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Photons	and	dileptons	
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•  the	EM	thermal	radia:on	spectrum	of	hot	QCD	maGer	
•  are	produced	at	all	stages	of	the	collison	
•  leave	the	system	without	FSI	
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Photon	puzzle	
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•  Early	and	late	emission	:mes	are	not	separable	
•  Worst	case:	QGP	radia:on	could	be	outshined	by	late	hadronic	processes	
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Dileptons	

Electromagnetic Radiation from Hot and Dense Hadronic Matter | ECT* Trento  November 29, 2018 | Harald Appelshäuser 
4 

•  EM	radia:on	spectrum:	space-:me	integral	over	thermal	emission	rate:	

•  encodes	microscopic	proper:es		
					(degrees	of	freedom,	spectral		
					func:ons)	and	bulk	proper:es		
					(EoS)	of	the	medium	
•  con:nuous	mass	scale	
•  mass	dependence	allows		
					separa:on	of	collision	stages	
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Scien:fic	objec:ves	
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•  Chiral	symmetry	restora:on	(mee<1	GeV/c2)	
•  Early-temperature	measurement	(mee	>	1	GeV/c2)	
•  Space-:me	evolu:on,	EoS:		
	 	-	hadronic	(mee<	1	GeV/c2)	and	partonic	(mee>	1	GeV/c2)	



Chiral	symmetry	restora:on	
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LQCD:	chiral	transi:on	region	(T	=	130-170	MeV)	in	confined	phase	
	

à observable	via	in-medium	proper:es	of	hadrons	
à Thermal	radia:on	in	the	low	mass	region	(mee	<	1	GeV/c2)	
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CSR	ßàvector-axialvector	degeneracy	
Vector	spectral	func:on	in	medium:	ρ	–	mel:ng	

à	mechanism	confirmed	by	NA60	

	
	
	
	
	
	
	

Towards	CSR:	
Axial-vector	experimentally	inaccessible	
Requires	constraints	from	theory	(LQCD,	sum	rules)	à	Possible	at	μB=0	
Requires	experimental	access	to	Mee~pT,ee-~T	region	
	

	

Chiral	symmetry	restora:on	
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FIG. 3: Finite-temperature vector (black curve) and axialvector (red curve) spectral functions.

referred to as a d-value. The same procedure and Borel
window criteria as for the vacuum analysis in Ref. [21]
are adopted. A d-value of below 1% has been argued to
reasonably bracket remaining uncertainties in the match-
ing procedure [39]; we adopt this as our figure of merit
in both A and V channels below.
To evaluate the WSRs, we define a similar measure of

deviation between the two sides as

dWSR =
LHS− RHS

RHS
. (25)

This measure is much simpler than the QCDSR analog
because it does not involve any Borel window. However,
it also has its subtleties. The integrands of the LHS of
each WSR are oscillatory functions with appreciable can-
celations to yield the RHS (cf. Fig. 2 in Ref. [21]), espe-
cially for the higher moments. Since we only use a finite
number of moments (3), this could, in principle, lead to
“fine-tuned solutions” to the WSRs where the oscilla-
tions are still large, and thus ρV (s) ̸= ρA(s) even close
to restoration. To probe this behavior (and thus the sen-

T [MeV] 0 100 140 150 160 170

dV (%) 0.59 0.43 0.44 0.49 0.57 0.67

dA(%) 0.49 0.48 0.56 0.59 0.55 0.56

dWSR1(%) ∼ 0 0.003 0.04 0.04 -0.004 0.004

dWSR2(%) ∼ 0 -0.0002 -0.0008 -0.002 -0.0003 -0.005

dWSR3(%) 200 181 258 372 585 11600

r−1 1 0.96 0.72 0.57 0.37 0.14

r0 1 0.93 0.66 0.50 0.31 0.12

r1 1 0.91 0.64 0.50 0.32 0.15

TABLE II: Summary of deviation measures for QCDSRs (up-
per 2 lines) and WSRs (lower 6 lines) at finite temperature.

sitivity to any “artificial” fine tuning), we introduce an
“absolute-value” version of the LHS by

w̃n(T ) ≡
∫ ∞

0
ds sn |∆ρ(s;T )| . (26)

Though these moments are not directly related to chiral
order parameters, they should diminish toward restora-
tion. We define pertinent ratios rn = w̃n(T )/w̃n(T = 0).
Our analysis proceeds as follows. We first evaluate the

QCDSR for the vector channel. With a small reduction
in the vector dominance coupling, we find acceptable dV
values ranging from 0.43% to 0.67% for all T=0-170MeV
(cf. Tab II). This is a nontrivial result by itself. For
the axialvector channel, the QCDSRs and two WSRs are
used simultaneously to search for in-medium a1 parame-
ters which minimize

f = d2WSR1 + d2WSR2 + d2A , (27)

while requiring a smooth T dependence. The thus ob-
tained finite-T axialvector spectral functions are shown
in Fig. 3. For all cases, the percentage deviation of WSR-
1 and WSR-2 is below 0.1%, and dA remains below 0.6%.
Deviations of WSR-3 are much larger, but comparable to
the vacuum up to T≃150MeV. At T=160 and especially
170MeV, the magnitude of the RHSs is small and enters
into the denominator of dWSR, thus greatly magnifying
residual deviations. The rn measures decrease monoton-
ically with T suggesting acceptable deviations even for
WSR-3. We therefore conclude that our spectral func-
tions are compatible with both QCDSRs and WSRs.
To probe the uncertainties in our method, we depict

in Fig. 4 ranges of axialvector spectral functions with
relaxed constraints, at an intermediate temperature of
T=150MeV. The dashed lines border a regime of spectral
functions which are obtained by only requiring dA=1%
for the axialvector QCDSR (the band could be larger if all

CSR	ßàvector-axialvector	degeneracy	
Vector	spectral	func:on	in	medium:	ρ	–	mel:ng	

à	mechanism	confirmed	by	NA60	

	
	
	
	
	
	
	

Towards	CSR:	
Axial-vector	experimentally	inaccessible	
Requires	constraints	from	theory	(LQCD,	sum	rules)	à	Possible	at	μB=0	
Requires	experimental	access	to	Mee~pT,ee-~T	region	
	

	

Chiral	symmetry	restora:on	
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Early	temperature	
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In	the	low-mass	region	(0.15	<	mee<	0.3	GeV/c2)	at	1	<	pT,ee	<	5	GeV/c:	
	
-	virtual	photon	yield	allows	extrapola:on	to	real	photons	at	rela:vely	low	pT	
-	complementary	to	real	photon	measurements	via	calorimetry	or		
conversions	
	

In	the	intermediate	mass	range	(1.1	<	mee	<	3	GeV/c2):	
	
-	structureless	(„dual“)	spectral	func:on	allows	most	direct	temperature			
determina:on	from	exponen:al	in	mee,	no	blue	shin	
-	complicated	by	large	physical	background	from	charm	
	



Space-:me	evolu:on	
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Transverse	momentum	spectra	contain	informa:on	on	collec:ve	radial	and	
ellip:c	flow	(Teff	and	v2)	
	
Mass	dependence	gives	access	to	early	:mes	à		
	

NA60 
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Dielectrons	with	ALICE	at	the	LHC	
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pp:	
•  Vacuum	baseline	for	p-Pb	and	Pb-Pb	
•  Heavy-flavour	and	direct-photon	produc:on	
•  Possible	new	(and	old)	phenomena		
	
p-Pb:	
•  Cold	nuclear	maGer	effects	
•  Thermal	radia:on	
	
Pb-Pb:	
•  Chiral	symmetry	restora:on	
•  QGP	radia:on	–	early	T,	β,	v2	

à Pb-Pb	at	the	LHC	is	the	largest,	ho1est,	and	
longest-lived	system!	

11 



The	boon	and	bane	of	heavy	quarks	
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•  HF	produc:on	dominates	the	dielectron	
spectrum	at	the	LHC	over	a	wide	range	in	
mass	

•  Standard	cocktail	techniques	are	not	
sufficiently	precise	to	isolate	thermal	
contribu:ons	

•  Addi:onal	experimental	means	are	needed	
to	separate	HF	dielectrons	from	prompt	
sources	

à Dielectrons	turn	into	a	complementary		
						probe	to	study	HF	physics	at	the	LHC	

12 
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ALICE	detector	at	the	LHC	
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Time	Projec:on	Chamber	

Since	2009	(LHC	RUN1	and	RUN2):	
	
Pb-Pb	at	2.76	and	5.02	TeV	
	
p-Pb	at	5.02	and	8	TeV	
	
pp	at	0.9,	2.36,	2.76,	5.02,	7,	8,	13	TeV	

Time	of	Flight	

Inner	Tracking	System	

13 



Dielectron	analysis		
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Electron	selec:on	based	on	TPC	dE/dx,	TOF,	
and	ITS	dE/dx	in	|ηe|<0.8	

JHEP 1809 (2018) 064  
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Conversion	rejec:on	
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•  Conversion	pairs	exhibit	an	apparent	opening	angle	in	the	plane	perpendicular	to	the	magne:c	
field,	characterized	by	ϕv	(conversions	are	at	ϕv	≈	π)	

•  Conversion	pairs	are	strongly	suppressed	by	vicinity	(„shared-cluster“)	cuts	in	the	ITS	
•  Distribu:ons	are	well	described	by	MC	



Background	and	pair	acceptance	correc:on	
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•  2π	azimuthal	coverage	allows	powerful	
subtrac:on	of	combinatorial	and	correlated	
background	pairs	using	same-sign	
combina:ons	

S =OS −Racc ⋅SS

JHEP 1809 (2018) 064  
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pp	collisions	
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Run	1:	
•  pp	at	√s	=	7	TeV	(min	bias)	
						ALICE	Coll.	JHEP	1809	(2018)	064	
	
Run	2:	
•  pp	at	√s	=	13	TeV	(min	bias	and	HM)	
						ALICE	Coll.	1805.04407	(PLB	acc.)	
	
•  pp	at	√s	=	13	TeV	(B	=	0.2	T)	
						preliminary	(status	by	Jerome	Jung)	
	
•  pp	at	√s	=	5.02	TeV	(min	bias)	
					analysis	ongoing	

17 



pp	mass	spectra	at	√s	=	7	and	13	TeV	
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•  Dielectron	produc:on	(pT,e	>	0.2	GeV/c)	in	min.	bias	pp	is	well	described	by	hadronic	sources	
•  Dominant	contribu:on	(mee	>	0.5	GeV/c2)	is	from	heavy-flavour	decays	

JHEP 1809 (2018) 064  1805.04407 (acc. PLB) 
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Dielectrons	from	cc	and	bb	
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Typical	single-electron	low-pT,e	cut	preserves	
most	of	the	heavy-flavour	cross-sec:on	at	mid-
rapidity	

19 

_ _ 



•  Simultaneous	fit	to	mee	and	pTee	allows	to	
extract	HF	cross	secEons	and	separate	charm	
and	beauty	(PHENIX	Phys.	Rev.	C91	(2015))	

	
	

	
•  Sizeable	model	dependence	can	shed	light	on	

HF	producEon	mechanisms	
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cc	and	bb	in	pp	at	√s	=	13	TeV	

Electromagnetic Radiation from Hot and Dense Hadronic Matter | ECT* Trento  November 29, 2018 | Harald Appelshäuser 

1805.04407 (acc. PLB) 

1805.04407 (acc. PLB) 
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Dielectron production in pp collisions at
p

s = 13 TeV ALICE Collaboration

)2c (GeV/eem
0.5 1 1.5 2 2.5 3

)2 c
 (m

b 
/ G

eV
/

ee
m

/d
σd

4−10

3−10

2−10

1−10

1 Data
Cocktail (PYTHIA)

 (PYTHIA)−e+e→cc
 (PYTHIA)−e+e→bb

Cocktail (POWHEG)
 (POWHEG)−e+e→cc
 (POWHEG)−e+e→bb

 = 13 TeVsALICE pp 
| < 0.8

e
η, |c > 0.2 GeV/

T,e
p

c < 6 GeV/
T,ee
p

5% global unc. not shown±

)c (GeV/
T,ee
p

0 1 2 3 4 5 6

)c
 (m

b 
/ G

eV
/

T,
ee

p
/d
σd

5−10

4−10

3−10

2−10
Data
Cocktail (PYTHIA)

 (PYTHIA)−e+e→cc
 (PYTHIA)−e+e→bb

Cocktail (POWHEG)
 (POWHEG)−e+e→cc
 (POWHEG)−e+e→bb

 = 13 TeVsALICE pp 
| < 0.8

e
η, |c > 0.2 GeV/

T,e
p

2c < 2.86 GeV/eem1.03 < 

5% global unc. not shown±

Fig. 5: Projection of the heavy-flavour dielectron fit (grey line) in inelastic pp collisions at
p

s = 13 TeV onto the
dielectron mass (left) and pT,ee (right) using the PYTHIA and POWHEG event generators. The lines show the charm
(red) and beauty (magenta) contributions after the fit. The global scale uncertainty on the pp luminosity (5%) is
not shown. The statistical and systematic uncertainties of the data are shown as vertical bars and boxes. The fits
with PYTHIA and POWHEG result in a c2/ndf of 57.8/66 and 52.6/66, respectively.

1/mee dependence. The direct-photon fraction r is then extracted by fitting the data in the mass interval
0.14 < mee < 0.32 GeV/c2, i. e. above the p0 mass to suppress the most dominant hadron background,
with the following expression: ds/dmee = r fdir(mee)+(1� r) fLF(mee)+ fHF(mee).

No significant direct photon contribution is observed in neither the inelastic nor the high-multiplicity
events [51]. Upper limits at 90% confidence level (C.L.) are extracted with the Feldman–Cousins
method [79] and summarised in Table 3 together with predictions from perturbative QCD calculations for
inelastic events [80]. The current uncertainties prevent any conclusions on the scaling of direct-photon
production with charged-particle multiplicity.

6 Summary and conclusion

We have presented the first measurement of dielectron production at midrapidity (|ye|< 0.8) in proton–
proton collisions at

p
s = 13 TeV. The dielectron continuum can be well described by the expected

contributions from decays of light- and heavy-flavour hadrons. The charm and beauty cross sections
are extracted for the first time at midrapidity at

p
s = 13 TeV and are consistent with extrapolations

from lower energies based on pQCD calculations. The differences observed between POWHEG and
PYTHIA imply different kinematic correlations of the heavy-quark pairs in these two event generators.
Therefore dielectrons are uniquely sensitive to the heavy quark production mechanisms. The comparison
of the dielectron spectra in inelastic events and in events with high charged-particle multiplicities does
not reveal modifications of the spectrum beyond the already established ones of light and open charm

PYTHIA POWHEG

dscc/dy|y=0 974±138(stat.)±140(syst.) µb 1417±184(stat.)±204(syst.) µb

dsbb/dy|y=0 79±14(stat.)±11(syst.) µb 48±14(stat.)± 7(syst.) µb

dscc/dy|HM
y=0 4.14±0.67(stat.)±0.66(syst.) µb 5.95±0.91(stat.)±0.95(syst.) µb

dsbb/dy|HM
y=0 0.29±0.07(stat.)±0.05(syst.) µb 0.17±0.07(stat.)±0.03(syst.) µb

Table 2: Heavy-flavour cross sections in inelastic and high-multiplicity pp collisions at
p

s = 13 TeV. The 24%
(7%) branching fraction uncertainty for charm (beauty) decays into electrons is not listed. Like statistical and
systematic uncertainties, it is fully correlated between the PYTHIA and POWHEG based results.

10



0 2 4 6 8 10 12 14 16 18 20

)σ (eeDCA

4−10

3−10

2−10

1−10

1

10)1−
σ (

ee
dD

C
Aee

Nd
 

ee
N1

ALICE Simulation

 = 7 TeVspp 

−e+ eγ → 0π
−e+ e→ cc
−e+ e→ bb
c > 0.2 GeV/

T,e
p| < 0.8, 

e
η|

c < 8 GeV/
T,ee
p, 2c < 3.3 GeV/eem

Topological	separa:on	of	dielectron	sources	

Electromagnetic Radiation from Hot and Dense Hadronic Matter | ECT* Trento  November 29, 2018 | Harald Appelshäuser 

D0 

K- 

e+ 

e- 
K+ 

νe 

νe 

D0 
_ 

_ 

DCA 

DCAee =
DCA1

2 +DCA2
2

2

DCAee	allows	to	separate	prompt	from	delayed	dielectron	sources:	

JHEP 1809 (2018) 064  

NA60 
Eur.Phys.J. C59 (2009) 

21 

DCAee(prompt)	<	DCAee(charm)	<	DCAee(beauty)	



7−10

6−10

5−10

4−10

3−10

2−10)
σ

 (m
b/

ee
dD

C
Aσd

ALICE
 = 7 TeVspp 

c > 0.4 GeV/
T,e
p| < 0.8, eη   |

2c < 3.3 GeV/eem2.7 < 
c < 8 GeV/

T,ee
p

Data
Cocktail

−e+ e→ ψPrompt J/
 (PYTHIA)−e+ e→ cc

−e+ e→ ψ J/→B 
 (PYTHIA)−e+ e→ bb

 3.5% norm. unc. on data not shown±

0 1 2 3 4 5 6 7 8 9 10
)σ (eeDCA

2−

0
2

Pu
ll

Topological	separa:on	of	dielectron	sources	

Electromagnetic Radiation from Hot and Dense Hadronic Matter | ECT* Trento  November 29, 2018 | Harald Appelshäuser 

η,ρ,ω,ϕ	mass	region	 J/ψ	mass	region	

DCAee	allows	to	separate	prompt	from	delayed	dielectron	sources:	

JHEP 1809 (2018) 064  
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DCAee(prompt)	<	DCAee(charm)	<	DCAee(beauty)	
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JHEP 1809 (2018) 064  

•  No	indica:on	of	prompt	source	in	IMR	–	not	expected	in	pp	
•  Charm	and	beauty	cross	secEons	from	simultaneous	fits	of	MC	templates	to	DCAee		

and	mee-	pTee	distribu:ons	in	IMR	
23 
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cc	and	bb	cross	sec:ons	pp	at	√s	=	7	TeV	
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•  DCAee	and	mee	-	pTee	fits	agree	well	
•  σbb	and	σcc	agree	with	previous	measurements	

using	single-HF	hadrons	
•  dominant	systema:c	uncertainty	from	ccàee	

branching	ra:o	(hadron	composi:on)	

JHEP 1809 (2018) 064  
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cc	and	bb	cross	sec:ons	pp	at	√s	=	7	TeV	
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•  DCAee	and	mee	-	pTee	fits	agree	well	
•  σbb	and	σcc	from	POWHEG	are	different	from	

PYTHIA	fits	
•  Discriminate	against	different	QQ	produc:on	

mechanisms	

•  DCAee	and	mee	-	pTee	fits	agree	well	
•  σbb	and	σcc	agree	with	previous	measurements	

using	single-HF	hadrons	
•  dominant	systema:c	uncertainty	from	ccàee	

branching	ra:o	(hadron	composi:on)	

JHEP 1809 (2018) 064  
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High-mul:plicity	pp	collisions	
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Medium	effects	in	HM	pp	collisions?	

•  High-mul:plicity	selec:on	with	

	
	

	i.e.	0.036%		most-HM	

•  Cocktail	reflects	stronger-than-linear		
						increase	of	HF	produc:on	with		
						charged-par:cle	mul:plicity	and		
						hardening	of	pT	spectra	
	
•  at	high	pT,ee	,	similar	scaling	in	HM	for	beauty	observed	as	for	charm	

•  HM	pp	data	show	no	indicaEon	of	medium	radiaEon	

dNch / dη(HM)
dNch / dη(INEL)

= 6.27±0.22

1805.04407 (acc. PLB) 
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pp	at	√s	=	13	TeV	with	low	B-field	
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ALI-PREL-148880

Dedicated	campaigns	in	Run2	with	
reduced	solenoid	field	(0.5	T	à	0.2	T)		
	
•  Test	case	for	Run3	

•  Allows	dedicated	studies	of	very	
soM	dileptons	at	low	mass	in	pp	

•  Talk	by	Jerome	Jung	
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p-Pb	collisions	
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Run	1:	
•  p-Pb	at	√sNN	=	5.02	TeV	(2013)	
						preliminary	
	
Run	2:	
•  p-Pb	at	√sNN	=	5.02	and	8	TeV	(2016)	
						analysis	ongoing	
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p-Pb	at	√sNN	=	5.02	TeV	(2013)	
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•  No	indica:on	for	thermal	radia:on	in	
min	bias	p-Pb		

•  Data	are	below	Ncoll-scaled	HF	cocktail	
indica:ve	of	CNM	effects	in	p-Pb	

à p-Pb	data	set	from	2016	has	5	:mes	
more	sta:s:cs	
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p-Pb	at	√sNN	=	5.02	TeV	(2016)	

High-sta:s:cs	p-Pb	at	√sNN	=	5.02	TeV	data	set	allows	study	of	
-	CNM	effects	on	HF	produc:on	
-	(onset	of)	thermal	radia:on	in	high-mul:plicity	p-Pb	collisions	
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Pb-Pb	collisions	
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Run	1:	
•  Pb-Pb	at	√sNN	=	2.76	TeV		
						ALICE	Coll.	1807.00923	(PRC	acc.)	
	
Run	2:	
•  Pb-Pb	at	√sNN	=	5.02	TeV	(2015)	
							preliminary	
	
•  Pb-Pb	at	√sNN	=	5.02	(2018)	
							high-sta:s:cs	(central	and	mid-central),		
							run	ongoing	(un:l	Sunday	18:00)	
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Pb-Pb	at	√sNN	=	2.76	TeV	
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1807.00923	(PRC	acc.)	

Pioneering	study	in	Pb-Pb	at	√sNN	=	2.76	TeV	

•  Indica:on	of	enhancement	over	cocktail	
in	0.15	<	mee	<	0.7	GeV/c2:	

•  Compa:ble	with	models	including	
thermal	dielectron	producEon	

1.40±0.28 (stat.)±0.08 (syst.)±0.27 (cocktail)
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Pb-Pb	at	√sNN	=	5.02	TeV	
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•  Preliminary	results	at	√sNN	=	5.02	TeV	are	also	compa:ble	with	low-mass	
enhancement	

Run2	Pb-Pb	data	from	2016	
•  Higher	collision	energy	
•  Higher	detector	efficiency	
•  More	powerful	analysis	cuts	
•  Acceptance	gain	by	lowering	pTe	cut:		

	0.4	GeV/c	à	0.2	GeV/c	
•  Ongoing	developments:		

	Machine	Learning	for	PID	
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Pb-Pb	at	√sNN	=	5.02	TeV		
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•  Preliminary	results	at	√sNN	=	5.02	TeV	are	also	compa:ble	with	low-mass	
enhancement	

•  Enhancement	is	compa:ble	with	thermal	dielectron	produc:on	

ALI-PREL-307971
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Pb-Pb	at	√sNN	=	5.02	TeV	
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•  Cocktail	including	Ncoll	-	scaled	HF	
overshoots	data	in	1.1	<	mee	<	2.5	GeV/c2:	

à	indica:on	for	charm	suppression	in	Pb-Pb	

0.53±0.19 (stat.)±0.12 (syst.)±0.13 (cocktail)
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Cold nuclear matter effects 

A. Calivà for the ALICE Collaboration                                                                                    14 / 20  Low-mass dileptons 

RAA of charm quarks including only  
shadowing effects (EPPS16NLO)  

R. Rapp et al., NPA 979 (2018) 21 

Data are consistent with the cocktail with modified charm 
in the mass range 1.1 < mee < 2.5 GeV/c2: 
 

Ø  Data/cocktail = 0.82 ± 0.26 (stat.) ± 0.18 (syst.) ± 0.29 (cocktail) 

Simulation of charm suppression: 
 

Electrons from charm decays in PYTHIA 
are weighted using the pT-dependent RAA:  

NEW 

Pb-Pb	at	√sNN	=	5.02	TeV	
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•  Cocktail	including	Ncoll	-	scaled	HF	
overshoots	data	in	1.1	<	mee	<	2.5	GeV/c2:	

	
à	indica:on	for	charm	suppression	in	Pb-Pb	
	
à Charm	cocktail	including	CNM	effects		
					(EPPS16)	is	consistent	with	data		

0.53±0.19 (stat.)±0.12 (syst.)±0.13 (cocktail)

R. Rapp et al. NPA979 (2018) 21 
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Virtual	direct	photons	
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Real	and	virtual	photons	are	connected	by	the		
Kroll-Wada	equa:on	(for	pT,ee):	
	
	
	
	
	
	
	
à	Extract	direct	photon	yield	by	extrapola:on	to	meeà	0	

JHEP 1809 (2018) 064  
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Real	and	virtual	photons	are	connected	by	the		
Kroll-Wada	equa:on	(for	pT,ee):	
	
	
	
	
	
	
	
à	Extract	direct	photon	yield	by	extrapola:on	to	meeà	0	
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Virtual photon analysis

NLO pQCD prediction
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•  Rγ	in	pp	at	√s	=	7	TeV	from	virtual	analysis	compa:ble	with	NLO	pQCD	



Virtual	direct	photons	

Electromagnetic Radiation from Hot and Dense Hadronic Matter | ECT* Trento  November 29, 2018 | Harald Appelshäuser 
39 

Real	and	virtual	photons	are	connected	by	the		
Kroll-Wada	equa:on	(for	pT,ee):	
	
	
	
	
	
	
	
à	Extract	direct	photon	yield	by	extrapola:on	to	meeà	0	
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•  Rγ	in	pp	at	√s	=	7	TeV	from	virtual	analysis	compa:ble	with	NLO	pQCD	
•  Rγ	in	Pb-Pb	compa:ble	with	real	photon	analysis	
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Pb-Pb	in	2018	

Pb-Pb	run	in	November	2018	–	6-7	:mes	more	sta:s:cs	in	central	collisions	

40 



ALICE	strategy	for	Run	3	+	Run	4:	
•  50	kHz	Pb-Pb	interac:on	rate	(now	<10	kHz)		
•  Experiment	upgrades	(LS2)		
•  Collect	LPb-Pb	=	13	nb-1	(3	nb-1	at	B	=	0.2	T)	

ALICE	physics	goals	
•  Heavy-flavour	mesons	and	baryons	(down	to	very	low	pT)	à	mechanism	of	quark-medium	interac:on	

and	hadroniza:on	of	heavy	quarks		
•  Charmonium	states	à	dissocia:on/regenera:on	as	tool	to	study	de-confinement	and	medium	

temperature		
•  Di-leptons	from	QGP	radiaEon	and	low-mass	vector	mesons	à	χ	symmetry	restora:on,	ini:al	

temperature	and	EOS		
•  High-precision	measurement	of	light	and	hyper-nuclei	à	produc:on	mechanism	and	degree	of	

collec:vity		

à	Need	MB	readout	at	highest	possible	rate		no	dedicated	trigger	possible	

Electromagnetic Radiation from Hot and Dense Hadronic Matter | ECT* Trento  November 29, 2018 | Harald Appelshäuser 

Heavy	ions	at	the	LHC	in	Run	3	and	4	

Run 2:   LPb-Pb	= 1.0 nb-1 Run 3:   LPb-Pb	= 6.0 nb-1 Run 4:   LPb-Pb	= 7.0 nb-1 
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ALICE	in	Run	3	and	4	

New Inner Tracking System (ITS) 
-  Complementary Metal-Oxide-Semiconductor (CMOS) Monolithic Active Pixel Sensor (MAPS) technology 
-  Improved resolution, less material, faster readout 

New Muon Forward Tracker (MFT) 
-  CMOS Pixels, MAPS technology 
-  Vertex tracker at forward rapidity 

New TPC Readout System 
-  ROCs with Gas Electron Multiplier (GEM) technology 
-  New electronics (SAMPA), continuous readout 

New Fast Interaction Trigger (FIT) Detector 
-  Centrality, event plane 

FoCal proposal (Run 4) 
-  Measure forward direct photons 

Readout upgrade 
-  TOF, TRD, MUON, ZDC, Calorimeters 

Integrated Online-Offline system (O2) 
-  Record MB Pb-Pb data at 50 kHz 
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ALICE	TPC	upgrade	
TPC	Upgrade	requirements	
•  Con:nuous	readout	at	50	kHz	in	Pb-Pb	
•  Stable	opera:on	under	LHC	Run	3	condi:ons	

•  Unprecedented	challenges	in	terms	of	loads	and	
performance		

	

à  new	Readout	Chambers	with	GEMs	
à  new	Frontend	Electronics	

43 



Electromagnetic Radiation from Hot and Dense Hadronic Matter | ECT* Trento  November 29, 2018 | Harald Appelshäuser 

TPC	opera:on	at	50	kHz	
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New	ALICE	ITS	
10	m2	ac:ve	silicon	area,		12.5×109	pixels	
•  Closer	to	IP:	39	mm	⟶	22	mm	
•  Thinner	(X0	for	innermost	layers):	~1.14	%	⟶	~0.30	%		
•  Smaller	pixels:	50	×	425	μm2	⟶	27	×	29	μm2		

•  Granularity:	20	ch/cm3	⟶	2000	pixels/cm3	

•  Readout	rate:	1	kHz	⟶	100	kHz	

New-ITS	performance	
•  Improved	tracking	efficiency	
•  Improved	tracking	resolu:on	
•  Poin:ng	resolu:on	×3	beGer	in	transverse	plane	(×6	along	beam)	

à	significant	improvement	in	DCAee	
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Low-mass	dielectrons	in	Run	3	and	4	

Pb-Pb	running	in	Run3		and	4:	
•  13	nb-1	(110	B	minimum	bias	collisions)	at	B	=	0.5	T	
•  3	nb-1	(25	B	minimum	bias	collisions)	at	B	=	0.2	T		

	 	dedicated	for	low-mass	dielectron	studies	
•  Electron	tracking	and	PID	down	to	75	MeV/c	

	à	Improve	signal	efficiency	and	background	rejec:on	
	 	à	increase	acceptance	to	low	mee	and	pT,ee	
	 	à	confirmed	in	low-B	pp	pilot	runs	in	Run	2	(Jerome	Jung‘s	talk)	
•  Separa:on	of	prompt	dileptons	from	charm	and	beauty	with	new	ITS	
	 	à	not	yet	fully	implemented	to	Run	3	simula:ons	
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Inclusive	mass	spectrum	in	Run	3	
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Significant	suppression	of	cc	pairs	by	DCA	cuts	with	the	new	ITS	
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Excess	mass	spectrum	and	QGP	temperature	
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Fit	to	the	IMR	makes	precise	determina:on	of	Teff	possible	
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Flow	of	QGP	radia:on	
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Sta:s:cal	precision	of	v2	measurement:	0.01-0.02	
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New	TPC	readout	chambers	at	P2	

50 

Run2	ends	Sunday	18:00	
Upgrade	starts	Monday	8:00	
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Summary		
•  Dielectron	analysis	in	ALICE	has	reached	cruising	speed	

•  First	results	from	Run1	and	Run2	are	available:	

	 	Dielectron	producPon	in	proton-proton	collisions	at	√s=7	TeV	
	 	ALICE	Collabora:on,	JHEP	1809	(2018)	064	
	 	Dielectron	and	heavy-quark	producPon	in	inelasPc	and	high-mulPplicity		
	 	proton-proton	collisions	at	√s=13	TeV	
	 	ALICE	Collabora:on,	1805.04407	(PLB	acc.)	
	 	Measurement	of	dielectron	producPon	in	central	Pb-Pb	collisions	at	√sNN=2.76	TeV	
	 	ALICE	Collabora:on	1807.00923	(PRC	subm.)	

•  High-sta:s:cs	data	sets	at	5.02	TeV	are	available	in	pp,	p-Pb	and	Pb-Pb	
from	Run	2	

•  ALICE	upgrade	for	Run	3	and	Run	4	will	provide	unique	opportuni:es	for	
precision	measurements	of	thermal	radia:on	in	Pb-Pb	at	the	LHC	
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