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Effect of resonance decays on hadron elliptic flows
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Within the quark coalescence model, we study effects of resonance decays, and of the quark momentum
distribution in hadrons, on the elliptic flows of stable hadrons. We find that, with the exception of rho-meson
decays, the resonance decays could have a significant effect on pion elliptic flow. However, most secondary
pions stem from the rho-meson decays, resulting in a reduced effect of resonance decays on their flow. Proton
and kaon flows as well as the lambda flow are, however, not much affected by resonance decays. The
distribution of quark momentum in hadrons also influences their elliptic flows, leading to a better agreement
with experimental flow data when compared with the naive quark coalescence model, which only allows
quarks with equal momentum to form a hadron.
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I. INTRODUCTION hadrons, such as the proton, kaon, and lambda, including
contributions from resonance decays do not affect much their
A useful observable for understanding both the dynamicelliptic flows. This is, however, different for pions as the
of heavy-ion collisions and the properties of produced hotlliptic flow of pions from the decays of most resonances,
and dense matter is the elliptic flow of hadrons, i.e., theirexcept thep meson, are significantly different from that of
momentum anisotropy in the transverse plane perpendiculatirectly produced pions. This effect is found to account for
to the beam directions. For heavy-ion collisions at the relahalf of the observed deviation of pion elliptic flow from the
tivistic heavy ion collidei(RHIC), it has been shown in stud- quark number scaling. Taking into account the quark mo-
ies based on hydrodynamical modgls-3] that hadron ellip-  mentum distribution in hadrons, which makes it possible for
tic flows are sensitive to the equation of state of the quarkguarks with different momenta to coalescence into hadrons,
gluon plasma produced during the initial stage of thewe find that the other half of the observed deviation can also
collision. In transport modelgt—6], hadron elliptic flows are  be largely explained.
also shown to depend on the parton scattering cross sections The paper is organized as follows. In Sec. Il, we review
in initial partonic matter. For hadrons with high transverseobserved approximate quark number scaling of the elliptic
momentum, their elliptic flow can further provide informa- flows of identified hadrons and interpret it with the naive
tion on the energy density of initial hot mattgf]. Experi-  quark coalescence model. The effect of resonance decays on
mentally, hadron elliptic flows in Au+Au collisions at the elliptic flows of stable hadrons is then studied in Sec. IIl.
Vsyn=130 and 200 GeV have been studied as functions ofn Sec. IV, we further investigate the effect on hadron elliptic
pseudo-rapidity8], centrality[9,10), and transverse momen- flows due to quark momentum distribution inside hadrons.
tum [10,11]. Furthermore, the elliptic flows of identified par- Finally, a summary is given in Sec. V.
ticles have been measured, and except for pions they essen-
tially follow the quark number scaling, i.e., the dependence II. SCALING OF HADRON ELLIPTIC ELOWS
of hadron elliptic flows on hadron transverse momentum be- ) ) ]
comes similar if both are divided by the number of constitu- " Fig- 1, we first show the experimental data from Au
ent quarks in a hadron, i.e., two for mesons and three fot AU collisions atysyy=200 GeV for the elliptic flows of
baryons. The scaling of hadron elliptic flows according toPIOns(circles and protonssquaresfrom the PHENIX Col-
their constituent quark numbers has a simple explanation ifiboration[19] as well ask; (diamonds and lambdastri-
the naive quark coalescence mofiE2], in which the meson angle_s from the STAR CollaboratlorIZO] scaled_ by their
elliptic flow at certain transverse momentum is given byconstituent quark numbers as functlons of their transverse
twice the quark elliptic flow at half the meson transverseMomentum per quark21]. Except for pions, the scaled el-
momentum, while that of baryons is given by three times thdiptic flows of other stable hadrons are indeed similar and
quark elliptic flow at one third of baryon transverse momen-can be described by the naive quark coalescence niodel
tum. In more realistic quark coalescence modé8-17 that  using the quark elliptic flow
take into account the momentum distribution of quarks in _
hadrons, the scaled hadronic elliptic flows are, however, ex- vag(Pr) =vo tantlapr + 4), @
pected to be smaller than that of partdds], and this may with v;=0.078, ®=1.59, and¢=-0.27. In this model, the
lead to a violation of the quark number scaling of hadronelliptic flows of mesons and baryons are related to that of
elliptic flows. quarks byv, wm(pr) =20, 4(pr/2) and v, g=3v, 4(pr/3), re-
In this paper, we study how the elliptic flows of pions and spectively, where small higher-order corrections are ne-
other stable hadrons are affected by decays of resonancegected[22]. The resulting scaled hadron elliptic flows are
such asp— 2w, w— 3w, K'— K, andA —Na. For most  shown in Fig. 1 by the solid line, which is seen to give a

0556-2813/2004/7@)/0249016)/$22.50 70024901-1 ©2004 The American Physical Society



V. GRECO AND C. M. KO PHYSICAL REVIEW C70, 024901(2004

0.1 —r 1 Tt 1. Tt 1 Tt [ Tt Tt T T [ Tt T 17T 103

L i E T T T T T T T T I T T T T
i ] TR — direct ®
008_— A - 102=E ".’\,\\\\ i TCfromp
081 3 : :5.\\. So -—-—  from o
I ] 10'E e VU n from K
0.06 N - T, A n from A
E : : —~ 100 E ":'\\' X
2] 1 o F e \.\
L . - N, N
0.04~ J % 107k N N .
- 1 = .. N \. N
L 1 O] C AL o
i . S—" 3 1l ] 1 1 I 1 1l ] ] 1 1 1l IS
B i — 10 E U R A L B
0.02 _— —_ o E o---aA E
L i N 2 S *
i i O 10F-i Boo®K 3
o d pd E—E:i:%“ N from A 3
1 B O .
0 05 1 15 2 T 4 = ‘?."'rq. = KfromK 3
p;/n (GeV) 2 N0 - P E
0 N Temln. =
10°F Lot m B o |
FIG. 1. (Color onling Experimental scaled elliptic flows as E N ~..’-\-"n, 3
functions of scaled momentum for pior(sircle9 and protons 10.1' N '~.."u,.n'1:| ]
(squares from the PHENIX Collaboratiorf19] as well as kaons :E N - ”‘\.;?
(diamondg and lambdagtriangleg from the STAR Collaboration a T T I L p
[20] in Au+Au collisions atysyy=200 GeV. The solid line given 0 1 P 3
by Eg. (1) is a fit to the experimental data for hadrons other than P (GeV)
T

pions.

o ) FIG. 2. (Color onling Transverse momentum spectra of had-
good description of the experimental data for stable hadrong,ns. Upper panel: spectra of pions from decayspofnesons
other than pions. (dashed ling » mesons(dash-dotted ling K* (dash-dot-dotted

line), andA (dotted ling. The spectrum ofv mesons is shown by
the solid line. Lower panel: Spectra &f (dotted line with open
IIl. EFFECT OF RESONANCE DECAYS squaresandK” (dash-dot-dotted line with shaded squartegether

A large fraction of stable hadrons such as pions, kaondwith those of nucleongdotted ling and K (dash-dot-dotted line
lambdas, and protons, detected in heavy ion collisions artom their decays.
from resonance decays. Although, in the coalescence model,
the elliptic flow of both direct hadrons and resonances essen- A. Transverse momentum spectra
tially follows the quark number scaling, hadrons from reso- We first show in Fig. 2 the transverse momentum spectra
nance decays may have elliptic flow that deviate from thisof various hadrons obtained from the quark coalescence
scaling. To see the effect of resonance decays on the elliptimodel of Refs[13,14. In the upper panel, the spectrumcf
flow of stable hadrons, we use the coalescence model of Rafesons is given by the solid line, and that of pions frem
[14] to generate their transverse momentum distributionsdecays is given by the dash-dotted line and is seen to be
Specifically, soft partons with transverse momentum belowsteeper than the original meson spectrum. The same is true
2 GeV/c, which are taken to have constituent quark massedpr the transverse momentum spectra of pions from decays of
are assumed to have thermal spectra at temperafure p meson(dashed ling K™ (dash-dot-dotted lineandA (dot-
=170 MeV with a collective radial flow increasing linearly ted line), i.e., they are steeper than the transverse momentum
with radial distance up to a maximum flow velocity of 6.5 spectra of original resonances. These pions, except from
while hard partons above 2 Ge¥//are given by the meson decays, also have steeper transverse momentum spec-
guenched minijet partons with power-like spectra. Furthertra than that of pions fromw decays. We note that in the
more, the volume of partonic matter at hadronization is takeroalescence model more pions are produced fromeson
to be V=900 fn?, leading to a parton density of about decays than from the decays of other resonances and from
1.15 fn3. The momentum spectra of hadrons are then obéirect recombination of quarks and antiquarks.
tained from the overlap between the parton distribution func- In the lower panel of Fig. 2, we show the initial transverse
tions with the Wigner distribution functions of hadrons, momentum spectra af (dotted line with open squargand
which we evaluate using the Monte Carlo method of RefK" (dash-dot-dotted line with shaded squaras well as
[14]. The hadron Wigner distribution functions are taken tothose of nucleongdotted ling andK (dash-dot-dotted line
have a momentum width af,=0.24 GeVk for mesons and from their decays. The differences between the slope param-
0.35 GeVk for baryons. These parameters have been showeters of nucleon and transverse momentum spectra and
in Ref. [14] to describe very well the measured transversehose of the parenk andK” are smaller than those between
momentum spectra of pions, kaons, and protons. the slope parameters of the transverse momentum spectra of
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pions and their parent resonances. Our results on the trans- O o e LA IU  L B P
verse momentum spectra of resonances and their decay prod- 0.1 E T ’
ucts are consistent with those using the thermal m@2ig| E 3
although there are differences in detail due to different had- <~ 008 . < 3
ron abundances and the inclusion of flow effects in our study. ~%,0.06 - - /,/;'/ = ——- nfromp 3
004 277 r=- nfrome
B. Elliptic flows 0.02 ;_,J’, / L z;:gmz 3
To study the effect of resonance decays on the elliptic 0_1}"| — I ——— I ——— I 7
flow of stable hadrons, we assume that all resonances pro- E .
duced via coalescence have the scaled elliptic flow given by 0.08 - =
Eqg. (1), as in the naive quark coalescence model. Since a c 006 E r 3
decay particle at given transverse momentum arises from a S B o2 L *
resonance at higher momentum with identical elliptic flow, > 0.04 - 3 Kfrom K 1
decay products are expected to have a larger elliptic flow C «««+ NfromA 3
than directly produced particles. For low-momentum par- 0.02 . =
ticles, however, the decay process, which is isotropic in the 013 ol il il ]
rest frame of the resonance, reduces the momentum aniso- L L B B
tropy (and thus the elliptic floyw At very low momentum, 0.08 . =
this effect can be large enough to render the elliptic flow of r ° .
particles from resonance decays even smaller than that of & 0.06 |- <3 L .
directly produced ones, as first pointed out in R@#]. On >N 0.04 E .7/ — direct 73
the other hand, particles at large momentum are essentially “E e -—- incl. res. 1
aligned with the parent resonances, and consequently tend to 0.02F o.% e PHENIX
preserve the elliptic flow of the parent resonances. These A

o
O

features are indeed seen in Fig. 3, where the scaled elliptic 05 1
flow of stable hadrons from resonance decays is shown. ' G V)
In the upper panel of Fig. 3, we show the scaled elliptic pT/n ( e
flows of pions from decays of various resonances. For pions ) o )
from p meson decay, the scaled elliptic flow, given by the FIG. 3. (Color onling Scaled hadrqn elliptic flows as functions
dashed line, differs very little from that of directly produced ©f scaled momentum. Upper panel: pions from decays wiesons
pions, which in the naive quark coalescence model followgdashed ling o (dash-dotted ling K- (dash-dot-dotted lineandA
the quark number scaling given by the solid line. The slightd°tt€d ine. Middle panel:K from K decays(dash-dot-dotted
. o ine) and protons from\ decays(dotted ling. Lower panel: Pions
enhancement of the pion elliptic flow at larger transverse . . .
momenta due to rho meson decays has also been seen pr |\r}c_lud|ng resonance decay:tas.h-d.otte.d lineand from experimen-
. . y P eta'l data(solid circleg. The solid line in all panels represents the
ously n Stu.dles hased on .the th.ermal modEl. The dash- scaled elliptic flow[Eq. (1)] obtained from fitting the experimental
dotted line is the scaled pion elliptic flow from the decay Ofgata for stable hadrons other than pions.
® mesons. It has a larger value than that of directly produce
pions as the average transverse momentum of these pionslise. Resonance decays thus do not destroy the observed ap-
even smaller than that of pions from meson decays as proximate scaling of proton, kaon, and lambda elliptic flows
shown in Fig. 2. Similarly, the elliptic flow of pions fromd" according to their constituent quark number. The difference
decaygdash-dot-dotted lines large and comparable to that between the elliptic flows of hadrons and their decay prod-
of pions fromw decays. For pions fromk decays(dotted ucts has also been studied for charmed me$26k It was
line), their elliptic flow is even larger than that for pions from found that the elliptic flow of electrons from charmed meson
o and K" decays. Therefore, pions from resonance decaydecays was also slightly larger than that of charmed mesons.
can lead to a deviation of the final pion elliptic flow from the  The above results are obtained without taking into ac-
quark number scaling. As shown in the lower panel, the elcount the width of resonances. Because of their finite widths,
liptic flow of pions including those from resonance decaysresonances are produced with masses given by the Breit-
(dash-dotted lingis indeed closer to the experimental dataWigner distribution. Since the momenta of pions from de-
(solid circleg than that of directly produced pioiisolid line) ~ cays of resonances with masses bel@bove their peak
expected from the naive quark coalescence model. The effeatass are smalleflargep than the momenta of pions from
of resonance decays on the pion elliptic flow is thus notdecays of resonances with peak mass, the elliptic flows of
small and can roughly account for half of the observed dethese pions are larggsmallej. As a result, the increased
viation of pion elliptic flow from the quark number scaling. elliptic flow of pions from resonances with masses below
In the middle panel of Fig. 3, we show the elliptic flows their peak value is canceled by the decreased elliptic flow of
of K (dash-dot-dotted lineand nucleongdotted ling from  pions from resonances with masses above their peak values.
decays oK" andA, and they are seen to differ only slightly Including the effect of resonance width is thus not expected
from those of directly produced ones, which again followto affect the above results. We have checked this forpthe
more or less the quark number scaling given by the solidneson, which dominates pion production in the coalescence
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model and has a width of 150 MeV, and indeed we have

found that the resulting pion elliptic flow is essentially the 0.1
same as the one without including the rho meson width. This
remains so even if we increase the meson width to

300 MeV due to possible collision broadening in dense me- 0.08
dium [27].

Since a lower rho meson mass leads to a larger pion el-
liptic flow, it is interesting to note that the remaining devia- £
tion of scaled pion elliptic flow from the quark number scal- >
ing could be explained if the rho meson mass is reducec
from 770 MeV/c? to 500 MeV/c?. A dropping rho meson
mass in dense medium has been suggested to relate to tt
partial restoration of chiral symmetf28]. It has also been
shown to give a possible explanati¢89,3Q for the en-
hanced production of low mass dileptons observed in heavy
ion collisions at the SP$31]. More recently, thep meson 0
mass extracted from the two-pion invariant mass spectrum ir )
heavy ion collisions at RHIC was found about 70 Me&¥/ pT/n (GeV)
less than its value in free spa®2]. However, before one . o .
can draw such an conclusion, it is important to investigate F!G. 4. (Color onling Scaled elliptic flows of quarkgsolid
other conventional effects that have been neglected in thi®). meson(dashed ling and baryongdotted ling in a realistic
naive quark coalescence model, and this is discussed in ttfisark coalescence model.
next section.

0.06

0.04

—_
W
[V

shown in Ref.[14]. It was also shown in Refl4] that the
more realistic coalescence model could describe the mea-
IV. EFFECT OF QUARK MOMENTUM DISTRIBUTION sured elliptic flow of kaons and lambdas if the underlying
IN HADRONS elliptic flow of strange quarks is taken to be slightly different
, L , ) ) from that of light quarks. Therefore, a combination of the
The scaling of hadron eII_|pt|c rows_ with their constituent o¢acts due to the quark momentum distribution in hadrons
quark number only holds in the naive quark coalescencgnq resonance decays in the coalescence model can lead to
model that requires mesons at transverse momepimbe  yhe ghserved quark number scaling of hadron elliptic flows
formed from partons at momentupy/2 and baryons from 5o ye|| as the violation of the pion elliptic flow from this
quarks at momentunp;/3. In more realistic coalescence scaling behavior.
models, hadron production is expressed in terms of the over- 114 measured hadron elliptic flows including that of pions

lap of parton distributions with the Wigner functions of ¢, transverse momentup;<1.5 A GeV have also been
formed hadrons, so quarks with different momenta can coa-

lescence into hadror{44]. As shown in Ref[18], in which 0.1
only collinear quarks can form hadrons, the effect due to the
momentum distribution of quarks in hadrons can lead to a
breaking of quark number scaling if the quark elliptic flow 0.08
does not depend linearly on the transverse momentum. T¢
study this effect quantitatively, we again use the Monte Carlo
method of Ref[14] to evaluate the coalescence integral so 0.06
that noncollinear quarks can also form hadrons. To obtainc
scaled hadron elliptic flows that are comparable to the mea &
sured ones, we further take quarks to have an elliptic flow
similar to Eq. (1) but with v¢=0.089, «=1.89, and
¢=-0.22. This gives a larger quark elliptic flow, shown by
the solid line in Fig. 4, than the quark elliptic flow in Fig. 1.
The resulting scaled mes@dashed lingand baryondotted
line) elliptic flows are shown in Fig. 4, and they are smaller
than the quark elliptic flow. This effect is larger for baryons e
than for mesons, leading thus to a scaled elliptic flow that is 1 1.5
smaller for baryons than for mesons. pT/n (GeV)

Including also the contribution from decays of reso-
nances, the resulting scaled pi¢thashed ling and proton FIG. 5. (Color onling Scaled pion(dashed ling and proton
(dotted ling elliptic flows are shown in Fig. 5 together with (dotted ling elliptic flows in the coalescence model that includes
the experimental dat@l9] for pions (circley and protons effects due to both resonance decays and the quark momentum
(squares The observed difference in the scaled pion anddistribution in hadrons. Experimental data are shown by circles for
proton elliptic flows can be largely explained as alreadypions and squares for protofis9].
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explained by the hydrodynamical mod@&l|, which predicts directly produced pions. Singemeson decays are more im-
that hadron elliptic flows are affected by their masses withportant than other resonances in contributing to the final
heavier ones having larger elliptic flows. As a result, theyield of pions, the final pion elliptic flow is, however, only
observed violation of scaled pion elliptic flow from the quark moderately affected by resonance decays, leading to a devia-
number scaling can be attributed to its small mass. Since théon of the pion elliptic flow from the quark number scaling
phi meson mass is similar to that of proton but is a meson, it§hat is about half the observed one. Including the effect of
elliptic flow is similar to that of proton in the hydrodynami- guark momentum distribution in hadrons not only reduces
cal model and is thus expected to deviate also from the quar'i_be hadron elliptic flows but also leads to additional devia-

number scaling. This is in contrast to the prediction of thetion of the scaled pion elliptic flow from that of protons. The

quark coalescence model that the phi meson elliptic ﬂov\guark coalescence model that takes into account both effects
should satisfy the quark number scaling as vji&H]. Mea- of resonance decays and quark momentum distribution in

; e ; S hadrons thus can give a good description of not only the
surement of the phi meson elliptic f'°W. n relatl\_/lst|c heavy hadron transverse momentum spectra but also their elliptic
ion collisions is thus important for testing the different pre-

_ flows. The agreement between theory and experiments at low
dictions from these two mode[$3)]. momenta may, however, be fortuitous as the coalescence
In the above study, we have neglected the effect of resgqge| which ignores energy conservation, is likely to be too
cattering on hadron elliptic flows. This is justified as studies.,,de for hadrons with low momenta. To improve the model,
based on transport models have shown that elliptic flows ifne needs to take into account the effect of other partons in
heavy ion collisions are generated during the initial stage ofhe system in order to balance the energy mismatch during

collisions when both spatial and pressure anisotropies arguark coalescence, which is beyond the scope of present
appreciable, and their values remain essentially unchangegydy.

during hadronic evolutiori6,34]. Only for resonances with

transverse momentupy/n=1.5 GeV, wheren is the num- Note added:After submission of this paper, we were
ber of constituent quarks in a resonance, their elliptic flowsaware of a paper by X. Dong, S. Esumi, P. Sorensen, and N.
may be affected by hadronic rescattering eff@]. Xu [36] which also reaches a similar conclusion that reso-

nance decays affect appreciably the pion elliptic flow.
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