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Abstract

The hyperon-nucleon(Y-N) interaction is of great physical interest because it introduces

a new quantum number strangeness in nuclear matter. It is predicted to be the decisive

interaction in some high-density matter systems, such as neutron stars [1]. RHIC, the Rel-

ativistic Heavy Ion Collider, provides an ideal laboratory to study Y-N interaction because

hyperons and nucleons are abundantly produced at high energy nucleus-nucleus collisions.

The lifetime and decay modes of the hypertriton, the lightest hypernucleus, which con-

sists of a proton, a neutron and the lightest hyperon Lambda, and the antimatter hypertriton

discovered at RHIC[4], provide valuable insights into the Y-N interaction.

The strangeness population factor S3, defined as
3
⇤H/3He

⇤/p
, is a good representation of the

local correlation between baryon number and strangeness[2]. It is predicted that S3 has a

di↵erent behavior in quark gluon plasma(QGP) and pure hadron gas[2, 3] thus can be used

as a tool to distinguish QGP from a pure hadronic phase.

The RHIC beam energy scan program in 2010-2011 allowed STAR to collect data from

Au+Au collisions over a broad range of energies. This provides an opportunity to study

the beam energy dependence of S3. In addition, due to the beam energy independence of

our lifetime measurement method, with increased statistics of present datasets, an improved

result of lifetime measurement of hypertriton can be obtained.

In this thesis, the hypertriton analysis results for Au+Au collisions at
p

sNN = 7.7,

11.5, 19.6, 27, 39 and 200 GeV will be presented. With the excellent particle identification

of the Time Projection Chamber, we are able to reconstruct 3
⇤H(3

⇤̄
H̄) via its two-body decay

channel to 3Heand ⇡�(3Heand ⇡+). The combined 3
⇤H plus 3

⇤̄
H̄ raw yield is about 600 and its

- v -



vi ABSTRACT

significance can reach 9.6�. The Beam Energy Dependence of S3 is presented. Although we

can not draw a strong physical conclusion from the result due to bad statistics, we can still

give a quantitative statement that S3 increases with beam energy with 1.7� significancy.

In addtion, with this increased statistics, we can make a statistically improved lifetime

measurement: ⌧ = 123+26
�22(stat) ± 10(sys)ps.

We also present a phenomenological study on the dihadron azimuthal correlation func-

tions using a multi-phase transport (AMPT) model in 200 GeV/c Au+Au collisions for

di↵erent centralities 0-10%, 20-40% and 50-80% and di↵erent passoc
T bins. We have obtained

the harmonic flows with less nonflow e↵ect and constructed the combined harmonic flow

background using two formulas as reasonable upper and lower limits. Although the back-

grounds calculated by two formulas di↵er in magnitude, the physics information is quite

similar for both cases.

The evolution of real signal shape and away-side jet relative contribution with the

increase of passoc
T and centrality is consistent with the fact that the high pT particles are

strongly modified by the hot dense medium and the e↵ect is weaker in more peripheral

collisions.

The jet contribution percentage in the raw dihadron correlation function is relatively

small. For the most central events (0-10%), it is less than 5%. For a reliable extraction

of the jet-correlation yields, a precise understanding of the harmonic flow background to

within a few percent is required. However, the jet-correlation shape is robust against a

large variation in the background subtraction. We have carried out a comprehensive study

of jet-medium contribution as a function of passoc
T in fine bins. We observe an evolution

of the correlation signal with increasing passoc
T , from a single Gaussian to a flat or even

double-peaked shape. The away-side correlation function RMS increases with passoc
T , even

- vi -
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for our conservative choices of the two significantly di↵erent flow backgrounds. These results

suggest the importance of jet-medium interactions, and may help elucidate the mechanisms

of jet energy loss in the QGP.

Keywords: RHIC, hypertriton,strangeness population factor, lifetime, dihadron, nonflow
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`, Ç?÷“¥)òŸ‘üÅƒ|§⁄ßÇ5ü"
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Å@lF1⁄<›m©, <Ç“m©˙˙@è‘üdl—⁄kÅ§©|§"

319V, øÓJ—, zÉdf|§"3@û, f@è¥Å|§¸

†, Ü1897cŸ#) ‹3“4Ç•uy>f"31909c, ©Ÿ4J—

f;., @èf„î“¥ëK>>få7òáë>fÿ$1"”û

œ Ké⁄Oœd"3À⁄1˛fz˛âå˛Ûä, 3¶Çƒ:˛, Zd#¿

31913cJ—ƒu˛fnÿf., 0©·U?>f;Vg, ø§ı

˝ˇïf1ÃÇ"

1919c, ©Ÿ4uyüf, ø˝ˇ•f3"1932c•f…0d#%é*

ˇ",, f.øôU)çE,f"1925c|ÿÉNn⁄1927c

‹ÿ(5nJ—4â[ÇÈf(n)?ò⁄\"1924c
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éb—5, ßÇ31975c©Oèßé(t)⁄.ßé(b)[7] "

Èußé3kÈå, Ü1968clîfÜrf‹ö5—¢•u

yußé⁄dßé[8, 9], øÖm*ˇsßé"1974c, J/ (cc̄)uy?ò⁄y

ßé.k5"bßé31977cuy[10], tßé31995cuy[11]"

*ˇ‚fÆ´aÑı, è£„*ˇîf⁄ßéÉmÉpä

^, 320Vœ, <ÇJ—‚f‘nIO."Abdus Salam, Steven Weinberg,

Sheldon GlashowÅm©u–˘á.[12], ¶ÇÈu>fÉpä^⁄òâ—Èå
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z"1967cWeinbergrFÇdõ[13]\\IO.•[14], ^5)ßé!îf

ÑkW!Z˘fÉpä^x0fü˛5"˘áõè2012cLHC*ˇ(

J[15]§|±"1973c<Çuy•5f6, 1981c<ÇuyW⁄Z¿⁄f, ßÇü˛

ã.˝ˇòó"rä^Â3ßé*ˇ3Éè\\IO.É•"e

°â—IO.{á0, ç°£„åÎÑ©z[16]"

„1-1â—Ãáƒ‚fuyûmL, äè‚f‘n{§u–„î`"
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More to be explored...

Timeline of Particle Discovery

„„„ 1-1: ƒ‚fuyûmL"

1.2 IO.Ô·

‚f‘nIO.§ı/£„ƒ‚f⁄ßÇÉm>^!f!rÉpä^"

ßå±^5)⁄Oéå‹©‚f⁄Épä^, øÖdu¢˛charm!bottom!topß

é⁄W!Z¿⁄fuy±9ßÇü˛(ˇ˛, IO.k5Æø©y
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¢"

„„„1-2w´IO.Ãánÿµe: ‘ü¥dnìßé⁄îfÅƒ‚f§|

§, Ç§*ˇà´E‹‚f—å±ƒ‚f⁄ßÇÉmÉpä^5£„"IO

.•ƒ‚f©§¸|µg^èåÍ‚f, è°è§ífg^èÍ‚

f, è°è¿⁄f"

„„„ 1-2: ‚f‘nIO.´ø„"

§ífä‚ßÇÉpä^©a§6áîf⁄6áßé"ßÇ©ènì,

ì⁄ìÉm5üaq, Nü˛ìO\">÷è-1îfe�, µ�, ⌧� ⁄äëßÇ

•áfve, vµ, v⌧/§nìîf"ßéë©Í>÷(+2/3e-1/3e), ©|§

èu(up)⁄d(down), charm(c)⁄strange(s), top(t)⁄bottom(b)nì"„1-2•òflL

˛„©a"IO.˝ˇ•áf¥vkü˛, ¥œè*ˇ•áfIáö0
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ü˛, œdL•áf7Lkü˛"Èu„1-2zá‚f, —3òáëÉá˛fÍ

á‚f"1òì¥Åî‚f, ßÇÿ¨PC, /§Çg,•*ˇf"ü˛ç

pì⁄nì‚f'·£•áfÿ§, ê3pUÇ•"§ífëåÍ

g^, Ñl|ÿÉNn"ßé@èë⁄÷, pÉÉm3rÉpä^Â"

d, ßÇÑë>÷⁄f”†^, œd”è¨…>^Épä^⁄fÉpä^"

IO.•5â¿⁄f¥A´ƒä^Âx0f"g^è1‚få±ä‚Épä

^´a©m, øÖz´Épä^x0fÍ˛dßÇ§35â+ë›˚">^

Épä^x0fè1f(�), ¥òáü˛⁄>÷˛è0x0f, ßå±˛f>ƒÂ

È–£„"fä^x0f¥Z0(>÷˛è0)⁄W±¿⁄f(>÷˛è±1e)"rÉpä^

x0fèf, ü˛è0, ⁄ßé§ë⁄÷u)Épä^"òk8´5âf©O

ÈA8´o⁄÷ÿè0|‹"fë⁄÷“`fÉm¥Épä^"

ßé⁄fÉmrÉpä^å±)ÿfX¤|§fÿÑkßéX¤|§rf"

˛f⁄ƒÂ£Quantum Chromodynamics - QCD§^5£„ßé⁄fÉmrÉp

ä^, 3eò!¨ç[?ÿ"

1.3 ˛f⁄ƒÂ (Quantum chromodynamics)

QCD¥SU(3)erÉpä^®ídnÿ(è°âöC5â|ÿ), ß^5

£„IO.•dÜf§ë5ë⁄ÿ§ífÉmƒä^Â"5âÿC

£„ßé⁄fƒÂQCD.ÇKF˛è:

LQCD = �1

4
Ga

µ⌫G
µ⌫
a +  ̄i

q (i�µ(Dµ)ij � m�ij) 
i
q (1-1)

(Dµ)ij = �ij@µ +
i

2
gs�

a
ij(Gµ)a (1-2)
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Ÿ• i
q¥4©˛SU(3)).é^˛|, i⁄jìLßé⁄÷, qìLßéõ, m¥ßéü˛,

�µ¥).é›"‹˛Ga
µ⌫ìL5âÿCf|r›:

(Gµ⌫)a = @µG
a
⌫ � @⌫G

a
µ � gsf

abcGbµGc⌫ , (1-3)

(Gµ⌫)a¥-ídf|, gs¥QCDÕ‹~Í, fabc¥SU(3)(~Í"c¸ë|aq

uQEDú, êÿLf|k8áfäèx0>^|êkòá1fäèx0"ÿL,

⁄QEDÿ”¥, fëÿè0⁄÷, ßÇÉm¨u)gÉpä^, Nyè1në"

QCDJ¯Èßé⁄f±9ßÇÉmrÉpä^£„"QCDÿA5^

5uIO.k5, Ç3e°?1?ÿ"

1.3.1 ßéB4⁄Ï?gd

3˛°J, fë⁄÷, pÉÉm¨u)Épä^"ßéå±ën´⁄

÷, Ç^˘(r)!…(g)⁄7(b)5çì, ”áßéëÈAn´á⁄÷(r̄, ḡ, b̄) "ß

éœLrÉpä^ÂP3òÂ, /§⁄•5ÂP, Ç°Éèrf"òáßé⁄áß

é/§ÂP°è0fnáßéáßéÂP°Éèf"rfêU3

è⁄•5, œèQCDòááA5:⁄B4"0fdëÉá⁄÷ßé⁄áßé

|§"”, fdën´⁄÷ˆá⁄÷ßé/§, l/§òá⁄•5ÂP

"du⁄B43, gdßé⁄fv{Ü*ˇ, ßÇ5üèv{ÜÔ

ƒ"ÿL, Çù,å±œLQCDnÿ§˝ˇò‘nyñ5u˘ánÿk

5"

QCDÉpä^r›¥å±^zrÕ‹~Í(↵s ⌘ g2
s/4⇡)§L´"↵såù

6uƒ˛=£Q, Qdä^Lß•Ü¿⁄fü˛˚"‹ÿ(5#NÈ

·(J)5â¿⁄fü˛ÿ”u¬ä, ˘¶Jf⁄J1få±ºòáö0ü

˛"¶+↵s3,á(U˛eä{^QCDêUù6¢, ¥↵sÈuU˛

ù65å±Oé—5"XJ↵s3,áU˛I›QeäÆ, @oŸU˛ù65å±¶
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^QCD+�ºÍ5[17]"êƒòz{, ↵så±§:

↵s(Q
2) =

12⇡

�0 ln(Q2/⇤QCD)
(1-4)

Ÿ•⇤QCD¥QCDI›, �0 = (33 � 2Nf )/12⇡ ¥òáÎÍ, Nf¥ßéõ

áÍ, ù6uU˛I›"ü˛I›CQCDI›ûˇ, Q ! ⇤QCD, QCDèrÕ

‹"¥U˛I›O\, ↵s ! 0, QCDå±^á6nÿ5Oé"Épä^Âl⁄U˛

I›§á', åQ2Épä^øõX·ä^Âl"

↵säå±l¢•, Cc53pQCDµeeœL⌧PC, >fÍ‚¤[‹

±9Èüf(êßˇ˛5(↵sä, ›å±àO(↵4
s)[18]"È↵sˇ˛w´3

„1-3•"

Introduction

are created (fragmentation). This means that quarks can never be isolated and are

confined to color neutral bound states. This property of QCD, known as color con-

finement, has so far not been mathematically proven. However it does explains the

failure in the search for free quarks, and can be verified using lattice QCD (lQCD)

which is briefly described in the following section.

12 Siegfried Bethke: The 2009 World Average of �s

of the measurements with the others, exclusive averages,
leaving out one of the 8 measurements at a time, are cal-
culated. These are presented in the 5th column of table 1,
together with the corresponding number of standard de-
viations 5 between the exclusive mean and the respective
single measurement.

As can be seen, the values of exclusive means vary only
between a minimum of 0.11818 and a maximum 0.11876.
Note that in the case of these exclusive means and ac-
cording to the ”rules” of calculating their overall errors,
in four out of the eight cases small error scaling factors
of g = 1.06...1.08 had to be applied, while in the other
cases, overall correlation factors of about 0.1, and in one
case of 0.7, had to be applied to assure �2/n

df

= 1. Most
notably, the average value ↵s(MZ0) changes to ↵s(MZ0) =
0.1186±0.0011when omitting the result from lattice QCD.

5 Summary and Discussion

In this review, new results and measurements of ↵s are
summarised, and the world average value of ↵s(MZ0), as
previously given in [7,28,6], is updated. Based on eight
recent measurements, which partly use new and improved
N3LO, NNLO and lattice QCD predictions, the new av-
erage value is

↵s(MZ0) = 0.1184 ± 0.0007 ,

which corresponds to

�
(5)

MS

= (213 ± 9 )MeV .

This result is consistent with the one obtained in the pre-
viuos review three years ago [28], which was ↵s(MZ0) =
0.1189±0.0010. The previous and the actual world average
have been obtained from a non-overlapping set of single
results; their agreement therefore demonstrates a large de-
gree of compatibility between the old and the new, largely
improved set of measurements.

The individual mesurements, as listed in table 1 and
displayed in figure 5, show a very satisfactory agreement
with each other and with the overall average: only one
out of eight measurements exceeds a deviation from the
average by more than one standard deviation, and the
largest deviation between any two out of the eight results,
namely the ones from ⌧ decays and from structure func-
tions, amounts to 2 standard deviations 6.

There remains, however, an apparent and long-standing
systematic di↵erence: results from structure functions pre-
fer smaller values of ↵s(MZ0) than most of the others, i.e.
those from e+e� annihilations, from ⌧ decays, but also
those from jet production in deep inelastic scattering. This
issue apparently remains to be true, although almost all of
the new results are based on significantly improved QCD

5 The number of standard deviations is defined as the
square-root of the value of �2.

6 assuming their assigned total errors to be fully uncorre-
lated.

predictions, up to N3LO for structure functions, ⌧ and Z0

hadronic widths, and NNLO for e+e� event shapes.
The reliability of “measurements” of ↵s based on “ex-

periments” on the lattice have gradually improved over
the years, too. Including vaccum polarisation of three light
quark flavours and extended means to understand and cor-
rect for finite lattice spacing and volume e↵ects, the overall
error of these results significally decreased over time, while
the value of ↵s(MZ0) gradually approached the world aver-
age. Lattice results today quote the smallest overall error
on ↵s(MZ0); it is, however, ensuring to see and note that
the world average without lattice results is only marginally
di↵erent, while the small size of the total uncertainty on
the world average is, naturally, largely influenced by the
lattice result.

QCD !  ("  ) = 0.1184 ± 0.0007s Z

0.1

0.2

0.3

0.4

0.5

!!s (Q)

1 10 100Q [GeV]

Heavy Quarkonia
e+e–  Annihilation
Deep Inelastic Scattering

July 2009

Fig. 6. Summary of measurements of �s as a function of the
respective energy scale Q. The curves are QCD predictions for
the combined world average value of �s(MZ0), in 4-loop ap-
proximation and using 3-loop threshold matching at the heavy
quark pole masses Mc = 1.5 GeV and Mb = 4.7 GeV. Full sym-
bols are results based on N3LO QCD, open circles are based on
NNLO, open triangles and squares on NLO QCD. The cross-
filled square is based on lattice QCD. The filled triangle at
Q = 20 GeV (from DIS structure functions) is calculated from
the original result which includes data in the energy range from
Q =2 to 170 GeV.

In order to demonstrate the agreement of measure-
ments with the specific energy dependence of ↵s predicted
by QCD, in figure 6 the recent measurements of ↵s are
shown as a function of the energy scale Q. For those results
which are based on several ↵s determinations at di↵erent
values of energy scales Q, the individual values of ↵s(Q)

Figure 1.1: The strong coupling constant ↵s as a function of the energy scale Q, from

various experiments and QCD predictions. Figure taken from [15].

10

„„„ 1-3: ÿ”¢úeˇ˛rÉpä^Õ‹~Í↵
s

⁄QCDOé' [18]"

l„•å±w, ↵s3$U˛I›ˆße'å, ÿ”u>^Â"œd, XJá©

mßé{Iáö~åU˛5é—rä^Â"3våÂl˛, )òÈßé-áß
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éÈU˛'O\ßÇÉmÂl§IáU˛Ñá, 3˘´úe, ßé-áßéÈ

)—5, Çr˘´õ°èî"˘á„îLßé[ÿ¨·—5, ¨B43

⁄•5ÂP•"QCD˘´A5°è⁄B4ßéB4"

⁄B4¥QCDòáÅÃáA5, ,òáA5“¥Ï?gd"è,du⁄B4,

ßé⁄fv{·3, ¥3,4‡^áe, ¨—y↵s ! 0"dûßé⁄f“à

Ï?gdG, ¨LyèCqgd‚f"

3 v  å  U ˛ I › e, ↵s ⌧ 1, QCDå ± ¶ ^ á 6QCD5 O

é(pQCD)[19]"pQCDêU3↵s ⌧ 1û¶^, ÈuQ< 1GeVúÿ^"

öá6nÿ¥^5£„$UeÉpä^, 'Xßé⁄fî§⁄•5rf

Lß(rfz), ÿLrfzõøvkÈ–n)"y3èéu–Åı

öá6QCDê{“¥Ç:QCD(Lattice QCD)ê{[20, 21]"LQCDê{Èoë¨Ç¶^|

éŒ, ¶^ÑAk¤⁄ÍäOéê{, øÖÈ¨Ç¶^ÿ”mY5ÔƒOé(J

ÈumYÄØa›, ±dòáÎY54Å"˘áê{ºÈå§ı, 3Èır

fü˛˝ˇ˛â—ö~O((J[22], øÖÈ↵s ˝ˇ(J›è1%[23]"¥,

LQCDOéêU¤Å3¿fÍè0 (µB = 0)úe"è,kò¡„U?˘á"

:}¡[24], ¥ÑvkÈ§ı(J"

á6QCD⁄Ç:QCDJ¯Oé¢˛åˇ˛‘n˛Û‰, ˘áÈuuIO

.k5¥ö~á"ßÇàk¤Å, pQCDêUA^3Q > 1GeV^áe,

LQCDêU^3µB = 0úe"3˘ÅõÉOé7Ll˛„^áÌ, ÿL˘

Cq7Lá…¢(Ju"

1.3.2 QCDÉC

QCDnÿ˝Û34‡pßˆpó^áe, rf‘ü¨=Cèòá#‘, §è

ßéflfN(QGP)[25–28]"3˘á#‘e, ßé⁄flrfÂP•)
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B4—5, C§ÉA⁄gd›"g,.• œrfÉÉCdßé⁄f|§#

‘¥QCDÅá˝ˇÉò"Èu˘á#‘*ˇ⁄Ôƒå±?ò⁄y¢QCDn

ÿ⁄IO.§ı"

)B45upU˛ó›Çeßé⁄fÉm⁄÷-A, aqu>÷~

-A"-åªurfåªûˇ, ßéÉmÉpä^r›Æ{Úß

ÇÂP3òÂ, 3˘´úe, )B4), rf‘üïßé⁄f)ÌNò‘ü

=C, â[@èåø@œâª¸zcAáá¶S3QGP[29]"duQGPê¥-E

•m„, œdÜRHIC¢<Çù,êUºòmQGPy‚"

Introduction

can be observed around Tc regardless of the number of flavors, and this results from

the appearance of the color dof of the quarks. The energy density �/T 4 is shown

versus T/Tc (right panel), and the transition can be observed for T/Tc ⇠ 1 where the

energy density sharply increases. The arrows indicate the Stefan-Boltzmann limits

for massless, non-interacting quarks and gluons.

5

  0
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  5
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T [MeV] 

p/T4 pSB/T4
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(a) (b)

Figure 4. The pressure in QCD with nf = 0, 2 and 3 light quarks as well as two light
and a heavier (strange) quark. For nf �= 0 calculations have been performed on a N⌧ = 4
lattice using improved gauge and staggered fermion actions. In the case of the SU(3) pure
gauge theory the continuum extrapolated result is shown. Arrows indicate the ideal gas
pressure pSB as given in Eq. 3.

3. The Equation of State

When discussing the equation of state of QCD, e.g. the temperature dependence of
the energy density (✏) and pressure (p), we should at least distinguish three regimes; the
high temperature regime (T>⇠1.5Tc), the critical region (T ' Tc) and the low temperature
regime (T<⇠0.9Tc). The calculation of ✏ as well as p on the lattice is most di�cult below
Tc where these observables are exponentially suppressed, which is true even for realistic
pseudo-scalar meson masses, mPS ⇠ Tc. We therefore will concentrate on a discussion of
the two former temperature regimes.

At high temperature we expect that p/T 4 and ✏/T 4 will asymptotically approach the
free gas limit for a gas of gluons and nf quark flavours,

✏SB

T 4
=

3pSB

T 4
=

✓
16 +

21

2
nf

◆
⇡2

30
. (3)

From calculations in the quenched limit, the pure SU(3) gauge theory, we know that
the high-T ideal gas limit is reached only very slowly [1]. In fact, for T ' (2 � 4)Tc

thermodynamic quantities deviate by about 15% from the limiting ideal gas value. This
deviation is too big to be understood in terms of ordinary high temperature perturbation
theory which converges badly at these low temperatures [13]. However, it is naturally
accounted for in quasi-particle models [14] and resummed perturbative calculations [15].

A similar deviation from ideal gas behaviour has now been found in simulations of
QCD with 2 and 3 degenerate quark flavours as well as in a simulation with two light and
one heavier quark mass [11]. The results of this calculation which has been performed
with an improved gauge and an improved staggered fermion action (p4-action) are shown
in Figure 4. As the p4-action is known to lead to much smaller cut-o↵ distortions in
the high-T limit than the standard actions, it also becomes meaningful to compare these
results with continuum models and perturbative calculations at high temperature [15].
We stress, however, that a final extrapolation to the continuum limit still has to be done

6
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Figure 5. The energy density in QCD. The left (right) figure shows results from a calcula-
tion with improved staggered (Wilson) fermions on lattices with temporal extent N⌧ = 4
(N⌧ = 4, 6). Arrows in the left figure show the ideal gas values ✏SB as given by Eq. 3.

for QCD with light quarks. From an analysis of the cut-o↵ dependence of the p4-action
and the experience gained in the pure gauge sector one expects that the results shown in
Figure 4 are still systematically below the final continuum extrapolated result.

The pressure shown in Figure 4a for QCD with di↵erent number of flavours as well as
for the pure SU(3) gauge theory clearly reflects the strong change in the number of degrees
of freedom in the high temperature phase. Moreover, the dependence of Tc on the number
of partonic degrees of freedom is clearly visible. In view of this it indeed is striking that
p/pSB is almost flavour independent when plotted in units of T/Tc (Figure 4b).

Unfortunately, Wilson actions with similarly good high temperature behaviour have not
been constructed so far. The Clover action does not improve the ideal gas behaviour, i.e. it
has the same infinite temperature limit as the Wilson action. Consequently one observes
an overshooting of the ideal gas limit at high temperature which reflects the cut-o↵ e↵ects
in the unimproved fermion sector [16]. These cut-o↵ e↵ects are, however, unimportant in
the vicinity of the phase transition where correlation lengths become large. It thus makes
sense to compare results obtained with di↵erent actions in this regime. In Figure 5 we
show recent results for the energy density obtained with improved staggered3 and Wilson
[16] fermions. We note that these calculations yield consistent estimates for the energy
density at Tc

✏c ' (6 ± 2)T 4
c . (4)

This estimate also is consistent with results obtained for the energy density from calcu-
lations with a standard staggered fermion action [17].

3This figure for staggered fermions is based on data from Ref [11]. Here a contribution to ✏/T 4 which is
proportional to the bare quark mass and vanishes in the chiral limit is not taken into account.

Figure 1.2: The evolution of pressure (left) and energy density (right) for three di↵er-

ent flavor configurations. The arrows indicate the SB limits. Figure taken from [28].

The QCD phase diagram is schematically depicted in Fig. 1.3, and is described

using the temperature and baryon chemical potential. Ordinary matter exists at low

temperature and chemical potential as a hadron gas, and at high temperatures the

hadrons melt and a phase transition to a QGP is expected. The results from lattice

calculations indicate that at zero net baryon chemical potential, µB = 0, the transi-

tion from hadronic matter to a quark gluon plasma for T > Tc is a smooth crossover

(dashed line). At higher µB, a first-order phase transition is expected [29, 30] (solid

line), resulting in the existence of a critical point (circle) in the QCD phase dia-

gram where the transition to a deconfined phase changes from a crossover to a first-

order. Calculations indicate that the critical point is expected to exist in the range

250 < µB < 450 MeV [31, 32].
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„„„ 1-4: Ç:QCD˝ˇ3n´õ|‹e✏/T 4ëXß›T¸z"ß›àT
c

û, X⁄gd›ÑO\, Ü

fiL´pßStefan-Boltzmann4Å[30]"

Ç:QCD˝ˇ3,áß›Tce¨u)QCDÉC"Tcäl150MeV180MeV[30], ‰

N˚uÇ:Oéê{"ÉC„X„1-4§´"

Oé(JuyQGPÉC.ß›Tc ⇠ 170MeV, ÉC.U˛ó›✏c ⇠

1GeV/fm3[30, 31]"„1-4 ¥3ÿ”õ(flavor)|‹eLQCDÈQCDÉCLßOé, ß

x—U˛(✏)Üß›4gê'äß›ù65"✏/T 4ìL9ÂX⁄ˆg

d›Í˛"X⁄ß›TàÉC.ß›Tcû, X⁄gd›ÚÑO\, ˘Ü
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nÿ˛˝ˇ3QGPÉ•ßé⁄fº#gd›Ì‰¥òó"„•ÜfiI´

Stefan-BoltzmannnéÌN4Å, 3d4Åe, ßéfgdÖvkÉpä^"ÿ”

õ|‹eQCDOéä˛$uÈAStefan-BoltzmannnéÌN4Å, Lßé⁄fÉ

mÑ¥3XÉpä^Â"@œQGPnÿ@è, QGP•ßéfÉmÉpä^aq

ÌN, ä^f"y3RHIC⁄LHCˇ˛(JLQGP•ßéf3XÈrÉp

ä^, Ÿ1è™çaqóN, =rÉpä^rÕ‹QGP(sQGP)"

6 ֻ၂ᅣ ႄ࿽

౵თ൞࣌о఼֥ሰbQCD࠹ෘಪູᄝ֮໑ۚᇗሰ߄࿐൝౵თࡼ߶൞၂۱೤ӑ֝ཌྷ(Color

Super-conducting phase)b

 (MeV)
B

µ
500 1000

T 
(M

eV
)

0

100

200

hadrons

quark gluon plasma

    chemical freeze-out

SIS, AGS

SPS (NA49)

RHIC

E

M

color
super-

conductor

๭๭๭ 1-4: Ⴎ໑؇ބᇗሰ߄࿐൝іൕ֥ނ໾ᇉཌྷэ๭འđߧ೤ջሰ൞၂ࢨཌྷэ౵თđׄޑіൕਢׄࢸđ๭ᇏ

bݔࢲ֥ބଆ྘ؓ҂๝ൌဒܴҩᆴ୅࠹۳ԛਔ๤ߎ

1.2 ཌྷؓંᇗ৖ሰஷሏ

ູਔࠆ౼QGPđ࿹࣮QGP֥ྟᇉđ໡ૌླေࠞ؊֥ۚ໑ۚૡটൌགྷՖ఼ሰ໾ᇉ

֞QGP֥ཌྷэbᄪᄝഈൗ70୍ࡀսđ॓࿐ࡹࣼࡅၰ০Ⴈཌྷؓંᇗ৖ሰஷሏᄝൌဒ൩่ࡱ

༯֤ࠆᆃᇕۚ໑ۚૡ֥໾ᇉ [11]b໊Ⴟૅ҃ݓਗ਼क़ݚ໓ࡅݓൌဒ൩֥ཌྷؓંᇗ৖ሰؓሏ

෎ࡆটཌྷؓંᇗ৖ሰஷሏਵთቋᇗေ֥ልᇂđ෱ॖၛϜஷሏ֥ᇗ৖ሰ୍ࠫ࣍൞(RHIC)ࠏ

֞ᇉྏ༢ିਈ
p

sNN=200 GeVđނሰࡆ෎֞ᇉྏ༢ିਈ
p

sNN=500 GeVbሱՖ2000୍ֻ

၂ՑᄎྛၛটđRHICၘࣜӮ֥ۿປӮਔ؟Ց໾৘֥ᄎྛđ౼֤ਔնਈ֥໾৘ݔࢲb໊Ⴟ

୸ᇝނሰᇏྏ(CERN)֥ն྘఼ሰؓሏࠏ(LHC)္ၘࣜष൓ਔശࠩު֥ᄎྛđᄝᇉྏ༢༯

- 6 -

„„„ 1-5: QCDÉ„[32]"I´—ò?ÉC(“K´)⁄wLfi(JÇ), .:, ⁄ÿ”¢eX⁄3É„

†ò"

„1-5I´QCDÉC„, ß¥^ß›⁄fz5£„"„•ÑIò¢:

3É„˛†ò" œ‘üäèrfÌN3u$ß⁄pfze, 3pße,

<Ç˝ÛrfÉQGPÉC"Ç:Oé(JL30¿fze(µb=0), eß

›T > Tc, Klrf‘üQGPÉCê¥¸XòáwLfi(JÇ)"3çåµbú

e, <Ç˝ˇ¨u)ò?ÉC[33, 34]"˘7,3òá©wLfi⁄ò?ÉC.

:"OéL, ˘á.:3u250 < µB < 450MeV˘áâå[35, 36]"

- 10 -
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3¢˛œÈQCDÉC.:¥òáÈáëK"RHICU˛£ (ü%XÈE

U˛ 7.7GeV!11.5GeV!19.6GeV!27GeV!39GeV!62.4GeV)⁄Ú5FAIR¢—Ú

Ãá‘n8I3œÈQCDÉC.:⁄ÔƒÉ'5ü"Çœñ3ô5$1•U

ç\(É'u.:&E, ˘Ú¥pUÿ‘nÈáòá‚ª"

1.4 ÉÈÿlf-E

1.4.1 A¤£„

3ÉÈÿlf-E•, ¸áÿå±©èÎÜˆ‹©⁄*ˆ‹©"„1-6x—¸á

‚‘[¬†ÿ3ü%X-E¸´A¤£„"

„„„ 1-6: ÉÈÿlf-EA¤£„"

¸á-EfÿÉmÂl^-EÎÍ b5L´, •%›(Centrality)^5L´-E

È%ß›"•%›ã-EÎÍkAÜé'X(centrality = (b/bmax)2 ⇥ 100%)ßÈu

”òáX⁄5`ß¸ˆ¥òòÈA"öÈ%-Eßò‹©ÿfÜúrÿÎÜY

áAß°è*ˆÿf(Spectator)ßÜÈ°ÿÿfÉp-EøkYáAÿf

§èÎÜÿf(Participant)"du¢˛v{Üˇ˛-EÎÍäßœdåıÍ

- 11 -



12 1òŸ ÉÈÿlf-E

¢œLOéÎÜÿf*ÿf55(-EÎÍ"¢˛ÎÜÿf⁄*ÿf

¥å±È–©lßœè*ÿfkÈppïÑ›ßÃá©Ÿ3cïïØ›´

çÎÜÿfáAÉ)‚fÃá©Ÿ3•Ø›´ç"ò-EÎÍ(, Ç

å±^Glauber.[37]5ÎÜ-EÿfÍ(Npart)ßÿf-ÿf¸¸-EÍ(Nbin)⁄-

E)ë>‚fÍ(Nch)"o—` b , Npart!Nbin!Nch åßÿ-ÿ-E

•%"

1.4.2 ûm¸z

Introduction

Lorentz contracted in the direction of motion, forming thin disks. As the nuclei col-

lide, the partons experience hard (high-Q2) interactions in the pre-equilibrium phase

from which many particles, including heavy quarks and high-pT jets, are formed. As

the nuclei traverse each other, they create a fireball in which the temperature and

density increase and more quark anti-quark pairs are created. As the energy density

reaches the critical value, deconfinement sets in and the system undergoes a phase

transition to a quark gluon plasma. The pressure of the system causes the fireball to

expand, and temperatures and densities begin to decrease until the phase boundary

is reached and hadronization occurs. The strong interaction drives the system to-

wards the chemical freeze-out temperature (Tch), after which particle ratios become

fixed [36]. This is followed by kinetic freeze-out (Tkin) after which inelastic collisions

cease and particle momenta are fixed [37].
2.1. EXPERIMENTAL PROGRAMS

z

t

beam
be

am

QGP

τ0 ≤ 1 fm/c

Tc   Freeze-Out
c
e

n
tr

a
l 
re

g
io

n
Tfo Tch

Hadron Gas

Figure 2.1: The space-time evolution of a heavy-ion collision [43]. ⌧0 is the par-
ticle formation time, TC is the critical temperature, Tch is the chemical freeze-out
temperature, and Tfo is the thermal freeze-out temperature.

2.1 Experimental Programs

To date, there have been three dedicated experimental programs in search of the

QGP using relativistic heavy-ion collisions. The Alternating Gradient Synchrotron

(AGS) at Brookhaven National Laboratory, USA, collided Si+Al, Si+Au and Au+Au

nuclei in the centre of mass energy per nucleon range
p

sNN ⇠ 2-5 GeV. The Su-

per Proton Synchrotron (SPS) at CERN, Switzerland, collided various ions such as

p+Be, O+O, S+S and Pb+Pb in range
p

sNN ⇠ 8-17 GeV. Both facilities which

started operations in the mid 1980s, ran in a fixed target mode which involved col-

liding beams with stationary targets. The Relativistic Heavy Ion Collider (RHIC),

which began operations in 1999, is also able collide a variety of species such as p+p,

d+Au, Cu+Cu, and Au+Au nuclei with centre of mass energies
p

sNN ⇠10-200

21

Figure 1.4: The space-time evolution of a heavy ion collision with a phase transition

to a quark gluon plasma. Figure taken from [38, 39].

The deconfined state is very short-lived, and hadronization sets in before particles

16

„„„ 1-7: ÉÈÿlf-Eûm¸z"

X„1-7§´ß¸z-EX⁄ä‚ÿ”ß›⁄ûm©èeZá„"Ü˝

„ê¥äèòá¸´ßøvkãm˝ÓÇÈ‡"ÉÈÿlf-E•ßòm©¸áÿ˜

X$ƒêï‚‘[¬†§AG"u)ÿ®ÿ-Eß3˝Ô„ß‹©f{

MÉpä^Lß, 3˘áLß•ßé⁄pÓƒ˛5(jets))—5"^5

£„˝Ô.k: color string.[38]!color glass condensate.[39]⁄á6QCD

.[40, 41], d„‹©fûò¸zLßå±^—$êß£„"¸áÿø©U±

- 12 -
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, ßÇ/§òápßpóª•, 3Ÿ•ÈıßéáßéÈ)—5"ëXU˛ó

›C.äß‹©fm©)B4ßX⁄{QGPÉC"S‹ÿÂ¶ª•

UY)‰ßÜ˘á„, X⁄Ñ¥Cq6N1è, å±^6NƒÂ[42]5£„"6N

ƒÂbX⁄Æà¤ç9Ô, ÑÃ±eêß:

T µ⌫(x) = uµu⌫(✏(x) + P (x)) � gµ⌫P (x), @µT
µ⌫(x) = 0 (1-5)

Ÿ• xìLá6NÉòm†òßT µ⌫(x)¥NXUƒ˛‹˛ß✏(x)⁄P (x)©OìLU

˛ó›⁄ÿrßuµ¥á6NoëÑ›"

NX¤‹Uƒ˛á¶@µT
µ⌫(x)=06NƒÂ¿¬.(Hydrodynamic

BlastWave model)[43]rNXw§òáß›è T u⁄ªï6(�L)±9Óï

6(�T )8NAß˘ábUÈ–/£„¢(J"

ÉX⁄ß›⁄ó›ëÉe¸ßÜ-QGP É>.,m©rfz"‚f

Émö5—¶X⁄äXzÔ¸z"àz»(ß›(Tch), ‚f

'“ÿC"9Â⁄O.(Thermal model)l"—u, |^„KXnnÿßbX

⁄¥òÏrfÌNøÖÆàzÔ[44, 45], ŸOé(JUÈ–/[‹‚fÉÈ

"

lz»(„$ƒ»(„Ñk5—Lßu)"X⁄à$ƒ»

(ß›(Tkin), 5-Eÿ¨2u), ‚fƒ˛±ÿC"Érfu—5ßø

à´&ˇÏ§&ˇ"

RHIC|^¸ÂpUlfÿ?1ÈEßlfÈEÅpü%XU˛Åpåà


p

sNN200GeVß•%-EØá•)–©U˛ó›pà5GeV/fm3[46]ßáL

)QGP§IáU˛ó›(1GeV/fm3)"g2000cm©$1±5ßRHICÈıö~

kø¬‘n(JßßÇçñïu|±QGP3, eòŸÚ8•0RHICòá

¢ˇ˛(J"

- 13 -
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1.5 RHICU´QGP3¢y‚

1.5.1 ß›⁄‚fÃ(Temperature and Spectra)

ÉÈÿlf-E•)§‚fÃJ¯Èı'uáALß&E[47, 48]"‚f

ıÍó›J¯–©fó›&E[49], ‚f'⁄Óƒ˛Ãå±^5ˇ˛-

EáAz⁄$ƒ»(^á[43, 44]"

by PHENIX [13]. Our pp results are consistent with
previous measurements at similar multiplicities [14].

The blast-wave model—a hydrodynamically moti-
vated model with a kinetic freeze-out temperature Tkin
and a transverse flow velocity field ! [4]—can simulta-
neously fit the K!, p, and !pp spectra and the high-p? part
(p? > 0:50 GeV=c) of the "! spectra.We used a velocity
profile of ! " !s#r=R$n, where r % R (the term r=R
accounts for the change in the velocity as a function of
radial distance), !s is the surface velocity, and n is treated
as a free parameter. The value of n ranges from 1:50!
0:29 in peripheral to 0:82! 0:02 in central events. The fit
results are superimposed in Figs. 1(b) and 1(c). The
obtained fit parameters for the (0–5)% Au& Au events
are Tkin " 89! 10 MeV and h!i " 0:59! 0:05, !s "
0:84! 0:07, and are similar to the 130 GeV results re-
ported in [9,14]. The systematic uncertainties in the fit
parameters are estimated by excluding the kaon or the
(anti)proton spectra from the fit.

Recent attempts to fit the measured RHIC spectra with
a single (chemical and kinetic) freeze-out temperature
claim this is possible if all the resonance and weak decay
feed downs are taken into account [16]. Our MC study of
that scenario shows significantly higher #2=NDF com-
pared to our blast-wave fits.

The low-p? part of the pion spectrum deviates from
the blast-wave model description, possibly due to large
contributions from resonances at low p?. We fit the pion
spectra to a Bose-Einstein distribution [/1=#expm?

T '
1$], the results of which are superimposed in Fig. 1(a).
The yields outside the measured p? region are extrapo-
lated using the blast-wave model for K!, p, and !pp and the
Bose-Einstein distribution for "!. The extrapolation is
approximately 30% for pions, and varies with centrality
from about 35% to 55% for kaons and (anti)protons. The
uncertainties on these extrapolations are estimated by
comparing to results using other functional forms. The
estimated extrapolation uncertainties in the hp?i and
total yield are 5% for "! and 5% to 10% for K!, p, and
!pp (varying from pp to central Au& Au collisions). For
the (0–5)% Au& Au collisions, the integrated yields are

dN=dy " 322! 32 for "&, 327! 33 for "', 51:3! 7:7
for K&, 49:5! 7:4 for K', 34:7! 6:2 for p, and 26:7!
4:0 for !pp. The obtained p=p ratio for the 0%–5% Au&
Au collisions is 0:77! 0:05, indicating a nearly net-
baryon free midrapidity region at this RHIC energy.

We extract the fiducial dN=dy by summing up the
yields within the p? range of 0:20–0:70 GeV=c for "',
0:25–0:60 GeV=c for K', and 0:50–1:05 GeV=c for !pp.
Figure 2 depicts the rapidity dependence of the fiducial
dN=dy and extrapolated hp?i for the (0–5)% and (70–
80)% Au& Au events. We do not observe changes in
either shape or yield for any particle species within jyj<
0:5. The pp data and all other centrality bins of the Au&
Au data exhibit the same behavior. Such an absence of
rapidity dependence of particle spectra was also observed
for "!, p, and !pp at

!!!!!!!!

sNN
p " 130 GeV Au& Au collisions

[8,9]. This uniformity indicates the development of a
boost-invariant region within the measured kinematic
ranges.

The centrality dependence of the extracted hp?i within
jyj< 0:1 is shown in Fig. 3(a). A smooth changeover from
pp to peripheral Au& Au collisions is observed for all
particle species. The hp?i increases from pp and periph-
eral Au& Au to central Au& Au collisions, especially
for p, !pp, and K!. This behavior is consistent with an
increase of radial flow with collision centrality.

The K'="' and !pp="' ratios of the integrated dN=dy
yields within jyj< 0:1 are depicted in Fig. 3(b). We ob-
serve little centrality dependence of the K'="' or !pp="'
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FIG. 2. Rapidity distributions of the fiducial yields and in-
tegrated hp?i.
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FIG. 1. Invariant yield as functions of transverse mass for "!, K!, and inclusive p and !pp at midrapidity (jyj< 0:1) for pp
(bottom) and Au& Au events from (70–80)% (second from bottom) to the (0–5)% centrality bin (top). The curves shown are
explained in the text.

P H Y S I C A L R E V I E W L E T T E R S week ending
19 MARCH 2004VOLUME 92, NUMBER 11

112301-4 112301-4

„„„ 1-8:
p

s
NN

= 200GeVÿ”-EX⁄⁄•%›e⇡±, K±, p, p̄‚fÿCm
T

ù65, |y| <

0.1"„•le ˛Ç©Oèp+p-E, Au+Au 70-80% ñ0-5%(J"„5g[50]"

„1-8x—
p

sNN = 200GeVe⇡±, K±, p, p̄‚fÿCmTù65[50]"„•l

e ˛Ç©Oèp+p-E(0-80%), Au+Au-E•%›70-80%, 60-70%, 50-60%, 40-50%,

30-40%, 20-30%, 10-20%, 0-5%(J"ò%Œ“ìLë>‚f, ¢%Œ“ìLëK

>‚f"üfÃ¶˛0.8ƒÍ"⇡±Ã3p+p⁄Au+Aup°'aq, ¥È

uK±, p, p̄5`, ÃLy—òáÈw«ÏC"3É”•%›e, ¥‚f©Ÿ

Ö"

ƒu6NÂ¿¬.(Blast Wave)[43]^5£„‚fÓïü˛Ã"¶^˘

á., ‚f©Ÿå±è:

dN

mT dmT

/
Z R

0

rdrmT I0

✓
pT sinh⇢

T

◆
K1

✓
mT cosh⇢

T

◆
(1-6)
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Ÿ•R¥X⁄Óï›, I0⁄K1ìLC/lºÍ, T¥»(ß›"Ì?

›⇢ = tanh�1�30  r  RâåSù6ÓïÑ›©Ÿ�"ÓïÑ›©Ÿå±è:

�(r) = �sh(
r

R
i)n, (1-7)

n?nèòágdÎÍ[50]"¿¬.å±^$ƒ»(ß›Tkin ⁄Óï6(�)äèg

dÎÍ5”û[‹K±, pp̄‹âå⁄⇡±pÓƒ˛(pT > 0.5GeV/c)‹©Í‚:"l[

‹(J•Ç, 30-5%•%›Au+Au-E•Tkin = 89 ± 10 MeV"

„1-8•⇡±$Óƒ˛‹©ã¿¬.†l, ÃáœåU¥œè˘áâåkå˛

PC—⇡z"äˆ¶^¥Bose-Einstein©Ÿ(/ 1/(expmT
T

� 1))5[‹"

9Â.[44, 51, 52]Æ§ı/^u£„lf-E•*ˇ‚f', »

(ûß›⁄fz©OèTch = 165± 7MeV⁄µB
ch = 41 ± 5MeV[53]"˘ä¥ù

6., ÿLãÇ:QCDOé(Jòó"–©„)póª•ß›'»(û

ß›áp, `3RHIC˛ÉÈÿlf-EÆáL.ß›"ÿL, ˘.—b

lf-E•)0üÆà¤ç9z, ¥˘ábøôy¢"

è¶^¿[˘⁄O, ¿¬.b9Ô"¥9Ô3ppTâå¨ª

Ä, œè3˘áâåMLß”Ã"Tsallis⁄O[55, 56]^5£„öÔE,X⁄,

øÖù)?Tsallis Blast Wave(TBW)ê{•"˘áê{Ê^Tsallis ⁄O⁄6N

Â)‰Lß, ¶^ß›⁄6ÎÍ5£„p+p⁄lf-E•rfÃ[54, 57]"RHIC

p
sNN = 200GeVep+p(Ü„)⁄Au+Au 10-40%(m„)-Ee‚fÿCmTù65

x3„1-9 •"TBW.èå±^5LX⁄9zß›, ^ÎÍq5L´, q=1È

Aòá9zX⁄"|^˘áÎÍ, uy30-10%•%Au+Au•X⁄¥p›9z

(q-1=0.018 ± 0.005), ˘á9zß›ëXAu+Au-E5±>¸$, ”3p+p-

E•, 9zß›¥È$(q � 1 > 0.06)"

ÈÉÈÿlf-E•àU˛ó›O(JáLÉC§Iá.U˛ó
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Introduction

hotter than the temperature at freeze-out, indicating that the critical temperature

was exceeded in relativistic heavy ion collisions at RHIC. However, these models do

assume that local thermalization of the medium created in heavy ion collisions has

been reached, which has not been verified.

equilibrium q-entropy [18]. The successful application of Levy
functions (T BWpp) to the spectra in p+p collisions at RHIC re-
sulted in q values significantly larger than unity and are di�erent
between the groups of baryons and mesons [10, 25]. However,
in the central Au+Au collisions, the spectra at low pT show
characteristic Boltzmann distribution with q value being close
to unity (q� 1, Eq. 1 becomes a Boltzmann distribution) even
though there are still significant power-law tails with consider-
able particle yields at high pT [10]. In addition to the escaping
jets at high pT , coalescence with non-equilibrated quarks has
also been proposed to study the power-law behavior [26]. Dif-
ficulty in accounting for these processes so far seems to be a
major limitation of the TBW statistical description of the ex-
perimental data over a wide pT range [10]. To bridge the hy-
drodynamic nature of the spectra at low pT and power-law tails
at high pT with smooth transition at intermediate pT , models
which include a hot and dense core with a corona of jet-like
process have been proposed [14, 27].
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Figure 1: (Color Online) Identified particle transverse mass spectra in p+p col-
lisions (a) and 10-40% Au+Au collisions (b) at �sNN = 200 GeV. The symbols
represent experimental data points. The curves represent the TBW fit. Only fits
to the particles are shown since the model has the same spectral shapes for par-
ticles and anti-particles. For plotting in panel (a), the spectra of meson (baryon)
are scaled to match that of �+ (p) at mT = 1.5 GeV/c2 for � (�±), at 4 GeV/c2
for J/� and at 1 GeV/c2 for the rest.

In this paper, we present the procedure of implementing
nonextensive statistics in the Blast-Wave model (TBW) with
azimuthally anisotropic particle emission, and use it to fit the
identified particle spectra and for the first time to elliptic flow
at mid-rapidity at RHIC. The model uses the TBW function ob-
tained from p+p data [10] as corona and an additional TBW
function as core to fit Au+Au data. The formalism thus pro-
vides a systematic comparison between p+p and central A+A
collisions in one macroscopic statistical model framework and
gives an accurate numeric description of the experimental data
over a wide range of pT . Examples of such successful applica-
tions in the related subjects are the chemical fit to the particle
yields [28, 29] and the global fit of the parton distribution func-
tion (PDF) of proton [30]. Good TBW fits can also o�er a sim-
ple formula for developing ideas and building models in a rea-
sonably realistic environment [5, 8, 9, 14, 31, 32, 33, 34], and
provide a practical experimental tool to extract particle yields

by extrapolating to unmeasured kinematic ranges.
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Figure 2: (Color Online) Identified particle v2 in 10-40% Au+Au collisions.
The x-axis is depicted by the kinetic energy (mT � m) [7], showing the scaling
of v2 at low pT , and grouping of baryons and mesons at the intermediate pT
range. The curves represent the TBW fit (Eq. 3) and the characteristic NCQ
scaling. Also shown are the indistinguishable K0S and � curves from T BWcore
alone over the entire range.

To take into account collective flow and azimuthal anisotropy
in the transverse direction in relativistic heavy ion collisions,
Levy distribution needs to be embedded in the framework of hy-
drodynamic expansion [20]. We follow the recipe of the Blast-
Wave model provided in literature [5, 8, 9, 34], and change
sources of particle emission from a Boltzmann distribution to
a Levy distribution [10]:

dN
mT dmT d�

� mT

� 2�

0
d�s

� +yb

�yb

dy e
�

y2b�y2 cosh(y)

�
� R

0
rdr(1 +

q � 1
T

ET )�1/(q�1), (2)

where yb = ln (�sNN /mN ) [35] is the beam rapidity and
the rapidity distribution can be approximated as a Gaus-
sian with a width of �y = 2.27 ± 0.02 at the center-
of-mass energy of �sNN = 200 GeV [36, 37], transverse
energy ET = mT cosh(y) cosh(�) � pT sinh(�) cos(�b � �),
� =

�
(r cos (�s)/RX)2 + (r sin (�s)/RY)2(�0 + �2 cos (2�b))

is the flow profile in transverse rapidity, and tan (�b) =
(RX/RY)2 tan (�s) relates the azimuthal angle of the coordinate
space (�s) to the angle of the flow direction (�b) of the emitting
source [9]. Equation 2 extends the nonextensive statistics in a
blast-wave model [10] to incorporate particle emission from an
elliptic source (RX and RY are the axes in the coordinate space)
with an elliptic expansion (�0 and �2) [9]. In addition to this
core component, it is important to include the corona with jet-
like particle emission at high momentum resembling an ensem-
ble of individual p+p collisions [14, 27]. The combined core
and corona formula reads:

dN
mT dmT d�

|AA = T BWcore

+ fppNbin�(1 + v jet
2 cos (2�))T BWpp, (3)

where T BWcore is from Eq. 2, fpp and v jet
2 represent the frac-

tion and the anisotropy of the escaping jet comparing to the
expected number of binary p+p collisions in Au+Au collisions

2

Figure 1.6: The invariant yield versus transverse mass for identified particles in p+p

(left) and 10 � 40% central Au+Au (right) collisions at
p

sNN = 200 GeV with TBW

fits. Figure taken from [51].

Blast Wave models assume thermal equilibrium in order to utilize Boltzmann

statistics, which is expected to break down at higher pT where hard processes may

dominate. Non-extensive (Tsallis) statistics [52, 53] have been used to describe non-

equilibrated complex systems, and have been incorporated into a Tsallis Blast Wave

(TBW) approach, which uses Tsallis statistics and hydrodynamic expansion to de-

scribe hadron spectra in p+p and heavy ion collisions in terms of temperature and

20

„„„ 1-9:
p

s
NN

= 200GeVep+p(Ü„)⁄Au+Au 10-40%(m„)-Ee‚fÿCm
T

ù65"Ã—

Ê^TBW[‹"„5g[54]"

›, ˘áäèòáy‚, ⁄,¸áy‚:¶^9.⁄6N.J—'pß›;¶

^TBW[‹uyX⁄p›9z—`)QGPÉC§Iáà^á3RHIC˛É

Èÿlf-E•Æà"çıÉ'y‚3°¨ç[0"

1.5.2 5|ª (Jet quenching)

Ôƒ3ÉÈÿlf-E•)9ó‘üå±œLÔƒßÈBLŸ‚fUC5

\"Çå±¿JÈŸ3p+p-E•‘n5üÆ)'òŸ‚fäè&"òÑ

@è, pÓƒ˛‹©f(pT > 5GeV/c)¥)g–©M—Lß"˘á`ßÇå±

¶^á6QCD5OélJ¯X⁄¸z&E"pÓƒ˛‹©fî)òq'È

rf, œ~§è5(jet)"Çå±œL*5ã9ó‘üÉpä^lKè

ß›5Ôƒ9ó‘ü5ü"pÓƒ˛‹©fœL9ó‘üû¨œL5‹©f—⁄

fÀõîU˛"˘Uõ¨ó5U˛C$⁄(C"Çr˘´yñ§
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è5|ª(jet quenching)"

ÿ?œf è˛ÔƒUõ, Ç⁄\ÿ?œf(RAB)"ß^5È'ÿ®ÿ

-E•‚f⁄p+p-E‚f, ¬èµ

RAB(pT ) =
d2NAB/dpT dy

TABd2�pp/dpT dy
(1-8)

Ÿ•TAB = hNbini/�inel
pp ¥ÿ®ÿÉpä^UºÍ, ßù)p+p-E•ö5—

°�inel
pp ⁄A+B-E•¸Nÿ-ÿ-E-EgÍNbin"TABåœLGlauber.[37]Oé¶

"XJvk•m„9ó‘üÉpä^, –©M—„‚fAT⁄ÿ-ÿ-

EgÍ§', l¶RAB=1"œdRAB¥òáÈÜQGP&"

6 ,�‡ ��

[24]⇥ÇúAu + Au∞ûÔÂ↵\p + p∞ûÑ‡†��⇧Ùv”úÍ�∞û��∂� 

s��˘∞û�Ñ\(�O��Kœ0Ñ8Óc‡PRABîÂIé1�Çúv”úOª1�

⇡Ù�∞û-X(8Hî�⇧��Ñ\(:6⇥

˛ 1-3Ÿ˙RHIC-STARûåƒKóÑRAB(pT ) [24]⇥�>ÔÂ↵0�(Au + Au-√

∞û-�ÿ*®œíPßù˙∞Ü�>ãN∞a��(d + Au∞û-° ¬K0Â∞

a⇥Ÿh�(Au + Au-√∞û-X(∑ËÏk�Jet quenching :6��(d + Au∞

û-° ¬K0∑ËÏk�c}Ù�∑ËÏk:6/�˝≈1∞ûÑ�À∂�≥öÑ�

�∞û��Ñg»\(M˝¸Ù∑ËÏk�ŸÕg»Ñ¯í\(¸ÙÑ∑ËÏk∞ah

��(Au + Au-√∞û-ß�ÜÙ∆ÿ)Ñi(�ÿ*®œÑíP(�«Âi(ˆ—

�ÜÔ¬Ñ˝œ_1⇥

0 2
 (GeV/c)Tp

4 6 8 10
0

0.5

1

1.5

2
d+Au FTPC-Au 0-20%

d+Au Minimum Bias

 pT (GeV/c)

Au+Au Central

R
A

B
(p

T
)

˛̨̨ 1-3 1✏ 1-4KóÑR
AB

(p
T

)�d + Au�✏OÓå-√∞û�Au + Au-√∞û [24]⇥

,6u

„„„ 1-10:
p

s
NN

= 200GeVeAu+Au•%-E⁄d+Au-E•ÿ?œfR
AB

ëXp
T

'X"„5

g[58]"

RHIC3200GeVÿ”-EX⁄•ÔƒRABëpTCzú, X„1-10§´[58]"Ç

ƒkwd+Au minbias⁄d+Au•%-ERABÈpTù6A‹, ø©`du•%

›Cz§E§ÎÜ‘üUCÈÿ?AøvkKè"Au+Au•%-ERAB(

Jãd+AuX⁄OÈå, ÿ$Èı, ˘`3kÈ‚f?A, L

k9ó‘ü3"

ÿå±œLRABÔƒÿ-ÿ-Eãp+p-EO, èå±aq/Ì2•%-E
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⁄±>-EÈ'•, 3˘´úeRAB⁄èRCP , Ÿ¬èµ

RCP (pT ) =
< NPeripheral

bin > d2NCentral/dpT dy

< NCentral
bin > d2NPeripheral/dpT dy

(1-9)

„„„ 1-11: Au+Au-E•%Ø›´à´¤…rfR
CP

(0-5%•%-E⁄40-60%±>-E')ëXp
T



Cz, Ü„è¤…0fR
CP

ëXp
T

©Ÿ„, m„¥¤…fR
CP

©Ÿ„"

„1-11¥à´¤…rfRCPëXpT©Ÿ[47], 3pT > 4GeV/cû, RCPw¸$"

3Au+Au•%-E•w*ˇRCPkaqu˛„RABCz™, LAu+Au•%-

E•Æ)9ó‘ü"3SPSU´Pb+Pb-E•, •%-EÈ±>-Eÿ?

œfRCPøvk—yÿ$, LSPS Pb+Pb-E•vk)aqRHIC•5|ª

A[59]"

Vrfê†'È 5⁄0üÉpä^E§U˛õî¥⁄ŸB0ü¥ª

É'"Vrfê†'È¥5|ªA^,ò´&, å±l,òá›y

Au+Au•%-E)9ó‘ü"

X„1-12§´, Ü„èp+p-E´ø„, m„èAu+Au-E´ø„"

<Ç@èpUjetÈ—¥È§È), ;.X˛„p+p-E§´"

¥Au+Au-E•XJ—y9ó‘ü, @oBL9ó‘ü@ájet“¨ÜŸu)Épä

^, óU˛õî, ˘è¥;.4|ª‘n„î"œd, Çx—‚f⁄jetÉm
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„„„ 1-12: ÉÈÿp+p-E⁄Au+Au-E•Èjets´ø„'"

ê†'ÈºÍ, Üp+púÉ', lÔƒ¥ƒk9ó‘ü), ßÈjetküoK

è"ê{“¥ƒk¿òáÓƒ˛ö~p‚fäè>u‚f(trigger particle), ÈAu

„1-12m„•lL°'CÜu—vkBLQGP‚f; ,ÚŸß§kŒ‹

Óƒ˛á¶‚f(°èäë‚fassociated particle)H{òH, Oé�� = �assoc � �trig, ,

l��©Ÿ•*Èjets("

STAR¢(JX„1-13§´, â—p+p, d+Au, ⁄Au+Au•Vrf'È©Ÿº

Í"„•äë‚fpT > 2GeV/c, >u‚fpT > 4GeV/c"

l„•å±w, 'ÈºÍ3�� ⇠ 0káw¸, ˘3p+p, d+Au, Au+AuX⁄

•—¥òó"duòqjetp°‚f3ê†˛¥'È, œd�� ⇠ 0?§L˘

‚fd”òájetî—5",p+p⁄d+Au•�� = 180�w¸/G3Au+Au•

UC, è“¥p+pX⁄⁄d+Au•wÈjet(3Au+Au•UC"(‹´ø

„1-12, ¢(Jã˘á´ø„‘n„îö~¨‹"LAu+Au•%-E/§ÿ”

up+p!d+Auóóx0, ïjet3BLTxüûõîÉU˛"
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8 ,�‡ ��

��∑ËÑ!.�(�� = ⇡D—ÑsTíPeÍÃ⌘∑ËÑ!.⇥(Au + Au-√∞û

-�� = ⇡D—ÑsTà1�ŸÙ�Ã⌘∑Ë�QCDÙ∆i(Ñg»\(¸ÙÂ*®œ

⇤Ù�2 < passoc
T < ptrig

T  ÑsTíP´�>ãN�⇢Ûà1�Ÿ/1∑ËÏk:6 ⇣

Ñ⇥�(p + p∞ûåd + Au∞û-�∫ÏÕ¬K0�� = ⇡D—sT”Ñ�Ÿ/1é

(p + påd + Au∞û-° b⇣QCDÙ∆i(⇥

0

0.1

0.2 d+Au FTPC-Au 0-20%

d+Au min. bias

0

0.1

0.2 p+p min. bias

Au+Au central

(1
/N

tr
ig

g
e
r)

 d
N

/d
(∆

φ
  )

∆φ   (radians)
0 π /2 π 

(a)

(b)

 h++h-

˛̨̨ 1-5 �a d + Au�✏OÓå-√∞û�p + p∞û-Ñ$íPπM“sT��b d + Au-√∞û�p

+ p∞ûåAu + Au-√∞û-$íPπM“sT‘É [24]⇥

�—v”úh��Ã⌘∑Ëv^´åhÏk�˛ 1-6/RHIC-STARûåƒKóÑ

ÿ*®œ&5:PπM“sT˝p [26]�S4èíP*®œiU0íPß�Â∑Ëé¬

�Jet fragmentation :6:;Ñ⇤Ù [27]�Kœ”úh��((√˝œ200 Gevœ8P

ÑAu + Au-√åJ-√∞û-�sT˝p(�� = ⇡Mn˙∞ÜàÑÑsT�Â”Ñ

å�7∞û˝œ↵Ñd + Au ∞û˚fl‘É�—∞Away-sideÑE¶eN�ŸåÃ⌘∑Ë

(Au + Au ∞û˚fl-Ñ¯í\(å∑Ëé¬:6∆⌥¯s⇥

,8u

„„„ 1-13: (a) d+Au Å†-E(¢%n), d+Au 0-20%•%-E(¢%:), p+pÅ†-E(¢

Ç)¸‚fê†'ÈºÍ'; (b)p+pÅ†-E(¢Ç)⁄Au+Au•%-E•¸‚fê†'ÈºÍ

'[58]

"

1.5.3 àï…56 (Anisotropic Flow)

3öÈ%-E•,¸áÿ3Ó°U´ç/§òá˝•"-EÎÍ(x)⁄Â6ê

ï(z) ˚°§èáA°"˝•ÉÈáA°kòá1u-EÎÍ·⁄òá

RÜuß"3¸zLß•, ˘áòmàï…5Å™¨=z§‚fƒ˛òmÿr

F›⁄àï…5"Ÿ‰NA¤.X1-14§´"

‚f3ƒ˛òm©Ÿå±œLF·ì–m©)èµ

E
d3N

d3p
=

1

2⇡

d2N

pT dpT dy
(1 +

1X

n=1

2vncos[n(�� r)]), (1-10)

Ÿ•pT, y, �©O¥Óƒ˛,Ø›⁄ê†;  r¥ÿ®ÿ-EáA°3¢XãIê

†"–mXÍvn=¥‚fààï…56. Ÿ•˝6(elliptic follow)v2¥òáö~

á‘n*ˇ˛, ß¥‰X⁄@œ¥ƒà¤ç9z⁄&ˇX⁄6N¸zá&
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��������� �������� ���� ��� ����������� ������ ���� � �������� ��� ���������� �� ��� ������

�� ��� ���������� � ����� ��� ������ �� � ������������ � �� �������� ������������ ���� ���

������������ ���� ��� ������� � ����� ���� ����� � ��� � �� �������� �� ����� �� �� ����

�������� � � ��� ���������� ��� ������� �� ��� �������� ����������������� ��� �� ��������

��������� �� ��� �������� ��������� ������ �� ������� � �������� �� ����� ��� ������ ��

����� ���������� � �� ��� � �� �������� ������������� ��������� ������ ��� �������������

� ����� ����� � ���� ���������� �� ���������� � �� ����� ����� � ��� ������� �� ��� ��������

����� ������ ���� ���� ��� � ��� ���� ����� ����� ��� � ����� � �����������

� �� ��������� ���� ���� �� ���� � �� ���� ����� �� ���������������������� ��� �������

���� �� �� � ������ �� ��� ���������� ����� ��� � ����� ����� � ���� �� �������� �� ���

�� ���� ����� ����� ��� � ���� ���� ������������� �� ��� � �� �������� ����� �� ������

�� ��� �� ���� ����� ���� ��� ��� ���� ��� ����������� � � ������� ����� ��� ���� �����

���������� ���� ��� � �� ����� ����� � ��� ��������� ��� �������� ������ ����� ��� �������

��

„„„ 1-14: ÿÿ-Eòmàï…5ëXX⁄¸z=zƒ˛àï…5"

"©z[60]p°JœLv2ëX⁄⁄•%›¸zå±Ôƒ-E•m)9ó0ü9

z"XJX⁄à9z, @o˝6ÈX⁄⁄•%›ù6˚u–©A¤©Ÿ,

ƒK, XJX⁄l9zG, vkX{ø¬˛6, ˘ûUÏIOê{Oé—v2ã–©

A¤©Ÿ⁄•%›—k'X"

„1-15x—ÿ”rf3lf-E•˝6(J[61]"6NÂOé(J5

g[62]. 6NÂOé(J⁄¢(J3ppT´çOÈå, ø©`rfgd›{

)vrÕ‹)Xdå˝6. ”û, 6NÂOéâ—˘¸á˝65ü:

1.3$pT´(pT < 2GeV/c), Çå±w—wü˛©a, œè3”òáÿrF›e,

ü˛‚fN¥Ìƒ, lv2å; 2. È?ø´a‚f, v2ëXpTOåOå,

œè‚få±˜X1?êïÌçåÿÂF›⁄çåv2"
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2
v

 (GeV/c)tp

0 2 4 6

0
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0.3

-π++π
-+h+h

0
SK-+K+K

pp+ Λ+Λ

STAR DataPHENIX Data

Hydro model
π

K
p
Λ

„„„ 1-15:
p

s
NN

= 200GeVAu+Au-E•ÿ”‚f˝6ëXp
T

Cz"¢%ò%Œ“ìL¥

¢(J, ¢ÇJÇìL—¥6N.Oé(J"„—5u[61]"

•mƒ˛´ç, ‚fv2äLy—0f®f©a, fv2äåu0f"3˘áƒ˛

´m, ‚fv21èÿU^6N5), L3Xÿ”u$ƒ˛´m‘nõ"œè

"gdß¥òáX⁄§è6NG7á^á, œd6NÂ3RHICU´§ıA^?

ò⁄y3RHIC)9óQGP‘ü(à9Ô, p°á*§©*dÉmr

Épä^. ˘áuykXÈáø¬, œèÉc@èQGP¥òáaqÌ/, |§

§©Ém¥fÉpä^"

„1-16e„¥K0
S⁄⇤ + ⇤̄v2/nÉÈupT /n©Ÿ, f⁄0fLyòó5"L

0f®f˝63X|©ßéI›(NCQ scaling), rfàï…565u‹©

f, =RHICAu+AuÈE)‹©fg6(Partonic flow)"˘⁄ßé|‹õ˝

ˇ¥òó[63]"

1.5.4 ¤…5Or(Strangeness Enhancement)

3A+A-E•¤…5‚fO\(¤…5Or)@è¥QGP)òá&

“[64]" œÿÿë¤…5, –©-Eÿp°¿¤…Íè0 , œd"‚fë¤
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/n
2

v
D
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„„„ 1-16: ˛„¥K0
S

⁄⇤ + ⇤̄±9Krf(h±)˝6v2ëXp
T

©Ÿ„"„•JÇ¥ƒu6NÂ.O

é—5(J"e„¥K0
S

⁄⇤+ ⇤̄v2/nÉÈup
T

/n©Ÿ(nè‚f|©ßéÍ)"„—5u[61]"

…57,3•mLß)"

rf¤…5)œè:

⇡ + N ! ⇤+ K (1-11)

dáAXJáu), ä‚Ümü˛Oå§IáU˛ñè530MeV"XJu)

QCDÉC)QGP, duÉCß›è150MeV, ö~Csßé6ü˛, œdss̄å

UœLfK‹):

g + g ! s + s̄ (1-12)

^”ê{Oé, dáAu)U˛Käè300MeVÜm"du3QGPÉ•fó›å,

Ö¤…5)áAU˛Kä$, ˝ˇ3QGP•¤…5)«Èp"

¢˛*¤…5Orê{“¥œLÚåA+A-EX⁄(XRHIC•Au+Au)•
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¤…‚f⁄ÿf'ÜÎX⁄(XRHIC•p+p)•'<5', *k

üoUC"X„1-17[65]§´"

30

/d
y/

2)
ppin

el
>)

/(d
N
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rt

/d
y/

<N
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N

1 10 210
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Au+Au

Cu+Cu

φ

Figure 1.11: Upper panel: The ratio of the yields of K , �, ⇤̄ and ⌅ + ⌅̄ normalized
to hNparti in Au+Au and Cu+Cu collisions to corresponding yields in inelastic p+p
collisions as a function of hNparti at

p
sNN = 200 GeV. Lower panel: Same as above

but for only � mesons in Au+Au and Cu+Cu collisions at
p

sNN = 200 and 62.4
GeV [20]. The error bars shown here represent the statistical and systematic errors
added in quadrature.

„„„ 1-17: ˛å‹:^hN
part

i?LAu+Au⁄Cu+Cu-E•K,�, ⇤̄,⌅ + ⌅̄⁄p+p-E•É

AÉ'; eå‹:⁄˛°‘n˛É”, ê¥*‚fêÅ3�˛, '¸áU

˛:
p

s
NN

=200GeV⁄62.4GeVe(J[65]"

„1-17—¤…5Or¢Oé(J"Ú
p

sNN=200GeVeAu+Au -E

•K,�, ⇤̄,⌅ + ⌅̄⁄Ÿ3p+p-E•ÉAÉ'^hNpartiI›3òÂ, ”ûq'

�3ÿ”U˛eAu+Au-E•'"

l„•Çå±w, ƒk, K, ⇤̄,⌅ + ⌅̄˘ëkmò¤…Í‚fLy—k•

%›ù65¤…5Or, Íä3Å•%-E•àÅå"¥, 3¡„Ú˘

'^ë|©¤…ßéÍI›ûˇ, uyëk2á¤…ßé�0fÿ—l˘á5

"K⁄⇤A‹'L˘á…øö5gußÇÿ”rfaO(f⁄0

f)"du�0f(éü˛1.02GeV)¤…5OrA'⇤(éü˛1.116GeV)Ñáå,
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œdè¸ÿü˛œÉ"˘¶�0f5üCÈkøg, ÇIáœL?ò⁄(J

5)˘á‚f)õ"

3lf-E•, �0f)ÿ¨œèŸss̄(ÿ"3$Up +

p̄(
p

sNN=3.6GeV)-E•, �0fOZIn§ÿ[66]"3
p

sNN=6.84GeVp +

p̄-E•, *ÈOZInªÄ[67, 68]"3˘áU˛e, uy�Ãá)èäë

Xö¤…rfáA(ÉÈuäëX¤…rfáA)"3
p

sNN=27.4GeVp+A-E

•èuy�Ãá)èOZIBéáA[69]"d, ÑkŸß¢(Jè|±˘á(

ÿ[70]"¢˛Èp+p-E•�0f)Ôƒuy°'�(pp ! pp�)/�(pp ! pp!)É

ÈuOZIn˝ˇ[71, 72]kÈåOr[73, 74]"RHIC˛p+p-E'˛„uyOZI

nî¢U˛ápAõ"œd, Çå±@èlf-E•�0fOrøö

œèp+p-E•�0fduOZInÿ"

n˛§„, Çå±@è�0fOry3200GeV Au+Au-E•)

òápó‹©f‘ü"d, �0fÿ—l|©¤…ßéI›"3„1-17•eå

‹©„•, Çå±wAu+Au-E•ÉÈup+p-E�3200GeV-E•(J

'62.4GeV-E•çå, ˘áãK.˝ˇ(J–Éá"@k¢ˇ˛`�0

f)ÿ¥œLKK̄|‹, øÖAÿrf2—A§Kè[75]"©z[76]¢

ˇ˛`�0f¥l9z¤…ßé|‹5"§k˘*ˇ(J2\˛�0f

•%›⁄U˛ù65`òá9ó‘ü3lf-E•)"

1.6 RHIC˛œÈQCDÉC:É'(J

RHIC STAR3U˛£1ò„?1ıU˛:Í‚Ê8: 7.7, 11.5, 19.6, 27,

39, 62.4GeV"y3èé, ÆkÈı(J, e°0Aáá(J"

RCPpTù65Cz
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3ÉcŸ!Æç[0RCP3ppTâåÿ$å±äèQGP3&“É

ò"œd, 3RHIC?1U˛£•, Úÿ”U˛Rcpò3òÂ', “kåU*ˇ

QGPÉC&“"

QM 2012                  Evan Sangaline for the STAR Collaboration (UCD) 15

Hijing Simulation

Hijing qualitatively describes trend 
between energies without jet 

quenching enabled.

STAR Preliminary

„„„ 1-18: Ü„:
p

s
NN

=7.7, 11.5, 19.6, 27, 39, 62.4, 200GeVeAu+Au-E•%Ø›´ë>‚

f(+K)R
CP

ëXp
T

Cz; m„: ÈAuÜ„U˛^HIJING.Oé(J"„—5u[77]"

„1-18Ü>x—ÿ”U˛eRcppTù65"RcppT ù65ëXU˛Czk

wCz™, XJlppTâåÿ$ú5w, l19.6GeVm© ç$U˛ûˇ, ÿ$ú

Æûî"m„¶^HIJING.OéÉAU˛(J"HIJING.¥vk

4|ªõè“¥vk9ó0üUõA, œd, ˘á„å±äèÜ„Î, å±uy

vkQGP)úeRcp 3ppTâå—ÿ¨kÿ$ú—y"'¸„, STARâ—

Ì‰“¥: QGPÉCâå4ååU3
p

sNN = 11.5GeV⁄19.6GeVÉm"

v2NCQI›ª"

c°”JLNCQI›—yè¥QGP)òáá¢y‚"„1-19[78]x—

à´‚fNCQI›(J"�|©ßéèss̄, øÖrfä^°È, œd@èÜ

áNQGP„&E"319.6GeV±9çpU˛•, §k‚f—È–I›3

ò^Ç˛, ˘áã„1-19200GeV(J¥òó"¥11.5GeVm© e, �ãŸ¶‚

f©lm5, NCQI›ª", ˘á@è¥'(QGPûî&“"œdÑ¥Ì‰
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èQGPÉCâå4ååU3
p

sNN = 11.5GeV⁄19.6GeVÉm, Ü˛ò!òó"

Particles 

„„„ 1-19:
p

s
NN

= 7.7, 11.5, 19.6, 27, 39, 62.4GeV Au+Au-E•ÿ”‚fv2/n
q

vs (m
T

�m0), Ÿ•n
q

è

‚f|©ßéÍ"„5g[78]"

¤‹â°ª"A

rÉpä^•â°, 'u˘:Å–y‚“¥Èu•f>Û4›˛eÅ

ˇ¢[79, 80]"˘¢(J—y^5£„QCD•â°ªÄÎÍ✓˝Èä

u10�10"˘á¶3lf-E•¤â°úÿå*ˇ"

Lee⁄Wick[81, 82], Morley⁄Schmidt[83]J—¤‹â°ª"Vg, ˘áVg

Kharzeev3[84, 85]•¥L"3òáp›-u, f|å±)ò3òm⁄ûmk

Å., ßÇ˜vCPT, ¥CP¥ª""záXdûò´ç¨gu

)òáëâ°Œ“, 3nÿ•˘¥df|ˇ¿÷§˚"ëkö0ˇ¿÷|

.kòákÅh ~Echromo ⇥ ~Bchromoiœ"ä, Ÿ• ~Echromo⁄ ~Bchromo©Oè⁄>|⁄⁄^

|,hiL´“§k˘á.§”‚òmâ˛$é"⁄|ûòÈ°5⁄>^|aq,

˘á´ç3P⁄TCÜeÿ"˘ˇ¿.ßéÉpä^UCßé, l

¶Üßé⁄mßéÍ8ÿÈ°: NL � NR = 2nfQ, Ÿ•nfèîßéõÍ, Q¥
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f.ˇ¿÷"œd, ëkö0ˇ¿÷f.¨ë5¤çâ°ª"A"

XXX⁄ƒ˛êï¥RÜuáA°"3ö•%-E•, ˛°£„ûò´çå

±œLäX⁄ƒ˛êïuÉ”>÷‚f5?ßgC[86, 87]"ëkÉá>÷

ßé¨ñïuäXX⁄ƒ˛Éáêïu"ßé3uêï˛ÿÈ°5å±áN

3⇡+⁄⇡�uêïÿÈ°5˛"˘áyñ¥d3ö•%ÈElf-E•)„

å>^|§ë5[86, 88, 89]"^|r›Ååå1015T"^|(¶ßé^›⁄^|ê

ïÉ”)⁄KßéÍ8ÿ”, ˘¸´A|‹3òÂ, )”^|A”"

ƒ^|AÉ, ‚f©Ÿ'Èå±Fpì–mè:

dN↵

d��
/ 1+2v1,↵cos(��)+2v2,↵cos(2��)+ ...+2a1,↵sin(��)+2a2,↵sin(2��)+ ..., (1-13)

Ÿ•ÎÍa£„â°ªÄA"aŒ“¥ëX´çˇ¿÷fi·Cz, œdXJ

Úå˛ûma˛, @o7,¥0"¥, ˘´ç‚fÉm'Èù,¥3

"êƒòz, Úa1,↵{èa↵, ↵ê+⁄-“,©OìLë>⁄ëK>‚f"

duhsin��↵sin���iÿù)â°ª"zÑù)§k—°'È3X⁄

ƒ˛êï˛›Kz, œdÜâ¶^hcos(�↵ + �� � 2 RP )i5äè*ˇ˛"çç[0

ûÎ©z[90]"

„1-20x—3STAR8áU˛eëÉ”>÷⁄ëÉá>÷‚fhcos(�↵ +

�� � 2 RP )i•%›ù65"¸^Ç(J3200GeV©m'w, ëXU˛¸$

ÏC, 7.7GeVûA‹"(‹c°¸!§`(J, QGPûîU˛:AT

311.5⁄19.6GeVÉm"

¿üf©Ÿp›

3òáéÅ0üp, 'È›(⇠)3ÉC:u—"⇠ãX⁄˛(X¿üf

Í,¿>÷Í⁄¿¤…Í)©Ÿı›k'[92, 93]"˘©Ÿ;.ê(�2 ⌘ h(�N)2i;

�N= N-M; Mè˛ä)ã⇠'Xè�2 ⇠ ⇠2[94]"lf-EkÅ›⁄ûmA
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„„„ 1-20:
p

s
NN

=7.7, 11.5, 19.6, 27, 39, 62.4, 200GeVeAu+Au-E•K‚fhcos(�
↵

+ �
�

� 2 
RP

)i
•%›ù65'"„—5u[91]"

È⇠äâ—Åõ"nÿ˛Oé(JLlf-E•⇠ ⇠ 2 � 3fm[95]"©z[96]•J—,

œLˇ˛˛p›©ŸÜpd©Ÿ†¥òáå1ç{, œèßÇÈ⇠kç

rù65"

.OéL˛©Ÿp›È⇠kçpù65[96, 97], 'Xo

›h(�N)4i � 3h(�N)2i2 ⇠ ⇠7, Ÿ•�N = N � M, N¥òáØá‚fıÍ, M¥§kØ

á˛"d, p›èãÇ:QCD[98, 99]⁄HRG.[100]Oé•^z«(�)Ü

É': �(3)
B = h(�NB)3i/V T 3; V, T©O¥X⁄N»⁄ß›"¢˛¶^˘¸á˛

5Ôƒo›: �2 = �
(4)
B /�

(2)
B ⁄S� = �

(3)
B /�

(2)
B "çç[`å±Î©z[101]"È8

›¢˛Ê^
�

(6)
q

�
(2)
q

= C6/C2˘òáÎ˛äè*ˇ˛"

e°¥3Quark Matter 2012c¨˛STARo›⁄8›(J: lÜ„Çå

±w37.7GeV±˛, 0-5%-EÍ‚:—$u—tƒÇ"Èu±>-E, 319.6GeV±

eU˛:pu—tƒÇ"3m„•, 3
p

sNNâåS, C6/C2—3—tƒÇ±e"3

˘U˛±e, 0-40%-E•, C6/C2$u1¥340-80%-E•, ˘á'ä—pu—tƒ
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30 1òŸ ÉÈÿlf-EMoment Products: Energy Dependence !

! Deviations below Poisson !
expectations are observed beyond 
statistical and systematic errors  in 
0-5% most central collisions for κσ2 
and Sσ above 7.7 GeV.  
!
!   For peripheral collisions, the !
deviations above Poission expectations 
are observed below 19.6 GeV.!
 !
! UrQMD model show monotonic !
behavior for the moment products, in!
 which non-CP physics, such as!
 baryon conservation, hadronic 
scattering effects, are implemented.!

STAR!

12 

 
•    Assumptions using PQM model: 
(a)  The freeze-out curve is close to phase transition line 
(b) Tpc range: 170-180MeV 

Model Comparison 

STAR Preliminary 

 B. Friman, et al Eur. Phys. J. C71, 1694 

PQM Model: Polyakov loop Quark Meson Model 
FRG: Functional Renormalization Group. MF: Mean Field.                                                

            . V.Skokov private communication 

„„„ 1-21: ÿ”Â6U˛eAu+Au-Ep›(J"Ü„:�2(˛)!S�(•)!S�⁄—tƒÇ'(e)

U˛ù65[101]; m„: ÿ”•%›•Oé—C6/C2U˛ù65±9⁄.(J'[102]"

Ç"l(J•øvkç{â—AOr‘n(ÿ, Iáçı⁄O"

1.7 LHCU´¢(J

Ü2010cLHC$1Éc, å˛¢(J⁄nÿOé—¥ƒuLAGS,

SPS,⁄RHIC"nÿ˛@è3•Ø›$ƒâåú»U˛¥3BjorkenI›C˛x

-Eÿfó›§˚"3RHICÅpU˛e˘áÉ'âå¥hxi ⇡ 10�2, 

3LHCÅpU˛, ˘áäèhxi ⇡ 10�3"3˘áxâå, fó›—lòáp›öÇ5

¸zêß, ˘áêß£„3$J›ØÑOá6f©Ÿ⁄[103]"3

˘á⁄u)ûJ›I›°è⁄I›Qs"3yk-EU˛e, Èuÿ5

`:RHIC˛Q2
s ⇡ 1.5 � 2GeV2, LHC˛Q2

s ⇡ 3 � 4GeV2[104]"

3LHC˝m©$1Éc, <ÇøÿòŸ@£„ÉÈÿlf-E⁄£„9QCD

0ü.¥ƒå±lRHICU´wLfiLHCU´"˘á⁄—ÈıkøgØK,

'X¥ƒQGP–©ß›,p¨¶-E)0ü ¢XÍçå, Ñk-Eÿf
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⁄A¥ƒ¨œèrl¸$lfNó›⁄"ppT‚f"œèLHCçp

Â6U˛⁄å…›, LHCèkåUJ¯òÔƒ5|ª#*ˇ˛, èå±*

–<ÇÈõßéÉpä^@£"LHC(JÈı, ˘pê¿‹©ãRHICÃá(

Jå'‹©(J"

˝6v2

3ÉcŸ!p°ç[03RHICU´àï…56á(J, ˘p”

ÚLHC (JÉ±0"10
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Fig. 6: a): Elliptic flow v2 as a function of pT for identified particles compared with a hydrodynamical model [94,
95]. b): Elliptic flow for mesons and baryons, scaled by the respective number of valence quarks nq, versus scaled
transverse kinetic energy.

At high pT , where spectral shapes and relative particle yields indicate that hadrons are no longer in
local thermal equilibrium, the nonzero v2 is thought to arise from differential parton energy loss rather
than collective flow. The energy loss should depend on the path length inside the matter and therefore
correlate naturally with the orientation of the elongated reaction zone.

At lower pT , the data are compared to a hydrodynamic calculation [81] using two different values of the
shear viscosity(4��/s = 0 and 1). The effect of a nonvanishing viscosity is clearly visible: The initial
pressure gradients are dissipated and the resulting collective flow is reduced. The influence of viscosity is
seen to be much stronger on v3, as expected. The triangularity corresponds to shorter wavelength density
variations and therefore larger local pressure gradients, which are more sensitive to viscosity. While both
values of the viscosity are compatible with the v2 results, only 4��/s = 1 describes v3. A larger value of
the viscosity would fall significantly below the v3 data, but could in principle be accommodated by using
a different model for the initial state which generates a larger pressure gradient.

This is illustrated in Fig. 5b, which shows the pT integrated flow as a function of centrality [86]. The el-
liptic flow rises strongly towards peripheral collisions, following the increasing elongation of the reaction
region. Because of event-by-event fluctuations v2 stays non-zero even for the most central collisions. The
triangular flow shows little centrality dependence, as it is driven solely by shape fluctuations. The hydro-
dynamic model [82] shown in Fig. 5b employs two different, frequently used sets of initial conditions.
The energy density distribution in the transverse plane is taken either from a Glauber calculation (solid
line) combined with 4��/s = 1, or from a saturation model (dashed line) combined with 4��/s = 2. The
latter predicts larger pressure gradients and consequently needs a larger viscosity to describe the v2 data.
However, the saturation model significantly underpredicts v3. Glauber initial conditions can describe
both v2 and v3 better, in particular, if flow fluctuations are taken into account (see [82] for details).

The measurement of higher harmonics thus seems to be able to overcome the degeneracy between shear
viscosity and initial conditions and give a tighter limit of 4��/s  2 [82]. Recent measurements of
higher harmonic flow at RHIC have led to a similar conclusion [92, 93]. However, none of the currently
used initial state models can perfectly describe all experimental flow observations. With the on-going
effort in both experiment and theory, the new high precision flow data from LHC promise significant
further progress toward the goal of a precision measurement of the viscosity and other properties of the
quark-gluon plasma.

The interference between v2 and higher harmonic flow coefficients [86, 96, 91, 97, 98], which are signif-
icant up to n = 6, also gives a most natural explanation for some unusual long range structures observed
in two-particle correlation at RHIC [84], traditionally called the “soft near-side ridge” and the “away-

„„„ 1-22: Ü„:
p

s
NN

= 2.76TeVPb+Pb-E•ÿ”‚fv2p
T

ù65"m„:ÈAuÜ„à´‚f

v2/n
q

ëX(m
T

� m0)/n
q

Cz, n
q

è‚f|©ßéÍ"„5g[105]"

„1-22Ü>x—⇡, K, p,⌅,⌦‚f˝6(J[105]"Ø¢˛8Nªï6ä^

¨¶ÿ”‚fÑ›™uòó, ÿ¥ƒ˛, œd‚f¨kçppT [106]"6

NÂ.[107]ù˘áA, È–£„l$pT•pT˝6"ßè˝ˇ

3LHCü˛©aAÉ'RHIC¨çå, œèkçåªï6"„1-22m>x—v2/nq

vs (mT � m0)/nq"3RHICU´|©ßéI›3˘p%vkw, çñïuUÏ

ü˛©a"ALICEœd@èRHIC|©ßéI›ê¥|‹, ˆê3òáAâåª

ï6^áe§·"ÿL¶ÇèJ—á?ò⁄~⁄OÿÑkˇ˛�˝65

çr‘n(ÿ"

ÿ?œfRAA
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3Éc0p°èwRHICU´(Jw´3ÿ-ÿ-E•)ppT‚f

ÉÈup+p-E¨ÿ"LHCkçp-EU˛, å±rpTâå*–çp" „1-23•

J. Phys. G: Nucl. Part. Phys. 38 (2011) 124116 A S Yoon (for the CMS Collaboration)
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Figure 1. Left: interpolated 2.76 TeV charged particle differential transverse momentum cross
section with ratios of combined interpolation to various predictions and interpolation. Right:
invariant differential yield in bins of collision event centrality (symbols), compared to a pp
reference spectrum, scaled by the corresponding number of binary nucleon–nucleon collisions
(dashed lines). The systematic uncertainties on the PbPb differential yields as a function of pT for
0–5% and 5–90% are shown in the bottom panel.
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Figure 2. Left: RAA (filled circles) as a function of pT for six centrality intervals. The error
bars represent the statistical uncertainties, and the yellow boxes the pT-dependent systematic
uncertainties on the RAA measurements. Right: comparison to the measurements of RAA in
central heavy-ion collisions at three different center-of-mass energies as a function of pT for
neutral pions and charged hadrons and to several theoretical predictions [7–9].

Measured RAA in the most central PbPb events (0–5 %) is compared to a number of model
predictions, both for the LHC design energy of

√
sNN = 5.5 TeV (PQM [7] and GLV [8])

and for the actual 2010 collision energy of
√

sNN = 2.76 TeV (ASW, YaJEM and an elastic
scattering energy-loss model with parameterized escape probability [9]). While most models

3

„„„ 1-23:
p

s
NN

= 2.76TeVPb+Pb-E•R
AA

p
T

ù65"„•Ñ'SPS!RHIC¢(J⁄ò

.Oé(J[105]"

RAA'LHC⁄RHICU´(J, l„•å±uy, LHC(J3RHICU´‹©

ãRHIC(JÉ'†$, `pU‚f3LHC)9ó0ü•UõÉ'RHICçå"

çw´O“¥3ppTâå, LHC(JkòáÈÂ5ón, lå6GeV/cm

©Ü200GeV/c, RAA5å"LHCÈd)“¥: ƒ˛p‚f, Uõ'~“

, LHC•MLß)ppT‚fU˛á'RHICåÈı, Æpu,áKä, œd¶

ÈppT‚fUõÈ, RAAá,p"

1.8 ÉÈÿlf-E.0

1.8.1 6NƒÂ.(Hydrodynamical Model)

.V„ 1953cK1ògJ—Úné6N^5£„pU-E•)rÉp

- 32 -



¨̈̈†††ÿÿÿ©©© 33

ä^0ü"du˘ƒu6NƒÂ.3/™˛ö~`{⁄{', ßÇ^5Oé

ı-EX⁄•ı*ˇ˛"¥, øÿòŸ3Ï-E•)p›-u¥%ö~

X⁄˛¥ƒå±¶^˘´3˜*nÿ•A^ƒÂ?n"¸áÿÈE§

)X⁄È: 3RHICU´eAu+AuPb+PbÈ%-E•, kå400áÿfã*d-

E, )ÍZg?‚f"ÉRHIC˛1òÍ‚â—Èry‚y3È%⁄ö

È%-E•()Èr8N)‰, œè˘á‘n„î¥6NƒÂ.§˝ˇ

[108]"

né6NƒÂk5§·Iákäï9Ô¸z¤çµ˛ûm, '?¤˜*

ûmI›—á·"ÉÈÿlf-E•)ª•‘üIá:Ñ9z, œèêkX

⁄C¤ç9Ôûßò9ÂÎÍ, 'XÿÂ, ó›⁄ß›‚kø¬"êk3

˘á^áe<Ç‚å±ÔƒpßerÉpä^‘ü‘êß(Equation of State, {

°EOS), ˘áÈuÔƒrÉpä^0üÉC5`ö~á"nÿ˛˝Û3.U˛ó

›è1GeV/fm3úe, X⁄¨{lrfÌNï)Bßé⁄f|§9ó

lfNÉC"Ç:QCDOéL˘áÉC33155-175MeV•m,á.ß›e

Ñu)"

ÈukØıá*|©˜*X⁄, du˘X⁄fi·', á*ƒÂÚ˘

X⁄Ñ/⁄ïÅåSG, ˘ûX⁄¤Lyå±òX˜*9Â|5L"

9z¤ç/u)3'˜*ûm›ıûm›˛, 3˘^áe, X⁄å±£

„èné6N, È?¤¤ç˜*|Cƒ—¨œLN!‚fƒ˛©ŸÍ˛áA"dd

—˜*9Â|$ƒêß“¥né6NƒÂêß, ßÇ£„3…Uƒ˛⁄>÷

Åõe˜*ÿÂF›X¤)0ü8N6,

3lf-E•6NƒÂ£„ê39z⁄»(ÉmòákÅâåS§·"6

NƒÂÿU£„-E–©„"˘á–©„lÿÿ–©-Em©, X⁄S‹‚f

˜Â6êï–©$ƒë=zÓ°êïû(Â"<ÇœL6NƒÂ•
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–©^á5£„˛„–©Lß, œL36NÂ¸zLß°\˛òá»(^á5™

é¸z"˘–©⁄"^á¥6NƒÂö~á‹©, XJéáçîÉ'

(J7Láö~%?n"

òá9z6NUƒ˛oë‹˛å±L´èµ

T µ⌫(x) = (e(x) + p(x)) uµ(x)u⌫(x) � p(x)gµ⌫ . (1-14)

˘á/™ù6u36Nzá:¤ç9Ô, è“¥`ßÈAòá——Aå±—

né6N"Uƒ˛¤‹å±L´è:

@µT
µ⌫(x) = 0, (⌫ = 0, ..., 3). (1-15)

XJ6Në÷Ni, 3¤‹éX•÷ó›èni(x), ÉA¤ÎX•÷6

ó›jµ
i (x) = ni(x)uµ(x), ¤‹÷å±L´è:

@µj
µ
i (x) = 0, (i = 1, ..., M). (1-16)

˘´÷X¿fÍ,>÷,¿¤…Í"

XJ¤çµ˛Ñ«ÿØ, {y=û¤‹9z, @o˛„Uƒ˛‹˛⁄÷6ó

›L´™IáÌ2, Iár'u*—!D!8N⁄}É ¢XÍ—$ÎÍ—

—ëù)?5"˘áC/™¶)'E,[109]"

4+Má™1-15⁄1-16“ù5+Máô|:6Ñ›3á’·©˛, U˛ó›,ÿÂ

⁄Má÷ó›"è¶)˘êß, IáJ¯òáã¤‹9Â˛É'Èÿ

Gêßp(e, ni)"êƒ¿¤…Íè0X⁄, øÖÿƒ÷Åõ(˘áAÆ

@èÈ[44])"˘¶¿fÍó›n§èçò3ƒÂ¸z•÷ó›"

rÉpä^‚f/§póX⁄Gêßå±l.ˆÇ:QCDOé•J

—5".Ê^˘¸´|‹: 3$U´ç, <ÇÚÿ‘ü£„èÿÉpä^rf

ÌN"ëXß›,p, 5ıU˛?\çU˛çp•"˘

òáÉÈ^Gêß(”EOS H”), ßp°(Ñè:c2
s = @p/@e ⇡ 0.15[110]"
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ëXNXpø˘, ˘áX⁄¨{òáÉCLß, 3˘áLß•á*gd›

lrf=zèßé⁄f"˘á=CäëX3.ß›Tcrite‚,O\"3ÉCÉ

˛, X⁄å±.[èòáùÉpä^ü˛è0u,d,sßé⁄f, …òá

‹ïÿÂBä^[111]NX"ÈAGêßp = 1
3
e � 4

3
B, ˘áêßÉÈM, p°

(Ñèc2
s = @p/@e = 1/3, ˘áÑ›áLrfÌN•¸"˘áGêß

è”EOS I”"

Ú˘¸áGêß⁄édâ.ö, ÚïÿÂ~ÍèB1/4 = 230MeV,

˘Èu¿fó›è0X⁄, ÉCß›⁄Ç:QCD(Jòó[30, 112]"¿JTcrit =

164MeV, ÚÉAGêßIè”EOS Q”"p(e)ëX¿fÍ⁄¤…Íó›ºÍ

X„1-24§´" édâ.Å™óòárò?ÉC[113]"ßùÈåd

February 5, 2008 7:22 WSPC/Trim Size: 9in x 6in for Review Volume qgp3

Hydrodynamic description of ultrarelativistic heavy-ion collisions 9

resonances. This results in a relatively soft equation of state (“EOS H”)
with a smallish speed of sound: c2

s

= �p/�e ⇡ 0.15.24

As the available volume is filled up with resonances, the system ap-
proaches a phase transition in which the hadrons overlap and the micro-
scopic degrees of freedom change from hadrons to deconfined quarks and
gluons. Due to the large number of internal quark and gluon degrees of
freedom (color, spin, and flavor) and their small or vanishing masses, this
transition is accompanied by a rather sudden increase of the entropy density
at a critical temperature Tcrit. Above the transition, the system is modeled
as a noninteracting gas of massless u, d, s quarks and gluons, subject to an
external bag pressure B.39 The corresponding equation of state p = 1

3e� 4
3B

is quite sti↵ and yields a squared sound velocity c2
s

= �p/�e = 1
3 which is

more than twice that of the hadron resonance gas. In the following we refer
to this equation of state as “EOS I”.

0 1 2 3 40

0.2

0.4

0.6

0.8

1

1.2

1.4

e (GeV/fm3)

p 
(G

eV
/fm

3 )

n=0 fm−3

EOS I

EOS Q

EOS H

Fig. 1. Equation of state of the Hagedorn resonance gas (EOS H), an ideal gas of mass-
less particles (EOS I) and the Maxwellian connection of those two as discussed in the
text (EOS Q). The figure shows the pressure as function or energy density at vanishing
net baryon density.

We match the two equations of state by a Maxwell construction, ad-
justing the bag constant B1/4 =230 MeV such that for a system with zero
net baryon density the transition temperature coincides with lattice QCD
results.5,6 We choose38 Tcrit =164MeV and call the resulting combined
equation of state “EOS Q”. It is plotted as p(e) at vanishing net baryon

„„„ 1-24: 6NÂn´ÿ”Gêß(EOS): rfÌN(EOS H); ü˛‹©fnéÌ

N(EOS I); 3T
c

= 164MeVu)ò?ÉCGêß(EOS Q)"

9�eQ = 1.6GeV/fm3[114]"˘áãÇ:QCD(J[30, 112](ÿ¥¿‚,Ç:QCD@

èÉC¥'w"¥, ó›3ÉCLßoNO\.È–£„, œdÿå

åUédâ.<èCÕÉCÇ¨ó„åƒÂA"
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–©z?n lf-E–©9z„Ÿ¢Æÿ·u6NƒÂ.£„â

å, 7LáOÜè6NƒÂ–©^á"ÿ”äˆ¶^ÿ”ê{5‹n

–©^á"'X, å±Ú¸á-Eÿ?nèpÉBfle6N, 3áA•%⁄\1

n96N(n6NƒÂ[115]), ˘áê{á¶£„–6ÉmUƒ˛⁄fÍÜ

⁄õîë"ˆ, å±Ú@œ„¶^ƒ£„, 'X¶^—$., XVNI([116]),

VNI/BMS([117]), MPC[118], AMPT[119]"

¥, )§–©á*AøvkÈ–n), ÈkåUduáA´ç4pó

›⁄-EÑ«, ¶3@œ9z„^3ä‚f¶)¿[˘êßøÿ‹"3.

•, ê¥Ú–©ÓïˆU˛ó›©ŸA¤?n"Glauber.[37]^5O3Ó

°îÿfó›!¸Nÿÿ‹©f-‹©f-EgÍ, øÚ-E©è¸á‹©: ^

‹©(ãîÿfÍ§')⁄M‹©(ã¸N-EgÍ§'), ±d5Ô¢˛

*ˇë:rf"Ø›©Ÿ[120, 121]⁄È-E•%›[122, 123]ù65"

Õ‹⁄»(?n ÉcèJL, Óï)‰CXdÉØ, •m0üó›CX

dÉ$, ±ñu¤ç9ÔÆ{±ûˇ, 6NƒÂ£„“ÿ2§·"'u'

¤çgdß⁄)‰ª•oN›ç[?ÿ`NX»(¥ƒu), è“¥

`¥ª•)‰⁄Â, öŸg›"

òáD⁄^5£„6NƒÂî⁄‚f»(ê{¥Cooper-Fryeê{, ßb

3òáâ6N¸S, ƒÂ»(^á˜vûˇ, lné¤ç9zÔïg

du‚f‚,=C"3Cooper-Frye/™•, ƒk46NƒÂûm¸z, ,(

6NƒÂ¸†ƒk˜v»(^áûòáL°⌃(x), É¶^Xeêß5Oé‚

fi"Ã:

E
dNi

d3p
=

dNi

dypT dpT d'p

=
gi

(2⇡)3

Z

⌃

fi (p
µ · uµ(x), x) pµ · d3�µ(x), (1-17)

Ÿ•d3�µ(x)¥Ü»(L°⌃(x)RÜøêïä•˛, pµfid
3�µ¥ƒ˛åèpBLL°
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‚f¤ç6˛"Èuûò©Ÿf , 3=Ú)Õ‹ÉcÊ^¤çÔ©Ÿ:

fi(E, x) =
1

exp [(E � µi(x)) /T (x)] ± 1
, (1-18)

Ú1-18•ÉAC˛^™1-17•ÈAìO, Åß›⁄zå±l6NƒÂ‹©

——"˘á/™¥^5Oé§kÜ—‚fƒ˛©Ÿ"ÿ4Ÿ

PCß.•¶^‹ÿ”PC©|'"

1.8.2 ⁄O.(Statistical Model)

ßé⁄frfzv{^QCD1ò5nOé—5"⁄O.¥Øı£„ßé⁄

frfz."è,⁄O.J—'QCDu–Ñá@, ¥ÜT.˝ÛÔ

rfÌN¥QGPòá&“É‚⁄Â<Ç,[124]"˘.3zÔ„

OérfÌN•‚f'⁄?nò˛, XfÍ(B), ¤…Í(S)⁄>÷Í(C)"

Èƒ-EáAOé, Xe+ + e�, p + p, p + p̄, ÇIá¶^KXn5£„rf)"

3lf-E•, X⁄N»Æåå±^„KXn5£„, ÉA˛kÈA

z[125]"3„KXn•©ºÍZg,ÈÍå±è:

ln(Z) =
X

specicesi

giV

(2⇡)3

Z
ln(1 ± e��(Ei�µi))±1d3p (1-19)

gi¥{ø›, V¥X⁄N»,� = 1
kT

, k¥¿[˘~Í, T¥ß›, Ei =
p

p2 + m2¥

‚fU˛, mi¥‚fü˛, p¥‚fƒ˛, µi¥‚fz"µiå±è:

µi = BiµB + SiµS + QiµQ (1-20)

µB¥fÍz, µS¥¤…Íz, µQ¥>÷Íz"´ai‚fÍè:

Ni = T
@lnZ

@µi

=
giV

2⇡2

+1X

k=1

m2
i T

k
K2(

kmi

T
)e�kµi (1-21)

K2¥C/lºÍ"

œè3lf-E•)0üN»ÿUÜ&ˇ, ⁄O.ÿU^5ÜO

é˝È, êU^5Oé‚fÉÈ"⁄O.ÿUÈ–£„¤…5, œdòá

AOÎÍ�s⁄?5ìLë¤…˛fÍ‚fÉÈuŸÔäÿ$"XJ¤…
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˛fÍÔ@o�s = 1"ÇœLrˇ˛‚f'?1[‹5µB, µS, µQ, µT"

˘Oéçı[!å±3[124]•)" „1-25•£„[126]•0⁄O.

Figure 1.11: Thermal fit to RHIC data on yields of hadrons [29]. �s is a factor
indicating the degree of equilibration of strange quarks. �s = 1 indicates complete
equilibration.

where K2 is the modified Bessel function.

Since the volume of the medium produced in a heavy ion collision cannot be

measured directly, statistical models cannot be used to calculate the absolute yields,

however, they can be used to calculate the relative yields of particles. Statistical

models do not describe strangeness well so an ad hoc parameter �s was introduced to

account for the suppression of hadrons with strange valence quarks relative to their

equilibrium value. �s = 1 if strangeness is in equilibrium. Measured particle ratios

are fit to determine µB, µS, µQ, �s and T. Further details of these calculations can

be found in [27] and the references therein.

Figure 1.11 shows a fit of a statistical model described in [30] to particle ratios

in Au + Au collisions at
p

sNN = 200 GeV, demonstrating that statistical models

describe the data well. The inset shows �s as a function of the number of participants

in the collisions, with collision centrality increasing with the number of participants.

�s ⇡ 1 for central collisions.

If the medium does reach equilibrium, statistical models must describe the data,

14

„„„ 1-25: ¶^⁄O.5[‹RHIC¢Í‚[47]"�
s

L¤…ßéÔß›"�
s

= 1ìL

Ô"

3200GeV Au+Au -E•“‚fOé, (J`⁄O.È–/£„(J"

l„˛5w, �s¥-E•Npart(ÎÜ-EÿfÍ)ºÍ"3•%-E•, �s ⇡ 1"

XJ0ü(àÔ, @o⁄O.íå±£„Í‚:, ¥⁄O.U

£„Í‚:øÿìL0üòàÔ"3�sè0.4-0.8úe, ⁄O.Èu£

„e+ + e�, p + p, p + p̄-E•'èv–[124]"Èu˘áØ¢kı"åUr

f(¥3Ô•), ¥˘á`¸’⁄O.OéøÿUäèX⁄ÆàÔ

y‚"

ÿ+-EX⁄‰N/™, œL9Â[‹ß›—3160MeVÜm, 'X3

„1-25•ÈSTARÍ‚[‹(J“¥T = 163±4MeV"˘áß›ÿUäèQGP)ß

›, êUäèz»(„ß›Tch"⁄O.ÿU£„lf-E•rfÃ‹â

- 38 -



¨̈̈†††ÿÿÿ©©© 39

å, ¥å±^5£„‚fo'"

1.8.3 ıÉ—$.(A Multi-phase Transport Model)

ıÉ—$.AMPT(A Multi-Phase Transport model)[127]¥òáùıáä^Lß

ÑAk‚."ä‚§£„‘nLßÿ”©è¸áá:1. Default-AMPT, vku

Kzõ; 2. Melting-AMPT, ùuKzõ"AMPT.Ãáù)4áfLß, ù):

(1)Éòm–©z; (2)‹©fÉpä^; (3)rfzLß; (4) rf2—Lß"

.¸zLßå±^„•1-26L´—5"e°È4áfLßòò0"

(1) –^áÃáù)minijet‹©f⁄^-uuÉòm©Ÿ"AMPT¥œ

LHIJING .[128–131]5§Éòm–©z"3HIJING.•, ¸áÈEÿÿf

ªïó›©Ÿ¥Ê^Woods-Saxon©Ÿ"U´çÉpä^åóù)¸´:MLß⁄^

Lß"MLß•Épä^ƒ˛D4å(pu,áKäp0), å±^pQCD5£„, ˘áL

ß)minijet‹©f;^Lß•Épä^ƒ˛D4(up0), ¥öá6, du/§

õ[, /§-uu"Melting-AMPTá•-uuœLLUNDuî.Kz§‹©

f[132–134]")u!d!sßé6ü˛©Oèmu = 5.6 MeV/c2!md = 9.9 MeV/c2!ms

= 199 MeV/c2"

(2) ‹©fÉpä^"minijet‹©f⁄uKz)‹©fÉmÉpä^?È

Lß¶^¿[˘—$êß?1£„, ‹©fÉòm©ŸëXûmu)¸z"˘p¶

^ZhangZPC.?1[[135], ¸á‹©fÉmÂlu
p
�/⇡û, ‹©fÉmÚ

u)—"8cZPC==ù)‹©fÉm¸N—, ÉA-E°¶^á6QCDº

:

d�p

dt
=

9⇡↵2
s

2
(1 +

µ2

s
)

1

(t � µ2)2
,

Ÿ•↵s¥Õ‹~Í, s⁄tìLIOMandelstamC˛"k-ü˛µ ù6u‹©f‘

üß›⁄ó›, ÇœLµå±õõ‹©fÉpä^o°"
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HIJING

ZPC

Lund string Fragmentation

ART

excited strings and minijet partons
energy in nucleon

spectators

(Zhang’s Parton Cascade)
till parton freezeout

(A Relativistic Transport model for hadrons)

recombine with parent strings

Structure of the default AMPT model
A+B

HIJING

ZPC

ART

excited strings and minijet partons
energy in nucleon

spectators

(Zhang’s Parton Cascade)
till parton freezeout

(A Relativistic Transport model for hadrons)

Structure of the AMPT model with string melting
A+B

Quark Coalescence

fragment into partons

„„„ 1-26: ˛„:Default AMPTá(´ø„; e„: Melting AMPTá´ø„[127]

"
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(3) rfz"¸áÿ”áòAMPT.Ê^ÿ”rfzõ"‹©fÉ

mÿ2kåUÉpä^u)û, default AMPT.¶^LUNDuîê{?1rf

z[132–134], melting AMPT.¶^òá{¸‹©f|‹., ÚC‹©fUÏ

Ÿ|©|‹§0ff"3|‹Lß•, ê±nƒ˛, œL|‹ßéõ, ⁄

ŸÿCü˛Ü=ò´rfçC, ‰|‹)=ò´‚f"ø@èrf/§Lß•è

Iáòáûm, è0.7fm/c",, rf/§¥ëXûm¸z3áAX⁄ÿ”ûm⁄†ò

), §±3X⁄¸zLß•/§òá‹©f⁄rfûmLß"

(4) rf2—Lß"rfzLß(Â, §k)rfÚu)2—Épä

^"ART .[136, 137]å±^5[˘áLß"ART.ƒf-f, 0f-0f,

f-0fÉmÉpä^, UÈ–£„AGSU˛¢(J[136, 137]"

AMPT.ÆÈRHICU˛eÈı¢yñâ—È–£„"~X, ‚f˝

6⁄HBT"©Ú|^AMPT.?1¸‚f'ÈÔƒ, çÑÿ©14Ÿ"
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1.9 ÿ©SN⁄(

ÿ©Úÿ„3RHIC-STAR&ˇÏ˛àáU˛e(
p

sNN=7.7, 11.5, 19.6, 27, 39,

200GeV)áÿ3
⇤H¢Ôƒ"Çç[„ÿ©Ûä‘nµ⁄¢yG, Ÿ•

ÇÈRHIC-STAR&ˇÏÃáf&ˇÏ?1ç[0"3‘n©¤‹©ÉcÇ0

ÈRHIC-STAR˛"›˛UÏZDCˇ¡Üè›Lß"3©¤‹©Ç—3
⇤H¢

©¤[!⁄Ãá‘n(Jù)àáU˛e3
⇤H, ¤…5¥›œfU˛ù65±

93
⇤Hˇ˛, ÉÈ(J?1?ÿ"dßÇÑ|^ıÉ—$.(AMPT)Ôƒ


p

sNN = 200GeVeVrfê†'È•ö6z"

ü©ŸS¸Xeµ

1òŸµ⁄Û

1ŸµÉÈÿlf-E¢Cò

1nŸµ"›˛UÏ(ZDC)ˇ¡Üè›

1oŸµ3
⇤H¢©¤

1 ŸµVrfê†'ÈnÿÔƒ

18Ÿµ(ÿ⁄–"
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1Ÿ ÉÈÿlf-E¢Cò

2.1 ÉÈÿlfÈE (RHIC)

{IŸé©I[¢øÉÈÿlfÈE(RHIC)¥.˛1òV;

Çlf\ÑCò"Ü2010c11, ßÑ¥.˛ÈEU˛ÅpÈE, É†

uÓÿf•%å.rfÈE(LHC)§á"RHIC\Ñ¸áÂ6¶ŸÈE, ˘

-EX⁄§)ü%U˛å±àq¢õA$ñçp"RHICÔE

8òm©“¥èME4‡¢^á5&ƒ‘ü, ßu1991cm©OÔ

E,2000cÔ§ø›\$1"RHICå±^5\Ñlf⁄îlf, 'X7ÿ!ÿ⁄ü

f"7ÿÂU˛å±\Ñzÿf100GeV, üfå±zÿf250GeV"è,

˘áÍäÆLHC§áL, œèLHCå±Úlf\Ñzÿf1.38TeV, üfzÿ

f3.5TeV, ¥Ó8èé, ß¥çòå±^5ÈE4züfÏ"L10ıc,?⁄

UE, y3RHICÂ6›kÈåJp"2012cRHIC\ÑÏ›(Luminosity)

ä3
p

sNN=200GeV Au+Au-E•Uà5.0 ⇥ 1027cm�2s�2, 3
p

sNN=200GeV p+p-

E•à5.2 ⇥ 1031cm�2s�2,
p

sNN=500GeV p+p-E•à2.0 ⇥ 1032cm�2s�2"

d, RHICÑå±3åCÂ6U˛e?1-E¢, 'X$
p

sNNèAáGeV"

Ÿ8“¥œLNÂ6U˛?1lf-EU˛£, 3ç$U˛lfÈE•
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44 1Ÿ ÉÈÿlf-E¢Cò

œÈQGPÉC.:(Critical point)"32010cñ2012cU˛£$1•RHIC?1


p

sNN=62GeV!39GeV!11.5GeV!7.7GeV!27GeV!19.6GeVAu+AuÈE, Æ

ıÿÜ(J"

RHIC,?UEÑ3?1•, 3ô5, RHIC¨O\#&ˇÏ(MTD, HFT,

FGT)5Ôƒçıc˜‘n, ”ûè¨O\>fÂ, ˘3°¨ç[0"24 ᅣؽֻ ཌྷؓંᇗ৖ሰஷሏൌဒልᇂ

๭๭๭ 2-1: ҃ਗ਼क़ݚ໓ࡅݓൌဒ൩֥ᇗ৖ሰࡆ෎ఖؓሏ҃ٳࠏൕၩ๭b

- 24 -

„„„ 2-1: Ÿé©I[¢ølf\ÑÏÈE©Ÿ´ø„"

RHIC¥dòXE,fX⁄|§, „2-1â—RHICCò|‹„"ßù)RHICÃ

Ç!G>\ÑÏ(Tandem Van de Graa↵)!ÜÇ\ÑÏ(Linac)!OrÏ(Booster)⁄

CF›”⁄\ÑÏ(Alternating Gradient Synchrotron, AGS)"RHIC¶^ár^c5
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J¯„å^|, øÖ‡vrl¶lf•üfÿœ•’¸ä^—

m"RHICÃÇd¸áÉ”!Cqè/!±è2.4=pÇ|§, ßÇk6áÉ

:"Ÿ•oáÈE:˛Ckÿ”&ˇÏCò"ßÇ©O¥†u6:00†òSTAR, 8:00†

òPHENIX, 10:00†òPHOBOS⁄2:00†òBRAHMS"©©¤STAR&ˇÏÊ8

Au+Au-E¢Í‚, e©ÚÈSTAR&ˇÏâç[0"

lfÂ3œLòX\ÑÏò⁄⁄\ÑÂ5, Ç±7ÿè~:1ò⁄, RHIC3

Û¿Ìlf(Pulsed Sputter Ion Source)G•)ëkòá¸†K>÷(Q=-1e)

7fÂ, œL¸á7 5ülK‹©>f, ø5\G>\ÑÏ\Ñ"3G

>\ÑÏ•7ÿüK32á>f, ,˘áë>÷Íè+32e7ÿÂ¨\Ñzÿ

f1MeVU˛"RHICk¸áÉ”G>\ÑÏ, ˘å±”û\Ñÿ”Â6('

X7ÿ⁄ÿ)"1⁄, Â6OrÏ(Booster)\ÑU˛èzÿf95MeV, ø?ò⁄

ül>fë>÷è+77e,5\AGS"1n⁄, 3AGS•, 7lfÂ\Ñzÿ

f8.86GeVø?ò⁄ülKêe;>f, dûAuÂë>÷Íè+79e"1o⁄, 

ülK;>f7lfœLAGS-To-RHIC(ATR)5\RHICÇ, ?ò⁄\Ñ-E

U˛"ßÇèå±~Ñÿ”Å™U˛, 3Ç•å±;àõû"

2.2 ⁄^+ª,&ˇÏ (STAR)

STAR(Solenoidal Tracker At RHIC)Ã§[138]¥RHIC˛òáÃá¢Cò"

⁄RHICŸßAá&ˇÏÉ', STAR‰kÈå&ˇ¬›(Acceptance)âå, U

&ˇ200GeV Au+Au•%-E•å‹©rf, øÖ‰kÈ–nëª,ÔU

Â"STARdıáfCò§, „2-2⁄„2-3¥áSTARÃ§në´ø„⁄˝ïø°

„"

|§STARÃ§f&ˇÏù)µ^ânë‚fª,Ôûm›Kø(Time

Projection Chamber,TPC)⁄cïûm›Kø(Forward Time Projection Chamber, FTPC),

- 45 -



46 1Ÿ ÉÈÿlf-E¢Cò

„„„ 2-2: STAR&ˇÏnë„"

„„„ 2-3: STAR&ˇÏ˝ïø°„"
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^uˇ˛‚fú1ûmå.ú1ûmÃ§(Time-Of-Flight detector,TOF), ^uˇ˛

‚fú»U˛‹>^˛UÏ(Barrel ElectroMagnetic Calorimeter, BEMC)⁄‡‹

>^˛UÏ(Endcap ElectroMagnetic Calorimeter, EEMC), ±9µf"&ˇÏ(Muon

Telescope Detector, Ô•)!Â6OÍÏ(Beam Beam Counters, BBC)!"›˛UÏ(Zero

Degree Calorimeters, ZDC)!:&ˇÏ(pseudo-Vertex Position Detectors, pVPDs)!

Í‘â&ˇÏ(Ring-Imaging Cerenkov Retector, RICH)!cïrf˛UÏ(Forward

Hadron Calorimeter)"e°ÇÚÈAáÃá&ˇÏÉ±0"

2.2.1 ûm›Kø (Time Projection Chamber)

ûm›Kø¥STAR¢Cò•ÅÃáª,Ô&ˇÏ[139]"ß‰kÈå&ˇ

¬›, &ˇâåCXáê†êï, Ø›⌘å±l-1.8ñ1.8"„ 2-4¥TPCnë´

ø„"

„„„ 2-4: STARûm›KøTPC"
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48 1Ÿ ÉÈÿlf-E¢Cò

l„•å±w—, ûm›Kø¥òá4.2m, Såª0.5m, åª2.0mò

%ŒN"lÓ°*, TPC˛Uê†©§õá©´(TPC Sectors), z

ásectork45ápad, ä‚†ò©§inner pad⁄outer pad"TPC•mø˜‹90%

Ì⁄10%`§|§P10ÌN, ÿrpuIOåÌÿ2Œq, ?uŒN•%†ò“

4ròm©§¸áÌN§£ø"“4˛§\pÿè28kV, §£>|r›

è135V/cm"

TPC‹ùåXr^c5J¯rå^|"STAR^c¥òá6.85í, SÜª⁄

Üª©Oè5.27í⁄7.32íÇN"ßU3STAR&ˇÏ•)˜Â6êï 0.25T

⁄ 0.5T˛!^|, lTPCU|^{¸⁄^ª,ê{Ô-E)pU‚f

nëª,"STAR^|r›Oÿ›åà1-2ápd, ^|˛!53ªï˛ÿá

L±50pd, 3ê†êïÿáL±3pd"STAR^cp›O¶TPC‚fª,†ò

Ô›åà 200-300 µm"'uSTAR^cç[0ûÎ©z[140]"

eL2-1—TPCòƒÎÍµ

Number of Anode Sectors 24

Number of Pads 136608

Cathode Potential 28 kV

Drift Gas P10

Pressure Atmospheric + 2 mbar

Signal to Noise Ratio 20:1

Drift Velocity 5.45 cm/µs

Transverse Di↵usion (�) 230 µm/
p

cm

Longitudinal Di↵usion (�) 360 µm/
p

cm

LLL 2-1: ‹©STARûm›KøÎÍ"

-E)pUë>‚f3BTPCûˇ3P10ÌN•>l—å˛>fq">l

—>f3§£>|ä^eïTPC¸‡(4)§£, Ñ›è 5.45cm/µs, œd3TPC•

Åå§£ûmè 40µs"§£•>fL»òå, Ÿ&“Å™>f÷—"|^>

f÷—X⁄P>fq§£ûm, “å±>l:3pïêï(z)˛†ò, œ
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L>l&“3¸‡pad˛3e“å±xy°†ò"˘(òáá>l:

nëãI“å±Ô—‚fª,"3ë>‚fª,, å±Oé—ª,

«åª, ,(‹^|r›BßÓïƒ˛, Å™d‚f—›‚foƒ

˛"TPC§Uˇ˛‚fƒ˛Åååà30GeV/c"|^STAREmbeddingE‚UO

é—TPCª,«⁄ª,ƒ˛©E«"Ÿ•ª,«åà80%±˛, ƒ

˛©E«$u3%"

STARûm›Kø÷—>fO⁄.˛Ÿ¶å.¢Cò(~XPEP4,

ALEPH, EOS, NA49 )Oaq, ¥ƒIáPRHIClf-E)å

˛ë>‚f, STAR-TPCâò7áU˚"„2-5§´èTPC˜/÷—X⁄©

Ÿ"TPC˛ok24á˜/÷—´, z>È°©ŸX12á, ˜/÷—´ÉmòY=

è3mm, ˘“¶åU~÷—X⁄k´"zá÷—´q©è‹˜´⁄S‹˜

´¸á‹©"S‹˜´k1750á÷—°, zá÷—°°»è2.85 ⇥ 11.5mm2, ‹˜´

k3742á÷—°, zá÷—°°»è6.2 ⇥ 19.5mm2, ‹˜´⁄S‹˜´ÉmkX2mm

mY"

„„„ 2-5: TPC÷—Ü˜´´ø„"
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50 1Ÿ ÉÈÿlf-E¢Cò

„„„ 2-6: TPC‹˜´°Ü(Outer Sector)É°„"

÷—X⁄¥òáıj'ø(Multi Wire Proportional Chambers, MWPC), Ãáù

)4á‹, Ÿ•1á¥÷—°, ,3á¥>f7·j°"„2-6¥˜/÷—´‹˜´

É°„, ÅC÷—°¥4ÇÜ(Anode wire plane), ùd¥/ÇÜ(Ground wire

plane)⁄ÄõÇf"4ÇÜ˛\kpÿ, dußÂl/ÇÜ'C, œd/§Èr

>|, ª,BLTPC>l—5>f3˘pL»òå"÷—X⁄œLPL»

òå>fqòm†ò⁄ßÇ>˛5Ô‚fª,⁄ˇ˛ßÇU˛õî(dE/dx)"

(‹‚fƒ˛⁄ˇ˛‚f3P10ÌN•U˛õî, TPCå±ÈpU‚f?1Å

O"‚fª,˛hdE/dxiå±^Bethe-Bloch˙™5L´ [141],

hdE

dx
i = 2⇡N0r

2
emec

2⇢
Zz2

A�2
[ln

2me�
2v2EM

I2
� 2�2], (2-1)

Ÿ•zè‚f>÷(±eè¸†), �=v/cè‚fÑ›, ⇢è0üó›, N0èCœ\¤~

Í, meè>fü˛, re = e2/meè;>^åª, cè1Ñ, ZèÌNfSÍ, AèÌN
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f˛, � = 1/
p

1 � �2, Iè˛-uU"EM = 2mec
2�2/(1 � �2)¥¸g-EÅå=

£U˛"

„„„ 2-7: ë>‚fª,BLTPCÌNûU˛õî"¢ÇènÿÇ, dBichselºÍ[142]Oé—"

„ 2-7â—3STARTPCˇ˛ÿ”‚fU˛õî(dE/dx)⁄‚fƒ˛ë

„"ÿ”ëfÈAXÿ”´a‚f, åÑ‰kÉ”ƒ˛ÿ”‚f´a, ßÇU

˛õî¥ÿ”"œd, å±|^UõÈßÇ?1ÅO"ÈuAu+Au-E, œLÜˇ

˛dE/dxå±3ƒ˛u⇠ 0.7GeV/câåS©E—⇡⁄K, 3ƒ˛u⇠1.1GeV/câå

S©E—p"|^dE/dxÅO—5⇡, K, p, (‹STARg?:ÔE‚, å±ÅO—È

ırf, ~XK0
S, ⇤, ÅOƒ˛âåå±l0.3GeV/c7.0GeV/c"ÈurPC‚f,

~XK⇤,�,�, œL‹Øáê{å±ÅOƒ˛âåÅåè5.0GeV/c"

2.2.2 ú1ûm&ˇÏ (Time Of Flight)

TPCè,5Urå, ¥È‚fÅOUÂù,kÅ, õSTAR3‘n˛òÔ

ƒ"ú1ûm&ˇÏ(TOF)ÔE“¥èJp‚fÅOUÂ"|^ú1ûm5ÅO‚

fnÈ{¸, ¢Xe, p = �� · m0, Ÿ•� = L/t"L⁄t—å±ˇ˛—5"l˘á'

X™“å±w, TOFÅOá'TPC{¸, Ö¥ã•mÌN5ü'"
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STARú 1 û m & ˇ Ï(TOF)[143–145]† uTPC⁄BEMCÉ m, d120á ^ /

Ü(Tray)|§, ¿‹¸˝à60á^/Ü"zá^/Ü240cm!21.3cm!p8.5cm,

ù)32á¨(Module), zá¨d6áƒ¸(Pad)|§, záƒ¸CX°»

è6.3cm⇥3.15cm, áTOFk23040áƒ¸, oCX°»à60m2"

STAR-TOF¥ƒuıÌY{5Üø(Multi-gap Resistive Plate Chamber, MRPC)E

‚[146]ÔE&ˇÏ"MRPCE‚ƒkdÓÿf•%ALICE¢|u–Â5, øA

^ú1ûmÃ§˛, UàÈ–ûm©E«[147]"„2-8⁄„2-9¥MRPC¨˝ï

É°„"

„„„ 2-8: MRPC(´ø„I"

„„„ 2-9: MRPC(´ø„II"

MRPCdòX1¿Ê>{Ü|§, ¿ÊÜÉm^Z9j©Ö§0.22mmÌY"
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S¿Ê>{Ü20cm!6.1cm!˛›è0.54mm, N>{«è8 ⇥ 1012⌦·cm, §kS

¿ÊÜ?u2ò>†"¿ÊÜ20.6cm!7.6cm!˛è1.1mm, ßœLú$>

4⁄p>ÿÉÎ"˘“å±3ÌY•/§òá˛!r>|, ë>‚fBLÌøû,

3(Ø´S>l)>f¨·=m©>f»Lß, ¿ÊÜduŸ>{5ÿ¨ÎÜ

)aA>÷, §kaA)>÷‡83aA>4˛"÷—X⁄KœL÷aA>4˛

aA>÷5Pª,-àTOFûè, (‹:&ˇÏ(pVPD)ˇ˛-E–©ûm

⁄TPCˇ˛ª,›, å±Oé—‚fú1ûm t⁄ú1Ñ› � "

STAR-TOFûm©E«$u100ps[148]"„2-10¥
p

sNN=200GeV d+Au-E•ª

,1/�⁄ƒ˛'X[149], „•å±w—, |^ú1ûm&ˇÏ, STARÃ§⇡0f

ÜK0fÉm©El0.7GeV/c*–1.6GeV/c, üf⁄K0f!⇡0fÉm©El

51.1GeV/c*–3GeV/c"”û|^TPCdE/dxÅOê{⁄TOFÅOê{å±r

‚fÅO*–çpƒ˛´m[150]"

„„„ 2-10:
p

s
NN

=200GeV d+Au-E•‚fÑ›Í⁄ƒ˛©Ÿ„, Si„è|^‚fÑ›¶

m2(m2 = p2(1/�2 � 1))©Ÿ"

STAR-TOFu2006cm©dSTAR-•I‹ä|Ôõ)[151], 2010‹SC

STAR˛, ÈuƒuSTAR©¤J¯„åêœ, 'X2012cá±ouy[148, 152–

156]"
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2.3 RHICô5‘nOy⁄&ˇÏ,?

RHICg2002cm©$1, 3˘õAcm, ºå˛Í‚, cŸ¥ÿ-ÿ-EÍ‚, œ

L@(J, ÇÔƒpUlf-EáALß, È•mQGP0üèkÉı

), ¥ƒuRHIC&ˇÏcOIO, Èıçç[óëKv{â"œd, 3ô5

õcõc, RHIC¨?1&ˇÏ,?⁄‘n8IUC"

Nu Xu 12/13 STAR Collaboration Meeting, Junior’s Day,  August 5th, 2012, BNL 

2012 2013 2014 2015 2016 2017 2018 2019 2020 

pp HI pA/HI HI HI pA/HI pA pA 

 () 

Study QCD Phase Structure 

HFT: HF, γ-jet, γ-hadron, e-µ, e-e,..  

BES-I        *e-cooling,        BES-II, √sNN ≤ 20GeV  

Forward tracking upgrade, connection to eRHIC  

 CBM (√sNN ≤ 12GeV )  

LH
C

   
 F

A
iR

   
   

   
   

   
   

   
   

  R
H

IC
 

LHC full energy program 

Spin: W±, Δg, AN, DY(?) 

STAR Core 
Programs 

More involvements in Future Upgrade Programs! 

„„„ 2-11: STAR 2012cÉåóOyL"„5g[157]"

„2-11—2012cRHICOyûmL, ±9ãLHC⁄FAIR'"ñ2012c,

RHICƒ§BES-I(U˛£1ò„)$1, É˝O2016c¨¢yBES-II( 

$U´êï£, øÖU˛mÖ¨ç[)$1"du$Â6U˛øõXç

‡, IáÊ^e-coolingE‚"3˘áLß•MTD, HFT, FGT&ˇÏ¨ÉUO

."RHICÑ¨œLpp2ppë85Èg^É'‘n(Spin)?1çÔƒ,'XW±,�g, AN ,
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Drell-YanLß"

2.3.1 U˛£1„BES-II

RHICU˛£1ò„m©u2010c, 3˘¸cı$1•, Èı(J"‹©

(J3c°Ÿ!èç[â0"o5`, ÅSTAR(ÿ“¥:

1. ÃáQGP&“319.6GeVÆûî, v7á319.6GeV±˛U˛œÈ;

2. ò?ÉCˆ)B4u)'åUu)3$U‹©;

3. ÉC:Iáçı⁄O, åUÑIáç[U˛mÖ;

4. IáÈ—$5üß›ù65?1(('X⌘/s)"

XJ3yk›úe, åUIá70±$1‚UÊ8vÍ‚, ˘á“ûm⁄

§5`—¥s§Èå">fe%E‚(e-cooling), 33-10GeVâåSå±Ú›J

p3-10, ˘¨åå†·Ê8ûm"

BES-IIåU32016c™m©"

2.3.2 eRHIC

eRHIC¥RHICÅá=., ô5RHICálD⁄ÿÿ-E=è^>fÂ⁄ÿÈE,

lÔƒÉ'‘n"

eRHICÃá‘nSN“¥g^‘n(Spin), F"œL›ö5—(DIS)5Ôƒÿ

f(, ù)ÿfS‹©f©Ÿ⁄ßÇÉm'È, F"œLÈßéB4⁄Ï?gd

ÔƒÈ?ò⁄)QCDnÿ"

l„2-125w, ÉÈp+A-E, e+A-EáA¥çèZ¿, ç‹^5Ôƒÿ(

[!, >f¥áçZ¿&, ßêÎÜ>^Épä^, ÿÎÜrÉpä^"
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Town Hall Meeting @ DNP 2012:  macl@bnl.gov 3

Why e+A collisions and not p+A?
•e+A and p+A provide excellent information on 

properties of gluons in the nuclear wave 
functions

•Both are complementary and offer the 
opportunity to perform stringent checks of 
factorization/universality

• Issues:

➡ p+A combines initial and final state effects   

➡ multiple colour interactions in p+A 

➡ p+A lacks the direct access to x, Q2

pT - x correlation in p+p

„„„ 2-12: e+A-Eßé„(˛„)⁄p+A-Eßé„(e„)"

g^‘nk˘AáƒØK: 1. 3xfg^X¤? 2. 4zxù65⁄

õ|§.X¤? œL£â˘¸áØKÇå±Å™n)ßé⁄fÈüfg^

z"

l„î˛5w, <Çéáÿf•ßé⁄fòm©Ÿ, Ñkç\)5â

nÿ"ÉÇåUå±˝n);ƒ˛d5"‰N5`, <ÇF"œLe+A -E

¢5˛z)A+A, p+A, e+A•r⁄|⁄ò5ü;F")L›rf|ö

Ç5âå[!⁄f⁄‘n; F")M&X¤Ü3e+A-E)0üu)

Épä^"Ø¢˛y3ÑvkÈÿ•xf5ü?1Ôƒ¢Í‚"

eRHIC5yE‚çIè:

1. Â6U˛: >fÂU˛âåèzá>f\Ñ5-30GeV, 4züfU˛âåè

zÿf50-325GeV, 7ÿU˛èzÿf130GeV"

2. ›: Èue-pÈE, áL1034cm�2s�1; Èue-AuÈE, áL1032cm�2s�1"

3. U)p›4z>f, üf⁄3HeÂ"
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„2-13“¥eRHIC´ø„"

Beam  

dump 

Polarized  

e-gun 

0.6  GeV  

eSTAR 

ePHENIX 

Co
he

re
nt

 e
-c

oo
le

r 

New  
detector 

30  GeV  

30  GeV  

Li
na

c 

Linac 2.45 GeV 

100 m 

27.55 GeV  

0.9183 Eo  

0.7550 Eo  

0.5917 Eo 

0.4286 Eo 

0.1017  Eo 

0.2650 Eo 

0.8367 Eo  

0.6733 Eo  

0.5100 Eo 

0.3467 Eo 

Eo 

0.1833 Eo 

0.02 Eo 

All magnets would installed from the
 day one and we would be cranking

 power supplies up as energy is
 increasing 

„„„ 2-13: eRHIC´ø„"

2.3.3 cïGEMª,&ˇÏFGT(Forward GEM Tracker)

RHICÉ‘nOy¥F"UÈQGPƒ:5ükç\Ôƒ, øÖœL4z

p+pÈE¢5Ôƒÿfg^(⁄ƒÂƒëK"

STARô5SPINë8Ãáâ8I“¥ˇ˛ßé4zõù65, œdu

3üf•)òáßéõ"‹©f4z©ŸºÍêU34zq›ö¢

•ÈfÅõ[158]"¢?1¥œL&ˇâ°ª"W)⁄PC"áƒu

—±WØ›èºÍ¸ïg^öÈ°5J—kg^ù65ßé©Ÿ¥ÿåU,

œèWêU3òáóµ&ˇÏ•"¥5uy3îf*ˇ˛•ßÈáßé4z

Øa›å‹©3e5"nÿ˛ƒu—±îfØ›èºÍ¸ïg^öÈ°

5Ûäå±Î[159]"

W�(+)¿⁄f)J¯òáné^5Ôƒüfg^-õ(&
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"W�(+)3ū + d(d + ū)-E•), å±œL˘áAîfPC(òá>f

⁄•áfÉAá‚f)5&ˇ"y3¶^STAR EEMC&ˇÏ5IPlïc

$ƒ\4züfÂcï—e�(+), X›å±à98%(l>f+•áfáA

)⁄75%(l>f+á•áfPC)"lØırfµ•©l—>f¥ö~'Ö"

Úū + d(d + ū)ßé|‹©lá¶ÈppT‚f⁄ßÇá‚fkÈ–©lÅOUÂ, ˘

á“á¶&ˇÏkö~pª,UÂ"STAR TPC©E«3|⌘| > 1ÉP~ö~

Ø, ß{â3ppTâåÈ>÷á‚f©l"œdÇIáÈSTARcï&ˇ?1&

ˇX⁄?1,?, ±d5àvp>÷©lUÂ"

˘ácïª&ˇX⁄¨d6á3-GEM&ˇÏ|§, å±â˜XÂ6êïë÷

—"˘á&ˇÏ“¥cïª,&ˇÏFGT(Foward GEM Tracker)"X„2-14§´"

„„„ 2-14: FGT(´ø„"

á`¥ª,&ˇUÂ,?IáƒuØÑ&ˇÏ⁄÷—X⁄, œdá¶yk

STAR &ˇX⁄kòáå,?, cŸ¥ô5RHICÑá$13p6›¢^á

e"

FGT˝O3RHIC 2013c$1ûˇ¨™›\$1"
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2.3.4 µf"&ˇÏMTD(Muon Telescope Detector)

µfëÈı‘n&E, ¥duÈŸ&ˇUÂ¤Å, ¶Èı‘nÔƒv

{m–"TPC⁄TOF(‹Â5å±ÅO$ƒ˛âå(0.17 < pT < 0.25GeV/c)µîf"

¥˘áUÂÈuÇa,‘n5`ÿ"èJpÈµfÅOUÂ, STAR‹ä

Ôõò´#&ˇÏ: Muon Telescope Detector[160, 161]"

Nu Xu 7/13 STAR Collaboration Meeting, Junior’s Day,  August 5th, 2012, BNL 

Particle Identification at STAR 

TPC 

TOF 

EMC 

HFT 

Neutral particles  

e, µ 

π 
K     p      d 

TPC      TOF     TPC 

Log10(p) 

Multiple-fold correlations among the identified particles!  

Hyperons & Hyper-nuclei 

Jets 

Heavy-flavor hadrons 

MTD 

High pT muons Jets & Correlations 

Charged hadrons 

„„„ 2-15: MTD´ø„"

MTDOySC3STAR&ˇÏÅ"ßÃá8I“¥âµf&ˇ, lÔ

ƒQGPÉ'Øıc˜‘n"

µfãeòè¥îf, ¥ã>fÉ', ßkÈı`: vkl1f=zµµf, 

ıDalitzPCz, 3&ˇÏ•ıUõ"œdßå±^5Ôƒ±eëK:

1. lQGP9À, ßéÛÉ, î•˛0f, QGP•⁄Drell-YanLß—¨

)VµfÈ, áL5œLÈVµf©¤å±^5Ôƒ±˛‘nLß"

2. õrfåîfPC—¸áµf, å±^5Ôƒ˘áLß"
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3. å±^5>uJ/ "µkÈ–ü˛©E, å±´O⌥ÿ”-u"e � µ'Èå±

^5´©õ)„"

MTDè¥Ê^MRPCE‚, &ˇE‚Ñk>fX⁄ãSTAR-TOF'aq"8

cèéÆkò‹©MTD‹ádSTAR-•I‹ä|)—5, y3Ñ3ˇ¡„"

2.3.5 õ&ˇÏHFT(Heavy Flavor Tracker)

ÈuQGP)kœuuQCDnÿ"õßé(Ïßécharm, .ßébottom)du

ü˛È, œdòÑ@èßÇ)3lf-E@œ, ÿ”u@è)30ü¸z

œîßé",, dußÇrfä^°, 3œrf2—„…Kè'

, œd¥òáÈ–ÔƒQGP5ü&"

HFT[162]Ãá8“¥œLÈg:(ˇ˛5JpSTARˇ˛õßé)

UÂ"˘áÈuRHIClf⁄SPINë8—¥ö~'Ö"õßéˇ˛å±Èlf

-E•)9ó‘ükòáX⁄ç[Ôƒ, øÖå±34zp+p-E¢•ˇ˛ÿf

g^("HFT˛Åá‘nëK“¥õUõ, 6, ‹©f9zˇ¡"˘áë8

@è¥RHIC•œö~'Ö8I"

œLÈD0f‚fÃ⁄'(ˇ˛, Çå±ÌÏßé)oN

",, RHIC˛mòÏßé)«vp¶|‹LßãÏßéÛÉ)É'"

ÈÏßéo)°)¥J/ ˇ˛ƒÇ"ÈuRHICpJ/ .¥ÿÑ

¥Oròákø¬)IáÇÈlfáApÏßé)Lß)"

òáõßéå±^5&ˇlfáAp)0üA5"Èuõßé5`, B

L0üû)fÀ3ƒÂ˛¥ÿ, œèßÇ39ó‘ü•¨kU

õ"|^HFTá?1òááˇ˛“¥RAA"y3^ö1>f?1ÈÏßé⁄.ß

é¥›ˇ˛LõßéUõÈå, ˘áãÇy8ÈupQCD.n)ÿŒ"ƒ

uö1>fÍ‚, õßéUõnÿ¥ÿ(, $ñåUÜÿ, cŸ?n.ßé
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ûˇ"

,òááˇ˛“¥rD0f˝6ˇ˛âö~$pTâå"œ~@è˝

6¥3‹©fÉ)"XJëkáLX⁄ß›ü˛Ïßéè…˝6ä^,

@o˘á`ß{Üîßé™Ñ-E"œd, Ïßé6å±^5äèîßé™

Ñ2—òá&, øÖ¨L3RHIC˛lf-EáA@œ“kåUà9

z"Ç@è9zy‚IáÈRHIC˛)rÉpä^9ó‘üÅ)"˘áI

ákòáÈ&ˇÏ5Úˇ˛âö~$ƒ˛"XJvkHFT,?, STARv{

â˛„˘E,õßé&ˇë8"

HFTùK3Â6+°, ÃádAáf&ˇÏ§:PXL, IST, SSD"X„2-16 ´"

Nu Xu 7/13 STAR Collaboration Meeting, Junior’s Day,  August 5th, 2012, BNL 

Particle Identification at STAR 

TPC 

TOF 

EMC 

HFT 

Neutral particles  

e, µ 

π 
K     p      d 

TPC      TOF     TPC 

Log10(p) 

Multiple-fold correlations among the identified particles!  

Hyperons & Hyper-nuclei 

Jets 

Heavy-flavor hadrons 

MTD 

High pT muons Jets & Correlations 

Charged hadrons 

„„„ 2-16: HFT(´ø„"

2.3.6 ITPC,?(inner TPC)

STAR-TPC$1Ækõc±˛, àá‹©—¨kÿ”ß›Pz"ÉcÆ0

LTPC§"TPC˜´©inner˜´⁄outer˜´, du-Eª,©Ÿ7,¥3

CÂ6+†ò>÷©ŸÅå, œdinner˜´ÛäK÷á'out˜´áåı, è\
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ÑßPz"Inner˜´pad'outer˜´padá, øÖç˛, STAR˝œ,?“¥

Úinner˜´ªïÄU§⁄outerò, ˘O\inner˜´˛&“:, ˘ë5–

?k±e˘oA::

1. Jptracking«"˘áÈup⌘‚fKècŸw, œèßÇª,>l)

&“å‹©8•3inner˜´"”èå±OrpT©E, È$pT‚fÅOêœÈ

å;

2. JpdE/dx©E, ã˛ò:(‹Â5Jp‚fÅOUÂ;

3. JpØá°©E«, k|u8N6©¤;

4. du˘á,?wÕJpinnerâå©E, œdk|uÔƒ·‚f'Xá

f!!1f!¤…5‚f'XH‚f"

iTPCy3Ñ3Oy„, XJ^|{, 2022ceRHIC$1ÉcATå±SCˇ¡

."
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1nŸ "›˛UÏ(ZDC)ˇ¡Üè›

"›˛UÏ(Zero Degree Calorimeter)¥RHIC˛ö~á&ˇÏ, 3STAR,

PHENIX⁄BRAHAMS˛—kSC"RHIC˛ZDC&ˇÏÃá8¥ˇ˛˜XÂ6

êï("›)u•f⁄ßÇU˛"Â6¸áêï˛•f&“Œ‹¥lf-E

Å†]¿^á"œd, ZDCå±äèØá>uÏ⁄6›&ˇÏ"•fıÍã

ØáA¤¥'È, §±ZDCè^5ˇ˛-E•%›"

3.1 âªÇ¢

RHIC-STAR˛ZDCduıc¶^óÀõ˙, {ë±3òá‹èAG

eUYÛä, œdÇlBRAHAMS˛Ç5sòZDCOÜ3STAR˛¶^"du˘

ZDCÆ¶^Lò„ûm, ÇIáÈŸ>fA5#?1ˇ¡, lè±$1

J¯Í‚Î"

duvk•fäè>u, Ç¶^ë?åÑâªÇµfäè>u‚f"

„3-1L´—Ç˘áâªÇ¢>f‹6§"áˇ¡¢§¶^>f

¨—¥SC3CAMACá˛, ã>Mœ&¶^CCUSB¨5÷ADC&“¯

Ç©¤"
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„„„ 3-1: |^âªÇˇ¡ZDC¨>f‹6´ø„"

âªÇ•µf¨ùgã˘5á¨:¿SMD,‹SMD,‹>ucN, ZDC,.

‹>ucN"œèë?—kµ‚f¨ëã˘Aá¨˛)>&“, œdÇI

á¶^‹6”Ü”¨È'‹⁄.‹cN>&“lÁ¿—˝Øá, è“¥@

ªÜBLZDCµf>uØá"ÿL, 3?1&“È'ûIá”û?ûm, œèµf

ã¸á¨ÿ¥”û"Çå±œLUCÎ>C›5?˘áûm¶¸

ˆ‹"‹6Ü(Jè1û, ˘á‹6$é(J¨äèADC¨⁄CCUSB¨Ä

&“, l>u¨ˆä, 4ADC ÷ZDC&“øÖDâ>M"

„3-2L´6áZDC¨3ÿ”pÿeèAú"3ûÿpedestal(ƒÇ÷Í, =

\>ÿè0û÷Í)ÉÇé—˛O"òá1>O+(PMT)O⁄p
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ADC output of ZDCs

Yuhui Zhu from SINAP
 
 For the STAR Collaboration Page 4
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„„„ 3-2: 6áZDC¨©O33ápÿeO©Ÿ"
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ÿ'Xè:

gain = a · HV b, (3-1)

Ÿ•a⁄bèù6PMT¨⁄ÇÎÍ"nÿ˛bêãPMTk', œdXJÇ¶^

PMT¨—¥”ò5Ç, @obä“ÿ¨"

ÇÈ™3-1¸>˛¶^log$é, :

ln(gain) = lna + b·ln(HV ) = p0 · ln(HV ) + p1, (3-2)

ÚzáZDC¨§\pÿ⁄ÈA˛Ox3òÂ, X„3-3§´" Ç¶^

Results 
ZDC Gain vs HV

The expected relation of PMT module gain with high voltage should be a 

power law:

a and b are parameters related to the PMT module and environment. 

Theoretically b is related only to the PMT, so as long as we are using 

PMT modules of the same standard, b, induced from gain vs HV plots of 

different ZDCs, should not vary much.

In order to get an intuitive feeling of the function type, I apply a log 

calculation to both the gain and HV, so the expected function of ln(gain) 

vs ln(HV) should be linear:

Yuhui Zhu from SINAP
 
 For the STAR Collaboration Page 5
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ZDC Gain vs HV   Fit Function: ln(Gain)=p0*ln(HV)+p1

gain = a ⋅HV
b

ln(gain) = lna + b ⋅ ln(HV ) = p
0
⋅ ln(HV ) + p

1

„„„ 3-3: 6áZDC¨˛O⁄pÿ'X„"

™3-25[‹zá¨Í‚:, XL3-1ÎÍL:

ZDC 2-1 ZDC 2-2 ZDC 2-3 ZDC 2-4 ZDC 2-5 ZDC 2-6

p0 4.63±0.016 4.17±0.024 4.24±0.026 4.14±0.023 4.43±0.196 4.36±0.015

p1 -3.92±0.017 -4.37±0.026 -3.72±0.027 -3.92±0.023 -4.37±0.217 -4.16±0.016

LLL 3-1: |^™3-2[‹—ZDC¨ÎÍL"
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3.2 RHIC$1Lß•ÈZDCè›

duÇ©OÚ3á¨ÎYòò3òÂ5äèòáN5&ˇ•f,œdIáÚßÇ

OèA±òó, =”U˛•fãL53Ÿ•)>&“òó"du•f3B

L1òá¨¨kUõß§±¢S˛ná¨O&“¥4~"ä‚Oéßná

¨˛O'åóAè6:3:1, ”û, ¸>ZDCOèAèAT¥òó"œd, Çò

ê°áOé”ò>náZDC¨˛OÉ', ÑáÈ'¸>ÈA¨O©Ÿ"

±RHIC 2011c$1Au+Au 200GeVÍ‚Ê8è~"Ç±˛ò!âªÇ¢

ZDC¨ÎÍL3-1è˛zÎ5N!>ÿ"”û, Au+Au-E•L{•f¨

3ZDC&“•/§•f&“, ˘è¥áÎ^á"ÇIár•fN‹

O†ò¶ŸêBØáÁ¿^áâÁ¿—5"

3©¤ıá$1Í‚É, ÇÈpÿ?1ÉAN, Åògˇ¡$

1àá¨O©ŸX„3-4§´"è;ù>f&“àADCKä˛Åà

⁄, Ç3ˇ¡•\BBC&“OÁ¿^álÚZDC&“Oë±3òá‹

nâå"3ˇ¡•fûˇ, øÿIá\˛BBCÁ¿^á, Å•f©ŸX

„3-5§´"

l„3-4⁄„3-5•5w, ¿‹¸>©OÈAZDC¨Oòó, ˛OÉ'

è6:3:1"”û, Ú¸>3áZDC¨&“\»3òÂww•f, ¿‹¸>

OÅåä†òòó, Ã›èòó, œdÇÅ(@˘áˇ¡§¶^pÿå

±^53áAu+Au 200GeV$1•äè%@pÿ¶^"OU˛Au+Au-Eê{a

q"p+p-E•wÿ•f, ÃáÎZDC¨˛O'5N!pÿ"
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Single Neutron Peak for east and west: (Given TAC cut of [500,2500], no BBC gain cut)
„„„ 3-4: 6áZDC¨3RHIC 2011c$1•Au+Au 200GeV-E•,áRun•O©Ÿ„"

Single Neutron Peak for east and west: (Given TAC cut of [500,2500], no BBC gain cut)

„„„ 3-5: ¿>⁄‹>©O3áZDC¨\\Â5O©Ÿ"
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1oŸ 3
⇤H¢©¤

3
⇤H¥dòáüf(p)!òá•f(n)⁄òá⇤|§"3

⇤H¥ÿ‚f, ŸPC›ê

kAáfí, uTPC&ˇâå, {^&ˇÏ3
⇤HÜ&“"œd, 3¢

˛, ÇœLOéŸPC‘ÿCü˛Ã5—3
⇤H"ŸÚç[?ÿ3

⇤HÔƒLß,

ù)‘nµ!^Í‚⁄ª,¿J^á!3He(⁄3He)Ü⇡3TPC•‚fÅO!3
⇤H

µÔ!3
⇤H3ÿ”U˛e!3

⇤H«?!¤…5¥›œfU˛ù6

5!3
⇤Hˇ˛±9X⁄ÿ©¤!?ò⁄‘n?ÿ"

4.1 áÿ‘n0

4.1.1 áf⁄ÿfÉpä^(Y-NÉpä^)

áf¥k¤…ßé(s)f, ù)⇤,⌃±,⌃0,⌅0,⌅�⁄⌦"ßÇ—ë¤…˛fÍS,

‰k¤…ßé(s)§©"ßÇòÑ—ÿ, ¨œLfä^PC, ;.è10�10s, ˛

PC›èc⌧ ⇡ 10cm (~:⌃0 ! ⇤+ �, è>^PC,  10�20s)"

áfü˛ã œÿfü˛OÈå, õSU(3)È°5Æª""ª"ß›¥

)˘ë¤…5f-fÉpä^ƒØK"áf-ÿf(YN)!ÿf-ÿf(NN)⁄á

f-áf(YY)Épä^—·uf-f(BB)Épä^"â[F"œLÈYNÉpä^
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n)àÈNN, YN⁄YYÉpä^⁄òn)"

ÔÔÔƒYNÉpä^‘n8Ãák:

(1))rÉpä^g5ü⁄ƒÂ, ~Xáf⁄ö¤…fÜÿfrÉpä^

¥ƒk§ÿ”"

(2)kœu)ùáffÿ("

(3)kœu)(NAO¥•f(("òÑ@è•f(S‹?3¤…rf

¤…ßé‘ü"

Çy3±⇤NÉpä^è~50YNÉpä^òA5"Çœ~å±^¸0f

Ü.OME(one-meson-exchange)5n)NNÉpä^"durfÉmkßéÜ, øÖ

Ÿä^ÂlòÑè0.5fm, œdòÑúeÇ¨ÈNN3·Âl¸©˛?1òá‹

Î˛z"Ækò.}¡ÚOME.Ì2¤…‚f[169–177], ¥øÿUÈ

4<˜ø(J"

⇤NÉpä^ãNNÉpä^ÿ¶É”"durÉpä^á¶”†^, ⇤”†

^˛fÍ I=0, l¶aq ⇤ ! ⇤⇡áABéu)"X„4-1§´" Ü„•Ç

W.M . Alberico, G. Garbarino/ Physics Reports 369 ( 2002) 1–109 5

NN

N

!, ", #, $ #, $

NN

N

%

%

% N

N

N

! (")

! (")

&

%

Fig. 1. NN and !N strong amplitudes in the one-meson-exchange model.

Fig. 2. Two pion (") exchange contribution to the !N potential.

is impossible to !t the YN interaction unambiguously: di"erent YN potentials can reproduce the data
equally well, but they exhibit di"erences on a more detailed level, especially when the spin structure
is concerned (compare for example Refs. [5,7,12]). The measurement of spin observables in the YN
scattering as well as in the weak process pn ! p! could discriminate among the various interaction
models. On the other hand, the study of the hypernuclear structure and weak decays is helpful in
order to get useful information on the YN and YY interactions.

1.2.1. !N interaction and !-hypernuclei
The strong !N interaction displays some di"erent aspects with respect to the NN one. For instance,

due to isospin conservation in strong interactions, the fact that the ! has isospin I = 0 forbids the
emission of a pion (! 9 !#). In Fig. 1 we depict the NN and !N strong potentials in the OME
model. The strong ! ! $# and $ ! !# couplings are allowed, and the ! hyperon can interact with
a nucleon by exchanging an even number of pions and=or of " mesons (see Fig. 2). The dominant
part of the !N interaction comes from the two-pion-exchange, hence it has a shorter range than the
NN one. Moreover, the !N potential is weaker than the NN potential: roughly speaking, from the
diagrams of Figs. 1 and 2, for the tensorial components we have: VT

!N =V
T
NN ' 1=4.

Besides, three-body interactions and two-body interactions with strangeness exchange are also
allowed (Fig. 3). The !NN three-body force, whose pionic component is depicted in Fig. 3(a), is an
important ingredient to investigate the structure of !-hypernuclei [13–15], especially in light systems.
This is due to the !N–$N strong coupling, which is sizeable in the nuclear medium [16–20],
and, on the other hand, leads to a non-negligible second order tensor force in the !N interaction
(Fig. 2). By assuming a repulsive !NN potential, the small ! binding energies in light hypernuclei
and the depth of the !–nucleus mean potential for heavy systems can be reproduced [14] without
requiring a strong spin-dependence of the !N interaction; the latter seems, at present, to be excluded
(see following discussion in this paragraph). In particular, the !NN interaction is essential to explain

„„„ 4-1: Ü„èNN⁄⇤N3OME.•rÉpä^´ø„; m„è⇤N ä^V0fÜz´ø

„"„5g[178]"
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ÚNN⁄⇤Nrä^^OME.x—´ø„"⇤ ! ⌃⇡⁄⌃ ! ⇤⇡˘arä^¥#Nu)

, m„´ø„L´⇤áfå±œLÜÛÍá⇡0f⇢0f5Üòáÿfu)á

A"⇤NÉpä^•ÅÃá§©“¥lV0fÜ5, ß'NN¸0fÜkç·

ä^Âl"

d, nNÉpä^⁄ù¤…5Ü¸Nä^¥å±u), X„4-1§

´"⇤NNnNä^Â⇡0fÉ'zX„(a)§´, ß¥Ôƒ⇤�áÿ(ö~á

§©[179–183], cŸ3îX⁄•"˘¥du3ÿ0ü•, ⇤N � ⌃NrÕ‹zÈå"6 W.M . Alberico, G. Garbarino/ Physics Reports 369 ( 2002) 1–109

N

K

!

!

NN

N
N

%

(a) (b)

%

%

%

&

N

Fig. 3. ! three-body interaction (a) and two-body interaction with strangeness exchange (b).

the existence of the lightest hypernucleus, the hypertriton (3!H⌘ pn!), which is weakly bound. The
! binding energy, de!ned as

B!(A+1! Z) ⌘ M (A+1! Z)� M (AZ)� m!¡ 0

is as small as ' 130 keV in hypertriton. In Ref. [21], within a microscopic many-body scheme, the
authors showed how the coupling to intermediate "N states in the !N interaction (Fig. 2) is crucial
for a correct evaluation of the ! binding energy in nuclear matter. In hypernuclei the !N–"N
coupling is more important [especially because of the relatively small ! � " mass di"erence
(' 78 MeV)] than the NN–#N coupling in conventional nuclei, where the latter plays a very small
role in binding few-nucleon systems (m#�mN ' 293 MeV). Another signal of the !N–"N coupling
comes from the observation that in S-wave relative states the !p interaction is more attractive than
the !n interaction. This follows from a comparison of the experimental ! binding energies in the
A= 3; I = 1=2 doublet:

B!(4!He)� B!(4!H)
B!(4!He)

=
0:35 MeV
2:39 MeV

' 0:15

(4!He = ppn! and 4
!H = pnn! should di"er only because of Coulomb e"ects, if the !n and !p

interactions were of equal strength). The !N–"N coupling gives a charge symmetry breaking more
important than the one observed in ordinary nuclei by comparing the neutron separation energies in
3H and 3He (after correcting for the Coulomb interaction in 3He). The Coulomb energy in 4

!He is
expected to be only a little more repulsive than in 3He: EC(4!He)�EC(3He) ' 0:02 MeV. Large part
of the charge symmetry breaking observed in light !-hypernuclei is due to the coupling between the
!N and "N channels and turns out to be quite sensitive to the mass di"erence between the initial and

„„„ 4-2: „(a):nNä^; „(b):ù¤…5Ü¸Nä^"„5g[178]"

¢˛ÔƒNNÉpä^ê{“¥œLNN—¢, ÿf-ÿf(NN)NX⁄3

X¥L¢Í‚"aq, ÔƒYN⁄YYÉpä^ÅÜê{¥Üˇ˛˘¸aá

A°, ¥Üy3ÑvkYY—Í‚, YN—Í‚èö~, êkò$Uo

°⁄˛á©.°!ÈpU˛e⇤po°, ±9⌃�p ! ⇤NLß4z›⁄ÜmÿÈ

°›"

¢ê°(JÃá¥áf·(⇠ 10�10s), ÈJ)áfÂÜâ¢"

3?1YN—¢û, Iáû)áf"å±k|^⇡0fˆK0f⁄ÿf-E

áA, 'X⇡�p ! K0⇤Lß)⇤áf, )⇤2ÜNCüf-E‚Uu)⇤p—Ø
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á"òg¢êUÈAáAõá˘´Øá"˘á'NN—»\Í‚ı"ø

Ö, duYNÉpä^°È, œdµÈå, èâˇ˛©¤E§(J"YN—¢

(J¶YN—ÿUÊNN—Ôƒê{"Ó8=È⇤NÉpä^)ÉÈıò

, œèÉÈÛ⇤áf)A«Åå"

3n˛§„à´Åõ^áe, â[Çr˙1=ïáÿ, =ùáffÿ, X

 œfÿ•òáÿfòá⇤áf§OÜK/§⇤áÿ"Èuáf⁄ÿferÉ

pä^(�S = 0)å±u):

⌃�p ! ⇤n ⌃+n ! ⇤p (Q ⇡ 78MeV )

⌅�p ! ⇤⇤ ⌃0n ! ⇤⇤ (Q ⇡ 26MeV )

⌦�p ! ⇤⌅0 ⌦�n ! ⇤⌅� (Q ⇡ 178MeV )

l˛°5w, ⇤äèÅîáf, 3ÿX⁄•, ¥ÉÈáf('˛„rÉpä^

;.áı)"Ç3°0•“—± ⇤áÿè~5`"

Ôƒáÿø¬Ãák±e˘oA::

(1) áÿ¢5üÈƒYN⁄YYÉpä^ÈØa, å±láÿ5üm

)YN⁄YYÉpä^"ÈYN⁄YYÉpä^ÔƒkœuÇÈf-fÉpä^n

), œdå±\ÈrÉpä^õSU(3)È°n)"

(2) 3áÿS, duëòá˛fÍ, áfÉÈuØıÿf¥å´©‚f, ÿ

…|ÿÉNnÅõ, œå±`¥fÿ5üëk”õIP”S‹&"

(3) œLÈáÿPCÔƒ, å±Ôƒÿ0ü•fÉpä^"�S = 1⇤N !

NN˘´fLßùâ°⁄â°ÿ¸á©˛"˘´ö0ffPCLßÿåU3g

dòmu), êUœLáÿ5Ôƒ"

(4) å±)ÿ(, 'Xg^-;Épä^Â⁄ıNÉpä^ÿƒÂ"

(5) ë¤…50f⁄f?\ÿS, å±w/KèÿGêß, lkœuÔƒ
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U©⁄ÉÈÿlf-E•a,yñ"U©[É&•f(S3Xå˛áf

K0f[1]"

4.1.2 áÿPC

áÿòÑ¥ÿ, ßÇå±œLfä^PC"Ç± ⇤áÿè~5`"

0fPC gd⇤PC: ⇤ ! p + ⇡�(63.9%) ⁄⇤ ! n + ⇡0(35.8%), 

è⌧ free
⇤ = 2.632 ⇥ 10�10s"å±w0fPC”gd⇤PC99.7%"

⇤ÂP3ÿ•, ú¨u)Cz"[178]â˘òáé: ƒUƒ˛, 3ü%

X•,m⇤ =
p

p2 + m2
⇡ +

p
p2 + m2

N , ˘"ÿfƒ˛èp ' 100MeV , ÈAòU˛

èQ⇤ ' m⇤ � mN � m⇡ ' 40MeV"˘p—£¿ÿf⁄⇤ÉmÂPU"˘, 0

fPC3òáÿX⁄•¨œè|ÿÉNnä^ÿ, cŸ3ÿ˘´ÿfÈı

X⁄•"Èu œÅÿ‘ü(§íƒ˛èk0
F ' 270MeV ), ˘á0fPC¥ÓÇ

Bé"ÿL3kÅåÿ•, 0fPCáA¥å±u), œèdûPC—ÿf

å±k¨ºçåU˛"

o5`, ¢Ôƒuy, 0fPC›ëXáÿÿü˛ÍAO\Ñ~

[184, 185]"ÿ|ÿÉNnä^É, Ñkòá'ä^è¨õ0fP

C, “¥"⇡3ÿ•·¬A"Uƒ˛Béòágdÿf·¬3ä⇡û

ˇ, ßEå#NòÈ'Èÿf·¬3äÿ3ä⇡, ˘{*ˇ⇤PC“Lyè

ö0fPC, ¶"ènáÿf: ⇤NN ! NNN"œd, 0fPC⁄nNö0fPC

¥ÓÇÉ'"

ö0fPC ⇤ ! ⇡N•ò—⇡¥Jûˇ, ß¨ÿSÿf·¬, ö0fP

Cãm:

⇤n ! nn(�n), (4-1)
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⇤p ! np(�p), (4-2)

⇤NN ! nNN(�2), (4-3)

⇤áÿofPC›è: �T = �M + �NM , Ÿ•�M = �⇡� + �⇡0 ,�NM = �1 + �2,�1 =

�n + �p, è⌧ = 1/�T"

ö0fPCLßêUu)3ÿ0ü•"aq0fPC, [178]èâ—Èuö0fP

CO"Ñ¥ÿƒ⇤⁄ÿfÉmÂPU, øbkQ = m⇤ � mN ' 176MeV

òU˛˛©"ÿf, ˘Èu¸ÿfpuPC(™4-1⁄4-2), pN '

420MeV ; ÈuVÿfpuPC(4-3), pN ' 340MeV"œdö0fPCÿ¨|ÿ

ÉNn§Åõ"Éá, "ÿfkçå<—ÿA«, Èu§kösäáÿ5

`, ö0fPC”Ã"ÈuÈîX⁄5`, ˘¸áPC™?uøG"

ö0fPCÈá, œè⇤N ! NNLßdXfÉpäˆ^⁄Â, ßèf-ffÉ

pä^ÔƒJ¯çò¨"8c, Ü*ˇ⇤N ! NNLßA¥ÿåU, ˘Ã

á¥œè"áfÂáfq"⇤áÿfPCÚ¥œÈ⇤N ! NNÉpä^Ç¢É

ò"⇤N ! NNPC™[!å±^5ufÉpä^."

4.1.3 áÿ¢Ôƒ

1952c¸á=â[|^ÿZ3âªÇ¢•*ˇ˘òáPCáA, X

„4-3§´"

„4-3•k¸áÃáPC:(^…⁄I´)"¢Ê^ÿZäè&ˇ·,

„•˛°“¥ÿZÿf(BrˆAg)òáâªÇ•üfp(b⁄ÜfiI

´)ã•,î§Aáÿî°"e°òág?PC:⁄Â¸†â[5ø"Y
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4c D.H. Davis / Nuclear Physics A 754 (2005) 3c–13c

Fig. 1. The first observation of the decay of a hypernucleus.

announce that a very similar event had been found at Imperial College London. Thus the
Warsaw event was published, the more likely explanation being the trapping and subse-
quent decay of a bound V 0

1 particle (! hyperon) although the delayed disintegration of
a long-lived mesonic atom remained a possibility. These conclusions were reinforced by
the London event which was published as the following paper in the Philosophical Mag-
azine [2]) and these authors computed that the explanation of the two events as chance
juxtapositions had a probability of 10−8. The first mesonic decay was soon reported which
finally laid to rest the mesonic atom hypothesis [3]. The first three events were found in
glass-backed emulsion plates so the events were never completely recorded in a detector
which was only 400 or 600 µm thick. With the innovation of stacks of stripped emulsion
pellicles the first complete event was found the following year. It was an example of 3!H
decaying via

3
!H→ π− + 3He

and confirmed that the bound particle was a ! hyperon [4].
After these initial cosmic ray observations, exposures of emulsion stacks were made

to accelerator proton and pion beams but the rates of production were low and there was
much background. The advent of separated beams of K− beams in the late fifties changed
this situation with copious production with little background since the required negative
strangeness was already present in the beams. Most of these early studies used emulsions
since they possess the high spatial resolution, � 1 µm, necessary to resolve the production
and decay disintegrations. Hypernuclei are heavy, often multiply charged, are usually pro-
duced with low kinetic energies and as a consequence often have ranges in emulsion of
only a few microns. The disadvantage of emulsion is that it presents a mixture of target nu-
clei, hydrogen, the light nuclei, carbon, nitrogen, and oxygen, and the heavy nuclei, silver

„„„ 4-3: 1òááÿÿZÏ°„"

OéL˘áPCòå˛U˛, ¥˘^ª,Èu˘-u5`q

å"œd, 3uy˘òáª,É, Èıâ[ÎÜ?ÿ, âÉà´à), '

X¥¸á'ØáÜÿÅO§òá; 'X˘áî°ëòáÂP⇡"L´´?

ÿ⁄¸ÿåU, Åy˘áî°ëòáÂP⇤"

˘áuyÈuû‘n.5`¥kÈáø¬, œèÇ1òg3ÿ•uy

#˛fÍ-¤…5"X„4-4, duáÿuy, ¶D⁄ëÿÉLO\1n"„•

ÇÑw¤…˛fÍ(S)= -2ÿ, ßÇPC¥kPC§S=-1áÿ,2PC§ 

œÿ"

g1òááÿuyÉ, 31960c–, ÈáÿfPC¢m©, ßÇ¶^ÿZ

ÌøÚ\K�{:3S‹[186]"ßÇÃá¥ƒuÈ—⇡�&ˇ, du¢

›Åõ, êUÈsä⇤áÿâ—'o˜˛eÅ"
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S=-1

S=-2

S=-0

Hypernuclei (and Strange Particles) — How It All Began? 19

Westfield College) Collaboration [80]. The event had a very complicated
topology and was difficult to analyse. It has been finally identified as a
hypernucleus of 10Be which disintegrated according to the scheme

10
��Be ! 9

�Be + p + ⇡�

�
p + 4He +4He + ⇡�

This important discovery provided first information on the hyperon–
hyperon interaction, impossible to obtain in other ways.

The first International Conference on Hyperfragments, organized un-
der the auspices of CERN, was held 28–30 March 1963 at St. Cergue, near
Geneva. There were 68 participants from 14 countries. All aspects of hy-
pernuclear research have been discussed and summarized in 17 talks, subse-
quently published in the Proceedings [81]. Thus, ten years after the discovery
of the first hypernucleus, hypernuclear physics came of age and became a
distinct branch of high energy nuclear physics.

5. Some statistics 1952–1963

The database of papers on hypernuclear physics, compiled by using
Physics Abstracts and Proceedings of some important conferences, contains
409 papers in the years 1952–1963 (dates of submission, not of publication,

Fig. 4. The number of papers on hypernuclei in the period 1952–1963.

„„„ 4-4: \˛¤…˛fÍSÿL"

Éòc[187], Ü1970c–, ¶+du⁄O⁄›ÿv, ¢kÈå(J,

¥Å™¢˛§ı©láÿ0f⁄ö0f⇤PC, øÖâ—‹©PC«"˘

¢¶^K0f⇡0fÂ65)áÿ"ßÇâ—˘ò(ÿ[188–190]"

(1) Èusäáÿ, 0f⁄ö0fu)«˛?˛å', �NM/�⇡� ' 0.3 � 1.5,

0.3 . �n/�p . 2"

(2) Èupäáÿ, �NM/�⇡� ' 2 � 7, 0.6 . �n/�p . 2"

(3)Èu•áÿ(40 < A < 100), ö0fPC”Ã, �NM/�⇡� ' 100� 200,

1.5 . �n/�p . 9"

(4) îáÿ(A  15)âåè⌧/⌧ free
⇤ ' 0.3 � 1"

É¢&ˇ?\òxœ, Ü1980c•ì[191–193], 3Ÿé©I[¢ø,

¶^yì¢E‚(cN,'ø, å±Üˇ˛ûm), œL|^(K�, ⇡�)áA,

11
⇤ B⁄12

⇤ C[194]ˇ˛—5"2Lòc, œL&ˇö0fPC•)üf!•
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f⁄0fPC•)⇡�, 5
⇤He⁄12

⇤ CáA«ˇ˛[188]"oÜ&ˇ—5"

yìáÿ‘nlaqOÍÏ¢•m©, 4å/U?Í‚ü˛"É¶^É”

E‚, 4
⇤He⁄9

⇤Beáÿ3Ÿé©I[¢øÔƒ[195]"”ûœ, ÑkÉı¢

[196–200]?1ˇ˛"

1òáá‘üáÿ, áá(3
⇤̄
H)dòááüf!òáá•f⁄òáá⇤áf|§,

Üñ2010c‚uy[4, 155, 156, 201, 202]"áÿ•⇤áf⁄ÿfÉpä^r›Ü

Ny3áÿ˛, œd¢˛å±œLˇ˛áÿ5ÔƒY®NÉpä^"ä

‚CPTÈ°5nÿ, 3
⇤̄
HPC3He⁄⇡+, PC©|'è25%"„4-5¥STAR¢|œLP

C3
⇤H!3He+⇡�⁄3

⇤̄
H!3He+⇡+—53

⇤H⁄3
⇤̄
HÿCü˛Ã[4, 201]"„•L

´—5‚f&“, JÇL´E§|‹µ"—5ÿCü˛†ò?

32.991GeV/c2NC"˘¥1òg3¢˛*ˇ3
⇤̄
Hfÿ3¢y‚, &“⁄O

wÕ5à4.1á�, ÈA3
⇤H&“r›è5.2á�"

„„„ 4-5: A„⁄B„©O¥3He +⇡�⁄3He +⇡+œLUƒ˛—5ÿCü˛©Ÿ"„•¥

—5‚f&“, ¢ÇL´E§|‹µ, JÇèÈÍ‚:[‹(J"„5g[4]"

4.1.4 áÿ5ü

Åîáÿ¥áÿ:3⇤H, aqur•òá•fOÜ§⇤"˘áè¥(Å{¸

áÿ"du3ÉÈÿlf-E•ÿfÍ8Ï)A«å, œd3
⇤H¥Åp
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áÿ, ç‹3ÉÈÿlf-E¢•äè&5ÔƒY-NÉpä^"XÉc0§

˘, Èu˘´Èîáÿ, |ÿÉNnAÿÂä^, ö0fPC⁄0fPC¥p

Éø"

¸ÿf⁄ÂPC‰Nè

⇤+ p ! n + p(�n),⇤+ n ! n + n(�n), (4-4)

˘ûò—177MeVU˛"

3
⇤Hå±œLfÉpä^PC"3

⇤Hå±œLò—⇡0fu)0ffPC:

⇤ ! ⇡N(�M), (4-5)

‰Nè

⇤ ! p + ⇡�(�⇡�),⇤ ! n + ⇡0(�⇡0), (4-6)

Èugd⇤PC, ˛„¸áPC©Oò—38⁄41MeVU˛"

3
⇤H¥ãS‹áf⁄ÿfÉpä^óÉÉ'"⇤33

⇤H•ÂPUáNß

ÇÉmÉpä^, ÂP⇤ãgd⇤É', ßÉòmUC, ¶+ù,Ñ¥ÿ

, ¥dûPCúÆåÿÉ”"

òáÂP⇤du±åÿfãßÉmÉpä^, PCu)UC: 1. du⇤fPC

§òá œÿf, œd¨…|ÿÉNnÅõ, ¶0fPCÿ; 2. ö0f

PC⇤ + N ! N + N ¨—y"˘UC—¨Kè˘áÿX⁄3ûm, è“

¥3
⇤H"œdœLˇ˛3

⇤H, Çå±áL5ÔƒY-NÉpä^"

˘Aõc.èkÿÈ3
⇤Hˇ˛(J"¢ê{ÃákÿZ⁄Ìø, œL

3ÍZ^ª,•œÈåV«3
⇤Hª,, l^⁄Oê{—Ÿ"{§˛'åÇˇ

˛(JX„4-6•m„§´"„•(J§9¢ê{⁄3
⇤HPCÿ¶É”, Ÿ•

k^¸NPC, k^nNPC"

„•àá(J⁄Oÿèkåk, øÖßÇøvkâ—òáö~åÇòó(J"
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differences in the total yields using different cuts
are found to be less than 15%. The total
systematic error in the present analysis is 15%.

The parent candidate invariant mass is
calculated on the basis of the momenta of the
daughter candidates at the decay vertex. The
results are shown as the open circles in Fig. 3A
for the hypertriton, 3LH → 3He + p−, and in Fig.
3B for the antihypertriton, 3

LH → 3He + p+.
There remains an appreciable combinatorial back-
ground in this analysis, which must be described
and subtracted. A track rotation method is used
to reproduce this background. This approach
involves the azimuthal rotation of the daughter
3He (3He) track candidates by 180° with respect
to the event primary vertex. In this way, the event
is not changed statistically, but all of the
secondary decay topologies are destroyed be-
cause one of the daughter tracks is rotated away.
This provides an accurate description of the
combinatorial background. The resulting rotated
invariant mass distribution is consistent with the
background distribution, as shown by the solid
histograms (Fig. 3, A and B). The rotated
background distribution is fit with a double-
exponential function: f (x) º exp[−(x/p1)] −
exp[−(x/p2)], where x = m − m(3He) − m(p), and
p1, p2 are fit parameters. Finally, the counts in the
signal are calculated after subtraction of this fit
function derived from the rotated background. In
total, 157 T 30 3

LH and 70 T 17 3
LH candidates

are thus observed. The quoted errors are statistical.
Production and properties. We can use the

measured 3
LH yield to estimate the expected yield

of 3
LH, assuming symmetry between matter and

antimatter, in the following manner: 3
LH = 3

LH ×
3He/3He = 59 T 11. This indicates a 5.2s
projection of the number of 3

LH that is expected
in the same data set where 3

LH, 3He, and 3He
are detected. An additional check involves fitting
the 3He + p invariant mass distribution with the
combination of a Gaussian “signal” term plus the

double-exponential background function (blue
dashed lines in Fig. 3, A and B). The resulting
mean values and widths of the invariant mass
distributions are consistent with the results from
the full detector response simulations. Our best-
fit values (from c2 minimization) are m(3LH) =
2.989 T 0.001 T 0.002GeV/c2 andm(3LH)=2.991 T
0.001 T 0.002 GeV/c2. These values are consist-
ent with each other within the current statistical
and systematic errors, and are consistent with the
best value from the literature [i.e., m( 3LH) =
2.99131 T 0.00005 GeV/c2 (16)]. Our systematic
error of 2 MeV/c2 arises from well-understood
instrumental effects that cause small deviations
from ideal helical ionization tracks in the TPC.

Lifetimes. The direct reconstruction of the
secondary decay vertex in these data allows
measurement of the 3

LH lifetime, t, via the
equation N(t) = N(0) exp(−t/t), where t = l/(bgc),
bgc = p/m, l is the measured decay distance, p is
the particle momentum, m is the particle mass,
and c is the speed of light. For better statistics in
our fit, the 3

LH and 3
LH samples are combined, as

the matter-antimatter symmetry requires their
lifetimes to be equal. Separate measurements of
the lifetimes for the two samples show no
differencewithin errors. The signal is then plotted
in three bins in l/bg. The yield in each bin is
corrected for the experimental tracking efficiency
and acceptance. The total reconstruction efficien-
cy for the 3

LH and 3
LH is on the order of 10%,

considering all sources of loss and the analysis
cuts. The three points are then fit with the
exponential function to extract the parameter ct,
and the best-fit result is displayed as the solid line
in Fig. 4A. To arrive at the optimum fit, we
performed a c2 analysis (Fig. 4A, inset). The ct
parameter that is observed in this analysis is
ct ¼ 5:5þ2:7

−1:4 T 0:8 cm, which corresponds to a
lifetime t of 182þ89

−45 T 27 ps. As an additional
cross-check, the L hyperon lifetime was ex-
tracted from the same data set using the same

approach, for theL→ p + p− decay channel. The
result obtained is t = 267 T 5 ps, which is
consistent with t = 263 T 2 ps compiled by the
Particle Data Group (19).

The 3
LH lifetimemeasurements to date (25–31)

are not sufficiently accurate to distinguish between
models, as depicted by Fig. 4B. The present
measurement is consistent with a calculation using
a phenomenological 3

LH wave function (14) and
is also consistent with a more recent three-body
calculation (15) using a more modern description
of the baryon-baryon force. The present result is
also comparable to the lifetime of freeL particles
within the uncertainties, and is statistically com-
petitive with the earlier experimental measurements.

Coalescence calculations. The coalescence
model makes specific predictions about the ra-
tios of particle yields. These predictions can be
checked for a variety of particle species. To de-
termine the invariant particle yields of 3

LH and
3
LH, we apply corrections for detector accept-
ance and inefficiency. The 3

LH and 3
LH yields are

measured in three different transverse momen-
tum (pt) bins within the analyzed transverse
momentum region of 2 < pt < 6 GeV/c and then
extrapolated to the unmeasured regions (pt < 2
GeV/c and pt > 6 GeV/c). This extrapolation
assumes that both 3

LH and 3
LH have the same

spectral shape as the high-statistics 3He and 3He
samples from the same data set (see Table 1).
If the 3

LH and 3
LH are formed by coalescence of

(L + p + n) and (L + p + n), then the produc-
tion ratio of 3

LH to 3
LH should be proportional

to [(L/L) × (p/p) × (n/n)]. The latter value can
be extracted from spectra already measured by
STAR, and the value obtained is 0.45 T 0.08 T
0.10 (23, 24). The measured 3

LH=3LH and
3He=3He ratios are consistent with the interpre-
tation that the 3

LH and 3
LH are formed by coales-

cence of (L +p +n) and (L + p + n), respectively.
Discussion. As the coalescence process for

the formation of (anti)hypernuclei requires that
(anti)nucleons and (anti)hyperons be in proxim-
ity in phase space (i.e., in coordinate and
momentum space), (anti)hypernucleus produc-
tion is sensitive to the correlations in phase-space
distributions of nucleons and hyperons (6). An
earlier two-particle correlation measurement
published by STAR implies a strong phase-space
correlation between protons and L hyperons
(32). Equilibration among the strange quark
flavors and light quark flavors is one of the
proposed signatures of QGP formation (33),
which would result in high (anti)hypernucleus
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Fig. 4. (A) The 3
LH (solid squares) and L (open circles) yield distributions versus ct. The solid lines

represent the ct fits. The inset depicts the c2 distribution of the best 3LH ct fit. (B) World data for 3LH
lifetime measurements. The data points are from (26–31). The theoretical calculations are from
(14, 15). The error bars represent the statistical uncertainties only.

Table 1. Particle ratios from Au + Au collisions
at 200 GeV.

Particle type Ratio
3
L
H=3LH 0.49 T 0.18 T 0.07

3He=3He 0.45 T 0.02 T 0.04
3
L
H=3He 0.89 T 0.28 T 0.13

3
LH=

3He 0.82 T 0.16 T 0.12
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„„„ 4-6: Ü„:áÿvs c⌧ , ⇤(Jäèuèx3˛°, „•x—¶^Å�2ê{Å

Z[‹(J"m„: {§˛à´¢áÿˇ˛"„5g[4]"

nÿˆÇ@è3
⇤HAT⁄⇤C, å¥øö§k(J—|±˘ábé"X1970

¢(J[203], ⁄Oÿ¥Å–, ¥ß§ˇ—w'⇤Èı"STARè,

32010c^ÿ”ê{—ˇ˛(J(„4-6Ü>§´), ¥du⁄Oÿ,

ÿÑ¥†å"STAR 2010⁄2011c¢$1ÆO\Èı⁄O, Çå±¶^#

Í‚5â˘òáˇ˛"ç[(JÚ3Ÿ•°SN•?ÿ"

4.2 Í‚⁄]¿^á

3RHIC 2010cñ2011cU˛£$1•, STAR¢|Ê8å˛ü%U

˛è200GeV!62GeV!39GeV!27GeV!19.6GeV!11.5GeV⁄7.7GeV Au+Au -EØ

~"3Í‚©¤Lß•, è¿Jç–&ˇÏ¬›⁄ÿÂ6⁄+Épä

^(Beam pipe)⁄Âµ, Çä‚ÿ”U˛eÊ8Í‚ÿ”ú¶^àg

ØáÁ¿^á, ç[^á⁄Á¿—5ØáÍ3eL•ç[—"Çá¶Øá

-E:|Vz(TPC)| < 30cm, |Vz(pVpd) � Vz(TPC)| < 3cm, Vz(TPC)⁄Vz(pVpd)©O

¥TPC⁄pVpdÔ—5-E:"
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LLL 4-1: ÿ©3
⇤H©¤•§^Í‚⁄ƒØáÁ¿^á!ØáÍ!3He⁄3He3zádataseteá

Í"

Trigger |VertexZ| Statistics 3He 3He

Run10 7.7 GeV minbias < 70cm 4 M 8587 0

Run10 11.5 GeV minbias < 50cm 11 M 7161 0

Run10 19.6 GeV minbias < 70cm 31 M 6321 0

Run10 27 GeV minbias < 50cm 49 M 5312 19

Run10 39 GeV minbias < 40cm 118 M 6456 133

Run10 200 GeV minbias < 30cm 223 M 5822 2213

Run10 200 GeV central < 30cm 199 M 11181 4241

Run7 200 GeV minbias < 30cm 56 M 2264 861

du3
⇤H˛ú1ÂlèAáfí, ÇIáœLŸPC‘3He⁄⇡5m

3
⇤H, œd33

⇤HÍ‚©¤Lß^§kTPC—5ª,(Global Track)"èJ

p3
⇤H&D', Ç3©¤Lß•^òƒcuts^á, ‰N3LÇ4-2•"

LLL 4-2: ƒª,¿J^á"

global track nHitsFit nHitsdEdx nHitsFit/nHitsPoss ⌘ pT/|Z|
Cuts Yes > 25 > 15 > 0.52 (-1, 1) > 0.2GeV/c

nHitsFit⁄nHitsPoss©Oç^5[‹ª,§^>fqáÍ⁄ª,åUù)>f

qoÍ"cuts^ánHits > 25⁄nHitsFit/nHitsPoss > 0.52^5¸ÿTPC—5'·

ª,⁄©ª,Ø›(¬ÑN)|⌘| < 1. Uy©¤§^ª,3òá–

TPC¬›âåS"

4.3 3
⇤Hg?PC:Ô

4.3.1 3He(3He)‚fÅO

Èu~Ñ‚fX⇡!K!p!e, STARgCS‹kò@ıOéê{5ÈA

n�⇡,K,p,e
dE/dx , l^5â‚fÅO"¥Èu3He, øvk˘òá%@â—˛"œd, 

ÇIágCœLÈdE/dx?1$é5òáÜn�dE/dxÉ”ıU˛, lêœÇâ‚

fÅO, ˘“¥èüoÇ⁄\Z ä"
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Z¬™Xe:

Z = ln(dE/dxdata) � ln(dE/dxBichsel),

ß”L´hdE/dxiˇ˛ä⁄nÿäÉm†lå"„4-7Ü„(A)¥5guL4-1•§k

Í‚•dE/dx vs ƒ˛(p)⇥>÷˛(q)ë„©Ÿ, Çl„•å±w3œ~

>÷è 1‚fëG©ŸÉÑk¸^ö~w>÷è 2ëG©Ÿ, ßÇ©OìL

3He⁄3He"34-7m„(B)•ÇÚ3He⁄3HeZä©Oé—5âòë›K©Ÿ"l

„(B)•å±w, ÿ¥3HeÑ¥3He, ê^ƒª,cut(4-2)¥ÿ, {ÈZ¿

ÅO—5"œd, ÇIáÈßÇµâ©¤5â—?ò⁄cut, lÅ™Z¿

3He⁄3He"

rigidity(GeV/c)
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„„„ 4-7: (A)Z(3He) vs rigidity ©Ÿ; (B) 3He⁄3HeòëZ(3He) ©Ÿ"

TPC§&ˇ3Heøö—¥˝¢-EØá)—5, ÑkÈåò‹©¥5g

uÂ6⁄Â6+-E"˘ò‹©Â6ã—53Hewÿ¥ÇIá, œ

d7Lÿ"á÷ø`¥, ˘aØáaquãq¢, §±¶+Â6U˛3z

ÿf100GeV, ¥¢Sü%XU˛È( 14GeV), ÿv±)3He,˘“¥èüoÇ

34-7„(B)•w3Heµ'3Heıœ"

Q,µòáÃá5, ÇIá¶^cut5ÿK˘‹©‚f"˘p
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0òáˇ¿˛ö~áÎ˛: dca(distance at closest approach)"dca¥ç3nëòm

¸^ª,Émˆòá:⁄ò^ª,ÉmÅ·Âl, XJ‚fè-EÜ), @oå

±˝l-E:˘á‚fª,dca¨È"

Â6⁄+-E˘aØáü%XU˛È, øõX)3Heƒ˛©Ÿ7,¨

^Èı, å‹©¨8•3$ƒ˛´ç"”û, duŸûm:ãÈEØá:'Xÿ

, œdÇ±ÈEûm:èƒO—5dca©Ÿ7,ã:Ü)‚f

dca©Ÿÿòó, o—O, ©Ÿ¨'"èy˘ò:, Çx—Xe„5

y˘ò:µ

„(A)¥cut|Z(3He)| dca Èrigidityë©Ÿ„, Ærwÿ¥3He3He

‚fâÿK"˘p°káwdca©Ÿƒ˛ÈëG©Ÿ, ö~Œ‹É

cÈÂ6+-E—3HeA5£„",, 33He˘å>øvkaq(—y, è¥˝

°òáy‚"

Çe5r3He⁄3Hedca©Ÿ„ò3òÂ', X„(B)"3He⁄3Hedca©Ÿn

ÿ˛AT¥òó, §±d3Hedca©ŸÇå±Oé—å‹©ÈEØá)3He‚

f(è95%)—©Ÿ3dca < 1cm´çÉS"œd, Çå±\˛dca < 1cmcut^

5ÿÂ6+ã—53Heµ"e5, Çww@µ3Herigidiy©Ÿ¥

üof"Ç¿Jdca < 1cm@‹©3He5*, X„(C)"l„•å±é—,

rigidity > 1GeV/cå±ÿK97%µ"

Ç3¿Jâ\rigidityÁ¿^áûˇÃáƒ˘òáœÉµ

l3
⇤HPC—5⇡⁄3Heƒ˛Ém¥kò'X, lßÇü˛'X5w, ßÇ˛ƒ

˛'åóè20 (m(3He)/m(⇡) ⇡ 20), TPCU&ˇ‚fÅpTè0.15GeV/c, @

øõXUãÇ&ˇ⇡ÉÈ3HepTè3GeV/c",, ˘á'Xøö

(, œdø©ƒ˛„A´œÉ, Çâcutèdca < 1cm ⁄dca < 1cm"

„(D)è\˛˘AácutÉZ(3He)©Ÿ„"7⁄ÇòŸ/Ln‹à´cutÉ
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„„„ 4-8: („A)˜v|Z(3He)| < 0.2‚fdca Èrigidity©Ÿ"(„B)¶^L4-1⁄L4-2ª,

¿J^áÉ3He⁄3Hedca©Ÿ"(„C)Ú„A•dca>1cmë>‚f›Krigidity©

Ÿ"(„D)Z(3He)©Ÿ, Á⁄¢Ç⁄˘⁄¢Ç©OìLKë>‚f¶^L4-1⁄L4-2ª,¿J^á

É, 7⁄¢ÇìL2\˛„•§I´¿J^áÉ©Ÿ"

- 83 -



84 1oŸ 3
⇤H¢©¤

Çå±ö~Z¿]¿—-EØá•3He+3He"

4.3.2 PCˇ¿„⁄¢˛&“Ô

 P0


= P1

+ P2


decay 
length

dcaV0 Primary
Vertex

dca2dca1

 P1


 P2


V0
dca1to23He π −

Λ
3H → 3He + π -

„„„ 4-9: 3
⇤H !3 He + ⇡�PC´ø„"

du3TPC•‚fú1;,èò^^⁄^Ç, œdÇIá3nëòmÈ(

:ç{"è,nÿ˛Çå±rzò^È3He⁄⇡È,Oé—ßÇÿCü˛

Ã, ¥˘â¨ë54åµlO\œÈ&“J›"œd3¢©¤•, Ç

¨O\ˇ¿˛ÅõlJp&D'"3He¸NPCˇ¿„´øX„4-9"

„4-9§´•bÇÆÈò^3He⁄ò^⇡;,, @oƒkÇå±Oé˘¸

^⁄^ÇÉÈuØá:(primary vertex)dca©O¥ı(dca1⁄dca2); Ÿg, ÇÑå

±Oé—ßÇòmÅ·Âldca1to2, øb˘^Ç„•:“¥3
⇤HPC:V0; ,
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Çå±é—V0⁄Øá:Âlè“¥3
⇤HPC›(V0 decay length)"Å, œL

3
⇤H3V0:ƒ˛, Çå±áÌ—3

⇤H⁄^Ç;,, lé—3
⇤Hª,ÉÈØá:

dca(dcaV0)"y3k˘Aáˇ¿˛:dca1!dca2!dca1to2!v0decaylength ⁄dcaV0,

Ç“å±â—‹nÅõlJp&D'"

ÇOé—3He⁄⇡ÿCü˛Ã, Iá”û—µ"µn“¥ã

œ5gu3
⇤HPC'È, kÈıê{å±¢y˘á8, 'X‹Øáê{l¸áö

~ÉqØá•©O]¿—¸áPC‚f5OéÿCü˛Ã; like-signê{œL3He⁄⇡+5

OéÿCü˛Ã; ^=µê{œLlˇ¿˛^=Ÿ•òá‚f5OéÿCü˛Ã"3

˘á©¤p°, ÇœL^=µê{5µ, ‰N`5“¥Ú⇡^=180›,2

ã3HeÈ, Ÿß6ßã&“Ôê{òó"

ÇÚL4-1Í‚‹\3òÂ, UÏ˛°ê{§ıÔ—3
⇤H+3

⇤
H&“, X

„4-10"˘á&“significanceè9.6�"

)2)(GeV/c-πHe+3(invM
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signal+background fit

Signal
 / ndf�2χ  81.5 / 68

Yield�  63.15± 602.10 
Mean�  0.000± 2.991 

„„„ 4-10: ÚL4-1&“‹\3òÂâ—3
⇤H+3

⇤
HÿCü˛Ã"

- 85 -



86 1oŸ 3
⇤H¢©¤

4.4 ¤…5¥›œfU˛ù65

4.4.1 ¤…5¥›œf

fÍ-¤…Í'È@è¥ÔƒQGPÉCòá&[92, 204]"dugdáf

Â—¥ÿ, œdÈJÜ^áfÂ⁄ÿfÂä^ÜÔƒÉpä^5ü"á

ÿ¢S¥òá¤çf⁄áfÉpä^X⁄, ßå±äèòáö~‹&5Ô

ƒY-NÉpä^"©z[2]•⁄\òá#ÎÍ:¤…5¥›œf(strangeness population

factor), ¬èµ

S3 =3
⇤ H/(3He ⇥ ⇤/p), (4-7)

nÿ˛Oé˘á˛5´©rfÉ⁄ÉÈÿlf-E•/§QGPÉ"„4-11—C

Ac“S3.Oé"

„4-11¶^default AMPT.5[¸XrfÉ, )QGPLß¶^
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Fig. 1. (Color online.) The Wigner phase-space density ρ for 3
ΛH from melting AMPT (left panel) and default AMPT (right panel) as a function of (Λ, p) pair momentum.

Densities are shown for
√

sNN = 5 GeV, 17.3 GeV and 200 GeV. The distributions have been normalized by the number of events at each collision energy.

Fig. 2. (Color online.) The S3 ratio as a function of beam energy in minimum-
bias Au + Au collisions from default AMPT (open circles) and melting AMPT (open
squares) plus coalescence model calculations. The available data from AGS [33] are
plotted for reference. The Λ/p ratios from the model are also plotted.

CBS = −3
〈B S〉 − 〈B〉〈S〉
〈S2〉 − 〈S〉2 , (4)

where B and S are the global baryon number and strangeness
in a given rapidity window in a given event. As pointed out in
Ref. [12], a suitable rapidity window is important to retain the fluc-
tuation signal. We choose the rapidity window of −0.5 < y < 0.5
for the present analysis. Fig. 3 shows the CBS in minimum-bias
Au + Au collisions as a function of center-of-mass energy from
the AMPT model. From top SPS to RHIC energy, the CBS lies be-
tween 0.2 and 0.4, and is lower than the expected value of unity
for an ideal QGP or 2

3 for a hadron gas [8]. In addition, we find
that the CBS values from melting AMPT and default AMPT are
comparable over a wide energy range. As discussed in Ref. [12],
the recombination-like hadronization process itself could be re-
sponsible for the disappearance of the predicted CBS deconfine-
ment signal. Detailed study indicates that the hadronic rescatter-
ing process further blurs the signal [13]. The CBS increases with
an increase of the baryon chemical potential µB [8] at decreas-
ing beam energy. The Strangeness Population Factor S3, on the
other hand, increases with beam energy in a system involving

Fig. 3. (Color online.) The comparison between S3 and CBS in minimum-bias Au+Au
collisions at various beam energies.

partonic interactions, as shown in Fig. 3. It carries the potential
to reliably resolve the number of degrees of freedom of the sys-
tem created in heavy-ion collisions. This suggests that the global
baryon-strangeness correlation coefficient (CBS) is less sensitive to
the local baryon-strangeness correlation than the Strangeness Pop-
ulation Factor (S3) from hypernucleus production. Future precise
measurements in comparison with our calculations will provide
further insight into these physics questions that are of central im-
portance to relativistic heavy-ion physics.

In summary, we demonstrate that measurements of Strangeness
Population Factor S3 are especially sensitive to the local correlation
strength between baryon number and strangeness, and can serve
as a viable experimental signal to search for the onset of decon-
finement in the forthcoming RHIC Beam Energy Scan.
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Figure 7: The Strangeness Population Factor RH = (3
�
H/3He) · (p/�)

as a function of �sNN for most central collisions of Pb+Pb/Au+Au.
We compare results from the thermal production in the UrQMD hy-
brid model (lines) with coalescence results with the DCM model
(symbols). The red line and symbols denote values of RH where the
� yield has been corrected for the �0 contribution.

nuclei ratio is still larger. Hence, the � is more likely
to form a hypernucleus. There seems to be a stronger
correlation in the transport calculation as in the hydro-
dynamic description. In fact the qualitative behavior of
RH closely resembles the behavior that is expected for
cBS , the baryon-strangeness correlation, for a hadronic
gas [66]. This observation leads to the conclusion that
the information on correlations of baryon number and
strangeness is lost in the thermal calculation because
here RH essentially only depends on the temperature.
On the other hand, in the microscopic treatment the cor-
relation information survives and RH captures the trend
of cBS .

5. Conclusion

We have presented results on hyper-nuclei, anti-
nuclei and di-baryon production in heavy ion collisions
over a wide beam energy range. To explore the theoret-
ical uncertainties we applied two distinct approaches:
firstly, the thermal production with the UrQMD-hydro
hybrid model and secondly, the coalescence calculation
within the Dubna hadron cascade model. Concerning
most hyper-nuclei and di-baryons both approaches
agree well in their predictions which gives us confi-
dence in robustness and significance of the obtained
results. We find that both the non-equilibrium and
thermal models may be considered as appropriate
approaches to describe strange cluster production.

Figure 8: Single ratios of (3
�
H/3He) (black solid line and circles) and

�/p (blue dashed line and squares) from the UrQMD hybrid model
(lines) and DCM model (symbols).

In agreement with previous studies we demonstrate
that the most promising energy range to produce
hyper-clusters will be provided by the FAIR and NICA
facilities, Elab � 10 - 20A GeV. Anti-matter clusters
heavier than  t are only feasible at RHIC and LHC
energies.

The most interesting result of our study is the appar-
ent di�erence in the double ratio RH when we compare
our thermal results with the coalescence. This di�er-
ence indicates that the information on correlations of
baryon number and strangeness are visible in the micro-
scopic coalescence approach, while they are washed out
in the thermal picture. This could open the opportunity
to directly measure the strangeness-baryon correlation,
which may be sensitive to the onset of deconfinement.
The present status of the experimental data does unfor-
tunately not allow for a comprehensive comparison with
our model calculations. We hope that this situation will
improve in the upcoming RHIC energy scan and FAIR
experiments.
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„„„ 4-18: oáÿ”l/(��)´m3
⇤H+3

⇤
HÿCü˛Ã"

l„4-18•å±w, 4á´m&“⁄ü˛—ÿÜ"

4.5.2 X⁄ÿ©¤

&“ÿÿ⁄OÿÉ, Ñù)X⁄ÿ, ˘á¥¢©¤•ö~áò

Ç"ÇIáœLà´ê™(@X⁄ÿàá5, l¶˛yÇ(JåÇ"
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X⁄ÿÃáù)˘oAáA:

(a) 3
⇤HBLTPCû·¬Aå^e°Oê{åóO:

e
�

�3
⇤

H+material

�p+material · l
�T /⇢ ⇠ e

�
�3
⇤

H+p

�p+p · l
�T /⇢ < e

�
�pd+�p⇤

�pp
· l
�T /⇢ < 1.5%

Ÿ•Åm>™fà´ÎÍå3Particle Data GroupÍ‚•p, ÇÅuy˘

á·¬Aå±—ÿO"

(b) ´m›¿J (5.7%)

(c) ÿ”V0 cuts¿J (-6.2%)

r˘œÉn‹Â5(a+b+c)å±oX⁄ÿ"oX⁄ÿè 8.4%"

4.5.3 ?«(J?ÿ

Çä‚„4-17•«5?zá´m©3
⇤H+3

⇤
H, ø^˙™[‹x3

„4-19•:
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STAR 2012 Result
M.Rayet, R.H.Dalitz, 1966

„„„ 4-19: Ü„:3⇤Hˇ˛"¢%:èSTARÿ”c(J', ò%:è⇤ˇ˛(J, 

„è¶^Å�2ê{—ÅZ[‹(J"m„: Ó8èé3
⇤Hˇ˛(J'"˘⁄“K

¥1966cDalitznÿOé(J"
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⇤H¢©¤

ÇÅ™(Jè: ⌧ = 123+26
�22(stat) ± 10(sys)ps"

„„„4-19•fiy3èéå&¢(J"Çˇ˛3⁄Oÿ˛¥Å,

ãSTAR2010(J¥31.5�ò&´mSòó, ¥ãnÿOé(Jkå—\"˘á

ˇ˛(Jâ± ÇÈ3
⇤Hn)J—]‘"± Ç@èáÿ§åóaquò

áÿ°fÂPXòá⇤, ˘{áÿAT⁄⇤C, =¶ƒ⇤Üÿf

Épä^, èÿ¨kå?, X„•Dalitz1966cOé(J"¥, XJÿ¥˘òá

|§„îQÆkÔƒÛäLåU3⇤NÂP, XJ˝3, @oøõX⇤å

UãÿfkX'rÉpä^, ˘ÈuÇn)YNÉpä^¨kÈåÈu"ÇÑ

IáY‘nÛäù)nÿ⁄¢(J53˘áØK˛?ò⁄ä?ÿ"
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1 Ÿ Vrfê†'ÈnÿÔƒ

ŸÃá¥|^ıÉ—$.AMPT, ÔƒVrfê†'È•ö6z"3

e°Ç¨ç[0Ûä©¤ê{, ù)'ÈºÍE, µE±9Ãá(J?

ÿ"

5.1 'ÈºÍE

Éc3⁄Û•Æ05|ª⁄Vrfê†'È, ˘á&ÈQGP„'Ø

a, EÂ5è'{¸"ƒk¿òáÓƒ˛ö~p‚fäè>u‚f(trigger

particle), ,ÚŸß§kŒ‹Óƒ˛á¶‚f(°èäë‚fassociated particle)H{

òH, Oé�� = �assoc � �trig, ,l��©Ÿ•*Èjets("y3Ç

“¥ôûÿµraw'ÈºÍ"

E—'ÈºÍù)Èı´z, 3ê†˛k'Èä^LßÈı, ù)6, jet,

PCÑkƒ˛"Ça,‹©¥jet⁄9ó‘üÉpä^È'Èº

Í?A, ˘‹©·uö6(non-flow), èjet&“, Ç7LÈµkòá

(O, ˘‚UO(/©¤&“5ü"
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5.2 'ÈºÍµÔ

± @èµÃád˝6z, œdÈıÛäÊ^‹Øáê{"‹Øáê{Ú

•%›ö~CØá]—5ß©O3¸áp°]¿>u‚f⁄äë‚fß˘'Èº

Í•êùdu–©A¤U´çàï…5§ó8N6z"¥Cc5, Èn

6v3[209]Ôƒuy=˘¥•%›òØá, –©fi·3ë5Øáp6

'È, ˘“7LÓÇUÏ6ÎÍ¬™5(µ, y3~^ê{¥¶^6ÎÍ

ê{5Ôµ, ˘å±Ú–©fi·§ë5œèp6'Èù)?5"Xe°0

"

5.2.1 p6

‚fê†©Ÿå±Fpì©)èXe˙™:

dN

d�
=

N

2⇡
(1 + 2v2cos(2�) + 2v3cos(3�) + 2v4cos(4�) + ...) , (5-1)

du±còÜ@èA¤©ŸÈ°5, §±¤Í6ÎÍCu0, çpz@è

ö~, èå±—ÿO"

COLLISION-GEOMETRY FLUCTUATIONS AND . . . PHYSICAL REVIEW C 81, 054905 (2010)

partN
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2ε
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0.5

1 PHOBOS Glauber MC
Au+Au 200GeV

(a)

partN
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3ε

0

0.5

1 PHOBOS Glauber MC
Au+Au 200GeV

(b)

FIG. 2. Distribution of (a) eccentricity, ε2, and (b) triangularity, ε3, as a function of number of participating nucleons, Npart, in
√

sNN =
200 GeV Au + Au collisions.

consistent with the expected fluctuations in the initial state
geometry with the new definition of eccentricity [46]. In this
article, we use this method of quantifying the initial anisotropy
exclusively.

Mathematically, the participant eccentricity is given as

ε2 =

√(
σ 2

y − σ 2
x

)2 + 4(σxy)2

σ 2
y + σ 2

x

, (3)

where σ 2
x , σ 2

y , and σxy , are the event-by-event (co-)variances
of the participant nucleon distributions along the transverse
directions x and y [8]. If the coordinate system is shifted to the
center of mass of the participating nucleons such that 〈x〉 =
〈y〉 = 0, it can be shown that the definition of eccentricity is
equivalent to

ε2 =
√

〈r2 cos(2φpart)〉2 + 〈r2 sin(2φpart)〉2

〈r2〉
(4)

in this shifted frame, where r and φpart are the polar coordinate
positions of participating nucleons. The minor axis of the
ellipse defined by this region is given as

ψ2 =
atan2(〈r2 sin(2φpart)〉, 〈r2 cos(2φpart)〉) + π

2
. (5)

Since the pressure gradients are largest along ψ2, the collective
flow is expected to be the strongest in this direction. The
definition of v2 has conceptually changed to refer to the second
Fourier coefficient of particle distribution with respect to ψ2
rather than the reaction plane

v2 = 〈cos(2(φ − ψ2))〉. (6)

This change has not affected the experimental definition since
the directions of the reaction plane angle or ψ2 are not a priori
known.

Drawing an analogy to eccentricity and elliptic flow, the
initial and final triangular anisotropies can be quantified as par-
ticipant triangularity, ε3, and triangular flow, v3, respectively:

ε3 ≡
√

〈r2 cos(3φpart)〉2 + 〈r2 sin(3φpart)〉2

〈r2〉
(7)

v3 ≡ 〈cos(3(φ − ψ3))〉, (8)

where ψ3 is the minor axis of participant triangularity given by

ψ3 =
atan2(〈r2 sin(3φpart)〉, 〈r2 cos(3φpart)〉) + π

3
. (9)

It is important to note that the minor axis of triangularity
is found to be uncorrelated with the reaction plane angle
and the minor axis of eccentricity in Glauber Monte Carlo
calculations. This implies that the average triangularity
calculated with respect to the reaction plane angle or ψ2 is
zero. The participant triangularity defined in Eq. (7), however,
is calculated with respect to ψ3 and is always finite.

The distributions of eccentricity and triangularity calculated
with the PHOBOS Glauber Monte Carlo implementation [47]
for Au + Au events at √

sNN = 200 GeV are shown in Fig. 2.
The value of triangularity is observed to fluctuate event by
event and have an average magnitude of the same order as
eccentricity. Transverse distribution of nucleons for a sample
Monte Carlo event with a high value of triangularity is shown
in Fig. 3. A clear triangular anisotropy can be seen in the region
defined by the participating nucleons.

x(fm)
-10 0 10

y(
fm

)

-10

-5

0

5

10

 = 0.533ε = 91,PartN

PHOBOS Glauber MC

FIG. 3. Distribution of nucleons on the transverse plane for a√
sNN = 200 GeV Au + Au collision event with ε3 = 0.53 from

Glauber Monte Carlo. The nucleons in the two nuclei are shown in
gray and black. Wounded nucleons (participants) are indicated as
solid circles, while spectators are dotted circles.

054905-3

„„„ 5-1: ÿ-ÿÈEU´ç–©A¤©Ÿfi·´ø„[209]"

- 98 -



¨̈̈†††ÿÿÿ©©© 99

CAc, Èup6Ôƒ(Juy, Íåu26ÎÍ'Çéñáå, 3,

•%›´ç, v3ãv2(Jÿı[209]"˘áó˘òá„îJ—µ–©A¤©Ÿ

fi·óåp6"X„5-1§´"

3˘úeÇ7LáÚ±c@èå±—ÿOv3, v4...ù)Oé•, Ø

¢˛Ç§áâ“¥^ã¶˝6É”ê{5¶p6, êÿLzáA

° ná¸’Oé—5, ‰Nê{Xe!0"

5.2.2 áA°Ô

Øá°ê{ ¢˛ÈuáA° nÔ¥Ê^Øá°ê{(event-plane

method)[210, 211]"˘áê{¥làï…56˘áßz(J¥¸’¶—

5"6•˛Qn¥Ó°2ë•˛:

Qn,x =
X

i

wicos(n�i) = Qncos(n n),

Qn,y =
X

i

wisin(n�i) = Qnsin(n n), (5-2)

Ÿ•¶⁄H{§k‚fi"�i⁄wi©O¥¢øXê†⁄‚fi"Å‹

¥vn(pT , y)"òÑvn(pT , y)ëXpTÇ5O\, œdòÑ¿èpT"˘Øá°(•

˛Qnê†)å±è:

 n = arctan2(Qn,y, Qn,x)/n, (5-3)

ˇ˛vn¥ÉÈuØá°‚f©Ÿn6ÎÍ:

vobs
n (pT , y) = hcos [n(�i � n)]i , (5-4)

èûÿg'È, 3È,òá‚fi?1cos[n(�i �  n)]$éûˇIárQ•˛•ÉA

˘á‚fz~ÿ"
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œèkÅØá‚fıÍkÅ¶ÇÈáA°Oéo¥k†ßœ

dvnIá^Øá°©E«5?:

Rn = hcos [n( n � RP )]i , (5-5)

Å?6ÎÍè:

vn =
vobs

n

Rn

(5-6)

‰NOéRnê{ûÎ[212]•ç[`"

Ø¢˛˘áê{"Äè¥ö~w, du"‚fê†©Ÿøö—œè6

z, Ñkö6'X`jetz, ˘áûˇáÌ£¶Å–áA°7,k†"œd

3¢˛ßÑkı´?ê{5â˘áß'X`¶^Ø›Èå‹©‚f(XSTAR

FTPC&ˇ‚f)5ÿö6z"

–©ãIòm©ŸOéáA° ¢˛^˛„ê{5âÃá¥œè¢êU&ˇ

"‚f"3.•¢S˛˘ááA°?ná'¢{¸ı"3ÿƒ–©

fi·ûˇßáA°“¥0"ÿLy3duáƒ–©fi·ÈA¤©ŸKè, Iá

#Oé"

Çå±^–©ãIòmA¤©Ÿ5OéáA°"duUÏ¬¢S˛áA

°“¥ÿÿ-EU´çòá•˛êïßœd^–©ãIòm5é¥Œ‹©

¬ßOéê{Xeµ

 r
n =

1

n


arctan

hrnsin(n�)i
hrncos(n�)i + ⇡

�
, (5-7)

Ÿ•rn¥"ÉAvnOéXe:

�r
n = hcos [n(�� r

n)]i , (5-8)

˘áê{`“¥ÿIáOéáA°©E«Rn"dupáA°©E«È$,

œdXJ¶^¢˛ê{¨E§p6(JkÈåÿ"3Ccıá.Oé•ä

ˆ—¥¶^˘´ê{5áA°"
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5.2.3 ö6È'ÈºÍµKè

Ôòá‹nµ¥Vrfê†'ÈÔƒö~á‹©, è,^6ÎÍÔ

µ¥'œ^ê{, ¥du6ÎÍkö6z, œd3¶^˘áê{ûÇá

ö~%"3.Oé⁄¢•œ^k¸´ê{, Xe°¸á˙™§´:

hf(��)ie = hN
trig · Nassoc

2⇡
· 2

+1X

n=1

vtrig
n · vassoc

n iecosn�� (5-9)

hf(��)ie = hN
trig · Nassoc

2⇡
· 2

+1X

n=1

hvtrig
n ie · hvassoc

n ieiecosn�� (5-10)

™5-10•¶^Øá˛Évn(hvnie)ìO™5-9•¸áØá•vn"˘¸ˆÃá´

O“¥hvnieøÔáØá6fi·"˘áfi·5Ãák¸á‹©: òá¥duö

6Kè, è¥ÇéáJ—5&“; ,òá“¥du–©A¤.fi·§ó

áØá6fi·(µ‹©)"Ø¢˛˘¸ázòá¥IáGÿ, òá¥Iá

3"¥˛°¸á™f—vkç{â˘ò:ß‹3ß‹øÔ"Éc

Nıƒp6Vrfê†'ÈÛäòÑ—¥¿JŸ•,ò´äèÔµ

ê{ßœdßÇ(J—¨kÿ”ß›†"

Ø¢˛Èuö6zñ8Ñvk—òáÿ, cŸ¥–©fi·œÉƒ?5

É, uyÈJ˝—O(µ"[213]J—3¢˛å±¶^2/4/6‚f'È5—

ö6z, ÿLê{'E,"

5.3 CcÉ'Oé(J

e°—3ƒp6µzÉ¸‚fê†'ÈÉ'Ôƒ(J"

„5-2|^AMPT.Oé3È%-E(-EÎÍb=0)úepAssoc
T 31-2GeV/câå

S¸‚fê†'ÈºÍ[214]"Ü„¥à6ëÓƒ˛Cz, å±w, 3ƒ–©fi

·É, p6Ã›'@èáåÈı"3˘´È%-E•ß˝6è¥d
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–©fi·z"@è¥Vrfê†'ÈV&“Ãázn6[209], ⁄˝6

Íäö~C, ÿå—"m„•'^ÿ”ê{ûÿµ'ÈºÍ: (1) ^ 

œ‹Øáê{—5µ; (2) ƒ6p6z§—5µ"l„˛5

wßp6Èu'ÈºÍV/G/§¥kÈåz, ÿL, “éƒ166

z, ˘áOé(JE,LÑkV(3"

multiple nucleon scattering is used to describe the initial
parton production in heavy-ion collisions. Nucleon-
nucleon scatterings contain both independent hard parton
scattering and coherent soft interaction that is modeled by
string formation for each participant nucleon. Strings are
then converted into soft partons via string melting scheme
in AMPT. Such multiple scatterings lead to fluctuation in
local parton number density or hot spots from both soft
and hard interactions which are proportional to local
transverse density of participant nucleons and binary col-
lisions, respectively.

Shown in Fig. 1 are contour plots of initial parton density
in the transverse plane dN=dxdy (left panel) and in x-!
(pseudorapidity) plane dN=dxd! within a slice jyj< 1 fm
(right panel) of a typical AMPT event. We assume the
transverse position of both hard and soft partons are con-
fined to the size of their parent nucleons rN ! 1 fm.
Therefore, fluctuations in local density of participant
nucleons and binary nucleon-nucleon collisions lead to
fluctuations in parton transverse density or hot spots with
the smallest transverse size of about 1 fm. These hot spots
and valleys give rise to finite values of initial geometric
irregularities "n defined as

"n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hr2 cosðn’Þi2 þ hr2 sinðn’Þi2

p

hr2i ; (1)

where (r, ’) are polar coordinates of each parton and the
average h& & &i is density weighted. Normally, "2 is referred
to as eccentricity and "3 as triangularity.

Hot spots in the fluctuating initial parton density distri-
bution are also extended in the longitudinal direction as
shown in the right panel of Fig. 1. Such extended longitu-
dinal distribution in pseudorapidity ! is partially from soft
partons via the materialization of strings. Partons from
initial state radiation associated with hard scatterings
have a distribution dN=dy ¼ dN=d logð1=xÞ ! 1 which
is also extended in rapidity.

Collective expansion due to parton rescatteringwill trans-
late the initial geometric irregularities into harmonicflows in
momentum space [23]. Shown in Fig. 2 are the harmonic
flows of final hadron spectra vn ¼ hcosnð#' c nÞi from
AMPT calculations, where the event plane angle for each
harmonics is given by

c n ¼ 1

n

"
arctan

hr2 sinðn’Þi
hr2 cosðn’Þiþ $

#
: (2)

Even in central collisions at fixed impact-parameter b ¼ 0,
the geometrical fluctuation of initial parton density leads to
anisotropic collective expansion which translates the initial
geometric irregularities into significant values of harmonic
flows in momentum space in the central rapidity region. It is
interesting to observe that allvnðpTÞ decrease at highpT but
the turning points shift to higher pT for higher harmonics.
The higher harmonic flowsvn forn > 6 are insignificant due
to viscous diffusion.
In the study of dihadron correlation to search for the

effects of medium modification of jet structure and jet-
induced medium excitations, it is important to isolate and
subtract contributions from harmonic flows, especially the
triangular flow which contributes the most to the double-
peak structure of back-to-back dihadron correlation. We
will use the ZYAM (zero yield at minimum) scheme [4] to
subtract contributions to dihadron correlation,

fð!#Þ ¼ B
$
1þ

X1

n¼1

2hvtrig
n vasso

n i cosn!#
%
; (3)

from harmonic flows, where B is a normalization factor

determined by the ZYAM scheme, vtrig
n and vasso

n are
harmonic flow coefficients for trigger and associated
hadrons. Shown in Fig. 3 are dihadron correlations before
(dot-dashed) and after (solid) the removal of contributions

from harmonic flows for ptrig
T > 2:5 GeV=c and 1<

passo
T < 2 GeV=c. Also shown are contributions from

each harmonic flow n ¼ 2–6 (dashed). These contributions
are significant for up to n ¼ 5 harmonics.
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FIG. 1 (color online). Contour plot of initial parton density (in
arbitrary unit) dN=dxdy in transverse plane (left panel) and
dN=dxd! (right panel) in x-! (pseudorapidity) plane in a typical
AMPT central Auþ Au event (b ¼ 0) at

ffiffiffi
s

p ¼ 200 GeV, with
eccentricity "2 ¼ 0:02 and triangularity "3 ¼ 0:02 of the trans-
verse parton distribution.
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p ¼ 200 GeV from AMPT model calculation.
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After subtraction of contributions from harmonic flows,
the dihadron correlation still has a double-peak feature on
the away side of the trigger which should reflect the
azimuthal structure from deflection of medium modified
dijets and jet-induced medium excitations and hadrons
from expanding hot spots under strong radial flow. The
structure therefore should be unique and insensitive to
the fluctuation of the initial geometry of dense matter at
a fixed impact-parameter. As shown in Fig. 4, the dihadron
correlations after subtraction of contributions from har-
monic flows become independent on the initial geometric
triangularity !3.

In order to study the structure of dihadron azimuthal
correlation from jets (including jet-induced medium exci-
tation) and hot spots separately, we successively switch off
each mechanism and calculate the dihadron correlation
within AMPT model. We first randomize the azimuthal
angle of each jet shower parton in the initial condition from
HIJING simulations. This effectively switches off the initial
back-to-back correlation of dijets. The dihadron correla-
tion (dashed) denoted as ‘‘hot spots’’ in Fig. 5 still exhibits

a double peak on the away side that comes only from hot
spots. It has roughly the same opening angle !"! 1 (rad)
as in the ‘‘full’’ simulation (solid). However, the magnitude
of the double peak in the away-side correlation is reduced
by about a factor of 2, which can be attributed to dihadrons
from medium modified dijets and jet-induced medium
excitation. Without knowing the relative yields of hadrons
from jets and hot spots, it is difficult to extract dihadron
correlation from dijets (and jet-induced medium excita-
tion) alone. When jet production is turned off in the HIJING

initial condition, fluctuation in soft partons from strings
can still form what we denote as ‘‘soft hot spots’’ that lead
to a back-to-back dihadron correlation (dot-dashed) with a
weak double-peak. It is clear that jet shower partons
increase the local parton density in ‘‘hot spots’’ and lead
to a stronger double-peaked dihadron correlation than that
of ‘‘soft hot spots.’’ Such ‘‘soft hot spots’’ are the likely

 (rad)φ∆
-1 0 1 2 3 4 5

φ∆
)d

N
/d

tr
ig

(1
/N

-1

0

1

2

3

4

 > 2.5 GeV/c,trig
T

p
Au+Au 200 GeV (b=0 fm)

constant ZYAM BG removed

flow ZYAM BG removed

 contributions (n=2-6)nv

 < 2 GeV/casso
T

1 < p

FIG. 3 (color online). AMPT results on dihadron azimuthal
correlation before (dot-dashed) and after (solid) subtraction

of contribution from harmonic flow vn ðn ¼ 2–6Þ for ptrig
T >

2:5 GeV=c and 1< passo
T < 2 GeV=c.

 (rad)φ∆
-1 0 1 2 3 4 5

φ∆
)d

N
/d

tr
ig

(1
/N

0

0.2

0.4

0.6

0.8

1
 < 0.053∈0.00 < 
 < 0.153∈0.05 < 
 < 0.303∈0.15 < 

Au+Au 200 GeV (b=0 fm)
 < 2 GeV/casso

T
 > 2.5 GeV/c, 1 < ptrig

T
p

FIG. 4 (color online). Dihadron correlations after subtraction
of harmonic flow with different values of geometric triangularity

!3 for ptrig
T > 2:5 GeV=c and 1< passo

T < 2 GeV=c.

 (rad)φ∆
-1 0 1 2 3 4 5

φ∆
)/d

N
/d

tr
ig

(1
/N

0

0.2

0.4

0.6

0.8

1
full
hot spots
soft hot spots

smoothed

 > 2.5 GeV/ctrig

T
p

 < 2 GeV/casso

T
1 < p

Au+Au 200 GeV (b=0 fm)

FIG. 5 (color online). Dihadron correlation (with harmonic
flow subtracted) from AMPT with different initial conditions

for ptrig
T > 2:5 GeV=c and 1< passo

T < 2 GeV=c. See text for
details on the different initial conditions.

 (rad)φ∆
-1 0 1 2 3 4 5

η∆

-4

-3

-2

-1

0

1

2

3

4

0

0.1

0.2

0.3

0.4

0.5

FIG. 6 (color online). The contour plot of dihadron correlation
(with harmonic flow subtracted) from AMPT in azimuthal and

pseudorapidity for ptrig
T > 2:5 GeV=c and 1< passo

T < 2 GeV=c.

PRL 106, 162301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

22 APRIL 2011

162301-3

„„„ 5-2: [214]Vrfê†'È(J"Ü„è3È%-E•ÿ”Íàï…56p
T

ù65"m„è^

à´ê{ûÿµÉ'ÈºÍ'"

RAPID COMMUNICATIONS

EFFECTS OF TRIANGULAR FLOW ON DI-HADRON . . . PHYSICAL REVIEW C 83, 021903(R) (2011)

number of trigger and associated hadrons, respectively, and
v

trig
n and vassoc

n are their nth-order anisotropic flows averaged
over all events, i.e.,

dNback
pair

d!φ
= 〈N trig〉e〈N assoc〉e

2π

[

1 + 2
+∞∑

n=1

vtrig
n vassoc

n cos(n!φ)

]

.

(5)

We note that the di-hadron azimuthal correlations calculated
from Eq. (4) up to n = 5 are already very close to the ones
calculated from hadron pairs shown in Fig. 3(a).

Although the background correlations contain contributions
from anisotropic flows of all orders, only those due to the
elliptic flow have been considered in the experimental analysis.
As shown by the dashed line in Fig. 3(a), the di-hadron
correlations due to the hadron elliptic flow show a peak
structure similar to that of the total di-hadron correlations.
The di-hadron correlations after subtracting the background
correlations due to the elliptic flow are shown by solid
circles in Fig. 3(b), and, as in the experimental data, they
show a double-peak structure at the away side of trigger
particles.

Before subtracting the background correlations due to the
hadron triangular flow, we consider separately events of small
(v3 < 0.03) and large (v3 > 0.05) triangular flows. Figure 4(a)
shows the transverse momentum dependence of triangular
flows in these two cases, indicated, respectively, by open
triangles and inverted triangles, and these are compared with
that for all events (solid circles). The di-hadron azimuthal
angular correlations after subtracting background correlations
due to the elliptic flow are shown in Fig. 4(b) for these

FIG. 4. (Color online) (a) The triangular flow v3 as a function
of transverse momentum and (b) di-hadron azimuthal angular
correlations per trigger particle from all events and from events of
small or large triangular flow.

two cases. Compared with the result from all events, both
the near-side peak and the away-side double peaks in the
di-hadron correlations are significantly enhanced (suppressed)
in events of large (small) triangular flow, which shows that the
triangular flow has a large effect on the di-hadron correlations,
as suggested in Refs. [28,29].

We have also studied how the initial triangularity
in the collision geometry, which is defined as ε3 =√

〈r3
init cos(3φinit)〉2 + 〈r3

init sin(3φinit)〉2/〈r3
init〉 [25] with rinit

and φinit being the polar coordinates of initial partons,
affects the di-hadron azimuthal correlations. As in the above
consideration of the effect of the triangular flow, we find that
both the near-side peak and the away-side double peaks are
appreciably enhanced (suppressed) in events of large (small)
initial triangularity. This result thus indicates that in our model
the initial triangularity has a stronger effect on the di-hadron
azimuthal correlations than other physical mechanisms that
can also generate triangular flow.

The background correlations due to both hadron elliptic
and triangular flows are shown by the dashed line in Fig. 5(a).
Subtracting these background correlations from the total
correlations results in the di-hadron correlations shown in
Fig. 5(b). It is seen that the away-side double peaks change
into a single peak with broad shoulders on both sides, and the
near-side peak is also suppressed. The residual correlations
are similar to those from events of small triangular flow
as shown in Fig. 4(b). After further subtracting background
correlations due to anisotropic flows up to n = 5 shown by
the dotted line in Fig. 5(a), the away side of the di-hadron
correlations becomes essentially a single peak as shown in
Fig. 5(c). The remaining near-side peak and the away-side
broad peak in the di-hadron azimuthal correlations are then

FIG. 5. (Color online) Di-hadron azimuthal angular correlations
per trigger particle before (a) and after subtracting background
correlations due to both hadron elliptic and triangular flows (b) shown
by the dashed line in panel (a) and due to anisotropic flows up to the
fifth order (c) shown by the dotted line in panel (a).
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magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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2wawayside˘>(J(Ü„), ©Oûÿ¸áµ'È&“ò3òÂ'"50-

80%•%›(J, ¸á&“Cz™òó, øÖãnearside@>™òó, ˘T–y

±>-E•vk—yQGP„î"˘á™30-10%(J•UC, ppassoc
T jet/rawK

e, ÜQGP5|ª„î¥òó"œè9ó‘ü3¨UCawayside jetÉò
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„„„ 5-5: ÈA„5-4•ná•%›-E⁄nápassoc

T

´mûÿµ'ÈºÍ"l˛eùgè: •%

›0-10%, 20-40%, 50-80%"

m, ¶ŸC^"

5.4.2 0-10%•%-E•¸‚fê†'ÈÈpTù65

0-10%¥åV«)QGP•%›âå, Q,3˛°ò!(J•Çw0-10%'

ÈºÍ—yV(, @oè?ò⁄Ôƒ˘òá™, ÇÚpassoc
T ´m©ç[,

l0.2GeV/c2.0GeV/c, z0.2GeV/còá„, (JX„5-7"

Ç30-10%„•wã˛ò!aq™: raw'ÈºÍ⁄¸áµ/Ga

qßøÖëXpassoc
T Oå/Gl¸(C§V"Ç¶^aq˛ò!ê{ßÚraw

'ÈºÍûµ, ,Úàápassoc
T âå'ÈºÍ&“ò3òÂ', *ßÇCz

™, X„5-8"
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´m; ûÿ1´µ&“´m¥"l˘á„˛Çå±wÿûÿ=

´µ, 'ÈºÍ&“Cz™—¥l¸V"è˛`˘áßÇO
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T Cz,

l„˛5w, Çå±—òáâå: 0-10%•%-E•, ö63¸‚fê†'È•§

”'~ÿ¨áL5%"
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LLL 5-1:
D
�trig

1

E
h�assoc

1 i
D
�trig

1 �assoc

1

E

0-10% 20-40% 50-80%

passoc

T

range
D

�trig

1

E ⌦
�assoc

1

↵ D
�trig

1 �assoc

1

E D
�trig

1

E ⌦
�assoc

1

↵ D
�trig

1 �assoc

1

E D
�trig

1

E ⌦
�assoc

1

↵ D
�trig

1 �assoc

1

E

0.2-0.4 GeV/c -0.025871 0.003891 -0.000697 -0.002960 0.001342 -0.000942 -0.005993 0.000993 -0.001940

0.4-0.6 GeV/c -0.025871 0.004727 -0.001506 -0.002960 0.001394 -0.001624 -0.005993 0.000642 -0.002396

0.6-0.8 GeV/c -0.025871 0.003769 -0.001587 -0.002960 0.001312 -0.001456 -0.005993 -0.000149 -0.002416

0.8-1.0 GeV/c -0.025871 0.001927 -0.001085 -0.002960 0.000702 -0.001577 -0.005993 -0.000068 -0.002329

1.0-1.2 GeV/c -0.025871 -0.000342 -0.000595 -0.002960 0.000570 -0.001468 -0.005993 0.000488 -0.003082

1.2-1.4 GeV/c -0.025871 -0.001999 -0.000035 -0.002960 -0.000051 -0.000855 -0.005993 -0.001384 -0.003353

1.4-1.6 GeV/c -0.025871 -0.004586 0.000807 -0.002960 -0.000390 -0.000036 -0.005993 -0.003510 -0.003151

1.6-1.8 GeV/c -0.025871 -0.007725 0.001316 -0.002960 -0.001960 0.000864 -0.005993 0.002034 -0.003610

1.8-2.0 GeV/c -0.025871 -0.010687 0.002172 -0.002960 -0.003233 0.001257 -0.005993 0.000679 -0.003284

2.0-2.2 GeV/c -0.025871 -0.012145 0.003433 -0.002960 -0.002566 0.001859 -0.005993 -0.002832 -0.003654

2.2-2.4 GeV/c -0.025871 -0.016067 0.003415 -0.002960 -0.003811 0.002671 -0.005993 -0.005312 -0.004666

LLL 5-2:
D
�trig

2
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�trig
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2 �assoc
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E D
�trig
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E ⌦
�assoc
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↵ D
�trig

2 �assoc

2

E

0.2-0.4 GeV/c 0.073775 0.016994 0.001957 0.188455 0.041964 0.009125 0.164376 0.052629 0.012003

0.4-0.6 GeV/c 0.073775 0.031763 0.003030 0.188455 0.070599 0.015442 0.164376 0.081647 0.018957

0.6-0.8 GeV/c 0.073775 0.044547 0.004151 0.188455 0.095192 0.021016 0.164376 0.103296 0.024413

0.8-1.0 GeV/c 0.073775 0.053954 0.004852 0.188455 0.114463 0.025449 0.164376 0.120846 0.028254

1.0-1.2 GeV/c 0.073775 0.060495 0.005207 0.188455 0.129821 0.029124 0.164376 0.133234 0.032168

1.2-1.4 GeV/c 0.073775 0.064775 0.006021 0.188455 0.141029 0.031751 0.164376 0.143701 0.035081

1.4-1.6 GeV/c 0.073775 0.067712 0.006900 0.188455 0.149935 0.034043 0.164376 0.151426 0.038436

1.6-1.8 GeV/c 0.073775 0.068329 0.007220 0.188455 0.156176 0.035729 0.164376 0.152973 0.038768

1.8-2.0 GeV/c 0.073775 0.068417 0.007574 0.188455 0.160479 0.037796 0.164376 0.155515 0.040527

2.0-2.2 GeV/c 0.073775 0.066030 0.007593 0.188455 0.163173 0.038348 0.164376 0.159956 0.043669

2.2-2.4 GeV/c 0.073775 0.064178 0.008366 0.188455 0.163583 0.038770 0.164376 0.160305 0.043453

LLL 5-3:
D
�trig

3
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↵ D
�trig

3 �assoc
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E D
�trig

3

E ⌦
�assoc

3

↵ D
�trig

3 �assoc

3

E

0.2-0.4 GeV/c 0.100672 0.004909 0.001118 0.098937 0.010104 0.001703 0.057041 0.012910 0.002508

0.4-0.6 GeV/c 0.100672 0.015469 0.002593 0.098937 0.021127 0.003401 0.057041 0.019854 0.003226

0.6-0.8 GeV/c 0.100672 0.028102 0.004178 0.098937 0.032916 0.005453 0.057041 0.027854 0.004895

0.8-1.0 GeV/c 0.100672 0.040093 0.006086 0.098937 0.043845 0.007427 0.057041 0.033936 0.006076

1.0-1.2 GeV/c 0.100672 0.050931 0.007859 0.098937 0.053737 0.008962 0.057041 0.039496 0.006865

1.2-1.4 GeV/c 0.100672 0.059100 0.008760 0.098937 0.061137 0.010424 0.057041 0.045423 0.008008

1.4-1.6 GeV/c 0.100672 0.066054 0.009964 0.098937 0.068773 0.011919 0.057041 0.048002 0.008809

1.6-1.8 GeV/c 0.100672 0.071490 0.010496 0.098937 0.074461 0.013307 0.057041 0.051733 0.010559

1.8-2.0 GeV/c 0.100672 0.075416 0.011367 0.098937 0.077711 0.013558 0.057041 0.054062 0.010938

2.0-2.2 GeV/c 0.100672 0.076608 0.012745 0.098937 0.082178 0.014395 0.057041 0.058495 0.008238

2.2-2.4 GeV/c 0.100672 0.078378 0.013210 0.098937 0.085642 0.014619 0.057041 0.061674 0.014042

LLL 5-4:
D
�trig

4

E
h�assoc

4 i
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4
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�assoc
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�trig
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E D
�trig

4

E ⌦
�assoc

4

↵ D
�trig

4 �assoc

4

E D
�trig

4

E ⌦
�assoc

4

↵ D
�trig

4 �assoc

4

E

0.2-0.4 GeV/c 0.075574 0.000948 0.000221 0.030574 0.001625 0.000085 -0.003253 -0.001360 0.000677

0.4-0.6 GeV/c 0.075574 0.005678 0.000723 0.030574 0.004099 0.000683 -0.003253 -0.002469 0.000986

0.6-0.8 GeV/c 0.075574 0.012493 0.001632 0.030574 0.007566 0.001628 -0.003253 -0.002682 0.001783

0.8-1.0 GeV/c 0.075574 0.020305 0.002501 0.030574 0.011671 0.002133 -0.003253 -0.003266 0.002189

1.0-1.2 GeV/c 0.075574 0.028170 0.003525 0.030574 0.015414 0.003059 -0.003253 -0.002346 0.003384

1.2-1.4 GeV/c 0.075574 0.035320 0.004594 0.030574 0.018721 0.004194 -0.003253 -0.002007 0.002937

1.4-1.6 GeV/c 0.075574 0.042858 0.005170 0.030574 0.021235 0.004439 -0.003253 -0.002812 0.002656

1.6-1.8 GeV/c 0.075574 0.048819 0.005748 0.030574 0.025388 0.005695 -0.003253 -0.004228 0.001316

1.8-2.0 GeV/c 0.075574 0.053568 0.006991 0.030574 0.028373 0.006568 -0.003253 -0.005650 0.002296

2.0-2.2 GeV/c 0.075574 0.056891 0.006922 0.030574 0.029028 0.006538 -0.003253 -0.002869 0.005727

2.2-2.4 GeV/c 0.075574 0.058573 0.007499 0.030574 0.031020 0.005983 -0.003253 -0.000363 0.005555
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LLL 5-5:
D
�trig

5

E
h�assoc

5 i
D
�trig

5 �assoc

5

E

0-10% 20-40% 50-80%

passoc

T

range
D

�trig

5

E ⌦
�assoc

5

↵ D
�trig

5 �assoc

5

E D
�trig

5

E ⌦
�assoc

5

↵ D
�trig

5 �assoc

5

E D
�trig

5

E ⌦
�assoc

5

↵ D
�trig

5 �assoc

5

E

0.2-0.4 GeV/c 0.035613 0.000163 0.000072 -0.004876 -0.000210 0.000189 -0.006631 -0.001752 -0.000043

0.4-0.6 GeV/c 0.035613 0.001217 0.000029 -0.004876 -0.000709 0.000279 -0.006631 -0.003521 -0.000147

0.6-0.8 GeV/c 0.035613 0.003841 0.000401 -0.004876 -0.000459 0.000549 -0.006631 -0.004073 0.000861

0.8-1.0 GeV/c 0.035613 0.006993 0.000565 -0.004876 -0.000890 0.000854 -0.006631 -0.004225 0.000594

1.0-1.2 GeV/c 0.035613 0.010640 0.001154 -0.004876 -0.000437 0.000669 -0.006631 -0.005513 -0.000439

1.2-1.4 GeV/c 0.035613 0.014408 0.001556 -0.004876 -0.000367 0.000239 -0.006631 -0.005430 0.001545

1.4-1.6 GeV/c 0.035613 0.018030 0.001783 -0.004876 0.000923 0.000809 -0.006631 -0.006749 0.001939

1.6-1.8 GeV/c 0.035613 0.020953 0.002676 -0.004876 0.002621 0.001746 -0.006631 -0.007577 0.002326

1.8-2.0 GeV/c 0.035613 0.023771 0.002333 -0.004876 0.001566 0.001071 -0.006631 -0.005370 0.001255

2.0-2.2 GeV/c 0.035613 0.027007 0.003120 -0.004876 0.001490 0.002077 -0.006631 -0.011794 0.001494

2.2-2.4 GeV/c 0.035613 0.030243 0.002670 -0.004876 0.003509 0.002326 -0.006631 -0.011982 0.001287

LLL 5-6:
D
�trig

6

E
h�assoc

6 i
D
�trig

6 �assoc

6

E

0-10% 20-40% 50-80%

passoc

T

range
D

�trig

6

E ⌦
�assoc

6

↵ D
�trig

6 �assoc

6

E D
�trig

6

E ⌦
�assoc

6

↵ D
�trig

6 �assoc

6

E D
�trig

6

E ⌦
�assoc

6

↵ D
�trig

6 �assoc

6

E

0.2-0.4 GeV/c 0.014519 -0.000231 0.000120 -0.013741 0.000010 -0.000044 -0.001509 0.000120 -0.000396

0.4-0.6 GeV/c 0.014519 0.000030 0.000215 -0.013741 -0.000491 -0.000084 -0.001509 -0.001390 -0.000110

0.6-0.8 GeV/c 0.014519 0.000156 -0.000083 -0.013741 -0.001263 -0.000056 -0.001509 -0.001474 -0.000271

0.8-1.0 GeV/c 0.014519 0.001058 0.000036 -0.013741 -0.002195 0.000216 -0.001509 0.000550 0.000498

1.0-1.2 GeV/c 0.014519 0.002324 0.000420 -0.013741 -0.002858 0.000355 -0.001509 -0.000728 0.000465

1.2-1.4 GeV/c 0.014519 0.003721 0.000349 -0.013741 -0.003420 0.000420 -0.001509 -0.002572 -0.000688

1.4-1.6 GeV/c 0.014519 0.004106 0.000447 -0.013741 -0.003858 0.000966 -0.001509 -0.002692 0.000093

1.6-1.8 GeV/c 0.014519 0.006095 0.000886 -0.013741 -0.005499 0.000622 -0.001509 -0.002420 0.002307

1.8-2.0 GeV/c 0.014519 0.007962 0.001136 -0.013741 -0.004095 0.000763 -0.001509 -0.002748 0.001520

2.0-2.2 GeV/c 0.014519 0.007611 -0.000213 -0.013741 -0.001545 0.000804 -0.001509 0.002193 -0.000750

2.2-2.4 GeV/c 0.014519 0.008142 0.000370 -0.013741 -0.001668 0.000705 -0.001509 0.003055 0.000971

5.5 o(

o(5`, Ç|^AMPT.Oé3ná•%›(0-10%, 20-40%, 50-80%)e¸

‚fê†'ÈºÍÈpassoc
T ù65ßdu3¸´µOéê™ßÇ3Ûä•

”ûÊ^¸´ê{"¶+¸áµÃ›kN…, ¥55`‘n(J¥òó

"l(J5wß'ÈºÍ/GCzkX˘ò´™µ-E•%ß©Ÿß

ppassoc
T âåß$ñ—yV("˘áyñ⁄5|ª„î¥òó"Çë

q3È[passoc
T ´mÔƒ30-10%•%›e¸‚fê†'ÈºÍÈpassoc

T ù65"

l(J5wß'ÈºÍ/GëXpassoc
T C"ÇOéö63¸‚fê†'ÈºÍ

•z'~ßuyŸ'~ÿáL5%"l˘á(J5w, XJáÈ–)òŸ5-0

üÉpä^, 7LáÈ8N6⁄Â'Èk'(Ôƒ"øÖßl±˛(ÿ5wß

)5-0üÉpä^È)53QGP¸z•UõõÈkêœ"
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18Ÿ o(⁄–"

6.1 o(

3ÿ©p, Ç©¤2010c⁄2011cÉÈÿlfÈERHIC˛STAR&ˇ

ÏÊ8
p

sNN = 7.7, 11.5, 19.6, 27, 39, 200GeV Au+Au-EØ~"Ç|^ûm›K

ø(TPC)È3
⇤H¸NPC‘3He⁄⇡•>lUõ(dE/dx)?1ˇ˛, øœLÔ‚f

nëª,Oé—‚fƒ˛"É|^Î˛

Z = ln(dE/dxdata) � ln(dE/dxBichsel)

5Á¿3He, ^n�5Á¿⇡"Ç¶^STAR˛œ^g?‚fPC:Ôê{, ƒkÈ

PC‘?1¿J5È, É¶^òˇ¿˛Á¿^áÉOé—ÈÿCü˛Ã,

l*ˇ3
⇤H&“"Ç2œLÚ,òáPC‘ª,^=180›5µ, èO

\µ⁄O, Ç3,©¤•^=ıá›5òáç–|‹

µ"

ÇƒkÚ§k‹øòá9.6�3
⇤H+3

⇤
H&“(&“⁄OáÍè600)"É

3záU˛-Ep¸’3
⇤H&“, ?1«?, Ç¤…5¥›

œfS3U˛ù65, øÚ(JÜ.(J?1'"du⁄Oÿv, 6û{È

r‘n(ÿ"œLÈÍ‚:?1[‹, Çå±â—òá˛z£„: S3ëXU˛kC
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å™, ò&´mè1.7�"

œœœL©¤3
⇤H3ÿ”p«, Ç(å±‹øò‹©5O\⁄O"

ÇÚ&“34áÿ”l/(��)´m—5, 2|^ÀPC˙™[‹, l

–⁄(J"2LX⁄ÿ©¤É, Ûä3
⇤HÅ™(J

è:⌧ = 123+26
�22(stat) ± 10(sys)ps"ÇÚÇ(JãÉcO¢ˇ˛(J⁄nÿOé

(J?1'"ÇãnÿOé(Jk'åÂ, ¥ãÉcÿÅòá¢

|(Jòó"˘áˇ˛(JÈ± ÇÈ3
⇤Hn)J—]‘"± Ç@èáÿ

§åóaquòáÿ°fÂPXòá⇤, ˘{áÿAT⁄⇤C, =

¶ƒ⇤ÜÿfÉpä^, èÿ¨kå?, X„•Dalitz1966cOé(J"¥,

XJÿ¥˘òá|§„îQÆkÔƒÛäLåU3⇤NÂP, XJ˝

3, @oøõX⇤åUãÿfkX'rÉpä^, ˘ÈuÇn)YNÉpä^¨kÈ

åÈu"ÇÑIáY‘nÛäù)nÿ⁄¢(J53˘áØK˛?ò⁄ä

?ÿ"

d, Ç|^ıÉ—$.(AMPT)Ôƒ200GeV Au+Au-EØá•Vrfê

†'ÈºÍ"ÇOé3ná•%›(0-10%, 20-40%, 50-80%)e¸‚fê†'È

ºÍÈpassoc
T ù65, Ç3Ûä•”ûÊ^¸´ê{"¶+¸áµÃ›kN

…, ¥55`‘n(J¥òó"l(J5w, 'ÈºÍ/GCzkX˘ò´™

: -E•%, ©Ÿ, ppassoc
T âå, $ñ—yV("˘áyñ⁄5|ª

„î¥òó"Çëq3È[passoc
T ´mÔƒ30-10%•%›e¸‚fê†'

ÈºÍÈpassoc
T ù65"l(J5w, 'ÈºÍ/GëXpassoc

T C"ÇOéö6

3¸‚fê†'ÈºÍ•z'~, uyŸ'~ÿáL5%"l˘á(J5w, XJá

È–)òŸ5-0üÉpä^, 7LáÈ8N6⁄Â'Èk'(Ôƒ"ø

Ö, l±˛(ÿ5w, )5-0üÉpä^È)jet3QGP¸z•UõõÈkê

œ"
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6.2 –"

STAR˛3
⇤HÔƒ du3RHIC˛3

⇤H&“ºÈåß›˛ù6uSTARÈg?PC

:Ôü˛, œd3
⇤HÔƒÈ&ˇÏü˛kÈåù65"STARô5õckÈå,

?, l&ˇÏ5`, HFT, inner TPC,?ÈÔ3
⇤Hª,k„åJ,"g?PC:

ç–ÔÈu(3
⇤HPC›kÈåêœ, kœuç–/ˇ˛3

⇤H"Ô«

J,øõXkåUå±È3
⇤Hçı5ü'XpTÃ, ˝6m–Ôƒ"

d, ô5BES-II$1ÈuÔƒ3
⇤H5üU˛ù65å±J¯çıU˛:Í‚,

å±3aq¤…5¥›XÍ˛O\⁄O⁄Í‚:, kœuÇçı)QGP5ü"

V¤…5áÿ ¸¤…5áÿuyÉ, Çg,¨g¥ƒ¨—yV¤…5

áÿ, =¸áÿfáÿ§ìO"V¤…5áÿÈuÇn)Y-YÉpä^¥Èá,

ÈuÇ?ò⁄Èf-fÉpä^n)Èkêœ"y3STAR§»5Í‚',

¥ëX&ˇÏ,?⁄Í‚Oı, É&ûˇåU¨k^ám–ÈV¤…5áÿœÈ

⁄Ôƒ"

HVf‚f(H-dibaryon) œÈVfX⁄(dibaryon)¥)rÉpä^?

)QCDnÿö~áòáëK"3ö¤…‚f•, êkòáVf3, @“¥

ÿd(p+nX⁄), 3¢˛Èÿ)Æ'ı"¥, 3¤…‚fâå, y3

èéÑÿòŸ¥ƒ3ÂPVfˆVf"3Ÿ{à´b`•, õ¸

(uuddss)è°èHVf,@è¥ÅkåU3‚f[217]"HVf3è¨ê

œn)¤…‘ü⁄¤…áÿ[218]"l*ˇV⇤‚f6
⇤⇤He[219]5ü•, Æ¸ÿ

rÂPH‚f(BH > 7MeV )3, ÿL, ù,kåU3òáfÂPˆ

[220]"ÈuHVf‚f¢Ôƒù,á˚uÈ‚fÅOUÂ⁄PC:Ô

«, É&3STAR&ˇÏ,?ÉkåU¨kçı'uHVf‚f»4‘n(J"
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N: ‘n~ÍL

Quantity Symbol Value(SD uncertainty) Unit

g,ÈÍ. e 2.7182818284590 [1]

±« ⇡ 3.1415926535898 [1]

˝ò•1Ñ c 299792458 [m s�1]

 Ké~Í h 6.6260755(40)⇥10�34 [J s]

~ 1.05457266(63)⇥10�34 [J s]

~ ⌘ h/2⇡

[˘~Í k 1.380658(12)⇥10�23 [J K�1]

C6\¤~Í NA 6.0221367(36)⇥1023 [mol�1]

˝ò^« µ0 4⇡ ⇥ 10�7 [H m�1]

˝ò>« ✏0 8.854187817...⇥10�12 [F m�1]

µ0✏0 ⌘ c2

>f>÷ e -1.60217733(49)⇥10�19 [C]

[(~Í ↵ 1/137.03599976 [1]

↵ ⌘ e2

4⇡~c✏0
fü˛¸† mu 1.66053886(28)⇥10�27 [kg]

931.49391220 [MeV]

>féü˛ m0 9.1093897(54)⇥10�31 [kg]

0.51099884(57) [MeV]

>f;åª r0 2.817940325(28)⇥10�15 [m]

üféü˛ mp 1.6726231(10)⇥10�27 [kg]

938.2718997 [MeV]

•féü˛ mn 1.6749286(10)⇥10�27 [kg]

939.5652175 [MeV]
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2. Analysis Details

In this analysis, the 3
Λ
H is reconstructed via the decay channel 3

Λ
H→ 3He + π− and its decay

candidates are identified by their ionization energy loss dE/dx using the STAR detector Time

1A list of members of the STAR Collaboration and acknowledgements can be found at the end of this issue.

Λ/p , is a good representation of the local
correlation between baryon number and strangeness [2]. It is predicted that S3 has a different
behavior in Quark-Gluon Plasma (QGP) and pure hadron gas [3, 4] thus can be used as a tool to
distinguish QGP from a pure hadronic phase.
The RHIC beam energy scan program in 2010-2011 allowed STAR to collect data for Au+Au

collisions over a broad range of energies. This provides an opportunity to study the beam energy
dependence of S3. In addition, with increased statistics of present datasets, an improved result
of the lifetime measurement of the hypertriton can be obtained. To get an even better statistics,
datasets are combined in the lifetime measurement.

1. Introduction

The hyperon-nucleon(Y-N) interaction is of great physical interest because it introduces a
new quantum number strangeness in ordinary nuclear matter. It is predicted to be the decisive
interaction in some high-densitymatter systems, such as neutron stars [1]. The Relativistic Heavy
Ion Collider, RHIC, provides an ideal laboratory to study the Y-N interaction because hyperons
and nucleons are abundantly produced in high energy nucleus-nucleus collisions.
The lifetime and decay modes of 3

Λ
H , the lightest hypernucleus, which consists of a proton,

a neutron and the lightest hyperon Λ, provide valuable insights into the Y-N interaction.
The strangeness population factor S3, defined as

3
Λ
H/3He

Λ/p has an increasing trend with 1.7σ significance.
The hypertriton lifetime combining the above Au+Au collision data set is measured to be 123±2622
(stat) ± 10(sys) ps.

Λ/p is shown and the result indicates that
3
Λ
H/3He

sNN = 7.7,
11.5, 19.6, 27, 39, and 200 GeV. The beam energy dependence of strangeness population factor
3
Λ
H/3He
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Projection Chamber (TPC)[6]. The TPC covers full azimuthal angle and has a good charged
particle identification ability in the pseudorapidity range from -1.0 to 1.0.
We define dE/dxdata and dE/dxBichsel separately as the dE/dx of the detected particle and

its theoretical value. Then we use the quantities Z = ln(dE/dxdata) − ln(dE/dxBichsel)[7] and
nσπ = (ln(dE/dxdata) − ln(dE/dxBichsel))/σπ (σπ is the dE/dx resolution of π)[8] separately for
3He and π− identification. The cuts: |Z| < 0.2 and |nσπ| < 2 are applied. In addition, strict
topology cuts: DCA (distance of closest approach to the collision vertex) < 1 cm and rigidity
(momentum/charge) > 1GeV/c, which can avoid contamination from beam-pipe knocked-out
3He and other particles, are also used. With all the cuts applied, 3He + 3He can be identified very
well. We apply the same PID method in each energy.
We obtain the 3

Λ
H signal by calculating the invariant mass of its daughters: 3He and π−.

The background invariant mass curve is constructed by rotating one of the daughters (in this
analysis π) by 180 degrees in azimuthal angle. This is used to accurately represent the combi-
natorial background[2]. Further corrections for detector acceptance and inefficiency in particle
identification have been made to both 3

Λ
H and 3He yields using the STAR embedding simulation

method[9].

3. Results and Discussions

3.1. Hypertriton Production

We successfully reconstruct 3
Λ
H +3

Λ
H signals at different energies. Figure 1 shows the invari-

ant mass distribution of signals from all the beam energies. The background shape is fitted by
a double exponential function:f(x) ∝ exp(− xp1 ) − exp(−

x
p2 ), where p1 and p2 are fit parameters.

The signal is then fitted by adding a gaussian function to the background, and its yield is derived
from bin counting within mass range [2.986, 2.996]GeV/c2. The peak has a significance of 9.6σ.
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Figure 1: (Color online)3
Λ
H +3

Λ
H with all datasets combined. Vertical dashed lines represent the mass range we use for

bin counting of 3
Λ
H yield.
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The V0 (3
Λ
H vertex) cuts, including the DCA between 3He and π, separate DCA of the 3

Λ
H

and π to the collision vertex, and decay length of the 3
Λ
H are separately optimized in each dataset.

3.2. Strangeness Population Factor

The (3
Λ
H + 3

Λ
H )/(3He + 3He ) ratio is calculated by dividing efficiency corrected 3He + 3He

and 3
Λ
H + 3

Λ
H yields within pT range [2,5]GeV/c. The Λ/p ratio is extracted from [5]. The

beam energy dependence of efficiency corrected S3 is shown in Fig. 2 left panel. Two model
calculations from [3, 4] are also included in the plot. From the trend of data points, it is hard to
draw a conclusion directly. Therefore, a quantitative calculation is done by applying a zero-order
and first-order fit to the data points, as shown in Fig. 2 right panel. From the fit results, we can
give a statement that S3 increases with increasing beam energy with 1.7σ significance.

Figure 2: (Color online)(Left) Beam energy dependence of S3. Lines and shadows: model calculation results. Markers:
experimental results. (Right) Quantitative fit of the data points.

3.3. Lifetime Measurement

The hypertriton yield obeys the radioactive decay formula: N(t) = N(0)e−t/τ = N(0)e−l/(βγcτ)
(τ:lifetime, l:3

Λ
H decay length). We reconstruct 3

Λ
H + 3

Λ
H signals in four l/(βγ) bins: [2cm,5cm],

[5cm,8cm], [8cm,11cm], [11cm,41cm]. The lifetime parameter is then extracted by fitting the
decay formula to the 4 data points. Asymmetric statistical errors are calculated by doing χ2 esti-
mation as shown in the inner panel in the left panel of Fig. 3. The result is 123±2622 (stat)±10(sys)
ps. As a comparison, STAR 2010 3

Λ
H lifetime measurement [2] and the STAR 2010+2012 com-

bined results are also provided. The current measurement is consistent with the STAR 2010
measurement within 1.5σ and is statistically improved.
We consider two kinds of sources for systematic study: 1. choice of V0 topology cuts; 2.

choice of bin width and invariant mass range. These effects contribute to the final systematic
error. Additional sources of loss, like the interaction between 3

Λ
H and material (air+detector) are

also considered, which can be neglected due to its less than 1.5% effect.
As a further cross-check, Λ is reconstructed via the Λ → p + π− decay channel. We use

exactly the same method to obtain the Λ lifetime and the result is 260 ± 1 ps which is consistent
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Figure 3: (Color online)(Left) 3
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calculating lifetime statistical errors. (Right) Summary of 3
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with the τ = 263 ± 2 ps compiled by the Particle Data Group [10]. There have been several
measurement results of 3

Λ
H lifetime till now. We summarize the lifetime values from all the

measurements till now in the right panel of Fig. 3.

4. Summary

We present the STAR preliminary analysis on 3
Λ
H production in RHIC Au+Au collsions at√

sNN = 7.7, 11.5, 19.6, 27, 39, and 200 GeV. The combined 3ΛH +
3
Λ
H signal is obtained with 9.6σ

significance. The beam energy dependence of strangeness population factor
3
Λ
H/3He
Λ/p is presented

and the result indicates that S3 increases with increasing beam energy with 1.7σ significancy. A
statistically improved 3

Λ
H lifetime: 123 ±2622 (stat) ± 10(sys) ps, is also presented.

This work was supported in part by the National Natural Science Foundation of China under
contract Nos. 11035009, 11220101005, 11275250 and 10905085.
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