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Motivation: Direct photons

Carry information on the medium’s temperature and space-time evolution. ALICE
Large background from neutral meson decays (1% n,,...).

P
prompt photons bJr?em‘gstrI:%hllLljmg jet-plasma
Prompt photons: F. Jonas, talk 74 photons

* Dominant at high p; (p>~5 GeV/c), power-law shape
* |nitial hard scattering

* Described by NLO pQCD
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Pre-equilibrium photons:
* Sensitive to the saturation momentum
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Jet-medium interactions: ot 1
e Scattering of hard partons with thermalized partons
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pre-equilibrium
photons e
Thermal photons: thermal radiation

* Dominant at low py (pr<~3 GeV/c) with exponential shape Courtesy: Chun Shen
e Emitted by thermalized medium

* Comparison to models employing hydrodynamics
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https://wwuindico.uni-muenster.de/event/1409/contributions/2118/

EMCal/DCal: sampling calorimeter
10 modules at 4.4 m from ALICE IP.
EMCal: : 4
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In|<0.7, 80°<p<187°.

DCAL: & .‘\‘}
0.22<|n|<0.7, 260°< ¢ <320° |\~ || y§\°

In|<0.7 , 320°< ¢ <327°
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PHOS: homogeneous calorimeter
PbWO, crystal
3 modules at 4.6 m from ALICE IP

|n|<0.12, 260°<p<320°
J. Lihder, poster 52 param
N. Stangmann, poster 105

J. Koenig, poster 109

R —_ }/inc / }’decay ~ )/inc
- 0 0
! 74 T )/decay

50

-50
TPC
drift gas

10018 TPC inner TPCinner -
- | field cage containment -
vessel TPC Rods vessel

-100 -50 0 50 100
X (cm)

ALI-PUB-72606

Photon conversion method (PCM):
Photon conversion in detector material ITS and TPC

In1<0.9, R < 180 cm, 0°<<360°, X/X,=11.4+0.5 sys %

10-15% low p; direct photon excess at LHC energies
6% uncertainty, largest contribution: 4.5% sys X/X,

Can this uncertainty be reduced?->Improve R, uncertainty
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W Data-driven precision determination of the
i Morte carl material budget in ALICE

®; : TPC-gas based calibration weights
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o N /Ny,gas §1.3_—
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/Nygas ;
1.2F

Q).: pion-isospin-symmetry -
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I — /rec MC ec,MC E
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Use Q;to correct &, -
MC’COIT Z, X le'CC MC/de 09:_
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Reduce X/X, systematic uncertainty: 4.5% =2 2.5%

Mitigate local imperfections in X/X,implementation in simulations
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RLXCE

arxiv: 2303.15317

ALICE, pp 5 =5TeV.
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https://arxiv.org/pdf/2303.15317.pdf

Counts

R,: Yinc » NEUtral mesons and decay photons

RALXICE
—_— ~~ N’y,inc N’y,dec . . °
Ry = Nyinc/Ny,dec = ( 70 )meas/ ( 70 )Sim Direct photon signal if R, > 1

1
N’y,dir — N’y,inc — N’y,dec — (1 - R_) : N’y,inc

~
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W Direct photon R, in Pb — Pb at Vsyy = 2.76 TeV .

R — )’,,,c/ }/deca\ YmC @”_-.E@E

‘7[ ‘71; param }/deca_v

Combination of PCM (2011) with €. + PHOS (2010)

< : (I)—1IO‘|’/o Pb-Pb, \[s_NN=I2.76TeIV | | IALIICIIE Plrelliminary i In agreemen_t Wlth.pUb“Shed results
- L New centrality available: 0-10%
1.5— ; f — Smaller uncertainties
Bl e |
. a—— _
i m ] Significant excess for p;> 1 GeV/c
L -
N | L |
iR 'o oo_p | TIV ] ] e 0-10%:3.1c (1.0 GeV/c < pr< 1.8 GeV/c)
| 20-40%Po-Pb, s, =276 Te - e 20-40%:3.4 6 (1.0 GeV/c < p< 2.3 GeV/c)
1.5— _
L ¢ |
- — 1 i
K3 - c
B = e B B Low p- : thermal radiation
IR . . | High p; : prompt photons
P, (GeV/c)
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QGP thermal emission:

® | 0-10% Pb-Pb \s,, = 2.76 TeV ALICE Preliminary

— - C. Gale et al. Phys. Rev. C 105 (2022) 014909
— - O. Linnyk et al. Phys. Rev. C 92 (2015) 054914

—_— P.thlgc;arfguptah et al. Phys. Rev. C 98 (2018) 024911
_ (~theory o ALICE)/~/ALICE
R'Y - ( dir +Ydecay )/Ydecay

FT T TTTTTTTTTTTTTTIT FTTTTTTTTTTTTTTI
RN R | | | |

¢ | 20-40% Pb-Pb |5, = 2.76 TeV
-y __ pQCD x T,, PDF: CT14, FF: GRV

prompt
W. Vogelsang et al. J. Phys. G 23 A1
H. van Hees et al. Nucl. Phys. A 933 (2015) 256

IIIIII|III|III|III Illll|l||||llll|

* Excess beyond known prompt yield 1 < pr< 4 GeV/c
 Models that include thermal +(pre-equilibrium) + prompt photons are able to describe the data

* Not yet possible to discriminate among different models
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Pb-Pb at Vsyy = 2.76 TeV
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ALICE Preliminary

Pb-Pb |5, = 2.76 TeV
N [ » |0-10% combined
| ¢+ | 20-40% combined
~ ¥, om PRCD NLO x T,
PDF: CTEQ6MS, FF: GRV

W. Vogelsang et al.
J. Phys. G 23 A1
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Phys. Rev. C 105 (2022) 014909 ~% %
— - P. Dasgupta et al. o kN
Phys. Rev. C 98 (2018) 024911 = ==
— - O. Linnyk et al. S
Phys. Rev. C 92 (2015) 054914 s
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QGP thermal emission: Pb-Pb at \/SNN = 5.02 TeV .

IIIIIII 1

- [ *0-20% Pb-Pb (s, = 5. 02 TeV

ALICE Preliminary

I I LI

i

14 b | + | 20-40% Pb-Pb |5, = 5.02 TeV

T

.
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A R
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+ | 40-60% Pb-PDb |s,, = 5.02 TeV

lllllllllllll

e 7"‘”’ from C. Gale et al. Phys. Rev. C 105 (2022) 014909

lheofv theory . ALICE) /» ALICE +—
RY =y dlr T decay )/Ydecav + + 7

- [ =] 60-80% Pb-Pb ys, = 5.02 Tev

1.4 —

1.2

1.0

—

- pQCD x T,, PDF: CT14, FF: GRV
W. Vagelsang et al. .l. Phys. G 23 A1

At low pr:

Ryis close to 1 - small thermal contribution

For p; > 2-3 GeV/c:

Excess = pre-equilibrium and prompt photons

RALXICE
R — YIIIC / }’deca\ Yinc
‘7[ '7'; param Ydeca_\-*

v

Data consistent with NLO pQCD calculation of prompt photons x Taa

Calculation by W. Vogelsang, using PDF: CT14, FF: GRV

Thermal+ pre-equilibrium photons + prompt photon: R,~ 1.05 =

Better data description better than with only prompt photons

IP-Glasma initial conditions + KBMP@ST+ MUSIC viscous hydrodynamics,

prompt y PDF:nCTEQ15-np, FF: BFG-II

Bands represent (theoretical and) experimental uncertainties
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QGP thermal emission: Pb-Pb at \/SNN = 5.02 TeV %

N’y,dir: (1 _ RL) . N'y,inc ALICE

~

ALICE Preliminary

Pb-Pb \s,, = 5.02 TeV
[6]0-20%  [+]20-40%
+/40-60% [w]60-80%

* Upper limits (90% CL) given where N, 4, consistent with 0

* Different model calculations of direct photons:
* Microscopic transport approach (PHSD)

=
E
E
== Q. Linnyk et al. =
PRC 92 (2015) 054914 5 e Relativistic hydrodynamic, different initial conditions,
T Dmguasial g thermalization times, hadronization temperatures, with
PRC 98 (2018) 024911 3 ) I ) ) ’
¥ = and without pre-equilibrium y
SN A ™ : . . :
T f | - E’&% g * Athigh p; consistent with pQCD
102k I = 3 _
d $] W N % X192 Not yet possible to favor a model over the other
107 EE L3 % R0
4F — - H.vanHeesetal. C-l-:l -
1055 NPA 933 (2015) 256 * “.x10" S
1075k~ -- C.Galeetal. e h o =
= R . x10 ) )
(ool PROtS@ozzora0e W 3 Expect more precise results with the full Run 2 data and Run 3

1 10pT (GeV/c)

R. Bailhache, talk 44
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G} Direct photon puzzle in yields? @

Ratio between direct photon production and their respective state-of the-art model calculation RLICE
—_ 7_ T T I T T T T T T T T I — —_ 7_ T T I T T T T T T T T I —
S r ALICE Preliminary ] S r ALICE Preliminary ]
g 63 model: C.Gale et al. PRC 105 (2022) 014909 _ g 63_ model: C.Gale et al. PRC 105 (2022) 014909 _
-~ F [ = ] PHENIX 0-20% Au-Au s, = 200 GeV arXiv:2203.17187 - ~ 't [ = ] PHENIX 20-40% Au-Au Ys,, = 200 GeV arXiv:2203.17187 -
-g - [ ® | ALICE 0-20% Pb—Pb {s,, = 5.02 TeV Preliminary . % - [ ¢ | ALICE 20-40% Pb—Pb Vs, = 5.02 TeV Preliminary .
T 5 [+ | ALICE 0-10% Pb—Pb {s,, = 2.76 TeV (2011) Preliminary T 5 [+ ] ALICE 20-40% Pb—Pb s, = 2.76 TeV (2011) Preliminary
e . T [ :
- + : 1] T -
- + + ] - T i+ + ]
. L ] i | ]
2 | T h — 2 L o= —
C f ] C % P i
K e % ] ; Jis I ]
- g § E* $ ﬁ . - | .
O: I ‘1' | v v 1 1 1 1 1 1 I L : G: 1 v v B ] 1 | 1 I I L :

1 10 1 10

P, (GeV/c) P (GeV/c)

Good agreement between ALICE data and model predictions
Slight tension at low p;for the PHENIX data
Future: puzzle involving direct photon flow?
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W Integrated direct photon yield vs dN_, /dn %

RLXCE

I T T TTTT I I T TTTTT I T TTTTT T
10 |_ALICE, 1.0<p_< EL.O GeV/c | ALICE Prelirr|1inary
= [«]Pb-Pb, \/s_NNT= 5020 GeV (virtual y), Preliminary

- [0]Pb-Pb, |'s,,, = 5020 GeV (real y), Preliminary

| [+]Pb-Pb, |s,, = 2760 GeV (2011 data), Preliminary

| [0]Pb-Pb, |5, = 2760 GeV (PLB 754, 235)

= C.Gale et al., PRC 105, 014909

" FF: BFG2, nPDF: nCTEQ15- : e ;
L oo P, (5, = 5020 GeV * ALICE data points follow similar trend as observed in

| —Pb-Pb, |5,,, = 2760 GeV PHENIX and STAR experiments and as predicted by hydro model

Au-Au, \s,, =200 GeV

[ IIlIIII

* Integrated direct photon yield (1 < pr< 5 GeV/c) vs dN,/dn

dN/dy of ydreet
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Universal power-law scaling of direct y yield vs N, seen
STAR, 1.0<p <3.0 GeV/c

WAU-AU, (S, = 200 GeV (PLB 770, 451) for different systems and collision energies

PHENIX, 1.0 <p_<5.0 GeV/c

=|Au-Au, |5, =200 GeV (arXiv:2203.17187) -

+Ipp, Vs = 200 GeV (PRC 91, 064904)
pp fit x Tan VS =200 GeV

| IIIIIII| | IIIIIII| | IIIIIII|
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R. Bailhache, talk 44
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W T.; from non-prompt photons

is Tegf (2.1 <pr<4 GeVic) > ?
pre-equilibrium photons? earlier time emission?

RALXICE
Non-prompt y = direct y — Ty . pPQCD

IlllllllllllI[llII\IIIIIIllllllllllllll

107
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o = imi . o —
% - ALICE Preliminary ] & |-Fitrange:2.0 (2.1) <p, < 4.0 GeVic ALICE Preliminary -
o i Pb-Pb |5, =276 TeV - “% ” [¢]ALICE, Pb-Pb, |5, = 2760 GeV Preliminary 1
g" . 1°§_ e ] 0-10% E b~ 0.6~ [C]PHENIX, Au-Au, 5, = 200 GeV (arXiv:2203.17187) -
; o ¢+ | 20-40% ] - Fit range: 0.8 (0.9, 1.1) < p_ <1.9 (2.1) GeV/c -
>~ % 1= _ L [+ ]ALICE, Pb-Pb, {s = 2760 GeV Preliminary -
qz: o g = 0.5« |ALICE, Pb-Pb, {5, = 2760 GeV (PLB 754, 235) ]
o N ] - [0]PHENIX, Au-Au, {5, = 200 GeV (arXiv:2203.17187) -
S | | [2|PHENIX, Au-Au, |5, = 62.4 GeV (PRC 107, 024914) ]
~=107E 5 N
PR E 0.4 [ﬂ n
- . i I [ﬂ W ﬁ i
107 e E 0al f W ~ N
o x 10 7 ~L ‘ i
- . e — — - ) > » : : _
109 =3 = N S 2 .
- Aexp(-p/ Ty E E 0.2 -
[ —0-10% " ] - $ [%] ]
104 T =343 = 32 (stat) = 68 (syst) MeV = L _
E — 20-40% E 0.1 N Fitrange: p_ < 1.3 GeV/c ]
- &157339 + 38 (stat) = 64 (syst) MeV i s [A] PHENIX, Au-Au, {5y, = 62.4 GeV (PRC 107, 024914) |
107 - T =406 = 19 (stal) = 36 (syst) MeV - : [V]PHENIX, Au-Au, {5y, = 39 GeV (PRC 107, 024914) -
F e 20-40% . 0 | Lol | Lol I
- T, =458 + 25 (stat) = 40 (syst) MeV . 20 30 40 102 2x10? 10°  2x10°
10_6=_11111111[11111111111|w111111111111111111111? chh/dnl_o
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Bose-Einstein yy correlations in Pb-Pb at Vsyy = 5.02 TeV %

ALXCE

HBT interferometry (two-particle correlations) - AR AR

o - ALICE Preliminary +Data' .

Space — time dimensions of emitting source O '96[0-10% Pb-Pb |sy,=5.02TeV ~ —Bkgfit

= Yoo~ VpHos correlation = HIJING ]

1.05-0.25 < k; < 0.35 GeV/c N

source size - -

vy-HBT ‘ _ _ 1.04F- =

direct photon fraction : -

1.03 —

_ ) - = §

Correlation function: oof - ]

1.02— —

YpHos =~ Ypcwm i .

1.01F -

C(Qinv) = A(Qinv)/B(Qinv) R TS .

1 =

Bins of k; (average pair momentum) and centrality E | | | e
Ogg | I | L1 1 1 L1 1 1 L1 1 1 | I | | I |

0 0.05 0.1 0.15 0.2 0.25 0.3

Q, (GeV/c)

Small hint of a HBT-like effect at lower Q,,,

C( Qinv ) =1 )\inv eXP( — Riznv QI2I7V)
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Bose-Einstein yy correlations in Pb-Pb at \/SNN = 5.02 TeV

ALICE
Sensitive to the source size and to the direct photon fraction
S I I IR ULLE I IR IR IR
< _ ALICE Preliminary --0-10% il
- Pb-Pb, Sy = 5.02 TeV -=-30-50% 5 5
0-015;chm' ypEcorrelation N C(Qinv) =1 + )\inv exp(—Rim, Qinv)
i ] A, not significantly different from zero
0.01— —
2 t - Na;
0.0051 | ) r, = dir _ /o) WA98, PRL 93,022301 (2004)
. ] Ninc
! ]
Ongoing: Measurements performed in the LCMS
_OOOS_II L 11 | L 111 | | | | L1 11 | L 111 | | | | | II_

1 | l
0.25 0.3 0.35 0.4 0.45 0.5 0.55
k; (GeV/c)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.022301

Summary

RALXICE
 Direct photon production in Pb-Pb collisions with improved X/X, uncertainties

e at Vsyy = 2.76 TeV
* Significant excess for p;> 1 GeV/c
* T as function of dN /dn extracted in two p; ranges. Consistent values at similar dN_,/dn

e at Vsyy = 5.02 TeV
* Significant excess of prompt photons at p; > 3 GeV/c
* R, at lower p; consistent with unity

Integrated direct y yields follow power law scaling with dN,/dn
Model calculations consistent with the data, no yet possible to discriminate
* Photon HBT provides a complementary method to obtain R,, and possibly the source size

e Stay tuned for results with full Run 2 statistics and Run 3 data
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Thank you
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Backup slides
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RLXCE

Data-driven precision determination of the
material budget in ALICE

arxiv: 2303.15317

D RD MC
PP x 37 x g\

) RD MC
_ RO x g X ey 0. — v Qi &y g X Enuck
@i = Py gme S grp ' PMC ¢ gMC o eRD — oMC RD
i Vi 7.2 i Y, track ; 8y,gas X € ek
R interval | Rrange (cm) | ; Ostat % | Osys % | Ototal %
5 R<85 Qgs R< 145 85 R<13 @72 R<95 0 0-1.5 0.9859 1 1.2 i i
cm < R<85cm cm < R < 145cm Secm <R < 13cm cm < R<9cm
V7 finder 274 % 2.9% 2.2% 1.83% 1 1.5-5 1.177 0.42 - -
Generator 0.16% 2.9% 32% 0.62 % 2 5-8.5 1.240 | 0.36 2.7 2.8
PT min Negligible Negligible Negligible Negligible 3 8.5-13 1.238 0.42 0.77 0.9
Ciys 2.74% 4.1% I 3.8% | 1.93% 4 1321 1.067 0.34 20 21
5 21-33.5 1.081 0.25 1.7 1.7
6 33.5-41 1.039 0.35 3.1 3.1
7 41-55 1.001 0.30 1.5 1.5
8 55-72 0.926 0.35 3.7 3.7
9 72-95 0.943 0.19 3.7 3.7
10 05-145 0.975 0.62 4.1 4.1
11 145-180 0.932 0.89 1.4 1.6
average 5-180 1.04 0.312% | 2.5% | 2.5%
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https://arxiv.org/pdf/2303.15317.pdf

Data-driven precision determination of the &)
material budget in ALICE e

arxiv: 2303.15317

woFT _ - E 300 AR ]
F e AUICE, pp Vs =13TeV = %% ALICE, Pb-Pb, (S =5.02 TeV -
s [= 4 PCM-PCM, MC default ] — [ e RD i
® L 4 PCM-Dalitz, MC default ] ° ool % o MCdefault -
S T ¥ PCMPCM ewithQ, - - . = MC modified
= t ¢ PCM-Dalitz, £ with Q, i - = -
L O — =

T —o0— i B hd * g . i
— _ ~ * g ;
10__"_ S o ; = B e ""'*if%#_
- S ) . s 12 ﬁﬁﬁﬁﬂeee**ﬂﬁo‘
0.8~ —— — D 1oL e sREmE T T =

— — m 1 1

11 1 I 1 11 I 1 11 I 1 1 1 [ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 ] 1 1 1 I 1
20 40 60 80 100 120 140 160 180 1 19, (Gev/e)
2

R (cm)
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m°,n: Pb-Pb at V'sy, = 2.76, 5.02 TeV

EPJ C 74 (2014); PRC98, 044901 (2018)

o 106§ T T T T T T T T3
S s 0 SHM - PRC 90, 014906 (2014) 7
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First N1 measurement in Pb-Pb at the LHC

RLXCE

o 10T T T T T T TTT] I
Q) uF ALICE Preliminary Pb-Pb at \s,, = 5.02 TeV 1
2 0F [o]n: 0-10% x2* o
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w Direct photon R, in Pb — Pb \/SNN = 2.76 TeV %

R — }’,,,c/ }/deca\ YInc @”_-.E@E

‘71: ‘7[ param }/deca_\r

Combination of PCM (2011) with €. + PHOS (2010)

> | T T T T T T T I

T T l T T T T T T T T I

o | 0-10% Pb- Pb, {s,, =2.76 TeV ALICE Prellmlnary . x i ALICE Preliminary i
- L ~ [ ] 0-10% combined PCM (2011) + PHOS (2010) L
15— ; + _ 4 5| ®|0-20% PLB 754 (2016) 235 | # ]
B [ e ' g - iy g'_lﬁi—w— -
- RNk - - ﬁﬂ% -
10— T — 10— T —
—+—+ | | —t————— - —+—— | | ———t——— -
~ 20-40% Pb-Pb, |s,, = 2.76 TeV ] - .
i ] " [ ¢ ] 20-40% combined PCM (2011) + PHOS (2010) ]
1.5— I 1.5 ¢ | 20-40% PLB 754 (2016) 235 == _|
i ] i i
- IE i i
L et e LT TR P — —
T 1 | | 1 1 1 1 1 | i

1 10 10
P, (GeV/c) P, (GeV/c)

Significant excess for pr>1 GeV/c In agreement with published results

o New centrality available: 0-10%
Low py: thermal radiation Smaller uncertainties

High p; : prompt photons
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w Direct photon R, in Pb — Pb \/SNN = 2.76 TeV %

Combination of PCM(2011) with 2, +PHOS(2010)
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1.5_— + 1
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i i
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Significant excess for p;> 1 GeV/c

Low p;: thermal radiation
High p; : prompt photons
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Inclusive y and R, in
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T« (GeV)

0.5

0.4

0.3

0.2

0.1

T.¢ from non-prompt photons
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~ ALICE ALICE Preliminary ]
|+ Pb-Pb, \/sNN = 2760 GeV Preliminary, 1.1 < p, < 2.1 GeV/c

" [¢]Pb-Pb, |5y = 2760 GeV (PLB 754, 235), 0.9 (1.1) < p_<2.1 GeV/c

EI ¢[gm M$mum H

t

| PHENIX
" [F]Au-Au, 5, = 200 GeV (arXiv:2203.17187), 0.8 < p_<1.9 GeV/c
- [*]Au-Au, |5, = 62.4 GeV (PRC 107, 024914), 0.9 < p_<2.1 GeV/c
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Direct photon R, in Pb-Pb at \/SNN = 5.02 TeV

L T T T 1T | T T T T T 17T
[ [*]0-20%Pb-Pb {5, =5.02Tev  ALICE Preliminary
— L

N

[ ¢ |20-40% Pb-Pb {5, = 5.02 TeV

e sUInnruougE

_I } { = = T I T T T T L L I
- [ = ] 60-80% Pb-Pb |5, = 5.02 Tev I:lT:

At low p;:

Ry is close to 1 =2 small thermal contribution

For p; > 2-3 GeV/c:

* Excess which can be attributed to pre-equilibrium and prompt

(hard scattering) photons
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QGP thermal emission: Pb-Pb at \/SNN = 5.02 TeV
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dir 2
dy (GeV*c?)

Direct photon spectra in Pb-Pb at \/syy = 5.02 TeV
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1
N’y,dir — N’y,inc - N’y,dec — (1 - R_) : N'y,inc

~

Upper limits (90% CL) given where 74, consistent with 0
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Bose-Einstein yy correlations in Pb-Pb collisions %
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Direct y in pp collisions

arXiv:1803.00857 arXiv:1803.09857 AL E@ E
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- 1JETPHOX, PDF: NNPDF2.3QED, FF: BFG2 -JETPHOX, PDF: NNPDF2.3QED, FF: BFG2
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Combination of several reconstruction techniques via BLUE method.
Theoretical NLO pQCD prediction plotted as

pOCD YpQCD

=1+ N

R -
Y coll Ydecay

No significant excess observed at low py
About 1 - 20 deviation from unity for pT > 7 GeV/c
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Direct vy in pr collisions
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No significant excess observed at low pr
Accuracy is not yet sufficient to
confirm/exclude thermal radiation in
p-Pb collisions
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