argue that suchesgign factor needs to be
considered, in addition to the energy loss contributioraltulations oR3 ,.
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INTRODUCTION

The suppression of single, non-photonic electrons at RHQ]Jis usually attributed to
heavy-quark energy losses. However, calculations thaesstully describe the nuclear
modification factor of charged hadrons fail to describe thgle, non-photonic electron
nuclear modification factoR3, [3, 4, 5]. This has prompted a great deal of effort
aimed to better describe the heavy-quark energy loss meschsito include not only the
radiative part but also the collisional and the medium dyieahproperties to compute
the radiative piece. As a result, although some improvenmetite description of the
nuclear modification factor has been gained, it is not yedrokghether the anomalous
suppression can be completely attributed to energy losses.

Working along a complementary approach to describe theagmatenic electron yield
at RHIC, it has been argued [6, 7] that under the assumpticanaénhancement in
the heavy-quark baryon to meson ratio, analogous to the alae proton to pion
and theA to kaon ratios in Ad-Au collisions [8, 9, 10, 11], it is possible to achieve
a larger suppression of the nuclear modification factor. fEt@nale behind the idea
is that heavy-quark mesons have a larger branching ratieawyhquark baryons, and
therefore, when the former are less copiously produced gsayrion environment, the
nuclear modification factor decreases, even in the absdrmsaoy quark energy losses
in the plasma.



In a recent work [12], we have quantitatively address thistjon by making use of a
dynamical recombination scenario that accounts for thietfeat the probability to form
baryons and mesons can depend on a different way on the egalensity during the
collision. Here, we present the main points of that work amigeece the discussion. A
coalescense model addressing the same goals has beetyrpoesdnted in Ref. [13].

Recently, following the approach described here, the mucteodification factor has
been estimated [14]. It has also been found that non-nétgigiontributions from
higher-twist processes in large: hadron production, may indicate that the recombi-
nation mechanism can still be important in that regime [15].

In order to give a qualitative argument that shows how an ecdraent in the heavy-
quark baryon to meson ratio can suppress the single, notoipiccelectron nuclear
modification factor, let us look at ther integratedR3 , and to consider that the heavy
hadrons are only those containing a single charm,
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where(np) is the average number of participants in the collision foiveg centrality
class,N} , (pp)’ refers to the number ofparticles produced iA+ A (p+ p) collisions
andB* € is the branching ratio for the inclusive decayxgbarticles into electrons.

We can bring Eq. (1) into a form that contains the correspaypt integrated nuclear
modification factor for particles containing charm as:
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C represents thenhancement factdor the ratio of charm baryons to mesonsAr- A
as compared t@+ p collisions andx is the charm baryon to meson relative branching
ratios for their corresponding inclusive decays into etats.

When not integrated over transverse momentufing) [(NRa+Nan)/(Npp+Ngp)]
represents the nuclear modification factor for particlethwharm. Let us not assume
any particular value for this factor and instead conceetiathe other one in Eq. (2),
which can be written as

eprm_ (1+a)(1+Cxa)
M (1+Ca(1+xa)’

(4)

wherea= NQp/NEp. The above quantity is plotted in Fig. 1 as a function tr different

combination ofC anda. Notice that the functiorf;,”" is less than one whex< 1
provided thaCa > a.
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FIGURE 1. (Color online)pr integratedry, as a function ok, the ratio of branching ratios for charmed
baryons and mesons to decay inclusively into electronscBithat forx < 1, T{, < 1 whenCa—the ratio
of charm baryons to mesons in A + A—is larger tfaafthe ratio of charm baryons to mesons in p + p—.

We want to quantitatively address the question of whetheretithancement factor
C timesa —namely, the heavy-baryon to heavy-meson ratio in-AlAu collisions—
can indeed be larger than—namely, the heavy-baryon to heavy-meson ratio 1 p
collisions—and if so, how this affects the behavior of thetdaT s, as a function opr.

The rest of the work is organized as follows: After presant@nbrief introduction
to the dynamical quark recombination model in Sec. Il, wecpeal in Sec. Il to
compute the probabilities to form mesons and baryons auntpia heavy quark in a
relativistic heavy-ion collision environment. In Sec. IVewse these probabilities to
write expressions for the meson and baryon transverse mamaethstributions. In Sec.
V we compute such distributions as well as the baryon to mesgten We convolute such
ratio with the branching ratios of charmed baryons and mesmdecay into electrons
to obtain thepr unintegrated functioiif, and show that this can be indeed less than 1.
Finally we summarize and conclude in Sec. VI.

DYNAMICAL QUARK RECOMBINATION

It has been shown [17] that the features of the proton to @to can be well described
by means of the so calletiynamical quark recombination mod#lat incorporates how
the probability to recombine quarks into mesons and bargepends on density and
temperature. The upshot of the model is that this probghiiffers for hadrons made up
by two and three constituentsth the same masthat is to say, the relative population of
baryons and mesons can be attributed not only to flow butré&hbe dynamical prop-
erties of quark clustering in a varying density scenario.adunal question is whether
those features remain true for baryons and mesons with omgtizent heavy-quark
and whether a computed, as opposed to assumed, baryon to naieo can at least
partially explain the anomalous single, non-photonictetecsuppression at RHIC.
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FIGURE 2. (Color online) Probabilities?®M to produce charmed baryons and mesons as a function
to the energy density. Shown are the results of the Monte Carlo simulation for basy(full circles) and
mesons (open circles) together with a fit to these.

The invariant transverse momentum distribution of a givadrbn can be written as
an integral over the freeze-out, space-time hypersuBfarfehe relativistically invariant
phase space particle densiyx, P),

dN P-u(x)
E@_g/zfdz s PP, (5)

whereP is the hadron’s momentum anx) is a future oriented unit four-vector normal
to Z andg is the degeneracy factor for the hadron which takes careeddtin degree of
freedom. The functiof (x, P) contains the information on the probability that the given
hadron is formed.

To allow for a dynamical recombination scenario in a thereralironment, let us
assume that the phase space particle defsityP) can be factorized into the product
of a term containing the thermal occupation number, inclgdhe effects of a possible
flow velocity, and another term containing the system endemsitye driven probability
P (), for the coalescence of partons into a given hadron. We thitis w

F(x,P) = e PV/T g(g), (6)

wherev(x) is the flow velocity. As we will show, the probability” (&) incorporates
in a simple manner the information that the partons thateszal need to be close in
configuration space as well as to have a not so different itgloc

To compute the probability?”(¢), it has been shown in Ref. [17] (where we refer
the reader to for details) that use can be made oftheg flip modelin order to get
information about the likelihood of clustering of consétu quarks to form hadrons from
an effective quark-quark interaction. In short, the mode variational quantum Monte
Carlo simulation that, taking a set of equal number of albcajuarks and antiquarks



at a given density, computes the optimal configuration obrtess clusters (baryons or
mesons) by minimizing the potential energy of the systermowtdensities, the model
describes the system of quarks as isolated hadrons whilgladensities, this system
becomes a free Fermi gas of quarks.

We consideMN quarks moving in a three-dimensional box and are descrilyed b
variational wave function of the form¥, = exp(—AV)®gg, where A is the single
variational parameteY/ is the potential to build either mesons or baryons respelgtiv
and @ is the Fermi-gas wave function given by a product of Slatdemeinants,
which are built up of single-particle wave functions delsitrg a free particle in a box.
The square of the variational wave function is the weighgingpbabilty in the sampling,
wich we carry out using metropolis algorithm.

We can identify the value of the variational paramétexs being directly proportional
to the probability to form a cluster. This fact will be latexploited to define the density
dependent probability?(¢) since, as we show below, changes from a fixed value at
low density (isolated clusters) to zero at high density Iifieyas).

PROBABILITIES

All the results we present here come from simulations madk 884 particles, 192
quarks and 192 antiquarks, corresponding to havingi32) plus 32c (c) quarks
(antiquarks) in the three color charges (anti-charges).ntimber of quarks corresponds
to the second closed shell of a three-dimensional box. Thalegmount of light and
heavy quarks used in the simulation is not intended to reptehe whole system but
rather the fraction which will drive the relative recombtioa. The rest of the light
quarks will contribute to determine the thermodynamicalparties of the system. To
take into account the mass difference betweandc quarks we set, = 10M,. We have
checked that variations of this particular choice do na@fbur relative probabilities.

To determine the variational parameter as a function of ilemge first select the
value of the particle density in the box. Then, we compute the energy of the system
as a function of the variational parameter using the MontdoQaethod described in
the previous section. The minimum of the energy determihesoptimal variational
parameter. To get a measure of the probability to form aetysve take the variational
parameter and divide it by its corresponding value at theegivdensity. Notice that
since the heavy quarks are not as abundant as the light tvegsdo not contribute to
the energy density and thus, within the model, this last Gaodmputed by assuming
that only light flavors contribute.

In order to find an appropriate measurement of the probghdiform baryons and
mesons, we multiply this variational parameters by theliliked to find clusters of
baryons made up of two-light, one-heavy quark and mesong maaf one-light, one-
heavy quark. This likelihood has to consider the fact thatttiermal plasma is mainly
made up of light quarks and thus that the number of producadytguarks is relatively
small. To accomplish this, notice that in a model where theraction between quarks
to form clusters is flavor (as well as color) blind, this likelod should account only for
the combinatorial probabilities.

Consider the case where one starts with a setefiuarks n u-antiquarksm c-quarks



andm c-antiquarks, each coming in three colors (we impose thattineber ofu-quarks
be a multipld of the number o€-quarks, namelya =Im) Using the number of possible
colorless (anti)mesons and (anti)baryons that can be fhmescan compute thelative
abundance of baryons with respect to mesons computed ureabbve assumptions on
the number of light and heavy quarks that we start from. Simtiee case of mesons we
are allowing to consider the case as well asuc, we need to include in the counting of
the groups of three quarks also the antibaryons. Thus tagwebbundance is

c— baryonst ¢ — antibaryons 3 -3 @)
= —_— —
Cc—mesons-c—antimesons  2(1 +1) 2’

since, in the plasma, the numberwfiuarks greatly exceeds the numbercajuarks. It
can be checked that the assymptotic value 3/2 is rapidhhezhdor instance, by taking
| = 30, the above fraction already become47b.

Figure 2 shows the probability paramet#&”-“ () for baryons and mesons,obtained
by multiplying the variational parameter with the corresgmg fraction of
baryon/meson formed at the given energy density. In the odseesons it corre-
sponds to 1/4 irrespective of the density, while for barytrzas a functional form,
since the kind of clusters can be different as density irsggaFor low densities the
ratio of the probabilities becomes 3/2, as expected fromctivabinatorial described
above. Shown in the figure is also a fit to the variational patans with the functional
form

ap

1+ expi(x—xo)/dx (®)

f(X) =ai+

For Baryonsaf = 0.0294, a5 = 0.3374,x5 = 0.8604, dx2 = 0.0078, whereas for
mesonsa)! = 0.0496,a)' = 0.1953,x¥ = 0.4812,dxXM = 0.0813. We will use this
analytical expression to carry out the calculations.

BARYON TO MESON RATIO

In order to quantify how the different probabilities to ptme sets of three quarks as
compared to sets of two quarks affect the particle’s yietdtha energy density changes
during hadronization, we need to resort to a model for theesjane evolution of the
collision. We take Bjorken’s scenario which incorporatesfact that initially, expansion
is longitudinal, that is, along the beam direction which alctas the axis and include
transverse flow as a small effect on top of the longitudinglasion. In this scenario,
the relation between the temperatdrand the 1+1 proper-timeis given by

- (Y* ®

wheret = v/t2 — 72. Equation (9) assumes that the speed of sayntanges slowly with
temperature. For simplicity we takgas a constant equal to the ideal gas livgit 1/3.
We also consider that hadronization takes place on hydacas> characterized by a



constant value of and thereforalz = tp dp d@ dn, wheren is the spatial rapidity
andp, ¢ are the polar transverse coordinates. Thus, the transsjgesérum for a hadron
specied is given as the average over the hadronization intervalefitfht hand-side
of Eq. (5), namely

dNH P u(x
S = AT / dz (27‘[ FH(x.P). (10)

whereAt = 1¢ — Top.

To find the relation between the energy densitythat the probability?” depends
upon— andT, we resort to lattice simulations. For the case of two flasisce the
heavy quark does not thermalize), a fair representatiohefiaita [16] is given by the
analytic expression

g/T4 = a{l—l—tanh( = TC)] , (11)
Cc
with a=4.82 andb = 0.132. We takdl, = 175 MeV.

Considering the situation of central collisions, we asstiméthere is no dependence
of the particle yield on the transverse polar coordinatestiiermore we consider that
the space-time and momentum rapidities are completelgleded. Under these assump-
tions it is possible to write the hadron transverse momerdigtnibution as

dN  mrayp?
ppoTdy_g ATt AT

Tt
/ rd1 2 (1)lo(pr sinhny /T)e oS /T, (12)
To

wherep,., is the radius of the colliding nuclei ang is the Bessel functioh of order
zero,y is the 1+ 1 momentum rapidity.

Armed with the expression, we now proceeed to apply the arsaly the computation
of the charmed meson and baryon distributions.

RESULTS

Figure 3 shows examples of the transverse momentum distmtsufor mesons and
baryons obtained from Eq. (12). We set the mases of the clobbargons and mesons
asmP = 2.29GeV (corresponding t.) andm? = 1.87GeV (corresponding tD). We
take the initial hadronization time ag = 1fm, at an initial temperaturég = 200MeV
and the final hadronization temperatureTas= 100MeV, corresponding, according to
Eq. (9), to a final timag = 8fm. Shown are the cases with = 0 andvy = 0.4. Notice
that a finite transverse expansion velocity produces a leroag of the distributions, as
expected.

Figure 4 shows the charmed baryon to meson ratio obtainettfre ratio of the above
transverse momentum distributions. Shown is the rangehferratio when varying the
transverse expansion velocity from 0 to 0.4. Notice that for a finiter, this ratio goes
above 1 forpt3.5GeV.

We now proceed to compute tpg unintegrated functiofi5,. For this purpose, we
take that the posible charmed mesons decaying inclusiaébydlectrons or positrons
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FIGURE 3. (Color online) Charmed baryon and meson transverse mommedistributions. The pa-
rameters used in the calculation ané = 2.29 GeV,mM = 1.87 GeV,1p = 1 fm, Ty = 200 MeV, Ts = 100
MeV, corresponding to a final timg = 8 fm. Shown are the cases with = 0 andvy = 0.4.
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FIGURE 4. (Color online) Charmed baryon to meson ra@@a, as a function of transverse momentum.
The parameters used in the calculationmfe= 2.29 GeV,mM = 1.87 GeV, 1y = 1 fm, Ty = 200 MeV,

T; = 100 MeV, corresponding to a final tintle = 8 fm. Shown is a range when varying the transverse
expansion velocityt from 0 (upper curve at low momenta) to 0.4 (lower curve at loenmenta).

areD*(BP” & = 16.0%), DO, DO(BP"D"~et — 6.53%), D= (BP= e = 8%) and that
the possible charmed baryons decaying inclusively intotedas or positrons arAc,
Ne(B/\N et — 4 50). Thus, we gek = 0.14. We also approximate the masses of all
the charmed mesons considered to be equal to the massDf theesons.

From Eq. (4) we see that, without integrating oyer, the dependence of the trans-
verse momentum comes from= (dNQp/d pT)/(dNEp/d pr) and the producCa =

(dNA./dpr)/(dNR,/d pr). The integrated ratid™ has been computed in Ref. [7] using
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FIGURE 5. (Color online) Suppression fact®f, as a function of transverse momentum. The parame-
ters used in the calculation ar® = 2.29 GeV,m™ = 1.87 GeV,19 = 1 fm, To = 200 MeV,T; = 100 MeV,
corresponding to a final timg = 8 fm,x= 0.14, a=0.073. Shown is a range for the transverse expansion
velocity formvy = O (upper curve at lovpr) andvr = 0.4 (lower curve at lowpr.

a Pythia simulation, with the resudf™ = 0.073. We have also performed a simulation
using Pythia at NLO with 100,000 events and have found thdt such statistics, the
ratio of charmed baryons to charmed mesons i p collissions at, /Syy = 200 GeV

is flat up topt ~ 5 GeV and consistent with the value reported in Ref. [7]. Efae,
for simplicity we takea as a constant equal to the above quoted number. Thus

e (14a™ 1+x(dNYy/dpr)/(dNRy/dpr)
AA(LH>@™ 14 (dNA,/dpr) /(dNB,/dpr) |

Figure 5 showdy, as a function opr. We have used a range of values for the transverse
expansion velocity betweer = 0 andvr = 0.4. We see that for the chosen evolution
parameters[y, is indeed smaller than 1 and thus it contributes to the ssgfe of the
single non-photonic electron nuclear modification fa¢y.

(13)

CONCLUSIONS

In this work we have shown that the anomalous suppressidmedgihgle non-photonic
electron nuclear modification fact®&g , can be partially understood by realizing that
this quantity is affected by an enhancement in the charmegbbao meson ratio at
intermediatept in Au + Au collisions. This enhancement is due to the fact that ia thi
region, thermal recombination becomes the dominant mésmmeior hadron production.
We have made used of the DQRM to calculate this ratio and hagerrs that for
moderate and even for vanishing transverse expansionitrefd indeed can be larger
than the charmed baryon to meson ratio i collisions. This enhancement in turn
produces that th€y, is below 1 and thus contributes to the suppression factadnted
by considering energy losses due to the propagation of hiéaxgrs in the plasma.



It is worth to keep in mind some important features conceyrilre results of the
present calculation: First, notice that we have not inalutlee momentum shift intro-
duced by energy losses when computing the transversebdistms of charmed mesons
and baryons. This is so because Rjf,, energy losses should be included in the prefac-
tor of the functionTy,. In this sense, in order to avoid a double counting of theceffe
the ratio that goes into the calculation of this last funti®the raw ratio.

Second, it is expected that at some valug@pf fragmentation becomes the dominant
mechanism for hadron production and therefore that theneb@ibaryon to meson ratio
decreases above thpt value, given that fragmentation produces more mesons than
baryons. Third, we have considered finite values of trarsev#ow for charmed mesons
and baryons even thought it might be questionable that hiéavyrs also flow as light
flavors do. Nevertheless, there seems to be some experimapfort for heavy quark
flow [18]. In this sense, the flow strength range we have cemslis only for moderate
values. Notice however that even in the absence of flow thprespion factor keeps
being less than 1. Some of these issues will be the subjecfudtiee work to appear
elsewhere.
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