AR R ELEER  JAM

Z= R E (Nara, Yasushi)
H[R#E KZE (Akita International Univ.)
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Resonance production,string, hard scattering
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Microscopic transport models for nuclear collisions at intermediate energies

JAPAN (Kyoto Horiuch group)

1988 BUU (PR160, Bertsch,Gupta) 1990 VUU (A.Ohnishi)
1990 BUU (PR188, Giessen) 1990 QMD (T. Maruyama)
1991 QMD  (PR202, Aichelin) 1992 AMD (A.Ono)

1993 RBUU (RPP56,Giessen) 1995 QMD (Niita)

Monte-Carlo event generator for high energy hadronic collisions

PYTHIA (Lund model) FRITIOF HIJING
HERWIG QGSM
VENUS RQMD, UrQMD

1996-2000 JAMZ B F (EICRADRRARIBFK)



High energy heavy ion collision

Pb+Pb collision at E=200 AGeV

Animation
from
Hdronic
Cascade
model
JAM
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After the collision,
matter looks like this.

UrOMD simulation Hot and dense matter created!




Gold beam-beam collision event at
RHIC experiment




Hadronic transport models

RQMD
UrQMD  Frankfurt group: http://th.physik.uni-frankfurt.de/~urgmd/

GiBuu  The Giessen Boltzmann-Uehling-Uhlenbeck project
http://gibuu.physik.uni-giessen.de/GiBUU/

JAM http://quark.phy.bnl.gov/~ynara/jam/
http://www.aiu.ac.jp/~ynara/jam

Y.Nara, N.Otuka, A.Ohnishi, K.Niita and S.Chiba, Phys. Rev. C61, 024901 (2000)
T. Hirano and Y. Nara PTEP 2012 (2012)01A203


http://quark.phy.bnl.gov/~ynara/jam/

Applications of hadronic cascade model

hadron-nucleus collisions (proton, pion, kaon,....)
Nucleus-nucleus collisions
Gamma-nucleus collisions

Hydrodynamics + hadron cascade
Parton cascade + hadron cascade
GIANT4

Air shower model of cosmic ray



Hadron cascade D 5872257 BA

Initial state (before collision): Nucleons are sampled according to
Woods-Saxon distribution, momentum of each nucleon is sampled
by Fermi momentum,

boost two nucleus according to the corresponding incident energy.




NROY-N\ROVEELDO /1>ae—L o eEREbE

2. Straight line trajectories until particles interact
3. Collision at closest approach d<+o,/m

Geometrical interpretation of cross section

Incident hadron

Outgoing channel selection:

pion prob. of elastic= %«
O-lfOt

T TRDEBERRIETE
*ﬁ?%éi@ﬁ#%%l%




Closest distance approach
b< () TWS)

T

Closest distance between two colliding particles is defined by

T =121 — T3 = (t1 —t2,T1 — T2), p=p1 —p2 = (E1 — Ez,p1 — p2),

— — P.
P=pi+ps=(E1+E,p1 +D2), q=p— ngp
L Pap @R (@0
r~ =—-x" + P2 ]72 2




Collision time

P-(x.—x1) , P-(x.— x2)
, XTog = T2 +
P1 2 2 P -1y

/
r] =2x1+ D2

Using the condition (z} —x5) - (p1 —p2) = 0, one can get the collision times:

P-(ze—x)  (P-z)(p2-p) —(p-z)(P-ps)
P p (p-p1)(P-p2) — (p-p2)(P-p1)’
P-(xe—xo)  (P-x)(p1-p)—(p-z)(P-p1)
P p, (p-p1)(P-p2) — (p-p2)(P-p1)

p3(z - p1) — (p1 - pz)(:c pz)E1
(p1p2) —p1p2 7
pi(z-p2) — (p1-p2)(x - p1)
2 2.9 L.
(p1p2) — P1P3

The two collision times are in general different in the lab. Frame.

beg = 1o —



Cross section {mhb)

0 [

oo

Physics of elementary processes

- AGS 10GeVEL T Vs < 4GeV
[Resonance excitations:-e.g.

NN — NA

SPS 200GeV

total
1 X
.S I

gl

String excitations

RHIC/LHC energies and above
Vs > 200GeV

-_J-
=

-
[
|-I"-|_

pPQCD Hard-process and CGC

i —
-_'_E-'__I—'

H pe 8

mﬁ:@
"'"‘H- I
i | P (GeViE)
of - 2 . 3 . 4 . 5 . & . F . [
10 ] 10 10 10 10 10 10 10 10
19 2 ] fig i




Hadronic Cross sections in JAM

Utot(s) — Uel(s) + O-ch(s) + Cann (3)
+ 0:_pr(s) + 0s_r(s) : Resonance
+ 0 s(s) +0s_5(s) :String

Resonance production (absorption)
O't_R(S):NNHNA, NN «— N*A* ...
0s_r(s) :mN < A, KN—Y* ...

String formation
o¢_g(s) : hh — String + String, hh — string + h
0s_s(s) : mN — String



Parametrization of the Resonance
productions in pp

L a(/E/VE — 1
"WV = e — ) T @

NN — md process is treated as A production.

a(mh)

ol
5:
a;
3
2t
ﬂ:

0.00528404//2.0139999 — 1 28.0401(/2.124 — 1)0-480085

NN — NA(1232)) =
o1 (NN = NA(1232)) (—2.11477)2 + 0.01714052  ((/2.06672) — 1)% + 0.5764222




Modeling low energy m-p cross sections

T p cross sections _ _
o S-channel inelastic:

total - pi-p -> resonance (or string)
— ——-total s-channel |

................ EI;I"‘-IIC . .
— - — elastic s-channe T-channel inelastic:
_— . gastic tchanne] pi-p -> resonance + resonance

Elastic

Charge exchange: m p—m'n

E.,, (GeV)
(he)? ; (255 + 1) I (MB)T 5 (tot)
OB = 1) = =5 =) ICMB R X g 608 1) (V5 — mi + Tr(ton)?/A

R=N(1440)—N(1990),A(1232) -A(1950), ['r : momentum dependent width



almb)

Kaon + proton inelastic

Pb (Ge Vic)

Pl Bt ---JI ﬂl.‘.'---..........-..-—-:i
3 10 15 20 ] 10 15 20
Pran (GeVic)

KN
Otot — Ot—R + O¢l + Och T+ 0t—8

5 p——r—rr x|
| s Exp
— it ]

8 1":.+p—}l{.n At
-_;_:l-”-lﬂ””l_'_ﬂ _::ﬂ



a(mhb)

1
11)

Anti-kaon + proton inelastic

Kporn'A Kp-on" L’ K pon"E"

] ! ] ]
: Lk @ Exp. : o Exp. |
| = Eap | 10 f sum 1 1| surm |
! sum ! ol R FE 10§ e chumne]
: o % channel g 100 f =
s bor =
- =] [V} Py ""w:! = m“ L
: ; -2
g 10 1 B i T e
f .
- W =P e d ]U—J":'"""""'
1.5 2.0 2.5 1.5 2.0 2.5
K non t" : K™ pcharge exchange
— —— nm e
!' . = Exp. ' = Exp :
I 10 F surm T | Sum
[ ' wemeemes g channel 3 ]UJ | R B Fb s
[ ]
; 1 = i]
: 10
i i
;
e T 10—
1.5 2.0 2.5 1.5 2.0 2.5 1.5 2.0 2.5

E e (GeV) Een (GeV) Ee (GeV)

KN
Oiot — OBW + O¢l +O0ch T+ Ogy T 05—8 + 0t_§



Other elementary processes

Resonance absorption process: detailed balance formula

dogss1a (251 +1)(2S2 4+ 1) piy do12—34 1

df) (253 +1)(2S4 + 1) p3a  dQY [ [ p3aA(ms)A(myg)d(m3)d(m3)

Cross section from the Additive quark model

goor = onn 22 (120422 ) (1 - 0422
3 3 n1

n; is the number of constituent quarks in a hadron

ng; is the number of strange quarks in a hadron

Ox—p ~ 21 mb and o, =~ 35 mb



JAM: total cross sections

3 [ 1 oross sections | 10 g T
Jo° [ Perosssection Exp. tot. 3 = T p cross sections
o Exp.el [
total 3 o Exp. tot.
, s @] astic : 10 ¢ o Exp.el. E
~10" k ———= elastic t-channel total
..g 3 E , s o] astic ]
5 107 £ ———=— elastic t-channel 3
101 A A T R R e
E 1
r g 10
10"
1 2 3 10
Ecm (GeV) 1 2 3
E ... (GeV)
r T T T ] T T T
———-pp total | ======"pn total
60 EE elastic] 60 | En elastic |
:g 40 h"‘"‘rﬂ'hrﬂ—*——q‘: 40 s :;‘"i““i"'i-rw—-v-------l:
© Z i Z
20 1 20f \k :
b ™S = . — f "E
D | PR S T T N N1 | D | P - | I | "
2 4 6 8 10 2 4 6 8 10
Ecm (GeV) E.m (GeV)

A(1405) - A(2110), %(1385) - £(2030) and Z(1535) -

c(mb)

I e e e e )

K*ptotal 1
[{*E elastic ]

40

30

B e i e e IR i R b

Kn total
K+ n elastic |
—=—="K" n charge exchange -

150

K" p cross sections

100 I Exp. el.
total

elastic

50/

Exp. tot. |

P (GeVic)

I I
100 - K™ n cross sections i
Exp. tot.
Exp. el.
total
A T T — elas[ic
50
0

[1]

(2030)



String excitation and decay above resonance region

= (p{,p7,01) = (p3,p5,01) p-=EFE+p,
C — <—Q

String excitation of hadrons

_ light-cone momentum exchange ¢ = (¢*, ¢, q.)

p= (o — gt pT 44 p1) String decay into hadrons

s - ®

p2 +q 7p2 _q 7_pJ_
Leading hadrons

> 7




incident hadrons after string excitation in FRITIOF,
HIJING, and JAM models.
guark content is the same.

e @
® e

after string excitation in DPM,
VENUS models, quark from
different hadron is connected
due to color exchange.

e 8
® e




String excitation

_ e R
p1:<p1|_,p1,OJ_> q_(q y g 7(1L) D

+ >

P2 = (pg_apgaoJ_> p/2 — (p2_ + q+7p2_ - q_7 _pJ_)

=(py —q¢",pT +q ,p1)

—_ >

¢"+py 4 +pr

Ve o o
p/1 — ((1 o :CJF)\/Ea:C_\/EapJ_)? p/2 — (.CC—I_\/E, (1 T x_)fa _pJ_)

light-cone momenutm fraction: ™+ =

DPM (dual parton model) type momentum transfer:
(1 . x:l:)l.S
(%2 + 2 /5)1/4

P(.:ci) =



The Lund Model

B. Andersson, G. Gustafson, G. Ingelman and T. Sjostrand,

“"Parton Fragmentation And String Dynamics,"

Th

PYTHIAG6.4 Physics and Manual 489pages
JHEP 0605:026 (2006)
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String breaking

BEIIZERTHEH DL,
Vertex AEBDREIZZEFETHY.,
RADRERRBERERL,

45 Al Avertex id ALy, \
gbar



String decay by the [.und string model

Bz A quarkEantiquakDES 5N LT >TER U TH S (left-right symmetry)
EEFINE BRBEROTIE—RITRES,

Lund symmetric fragmentation function

() 1=2) o (b(m2 +pi))

4 <

m and p,; denote the mass and transverse momentum of the produced
hadron, respectively.

uti:dd:ss:cc=1:1:0.3:10""
P05 R _~06 —2—~075
p+TT K +K D +D

Different from statistics S3:5; =3:1



Hadron formation point
from string decay

constitient formation point

yo-yo formation point

Spacetime picture
of g-gbar string motion




Eikonal Formulation for pQCD

(HLJING)
rs) =2 [ @[], ol PO T
S 1/0 o e
X(b, s) = 9 (0jet(8) + 0s0ft(5)) A(b, 5)

do?®(3,t, 1)

8/4 1
Ojet = / dp%dyld?JZiKlefoa(a;laPZIQ“)fb(I'Q?PZIQ“)
Py

b dt



T. Sjostrand and M. van Zijl, Phys. Rev. D36 (1987)2019

Pythia hadronic collisions

Hard scattering (pQCD) + soft interaction (longitudinal excitation)
+ hadronization via string fragmentation.

oc=K f dx, dx, dt fl(xl,Qz)(rQCD fz(xz,Qz)

Initital Condition Parton Cascade Development

Initial State
space-like branching time-like branching

Beam B
Beam A

Primary Partons

measured nucleon structure function f(x, Cl2




String-drawing issues

Color flow ICDUWTlEMatrix element DF5IE IS HEE (1/N_cM2)

gg—gg Process in proton-proton collision




Proton-proton collisions at 12 GeV/c

p(12GeVic) + p
- JQMD 0.087a  Proton

dn/dp* (GeV'/c?)




Pion production cross sections in JAM
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Excitation function of p+p -> x
in JAM
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proton distributions
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pion distribution
at AGS energy
(E=14GeV)



l/p,dN dp, (c*/GeV?)

Transverse momentum distribution
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Rapidity distributions

o JAM, Pb+Pb at SPS b<3.2fm

[ Net proton (p-p)

full

60 T no rescal, .

= I NA49 central 5%

—Eh I

T 40 F .

pa [ ]

—d - -
20 .

rapidity

T T T T T

rapidity

dN, 5/dy

——
" Net baryon (B-B)
100

50

rapidity

dN/dy

dN/dy

dN/dn

. AGS: Au {11.6 A GeV/c)+Au, Central

E802 (symbols)
JAM (hist.) -
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JAM (hist.) |
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Nucl-th/0102051






Collective behavior
Elliptic flow

Coordinate Momentum

space space
y'=x*) | . _|pi-p,

&= > 5 Vo= 2 2
<X —|‘y > pxt D,

Target Spectatgr Projectile Spectator

Initial
Participants
2_ 2 After
v,=(cos(2))=| 213
pit D)

oo

Idea : Interaction [ convert space anisotropy to momentum anisotropy



Hadronic dissipative effect on the

elliptic flow

0.25¢
. — hydro, T""=100MeV, &
0.2F N s
o hydro, T '=100MeV, p a- e
0.15 e
| -‘.1 e )
- 'Ll'
0.05-
- b=7.2fm
oF .:\:\‘ g B
C -..-e-- hydro+cascade,
-0.05" --= - hydro+cascade, p
C

Phys.Rev. C77 (2008) 044909

P, (GeVic)

L1 PR T N T VN [ T T T I A
0 02040608 1 1.214161.8 2

Q

&, hadron gas

oo © elo O.OO
.O. o @

@)

ision axis

2N
AU Au

(1D) Bass, Dumitru (2D) Teaney, Lauret, Shuryak, (3D) Nonaka et al., Hirano et al.



Possible improvements in JAM

* More systematic implementation of elementary processes
« Low energy particle productions
 Direct pion/kaon production
« Latest PDF
« CGC?
e C++ version
« WAWAupdateL7=WW D FortranD £ F 72 & I8
« IREIF/NT T4V D ZADFH,
« Explicit treatment of spacetime evolution of partons



(K-,K*) reactions
This is not JAM results.

-1

0.0 0.5 1.0 1.5 .D.U 0.5 1.0 1.5

K* momentum (GeV/c)

Y.Nara, A.Ohnishi, T.Harada and A.Engel, Nucl. Phys. A614, 433 (1997)
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