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SAMPS: Boltzmann Approach to MultiParton Scatterings

= 3+1 dimensional, fully dynamic parton transport model

= solves the Boltzmann equations for on-shell partons with pQCD interactions

. D o Z. Xu & C. Greiner,
( 4+ ) fi(r,pi,t) =C272 4 C27% 4 ... Phys. Rev. C71 (2005)
ot FE;Or Phys. Rev. C76 (2007)

= Divide collision zone into cells

oo At

= Using stochastic method Py_o = Urel 7 A3
test L
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Interactions in BAMPS with Ng,,,, = 3+2 ONIVERSITAT
Light flavors Heavy flavors
99799 9+9—-Q+Q
997 a4 o Q+Q—g+yg
99— 99 and 99 = q ¢ 3 _
q9—~qg and  gg—qg binary 1TI=Q+0
qq — qq Q+Q—q+q
gq—qq and 47— qq g+0Q —9+@Q
¢ —qq  and  qq —qq 7 +Q—q+Q
g+ J/Y —c+e
994999 c+c—g+J/Y
99499 and 79499
934> qqyg
qq <> qqg and dgqg< qqg inelastic g+Q —-g9g+Q+g
q¢ <> qq'g and  q7 < qqyg g+Q —q+Q+g
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Sketch of heavy flavor in HIC UNIVERSITAT
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Sketch of heavy flavor in HIC UNIVERSITAT

Hadronic phase
No interactions taken into
account




Sketch of heavy flavor in HIC UNIVERSITAT

Hadronic phase
No interactions taken into
account
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Leading order perturbative QCD: g g4 9 9 g
Qg+ 0 ‘%}_{ %
q —I_ Q _> q —|_ Q c r [ s c «
_ 1 1 A. Peshier,
Improved [_)ebye screening Z 5 Nucl.Phys. A888 (2012)
by comparing to HTL t t —Kmp
P.B. Gossiaux,
1 J. Aichelin,
Bethke et al. 2006 R= 2% 0.2 Phys.Rev.C78 (2008)

@@ |

aa Deep Inelastic Scattering

0.4l ! oe e'e Annihilation
\ ¢ Hadron Collisions
2 ® Heavy Quarkonia

0.3+

Running coupling

02}

g Details: JU, Fochler, Xu, Greiner
— QD w0189 200010 Phys. Rev. C 84 (2011)
10 Q [GeV] 100

0.1

1
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Heavy quark v, and R,, at RHIC ONIVERSITAT
electrons, ni=3+2, K=3.5 —— 18t electrons, n=3+2, K=3.6 —— -

0o | electrons, n=3+2, K=1 | 16! electrons, n=3+2, K=1 wveve

electrons 20-40% (PHENIX) =—=—

electrons 20-40% (PHENIX) —=—
14 ¢ _
015 running coupling, k=0.2 | il

s 1l

running coupling, x=0.2

S 0.1 :
0.8 ryll
0.05 1 06 | T\
= u+Au
AU-I'AU b=821m 02 L b - 82 fm i
Vs =200 GeV ' Vs = 200 GeV
_005 N B B B S 0 N B B B R
0 1 2 3 4 5 0 2 4 6 8 10
pr [GeV] pr [GeV]
10-00 > K 4040
only elastic heavy quark processes JU, Fochler, Xu, Greiner PHENIX data,
Phys. Lett. B 717 (2012) Phys.Rev. C84 (2011)
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D meson R,, and electron v, at LHC ONERSITAT
HF electrons —— 18t D mesons —— -
HF electrons 20-40% (ALICE prel.) —+— el D mesons 0-7.5% (ALICE) —=— |
03 r 1 1'4
n=3+2, running coupling, x=0.2, K=3.5 1 '2 Pb+Pb, Vs = 2.76 TeV
0.2 ~ ' ' /\ n=3+2, running coupling, k=0.2, K=3.5
N - s 1
> s
0. o T {08y ¥/<05  b=36fm
] ‘_“*-—-4 £ ~_ 0.6
0 H — 04 ¢
Pb+Pb _ l 02 f
0 2 4 6 8 10 12 14 0 5 10 15 20 25 30 3
pr [GeV] pr [GeV]
090 > K Tgo g0

JU, Fochler, Xu, Greiner
Phys. Lett. B 717 (2012)

only elastic heavy quark processes ALICE data, QM12
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D meson R,, and electron v, at LHC ONERSITAT
HF electrons —— 18t D mesons —— -
HF electrons 20-40% (ALICE prel.) —+— el D mesons 0-7.5% (ALICE) —=— |
03t : 1'4
n=3+2, running coupling, K=0. 1 '2 Pb+Pb, \s = 2.76 TeV
02} a T ' /\ ni=3+2, running coupling, K=0.@ )
Y - < A
> s
0. o T {08y ¥/<05  b=36fm
] ‘_“*-—-4 £ ~_ 0.6
0 - . 04 | H
Pb+Pb _ l 02 f
0 2 4 6 8 10 12 14 0 5 10 15 20 25 30 3
pr [GeV] pr [GeV]
090 > K Tgo g0

only elastic heavy quark processes JU, Fochler, Xu, Greiner
( v p> Phys. Lett. B 717 (2012) ALICE data, QM12
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Can radiative processes account for K~3.5? . k
g+Q—-9+Q+yg Q, p1 —» > A'Séfﬁ@pg
§+Q—=q+Q+yg %q

q, P2 - > q, P4

Improved Gunion-Bertsch matrix element generalized to heavy quarks:

|MqQ—>qQ9| = 129 (1-— +

K2+ 22M2 " (qu — ko )2 + 22 M2

‘MQQ‘ [ k| aq, —k;
0

Fochler, JU, Xu, Greiner, Phys. Rev. D88 (2013)

In accordance to scalar QCD result at mid- and forward rapidity from
Gossiaux, Aichelin, Gousset, Guiho, J.Phys.G37 (2010)
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Radiative pQCD processes UNIVERSITAT

o

Exact matrix element
Kunszt, Pietarinen, Reya, Phys.Rev. D21 (1980)

Nyy=at Fag = ¥usbea + g ) + g ey Tap¥on + ¥ap¥sy + Fasran + 2mgx5y),
Nug =0l (2 + x0g) + 200 (2051 + ) + a5y + X5p) + dmg gy ]
+ gl 2+ xgp) + g + 2o
+xglxgxe +xgleg - 2ra) + 2oy - Ao ragrss
Nug =tual - 2rgpsy + gty + 3rss) + gy + Begg) + x4y (B + By + 25g) + Bng iy — -
5 N + g (= By + gy — ) + (g — xg)sn + domg ] q q
L)

= — 16 Z C” D— + gl +xgles - g - 3y} - 3rgrg)
)

+ g [ (21 + A + Ixga) + waa{dsy — 2 + 5ga) + a8y + ) + B ],

Ny =gy (pptg + 2ay g + Kya) + gt Began + Xyal1 = X5q) +2x0%50 + Dty |

+ 22001 + ¥gg) gy + X2y + 2159) + 2mug (g + 2og)] + 2mg g v + gy — 31 - 52), T T T T T T T
Ny =Nyg(d—=5), Np=Ny(l—2), Npy=Nyy{1—2), Np=Ny(1—2), Nag=Npjld—3), 600 m=OGeV, GB ...........
1ot
Nyg =2 lens - 2pg = qa) + sl 20 + B5p + 559) + xgal= Dy + Bty + 55g) -
m=0GeV, exact —

8097 -2
L‘=% 18 -9 -9 + 04y (B + gy + ) + 2Bmg x|

' + gl 2typrey + gy 65y + 55 = tgg) + (o = Ige) 53] m=1 _BGeV, GB ...........
: gt + gl - 85— 35) ~ ] 500 ¢ m=1.3GeV, exact —
. i . + 2 gy gy + g + Togg) + g gy = vy + Ty + g (g + T + 25gy) + 24mig vy, =4_SGeV, GB ...........
Wi Hs s Wias¥ues s ASndufs, 2Sutaots, 2Spateta Nyg = rgqlrag + 531 + 500 +x00) = g 51 + 2552)] =
B el o) el ] 400 | m=4.6GeV, exact
b= dspint,  dsuverw, st + e (s — g~ %0) + I (rgs +2g) + Bmg g ]
su'red, dsu'reve + 2y [3lys + 0gg) 1, gy (g + x5z + 25 + 2 gy + Bry)]
sl +xa[30ve + xea)xsy + 2mg gy + Sigg)] + 2 gy (2 + gy = 5y = 5vga)

300

N =g (= 20 = 93230 = 2mgxsa)
Nis = aalvnalieas + 252) + 233 legg +555) + g otgg + 254 + 70)]
+xulrsg b + 2rgg) + 153z = D) ]+ - Brgysg + gl + gy 2],

Nyg=Nogld=3), Nig=Negd—5). 200

do/dy (a.u.)

—_

o

o
T

Gunion Bertsch (GB) approximation

2 k_]_ + qJ_—kJ_ 2 ‘4 ‘3 -2 -1
k? +22M? (g —k,)?+22M?

_ 2 B
|MqQ—>qQQ| = 1292(1 - 53)2 ‘MO

Fochler, JU, Xu, Greiner, Phys. Rev. D88 (2013)
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Dead cone effect can be seen in BAMPS UNIVERSITAT

Heavy quark suppression factor

1 1
D = =
M2 2 02 2 Q
I+am)  (1+5%)
Dokshitzer, Kharzeey, 9. M
Phys.Lett. B519 (2001) PR

More accurate: valid for all order of
mass M and also for large angles

1
D:1+ Ve

stanz(%)

Abir, Greiner, Martinez, Mustafa, JU,
Phys.Rev. D85 (2012)
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LPM cut-off SNERAAT

Mean free path A> X7 Formation time

2 — 3 process only allowed if mean free path of jet larger than
formation time of radiated gluon

X — O No LPM effect

X =1 Only completely independent scatterings
(forbids too many interactions)

0 < X < 1 Allows effectively some interference effects
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D meson R,, and v, at LHC ONERSITAT
14 S P A B LA E A B 05 """"""""""""""""
| 2228253, running o, k=0.2, X py=02 —— 252823, runnmga k=02, XF.M-02 —_
19 only 252, running oy, k=0.2, K=3.5 - only 2-2, running o, k=0.2, K=3.5 v
a 0-75% (ALICE) —=— 0.4 30-50%(ALICE) ——
N
R  PbsPb,\s=276TeV o
c 0871 b=36fm |y <05 5
5 I :
2 £
E
I a
T Posto v
0 5 10 15 20 26 30 3 0 2 4 6 8 10 12 14 16
pr [GeV) pr [GeV,
Sl ALICE data, QM12
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Energy loss and transport cross section ONIERSIAY

Energy loss Transport cross section
In static medium in static medium
2528233 ruming 0 K02, K 02 — ? (2528253, rming 0y k=02, X,y 08 —
7 only 2-2, running o, K-O% M ------------- ] 45 1 only 22, running o, K-0§ M ------------- ]
6l 4t T=400MeV |
T 5| g 357
S E 3 3
o 47 ~
) o 25 o 25}
X 3 < _ =
KS) 0 2t © ol
L 2t b
© ~

T=400 MeV |
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12| " charged hadrons, k=1, X, py=0.3 —— -
charged hadrons 0-5% (ALICE) ——=—
’
0.8 r 1
'E 0.6 _ b =3.6 fm, running o _
0.2 i
- Pb+Pb, Vs = 2.76 TeV |
0 PR T TR RS S RS R R SR RS RS
0 5 10 15 20 25 30 35
LHC PT [GeV]

for more BAMPS results on light particles
see talk by Florian Senzel, Monday 5:30 pm, europium
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charged hadron R,, at LHC ONIVERSITAT

12 fi  charged hadrons, k=1, X, pjy=0.8 —— -

: D mesons, k=1, X| ppy=0.3 =-seeeeeee

. charged hadrons 0- 5% (ALICE) R
B D mesons 0-7.5% (ALICE) —— _
0.8 i :
'E 0.6 _ : b =3.6 fm, running o _
i I

! '_i__ 4

T | -
Pb+Pb, Vs = 2.76 TeV |

0.2

0 S 10 15 20 25 30 35
Pt [GGV]

LHC

for more BAMPS results on light particles
see talk by Florian Senzel, Monday 5:30 pm, europium
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charged hadron R,, at LHC ONIVERSITAT
12 kit charged hadrons, k=1, X, py=0.8 —— -
Py D mesons, k=1, X ppg=0.3 =-w-eee-
, Lit  non-prompt J/psi, k=1, X| py=0.8 ------
oy charged hadrons 0-5% (ALICE) ——=—
B D mesons 0-7.5% (ALICE) ——
08 i non-prompt J/psi 0-20% (CMS) ~—=—
,E 06 _ 1"‘-»...‘_ b = 3.6 fm, running o _
I p— __j_' 1 ]
0.2 Il ' | -
| Pb+Pb, Vs = 2.76 TeV |
0||||||
0 5 10 15 20 25 30 35
LHC PT [GGV]

for more BAMPS results on light particles
see talk by Florian Senzel, Monday 5:30 pm, europium
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Full space-time evolution of QGP with charm and bottom quarks

= Only binary collisions:
With running coupling and improved Debye

screening, v, and R, agreement only with K=3.5 =
= Radiative and binary collisions: o
« Sensitivity on LPM implementation
* R @nd v, simultaneously seems difficult
* Raa Of light and heavy hadrons can be described
Further details in Phys. Lett. B 717, 430 (2012)
and Phys. Rev. D88 (2013) 4
:

Future tasks:
= |Improvement of LPM effect

1.4

08} |
06 |||
04 |

02|

0.5

04
03
0.2

01t /

" running og, k=0.2, X=0.2 ——
running oy, k=0.2, only 2—2, K=3.5 e i
0-7.5% (ALICE) ~——=—

Pb+Pb, Vs = 2.76 TeV
b=36fm,|y| <05

0 5 10 15 20 25 30 35

prt [GeV]

running o, k=0.2, X=0.2 ———
running o, k=0.2, only 22, K=3.5 oo
30-50% (ALICE) —=— 1

Pb+Pb
Vs =276 TeV |

b=9.7fm

0 2 4 6 8 10




GOETHE @4

UNIVERSITAT

FRANKFURT AM MAIN

Thank you for your attention.
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Radiative energy loss UNIVERSITAT

dE dE

- > —
. dz
light quark

dE

~ A

charm bottom

2.5

P g
T 2—2, charm
- 2—2, bottom

—kh
6]]
I
1

dE/dx [GeV/fm]
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Radiative energy loss UNIVERSITAT

dE < dE
da light quark da

25 ———

dE

~ A

charm bottom

23, light quark

........... 2—3, charm

-+ 253, bottom
------------------------ 2—2, light quark
S—— 2—2, charm

- 2—2, bottom

dE/dx [GeV/fm]
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Angle distribution in lab frame ONIVERSITAT
01 Py light quark 08 light quark
0.09 | 0.7 t charm  --eeeeee |
0.08 | bottom e
06 | ]
0.07 | E =10 GeV
) i T 05} :
g 0.06 E e og =03, k=1
T 005 g 04|/ ]
§ 0047 £ sl A=10fm |
0.03 | )
0.02 | 0
0.01 [ j 0.1
0 0 ...... L
0 05 1 15 2 25 3
0 0

With LPM Without LPM

Dead cone due to mass is overlayed
by second dead cone from LPM cut-off

Dead cone due to mass is visible



LPM: X dependence
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dE/dx [GeV/fm]

23, light quark
2—3, charm ----=e--
2—3, bottom e

o =0.3, k=1

E=10 GeV




Heavy quark R,, at RHIC ONIVERSITAT

18t  0g=03,Kk=1 o -
- running olg, k=1
1.6 running og, k=0.2 ====-- y
14| running o, k=0.2, X=0.2 ——— ]
s 1] - running o, k=0.2, only 2—2, K=3.5 oo
o 12 F |m 20-40% (PHENIX) -
5 4]
2 08}
L
T 06 []
0.4
0.2
o | Vs = 200 GeV
0 2 4 6 8 10
RHIC pr [GeV] PHENIX data,

Phys.Rev. C84 (2011)
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Heavy quark v, at RHIC ONIVERSITAT
0-3 ’ ' ) ) T ' ' T T T T T T T T T T T T r .
- 0=0.3, k=1 o _
0.25 | FUNNINg Og, k=1 o
running o, k=0.2 ====--
N 0.2 running o, k=0.2, X=0.2 ——— -
; running o, k=0.2, only 2—2, K=3.5 e
o 015y 20-40% (PHENIX) :
T |
O
o 0.1 H m ]i] _
LL
SRR
RHIC Pt [GeV] PHENIX data,

Phys.Rev. C84 (2011)
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| 4 T Hinning ag, ket Xal
| running oy, ¥=0.2, X=0.2 ——
10 | running o, k=0.2, only 2—2, K=3.5 v |
3 | 0-20% (CMS)
o
Q : Pb+Pb, Vs = 2.76 TeV
~ A
— 0-8 ,,,,,,,,,,,,, -
g- v —_——— s
o 0.6 -
Q. i
< — |
c 04 T
- I
027 y| < 2.4 b =5.0 fm
0 A B R B SR R S R R S R
) 10 15 20 25 30
LHC pt [GeV] CMS data,
arXiv:1201.5069
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Initial heavy flavor spectrum UNIVERSITAT
-1
10 o S S 0; L B L L B -
. efromc .......... 11091 ‘. , D meson eee=sees
— RHIC efromb 2 ETOM CxOf e 3
N% 07 efromeandb —— - L1 ;‘\m‘i" B efromecfgwrggxg'} —
0 e from ¢ and b (STAR) —— N Y e e
Y ORI VR muon from ¢ ]
g . e from ¢ and b (PHENIX) +=—— F L N muon fromb ««»e+ I
£10° ¢ - € 10* ."ﬂ.% ., muon fromcand b =eeeee
2 I % f
0 Cx 10
5107 T R RN
o | mpp s e i
E 9 p+p T ° b
0°F V5=200GeY ] 10°
—_— ‘"?.‘I-“: ; — 1 | T -
2.9 - Dmeson ¢
g > 2 ALICEdata efromc (prel) & |
0 2 S 15} efromcandb (prel) ® -
S 45 i Il < muonfromcandb ¢ |
q Mpnimy I 8y ¢ - ] g
i ] L A A 8 05 — '
0 2 4 6 8 10 0 5 10 15 20
G GeV
pr(GeV] From MC@NLO pricel
JU, Fochler, Xu, Greiner JU, Fochler, Xu, Greiner
Phys. Rev. C84 (2011) Phys. Lett. B 717 (2012)
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o

JU, Fochler, Xu, Greiner, Phys. Rev. C 82 (2010)

2.4 T T T T 2.4 T T T
20 | BAARS RARES RARAS RASRS PYTH|A — %3'8 r P.YTHIA
2.2 15 [ PHENIX final Ng *- Mini-jets - . 290 728 » ] Mini-jets wweseeess ]
20 _ | 2 139 F '
5 RHIC 3 201 N | LHC
= £ 10 | ]
£ 18t} . E 180 bt i
3 01234568 g 0128345678 o™
Z 167 - Z 16}
3 3 -
Z 14} AutAU . 14 Pb+Pb
12 | \s = 200 GeV . 121 7 Vs = 2.76 TeV
0 1 2 3 4 5 0 1 2 3 4 5 & 7 8
t [fm/c] t [fm/c]
REER | U RALEA LI BR B 813 | SERTRAL IR A i i i
P e Sizeable charm production in QGP at LHC
400 n d+Au FONLLerr. _
(D™ +e) NLO err.

, ()
()
3
T I T 1

T T 17

i
X
@

d + Au+Au (D%
= [@%DY ¥2010 N
%zoo +& %t p f m@‘nt_ 7/

100 R ¥2010+y2011 B
= FONLL in p+p .
: A A STAR l’rrlfmin;n') :
0 1111 1 11 11111 1 11 1 1111 1 A1 1151l 1 111
1 10 102 10°

number of binary collisions N STAR QM12
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D meson R,, from STAR ONERSITAT
, , , RHIC
< | T | |
< 2[ Au+Au— D + X @ 200 GeV y10+y1T] | -
o [ . 010 1 D mesons
OD - e - 0 charm quarks -
15 B — He 0-5% N prel. D” mesons 0-10% (STAR) —=— |
[ B =+ = Gossiaux 0-10% | AurAu, s = 200 GeV l
’ - "\ - < n=3+2, running coupling, k=0.2, K=3.5
L S NN
- N STAR Preliminary 1 s
. i ly| <1 b=52fm
05l ] (0-20%)
0 [ | | | | 0 . . - . . . .

o
N
I
(@)]
(00]
o
o
N
o
co
)
o
N

P, (GeV/c) pr[GeV]

He: arXiv:1204.4442 Gossiaux:

Focker-Planck arXiv:1207.5445 JU, Eochler, Xu, Greiner
Resonance Boltzmann
recombination pQCD with running coupling

STAR data, QM 2012
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Fragmentation and Decay UNIVERSITAT
« Peterson fragmentation Peterson et al., Phys. Rev. D27 (1983)
N Fifte €. = 0.05
D Z) = &= 17
1/Q(2) ( R )2 o e = 0.005
Q
z(1—=
z 1—=z
- Decay to electrons oo51  electrons —— |
with PYTHIA - D mesons
02t charm quarks e
>N i ]
s 015 :
> I -‘."“,....................._.." ]
o
T 01} 2
S | £ TN\ e
© -
2 005} .
_ running coupling, K=4, 0.2 m%
0 Au+Au
Impact of hadronization s < 200 GeV b=8.2fm
and decay small -0.06 —m————m4—/—/———— ———
0 2 4 6 8 10

pr [GeV]



Heavy quark scattering cross section
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o
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4
3.5
3
2.5
2
1.5
1
0.5
0

Gge—sgc [Mb]

20

1)

15

10
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0 = 0.3, k=1 ——
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running coupling, k=0.2 .

....................
....................
.........
........
e
o
-
oo
-
o
"
-
-

1.5

Vs [GeV]

oy = 0.3, k=1

Og = 03, k=0.2 -mmeeeee-

running coupling, k=1 e
running coupling, k=0.2

_____________
-----------

doge_qo/dt [mb/GeV?]

100

o

o
-

0.01

raa
.,
.,
.
......
.,
v,
.0
.....
D%

o, = 0.3, k=1 ——
G‘S = 03, K:0_2 ...........

running coupling, k=1 e
running coupling, ¥=0.2 i
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1 1.5 2 25
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LPM effect vs. dead cone effect
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D meson angle correlations
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Momentum imbalance Ay for low triggers
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