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@ Plan of the lectures and motivation
© Electromagnetic Probes: Phenomenology

© The standard model in a nutshell
@ Particles and forces
@ Quantum Electrodynamics (QED)
@ Quantum Chromodynamics (QCD) and chiral symmetry
@ Quantum flavordynamics (QFD)

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

© References

O Quiz
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Plan of the Lectures

@ Lecture I: Fundamentals

e symmetries and conservation laws in (quantum) field theory
e the Standard Model in a nutshell
e QCD, chiral symmetry, and the relation with electromagnetic probes
@ Lecure II: theory descriptions of heavy-ion collisions and em. probes
e transport and hydrodynamics
o collective flow
e radiation of electromagnetic probes from a thermal transparent medium
(McLerran-Toimela formula)
e ecffective hadronic models for vector mesons
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Plan of the Lectures

o Lecture III: Dileptons in heavy-ion collisions (SIS @GSI)
hadronic models for transport models: baryon resonances
GieBlen Boltzmann-Uehling-Uhlenbeck (GiBUU)
Ultrarelativistic Quantum Molecular Dynamics (UrQMD)
medium modifications:

“transport-hydro hybrid” and “coarse-graining” approach

o Lecture IV: Electromagnetic probes in heavy-ion collisions
(SPS@CERN, RHIC@BNL, LHC@CERN)

hard-thermal-loop approved dilepton rates (emission from QGP)

hadronic many-body theories (emission from hadron gas)

dileptons at SPS and RHIC

photons at RHIC and LHC (“the photon-v, puzzle”)
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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

T T T T T T
10 B\ p-Be 450 GeV/u 15k p-Au450 GeV/u 5] S-Au 200 GeV/u

21<m<2.65 E 21<n<265 21<n<2865
5 p, > 50 MeVic 5] p, > 50 MeVic 5 p, > 200 MeV/c

10k (dN,, /dn) = 3.8 10 (AN, /dn) = 7.0 10 (dN,, /dn) = 125

(d°N,,, /dndm) / (dN,, /dn) (50MeV/c?)

15
m,, (GeV/c?) m,, (GeVic?) m,, (GeV/c?)

@ 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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everyday matter exotic matter force particles standard model
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Quantum Electrodynamics (QED)

Literature: vucoo, poroo, BT 12, conventions as in (Nawo
@ electrons+positrons: massive spin-1/2 Dirac field y € C*
@ describes electron (charge g = —1) and antielectron (=positron)
@ photon: massless vector field A,
e antisymmmetric field-strength tensor — (E, B)

o E' E* B
-E, 0 —-B:3 B
—E, B3 0 -B;
—-E; —-B, B 0

Fuv - a”Av - avAy ==

o Lagrangian (e > 0: em. coupling constant ?/(47) = Qe =~ 1/137

1 —r. .
@ ,ZF”VF“V +Yi(d +igeed)ly, g.=—1

e Dirac matrices: y* € C*4, u € {0,1,2,3},
{y*, 7"} =20 =diag(1,—1,-1,—1), y = y'y°
o “Feynman slash” A = A, y*, d = 19, = yﬂ%
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Symmetries of QED

as a classical field theory: Least-action principle = equations of motion

@ action (Lorentz invariant!)

SIA, y] = / d*xz

symmetries lead to conservation laws (Noether’s Theorem)
space-time symmetries

e time translations: energy conservation

e space translations: momentum conservation

e rotations: angular-momentum conservation

intrinsic symmetry: invariant under change of phase factor
¥ — exp(—igeea) Yy, o € R = electric-charge conservation

JH = qeewtw, i =0

here even local gauge symmetry:
¥ — expl—igeex ()], Auy = Au+qedu

local symmetry < gauge boson
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Quantization

o fields = operators

@ physical quantities S-matrix elements: |Tﬁ|2 transition probabilities for scattering
from asymptotic free initial to asymptotic free final state

@ local, microcausal quantum field theory with stable ground state

e spin-statistics relation:
half-integer spin < fermions, integer spin < bosons

@ can only evaluate in perturbation theory = Feynman rules

Internal lines: Propagators External lines: Initial and final states
K P v \#/\/\/\J et
T
NN =iGY(p)
P ) NN (b

o——>» e =iG.(p
«(p) 3 e* in final state or

e~ in initial state

=iey# o > e in initial state or

e~ in final state

© Gy = Muv/ (7 +107), Ge = (p=m) /(" —m* +10°)
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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 = dj +igl A% (a e {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 chiralAsymmetry M —0)
o dilation 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

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
Pr/rYu = YuPrjL, PLY =WPr, PrY =VYPL
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),  Wr(x) = exp(—idg-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
¥ — exp(—igs) ¥, ¥ — exp(—iy50a) Y
¥ —exp(—idy - T)y, y—exp(—ipsda-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
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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),, 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

chiral symmetry realized by SO(4): meson fields ¢ € R*
describes ¢ and pions (7%, 7°)

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)

vacuum expectation value () = fz #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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Quantum flavordynamics: QFD

unified description of weak and electromagnetic interaction

based on local chiral gauge symmetry SU(2)wiso X U(1)nyper

left-handed fermions: SU(2)yso doublets

right-handed fermions: SU(2)y;so singlets

spontaneously broken to U(1)em

SU(2)wiso scalar-boson doublet (4 real fields)

Higgs mechanism: local symmetry = Goldstone bosons eaten by gauge bosons
gauge bosons become massive without violating gauge invariance!

4-dim gauge group spont broken to 1-dim gauge group

3 Goldstone bosons eaten up = 3 massive gauge bosons W, Zand 4 -3 =1
massless photon

1 massive scalar boson left as observable particle = Higgs boson!
flavors grouped into 3 families W; = (v;, ¢, ,u;,d)

flavor eigenstates #* mass eigenstates

Cabbibbo-Kobayashi-Maskawa quark-mixing matrix: d, = Y, Vid (V unitary)
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Lagrangian of QFD

@ quantum numbers of leptons and quarks
e 7: su(2) matrices for weak isospin
t€{0,1/2,1,...} isospin representation eigenvalues of 7: #(+ 1)
eigenvalues of #3: {—r,—t+1,...,t— 1,1}
e Y: weak isospin, Q = Y + 3 electric charge

Particles t A Y 0
(Higgs) ¢ 12 —1/2 12 0
Vel V”]_ \298 1/2 1/2 71/2 0
er, 258 TL 1/2 —1/2 —1/2 -1

€R MR TR 0 0 —1 —1
ur . 1 |12 12 1/6 23
d; s, b, |12 —1/2 1/6 —1/3
UR CR IR 0 0 2/3 2/3
dr sk br | O 0 -1/3 -1/3

e Lagrangian must be invariant under local SU(2)ywiso X U(1)hyper
@ local symmetry chiral

= no “naive mass terms” for quarks, leptons, and gauge bosons allowed!
@ all masses must come from spontaneous symmetry breaking!
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Lagrangian of QFD

@ gauge bosons acting in wiso-hypercharge space
© Dy = dy +igWjia +ig'BuY
Wi, = 0uWy — oy Wit — ge™™ Wi Wy
® Byy =duBy —dyBy
1 1 uv Tmv
2= *4 quauv 4B[.LVB +$Yuk+ (DM‘P) (D ¢) - V((I))
V()= 19T +2(97¢)?

o u? <0 = mexican-hat potential = (¢) = ho/v2 € R
e symmetry local: can gauge “phase” away

0 (x) = exp[—igd(x) 1] (VZO +hx )V\f) heR

@ in this “unitary gauge” Goldstone modes eaten completely by gauge bosons
= 3 massive, 1 massless gauge boson

@ 1 physical Higgs boson left
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Lagrangian of QFD

o after symmetry breaking: diagonalize gauge-boson fields = mass eigenstates

4 - W3\ [ cos@y sinbw) [ Z
w*t = 7(W +iW ), (BH ) - (—Sinew COSGW) (A“>

@ Weinberg angle: cos Ow = g/G, sinfy = ¢'/G, G = /g% + g"*
@ gauge- and Higgs-boson Lagrangian
1 u G2 Lyylu 2 721 2 u
Liaugorsiges = (9uh) (") = = (o +h) (WhW'H 4+ WEW) cos? 0, + 7, 7" |

mj o h 2
M2 (g Py g Mg
2 (+h0 +4h2 )

1 1
= g Wiy W = 2 Buy B

@ physical parameters:
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Leptons and quarks

@ kinetic matter Lagrangian + gauge interactions (no explicit mass term!)

gmatter—gauge bosons — \PET

@ covariant derivatives different for left- and right-handed part

Dy Wi = (9 +igWy - TL +ig'Bu V1) %L,
DRu\Pi,R = (a“ + ig/B” ?R)IP,'7R, TR =0
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Leptons and quarks

@ Yukawa couplings (assume massless neutrinos!)

g Yuk Lplept
1

eptons —

Clept(bhplept +h.c.
k: J—
f;lllrr ) = - _lPLRCquarks(p lPi’L +h.c.

R = Bt e e, 2= (O )

@ can redefine the basis of family members with equal quantum numbers

; Pt 0 I
Clept —U I CleptV1 ’ C

quarks

— 0] Cé]uarksf/% Coparks — U Cauarks V2,
f]j, ‘A/k S U(3)
@ standard choice
Clept = diag(ce,cu,cc)  with  co,cpu,cr € R,
Cluarks

C'quarks = f/diag(cd,cs,cb)VT with cg,c5,cp €ERsg, VEU(3)

= diag(cy,cc,cr)  with ¢y, ce,cr € Ry,

@ V: Cabibbo-Kobayashi-Maskawa matrix (3 mixing angles + 1 CP-viol. phase)
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Leptons and quarks

o matter Lagrangian in terms of physical fields
gmatter—gauge bosons = Wla‘P

1 1
—e A — 7 I (W W T
e{ u °m+sinewcost9w uIne t \@sinew( wlec+Wulie)

e with the currents
Jh =Py (T3 + )P,
JE =T [?3 —sin® Ow (T3 + fm} P,
Jee =P (T +iTh)Y,
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Leptons and quarks

o fields for particles of definite mass

o massive leptons and quarks: v, W1 = (1 —15)¥;/2, Wjr = (1 +75)y;/2
Ge{eu,tu,d,c,s,t,b})

o quarks: mass (unprimed) vs. flavor eigenstates (primed) u/l’, =Viy
Il €{d,s,b}, V € U(3): CKM mixing matrix

o neutrinos (treated as massless): only left-handed part vy 1, (k € {e, i, T})

@ Yukawa terms
XYUK = 7(Weaw‘u7Wr)diag(me’mu,mf)(wea Yu, IV‘L’) *quiag(muamd) cee 7mb)llfq

o masses: m; = cjhy/\/2

NB: most of the mass of matter surrounding us is not from Higgs mechanism!
“elementary” (“current”) light-quark masses: m,, >~ 1.7-3.3 MeV, m; ~ 4.1-3.3MeV
proton: bound state of uud but mass m;, ~ 938 MeV

most of the proton mass dynamically generated by strong interaction!
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Quarks and leptons

e currents in terms of mass eigenstates (Wg/, = (1£+7%5)/2)

lVe,L R l/fd,L
Jee = Ve, Ver, Ve )P | W | + (W, Ve V)7V | Wi
Yz L Vb L
v,
11— ¢
Ine = (V&Vﬁvr)yﬂETYS Vu
Vr
I 11-% Ve
+(‘I/e7wv7w‘[)yﬂ ( 2 2 > lVll
|43

2 Y
(WleIlcalIIt) (2 2’}/5 Py 20W) Ve
Y

o 11—
+(Wd7llls7Wb) <_2 2)/5 2y ln 6VV

@ no flavor-changing NC < Glashow-Iliopoulous-Maiani (GIM) mechanism
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Quarks and leptons

@ currents in terms of mass eigenstates (Wg/, = (1£+75)/2)
e clectromagnetic current

Ye

ng:*(weaWwW‘r)’yﬂ W#
Yr

(Vi Ve, WOV | we
Y

| l/fd
3 Ve W V)7 | ¥
Y

+

SN
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Most accurate experiment related to Y SB

o weakdecay T —v+n-7m
@ weak interactions: charged currents o< j“ﬁ — jﬁ

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

0.08 ‘H‘“V‘[“E;‘Z‘r‘l%\‘/gwu.‘_u: 0.05 ‘H‘tht‘g(‘z‘r‘lhw\‘/gwHE“‘H_
0.07 Vt>2nv.] x b Alt—>3nv.] x
T 3 0.04 T
0 006 F p + cont. E! & a; +cont. —----
E 0.05 F 2n (P) - ] .E: 003 [ 3 (a}) ........... ]
< oo4 b 4 (fit) - - £ S (fit) — —-
VA = ’.IIII..
= 003 F E = 002 F o E
g ] g w
T 0.02 F data: ALEPH at LEP ; " 001 L ;7’
001 £ eponntttii o ]
0 B T e d s ] 0 e T
02 04 06 08 1 12 14 16 1.8 2 02 04 06 08 1 12 14 16 1.8 2
M? (GeV?) M? (GeV?)

31/43
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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)
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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

/, \\
, .
, .
, .
, \
+ !

Em. Probes in HICs I March 31-April 04, 2014 35/43



The QCD Phase Diagram

0.25( ———————
: Quark-Gluon 7
02010 Plasma <dq>=<qq>=0*:
* Tasps |
='0.15F = Heavy-lon ]
— 0.10f ]
r #SIS 1
0.05F Color A

i ./ /SupConj
. Nuclei  ZZeZ0

0.0 0.5 1.0 1.5

g [GeV]
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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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@ Why do we want to measure dileptons in HICs?
© What are the peaks in the following figure of R,+,- _spadrons’
@ Can you explain the horizontal lines (values: 2, 3.333, 3.667)?
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© What are the “fundamental” and “accidental” symmetries of QCD?
@ What’s chiral symmetry?

@ Why is it (intuitively) only true for massless quarks?

@ What’s the main consequence of spontaneous symmetry breaking?

© Why can one measure the vector and axial-vector current-current correlators
from T — even/odd number of pions + v?
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