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Decreasing elliptic flow at the CERN Large Hadron Collider: Calculations in a
parton recombination approach
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We apply the parton recombination approach to study the energy dependence of the elliptic flow, v,, in heavy
ion collisions from BNL Alternating Gradient Synchrotron (AGS) to CERN Large Hadron Collider (LHC)
energies. The relevant input quantities (7', g, n7) at the various center of mass energies are obtained from fits
to the available data. The model yields a good description of the integrated v, data for charged particles at
midrapidity from AGS to BNL Relativistic Heavy Ion Collider (RHIC) energies. In stark contrast to the current
expectations, we observe a decrease of the integrated v, values above the highest RHIC energy. Thus, we predict a
decrease of v, at LHC energies compared to the RHIC results. This drop is attributed to negative v, values for the
underlying parton distributions at low to moderate transverse momenta that develop if the transverse flow velocity
is high enough. At energies above the LHC regime, the present approach predicts even negative values for the

integrated v,.
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The main goal of the current and past heavy ion pro-
grams is the search for a new state of matter called the
Quark-Gluon-Plasma (QGP) [1]. Major breakthroughs for the
potential discovery [2,3] of this new state of matter were
(i) the experimental discovery of a large elliptic flow (vy)
at BNL Relativistic Heavy Ion Collider (RHIC) [this led to
the conclusion that the matter formed in the early stage of
a heavy ion reaction at RHIC behaves like a nearly perfect
liquid (i.e., a liquid with a low viscosity) ( [4] and references
therein)] and (ii) the observation of constituent quark number
scaling vlzmdm“( p'}ad“’") =n, vg( p'}adm“ /ng), meaning that the
elliptic flow of baryons (three quarks, n, = 3) versus mesons
(two quarks, n, = 2) scales like 3:2 at the hadron transverse
momentum pn While the details of this scaling are still
under discussion [5-9], one might generally see this scaling
as evidence for a recombination-like hadronization process for
the transition of partonic matter to hadronic matter [10—14].

In this article, we apply the recombination approach
to explore the energy dependence of the elliptic flow in
massive (Pb 4+ Pb/Au + Au) nucleus-nucleus reactions from
the BNL Alternating Gradient Sychrotron (AGS) energies to
the highest CERN Large Hadron Collider (LHC) energy. For
complementory explorations of the elliptic flow at LHC within
transport approaches the reader is referred to Refs. [15-17].
Elliptic flow is a well-chosen observable for the exploration of
the energy dependence of flow observables because it exhibits
a self-quenching effect and is therefore mostly sensitive to
the early (partonic) stage of the reaction, even at rather low
beam energies. The structure of this article is as follows: We
start with a summary of the energy dependence of the input
parameters, then we discuss briefly the relevant recombination
formulas, and finally we present the results for the elliptic flow
excitation function and the predictions for LHC.

To apply this model to energies other than RHIC energies
(v/s = 200 GeV) one has to model the dependence of the
temperature 7', the baryo-chemical potential wp, and the
transverse flow rapidity nr = atanh(87) at the hadronization
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surface as a function of the center of mass energy. Details
of the parametrizations can be found in the appendices. The
values for RHIC energies and below are fitted to previously
extracted flow velocities; at LHC energies, we obtain the values
(for /syy =5.5TeV): T =175 MeV, up ~= 0 MeV, and
Br = 0.75¢, which are in line with previous estimates [18].

With these parameters we predict the elliptic flow of
hadrons using the collinear recombination approach [14].
Because we are presently only interested in bulk (i.e., low
pr quantities, we apply the recombination prescription in
the low to intermediate pr range, from O to about 3 GeV
at RHIC and about 5-6 GeV at LHC, respectively. Above
this momentum, fragmentation will dominate the underlying
quark distribution. Comparing the yields to experiment the
formalism seems applicable down to pr ~ 1 GeV at RHIC,
which is approximately 3% of the matter produced, and we
expect this lower limit to rise slightly to pr ~ 1.2 GeV at
LHC. Therefore using the recombination approach down to
pr — 0seems questionable; however, a part of the uncertainty
in the recombination mechanism at low p7, introduced by the
violation of energy conservation, cancels after taking the ratios
in Eq. (6). Thus, the recombination formalism seems to give
valid results for v, down to transverse momenta of several
hundred MeV [14]. Further justification about the validity of
our results can be found in the paragraph about the mean v;.

The picture that one quark and one antiquark (or three
quarks) with collinear momenta can recombine to form a
meson (baryon) leads one to an integral over the product of
the constituent-quark densities w, times the Wigner function
of the hadron <I>L” with the freeze-out hyper-surface ¥ and its
normal vector u” [14]:

d*N, _ do P,u" (o) dx,
£ dp? _/z @2m)} / H ()3
@} (X)wa(R; x4 P)8 (1 - Zxa> Q)
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where the quark a carries the fraction x, of the hadron
momentum P.

We use the parametrizations from Ref. [14] with a pure
thermal spectrum for the recombining quarks and do not
include the power-law-tail, which is only relevant for frag-
mentation. At higher c.m. energies recombination is expected
to be dominant up to even higher py [18]; therefore, we
neglect the contributions from fragmentation for the present
considerations. Following Ref. [14] we obtain the elliptic flow
for noncentral reactions from the asymmetry of the overlap
region. To model peripheral collisions the asymmetry o of the
collision depends on the geometric width and height of the
transverse overlap zone,

h(b) = \/R3 — (b/2%,  w(b)=Ra—(b/2), (2

as

h(b) — w(b)
o= —". 3)

h(b) + w(b)
We have compared this simple asymmetry parameter with
the eccentricity from other parametrizations in Fig. 1. One
observes that the o parameter used (solid line) is quantitatively
close to the Glauber model (short-dashed line) calculation for
the relevant impact parameters. It has also been speculated
that a much “sharper” Color Glass Condensate (CGC) initial
distribution might be present in the initial state, and this
parametrization is depicted by the long-dashed line. The CGC
values for the eccentricity are slightly higher and lead to a
small quantitative change of the final v, values; however, the
qualitative feature of a v, decrease at high energies is not
affected.

This spatial asymmetry is translated into a velocity asym-

metry in the parton phase by

nr(@) = n%(1 + af (pr) cos(2¢)). 4)

b [fm]

FIG. 1. (Color online) Comparison of our asymmetry parameter
o with the eccentricity from CGC and the Glauber model [19].
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To account for the fact that faster partons will experience this
anisotropy less than slower ones, we define

S 5
f(pr) 15 (pr/po) 5

with the parameter po = 1.1 GeV taken from Ref. [14]. The
elliptic flow is then given by

Jeos2@) g% d®

= 20)) = 6
vy = (cos(2P)) ]%dd) (6)

and is calculated for the individual quark species as [14]
ol (pp) = J COS(2¢)12[G(¢)]K1[b(¢)]d¢’ 7

[ Iola(@) K [b(p)ld¢
with

a(p) = prsinh(nr(9))/T,  b(p) = my cosh(nr(¢))/T,

and the modified Bessel functions I, and K,. Replacing
w,(R; p) in Eq. (1) with

w,(R; p) = wa(R; p)(1 + 2v2(pr) cos(2P)) ®)

and again applying the definition for v, yields the hadronic
elliptic flow.

Let us start by comparing the transverse momentum
dependence of the elliptic flow for pions, kaons, protons,
and Q-baryons in midperipheral Au 4 Au reactions at the
RHIC with the distributions obtained in midperipheral Pb + Pb
reactions at the LHC as shown in Fig. 2. For comparison,
Fig. 3 shows the elliptic flow of light and strange quarks.
A first striking observation is that the v,(pr) values at each
given pr are always lower at the LHC than at the RHIC. A
similar pattern was also observed within a parton transport
approach, if the viscosity was set to the Anti-deSitter space
(ADS) and conformal field theory (CFT) limit [16]. Even
more surprising, we find strong out-of-plane emission of
(multi-)strange particles, i.e., negative values of v,. These
negative values of the elliptic flow parameter for heavy
particles have also been found in previous exploratory studies
and seem to be a general feature of the blast-wave-like flow
profile at high transverse velocities [21-24]. The negative
vy values have also be seen within a blast-wave fit of the
proton elliptic flow to STAR data [25] and they have also
been experimentally observed by the NA49 Collaboration
[26]. These results are supported by the recent preliminary
data on J /v elliptic flow from PHENIX [27]. It reflects the
depletion of the low pr particle abundance, when the source
elements are highly boosted in the transverse direction. At
higher py and/or lower transverse flow velocities, the opposite
effect dominates and results in a more pronounced emission
in-plane again. The details depend on the underlying transverse
flow parametrization as discussed in Ref. [24]. One might
argue that negative elliptic flow values are an artifact of the
blast-wave parametrization; however, transport simulations
indicate slightly negative v, values for heavy particles at very
low pr [28] and the A multiphase transport model (AMPT)
model predicts a negative v, at least for heavy charm and
bottom quarks [15]. Thus, the qualitative behavior of a negative
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FIG. 2. (Color online) Elliptic flow parameter v, as a func-
tion of the transverse momentum p, for midcentral (b = 8fm)
Au + Au/Pb + Pb reactions as obtained from the recombination
approach. The lines indicate the calculations for 7+, K+, p,and Q™.
(Top panel) v, at RHIC (y/s = 200 GeV) compared with PHENIX
data [20]. (Bottom panel) Prediction for LHC (/s = 5.5 TeV).

vy is a well-known observation. The magnitude, however, of
this effect and the particle species affected by it depend on
the mass, the amount of transverse flow, and the decoupling
hypersurface of this individual particle species. Therefore, we
suggest that in the case of the AMPT approach the transverse
flow is not sufficient to allow for a negative v, for the light
strange quarks, but only for the heavier charm and bottom
quarks. It might be interesting to test if a modified AMPT with
higher transverse flow would also show negative elliptic flow
for strange quarks. We conclude that the surprising observation
in the present work is not the existence of the elliptic “antiflow”
but the quantitative strength and influence on the light quark
sector of this effect at LHC.
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FIG. 3. (Color online) Elliptic flow parameter v, for light and
strange quarks as a function of the transverse momentum p, for
midcentral (b = 8 fm) Pb + Pb reactions as given by Eq. (7) at /s =
5.5 TeV.

From these arguments we conclude that the blast-wave
flow profile is responsible for the negative v, on the quark
level, which then enters the hadron elliptic flow via the parton
recombination. To understand this effect in more detail we go
to the thermal quark-spectrum [14] with the energy

E(R, p) = mr cosh(n — y) coshnr(¢)
—pr cos(¢ — @) sinh nr(eh). )

For simplicity we look at midrapidity (y = 0) and for high n
the spectrum is very low, so we consider the region around
n = 0. For high c.m. energies, when the source is highly
boosted transversally, the particles will mainly be emitted in
the direction in which the fireball flies, so we can simplify
even more and set ¢ = ®. Because we have no longitu-
dinal momentum we can replace the momentum with the
transverse rapidity of the parton: py = msinhn? and my =
Vm? + p2 = m~/1 +sinh? n% = m coshn!. Therefore, the
energy of the quark in the transverse moving source is

E = mcosh [n}(1 + af (pr)cos2¢)) —n%].  (10)

For a fixed quark rapidity n? < n(} (low pr) the energy of the
quarks emitted in-plane is higher than the energy of quarks
emitted out-of-plane. With the thermal spectrum more energy
means less particles, therefore, a negative v,. At n'% = n(} one
would expect the zero crossing and above a positive v,.

In this way one can visualize our predicted negative elliptic
flow for low pr at LHC. At RHIC this picture cannot be
applied, because the simplification ¢ = & is only valid for
high n(} (high c.m. energies).

A different way to obtain an analytic expression that
explains the negative v, is to consider only the in-plane (¢ = 0)
and out-of-plane (¢ = 7 /2) directions (similar to the analysis
performed in Ref. [22]). The ¢ integration breaks down and
the elliptic flow is then given by

L[a(O1K1[b(0)] — DLla(r/2)]1Ki[b(w/2)]
Io[a(O)]K 1 [b(0)] + Iola(m /21K [b(/2)]

vy (pr) = )
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For py — 0 the argument of the Bessel functions I,
goes to zero and I, becomes constant with I, — 0 and

Lla(0)] Ki[m cosh (n.(1 +a)))/T] — Ki[m cosh (n}(1 — @))) /T]
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Iy — 1. Therefore they are independent of the angle. This
leads to

lim vi(pr) =
pr—0

Because K; is a monotonically decreasing function, the
numerator and thus the elliptic flow are negative (for some
small transverse momenta). The specific values depend on
the mass, the mean flow rapidity n(}, and the temperature.
For increasing mass, or increasing transverse flow rapidity or
decreasing temperature, the elliptic flow will become more
negative.

Folding the distributions for v,(p7) with the corresponding
transverse momentum distributions yields the integrated v,
at midrapidity for each particle species, see Fig. 4. A first
observation is the apparent good description of the available
charged particle v, data from the AGS to the RHIC energy
regime. However, when going above the highest RHIC energy,
we predict that the integrated elliptic flow saturates and then
starts to decrease in the LHC energy range. This finding
is in stark contrast to the current expectations in the heavy
ion community (compare, e.g., with the linear extrapolations
toward LHC by Borghini and Wiedemann [29]).

A rather critical assumption in this study is the applicability
of the recombination approach for the elliptic flow for small
transverse momenta on the order of pr < 1 GeV. We want
to emphasize that our result of the decreasing mean elliptic
flow (v;) at LHC is not affected by the validity of this
assumption, because (v2) ~ va((pr)) and (pr) > 1 GeV in
the LHC regime. However, to show the robustness of the
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FIG. 4. (Color online) Comparison of (v,) for charged hadrons at
midrapidity as a function of center of mass energy from the present
recombination approach for Au + Au/Pb + Pb reactions at an impact
parameter of b = 5-6 fm. Data points and the extrapolation to LHC
are taken from Ref. [29].

Ih[a(0)] K, [m cosh (17(}(1 + a)))/T] + K, [m cosh (17(}(1 — a)))/T] '

12)

prediction, Fig. 5 depicts the elliptic flow at a fixed py as
a function of /s. With pr = 1, 1.5, and 2 GeV the elliptic
flow exhibits the same drop as the mean v, from Fig. 4.

In contrast to other more general, dynamical recombination
models, the model employed in this article is an analytical
collinear approach, which only allows comoving quarks to
form hadrons. Without this constraint, the predicted scaled
hadron elliptic flow vé’ /ng seems to be smaller [30,31]. So
one may argue that also the amplitude of the negative v,
might also be smaller or even negligible. To study this, we
have verified the present results using a dynamical coalescence
model based on a transport equation [32], using our blast-wave
parametrization for the quark density as input. Indeed, this
approach without the assumption of collinearity indicates a
slight decrease of the amplitude of the negative v,, but the
magnitude remains sizable.

We have calculated the energy dependence and transverse
momentum dependence of the elliptic flow parameter v, for
midcentral Au+ Au/Pb + Pb collisions from AGS to LHC
energies within a parton recombination approach. We find a
reasonable description of the v, data over the whole inspected
energy regime, indicating that the measured v, values are
consistent with the assumption that a major part of the
elliptic flow was created in the partonic stage. We predict
that the integrated v, of charged particles at midrapidity will
decrease from RHIC to LHC energies, due to the strong
transverse flow. In detail, we link this to the prediction of a
negative v, component developing at low transverse momenta
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FIG. 5. (Color online) Elliptic flow v, of charged hadrons at b =
5-6 and fixed pr as a function of /syy for pr =1, 1.5, and 2 GeV.
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to the blast-wave-like flow profile of the underlying quark
distribution. Because this effect is strongest for heavy quarks it
is most visible for (multi-)strange hadrons. Above the presently
envisaged LHC energy for nucleus-nucleus reactions, we
predict that the mean elliptic flow will even turn negative. It
should be pointed out that the present prediction is in striking
contrast to all former assumptions about the behavior of v, at
LHC.
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APPENDIX A

To extract T and wp at the phase boundary we take
the freeze-out values of the baryo-chemical potential from
different accelerators [33] and fit them against their c.m. energy
via

a
1 —I—,/SNNb/C’

with @ = 1.478 GeV, b = 0.802, c = 2.096 GeV. Then we
follow the isentropes from freeze-out to the phase bound-
ary to connect this uf** to a wp value at the phase
boundary (Fig. 6). In the relevant region, the connection is
approximately linear with

Freeze __
B =

(AD)

wp =d - pube® d =0.938. (A2)
Because of the lack of lattice data at high baryo-chemical
potentials, we calculate the phase transition line with a
simple MIT-Bag model with a critical temperature of T¢ =
175 MeV at vanishing chemical potential. The line of the

02 =TT 1 l

T [GeV]

0.05 - isentropes - - - - - | 7]

phase border ——

Freeze out
] ] ] ]

0 0.2 0.4 0.6 0.8 1
ug [GeV]

FIG. 6. (Color online) The QCD phase diagram with a freeze-out
curve fitting the collider experiments (RHIC, SPS, SIS, AGS) and
some isentropes to the MIT-Bad model phase boundary.
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FIG. 7. (Color online) Temperature 7' and baryo-chemical poten-
tial up (left y axis) and fugacity y = e*#/T) (right y axis) at the
phase transition as a function of the center of mass energy ./syn.

phase transitions temperature is

e ) () () e

(A3)

with C = ’17—52(7gq +4g.), 84 = 12, g, = 16. Details like the
order and nature of the parton-hadron transition are not relevant
for the present study. Because the fugacity y = exp(ug/T)
does not enter in the equation for v, (in any case y ~ 1 for
all relevant flavors at LHC energies), we neglect it in this
article. The temperature, the baryo-chemical potential, and the
fugacity at hadronization are shown in Fig. 7.

APPENDIX B

While the hadronization temperature shows only a weak
dependence on energy, the transverse expansion rapidity nr7 is
strongly energy dependent. We fit the flow rapidities extracted

1.4 —r—rrrrmy
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Nt

Ll sl

O Ll
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FIG. 8. (Color online) Parametrization of nr (solid line) as a
function of 4/s. The data at kinetic freeze-out (crosses) are taken
from Ref. [34].
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from the experimental data [34] at kinetic freeze-out. The data
given in Ref. [34] is for mean transverse flow velocity Br, but
we use the rapidity nr = tanh Br to assure that the velocity
stays less than the speed of light. To fit these values we choose

n;reeze(\/g) =a+bx + cx? +dIn(x), x= 11'1(\/;) (B1)

with the constants a = 0.418, b = —0.064, ¢c = 0.012,d =
0.170. As these values are extracted at freeze-out, we scale the

PHYSICAL REVIEW C 78, 054903 (2008)

obtained transverse rapidities by a constant factor k = 0.85
to obtain the transverse flow at the hadronization surface.
Using these parameters our value for vy = 0.54 at RHIC
energies agrees with the value from Ref. [14]. For the
LHC energy (4/s = 5.5 TeV) we obtain a transverse flow
velocity of vy = 0.75 also in line with previous estimates [18].
Figure (8) depicts our fit (line) and the available data on ny
(crosses).

[1] S. A. Bass, M. Gyulassy, H. Stocker, and W. Greiner, J. Phys.
G 25, R1 (1999).
[2] K. Adcox et al. (PHENIX Collaboration), Nucl. Phys. A757,
184 (2005).
[3] J. Adams et al. (STAR Collaboration), Nucl. Phys. A757, 102
(2005).
[4] P. E. Kolb and U. W. Heinz, arXiv:nucl-th/0305084.
[5] V. Greco, C. M. Ko, and I. Vitev, Phys. Rev. C 71, 041901(R)
(2005).
[6] Z. W. Lin, C. M. Ko, B. A. Li, B. Zhang, and S. Pal, Phys. Rev.
C 72, 064901 (2005).
[7] D. Molnar, Nucl. Phys. A774, 257 (2006).
[8] Y. Lu et al., J. Phys. G 32, 1121 (2006).
[9] R. C. Hwa, arXiv:0708.1508 [nucl-th].
[10] J. Zimanyi, T. S. Biro, T. Csorgo, and P. Levai, Phys. Lett. B472,
243 (2000).
[11] R. C. Hwa and C. B. Yang, Phys. Rev. C 67, 034902 (2003).
[12] R. J. Fries, B. Muller, C. Nonaka, and S. A. Bass, Phys. Rev.
Lett. 90, 202303 (2003).
[13] V. Greco, C. M. Ko, and P. Levai, Phys. Rev. Lett. 90, 202302
(2003).
[14] R. J. Fries, B. Muller, C. Nonaka, and S. A. Bass, Phys. Rev. C
68, 044902 (2003).
[15] C. M. Ko, L. W. Chen, and B. W. Zhang, Braz. J. Phys. 37, 969
(2007).

[16] D. Molnar, arXiv:0707.1251 [nucl-th].

[17] Z. Xu, C. Greiner, and H. Stocker, Phys. Rev. Lett. 101, 082302
(2008).

[18] R. J. Fries and B. Muller, Eur. Phys. J. C 34, S279 (2004).

[19] T. Hirano, U. W. Heinz, D. Kharzeev, R. Lacey, and Y. Nara,
Phys. Lett. B636, 299 (2006).

[20] S. S. Adler et al. (PHENIX Collaboration), Phys. Rev. Lett. 91,
182301 (2003).

[21] S. A. Voloshin, Phys. Rev. C 55, R1630 (1997).

[22] P. Huovinen, P. E. Kolb, U. W. Heinz, P. V. Ruuskanen, and
S. A. Voloshin, Phys. Lett. B503, 58 (2001).

[23] F. Retiere and M. A. Lisa, Phys. Rev. C 70, 044907 (2004).

[24] S. Pratt and S. Pal, Phys. Rev. C 71, 014905 (2005).

[25] S. A. Voloshin, arXiv:nucl-th/0202072.

[26] C. Alt et al. (NA49 Collaboration), Phys. Rev. C 68, 034903
(2003).

[27] D. Krieg and M. Bleicher, arXiv:0806.0736 [nucl-th].

[28] M. Bleicher and H. Stoecker, Phys. Lett. B526, 309 (2002).

[29] N. Borghini and U. A. Wiedemann, J. Phys. G 35,023001 (2008).

[30] V. Greco and C. M. Ko, Phys. Rev. C 70, 024901 (2004).

[31] L. W. Chen and C. M. Ko, Phys. Rev. C 73, 044903 (2006).

[32] L. Ravagli and R. Rapp, Phys. Lett. B655, 126 (2007).

[33] J. Cleymans, S. Wheaton, H. Oeschler, and K. Redlich, PoS C
POD2006, 035 (2006).

[34] N. Xu and M. Kaneta, Nucl. Phys. A698, 306 (2002).

054903-6



