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@ Plan of the Lectures
© Electromagnetic Probes: Phenomenology

© QCD and Chiral Symmetry
@ Chiral Symmetry
@ Chiral Symmetry and Hadron Phenomenology
@ Strongly interacting matter: QCD/hadronic models at finite T, i

@ Fundamental theoretical tools
@ The McLerran-Toimela formula
@ QCD sum rules

© Summary

@ References
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Plan of the Lectures

@ Lecture I: Fundamentals
e QCD, chiral symmetry, and electromagnetic probes
e basic phenomenology of dilepton signals
e model independent approach: QCD sum rules
o literature: (pcroz, FrK 11, Rwoo, RWH09]

@ Lecture II: Effective hadronic models
o (effective) Lagrangians for hadrons; QED of hadrons
o Transport model GiBUU at SIS energies (pp, pn, pA)
o literature: |cses, Gses, BGG* 12, wiimi2]

@ Lecure III: Applications from SIS to RHIC energies
e partonic and hadronic many-body theory
e thermal/hydro evolution of the medium
o understanding the dileptons at SPS, and RHIC
o literature: (rwoo, RwHo, HRoe, FRoS]

o Homepage of these lectures:
http://fias.uni-frankfurt.de/ hees/dm12/
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Why Electromagnetic Probes?
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Vacuum Baseline: eTe~ — hadrons
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@ Ouraimpp — (707, pA = (0", AA = (1~ (L =¢e,p)

@ more to come in Lecture II!
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The CERES findings: Dilepton enhancement
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pp (pBe): “elementary reactions”; baseline
(mandatory to understand first!)

PA: “cold nuclear matter effects”; next step

(important as baseline for other observables like “J /¢ suppression”)
AA: “medium effects”; hope to learn something about

in-medium properties of vector mesons, fundamental QCD properties
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The CERES findings: Dilepton enhancement
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QCD and (“accidental”) Symmetries

@ Theory for strong interactions: QCD

1 . .
Zocp = =7 Fa Fla + $(2 — M)
@ Particle content:
e 1: Quarks, including flavor- and color degrees of freedom,
M= diag(my, my, ms, ...) = current quark masses
o Aj: gluons, gauge bosons of SU(3)color

@ Symmetries

o fundamental building block: local SU(3),}or Symmetry
e in light-quark sector: approximate chiral symmetry (M — 0)
o dilation symmetry (scale invariance for M — 0)
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Features of QCD

@ asymptotically free: at large momentum transfers ag — 0

@ running from renormalization group:
Nobel prize 2004 for Gross, Wilczek, Politzer

L \\\\\\‘ L \\\\\\‘
04 10 100

w(GeV)
@ quarks and gluons confined in hadrons
@ theoretically not fully understood (nonperturbative phenomenon!)
@ need of effective hadronic models at low energies: (Chiral) symmetry!
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Chiral Symmetry

o Consider only light u,d quarks

@ iso-spin 1/2 doublet: p = (Z) = (i;)

@ NB: ¢ has three “indices”: Dirac spinor, color, flavor iso-spin!

o «y matrices: {7y, 7} = 281, 5 1= 170717273, V5T = — N5, 7% = 5,
2
r5=1
@ Diracology of left and right-handed components

po="ly=ry, =y =pyy,

Py =P} =1, PRrP.=P.Pr=0,Pr/rY5=75PL/r = —Pr/r
Pr/rYu = YuPrsL,  Pryp = $Pr, Prp =P
Pyuy = Py + YrYpPr, PP = YLPr + PRYL

o §:= 0, 59 =y rlvo = — s
@ in the massless limit (11, = m; = 0)

Ly g = YiDY = Prildyr, + PrilDyr
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Chiral Symmetry

@ in the massless limit (11, = m; = 0)
@ a lot of global chiral symmetries:
o change of independent phases for left and right components:

pr(x) = exp(ipL)pr(x),  Yr(x) — exp(ipr)yPr(x)

e symmetry group U(1)r x U(1)g
e independent “iso-spin rotations”

r(x) = exp(id - T)gr(x), yr(x) — exp(idr - T)yr(x)
o T = T/2,%: Pauli matrices; symmetry group SU(2); x SU(2)r
@ alternative notation scalar-pseudoscalar phases/iso-spin rotations
Y — exp(is)y, ¢ — exp(irsa)y
¥ — exp(idy - T, o — exp(iysia-T)y
e Caveat: Symmetry group is NOT U(1)s x U(1), or SU(2)y x SU(2)4

@ U(1); and SU(2)y are subgroups that are symmetries even if
my = my # 0 = Heisenberg’s iso-spin symmetry!
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Currents: relation to mesons

@ based on kw7, sos, bint1]
@ Noether: each global symmetry leads to a conserved current (9, = 0)
o from chiral symmetries

s =", i = sy
T A HT TH_ T T
Jv =97 T, Ja =97 5Ty
@ Link to mesons: Build Lorentz-invariant objects with corresponding
quantum numbers
o 0: Py (scalar and iso-scalar)
o 7's: @T%w (pseudoscalar and iso-vector)
e p’s: @’yﬂ'"l/; (vector and iso-vector)
o a's: @’yy%fq) (axialvector and iso-vector)
@ in nature: o and 7’s; p’s and 4;’s do not have same mass!

@ reason: QCD ground state not symmetric under pseudoscalar and
pseudovector trafos since (vac || vac) # 0
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E.m. Current: relation to mesons

@ Q=1t3+Y/2, t3:iso-spin-3-comp, Y =s+c+b+t+B
o quarks: t3, = —t3g =1/2,t3, =t3s = t3 = t3, =0,
Yu=Y;=1/3, Y=Y, =4/3, Y=Y, = —2/3,

Bf:1/3/QM:QC:Qt:2/3/Qd:QS:Qb:71/3

@ electromagnetic current of quarks (including sum over 3 colors!)
—a . —_ 2_ 1~ _
Jom = Z¢f(T3 +Y/2)pr =) Qe = g“’?”” - g(d’Y”d +577's)
f f

@ split into flavor-iso-spin states:
w (T=0):jbme = 1/6(Ey"u + dy"d)
¢ (T=0):jimy = —1/357"s
o (T=1) :jgmp = 1/2(uy"u — dy"d)
@ expressed in normalized hadronic basis

1 |uyfu—dyld  1uylutdytd Q?ﬂ‘s

,;4:7
Jem =" V2 3 2 3
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Spontaneous symmetry breaking

@ spontaneously broken symmetry: ground state not symmetric

@ vacuum necessarily degenerate

@ vacuum invariant under scalar and vector transformations:
U(1)r x U(1)g broken to U(1)s; SU(2);, x SU(2)g broken to SU(2)y

o for each broken symmetry massless scalar Goldstone boson

@ there are three pions which are very light compared to other hadrons
(finite masses due to explicit breaking through m,, m;!)

@ but no pseudoscalar isoscalar light particle! (m, ~ 548 MeV)

@ reason: U(1), anomaly

o pseudoscalar U(1), symmetry doesn’t survive quantization!
e good for explanation of correct decay rate for o — ¥y
o axialscalar current not conserved 9y, =3/ 8P Gy, Goy

o explicit breaking due to quark masses

e can be treated perturbatively = chiral perturbation theory
e axial-vector current only approximately conserved = PCAC
o a lot of low-energy properties of hadrons derivable
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Most accurate experiment related to xSB

o weakdecay T - v+n-m

o weak interactions: currents ]"l/ — ]Z
e ew. sector in standard model: gauged+Higgsed chiral model
SU@2)L x Uy
e no anomaly in gauge symmetry due to particle content!
@ n even: must go through vector current
n odd: must go through axialvector current

0.08 prrrrr e 0.05 [ e
: UV e mv T e : A RS Gty e
0.07 3 Vt=>2nv,] «x E E Alt»3nv] =* B
: T ] 0.04 T
& 0.06 F p + cont. E o a; +cont. ——---
= 005 E 2 (p) — = 3 = [ 37 (ay) e ]
f ] = 0.03 '
< goa b 4m (fit) ----- E & 5q(fit) ——--
> 0. pd .IIII.,.
S 003 2 Fo0op >
g El = =
002 F data: ALEPH at LEP n 1 4
0.01 [
0.01 E - =T f ]
L il g ek o D TR e e e e ] 0 Goos e e e
02 04 06 08 1 12 14 16 1.8 2 02 04 06 08 1 12 14 16 1.8 2
M2 (GeV?) M2 (GeV?)
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Phenomenology from Chiral Symmetry

@ Use (approximate) chiral symmetry to build effective models
@ Ward identities
o PCAC: <0 ‘ai‘j’;‘ﬂ) nf(%)> — iF2 28k
o m4F% = —(my +my) (0 [uu| 0)
(Gell-Mann-Oakes-Renner relation)

@ Spontaneous breaking causes splitting of chiral partners:

qqg-excitations of the QCD vacuum

A
Energy (MeV)

f,.0420)

a, 260  _$1285
0 (1020

fO(AUO- P 770) o (782)

1200) —
— P-S, VA splitting
in the physical vacuum
T (140)
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Finite Temperature/Density: Idealized theory picture

e partition sum: Z(V, T, pg, ®) = Tr{exp[— (H[®] — u4N)/T]}

Z[V/ T/ y,CID]

analytic continuation

vacuum

[CSHY85, Lv87, LeB96, KG06]
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Finite Temperature

Asymptotic freedom

e quark condensate melts at high enough temperatures/densities

all bulk properties from partition sum:
Z(V, T, pq) = Tr{exp[—(H — uyN) /T]}

@ Free energy: () = —%an =-P

uark condensate: <7 > =Yor
Q Yota)r,, = Tom,

Lattice QCD (at 5 = 0)
e chiral symmetry < (Y1)
o deconfinement transition < Polyakov Loop tr <P exp(i foﬁ dTA0)>

e Chiral symmetry restoration and deconfinement transition at same T,
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Vector-Axialvector Mixing in the Medium

@ in the medium: vector-axialvector currents mix

@ due to thermal pions

@ possible mechanism for ySR!

@ in low-density /temperature approximation: model independent

@ SE€€ [DEI0a, DEIY0b, UBW02, SYZ96, SYZ97]

TU
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1 v
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The QCD Phase Diagram
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The McLerran-Toimela formula

e radiation of dileptons from thermalized strongly interacting particles
@ dileptons escape fireball without any final-state interactions

@ calculation exact concerning strong interactions

e leading-order O(a?) in QED

exp(ik - x)

M
How = ¢ [ €51, (694415, A5 = 5o

@ J,: exact Heisenberg em. current operator of quarks or hadrons

@ e=+Vinma, a0 ~1/137
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The McLerran-Toimela formula

hadrons out 0

g+

hadrons in

@ Fermi’s golden rule = transition-matrix element for process
i) = If") = 1) + 10707 (k)
@ QED Feynman rules

Sy = (7| [ a3,

i> Dzv(x, x'Vetig (x")yuvp(x')
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The McLerran-Toimela formula

@ Fourier transformation: energy-momentum conservation
") = If, 767 (k)
Sﬁ = Tﬁ(ZT[)45(4) (Pf +k— Pi)
@ Fermi’s trick: Rate
|Spil?

Rpj =~ = (2m)*W (P + k — P;) | g

e summing over |f) and polarizations of dilepton states
@ averaging over initial hadron states: heat bath (grand canonical)

1
p=7 exp[—B(Hacp — #8Qbaryon)]
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The McLerran-Toimela formula

@ result (derivation see cxo1, Appendices)

dRy a2 k24 2m? 4m3
R I R

@ em. current-current correlator
1L () 1= [ dbx explik-x) (J7(x),(0)]) 7, ©0)

@ in principle measureable: in linear response approximation Green’s
function for em. current running through medium

@ k> = M? > 0 invariant mass of dilepton
@ probing medium with photons: same correlator for k* = M? = 0
@ then correlator < dielectric function €(w) in electrodynamics!
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The McLerran-Toimela formula

o for real photons

dR Xy
War T 27_?2 Im T, (k),

w =k = [k|

@ NB: Phenomenological effective hadronic model:
vector-meson dominance model

@ em. current « V¥ (with V € {p,w, ¢})
p
¥, = VWOsBso88- VYV

@ Dilepton/photon rates: « Ay = —2Im Dget)

(vector-meson spectral function!)
@ measuring in-medium vector-meson spectral function!?!
@ — Lecture III
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QCD Sum rules

@ based on e
@ calculate current correlator, e.g., the vector part of the em. current

. 1._ —
Ju = E(M’Yy” - d’de)

@ corresponds to the p meson!
@ use pQCD to determine correlator
kik
I (k) = (gw - ’;;) IT(k*)

in deep spacelike region, Q> = —k? > Aqcp
o related to time-like region = sum rule

4 roo ImII
H(kZ):H(0)+cQ2+%/O dssz(sr:Qz(S—)ie)

@ dispersion relation: spectral function Im IT!
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QCD Sum rules

o left-hand side of sum rule
@ pQCD + chiral models for baryon-pion interactions (sce, . pcr)

(k2 = —Q? 1 s Q?
R(Q%) :—(QZ) =52 (1 + %) In (lﬂ)

1 _ 1 [y — 112 _ »
@ additional cold-nuclear matter contributions

m 5m3
AR(Q?) = T&AZPN - ﬁAMN

@ Ajp 4 from parton-distribution functions
@ also condensates corrected

_ _ ON
@) = (@) vac + 5PN,
qu

<%FZ‘VFWU> - <%F?lvpayv>vac B gm](\[]))PN
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QCD Sum rules

o right-hand side of sum rule
@ use hadronic models to fit measured vector-current correlator
@ e.g., ALEPH/OPAL data of T — v + 2nm

0.08 T
: Virs2nmv] ' e
0.07 ¢ Viio2mv] x 3
« 0.06 3 p + cont. E
= 005 F 2 (p) — == -
X g 4m (fit) - --- ]
E 0.04 - ™ (fit)
Z 003 F ;
T 002 F data: ALEPH at LEP -
0.01 £ eeesanats?
o~ A SV DY B TR Y b e J g
02 04 06 08 1 12 14 16 1.8 2

M? (GeV?)
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QCD Sum rules

o typical result from (v

0-5 7

7
|- / -
= Ve
> 0.4 Pn=Po , . ]
— ,
5 | k=236 , , ]
o 0.3t L i
- | / |
’
< 0.2 1
s}
'—(j L B
T 0.1} :
[ ’s. Leupold, W. Peters, U. Mosel |
0 | / Nucl Phys. A628 311 (1998)

0.4 05 0.6 O7 08 09 ]_ 1.1 1.2
mass in GeV

@ possible medium effects on p meson
e dropping mass, unchanged/small width
e unchanged mass, broadened spectrum (large width)
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Scenarios for chiral symmetry restoration

@ hadron spectrum must become degenerate between chiral partners

[=} PR =
] \ ]
= A\ . = .
S| | Dropping Masses? | 5| Melting Resonances? |
LE ",. ualn [_E
'CE i ‘c—‘& | upu |
5 . pert. QCD 51 e ____pert. QCD_
o . = o 9] PN ===
&l — -~ ‘ a4

Mass Mass

@ models alone of little help (realization of xS not unique!)
e “vector manifestation” pjong = X partner of 7 = dropping mass
o “standard realization” p = x partner of a;,
extreme broadening + little mass shifts
o theory “shopping list”
o effective hadronic models (well constrained in vacuum!)
e and concise evaluation in the medium!
e models for fireball evolution
e must include partonic — phase transition — hadronic evolution

@ precise /T (~ (v) data from HICs mandatory!
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@ Motivation for dilepton measurements in HICs

° leptons are penetrating probes

invariant-mass spectra of /¢~ undistorted by FSIs

give spectral properties of electromagnetic current correlator
related to vector-meson spectral function

related to (approximate) chiral symmetry <> chiral phase transition
chiral-symmetry restoration (perhaps) observable!?!

one key obsevation in HICs:

enhancement of dileptons in low-mass region compared to pp collisions
@ QCD and chiral symmetry

o fundamental symmetry: local color-gauge symmetry SU(3).
e alot of “accidental” global symmetries in light-quark sector

chiral and scaling symmetry in light-quark sector

U(1)4 symmetry and scaling symmetry anomalously broken
axialvector-iso-vector symmetry spontaneously broken
pions as Goldstone bosons

slightly explicitly broken by light-quark masses
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o Fundamental results from theory

e Dilepton spectrum < em. current-correlation function
e model-independent approach: OCD sum rules

o relate pQCD + measurable condensates at Q% = —g? >> A2

to measureable spectral functions at g% = s > 0
@ dropping mass and resonance melting as mechanism for xSR possible
@ cannot be decided theoretically from first principles

@ Need for

e hadronic effective models in vacuum and in medium
e evolution models of fireball (quantum transport, QMD, hydrodynamics)
e high-precision dilepton data
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