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Motiviation:

Electromagnetic probes and vector
in relativistic heavy-ion collisions
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Why Electromagnetic Probes?
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Vector Mesons and electromagnetic Probes

@ photon and dilepton thermal emission rates given by same
electromagnetic-current-correlation function (J, = Zf Qflpif'yy ¥r)

15, (9) = [ d'xexp(iq ) (u(O1(x))7 = ~2n5(q0) 15" (0)

dN’y Xem (ret)
— v .

W gingis = 28 I @) ol 0)
dNe*e* o? (ret)
d4xdik gyv?)qz?_[g, Im I, () q2=Mf+(,,fB(p )

e u/(x) four-velocity field of the fluid
(7)

e to lowest order in a: 47tall,, ~ X,y

@ derivable from underlying thermodynamic potential, (!
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Vector Mesons and chiral symmetry

@ vector and axial-vector mesons <+ respective current correlators

1, () = [ dixexplipx) (J),4(0)},4()

ret

o Ward-Takahashi Identities of y symmetry = Weinberg-sum rules

o] d 2
2= _/O NZ(%[IIHHV<P0/0> — ImIT4(po,0)]
0

@ spectral functions of vector (e.g. p) and axial vector (e.g. a1)
directly related to order parameter of chiral symmetry!
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Vector Mesons and chiral symmetry
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Dileptons in pp np, pA, and AA
at SIS energies (HADES)
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The GiBUU Model

GiBUU

The Giessen Boltzmann-Uehling-Uhlenbeck Project

@ Boltzmann-Uehling-Uhlenbeck (BUU) framework for hadronic
transport

reaction types: pA, A, YA, eA, VA, AA
open-source modular Fortran 95/2003 code

version control via Subversion

publicly available realeases:
http://gibuu.physik.uni-giessen.de

@ Review: [0.Bussetal, Phys. Rept. 512, 1 (2012)]
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http://gibuu.physik.uni-giessen.de

The Boltzmann-Uehling-Uhlenbeck Equation

@ time evolution of phase-space distribution functions

0 + (VpH;) - Vi — (ViHy) - VIfi(t %, 8) = Lonlfi, - - fir- - f]

@ Hamiltonian H;

o selfconsistent hadronic mean fields, Coulomb potential,
“off-shell potential”

@ collision term I

o two- and three-body decays/collisions
e multiple coupled-channel problem
e resonances described with relativistic Breit-Wigner distribution

1 ImII
A _ L . M= —./p2
(op) = = P =M —RellP £ (T2 ™ v

o off-shell propagation: test particles with off-shell potential
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Resonance Model

@ reactions dominated by resonance scattering: ab — R — cd
@ Breit-Wigner cross-section formula

2sg +1 4r sl rRIR—cd
25,4+ 1) (255 + 1) p2, (5 — m%)? + T,

@ applicable for low-energy nuclear reactions Ey;, < 1.1 GeV

~

Oab—R—scd = (

o example' Uﬂfpﬁ p [Teis (PhD thesis 1996), data: Baldini et al, Landolt-Bornstein 12 (1987)]

80 T T T T T T

70

= Daten
total
————— A(1232)
N(1440)
- N(1535) B

Plap (GeV/c)
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Resonance Model

o further cross sections
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Extension to HADES energies

@ keep same resonances (parameters from Manley analysis)

My Iy | A2/ 167 [mb GeV=] branching ratio in %

rating  [MeV] [MeV] | NR AR N niN T A pN oN 7N*(1440) oA
P1:(1440) FREE 1462 301 70 — 69 — 22p — 9 — —
S11(1535) A 1534 151 8 60 51 43 — 2g+1p 1 2 —
S11(1650) Hhkk 1659 173 4 12 89 3 2p 3p 2 1 —
Dy3(1520) FHEE 1524 124 4 12 59 — bs + 16p 215 — — —
Dy5(1675) FhEE 1676 159 17 — a7 — 53p — — — —
P13(1720) * 1717 383 4 12 13 — — 87p — — —
Fi5(1680) ok 1684 139 1 12 70 — 10p + 1p Sp+2p 12 — —
Pa3(1232) AR 1232 118 OBE 210 w0 — — — — — —
Sa41(1620) * 1672 154 7 21 9 — 62p 255 +4p — — —
Daa(1700) * 1762 599 7 21 14 —  Tdsg+4p g — — —
Pa1(1910) FhEE 1882 239 14 — 23 — — — — 67 10p
Py (1600) ok 1706 430 14 — 12 — 68p — — 20 —
Fis(1905) A 1881 327 7 21 12 — 1p 87p — — —
Fir(1950) Hhkk 1945 300 14 — 38 — 18p — — — 44p

@ production channels in Teis:

NN — AA

@ extension to NN — AN*, AA*, NN — NN,
NN — NNp, NNw, NN7tw, NN¢,
NN — BYK(B=N,A, Y =A%)

NN — NA, NN — NN*,NA*,
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Extension to HADES energies

@ good description of total pp, pn (inelastic) cross section

pp = X np — X
40 — T T T T

"data —s— AN* - - - -
AA* -

35
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Oipet [MD]

sqrt(s) [GeV] sqri(s) [GeV]

@ dilepton sources
o Dalitz decays: %, 5 — Y00 ;w0 — 7007, A — NOTI-
® p,w,¢p — (70 :invariant mass (/" spectra =
spectral properties of vector mesons
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p p at HADES (Eyin = 3.5 GeV)
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p p at HADES (Eyin = 3.5 GeV)

transverse momentum pr [GeV]
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“o meson” in

da/dm [ub/GeV]

production through hadron resonances
NN — NR — NNp, NN — NA — NNrp
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“p”-line shape “modified” already in elementary hadronic
reactions
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dp at 1.25 GeV

do/dm,, [1b/GeV]

p+pat1.25GeV

‘ ‘ ‘ data —e—
L GiBUU total
0 ¥

d+pati.25GeV

do/dm,, [ub/GeV]

data
GiBUU total
n —>eley
n-e' ey -
A— Ne+e

L
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@ pp quite well described at low energies

e discrepancies in np (“quasifree dp”)

02 03 04 05
dilepton mass mg, [GeV]

@ isospin effects at low energies? Further modelling/data needed!
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pNb at HADES (3.5 GeV)

e medium effects built in transport model
o binding effects, Fermi smearing, Pauli blocking

o final-state interactions
e production from secondary collisions

@ sensitivity on medium effects of vector-meson spectral functions?

p + Nb at 3.5 GeV

p + Nb at 3.5 GeV

108 preliminary data —e— | T T T T T T :
GiBUU tma}

dofdm,, [ub/GeV]
do/dM g, [ub/GeV]
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CC at 1.0 GeV and 2.0 GeV
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overall good description without medium effects (small system)

discrepancy at 1.0 GeV <> uncertainties in pn?
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Ar KCl at 1.76 GeV
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Dileptons in AA collisions
at the SPS (CERES/NA45, NA60)
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Hadronic many-body theory

@ Phenomenological HMBT irwe) for vector mesons

e 717t interactions and baryonic excitations

k
) B, a Kl"“
p P < j P

N, K, =,...

TEE60@

T
T
@ Baryon (resonances) important, even at RHIC with low net

baryon density ng—ng

@ reason: ng+ng relevant (CP inv. of strong interactions)
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The meson sector (vacuum)

@ most important for p-meson: pions
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The meson sector (matter)

@ Pions dressed with N-hole-, A-hole bubbles

@ Ward-Takahashi = vertex corrections mandatory!

o uf IR

\
N

ISP Ly e
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The meson sector (contributions from higher

resonances)

T=150MeV
q=0.3GeV

Im £ /m_ [MeV]

Re £/m, [MeV]

Vi ~
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The baryon sector (vacuum)

ok
B, a K],...

N, K, m,...
@ P = 1-baryons: p-wave coupling to p:
N(939), A(1232), N(1720), A(1905)

@ P = —1-baryons: s-wave coupling to p:
N(1520), A(1620), A(1700)

Hendrik van Hees (GU Frankfurt) Vector Mesons & Dileptons in HICs May 17, 2012 27 / 48



Photoabsorption on nucleons and nuclei

600
e 8n (Frascati)
500 ] » Pb (Frascati)
= yp/yn averaged = Pb (Saclay)
o a U (averaged)
400
g
= 300
fz
© 200
100 f\&
0 . S S 0 i . D
0 300 600 900 1200 1500 0 300 600 900 1200 1500
a, MeV] a, MeV]
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Dilepton rates: Hadron gas <+ QGP

Wi N leena 4 @ in-medium hadron gas matches
N ~ —in-med HG ] with QGP
10°F Q4 |- freeQGP T o
SN\ | —in-medaap] @ similar results also for 7y rates

T\ T=150MeV | @ “quark-hadron duality”?

-
o
T

@ does it work with chiral model?

@ hidden local symm.+baryons?
[Harada, Yamawaki et al.]

dR,/dM? [fm*GeV ]
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Dilepton rates at SpS

@ describe bulk medium with thermal cylindrical fireball
@ equation of state: OGP — mixed phas — hadron gas

35% Central Pb(1 58AGeV)+Au

" = NNT
= 107 T 5 ; .
2 <N > 250 . CERES 95+ 96 2 Dropping Masses? |
S F p‘>0 2GeV — free tn Z "
= 10°¢ %1<g§2-65d — in-med. nw + OGP E = 1 |
= f e”°M8% . drop p-mass + QGP] 3 pert. QCD
o [ i i1
z 1076? E Mass
E r ] g T
~ / 7\ =
= -7 5 Melting Resonances?
= ,,7LCocktail 7 NG 2l g ]
S 10 / // \ ] 2
RS // / £ / J =R
Zg / \ S0 P e, pert. QCD
N5 1084 o L TR A ;Q} . ”al"
~ 0. 0 0.4 0.6 0.8 1.0 1.2 M
ass

@ how to decide about scenario experimentally?
@ need compare (more) precise data to detailed model!
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Sources of dilepton emission in heavy-ion collisions

Q@ “core” & emission from thermal source vrss, Gkoi|

1 dN/(thermal) . N (thermal)
T / dix / dy / Mg vty Acc(Moary)

o OGP: HTL improved g — T4~
e p,w,¢ decays
e 71, w,a; t-channel exchange
“corona” < emission from “primordial” mesons (jet-quenching)

after thermal freeze-out & emission from “freeze-out” mesons

[Cooper, Frye 1975]

3
N(fO) — /dqq/ﬂlydU'VfB(uyqy/T) rm;son—>£+k Acc
0

meson

e additional lifetime-dilation factor v = qo/M compared to MT
formula!

@ initial hard processes: Drell Yan
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CERES/NAA45 dielectron spectra

@ good agreement also for dielectron spectra in 158 GeV Pb-Au
o further check of low-mass tail from baryon effects down to

M — 2m,
o _ 35% Central Pb(158AGeV)+Au
18 T = T
r > L
< 14t Pb(158 AGeV)+Au ® CERES 00 ° <N, >=250 = CERES '95+'96
T (7% central) - - in-med p+0+¢ g 10 E - freep E
z 4 <N>=335 —"éTCGI;llX 12 ¢ — in-med p+@++QGP+4r ]
s - [ 1
s 1.2 -.-DY 1 e [ p>0.2GeV |
= 1o — total 1 2 10° 2.1<11<2.65
Nk -~ total (no bar p){ =° F 0,,>35mrad
z 0.8 1=
\% ~
S 06f| -\ pp02GeV ] =
= 21<n<265 ] % 107;
=304 % ®_>35mrad -| £
8 ee’ kel
z {, 1 o
202 $ B Zm
"44444 44_.__1__‘.;:.} L T B A T MO
0 0.4 M Gev 1 12 ~ 00 02 04 06 08 10 12 14
ool M, [GeV]
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M spectra (in pr slices)

105 b TETg=175 MeV, a=0.1 ¢*/fm NA6) —e— |
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S,
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M spectra (in pr slices)

105 b TETg=175 MeV, a=0.1 ¢*/fm . NAd60 —e—i |
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M spectra (in pr slices)

105 b TETg=175 MeV, a=0.1 ¢*/fm . NAd60 —e—i |
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M spectra (in pr slices)
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M spectra (in pr slices)

NA60
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QGP
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M spectra (in pr slices)
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M spectra (in pr slices)

NA60
in-med p
QGP
prim p
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M spectra (in pr slices)
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M spectra (in pr slices)
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Importance of baryon effects

@ baryonic interactions important!
@ in-medium broadening

@ low-mass tail!
10

o ‘ ‘ ‘ ‘ ‘
PRI NA6) —e—
f iiﬁii no baryons
full model

_
<
3
:

H
<
oo
:

all g
T =T, =175 MeV, 2,=0.1 ¢*/fm

(1/Ngy) d°N,, /(dM dn) (20 MeV)!

02 04 06 08 1 12 14
M (GeV)
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Conclusions and Outlook

e GiBUU with baryon-resonance/VMD model at SIS
o comprehensive description of £ ¢~ production in pp
e some discrepancies in np at low energies (isospin effects?)
e good description of pNb and CC (no medium effects)
e room for medium effects in Ar KCl (work in progress)
o HMBT at SPS energies
o OGP + hadronic fireball (thermal medium)
HTL improved pQCD: g — 14~
hadronic many-body theory at finite T, pp; (modified) VMD model
duality of OGP and hadronic ¢*¢~ rates around T,
inclusion of non-thermal sources (DY, primordial p)
baryon effects important for medium modifications of p (w, ¢)
e Further developments
e vector- should be complemented with axial-vector-spectral
functions
(11 as chiral partner of p)
e constrained with IQCD via in-medium Weinberg chiral sum rules
e direct connection to chiral phase transition!

first results from QCD and Weinberg sum rules, see [1r12]
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Backup Slides

Backup Slides
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Fireball and Thermodynamics

e cylindrical fireball model: Vg = 7(zo + va0t + %2) (%12 + ro)2
o thermodynamics:
e isentropic expansion; Syt fixed by Ny, Te = Tepemn = 175 MeV
e T > T.: massless gas for OGP with NJ?ff =23
e mixed phase: fyg(t) = [sQCF — s(1)]/[s2CT — sHE
o T < T,: hadron-resonance gas
® = T(t), Hvaryonmeson (t) T e chemical fo. ]
@ chemical freezeout: :z;giggo
o ugem =232 MeV + °
e hadron ratios fixed AGS
= UN, Pr, Pk, Py at fixed i 4 ]
s/op =27 ; SlIs
0.05- ]
° therm?(} freezeout: | R Rapp, Phys. Rev. C 66 (2002) 017901 ]
(Tho, ) = (120,80) MeV O 02 04 06 08 1

w, [GeV
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Flow and particle/resonance distributions

@ assume local thermal equilibrium: T(t)

@ collective radial flow: u(t,¥) = 1/v/1—9%(1,7)

o 6(1’,5&) = DlLt }L/R(t)

@ phase-space distribution for hadrons (r cooper, 6. Frye 741

dN; g p-u(tX) — pi(t)
d3pdex (2n)3fB/F ( T(t) >

e NB:

e covariant notation d>¥d®p = p,,do#d3p/ \/p* + m?

o pu(t,X) = po: energy of particle in rest frame of fluid cell

e leads to “Doppler shifts” of hadron and dilepton spectra;

for radial flow in HICs: blue shift = hardening of pr spectra
@ phase-space distribution for bosonic resonances:
dN; Qi p-u(t,X) — i
dpdE ~ 2o < N0 ) [=2polm Di(p)]

@ D;(p): propagator of resonance,
Ai(p) = —2Im D;(p): spectral function
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Sensitivity to T, and hadro-chemistry

@ recent lattice QCD: T. ~ 190-200 MeV or T, ~ 150-160 MeV?
@ thermal-model fits to hadron ratios: Tepem =~ 150-160 MeV

0.2 ; ; ; ‘ ‘ ‘ 0.1 ‘ : :
019 b EoS-A —— | EoS-A ——
o1 X - EoS-B ——~ | 008 | EoS-B ——:-
'~ EoS-C —-—-- EoS-C —-—+-
017} ~ {1
2 016 | R et Nt % 006 ¢
© o015} e
= £ 0.04
0.14 | =
0.13 ¢ 0.02
12 F
8” t;,=6.7 fm/c ‘ ‘ ‘ 0 t;,=6.7 fm/c
o 1 2 3 4 5 6 17 0o 1 2

t (fm/c)

@ EoS-A: T; = Tehem = 175 MeV
@ EoS-B: T; = Tehem = 160 MeV
@ EoS-C: T, =190 MeV, Them = 160 MeV
o Tc > T > Tepem: hadron gas in chemical equilibrium
@ keep fireball parameters the same (including life time)
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EoS-A

® o, w, ¢ multi-rr, OGP, freeze-out+primordial p, Drell-Yan

2000 1000 1000
semicentral In-In NAG) —a Semicentral In-In NAG6O —a— semicentral In-In NA60 —a—
all gy inmedp —— <05 GeV in-medp —— 4310 GeV in-medp —:—
T =Ty=175 MeV QGP+DD 800 | T=Te=175 MeV QGP+DD 800 | T=Te=175 MeV. QGP+DD

1500 prim p FO+primp ——

z FO + prim p A mix ==-=- =
£ ammix === £
: 600 o R
= 1000 sum 3
* = 400 2 a0
Z Z Z
500 -~ %
200 N } 200
N
e
o o et o -
02 04 06 08 1 12 14 02 04 06 08 1 12 14 02 04 06 08 1 12 L4
M (GeV) M (GeV) M (GeV)
v 10 ;
semicentral In-In § . —
NAGO incl . semicentral In-In semicentral InIn Nt inel,
04GeVaM<06GeV  toqal —- 06GeVM<09Gev el inel 1L0GEVM<I4GeV ot
inmedp  —— ol z10° 47 mix
GP £ in-med p
o g QGP
FOsprimp == 20 DY
] FOop -
E prim p -
S0t f
z
=10
| TeTas s Mev T T My S T=Ty=175 MeV

0 05 1 15 2 25 0 05 1 15 2 25 0 05 1 15 2
mpM (GeV) mp-M GeV) MM (GeV)

@ M spectra [HvH, Rapp 07]
e consistent with predicted broadening of p meson
e M < 1GeV: thermal p; M > 1 GeV: thermal multi-pion processes
@ m; spectra
o g; < 1GeV: thermal radiation

o g: > 1 GeV: freeze-out +hard primordial o, Drell-Yan
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EoS-B

2000 1000 1000

Semicentral In-In NAG) —a— Semicentral In-In NAGO —a— NAG6) —a—
all gy in-med p —-— 7<0.5 GeV in-medp —— in-medp —:—
T=Ty=160 MeV QGP+DD 800 | T=Te=160 MeV QGP+DD 800 QGP+DD
1500 FO+ primp —— FO+primp —— FO+ prim p
= Ammix === Ammix —==c | Az mix
I % som
= 1000 = %
= 2 a0 %
] %
500 }
200
0 o 0
02 04 06 08 1 12 14 02 04 06 08 1 12 14 02 04 06 08 1 12 14
M (GeV) M (GeV) M (GeV)
;
10
s NAGO = —
10 semicentral In-In NAGO incl. . semicentral In-In N el 23 scmicentral vl NAo inel o
_ e O4GVMO6GY - 0.6 GeV<M<0.9 GeV. ind 2y 1L0GeVaM<I4 GeV g1 —e-
ERE N in-med p - Z 10°
S0 N Qcp z
s LN DY - g
= pCING FOtprimp ==+ =
300 ERN primp 10
5 £
S Swoh
20 S
& F
g N =0
| 1160 Mev T =Ty =160 MeV S T=T =160 MeV
10 . S o2 L=<
0 05 1 15 2 25 o 05 1 s 25 h s | . 5

M (GeV) M (Gev) M Gev)

@ mass spectra comparable to EoS-A « slight enhancement of
fireball lifetime

@ in IMR OGP > multi-pion contribution

@ higher hadronic temperatures = slightly harder g1 spectra

@ not enough to resolve discrepancy with data
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EoS-C

2000

1000

semicentral In-In NA6G) —a— semicentral In-In NAG0 —a— semicentral In-In NAGO —a—
allgr inmedp —— <05 GeV inmed p —:— in-medp —:—
T=190 MeV QGP+DD 800 | Te=190 Mev QGP+DD 300 | Te=190 Mev QGP+DD
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10° 10’
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_ 0.4 GeVaM<06 GeV  qora] —_ 0.6 GeV<M<0.9 GeV' 1 i 10 GeVaM<14 GeV o)
z . N in-med p - 2 10° "
E QGP H :
g Vo, DY - g Gl
3 0 FOtprimp == S 0
s £ £
%0 g s 2 L)
210 10 210
g ] g
3 § & 5
BT =0t =10
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| [ =190 MeV, Tg=160 MeV ; Tgy=160 MeV T,=190 MeV, Ty, =160 MeV
0 L5 P 10° 10

0 05 1
mp-M (GeV)

05

5
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@ mass spectra comparable to EoS-A < slight reduction of f1reball
lifetime
@ in IMR multi-pion > OGP contribution
@ higher hadronic temperatures + high-density hadronic phase =
harder gt spectra
@ better agreement with data

0s 1
meM (GeV)
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Inverse-slope analysis

@ to extract T4 fit to

1dv 1 dN _ . (_mT>
qrdgr  mrdmr P Tef

o fit of theoretical g7 spectra: 1 GeV < qr < 1.8 GeV

300 T T T T T 300

250 | $f+ 1 250 x*{

- ot o B - aY o B
3 AP 2 Yo ~»~.}._.-
[ R N -] [ - <
2 mf Ol N, stk 212 m* P S -
5 . .
e PR X T
{:,/’ EoS-A —==- t’,/" EoS-A ===
150 [ EoS-B —-—: | 150 [ EoS-C —-—-
NA 60 —B— NA 60 —B—
NA 60 LMR ~—y— NA 60 LMR ~—w—
NA 60 IMR no DY —8— NA 60 IMR no DY —8—
100 100
02 04 06 08 1 12 1.4 02 04 06 08 1 12 1.4
M (GeV) M (GeV)

@ standard fireball acceleration: too soft g7 spectra
@ lower T; in EoS-B and EoS-C helps (higher hadronic temperatures)
@ NB: here, Drell Yan contribution taken out
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Inverse-slope analysis

300 . . . . . 300
250 | /x\i — 250 | x ¥
*/f . \i ¥ Y A
~ @ R =< é . m PRt %
> *, g ~. T > * - S~
= 200 L t// /./ e T2 200 L * LT T L
2 S e¥
= - = A,>/
¥ EoS-B —-— ¥ BoS-C —-—-
150 | EoS-B, a,=0.1c/fm ===+ | 150 | EoS-C, a,=0.1c¥fm
NA 60 —B— NA 60 —B—
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NA 60 IMR no DY +—a#— NA 60 IMR no DY =——
100 . . . ) . 100 . . . N .
02 04 06 038 1 12 14 02 04 0.6 038 1 12 14
M (GeV) M (GeV)

enhance fireball acceleration to 7, = 0.1¢%/fm
effective at all stages of fireball evolution

agreement in IMR not spoiled < dominated from earlier stages

EoS-B harder < relative contribution of harder freezeout p decays
vs. thermal p’s larger
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Inverse-slope analysis

300 300
250 e x:j 250 + _xf_& ¥
a¥s t- N T
- 2 -
% ¥ - % 1
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% 200 | :ﬁ+ % 2000 " ?
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@ sensitivity to contributions from meson f-channel exchange
e hardens low-mass region

e using vacuum p in t-channel contribution: enhances slope in p
region
@ sensitivity to Drell-Yan contribution
o for IMR: describes effect seen in data (open vs. solid square data
point)
e in LMR: too high around muon threshold <
due to uncertainties in extrapolation to low M?!?
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IMR: QGP vs. multi-pion radiation

T T T
semicentral Tn-In ‘ "QGP (BoS-A) —— | g o5k — free HG 4
200 | QGP (E0S-B) ===- 1 © !
all py QGP (EoS-C) - -~ - > =~ — in-med HG
47 (E0S-A) ===evee- __
47 (E0S-B) —+—- wo . free QGP
2150 [T~ ST @S Oy e ] T 10T — in-med QGP
| £
= N 7 -
% 100 F S 10F
e S
4 [}
= o)
g $ 10k
50 f
| T=180MeV
0 . . . . 107
09 1 N 1.2 13 14 0.0 05 10 15 2.0

GeV/
o different critical and freeze-out temperatures e 100VICT

T, =160...190 MeV, Tihem = 160...175 MeV

@ M- and pr spectra comparably well described!

@ reason: T vs. volume = maximal /]~ emission for
T = Tmax = M/5.5

@ hadronic and partonic radiation “dual” for T ~ T,
compatible with chiral-symmetry restoration!

@ inconclusive whether hadronic or partonic emission in IMR!
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