FIAS Frnkfurt Insiute €3 %5, LOEWE
for Advanced Studies

e Forschung fiir
'. lewr |

Di-electron production at ultra-relativistic energies

J. Manninen! & E. Bratkovskaya®
O. Linnyk? & W. Cassing®
P.B. Gossiaux® & J. Aichelin3
C. M. Ko* & T. Song*

IFrankfurt Institute for Advanced Studies
2|nstitut fiir Theoretische Physik, Universitit Giessen
3SUBATECH, UMR 6457, Laboratoire de Physique Subatomique et des
Technologies Associées University of Nantes
4Cyclotron Institute and Department of Physics and Astronomy, Texas A&M
University

June 29, 2012 ,
% 1oewe & i
e Jaakko Manninen TURIC 2012, Crete <




@ Introduction

© Di-electron radiation

@ Freeze-out decay cocktail
In-medium effects
Heavy flavour
QGP radiation
Predictions for LHC

® 6 6 o

© Summary

3 LoEwE

A
T

P for A
W

Jaakko Manninen TURIC 2012, Crete



Introduction

Introduction

Invariant mass spectrum of di-lepton pairs carry plenty of information
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p+p well understood in terms of CFO cocktail
Deviations from cocktail in A+A: dynamics, energy loss, quarkonia
melting, in-medium modification, QGP
Electromagnetic signals survive the evolution and are "separable”
— offers windows to look into all stages of evolution (QGP!)
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Introduction

Different models for different stages of the evolution

Process Model M Region  Time (LHC)
o Initial state Drell-Yan' pQCDy IMR/HMR < 0.03 fm
¢ Quark-gluon-plasma radiation PHSD IMR/HMR  few - 5 fm
¢ Quarkonia data HMR few - 10 fm
o Quarkonia suppression pQCD, HMR few - 5 fm
o Charm and beauty continuum MCQsHQ IMR/HMR 5 - 10 fm
o In-medium effects PHSD LMR 5-10 fm
o Freeze-out decay cocktail SHM/PHSD LMR ~10 fm

f not important at LHC

pQCD;=next to leading order collinear factorisation approach
pQCD2=NLO ¢+ ¢+ p — J/v + p with non-equilibrium ¢, ¢
MC@;HQ=pQCD + hydro based model for heavy-quark propagation
PHSD=off-shell parton-Hadron transport with dynamical quasi-particles

SHM=statistical hadronization model

2% LoEWE Y
’ ¥,

Jaakko Manninen TURIC 2012, Crete




Di-electron radiation

Freeze-out decay cocktail

Low invariant mass region in Pb+Pb at 2.

Low invariant mass region is dominated by the freeze-out decay cocktail
— SHM and PHSD in fair agreement in Pb+Pb, very good in p+p
Contribution from QGP is fairly large (might be difficult to separate)
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PHSD: No tuning, internal switches as at RHIC
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Di-electron radiation In-medium effects

In medium modification of p°

E. Bratkovskaya WW2012

dropping mass + coll. broad.
m* & Tep(M,p)

drepping mass collisional broadening

m*:m',(l-u. p/P()) r(Nlap)=rvac(M)+rCB(Msp)

Collisional width I'cg(M,p) =y p <0 oyy'>

* [ dropping mass + collisional broadening

W | dropping mass collisional broadening
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Consequences when increasing the baryon density p:
» pole position my : shift te low M
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> pole position my, : shift to low M > pole position m, : unchanged
> spectral function : narrowing > spectral function : broadening » spectral function : broadening
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Di-electron radiation In-medium effects

In medium effects: broadening of spectral functions

Dynamical broadening of vector mesons o
important in In+In at 158AGeV =
(short QGP, long HRG)  excess only =

Central

El

- min. bias Au+Au, s'’=200 GeV
g " @ PHENIX
% 107 — . -ESHM £
% - :;2.;‘;,;5) 02 04 0.6 0.8 10 12
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. <« Lesser impact in A+A at RHIC
< (longer QGP, short HRG)
"TVUU 0.2 U:l 0.6 G 013 10 1.2
M [GeVid) | Pb+Pb, 5"=2.76 TeV, b=0.5, ly<1 ]
10} ]
0, = =PHSD with vacuum
<20% effect at LHC = = = —PESD vk meramp
(long QGP, short HRG) = SHM
g 10°L
o 5
Baryons modify p° the most z
= effects stronger at SP v
0.0 0:5 liS

1.0 )
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Di-electron radiation

The PHENIX excess

In-medium effects
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20-40% centrality
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Di-electron radiation In-medium effects

Excited mesons and other exotic contributions EPJCT71,1615

o 1p(1430) Au+Au 0-10% most central
N f;(1510) -
> > 10
3 |
& 10 8
humit = -2
e 10 Yy ry
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5 10 < el i,
s S 1o b
=z 12 Z2 N l
© © s
107 Va) [P 3 fore 0%y N
0 02 04 06 08 1 0 02 04 06 08 1
Invariant mass mg+,- [GeV] Invariant mass mg+o- [GeV]

Exotic states may contribute to the PHENIX excess:
X = KK — eTe veive
Upper limit estimate still below the PHENIX data

3 LoEwE Ay s
. G o
- . Jaakko Manninen TURIC 2012, Crete




Di-electron radiation In-medium effects

PHSD agree with the STAR data PRC85,024910

a 10' 172_ T - m
AutAu, s =200 GeV, 0-80% centrality AutAu, s =200 GeV, 0-10% F‘enlrallt\
10' g @ STAR preliminary STAR preliminary
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nae g g m——— e e e o 8 gy i e gy i
10" -—p o o i - D et )
4 - =D, D——g+ q-> ¢ ]

>ee

dN/dMdy [1/(GeVic))]
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J. Harris, TURIC2012: STAR excess ~ 2 (preliminary data)...
...with standard cocktail calculation
Broadening of p° lifts the excess region in PHSD with factor of ~ 2

1.2

= Indication of in-medium effects in action at RHIC
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Di-electron radiation Heavy flavour

Correlated open heavy flavour feed IMR

70, n Dalitz decays

dN/(dy dm)

3 ’ Drell-Yan

[ Low- ' Intermediate- =  High-Mass Region
>10fm >1fm | <04 fm 3
E - P I R |
0 1 2 3 4 5
M IGeV/cl
B oewe ¥; Picerend
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Di-electron radiation Heavy flavour

Extended SHM for open heavy flavour production

Open heavy flavor is assumed to be in relative chemical equilibrium

Relative yields of 6 (18) lowest D (B) mesons evaluated within SHM
with T=170MeV ; y424=0.3 ; 1B,s,Qy =0

pt+p:  0LY(2.76TeV)=3.6mb (experimental data) (or 7. ~ 30)

p+p: 0 (2.76TeV)=1/40 ot (MCOsHQ)

Pb+Pb: a“’t(2.76TeV) Nypino24(2.76TeV) (also ot9")

bb
LHACb ALICE | T=170 MeV | T=150 MeV
0
2+ | 220+ 048 | 209 2.40 2.49
o]
o 2.07 4+ 0.37 2.08 2.37 2.25
DO
b- 7.67 + 1.67 7.98 8.55
-
%
%j 0.94 + 0.22 1.00 0.99 0.90
Dg; 3.48 + 0.93 3.32 3.44
b- | 370 £ 084 3.37 3.81
-
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Di-electron radiation Heavy flavour

Heavy flavour rapidity distributions in p + p collisions

o Modified BGK model

° yem = atanh(252)

o Probability to find parton along the rapidity axis is defined by
a triangle whose maximum is at y., and goes to zero at

y = asinh(x;4/s/2my) and y = —asinh(xx+/s/2my).

p+p, sV%=2.76 TeV, lyl<0.5
0=29.32 ub
4 Oy= 3.05”1
20
g Y
All cc (bb) dueto g+ g — g — cc
N
ALICE Jly —e— -
simulation _+ Assume the same model describes
0 .. . n n
4 4 2 o 2 4« ¢ s all charmed rapidity distributions
e Conversion oy <+ 92
tot ¥ dy ya0
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Di-electron radiation Heavy flavour energy-loss and correlations

Heavy flavour pr and energy loss PRC78,014904

pQCD: c and b quark cross sections & initial momentum
MC@;HQ evolution: running coupling & improved infrared regulator
HQ propagate in Heinz & Kolb hydro background

— simultaneous Raa and vo» @ RHIC (Keon = 2 ; Keoltrag = 0.6)

'IT‘;\INI( o vy lept o Raa(D)
. Au=Au min. bias; >€ansmin mm= ema | AutAutmin.bias model E: running o, ; x=0.2
er(t); k=0.2; K=1.5-2 0.12F= —Crmax Aar(t); K=0.2 15 rescaling;K.=.2
a * PHENIX S + radiat
i, 8 A\ rescaling: K = 0.6
L %
all(K=1.5) 0-10%
u % \\ RHIC coll. (mod E)
05
0.5
0 LHC coll
£ I 2 3T 4 NS
E eDK=2) g(k=2) L pr(GeVie) PhenixRun—d 1 === LHC coll + rad
0 2 4 6 10 004 Phenix Run—7 B 10 50
pr(GeV/e) Ppr(GeV/e)

The model is in agreement with preliminary Raa of D mesons at LHC

18

F— proton-proton collision  / lead-lead collision
16 i =
N o D arXiv: 1106.4042
1% B D arXiv: 1106.4042
12 theory [0-20]
<10 quirk
~oos proton proton
06
0.4
02 quark
0.0
o 4 6 8 0 12 14 f
pe[GeV] |
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Di-electron radiation Heavy flavour energy-loss and correlations

ular correlations of open heavy flavor mesons at LHC (in)

p+p: 7 correlations among heavy flavour mesons == hardest (up limit)
central Pb+Pb: correlations are washed out == softest (low limit)
2 0
Peorr ~ R < 10%
C(e =e)
1.0 IA 18
I\ Au+Au central iE PbPb sqrts = 2.76 TeV
1 ~V<4 [ l ® D’ arXiv: 1106.4042
0.8 <pr(e)< [ ~>€tr min L4 B D' arXiv: 1106.4042
/ \ 1.2 —— theory [0-20]
1<pr(e*t)<4 ! v theory
0.6 pre’) ": “‘ <10
/! \<— vac & b
0.4f === E, E=; / ‘\“ 06
. 1 o 1
02} — B,K=12 / Y O
) J/ ‘\ 0.2
| "’~ - - —— \~~ ()_0
== = % E aa = 0 2 4 6 8 10 12 14
1 2 3 4 5 6
sorel(rad) Pt [GGV]
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Di-electron radiation

Heavy flavour energy-loss and correlations

gular correlations of open heavy flavor mesons (o

p+p: exact back-to-back correlations among heavy flavour mesons
central Pb+Pb: correlations are washed out (Pcorr ~ R/%A < 10%)

o |p+p, s1222.76 TeV, lyl<0.88 |
SHM N
-1 DD
> >
£ L3
9 e
= =2
= =
< <
Z Z
= ~

0 05 1 15 2 25 3 35 4
M [GeV/c?]

Central Pb+Pb: J/1¢=0.3Np;J /1)PP

i \ Pb+Pb, s'%=2.76 TeV, 0-5%, |y|<0.ssl
X SHM op ——
10 F BB
10° | o ¢
10-1 L
Jy
10”2
107 ¢ w
1 3 il

0 05 1 15 2 25 3 35 4
M [GeV/c?]

; 1'=0.4Npjny)PP

Vanishing correlations in Pb+Pb — softer M spectrum (both D & B)
myp > me — due to, energy loss, D mesons M spectrum softens
more than B mesons M spectrum in Pb+Pb (model dependent Xing)
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Di-electron radiation QGP radiation

QGP radiation at SPS with parton transport O.L. STAR2010

Acceptance corrected NA60 data

10° g IntIn, 158 A GeV, dN_/dn>30
- N PHSD: Mass region above
= - vacuum p 1 GeV is dominated by
E 10 — in-medium p partonic radiation
g 3 — QGP
= al+n x10
=) — pip
% 0 L Sum
= 4n contribution
g subdominant
=
e 10° L
z

lu—lﬂ .

0.5 1.0 15 20 25
M [GeV/c]
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Di-electron radiation

QGP radiation

QGP radiation at SPS with hydro partons

PRC84,014901
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Hybrid mode of UrQMD (transport-hydro-cascade) also highlights
the role of QGP at SPS

¥ LOEWE

Jaakko Manninen

TURIC 2012, Crete

FIAS Frankfurt Instt
for Advanced Studi




Di-electron radiation Predictions for LHC

Di-electron radiation from QGP in Pb+Pb 2.76 TeV

" | Pb+Pb, 5">=2.76 TeV, b=0.5, |y|<0.88
----- LEEEE R T 10' 7
) PHSD U — /S Au+Au, s"’=200 GeV, 0-10% centrality
"T 10 I D - DD correlated 3 "3 10° § _:;’;g preliminary ]
b _ oy = LA e Rk 2
2 10R —QGP(qq) | F 10 I S S
&) H Sum = g
e = 10
= 5
E s 10°
z Z
g N ‘
10° ! e . s :
0.0 0.5 1.0 1.5 20 ,25 3.0 35
M [GeV/cT]
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
M [GeV/c| RHIC open charm ~ QGP
QGP dominates the M € [My : M,,;] large un-certainty in ozc
over heavy flavor radiation at LHC = no strong conclusions

Di-electrons provide a unique window to
detect and study properties of QGP at LHC
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Di-electron radiation Predictions for LHC

QGP contribution can be enhanced with pt cuts

I " ) | Ph+Pb, 5"=2.76 TeV, b=0.5, |y|<1
10? [Pb+Pb, s'"=2.76 TeV, b=0.5, [y1<0.88,p,>1 GeV| w]\ wa =71y
= P s ket o p 2 e
© 10' . ——— = = I, P ] %mn \\\' um
> ® —— DPb— BB =
O 10 — QGP(qq) ]Z
~ J Y
- ? — Sum
= l()'l ’.\\ { mdoof‘ 02 o4 06 . 08 10 12
p= F! =g s'i 1 7 vievEl ‘
= ! ‘." R '\ Iy 10’ ‘PIH-Pb, §'%=2.76 TeV, b=0.5, yl<1, p;>1 GeV]|
Z [ VLN
% ! 1 -, » %
i i ;‘“1 1 =
10-3 " " ,' " g
3 \ 3 s N 1=
+ " / \ w =
: Y LW -
10-4 N 4 \ .
3 : 1 ! Lo, .
0.0 0.5 1.0 1.5 2.0 4 2.5 3.0 3.5
M [GeV/cT]

Choose p$ > 1GeV = QGP dominates intermediate/high mass regions
LHC open heavy « QGP within oz, un-certainties
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Summary

Summary

o STAR excess can be understood with collisional broadening

¢ Realistic predictions for all relevant di-electron sources at LHC
© QGP dominate di-electron radiation in intermediate mass region
© QGP contribution can be enhanced by suitable pt cuts

dN/AM [1/(GeV/cY)]

3 LoEwE

| Pb+Pb, 5"%=2.76 TeV, b=0.5, |y|<0.88

PHSD

— =@ - o—-— J/‘!’ ¥
—— DD DD correlated 3
o ¢ —BB

—— QGP(4qq)

— Sum

0.0

0.5 1.0 1.5 2.0 25 3.0 35
M [GeV/c]

Jaakko Manninen

AN/AM [1/(GeV/c)]

10t [Pb+Pb, s""=2.76 TeV, b=0.5, |y|<0.88, p,>1 GeV
PHSD - S ———
10' ———— @ - ¢----J/~v ¥ ]
o ¢ — Dp—BB
10° B —— QGP( q(I)
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Fi Vs 1
vl X
i vviS
Fo (I » A
(1 s ‘?‘.\ n
10° [ \ “ i ]
i PN
B ' | A
107 W ; e Y P
00 05 10 15 20 25 30 35
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Relevant channels at RHIC and LHC

Hadron direct Dalitz other

70 - 70— yete™ -
n° - " — yete™ | 70 = atrete
n' - n —yete” | 7 > atr ete”
P 00— ete _ i
WP WO — ete” - WO — mlete
¢° ¢0 — ete” - #° — nete”
J/ J/p —efe™ | J/ip — yete™
04 P —ete” | ) — yete™ -

D mesons - - DF et + X

B mesons - - B —etre+ X

Convention: Only channels with definite BR:s are taken into account

e ADY fns
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Backup slides

Beyond standard cocktail contributions

Hadron
£5(980) KK~ KOKO -
f(1285) - - KKn
£(1270) KTK- KOKO -
f3(1350) KTK- KOKO -
/(1420) | K**K~ + cc | KOK® +cc| -
£](1525) KTK- KOKO -
f5(1500) KTK~ KOKO -
f(1510) | K**K~ + cc | KK + cc| -
£(1430) KtK- KOKO -
) KK KOKO -
a3(980) KtK- KOKO -
K(892)* K*70 - -
K(892)° KO70 - -
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Backup slides

SHM transverse momentum spectra in Pb+Pb at 2.76 TeV

10° [Pb+Pb, 522,76 TeV, 05%, yl<0.5 |
0.03 —
= 10° | SHM Pb+Pb, s'"?=2.76 TeV
Y 0.025 |
3 %
= 0.02 /N
r = / i)
% S ootst \
£ / \
] ° / \
z 0.01 | / \
-2 [ . / N
10
0.005 | / Y
107 . . . . , , // \\ _
’ ! 2 : ¢ 5 010 20 30 40 50 60 70
Pr [GeV/cz]

Cluster mass [GeV]

In thermal equilibrium, energy is shared equally among available forms
=>In each event in the rest frame of the cluster Mg = >, E;
Transverse momentum of the cluster in LAB frame is normally
distributed with (|Berust|) == Meust and opr = Mejyst/2
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Backup slides

PHSD charged hadron rapidity densities in Pb+Pb 2.76 TeV

1800
1600 |- . | .
ok W ALICE (. ]
pul T CHsD i ]
1000 F ]
g0 | : ]
400 ]
0| .

Y0 - T Y T I R R T
0 50 100 150 200 250 300 350 400

2000 *—j Pb+Pb, s'°=2.76 TeV, |n|<0.5 I-'—

ch

\

dN /dn

part
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Backup slides

QGP energy fraction at SPS O.L. STAR2010

Energy fraction in partonic phase

Increase of partonic energy fraction with energy and centrality

04 .

= =
2 04 bifm] - =
g : 2
= 03 : ] & pal T, [A GeV]
= = 10
g e ;.E —20
g 02 LI 2 0zl i
> —_—11 @ —d0
= Py
-] 13 ‘= 80
g s oal 1
£ s —160
a =
& o
0.0 -
z 3 B "r . "/ 7% 2 e @ 3 5 8 10 13 15 18 20
[fmic] t [fm/c]

In central Pb + Pb at 158 A GeV about 40% of the converted energy goes to
partons; the rest is in the ,large* hadronic corona!

4000 —1 Pb+Pb, 158 A GeV, b=1 fm I Pb+Pb, 158 A GeV, b=1 fm

3000 L Eun E- - - 7~ ]
s 2 — 2 r 4
z E. s E Vi / partons
S 2000 7 = 2 X mesons
3 - .
new B+Bbar
1000 | S i 500
0 /.\ 4 J
o 3 5 8 10 13 15 I8 20 6 3 5 8 10 13 15 18 20
t [fm/¢] t [fm/c]
4 Cast L TR EA £ .' > (2002 = ‘rankfurt Institute
B oewe O vz
it Jaakko Manninen TURIC 2012, Crete 27




Backup slides

Di-lepton radiation from quark-gluon-plasma

o SO P LK

(a) (b)

QGP Drell-Yan dominates
gluon-Compton scattering un-important
vertex correction un-important

gluon bremsstrahlung 2nd most important

C

(a
(b
(

(d

N N e N

+ radiation from virtual partons

L4
L9

) &999) o N //
PV o = & - 1, 0000000 ~
o \\ OO0 L R
oY \\

\
virtual quark decay virtual gluon decay
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Backup slides

O.L. STAR2010

Dilepton rates from massive quarks/gluons

Dilepton rates
on-hell unning a, Dilepton rates
1 —— qigbar—>p'y T T T T v T 7
L = e massive partons
ERTY Nag == grgeaty = ~
= N 10 L s g
o N \ — qtqbar->pp
S . #
= &N —— qtgbar—>gtpy
vy mo —wtl M\ - - oy
m=0 . N
10° -, = X
00 05 10 15 20 25 30 35 N‘ \ .
o o 10* Ry
3 VN
% \
107 3
m=0.3 GeV "
=0.8 GeV
]0‘ﬁ mg ! 1 L
0.0 05 1.0 15 2.0 2.5 3.0 35

Q [GeV]

Note: Threshold in the Born contribution due to finite masses of incoming particles.
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Backup slides

O.L. STAR2010

Massive and broad quarks and gluons

Dilepton rates
on-shell, running e,

Dilepton rates

b 10° . Massive and broad partons
—im wparognls
T S =T ety r'\‘ —— qtgbar—>p'y
= d 10° \ == gqrgbar->g+u'y
Z L J
. n - = gqig>qh'y
w
m,= '
o [ mg= <. 5
TR T o 100 L 4
Q 1Gev] =
Dilepton rates Z
0. massive partons = 6
1 \ — qtabar—uw 10 3 E
S == qrqharsghy
T ‘\ N - = gesqhiy
i b 107
g N E
N W 2
H Y
b =0.3 Gev s
= -8
L Im,=0.8 GeV 10
'“nmgm 015 20 25 30 s 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
Q [GeV] Q [GeV]

Due to broad spectral functions of partons, the threshold of the Born term is smeared,
the contributions of the 2—>2 processes increased.
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The Dynamical QuasiParticle Model (DQPM)

Basic idea: Interacting quasiparticles
- massive quarks and gluons (g, q, qy,,) With spectral functions :

(W)= = { ! L )
P B W—E2++2 (w+EZ+2

E2 = p24+M2-y2

® quarks ® gluons:
oo N2—1 o f o 12 2 ; 2
mass: m(7)= sV (" + :—’) M3 (T) == ((N..+ 1.\1.~Nr‘2 i s \‘“Tl) N, =3, N=3
Gl¥ m G 2 2 5w
R NP 1gPT e - &L,
width: -, (1) = 51: |n};E w(T) =NeZ— In e
25
running coupling: oy(T)= g(T)/(4r) il N =8
S 4872
EXT/Te) = (N, = 2Np) (W (T) T, = T/ T e
: 2 t 1QCD: 0. Kaczmarek et,
= ﬁt Lop PRD 72 (2005) 059903
» fit to lattice (1QCD) results (e.g. entropy density) osl.
with 3 parameters: T/T,=0.46; ¢=28.8; A=2.42 Gl

1 2
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DQPM thermodynamics (N=3) and 1QCD

interaction measure:
W(T) := ¢(T) — 3P(T) = Ts — 4P

entropy . _ 9P > pressure P
dT

T T T T

energy density: = Ts — r
& Y g Ts P T=160 MeV
£c=0.5 GeV/fm?
1QCD: Wuppertal-Budapest group
Y. Aoki et al., JHEP 0906 (2009) 088.

(e-3P)/ T
- T
ALY e =

T . T & T

)
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s/IT

0.35

o 0.30
e/l
0.25

0.20

ple

0.15

0 , | 0.10

200 400 600 800 0.051 equation ()f State el
T [MeV] 0.00 s . . .
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£ [GeV/fm’]
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Meson decay formulae

X - X1t~ 2 2 2
= = = 4£ 1_4ﬂx 1 2& 1_% 3“:X—>W(M)|2
dMm M 3 M? M?2 f(

M? -1
F1777 (M) = 1l ——
(M) ( (0.72GeV)2)
|F77/*>"/’Y(M)|2 _ (0.75GeV)*
((0.75GeV)?2 — M?)2 4 (0.105GeV?2)?
) 55
F©=7(M) = 1 M?
(M) + GeV?
IFw—>7r°I+If(M)|2 _ (065G8V)4
((0.65GeV)2 — M2)2 + (0.0488GeV?)2
drw%ﬂ'o = _ rw~>ﬂ'°'y 2£ B ﬁ (1 %)
dM M  3r M2 M2

M2 N2 amE R
—m2 ) T (m2 — m2)2
Jaakko Manninen TURIC 2012, Crete
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Direct decays

VIt mg VoIt~
YTy = TSV (o)
2 42)13/2
P° o rpoET mo\2(M* —4mz)
rtot(M) ~T - r(mo)( M) (m(% — 4m72r)3/2

J/4 Dalitz

drX=r"ms o 2M Mm* 1+4r .
i = g () < ()
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