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Photons as penetrating probes

o)

E. L. Feinberg, Nuv. Cim. A 34 (1976) 391:
Direct photons; real or virtual are penetrating probes
for the bulk matter produced in hadronic collisions, as
- They do not interact strongly; - They have a large mean free pathj

Price: “Historians” of the heavy ion collision encode all sub-processes at all times.
=» Require models to describe the emission during the whole collision evolution

* Fire-balls

* Hydrodynamics

hadronic gas
8 * Hydro+Transport

mixed phase =
QGP
> pre-equilibrium stage

* (off-shell) Transport

Ty
=

> initial prompt photons

Graphics from the slides by D. Srivastava.



Parton-Hadron-String Dynamics

PHSD is a non-equilibrium relativistic off-shell transport model, mlcroscoplc
description of the full heavy-ion collision evolution: 20 ' ]

= phase transition from hadrons to partons

= |QCD Eo0S

= explicit interaction between quarks and gluons

= dynamical hadronization

= off-shell hadronic collision dynamics in the later phase
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0 QGP phase is described by the Dynamical QuasiParticle Model (DQPM)

A. Peshier, W. Cassing, PRL 94 (2005) 172301;

" strongly interacting quasi-particles W. Cassing, NPA 791 (2007) 365: NPA 793 (2007)

- massive quarks and gluons (g, q, qbar)
with sizeable collisional widths in
self-generated mean-field potential

= Spectral functions:
_ 4ol(T)
plot)s (02 - p?-M (M) +4017(T)
(i=9,0,9) : :

UDQPM matches well lattice QCD

#GeV]

O Transport theory: generalized off-shell transport equations based on the 1st
order gradient expansion of Kadanoff-Baym equations

(applicable for strongly interacting systems!)

W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215, W. Cassing, EPJ ST 168 (2009) 3
W. Cassing, E.L. Bratkovskaya, Nucl.Phys. A831 (2009) 215; E.L.Bratkovskaya et al, NPA856 (2011) 162



Boltzmann equation -> off-shell transport

9 K £
(E o Vea R val) £ = fdﬂfdfgcr{ﬂﬂfl—i’zl (fifa= fuf2)

GENERALIZATION

(First order gradient expansion of the Wigner-transformed Kadanoff-Baym equations)

drift term Vlasov term backflow term collision term =

ret ' . ' ret 2
(P = My = ReZh}{S5p) = O(Z5p} {ReSh) = [Sip S5p — Tin S

Backflow term incorporates the off-shell behavior in the particle propagation
I vanishes in the quasiparticle limit Axp = 2 &t 8(p3-M?)

Propagation of the Green‘s function i1S~xp=Axp fxp, Which carries information not only on

the number of particles, but also on their properties, interactions and correlations
Axp = I'xp O{MN}I{F} :‘1(0}:l Ol OF, OFQ)
T (P - M — ReSip) + Tkp/t 2

I'xp — width of spectral Tuncuion = reacuon rate or a particle (at phase-space position XP)

0X, oPr 9D, oX»

W. Cassing , S. Juchem, NPA 665 (2000) 377; 672 (2000) 417; 677 (2000) 4451



Dileptons sources

1) from the QGP via partonic (qg,gbar, g) interactions:

I+ 0<%, y* beyond pQCD: off-shell
q * g 6??66?*6\ :
A %@ o massive and broad q, ¢
_ q MY \ ‘) = (used in PHSD):
q |- O. Linnyk, JPG 38 (2011) 025105
2)Fromhadron|csources. § T
= n° 1 Dalitz-decays .
*direct decay of vector 1
mesons (p,®,$,J/¥,¥¢)
*Dalitz decay of mesons ¥ :
and baryons (n°n, A,...) S
:r L(fw\fa'n—1 I Intermedlate:ﬁﬂ I High—MassDFfigion 1
®radiation from secondary meson interaction: ° ‘ 2 T s lcevet
T+®N, T+p, T+®, p+p, ©+al="“4n” f/*i*f?i,v—l

*correlated semi-leptonic decays of —.— 7
D- and B-mesons e



Photons and conductivity

dW

50 1

dwd®p ~ 543 w?(ev/T —1)

Pv ("""’a ﬁa T)

10 ' ' ' ' '
Thermal rate I
P=0 == PHSD (sum):
03 \N» 0000 e q+ q-—>e'e
‘I - @- lattice QCD
s~ - = = Hard Thermal Loops
qD- 10 : - Born
E ' UPPFRRR -+ = Gluon Condensate
Ty
10" 3 ' I -—|
E : I \ 7 ST ~ T‘.‘\
10. Linnyk et al. Phys.Rev. C87 {2013) 014905
-11 T T T T |‘ = T
10 0 1 2 3 4 5 6 7
M/T

¢ off-shell dynamical quasiparticle
quark and gluon interaction
Linnyk, J.Phys. G38 (2011) 025105
¢ lattice QCD
Ding et al, PRD83 (2011) 034504
® Hard Thermal Loops
Braaten, Pisarski, NP B337 (1990) 569

0.01

T 6 «w—0 wT
" | Electric conductivity l
0 L | L
/'--

-

Q 1 I
/§ E E @ PHSD |
linear fit
=== DQPM
A O % B @ lattice
I T T T T T 1 1 T I T IIIIIIIlIIIIIIII|IIIIIIIIIIIII
1 T/FIQC 3 4 5

W. Cassing et al., Phys.Rev.Lett. 110 (2013) 182301



NAG60: QGP shines already at SPS
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NAGO data at low M are well described by an in-medium scenario with collisional broadening

Dilepton spectra at low energies (CERES, HELI10S-3, DLS and HADES) show similar
in-medium modification of vector mesons  E. Bratkovskaya, W. Cassing, O. Linnyk, PLB 670 (2009) 428




Dileptons at SPS:

NAG0

In+In, 158 A GeV, dN_ /dn>30

@ NAo6O
e PHS D 1
—+— p (broadened)|

05 1.0 L5 20 2.5
M [GeV/c']
- =-qq-—>M- —emta-—>Hl- ool a Dalitz
—w=qq->gl+l- p+p—>1+1-
----- g q—>ql+l- O gre—->I+l-

NAG6O data at low M are well described by an in-
medium scenario with collisional broadening

= Mass region above 1 GeV is dominated by
partonic radiation

In+In, 158 A GeV, dN_/dn>30

300 H ., & LMR @& . O IMR NAGD
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| In+In, 158 GeV, LMR

PHSD NA6O
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STAR dllepton mass spectra
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= Predictions confirmed by the extended data set at QM2014




s Energy Dependence of Di-electrons [

w084
" ®oe'ey - Cockaiwop || Bulk-penetrating probe:
: gé:el;j/g —ete’ . :QMGE?;:(?X 0.0002
- %ﬁ{{é) E gg?g{ggg; ' 1) M., € 1GeV/c2: In-medium
oe'el) __ © 200GeVx200 | broadened p, model results* are
& 'STAR Preliminary | _ consistent with exp. data. At
— Qﬁﬁ#‘* i g 200GeV 200GeV, the enhancement is in
& R o | h°q“°1<h§4 £ the order of 1.77+0.11
5 f# i b\ | +0.24%0.33 within
% ”fp i i 8¢, "1 0.3<M_.<0.7GeV/c?) (* driven by
= L t:{,d + i A the baryon density in the
g;g ; § | —i— ,_++ 8\ T medium)
‘ézé T,Ti_._f_‘%— l i T (L89cev) 2) 1sM = ‘T’»GeVIcz: Thermal |
= slel BE. i radiation: exp(-M_./T)? HFT:
i | t Fam Charm contributions.
I I
liqt* i 21Gey | 3) High statistics data are needed,
\ | i W | BES-II!
| /" 19:6Ge\.) - STAR: (200GeV data) sub. to PRL.
10 | \ B | 1312.7397
10 T s s s - R. Rapp: PoS CPOD13, 008(2013)

- O. Linnyk et al, PRC85, 024910(12)

invariant dielectron mass, M, (GeV/c?)
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0.25 _ n® v, ;_ ,:(,Inc. v, ;_
: = EPP(jnj=1.0-2. 03
02 - . EE‘M;Z’;Z’, - - Au+Au, s"*=200 GeV, MB h—
o VE - I | L [ -
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Strong elliptic flow of direct photons 000l o
(Vo(Y9ir)~ v,(r) ) seen by PHENIX is surprising, F
. . dir 10 Numbers of collisions:
Variety of models: v, (y9'") << v,(m) - _
g q+q
2 .2 % 0 AT s
\_ [Pz Py ol
vy(n,pr) = (cos2¢) = ( —— zZ =
p <
Z10’ |
10' !

0 I 5 I ll()t [fm/ ]ll‘§ I 20 25
C
Thermal radiation occurs dominantly at early time,

when flow is not yet developed!

Phys. Rev. Lett. 100, 122302 (2012) O. Linnyk et al., PRC 88 (2013) 034904




Photon sources

» pQCD LO ‘AMY’: Arnold, Moore, Yaffe,

1) From the QGP via partonic interactions: JHEP 12, 009 (2001)
‘o = pQCD NLO: J. Ghiglieri et al (2014)
g GOGOGGQ g {QQQ q Y

k@%@? \--S"’gi" = HTL program: Klimov (1981), Weldon

_ M /; ~ (1982), Braaten & Pisarski (1990): Frenkel &
q ¥ q Y q Taylor (1990)

- » beyond pQCD: off-shell massive and
2) From hadronic sources broad g, g (used in PHSD):

0. Linnyk, JPG 38 (2011) 025105
® decaysof mesons: ™ — ¥ + 7y, N — Y + 7Y, W — T+ 7Y
N =p+v. =0+ a1 = 7+~

® secondary meson interactions: w + 7 — p+ vy, p+ 7T — T+ ¥
using the off-shell extension of Kapusta et al. in PRD44 (1991) 2774

® Meson-meson and meson-baryon bremsstrahlung,

m+mmtm+y, m=m,n,p,aKK%... Caution: uncertain!
using the soft photon approximation, with an average elastic cross section of 10 mb.

E. Bratkovskaya et al, Phys. Rev. C78, 034905 (2008), O. Linnyk et al. Phys.Rev. C88 (2013) 034904



Meson-meson Bremsstrahlung at SPS within SPA

C. Gale, J. Kapusta, Phys. Rev. C 35 (1987) 2107 @

Soft Photon Approximation .
My +my=> My+may+y

""--_\
qﬂdgﬁ"" o« o(s) /

3 T AT 2
. 4 4 1o Pb+Pb, 160 A GeV
v +Pb, A GeV -
_ s — (M + ﬂffg}z 10’ 10% central, 2.35<n<2.95 |‘ MM Brems:
el (Sj — 5 _‘LE_E ET(S} " — SN M-I
2N 10° -
] i 1 TCI—>TerTy
‘o 10" SPS e KKy
-, e —-= aK'>nK'y
o(s) — elastic meson-meson cross section S "F. < =omell sty
- y . s aK ->nK y
m1+m29 m1+m2 -?2?? r;.. 10 . a.‘\
2ol TS
Taken o(s) =10 mb for ALL m;+m, channels! 5 ,,: "~
) No isospin factors! - |
10 m WA9S8
. 10° s . , A
= Needs to be improved! 0.0 0.2 0.4 0.6 0.8 1.0 1.2

p, [GeVie]

E. Bratkovskaya, S.M. Kiselev, and G.B. Sharkov, PR C78 (2008) 034905



Photon spectra at SPS

Updated HSD (2014) including meson-baryon bremsstrahlung

directy: Pb+Pb, 160A GeV, 10% central, 2.35<n<2.95

10° [ HSD: no medium effects I —==sum
—E=n"->p+y
‘ ———>T Y
o—>n+y

- a —>T+y
= b= n+n—>p+y

Y 93 =l T+p—>T+y
N T??QQ —*— mm->mny <
' ' ? mB->mBy

E d’N/d’p [GeV 7))

@ WA9S 0? @

00 05 1.0 15 20 25 30 35 4.0

*HSD: meson-meson and meson-baryon bremsstrahlung using SPA

E. Bratkovskaya, S.M. Kiselev, and G.B. Sharkov, PR C78 (2008) 034905
EMMI Rapid Reaction Task Force ,Direct Photon Flow Puzzle‘, 24-28 February 2014, GSI Darmstadt



Photon spectra at RHIC

= ¥ and m subtracted the inclusive photon 10 AutAu, s, =200 GeV, MB, |y|<0.35
to obtain the direct photon spectrum o' \ o PHENIX, PRL 104, 132301
< v — Sum
. . o R\ == QGP
QGP sources are mandatory to explain 2> 100 [T -==- pQCD
. "y
the spectrum (~50%0), but hadronic S i‘% hadrons o smmy
sources are considerable, too ! =10 B v\ - —mB—:‘:;*BL ?
- “ L \ -...ﬂﬂ—-:’”,ﬂ —>:1'[ -
% 107 -“fé";_\\ decays of o, n', ¢, a
- o AN
Guinness World Records: the S 10° -.-%:%
. S’ A
highest man-made temperature Z Qe
; % N’: 10"4 \'.h ++T‘:'-,‘
1 . ! ™ NS N,
0 2 3 4
p, [GeV/c]
" The ‘effective temperature’ T :
R e e T e The slope parameter T.¢f (in MeV)
"4 Trillion Degrees! - PHSD PHENIX

QGP hadrons Total [38]
260 =+ 20 200 £ 20 | 220 =20 233 £ 14 £ 19

O. Linnyk et al., PRC 88 (2013) 034904; Phys.Rev. C88 (2013) 034904
15



Are thermal photons a QGP thermometer?

= Static source:

Side view B=1/T, Tisa ,true‘temperature

= Moving source:

Side view

=>» Doppler shift:

1+ v
effective T, deduced from the slopes is NOT a ,true‘ temperature \/

Pictures taken from Chares Gale 16



Inclusive photon elliptic flow

0.3
v, of n-mesons inclusive photon v,
1/2 [
AutAu, s =200 GeV, MB, |y[<0.35 0.2 | Aut+Au, 5“|'2=2[H] GeV, MB, |y|<0.35
02 @ n' PHENIX = 7' PHSD - e PHSD @ PHENIX
A 7' +7 PHENIX == = 7' HSD o "
- /N m+m STAR Sy -— -
.
0.1 L 0.1 [
0.0 |~
o0 < . _
1 1 1 1 1 1 | 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5
p, [GeV/c] p, [GeV/c]

= Pion elliptic flow is reproduced in PHSD and underestimated in HSD
(i.e. without partonic interactions)

= =» large inclusive photon v, - comparable to that of hadrons - is reproduced in PHSD,
too, because the inclusive photons are dominated by the photons from pion decay

O. Linnyk et al., PRC 88 (2013) 034904; Phys.Rev. C88 (2013) 034904
17



Elliptic flow of direct photons at RHIC

J Sum of v, of the individual channels, using their contribution to the spectra with the relative p; -

dependent weights ax(p+ ): o' )= < (p:)
o 2 N'(pr)
Z N'(pr)-vz(pr) i = v,! of the individual channels ,,i
v,(p; )= Z N'(p, ) = Zwi(pT )-0,(P1) 0.4
i Pr ! v,(y) from various channels W
| | sl | AutAus =200 GeV, MB, |y|<0.35 |
direct photon v, in PHSD [ [Eepwmmprs—
12_ ——ee () — - = (@
03| | AutAu,s =200 GeV, MB, y|<0.35 02 LI v . N

| @, O PHENIX
V"= 2V, NOIN,@)

0.2 L PHSD _
0 ls

=2 v, of direct photons in PHSD - as evaluated by
the weighted average of direct photon channels —
underestimates the exp. data

O. Linnyk et al. Phys.Rev. C88 (2013) 034904; Phys. Rev. C 89 (2014) 034908



@ Towards the solution of the v, puzzle

= |s bremsstrahlung a solution? : ol

“3
direct photon v, in PHSD
0.4 L Au+Au, s *=200 GeV, MB, |y|<0.35 -

@ , O PHENIX 1 |
03 L Vzdlr: z VzI Ni(Y)/Ntot(Y)
—— PHSD standart

[ == PHSD w increased Br
= by factor 2

Bremsstrahlung increased by a factor 2?

(due to the uncertainties in SPA and mm and mB
elastic cross sections)

p, [Gevic] | Other ideas:

= Early-time magnetic field effects ?
(Basar, Kharzeev, Skokov, PRL (2012); Basar, Kharzeev, Shuryak, arXiv:1402.2286)

= Glasma effects ? (L. McLerran)
» More experimental information is

= Primodial flow ? (R. Rapp, H. van Hees) needed = new PHENIX data on

. 999 centrality dependence



@ Centrality dependence of the ,thermal‘y v,

N(voee) / N(vy;,)

— : 0.15 :
Contribution of y from QGP to direct y ' v, of direct y from PHSD
1/2
Au+Au, s, ?=200 GeV, |y|<0.35 _ | AutAu, s =200 GeV, [y|<0.35
04 L NN Centrality:
Centrality: s ()-200 Yo P LI
—— ()-20 % 0.10 L= = = 20-40 %, ” '-'\ a
= = = 20-40 % . —=d060% s T
- = 40-60 % /-—- —-..ﬁ.[}.gzu:’c’"‘- -n..~|~ -ﬂ.\ -
- ! 60'92% e " - . . .\I
0.2 , 0.05 R _
= - oy -
— [ B ] .
0.00 L &€= |
0.0 , 1 1 1 1 1 1
3.0 0.0 05 1.0 1.5 2.0 2.5 3.0

p, [GeV/c]

The contribution of the QGP photons decreases substantially for more
peripheral collisions and the photon elliptic flow increases accordingly.

O. Linnyk et al, Phys. Rev. C 89 (2014) 034908



Centrality dependence of the thermal y yield

thermal y from Au+Au, SNN”Z:ZOO GeV, |y|<0.35

d’N/(2zp.dydp.) [GeV™c’]

/'*‘ 3 ! ’
s | (c) 40-60 % central e < [ (d)60-92 % central \\\ =
05 10 15 20 25 30 35 05 10 15 20 25 30 35
p, [GeVic] p, [GeV/c]

‘Thermal’ photon yield in different centrality bins.

The most peripheral collisions are defined by the bremsstrahlung.
O. Linnyk et al, Phys. Rev. C 89 (2014) 034908



Centrality dependence of the direct photon yield

PHENIX data - arXiv:1405.3940 PHSD predictions:

 AutAu O. Linnyk et al, Phys. Rev. C 89 (2014) 034908

e — 200 GeWV

r
—— Linnyk er al.

= wHees eral

=== Shener al (KLN)

E o N o B ] i“ﬂffff % o

3 g bErr. 8 | PEq

P M I lm%;% _____ ]

i § Lionykeal T - | T
L e
ARSI h }H}H}H _____ ] ]

0 1 2 0 i 2I :I’n
pr([GeV/c]

J PHSD approximately reproduces
the centrality dependence

] 1 2 3 4 1

2 3 ) -Il- 5
pr [GeV /c]

0 mm and mB bremsstrahlung is constrained by the peripheral collisions

Warning: large uncertainties in the Bremsstrahlung channels in the present PHSD results !



Scaling of the thermal vy yield

PHENIX:
scaling of thermal photon yield vs centrality:

(‘Thermal’ photon yield = direct photons - pQGP
- hadronic decays)

Pac, * o8
10' PHENIX
preliminary

o = 1.48+0.08(stat)+0.04(sys)
100}

8
I |
’,"i"/ ’ 7"“ v

102}

pr >0.6GeV/c 4 pr>12GeV/c
pr >0.8GeV/c » pr>14GeV/c

-t B e

10—3

pr >04GeV/c v pr>1.0GeV/c A

10! 10°

N part

- V7.

PHSD predictions:
[ Hadronic channels scale as ~ Npgr™®

[ Partonic channels scale as ~Npart*"®

Au+Au, s =200 GeV, |y|<0.35

thermal photons

—_—
)
>
N
<
uw
vV )
- - .

= P _®° PHSD
\% - .’
- 0.1 .,! P B sum
- .- ® QGP
“;: .7 A hadrons
2 0.0 "-" ———— const * N__**
Z S . 1.75
ﬁ M M M M M PR 1 CUHSt " V r

10 100

N
part

" PHSD: scaling of the direct photon yield with the number of participants to the power 1.5

= similar results from (2+1)d viscous hydro (Ohio): HG ~1.46, QGP ~2

=» indication for a hadronic origin ?!

O. Linnyk et al, Phys. Rev. C 89 (2014) 034908



@ Summary

«  The in-medium modification of vector mesons (collisional broadening) is
observed in the low-mass dilepton spectra, at SPS and RHIC. The QGP
radiation dominates the spectra at M>1.2 GeV.

The photons produced in the QGP contribute up to 50% to the observed
spectrum, but have small v,. The measured large direct photon elliptic flow
V, IS attributed to hadronic scattering channels m+m—>m+m-+y and m+B-
>m+B+y. The QGP phase causes the strong elliptic flow of photons
Indirectly, by enhancing the v, of hadrons due to the partonic interaction
In the early stage.

»  Theyield of photons from the hadronic channels scales as N,,'~ (as seen
by PHENIX), that from the partonic channels scales as N ..

«  Qutlook: realistic treatment of the photon bremsstrahlung in
meson+meson and meson+baryon interaction.
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Happy 3rd birthday!
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Modelling of in-medium spectral functions for
vector mesons

In-medium scenarios:

dropping mass collisional broadening dropping mass + coll. broad.
m*=my(1-a. p/po) I'(M,p)=T'vac(M)+T'ca(M,p) m* & I'cg(M,p)

Collisional width T'cg(M,p) =y p <L o>

o

p—meson spectral function:

o dropping mass fr—————————— 1 —| collisional broadening i .
Py

10 _| dropping mass + collisional broadening |__,__

ple, ol —0 ] 10|
10! 1
A\ —_—
~ ~ 0] _§ ] ~ 1]
> 10° é —5 é
Z <
< < ol ] 0" |

2
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Consequences when increasing the baryon density p:

> pole position m, : shift to low M > pole position m, : unchanged > pole position m, : shift to low M

> spectral function : narrowing » spectral function : broadening » spectral function : broadening



PHSD results for Pb+Pb at 2.76 TeV: photons

Pb+Pb, s \*

> “NN

=2.76 TeV, 0-40% central, lyl<0.7 I_
" M ALICE preliminary
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=

J Is the considerable elliptic flow of direct photons at
the LHC of hadronic origin ?!

O The photon elliptic flow at LHC is lower than at
RHIC due to a larger/longer relative QGP
contribution.
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PHENIX: dileptons from QGP

10 ) '

min. bias Au+Au, s =200 GeV H

@ PHENIX PHSD:

(==
=

o
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UN_ dN/AM [1/(GeV/c")]
=

sum of all channels]

0 . 1
2 it el el
-.-'--p-.-.m

D+ D-—>e+e

——q+ q->ete

b

®*The excess over the considered mesonic

sources for M=0.15-0.6 GeV is not
explained by the QGP radiation as
incorporated presently in PHSD

UN_ dN/AM [1/(GeV/c)]

min. bias Au+Au, s =200 GeV

10 PHENIX PHSD: @ sum of all channels]
————p 1
10° D+ D—>e +e
=++= charmonia
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1.5 - 2.0 2- 2.5 . . . . - .(]
M [GeV/c']

® The partonic channels fill up the
discrepancy between the hadronic
contributions and the data for M>1 GeV



Shear viscosity

n/s using Kubo formalism and the relaxation time approximation (,kinetic theory*)

d T=T¢: n/s shows a minimum (~0.1)
close to the critical temperature

d T>T: : QGP -pQCD limit at higher !

temperatures

<
O T<T.: fast increase of the ratio n/s for
hadronic matter=»

=lower interaction rate of hadronic system 0.1
ssmaller number of degrees of freedom (or
entropy density) for hadronic matter

compared to the QGP

v T y | v | Y
PHSD: —#—kinetic theory —@—Kubo formalism |
B A A @ O lattice QCD

e Yirial expansion

pQCD 4

Crossover

QGP in PHSD = strongly-interacting liquid

V. Ozvenchuk et al., PRC 87 (2013) 024901; V. Ozvenchuk et al., arXiv:1212.5393 (accepted to PRC)



PHSD for HIC (highlights
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PHSD provides a consistent description of HIC dynamics




q e’

Off-shell LO g+gbar Tq>w*

- + =
) Drell-Yan mechanism g+gbar—>p'p’ 1.50 T Drell-Yan mechanism g+gbar—>u u
1073 on-shell vs off-shell E on-shell vs off-shell
——m =0.3 GeV, m =0.15 GeV | _
- - m=0.3GeV, m=03 GeV 2 1251
- - m=03GeV,m=0.6 GeV s __
o - -m=06GeV,m=06 GeV 5
g 101 ' : B 1.00
= 1 o Onshell (m =m_=0) _=
5 ] = ——m =0.3 GeV, m,=0.15 GeV -
O:@ 0.75 - - m1:O.3 GeV, m2:0.3 GeV i
b - - m=03GeV,m=06 GeV
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Q2 = so = (m1 +ma + QTHIEPf)j > 4-;”?&?,:

As large Q, the perturbative QCD result is recovered

O. Linnyk, arXiv:1004.2591




Off-shell NLO q+qgbar quark y

Gluon Bremsstrahlung g+gbar—>g+p '~

10° 37—
3 on-shell vs off-shell :
5 . anti-quark
] - = On-shell ] luon
107 - i g
=+ — Off-shell, p=0.8 GeV, m =0
<] —— Off-shell, p=0.8 GeV, m —o 6 GeV
10”4 _

Gluon Bremsstrahlung g+gbar->g+p u”
on-shell vs off-shell
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Note: In the limit of parton masses->0, the perturbative QCD result is recovered
O. Linnyk, arXiv:1004.2591




|. PHSD - basic concepts: from hadrons to QGP

- Initial N+N collisions: |
resonances and strings are produced E ° .
and decay to pre-hadrons (LUND string model)

!

1 Formation of QGP by dissolution of pre-hadrons
Into massive colored quarks + mean-field energy

Baryon —qqg, meson —»qq U, (&> Eeritcal)
Dynamical Quasi-Particle Model (DQPM) defines quark

spectral functions, i.e. masses Mqy(e) and widths Gq (e), and
mean-field potential U, at given e — local energy density

20

teml 15F

10

200 400 600 800
T [MeV]

(e related by IQCD EoSto T -

11l cell)

q q < q q qQ “a a
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Il. PHSD - basic concept

L3
e 3
o

1. Partonic phase - OQGP:

u,a_rJ{S_and_g_luons_(; }dynami(‘al (}lmei_parﬁ(‘lpeg
with off-shell spectral functions (width, mass) defined by the DQPM

Q in self-generated mean-field potential for quarks and gluons U, U,
from the DQPM
) EoS of partonic phase: ,crossover® from lattice QCD (fitted by DQPM)

A (quasi-) elastic and inelastic parton-parton interactions: using the
effective cross sections from the DQPM

= (quasi-) elastic collisions: H ’ G
q+q—>q+¢ g+9q—> g+g “h e
q+3—>0+q  g+q> g+ Enfy i
g+a->0+q  g+g->g+g LR -.

= inelastic collisions: N et
Breight-Wigner cross sections) 0 5 ) [G;gﬁm,l 15 20

q+dq —> ¢ g +C_]_) 9+ suppressed (<1%) due

_ to the large mass of
g—>(0q+( g—4 +g gluons
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111. Hadronization:

(J Hadronization: based on DQPM

- massive, oft-shell (anti-)quarks with broad spectral tunctions hadronize to ofi-

shell mesons and baryons or color neutral excited states - ,strings* (strings act as
,doorway states‘ for hadrons)

O Local covariant off-shell transition rate for q+qpar fusion

= meson formation: Tr, — Z / dhe,dp, /(2
dN o+ X, + X :

m=Tqurq54( P—p,— Py )8° — X &( flavor color)

Ny (Xys PONG (X, Py ) @04 ( Py ) @00 ( Py > I Mg 2 W, (%, = X, Py = Py )

a Nj(x,p) is the phase-space density of parton j at space-time position x and 4-momentum p
a W, is the phase-space distribution of the formed ,pre-hadrons‘ (Gaussian in phase space)
2 [Mggf is the effective quark-antiquark interaction from the DQPM

V. Hadronic phase: hadron-string interactions — off-shell HSD

37



Lattice QCD —>
The Dynamical QuasiParticle Model (DQPM)

Quasiparticle properties:
" large width and mass for gluons and quarks
Lorentzian spectral function, HTL limit at high T

interaction measure:
Tc=160 MeV ]
£c=0.5 GeV/{m? -

' IQCD: Fedor & Katz, (2009) ]
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