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Outline
¢ Transport Theory at fixed n/s :

= Motivations
= Green-Kubo vs Chapmann-Enskog & Relax time Approx.

Whatisn ¢ c(6),0,MT,...?

¢ First application to HIC:
= RHIC = LHC ? v, , sensitivity to n/s(T) of QGP
= v, up to pr 12 GeV
= v_<->1/s + microscopic details?

¢ Transport Theory with Mean Field:

= Dynamics associated to Quasi-Particle Model: (Kaempfer on Friday)

Chemical equilibration and quark dominance




g Transport approach

m ] ai*}f(x,p*) =C,_,+C,_,+...

Free streaming Field Interaction -> €#3P n#0

2 v (4]
l___'!I_. 0 | [

» Provide a measure of n/s other than viscous hydro

» Microscopic scale has some relevance?
Can we know more about QGP?

» Can we link the effective L <-> transport dynamics in HIC
Thermodynamics <-> phenomenology of HIC

_ _ Wigner Tranforms +
L=‘P(i)/MD“—m)‘I’+9(‘IﬂP)2+lF F* +U(®) +... =LY
2 4 " semiclassical approx.




Motivation for Transport approach

{p*“au +| PLF" +m " m” | GZ*}f (6, p ) =Co + s + ...

Free streaming Field Interaction -> €#3P Collisions -> nz0
EoS

» valid also at intermediate & high p; out of equilibrium:
region of modified hadronization at RHIC

» valid also at high n/s —> LHC - nn/s(T), cross-over region
» Relevant at LHC due to large amount of minijet production

» Appropriate for heavy quark dynamics

» CGC p; non-equilibrium phase (beyond the difference in ¢,):

A unified framework against a separate modelling with a wide
range of validity in m, C, p; + microscopic level




Simulate a fixed shear viscosity!?

Usually input of a transport approach are cross-sections and fields, but here we reverse
it and start from m/s with aim of creating a more direct link to viscous hydrodynamics

Relax. Time Approx. (RTA) Cascade code

Space-Time dependent cross
section evaluated locally
a.=cell index in the r-space

In other words

sk
O = KO'pQCD

K fixed by n/s

G. Ferini et al., PLB670 (09)
V. Greco at al., PPNP 62 (09)
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Do we really have the wanted shear viscosity n
with the relax. time approx.?

- Check ny with the Green-Kubo correlator



Shear Viscosity in Box Calculation
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S. Plumari et al., arxiv:1208.0481;see also: Needed very careful tests of convergency
# time steps !
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Isotropic Cross Section

Relax. Time Approx.

1 * d*pa |pa|t 1 T

= — : feq Mera =08 ————
15T Jo (2m)3 E? w.(E,) " Oror (V)

(E,) = p 0ot (Vyer)) Usual as relax. time approx. — Israel Stewart
— tot \Urel) ' req - : :
.- Ty Ot O, —> 0,=2/3 0, for isotropic cross section

J \=" ) _—uw ==—v

T T

Molnar-Huovenin PRC(2009), G. Ferini PLB(2009), Ny =0.8 1.2

Khvorostukhin PRC (2010) ... 0, (V) Oror (V)

Green-Kubo in a box vs.
' -

Chapmann-Enskog expansion ———— ———— _
C ° Green-Kubo, T=0.2 GeV

Isotropic Cross section — massless particles [ ‘== RTA-IS,T=02GeV
1storder CE

T

OTOT <Vrel >

16t order CE

Meg =12

1 e good one !

PQCD-like cross section are not isotropic!
Prakash et al., arxiv:1203.0281 [ﬂUCl'th] as Well as hadron'lc ones!




Non Isotropic Cross Section - 6(0)

Relaxation Time Approximation — non-isotropic cross section

Nrra =Y.0— : Ty <f(a)>

: do 2
O'tr = fdQcm Sln2 ecm H = GTOTf(a) sg O-TOT

f(a)= 4a(1+a)[(2a+1)ln(1+a"1)—2] ,a=m, /s

mp, regulates the angular dependence
mp -> o isotropic cross section

I° Chapmann-Enskog - anisotropic o

[n]lst _ 10T

K3(z)r I
< K,(2)

Coo
(2) -1_.(2) 2\-1(2)
COO=16[ -7 0" +(3z7) w, J

do
'(2) s _1 3. 2 Q—
w, [K( )] f dy(y’ ) V'K, ( Zy)f d dgsen ‘0

= CE and RTA can differ by about a factor 2-3

= Green-Kubo agrees with CE
S. Plumari et al., arXiV:1208.0481

for pQCD-like cross section:

G.Ferini, PLB(2009); D. Molnar, JPG35(2008);
V.Greco, PPNP(2009); Khvorostukhin PRC (2010)...

. atropic limit
— RTA- rv|th<5
o Gieen Kubo, T:O.S GeV
o Green Kubo, T=0.4 GeV
¢ Green Kubo, T=0.5 GeV

.. ic limit
—@t order
o -Kubo, T= 0.3 GeV

o Green-Kubo, T=0.4 GeV
¢ Green Kubo, T=0.5 GeV




Example:Viscosity of a pQCD gluon plasma

Only t+ u channel with simplified HTL propagator

° Green-Kubo

— == CE-1"order
- — - = RTA - with o,

RTA- with o,_,

close to AMY result
JHEP(2003), but there is :
significant simplification
in the propagator

do99799  9ra? 1

di? 2 (¢2+m%)?

ay(T) = — T ___




<~ We know how to fix locally n/s(T)

<> We have checked the Chapmann-Enskog:

- CE good already at I° order = 5% (= 3% at II° order)

- RTA even with o,, severely underestimates 1
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Let’s apply the transport code to A+A Collisions....
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Terminology about freeze-out

a) collisions switched off
for e<¢.=0.7 GeV/fm?3

Hadron Gas

N

1
¢ [GeV/im’]

STAR, PRL 92 (2004)

— new f.0, 47n/s=1
- new f.o0., 4nn/s=2
new f.o., 4nn/s=4

A sudden f.o. tend to kill v,!

V. Greco et al., PPNP(2009)



Multiplicity & Spectra

_[p<2 GeV )

O— LHC: ALICE

O—0 RHIC: PHOBOS
A—A RHIC: PHENIX
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First application: f.o. at RHIC & LHC

f.o. + n/s=1/(4m)
No f.o 1n/s=2/(4m)

=— = Nofo.n/s=1/4n)| 1F

ALICE (20-30)%

—Hadron Gas

2 3
p, (GeV)

« RHIC: /s increase in the cross-over region equivalent to double n/s in the QGP
« LHC: almost insensitivity to cross-over (= 5%) : v, from pure QGP,

but at LHC less sensitivity to T-dependence of n/s? see later
« Without n/s(T) increase T<Tc we would have v,(LHC)<v,(RHIC)




Effect of /s of the hadronic phase at LHC

v,(*)

messmwmrps  SUppression of v, respect the ideal 4nwn/s=1atall T
1.2

RHIC: No f.o. n/s=2/(4r)
— = RHIC: f.0. + n/s=1/(4m)

LHC: No f.o. n/s=2/(41)
— LHC: f.0. + n)/s=1/(47m)

Hadron Gas

At LHC the contamination of cross-over & hadronic phase becomes negligible
Longer lifetime of QGP (t = 10-12 fm/c)
-> v, completely developed in the QGP phase

S. Plumari and VG, EPIC@LHC, AlP1422(2012)- arXiV:1110.4138 [hep-ph]



Sensitivity to Temperature dependent 7 /s(T)

STAR ALICE
(30-40) % ® (10-200%
m (20-30)%
(30-40)%

-t

e
L n/s(l) < T

QGP

Plumari et al., arxiv:1103.5611[hep-ph].

« The v, is nearly insensitive to the value of 1/s(T) in the QGP phase at RHIC,

some sensitivity at LHC
2

£

P T

« Transport prediction for v,(py) is RHIC ~ LHC up to p; 2-3 GeV
[ do not believe what is written in ALICE - PRL105(2010) |
important to have a f.o. and a correct n/s as coming from Chapmann-Enskog



[ J
F STARVy[4] —a ALICE v,[4] o / ¢ oR
: e 16 fLHLQ — Pak
i g ) ELH-HQ o
0.20 | /'f/ % 1.4 FHH-LQ === &
> 5 5 ¢ 1.2 f HH-HQ ------ :

Vo(Pr)
o
o
&

: & S '~ ~ \("' N :_ s E
L (d) ’,ﬁ" 0 10 ¢
08 F // ]

0.10 20-30 % = ' ’ 0.6 ::‘ :‘::‘s« ]
charged charged wg%

n/s

k|

0.05 hadrons hadrons N ]
: 02 F Ny . ]
0.00 ¥ X | ) | , | | X | N | N 1 00 mw
0 1 2 3 0 1 2 3 010 020 030 040 050 060

Ge GeV T [GeV]

T£V+§T”cheq+5f ore 0 one to one correspondence

0.5 T T T T T T T 103
A A - 30 Ideal 102
04 | b
uv 2 | - 1o’
JU p‘upv — n pT f -- Llne.’:l'r'_z" L0l
éf = 2 feq 3sTT? " ¢ _ = o] 2wl
E + P T = ”f ure Glue F
> 02 | P - - 3 102
.—'".— .T" g -3
lie RTA and 0 Quadratic >, 107 ¢
01 | N 104 L
\ ot
- - ~ -5 [
aro o D) L0 0 . . . . . : . 19 F RHIC 200 AGeV
-6 ! n L 1 1 R
~ ~ 3 0o 05 1 15 2 25 3 35 4 i —— ] 15 5 25 3

pr [GeV] prGeV]




Sensitivity in transport using same 7 /s(T)

STAR ALICE
B (20-30) % m (20-30)%

[ —— dmn/s=1 +fo.- m=0.7 GeV
— = 1/s(T): Denicol - m =0.7 GeV

v’ Larger sensitivity on n/s (T) at LHC
v Effect larger respect to viscous hydro, but this depends also on 6f

v An estimate of /s is more meaningful with transport approach

Does it depends also on some detail of the cross section?




Relevance of microscopic scale: o(0)

Same n/s but different underlying o

STAR ALICE
B (20-30) % m (20-30)%,8\
&
/

Out of pure hydro
language!

— 4an/s=1+f.0.- m =0.7 GeV

= = 4mn/s=1 +f.0. - isotropic

= Microscopic details of the cross section matter at p;> 2 GeV
= Larger screening mass at LHC!?
= v_at p;>2 GeV can provide more information on the QGP micro details



From low to high p+

. K Takes into account the non-perturbative physics
0 (5)= GPQCD(S) == GPQCD(S) ->4mn/s=1, but at all p; !

. . ) S _ 2 el Y nhota parameter
Including the obvious: loSQIEFCCYNIWINENEG)] F(OES +ye itis fixed by 1/s)

v—wv V2[4] ALICE (30-40)%
O=—=0 K(s/A), 41tn/s=1

RHIC: Au+Au@200 GeV
STAR (20-30) %

Only approach that describe v,(p;) up to 12 GeV in a unified framework!

- Allow to extend the agreement to larger p;, but does not affect the low p;

S. Plumari and VG, EPIC@LHC, AIP1422(2012)- arXiV:1110.4138 [hep-ph]
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Quasiparticle model-> finite mass excitations:

- Study quark-gluon chemical equilibrium

- Imply a transport evolution with EoS-IQCD

{p™0,+m" (x)3"m" (x) 97 } f(x,p") = CLf]

Field Interaction -> €#3P




g Using a simple QP-model

U.Heinz and P. Levai, PRC (1998)....

o~ Do R W;=0 guarantees .
PT) = 2. 5@ / dka—myfilk) = B(T) Thermodynamicaly consistenc
k) y y y

= &=k

i

. (]i x o m s p . ~ .
(1) = ¥ 55 /| Bk wi(k) f,(k) + B(T) + Wg(T)

i=0.9.q

Plumari, Alberico, Greco, Ratti, PRD84 (2011)

AM(T") > &k
a7’ /. = i)

“

M,(T)=3/2 g(T)T
M,(T) from a fit to ¢ from lQCD -> good reproduction of P, e-3P, c,

Wuppertal-Budapest

Q
100 200 300 400 SO0 SO0
T (WIeWV)




.
QP-model: implications for chemical composition

Passed several numerical test on the box. We reproduce the IQCD EoS .

p“auf(x,p)+m,.(x)8umi(x)aﬁf(x,p) = sz[f]

1200

— =— m=0 . 1000
(T) pQCD -

—.. 800

600 p

400

03 04 05 06
T [GeV]

]\Tq_*_q o (]q_+_§ 772?1 (T) [XyQ (772(1/T>

]\fg dg 7..7.1”5(]1) K'Q("mg/T) Polyakov qup §hould modify it, .
see M. Ruggieri et al., PRD(2012) arxiv:1204.5995

for Yang-Mills case




Using the QP-model: q<-> g conversion
Inelastic cross section with massive parton gg->qq

2 2 2 2 2 2 2 22
|2 _ a2ﬂ2§(mq +m, —t)(mq +m, —u)—2mq (mq +t)—mgs—4mqmg

Ky 3 (t_uj)z
_ af:rz § (mj +m§ —t)(mj +mg2 - u) —2m§ (m; +u)—mg2s— 4m§m§
: (u- 1)

2 2 2 2 2 2 2
(mq +m, —t)(mq +m, —u)—3m8s+2mqmg

2 2
(5— )
See also: Combridge, NPB151 (1979); Biro-Levai-Muller, PRD42(1990)

- T 1
T=0.4GeV, m, g(T)
— T=0.2 GeV, m, g(T)

— t-channel only m, g=O

L |||in| conl vl

= Equilibrium value

o, (7tT) running ; Sf og=cost.

T ) N L R PR I
1/2 0,1 Of2 01.3 Of-l OJS 0,6 01,7 0,8 Oi9
s [GeV] T [fm]




QP-model:QGP composition in HIC

F. Scardina et al., arXiv:1202.2262 [nucl-th].

— m(T) RHIC
m(T) LHC

— Eq. value m=0
m=0 LHC

mass(T) (RHIC)
= == mM=0 (RHIC)

—_——me m(T) (LHC)
m=0 RHIC guark matter m=0 (LHO)

— — — Equil (T=0.17 GeV B =0.5)

»

- Quark dominance clode to T, : ~ 80% of total partons composed of
g + anti-q even starting from a 80% gluon matter

»

- LHC matter less “chemically”equilibrated

{(®
p s 4

Massive quarks close to T, -> coalescence

{®
p e 4

Should one rivisit jet quenching, quarkonia suppression...



Summary

Calculating n/s :

* Chapmann-Enskog I°order agree with Green-Kubo

* Relax. Time Approx can severely underestimate 1/s

Developing a Boltzmann-Vlasov partonic transport:

» Agreement with data for 4mtn/s =1
similarly to hydro (but wider py-range):
" p.<2GeV same v,(py) at RHIC and LHC
* pr> 2 GeV microscopic 0(0) matters

» v_mote sensitive to both 1/s(T) and o(0)

» Quasi-particle in transport theory:

" Massive quark plasma close to T (less equil. at LHC)



Outlook

» Include initial state fluctuations - >v,, v;, v,,V;
» Include hadronization

» Study Mean Field in Transport vs EoS in hydro




Chapmann-Enskog vs Green Kubo:massive case

Again good agreement with CE 15t order for o(0)=cost.

Isostropic 0 — massive particles

z=M/T

2'K(2)

'+2)K,(2z)+(32° +49z2)K ,(2z2)

Still missing Chapmann-Enskog for \\1 CE - 1st order
CE - 2nd order

massive + anisotropic cross section Green -Kubo mean
RTA G, j

S. Plumari et al., arXiV:1209.0589



First Result on v,: RHIC vs LHC
Going to LHC?

Cascade prediction
® 10-20%

N 20-30% .t T T i T
A 30405 —— Au+Au, min. visc
[ 005 sTam) —— Pb+Pb, min. visc

QHC/QRHIC — 15

70 = 0.6 fm, b = 8 fm

1 2
pt (GeVle) ])T [Ge\']

.

ALICE, PRL105 (2010) D. Molnar, LHC last call for prediction, JPG35

most pronounced for heavy particles. Models based on a
parton cascade [19], including models that take into ac-
count quark recombination for particle production [20],
predict a stronger decrease of the elliptic low as func-
tion of transverse momentum compared to RHIC ener-

gies. Phenomenological extrapolations [21] and models




First application: v2 at RHIC & LHC

ALICE - (20-30%)
ALICE - (10-20%)
code@LHC - (20-30%)
code@RHIC - (20-30%)
code@LHC - (10-20%)
code@RHIC - (10-20%)

__I_I_I_I_l_l_l_l_l_l_l_l_l_l_l_l_l_l_l__

4mn/s=1+f.0. !

At least 3 differences respect to MPC:

- Initial conditions (not only minijets)

- way to fix m/s (not on average+ with CE)
- f.o. dynamics included

T T I
—— Au+Au, min. visc
< Pb+Pb, min. visc

QMC/QFC =15

To=0.6 fm, b = 8 fm

1 2
pr [GeV]

» Good agreement for 4mn)/s=1 up to p; = 3 GeV (wider range than hydro)
» Same v at RHIC and LHC like in exp-data, up to p.<2-3 GeV

but for semi-central at LHC always over-predict larger v,




