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Theory of electromagnetic
probes




The McLerran-Toimela formula

@ derivation of dilepton-production rate s, cron

dR[+[— _ d]V[+[—
d4k  déxdik

o radiation of dileptons from thermalized strongly interacting particles
with total pair four-momentum k

o dileptons escape fireball without any final-state interactions
@ calculation exact concerning strong interactions
@ leading-order 0(a?)in QED
o implies assumption that leptons don't suffer final-state interactions
. eH
HM = ef R T, (1, DAL, R), At %)= 5oy Pk x)

@ J,: exact (wrt. strong interaction!) em. current operator of quarks or
hadrons
in the Heisenberg picture wrt. strong interactions

@ e=+Ana,a~1/137
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The McLerran-Toimela formula

hadrons out e

€+

hadrons in

@ Fermi’s golden rule = transition-matrix element for process
i) = [£7)=F)+1e+e (k)

@ QED Feynman rules

Sy =<f‘ f d'x J,(0)

i>Dy’”(x, x")et (x")y v (x")
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The McLerran-Toimela formula

o Fourier transformation: energy-momentum conservation \ f’ ) = | YilX4 +€_(k)>
Sfi = sz(27r)45(4)(Pf +k —Pl)
@ Fermi’s trick: Rate

NZth
Ry = Lo = @m) 5Py + k= P)| Ty

@ summing over | f ) and polarizations of dilepton states

@ averaging over initial hadron states: heat bath (grand canonical)

1
P = Z exp[_ﬂ(HQCD —UB Qbaryon)]

Hendrik van Hees (GU Frankfurt/FIAS) Hadrons in hot and dense matter II July 17-21, 2017 6/47



The McLerran-Toimela formula

@ result (derivation see (s, Appendices)

dR[Jr[f a2 k2+2mf 4m[2
ak C 3m (kop 1-—=2 8uvip(k") Im Ty (K)

@ em. current-current correlator

inef(k):zfd"x exp(ik - x)([J#(x), IV(O)]>T 0(x%)

»UB

@ written in (local) restframe of the medium

@ in principle measureable: in linear response approximation Green’s function
for lepton 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

for real photons

dR g,w
w——s =
d3k S 2r

ImIT (k)ng(k®), k°w=|k|

@ written in (local) restframe of the medium

@ Phenomenological effective hadronic model: vector-meson dominance
model

@ em. current oc V# (with V e{p,w, ¢})
o
¥, = UAVA® 7,7,1,1. 87272V
@ Dilepton/photon rates: o< Ay, =—2Im D‘(,'eﬂ
(vector-meson spectral function!)

@ measuring in-medium vector-meson spectral function!?!
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Em. current-current correlator

d dense matter IT



Vector Mesons and electromagnetic Probes

@ photon and dilepton thermal emission rates given by same
electromagnetic-current-correlation function (J, =’ rQrrruty)

@ McLerran-Toimela formula

I, (q)= f d*x exp(iq - x)(J,(0)1,(x)) , = —2np(qo) ImT1%(q)

dn, a
Yo em bry Hret ) .
D ivag - 2m2® M (q,u) q(,:\me(p u)
dANevor 4y a? ret
d4xd4k __g 36]27'!,'3 Im (q’ ) gi= M§+€ f (p : u)

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

@ to lowest order in a: 4mall,,, ~ Zg,),
@ derivable from underlying thermodynamic potential, Q!

July 17-21, 2017 10 /47

Hendrik van Hees (GU Frankfurt/FIAS) Hadrons in hot and dense matter II



Vector Mesons and chiral symmetry

@ vector and axial-vector mesons «— respective current correlators

1) ,(p) = f d4xexp(ipx)<JJ/A(°U5/A(’C)>ret

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

[
f,’t = — n—pz[lmnv(p(]yo)_ImHA(pO’o)]
0 0

@ 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

=1 PN T
] \
0.08——————————— g ‘ “'.\ Dropping Masses? |
’5‘ . V[tT—> 2nm VT] [ lvallv
R} 0.06] . A[‘C—>(2n+])1'CVT] 7 s b |
g o — p(770) + cont. g N et QED
5 a,(1260) + cont. ol e
2 0.04] 1 2 M
& i g .
= i 2 Melting Resonances?
> | = i
E 0.02 =
L of a%u = nan
CH M 5 P pert. QCD -
2 Mass
from (rapos) s [GeVT] from (rapos)

@ at high enough temperatures and or densities: melting of (Eq)
@ = spontaneous breaking of chiral symmetry supended

@ = chiral phase transition; chiral-symmetry restoration (y SR)

@ which scenario is right? microscopic mechanisms behind y SR?
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QCD Sum Rules

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

R =
Ju= E(um”—dmd)

@ corresponds to the p meson!
@ use pQCD to determine correlator

k,k,
I, (k) = (g,w—%)n(kz)

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

o 2, @7 g ImIs)
T(k*) =T1(0)+ cQ* + = 0 & T 0P e

@ dispersion relation: spectral function ImII!
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QCD Sum Rules

left-hand side of sum rule
pQCD + chiral models for baryon-pion interactions pec, e, ncrsz)

2=_02 2
g — P ] (Sz)

Q2 872

1 _ 1 /a, 112 ,_
+—m + = F¢ F“f”>——;<
o "a{74) 24Q4< i s1gs~ ()
@ additional cold-nuclear matter contributions
my 5my

AR(QZ) 4Q4 20N — IZQG Apn

A, 4 from parton-distribution functions
also condensates medium-modified (in low-density approximation)

(@a)=(qq), + 2 py,

2m

8
s pa Fa,uv> < s pa Fa,uv> __m(o)
< T MY T oMY vac 9 N PN
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QCD Sum Rules

o right-hand side of sum rule
@ use hadronic models to fit measured vector-current correlator
o e.g., ALEPH/OPAL data of T — v+2n7n

0.08 - U V[is2anv] e
0.07 3 Vit—=27nv] x E
& 0.06 p + cont. E
= 005 © 2m(p) — == 1
< 004 £ 4 (fit) - - - ]
é 0.03 £ E
002 data: ALEPH at LEP
0.01 = e-poee ettt
o R R SO IV TRt s Y g ]
02 04 06 08 1 12 14 16 1.8 2

M (GeV?)
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QCD Sum Rules

-] typical result from (1rvs)

0-5 7

| Pnv=Po
0.4
k=236 '

0.3}

width in GeV
©
N

’s. Leupold, W. Peters, U. Mosel |
Nucl. Phys A628 311 (1998)

0 r
0.4 05 0.6 07 08 O9 l 1.1 1.2
mass 1in 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

= NPT [=}
=} \ =}
= \ . = .
S . Dropping Masses? | 5 Melting Resonances? |
[_E ",. ua " L‘E |
= 1 = npu
= y pert. QCD 1 B pert. QCD
O N e D L-“"n_n ==
ot e a4
Mass Mass

@ models alone of little help (realization of y S not unique!)
e ‘“vector manifestation” pjong = ¥ partner of © = dropping mass
e “standard realization” p = y 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!
o models for fireball evolution
(blast-wave parametrizations, hydro, transport, and transport-hydro hybrids)
e must include partonic — phase transition — hadronic evolution

@ precise ("¢~ (y) data from HICs mandatory!
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Hadronic models

ot and dense m



Effective hadronic models: chiral-symmetry constraints

o different realizations of chiral symmetry
@ equivalent only on shell (“low-energy theorems”)

@ model-independent conclusions only in low-temperature/density limit
(chiral perturbation theory) or from lattice-QCD calculations

@ QCD sum rules: allow dropping-mass or melting-resonance scenario

@ use phenomenological hadronic many-body theory (HMBT) to assess
medium modifications of vector mesons

build models with hadrons as effective degrees of freedom

based on (chiral) symmetries

constrained by data on cross sections, branching ratios,... in the vacuum
in-medium properties assessed by many-body (thermal) field theory
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Example: vector meson dominance model

o early model for electromagnetic interaction of charged pions

[Sak60, KLZ67, GS68, Her92, Hee00]

QED like U(1)-gauge model with massive vector meson for p, and 7+

Stiickelberg: introduce auxiliary scalar field for free vector mesons:

1 1 1
£, == Vi V7 4+ EmZVHV“ + E(é’mp)(@“(pH myo,VH

@ gauge invariant under local transformation

oV (x)=0,x(x), 6p=my(x)

Coupling to pions: obey gauge invariance! (like scalar QED)

A
L, =(D,n)(D*n)—mZ|n® — glﬂl“

D,=0J,+igV,; g: prmm coupling
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VMD model (photon part)

add photons: D, =0, +igV,, +ieA,

Lagrangian for photons: usual (gauge fixed) QED

additional direct py mixing

e

@ classical field equations: = electromagnetic current

g — e 2 ez
Jom=0,A" =ie| 1= =~ |1 D 'n*+ —m V“+73HA‘“’
8py 8py 8py

for g,, =gt jo, = gm*V"+0(e®): = “vector-meson dominance”
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VMD model (Feynman rules in Feynman gauge)

\

r—q

" v * ——<

DOO000000 _ . 7 \ oy | AVAVAVAVE AR

q "

—p(— p2—M? +i0+ » < o

=— + 7,
p y ) OO0, = it + )
ANN\NN 7 7

k : g
H v i
- .p( - -_pz—mfﬁ-io*" :1g2,
H v ’,+me *
;( T pr—miyiot // N
\
/
° = » + A
diag(1,—1,—1,-1) x )

° O (p)= « A

n*’—ptp”/p-p
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VMD model (p-self-energy and dressed y 7 vertex)

@ calculate p-self-energy (transversality from gauge invariance)

0w’ )' \
57 () m =isIL_ ()0 (p), s=p’
1 (p) = ee$)09(p), 5= p?

@ Dressed Green'’s function

047(p) A7)

G, (p)=—

o dressed ynm vertex to 0(e)
\ \ \

. r—gq r—q
IW _ :\ — N? — N‘ — /’)~~\
Wynn = i{xvv\/\,ﬂ - Zr)foz:r()mwvvv»“ - :()-m()m(\ | VAVAVAVS

-~ -
’ ’ , =
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VMD model (em. form factor of the )

o T+ — et +e (“time-like form factor”)

N §p »

L//lfl =

o
7 /q q/\
@ = |F(s)|> with Mandelstam s = (p + g )?
e physical region s > 4m?
o nt+e” — t+e (“space-like form factor”)

@ = |F(1)|? 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

Amendolia et él

Barkov et al —
generalized VMD
strict VMD

I

0‘1 L L L L
04 -02 0 0.2 0.4 0.6 0.8 1

s (GeV?)
data from (a+ss seetes)
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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 F strict VMD -——— 1
40
&30t
20
10
0 T
0 0.2 04 0.6 0.8 1

M (GeV)
data from [BCE*85]
e small discrepancies around p peak: contribution from «(782) meson!
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VMD (elastic w7 phase shift)

@ 1t — 7w phase shift in I =1 channel

140[
120f
100
5111%F
60

40}

20

=l 1 PR TR PR TR TR R A

300 400 500 600 700 800 900
VAMeV]

data: i
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VMD: (total 7t elastic scattering cross section

@ 7 — 77 total cross section

Otot

[mbarn}_I Y I_
100 F .
80 1
60 | .
40F .
20 F ®
b= ]

0.3 04 0506 070809 1
data: [FP77] \/E[GGV}
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Realistic hadronic models for light vector mesons

o CERES data: pion-p model too simplistic
@ many approaches to more realistic models
o gauged linear o-model + vector-meson dominance (risss, uswoz)
gauge-symmetry breaking = pions still in physical spectrum!
e massive Yang-Mills model; gauged non-linear chiral model with explicitly
broken gauge symmetry jveiss, 1svos)
o hidden local symmetry: Higgs-like chiral model sxu+ss, vos)
allows for vector manifestation or usual manifestation (with a,)

@ here we concentrate on the phenomenological model by Rapp, Wambach, et
al [RW99]
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Hadronic many y theory

@ Phenomenological HMBT s for vector mesons
@ 77t interactions and baryonic excitations

&

B, a Kl""
Y

p
o000

T
p '4".»' . '\\“ p
s ','

N, K, =«,...

@ Baryon (resonances) important, even at RHIC with low net baryon density
ng—ng

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

@ most important for p-meson: pions

180 :
150

120

[deg.]

90

IF ()P
1
1

)

60

30

0 [ R B
03 04 05 0.6 0.7 0.8 0.9

M, [GeV]

[
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The meson sector (matter)

@ Pions dressed with N-hole-, A-hole bubbles
@ Ward-Takahashi = vertex corrections mandatory!

5w AR

\
N

A% A 6O
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The meson sector (contributions from higher

resonances)

T=150MeV
q=0.3GeV

Im Z/m_ [MeV]

Re Z/m, [MeV]
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The baryon sector (vacuum)

B*, ap K.....

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

@ P =—I1-baryons: s-wave coupling to p:
N(1520), A(1620), A(1700)
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Photoabsorption on nucleons and nuclei

600 600
< Sn (Frascati)
» Pb (Frascati)
500 500
= ypiyn averaged N = Pb (Saclay)
o a U (averaged)
400 400 F
—_— .
g )
= 300 < 300 1?
] 4 .
bz' “ < 3/
200 o 200
¥ -
100 100 y o \:
TN SN s R —
0 n = - L PR 0 1 N N L N
0 300 600 900 1200 1500 0 300 600 900 1200 1500

q, [MeV] g, [MeV]
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In-medium spectral functions and baryon effects

9 T
T=0 —
F T=120 MeV =w+reee- E
i p(770) T=150 MeV - - - -
Tr T=175MeV ———-

-Im D, (GeV™)
wn

M (GeV)

[R. Rapp, J. Wambach 99]
@ baryon effects important

e large contribution to broadening of the peak
e responsible for most of the strength at small M
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In-medium spectral functions and baryon effects

20 |
82 v —
(7 T=120 MeV -+eeees
( ) T=150 MeV = - - -
T=175 MeV ———-
15t ]
T
>
(5]
S
3 10 - i
[a)
E
5 L
0
02
[R. Rapp, J. Wambach 99]

@ baryon effects important

e large contribution to broadening of the peak
e responsible for most of the strength at small M

an Hees (GU Frankfur

Hadrons in hot and dense matter II



In-medium spectral functions and baryon effects

20 T

T=0 _—
T=120 MeV  =+ererer
T=150 MeV - - - -
T=175MeV ===+

0(1020)

15

-Im D, (GeV™)
>

M (GeV)
[R. Rapp, J. Wambach 99]
@ baryon effects important
e large contribution to broadening of the peak
e responsible for most of the strength at small M
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In-medium spectral functions and baryon effects

-10 T T T -100 T
1 [ — vacuum
8- 30 pB,eﬂF: 0 -
o f = Py 0-08p,
gy E ,co} ]
=) S T=180MeV
=% > r
A -4+ 0 401 ]
i E ®(782)  6(1020)
2- —20:— ,! \ —
82 0z 06 0% 1 2 67 0.8 0o 1 11
M [GeV] M [GeV]

[R. Rapp, J. Wambach 99]
@ baryon effects important

o large contribution to broadening of the peak
e responsible for most of the strength at small M
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Dilepton rates: Hadron gas «— QGP

@ in-medium hadron gas matches with

. T T L
107% -- free HG 3
— in-med HG ] QGP

6 _
10 ~free QGP 2 o gimilar results also for y rates
o — in-med QGP
e M oisomev i ° “quark-hadron duality”?
<\,: 10% | T 3 @ hidden local symm.+baryons?
(O] : [BKU*’BS‘ HY03, HS06, HSW08]
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which important “theoretical quantity” can be measured by observing
electromagnetic probes in HICs (and elementary reactions)?

what is chiral-symmetry restoration and in which ways could it be realized in
nature?

what can we learn from QCD sum rules about y SR?

what tell effective hadronic models about the medium modification of light
vector mesons and the related y SR? dilepton data in HICs?

© 060 © ©

why are baryon-vector-meson interactions important even at high collision
energies, where ug ~ 0 (nearly 0 net-baryon density)?

Hendrik van Hees (GU Frankfurt/FIAS) Hadrons in hot and dense matter II July 17-21, 2017 47 /47



	Theory of electromagnetic probes
	The McLerran-Toimela formula

	In-medium current-current correlator
	Relation to chiral symmetry
	QCD sum rules

	Hadronic models for vector mesons
	chiral symmetry constraints
	Vector-meson dominance model (hadronic part)
	Realistic hadronic models for light vector mesons
	Hadronic many-body theory (HMBT)

	References
	Quiz

