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e Intro: Theory ingredients

© What's a “p meson™?
o the “PDG p”
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General scheme of models

@ there are several “layers” of models for dilepton production in heavy-ion
collisions:

@ microscopic models for dilepton production
e roughly speaking we deal with QED of strongly interacting particles

need models for strong interactions + QED

QCD + electromagnetic standard model

effective hadronic models + coupling of the photons

need empirical input (cross sections, electromagnetic (transition) form factors,
branching ratios of hadron resonances,...

= importance of elementary hadron-collision data

need to be evaluated in the medium

@ Bulk-medium evolution

need evolution of the fireball over its entire history, including “chemistry” and
“continuum-mechanical evolution”
consistency with microscopic models
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Theory toolbox

@ various “combinations” of bulk-medium evolution models
+ Microscopic models
o thermal fireball models (blastwave)
+ equibrium thermal many-body QFT
e ideal or viscous hydro
+ equibrium thermal many-body QFT
e transport models (onshell/offshell)
+ cross sections from QFT models
e coarse grained transport
+equibrium thermal many-body QFT

@ Approximations necessary for all schemes
o no fully self-consistent off-equibrium scheme available

@ not even in principle!
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What'’s a “p meson”?

@ key player for QED of hadrons: light vector mesons,
particularly the “p meson”

it'’s a resonance!!!
it's not an asymptotic state
some model dependence!

puristic view: only reaction rates from “asymptotic free into asymptotic free
out states” observable
(S-matrix elements, cross sections, decay rates)

@ observed resonance shape depends on production and decay channel!
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The PDG “p meson”

@ in the PDG review of particle physics: “p meson” is strong resonance in
isospin-1 channel of e* + ¢~ — 1 + 7~ (nearly exclusive)

@ minimal model: (Extended) Vector Meson Dominance (saso, cses, k167

@ minimal evaluation: one-loop “p” self-energy = “p” propagator = “p”
spectral function

@ calculate “p” selfenegy (transversality from gauge invariance)

=T, (50" (p), s =p?

=isTL, ()9 (p), s=p*

@ NB: threshold at 2m, (ImII,(s) o< O(s —2m,))
@ suppressed by factor 0(a?)~ 0(1/137?%)
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VMD model (p-self-energy and dressed y 7 vertex)

o calculate p-self-energy (transversality from gauge invariance)
1 4 )l' N

T, m‘_is%(s)@wm, s=p?

Tﬂ(p

=isIL, ()0 (p), s =p?

@ Dressed Green’s function

"(p) A*™(p)
pz_Mz_pZHpT[ﬂ(pz) pz_M2+i0+

Gy (p)=—

o dressed ynr vertex to 0(e)
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VMD model (em. form factor of the )

o nt+7m~ — et +e (“time-like form factor”)

N §P »

L//lfl =

o
’/q q/\
@ = |F(s)]> with Mandelstam s =(p + q)?

e physical region s > 4m?
o 1t +e —mt+e (“space-like form factor”)

o = |F(¢)]? with Mandelstam ¢ =(p — p’)?
@ physical region t <0
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VMD model: (fit of parameters)

@ best fit to form-factor data: g =5.461, g’ =5.233, m, =763.1 MeV/c?
strict VMD: g = g’ = 5.328, m,, = 763.1 MeV/c?
100
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VMD model: (fit of parameters)

@ best fit to form-factor data: g =5.461, g’ =5.233, m, =763.1 MeV/c?
strict VMD: g = g’ = 5.328, m,, = 763.1 MeV/c?

60 ‘ ‘
Barkov et al —
generalized VMD _—
50  strict VMD
40
&30t
20
10
0 T
0 0.2 04 0.6 0.8 1

M (GeV)
data from scites)
e small discrepancies around p peak: contribution from «(782) meson!
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VMD (elastic w7 phase shift)

e nrt — 77 phase shiftin I =1 channel
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VMD: (total 7t elastic scattering cross section

@ 11t — 77 total cross section

Otot
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“p” shape: dependence on processes looked at

@ look at “transition rates” Z; >, f | A ¢ |? (averaged over i /summed over f)
o foret+e~ — 't (“PDG definition”)
o foret+e~— p —e"+ e~ (s channel)
(annihilation part to Bhabba scattering via the p scaled by a2 ~ 137?)
@ plotvs. M =4/s
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ere on T 5 —
e +e—op—oe +e (Xxo ) —
—
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The GiBUU dileptons and “p mesons”

@ vector mesons have “vacuum
spectral shapes”

@ propagated as “on-shell particles”
of finite lifetime and variable mass

@ Dalitz decay:
1 particle — 3 particles

o Viw—m+yr*>n+lt+L~

o P, Simn—oy+rtoy+lt+LT

@ R: Baryon resonances
AN*—>N+V—->N+7*—
N+t +0

@ vector-meson dominance

model for baryon em. trans. FF
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GiBUU: “p meson” in

@ production through hadron resonances
NN—-NR—NNp,NN—->NA—-NNmp

p—e'e
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@ VMD model < em. transition form factors of baryon resonances!

@ “p”-line shape “modified” already in elementary hadronic reactions
@ due to production mechanism via resonances
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GiBUU: resonances & mass distributions

@ 2 — 1resonance production (Breit-Wigner), e.g. nt — p, TN — N*:

2] +1 272
dl Fur——Tap-r(5)-Ir(V3)

Tarr)= g e, 0 7 e,

@ 1 — 2res. decay (Manley), with another res. in final state, e.g. N* — pN:

0 pab(m)

Tpoap =T9_, 20—
ftma R ubpab(MO)

Pap(m)= f dmg.d, (ma) BZ(PfR) Za,(m)

o for .o/, we always use the vacuum spectral function (of p or N*)

@ but: effective mass distribution of produced p is nontrivial
(not simply determined by vacuum SF)

arR—»ab

o o dlylma)py B (py R)
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The “Rapp-Wambach p”

@ Phenomenological HMBT (rwss, ores, rwoo) fOT Vector mesons
o 7 interactions and baryonic excitations

T %k

- B ap, Kl""
p P p p
n N, K, m,...

Baryon (resonances) important, even at RHIC with low net baryon density
ng—ng
reason: ng+ng relevant (CP inv. of strong interactions)
underlying microscopic processes < cut the self-energy diagrams
em. gauge invariance < vertex corrections
= p production
@ Vvia 7T7 as 1n vacuo
o direct decay of hadron resonances
very similar to Giessen model (modulo details in particle spectrum)
@ well constrained by elementary scattering data!
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Kinetic theory versus thermal QFT

@ common microscopic starting point for in-medium calculations
o effective hadronic theory
e constrained by symmetries and elementary crosss sections
< very similar interactions/particle content
e vector-meson dominance
@ Kinetic theory
e solves the Boltzmann(-Uehling-Uhlenbeck) transport equation
classical particle picture (usually “on the mass shell”)
resonances: vacuum spectral function as “mass-distribution function”
propagated as a particle with fixed mass determined at production and finite
lifetime
e cross sections in collision term: incoherent summation over all possible
processes
o Equilibrium many-body qft
e calculate self-energies (semi-)selfconsistently with dressed propagators
e similar to collision term in BUU simulations
e but fully coherent summation (quantum interference!)
e describes continuous creation-annihilation/decay processes
(“regeneration” of resonances over lifetime of medium)
e restricted to medium in equilibrium
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Dilepton emission in HICs I

o Equilibrium bulk-medium models

medium as fluid in/close to local thermal equilibrium
different levels of sophistication: blastwave-like fireball parametrizations, ideal
hydro, viscous hydro

e equilibrium QFT dilepton rates directly usable
e for viscous hydro partially even with off-equilibrium corrections of rates
e approximation: medium always in/close to thermal equilibrium

@ Transport simulation

hadrons simulated with BUU code

resonance decays to dileptons during entire lifetime of the medium
(“shining formalism”

needs electromagnetic transition form factors

(in GiBUU implemented via VMD aproach)

on-shell approach, incoherent summation over processes, medium effects
implemented only partially

realized with GiBUU w3, wiimiz)

Hendrik van Hees, Stephan Endres, Janus Weil (GU Frank Electromagnetic Probes October 13, 2015 19/28



Dilepton emission in HICs II

@ Transport-hydro-hybrid approach

initial conditions for hydro via transport (includes initial-state fluctuations)
(test) particles mapped to energy-momentum tensor, conserved-charge
currents on a grid (“Gaussian smearing”)

use hydro (involves equation of state!)

some “particlization” like Cooper-Frye

transport afterburner

dileptons via equilibrium QFT rate in hydro part

shining in transport-afterburner part

challenge: consistency of particle content in transport model, EoS of the hydro,
and in QFT dilepton rate

realized with UI‘QMD [PSBT08, SSVt09, SSBS11]

@ Coarse-grained transport
e simulate the entire bulk evolution with transport

realize in many simulation runs

T#?, j& via ensemble average on space-time grid

use EoS to map each fluid-grid cell to local thermal equilibrium (T, ug, ty,-...)
use equilibrium-QFT dilepton rates

shining afterburner for “frozen-out” fluid cells

realized With UI‘QMD [EHWB15a, EHWB15b
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Ar+KCl (1.76 AGeV) (SIS/HADES)

o CG UrQMD with RW in-medium rates pweis) (left) works at low energies!

@ pure GiBUU transport lacks medium effects s
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CGUrQMD: Ar+KCl (1.76 AGeV) (SIS/HADES)

o dielectron spectra from Ar + KCI(1.76 AGeV) — e*e~ (SIS/HADES)

o m; spectra [EHWB15b]
o M, <0.13GeV

o 10
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CGUrQMD: Ar+KCl (1.76

o dielectron spectra from Ar + KCI(1.76 AGeV) — e*e™ (SIS/HADES)
o m; spectra [EHWB15b]
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CGUrQMD: Ar+KCl (1.76 AGeV)

@ dielectron spectra from Ar + KCI(1.76 AGeV) — ete™ (SIS/HADES)
o m; spectra [EHWB15b]
@ 0.3 GeVM,, < 0.45 GeV
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CGUrQMD: Ar+KCl (1.76 AGeV)

@ dielectron spectra from Ar + KCI(1.76 AGeV) — ete™ (SIS/HADES)
@ m; Spectra (euwsish]
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CGUrQMD: Ar+KCl (1.76 AGeV)

@ dielectron spectra from Ar + KCI(1.76 AGeV) — ete™ (SIS/HADES)
@ m; Spectra (euwsish]
o M, >0.65GeV

-
e
>

©) M, > 0.65 GeV/c’

-
<,
a

&>

Y
<
4

t

1/(N(n®)m’?) x dN/dm, [GeV/c*]*®
(=]

Hendrik van Hees, Stephan Endres, Janus Weil (GU Frank Electromagnetic Probes October 13, 2015 22/28



CGUrQMD: Ar+KCl (1.76

@ dielectron spectra from Ar + KCI(1.76 AGeV) — e*te™ (SIS/HADES)

@ rapidity spectrum (M, < 0.13 GeV)
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Au+Au (1.23 AGeV) (SIS/HADES)

= 10?

= Au +Au @ 1.23 AGeV (b)
°© HADES acceptance, 0.1<p_<1.1GeV/c
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@ caveat: pp/np acceptance filter with single-e cut, p, < 100 MeV
@ correct filter urgently needed!

o excellent agreement with preliminary HADES data
(data points not shown here on request of the HADES collaboration)
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Au+Au (1.23 AGeV) (HADES acceptence)
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o left: CG UrQMD without HADES acceptance filter
@ right: with pp/np acceptance filter
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