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Dileptons in heavy ion collisions

o Penetrating probe of the strongly interacting hot and dense medium

small or negligible final state effects

o ρ broadening per in-medium modification
→ probes chiral aspects of phase transition

o thermal photon radiation via low and intermediate mass dileptons
→ sensitive to the temperature history of the medium

o φ, ω production

o Dileptons within different mass ranges

o Low mass M < 1.1 GeV/c2

→ conversions, neutral meson (Dalitz) decay

→ direct photons

o Intermediate mass 1.1 < M < 3 GeV/c2

→ heavy flavour (cc) semi-leptonic decay

→ QGP thermal radiation

o High mass M > 3 GeV/c2

→ Quarkonium and Drell-Yan process
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Thermal photon radiation in heavy ion collisions

o Thermal radiation from hadron gas and QGP vs c.m.s energy and centrality
→ accessible with low & intermediate mass dileptons in ALICE

o Spectrum: → temperature T
o Flow (v2, v3) → formation time τ0

→ Advantages of ALICE: low pT lepton tracking and PID (mid-rapidity: e, forward: µ)

→ Current difficulties: very small S/B ratio

o mid-rapidity via electrons: large combinatorics from background electrons
→ not possible with any trigger strategy: abundant low momentum electrons
→ electron from various sources:

photon conversions in materials and various hadronic sources
→ large uncertainties in charm and beauty cross sections measurement

o forward rapidity via dimuons: large contamination of low momentum muons
→ with current muon tracking and triggering

o large combinatorial background in low mass dimuon
o not accessible with the current muon arm

o Spectrum and flow via external photon conversions method (PCM) in ALICE
→ see talk by F. Bock
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µ+

µ−

e+e−

ALICE experiment

central barrel: |η| < 0.8 forward: −4 < η < −2.5

e± with ITS, TPC, TOF (TRD) µ± with MTR, MCH

→ good impact parameter resolution in central barrel allows suppression of background
electrons
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Dileptons with ALICE

pp @
√
s = 2.76, 7, 8 TeV | p-Pb @

√
sNN = 5.02 TeV | Pb-Pb @

√
sNN = 2.76 TeV



Dielectrons with ALICE central barrel
Inner Tracking System, Time Projection Chamber and Time Of Flight



Electron identification with ITS, TPC and TOF

o Inner Tracking System
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o Electron selection in pp, p-Pb & Pb-Pb
Syst. ITS TPC TOF h-contam.

pp no e incl. h rej. < 1%
p-Pb e incl. e incl. h rej. < 10%

Pb-Pb e incl. e incl. h rej. < 10%

o TOF is efficient from p > 0.3 GeV/c

→ using ITS for electron PID complementarily

o ITS, TPC: pT > 0.2 GeV/c ; TOF: pT > 0.4 GeV/c

[ALICE Collaboration, arXiv:1402.4476]
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ALICE central barrel: dielectron measurement

o Signal extraction: like sign, unlike sign and event-mixing approach

R-factor (event mixing) NME
+− /

√
NME

++NME
−−

Background Nbkg (like sign and event mixing) R · 2
√

NSE
++N

SE
−−

Signal N sig (unlike sign) NSE
+− − Nbkg

o Background subtracted signal contains all correlated dielectron pairs

(to be corrected by detector effects)

o remaining photon conversions (small after strict track selection)

o neutral meson (Dalitz) decays π0, η, η′, ρ, ω, φ

o correlated back-to-back cc̄ , bb̄ decays to dielectrons: D, B mesons & quarkonium

o virtual direct photons, Drell-Yan process

o Thermal photon extraction:

o efficiency corrected signal distribution, compared with a hadronic cocktail

→ input: measured π0 (η, φ, J/ψ) or charged pion spectrum, cc̄ , bb̄ cross-sections

→ looking for excess at low mass region (only in pp so far)
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Dielectrons in pp collisions at
√
s = 7 TeV vs hadronic cocktail

o pT integrated dielectron mass continuum consistent with cocktail estimation
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o Cocktail calculations
→ using parameterisation of π0, η, φ, J/ψ from
ALICE measurements; (η′, ω, ρ from mT scaling);

→ cc̄ input: cross section = 8.5 mb (PYTHIA)

o Large systematic uncertainties
→ from input spectra

o γ∗ production: Kroll-Wada equation
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← input from K.-W.

o Fit function:

ftotal = (1− r) · fcocktail + r · fγ,direct
(fit parameter r ∝ ratio of direct over inclusive photons)
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Thermal direct photon in pp collisions at
√
s = 7 TeV

o Direct photon extraction

)2c (GeV/eem

0 0.1 0.2 0.3 0.4 0.5

))
3

c/
2

 (
m

b
/(

G
e
V

T
p

 d
e
e

m
d

σ
2

d

­710

­610

­510

­410

­310

­210

­110

1

10

210

310

410

510

610

)
1

 (x 10c < 1.8 GeV/
T

ee
p1.0 < 

)
0

 (x 10c < 2.4 GeV/
T

eep1.8 < 

)
­1

 (x 10c < 3.2 GeV/
T

ee
p2.4 < 

)
­2

 (x 10c < 4.0 GeV/
T

eep3.2 < 

hadronic cocktail

ALICE preliminary

=7 TeVspp, 
c>0.2 GeV/

T

ep

|<0.8e
η|

ALI−PREL−69060

)c (GeV/
T

p

1.5 2 2.5 3 3.5 4

γ
in

c
lu

s
iv

e
 

γ
d

ir
e

c
t 

 =
 

r

­0.1

­0.05

0

0.05

0.1

0.15

0.2

0.25

ALICE preliminary

=7 TeVspp, 

ALI−PREL−69068

)c (GeV/
T

p

1 1.5 2 2.5 3 3.5 4

)
3

c
­2

 (
p
b
 G

e
V

p
3

/d
σ

3
 d

E 

510

610

710

810

910

1010

1110

 (W.V.)
NLO

direct
γ 

=0.5µ

=1.0µ

=2.0µ

inclγ × r = directγ

 (PCM)inclγ

95 % C.L.

ALICE preliminary

=7 TeVspp, 

ALI−PREL−69076

Fits in various pT bins Fit parameter r = γdirect/γinclusive Direct γ spectrum

o Assumption:
γdirect
γinclusive

=
γ∗direct
γ∗inclusive

⇒ γdirect = r × γinclusive
(γinclusive measured with PCM)

o Comparison to pQCD NLO calculations

⇒ consistent within uncertainties
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Dielectrons in p-Pb collisions at
√
s
NN

= 5.02 TeV

o Dielectron invariant mass continuum
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mass continuum vs cocktail

o Compared with hadronic cocktails → consistency within the uncertainties1

1mainly from the input for cocktail estimation
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Dielectrons in p-Pb collisions at
√
s
NN

= 5.02 TeV

o Transverse momentum spectra within various mee intervals: pmin
T = 0.2 GeV/c

mee < 0.14 GeV/c2
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0.14 < mee < 0.75 GeV/c2
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0.75 < mee < 1.1 GeV/c2
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1.1 < mee < 3.1 GeV/c2
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o Compared with hadronic cocktails → consistency seen in all mass ranges

With current uncertainty from cocktail estimation: ⇒ no conclusion can be drawn
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Low mass dielectrons in Pb-Pb collisions at
√
s
NN

= 2.76 TeV

o 0-10% central collisions: 0.4 < peT < 3.5 GeV/c & 1.0 < peeT < 2.0 GeV/c

)2c (GeV/eem

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

)  
−

−m
ix

N 
+

+m
ix

N 
 /

 (
2

 
−

+m
ix

N

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

magnetic field polarities

++

−−

ALICE Preliminary

 = 2.76 TeV, 0-10%NNsPb, −Pb

| < 0.76eη, |c < 3.5 GeV/e

T
p0.4 < 

c 2.0 GeV/≤ 
pair

T
p ≤1.0 

ALI-PREL-68634

R-factor

)2c (GeV/eem

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

)
-1 )

2
c

ra
w

 y
ie

ld
 (

(G
e

V
/

410

5
10

6
10

710
ALICE Preliminary

 = 2.76 TeV, 0-10%NNsPb, −Pb

| < 0.76eη, |c < 3.5 GeV/e

T
p0.4 < 

c 2.0 GeV/≤ 
pair

T
p ≤1.0 

ALI-PREL-68477

mass continuum

)2c (GeV/eem

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

B/
S

-410

-3
10

-210

-110

1

10

210

ALICE Preliminary

 = 2.76 TeV, 0-10%NNsPb, −Pb

| < 0.76eη, |c < 3.5 GeV/e

T
p0.4 < 

c 2.0 GeV/≤ 
pair

T
p ≤1.0 

ALI-PREL-68533

S/B ratio

S/B : 10−3 ∼ 10−2
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significance

o Limitations in current uncorrected measurements

o Low dielectron pair efficiency: ∼ 10-20% level
→ balance between electron purity in e-ID and detector inefficiency

o Small S/B ratio 10−3 ∼ 10−2 → reduction of combinatorial background
o Limited significance → interplay between S/B ratio and significance
→ precise description of background shape (realistic MC helps)

o Need precise measurement of input to hadronic cocktail calculations
→ neutral mesons and heavy flavour contributions (cc̄ and bb̄ cross sections)
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Low mass dielectrons in Pb-Pb collisions at
√
s
NN

= 2.76 TeV

o 20-50% semi-central collisions: 0.4 < peT < 3.5 GeV/c & 1.0 < peeT < 2.0 GeV/c
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S/B ratio

S/B ∼ 10−2
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significance

o Limitations in current uncorrected measurements

o Low dielectron pair efficiency: ∼ 10-20% level
→ balance between electron purity in e-ID and detector inefficiency

o Small S/B ratio 10−3 ∼ 10−2 → reduction of combinatorial background
o Limited significance → interplay between S/B ratio and significance
→ precise description of background shape (realistic MC helps)

o Need precise measurement of input to hadronic cocktail calculations
→ neutral mesons and heavy flavour contributions (cc̄ and bb̄ cross sections)
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Dielectrons flow in Pb-Pb collisions at
√
s
NN

= 2.76 TeV

o System evolution history: early or late thermalisation?
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(formation time τ0 of the QGP)

o Status of ALICE measurement

o Possible for dielectron flow study
→ low momentum electron ID
→ event plane: VZERO (large η gap)

o Non-trivial with small S/B ratio

o 0-10% central collisions
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Dielectrons flow in Pb-Pb collisions at
√
s
NN

= 2.76 TeV

o System evolution history: early or late thermalisation?
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(formation time τ0 of the QGP)

o Status of ALICE measurement

o Possible for dielectron flow study
→ low momentum electron ID
→ event plane: VZERO (large η gap)

o Non-trivial with small S/B ratio

o 20-50% semi-central collisions
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Dimuons with ALICE muon arm
Muon Tracking Chambers and Muon Trigger



Low mass dimuons in pp collisions at
√
s = 7 TeV

o Low Mass Dimuon Spectrum: good agreement between signal and MC sources
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o pT differential cross sections of ω and φ
→ accessible

o φ meson → PYTHIA tunes Perugia0 and Perugia11

underestimate the data by about a factor of 2 both

at 2.76 and 7 TeV
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o Thermal photon radiation not accessible
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Dimuons in p-Pb collisions at
√
s
NN

= 5.02 TeV
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o Hadronic cocktail fits

o Asymmetric systems: p-Pb and Pb-p

→ pµµT ≥ 1 GeV/c

→ Fair agreement reached between data and hadronic
cocktail + open HF

o Systematical uncertainties on signal extraction: 7%

o ω and φ production: accessible

o Thermal photon radiation: not accessible
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Low mass dimuons in Pb-Pb collisions at
√
s
NN

= 2.76 TeV

o Invariant mass continuum vs hadronic cocktail fits
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40-60%
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60-90%

o Extraction of vector mesons possible

o pµµT ≥ 2 GeV/c

o Large statistical uncertainties: not allowing precise measurement of the
underlying continuum

o statistical uncertainty ∼ 10 - 40%

o Thermal photon radiation: not possible
ALICE
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Future measurements with ALICE

RUN2 after ALICE readout upgrade | RUN3 after ALICE major upgrade



With RUN2: higher statistics and better detector performance

o Sources of improvements expected

o Higher
√
s with higher luminosity and data rate

→ faster TPC: higher data taking rate (upgraded electronics)

o Rare trigger under consideration

→ High multiplicity trigger

→ TRD and EMCAL trigger

o constrain better the contribution from heavy flavour electrons

o Detector completion

→ SPD (ITS first 2 layers) recovery from failed cooling in RUN1

o larger acceptance for electron tracking & identification
o better conversion rejection probability

→ Completed installation of TRD

o larger acceptance in electron tracking and identification
o improves TPC-TOF mis-matching → reduces hadron contamination

⇒ signal, S/B ratio improvements expected

ALICE
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With RUN3 after major upgrades- after 2019

o Precision measurements of low mass lepton pairs emitted from the QGP

o central barrel: new ITS

o central barrel: GEM-TPC
Standard GEM 
Pitch=140mm 
Hole f=70mm 

o muon arm: MFT + MUON

Muon Spectrometer

MFT

o ALICE major upgrade for RUN3

o ITS: high impact parameter resolution

o GEM-TPC: better electron tracking and
data taking rate

o MFT: displaced muons, removal of
background muons

ALICE
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With upgraded ITS

o Gains from the upgraded ITS vs current ITS

o tracking based conversion rejection possible → via topology cut

o better impact parameter (DCA) resolution

→ separation of heavy flavour electrons and prompt signals

→ ×2 gain in rejection of electrons from beauty-decay

o lower material budget → higher tracking efficiency at low pT

Low-mass di-electrons: 
First simulation studies 

First look at S/B and significance 
x2 gain in B-rejection with ITS-upgrade (higher tracking efficiency at 
low pt, lower material thickness) 
Expect further gain using tracking-based conversion rejection (large 
impact parameter) 
Separation of prompt and HF signals Æ disentangle the two 

Meeting with LHCC ALICE referees, 12.06.12                                  Andrea Dainese 37 

beauty 

prompt=signal 
conversion 

62 The ALICE Collaboration
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Figure 2.51: Efficiency for electrons from charm (magenta) and conversions (blue) as a function of the efficiency
for prompt (primary) electrons, for current ITS (open symbols) and new ITS (full symbols).

been used which is derived by interpolation of existing measurements [41,104–106]. Around mid-
rapidity, a differential cross section dscc/dy = 1.34 mb is used, also taken from interpolation. The
charm yields are scaled by hNcolli= 1625(125) for Pb–Pb collisions at 0–10% (40–60%) centrality.

Thermal radiation

The calculation of thermal radiation is based on a hadronic many-body approach [95] and pertur-
bative emission rates to model thermal dilepton radiation from the hadronic phase and the QGP,
including medium-modified spectral functions and a realistic space-time evolution [99]. This ap-
proach has proven to provide a quantitative description of dilepton data over a wide range of colli-
sion energies [94]. The calculations are performed for the charged particle densities anticipated in
0–10% and 40–60% most central Pb–Pb collisions at

p
sNN= 5.5 TeV, i.e. for hdNch/dhi= 1750

and 248, respectively2.

The resulting dilepton signal distributions in central and semi-central collisions are shown in Figure 2.52.
With the exception of the p0, w and f mass regions, the yield is dominated by the contribution from cor-
related charm decays. Thermal radiation from the hadronic phase dominates over that from QGP in
the low–mass window, giving access to chiral symmetry restoration. In turn, QGP radiation outshines
the hadronic contribution at Mee > 1 GeV/c2, where information on the early temperature can be ex-
tracted. However, in all mass regions an extraction of thermal radiation requires careful subtraction of
the contributions from hadronic decays and, in particular, charm.

2.3.3.3 Combinatorial Background

The measured raw dilepton yield is dominated by combinatorial pairs of electrons and positrons, which
arise from random combinations of tracks from uncorrelated decays, mainly p0–Dalitz, and from con-
versions. This combinatorial background contribution can be estimated by like-sign pair combinations
or pairs from mixed events, and subtracted from the unlike-sign distribution. However, a small signal-

2R. Rapp, private communication

[ITS upgrade Letter of Intent (LoI) and Technical Design Report (TDR) JPG 41 (2014) 087002]
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With upgraded ITS: much better S/B and significance

o Comparison current ITS & new ITS: Pb-Pb collisions at
√
sNN = 5.5 TeV

64 The ALICE Collaboration

)2 (GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2 1.4

)
-1

dy
 (G

eV
ee

dN
/d

M

-410

-310

-210

-110

1

10
Bkg Curr ITS

Bkg New ITS

Signal Sum

)2 (GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2 1.4

S/
B

-310

-210

-110

1

10

210
New ITS

Curr ITS

)2 (GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2 1.4

)
-1

/2
 (G

eV
Ev

en
t

 / 
 

S+
B

S 
/ 

-410

-310

-210

-110

1

10
New ITS

Curr ITS

)2 (GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2 1.4

)
-1

dy
 (G

eV
ee

dN
/d

M

-410

-310

-210

-110

1 Bkg Curr ITS

Bkg New ITS

Signal Sum

)2 (GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2 1.4

S/
B

-310

-210

-110

1

10

210
New ITS

Curr ITS

)2 (GeV/ceeM
0 0.2 0.4 0.6 0.8 1 1.2 1.4

)
-1

/2
 (G

eV
Ev

en
t

 / 
 

S+
B

S 
/ 

-410

-310

-210

-110

1

10
New ITS

Curr ITS

Figure 2.53: Signal and background distributions (left), S/B (middle) and significance per event (right) in 0–10%
(upper row) and 40–60% (lower row) Pb–Pb collisions at

p
sNN= 5.5 TeV.

contribution from charm from the inclusive dilepton yield. For the hadronic cocktail we assume a relative
uncertainty of 10%. We note that ALICE has the unique capability to measure p0 and h down to low pT
via conversions [108] and can therefore constrain the uncertainty on the hadronic cocktail by data from
the same experiment.

For the subtraction of the charm contribution a relative systematic uncertainty of 20% is assumed. Also
here we note that the yield of correlated dilepton pairs from charm decays can be well constrained by
inversion of the DCA cuts, which enhances the charm contribution, and by the exclusive measurement
of charmed hadrons at low pT with complementary methods in ALICE.

2.3.3.5 Results

In the following, the results of the physics performance study described before are discussed. Figure 2.54
(left) shows the inclusive e+e� invariant mass spectrum in the 0–10% most central Pb–Pb collisions atp

sNN= 5.5 TeV in Scenario 1, i.e. current ITS and 2.5 ·107 events. No particular DCA cuts are applied
to reject displaced electrons. The same spectrum after subtraction of the hadronic cocktail and the charm
contribution (the ’excess spectrum’) is shown in the right panel of Figure 2.54. The low–mass region
Mee < 1 GeV/c2 is dominated by systematic uncertainties related to the subtraction of the combinatorial
background. In the mass region Mee > 1 GeV/c2, the systematic uncertainties from the charm subtraction
do not allow quantitative analysis of the thermal radiation spectrum.

The DCA resolution of the current ITS allows for some limited suppression of displaced electrons (see
also Figure 2.51). In the left panel of Figure 2.55, the inclusive e+e� in Scenario 1 is shown after ap-
plication of tight DCA cuts. The relative contribution from charm can be suppressed by about a factor 2
(compare to Figure 2.54, left), at the expense of an additional loss in statistics. In the right panel of Fig-
ure 2.55, the corresponding excess spectrum is shown which indicates improved systematic uncertainties
from charm subtraction, but still large errors from combinatorial background and insufficient statistics.

← 0-10%

← 40-60%

mass continuum signal/background significance
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ALICE simulation Pb-Pb at
√
s
NN

= 5.5 TeV: comparison

o Current ITS, current rateALICE Upgrade LOI 65
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Figure 2.54: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 1 (current ITS, 2.5 · 107 events). No tight DCA cuts are applied.

The green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta
boxes indicate systematic errors related to the subtraction of the cocktail and charm contribution.
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Figure 2.55: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 1 (current ITS, 2.5 ·107 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution.

Figure 2.56 shows the inclusive e+e� invariant mass spectrum (left panel) and the excess spectrum (right
panel) in 0–10% most central Pb–Pb collisions in Scenario 2 (new ITS, 2.5 ·107 events). Tight DCA cuts
to reject displaced electrons are applied. The enhanced low–pT tracking capability of the new ITS leads
to significantly improved rejection of combinatorial background, and consequently reduced systematic
uncertainties, as compared to the current ITS system (see Figure 2.55). Further reduction of systematic
uncertainties related to charm subtraction is also achieved. However, the statistical limitations of the
measurement would not allow for a quantitative analysis of the thermal dilepton excess.

A key element of the ALICE upgrade strategy is therefore a concept for a continuously operated TPC,

loose DCA cut (not possible)

mass continuum excess

ALICE Upgrade LOI 65
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Figure 2.54: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 1 (current ITS, 2.5 · 107 events). No tight DCA cuts are applied.

The green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta
boxes indicate systematic errors related to the subtraction of the cocktail and charm contribution.
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Figure 2.55: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 1 (current ITS, 2.5 ·107 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution.

Figure 2.56 shows the inclusive e+e� invariant mass spectrum (left panel) and the excess spectrum (right
panel) in 0–10% most central Pb–Pb collisions in Scenario 2 (new ITS, 2.5 ·107 events). Tight DCA cuts
to reject displaced electrons are applied. The enhanced low–pT tracking capability of the new ITS leads
to significantly improved rejection of combinatorial background, and consequently reduced systematic
uncertainties, as compared to the current ITS system (see Figure 2.55). Further reduction of systematic
uncertainties related to charm subtraction is also achieved. However, the statistical limitations of the
measurement would not allow for a quantitative analysis of the thermal dilepton excess.

A key element of the ALICE upgrade strategy is therefore a concept for a continuously operated TPC,

tight DCA cut (improvement marginal)

mass continuum excess

o New ITS, tight DCA cut
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Figure 2.56: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 2 (new ITS, 2.5 · 107 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution .
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Figure 2.57: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 3 (new ITS, 2.5 · 109 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution.

current rate (reduced syst., stat. limited)

mass continuum excess
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Figure 2.56: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 2 (new ITS, 2.5 · 107 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution .
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Figure 2.57: Inclusive e+e� invariant mass spectrum (left) and excess spectrum (right) for 0–10% most central
Pb–Pb collisions at

p
sNN= 5.5 TeV in Scenario 3 (new ITS, 2.5 · 109 events). Tight DCA cuts are applied. The

green boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes
indicate systematic errors related to the subtraction of the cocktail and charm contribution.

new rate (excess accessible!)

mass continuum excess

o Quantitative access to the excess → with new ITS + high rate + tight DCA cut
ALICE
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ALICE simulation: pT spectrum in Pb-Pb at
√
s
NN

= 5.5 TeV

o Dielectron excess with tight DCA cut

o 0.3 < Mee < 0.7 GeV/c2
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Figure 2.58: Transverse momentum e+e� excess spectra in 0–10% most central Pb–Pb collisions at
p

sNN=

5.5 TeV in intervals of invariant mass for Scenario 1 (current ITS, 5 · 107 events, left) and Scenario 3 (new ITS,
5 · 109 events, right). Tight DCA cuts are applied. The green boxes show the systematic uncertainties from the
combinatorial background subtraction, the magenta boxes indicate systematic errors related to the subtraction of
the cocktail and charm contribution.

unprecedented precision.

2.4 Jets

The main motivation for measuring jets in heavy-ion collision is to map out the properties of the created
medium via its interaction with hard scattered partons. Hard scatterings (Q2 � (2 GeV/c)2) occur in the
early reaction phase (t ⌧ 1 fm/c), well before the formation of a hot and dense medium and enable in
principle the tomographic study of the medium. The basis of this approach is that the initial production of
hard scattered partons is well defined and also calculable in perturbative QCD, which can be tested in the
vacuum case of jet measurements in proton–proton. In heavy-ion collisions, the medium modification of
hard probes has been first observed at RHIC in single inclusive hadron production and particle correla-
tions, where the particle production in central Au–Au collisions with

p
sNN = 200 GeV at high pT and the

jet-like correlations are significantly suppressed compared to proton–proton (jet quenching) [109, 110].

current rate

current ITS

new rate

new ITS

o 1.1 < Mee < 1.5 GeV/c2
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Figure 2.58: Transverse momentum e+e� excess spectra in 0–10% most central Pb–Pb collisions at
p

sNN=

5.5 TeV in intervals of invariant mass for Scenario 1 (current ITS, 5 · 107 events, left) and Scenario 3 (new ITS,
5 · 109 events, right). Tight DCA cuts are applied. The green boxes show the systematic uncertainties from the
combinatorial background subtraction, the magenta boxes indicate systematic errors related to the subtraction of
the cocktail and charm contribution.

unprecedented precision.

2.4 Jets

The main motivation for measuring jets in heavy-ion collision is to map out the properties of the created
medium via its interaction with hard scattered partons. Hard scatterings (Q2 � (2 GeV/c)2) occur in the
early reaction phase (t ⌧ 1 fm/c), well before the formation of a hot and dense medium and enable in
principle the tomographic study of the medium. The basis of this approach is that the initial production of
hard scattered partons is well defined and also calculable in perturbative QCD, which can be tested in the
vacuum case of jet measurements in proton–proton. In heavy-ion collisions, the medium modification of
hard probes has been first observed at RHIC in single inclusive hadron production and particle correla-
tions, where the particle production in central Au–Au collisions with

p
sNN = 200 GeV at high pT and the

jet-like correlations are significantly suppressed compared to proton–proton (jet quenching) [109, 110].

current rate
current ITS

new rate
new ITS

o With new ITS and new rate

o much smaller stat. and syst. uncertainties
→ dielectron excess accessible in low and intermediate mass
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ALICE simulation: T and v2 extraction in Pb-Pb at 5.5 TeV

o Pb-Pb at
√
sNN = 5.5 TeV: 40-60%

ALICE Upgrade LOI 69
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Figure 2.59: e+e� excess spectra in 40–60% centrality Pb–Pb collisions at
p

sNN= 5.5 TeV in Scenario 1
(left panel) and Scenario 3 (right panel). Tight DCA cuts are applied. The green boxes show the systematic
uncertainties from the combinatorial background subtraction, the magenta boxes indicate systematic errors related
to the subtraction of the cocktail and charm contribution.
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Figure 2.60: Expected absolute statistical uncertainty of the elliptic flow coefficient v2 of the e+e� excess spec-
trum as a function of Mee. Results are shown for Pb–Pb collisions at 40–60% centrality in Scenario 1 (current ITS,
5 ·107 events, left panel) and Scenario 3 (new ITS, 5 ·109 events, right panel). Tight DCA cuts are applied.

In practice several distinct differences of jet tomography to the familiar medical X-ray imaging exist,
which put limitations on the direct, quantitative tomographic interpretation:

– The probed medium itself expands, depending on initial conditions and its hydrodynamic proper-
ties.

– The origin of the probe is only known on average.

– The (partonic) probe cannot be observed as a free particle, hence no direct attenuation can be
defined.

current rate
current ITS

new rate
new ITS

o Stat. uncertainties for e+e− elliptic flow
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Figure 2.59: e+e� excess spectra in 40–60% centrality Pb–Pb collisions at
p

sNN= 5.5 TeV in Scenario 1
(left panel) and Scenario 3 (right panel). Tight DCA cuts are applied. The green boxes show the systematic
uncertainties from the combinatorial background subtraction, the magenta boxes indicate systematic errors related
to the subtraction of the cocktail and charm contribution.
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Figure 2.60: Expected absolute statistical uncertainty of the elliptic flow coefficient v2 of the e+e� excess spec-
trum as a function of Mee. Results are shown for Pb–Pb collisions at 40–60% centrality in Scenario 1 (current ITS,
5 ·107 events, left panel) and Scenario 3 (new ITS, 5 ·109 events, right panel). Tight DCA cuts are applied.

In practice several distinct differences of jet tomography to the familiar medical X-ray imaging exist,
which put limitations on the direct, quantitative tomographic interpretation:

– The probed medium itself expands, depending on initial conditions and its hydrodynamic proper-
ties.

– The origin of the probe is only known on average.

– The (partonic) probe cannot be observed as a free particle, hence no direct attenuation can be
defined.

current rate
2.5× 107

new rate
2.5× 109

current ITS new ITS

centrality: 40-60% centrality: 40-60%

significant improvement with new ITS and new rate

o T extraction with fit to mass continuum
dNee

dMee
∝ e−Mee/Tfit
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Figure 2.61: Expected relative uncertainty on the extraction of the T parameter from a fit to the invariant mass
excess spectrum in 1.1 <Mee< 1.5 GeV/c2 (see text). The results are shown for Scenarios 1, 2, and 3 with tight
DCA cuts, and for 0–10% and 40–60% event centrality. Error bars show the statistical uncertainties. The green
boxes show the systematic uncertainties from the combinatorial background subtraction, the magenta boxes indi-
cate systematic errors related to the subtraction of the cocktail and charm contribution.

– Several mechanisms of the parton-medium interaction exist, which in practice also can occur in
parallel, e.g. elastic and radiative energy loss.

Thus, the measurement of hard probes and the modified fragmentation process into observable hadrons
provides not only access to the mechanisms of partonic energy loss, it also puts additional and com-
plementary constraints on the hydrodynamic evolution of the system and its initial conditions (see
e.g. [111]). Furthermore, the presence of the underlying event in heavy-ion collisions and its structure
has a direct impact on jet reconstruction and thereby the measured jet observables such as the differ-
ential jet yield, jet shape, longitudinal and transverse fragmentation. These effects need to be carefully
separated from the true medium modification of the parton fragmentation.

The advantage of the ALICE detector in this context is that it provides the measurement of jets with a
minimal bias, in a sense that it allows jet reconstruction and background characterization on the individ-
ual (charged) particle level due to its excellent track separation as well as high and uniform efficiency
from high (> 100 GeV/c) down to low momentum (150 MeV/c). From there on biases can be gradually
introduced to study the evolution of jet observables under different constraints, such as minimum particle
pT , recoil jets off a certain trigger particle type or topology etc.

The proposed upgrade will enable additional, unique contributions of ALICE to the differential study
of medium modification of jet probes via three major techniques: direct reconstruction of jets and jet
structure observables, (identified) particle – jet correlations, (identified) particle – particle correlations. It

much smaller stat. & syst. uncert.

with new ITS and new rate

o current low rate: 2.5× 107 events
o new high rate: 2.5× 109 events
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ALICE simulation: with upgraded ITS + TPC

o Comparison with current TPC rate vs new TPC rate with new ITS

ALICE Simulation ALICE Simulation 
ALICE Simulation ALICE Simulation

TPC current rate TPC new rate
new ITS, B=0.2T new ITS, B=0.2T

[TPC upgrade LoI and TDR: CERN-LHCC-2013-020]
o Comparison of Poisson-sampled spectrum to expected hadronic and medium-induced sources
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With upgraded muon arm: Muon Forward Tracker (MFT)

Muon Spectrometer

[MFT upgrade LoI and TDR]

86 2. Performance Studies for the Muon Forward Tracker
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Figure 2.40: Rejection power as a function of dimuon pT, for signal and background
pairs, due to the combined Muon spectrometer based cuts (left panel) on tracker/trigger
matching and pT, and the MFT based cuts (right panel) single muon �2 and offset.

The impact of the improved uncertainty on the opening angle on the uncertainty1741

on Mµµ, however, crucially depends on the hardness of the two muons involved. For1742

harder muon pairs, in fact, the uncertainty on the opening angle is already negligible1743

with respect to the one on the muons’ momenta (the uncertainty on the momentum1744

increasing with the momentum itself) so that any possible improvement on the mea-1745

surement of the opening angle should not have significant impact on the measure-1746

ment of Mµµ. For softer muon pairs, on the contrary, the uncertainty on the opening1747

angle dominates over the one on the muons’ momenta, so that here we can expect1748

the improvement of the uncertainty on the opening angle to have a sensible effect on1749

the mass resolution.1750

As a result, improvement of the mass resolution, with respect to the current Muon1751

Arm setup, is observed for low mass more than for higher mass resonances, as the1752

average muons’ momenta are softer in the former and harder in the latter case. This1753

is exactly what we obtain from simulations, where a significant improvement is only1754

found for the narrow light resonances ⌘, ! and �, while the same effect turns out to1755

be small for the charmonia states J/ and  0, as we showed in the previous Section.1756

In the left panels of Figure 2.41, we show the normalized mass distributions for1757

the low mass mesons ⌘, ! and � before and after the MUON-MFT match and the1758

introduction of the MFT-based cut on the �2-offset plane, integrated over pT. As one1759

can see, the improvement of the mass resolution is significant for all the resonances†.1760

In order to quantify these observations, we have to perform a fit on the mass1761

distributions. Here, however, the difficulty comes from the fact that the line shapes1762

† We note, however, that the interest on the ⌘! µ+µ� process is rather marginal with respect to
the two-body decays of the ! and � mesons.

o With MFT

o precisely measure the displacement of muons
→ reduces muons from charm and beauty semi-muonic decays

o precise measurement of dimuon opening angles
→ precise determination of 2-body decays of light resonances

o better rejection of background muon contributions to the comb. background

o better mass resolution: matching between MUON tracks and MFT clusters

⇒ expect enhancement of S/B ratio without losing significance
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Low mass dimuons w/o and with MFT

o expected low mass dimuon spectrum, Pb-Pb collisions at
√
sNN = 5.5 TeV

2.7. Low Mass Dimuons in Central Pb–Pb 91

ation and the in-medium modified line shapes of the ⇢ (and !) mesons, the known1851

and well identifiable sources of the hadronic cocktail � for which no in-medium effect1852

is expected � must be identified and subtracted from the superposition of the corre-1853

lated dimuon signals presented in Figure 2.43. This identification will be performed1854

by means of a fit on the mass spectrum; again, systematics uncertainties on the shape1855

and normalization of the subtracted sources must be evaluated and propagated: in1856

the present evaluation, we estimated an overall 10 % systematic uncertainty. This1857

same uncertainty in applied to the subtraction of the open charm contribution.1858

The remaining continuum, presented in Figure 2.45 dressed with the uncertainties1859

coming from the subtraction of the combinatorial background, the hadronic cocktail1860

and the open charm contributions, will be described in terms of the processes pre-1861

dicted by the theoretical models. Eventually, this continuum being corrected for the1862

acceptance and reconstruction efficiency effects, a direct comparison with the theo-1863

retical predictions could be established. The typical uncertainties expected for such1864

a measurement in an upgraded scenario with the MFT are of the order of ⇠ 20% at1865

Mµµ ⇠ 0.5 GeV/c2; without the MFT, the current Muon Arm setup would be hardly1866

able to identify the QGP signatures, the typical uncertainty at Mµµ ⇠ 0.5 GeV/c2 being1867

estimated of the order of ⇠ 70 %.1868
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Figure 2.43: Expected low mass dimuon spectrum, after subtraction of the combinato-
rial background, normalized to an integrated luminosity of 10 nb�1 without (left panel)
and with (right panel) the addition of the MFT to the ALICE Muon Arm.

w/o MFT

→ after comb. background subtraction and normalised to Lint = 10 nb−1
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Low mass dimuons w/o MFT

o Pb-Pb at 5.5 TeV (MC) vs Pb-Pb at 2.76 TeV (data)
92 2. Performance Studies for the Muon Forward Tracker
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Figure 2.44: Comparison between the low mass dimuon measurement expected atp
sNN = 5.5 TeV in a Lint = 10 nb�1 scenario without the MFT, and the observations

from the 2011 Pb-Pb data at 2.76 TeV (the pT > 2 GeV/c cut on the dimuons is imposed
by the 2011 data). Top panels: correlated signal after combinatorial background sub-
traction; bottom panels: ratio between correlated signal and combinatorial background.

2.8 Comparison with other LHC experiments1869

Other LHC experiments have an important program of upgrade [101–104] aiming at1870

improving the experiments to cope with the ultimate luminosity that will be achieved1871

during phases 2 and 3 of the LHC. LHCb experiment has no plan to run in Pb–Pb1872

collisions, indeed the detector is not design to cope with high multiplicity like the one1873

encounter in Pb–Pb.1874

Charmonia will be studied by all three experiments in Pb–Pb collisions, ATLAS1875

mass spectrum

MC data
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Figure 2.44: Comparison between the low mass dimuon measurement expected atp
sNN = 5.5 TeV in a Lint = 10 nb�1 scenario without the MFT, and the observations

from the 2011 Pb-Pb data at 2.76 TeV (the pT > 2 GeV/c cut on the dimuons is imposed
by the 2011 data). Top panels: correlated signal after combinatorial background sub-
traction; bottom panels: ratio between correlated signal and combinatorial background.

2.8 Comparison with other LHC experiments1869

Other LHC experiments have an important program of upgrade [101–104] aiming at1870

improving the experiments to cope with the ultimate luminosity that will be achieved1871

during phases 2 and 3 of the LHC. LHCb experiment has no plan to run in Pb–Pb1872

collisions, indeed the detector is not design to cope with high multiplicity like the one1873

encounter in Pb–Pb.1874

Charmonia will be studied by all three experiments in Pb–Pb collisions, ATLAS1875

signal / background

MC data

o same minimum dimuon momentum: pµµT > 2 GeV/c

o MC and data: after comb. background subtraction

o MC: Pb-Pb at 5.5 TeV, normalised to Lint = 10 nb−1

o data: LHC11h Pb-Pb at 2.76 TeV

o Much improved stat. + syst. uncertainties and improved S/B ratio
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Low mass dimuons w/o and with MFT

o Mass continuum excess in 0-10% central Pb-Pb collisions at
√
sNN = 5.5 TeV

2.8. Comparison with other LHC experiments 93

]2Mass  [GeV/c

0 0.2 0.4 0.6 0.8 1 1.2 1.4

]
2

d
N

/d
M

  
[d

im
u

o
n

s
 p

e
r 

1
0

 M
e

V
/c

310

410

5
10

 + cocktail)cRapp sum (Syst. Err. c

Rapp sum (Syst. Err. Bkg.)

Rapp QGP

Rapp in-medium SF

 < 10.0 GeV/c
µµ

T
MUON only : 1.0 < p

]2Mass  [GeV/c

0 0.2 0.4 0.6 0.8 1 1.2 1.4

]
2

d
N

/d
M

  
[d

im
u

o
n

s
 p

e
r 

1
0

 M
e

V
/c

310

410

5
10

 + cocktail)cRapp sum (Syst. Err. c

Rapp sum (Syst. Err. Bkg.)

Rapp QGP

Rapp in-medium SF

 < 10.0 GeV/c
µµ

T
MUON + MFT : 1.0 < p

Figure 2.45: Expected sensitivity to the measurement of QGP signatures in 0-10 %
central Pb-Pb collisions at

p
sNN = 5.5 TeV in a Lint = 10 nb�1 scenario without (left

panel) and with (right panel) the MFT.

and CMS covering the central rapidities |y| < 2.5. The actual threshold in transverse1876

momentum for the measurement of the charmonia is 6.5 GeV/c for CMS experiment.1877

The CMS experiment foresees to lower the pT threshold for charmonia detection in1878

the range 1.4 < y < 2.4. The ATLAS and CMS measurements will complement the1879

one we are proposing in dimuon channel in the forward region (2.5 < y < 4), but1880

also the one from the central part of ALICE in dielectron (|y| < 0.9).1881

We saw that MFT will make possible the study of heavy-flavours both in single1882

and dimuon with the charm/beauty separation down to very low-pT (pT ⇠ 0 GeV/c1883

for charm and pT ⇠ 1 GeV/c for beauty) in Pb–Pb collisions. The measurement at the1884

lowest pT is crucial in order to extract the total charm and beauty cross section with1885

the lowest systematic uncertainties due to the extrapolation of the measurement to1886

pT= 0 GeV/c. The ALICE physics reach is unique at the LHC as the CMS and ATLAS1887

experiments will access them only at higher pT (⇠ 5� 6 GeV/c).1888

The high luminosity of the LHC combined with the ALICE capability of recording1889

data in minimum bias at high rate will give to ALICE the unique capabilities at LHC to1890

make a high precision measurement of the low mass di-lepton pairs. Neither ATLAS1891

nor CMS will be in a position to go to the very low-pT where the in-medium are1892

predicted.1893

In conclusion, we saw in this Chapter that the ALICE capabilities for detecting1894

muons at forward-rapidity will be enhanced by the presence of the MFT detector, not1895

only by improving the actual measurements done with the Muon spectrometer but1896

also by giving accessible new observables like the charm/beauty separation and the1897

prompt/displaced J/ separation both to the lowest transverse momentum.1898

w/o MFT

(at Mµµ ∼ 0.5 GeV/c2)

∼ 70% uncertainty

with MFT

(at Mµµ ∼ 0.5 GeV/c2)

∼ 20% uncertainty

o same minimum dimuon momentum: pµµT > 1 GeV/c
o after comb. background subtraction, normalised to Lint = 10 nb−1

o after subtraction of hadronic cocktail and heavy flavour (cc̄) contribution
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Summary

o ALICE with existing data

o results from pp and p-Pb collisions: in agreement with hadronic cocktail

→ large uncertainties does not allow conclusion → lack of accuracy

o too small S/B in current Pb-Pb data
→ challenging task for thermal photon extraction (work in progress)

o ALICE in RUN2

o higher rate possible: upgrade in TPC electronics

o complete geometrical acceptance of TRD and current ITS (repair)

o rare trigger implementation (in consideration)

⇒ possible improvement in S/B

o ALICE with major upgrades (ITS, TPC and MFT) for RUN3

o thermal photon radiation from QGP with low mass dileptons
as major physics goal of the ALICE upgrade program

⇒ accessing the excess with accuracy in measuring:
pT spectrum and elliptic flow of thermal photons

STAY TUNED!
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THANKS FOR YOUR ATTENTION


