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inverse slope cannot be directly be interpreted as average temperature, which highlights the importance
of thermal dilepton measurements as a function of invariant mass. The direct photon v

2

is indeed compa-
rable to the v

2

of pions, which suggests late emission of direct photons dominated by the hadronic phase.
To simultaneously describe the elliptic flow and the large direct photon excess, which on the other hand
implies early production, poses a significant challenge to theoretical models.

First results of direct photon production at the LHC also show an indication of an excess produc-
tion due to thermal radiation [28]. The elliptic flow measurement [29], however, does not cause the same
challenges to models, though the experimental uncertainties are still large at this point. The production of
thermal photons is expected to increase when going from p

s

NN

= 2.76 TeV to p
s

NN

= 5.5 by a factor
⇠ 1.5 at about p

T

⇡ 1 GeV and the prompt photons by a factor 1.5 to 2 [30]. The average temperature
< T > of the QGP increases from 650 MeV to 690 MeV [?]. The thermal photon elliptic flow parameterMissing referenceMissing reference

is very small and very close to each other at the two LHC energies for central collisions. Differences be-
come larger as one goes towards peripheral collisions. Simultaneous measurements of photon yields and
photon flow with high accuracy will provide constraints to theoretical models. Dilepton measurements
by ALICE at the LHC are not yet sensitive to possible low-mass enhancement and thermal signals [31].
A precise measurement of the low-mass dielectron continuum will be one of the main objectives of the
ALICE physics programme during the LHC Run 3. In the meanwhile, the dominant background of di-
electrons from correlated semileptonic open heavy-flavour decays is utilised to learn more about open
heavy-flavour production in pp collisions at LHC energies [32, 33].
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Fig. 1: Model predictions for the invariant mass spectrum of e+e� pairs in central (0–10%) Pb–Pb
collisions at p

s

NN

= 5.5 TeV. Left panel: in-medium radiation plus decays of the ⇢ meson at the end
of the system evolution 1. Right panel: Expectations from the PHSD model including the in-medium ⇢

meson, qq̄ ! �

⇤, qq̄ ! �

⇤
g, and qg ! �

⇤q, hadronic sources, and semileptonic decays of cc̄

2.

An approach that has been proven to provide a quantitive description of the existing dilepton re-
sults [34] is based on two ingredients that are put into a realistic space-time evolution [35]. The thermal
dilepton radiation is modelled by perturbative emission rates from the hadronic phase and the Quark–
Gluon Plasma (QGP) [14, 36]. A hadronic many-body approach [13] is used for the medium-modified
spectral function of the ⇢ meson functions, which are connected to the chiral symmetry restoration of
QCD at high temperatures [16]. In addition, the equation of state is updated to a cross-over transition
around T

c

= 170 MeV extracted from with recent lattice QCD computations, and hadro-chemical freeze-
out at T

chem

160 MeV [37]. Figure 1 (left) shows the calculations performed for central Pb–Pb collisions
at p

s

NN

= 5.5 TeV for in-medium radiation plus decays of the ⇢ meson at the end of the system evolu-
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6.1.1 Real photons

Recently ALICE has measured direct photon spectrum in three centrality classes in Pb–Pb collisions atp
s

NN

= 2.76 TeV, see Fig. 3, left. The measurement combines results of Photon Conversion Method
(PCM) and of PHOS spectrometer. In central collisions at low p

T

<3-4 GeV/c an excess with respect to
prompt photon predictions is observed that is attributed to thermal photon emission from the QGP. For
the most central 0-20% centrality the low p

T

excess is of the order of 10-15%, while the total uncertainty
of the order of 6%. A signal of direct photons was found in central collisions, but on the level 2 sigma,
while in mid-central and especially in peripheral situation is even worse. On the other hand peripheral
collisions are important since there one can estimate and restrict contribution from prompt direct photons.
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Fig. 3: R

�

measured (left) and R

�

projected.

Let us consider how one can improve accuracy of our measurement. We split uncertainties into
3 classes: those which can be improved with increase of statistics (statistical uncertainties, uncertainties
related to ⇡

0 spectrum extraction, ⌘/⇡

0 ratio); uncertainties which can be reduced using new techniques
and some special methods (material budget estimate - with calibrated material analysis, energy scale in
calorimeters with new hybrid ⇡

0 methods); and uncertainties related to the properties of the detector
which can not be improved (hadron contamination in calorimeters, electron identification in conversion
method etc.). To estimate improvement of uncertainties we assumed that available statistics will increase
by factor 100. The main contributor to the systematic uncertainties at low p

T

for PCM is the material
budget uncertainty with 4.5%. The major improvement foreseen for Run-3 is the installation of two
1 mm tungsten wires with well known material thickness parallel to the beam direction in the new ITS.
The wires will be positioned between layers 2-3 and 4-5 at R = 4-14 cm and R = 30.9 cm, being inclined
the most inner one. In order to do so, a method to calibrate the material budget is proposed. The yield
of � conversions with production in the wire would be used to calibrate the product of the photon flux
times � ! e

+

e

� reconstruction efficiency. This product would then be used to precisely determine the
material thickness in the rest of the ITS (assuming phi-independent photon flux and taking the radial
dependence of the reconstruction efficiency from simulation).

The method proposed to calibrate the complete ITS material thickness is based on weights cal-
culated as a double ratio of reconstructed � conversions in a generic radial bin to the number of recon-
structed conversions in the calibrated material in Data to the same ratio in Monte Carlo. The weights are
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acceptance of the apparatus for unlike- and like-sign pairs [31–33]. The significance that is used to
project the statistical uncertainty on the measurement is calculated as S/

p
S + 2B. The signal S is

shown in Fig. 5(left) together with all input distributions. In order to extract the thermal component and
the in-medium modified ⇢ spectral function, the hadronic coktail and the contribution from correlated
semileptonic charm decays is subtracted and shown in Fig. 6(left). In addition, the systematic uncer-
tainties from the combinatorial background and signal extraction, as well as physical backgrounds after
subtraction are shown. The relative systematic uncertainty from tracking and track matching on the sig-
nal is assumed to be 4%. For the systematic uncertainty on B a mass dependent uncertainty on the R
factor (0.2% at M = 0.3 GeV/c2 [33]) is used. A relative systematic uncertainty on the light-hadron
cocktail and on the total charm cross-sections of 10% and 15%, respectively, are applied.

In the dimuon channel, the full integrated luminosity of Pb–Pb collisions (L
int

⇡ 10 nb1) is used.
In this channel, the main source of background is represented by the combinatorial pairs of muons coming
from uncorrelated semimuonic decays of light-flavoured mesons, mainly pions and kaons, copiously
produced in high-energy nuclear collisions. The opposite-sign dimuon mass spectrum obtained after the
subtraction of the combinatorial background evaluated by means of an event mixing technique, results
from the superposition of several opposite-sign correlated dimuon sources, represented in the right panel
of Fig. 5. In order to isolate the thermal dimuon radiation and the in-medium modified line shapes of the
⇢ meson, the known and well-identifiable sources of the hadronic cocktail — 2-body and Dalitz decays
of the ⌘ , ! , � mesons, for which no in-medium effect is expected — are subtracted from total opposite-
sign correlated dimuon mass spectrum. A 10 % systematic uncertainty in the evaluation of the shape and
the normalization of these sources has been considered in the performance studies. The same procedure
has been also applied for the subtraction of the dimuons from the open charm and open beauty processes;
alternatively, these two sources could be separated from the prompt ones by means of an analysis based
on the discrimination of the dimuon offset at the primary vertex.
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Fig. 5: Inclusive e+e� (left) and µ+µ� (right) invariant mass spectrum for 0–10% most central Pb–Pb
collisions at p

s

NN

= 5.5 TeV. The green boxes show the systematic uncertainties from the combinatorial
background subtraction.

The spectral function of low-mass dielectrons and dimuons in the mass region of the modi-
fied ⇢ mesons spectral function M ⇡ 0.5 GeV/c2 can be extracted with a systematic uncertainty of
⇡ 40% and ⇡ 20%, respectively (see Fig. 6). The sizable contribution of thermal dilepton pairs above
M > 1.1 GeV/c2 can be used to extract the temperature of the system. An exponential fit with dN

/dM ⇠ M

3/2 exp( M/T

fit

) to the subtracted e+e� spectra in the invariant mass region 1.1 < M < 2.0
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masses. As pair mass decreases, the average distance between the nuclei and the two-photon production
point increases, so the medium should have less and less effect. Very high mass pairs are also of interest,
since they should show increased in-medium effects. It would also be interesting to compare e

+

e

� with
µ

+

µ

� (and possibly ⌧

+

⌧

�), since the lighter leptons should have more bremsstrahlung. If the leptons
interact with the medium, then the electron A distribution should show more change than that for muons.

Fig. 7: Acoplanarity (↵, top) and lepton energy imbalance (A, bottom) as a function of centrality, for
dimuon pairs with pair mass above 10 GeV, observed in the ATLAS detector. From Ref. [64].

Fig. 8: Expected dimuon yield in ATLAS acceptance (above 4 GeV pair mass, with appropriate cuts),
for 40–80% centrality Pb–Pb collisions and the expected Run3/4 luminosity.

6.2.2 Photonuclear interactions
In photonuclear interactions, a photon emitted by one nucleus fluctuates to a quark-antiquark dipole,
which then scatters elastically from the other (target) nucleus, emerging as a real vector meson. The
scattering occurs via Pomeron exchange, which preserves the photon quantum numbers. In perturbative
QCD, Pomerons are made up of gluons, so the process is sensitive to the gluon distribution in the target
nucleus. UPC measurements are consistent with moderate gluon shadowing. In coherent scattering, the
typical pair p

T

is ~/R

A

. Incoherent scattering is also possible, with a lower cross-section. There the
quark-antiquark dipole scatters elastically from a single nucleon (or, at still higher p

T

inelastically from
a single nucleon), producing a vector meson with a typical p

T

of a few hundred MeV/c.
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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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Fig. 11: 90% of CL constrained by ALICE
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Figure 2: Regions of the [m(A

0
), �

2

] parameter space excluded at 90% CL by the prompt-like A

0

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) ⇡ 5.8 GeV, 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
0.5 GeV, and are the most stringent for 10.6 < m(A0) < 70 GeV. 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 10 GeV, 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

Fig. 12: 90% of CL constrained by LHCb

Fig. 13: 90% of CL constrained by ALICE in HL-
LHC era
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D�

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring

O(m

2
A�/m

2
Z) and O(↵EM) corrections, this process has

the identical cross section to the prompt SM process

which originates from the EM current

BEM : pp ! X�

� ! Xµ

+
µ

�
, (7)

up to di�erences between the A

�
and �

�
propagators and

the kinetic-mixing suppression. Interference between S

and BEM is negligible for a narrow A

�
resonance. There-

fore, for any selection criteria on X, µ

+
, and µ

�
, the

ratio between the di�erential cross sections is

d�pp�XA��Xµ+µ�

d�pp�X���Xµ+µ�
= ✏

4 m

4
µµ

(m

2
µµ � m

2
A�)

2
+ �

2
A�m

2
A�

, (8)

where mµµ is the di-muon invariant mass, for the case

�A� � |mµµ �mA� | � mA�
. The ✏

4
factor arises because

both the A

�
production and decay rates scale like ✏

2
.

To obtain a signal event count, we integrate over an

invariant-mass range of |mµµ � mA� | < 2�mµµ , where

�mµµ is the detector resolution on mµµ. The ratio of

signal events to prompt EM background events is

S

BEM
⇡ ✏

4 ⇡

8

m

2
A�

�A�
�mµµ

⇡ 3⇡

8

mA�

�mµµ

✏

2

↵EM(N� + Rµ)

, (9)

neglecting phase space factors for N� leptons lighter

than mA�
/2. This expression already accounts for the

A

� ! µ

+
µ

�
branching-fraction suppression when Rµ is

large. Despite the factor of ✏

4
in (8), the ratio in (9) is

proportional to ✏

2
because of the ✏

2
scaling of �A�

.

We emphasize that (9) holds for any final state X (and

any kinematic selection) in the mA� � mZ limit for tree-

level single-photon processes. In particular, it already in-

cludes µ

+
µ

�
production from QCD vector mesons that

mix with the photon. This allows us to perform a fully

data-driven analysis, since the e�ciency and acceptance

for the (measured) prompt SM process is the same as

for the (inferred) signal process, excluding A

�
lifetime-

based e�ects. The dominant component of BEM at small

mA�
comes from meson decays M ! µ

+
µ

�
Y , especially

⌘ ! µ

+
µ

�
�, and is denoted as BM (which includes feed-

down contributions from heavier meson decays). There

are also two other important components: final state

radiation (FSR) and Drell-Yan (DY) production. Non-

prompt �

�
production is small and only considered as a

background.

Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt

di-muon sample, ordered by their relative size:

• B

��
misID: Two pions (and more rarely a kaon and

pion) can be misidentified (misID) as a fake di-

muon pair, including the contribution from in-flight

decays. This background can be deduced and sub-

tracted in a data-driven way using prompt same-

Fig. 14: 90% of CL constrained by LHCb in HL-
LHC era

with respect to the event plane (elliptic flow), more differential measurements might still be limited. The
measurement of the photon polarization via the angular distribution of dileptons can not only provide
information the thermalization of the system, but also on the early stages of collision [100]. Experi-
mentally these distributions have been measured by the NA60 [101], where no polarization was found
concluding that the observed excess dimuons are in agreement with the thermal emission from a a ran-
domized system. In order to study the angular distributions, for example in the Collins-Soper reference
frame [102–104] in the polar angle ✓ and the azimuthal angle ', a much larger data set as anticipated forcheckcheck

the moment would be needed (NA60 used ⇠ 50000 excess µ+µ� pairs).
Another promising direction is measurement of Bose-Einstein correlations of direct photons. We

this probe one can trace space-time dimensions of the hottest part of the fireball and moreover, varying
k

T

of the photon pair, one can select pairs coming mostly from earlier or later stages of the collision
and thus look at evolution of the fireball. On the other hand from the correlation strength parameter
one can extract direct photon spectrum down to very low p

T

⇠ 100 MeV/c. So far there was one
successful measurement of direct photon BE correlations with WA89 collaboration [105], while at RHIC
and LHC energies these measurements are still unavailable. The reason is that expected strength of
these correlations �

�

= 1/2(N

dir

�

/N

tot

�

)

2 is extremely small. Moreover, in contrast to massive particles,
averaging of full 3D correlation function C

2

(q

out

, q

side

, q

long

) to 1D C

2

(q

inv

) results in further dramatic
decrease of correlation strength [105]. This all requires very big statistics in addition to understanding
detector response.
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A"Large"Ion"Collider"Experiment"

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.�

�	�

NA48-2�

Fig. 11: 90% of CL constrained by ALICE
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Figure 2: Regions of the [m(A

0
), �

2

] parameter space excluded at 90% CL by the prompt-like A

0

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) ⇡ 5.8 GeV, 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
0.5 GeV, and are the most stringent for 10.6 < m(A0) < 70 GeV. 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 10 GeV, 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

Fig. 12: 90% of CL constrained by LHCb

Fig. 13: 90% of CL constrained by ALICE in HL-
LHC era
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D�

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring

O(m

2
A�/m

2
Z) and O(↵EM) corrections, this process has

the identical cross section to the prompt SM process

which originates from the EM current

BEM : pp ! X�

� ! Xµ

+
µ

�
, (7)

up to di�erences between the A

�
and �

�
propagators and

the kinetic-mixing suppression. Interference between S

and BEM is negligible for a narrow A

�
resonance. There-

fore, for any selection criteria on X, µ

+
, and µ

�
, the

ratio between the di�erential cross sections is

d�pp�XA��Xµ+µ�

d�pp�X���Xµ+µ�
= ✏

4 m

4
µµ

(m

2
µµ � m

2
A�)

2
+ �

2
A�m

2
A�

, (8)

where mµµ is the di-muon invariant mass, for the case

�A� � |mµµ �mA� | � mA�
. The ✏

4
factor arises because

both the A

�
production and decay rates scale like ✏

2
.

To obtain a signal event count, we integrate over an

invariant-mass range of |mµµ � mA� | < 2�mµµ , where

�mµµ is the detector resolution on mµµ. The ratio of

signal events to prompt EM background events is

S

BEM
⇡ ✏

4 ⇡

8

m

2
A�

�A�
�mµµ

⇡ 3⇡

8

mA�

�mµµ

✏

2

↵EM(N� + Rµ)

, (9)

neglecting phase space factors for N� leptons lighter

than mA�
/2. This expression already accounts for the

A

� ! µ

+
µ

�
branching-fraction suppression when Rµ is

large. Despite the factor of ✏

4
in (8), the ratio in (9) is

proportional to ✏

2
because of the ✏

2
scaling of �A�

.

We emphasize that (9) holds for any final state X (and

any kinematic selection) in the mA� � mZ limit for tree-

level single-photon processes. In particular, it already in-

cludes µ

+
µ

�
production from QCD vector mesons that

mix with the photon. This allows us to perform a fully

data-driven analysis, since the e�ciency and acceptance

for the (measured) prompt SM process is the same as

for the (inferred) signal process, excluding A

�
lifetime-

based e�ects. The dominant component of BEM at small

mA�
comes from meson decays M ! µ

+
µ

�
Y , especially

⌘ ! µ

+
µ

�
�, and is denoted as BM (which includes feed-

down contributions from heavier meson decays). There

are also two other important components: final state

radiation (FSR) and Drell-Yan (DY) production. Non-

prompt �

�
production is small and only considered as a

background.

Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt

di-muon sample, ordered by their relative size:

• B

��
misID: Two pions (and more rarely a kaon and

pion) can be misidentified (misID) as a fake di-

muon pair, including the contribution from in-flight

decays. This background can be deduced and sub-

tracted in a data-driven way using prompt same-

Fig. 14: 90% of CL constrained by LHCb in HL-
LHC era

with respect to the event plane (elliptic flow), more differential measurements might still be limited. The
measurement of the photon polarization via the angular distribution of dileptons can not only provide
information the thermalization of the system, but also on the early stages of collision [100]. Experi-
mentally these distributions have been measured by the NA60 [101], where no polarization was found
concluding that the observed excess dimuons are in agreement with the thermal emission from a a ran-
domized system. In order to study the angular distributions, for example in the Collins-Soper reference
frame [102–104] in the polar angle ✓ and the azimuthal angle ', a much larger data set as anticipated forcheckcheck

the moment would be needed (NA60 used ⇠ 50000 excess µ+µ� pairs).
Another promising direction is measurement of Bose-Einstein correlations of direct photons. We

this probe one can trace space-time dimensions of the hottest part of the fireball and moreover, varying
k

T

of the photon pair, one can select pairs coming mostly from earlier or later stages of the collision
and thus look at evolution of the fireball. On the other hand from the correlation strength parameter
one can extract direct photon spectrum down to very low p

T

⇠ 100 MeV/c. So far there was one
successful measurement of direct photon BE correlations with WA89 collaboration [105], while at RHIC
and LHC energies these measurements are still unavailable. The reason is that expected strength of
these correlations �

�

= 1/2(N

dir

�

/N

tot

�

)

2 is extremely small. Moreover, in contrast to massive particles,
averaging of full 3D correlation function C

2

(q

out

, q

side

, q

long

) to 1D C

2

(q

inv

) results in further dramatic
decrease of correlation strength [105]. This all requires very big statistics in addition to understanding
detector response.
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LIMITATIONS AND OUTLOOK 
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Status:  
•  Text: first version 

•  Polarization 
•  Photon HBT 
•  ALICE-ITS3 upgrade 

•  Final cosmetics: pending 



– correlated semileptonic charm decays based on calculations from the PYTHIA event generator
[58],

– and the radiation of thermal dileptons and a medium-modified spectral function for the ⇢ meson in
a realistic space-time evolution.

The first two are the same as for the expectations used in the extraction of dark photon limits in Sec. 6.3,
the latter were provided by R. Rapp5. The combinatorial background was scaled from Pb–Pb collisions
to the expected number of pairs in p–Pb collisions. The pair efficiency (including the efficiency for
rejecting e+e� pairs from semileptonic charm decays) is assumed to be the same as in Pb–Pb collisions.
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Fig. 16: Placeholder: Minimum thermal photon to ⇡

0 ratio needed to extract the temperature of the QGP
with a statistical uncertainty �

T,stat

< 10% as a function of integrated luminosity.

The temperature of the QGP is extracted in the same way as in Sec. 6.1.2. The minimum thermal
photon to ⇡

0 (both decaying into e+e�) ratio that is needed for a fit to the invariant mass spectrum with
a statistical uncertainty �

T,stat

< 10% as a function of integrated between 50 nb�1 and 2000 nb�1 is
shown in Fig. 16.

5private communication Ralf Rapp
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SMALL SYSTEMS (TO BE MOVED TO SECTION) 
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•  Text: first version 
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OTHER ITEMS/HOMEWORK 
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•  Figures:  
•  Dark photons: check consistency between world data and other 

experiments on ALICE projection, create one plot for it (contact 
LHCb)?  

•  small systems: real photons, dielectrons 
•  peripheral collisions 
•  ATLAS/LHCb/ALICE approval of figures  

•  Text: 
•  Real photons section needs still some work 
•  Final cosmetics (check consistency of symbols) 
•  How to treat private communication (at the moment footnote), 

presentations (peripheral collisions) 

•  Other items? 



TIMELINE 
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-  Friday 7th September:    meeting “thermal radiation” section:    
        https://indico.cern.ch/event/753073/ 
        Done 

-  Monday 10th September:   draft to be sent to internal mailing 
        list(s) for discussion: figures and text 
        close to final Done 14th September 

-  Friday 14th September:   WG5 meeting (present section status): 
https://indico.cern.ch/event/754980/ 
Done 
 

-  Week 17th-21st September:   meeting “thermal radiation” section 
        Today 

-  Sunday 30th September:   final version of draft to be uploaded 
        for WG5 review 

-  October 30-31:     next general WG5 meeting at CERN: 
        https://indico.cern.ch/event/752211/ 

 



YELLOW REPORT STATUS 
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Available 
In preparation 
Not for yellow report 

Photons Dielectrons Dimuons 

Spectra Rgamma (Pb-Pb) 
Rgamma (p-Pb) 

ALICE LoI 
Fast simulation ALICE LoI 

Temperature ALICE LoI 
Fast simulation 

Flow v2 for Pb-Pb  ALICE LoI 

Other DCA-HF rejection 
p-Pb projections 

Beyond thermal 
radiation 

Photon mediated production 

Dark photons 
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REAL PHOTON PREDICTIONS (FIRST DRAFT) 
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R.Papp Direct Photon Yield PbPb 2.76 and 5.02 TeV

5TeV  0-10%
5TeV 10-20%
5TeV 20-40%
5TeV 40-60%
5TeV 60-80%
2.76TeV  x1.3 0-10%
2.76TeV  x1.3 20-40%
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