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Introduction

- Direct photons - photons not originating from hadron decays:

- | Decay
- thermal photons (~e~#T), thermal radiation of QGP, space-time 2
evolution of QGP é
« prompt photons (~1/p¥), initial hard scattering, testing pQCD, PDF &
(+nPDF modification) and FF constrains:
4’ o
Z 2 2 2 .
L dn3 — fz(x@, Q )®f]($]7 Q )®Dk(2’k, Q > Thmeéggl' Prompt
p iajak _'1pr”
« Other sources: fragmentation photons, pre-equilibrium photons S Gevio .
» Photons are color neutral: not affected by QGP — perfect Ydeoay
probe for studying QGP properties adind Jet Yirag
« Two-photon Bose-Einstein correlations could be used for
measurements of direct photon yields and correlations radii QGP
« In this talk we present results on hydrodynamic calculations of =4 e e S
direct photon spectra correlations (interferometry) in Bi-Bi w’\/\ﬁ
collisions at Vs, = 9.2 GeV H
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Thermal photon emitting functions

QGP emission: jHep 0112:009,2001

S(K)=A(K) - (In(T/m) + Cie)

1
C’tot - §1n<2K/T) + Obream(K/T) + Cannih(K/T) + CQ—)Q(K/T)

Combination of photons produced in bremsstrahlung,

quark annihilation and scattering processes in QGP

Photon production rate

Electromagnetic energy loss rate

o5 T T T T o5
[ \ Tolal |
o4 - i BremsstrahlungH 0d
[ Pai i £
@ L
E'! L 2
Gm 03 F 2 e s 2 i zw s b
n
g S
S | ™
5 <
™~ oz 4 o2
~ L =
o
— 4
S
o1 - * 1
R R B S e ol
0 2 4 [¢] B 10

Photon energy k/T

Photon energy k/T

FIG. 9. Total photon emission rate, together with the bremsstrahlung, inelastic pair annihilation and
2 ¢+ 2 contributions, for two-flavor QCD with s = 0.2. The left panel shows dT+ /dk, divided by as omn T2,

while the right panel shows rates weighted by photon energy.
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Hadron gas emission: phys. Rev. C 69, 014903 (2004)

includes such reactions as:
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Hydrodynamic model

» (Calculations were done using UrQMD hydro model

We consider two scenarios of hydrodynamic evolution:

Thermalized hot dense nuclear matter with a first-order phase transition from
QGP to hadronic phase Bag model EoS

Hadron gas including the same degrees of freedom as UrQMD (hadrons with
masses up to 2.2 GeV) HG EoS
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Hydrodynamic model

» (Calculations were done using UrQMD hydro model

« We consider two scenarios of hydrodynamic evolution:

Thermalized hot dense nuclear matter with a first-order phase transition from

QGP to hadronic phase Bag model EoS
Hadron gas including the same degrees of freedom as UrQMD (hadrons with

masses up to 2.2 GeV) HG EoS

Photon production rate
T T

For each cell (100x100x100) in hydro calculations emission rates of thermal photons
are calculate according to functions from previous slide:

R(T'(x), ps(x). py - u(r)) = foap - Roap + (1 = fqap) - Ruc
Rqap rate of pure QGP phase, fqap fraction of QGP phase in a given cell

1 1 =¥ e
Ryc rate of pure HG phase S I B
Photon energy k,/T
£ — THK* —=> K+y
107 K => K*+y
o T~ prK —> Ky
> 107 e KK = by
Q
O ,,r sum
h i J
E 107 |
m_g we bl ™
S 5 'J'
X 107 i
© | T=200MeV
O, =10 '
o 10 I

0 0.5 1 16 2 25 3
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Hydrodynamic model

» (Calculations were done using UrQMD hydro model

« We consider two scenarios of hydrodynamic evolution:

« Thermalized hot dense nuclear matter with a first-order phase transition from

QGP to hadronic phase Bag model EoS
« Hadron gas including the same degrees of freedom as UrQMD (hadrons with

masses up to 2.2 GeV) HG EoS .

Photon production rate
T T

» For each cell (100x100x100) in hydro calculations emission rates of thermal photons
are calculate according to functions from previous slide:

R(T'(x), ps(x). py - u(r)) = foap - Roap + (1 = fqap) - Ruc
Rqap rate of pure QGP phase, fqap fraction of QGP phase in a given cell

? EREEr o S

Ryc  rate of pure HG phase % T >
« The total spectra of direct photons are calculated as the integration of emission w00 T ke o Ky
rates over all cells (in x-y-z in a lab system) in hydrodynamic evolution (over the B - N
whole time t of the evolution): 3 0 —— Ky
10° L
dSN 4 E_ 107 ff‘;f :
E, T = d*2R(T(x), pp(2), py - u(2)) gl
o % | T=200MeV
o0 i

0 0.5 1 16 2 25 3
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Thermal photon spectra. Central collisions

Emission rate in each cell:

R(T (), up(x), py - u(z)) = foap - Roep + (1 — fqoap) - Ruc Errors are taken as event-by-
The total yield estimated as: event fluctuations of 100 events
_ 4 )
Loy P /d rR(T(x), pp(x), py - u(2)) Ratios to decay photons:
Y
o 10— T T T T T T L LN S S R = 0'1: ] L I I R R R L B ' ' 3
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; C o y|<05 3 Z o009} E/I|+E|D 55“’“‘ 9.2 GeV —
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-~ BN Thermal v ] -~ — « Bag model EoS =
e —=o— Decay y, m-vyy — 0.07— —
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L :9::92 I Thermal vy u 0.08— -
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Thermal photon spectra. Semi-central collisions

Emission rate in each cell:

R(T(x), pp(x), py - u(z)) = foapr - Roep + (1 = foep) - Ruc Errors i:':Iure taken as efv1e(;|g-by—
The total yield estimated as: event fluctuations o events

°N
4
E = | &"2R(T(x), ug(x cu(x .
T dp3 (T(@), ps (), py - ul2)) Ratios to decay photons:
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Pseudorapidity distribution

Emission rate in each cell:
R(T(QU); HB(37)7p7 ’ U(ﬂf)) = fqcp - Roep + (1 — fQGP) - Rua

The gc;\t]al yield estimated as: Errors are taken as event-by-
4 event fluctuations of 100 events
B = [ A%R(T(@). pn(a).p, - ula)
Y
E::" ‘10§ N I R B B A N L ] 1 ; %\ 1U§ T I - — I T T | — g
Z L 0z =
o L - B .
1= = = =
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1072 = — 102 }— . 20 1m —
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Direct photon Bose-Einstein correlations

Correlation function: , , L
* Interferometry in heavy-ion collisions is based on the

CFE symmetrization of the wave-functions of two identical particles
— for bosons: Bose-Einstein (BE) Correlation

. » Increased probability of finding particles with low relative
Decay photons: momentum of the pair () — estimation of the size of the
o<l eV emitting source

» The observable for the interferometry is correlation function (C,)
Direct photons: - ratio of correlated two-photon distribution to noncorrelated

0-"‘50 Mev distribution

EVEyd N/ (dPp1d®ps)
EydN/d%py)(E2dN/d3ps)

1= T Co(py, py) = (

> Kinematics variables:
q » Relative momentum of the pair: ¢ = p; — p»
1
Mean pair momentum: K — 5 (p; + py)
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Direct photon Bose-Einstein correlations

Correlation function: « General definition:
CE Colpr.py) — E\EydN/(dp1d’ps)
A (E1dN/d3p))(E2dN ] d3py)
3/2 « This expression could be written as
Decay photons: | [ d'eS(z, K) e ]?
_ o<lev Cala, K) = H:f d*x1S(x, K +1/2-q) [ d*a2S(xe, K +1/2 - q)
| Direct photons: where § is emitting function, (-) for fermions, and (+) for bosons
1+A‘fd” ag~50 MeV + It was shown that the smoothness approximation is valid for
< calculations in heavy-ion collisions .Pra;t S. Phys. Rev. C 56:1095 (1997)
_____ [d*'zS(x, K)e"®
1 Cy(g, K) ~ 1+ fd‘%l?S(I‘,K)
> Kinematics variables:
q » Relative momentum of the pair: ¢ = p; — p»

1
Mean pair momentum: K — 5 (py + Py)
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Hydrodynamic model

» (Calculations were done using UrQMD hydro model

We consider two scenarios of hydrodynamic evolution:

Thermalized hot dense nuclear matter with a first-order phase transition from
QGP to hadronic phase Bag model EoS

Hadron gas including the same degrees of freedom as UrQMD (hadrons with
masses up to 2.2 GeV) HG EoS
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Hydrodynamic model

» (Calculations were done using UrQMD hydro model
« We consider two scenarios of hydrodynamic evolution:

« Thermalized hot dense nuclear matter with a first-order phase transition from
QGP to hadronic phase Bag model EoS

« Hadron gas including the same degrees of freedom as UrQMD (hadrons with
masses up to 2.2 GeV) HG EoS

« We used out-side-long parametrization of relative momentum (and
corresponding observables):

« out - direction along the transverse momentum
« long - along the longitudinal momentum
» side - perpendicular to previous directions
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Hydrodynamic model

» (Calculations were done using UrQMD hydro model
« We consider two scenarios of hydrodynamic evolution:

« Thermalized hot dense nuclear matter with a first-order phase transition from
QGP to hadronic phase Bag model EoS

« Hadron gas including the same degrees of freedom as UrQMD (hadrons with
masses up to 2.2 GeV) HG EoS

« We used out-side-long parametrization of relative momentum (and
corresponding observables):

« out - direction along the transverse momentum
« long - along the longitudinal momentum
» side - perpendicular to previous directions

K" :(KD, K, .0, KZ),
q“. —_ (qﬂa qoﬂ an QI}-,
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Hydrodynamic model

» (Calculations were done using UrQMD hydro model
« We consider two scenarios of hydrodynamic evolution:

« Thermalized hot dense nuclear matter with a first-order phase transition from
QGP to hadronic phase Bag model EoS

« Hadron gas including the same degrees of freedom as UrQMD (hadrons with
masses up to 2.2 GeV) HG EoS

« We used out-side-long parametrization of relative momentum (and
corresponding observables):

« out - direction along the transverse momentum
« long - along the longitudinal momentum
» side - perpendicular to previous directions

K" :(KD, K, .0, KZ),

. =) ¢, K" =0

mo_—

4" =(q"qo:4s: Q1) poth photons are on
mass shell
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Hydrodynamic model

» (Calculations were done using UrQMD hydro model
« We consider two scenarios of hydrodynamic evolution:

« Thermalized hot dense nuclear matter with a first-order phase transition from
QGP to hadronic phase Bag model EoS

« Hadron gas including the same degrees of freedom as UrQMD (hadrons with
masses up to 2.2 GeV) HG EoS

« We used out-side-long parametrization of relative momentum (and
corresponding observables):

« out - direction along the transverse momentum
« long - along the longitudinal momentum

» side - perpendicular to previous directions K
o_ 9
Go=(q. -K1)/Ki. 9 = 5

T = ¢k =0 = g =g —(q. - KOKi/KL|.
4" =(q".qo.qs-q1).  poth photons are on _
mass shell 91 = 4qz-

K" :(KD, K, .0, KZ),
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Hydrodynamic model

Calculations were done using UrQMD hydro model
We consider two scenarios of hydrodynamic evolution:

« Thermalized hot dense nuclear matter with a first-order phase transition from
QGP to hadronic phase Bag model EoS

« Hadron gas including the same degrees of freedom as UrQMD (hadrons with
masses up to 2.2 GeV) HG EoS

We used out-side-long parametrization of relative momentum (and
corresponding observables):

« out - direction along the transverse momentum
« long - along the longitudinal momentum
» side - perpendicular to previous directions

0o 4K 2__ 2
1 (g0 : o= (g - K1)/Ki. 9 = g5 R,=<x,>
K'"=(K".K, .0 K%), P ) R2_<(X _B t)2>
T = quK" =0 = g =g, —(q, -K)K /KI|. = R,=<(X;=Pr
q" =4 . (o, (4s. 1), both oh 3 2
moatssihz'honsareon 01 = 4z RL—<(XI—BLt) >
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Hydrodynamic model

» (Calculations were done using UrQMD hydro model
« We consider two scenarios of hydrodynamic evolution:

« Thermalized hot dense nuclear matter with a first-order phase transition from
QGP to hadronic phase Bag model EoS

« Hadron gas including the same degrees of freedom as UrQMD (hadrons with
masses up to 2.2 GeV) HG EoS

« We used out-side-long parametrization of relative momentum (and
corresponding observables):

« out - direction along the transverse momentum
« long - along the longitudinal momentum
» side - perpendicular to previous directions

o_q-K 7 2
1 (g0 : Go=(q.-K1)/Ki. 1" = 0 R,=<x,>
K'"=(K".K, .0 K%), P 5 R2_<(X _B t)2>
T = quK" =0 = g =g, —(q, -K)K /KI|. = R,=<(X;=Pr
q" =4 . (o, (4s. 1), both oh 3 2
moatssihz'honsareon 01 = 4z RL-<(X1_BLt) >

« For each cell in hydro calculations emission rates of thermal photons are calculate
according to functions from previous slide:

« estimation of thermal photon yields for given p; (K7) and ¢ in lab system

integration over all cells and evolution time
21 January 2025 Direct Photons | Cross-PWG MPD 18



Correlation functions

Hydro calculations including QGP phase Hydro calculations including pure
transition: hadron gas:

ON T I T | T T T T T T T T T | T T T | T T T | T T T | I_— DN [ T T | T T T | T T T T T T T T | T T T | T T T | |;
-0 '—E";;':J~~ Bag model EoS: full evolution - 1'51&'5‘%5ﬁ.ﬁ_ Hadron gas EoS =
N %-f-.q b=0.00 fm ] N | b=0.00 fm ]
L R K, =0.38 GeV/c B L "B K;=038GeV/c -
) n A “D“ ° q, - - \‘Q\‘D‘ ﬂ.m E gom 5
B b‘~ ) 'C‘ o qside ] B \'Q\g\ \ﬁ\ A side _
1.3— Y A “ long — 1.3 ".@ ‘g n"a long |
- A ] - RS~ [ N— fit 1 R -
B N fit 1+Aexp(-R*G?) i - % &‘n‘ tisexel-Fa) 3
G:‘ by -q L 5 N A, —_
1.2 “b“" g _ 12— o N -
= A \, s R A _
L “, ‘\. m\ ] : ® ‘ A‘& _
- QA el i B " ‘E‘E ey |
- ot ‘B g 11— o, D —
11__ @\z‘\h‘ .~|].._ __ : D..‘O“D..D‘ A &"'f_\.- . :
C '-&‘b.ﬁ O ] C (}'0-2 Ope At
- oSN Totman, 7] - Oep- in B l
1.0— © & é pEPY & o3 E-@E':ﬁ TSR s R e e = 10— R T T T T O [N T O T A T T TN N MO MO N |®| |§|ElE BI‘E—.

oo b b b L1 TR R 0 0.02 0.04 0.06 0.08 01 0.12 0.14
0 0.02 0.04 0.06 0.08 0.1 0.12 . (%é‘\t//c g, GeV/c

« Assuming gaussian source with radius R, C, « (, are taken at a given mean transverse
might be described as momentum of a pair
2 2 1
CQ — \exp(—qg°R _
(9) p(—¢ R’ Kt = (p1y + p2)
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Correlation radius

Hydro calculations including QGP phase Hydro calculations including pure
transition: hadron gas:
T T T T T T I I I I I I I | | I I
E s l __ § °r | | -
T Loo, 1 < - Hadron gas EoS -
13‘\ o0 ) | B _ |
5" %, R - s b=0.00 fm -
B BAA A A- A “og o B B e Rout B
- Ana, %o 1 - = R, —
B BoAa N © 6o B side B
4— ﬂﬂ&“’—"“ﬁ. el 4o AT Rlong —
. Boa, 1 C Cog ]
- T A -
- E“EI-El—E=E|—BE-E!—E}-E—EI—-E—I—E~E}-E—E—E-E_E|.E_ _ &‘*’-"ﬂﬂ | ?\E‘E“E{. ©0-000.04 06 g |
83— EDE_EEEE@‘E‘@ 3— EEEBE‘BEEE “o00 ©0-0g ]
4 O-o
B Bag model EoS: full evolution _ e HEBBahgg EE-BEEESS gggg
- b=0.00 fm ] S .
P I, Rom ] ol B -Aop A‘ﬂf‘ﬁ—ﬂ_ﬁ —
= ] B B Ap A —
B side 7] B &ﬁ&ﬁﬁﬁﬁrﬁﬂ_ﬁ__
A Rlong - B _
[ TR R ST B [ [ [ I ! | Ll Ll [ R R R R [ [ 1
b 0.2 0.4 0.6 0.8 1 12 14 b 0.2 0.4 0.6 0.8 1 12 1.4
K:, GeV/c K, GeV/c
The presence of mixed phase causes increasing of the lifetime (A7 =~ \/RE — R?)
of the fireball in scenario including QCD phase transition
2
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Summary and outlook

« Calculation of direct photons spectra and correlations in Bi-Bi collisions at Vs, = 9.2 GeV was
performed in hydrodynamic approach for two model with and w/o phase-transition to QGP

« Work in progress:

From the experimental point of view, considered out-side-long parametrization is not
applicable - it is more convenient to use averaged g, = - Vg2 or parametrization in
longitudinal co-moving system (LCMS)

With this approach it is also possible to extract yields of direct photons at low p; region:

)\ ]. N /;1 ir ’ R N ,iync ]_ 1 d2 N Wdir 1 d2 N ,Yinc 1 1
2 \ N TONEe 1 VX 27 Neyprdprdy 27 Ney prdprdy R,

Fraction of direct photons as well might be estimated with UrQMD — more realistic G,
(suppressed down to ~ 10-3)
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Backup. ALICE measurements (by Dmitry Peresunko)

C, measured with PHOS:

1.004

1.003

1.002

1.001

0 0.05 0.1

L | I
ALICE Preliminary

Pb—Pb, s, = 5.02 TeV, centrality 0-10%
0.35 < K;<0.45 GeV/c

e Data

= Contam.
{ —BE,,

-= BE,
— Flow+jet
—sum

IIll|Illl|IIlI|llIIIIIll

0.15 0.2
9 s (GeV/c)

C, is decomposed into the contributions:

- Contamination: photon conversion, hadron
bremsstrahlung, residual correlations in
resonance decays

- Direct photon BE correlations

« Residual correlation in decays of BE correlated m°
(negligible in this K; bin)

+ Long-range (flow and jet) correlations

« Summary of all contributions

Kinematics variables:

« 3D relative momentum of the pair in

- =
Longitudinally Co-Moving System: qrems = |pi — p3|
1
« Mean pair transverse momentum: Kt = §(p1T + Do)
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Backup. ALICE measurements (by Dmitry Peresunko)

Double ratio estimated with C,:

- -

o

1.4F

1.2

1.1

1

0.9

1.5F

1.3F

T T T T T T

ALICE Preliminary

Pb—Pb, \s,, = 5.02 TeV C. Gale et al., Phys. Rev. C 105, 014909 =
m— e H, van Hees et al., Nucl. Phys. A 933, 256

* 010%Clg ) . P. Dasgupta et al., Phys. Rev. C 98, 024911
o 0-20%, real photons, PCM oo o, O. Linnyk et al., Pys. Rev. C 92, 054914
= 0-10%, Dileptons, arXiv:2308.16704

ﬂ

dzNy, dir
N, 21tpTdyde

Correlation strength (A) of G, — R:

A== — Ry =

2

dir inc
1 (NS N’ 1

N1 \/2X

Extended measurements down to 250 MeV/c

Method provide consistent results in the overlap region
Measured spectrum exceeds predictions at low p; by
factor =2

2 N%nc

1

Direct photon yield:

(GeV3c?)
2,

e
o

—

T lllllll

—
<

1072

107°

1074

/H

TTTTIm T Illllll[ T Illlllll

/
/

= = — H, van Hees et al. Nucl. Phys. A 933, 256 (2015)

C. Gale et al. Phys. Rev. C 105, 014909 (2022)

P. Dasgupta et al. Phys. Rev. C 98, 024911 (2018)

O. Linnyk et al. Pys. Rev. C 92, 054914 (2015)

ALICE Preliminary
Pb—Pb, \/s, = 5.02 TeV

Lt

0-10%, CE(qLCMS)
0-20%, real photons, PCM

1
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