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Photons:   measure γ (Calo, PCM)
Dileptons: measure e+e- or µ+µ- pairs 

•  Couple to EM current 
•  very low interaction with QCD 

medium (no strong interaction) 

•  Sensitive to 
Photons: 
•  Thermal radiation 
 
Dileptons: 
•  Thermal radiation 
•  Vector meson spectral shape 
•  Beyond SM particles with 

JPC=1-- (e.g. dark photons) 

2

qT , in terms of (i) an improved treatment of ρ decays
at thermal freezeout (which are subject to maximal blue
shift due to transverse flow), (ii) a component of pri-
mordial (hard-produced) ρ mesons subject to energy loss
when traversing the medium (using high-pT pion spec-
tra as a guideline), (iii) Drell-Yan (DY) annihilation in
primordial N -N collisions which we extrapolate to small
mass by imposing constraints from real photon produc-
tion, and (iv) meson t-channel exchange contributions
to the thermal production rate which are not included
in the many-body vector-meson spectral functions (but
which have been found to be a significant source at high
qT in real photon production [11])1. Another interest-
ing issue which has received little attention thus far is
how uncertainties in the critical temperature and hadro-
chemical evolution of the fireball affect dilepton spectra.
For hadro-chemical freezeout we investigate the sensitiv-
ity to temperatures in the range Tch ≃ 160-175 MeV, rep-
resentative for top SPS energy according to recent ther-
mal model analyses [21, 22]. In connection with updates
of lattice-QCD results indicating a critical temperature
up to Tc ≃ 190-200 MeV [23], this, in particular, opens
the possibility of a chemically equilibrated hot and dense
hadronic phase for, say, T = 160-190 MeV, which we
also consider. We furthermore conduct a quantitative
study of effective slope parameters of the NA60 qT spec-
tra, where the investigations of the fireball chemistry are
supplemented with variations of the transverse flow ve-
locity. Finally, we revisit the consequences of our fireball
refinements on our previous evaluations [24] of dielec-
tron spectra as measured by CERES/NA45 in semicen-
tral Pb-Au collisions [4], as well as recent data in central
Pb-Au [25].

Our article is organized as follows: in Sec. II we recall
the main ingredients of our approach to calculate thermal
emission rates, based on the e.m. spectral function in the
vacuum (Sec. II A), followed by discussing medium effects
on hadronic emission at low mass (due to in-medium ρ,
ω and φ spectral functions; Sec. II B) and at intermedi-
ate mass (due to finite-T chiral mixing; Sec. II C); a new
element not included in previous spectral-function cal-
culations are t-channel meson-exchange reactions which
therefore are elaborated in more detail in Sec. II D, while
we will be brief on partonic emission from a Quark-Gluon
Plasma (Sec. II E). In Sec. III we evaluate nonthermal
dilepton sources: ρ-meson decays at thermal freezeout
(whose decay kinematics differ from thermal radiation;
Sec. III A), an estimate of primordial ρ’s at large qT

(which do not thermalize; Sec. III B), and Drell-Yan an-

1 Note that contributions (ii)-(iv) have little bearing on the inclu-
sive invariant-mass spectra which are predominantly populated
by low-momentum sources with qT ! 1 GeV. Therefore, the in-
clusion of these contributions does not upset our earlier descrip-
tion of inclusive M spectra in terms of thermal radiation and
freezeout ρ’s. Initial results of these studies have been reported
in Refs. [19, 20].

nihilation (with an extrapolation to low mass; Sec. III C).
In Sec. IV we recollect the ingredients to our thermal fire-
ball model for the space-time evolution of the medium in
heavy-ion collisions, including variations in hadrochem-
ical freezeout and critical temperature. In Sec. V we
implement all dilepton sources into the fireball to com-
pute dimuon invariant-mass (Sec. VA) and transverse-
momentum spectra (Sec. VB) in comparison to NA60
data; the effect of hadrochemistry and Tc on NA60 spec-
tra is worked out in Sec. VC, followed by a slope analysis
of qT spectra (Sec. VD) in the context of which we also
investigate different radial flow scenarios; the improve-
ments in the fireball and dilepton source description as
deduced from the NA60 data are confronted with previ-
ous and new CERES/NA45 data in Sec. VE. Sec. VI
contains a summary and conclusions.

II. THERMAL DILEPTON RADIATION

A. Emission Rate and Electromagnetic Spectral
Function

In thermal equilibrium the rate of dilepton emission
per four-volume and four-momentum can be related to
the hadronic e.m. spectral function as [26]

dNll

d4xd4q
= −

α2

3π3

L(M2)

M2
ImΠµ

em,µ(M, q; µB, T )

× fB(q0; T ) ,

(1)

which in this article we will refer to as thermal dilep-
tons (or thermal radiation). The retarded e.m. current-
current correlator is given by

Πµν
em(q) = i

∫

d4xeiqσxσ

Θ(x0) ⟨[Jµ
em(x),Jν

em(0)]⟩ , (2)

where α=e2/(4π)=1/137 denotes the fine structure con-
stant, M2 = q2

0 − q2 the dilepton invariant mass squared
with energy q0 and three-momentum q, and fB(q0; T )
the thermal Bose distribution function (T : temperature,
µB: baryon chemical potential). The final-state lepton
phase space factor,

L(M) =

(

1 +
2m2

l

M2

)

√

1 −
4m2

l

M2
, (3)

depends on the lepton mass, ml=0.511(105.6) MeV for
electrons (muons; l = e, µ), but quickly approaches one
above threshold, M = 2ml (e.g., L(M = 0.3 GeV) = 0.89
for dimuons).

In the vacuum, the e.m. spectral function, ImΠem(M),
is well known from e+e− annihilation into hadrons. It
is characterized by the light vector resonances ρ(770),
ω(782) and φ(1020) at low mass (vector dominance model
(VDM)) and a perturbative quark-antiquark continuum

Dilepton emission rate in thermal equilibrium: 
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•  Measure thermal radiation (black body photons) 
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spectrum (ALICE, Phys.Lett. B754 (2016) 235): T ~ 300 MeV (effective 
temperature averaged over system evolution) 

•  Direct photon flow larger than available theory predictions 
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Temperature evolution:�
low-mass di-electrons

u  Measurement of low-mass di-electrons allows to map the 
temperature during the system evolution 

SIF2016, Padova, 26-30.09.16                                Andrea Dainese | ALICE 36

Di-leptons from real and virtual 
photons γàe+e- 
 

High masses à high T, early stage 
Intermediate masses 
Low masses à low T, late stage 
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•  Measure thermal radiation (black body photons) 
•  First measurement at LHC from soft exponential component of photon pT 

spectrum (ALICE, Phys.Lett. B754 (2016) 235): T ~ 300 MeV (effective 
temperature averaged over system evolution) 

•  Dileptons: 
•  Map temperature during system evolution 
•  Invariant mass method not sensitive to “blue-shift” from radial flow 
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QCD Lagrangian and symmetries
Flavor symmetry and multiplets

Chiral symmetry, spontaneous symmetry breaking
Color group, gauge invariance

Axial anomaly and η
′

Symmetry pattern of QCD

symmetry SUV (2) SUA(2) center symmetry

vacuum unbroken broken unbroken

high temperature unbroken unbroken broken

multiplets (n,p), . . . (N, {N, π}), . . . —

order parameter — ⟨q̄q⟩ ⟨L⟩

Stefan Leupold QCD, Chiral Symmetry and Hadrons in Matter

“Isospin” “Parity” 

spectrum in the quark-gluon regime. While we also observe
this behavior here, it is much more pronounced in [16],
where gluon fluctuations were explicitly included. As a
consequence, the scaling of the a1 mass in the vicinity of
kχSB is qualitatively different.
The phase diagram of themodel we use, which is a quark-

meson model on the level of the effective potential, is
depicted in Fig. 5 (see also [27,30] for earlier studies on the
quark-meson model). It is obtained by the location of the
global minimum of the effective potential at the IR scale
σ0 ≡ σ0ðT; μÞ.With the parameters given inTable Iwe find a
critical endpoint at around ðμCEP; TCEPÞ ≈ ð298; 10Þ MeV,
which divides a crossover region from a first-order phase
transition at lower temperatures. We note that the slope
dT=dμ of the first-order line is very different from the one
observed in mean-field studies (see e.g. [50]). In fact, the
regime to the right of the first-order line, i.e., at large
chemical potentials and low temperatures, is likely to be
dominated by an inhomogeneous ground state which leads
to unphysical effects like a negative entropy density in the
present truncation. We therefore avoid this regime in the
following and refer to [51] for further details.
The same Euclidean curvature masses of the mesons,

plotted together with the constituent quark mass over
temperature at μ ¼ 0 MeV in Fig. 4, are shown along
the μ-axis at a constant temperature of T ¼ 10 MeV across
the CEP in Fig. 6. They behave as expected in a model
based on chiral symmetry. For vanishing chemical poten-
tial, the Euclidean curvature masses of the chiral partners
mσ , mπ and mρ, ma1 become degenerate at high temper-
atures, T ≳ 200 MeV. The quark mass mψ decreases,
indicating the gradual restoration of chiral symmetry. For

a fixed temperature of T ¼ 10 MeV the masses do not
really change over a wide range of chemical potential, as
expected from the Silver Blaze property [52]. Near the CEP
at around μCEP ≈ 298 MeV, the sigma mass drops signifi-
cantly as expected at this second-order phase transition. In
addition, the chiral condensate as well as the vector-meson
masses decrease when crossing the CEP. For very high
chemical potentials the masses of the chiral partners
coincide again and the quark mass decreases, similar to
the case of high temperature and vanishing chemical
potential.

C. In-medium spectral functions at j~pj= 0
Before turning to the ρ and a1 spectral functions at finite

temperature and chemical potential, in this subsection for
vanishing external spatial momentum, j~pj ¼ 0, we will
discuss the temperature dependence of the physically
relevant vector-meson pole masses. They are obtained
from the zero crossing of the real part of the two-point
functions and are shown in Fig. 7 vs T at μ ¼ 0.

FIG. 5. Phase diagram of the quark-meson model as a contour
plot of the order parameter for chiral symmetry σ0ðT; μÞ. The
value of σ0ðT; μÞ decreases with increasing temperature and
chemical potential as indicated with a darker color. The CEP is
indicated as a red dot, whereas the first-order phase boundary is
indicated by a black line.

FIG. 6. Euclidean curvature masses of mesons and constituent
quark mass vs chemical potential at T ¼ 10 MeV.

FIG. 7. Pole masses of ρ and a1 mesons vs temperature at
μ ¼ 0 MeV.
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Fig. 3. Finite-temperature vector (black curve) and axial-vector (red curve) spectral functions. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Regions of axial-vector spectral functions at T = 150 MeV when requiring
agreement with the QCDSR only at dA = 1% (dashed lines), and additionally with
WSR-1 at |dWSR1| ! 1% (dotted lines). The solid line corresponds to a minimal f
value from Eq. (27).

merges into the ρ while the excited states degenerate somewhat
earlier through chiral mixing. The ρ–a1 merging is largely dictated
by the WSRs, but the concrete shape close to chiral restoration is
more sensitive to the QCDSRs. Note that our analysis not only com-
plies with a “trivial” degeneracy at the restoration point, but rather
provides a systematic temperature evolution, starting from the vac-
uum, compatible with current best estimates for the T dependent
chiral order parameters and condensates (at T = 170 MeV, our
condensates are close to zero, undershooting the lQCD data for
the 2-quark condensate; our axial-vector spectral function at this
temperature is thus more of an illustration of the expected de-
generacy at higher T where ⟨q̄q⟩T ≃ 0). The in-medium a1 mass
shift is consistent with a leading T 4 behavior, in line with model-
independent constraints from the chiral Lagrangian. Our analysis
also suggests that the approach toward restoration “burns off” the
chiral mass splitting between the ρ and a1, while “bare” masses of
m0 ≃ 0.8 GeV essentially persist, similar to Ref. [7].

6. Conclusion

The objective of this work was to test whether in-medium vec-
tor spectral functions which describe dilepton data in heavy-ion
collisions are compatible with chiral symmetry restoration. To-

ward this end, we deployed QCD and Weinberg sum rules in a
combined analysis of vector and axial-vector spectral functions,
using lattice-QCD and the hadron resonance gas to estimate the
in-medium condensates and chiral order parameters, and chiral
mixing to treat the T dependence of excited states. We first found
that the QCDSR in the vector channel is satisfied with a small (or-
der 5%) amendment of vector dominance. We then introduced a
4-parameter ansatz for the in-medium a1 spectral function and
found that a smooth reduction of its mass (approaching the ρ
mass) and large increase in width (accompanied by a low-mass
shoulder) can satisfy the axial-vector QCDSR and 3 WSRs over the
entire temperature range from T = 0–170 MeV, ultimately merg-
ing with the vector channel. This establishes a direct connection
between dileptons and chiral restoration, and thus the answer to
the originally raised question is positive. Our findings remain to be
scrutinized by microscopic calculations of the a1 spectral function.
Work in this direction is ongoing.
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FIGURE 10. Dielectron invariant-mass spectra from thermal radiation in 0-40% central Pb-
Pb(2.76ATeV) (left panel) and 0-10% central Pb-Pb(5.5ATeV) (right panel), including single-electron
cuts to simulate the ALICE acceptance. Hadronic (with in-medium or vacuum EM spectral function) and
QGP contributions are shown separately along with the sum of in-medium hadronic plus QGP. Here and
in the following LHC plots, both vacuum and in-medium hadronic emission rates in the LMR have been
supplemented with the vacuum spectral function in the LMR, i.e., no in-medium effects due to chiral
mixing have been included (for all RHIC calculations shown in the previous sections full chiral mixing
was included).

experimental capabilities that are anticipated with a planned major upgrade program of
the ALICE detector [81]. In addition, ALICE can measure in the dimuon channel, albeit
with somewhat more restrictive cuts whose impact will be illustrated in Sec. 3.5.2.

3.5.1. Dielectrons

The invariant-mass spectra of thermal radiation at LHC energies show a very similar
shape and hadronic/QGP composition as at RHIC energy, see Fig. 10. This may not
be surprising given the virtually identical in-medium hadronic and QGP rates along the
thermodynamic trajectories at RHIC and LHC (where µB ≪ T at chemical freezeout). It
also implies that the thermal radiation into the LMR is still dominated by temperatures
around Tpc, with little (if any) sensitivity to the earliest phases. The total yield, on the
other hand, increases substantially due to the much larger fireball volumes created by
the larger multiplicities. More quantitatively, the (Nch-normalized) enhancement around,
e.g.,M=0.4GeV, approximately scales as NαE

ch with αE ≃ 0.8 relative to central Au-Au at
full RHIC energy. This is a significantly stronger increase than the centrality dependent
enhancement at fixed collision energy, αc ≃ 0.45 as quoted in Sec. 3.3.1.
Detailed simulation studies of a proposed major upgrade of the ALICE detector have

been conducted in the context of a pertinent letter of intent [81]. The final results after
subtraction of uncorrelated (combinatorial) background are summarized in Fig. 11,

R. Rapp, arXiv:1304.2309 [hep-ph] 

At LHC energies: 
•  Vanishing µB: direct comparability to Lattice QCD  
•  Sizeable in-medium modification of ρ
•  Large thermal radiation contribution above 1 GeV/c2 

0-40% central Pb-Pb √sNN= 2.76 TeV central Pb-Pb √sNN= 5.5 TeV     
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•  Improved vertex resolution 
•  Better separation of electrons 

from charm and bottom decays  
•  Reduced material budget and 

improved low pT efficiency 
•  Smaller background from 

conversion electrons 
•  Dedicated low B field run  

•  Recover low pT tracks  
•  3 nb-1 at B = 0.2 T 

•  Higher rate capability 
•  50 kHz Pb-Pb 

•  Muon forward tracker (MFT) in 
addition to muon spectrometer 

•  Improved mass resolution 
•  Reduced background 
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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.

Yield S/B Significance 
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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 ITS 
•  Current readout 
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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,

•  New ITS: less conversion, better DCA resolution 
•  New readout: x100 statistics 
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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,
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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.

After subtraction of long-lived light- 
and heavy-flavour sources 

Low mass spectral function 
with ~20% uncertainty 
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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

From a fit to the invariant mass 
spectrum from 1.1 to 1.5 GeV/c2 



ELLIPTIC FLOW (20-40% CENTRALITY) 

HL-LHC workshop | 31.10.2017 | Michael Weber (SMI) 13 

ALICE Upgrade LOI 69

)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

-510

-410

-310

-210

-110

Rapp Sum
Rapp in-medium SF
Rapp QGP

 - cockt.c5.0E7 'meas.' - c
Syst. err. bkg.

 + cocktailcSyst. err. c

 = 5.5 TeVNNsPbPb @ 
40 - 60%, 5.0E7

| < 0.84e|y
 > 0.2 GeV/ce

T
p

 < 3.0
t,ee

0.0 < p

)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

-510

-410

-310

-210

-110 Rapp Sum
Rapp in-medium SF
Rapp QGP

 - cockt.c5.0E9 'meas.' - c
Syst. err. bkg.

 + cocktailcSyst. err. c

 = 5.5 TeVNNsPbPb @ 
40 - 60%, 5.0E9

| < 0.84e|y
 > 0.2 GeV/ce

T
p

 < 3.0
t,ee

0.0 < p

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 ITS 
•  Current readout 

•  New ITS: less conversion, better DCA resolution 
•  New readout: x100 statistics 
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•  Thermal radiation in small systems? 
•  R. Rapp, IS2014:  

•  10% thermal contribution in MB p-Pb collisions 

3.1.3 Dilepton Spectra in p-Pb (5.02GeV) 

• Thermal radiation at <10% of cocktail 
• factor ~10 increase in Pb-Pb  
• fits systematics of excess vs. lifetime relation 

3.1.2 Low-Mass Dileptons in p-Pb (5.02GeV) 

• Thermal radiation at ~ 10% of cocktail 
• fits excess vs. lifetime relation 
• large QGP component probe of initial stages?! 
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σstat=1%	
σstat=0.8%	

(p-Pb, 50 nb-1) 

•  Run 1 results based on  
 Lint ~ 50 µb-1.  

•  Stat. uncertainties 
•  In the interesting mass 

regions (0.3<mee<0.7 
GeV/c2) and (1<mee<3 
GeV/c2):  

•  σstat ~ 20 - 50% 
 

•  For Run 3/4 (50 nb-1) 
•  σstat ~ 1 - 2% 

•  Measurement will not be 
limited by stat. uncertainties  

From Run 1 performance: 



LOW MASS DIMUONS 

HL-LHC workshop | 31.10.2017 | Michael Weber (SMI) 16 



Addendum to the ALICE Upgrade LoI 65

]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

0

100

200

300

3
10×

-1 = 10 nb
int

Expected Stat. for L

ρCocktail without 

µµ → cc

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

0

20

40

60

80

3
10×

-1 = 10 nb
int

Expected Stat. for L

ρCocktail without 

µµ → cc

Rapp QGP

Rapp in-medium SF

 < 10.0 GeV/c
µµ

T
MUON + MFT : 1.0 < p

Figure 2.36: Expected low mass dimuon spectrum in 0-10 % central Pb–Pb collisions at psNN =
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Spectrometer.
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Figure 2.37: Expected sensitivity to the measurement of QGP signatures in 0-10 % central Pb–Pb
collisions at psNN = 5.5 TeV in a Lint = 10 nb�1 scenario without (left panel) and with (right panel)
the MFT.

UPGRADE IMPROVEMENT  

HL-LHC workshop | 31.10.2017 | Michael Weber (SMI) 17 

•  MUON 
spectrometer only 

•  MUON+MFT: better mass resolution, 
less background 

(Pb-Pb) 
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•  Low mass spectral function with ~20% uncertainty 
•  Thermal radiation (M > 1GeV/c2) difficult 
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•  Light scalar or vector BSM bosons could be observed in high-energy 
(with large QGP volumes produced), high-luminosity nuclear 
collisions  J. Ellis & P. Salati, Nuclear Physics B342 (1990) J. Davis & C. Böhm, arXiv:1306.3653 

 
•  Resonance in the thermal dilepton production from the QGP for 

masses up to 3 GeV/c2: dilepton measurements in ALICE could set limits 
on quark- and lepton-couplings of light BSM bosons 

 
•  ALICE: feasibility studies on dark photons of mass < 100 MeV/c2 Antonio&Uras&15&

&
/16&

Light&BSM&Bosons&from&QGP:&a&Case&for&HL8LHC?&

Heavy&Ions&at&HL8LHC&

Light$scalar$or$vector$BSM$bosons$could&be&observed&in$high3energy$$$$
(with$large$QGP$volumes$produced),$high3luminosity$nuclear$collisions$

!  Resonance$in$the$thermal$dilepton$
produc0on$from$the$QGP&for&masses&up&
to&3&GeV/c2:&dilepton&measurements&in&
ALICE&could&set&limits&on&quark8&and&
lepton8couplings&of&light&BSM&bosons&

!  Heavier$bosons$would&mainly&decay&into&
mulFparFcle&states&involving&cc&and&τ&τ&
pairs,&and&are$no$longer$detectable$in$
the$ee$or$μμ$channels$

J.&Ellis&&&P.&SalaF,&Nuclear&Physics&B342&(1990)&
J.&Davis&&&C.&Böhm,&arXiv:1306.3653&&

!  ALICE:$feasibility$studies$on$dark$photons$of$mass$<$100$MeV/c2$$$
hNp://www.ge.infn.it/~ldma2015/presentaFons/wednesday8morning/05_gunji.pdf&
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GeV scale? 
J. Davis, C. Boehm, arXiv:1306.3653 
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 LHCb, arXiv:1710.02867 [hep-ex]  

•  intermediate-mass dileptons: precision temperature measurement above 
the ϕ mass via thermal radiation to be checked also in high-multiplicity p-
Pb, pp 

•  masses below to be seen, current minimal pµ with ID 3 GeV/c:                    
pT = 200, 400 MeV/c (η = 4.0, 2.5) 
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Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µ
Q

µ
Q

, and hh+ hµ
Q

is determined using the fits described in the text.

to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0!µ+µ� yields

from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�

⇤

ob

[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF

(µ+µ�), and min[�2

IP

(µ±)]
distributions, where �2

IP

(µ) is defined as the di↵erence in �2

VF

(PV) when the PV is
reconstructed with and without the muon track. The �2

VF

(µ+µ�) and min[�2

IP

(µ±)] fits
are performed independently at each mass, with the mean of the n�

⇤

ob

[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small p

T

-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµ

Q

contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by p

T

-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µ

Q

µ
Q

background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP

(µ±)] fit results are
provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�

⇤

ob

[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

e.g. LHCb 
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 LHCb, arXiv:1710.02867 [hep-ex]  
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Figure 2: Regions of the [m(A0), "2] parameter space excluded at 90% CL by the prompt-like A0

search compared to the best existing limits [27, 38].

nA

0
ob

[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The
signal PDFs are determined using a combination of simulated A0 ! µ+µ� decays and
the widths of the large resonance peaks observed in the data. The strategy proposed in
Ref. [65] is used to select the background model and assign its uncertainty. This method
takes as input a large set of potential background components, which here includes all
Legendre modes up to tenth order and dedicated terms for known resonances, and then
performs a data-driven model-selection process whose uncertainty is included in the
profile likelihood following Ref. [66]. More details about the fits, including discussion on
peaking backgrounds, are provided in Ref. [61]. The most significant excess is 3.3� at
m(A0) ⇡ 5.8GeV, corresponding to a p-value of 38% after accounting for the trials factor
due to the number of prompt-like signal hypotheses.

Regions of the [m(A0), "2] parameter space where the upper limit on nA

0
ob

[m(A0)] is
less than nA

0
ex

[m(A0), "2] are excluded at 90% CL. Figure 2 shows that the constraints
placed on prompt-like dark photons are comparable to the best existing limits below
0.5GeV, and are the most stringent for 10.6 < m(A0) < 70GeV. In the latter mass
range, a nonnegligible model-dependent mixing with the Z boson introduces additional
kinetic-mixing parameters altering Eq. 1; however, the expanded A0 model space is highly
constrained by precision electroweak measurements. This search adopts the parameter
values suggested in Refs. [67,68]. The LHCb detector response is found to be independent
of which quark-annihilation process produces the dark photon above 10GeV, making it
easy to recast the results in Fig. 2 for other models.

For the long-lived dark photon search, the stringent criteria applied in the trigger
make contamination from prompt muon candidates negligible. The dominant background
contributions to the long-lived A0 search are as follows: photon conversions to µ+µ� in
the silicon-strip vertex detector (the VELO) that surrounds the pp interaction region [69];
b-hadron decays where two muons are produced in the decay chain; and the low-mass
tail from K0

S ! ⇡+⇡� decays, where both pions are misidentified as muons. Additional
sources of background are negligible, e.g. kaon and hyperon decays, and Q-hadron decays
producing a muon and a hadron that is misidentified as a muon.

Photon conversions in the VELO dominate the long-lived data sample at low masses. A

4

•  Possibility to measure below 100 MeV? 

e.g. LHCb 
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158 8 Physics performance

Table 8.6: Summary of the physics reach: minimum accessible p

T

and relative statistical un-
certainty in Pb–Pb collisions for an integrated luminosity of 10 nb�1. For heavy flavour, the
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of 0.1 nb�1 collected with minimum-bias trigger, is shown for comparison.
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•  Low mass dielectrons: 

•  Low mass dimuons: 
•  Higher statistics (10 nb-1), but higher pT cut and larger HF 

background than dielectrons 
•  prompt signals from QGP measurable within 20% uncertainty  

•  Small systems: 
•  Thermal radiation from high multiplicity pp and p-Pb collisions?  
•  Will not be limited by stat. uncertainties  

•  Dark photons: 
•  Sensitivity ε2~10-7 for 20<Mee<90 MeV/c2 
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•  Dielectrons: 
•  Improving simulations with better understanding of combinatorial 

background and pointing resolution 
•  Improve understanding of systematic uncertainties: HF (mass 

shape), background subtraction,… 
•  Deduce virtual photon method performance 

•  Dimuons: 
•  Tuning analysis cuts for heavy-flavour reduction above 1 GeV/c2 

•  Improve understanding of systematic uncertainties: HF (mass 
shape),… 

•   Photons: 
•  Higher precision and statistics needed 
•  Better understanding of material budget (main source of systematic 

uncertainties), explore new observables with canceling systematics 
•  Performance plots for physics cases (thermal radiation, flow, 

interferometry,…)   



BACKUP 

HL-LHC workshop | 31.10.2017 | Michael Weber (SMI) 28 



WHY NOT REAL PHOTONS? 

HL-LHC workshop | 31.10.2017 | Michael Weber (SMI) 29 Workshop on Correlations and Fluctuations | February 10, 2015 | Klaus Reygers

A Complication for the Temperature Measurement:  
Blueshift due to Radial Flow

■ Large blueshift at late times  
when T ≈ 150 - 200 MeV

■ Extraction of initial 
temperature from data 
requires comparison to (hydro) 
model

10

C. Shen, U. Heinz, J.-F. Paquet, C. Gale, PRC 89 (2014) 4, 044910
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60 The ALICE Collaboration
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Figure 2.49: Acceptance for e+e�-pairs from PYTHIA at B = 0.5 T (left) and B = 0.2 T (right).

The ALICE setup including a new ITS system with 7 pixel layers, but the existing TPC, operated at
B = 0.2 T is assumed. Due to the rate limitations of the existing TPC the anticipated event sample
in one year of heavy-ion running is the same as before, i.e. 2.5 ·107 and 5 ·107 Pb–Pb collisions at
0–10% and 40–60%, respectively.

Scenario 3: New ITS, high rate
The ALICE setup including the new ITS with 7 pixel layers and a new TPC with continuous
readout, operated at B = 0.2 T is assumed. The upgrade of the TPC increases the readout rate by
about a factor 100, allowing to collect all of the 50 kHz delivered by the LHC after luminosity
upgrade. The number of expected events is then 2.5 · 109 Pb–Pb collisions at 0–10%, and 5 · 109

Pb–Pb collisions at 40–60%.

2.3.3.1 Detector Performance

The tracking efficiency for single electrons in |h | < 0.84 at B = 0.2 T is calculated using a GEANT3
implementation of the current ALICE detector setup. Electron reconstruction includes charged particle
tracking in the ITS and the TPC. Additionally, a TOF signal within ±3s of the TOF resolution around
the nominal electron position is required. PID information is also includedc from the TPC, where a ±3s
band of the dE/dx resolution around the nominal electron peak position is applied (see also Figure 2.48).
Electron candidates are required to have an associated hit in the inner-most layer of the ITS to suppress
electrons from conversions in the detector material. The resulting reconstruction efficiency for single
electrons is parametrized as a function of pT and used for further fast simulations employing different
event generators, see left panel of Figure 2.50. Also shown for comparison is the electron efficiency with
the current ITS at B = 0.5 T.

For scenarios including the new ITS system, the electron reconstruction efficiency as determined for the
current ITS has been scaled by the pT -dependent ratio of the ITS standalone efficiencies for the new
ITS (7 pixel layers) over that for the current ITS. The standalone efficiencies of the current and the new
ITS are shown in the right panel of Figure 2.50. It is furthermore assumed that the performance of the
upgraded TPC in terms of tracking efficiency and dE/dx resolution is the same as for the current TPC.
The resulting efficiency for electron tracks with new ITS at B = 0.2 T is also shown in Figure 2.50 (left
panel).

An important feature of the new ITS system is its improved capability to separate prompt from displaced
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Figure 2.50: . Left: Combined ITS-TPC-TOF efficiencies for electrons in |h | < 0.84 at B = 0.2 T for the current
ITS (blue circles) and the new ITS (green rectangles) as a function of pT . Also shown for comparison is the
efficiency with current ITS at B = 0.5 T (open circles). Right: Standalone tracking efficiency of the current and
the new ITS system.

electrons. Prompt electrons emerge from all thermal sources and the decays of the light mesons (r , w ,
f , and the Dalitz decays of p0, h , h 0, w). Displaced electrons include those from semi-leptonic decays
of hadrons with charm and conversions in the detector material. The separation is based on the distance-
of-closest-approach (DCA) to the main interaction vertex, which can be measured with significantly
improved resolution with the new ITS. Figure 2.51 shows the efficiency of displaced electrons from
conversions and charm decays for the current and the new ITS system, as a function of the prompt
efficiency. While the separation of displaced electrons from charm is significantly improved with the
new ITS, there is only a small improvement for conversions. The reason is that the new ITS system
requires also a new beam pipe with smaller radius, which is the main converter before the first detector
layer. The smaller lever arm to the main vertex compensates the improved intrinsic resolution of the new
ITS. On the other hand, a tight cut on the DCA suppresses electrons from charm over prompt electrons
by more than a factor of two, implying a suppression of pairs from correlated charm decays by about a
factor five over prompt pairs. This improved capability of the new ITS is one of the key features of the
ALICE upgrade which render possible a measurement of thermal radiation at the LHC despite the large
physical background from charm, as will be demonstrated below.

2.3.3.2 Signal Generation

A realistic physics input into the simulation of the expected dilepton signal is mandatory in order to
perform a solid investigation of the physics performance. To this end, we compute the dilepton signal
composed of the contributions listed below. The signal is calculated for central (0–10%) and semi-central
(40–60%) Pb–Pb collisions at

p
sNN = 5.5 TeV.

Hadronic cocktail
The hadronic cocktail includes contributions from the decays of light pseudoscalar and vector
mesons. The yield is adjusted to charged particle densities hdNch/dhi= 1750 and hdNch/dhi= 248
in in 0–10% and 40–60% most central Pb–Pb at

p
sNN = 5.5 TeV, respectively. The particle ratios

and the spectral shapes are extrapolated from existing heavy-ion data at lower energies.

Charm
The contribution from correlated semi-leptonic charm decays is based on calculations from the
PYTHIA event generator. A total charm cross section of scc = 7.55 mb in pp at

p
s= 5.5 TeV has
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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].
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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].
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Extracting Direct Photons
Fit the following function to the data 

P. Reichelt, Nucl. Phys. A956 (2016)

Cocktail contributions Photon input from
Kroll-Wada

● r is the ratio of direct to inclusive photons

Under the assumption that the ratio of direct
to inclusive is the same as real to virtual

 →direct = r x inclusive (yields)

Where the inclusive photon cross section is 
known via photon conversions[1]

[1] M. Wilde (for the ALICE Collaboration), arXiv:1210.5958 [hep-ex] (2012)
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FIG. 3. Same as Fig. 1 of the main text, but scaling the 15 fb�1 baseline up to 50 fb�1 and 500 fb�1, for both the D⇤ ! D0A0

search [48] and the inclusive di-muon search (this work). For reference, the green dashed line shows where the A0 lifetime is the
same as the LHCb di-muon lifetime resolution and the orange dashed line shows where the average A0 transverse displacement
matches the distance at which the muons from A0 ! µ+µ� decays likely no longer have enough hits in the LHCb VELO.

• Search strategy: Here, we considered the reach as-
suming three distinct search regions: prompt, pre-
module, post-module. One could optimally com-
bine these regions following [73] which should im-
prove the reach in the low-mass region.

• Semi-inclusive search: Instead of using the in-
clusive di-muon spectrum, a similar search could
be done in semi-inclusive hadron decays such as
M ! `+`�Y , more in the spirit of [48]. Depending
on the channel, one could use the invariant mass of
the M or Y system as a constraint to help control
fake muon backgrounds.

• Di-electron search. To cover the mass range m
A

0 2
[2m

e

, 2m
µ

], one could pursue a similar inclusive
search strategy for the di-electron final state. That
said, the di-electron mass resolution is significantly
degraded by Bremsstrahlung radiation and multi-
ple scattering [48]. In [48], the m

ee

resolution could
be improved by imposing the kinematic constraints
from charm meson decays, which is not an option
in an inclusive search. For the displaced A0 search,
these same e↵ects degrade the vertex resolution,

and e+e� pairs from photon conversion are a chal-
lenging background in the post-module region. For
these reasons, we suspect that A0 ! e+e� is best
probed using an exclusive (or semi-inclusive) strat-
egy, but it would be worth testing the fully inclusive
approach on LHCb data.

• Luminosity: Our study is based on 15 fb�1 of data
collected by LHCb, which is a conservative esti-
mate of what is expected in Run 3. LHCb expects
to collect at least 50 fb�1 of data in Runs 3 and 4
combined, and may eventually collect 10–30 times
more data than considered in this study. The im-
pact on the dark photon reach from scaling up the
LHCb luminosity is shown in Fig. 4.

Extended Reach Plot

To better show the array of proposed dark photon ex-
periments, in Fig. 4 we show the same reach plot from
the main text, but with an extended ✏2 range including
supernova bounds (SN) [78, 79].

LHCb, Phys. Rev. Lett. 116, 251803 (2016) 
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FIG. 3: Spectra of dileptons produced via qq̄ ! e+e�, where the quarks exist as thermal partons in the QGP and the mediator
is either a virtual photon or �0. This is compared with PHENIX heavy-ion data [37] and the hadronic background cocktail,
dominated by either random cc̄ (left) or correlated cc̄ (right). The resonance from the virtual �0 is just visible due to its
suppressed couplings to quarks and leptons. The photon and �0 spectra have been calculated at the measured values of mee

and binned in units of �mee = 0.25GeV (shown as ⌅ when added to the background). Their normalisation has been allowed
to vary, with the best-fit value used here. The lines are obtained by interpolating between these points, hence the width of the
resonance is only an approximation to the true decay width to e+e�, as discussed in the text.

smaller opening angles on average and hence a softer cc̄

background for nuclear collisions [37, 45, 77, 81]. The
first such scenario is referred to as the “cocktail” with
correlated cc̄ background, while the second is described
as originating from random cc̄ and is referred to as “cock-
tail” plus random cc̄. In principle the expected back-
ground is somewhere in between the two scenarios, de-
pending on the degree to which cc̄ scatter in the nuclear
fireball. Hence both backgrounds are considered when
setting limits in this work, similarly to the method of the
PHENIX collaboration [37].

C. Signature of the new gauge boson

Shown in figure 3 is an example of the dilepton spec-
tra originating from thermal quark interactions in the
QGP in presence of a new gauge boson (f�0(mee,�), here
taken to be a �

0 for the sake of the illustration with a
mass of 1.6 GeV) and in the case of virtual photons only
f

photon

(mee). Additionally the two hadronic background
scenarios f

bg

(mee) are displayed, as mentioned above.
The couplings in this figure have been chosen so that the
contribution of the �

0 becomes visible above the photon
signal and background. Note that only the qq̄ ! e

+

e

�

process has been used here, since it is dominant in the in-
variant mass region considered, and the plasma has been
assumed to be in equilibrium throughout its evolution.
However the same resonance is present in all partonic
spectra (e.g. q + q̄ ! g + e

+

e

�), and so our results are
largely independent of the exact production process, pro-
vided perturbation theory holds.

The sum of these contributions (f(�, N) in eq. 9) is

represented by the red solid line in fig. 3. There should
also in principle be a contribution from the hot hadron
gas (HHG) i.e. dileptons from interactions between the
mesons and baryons produced in the nuclear fireball
[43, 56, 65, 67, 82]. The dilepton rate from the HHG
should be subdominant to that from the QGP for the
range of mee considered here, and so is not incorporated
into our analysis. The same is also assumed for prompt
Drell-Yan production of dileptons [43, 45, 75, 76, 83],
produced when the nucleons collide before the plasma is
formed. Note that these are additional potential sources
of a dilepton enhancement due to an �

0 or Z

0 and their
inclusion would likely strengthen our derived limit5.

The results are compared with the most recent Au-Au
data from the PHENIX experiment [37]. As one can see
the main feature of the new gauge boson is an excess
of dileptons, from thermal production in the QGP, at
1.6 GeV (for m�0 = 1.6 GeV) in the total spectrum,
due to the resonance in the s-channel production of the
dilepton final state. Replacing the �

0 with a Z

0 results
in a similar resonance, hence it should be possible to set
strong limits on the quark and lepton couplings, similarly
to searches in proton-proton dilepton spectra for heavier
gauge bosons.

One can draw a direct comparison between the reso-
nance here, from the s-channel exchange of a new gauge

5 Indeed, although the prompt Drell-Yan contribution is smaller
than the cc̄ background in this invariant mass region, a limit
could also be set in principle using this prompt signal. However
such a limit would always be weaker than that set using the larger
thermal yield from the QGP, or using both signals together.

5

III. SEARCHES FOR NEW GAUGE BOSONS
AT PHENIX

Since our calculations successfully reproduce previous
determinations of the expected thermal QGP dilepton
spectra, we can now study the contribution of a new vir-
tual gauge boson to these spectra and confront our results
to the Au-Au data from the PHENIX experiment [37].

A. New gauge boson characteristics

The simplest implementation of a dark photon is to
consider a new (massive) particle with vector-like inter-
actions, proportional to that of the photon (see [74] for
a review). The ratio of the �

0 coupling to that of the
photon is labelled as �i, with i any SM particle that is
electromagnetically charged. We thus have the following
relation Q

0
i = �iQi, where Qi is the charge of the SM

particle i). Alternatively one can consider a gauge boson
with possibly both vectorial and axial-vector couplings
to quarks and leptons, like a Z boson. Such a particle
is generally referred to as a Z

0 and can have a di↵erent
mass mZ0 and also suppressed couplings to the Standard
Model particles, relative to the Z (also labelled �i). For
simplicity hereafter we will assume a universal suppres-
sion for all quark flavours, but one can easily extend our
results to non universal couplings.

Light (sub 10 GeV) dark gauge bosons are expected
to contribute to dileptons production through the same
processes as virtual photons. The Feynman diagrams for
the dilepton production processes qq̄ ! e

+

e

�, q + g !
q + e

+

e

� and q + q̄ ! g + e

+

e

� are shown in fig. 2,
mediated by either a �

0 or Z 0. The rate for such a process
should be greatly enhanced when the invariant mass of
the pair mee is around the mass of the new gauge boson,
due to the s-channel resonance (even if the couplings are
suppressed).

Here we propose to exploit such a resonance to set
limits on new, GeV-mass, dark gauge bosons. Before
we proceed, it is worth considering whether such a signal
could be detected in dilepton spectra from proton-proton
collisions at GeV-scale, as well as from the QGP in heavy-
ion collisions. The signal from Drell-Yan production of
dileptons, used to set bounds for heavier gauge bosons
[20, 21], is approximately an order of magnitude below
the hadronic background for GeV-scale invariant masses
[73, sec. 4.1]. Hence any enhancement due to the ex-
change of a dark gauge boson would be e↵ectively invisi-
ble in prompt (proton-proton) collisions. The situation is
di↵erent for heavy-ion collisions, since the QGP presents
an additional thermal source of dileptons for mee of GeV-
scale, which is much stronger than that from non-thermal
prompt production [43, 75, 76]. This is why we focus only
on thermal production from the QGP in this work and
disregard the sub-dominant non-thermal production.

We will therefore search for an enhancement due to a
�

0 or Z

0 in the Au-Au dilepton spectrum for 1.2GeV <
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FIG. 2: Feynman diagrams for the QGP processes qq̄ !
e+e�, q + g ! q + e+e� and q + q̄ ! g + e+e�. In each
case the e+e� production is mediated by either the exchange
of a virtual �0 or Z0. We define Qi as the SM charge of species
i relative to the elementary charge unit e. For the Z0, Vi and
Ai are the SM vector and axial-vector couplings for species
i and g̃ = e

2 sin ✓W cos ✓W
. Note that t-channel and u-channel

versions of the lower diagrams are also present.

mee < 2.6GeV, where the contribution from the QGP is
expected to be largest, and competitive with the hadronic
background. To calculate the dilepton spectrum for �0 or
Z

0 we follow the same method as for virtual photons in
sec. IID, but replace the photon in the propagator by
the dark gauge boson, as in the processes of fig. 2.

B. Dilepton backgrounds at PHENIX

The background for dilepton emission, over the full
possible invariant mass range, originates from various
hadronic decays, referred to collectively as the “cock-
tail”. In the IMR, there is some ambiguity in exactly
how large the hadronic background is. One nevertheless
expects the dominant background to be from W -boson
decays of charm and anti-charm quarks; where the elec-
trons and positrons are mistaken for dilepton pairs orig-
inating from a single vertex [37, 75, 77, 78].
In proton-proton collisions the production of c and

c̄ quarks results in correlated decays, since they are
themselves produced back-to-back from the same vertex.
Hence the correlated opening angle of the detected e

+

and e

� from the decaying c and c̄ is more likely to be
close to ⇡ than 0, increasing the likelihood that they
will be mistaken for a high invariant-mass pair. This
results in a large dilepton background in the IMR, pre-
cisely where we hope to see a signal from the QGP in
heavy-ion collisions.
However for Au-Au there is evidence to indicate that

c and c̄ scatter in the nuclear medium [79, 80], which
should e↵ectively destroy such correlation, resulting in
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collisions at GeV-scale, as well as from the QGP in heavy-
ion collisions. The signal from Drell-Yan production of
dileptons, used to set bounds for heavier gauge bosons
[20, 21], is approximately an order of magnitude below
the hadronic background for GeV-scale invariant masses
[73, sec. 4.1]. Hence any enhancement due to the ex-
change of a dark gauge boson would be e↵ectively invisi-
ble in prompt (proton-proton) collisions. The situation is
di↵erent for heavy-ion collisions, since the QGP presents
an additional thermal source of dileptons for mee of GeV-
scale, which is much stronger than that from non-thermal
prompt production [43, 75, 76]. This is why we focus only
on thermal production from the QGP in this work and
disregard the sub-dominant non-thermal production.

We will therefore search for an enhancement due to a
�

0 or Z

0 in the Au-Au dilepton spectrum for 1.2GeV <
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FIG. 2: Feynman diagrams for the QGP processes qq̄ !
e+e�, q + g ! q + e+e� and q + q̄ ! g + e+e�. In each
case the e+e� production is mediated by either the exchange
of a virtual �0 or Z0. We define Qi as the SM charge of species
i relative to the elementary charge unit e. For the Z0, Vi and
Ai are the SM vector and axial-vector couplings for species
i and g̃ = e

2 sin ✓W cos ✓W
. Note that t-channel and u-channel

versions of the lower diagrams are also present.

mee < 2.6GeV, where the contribution from the QGP is
expected to be largest, and competitive with the hadronic
background. To calculate the dilepton spectrum for �0 or
Z

0 we follow the same method as for virtual photons in
sec. IID, but replace the photon in the propagator by
the dark gauge boson, as in the processes of fig. 2.

B. Dilepton backgrounds at PHENIX

The background for dilepton emission, over the full
possible invariant mass range, originates from various
hadronic decays, referred to collectively as the “cock-
tail”. In the IMR, there is some ambiguity in exactly
how large the hadronic background is. One nevertheless
expects the dominant background to be from W -boson
decays of charm and anti-charm quarks; where the elec-
trons and positrons are mistaken for dilepton pairs orig-
inating from a single vertex [37, 75, 77, 78].
In proton-proton collisions the production of c and

c̄ quarks results in correlated decays, since they are
themselves produced back-to-back from the same vertex.
Hence the correlated opening angle of the detected e

+

and e

� from the decaying c and c̄ is more likely to be
close to ⇡ than 0, increasing the likelihood that they
will be mistaken for a high invariant-mass pair. This
results in a large dilepton background in the IMR, pre-
cisely where we hope to see a signal from the QGP in
heavy-ion collisions.
However for Au-Au there is evidence to indicate that

c and c̄ scatter in the nuclear medium [79, 80], which
should e↵ectively destroy such correlation, resulting in


