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Motivation

TECHNISCHE
Strong QCD in the Vacuum DAVERSITAT
in the vacuum of QCD chiral symmetry is sponaneously broken:
» quarks condense
; i i light-meson spectrum
(@) Hoco] =0 bt Qy0) #0 =) J P
Energy (VeV) 1, 0420
- 1
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» appearence of Goldstone bosons | .(1020)
(Olj5|mi(p)) = ~iditrp e Oy 22 22

fzm? = —2m(gq)
P-S, V-A splitting

» no parity doublets in the hadron —
in the physical vacuum
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Motivation —
Strong QCD in the Vacuum UNIVERSITAT

DARMSTADT

in the vacuum of QCD chiral symmetry is sponaneously broken:

» quarks condense V-A data
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Motivation
Hot and Dense Hadronic Matter
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Motivation

Hot and Dense Hadronic Matter
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Photons and Dileptons
penetrating probes of hot and dense matter
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Low-mass Dileptons
theory
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dilepton rate : (local thermal equilibrium)

dN// (0% v ~
dixdiq - mNE 3gw ImMGy (M, q; i, T); M =0® — G
~————

Luw

electromagnetic correlator:

MM (M, g 0, T /d“xe 201 [ (), on(0)] )

electromagnetic current: (VDM)

2 772
R L —d’gb"

M < 1GeV
Jém( )= % 9o
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bby\;

from quark counting:

ImMNLy ~ [ImDYY + 1ImDﬁj" + glmD‘“’
£ 9 9 ¢
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p-Meson TECHNISCHE
medium modification B,TLYAEARSSTDISl

L/T decomposition:
—1 —1
D = (M2 —m? = (w, q)) P 4 (M2 —m - T, q)) pu

p-meson selfenergy: T T T T
DI D M sz +ZpB

. N4(1520).
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p-Meson
photo-absorption as a test
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photo-absorption cross section:
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Spectral Functions
under HIC conditions
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isentropic fireball expansion

p-meson w and ¢-meson
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Dilepton Rates
SPS and RHIC conditions

TECHNISCHE
UNIVERSITAT
DARMSTADT

SPS RHIC
T T ] L B S B
10°F I=1 — free HG 0%\ free HG =
o — inmed HG . — in-med HG
107 - free QGP E| 10 ; -- free QGP
ok - = in-med QGP ] o7 \ | — in-med QGP]
. T=150MeV 1 ~ I\ T=150MeV
G 10°%F N 4 q 10 E
N
B . X 13
G 10°F 3 (O]
¥ ] ¥
E ool E
o T=180MeV 1 o
= 4 ] =
T 10°F E 2
3 1 8
$o7r 105
10°
1079,
0.0 05 1.0 15 2.0
M, [GeV]

Feb. 11, 2014 | TU Darmstadt | Jochen Wambach | Hadron Properties in the Medium | 11



Dilepton Data
CERES
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Dilepton Data TECHNISCHE
NIVERSITAT
NA60 BARN\STADT

2000
Semicentral In-Tn NAG0 —a— 108 ﬁv:‘s. semicentral In-In
dlgr inmedp —:— i 0.4 GeV<M<0.6 GeV
T =Tg=175 MeV QGP+DD 2 i
1500 primp === H
- FO +in-med p —— g
H Ammix - =
E] z
< =
= 1000 g
Z g
A
Z= Z‘
z £
500 <
o 1 1 T4 05 1 15 2
02 04 06 038 2 r
M (GeV) ar (GeV)
1000 108
semicentral In-In NAGO —a— semicentral In-In
qr<0.5 GeV in-medp —:— 107 0.6 GeV<M<0.9 GeV
800 | Te=Tg=175 MeV QGP+DD _
FO +in-med p ——— £z 108
= 4mmix - g
H DY — 210
g oo qum =
= =10t
= g
3 g
= 400 710’
E4 z
F10
200 -
10!
0
10
0 s 2
02 04 0s 1 12 14 03 . 15 °
M (GeV) ar (GeV)

Feb. 11, 2014 | TU Darmstadt | Jochen Wambach | Hadron Properties in the Medium | 13



Dilepton Data
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Dilepton Data
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Rapp & Wambach, Adv. Nucl.Phys. 25, 1 (2000) Phys. Rept. 363, 85 (2002) displayed energies through priv. comm.
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Spectral Functions
from the Functional Renormalization Group
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» as chiral symmetry gets restored chiral partners become degenerate
— identical spectral functions of parity partners

Weinberg sum rule(s)

o) de o) de 2
/o 2 (@)~ e, ) - /O e

» in the presence of phase transitions a method beyond the loop expansion
is required!
» the FRG provides such a method
K. Kamikado, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1302.6199 [hep-ph]

R.-A. Tripolt, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1311.0630 [hep-ph],
PRD 89, 034010 (2014)
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Functional Renormalization Group
a primer
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partition function: (scalar field ¢(x))

20 = " = /[D¢] oSl d*x 3(xj00)

generating functional:
dWIj]
6j(x)

- 55 IPéIe S = (600} = )

j=0
two-point correlation function: (Euclidean)

oW | B
5705 | (6(0)8() — (6(x)) (D(¥))

effective action: ((Legendre transform of W)
el =~ Wi+ [ox o000

stationarity condition: and thermodynamic potential:

8Tlp]
S
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Functional Renormalization Group A
Wilsonian coarse graining UNIVERSITAT

DARMSTADT

at given resolution scale k split ¢ into low- and high-frequency modes:
P(X) = Pg<k(X) + Pg>k(X)
Sz - / [Dlask / [Délass o 81759 lim Z,(] - Z1)

regulator Rk(q): =2l
lim R(@) = 0 Zdj1 = /[%] o SIHI-BSIok X 6]
i = 4
Jim R(q) = oo Ask[¢]=% / (Zﬂc)ﬂ o(=9)R(q)¢(q)

effective action: acts like a mass term my
Tl = —InZd+ / d*x p(x)j(x) — ASl]
Ik interpolates between k = A (no fluct.) and k = 0 (full quantum action)

Jim Te] = S[el; - Jim il = T
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Functional Renormalization Group
flow equation C. Wetterich (1993)
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flow equation for the effective action:

1 —1
OkTkly] = ETF <8k/:1’k [rf) + Rk] ) scale ¢
L A
3 bare action Fk—»oo
2 []
r(2)(q) _ 4 rk[(p] '%
k - e
dp(=q)dp(q) =
effective average action Fk
[C. Wetterich, Phys. Lett. B301 (1993) 90] k+ %k momentum shell
o
[}
~ g
I £ _—
Ol = 5 [ \ = effective action I 50
~__7 L

Feb. 11, 2014 | TU Darmstadt | Jochen Wambach | Hadron Properties in the Medium | 19



O(4) Model

flow equation
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effective action: ('Local Potential Approximation’)

© = (p1, ..., pa) = (7, 0)
Mlg] = / d*x {%(f’wf + Uk(#®) — ca} D PP =i =0t 4 R

ré(q)=re (Q){5u ‘f’f’}ﬁ‘k (q>f’f’

flow equation for the effective potential:

Uk = lo +3le: | = %Trq <amk( ) [r \(q) + Fa‘k(q)] 71)

for
Ri(q) = (K* — )O(K* — ¢°)
one gets
i = k—4 ! with Er=vVk2+2U; E,=+K+2U +4U"p2, U = ou etc.
1 37['2 2El_1 ™ ) o £ 890

P=p0
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-
O(4) Model

flow equations for 2-point functions
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taking two functional derivatives of the flow equation for ', yields

or@ ol 7ol el el
(azk ~ e - -4 °--
P T =g SE
™ a a n ™ a a
(2 O RN o °©
T N
ey Ty P P
approximation:
3 4
o, 0Tk . pw 0Tk
ym 54,0"76@16@’, ymn 6(,0”6(,0m6<,0/5(p'

ensures that truncation is consistent with effective action

A (p=0) = 20U
K (p=0) 20k Uy + 40 U" o°

and yields Nambu-Golstone boson in the chiral limit
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O(4) Model
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analytic continuation DAVERSITAT
» first solve flow equation for the effective potential, Ok Uk
» substitute py by continuous real frequency w
MEf(w) = lim F&8(po = —i(w +ie),p=0); for j=m,0
» then solve flow equations Re [?"7, Im 9?7 at global minimum of Uyx_o
» finally, spectral functions are given by discontinuity of the propagators, i.e.
1 Im ?F(w) ,
pile) = —— 2 2 PP = Jim T w)
(RerPf(w) + (Imr(w))
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Results for O(4) Model in vacuum
Re I'®A(w) and Im r®7(w)
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[K. Kamikado, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1302.6199 [hep-ph]]
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Results for O(4) Model in vacuum
spectral functions
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sigma and pion spectral functions
physical pion mass

1000
100
10

0.1

pIA?)

0.01
0.001

0.0001
1e-05 |

1e-06 L
0 100 200 300 400 500

©[MeV]

[K. Kamikado, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1302.6199 [hep-ph]]
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Spectral Functions in a Thermal Medium
Quark-Meson Model
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effective action:

el = [ '%{B (P b+ 17 799) = i20) ¥ + 10, + Uuls) — o)

» effective low-energy model for QCD with two flavors
» describes spontaneous and explicit chiral symmetry breaking

» flow equation for the effective action:
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Spectral Functions in the Medium
phase diagram, masses and order parameter
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[R.-A. Tripolt, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1311.0630 [hep-ph]]
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Spectral Functions in the Medium
flow of the two-point functions
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AN 2\ / Y .t 20 ’
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» quark-meson vertices given by I' 21 = h, I' 21 = ih°7
» meson vertices from scale- dependent effectlve potentlal r & ¢) b’ Fg’l_’;; b
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Results for Quark-Meson Model
spectral functions at 1 =0
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[R.-A. Tripolt, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1311.0630 [hep-ph]]
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Results for Quark-Meson Model
spectral functions at 1 =0
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[R.-A. Tripolt, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1311.0630 [hep-ph]]
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Temperature Evolution
animation
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Results for Quark-Meson Model
spectral functions at finite p
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[R.-A. Tripolt, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1311.0630 [hep-ph]]
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Results for Quark-Meson Model
spectral functions at finite p
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[R.-A. Tripolt, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1311.0630 [hep-ph]]
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Results for Quark-Meson Model
spectral functions at finite p
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[R.-A. Tripolt, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1311.0630 [hep-ph]]
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Results for Quark-Meson Model
spectral functions at finite p
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[R.-A. Tripolt, N. Strodthoff, L. von Smekal and J. Wambach, arXiv:1311.0630 [hep-ph]]
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Summary and Outlook

» Part 1: in-medium vector mesons
» hadronic (phen.) description of vector mesons in a hot and dense medium
» application to low-mass dilepton spectra in HIC’s
» good account of the measurements (vector mesons acquire a large width)

» Part 2: spectral functions from the FRG

» presented a tractable method to obtain hadronic spectral functions
at finite T and p from the FRG
> results reveal complicated structure for in-medium spectral functions
» inclusion of finite external spatial momenta will allow for
calculation of transport coefficients like shear viscosity
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