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Quark-gluon plasma ..WHY?

e Thermodynamic properties usually hard to calculate ab initio
.. Here, quantum chromodynamics (QCD) is the starting point

e Predictions for ultra relativistic nucleus-nucleus collisions

e Develop & test general methods that can be used elsewhere:

e. g. for neutrino production in EW-plasmas (cosmology)
= In this talk: pQCD at finite & (new calc)

comparison w/ lattice (new data)

hydro yields (new predictions)
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Electromagnetic probes

.. photons are ‘clean’ messengers; they do not re-interact w/ the QGP
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Electromagnetic probes

Closely related observable dileptons pairs, e.g. from gg — v* — ete™
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Theoretical tools

L=—3F2+ Y0 (iD—my) ¢ ; Fi =0,A% —0,A8 — gf**e AL AL

perturbation theory lattice QCD

weak-coupling expansion:
production rates

X (thermal weight)
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Application of perturbative QCD (pQCD):
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Application of perturbative QCD (pQCD):

OR ...

O oD+~ ]
self-energy, II,,,,

v -

A

J-LE [Weldon (1990)] , [Bdédeker, Sangel, Wérmann (2015)]
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https://doi.org/10.1103/PhysRevD.42.2384
https://doi.org/10.1103/PhysRevD.93.045028

Basic relations from pert. theory [McLerran, Toimela (1995)]

[Gale, Kapusta (1991)]

Dilepton rate: m
q
g

dle- e+ agmnB(w)C

Lok = awap Cem v h ,W\,W<:::e+
— e~
Photon rate: K = (w, k)
(JT,Y Qlem Ny (k}) V\/\"’V\/\M o
—_ Y — q
43k oz Com Py (k) —

M? = K? = w? — k? invariant mass, n, is the Bose distribution

Puv(w, k) = Im[HW(w +i07, k)}

Vector channel spectral function p, = p,}' = 2p, +p,,
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.31.545
https://www.sciencedirect.com/science/article/abs/pii/055032139190459B

vacuum: 7'=0and pu =0

T ——4
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N.K2 (2T 1+ e 3W+h)/T
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Increasing p

w

pair prod. ——
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Fixed-order calculation

N D= 173 A PR
= ~«~<::>~»v + ..
Result for each polarisation: (abbrev. ky = 2 (w+k))
py =
oy = 12;]{{1216V;# [z3f(k+ — ) — (k| — y)]
+ %TZE;[@@+—ﬂ+$@MJQMM_—@}+WG%J},
v==£p

where b(z) = L12< - e*z/T) , lse(z) = L13< - e*z/T) .

2 2

K 1
to finally give ... Iy, = ~— Ilpg , H:f{n 441)
o finally give L 2 00 T 5 v+ 2 00
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Fixed-order calculation

I~

[, gZIHMV] + 0(e?) ; oy = g\

O oD O

Project 2-loop result onto ‘basis’ of master diagrams and evaluate:

L=K-P
V=K-Q
R=K-P-Q

m N

(m,n) k) = 1 ‘ Do 4o
pabcde(w7 ) - Hlip QPQ(LQQ}’(K— P_ Q) 2((K— P) 2d([(_ Q) 2e
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Fixed-order calculation

v = [Zl 0 gZIHMV] 0(62) . 2

@wv@vm@v

Project 2-loop result onto ‘basis’ of master -~ ) ad evaluate:

&

0% L_k_p

/ 2:0\6
(8)

L,d

m N

Po 4o

(m,n) _
abede(W: K) = Im%@pquzb(K_p Q)2¢(K — P)24(K — Q)2°
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Thermal Screening

\ dat 32 s
I ~ asT? Hard Thermal Loops

[ Kapusta, Lichard, Seibert (1991) ]
[ Baier, et al (1992) ]

R < 2 2
real photons do  —maemas t° + s

k
\ 0
Landau-Pomeranchuk-Migdal (LPM)
/ dcos -
E(1 —cos)
LO: [ Arnold, Moore, Yaffe (2001) ] NLO: [ Ghiglieri, et al (2013) ]
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https://doi.org/10.1103/PhysRevD.47.4171
https://link.springer.com/article/10.1007/BF01625902
https://arxiv.org/abs/hep-ph/0111107
https://arxiv.org/abs/1302.5970

w ) LO: [ Aurenche, et al (2002) ]
soft dileptons
0 NLO: [ Ghiglieri, Moore (2014) ]
\ light-like correlator
T | [Caron-Huot (2009)]
Effective

Field Theory

k

‘ladder diagrams’ for M? < T? — LPM effect + Hard Thermal Loops

S B C X S
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https://arxiv.org/abs/hep-ph/0211036
https://arxiv.org/abs/1410.4203
https://arxiv.org/abs/0903.3958

Information from lattice (1, = 0)

.. can ‘measure’ imaginary time Euclidean current-current correlator:

G(r, k) T dw p(w, k) w cosh[(8 — T)w]
7l’3 N 0/ 2T wT Flw,r) with F= T sinh[1 w]
7

6 rorTTTTy AL rorrrrT
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Information from lattice (1, = 0)

Extract p(w, k) for real frequencies?

simple inversion is ill-posed : sensitive to input (overdetermined)

6 T Tl T
L R i
— 4 r local min when 1
g“ | T < G~ 021 |
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Information from lattice (1, = 0)

Extract p(w, k) for real frequencies?

simple inversion is ill-posed : sensitive to input (overdetermined)

\ Study UV-finite corr. G, = 2(G, — G,)

[Brandt, et al (2018)]

Properties:

e 1o vacuum part, lim p, =0
T—0

4(4n, — 76
e expansion, p, = a56477k2/pf:w+0(w>

e sum rule,/ dww py(w, k) = 0 [Caron-Huot (2009)]
0

= Improved control over systematic uncertainties!
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https://arxiv.org/abs/1710.07050
https://arxiv.org/abs/0903.3958

strict

p(w’k) =p 1—100p+p 2—loop+p

away from LC:
fixed-order

strict ’full }
LPM p overcounting

[Ghisoiu, Laine (2014)]

w > k: Laine (2013) [1310.0164]
w < k: GJ(2019) [1910.07552]

&= LPM
2% matching
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https://arxiv.org/abs/1407.7955
https://arxiv.org/abs/1310.0164
https://arxiv.org/abs/1910.07552

I

- _
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What we find

G(7) requires knowing p(w, k), for ALL frequencies:

TTT U= Hopt(X2)
—— LPMxr0
— free result -

Spectral functions, Left: pv/(wT) = (2pr +pL)/(wT)
Right: pu/(wT) = 2(pr —pr)/(wT)
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What we find

Testing pQCD:  [Ghiglieri, Kaczmarek, Laine, Meyer (2016)] [ GJ, Laine (2019) ]

Simulations @ T'=1.17,:

G, 3
0.1 | G\ -1 _ N2 x N.  confs
free ; 96% x 32 314
i . 1443 x 48 358
3
0.0 F 192° x 64 242
=0
F " EEE\\ ... finite-size box, k= Z‘;Z
0.1 + g lattice EEEEE where n = {1,2,3}
1 I 1 I 1 I 1 I 1
00 01 02 03 04 05

Normalisation: G — no QCD corrections, o, = 0
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https://arxiv.org/abs/1604.07544
https://arxiv.org/abs/1910.09567

What we find

Testing pQCD: (and more!)

work in progress w/ Bala, Kaczmarek

Simulations @ T'=1.17,:
[ T [ T [ T

N3 x N,  confs
963 x 32 314

E 144% x 48 358
S il
@] .. finite-size box, k = 2mn
I fErTmzmmmmzg alN,
ny =0 [1)1‘“11111111;11"\'} where n { , 73}

00 01 02 03 04 05

ns = 0 data for T'= {1.3,1.5} T,

ns= 2 data for T'=1.2T,
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What we find

AND ...

1.2
0.9
0.6
0.3
0.0

ny= 3 data for T'= {1.15,1.3} T,

work in progress w/ Bala, Kaczmarek

clover-improved Wilson fermions, HISQ config. w/ m; = m4/5

| T = 1157 /(WD)
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NB: not yet continuum extrapolated!!
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What we find

AND ...

1.2
0.9
0.6
0.3
0.0

ny= 3 data for T'= {1.15,1.3} T,

work in progress w/ Bala, Kaczmarek

clover-improved Wilson fermions, HISQ config. w/ m; = m4/5

| T=13T,

pu/(wT)

k = 4nT)/3
k=2rT
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NB: not yet continuum extrapolated!!
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Impact on yield (u

Embed pQCD rates into hydro work in progress w/ Churchill, Gale, Jeon

dFZE dF
ot M dki -k w=M+ . k=k
dMdy|,_, /? L Lmﬁk TR +
10—3 3 midrapidity E Observable yields:
‘E 10-4 B _: local equillib. T(t,x),
L‘H ; ; spacetime evolution
Z 1070 ¢ €
S f s / /
~ 1076 L - dey dey
= E 3
3@ . F i = hydro simulation
S (U 2 3
= E /np 3
1078 L R R | R R | R R L] ]\/I/T

0 1 2 3

even for 1 $ M < 3 GeV, NLO corrections give at least 10% enhancement! ‘
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ANee 1711 resumnﬁ%if - } 0-5%, __ } 510%, } 10-20%, } 20-30%
aM :
1071 V5 = 200 GeV V5=276TeV + \\ /5= 5.02 TeV 3
1072 E,
10—3 L
1074

0 1 2

classical YM action in 2D
— saturation scale Qs

IP-Glasma w/ b = 0...20 fm

thermal dileptons during local equilib
— specified by viscous EM tensor...
T = eutu” — (g"v — uru)(p + ) + 7

hydro: MUSIC 241D :  Cooper-Frye (iS3D) — UrQMD

oGe @

70 =~ 0.4 fm

Tfreezeout @ T =145 MeV
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cZJJVJ Gev1] E 5211..:: - } 0-5%, } 510%, } 10-20%, } 20-30%
T T ki T T R\ T T

107" F V5 =200 GeV T i VE=276TeV T V5 =502 TeV
N ! A\

102 ¢ t :

1073 T -

1074
0 1 2 3 1 2 3 1 2

classical YM action in 2D
— saturation scale Qs

IP-Glasma w/ b = 0...20 fm

thermal dileptons during local equilib
— specified by viscous EM tensor...
TH = gutu? — (g"" — utu?)(p + 1) + 7

hydro: MUSIC 2 + 1D Cooper-Frye (iS3D) — UrQMD

oGe @

70 =~ 0.4 fm

Tfreezeout @ T =145 MeV
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QS(Q) :
AN [GeV1] 0s(2Q) -

- (5%, @ o==510%, == 10-20%, == 20-30%

dM
1071 Vs =200 GeV T Vs =276 TeV T Vs =502 TeV 3
1072 F T i
1079 ¢ T -

PbPb PbPb
10—4 L L L L
0 1 2 3 1 2 3 1 2 M [GeV]

classical YM action in 2D
— saturation scale Qs

IP-Glasma w/ b = 0...20 fm

thermal dileptons during local equilib
— specified by viscous EM tensor...
TH = gutu? — (g"" — utu?)(p + 1) + 7

hydro: MUSIC 241D :  Cooper-Frye (iS3D) — UrQMD

oGe @

70 =~ 0.4 fm

Tfreezeout @ T =145 MeV
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Considerations for non-zero i

e chemical equilibrium = py = pq = % Ly

e Debye mass mp and the ‘asymptotic’ quark mass meo

3
S
Il

T2 2
2 2| (1 I
g {(5 o+ Ne) S "fﬁ}

2 s Gy 2 MQ VRS
et ol B [l R
Moo I + w2 i‘—(,, %

e large frequency limit: enhancement \

2
N, M? ) 3M? w(wHE) /4 6,00 3 4
v T T CFNC{4(4W)3 T (T TR T G )

NLO

resummed

NEW RESULTS: the full effect of puy on p(w, k)|
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What we find

pQCD spectral functions 1'= 280 MeV and ny = 3:

1.2 — 0.4
r UB = 0
09 F —— m=T
| UB = 2T
pp = 3T
06 ’
0.0 1 | L | L | L
0 3 6 9

Spectral functions, Left: pyv/(wT) = (2pr +pL)/(wT)
Right: pu/(wT) = 2(pr — pr)/(wT)
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Impact on yield (non-zero s,,)

BES = probe baryon rich region work in progress w/ Churchill, Gale, Jeon
MUSIC:

0.325

0.300

0.275

0.250

T (GeV)

0.225

0.200

0.175

0.150

0-5% Au-Au@200 GeV

"% Trax =0.319 GeV
Tmin =0.145 GeV
Hmax=0.250 GeV
Hmin=0.014 GeV

0.05 0.10 015 0.20 025
1 (GeV)

(1 figure by Lipei Du)

dl,+o- /dM [GeV 1 fm =]

[Schenke, Jeon, Gale (2010)]

—r— midrapid, y =0 ——

T = 180 MeV ?

— pp =1 GeV g
— pp =2 GeV 3
g =3 GeV E

L | L | L | L5

0.5 1.0 1.5
M/GeV

N
o

= compensation of LO suppression & NLO enhancement! ...

20/21


https://arxiv.org/abs/1004.1408

Impact on yield (non-zero s,,)

BES = probe baryon rich region work in progress w/ Churchill, Gale, Jeon
MUSIC: [Schenke, Jeon, Gale (2010)]

0325 )
0-5% Au-Au@200 GeV t. ) dNE+67 /dj\/[|#>0
0.300 ratio: dN,3+,i—/(l]\/f|u:0
0275 1.06 . . . . . r
020 1.04 10-40%, AuAu @ 7.7 GeV ]
gozzs 0—10% AuAu @ 200 GeV A
1.02 |- .
0.200 |
x10
T oana v L0 P N— ===
o150 b 0014 cov 0.98 |- -
0.05 0.10“(683.)15 020 0.25 0.96 '__ T ie(s)ummed _'
(1 figure by Lipei Du) 0.94 [ . 1 . 1 . ]
0.5 1.0 15

smooth MC-Glauber initial conditions + baryon diffusion

20/21


https://arxiv.org/abs/1004.1408

Summary

e extended pQCD calculation to finite p,
e tested spectral fncs. with lattice data for G, — G,

e many new hydrodynamic predictions:

dileptons a good thermometer, poor baryometer!
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(m,n) o . pglq(’r)l
K =1
pabcdr:( ) Hlip QPQ(I,QQb(K_ P— Q)2(:(K_ P)Q(I(K_ Q)Qe

2 0,0 0,0 0,0 0,0
PV|1(\?L)O = 8(1— 6)92 Ce Ne {(1 - €)K2 (95102)0 + P§1082 - Pgmz)o - Péll&)
0,0 0,0 0,0 0,0

+ 10%101)0 + 10&100)1 + 2e p(lllgo - %(3 + 26)[(295101)1

0,0 0,0 0,0 0,0 0,0
- (-9 (p§111)(71) + p§11()71)1) +2K (pglll)o + pgno)l) - K4Pg111)1 } ,

2 0,0 0,0 0,0 0,0
p00|1(\IgL2) 492 Cr Ne {(1 —€) (05011)0 + péllgl) + 26P§1180 +(1+ f)kQ Pg101)1
0,0 0,0 0,0 0,0
- (1 - 6) (p§111)(71) + p§11()71)1) + 2[(1 - 26)‘*}2 - kz] (pglll)() + pglll)o)

1,0 0,1 0,1 1,0 1,1
8500(05111)0 + Pgl1g1> —8(1 - ¢w (Pgul)o + Pguo)l) +4e K295111)1

+

0,0 2,0 0,2
+ [(1 - 26)w2 + k2] K2p§111)1 -2(1- €)K2 (P§111)1 + P§111)1> } .

Apply general ‘cutting’ rules to each master diagram ... [Jeon (1993)]
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https://arxiv.org/abs/hep-ph/9210227

Numerical evalution of master diags.

-1

n,

Pl = (42)3 /dpdq W(p, q) ni(p — p1) n2(q— p2) n3(ko — p — q— p3)
1

W(p,q) = % { |p— k| +qg— k| —|p+ q— ki

— Ip— k| = lg—k |+ |p+ g~k | - minfko, ] },

p P
O\ ® k> k E<k

\\ ( > U) = - ( U)

=\
@2 @ .

= q p

\\ - — q
@ @ . \\\ @

k ko k. ko k.
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Approach to the LPM regime

The spectral functions can be calculated from

4N
prs = ¢ K (@7 1) [ dpdt nelp)ne(06(k ~ 1~ €)1, (5.0)

pl [ 1 up® and u;°® are the S- and
L= 9 kg o [uoeg (2)]2 P Wa"ve. channel so}utlons to a
Schrodinger equation ...
2 g2 [oo 2
p ar V4 mp ]\42 / 2
Xp = dz Im —~5 _ Dottty g Pf M
2pt K2 J, [uy ()] K 27 ko T m2,

, (z—0) where o = {0,1}.
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G(7) requires knowing p(w, k), for ALL frequencies:

5-loop as(p) at ‘optimal’ scale 06

Qopt = VM2 + (Ex T)2 + pi2

where £ =1 (2) for nf=0 (2’ 3) 0.25 1
Near the light cone, Qopt ~ ...
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What we find

UV-finite correlator G,, = 2(G,. — G,)

. T [ T [ T [ T [ T
Sy 12 -
N : TTT p= Hopt(XQ) y
— 09 — LPMyio -
& — free result 4
S 0.6 ‘ —_
=~ 03 F 7 .
3 7 RS o]
~

QE 00 Wy | I* | | *I | I I ]

Spectral function depicted for 2-flavour QCD (nf = 2)
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What we find

Comparing with the lattice [Ce, et al (2020)]

O I | I | L | | | \
00 01 02 03 04 05
7T
values of ; QT=12T, : T, V727

(3.14159)  (5.87738)
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https://arxiv.org/abs/2001.03368

Comparing with the lattice, p, for ny =2 [Ce, et al (2020)]

perturbation theory lattice reconstruction
4 T 71T 7T T 77 ]
3 == = pop(X2) T =72
with LPMypo
2 B — [t = flopt 7]
1 with LPMxio |
0 I 0
-1 TRk k=587TT -1
9 L 1 [ R 5 -
0 0 05 1 U 5 20 25 30 0.0 0.5 1.0 1.5 2.0 2.5 3.0

w}k
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https://arxiv.org/abs/2001.03368

prlOT

Comparing with the lattice, p, for nf =3 work in progress w/ Bala, Kaczmarek

spectral fncs. Dese(k) = pu(k, k)/(2kxq)
‘ ‘ ‘ 0.6 R R I PR
K/T=2.09 mmm—m NLO+LPM
kiT=4.19 e | Our Estimated band
k/T=6.28 05 |
NLO+LPM —— |
PRELIMINARY
Polynomial ansatz T=221 MeV | 0.4
.
1 % 03r T=1.15 T, (221 MeV)
PRELIMINARY o
02|
_— 01|
‘ ‘ 0 NS S
10 15 20 0 1 2 3 4 5 6 7 8 9 10
T KT
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Should p,, be negative in the very IR?

For w, k< T, the hydrodynamic prediction gives:

Pr [Hong, Teaney (2010)]
— = —xqD
w Xa
D = diffusion coefficient
pL _ .D K2
@ ~Xa W2+ D2 Xq = charge susceptibility

Therefore lim, g p,, /w crosses zero at k= 1/(v/2D)
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