
分 类 号˖ O572 单位代码˖ 10422
密 级˖ 公开 学 号˖ 201820250

博 士 学 位 论 文
Thesis for Doctoral Degree

䇪᮷仈ⴞ˖ RHIC-STAR 能量扫描中强子谱的测量和唯象模型
研究

Measurements and phenomenological model study of identified hadron
spectra from the beam energy scan program at RHIC-STAR

֌㘵ဃ਽ 陈佳

学䲒਽〠 前沿交叉科学青岛研究院

уъ਽〠 粒子物理与原子核物理

ᤷሬ㘱ᐸ 许长补教授

ਸ֌ሬᐸ 易立教授

2023 ᒤ 12 ᴸ 2 ᰕ









ኡьབྷ学ঊ༛学位䇪᮷

摘 要

ṩᦞ䟿ᆀ㢢ࣘ࣋学 (Quantum Chromodynamics, QCD) ⨶䇪ˈᕪᆀ⢙䍘൘ᶱ
ㄟ儈⑙儈密Ⲵ⧟ຳлՊਁ⭏䀓⾱䰝⴨ਈˈᖒᡀᯠ⢙䍘ᖒᘱˈণཨݻ㜦ᆀㅹ⿫ᆀփ

(Quark-Gluon Plasma, QGP)Ǆራ᢮ QCD ⴨മѝⲴ⴨ਈѤ⭼⛩઼ᕪᆀ⴨о QGP ⴨
Ⲵ⴨䗩⭼ᱟⴞࡽ儈㜭Ṩ⢙⨶亶ฏѝ⹄ウ❖⛩ѻаǄѪ᧒㍒ QCD ⴨മˈRHIC кⲴ
STAR ᇎ傼Ӿ 2010 ᒤᔰ࿻ѪᵏᮠᒤⲴᶏ⍱㜭䟿ᢛ᧿ (Beam Energy Scan, BES) 䇑
䗮Ⲵާփ४ฏǄࡠ䭞⛩ᱟ㾱߶⺞ᇊ位ᇎ傼൘⴨മкᡰ㜭ޣǄራ᢮⴨ਈؑ号Ⲵањࡂ

⻠ᫎ╄ॆ䗷〻ѝⲴॆ学઼߫ࠪࣘ࣋学߫ࠪ⣦ᘱ㜭ᑞࣙᡁԜ⺞ᇊ╄ॆ㓿䗷Ҷ⴨മкⲴ

ଚӋ४ฏǄᡁԜਟԕӾӗ⭏㋂ᆀⲴ⁚ࣘ䟿 (pT ) 䉡઼ӗ仍∄ѝᶕ㧧ਆн਼ᶏ⍱㜭䟿
(√sNN) Ⲵ䟽⿫ᆀ⻠ᫎⲴॆ学઼߫ࠪࣘ࣋学߫ࠪ⣦ᘱ⴨ᓄⲴ⑙ᓖ (T) ઼䟽ᆀॆ学࣯
(µb)ˈӾ㘼㔈ࠪࡦ⻠ᫎ╄ॆ൘ QCD ⴨മкⲴ T-µb ᴢ㓯ˈ䘉ሶᡀѪ᧒㍒ QCD ⴨മ
ᴹ࣋ⲴᐕާǄ

STAR ਸ֌㓴൘ 2017 ᒤᆼᡀҶሩ RHIC кᶏ⍱㜭䟿ᢛ᧿аᵏ (BES-I ᵏ) 䢤࡛
ᕪᆀ (π±ˈK± ઼ p(p̄)) 䉡Ⲵᇎ傼⍻䟿ˈਇࡦҾ BES-I ᵏⲴᮠᦞ㔏䇑䟿ˈ⍻䟿ӵ䲀
Ҿվ⁚ࣘ䟿 (pT < 2 GeV/c) ४ฏǄ㘼ᶏ⍱㜭䟿ᢛ᧿Ҽᵏ (BES-II ᵏ) Ⲵ㔏䇑䟿⴨∄
BES-I ᵏᡀؽᮠ໎䮯ˈ∄ྲ䠁Ṩ − 䠁Ṩ (Au+Au) √sNN = 19.6 GeVˈBES-II ᵏⲴ
һֻᮠᱟ BES-I ᵏⲴ 10 ໎䮯㔉⍻䟿儈⁚ࣘ䟿Ⲵᕪᆀ䉡઼㋂ؽѻཊǄ㔏䇑䟿Ⲵᡀؽ
ᆀӗ仍∄ᨀ׋Ҷᵪ䙷ˈ֯ᗇ㋮⺞ᨀਆॆ学઼߫ࠪࣘ࣋学߫ࠪⲴᙗ䍘ᡀѪਟ㜭ˈỰ傼

ᒦ᨝⽪儈⁚ࣘ䟿४ฏ㋂ᆀӗ⭏ᵪࡦǄ

ᵜ䇪᮷ӻ㓽Ҷ STARᇎ傼 BES-IIᵏⲴ √
sNN = 19.6 GeVⲴ䠁Ṩ -䠁Ṩ⻠ᫎⲴѝ

䰤ᘛᓖ४䰤儈⁚ࣘ䟿ᕪᆀ䉡 (π±ˈp(p̄)) Ⲵ⍻䟿㔃᷌Ǆަѝ π± 䉡Ⲵ⍻䟿䗮ࡠҶ pT=

5 GeV/cˈp(p̄) 䉡䗮ࡠҶ pT= 4 GeV/cˈᒦ㔉ࠪҶ π−/π+ˈp̄/pˈp/π+ ԕ৺ p̄/π− Ⲵ

ӗ仍∄䲿⁚ࣘ䟿 pT ⲴਈॆǄπ
−/π+ ઼ p̄/p Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆ൘㘳㲁䈟ᐞ㤳

ത޵⋑ᴹ᰾ᱮⲴѝᗳᓖ׍䎆ᙗˈᒦф䲿⁚ࣘ䟿Ⲵ໎བྷࠪ⧠Ҷ䱽վⲴ䎻࣯Ǆ㘼 p/π+

઼ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆ൘儈⁚ࣘ䟿 (pT > 2 GeV/c) ४ฏӾѝᗳٿࡠᗳ⻠
ᫎ׍⅑䱽վˈᒦф䲿⁚ࣘ䟿Ⲵ໎བྷݸॷ儈ਾ䱽վǄ䠁Ṩ − 䠁Ṩ⻠ᫎѝ p̄/pˈp/π+ ઼

p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿ⲴਈॆⲴ⍻䟿㔃᷌ˈ㺘⧠ࠪҶ᰾ᱮⲴ⻠ᫎ㜭䟿׍䎆ᙗǄ䘉ᱟ

BES-II ᵏ㜭䟿㤳ത޵Ⲵ俆њ⴨ޣ⍻䟿㔃᷌ˈѪᴰ㓸⨶䀓儈⁚ࣘ䟿ᕪᆀ䉡ሩॆ学߫ࠪ
ᦞˈҏѪ⨶䀓ਁ⭏൘⻠ᫎᰙᵏ䱦⇥Ⲵ䜘分ᆀ׍Ҷᇎ傼׋学߫ࠪ৲ᮠⲴᖡ૽ᨀ઼࣋ࣘ

学࣋ࣘ (⺜ᡆॺ⺜䗷〻) ઼Ự傼⴨ޣ⨶䇪⁑රᨀ׋Ҷ䟽㾱Ⲵᇎ傼ᮠᦞǄ
ᵜ䇪᮷᧕⵰࡙⭘⠶⛨⌒ (Blast-Wave) ⁑රሩ RHIC ઼ LHC 㜭४к⴨ሩ䇪䟽⿫

ᆀ⻠ᫎⲴࣘ࣋学߫ࠪᙗ䍘䘋㹼Ҷ㌫㔏Ⲵ⹄ウˈ᧒㍒ࣘ࣋学߫ࠪᙗ䍘Ⲵᶏ⍱㜭䟿׍

䎆઼ѝᗳᓖ׍䎆ޣ㌫ǄᡁԜሩ∄⹄ウҶสҾተ䜘✝ᒣ㺑Ⲵ⧫ቄީᴬ -ਹᐳᯟ⠶⛨⌒
(BGBW) ⁑ර઼䶎ᒯᔦ㔏䇑Ⲵ Tsallis ⠶⛨⌒ (TBW) ⁑රሩᕪᆀ䉡Ⲵᤏਸ㔃᷌Ǆᤏ
ਸ㔃᷌㺘᰾ˈ䲿⵰⻠ᫎ㜭䟿໎࣐ˈ⢩࡛ᱟٿᗳ⻠ᫎᰦˈTBW ∄ BGBW ᤏਸᴤྭˈ
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㘼ф䶎ᒣ㺑ᓖ q ٬ᴤབྷˈ䘉㺘᰾䶎ᒯᔦ㔏䇑㜭ᴤྭൠ᧿䘠⻠ᫎӗ⭏Ⲵ㌫㔏ǄTBW
⁑ර㺘᰾ˈ䲿⵰⻠ᫎ㜭䟿Ⲵ໎࣋ࣘˈ࣐学߫ࠪ⑙ᓖݸॷ儈ਾ䱽վˈᒣ൷ᖴੁ⍱䙏 ⟨β⟩
઼䶎ᒣ㺑৲ᮠ q ᗳ⻠ᫎˈTBWٿࡠ䎆ᙗˈӾሩᗳ⻠ᫎ׍ॷ儈ǄሩҾѝᗳᓖ⅑׍䜭ࡉ
⁑රѝᒣ൷ᖴੁ⍱䙏 ⟨β⟩ 䱽վˈ㘼䶎ᒣ㺑৲ᮠ⅑׍ q ॷ儈Ǆ䘈ਁ⧠ཷᔲᕪᆀ⅑׍ࡉ

∄䶎ཷᔲᕪᆀާᴹᴤ儈Ⲵࣘ࣋学߫ࠪ⑙ᓖˈӾٿᗳ⻠ᫎࡠሩᗳṨᆀ − Ṩᆀ⻠ᫎˈཷ
ᔲᕪᆀ∄䶎ཷᔲᕪᆀᴤᘛൠ᧕䘁ᒣ㺑ᘱǄ

ᴰਾ䇘䇪Ҷᵜ䇪᮷ᡰ⍻儈⁚ࣘ䟿 π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡ሩॆ学઼߫ࠪࣘ࣋学

߫ࠪ৲ᮠⲴᖡ૽ǄሩҾࣘ࣋学߫ࠪˈवਜ਼Ҷᯠ⍻䟿儈⁚ࣘ䟿䉡Ⲵᤏਸ㔃᷌ᗇࡠ

Ⲵᒣ൷ᖴੁ⍱䙏䱽վˈࣘ࣋学߫ࠪ⑙ᓖ൘ѝ䰤ѝᗳᓖ४ฏॷ儈ˈ㌫㔏䶎ᒣ㺑〻ᓖ

᰾ᱮ໎བྷǄ䘉䈤᰾ণ֯ᱟ൘ᴰѝᗳ⻠ᫎˈ儈⁚ࣘ䟿४ฏҏ䴰㾱㘳㲁䶎ᒣ㺑ᘱⲴᖡ

૽ǄሩҾॆ学߫ࠪˈᡁԜਁ⧠儈⁚ࣘ䟿४ฏⲴ㋂ᆀӗ仍ሩᙫփ dN/dy ᮠ٬Ⲵᖡ
૽∄վ⁚ࣘ䟿४ฏ㾱ሿⲴཊˈሩѝ䰤ᘛᓖ४䰤Ⲵ㋂ᆀ dN/dy ᮠ٬Ⲵᖡ૽н䎵䗷
5%ǄᴰਾˈᡁԜ䘈ሶ㋂ᆀӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆоवᤜᕪᆀॆ䗷〻ѝཨݻ㓴ਸ/䟽
㓴 (quark coalescence/recombination)ˈ䟽ᆀ䘎᧕ (baryon junctions)ˈԕ৺௧⌘⺾㻲
(jet fragmentation) ㅹн਼Ⲵ㋂ᆀӗ⭏ᵪࡦⲴ⁑ර㔃᷌䘋㹼Ҷሩ∄䇘䇪Ǆ

ᵜ䇪᮷ѝ
√
sNN = 19.6 GeV 䠁Ṩ -䠁Ṩ⻠ᫎѝ䰤ᘛᓖ४ฏⲴ儈⁚ࣘ䟿Ⲵ π±ˈ

p(p̄) 䉡Ⲵ⍻䟿ˈԕ৺Ӿ RHIC BES ࡠ LHC 㜭४ࣘ࣋学߫ࠪ৲ᮠⲴ⁑ර分᷀ˈѪ⨶
䀓䟽⿫ᆀ⻠ᫎѝ儈⁚ࣘ䟿ᕪᆀ䉡ሩॆ学઼߫ࠪࣘ࣋学߫ࠪᙗ䍘Ⲵᖡ૽ᨀ׋Ҷᇎ傼׍

ᦞ઼⁑රቍ䈅ˈ⴨ޣⲴ⨶䇪⁑රⲴỰ傼ҏሶ᧘ࣘሩ䟽⿫ᆀ⻠ᫎѝ儈⁚ࣘ䟿४ฏ㋂ᆀ

ӗ⭏ᵪࡦⲴ⢙⨶മۿⲴ⹄ウǄ

关键词: ཨݻ㜦ᆀㅹ⿫ᆀփ˗QCD ⴨മ˗ࣘ࣋学߫ࠪ˗⁚ࣘ䟿䉡˗㋂ᆀӗ仍∄˗⠶
⛨⌒⁑ර
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ABSTRACT

According to Quantum Chromodynamics (QCD), hadronic matter undergoes phase
transition in an extremely hot and dense environment, forming a new form of matter,
called the Quark-Gluon Plasma (QGP). A major focus of high energy nuclear physics
is to search for the critical point and the phase boundary between hadronic phase and
QGP phase in QCD phase diagram. To explore the QCD phase diagram, the STAR
experiment at the Relativistic Heavy Ion Collider (RHIC) started Beam Energy Scan
(BES) program in 2010. It is important to accurately identify the region accessed
by collision experimental in the phase diagram. We can obtain the corresponding
temperature (T) and baryon chemical potential (µb) of the chemical freeze-out and
kinetic freeze-out of QGP evolutions of different collision energies (√sNN) from the
transverse momentum (pT ) spectra and yield ratios of the produced particles. The
T-µb curve of the collision evolution can thus be plotted in the QCD phase diagram,
this will be a powerful tool for exploring the QCD phase diagram.

In 2017, the STAR collaboration completed experimental measurements of hadron
(π±, K±and p(p̄)) spectra from BES-I at RHIC. However, due to the limited statistics
of BES-I, the measurements only covered the region of low transverse momentum (pT
< 2 GeV/c). The statistics of BES-II increased exponentially compared with BES-I.
For example, at Au+Au √

sNN = 19.6 GeV, the total number of events in BES-II is
10 times that in BES-I. High statistics provides opportunity for measuring high trans-
verse momentum of the hadron spectra and yield ratios, to extract the properties of
chemical and kinetic freeze-out more precisely, also test and reveal particle production
mechanism in regions of high transverse momentum.

This thesis conducted measurements of high transverse momentum hadron (π±ˈ

p(p̄)) spectra at mid-rapidity in Au + Au collisions at BES-II √
sNN = 19.6 GeV at

the STAR experiment. π± spectra measurement reached pT= 5 GeV/c. p(p̄) spectra
reached pT= 4 GeV/c. The yield ratio of π−/π+, p̄/p, p/π+ and p̄/π− as a func-
tion of the transverse momentum pT are also reported. We find that the variations
of π−/π+ and p̄/p with transverse momentum have no obvious centrality dependence
within the range of considered systematic errors, and show a decreasing trend with
increasing transverse momentum. p/π+ and p̄/π− of high transverse momentum (pT
> 2 GeV/c) along with the change of transverse momentum decrease from the cen-
tral to the peripheral collision, and first increase then decrease with the increase of
transverse momentum. The measured results of yield ratio for p̄/p, p/π+ and p̄/π− in
Au + Au collisions varies with transverse momentum, show obvious collision energy
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dependence. This is the first measurement of its kind at BES-II, which is crucial for
accurately evaluating chemical and kinetic freeze-out parameters, and provides impor-
tant experimental data for understanding the partonic dynamics (hard or semi-hard
processes) taking place in the early stage of the collision and validating the related
theoretical models.

The second part of this thesis applied the blast-wave model to complete a systemat-
ic study of kinetic freeze-out properties of the system created in relativistic heavy ion
collisions at RHIC and LHC energy and to study their collision energy and centrality
dependence. We comparatively study the fitting results of the transverse momentum
spectra of hadrons using Boltzmann-Gibbs blast-wave (BGBW) model based on local
thermal equilibrium and Tsallis blast-wave (TBW) model based on nonextensive T-
sallis statistics. The fitting results show that, TBW fits better than BGBW, with an
increasing q value which characterizes the degree of non-equilibrium as collision ener-
gy increases, especially in peripheral collisions, which indicates that the non-extensive
statistics describe the generated system in collision better. The TBW model shows
that, as the collision energy increases, The kinetic freeze-out temperature first increas-
es and then decreases, while the average radial flow velocity ⟨β⟩ and the nonequilibrium
parameter q both increase. For centrality dependence, the average transverse radial
flow velocity decreases and the degree of non-equilibrium q increases from central to
peripheral collisions in TBW model. We also find that strange hadrons have a high-
er kinetic freeze-out temperature than that for light hadrons. The strange hadrons
approach equilibrium more quickly from peripheral to central A + A collisions than
non-strange hardons.

Finally, we discussed the impact of high π±ˈp(p̄) transverse momentum spectra
measurements on the determination of chemical freeze-out and kinetic freeze-out prop-
erties. For kinetic freeze-out fitting results with our new measurements of the high
transverse momentum spectra, the average radial flow velocity decreases, and the ki-
netic freeze-out temperature increases in the intermediate centrality region while the
degree of nonequilibrium increases significantly. This finding indicates that even at the
most central collision, non-equilibrium processs needs to be considered in high trans-
verse momentum region. For chemical freeze-out, we found that the effect of yield ratios
in the high transverse momentum region on the overall dN/dy value is much smaller
than that in the low transverse momentum region, and the effect on the dN/dy value at
mid-rapidity of the particles is no more than 5%. Finally, we also compare and discuss
the yield ratio change with the transverse momentum with the model results of differ-
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ent particle production mechanisms which including quark coalescence/recombination
in hadronization, baryon junctions and jet fragmentation.

In this thesis, measurements of the high transverse momentum π±, p(p̄) spectrum at
mid-rapidity in √

sNN = 19.6 GeV Au + Au collision, and the model analysis of kinetic
freeze-out parameters from RHIC BES to LHC energy region, provide experimental
basis and model attempt for understanding the effect of high transverse momentum
hadron spectrum on chemical and kinetic freeze-out properties, the test of related
theoretical models also promote the study of the particle production mechanism at the
region of high transverse momentum in heavy ion collisions.

Key words: Quark-Gluon Plasma; QCD Phase Diagram; kinetic freeze-out; trans-
verse momentum spectra; particle yield ratios; blast-wave model
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sNN =

19.6 GeV Ⲵн਼ѝᗳᓖлⲴ䟽⿫ᆀ⻠ᫎѝⲴ㋂ᆀ⁚ࣘ䟿䉡Ⲵ TBW ᤏ
ਸѝᨀਆⲴࣘ࣋学߫ࠪ৲ᮠ઼ χ2/nDoFǄਚᤏਸ π±ˈK±ˈp(p̄) Ⲵᇎ
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Ṭ(4.3.1)ѝࠪࡇⲴᡰᴹ⿽类Ⲵ㋂ᆀᮠᦞⲴ㔃᷌֯⭘ ‘(all)’ ḷ䇠Ǆ . . . . 88
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઼ p̄ Ⲵ⍻䟿ᮠᦞ㻛֯⭘൘ 0-10% Ⲵᤏਸѝˈ[164] ѝⲴѝᗳᓖѪ 0-5%
Ⲵ Λ, Λ̄, Ξ+, Ξ− ઼ Ω Ⲵ⍻䟿ᮠᦞ㻛֯⭘ 0-10% Ⲵᤏਸѝ . . . . . . . 106

㺘 A.0.8 √
sNN = 2760 GeV(᧕ࡽ㺘) ઼ 5020 GeVˈަᆳо㺘Ṭ(A.0.1)а㠤 107

XX



ኡьབྷ学ঊ༛学位䇪᮷

㺘 A.0.9 Ӿሩ
√
sNN = 7.7 GeV ઼ 11.5 GeV Ⲵн਼ѝᗳᓖлⲴ䟽⿫

ᆀ⻠ᫎѝⲴ㋂ᆀ pT 䉡Ⲵ TBW4 ᤏਸѝᨀਆⲴࣘ࣋学߫ࠪ৲ᮠ઼
χ2/nDoFǄਚᤏਸ π±ˈK±ˈp(p̄) Ⲵᇎ傼ᮠᦞ⛩Ⲵ㔃᷌֯⭘൘⻠ᫎ㜭

䟿ਾ ‘(π,K, p)’ Ⲵḷ䇠Ǆᤏਸѝवਜ਼㺘Ṭ(4.3.1)ѝࠪࡇⲴᡰᴹ⿽类Ⲵ
㋂ᆀᮠᦞⲴ㔃᷌֯⭘ ‘(all)’ ḷ䇠 . . . . . . . . . . . . . . . . . . . . . 108

㺘 A.0.10 √
sNN = 14.5 GeVˈ19.6 GeV ઼ 27 GeVˈަᆳо㺘Ṭ(A.0.9)а㠤 109

㺘 A.0.11 √
sNN = 27 GeV(᧕ࡽ㺘)ˈ39 GeV ઼ 62.4 GeVˈަᆳо㺘

Ṭ(A.0.9)а㠤Ǆѝᗳᓖкḷ (1) 㺘⽪ [160] 㕪ቁ䈕ѝᗳᓖⲴ π0 Ⲵ⍻䟿

ᮠᦞ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
㺘 A.0.12 √

sNN = 200 GeVˈ2.76 TeV ઼ 5.02 TeVˈަᆳо㺘Ṭ(A.0.9)а
㠤Ǆѝᗳᓖкḷ (1) 㺘⽪ [69] ѝⲴѝᗳᓖѪ 0-12% Ⲵ π±, p ઼ p̄ Ⲵ⍻

䟿ᮠᦞ㻛֯⭘൘ 0-10% ⲴᤏਸѝǄѝᗳᓖкḷ (2) 㺘⽪ [69] ѝⲴѝᗳ
ᓖѪ 0-12% Ⲵ π±, p ઼ p̄ Ⲵ⍻䟿ᮠᦞ㻛֯⭘൘ 0-10% Ⲵᤏਸѝˈ[164]
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第一章 绪论

ᵜㄐᡁԜㆰ㾱ӻ㓽สᵜ㋂ᆀḷ߶⁑රо䟿ᆀ㢢ࣘ࣋学ˈ❦ਾӻ㓽⴨ሩ䇪䟽⿫ᆀ

⻠ᫎоཨݻ㜦ᆀㅹ⿫ᆀփˈ᧕лᶕӻ㓽ᕪᆀ⁚ࣘ䟿䉡Ⲵ⹄ウ㛼Ჟ৺⹄ウࣘᘱˈᴰਾ

ӻ㓽ᵜ䇪᮷Ⲵᮤփ㔃ᶴǄ

1.1 标准模型与量子色动力学

⧠代、学䇔Ѫ⢙䍘ц⭼ᱟ⭡਴⿽สᵜ㋂ᆀ઼ަ⴨ӂ֌⭘ᡰ㓴ᡀⲴц⭼Ǆަѝ᧿

䘠ᕪ⴨ӂ֌⭘Ⲵ䟿ᆀ㢢ࣘ࣋学˄Quantum Chromodynamics, QCD˅⨶䇪 [1, 2] ઼㔏
а⭥⻱઼࣋ᕡ⴨ӂ֌⭘Ⲵ Weinberg-Salam-Glashow ᕡ⭥㔏а⨶䇪 [3] 㓴ਸᶴᡀҶ㋂
ᆀ⢙⨶⨶䇪Ⲵḷ߶⁑ර (Standard Model, SM)Ǆ

മ 1.1.1: ḷ߶⁑රѝⲴสᵜ㋂ᆀ [4]

ഋ⿽สᵜ⴨ӂ֌⭘࣋Ѫ⭥⻱࣋ǃᕡ⴨ӂ֌⭘࣋ǃᕪ⴨ӂ֌⭘઼࣋ᕅ࣋Ǆྲ1.1.1ᡰ
⽪ˈ㋂ᆀ⢙⨶ḷ߶⁑රѝⲴ⢙䍘㋂ᆀवᤜ䖫ᆀ઼ཨݻǄཨޡݻᴹй代ޝ⿽Āણ䚃ā̟

кཨݻ˄up ǃ˅лཨݻ˄down ǃ˅ཷᔲཨݻ˄strange ǃ˅㋢ཨݻ˄charm ǃ˅ᓅཨݻ

˄bottom˅઼亦ཨݻ˄top Ǆ˅䖫ᆀवᤜ⭥ᆀ˄e ǃ˅㕚ᆀ˄µ˅઼䲦ᆀ˄τ˅̍ ԕ৺⴨ᓄ

Ⲵ⭥ѝᗞᆀ˄νe ǃ˅㕚ѝᗞᆀ˄νµ ǃ˅䲦ѝᗞᆀ˄ντ Ǆ˅⢙䍘㋂ᆀѻ䰤Ⲵ⴨ӂ֌⭘⭡Ⴢ

ӻᆀՐ䙂˖Ր䙂⭥⻱⴨ӂ֌⭘Ⲵݹᆀ˄γ ǃ˅Ր䙂ᕪ⴨ӂ֌⭘Ⲵ㜦ᆀ˄gluon ǃ˅Ր䙂

1
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ᕡ⴨ӂ֌⭘Ⲵѝ䰤⸒䟿⧫㢢ᆀ˄W±ǃZ0 Ǆ˅ᐼṬᯟ⧫㢢ᆀ˄Higgs boson˅ࡉ䍻Ҹส
ᵜ㋂ᆀ䍘䟿 [5–7]Ǆ
䟿ᆀ㢢ࣘ࣋学ᱟ᧿䘠ᕪ⴨ӂ֌⭘Ⲵ SU(3) 䶎䱯䍍ቄ㿴㤳⨶䇪ǄQCD ᴹ᭸㙖ਸᑨ

ᮠ߉֌˖

αs(|q2|) ≡
g2s(|q2|)

4π
≈ 12π

β0ln(|q2|/Λ2
QCD)

(1.1)

ަѝ q ᱟ㜭ḷˈΛQCD ᱟ QCD ቪᓖˈβ0 = (11nc − 2nf ) Ѫ⭡ཨݻⲴ㢢㦧ᮠ nc ઼ཨ

Ⲵણ䚃ᮠⴞݻ nf 㔉ࠪⲴᑨᮠˈβ0 > 0ǄQCD 㙖ਸᑨᮠ αs ާᴹ䐁ࣘⲴ⢩ᙗˈαs 䲿⵰

㜭ḷ |q2| Ⲵ໎࣐㘼߿ሿǄᇎ傼к⍻䟿Ⲵᕪ⴨ӂ֌⭘Ⲵ㙖ਸᑨᮠ䲿㜭䟿ቪᓖ (Q2) Ⲵਈ
ॆо⨶䇪亴ᵏ⴨਼ˈྲമ 1.1.2 ᡰ⽪Ǆ൘བྷ Q2 ४䰤ˈαs ≪ 1ˈ൘䘉њ㜭䟿ቪᓖлᗞ

ᢠ⨶䇪䘲⭘Ǆ䲿⵰ Q2 ሿˈαs߿ ≥ 1ˈн㜭޽⭘ᗞᢠ༴⨶Ǆ൘䶎ᗞᢠ४䰤ⴞࡽ∄䖳ᡀ

学࣋Ⲵ䇑㇇ᯩᔿѪṬ⛩䟿ᆀ㢢࣏ࣘ (Lattice QCD)Ǆ

മ 1.1.2: ᕪ⴨ӂ֌⭘㙖ਸᑨᮠ αs(Q
2) 䲿ࣘ䟿䖜〫 Q2 Ⲵਈॆޣ㌫ [8]Ǆ

QCD สᵜ⢩ᙗवᤜ⑀䘋㠚⭡ǃ㢢⾱䰝઼䘁լ᡻ᖱሩ〠ᙗ৺ަ㠚ਁ⹤㕪Ǆ⑀䘋㠚
⭡ᱟᤷᖃཨݻѻ䰤䐍⿫ᖸሿᡆ㘵ᖃࣘ䟿䖜〫 Q2 ᖸབྷᰦˈཨݻѻ䰤Ⲵ⴨ӂ֌⭘ਈᗇᖸ

ᕡˈਟԕ䘁լൠⴻᡀ㠚⭡㋂ᆀǄ㢢⾱䰝ᡆཨݻ⾱䰝ࡉоѻ⴨৽ˈᖃཨݻѻ䰤䐍⿫∄

䖳བྷᡆ㘵ࣘ䟿䖜〫 Q2 ∄䖳ሿᰦˈཨݻѻ䰤Ⲵ⴨ӂ֌⭘ਈᗇᖸབྷˈ֯ཨݻ㻛Ā⾱䰝ā

൘ᕪᆀ޵䜘ˈ᢮нࡠĀ㠚⭡ཨݻāᡆĀ㠚⭡㜦ᆀāǄ䘁լ᡻ᖱሩ〠ᙗᱟᤷ൘ཨݻ䍘䟿

Ѫ䴦ⲴᶑԦл QCD ᣹∿䟿ާᴹ᡻ᖱሩ〠ᙗǄ㘼ᖃཨݻ䍘䟿нѪ䴦ᰦˈQCD ᣹∿䟿
Ⲵᗞᢠ亩Պᑖᶕ㠚᡻ᖱሩ〠ᙗ㠚ਁ⹤㕪Ǆ
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䙊䗷ሩᕪ⴨ӂ֌⭘Ⲵ⹄ウˈ⹄ウ㘵䱶㔝ਁ⧠Ҷ䶎ᑨ㿴ᕪᆀᘱ઼㢢䎵ሬ [9, 10] ৺
ཨݻ㜦ᆀㅹ⿫ᆀփㅹ⢙䍘ᖒᘱǄ䶎ᑨ㿴ᕪᆀᘱᱟᤷ QCD ᕪᆀ⢙䍘ਟԕԕ㜦⨳ᡆ␧
ᵲᘱᖒᔿᆈ൘Ǆ㢢䎵ሬᱟᤷ类լҾᲞ䙊⭥䎵ሬփѝєњ⭥ᆀ䝽ᡀ Cooper ሩˈ൘儈䟽
ᆀॆ学࣯лˈཨݻⲴ䍩㊣䶒䱴䘁ҏՊਁ⭏⭡єњཨݻ䝽ᡀⲴ Cooper ሩˈ൘վ⑙л
䘉Ӌ Cooper ሩҏՊࠍ㚊Ǆ⭡Ҿ Cooper ሩнᱟ㢢ѝᙗⲴˈ䘉⿽ࠍ㚊ቡ⹤ൿҶ㢢㦧Ⲵ
SU(3) ᇊฏሩ〠ᙗˈᖒᡀ㢢䎵ሬǄཨݻ㜦ᆀㅹ⿫ᆀփࡉᱟᶱㄟ儈⑙儈密Ⲵ⭡䘰⾱䰝
Ⲵཨ઼ݻ㜦ᆀᶴᡀⲴ⢙䍘ᯠᖒᘱˈަᙗ䍘ᱟᵜ䇪᮷㾱⹄ウⲴѫ㾱䈮仈Ǆ

1.2 夸克胶子等离子体

1.2.1 相对论重离子碰撞

ᑨ㿴ⲴṨ⢙䍘⣦ᘱлˈཨ઼ݻ㜦ᆀᱟ⾱䰝൘ᕪᆀ޵ˈн㜭㠚⭡ᆈ൘Ǆ㘼⭡Ҿ䟿

ᆀ㢢ࣘ࣋学⑀䘋㠚⭡Ⲵ⢩ᙗˈ൘ᶱㄟ儈⑙儈密Ⲵᛵߥлཨ઼ݻ㜦ᆀਟ㜭䀓⾱䰝ᖒ

ᡀᯠⲴ⢙䍘ᖒᘱǄ䘉⿽ᯠⲴ⢙䍘ᖒᘱѝཨ઼ݻ㜦ᆀӾᕪᆀᘱѝ䀓㍗䰝ˈ㜭ཏབྷቪᓖ

㤳ത޵Ā㠚⭡ā〫ࣘˈᖒᡀа⿽类լҾㅹ⿫ᆀփⲴ⣦ᘱˈ㻛〠֌ཨݻ㜦ᆀㅹ⿫ᆀփ

(Quark Gluon Plasma, QGP)Ǆ൘ᇎ傼ᇔ䟼ӗ⭏ QGP ⴞࡽѫ㾱ᱟ䙊䗷⴨ሩ䇪䟽⿫ᆀ
ሩᫎᶕᇎ⧠Ǆ

മ 1.2.1: ⻠ᫎ৲ᮠ䶎䴦Ⲵєњ৏ᆀṨⲴ⻠ᫎࡽਾ⽪᜿മ [11]Ǆമѝᱮ⽪Ҷਁ⭏⻠ᫎ
Ⲵ৲о㘵 (Participants) ઼ᵚ⻠ᫎⲴᯱ㿲㘵 (Spectators) ⲴṨᆀ

ԕ⴨ሩ䇪䟽⿫ᆀሩᫎᵪ (Relativistic Heavy-Ion Collider, RHIC) кⲴ䠁Ṩ − 䠁
Ṩሩᫎ㌫㔏Ѫֻˈྲമ(1.2.1)ᡰ⽪ˈᐖമѪ൘⻠ᫎਁ⭏ࡽˈ൘ᶏ⍱㇑ѝⲴ৏ᆀṨ㻛
⻠䙏ˈഐѪ⍋Ֆީ᭦㕙⨳⣦Ⲵ৏ᆀṨՊ㻛঻㕙ᡀᡱᒣⲴⴈ⣦ǄਣമѪݹ᧕䘁ࡠ䙏࣐

ᫎਁ⭏ਾˈ৏ᆀṨѝⲴṨᆀṩᦞᱟ੖ਁ⭏ሩᫎ分Ѫ৲о㘵 (Participants) ઼ᯱ㿲㘵
(Spectators)Ǆ⻠ᫎ৲ᮠ b ᱟ⭘ᶕ᧿䘠ሩᫎሩᗳ〻ᓖⲴ৲ᮠˈަᇊѹѪєњṨѝᗳѻ
䰤Ⲵ䐍⿫Ǆᖃ b ≈ 0 ᰦ〠ѪᴰĀѝᗳ (Central)āሩᫎ, ᖃ b ᧕䘁єؽⲴṨᆀॺᖴ R
ᰦˈণ b ≈ 2R 〠ѪᴰĀٿᗳ (Peripheral)āሩᫎǄն൘ᇎ傼к⻠ᫎ৲ᮠᱟᰐ⌅䙊䗷
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ⴤ᧕⍻䟿ᗇࡠˈਚ㜭䙊䗷สҾ | η |< 0.5 Ⲵᑖ⭥㋂ᆀཊ䟽ᮠ (Reference Multiplicityˈ
RefMult) ㅹ⻠ᫎᵛᘱؑ᚟ᇊѹⲴѝᗳᓖ (Centrality) ᶕ᧿䘠ሩᫎሩᗳ〻ᓖǄGlauber
⁑රਟԕᖸྭൠ᧿䘠Ṩ -ṨሩᫎѝⲴᑖ⭥㋂ᆀཊ䟽ᮠⲴ分ᐳ [12, 13]ǄGlauber ⁑රѝ
䇑㇇ᗇࡠⲴᑖ⭥㋂ᆀཊ䟽ᮠ઼ѝᗳᓖޣ㌫Ⲵྲമ1.2.2ᡰ⽪Ǆ

മ 1.2.2: Glauber ⁑රѝᵛᘱਟ㿲⍻Ⲵᑖ⭥㋂ᆀᖴ䘩ᮠ Nch ઼⻠ᫎ৲ᮠ b ԕ৺৲о

㘵Ṩᆀᮠ Npart Ⲵޣ㌫⽪᜿മˈമѝⲴ٬ѪᇊᙗⲴ分ᐳˈᒦнᱟᇎ䱵Ⲵ⍻䟿٬ [12]

മ 1.2.3: 䟽⿫ᆀ⻠ᫎ╄ॆ䗷〻⽪᜿മ [14, 15]

ӪԜሩ䟽⿫ᆀሩᫎਁ⭏ਾⲴ㌫㔏╄ॆ䗷〻䘋㹼ҶӾ⨶䇪ࡠᇎ傼Ⲵᯩޘ位␡ޕ⹄
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ウǄⴞࡽᡰ䇔䇶Ⲵ䟽⿫ᆀሩᫎⲴ㌫㔏╄ॆ⽪᜿മྲ1.2.3ᡰ⽪Ǆ൘⻠ᫎⲴᰙᵏਁ⭏Ⲵ
䗷〻ѫ㾱ᱟṨᆀ޵Ⲵ䜘分ᆀѻ䰤Ⲵᮓሴ䗷〻ˈवᤜ⁚ࣘ䟿䖜〫䖳ሿⲴĀ䖟 (soft)ā䗷
〻ˈԕ৺ᮠ䟿䖳ቁⲴа䜘分㋂ᆀਁ⭏Ⲵ⁚ࣘ䟿䖜〫䖳བྷⲴĀ⺜ (hard)ā䗷〻Ǆ䘉Ӌ⺜
䗷〻ӗ⭏Ҷᴹ⵰䖳儈⁚ࣘ䟿 (pT )Ⲵ㋂ᆀ [16]Ǆ⻠ᫎਁ⭏Ⲵᰙᵏ䱦⇥㻛〠֌Ā亴ᒣ㺑ā
䱦⇥ˈⴞࡽཊ⿽⨶䇪⁑රྲ㢢⧫⪳ࠍ㚊⁑ර (Color Glass Condensate, CGC) [17–19]
䜭ਟԕ⭘ᶕ᧿䘠䘉њ䱦⇥Ǆ൘⻠ᫎਁ⭏ਾⲴབྷ㓖 1 fm/c ѻਾˈ൘Ṩᆀ䟽ਐⲴሩᫎ४
ฏ⊹〟лⲴབྷ䟿Ⲵ㜭䟿ሬ㠤✝ॆᖒᡀᶱㄟ儈⑙儈密Ⲵ⢙䍘⣦ᘱˈণ QGP[20]ǄQGP
൘ӗ⭏ѻਾˈ൘঻ᕪởᓖ֌⭘лੁオ䰤਴њᯩੁ㟘㛰ߧতǄᖃ㌫㔏Ⲵ⑙ᓖ䘋а↕䱽

վᰦˈ㌫㔏ਁ⭏⴨ਈˈᔰ࿻߫ࠪ䗷〻ǄQGP Ⲵཨ઼ݻ㜦ᆀᔰ࿻ᕪᆀॆˈ൘⸝ᰦ䰤޵
ਟԕᆈ൘ањ␧ਸ⴨Ⲵ⣦ᘱˈ൘䘉њ䗷〻ѝᕪᆀ઼ᕪᆀѻ䰤ӽਟԕਁ⭏䶎ᕩᙗᮓሴǄ

ᖃ਴њᕪᆀⲴӗ仍สᵜപᇊѻਾⲴ䘉њ⣦ᘱ〠Ѫॆ学߫ࠪ (Chemical freeze-out)Ǆ⻠
ᫎਁ⭏ਾབྷ㓖 10 fm/cѻਾˈ䲿⵰㋂ᆀѻ䰤Ⲵ䐍⿫བྷҾ㋂ᆀᮓሴⲴᒣ൷㠚⭡〻ᰦˈ㋂
ᆀⲴࣘ࣋学ᙗ䍘ҏࠐѾн޽᭩ਈˈ䘉њ⣦ᘱ㻛〠Ѫࣘ࣋学߫ࠪ (Kinetic freeze-out)Ǆ
Ⲵᵛᘱ㋂ᆀࡠ᧒⍻ಘ䇠ᖅࡠᗇׯ⴨ӂ֌⭘ˈᡁԜ⭏ਁ޽学߫ࠪਾˈᕪᆀѻ䰤н࣋ࣘ

Ⲵؑ᚟Ǆ

⴨ሩ䇪䟽⿫ᆀ⻠ᫎѝӗ⭏Ⲵ QGP 㺘⧠ࠪ⤜⢩Ⲵ⧠䊑Ǆ൘ RHIC ᴰ儈㜭䟿ণ
√
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎᇎ傼ѝˈ䖫ણᕪᆀ઼ཷᔲᕪᆀ䜭㺘⧠ࠪⲴᱮ㪇
ⲴὝശ⍱ (v2) [21]ˈԕ৺ᕪᆀ v2 Ⲵ㓴分ཨݻᮠⴞ (number-of-constituent-quark, nQ)
Ⲵḷᓖᙗ㹼Ѫ [22–25]ˈ䘉Ӌ䜭᜿ણ⵰൘䟽⿫ᆀ⻠ᫎⲴ╄ॆ䗷〻ѝӗ⭏Ҷањާᴹ䜘
分ᆀ㠚⭡ᓖⲴ⴨ণ QGP ⴨Ǆ⍱փ࣋学䇑㇇ [26–28] ߶⺞ൠ亴⍻Ҷ൘վ⁚ࣘ䟿४ฏ
(pT < 2 GeV/c) Ⲵ v2 Ⲵᮠ٬ԕ৺ v2 Ⲵ㋂ᆀ䍘䟿׍䎆ޣ㌫ (儈䍘䟿ᕪᆀⲴ v2 ᴤվ)Ǆ
สҾᰙᵏ✝ॆ઼⨶ᜣ⴨ሩ䇪⍱փ㟘㛰ٷ䇮Ⲵ⍱փ࣋学䇑㇇ሩᇎ傼ᮠᦞⲴᡀ࣏亴⍻ˈ

ᱟ RHIC кӗ⭏ QGP ⲴṨᗳ䇱ᦞѻаǄ䲔䳶փ⍱ཆˈQGP 䘈㺘⧠ࠪѝ䰤઼儈⁚ੁ
ࣘ䟿 (pT ) ४ฏⲴཷᔲᕪᆀӗ仍൘䠁Ṩ − 䠁Ṩ⻠ᫎѝ⴨ሩҾ䍘ᆀ − 䍘ᆀ⻠ᫎѝⲴ໎
ᕪ [29–31]ˈሬ㠤儈⁚ࣘ䟿ᕪᆀⲴṨ؞↓ഐᆀ (Rcp) ঻վⲴ௧⌘␜⚛ (Jet-Quenching)
⧠䊑 [32–36], 䟽ཨڦݻ㍐ӗ仍Ⲵ঻վ [37–40]Ǆ

1.2.2 探索 QCD 相图

QCD ⴨മᱟ⭡⑙ᓖ (T) ઼䟽ᆀॆ学࣯ (µB) 㺘⧠ⲴṨ⢙䍘Ⲵ✝࣋学⣦ᘱമˈྲ
മ(1.2.4)ᡰ⽪ [41]Ǆ᧒㍒ QCD ⴨മ⢩࡛ᱟራ᢮ QCD ⴨മѝⲴ QCD ⴨ਈѤ⭼⛩
(Critical Point, CP) ઼ QCD ⴨䗩⭼ᱟⴞࡽ儈㜭䟽⿫ᆀ⻠ᫎ亶ฏޣ⌘Ⲵ❖⛩ѻаǄ
QCD ⴨മਣк儈⑙儈密४ฏᱟ⭡䜘分ᆀ㠚⭡ᓖ᧗ࡦⲴཨݻ㜦ᆀㅹ⿫ᆀփǄQCD ⴨
മᐖлվ⑙վ密४ฏᱟ⭡ᕪᆀ㠚⭡ᓖ᧗ࡦⲴᕪᆀ⴨Ǆ൘ QCD ⴨മкˈ䶎ᑨ儈Ⲵ⑙
ᓖ઼ࠐѾѪ䴦Ⲵ߰䟽ᆀᮠ密ᓖоᰙᵏᆷᇉ䶎ᑨ⴨լǄ㘼儈߰䟽ᆀᮠ密ᓖ઼ᶱվ⑙Ⲵ

൪Ჟࡉоѝᆀᱏ޵Ṩ⧟ຳ⴨լˈ↔ᰦ൘䖳བྷⲴ µB ઼⴨ሩ䖳վⲴ⑙ᓖᰦਟ㜭ᆈ൘㢢
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മ 1.2.4: QCD ⴨മ [41]ˈ⁚඀ḷᱟ䟽ᆀॆ学࣯ (µB)ˈ㓥඀ḷᱟ⑙ᓖ

䎵ሬ⴨ (Color Superconductor)ǄṬ⛩ QCD Ⲵ䇑㇇ [42–44] 㺘᰾䟽ᆀॆ学࣯ µB 䎻䘁

Ҿ䴦ᰦ㌫㔏Ⲵ╄ॆᆈ൘ањᘛ䙏Ⲵ QGP оᕪᆀ⴨䰤⴨ਈⲴᒣ━䗷⑑ (Crossover)Ǆ
㘼൘ QCD ⴨മ (µB, T ) ка䱦⴨ਈ㓸→༴Ⲵ⛩ቡᱟ QCD ⴨ਈѤ⭼⛩ǄQCD ⴨ਈ
Ѥ⭼⛩䱴䘁ˈՊࠪ⧠ޣ㚄䮯ᓖԕ৺密ᓖ⏘㩭Ⲵਁᮓ⧠䊑 [45, 46]Ǆ⭡↔ਟԕ䙊䗷ᶴ䙐
ሩޣ㚄䮯ᓖᡆ䶎儈ᯟ⏘㩭᭿ᝏⲴ㿲⍻䟿ˈྲᆸᚂ䟿Ⲵ儈䱦⸙ᶕ᧒⍻Ѥ⭼᭸ᓄǄֻྲ

⭥㦧ǃ䟽ᆀᮠ઼ཷᔲᮠⲴ分ᐳⲴ儈䱦⸙ˈਟԕ֌Ѫᩌ㍒ QCD ⴨ਈѤ⭼⛩Ⲵ⚥᭿᧒
䪸ˈᒦਟԕᨀ׋ᴹޣ⴨䗩⭼Ⲵؑ᚟Ǆᇎ傼кਟԕ䙊䗷᭩ਈ䟽⿫ᆀ⻠ᫎⲴᶏ⍱㜭䟿ᶕ

᭩ਈ㌫㔏Ⲵ⑙ᓖ઼䟽ᆀॆ学࣯Ӿ㘼᧒㍒⴨ਈѤ⭼⛩઼ QCD ⴨䗩⭼Ǆ⴨ሩ䇪䟽⿫ᆀ
ሩᫎᵪ (RHIC) кⲴ STAR ᇎ傼൘ 2010 ᒤᔰ࿻Ҷᶏ⍱㜭䟿ᢛ᧿ (Beam Energy Scan,
BES) I ᵏ䇑ࡂˈⴞⲴᱟራ᢮ QCD ⴨ਈѤ⭼⛩઼ QCD ⴨䗩⭼ᒦ᧒㍒ QCD ⴨മˈྲ
മ(1.2.4)ᡰ⽪Ǆ䘉њ䇑ࡂѫ㾱ᱟ䙊䗷᭩ਈ⻠ᫎ㜭䟿䐘䎺⴨മӾ RHIC ᴰ儈㜭䟿 (ᴤ
վⲴ䟽ᆀॆ学࣯) ਟ㜭Ⲵᴰվ㜭䟿ࡠ (ᴤ儈Ⲵ䟽ᆀॆ学࣯) ራ᢮ᴹޣ QCD ⴨䗩⭼઼
QCD ⴨ਈѤ⭼⛩Ⲵؑ号Ǆ2019 ᒤ STAR ᦞ׍ BES-I ᵏؑ᚟ᔰ࿻Ҷ BES-II ᵏ䇑ࡂǄ
⴨∄ I ᵏˈBES-II ᵏ䇑ࡂᴤޣ⌘վҾ 19.6 GeV Ⲵ⻠ᫎ㜭䟿४ฏˈᒦ䝽ਸҶᴤ儈Ⲵᶏ
⍱ӞᓖᑖᶕᴤཊⲴһֻᮠԕ৺᧒⍻ಘॷ级䇠ᖅᴤཊⲴ㋂ᆀᮠǄѪҶራ᢮ QCD ⴨䗩
⭼ˈᡁԜਟԕሶ൘⻠ᫎ㜭䟿վҾ 200 GeV ᰦࠪ⧠Ⲵᡰᴹਟ㜭ᴹޣ QGP Ⲵؑ号ྲ䳶
փ⍱ǃ௧⌘␜⚛֌Ѫᶏ⍱㜭䟿Ⲵ࠭ᮠᶕ⹄ウǄ䘉Ӌ൘儈㜭⻠ᫎѝࠪ⧠Ⲵ QGP ؑ号൘
վ㜭⻠ᫎѝⲴケ❦⎸ཡਟ㜭᜿ણ⵰⴨䗩⭼Ǆ㘼൘ QCD ⴨ਈѤ⭼⛩䱴䘁ˈՊࠪ⧠ᆸ
ᚂ䟿 (ྲ߰⭥㦧ǃ߰䟽ᆀ઼߰ཷᔲᮠ) 分ᐳⲴ儈䱦⏘㩭ᶱ䙏໎ᕪǄ䘉Ӌᆸᚂ䟿分ᐳⲴ
儈䱦⸙䲿⵰ᶏ⍱㜭䟿Ⲵ᭩ਈˈ㺘⧠ࠪሩҾ⻠ᫎ㜭䟿Ⲵ䖳བྷ⏘㩭ᡆٿ⿫ᰦቡ᜿ણ⵰ᆈ

൘ањਟ㜭Ⲵ⴨ਈѤ⭼⛩Ǆ൘ራ᢮䘉Ӌؑ号ᰦ, 㠣ޣ䟽㾱Ⲵᱟ⸕䚃ᡁԜࡠ䗮⴨മкⲴ
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ଚӋ४ฏǄ㘼䟽⿫ᆀ⻠ᫎ╄ॆ䗷〻ѝⲴॆ学઼߫ࠪࣘ࣋学߫ࠪ⣦ᘱ㜭ᑞࣙᡁԜ⺞ᇊ

✝ॆ㓿䗷⴨മкⲴଚӋ४ฏǄѪҶᇎ⧠䘉њⴞḷ, ᡁԜਟԕӾӗ⭏Ⲵ㋂ᆀⲴ⁚ࣘ䟿䉡
઼ӗ仍∄ѝᶕ㧧ਆ䟽ᆀॆ学࣯ (µB) ԕ৺ॆ学઼߫ࠪࣘ࣋学߫ࠪ⣦ᘱ⴨ᓄⲴ⑙ᓖ (Tch
઼ Tkin)Ǆ

ⴞࡽˈSTAR ਸ֌㓴൘ 2017 ᒤᆼᡀҶሩ RHIC к BES-I ᵏ䢤࡛Ⲵᕪᆀ (π±ˈ

K± ઼ p(p̄)) 䉡Ⲵᮠᦞ分᷀ᒦ㔉ࠪ⻠ᫎ㜭䟿㤳തӾ 7.7 GeV ࡠ 39 GeV Ⲵ䠁Ṩ − 䠁
Ṩ⻠ᫎѝӗ⭏Ⲵ⢙䍘Ⲵᮤփ (Bulk) ⢩ᙗⲴ⍻䟿ˈᒦ㔉ࠪ䘉Ӌ㋂ᆀ൘ѝ䰤ᘛᓖ४ฏ
Ⲵ⁚ࣘ䟿䉡ǃ㋂ᆀཊ䟽ᮠ密ᓖǃᒣ൷⁚ࣘ䟿઼㋂ᆀӗ仍∄Ⲵ㔃᷌ˈ਼ᰦ䇘䇪Ҷ䘉

Ӌ⻠ᫎ㜭䟿лⲴॆ学઼߫ࠪࣘ࣋学߫ࠪⲴᙗ䍘 [47]Ǆ㘼൘ 2019 ᒤ STAR ਸ֌㓴
ҏᆼᡀҶሩ RHIC к BES-I ᵏ⻠ᫎ㜭䟿㤳തӾ 7 GeV ࡠ 39 GeV Ⲵ䠁Ṩ − 䠁Ṩ
⻠ᫎѝਜ਼ཷᔲཨݻⲴᕪᆀⲴӗ⭏Ⲵ⍻䟿 [48]Ǆᡚ→ⴞࡽ STAR ਸ֌㓴ሩ䠁Ṩ − 䠁
Ṩ⻠ᫎѝѝ䰤ᘛᓖ४ฏⲴ π±ˈK±ˈp(p̄) ԕ৺ཷᔲᕪᆀⲴ䢤࡛分᷀ᐕ֌ᐢ㓿㾶ⴆ

Ҷ
√
sNN = 7.7 GeVˈ9.2 GeV [49]ˈ11.5 GeVˈ14.5 GeV [50]ˈ19.6 GeVˈ27 GeVˈ

39 GeVˈ54.4 GeV [51–53]ˈ62.4 GeV ઼ 200 GeVǄBES-II ᵏⲴᮠᦞ䟷䳶ᐕ֌ҏᐢᆼ
ᡀˈӏᖵᔰኅᮠᦞ分᷀ᐕ֌Ǆ

1.2.3 粒子产额和不变产额谱

൘⴨ሩ䇪䟽⿫ᆀ⻠ᫎѝˈ㋂ᆀⲴӗ⭏ᱟ⨶䀓⻠ᫎࣘ࣋学઼ራ᢮ QGPᘱⲴสᵜᐕ
ާǄᮤփⲴ QGP ؑ号ˈྲཷᔲᙗǃ䟽ᆀӗ仍઼䳶փᖴੁ⍱ਟԕ֌Ѫ QGP ᖒᡀⲴᴹ
٬ਟԕ䙊䗷䟽⿫ᆀ⻠ᫎѝ䢤࡛㋂ᆀⲴ⁚ࣘ䟿⍻䇱ᦞǄ൘ᇎ傼кˈ䘉Ӌᮤփ㿲࣋ (pT )
䉡ᶕ䘋㹼⹄ウǄ㋂ᆀӗ仍઼ӗ仍⁚ࣘ䟿䉡ᱟᴰสᵜⲴ㋂ᆀӗ⭏㿲⍻䟿ˈֻྲਟ⭘Ҿ

Ự傼䶎ᗞᢠⲴ QCD 䗷〻∄ྲᕪᆀॆ઼䜘分ᆀⲴ䖟⴨ӂ֌⭘ˈ⹄ウᡰӗ⭏⢙䍘Ⲵ䳶
փᙗ䍘઼✝ॆᙗ䍘Ǆ൘ RHIC 㜭४, 儈㜭Ṩ⻠ᫎѝӗ⭏Ⲵᵛᘱ㋂ᆀⲴ䳶փ䘀ࣘਟԕ㻛
⍱փ࣋学⁑රᇊ䟿᧿䘠ˈॆ学߫ࠪᙗ䍘ਟԕ֯⭘✝ᒣ㺑⁑රᨀਆǄ

㋂ᆀⲴнਈӗ仍⁚ࣘ䟿䉡ᇊѹѪ˖

E d3N
dp3

= 1
2πpT

× d2N
dpT dy

(1.2)

ަѝ E ᱟ㋂ᆀⲴ㜭䟿ˈ d2N
dpT dy

ᱟањ⻠ᫎһֻⲴӗ仍密ᓖǄ㋂ᆀ䉡৽᱐Ҷ㌫㔏൘䶎

ᕩᙗ⻠઼ᫎᕩᙗ⻠ᫎڌ→ᰦⲴؑ᚟Ǆ㋂ᆀⲴӗ仍ࡉᱟнਈӗ仍⁚ࣘ䟿䉡ሩ 2πpTdpT

Ⲵ〟分ˈ⭡Ҿབྷཊᮠ㋂ᆀᱟ൘վ⁚ੁࣘ䟿 (pT < 2 GeV/c) лӗ⭏Ⲵˈ䙊䗷ሩ䘉њ⁚
ࣘ䟿४ฏⲴ㋂ᆀӗ仍Ⲵ分᷀㜭ᨀਆ㌫㔏Ⲵᮤփ (Bulk) ኎ᙗˈྲ✝ॆⲴ〻ᓖ઼㌫㔏Ⲵ
䳶փ⍱Ǆ

ᐢ䢤࡛㋂ᆀⲴ⁚ࣘ䟿䉡ᱟ⹄ウ儈⑙儈密ⲴṨ⢙䍘Ⲵ⣦ᘱ઼╄ॆⲴ䟽㾱ᐕާˈ㋂

ᆀӗ仍઼ӗ仍⁚ࣘ䟿䉡ሩҾᨀਆ⻠ᫎ㌫㔏Ⲵॆ学઼ࣘ࣋学߫ࠪᙗ䍘䶎ᑨᴹ⭘Ǆ㋂ᆀ

Ⲵ⁚ࣘ䟿䉡分Ѫ䖟䗷〻઼⺜䗷〻Ⲵ㋂ᆀӗ⭏є䜘分Ǆ䖟䗷〻४ฏ (pT < 2 GeV/c) ㋂
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ኡьབྷ学ঊ༛学位䇪᮷

ᆀӗ⭏ѫ㾱ᱟᶕ㠚䳶փ⍱Ⲵ✝Ⓚਁሴ㋂ᆀǄ⺜䗷〻४ฏ (pT > 2 GeV/c) ㋂ᆀӗ⭏ѫ
㾱ᱟ⺜ᮓሴਾⲴ௧⌘⺾㻲ˈ⭡Ҿ䜘分ᆀ㓿䗷 QGP ᰦՊᦏཡ㜭䟿ˈ䘉ҏՊሬ㠤䟽⿫ᆀ
⻠ᫎѝⲴ儈⁚ࣘ䟿䉡䖟ॆ (soften) [54]Ǆн਼⿽类㋂ᆀӗ仍∄о✝࣋学⁑රⲴሩ∄ਟ
ԕᗇࡠ╄ॆⲴॆ学߫ࠪᙗ䍘ˈ㋂ᆀнਈӗ仍⁚ࣘ䟿䉡ࡉ㜭㔉ࠪࣘ࣋学߫ࠪ৲ᮠǄ

1.2.4 化学冻出和动力学冻出

儈㜭䟽⿫ᆀ⻠ᫎӗ⭏Ⲵ⚛⨳⭡Ҿ঻࣋ởᓖ㘼䲿ᰦ䰤㟘㛰Ǆ൘䘉њ䗷〻ѝˈӗ⭏

Ⲵ㋂ᆀѻ䰤䘋㹼ᕩᙗⲴ઼䶎ᕩᙗⲴ⴨ӂ֌⭘Ǆ⭡Ҿо⴨ӂ֌⭘䮯ᓖ⴨∄ˈ㌫㔏ቪረ

ᐘབྷˈ䘉֯ӪԜਟԕӾᆿ㿲к分᷀䟽⿫ᆀ⻠ᫎӗ⭏Ⲵ㌫㔏Ǆ൘䟽⿫ᆀ⻠ᫎѝˈ൘ॆ

学߫ࠪᰦ䶎ᕩᙗ⻠ᫎڌ→ˈᵛᘱ㋂ᆀⲴॆ学㓴分нਁ޽⭏ԫօਈॆˈᖃٷᇊ㌫㔏༴

Ҿॆ学ᒣ㺑ˈᕪᆀ⴨ሩӗ仍∄ࡉᨀ׋Ҷа⿽✝ॆ⁑රᶕ⹄ウ✝ॆ〻ᓖ [47]Ǆ൘✝࣋
学⁑රѝ㌫㔏Ⲵ✝ॆ⢩ᖱਟԕ䙊䗷ॆ学߫ࠪ⑙ᓖ Tch ઼䟽ᆀॆ学࣯ µB ઼ཷᔲॆ学࣯

µS ᶕ㺘ᖱ [55, 56]ǄҏᴹаӋ⁑රᕅޕҶ仍ཆⲴཷᔲᙗ঻վഐᆀ γS ᶕ䀓䟺䶎ᆼޘᒣ

㺑Ⲵ㌫㔏Ǆ✝ॆ⁑ර⭡ᐢ䢤࡛㋂ᆀⲴ⁚ࣘ䟿䉡〟分ᗇࡠⲴ㋂ᆀӗ仍֌Ѫ⁑රⲴ䗃ޕǄ

䙊䗷✝ॆ⁑රሩ൘ RHIC к⍻䟿ᗇࡠⲴ㋂ᆀӗ仍оӗ仍∄Ⲵᤏਸᨀਆ✝ॆ৲ᮠˈ⹄
ウਁ⧠ RHIC о SISǃAGS, SPS ઼ LHC кⲴ䟽⿫ᆀ⻠ᫎ؍ᤱҶа㠤Ⲵ㔏䇑ॆ学ᒣ
㺑䎻࣯ [57]Ǆ⹄ウᱮ⽪ᕪᆀ⴨ѝˈ⴨ӂ֌⭘ሩн਼㋂ᆀ⴨ሩӗ仍∄Ⲵ᭩ਈਟԕᘭ⮕
н䇑ˈ㘼ॆ学߫ࠪ⑙ᓖо⴨ਈ⑙ᓖᴹޣ [57]Ǆᙫѻˈ൘ٷᇊ㌫㔏༴Ҿ✝ᒣ㺑઼ॆ学ᒣ
㺑ⲴᶑԦлˈ㔏䇑⁑ර࡙⭘㋂ᆀӗ仍ᡆӗ仍∄ᶕ㓖ᶏॆ学߫ࠪᰦⲴ㌫㔏⑙ᓖ઼䟽ᆀ

ॆ学࣯ㅹ✝࣋学ؑ᚟Ǆ

മ(1.2.5)઼മ(1.2.6)分࡛ᱟ GCE ⁑ර઼ SCE ⁑රሩ √
sNN = 7.7 ઼ 39 GeV Ⲵ

䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴ 0-5% ѝᗳᓖⲴѝ䰤ᘛᓖ४䰤Ⲵ㋂ᆀӗ仍઼ӗ仍∄Ⲵᤏਸоᇎ
傼ᮠᦞѻ䰤Ⲵ∄䖳 [47]ǄGCE⁑ර઼ SCE⁑රⲴᤏਸоᇎ傼ᮠᦞѻ䰤Ⲵٿᐞ䜭൘є
⭘Ǆമ(1.2.7)ᱟ֯޵ḷ߶ᐞԕؽ √

sNN = 7.7 - 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴн਼
ѝᗳᓖⲴѝ䰤ᘛᓖ४䰤Ⲵ㋂ᆀӗ仍֌ѪᤏਸⲴ䗃ޕӾ GCE ⁑ර (a) ઼ SCE ⁑ර (b)
ѝᨀਆⲴॆ学߫ࠪ⑙ᓖ (Tch) ઼䟽ᆀॆ学࣯ (µB) [47]ǄᙫⲴᶕ䈤ˈGCE ⁑ර઼ SCE
⁑ර㔉ࠪⲴ㔃᷌ᱟа㠤Ⲵ˖䟽ᆀॆ学࣯Ⲵѝᗳᓖ׍䎆൘䖳վⲴ⻠ᫎ㜭䟿лᴤ࣐ᱮ㪇Ǆ

൘䟽⿫ᆀ⻠ᫎѝ, ॆ学߫ࠪਾ, ㌫㔏Ⲵ䘋а↕ᢙᕐሬ㠤ᕩᙗ⻠ᫎᴰ㓸ڌ→, ❦ਾ㌫
㔏Ⲵࣘ࣋学ᙗ䍘༴Ҿ߫㔃⣦ᘱˈ䘉а䱦⇥㻛〠Ѫࣘ࣋学߫ࠪǄਟԕ䙊䗷㋂ᆀ⁚ࣘ䟿

䉡ᡆ⁚䍘䟿 (mT ) 䉡ᶕᨀਆࣘ࣋学߫ࠪⲴ⑙ᓖǄа㡜࡙⭘⍱փ࣋学⁑රˈ∄ྲ⠶⛨⌒
(Blast-Wave) ⁑ර [47, 60, 61]ˈᤏਸᇎ傼䢤࡛Ⲵ㋂ᆀⲴ⁚ࣘ䟿䉡ᶕᨀਆޣҾ⻠ᫎѝ
学߫ࠪⲴ⑙ᓖ࣋ࣘ (Tkin) ઼ᒣ൷ᖴੁ⍱䙏 ⟨β⟩ Ⲵؑ᚟ˈᶕҶ䀓㌫㔏Ⲵࣘ࣋学߫ࠪᙗ
䍘Ǆ

മ(1.2.8)ᱟӾн਼ѝᗳᓖⲴ √
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴн਼⿽类Ⲵ

ᕪᆀ⁚ࣘ䟿䉡Ⲵ⁑රᤏਸѝᨀਆⲴࣘ࣋学߫ࠪ⑙ᓖо㌫㔏Ⲵᒣ൷ᖴੁ⍱䙏 ⟨β⟩ Ⲵ 1
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ኡьབྷ学ঊ༛学位䇪᮷

(a)

(b)

മ 1.2.5: GCE ⁑රሩ √
sNN = 7.7 ઼ 39 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴ 0-5% ѝᗳᓖ

Ⲵѝ䰤ᘛᓖ४䰤Ⲵ㋂ᆀӗ仍઼ӗ仍∄Ⲵᤏਸоᇎ傼ᮠᦞѻ䰤Ⲵḷ߶ᐞ [47]ˈ(a) ᱟሩ
㋂ᆀӗ仍Ⲵᤏਸˈ(b) ᱟሩ㋂ᆀӗ仍∄ⲴᤏਸǄᇎ傼ᮠᦞⲴ䈟ᐞᱟ㔏䇑䈟ᐞ઼㌫㔏䈟
ᐞⲴᒣᯩ઼

ؽ (2 (ؽ ḷ߶ᐞㅹ儈㓯മ [62]Ǆ㔃᷌㺘᰾ࣘ࣋学߫ࠪ⑙ᓖ Tkin ∄ॆ学߫ࠪ⑙ᓖ Tch

վˈ਼ᰦᆈ൘ᖸᕪⲴ䳶փ⍱Ǆ䘉㺘᰾㌫㔏൘ॆ学߫ࠪਾ৸㓿শҶᘛ䙏ੁཆ㟘㛰⣦ᘱ

Ⲵ䱽⑙䗷〻Ǆ㘼वਜ਼Ҷ ϕ ઼ Ω ㋂ᆀⲴ㔃᷌㺘᰾ˈཊཷᔲᕪᆀॆ学߫ࠪਾˈᕪᆀѻ䰤

Ⲵ⴨ӂ֌⭘߿ᕡǄ

മ(1.2.9)ᱟᴰѝᗳ䠁Ṩ − 䠁Ṩ⻠ᫎⲴॆ学߫ࠪ⑙ᓖ Tch 学߫ࠪ⑙ᓖ઼࣋ࣘ Tkin

ԕ৺ᒣ൷ᖴੁ⍱䙏 ⟨β⟩ Ⲵ⻠ᫎ㜭䟿׍䎆ᙗ [47]Ǆമ(1.2.9)(a) ᱮ⽪൘ √
sNN = 4-5 GeV

ᐖਣˈࣘ࣋学߫ࠪ⑙ᓖ઼ॆ学߫ࠪ⑙ᓖⲴ٬ᱟ⴨լⲴǄᖃ
√
sNN ໎࣐ᰦˈTch ໎࣐ˈ

൘
√
sNN > 11.5 GeV ਾ䎻ҾᚂᇊǄਖаᯩ䶒ˈTkin ൘ 7.7 - 39 GeV 䱴䘁ࠐѾᱟᚂᇊ

Ⲵˈ❦ਾᔰ࿻䱽վⴤ㠣 LHC 㜭४䱴䘁ǄTch ઼ Tkin ѻ䰤Ⲵ分⿫䲿
√
sNN Ⲵ໎࣐㘼໎

Ǆ䘉ਟ㜭㺘᰾ˈ൘䖳儈Ⲵ࣐
√
sNN лˈॆ学઼߫ࠪࣘ࣋学߫ࠪѻ䰤Ⲵᕪᆀ⴨ӂ֌⭘
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(a)

(b)

മ 1.2.6: SCE ⁑රሩ √
sNN = 7.7 ઼ 39 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴ 0-5% ѝᗳᓖⲴ

ѝ䰤ᘛᓖ४䰤Ⲵ㋂ᆀӗ仍઼ӗ仍∄Ⲵᤏਸоᇎ傼ᮠᦞѻ䰤Ⲵḷ߶ᐞ [47]ˈ(a) ᱟሩ㋂
ᆀӗ仍Ⲵᤏਸˈ(b) ᱟሩ㋂ᆀӗ仍∄ⲴᤏਸǄᇎ傼ᮠᦞⲴ䈟ᐞᱟ㔏䇑䈟ᐞ઼㌫㔏䈟ᐞ
Ⲵᒣᯩ઼

໎࣐ [62]Ǆമ(1.2.9)(b) ᱮ⽪ ⟨β⟩ ൘ᶱվⲴ √
sNN ᰦᘛ䙏໎࣐ˈ❦ਾっᇊൠ໎࣐ⴤ㠣

LHC 㜭४ǄሩҾമѝᴰվⲴйњ STAR BES-I ᵏ⍻䟿㜭䟿⛩ˈ⟨β⟩ ѾᱟᚂᇊⲴǄࠐ

൘䟽⿫ᆀ⢙⨶Ⲵ╄ॆ䗷〻ѝˈ✝ॆᱟањ䶎ᑨ䟽㾱Ⲵഐ㍐Ǆ⭡ҾᡰᴹⲴᇎ傼⍻

䟿䜭ਁ⭏⭡ QGP ⴨䖜ॆѪᕪᆀ⴨䱦⇥Ⲵ⴨ਈѻਾˈഐ↔нਟ㜭ⴤ᧕㿲ሏࡠ㌫㔏൘
QGP ⴨✝ॆⲴ䇱ᦞǄնᱟˈ⍻䟿Ⲵᇎ傼ᮠᦞо༴Ҿ✝ᒣ㺑ѝⲴ㔏䇑⁑රⲴа㠤ᙗਟ
ԕ֌Ѫ✝ॆⲴᴹࡔ࣋ᦞǄ㘼Ӿᇎ傼о⁑රሩ∄ѝᨀਆⲴॆ学઼ࣘ࣋学߫ࠪ৲ᮠࡉᨀ

Ҷ㌫㔏╄ॆⲴ䱦⇥ᙗؑ᚟Ǆ׋
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(a) (b)

മ 1.2.7: ֯⭘ √
sNN = 7.7 - 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴн਼ѝᗳᓖⲴѝ䰤ᘛ

ᓖ४䰤Ⲵ㋂ᆀӗ仍֌ѪᤏਸⲴ䗃ޕӾ (ᐖമ) GCE ⁑ර઼ (ਣമ) SCE ⁑රѝᨀਆⲴ
ॆ学߫ࠪ⑙ᓖ (Tch) ઼䟽ᆀॆ学࣯ (µB)Ǆᴢ㓯㺘⽪єњ⨶䇪⁑රⲴ亴⍻ [58, 59]Ǆ⚠
㢢ᑖ㺘⽪ Cleymans ㅹӪⲴ⁑ර [58] Ⲵ⨶䇪亴⍻㤳തǄ䈟ᐞ代㺘㌫㔏䈟ᐞ

മ 1.2.8: Ӿн਼ѝᗳᓖⲴ √
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴн਼⿽类Ⲵᕪᆀ

⁚ࣘ䟿䉡Ⲵ⁑රᤏਸѝᨀਆⲴᒣ൷ᖴੁ⍱䙏 ⟨β⟩ о㌫㔏Ⲵᒣ൷ᖴੁ⍱䙏 ⟨β⟩ Ⲵ 1 ؽ
(2 (ؽ ḷ߶ᐞㅹ儈㓯മ [62]

1.3 高横动量强子产额和产额比

аⴤԕᶕˈ㋂ᆀнਈӗ仍䉡઼ӗ仍∄ᱟ䟽⿫ᆀ⻠ᫎᇎ傼Ⲵ䟽㾱⍻䟿䟿Ǆ䙊䗷

≈䙏ᒦ⻠࣐ᫎ (d)ǃ䠁 (Au)ǃ䬌 (Cu)ǃ䫵 (Pb) ৏ᆀṨ઼䍘ᆀ (p) ㅹˈᇎ傼кᐢ⍻
䟿Ҷᖸཊվ⁚ࣘ䟿 (pT < 2 GeV/c) ४ฏ઼儈⁚ࣘ䟿 (pT > 2 GeV/c) ४ฏⲴ㜭৽
᱐⻠ᫎ㌫㔏Ⲵᮤփ (Bulk) ⢩ᙗⲴ䖫ણᕪᆀ (π±ˈK±ˈp(p̄)) 䉡ˈྲ ALICE ਸ֌
㓴⍻䟿Ⲵ䫵Ṩ − 䫵Ṩ √

sNN = 2.76 TeV [63]ˈ5.02 TeV [64]ˈ䍘ᆀ − 䍘ᆀ
√
s =

11
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മ 1.2.9: (a) ᴰѝᗳ䠁Ṩ − 䠁Ṩ⻠ᫎⲴॆ学߫ࠪ⑙ᓖ (Tch) 学߫ࠪ⑙ᓖ઼࣋ࣘ Tkin

Ⲵ⻠ᫎ㜭䟿׍䎆ᙗ [47]Ǆᴢ㓯㺘⽪਴⿽⨶䇪亴⍻ [58, 59]Ǆ(b) ᴰѝᗳ䠁Ṩ − 䠁Ṩ⻠
ᫎⲴᒣ൷ᖴੁ⍱䙏 ⟨β⟩ Ⲵ⻠ᫎ㜭䟿׍䎆ᙗ [47]ǄBES 㜭४ᮠᦞ⛩ᱟ 0-5% Ⲵᴰѝᗳ⻠
ᫎˈAGS 㜭४བྷ䜘分ᱟ 0-5% ѝᗳᓖˈSPS 㜭४བྷ䜘分ᱟ 0-7% ѝᗳᓖ, ᴰ儈 RHIC
઼ LHC Ⲵ㜭४ᱟ 0-5% Ⲵᴰѝᗳ⻠ᫎǄ䈟ᐞ代㺘㌫㔏䈟ᐞ

900 GeVˈ5.02 TeV [64]ˈ7 TeV [65]ˈ13 TeV˗CMS ਸ֌㓴⍻䟿Ⲵ䍘ᆀ − 䍘ᆀ
√
s = 900 GeVˈ2.76 TeVˈ7 TeV [66]˗STAR ਸ֌㓴⍻䟿Ⲵ䠁Ṩ − 䠁Ṩ √

sNN =

7.7 GeV [47]ˈ11.5 GeVˈ14.5 GeV [50]ˈ19.6 GeVˈ27 GeVˈ39 GeVˈ54.4 GeV [51–
53]ˈ62.4 GeV [67, 68]ˈ200 GeV [69]ˈ≈Ṩ − 䠁Ṩ √

sNN = 200 GeV [70]ˈ䬌Ṩ −
䬌Ṩ

√
sNN = 200 GeV [71]ˈ䍘ᆀ − 䍘ᆀ

√
s = 200 GeV [70, 72]˗PHENIX ਸ֌㓴

⍻䟿Ⲵ䠁Ṩ − 䠁Ṩ √
sNN = 130 GeV [73, 74]ˈ200 GeV [75]ˈ≈Ṩ − 䠁Ṩ √

sNN =

200 GeV [75]ˈ䍘ᆀ − 䍘ᆀ
√
s = 62.4 GeVˈ200 GeV [76]˗BRAHMS ਸ֌㓴⍻䟿

Ⲵ䬌Ṩ − 䬌Ṩ √
sNN = 200 GeV [77]˗HADES ਸ֌㓴⍻䟿Ⲵ䠁Ṩ − 䠁Ṩ √

sNN =

2.4 GeV [78]˗NA61/SHINE ਸ֌㓴⍻䟿Ⲵ䍘ᆀ − 䍘ᆀ
√
s = 6.3 GeVˈ7.7 GeVˈ
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8.8 GeVˈ12.3 GeVˈ17.3 GeV [79]˗ԕ৺ᰙᵏ CERN ਸ֌㓴⍻䟿Ⲵ䍘ᆀ − 䍘ᆀ
√
s = 23 GeVˈ31 GeVˈ45 GeVˈ53 GeVˈ63 GeV [80] ㅹǄ䘉Ӌᇎ傼⍻䟿㔃᷌ሩҾ
ᡁԜ⨶䀓н਼⻠ᫎ㌫㔏઼⻠ᫎ㜭䟿лⲴᕪᆀӗ⭏ᵪާࡦᴹ䟽㾱᜿ѹˈҏѪỰ傼⴨ޣ

Ⲵ⨶䇪⁑රᨀ׋Ҷ䟽㾱Ⲵᇎ傼ᮠᦞǄ

(a)

(b)

മ 1.3.1: STAR ਸ֌㓴⍻䟿Ⲵ √
sNN = 62.4 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝ䰤ᘛᓖ४䰤

|y| < 0.5 Ⲵн਼ѝᗳᓖⲴ π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡 [67]

л䶒ᡁԜԕ䠁Ṩ − 䠁Ṩ √
sNN = 62.4 GeVˈ200 GeVˈ䍘ᆀ − 䍘ᆀ

√
s =

200 GeV઼≈Ṩ −䠁Ṩ √
sNN = 200 GeVⲴ㔃᷌Ѫֻ䘋㹼䇘䇪Ǆമ(1.3.1)ˈമ(1.3.2)ˈ

മ(1.3.4)઼മ(1.3.5) ᱟ STAR ᇎ傼ሩ √
sNN = 62.4 GeV ઼ 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ

13



ኡьབྷ学ঊ༛学位䇪᮷

(a)

മ 1.3.2: STAR ਸ֌㓴⍻䟿Ⲵ √
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝ䰤ᘛᓖ४䰤

|y| < 0.5 н਼ѝᗳᓖⲴ π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡 [69]

(a)

മ 1.3.3: STAR ਸ֌㓴⍻䟿Ⲵ
√
s = 200 GeV Ⲵ䍘ᆀ − 䍘ᆀ⻠ᫎѝ䰤ᘛᓖ४䰤

|y| < 0.5 Ⲵ π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡 [72]

⻠ᫎѝⲴн਼ѝᗳᓖⲴ π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡ԕ৺ π−/π+ˈp̄/pˈp/π+ ԕ৺ p̄/π− Ⲵ

ӗ仍∄䲿⁚ࣘ䟿 pT ⲴਈॆⲴ⍻䟿㔃᷌Ǆമ(1.3.3)઼മ(1.3.6)ᱟ STAR ᇎ傼ሩ
√
s =

200 GeV Ⲵ䍘ᆀ − 䍘ᆀ⻠ᫎѝⲴⲴ π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡ԕ৺ π−/π+ˈp̄/pˈp/π+

ԕ৺ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿 pT ⲴਈॆⲴ⍻䟿㔃᷌Ǆо BES-I ᵏⲴ √
sNN = 7.7 -

39 GeV Ⲵᕪᆀ (π±ˈK±ˈp(p̄)) 䉡⍻䟿 [81] བྷཊተ䲀൘վ⁚ࣘ䟿 (pT < 2 GeV/c) ४
ฏн਼ˈSTAR ᇎ傼ሩ √

sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴн਼ѝᗳᓖⲴ π±ˈ

p(p̄) Ⲵ⁚ࣘ䟿䉡⍻䟿䗮ࡠҶ 12 GeV/c [69]ˈྲമ(1.3.2)ᡰ⽪ˈ䍘ᆀ − 䍘ᆀ
√
s =

200 GeV Ҷࡠ䗮ࡉ 14 GeV/c [72]ˈྲമ(1.3.3)ᡰ⽪ˈ㲭❦⴨਼⁚ࣘ䟿л⭡Ҿ㜭䟿䎺

14
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(a)

(b)

മ 1.3.4: STAR ਸ֌㓴⍻䟿Ⲵ √
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝ䰤ᘛᓖ४䰤Ѫ

|y| < 0.5 Ⲵ π−/π+ˈp̄/pˈp/π+ˈp̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆˈമѝ␡㢢४ฏ

代㺘ᮠᦞ⛩Ⲵ㌫㔏䈟ᐞ [69]

վӗ仍䎺վ㘼ӗ仍ҏՊ䎺վˈն
√
sNN = 62.4 GeV Ⲵ⍻䟿ҏ䗮ࡠҶ 8 GeV/c [67]ˈ

ྲമ(1.3.1)ᡰ⽪Ǆྲമ(1.3.4)઼മ(1.3.5)ᡰ⽪ˈ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴ π−/π+ Ⲵӗ仍

∄䲿⁚ࣘ䟿Ⲵਈॆ൘㘳㲁㌫㔏䈟ᐞ㤳ത޵⋑ᴹ᰾ᱮⲴѝᗳᓖ׍䎆ᙗǃ⁚ࣘ䟿׍䎆

ᙗ઼⻠ᫎ㜭䟿׍䎆ᙗǄ㘼 p̄/p Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆ൘㘳㲁㌫㔏䈟ᐞ㤳ത޵⋑

ᴹ᰾ᱮⲴѝᗳᓖ׍䎆ᙗˈն൘ pT > 3 GeV/c ४ฏ䲿⵰⁚ࣘ䟿Ⲵ໎བྷࠪ⧠Ҷ䱽վⲴ
䎻࣯˖

√
sNN = 62.4 GeV ⴨∄ 200 GeV Ⲵ㔃᷌䱽վⲴ䎻࣯ᴤ᰾ᱮˈ਼ᰦᴹ⵰ᶱަ

᰾ᱮⲴ⻠ᫎ㜭䟿׍䎆ᙗˈণ䲿⵰⻠ᫎ㜭䟿Ⲵ䱽վᱮ㪇䱽վǄሩҾ䟽ᆀ -ӻᆀӗ仍∄
ᶕ䈤ˈp/π+ ԕ৺ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆ൘ pT > 2 GeV/c ४ฏᴹ⵰᰾ᱮ
Ⲵѝᗳᓖ׍䎆ᙗˈӾѝᗳ⻠ᫎٿࡠᗳ⻠ᫎ੸⧠䱽վⲴ䎻࣯˗઼᰾ᱮⲴ⻠ᫎ㜭䟿׍

䎆ᙗˈp/π+ 䲿⵰⻠ᫎ㜭䟿Ⲵ䱽վ㘼ॷ儈ˈp̄/π− ⴨৽Ǆ਼ᰦн਼⻠ᫎ㜭䟿઼н਼ࡉ

ѝᗳᓖⲴ p/π+ ԕ৺ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵ໎བྷ䜭ᱮ⽪ࠪҶа㠤Ⲵ໎ᕪ⧠䊑ˈ
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(a) (b)

മ 1.3.5: STAR ਸ֌㓴⍻䟿Ⲵ √
sNN = 62.4 GeV ઼ 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝ

䰤ᘛᓖ४䰤Ѫ |y| < 0.5 Ⲵ p̄/pˈp/π+ˈp̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆˈമѝ␡

㢢४ฏ代㺘ᮠᦞ⛩Ⲵ㌫㔏䈟ᐞ [67]

മ 1.3.6: STAR ਸ֌㓴⍻䟿Ⲵ √
sNN = 200 GeV Ⲵ䍘ᆀ − 䍘ᆀ⻠ᫎѝ䰤ᘛᓖ४䰤Ѫ

|y| < 0.5 Ⲵ π−/π+ˈp̄/pˈp/π+ˈp̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆˈമѝ␡㢢४ฏ

代㺘ᮠᦞ⛩Ⲵ㌫㔏䈟ᐞ [72]
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൘ pT = 2.5 GeV/c ᐖਣᰦ䗮ࡠᴰབྷ٬ˈ㘼໎ᕪ〻ᓖ䲿⻠ᫎӾᴰѝᗳ⻠ᫎࡠᴰٿᗳ
⻠ᫎ׍⅑䱽վˈ਼ᰦ໎ᕪ⧠䊑൘ pT > 3 GeV/c ᰦণࠪ⧠߿ᕡⲴ䎻࣯Ǆമ(1.3.5)ѝˈ
√
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩᴰѝᗳ⻠ᫎѝˈ൘ѝ䰤⁚ࣘ䟿४ฏ p/π+ ԕ৺ p̄/π−

Ⲵӗ仍∄൘䈟ᐞ㤳ത޵᧕䘁Ҿаˈ䘉а⧠䊑Ⲵى䘹䀓䟺वᤜཨݻ㓴ਸ/䟽㓴 (quark
coalescence/recombination) [82, 83]ˈᡆสҾᤃᢁ㜦ᆀ൪㔃ᶴⲴ䟽ᆀ䗃䘀ࣘ࣋学ণ䟽
ᆀ䘎㔃 (baryon junction) [84]Ǆཨݻ㓴ਸ/䟽㓴⁑ර߶⺞亴⍻Ҷ p/π+ ԕ৺ p̄/π− Ⲵ

⻠ᫎ㜭䟿׍䎆ᙗ˖
√
sNN = 62.4 GeV Ⲵ䠁Ṩ − 䠁ṨⲴ㔃᷌⴨∄ 200 GeV Ⲵ䠁Ṩ −

䠁ṨⲴ㔃᷌ᴤ儈ˈp̄/π− ⴨৽ࡉ [83]Ǆ㘼䟽ᆀ䘎㔃⁑ර亴⍻Ҷ൘ѝ䰤⁚ࣘ䟿४ฏˈ⴨
਼Ⲵ⻠ᫎ㜭䟿лˈp/π+ ઼ p̄/π− Ⲵӗ仍∄䲿⻠ᫎӾᴰѝᗳ⻠ᫎࡠᴰٿᗳ⻠ᫎ׍⅑䱽

վ [84]Ǆമ(1.3.6)ѝˈ
√
s = 200 GeV Ⲵ䍘ᆀ − 䍘ᆀ⻠ᫎѝ π−/π+ˈp̄/pˈp/π+ ԕ

৺ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿ਈॆⲴ⍻䟿㔃᷌ਟԕ⭘ᶕỰ傼⅑亶ཤ䱦ᗞᢠ QCDˈवᤜ
DSS, AKK 2008 Ⲵ䇑㇇㔃᷌ˈѪ⁑රٷ䇮ᨀ׋ᴤྭⲴ㓖ᶏ [72]Ǆ

PHENIX ਸ֌㓴ሩ
√
s = 62.4 GeV Ⲵ䍘ᆀ − 䍘ᆀ⻠ᫎѝⲴ π−/π+ˈp̄/pˈp/π+

ԕ৺ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆҏ䘋㹼Ҷ⍻䟿ˈᒦ઼ 200 GeV Ⲵ䍘ᆀ − 䍘ᆀ
⻠ᫎⲴ⍻䟿㔃᷌ڊҶሩ∄ኅ⽪ [76]ˈྲമ(1.3.7)ᡰ⽪Ǆਟԕਁ⧠ˈ䲔Ҷ䟿级བྷሿⲴн
਼ˈ䍘ᆀ − 䍘ᆀ⻠ᫎѝӗ仍∄Ⲵ⻠ᫎ㜭䟿׍䎆ᙗо䠁Ṩ − 䠁Ṩ⻠ᫎⲴ㔃᷌สᵜа
㠤Ǆ਼ᰦˈPHENIX ਸ֌㓴䘈⍻䟿Ҷ䠁Ṩ − 䠁Ṩ઼≈Ṩ − 䠁Ṩ൘ √

sNN = 200 GeV
⻠ᫎѝⲴ π−/π+ˈp̄/pˈp/π+ ԕ৺ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿ⲴਈॆⲴ⍻䟿㔃᷌ [75]ˈ
ྲമ(1.3.8)ᡰ⽪Ǆྲമ(1.3.9)ᡰ⽪ˈ√

sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ㔃᷌㘳
㲁ᘛᓖ४䰤઼ѝᗳᓖࡂ分ᐞᔲⲴഐ㍐ਾˈо STAR ਸ֌㓴⍻䟿Ⲵ㔃᷌ྲമ(1.3.4)㺘
⧠а㠤Ǆ਼ᰦྲമ(1.3.10)ᡰ⽪ˈPHENIX ਸ֌㓴≈Ṩ − 䠁ṨⲴ p/π+ ઼ p̄/π− Ⲵӗ

仍∄䲿⁚ࣘ䟿ⲴਈॆⲴ⍻䟿㔃᷌䲔Ҷ䟿级བྷሿⲴ४࡛ˈަѝᗳᓖ׍䎆ᙗǃ⁚ࣘ䟿׍

䎆ᙗо䠁Ṩ − 䠁ṨⲴ㔃᷌ҏࠐѾа㠤ˈवᤜ䟽ᆀ -ӻᆀӗ仍∄ p/π+ ઼ p̄/π− ൘ѝ

䰤⁚ࣘ䟿४ฏⲴ໎ᕪǄമ(1.3.11)ᱟ √
sNN = 200 GeV Ⲵᴰٿᗳ䠁Ṩ − 䠁Ṩ⻠઼ᫎ

ᴰѝᗳ≈Ṩ − 䠁Ṩ⻠ᫎѝⲴ p/π+ˈp̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿ⲴਈॆⲴ∄䖳ˈ㔃ਸ

മ(1.3.10)ѝ≈Ṩ − 䠁Ṩ √
sNN = 200 GeV ઼䍘ᆀ − 䍘ᆀ

√
s = 200 GeV 㔃᷌Ⲵ∄

䖳ˈਟԕਁ⧠ˈᴰٿᗳ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴ䟽ᆀ -ӻᆀӗ仍∄ p/π+ˈp̄/π− 㔃઼᷌

ᴰѝᗳ≈Ṩ − 䠁Ṩ⻠ᫎѝⲴ㔃᷌൘䈟ᐞ㤳ത޵ᖸ᧕䘁ˈ㘼ᴰٿᗳ≈Ṩ − 䠁Ṩ⻠ᫎѝ
Ⲵ㔃᷌৸о䍘ᆀ − 䍘ᆀ⻠ᫎѝⲴ㔃᷌ᖸ᧕䘁Ǆ䘉ҏ৽᱐ࠪӾสᵜⲴ䍘ᆀ − 䍘ᆀ⻠ᫎ
Ṩ≈ࡠ − 䠁Ṩ⻠ᫎٿࡠ޽ᗳ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ㔬ਸ╄ॆ䗷〻Ǆ

㘼ᐢᴹⲴ⻠ᫎ㜭䟿∄
√
sNN = 62.4 GeV ᴤվⲴ䠁Ṩ − 䠁Ṩ⻠ᫎѝ √

sNN = 7.7 -
39 GeV Ⲵᕪᆀ (π±ˈK±ˈp(p̄)) 䉡⭡Ҿਇࡠ BES-I ᵏ㔏䇑䟿Ⲵ䲀ࡦˈ⍻䟿䜭ᵚ㜭ࡠ
䗮儈⁚ࣘ䟿 (pT > 2 GeV/c) ४ฏǄྲമ(1.3.12)ᡰ⽪ˈBES-II ᵏ STAR ᯠ䟷䳶Ⲵ㔏
䇑䟿⴨∄ I ᵏᡀؽᮠ໎䮯ˈ∄ྲ䠁Ṩ − 䠁Ṩ √

sNN = 19.6 GeVˈII ᵏⲴһֻᮠᱟ I
ᵏⲴ 10 ѻཊˈ䘉㔉⍻䟿儈⁚ࣘ䟿ؽ (pT > 2 GeV/c) Ⲵᕪᆀ (π±ˈK±ˈp(p̄)) 䉡઼㋂
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ᆀӗ仍∄ᨀ׋Ҷᵪ䙷ˈ㜭䇙ᡁԜᗇࡠ䘉Ӌ⻠ᫎ㜭䟿лⲴᴤ㋮⺞Ⲵॆ学઼߫ࠪࣘ࣋学

߫ࠪⲴᙗ䍘ˈ䘉ᱟᵜ䇪᮷Ⲵањѫ㾱ࣘᵪǄ

1.4 本论文结构

ᵜ䇪᮷Ⲵަ։਴ㄐᆹᧂྲл˖ㅜҼㄐѫ㾱ӻ㓽ᵜ䇪᮷ᡰ⭘ࡠⲴᇎ傼㻵㖞ˈवᤜ

ᇎ傼ᡰ⭘ࡠⲴ⴨ሩ䇪ᙗ䟽⿫ᆀ䟽⿫ᆀሩᫎᵪԕ৺ᆹ㻵൘ሩᫎᵪкⲴ STAR ᧒⍻ಘ㌫
㔏ˈSTARⲴᰦ䰤ᣅᖡᇔ (Time Projection Chamber, TPC)઼伎㹼ᰦ䰤᧒⍻ಘ (Time
of Flight Dectector, TOF) ㅹ᧒⍻ಘˈަѝ䟽⛩ӻ㓽 TPC Ⲵ᧒⍻৏⨶Ǆㅜйㄐѫ㾱
ӻ㓽儈⁚ࣘ䟿ᕪᆀ䉡Ⲵ⍻䟿ᯩ⌅ˈवᤜᮠᦞṧᵜࡍㆋ઼ѝᗳᓖࡂ分ǃһ઼ֻᖴ䘩ࡔ

䘹ǃTPC 㜭ᦏҼ⅑࡫ᓖᯩ⌅ǃ㋂ᆀ䢤઼࡛᭸⦷؞↓ǃ⁚ࣘ䟿䉡઼㋂ᆀӗ仍∄ǃ㌫㔏
䈟ᐞㅹǄㅜഋㄐѫ㾱ӻ㓽ሩ RHIC ઼ LHC 㜭४к⴨ሩ䇪䟽⿫ᆀ⻠ᫎⲴࣘ࣋学߫ࠪᙗ
䍘Ⲵ⹄ウˈवᤜ⹄ウ㛼Ჟǃ⁑රӻ㓽઼⁑රᤏਸ㔃᷌ㅹˈᒦ䇘䇪Ҷࣘ࣋学߫ࠪ৲ᮠ

ሩ⻠ᫎѝᗳᓖ઼⻠ᫎ㜭䟿Ⲵ׍䎆ᙗˈԕ৺䶎ᒣ㺑ࣘ࣋学߫ࠪᙗ䍘оփ哿ᓖ㌫ᮠሩ⻠

ᫎ㜭䟿Ⲵ׍䎆ᙗǄㅜӄㄐࡉᱟሩ儈⁚ࣘ䟿ᕪᆀ䉡ሩࣘ࣋学߫ࠪ৲ᮠⲴᖡ૽ˈሩᙫӗ

仍Ⲵᖡ૽Ⲵ〻ᓖˈԕ৺⧠ᴹⲴ⁑ර亴⍻㔃᷌∄䖳ㅹǄㅜޝㄐࡉᱟᙫ㔃઼ኅᵋǄ
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(a)

(b)

(c)

മ 1.3.7: PHENIX ਸ֌㓴⍻䟿Ⲵ √
sNN = 62.4 GeV ઼ 200 GeV Ⲵ䍘ᆀ − 䍘ᆀ⻠ᫎ

ѝⲴ π−/π+ˈp̄/pˈp/π+ˈp̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆˈമѝ␡㢢४ฏ代㺘

ᮠᦞ⛩Ⲵ㌫㔏䈟ᐞ [76]
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മ 1.3.8: PHENIX ਸ֌㓴⍻䟿Ⲵ䠁Ṩ − 䠁Ṩ઼≈Ṩ − 䠁Ṩ √
sNN = 200 GeV ⻠ᫎ

䎍ᘛᓖ४䰤Ѫ |η| < 0.35 Ⲵн਼ѝᗳᓖⲴ π−/π+ˈp̄/p Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆ

ԕ৺о䍘ᆀ − 䍘ᆀ
√
s = 200 GeV 㔃᷌Ⲵ∄䖳ˈമѝ␡㢢४ฏ代㺘ᮠᦞ⛩Ⲵ㌫㔏䈟

ᐞ [75]
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മ 1.3.9: PHENIX ਸ֌㓴⍻䟿Ⲵ䠁Ṩ − 䠁Ṩ √
sNN = 200 GeV ⻠ᫎ䎍ᘛᓖ४䰤Ѫ

|η| < 0.35 Ⲵн਼ѝᗳᓖⲴ p/π+ˈp̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆԕ৺о䍘ᆀ −
䍘ᆀ

√
s = 200 GeV 㔃᷌Ⲵ∄䖳ˈമѝ␡㢢४ฏ代㺘ᮠᦞ⛩Ⲵ㌫㔏䈟ᐞ [75]

മ 1.3.10: PHENIX ਸ֌㓴⍻䟿Ⲵ≈Ṩ − 䠁Ṩ √
sNN = 200 GeV ⻠ᫎ䎍ᘛᓖ४䰤Ѫ

|η| < 0.35 Ⲵн਼ѝᗳᓖⲴ p/π+ˈp̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆԕ৺о䍘ᆀ −
䍘ᆀ

√
s = 200 GeV 㔃᷌Ⲵ∄䖳ˈമѝ␡㢢४ฏ代㺘ᮠᦞ⛩Ⲵ㌫㔏䈟ᐞ [75]
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മ 1.3.11: PHENIX ਸ֌㓴⍻䟿Ⲵ √
sNN = 200 GeV Ⲵᴰٿᗳ䠁Ṩ − 䠁Ṩ⻠઼ᫎᴰ

ѝᗳ≈Ṩ − 䠁Ṩ⻠ᫎѝⲴ p/π+ˈp̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿 pT ⲴਈॆⲴ∄䖳 [75]

മ 1.3.12: ᶏ⍱㜭䟿ᢛ᧿ (Beam Energy Scan, BES) аᵏ઼Ҽᵏ䇑ࡂⲴһֻᮠ઼䟽
ᆀॆ学࣯ µB Ⲵሩ∄ [85]
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第二章 实验装置

ᵜㄐѫ㾱ӻ㓽ᵜ䇪᮷ᡰ֯⭘Ⲵᇎ傼䇮༷Ǆᵜㄐሶㆰ㾱ӻ㓽⴨ሩ䇪䟽⿫ᆀሩᫎᵪ

(Relativistic Heavy Ion Collider, RHIC) ԕ৺ᆹ㻵൘ሩᫎᵪкⲴ STAR ᧒⍻ಘ㌫㔏Ǆ
᧒⍻㌫㔏ѝሶѫ㾱ӻ㓽ᵜ䇪᮷⭘ࡠⲴᰦ䰤ᣅᖡᇔ (Time Projection Chamber, TPC)
઼伎㹼ᰦ䰤᧒⍻ಘ (Time of Flight Dectector, TOF)Ǆ

2.1 相对论重离子对撞机

⴨ሩ䇪䟽⿫ᆀሩᫎᵪ (RHIC) 位Ҿ㖾ഭ㓭㓖ᐎ䮯ዋⲴᐳ励ݻ⎧᮷ഭᇦᇎ傼ᇔ
(Brookhaven National Laboratory, BNL)ǄRHIC Ⲵ、学ⴞḷѻаᱟ⹄ウᆷᇉབྷ⠶⛨
ਾнѵᆈ൘Ҿᰙᵏᆷᇉѝ⭡ཨ઼ݻ㜦ᆀ㓴ᡀⲴ⢙䍘 QGPǄ2000 ᒤ RHIC ↓ᔿ䘀㹼ˈ
Ṩ⢙⨶ᇎ傼ᔰ࿻䘋ޕ儈㜭Ṩ⢙⨶ᇎ傼ᰦ代 [86]Ǆ

മ 2.1.1: RHIC 㻵㖞৺⿫ᆀ࣐䙏৏⨶⽪᜿മ [11]

RHIC 㜭࣐䙏ᒦ⻠ᫎ √
sNN = 7.7 GeV ࡠ 200 GeV Ⲵ䟽Ṩྲ䠁 (Au)ǃ䬌 (Cu) ৏

ᆀṨㅹˈᶕ⹄ウ QGP Ⲵᙗ䍘ˈҏਟԕᨀ׋儈㜭䟿Ⲵᶱॆ䍘ᆀᶏ⍱ᶕ⹄ウ䍘ᆀⲴ㠚᯻
㔃ᶴǄRHIC к䟽⿫ᆀ࣐䙏Ⲵ৏⨶മྲമ(2.1.1)ᡰ⽪ǄRHIC 䙏ಘ㻵㖞⭡㤳ᗧṬ᣹࣐
ཛѢ࣐ࡇ䙏ಘ (Tandem Van de Graaff)ǃⴤ㓯࣐䙏ಘǃ໎ᕪಘ (Booster synchrotron)
઼Ӕਈởᓖ਼↕࣐䙏ಘ (Alternating Gradient Synchrotron, AGS) 㓴ᡀǄ൘ RHIC к
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ӗ⭏
√
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁ṨሩᫎⲴ↕僔ྲлᡰ䘠ˈӾ㜹ߢ⒵ሴ⿫ᆀⓀ

(Pulser sputter ion source) ӗ⭏Ⲵᑖ䍏⭥Ⲵ䠁৏ᆀ㓿শԕл䗷〻ਾࡠޕ⌘޽ RHIC
⧟˖Ѣ࣐ࡇ䙏ಘѝˈ䠁৏ᆀ䙊䗷䶉⭥࣐䙏ˈᒦ࢕⿫ᦹа䜘分⭥ᆀˈ൘࣐䙏ಘᵛㄟˈ

䙊䗷⻱䫱䘹ᤙ⭥㦧Ѫ Q=+32e Ⲵ䠁⿫ᆀˈ↔ᰦ䠁⿫ᆀⲴ㜭䟿Ѫ 1 MeV/µǄ޽⭡ⴤ㓯
䙏ಘˈ䙊䗷Ӕਈ⭥⻱൪ˈ䠁⿫ᆀⲴ㜭䟿࣐໎ᕪಘѝǄ໎ᕪಘᱟа⿽⧟ᖒࡠ䙏ಘ䘱࣐

㻛ᨀ儈Ѫ 95 MeV/µˈ⭥㦧ਈѪ Q=+77eǄ⿫ᆀӾ໎ᕪಘѝࠪᶕ䘋࣐↕਼ޕ䙏ಘˈ⿫
ᔰᰦ䠁⿫ᆀ㻛࣐䙏ਾⲴ㜭䟿Ѫ 10.8 GeV/µˈ䗮ࡠ⴨ᖃҾབྷ㓖 99.7% ↕䙏Ǆ൘਼ݹ
䙏ಘ઼࣐ RHIC ⧟ѻ䰤Ⲵᶏ⍱䖜〫㓯 (AGS-to-RHIC beam transfer line) ѝˈ䠁⿫ᆀ
Ⲵᴰਾєњ⭥ᆀ䙊䗷࢕⿫㟌㘼࢕⿫ˈӾ㘼䠁⿫ᆀⲴ⭥㦧ਈѪ Q=+79eˈᒦ㻛⌘ࡠޕ
RHIC ⧟ѝǄᴰਾ൘ RHIC ⧟ѝ㻛࣐䙏ࡠሩᫎᡰ䴰㾱Ⲵᴤ儈Ⲵᶏ⍱㜭䟿 [87]ˈྲ 19.6
GeV/c Ⲵᶏ⍱㜭䟿Ǆ

മ 2.1.2: EBIS 㻵㖞ާփ位㖞⽪᜿മ [88]

䴰㾱⌘᜿Ⲵᱟˈᵜ分᷀ᡰ䟷⭘Ⲵᇎ傼ᮠᦞਆᮠᰦˈ㤳ᗧṬ᣹ཛѢ࣐ࡇ䙏ಘᐢ㓿

㻛⭥ᆀᶏ⍱⿫ᆀⓀ (Electron Beam Ion Source, EBIS) ਆ代ˈ⭥ᆀᶏ⍱⿫ᆀⓀᙗ㜭᰾
ᱮՈҾ㤳ᗧṬ᣹ཛѢ࣐ࡇ䙏ಘˈᆳਟԕӗ⭏ࠐѾᶕ㠚Ҿԫօݳ㍐Ⲵᑖ儈⭥㦧ⲴⲴ⿫

ᆀᶏǄEBIS 㻵㖞ާփ位㖞ྲമ(2.1.2)ᡰ⽪Ǆᆳ⭡ањ⭥ᆀᶏ⭥⿫Ⓚ (Electron Beam
Ionization Source)㓴ᡀˈਾ䐏ሴ仁ഋᶱⴤ㓯࣐䙏ಘ (radiofrequency quadrupole linac)
઼ H ⣦㓴ਸරⴤ㓯࣐䙏ಘ (Interdigital-H linac)Ǆᆳ位Ҿ 200 MeV 䍘ᆀⴤ㓯࣐䙏ಘ
ѝˈᨀ׋Ӿ≈ࡠ䫰Ⲵᡰᴹっᇊ⿫ᆀˈवᤜ≖≄઼≙≄ㅹ〰ᴹ≄փˈབྷབྷ䱽վҶ᫽֌

ᡀᵜˈᨀ儈Ҷ᫽֌⚥⍫ᙗǄEBIS ਟԕ൘а。Ⲵᰦ䰤ቪᓖкሶн਼Ⲵ⿫ᆀᶏᘛ䙏࠷ᦒ
໎ᕪಘǄࡠ
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ሩᫎ൘ RHIC ⧟ѝᆼᡀˈRHIC ⧟ѫ㾱⭡єᶑ⤜・Ⲵ䮯㓖 3.8 䟼Ⲵ਼ᗳ䎵ሬޜ
ᆈۘ⧟ᶴᡀǄ⿫ᆀᡆ㘵䍘ᆀ൘єњ⧟ᖃѝԕᶏ⍱ (Beam) Ⲵᖒᔿᆈ൘Ǆަѝᶏ⍱⋯
⵰亪ᰦ䪸ᯩੁ䘀㹼Ⲵ⧟㻛〠֌㬍⧟ˈᶏ⍱⋯䘶ᰦ䪸ᯩੁ䘀㹼Ⲵ⧟㻛〠֌哴⧟Ǆ൘

RHIC ⧟кˈ䇮ᴹ 6 њ⴨ӂ֌⭘⛩ (Interaction point), ҏቡᱟᶏ⍱Ⲵሩᫎ⛩ǄRHIC
⧟кⲴ⴨ሩᯩ位Ґᜟк类∄⭘ᰦ䫏㺘⽪Ǆֻྲˈሴ仁㌫㔏 (radio frequency system)
位Ҿ RHIC Ⲵ 4 ⛩䫏ᯩ位Ǆਖཆഋњ⴨ӂ֌⭘⛩䇮ᴹ䟽⿫ᆀᇎ傼ˈ分࡛Ѫ位Ҿ 6 ⛩
䫏ᯩੁⲴ㷪᯻ᖴ䘩᧒⍻ಘ (The Solenoidal Tracker At RHIC, STAR) [89]ˈ位Ҿ 8 ⛩
䫏ᯩੁⲴᔰࡋᙗⲴ儈㜭Ṩ⴨ӂ֌⭘ᇎ傼 (Pioneering High Energy Nuclear Interaction
eXperiment, PHENIX) [90]ˈ位Ҿ 2 ⛩䫏ᯩੁⲴᇭ䟿〻ᕪᆀ⻱䉡Ԛ (Broad RAnge
Hadron Magnetic Spectrometers, BRAHMS) [91]઼位Ҿ 10⛩䫏ᯩੁⲴ PHOBOS (н
ᱟ俆ᆇ⇽㕙߉ˈ㘼ᱟԕ⚛ᱏⲴছᱏભ਽) [92], ྲമ(2.1.1)ᡰ⽪Ǆ㘼 12 ⛩䫏ᯩੁࡉᱟ
ањオ㖞Ⲵབྷ঵Ǆⴞࡽ (2023ᒤ)ਚᴹ STARᇎ傼ӽ൘ RHICк䘀㹼ਆᮠˈPHENIX
ᇎ傼ࡉҾ 2016 ᒤڌ→䘀㹼ᒦሶҾ 2023 ᒤᆼᡀॷ级Ѫ sPHENIX 䟽ᯠ䘀㹼ˈ㘼ަԆ
єњ䖳ሿ㿴⁑Ⲵᇎ傼 PHOBOS ઼ BRAHMS 分࡛Ҿࡉ 2005 ᒤ઼ 2006 ᒤڌ→䘀㹼Ǆ
RHIC ҏণሶ൘нѵⲴሶᶕॷ级ᡀ⭥ᆀ − ⿫ᆀሩᫎᵪ (Electron-Ion ColliderˈEIC)Ǆ

2.2 STAR 探测器

STAR [89] 㜭᧒⍻ᒦ䇠ᖅ RHIC к⻠ᫎӗ⭏Ⲵᵛᘱ㋂ᆀǄᆳᱟ RHIC кⲴєњ
བྷර⹄ウ䟽⿫ᆀ⻠ᫎⲴᇎ傼ѻа (ਖањᱟ PHENIX ᇎ傼)ǄSTAR ᧒⍻ಘާᴹᖸᒯ
Ⲵ᧕᭦㤳ത઼᧒⍻儈ᑖ⭥㋂ᆀཊ䟽ᮠ (Multiplicity) ⻠ᫎһֻⲴ㜭࣋ˈਟ⭘Ҿ⍻䟿Ṩ
⻠ᫎѝᴤᒯⲴᘛᓖ (y) ઼ᯩ位䀂 (ϕ) 㤳ത޵ⲴՇཊਟ㿲⍻䟿ˈਟ⭘Ҿ儈㋮ᓖᖴ䘩᧒
⍻ǃ㋂ᆀࣘ䟿分઼᷀ѝ䰤ᘛᓖ४Ⲵ㋂ᆀ䢤࡛ (Particle Identification, PID)ˈ䙊䗷䇠ᖅ
ᵛᘱн਼㋂ᆀ䘀ࣘҶ䀓ᶱㄟ⴨ሩ䇪䟽⿫ᆀ⻠ᫎ䗷〻ѝⲴᯠ⢙䍘ᖒᘱ઼ᰦオ╄ॆǄ䈕

᧒⍻ಘ䘈ਟ䙊䗷䍘ᆀ − 䍘ᆀ઼䍘ᆀ − Ṩᆀ⴨ӂ֌⭘ᶕ⹄ウޕሴⲴᕪᆀ/৏ᆀṨⲴࡍ
ᘱ䜘分ᆀ (parton) 分ᐳ࠭ᮠǄ∄ྲˈSTAR 䲔Ҷ䟽⿫ᆀ⢙⨶⹄ウ䇑ࡂཆˈ䘈ᴹ⭘Ҿ
⹄ウ䍘ᆀⲴ㠚᯻㔃ᶴⲴᶱॆ䍘ᆀ − 䍘ᆀ⻠ᫎⲴ㠚᯻⢙⨶䇑ࡂ [93]Ǆ

STAR ᧒⍻ಘ⭡਴⿽᧒⍻ಘᆀ㌫㔏㓴ᡀ [89, 94]ˈSTAR ᧒⍻ಘⲴ਴ᆀ㌫㔏й
㔤⽪᜿മྲമ(2.2.1)ᡰ⽪Ǆѫփ㔃ᶴᱟẦ⣦᧒⍻ಘˈӾࡠ޵ཆˈẦ⣦᧒⍻ಘ分࡛㻵
ᴹᰦ䰤ᣅᖡᇔ (Time Projection Chamber, TPC)ˈ伎㹼ᰦ䰤᧒⍻ಘ (Time of Flight
Dectector, TOF) ઼Ầ䜘⭥⻱䟿㜭ಘ (Barrel Electromagnetic Calorimeter, BEMC)ˈ
൘ሩᫎ⁑ᔿл⍻䟿ѝᗳᘛᓖ४ฏⲴ㋂ᆀӗ⭏ǄẦ⣦㔃ᶴⲴ᧒⍻ಘሱ㻵൘ᨀ׋оᶏ⍱

ᯩੁᒣ㹼Ⲵ൷र⻱൪Ⲵ㷪᯻ᖒ⻱䫱Ⲵ䟼䶒Ǆ⻱൪ᕪᓖਟԕӾ 0 ਈॆࡠᴰབྷ٬ 0.5 TǄ
ᵜ䇪᮷ѝ֯⭘Ⲵᇎ傼ᮠᦞᱟ൘ 0.5 T Ⲵ⻱൪ᕪᓖл㧧ᗇⲴǄ൷र⻱൪ᱟ䙊䗷ᑖ⭥㋂
ᆀٿ䖜ᶏᶕ⍻䟿ᑖ⭥㋂ᆀࣘ䟿Ǆ⻱൪ཆחᆹ㻵ᴹ㕚ᆀᵋ䘌䮌᧒⍻ಘ (Muon Telescope
Detector, MTD)ǄSTAR ᧒⍻ಘ䖳བྷⲴ᧕᭦㤳ത∄ྲѝ䰤䎍ᘛᓖ |η| < 1.3ˈ2π ᯩ位
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䀂ޘ㾶ⴆˈ0.06 - 30 GeV/c Ⲵ⁚ࣘ䟿᧒⍻㤳തˈ֯ᗇᆳ㜭ᆼᡀሩ䟽⿫ᆀ⻠ᫎѝཊ⿽
⢙⨶䟿Ⲵ㿲⍻Ǆ

മ 2.2.1: STAR ᧒⍻ಘ㌫㔏Ⲵй㔤⽪᜿മˈᵜ䇪᮷⭘ࡠⲴѫ㾱᧒⍻ಘ൘മк㻛ḷࠪǄ
മ⡷ᶕ㠚 STAR ਸ֌㓴മᓃ

л䶒ሶ分࡛ӻ㓽ᵜ䇪᮷ѝѫ㾱⭘ࡠⲴ᧒⍻ಘᰦ䰤ᣅᖡᇔ (TPC) [95]ˈ઼伎㹼ᰦ
䰤᧒⍻ಘ (TOF) [96, 97]Ǆ

2.3 时间投影室

ᰦ䰤ᣅᖡᇔ (TPC) ᱟ䙊䗷ᑖ⭥㋂ᆀ⭥⿫ᖴ䘩⍻䟿㋂ᆀ䘀ࣘо⭥⿫㜭ᦏⲴ᧒⍻
ಘǄTPC ᱟ⭡㖾ഭ⢙⨶学ᇦ David R. Nygren Ҿ 1970 ᒤ൘ࣣՖᯟ՟࡙ݻഭᇦᇎ傼
ᇔ (Lawrence Berkeley National Laboratory, LBNL) ਁ᰾ [95]ǄTPC Ⲵㅜањѫ㾱
ᓄ⭘ᱟ൘ᯟඖ⾿ⴤ㓯࣐䙏ಘѝᗳ (Stanford Linear Accelerator Center, SLAC) Ⲵ⹄ウ
PEP(Positron Electron Project) ᆈۘ⧟ѝⲴ 29 GeV ⭥ᆀ − ↓⭥ᆀ⻠ᫎⲴ PEP-4 ᧒
⍻ಘк [95]Ǆ↔ਾˈTPC 㻛ᒯ⌋ᓄ⭘ҾӾสᵜ㋂ᆀ⻠ᫎࡠ䟽⿫ᆀ⻠ᫎⲴ䇨ཊᇎ傼
ѝǄᆳ䙊䗷䇠ᖅᑖ⭥㋂ᆀⲴᖴ䘩ˈਟᗇ㋂ᆀⲴй㔤ࣘ䟿ˈ䘈਼ᰦᨀ׋ਟ⭘Ҿ㋂ᆀ䢤

࡛Ⲵ⭥⿫㜭䟿ᦏཡⲴؑ᚟ǄSTAR TPC 㾶ⴆҶ |η| < 1.3 Ⲵ䎍ᘛᓖ㤳തˈԕ৺ 2π ᯩ

位䀂Ⲵޘ㾶ⴆǄTPC ਟ⍻䟿Ⲵᑖ⭥㋂ᆀⲴࣘ䟿Ӿ 60 MeV/c ࡠ 30 GeV/cˈᒦ൘ 100
MeV/c བྷҾࡠ 1 GeV/c Ⲵࣘ䟿㤳ത޵ᇎ⧠㋂ᆀ䢤࡛Ǆ

2.3.1 TPC 组成与结构

STAR TPC ᱟањ 4.2 ㊣䮯ǃⴤᖴ 4 ㊣ⲴശḡփǄᮤњ᧒⍻ಘ㻛ሱ㻵൘ањ㷪
㓯㇑⻱䫱ѝˈ䈕⻱䫱ᨀ׋ањоᶏ⍱ᯩੁᒣ㹼Ⲵᴰབྷ 0.5 T Ⲵरᕪ⻱൪ˈԕ֯ᶕ㠚
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⻠ᫎⲴᑖ⭥㋂ᆀⲴᖴ䘩ٿ䖜ᒦ⋯㷪᯻㓯伎㹼Ǆᖴ䘩ᴢ⦷ਟ⭘Ҿ⺞ᇊࠪሴᑖ⭥㋂ᆀⲴ

ࣘ䟿઼⭥㦧ㅖ号Ǆമ(2.3.1)Ѫ TPC Ⲵй㔤㔃ᶴ⽪᜿മǄSTAR ተ䜘඀ḷ㌫ [98] ⭡ਣ
᡻ㅋ঑ቄ඀ḷ䖤ᶕᇊѹⲴˈަѝ x 䖤оൠ䶒ᒣ㹼ᒦфᤷੁ䘌⿫ RHIC ѝᗳⲴᯩੁˈy
䖤ⴤ᧕ᤷੁ඲ⴤ䘌⿫ൠ䶒Ⲵᯩੁˈ㘼 z 䖤ᤷੁ STAR Ⲵ㾯䶒Ǆ

മ 2.3.1: ᰦ䰤ᣅᖡᇔⲴй㔤㔃ᶴ⽪᜿മ [95]

TPC ⭡ањཆ൪ㅬ (outer field cage, OFC)ǃањ޵൪ㅬ (inner field cage, IFC)
઼єњㄟᑭ (endcap) 㓴ᡀǄ༴Ҿൠ⭥位Ⲵ䈫ࠪ㌫㔏ᡰ൘Ⲵㄟⴆ֌Ѫ䱣ᶱǄOFC ઼
IFC ਟԕᨀ׋ањ䘁Ѿᆼ㖾Ⲵ⭥൪ˈ൘䘉њ⭥൪ѝᑖ䍏⭥㦧Ⲵ⭥ᆀՊ┲〫ࡠ䱣ᶱ䶒ˈ
ਟ߶⺞䇠ᖅл㋂ᆀᖴ䘩൘ x-y ᒣ䶒кⲴᣅᖡǄ䘉ṧⲴ䇮䇑ᯩᔿ䱢→Ҷ޵ਜ਼Ⲵ⢩↺ࡦ
༷Ⲵ TPC ⭥⿫≄փ㻛ཆ䜘オ≄⊑ḃǄTPC ѝ䰤༴൘ x-y ᒣ䶒кⲴ⭡⻣⎲ቲ㚊䞠ӊ
㜪㮴㟌ࡦᡀⲴሬ⭥ѝᗳ㟌 (central membrane, CM) ሶശḡփа分ѪҼˈᖒᡀҶ TPC
Ⲵь㾯є䜘分ˈྲമ(2.3.1)ᡰ⽪ǄCM ᤱ⴨ሩҾỰ⍻ᒣ䶒ⴤ⍱؍ 28 kV Ⲵ䍏儈঻ˈԕ
֌Ѫ䱤ᶱǄ൘ CM ઼਼ᗳശ൪ㅬ⧟઼䈫ࠪㄟⴆѻ䰤؍ᤱањᤷੁ ±z ᯩੁⲴӔ⍱ 135
V/cm Ⲵ൷र⭥൪Ǆ⋯਼ᗳ൪ㅬㆂᐳ㖞Ⲵ⭥䱫઼ㅹ⭥位⧟䬮ᴹࣙҾ؍ᤱ⭥൪Ⲵ൷र
ᙗˈ䘉ሩ⭥ᆀ൷र┲〫 [99] 㠣ޣ䟽㾱Ǆཆ൪ㅬкᆹ㻵Ⲵཆ᭟᫁⧟㜭؍ᤱ CM 㔧㍗
઼൘ᕐ࣋лപᇊǄ䱴൘ CM Ⲵ⇿䗩Ⲵ䬍ᶑ֌Ѫ TPC ṑ߶㌫㔏Ⲵਁሴ⭥ᆀⲴḷݹ◰
䶦ˈሩ┲〫䙏ᓖ䘋㹼ṑ↓ [100]ǄTPC Ầ䜘ݵ┑Ҷ P10 ≄փˈ䘉ᱟа⿽≙≄઼⭢✧
Ⲵ␧ਸ⢙ (90%Ar +10%CH4)ˈᒦ൘儈Ҿབྷ≄঻࣋ 2 ∛ᐤ (mbar) Ⲵ঻࣋лṑ߶঻
ᕪǄP10 ≄փ㜭֯⭥ᆀ൘վ⭥൪ѝ┲〫䙏ᓖ㜭ᴤᘛൠ䗮ࡠጠ٬ˈ䘉ṧ TPC ਆᮠ䇠ᖅ
ᴤᘛǄᖃ TPC ൘䙏ᓖ − ⭥൪ޣ㌫ᴢ㓯Ⲵጠ٬༴䘀㹼ᰦˈ┲〫䙏ᓖᴤっᇊˈሩ⑙ᓖ
઼≄঻Ⲵᗞሿਈॆн᭿ᝏǄ㘼䖳վⲴ⭥൪൪ᕪਚ䴰㾱䖳վ⭥঻ˈҏㆰॆҶ᧒⍻ಘⲴ

䇮䇑Ǆ൘ 130 V/cm Ⲵ┲〫⭥൪ѝˈ⭥ᆀ䙊䗷 P10 ≄փⲴ┲〫䙏ᓖ䖳ᘛˈབྷ㓖Ѫ 5.5
cm/µsǄᙫⲴᶕ䈤ˈᑖ⭥㋂ᆀク䗷 TPC Ⲵ䗷〻ѝݸ൘┲〫४Ⲵ P10 ≄փѝਁ⭏ཊ⅑
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⭥⿫ˈ⇿⅑⭥⿫䜭Պӗ⭏৏ࡍ⭥ᆀ − ⿫ᆀሩǄ❦ਾ৏ࡍ⭥ᆀ − ⿫ᆀሩѝⲴ⭥ᆀ޽൘
रᕪ⭥൪Ⲵ֌⭘л⋯⭥൪㓯Ⲵᯩੁੁㄟⴆ༴⭡ཊэ↓∄ᇔ㓴ᡀⲴ䈫ࠪㄟ┲〫Ǆ

TPC Ⲵ䈫ࠪ㌫㔏สҾཊэ↓∄ᇔ (Multi-Wire Proportional Chamber, MWPC)Ǆ
MWPC 位Ҿ䈫ࠪㄟⴆ༴ˈ⭡ pad ᶯᒣ䶒઼йњ䠁኎эᒣ䶒㓴ᡀǄᆼᮤⲴ䈫ࠪ㌫㔏分
Ѫ 24 њᡷ४ˈ⇿њㄟⴆᴹ 12 њ䈫ࠪᡷ४Ǆ⇿њᡷ४䘋а↕ࡂ分Ѫ޵䜘઼ཆ䜘ᆀᡷ
४Ǆަ४分⢩ᖱᱟ޵䜘઼ཆ䜘䈫ࠪᶯඇ位㖞઼ࠐօᖒ⣦Ⲵн਼Ǆ⇿њ޵䜘ᡷ४वਜ਼

བྷ䟿Ⲵሿ padˈ分ᐳ൘ 13 㹼ᶯඇѝˈԕᴰབྷॆ㋂ᆀ密ᓖ䖳儈Ⲵ४ฏⲴ位㖞分䗘⦷઼
ᖴ䘩䟽ᔪⲴ分䗘⦷Ǆཆ䜘ᡷ४Ⲵሿ pad 㻛密䳶ൠᧂࡇѪ⇿њᡷ४ 32 㹼ˈԕՈॆ൘㋂
ᆀ密ᓖ䖳վⲴ४ฏሩ⭥⿫㜭䟿ᦏཡⲴ⍻䟿Ǆഐ↔ˈྲ᷌ TPC ѝⲴ㋂ᆀᖴ䘩䐘䎺Ҷᡰ
ᴹ 45 њ pad ᶯඇˈ䛓Ѹᴰཊਟԕᴹ 45 њભѝˈ䘉ṧ䙊䗷 TPC オ䰤Ⲵᖴ䘩ᴰཊਟ
ԕᴹ 45 ⅑䇑ᮠǄമ(2.3.2(a))ᡰ⽪ STAR ൘ 2019 ᒤ⭡ኡьབྷ学ㅹ单位ਸ֌䘋㹼 TPC
ᡷ४޵ (inner sector)ॷ级 (inner TPC upgrade, iTPC upgrade)ѻࡽ䱣ᶱ padᶯᒣ䶒
Ⲵањᆼᮤᡷ४⽪᜿മǄสҾᨀॷ᧒⍻ಘᖴ䘩᧒⍻㜭࣋Ⲵ䴰≲ˈSTAR 䘋㹼Ҷ iTPC
Ⲵॷ级Ǆമ(2.3.2(b))Ѫॷ级ਾⲴ޵ᡷ४㔃ᶴ⽪᜿മǄॷ级ਾⲴ޵ᡷ४Ⲵ pad ᶯ密ᓖ
᰾ᱮ໎࣐ˈpad ᶯᙫ㹼ᮠӾ 13 㹼໎ࡠ࣐Ҷ 40 㹼ˈ䘉ṧ㋂ᆀ൘ᮤњᡷ४ਟ㜭⮉лⲴ
ᴰབྷࠫѝᮠ⭡ 45 њ໎ࡠ࣐Ҷ 72 њǄiTPC ॷ级ᨀॷҶ TPC ሩ儈䎍ᘛᓖ४䰤ԕ৺վ
⁚ࣘ䟿ᖴ䘩Ⲵ⍻䟿㋮ᓖǄTPC Ⲵᖴ䘩᧒⍻᭸⦷઼㋂ᆀ䢤࡛㜭࣋ҏаᒦᗇࡠҶᨀॷǄ
ᵜ䇪᮷֯⭘Ⲵᱟ iTPC ॷ级ਾᗇࡠⲴᇎ傼ᮠᦞǄ

2.3.2 TPC 径迹记录原理

മ(2.3.3)ᐖ䗩ᱟ STAR TPC ѝⲴᶏ⍱㿶䀂⽪᜿മˈਣ䗩ᱟח㿶⽪᜿മˈᱮ⽪Ҷ
а⅑

√
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎһֻѝ TPC 䇠ᖅлᶕⲴᑖ⭥㋂ᆀⲴ伎㹼

ᖴ䘩ˈн਼Ⲵ仌㢢ਟ४࡛ᖴ䘩Ⲵࣘ䟿བྷሿǄ

മ(2.3.4)ኅ⽪Ҷ㋂ᆀ൘ᰦ䰤ᣅᖡᇔѝӗ⭏ؑ号ᒦ㻛᭦䳶Ⲵ䗷〻Ǆ䙊䗷⺞ᇊ⭥⿫ਁ
⭏位㖞Ⲵй㔤オ䰤඀ḷ⛩ (x, y, z)ˈਟԕ䟽ᔪ TPC ѝ㋂ᆀⲴᖴ䘩Ǆᖃᑖ⭥㋂ᆀク䗷
TPC 䜘޵ P10 ≄փᰦˈ⋯ަ䐟ᖴ⭥⿫≄փ分ᆀᒦӗ⭏⭥⿫⭥ᆀǄᖃ⭥ᆀ൘⭥൪֌⭘
л┲〫ࡠ TPC ⲴㄟⴆⲴཊэ↓∄ᇔᰦ൘䙊儈঻Ⲵ䱣ᶱэ䱴䘁ਁ⭏䴚ፙ䗷〻ˈᒦ൘䱣
ᶱэлᯩⲴؑ号᧕᭦ᶯ䱤ᶱ⡷ণ pad ᶯᒣ䶒кӗ⭏ᝏᓄؑ号Ǆ⴨䛫 pad ᶯඇ (单ᧂ)
Ⲵᝏᓄؑ号㻛⭥ᆀ学䟷䳶ѻਾᒦ㓿䗷䟽ᗳ⌅䟽ᔪਟԕᨀ׋⇿њ⭥ᆀ㈷Ⲵࠫѝ (Hit) ⛩
ؑ号൘ x-y ᒣ䶒кⲴ位㖞ؑ᚟Ǆа⅑ሩᫎਁ⭏ਾӗ⭏ⲴՇཊᑖ⭥㋂ᆀク䗷 TPC Պ⮉
лབྷ䟿Ⲵࠫѝ⛩Ǆ൘⺞ᇊ䘉Ӌࠫѝ⛩Ⲵ位㖞ਾˈла↕ቡᱟ䙊䗷֯⭘ᰦ䰤ᣅᖡᇔᖴ

䘩 (Time Projection Chamber Tracker, TPT) ㇇⌅䘋㹼㷪᯻ᖴ䘩ᤏਸᶕ䟽ᔪᑖ⭥㋂ᆀ
Ⲵй㔤ᖴ䘩 (Track)Ǆ⇿њᖴ䘩䜭ᱟа䱦㷪᯻㓯ˈն⭡Ҿ≄փѝⲴ㜭䟿ᦏཡ઼ཊ⅑ᓃ
ԁᮓሴˈਟ㜭Պ〽ٿ⿫㷪᯻ᖒ⣦Ǆ࡙⭘঑ቄᴬ (Kalman) ᤏਸᯩ⌅ [102] ሶ TPC ᭦
䳶ࡠⲴᖴ䘩ؑ᚟оަᆳ᧒⍻ಘ᭦䳶ࡠⲴ䱴࣐ᖴ䘩ؑ᚟䘋㹼޽ᤏਸˈᶕᗇࡠањޘተ
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(a)

(b)

മ 2.3.2: (a) മѪᰦ䰤ᣅᖡᇔॷ级ѻࡽ䱣ᶱᒣ䶒Ⲵањᡷ४⽪᜿മ [99]ˈަѝ pad ᶯ
ᧂࡇ密䳶Ⲵᡷ४Ѫཆᡷ४ˈpad ᶯᧂࡇ〰⮿Ⲵᡷ४Ѫ޵ᡷ४Ǆ(b) മѪॷ级ਾⲴ޵ᡷ
४㔃ᶴ⽪᜿മˈᐖമѪ޵䜘㔃ᶴമˈਣമѪ䳶ᡀਾⲴ޵ᡷ४

ᖴ䘩 (Global Track)Ǆ⇿њᴰሿᰐٿһֻⲴѫ⻠ᫎ亦⛩ (Primary Vertex) ⭡൘ TPC
ѝ᢮ࡠⲴᖴ䘩Ⲵ䟽ᔪ䍘䟿ᴰ֣Ⲵ਼ޡ৏⛩ߣᇊǄһֻ亦⛩位㖞Ⲵ位㖞඀ḷᶕⓀҾᖴ

䘩઼亦⛩䟽ᔪǄഐѪᮤњ┲〫䗷〻ѝ⭥ᆀ┲〫䙏ᓖっᇊˈਟԕⴻڊањᑨᮠˈ㘼┲

〫䙏ᓖਟ䙊䗷⇿њ Run (ণ STAR ᮠᦞ䟷䳶ᰦⲴ᧒⍻ಘ䇠ᖅⲴањઘᵏ) 䘀㹼ࡽ䘋㹼
Ⲵ TPC Ⲵ◰࡫ݹᓖ㧧ᗇˈᡰԕѫ⻠ᫎ亦⛩Ⲵ z ඀ḷ位㖞ਟԕ⭡┲〫ᰦ䰤 (ণ⭥ᆀ㈷
Ⲵ৏⛩ࡠᵛㄟⲴ䐍⿫䲔ԕᒣ൷┲〫䙏ᓖ) ᶕ⺞ᇊǄྲ᷌ањޘተᖴ䘩 (⴨ሩҾањѫ
⻠ᫎ亦⛩) Ⲵᴰ᧕䘁䐍⿫ (DCA) ሿҾ 3 cmˈࡉԕ䘉њѫ⻠ᫎ亦⛩֌Ѫањ仍ཆⲴᤏ
ਸ⛩ˈሩ䈕ᖴ䘩䘋㹼䟽ᯠᤏਸˈᗇࡠⲴᖴ䘩〠Ѫѫᖴ䘩 (Primary Track)Ǆᵜ䇪᮷⭘
䘹ᶑԦǃ㋂ᆀ类ර઼ࡔҾᖴ䘩䍘䟿ߣⲴᖴ䘩ѫ㾱ᱟѫᖴ䘩Ǆ䟽ᔪѫᖴ䘩Ⲵ᭸⦷ਆࡠ
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മ 2.3.3: ᑖ⭥㋂ᆀ൘ TPC ѝ⻠ᫎᖴ䘩Ⲵ⽪᜿മˈᐖ䗩ᱟᶏ⍱㿶䀂⽪᜿മˈਣ䗩ᱟח
㿶⽪᜿മǄമ⡷ᶕ㠚 STAR ਸ֌㓴മᓃ

ᖴ䘩ཊ䟽ᮠ (track multiplicity)Ǆṩᦞ䟽ᔪᗇࡠⲴй㔤ᖴ䘩൘ x-y ᒣ䶒кᴢ⦷ॺᖴԕ
৺⻱൪ؑ᚟ቡਟԕ䇑㇇ᗇࡠᑖ⭥㋂ᆀⲴ⁚ࣘ䟿ؑ᚟ˈӾ㘼䙊䗷㋂ᆀ൘ TPC ѝ䙊䗷Ⲵ
ᖴ䘩ਟԕᗇࡠѫ⻠ᫎ亦⛩位㖞ǃ⴨ᓄ⻠ᫎӗ⭏㋂ᆀⲴ䘀ࣘᯩੁ઼ࣘ䟿ؑ᚟Ǆ

2.3.3 TPC 粒子鉴别原理

ᑖ⭥㋂ᆀਟԕ⭘ TPC 䙊䗷㜭䟿ᦏཡ (dE/dx) ᶕ䢤࡛ˈ䘉ᱟ⭡儈㜭ᑖ⭥㋂ᆀо
TPC Ⲵ⭥⿫ؑ号ᑵᓖབྷሿ઼ᑖ⭥㋂ࡠ䜘Ⲵӻ䍘⴨ӂ֌⭘䙐ᡀⲴǄ䈫ࠪ㌫㔏᭦䳶޵
ᆀ൘ TPC ѝਁ⭏৏ࡍᰦ⭥⿫ᦏཡⲴ㜭䟿ᡀ↓∄Ǆṩᦞᖴ䘩䮯ᓖԕ৺᭦䳶ࡠⲴ⭥⿫
㜭ᦏؑ᚟ቡਟԕᗇࡠሩᓄⲴᑖ⭥㋂ᆀ൘ᐕ֌≄փѝⲴ单位䐍⿫ᒣ൷⭥⿫㜭ᦏؑ᚟

⟨dE/dx⟩Ǆ⭡Ҿ⭥⿫ӗ⭏Ⲵ⭥ᆀؑ号⌒ࣘབྷˈ㘼⍻䟿㋂ᆀ㜭䟿ᦏཡⲴ䮯ᓖ⸝ˈᇎ䱵⍻
䟿ѝ֯⭘ᴰབྷլ❦Ⲵ dE/dx 㘼нᱟᒣ൷ dE/dxǄᴰབྷլ❦ dE/dx ᱟ䙊䗷〫䲔⭥⿫
㜭䟿ᦏཡᴰབྷⲴ 30% Ⲵ㋂ᆀ㈷ਾ䇑㇇࢙лⲴ 70% Ⲵ㋂ᆀ㈷Ⲵᒣ൷٬ᶕᗇࡠǄᴰབྷ
լ❦⭥⿫㜭䟿ᦏཡਟ⭘ Bichsel ࠭ᮠ [95] ᶕ᧿䘠ˈ⭡ Bethe-Bloch ᔿޜ [103] Ⲵᢙኅ
㘼ᶕǄሩҾањ㔉ᇊⲴᖴ䘩ࣘ䟿઼㋂ᆀ䍘䟿ᶕ䈤ˈޜᔿާփᖒᔿྲᔿ2.1ᡰ⽪Ǆ

− dE

dx
= 4πNAr

2
cmec

2z2
Z

A

1

β

[
ln
2mec

2β2γ2

I
− β2 − δ

2

]
(2.1)

ަѝ z Ѫޕሴ㋂ᆀ⭥㦧ǄZ Ѫӻ䍘Ⲵ৏ᆀᒿᮠǄA Ѫӻ䍘Ⲵ৏ᆀ䟿ǄMe Ѫ⭥ᆀ䍘

䟿Ǆrc ᱟ⭥ᆀ㓿ިॺᖴǄNA ᱟ䱯Կխᗧ㖇ᑨᮠǄI Ѫӻ䍘Ⲵᒣ൷◰ਁ㜭Ǆβ = v/c

Ѫᑖ⭥㋂ᆀⲴ䙏ᓖǄδ Ѫ᧿䘠ޕሴⲴ⴨ሩ䇪ᙗ㋂ᆀⲴ⁚ੁ⭥൪㻛৏ᆀ⭥ᆀ⭥㦧密ᓖቿ

㭭〻ᓖⲴ৲ᮠǄ䴰㾱⌘᜿Ⲵᱟˈкᔿӵ䘲⭘Ҿޕሴ㋂ᆀ䍘䟿䘌བྷҾ⭥ᆀ䍘䟿ⲴᛵᖒǄ

ᔿ2.1㺘᰾ޜ dE/dx о㋂ᆀ䍘䟿ᴹޣˈ䘉ᱟ TPC 䢤࡛㋂ᆀⲴ׍ᦞǄTPC ѝѫ
㋂ᆀ઼⅑级㋂ᆀⲴ⭥⿫㜭䟿ᦏཡ䲿㋂ᆀࣘ䟿Ⲵਈॆޣ㌫ྲമ(2.3.5)ᡰ⽪Ǆ㓒㓯ᱟ
Bichsel ࠭ᮠሩн਼⿽类㋂ᆀⲴ dE/dx ⨶䇪亴⍻٬ˈᮠᦞ⛩Ѫ dE/dx Ⲵ⍻䟿٬Ǆሩ
Ҿᑖ⭥ π ӻᆀ઼ K ӻᆀˈབྷ㓖 6-10% Ⲵ TPC 㜭ᦏ dE/dx 分䗘⦷㜭ཏ䢤࡛ࡠ⁚ࣘ
䟿ᴰབྷࡠ 0.75 GeV/c Ⲵ㤳തˈ㘼 TPC ሩ䍘ᆀ઼৽䍘ᆀⲴ䢤࡛ࡉਟ䗮ࡠ⁚ࣘ䟿 1.1
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മ 2.3.4: ᰦ䰤ᣅᖡᇔᐕ֌৏⨶⽪᜿മǄኅ⽪Ҷ㋂ᆀ൘ᰦ䰤ᣅᖡᇔѝਁ⭏⭥⿫ਾӗ⭏
Ⲵ৏ࡍ⭥⿫⭥ᆀ┲〫ࡠ䈫ࠪㄟԕ৺൘䈫ࠪㄟэᇔਁ⭏䴚ፙ䗷〻ਾ൘ pad ᒣ䶒кӗ⭏
ᝏᓄؑ号Ⲵ䗷〻 [101]

GeV/c Ⲵ㤳തǄᇎ傼кˈ㋂ᆀ䢤࡛ਟ⭘ਈ䟿 nσ ᶕ᧿䘠⍻䟿ᖴ䘩Ⲵ dE/dx ⴨ሩҾަ
⨶䇪ᵏᵋ٬ѻ䰤Ⲵ儈ᯟḷ߶ᐞǄᆳⲴᇊѹྲᔿ2.2ᡰ⽪ˈ

nσi =
log( ⟨dE/dx⟩measured

⟨dE/dx⟩iexpected
)

σ⟨dE/dx⟩
(2.2)

ަѝ i ᱟ㋂ᆀ类ර (ֻྲˈe±ˈπ±ˈK±ˈp(p̄))ˈ⟨dE/dx⟩measured ᱟࡽ᮷ѝᨀࡠⲴਟ

ԕ䙊䗷 TPC ⍻䟿ᗇࡠⲴᑖ⭥㋂ᆀᖴ䘩Ⲵ单位䮯ᓖᒣ൷⭥⿫㜭ᦏؑ᚟ˈণ 70% Ⲵ㋂
ᆀ㈷ⲴⲴ⭥⿫㜭䟿ᦏཡᒣ൷٬Ǆ⟨dE/dx⟩expected ᱟ൘㔉ᇊࣘ䟿лⲴ䙊䗷 Bethe-Bloch
ᔿ亴⍻Ⲵ㋂ᆀޜ i 单位䮯ᓖᒣ൷⭥⿫㜭ᦏˈণࡽ᮷ѝᨀࡠⲴਟԕ䙊䗷 Bichsel ࠭ᮠ᧿
䘠Ⲵᴰབྷլ❦⭥⿫㜭䟿ᦏཡǄσ⟨dE/dx⟩ Ѫ TPC ⍻䟿单位䮯ᓖᒣ൷⭥⿫㜭ᦏⲴ分䗘⦷ˈ
ަ㤳തབྷᾲ൘ 6% ࡠ 10% ѻ䰤Ǆ൘⨶ᜣᛵߥлˈ㋂ᆀ i Ⲵ nσi ᓄ䈕Ѫањѝᗳ٬Ѫ

0 ᇭᓖѪ 1 Ⲵ儈ᯟ分ᐳǄ䘉ṧˈTPC Ⲵ㋂ᆀ䢤࡛ቡਟԕ䙊䗷ሩ nσi 䘹ࡔਸ䘲Ⲵ࣐ᯭ

ᶑԦᶕ䢤࡛㋂ᆀ⿽类Ǆ

2.4 飞行时间探测器

TOF [97, 104] ㌫㔏Ⲵѫ㾱ⴞḷᱟሶᇎ傼Ⲵ㋂ᆀ䢤࡛㜭࣋ᢙኅࡠ儈ࣘ䟿४ฏˈ
TOFⲴ᧒⍻㌫㔏⭡䎍亦⛩位㖞᧒⍻ಘ (pseudo Vertex Position Detector, pVPD) [105]
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മ 2.3.5: TPC ѝн਼⿽类㋂ᆀ⭥⿫㜭䟿ᦏཡ䲿㋂ᆀࣘ䟿Ⲵਈॆޣ㌫⽪᜿മǄᵜമѝ
ᮠᦞ൘⻱൪Ѫ 0.25T Ⲵ⧟ຳл⍻䟿 [95]

઼伎㹼ᰦ䰤᧒⍻ಘ (TOF) 㓴ᡀǄpVPD 位Ҿ STAR Ầ⣦㔃ᶴⲴєחཆ䜘ˈ㾶ⴆ䎍
ᘛᓖ㤳ത 4.2 < |η| < 5.1ˈ⭡ь઼ח㾯חєњ⴨਼Ⲵ᧒⍻ಘ⁑ඇ㓴ᡀǄ⇿њ⁑ඇ䐍

⿫ STAR ѝᗳ 5.7mˈ㻛᭮㖞൘䶎ᑨ䶐䘁ᶏ⍱㇑Ⲵൠᯩˈ਴⭡ 19 њ䰚⛱փ᧒⍻ಘ㓴
ᡀǄᑖᴹ pVPD Ⲵ TOF ᧒⍻⁑ඇ位㖞⽪᜿മྲമ(2.4.3)ᡰ⽪ [97, 104]ǄVPD ਟԕ
⍻䟿⻠ᫎһֻਁ⭏Ⲵᰦ䰤ˈᨀ׋ሩᫎһֻ亦⛩ (Vertex) z ᯩੁ位㖞分䟿ǄTOF ㍗᧕
⵰ TPC ཆ᭮㖞൘ STAR Ầ⣦⻱փ޵䜘ˈ⍻䟿ሩᫎӗ⭏㋂ᆀ䗮ࡠ TOF Ⲵᰦ䰤Ǆ䘉ṧ
pVPD ઼ TOF ࠫѝ⛩а䎧ᨀ׋Ҷሩ㋂ᆀ伎㹼䎧→ᰦ䰤Ⲵ⍻䟿ǄTOF ᙫޡ⭡ 120 њ
᧒⍻⁑ඇ㓴ᡀˈь㾯ח਴ 60 њˈ㾶ⴆҶᮤњ 2π ᯩ位䀂ˈԕ৺䎍ᘛᓖ㤳ത |η| < 1.0

Ⲵ४ฏǄSTAR ൘ 2010 ᒤ䘋㹼ҶสҾ MRPC ᢰᵟ [105] ⲴޘẦ䜘 TOF ᧒⍻ಘॷ级
(upgrade of full barrel TOF detector)Ǆ⇿њ⁑ඇᴹ 32њ MRPC⁑ඇˈ൘ TPCઘത
Ⲵᯩ位䀂 (∆ϕ) ᯩੁ㾶ⴆ 6 ᓖ㤳തǄമ(2.4.1) Ѫ MRPC Ⲵ㔃ᶴ⽪᜿മǄമ(2.4.2)㔉
ࠪҶ TOF ᆀ㌫㔏਴ pad кተ䜘඀ḷ㌫㔏Ⲵ䈖㓶ࠐօ㔃ᶴǄ
ྲкሿ㢲ѝᡰ䇘䇪ˈ൘ࣘ䟿䖳儈Ⲵ४䰤޵䘋㹼㋂ᆀ䢤࡛ᰦ䲔 TPC ⭥⿫㜭ᦏؑ᚟

ԕཆ䘈䴰㾱ަᆳؑ᚟ᶕॿࣙ䘋㹼㋂ᆀ䢤࡛Ǆ䙊䗷 TOF ⍻䟿㋂ᆀⲴ伎㹼䙏ᓖԕ৺⭡
TPC ⍻䟿ࡠⲴࣘ䟿ؑ᚟ᶕ䇑㇇ࠪ㋂ᆀ䍘䟿Ⲵ⴨ؑޣ᚟ˈቡᱟަѝањ䟽㾱ᯩ⌅Ǆᢺ
Ӿ STAR TPC ѝ䟽ᔪⲴᖴ䘩ཆ᧘ࡠ TOF ѝˈᶕ䇑㇇ᰦ䰤䰤䳄 (time intervalˈ∆t)Ǆ
㔃ਸ STAR TPC ⺞ᇊࣘ䟿 pˈṩᦞᖴ䘩䇑㇇ࡠ䗮 TOF Ⲵ伎㹼䐟ᖴ䮯ᓖ l, ᗇࡠ㋂ᆀ
伎㹼䙏ᓖѪ˖

β =
l

c∆t
(2.3)

ަѝ c ᱟݹ䙏Ǆᑖ⭥㋂ᆀⲴ䍘䟿 m ˖ࡠਟ⭡лᔿᗇࡉ

m2 = p2
(

1

β2
− 1

)
(2.4)
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മ 2.4.1: MRPC Ⲵח㿶മˈкമѪ⋯䮯䗩ᯩੁˈлമѪ⋯⸝䗩ᯩੁ [105]

Ӿ㘼⭡ m2 ᡆ㘵 1/β ⴤ᧕䢤࡛㋂ᆀǄྲമ(2.4.4)(a) ᡰ⽪ TOF ⍻䟿Ⲵ 1/β 䲿ࣘ䟿ਈ

ॆⲴ分ᐳˈ㜭分䗘⭥ᆀ eˈπ ӻᆀˈK ӻᆀˈ↓৽䍘ᆀ p(p̄) ㅹ㋂ᆀǄ

类լൠˈҏਟԕሶ㋂ᆀⲴ伎㹼䙏ᓖؑ᚟ֻྲ 1/β ֌Ѫ⴨ࡔޣ䘹ᶑԦˈ޽䙊䗷

TPC ⍻䟿Ⲵ⭥⿫㜭ᦏؑ᚟⭘ᶕ䘋㹼㋂ᆀ䢤࡛Ǆԕ⭥ᆀ䢤࡛Ѫֻˈമ(2.4.4)(b) ኅ⽪
Ҷ TOF ␫࣐ 1/β ∄⴨ˈࡠਾⲴ⭥⿫㜭ᦏ分ᐳǄ൘മ(2.4.4(b))ѝਟԕⴻࡽ䘹ᶑԦࡔ
Ҿкമᵚ␫࣐ TOF Ⲵ 1/β ⭘䘹ᶑԦ㘼ӵࡔ TPC Ⲵ⭥⿫㜭ᦏ֌㋂ᆀ䢤࡛ˈᖃ仍ཆ␫
࣐ |1− 1/β| < 0.03 Ⲵ⭥ᆀࡔ䘹ᶑԦᰦˈਟԕᖸ᰾ᱮൠᢺ⭥ᆀⲴ⭥⿫㜭ᦏ઼ަԆᕪᆀ

Ⲵ⭥⿫㜭ᦏ分ᐳ४分ᔰᶕ [106]Ǆ类լൠˈҏਟԕ䙊䗷␫࣐䢤࡛ᕪᆀⲴ TOF ⍻䟿Ⲵ
1/β ⭘䘹ᶑԦˈᒦ࡙ࡔ TPC Ⲵ䢤࡛㜭࣋ˈᶕ䢤࡛ᕪᆀǄ

മ 2.4.2: STAR к TOF ‭ (tray)ǃ⁑ඇ (module) ઼㺜ඇ (pad) Ⲵࠐօ㔃ᶴ [96, 97]
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മ 2.4.3: STARк pVPD઼ TOF᧒⍻⁑ඇ㌫㔏৏⨶മǄമѝ TPC䈖㓶㔃ᶴǃSTAR
⻱൪઼ަԆᆀ㌫㔏ᵚ⭫ࠪ [96, 97]

(a) (b)

മ 2.4.4: (a) മѪ㋂ᆀⲴ 1/β 分ᐳ䲿⵰ࣘ䟿ਈॆⲴ⽪᜿മǄ(b) മѪ⭥⿫㜭ᦏ
(dE/dx) 䲿⵰ࣘ䟿ਈॆⲴ分ᐳǄ(b) മкॺ䜘分Ѫӵ⭘ TPC ⍻䟿ˈн␫࣐仍ཆⲴޣ
Ҿ 1/β Ⲵࡔ䘹ᶑԦᰦⲴ⭥⿫㜭ᦏ分ᐳǄ(b) മлॺ䜘分Ѫ൘кॺ䜘分ส⹰к仍ཆ␫
࣐ |1− 1/β| < 0.03 Ⲵࡔ䘹ᶑԦᰦⲴ⭥⿫㜭ᦏ分ᐳ [107]
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第三章 高横动量强子谱的测量

ᵜㄐሶ䇪䘠ሩ儈⁚ࣘ䟿ᕪᆀ䉡 (π±ˈp(p̄)) Ⲵᮠᦞ分᷀䗷〻Ǆѫ㾱वᤜྲл䜘分˖
ᮠᦞṧᵜ઼ࡍㆋǃѝᗳᓖࡂ分ǃһ઼ֻᖴ䘩ࡔ䘹ǃTPC 㜭ᦏ࡫ᓖᯩ⌅ǃ䙊䗷 TPC
઼ TOF 䘋㹼㋂ᆀ䢤઼࡛ӗ仍Ⲵᨀਆǃ᭸⦷؞↓ԕ৺㌫㔏䈟ᐞǄᵜᇎ傼ѝˈ֯⭘Ⲵᱟ
STAR ᇎ傼 2019 ᒤⲴ √

sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴᮠᦞṧᵜˈ分᷀ѝ֯
⭘Ⲵѫ㾱᧒⍻ಘᱟ TPC ઼ TOFǄԕл਴ሿ㢲ሶሩ分᷀䗷〻ѝ਴䜘分࣐ԕ䈖㓶䈤᰾Ǆ

3.1 数据样本和初筛

Ѫ┑䏣ཊṧॆⲴ⢙⨶分᷀䴰≲ˈ⎧䟿Ⲵ STAR ᇎ傼ᮠᦞ᤹➗ަ䟷䳶ǃ䟽ᔪ઼ᆈ
ۘⲴᯩᔿ䘋㹼ḷ䇠ˈԕׯҾᘛ䙏䇯䰞Ǆᵜ⢙⨶分᷀䟷⭘ྲлḷ䇠Ⲵᮠᦞṧᵜ˖

production=P21ic,
filetype=daq_reco_picoDst,trgsetupname=production_19GeV_2019,

filename st_physics,storage!=HPSS

ণᮠᦞ䟷⭘Ⲵ䟽ᔪᓃ⡸ᵜѪ P21icˈ᮷Ԧ类රѪ daq_reco_picoDst, ᮠᦞӗ⭏ᰦ䰤
Ѫ 2019 ᒤⲴ⻠ᫎ㜭䟿Ѫ 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴᮠᦞˈᙫ䇑 5.82 ӯ⻠ᫎһ
ֻǄྲ㺘Ṭ(3.1.1)2019ˈࠪࡇᒤ䟷䳶Ⲵᮠᦞ䇠Ѫ Run19ˈ኎Ҿ BES-IIᵏˈ2011ᒤ䟷
䳶Ⲵᮠᦞ䇠Ѫ Run11ˈ኎Ҿ BES-I ᵏˈᵜ䇪᮷֯⭘Ⲵᱟབྷ㔏䇑䟿Ⲵ BES-II ᵏᮠᦞǄ

ᮠᦞ䍘䟿ࡍㆋᱟ䘋а↕Ⲵ⢙⨶分᷀ѻࡽⲴ俆㾱↕僔ˈሶࢄ↕ࡍ䲔ᆈ⯁ⲴᮠᦞǄ

൘ STAR ᇎ傼ѝˈ䟷䳶ᮠᦞԕањĀrunā֌Ѫสᵜ单ݳǄ⇿ањĀrunāṩᦞᰦ䰤
亪ᒿ䍻ҸањୟаⲴ㕆号ǄĀrunāҏ㻛⭘֌สᵜⲴ分᷀单ݳǄỰḕⲴ䗷〻वᤜ൘㓯
઼⿫㓯Ựḕєњ䜘分Ǆ൘㓯䍘䟿Ựḕѫ㾱ᱟᤷ᧒⍻ಘ䟷䳶ᮠᦞᰦⲴᇎᰦᮠᦞ䍘䟿ⴁ

᧗ǄаӋᔲᑨⲴĀrunāՊഐѪḀӋ৏ഐ㻛ᧂ䲔ᦹǄֻྲ˖䘀㹼ᰦ䰤䗷⸝ˈᶏ⍱⣦ᘱ
ᔲᑨǄ

√
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎᮠᦞ൘㓿䗷൘㓯䍘䟿ㆋ䘹ѻਾˈ։лҶ

1145 њĀrunāǄ㘼⿫㓯ᮠᦞỰḕˈࡉᱟ䟷䳶ᆼᮠᦞਾˈ޽ṩᦞᡁԜᝏޤ䏓Ⲵ⢙⨶ࣘ
ᵪˈ৫Ựḕ⇿њ run ѝⲴаӋޣ䭞৲ᮠˈֻྲѫ⻠ᫎ亦⛩Ⲵ z ᯩੁ位㖞൘⇿њ run
Ⲵᒣ൷٬ˈྲ᷌൘Ḁњ runⲴᒣ൷ٿ٬⿫ᡰᴹ runᮤփ䗷ཊˈቡࢄ䲔䘉њ runǄᵜ分
᷀ѝᡁԜⴤ᧕ࢄ䲔 STAR ਸ֌㓴ᇈᯩⲴ StRefMultCorr व䟼Ⲵ 99 њ䰞仈㕆号Ābad
runāǄ
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㺘 3.1.1: RHIC BES-I ᵏ઼ II ᵏ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎᮠᦞ㔏䇑䟿

ǂ

ᒤԭ ሩᫎ㜭䟿 һֻ㔏䇑䟿

BES-I 2011 ᒤ 19.6 GeV 0.36 ӯ⅑
BES-II 2019 ᒤ 19.6 GeV 5.82 ӯ⅑

3.2 中心度划分

ᵜ分᷀䟷⭘ᴰሿᰐٿ䀖ਁᮠᦞԕ㾶ⴆཊњѝᗳᓖᮠᦞǄ䀖ਁ [108] ᱟа⿽ṩᦞᡁ
Ԝᝏޤ䏓Ⲵ⢙⨶ࣘᵪӾᇎ傼ѝᴹ䘹ᤙᙗൠ䇠ᖅ⢩ᇊһֻⲴᯩ⌅Ǆ൘ᮠᦞ䟷䳶ᰦˈਚ

ᴹ┑䏣Ҷ䀖ਁࡔ䘹ᶑԦⲴ⻠ᫎһֻ᡽Պ᤹䇮ᇊ䙏⦷䇠ᖅлᶕǄᵜ分᷀䘹ਆᴰሿᰐٿ

䀖ਁ (Minimum Bias Trigger)ˈवᤜӾٿᗳࡠѝᗳⲴᮤњ⻠ᫎ㤳തˈᡰሩᓄⲴ㕆号ྲ
㺘Ṭ(3.2.1)ᡰ⽪Ǆ㺘Ṭ(3.2.1)ࠪࡇᵜ分᷀ѝ֯⭘Ⲵᡰᴹ䀖ਁ䇮㖞Ⲵ਽〠઼㕆号Ǆ

㺘 3.2.1: 分᷀ѝᡰ⭘ࡠⲴ䀖ਁ䇮㖞Ⲵ਽〠ԕ৺㕆号

ǂ
䀖ਁ਽〠 䀖ਁ㕆号

minimum bias 640001ˈ640011ˈ640021ˈ640031ˈ640041ˈ640051

ྲ 1.2.1 㢲ᡰ䇘䇪Ⲵˈѝᗳᓖ䙊䗷⍻䟿ѝ䰤ᘛᓖ४ (| η |< 0.5) Ⲵᑖ⭥㋂ᆀཊ䟽
ᮠ (RefMult) ᒦо Glauber ⁑ර [12] 䇑㇇Ⲵ㔃᷌ڊሩ∄ᶕ⺞ᇊǄѝᗳⲴһֻᴹ⵰∄
ᗳⲴһֻᴤབྷⲴٿ Npart ઼ NcollǄNpart Ⲵᇊѹᱟ㠣ቁ㓿শа⅑⻠ᫎⲴṨᆀⲴᙫᮠˈ

Ncoll ᱟҼݳṨᆀ -Ṩᆀ⻠ᫎⲴᮠⴞǄ൘䘉њ分᷀ѝˈһֻ㻛分Ѫ⭡ᙫⲴ㋂ᆀཊ䟽ᮠ
ⲴⲮ分∄ᶕᇊѹⲴӾѝᗳٿࡠᗳⲴ 9 њѝᗳᓖ४䰤ˈণ 0 - 5%, 5 - 10%, 10 - 20%, 20
- 30%, 30 - 40%, 40 - 50%, 50 - 60%, 60 - 70%, ઼ 70 - 80%Ǆ㺘Ṭ(3.2.2)ᱟ BES-II ᵏ
Ⲵ Run19 ѝ 19.6 GeV 䠁Ṩ − 䠁Ṩሩᫎн਼ѝᗳᓖሩᓄⲴѝ䰤ᘛᓖ४㋂ᆀཊ䟽ᮠ㤳
തˈ਼ᰦࠪࡇӾ Glauber ⁑රᗇࡠⲴ Run19 ѝ 19.6 GeV 䠁Ṩ − 䠁ṨሩᫎⲴн਼ѝ
ᗳᓖᇊѹлⲴ Ncoll ઼ Npart ᒣ൷٬Ǆ

3.3 事例和径迹判选

һֻࡔ䘹ᤷ᤹аᇊⲴࡔ䘹ᶑԦ䘹ᤙㅖਸᇎ傼分᷀䍘䟿㾱≲Ⲵ⻠ᫎһֻⲴ䗷〻Ǆ

൘᧒⍻ಘѝˈѫ⻠ᫎ亦⛩ᱟᤷޕሴ䠁Ṩ − 䠁Ṩਁ⭏⻠ᫎⲴ位㖞Ǆ⨶ᜣᶑԦлˈ⇿њ
ሩᫎһֻᓄᖃᴹфਚᴹањѫ⻠ᫎ亦⛩Ǆ⭡Ҿ STAR TPC ᱟањሩ〠᧒⍻ಘˈᡁԜ
䘹ᤙ䛓Ӌѫ⻠ᫎ亦⛩䶐䘁 TPC ѝᗳⲴһֻˈ䘉ሶ⺞؍བྷ䜘分㋂ᆀ㻛 TPC 䇠ᖅⲴᖴ
䘩ᴰ䮯ˈഐ↔䟽ᔪᖴ䘩Ⲵ᭸᷌ՊᴤྭǄᵜ分᷀䟷⭘ѫ⻠ᫎ亦⛩൘⿫ TPC ѝᗳ㋂ᆀᶏ
⍱ᯩੁ z ඀ḷ↓䍏 145 ৈ㊣㤳ത޵ⲴһֻǄѪҶ䚯ݽᶏ⍱઼᧒⍻ಘ≄փᡆ㘵᧒⍻ಘ

ᶀᯉ⴨ӂ֌⭘ӗ⭏Ⲵһֻ⊑ḃˈᡁԜ䘈㾱≲һֻ⻠ᫎ亦⛩൘ x-y ᒣ䶒Ⲵ位㖞 Vr ൘䐍
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㺘 3.2.2: ѝ䰤ᘛᓖ४ (| η |< 0.5) Run19 ѝ 19.6 GeV 䠁Ṩ − 䠁Ṩሩᫎᴰሿᰐٿᮠᦞ
Ⲵн਼ѝᗳᓖᇊѹлⲴ㋂ᆀཊ䟽ᮠ㤳തˈԕ৺⭡ Glauber ⁑ර䇑㇇ᗇࡠⲴ Run19 ѝ
19.6 GeV 䠁Ṩ − 䠁ṨሩᫎⲴн਼ѝᗳᓖᇊѹлⲴ Ncoll ઼ Npart ᒣ൷٬

ǂ

ѝᗳᓖ ᑖ⭥㋂ᆀཊ䟽ᮠ (RefMult) < Ncoll > < Npart >

0 - 5 % > 296 819.82 340.18
5 - 10 % > 243 655.68 289.41
10 - 20 % > 165 470.10 225.28
20 - 30 % > 110 296.46 159.76
30 - 40 % > 70 179.54 110.16
40 - 50 % > 43 103.15 73.12
50 - 60 % > 24 55.20 45.72
60 - 70 % > 13 27.70 26.94
70 - 80 % > 6 12.96 14.63

⿫৏⛩Ⲵ 2 ৈ㊣ॺᖴ㤳തԕ޵ˈVr =
√
V 2
x + V 2

yˈަѝ Vx ઼ Vy ᱟ⋯ x ઼ y ᯩੁⲴ
⻠ᫎ亦⛩位㖞Ǆ਼ᰦ⭡Ҿ分᷀ѝ䴰㾱⭘ࡠ TOFˈ㾱≲һֻѝо TOF ३䝽ᡀ࣏Ⲵᖴ
䘩Ⲵᶑᮠ nBTOFMatch བྷҾ 3 ᶑǄᒦф൘儈仁⦷Ⲵ⻠ᫎਁ⭏ᰦˈਟ㜭ՊഐѪཊһ
ֻึ〟 (pileup effect) ሬ㠤ањһֻѝ䟽ᔪࠪཊњѫ⻠ᫎ亦⛩ǄᡁԜ֯⭘ STAR ਸ֌
㓴ᇈᯩⲴ StRefMultCorr व৫䲔䟽⿫ᆀ⻠ᫎѝⲴһֻึ〟Ǆ√

sNN = 19.6 GeV Ⲵ䠁
Ṩ − 䠁Ṩ⻠ᫎⲴһֻࡔ䘹ᶑԦ઼ Vz ઼ Vr 分ᐳ分࡛ྲ㺘Ṭ(3.3.1)઼മ(3.3.1)ᡰ⽪Ǆ

㺘 3.3.1: Run19 ѝ 19.6 GeV 䠁Ṩ − 䠁ṨሩᫎᴰሿᰐٿᮠᦞⲴһֻࡔ䘹ᶑԦ

ǂ

਽〠 䘹ᶑԦࡔ

| Vz | 6 145 cm
Vr 6 2 cm

nBTOFMatch > 3
һֻึ〟৫䲔 StRefMultCorr Pileup Rejection

ᖴ䘩ࡔ䘹᤹аᇊⲴࡔ䘹ᶑԦ൘һֻѝ䘹ࠪㅖਸ分᷀䍘䟿㾱≲Ⲵ㋂ᆀᖴ䘩Ⲵ䗷

〻Ǆ㋂ᆀࣘ䟿分䗘⦷઼⿽类䢤࡛Ⲵ߶⺞ᓖਆߣҾ单ᶑᖴ䘩⍻䟿઼䟽ᔪⲴ䍘䟿Ǆ俆ݸ

ᡰ䴰ᖴ䘩享ᶕ㠚ѫ⻠ᫎ亦⛩ǄާփⲴ㾱≲Ѫᖴ䘩Ѫѫᖴ䘩ˈфоѫ⻠ᫎ亦⛩Ⲵᴰ᧕

䘁Ⲵ䐍⿫ (DCA) ሿҾ 3 ৈ㊣Ǆ䘉⺞؍Ҷ分᷀ᡰ⭘ᖴ䘩ᶕ㠚䀖ਁһֻ亦⛩ˈ㘼нᱟ
ᶕ㠚Ҽ⅑⻠ᫎᡆ㘵ަᆳ⴨ӂ֌⭘ˈѫ⻠ᫎ亦⛩䴰֌Ѫᖴ䘩䟽ᔪⲴᤏਸ⛩ѻаǄਖ

ањࡔ䘹ḷ߶ᱟሩᖴ䘩䟽ᔪⲴᤏਸ⛩ᮠ䟿Ⲵ㾱≲ˈާփൠˈ⇿ᶑᖴ䘩䟽ᔪᰦⲴᤏ

ਸ⛩ (nHitsFit) 㠣ቁ 15 њˈᤏਸ⛩Ⲵᮠⴞо䈕ᖴ䘩ᴰཊਟ㜭ࠫѝ⛩ⲴᮠⴞⲴ∄٬
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(a) (b)

മ 3.3.1: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴһֻ⻠ᫎ亦⛩位㖞分ᐳˈ(a) ᱟ Vzˈ

(b) ᱟ Vx ઼ Vy ⲴҼ㔤分ᐳമ

(nHitsPoss) 㠣ቁѪ 0.51ǄѪҶ؍䇱߶⺞⍻ᇊᖴ䘩Ⲵ㜭䟿ᦏཡ dE/dx ٬ˈ㾱≲⭘Ҿ䇑
㇇㜭䟿ᦏཡ dE/dx Ⲵ⛩ᮠ nHitsdEdx Ⲵ٬㠣ቁѪ 10Ǆ⭡Ҿ൘ᵜ分᷀ѝ֯⭘Ҷ TOFˈ
ᴰਾ㾱≲ TOF ࠫѝ⛩ѝᗳоᖴ䘩ѻ䰤䐍⿫⋯ TOF Ⲵ y ઼ z ᯩੁ⴨ᐞ分࡛൘↓䍏
1.6 ઼ 2.8 ৈ㊣㤳ത޵Ǆᵜ分᷀䘹⭘ѝ䰤ᘛᓖ४ |y| < 0.55Ǆ

√
sNN = 19.6 GeV Ⲵ䠁Ṩ

− 䠁Ṩ⻠ᫎⲴᖴ䘩ࡔ䘹ᶑԦ≷ᙫҾ㺘Ṭ(3.3.2)Ǆ

㺘 3.3.2: Run19 ѝ 19.6 GeV 䠁Ṩ − 䠁ṨሩᫎᴰሿᰐٿᮠᦞⲴᖴ䘩ࡔ䘹ᶑԦ

ǂ

਽〠 䘹ᶑԦࡔ

nHitsFit > 15
nHitsDeDx > 10

nHitsFit/nHitsPoss > 0.51
DCA < 3 cm

bTOFyLocal 6 1.6 cm
bTOFzLocal 6 2.8 cm

|y| < 0.55

3.4 TPC 能损二次刻度方法

TPC Ⲵ㋂ᆀ⿽类䢤࡛׍䶐Ⲵᱟሩ㋂ᆀ൘ TPC ѝ㜭ᦏⲴ߶⺞⍻䟿Ǆ⭡Ҿ⨶䇪
䇑㇇ѝⲴ䘁լǃ⭥ᆀಘԦⲴಚ༠ǃ≄փؽ⦷໎⳺Ⲵ⏘㩭ˈԕ৺൘儈ᶏ⍱ӞᓖлⲴึ

〟ਐ࣐ㅹഐ㍐Ⲵᖡ૽ˈᇎ傼ѝ㜭䟿ᦏཡ dE/dx Ⲵⵏᇎ٬ਟ㜭о䍍ຎቄ࠭ᮠⲴ⨶䇪
亴⍻٬ᴹٿᐞ [95, 109, 110]Ǆ䘉ሬ㠤 π±ˈK±ˈp(p̄)ˈe± Ⲵ dE/dx ؑ号ጠⲴ᰾ᱮ
分⿫ॱ分ഠ䳮ǄdE/dx ѝᗳ٬Ⲵн⺞ᇊᙗˈ໎བྷҶᇎ傼Ⲵ㌫㔏䈟ᐞǄ㋮⺞⺞ᇊ਴ᕪ
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ᆀ dE/dx ѝᗳ٬ሩ㋂ᆀ䢤࡛ॱ分䟽㾱ˈሶ䱽վ䢤࡛Ⲵᕪᆀӗ仍Ⲵ㌫㔏䈟ᐞǄѪҶ
ᨀ儈൘儈⁚ࣘ䟿४ฏⲴ㋂ᆀ䢤࡛Ⲵ㋮ᓖˈᵜ分᷀ѝሶ䟷⭘ STAR 㓴 TPC Ҽ⅑࡫ᓖ
⌅ [109, 110]ˈ㋮⺞࡫ᓖн਼ᕪᆀ dE/dx ѝᗳ٬Ǆ
㋮⺞࡫ᓖ TPC 㜭ᦏ dE/dx Ⲵޣ䭞ᱟ㧧ᗇ儈㓟Ⲵ䢤࡛㋂ᆀṧᵜˈӾ㘼࡙⭘儈㓟

Ⲵᐢ⸕⿽类Ⲵ㋂ᆀሩ dE/dx 䘋㹼Ҽ⅑࡫ᓖǄᡁԜ分࡛䙊䗷ѕ㤋Ⲵ TPC ઼ TOF ࡔ
䘹ᶑԦ㧧ᗇ儈㜭Ⲵ e±ˈπ± ṧᵜˈ䙊䗷䟽ᔪ Λ(Λ̄) 㧧ᗇަ㺠ਈⲴ儈㓟 π±ˈp(p̄) ṧᵜǄ

⭡儈㓟 e±ˈπ±ˈp(p̄) ṧᵜⲴᇎ䱵⍻䟿٬о䍍ຎቄ࠭ᮠⲴ亴⍻٬Ⲵٿᐞᶕṑ↓ dE/dx
ѝᗳ٬Ǆٿᐞо㋂ᆀ⿽类ᰐޣˈӾ㘼ᇎ⧠ሩ π±ˈK±ˈp(p̄)ˈe± Ⲵ dE/dx ⲴҼ⅑࡫
ᓖǄ㓿䗷Ҽ⅑࡫ᓖⲴ dE/dx ሶ㻛⭘Ҿ π± ӗ仍ⲴᨀਆǄ

3.4.1 由严苛判选条件获取电子和 π± 高纯样本

㋂ᆀ伎㹼䙏ᓖⲴقᮠ 1/βˈਟṩᦞ㋂ᆀࡠ䗮 TOF Ⲵᖴ䘩䐟ᖴ䮯ᓖ઼ TOF ⍻䟿
⭘Ⲵ㋂ᆀ伎㹼Ⲵᰦ䰤ᶕ䇑㇇ǄᡁԜ֯ࡠ |1.− 1/β| < 0.03 Ⲵѕ㤋ࡔ䘹ᶑԦᶕ᥁䘹儈㓟
⭥ᆀṧᵜˈྲ㺘Ṭ(3.4.1)ᡰ⽪Ǆ

㺘 3.4.1: Run19 ѝ 19.6 GeV 䠁Ṩ − 䠁ṨሩᫎᴰሿᰐٿᮠᦞⲴਚ⭘Ҿ㓟⭥ᆀṧᵜⲴ
䘹ᶑԦࡔ (p(GeV/c) ᱟѫᖴ䘩Ⲵࣘ䟿)

ǂ

਽〠 䘹ᶑԦࡔ

สᵜࡔ䘹ᶑԦ о㺘Ṭ(3.3.2)؍ᤱа㠤
nσe < 2

nσe л䲀 > 1.6*p − 2.6 ᖃ p < 1 GeV/c
nσe л䲀 > -1 ᖃ p > 1 GeV/c
|1.− 1/β| < 0.03

മ(3.4.1)ᡰ⽪Ѫ䙊䗷㺘Ṭ(3.4.1)ѝѕ㤋Ⲵ TOF ઼ TPC 䘹ᶑԦ᥁䘹Ⲵ儈㓟ࡔ e±

Ⲵ nσe
π 分ᐳˈ㜭ᖸྭൠ㻛单儈ᯟ࠭ᮠᤏਸˈᗇࡠ nσe

π Ⲵѝᗳ٬Ǆ

儈㓟Ⲵ π± ṧᵜਟԕ֯⭘䶎ᑨ㤋࡫Ⲵ TOF ⍻䟿Ⲵ m2 ઼ TPC ⍻䟿Ⲵ |nσπ| Ⲵ
䘹ᶑԦᶕ᥁䘹ǄާփⲴࡔ

√
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ儈㓟 π± ṧᵜⲴһ

䘹ᶑԦྲ㺘Ṭ(3.4.2)ᡰ⽪Ǆࡔֻ
മ(3.4.2)Ѫ䙊䗷㺘Ṭ(3.4.2)ѕ㤋Ⲵ TOF ઼ TPC 䘹Ⲵ儈㓟ࡔ π± Ⲵ nσπ

π 分ᐳˈ

਼ṧ֯⭘儈ᯟ࠭ᮠᤏਸ㧧ᗇ nσπ
π ѝᗳ٬Ǆ

3.4.2 由 Λ(Λ̄) 衰变获取 π± 和 p(p̄) 高纯样本

ᗇࡠ㺠ਈ㋂ᆀ (π±ˈp(p̄)) Ⲵㅜа↕ᱟ䙊䗷 KFParticle ᯩ⌅ [111] 䟽ᔪ K0
S ઼

Λ(Λ̄)Ǆമ(3.4.3)ኅ⽪Ҷ KFParticleᯩ⌅䟽ᔪⲴ K0
S ઼ Λ(Λ̄)Ⲵнਈ䍘䟿分ᐳǄ❦ਾ䙊
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(a) (b)

മ 3.4.1: √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴн਼⁚ࣘ䟿४䰤Ⲵ nσe

π 分ᐳˈѝ

ᗳᓖѪ 0-80%ˈᘛᓖ४䰤Ѫ |y| < 0.55Ǆ(a) ᱟ 0.6 GeV/c < pT < 0.7 GeV/c Ⲵ分ᐳˈ
(b) ᱟ 0.8 GeV/c < pT < 0.9 GeV/c Ⲵ分ᐳ

㺘 3.4.2: Run19 ѝ 19.6 GeV 䠁Ṩ − 䠁ṨሩᫎᴰሿᰐٿᮠᦞⲴਚ⭘Ҿ儈㓟 π± ṧᵜⲴ

䘹ᶑԦࡔ

ǂ

਽〠 䘹ᶑԦࡔ

สᵜࡔ䘹ᶑԦ о㺘Ṭ(3.3.2)؍ᤱа㠤
|nσπ| < 2

|(m2 − 0.019)| < 0.003

(a) (b)

മ 3.4.2: √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴн਼⁚ࣘ䟿४䰤Ⲵ nσπ

π 分ᐳˈѝ

ᗳᓖѪ 0-80%ˈᘛᓖ४䰤Ѫ |y| < 0.55ˈ(a) ᱟ 0.7 GeV/c < pT < 0.8 GeV/c Ⲵ分ᐳˈ
(b) ᱟ 1.1 GeV/c < pT < 1.2 GeV/c Ⲵ分ᐳ

䗷нਈ䍘䟿Ⲵࡔ䘹ᶑԦ 0.485< M(K0
S) <0.505 GeV/c2઼ 1.11< M(Λ(Λ̄) <1.12 GeV/c2
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ᶕ᥁䘹儈㓟Ⲵ K0
S ઼ Λ(Λ̄) ṧᵜǄᴰਾ分࡛䙊䗷 Λ → p + π− (Λ̄ → p̄ + π+) ઼

K0
S → π+π− 䗷〻ᶕᗇࡠ儈㓟Ⲵ⅑级㺠ਈ㋂ᆀ π± ઼ p(p̄)Ǆമ(3.4.4)分࡛ѪӾ K0

S 㺠

ਈᗇࡠⲴ π± ઼Ӿ Λ(Λ̄) 㺠ਈᗇࡠⲴ p(p̄) Ⲵ nσh
π 分ᐳˈᒦ֯⭘儈ᯟ࠭ᮠ䘋㹼ᤏਸᗇ

ࡠ nσπ
π ઼ nσp

π Ⲵѝᗳ٬Ǆ

(a) (b)

മ 3.4.3: √sNN = 19.6 GeVⲴ䠁Ṩ −䠁Ṩ⻠ᫎ䙊䗷 KFParticleᯩ⌅䟽ᔪⲴ K0
S(aമ)

઼ Λ(Λ̄)(b മ) Ⲵнਈ䍘䟿分ᐳˈѝᗳᓖѪ 0-80%ˈᘛᓖ४䰤Ѫ |y| < 0.55

(a) (b)

മ 3.4.4: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ nσh
π (h = π± ᡆ㘵 p(p̄)) 分ᐳˈѝ

ᗳᓖѪ 0-80%ˈᘛᓖ४䰤Ѫ |y| < 0.55ˈ(a) ᱟ 0.7 GeV/c < pT < 0.8 GeV/c Ⲵ nσπ
π

分ᐳˈ(b) ᱟ 2.0 GeV/c < pT < 2.1 GeV/c Ⲵ nσp
π 分ᐳ
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3.4.3 TPC 能损理论值的修定

ᡁԜⲴᴰ㓸ⴞḷᱟᗇࡠ nσX
π − nσπ

π (X = π±ˈK±ˈp(p̄) ᡆ㘵 e±) Ⲵᇎ傼٬о⨶

䇪٬Ⲵٿᐞ⭘ҾҼ⅑࡫ᓖǄnσπ
π Ⲵ⨶䇪٬Ѫ 0Ǆ

nσπ − nσX =
log(dE/dxexp/dE/dx

π
Bich)

σ
− log(dE/dxexp/dE/dx

X
Bich)

σ

=
log(dE/dxXBich/dE/dx

π
Bich)

σ
= nσX

π

(3.1)

ഐ↔ nσX
π − nσπ

π = (nσπ − nσX) − (nσπ − nσπ) = nσπ − nσXǄᡁԜሶ䙊䗷儈ᯟ࠭ᮠ

ᤏਸ਴⁚ࣘ䟿४䰤Ⲵᡰᴹ㋂ᆀ nσX
π = nσπ − nσX 分ᐳᶕᗇࡠ nσX

π − nσπ
π Ⲵ⨶䇪٬Ǆ

ᤏਸᗇࡠⲴ൷٬ণᱟ nσX
π − nσπ

π Ⲵ⨶䇪٬ˈྲമ(3.4.5)ᡰ⽪Ǆ

(a) (b)

(c)

മ 3.4.5: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ nσπ − nσKˈnσπ − nσpˈnσπ − nσe

Ⲵ分ᐳǄ㓒㓯㺘⽪⭘儈ᯟ࠭ᮠ䘋㹼ᤏਸⲴᴢ㓯
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3.4.4 TPC 能损二次刻度的结果

⭡ 3.3.4 㢲ѝᗇࡠⲴ π±ˈK±ˈp(p̄)ˈe±) Ⲵ⨶䇪٬઼ 3.3.3 㢲ѝᗇࡠⲴ儈㓟 π±ˈ

p(p̄)ˈe± ⲴṧᵜᗇࡠⲴᇎ傼٬ሩ∄ˈᗇࡠ nσX
π − nσπ

π Ⲵᇎ傼٬о⨶䇪٬Ⲵᐞ٬䲿

pT/mass Ⲵਈॆ䎻࣯ˈྲമ(3.4.6)ᡰ⽪Ǆ

nσX
π − nσπ

π (X = π±ˈK±ˈp(p̄) ᡆ㘵 e±) ⋑ᴹ㋂ᆀ⿽类Ⲵ׍䎆ᙗˈ֯⭘࠭ᮠ
f(x) ᤏਸᡰᴹᮠᦞ⛩ˈf(x) ᇊѹྲл

f(x) = A+ B
C+x2 (3.2)

ᤏਸᗇࡠⲴ৲ᮠྲ㺘Ṭ(3.4.3)ᡰ⽪Ǆ

മ 3.4.6: √sNN = 19.6 GeVⲴ䠁Ṩ −䠁Ṩ⻠ᫎⲴ㜭䟿ᦏཡ dE/dxⲴٿᐞ䲿 pT/mass

Ⲵਈॆ

㺘 3.4.3: √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩሩᫎѝሩ nσX

π Ⲵᇎ傼٬о⨶䇪٬䰤Ⲵٿ

ᐞ䘋㹼ᤏਸᗇࡠⲴ৲ᮠ

ǂ
৲ᮠ A B C

ᤏਸᮠ٬ -0.3229 ±0.0005 13.14 ±0.09 50.59 ±0.32

䙊䗷ԕк৲ᮠᇊѹⲴ࠭ᮠˈᡁԜਟԕᗇࡠн਼⁚ࣘ䟿४䰤Ⲵ nσX
π − nσπ

π Ⲵᇎ傼

٬ˈণᇎ傼к਴ᑖ⭥㋂ᆀ (K±ˈp(p̄)ˈe±)Ⲵጠ位⴨ሩ π±ጠ位Ⲵᐞ٬Ǆྲമ(3.4.7)ᡰ
⽪ˈн਼⁚ࣘ䟿४䰤Ⲵᑖ⭥㋂ᆀⲴጠ位⴨ሩ π± ጠ位Ⲵᐞ٬ (nσK

π −nσπ
πˈnσ

p
π −nσπ

πˈ

nσe
π − nσπ

π) Ⲵ⨶䇪٬઼ᇎ傼٬ѻ䰤ᆈ൘ٿᐞǄሶ䘉аٿᐞ⭘Ҿ TPC Ⲵ㋂ᆀ䢤࡛䗷〻
ণѪҼ⅑࡫ᓖǄ
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മ 3.4.7: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴަᆳᑖ⭥㋂ᆀⲴጠ位⴨ሩ π± ጠ位

Ⲵᐞ٬ (nσK
π − nσπ

π �nσp
π − nσπ

π �nσe
π − nσπ

π) Ⲵ⨶䇪٬઼ᇎ傼٬∄䖳ǄᡰᴹᇎᗳⲴḷ䇠

㺘⽪⨶䇪٬ˈオᗳⲴḷ䇠㺘⽪䟽ᯠ࡫ᓖⲴ㔃᷌

3.5 基于 TPC 和 TOF 的粒子鉴别和产额提取

മ(3.5.1)ኅ⽪Ҷ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ儈⁚ࣘ䟿ᕪᆀ䉡 (π±ˈ

p(p̄)) 㓿䗷ѝᗳᓖࡂ分ǃһ઼ֻᖴ䘩ࡔ䘹ਾਾ㔝Ⲵᮠᦞ分᷀⍱〻മˈкമᱟ π± Ⲵ⍱

〻ˈлമᱟ p(p̄) Ⲵ⍱〻Ǆ

3.5.1 π± 的鉴别和产额提取

䠁Ṩ − 䠁Ṩ⻠ᫎѝᵚ㓿؞↓Ⲵ π± Ⲵӗ仍ਟԕ䙊䗷ሩн਼⁚ࣘ䟿४䰤Ⲵ nσπ

分ᐳ䘋㹼ཊ儈ᯟᤏਸⲴᯩ⌅ᗇࡠǄമ(3.5.2)ኅ⽪Ҷ⭘ޛ儈ᯟ࠭ᮠሩ⁚ࣘ䟿४䰤Ѫ
4 GeV/c < pT < 4.5 GeV/c Ⲵ nσπ 分ᐳ䘋㹼ᤏਸⲴ㔃᷌Ǆമѝ↓䍏⭥㦧㋂ᆀⲴ nσπ

分ᐳ分࡛⋯඀ḷ䖤ᒣ〫 ±12 ਾ਼ᰦ䘋㹼ޛ儈ᯟ࠭ᮠᤏਸǄമ(3.5.2)䟼Ⲵ㓒㢢ᇎ㓯代
㺘ྲлޛ儈ᯟ࠭ᮠሩᮠᦞ⛩ⲴᤏਸǄ

f(x) = (P0 ∗ exp(−0.5 ∗ ((x− (P6 + 12))/P9)
2) (3.3)

+P1 ∗ exp(−0.5 ∗ ((x− (P6 − 12))/P9)
2)

+P0 ∗ P2 ∗ exp(−0.5 ∗ ((x− (P7 + P6 + 12))/P9)
2)

+P1 ∗ P3 ∗ exp(−0.5 ∗ ((x− (P7 + P6 − 12))/P9)
2)

+P0 ∗ P4 ∗ exp(−0.5 ∗ ((x− (P8 + P6 + 12))/P9)
2)

+P1 ∗ P5 ∗ exp(−0.5 ∗ ((x− (P8 + P6 − 12))/P9)
2)

+P0 ∗ P10 ∗ exp(−0.5 ∗ ((x− (P12 + P6 + 12))/P9)
2)

+P1 ∗ P11 ∗ exp(−0.5 ∗ ((x− (P12 + P6 − 12))/P9)
2))/(P9 ∗

√
2π)
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(a)

(b)

മ 3.5.1: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ儈⁚ࣘ䟿ᕪᆀ䉡 (π±ˈp(p̄)) 㓿䗷ѝ
ᗳᓖࡂ分ǃһ઼ֻᖴ䘩ࡔ䘹ਾਾ㔝Ⲵᮠᦞ分᷀⍱〻മˈкമᱟ π± Ⲵ⍱〻ˈлമᱟ

p(p̄) Ⲵ⍱〻

ަѝ P0ˈP1ˈP2ˈP3ˈP4ˈP5ˈP9ˈP10ˈP11 ᱟ㠚⭡৲ᮠˈπ
± ጠ位ሩᓄⲴ P6ˈ઼

䘠਴ᑖ⭥㋂ᆀࡽ (K±ˈp(p̄)ˈe±) Ⲵጠ位⴨ሩ π± ጠ位Ⲵᐞ٬分࡛ሩᓄⲴ P7ˈP8ˈ

P12ˈ֌Ѫޛ儈ᯟ࠭ᮠ਴ᑖ⭥㋂ᆀؑ号ጠሩᓄጠ位Ⲵപᇊ৲ᮠˈᤏਸ π± ؑ号ጠⲴ儈

ᯟ࠭ᮠⲴጠ٬ P0 ઼ P1 分࡛ሩᓄ π+ ઼ π− Ⲵӗ仍㻛ᨀਆࠪᶕǄ
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മ 3.5.2: √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ⁚ࣘ䟿४䰤Ѫ 4 GeV/c < pT <

4.5 GeV/cⲴᑖ↓ (䍏)⭥㦧㋂ᆀⲴ nσπ 分ᐳˈѝᗳᓖѪ 0-5%ˈᘛᓖ४䰤Ѫ |y| < 0.55,
മѝⲴ㓒㢢ᇎ㓯代㺘ޛ儈ᯟ࠭ᮠሩᮠᦞ⛩Ⲵᤏਸ

3.5.2 p(p̄) 的鉴别和产额提取

൘ѝ䰤⁚ࣘ䟿४ฏˈ⭡Ҿ π±ˈK±ˈp(p̄)ˈe± ൘ TPC 㜭䟿ᦏཡ dE/dx Ⲵ分ᐳ
ᆈ൘Ӕਐˈྲ᷌单ࠝ TPC 䢤࡛䘉Ӌᑖ⭥㋂ᆀॱ分ഠ䳮Ǆ㔃ਸ TOFˈ㋂ᆀⲴ䢤࡛ࡉ
ਟԕᢙኅࡠѝ䰤⁚ࣘ䟿४ฏǄTOF 䙊䗷⍻䟿伎㹼ᰦ䰤ˈ䇑㇇㋂ᆀ䍘䟿ˈӾ㘼ެ࡛㋂
ᆀ⿽类Ǆᇎ傼к䙊䗷 TOF ⍻䟿㋂ᆀ䍘䟿Ⲵᒣᯩ m2 ⭡ྲлޜᔿ㔉ࠪྲл:

m2 = p2( 1
β2 − 1) = p2(

t2TOF

l2
− 1) (3.4)

ަѝˈtTOF Ѫ㋂ᆀӾѫ⻠ᫎ亦⛩〫ࣘࡠ TOF Ⲵᰦ䰤ˈҏਛ伎㹼ᰦ䰤ˈl Ѫ㋂ᆀ䗮ࡠ
TOF ᰦ㓿䗷Ⲵ䐟ᖴ䮯ᓖˈ䙏ᓖ β = l/tTOFˈp Ѫ㋂ᆀⲴࣘ䟿Ǆ

ᵜᇎ傼分࡙᷀⭘ TOF ⍻䟿ᑖ↓ (䍏) ⭥㦧㋂ᆀ m2 分ᐳᨀਆᵚ㓿؞↓Ⲵ p(p̄) Ⲵ

ӗ仍Ǆm2 分ᐳнㅖਸᑨ㿱Ⲵ儈ᯟ分ᐳˈ㘼 Student-t ࠭ᮠ㜭ᴤྭൠ᧿䘠 m2 分ᐳഐ

㘼㻛䟷⭘Ǆമ(3.5.3)Ѫ⭘ Student-t࠭ᮠሩ⁚ࣘ䟿४䰤Ѫ 3 GeV/c < pT < 3.25 GeV/c
Ⲵᑖ↓⭥㦧㋂ᆀⲴ m2 分ᐳ䘋㹼ᤏਸⲴ㔃᷌Ǆᤏਸ p(p̄) ؑ号ጠⲴ Student-t ࠭ᮠⲴ
ጠ٬ሩᓄ p(p̄) Ⲵӗ仍㻛ᨀਆࠪᶕǄ

3.6 效率修正

ᵜㄐᡁԜѫ㾱䇘䇪ሩ㋂ᆀ䉡Ⲵ᭸⦷؞↓ˈѫ㾱वᤜ TPC-TOF ३䝽᭸⦷؞↓ǃ
TPC ᖴ䘩䟽ᔪ᭸⦷઼᧕᭦ᓖ؞↓ˈᖴ䘩ࡔ䘹ᶑԦⲴ᭸⦷؞↓ԕ৺ π± ઼ p(p̄) Ⲵ㛼Ჟ

Ǆ↓؞
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മ 3.5.3: √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ⁚ࣘ䟿४䰤Ѫ 3 GeV/c < pT <

3.25 GeV/c Ⲵᑖ↓⭥㦧㋂ᆀⲴ m2 分ᐳˈѝᗳᓖѪ 0-5%ˈᘛᓖ४䰤Ѫ |y| < 0.55

᭸⦷ޜ↓؞ᔿྲл˖

spectraeffcorr.(pT ) =
Raw spectra(pT )

ϵeff (pT )

ϵeff (pT ) = ϵmatch−eff (pT )× ϵtrack−eff (pT )× ϵselection−eff (pT )× ϵbackground−eff (pT )

(3.5)

ަѝˈspectraeffcorr.(pT ) ᱟ㓿䗷ᡰᴹ᭸⦷؞↓ਾⲴӗ仍ˈRaw spectra(pT ) ᱟᵚ㓿

Ⲵӗ仍ˈϵeff↓؞ (pT ) ᱟᙫⲴ᭸⦷؞↓Ⲵ᭸⦷ˈϵmatch−eff (pT ) ᱟ⭘Ҿ TPC-TOF
३䝽᭸⦷؞↓Ⲵ᭸⦷ˈ ϵtrack−eff (pT ) ᱟ⭘Ҿ TPC ᖴ䘩䟽ᔪ᭸⦷؞↓Ⲵ᭸⦷ˈ
ϵselection−eff (pT ) ᱟ⭘Ҿᖴ䘩ࡔ䘹ᶑԦⲴ᭸⦷؞↓Ⲵ᭸⦷ˈϵbackground−eff (pT ) ᱟ⭘

Ҿ㛼Ჟ؞↓Ⲵ᭸⦷Ǆԕл਴ሿ㢲ሶާփ䇘䇪؞↓䗷〻Ǆ

3.6.1 TPC-TOF 匹配效率修正

⭡Ҿ TPC ઼ TOF ᱟєњ⤜・Ⲵ᧒⍻ಘˈᡰԕ֯⭘䘉єњ᧒⍻ಘ䘋㹼㋂ᆀ䢤࡛
䴰㾱ሩᖴ䘩䘋㹼䘲ᖃ३䝽᡽㜭㓴ਸ൘а䎧Ǆ⭡Ҿ TOF ᧒⍻ಘⲴࠐօ᧕ਇᓖ∄ TPC
㾱վˈ਼ᰦ TOF ᧒⍻ಘѝᆈ൘аӋᵚ૽ᓄ४ฏˈ㋂ᆀᆈ൘㺠ਈԕ৺о᧒⍻ಘᶀᯉⲴ
⴨ӂ֌⭘ㅹഐ㍐ˈਚᴹа䜘分䟽ᔪⲴѫᖴ䘩㜭о TOF ᧒⍻ಘкⲴᖴ䘩ࠫѝ⛩३䝽Ǆ
३䝽᭸⦷ਆߣҾᡀ࣏३䝽 TOF ؑ号Ⲵ TPC ᖴ䘩Ⲵ∄ֻǄ३䝽᭸⦷䇑㇇ޜᔿѪ

ϵmatch−eff = Number of TOF matched tracks
Number of TPC tracks

(3.6)

ަѝ Number of TOF matched tracks Ѫ TPC ᧒⍻ࡠᒦфࠫѝ TOF Ⲵᖴ䘩ᮠⴞˈ
Number of TPC tracks Ѫᰦ䰤ᣅᖡᇔ᧒⍻ࡠⲴᖴ䘩ᮠˈ䘉є㘵䜭ਟԕӾᇎ傼ᮠ
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ᦞѝ⍻䟿ᗇࡠǄᡁԜ֯⭘᮷⥞ [112] 䟼Ⲵᯩ⌅ᶕ䇑㇇ TPC-TOF ३䝽᭸⦷Ⲵ䈟ᐞǄ
മ(3.6.1)ᱟ √

sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴн਼⁚ࣘ䟿४䰤Ⲵ π+ Ⲵ TPC-
TOF ३䝽᭸⦷ˈѝᗳᓖѪ 0-5%ˈᘛᓖ४䰤Ѫ |y| < 0.55ˈᤏਸ࠭ᮠѪҍ䱦ཊ亩ᔿ࠭

ᮠǄ

മ 3.6.1: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ π+ Ⲵ TPC-TOF ३䝽᭸⦷䲿⁚ࣘ
䟿Ⲵਈॆ, മѝᴢ㓯ᱟҍ䱦ཊ亩ᔿ࠭ᮠᶕሩ᭸⦷䲿⁚ࣘ䟿ⲴਈॆⲴᤏਸ

ሩ㋂ᆀ䉡Ⲵ TPC-TOF ३䝽᭸⦷؞↓ྲл˖

Raw spectramatch−effcorr.(pT ) =
Raw spectra(pT )
ϵmatch−eff (pT )

(3.7)

ަѝˈRaw spectramatch−effcorr.(pT )ᱟ TPC-TOF३䝽᭸⦷؞↓ਾⲴӗ仍 ϵ̍match−eff (pT )

ᱟ֯⭘ᤏਸ࠭ᮠ䇑㇇ᗇࡠⲴ⭘Ҿ TPC-TOF ३䝽᭸⦷؞↓Ⲵ᭸⦷ˈRaw spectra(pT )

ᱟᵚ㓿؞↓Ⲵӗ仍Ǆ

3.6.2 TPC 接收度和径迹重建效率修正

䲔Ҷ TPC-TOF ३䝽᭸⦷ṑ↓ˈ䘈䴰㾱ṑ↓৏࿻Ⲵ㋂ᆀ䉡Ⲵᖴ䘩䟽ᔪ᭸⦷ˈᖴ
䘩䟽ᔪ᭸⦷⭡ STAR ᇎ傼Ⲵ፼ޕ (embedding) ⌅ᗇࡠǄ፼ޕ⌅䙊䗷䇑㇇ᵪ⁑ᤏ⢩
ᇊ⿽类Ⲵⴞḷ㋂ᆀ൘䙬䘁ⵏᇎⲴ⻠ᫎ⧟ຳѝ㻛᧒⍻ಘ䇠ᖅᒦ䟽ᔪⲴ䗷〻Ǆ㫉⢩঑㖇

(Monte-Carlo) ⁑ᤏˈㆰ〠 MCˈᵜᇎ傼ѝ⁑ᤏⲴ π±ˈp(p̄) ֯⭘ᤷᮠ࣐ᵳⲴ⁚ࣘ䟿

઼ᒣඖⲴᘛᓖ y 分ᐳǄ؍䇱൘н਼Ⲵ⁚ࣘ䟿઼ y ४䰤䜭ᴹ㢟ྭⲴ㔏䇑䟿Ǆ⁑ᤏⲴᖴ

䘩᤹⴨ሩҾ䈕һֻᙫᖴ䘩ᮠ 5% Ⲵ∄ֻ፼ޕ൘⇿њⵏᇎ⻠ᫎһֻѝǄ䘉ṧᗇࡠⲴ␧
ਸһֻ (Mixed Events) 䙊䗷 GSTAR [113] (֯⭘ GEANT [114, 115] ⁑ᤏ STAR ᧒⍻
ಘ䘀㹼⧟ຳⲴ䖟Ԧव) ઼ TRS(TPC ૽ᓄ⁑ᤏಘ [113]) ᶕ⁑ᤏ᧒⍻䗷〻ˈᒦ֯⭘оⵏ
ᇎᇎ傼ᮠᦞа㠤Ⲵ䟽ᔪ䖟Ԧᗇࡠ䟽ᔪһֻ (Reconstructed Events)Ǆሩ䟽ᔪһֻ᤹о
ᇎ傼分᷀⴨਼Ⲵ⍱〻䘋㹼㋂ᆀ䢤࡛Ǆ൘䟽ᔪһֻѝ䢤࡛ᗇࡠⲴ䟽ᔪᖴ䘩ˈྲ᷌о፼

ѻѪ३䝽ᖴ䘩〠ࡉˈⲴ⁑ᤏ㋂ᆀ३䝽ޕ (Matched Tracks)Ǆ
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ѪҶ䇑㇇ࠪ߶⺞Ⲵ᭸⦷ˈ䴰㾱ሩ፼ޕ䗷〻઼ⵏᇎⲴᇎ傼ᮠᦞѻ䰤䘋㹼ࠫѝ (hit)
઼ᖴ䘩Ⲵ∄䖳Ǆമ(3.6.2)Ѫ √

sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ π+ˈp Ⲵ፼઼ޕ

ᇎ䱵ᇎ傼ᮠᦞⲴ DCA ઼ nHitsFit Ⲵ分ᐳሩ∄ˈѝᗳᓖѪ 0-80%Ǆ፼઼ޕᇎ䱵ᇎ傼
ᮠᦞⲴᙫփа㠤ᙗ؍䇱ҶӾ፼ޕ⌅ѝᨀਆⲴ؞↓㔃᷌৽᱐ҶⵏᇎⲴᇎ傼ᛵߥǄ਼ᰦ

൘፼ޕ䗷〻ѝ䴰㾱ᓄ⭘оᇎ䱵ᇎ傼ᮠᦞ⴨਼Ⲵ分᷀ࡔ䘹ᶑԦˈֻྲ nHitsF it > 15

Ⲵᖴ䘩ࡔ䘹ᶑԦ㻛਼ᰦᓄ⭘Ҿ䟽ᔪᖴ䘩઼䗃ޕⲴ MC ⁑ᤏⲴᖴ䘩ˈ⭘Ҿᨀਆᵜ⹄ウ
Ⲵ᭸⦷؞↓ഐᆀǄ

(a) (b)

(c) (d)

മ 3.6.2: √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ π+ˈp Ⲵ፼઼ޕᇎ䱵ᇎ傼ᮠᦞⲴ

DCA ઼ nHitsFit Ⲵ分ᐳሩ∄ [116, 117]ˈѝᗳᓖѪ 0-80%

፼ޕ⌅䇑㇇ TPC ᖴ䘩䟽ᔪ᭸⦷Ѫ:

ϵtrack−eff = Number of matched MC tracks
Number of input MC tracks

(3.8)

ަѝˈNumber of matchedMC tracksѪ൘䟽ᔪһֻѝ䢤࡛ᗇࡠⲴо፼ޕⲴ⁑ᤏ㋂ᆀ

३䝽Ⲵ䟽ᔪᖴ䘩ˈNumber of inputMC tracks Ѫ፼ޕ൘ⵏᇎ⻠ᫎһֻѝⲴ⁑ᤏⲴᖴ

䘩ᮠǄമ(3.6.3)઼മ(3.6.4)分࡛Ѫ √
sNN = 19.6 GeVⲴ䠁Ṩ −䠁Ṩ⻠ᫎⲴ π± ઼ p(p̄)

Ⲵ TPC ᖴ䘩䟽ᔪ᭸⦷о⁚ࣘ䟿Ⲵޣ㌫ˈѝᗳᓖѪ 0-5%ˈᘛᓖ४䰤Ѫ |y| < 0.55Ǆ
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മ(3.6.3)઼മ(3.6.4)䟼Ⲵ㓒㢢ᇎ㓯代㺘ྲл࠭ᮠሩᮠᦞ⛩ⲴᤏਸǄ

f(pT ) = P0exp((−P1/pT )
P2) (3.9)

ሩ π±ˈp(p̄) Ⲵ TPC һֻ䟽ᔪ᭸⦷ⲴᤏਸᗇࡠⲴ৲ᮠྲ㺘Ṭ(3.6.1)ᡰ⽪Ǆ

(a) (b)

മ 3.6.3: √sNN = 19.6 GeVⲴ䠁Ṩ −䠁Ṩ⻠ᫎѝⲴн਼⁚ࣘ䟿४䰤Ⲵ π± Ⲵ TPCᖴ
䘩䟽ᔪ᭸⦷ˈѝᗳᓖѪ 0-5%ˈᘛᓖ४䰤Ѫ |y| < 0.55Ǆ㓒㓯㺘⽪⭘儈ᯟ࠭ᮠ䘋㹼ᤏ

ਸⲴᴢ㓯

(a) (b)

മ 3.6.4: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴн਼⁚ࣘ䟿४䰤Ⲵ p(p̄) Ⲵ TPC
ᖴ䘩䟽ᔪ᭸⦷ˈѝᗳᓖѪ 0-5%ˈᘛᓖ४䰤Ѫ |y| < 0.55Ǆ㓒㓯㺘⽪⭘儈ᯟ࠭ᮠ䘋㹼

ᤏਸⲴᴢ㓯
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㺘 3.6.1: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩሩᫎѝሩ π±ˈp(p̄) Ⲵ TPC һֻ䟽ᔪ᭸⦷
ⲴᤏਸᗇࡠⲴ৲ᮠ

ǂ

Parameters π+ π− p p̄

P0 2.39 2.393 2.281 2.28
P1 2.609e-13 0.000361 7.216e-14 1.721e-13
P2 1.675e-10 8.216e-14 0.00160 0.00136

TPC ᖴ䘩䟽ᔪ᭸⦷ޜ↓؞ᔿྲл˖

Raw spectratrack−effcorr.(pT ) =
Raw spectra(pT )
ϵtrack−eff (pT )

(3.10)

ަѝˈRaw spectratrack−effcorr.(pT )ᱟ TPCᖴ䘩䟽ᔪ᭸⦷؞↓ਾⲴӗ仍ˈRaw spectra(pT )
ᱟᵚ㓿؞↓Ⲵӗ仍ˈϵtrack−eff (pT ) ᱟ⭘Ҿ TPC ᖴ䘩䟽ᔪ᭸⦷؞↓Ⲵ᭸⦷ǄTPC ᧒
⍻ಘᖴ䘩䟽ᔪ᭸⦷Ⲵ㌫㔏䈟ᐞՠ䇑Ѫ 5% [47]Ǆ

3.6.3 粒子鉴别判选条件的效率修正

⭡Ҿ分࡛֯⭘Ҷ |1− 1/βπ| < 0.03 ઼ nσp < 1 Ⲵࡔ䘹ᶑԦᶕᨀ儈 PID ཊ儈ᯟ࠭
ᮠሩ π± ઼ Student-t ࠭ᮠሩ p(p̄) ᤏਸⲴ䍘䟿ˈ䴰㾱分࡛ሩ π± ઼ p(p̄) ⁚ࣘ䟿䉡䘋

㹼 1/β 䘹ᶑԦ઼ࡔ nσp Ǆമ(3.6.5)ᐖമᱟ↓؞⦷䘹ᶑԦⲴ᭸ࡔ √
sNN = 19.6 GeV Ⲵ

䠁Ṩ − 䠁Ṩ⻠ᫎѝˈє儈ᯟ࠭ᮠሩ 2.9 GeV/c < pT < 3.0 GeV/c Ⲵ 1/β 䘹ᶑԦ䢤ࡔ
࡛ π+ Ⲵ᭸⦷Ⲵᤏਸˈമ(3.6.6)ᐖമᱟ √

sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝˈ֯
⭘儈ᯟ࠭ᮠሩ 3 GeV/c < pT < 3.25 GeV/c Ⲵ nσp 䘹ᶑԦ䢤࡛ࡔ p Ⲵ᭸⦷Ⲵᤏਸˈ

മ(3.6.5)ਣമ઼മ(3.6.6)ਣമ分࡛ᱟ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ 1/β ࡔ

䘹ᶑԦ䢤࡛ π+ ઼ nσp 䘹ᶑԦ䢤࡛ࡔ p Ⲵ᭸⦷о⁚ࣘ䟿Ⲵޣ㌫ˈѝᗳᓖѪ 0-5%ˈᘛ
ᓖ४䰤Ѫ |y| < 0.55Ǆ

ᖴ䘩ࡔ䘹ᶑԦⲴ᭸⦷ޜ↓؞ᔿྲл˖

Raw spectraselection−effcorr.(pT ) =
Raw spectra(pT )
ϵselection−eff (pT )

(3.11)

ަѝˈRaw spectraselection−effcorr.(pT )ᱟᖴ䘩ࡔ䘹ᶑԦⲴ᭸⦷؞↓ਾⲴӗ仍ˈRaw spectra(pT )

ᱟᵚ㓿؞↓Ⲵӗ仍ˈϵselection−eff (pT ) ᱟ⭘Ҿᖴ䘩ࡔ䘹ᶑԦⲴ᭸⦷؞↓Ⲵ᭸⦷Ǆ

3.6.4 弱衰变及其他背景修正

㓿䗷 TPC-TOF ३䝽᭸⦷؞↓ǃTPC ᧕᭦ᓖ઼ᖴ䘩䟽ᔪ᭸⦷؞↓ǃԕ৺㋂ᆀ
䢤࡛ࡔ䘹ᶑԦⲴ᭸⦷؞↓ਾˈᑖ⭥Ⲵ π ӻᆀ䉡䴰㾱䘋а↕䘋㹼⭡ᕡ㺠ਈሬ㠤Ⲵ

Feed–downǃµ ӻᆀ⊑ḃ઼᧒⍻ಘᶀᯉሬ㠤Ⲵ π ӻᆀ㛼Ჟ؞↓ˈ䘉Ӌ㛼Ჟ؞↓㻛㔏〠
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(a) (b)

മ 3.6.5: ᐖമᱟ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝˈ֯⭘є儈ᯟ࠭ᮠሩ

2.9 GeV/c < pT < 3.0 GeV/c Ⲵ 1/β 䘹ᶑԦ䢤࡛ࡔ π+ Ⲵ᭸⦷ⲴᤏਸǄਣമᱟ 1/β ࡔ
䘹ᶑԦ䢤࡛ π± Ⲵ᭸⦷о⁚ࣘ䟿Ⲵޣ㌫ˈѝᗳᓖѪ 0-5%ˈᘛᓖ४䰤Ѫ |y| < 0.55

(a) (b)

മ 3.6.6: ᐖമᱟ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝˈ֯⭘儈ᯟ࠭ᮠሩ 3 GeV/c

< pT < 3.25 GeV/c Ⲵ nσp 䘹ᶑԦ䢤࡛ࡔ p Ⲵ᭸⦷ⲴᤏਸǄਣമᱟ nσp 䘹ᶑԦ䢤ࡔ

࡛ p Ⲵ᭸⦷о⁚ࣘ䟿Ⲵޣ㌫ˈѝᗳᓖѪ 0-5%ˈᘛᓖ४䰤Ѫ |y| < 0.55

Ѫ㛼Ჟ؞↓Ǆ⭡Ҿᐢ䢤࡛Ⲵ㋂ᆀ䉡ѝਟ㜭ਜ਼ᴹᶕ㠚ᕡ㺠ਈ㋂ᆀⲴӗ⢙ˈഐ↔ᴹᗵ㾱

ՠ㇇⍻䟿Ⲵ㋂ᆀӗ仍ѝ⭡ᕡ㺠ਈӗ⭏Ⲵ㋂ᆀⲴঐ∄ǄֻྲᡁԜਟԕ⭘ HIJING [118]
һֻӗ⭏ಘ઼ GEANT [114, 115] ⁑ᤏ STAR ᧒⍻ಘ䘀㹼⧟ຳᶕ䇑㇇ᶕ㠚ᕡ㺠ਈ
K0

S → π+π− Ⲵ π ӻᆀӗ仍Ǆоࡽ䘠፼ޕ⌅类լˈ⁑ᤏһֻԕоⵏᇎⲴᇎ傼ᮠᦞ⴨਼

Ⲵᯩᔿ䘋㹼䟽ᔪǄሩҾ⁑ᤏⲴ㋂ᆀˈަ㋂ᆀᶕⓀǃ⇽㋂ᆀ઼㺠ਈ㋂ᆀ类ර䜭ᱟᐢ⸕

ⲴǄӾ䘉Ӌؑ᚟ѝˈᡁԜਟԕ൘⁑ᤏѝ᥁䘹ࡍ级㋂ᆀᶕ㠚Ҿ᧒⍻ಘᶀᯉᡆ㘵ޡᥟᘱ
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㺠ਈⲴ π ӻᆀǄᕡ㺠ਈӗ⭏Ⲵ π ӻᆀѫ㾱ᶕ㠚 K0
Sˈ਼ᰦ⭡Ҿ µ ᆀ઼ π ӻᆀⲴ䍘䟿

᧕䘁ˈπ ӻᆀ㺠ਈӗ⭏Ⲵ µ ᆀਟ㜭㻛䈟䢤࡛Ѫ π ӻᆀˈ൘⁑ᤏѝਟԕ䙊䗷⇽㋂ᆀؑ

᚟ᶕ䢤઼࡛ᨀਆǄമ(3.6.7)ᡰ⽪Ѫ √
sNN = 27 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝˈѝ䰤ᘛᓖ

४䰤Ⲵ㫉⢩঑㖇⁑ᤏᗇࡠⲴ⭡ᕡ㺠ਈ઼ µ ᆀ⊑ḃѫሬⲴ↓䍏 π ӻᆀⲴᙫⲴ㛼Ჟঐ∄

о⁚ࣘ䟿Ⲵޣ㌫ [11, 47]Ǆമ(3.6.8)ᡰ⽪ᐖമѪ √
sNN = 7.7 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎ

Ⲵѝ䰤ᘛᓖ४䰤Ⲵ㫉⢩঑㖇⁑ᤏᗇࡠⲴ⭡ᕡ㺠ਈ઼ µ ᆀ⊑ḃѫሬⲴ↓䍏 π ӻᆀⲴн

਼ѝᗳᓖⲴᙫⲴ㛼Ჟঐ∄о⁚ࣘ䟿Ⲵޣ㌫ˈਣമѪн਼⻠ᫎ㜭䟿Ⲵѝ䰤ᘛᓖ४䰤Ⲵ

↓䍏 π ӻᆀⲴᙫⲴ㛼Ჟঐ∄Ⲵሩ∄മ [11, 47]Ǆ⭡Ҿ൘䠁Ṩ − 䠁Ṩ⻠ᫎѝˈBES 㜭
४ѝ䰤ᘛᓖ४䰤Ⲵ↓䍏 π ӻᆀӗ仍Ⲵ Feed–down 㛼Ჟሩѝᗳᓖ઼⻠ᫎ㜭䟿Ⲵ׍䎆ᙗ
䜭䶎ᑨሿˈᡰᴹѝᗳᓖⲴ↓䍏 π ӻᆀ䉡ሶ䘋㹼㔏аⲴ؞↓ [11, 47, 119]ˈӾ↓䍏 π ӻ

ᆀ䉡ѝ߿৫㛼Ჟ䍑⥞ᡰঐⲴԭ仍ǄᡁԜ৲➗ RHIC BES-I ᵏⲴ㔃᷌ሩ↓䍏 π ӻᆀ䉡

䘋㹼㛼Ჟ؞↓ [11, 47]Ǆ൘ RHIC BES-I ᵏޣҾ↓䍏 π ӻᆀӗ仍Ⲵ㛼Ჟ㔃᷌ѝˈ↓䍏

π ӻᆀ䉡Ⲵ㛼Ჟ䲿⵰⁚ࣘ䟿Ⲵਈབྷᙕࢗൠ߿ቁˈ൘վ⁚ࣘ䟿л (pT =0.3 GeV/c) Ѫ
13% ᐖਣˈᖃ pT >1 GeV/c 䱽㠣 1%Ǆ

മ 3.6.7: RHIC BES-I ᵏ √
sNN = 27 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝˈѝ䰤ᘛᓖ४䰤Ⲵн

਼⁚ࣘ䟿४䰤Ⲵ↓䍏 π ӻᆀⲴᙫⲴ㛼Ჟঐ∄ [11, 47]

ᕡ㺠ਈ৺ަԆ㛼Ჟޜ↓؞ᔿྲл˖

Raw spectrabackground−corr.(pT ) =
Raw spectra(pT )

ϵbackground−eff (pT )

ϵbackground−eff (pT ) =
1

1− ϵbackgroundproportion(pT )

(3.12)

ަѝRaw spectrabackground−corr.(pT )ᱟᕡ㺠ਈ৺ަԆ㛼Ჟ؞↓ਾⲴӗ仍ˈRaw spectra(pT )

ᱟᵚ㓿؞↓Ⲵӗ仍ˈϵbackgroundproportion(pT ) ᱟᕡ㺠ਈ৺ަԆ㛼Ჟ䍑⥞ঐᵚ㓿؞↓ӗ仍

Ⲵԭ仍ˈϵbackground−eff (pT ) ᱟ⭘Ҿᕡ㺠ਈ৺ަԆ㛼Ჟ؞↓Ⲵ᭸⦷Ǆ
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(a) (b)

മ 3.6.8: RHIC BES-I ᵏ √
sNN = 7.7 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝˈѝ䰤ᘛᓖ४䰤Ⲵ

н਼⁚ࣘ䟿४䰤Ⲵ↓䍏 π ӻᆀⲴн਼ѝᗳᓖⲴᙫⲴ㛼Ჟঐ∄ (ᐖമ)ˈ઼н਼⻠ᫎ㜭
䟿Ⲵѝ䰤ᘛᓖ४䰤Ⲵ↓䍏 π ӻᆀⲴᙫⲴ㛼Ჟঐ∄Ⲵሩ∄മ (ਣമ) [11, 47]

⻠ᫎӗ⭏Ⲵ㋂ᆀ਼ṧՊ൘ク䗷ᶏ⍱㇑઼н਼类රⲴ᧒⍻ಘᶀᯉᰦӗ⭏ p(p̄) 㛼

ᲟǄ儈㜭㋂ᆀо᧒⍻ಘᶀᯉⲴ⴨ӂ֌⭘ˈਟ㜭ӗ⭏वᤜ⅑级䍘ᆀ൘޵Ⲵ⅑级㋂ᆀǄ

䘉Ӌ⅑级䍘ᆀⲴӗ⭏亦⛩䘌⿫ѫ亦⛩ˈᆳԜⲴ DCA 分ᐳᴹаᶑ䮯㘼ᒣඖⲴቮ䜘Ǆ
⅑级䍘ᆀⲴ䍑⥞о⁚ࣘ䟿⴨ޣˈ൘վ⁚ࣘ䟿ᰦ儈ˈ൘儈⁚ࣘ䟿ᰦᱮ㪇䱽վǄ⭡Ҿ৽

䍘ᆀнӗ⭏⅑级㋂ᆀˈᡰԕ৽䍘ᆀⲴ DCA 分ᐳѝнᆈ൘䮯䮯ⲴቮᐤˈᆳԜⲴ DCA
分ᐳо৏ࡍ䍘ᆀⲴ DCA 分ᐳ⴨਼ǄѪҶṑ↓䍘ᆀⲴ㛼Ჟ䍑⥞ˈᡁԜਟԕᨀਆ䍘ᆀ
઼৽䍘ᆀⲴ DCA 分ᐳˈᒦоⵏᇎᇎ傼ᮠᦞ䘋㹼∄䖳 [120, 121]Ǆᵜ分᷀ѝᡁԜⴤ᧕
֯⭘ STAR 㓴 BES-I ᵏ √

sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ分᷀㔃᷌ [11, 47]Ǆ
മ(3.6.9)Ѫ BES-I ᵏ √

sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎˈѝᗳᓖѪ 0 − 5% Ⲵ䍘
ᆀ઼৽䍘ᆀⲴ DCA 分ᐳ [11, 47]Ǆമ(3.6.10)Ѫ BES-I ᵏ √

sNN = 19.6 GeV Ⲵ䠁Ṩ
− 䠁Ṩ⻠ᫎⲴˈн਼ѝᗳᓖⲴ䍘ᆀⲴ㛼Ჟঐ∄о⁚ࣘ䟿Ⲵޣ㌫ [11, 47]Ǆ

RHIC к BES-I ᵏ⹄ウ㺘᰾ˈ൘ pT >2 GeV/c ᰦˈᡰᴹѝᗳᓖ⭡㋂ᆀᶏ⍱઼᧒
⍻ಘᶀᯉⲴ⴨ӂ֌⭘ሬ㠤Ⲵ p(p̄) Ⲵ㛼Ჟঐ∄䜭᧕䘁 0ˈᵜ分᷀ѝн޽ሩ p(p̄) 䉡䘋㹼

↔㛼Ჟ؞↓Ǆ਼ᰦҏᵚሩ p(p̄) 䉡䘋㹼ᕡ㺠ਈⲴ Feed–down Ǆ↓؞

3.7 测量结果

3.7.1 π±，p(p̄) 的横动量谱

ᴰ㓸⍋ՖީнਈⲴ⁚ࣘ䟿䉡สҾྲлⲴᖒᔿᗇࡠ:

1
Nevents

d2N
2πpT dpT dy

= 1
2πpT

× 1
Nevents

× 1
δpT δy

× 1
C(pT )

× Y (pT ) (3.13)

ަѝ Y (pT ) ઼ C(pT ) 分࡛ᱟᵚ㓿؞↓Ⲵ⁚ࣘ䟿䉡઼ሩᵚ㓿؞↓Ⲵ⁚ࣘ䟿䉡䘋㹼Ⲵ؞

↓Ǆ
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മ 3.6.9: RHIC BES-Iᵏ √
sNN = 19.6 GeVⲴ䠁Ṩ −䠁Ṩ⻠ᫎⲴˈѝᗳᓖѪ 0−5%ˈ

0.45 GeV/c < pT < 0.5 GeV/c Ⲵ䍘ᆀ (p) ઼৽䍘ᆀ (p̄) Ⲵ DCA 分ᐳ [11, 47]Ǆമѝ
䈟ᐞѪ㔏䇑䈟ᐞǄ㓒㢢Ⲵᇎ㓯㺘⽪ᤏਸⲴ䍘ᆀ分ᐳˈ㬍㢢Ⲵ㲊㓯㺘⽪⭡ᤏਸᗇࡠⲴ

䙊䗷 p̄/p ∄٬᤹∄ֻ᭮བྷਾⲴ৽䍘ᆀ分ᐳˈ㓒㢢㲊㓯ᱟ⭡ᤏਸᗇࡠⲴ䍘ᆀ㛼Ჟ

മ(3.7.1)઼മ(3.7.2)分࡛ᱟ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝн਼ѝᗳᓖ

Ⲵ π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡Ⲵᴰ㓸㔃᷌ˈᘛᓖ४䰤Ѫ |y| < 0.55Ǆо RHIC BES-I ᵏⲴ
㔃᷌ (pT < 2 GeV/cˈ|y| <0.1) ⴨∄ˈᵜ分᷀㔃᷌Ⲵ pT > 2 GeV/c ᴤ儈ˈᘛᓖ४䰤
|y| <0.55 ᴤᒯˈᴤ儈Ⲵ⁚ࣘ䟿઼ᴤབྷⲴ⴨オ䰤ˈᴤᴹ࡙Ҿਾ㔝ᴤ߶⺞ൠ⹄ウ⻠ᫎ㌫
㔏Ⲵࣘ࣋学߫ࠪᙗ䍘ˈ䈖㿱ㅜӄㄐ޵ᇩǄ

3.7.2 粒子产额比随横动量的变化

മ(3.7.3)઼മ(3.7.4)ᱟ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝн਼ѝᗳᓖⲴ

π−/π+ˈp̄/pˈp/π+ ԕ৺ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆˈᘛᓖ४䰤Ѫ |y| < 0.55ˈ

മѝⲴ␡㢢४ฏᱟ 0 − 5% ѝᗳᓖᮠᦞ⛩Ⲵ㌫㔏䈟ᐞǄަѝӗ仍∄ π−/π+ Ⲵ⍻䟿䗮

Ҷࡠ pT = 5 GeV/c ᐖਣˈp/π+ Ⲵ⍻䟿䗮ࡠҶ pT = 4.5 GeV/c ᐖਣˈp̄/p ઼ p̄/π−

䗮ࡠҶ pT = 4 GeV/c ᐖਣǄਟԕਁ⧠ˈπ−/π+ ઼ p̄/p 䲿⁚ࣘ䟿Ⲵਈॆ൘㘳㲁㌫㔏䈟

ᐞ㤳ത޵⋑ᴹ᰾ᱮⲴѝᗳᓖ׍䎆ᙗˈ㘼 p/π+ ઼ p̄/π− 䲿⁚ࣘ䟿Ⲵਈॆާᴹ᰾ᱮⲴѝ

ᗳᓖ׍䎆ᙗǄሩҾ儈⁚ࣘ䟿л π−/π+ˈp̄/pˈp/π+ ԕ৺ p̄/π− Ⲵӗ仍∄Ⲵѝᗳᓖ׍

䎆ᙗ઼⻠ᫎ㜭䟿׍䎆ᙗˈᡁԜሶ൘ㅜӄㄐ 5.3 㢲ѝᴤ䈖㓶ൠ䇘䇪Ǆ
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മ 3.6.10: RHIC BES-I ᵏ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴˈн਼ѝᗳᓖⲴ

䍘ᆀⲴ㛼Ჟঐ∄о⁚ࣘ䟿Ⲵޣ㌫ [11, 47]

3.8 系统误差

3.8.1 横动量谱

㌫㔏䈟ᐞᴹཊњᶕⓀˈྲᖴ䘩䟽ᔪ᭸⦷ǃPID ᭸⦷ㅹǄሩҾ π±ˈp(p̄) Ⲵ⁚ࣘ䟿

䉡ᶕ䈤ˈа㡜䙊䗷㘳㲁᭩ਈ分᷀ѝ֯⭘Ⲵһ઼ֻᖴ䘩ࡔ䘹ᶑԦǃᤏਸᯩ⌅ǃ㛼Ჟ઼

TOF ३䝽᭸⦷ㅹഐ㍐ᶕ䇑㇇㌫㔏䈟ᐞ [67, 69, 81, 122]Ǆᵜ分᷀ѝ唈䇔֯⭘Ⲵᖴ䘩ࡔ
䘹ᶑԦྲ㺘Ṭ(3.3.2)ᡰ⽪Ǆ㺘Ṭ(3.8.1)㺘⽪⭘Ҿ䇴ՠ㌫㔏䈟ᐞⲴᖴ䘩ࡔ䘹ᶑԦⲴਈॆ
ᛵߥǄ⭡ᖴ䘩䟽ᔪ᭸⦷઼᧕ਇᓖ؞↓ሬ㠤Ⲵ㌫㔏䈟ᐞ㓖Ѫ 5%ǄᙫⲴ㌫㔏䈟ᐞᱟ䙊䗷
ሶ单⤜Ⲵ㌫㔏䈟ᐞ↓Ӕ≲઼ᗇࡠǄ

ሩ π± Ⲵ㌫㔏䈟ᐞⲴ⹄ウˈ䘈㾱㘳㲁ᶕⓀҾᤏਸؑ号ጠ位㖞Ⲵ䈟ᐞྲമ(3.8.1)ᡰ
⽪Ǆ䈕മᱮ⽪Ҷ⭡മ(3.4.6)ᗇࡠⲴ㜭䟿ᦏཡ dE/dx ⲴٿᐞⲴᮠᦞ⛩о㺘Ṭ(3.4.3)ሩ
ᓄⲴᤏਸ࠭ᮠѻ䰤Ⲵᐞᔲ䲿⁚ࣘ䟿ⲴਈॆˈമѝⲴклєᶑ㲊㓯㺘⽪ᡁԜ⹄ウ㌫㔏

䈟ᐞᰦᐖਣ〫ࣘ dE/dx ጠⲴ位㖞ਈॆⲴᴰབྷᮠ٬Ѫ 0.1Ǆ

㺘Ṭ(3.8.2)ᱟ 0 − 5% ѝᗳᓖⲴ π± Ⲵ⁚ࣘ䟿䉡н਼ᶕⓀⲴ㌫㔏䈟ᐞᡰঐⲴⲮ分

∄Ǆ㺘Ṭ(3.8.3)ᱟн਼ѝᗳᓖⲴ π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡Ⲵ㌫㔏䈟ᐞᡰঐⲴⲮ分∄ (ᵚ
वਜ਼⭡ᖴ䘩䟽ᔪ᭸⦷઼᧕ਇᓖ؞↓ሬ㠤Ⲵ㓖 5% ㌫㔏䈟ᐞ)Ǆ

3.8.2 粒子产额比随横动量的变化

⭡ TPC-TOF३䝽᭸⦷઼ TPCᖴ䘩䟽ᔪ᭸⦷ᕅ䎧Ⲵ㌫㔏䈟ᐞˈ൘㋂ᆀⲴӗ仍∄
ѝՊ⭡分ᆀ分⇽⴨ӂᣥ⎸Ǆ䘉ṧ৽㋂ᆀо㋂ᆀⲴӗ仍∄ (π−/π+ˈp̄/p) ѝਚ䴰㘳㲁֌
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(a)

(b)

മ 3.7.1: √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴн਼ѝᗳᓖⲴ π± Ⲵ⁚ࣘ䟿䉡ˈ

ᘛᓖ४䰤Ѫ |y| < 0.55Ǆ㓒㓯㺘⽪⭘儈ᯟ࠭ᮠ䘋㹼ᤏਸⲴᴢ㓯

㺘 3.8.1: ⭘Ҿ⹄ウ㌫㔏䈟ᐞⲴᖴ䘩ࡔ䘹ᶑԦⲴਈॆᛵߥ

ǂ

਽〠 唈䇔ᮠ٬ ਈॆᮠ٬ 1 ਈॆᮠ٬ 2 ਈॆᮠ٬ 3
nHitsFit > 15 > 10 > 20 > 40

nHitsDeDx > 10 > 15 > 20 > 40
DCA < 3 cm < 1 cm < 3.2 cm
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(a)

(b)

മ 3.7.2: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴн਼ѝᗳᓖⲴ p(p̄) Ⲵ⁚ࣘ䟿䉡ˈ

ᘛᓖ४䰤Ѫ |y| < 0.55Ǆ㓒㓯㺘⽪⭘儈ᯟ࠭ᮠ䘋㹼ᤏਸⲴᴢ㓯

Ѫ分ᆀ分⇽Ⲵ㋂ᆀӗ仍Ⲵ䲔᭸⦷؞↓䈟ᐞཆⲴ㌫㔏䈟ᐞᶕⓀǄሩҾн਼⿽类Ⲵ㋂ᆀ

ѻ䰤Ⲵӗ仍∄ (p/π+ˈp̄/π−)ˈഐѪ㔉ࠪⲴᱟᐢ⸕Ⲵ⁚ࣘ䟿лⲴӗ仍∄ˈнᱟ䇑㇇ᮤ
њ⁚ࣘ䟿४䰤Ⲵᙫӗ仍Ⲵ∄٬ˈഐ↔н䴰㾱㘳㲁ཆ᧘ࡠᵚ⍻⁚ࣘ䟿४ฏ䇑㇇ᑖᶕⲴ

㌫㔏䈟ᐞᶕⓀˈަᆳᶕⓀо৽㋂ᆀо㋂ᆀⲴӗ仍∄аṧǄ䘉ṧᡰᴹ⴨ޣⲴӗ仍∄䜭

ᐢ㘳㲁Ҷ㌫㔏䈟ᐞⲴᶕⓀǄ
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(a)

(b)

മ 3.7.3: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴн਼ѝᗳᓖⲴ π−/π+ˈp̄/p Ⲵӗ

仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆˈᘛᓖ४䰤Ѫ |y| < 0.55ˈമѝਚᱮ⽪Ҷ 0− 5% ѝᗳᓖᮠᦞ
⛩Ⲵ㌫㔏䈟ᐞ˄␡㢢४ฏ˅

3.9 小结

൘ᵜㄐѝ࡙⭘儈㓟㋂ᆀṧᵜሩ TPC ⭥⿫㜭ᦏ䘋㹼ҶҼ⅑࡫ᓖˈ㔃ਸ䟽ᯠ࡫ᓖⲴ
TPC ⭥⿫㜭ᦏ઼ TOF Ⲵ伎㹼ᰦ䰤ؑ᚟ˈᆼᡀҶሩ π±ˈp(p̄) Ⲵ㋂ᆀ䢤࡛ˈᨀਆҶ

BES-II ᵏⲴ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴѝ䰤ᘛᓖ४䰤н਼ѝᗳᓖлⲴ

π±ˈp(p̄) Ⲵ儈⁚ࣘ䟿 (pT > 2 GeV/c) 䉡ˈަѝ π± 䉡Ⲵ⍻䟿䗮ࡠҶ pT= 5 GeV/cˈ
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(a) (b)

മ 3.7.4: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴн਼ѝᗳᓖⲴ p/π+ˈp̄/π− Ⲵӗ

仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆˈᘛᓖ४䰤Ѫ |y| < 0.55

മ 3.8.1: √sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ㜭䟿ᦏཡ dE/dx Ⲵٿᐞ൘ᮠᦞ⛩о
ᤏਸ࠭ᮠѻ䰤Ⲵᐞᔲ䲿 pT/mass Ⲵਈॆ

㺘 3.8.2: 0− 5% ѝᗳᓖⲴ π± Ⲵ⁚ࣘ䟿䉡н਼ᶕⓀⲴ㌫㔏䈟ᐞᡰঐⲴⲮ分∄

ǂ

ѝᗳᓖ 0− 5%
ᶕⓀ (%) π+ π− p p̄

ᖴ䘩ࡔ䘹ᶑԦ 3.9 3.8 4.6 4.6
Embedding ⁑ᤏ 5 5 5 5

TPC Ҽ⅑࡫ᓖ䈟ᐞ 2.0 1.9 üü üü

ᙫ䇑 6.6 6.6 6.8 6.8

p(p̄) 䉡䗮ࡠҶ pT= 4 GeV/c ᐖਣˈᒦ䇑㇇Ҷӗ仍∄ (π−/π+ˈp̄/pˈp/π+ˈp̄/π−) 䲿
⁚ࣘ䟿ⲴਈॆǄᡁԜਁ⧠ˈπ−/π+ ઼ p̄/p 䲿⁚ࣘ䟿Ⲵਈॆ൘㘳㲁㌫㔏䈟ᐞ㤳ത޵⋑

ᴹ᰾ᱮⲴѝᗳᓖ׍䎆ᙗˈ㘼 p/π+ ઼ p̄/π− 䲿⁚ࣘ䟿Ⲵਈॆާᴹ᰾ᱮⲴѝᗳᓖ׍䎆
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㺘 3.8.3: н਼ѝᗳᓖⲴ π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡Ⲵ㌫㔏䈟ᐞᡰঐⲴⲮ分∄ (ᵚवਜ਼⭡ᖴ
䘩䟽ᔪ᭸⦷઼᧕ਇᓖ؞↓ሬ㠤Ⲵ㓖 5% ㌫㔏䈟ᐞ)ˈ㺘Ṭѝᡰᴹᮠ٬ᐢवਜ਼ %

ǂ

ѝᗳᓖ 0-5 5-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80
π+ 4.3 4.4 4.7 4.8 4.9 5.3 5.6 5.8 5.8
π− 4.3 4.2 4.6 4.7 4.9 5.1 5.7 5.8 5.8
p 4.6 4.8 5.2 5.4 5.7 5.9 5.7 6.1 6.2
p̄ 4.6 4.8 5.5 5.8 6.0 5.9 6.9 6.8 6.9

ᙗǄ䘉ᱟ BES-II ᵏ㜭䟿㤳ത޵Ⲵ俆њ⴨ޣ⍻䟿㔃᷌ˈѪᴰ㓸⨶䀓儈⁚ࣘ䟿ᕪᆀ䉡ሩ
ॆ学઼߫ࠪࣘ࣋学߫ࠪ৲ᮠⲴᖡ૽ᨀ׋Ҷᇎ傼׍ᦞˈҏѪ⨶䀓ਁ⭏൘⻠ᫎᰙᵏ䱦⇥

Ⲵ䜘分ᆀࣘ࣋学 (⺜ᡆॺ⺜䗷〻) ઼Ự傼⴨ޣⲴ⨶䇪⁑රᨀ׋Ҷ䟽㾱Ⲵᇎ傼ᮠᦞǄ
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第四章 动力学冻出性质的模型研究

4.1 研究背景

⴨ሩ䇪䟽⿫ᆀ⻠ᫎਟԕӗ⭏ᶱ✝ǃᶱ密Ⲵ⢙䍘ˈᒦᖒᡀཨݻ − 㜦ᆀㅹ⿫ᆀփ
(QGP)Ǆ儈⑙儈密ᓖⲴ QGP 䜘㋂ᆀ⴨ӂ֌⭘ᕪ⛸ˈ੸⧠ࠪ䳶փ⍱Ⲵ⢩ᙗǄ⻠ᫎ޵
ӗ⭏Ⲵᐘབྷ঻࣋Պ᧘ࣘ㋂ᆀੁཆ䘀ࣘ䘌⿫⻠ᫎѝᗳˈ䘉ቡᖒᡀҶањнᯝᢙᕐⲴ✝

ⓀǄ䘉Ӌ⭡޵䜘঻࣋ởᓖሬ㠤Ⲵᶱ䙏ੁཆⲴ䳶փᢙᕐྲ਼⠶⛨⌒Ǆ䲿⵰ QGP 䗵䙏
㟘㛰ˈަ⑙ᓖл䱽ˈ㌫㔏Ӿ QGP ⴨䘋ޕᕪᆀ⴨䱦⇥ǄᖃᡰᴹⲴ㋂ᆀѻ䰤Ⲵ⴨ӂ֌
᭩ਈˈഐ↔㋂ᆀ޽学ؑ᚟н࣋学߫㔃Ǆ䘉ѻਾ㋂ᆀ䉡Ⲵࣘ࣋ࣘࡠᰦˈ㌫㔏䗮→ڌ⭘

䉡ᩪᑖҶ൘ࣘ࣋学߫㔃⭊㠣ᴤᰙᰦⲴ㌫㔏ࣘ࣋学ؑ᚟Ǆഐ↔ˈ⹄ウᕪᆀ䉡Ⲵ⁚ੁࣘ

䟿䉡ᱟ⹄ウ㌫㔏╄ॆⲴањ䟽㾱ᐕާˈ⢩࡛ᱟᨀਆަ߫㔃⴨オ䰤лⲴ㌫㔏ᙗ䍘Ǆа

㡜ᛵߥлˈ⁚ࣘ䟿䉡Ⲵᖒ⣦ਟԕ⭡⠶⛨䙏ᓖ઼✝ⓀⲴࣘ࣋学߫ࠪⲴ⑙ᓖᶕ᧿䘠Ǆ䙊

䗷⍱փ࣋学⁑රˈᤏਸᇎ傼䢤࡛㋂ᆀⲴ⁚ࣘ䟿䉡ᨀਆޣҾ⻠ᫎѝࣘ࣋学߫ࠪⲴ⑙

ᓖ (Tkin) ઼㌫㔏ѝӗ⭏Ⲵ⚛⨳Ⲵ䳶փ㟘㛰 (ᖴੁ⍱) Ⲵؑ᚟ˈ䘉ቡᱟᡁԜ㓿ᑨ⭘ࡠ
Ⲵ⠶⛨⌒ (Blast-Wave) ⁑රˈㆰ〠Ѫ BW ⁑රǄՐ㔏Ⲵ⧫ቄީᴬ − ਹᐳᯟ⠶⛨⌒
(Boltzmann-Gibbs Blast-Wave, BGBW) ⁑ර [60, 61] 䙊䗷⁑ර৲ᮠᶕ㺘ᖱ㌫㔏Ⲵᖴ
ੁ⍱䙏઼⑙ᓖˈᐢ㻛ᒯ⌋⭘Ҿ᧿䘠ࣘ࣋学߫㔃⣦ᘱлⲴ㌫㔏Ǆ

BGBW ⁑රٷ䇮ӗ⭏Ⲵ㌫㔏ᐢ㓿䗮ࡠተ䜘✝ᒣ㺑ˈഐ↔֯⭘⧫ቄީᴬ分ᐳᶕ᧿
䘠㋂ᆀӗ⭏ [60]Ǆ❦㘼ˈ✝ᒣ㺑分ᐳਚ㜭᧿䘠䶎ᑨᴹ䲀Ⲵվ⁚ࣘ䟿㤳തⲴᕪᆀ䉡ˈᒦ
фሩᤏਸᡰ䘹ᤙⲴ⁚ࣘ䟿㤳ത䶎ᑨ᭿ᝏǄ䲿ਾ Tsallis 㔏䇑㻛ᕅޕᶕ᧿䘠൘儈㜭⻠ᫎ
[123–128] ѝᴤᇭⲴ⁚ࣘ䟿㤳തⲴᕪᆀӗ⭏Ǆ⴨∄ Bolzmann-Gibsis 㔏䇑ˈTsallis 㔏
䇑൘⁑රѝᕅޕⲴᯠⲴ৲ᮠ㜭᧿䘠㌫㔏ѝⲴ䶎ᒣ㺑〻ᓖˈ䘉ሩҾ᧿䘠䶎ᒣ㺑Ⲵ䍘ᆀ

− 䍘ᆀ⻠ᫎ [129] ᗳṨᆀٿ઼ − Ṩᆀ⻠ᫎⲴ㌫㔏╄ॆ㠣ޣ䟽㾱Ǆ⭡⺜䗷〻ѫሬⲴ儈
⁚ࣘ䟿४ฏⲴ㋂ᆀӗ⭏ [130–133]ˈቔަٿ⿫✝ᒣ㺑分ᐳ㘼ࠪ⧠类լҾ Tsallis 分ᐳⲴ
⁚ੁࣘ䟿分ᐳⲴ⢩ᖱǄྲ᮷⥞ [132] ᡰᤷࠪⲴˈ௧⌘Ⲵ⁚ੁࣘ䟿䉡ᡆ㘵ᶕ㠚⺜ᮓሴ
Ⲵᕪᆀ䉡┑䏣ᑲᖻ分ᐳˈ⴨ᓄⲴᑲᤷᮠо Tsallis 㔏䇑ѝᕅޕⲴ䶎ᒣ㺑ᓖ৲ᮠ密࠷⴨
⥞Ǆ᮷ޣ [132, 134–137] ᤷࠪ Tsallis 分ᐳ㜭ཏ᧿䘠Ӿ䍘ᆀ − 䍘ᆀ઼ٿᗳṨᆀ − Ṩᆀ
ѝᗳṨᆀࡠ − Ṩᆀ⻠ᫎⲴ╄ॆ䗷〻Ǆ㘼ሩҾ൘ e+e− ⻠ᫎѝⲴ 0.016x6 1 Ⲵ⺾㻲࠭
ᮠⲴᮠᦞˈ᮷⥞ [133] ᨀࠪⲴ Tsallis 分ᐳⲴᗞ㿴㤳⌋ॆᖒᔿҏ㜭ᖸྭൠ᧿䘠Ǆ

൘⴨ሩ䇪䟽⿫ᆀ⻠ᫎѝˈ㌫㔏╄ॆ䙊ᑨवਜ਼єњ䱦⇥Ⲵ߫㔃: ᖃ⴨ӂ֌⭘н޽᭩
ਈ㋂ᆀⲴ㓴ᡀⲴ߫㔃ਛॆڊ学߫㔃; 㘼㋂ᆀⲴࣘ䟿分ᐳнਁ޽⭏᭩ਈᰦˈ〠ѻѪࣘ࣋
学߫㔃Ǆањᶱㄟٷ䇮ᱟॆ学߫㔃઼ࣘ࣋学߫㔃਼ᰦਁ⭏൘ᕪᆀ⴨઼ QGP ⴨Ⲵ⴨
䗩⭼Ǆ㌫㔏Պⷜ䰤߫㔃 [138] ᒦ༴Ҿॆ学઼ࣘ࣋学ᒣ㺑Ⲵ⣦ᘱǄ൘䘉⿽ٷ䇮лˈ⸝ሯ
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ભⲴޡᥟᘱՊਁ⭏㺠ਈᒦ᭩ਈᇎ傼к㿲ሏࡠⲴっᇊ㋂ᆀⲴࣘ࣋学䉡 [139]Ǆᖃ❦ⴤ᧕
⍻䟿⴨ሩ䇪䟽⿫ᆀ⻠ᫎᇎ傼ѝⲴ⸝ሯભޡᥟᘱ঻վਈॆᱟᶱަഠ䳮Ⲵ [130, 140–142]ˈ
ᇎ傼к⍻䟿ࡠⲴ䙊ᑨᱟ൘ཊ⿽֌⭘л⭏ᡀⲴˈᴰ㓸〠ᆳѪ㋂ᆀⲴ䉡Ǆਖањᶱㄟٷ

䇮ᱟॆ学߫㔃઼ࣘ࣋学߫㔃ਁ⭏൘ᆼޘн਼Ⲵᰦ䰤Ǆ൘ॆ学߫㔃ᰦӗ⭏ⲴޡᥟᘱՊ

䗵䙏㺠ਈˈն㌫㔏Պ㔗㔝൘ᕪᆀѻ䰤Ⲵᕩᙗ⻠ᫎѝ╄ॆˈֻྲ π+π− ↔ ρˈᒦ༴Ҿተ

䜘✝ᒣ㺑ˈⴤ࣋ࣘࡠ学߫㔃ˈণ BGBW Ⲵٷ䇮 [28]Ǆ൘䘉⿽ٷ䇮ѝˈっᇊᕪᆀ༴Ҿ
о⍱ࣘ⴨ޣⲴࣘ࣋学ᒣ㺑ѝˈަࣘ࣋学分ᐳоޡᥟᘱ㺠ਈнਟ४分ˈഐѪᆳԜ䜭༴

Ҿࣘ࣋学ᒣ㺑 (ተฏ㓶㢲ᒣ㺑) ѝ [68]Ǆ䶎ᒣ㺑ᘱⲴ TBW ⁑රࡉӻҾ䘉єњᶱㄟٷ
䇮ѻ䰤ǄTBW 䟷⭘ᆿ㿲ᯩ⌅ᶕа㠤༴⨶䶎ᒣ㺑⏘㩭઼ਟ㜭Ⲵޡᥟᘱ㺠ਈˈᡆࣘ࣋学
㓶㢲ᒣ㺑Ǆ

൘儈㜭䟽⿫ᆀ⻠ᫎѝˈᖴੁ⍱䙏઼ࣘ࣋学߫㔃⑙ᓖሩ⻠ᫎ㜭䟿Ⲵ׍䎆ޣ㌫аⴤ

ᱟӪԜޣ⌘Ⲵ䈮仈Ǆ൘䟽⿫ᆀ਼↕࣐䙏ಘ (SIS) 䙏ಘ࣐↕䎵级䍘ᆀ਼ࡠ (SPS) Ⲵ㜭
䟿㤳ത޵ˈཊ亩⹄ウа㠤䇔Ѫˈ䘉єњਈ䟿䲿⵰⻠ᫎ㜭䟿Ⲵ໎࣐ᴹ໎࣐Ⲵ䎻࣯ [47,
143, 144]Ǆ❦㘼ˈӾ RHIC ࡠ LHC Ⲵ⻠ᫎ㜭䟿㤳തࡠˈ޵ⴞࡽѪ→ˈሩᇎ傼㔃᷌Ⲵ
䀓䟺ᱟᆈ൘⁑ර׍䎆ⲴǄሩҾᖴੁ⍱䙏ˈབྷཊᮠ⁑රਁ⧠䲿⵰⻠ᫎ㜭䟿Ⲵ໎࣐ˈ⍱

䙏ᴹ໎࣐Ⲵ䎻࣯ [47, 143–148]Ǆն䍘ᆀ − 䍘ᆀ⻠઼ᫎٿᗳṨᆀ − Ṩᆀ⻠ᫎⲴਈ䟿㋮
⺞䟿٬ԕ৺ᱟ੖ᴹ䖳བྷⲴᖴੁ⍱䙏ᱟ׍䎆Ҿ⁑රⲴǄሩҾࣘ࣋学߫㔃⑙ᓖˈ䲿⵰⻠

ᫎ㜭䟿Ⲵ໎࣐ˈᴹⲴ⹄ウ䇔Ѫࣘ࣋学߫㔃⑙ᓖᴹ໎࣐Ⲵ䎻࣯ [146, 147]ˈᴹⲴ⹄ウ䇔
Ѫࣘ࣋学߫㔃⑙ᓖᴹ䱽վⲴ䎻࣯ [47, 144, 149–151]ˈ䘈ᴹ䜘分⹄ウ䇔Ѫሩ⻠ᫎ㜭䟿
Ⲵ׍䎆ᙗнབྷ [143, 145]Ǆ൘ᵜㄐѝᡁԜሶ֯⭘ TBW ⁑රᶕ分᷀Ӿ RHIC ࡠ LHC
㜭४Ⲵࣘ࣋学߫ࠪ৲ᮠ⑙ᓖ઼ᒣ൷ᖴੁ⍱䙏 ⟨β⟩ Ⲵ⻠ᫎ㜭䟿׍䎆ޣ㌫Ǆ

4.2 模型介绍

਴ѝᗳᓖлн਼⿽类㋂ᆀⲴ⁚ࣘ䟿䉡ሩ㌫㔏ࣘ࣋学╄ॆ䶎ᑨ᭿ᝏǄ⭡Ҿ䳶փ⍱

Պሶ䍘䟿ᴤབྷⲴ㋂ᆀ᧘ੁ⁚ࣘ䟿䉡ᴤ儈Ⲵ४ฏˈഐ↔н਼㋂ᆀ⿽类Ⲵ⁚ࣘ䟿䉡ᖒ⣦

䎆Ҿ㋂ᆀⲴ䍘䟿׍ [60]Ǆվ⁚ࣘ䟿४ฏⲴ䉡ѫ㾱ਇ⻠ᫎਾᵏⲴࣘ࣋学ᵪࡦⲴᖡ૽ˈ
वᤜ䳶փ⍱Ⲵᖡ૽ (ᖴੁ⍱) ሩਁ⭏൘⻠ᫎᰙᵏ䱦ࡉᥟᘱˈ㘼儈⁚ࣘ䟿४ฏⲴ䉡ޡ઼
⇥Ⲵ䜘分ᆀࣘ࣋学 (⺜ᡆॺ⺜䗷〻) 䶎ᑨ᭿ᝏǄᖃ✝Ⓚާᴹ㓥ੁ㟘㛰ᯩੁкⲴ⍋Ֆ
ީਈᦒнਈᙗᰦˈ✝Ⓚ൘ॺᖴ 0 6 r 6 R Ⲵ⁚ੁ㟘㛰ᯩੁкⲴᖴੁ⍱䙏ਟ৲ᮠॆѪ

β(r) = βS(
r
R
)nˈަѝ βS Ѫ㺘䶒䙏ᓖˈᤷᮠ n ⭘Ҿ᧿䘠ᖴੁ⍱䙏Ӿ✝Ⓚ㺘䶒ࡠѝᗳ

ⲴਈॆǄᒣ൷ᖴੁ⍱䙏о㺘䶒⍱䙏Ⲵޣ㌫Ѫ ⟨β⟩ = βS · 2/(2 + n) [152]Ǆᵜㄐѝᡰᴹ
BW ⁑රⲴ n = 1ˈԕᯩׯн਼Ⲵ BW ⁑රⲴ㔃᷌ѻ䰤Ⲵ∄䖳Ǆ
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(a)

മ 4.2.1: Blast-Wave ⁑ර⽪᜿മˈമ⡷ᶕ㠚 PHENIX ਸ֌㓴മᓃ

4.2.1 爆炸波模型

⠶⛨⌒⁑ර᧿䘠Ҷ⴨ሩ䇪䟽⿫ᆀ⻠ᫎӗ⭏Ⲵ儈⑙㌫㔏ᶱ䙏ੁཆᢙᕐⲴ䳶փ䘀ࣘ

ᖒᔿǄ⠶⛨⌒⁑රѫ㾱䙊䗷✝Ⓚ࣐к⁚ੁ⍱ᶕ࡫⭫ӗ⭏㋂ᆀⲴ⁚ࣘ䟿分ᐳˈণ㋂ᆀ

Ⲵ⁚ࣘ䟿䉡Ǆമ(4.2.1)ᱟ⠶⛨⌒⁑ර⽪᜿മˈྲമᡰ⽪ˈ⻠ᫎӗ⭏Ⲵ㌫㔏⑙ᓖᶱ儈ˈ
ੁཆнᯝ✝䗀ሴ㋂ᆀˈӗ⭏㋂ᆀⲴ⁚ࣘ䟿䉡ᴽӾ㌫㔏Ⲵ✝࣋学㔏䇑㿴ᖻǄ਼ᰦ㌫㔏

৸нᯝᶱ䙏ੁཆᢙᕐˈᆈ൘⁚ੁ⍱ˈ৏ੁݸ਴њᯩੁ䲿ᵪ✝ਁሴⲴ㋂ᆀ൘⁚ੁ⍱Ⲵ

᧘ࣘ (boost) лˈ㋂ᆀⲴ⁚ࣘ䟿分ᐳਁ⭏Ҷ᭩ਈǄ
л䶒ᡁԜ᧘ሬ⠶⛨⌒⁑රѝ⁚ࣘ䟿䉡ⲴᖒᔿˈᡁԜ䙊䗷ᢺ✝Ⓚ൘⁚ੁ઼㓥ੁ਼

ᰦਈᦒᶕᗇࡠ⁚ࣘ䟿䉡ⲴᖒᔿǄ൘؍ᤱ⍋ՖީਈᦒнਈᙗṶᷦлˈ俆ݸᇊѹ⁚ੁਈ

ᦒ䀂ᓖѪ ρ = tanh−1 β(r)ˈф㌫㔏┑䏣਴њᯩੁᯩ位䀂਴ੁ਼ᙗˈࡉ⴨ᓄⲴѝ䰤ᘛ

ᓖ४⁚ੁ䙏ᓖ൪Ѫ˖

u′
ν
(t̃, r, z = 0) = (cosh ρ, e⃗r sinh ρ, 0) (4.1)

ሶк䘠䙏ᓖ൪޽ԕ䀂ᓖ η ᴰ㓸䙏ᓖ൪ࡠ㓥ੁਈᦒˈ䘉ṧᗇڊ [153] ᖒᔿ˖

uµ(ρ, η) = (cosh ρ cosh η, e⃗r sinh ρ, cosh ρ sinh η) (4.2)

н਼ᯩੁⲴ⍋Ֆީਈᦒᱟн㜭ሩ᱃ⲴǄ䘉ҏփ⧠൘к䘠 uµ ᔿᆀѝˈ⁚ੁ䀂ᓖ ρ ਈᦒ

઼㓥ੁ䀂ᓖ η ਈᦒнᱟሩ〠ⲴǄ

ਟᗇ⑙ᓖѪࡉˈ䇮㌫㔏༴Ҿ✝ᒣ㺑⣦ᘱˈᴽӾ⧫ቄީᴬ分ᐳٷ T Ⲵ✝Ⓚ䗀ሴⲴ

㋂ᆀⲴнਈࣘ䟿䉡Ѫ˖

E
d3n

d3p
=

dn

dymTdmT dϕ
=

gV

(2π)3
E e−(E−µ)/T (4.3)
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ަѝ g ᱟ㠚᯻਼位᯻䘰ॆഐᆀˈµ ᱟᐘ↓࣯ࡉ µ = bµb + sµsˈ䟽ᆀᮠѪ b ઼ s Ѫཷ

ᔲ䟿ᆀᮠˈV ᱟ✝ⓀⲴփ〟ˈ⁚䍘䟿Ѫ mT =
√
m2 + p2TǄᇊѹҶ䙏ᓖ൪ѻਾˈнਈ

⁚ࣘ䟿䉡ਈѪ [154]˖

E
d3n

d3p
=

∫
σ

f(x, p) pλdσλ ≈ g

(2π)3

∫
e−(uνpν−µ)/Tpλdσλ (4.4)

ަѝ f(x, p) ᱟ㻛ተฏ⍱䙏 uµ ᧘ࣘⲴ਴ੁ਼ᙗⲴ✝ॆ分ᐳˈᱟ⍋ՖީਈᦒнਈⲴˈ

䘉䟼֯⭘Ҷ⧫ቄީᴬ分ᐳᶕ䘁լ㜦ᆀ઼ཨݻⲴ⧫㢢分ᐳ઼䍩㊣分ᐳǄަѝ σ ᱟ䙊䗷

Ⲵᰦオ䎵ᴢ䶒ˈ䴰㾱⌘᜿Ⲵᱟ σ нᱟ单ᯩੁӵੁཆਁሴ㋂ᆀⲴⵏᇎ㺘䶒ˈ㘼ᱟањ

ᇊѹ⍱փ࣋学ੁ㠚⭡䘀ࣘ㋂ᆀ䖜ਈⲴ⭼䲀ˈ൘ σ ᴢ䶒к㋂ᆀ൘ᡰᴹᯩੁ䜭਴ੁ਼ᙗ

Ⲵ伎㹼Ǆһᇎкˈ䀓߫Ⲵ䎵ᴢ䶒ਟԕ⭡਴њ㋂ᆀ䰤Ⲵᴰਾ⴨ӂ֌⭘⛩ᶕᇊѹˈഐ↔ˈ

ᇎ䱵㾱≲㌫㔏Ⲵ密ᓖ㜭ཏ䗮ࡠᒣ൷㠚⭡〻Ⲵ䟿级Ǆն䘉а㾱≲н᱃൘䘉њㆰ单Ⲵࣘ

⧠学⁑රѝᇎ࣋ [60]Ǆ
ሶ䎵ᴢ䶒 σ ൘ḡ඀ḷ㌫ 0 ≤ r ≤ Rǃ0 ≤ ϕ < 2π ৺㓥ੁ −ηmax ≤ ζ ≤ ηmax ѝ৲

ᮠॆѪ σ(r, ϕ, ζ) ⲴᖒᔿǄٷ䇮 σ(r, ϕ, ζ) ൘ r ᯩੁкⷜᰦ߫㔃ˈ㘼൘㓥ੁᯩੁкˈഐ

ѪᴤᕪⲴᰦ䰤〰䟺᭸ᓄˈ֯⭘ᴤа㡜Ⲵᛵߥ
(
t(ζ), z(ζ)

)
[155]˖

σµ(r, ϕ, ζ) =
(
t(ζ), r cosϕ, r sinϕ, z(ζ)

)
(4.5)

pµdσµ =

[
E
∂z

∂ζ
− pL

∂t

∂ζ

]
rdr dϕ dζ (4.6)

ѪҶ䇑㇇ޜᔿ(4.4)ˈ䴰㾱䇑㇇ uµpµ 亩ˈྲл˖

uµpµ = mT cosh(y − η) cosh ρ− pT sinh ρ cos(ϕ− φ) (4.7)

⭡Ҿᯩ位䀂ҏᱟሩ〠ⲴˈᡁԜਟԕ࡙⭘؞↓Ⲵ䍍ຎቄ࠭ᮠ I0(z) = (2π)−1
∫ 2π

0
ez cosϕdϕˈ

ᒦሩޜᔿ(4.4)ѝᯩ位䀂 ϕ 〟分ᗇࡠ:

E
d3n

d3p
=

g

(2π)2

∫ ηmax

−ηmax

dζ

[
mT cosh y∂z

∂ζ
−mT sinh y ∂t

∂ζ

]
(4.8)

×
∫ R

0

rdr exp
(
−mT cosh ρ cosh(y − η)− µ

T

)
I0

(
pT sinh ρ

T

)
Ⲵ䍍ຎቄ࠭ᮠ↓؞ਖањ⭘࡙޽ K1(z) =

∫∞
0

cosh y e−z cosh ydyˈਟԕᗇࡠ㋂ᆀⲴ⁚䍘

䟿䉡˖

dn

mTdmT

=
g

π
mT

∫ ηmax

−ηmax

dζ

[
cosh η∂z

∂ζ
− sinh η ∂t

∂ζ

]∫ R

0

rdr K1

(
mT cosh ρ

T

)
I0

(
pT sinh ρ

T

)
=

2g

π
mTZt̃

∫ R

0

rdr K1

(
mT cosh ρ

T

)
I0

(
pT sinh ρ

T

)
(4.9)

䘉ṧˈ൘ањ㓥ੁ〫ࣘⲴ඀ḷ㌫ѝˈਚ㾱⑙ᓖ઼⁚ੁ⍱ࣘо㓥ੁ位㖞ᰐޣˈ⁚

䍘䟿䉡ቡਟԕ৲ᮠॆǄᖡ૽ᖂаॆⲴਚᴹањഐ㍐ Zt̃Ǆ
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䘉ṧˈᡁԜ޽ሶ⁚䍘䟿䉡䖜ॆѪ⁚ࣘ䟿䉡ⲴᖒᔿˈׯᗇࡠՐ㔏Ⲵ⭘⧫ቄީᴬ -ਹ
ᐳᯟ (Boltzmann-Gibbs) 分ᐳᶕ᧿䘠᭮ሴ㋂ᆀⲴ✝ⓀⲴ BGBW ⁑ර [49, 60, 68] ѝ
⭘Ҿ᧿䘠ӗ⭏Ⲵ㋂ᆀ䉡Ⲵ࠭ᮠᖒᔿѪ˖

d2N

2πpTdpTdy
|y=0 =A

∫
0

rdrmT I0(
pT sinh(ρ)

T
)

·K1(
mT cosh(ρ)

T
)

(4.10)

ᔿᆀѝ A ᱟᖂаॆഐᆀˈmT =
√
p2T +m2 ᱟ㋂ᆀⲴ⁚䍘䟿ˈI0 ઼ K1 分࡛ᱟㅜа

类؞↓䍍ຎቄ࠭ᮠ઼ㅜҼ类؞↓䍍ຎቄ࠭ᮠˈρ = tanh−1 βˈT ᱟࣘ࣋学߫ࠪ⑙ᓖˈ

ҏቡᱟ᭮ሴࠪ㋂ᆀⲴተ䜘✝ⓀⲴ⑙ᓖǄ

4.2.2 Tsallis 爆炸波模型

൘ӻ㓽 Tsallis ⠶⛨⌒⁑රѻࡽˈ俆ݸᡁԜ䇘䇪 Tsallis ⠶⛨⌒⁑රสҾⲴ Tsallis
ᨀࠪⲴ Tsallis ⟥Ⲵᖒᔿ [156]:

Sq =
(1−

∑
i p

q
i )

q − 1

q→1
=⇒ SBG = −

∑
i

pi ln pi (4.11)

⌘᜿ࡠ⧫ቄީᴬ -ਹᐳᯟ⟥ SBG = Sq=1Ǆ㘼 Sq ᱟ䶎ᒯᔦⲴˈഐѪሩҾԫ᜿єњ⤜・

Ⲵ㌫㔏 A ઼ B (ণᾲ⦷分ᐳ┑䏣 pij(A+B) = pi(A)pj(B))ˈਟԕਁ⧠

Sq(A+B) = Sq(A) + Sq(B) + (1− q)Sq(A)Sq(B) (4.12)

Ӿ䘉њ᜿ѹк䈤ˈ⟥ᤷᮠ q ᱟሩ㌫㔏䶎ᒯᔦ〻ᓖⲴа⿽ᓖ䟿Ǆ

⭡Ҿ BGBW ⁑රสҾተฏ✝ᒣ㺑Ⲵٷ䇮ˈ൘᧿䘠䍘ᆀ − 䍘ᆀ⻠઼ᫎٿᗳⲴ䠁
Ṩ − 䠁Ṩ⻠ᫎⲴ㋂ᆀ䉡ᰦнཚਸ䘲ˈѪҶᴤྭൠփ⧠㌫㔏Ⲵ䶎ᒣ㺑〻ᓖণਟ㜭Ⲵ⌒
ࣘˈᐢ㓿䙊䗷ᕅޕ⭡ Tsallis ⟥ሬࠪⲴ Tsallis 分ᐳᶕ᧿䘠 [124]:

exp
(
−mT

T

)
⇒ expq

(
−mT

T

)
=

[
1− (1− q)

mT

T

] 1
1−q (4.13)

䘉ṧӪԜ൘⠶⛨⌒ (Blast-Wave) ⁑රѝ⭘ޜᔿ(4.13)ѝⲴ Tsallis 分ᐳᶕᴯᦒ⧫
ቄީᴬ -ਹᐳᯟ分ᐳᶕ᧿䘠᭮ሴ㋂ᆀⲴ✝Ⓚ [124, 156–159]ˈ᭩䘋ਾⲴ⁑රㆰ〠Ѫ
TBW ⁑රˈ⴨ᓄⲴ⭘Ҿ᧿䘠ӗ⭏Ⲵ㋂ᆀ䉡Ⲵ࠭ᮠᖒᔿྲл˖

d2N

2πmTdmTdy
|y=0 = A

∫ +yb

−yb

e
√

y2b−y2smT cosh(ys)dys

×
∫ R

0
rdr

∫ π

−π
[1 +

q − 1

T
ET ]

−1/(q−1)dϕ

(4.14)

ᔿᆀѝ

ET = mT cosh(ys) cosh(ρ)− pT sinh(ρ) cos(ϕ) (4.15)
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ys ᱟ✝ⓀⲴᘛᓖˈyb ᱟᶏ⍱Ⲵᘛᓖˈϕ ᱟ䶉→඀ḷ㌫ѝ㋂ᆀ⴨ሩ✝ⓀⲴਁሴ䀂ᓖˈq

ᱟ᧿䘠㌫㔏Ⲵ䶎ᒣ㺑〻ᓖⲴ৲ᮠǄᖃ q > 1 ᰦˈq − 1 䎺བྷˈ㺘⽪㌫㔏䶎ᒣ㺑〻ᓖ䎺

儈Ǆᖃ q = 1 ᰦˈޜᔿ(4.14)ቡ䖜ॆѪՐ㔏Ⲵ BGBW ⁑රⲴ࠭ᮠᖒᔿǄ
൘ᵜ᮷ѝˈᡁԜ䘈䟷⭘Ҷањާᴹ 4 њᤏਸ৲ᮠⲴ TBW ⁑රণӻᆀ઼䟽ᆀ分

࡛֯⭘Ҷн਼Ⲵ qˈㆰ〠Ѫ TBW4ǄTBW4 ᱟ൘᮷⥞ [157] ѝᨀࠪⲴˈ⭘Ҿ䀓ߣ䍘
ᆀ − 䍘ᆀ⻠ᫎѝӻᆀ઼䟽ᆀ䉡ޡ⭘ q ٬ᰦ᧿䘠н֣Ⲵ䰞仈Ǆᵜ᮷н֌䘋а↕䈤᰾Ⲵ

TBW ᱟᤷާᴹ 3 њᤏਸ৲ᮠⲴ TBW ⁑රˈণሩӻᆀ઼䟽ᆀ䜭֯⭘⴨਼Ⲵ q Ⲵᤏ

ਸǄഐ↔ˈᵜ᮷ѝሶ∄䖳й⿽ BW ⁑ර˖BGBWˈTBWˈTBW4Ǆ

4.3 拟合结果

4.3.1 粒子谱的模型拟合

⁑රᤏਸᡰ⭘Ⲵ㋂ᆀ⁚ࣘ䟿䉡Ⲵᇎ傼ᮠᦞᶕⓀྲ㺘Ṭ(4.3.1)ᡰ⽪Ǆሩ㋂ᆀ䉡分
࡛䟷⭘Ҷє⿽ᤏਸᯩ⌅ˈа⿽ᱟᤏਸѝवਜ਼㺘ṬѝࠪࡇⲴᡰᴹ⿽类Ⲵ㋂ᆀˈа⿽ᱟ

ਚᤏਸ π±ˈK±ˈp(p̄) Ⲵᇎ傼ᮠᦞ⛩ˈਾа⿽ᛵߥᱟѪҶᯩׯо᮷⥞ [11, 47] ᐢᴹⲴ
㔃᷌䘋㹼∄䖳Ǆ⭘ҾᤏਸⲴᇎ傼ᮠᦞ⛩Ⲵ䈟ᐞ䟷⭘㌫㔏䈟ᐞ઼㔏䇑䈟ᐞⲴᒣᯩ઼ᔰ

ṩ号ǄѪҶ൘ᤏਸѝᴹᴤྭⲴ᭦ᮋԕ৺䚯ݽ䙏ᓖࠪ⧠䍏٬ᡆ䎵䗷ݹ䙏ㅹ䶎⢙⨶Ⲵ㔃

᷌ [157]ˈ৲ᮠᒣ൷⍱䙏 ⟨β⟩ ൘ᤏਸѝ䲀ࡦ൘㤳ത 0 6 ⟨β⟩ 6 2/3c ޵ [68]ǄᵜㄐⲴᤏ
ਸѝᇎ傼ᮠᦞ⛩Ⲵᤏਸ㤳ത䲀ࡦ൘ pT 6 3 GeV/cˈԕׯ∄䖳ཊњ⻠ᫎ㜭䟿Ⲵ⴨਼⁚
ࣘ䟿㤳തⲴ䉡Ǆ

ᡰᴹ⁑රᤏਸᗇࡠⲴ৲ᮠ઼ χ2/nDoF Ⲵ㔃᷌≷ᙫ㿱䱴ᖅѝ㺘Ṭ(A.0.1), (A.0.2),
(A.0.3), (A.0.4), (A.0.5), (A.0.6), (A.0.7), (A.0.8), (A.0.9), (A.0.10), (A.0.11), (A.0.12),
(A.0.13), (A.0.14), (A.0.15), (A.0.16)ᡰ⽪Ǆ

മ(4.3.1)઼മ(4.3.2)分࡛ᱟ BGBWǃTBW઼ TBW4⁑රሩѝᗳᓖѪ 60-80%Ⲵ
√
sNN = 7.7 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠઼ᫎ √

sNN = 2.76 TeV Ⲵ䫵Ṩ − 䫵Ṩ⻠ᫎⲴᕪᆀ
䉡ᇎ傼ᮠᦞⲴᤏਸ㔃᷌Ǆമ(4.3.1)઼മ(4.3.2)ᱮ⽪ˈTBW Ⲵᤏਸ㔃᷌∄ BGBW ᴤ
ྭˈᴹᴤሿⲴ χ2/nDoFˈTBW4 Ⲵᤏਸ㔃᷌оབྷཊᮠᇎ傼ᮠᦞ⛩Ⲵٿᐞ䜭൘ 2-σ ḷ
߶ᐞԕ޵Ǆ

LHC 㜭४ √
sNN = 2.76 TeV ઼ RHIC ᴰ儈㜭䟿 √

sNN = 200 GeV Ⲵ㔃᷌ᱮ⽪ˈ
ᗳ⻠ᫎⲴٿ BGBW ⁑රⲴ㔃᷌оᇎ傼ᮠᦞ⛩Ⲵٿᐞ∄ሩᗳ⻠ᫎ㾱བྷǄ਼ᰦ䲿⵰⻠ᫎ
㜭䟿Ⲵॷ儈ˈBGBW ⁑රⲴ㔃᷌оᇎ傼ᮠᦞ⛩Ⲵٿᐞҏ൘ਈབྷˈ⻠ᫎоᒣ㺑ᘱ⁑ර
ᐞᔲਈབྷǄ䘉൘аᇊ〻ᓖкҏփ⧠Ҷ TBW ⁑රᤏਸᗇࡠⲴ㔃᷌ˈণ䲿⵰⻠ᫎ㜭䟿
Ⲵॷ儈ˈTBW ⁑රᤏਸⲴ q ٬䎺བྷˈ㌫㔏ٿ⿫ᒣ㺑⣦ᘱⲴ〻ᓖⲴ䎺儈Ǆ⴨਼Ⲵ⻠ᫎ

㜭䟿лⲴ TBW ⁑රⲴ㔃᷌ᱮ⽪ˈٿᗳ⻠ᫎ㌫㔏ٿ⿫ᒣ㺑⣦ᘱⲴ〻ᓖ∄ሩᗳ⻠ᫎᴤ
儈ǄᙫⲴᶕ䈤ˈሩᴤ儈Ⲵ⻠ᫎ㜭䟿Ⲵٿᗳ⻠ᫎ⁚ࣘ䟿䉡㘼䀰ˈ⻠ᫎ㌫㔏ٿ⿫ᒣ㺑⣦
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㺘 4.3.1: ⁑රᤏਸѝ֯⭘Ⲵ㋂ᆀ⁚ࣘ䟿䉡Ⲵᇎ傼ᮠᦞᶕⓀ
⻠ᫎ㌫㔏

√sNN (GeV) ㋂ᆀ ᇎ傼ਸ֌㓴 ৲㘳᮷⥞

Au+ Au 7.7, 11.5, 19.6, 27 π±, K±, p, p̄ STAR [47]
K0

s , Λ, Λ̄, Ξ
+, Ξ− STAR [48]

Au+ Au 14.5 π±, K±, p, p̄ STAR [50]
Au+ Au 39 π±, K±, p, p̄ STAR [47]

K0
s , Λ, Λ̄, Ξ

+, Ξ− STAR [48]
π0 PHENIX [160]

Au+ Au 62.4 π±, K±, p, p̄ STAR [68]
π±, p, p̄ STAR [67]

K0
s , Λ, Λ̄, Ξ

+, Ξ−, Ω+, Ω− STAR [161]
ϕ STAR [162]
π0 PHENIX [160]

Au+ Au 200 π±, p, p̄ STAR [69]
K± STAR [163]
K± PHENIX [75]

Λ, Λ̄, Ξ+, Ξ−, Ω STAR [164]
ϕ STAR [165]

Pb+ Pb 2760 π±, K±, p, p̄ ALICE [63]
K0

s , Λ ALICE [166]
Ξ+, Ξ−, Ω+, Ω− ALICE [167]

Pb+ Pb 5020 π±, K±, p, p̄ ALICE [64]

ᘱⲴ〻ᓖᴤ儈ˈสҾተฏ✝ᒣ㺑Ⲵٷ䇮Ⲵ BGBW ⁑ර᜸࣐䳮ԕ᧿䘠ˈ᜸࣐䴰㾱ᕅޕ
䶎ᒣ㺑㔏䇑ণ Tsallis 分ᐳⲴ TBW ⁑රᶕ᧿䘠㌫㔏Ⲵࣘ࣋学߫ࠪǄ

㘼 TBW4 ⁑රⲴᤏਸ㔃᷌ᴹ∄ TBW 㔃᷌ᴤሿⲴ χ2/nDoFˈ䘉⿽ᛵߥሩٿᗳ

⻠ᫎⲴ㔃᷌㘼䀰ᴤѪ᰾ᱮǄ਼ᰦˈਁ⧠䟽ᆀⲴ䶎ᒣ㺑৲ᮠ qB ሿҾӻᆀⲴ qMˈ䘉ᱟ

ഐѪ䟽ᆀ䉡∄ӻᆀ䉡ᴤ䲑Ǆᤏਸѝ֯⭘Ⲵ䟽ᆀཊѪཷᔲ㋂ᆀ (Λ) ઼ཊཷᔲ㋂ᆀ (Ξ ઼
Ω)ˈ㘼ਜ਼ཷᔲཨݻⲴ㋂ᆀާᴹ䖳ሿ q ٬઼ᴤ儈Ⲵࣘ࣋学߫ࠪ⑙ᓖǄ

4.3.2 碰撞中心度的依赖性

മ(4.3.3)઼മ(4.3.4) ኅ⽪Ҷ BGBWǃTBW ઼ TBW4 ⁑රᤏਸ⁚ࣘ䟿䉡ᗇࠪн
਼ѝᗳᓖлⲴࣘ࣋学߫ࠪ⑙ᓖ T 䲿ᒣ൷ᖴੁ⍱䙏 ⟨β⟩ Ⲵਈॆ [168]ǄᙫⲴᶕ䈤ˈ⭡Ҿ
ᴤཊⲴ㋂ᆀ⿽类Ⲵ䉡㻛⭘Ҿ⹄ウᆳԜ਼ޡⲴࣘ࣋学߫ࠪᙗ䍘ˈമ(4.3.4)ѝሩᡰᴹ㋂ᆀ
Ⲵᤏਸ৲ᮠާᴹ∄മ(4.3.3)ѝӵሩ π±ˈK±ˈp(p̄) ᤏਸⲴ䈟ᐞᴤሿǄ䲔↔ѻཆˈ䘉є
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(a) (b)

(c)

മ 4.3.1: ⠶⛨⌒⁑රሩѝᗳᓖѪ 60-80% Ⲵ √
sNN = 7.7 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ

ᕪᆀ䉡ⲴᤏਸǄн਼Ⲵㅖ号代㺘н਼㋂ᆀ⿽类Ⲵᇎ傼ᮠᦞ⛩Ǆᇎ傼ᮠᦞⲴ䈟ᐞᱟ㔏

䇑䈟ᐞ઼㌫㔏䈟ᐞⲴᒣᯩ઼ᔰṩ号ǄമѝⲴᇎ㓯分࡛代㺘 BGBW(a)ǃTBW(b) ઼
TBW4(c) Ⲵᤏਸ㔃᷌

㓴ᤏਸ൘ T 䲿 ⟨β⟩ Ⲵਈॆᛵߥк㔉ࠪҶ类լⲴ㔃᷌Ǆ

ᐖമᱮ⽪Ⲵ BGBW 㔃᷌ᱮ⽪ T ઼ ⟨β⟩ ѻ䰤ᆈ൘৽⴨ޣޣ㌫Ǆ൘⴨਼Ⲵ⻠ᫎ㜭
䟿лˈӾٿᗳ⻠ᫎࡠѝᗳ⻠ᫎˈT ሿˈ⟨β⟩߿ ໎བྷǄ䲿⵰⻠ᫎ㜭䟿Ⲵॷ儈ˈ৽⴨ޣޣ
㌫ੁᴤ儈Ⲵ ⟨β⟩ к〫ࣘǄ䘉⿽৽⴨ޣ㹼Ѫ൘᮷⥞ [47] ѝҏᴹਁ⧠Ǆ

മ(4.3.3)઼മ(4.3.4) ѝ䰤മ䟼Ⲵ TBW 㔃᷌о BGBW 㔃᷌н਼Ǆо BGBW ⴨
∄ˈᶕ㠚 TBW Ⲵ T ሩѝᗳᓖⲴ׍䎆ᙗ㾱ᕡᗇཊǄֻྲˈ൘ LHC 㜭४ѝˈBGBW
㔃᷌Ⲵ T ӾᴰѝᗳࡠᴰٿᗳⲴ⻠ᫎབྷ㓖໎࣐ 40ˁˈ㘼 TBW 㔃᷌Ⲵ T ⲴਈॆӵѪ

5ˁᐖਣǄ൘᮷⥞ [139] ѝˈᖃ൘ BGBW ⁑රѝ㘳㲁Ҷᒣ㺑߫ࠪਾ䘋а↕Ⲵޡᥟᘱ
㺠ਈᰦˈҏਁ⧠Ҷ类լⲴ T Ⲵᕡѝᗳᓖ׍䎆ᙗⲴ⧠䊑Ǆ൘ᆿ㿲Ⲵ TBW ⁑රѝˈޡ
ᥟᘱ㺠ਈᱟሬ㠤䶎ᒣ㺑ᘱⲴᗞ㿲৏ഐѻаǄ䘉а⧠䊑㺘᰾ˈBGBW ⁑රѝⲴ߫ࠪ⑙
ᓖѻᡰԕާᴹᖸᕪⲴѝᗳᓖ׍䎆ᙗˈṩᵜ৏ഐ൘Ҿ BGBW ⁑ᔿн䘲⭘Ҿ䶎ᒣ㺑㌫
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(a) (b)

(c)

മ 4.3.2: ⠶⛨⌒⁑රሩѝᗳᓖѪ 60-80% Ⲵ √
sNN = 2.76 TeV Ⲵ䫵Ṩ − 䫵Ṩ⻠ᫎⲴ

ᕪᆀ䉡ⲴᤏਸǄл分മѪ⁑රоᇎ傼ᮠᦞ⛩Ⲵٿᐞ䲔ԕᮠᦞ⛩䈟ᐞǄн਼Ⲵㅖ号代

㺘н਼Ⲵ㋂ᆀ⿽类Ǆᇎ傼ᮠᦞⲴ䈟ᐞᱟ㔏䇑䈟ᐞ઼㌫㔏䈟ᐞⲴᒣᯩ઼ᔰṩ号Ǆк分

മѝⲴᇎ㓯分࡛代㺘 BGBW(a)ǃTBW(b) ઼ TBW4(c) Ⲵᤏਸ㔃᷌Ǆл分മѝⲴ㲊
㓯㺘⽪ٿ⿫ 2 Ⲵᇎ傼ᮠᦞ䈟ᐞ㤳തؽ

㔏Ǆ൘ TBW 㔃᷌ѝˈᴰѝᗳ⻠ᫎⲴ RHIC 㜭४Ⲵᒣ൷⍱䙏 ⟨β⟩ ൘ 0.4 ࡠ 0.5c ѻ䰤ˈ
LHC 㜭४Ⲵ൘ 0.6c ᐖਣˈ䘉о BGBW ѝⲴ㔃᷌类լǄ㘼൘ٿᗳ⻠ᫎѝˈTBW ѝ
⟨β⟩ Ⲵ٬∄൘ BGBW ѝⲴ٬㾱վˈቔަ൘ RHIC 㜭४Ⲵᴰٿᗳ⻠ᫎѝˈަ٬⭊㠣Ѫ
䴦ǄӾ TBW ⁑රⲴ㿲⛩ᶕⴻˈRHIC 㜭४Ⲵٿᗳ⻠ᫎѝˈᕪᆀᮓሴᡆ QGP н䏣ԕ
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മ 4.3.3: Ӿ BGBW(ᐖമ)ǃTBW(ѝമ) ઼ TBW4(ਣമ) ⁑රሩ π±ˈK±ˈp(p̄) Ⲵ

⁚ࣘ䟿䉡ⲴᤏਸѝᗇࡠⲴн਼⻠ᫎ㜭䟿઼н਼ѝᗳᓖⲴࣘ࣋学߫ࠪ⑙ᓖ T 䲿ᒣ൷ᖴ

ੁ⍱䙏 ⟨β⟩ Ⲵਈॆ [168]Ǆ⴨਼ṧᔿⲴㅖ号㺘⽪൘⴨਼Ⲵ⻠ᫎ㜭䟿лн਼Ⲵѝᗳᓖ㔃
᷌ǄሩҾ㔉ᇊⲴ⻠ᫎ㜭䟿ˈമѝӾᐖࡠਣˈ代㺘ѝᗳᓖӾٿᗳ⻠ᫎࡠሩᗳ⻠ᫎ

മ 4.3.4: оമ(4.3.3)аṧˈਚᱟᤏਸⲴ⁚ࣘ䟿䉡нӵवᤜҶ π±ˈK±ˈp(p̄)ˈ䘈वᤜ

㺘Ṭ(4.3.1)ࠪࡇⲴᡰᴹަᆳ㋂ᆀˈ∄ྲཷᔲ㋂ᆀ઼ཊཷᔲ㋂ᆀ [168]

ӗ⭏བྷⲴ䳶փᖴੁ⍱ˈҏн䏣ԕ㔤ᤱ✝ᒣ㺑ǄBGBW ⁑ර⭡Ҿ㕪ѿ᧿䘠⻠ᫎ㌫㔏䶎
ᒣ㺑〻ᓖⲴ৲ᮠˈਚ㜭ᨀ儈ަᖴੁ⍱Ⲵᮠ٬ˈԕᤏਸٿᗳ⻠ᫎѝѝ䰤 pT ४ฏ䉡Ⲵ儈

ӗ仍Ǆ

൘മ(4.3.3)઼മ(4.3.4)ѝˈਣമⲴ TBW4 Ⲵ T ઼ ⟨β⟩ Ⲵᮠ٬оѝ䰤മⲴ㔃᷌类
լˈնоᐖമⲴ BGBW 㔃᷌ᴹᡰн਼Ǆо BGBW ⁑ර⴨∄ˈTBW ઼ TBW4 ⁑
ර൘᧿䘠ٿᗳ⻠ᫎᰦˈT Ⲵѝᗳᓖ׍䎆ᙗᴤᕡˈ⟨β⟩ Ⲵ٬ᴤվǄ਼ᰦ൘ LHC 㜭४ˈ
TBW4Ⲵ T ઼ ⟨β⟩ੁٮҾ੸↓⴨ޣޣ㌫ˈ㘼нᱟ BGBWѝⲴ৽⴨ޣޣ㌫ᡆ㘵 TBW
ѝⲴᕡ⴨ޣޣ㌫Ǆ൘മ(4.3.3)ѝˈሩҾӵሩ π±ˈK±ˈp(p̄) 䉡Ⲵᤏਸˈᖃ

√
sNN བྷҾ

ㅹҾ 62.4 GeV ᰦˈTBW4 Ⲵ T ٬վҾ TBW Ⲵ TǄሩҾᴤվⲴ
√
sNN 㔃᷌ˈTBW

઼ TBW4 Ⲵ T ٬൘䈟ᐞ㤳ത޵ᱟࠐѾа㠤ⲴǄሩҾवਜ਼ᡰᴹᕪᆀ⿽类Ⲵᛵߥˈ㿱
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മ(4.3.4)ˈᡰᴹᤏਸ৲ᮠⲴ䈟ᐞа㡜䜭䖳ሿˈᒦфᡰᴹ⻠ᫎ㜭䟿л TBW4 Ⲵ T ٬䜭

վҾ TBW Ⲵ㔃᷌Ǆ䙊䗷ሩ∄ BGBW ⁑ර઼є⿽ TBW ⁑ර㔃᷌ᗇࠪⲴѫ㾱㔃䇪
ᱟ: є⿽ TBW ⁑රѝⲴࣘ࣋学߫ࠪ⑙ᓖ T ާᴹᴤᕡⲴѝᗳᓖ׍䎆ᙗˈᒦфٿᗳ⻠

ᫎᰦⲴᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ٬վҾ BGBW ⁑රǄ

4.3.3 碰撞能量的依赖性

മ(4.3.5)઼മ(4.3.6) ኅ⽪Ҷ TBW ⁑රᤏਸ⁚ࣘ䟿䉡ᗇࠪⲴࣘ࣋学߫ࠪ⑙ᓖ Tǃ

ᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ԕ৺᧿䘠㌫㔏Ⲵ䶎ᒣ㺑〻ᓖⲴ৲ᮠ q− 1 Ⲵ⻠ᫎ㜭䟿׍䎆ᙗǃѝᗳ

ᓖ׍䎆ᙗ઼㋂ᆀ⿽类׍䎆ᙗǄ

മ(4.3.5)ᱟ TBW⁑රѝࣘ࣋学߫ࠪ৲ᮠ Tǃ⟨β⟩઼ (q−1)Ⲵ⻠ᫎ㜭䟿઼ѝᗳᓖ

䎆ᙗǄᐖമᱮ⽪Ⲵᱟӵሩ׍ π±ˈK±ˈp(p̄) 䉡Ⲵᤏਸ৲ᮠˈ㘼ਣമѝᱟሩᡰᴹ⿽类

Ⲵ㋂ᆀ䉡Ⲵᤏਸ৲ᮠǄമ(4.3.5)ѝ (a) ઼ (b) Ⲵࣘ࣋学߫ࠪ⑙ᓖ T ൘
√
sNN Ѫ 7.7-39

GeV ᰦ㺘⧠ࠪ䖳ᕡⲴ⻠ᫎ㜭䟿׍䎆ᙗˈ㘼Ӿ √
sNN = 62.4 GeV ᰦᔰ࿻л䱽ˈаⴤࡠ

ᴤ儈Ⲵ LHC㜭४Ǆ൘ √
sNN =7.7 - 39 GeV㤳ത޵ˈ൘ԫօ㔉ᇊⲴ⻠ᫎ㜭䟿лˈT ٬

Ӿٿᗳࡠѝᗳ⻠ᫎ⮕ᴹл䱽Ǆ൘ 62.4 GeVࡠ 5.02 TeVᰦˈT Ⲵѝᗳᓖ׍䎆ᙗ⭊㠣ਈ
ᗇᴤሿǄ⴨∄ѻлˈྲࡽ䘠ᡰ䘠ˈ൘ BGBW ѝˈӾٿᗳࡠѝᗳ⻠ᫎ T ٬᰾ᱮ䱽վˈ

൘ᴰٿᗳ⻠ᫎѝˈBGBW ᰾ᱮٿ⿫ᇎ傼ᮠᦞ⛩ԕ㠤ҾᴹᴤབྷⲴ χ2/nDoF ٬Ǆ਼ᰦˈ

ᗳ⻠ᫎⲴٿ TBW 䶎ᒣ㺑৲ᮠ q ҏ䲿⵰⻠ᫎ㜭䟿Ⲵ໎࣐㘼໎࣐ˈ↓ྲമ(4.3.5)Ⲵ (e)
઼ (f) ᡰ⽪ǄBGBW ѝⲴ T ᱮ⽪ࠪⲴᕪѝᗳᓖ׍䎆ᙗਟ㜭ᱟ⭡Ҿ䈕⁑ර㕪ቁሩ㌫㔏

൘ٿᗳ⻠ᫎѝ䖳བྷⲴ䶎ᒣ㺑᭸ᓄⲴ᧿䘠Ǆമ(4.3.5)ѝ (c) ઼ (d) ᡰ⽪Ⲵᒣ൷ᖴੁ⍱䙏
⟨β⟩ˈሩҾѝᗳ⻠ᫎᶕ䈤ˈRHIC 㜭४Ⲵ㔃᷌൘ 0.4 - 0.5 c ѻ䰤ˈLHC 㜭४൘ 0.6 c
ᐖਣˈᒦфӾѝᗳٿࡠᗳ⻠ᫎ䙀⑀䱽վǄ൘ᴰٿᗳ⻠ᫎѝˈRHIC 㜭४Ⲵ ⟨β⟩ л䱽
Ѫ䴦ˈ൘ LHC 㜭४ሿҾ 0.3 cˈ䈤᰾ RHIC 㜭४Ⲵᴰٿᗳ⻠ᫎѝˈ㌫㔏䳮ԕᘛ䙏ൠ
ੁཆᢙኅǄമ(4.3.5)(e) ઼ (f) ᱮ⽪ѝᗳ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴ䶎ᒣ㺑৲ᮠ (q − 1) 䖳
ሿˈ䈤᰾ӗ⭏Ⲵ㋂ᆀ᧕䘁✝ᒣ㺑Ǆ൘ٿᗳ⻠ᫎѝˈ(q − 1) Ⲵᮠ٬Ӿ 7.7 GeV ᰦⲴሿ
Ҿ 0.04 ໎ࡠ࣐ 5.02 TeV ᰦⲴབྷҾ 0.1ˈ㺘᰾䲿⵰⻠ᫎ㜭䟿Ⲵ໎࣐ˈо⧫ቄީᴬ㔏䇑
Ⲵٿᐞ䎺ᶕ䎺བྷǄ(q − 1) ৲ᮠⲴѝᗳᓖ׍䎆ᙗ㺘᰾ˈањ൘ѝᗳ⻠ᫎѝࠐѾ✝ॆⲴ
㌫㔏ੁ൘ٿᗳ⻠ᫎѝ儈ᓖнᒣ㺑Ⲵ㌫㔏ѻ䰤Ⲵ╄ॆǄ᮷⥞ [129] ൘䍘ᆀ − 䍘ᆀⲴ⻠
ᫎѝҏ㿲ሏྲࡠ↔བྷⲴ (q − 1) ٬Ǆ䘉ਟ㜭ᱟ⭡Ҿ㢢⧫⪳ࠍ㚊ᡆ㘵Ṩ -Ṩ⻠ᫎ޵䜘Ⲵ
њ࡛⺜ᮓሴⲴᗞ௧⌘ሬ㠤ⲴࡍᘱⲴ㜭䟿密ᓖ⌒ࣘ䲿⵰⻠ᫎ㜭䟿Ⲵ໎࣐㘼໎࣐Ǆ䘉⿽

⏘㩭ᒦ⋑ᴹ㻛䲿ਾⲴ QGP ╄ॆᡆᕪᆀ⴨ӂ֌⭘ᆼࡧߢޘᦹˈ৽᱐൘ᡁԜ⹄ウⲴ⁚
ࣘ䟿㤳ത޵Ⲵᴰ㓸ᘱ㋂ᆀ䉡ѝ [157]Ǆ

ᙫⲴᶕ䈤ˈྲമ(4.3.5)ᡰ⽪ˈTBW ሩ π±ˈK±ˈp(p̄) 䉡Ⲵᤏਸ઼ሩᡰᴹ㋂ᆀ䉡

Ⲵᤏਸˈ䜭㔉ࠪҶ类լⲴࣘ࣋学߫㔃৲ᮠᮠ٬Ǆоਚᴹ π/K/p 䉡Ⲵᤏਸ⴨∄ˈᡰᴹ

㋂ᆀ䉡ⲴᤏਸⲴ T ⮕儈ˈq ⮕վˈަᆳⲴᐞᔲнབྷǄ䘉⿽ᐞᔲਟ㜭ᶕ㠚Ҿ⁚ࣘ䟿䉡
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മ 4.3.5: Ӿ TBW ⁑ර分࡛ሩ䟽⿫ᆀ⻠ᫎѝⲴ π±ˈK±ˈp(p̄)(ᐖമ) ઼ᡰᴹ㋂ᆀ (ਣ
മ) Ⲵ⁚ࣘ䟿䉡ⲴᤏਸѝᗇࡠⲴн਼ѝᗳᓖⲴࣘ࣋学߫ࠪ⑙ᓖ T (кࡇ)ǃᒣ൷ᖴੁ⍱
䙏 ⟨β⟩(ѝࡇ) ઼᧿䘠㌫㔏Ⲵ䶎ᒣ㺑〻ᓖⲴ৲ᮠ q − 1(лࡇ) Ⲵ⻠ᫎ㜭䟿׍䎆ᙗ [168]Ǆ
√
sNN = 17.3 GeV Ⲵ䫵Ṩ − 䫵ṨⲴሩᗳ⻠ᫎⲴሩᡰᴹ㋂ᆀⲴ⁚ࣘ䟿䉡Ⲵᤏਸ㔃᷌ᶕ
㠚 [158]Ǆമѝн਼仌㢢Ⲵᇎ㓯䘎᧕Ⲵ⴨਼ѝᗳᓖⲴሩᓄ仌㢢Ⲵ৲ᮠ⛩

Ⲵ㋂ᆀ⿽类Ⲵᖡ૽ˈᡰᴹ㋂ᆀ䉡Ⲵᤏਸѝवਜ਼ᴤཊⲴཷᔲ㋂ᆀǄⴤ᧕∄䖳മ(4.3.6)ѝ
Ⲵᐖമ઼ਣമˈཷᔲᕪᆀ∄䶎ཷᔲᕪᆀާᴹᴤ儈Ⲵ⑙ᓖ (T ) ઼ᴤሿⲴ䶎ᒣ㺑〻ᓖ
(q − 1)ˈ㘼ᆳԜⲴᖴੁ⍱ (⟨β⟩) ᱟ⴨լⲴǄ䖳儈Ⲵ߫ࠪ⑙ᓖ㺘᰾ཷᔲᕪᆀ䖳ᰙൠӾ㌫
㔏ѝ䀓㙖Ǆ(e) മⲴ q ∄ (f) മⲴ㾱ሿˈ㘼മ (c) ઼ (d) ᡰ⽪Ⲵ ⟨β⟩ ∄䖳᧕䘁ˈ㺘᰾
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മ 4.3.6: оമ(4.3.5)аṧˈਚᱟᤏਸⲴ䟽⿫ᆀ⻠ᫎѝⲴ⁚ࣘ䟿䉡分࡛Ѫ㺘Ṭ(4.3.1)ࡇ
ࠪⲴཷᔲ㋂ᆀ (ᐖമ) ઼䶎ཷᔲ㋂ᆀ (ਣമ) [168]Ǆ√

sNN = 17.3 GeV Ⲵ䫵Ṩ − 䫵Ṩ
Ⲵሩᗳ⻠ᫎⲴᤏਸ㔃᷌䜭ᶕ㠚 [158]Ǆമѝн਼仌㢢Ⲵᇎ㓯䘎᧕Ⲵ⴨਼ѝᗳᓖⲴሩᓄ
仌㢢Ⲵ৲ᮠ⛩

ᖃཷᔲᕪᆀӾ㌫㔏䀓㙖ᰦˈ㌫㔏ᴤ᧕䘁Ҿᒣ㺑ᘱˈ㘼䲿ਾⲴᕪᆀ⴨ӂ֌⭘ᒦн㜭໎

㌫㔏Ⲵᖴੁ⍱䙏Ǆ䘉ਟ㜭᜿ણ⵰൘࣐ RHIC ઼ LHC 㜭४ᕪᆀ⴨ᒦ⋑ᴹᱮ㪇໎࣐䶎
ཷᔲᕪᆀⲴᖴੁ⍱䙏ˈն㌫㔏ਈᗇᴤ䘌⿫ᒣ㺑: ѝᗳ⻠ᫎѝⲴ㌫㔏൘䜘分ᆀ⴨ᴤ᧕
䘁✝ᒣ㺑ˈቄਾⲴᕪᆀᮓሴ֯㌫㔏䘌⿫ᒣ㺑ˈቭ㇑䶎ཷᔲᕪᆀⲴᖴੁ⍱䙏ᰐᱮ㪇ਈ

ॆ [158]Ǆਖањᴹ䏓Ⲵ⧠䊑ᱟˈ൘ TBW ⁑රѝമ(4.3.6) (b) ᡰ⽪䶎ཷᔲ㋂ᆀⲴѝ
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ᗳ⻠ᫎⲴࣘ࣋学߫㔃⑙ᓖӾ RHIC 㜭४ࡠ LHC 㜭४䙀⑀л䱽ˈ㘼൘മ(4.3.6) (a) ཷ
ᔲ㋂ᆀ⋑ᴹ㺘⧠ࠪ䘉⿽㹼ѪǄ䘉ਟ㜭᜿ણ⵰ LHC Ⲵ⻠ᫎ㌫㔏∄ RHIC Ⲵ㌫㔏ާᴹᴤ
儈Ⲵ⍱䙏઼ᴤབྷⲴփ〟ˈԕ৺ᴤ䮯ᰦ䰤Ⲵᕪᆀ⴨Ⲵ㟘㛰䱦⇥Ǆ

4.3.4 参数间关联分析

൘䶎ᒣ㺑㔏䇑ⲴṶᷦ޵ˈ⑙ᓖ઼⍱䙏ሩ䶎ᒣ㺑৲ᮠ (q − 1) Ⲵ׍䎆ޣ㌫о࠷
ਈ઼փ哿ᓖ ξ ᴹޣˈ੸㓯ᙗᡆҼ⅑࠭ᮠޣ㌫ [124, 131]Ǆ䈕ٷ䇮ਟ䙊䗷Ҽ⅑࠭ᮠ
⟨β⟩ = ⟨β⟩0 − a(q − 1)2 ઼ T = T0 + b(q − 1) − dξ(q − 1)2 (ξ Ѫփ哿ᓖ) ሩമ(4.3.7)ǃ
(4.3.8)ᡰ⽪Ⲵ਴㓴ᤏਸ৲ᮠ䘋㹼Ự傼Ǆ7.7 GeV Ⲵ㌫㔏᧕䘁ᒣ㺑ᘱˈᮠᦞⲴᤏਸ৲ᮠ
⋑ᴹࠪ⧠᰾ᱮⲴਈॆˈഐ↔нवᤜ൘ᵜỰ傼ѝǄӾ 11.5 TeV ࡠ 2.76 TeVˈ⻠ᫎ㜭䟿
੸⧠ࠪ᰾ᱮⲴ ⟨β⟩ vs (q − 1)ǃT vs (q − 1) Ⲵ╄ॆޣ㌫Ǆ৲ᮠ ⟨β⟩0, a, T0, b ઼ dξ Ⲵ

⻠ᫎ㜭䟿׍䎆ᙗྲമ(4.3.9)ǃ(4.3.10)ᡰ⽪Ǆ䲿⵰㜭䟿Ⲵ໎࣐ˈ⟨β⟩0 ໎࣐ˈᒣᯩ亩Ⲵ
㌫ᮠ a ሿǄT߿ vs (q − 1) ҏާᴹ类լⲴ⢩ᙗǄ⭡Ҿ 62.4 GeV ᇎ傼ᮠᦞ⛩ਚᴹй㓴
ਟ⭘Ⲵѝᗳᓖˈн㜭ᖸྭൠᤏਸǄ᮷⥞ [157] ѝ⹄ウ䗷 200 GeV ᰦ T о (q − 1) Ⲵޣ

㌫ˈަѝਚ֯⭘Ҷᑖᴹ৲ᮠⲴҼ⅑亩Ǆ㘼ᵜ⹄ウ㺘᰾ˈ൘᧿䘠䖳վ⻠ᫎ㜭䟿Ⲵ T о

(q− 1) Ⲵޣ㌫ᰦ㓯ᙗ亩઼Ҽ⅑亩䜭ᱟᴹᗵ㾱ⲴǄ㓯ᙗ亩৲ᮠ b ઼о哿ᓖ৲ᮠ dξ ⴨ޣ

ⲴҼ⅑亩䲿⻠ᫎ㜭䟿Ⲵ໎࣐੸л䱽䎻࣯Ǆᴹ䏓Ⲵᱟˈփ哿ᓖ൘ਁ⭏⴨ਈᰦՊᙕࢗ໎

࣐ [169, 170]ˈ䘉оᡁԜ൘മ(4.3.10)ѝ㿲ሏࡠⲴ dξ Ⲵ⢩ᖱа㠤Ǆ

㺘 4.3.2: മ(4.3.7)ѝⲴ ⟨β⟩ = ⟨β⟩0 − a(q − 1)2 ઼മ(4.3.8)ѝⲴ T = T0 + b(q − 1) −
dξ(q − 1)2 Ⲵᤏਸ৲ᮠᮠ٬

㌫㔏
√sNN (GeV) ⟨β⟩0 a T0 (GeV) b dξ

Au+ Au 11.5 0.397± 0.002 635± 88 0.1240± 0.0009 1.5± 0.2 40± 9

Au+ Au 19.6 0.411± 0.002 347± 27 0.1278± 0.0008 1.1± 0.2 25± 5

Au+ Au 27 0.423± 0.002 286± 20 0.1277± 0.0008 1.4± 0.2 27± 4

Au+ Au 39 0.448± 0.002 202± 14 0.122± 0.002 1.1± 0.2 15± 4

Au+ Au 62.4 0.44± 0.01 110± 28 0.138± 0.004 −(0.1± 0.4) −(3± 7)

Au+ Au 200 0.51± 0.02 57± 6 0.11± 0.02 0.5± 0.7 5± 5

Pb+ Pb 2760 0.594± 0.005 25± 1 0.096± 0.005 0.2± 0.2 2± 1

4.4 小结

൘ᵜㄐѝˈ䙊䗷֯⭘ BGBW ઼ TBW ⁑රሩ RHIC к √
sNN = 7.7, 11.5, 14.5,

19.6, 27, 39, 62.4, 200 GeV Ⲵ Au+Au ⻠઼ᫎ LHC к √
sNN = 2.76, 5.02 TeV Ⲵ䫵Ṩ

− 䫵Ṩ⻠ᫎѝѝ䰤ᘛᓖ४ฏⲴ㋂ᆀӗ仍 pT 䉡䘋㹼ᤏਸˈᣭਆᗇࡠ⴨࣋ࣘޣ学߫ࠪᙗ

䍘Ⲵ৲ᮠؑ᚟Ǆᒦ᧒㍒൘⴨ሩ䇪䟽⿫ᆀ⻠ᫎѝӗ⭏Ⲵ㌫㔏Ⲵࣘ࣋学߫ࠪᙗ䍘Ⲵᶏ⍱
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മ 4.3.7: Ӿሩ㺘Ṭ㺘Ṭ(4.3.1)ѝࠪࡇⲴᡰᴹ⿽类Ⲵ㋂ᆀ⁚ࣘ䟿䉡Ⲵ TBW ᤏਸѝᨀ
ਆⲴᒣ൷ᖴੁ⍱䙏 ⟨β⟩ о᧿䘠㌫㔏Ⲵ䶎ᒣ㺑〻ᓖⲴ৲ᮠ (q− 1) Ⲵ࠭ᮠޣ㌫ [168]Ǆ⇿
ањ㢢ඇ䜭ᱟӾሩ⢩ᇊѝᗳᓖⲴ Au + Au (Pb + Pb) ⻠ᫎⲴ㋂ᆀ⁚ࣘ䟿䉡Ⲵ TBW
ᤏਸⲴ䈟ᐞ⸙䱥ᗇࡠⲴ 1 ḷ߶ᐞㅹ儈㓯Ǆᴢ㓯㺘⽪ᖒᔿѪؽ ⟨β⟩ = ⟨β⟩0 − a(q − 1)2

ⲴҼ⅑࠭ᮠᤏਸ
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മ 4.3.8: Ӿሩ㺘Ṭ㺘Ṭ(4.3.1)ѝࠪࡇⲴᡰᴹ⿽类Ⲵ㋂ᆀ⁚ࣘ䟿䉡Ⲵ TBWᤏਸѝᨀਆ
Ⲵࣘ࣋学߫ࠪ⑙ᓖ T о᧿䘠㌫㔏Ⲵ䶎ᒣ㺑〻ᓖⲴ৲ᮠ (q−1)Ⲵ࠭ᮠޣ㌫ [168]Ǆ⇿а
њ㢢ඇ䜭ᱟӾሩ⢩ᇊѝᗳᓖⲴ Au + Au (Pb + Pb)⻠ᫎⲴ㋂ᆀ⁚ࣘ䟿䉡Ⲵ TBWᤏਸ
Ⲵ䈟ᐞ⸙䱥ᗇࡠⲴ ḷ߶ᐞㅹ儈㓯Ǆᴢ㓯㺘⽪ᖒᔿѪؽ1 T = T0+ b(q−1)−dξ(q−1)2

ⲴҼ⅑࠭ᮠᤏਸ
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മ 4.3.9: ᔿ ⟨β⟩ = ⟨β⟩0 − a(q− 1)2 ѝⲴ৲ᮠ ⟨β⟩0 ઼ aሩ⻠ᫎ㜭䟿Ⲵ׍䎆ᙗ [168]Ǆമ
ѝⲴᴢ㓯代㺘࠭ᮠሩᮠᦞ⛩Ⲵᤏਸ

മ 4.3.10: ᔿ T = T0 + b(q − 1)− dξ(q − 1)2 ѝⲴ৲ᮠ T0, b ઼ dξ ሩ⻠ᫎ㜭䟿Ⲵ׍䎆

ᙗ [168]ǄമѝⲴᴢ㓯代㺘࠭ᮠሩᮠᦞ⛩Ⲵᤏਸ

㜭䟿׍䎆઼ѝᗳᓖ׍䎆ޣ㌫ǄBGBW ⁑ර㻛⭘ᶕ᧿䘠༴Ҿተ䜘✝ᒣ㺑⣦ᘱⲴ㌫㔏Ǆ
❦㘼ˈ䲿⵰⻠ᫎ㜭䟿Ⲵ໎࣐ˈ൘ٿᗳ⻠ᫎѝӗ⭏Ⲵ㌫㔏ٿ⿫ᒣ㺑ᘱⲴ〻ᓖ䎺ᶕ䎺儈ˈ

н㜭⭘ BGBW ᤏਸᶕᖸྭൠ᧿䘠ǄTBW ⁑රᕅޕҶањ仍ཆⲴ৲ᮠ q ᶕ㺘ᖱ㌫

㔏䶎ᒣ㺑Ⲵ〻ᓖˈਟԕᖸྭൠ᧿䘠䶎ᒣ㺑ᘱⲴ⻠ᫎ⢙⨶Ǆᤏਸ㔃᷌㺘᰾ˈ䲿⵰⻠ᫎ

79



ኡьབྷ学ঊ༛学位䇪᮷

㜭䟿Ⲵ໎࣐ˈ⢩࡛ᱟٿᗳ⻠ᫎᰦˈBGBW ઼ TBW Ⲵᐞ࡛䲿⵰ q ٬Ⲵ໎བྷ㘼໎བྷǄ

൘ 7.7 - 39 GeV ⻠ᫎ㜭䟿лˈTBW ⁑රѝӾѝᗳٿࡠᗳ⻠ᫎⲴ߫ࠪ⑙ᓖॷ儈ᑵᓖ䘌
ሿҾ BGBW ⁑රǄሩҾ 62.4 GeV-5.02 TeV, TBW ⁑රѝӾѝᗳ⻠ᫎٿࡠᗳ⻠ᫎⲴ
߫ࠪ⑙ᓖสᵜ؍ᤱᚂᇊǄTBW ⁑රᤏਸ㔃᷌൘⴨਼Ⲵѝᗳᓖлᱮ⽪ˈ7.7 - 39 GeV
Ⲵࣘ࣋学߫ࠪ⑙ᓖሩ⻠ᫎ㜭䟿Ⲵ׍䎆ᙗ䖳ᕡˈ䲿⵰䶎ᒣ㺑ᓖⲴ໎࣐ˈӾ 62.4 GeV ࡠ
5.02 TeV ߫ࠪ⑙ᓖаⴤ䱽վǄѝᗳ⻠ᫎⲴᖴੁ⍱䙏൘ RHIC 㜭४㓖Ѫ 0.4 - 0.5cˈ൘
LHC 㜭४ᰦᴤབྷˈ㓖Ѫ 0.57 - 0.61cǄ䘉㺘᰾⻠ᫎ㜭䟿䎺儈ˈ㟘㛰䎺ᕪˈ㌫㔏ٿ⿫✝
ᒣ㺑Ⲵ〻ᓖ䎺བྷǄሩҾѝᗳᓖ׍䎆ᙗˈӾሩᗳ⻠ᫎٿࡠᗳ⻠ᫎˈTBW ⁑රѝᒣ൷ᖴ
ੁ⍱䙏 ⟨β⟩ 䱽վˈ㘼䶎ᒣ㺑৲ᮠ⅑׍ q ॷ儈Ǆ൘⅑׍ࡉ TBW ⁑රѝˈ߫ࠪ⑙ᓖሩ
ѝᗳᓖⲴ׍䎆ᙗ䖳ᕡˈ㘼൘ BGBW ⁑රѝˈṨᆀ − Ṩᆀ⻠ᫎѝ߫ࠪ⑙ᓖӾѝᗳੁ
Ǆ䘉аਁ⧠㺘᰾ˈ൘Ր㔏Ⲵ࣐ᗳᴹ᰾ᱮⲴ໎ٿ BGBW ⁑රѝˈ㌫㔏䶎ᒣ㺑ᓖⲴਈॆ
৽᱐Ѫ߫ࠪ⑙ᓖⲴਈॆǄ਼ᰦˈᡁԜ㿲ሏࠪ߫ࡠ⑙ᓖ઼ᖴੁ⍱䙏ሩ䶎ᒣ㺑〻ᓖ৲ᮠ

Ⲵ׍䎆ᙗˈ䘉ਟ㜭оփ哿ᓖ (bulk viscosity) ㌫ᮠᴹޣǄ䘈⹄ウҶ൘䘉Ӌ⻠ᫎ㜭䟿л
ཷᔲᕪᆀሩࣘ࣋学߫ࠪᙗ䍘Ⲵᖡ૽ˈਁ⧠ཷᔲᕪᆀ∄䶎ཷᔲᕪᆀާᴹᴤ儈Ⲵࣘ࣋学

߫ࠪ⑙ᓖˈӾٿᗳ⻠ᫎࡠሩᗳṨᆀ − Ṩᆀ⻠ᫎˈཷᔲᕪᆀ∄䶎ཷᔲᕪᆀᴤᘛൠ᧕䘁
ᒣ㺑ᘱǄ
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第五章 高横动量粒子测量与模型的讨论

൘ᵜ䇪᮷ㅜഋㄐѝ࡙⭘ STAR ᇎ傼 √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎᇎ傼

ᮠᦞˈᆼᡀҶሩ儈⁚ࣘ䟿ᕪᆀ䉡 (π±ˈp(p̄)) Ⲵ⍻䟿ˈѪᴰ㓸⨶䀓儈⁚ࣘ䟿ᕪᆀ䉡ሩ
ॆ学઼߫ࠪࣘ࣋学߫ࠪ৲ᮠⲴᖡ૽ᨀ׋Ҷᇎ傼׍ᦞˈҏѪ⨶䀓ਁ⭏൘⻠ᫎᰙᵏ䱦⇥

Ⲵ䜘分ᆀࣘ࣋学 (⺜ᡆॺ⺜䗷〻) ઼Ự傼⴨ޣⲴ⨶䇪⁑රᨀ׋Ҷ䟽㾱Ⲵᇎ傼ᮠᦞǄ㘼
ѪҶ⹄ウ儈⁚ࣘ䟿४ฏⲴ㋂ᆀӗ⭏ᵪࡦˈᡁԜнն䴰㾱ṨṨ⻠ᫎѝⲴ਴⿽ᕪᆀ䉡Ⲵ

⍻䟿ˈ䘈䴰㾱⴨ޣⲴӗ仍∄ π−/π+ˈp̄/pˈp/π+ ԕ৺ p̄/π− 䲿⁚ࣘ䟿 pT ⲴਈॆⲴ⍻

䟿㔃᷌Ǆ਼ᰦӗ仍∄䘈ਟԕѪ儈⁚ࣘ䟿४ฏⲴ儈䱦ᗞᢠ䟿ᆀ㢢ࣘ࣋学䇑㇇ᨀ׋ᖸྭ

ⲴỰ傼Ǆ൘สҾᗞᢠ䟿ᆀ㢢ࣘ࣋学Ⲵ⁑රѝˈ单Ѯ䗷〻ѝᕪᆀⲴӗ仍⭡䜘分ᆀ分ᐳ

࠭ᮠǃ䜘分ᆀ⴨ӂ֌⭘ǃԕ৺⺾㻲࠭ᮠ਼ޡ᧿䘠Ǆഐ↔儈⁚ࣘ䟿४ฏⲴӗ仍∄ਟԕ

Ѫ⺾㻲࠭ᮠᨀ׋ᴤྭⲴ䲀ࡦˈᒦфᨀ儈৲ᮠⲴ߶⺞ᙗǄֻྲ䍘ᆀ − 䍘ᆀ⻠ᫎѝⲴ
儈⁚ࣘ䟿 (pT > 2 GeV/c) Ⲵӗ仍∄䲿⁚ࣘ䟿 pT ⲴਈॆⲴ⍻䟿㔃᷌ਟԕ⭘ᶕỰ傼⅑

亶ཤ䱦ᗞᢠ QCD Ⲵ䇑㇇㔃᷌ˈѪ⁑රٷ䇮ᨀ׋ᴤྭⲴ㓖ᶏ [72]Ǆ㘼䟽⿫ᆀ⻠ᫎⲴ
ӗ仍∄䲿⁚ࣘ䟿ⲴਈॆⲴ⍻䟿㔃᷌ࡉਟԕ⭘ᶕỰ傼⴨ޣ儈⁚ࣘ䟿४ฏ㋂ᆀӗ⭏ᵪࡦ

Ⲵ⢙⨶മۿˈवᤜᕪᆀॆ䗷〻ѝཨݻ㓴ਸ/䟽㓴˄quark coalescence/recombination˅
[82, 83, 171]ˈᡆสҾᤃᢁ㜦ᆀ൪㔃ᶴⲴ䟽ᆀ䗃䘀ࣘ࣋学ণ䟽ᆀ㔃˄baryon junctions˅
[84] ԕ৺ᴤ儈⁚ࣘ䟿४ฏࠪ⧠Ⲵ௧⌘⺾㻲˄quark coalescence˅ㅹǄ൘н਼⻠ᫎ㜭䟿
઼⻠ᫎ㌫㔏ѝⲴӗ仍∄ˈֻྲ p/π+ ԕ৺ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆˈփ⧠Ҷ൘

н਼⻠ᫎ㜭䟿઼⻠ᫎ㌫㔏ѝˈн਼Ⲵ㋂ᆀӗ⭏ᵪࡦሩᕪᆀ䉡઼㋂ᆀӗ仍∄Ⲵн਼䍑

⥞ [54, 67]Ǆ㘼䘉Ӌ䜭䴰㾱ᡁԜ䘋а↕ᆼழᶏ⍱㜭䟿∄ √
sNN = 62.4 GeV ᴤվⲴ䠁Ṩ

− 䠁Ṩ⻠ᫎѝⲴᴤ儈⁚ࣘ䟿Ⲵ⍻䟿㔃᷌Ǆ

൘ᵜㄐѝˈㅜа㢲䇘䇪ᵜ䇪᮷ᡰ⍻儈⁚ࣘ䟿ᕪᆀ䉡 (π±ˈp(p̄)) ሩࣘ࣋学߫ࠪ৲
ᮠⲴᖡ૽ǄㅜҼ㢲䇘䇪儈⁚ࣘ䟿㋂ᆀӗ仍ሩᙫӗ仍Ⲵᖡ૽ˈᴰਾ൘ㅜй㢲ѝ䇘䇪䲿

⁚ࣘ䟿ⲴਈॆⲴ⴨ޣӗ仍∄ π−/π+ˈp̄/pˈp/π+ ԕ৺ p̄/π− о⨶䇪⁑ර䇑㇇㔃᷌ሩ

⴨ޣӗ仍∄䲿⁚ࣘ䟿ⲴਈॆڊⲴ亴⍻Ǆ

5.1 高横动量粒子谱对动力学冻出参数的影响

൘ 2017 ᒤˈSTAR ਸ֌㓴ᆼᡀҶሩ RHIC к BES-I ᵏ䢤࡛Ⲵᕪᆀ (π±ˈK±ˈ

p(p̄)) 䉡ⲴᮠᦞⲴ分᷀ˈ㔉ࠪ⻠ᫎ㜭䟿㤳തӾ 7 GeV ࡠ 39 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎ
ѝӗ⭏Ⲵ㋂ᆀⲴ⁚ࣘ䟿䉡઼ѝ䰤ᘛᓖ४㋂ᆀӗ仍∄Ⲵ㔃᷌ˈᒦᨀਆҶॆ学઼ࣘ࣋学

߫ࠪⲴࣘ࣋学ᙗ䍘 [47]Ǆമ(5.1.1)ᱟ STAR ਁ㺘Ⲵ⠶⛨⌒⁑රሩѝᗳᓖѪ 0-5% Ⲵ
√
sNN = 7.7 GeVˈ11.5 GeVˈ19.6 GeVˈ27 GeV ઼ 39 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴᕪ
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ᆀ (π±ˈK±ˈp(p̄)) 䉡ⲴᤏਸǄྲമ(5.1.2)ᡰ⽪ˈ㋂ᆀ䉡ᤏਸ㔃᷌㔉ࠪҶн਼⻠ᫎ㜭
䟿઼н਼ѝᗳᓖⲴࣘ࣋学߫ࠪ⑙ᓖ Tkin 䲿ᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ⲴਈॆǄӾമ(5.1.1)ਟ
ԕⴻࠪˈBES-I ᵏⲴ⍻䟿㔃᷌⁚ࣘ䟿 pT ᴰ儈ਚࡠ 2 GeV/cǄѪҶ৫䲔վ⁚ࣘ䟿४ฏ
儈⁚ࣘ䟿४ฏሩݽᥟᘱ㺠ਈⲴᖡ૽ԕ৺䚯ޡ BGBW ⁑රተฏ✝ᒣ㺑ٷ䇮Ⲵࠫߢˈ᮷
⥞ [47] ਚ֯⭘ҶᴤゴⲴ⁚ࣘ䟿४䰤֌Ѫᤏਸ㤳തˈ਼ᰦᢺ⭘Ҿ᧿䘠ᖴੁ⍱䙏Ӿ✝Ⓚ
㺘䶒ࡠѝᗳⲴਈॆⲴᤷᮠ n ֌Ѫᤏਸ৲ᮠǄᵜㄐ㢲ѝሶ਼ᰦ㔉ࠪ BGBW ⁑රⲴ n

֌Ѫᤏਸ৲ᮠ઼ n = 1 є⿽ᤏਸⲴ㔃᷌ˈԕᯩׯо᮷⥞ [47] ѝ BGBW ⁑රⲴ㔃᷌
ѻ䰤Ⲵ∄䖳Ǆ

മ 5.1.1: BGBW ⁑රሩѝᗳᓖѪ 0-5% Ⲵ √
sNN = 7.7 GeVˈ11.5 GeVˈ19.6 GeVˈ

27 GeV ઼ 39 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴᕪᆀ (π±ˈK±ˈp(p̄)) 䉡Ⲵᤏਸ [47]Ǆн਼
Ⲵㅖ号代㺘н਼㋂ᆀ⿽类Ⲵᇎ傼ᮠᦞ⛩Ǆᇎ傼ᮠᦞⲴ䈟ᐞᱟ㔏䇑䈟ᐞ઼㌫㔏䈟ᐞⲴ

ᒣᯩ઼ᔰṩ号ǄമѝⲴ㲊㓯分࡛代㺘 BGBW Ⲵᤏਸ㔃᷌

ᵜ䇪᮷ㅜйㄐᯠ⍻ᗇ BES-II ᵏ儈⁚ࣘ䟿 pT > 2 GeV/c Ⲵᕪᆀ (π±ˈK±ˈp(p̄))
䉡Ǆሶᯠ⍻䟿㔃᷌о BES-I ᵏᐢਁ㺘Ⲵ pT < 2 GeV/c 㔃᷌㔃ਸ [47]ˈᡁԜ֯⭘
BGBW ⁑රሩѝᗳᓖѪ 0-5% Ⲵ √

sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴᕪᆀ䉡䘋
㹼ᤏਸˈ㔃᷌ྲമ(5.1.3)ᡰ⽪Ǆվ⁚ࣘ䟿४ฏо᮷⥞ [47] а㠤Ǆᤏਸ֯⭘Ⲵᤏਸ৲
ᮠवᤜࣘ࣋学߫ࠪ⑙ᓖ Tˈᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ઼⍱රᤷᮠ nǄӾമѝਟԕⴻࠪˈ⴨

∄᮷⥞ [47] Ⲵ㔃᷌ˈ䲿⵰儈⁚ࣘ䟿⍻䟿㔃᷌Ⲵޕ࣐ˈᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ਈሿˈ㘼ࣘ
学߫ࠪ⑙ᓖ࣋ T ઼ᤷᮠ n ᱮ㪇ਈབྷǄ

൘ BGBW ⁑රᤏਸѝˈപᇊ n = 1 ᰦˈᗇࡠⲴሩѝᗳᓖѪ 0-5% Ⲵ √
sNN =

19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴᕪᆀ (π±ˈK±ˈp(p̄)) 䉡Ⲵᤏਸ㔃᷌ྲമ(5.1.4)ᡰ⽪Ǆ
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മ 5.1.2: Ӿ BGBW ⁑රሩ BES-I ᵏ䢤࡛Ⲵ π±ˈK±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡Ⲵᤏਸѝᗇ

学߫ࠪ⑙ᓖ࣋Ⲵн਼⻠ᫎ㜭䟿઼н਼ѝᗳᓖⲴࣘࡠ Tkin 䲿ᒣ൷ᖴੁ⍱䙏 ⟨β⟩ Ⲵਈ
ॆ [47]Ǆ⴨਼ṧᔿⲴㅖ号㺘⽪൘⴨਼Ⲵ⻠ᫎ㜭䟿лн਼Ⲵѝᗳᓖ㔃᷌ǄሩҾ㔉ᇊⲴ
⻠ᫎ㜭䟿ˈമѝӾᐖࡠਣˈ代㺘ѝᗳᓖӾٿᗳ⻠ᫎࡠሩᗳ⻠ᫎ

ᐖമѪ֯⭘о᮷⥞ [47] аṧⲴᤏਸ㤳തⲴᤏਸ㔃᷌ˈਣമѪवਜ਼Ҷ BES-II ᵏ儈⁚ࣘ
䟿⍻䟿㔃᷌Ⲵᤏਸ㔃᷌ǄpT > 2 GeV/c ४ฏѪ BES-II ᵏ⍻䟿㔃᷌ˈpT < 2 GeV/c
४ฏѪ BES-I ᵏ⍻䟿㔃᷌ˈվ⁚ࣘ䟿४ฏо᮷⥞ [47] а㠤ǄӾമѝਟԕⴻࠪˈᵚ࣐
⥞儈⁚ࣘ䟿⍻䟿㔃᷌ᰦˈ⴨∄᮷ޕ [47] ⍱රᤷᮠ n ֌Ѫᤏਸ৲ᮠⲴ㔃᷌ˈBGBW ⁑
රᤷᮠ n = 1 ઼ n ֌Ѫᤏਸ৲ᮠє⿽ᤏਸ㔃᷌㔉ࠪⲴࣘ࣋学߫ࠪ৲ᮠᮠ٬൘䈟ᐞ㤳

തࠐ޵Ѿа㠤Ǆ↔ᰦᨀਆⲴ߫ࠪ⑙ᓖ Tˈ઼ᒣ൷ᖴੁ⍱䙏 ⟨β⟩ н׍䎆Ҿ⍱රᤷᮠ nǄ

㘼䲿⵰儈⁚ࣘ䟿⍻䟿㔃᷌Ⲵޕ࣐ˈn = 1 ᰦˈᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ਈሿˈ㘼ࣘ࣋学߫ࠪ
⑙ᓖ T ᱮ㪇ਈབྷǄ

⍱රᤷᮠ n = 1 ᰦ TBW ⁑රሩѝᗳᓖѪ 0-5% Ⲵ √
sNN = 19.6 GeV Ⲵ䠁Ṩ −

䠁Ṩ⻠ᫎⲴᕪᆀ (π±ˈK±ˈp(p̄)) 䉡Ⲵᤏਸ㔃᷌ྲമ(5.1.5)ᡰ⽪ˈᴤཊѝᗳᓖⲴᤏਸ
৲ᮠ㿱㺘Ṭ(5.1.1)ǄᐖമѪ֯⭘о᮷⥞ [47] аṧⲴᤏਸ㤳തⲴᤏਸ㔃᷌ˈਣമѪ㔃
ਸҶ BES-II ᵏ儈⁚ࣘ䟿⍻䟿㔃᷌Ⲵᤏਸ㔃᷌ˈަѝ pT > 2 GeV/c ४ฏѪ BES-II ᵏ
⍻䟿㔃᷌ˈpT < 2 GeV/c ४ฏѪ BES-I ᵏ⍻䟿㔃᷌ˈվ⁚ࣘ䟿४ฏ֯⭘о᮷⥞ [47]
аṧⲴᤏਸ㤳തǄӾമѝਟԕⴻࠪˈᵚޕ࣐儈⁚ࣘ䟿⍻䟿㔃᷌ᰦˈ⴨∄ n = 1 ᰦ

BGBW ⁑රⲴ㔃᷌ˈTBW ⁑රᤏਸ㔃᷌㔉ࠪⲴᒣ൷ᖴੁ⍱䙏 ⟨β⟩ 学߫ࠪ⑙઼࣋ࣘ
ᓖ T ᮠ٬൘䈟ᐞ㤳തࠐ޵Ѿа㠤ˈ䶎ᒣ㺑৲ᮠ q ᮠ٬ҏٿ⿫ 1 ᶱሿǄ䘉䈤᰾൘վ⁚

ࣘ䟿४ฏˈተฏ✝ᒣ㺑ٷ䇮ࠐѾᆼ㖾ൠ᧿䘠Ҷᇎ傼ᮠᦞ˗㘼䲿⵰儈⁚ࣘ䟿⍻䟿㔃᷌

Ⲵޕ࣐ˈ⴨∄ n = 1 ᰦ BGBW ⁑රⲴ㔃᷌ˈTBW ⁑රᤏਸ㔃᷌㔉ࠪⲴࣘ࣋学߫ࠪ
⑙ᓖ T ᮠ٬ᴤሿˈχ2/nDoF ᴤሿˈ䶎ᒣ㺑৲ᮠ q ᮠ٬ҏٿ⿫ 1 䖳བྷǄ䘉䈤᰾儈⁚

ࣘ䟿४ฏٿ⿫ᒣ㺑⣦ᘱⲴ〻ᓖ∄վ⁚ࣘ䟿४ฏᴤ儈ˈᕅޕ䶎ᒣ㺑㔏䇑ণ Tsallis 分ᐳ
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മ 5.1.3: 学߫ࠪ⑙ᓖ࣋ࣘ Tˈᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ઼⍱රᤷᮠ n ֌Ѫᤏਸ৲ᮠᰦˈ

BGBW ⁑රሩѝᗳᓖѪ 0-5% Ⲵ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ㔃ਸҶ

BES-I ઼ BES-II ᵏᵜ䇪᮷ᯠ⍻儈⁚ࣘ䟿⍻䟿㔃᷌Ⲵᕪᆀ (π±ˈK±ˈp(p̄)) 䉡Ⲵᤏਸ
㔃᷌

(a) (b)

മ 5.1.4: ⍱රᤷᮠ n = 1 ᰦ BGBW ⁑රሩѝᗳᓖѪ 0-5% Ⲵ √
sNN = 19.6 GeV Ⲵ䠁

Ṩ − 䠁Ṩ⻠ᫎⲴᕪᆀ (π±ˈK±ˈp(p̄)) 䉡Ⲵᤏਸ㔃᷌ˈ(a) ᱟሩ BES-I ᵏᮠᦞ֯⭘
о᮷⥞ [47] аṧⲴᤏਸ㤳തⲴᤏਸ㔃᷌ˈ(b) ᱟ㔃ਸҶ BES-II ᵏ儈⁚ࣘ䟿⍻䟿㔃᷌
Ⲵᤏਸ㔃᷌ˈަѝվ⁚ࣘ䟿४ฏ֯⭘о᮷⥞ [47] аṧⲴᤏਸ㤳ത

Ⲵ TBW ⁑රᶕ᧿䘠㌫㔏Ⲵࣘ࣋学߫ࠪॱ分ᗵ㾱˗⴨∄ᵚޕ࣐儈⁚ࣘ䟿⍻䟿㔃᷌ᰦ
Ⲵ TBW ⁑රⲴ㔃᷌ˈTBW ⁑රᤏਸ㔃᷌Ⲵᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ਈሿˈ㘼ࣘ࣋学߫ࠪ
⑙ᓖ T ઼䶎ᒣ㺑৲ᮠ q ᮠ٬䜭ਈབྷǄ

മ(5.1.6)઼മ(5.1.7)ᐖമ分࡛ᱟ BGBW ઼ TBW ⁑රሩӵवᤜ BES-I ᵏѝᗳᓖ
Ѫ 0-5%Ⲵ√

sNN = 19.6 GeVⲴ䠁Ṩ−䠁Ṩ⻠ᫎⲴᕪᆀ (π±, K±, p, p̄,K0
s ,Λ, Λ̄,Ξ

+,Ξ−)
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(a) (b)

മ 5.1.5: ⍱රᤷᮠ n = 1 ᰦ TBW ⁑රሩѝᗳᓖѪ 0-5% Ⲵ √
sNN = 19.6 GeV Ⲵ䠁

Ṩ − 䠁Ṩ⻠ᫎⲴᕪᆀ (π±ˈK±ˈp(p̄)) 䉡Ⲵᤏਸ㔃᷌ˈ(a) ᱟሩ BES-I ᵏᮠᦞ֯⭘
о᮷⥞ [47] аṧⲴᤏਸ㤳തⲴᤏਸ㔃᷌ˈ(b) ᱟ㔃ਸҶ BES-II ᵏ儈⁚ࣘ䟿⍻䟿㔃᷌
Ⲵᤏਸ㔃᷌ˈަѝվ⁚ࣘ䟿४ฏ֯⭘о᮷⥞ [47] аṧⲴᤏਸ㤳ത

䉡ᇎ傼ᮠᦞⲴᤏਸ㔃᷌ [168]Ǆമ(5.1.6)઼മ(5.1.7)ਣമ分࡛ᱟ BGBW ઼ TBW ⁑ර
ሩѝᗳᓖѪ 0-5% Ⲵ √

sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ㔃ਸҶ BES-II ᵏ儈⁚
ࣘ䟿 π±ˈp(p̄) ⍻䟿㔃᷌Ⲵᕪᆀ (π±, K±, p, p̄,K0

s , Λ,Λ̄,Ξ+,Ξ−) 䉡ᇎ傼ᮠᦞⲴᤏਸ㔃
᷌Ǆަѝ⋑ᴹᕅޕ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) ⍻䟿㔃᷌ᰦˈBGBW ઼ TBW ⁑ර
ሩѝᗳᓖѪ 0-5% Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴᤏਸ㔃᷌ҏ㔉ࠪҶ൘䈟ᐞ㤳തࠐ޵Ѿа㠤Ⲵ
ᒣ൷ᖴੁ⍱䙏 ⟨β⟩ 学߫ࠪ⑙ᓖ઼࣋ࣘ T [168]ˈ䘉оਚᤏਸ π±ˈK±ˈp(p̄) Ⲵ⁚ࣘ䟿

䉡㔃᷌ᛵࠐߥѾаṧˈ䈤᰾൘ pT < 2 GeV/c ४ฏˈK0
s ,Λ, Λ̄,Ξ

+,Ξ− ㅹཷᔲ㋂ᆀⲴᕅ

学߫ࠪ⑙ᓖ࣋ᥟᘱ㺠ਈⲴᖡ૽ˈ㲭❦Պሬ㠤ࣘޡԕ৺վ⁚ࣘ䟿४ฏˈޕ T Ⲵਈॆˈ

նнՊᕅޕ䶎ᒣ㺑ᘱⲴᖡ૽Ǆ㘼ᕅޕ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) ⍻䟿㔃᷌ਾˈ⴨

∄ BGBW ⁑රⲴ㔃᷌ˈTBW ⁑ර㔉ࠪⲴࣘ࣋学߫ࠪ⑙ᓖ T ᮠ٬ᴤሿˈχ2/nDoF
ᴤሿˈ䶎ᒣ㺑৲ᮠ q ᮠ٬ҏٿ⿫ 1 䖳བྷˈ䘉ҏоਚᤏਸ π±ˈK±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡

㔃᷌ᛵࠐߥѾаṧǄ

മ(5.1.8) ኅ⽪Ҷᕅޕ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡ਾ TBW ⁑රᤏ
ਸ⁚ࣘ䟿䉡ᗇࠪⲴࣘ࣋学߫ࠪ⑙ᓖ T 䲿ᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ⲴਈॆǄоѻࡽᵚᕅޕ
BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡Ⲵ㔃᷌ሩ∄ᱮ⽪˖儈⁚ࣘ䟿 π±ˈp(p̄) Ⲵ⁚

ࣘ䟿䉡䜭ᑖᶕҶᒣ൷ᖴੁ⍱䙏 ⟨β⟩ Ⲵ䱽վˈ㘼ᖃਚᤏਸ π±ˈK±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡

ᰦˈᑖᶕⲴࣘ࣋学߫ࠪ⑙ᓖⲴॷ儈ᴤ࣐᰾ᱮǄ

᧕лᶕᡁԜ⭘Ҽ⅑࠭ᮠ ⟨β⟩ = ⟨β⟩0 − a(q − 1)2 ઼ T = T0 + b(q − 1)− dξ(q − 1)2

(ξ Ѫփ哿ᓖ) ᤏਸӾ BES-I ᵏ઼ BES-II ᵏᮠᦞਸᒦⲴ TBW ⁑රᤏਸᗇࡠⲴ߫ࠪ

⑙ᓖ Tˈᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ઼䶎ᒣ㺑৲ᮠ (q − 1)ˈӾ㘼ሩ⑙ᓖ઼⍱䙏ሩ䶎ᒣ㺑৲ᮠ
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(a)

(b)

മ 5.1.6: ⍱රᤷᮠ n = 1 ᰦ BGBW ⁑රሩѝᗳᓖѪ 0-5% Ⲵ √
sNN = 19.6 GeV Ⲵ

䠁Ṩ − 䠁Ṩ⻠ᫎⲴᕪᆀ (π±, K±, p, p̄,K0
s ,Λ, Λ̄,Ξ

+,Ξ−) 䉡ᇎ傼ᮠᦞⲴᤏਸ㔃᷌Ǆ(a)
മᱟਚᤏਸ BES-I ᵏ⁚ࣘ䟿䉡Ⲵ㔃᷌ˈ(b) മᱟ㔃ਸҶ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄)

⍻䟿㔃᷌Ⲵᤏਸ㔃᷌

(q − 1) Ⲵ׍䎆ޣ㌫䘋㹼Ự傼ˈ਴㓴ᤏਸ৲ᮠྲമ(5.1.9)ǃ(5.1.10)ѝᡰ⽪Ǆоѻࡽᵚ
वਜ਼ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡Ⲵ㔃᷌ሩ∄ˈਟԕⴻࡠ儈⁚ࣘ䟿 π±ˈ

p(p̄) Ⲵ⁚ࣘ䟿䉡ᑖᶕҶᒣ൷ᖴੁ⍱䙏Ⲵ䱽վ઼ࣘ࣋学߫ࠪ⑙ᓖ൘ѝ䰤ѝᗳᓖ४ฏⲴ

ॷ儈ˈԕ৺ᴰ䟽㾱Ⲵ䶎ᒣ㺑〻ᓖⲴ᰾ᱮ໎བྷǄ

㔬к㔃ਸㅜഋㄐᡰ䘠ˈ⠶⛨⌒⁑රѝ㋂ᆀⲴ⁚ࣘ䟿઼⻠ᫎѝᗳᓖሩ⹄ウ䶎ᒣ㺑
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(a)

(b)

മ 5.1.7: ⍱රᤷᮠ n = 1 ᰦ TBW ⁑රሩѝᗳᓖѪ 0-5% Ⲵ √
sNN = 19.6 GeV Ⲵ䠁

Ṩ − 䠁Ṩ⻠ᫎⲴᕪᆀ (π±, K±, p, p̄,K0
s ,Λ, Λ̄,Ξ

+,Ξ−) 䉡ᇎ傼ᮠᦞⲴᤏਸ㔃᷌Ǆ(a) മ
ᱟਚᤏਸ BES-Iᵏ⁚ࣘ䟿䉡Ⲵ㔃᷌ˈ(b)മᱟ㔃ਸҶ BES-IIᵏ儈⁚ࣘ䟿 π±ˈp(p̄)⍻

䟿㔃᷌Ⲵᤏਸ㔃᷌

ᘱ䗷〻䎧ࡠҶߣᇊᙗ֌⭘ˈ㘼㋂ᆀⲴ⿽类ሩ↔Ⲵᖡ૽䖳ሿǄণ֯ᱟ൘ᴰѝᗳ⻠ᫎˈ

儈⁚ࣘ䟿४ฏҏ䴰㾱㘳㲁䶎ᒣ㺑ᘱⲴഐ㍐Ǆ儈⁚ࣘ䟿䉡ᑖᶕⲴࣘ࣋学߫ࠪ⑙ᓖⲴॷ

儈Ⲵ㔃᷌ҏ਼ᰦ㺘᰾儈⁚ࣘ䟿Ⲵ㋂ᆀˈࣘ࣋学߫ࠪⲴᰦ䰤∄վ⁚ࣘ䟿Ⲵ㋂ᆀᴤᰙǄ
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㺘 5.1.1: ᕅޕ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) ⍻䟿㔃᷌ਾˈӾሩ
√
sNN = 19.6 GeV Ⲵ

н਼ѝᗳᓖлⲴ䟽⿫ᆀ⻠ᫎѝⲴ㋂ᆀ⁚ࣘ䟿䉡Ⲵ TBW ᤏਸѝᨀਆⲴࣘ࣋学߫ࠪ

৲ᮠ઼ χ2/nDoFǄਚᤏਸ π±ˈK±ˈp(p̄) Ⲵᇎ傼ᮠᦞ⛩Ⲵ㔃᷌֯⭘൘⻠ᫎ㜭䟿ਾ

‘(π,K, p)’ Ⲵḷ䇠Ǆᤏਸѝवਜ਼㺘Ṭ(4.3.1)ѝࠪࡇⲴᡰᴹ⿽类Ⲵ㋂ᆀᮠᦞⲴ㔃᷌֯⭘
‘(all)’ ḷ䇠Ǆ

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) q χ2/nDoF

Au+ Au 19.6 (π,K, p) 0− 5% 0.348± 0.004 126± 1 1.0208± 0.0006 317/206

5− 10% 0.341± 0.004 128± 1 1.0208± 0.006 342/202

10− 20% 0.310± 0.005 134± 1 1.0216± 0.0006 657/202

20− 30% 0.270± 0.006 140± 1 1.0240± 0.0006 443/202

30− 40% 0.211± 0.008 140± 1 1.0305± 0.008 362/199

40− 50% 0.13± 0.02 138± 1 1.038± 0.001 298/192

50− 60% 0+0.045
−0 135± 1 1.0436± 0.0006 437/190

60− 70% 0+0.034
−0 129± 1 1.0444± 0.0007 638/175

70− 80% 0+0.03
−0 128± 1 1.044± 0.002 822/165

Au+ Au 19.6 (all) 0− 5% 0.362± 0.003 128± 1 1.0169± 0.0006 738/247

5− 10% 0.356± 0.003 129± 1 1.0180± 0.0006 621/243

10− 20% 0.335± 0.003 134± 1 1.0181± 0.0006 899/243

20− 30% 0.298± 0.004 140± 1 1.0200± 0.0006 760/243

30− 40% 0.238± 0.006 142± 1 1.0260± 0.0007 632/240

40− 60% 0.07± 0.03 144± 1 1.039± 0.001 557/231

60− 80% 0+0.012
−0 135± 1 1.0396± 0.0007 1031/205

5.2 高横动量粒子产额对总产额的影响

⭡ㅜഋㄐᡰ䘠ˈTBW ⁑ර࠭ᮠሩ儈⁚ࣘ䟿४ฏⲴ㋂ᆀ⁚ࣘ䟿䉡Ⲵ᧿䘠㾱∄

BGBW ⁑රᴤ߶⺞ˈᡰԕᵜ㢲ѝᡁԜ֯⭘ TBW ⁑ර࠭ᮠ֌Ѫᤏਸ㋂ᆀ⁚ࣘ䟿䉡

Ⲵ࠭ᮠˈᶕᨀਆ㋂ᆀⲴ〟分ӗ仍 dN/dyǄ⭡Ҿ㋂ᆀⲴӗ仍䲿⵰⁚ࣘ䟿໎བྷՊ䎺ᶕ䎺
ሿˈᡰԕ儈⁚ࣘ䟿४ฏⲴ㋂ᆀӗ仍ሩᙫփ dN/dy ᮠ٬Ⲵᖡ૽∄վ⁚ࣘ䟿४ฏ㾱ሿⲴ
ཊˈ䘋㘼ሩॆ学߫ࠪ৲ᮠˈֻྲ䙊䗷 Grand-Canonical Ensemble (GCE), Strangeness
Canonical Ensemble (SCE), Statistical Hadronization (SH) 䘉ࠐ⿽㔏䇑⁑රᣭਆᗇࡠ
Ⲵॆ学߫ࠪ⑙ᓖ Tch ઼䟽ᆀॆ学࣯ (µB) Ⲵᖡ૽ҏᖸሿǄഐ↔ᵜ㢲ӵ䇘䇪ሩ㋂ᆀ
dN/dy ᮠ٬Ⲵᖡ૽Ǆ㺘Ṭ(5.2.1)ᱟᕅޕ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) ⍻䟿㔃᷌ਾˈ

TBW ⁑රᗇࡠⲴ √
sNN = 19.6 GeV ⲴѝᗳᓖѪ 0-5% Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ〟分ӗ

仍 dN/dy ᮠ٬оᵚᕅޕᰦ㔃᷌ሩ∄Ǆ
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(a) (b)

മ 5.1.8: TBW ⁑රሩ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ π±ˈK±ˈp(p̄) Ⲵ⁚

ࣘ䟿䉡ⲴᤏਸѝᗇࡠⲴн਼⻠ᫎ㜭䟿઼н਼ѝᗳᓖⲴࣘ࣋学߫ࠪ⑙ᓖ T 䲿ᒣ൷ᖴੁ

⍱䙏 ⟨β⟩ ⲴਈॆǄᐖമᱟਚᤏਸ π±ˈK±ˈp(p̄) ⁚ࣘ䟿䉡ˈਣമᤏਸⲴ⁚ࣘ䟿䉡н

ӵवᤜҶ π±ˈK±ˈp(p̄)ˈ䘈वᤜ㺘Ṭ(4.3.1) [168] Ⲵᡰᴹަᆳ㋂ᆀˈ∄ྲཷᔲࠪࡇ
㋂ᆀ઼ཊཷᔲ㋂ᆀǄ㬍㢢オᗳ⛩㺘⽪ᵚᕅޕ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) Ⲵ⁚ࣘ䟿

䉡Ⲵн਼Ⲵѝᗳᓖ㔃᷌ [168]ˈ㓒㢢ᇎᗳ⛩㺘⽪ᕅޕ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) Ⲵ

⁚ࣘ䟿䉡Ⲵн਼Ⲵѝᗳᓖ㔃᷌ǄሩҾ㔉ᇊⲴ⻠ᫎ㜭䟿ˈമѝӾᐖࡠਣˈ代㺘ѝᗳᓖ

Ӿٿᗳ⻠ᫎࡠሩᗳ⻠ᫎ

5.3 高横动量的粒子产额比的模型讨论

൘ㅜйㄐѝᇎ傼⍻䟿ᗇࡠˈ
√
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝ π−/π+ ઼

p̄/p 䲿⁚ࣘ䟿Ⲵਈॆ൘㘳㲁㌫㔏䈟ᐞ㤳ത޵⋑ᴹ᰾ᱮⲴѝᗳᓖ׍䎆ᙗˈྲമ(3.7.3)ᡰ
⽪Ǆ䘉о

√
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠઼ᫎ d+Au ⻠ᫎⲴѝᗳᓖ׍䎆ᙗⲴ㔃᷌

а㠤 [75]Ǆ㘼สҾ਼位᯻ᆸᚂ઼䜘分ᆀ分ᐳ࠭ᮠ઼⺾㻲࠭ᮠⲴ⨶䇪⁑ර䇑㇇ˈ㜭䇙ᡁ
Ԝ亴⍻⇿њ৽㋂ᆀо↓㋂ᆀⲴ∄٬䲿⁚ࣘ䟿Ⲵਈॆ [172]Ǆᒦфˈ䍘ᆀ − 䍘ᆀ⻠ᫎѝ
৽㋂ᆀо↓㋂ᆀⲴ∄٬ሩ⁚ࣘ䟿Ⲵᱮ㪇Ⲵ׍䎆ᙗˈަо⨶䇪⁑රⲴа㠤ᙗ൘ᖸབྷ〻

ᓖкҏ׍䎆Ҿ⁑රᡰ֯⭘Ⲵ⺾㻲࠭ᮠ [72]Ǆπ−/π+ˈp̄/p Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵ໎བྷࠪ

⧠Ҷ䱽վⲴ䎻࣯ˈቔަᱟ π−/π+ 䱽վⲴ䎻࣯䶎ᑨ᰾ᱮˈ㘼 p̄/p ൘ pT > 3 GeV/c ᰦ
᡽ࠪ⧠䱽վⲴ䎻࣯Ǆ䘉ᱟㅜа⅑൘ RHIC 㜭४Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝਁ⧠ѝ䰤ᘛᓖ४
䰤Ⲵ π−/π+ˈp̄/p Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵ໎བྷࠪ⧠Ҷ䱽վⲴ䎻࣯ˈ䘉㺘᰾ԧཨݻ (u,d
ཨݻ) Ⲵ䍑⥞൘䠁Ṩ − 䠁Ṩ⻠ᫎ π±ˈp(p̄) Ⲵӗ⭏ѝ䎧ࡠҶ䟽㾱Ⲵ֌⭘Ǆ

᧕лᶕᡁԜԕ
√
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ p̄/p 㔃᷌Ѫֻˈ䇘䇪⴨

Ⲵ⨶䇪亴⍻㔃᷌ˈമ(5.3.1)ᱟޣ STAR ਸ֌㓴⍻䟿Ⲵ √
sNN = 200 GeV Ⲵ䠁Ṩ −

䠁Ṩ⻠ᫎⲴ p̄/p Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆ [173]ˈമѝⲴ㓒㢢ᇎ㓯઼㲊㓯分࡛
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മ 5.1.9: Ӿሩ㺘Ṭ(4.3.1)ѝࠪࡇⲴ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴᡰᴹ⿽

类Ⲵ㋂ᆀ⁚ࣘ䟿䉡Ⲵ TBW ᤏਸѝᨀਆⲴᒣ൷ᖴੁ⍱䙏 ⟨β⟩ о᧿䘠㌫㔏Ⲵ䶎ᒣ㺑〻
ᓖⲴ৲ᮠ (q − 1) Ⲵ࠭ᮠޣ㌫ˈᐖമᱟᵚᕅޕ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) ᰦⲴ㔃

᷌ [168]ˈਣമᱟ㔃ਸҶ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) Ⲵ㔃᷌Ǆ⇿ањ㢢ඇ䜭ᱟӾሩ

⢩ᇊѝᗳᓖⲴ䠁Ṩ − 䠁Ṩ (䫵Ṩ − 䫵Ṩ) ⻠ᫎⲴ㋂ᆀ⁚ࣘ䟿䉡Ⲵ TBW ᤏਸⲴ䈟ᐞ
⸙䱥ᗇࡠⲴ 1 ḷ߶ᐞㅹ儈㓯Ǆᴢ㓯㺘⽪ᖒᔿѪؽ ⟨β⟩ = ⟨β⟩0 − a(q − 1)2 ⲴҼ⅑࠭ᮠ

ᤏਸ

代㺘ĀSoft+Quenchā⁑ර઼ᗞᢠ QCD(Perturbative QCD, pQCD) [174] ሩ √
sNN =

130 GeV Ⲵ p̄/p Ⲵ亴⍻㔃᷌ˈ㔯㢢⛩ࡂ㓯代㺘ཨݻ䟽㓴 (quark recombination) ⁑ර
ሩ

√
sNN = 200 GeV Ⲵ p̄/p Ⲵ亴⍻㔃᷌ [175]ǄᙫⲴᶕ䈤 Ā̍Soft+Quenchā⁑ර઼ཨ

䟽㓴⁑රⲴ亴⍻оᇎ傼ᮠᦞ䲿⁚ࣘ䟿Ⲵਈॆ䎻࣯ᴤ᧕䘁Ǆ㘼ᗞᢠݻ QCD ሩ p̄/p Ⲵ

亴⍻൘ᮤњ⁚ࣘ䟿४䰤䜭㺘⧠ࠪ䲿⁚ࣘ䟿໎བྷ㘼߿ቁⲴ䎻࣯ [24, ቁ䎻࣯Ⲵ߿ˈ[172
৏ഐᱟˈ൘ཨݻ௧⌘ѝˈ亶ཤ䟽ᆀᴤਟ㜭ᱟ㋂ᆀ㘼нᱟ৽㋂ᆀˈ㘼൘㜦ᆀ௧⌘ѝˈ

ᴹ䘉⿽нሩ〠ᙗ⋐ࡉ [173]Ǆ㲭❦ᗞᢠ QCD Ⲵ亴⍻㔃᷌㜭ᤃኅࡠ pT < 1 GeV/cˈն
൘վ pT ४ฏˈѫሬ㋂ᆀӗ⭏Ⲵнᱟ௧⌘ˈ㘼ᱟ㜭䙊䗷⍱փ࣋学᧿䘠Ⲵ䖟䗷〻 [24]Ǆ
ĀSoft+Quenchā⁑රࡉሶվ pT ४ฏⲴ䖟䗷〻㋂ᆀӗ⭏ ᇊ㋂ᆀӗ䟿оٷ) e−pT /T ᡀ

↓∄ˈަѝ T Ѫ৽ᯌ⦷৲ᮠ) о儈 pT ४ฏ⭡㔃ਸҶо㜦ᆀ⴨ޣⲴ baryon junctions
Ⲵ亶ཤ䱦ᗞᢠ QCD 䇑㇇ѫሬⲴ㋂ᆀӗ⭏㚄㌫䎧ᶕ [174]ˈ䈕⁑ර䘈वᤜࡍᘱཊ䟽ᮓ
ሴ (оݻ㖇ᆱ᭸ᓄ (Cronin effect) ᴹޣ [176])ˈṨ䚞㭭 (nuclear shadowing) ᭸ᓄ઼㜦
ᆀ䖛㠤䗀ሴሬ㠤Ⲵ䜘分ᆀ㜭䟿ᦏཡ [177]Ǆཨݻ䟽㓴⁑රٷ䇮䟽㓴䗷〻 (єњཨݻ㔃
ਸᡀӻᆀ઼йњཨݻ㔃ਸᖒᡀ䟽ᆀ) ൘վ pT ४ฏঐѫሬൠ位ˈ㘼൘儈 pT ४ฏ௧⌘

⹤㻲ঐѫሬൠ位ˈ਼ᰦˈ௧⌘␜⚛ᵪࡦҏ䘲⭘Ҿ儈 pT ४ฏˈഐ↔൘䈕⁑රѝˈѝ䰤

pT ४ฏ (2 < pT < 5 GeV/c) ԕ䟽㓴ᵪࡦѪѫǄⴞࡽˈ൘ RHIC кⲴ BES 㜭४ˈ䘈
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മ 5.1.10: Ӿሩ㺘Ṭ(4.3.1)ѝࠪࡇⲴ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴᡰᴹ⿽

类Ⲵ㋂ᆀ⁚ࣘ䟿䉡Ⲵ TBW ᤏਸѝᨀਆⲴࣘ࣋学߫ࠪ⑙ᓖ T о᧿䘠㌫㔏Ⲵ䶎ᒣ㺑〻

ᓖⲴ৲ᮠ (q − 1) Ⲵ࠭ᮠޣ㌫ˈᐖമᱟᵚᕅޕ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) ᰦⲴ㔃

᷌ [168]ˈਣമᱟ㔃ਸҶ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) Ⲵ㔃᷌Ǆ⇿ањ㢢ඇ䜭ᱟӾሩ

⢩ᇊѝᗳᓖⲴ䠁Ṩ − 䠁Ṩ (䫵Ṩ − 䫵Ṩ) ⻠ᫎⲴ㋂ᆀ⁚ࣘ䟿䉡Ⲵ TBW ᤏਸⲴ䈟ᐞ
⸙䱥ᗇࡠⲴ 1 ḷ߶ᐞㅹ儈㓯Ǆᴢ㓯㺘⽪ᖒᔿѪؽ T = T0 + b(q − 1)− dξ(q − 1)2 ⲴҼ

⅑࠭ᮠᤏਸ

㕪ѿ类լⲴк䘠⨶䇪⁑රሩӗ仍∄䲿⁚ࣘ䟿ⲴਈॆⲴ䇑㇇ˈᯠⲴ
√
sNN = 19.6 GeV

Ⲵ p̄/p Ⲵӗ仍∄䲿⁚ࣘ䟿ⲴਈॆⲴ⍻䟿㔃᷌ˈҏѪৈ␵儈⁚ࣘ䟿४ฏн਼Ⲵ㋂ᆀӗ

⭏ᵪࡦᨀ׋Ҷ䟽㾱ᇎ傼ᮠᦞǄ

ሩҾ䟽ᆀӻᆀ∄ˈྲമ(3.7.4)ᡰ⽪ˈ√
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝ

p/π+ ઼ p̄/π− 䲿⁚ࣘ䟿Ⲵਈॆާᴹ᰾ᱮⲴѝᗳᓖ׍䎆ᙗˈӾ 0-5% Ⲵᴰѝᗳ⻠ᫎࡠ
70-80% Ⲵᴰٿᗳ⻠ᫎާᴹ׍⅑䱽վⲴਈॆ䎻࣯Ǆ䘉㺘᰾൘䘉њ⁚ࣘ䟿४䰤ˈp/π+

઼ p̄/π− Ⲵӗ仍∄ਇࡠᖴੁ⍱䙏བྷሿⲴᖡ૽Ǆᖴੁ⍱䙏Ӿ 0-5% Ⲵᴰѝᗳ⻠ᫎࡠ
70-80% Ⲵᴰٿᗳ⻠ᫎ׍⅑䱽վǄ਼ᰦˈBaryon Junction ⁑රҏ亴⍻Ҷ⴨਼ √

sNN

Ⲵ p/π+ ઼ p̄/π− ൘ѝ䰤⁚ࣘ䟿४䰤䲿⻠ᫎѝᗳᓖӾѝᗳ⻠ᫎٿࡠᗳ⻠ᫎ׍⅑䱽

վ [84, 174]Ǆн਼ѝᗳᓖⲴ p/π+ ઼ p̄/π− 䲿⁚ࣘ䟿Ⲵ໎བྷ䜭ᱮ⽪ࠪҶа㠤Ⲵ໎ᕪ

⧠䊑ˈ൘ pT = 3.5 GeV/c ᐖਣᰦ䗮ࡠᴰབྷ٬Ǆ㘼໎ᕪ〻ᓖ䲿⻠ᫎӾ 0-5% Ⲵᴰѝ
ᗳ⻠ᫎࡠ 70-80% Ⲵᴰٿᗳ⻠ᫎ׍⅑䱽վǄ਼ᰦ໎ᕪ⧠䊑൘ pT = 3.5 − 4 GeV/c ᰦ
䗮ࡠਚ㜭ࡽᕡⲴ䎻࣯Ǆնਇ䲀Ҿ㔏䇑䟿ᑖᶕⲴᴤབྷ⍻䟿䈟ᐞˈ⍻䟿㔃᷌ⴞ߿⧠ࠪ

pT = 4.5 GeV/c ᐖਣˈ⋑⌅ⴻࡠᡰᴹѝᗳᓖⲴ⍻䟿㔃᷌㔏аⲴ߿ᕡ䎻࣯ǄնⴞࡽⲴ
⍻䟿㔃᷌ҏо

√
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠઼ᫎ d+Au ⻠ᫎⲴ p/π+ ઼ p̄/π−
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㺘 5.2.1: ᵚᕅ઼ޕᕅޕ BES-II ᵏ儈⁚ࣘ䟿 π±ˈp(p̄) ⍻䟿㔃᷌ˈTBW ⁑රᗇࡠⲴ
√
sNN = 19.6 GeV ⲴѝᗳᓖѪ 0-5% Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ〟分ӗ仍 dN/dy ᮠ٬㔃᷌
ሩ∄ˈമѝⲴ䈟ᐞᱟ⭡ TBW ⁑රᤏਸ৲ᮠⲴ䈟ᐞሬ㠤Ⲵ㔏䇑䈟ᐞǄ

㋂ᆀ ᵚᕅޕ BES-II ᵏ儈⁚ࣘ䟿䉡 ᕅޕ BES-II ᵏ儈⁚ࣘ䟿䉡
π+ 143.99± 3.20 146.49± 3.23

π− 144.82± 3.22 139.13± 3.18

K+ 29.86± 1.06 30.38± 1.08

K− 18.59± 0.65 18.97± 0.66

p 35.80± 2.31 35.45± 2.31

p̄ 4.33± 0.22 4.02± 0.21

Λ 12.49± 0.86 13.27± 0.88

Λ̄ 1.94± 0.18 2.03± 0.21

Ξ+ 0.418± 0.003 0.441± 0.003

Ξ− 1.37± 0.14 1.46± 0.14

K0
s 22.29± 1.55 22.69± 1.58

㔃᷌Ⲵѝᗳᓖ׍䎆ᙗ㺘⧠а㠤 [75]Ǆ

മ(5.3.2)઼മ(5.3.3)ᱟⴞࡽ STAR ᇎ傼ሩн਼⻠ᫎ㜭䟿 √
sNN Ⲵ䠁Ṩ − 䠁Ṩ⻠

ᫎ (䍘ᆀ − 䍘ᆀ⻠ᫎ) ѝⲴ π−/π+ˈp̄/pˈp/π+ ԕ৺ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆ

Ⲵ⍻䟿㔃᷌ˈަѝᶏ⍱㜭䟿ᢛ᧿Ҽᵏ
√
sNN = 19.6 GeV Ⲵ㔃᷌ᶕ㠚ᵜ䇪᮷Ⲵ分᷀㔃

᷌ˈᶏ⍱㜭䟿ᢛ᧿аᵏ
√
sNN = 19.6 GeV Ⲵ㔃᷌ᶕ㠚᮷⥞ [47]ˈ√

sNN = 62.4 GeV
઼ 200 GeV Ⲵ㔃᷌ᶕ㠚᮷⥞ [67] ઼ [69]ˈ䍘ᆀ − 䍘ᆀ⻠ᫎ 200 GeV Ⲵ㔃᷌ᶕ㠚᮷
⥞ [72]Ǆ

俆ݸᡁԜ䇘䇪н਼⻠ᫎ㜭䟿
√
sNN Ⲵ π−/π+ 㔃᷌ˈ൘㘳㲁㌫㔏䈟ᐞ㤳തਾˈᡁ

Ԝ⋑ᴹⴻࡠ᰾ᱮⲴ⻠ᫎ㜭䟿׍䎆ᙗˈࠐѾᡰᴹ⁚ࣘ䟿Ⲵ π−/π+ Ⲵᮠᦞ⛩Ⲵѝᗳ٬

䜭൘ 0.85-1.15 ѻ䰤ǄնሩҾ䍘ᆀ − 䍘ᆀ⻠ᫎⲴ π−/π+ 㔃᷌㘼䀰ˈ⴨∄Ҿ⴨਼⻠ᫎ

㜭䟿
√
sNN = 200 GeV Ⲵ㔃᷌ˈ䍘ᆀ − 䍘ᆀ⻠ᫎⲴ π−/π+ ᰾ᱮᴤվˈᒦф䲿⵰⁚

ࣘ䟿Ⲵ໎བྷࠪ⧠Ҷ䘋а↕䱽վⲴ䎻࣯Ǆ㘼
√
sNN = 19.6 GeV 䠁Ṩ − 䠁Ṩ⻠ᫎᶏ⍱

㜭䟿ᢛ᧿Ҽᵏ (pT > 2 GeV/c) Ⲵ㔃᷌⴨∄ᶏ⍱㜭䟿ᢛ᧿аᵏ (pT < 2 GeV/c) Ⲵ㔃
᷌ˈҏࠪ⧠Ҷ䲿⵰⁚ࣘ䟿Ⲵ໎བྷࠪ⧠Ҷ䘋а↕䱽վⲴ䎻࣯Ǆ䘉ᱟ俆⅑൘䠁Ṩ − 䠁Ṩ
⻠ᫎѝ㿲ሏࡠ↔⧠䊑ˈਟ㜭䈤᰾൘

√
sNN = 19.6 GeV 䠁Ṩ − 䠁Ṩ⻠ᫎѝˈQGP ሩ

儈⁚ࣘ䟿 (pT > 2 GeV/c) Ⲵ π− Ⲵ঻վ〻ᓖབྷҾ π+ˈն਼ᰦаӋԕཨݻણ䚃分㻲

(quark flavour separation) Ⲵ⺾㻲࠭ᮠѪส⹰Ⲵᗞᢠ QCD ⨶䇪ҏਟԕ⭘ᶕ䀓䟺䘉а
⧠䊑 [178]Ǆᡰԕ䘉ҏ䴰㾱⻠ᫎ㜭䟿о √

sNN = 19.6 GeV ᧕䘁Ⲵ䍘ᆀ − 䍘ᆀ⻠ᫎⲴ
㔃᷌ᶕ䘋㹼ሩ➗ˈԕׯ䘋а↕⨶䀓ަѝⲴ⢙⨶ᵪࡦǄ

92



ኡьབྷ学ঊ༛学位䇪᮷

മ 5.3.1: STAR ਸ֌㓴⍻䟿Ⲵ √
sNN = 200 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ 0-5% ѝᗳᓖ

Ⲵ p̄/p Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆˈон਼Ⲵ⨶䇪⁑ර亴⍻㔃᷌Ⲵ∄䖳 [173]

❦ਾሩҾн਼⻠ᫎ㜭䟿
√
sNN Ⲵ p̄/p 㔃᷌ˈн㇑ᱟᶏ⍱㜭䟿ᢛ᧿аᵏ (pT <

2 GeV/c) 䘈ᱟᶏ⍱㜭䟿ᢛ᧿Ҽᵏ (pT > 2 GeV/c) Ⲵ㔃᷌ˈሩ∄ √
sNN = 62.4 GeV ઼

200 GeV Ⲵ㔃᷌ˈ䜭㺘⧠ࠪҶ᰾ᱮⲴ⻠ᫎ㜭䟿׍䎆ᙗ˖䲿⵰⻠ᫎ㜭䟿Ⲵ䱽վˈp̄/p ҏ
䲿ѻ䱽վǄ൘ pT > 2 GeV/c ⭊㠣ᴤ儈Ⲵ४ฏˈн਼⻠ᫎ㜭䟿Ⲵ p̄/p 㔃᷌ˈ৽᱐Ҷ൘

н਼⻠ᫎ㜭䟿઼⻠ᫎ㌫㔏ѝˈਟ㜭Ⲵ௧⌘⺾㻲 (ਚ൘䠁Ṩ − 䠁Ṩ⻠ᫎѝ)ǃ㓴分ཨݻ
㓴ਸ/䟽㓴 (constituent quark coalescence/recombination)ǃ䟽ᆀ㔃 (baryon junctions)
ㅹн਼Ⲵ㋂ᆀӗ⭏ᵪࡦሩᕪᆀ䉡Ⲵ䍑⥞н਼Ǆ

ሩҾн਼⻠ᫎ㜭䟿Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴ p/π+ ઼ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵ

ਈॆⲴ⍻䟿㔃᷌ˈᡁԜਟԕⴻࡠ⴨਼⻠ᫎ㜭䟿Ⲵ p/π+ ઼ p̄/π− ൘໎ᕪ䎻઼࣯ࡠ䗮

ጠ٬Ⲵ⁚ࣘ䟿४ฏࠐѾаṧˈо↓৽⭥㦧ᰐޣˈਚᱟᑵᓖ઼໎ᕪ〻ᓖн਼Ǆ
√
sNN =

62.4 GeV ઼ 200 GeV Ⲵ㔃᷌䜭ᱟ൘བྷ㓖 pT = 2.5 GeV/c ѝ䰤⁚ࣘ䟿४ฏ䗮ࡠጠ٬Ǆ
㘼ᵜ分᷀ᗇࡠⲴ

√
sNN = 19.6 GeV Ⲵӗ仍∄ࡉᱟ൘བྷ㓖 pT = 3.5 GeV/c ѝ䰤⁚ࣘ䟿

४ฏ䗮ࡠጠ٬Ǆ䘉㛼ਾҏ䇨৽᱐Ҷˈ൘ᴤվ⻠ᫎ㜭䟿Ⲵ BES 㜭४ˈᖴੁ⍱ (䍘䟿ᴤ
བྷⲴ㋂ᆀ൘䳶փ䘀ࣘѝՊ㻛᧘ੁᴤ儈⁚ࣘ䟿४ฏ) ሩ㋂ᆀ䉡Ⲵᖡ૽㤳ത⴨∄儈⻠ᫎ㜭
䟿 (62.4ˈ200 GeV) ᴤᒯ, ণঐᦞѫ㾱ᖡ૽ഐ㍐Ⲵ㤳തࡠ䗮Ⲵ⁚ࣘ䟿४ฏᴤ儈Ǆ䘉о
ཨݻ䟽㓴 (quark coalescence/recombination) ⁑රሩ p/π+ ઼ p̄/π− ጠ٬位㖞䲿⻠ᫎ

㜭䟿Ⲵ䱽վ㘼৫ᖰᴤ儈Ⲵ⁚ࣘ䟿位㖞Ⲵ亴⍻⴨ㅖਸ [67]Ǆ㔃ਸࡽ䘠ㅜഋㄐ઼ㅜӄㄐ
ㅜа㢲ሩ㋂ᆀ䉡ࣘ࣋学߫ࠪ৲ᮠⲴᖡ૽Ⲵ分᷀ˈҏח䶒৽᱐Ҷᴤ儈Ⲵ⻠ᫎ㜭䟿ᑖᶕ

Ⲵ䶎ᒣ㺑䗷〻䎺ཊˈ䶎ᒣ㺑䗷〻ሩ㋂ᆀ䉡ᖡ૽Ⲵ㤳തࡠ䗮Ⲵ⁚ࣘ䟿४ฏᴤվǄ൘䠁

Ṩ − 䠁Ṩ⻠ᫎѝˈp/π+ Ⲵӗ仍∄䲿⵰⻠ᫎ㜭䟿Ⲵ䱽վ㘼ॷ儈ˈp̄/π− Ⲵӗ仍∄ࡉ⴨

৽Ǆᖃ❦ˈᯠⲴ
√
sNN = 19.6 GeV Ⲵ p/π+ ઼ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿ⲴਈॆⲴ⍻䟿

㔃᷌ˈҏѪৈ␵儈⁚ࣘ䟿४ฏн਼Ⲵ㋂ᆀӗ⭏ᵪࡦᨀ׋Ҷ䟽㾱ᇎ傼ᮠᦞˈԕᴤྭൠ
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⨶䀓㛼ਾⲴ⢙⨶ᵪࡦǄ

(a)

(b)

മ 5.3.2: н਼⻠ᫎ㜭䟿 √
sNN Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎ (䍘ᆀ − 䍘ᆀ⻠ᫎ) ѝѝ䰤ᘛᓖ४

䰤Ⲵ π−/π+ˈp̄/p Ⲵӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆˈമѝ␡㢢४ฏ代㺘ᮠᦞ⛩Ⲵ㌫㔏䈟

ᐞ

о儈⁚ࣘ䟿Ⲵ㋂ᆀ䉡密࠷⴨ޣⲴ䘈ᴹṨ؞↓ഐᆀ RCP Ⲵ⹄ウˈRCP ᇊѹྲл˖

RCP =
⟨Ncoll⟩Peripheral

⟨Ncoll⟩Central

( d2N
dpTdη

)Central

( d2N
dpTdη

)Peripheral
(5.1)

ަѝ ⟨Ncoll⟩Central ઼ ⟨Ncoll⟩Peripheral 分࡛ᱟѝᗳ઼䗩㕈⻠ᫎѝṨᆀєփ⻠ᫎᮠⲴᒣ൷

٬ˈᒦਟԕ֯⭘ Glauber ⁑ර䙊䗷㫉⢩঑㖇 (Monte-Carlo) ⁑ᤏᗇࡠ [12]ǄSTAR ਸ
֌㓴Ⲵ BES-I ᵏ㔉ࠪҶ √

sNN = 7.7, 11.5, 14.5, 19.6, 27, 39 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎ
Ⲵᕪᆀ (π±ˈK±ˈp(p̄)) Ⲵ RCP Ⲵ㔃᷌ [36]ˈྲമ(5.3.4)ᡰ⽪ˈԕ⹄ウ௧⌘␜⚛᭸ᓄ
Ⲵ⻠ᫎ㜭䟿׍䎆ᙗǄ㘼 BES-II ᵏ㋂ᆀ䢤࡛⴨∄ BES-I ᵏ㜭ࡠ䗮ᴤ儈Ⲵ pT 㤳തˈഐ
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(a)

(b)

മ 5.3.3: н਼⻠ᫎ㜭䟿 √
sNN Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎѝѝ䰤ᘛᓖ४䰤Ⲵ p/π+ˈp̄/π− Ⲵ

ӗ仍∄䲿⁚ࣘ䟿 pT Ⲵਈॆˈമѝᇎ傼ᮠᦞ⛩Ⲵ䈟ᐞѪ㌫㔏䈟ᐞ઼㔏䇑䈟ᐞⲴᒣᯩ઼

↔ˈሩҾ BES-II ᵏ䠁Ṩ − 䠁Ṩ⻠ᫎⲴᕪᆀ (π±ˈK±ˈp(p̄)) Ⲵ RCP Ⲵ⹄ウҏᱟа

њ٬ᗇኅᵋⲴᯩੁǄ

5.4 小结

൘ᵜㄐѝˈᡁԜ䇘䇪Ҷᵜ䇪᮷ᡰ⍻儈⁚ࣘ䟿 π±ˈp(p̄) Ⲵ⁚ࣘ䟿䉡ሩॆ学઼߫ࠪ

Ⲵᒣ൷ࡠ学߫ࠪˈवਜ਼Ҷ儈⁚ࣘ䟿䉡ᯠ⍻䟿ᰦᗇ࣋学߫ࠪ৲ᮠⲴᖡ૽ǄሩҾࣘ࣋ࣘ

ᖴੁ⍱䙏䱽վˈࣘ࣋学߫ࠪ⑙ᓖ൘ѝ䰤ѝᗳᓖ४ฏॷ儈ˈ㌫㔏䶎ᒣ㺑〻ᓖ᰾ᱮ໎བྷǄ
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മ 5.3.4: STAR ਸ֌㓴ሩ BES 㜭४ᐢ䢤࡛Ⲵᕪᆀ (π±ˈK±ˈp(p̄)) Ⲵ RCP Ⲵ⍻䟿㔃

᷌Ǆᖙ㢢Ⲵ䱤ᖡṶ代㺘Ⲵᱟ⛩ሩ⛩㌫㔏䈟ᐞǄമਣחㅹҾ 1 ༴Ⲵ䈟ᐞᑖሩᓄҾ Ncoll

ḷᓖਾⲴо pT ᰐޣⲴ䈟ᐞˈ䈟ᐞᑖⲴ仌㢢ሩᓄҾ⴨ᓄ⻠ᫎ㜭䟿Ⲵᮠᦞ⛩Ⲵ仌㢢Ǆ

䘉䈤᰾ণ֯ᱟ൘ᴰѝᗳ⻠ᫎˈ儈⁚ࣘ䟿४ฏҏ䴰㾱㘳㲁䶎ᒣ㺑ᘱⲴഐ㍐ǄሩҾॆ学

߫ࠪˈᡁԜਁ⧠儈⁚ࣘ䟿४ฏⲴ㋂ᆀӗ仍ሩᙫփ dN/dy ᮠ٬Ⲵᖡ૽∄վ⁚ࣘ䟿४ฏ
㾱ሿⲴཊˈሩѝ䰤ᘛᓖ४䰤Ⲵ㋂ᆀ dN/dy ᮠ٬Ⲵᖡ૽н䎵䗷 5%ˈഐ↔ሩॆ学߫ࠪ
ᖡ૽䖳ሿǄᵜ䇪᮷ᡰ⍻ BES-II ᵏⲴ √

sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴӗ仍∄
䲿⁚ࣘ䟿 pT ⲴਈॆⲴ⍻䟿㔃᷌ˈѪ⨶䀓ਁ⭏൘⻠ᫎᰙᵏ䱦⇥Ⲵ䜘分ᆀࣘ࣋学 (⺜ᡆ
ॺ⺜䗷〻) ᨀ׋Ҷ䟽㾱Ⲵᇎ傼ᮠᦞˈ䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴ p̄/pˈp/π+ ઼ p̄/π− Ⲵӗ

仍∄䲿⁚ࣘ䟿ⲴਈॆⲴ⍻䟿㔃᷌ˈ䜭㺘⧠ࠪҶ᰾ᱮⲴ⻠ᫎ㜭䟿׍䎆ᙗˈ䘉ᙕ䴰ԕ㓴

分ཨݻ㓴ਸ/䟽㓴 (constituent quark coalescence/recombination)ǃ௧⌘⺾㻲ǃ䟽ᆀ㔃
(baryon junctions) Ѫ代㺘Ⲵㅹн਼Ⲵ㋂ᆀӗ⭏⨶䇪⁑ර䇑㇇ⲴỰ傼ˈ᧘ࣘҶሩ䟽⿫
ᆀ⻠ᫎѝ儈⁚ࣘ䟿४ฏ㋂ᆀӗ⭏ᵪࡦⲴ⢙⨶മۿⲴ⹄ウ઼⴨ޣⲴ⨶䇪⁑රⲴỰ傼Ǆ
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第六章 总结和展望

ᵜ䇪᮷俆࡙ݸ⭘儈㓟㋂ᆀṧᵜሩ TPC ⭥⿫㜭ᦏ䘋㹼ҶҼ⅑࡫ᓖˈ㔃ਸ䟽ᯠ࡫ᓖ
Ⲵ TPC ⭥⿫㜭ᦏ઼ TOF Ⲵ伎㹼ᰦ䰤ؑ᚟ˈᆼᡀҶሩ π±ˈp ઼ p̄ Ⲵ㋂ᆀ䢤࡛ˈᨀਆ

Ҷ STAR ᇎ傼 BES-II ᵏⲴ √
sNN = 19.6 GeV Ⲵ䠁Ṩ − 䠁Ṩ⻠ᫎⲴѝ䰤ᘛᓖ४䰤н

਼ѝᗳᓖлⲴ π±ˈp ઼ p̄ Ⲵ儈⁚ࣘ䟿 (pT > 2 GeV/c) 䉡Ǆަѝ π± 䉡Ⲵ⍻䟿䗮ࡠҶ

pT = 5 GeV/cˈp ઼ p̄ 䉡䗮ࡠҶ pT = 4 GeV/cˈᒦ㔉ࠪҶ π−/π+ˈp̄/pˈp/π+ ԕ৺

p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿 pT ⲴਈॆǄπ
−/π+ ઼ p̄/p Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆ൘㘳㲁

䈟ᐞ㤳ത޵⋑ᴹ᰾ᱮⲴѝᗳᓖ׍䎆ᙗˈᒦф䲿⁚ࣘ䟿Ⲵ໎བྷࠪ⧠Ҷ䱽վⲴ䎻࣯Ǆ㘼

p/π+ ઼ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆ൘儈⁚ࣘ䟿 (pT > 2 GeV/c) ४ฏӾѝᗳࡠ
ॷ儈ਾ䱽վǄݸ䎆ᙗˈᒦф䲿⁚ࣘ䟿Ⲵ໎བྷ׍䱽վˈާᴹ᰾ᱮⲴѝᗳᓖ⅑׍ᗳ⻠ᫎٿ

䠁Ṩ − 䠁Ṩ⻠ᫎѝⲴ p̄/pˈp/π+ ઼ p̄/π− Ⲵӗ仍∄䲿⁚ࣘ䟿ⲴਈॆⲴ⍻䟿㔃᷌ˈ㺘

⧠ࠪҶ᰾ᱮⲴ⻠ᫎ㜭䟿׍䎆ᙗǄ䘉ᱟᶏ⍱㜭䟿ᢛ᧿Ҽᵏ㜭䟿㤳ത޵Ⲵ俆њ⴨ޣ⍻䟿

㔃᷌ˈѪᴰ㓸⨶䀓儈⁚ࣘ䟿ᕪᆀ䉡ሩॆ学઼߫ࠪࣘ࣋学߫ࠪ৲ᮠⲴᖡ૽ᨀ׋Ҷᇎ傼

学࣋ᦞˈҏѪ⨶䀓ਁ⭏൘⻠ᫎᰙᵏ䱦⇥Ⲵ䜘分ᆀࣘ׍ (⺜ᡆॺ⺜䗷〻) ઼Ự傼⴨ޣⲴ
⨶䇪⁑රᨀ׋Ҷ䟽㾱Ⲵᇎ傼ᮠᦞǄ

ᵜ䇪᮷᧕⵰࡙⭘⧫ቄީᴬ − ਹᐳᯟ⠶⛨⌒⁑ර઼ Tsallis ⠶⛨⌒⁑රሩ RHIC
઼ LHC 㜭४к⴨ሩ䇪䟽⿫ᆀ⻠ᫎⲴࣘ࣋学߫ࠪᙗ䍘䘋㹼Ҷ㌫㔏Ⲵ⹄ウˈ᧒㍒㌫㔏
Ⲵࣘ࣋学߫ࠪᙗ䍘Ⲵᶏ⍱㜭䟿׍䎆઼ѝᗳᓖ׍䎆ޣ㌫Ǆ㔃᷌㺘᰾ˈ䲿⵰⻠ᫎ㜭䟿Ⲵ

໎࣐ˈBGBW ઼ TBW Ⲵᐞ࡛䲿⵰ q ٬Ⲵ໎བྷ㘼໎བྷˈ䈤᰾൘ٿᗳ⻠ᫎѝӗ⭏Ⲵ㌫

㔏ٿ⿫ᒣ㺑ᘱⲴ〻ᓖ䎺ᶕ䎺儈ˈн㜭⭘ BGBW ᤏਸᶕᖸྭൠ᧿䘠Ǆ൘ 7.7 - 39 GeV
⻠ᫎ㜭䟿лˈTBW ⁑රѝӾѝᗳٿࡠᗳ⻠ᫎⲴ⑙ᓖॷ儈ᑵᓖ䘌ሿҾ BGBW ⁑රǄ
ሩҾ 62.4 GeV-5.02 TeV, TBW ⁑රѝӾѝᗳ⻠ᫎٿࡠᗳ⻠ᫎⲴ⑙ᓖสᵜ؍ᤱᚂᇊǄ
ѝᗳ⻠ᫎⲴᖴੁ⍱䙏൘ RHIC 㜭४㓖Ѫ 0.4 - 0.5cˈ൘ LHC 㜭४ᰦᴤབྷˈ㓖Ѫ 0.57
- 0.61cǄሩҾѝᗳᓖ׍䎆ᙗˈӾሩᗳ⻠ᫎٿࡠᗳ⻠ᫎˈᒣ൷ᖴੁ⍱䙏 ⟨β⟩ ˈ䱽վ⅑׍
㘼䶎ᒣ㺑৲ᮠ q ⑙ᓖ઼ᖴੁ⍱䙏ሩ䶎ᒣ㺑〻ᓖࠪ߫ࡠॷ儈Ǆ਼ᰦˈᡁԜ㿲ሏ⅑׍ࡉ

৲ᮠⲴ׍䎆ᙗˈ䘉ਟ㜭оփ哿ᓖ㌫ᮠᴹޣǄ䘈ਁ⧠ཷᔲᕪᆀ∄䶎ཷᔲᕪᆀާᴹᴤ儈

Ⲵࣘ࣋学߫ࠪ⑙ᓖˈӾٿᗳ⻠ᫎࡠሩᗳṨᆀ − Ṩᆀ⻠ᫎˈཷᔲᕪᆀ∄䶎ཷᔲᕪᆀᴤ
ᘛൠ᧕䘁ᒣ㺑ᘱǄ

ᴰਾᡁԜ䇘䇪Ҷ儈⁚ࣘ䟿 π±ˈp ઼ p̄ Ⲵ⁚ࣘ䟿䉡ሩࣘ࣋学઼߫ࠪॆ学߫ࠪ

৲ᮠⲴᖡ૽Ǆवਜ਼Ҷᯠ⍻䟿儈⁚ࣘ䟿䉡Ⲵ⠶⛨⌒⁑රᤏਸᗇࡠⲴࣘ࣋学߫ࠪᰦⲴ

ᒣ൷ᖴੁ⍱䙏䱽վࣘ࣋学߫ࠪ⑙ᓖॷ儈ˈ㘼㌫㔏䶎ᒣ㺑〻ᓖ᰾ᱮ໎བྷǄᤏਸ㔃᷌

㺘᰾ণ֯ᱟ൘ᴰѝᗳ⻠ᫎ䶎ᒣ㺑ᘱⲴᖡ૽ሩ儈⁚ࣘ䟿Ⲵӗ仍ҏᖸ䟽㾱Ǆ㔃᷌䇱ᇎ

Ҷ儈⁚ࣘ䟿Ⲵ㋂ᆀࣘ࣋学߫ࠪⲴᰦ䰤∄վ⁚ࣘ䟿Ⲵ㋂ᆀᴤᰙǄ㔃᷌㺘᰾儈⁚ࣘ䟿
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४ฏⲴ㋂ᆀӗ仍ሩᙫփ dN/dy ᮠ٬Ⲵᖡ૽∄վ⁚ࣘ䟿४ฏ㾱ሿⲴཊˈሩѝ䰤ᘛᓖ
४䰤Ⲵ㋂ᆀ dN/dy ᮠ٬Ⲵᖡ૽н䎵䗷 5%Ǆഐ↔儈⁚ࣘ䟿ӗ仍ሩॆ学߫ࠪᖡ૽䖳
ሿǄӗ仍∄䲿⁚ࣘ䟿Ⲵਈॆ⍻䟿㔃᷌ˈᙕ䴰ԕ㓴分ཨݻ㓴ਸ/䟽㓴 (constituent quark
coalescence/recombination)ǃ௧⌘⺾㻲ǃ䟽ᆀ㔃 (baryon junctions) Ѫ代㺘Ⲵㅹн਼
Ⲵ㋂ᆀӗ⭏⨶䇪⁑ර䇑㇇ⲴỰ傼Ǆ

ⴞࡽ STAR Ⲵ BES-II ᵏ䠁Ṩ − 䠁Ṩ⻠ᫎᐢ㓿ᆼᡀਆᮠˈवᤜሩᫎ⁑ᔿлⲴ
√
sNN = 7.7, 11.5, 14.5, 17.3, 27 GeV ԕ৺പᇊ䶦 √

sNN = 3, 3.2, 3.5, 3.9, 4.5, 5.2, 6.2,
7.2, 7.7, 9.2, 11.5, 13.7 GeVǄ޵ᡷ४ᰦ䰤ᣅᖡᇔⲴॷ级ԕ৺ᯠᆹ㻵Ⲵㄟⴆ伎㹼ᰦ䰤
᧒⍻ಘሶᇎ⧠ᴤᒯⲴ⁚ࣘ䟿४䰤઼ᴤབྷⲴᘛᓖ४䰤Ⲵ⍻䟿Ǆ⴨ޣⲴᕪᆀ (π±ˈK±ˈ

p ઼ p̄) 䉡Ⲵ⍻䟿о分᷀ᐕ֌ᐢ㓿൘䘋㹼ᖃѝǄᯠⲴᮠᦞ㜭ᨀ׋ᴤ㋮⺞Ⲵᕪᆀ䉡⍻
䟿ˈᒦᇎ⧠ሩᘛᓖ׍䎆Ⲵ⍻䟿ˈ䘉ሶ㜭ሩॆ学઼ࣘ࣋学߫ࠪᙗ䍘ᴹањ㌫㔏Ⲵ⹄ウǄ

BES-II ᵏн਼ᘛᓖ઼⻠ᫎ㜭䟿Ⲵ儈⁚ࣘ䟿ᕪᆀ䉡Ⲵ㌫㔏⍻䟿ሶᴹࣙҾ࣐␡ሩ儈⁚ࣘ
䟿ᕪᆀӗ⭏ᵪࡦ䲿⻠ᫎ㜭䟿╄ॆⲴ䇔䇶Ǆ਼ᰦˈሩҾ BES-II ᵏ䠁Ṩ − 䠁Ṩ⻠ᫎⲴ
ᕪᆀ (π±ˈK±ˈp(p̄)) Ⲵ RCP Ⲵ⹄ウҏᱟањ٬ᗇኅᵋⲴᯩੁǄ
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㺘 A.0.1: Ӿሩ √
sNN = 7.7 GeV Ⲵн਼ѝᗳᓖлⲴ䟽⿫ᆀ⻠ᫎѝⲴ㋂ᆀ pT 䉡Ⲵ

TBW ᤏਸѝᨀਆⲴࣘ࣋学߫ࠪ৲ᮠ઼ χ2/nDoFǄਚᤏਸ π±ˈK±ˈp(p̄) Ⲵᇎ傼ᮠ

ᦞ⛩Ⲵ㔃᷌֯⭘൘⻠ᫎ㜭䟿ਾ ‘(π,K, p)’ Ⲵḷ䇠Ǆᤏਸѝवਜ਼㺘Ṭ(4.3.1)ѝࠪࡇⲴᡰ
ᴹ⿽类Ⲵ㋂ᆀᮠᦞⲴ㔃᷌֯⭘ ‘(all)’ǄᡁԜҏ֯⭘ ‘(strange)’ ḷ䇠单⤜ᤏਸཷᔲ㋂ᆀ
pT 䉡Ⲵ㔃᷌ˈ֯⭘ ‘(non-strange)’ ḷ䇠单⤜ᤏਸ䶎ཷᔲ㋂ᆀ pT 䉡Ⲵ㔃᷌

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) q χ2/nDoF

Au+ Au 7.7 (π,K, p) 0− 5% 0.436± 0.005 110± 2 1.000+0.002
−0 113/133

5− 10% 0.428± 0.006 110± 2 1.000+0.003
−0 106/134

10− 20% 0.39± 0.01 117± 3 1.006± 0.005 86/138

20− 30% 0.36± 0.01 117± 3 1.009± 0.005 129/136

30− 40% 0.34± 0.01 119± 3 1.008± 0.005 124/135

40− 50% 0.26± 0.03 117± 3 1.024± 0.006 110/125

50− 60% 0.21± 0.04 117± 3 1.026± 0.007 132/122

60− 70% 0+0.07
−0 120± 3 1.034± 0.003 95/117

70− 80% 0+0.06
−0 126± 3 1.021± 0.003 88/97

0− 80% 0.36± 0.02 111± 3 1.019± 0.008 48/90

Au+ Au 7.7 (non− strange) 0− 5% 0.445± 0.006 108± 2 1.000+0.003
−0 34/89

5− 10% 0.438± 0.006 109± 2 1.000+0.005
−0 45/88

10− 20% 0.39± 0.01 116± 3 1.005+0.006
−0 37/92

20− 30% 0.38± 0.01 115± 3 1.007± 0.006 31/90

30− 40% 0.35± 0.02 117± 3 1.009± 0.006 36/90

40− 60% 0+0.06
−0 113± 3 1.049± 0.002 52/80

60− 80% 0+0.07
−0 120± 3 1.032± 0.003 31/62

Au+ Au 7.7 (strange) 0− 5% 0.361± 0.01 133± 4 1.0001+0.0002
−0.0001 178/80

5− 10% 0.358± 0.01 132± 4 1.0001+0.0002
−0.0001 156/82

10− 20% 0.356± 0.009 131± 3 1.0001+0.0002
−0.0001 160/82

20− 30% 0.351± 0.009 128± 3 1.0001+0.0004
−0.0001 160/82

30− 40% 0.33± 0.01 130± 3 1.000+0.001
−0 139/81

40− 60% 0.28± 0.02 133± 3 1.002+0.003
−0.002 174/75

60− 80% 0+0.06
−0 134± 3 1.022± 0.002 119/64

Au+ Au 7.7 (all) 0− 5% 0.407± 0.005 118± 2 1.0001± 0.0001 274/172

5− 10% 0.402± 0.005 118± 2 1.0001+0.0002
−0.0001 251/173

10− 20% 0.378± 0.005 124± 2 1.0001+0.0002
−0.0001 218/177

20− 30% 0.365± 0.005 124± 2 1.0001+0.0003
−0.0001 216/175

30− 40% 0.349± 0.006 125± 2 1.0001+0.0007
−0.0001 189/174

40− 60% 0.31± 0.01 127± 2 1.002± 0.002 229/158

60− 80% 0.20± 0.03 126± 2 1.012± 0.005 158/129
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㺘 A.0.2: √
sNN = 11.5 GeVˈަᆳо㺘Ṭ(A.0.1)а㠤

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) q χ2/nDoF

Au+ Au 11.5 (π,K, p) 0− 5% 0.423± 0.005 117± 2 1.000+0.002
−0 104/142

5− 10% 0.416± 0.006 119± 2 1.000+0.002
−0 79/145

10− 20% 0.399± 0.006 122± 2 1.000+0.010
−0 92/145

20− 30% 0.35± 0.01 124± 3 1.012± 0.005 90/145

30− 40% 0.33± 0.02 122± 3 1.017± 0.005 109/144

40− 50% 0+0.08
−0 126± 3 1.046± 0.002 114/140

50− 60% 0+0.08
−0 124± 3 1.044± 0.002 96/138

60− 70% 0+0.06
−0 128± 3 1.034± 0.002 108/124

70− 80% 0+0.05
−0 125± 3 1.032± 0.003 117/120

0− 80% 0.37± 0.01 114± 3 1.019± 0.006 33/118

Au+ Au 11.5 (non− strange) 0− 5% 0.423± 0.005 118± 2 1.00+0.01
−0 63/96

5− 10% 0.42± 0.01 119± 3 1.00+0.03
−0 49/97

10− 20% 0.39± 0.01 121± 3 1.004+0.007
−0.004 68/97

20− 30% 0.33± 0.02 119± 3 1.025± 0.007 56/97

30− 40% 0.29± 0.02 120± 3 1.026± 0.006 56/97

40− 60% 0+0.08
−0 123± 3 1.047± 0.002 61/92

60− 80% 0+0.06
−0 126± 3 1.034± 0.002 65/82

0− 80% 0.37± 0.02 113± 3 1.021± 0.008 21/82

Au+ Au 11.5 (strange) 0− 5% 0.387± 0.007 131± 3 1.0001+0.0002
−0.0001 148/84

5− 10% 0.373± 0.008 135± 3 1.0001+0.0004
−0.0001 154/86

10− 20% 0.376± 0.007 132± 2 1.0001+0.0005
−0.0001 134/86

20− 30% 0.352± 0.007 138± 3 1.000+0.001
−0 107/86

30− 40% 0.313± 0.009 147± 3 1.000+0.007
−0 92/85

40− 60% 0.22± 0.02 146± 3 1.012± 0.003 126/84

60− 80% 0+0.07
−0 145± 3 1.023± 0.002 132/73
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㺘 A.0.3: √
sNN = 11.5 GeV(᧕ࡽ㺘)ˈ14.5 GeVˈ17.3 GeV ઼ 19.6 GeVˈަᆳо㺘

Ṭ(A.0.1)а㠤Ǆ√
sNN = 17.3 GeV Ⲵ㔃᷌ᶕ㠚᮷⥞ [158]

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) q χ2/nDoF

Au+ Au 11.5 (all) 0− 5% 0.409± 0.004 122± 1 1.0001+0.0002
−0.0001 228/183

5− 10% 0.402± 0.004 124± 2 1.0001+0.0003
−0.0001 227/186

10− 20% 0.392± 0.004 126± 1 1.0001+0.0006
−0.0001 214/186

20− 30% 0.368± 0.007 131± 2 1.000+0.005
−0 185/186

30− 40% 0.340± 0.009 133± 2 1.003± 0.002 205/185

40− 60% 0.24± 0.01 136± 2 1.015± 0.002 228/179

60− 80% 0+0.06
−0 134± 2 1.029± 0.001 240/158

Au+ Au 14.5 (π,K, p) 0− 5% 0.42± 0.01 118± 3 1.006+0.007
−0.006 56/149

5− 10% 0.40± 0.01 119± 3 1.011± 0.007 58/149

10− 20% 0.38± 0.02 117± 3 1.016± 0.006 53/149

20− 30% 0.36± 0.02 118± 3 1.021± 0.006 33/149

30− 40% 0.31± 0.02 123± 3 1.024± 0.006 57/149

40− 50% 0.15± 0.06 115± 3 1.052± 0.007 83/143

50− 60% 0.15± 0.06 119± 3 1.045± 0.008 110/139

60− 70% 0.15± 0.07 119± 3 1.039± 0.008 79/131

70− 80% 0+0.06
−0 126± 3 1.033± 0.003 93/127

Pb+ Pb 17.3 (non-strange) [158] 0− 5% 0.442± 0.005 109± 1 1.015± 0.001 102/86

Pb+ Pb 17.3 (strange) [158] 0− 5% 0.420± 0.007 119± 4 1.009± 0.004 137/70

Pb+ Pb 17.3 (all) [158] 0− 5% 0.426± 0.004 113± 1 1.015± 0.001 267/159

Au+ Au 19.6 (π,K, p) 0− 5% 0.428± 0.009 112± 3 1.013± 0.005 52/146

5− 10% 0.41± 0.01 114± 3 1.016± 0.005 155/142

10− 20% 0.40± 0.01 117± 3 1.015± 0.005 73/142

20− 30% 0.34± 0.02 119± 3 1.028± 0.005 71/142

30− 40% 0.27± 0.02 124± 3 1.033± 0.006 84/143

40− 50% 0.20± 0.04 123± 3 1.041± 0.006 88/141

50− 60% 0+0.05
−0 127± 2 1.047± 0.002 128/141

60− 70% 0+0.04
−0 128± 3 1.042± 0.002 192/135

70− 80% 0+0.04
−0 131± 3 1.033± 0.002 234/130

0− 80% 0.35± 0.01 111± 3 1.036± 0.006 33/127
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㺘 A.0.4: √
sNN = 19.6 GeV(᧕ࡽ㺘) ઼ 27 GeVˈަᆳо㺘Ṭ(A.0.1)а㠤

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) q χ2/nDoF

Au+ Au 19.6 (non− strange) 0− 5% 0.43± 0.01 111± 3 1.015± 0.007 40/96

5− 10% 0.40± 0.01 112± 3 1.022± 0.007 53/92

10− 20% 0.38± 0.02 112± 3 1.027± 0.007 36/92

20− 30% 0.32± 0.02 117± 3 1.034± 0.007 53/92

30− 40% 0+0.07
−0 116± 3 1.065± 0.002 68/93

40− 60% 0+0.06
−0 120± 3 1.057± 0.002 48/93

60− 80% 0+0.04
−0 129± 3 1.040± 0.002 125/88

0− 80% 0.34± 0.02 110± 3 1.038± 0.007 24/86

Au+ Au 19.6 (strange) 0− 5% 0.404± 0.004 134± 2 1.0001± 0.0001 201/88

5− 10% 0.397± 0.004 136± 2 1.0001+0.0003
−0.0001 181/88

10− 20% 0.388± 0.004 138± 2 1.0001+0.0004
−0.0001 188/88

20− 30% 0.359± 0.007 145± 2 1.002± 0.002 182/88

30− 40% 0.319± 0.009 144± 2 1.009± 0.002 224/88

40− 60% 0.19± 0.02 146± 2 1.025± 0.003 271/86

60− 80% 0+0.03
−0 141± 2 1.034± 0.001 265/79

Au+ Au 19.6 (all) 0− 5% 0.421± 0.003 126± 1 1.0001+0.0002
−0.0001 293/187

5− 10% 0.414± 0.003 128± 1 1.0001+0.0005
−0.0001 282/183

10− 20% 0.404± 0.003 131± 1 1.000+0.001
−0 278/183

20− 30% 0.369± 0.006 135± 1 1.005± 0.002 312/183

30− 40% 0.324± 0.008 136± 1 1.013± 0.002 343/184

40− 60% 0.22± 0.02 138± 1 1.027± 0.002 374/182

60− 80% 0+0.03
−0 134± 2 1.037± 0.001 411/170

Au+ Au 27 (π,K, p) 0− 5% 0.451± 0.009 114± 3 1.004+0.006
−0.004 86/139

5− 10% 0.43± 0.01 112± 3 1.016± 0.006 66/140

10− 20% 0.40± 0.01 116± 3 1.019± 0.005 61/140

20− 30% 0.36± 0.01 116± 3 1.031± 0.005 54/140

30− 40% 0.30± 0.02 120± 3 1.038± 0.005 57/140

40− 50% 0.14± 0.06 120± 3 1.058± 0.006 48/140

50− 60% 0+0.05
−0 126± 3 1.055± 0.002 102/140

60− 70% 0+0.04
−0 130± 3 1.047± 0.002 162/140

70− 80% 0+0.03
−0 133± 3 1.039± 0.002 267/138

0− 80% 0.38± 0.01 115± 3 1.027± 0.005 49/137
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㺘 A.0.5: √
sNN = 27 GeV(᧕ࡽ㺘) ઼ 39 GeVˈަᆳо㺘Ṭ(A.0.1)а㠤Ǆѝᗳᓖк

ḷ (1) 㺘⽪ [160] 㕪ቁ䈕ѝᗳᓖⲴ π0 Ⲵ⍻䟿ᮠᦞ
㌫㔏

√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) q χ2/nDoF

Au+ Au 27 (non− strange) 0− 5% 0.43± 0.01 109± 3 1.021± 0.008 38/90

5− 10% 0.41± 0.01 108± 3 1.027± 0.007 39/90

10− 20% 0.39± 0.02 112± 3 1.029± 0.007 32/90

20− 30% 0.34± 0.02 113± 3 1.039± 0.007 29/90

30− 40% 0.26± 0.03 116± 3 1.050± 0.007 31/90

40− 60% 0+0.04
−0 120± 3 1.061± 0.003 38/90

60− 80% 0+0.03
−0 131± 3 1.044± 0.003 125/88

0− 80% 0.36± 0.02 110± 3 1.039± 0.007 22/88

Au+ Au 27 (strange) 0− 5% 0.419± 0.004 132± 2 1.0001+0.0002
−0.0001 263/87

5− 10% 0.408± 0.004 136± 2 1.0001+0.0002
−0.0001 199/88

10− 20% 0.396± 0.004 141± 2 1.0001+0.0004
−0.0001 189/88

20− 30% 0.368± 0.006 148± 2 1.002± 0.002 177/88

30− 40% 0.31± 0.01 153± 2 1.011± 0.002 154/88

40− 60% 0.19± 0.03 155± 2 1.027± 0.003 201/88

60− 80% 0+0.03
−0 145± 2 1.038± 0.001 253/88

Au+ Au 27 (all) 0− 5% 0.434± 0.003 125± 1 1.0001+0.0002
−0.0001 350/180

5− 10% 0.426± 0.003 128± 1 1.0001+0.0003
−0.0001 302/181

10− 20% 0.414± 0.003 132± 1 1.0001+0.0009
−0.0001 290/181

20− 30% 0.379± 0.005 137± 1 1.006± 0.002 316/181

30− 40% 0.328± 0.008 141± 1 1.014± 0.002 302/181

40− 60% 0.22± 0.02 143± 1 1.029± 0.003 348/181

60− 80% 0+0.03
−0 137± 1 1.042± 0.001 422/179

Au+ Au 39 (π,K, p) 0− 5% 0.463± 0.009 116± 3 1.004+0.007
−0.004 57/140

5− 10% 0.44± 0.01 120± 3 1.010± 0.006 61/140

10− 20% 0.41± 0.01 114± 3 1.026± 0.006 48/140

20− 30% 0.36± 0.01 116± 3 1.036± 0.006 63/140

30− 40% 0.30± 0.02 120± 3 1.045± 0.006 53/140

40− 50% 0.18± 0.04 118± 3 1.062± 0.006 55/140

50− 60% 0+0.05
−0 123± 3 1.063± 0.002 94/140

60− 70% 0+0.04
−0 131± 3 1.054± 0.002 226/140

70− 80% 0+0.03
−0 137± 3 1.045± 0.002 341/140

0− 80% 0.38± 0.01 117± 3 1.030± 0.006 46/140

Au+ Au 39 (non− strange) 0− 5%1 0.45± 0.01 111± 4 1.017± 0.009 39/90

5− 10%1 0.43± 0.01 116± 4 1.019± 0.009 45/90

10− 20% 0.39± 0.01 111± 3 1.036± 0.005 40/100

20− 30%1 0.35± 0.02 114± 4 1.042± 0.008 50/90

30− 40%1 0+0.08
−0 112± 3 1.079± 0.003 49/90

40− 60% 0+0.06
−0 120± 3 1.067± 0.005 43/100

60− 80%1 0+0.03
−0 137± 3 1.045± 0.003 158/90

0− 80%1 0.37± 0.02 114± 3 1.039± 0.008 35/90
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㺘 A.0.6: √
sNN = 39 GeV(᧕ࡽ㺘)ˈ62.4 GeV ઼ 200 GeVˈަᆳо㺘Ṭ(A.0.1)а

㠤Ǆѝᗳᓖкḷ (1) 㺘⽪ [160] 㕪ቁ䈕ѝᗳᓖⲴ π0 Ⲵ⍻䟿ᮠᦞˈѝᗳᓖкḷ (2) 㺘
⽪ [69] ѝⲴѝᗳᓖѪ 0-12% Ⲵ π±, p ઼ p̄ Ⲵ⍻䟿ᮠᦞ㻛֯⭘൘ 0-10% Ⲵᤏਸѝ

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) q χ2/nDoF

Au+ Au 39 (strange) 0− 5% 0.430± 0.007 134± 3 1.000+0.003
−0 65/88

5− 10% 0.42± 0.01 134± 3 1.001+0.003
−0.001 73/88

10− 20% 0.39± 0.01 143± 3 1.005± 0.003 85/88

20− 30% 0.36± 0.01 148± 3 1.009± 0.003 110/88

30− 40% 0.30± 0.02 153± 3 1.019± 0.003 93/88

40− 60% 0+0.06
−0 154± 2 1.045± 0.001 166/88

60− 80% 0+0.03
−0 149± 2 1.043± 0.002 221/88

Au+ Au 39 (all) 0− 5%1 0.454± 0.004 123± 2 1.000+0.002
−0 131/181

5− 10%1 0.438± 0.007 126± 2 1.003± 0.003 133/181

10− 20% 0.408± 0.007 129± 2 1.012± 0.003 190/191

20− 30%1 0.382± 0.008 134± 2 1.013± 0.002 234/181

30− 40%1 0.32± 0.01 138± 2 1.023± 0.002 214/181

40− 60% 0.14± 0.04 141± 2 1.046± 0.004 309/191

60− 80%1 0+0.02
−0 138± 2 1.048± 0.001 464/181

Au+ Au 62.4 (π,K, p) 0− 10% 0.47± 0.01 124± 3 1.002+0.006
−0.002 104/65

10− 20% 0.44± 0.01 124± 3 1.015± 0.006 96/65

20− 40% 0.39± 0.02 125± 4 1.028± 0.005 85/65

40− 80% 0.18± 0.05 128± 4 1.059± 0.006 91/65

Au+ Au 62.4 (non− strange) 0− 20% 0.43± 0.01 121± 3 1.022± 0.005 93/57

20− 40% 0.36± 0.02 121± 3 1.039± 0.004 69/57

40− 80%1 0+0.14
−0 124± 4 1.068± 0.007 73/47

Au+ Au 62.4 (strange) 0− 20% 0.34± 0.02 190± 10 1.000+0.001
−0 50/73

20− 40% 0.35± 0.02 182± 8 1.000+0.003
−0 43/73

40− 80% 0.23± 0.07 169± 7 1.03± 0.01 70/67

Au+ Au 62.4 (all) 0− 20% 0.443± 0.009 137± 3 1.001+0.006
−0.001 215/133

20− 40% 0.38± 0.01 136± 3 1.021± 0.004 181/133

40− 80%1 0.20± 0.04 139± 3 1.048± 0.006 185/117

Au+ Au 200 (π,K, p) 0− 10%2 0.45± 0.01 111± 3 1.039± 0.004 105/79

10− 20% 0.44± 0.01 113± 3 1.039± 0.005 98/79

20− 40% 0.36± 0.02 115± 3 1.057± 0.004 112/81

40− 60% 0.22± 0.04 117± 3 1.075± 0.004 87/81

60− 80% 0+0.04
−0 111± 3 1.088± 0.002 79/81

Au+ Au 200 (non− strange) 0− 10%2 0.43± 0.01 110± 3 1.044± 0.004 73/61

10− 20% 0.42± 0.01 112± 3 1.047± 0.005 67/59

20− 40% 0.33± 0.02 114± 3 1.064± 0.004 75/61

40− 60% 0.16± 0.05 115± 3 1.081± 0.004 68/61

60− 80% 0+0.04
−0 110± 3 1.088± 0.002 74/61
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㺘 A.0.7: √
sNN = 200 GeV(᧕ࡽ㺘) ઼ 2760 GeVˈަᆳо㺘Ṭ(A.0.1)а㠤ǄѻࡽⲴ

ᶕ㠚᮷⥞ [157, 158] Ⲵ 200 GeV Ⲵ⹄ウ㔃᷌ҏ൘㺘ѝࠪࡇˈᡁԜⲴ㔃᷌оѻࡽⲴ㔃
᷌Ⲵ४࡛ᱟഐѪ⧠൘Ⲵᤏਸѝ֯⭘ҶᴤཊⲴ 2 GeV/c 6 pT 6 3 GeV/c Ⲵᇎ傼ᮠᦞ
⛩ˈѫ㾱ᱟഐѪ PHENIX ਸ֌㓴 [75] Ⲵ K± ᮠᦞ⛩ሩ q ᨀ׋ҶᴤྭⲴ㓖ᶏˈ㘼᮷

⥞ [157]֯⭘Ⲵ K± ᮠᦞ⛩Ⲵ pT 6 0.8 GeV/cˈ᮷⥞ [158]֯⭘Ⲵ K± ᮠᦞ⛩Ⲵ pT 6
2 GeV/cǄѝᗳᓖкḷ (1) 㺘⽪ [164] ѝⲴѝᗳᓖѪ 0-5% Ⲵ Λ, Λ̄, Ξ+, Ξ− ઼ Ω Ⲵ⍻

䟿ᮠᦞ㻛֯⭘ 0-10% ⲴᤏਸѝǄѝᗳᓖкḷ (2) 㺘⽪ [164] 㕪ቁ䈕ѝᗳᓖⲴ Ω Ⲵ⍻

䟿ᮠᦞǄѝᗳᓖкḷ (3) 㺘⽪ [164] 㕪ቁ䈕ѝᗳᓖⲴ Ω Ⲵ⍻䟿ᮠᦞˈ[75] 㕪ቁ䈕ѝᗳ
ᓖⲴѝ䰤 pT ४ฏⲴ K± Ⲵ⍻䟿ᮠᦞǄѝᗳᓖкḷ (4) 㺘⽪ [69] ѝⲴѝᗳᓖѪ 0-12%
Ⲵ π±, p ઼ p̄ Ⲵ⍻䟿ᮠᦞ㻛֯⭘൘ 0-10% Ⲵᤏਸѝˈ[164] ѝⲴѝᗳᓖѪ 0-5% Ⲵ Λ,
Λ̄, Ξ+, Ξ− ઼ Ω Ⲵ⍻䟿ᮠᦞ㻛֯⭘ 0-10% Ⲵᤏਸѝ

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) q χ2/nDoF

Au+ Au 200 (strange) 0− 10%1 0.43± 0.01 133± 4 1.027± 0.005 92/111

10− 20%2 0.43± 0.01 131± 4 1.028± 0.005 112/111

20− 40% 0.39± 0.01 131± 3 1.037± 0.005 171/113

40− 60% 0.22± 0.03 110± 3 1.081± 0.004 165/113

60− 80%3 0.31± 0.04 110± 10 1.059± 0.007 54/59

Au+ Au 200 (all) 0− 10%4 0.435± 0.007 118± 2 1.036± 0.003 186/175

10− 20%2 0.436± 0.007 118± 2 1.036± 0.003 198/173

20− 40% 0.378± 0.009 120± 2 1.049± 0.003 278/177

40− 60% 0.23± 0.02 112± 2 1.078± 0.003 237/177

60− 80%3 0+0.04
−0 113± 3 1.086± 0.002 139/123

Au+ Au 200 (all) [157] 0− 10% 0.470± 0.009 122± 2 1.018± 0.005 130/125

10− 20% 0.475± 0.008 122± 2 1.015± 0.005 119/127

20− 40% 0.441± 0.009 124± 2 1.024± 0.004 159/127

40− 60% 0.282± 0.017 119± 2 1.066± 0.003 165/135

60− 80% 0+0.05
−0 114± 3 1.086± 0.002 138/123

Au+ Au 200 (all) [158] 0− 10% 0.472± 0.009 122± 3 1.017± 0.006 140/155

Pb+ Pb 2760 (π,K, p) 0− 5% 0.591± 0.003 91± 2 1.024± 0.005 247/213

5− 10% 0.587± 0.003 91± 2 1.029± 0.005 247/213

10− 20% 0.580± 0.003 92± 2 1.035± 0.005 230/213

20− 30% 0.563± 0.004 92± 2 1.046± 0.005 207/213

30− 40% 0.535± 0.005 92± 2 1.061± 0.004 201/213

40− 50% 0.493± 0.005 90± 2 1.078± 0.003 185/213

50− 60% 0.437± 0.007 90± 2 1.091± 0.003 196/213

60− 70% 0.35± 0.01 91± 2 1.104± 0.002 244/213

70− 80% 0.23± 0.02 91± 2 1.116± 0.002 299/213

80− 90% 0+0.01
−0 90± 2 1.122± 0.001 344/213

Pb+ Pb 2760 (non− strange) 0− 10% 0.587± 0.003 88± 2 1.034± 0.005 209/143

10− 20% 0.576± 0.004 89± 2 1.042± 0.005 201/143

20− 40% 0.548± 0.005 91± 2 1.057± 0.005 189/143

40− 60% 0.463± 0.007 90± 2 1.086± 0.003 168/143

60− 80% 0.28± 0.01 91± 2 1.112± 0.003 198/143

80− 90% 0+0.01
−0 90± 2 1.120± 0.001 225/143
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㺘 A.0.8: √
sNN = 2760 GeV(᧕ࡽ㺘) ઼ 5020 GeVˈަᆳо㺘Ṭ(A.0.1)а㠤

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) q χ2/nDoF

Pb+ Pb 2760 (strange) 0− 10% 0.561± 0.003 133± 3 1.000+0.001
−0 125/139

10− 20% 0.550± 0.003 143± 3 1.000+0.002
−0 74/139

20− 40% 0.519± 0.008 157± 5 1.006+0.008
−0.006 61/139

40− 60% 0.43± 0.01 148± 5 1.047± 0.006 53/139

60− 80% 0.25± 0.03 139± 5 1.088± 0.005 72/137

Pb+ Pb 2760 (all) 0− 10% 0.578± 0.003 99± 2 1.024± 0.004 517/285

10− 20% 0.566± 0.003 100± 2 1.033± 0.004 467/285

20− 40% 0.534± 0.004 101± 2 1.050± 0.004 470/285

40− 60% 0.457± 0.005 99± 2 1.078± 0.003 373/285

60− 80% 0.31± 0.01 96± 2 1.106± 0.002 396/283

Pb+ Pb 5020 (π,K, p) 0− 5% 0.605± 0.002 93± 2 1.021± 0.005 316/90

5− 10% 0.602± 0.003 91± 2 1.030± 0.005 303/90

10− 20% 0.596± 0.003 93± 2 1.031± 0.005 317/90

20− 30% 0.581± 0.003 94± 2 1.042± 0.004 268/90

30− 40% 0.557± 0.003 93± 2 1.058± 0.004 217/90

40− 50% 0.517± 0.004 92± 2 1.076± 0.003 189/90

50− 60% 0.459± 0.005 92± 2 1.092± 0.003 192/90

60− 70% 0.383± 0.009 89± 2 1.109± 0.003 177/90

70− 80% 0.26± 0.02 88± 2 1.123± 0.003 189/90

80− 90% 0+0.01
−0 88± 2 1.131± 0.003 174/90
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㺘 A.0.9: Ӿሩ √
sNN = 7.7 GeV઼ 11.5 GeVⲴн਼ѝᗳᓖлⲴ䟽⿫ᆀ⻠ᫎѝⲴ㋂ᆀ

pT 䉡Ⲵ TBW4 ᤏਸѝᨀਆⲴࣘ࣋学߫ࠪ৲ᮠ઼ χ2/nDoFǄਚᤏਸ π±ˈK±ˈp(p̄)

Ⲵᇎ傼ᮠᦞ⛩Ⲵ㔃᷌֯⭘൘⻠ᫎ㜭䟿ਾ ‘(π,K, p)’ Ⲵḷ䇠Ǆᤏਸѝवਜ਼㺘Ṭ(4.3.1)ѝ
⭘Ⲵᡰᴹ⿽类Ⲵ㋂ᆀᮠᦞⲴ㔃᷌֯ࠪࡇ ‘(all)’ ḷ䇠

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (GeV) qM qB χ2/nDoF

Au+ Au 7.7 (π,K, p) 0− 5% 0.431± 0.008 111± 2 1.000+0.002
−0 1.003± 0.003 112/132

5− 10% 0.418± 0.009 113± 3 1.000+0.003
−0 1.005± 0.003 103/133

10− 20% 0.39± 0.01 117± 4 1.006± 0.005 1.006± 0.006 86/137

20− 30% 0.34± 0.02 123± 4 1.008± 0.005 1.015± 0.006 120/135

30− 40% 0.32± 0.02 125± 4 1.006± 0.005 1.013± 0.006 118/134

40− 50% 0.26± 0.03 116± 4 1.024± 0.006 1.023± 0.006 110/124

50− 60% 0.17± 0.08 121± 4 1.03± 0.01 1.03± 0.01 130/121

60− 70% 0+0.095
−0 121± 4 1.033± 0.004 1.034± 0.003 95/116

70− 80% 0+0.095
−0 116± 4 1.032± 0.005 1.025± 0.003 80/96

0− 80% 0.37± 0.02 105± 5 1.026± 0.009 1.020± 0.008 46/89

Au+ Au 7.7 (all) 0− 5% 0.426± 0.005 105± 2 1.010± 0.002 1.0001± 0.0002 234/171

5− 10% 0.421± 0.005 106± 2 1.009± 0.002 1.0001± 0.0002 218/172

10− 20% 0.399± 0.005 112± 2 1.008± 0.001 1.0001± 0.0002 186/176

20− 30% 0.377± 0.006 117± 3 1.004± 0.001 1.0001+0.0003
−0.0001 207/174

30− 40% 0.362± 0.007 118± 3 1.004± 0.001 1.000+0.001
−0 180/173

40− 60% 0.32± 0.01 117± 3 1.009± 0.003 1.003± 0.002 210/157

60− 80% 0.24± 0.02 112± 3 1.022± 0.004 1.011± 0.004 122/128

Au+ Au 11.5 (π,K, p) 0− 5% 0.429± 0.006 112± 3 1.005± 0.002 1.000+0.001
−0 100/141

5− 10% 0.417± 0.006 117± 3 1.001+0.002
−0.001 1.000+0.002

−0 79/144

10− 20% 0.404± 0.006 118± 3 1.004± 0.002 1.000+0.003
−0 88/144

20− 30% 0.36± 0.02 121± 3 1.012± 0.005 1.009± 0.006 88/144

30− 40% 0.37± 0.01 112± 3 1.019± 0.005 1.008± 0.005 90/143

40− 50% 0.24± 0.03 121± 3 1.031± 0.005 1.025± 0.006 104/139

50− 60% 0.24± 0.03 116± 3 1.032± 0.005 1.023± 0.005 79/137

60− 70% 0+0.14
−0 118± 3 1.044± 0.003 1.037± 0.002 86/123

70− 80% 0+0.08
−0 116± 3 1.041± 0.003 1.034± 0.003 101/119

0− 80% 0.38± 0.01 109± 4 1.022± 0.006 1.017± 0.006 30/117

Au+ Au 11.5 (all) 0− 5% 0.433± 0.004 107± 2 1.010± 0.001 1.0001+0.0002
−0.0001 169/182

5− 10% 0.427± 0.004 108± 2 1.011± 0.001 1.0001+0.0003
−0.0001 163/185

10− 20% 0.418± 0.004 110± 2 1.010± 0.001 1.0001+0.0009
−0.0001 152/185

20− 30% 0.394± 0.007 116± 2 1.010± 0.002 1.001+0.002
−0.001 133/185

30− 40% 0.376± 0.007 113± 2 1.015± 0.002 1.004± 0.002 124/184

40− 60% 0.30± 0.01 118± 3 1.022± 0.002 1.013± 0.002 154/178

60− 80% 0.25± 0.02 113± 3 1.028± 0.003 1.014± 0.003 131/157
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㺘 A.0.10: √
sNN = 14.5 GeVˈ19.6 GeV ઼ 27 GeVˈަᆳо㺘Ṭ(A.0.9)а㠤

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) qM qB χ2/nDoF

Au+ Au 14.5 (π,K, p) 0− 5% 0.43± 0.02 116± 4 1.005+0.007
−0.005 1.002+0.008

−0.002 55/148

5− 10% 0.41± 0.02 117± 4 1.010± 0.007 1.008± 0.008 57/148

10− 20% 0.39± 0.02 116± 4 1.016± 0.006 1.015± 0.007 53/148

20− 30% 0.39± 0.02 114± 4 1.020± 0.006 1.015± 0.007 30/148

30− 40% 0.32± 0.03 122± 4 1.023± 0.006 1.022± 0.007 57/148

40− 50% 0.1± 0.1 116± 4 1.054± 0.009 1.055± 0.011 83/142

50− 60% 0.27± 0.03 111± 4 1.037± 0.006 1.028± 0.007 99/138

60− 70% 0.18± 0.07 118± 4 1.036± 0.008 1.03± 0.01 79/130

70− 80% 0.26± 0.03 111± 4 1.026± 0.006 1.012± 0.007 68/126

Au+ Au 19.6 (π,K, p) 0− 5% 0.44± 0.01 110± 3 1.013± 0.005 1.010± 0.006 51/145

5− 10% 0.42± 0.01 110± 3 1.016± 0.005 1.010± 0.006 70/141

10− 20% 0.40± 0.01 116± 3 1.015± 0.005 1.015± 0.006 73/141

20− 30% 0.36± 0.02 114± 3 1.028± 0.005 1.022± 0.005 65/141

30− 40% 0.30± 0.02 120± 3 1.031± 0.005 1.027± 0.006 81/142

40− 50% 0.15± 0.09 125± 3 1.045± 0.009 1.05± 0.01 87/140

50− 60% 0+0.08
−0 120± 3 1.053± 0.002 1.047± 0.002 106/140

60− 70% 0+0.05
−0 115± 3 1.055± 0.003 1.044± 0.002 135/134

70− 80% 0+0.05
−0 113± 3 1.053± 0.003 1.039± 0.002 125/129

0− 80% 0.36± 0.02 108± 4 1.036± 0.006 1.032± 0.006 31/126

Au+ Au 19.6 (all) 0− 5% 0.453± 0.003 105± 2 1.013± 0.001 1.0001+0.0002
−0.0001 162/186

5− 10% 0.446± 0.004 107± 2 1.013± 0.002 1.000+0.002
−0 158/182

10− 20% 0.431± 0.004 110± 2 1.015± 0.002 1.003± 0.002 165/182

20− 30% 0.406± 0.005 109± 2 1.022± 0.002 1.009± 0.001 146/182

30− 40% 0.370± 0.006 110± 2 1.027± 0.002 1.015± 0.002 198/183

40− 60% 0.305± 0.009 113± 2 1.035± 0.002 1.023± 0.002 230/181

60− 80% 0.17± 0.03 113± 2 1.048± 0.003 1.034± 0.003 197/169

Au+ Au 27 (π,K, p) 0− 5% 0.45± 0.01 114± 3 1.004+0.006
−0.004 1.004± 0.007 86/138

5− 10% 0.43± 0.01 111± 3 1.016± 0.006 1.013± 0.006 65/139

10− 20% 0.41± 0.01 114± 3 1.019± 0.005 1.017± 0.006 61/139

20− 30% 0.38± 0.02 112± 3 1.031± 0.005 1.026± 0.006 50/139

30− 40% 0.34± 0.02 112± 3 1.037± 0.005 1.028± 0.005 45/139

40− 50% 0.25± 0.03 114± 3 1.051± 0.005 1.043± 0.006 36/139

50− 60% 0.19± 0.05 114± 3 1.055± 0.006 1.044± 0.007 47/139

60− 70% 0+0.06
−0 114± 3 1.063± 0.002 1.049± 0.002 57/139

70− 80% 0+0.05
−0 113± 3 1.060± 0.002 1.042± 0.002 83/137

0− 80% 0.39± 0.01 113± 3 1.026± 0.005 1.024± 0.006 48/136
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㺘 A.0.11: √
sNN = 27 GeV(᧕ࡽ㺘)ˈ39 GeV ઼ 62.4 GeVˈަᆳо㺘Ṭ(A.0.9)а

㠤Ǆѝᗳᓖкḷ (1) 㺘⽪ [160] 㕪ቁ䈕ѝᗳᓖⲴ π0 Ⲵ⍻䟿ᮠᦞ
㌫㔏

√sNN (TeV) ѝᗳᓖ ⟨β⟩ T (MeV) qM qB χ2/nDoF

Au+ Au 27 (all) 0− 5% 0.464± 0.003 104± 2 1.014± 0.001 1.0001+0.0003
−0.0001 211/179

5− 10% 0.458± 0.003 105± 2 1.014± 0.001 1.000+0.002
−0 158/180

10− 20% 0.443± 0.004 108± 2 1.017± 0.002 1.004± 0.002 139/180

20− 30% 0.418± 0.004 109± 2 1.024± 0.002 1.010± 0.001 127/180

30− 40% 0.385± 0.006 110± 2 1.030± 0.002 1.016± 0.001 101/180

40− 60% 0.329± 0.008 110± 2 1.040± 0.002 1.024± 0.002 100/180

60− 80% 0.16± 0.03 115± 2 1.055± 0.002 1.040± 0.003 124/178

Au+ Au 39 (π,K, p) 0− 5% 0.47± 0.01 115± 3 1.004+0.007
−0.004 1.003+0.008

−0.003 58/139

5− 10% 0.45± 0.01 117± 4 1.009± 0.006 1.005+0.007
−0.005 58/139

10− 20% 0.42± 0.01 110± 3 1.026± 0.006 1.020± 0.006 43/139

20− 30% 0.39± 0.01 109± 3 1.036± 0.005 1.027± 0.006 52/139

30− 40% 0.36± 0.02 110± 3 1.043± 0.005 1.032± 0.006 33/139

40− 50% 0.27± 0.03 111± 3 1.056± 0.005 1.048± 0.006 43/139

50− 60% 0.16± 0.06 112± 3 1.066± 0.006 1.055± 0.007 55/139

60− 70% 0.20± 0.04 106± 3 1.067± 0.005 1.045± 0.006 41/139

70− 80% 0+0.1
−0 108± 3 1.074± 0.003 1.051± 0.002 59/139

0− 80% 0.40± 0.01 111± 3 1.030± 0.005 1.023± 0.006 40/139

Au+ Au 39 (all) 0− 5%1 0.470± 0.004 109± 2 1.011± 0.002 1.000+0.001
−0 90/180

5− 10%1 0.458± 0.006 111± 3 1.014± 0.003 1.002+0.003
−0.002 86/180

10− 20% 0.447± 0.006 107± 2 1.023± 0.002 1.008± 0.002 83/190

20− 30%1 0.427± 0.006 107± 2 1.029± 0.003 1.012± 0.002 88/180

30− 40%1 0.389± 0.007 109± 2 1.036± 0.002 1.020± 0.002 58/180

40− 60% 0.33± 0.01 109± 2 1.046± 0.002 1.029± 0.002 90/190

60− 80%1 0.21± 0.02 110± 2 1.060± 0.002 1.039± 0.003 75/180

Au+ Au 62.4 (π,K, p) 0− 10% 0.522± 0.005 85± 4 1.035± 0.004 1.000+0.002
−0 26/64

10− 20% 0.512± 0.009 89± 5 1.035± 0.006 1.002+0.005
−0.002 34/64

20− 40% 0.48± 0.01 88± 5 1.047± 0.005 1.016± 0.005 19/64

40− 80% 0.40± 0.02 91± 5 1.061± 0.004 1.033± 0.004 31/64

Au+ Au 62.4 (all) 0− 20% 0.487± 0.005 104± 3 1.024± 0.002 1.000+0.001
−0 113/132

20− 40% 0.451± 0.009 106± 4 1.034± 0.004 1.011± 0.004 84/132

40− 80%1 0.38± 0.01 101± 4 1.056± 0.004 1.030± 0.004 64/116
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㺘 A.0.12: √
sNN = 200 GeVˈ2.76 TeV ઼ 5.02 TeVˈަᆳо㺘Ṭ(A.0.9)а㠤Ǆѝᗳ

ᓖкḷ (1) 㺘⽪ [69] ѝⲴѝᗳᓖѪ 0-12% Ⲵ π±, p ઼ p̄ Ⲵ⍻䟿ᮠᦞ㻛֯⭘൘ 0-10%
ⲴᤏਸѝǄѝᗳᓖкḷ (2) 㺘⽪ [69] ѝⲴѝᗳᓖѪ 0-12% Ⲵ π±, p ઼ p̄ Ⲵ⍻䟿ᮠᦞ

㻛֯⭘൘ 0-10% Ⲵᤏਸѝˈ[164] ѝⲴѝᗳᓖѪ 0-5% Ⲵ Λ, Λ̄, Ξ+, Ξ− ઼ Ω Ⲵ⍻䟿ᮠ

ᦞ㻛֯⭘ 0-10% Ⲵᤏਸѝѝᗳᓖкḷ (3) 㺘⽪ [164] 㕪ቁ䈕ѝᗳᓖⲴ Ω Ⲵ⍻䟿ᮠᦞǄ

ѝᗳᓖкḷ (4) 㺘⽪ [164] 㕪ቁ䈕ѝᗳᓖⲴ Ω Ⲵ⍻䟿ᮠᦞˈ[75] 㕪ቁ䈕ѝᗳᓖⲴѝ䰤
pT ४ฏⲴ K± Ⲵ⍻䟿ᮠᦞ

㌫㔏
√sNN (TeV) ѝᗳᓖ ⟨β⟩ T (MeV) qM qB χ2/nDoF

Au+ Au 200 (π,K, p) 0− 10%1 0.544± 0.008 79± 4 1.045± 0.004 1.006± 0.005 24/78

10− 20% 0.534± 0.009 80± 4 1.050± 0.004 1.012± 0.005 24/78

20− 40% 0.51± 0.01 78± 4 1.063± 0.004 1.025± 0.005 24/80

40− 60% 0.44± 0.02 83± 4 1.074± 0.003 1.043± 0.005 33/80

60− 80% 0.31± 0.04 88± 5 1.088± 0.003 1.062± 0.005 21/80

Au+ Au 200 (all) 0− 10%2 0.458± 0.006 104± 3 1.044± 0.003 1.032± 0.003 140/174

10− 20%3 0.458± 0.006 101± 3 1.048± 0.003 1.033± 0.003 119/172

20− 40% 0.425± 0.007 95± 2 1.063± 0.003 1.044± 0.003 136/176

40− 60% 0.30± 0.01 96± 3 1.083± 0.002 1.070± 0.003 173/176

60− 80%4 0.28± 0.02 92± 3 1.088± 0.003 1.068± 0.004 56/122

Pb+ Pb 2.76 (π,K, p) 0− 5% 0.590± 0.004 92± 2 1.024± 0.005 1.026± 0.006 246/212

5− 10% 0.588± 0.004 91± 2 1.030± 0.005 1.028± 0.006 247/212

10− 20% 0.584± 0.004 90± 2 1.035± 0.005 1.029± 0.006 225/212

20− 30% 0.574± 0.005 88± 2 1.046± 0.005 1.034± 0.006 191/212

30− 40% 0.557± 0.005 84± 2 1.061± 0.004 1.044± 0.005 162/212

40− 50% 0.525± 0.006 80± 2 1.079± 0.003 1.060± 0.004 127/212

50− 60% 0.485± 0.007 78± 2 1.094± 0.003 1.073± 0.004 117/212

60− 70% 0.441± 0.008 74± 2 1.107± 0.002 1.082± 0.003 105/212

70− 80% 0.40± 0.01 71± 2 1.117± 0.002 1.088± 0.003 94/212

80− 90% 0.33± 0.02 69± 2 1.124± 0.002 1.093± 0.003 85/212

Pb+ Pb 2.76 (all) 0− 10% 0.577± 0.003 100± 2 1.025± 0.004 1.025± 0.005 513/284

10− 20% 0.570± 0.004 98± 2 1.034± 0.004 1.028± 0.005 462/284

20− 40% 0.549± 0.004 94± 2 1.051± 0.004 1.039± 0.004 439/284

40− 60% 0.498± 0.005 86± 2 1.081± 0.003 1.062± 0.003 273/284

60− 80% 0.421± 0.008 77± 2 1.108± 0.002 1.082± 0.003 162/282

Pb+ Pb 5.02 (π,K, p) 0− 5% 0.596± 0.003 99± 2 1.021± 0.005 1.041± 0.006 274/89

5− 10% 0.596± 0.003 95± 2 1.028± 0.005 1.040± 0.005 286/89

10− 20% 0.591± 0.003 96± 2 1.031± 0.005 1.040± 0.005 306/89

20− 30% 0.580± 0.004 95± 2 1.042± 0.004 1.044± 0.005 267/89

30− 40% 0.565± 0.004 91± 2 1.058± 0.004 1.050± 0.004 207/89

40− 50% 0.535± 0.005 86± 2 1.077± 0.003 1.064± 0.004 156/89

50− 60% 0.492± 0.006 83± 2 1.094± 0.003 1.078± 0.003 128/89

60− 70% 0.447± 0.008 75± 2 1.112± 0.003 1.089± 0.003 69/89

70− 80% 0.38± 0.01 73± 2 1.124± 0.002 1.099± 0.003 54/89

80− 90% 0.32± 0.02 72± 2 1.130± 0.002 1.104± 0.003 51/89

111



ኡьབྷ学ঊ༛学位䇪᮷

㺘 A.0.13: Ӿሩ
√
sNN = 7.7 GeV ઼ 11.5 GeV Ⲵн਼ѝᗳᓖлⲴ䟽⿫ᆀ⻠ᫎѝ

Ⲵ㋂ᆀ pT 䉡Ⲵ BGBW ᤏਸѝᨀਆⲴࣘ࣋学߫ࠪ৲ᮠ઼ χ2/nDoFǄਚᤏਸ π±ˈ

K±ˈp(p̄) Ⲵᇎ傼ᮠᦞ⛩Ⲵ㔃᷌֯⭘൘⻠ᫎ㜭䟿ਾ ‘(π,K, p)’ Ⲵḷ䇠Ǆᤏਸѝवਜ਼㺘
Ṭ(4.3.1)ѝࠪࡇⲴᡰᴹ⿽类Ⲵ㋂ᆀᮠᦞⲴ㔃᷌֯⭘ ‘(all)’ ḷ䇠

㌫㔏
√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) χ2/nDoF

Au+ Au 7.7 (π,K, p) 0− 5% 0.437± 0.005 110± 2 114/134

5− 10% 0.428± 0.006 110± 2 107/135

10− 20% 0.395± 0.007 119± 2 87/139

20− 30% 0.378± 0.007 120± 2 132/137

30− 40% 0.357± 0.008 122± 2 127/136

40− 50% 0.328± 0.009 124± 2 127/126

50− 60% 0.30± 0.01 123± 2 149/123

60− 70% 0.26± 0.01 126± 2 107/118

70− 80% 0.19± 0.02 131± 2 93/98

0− 80% 0.401± 0.008 116± 2 53/91

Au+ Au 7.7 (all) 0− 5% 0.407± 0.005 118± 2 274/173

5− 10% 0.403± 0.005 118± 2 251/174

10− 20% 0.378± 0.005 124± 2 218/178

20− 30% 0.365± 0.005 124± 2 217/176

30− 40% 0.349± 0.006 125± 2 190/175

40− 60% 0.312± 0.006 127± 2 230/159

60− 80% 0.259± 0.009 127± 2 165/130

Au+ Au 11.5 (π,K, p) 0− 5% 0.423± 0.005 118± 2 105/143

5− 10% 0.416± 0.005 119± 2 80/146

10− 20% 0.398± 0.006 122± 2 92/146

20− 30% 0.375± 0.007 128± 2 95/146

30− 40% 0.361± 0.007 129± 2 121/145

40− 50% 0.302± 0.009 138± 2 153/141

50− 60% 0.291± 0.009 136± 2 139/139

60− 70% 0.25± 0.01 137± 2 130/125

70− 80% 0.23± 0.01 136± 2 145/121

0− 80% 0.403± 0.007 120± 2 40/119

Au+ Au 11.5 (all) 0− 5% 0.410± 0.004 122± 1 228/184

5− 10% 0.402± 0.004 124± 2 228/187

10− 20% 0.392± 0.004 126± 1 215/187

20− 30% 0.369± 0.005 131± 2 186/187

30− 40% 0.350± 0.005 133± 2 207/186

40− 60% 0.307± 0.006 138± 2 276/180

60− 80% 0.259± 0.008 137± 2 276/159

112



ኡьབྷ学ঊ༛学位䇪᮷

㺘 A.0.14: √
sNN = 14.5 GeVˈ19.6 GeV ઼ 27 GeVˈަᆳо㺘Ṭ(A.0.13)а㠤Ǆѝ

ᗳᓖкḷ (1) 㺘⽪ [160] 㕪ቁ䈕ѝᗳᓖⲴ π0 Ⲵ⍻䟿ᮠᦞ
㌫㔏

√sNN (GeV) ѝᗳᓖ ⟨β⟩ T (MeV) χ2/nDoF

Au+ Au 14.5 (π,K, p) 0− 5% 0.427± 0.006 120± 2 58/150

5− 10% 0.416± 0.007 123± 2 61/150

10− 20% 0.415± 0.007 123± 2 59/150

20− 30% 0.403± 0.007 125± 2 44/150

30− 40% 0.373± 0.008 130± 2 71/150

40− 50% 0.344± 0.009 133± 3 139/144

50− 60% 0.32± 0.01 134± 3 149/140

60− 70% 0.31± 0.01 130± 3 108/132

70− 80% 0.26± 0.01 133± 3 107/128

Au+ Au 19.6 (π,K, p) 0− 5% 0.446± 0.005 117± 2 57/147

5− 10% 0.433± 0.005 120± 2 82/143

10− 20% 0.421± 0.006 122± 2 82/143

20− 30% 0.393± 0.006 129± 2 99/143

30− 40% 0.357± 0.007 135± 2 120/144

40− 50% 0.338± 0.008 136± 2 143/142

50− 60% 0.289± 0.008 144± 2 214/142

60− 70% 0.257± 0.009 145± 2 279/136

70− 80% 0.22± 0.01 146± 2 277/131

0− 80% 0.409± 0.006 124± 2 65/128

Au+ Au 19.6 (all) 0− 5% 0.421± 0.003 126± 1 293/188

5− 10% 0.414± 0.003 128± 1 283/184

10− 20% 0.404± 0.003 131± 1 279/184

20− 30% 0.382± 0.003 137± 1 322/184

30− 40% 0.363± 0.004 138± 1 394/185

40− 60% 0.330± 0.004 142± 1 550/183

60− 80% 0.269± 0.006 146± 2 644/171

Au+ Au 27 (π,K, p) 0− 5% 0.456± 0.005 116± 2 87/140

5− 10% 0.448± 0.005 118± 2 73/141

10− 20% 0.434± 0.005 122± 2 73/141

20− 30% 0.415± 0.006 127± 2 86/141

30− 40% 0.387± 0.007 133± 2 105/141

40− 50% 0.354± 0.007 139± 2 145/141

50− 60% 0.314± 0.008 146± 2 201/141

60− 70% 0.274± 0.009 150± 2 283/141

70− 80% 0.23± 0.01 153± 2 366/139

0− 80% 0.422± 0.006 125± 2 73/138
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㺘 A.0.15: √
sNN = 27 GeV(᧕ࡽ㺘)ˈ39 GeVˈ62.4 GeV ઼ 200 GeVˈަᆳо㺘

Ṭ(A.0.13)а㠤Ǆѝᗳᓖкḷ (1) 㺘⽪ [160] 㕪ቁ䈕ѝᗳᓖⲴ π0 Ⲵ⍻䟿ᮠᦞǄѝᗳᓖ

кḷ (2) 㺘⽪ [69] ѝⲴѝᗳᓖѪ 0-12% Ⲵ π±, p ઼ p̄ Ⲵ⍻䟿ᮠᦞ㻛֯⭘൘ 0-10% Ⲵ
ᤏਸѝ

㌫㔏
√sNN (TeV) ѝᗳᓖ ⟨β⟩ T (MeV) χ2/nDoF

Au+ Au 27 (all) 0− 5% 0.434± 0.003 125± 1 351/181

5− 10% 0.426± 0.003 128± 1 302/182

10− 20% 0.414± 0.003 132± 1 291/182

20− 30% 0.394± 0.003 139± 1 329/182

30− 40% 0.372± 0.004 143± 1 365/182

40− 60% 0.337± 0.004 149± 1 546/182

60− 80% 0.283± 0.005 152± 2 812/180

Au+ Au 39 (π,K, p) 0− 5% 0.468± 0.005 117± 2 58/141

5− 10% 0.449± 0.005 123± 2 63/141

10− 20% 0.446± 0.005 124± 2 65/141

20− 30% 0.425± 0.006 129± 2 98/141

30− 40% 0.395± 0.007 137± 2 111/141

40− 50% 0.372± 0.007 140± 2 162/141

50− 60% 0.330± 0.008 147± 2 235/141

60− 70% 0.292± 0.009 155± 2 339/141

70− 80% 0.254± 0.009 159± 2 434/141

0− 80% 0.430± 0.006 128± 2 70/141

Au+ Au 39 (all) 0− 5%1 0.454± 0.004 123± 2 132/182

5− 10%1 0.442± 0.004 127± 2 134/182

10− 20% 0.431± 0.004 132± 2 211/192

20− 30%1 0.413± 0.004 137± 2 264/182

30− 40%1 0.392± 0.004 143± 2 312/182

40− 60% 0.355± 0.005 151± 2 632/192

60− 80%1 0.296± 0.006 159± 2 879/182

Au+ Au 62.4 (π,K, p) 0− 10% 0.474± 0.006 125± 3 105/66

10− 20% 0.462± 0.007 129± 3 102/66

20− 40% 0.444± 0.008 135± 3 109/66

40− 80% 0.39± 0.01 148± 4 193/66

Au+ Au 62.4 (all) 0− 20% 0.445± 0.005 138± 2 216/134

20− 40% 0.422± 0.006 145± 3 205/134

40− 80%1 0.376± 0.008 155± 3 270/118

Au+ Au 200 (π,K, p) 0− 10%2 0.506± 0.005 125± 2 175/80

10− 20% 0.503± 0.006 125± 2 153/80

20− 40% 0.483± 0.006 134± 3 281/82

40− 60% 0.456± 0.008 141± 3 387/82

60− 80% 0.43± 0.01 147± 4 549/82
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㺘 A.0.16: √
sNN = 200 GeV(᧕ࡽ㺘)ˈ2.76 TeV઼ 5.02 TeVˈަᆳо㺘Ṭ(A.0.13)а

㠤Ǆѝᗳᓖкḷ (1) 㺘⽪ [69] ѝⲴѝᗳᓖѪ 0-12% Ⲵ π±, p ઼ p̄ Ⲵ⍻䟿ᮠᦞ㻛֯⭘

൘ 0-10% Ⲵᤏਸѝˈ[164] ѝⲴѝᗳᓖѪ 0-5% Ⲵ Λ, Λ̄, Ξ+, Ξ− ઼ Ω Ⲵ⍻䟿ᮠᦞ㻛֯

⭘ 0-10% ⲴᤏਸѝǄѝᗳᓖкḷ (2) 㺘⽪ [164] 㕪ቁ䈕ѝᗳᓖⲴ Ω Ⲵ⍻䟿ᮠᦞǄѝ

ᗳᓖкḷ (3) 㺘⽪ [164] 㕪ቁ䈕ѝᗳᓖⲴ Ω Ⲵ⍻䟿ᮠᦞˈ[75] 㕪ቁ䈕ѝᗳᓖⲴѝ䰤
pT ४ฏⲴ K± Ⲵ⍻䟿ᮠᦞ

㌫㔏
√sNN (TeV) ѝᗳᓖ ⟨β⟩ T (MeV) χ2/nDoF

Au+ Au 200 (all) 0− 10%1 0.484± 0.004 134± 2 300/176

10− 20%2 0.488± 0.004 132± 2 297/174

20− 40% 0.467± 0.004 140± 2 519/178

40− 60% 0.439± 0.005 144± 2 931/178

60− 80%3 0.422± 0.007 149± 3 621/124

Pb+ Pb 2.76 (π,K, p) 0− 5% 0.602± 0.001 99± 1 265/214

5− 10% 0.600± 0.001 101± 1 274/214

10− 20% 0.597± 0.002 104± 1 266/214

20− 30% 0.590± 0.002 108± 1 272/214

30− 40% 0.580± 0.002 114± 1 334/214

40− 50% 0.566± 0.002 120± 1 472/214

50− 60% 0.549± 0.003 127± 2 700/214

60− 70% 0.526± 0.003 135± 2 1039/214

70− 80% 0.505± 0.004 142± 2 1371/214

80− 90% 0.484± 0.005 143± 2 1661/214

Pb+ Pb 2.76 (all) 0− 10% 0.589± 0.001 108± 1 541/286

10− 20% 0.584± 0.001 113± 1 519/286

20− 40% 0.569± 0.002 122± 1 601/286

40− 60% 0.542± 0.002 134± 1 816/286

60− 80% 0.507± 0.003 146± 2 1496/284

Pb+ Pb 5.02 (π,K, p) 0− 5% 0.613± 0.001 99± 1 334/91

5− 10% 0.613± 0.001 100± 1 338/91

10− 20% 0.609± 0.001 103± 1 356/91

20− 30% 0.602± 0.001 108± 1 336/91

30− 40% 0.593± 0.001 114± 1 377/91

40− 50% 0.579± 0.002 121± 1 519/91

50− 60% 0.559± 0.002 131± 1 830/91

60− 70% 0.545± 0.003 132± 2 903/91

70− 80% 0.521± 0.004 140± 2 1215/91

80− 90% 0.502± 0.005 140± 2 1324/91
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