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Dileptons from hot and dense QCD matter

CRC-TR2am
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What is FRG? ACT

» Functional Renormalization Group

» If you do NOT like equations:

FRG is a machine which takes a Lagrange density and returns a phase diagram and
Spectral Functions

» If you do like equations:

FRG approaches aim to solve the Wetterich equation for the effective average action
and its functional derivatives to obtain an effective potential and n-point-Functions,
treating thermal and quantum fluctuations consistently.
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Wetterich equation cnc.-ﬁ

» Wetterich, Phys.Lett.B 301 (1993) 90-94

» Describes change of effective average
action with scale k

» Simple one loop structure, but:
= Full propagators in the loops
= Exact equation!

R. A. Tripolt, PhD thesis, 2015
= Non-perturbative!

» Regulators cut off fluctuations below
renormalization scale k (Litim-Regulators)
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doublet model: Bare action I'

» Modelincludes m, g, N, p, a;, N*(1535)

» Obeys chiral symmetry
» Has a mass term thanks to ,,Mirror Baryon Prescription®

'y = /d% {Nl (@ — pBY0 + hsp(o +i7 - ") + ho, 1 (VT P+ VYT d1,u)) M

+ NQ (fﬁ — UBYo0 T hs,Q(J — AT - 7?’}’5) + ho,2 (’Y.u"’:" Pu — 7#—’?5

1 1
I+ Uk(¢2) — CJI"‘ §(D#¢)TD#¢ 1 tr Oppuv o Pov +

Momentum dependence of FRG spectral function

mo,N hsa hs.2 fr=00]| max Mo my, | mn,
MeV] | =hp1 | =hepe MeV] | [MeV] | [MeV] | [MeV] | [MeV]
800 6.94073 | 13.3493 92.8 137 474 938 1533

Tripolt et al., Phys.Rev.D 104 (2021) 5, 054005
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Effective potential cnc.-rm

» Insert bare action I'y into Wetterich () b) v
0
equation, get flow equation for Uy, ‘A A
» Potential has a minimum somewhere in k
field configuration at k=0. —)

» Position of minimum shows breaking of
underlying symmetries

= QOrder parameter!
Lancaster, Blundell,

' I
" Phase diagram! QFT for gifted amateur
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Phase diagram in parity doublet model CRC-TR
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Tripolt et al., Phys.Rev.D 104 (2021) 5, 054005
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Parity in linear o mode| cnc.-rm

» Inclusion of parity partners in linear  model:

= 2 parity conserving ways:

,haive” prescription ,mirror“ prescription

W ¢ ¥
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Parity in linear o mode| cnc.-rm

» Inclusion of parity partners in linear  model:

= 2 parity conserving ways:

,haive” prescription ,mirror“ prescription
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Consequences of prescriptions m:ﬁ

» In both cases, mass terms for single baryon species are not allowed

x Ly = m;

» However: In mirror case, mixing allows for mass term
Ly = m1 + Y193)

» Chirally restored phase: Massless baryons vs. degenerate massive baryons

Weyrich et al., Phys.Rev.C 92 (2015) 1, 015214
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Conseguences of mirror prescription CRC..%

» Remember: - -
mo,N(N1V5N2 — N2V5N1)

» In mirror prescription, chiral symmetry breaking explains part of baryon mass
generation, but not full picture

» Instead, additional mass generated by different source
= E.g. QCD scale anomaly, see e.g. Shifman et al., Phys.Lett.B 78 (1978) 443-446

» Possible experimental signals for mirror prescription?
= Hadronic signals? Proposed in GiBUU by Larionov, v. Smekal, Phys.Rev.C 105 (2022)

1535
"= 7-meson enhancement? N* enhancement?

» Other signals?
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Prescription shows up in o spectral function! ‘R"'ﬁ

» Functional derivatives of I, w.r.t. fields give n-point functions

» Mirror prescription gives rise to low energy peak in p '@ function due to
p*+ Ny = N,
= Unique to parity doublet model with mirror prescription!

Tripolt et al., Phys.Rev.D 104 (2021) 5, 054005
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T _ _ 2
Example: T=40 & up=890, p=0 MeV, Im I/ m:ﬁ
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EM vs. Vector spectral functions? m:ﬁ

» Modelincludes m, g, N, p, a;, N*(1535)
» No photons!

L'y = /d4$ {Nl ((? — B0 + hs1 (0 +i7 - 7?’}’5) + ho 1 (YT - P+ 7#7577 ‘ E‘:Lﬁ)) N

+ N, (fﬁ — iBYo + hs2(c —iT - 7?75) + hy 2 (VT - P — 7#_75*? - (‘1’1,,&) Na +fno, N (Nl’}’5N2 — N275N1)
2

1 1 m;
|+ Uk(qg.?) — cg|+ §(DE¢)TD#¢ ~1 tr 0Py 05 Por + Y tr pﬂ,ypp,y} + Al'zq, -

» Solution: Vector dominance model

Maximilian Wiest | BO4 Momentum dependence of FRG spectral function Giessen, Germany | Oct. 16th, 2024



Why just p meson? cnc.-ﬁ

>jlgM — Zq udsqy q€q = \/—]p 3\1/515 + g]g

» Check prefactors:

» w weaker by factor 9, ¢ weaker by factor 5

» More importantly: p has by far the shortest lifetime
» w, ¢ experience final state interactions
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T _ _ 2
Example: T=40 & up=890, p=0 MeV, Im I/ m:ﬁ
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Prescription shows up in o spectral function! ‘R"'ﬁ

» Functional derivatives of I, w.r.t. fields give n-point functions

» Mirror prescription gives rise to low energy peak in p '@ function due to
p*+ Ny = N,
= Unique to parity doublet model with mirror prescription!

» Also manifests in spectral function!
Imr>

(Re rffz))z + (Im rp(z))z

I, <

p

Tripolt et al., Phys.Rev.D 104 (2021) 5, 054005
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From spectral function to dilepton spectra CRC..%

» Important equation for extraction of thermal dilepton spectra

dNy  aiy
d*xd*q  m3M?

L(MZ)fBE (QOr T)ImHEM (M) q,Up, T)

» VDM: vector spectral function proportional to electromagnetic SF
» Peak translates from spectral function to dilepton spectra!
Takeaway: Dilepton yield dependson T, ug (pg), is obtained by integrating

over space-time and 4-momentum

MclLerran, Toimela, Phys. Rev. D 31 (1985), p. 545
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Mirror prescription in dilepton yield CRETR
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Mirror prescription in dilepton yield CRC-TR
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» Low energies?

= 1ststep: Full momentum
dependence!

= Does the peak survive for
finite momentum?

1
p =§(2pl+p||)

R. Rapp, J. Wambach, Eur. Phys. J. A 6, 415 (1999)
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Example: T=40 & CRC-TRan1
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Example: T=40 & =890, p=50 MeV CRC-TR 21
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Example: T=40 & ur=890, p=100 MeV CRC-TR
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Example: T=40 & ur=890, p=150 MeV CRC-TR
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Example: T=40 & ur=890, p=200 MeV CRC-TR
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Example: T=40 &
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Example: T=40 & =890, p=300 MeV CRC-TR2m
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Example: T=40 & =890, p=350 MeV CRC-TR2m
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Example: T=40 & =400 MeV CRC-TR 1
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Example: T=40 & =450 MeV CRC-TR 1
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Example: T=40 & =890, p=500 MeV CRC-TR2m
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Example: T=40 & =890, p=550 MeV CRC-TR2m
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Example: T=40 & =890, p=600 MeV CRC-TR2m
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Example: T=40 & =890, p=650 MeV CRC-TR2m
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Example: T=40 & =890, p=/00 MeV CRC-TR21
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Example: T=40 & =890, p=/50 MeV CRC-TR21
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Example: T=40 & =800 MeV CRC-TR21
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Example: T=40 & =850 MeV CRC-TR21
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Example: T=40 & =900 MeV CRC-TR21
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Example: T=40 & =950 MeV CRC-TR21
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Example: T=40 & =890, p=1000 MeV CRC-TR21
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Example: T=40 & =890, p=1050 MeV CRC-TR21
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cnc.-mm

"I_ L | | | L | | | | | L | | | | | | | | | | | | | | |
= K\ Au+Au |5, = 2.42 GeV -
) N 0-10 % > ield ri
=102 N UrQMD v3.4 | Integrated yield rises by a
% B \\\\_ Skyrme Potential i factor of ~2
z2 I N ' |
O jofn, o . » Peak is smeared out
N\ S pama, N .
| .~ S B considerably
- \ ."f RN ‘: s ” \{h .
10— N [ ]
- Q""’*H
N
o "i‘t;x ]
joe- 7 Raep AN —
- — - FRGp=0 ’%.35‘
s FRG p>0 RN
10-10 _ 'i‘.::b'i\ ]
u NN
[ ] | ] L1 | ] ] | | | 1 | | | | | | | | | | | | | | 'h,;l‘:\
0O 02 04 06 08 1 12 14
M.../GeV

Maximilian Wiest | BO4 Momentum dependence of FRG spectral function Giessen, Germany | Oct. 16th, 2024



Y L | L | L | L | L | L | L | I
% 5{ Au+Au |s,, = 2.42 GeV ]
Q) A 0-10 %
= 107 N UrQMD v3.4 —
> o Skyrme Potential
S kN =
Z ~ RN
© 10—4 _"q,,._ '.“ \\ ]

L \ ““ \:\ ‘_-..‘ —]
AN 7N TR ]
B N\ . ' =~ i S \h B
6 N D
10°— NN —]
N O
NN
AN
o 'i‘t;x ]
— A
[ — = FRGp=0 "-:~_,3_R
s FRG p>0 RN
-10 AR
1077 — AN
I — | I | - — | I — | —— | I — | I — | wl':%
0O 02 04 06 08 1 12 14
M.../GeV

Maximilian Wiest | BO4 Momentum dependence of FRG spectral function

CRC-TR 11

» Integrated yield rises by a
factor of ~2

» Peak is smeared out
considerably

» Still many things missing for
“realistic” spectral function

= More baryon species
= Pion modifications

Giessen, Germany | Oct. 16th, 2024



Vector meson polarization m:ﬁ

» Transverse” and ,longitudinal® spectral functions?

» Vector mesons move through medium (at rest)

» Direction gives a quantization axis for spin projections

»m, = 11,0

» Think: Real photons: +1, no 0 projection—=>Fully transversely polarized
» Very sensitive to production mechanism!
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Vector Meson Polarization as Observable ‘Rm

» General angular distribution of dileptons in vector meson decay
(ignoring weak interactions)

dr
diqdSy,

=N (1 + Mg cos® 6,
+ Ao sin? 6y cos 200 + Agg sIn 20, cos ¢y
£ sin? 0 cos 260 + N sin 20 cos 6

» Faccioli: Every production process has a ,natural” frame, in which
only Ag contributes.

Faccioli, Lourenco, Lect.Notes Phys. 1002 (2022)
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Special cases (Peanuts vs. Donuts m:ﬁ

Ag = —1 Caution! Ag =1

|ll

,longitudina _transverse” z{

ar’
d4qdﬂg

Faccioli, Lourenco, Lect.Notes Phys. 1002 (2022)

=N (1+ N cos® 0¢)
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Example: Tt vs Drell-Yan

Pions have no spin, so spin
contribution to polarization is O
(though orbital contributions
persist, as seen later)

CRC-TR 11

)lg:l 8+

Chiral limit: helicities of g and g
are conserved and opposite,
must couple to spin projection
1.

Bratkovskaya, Phys. Lett. B 348 (1995)
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Polarization sig
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| tot
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| 0.6 GeV<M<0.9 GeV
" NA60 p1>0.6 GeV: A=—0.1310.12

L p 0.6 GeV<M<0.9 GeV

| QGP 0.6 GeV<M<0.9 GeV —
tot 0.6‘GeV<M<0.9 GeIV T | |
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pt (GeV)

v. Hees, presentation at ECT Workshop 2021
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Polarisation of thermal dileptons? m:ﬁ

» Anisotropy of thermal virtual photons (in helicity frame) given by

P1L — P
/10 —
pL T P

» Gives a weighted convolution of all contributions to the spectral function

Speranza, PhD Thesis, TU Darmstadt, 2017
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Example: T=40 &
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Example: T=40 &

CRC-TR 11
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Example: T=40 &
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Example: T=40 & CRC-TRan1
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Example: T=40 & CRC-TRan1
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Example: T=40 & CRC-TRan1
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Example: T=40 & CRC-TRan1
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Example: T=40 & CRC-TRan1
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Polarisation: Comparison to Rapp-Wambach

CRC-TR2n

- Rapp-Wambach
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Medium Effects: Transverse vs. Longitudinal m:ﬁ

Transverse Longitudinal

| (e) _ - (D) -
l: fl : oo Vac
- - Vac Pions + Baryons
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M. Urban, PhD-Thesis, 2001
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Inclusion of more bar les: cnc.-rm

» Parity doubling with additional resonances?
» Spin 3/2 resonances?
» Widths?

= Would increase yield dramatically
» Could e.g. follow Urban: Analytical continuation, with iI" instead of ie
»p0 - —I(w+1€)

»p0 > —1 (w + 1)
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onic contribution at 0 momentum, widths CRC.'%

(T=50 MeV, u=890 MeV)

Im[F(z)]fArbitrary
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Summary and Outlook cnc.-ﬁ

» Dilepton invariant mass spectra could, at low momenta, provide
information on mirror baryon scenario

» Finite momentum modifies low energy limit strongly, increases dilepton
production

= Peak structure is washed out integrating over momenta

» Dilepton polarization provides additional insights

= Provided the rich structure obtained in the PDM survives the inclusion of
additional effects

» More baryons, medium modifications of pions to be included!
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Appendix
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Spectral function

» More precisely: An electromagnetic spectral function
= Even more precisely: A vector-meson spectral function

=  Which is equivalent up to a constant in the Vector Dominance Model

» Mainly two:

= Hadronic many body approach by Rapp
= FRG approach by Tripolt

T=0MeV, ug=0MeV

1.2
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Rapp, Physics Letters B,Volume 731, 2014, Pages 103-109
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Guide to deriving the Wetterich Equation m:ﬁ

» Legendre-Transform of log Z|]] gives generating functional of 1-PI- (e
Diagrams EE
= effective action I’ = -—Q— +
= 1PI: Diagrams, which cannot be cut in 2 parts by cutting 1 line %
1. —6— £
+ é + ﬁ
.

> Add a fictional mass term < m# @2 to Lagrangian

Z[J1 = | D exp(—] d*x LIp(x)] + ] ()P (x)) Lancaster. Blundell
Z[J1 = | D exp(—J d*x LIp(x)] +J(x)p(x) + mzp(x)?) QFT for gifted amateur

NOT 1-PI:

» Mass term m,% often called ,Regulator” and written R, A Q O
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Guide to deriving the Wetterich Equation m:ﬁ

» Mass term cuts away fluctuations with momentum scale < k

» Define I3,

= Same as before, but averages action over Volume 1/k”3
= Call I, effective AVERAGE action

» Find change 0, I3 with k

» Described by Wetterich equation
= follows from very little assumptions of form of R,

= Uses in (but not limited to) QCD, magnets, condensed matter, statistical
physics, critical phenomena
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Quick Rundown: cnc.-ﬁ

» Lines: (Euclidean) propagators
» Circles: Regulators o< 8(k? — g?)

» Trace to be taken over all internal degrees of freedom: Isospin space,
parity indices, fermion indices, Lorenz indices, internal momenta, etc.
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