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Outline	

•  Heavy-Ion Physics  
•  ALICE experiment at the LHC 
•  Selected highlights of heavy-ion physics by ALICE 
•  Di-electron measurements and Dark Photon 

searches 
•  Summary and Outlook	
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RHIC(7.7-200 GeV) & LHC (2.76, 5 TeV)	

Main topics of Heavy-Ion Physics	
•  Creation of a “Quark-Gluon-Plasma (QGP)” 

–  Hot and dense medium composed of deconfined quarks and 
gluons (~early universe) 

•  Chacterization of QGP 
–  Equation of State, transport properties(η/s, ζ, q, Ds, etc) 
–  Chiral symmetry restoration  

•  QCD phase diagram 
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ALICE experiment	
•  Dedicated to the heavy-ion physics at the LHC 
•  Multi-purpose experiment with different detectors to 

measure PID-hadrons, leptons, photons, heavy flavors, 
and jets. 
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A event display of heavy-ion collision!	
•  Thousands of particles in head-on Pb-Pb collisions	
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Space-time evolution of heavy-ion collisions	
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Initial stage 	

Relativistic  
Hydrodynamics	
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Hadron PID spectra	

•  Hadron PID spectra (π, K, p, V0, cascade) 
–  Radial expansion and kinetic freezeout 

temperature 

7	

Bulk particle production at Pb-Pb √sNN = 5.02 TeV

3

Nicolò Jacazio, Wed 4.50pm
‣ Four PID detectors used for spectra
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Nicolò Jacazio, Wed 4.50pm
‣ Four PID detectors used for spectra

)c (GeV/
T

p 
0 2 4 6 8 10 12

-1 )
c

) 
(G

e
V

/
y

 d
T

p
/(

d
N

2
  
d

5−10

4−10

3−10

2−10

1−10

1

10

210

310

410

510

610

710

9
0-5% x 2

8
5-10% x 2

710-20% x 2
6

20-30% x 2
5

30-40% x 2 440-50% x 2
3

50-60% x 2 260-70% x 2
170-80% x 2 80-90%

-
π + +

π

ALICE Preliminary
 = 5.02 TeV

NN
sPb-Pb 

Uncertainties: stat. (bars), sys. (boxes)

ALI−PREL−121387
)c (GeV/

T
p 

0 2 4 6 8 10 12

-1 )
c

) 
(G

e
V

/
y

 d
T

p
/(

d
N

2
  
d

5−10

4−10

3−10

2−10

1−10

1

10

210

310

410

510

610

710

9
0-5% x 2

8
5-10% x 2

710-20% x 2
6

20-30% x 2
5

30-40% x 2 440-50% x 2
3

50-60% x 2 260-70% x 2
170-80% x 2 80-90%

pp + 

ALICE Preliminary
 = 5.02 TeV

NN
sPb-Pb 

Uncertainties: stat. (bars), sys. (boxes)

ALI−PREL−121419

Stronger radial expansion (transverse expansion speed <βT> = 0.66c) and 
smaller kinetic freezeout temperature in more central collisions.  
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Collective Flow in Pb-Pb collisions	

•  Anisotropy in azimuthal distributions  
–  Sensitive to medium η/s  
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Φ2	

v2-v3 of identified particles (below 1-2 GeV/c, soft particle dominant region) are 
well described by hydrodynamical simulations with small η/s (=0.095). 
à Medium is nearly perfect liquid. (η/s limit = 1/4π) 



A	  Large	  Ion	  Collider	  Experiment	  

Parton Energy Loss in the medium	

•  Suppression of high pT particles 
–  Sensitive to medium stopping power q = mD

2/λ
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Strong suppression of charged particles and charged/full jets in Pb-Pb 
collisions. No suppression in p-Pb collisions. 
Comparison with models show q/T3 ~3-5 . M.Burke et al., PRC 90, 014909 (2014)  

Gunther Roland                                               Collectivity in Small Colliding Systems with High Multiplicity                                                 BNL, March 4 2015

Hadrons unsuppressedJets balanced

Any signs of jet quenching?
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Heavy Flavors  in Pb-Pb collisions	

•  Heavy flavors = impurity of the medium (mHQ>>T) 
–  Production is understood by pQCD 
–  In medium modification ! Ds ,q 
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0-50%(ALICE)	 0-20/20-100% (CMS)	

Strong energy loss of charm and bottom quarks in Pb-Pb collisions 
Charm quarks participate in collective flow 
à Strongly interacting medium even for heavy flavors.  

ALICE, JHEP 07 (2015) 051	
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Quarkonia in Pb-Pb collisions	

•  J/ψ recombination in low pT  

•  Suppression pattern w.r.t quarkonia 
binding energy 
–  Qualitatively consistent with color 

screening picture  
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Note: 6.5<pT<30 GeV for J/ψ and ψ(2s) 

Color Screening

cc

LHC-ALICE (2.76TeV) 
RHIC-PHENIX(200GeV) 
	

ALICE, JHEP 05 (2016) 179	
J/ψ	

J/ψ	
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Thermal photons in Pb-Pb collisions	

•  Excess of photon w.r.t pQCD photons 
–  Thermal photons in QGP, hadron gas, and at 

hadronization. Teff = 304 MeV (LHC) > 240MeV (RHIC)	
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Invariance of CPT Theorem	
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CERN Press Release 
Nature Physics (2015) 
doi:10.1038/nphys3432 

•  Highest precision  
measurements of 
mass difference in the 
nuclei sector 

•  Improvement by 1-2 
orders of magnitude 
compared to earlier 
measurements 

•  Constraint on CPT 
symmetry violation 
improved by a factor 2 
for deuteron. First 
measurement of Δε 
for (anti-)3He 

Mass difference	

Binding energy difference	
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Di-electron measurements in ALICE	
•  pp and p-Pb results consistent 

with known hadronic sources 

•  No sensitivity of medium effects 
in Pb-Pb collisions	
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A"Large"Ion"Collider"Experiment"

Dark Photon Searches in ALICE�
•  Dark Photon Searches in low mass Dalitz pairs  
•  Similar analysis strategy as done in PHENIX 

– Combined p-p (276M) and p-Pb (85M) data 
– Fitting with Kroll-Wada + ChebyChev function 

	�

Dark Matter, Hadron Physics and Fusion Physics
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Figure 6. The NA48/2 preliminary upper limits at 90% CL on
the mixing parameter ε2 versus the DPmassmA′ , compared to the
other published exclusion limits from meson decay, beam dump
and e+e− collider experiments [14]. Also shown are the band
where the consistency of theoretical and experimental values of
muon g − 2 improves to ±2σ or less, and the region excluded by
the electron g − 2 measurement [3, 15].

both the kinematic suppression of the π0 → γA′ decay and
the decreasing acceptance.

The assumption of prompt DP decay that is funda-
mental to this analysis is justified a posteriori by the ob-
tained results: all upper limits on ε2m2A′ are above 6 ×
10−5 (MeV/c2)2, corresponding to maximum DP mean
paths in the NA48/2 reference frame below 10 cm (see
Section 1). The corresponding loss of efficiency of the
trigger and event selection (both relying on 3-track vertex
reconstruction) is negligible, as the typical resolution on
the vertex longitudinal coordinate in the forward NA48/2
geometry is ≈ 1 m.

6 Summary and outlook
The NA48/2 experiment at CERN was exposed to about
2 × 1011 K± decays in flight in 2003–2004. The large in-
tegrated kaon flux makes it a precision kaon by also π0
physics facility, and the studies of the π0 decay physics
with the NA48/2 data have started. Preliminary results on
dark photon search in π0 decays are reported: no signal is
observed, and the obtained upper limits on the mixing pa-
rameter ε2 improve over the world data in the mass range
10–60 MeV/c2. In particular, the limits at 90% CL are

ε2 < 10−6 for 12 MeV/c2 < mA′ < 55 MeV/c2, and the
strongest limits reach ε2 = 6 × 10−7 at mA′ ≈ 20 MeV/c2.
Combined with the other available data, this result rules
out the DP as an explanation for the muon (g−2) anomaly,
assuming DP couples to quarks and decays predominantly
into SM fermions.

The performed search for the prompt A′ → e+e− de-
cay is limited by the irreducible π0D background: the ob-
tained upper limits on ε2 in the mass range 10–60 MeV/c2
are about three orders of magnitude higher than the sin-
gle event sensitivity. The sensitivity to ε2 achievable with
the employed method scales as the inverse square root of
the integrated beam flux, and therefore this technique is
unlikely to advance much below ε2 = 10−7 in the near
future, either by improving on the NA48/2 analysis or by
exploiting larger future π0 samples (e.g. the one expected
to be collected by the NA62 experiment at CERN [16]).
On the other hand, a search for a long-lived (i.e. low mA′

and low ε2) DP produced in the π0 decay from high mo-
mentum kaon decay in flight using the displaced vertex
method would be limited by the π0D background to a lesser
extent, and its sensitivity is worth investigating.
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Dark Photon Searches in ALICE	
•  Large π0 Dalitz decay samples in ALICE 

–  Feasible to search for dark photons in low 
mass in π0!γU!γee decays 

•  90% CL of mixing parameter (ε2) from Run1 
data (pp and p-Pb) 

15	

ArXiv:1412.8053	

pp (276M) and p-Pb (85M)  

92k pairs in 20< Mee<100 MeV.  

pT
e>0.2 GeV 

|ηe|<0.8	

A"Large"Ion"Collider"Experiment"

Dark Photon Searches�
•  Measurement of U in π0!γU!γee decays. 

–  Large statistics of π0 Dalitz decays 
– Good momentum resolution (with ITS-TPC) 

•  Mixing parameter = ε2�

��
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90% CL of Mixing Parameter in Run1	

•  CLs method to extract 90% CL, 1σ and 2σ bands 
–  Similar ε2 at 90% CL compared to other experiments 
– Worse than NA48-2 and BaBar 
  

•  x3 improvement  

with Run2 data.	
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NA48-2	
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LM di-electrons in Run3 & Run4	
•  ALICE upgrade to cope with 50kHz Pb-Pb collisions after LS2 

–  x100 larger statistics with better BG rejection.  
–  Significantly Improved measurement for Mee>0.2 GeV 

•  ε2 ∼ 10-7 will be reachable. First dark γ’ and Z’ searches in IMR 
(1-3 GeV/c2) will be possible.  
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LM di-electrons in Run3 & Run4
•  ALICE upgrade to cope with 50kHz Pb-Pb collisions after LS2 
•  High statistics + Dalitz, conversion, and charm rejection with 

new ITS.  Reduced uncertainties from charm decay 

•  Significantly Improved measurement for Mee>0.2 GeV 

	

ALICE Simulation 
TPC Current rate 

New ITS 
B= 0.2T�

ALICE Simulation 
TPC High rate 

New ITS 
B=0.2T�

dedicated low-field run�dedicated low-field run�

ALICE, CERN-LHCC-2013-020
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Summary and Outlook	
•  ALICE is dedicated to heavy-ion physics at the LHC. 

–  ALICE has collected Heavy-Ion data and provides many 
interesting observations for QGP characterization. 

•  Collectivity and energy loss (light and heavy flavors), color 
screening, thermal photons, .... 

•  Strongly interacting medium with small η/s 
–  ALICE uses also heavy-ion collision environments to study 

other fundamental properties (CPT invariance in the nuclei 
sector). 

–   ALICE is good place to search for low mass dark photons. 
•  Run1 data shows ε2 at 90% CL is compatible with other 

experiments.  

•  Precise characterization of QGP (temperature dependence), 
fundamental properties (CPT invariance), and dark photon 
searches with the ALICE upgrades in Run3 and Run4.  
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Backup slides	
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QGP Parameters by Global Bayesian analysis	
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S.A.Bass, QM2017	

Data = centrality dependence of charged hadron v2-v4, <pT> and pT spectra for π, K, P	
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Chiral Magnetic Effect	

21	

From Xu-Guang Huang, QM2017 

CME fraction is ~10% 
(90% is from BG like LCC)	
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ALICE Performance	

22	

•  Excellent particle identification (hadrons, nuclei, leptons, photons)  
•  Excellent vertex capabilities (heavy flavors, cascades, conversions) 

TPC dE/dx	 TOF β	

TPC dE/dx	

d	 t	
3He	

4He	

Resolution drφ	
D0 ! Kπ	 Ω ! ΛK	

γ conversion point	
ALICE, Int. J. Mod. Phys. A 29 (2014) 1430044	
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LM di-electrons in Run3 & Run4	
•  ALICE upgrade to cope with 50kHz Pb-Pb collisions after LS2 
•  High statistics + Dalitz, conversion, and charm rejection with 

new ITS.  Reduced uncertainties from charm decay 

•  Significantly Improved measurement for Mee>0.2 GeV 
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ALICE Simulation 
TPC Current rate 

New ITS 
B= 0.2T	

ALICE Simulation 
TPC High rate 

New ITS 
B=0.2T	

dedicated low-field run	dedicated low-field run	

ALICE, CERN-LHCC-2013-020	



A	  Large	  Ion	  Collider	  Experiment	  

Dark g’/Z boson?	

•  Dark γ’ and Z’ in IMR 

•  Thermal di-electrons  

from QGP	

24	

J.H.Davis C.Boehm,   
arXiv:1306.3653 	

From PHENIX 
experiment	

ALICE Upgrade	
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Chiral Magnetic Effect 	
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‣ Strong background 
contribution to CME correlator

Chiral Magnetic Effect: Signal and Background

Alexandru Dobrin Wed 2pm
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‣ Strong background 
contribution to CME correlator

Chiral Magnetic Effect: Signal and Background

Alexandru Dobrin Wed 2pm

Magnetic field (1020 G at LHC) + QCD 
chiral anomaly (QCD topological charge)  
! Charge separation along  
B-field (Chiral Magnetic effect) 
	

Quark matter 2012, Washington DC, August 13-18, 2012page S.A. Voloshin

Searching for the Chiral Magnetic Effect
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Charge separation along the 
magnetic field manifests violation 
of parity (mirror symmetry)

ALICE:  arXiv:1207:3272
8
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FIG. 2. (Colour online) The centrality dependence of the
three–particle correlator defined in Eq. 2. The red circles
indicate the ALICE results obtained from the cumulant anal-
ysis. The blue stars show the STAR data from [6]. The
green triangles represent the genuine three–particle correla-
tions (⟨cos(φα + φβ − 2φc)⟩) from HIJING [20] corrected for
the experimentally measured v2{2} [17]. A model prediction
for the same sign correlations incorporating the Chiral Mag-
netic Effect for LHC energies [21] is shown by the solid red
line. Points are displaced horizontally for visibility.

other analyses the orientation of the collision symme-
try plane is estimated from the azimuthal distribution
of charged particles in the TPC, and hits in the forward
VZERO and ZDC detectors [19]. The small differences
between the methods are considered as part of the sys-
tematic uncertainty.

Figure 1b shows the centrality dependence of the two–
particle correlator ⟨cos(φα − φβ)⟩, as defined in Eq. 3.
The statistical uncertainty is smaller than the symbol
size. The two–particle correlations for the same and op-
posite charge combinations are always positive and ex-
hibit qualitatively similar centrality dependence, while
the magnitude of the correlation is smaller for the same
charged pairs. Our results differ from those reported by
the STAR Collaboration for Au-Au collisions at

√
sNN =

200 GeV [6] for which a negative correlations are observed
for the same charged pairs.

Figure 1c shows the ⟨cos∆φα cos∆φβ⟩ and
⟨sin∆φα sin∆φβ⟩ terms separately. For pairs of
the same charge particles, we observe that the cor-
relations projected onto the direction perpendicular
to the reaction plane, ⟨sin∆φα sin∆φβ⟩, are larger
than those projected onto the reaction plane direction,
⟨cos∆φα cos∆φβ⟩. On the other hand, for pairs of
opposite charge, the two terms are almost identical
except for the most peripheral collisions.

Figure 2 presents the three–particle correlator
⟨cos(φα +φβ − 2ΨRP )⟩ as a function of the collision cen-
trality compared to model calculations and results for

RHIC energies. The statistical uncertainties are repre-
sented by the error bars. The shaded area around the
points indicates the systematic uncertainty based on the
different sources described above. Also shown in Fig. 2
are STAR results [6]. The small difference between the
LHC and the RHIC data indicates little or no energy de-
pendence for the three–particle correlator when changing
from the collision energy of

√
sNN = 0.2 TeV to 2.76 TeV.

In Fig. 2, the ALICE data are compared to the ex-
pectations from the HIJING model [20]. The HIJING
results do not exhibit any significant difference between
the correlations of pairs with same and opposite charge
and were averaged in the figure. The correlations from
HIJING show a significant increase in the magnitude for
very peripheral collisions. This can be attributed to cor-
relations not related to the reaction plane orientation, in
particular, from jets [6].
For the correlations originating in CME, the correla-

tion of pairs with same and opposite charge should be
similar in magnitude and opposite in sign. The results
from ALICE in Fig. 2 show a strong correlation of pairs
with the same charge and simultaneously a very weak
correlation for the pairs of opposite charge. This could
be interpreted as “quenching” of the charge correlations
for the case when one of the particles is emitted toward
the centre of the dense medium created in a heavy–ion
collision [5]. An alternative explanation can be provided
by a recent suggestion [13] that the value of the charge
independent version of the correlator defined in Eq. 2 is
dominated by directed flow fluctuations. The sign and
the magnitude of these fluctuations based on a hydro-
dynamical model calculation for RHIC energies [13] ap-
pear to be very close to the measurement. Our results
for charge independent correlations are given by the blue
band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [21]

for the same sign correlations due to the CME at LHC
energies. The model makes no prediction of the absolute
magnitude of the effect, and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
the correlations by about a factor of five from RHIC to
LHC, which would significantly underestimate the ob-
served magnitude of the same sign correlations seen at
the LHC. At the same time in [5, 10], it was suggested
that the CME might have the same magnitude at the
LHC and at RHIC energies. Note that, in [8] it is argued
that local charge conservation effects may be responsible
for a significant part of the observed charge dependence
of the correlator ⟨cos(φα+φβ−2ΨRP )⟩. A full discussion
of these effects is beyond the scope of this paper, and will
be presented in a future publication.
Figure 3 shows the dependence of the three–particle

correlator on the transverse momentum difference, |pt,α−
pt,β|, the average transverse momentum, (pt,α + pt,β)/2,
and the rapidity separation, |ηα − ηβ |, of the pair for the

ALICE: charge dependent  correlations 
qualitatively consistent with CME, and 
similar in strength to those observed by STAR. 
No event generator can reproduce the signal. 

Voloshin, PRC70 057901 (2004)

Kharzeev, PLB633 260 (2006)
Kharzeev, Zhitnitski, NPA797 67 (2007)
Khrazeev, McLerran, Waringa, NPA803 227 (2008)
Fukushima, Kharzeev, Waringa, PRD 78 074033 (2008)
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CME at 2.76 TeV to less than 20% of the 
signal (BG from LCC is dominated)	
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