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We calculate the production of prompt and thermal photons from Pb + Pb collisions at 5.02A TeV at the
Large Hadron Collider (LHC) and at 39A TeV at the proposed Future Circular Collider (FCC) facility. The
photon spectra and anisotropic flow at these energies are compared with the results obtained from 2.76A TeV

Pb + Pb collisions at the LHC for three different centrality bins. The prompt photons originating from initial
hard scatterings are found to increase by a factor of 1.5 to 2 at 5.02A TeV in the pr region 2 to 15 GeV and the
enhancement is found to be about 5 to 15 times at FCC energies compared with 2.76A TeV in the same p region.
The evolution of the quark-gluon plasma (QGP) formed in Pb 4 Pb collisions at LHC and FCC energies are
studied by using a hydrodynamical model and the p7 spectra and elliptic flow of thermal photons are calculated
using state-of-the-art photon rates. The relative enhancement in the production of thermal photons is found to
be more compared with prompt photons at FCC than at the LHC energies. Although the production of direct
(prompt + thermal) photons is found to enhance significantly with increase in beam energy, the photon elliptic
flow increases only marginally and does not show strong sensitivity to the collision energy.
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I. INTRODUCTION

Experiments performed at the Relativistic Heavy Ion Col-
lider (RHIC) and at the Large Hadron Collider (LHC) are
aimed at exploring a specific region of the QCD phase diagram
where a possible transition from a bound state of hadrons
to an unbound state of quarks and gluons can occur. This
color-deconfined state of quarks and gluons in local thermal
equilibrium is known as a quark-gluon plasma [1,2]. Relativis-
tic hydrodynamics has emerged as one of the most successful
frameworks to explain the soft probes or bulk observables pro-
duced in high-energy heavy-ion collisions [3,4]. The charged
particle spectra as well as anisotropic flow parameters (elliptic,
triangular flow, etc.) are successfully explained by hydrody-
namic model with suitable initial conditions where the initial
conditions are constrained from the experimental data for final
charged particle multiplicity [5-8].

Photons, both real as well as virtual (i.e., dileptons), are
known as one of the promising probes to study the hot and
dense quark-gluon plasma produced in relativistic heavy-ion
collisions [9,10]. The direct photon spectra at 200A GeV Au +
Au collisions at RHIC and at 2.76A TeV Pb + Pb collisions
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at the LHC are explained well in the region pr > 1 GeV
by a calculation combining the contributions of prompt and
thermal photons where the prompt photons are calculated
by using a next-to-leading order (NLO) perturbative QCD
calculation and the thermal part is calculated considering a
hydrodynamic evolution of the fireball produced and state-of-
the-art photon production rates [ 1 1-14]. However, the very low
pr (£1GeV)region of the direct photon spectra which is likely
to be dominated by photons produced from the interaction
of different hadronic channels still remains unexplained by
most of the calculations. Most importantly, it has been shown
in many recent studies that the calculations underpredict
the experimental data on the elliptic and triangular flow of
photons by a large margin both for Au + Au collisions at the
RHIC and Pb + Pb collisions at the LHC [11,12,15]. Thus,
model calculations that simultaneously explain the spectra and
anisotropic flow of charged particles from heavy-ion collisions
fail to reproduce the photon spectra and anisotropic flow
parameters at RHIC [16,17] and LHC energies [18,19]. This
is known as the photon v, puzzle. The calculation of photon
anisotropic flow parameter at higher collision energies, at
different collisions centralities as well as for different systems
(e.g., Cu + Cu, U + U) with modified initial conditions would
be valuable to understand this puzzle [15,20,21].

In the past few years, direct photon production in relativistic
heavy-ion collisions has emerged as a rich field of activities
and some notable contributions can be found in Refs. [22—-34].
Photon emission during the pre-equilibrium era of relativistic
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heavy-ion collisions was first addressed in Ref. [35]. This
source of photons contains valuable information about reaction
dynamics of partons which are thermalized to QGP. In recent
times, several groups have discussed the pre-equilibrium emis-
sion of photons and found that the contribution is significant
in the low-pr region of direct photon spectrum [36,37].
The strongly coupled gauge theories (N = 4, supersymmetric
Yang—Mills) are widely applied nowadays in order to under-
stand different phenomena of nonperturbative QCD. Thermal
photon and dilepton production at finite temperature are calcu-
lated from these theories and can be found in Refs. [38—40].

Note that the initial parameters which play a significant role
in hydrodynamic model calculations, the formation time, initial
temperature, freeze-out temperature, etc. are not known pre-
cisely to date. We also know that the photon spectra are much
more sensitive to the initial state of the produced fireball than
the hadron spectra because the hadrons are only emitted from
the freeze-out surface, whereas photons are emitted throughout
the system evolution [41,42]. Thus, we calculate the production
and anisotropic flow of direct photons at . /syy = 5.02 TeV, the
highest energy for Pb + Pb collisions achieved at LHC to date.
We expect that Pb 4 Pb collisions at 5.02A TeV would be quite
valuable to constrain the initial conditions as well as helpful
to understand the discrepancy between the theory calculation
and experimental data on photon elliptic flow parameter. The
inverse slope of the photon spectra at 5.02 A TeV would provide
the effective temperature of the produced QGP matter at that
energy. In this study we estimate the production of prompt
photons at 5.02A TeV Pb + Pb collisions for three different
centrality bins and compare those with the photon results
obtained from 2.76A TeV Pb + Pb collisions at the LHC.
In addition, we calculate the production and elliptic flow of
thermal photons at 5.02A TeV for different centrality bins.

The proposed Future Circular Collider (FCC) aims to
collide protons at 100 TeV. Heavy-ion collision at FCC energy
is a part of accelerator design study [43-45]. The Pb + Pb
collisions at FCC are expected to happen at 39A TeV, which
is more than seven times larger than the top LHC energy
achieved for Pb 4 Pb collisions to date. Predictions from
hydrodynamic model calculation have shown that the charged
particle multiplicity, lifetime, and volume of the produced
fireball (for most-central Pb + Pb collisions) would increase
by a significantly large factor at FCC compared with LHC
energies [45]. One can also expect to see a large enhancement
in the production of direct photons at the FCC compared with
the LHC. We have seen a marginal enhancement in the photon
elliptic flow at the LHC compared with the RHIC. Thus,
the estimation of photon v, at the FCC would be valuable
to determine how sensitive the anisotropic flow parameter is
to the beam energy of heavy-ion collisions. In addition, the
significant enhancement in photon production at the FCC is
also expected to reduce the large error bars in the experimental
photon v, data, and this would be helpful in understanding the
discrepancy between the experimental data and results from
calculations.

We predict the production of direct photons (prompt and
thermal) from Pb + Pb collisions at 39A TeV at the FCC and
compare with the results obtained at the two (2.76A and 5.02A
TeV) LHC energies. The elliptic flow parameter calculated at

the FCC would provide an upper limit of the photon v, which
can be achieved in heavy-ion collisions. We shall see that the
prompt photons and thermal photons as well as the elliptic flow
of thermal photons change by differing extents as the energy of
the collisions and the resulting initial conditions are changed.
Thus an accurate description of the direct photon (sum of the
thermal and prompt) spectrum along with the elliptic flow can
constrain our description for these.

The paper is organized as follows: We discus the production
of prompt photons in Sec. II. The hydrodynamics model
and thermal photon calculations are discussed in Sec. III. In
Sec. IV we show the results of photon spectra and elliptic flow
parameter. The summary and conclusions are given in Sec. V.

II. PROMPT PHOTONS

Prompt photons, which are produced from initial hard
scatterings of the colliding nucleons, are the dominant source
of direct photons in the high-pr region (pr >4 GeV).
Quark-gluon Compton scattering [qg (§) + ¢ — ¢q (§) + v],
quark-antiquark annihilation (¢+¢§ — g+ y), and
bremsstrahlung emission from final-state partons [g(g)
—> ¢(g) + y] are the leading production channels of prompt
photons. The photons emitted in the first two reactions are
known as direct prompt photons and those emitted from the
bremsstrahlung process are known as fragmentation photons.
The prompt-photon production cross section in elementary
hadron-hadron (A + B) collisions can be expressed as [46]

d*c? i , . i
WZZ/dxlfA(xlv Qf)/dxzfg(xz, 07)

% Z /dzdffu—wx X1, X2; QR)

dzp dy.

C/)/( QF)

ey

where f}(x1, Q) is the parton distribution function (PDF) of
the ith (flavored) parton in hadron A carrying a momentum
fraction x;. Similarly, fé (x2, sz) corresponds to the PDF for
the jth (flavored) parton in hadron B carrying a momentum
fraction x,. Q is the factorization scale appearing from the
QCD factorization scheme [47,48]. D, (z, Q%) denotes the
parton-to-photon vacuum fragmentation probability defined at
z = p,/p. and Qr is the fragmentation scale also appearing
under the same QCD factorization scheme. The fragmentation
function reduces to (1 — z) when a photon is emitted in
the direct process, i.e., ¢ = y. The term oy cx(x1, X2; Q%e)
signifies the hard parton-parton cross section for all the relevant
processes in which a photon is produced either directly or
fragmented off the final-state partons (¢ or g). Qg is the
momentum scale which appears due to the renormalization
of the running coupling constant c;(Q?).

For the nucleus-nucleus (A + A) collisions we replace the
elementary nucleon PDF [see Eq. (1)] by the isospin-averaged
nuclear PDF:

c=Y.9.8

. 7z . A—7 .
fi(x, Q") =Ra(x, Q%[Zf;,(x, 0+ ——filx, Q2>],
)
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where R4 (x, Q?) is the nuclear modification to the PDF [49]
and f!, f! are the free proton and neutron PDFs, respectively.
We have used the EPS09 parametrization [50] of the nuclear
shadowing function in this study. Z and A are the atomic
number and atomic mass respectively of the colliding nucleus.
For a noncentral collision at impact parameter b we replace Z
and A by the effective atomic and mass number, respectively,
by using the relation [51]
Zefp = %Npa;(b)» Negr = %—Nparzt(b)-
Here, Npu(b) is the number of participant (or wounded) nucle-
ons in an A 4 A collision at impact parameter b calculated by
using Glauber model formalism. The prompt-photon invariant
yield is obtained from the differential production cross section
in nucleon-nucleon (nn) collisions as
2777 2. ¥
IVan _ g ), “
d’prdy  d?’prdy
where Txa (b) is the nuclear overlap function.

In the present study, we estimate the prompt-photon pro-
duction from Pb + Pb collisions at midrapidity (]y| < 0.5)
by using the CTEQG6.6 parton distribution functions [52] and
BFG-II photon fragmentation functions [53]. We have used
the Monte Carlo code JETPHOX (version 1.2.2) [54], which
includes all leading-order and the next-to-leading order (in «;)
channels of prompt-photon production [55]. We consider Qk,
0 ¢,and Q r tobe same (= Q) and all equal to the pr of photons.
One can fine tune these scales to reproduce the experimental
prompt-photon spectra in p 4 p collisions. It has been shown
in Ref. [56] that calculation considering a scale value of pr/2
agrees well with the experimental data from 200 GeV p + p
collisions at the RHIC. However, at 2.76 TeV at the LHC, the
data match with the result from theoretical calculations for a
scale value of pr of the produced photons [57]. In the absence
of any better guideline for choosing these scales at the higher
LHC energies or the FCC energies, we have chosen the same
scale, i.e., Q = pr for these energies as well.

3

III. HYDRODYNAMIC FRAMEWORK
AND INITIAL CONDITIONS

We have considered a longitudinally boost-invariant (2 +
1)-dimensional ideal hydrodynamic framework [58] with a
smooth initial density distribution to study the evolution of
the hot and dense fireball produced in Pb + Pb collisions at
relativistic energies. It has been shown in earlier studies that the
effect of fluctuations is found to be less pronounced for heavy-
ion collisions at 2.76 A TeV than at 200A GeV [42]. In addition,
event-by-event fluctuating initial conditions are found to affect
the anisotropic flow of photons significantly more for Cu 4 Cu
collisions compared with Au + Au collisions at the RHIC [15].
As aresult, the effect of initial-state fluctuation on the thermal-
photon production and its anisotropic flow is expected to be
less significant at 5.02A TeV and at 39A TeV than at 2.76A
TeV Pb + Pb collisions at the LHC. However, a calculation
considering the event-by-event fluctuating initial conditions
would be valuable to get a precise estimate of the production
of direct photons at these very high energies, and we postpone

that for a future study. In our calculation, an entropy initialized
smooth transverse profile is constructed by taking average over
a sufficiently large number of Monte Carlo (MC) events as
follows [21]:

1 N
s,y =) 80y, ()
j=1

where s;(x, y) denotes the transverse entropy density profile
for a single MC event. For simplicity we consider a wounded
nucleon (WN) profile and the initial entropy density is dis-
tributed in the transverse plane by using the relation

Nyn
i) =K filx,y), (6)

i=1

where Ny, is the total number of wounded nucleons in an
event, K is a constant factor that is tuned from the final
charged particle multiplicity, and f;(x, y)is atwo-dimensional
Gaussian distribution function of the form

eXp(_(x—xl)+(y yl)>’ 7

filx,y) =

2wo? 202

where (x;, y;) is the position of the ith source in the transverse
plane. The parameter o decides the size of the initial density
fluctuation and we use o = 0.4 fm for our calculations [58,59].

We take the inelastic nucleon-nucleon cross section (ony)
as 64, 70, and 80 mb at the beam energies 2.76A, 5.02A4,
and 39A TeV, respectively [12,45]. The final charged-particle
multiplicity (d Nen /dn) for 0%—5% centrality class from which
the overall normalization constant [K in Eq. (6)] is fixed,
is taken as 2000 at 5.20A TeV and 1600 at 2.76A TeV
Pb + Pb collisions at the LHC from the experimental data.
For the FCC, the final charged particle multiplicity for most-
central collisions is estimated by extrapolating the results at
RHIC and LHC energies by using the relation dNg,/dn o«
(/svn)"3. We get (dNew/dn) as 3600 at the FCC, which
can be considered as an upper limit of the charged-particle
multiplicity [45].

The initial thermalization time of the hydrodynamic evolu-
tion is taken as 7o = 0.14 fm/c for 2.76 A TeV collisions [12]
and we retain the same value for 7y even for the higher beam
energies considered in the present study. One may argue that
the system would take less time to thermalize for higher beam
energies. However, we believe that this value of 1y is already
too small and, in addition, at present we do not have any
result from theoretical calculations predicting the formation
time at 5.02A and 39A TeV. Thus, typ = 0.14 fm/c can be
considered as a good approximation of 7y for all three energies.
The temperature at freeze-out (7) is taken as 160 MeV,
which reproduces the measured pr spectra of charged pions
at 2.76 A TeV at the LHC energy. The quark-hadron transition
temperature T, is taken as 170 MeV and the lattice-QCD-based
equation of state is taken from Ref. [60]. We choose centrality
cuts in our calculation by using the MC Glauber model.

It is important to mention here that a two-component (com-
bination of wounded nucleons and binary collisions) Glauber
model initial condition is more effective (than a wounded
nucleon profile) for very high energy A + A collisions where
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we fix the fraction of the two components from the charged-
particle multiplicity distribution. However, at FCC energy, as
there is no experimental data available, we consider a single-
component Glauber model to estimate the thermal-photon
production at different centralities to avoid introducing an
additional parameter.

IV. THERMAL PHOTONS

We use next-to-leading-order plasma rates from
Refs. [61,62] to calculate the photon production from
the QGP phase. The rates for photon production from the
hadronic phase (an exhaustive set of hadronic reactions and
radiative decay of higher resonance states are considered)
have been taken from Ref. [63] and which also include the
effects of the hadronic form factors. The pr spectrum of
thermal photons is obtained by integrating the emission rates
(R = EdN /d? pd*x) over the entire spacetime history. The
evolution is considered from the initial thermalization time to
the final freeze-out state of the fireball via the intermediary
quark-hadron transition:

E—p = fd4xR(E*(x), T(x)), (8)

where T(x) is the local temperature. The energy in the
comoving frame is E*(x) = p*"u,(x), where p* is the four-
momentum of the photons and u,, is the local four-velocity of
the flow field. The values of T and u,, are obtained by solving
the hydrodynamical equations.

The anisotropic flow coefficients v, are estimated by ex-
panding the invariant particle distribution in transverse plane
by using a Fourier decomposition:

AN 1 dN
d?prdy  2m prdprdy

[1 +2) vi(pr)cos (nqs)}. ©)
n=1

For a smooth initial density distribution the first nonvanishing
anisotropic flow coefficient is v, or the elliptic flow parameter.

V. RESULTS

A. Prompt-photon production

The prompt-photon spectra from Pb + Pb collisions at
5.02A TeV at the LHC and 39A TeV at the FCC for centrality
bins 0%—-20%, 20%—40%, and 40%—60% are shown in Fig. 1.
The results from 2.76 A TeV are also shown in the same figures
for a comparison. For 0%—20% centrality bin one can see that,
in the p7 range 2—-15 GeV, the production of prompt photons
is about 1.5-2 times larger at 5.02A TeV compared with
2.76 A TeV. We see a much larger production of prompt photons
at the FCC compared with the LHC; at py ~ 2 GeV the
spectra (for all three centrality bins) at the FCC is about five
times larger than at 2.76A TeV. As we move towards higher
pr values, the enhancement in the production at the FCC
compared with the LHC is even more. At pr ~ 15 GeV, the
enhancement factor is about 15 for prompt photons at 39A TeV
than at 2.76 A TeV. However, the difference between spectra at
the two LHC energies remains almost the same in the entire pr
range shown in the figure. Prompt-photon yield for 0%—20%
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FIG. 1. Prompt-photon spectra from Pb + Pb collision at 2.76 A
and 5.02A TeV at LHC and at 39A TeV at FCC for centrality bins (a)
0%-20%, (b) 20%—40%, and (c) 40%—60%.

central collisions is found to be almost nine to ten times larger
than the same obtained for 40%—60% centrality and almost
three to four times larger for 20%—40% collision centralities
for all beam energies. However, the relative enhancement in
the production at the three collision energies is found to be
similar for all three centrality bins. These variations are well
beyond that due to the variation in the number of collisions

(Ncoll)~
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FIG. 2. Distribution of temperature at formation time 7, (taken
as 0.14 fm/c) on transverse (x-y) plane for central (b ~ 0 fm) Pb +
Pb collisions at (a) 2.76A TeV and (b) 5.02A TeV at the LHC and
(c) at 39A TeV at the FCC. Color bars give the index of temperature
in GeV.

B. Hydrodynamic evolution of hot and dense matter produced
at Large Hadron Collider and Future Circular Collider energies

The distribution of the initial temperature on the transverse
plane for the most-central (b =~ 0) collision of Pb nuclei at
2.76A, 5.02A, and 39A TeV is shown in Fig. 2. The value
of 1 is taken as 0.14 fm/c (as discussed earlier) for all three
cases. The smooth initial temperature distribution as shown
in the figure is obtained by averaging over 10 000 events
with fluctuating initial density distributions [using Eq. (5)].
Color bars shown alongside the figure indicate the temperature
values. The temperature profile at 5.02A TeV looks hotter
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FIG. 3. Time evolution of (a) average temperature and (b) average
transverse flow velocity from 0%—20% central collisions of Pb 4+ Pb
at 39A, 5.02A4, and 2.76A TeV.

than the profile at 2.76A TeV, as expected, while at the FCC
energy the central region shows significantly larger tempera-
ture compared with both the LHC energies. At the FCC, the
central temperature (at x = y = 0) is found to be more than
1 GeV, which is significantly larger than the maximum central
temperatures at the LHC energies. Hence, more prominent
QGP signatures are expected to be obtained from the hotter and
longer-lived QGP phase at the FCC compared with the LHC
energies. The time evolution of average temperature and
average transverse flow velocity for the three energies (at
centrality bin 0%—-20%) are shown in Fig. 3. The averages of
the thermodynamic quantities are calculated by using Eq. (8) of
Ref. [21]. The (T') at the FCC is about 850 MeV, whereas it is
about 690 and 650 MeV at 5.02A and 2.76 A TeV, respectively,
at time 7y. We see that the average temperature is significantly
larger at the FCC compared with the LHC energies throughout
the evolution of the fireball. A sharp fall in (T') is observed for
T < 4 fm/c for all three energies. However, the much larger
value of (T') even after 4 fm time period at the FCC implies
that the QGP phase is longer lived at the FCC than at the LHC.
The average lifetime of the QGP phase obtained from the (T')
vs T curveis about 9.3, 7.6, and 7.1 fm at energies 39A, 5.02A,
and 2.76 A TeV, respectively. The rise in (v7) with 7 is found to
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FIG. 4. Time evolution of spatial and momentum anisotropies in
Pb + Pb collisions at 2.76A and 5.02A TeV at the LHC and at 39A
TeV at the FCC for centrality bins (a) 0%—20%, (b) 20%—40%, and
(c) 40%—60%.

be similar in the first 2-3 fm/c time period for FCC and LHC
energies. However, for 7 > 4 fm/c the average transverse
flow velocity rises at a faster rate at FCC energies than at LHC
energies.

We show the time evolution of the spatial (¢, ) and momen-
tum (€,) anisotropies [calculated by using Egs. (6) and (7),
respectively, of Ref. [11]] at the three collision energies and
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FIG. 5. Thermal- and (thermal + prompt)-photon spectra from
Pb + Pb collisions at 2.76A and 5.02A TeV at the LHC and the
FCC at 39A TeV for centrality bins (a) 0%—-20%, (b) 20%—40%, and
(c) 40%-60%.

for all three different centrality bins in Fig. 4. The spatial
anisotropy is found to be a little large for the lowest beam
energy at all three centrality bins. On the other hand, €, is
found to be similar for all three centrality bins except for the
0%—-20% central collisions where it is smallest for the FCC
energy.
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FIG. 6. Directphoton spectrafor 0%—20% and 20%—40% central-
ity bins at 2.76 A Pb + Pb collisions at the LHC along with ALICE
data [18].

C. Direct photon production

The thermal-photon spectra from Pb + Pb collisions at
FCC and LHC energies are shown in Fig. 5 for centrality
bins 0%—20%, 20%—40%, and 40%—60%. The direct photon
spectra obtained by adding the prompt and thermal photons
together are also shown in the same figures for comparison.
The photon spectra from our calculation are found to explain
the ALICE direct photon data [18] for Pb 4 Pb collisions at
2.76A TeV well for 0%—-20% and 20%—40% centrality bins,
as shown in Fig. 6. The thermal radiation which dominates the
direct photon spectrum up to 3—4 GeV increases significantly
at FCC compared with LHC energies. At pr ~ 1 GeV, the
photon spectra at 5.02A TeV are found to be almost 1.5 times
larger compared with the results at 2.76 A TeV whereas, at FCC
energies, those are almost 3.5 times larger than at 2.76A TeV
at the same pr value. Note that a smaller value (than 0.14 fm)
of formation time ty at 5.02A and 39A TeV would increase the
thermal-photon production even more than the results shown
in this study.

To understand the relative contributions of the prompt and
thermal photons at different beam energies and pr bins, we
plot their ratio as a function of py in Fig. 7. One can see that
the ratio is <1 at py ~ 2.0 GeV and then rises for higher pr
values. The radiations from thermal medium and initial hard
scatterings become equal at pr ~ 3.5 GeV at FCC energies and
around py ~ 3.0 GeV at both LHC energies for most-central
Pb + Pb collisions. The prompt contribution starts dominating
over the thermal radiation as we move towards higher pr
values and the value of the ratio increases much more rapidly.
For py > 5 GeV the prompt photons completely outshine the
thermal radiation and, at this pr, the ratio is much larger than
unity for all three energies. Thus, we conclude that the relative
enhancement in thermal-photon production compared with the
prompt photons is larger at FCC energies in comparison to the
LHC energies. In other words, the thermal radiation dominates
the direct photon spectra up to alarger pr value at FCC energies
than at LHC energies.
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FIG. 7. Ratio of prompt- and thermal-photon production from
Pb + Pb collisions at 2.76A and 5.02A TeV at the LHC and the
FCC at 39A TeV for centrality bins (a) 0% —20%, (b) 20%—40%, and
(¢) 40%-60%.

The photon elliptic flow parameter v, as a function of pr
is shown in Fig. 8. For 0%—20% central collisions the thermal
photon v, for all three energies are found to be small and close
to each other. We see the photon v, at FCC energies is slightly
smaller for pr < 2.5 GeV than the elliptic flow calculated
at the two LHC energies. As we move toward peripheral
collisions, the thermal photon v, is found to be larger for the
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FIG. 8. Thermal photon and direct (thermal + prompt) photon v,
from Pb + Pb collisions at 2.76A and 5.02A TeV at the LHC and at
39A TeV at the FCC for centrality bins (a) 0%—-20%, (b) 20%—40%,
and (c) 40%—-60%.

higher beam energies. The difference between the v, values
(as a function of pr) at the three energies increases as we go
to more peripheral collisions. The prompt photons produced
in these collision do not contribute directly to the photon vy;
however, they dilute the thermal v, by adding extra weight
at the denominator of the photon v, calculation [see Eq. (9)
of Ref. [11]]. The direct photon v, is also plotted in Fig. 8

for comparison. We see a significant decrease in the elliptic
flow for direct photons at all three energies compared with the
thermal photon v;.

VI. SUMMARY AND CONCLUSIONS

We predict the direct photon transverse momentum spectra
from Pb + Pb collisions at 5.02A TeV at the LHC and at
39A TeV at the proposed Future Circular Collider Facility at
CERN. The prompt-photon production is estimated by using
a NLO perturbative QCD Monte Carlo code JETPHOX where
the scales of factorization, renormalization, and fragmentation
are set equal to py of the photon. We have used the CTEQ6.6
parton distribution function, the BFG-II parton-to-photon frag-
mentation function, and EPS09 parametrization of the nuclear
shadowing function in this work. Thermal photon spectra and
elliptic flow are calculated by using a (2 4 1)-dimensional lon-
gitudinally boost-invariant ideal hydrodynamic framework and
state-of-the-art photon rates. The prompt-photon production is
found to be significantly enhanced in Pb + Pb collisions at
39A TeV in comparison to 5.02A and 2.76A TeV for all three
centrality bins. The enhancement factor ranges from 5 to 15 in
the pr region of 2 to 15 GeV. The time evolution of average
transverse flow velocity and average temperature is also found
to be significantly larger at 39A TeV compared with the two
LHC energies. However, the spatial anisotropy ¢, as a function
of 7 is found to be smaller for 39A TeV than at 5.02 and
2.76 A TeV. The momentum anisotropy parameter €, is found
to be slightly smaller for 39A TeV; otherwise, it is close to
each other for all three energies.

The thermal photon production is found to be enhanced by
a large factor for Pb + Pb collisions at 39A TeV compared
with 5.02A and 2.76A TeV. However, we notice that the
relative enhancement in prompt-photon production compared
with thermal photons is more in peripheral collisions for all
beam energies. For example, the prompt-to-thermal-photon
ratio is ~10 at py = 6 GeV for 40%—60% Pb + Pb collisions
at FCC whereas, the ratio is close to four for 0%-20%
centrality bin. The direct (thermal + prompt) photon transverse
momentum spectra for Pb 4 Pb collisions at 2.76A TeV from
our calculation are found to explain the ALICE experimental
data well in the region pr > 2 GeV. The v, of thermal photons
at FCC energies is found to be slightly larger than the v, at
the other two LHC energies in the region py > 2 GeV. The
direct photon v, is estimated by adding the prompt contribution
to the photon yield, and we see that the elliptic flow of
photons decreases significantly in the high-py region. The
direct photon elliptic flow at different beam energies presented
here might not explain the experimental data; however, it shows
the sensitivity of photon v, to the collision energies which
is the primary focus of the current study. We have seen that
the thermal- and prompt-photon production and the elliptic
flow of the thermal photons change at a differing rates as the
energy (and the resulting initial conditions) of the collision
increases. Thus, a simultaneous description of the direct photon
spectra and their elliptic flow will put strong constraints
on a theoretical description. This should prove to be quite
valuable.
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