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Abstract

This research is devoted to the theoretical study of the kaon sigma and lamda

production in heavy ion reaction at intermediate energies. The theoretical results

are calculated by using the quantum molecular dynamical (QMD) model within the

covariant kaon dynamics.The calculations are performed with and without Brown

— Rho (K* N) potential and with a soft/hard equation of state (EOS). We review the

following 6 topics.

1)

2)

3)

The collective transverse flow and collective flow of K in heavy ion colli-
sions at incident energies of 0.25 AGeV to 2.00 A GeV for 157 Au+137 Au system.
It is also shown that the properties of KT are anti-flow.This means that the
features of K collective flow clearly favor the existence of an in-medium
repulsive potential for K*meson. The rapidity distribution of K meson is
more sensitive to the nuclear equation of state than the differential directed

flow.

The azimuthal distributions of K™ mesons in the 137 Au +137 Au collisions at
1.5 AGeV and the 5§ Ni+53 Ni collisions at 1.93 A GeV. Calculated results with
a repulsive in-medium K *mesons, and calculated results using the K+ N po-
tential can reasonably describe the features of KaoS data. This indicates that
the azimuthal distribution is one of the sensitive probes to extract information

on in-medium properties at high densities.

Production cross section of K mesons in §2C+¢2C 38Ni+33 Ni and 357 Au+397
Au collisions at 1.8,1.93 and 1.5 AGeV respectively. We found that the result
of theoretical calculation with soft EOS is similar to that of the hard EOS. The
results calculated with soft and hard EOS when including (K* N) potential

tend to be consistent with the KaoS data



4) Analysis of the transverse mass spectra of K™ from the 5§ Ni +358 Ni collisions
at 1.93 A GeV as a function of the transverse kinetic energy mr — m. The
results of calculation by including K*N potential with soft EOS are consistent

with the KaoS data.

5) To indicate that the signma meson production in proton and nucleus collisions
is strongly medium-dependent, and also the procued sigma mesons decaying
in a denser medium experience a stronger mass shift towards lower masses.
This mass shift is an experimentally accessible observable in the final state
pion pairs which did not suffer reabsorbption by the surrounding nucleons.
No experimental compare to our results. This research will be as a guide for

the laboratory in future.

6) Study of the conditions of the reaction = and K*K™ at the center of mass
energy 3-4 GeV using Ultra relativity quantum molecular dynamics model
Terms of the selection of reactions triggered by comparing the multiplicity

K*K* and = are found that the multiplicity of K+ K™ is higher than that of

[1]1

and deploys the multiplicity; that is the reaction K™ K™ can be used as
the trigger of the = production in the reaction. K+*K™* can be detected at
momentum around 0.3 GeV / c. This section is the one that can help the

experiment of hypernucleus the PANDA laboratory at FAIR-GSI completion.

The kaon and lamda production in heavy ion collisions at intermediate energies
provides a sensitive probe to study the in-medium properties of hadrons. Properties
in dense hadronic matter are important for a better understanding of both a possi-
ble restorations of chiral symmetry in dense hadronic matter and the properties of
nuclear matter at high densities. Researchers continue to study the properties and
the in medium effect of = Wag K* particles by use Quantum Molecular Dynamics
and Hadron string model.

Keywords: Collective flows; soft/hard equation of state; quantum molec-
ular dynamics; Azimuthal distributions; cross section; transverserse mass spec-

tra,transverse momentum; Sigma meson; double Lamda hypernucleus.
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UV B NGB NG N SLAUNAIIU 1.93AGeM . . . . . . . .. .

4.2

LEAASAINITIARLTRSE v, AT NSRS vy WUSEUMIBUNANTS

AADY [65] hazkanN1sAIUIMIAYSIN wazlusINEng K+ N 91019

AUVD9 107 Au 4197 Au N STAUNSNIU 15AGE L ...

W15 0masNIGluaun1si (C.20) @wmsSuaunsan uenaiLades

LUUKDS (hard EOS) washuusau (soft EOS) . . . . . . . . . .. ..

UAAITINATDY N* MIUTIQLULUUIIE0Y QMD  laedayalnanil

AN UIAVDBS WLUUTAIAIILNINTILLAZANUNINUAIUVD S

NSEaNURIlUNLIETRY MeV T951uasldunuanslulonansosdy

102) . . .

uanayalslELULYIURY A MIUTIIlULUUTIanY OMD laedayg

ANIALA  UATBIS IR UUTAIAININNANSINBALAIUAINGUY

AUVDINITAANEAINUNUIUDY MeV F9518aL08nkandluLanans

D.1

WARILIAT ATLUUILAZWANIUYDIBYUNATILARTUNIENEINTITVU . . .

01999 [102] . . . ...

D.2

uaRlULIUAL 178 59a ID Useq wazUayaduvasaun1AnAnly

D.3

WAAIIIE 1D Y83UNToRULAzUNSORUSIRIULG . . . L . ...

D.4

WEn9sd ID voauwouLasiNgWslgwIug . . .. L L.
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nsvleseuminLUUAITMs A NN s uRuR 0.62.0 A Gev WefnwmgRnTsu
vosaasiundeifinumuiugs  nsfnvadiinnuddydmiu mudilaves
aanstundes wonanidall armimdestumamanidunisaiuuudiasswesam
fansewnie guesluniituogifunuansivesaasiuadesnield Soulumand (1]

lugudnanamsou 74 +17 Au melindanufien1snsiadey  AMuVUILLY
gansiumdes 2-3 Wi AnuBUILUuUNG ?qﬁﬁ@umimaauﬁ ADNISLAAYBY strange
mesons  Andanupihfurdesininnasininieveseuniamdrinnnissudassues
Tpdua - dundud Immawqmﬁwmmaau fidnlu 0.454 GeV d sy Msiinaynia
K+ annseu duedea-dundea Andanudaby 1.58 Gev (ussuvufoinig) laenns
An NN = K+AN dvsumaifin K- sefundanu 2.5 GeV NN — NNK- K+

nalnfiddydmiunindn K+ luufiselossuminiiiansazanvemdsemain
MsvuveseymMAieluteuwAvesUfiten  mmuLtuguAnaInnsiing L
mIwuveseymauarlnsomrogidinsuadifiaontu AN Tusudiduimsiigome
lunsase K+ Lﬁﬁ%ﬂLﬁ@ﬂ’J’]@MU’]LLﬁMjﬂ MsinAYHNTEN ﬁﬁuagiﬁummwﬁmaaami
fuedes wmsenalnmainveneeu TananzvosAadsidumuiudassAoutneen
(~ 5 fm Aeuvuuiuiedesund) K+ Jadusnmaiafuangdmiunmsnuilutis
AN LNges it svuvedlossuninuasfnyimenaunisanugdaades
(EOS)

a ~ 1 a a6 = 1
WERNTINUBY K~ AUV UUY0@a@suieagsu unans daunannneann K-

WNszaRsouNALlA L TRILANANITY

1. Ujiserdvaansiiuedos K+ wnvaglignaanduluaansiaedesiiosainnis

ausn¥vesAn strangeness wsilifsenu K+ (@ 5 Amnsnilussduszneau) Januldeinme
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9 iU hyperon Y (2, A) 7% s andn Wuesrdsenau dmsu K- awnsagnaanaduls
1 a = = N [ . v a a 1 1
1elutindosuiiaiUdewdu hyperon wag pion AItUITEEENLAUBATE YBIK ~ Uaun
K+ Ujisenniswanideu strangeness K~ N — 7Y dA1ARAYI9UINTe8Nac0n 15170
waznsaanemves K- lnetesmnswesufiseiiduniaulavesnalnnisifinvesk —lunis
yutluafea-luedea (2] wavlatinsiigadlu (3, 4, 5]

a a v 6 a aaa 14 v ¢ 4
2. vswavesdnd KN mumgufufisen KN gnauau lnenisdeuresdnd ainans
I3 Axo ¢ s o Y et o w o a o ¢ s &

waznwes lwvaeniidndanansvimiinfgadmiu kaon Meaeswiin dndinwes 1Ty
gilawan dmsu K+ wez Wunilage K- dmsu K+ Andvisaesialithunionsanus
Wlugnisudnues UAsen K+ N dmsu K- Ujisendnsiiufuniiauladuiionin
NaURIFNg ANUNENeuTazdsnaiuNansenumallumainty nedneiegnie
TafndNmainaeiinanseny W JULUUNTUdRYREdynnea v0e K+ uay MIlvaldes

Y83 K~ [6, [1] faman1smnaaenviaslfjifinis Kaon spectrometer (KaoS) [8, 0l

Tuedinille 75 Yiudr IHGwimsfnwieyuneaudan annsvuvedleseuniin 7
JEAUNSIUAUNNTAW [10, 11] ﬂ'mﬁmmmgﬂflﬂl,t,ﬂaﬂ?mLﬁuﬁa%’a%’wé’ﬂ Turgusn
YBININAADT o URN15 Lawrence Berkeley National Laboratory (LBL) n1s
Fidunuidedafoinstiiifesiafidnuianyleseunn (ight ions) uaziades
Lﬁ'aawmﬂ‘ﬁl Gesellschaft for Schwerionenforschung (GSI) Useneleastiu 1013
naaeslossuviinlasuuangunsveaasaduansnguldun KaoS and FOPI Lilenuniland
vosoumautandunanfou 15 9 wenni nguanusauile HADES Idlauenanis
yaaesnnAneyniaLanasiusn nnsvuveslessumiin uenainilindeads COSY u
Juelich lgvinsfnundnGuvesmaiiaeyniaulanainmsuvestdsnou-lusnou ua
Tsnou-luedea lnsfnwinsifneyniaulaniusyniayagiu (pp) Fansvuvedlessy

[ a = a X da_ a a = a a
NUN ﬁ'iﬂ"\]@léﬂ']ﬂLLUaﬂLUUWLﬂUWﬂqﬂqiﬂ LAY UNVALTUVBINTIVUYDIUILAFUF-UILARYE

=)

fnasinunereutnen snsinsfiawaznislandaesliveaeunuaudiaasiiunfes
| v

nilanufounazanuvuIwiy Turaeiduuteyansnsiain K+ uag A d91maumn

D

waraunsaSauisuiunisAulale

Tughasudufnw K+ faluSeseinuitedianuneisuannaiengy  Tunsin
aunesu K+ Asiusnann1svuvesleasuntinisnimmaanudacy Tngisusun 1.58 A
| Ao 1 v (% a i a 5 [ IS

GeV lagairinlaliaenadasiunismanisnimged Wesnnalnnsiiadilidaau i
nadeyalriannisnaaedaeausiuile KaoS Furan1sinaenndesiun1saIaniIsni
nguf Juduiwudninuuiesuwdan wask* gnasnniglunissunsafiaevewuioeu

asileoy  WIIMNEIIUAININNENIUTAEUNNTASITANSIAAR U LN ES DAL LAY
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wasumvanradluszuuaudnaaig  daumsiinveseunialUanilonagaeunisnse
Pelumuinvesipdiosunegiuly wenaintinisiianiiaudulaeliaina ves K+ Tu
Uffsemsvuredlessuntn  liaunsaesuiglananvguenalniilideglunisiinves
nssuiunsisiuusiuedesuiunans @ Wuliundsnu nsieveseyniaudan 3
AnudAgysengAnssungluvesiluafeislowuud wenaindmsiin K+ egeauysel
wuunSouiumsaaeiivasslanuud Falsseenanudasedy senanladnnaumn
! =3 a a X v A oA = wa a =
wdwg@umsiadiudy  egldiduesesdiefnnnuaudiaansiuadesinoanizlunis

Judngedainvuluseninanisyuvedloasunin

sumALanvhdnsiseniuanseunden  AlilduAnsvufuusiiaihsdunsizentu
#n6 fierumunuiuiin Sunsiseildsunisamaaeulasngul The chiral perturba-
tion waw SU(3) nufiidlivhuennfinssunsiBeuutas K+ Tugans uwifdumailunis
osueAmautives K+ FeddiBnsiidudouinnty nssutuvedlosoudamudululs
Soflsusunguidnan dadunsfunnhadlslunisfnveseymauanainnisvy
vodloountin

a ¢ d

Aududeuvesidndoynauvaniifiva®indy  luaastuedesiilySesielunis

¥
= % =

Anwinanunukiugenasuluufizen1svuvedleosuntin NNTUUTEULIENBLIY

Y

Re

Juegumaidr  naweamsveeiliifednunszuulnglinguinisudsdaiiussiau
Famneneuladls nquinsuudddsunmsiautuegwiaides Taevinissassiise
fauddusuasUfiseniidnimmaisouama  Tasfnaulsudisuailldduivtiim
Sunediuandnaiy  Jsteyaannsvaasaisiamnsainisvaaeunguifiuandnaiuly
yquimsvuduailésunsigaiudrindueiedeiddyiefnyinisvuvedlonsy
il wognadwssuunnuesaisudisuiunansvaassdinemeuny uonintuds

Inswenleesyninmsiuiamaieing

MsnAaed Kaon Spectrometer (KaoS) daasinisvulessumiin SIS (Schwerio-
nensynchrotron)ﬁ GSI (Gesellschaft fur Schwerionenforschung) 11 184 Darmstadt
WoIUT N139ATEUU quadrupole-dipole spectromerter LLamﬁﬁgU‘ﬁl 1 aunAlseq
vanuazau gnislasuenmslidaauuudivdnuandneiy awnlasimesuimintmun
W Q & 30 msr WAZATOUARNIIIIUALYBY Pra/Prin & 2 TEUENN 5-6.5 LUATIIN
Wsneflazlida GvanduIussIUYeINIERER AL NSFYNEYBNADEY 91NNT
aaemgen nsunisuilulagldisuadin laen1sdiaes Monte Carlo code GEANT
2 msssyiisvesounmeastusgiulisnsiuuazinaivessynia iousn lweeu i

29U WarlUsmou @ msun1skenvadlusnaunilusugunin1uinasnanneaulnglym
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39 Cherenkov [13] usnaIndszuunIswen ey wazlusnoulneldinnmas 10 way
103 pUaInu

Cherenkov

Large-Angle
Hodoscope

Quadrupole

JUN 1.1: yyueai1uUuYd Kaon Spectrometer (KaoS) Usgneumeviviavaevila s [14]

favmeiinirinanuadlneutnauidu Plastic scintillator arrays Guduta Lawes
N194AUN9 (Time of Flight, TOF) $¥1319 quadrupole wazdipole (16 luga) TOF Tu
szunulifavesaunlnsiives (30 luga) wag ywwalug) Hodoscope sougmiiduii
fiasaunau 3uiBeda91n 12° < b, < 48° (84 Tuga) nendsdelinisin TOF adsiiaes
§1w3U background uarldAansvunuuaudnanstneiaandnauveseynaiisy

Multiwire proportional counters (MWPC 1-3) [15] ﬁiﬁuﬁ%mﬂ%wj wiad 3 fuil
5£1279 quadrupole Wag dipole ﬁagjé’m%é’qLLajmﬁﬂLLGiazﬁﬁm spatial coordinate 2 A
nsaTndeuUsAvEnAReuiitInnt 95 Weddud vessiasiatad

pdiesdeymaazgnasvaeulagly Scntillator telescope fuymisfiyméou
MU O, = £110° Yandndveseymafifiusgiiinth Fadudndnsiunnmudud
oumalduiueu Idsumsgulunsiaiuenandulusesu anuduvesdroyniamiag
T4 Plastic scintillation Taeass lukwadeynianuduresdioumaszgnidentiu
Usvavsnmmesszuuiiudeya (DAQ) ilesanndead lab time fienidu 50 wWedidus

awnlesfvesfiRndsuuunanefufianunse nuseugadutimangly air cushion
ﬁa;im%ﬁ”"g MUY 010 = 0° — 130° ATOUAGUUARLHAILNUI Afyyy, = +4°

#2130 FOPI {lunuu Azimuthally symmetric n3asiafivinannsyingesvians uiinga
TiinUsyuazuiaveteunIa ATEUARYN YU 47 solid angle dmsuTIgasBuaRvin FOPI
fhiaueluenansiiluiiies Centra Drift Chamber CDC Tne#t TOF array way Barrel
Plastic Wall PLA gniunld CDC wae Barrelagansogluauiuwiivin solenoidal 0.6 T
dioTn Inosu wnosu TUsnou Auneseu wazasnou Iag CDC 330 < 6., < 150°1n83n

'
[

nsgadenasnuanizlufity CDC uag magnetic rigidity tH8991nI1WIUARDUIIAM

=

Jafiszuvnenaynaigdouiieiiuduiueesu Fadudsdndu doyanuiiieynia 3
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wgnimuaanMsAnay Tu COC mswuveseymafimanzauly Barrel S1uruazanas
dusuireauly Barrel 39° < 6, < 150° l9ns19aaULABDU RN IULUUALLLIVING 3
M pr = 0.1GeV /e Badhudsdududmiu eunaitagluis Barrel lumusigean pab =
0.5GeV /c vpsayna K+ Alisnilwesu uay Thadioeu Meazidonifiniduieniuns
sryAeaulagivin FOPI lnglana1sa1eds [16]

27



28



unii 2
ANSNUNIUISSUNTSUNLNEIVDS

fvangTsnlasudeyainelnuamaudives troau lugans SuusninisAnwin1snseids

= 1 [y a = d‘ Y v a 4‘ d‘
wuuiianguvesneauiuineiiosy Navladeyaszerlunanszds emnsiudsuna
17AUDUADDU NANUNUILUUUIUNANVDIAENT Srarlun1TNseiReg1Lnen e
g mualupuautfluiinarsnszlunoey Ifnduasuundn (Repulsive optical po-
tential) @m5U K+ Anduainantazni1siasunladunaiannmaaanuadadunis

UK (q=0,p) = +30MeV.p/po (2.1)

op

oo WuAmUBLFeaEsTRasS Adanunsaldldfunanisnaaes [17] dewnld
i’jﬂﬁmwwu%muﬁw p < po LUAMNA1LADEU NAWUNElUAILADRULALSEUU N15TE1E
#7984 chiral Lagrangian 9 9 @un15vuas mi%aamﬂé’aqﬁ’wamﬂwqwﬁﬁ Jlofinnsan
FEULILLLE ié’qmﬁLﬁwﬁmmﬁLﬂ?iauwawmmamaauaﬂﬁ’]é’qaaq

2 2
Amﬁ( =—7m(1+2x) (a%ﬁ?) + 3agl(7\,1)> p+ o ((aﬁéﬂ) + 3(&%]\,1 ) ) k’}l: +0 (k%)
(2.2)

a ~ 01660 = ™, = 2 szgzmsnszdawes KN dwsu Kt alTY ~

my’ 32 K+N ~

—0.32fm, a0~ (—1.70+i0.68) fm anaums Euler-Lagrange uazlaglinis
USzUNuUA@UNINRAY d@1U150eUANNTT Klein-Gordon d@msutasaulusinansieies

)
00" + 3 5 o, + (mK it ps)l K=0 (2.3)
4f i

A15N5£ANUVDUADDU WAAITHIARYS

b 3w
w? (k, py) = m% + K> — I;Npgi 17 — PN

(2.4)
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k ApAN U UALYD AR NaIUTUAINA1UDLADDY

e v (3onY ] 30w
E (k,pn) = |mi +k —f—]?,o5+ <§f_13) ] igf_,f (2.5)
Tuunauwes Kaplan uaz Nelson [18, 19] 7ildfvunliiuiaves K+ uag K-
Am3 (p) = E#ps (2.6)

k

fr = 106MeVuag Sgy ~ 350MeV orgauuigiuninisusuilaeusnaisluaunis
2.4 vihuemsmuutiuvesneeuinrumiiuiu 3p, Ssinadenmsssdagieslunds
suludansvulessuniin Nambu-Jona-Lasinio (NJL) 81058499, Lutz. waualidauily

1IRYNNIAIFDWNULAL

YKN miAf L (pu — ps)

_ — pS
fi fi Afi

N9 UAYULUAIYRIANAINNTAA8AT LADDU tudansasnaulRuN1sIUAsULlaIve9

+ 9 (my, s) (2.7

NMsviuYemNUnILUAIEluAEn U kay s mMua1du nsAwalunseuveguLuy
NJL LLamﬂﬁLﬁud'}maﬁLﬁwﬁuﬁuaaLﬂaauiuaamﬂumuﬁwﬁmasuawqwﬁm'}wmLLu'u
fn SenuaenAdestu Lagrangian chiral #1m13U Kaplan way Nelson auufiin w ~ mx
wazp, = 0, Roulvaninevesaunisp.d sesiivesmsaaed f, uway f = fi Ao
#oanNgNsnaiY 10 %

wadulosnguantilufinaniues K+ 9nmgufmssuniunuulada  (Chiral
Petturbation theory) %58 lun1sAuIn self-consistent [20] @oAARDINULATAIIN
yuuiim Tl nyiszozmanseids gu wanslifiunsuasunyasaduan
Tng Korpa way Lutz [20] iunsiSoudieuildannmsinsesissoznisnszide gu
@ wansBeilaiduanasuves K+ 7 pouas 2p0 [20] uanslidiuin K+ Lﬂua‘léﬂ’]ﬂ‘ﬁl
annsaUszinunsadeuildfdeiiadosnmlulusunsudaes  Idinsveaeegienii
IemegufasAunauaniRluiinasanmsvuveslossumin 21, 22, 23, 4] wa
nsdmnumsdeihuldiinsdaweviloutuietundngiuddydmiunsdsunas
ludnanavesnuaudireatluseniniwiaivesliisen Inanisveassinnisiia K+
TuuFATen Wsnew-Tandesu Al COSY-ANKE [25] UfATen A+A linnaeunamandiaee
uitramuududuadesiiunizund dmiuuiiter p+A liaansofneiiunmeund
ogslsfinuromnmendsmamanivosufizondunguifiedonisdanisuazkanis
naaelANURstlunTan isudeyannniseuves p+A nsasegesdng K+ ludinas

Wulsadniianuszanm 20 MeV 1anuiuiLtudug) [25]
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s
80 R
70+ Pl -
-
% 60+ ,’.
= .7
e 50T -
% 40 .
w Py |
& 30 .
= 50 e
10 -
0 . B . ' . - - ¢
0.0 0.5 1.0 1.5 2.0
PPy

UM 2.1 wavee K Fiimsiasuwdasiameuiuanuvuiiuilingesu ( py Mugfmumun
WUWBNFT ) NaukanINa kaon-nucleon scattering amplitude luagayinia vauehEvRey

A0NAARINUNAYDY self-consisent [20]

L
(=]
T

3
O, o5l ﬂ
2 20 I
)
31 o ]
g 10} ?'; \
73 NIB J 1 /
§ 5F J :.' } \ .
A T S - S S E—
= 8.450.500.550.600.650.?[]0.?50.800.1850.900.95
Energy [GeV]

JUN 2.2 AeiduaUnesuK* dwsulumuduiuendeiu: 0 (&uitu), 200 MeV (1uqa), 400
MeV (1uUse) wag 600 MeV (1du Use-30-90) LEUEMLARINGT p = poldUdmnLaninad p = 2pg
[(20]

wuInduTesNsAnwieadasiunIsunsTe AR ULAY wauALoaulufiInas
Jueded [26, 27, 28 29, BO, Bl B2, B3 wwwnaEAwD Andaueds K+
wagk -~ funumdidy nsUssinaddusluddlausaainsudey dndinesy e
Almeaulanaisuuugn  Waznnweskuunan (27, B4, B5] Andwanegedaudmiu
Woau  [Ux (po) ~ TMeVipy = 0.17fm 3]  uaz@ndnanagaussdmiunauminoou
[Uk (po) ~ —100MeV] nslualuszuiuvesneeoulazioufiaoou [29] wayn1inse
PyorTynveandauldnsna 28] HnagNNINFRANSIADDULAZLOUALABOU KU
Pnenansensds B0] wansliidtuinuuusiaes Hadron-String Dynamics (HSD) @4
AANSUUURAN [Uk (po) = 30MeV| awnsaldoSuredoua (4p) FOPI [36] n1slvia
Tussunuves K+ HSD ldwsngdi B3] dndinseuiifiruansiaiionndey Adndan

31



wﬁqﬁiﬁ?ﬁqwﬁmiiumuim,ﬁa (chiral perturbation theory) 910 Relativistic Hartree
approximation  [Ug (po) = 20MeV] %awui%wmzﬁ’u%’mﬂamﬂmLﬂaamﬁua&mﬁ
Faduaferfuindineouiinnuvuiwiuaasiundesund  [Ux = 20 £ 5MeV] @9
F189UlAgNITUATIEINNE Boltzmann Uehling-Uhlenbeck (BUU) aasnisiiniaaaulu

aaa

Uisen Wneu-uadea lay Rudy [37] naniseualdagngy Tuebingen [32] #1013
Budutunansiieneidesiuremnnin (B8] waviigaiindoyali FOPI [18] o5
nalddlaelddndinseuildnisfiwesues Brown-Rho BR) [19] [Ux (po) ~ 30MeV] 1
A1 p < po AndiAeaulu BR wisdimesdailnalAesiuain1suszunuduiad (impulse
approximation) [6,20] Sxan15Awinved [21,22] uanalidiuilmeauidnguanusnin

[Ux = 36 £ 5MeV] Tu [39] uag 39 MeV Tu [40]

msfnwnslvasmeseynaiiey Welinnsvuvedlessumiinlfsumsaulalutaa
Auluan [01] léfinnsAnwinsndeuiiveseyniauay indunsizenaneldang il
AravIktuLazgunige Gsannziifetudedinimruturetlossuntn synadiAn
Jusmiuuinndeou uazunsnuusiseeu laweseu uasislouuud fnuideiiiofne
MsiinuaziAdeunvosoyMATindsnusineg (42, 43, 14) Wan1sMRABIwes FOPI (47)
anunsnineynaiiistuluufiseivedlooounin 1] Anvinislnaves K+ findaan
0.1-2 A GeV lgsuanuaulaegraunn [30, 45, 46] dnsiasiginisinaves K+ lag
Tinguinuianuggaineveunsisenaunsaliindndimesuluaasiiuades [26, 27]
mMsmguuunsivaves K+ Guduleglivguiuazaanisveaes 38 wuimamans
vounosuduuuy uou-lanoud lnetusgiudndating dwiuussaoisudlaid nwos-
anansgeduimsnin winisunlalaedndnnmasuussuiunisivaves K+ laaunsaasy
suuvumsvasy IdsdinsiauonamansiaeeulmnGoulaeg Zheng [32) dailn1snse
sovaudtlasa vesmsdwiy K+ 9nnsvuveslossuminingany SIS wanns

AnwnunAndudn K+ ety Fwmadenndesiun1sinaeavaengd FOPI [47]

lawestundeadaduinmdoaniilowossou (U 3esuniianinulannie s-quark)
agntpeniveymadussdUszneuwnunthadosy  lawestuadeailaziidiudisse
nsfnedunsisensenitlalesseunuiiindosuy wazdunsisensznislaossounie

1199 [48] UBNINNULAIVLIAIUIIYADNNTANYIANURVDIAIININTOUDNN1NTIAY

fallaglunanisveasannulawesiedvaliodsdiin (49  dn1snaassAuny
aulbauauUnlawesiumdsa (AA hypermnucleus) Liigs 4 wiia [50, 51, 52, 53, 54, 55]
wiansnAe J0Be Aunululn.A.1963 lae Danysz wag Pniewski [50, 51] A18%a3910

aa s

tudnanu? Iefinsduny |, SHe [52) mumn aunseialae. 1991 Snildndan KEK [53]
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Uszimaduaunsorunuiuilananvnlawesinnfeaviin JBe uazwin 5B la

—_ —_

eRsNUGATeN = +12C — O Bet®H way = +MN =P B+'H + n inan
Upasen (K-, KY)

aaiinsrunududawauinlawestuades tH Fudusdaiunfiananufizen
9Be(K~, K*) launisnnass E906 7l Brookhaven-AGS (alternating gradient syn-
chrotron) [54]

UenIINTUEININAREs E373 7 KEK [55] anansaduunsauny , SHe [52] lese
UfAsemsvuvesd K- Tawudi 1.66 GeV/e fuithwuiidumesileadilanedsou
¥iln = 9Nt = MUY 2 +12C — § He +3 He + X dlo ,SHe WHNTYY
RNATTUIUNIS § He — S He +p+ 7~

Fromgiimavaaesiinandrusdidostaneeda  dofunismeass  PANDA
(antiProton ANihilation at Darmstadt) [56, 57, 58, 59, 60, 61] ‘17{ The Facility for
Antiproton and lon Research (FAIR) a4 GSI awwusansisasgioesud dsegseninams
roaadeilinguszasdnilafiefnuduidanauinilewesinduamermsaiangs

2

U enszurUnsAnERanaazulumuLuIAASISUYaY Pochodzalla [62, 63] M4

U

UAsemsvuseninueudlysnauiuiiedealgugil wenisasnslawesseusiin = A
suit .4 andulawesseuniin = danedouiilugiuedeayiogiuasiinuffseduii

U L]

]
a

adoouludundvaniogiidu AA GazdiannznisiBeninleesinndea

druusenauniafiddyves FAR AoeANAUNE91Uge 130 high energy storage ring
(HESR) %a%sﬁﬂﬁﬁwLLauﬁiﬂimauﬁamwﬁaqa’jwqq (high luminosity) wazillaLuuaw
e 1.5 @9 15 GeV/c [6d] niusiatn PANDA aggnindiadl HESR Litesasiunis

[

as1naAlnsalnUvessuidavanialaasiuedsamennuasidenad [63] Alailas
Y U

a

sousaziaudlaessou (22) auindlowouilusnouinujiseniuiiedeaUgund
naulnanaanulasuieaniontansiineynirduiilinettes ntuagldioul
lawessou (=) \Juvsnines (Trigger) voeUfifisen viseonvliguonneeu (K+K+) lu

—_

yEnnes Tsguonmoeuiiinannisgandunoudleedson () delumou eynia
= aygnuiiluiluedealguglivindagnganduluiuedvaniogfilusudauauiails
Westuedea iewn = fraddindulszana 0.164 wldund Fadumanuiidda
syogisgniaigugiasyiogiasvisiuninlaield = aunsnirdeudildsieud
wiansaaedi luhusafiendu = axilusmsuiladennsandeuiluiuazgngn

A A a a
naundmfend
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e -
b b

production at threshold

} trigger

capture of = in secondary target

sUn
Y

2.3: Uiiseuaztusaumsiinlaiesimdea
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UNN 3

=\ >4

S2LUYUI5IY

3.1 msluasauvesk T Tunadianslaiseuninasy

Anwinisivasiuveseynia K+ annmsyuvedieosuntiniingenulaiiiu 2 GeV a9
daunelaenaransiaSsudiAeaulaelthuUINaee QMD
1) AUIUNSIAATRSS v) = <Zz§7> WBuAU normalize rapidity <y(0) = ;—M> Taeh
proj

& aad a & & &
Yerm ABUSNARVBAABOUNTLUUAUINAILIAVDIDUNA K+ WAL Yoy ABLNTRALNE
wsARlUNTOURIURURNTS INN15YUDY NG +55 Ni Indsu 1.93 A GeV e
PIFWADINTENU b = 2.33 fm laglSeuigununanIsnaasd KaoS [65] laewa

ANSANUIULANIAITUN

Y

2) MUINATIARNS (1) V09 KT Wisunudlesnduwes normalize rapidity
Yproj

(y@ = y—) NNITVU FSNT 438 Ni 91 WaU 1.93 A GeV ATI5IELn 035NNy

b = 2.33 fm lagiUTeuiiguiunan15maaed KaoS [65] Ingnan1sAUILLAAIRIgY
a
E

3) AUIMAINTIalEATIUY K IsuAulumuduaIuul1g 99nn159UYe9 58N +58
Ni INd3911 1.93 A GeV A1 9138na3nsenu b = 1.7 fm lneideuiisuiuuanis
NAaeY KaoS [66]

8) FUMINTTAELSAARYEY K 91nn3y SSNi 455 Ni ANda 1.93 A GeV
Tnglin151TmasnTENU 2.33 ,2.0 kay 1.7 fm auainu wSeuiigunisaiuiulag
Tfaunns soft EOS way hard EOS lagiUSauligunan1snagass [67] Nan1sAIuIe
T ONEFAL @
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3.2

1)

2)

3.3

1)

2)

N13N32LTYNINDA Va9 K LAY INaYDIAINa19INNIT

YUVD9loaaUNLIN

ANYININTLANLOLTYNNEA VB K+ Y8aN15vUves 5Ni +35 Ni fsFundasu
1.93 A GeV Warnsuuraad’ Au +197 Ay fisedundsanu 1.5 A GeV 1ngn1s5auuay
luvuuazdneiaoouain Brown-Rho Wis18wmes[Uxk (po) ~ 30MeV] wazaiviuali
0.3 < Y/ Ypeam < 0.7 loglduudians QMD wWisuliguiunan1svnass [68]

] % — (b= o o — ( PiPy 58 AT 158 AT G
ATUIUNTINATINTS v, = <%> WAL vy = <p%+p§> VBINTVUVDL J3NG +35 Ni 9
FTAUNANIU 1.93 A GeV hasnIsvuree)’ Au +197 Au N52AUNENIU 1.5 A GeV

NANNISANUILERIAIATITN 4.1 Uz 4.2 AUa1AU

MARAYNVBINSITARAYNIA K

ATIUMATNITIRRBIANNTZNU (impact parameter) AMNN1STUVD 197 Au 4197
Au 38Ni +58 Ni wag 2C +2 C

AIUNIARRYINVBINITHRNN1A K+ Weuiuliuudulunsouluinig pu, o
HUTIU O 679 9 LR8I

UATEN 197 Au + 197 Ay NTEAUNGEINU 1.5 A GeV MrUnAImMIIEmasannse
ww‘ha;@ (bnin =4.2026 fm) LLasz'ﬁflﬁLmaﬁ‘mﬂﬂﬁzwuqqqﬂ (brmax =12.6078 fm) &
LU 32 40 48 60 uay 72 BIA1 AUENU

U381 P Ni478 Ni NTEAUNasany 1.93 A GeV MuunAINIsIinasnnnseny
AER (bin =2.7958 fm) LLasﬁwwwawﬁma%mmzmqqqm (Brax =8.3874 fm) fy 33
W99 32 40 50 waz 60 8961 HINAIAU

UfATeN 12C + 120 fisziundany 1.93 A GeV Muuar1msfiwasannseny
A&R (bin =1.6535 fm) LLawhwwawﬁma%mmszmqaqm (Brax =4.9607 fm) q 33
Wedd 32 40 48 uay 60 BIA1 AUANY

Wisuifsusniadaunsesmaiineynn K+ fidmnaldainuuudiass QMD
Tngldaun1s Soft EOS fiswdnd uazlisiudng KN eudunisldaunts Hard
EOS fisaudng waglisaudng KN ieiSsuiiisuiumanmmeassiviesufifnig
KaosS [14]
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3.4 d@unasunnuYevaInsiineynin K+

ANWINISARAUNATUNINYINNVRINITARDYNIA K+ 9INN5¥UV0S S5Ni +35 Ni 7
SERUNS91U 1.93 A GeV 1neitnausian —0.69 < yun < —0.54, —0.54 < o < —0.39
1A —0.39 < Yo < —0.24 AIUANU LUSHUTUNTAMUIAUNASUALYINVBINTLAN
AUNA Kt lagfMnuanisiiinesnsenu b < 4.5fm wag 4.5 < b < 9.5 auanu agly
wuusians QMD Tneldaunis soft EOS fisaudng uazlyisdng KN Wieusunmsldaunns
hard EOS isaudng uagliisaudnd KN tile Wisuisuiunismaassiiviesufifinig Kaos
[69]

3.5  MsiinaynIA o

Anwmaransvasnsiineunia o aglanamanslanSeudineaulagliiuudiess
QMD gl

1) ATUIINNTNILNYAURUILUUYBINTAS 1AL NTAANYAT o IINNITVUVDY

p +40 Ca INEIY 1.5 GeV MAUANITIIADINTENU b = 0 fm

2) AMUINAIMARAYINMSARBUAIA o lgau Wiguduinaiiusiguvesdnu an
N5 p +4° Ca Uag p+2% Ph Indsnu 1.5 A GeV laaid3euiiiey n1siineynie

o NUHATEININEN

3) AIUEATIEN o (p +2°° Pb) /o (p +%° Ca)  WisuAvanwUsiasuresdnun
= = = a Y} ‘:4' A |
WewSuuisunsfiawasn1sinueteynin o 1nnsiasulUasiiinawas lidine

Tusinnanse (with and without medium modification)

[
=1

3.6 ANYINAAIEATURIRUNIA =, = uag KK WewIvnsnnasi

Wingauvasufnen

ﬁﬂmwamam‘ﬁuaqaumﬂ?, =t way KTK Wenvisninasimunsauyaauiizen

1) AnwUfzen prAu Indsnugudnasuis 3-4 GeV lagldhuudnass UrQMD 210
PUTINTIATITBazUS s UIBUANTaANETRAveY =, =7 way KK T Wiaunmsn

nasMmLnaNvasize MNUUYINITIATIEANITRANKASLULUALYBINENLNGS
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2) Anwinalnnisudieves = Tuluaded AIEnTILASIEINITHINLALLIUALIIBY =
NUATEN p+AU WUSEUIBURY 2~ 990 p+p FIHAAINEIILAUITATUTUAIUNIS
TAsenIuaswensnsRduiueied wasgavngefusenaiemaleuly

YU isefimsngaudmsu FAIR-GSI
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unii 4
NAN15238

4.1 n15ivasiuvee K lunadanslaniseudinoau

Anwinisivasiuveseynia K+ 31nn15uuvadloasuniningsan 0-2 GeV #539aau
melu naranslanpeudmesulagltwuuiians QMD

0l

LI B B B N B R S B N SR B S

- - E

0.05 —e— —

— L o .

B ?=.'—|' —=—— —% - ]

o TP—aa ]
0.05}- ® 03K'data

—=- HEOS
— SEOS

PRI SN T T SO T 11

0.1 PR SR R NN SN SN SN NN N T SO SN SN N SO N S

0.8

-0.6

0.4

-0.2

(=

(]
¥

SUN 4.1 MIAnaRarenIsivalmsetounn K+ iiguiuilsidu normalize rapidity
INNTVUVDSE NG +55 Ni A1 1.93 AGeV lagldiuudnass QMD MNaUAy hanINanI3

naapdkK+ 03 [65] Wiguiunan1sA1WInd hard EOS (W@uUsy) wag soft EOS (Wuiiu)

<%> WguAu normalize rapidity (y(o) = y—m) e

Yproj

ANLIUNSLAATINGS v, =
a aad a ¢ a I3 aa
Yern AOUSNARVBAADOUNTLUUAUGNANUIAVIDUNA KT UAE Y,y ABLNIAALNAULIR
AluNTaUNRIURURANIS 1NN15UVUVDL J5NG +355 Ni Indanu 1.93 A GeV Amnsndines
ASENU b = 2.33 fm laeSeuiisununanisvmaasd KaoS [65] IWENan1sAIuILLanIna

SUR .1 wudeynia K+ dwgingsy anti flow (v > 0) winliduinan1smaaeinang
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fun1sAI QMD dmsumsiiegues K+ lusmnanawuunanves K+ Tuawuiafed
MNEANNIMUUTIREY QMD Waviudng K ludnansinlvidenaqediunan1svaass
[65]

0.1 T T T T T T T T T T T T T T

® 03 data
A KaoS data

0.05 — SEOS

-= HEOS

-0.05

PR TN W T | N ST '/ (N TN NS TN T (Y T R R

LI L B Y L B Y N L N L L Y N B A |

-0.1 1 1 1 1 | | 1 1 1 | 1 | 1

()]
y

A
=)
wn
o

JUN 4.2: MIAIUNEYeINIS eI Yaseunia K+ Wieuiuilsidu normalize rapidity 910
NIYUVDRS NG +33 Ni a9 1.93 A GeV Inglduuudnans QMD dydnuwalaanau(iv) nanis
MAa997n (03 data) WAz KaoS data [65] WisufuKan1sAILIM Soft EOS (tduiiu) was hard EOS

(Eulse )

sUit p.d mslvadansd () wee K+ ifisufunormalize rapidity a1nn13vy
VOBE NG +55 Ni ANEs91 1.93 A GeV W151Tmesnszny b = 2.33 fm wud nsiin K+
WARINEANTIU out-of-plane (vy < 0) WAE AV v, JzifisTuauis y©) = -0.3 kagan
ﬁ?umaﬂm-ﬁ’mamlajaamﬁé’aﬁusﬁaga KaoS 91anamlainuuudnass QMD @mnsaasung
AaauURnsUueen (squeezed out) NMsUandaeey K+

Arllosudeaveanisinalanss vee K+ lugawsfing 99nnsvuves 38N 438 Ni
WA 1.93 A GeV ﬁagﬂﬁ @ 9n3U wnandiuilunanisneass [66] @uiuuans ua
nsAuleely hard EOS (1lduUsy) way soft EOS (duitu)lagldwamanslaniFauia
goU WUl KA anti flow (v, > 0) 71 p, FAsuay wargs lay v ﬁ@i']wiﬁuquéﬁ
ANPINA9UBY P,

FnaININsEEusIRAYEs K+ dN /dY? = X3dN (i) /dY° 97nn5vU 38 Ni+38 Ni
findsu 1.93 A GeV Tagldnsfiwesnsznu 2.0 fm aud ey Wisuiisunseuan
Tngldaunis soft EOS uag hard EOS mamssuanuansdssy .4 Taeiieuiisunans
nnaes [67] Ui nsnszaneusinaues K+ heaunsdanusdundesdledioutu ns
Iuiaanss (direct flow)
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0.1

0.1

P (GeVic)

JUN 4.3 Avlwlaisuideaveanisivaidanse ves K+ Tugiusian a1nnisvuves Nq +58 Ni 1

WA 1.93 A GeV W1silwosnsenu 1.7 fm. Wiguiunanisvass [@]

0.10

®  FOPI Data

Ul 4.4:

N19NILABUSNARTDY K+ 99nn15vu B8N +35 Ni

msfwasnsznu 2.0 fm laeiFeuifieunantmmeass [67]
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4.2 WANSANUININIINTEANYDLTYNNOAVIY K *
NANISAWIMNIINTTERETYIVEa  (4)) U89 KT 9930unsisgInsuuues
BNi 433 Ni 1 seAundaany 1.93 A GeV uansdoyalugy @ Ingld (soft EQS , K=
200 MeV) Fmey 4 euiugy ¢ TneAnsnszaneesdyvmeaiinifiutuiions
¢ + 90° %ﬂﬁﬂﬁwmﬂ K+ flseunuisannfussununssy mnsaiiansd v < 0 69
pud 4.1 Fsmnemnuhiimsanudeseyne K Sssuiudmintuszuiumsv
YosouMA Jamanldifisuiunismaass Kaos vesufuinisvulessuninlasuasdulnag
nseu Mifles Damstadt Uszimagessiu Tnglid1ues 197 Au wéaau 1.5 A GeV v 1
197 Ay, (0.96 ¢/cm?) wazldan BN wawu 1.93 A GeV Wwu 1 BN (0.68 ¢/em?)
Tnovnwilaveseynasslnglilusufinaznavesnsiadeudl anLATesauILuiman
anlasiives waziniedlslnsalaulidmivuansdnvazivnisel yulslasalauianiy
nhadielimaaudnansmesnissuainduiuveseyniafiiuszgitaldlusasamideds
(polar angle) Tuyae 120 < 0, < 48° NMSIMNUATIANTIVBITLUTULMANITAIAT 991N
nsUdegasdyvveavasUszlusanted Tngdsnisdeiuluwudy n1smalinveseynin

P9 MARTUYNAUNUIINNANN UG FLVDIDUNA  UAZIANVBINITIAGIUN Beinmg

lalasalaudaineanid 7 wes n3adetn sendng 0.5° uay 11°

0.10

1/N dN/d¢

0.05

....... w/o potential
with potential

JUN 4.5: MINTENURYTYNNOa Y09 KT ¥8I8UATAIEINTIUVRI S5 +35 Ni 1 szAUnasau
1.93 A GeV AMN1513RBINTENU 3.8 < b < 6.5 fm WSWAART 0.3 < y/Ybearm < 0.7 haz LLUUAL
AU 0.2 < py < 0.8 GeV/c deyanwalnaniiudunanisnaaes [65] w@ufiudunanisauae

Tnglghuuinaas QMD
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q' ! a a = q a
M990 4.1: LLﬁWQﬂqﬂqi‘lWaﬂf\ﬁﬁiﬂ V1 b ﬂqi‘lﬂalfﬁ\ﬁ'ﬂx‘ﬁ V9 WIHUNEUNANITNAADY [65lhazHa

AMSANUIAULNETIN wazlusIANg K+ N 91nn153uvad B Ni+58 N 7l s8aunadu 1.93 A GeV

Askvia Nan1seaas  swdng KN lidswdng KN

ASkaLTansa (v1) —0.1£0.01 —-0.134+0.0015 —0.0064+0.0014
Asivaldnes (v9) —0.054+0.03 —0.04+0.0016 —0.02+0.0014

NIUNANITAUINITNTLINYDLTYNNOAURY KT U9UATNIYINITVUVDI S5 Vi +55
Ni flsgfundanu 1.93 A GeV uansdoyadssud 1.5 Tnglduuusiass oMD Tnena
nsAIusINAng KN Tudinans waasmstduiiu wasnisanaliswdng K+N
Tusnany uansmleldulsy sudunan1smaaesdydnualnsnauiiu Inean1ssiudng
K+N Tufinans #an1sAnnadonndesiulan1snaaes yilinisnssangesdynneald
Judnsiate auaudilufinasvessynia K+ Aanuvuinuugs

NANIIAWIUNIINTEETTYIEa 4T Vo1 KT 83dunsiseinisyuues
197 Au +37 Au 91 526UNaU 1.5 A GeV uansdoyalugy @Imsﬁﬂ? (soft EOS , K= 200
MeV) fuanen 47 iguiugy ¢ lneuSurnm ¢ + 90° Gwvirldeunia K+ Hszuty
] Y} v ° = aM v = Y] A v
AsRInAuszLIUNITUlagltuUdIae QMD Fwanlaisuiunsneassuss KaoS Mg
Ufuinsvulossundnlasuasdulasnseu Milas Damstadt [9] A1N5MMALGIIS vy < 0
o A = A i =~ o o
AIPN5199 4.2 Faungaudiiinislantdesaunia K+ d5suunw@iniussuiunissy

UVBIDUNA

MITNT 4.2 UAAIAINTIAATINT v LAz NITIWATNGT vy WisuWisunansnnaes [65] uaz
nan1sAnalae T tazlisiudng KN 91nn15vures 17 Au +197 Au 91 szAUnaeu 1.5 A
GeV

Askvia NanN1sNeaed  swwAng KN lisiudng KN

MslvalTansa (v1)  0.044+0.01 —0.041+0.002 —0.0064+0.0013
AMsaRes (vy) —0.094+0.03 —0.0424+0.001 —0.03 & 0.0013

HANTTATUIUNNTNTEAYDLTYNNEA VDY KT UBIUATAIUINTVUVRY 27 Au+17 Au
7l sedundsnu 1.5 A GeV wansfayalusy b4 Tagld (soft EOS | K= 200 MeV)lne
THuwuudians QMD TnenanisAuiasiudng KN Tudinans wansmielduiiu uwagnis
Aualdsiudnd K+ N Tudinans wansmeidulse isuiunanisnaassdaanuyaiienay

71U I98AN155WANS KN Tudinand nan1saulu@ennaasiuNanIsnaase Bilinisn
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0.10

1/N dN/d¢

0.05

..... w/o potential
— with potential

T T T T T
-90 0 90

JUT 4.6: N13NT¥LRLTYNNEA V09 K T Ua3dunsizenIsvuvead 27 Au+197 Au 7 seiundsanu
1.93 A GeV AMN1513RBINIENU 3.8 < b < 6.5 fm WSWAART 0.3 < y/Ybeam < 0.7 az LLUUAL
AU 0.2 < py < 0.8 GeV/c deyanwahnaniiudunanisnaaes [65] W@ufiudunanisauae

Tnglghuuinaas QMD

spwesdyymealtilufiniate auantiluinaiswoseynia K+ fannumuiuiugs

5197 4.2 uanarn1sivaiBenss v war NsaENS v WisLTsuNaNINAaDs
[65]uaznan1sAuInlneTLarlisndng K+ N annsvunes 17 Au +197 Au 9 sedu
WA 1.5 A GeV

4.3  21ARNYINNYRINTISINABYATA K

HANITAATIYNIAAAYINVBINITHRRYNIA KT suiuliuudulunseudfusnis
(prap) VOIUFATOINTVUTENIN BT A+ 17 Au Aszdumdaaulunis dhau 1.5 A Gev lng
ﬁmummwwwﬁma%mmmwwﬁ"mm (bnin=0.2026 fm) WALANIITABIANNTENUEIER
( bae= 12.6078 fm) ﬁsgm%q%a 32 40 48 60 Wag 72 99A1 AINAIAU mﬂgﬂﬁ E?l
Junsawnniadnuwesnisifineynin K+ ieuduilestun (pg) feufiseinis
WUVDI K7 Au +197 Au Fiszdundnu 1.5 A GeV Tagruunaimnsifimesnnnsenusi
&0 (byin = 4.2026 fm) LLasﬁﬂwwmﬁma%mﬂﬂiwuqqqﬂ (b =12.6078 fm) Viagm%q%”"s
32 99N NADINNIAUIMNINGWTE soft EOS TiAlndiAeaiu hard EOS ileifiuns
AUAANgYaARRY -tandau (Kt N) aslu soft EOS Way hard EOS agvinly wan1s
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10 F T T T T E
: Au+Au 1.50 A GeV, 0, = 32" ]
E i - P L] - - f
EWE °°~°*‘P*"?'“'°%,f _:
- F - " 3
w C s L 31 ]
o [ = Tiwy ]
3 L & ©  KaoS (Experimental ) E
g 0°f ¥ « soft EOS with potential 3
= CE ®  hard EOS with potential 9
G B v soft EOS without potential i
= iE! hard EOS without potential |
2 w'E 3
b - 3
= c 1
1 I 1 1 ]

-1 I |
10 0.5 1 1
P [GeV/c]

in

SUN 470 mMsAnunAiarweInsiie K iiguiuluudulunseudORnig (pus) 90
UAsenNsyuves {7 Au +§7 Au ndsnu 1.50 A GeV 7yuiel (polar angle; ) 32 84

Wisuifleufuaannmeassiivesufifinig Kaos [14]

Funmumamguiiuuliufivsanadostunansmaaesiildaniesufiintg Kaos [14]

10 = | L | E
7 | Au+Au 1.50 A GeV, 9, =40 i
Ll lﬂ-l'_ ’!--“—ﬂ* e |
= = f" =
% F ;**fﬁ "“‘%;u— :
o [ = Yxy ]
= & KaoS (Experimental) T : Ey
E 10 E_ 3 1 & solt EOS with potenhal = E _E
— o ®  hard EOS with potential 7]
% B w» soft EOS without potential
=" i hard EOS without potential i
= 107 F
=} F 3
N":I P i
L& i
al
4 | : I : 1
10 g 0.5 1 1.5

P, [GeVie]

SUN 4.8 MsAunadavevesnisiin K weuiulusuddlunssudUns (puw) 310
UAseIMsvuYes H7Au +17 Au indsu 1.50 A GeV 7iyudata (polar angle; ) 40 83

Wisuifleutudannmeassiivesufifinig Kaos [14]
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mﬂgﬂﬁ @ Lﬂumsﬁﬂmmmﬂﬁmm’lwmmiLﬁma‘gmﬂ K+ gunuilsdun (pr)
PEURARIINSTUYD 17 Au +17 Au Aszdundaau 1.5 A GeV Tnsimundmsiiines
mﬂﬂizmﬁwqm (byin = 4.2026 fm) LLaszﬁﬂ:ﬁma%mﬂmzmqaqm (bymar =12.6078 fm)
faudets 40 e HaIINNIIAILITINIMNuTFE soft EOS TenlndiAustu hard EOS
dlafinnsduimumdndveaasey - Sindoeu (KN) adhu soft EOS way hard EOS
il wamssnnammguiiiunliiisaenndesiunansnaasiiléanea jia
A3 KaoS [14] 91n5U7 @ JunmsdAnaniadinuinweinisineyna K+ ieuiuils

T T T T

Au+Au 1.50 A GeV, 0 =48"

sr]

-1

=
=
TTTTT

v soft EOS without potential
hard EOS withoul potential

~

U E E
- 2 ]
[V C

o B i
= ‘¥

5. 10 g ; ?; E
= F 53 E
o F s o KaoS (Experimental) o 'iﬁ‘_ ]
E.. o soft EOS wiath potential — &

= Ly ¢ hard EOS with potential

R=

=

0.5 |
P, [GeVic]

=

JUT 4.9:  MsAnainrIwesnisiia K isuduluaudulunseud URns (pas) 30
UFATeNIsvuYes 17 Au +17 Au NG 1.50 A GeV Nyuiet (polar angle; ) 48 aafn

WiguiguiuAnnmaaeiineslisinis Kaos [14]

TUN (prap) MBURATEINITVUVR 17 Au +157 Au fszdundanu 1.5 A GeV Inervun
AT TAOIANNTTNUAGR (bnin = 4.2026 ) WazATITITLADIANNTENUGIAR ( by
~12.6078 fm) fyuiBeda 48 o3m waannIsduMMagude soft EOS dalndifes
AU hard EOS wlawfiunisiuiaendndveanesy -Tandesu (K+N) ashu soft EOS uag

o v o aa ¥ dl ¥ o d’ %
hard EOS 2e¥inl# Han13AuIMN I ufluuiliunizaanaaiunanIsnaassiiaain

WU URNTT KaoS [14] 9n3ud B.10 umsdnauniadnuinwesansiineynia K+

WeuAUTTUn (pre) MeURASEINITVUVRY BT Aut+-L7 Au fszsundanu 1.5 A GeV Tng
ALARTNTITADSANNTENUMER (b, = 4.2026 fm) WazAMITTiABANNTENUZIER
(bae =12.6078 fm) fiuiBeda 60 83 HaRIMAISAILIUNMBTFIE soft EOS Tarlng
\ABafu hard EOS wlawfiunisiuiumdndveaneay -andeau (K+N) asly soft EOS
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10 E T T T T E

i’ © KaoS (Experimental) ]

soft EOS with potential 4

I hard EOS with potential

10 F v 50l EOS without potential 3
r " "ftﬂw s hard EOS without potential i

L = C U PBz. AutAu 150 AGeV, 0, = 60" -

k.
= iET
107°E - Tis

sr]
L

g

~

d o/dpdQ) [bam/(GeV ¢

|+ -
4 i 1 s L a= _{ 1" |

0.5 i 1.5
B [GeVic]

=
=

JUN 4.10:  nsAwIunadarsveImsin K+ iguiulusudulunseuuoanig (pias) 30
UAT81NT9UVRY 17 Au+37 Au AING3911 1.50 A GeV 713kt (polar angle; ) 60 a9 WU

[ {

WeuiuAnnImaaesieslisins Kaos [14]

o 4 [ aa Y A ¥ L2 =
wag hard EOS agvil¥ man1sAuinmangu)iuwildunzanndesiunan1snaassd
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Quantum Molecular Dynamics) %38 UrQMD Lﬁamiﬁﬂmﬁ'aulwawﬁﬁ%mﬁamﬁ
namBEy  FeeaziBuauarAnen nvesuuusiassiusunsisesenisdanies
uiuiiadesu dueduatuiaduawanisaenanssnada [70, 71, 72] venwiloaniiug
ANEANUBILUUTI8BY UrQMD  aulaudlusneu(waufiindesu)-diadgauasniun
sasalaiUassounandlulonansensds [73, 74] way [75] a1uaisu

ludoil sglduanmanmsinudeuluvesiisen TnsBuannsfinnsanmminines
(Trigger) ﬁquwzammaaﬂﬁﬁ%&mde =+ e KT TARtuannmsvy prAu 39 = 9

selddwsudunsninesiinanuisen p+Au — E+Z+ X dw KK asinainu]
=

Aseniilawesseugnaanfuluiiuafeananilanaufiisen = +p — K+ + K+ viadlidioan
a A Ao A v = a Y ¢ = v
nsiineunImdunliineites Jaiarsanindanuaudnatsialssana 3-4 Gev 3dlnd

(i

PEINUATNAINUTASUYDINISAA =

SUT 0.27 wanula@nddnves =7, =t way KHKT 9nUfisen prAu Aindeanu

[1

AUENANeING 3 B4 4 GeV lpedgydnwaldivasuiu auvasnlusslaz@umaeuluse wu

4
TaAndgaves =- =* uay KTKY awawiu agnuidafinddnves = uay KK
windudondsnuguinananadfiuiu vsiitainadfives =+ Sedesfimamdnu
Genresilddn 2+ Aistuldgngandusiolasioafoouvesinefea Au awnsnssyld
msld K+ K+ Juninnesvesufizenazilulseleniniinsld =+ Wunsnines

Wenudn KK+ v3ninesimvunzaua ludusislufanisfnunginssuves KK+
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0.25
=
P -
u
+ o+
02 |7 KK 1
]
> 0.15 :
k=
2
=
= o
=]
0.1 - o i
> .
[m]
0.05 :
[m]
u A
o A A
00 =® a a :
1 L 1 L 1 L 1 L 1 L 1
3.0 32 3.4 3.6 3.8 4.0
Vs (GeV)
JUN 4.27: Wisuiileudadnddfsenine =, 24 way KT KT Mfevulud)isen p+Au Anasanu

Y

AUGINANINIA 3 D4 4 GeV

53

MARTUIINATEVIUNT =T +p — KT+ KT 1agn15iansann1suanuasliiiusiuves K+

Y99 KK+ uanasagui .28 nsuanuaddiiuuduves K+ anujitsen prAu inaeanu

AUGNANNIA /s = 4 GeV NUNITHAINKGIATlauufNUIEaM 0.3 GeV/c Tenung
a9 K+ dwlvgiinduainuisendlusududssann 0.3 GeV/c

4.7 nalnnisuwudne =

A a a —_ A a X aaa _ —_— —_ ¥
WeRsanfnny = MAnTUIINUARSe p+ Au — == + =7 + X 9lakanis

LANLAITIUIUATIVBINITNTLIRY (number of scatterings: Nos) A4UN B.29 AgWuIn =

Y

a

drulvgfaziinnisnseilelsznnn 3-4 asaneluiluafeaUgu)il neunaziadeunaanan
Tnduadanadn?

HaINMINTBIRIves = agluiiedealsugihludnalanmsmie == nan
a v

Aon1snseleneludundvadmwald = ansadenasulazanluuusuas g

Y o
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0.35

0.3

0.25

0.2

dN/dp

0.15

0.1

0.05

oo Lb——
0.0 05 1.0 15 20 25 3.0

p (GeV/c)

JUN 4.28: nmswanuadluiudiuves K+ (ng K+ K*) lwufiisen p+Au Indsnugudnansuia

Vs =4 GeV

—__

A Y dy ) ) U A a aaa
ﬁ’]&l'ﬁﬂ‘EJUEJUﬂa‘lﬂu‘léﬂ@EJﬂ’ﬁL‘UiEJULVIEJUﬂ'ﬁLLf\]ﬂLLT’NIiJ PUURANYBY = V]Lﬂﬂ"ﬂ']ﬂﬂ{]ﬂiﬂ’]

pHAU iU E- MAINURAZEN 5+ p NAndsnugudnaaiafedny degun @39 av

WUl = dlngiiinanufisen p+Au ssilumudiuyseann 0.2 GeV/c vaeh == 7
ARINURATEN 5+ p siiluudiuegy 3.4 GeV/c
meluudnyssan 0.2 GeV/c = MfnTuaInUfiisen p+Au azaunsanaouily

TaluAu 1 Wuinsnaunaziinnisaanssi
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03 - i

dN/dNos
o
N

0.0 - u .."ll EEn _

0 5 10 15 20 25
Number of scattering (Nos)

' v
a a

E‘U‘ﬁ 4.29: N1TUANLAIIUIUATIVDINITNTLIAY (number of scatterings: Nos) U89 = MAnaulu

‘Uaﬂi‘a’] p+AU NNARNUAUSNAINUIG \/E =4 GeV
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*p+ Au

0.000035

0.00003

0.000025

0.00002

dN/dp

0.000015

1.e-005

5.6-006 |

0.0 :
0 1
p (GeV/c)

JUT 4.30: WIgUMgUN1ISHINLASlUALYeY E- MAANURRTET 5 + p Wag prAu NG

AUENANNA /5 = 4 GeV (Tsanlunsaus1edaisauinnisg)
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unii 5
2NUS1I8LAaZINTING

5.1  msluasquves K Tunaianslaaniseusinaau

HaWIdBUlavinsANYINITINEaTINTOIK T 91NSBU BN 438 Ni Inaseu 1.93
A GeVigelghuuanaad QMD  WaNISANUIULATNANISNAARIADAAARINWlUN1TESUY
Aand® n1shranduves K+ annwasiddellasnsanandladn nstuasiuinunigled

v & @

fnduan Tudinanswes K+

1) WIHUMgUNANISAUINAUNANTYAGBWBINISIARBUNIA K T AINNTYU S5 Vi +33
Ni #n§su 1.93 A GeV nawsnslvailanss (v,) Weuiuuesialausing uand
gﬂﬁ WU oYMIAK T Anginssun1siuandu (anti flow) (v; > 0) HANITALIN
Tnelduuusians OMD wWisFuimnisinadmss (o) VUMM K+ iU hard
FOS uaw soft EOS ldnawuiiienfiunisiinauiuedonuunan vesk+ lufinans
wansliduimanisimualaglduuudiass QMD Sssudndlusanars K+ lina
ANARDINUNANITNARBY

2) MIUaNNTUes Kt (uy) Wisuiua uasialausiife 9ann15vueed SSNi+38 Ni 4
WA 1.93 A GeV W51Tma$nIzNU b = 2.33 fm N15An K+ Land weAnssa out-

[

of-plane (v < 0) HANIIAIUIUNITENAITING FOAAADINUNITNARABIVBY 03 data
WAWINYRY NMIMalEgniutuIndIds Anansusitin nadaldlaenndos

AU KaoS data

3) AvllaLsulisarean1sivalenssves K+ 31nn15uves SN +38 Ni indasu 1.93
A GeV Tngldnamanslawiiseunmooy wuil K+ 3a1 anti-flow 1o p, JAauas

wazad lag v dawvinduaudn fnanaisved p, nan1sauadagld soft EOS waz
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[
ad

hard EOS w11 1An anti flow (v; > 0) YBINIFHAA KFlugausinm —1.2 < Y <
—0.65

4) FurnnsnsEeusinaves K+ NNSYY BNG 435 Ni AIndanu 1.93 A GeV
Taglnnsdwesnsenu 2.0 fm auaisu wWisuisunsauiadaglyaunis soft
EOS wag hard EOS Wu1n soft EOS @anmaainuNan1snaasd [67] A15n5Eanasiia
A K+ 3ddmmseuiiewaunisaausdeded :rnmsvuveslossuntingissu
WAL UIUNANS

52 MSAUIINIINSEANERsBYNINea Yae KT

Naﬂﬁmmmmsﬂivmaawﬁwma}Vfj;;ﬁumK+ VOIS UNTAIYINTVUVDS
B Au+ETAu 91 seaundanu 1.5 A GeV uansdoyalugy @ Inele (soft EOS
K= 200 MeV) Auanuin 43 iisuiiuya ¢ laeuSurngu ¢ + 90° Favinlitouna K+
fssuu semnfuszuunsulagluuusiaes QUD Fuwaiildifieutunivaasses
Kaon Spectrometer (KaoS) fivesUfiiinsuulosuntnlasuasiulasnsen filos
Damstadt [65] AMslnaidans v, < 0 fms1eft 3.2 Femneanuindnisvanddes
puMA K+ fissunuieminfussununissuteeynia

NANISATUIUNITNTENYBLTYNNEA VY KT UBIdUATNIEINITVUVDY 17 Au+1T Au
7l seundseu 1.5 A GeV uanstoyalusy p.dTngld soft £0S Tnglfuuusrass QMD ln
Han1sALINTINANg KN Tudinais waznisAinalismdnd KN Tusinans wWigy
AUNANITVABEY TAEAINITTINANS KTN Tufinals nan1saunaaonaAdoifuanis
naaes ilinsnszaserdyvmealtifufnsain auauiRlufinarsweseyna K+ 1

AU

53 A1ARAYINNVRINISIIABYNIA KT

NSANIUNIAGATINYBINISANBYNIA K+ WEUAUTTUA (prap) MBUfAseINT9U
Y99 17 Au +17 Au fisgfundasn 15 A GeV Tasimuadmsdimesannsgnusiign
(byin, = 4.2026 fm) LLazﬂ'W‘Wﬁwﬁma%mﬂﬂiwuqqqm ( byae =12.6078 fm) ﬁzgm%ﬂﬁizfa
32 40 48 60 72 93AN HATINMITANUIUNWNGUIMLEUNTT soft EOS drlndlAesiiv
auns hard EOS iawfiunseunaedndueaasey - Tandeau (K*+N) asluaunns soft

EOS uawaun1s hard EOS 9e¥inli Han1sAuismag wiwunliuiiagaonndesiung
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nMsvaaesiildaniiesUfiing Kaos 4]

HANTIATIBVNIAAATIRINITAReYNA K+ Wisuduluuudulunsoudfumnis
(Prap) VBIURNTINTVUSENIN S5NT +35 Ni fisedundany 1.93 A GeV fwund
WTABTANNTENUAGA (B =2.7958 fm) UATANTITLADIANNTENUGIAN (bas =
8.3874 fm) fu 3iT997 32 40 50 uaz 60 B3N MUFIFTU HAIINNITAIUIMBTFE
a3 soft EOS fiAlndlAeeduannts hard EOS Wlalfiunisdunadngduesaney -
Tedeou (K N) asluaunis soft EOS wazauns hard EOS 9zl Han1sAIUIUNIa
nguiinunliufvaenadosiunanismaaeailéniniiosufiifinig Kaos [14]

NamﬁLﬂi’]%ﬁﬂ’]ﬂﬁﬂ%’)’]x‘i‘ummiLﬁ@@‘téﬂ’]ﬂ K+ ieudulusiudy (pg) tunseu
UftRnsvesufizenmisuusewing 20 +12 ¢ fsgdundsaulunsdhou 1.80 A Gev
AuAA TS ITARSANNTENUAGR ( by, = 1.6536 fm) WagAm e snnnsznugan
( b= 4.9607 fm) ﬁagm%ﬁ%g’; 32 40 48 uwag 60 99A7 AIUAINU NAaIINNITAIUIUNIG
nuffeaug soft EOS flrlndiAsafuaunis hard EOS Wlalfiumssuandngues
WoU - tardeau (KTN) asluaunis soft EOS wazaun1s hard EOS 2wyl wanis
AmnumaguiiuunliuizaenndesiunanisuaaesdildanieslfiAns Kaos [14]

54  d@UnASUAINYI9VBINISINN KT

NIAUIUAUNATUMNYINVBINITAN K TNEUAUNSINIaunIuYINe. 91nUHR5e
N5BUVDY BNV +38 Ni Taeltfaunis soft EOS lagnuuaa1nisndinasnssnu b < 4.5 fm
lAENISAIANN Mg EAILauNs soft EOSATINkagkisiumdnduansou-iinfaoy
KN wandliiiuinnissuedngvennseu-indeou daduuswand miu K+ Javili
K* vgeeanamniinfeounaiine K+ 9Qniseseninnmiinizatsvainsiinounia qa
Wlumsnudndvennoeu-ihafeeu adluaunis soft EOS AeyinlNanIsALINTMIY

o v o Yy o an v v a wa
o iuwiliuiiagaenndotiunan1snnaenlaaniesliAnis KaoS [69]

NIAIANAUNATUANNYITRINITAR K T Lilguiundanuaatnuung 9nuisen
nMssures BN 438 Ni lagldaunis hard EOS  lagnmuaaiwnsndiinesnsgnu
b < 45 fm lpgnsAnnumagulaeaunis hard EOS #siuuazlisiumidng

a I Y & J o ¢ a =
Youmeau-indesu KN uandliviuilunssudndvesanoeu-iindesu aduaunis
hard EOS agyibikan1sAuIamIamgufiwuldunisaennasiiuranisvaasilaain
WosUURN"5 Kaos [69]

NIAIANAUNATUANNYINTRINITAA K LB ufundauaatnuung. 9nUisen

NSBUVDY BN +38 Ni laemnuna s iilmesnsenu b < 4.5 fm 1agn1sAIuImNIg

67



nguffe soft EOS uag hard EOS fsmendndvesneau-thadeeu K+N uandliiui
lun1ssudndvedneau-iindeau adluy soft EOS 2svinliNanIsAIMMNaNg el
Ttuflardenadesiunanisnaassiiléninviosufiinng KaoS [69]

NIANULATNTS v 909 A NNITVUBNG +35 Ni fndaen 1.93 A GeV 7
AMsTwesnTEny b = 2 fm AusRdRoglura —12 < ° < —0.5 laengld
@un1s hard EOS wag soft EOS wigufiunan1smaass FOPI [?] Nan1sAuIMaonaaes

fUnaN15NAad alauveuitasdduladdumeauininnunananesenInaians dudady
=

'
o 1

AR, AINNSMaYRT A AW soft EOS @8nAaadnunISNAand haRawnnaanuwdialy
A15AWINNLAY hard EOS

55  Wan1sANYINISAINOUAIA o LUYDU

¥
v

NUITBUIIAFNEINIAA o WIBUIINNITVUIBY p+10Ca wag p+2°8 Pb Wasaul.5

a [ A

A GeV fades 1He9ndelill nan1sneasenIsiianazn1sie o ey Weuiunisive
Tganuidetionaduwuimaiedudeyadmiunmmeaeduriesfifinisely

1) WIugUAINIARATINAIIAATALIINAITBUTES p +20 Ca waz p +2°° Pb 9
NAIULS A GeV WgunU UannUsiUaguwaagnun WU auua LRLIuan

AARAVINNNITAATNULLY DU ATLNUTUY

2) MUIUSATEI o (p +2% Pb) Jo (p+2 Ca)  iileususnafiulsiuBeuvesdn
1 wuhddiiuturasiednnn  wasdfinnsaniinisaeuudas finanswes
Mstadnun  Saduvesaafarng  sxdauiudulurnaiinusiUdeuiiae
wandiiuinsiednunweuiinisaaedlusanans  Wefimsdeumialuden
nasiernn  mnasdidfintudlefuedvalivinelvgy Fwavesnisiiey
madanaldluaoiuz  anvhevesdlnesuddiigngandunaznsziddasiadesy
ndeuBsnsindnsndn o wweu Jadums duny o wweu Jelegaisluaniae
wndouiledes

56 n1sAnwReulyvaufizensenine = wie KK+

1) Turddeiilalduuudnass UrQMD wenisdnwieuluvesufjisensening =+ vse
K+*K+ fiedululfisen prAu findenududnatsdia 3 fe 4 GeV dlnd

—_—r— D

WEINUATNAINUTIASUYDINITIAA Z2 ANANSANYINUINTAANATAVDY == WAy
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2)

3)

U a aa

K+ K+ asifiaduilondsnuaudnansiaiiudu vasidannddfives =+ detdey
gINEINUIALTY FOwTeledn = Adedulagnaandusislagiiindesuues

fmdea Au anansassylainnisld K+ K dunninesvesufisenaslussloy
nnsld =+ 1 unsnines

NIANYINGANTIUTDY K+ K+ MAATUINNTEUINNT = +p — KT+ K+ laenis
f15UINTUINUTLUUUANYDY K+ 999 KT K+ MIuanuadliiuiuves K+ a1
UHATET prAU INSIUAUENANNIER /5 = 4 GeV AENUNITUINLANGIGATLaLIUAY

Uszanal 0.3 GeV/c davuneia K+ dnllvgiiinduainuisenillauusiudseann
0.3 GeV/c

MSAARN = ﬁLﬁWﬁumﬂﬂgjﬁ%m P+ AU — E7 4+ EF + X aglanan1suanias
$ruaunsweamanszdeszanu 34 asaneluluedeadgund nouflasndeud
ponnfiuaduanaannisnssidesves = melutiindualgugiithlugnalnnis
i Z- nanfenanssdsnneluinadoadmald = Aenisgadondsny
wavaslaniuas Ssannsafudunalnililaensfeudsunsuanuasluimusy
Y =~ ﬁLﬁ@mﬂUﬁﬁ%m P+AU AU E- ﬁLﬁﬂmﬂUﬁﬁ%m p+p ﬁﬁﬁwé’qmu@uéﬂaw
afendu wuin =- dndvgiinanuiiten prAu aeilasudiuussana 0.2
GeV/c vausil = ﬁLﬁmmﬂﬂﬁﬁ‘%m 5+ p ariluusiuedes 3.4 GeV/e feluaugy
Uszana 0.2 GeV/c =~ Tiistunnufisen prau avanunsaundeudlulalihu 1
AuRnsneuiaginnsaanes
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unil 6
d3UnaIY

6.1 N151asIUVR9 K T lunaAIanslal1saufianau

HauIdpilaviinsAnwinisinaniuees K+ a1nnnswu BNi +58 Ni Andasu 1.93
A GeV Tngldiuudnass QMD WU mstAnues K+ dan anti flow (v > 0) Tugig
WSHAR —1.2 < 10 < —0.65 LA¥WUIINISNTENBLSTARYeY KT Tdnsiageuaunis

anueuedes And1 Nstralense nranwItelianunsaasuladinisiyasiuingu

neladngnan Tudinanswes K+

6.2 N15NI$NYRLVYNNDAVRY K

« NANSANIUNNTNTEIYEBYNNEaINFULLUNTUaRUARERUNIA K+ 91ANSUY
Yoslopouninfinganu 1-2 GeV AnslvaBng v, danuduiusiusunsisen
yoseyma K+ nuhiinisivadng ferdfesnin 0 faszuunisanudesves
puMAK topNUaNTEUIU Teifimisainfussuunsvy uasdnd K+ N (Duusendn
fu

« NANSANWIUNITNTELRETYVIVEAINTULUUNTUARUdRgaUNIA K T lag s
dnd K+t N salunuandflusminaiman1sfmuiaasnndadiun1snnasiiatunien
seveteynn K+ aunsalfidudinsiainguaudiluiinaiswesaansinies

AN LES
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6.3 NARAYNNVBINSIARAYNIA K

NUAIEINITVUIENIN 27 Au +137 Au S8AUNEeu 1.50 A GeV MsAnyInIe
AnvIevRINIsiineyma K+ Weuiuluudnlunseud§uinig (puw) lneivuned
a I3 5 1 a I3
WIFNADIANNTENUANER by = 4.2026 fm UWAZAINISITNBIANNTENUENEARN brnax =
12.6078 fm Myu@ely 32 40 48 60 way 72 vm laglduuuinasanamansniausiy
Baluana Wenaaeunssiuuaslisudng K+ N asluaunis soft EOS wag hard EOS
WU dnSnavesindvesk N dnaseguuuunisuanidesounia K+ naainnisAiuiu
Tagn1sNAIANgYd K+ N adluaunis soft EOS wag hard EOS agvinlsikan1sAuiu
aa v d' ¥ (Y] d' v v a wa a o dy
Manguiinniliniaennass AUNaN1IVAaINlaanelfufnig KaoS 219113381
ansoagulainniadarinavesnisiineynia K+ Weuiy pe, buauns soft EOS wag
hard EOS MAndunieladnglusinans K+

NUATEINITVUITENIN SN +35 Ni SEAUNTIU 1.93 A GeV N15ANINIARAYING
YaansiineynIa K+ iguiuluudulunseudfoRng (pw) Ieivuamisfives
mﬂmzmuﬁwqm bnin = 2.7958 fm LLazﬁl’]‘Wﬁ’]ﬁLM@%@ﬂﬂi%VIUQQﬁjﬂ brax = 8.3874 fm 7
ym%a%’j'; 32 40 50 uay 60 a3 agliuuudiamamansmeusy Wiluiana Wonaaeu
nssaazlisiudng K+tN asluaunis soft EOS uag hard EOS WUl 8ndwavesdng
VoK N fnasioguuuunmsvantdeseynin K+ naainmsanalasnsiiiudidndves
K+ N asluaunns soft EOS wag hard EOS agvilvinanisduiamenguiiuuiliuia
aonAdes funansvaaesildaniosufifins Kaos anemidelanusoagulédina
ARYINVRINTAABUNIA KT U pras Tuaums soft EOS way hard EOS fAntu
meladnglusinans K+

PNNUFATEINITUVUIENIN §2C +12 O 58aundanuy 1.8 A GeV nsANYINIARAYINN
YaaN1sineynIa K+ iguiulusudnlunsauufuanis (pu,) Wenmuainisiives
mﬂﬂiwuﬁwq@ bmin = 1.6536 fm LLazﬂ'ﬁW’mﬁLmas‘mﬂﬂszw‘uqﬂ?gm brax = 4.9607 fm 1’7i
ym%a%a 32 40 48 uay 60 a3 aglduuudramamansmeusu Wiluiana Wonaaeu
nsnuuazlisudng K+ N asluaunis soft EOS wag hard EOS wui1 8vswavoddne
Y93k + N finaseguuvunmsuastaeseynia K+ naainnisiuinlagnisiiiueidndues
K+N asluauns soft EOS wag hard EOS agyilvinanisdammanguiinunliuiog
aonAdes fuwansvaaesfildaniosufifing Kaos anemAdelanusoaguléine
ANYINVBINTSINABYNA K WIgUnU prep MUENNNS soft EOS way hard EOS AARTY
meladnglusinany K+
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6.4  HUNASHNIAAINVINNVBINTITHNABUNIA KT

INNSANIAUNATULIAAINYINVBINSAREUNIA K Hifguiuileidunes
WEUAAINLUIN MNMTVUVOIENG +35 Ni Tisefundan 1.93 A GeV ﬁagj
Tugeusiing —0.69 < Yem < —0.54 ,—0.54 < 9, < —0.39 1A% —0.39 < y,, < —0.24
muddu fualinsiwesnsgnu b < 4.5 fm laglduuudiaes QMD Weneaeunns
sauazlisindnd KN asluaunis soft EOS wag hard EOS wuindvnswavesdndves
K*+N wagldauns soft EOS awvilinansduammamguijaenndesiunanisvaassi
lpannvieuuins Kaos

IINNIANYIAUNATUNIAANVINVBINTANBYNIA K Fiieuiuileituves
WALV MNMITVUVRIENT +38 Ni Tisedundsnu 193 A GeV ﬁagj
Tug9usAAR —0.69 < Yo < —0.54 ,—0.54 < Yy < —0.39 Uhag —0.39 < y,, < —0.24
aadu fvuslvinnsiwesnsenu 45 < b < 9.5 fm laglduuusdians QMD e
nagaunITINkaslisndng KN asluaunis soft EOS wag hard EOS wuinavsna
YoIANGV0s K+ N wagldaunis soft EOS avilinan1sAunavaguijdenndediung
mMsnaaesiildanniesufiAng KaoS

6.5 NISNA o LUYDU

oyna o wreuduoymaisTeuuusiliafoswazdwlnajaraaneililnesy 2 i
M m, Wy T, Seanauiefuadeainnumuiudisiy Swesarui o weou
p19fidRegldluanisvesiuedeaiiaumuutugs fwrngmsniiidudsihinauls
pgsBdlumsAnumauAsuulanmanifves o weelusinans swided 1dnwnig
AR o EDUIINAITVUVDY p +2° Ca uaz p +2°8 Ph FNGHY 1.5 A GeV wans3ve
WU Mafn o weeu artufuiawa Wemalaniutuazdwmalianniaiarananis
Andnunageuiidnfiuty veninidmuiinmain o weeulufAseiidnsvieni
Iuiﬂimauazﬁuagﬁuﬁaﬂaﬂq M3fn o weeuiinsaaneslufinansifiaumutiugs
viliAnnsdeualunanad  Fsnsideunaainsadunaldananiusaaineves
Alwoouidslignaandulasiandesunindon  uATeddlifuidnmdumaginung
o (p+2% Pb) Jo (p +%0 Ca) w04 o weoudisuiuilsidureunandifinsdousalily
ymanasi Tuanzuedeutuedesiifianumuiiugetu ewnddldll wanimeaes
MSNALAENTIA o LugeU Lﬁauﬁ’umﬁ%’aﬁjsﬁmﬁ%’aﬁmaL"ﬁJuLmeqLﬁmﬁu%’aga

dmiunisneasdluvieslfiinissely
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n1sAne1RaulyveIUfizesendng = uas KHK*

6.6
Y I a s aaa = ] U a aada I v a aada
LQ@MISU‘UB\‘Iﬂ'ﬁLﬁ@ﬂVﬁﬂLﬂ@i%@ﬂﬂgﬂiﬂﬂ@ﬂLU?‘EJ‘UL‘VIEJ‘UZLI@@‘WWUG]LLaZWU’J’maG}‘Wﬁ‘W]

999 KK+ fifnganinves = wazuwlsmudafnddfives = dufeausald KK+ Ju
n3nNesueINIsin 2 luufisen Ml KTKT azanunsonsianulanluuuduyssann

0.3 GeV/c
dnsu = dallvgiiistuanuiisen prau dursdlusuduuszana 0.2 Gev/c 89
Youn N ULUUANYDY = ViLﬁmmﬂUQﬁ%m 7+ p Tumnedaianalnnisuuis 2 laensnse
Retn %ﬂmﬂgﬂLLammau:«aﬂme«j’ﬁmuﬁ%’jwmmiﬂiz@ms‘qﬁqLﬁmmimzﬁamzmm 3-4

3 a = a
asslutinndgaugund
aunA = Ngnuinenvgnaanauluiliedsalgugiivseaisgnminenassluiiieies
nRgniTuegfuluuiuves = lag = dnlugiiinanuf)isen prAu anunsanioui
TeanluiAu 1 Wuiwnsnaunaziinn1saasdi Humeanusainnsdvuniegilalusses
TaivAu 1 Lﬁ?juammmmﬂwuﬂguqﬁ
o dl' 1 dy I3 1 d" d' 1 [ d' [ I3
nseuaeulunnggluunilagiludunilsiasatislinimeasaieiulawes

Tndvavasionnass PANDA 91 FAIR-GSI du5agaaale
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AMANUIN A

BASIUANN waz AdALY

(Glossary and Keywords)

ngn1seusn¥ALLUan

Strangeness conservation law

ﬂi’e]“U"UE]Qf]‘LlEjﬂaNll'la

center-of-mass frame

ASLLAUIIDDULUUNNLADS AN

the baryon four-vector current

NAUAGULUULNTS

the Gaussian wave packet

ASULANTIUTBIAULUEAN

starngeness enhancement

N1INTEAURUUAY

string excitations

N15NN589-VL1VBIUIIULTN

the Brown-Rho scaling

nsiAnlneoune

pion multiplicities

N5V 9 89 9

fluctuation

ﬂ’]immmuq{mi}pmﬁ the vacuum condensation
NISAUANIN restoration
n1sAAUteyan the minimal coupling

= A ca
NFLARBUNLLUULNSH

the Fermi motion

7l




DASIUANA waz ArdAgy

(Glossary and Keywords)

N5IRNENTaYan1aeUNIA

Particle Data Group

NTUANLAIAIND

Frequency Count

ﬂ’]ﬁLL‘\]ﬂLLQQﬂ’J’]Mﬂ’W%L%u

probability distribution

nsuanuUSgimaaned

the local phase space distributions

AR SLESY

parametrization

ASANANLIATITILALT AN ANV ULDS

the spontaneous chiral symmmetry

breaking
5% iteration
AIWNU representation
nsuaned Pauli blocking
AsuUaY transformation
nsRunaulanianan the time reversibility
NITUNINTZAE propagation
mMsanrduredinosy the pion ladder
mMsideuresuna mass shift
NTITRIUNIAN the time evoulution
nslraniu antiflow
NSLAaNIUYINg The tranverse flow
nslranIuluISAdl The radial flow
nsnalgnes the elliptic flow
nsiviasau Collective flow
Gﬂ’jul,’gm time step
Yadnauwuualy the classical limit

%

AMUNINUS IDRUUTNTUAULIA

the mass dependent resonance
width

AULANANNVDINIA

mass splitting

Autaztdulunise

blocking probability

AULUAN

Strangeness




BASIUANY waz AdALY

(Glossary and Keywords)

AUVUILUUYBIBUNIALAEY

the single particle density

AMUAUILUUUNS DO UIALNANS

baryon scalar density

ANUTUILUUUS

the phase space densities

AU LUUDUATAT

the interaction density

AMUNLLLUDUE? the saturation density
AAIAINTTAAIY coupling constant
lAwSuuA covariant
Sevlvsesuduina the mass-shell condition
AUAENS kinematics

YDA vertex

N cut-off

A1UINTOU neutron star

Talaunou dilepton

UOEIAU array

N W N5VUAUUATY the classical transport theory
VO WANITIUNIU Perturbation Theory

NOUYNTTUNIUTILALTA

chiral perturbation theory

No U veITTUUAIng

N-body theory

lgnees regularized

Vi dunnmsgnu normalized

U TAIULIIVOIEUIN field strength tensor
uantu off shell

Uu%ju on shell

U1300U Baryon

LuUIandlaLsad e

effective chiral model

LUUINaIRnu1 lalLT Ly

the nonlinear sigma model

WUUDRDINAFNENSVDIVDILNAT

The hydrodynamics model
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DASIUANA waz ArdAgy

(Glossary and Keywords)

LUUNNPBS-ALNAS-AUANNSANUNR

the typical relativistic-scalar-vector-

type
UAsen reaction
ﬂis%’lﬂﬁ‘d%ﬂﬁlﬁ\lmawwﬁ the local phase space population
Usiluna phase space
Y3nfifiuladan Minkowski space
Usniivasy free space

Jaymanuaenndodlud

self-consistency problem

NAAMAT the direct product
wafildvadlaaunay the dilepton yield
wafilalnes the total yield

NAFANSAIDUALD AT

Quantum Chromodynamics, QCD

NAFNERSAIDUALLTLTATOU

Quantum Hadron Dynamics, QHD

WamanSdaAtauRNluaNa

Quantum Molecular Dynamics, QMD

£z
LYY

WamanAIRURNLULANATUFUINS
AN

Relativistic Quantum Molecular Dy-
namics, RQMD

£z
[ Y%

WaranAIaURNLULANATUFUINS

Ultra Relativistic Quantum Molecular

ﬂww%uqa Dynamics, UrQMD
wamam‘@ﬂmaqamuaﬁ’u Classical molecular dynamics
WaeUlus7 self energy
WITRDINITNTZNU impact parameter
TnsnLnmes propagator
flaidurnpanmdou the error function
Wanguianig eigenfunctions

Aangusanasuanly

the corresponding spectral function
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BASIUANY waz AdALY

(Glossary and Keywords)

NIAAAYINY cross section

NAFRYINNITHES the production cross sections

AafmvInsRAnTiTuTUlelradu the iso-spin dependent production
Cross section

1817 pole mass

waLdouaN running mass

iaudsiUAsy invariant mass

VPR solar mass

Tutusiniuutyam canonical momentum

NG effective

giun3 unitary

08 trace

WINAR rapidity

39U routine

wseasnesuiTuiuTa iy the momentum dependent Skyrme
force

Qﬂbl,‘l/\l fireball

nanes Flavor number

WY loop

ETAUBANATOU electron storage ring

Fndannzd the local potential

AndiTaues optical potential

Andnnmesusinaniniy the electromagnetic vector potentail

Fndainansiade average scalar potential

anansiney pseudoscalar

anansuuulasundg Lorentz scalar
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DASIUANA waz ArdAgy

(Glossary and Keywords)

FO1ULLANY eigenstates
A0 ULINUS coherent state
awade mean field
annenla compressibility

AUNITANTUIN LU UFUNNTAIN

the relativistic transport equation

GEUANRI NI

equation of state, EOS

aunnsaniusnebeaes

nuclear equation of state

audRmilauiuyniienig

isotropic

anupsvedlalwatu

isospin symmetry

& ca 6
AL D INLNDIULUUR

Slater determinant

a a sa a a [
da15uNARYINAUUBUAD

spin saturated nuclear matter

andunus correlation
GRFRL) three-body
p9AUIENDU ensemble
287U chaotic
IRTNAIUNITLANA? branching ratio
JUATAIYN interaction

DUASNIYIVRARLASULUUR NI

the local Skyrme-type interaction

DUNINSYLUUNAEU

the short range intraction

Tolwatudnan isospin singlet
gflalaitou Hamiltonian
lawessou Hyperon




NAMANUIN B

N1SANYINAAIFAIVDINITETINBYNA

uwdanlunisyuvaslasauniln

qum‘ﬁ%ﬁﬂmﬂmﬁmmaqmﬂLﬁaauiumisuuiwdwﬁamﬁaaﬁ’uﬁamﬁeaﬁwﬁu
wdsuunan laglduuuiasmanmaniaeududsluiana (QMD) teAunanuausH
vasgansanseuluanuzTauLasuwiuin gy aunisaatusnisiiuades (nuclear
EOS) Feusmiuiifanuddgannlifiesenslumaidndvosinndesuareunia
Wit wedsdiruddydmsuiandasemanssnae

fnsdetedanninnaveseynirsnsoulugasiuniefinvedauuaneianning
vosuNnenseulul3iidasy (free space) wazamnnsfnuilaelinamansmousy
\Balasly (Quantum Chromodynamics, QCD) WUSBITBENITATULUUYBIAAIIIN il
aymelvluagaina  Swandiifuinssuiumsnisunauueaddausafiintues
7l

Tuan13 GOR (Gell-Mann, Oakes, Renner) [76] NSATULUUANYINTA(the vacuum
condensation) 9U5n4luaNNTTBINIATBRUN A LNE DY

mif? = —%(mu —mg){uu + dd) (B.1)

108 m, Wag my ABIAUNRYEIANSNLUY u Waz d MUAIRNU Ve [, L JuAIAIng
aanemvedlnoauilawiniy 93.3 MeV uag (uu + dd) An NMIAIUKUUTDIAAIIIN
Tunsdiveseuniameeuaunisveunaszleulaly

my fr = —%(mu — my){uu + ss) (B.2)

e m, WNAUNATEIASALUY s lAgN1SAIULLLYBIAASALUL s Azdlvuaii

AU NSAIVMUUVRIAASAMUY u vi30 d ((ss) =~ (uu) =~ (dd)) Faflen
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a

Uz (2304 25MeV)?® [77] MIAtusiuYeIRainagduiuaumuiulaga gl

U

YDITFUU MINTEUULANUVUILUULALRUNNTEITU MIAITULUUYBIAANINATANAT Lo
ANalTAANIIAUANTNVDIALLIATTILALTAUNEIU AUNUILULYOITEUUTY @090
ilindulalasnisiiinvesinwiuiierdesulugyainie dezviibiAanisilasuniny

v 6 |

VLA SlRALATAUTAREUANUTTUS T8I IAIULLIUTBIRAINTNAUAINY

nuUU (p)ladadl
<qq>p —1— ETK’N
<QQ>p=O m2 f2

= A Y a a  a &
Lll@W]E]lW]LﬂEJTU@QﬂU@Hﬂqﬂ%ﬂQJWIW@@u-U'Dﬂa@@u [78] Q)

p+ .. (B.3)

Yoy = (my +ma)(N | Gqg | N) = (45 £ 8) MeV (B.4)

108 (N | gg | N) Ao au1Bnuesngiinaoauvodnuiuibiuaisnbuuanans

luvhuesieiuaglannuduiusseninamsaiuwiuvesdaninivaamad [79, 80

(qar _NJ%_l (T)2

Tl N; A9 wuna1es(Flavor number) MNEBIAUNITTIAUNUIINITATULLUY

1

Y9I INITARALITEANUNUIMIULATRUUNTYRITEUY  HALTY  vilinisAiuaniw
YosauNIn e lawsaliuiliunsfingulaas msmusiuUisuwlasiiowihlnindng
dlnansiade(average scalar potentialfidsnaludssnaseuludinars vilmAnnisideu

a

Y991av9g1nsauNLAnadlUanAluUS N Basy

U

o w a

N15LLUSHULNIATINTOUNDNVAINADUTNANP UMIULNNAGNTRARYS AL TDUS DUAY

o
[

yiueEann Moty UiATeiAatuluanimseuneutron star) 91aiinn1s
anasvennavesfeymanoeu K egnanawiliAanisauutiuves K- fiaany
ynuLugs dssalitimsudluinavesamiinseudy 1.5 wheunagiozsolar mass)is
Jueniidenadostunisdananiansienans [1, 81]

dnsueunialwooy arhifimsmuniuAntudesinmaduluseu wulnadalay
[82, 83] nsinansdinmsdsusdasiiavds  wasiermssinsaaeivedlnesumy
W8N A1IA1380-U818909UT1IUL(the Brown-Rho scaling),

fp) (@), \"
flp=0) (<qq>p_o)

AItUANNS GOR d1usulneaudinsldls wazulalwesulusinarsazluiinisiUasuulas

N5anaIveslIasnsaulusInaeinlauuedy (mean field) Ninseyvinnusnsau

14

Wagull Weawuadgludnaralisuliaudfanusanavinevreteinsouniinduainnis
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yuvaslepouminfaziuasunuluig  fusanusondeyavesindlusnarsvesen
aseuldnmslinneivinanialddsdinmile  mavdsuauiRanzanvngvess
ATOU

Tumsvuveslossumiindisefundsanuuiunaisluzig 0.8 - 2 GeV siafhndosu azde
IﬁLﬁﬂamiﬁaLﬂﬁﬁ%ﬁﬁmwwmLLﬂugjanzmm 2 89 8 Whaes py B9 py FB AL
WUudLE (the saturation density) fifUszanas 0.16 fm—3 Tnendsnulugredenanasd
AlndiAsavtesnimdsnudnGuveansaiseymaiaeeu K+ dmiunsvussnined
AROPUDATE

nsai1seymAssungsuinImasLTaBududsitaulademnidunsiy
futneeeuanninfniuldannufiteiidaramuutumags Tnewdsnuiimeluenald
190 MsiARRUTLUUIST (the Fermi motion) Yesilandeau v3e 9nnsavaumds
anuiuﬂﬁﬁ‘%mﬁﬁmma%umau Favaesnszurunisi WldRasanavesiuifiudey
sUlufnAnmindanusinindidaEienng uazanmseyintanaulanszyi oy
mameouiiintuarligngandulasinndesuseu  esnluaansiuadesounain
pouliiadindouszanal 7 fm vilifulanumnzauiieglfiduedosdielunsinany
muuvesgnl(firebal)fintulunsvuvedlonsunth

uaﬂmﬂﬁué’umﬁ‘%mﬁamuzq@ﬁ’]EJ U N1INTERveLARRUiUTIAGRRULUY
fomgu vie mauwsnszargludng eziadenisindeud udeghifinailalnesathe
total yield) fufunisadieynia K+ findsnusnimdsnudady Wuedesiiely
gaundeg mildumsinmumnuuvesaniuriiuedes nanfetislunisAnwmanns

a a sa 1 ! a aaa CY 3 (% %
anuziedesnanuvuiwiugning luuiseveslessuninduduinsnin (8]

B.L  wWaAanslAEEUAYaIaYNIALADDY

audfveseunanesuluaanseaseuiivuuuiinnuddsonisharnudila i
msﬁuaﬂflwmaqammmﬁmlﬂLLﬁaLLasauﬁ’aﬁuaﬂamiﬁfsLﬂﬁai‘ﬁmmwmLLﬂuqaLﬁmmﬂﬁ
funanduivsnm  aunuedsvemesuilasaiaduwuunnmes-anas-duivsam
Unf (the typical relativistic-scalar-vector-type) dwiuiirdasuazilasadnefiunn
WaAENIAIDUALTNEINTOU(QuUantum Hadron Dynamics, QHD) fauandlu  [85] n1s
wenvesawLdsildlnunssndivesanatsiilunadnauazdiuveannmasia

[

Tuluududea Fahlugsuuuvenniandaseluaasiunies (89

PMNANTUIPURILALTE aunITaRINdnsy K milaainaunisessiass-a1nsiu

85



%

86, B7) leisil

0,0" + 4?;; jud 4 (m — %pswﬁ () = 0 (B.6)

Tuniinsussanuduvauuaeligniuld lae p, Ao AnumukduUITeudELNa
15 (baryon scalar density) j, A9 NIELAUITODULUUNNADSANR (the baryon four-
vector current) kag £ A ArpsdInsaaaveslnesuluiinals wazmrusdnenoau

wuunneasiiu
3 .
vilianunsodeuaunisi (@) 38, B2] lewlu
(0, £iV,)? + miZ]pr=(z) =0 (B.8)

aauanunnnesgnldlagniserutiesgnlthe minimal coupling) Wluluaunislagu-
nasnau(the Klein-Gordon equation) Way 990 [88, B8, 89, B2] e uNTalULIAY

NAYDUADDULS

my = \/m% - z}fgvps + V,Vr (B.9)

Wenndnuwasanizvedagsuuulurey @y 1) MIanIUTeEuNlisEnatsivua
[ a 1% = LY a 1 i o w = A A = LY
wliiluivudaduviiouduuntesy witzegluguidsaesiasimeniiieiosiv
auunneefiufude  wnaveseuniadmansdassionlae B Suanarfuuy
lalsund(Lorentz scalar) wagdldnssiuniaves K+ way K- lugaisiuedesnds
padUsznausutsasdndnnnesarlll vV = 0 wavaunsit B9 awgnangy
avlufauanduenanssnsds  [8d, B7) edlsidlaeiiluudraunisi (.8 aveSue
vy ¢l v & oo & 1 <@ 1% a =~ a
auUAlasundggnees Fedslagllaunsaiulannnisfeauuaioneauniuung
86, 87, 90, 91, 81, 92|
aunslaniseudvainsiadeunmialulindauuuatu (the classical limit) 11970
auN1s NS UUELRSAN(the relativistic transport equation)vodlAsay LA
‘ﬂl o a U U o o U a ¥
vnaunsi B8 lwhussieafuaunsduimsnmuasdwiuuiioou 38, B2 aslé
Ju
dg* ko dke ke

= =L F" L o*m? B.10
dr — mi’  dr mi o ( )

Tuiil ¢* = (t,q) Juideluu3gafiulaiai(Minkowski space) uag Fr = orV” —
O'VE An IURIANLSIwesEuU(field strength tensor) ¥89 K+ @ wsu K- @unu
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NAMBDSIUALULASDINLNY @IUALNITNISAADUNLTUNIDULAL IHLAREY — FP Ny

Frv 1A598319999aun1s (B.10) @'ﬁ]@\‘i’]Hsﬁu%ﬂﬂﬁﬁﬂim’]LQWWS@QﬁUﬁSﬂ@U‘U@WﬁLL‘V?‘L!IQ

dk” mi omy _ ovV° k' 0
— == £ — x (7= xV 11
dt E* 0q * oq E* x (8q < V) (B.11)

Watpseaineteuulddmsu K+ uazeseawmuietdeanslddmsu K- weunidudadiu

AUBIAUTENDUNIALAUIVDIFNENNDST FUNUILLUUANBAZLNEITBINULIILASUND A

weNgnvnevasaun1s@.11) lneusslaztuiueudi(v = k'/E*) Jadudnuazvoma

ANANSFUNNTANALAUINNNLHDTUWAELIVDS
v a aAvy v ¢ a €
DAUN1INSAREUN lanandndating [32]

by
U(p, k) = w(p, k) — wo(k) = \/kz—l—mi—%ps—i—vfivo— \/ K +m2  (B.12)

=

Aa v ¢ a I a ¢
%QLW@NW@JaﬂUmgsﬂ@QLLiﬂiaL"iumf’ﬁ (LF) Q3V781U m‘i‘wmimﬂLLUUIMI?]QWL?HUG]R]%

anmuualaglumuRuLuUUYgR(canonical momenta, k) WU UALWUU

o

&

warnans(kinetic momenta,k*)lagaun1snisasuinatsdu

dk mi Omy OV Vv,
— = + v;— B.1
dt E* 0q + oq Vi oq (B.13)

WeoAuisivesAeey v = k*/E*
iialiaenndasiuniseusnendnuaglumwiy  aslsuteulissAuduinalthe
mass-shell condition)(@) Tuwenvaslumuiuu Uy R

0= kZQ —miE = kz —mi — 2mgUyp (B.14)
! o
1 25—V,

5 k) = -2 —k, V4= B B.15

Um(ﬂ: ) s+ M uv + O ( )

luniliszen g = mi —mg 91 WauTluRveIAsaULUUAINATS(the total scalar

kaon self-energy) Wag {Wown U, Wuanarsuuulasundignuuindilulumnading

mx(p, k) = \/m%%—QmKngt(p, k) (B.16)

[
Qe L2 U L2

FanualiuusuluuUydAuuseautuLIe Al

0=Fk?—my =k, —mj (B.17)

Tnefeunan Mg LUu dnans unnenean mi Jadieulanuaiadusn (the Dirac mass)lu
NIUVITINRDOU MMk UUILTIDIFNIITINATIIMUA (the full optical potential) uag

[ (Y] [ N Y [ G4
dAAARNNUNANTUY w VIIQJLMUG]ZLIL‘UU@UEJ
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B2 msluaswuauma K+ angldwarianslainEeudiaeay 33

YUVBY BN +38 Nifindaau 1.93 A GeV Inglduuusiaas QMD

AnwmAmsfiwesnanimaaeinvieslfiinisveangy  KaoS Collaboration
(65, 32].

Gosmslnasiy ves suma K+ meldwamanslanEeueesy 9innsvues
% Ni 458 Ni findadanu 1.93 A GeV tlevmisifined lunmsiwmunisivasuvesoynia
K+ aglanamansiannSeuaesu tngldiuudiaes QMD

Snwagresnslvanvunguvesdioumanoouiiistuniendinmsmuudsd iy 3
wuu [22] fie

1) Aslunamanss (direct flow)

vy = <p—> (B.18)
Dt

A5AWTULIUALT LWL X

Pz

nsdesnulauusnluluIL y

pe=\/P3+ D (B.19)

Y = Yem (B.20)

yproj

Dy

4

Yem = W3MAATRLADDUIUTTUUAUGNAIR

Yproj = WINARVBUADDUIUTZUUNTOUURURANS

2) M3WaLUUIs (The elliptic flow) dbvidveseuniaipiouii1vuivegluwn z
WagsTUIUNSAnUfAseN (reaction plane) agluiun x-z uad N1strawuuIssazgn

MUUALAINARIIUDINIAIADIVDI LU UALRIULUITINTULLL X Uag Yy
. <p§ - p§>
2 — S ., 9
i +p;
3) nsbyamuwwisall (The radial flow) Tun1syukuusiugagudnats Fansiimes

nsnsgnudiandumud azlununislramurnuasnisirawuuiss SAusiieants
Inanuuuaal

AUEAYveINIsIvaLUUNGIAD  mniiaUTINgnsalaninngeaunatauagyinli
a L% = ] IS dy !
WNSEAYUTDIAIUAURNAY LUBIIINDIANVDIAINLES (degree of freedom) UHNVU AING
W nislwawuunguilosas waslomunaanuuean ssulinlumunsmaassy RHIC

nshranuviaziicmanasluvaeinislnanuuisasiengady
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AANUIN C

WUUDIABINAAENTAIDUANIGLULANE

wuudnaeanaransataududaliana uwvudaesdmiufinwinisyuves
lopouwiin  AfaunanuuudaesamansiBsluanauuuatiu (Classical molecular
dynamics) [93, 94) BawvusaesilifunguivessruunatengN-body theory) T
JoyarammesssuuamnsdwnildnmsaastesaumIgyauuuvans

o

WQ(N-body Liouville equation)

Wnsmwaasausavilananeis MNNNTUILUIAAUD S Boltzmann-
Uhlenbeck-Uehling (BUU) #3898 Vlasov-Uhlenbeck-Uehling (VUU) Faduns
ARPIUNGU VMU INNRL AT 1ALIIIALABIRANIUALLILAL lULUUANYBIYN
U LAIFIUNMTTTAININIEAT (the time evoulution) VBAUATNTAIUNUILUY
vawmaneing (the N-body density matrix) WA suasaiiafiazm
ﬁﬂLaﬁamaqnﬂﬂaqﬁUﬁzﬂau (ensemble) WU @nduNUSNISHEL (mixing correlation)
IGE ms??uﬂam (luctuation) s¥winsiAazesrUsznou agglsAmuaNaIsalunis
NUENARI99YBILWIAALUY BUU Lay VUU aggniniauAiieenisdunaingiiag 1 oy
Aty

Tunuudnaes QVD aeiidnvaddyuisussnismimeudulagnsundily wu nns
yuszmininfosurndusuulaned (Pauli blocked) nanfte n1stuasfintuldise
Soluinlivia  Tanuzmeuduiidvitey  vhliihndosuiinszdduausadasey
asodld uenantu wounAganiansuideayliannantsuenisduiusseinaunas A
fumfiwesnsnsevuld  TuReisnasniuiivaainidsaesuesueundganisnseide
Guedisatunisusnuaseaagifuprobability - distribution)wiiiu GRHEGEHIOR
wazmsrnsiunssudsiinefesulutigfvladifimadneseunsesuisdiuazgnanlag

WNIeEds FensAawuuiinangautinisiundulaniaaan (the time reversibility)
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Ly 1 @ o o 14 [ 1 [
Yosaunskuvaty  eglstiuuiaslldtlinamasvesssuunaeinglaglianguiu
wuuingiiekaylviveyavensITmeavesEvduiusavun

LuuaessEiuganssalmaifidnvaziduluueaiu (chaotic) Fagnanigaluuinl
wanegAniululsglimanisin  Ar + Ap vgosnuuudnmadagduilanduvesiial
wenanuuluszuuAeududtliaunsaimuamfuueuvaniwesnisnsenuln
W1 Ab > h/AP ASULNIUNIZUUIHUNITITNDIAIIATENU UUUSNaTlTE
fusrensdendunisiasluuduvesazoynaiiuwuudy Jan1sdiassaniusnisal
nsvuvedlessuntnlagliiuudiass QMD dulzlidesd@iuiidfgae ATENAUYE9E)

= o v U oa o & av ¢
papaunIvuiuiindesuludmvung waensiintnieavesseuy Ay + Ap

A5 UAY

slenFeuiisuszuumousiufitutunaiwesensvisiien  (the time-dependent
Hartree-Fock, TDHPffussuvawmndsuuLatuvenawen (the classical Viasov
mean field system) I5INUNEANNITITRUNIINAVOIANRUILUUNSTIARYS dusu
NEUTBETNNNT 25 MeV dofhadesulidieumiioutu Vel @auzisudues
MeeossruuLanaeiy nefinnumunudubuduaes TOHF fuwinen damnesames
fuuud (Slater determinant) luvaigfiveniameniFuaninnsaneymaiduganszas
pguuvdnlunsinansall r = 14443 fm aenafesiuAUVUIL LA TN NTIARYS
Unfifl 0.16 nucloens/fm?® annuafildvihlianunsaasuldhindsnuiseandoanes
flatdupdudnafisadnioeronisiiatimaavesaniilnesinvesaansineanizogns
fefuaumalismilseynafisvihnisdains

Tuwuudaes QMD UsiazliAfoauILkNUMEEN UL DINUS (coherent statejluguvas
(19 1 wag ¢ wirdu 1)

S explipo - (7= 70)] sy
V(7 o, 1) = (23@)3/4 O = (F=)*/4L (C.1)

= = [ & d’dy [ 1 = 1 .
We 7 WJugudnansivuiunaivenduaduwuuinid(the Gaussian wave packet) lu
USnfifiin (coordinate space) lngAnuninmwesaniureriusasiiutuduileiduves
Y A 1Y a 4 a (J 1% < 1 =
VaNIInsuHmEaNNSYseRNesRUUTATY TukuuTaes QMD AuNIe L 1Tufad
nnefaslloygsnlaiinisnssaevesileiduaiu Tasdunidinduaaziinisnisnsgay
Tudsgindalaeduilsiduveaa A1 L = 1.08 fm? denndesiusinmaiasdnieves
Smilthadeeu wenaglnlnalfusiungufnisvudsiuuatiu (the classical transport the-

ory) Wazts19zUAUMUILLLLUUINIUDS (the Wigner density) Wnuiiilandundu laenis
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WUaawuUIniues (the Wigner transformation) vesannugeniusAeguwuundluyial

ANawazluLIudy UuAe

- = 1 7*_1,7 F—i_F * 7:’_7? .
f(rapat):W/e P 12¢< 5 12,t)¢ ( 5 12,t> d37s

ANNVURULANUBSHUUTANE NG Lﬂumaqmma (the direct product)¥89AURUILLUY
ANUBSVDIANIULDINUSANDAD UL

N
1 IRV S o y2
N/ - g g g — 7 =T 2L— i —Dil 2L
U PN DL e DG E) = Hwe (Fi=Fi0)" /2L~ Fi~Pio) (C.3)
=1
NSUNUINLUDSI(the Wigner representation)ﬁumﬂéjmﬂﬁuLLUULmﬁ%ﬁaﬂaa@ﬂﬁm
muvanAulibiuey Ar,Ap, = h/2 Wneanuvuiduluusgifdaaunsamlaainn
SAUNNSA LU UAUUUAMUAUILULINLUDS

N
p(Ft) = 6(F—7) / PN PN Py o P ) AP AP T dP Ty
i=1

|
=2 G (C4)
- m

miLﬁaﬂquéﬂmmq Ar+ Ap LLUULﬂ']éims‘i‘%?jﬂuﬂ‘%gﬁﬁﬁmLasL’Jmﬂ?uiail,ﬁmwaﬁ
swdhwatosnmssihndooulduuiiome  eswinnstunasy illavduinuIu
Srtailiadsanuziiuvresiundoauiazaisanusfignnszduiiaaneflasanddos
Thafieeu naniithindsaaiosuaniieainuuvemsanuiianiuzgnnsyduazadlils

anuzlanz(eigenstates)voseniialaiouazdonnaosnunananuliiiuey AN
wUSUSIUDY AzAP, GuEN‘W@ﬁﬁi'fmaww(eigenfunctions)aaqmﬁagﬂﬂé’ﬁu LLANA
ffu h/2 nemeusazszduanBuUiuinses h? lulinionna dravuvegluaniugiiy
U3ilmaasgnidnegavuniuiuisiaiantuligiinidawaznan  lagliivesirande
o¢] dellifoaudRvosanuriiutiues naduduresanugiiuvasiuaiea A duroudu
sideafvuaiuisesthadeeulunsnauiedl » = 112413 fm Inewdoniavguii
33azizmﬁa@uéﬂmﬂﬁaaﬁuaqaaqﬁaﬂﬁaauﬁlﬁﬁaaﬂdw roo=15 fm ludusoluiduly
smuadnganed (the local potential) U(r) ﬁLﬁ@ﬂﬂﬂﬁaﬂﬁaauﬁuﬁ@uéﬂawqLLUULm
4 Tumusiweanlsinuuiamedl (the local Fermi momentum) aggnrmumlagaim
FURUS pr(ri0) = /2mU (1) K10 U (1) ﬁawé’wuﬁﬂémaaaymﬂﬁaﬁ i %’jumauqmﬁw

¥

LudinvemnauNInlzgnguAsEninaudfselumuiuveasiuuuianen vl
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lﬁi%’ﬁwzjumaqayﬂﬂmﬂmﬂﬁiﬂé’ﬁuﬁaaﬂi'] (r — 1)2(ps — p;)? = dyiy TAABUNFUE
fivaniduimiiuresnisBuduvinduiiannsotuldld  aelddouluveant ednsls
AnanildlunsAuauursuinnesiddunindlefeufunaivesnsiuianisuns
e

N15UWINIZIN8(Propagation)

TedeanldimuatoulnsBuiulitdazgnifinanudlmladmiulagld
ANIUGIVIAUINANNIAUUUIAAERSEUTMENMN (relativistic kinematics) Inaudnan
yosoymafitwulazeynavaneazindeuiinuuuiigaedauissr ozl 2
fm Geinninveseymadiruddoseyniaidiming Vadnisfisnwaruniises
id@deulined shilfasitaninmaiesnisuanuasing A gaimuslagnsiadoud

VBULUNTOIRVDILMAREU (1o, ) TINTVENBIRgdUTIwI(Poisson brackets)
Pio = {pio, H} = {pio, T + U} (C.5)

LA S
Tio = {rio, H} = {ri, T + U} (C.6)

Uil T Aandsuaall hag U Aonaseusineedtimdoauianun 91nUuIsmItaLeas
a Y o’dy ¥ =) aQ o 6 6 . . .
YosauNsdaeyiusilalagly sAunmsmusiusiuueegaes (Eulerian integration rou-

tine) idunatime step) (At) Al

1
Dio(n 4+ 1) = pio(n) — V., U; (n + 5) At (C.7)

ra(n+3) =ro (0= 5) + G St Tt (0= ) &1 (€9

sumevamaernsnserilireufuludunsiseuuuaeuaranutng  Sududeui
mngesmslinmstunasquazandumudaEnm  iesanszuuliussneudiesuns
ASeuuuiidodutthe  short range  intraction)szminsinadesuildnSuiintouse
audilaesanvesszuy  \Judunsisewdeaisuuuuenziithe  local Skyrme-type

interaction) WagIAANSUATTIMUUNEDE1ILULVEAIN (the long range Yukawa

a

interaction)iiiaNusndulunisnaunuiin - uag dupsnsguugaeuy  (Coulomb
interaction) ¥lva1unsalsusunsnseanalaesiulodu

Vtot — Vloc + VYuk + VCoul (Cg)
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&

Wiowpasinaukanalaeall

Vi = 1,5(r1 — ) + £20(ry — 12)d(ry — 13) (C.10)
—|ri—r2|/m
|r1 — r2\/m

108 m = 0.8 fm kag t3 = -6.66 MeV FIN1510mosStaItasyilisnwan mnuRI taeaes
Ala

WANIUTI H; V090YN1A i LTUNATINTBINAINUIAULaS WA UANG

1 @ 1 (3)
Hi:Ti+Ui:Ti+§%:Uij +§§;Uijk (C.12)
JF Jk#i

&

10g 7; AONAIUIAUYDIDUNIA i AIUNBUFVRINAINUANGUaRalARl

U0 = U7 =% / fi(ri. i) f5(rj. 2y, OV (1 = m)dPrid’pd’nd’y

J#i J#i
2 2 2
= Ui(lo)c + U'L(Y)uk: + Ui(C)oul (C13)

iloc —

WaANUNILULSURTATYY (the interaction density)p(ryo) AD

| o
plro) = gy 2™ (C.15)
J#i

AL LEURsAseTiA Juaeainrennuniver kLY N 1A

\Ren(the single particle density)

2) 2
J#

L/m? L B
— f3y eroim |1 g (YE_ 1
o Tij/2m m  2VL

- \/Z Tii
_Tij/m — - v
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Tl @(z) Aeflsidudrrainmdoutthe eror function) U5, #e WA

Aaeuy(the Coulomb energy) vauziidnguasanuingiile v = 2 Avualag

(3) _ (3)
J.k;g k#i k#]

D S RS RGN W)
3y ks 3, k i, k#j
x VO & 7d*pid*; d*p; d* . d® by

_ t2
(27 L)333/2
x Y exp{[(Fio — 7o) + (0 — Fro)? + (o — 740)?]/6L}
gk g, k#i, k#j
IR Ly
S ey Do ORI o) + (o~ Tio))/AL
Ji ki g, k#i
t2(47TL)3V/2

~ (2rL)3=D/2(y 4 1)3/2 pi (Tio) (C.17)

ANANANLIEVBINAINUTINAD

Lo 16
E:Z[Ti+§Ui + 50 (C.18)

Slodvilfuunansisdunsizonseniniaeauaranuingaudiy
#olUL51AIMAUANISITRDS £, — t3 TngSunnsdanailugansiungesiiuain
nUUAIRD U LUsiunsany p/po 1uam3ﬁaLﬂﬁﬂ%ﬁaﬂuémﬁa(spin saturated nu-
clear matter) %wudwé’umﬁ%Emgm'Na’mi’mqamﬂaﬁ’ué’umﬁ%8’1?1@@5’@@1’7i%145’ﬂ@’;13¢
My DanuRlinnunsduldulsiunninlugissegseninaesing agladn UG
WUsRUASITU (p/p0)? Tedanatiiilisnaansadenles sswirensfmesdnivandd

a =1 Y = = [ a a [~
¥99aa150ARLS LR F9auNTalsudngluaalsiadesiaty

2
Ul — <ﬁ) +8 <ﬁ) (C.19)
Po Po

Andiagiinnsiinesdaszaoiiy Jeansamilaanteulannainimasnudaunieives
gansiiafesianununiuunAlidaiewiniu 16 MeV uasnasusiuleiiadeygai
po MIUSUNIIHmesasiatlazlvmvesan nenla (compressibility)oonime lilefag

Anvnavosanmsaliinamnsadeudndloglusuinly
p r\’
U = a (-) +5 (-) (C.20)
Po Po
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<@ 1 dyd 1 a su o ¥ A A o 1% [ v |dy [ 2
AzuIvaziiinsldndwesiifadily  enazvilvan wenlaagludiuiuus
11U tazdiansafaulasinluiisududngseninstndeouazlain v aae 4 du

U

WITNHRDT o FUNUSAUANEE gAan %ﬂﬂiu%WSLLUULWBLa@ﬂWWQu

U [ @ [ a7 e )
= drm>{ / d3Fp2(F) + m? / Brp(F)V2p(7)]} (C.21)

1uﬁ°§ o ﬁﬂ"l
a ~ ty — drmits (C.22)

ANFUNNSTENING ¢, WAT 1, WATNITIANBS m a]zgmﬂ%’mﬁaﬁaﬂﬁmwé’wm%mﬁm:ﬁ
mﬁamLWJmammﬁ’wmuﬁaLﬂﬁaaﬁﬁagfé’ﬁm F9A £y = 10 MeV uay m = 0.8 fm e E/A
_ 6-14 MeV dmsuiladea A faus 7 89 200 druduUszansidenadoeiusening a fu
{1 WAESENING B AU L 9ILAINAITAIUITIR A

agnslsfmusfosnsiuidmsuBmsunsueetiiqwdy  Sunsiseniitaudves
aosuavauingazgnidhilidndvesvesamsiiunies fadosilfnnuddnyiesan
ﬂﬁamgasuaw%mmﬁy’qaaq%Lfluf\]'%qLawwﬂuamﬁﬁamﬁa% wiilsia3sluszuuiifisnuny
TAdgEInm miamﬂaﬁamwaﬁﬁaﬂmwwﬁﬁma% t — t3 nuaNUREEISHMARYS
WIvaNNSEUESTAAFES IbATIEINNSaANYITIgaERYRANNTEO T UEYNSTLARYS
Fdntuluszuunsvuveslossuninuuusineg  Tusansiuedefesinsususunsnsen
vosdesuavanring intesiilelirenndosiusunsizoniitutunnumnuiiy

Tunssuveslesouniin Taesuil (1) wansBsnmstutuanuunuiige iy

e usiudeaynalugansiaduidmsummimosnunndaiuassn s1azdenyn

mafwosililuaunmsi €.20) wwuanafemnsed €.1)

1919l C1: wsfwesildluaumsi €2d) dmsuaunisanuemsiuadesuuuuds (hard
EOS) waguuuaau (soft EOS)

K Q 15} ~v EOS
200 MeV  -356 MeV 303 MeV £ S
380 MeV -124 MeV  70.5 MeV 2

AnwEYIRndsEINetirdasuausosiudnlaelgdunsAsanvun UL U

¥
a

[95, 96, 07] dmsuanmealansuANsuRssRTURUlLuRLdaz ldAsuLUas
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160 T T T T T
140 — —
i — hard EOS 7
120 — — - soft EOS .
100

80

60

E/A (MeV)

40

plp,

'
s

JUN CL: aunsanuy wansiennsuiuanuvuiiiuvesndsnusseynalugansiiundes 9

a

gauniil T = 0 dwfumfiwesiiunneneiuaasyn

1 1 =

Yanasuluaasiiedes upasinasonamansuaIN1sTUYdlaneauntn Aatulunng

AUl UL anaSUNTUAUTILLUAL (the momentum dependent Skyrme force)

N13IYUY

N15N521399990PA0 Ul uaaNSTILAAYS I UNITVNEAINAUAUILUUAI AT
psuwlamseNTRLLRTNg g [08]

Q

E)=V4+V—2
9(E) =V Ve i

g(E) (C.23)
o Q Av MAlun1swed (the Pauli operator) MinsgyinuudaIuzNliiinsATaUATES
LA e AOWANIUNAD UL IEWINNAN e = p?/2m + p2/2m + U(p1) + U(p2)

o v o

luwuudnaes QMD Nsdnaezgnininninsvuiiazg laglinsyuveseyneaiiou
AURITULULTIa0Y VUU %S0 cascade code [99] aunIavsaassintiagyuiug
srEgvRnanvsesEEr ST sesdveund@dey lussuuaudnatanaasduluny

YDANNUA
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d<dy= /2 (C.24)

™

wonnimiwesildesungludndsenindindoounds aafavesdudndo
ANAYVOILUUTIADY Gl’]imﬁﬂLLﬁ?ﬂ%&J’]mﬁzﬂa@QﬁﬂmﬂiﬂL%E]&JIEJQLLﬁ%%ﬁiﬁ‘ﬂ?ﬂwqwﬁﬁuaﬂUgﬂ
\e3(Brueckner theory) nisaiualutuudnass QMD agldnadinvinsiazAngainnig
LLaﬂLLmﬂ%QﬁLV\IaLawwﬁ (the local phase space distributions) Fanailily [100]
msaeddinannuideninnadinunuasdngtutulssnnsuigiinaansd (the lo-
cal phase space population) melunseuresnsiinininuINdase 151e13ldn1adn
eIz rIunsiummiwesiflomefvnzauaenndesfunanisvaaes Tunsd
fAlsinsrueniadinung ausnssvedlelaliu (sospin symmetry) wagnsiiunduvassian
aggniunly

npRnrsasgnanglduniadinuinedemalaelinisUaned(Pauli blocking)dmiu Tu
WAaElRN13AITeIN13 VLN TN TIRARUANUVILILILUSgTia(the phase space den-
sities) Tianuzaavingnaenndediu ndnuaaned(the Pauli principle (P < 1) %aﬂ‘%g:ﬁ
wavaslunuudrass QMD lilldlideifosluwayagrumilounuudassingideatu VUU
ot lildilsidunsuanuasiiGoutunouiiliviol Ao mmmuuiudigiion (7)) 7
anuzgavne 1/ uae 2 gnin waswdarnuvuneduanuinvzilulunistalblocking
orobability) ¥ildnssudetuldmennuiasdures (1-P)(1-P) uidhnsvulaiinty
pumawaaeilusufuvinAulurouGudy

@NEN59198e 101, 102] lekanansvengnsouraswuudaes QMD tudnsriuey
aasleuuuifiinadiinit 2 Gev e wWusynedadesuslouuud(N) $1u 11
¥ia LagaynIAWanLslawuug(A) 31U 10 via Milinawazauniesnmsaans(decay
widths) 781 N* uaz A dgnuandiilumaed €2 wasmmail €3 mud

smhnadinrnsskaniituiulelsatiulthe iso-spin dependent production cross
section) VN NE q99 A(1232) and N*(1440) agldannienanssnsds [102) Ssluienans
dfnanan wuusaswanasulureunilsialone-boson-exchange) dmiuania
Favnseaslouunyiduazldinan 97, 103 nsvusEwieuseeuiuuI3eeunuy
aeaflagnsanlisneg wu nsvuwuuBengu duldun NN — NN*, NN —
NA*, NN —  AppNY, NN —  AppA* Wy NR — NR Lﬁl’é]
A unuvnAslouuives A figindn msnseidsuuuBangulsgniiansanuuuiien

fueunadugMineades audnumsnddmiuujisesuudangulignanuflmluwwuy
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AN519N C.2:

wanstoyaves N* Miussgluiuudiass QMD leedeyawmarillann wiaves

SlELUUTIAIANNNTNTINLALAUAINUNEINYDINTEANEA I lUMIIEYRY MeV  F9518aziden

uansluenans919ds [102]

Resonance Mass [MeV]

Ftot (M€V) N7|—7r

Aq2320m  Niggom

Ni440
Nis20
Nis35
Ni650
Nig7s
Nigso
Ni700
Ni710
Ni720
Nigoo

N1ggo

1440
1520
1535
1650
1675
1860
1700
1710
1720
1870
1990

200
125
150
150
140
120
100
110

500
550

10 50
18.75  31.25
7.5 .
7.5 15
77 -
18 -
a5 35
22 22
184(150) 67.5 15

- 25
137.5 165

7.5
7.5

82.5

AN C.3:

uwanstoyaislouuunives A Mussluluuiaes QMD Tagdeyamaiillaun

1AVDNS WL UUTANAINUNINETIULALANUNINNUNEIUVDINSTAANUAIUTIEVDS MeV  §997¢

azLouaLanslueNaI59198 [102]

Res. Mass [MeV] Tot [MeV] Np Nm Ajogam  Niaaom
A1232 1232 115 ~0 =) 115 - -
A1600 1700 200 - =) 30 110 60
A1620 1675 180 16.4 (<) 45 108 27
A1700 1750 300 477 (30) 60 165 45
A1900 1850 240 - (36) 72 72 60
A1905 1880 363 (280) 307.3 (168) 56 28 28
A1g10 1900 250 - (100) 875 375 25
A1g20 1920 150 - (@5) 225 45 37.5
A1930 1930 250 = (62.5) 50 62.5 75
A1gs0 1950 250 - (37.5) 1125 50 50
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Wwenfuiudmsuiiindesutastslgiuuduesiiinfosy  AUUAIARAYINKUUEANE YRS
N5YUSENIN NR wae RR QNAMUAIINAIARAYIN pp %138 np LWuuangulaeduiy
U52977% dmnpdnvsesnsyukuuligangy [97) asiiarsanlaain

01,2534 ™~ (ps) |M(m3,m4)|2 (C.25)

Dis

Wle p; waz (py) AeluwuduluszuuAudnatuiavessyMAliLazauN AN lUNTOU
voeAudnanIa Tunsdeynafiinvuduslsuuuiaglan Yigimadesaiouuilenduy

WeatUnesuania(the corresponding spectral function)
{ps) = / p(Vs,m, p1) dWr (1) (C.26)

e dW(, Mnannisuanuaslusiiniues (the Breit-Wigner distribution)

_1 " () dpe?
dWr(p) = (U2 = mp)? + (Ul ()]

(C.27)

dl dll . a & | 4
LAY p AB WIAMABUAIN(ruNNing mass) Wag my AB 1Y (pole mass) @ I'(u) A

AMUNITIRLLUENTUAUNNE (the mass dependent resonance width) Tunseinald

anuzanvnevagluannis (C.25) Aoslowuud AsiuAeieust p; 3glaunn

(pr) = / p(Vs, p, 1) dWg(p) AW (1) (C.28)

A15BUNNTANTLYNUULINLNITAFBUT tne M Tuaunns (C.25) ADauTLUASNGYaINA

Favnauardnarurenasecng Jufudulssansleleadulnesandidululy dnlnaisn
Weumesngluluues [07] win1saseindsiasuazldnin [103] %ﬁﬁﬁmmzé’m%’wﬁ
Aseniislowuud TdwrilnAnuatildvedlaaunoulthe dilepton yield) wu nsdlveiniea
davnsluufisenves NR — NR agléunain NN — NR uay NN — NR' G
el

_05(IMynonel? + IMunonr]?)2@2r +1)
ONR—NR = 1

16mpis (ps) (C.29)

1ag I 91naun159 (C.29) Aeduusyanslelvaly Jeunvrdavassionuusway Jy Aoal

UUD9 R’

4
(%

sl ULGR199) 151EANNITNNTUAULIE auannTs (C.29C.28) wie
3 2 2\ 2
P Py +0
() =Tgr|— - C.30
2 R(M) <p2+52> (20
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dle p wag p, Aelumustlusyuugudnansiavadineauly nsoulisnfisleuuud lag

U5z iUNNNUNARMADUAIULAELIATS IWWUUTAIUAPU dUAT § Wiy 0.3 Todmsu

A58 Aoz LLazﬁm%J‘ULﬁiﬁmuwﬁ?ﬂuqaﬂ%ﬁw 6 = +/(mgr—my—mg)2+12/4 N2
AmmafavNwesUfizen ©p uay tp ThILuSUAIANGY wanesUT (@) g
ﬂs'rvxlléfgﬂﬂ%’ﬂﬁaamﬂé’mﬁ’u%’aaﬁaﬁié’s’mwaﬁuaqLﬂszfl,t,uusz?si’mq willaunu 97, 103)uas
aansn afenadnunsnsganduvestusudiinesuluesufoRmsfiiindseuseming
1-1.5 GeV uilunsalfindssngenii 2 GeV azdiosthnaresnisnseiuuuae(sting ex-
citations) 1#i9NsaRAEndlUENaT9198Y [07] druufAzendoundu NR — NN a2

Anlagliisnaseazidun(detailed balance)

|Z91,2|2
034512 ™~ m01,2—>3,4 (C.31)

dle  dndrwvenaIsamnadunaaintadeveddelvalulaesn dnluwuiuvesoynia

Man(ean)mleain aun1si (C.29) wazaun1sn (C.28) MuaIfy dmSUnISTURd

Ineoufuufesuiiy Wunssuunsiiietugesiuneu Tnstuwsnlnesugngandusie
fhndeauvide gnaandudeslsuuudroiesy whaduanusslsuuudlnl ludy
faosdafunssuiunsdesaaned  nsfilnesugnaandudeiisndesutiuasinnson
wuUTBinespusaandlulenansensds (101, 97, 103 dumsiilwesugngeniy
sosluuudiu astuiunnunannsdateiusEthe partial decay width)ves
NILUIUNIEUNAU [103]

2Jp +1 4m 3<FR’—>R7r)2
25, +1)(2S, + 1) p? (s —m%,)? + s['%,

OrR—R — ( (C32)

PINTAANAIVD LT IUUUTIZUANITI0a2I08AlUBNET19DY [104, 105] wagA1tetin
PoaslgiuuiazlananlsiudsaUnasy

Tr(p) = 47r,udvg—zg'u) (C.33)

Y

Tuntisaglgnnuninnsiiiiolansannisaanssi F9YDINNNITAANBAINUINN
Antulduandilumsed €0 warmmedl Chmiudnsdunisunnialbranching
ratios)MABI0e d1MTUTTULNIAMTINATAN AMgnsiAnlneautis(pion multiplici-
ties)aunsninasliintulanuanaislagldisAnauInsiuadedu  [106] Feaunse
IS L% aq dy ) = v (5 (% a
gudunaraisnisilalagTeuisunaiun1smeasinIsinnInfeunewes o Tuud
581 C + C nviBanAaes KaoS nuiinnugennnediuagluseAuvaulunaunan
dsunvausule
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o [mb]

Pl
L]

U C.2: LanInIAfnu19ueaufizen mp uae mtp MUudUA1AI99
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Arag1en15ldAnnsimeseang ¢4 adluwuuinasswadianinlaufudaluiana (QMD)
vasUf)izenmsvuves ¥ Au+ ¥ Au NsEAunaenu 1.5 A GeV

432623 1000 1

197 79197 79

400 0.2 400.

1500. 9.3973 9.3973
11 2 0 10 1

read (5,*) iseed, nruns, icro

read (5,%) nta, nzta, npr, nzpr

read (5,%) nt, dt, wrtime

read (5,%) epp, xO0min, xO0max

read (5,%) iflag1, iflag2, iflag3, iflag4, iflagb, iflag6, iflagpi
read (5,*) iflagr, iflagc, iflagpo, iflagpc

read (5,%) iflagka, iflagks, iflagkc, iflagkp

read (5,*) nkru

c iseed initial value for the randomnumber generator

c nruns  number of independent heavy ion collisions

C icro

c nta number of nucleons in the target

c nzta number of protons in the target

c npr number of nucleons in the projectile

c nzpr number of protons in the projectile



nt number of timesteps
dt mesh of timesteps (fm/c)
wrtime number of timestep after which the output is written
epp laboratory input energy (MeV/nucleon)
x00min minimum impact parameter to simulate
x00max maximum impact parameter to simulate
iflag1 <0 mean field only,
=1 reduced collision (Nucleons in a nucleus do not allow to collide
each other before their colliding with nucleon in another nucleus.)
>1 full collisions
iflag2 =0 no coulomb,
=1 including coulomb
iflag3 = 2 soft EOS used with the static mean field
=1 hard EOS used with the static mean field
=0 mean field generated from G/matrix
iflag4 =0 relativistic kinematics (Aichelin parametrization)
=1 ' " (Cugnon parametrization)
= 2 nonrelativistic kinematics
iflag5 =0 no momentum dependent forces
=1 momentum dependent forces (rho )
=2 ' ' " (rho**2)
iflagb =1 includes deuterons
=0 no deuterons
iflagpi =0 Decay of resonances not allowed (i.e. no pions)
=1 Decay of resonances allowed (pion production).
iflagr = 0 nonrelativistic QMD of Aichelin
=1 Relativistic QMD (i.e. RQMD ) with generalized
Skyrme forces (+ Optical Potential)

=2 RQMD with self energies



iflagc

iflagpo

iflagpc

iflagka

iflagks

iflagkc

iflagkp

nkru

nonrelativistic QMD of Aichelin

Decay of resonances allowed (pion production).
pion propagation without medium-effects

pion propagation with potential from Weise

pion propagation with potential from Kapusta

pion propagation without pi-N Coulomb intr.

pion propagation with pi-N Coulomb intr.

No kaon produced.

kaon production included.

kaon propagation without K-N elastic collision.

kaon propagation with K-N elastic collision.

kaon propagation without kaon-N Coulomb intr.

kaon propagation with kaon-N Coulomb intr.

kaon production and propagation without medium-effects
kaon production and propagation with kaon potential

amplification number for kaon production



WEANFIBENANITATUIUN IMAINLUUTIARIWAATEATAaUANLTNLILENA (QMD) Vs
Uf3en159uva9 ¥ Au+ ¥ Au #isEAUnaeey 1.5 A GeV

o 1 o d’ Y o 4 o a
M1919 LEAIRIBENNANITAILIUNARINUUUTIaBINAAIERTARUANLTILULENA (QMD)
vaunsensvuves  Au+ ¥ Au NsEAunaeny 1.5 A GeV

even time step P, P, p, Prob. Channel
1 400 0.075 0.0328 0.222 6.15E-06 1
1 400 0.0925 0.0197  0.4211 6.15E-06 1
1 400 0.2088 -0.1697  0.5994 6.15E-06 1
1 400 0.0223 0.098 0.172 6.15E-06 1
1 400 0.287 0.1703  0.6451 6.15E-06 1
1 400 0.0706  0.0991 0.8185 1.53E-04 1
1 400 0.7289  0.6954  -0.8746 1.53E-04 1
1 400 -0.3826  -0.2125  0.1209 1.53E-04 1
1 400 0.15682  0.3007 1.3848 1.53E-04 1
1 400 0.3738 0.0985  0.0606 1.53E-04 1
1 400 -0.1286  -0.268  -0.7369 1.62E-04 1
1 400 0.3839 0.2795  0.1867 1.62E-04 1
1 400 -0.1547  -0.3639  -0.172 1.62E-04 1
1 400 -0.042  -1.0148 -0.0275 1.62E-04 1
1 400 0.1227 -0.3259  0.4563 1.62E-04 1
1 400 -0.7rr9  -0.1017 0.1846 3.91E-06 1
1 400 0.1079  -0.4605 0.184 3.91E-06 1
1 400 0.1423  0.1388  -0.0972 3.91E-06 1
1 400 0.2323  0.1038  0.3294 3.91E-06 1

1 400 0.3707  0.3624 0.5333 3.91E-06 1




M99 (FD)

even time step p, P, p, Prob. Channel
1 400 -0.0909  0.3929 1.0158 6.45E-04 5
1 400 0.1005 -0.7077  -0.4432 6.45E-04 5
1 400 0.2741  0.7498  -0.7774 6.45E-04 5
1 400 0.5252  0.1566 0.1292 6.45E-04 5
1 400 -0.0776  -0.2757  -0.086 6.45E-04 5
1 400 0.0919 -0.0142  -0.0604 5.85E-03 3
1 400 -0.359  0.0005 -0.4679 5.85E-03 3
1 400 -0.0046  0.129 0.6165 5.85E-03 3
1 400 -0.5182  0.0122 0.3449 5.85E-03 3
1 400 0.4739 0.001 -0.5742 5.55E-04 1
1 400 -0.03 -0.1497  -0.1254 5.55E-04 1
1 400 0.3156  -0.0745  0.2887 5.55E-04 1
1 400 0.248 0.1068  -0.1271 5.55E-04 1
1 400 0.0969 0.2966  -0.0699 5.55E-04 1
1 400 0.1876 0.057 0.2084 7.01E-05 1
1 400 -0.3202 -0.0898  0.0874 7.01E-05 1




AR lUsHNSUAIATUIAINISIANIARAYINNYEtEYATA K 91nUfAsenIsTu
52n319 ™ Au+ T Au iszAUnaeU 1.5 A GeV

¢ Program ckflow21.f is copied from ckflow6.f and changed to
c analyze the transverse flow

c with errors given by a weighted statistics for kaons produced
c inreactions of Au(197,79) + Au(197,79) at 1.5 AGeV;

Cc using itot data-files. Yu-Ming Zheng and C. Fuchs Dec. 10, 99.

C It has been revised. Yu-Ming Zheng Dec. 12 of 2001.

c edit by Ukrit Chaimongkon for cross section (Phys Rew 204906)
c 12 Jun 2012 Naresuan University .

C

program

parameter (nbin = 30, amu = 0.939, amk = 0.494)

parameter (pi = 3.1415926)

G variables for cross section

dimension xc(0:5), nru(30), dsima(nbin, 0:5), dsimas(nbin,0:5), dsimae(nbin, 0:5)

o} pi = 4.0*atan(1.)

e0 =15 I* GeV/nucleon

bb =9.3973 *fm

nkru =5 I* amplification # of kaon production



ebeam = amu + e0

itot = 20

nru(1) = 100

nru(2) = 100

nru(3) = 400

nru(4) = 300

nru(5) = 100

nru(6) = 100

nru(7) = 200

nru(8) = 200

nru(9) = 100

nru(10)= 100

nru(11)= 100

nru(12)= 100

nru(13)= 200

nru(14)= 300

nru(15)= 100

nru(16)= 100

nru(17)= 100

nru(18)= 100

I* # of data-files

I* run # of the 1st file

I* run # of the second file



nru(19)= 300

nru(20)= 100

nrun =0

doi=1,itot

nrun = nrun + nru(i)

end do

open (11, file = 'auhw15b1bka’, status = 'old")

open (12, file = 'auhw15b1gka’, status = 'old')

open (13, file = 'auhw15b1ika’, status = 'old')

open (14, file = 'auhw15b1kka', status = 'old')

open (15, file = 'auhw15b1lka’, status = 'old")

open (16, file = '‘auhw15b1oka’, status = 'old")

open (17, file = 'auhw15b1pka’, status = 'old")

open (18, file = 'auhw15b1gka’, status = 'old")

open (19, file = 'auhw15b1tka’, status = 'old")

open (20, file = 'auhw15b1uka’, status = 'old")

open (21, file = 'auhw15b1xka', status = 'old')

open (22, file = 'auhw15b1zka', status = 'old')

open (23, file = 'auhw15b1bbka’, status = 'old')



open (24, file = 'auhw15b1eeka’, status = 'old')

open (25, file = 'auhw15b1ffka', status = 'old')

open (26, file = 'auhw15b1ggka’, status = 'old")

open (27, file = 'auhw15biika', status = 'old")

open (28, file = '‘auhw15b1llka', status = 'old')

open (29, file = 'auhw15b1mmka’, status = 'old')

open (30, file = 'auhw15b1nnka’, status = 'old')

open (39, file = 'dsimadomega72', status = 'unknown')

initialization

by = 0.0

eep = ebeam + amu

pbeam = sqgrt(ebeam**2 - amu**2)

bz = pbeam/eep

b2 = bx™2 + by**2 + bz**2

gam = 1./sqrt(1. - b2)




doij=0,5

doi=1, nbin
dsima(k,ij) = 0.
dsimas(k,ij) = 0.
end do
end do
C Please cut

theta = 72. "Degrees

dtheta = 4. I*Degrees

dzeta = 10 "Degrees

dzetasr = dzeta*(pi/180.) I*sr

deplabx = 0.05

delpc = 2.25

bmax = 9.3973 I* fm

bmax2 = bmax**2 Ifm"2

delpmin = 0.
C loop over particles to take and analyze data
nevent =0
nkaat = 0

do 100 ii = 1, itot I*loop over data-files




do 200 nn = 1, nru(ii) I*loop over runs

doij=05

doi=1, nbin

dsimae(i,ij) = 0.

end do

end do

read (10+ii, *)

read (10+ii, *)

read (10+ii, *)

read (10+ii, *) nkaa I*kaon number per run

nkaat = nkaat + nkaa

write(6,%) ii, nn

do 300 j =1, nkaa I* loop over particles

read(10+ii,*) n1,ka,

¢ & xkaal,xkaa2,xkaa3d,xtkaa, !reduced output

& pkaal,pkaa2,pkaa3,ptkaa,

& prkaa,ikaa

pkaa2 = -pkaa?2 I*due to initial condition of QMD.

pkaa3 = -pkaa3d




ptsq = pkaal**2 + pkaa2**2

psq = ptsq + pkaa3**2

ek = sgrt(amk**2 + psq)

pb = bx*pkaal + by*pkaa2 + bz*pkaa3

gg = (gam - 1.)*pb/b2 + gam*ek

pklal = gg*bx + pkaa1

pkla2 = gg*by + pkaa2

pkla3 = gg*bz + pkaa3

pmomen = sqrt((pkla1**2)+(pkla2**2)+(pkla3**2))

if(omomen.eq. 0.) goto 300

along = pkla3/pmomen

along = acos(along) !* unit: sr

along = along/pi I* unit: degree

along = along*180.

xprob = prkaa/float(nkru) I* divide by amplification factor

probk = xprob/float(nrun) I* divide by total # of runs

c # of kaons from different channels



[l
N

xc(0) I* total probability of kaon

xc(1) = 0. I* NNdsimae(k,ij)
xc(2) = 0. I* Npi
xc(3) = 0. I*ND
xc(4) = 0. I* Dpi
xc(b) = 0. I* DD

if(ikaa .eq. 1) xc(1) = 1.

if(ikaa .eq. 2) xc(2) = 1.

if(ikaa .eq. 3) xc(3) = 1.

if(ikaa .eq. 4) xc(4) = 1.

if(ikaa .eq. 5) xc(5) = 1.

if ((along .gt. (theta - dtheta)) .and.

& (along .It. (theta + dtheta))) then

plab = sgrt((pkla1**2)+(pkla2**2)+(pkla3**2))

cosa = pkla3/plab

sina = sgrt(1 - cosa**2)

if (sina .It. 0) go to 300



dOlab = (2*pi*sina*dzetasr)

delpdOlab = delpc*dOlab

sima = pi*bmax2*xprob

d2sima =sima/delpdOlab

iplab = int(plab/deplabx) + 1

if ((iplab .gt. 0.) .and. (iplab .It. nbin)) then

doij=0,5

dsimae(iplab,ij) = dsimae(iplab,ij)

& + d2sima*xc(ij)
end do
end if

end if
c
300 continue I* end loop over particles
c

nevent = nevent + 1 I* end loop over particles
doij=0,5

do iplab = 1, nbin

dsima(iplab,ij)= dsima(iplab,ij) + dsimae(iplab,ij)



dsimas(iplab,ij) = dsimas(iplab,ij)

& + dsimae(iplab,ij)**2

end do
end do
C
200 continue I* end loop over runs
close (10+ii)
100 continue I* end loop over data files
C

tote = float(nevent)

if(tote .gt. 1.1)then

doij=0,5

do iplab = 1, nbin

dsimal(iplab,ij)= dsima(iplab,ij)/tote

dsimai = (dsimas(iplab,ij)/tote

& - dsima(iplab,ij)**2) /(tote - 1.)

dsimas(iplab,ij)=sqrt(dsimai)

end do

end do



end if

c write out results

doij=0,5

dp = delpmin + deplabx

do iplab = 1, nbin

write(39,24) dp, dsima(iplab,ij), 0.0, dsimas(iplab,ij)

dp = dp + deplabx

end do

write(39, *) ij', j

24 format(1x,f7.3,2(1x,e11.4,1x,f4.1,1x,e11.4),f12.2)

end do

stop
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AANUIN D

Adans lvyalusunsutuudtaes UrQMD

wuudraes UrQMD unuudrassnisvuedlossumiiniindaaugs ¥iauuu UNIX
Tavanamannasy wu IBM/AIX, GNU/Linux, Sun/Solaris @unsameulng UrQMD el
Tneld Fortran via 977 e 99 lneseriilg GNUmake dloneulndudrazlalols
urgmd.Linux Safulnduiin excutable InldfananazGonlideyaanluddugfuandy
eazBunYAlUIwNTY UrQMD

Budunsvieugesgelsunsy UroMD Tnsszyadedusinenadly inputfile Sauans
swasealdni
#Inputfile for n+p at ec=3GeV and b=0fm
#projectile
# Ap Zp
#pro 197 79
PRO 1 -1
Htarget
# Ap Zp
#tar 197 79
TAR 11
#number of event
nev 2000000
#time to propagate and output time interval (fm/c)
tim 10 10
#cm energy (GeV)

ecm 3
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#impacparameter(fm)

imp 0

f13
f15
f16
19
20
#end
XXX

1ng

# lduivauananisvuneive

=

pro Ap Zp \Jun1s3zyaynailidnyusiig 1avina Lasauasmnoy
[ ¥
tar Ap Zp {Wumsseysunadvianenig 1auing Lagavenoy

¥ 1%

PRO ityp iso3 Lﬂumiizqaﬂgmﬂﬁmwuma 397@ ID Wag A1 isospin projection x
2

TAR ityp iso3 ﬁumﬁﬁzqaymmﬂ’mmaﬁw 59 ID Az A1 isospin projection x
2

nev U ssEyduIumnN SN SBU

. I [ 1 ca |1 [

tim 1JUN358YnamaINITTUYeIeYNIA Tunhewasinaausiukas (fm/c)
< [ ¢ 1

ecm WuNITzUndugudnatuIaven1swu lumhe Gev

imp 1Jun1332Yy impact factor lumiheiasd (fm)

f13 Wumsszyihilideulnd outputfl3 senu dewdiaues outputfile aziing
wuu f13, f14, f15, f16, f19 waz .f20

XXX WAPINITIVUTTVINAATEVRIbNE

Wialusunsusuauyiaukalnd  urgmd.Linux azSenlddeyaainivauaslusunsy

govdidu lnenanldlunisrwinestivzedituegivriinvessyunia wasduiumg

L4 (% ~ o < % ¥ v & L3
N1UNIIVU FADAIUNAINIUNITVU LN@IU?LLﬂﬁJVI’N’WULﬂﬁT\]LL@?R]%VLWNaaWﬁLUuVLWEi out-

'
o w v !

put.f14 Felulndlazussydeyasinaqvaseumaitinty lnedayandAnyuaninanisnd

ez @
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M1579% D.1: WARLIAT FAHALLaE NNV UNATIARTUNIEVRINTVY

r0 rx ry rz PO

.5000E+02 .8193E+01 .1990E+02 -.2410E+02 .1183E+01
5000E+02 .5406E+01 .3009E+02 .3534E+02  .1170E+01

~ (% LY v A A a ‘3 v
M15199 D.2: Lansluluudiu ana S 1D ‘Ui%i]{ LLﬁ%%@Ha@uﬂJ@ﬂawﬂqﬂWLﬂﬂle‘Llﬂ']EJ‘Viﬁ\‘iﬂ'ﬁsUu

pX py pz m ityp 23 chg lcl ncl or

.1460E+00 .4785E+00 -.4903E+00 .9380E+00 1 1 1 1 9 20
.1446E+00 .7402E+00 .9432E+00 .9380E+00 1 -1 0 2 17 20

=
b8

r0 WUnaINIenaInIssL Juvledu fm/e
X BLNUALALIULLNY x Turtetdy fm
ry WnusWsdeuLwAY y Srdiadu fm

o ! = 1 [
rz bNUALAUIUULNY Z UnUIgdU fm

7
1

[ A a = [

PO WAUNSINUVBIBUNAMNAYY Tvtielu GeV

Y = 1 I
px wnuluugnlunnu x Snuledu GeV/e

LY = 1 <
py wnulumugnluwnu y duiedu GeV/e
pz wuluwuanluwny z inhedu Gev/e
m unuInavesaynIAiadu Sniedu Gev/e
ityp WNUIHE ID YBIDUNTIA LAAITIETILALLBUARINITINN @ uay @
2i3 MUA" isospin projection x 2

chg UnuUTzV0IBUYNIA

lcl wnusviivesnsyunssaran
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e ncl WNUINUIUATVU
. Or LNUSHAUSEIANITUU

INANTNVIAURLNUTOLANAT AUV LLIUANLALIIAYR0UNATIARTY 01
a v [ 1 1 < a n:l A =)
s nanzana Yeganananiuisduinavesiinfesuiiien 938 MeV n3oa1dn50
firsanldann 5% 1D veseua (a1 P.3 uar P4 Usznev)

A15197 D.3: h@AITIE 1D Y99UISDBULALUNIDDULS LYLUUD

ID Nucleon ID Delta ID Lambda ID Sigma ID Xi ID Omega
1 Noss 17 Ajgze 27 Ainie 40 Y1192 49 Eiz15 55 Quere
2 Niaao 18 Ajgoo 28 Ai40s 41 Y385 50 Eis30

3 Nis20 19 A0 29 Aiszo 42 Y660 51 Ei690

4 Nis3s 20 Ar700 30 Aseo0 43 Y1670 52 Eis20

5 Nieso 21 Aigoo 31 Asero 44 Y750 53 Eioso

6 Nigrs 22 Ajgos 32 Aigoo 45 Y775 54 Eg030

7 Nigso 23 Ag10 33 Aisoo 46 Y1915

8 Ni700 24 Ajgeo 34 Aisio 47 1940

9 Nitio 25 Ajgzo 35 Ais2o 48 Y2030

10 N1720 26 Ags0 36 Aisso
11 Nigoo 37 Aiggo
12 Niggo 38 Az100
13 Naoso 39 A2110
14 Naigo
15 Nagoo
16 Nagso

sznuinan 1 Justavesiindesy feilonmadululdvilusneunaziinsou uile
farsanuszgusznauiu wul ityp 1y 1 wez chg WJu 1 Aolusnoutiuies di che
Ju 0 Fethnseutiues ansnthdeyasmeginwuluiemgildlilaenmadeulsunsy
dmsusudoyamatuinady
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‘3‘ LY 6
A1319% D.4: Uanasid 1D Uougaulazilgousoluug

DO* D1~ DOt D 1+t
101 = 104 p 111 ap 114 q
106 K 108 K* 110 K; 113 K}
102 7 103 w 105 fo 115 f3

107 7 109 ¢ 112 f; 116 f]

D 1t~ D 2t D (1) D (1)
122 by 118 as 126 puso 130 piroo
121 Ky 117 K 125 Kiyy, 129 Kig
123 hy 119 fo 127 wigo 131 wige
124 bt 120 f} 128 dugso 132 diono

D.1  mMsiATendayadn output file vaslUsunsuluuIges

UrQMD

Nan1sAnMNsTUetennIa liezlunssusswiniindesuiviindosu wse

sevin duedeaiuiuedea legliuuuitaesaniugnisainisvuwuy UrQMD  9ggn

T1e9UeaNUNlUULUUYE output file Tauanwmsil
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T- ¢- 10T 00+4000008€T 0 00+d7155959¢6% 0- 00+409.786.€°0

00+d6.086€0C " 0- 00+d60086899°0 00+dEV0L6TTE 0- T0+d60TTCE6Y  0- TO+d1960090€°0 <0+34000000CT 0
T ¢ T0T 00+4000008€T°0 TO+d9L0LT0SC 0 00+d067960%C 0

00+4d6..660C€°0 T0+d895P.LESC 0 00+d8595266%°0 T0+30099L.60% 0 TO+dSECSTSCC 0— C0+3000000CT "0
T T 71 00+d4200008€6°0 00+dATL69CO0EY 0 TO-d9€L06T9%°0

00+3€€8ECEOT "0  TO+J09ST8EO0T 0 00+dL6ETCCOE 0O TO+dECCOSEST 'O TO+d9€TS0EBT "0- C0+d000000€T "0
0O T T- 00+4200008€6°0 TO+dCVLEPOTT O 00+dC008T¥SY 0-

00+4ETCEBLBC 0 TO+d909688ST 0 00+dCL9€ESC8 0 00+dATOCSLT66°0 TO+d0€68569T 0— C0+3000000€T "0
T T 1 00+4200008€6°0 T0+38%.LCCeCT 0- 00+dLT0L96C9 0-

00+d66T959CS " 0- TO+I66ELCSLT 0 TO+d09LTO6TT 0- 00+366VLTLYS 0- TO+d8EE60TTT 0- C0+3000000€T 0

Io Tou #ToT 3yo ¢tz dLat w zd Ad

xd od zI £x XI 0x :oead

000°T :(2/wy)0 (2)eaTeq 0€ :(°/wF)euwty Tejol  (0Ine) 9/06988CTT :PoOOS WOPURI T #IUSAS
YO+ATTHE 0 :(n/AeD)qeT d  g0+d0008°0 :(A®D) (S)3Ibs H0+d0THE 0 :(N/A®D)AeT d (O :o3els Jo uorjenbs
00°0 : (UIRqW)UOTID8S SSOID TB10% 00°0 00°0 00°0 s (uy)xew/utu/Tesx Iejewered jqoedut
0GCL666° 0- 052.666°0 0000000 0 (0xd‘qeT‘NN) S®38q UOTIRWIOFSURIY

6, .61 (Jeyo ‘ssem) :303I1E] 6, J,6T (Ieyo ‘ssew) :aTT309[lo0ad

%1 oTty andano ZooOT 0007 GEO00T ‘uoTSIBA  (WDN
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Tudnusnazludeyaves projectile wag target Midnvu 1wy
projectile: (mass, char) 197 79  target: (mass, char) 197 79

= (% 1 a a d‘d IS .
LAANONNITVUNUTE I NUIIAALAVDINBY (Au) U mass number = 197 wagdl atomic
number = 79

druinuzuansdenwasnulunIsTUTIaLUU lab beam energy, center-of-mass en-

ergy 59104 lab beam momentum

E_lab(GeV/u): 0.3410E+04
sqrt(s) (GeV) : 0.8000E+02
p_lab(GeV/u): 0.3411E+04

[
= %

Tuduvesdoyasumanfintunendninnisvuszuanadunedul  Jwrazaoaud

12

azszyIndutinalag fadl

r0 rx ry rz pO px
Py Pz m ityp 2i3 chg
N5

« 10 AD naMaINITTUlURUIEVY fm/c

. X AB SzEzUULAU x Svthodu fm

. 1y fio SzgzuuLAL y Hedu fm
= = 1 <

. 1z Ao S¥ETUULAU z Huiaellu fm

- p0 fie WasWYBIEYNA ey GeV
P~ Y = 1 [

. px An Twusinluwnu x duhodu GeV/e
A Y = 1 1

. py Ao Tuwusinluwnu y dutiedu GeV/e
A Y = 1 <

. pz Ap Twusinluwnu z dwhedu GeV/e

- m o wavetayna Tuedu Gev/e

- ityp fi 39avatauNIA (WandsI8azBunlun1AKLIN UrQMD model)

. 2i3 A9 A1 2 WINUB4 Isospin projection
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« chg Ao Uszquaseyna

mendsnnld output file W awmslazideyailisnenaideulsunsy
diesuuazdnUTInuiiFeIsfinwt navnennaBussaseyna Tunud 5y
Tsunsun1w perl lunmsthednseideya

perl W programming languge Qﬂa%ﬁﬂma Larry Wall Tud 1987 1 perl lasausau
AMANURLANNNINAINAIBANYT WU C, sh, AWK, sed uag Lisp 39vilet perl 18w aw
firoutrsanysal uaziredensldam

[

TunsArnamaulatuesiu awsavilagly TUswnsun1w perl Aadl

#!/usr/bin/perl
while(<>) {
@stuff=split(' ');

if (/UQMD/){

}

elsif (/projectile:/){

$protar=$_

}

elsif (/equation_of_state:/){

$ecm=$stuff [5];

$midy=log($ecm/0.938);

$elab=$stuff [3];

$plab=$stuff[7];

}

elsif (/event#/){

$EK=0;

$En=0;

$pKx=0;

$pKy=0;

$pKz=0;

$pnx=0;

$pny=0;

$pnz=0;

$33=0;
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$kk=0;
$11=0;
$noet++ # numbers of events: noe

}

elseq{

# if ($#stuff==14 | $#stuff==13){
if ($#stuff==14){
@x=@stuff[0..3];
@p=0@stuff[4..7];
Qid=@stuff[8..11];
$mass=$i1d[0];
$ityp=$id[1];
$iz2=8id[2];
$charge=$id [3];

# from here on you can use the following information:
# stuff[0] = r O = $x[0]

# stuff[1] = r x = $x[1]

# stuff[2] = r_y

# stuff[3] = r z

# stuff[4] = p O = $pl0]

# stuff[5] = p_x = $pl1]

# stuff[6] = p_y

# stuff([7] = p_z

# stuff[8] = mass = $mass

# stuff[9] = ityp = $ityp

# stuff[10]= iz2 = $iz2

# stuff[11]= charge = $charge

if ($ityp==27 && $charge==0){
$11=1;
}
if ($ityp==106 && $charge==1){
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$numK++;
$EK=$p [0] ;
$pKx=$p[1];
$pKy=%$p[2];
$pKz=$p [3];
$ji=1;
}
if ($ityp==1 && $charge==0){
$numn++;
$En=$p[0] ;
$pnx=$p[1];
$pny=$p[2];
$pnz=$p[3];
$kk=1;
}
if ($11 == 1 && $jj == 1 && $kk == 1){
$EKn=$EK+$En;
$px=$pKx+$pnx;
$py=3$pKy+$pny;
$pz=$pKz+$pnz;
$mKn=sqrt ( ($EKn*$EKn) - ( ($px*$px) + ($py*$py) + ($pz*$pz)) ) ;
print ($mKn, "\n") ;
}
}
}
+

= ! Ao o a 3 A a Yo 1 dy
sﬂiﬂﬁﬁu%ﬂ’]ﬂiyﬂaﬂiﬂiLLﬂﬁJﬂ'ﬁ’]Lﬂi’]%‘ﬁll’)ﬁﬁl‘hl&lﬂ ﬁ?NWiﬂ@ﬁU?ﬂl@@ﬂ@@lUu

O@stuff=split(' ');

Junsseududs stuff wuu aray (@) lnefAndutosing
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elsif (/projectile:/){
$protar=$_

}

elsif(/equation_of state:/){
$ecm=$stuff [5];
$midy=log($ecm/0.938);
$elab=$stuff[3];
$plab=$stuff [7];

WJunisiiiuAn header a9 output file

elsif (/event#/){
$EK=0;
$En=0;
$pKx=0;
$pKy=0;
$pKz=0;
$pnx=0;
$pny=0;
$pnz=0;
$33=0;
$kk=0;
$11=0;

$noe++ # numbers of events: noe

= ° W Y] v ° | ) I3 2
Wunismuuaadlssusulmdu 0 NNTBUNITATUI E@IUAIUUT noe++ LUUNISIAL
UIUUANITA

else{

# if ($#tstuff==14 | $#stuff==13){
if ($#stuff==14){
0x=0stuff[0..3];
@p=0stuff[4..7];
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@id=0@stuff[8..11];
$mass=$id [0] ;
$ityp=$id[1];
$iz2=$id[2];
$charge=$id [3];

Junmadadunudeshafieliudleinduneduideyavesoymeiifintu amevdsnisou
MAIaaSTET UL X, y, z dniulusiuUsuuy array @0 x Tag x(0]
AosuUsiiAuanan @ x[1], x2], x3] WDusuUsiiuan szosuuwny x, y, z AN
éwﬁuiuﬁwuauﬁ&aﬁﬂ;ﬂO]ﬁaﬁduﬂ?ﬁﬁuﬁﬂwﬁmﬂquQGQQWﬂdau;ﬂlLFﬂZLpﬂﬂLﬁu
srwUsiAua iU luny xy;zmwméﬂﬁ%Jﬁﬁﬁﬁaamaaaqﬂwﬂ SHAURIDUNA AN 2 191
Y04 isospin projection waz Uszguatoyna gninuluguaesauls mass, ityp, iz2 wae

charge aua1AY

if ($ityp==27 && $charge==0){

$11=1;
}

if ($ityp==106 && $charge==1){
$numK++;

$EK=$p [0] ;

$pKx=$p[1];

$pKy=$p[2];

$pKz=$p [3];

$ji=1;

+

if ($ityp==1 && $charge==0){
$numn++;

$En=$p [0] ;

$pnx=$p[1];

$pny=$p[2];

$pnz=$p 3] ;

$kk=1;
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Junsesvdounisiinues Ank+ fiviseld 1ne ityp=27 waz charge=0 uvuayn1A
A Tuvuesdl ityp=106 wa charce=1 wueuMA Kt uarilingaugnasiaaaunieg
ityp=1 waz charge=0 ﬂ’]8%5\‘1%’1ﬂﬂ’]iWU’jﬂﬁ@‘léﬂ’]ﬂﬁﬂﬂﬁnLﬁﬂ%‘ULLﬁ’J Jevhnsiudeya
ﬁqwé’muuaﬂuLmuﬁmaaaumﬂ K+ wagimseu defuds EK En, pK, pn iieily
Tennsioll s duds L, jj, kk Wuswiidmsunsiadounisiia V90UNA AnK* 1
Aatusmdentundoll

if ($11 == 1 && $jj == 1 && $kk == 1){

$EKn=$EK+$En ;

$px=$pKx+$pnx;

$py=$pKy+$pny;

$pz=$pKz+3$pnz;

$mKn=sqrt (($EKn*$EKn) - ( ($px*$px) + ($py*$py) + ($pz*$pz)) ) ;
print ($mKn,"\n") ;

}

Junsasvdeuindifoynia Ank* iedunieuiuuds luduisluidunisduwinmen
WIRPULS 1NANUFURUS

M(nE*) = \/(Ba+ Exc)? = (B + i+ )’

Mevdsniudaideyaiiatues ld lunaennsndauansseasiBenluunnissu
yasihnfionu - Tindeau Andeug

D.2 n1sdasranwaaaulnin output file Y29IUSHNSULUUINGDY
UrQMD

dielsinsnwinseuveseynedinudiladinuandedn  nsadenmadeuln
YDINITVUITNINOYNIATILAIUYILADNITUAIMAIEDY waAINITTURINETY Twawide
i wennmsfnwideiEndudy  Sudimsfnwnsadanimadeulmsiaanisrures
BUNIADNAIEY

fhegnsnmeoluiiduninids Fududunilwesnimedeulm  wansnisvusEing

TIPAYEVDINDY NNAI9U 80 GeV

115



R e
Py R L R PR

WP g ¥ T
o B rggn T iy

5.

Yarai

=
&
-3
5
.

e

doannu uansiinfgavemesuaznaun1svulunseuvequdna1ang (center-
of-mass frame) ilegnnavdiiuazduns  unuinseuuazlsmeun sy daun
@090 1NaN wanstlapdeavasnaiIry udlinsanemlumuRLLagNsas e YNALY
Andy I@EJQﬂﬂamﬁt,?usmmum’%aawﬁ@guﬁﬁﬂ%u LavgnnatLanuNuLLEauTacige
asnmELAnINSAREYNARI MendssYY legnnaindndvn uazdivaes unu
aumMalwesu uazilvauyinmiiag ausiu agwudflﬁaqmﬂlwaauLﬁmﬁﬁumﬂmwé’qmﬁ
YUY

Tunsadrsnmeaeulmiiy @insunlusunsy povray (Persistence of Vision Ray-
tracer) uldlun1sasranin 210 output file Faagldlusunsuniw perl Lﬁaéwu%’a;ﬂamﬂ
output file LLé’aﬂawﬁamﬂaLﬁu input data TwA povray

U

s & A % a v X
U source code‘WI%IUﬂWiaiﬂﬂﬂWWLﬂaalﬂﬁﬁ %ﬁﬂﬂlﬂﬂﬂu

#!/usr/bin/perl

# generates a povray input file for time step
$outname=test;

$time=-1;

while(<>) {
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@stuff=split ("
if (/UQMD/){

}

elsif (/projectile:/){

$protar=$_

}

I);

elsif (/equation of state:/){

$ecm=$stuff [5];

$midy=1log($ecm/0.938);

$elab=$stuff[3];

$plab=$stuff [7];

}

elsif (/event#/){

$totaltime=$stuff[7];

$noe++

}
elseq{

# numbers of events:

if ($#stuff==14| | $#stuff==13){

Ox=0stuff[0..3];

@p=0stuff[4..7];

@id=0@stuff[8..11];
$mass=$id [0];
$ityp=$%$id[1];
$iz2=%id [2];

$charge=$id[3];

#detail for variables

H HF O H H OH =

stuff [0]
stuff[1]
stuff [2]
stuff [3]
stuff [4]
stuff [5]

r 0O

r X

r.y

r z

p_O
p_X

$x[0]
$x[1]

$p[0]
$pl1]
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# stuff[6] = p_y
# stuff(7] = p_z
# stuff[8] = mass = $id[0]
# stuff[9] = ityp = $id[1]
# stuff[10]= iz2 = $id[2]
# stuff[11]= charge = $id[3]

if ($x[0]>$time){
# write out
if ($time>=0){
$ttime=1000*$time;
if ($ttime<100){
$ttime="000".$ttime;
}
elsif ($ttime<1000){
$ttime="00".$ttime;
}
elsif ($ttime<10000){
$ttime="0".$ttime;
}
open (OUT,">".$outname."-".$ttime." .pov");
# header
# $location="<0.0,0.0,-40.0>";
$clock=$time/$totaltime;
$phi=3.14x*$clock;
$locx=0;
$locy=0;
$locz=-40;
$location="<".$locx.",".$locy.",".$locz.">";

print OUT (
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// Persistence of Vision Ray Tracer Scene Description File
// File: ".$outname."-".$time." .pov

// Vers: 3.6

// Desc: urqmd movie file

// Date: 7

//

\#version 3.6;
\#include \"colors.inc\"
global _settings {

assumed_gamma 1.0

camera {
location ".$location."
direction z
right x*image width/image_height
look at <0.0, 0.0, 0.0>
b
light_source {
<0, 0, 0> // light's position (translated below)
color rgb <1, 1, 1> // light's color
translate <-30, 30, -30>
}
light_source {
<0, 0, O> // light's position (translated below)
color rgb <1, 1, 1> // light's color

translate <30, 30, -30>
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# do the baryons
foreach $i (1..$ib){
if ($baryonvis[$i]==1){
# do the small spheres
$xxb=%baryonpos [$i] [3];
$yyb=%baryonpos [$i] [1];
$zzb=$baryonpos [$i] [2];
print OUT (
sphere {
<".$xxb.",".$yyb.",".$zzb.">, .8
texture {
pigment {
radial
frequency 8
color_map {
")
# determine colour from type
if ($baryontypel[$i]==1 && $baryoncharge[$i]l== 1){
print OUT ("
[1.00 color rgb <1.0,0.0,0.0> transmit .5]
");
+
if ($baryontypel[$i]l==1 && $baryoncharge[$i]l== 0){
print OUT ("
[1.0 color rgb <0.0,0.0,1.0> transmit .5]

")
}
elseq{
print OUT ("
[1.00 color rgb <0.0,1.0,0.0> transmit .5]
")

120



}
print OUT ("
}
}
finish{

specular 0.6

b
")
}
} # end of the baryons

print OUT ("} //end of merge\n");

# do the mesons

foreach $i (1..$im){
if ($mesonvis[$il==1){
# do the small spheres
$xxm=$mesonpos [$i] [3] ;
$yym=$mesonpos [$i] [1];
$zzm=$mesonpos [$i] [2];

print OUT (
sphere {
<" $xxm.",".$yym.",".$zzm. ">,
texture {
pigment {
radial
frequency 8

color_map {

")

.3
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if ($mesontype[$il==101){
print OUT ("
[1.00 color rgb <0.5,0.5,0.5> transmit .2]
")
}
else {
print OUT ("
[1.00 color rgb <0.972,0.996,0.004> transmit .2]
")
}
print OUT ("
+
}
finish{

specular 0.6

}
")
+
} # end of the meson
close (OUT);
system("povray -geometry +0+0 +W1024 +H768 +I".$outname."-"
.$ttime." .pov +0".$outname."-".$ttime." .bmp");
system("rm ".$outname."-".$ttime." .pov");
+
# set things to zero. etc
$time=$x[0];
$ib=0;
$im=0;
+
# tag baryons

122



if (abs($ityp)<100){
$ib++;
$baryonpos [$ib] [1]1=$x[1];
$baryonpos [$ib] [2]=$x[2] ;
$baryonpos [$ib] [3]1=$x[3];
$baryontype [$ib]l=$ityp;
$baryoncharge [$ib]l=$charge;
$baryonvis[$ib]=1;
}
# tag mesons
if (abs($ityp)>100){
$im++;
$mesonpos [$im] [1]=$x[1];
$mesonpos [$im] [2]=$x[2] ;
$mesonpos [$im] [3]1=$x[3];
$mesontype [$im]=$ityp;
$mesonvis[$im]=1;
}
# while end
} #else
} #if stuff=13
} #while

(%

917 source code 91961 L VOBTUILLANIZAIUA ALY AL
il

=

Tuduwsnaziluniseudeyain  output  file  FsfiresuisagluniAnwinnig

o v

WATgnRveya nnuuideyafienuleain output file wlu input datat w89 povray

'
o w A Yo A

ausnesuIBdid Ay dua lansil

o

if ($baryontype[$i]==1 && $baryoncharge[$i]l== 1){
print OUT ("

[1.00 color rgb <1.0,0.0,0.0> transmit .5]
n);

dioldtoyaiiilu input data wdd vinsTuunviiavesu1eeu ne baryontype=1 uay
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baryoncharge= 1 vnefislusnon 2ntuIIAImMuUadlusEUU RGB <1.0,0.0,0.0> Tviduas

wnunelusnou

if ($baryontype[$il==1 && $baryoncharge[$i]== 0){
print OUT ("

[1.0 color rgb <0.0,0.0,1.0> transmit .5]
");

Junisszydvesinseulndudin

else{
print OUT ("

[1.00 color rgb <0.0,1.0,0.0> transmit .5]
|l);

I3 = a a A v Y A a
L‘U‘Llﬂ'ﬁﬁguﬁm@\Tquaaumu@@uq IVLW]‘UW'JEJ?{LGUEJ'J

if ($mesontype[$i]==101){
print OUT ("

[1.00 color rgb <0.5,0.5,0.5> transmit .2]
n);

Junisszydvasineaumedmn

else {
print OUT ("

[1.00 color rgb <0.972,0.996,0.004> transmit .2]
|l);

I3 = a A =T
L‘U‘L!ﬂ'ﬁﬁguﬁsll@\‘iLm%@u%u@@us]ﬂ'JEJﬂLwaaﬂ

system("povray -geometry +0+0 +W1024 +H768 +I".$outname."-"

.$ttime.".pov +0".$outname."-".$ttime." .bmp");

¥

Wunmsimuanisyieuees povray wdlinnluusazdunan (time step) sanuidu
T bmp

Tudunousioll ndsandilanm bmp luusazdunasonuiuwds astlwdnmsinan
Tasadunmedeulwilaglilusunsy Windows Movie Maker isldnimadeuln avi
99N
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Abstract — In this letter, the centrality dependence of the collective flow of K T-mesons in Ru+ Ru
reactions at incident energy E = 1.69 AGeV is studied by using the quantum-molecular-dynamics
model within the covariant kaon dynamics. Our calculated results show that the Lorentz force
derived from the covariant kaon dynamics obviously influences the features of the centrality
dependence of the K1 flow in heavy-ion collisions at SIS energies. Without the Lorentz force,
the smaller impact parameter gives the weaker in-plane flow and the stronger out-of-plane flow.
If the Lorentz force is taken into account, the characteristic of the centrality dependence of v is
appreciably reduced on the magnitude, and property of the centrality dependence of vz is also
reduced on the magnitude and even becomes to change its trend that the larger impact parameter
gives the stronger out-of-plane flow. For the differential directed flow of KT, the same feature as
the ones for the vy is obtained. After taking into account the Lorentz force, the theoretical results
are considerably reduced, leading to reasonably reproduce the experimental data. This means that
the Lorentz force in the covariant kaon dynamics plays an important role in the determination of

the collective flow of kaons.

Copyright @ EPLA, 2010

The collective flow of various particles in heavy-ion
collisions has been extensively studied for several
decades [1] since the flow reflects the collective motion
of particles involved in reactions and the interaction
characteristics between particles. These particles are
nucleons and their fragments, mesons, hyperons and
resonances, and even partons and their clusters [2]. In
the energy region of 1 AGeV to 2 AGeV the pion, kaon,
lambda and sigma are predominantly produced. Among
these produced particles the kaon plays an important role
in extracting the information about the nuclear equation
of state (EOS) due to that the kaon has various special
properties comparing to nucleon, such as association
production, long mean free path, etc. In particular, the
kaon is produced in dense and hot nuclear matter formed

(2) E-mail: tsxyz@public.lz.gs.cn

at the early stage of nuclear collisions and carries the
information about its interacting on nuclear medium,
i.e. the in-medium effect of kaon, which is a key for
understanding both chiral symmetry restoration and
neutron star properties [3,4]. It is known from chiral
models that the kaon mean field is closely related to chiral
symmetry breaking [5-8]. According to the mean-field
approximation the kaon inside the dense and hot nuclear
medium feels a potential with scalar-vector structure.
The scalar potential is attractive for both kaon and
antikaon while the vector potential is repulsive for K+
and attractive for K~ due to the G-parity conservation.

The collective flow data of kaons produced in
intermediate-energy heavy-ion collisions are first given
by FOPI [9] and cause wide interest [10-14]. Many
approaches or theories have been applied to explore
this issue. Theoretical analyses show that the kaon flow
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pattern at the final stage of the reaction can be used as a
sensitive probe for the kaon potential in nuclear matter.

In 1998, Fuchs et al. [15] studied theoretically the
kaon production and propagation in heavy-ion collisions
and pointed out that the kaon dynamics used before
was noncovariant, namely a Lorentz-force-like contribu-
tion from a typical relativistic scalar-vector—type structure
was missing. The Lorentz force, however, strongly coun-
terbalances the influence of the vector potential on the
KT in-plane flow. Its missing leads to be more difficult to
draw definite conclusions from the transverse flow pattern.
From the viewpoint of the covariant kaon dynamics, Zheng
et al. [14] investigated the influence of chiral mean field
on the Kt transverse flow in heavy-ion collisions at SIS
energy. Their studies show that a relatively strong repul-
sive KT potential can be reproduced in the colliding
process and their results are very well consistent with the
FOPI data [16] with improved precision. More recently, we
further studied the collective flow of K*’s in ®8Ni 4 58Nji
collisions at the incident energy E =1.93 AGeV within
the covariant kaon dynamics [17]. Our calculations indi-
cate that the rapidity distribution of K+-mesons is more
sensitive to the nuclear equation of state (EOS) than the
dependence of its differential directed flow on the EOS.

However, what role does the Lorentz force appearing
in the covariant kaon dynamics play in the determina-
tion of the collective flow of K*? What are the differ-
ences between the influences of the Lorentz force on the
directed flow and differential directed flow of KT7
The centrality dependence of the flow pattern [18] is a
feature of KT-mesons produced in heavy-ion collisions
at intermediate energy. Does the Lorentz force affect
this feature or not? In order to study these problems,
we simulate the ’Ru + %°Ru reaction at the incident
energy E'=1.69 AGeV by using the quantum-molecular-
dynamics model within the kaon covariant dynamics and
present our results here.

First of all, let us review the main points of the
covariant kaon dynamics [14,19,20]. Starting from the
chiral Lagrangian and using the mean-field approximation,
the kaon meson field ¢x+(z) fulfills the Klein-Gordon
equation

(8, % 8V,.)2 + ()2 () = 0. 1)
Here the upper sign “+” is for the K T-meson and the lower
sign “—” for K. V,, and mJ are the vector potential and
the effective mass of kaon, respectively, which read as

3 .
gt

(2)

. YKN
e \/mi e ps + VLV (3)

The covariant equation of motion in the classical (testpar-
ticle) limit for the KT can be derived from eq. (1), which

is analogous to the relativistical equations for baryons and
reads

dg* _ K™ (4)
dr mi’
ar :@Fu Oumic, ©)

where ¢, = (t,q) is the coordinates in Minkowski space
and F* =0,V¥ —0,V* is the field strength tensor for
K. The spatial components of eq. (5) can be written
transparently as

dk*  mj oml OVO k* [0
dt  E* 0q 8q+E*>< dq xV.  (6)

The term being proportional to the spatial component of
the vector potential gives rise to a momentum dependence
and can be attributed to a Lorentz force, i.e.,

k* 0
FL_E* X (8q> x V.

The Lorentz force which depends on the velocity (0= }; )
of Kt is a genuine feature of relativistic dynamics when
a vector field is involved.

The baryon dynamics are treated within framework of
the quantum molecular dynamics in which each nucleon is

represented by a coherent state of the form [14,17,21]

(7)

2
(1.4;0)} exp{ip- (r —ro)},
(8)

where r( is the center of Gaussian wave pocket and L =
1.08 fm? is the width of the wave pocket. Consequently, the
density of a system with N nucleons in coordinate space

is given as follows:

1
Y(r,p,t) = (@rLy/t exp{

)

(r —220)2 }

N
1
o0 =3 g |-

i=1

The time evolution of the N-body distribution is deter-
mined by the motion of the centroid of Gaussian {r;o, pio},
which are propagated by the Poisson brackets,

I.‘iO = {PiO,H}7 (10)
pio = {rio, H}, (11)
with
N N
H=Y \/ph+m2+> (U5 +U5™).  (12)
i=1 i<j

Here US'" is nuclear mean field. U5 is the Coulomb
interaction.

The elementary production of Kt is governed by the
conservation of strangeness. Since the initial net strange-
ness is zero, the strange quark can only be produced
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Fig. 1: The differential directed flow of K+ in “*Ru + “°Ru collisions at E =1.69 AGeV. The FOPI experiment data is taken

from ref. [24].

together with strange anti-quark in the production
process. Therefore, the hyperon will appear together
with the KT-meson. At SIS energy, K* is produced
mainly from the following reaction channels [19,21]:
BB+ BYK™' and 7B —YK™T. Here B stands for the
baryon (n, p, A, N*) and Y for the hyperon (A, X).
These production channels can be subclassified into
1) NN—-BYK™, 2) NA—BYK'", 3) AA—BYK™"
for BB—BYK™"; 4) 1N —-YK™", and 5) TA—=YK™
forrtB—YKT.

According to the dynamics and reaction channels given
above, we simulate the “Ru + °°Ru collisions at the
incident energy E =1.69 AGeV with the same model
parameters as used in refs. [14,17], i.e. the Kaplan-Nelson
term Yy =450 MeV, f:2=0.6f2 for the vector field in
eq. (2) and f2 = f2 for the scalar part in eq. (3).

The transverse flow wv; and elliptic flow vy are the
coefficients of the Fourier expansion of azimuthal emission
pattern [22,23]

dN

@(@ o 1+ 2v; cos(d) + 2vs cos(2¢).

(13)

The dipole term, vy = (wp,/4/p3 +p3), arises from a col-

lective sideward deflection of the particles in the reaction
plane and characterizes the transverse flow in the reac-
tion plane. The second harmonics term, vy = ((p2 — p3)/
(P2 + pi)), describes the emission pattern perpendicular

to the reaction plane. Here the factor w is taken as +1 for
the K+ rapidity yx >0 and —1 for yx < 0.

The quantity that we want first to present here is the
differential directed flow, i.e., the momentum dependence
of the transverse flow v;. Because the experimental data
are available. This provides a criterion for checking the
dynamical model and calculations incidentally. In fig. 1 v,
is plotted as a function of the transverse momentum p;
of the KT-meson. In this figure the filled square points
stand for the experimental data given by FOPI colla-
boration [24]. The top and bottom panels correspond
to the rapidity window (—1.2<Y? < —0.65) and (—1.2 <
Y0 < —0.5), respectively. The left and right panels are the
results with impact parameters b=2.3fm and b= 3.8 fm,
respectively. One notes that results with impact para-
meter b= 2.3 fm and b = 3.8 fm correspond, respectively, to
the central and semi-central analyzed data under assum-
ing a sharp cut-off approximation. (See table 1 of ref. [25].)
The solid and dashed curves indicate our calculated re-
sults with and without the Lorentz force, respectively.
We can see from these figures that the covariant kaon
dynamics involving the Lorentz force can reproduce the
differential directed flow of K*’s. However, there is a large
discrepancy between calculated results and experimental
data if the Lorentz force is not taken into account. In
each panel of fig. 1, the theoretical results of v; without
the Lorentz force are larger than the data at given trans-
verse momentum p; due to the strong vector potential.
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Fig. 2: The directed flow of KT in “*Ru + “*Ru collisions at E = 1.69 AGeV. The left panel is for b= 2.3 fm and the right one

for b= 3.8 fm.
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Fig. 3: The elliptic flow of K "-mesons in the target rapidity regime in Ru 4+ °°Ru collisions at £ =1.69 AGeV.

Obviously, the difference between theoretical results and
data is greatly reduced if the Lorentz force is considered
since the Lorentz force strongly counterbalances the influ-
ence of the vector potential on the K+ in-plane flow. In the
same time, we can also see that the centrality dependence
of the K+ flow is appreciable. The deviation of the calcu-
lated results without the Lorentz force from data increases

with the increase of the impact parameter. The role of the
Lorentz force in determining the v; of KT becomes more
important with the increase of the impact parameter at
given rapidity windows for reproducing the experimental
data.

The directed flow with respect to the relative rapid-
ity of KT is given in fig. 2. The solid line and dashed

12002-p4
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line correspond, respectively, to v; with and without the
Lorentz force. It is obviously shown that the Lorentz force
reduces significantly vy at fixed rapidity. This conclusion
has been pointed out by Zheng et al. [20] in the study
for Ni+ Ni collisions at energy 1.93 AGeV. The reason for
the reduction is as follows: the scalar-vector—type struc-
ture of the kaon mean field implies the occurrence of a
Lorentz-force-like in a moving frame which strongly coun-
terbalances the influence of the time-like vector potential
on the KT in-plane flow. It is clearly seen from this figure
that the centrality dependence of the KT transverse flow
is also obvious. The smaller is the impact parameter, the
less apparent is the directed flow of K.

The results shown in fig. 2 are called “modern” analysis
of the transverse flow in some reference [18]. Correspond-
ingly, “traditional” analysis for the flow, namely, the aver-
age transverse momentum, refers to the plot of (p,) wvs.
the relative rapidity. We also study the (p,) of KT as a
function of the K rapidity. Our analyzed results display
the similar feature shown in fig. 2. Therefore, the same
conclusion for the influence of the Lorentz force on the
directed flow is made by the “modern” and the “tradi-
tional” analysis.

The elliptic flow, v, describes the emission pattern
perpendicular to the reaction plane. Figure 3 shows ws
as a function of the relative rapidity of KT in target
rapidity regime for Ru+ Ru reaction at incident energy
1.69 AGeV and different impact parameters. It indicates
that the Lorentz force also reduce the value of vy in the
rapidity windows. However, the centrality dependence of
v9 is contrary to that of v; shown in fig. 2, i.e. the effect of
the Lorentz force on vy at the smaller impact parameter,
b=2.3fm, is more appreciable than that at the larger one,
b= 3.8 fm. The magnitude of v, for b = 2.3 fm is larger than
that for b=3.8fm if the Lorentz force is not considered
due to the fact that the K T-meson feels stronger vector
potential. When the Lorentz force is taken into account,
the situation becomes the contrary, since the Lorentz force
strongly counterbalances the action of the vector potential
on the kaon elliptic flow.

In summary, in this letter, the Ru 4+ Ru reaction is simu-
lated by using the quantum-molecular-dynamics model
within the covariant kaon dynamics. The collective flow
of the produced K t-mesons is analyzed in detail. Special
attention is paid to the influence of the Lorentz force on
the centrality dependence of the directed and differen-
tial directed flow of KT-mesons. The calculated results
show that the Lorentz-force-like derived from the covari-
ant kaon dynamics obviously influences the features of
the centrality dependence of the Kt flow in heavy-ion
collisions at SIS energies. Without the Lorentz force, the
smaller impact parameter gives the weaker in-plane flow
(v1) and the stronger out-of-plane flow (vz). If the Lorentz
force is taken into account, the characteristic for the
centrality dependence of the vy is appreciably reduced on
the magnitude, and the property for the centrality depen-
dence of the vy is also reduced on the magnitude and

even becomes to change its trend that the larger impact
parameter gives the stronger out-of-plane flow. For the
differential directed flow of KT, we obtain the same
feature as the ones for the v;. After taking into account
the Lorentz force, the theoretical results are considerably
reduced, leading to reasonably reproduce experimental
data. This means that the Lorentz force in the covariant
kaon dynamics plays an important role in the determina-
tion of the collective flow of kaons.
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energy 1.5 GeV within the Quantum Molecular Dynamics model. The simulation results
indicate a distinctive A dependence of the sigma production that the increase of A is
followed by an increase of the production cross section. We find that the sigma meson
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1. Introduction

The experimental situation for the sigma meson, which is responsible for the mid-
range nucleon-nucleon attraction! and plays an important role in the Quantum
Hadrodynamics (QHD)? and the nonlinear sigma model,? is not so clear. What we
know well is that the sigma meson is a broad scalar resonance and that it mainly
decays into two pions in free space. The pole mass of the sigma meson has not
been precisely determined so far. Therefore, the sigma meson is very difficult to
identify from the experimental side. The sigma meson production has not yet been
measured in heavy ion reactions.

Recently theoretical studies show that the sigma meson mass (m,) and width
(T'y) decrease dramatically with increasing of the nuclear density (p).* This means
that the sigma meson may exist in a dense nuclear environment. There are also
number of experimental efforts to explore the existence of the sigma meson by pion
and photon induced reactions on nuclei.??

The sigma meson cannot be detected directly in an experimental setup, but
there are indications towards its existence through the information collected from
two pions that are measured in coincidence. In the Quantum Molecular Dynamics
(QMD) simulations every sigma and pion created are stored in some arrays and
their evolutions are followed through the end of the reaction. So we are able to
get the whole number of sigma meson and 77 pairs that are a direct product of
the sigma decay. The primary interest is directed to the study of the sigma meson
dynamics in nuclear matter. The simulations are examined on nuclei in order to
determine the effects of medium modifications on the nm-system. The total sigma
meson distributions span the total energy interval available to the (p, 77) reaction,
which ranges from 2m, < M, < 0.70 GeV. The properties of the sigma meson are
highlighted by means of invariant mass, density, decay time, cross section, etc.

The results of the QMD model for the description of the sigma meson production
in p + A reactions with A being nuclei “°Ca and 2°®Pb at incident proton energies
E, = 1.5 GeV seem to confirm the importance of the 27 final state interaction in
the scalar-isoscalar sigma channel in nuclear medium.

2. The Sigma Meson in the QMD Model

In the QMD model'® '3 each nucleon is represented by a coherent state of the form
(we set h,c=1)

(r— r0)2 (1)

1 ‘
U (e p0,t) = —— s exp | ipo. (v — 1) — 0|

(2wL)
where rg is the time dependent center of the Gaussian wave packet in coordinate
space. The width L is kept constant.

One uses Wigner density instead of working with wave function. The Wigner
transformation of the coherent states is Gaussians in momentum and coordinate
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space. Then, the Wigner density reads
f (I‘,p,t) (271_)3 fe—lp r12¢ (r+r12 t) 1/)* (r rio t) d3 rio
= ;gexp[—iig%l-—(p-—po).2L}.

The N body Wigner density is the direct product of the Wigner densities of N
coherent states

(2)

N 2
1 I‘i — Iy
fN (I‘l...,I‘N;pl...,p]\]7 H 7'(_ exp [ o7 0) _ (pz _ piO)Q 2L‘| . (3)

The density in coordinate space is given by the momentum integral over the Wigner
density,
pr,t)=> 6@ —r;) [ fN(r1,...tn;P1, .., PN T) dpr...d®pydPry..dPry
(4)

Pﬂziﬁﬂz

r—r; 2
<%ﬂ»”2eXp{ - }'

1

Because we keep the width of the Gaussians fixed, the time evolution of the
N-body distribution is determined by the motion of the centroids of the Gaussians
(ri0, Pio), which are propagated by the Poisson brackets

Pio = {rio, H} (5)
and
0 = {pio, H} . (6)

H is the nuclear Hamiltonian

H = Z \/P2 +m2+ = Z U+ ugem). (7)
#J
Here Ujj" is the nuclear mean field. U7?" the Coulomb interaction.

The sigma meson is produced via the decay of nucleon resonances N* (N* —
No). The N*’s can be created via B1Bs — B3sN* (B; stands N, A, or N*) and
mB1 — N*. In the N* — N77 decay the pion pair can occur in an isospin singlet s-
wave state (77)!=0 with corresponding branching ratio. This state has the same

quantum numbers as the o-meson and is therefore identified with the o-meson. The
o-mass is randomly chosen according to the Breit—Wigner distribution

pl2dp
(M—mg)g—i—ul—‘g’
where m, and p are the pole mass and the running mass of the o-meson, I, is the

o-width. The normalization constant « is determined by the available phase space,
i.e. the mass of the decaying N* resonance:

AW () =

(8)

1 MR—MN

- = dWo P

= [ v Q
2m
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where mp is the resonance mass and my is the nucleon mass. Here one can see
that the o-meson can be assigned a value between the two-pion-threshold and the
resonance minus nucleon mass. It is noted that pole mass (m,) and the width (I'y)
are constants in the vacuum; in the nuclear medium, however, these value depend
on the nuclear density,* i.e. m, = m, (p) and I'y = 'y (p). The m,(p) and T, (p)
decrease with increase of the p.

The survival probability of the sigma meson, i.e. the probability that it lives for
a time At or greater before decaying is given by

P (At) — e—AtFU/'y — e—Athmg/Eg’ (10)

where I',, m, and F, are the width, mass and energy of the o meson, respectively.
If this o meson lives for a time At or greater, it propagates as a free particle in
the vacuum. However, its propagation in the medium should be described by the
equation of motion

drg Po

dt My (11)
dpe
WPo _ g, U1, 12
L A (12)

where the mean field U, (t) is given as follows:*

2
P P
Ugt:a——i—b(—) , 13
) Po Po (13)
where a = -358 MeV and b = 140 MeV. py = 0.16 fm 3 is the nuclear saturation
density. The p is given by Eq.(4).
If this sigma meson decays into two pions within the time At, we also consider
the propagation, rescattering, and absorption of the pions in a medium.

3. Results and Discussions

For the elementary (p,n7) reaction which couple pions to the sigma meson, we
take nucleons and resonances A (1232), N* (1440), N* (1520), N* (1535), N* (1650),
N*(1680) and N*(1710) into account.

The density distribution of the sigma meson creation and decay in p +%° Ca
at incident energy 1.5 GeV and impact parameter b = 0 fm is given in Fig. 1, in
which the dot-dashed and dashed lines are the sigma creation and decay in vacuum,
respectively; the solid and dotted lines are the sigma creation and decay in nuclear
medium, respectively. One can see from this figure that the characteristic of sigma
decay is obviously modified by the nuclear environment. In the medium there are
more sigma’s that decay at the places with higher densities. In the medium of
nucleus the produced sigma mesons live longer due to the reduction of the m,,
Ty, and E, [ see Eq.(10)] and are decelerated see [ Egs. (12) and (13)], bringing a
longer stay of these produced sigma mesons in the region with higher densities.
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Fig. 1. The density distribution of the sigma meson creation and decay in p +%° Ca reactions at
incident energy 1.5 GeV and impact parameter b= 0 fm.
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Fig. 2. The invariant mass distributions of the sigma cross sections in the p +4° Ca reactions at
the incident energy 1.5 GeV.

Shown in Fig. 2 are the invariant mass distributions of the sigma cross-sections in
the p+4°Ca reactions at incident energy 1.5 GeV. The solid and dot-dashed curves
in Fig. 2 are the produced sigma meson without and with medium modification,
respectively. It is seen clearly that there is an appreciable shift to strength to the
low invariant mass region due to the medium modifications. The dashed and dotted
curves in this figure are the measured sigma mesons without and with medium
modification of the sigma cross section, respectively. We can also see the similar
results for the shift of strength to the lower invariant mass region due to the medium
modifications.

In the nuclear medium the produced sigma mesons have longer lifetime and are
decelerated. This makes the produced curve to shift again to the low invariant mass
region. On the other hand, however, pions produced from the decay of sigma mesons
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Fig. 3. The same as in Fig. 2 but for the p +298 Pb reactions at the incident energy 1.5 GeV.

with lower invariant mass are more absorbed in their propagation and rescattering
in the nuclear medium. Besides, pions coming from the decay of sigma mesons
at places with higher densities (see Fig.1) need longer time to go through the
dense environment and thus are more absorbed by the surrounding nucleons. If
one or two pions, which come from a sigma decaying, are absorbed, this sigma
cannot be measured due to that its existence is distinguished by the information of
these two pions that are measured in coincidence. In a word, these total in-medium
effects result in the final feather that the curve for the measured sigma mesons
with medium modifications is lower than one without medium modification, with
a slight shift of strength to the lower invariant mass region.

The same tendency that the invariant mass distribution, for both the produced
and measured sigma mesons shift to the lower mass region is also seen in p + 208 Pb
reactions as shown in Fig. 3.

Comparison between the simulation results in Fig. 2 and the ones in Fig. 3
displays a distinctive A dependence of the sigma productions: the increase of A is
followed by increase of the sigma production cross sections.

Ratios of the sigma cross sections as a function of the sigma invariant-mass
in p+ 4°Ca and p + 298 Pb reactions are shown in Fig. 4, where the solid and
the dot-dashed lines are produced sigma without and with medium modifications,
respectively; the dashed and dotted lines are measured sigma without and with
medium modification, respectively. It is found from the larger values of the sigma
production ratios o(p + Pb)/o(p + Ca) that the sigma meson production in p +
A collisions is strongly medium-dependent. Without additional medium effects the
ratio is almost constant as a function of the invariant sigma mass when the shift of
the sigma mass is taken into account.

The ratios for the measured sigma mesons show a significant enhancement at
low invariant masses if the medium modification is considered. It indicates that the
produced sigma mesons decaying in a denser medium experience a stronger mass



Sigma Meson Production in Proton-Nucleus Collisions 1849

; T
— produced (v) )
— - measured (v)
oL -— produced (m) | |
-+ measured (M) | -]
35
&
o
£ ar |
+ B
& |
b T TTTT \\
3 ~~o_ 7S]
.............. R Nt
L -
I ‘ \ ‘ ‘ ‘ ‘
e 04 05 06

Invariant mass (GeV)

Fig. 4. Rations of the sigma cross sections as a function of the sigma invariant-mass in p +4° Ca
and p +208 Pb reactions.

shift towards lower masses since the medium has large size in a heavier nucleus. It
should be stressed that this mass shift is an experimentally accessible observable in
the final state pion pairs, which did not suffer from reabsorption and rescattering
by the surrounding nucleons. The ratio of measured sigma mesons from various
reactions opens the possibility to explore the existence of the sigma meson in a
dense nucleus environment.
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Collective flow of K+ mesons in heavy ion collisions at SIS energies is investigated
within the covariant kaon dynamics. The theoretical results calculated by using quantum
molecular dynamics reasonably reproduce properties of the K anti-flow. This means that
the features of KT collective flow clearly favor the existence of an in-medium repulsive
potential for K™ meson. It is also shown that the rapidity distribution of K meson is
more sensitive to the nuclear equation of state than the differential directed flow.

1. INTRODUCTION

The production and properties of kaon in dense hadronic matter is a subject of consid-
erable current interest [1,2]. They can give insight into the fundamental aspects of chiral
symmetry restoration at high baryon density and/or temperature as well as the informa-
tion relevant to neutron stars [3—6]. In this research, we study further the collective flow
of Kt produced in nuclear collisions at SIS energy.

2. PRELIMINARY RESULTS AND DISCUSSIONS

We start our analysis with a comparison of our calculations for kaon production with
available K+ data for ®® Ni4-58 Ni collisions at 1.93 AGeV. The results of K+ directed flow

v, as a function of the normalized rapidity y© = Jem . where Yo, is the kaon rapidity in

the center-of-mass system and y,,,, is the projectile rapidity in the laboratory frame, are
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(CHE-RES-RG Theoretical Physics), and the National Nature Science Foundation of China under Nos
10611140542, 10575075 and 10435080.
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Figure 1. The directed flow of K*s in
8 N'i+58 Ni collisions at energy 1.93 AGeV
with impact parameter b = 2.33 fm. The
circles stand for the experimental data,
which are taken from [7].
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Figure 2. Elliptic flow of K*s in %N 458
Ni collisions at energy 1.93 AGeV with
impact parameter b = 2.33 fm. The full
circles and full triangle up stand for the
experimental measurement taken from [7].

displayed in Fig. 1. It is observed that K+ meson shows a slight anti-flow. Similar trends
are predicted by the QMD calculations for the existence of an in-medium repulsive K+
mean field. This means that our theoretical model including the in-medium K+ potential
can reasonably describe experimental data.

Fig. 2 shows the elliptic flow of KT, v, , as a function of the normalized rapidity y(©
in ®Ni +°8 Ni collisions at energy 1.93 AGeV with impact parameter b = 2.33 fm. In
this figure the full triangle up is the KaoS data [8], the full circles are 03data. They show
a clear behavior of out-of-plane emission of K mesons (vo < 0) . One sees clearly from
this figure that our theoretical results reasonably reproduce the features of the K™ elliptic
flow and are in good agreement with 03data. However, the magnitude of the elliptic flow
is increased from target to mid-rapidity and then is failed to fit the KaoS data. In a word,
our model can describe the squeezed out property of the K™ emission.

The differential directed flow of K+ in 58Ni +58 Ni collisions at energy 1.93 AGeV
with impact parameter b = 1.7 fm is shown in Fig. 3. In this figure the dashed and
solid curves symbols indicate calculated results with hard EOS and soft EOS within the
covariant kaon dynamics. The continuous curves are the connection between calculated
points. It is seen clearly that the K™ mesons are anti-flowing at low and high p, while
their v; is compatible with 0 only at mid p; . That is, the results for two cases, with soft
and hard EOS, show anti-flow of produced K at spectator rapidity.

The rapidity distribution of K+ mesons in % Ni 4+ Ni collisions at energy 1.93 AGeV
with impact parameter b = 2.33 fm, or 2.0 fm, or 1.7 fm is shown in Fig. 4. It is also shown
that the rapidity distribution of K™ mesons is more sensitive to the nuclear equation of
state than the differential directed flow.
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Figure 3. Differential directed flow of K*s
in the rapidity range —1.2 < y© < —0.65
in %8 Ni+8 Ni collisions at E = 1.93 AGeV
and b = 1.7 fm. The experiment data are
taken from Ref.[9].

3. CONCLUSION
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Figure 4. The rapidity distribution of K
mesons in ® Ni +°® Ni collisions at energy
1.93 AGeV with impact parameter b =
2.33 fm, or 2.0 fm, or 1.7 fm

In this work we have presented a detailed study of collective flow of K in ®® Ni +58 Nj
at 1.93 AGeV within the coupled channel QMD approach. The data near target rapidity
reveal a K anti-flow. The calculated results of the QMD model can reasonably describe
properties of the K* anti-flow. It is also shown that the rapidity distribution of K+
mesons is more sensitive to the nuclear equation of state than the differential directed
flow. It is concluded that the features of K™ collective flow clearly favor the existence of
an in-medium repulsive potential of K+ mesons.
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The transverse momentum distributions of A’s and proton’s directed flows are investigated by using Quantum Molecular Dynamics
model (QMD) within the framework of covariant kaon dynamics. The calculated results show that the transverse momentum
distribution of differential directed flow of Lambda hyperons is dependent appreciably on the nuclear matter equation of states
(EOS). The differential directed flow of Lambda hyperons calculated with soft EOS is consistent with the experimental data,
whereas the discrepancy between the results obtained with hard EOS and experimental data increases with increasing the transverse
momentum. Although the interaction acting on A’s by nucleons in the dense medium is attractive, the analysis indicates, that the
transverse momentum distribution of proton’s directed flow is insensitive to the EOS. The results obtained with both hard and soft

EOS are all roughly in agreement with the corresponding data.

lambda hyperon, differential directed flow, kaon meson, covariant dynamics

1 Introduction

The production and propagation of the hyperons such as
A, X, E, which have strangeness, in nuclear collisions have
been widely investigated because they measure the inter-
actions between particles in hot and dense nuclear matter.
Potentials of such hyperons in a nuclear environment have
generated considerable interest not only in nuclear physics,
but also in astrophysics. It is understood that hyperons will
appear in the dense core of neutron stars where the conver-
sion of nucleons to hyperons through the weak interaction is
energetically favored because at the Fermi surface the total
energy of the nucleons will otherwise exceed the mass of hy-
perons [1,2]. The presence of hyperons significantly softens
the equation of state in dense hadronic matter. This leads to
the prediction of a lower neutron star mass, which is closer to
astrophysical measurements, than that given previously for a
hyperon-free neutron star [2,3]. According to the quark

* Corresponding author (email: tsxyz@public.lz.gs.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2010

model, a hyperon interacts with nucleons predominately
through its non-strange quark content [4]. However, this
speculation should be confronted with precise experimental
tests.

Heavy ion collisions provide the only way to study in labo-
ratories hyperon properties in a nuclear environment which is
much denser and hotter than in nuclei in their ground states.
A great number of studies [5—7] have shown that the collec-
tive flow of particles is an effective observable for probing the
nuclear matter equation of state. These particles are nucleons
and their fragments, mesons, hyperons and resonances, and
even partons and their clusters. At the energy of 1 AGeV to
2 AGeV the pions, kaons, lambdas and sigmas are predom-
inantly produced particles. Among them the kaon plays an
important role in extracting the information of the EOS since
it has various special properties compared to nucleons, such
as associated production, longer mean free path, etc. They
also reflect the properties and law of fundamental interaction
of matter microscopically. For example, the chiral symmetry
breaking and restoration, and the conservation and violation

phys.scichina.com www.springerlink.com
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of parity and CP are closely related to the production and de-
cay of kaons [8]. And thus, The kaon meson has been inten-
sively studied for its production and collective flow by means
of heavy ion collisions [9].

In 1998, Fuchs et al. [10] made a close study of the kaon
dynamics in hot and dense nuclear environment which is pro-
duced during heavy ion collision within the frame of chiral
means field. They pointed out that the kaon meson, in addi-
tion to being regarded as a quasi-particle with effective mass
and momentum induced by environment, feels a momentum-
dependent interaction of Lorentz-like force. The in-plane
flow of K* was greatly reduced due to the existence of the
Lorentz-like force. In 2004, In line with Fuchs’ covariant
kaon dynamics Zheng et al. [11] investigated the influence of
the chiral mean field on the K™ transverse flow in heavy ion
collisions at SIS energy. Their studies show that a relatively
strong repulsive K* potential can be reproduced in the collid-
ing process and their results are consistent with experimental
data, but with improved precision. Most recently, based on
the work of ref. [11], we have investigated the collective flow
of positively charged kaons in heavy ion reactions at SIS en-
ergy within the frame of covariant kaon dynamics. Our calcu-
lated results by using Quantum Molecular Dynamics(QMD)
show that the rapidity distribution of K*’s is more sensitive
to the nuclear equation of state than the differential directed
flow [12].

The A hyperon is an associated production particle with
K* in the process of heavy ion collision at SIS energy due
to the conservation of strangeness. However, the collective
flow pattern of A and K* is very different because they feel
different interactions in nuclear environment. Therefore, a
problem arises, what is the A’s flow pattern in the frame of
covariant kaon dynamics? In the present contribution, we
investigate the directed flow of A hyperon within covariant
kaon dynamics by using the QMD model. Our theoretical
results show that the distribution of direct flow of lambda hy-
peron, as an associated production particle with K*, depends
on the nuclear matter equation of state (EOS): The differen-
tial directed flow of lambda hyperon calculated with soft EOS
is consistent with experimental data, whereas the discrepancy
between the results obtained with hard EOS and experimental
data becomes larger with the increase of transverse momen-
tum of A hyperon. Although interaction acting on A hyperon
by nucleons in dense medium is attractive, the analysis indi-
cates, however, that the transverse momentum distribution of
proton’s directed flow is insensitive to the EOS. The results
with both hard EOS and soft EOS are more or less coincide
with the data.

In the next section we briefly review the covariant kaon
dynamics and the QMD model. For the detailed discussions
please refer to refs. [10,11] and the references within those
studies. Then we present our calculated results and discus-
sions, followed by a short summary.

2 A review of kaon covariant dynamics and A
production

From chiral Lagrangian and using the mean field approxima-
tion, the kaon meson field ¢g-(x) fulfills the Klein-Gordon
equation [13]

[0y +1V,)* + mi)pk=(x) = 0. (1)

Here the upper sign ‘+’ is for K* meson and the lower sign
‘= for K~. V, and m}, are the vector potential and effective
mass of kaon, respectively, which read as

3

Vi gl (2)
. )
my = \/m%( - f’igps + V, VA 3)

The covariant equations of motion in the classical (testparti-
cle) limit for the K*’s can be derived from eq. (1), which is
analogous to the relativistical equations for baryons and reads
[14]

dgt k™
K
dik# kF
= V* F* +8,m’. 5
dr my WK

Here g, = (1, ¢q) is the coordinate in Minkowski space and
F* = 9,V” — 0,V* is the field strength tensor for K*. The
spatial component of eq. (5) involves a term depending on
the velocity of K*, called the Lorentz force, so called, be-
cause they share the action feeling by a charged particle in
the electromagnetic field [10,11,14].

The cheapest way to produce the K* meson is the reaction
NN — NKT'A, which has a threshold of Ey,, = 1.58 GeV
for the incident nucleon in free space. Here N stands for nu-
cleon and Y for hyperon. In real reactions induced by heavy
ion collision, however, the nuclear matter can be highly com-
pressed to 2 to 3 times density of nuclei in ground state at
incident energy of 1-2 GeV per nucleon. Such a compres-
sion effect allows of a kaon production below its threshold,
i.e. subthreshold kaon production. This is in particular in-
teresting since it ensures that the kaon meson originates from
the high density phase of the reaction. At SIS energy, the K*
meson is produced mainly from the following reaction chan-
nels: BB — BYK" and nB — YK™*. Here B stands for the
baryons (n, p, A, N*) and Y for hyperons (A, X). These pro-
duction channels can be subclassified into (1) NN — BYK™,
(2) NA — BYK™*, (3) AA — BYK" for BB — BYK™; (4)
aN — YK*, and (5) 1A — YK* forrB — YK™.

The Quantum Molecular Dynamics (QMD) model is an
effective theoretical transport model in studying heavy ion
collisions [15]. In QMD each nucleon is treated as a coherent
state of the form

(r—ry)?

1
VPO = oy P {_ AL

} explip-(r—ro)}, (6)
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where ry is the center of Gaussian wave pocket and L is the
width of the wave pocket. Consequently, the density in coor-
dinate space in a system with N nucleons is given as follows:

SR (r=ro)’
PN =D exp{— . } )

i=1
The time evolution of N-body distribution is determined by
the motion of the centroids of Gaussians, {r;, p;}, which are
governed by the classical Hamiltonian equation,

. OH OH
r; =

b= 8
ap; P or; ®

with
N N
H=) \/pg bm? 4 S UST+ US. )
i=1

l<]
Here U fj” and UICJ.O“‘ are nuclear mean field and the coulomb
interaction of nucleons.
The propagation of A produced in the process of collision
is similar to the evolution of a nucleon but the interaction felt
by a A is 2/3 time that of a nucleon [4].

3 Calculated results and discussion

According to the above-mentioned dynamical model and re-
action channels involved at SIS energy, we simulate the col-
lision system *$Ni+°®Ni at the incident energy E = 1.93
AGeV. Our special attention is paid to the analysis of flow
of A and nucleon in the final stage of reaction.

Figure 1 shows the rapidity distribution of K* meson,
dN/dY? = ¥ dN(i)/dY°, generated in this system. Here
the summation from i = 1 to 5 means the total contribution
of different channels listed above. The disconnected square
points in the figure are experimental measurements [16]. The
smooth curves are our calculated results with the solid line
and dashed line corresponding to the soft and hard nuclear
equation of state (EOS), respectively. It is clearly shown that
the value with soft EOS is larger than that with hard EOS
for the whole rapidity region and the difference between the
two lines is enlarged with the decrease of absolute value of
rapidity. In comparison, the value with soft EOS is in better
agreement with the data. This indicates that the rapidity dis-
tribution of K™ meson is sensitive to the EOS at central rapid-
ity region. The sensitivity can be explained by comparing the
incompressibility of the soft and hard EOS, K = 9pjde?/dp?.
Here e and p are the energy per nucleon and the density of
nuclear matter, pg = 0.16 fm 3. The values of K chosen here
are respectively 200 MeV for the soft EOS and 380 MeV for
hard EOS [11]. Therefore, the yield corresponding to soft
EOS is larger than that with hard EOS because the former
nuclear matter is more compressed than the latter during col-
lision [15].

The collective flow of particles is an important observable
quantity that reflects the collective motion of the particles.
The flow is usually characterized by the moments of the
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Figure 1 The rapidity distribution of K* meson in > Ni +8Ni collisions at
E =1.93 AGeV and b = 2.0 fm.

Fourier analysis of the azimuthal distribution [17]. The di-
rected flow is defined as

©Px > (10)

V1 =<
\/p§+p§

Here p,, py, p. are the momentum of the particle considered
and w is a weight, which is taken as “+1” for particle with
rapidity y > 0 and “—1” for y < 0. v; is usually a function of

transverse momentum p, = \/ p%+ p? and y. After integrat-

ing over y, one gets the transverse momentum dependence of
the directed flow, alternatively called the differential directed
flow [18].

The lower panel in Figure 2 shows the differential directed
flow of A hyperon in 3 Ni+8 Ni collisions at E = 1.93 AGev
and b = 2.0 fm within the window —1.2 < y* < -0.5. In
Figure 2 all symbols are the same as those in Figure 1. We
can see from the lower panel of Figure 2 that the flow pat-
tern is consistent with the data, i. e., the slops of the two
curves are both negative. The difference between these two
lines is also obvious; the differential directed flow of Lambda
hyperon calculated with soft EOS is consistent with the ex-
perimental data, whereas the discrepancy between the results
obtained with hard EOS and experimental data increases with
increasing transverse momentum.

In order to analyze the different dependence of A flow on
EOS, we depict the (p,) as a function of p, and put the pic-
ture on the upper panel of Figure 2. By comparing the panels
we can see that the (p,) with soft EOS is visibly larger than
that with hard EOS. We give the following reasons. (a) As
mentioned before, the nuclear matter with soft EOS is more
easily compressed than that with hard EOS, which leads to
significant momentum dissipation from the longitudinal to
the transverse direction. This feature has been revealed in
fragmentation of heavy-ion collisions at lower incident en-
ergy [20,21]. (b) The different degrees of stiffness of the EOS
influent differently the threshold of kaon production and lead
to various yields [11,12]. Consequently, the number of K*
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Figure 2 Dependence of the directed flow of A hyperon on transverse mo-
mentum in >3 Ni +38 Ni collisions at E = 1.93 AGeV and b = 2.0 fm within
the window —1.2 < y? < —0.5.

meson corresponding to the soft EOS is more than that cor-
responding to the hard EOS in the same rapidity region as
shown in Figure 1. Additionally, the distribution of nucle-
ons in the process of collision is non-isotropic in the reac-
tion plane because of the non zero impact parameter, which
is taken in the x axis in our calculation. The attractive inter-
action acting on the A particle by nucleons makes the (p,)
varied for different stiffness of the EOS at a same value of
P = \/ p2 + p? (see Figure 3 below).

However, the features of A flow shown in Figure 2 are not
completely seen in the flow of nucleons. In Figure 3 the mo-
mentum dependence of proton flow is plotted for two rapidity
windows for which the data are available. All symbols in this
figure are identical to those in Figure 1, but the data (square
points) are taken from ref. [19]. It is seen from this figure
that the pattern of two calculated results with soft and hard
EOS is more or less consistent with experimental data and
their flow magnitude is slightly higher than data at large p,.
But, the sensitivity for the EOS shown in the A flow is almost
vanished here. This conclusion about the dependence of nu-
cleonic differential directed flow on the EOS is the same as
that given in the studies on the lower energy heavy-ion col-
lisions where the nucleon flow is sensitive to the two-body
cross section but insensitive to the EOS [22].

4 Summary

In this paper we have simulated the collision system $Ni+
8Ni at the incident energy E = 1.93 AGeV and impact pa-
rameter b = 2.0 fm by using the quantum molecular dyna-

0.4 T v v v
(a) = FIOP data
-1.2<y*<-0.65
02} ¥ — Soft EOS
-—- Hard EOS
< 4
< 4

0.0 0.2 0.4 0.6 0.8 1.0
P, (GeVi/c)

Figure 3 The transverse momentum distribution of the directed flow of
protons in the final stage of reaction *Ni +°% Ni at E = 1.93 AGeV and
b=2.01fm.

mics model within Kaon covariant dynamics. The rapidity
distributions of K* meson and the flow of A hyperon and nu-
cleon in the final stage of reaction have been analyzed. Our
special attention is paid to the differential directed flow of A
hyperon, which is associated with K* meson in the reaction.
Our calculated results reproduce the dependence of K*’ ra-
pidity distribution on the EOS at central rapidity region. The
transverse momentum distribution of directed flow of A hy-
peron is dependent appreciably on the EOS. The results cal-
culated with soft EOS are consistent with experimental data,
whereas the discrepancy between the results obtained with
hard EOS and experimental data increases with increasing
transverse momentum of A hyperon. The sensitivity for the
EOS that has appeared in the A flow has almost vanished
in the results of nucleon flow. These features indicate that
how much the differential directed flow of A hyperons and
nucleons depends on the EOS wary at intermediate energy
heavy-ion collisions.
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Abstract

The kaon production in heavy ion collisions at intermediate energies provides a sensitive probe to
study the in-medium properties of hadrons. Properties of kaons in dense hadronic matter are
important for a better understanding of both a possible restoration of chiral symmetry in dense
hadronic matter and the properties of nuclear matter at high densities. It is known from chiral models
that the kaon mean field is related to chiral symmetry breaking. The K* and K- mean field potentials
play a crucial role. In the lowest order approximation to the chiral Lagrangian, the kaon (antikaon)
potential has an attractive scalar and a repulsive (attractive) vector part. Experimental and transport
model studies on the in-medium potential of kaon produced in heavy ion collisions at intermediate

energies are reviewed.

Keywords: Kaon production, heavy ion collisions, the in-medium kaon potential, transport study

Introduction

The strangeness production in heavy-ion
collisions is a hot topic of theoretical and
experimental studies. Because of rather high
energy thresholds in NN collisions (Eypean = 1.58
GeV for NN — KAN and Eyeam = 2.5 GeV for
NN — NNKK ), the secondary processes AN —
KYN, xN—KY and =Y—KN which require
high baryon density are important in the case of
nucleus-nucleus collisions at 1-2 AGeV.
Moreover, the relatively low K'N scattering
cross section is estimated at about 10 milibarn,
and the absence of the absorption channel of a
K" meson on a nucleon in strong interactions
cause nuclear matter to be practically transparent
for K" meson (Randrup and Ko, 1980). The analysis

of sub-threshold kaon production is used to obtain
information on the properties of strange mesons
in dense nuclear matter. Especially the relation
of the optical potential of K" and K in the nuclear
medium to experimental observables such as me-
sonic in-plane flow and azimuthal distribution of
kaons is a subject of vivid discussions.
Properties of kaons in dense hadronic matter
are important for a better understanding of both
a possible restoration of chiral symmetry in dense
hadronic matter and the properties of nuclear
matter at high densities. It is known from chiral
models that the kaon mean field is related to chiral
symmetry breaking (Kaplan and Nelson, 1986;
Nelson and Kaplan, 1987). The K" and K" mean
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field potentials play a crucial role. In the lowest
order approximation to the chiral Lagrangian, the
kaon (antikaon) potential has an attractive
scalar and a repulsive (attractive) vector part.
The calculations by Zheng et al. (2004) corrobo-
rated their earlier analysis (Fuchs ez al., 1998)
and have demonstrated that the new FOPI data
on the kaon in-plane flow (Herrmann, 1999) are
best described by using the kaon potential given
by the Brown-Rho (BR) parameterization
(Brown and Rho, 1996) [U,(py) ~30MeV, where
Po=0.16 fm™]. At p < p, the kaon potential in
the BR parameterization is close to the one in the
impulse approximation (Li et al., 1995; Schaffher-
Bielich et al., 1997). Following Zheng et al.
(2004), similar results are also obtained by RBUU
calculations (Larionov and Mosel, 2005). Recent
self-consistent calculations of Korpa and Lutz
(2005) and Tolos et al. (2006) have shown even
stronger repulsive potential for K™ meson Uy (py)
~36MeV in Korpa and Lutz (2005) and
Ui (po) =36MeV in Tolos et al. (2006).

This paper intends to give a comprehensive
overview of kaon properties in dense matter
formed in heavy ion reactions in the incident
energy range from 0.6 to 2A GeV. Section 2 gives
an overview of kaons in dense matter. Probing
the in-medium kaon potential is discussed in
Section 3. In Section 4, a summary is given.

Kaons in Dense Matter

The natural framework to study the interaction
between pseudoscalar mesons and baryons at
low energies is chiral perturbation theory (ChPT).
From the chiral Lagrangian, the field equations
for the K* mesons are derived from the Euler-
Lagrange equations (Liez al., 1995; Ko, 2001).
{8 o iS—i.j B“J{mz - Zﬂ pﬂgf) +(x)=0(1)
i g AR Tp e

In equation 1, j,, is the baryon four-vector

current, p; is the baryon scalar density, f; is the

in-medium pion decay constant. Introducing the
kaonic vector potential

3 @

g

Equation 1 can be rewritten in the form
(Fuchs, 2006)

[(aﬂ +iV,) "+ m;?] Bre (¥) =0 3)
Thus, the vector field is introduced by

minimal coupling into the Klein-Gordon equation.
The effective mass m ¢ of the kaon is then given by

i _\/mz ZKN
K K~
fa?

where myx = 0.496 GeV is the bare kaon mass.
The parameters in equations 1 and 4 are taken
as follows: the kaon-nucleon sigma term
2kv = 0.450 GeV, the in-medium pion decay
constant at normal nuclear matter density (po)
f% =10.6 f, (Brown and Rho, 1996) and the
vacuum pion decay constant /,=0.093 GeV.

The K= single-particle energies are
expressed as

ps + VVH @)

O+ () =1V + k2 + mg? )
where k" =k FVis the kaon effective momentum,
V= (V°,V), the kaon vector field is introduced
by minimal coupling into the Klein-Gordon with
opposite signs for K™ and K, and my is the kaon
effective (Dirac) mass.

The kaon (antikaon) potential Uj.is
defined as

Ugs (K) = 0s (K) — VK2 +m} (6)

In Zheng et al. (2004), they use the Brown
and Rho parameterization (Brown and Rho, 1996):
2xn= 450 MeV, f7* = 0.6 7 for the vector
field and f;?=f2 for the scalar part given by.
-Yxn/fa? Ps This accounts for the fact that
the enhancement of the scalar part using £, is
compensated by higher-order corrections in the
chiral expansion. In another group, a weaker
potential with Yy = 350 MeV and f;>= 12 is
also applied. This parametrizations is called the
Ko and Li parametrization (KLP) (Li and Ko, 1995;
Lietal., 1995; Ko, 2001). For the nuclear forces,
they use the standard momentum dependent
Skyrme interactions corresponding to a soft
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(hard) equation of state (EOS) (k is compression
modulus, k = 200 MeV and k = 380 MeV for
soft and hard EOS, respectively). For the
determination of the kaon mean field, they
adopt the corresponding covariant scalar-
vector description of the nonlinear m model.

Probing In-medium Kaon Potential

The potentials given in equation 6 by the BRP
and KLP are shown in Figure 1, where the KLP
and BRP stand for the Ko and Li parameteriza-
tion and the Brown and Rho parameterization,
respectively. In this Figure 1 shows the kaon
potential determined from the kaon-nucleon
scattering length using the impulse appro-
ximation (IA) (Brown et al., 1994). In IA, the
energy o (p, k) is given as:

1
a)(p,k)z\/kZ +m? —47([1+?’-:L)ﬁkyp )

N

where my is the nucleon mass and agy =
-0.255 fm is the isospin-averaged kaon-
nucleon scattering length in free space (Barnes
and Swanson, 1994). We can see from this
figure that the potentials predicted by the BRP
with the soft EOS (solid curve) and by the KLP
with soft EOS (dashed line) are slightly stronger

160
---- KLP, soft EOS
—--~ KLP, hard EOS
120 —-— Impulse Appr. -
oo BAP, s0ft ECS 7
BRP, hard EOS
s
D F i “
= 80 ré T
E f e
¥ Y. g
B e
40 ‘,;‘f;’
g L= T : 1 :
0 1 15 2 25 3
p/po
Figure 1. Density dependence of the in-medium

kaon potential at zero momentum. This
Figure is taken from Zheng et al. (2004)

than those with the hard EOS (see the dot curve
and long-dashed line, respectively). Up to
saturation density, the TA and the BR potentials
almost coincide [Uy (po) =30MeV], but at
supra-normal densities the BR potential rises
much steeper than the one of the TA. The KL
potential [Uy (py) ~5MeV] (dashed line and
long-dashed line), on the other hand, is much
weaker than those of the BR and the IA.

In order to investigate the influence of
covariant dynamics on the K in-plane flow, one
considers the 1.93 4GeV *®Ni + **Ni collisions at
impact parameter b =4 fim, which corresponds to
the FOPI centrality cut.

Figure 2 shows the K" transverse flow as a
function of rapidity Y@ in 1.93 4GeV 3*Ni + **Ni
reactions at impact parameter b =4 fm. It is seen
from this figure that the strongly repulsive static
potential tends to push the kaons dramatically

0.12 :
K (p/m>0.5)
0.08 - Garea
hard EOS
0.04 -
E)(
A, 0
o
v . Old data
0.04 -y & New data
o = = reflected
A 7 with U, and LF ‘
0.08 - AWIO L?: E
with U, but w/o LF
0.12 o= e—— —

i6 11 06 01 04 09 14
v

Figure 2. The K* transverse flow as a function of
rapidity ¥, in 1.93 4GeV *Ni + *Ni
reactions at impact parameter b = 4 fm.
The full squares represent the FOPI
data from Ref. (Ritman et al., 1995), full
circles are more recent FOPI data
(Herrmann, 1999), their reflections
with respect to midrapidity are shown
by the open circles. The calculations
are performed using the BRP K*
in-medium potential with a soft EOS.
The open down triangles denote the
calculated results with U, and the
Lorentz-force (LF) contribution. The
open up triangles indicate the results
without U,. The stars stand for the
results with U, but without LF. This
figure is taken from Zheng et al. (2004)
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away from the spectator matter, leading to a
strong anti-flow around midrapidity (stars).
The effect of the Lorentz-force (LF) contribution
in the covariant kaon dynamics pulls the kaons
back to the spectator matter, resulting in a finally
reasonable pattern of the K transverse flow,
which is in good agreement with the FOPI data
(See the open down triangles).

For K" mesons, the various transport models
provide a relatively coherent picture concern
the potential that has effect on kaon multi-
plicities. The repulsive mean field leads to
a reduction of the yields by about 30-50%,
depending on the potential, the system size and
the energy of the reaction.

The potential effect in central '’Au +
"7Au and '2C + '’C reactions as a function of
beam energy is given in Figure 3. Throughout
this work, the calculations which include an
in-medium potential are based on the K™ mean
field. The reduction of the K* yield due to the
repulsive potential is, as expected, slightly larger
in heavy systems than in light systems and most
pronounced at energies far below threshold.

Figure 4 gives the excitation functions of
the K™ production cross sections in inclusive
YTAu + Y7Au and C + '2C reactions.

L i e e i

- central (b=0 fm) .

w'e E

w0'E 1

iR 3

S10°F E-

=~ 3

10° £ E

F O wlo pot ; ]

10! 3 | vath pot .

£ A I S O S
10g3 1.0 15 2.0

E,, [GeV]
Figure 3. Influence of in-medium K* potential

on the kaon yields for central (b=0)
¥7Au + Au and "2C + 2C reactions.
This Figure is taken from Fuchs (2006)

Calculations were performed with by, = 11 fm
for Y’ Au+'"’Au and b,,,, = 5 fm for '2C + 2C.
The comparison to data from KaoS (Laue et al.,
1999) clearly supports the existence of such a
repulsive K potential.

The K rapidity distributions dN / dY°
(= Y -D)for this reaction is shown in
Figure 5. The description of the data requires
this repulsive mean field.

The same conclusions are obtained from
QMD, IQMD (Hartnack and Aichelin, 2002) and
the RBUU (Stochmeier ez al., 2001). The RBUU
calculations are based on a chiral mean field
evaluated in the relativistic Hartree approxima-
tion with Zgy= 450 Me) and the mean field is
close to that used in the QMD calculations. The
IQMD calculations are based on the RMF kaon
optical potential of Schaffner (Schaffner Bielich
et al., 1997). The kaon production by the repulsive
in-medium potential is most pronounced at
mid-rapidity, which is understandable from
kinematical reasons. It is seen from Figure 5
that the in-medium effect shown in the IQMD
calculation is slightly stronger than that given in
the QMD and RBUU calculations. Both RBUU
calculations use a slightly weaker in-medium
potential (The RBUU Giessen is based on the

T T

Pty

AutAu* 10.1‘/_13
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102 T TR, [ (U [ TSI
1 1.0 1.5 2.0
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Figure 4. The K* excitation functions in Au + Au
and C + C reactions are compared to
data from KaoS (Laue et al., 1999;
Larionov et al., 2002). This Figure is
taken from Fuchs (2006)
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chiral RHA potential of Mishra et al. (2004) and
the RBUU Texas is based on the empirical
potential of Chen et al. (2004). In the QMD
calculation, the in-medium potential leads
not only to suppression but also to a slight
broadening of the rapidity distribution because
the covariant dynamics also includes the Lorentz
force. The theoretical calculations show the same
results for the in-medium effect. Data support
the existence of with in-medium kaon potential 1.

The situation should become clear if one
considers the K™/ K™ ratio, in particular its phase
space dependence. This is done in Figure 6 where
FOPI data (Wisniewski et al., 2000) for the K~/
K" ratio as a function of rapidity are compared to
transport results from Li and Brown (1998) and
Cassing and Bratkovskaya (1999). Without
in-medium effects, the distributions are predicted
to be flat, as also expected, within a statistical
approach. The presence of the repulsive K™
potential pushes the kaons outwards to higher
rapidities while the attractive antikaon potential
binds K ’s at mid-rapidity. Both effects lead to
anincrease ofthe K/ K ratio around mid-rapid-

0.12 [P

" Ni+Ni, 1.93 AGeV e
r b<4 fm /f N

L L L

| = QMD (Tuebingen) wio pot |
| & IQMD (Nantes) wio pot

io RBUU (Giessen) wio pot |
i i o RBUU (Texas)wiopot |
[ /w | m IQMD (Nantes) with pot |
i - | & QMD (Tuebingen) with pot |
| @ RBUU {Giessen) with pot |
¢ RBUU (Texas) with pot |

0.08

dNay®

0.04

0
(0
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Figure 5. K* rapidity distributions in 1.93 AGeV
Ni + %Ni reactions at impact para-
meter b < 4 fm. The calculations are
performed with and without an
in-medium kaon potential using QMD,
IQMD (Hartnack and Aichelin, 2002),
and RBUU of Giessen (Mishra et al.,
2004) and Texas (Chen et al., 2004).
Calculations are compared to data
from FOPI (Best et al., 1997) and KaoS
(Menzel et al., 2000). This Figure is
taken from Fuchs (2006)

ity as also seen in the data. Supplementary data
from KaoS (Menzel et al., 2000) show that K / K
ratio reaches in Ni+ Ni reactions at 1.93 4 GeV a
value of about 0.04 at mid-rapidity, which is in
good agreement with the predictions from
Cassing and Bratkovskaya (1999) (with pot.) but
in contrast to those of Li and Brown (1998) where
the in-medium effects are over estimated.
However, more recent calculations which include
in-medium modifications of the pion induced
K productions cross sections T ¥ = NK" and the
corresponding absorption cross sections have
not such a clear picture (Schaffner-Bielich et al.,
2000; Tolos et al., 2001). The K~ chemistry and
the freeze-out time depend crucially on the
magnitude of the strangeness exchange cross
sections, and this seems also to be reflected in
the corresponding rapidity distributions.

To see influence of the in-medium K"
potential on the out-off-plane flow, the azimuthal
distribution of K mesons is solved in Figure 7
(Srisawad et al., 2011), for semi-central Au + Au
collisions at 1.5 4 Gev. In this figure, the full circles
are the KaoS data (Uhlig et al., 2005), which are

Ru+Ru-1.69 AGeV-b <5fm

Ni+Ni-1.93AGeV-b <5fm

o 008 : 4 006,

| Measured

Measured | Reflected Reflected

KK
KK

K/ K* ratio as a function of rapidity in
Ru + Ru reactions at 1.69 AGeV and
Ni + Ni reactions at 1.93 4GeV. RBUU
calculations (Thick lines: (Cassing and
Bratkovskaya, 1999), thin lines: (Li
and Brown, 1998) are compared
to FOPI data (Wisniewski et al., 2000).
Solid lines include in-medium poten-
tial, dashed lines refer to calculations
without in-medium potential. This
Ffigure is taken from Wisniewski
et al. (2000)

Figure 6.
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corrected for the resolution of the reaction plane
and refer to impact parameter of 5.9 fm <b<10.2
fm, rapidity of 0.3 <y/Yiean <0.7, and momentum
0f0.2 <p,;<0.8 GeV/c. The lines represent results
calculated by the QMD model with covariant
kaon dynamics (Zheng et al., 2004). The theo-
retical calculations have the same conditions as
the ones in experiments. The dashed line and
solid line stand for the results without and with
an in-medium KN potential, respectively. Both
calculations take into account the kaon-nucleon
rescattering. It is clear from this figure that the
KaoS data can be reasonably reproduced by the
QMD calculations if an additional repulsive
in-medium K N potential is taken into account
(solid line).

For the light collision system shown in
Figure 8, the effect of the in-medium K potential
is also obvious. After taking into account the
in-medium K~ potential, theoretical results (solid
line) are in good agreement with experimental

0.104

X

g
g
z |f i
0.05
..... w/o potential
— with potential
T T T
-90 0 %0
¢
Figure 7. Azimuthal distribution of K* mesons

for semi-central Au + Au collisions at
1.5A GeV. The full circles are the KaoS
data (Unlig et al., 2005), which are
corrected for the resolution of the
reaction plane and refer to impact
parameter of 5.9 fm<b<10.2 fm,
rapidity of 0.3<y/y, . <0.7, and momentum
of 0.2<p <0.8 GeV/c. The lines represent
results calculated by the QMD model
with covariant kaon dynamics. The
dashed line and solid line stand for
results without and with an in-medium
K*N potential, respectively. This Figure
is taken from Srisawad ef al. (2011)

data. Similar results are also obtained by the
IQMD calculations (Uhlig et al., 2005).

Conclusions

In heavy ion collisions at intermediate energies,
i.e. at energies around the threshold region,
strangeness is generally produced in the
early and high density phase of the reaction.
However, the freeze-out conditions for kaons
and antikaons are completely different. Due to
strangeness conservation, K~ mesons cannot be
reabsorbed by the surrounding nucleons and
their chemical freeze-out takes place early. Final
state interactions, i.e. elastic scattering or charge
exchange reactions and the influence of the optical
kaon-nucleon potential change their dynamical
pattern but not the abundances. This makes K
mesons a suitable "penetrating’ probe to study the
in-medium properties of hadrons and the dense
nuclear matter created in a heavy ion reaction.

g
Z
=
i — wio potential
__ with potential
T T T
90 0 90
[
Figure 8. Azimuthal distribution of K" mesons

from Ni + Ni reactions at 1.93 AGeV.
The data are corrected for the
resolution of the reaction plane and
refer to impact parameter of 3.8 fm
<b < 6.5 fm, rapidity of 0.3<yly,  <0.7,
and momentum of 0.2 < p, < 0.8GeV/c.
The lines represent results of QMD
calculations. The solid line and dashed
line stand for the result with and
without an in-medium K*N potential,
respectively. This Figure is taken from
Srisawad et al. (2011)
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Two types of in-medium potentials with
different parametrization have been applied. The
theoretical results show that in the kaon
covariant dynamics the new FOPI data can be
reasonably described by using a parametrization
proposed by Brown and Rho (1996) which
partially accounts for higher-order corrections
in the chiral expansion. The reproduction of the
more recent FOPI data, in particular at spectator
rapidities, requires a relatively strong repulsive
K" potential, which is in good agreement with
those determined from the kaon-nucleon
scattering length using the impulse approxima-
tion. Most transport simulations reproduce
corresponding data only when in-medium K"
potentials are included.
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Abstract Strange mesons are considered to be sensitive to in-medium modifications. Theory predicts a repul-
sive KN potential and an attractive K~ N potential in dense matter. A repulsive K+ N potential would repel
the K mesons from the bulk of the nucleons and therefore cause a preferred out-of-plane emission of K
mesons at midrapidity and a directed flow opposite to the nucleons at target and projectile rapidity. One of
observables to probe in-medium effects is the azimuthal emission pattern of K+ mesons in heavy ion colli-
sions. KaoS collaboration has measured the azimuthal distributions of K mesons in Au + Au reactions at
1.5 A GeV and Ni + Ni reactions at 1.93 A GeV. Data show that K™ mesons exhibit a pronounced enhance-
ment at ¢ = 90°, i.e. perpendicular to the reaction plane. The data have also been fitted using the first two
components of a Fourier series to get the directed flow v and elliptic flow v,. We used the quantum molecular
dynamics model based on the covariant kaon dynamics to simulate the Au + Au collisions at 1.5 A GeV and
the Ni + Ni collisions at 1.93 A GeV, to analyze the azimuthal distributions of K mesons, and to calculate v,
and v, of K+ mesons. Calculated results with a repulsive in-medium K+ N potential can reasonably describe
the features of KaoS data. This indicates that the azimuthal distribution is one of sensitive probes to extract
information on in-medium properties at high densities.

1 Introduction

Intermediate and high energy heavy ion collisions provide a unique opportunity to investigate the properties
of hadrons in dense nuclear matter. Strange mesons are interesting tool to investigate the properties of hadrons
inside nuclear matter. In particular, K *’s seem to be a quite promising tool for probing the dense interior of the
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collision zone as their mean free path is long enough to escape without further interactions. Theory predicts
kaon-nucleon potentials in nuclear matter which are repulsive for K+ but attractive for K~ mesons.

Microscopic transport calculations simulating heavy-ion collisions predict measurable consequences of
the in-medium modifications of strange mesons. A repulsive K+ N potential would repel the K mesons
from the bulk of the nucleons and therefore causes a preferred out-of-plane emission of the K+ mesons at
midrapidity and a directed flow opposite to the nucleons at target and projectile rapidity. These effects were
found in experiments [1,2].

In this paper we present microscopic transport calculations simulating the azimuthal distributions of K
mesons in nucleus—nucleus collisions. We have calculated two systems: Ni + Ni at 1.93 A GeV and Au + Au
at 1.5 A GeV. The bombarding energy is well below the K+ production threshold (ENN = 1.58 GeV).

thres

2 Quantum Molecular Dynamics

In the quantum molecular dynamics (QMD) model [3] each nucleon is represented by a coherent state of the
form. (we set /i ,c=1)

_ 1 ; (r—ro)2 X
‘P(r’PO’t)—mexp lp0~(r—r0)—T ( )

where ry is the time dependent center of the Gaussian wave packet in coordinate space. The width L is kept
constant. One uses Wigner density instead of working with wave function. Then, the Wigner density reads

1 , —
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The N-body Wigner density is the direct product of the Wigner densities of N coherent states

N (r; —1i0)?
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The Wigner representation of our Gaussian wave packets obeys the uncertainty relation AryAp, = /2. The

density in coordinate space is given by the momentum integral over the Wigner density,

N
p(m) =28 —r1) [N, ...y P,s-. Py AP, ... d°pdr,. . .dr,
i=1
“4)

N
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Z GaLy” P [_ 2L ]

The next step is to determine the local potential U (r) generated by all the other nucleons at the centers of
the Gaussian. Finally the momenta of all particles are chosen randomly, the time evolution of the N-body
distribution is determined by the motion of the centroids of the Gaussian (r;g, pio), which are propagated by
the Poisson brackets

l

Pio = {rio, H} )
and
ti0 = {pio, H} (6)
H is the nuclear Hamiltonian
H=>\p}+m!+ %Z Wi+ Ui (7)
i i#]
Here U f]’ " is the nuclear mean field. U;;’” is the Coulomb interaction. The strength of the nuclear compression

is quoted normally in terms of the incompressibility constant K. A soft equation of state (EOS) is represented
by a value of K = 200 MeV, while a hard EOS is represented by a value of K = 380 MeV.
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3 Results and Discussion

The experiments were performed with the Kaon Spectrometer (KaoS) at the heavy-ion synchrotron (SIS) at
GSI in Darmstadt [4]. The elliptic flow v, is very sensitive to the strength of the interaction of K and K~
mesons with the nuclear environment. In the case of a repulsive potential (as for K) one expects vy < 0,
i.e., a dominant out of plane emission of kaons due to the repulsive interaction with the nucleon spectators.
The situation is opposite for antikaons, which are attracted by the nucleon. K+ mesons exhibit a pronounced
enhancement at ¢ = £90° perpendicular to the reaction plane.

The results of the QMD calculations based on covariant kaon dynamics [5] for Au + Au collisions at
1.5 A GeV are shown in Fig. 1 (solid line) together with the data taken around midrapidity 0.3 < y/ypeam < 0.7.
Experimental data are reproduced by the calculations if an additional repulsive in-medium K ™ N potential is
taken into account (solid line in Fig. 1). Similar conclusion is obtained from Boltzmann—Uehling—Uhlenbeck
(RBUU) calculation [6].

In order to quantitatively explain the azimuthal distributions of the K™ mesons, we compare of the data
from Ni + Ni reactions at 1.93 A GeV with QMD model calculations. In Fig. 2 this transport calculations take
into account both the space—time evolution of the reaction system and the in-medium properties of the strange
mesons. The dashed and solid lines represent results of calculations without and with in-medium potentials,
respectively. The model calculations have been made exactly according to experimental conditions selecting
the corresponding laboratory angles and laboratory momenta. It is seen clearly again from this figure that
theoretical results with in-medium K potential can reasonably describe KaoS data.

2 2

We use vj = <’;—T> and vy = Z’é;ié
shown in Table 1 for Au + Au collisions at 1.5 A GeV and Table 2 for Ni + Ni collisions at 1.93 A GeV,
respectively. Here, one sees from the tables that calculated vy and v, with in-medium K potential are in
agreement with data.

> to calculate the direct and elliptic flow of K * mesons, which are

4 Conclusions

We have analyzed the azimuthal emission patterns of K mesons in heavy ion collisions at threshold beam
energies. This observable can be described by the QMD calculations with taking into account a repulsive
in-medium KN potential. This means that the azimuthal distribution of K+ mesons is one of sensitive
probes to extract information on the in-medium properties of strange mesons at high densities.

010 } I

1/N dN/d¢

0.05

..... w/o potential
— with potential

T T T T T
-90 0 90

¢

Fig. 1 Azimuthal distribution of K+ mesons for semi-central Au + Au reactions at 1.5 A GeV. The data are corrected for the
resolution of the reaction plane and refer to impact parameter of 5.9 < b < 10.2 fm, rapidities of 0.3 < y/Ypeam < 0.7, and
momenta of 0.2 < pt < 0.8GeV/c. The lines represent results of QMD calculations for without (dashed line) and with an
in-medium potential (solid line). Both calculations take into account kaon nucleon rescattering
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Fig. 2 Comparison of the data from Ni + Ni reactions at 1.93 A GeV with QMD model calculations. Data are corrected for the
resolution of the reaction plane and refer to impact parameter of 3.8 < b < 6.5 fm, rapidities of 0.3 < y/Ypeam < 0.7, and
momenta of 0.2 < pt < 0.8GeV/c. The lines represent results of QMD calculations for without (dashed line) and with an
in-medium potential (solid line). Both calculations take into account kaon nucleon rescattering

Table 1 The direct flow and elliptic flow of K+ mesons in Au + Au collisions at 1.5 A GeV

First Data Calculation with KN potential Calculation without K+ N potential
Direct flow (v;) 0.04 £0.01 —0.041 £ 0.002 —0.008 £ 0.0013
Elliptic flow (v) —0.09+0.03 —0.042 £ 0.01 —0.03 £0.0013

Table 2 The direct flow and elliptic flow of K+ mesons in Ni + Ni collisions at 1.93 A GeV

First Data Calculation with KN potential Calculation without K™ N potential
Direct flow (vy) —0.01 +£0.01 —0.013 £ 0.002 —0.006 £ 0.001
Elliptic flow (vy) —0.05+0.03 —0.04 + 0.002 —0.02 £ 0.001

Acknowledgments This work was supported in part by the National Research Council of Thailand (NRCT) and Faculty of
Science, Naresuan University.
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medium K+N potential can reasonably describe the features of KaoS data. They are
also shown that the transverse mass spectrum of K+ mesons are sensitive to the
nuclear equation of state.
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Abstract The kaon production in heavy ion collisions at intermediate energies provides a
sensitive probe to study the in-medium properties and nuclear equation of state of hadrons.
Properties of kaons in dense hadronic matter are important for a better understanding of
both, a possible restoration of chiral symmetry in dense hadronic matter and the properties
of nuclear matter at high densities. We investigated the in-medium kaon potential and nu-
clear equation of state by transverse mass spectra of K™ mesons in heavy ion collisions. We
use the quantum molecular dynamics (QMD) models based on the covariant kaon dynamics
to simulate the ggN i+ ;gN i collisions at 1.93 A GeV, to analyze the transverse mass spectra
of K*. Calculated results with a repulsive in-medium KN potential can reasonably de-
scribe the features of KaoS data. They are also shown that the transverse mass spectrum of
K mesons is sensitive observable to probe the kaon in-medium potential in dense nuclear
matter.
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1 Introduction

The strangeness production in heavy-ion collisions is interesting topic of theoretical and
experimental studies. Because of rather high energy thresholds in nucleus-nucleus collisions
(Epeam = 1.58 GeV for NN — KAN and Epeqy, = 2.5 GeV for NN — NNKK ), the secondary
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processes AN — KYN, N — KY and ¥ — KN, which require high baryon density, are
important in the case of nucleus-nucleus collisions at 1 —2 A GeV. Moreover, the relatively
low KN scattering cross section is estimated at about 10 milibarn and the absence of the
absorption channel of a K™ meson on a nucleon in strong interactions cause nuclear matter
to be practically transparent for K meson [1].

Properties of kaons in dense hadronic matter are important for a better understanding of
both, the possible restoration of chiral symmetry in dense hadronic matter and the properties
of nuclear matter at high densities. It is known from chiral models that the kaon mean field
is related to chiral symmetry breaking [2]. The Kt and K~ mean field potentials play a
crucial role. In the lowest order approximation to the chiral Lagrangian, the kaon (antikaon)
potential has an attractive scalar and a repulsive (attractive) vector part. The calculations
by Zheng et al.[3] demonstrated that the new FOPI data on the kaon in-plane flow [4] are
best described by using the kaon potential given by the Brown-Rho (BR) parameterization
[5] Ux (po) =30 MeV , where py = 0.16fm™3. At p < po the kaon potential in the BR
parameterization is close to the one in the impulse approximation [6]. Following Zheng
et al., similar results are also obtained by RBUU calculations [7]. Recent self-consistent
calculations show even stronger repulsive potential for(Uy (pg) ~ 36MeV [8])

This paper intends to investigate the in-medium effects of K™ mesons and nuclear equa-
tion of state in dense matter created in heavy ion collisions. We use the quantum molecular
dynamics (QMD) model based on the covariant kaon dynamics to simulate the ggN i+ ggN i
collisions at 1.93 A GeV.

2 The QMD model

In the QMD model each nucleon is described by a coherent states

¢ (r,po,t) = ey

(1‘71‘0)2
T

—————exp |ipo- (r—rp) —
(2zL)*/* [

where ry is the time dependent center of Gaussian wave packet in coordinate space. The
width L = 10.8 fm? is constant. The Wigner transform of the coherent state is Gaussian in
momentum and coordinate space. Then, the Wigner density reads

Fep 1) = oo e Mg (F12,1) 9 (F512,1) driz

—ro)? @
— Lexp [~ 5 — (p—po)2L ]
The N-body Wigner density is the direct product of the Wigner densities of N coherent
states.

N A (rj—r)? 2
f (r1,...,rN;p1,~~~,pN;t)=HFeXp ———; — —(Pi—po)*-2L ©)
i=1

The Wigner representation of our Gaussian wave packets consistent with the uncertainty
relation Ar,Ap, = 1i/2. The density in coordinate space is given by the momentum integral
over the Wigner density.
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The next step is to determine the local potential U (r) generated by all the other nucleons at
the centers of the Gaussian. Finally the momentum of all particle is chosen randomly, the
time evolution of the N-body distribution is determined by the motion of the centroids of the
Gaussian (rj, pjo ), Which are propagated by the Poisson brackets

Pio = {pio,H} = {pi, T+ U} Q)

and
tio={rio,H} = {rio,T+U} (6)

where the nuclear Hamiltonian
H= Z / lo+m +2Z Ustr+Ucou (7)

Here Uf]" is the nuclear mean field. Ui‘}”“’ is the coulomb interaction.

3 Results and discussions

The transverse mass spectra of K™’s as function of the transverse kinetic energy my —m
for three equally wide bins in rapidity is shown in Fig.1. The transverse mass is given by
mr = (p% +m2)<1/ 2 with the transverse momentum pr and the rest mass m of K* from
the 33Ni +35Ni collisions at 1.93 A GeV by using the soft and hard EOS, with and without
kaon in-medium potential (Uk). It is seen clearly in Fig.1 that without the Uk, the transverse
mass spectra of K™ mesons are too narrow with too high small-momentum part and too low
large-momentum part. After taking into account the Uk, which is positive for K+ mesons,
K mesons are pushed away from nucleons. In other words, the K™ mesons are accelerated
during their propagation. Thus, the number of kaons with smaller momentum decreases and
the number of kaons with larger momentum increases, leading to a good fit to the experiment
data [9].

4 Conclusions

In heavy ion collisions at intermediate energies, i.e. at energies around the threshold re-
gion, strangeness is generally produced in the early and high density phase of the reaction.
However, the freeze-out conditions for kaons and antikaons are completely different. Due
to strangeness conservation K+ mesons cannot be reabsorbed by the surrounding nucleons
and their chemical freeze-out takes place early. Final state interactions, i.e. elastic scatter-
ing or charge exchange reactions and the influence of the optical kaon-nucleon potential
change their dynamical pattern but not the abundances. This makes K+ mesons to be a suit-
able probe to study the in-medium properties of hadrons and the nuclear equation of state
for dense matter created in a heavy ion reaction. We have analyzed the transverse mass
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Fig. 1 The transverse mass spectra of K mesons from the ggNi + §§N i collisions at 1.93 AGeV by soft
and hard EOS with and without kaon in-medium potential Ux at impact parameter b < 4.5 fm. The spectra
are extracted in the following c.m. rapidity intervals (from top to bottom): —0.69 < y.,,. < —0.54,—0.54 <
Ve, < —0.39 and —0.39 < y.,.. < —0.24. The scaling factors 10?,10" and 10° are applied to the spectra
from top to bottom. Data are taken from [9].

spectrum of K+ mesons from the ggN i +§§N i collisions at 1.93 A GeV. We found that this
observable can be described by calculated results with the kaon in-medium potential. This
means that the transverse mass spectrum of K™ mesons is sensitive observable to probe the
kaon in-medium potential in dense nuclear matter.
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The kaon production in heavy ion collisions at intermediate energies provides a sensi-
tive probe to study the in-medium properties of hadrons. Properties of kaons in dense
hadronic matter are important for a better understanding of both, a possible restoration
of chiral symmetry in dense hadronic matter and the properties of nuclear matter at high
densities. We observed the in-medium effects and nuclear equation of state by transverse
mass spectra and rapidity distributions of K+ mesons in heavy ion collisions. We use
the quantum molecular dynamics (QMD) model based on the covariant kaon dynamics
to simulate the ggNi + ggNi collisions at 1.93 A.GeV to analyze the transverse mass
spectra and rapidity distributions of K. Calculated results with a repulsive in-medium
KT N potential can reasonably describe the features of KaoS data. They are also shown
that the transverse mass spectrum and rapidity distributions of K mesons are sensitive
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to the nuclear equation of state.
Keywords: nuclear equation of state; in-medium properties; quantum molecular dynamics
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1. Introduction

The strangeness production in heavy-ion collisions is a hot topic of theoretical
and experimental studies. Because of rather high energy thresholds in NN collisions
(Epeam = 1.58 GeV for NN — KAN and Epeqm = 2.5 GeV for NN - NNKK
) the secondary processes AN — KY N, 7N — KY and 7Y — KN which require
high baryon density are important in the case of nucleus-nucleus collisions at 1 — 2
A.GeV. Moreover, the relatively low K TN scattering cross section is estimated at
about 10 milibarn and the absence of the absorption channel of a K™ meson on a
nucleon in strong interactions cause nuclear matter to be practically transparent for
K* meson.Y! The analysis of sub-threshold kaon production is used to obtain the
information on properties of strange hadrons in dense nuclear matter. Especially
the relation of the optical potential of KT and K~ in the nuclear medium to exper-
imental observables like mesonic in-plane flow and azimuthal distribution of kaons
is subject of vivid discussions.

Properties of kaons in dense hadronic matter are important for a better un-
derstanding of both, the possible restoration of chiral symmetry in dense hadronic
matter and the properties of nuclear matter at high densities. It is known from chiral
models that the kaon mean field is related to chiral symmetry breaking.? The K+
and K~ mean field potentials play a crucial role. In the lowest order approximation
to the chiral Lagrangian, the kaon (antikaon) potential has an attractive scalar and
a repulsive (attractive) vector part. The calculations by Zheng et al.® demonstrated
that the new FOPI data on the kaon in-plane flow? are best described by using the
kaon potential given by the Brown-Rho (BR) parameterization® Uy, (pg) ~ 30MeV,
where pg = 0.16fm 2. At p < pp the kaon potential in the BR parameterization
is close to the one in the impulse approximation. Following Zheng et al., similar
results are also obtained by RBUU calculations. Recent self-consistent calculations
show even stronger repulsive potential for(Uy, (pg) =~ 36 M eV )

One of the essential questions in nuclear physics is to study the nuclear equation
of state (EOS), which is also very important for our understanding of nuclear physics
as well as for astrophysics. Models which make predictions on the nuclear EOS can
roughly be divided into three classes:

(i) Phenomenological density functional, which are based on effective density de-
pendent interactions such as Gogny or Skyrme forces®” or relativistic mean
field (RMF) models.** The number of parameters, which are fine turned to the
nuclear chart, is large than 6 and less thanlb.

(ii) Effective field theory approaches where the effective interaction is determined

within the spirit of effective field theory (EFT). Such approaches lead to a
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more systematic expansion of the EOS in powers of density, respectively the
Fermi momentum (K ) They can be based on density functional theory*# or
on chiral pertubation theory.*? The advantage of EFT is the small number of
parameters.

(iii) Microscopic Ab inito approaches which is based on high precision free
space nucleon-nucleon interactions. The nuclear many-body problem is
treated microscopically. Examples are variational calculations,® relativistic
or non-relativistic Brueckner calculations,™ and Green function Monte Carlo
aproaches®. Predictions for the EOS is parameter free.

This paper intends to observe the in-medium effects of K+ mesons and nuclear
equation of state in dense matter created in heavy ion collisions. We use the quan-
tum molecular dynamics (QMD) model based on the covariant kaon dynamics to
simulate the 55 Ni + 33N collisions at 1.93 A.GeV and to analyze the transverse
mass spectra and rapidity distributions of K.

2. Kaons in Dense Matter

The natural framework to study the interaction between pseudoscalar mesons
and baryons at low energies is chiral perturbation theory (ChPT). From the chiral
Lagrangian the field equations for the K* mesons are derived from the Euler-

Lagrange equations.’"

3
4fx

In Eq. Ju is the baryon four-vector current, p, is the baryon scalar density, f
is the in-medium pion decay constant. Introducing the kaonic vector potential

5
9,0" + —j,0" + (m%( - f{fjpsﬂ bt (z) =0 (1)

3 .
V= @]u (2)
Eq. can be rewritten in the form™8
(0%, + i bxcs () =0 (3)

Thus, the vector field is introduced by minimal coupling into the Klein-Gordon
equation. The effective mass m} of the kaon is then given by

« YpN
myg = \/m%( T a2 P + V.V (4)
where myg = 0.496 GeV is the bare kaon mass. The parameters in Eq. and
(4) are taken as follows: the kaon-nucleon sigma term Xy = 0.450 GeV, the in-
medium pion decay constant at normal nuclear matter density (po), f = V0.6 fx
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and the vacuum pion decay constant fr,= 0.093 GeV1,
The K* single-particle energies are expressed as

wit (k) =2V + /K2 + m32 (5)

where k* = k F V is the kaon effective momentum,V* = (VO, V), the kaon vector
field is introduced by minimal coupling into the Klein-Gordon with opposite signs
for K+ and K, and mj, is the kaon effective (Dirac) mass. The kaon (antikaon)
potential Ug+ is defined as

Ugs (k) = wr+ (k) — \/k? + mik (6)

In Ref. 3 they use the Brown and Rho parameterization Yy = 450 MeV,
22 = 0.6f2 for the vector field and f2 = f2 for the scalar part given by
—Ykn/fps. This accounts for the fact that the enhancement of the scalar part
using f*? is compensated by higher-order corrections in the chiral expansion. In
another group a weaker potential with Y n=350 MeV and fi2 = f2 is also ap-
plied. This parametrizations is called the Ko and Li parametrization (KLP)“". For
the nuclear forces they use the standard momentum dependent Skyrme interactions
corresponding to a soft (hard) equation of state (EOS) (the compression modulus
K is that K = 200 MeV and K = 380 MeV for soft and hard EOS, respectively). For
the determination of the kaon mean field they adopt the corresponding covariant
scalar-vector description of the nonlinear cw model. Up to saturation density the
BR potential is (Uy (pg) = 30MeV) and the KL potential is (Uy (pg) = 5MeV).

3. The QMD model

In the QMD model each nucleon is described by a coherent states

1)3/4 exp {ipo S(r—ro) — (r;LroV]

(2rL @

¢(I‘» va t) =

Where rg is the time dependent center of Gaussian wave packet in coordinate space.
The width L = 10.8fm? is constant. The Wigner transform of the coherent state is
Gaussian in momentum and coordinate space. Then, the Wigner density reads.

1 —ip-r r+r «[T—T
f(r3pat)(2ﬂ_)3/e P 127/1( 5 127t>¢ (212,t> d3ryo

[_(1"—1”0)2 —(p—py)?- 24 (8)

= 736Xp

™ 2L

The N-body Wigner density is the direct product of the Wigner densities of n
coherent states.

N A (ri —ri)” 2
f (rl,-~-,rN;p1,-~-,pN;t)=H;eXp —T—(pi—pio) 2L (9)
i=1
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The Wigner representation of our Gaussian wave packets consistent with the un-
certainty relation Ar,Ap, = h/2. The density in coordinate space is given by the
momentum integral over the Wigner density.

N
Zé(r—ri)/fN(rl,...7rN;p1,...7pN;t) d®p, ... Bpyd®r; ... dPry
1

p(r,1)
=
N 1 (I‘ — I'io)2
= ; rLy exp [— I } (10)
The next step is to determine the local potential U,y generated by all the other
nucleons at the centers of the Gaussian. Finally the momentum of all particle is
chosen randomly, the time evolution of the N-body distribution is determined by
the motion of the centroids of the Gaussian (rjo, Pio), Which are propagated by the
Poisson brackets

Pio = {piOaH} = {pi07T+ U} (11)
and
ti0 = {rio, H} = {ri, T+ U} (12)

is the nuclear Hamiltonian

Hos s L "

i#]

Here Ufj” is the nuclear mean field. Ufjm” is the coulomb interaction.

4. Results and discussions

The transverse mass spectra of K+ production as function of the transverse
kinetic energy mr —m for three equally wide bins in rapidity is shown in Fig[l] The
transverse mass is given by mp = (p% + m2) (1/2) with the transverse momentum pp
and the rest mass m of K+ from the 53 Ni + 53 Ni collisions at 1.93 A.GeV by using
the soft EOS with and without kaon in-medium potential (Ug). It is seen clearly
from this figure that without the U, the transverse mass spectra of K+ mesons are
too narrow with too high small-momentum part and too low large-momentum part.
After taking into account the Uy ,which is positive for K mesons, K mesons are
pushed away from nucleons. In other words, the KT mesons are accelerated during
their propagation. Thus, the number of kaons with smaller momentum decreases
and the number of kaons with larger momentum increases, leading to good fit to
the experiment data?2.

This feature can also be seen from Fig. [2] This indicates that the U should be
take into accounte in theoretical simulations of the kaon production in heavy ion
collisions in order to reasonably describe the experimental data?2.

The transverse mass spectra of K+ mesons from the 55 Ni + 55 Ni collisions at
1.93 A.GeV by soft and hard EOS with Uk is given in Fig[3] It is known from this
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Fig. 1. The transverse mass spectra of K+ mesons from the SgNH—ggNi collisions at 1.93 A.GeV
by using the soft EOS with and without kaon in-medium potential Ui for impact parameter
b < 4.5fm. The spectra are extracted in the following c.m. rapidity intervals (from top to bottom):
—0.69 < Ye.m. < —0.54, —0.54 < yYe.m. < —0.39 and —0.39 < ye.m. < —0.24. The scaling factors
102,10 and 109 are applied to the spectra from top to bottom. Data are taken from'22.

figure that the theoretical results given by the soft EOS are in better agreement
with data. This means that the dense matter created in this reactions have the
property with the soft EOS.

Fig shows the rapidity distribution of K mesons as function of normalized
rapidity YO = Y, ., /Ypro; in 35Ni + 35Ni reactions at 1.93 A.GeV with impact
parameter b < 4fm. Y., is the kaon rapidity in the center of mass system and
Y,r0; is the projectile rapidity in laboratory frame. One can see clearly that the data
can only be described by calculation with an in-medium kaon potential. This means
that the rapidity distribution of K™ mesons is more sensitive to the inmedium kaon
potential.

5. Conclusions

In heavy ion collisions at intermediate energies, i.e. at energies around the thresh-
old region, strangeness is generally produced in the early and high density phase of
the reaction. However, the freeze-out conditions for kaons and antikaons are com-
pletely different. Due to strangeness conservation K mesons cannot be reabsorbed



October 1, 2012 1:48 WSPC/INSTRUCTION FILE ws-mpla'mod?2

In-Medium Kaon Potential Measured in Nucleus-Nucleus Collisions 7

10 T T T T T T
@® @O Kwosdata

/A—4\ hard EOS with potential
\Vanv4 hard EOS without potential

ym.%) " d’o/dm.dy (b GeV™)

c.m.

(2ncosh(y

10 0 0.1 0.2 0.3 0.4 0.5 0.6

m,-m (GeV/c’)

Fig. 2. The transverse mass spectra of KT mesons from the ggNi + ggNz collisions at 1.93
A.GeV by using the hard EOS with and without kaon in-medium potential Ug for impact
parameterb < 4.5fm. The spectra are extracted in the following c.m. rapidity intervals (from
top to bottom):—0.69 < ye.m. < —0.54, —0.54 < ye.m. < —0.39 and —0.39 < ye.m. < —0.24. The

scaling factors 102,10 and 10° are applied to the spectra from top to bottom. Data are taken

from'22,

by the surrounding nucleons and their chemical freeze-out takes place early. Final
state interactions, i.e. elastic scattering or charge exchange reactions and the in-
fluence of the optical kaon-nucleon potential change their dynamical pattern but
not the abundances. This makes K mesons to be a suitable penetrating probe to
study the in-medium properties of hadrons and the dense nuclear matter created in
a heavy ion reaction. We have analyzed the transverse mass spectrum of K+ mesons
and the KT rapidity distributions from the 5§ Ni + 55 Ni collisions at 1.93 A.GeV.
We found that these observables can be described by calculated results with the
kaon in-medium potential and the soft EOS. This means that the transverse mass
spectrum of KT mesons and K™ rapidity distributions are sensitive observables
to probe the kaon in-medium potential and the nuclear equation of state in dense
nuclear matter.
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Fig. 3. The transverse mass spectra of KT mesons from the ggNi+g§Ni collisions at 1.93 A.GeV
by soft and hard EOS with kaon in-medium potential Ux at impact parameterb < 4.5fm. The
spectra are extracted in the following c.m. rapidity intervals (from top to bottom): —0.69 < yc.m. <
—0.54, —0.54 < Ye.m. < —0.39 and —0.39 < ye.m. < —0.24.The scaling factors 102,10 and 10°
are applied to the spectra from top to bottom. Data are taken from'2<.
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