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@ Plan of the lectures

e Electromagnetic Probes: Phenomenology

9 QCD and its (“accidental’”) symmetries

@ Strongly interacting matter: QCD/hadronic models at finite T,

© References
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Plan of the Lectures

@ Lecture I: Fundamentals

e symmetries and conservation laws in (quantum) field theory
e QCD, chiral symmetry, and the relation with electromagnetic probes
e radiation from a transparent thermal source (McLerran-Toimela formula)
o Lecure II: Phenomenology from SIS to LHC energies
transport and hydrodynamics
collective flow
effective hadronic models for vector mesons
dileptons at SIS (HADES), SPS (NA60), RHIC (STAR, PHENIX), FAIR, LHC
direct photons at RHIC (STAR, PHENIX) and LHC (ALICE)

Hendrik van Hees (GU Frankfurt/FIAS) Em. Probes in HICs I November 27, 2015



Why Electromagnetic Probes?

@ 7,/*: only e. m. interactions
o reflect whole “history” of
collision

@ chance to see chiral symm.
rest. directly?
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Vacuum Baseline: eTe~ — hadrons
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@ probes all hadrons with quantum numbers of y*

° RQM :Nch=u,d,stzf =3x [(2/3)2+ (_1/3)2+ (_1/3)2] =2

@ Ouraimpp — (707, pA = (17, AA = (70~ (L =e, i)
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The CERES findings: Dilepton enhancement
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(d°N,,, /dndm) / (dN,, /dn) (50MeV/c?)

15
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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/y suppression”)
o 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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The standard model in a nutshell: particles and forces
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Quantum Chromodynamics: QCD

@ Theory for strong interactions: QCD

1 . .
Zacp = *ZFZWFZVJF‘I/(W*M)‘I/

@ non-Abelian gauge group SU(3)color

each quark: color triplet .
o covariant derivative: Dy = dy, +igT,A% (a € {1,...,8})
o field-strength tensor Fj,, = dyAY, — dyAf — gf* bCAZAf,
e group structure constants: [7%,7%] = if®, 7°7¢, T* = (T%)" € C33
@ Particle content:
o y: Quarks with flavor (u,d;c,s;t,b) (mass eigenstates!)
o M = diag(my,mg,ms,...) = current quark masses
° Aﬁ: gluons, gauge bosons of SU(3)color
o Symmetries
o fundamental building block: local SU(3)color symmetry
e in light-quark sector: approximate chiral symmetry M —0)
o dilatation symmetry (scale invariance for M — 0)
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Features of QCD

e asymptotically free: at large momentum transfers o, = 47g> — 0

@ running from renormalization group (due to self-interactions of gluons!):
Nobel prize 2004 for Gross & Wilczek, Politzer (1973)

0 I N I ' ‘ | \‘
10 100
n(Gev)

@ quarks and gluons confined in hadrons

o theoretically not fully understood (nonperturbative phenomenon!)
@ need of effective hadronic models at low energies: (Chiral) symmetry!
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Chiral Symmetry of (massless) QCD

o Consider only light u,d quarks

iso-spin 1/2 doublet: y = (Z) = (Z;l)
2

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

y matrices: {%, %} =21, 5 = i0N LB Bl =¥ K =1 B =1
Diracology of left and right-handed components

_1-%
2
PZ/R =Ppr; PrRPL=PLPr=0, PrrYs="Prr =FPrr
PrjrYu = YuPr/r, PLY=VPr, Pry=VYP_
YWY =YL WVL+ YRV VR, VYV = VYLYR+ VRVL

1+
/3 y=PLy, WRZT%WZPRV/,

V=vnBr=vvn=—vr

in the massless limit (12, = my; = 0)

Lua = Wiy = YLipyr + YriDyr
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Chiral Symmetry

@ in the massless limit (17, = my; = 0)
@ alot of global chiral symmetries:

o change of independent phases for left and right components:

W (x) = exp(igp) wr(x), Wr(x) — exp(igr) Wr(x)

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

wL(x) = exp(idy - T)yr(x),  yr(x) — exp(itr-T)yr(x)
o T'=7/2, %: Pauli matrices; symmetry group SU(2), x SU(2)g
@ alternative notation scalar-pseudoscalar phases/iso-spin rotations
v — exp(igs)y, ¥ — exp(ivs¢a) W
y—expiay-T)y, v —exp(ivstu-T)y

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

@ based 0n (koeo7. scho3. pini1]
@ Noether: each global symmetry leads to a conserved quantity

o from chiral symmetries

A=y, j=vrtnsy
=Ty, J=vriyTy

@ Link to mesons: Build Lorentz-invariant objects with corresponding quantum
numbers

o Yy (scalar and iso-scalar)

m’s: iWT)@y/ (pseudoscalar and iso-vector)

p’s: Wy 7’1// (vector and iso-vector)

ar’s: s Tl[/ (axialvector and iso-axialvector)

@ innature: ¢ and 7’s; p’s and a;’s do not have same mass!

@ reason: QCD ground state not symmetric under pseudoscalar and pseudovector
trafos since (vac [yy]|vac) # 0

Hendrik van Hees (GU Frankfurt/FIAS) Em. Probes in HICs I November 27, 2015 13/30



Spontaneous symmetry breaking

@ spontaneously broken symmetry: ground state not symmetric

@ vacuum necessarily degenerate

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

@ 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! (my ~ 548 MeV)

@ reason: U(1), anomaly

e axialscalar symmetry does not survive quantization!
e good for explanation of correct decay rate for my — Yy
o axialscalar current not conserved dj, /i = 3/80,eP °GivGho

@ explicit breaking due to quark masses

e can be treated perturbatively = chiral perturbation theory
e axial-vector current only approximately conserved = PCAC
o alot of low-energy properties of hadrons derivable
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The minimal linear ¢ model

e chiral symmetry realized by SO(4): meson fields ¢ € R*
@ describes ¢ and pions (n*, n9)

L = 5(0u9)(40) — V(9) = 5 (u0)(2"9) - %(qﬂ —fz)?

spontaneous symmetry breaking: mexican-hat potential

@ doesn’t cost energy to excite field in direction of the rim
=> massless Nambu-Goldstone bosons (pions)

e vacuum expectation value (¢°) = fr #0

@ symmetry spontaneously broken from SO(4) to SO(3)y

@ particle spectrum: 4 field-degrees of freedom = vacuum inv. 3-dim SO(3)
= 3 massless pions = 4 —3 = 1 massive ¢
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Explicit symmetry breaking

explicit y-symmetry breaking due to mgyark: mz =~ 140 MeV
Gell-Mann-Oakes-Renner relation: m%f2 = —m (gq)

vector (isospin) symmetry only fulfilled for m, = my

in reality: m, ~ 1.7-3.3 MeV, my ~ 4.1-3.3MeV

isospin symmetry as strongly broken as y symmetry!
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Most accurate experiment related to Y SB

o weakdecay T = v +n-m
@ weak interactions: Quantum-Flavor Dynamics (QFD)

@ QFD = Glashow-Salam-Weinberg model (Nobel 1979)
+ Higgs, Englert (Nobel 2013) et al

e charged currents o< ji, — jl

@ n even: must go through vector current
n odd: must go through axialvector current

008 F— 71— Ty 005 17— T T T T
i TN S 2w T ; TN Gar AV e
0.07 ? V[T%ZTCVT] x E 0.04 ; A[T%j’TCVT] * 1
N; 0.06 p + cont. E o a; +cont. —----
o 0.05 E 003 b 3n (a}) ........... i
< 0.04 £ < Sm (fit) ——-— 1
> Y. << ’u.'-l. q
S o003 f = 002 | o~
= E = ’,w
0.02 ¢ 001 F 3
001 - cxsnnts : s ;
[ R T e e ] 0 MM
02 04 06 08 1 12 14 16 1.8 2 02 04 06 08 1 12 14 16 1.8 2
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Phenomenology from Chiral Symmetry

o Use (approximate) chiral symmetry to build effective models
@ Ward identities
o PCAC: <0 ‘8“jj‘m ’ nf(%)> = iF2m2 8N
o miF2 = —(my+mg) (0 |au|0)
(Gell-Mann-Oakes-Renner relation)
@ Spontaneous breaking causes splitting of chiral partners:

qqg-excitations of the @CD vacuum

A
Energy (MeV)

f, (1420)

a,a260) 101285
¢ (1020)

f0(400- P 770)  (782)

1200) —
— P-S, V-A splitting
in the physical vacuum
T (140)

Hendrik van Hees (GU Frankfurt/FIAS) Em. Probes in HICs I November 27, 2015 18/30



Finite Temperature/Density: Idealized theory picture
e partition sum: Z(V, T, ty, @) = Tr{exp[— (H[P] — u,N)/T]}

Z[V,T, p, ]

vacuum

[CSHYS8S5, 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. ) = Tr{exp[~(H— j,N)/7]}

o Free energy: Q = f%InZ =—-P

Quark condensate: <Wq Vo) = %

Lattice QCD (at p, = 0)
o chiral symmetry < (Yy)
e deconfinement transition < Polyakov Loop tr <Pexp(i f(? dTA0)>

el
T,uq amq

o Chiral symmetry restoration and deconfinement transition at same 7'
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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€E€ [DE0a, DEI90b, UBW02, SYZ96, SYZ97]

TU

/, \\
, .
, .
, .
, \
+ !
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The QCD Phase Diagram

0.25 ———
: Quark-Gluon 7
02010 Plasma <dq>=<qq>=0*:
:+ * SPS ]

= 0.15F = Heavy-lon ]
— 0.10] ]
r #SIS 1
0.05F Color A
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What can we learn from em. probes in heavy-ion collisions?

@ only penetrating probe

e leptons and photons leave hot and dense fireball unaffected

o they are produced during the entire fireball evolution

o dileptons provide information on in-medium spectral properties of hadrons
o theoretical challenge

e need an understanding of QCD medium at all stages of its evolution
=> transport models, hydrodynamics

e need to identify all sources of dileptons and photons

e perturbative QCD not applicable
= non-perturbative QCD, effective hadronic models

e evaluate dilepton and photon rates = QFT at finite 7" and ug
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Vector Mesons and electromagnetic Probes

@ photon and dilepton thermal emission rates given by same
electromagnetic-current-correlation function (Jy = Yr Or W Yu W)

@ McLerran-Toimela formula

(@) = [ d*vexpiax) (Ju OWy(x)), = ~2ng(q0) ImITY (g)

dNV Oem uv (ret)
—_— = ImIT .
T T T RS
dN + - o2 (r
etem _ _uv et) .
dxdtk = 8 g Im ITy;, " (g, u) qzszﬂﬁfB(p u)

@ manifestly Lorentz covariant (dependent on four-velocity of fluid cell, u)

o to lowest order in a: 4wally, ~ Zﬂ/v)

@ derivable from underlying thermodynamic potential, !

November 27, 2015
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Vector Mesons and chiral symmetry

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

I, (p) = / d*xexp(ipx) <J5/A O ﬁ/A(x)>

ret

@ Ward-Takahashi Identities of } symmetry = Weinberg-sum rules
72 == [ BTy (po,0) ~ ImTTa o, 0)
0 7p;

@ spectral functions of vector (e.g. p) and axial vector (e.g. a) directly related to
order parameter of chiral symmetry!
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Vector Mesons and chiral symmetry

= A N
Sl .
0.08—————————— 5| | Dropping Masses? |
iy . V[iT—> 2nm v 1 E “. "
& | . Aft—> 20DV ] = |1
™ 0.06] T ] E |
g — p(770) + cont. g [l P QED
5 a (1260) + cont. &l e
2 0.04f y - Mass
£ S .
< 2 Melting Resonances?
L P, _ -
E 0.02 ] ~+*++++++++++ 3| "
f / RSy e sr P t. QCD -
B [ EEM WWWTTTW‘H 8 E T : P?{__Q g
r 1 =9
gl AL A
2 Mass
from [Rap03] S [GGV ] from [Rap05]
@ at high enough temperatures and or densities: melting of (gg)
@ = spontaneous breaking of chiral symmetry supended
@ => chiral phase transition; chiral-symmetry restoration () SR)
@ which scenario is right? microscopic mechanisms behind ySR?
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