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Space-time evolution of high-energy heavy-ion collision
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What we want to do : “go backward in time”

« We want to understand the properties of strongly interacting matter.

« EM probes carry undistorted information at early stage of the collision without strong interaction.
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Physics motivation of photon measurement
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What we want to do : “go backward in time”

« Thermal radiation: thermodynamical properties of the medium

* Pre-equilibrium radiation: how quarks are produced from purely gluonic system and how they equilibrate
* Prompt photon: determine initial state of colliding nuclei

However, direct photons are experimentally hidden under decay photons.
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Direct photon measurement at the LHC

« PCM (Photon Conversion Method, y—ee)
- conversion probability : 8.5 %
-In]<0.9,0<@<2m

« PHOS (Photon Spectrometer)
et - homogenous calorimeter
- Moliere radius : 2.2 cm (PbWQ, crystals)

« Complementally, virtual photon technique (y*—ee)

il - associated dielectron with real photon

- equivalent to real photon at massless limit
1
ok RY — Yincl , Ydirect = Yincl — Ydecay = (1 — R_) * Yincl
Ei% Ydecay v
B T ATLAS/CMS are dedicated to measure high-energy photons
i.e. isolated photons for E,> 10 GeV
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Direct photon measurements in Pb-Pb at 2.76 TeV

ALICE Preliminary
Pb-Pb |s,, =2.76 TeV
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* Improved results compared to the previous
publication (PLB 754 (2016) 235-248)

- larger statistics : 20M events in 0-10%

- data-driven material budget correction
(arXiv:2303.15317)

» Good agreement with pQCD at high p+
- standard candle for measurement

« Excess beyond pQCD at low p+
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Direct photon measurements in Pb-Pb at 5.02 TeV
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Data/theory ratio of direct photon measurements

» data/model ratio at 3 collision energies

T | T
ALICE Preliminary

T, _
b= g L :
2 A model: C.Gale et al. PRG 105 (2022) 014909 1 + Atlow p, the ratios indicate ordering
— [ = | PHENIX 0-20% Au-Au {s,, = 200 GeV arXiv:2203.17187 -
*g C [ @ ] ALICE 0-20% Pb—Pb s, = 5.02 TeV Preliminary ] B 200 Gev > 276 TeV > 502 TeV
T 5 [+ ] ALICE 0-10% Pb—Pb {5, = 2.76 TeV (2011) Preliminary _ (Of course. all 3 ratios are consistent
): ] within experimental uncertainties)
. + 1 Itis interesting to understand whether the ordering
- + IRER ] exists or not.
2— | T il ]
. CHT % 1 If so, how can the model be understood/improved?
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PHENIX : ratio of nonprompt direct photon yields
ALICE : ratio of direct photon yields
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Scaling of direct photon yields

10 ALICE, 1.0<p_<5.0 GeV/c ALICE Preliminary
~ [¢]Pb-Pb, \s,, = 5020 GeV (virtual y), Preliminary

(
- [o]Pb-Pb, \/_ 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-np
~ —Pb-Pb, \s,, = 5020 GeV

— Pb-Pb, |5, = 2760 GeV

Au-Au, |5, = 200 GeV //ﬁ
clear yet.

- Precise ALICE data at dN_,/dn ~ 100

STAR, 1.0 <p_<3.0 GeVic would help to disentangle.
(1] Au-Au, \/_ 200 GeV (PLB 770, 451
PHENIX, 1.0 < p, < 5.0 GeV/c
Au-Au, Sy = 1200 GeV (arXiv:2203.17187)
pp, Vs = 200 GeV (PRC 91, 064904)
pp fit x T,,, Vs =200 GeV
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Originally, suggested by PHENIX

ALICE data is consistent with the theoretical
/ model

dN/dy of Ydirect |
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Inverse slope parameter T of nonprompt direct photon
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Effective temperature vs. charged particle multiplicity
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» T Clearly increase with pt. — This suggests that photon emissions from earlier stages start to dominate.
« Considering the uncertainties on the data, possible increase of To+ with dNg./dn is not excluded.
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Status of direct photon puzzle at the LHC

PRC 105, 014909 (2022)
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* No direct photon puzzle within the experimental uncertainties (2010 data)

- material budget uncertainty: 4.5%, missing n meson measurement in old data

» ALICE has all ingredients to reduce uncertainties now!

24 July.2024

- material budget uncertainty : 2.5%, n/n0 ratio can be constructed by (%)Pb_Pb—
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Another difficulty at the LHC
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* R, ~1.15in PHENIX, and R, ~ 1.03 in ALICE at low p+
At higher collision energies, n® from mini jets may feed decay photons at low p-.
* v, measurement is challenging in ALICE due to the smaller R,.
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Future prospects for direct photon measurements at the LHC

. High-multiplicity pp collisions. Expected luminosity ~ 200 pb-' in ALICE

« OO and pO collisions in 2024 (or 2025, strongly depends on LHC schedule)
* Low B field run in ALICE (B = 0.2 T). Expected luminosity ~ 3 pb-'

» Tungstate wires installed for material budget calibration in ALICE

* ALICE3 from 2035

24.July.2024 Daiki Sekihata (CNS, U.Tokyo)

13



Search for thermal radiation in high-multiplicity pp collisions

« Expect L, =200 pb'inppat13.6 TeV

10°E

= p(dA) +p(A) >, +X N o=1.25

- weoen an-2e0cev PHCENIX « Multi-differential analyses in Run 3
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Q e
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A paper for direct photons via dielectron in pp at 13 TeV is under preparation.
ALICE aims to publish data points at dN../dn = 7 and 30.
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LHC plan in Run 3

http://Ihc-commissioning.web.cern.ch/performance/Run-3-targets.htm

Run 3 luminosity targets

Indicative!

Mode GPDs LHCb ALICE

P-p 250/fb 25 - 30/fb (~b0/fb by LS4) 200/pb

Pb-Pb 7/nb (13/nb by LS4) 1/nb (2/nb by LS4) 7/nb (13/nb by LS4)
p-Pb 0.5/pb (~1/pb by LS4) 0.1/pb (~0.2/pb by LS4) | 0.25/pb (~0.5/pb by LS4)
0-0 0.5/nb 0.5/nb 0.5/nb

p-O LHCf 1.5/nb 2/nb

ALICE took 400 nb' of ppdataat B =0.2 T on 11-12.July.2023.

Experiments also require HI reference pp data at 5.x TeV

Updated January 2022 (Run 3: 2022 - 2025)
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Low B field run in ALICE
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OO and pO collisions at the LHC

arXiv:2103.01939

20— 1 1 — 1 1 7 * Mulplicity scan in 3 < dN/dn < 150

: PRC 105, 014909 (2022) """ Prompt on|y : _ usma” SyStem” bUtAAgeometry

- = Min. bias i
20 __ ' .s‘ o . __

i S T 0-5% centrality 1. Measure direct photon yields at dNgy/dn ~ 10
150 g 0+0 @ 5020 A GeV ] - onset of thermal radiation is expected.

" - same multiplicity but different collision system

1.0k .

[ e B S 7+ If thermal photon excess is large, we can measure

- 1 dNaa/dpr A direct photon v, in OO.

i R — _
05_— AA(PT) <Ncoll> 8 dNPP/dPT g

i Raa of direct photons in OO collisions I

i | | | I | | | | | | | I | | | I | | | |
09 ) 4 6 3 10

pr (GeV)

Expected luminosity for ALICE:
Loo =0.5~1.0 nb", L,o =5~ 10 nb
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Bose-Einstein correlation between 2y PRC 102, 024915 (2020)

0.51

24 July.2024

—=- Thermal
—— Thermal+Pre-equilibrium
— = Thermal (LE)

K, =0.5GeV

kt : pair transverse momenta

.....................

=== Thermal
——— Thermal+Pre-equilibrium
—-= Thermal (LE)

\\‘ K. =1.0GeV

=== Thermal
‘_\ —— Thermal+Pre-equilibrium
\‘_\ —:= Thermal (LE)
W K. =1.5GeV

0.0

relative momentum along beam axis

» Sensitive to system size of emission source
* Akey to differentiate emission sources
 higher k; : earlier emission

- high ky is essential to access pre-
equilibrium and thermal radiation from QGP

- require very high statistics

Projection at the end of Run 4 (13 nb-")

0.45< K, <0.55GeV |
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http://Ihc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

Beyond 2035

Longer term LHC schedule

In January 2022, the schedule was updated with long shutdown 3 (LS3) to start in 2026 and to last for 3 years. HL-LHC operations now foreseen out to end 2041.

202 2022 2023 2024 2025 2026 202 202 202

J|FIMAM\|J|J|AS|ON|D{J|FIMAM|]|J|A[S|OIN|D| ]| FMAM|J|J|A|S|ON|D{J[FIMIAM| ]| J|A|S|O|N|D] ]| FIM|AIM| ]| J|A|S|OIN|D{ J | FIMAIM| ]| J |A|S|OIN|D{ J [FIM|AM| ]| J|A[S|O|N|D J| FM|AIM| J | ] |A|S|ON|D{ J [ FIMIAM| ]| J |A|S|O|N|Dj

* Run 3 { Long Shutdown 3 (LS3)

We are here! ITS3 upgrade during LS3

203 203 203 203 203 203 2036 2037 2038
JIA

J|FIMAM|J|J|A[S|ON|D|J|FIMAM[]|]|A|S|O|N|D|{J|FM|AM|]|J|A|S|O|N|D) J|FIMIAM|J | J |A|S|O|N|D{ J | F[M|A[M| ]| J|A[S|O|N|D{ ] |FIM|AIM| ]| J |A|S|OIN|D| J | FM|AM| ]| J|A|S|O|N[D{ ] [FIMIAIM| ] S|O|N|D{J|FM|AM|]|J|A[S|O|N|D;

ALICE3 in Run 5

2039 2040 2041
J|FMAM|J|J|A[S|ON|D[{J[FIMAM|J|J|A[S|ON|D{J|FIMAM|]|J|A[S|OIN|D Shutdown/Technical stop
) : : Protons physics
LSS J Ions
Run 6 ‘ Commissioning with beam
| | [ Hardware commissioning

Last update: April 2023
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ALICE3

Superconducting HICH TOF
magnet system

Muon
chambers
FCT ECal/Preshowel
arXiv:2211.02491
24 July.2024 Daiki Sekihata (CNS, U.Tokyo)

Muon
absorber

« Advanced silicon technology

- High-rate data acquisition
- Precise vertexing

- Strong particle identification at low pt

- pt << Tqgp is relevant regime.
- 2y correlation is an attractive way.

00 s
<\|7 ..............................
2 L ™
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g 100 T TN
2
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Q 1r
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0.500 1

« E.g., electrical conductivity with photons/dileptons
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Summary

» Direct photons have been measured in different collision systems and energies at the LHC.

» No direct photon puzzle due to experimentally large uncertainty at the LHC.
- Stay tuned for yields and v, 5 in larger Pb-Pb data taken in 2018.
- Smaller material budget uncertainty and new approach to constrain n/=° ratio

* Next topic in Run 3 and 4 will be:
- pre-equilibrium photons
- Search for thermal radiation in small system with multi-differential analyses

« Beyond 2035 with ALICES:

- Differentiate emission sources with HBT correlation as a function of k;
- Low-p; photon << Tqgp can be accessed by HBT.

24.July.2024 Daiki Sekihata (CNS, U.Tokyo)
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Phys. Lett. B 789 (2019) 308

Direct photon v,
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Inverse slope in different fitting range
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Direct photon puzzle at t

ne LHC pre 105, 014900 (2022)
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. photon-jet momentum imbalance PLE 785 (2018) 14-30

CMS antik, jetR=03, pjf‘ >30 GeV/c, ™| < 1.6, In'| < 1.44, p! > 60 GeVLc, Ao > %" VS = 5.02 TeV, PbPb 404 ub™, pp 27.4 pb”

| @IPbPb  Cent. 50 - 100% }
F 10 pp (smeared) 1

w0
0.4F T
0.2} J t4

...................

1.2

* Photon energy is reference for parton energy loss in the QCD medium.

* Direct access to transport coefficient of the QCD medium. o Jet, Y
Xjy = Pt /Pt
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