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Motivation
Physics objectives

Energy density in heavy-ion collisions sufficient to create
a quark-gluon plasma (QGP)

Photons & dielectrons are an unigue probe:
Produced at all collision stages with negligible final-state interactions
A Keep the information about their production mechanism
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Motivation
Physics objectives ALICE

Energy density in heavy-ion collisions sufficient to create
a quark-gluon plasma (QGP)

Photons & dielectrons are an unigue probe: |
Produced at all collision stages with negligible final-state interactions
A Keep the information about their production mechanism

Pb_Pb collisions:

A Chiral-symmetry restoration: modification of vector mesons
Thermal radiation throughout the medium evolution
Decorrelation of heavy-flavor pairs in the medium
Constrain the space-time evolution of the collision
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Motivation %

Physics objectives ALICE

Energy density in heavy-ion collisions sufficient to create
a quark-gluon plasma (QGP)

Photons & dielectrons are an unigue probe: |
Produced at all collision stages with negligible final-state interactions
pp collisions:

A Keep the information about their production mechanism
A Vacuum baseline for Pb Pb studies
(heavy-flavor, direct photons, Drell Yan) O_) <_0

A Establish new analysis techniques (high stat., better S/B)
A Search for new physics (Onset of thermal rad., dark photons)

Pb_Pb collisions:

A Chiral-symmetry restoration: modification of vector mesons
A Thermal radiation throughout the medium evolution

A Decorrelation of heavy-flavor pairs in the medium

A Constrain the space-time evolution of the collision
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Motivation
EM probes in Pb  Pb collisions
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Initial stage QGP Hot hadronic
phase

Contribution to the EM spectrum:

Initial stage of the collision
. Drell Yan & hard scatterings
contributions

Thermal radiation from the medium
A Quark-Gluon Plasma (QGP)
A Hot

ER Photons
: ALICE
QGP
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EM probes in Pb  Pb collisions e ALICE
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Initial stage QGP Hot hadronic
phase QGp
Contribution to the EM spectrum:
Initial stage of the collision 3 : (EeV/c)
- Drell Yan & hard scatterings 2 Dielectrons =
contributions Direct-photon
o _ contributions
Thermal radiation from the medium ;
A Quark-Gluon Plasma (QGP) \
A Hot
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Motivation
EM probes in Pb  Pb collisions
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Initial stage QGP Hot hadronic

phase
Contribution to the EM spectrum:

Initial stage of the collision
. Drell Yan & hard scatterings
contributions

Thermal radiation from the medium
A Quark-Gluon Plasma (QGP)
A Hot

Hadronic decays
A Large combinatorial & physical backgrounds

Hadronic
decays

A Additional separation with invariant mass of dielectrons

Yield (a.u.)

Yield (a.u.)

Photons
ALICE
Hadronic
decays
>
Dielectrons = (¢eV/®)
A fslp e
Hadronic
| bTM_] decays
I ~~ ~ -
\ RRbA i€
>
m,, (GeV/c?)

ALICE EM Probes | LP 2025 | Jerome Jung | Uni Frankfurt 10



ALICE apparatus
ALICE

Run 2 (2015 18)
Dielectrons:

Inner Tracking System
A Tracking & vertex

CTTTIS RIS s S S R VO at forward rapidity

' ' A MB & HM event triggering
A Multiplicity estimation

A Centrality determination

Time Projection Chamber
A Tracking & PID

>
=" illll” |5l'

Time of Flight
A PID

Photons:

Calorimeter-based:
A PHOS
A EMCal

Photon Conversion Method:
A Detector material
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Real direct photons Ay
pp & Pb  Pb collisions ALICE
Signal extraction via O O O
statistical subtraction of Y e < 5 > ( 5 >
decay photons h
In pp collisions: PP
>~ - T T T T B A ] T T T T T | B I ! T : . .
Increase of 'Y forny X GeVic % [$JALICE P SRt g Theory prediction
) ] o NLO pQCD, PDF: CT10, FF: GRV E : ( : : :
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No excess for fqr n o GeV/c 125 3 3 ) ™ . == _prompt photons
A Region sensitive to i % ERS UM Phys. Rev. C 95 (2017)]
thermal radiation J: ‘ = ] T s
et * = SheEee e ] S ~ thermal photons ~‘:~:\: b
A Issue: Large background - R : - only from top 5% ~~ia..
= ] < 10 thermal photons AN
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Real direct photons
pp & Pb Pb collisions

Signal extraction via
statistical subtraction of
decay photons |

ALICE

In Pb  Pb collisions: Pp Pb Pb
m>- F T T LT R T | T T T S R O G 1 T 3 fzs T | T T T T T T 1 | ]
Rise of 'Y with I’] similar 1.5 [¢]ALICE pp, \s =8 TeV = [ ]0-10% Pb-Pb {5, = 2.76 TeV ALICE Preliminary ]
o - == NLO pQCD, PDF: CT10, FF: GRV 7] 20 C. Gale et al. Phys. Rev. C 105 (2022) 014909 o
to pp collisions T4 L NLO PQCD, PDF: CTEQS. 1M, FF: BFG2 = - —- O. Linnyk et al. Phys. Rev. G 92 (2015) 054914 =
- . - — - P. Dasgupta et al. Phys. Rev. C 98 (2018) 024911 1=
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A Consistent with different model * ' EE" ] L T Ty PACD X Ty, PDF: CT14, FF:GRV PELS
] ) ) 1.0 - T SRR I T O ||| - - - - — - —— -~ — ) 14 W. Vogelsang et al. J. Phys. G 23 A1 —
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Real direct photons Ay
pp & Pb Pb collisions
i i i AY (A} (3} 1'4
Slgr_lal_ extraction via | O O O
statistical subtraction of Y e 7 % 12
decay photons T n o
1.4
In Pb  Pb collisions: PP .
. L W e RV ENTE
Rise of 'Y with i} similar b BALIOE PP, \s=8TeV 5 10
L 14:_ = NLO pQCD, PDF: CT10, FF: GRV j
to pp collisions “FE ---NLO pQCD, PDF: CTEQS.1M, FF: BFG2 7
1 a0 £ 1JETPHOX, PDF: NNPDF2.3QED, FF: BFG2 - '
. ) - [-]POWHEG, PDF: NNPDF2.3QED + PYTHIA8 PS 1 12
Increase of 'Y in more central 1oE L
collisions ] % 33 1o
A Consistent with different model . * ' - 25 = el
. - . Y ¢ S i ] e ke e g a5 i e o e —] 1.4
predictions that include QGP : Lk ]
09— | o 4 12
However: No significant signal 08— L1l phys. Rev. C 99, 024912 (2019) (b)—; 1.0
of thermal radiation ( o0 GeV/c) Sgz9—H it .
(GeV/c)

Pb Pb

EI 0-20/ Pb—Pb V5w =5. 02 TeV ALICE Preliminary
— P. Dasgupta et al. Phys. Rev. C 98 (2018) 024911

|
T
[ + | 20-40% Pb-Pb (s, = 5.02 TeV
— 0. Linnyk et al. Phys. Rev. C 92 (2015) 054914

| # | 40-60% Pb-Pb {s,, = 5.02 TeV
C. Gale et al. Phys. Rev. C 105 (2022) 014909

theory . theory ALICE ALICE
HT = dir Ydecay decay _J.H '+' ‘
0 + + | 'l'E] _J

H. van Hees et al.

[ =] 60-80% Pb-Pb {s,, = 5.02 TeV i

Nucl. Phys. A 933 (2015) 256
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Virtual direct -photon fraction
pp at Vv 13 TeV ALICE

Analysis of the full Run 2 data set

1= ALICE 2 <Py, <3 GeVe A Increase of statistics compared to previous publication:

- ppis=13TeV r =0.0254+ 0.0068 (stat.) ALICE, Phys. Lett. B 788 (2019) 505

S Pr,>02CeVle  xndi=598  N1p MB: a factor of 3.8 & HM: a factor of 4.4

"%, 1 2% global unc. not shown [ — ALICEPhys. Lett. B 868 (2025) 139645
10 ® T

- W crx g (1=r)xf : L .

L ar " (121X e Direct-photon fractioni p pj'Y:

L ' — g+ (1= e+ e ‘ ., & om

| Tﬂ. . _ .

L o (=r)xf l rJr r r Link to real-photon yield

10725, &1'1 e (1=r)x f . :

SR ¢ n Kroll-Wada formula "0 used for extraction:

: Qi 0 (p 1) Q0
107 ‘ .

- A Direct-photon fraction | donly free parameter

I . A Spectrum fitted above pion mass

i i A Large reduction of systematic uncertainties compared

aloaa b Ly Lpemee S Loy Ly aa [y gy _
"0 005 01 015 02 025 03 035 to real-photon measurement _ ‘
M., (GeV/c?) A Access the real direct-photon yield: 1 | &

- a
« »
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do/dm,, (mb/(GeV/c2))

Virtual direct -photon fraction %
pp at Vv 13 TeV ALICE

- Analysis of the full Run 2 data set

- ALICE 2<p; <3 GeVic A Increase of statistics compared to previous publication:
1072 3 :—é@;g;l;o TEEVLE; 13 TeV r; (()1}0146:_;;.0066 (stat.) ALICE, Phys. Lett. B 788 (2019) 505

- p. >02GeVic xindf=7. HM MB: a factor of 3.8 & HM: a factor of 4.4

. - ALICEPhys. Lett. B 868 (2025) 139645

= * 2% global unc. not shown E Datg " fue
1073 % rxfg == (1-r)xf . L X

Y ‘ - Direct-photon fractioni p pj'Y:

. — g+ (=1 )fe+fe . z .z Q@ o°om _ :

R r rr -

KO- (= r )X T l rJ Link to real-photon yield

L
4 \w . _ .

107 ‘i (1=r)xty Kroll-Wada formula "Q used for extraction:

: 0 P 1) 0 Q
107°F , .

: A Direct-photon fraction | donly free parameter

- ] A Spectrum fitted above pion mass

A A Large reduction of systematic uncertainties compared
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m,. (GeV/c?) A Access the real direct-photon yield: T | &

I
>

-
«
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Virtual direct -photon fraction

Search for thermal radiation in small systems ALICE
E 0-07 : T T T T | T T T T T T | T T T T | T T | T T T : E 0.07 : T T T T | T T T T T | T T T | T T T | T T T T :
* = @ Datay” . x = @ Datay” .
~ _0.06— ALICE = = NLO pQCD (W. Vogelsang) — ~ 0.06— ALICE = = NLO pQCD (scaled by 7) —
, B - pp Vs =13 TeV PDF: CT10, FF: GRV . « O ~  High-mult. ppVs = 13 TeV PDF: CT10, FF: GRV .
> C —— NLO pQCD (C. Shen) . > C o = NLO pQCD (scaled by 3.4-6.6)_T
Jl 0.05¢ PDF: CTEQ6.1M, FF: BFG-Il ! 005 (0-0.072% INEL) PDF: CTEQ6.1M, FF: BFG-Il ]
o aaaas Thermal (C. Shen) . o aaaas Thermal .
0.04 — VB === Total (C. Shen) E 0.04 | HM === Total E
0.03 = ' 7: 0.03 = =
- + ——3 - ]
002:_ - 002:_ .._.. * -"_-'-ﬂ';
0.01 0.01F * | =
0 :_ - 0 :_ ________________________________________________ Bttt -_-_-_-_._._._._._._._._._._____‘_____E
—0. 1 : 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 : - . 1 : 1 1 1 1 I 1 1 1 1 | 1 1 L 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 :
0.0 0 1 2 3 4 5 6 0.0 0 1 2 3 4 5 6
p_ (GeV/c) P, (GeV/e)

First significant measurement of direct photons in small systems at low rj at the LHC
A Signal observed in both event classes (MB: 3 . 2HM: 1. 9 (i

Comparison to theoretical calculations
A Additional scaling of the pQCD calculation for HM events
A Data reproduced by prompt only, better description with prompt + thermal radiation
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Virtual direct -photon fraction

Central Pb  Pb at ¥z 5.02 TeV ALICE
= R R R R R R R R gl O3
L 1% aLce E ﬁr—l} © ALICE
® [ 0-10%Pb-Pb s, =502TeV ] N 005 0-10% Pb-Pb {5 = 5.02 TeV E o 10 e e I S B e
= T 02<p <10 GeVic,n | <08 b - + I = j
%|E* ¥ 10<p,  <20GeVic o - ALICE ]
_l‘; 10¢ | et t (= xfp a3 02l 5 > [ 0-10% Pb-Pb |5, =5.02TeV ]
= E _;dlr ] L - g 1 g_ ‘\\‘ EData _E
i B [T SN ;
i . Tl 10 .
o - % S S N N =
] 0.05— — > ~ I
. i : - & 102 N =
10‘2? E 0} """""" T { Cl{I: E & E
AT N T 108 LC-Gale et al., PRC 105, 014909 \"\ _
0 0.05 0.1 015 02 025 03 mef(:(al-‘:SeWctg)A 005 1 2 3 4 %(Gewc? § —Total ,Ydlrect D —= -.""~~.. §
T — ---Prompt (FF: BFG2, nPDF: nCTEQ15-np) ]
. . . . . — — Pre-equilibrium
First direct-photon ) -differential spectrum at /i L3t ¢TeV 104 - — Thermal (QGP + Hadronic gas) -
A TS S R S S TS T S T T S T SO S N
1.4E =
Hybrid model: Contributions from all stages of the collision T E
” . . o5 3 E
AU consistent with only prompt photons el 82— + " E
However: All central values above pQCD baseline gg— + =
: - L B e e
A Measurement also described by full model prediction p_ (GeVic)

But: Data overestimated by ~1,
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https://arxiv.org/abs/2308.16704

dir

dN, /dy

N -integrated direct photon yields ALICE

Direct -photon signal

Power-law dependence of direct-photon yield on
charged-particle multiplicity proposed by PHENIX

o ALCE "1 A Suggests scaling independent of energy or centrality
= Data(1<p, <3GeVi) ﬂ. -
— ® pprls=13TeV ] .
~  C.Shen (1 <p, <3 GeVi) -4 Real photons in 0-20% Pb Pb at /1 C¥ @reV
1= PDF: CTEQ6.1M, FF: BFG-II B B —
E O Prompt E E ~ E
B [ Prompt & Thermal |E|1 E P ~ ]
ol ©C Gale(l<p <5Geve) ] Z | Virtual photons in 0-10% Pb Pb at /i 5.02 TeV
= nPDF:nCTEQ15-np, FF:BFG2 =
— Pb-Pb VS_NN =2.76 TeV |E| .
B _ n 7 . . ..
T rromet A b sty | A Both measurements consistent with model predictions
10° - + Po-Pbys,, =276TeV 3
= ¥ 95%CL. 7
L PHENIX (1 <pT<5 GeVic) —
B B B AuvAuys, =200GeV ]
10° = ¢ pp(5=200GeV —
= —— N, scaled pQCD =
Z (Vs = 200 GeV) _
L STAR (1 <p_ <3 GeVi) —
10 X AUAUVS_NN:EOO GeV —
| | | 1 1111 | | 1 1 I 1 111 | | | | 1 1111 I | =

—
III|

10 10° 10°
dN/dn| _,
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dN, /dy

dir

Direct -photon signal
N -integrated direct photon yields

10

107"

1072

107°

-
<
-

ALICE

Data (1<p <3 GeVic)
pp Vs =13 TeV

C. Shen (1 <p, < 3 GeVic)

PDF: CTEQ6.1M, FF: BFG-II

(0]
O

Prompt

Prompt & Thermal

C. Gale (1 <p, < 5 GeVic)

nPDF:nCTEQ15-np, FF:BFG2

Pb—Pb VSNN =276 TeV

—— = Prompt

Total

o °

IlIIII|

g By /ﬂ/ﬁ

M

ALICE (1 <p,_ <5 GeVic)

4
-~

+
v

PHENIX (1 <p_ <5 GeVic)

N
¢

— N, scaled pQCD

STAR (1 <p, <3 GeVic)

x

| 1 IIIIII\

| 1 IIIIIII

| 1 Illllll

Pb—Pb {5y, = 5.02 TeV
Pb—Pb y5,, = 2.76 TeV
95% C.L.

(| lllIIII

AuAu Ys,,y = 200 GeV
pp s = 200 GeV

11 IIIIlIl

(Vs = 200 GeV)

AuAu s, = 200 GeV

IIII

—
III|

10

10°

10°
oN/dn],

ALICE

Power-law dependence of direct-photon yield on
charged-particle multiplicity proposed by PHENIX
A Suggests scaling independent of energy or centrality

Real photons in 0-20% Pb Pb at /i C& @leV

Virtual photons in 0-10% Pb Pbat.i— 5.02 TeV

A Both measurements consistent with model predictions
Virtual photons in pp at/i_  p dleV

A Crucial inputs to constrain theoretical developments
Results at LHC not sensitive enough yet to confirm:

- Universal scaling behavior
- Onset of thermal radiation
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https://arxiv.org/abs/2308.16704
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o™

© 107

> 0-10% Pb-Pb s, =5.02TeV  m= Cocktail (N_ )-scaled HF)

o] 02<p, <10GeVic,|n| <08  mmcockiail (RS~ *-modified HF)
2'_' 2 10 00< P < 8.0 Gevic —Light Flavor w/ p — e'e”, e'e X
o ,g Jy — e'e, e'ey
‘_lzﬁ 1 —CC — e'e” (N )-scaled)

Data

Data

Dielectron production in central Pb

Invariant -mass spectrum

ALICE

T T | T T T T
[@|Data

—bb - e'e (N _-scaled)
---CT — e'e (R%; ¢ -modified)

---bb — e'e (RSY " -modified)

) IIIIIIII| IIIIIIL|| IIIIII|_|_| IIIIIIII| IIIIIIL||_|J:

3 =
S [E
=] —
© 'S
_ T T
g E
o m— ] WS
1 15 2 25 3 3

m. (GeV/c?)

n

»

Intermediate-mass region

5

Pb at /¥z= 5.02 TeV
ALICE

Comparison to hadronic cocktail, including:

A 0 -scaled HF measured in pp at+/T 5.02 TeV
A Vacuum baseline

A Good description of A -Dalitz and % € decays
A Indication of HF suppression compared to pp

A Expected due to cold-nuclear matter (CNM)
and hot-nuclear matter (HNM) effects

ALICE EM Probes | LP 2025 | Jerome Jung | Uni Frankfurt 22


https://arxiv.org/abs/2308.16704

Dielectron production in central Pb Pbat /¥ 5.02TeV

—bb - e'e (N _-scaled)
---CT — e'e (R%; ¢ -modified)
---bb — e'e (RSY " -modified)

A Include measured'Y of GYo° Q

Invariant -mass spectrum ALICE
= LUV S BRI B ' j Comparison to hadronic cocktail, including:
% 402k ALICE [¢]Data
% 0-10% Pb-Pb |s, =5.02TeV  mCocktail (N_)-scaled HF) E
O [ 02y =10GVIC I <08 g cocktail (R} *-modified HF) - A G -scaled HF measured in pp at/i 5.02 TeV
g 10 0.0 < PT,ea<8'0 GeVic —Light Flavor w/ p — e'e”, e'e X _E .
3|§ Iy — e'e-, eey E A Vacuum baseline
‘_lzﬁ 1 —CC — e'e” (N )-scaled) =

A Overall improved description of the data including
the HF suppression

Sy

e
=4

A Anhint for an excess atlowa  (1.3,)

Data
Cocktalil

rrrrrr
--------

Data
Cocktail

. 1 . 3 35
“ > m. (GeV/c?)
Low-mass region (LMR)

ALICE EM Probes | LP 2025 | Jerome Jung | Uni Frankfurt 23


https://arxiv.org/abs/2308.16704

:v £

ALICE apparatus

Inner Tracking System

Run 3 upgrades A CMOS MAPS technology ALICE

N T S =

PEEREA W VR iRm a ' aVLV

N

Wiz ma, 2 R Time Projection Chamber
M A GEM-based readout
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ALICE apparatus
Run 3 upgrades
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E | ALICE Performance |
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107" 1 10
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Time Projection Chamber
A GEM-based readout
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ALICE apparatus
Run 3 upgrades
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E [ ALICE Performance "7
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o
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Dielectron production in Run 3
Raw yield in pp collisions at /¥ 8 TeV

Run 3: ¢ X ¢p manalysed MB events (2023)
A Factor ~600 more compared to Run 2

Spectrum shows all key features of resonances
with high precision

Large statistics allows to extract dielectron
signal up to inv. mass of the | -meson

Entering a new era of precision measurements
for dielectrons

ALICE

L 10_1 I I | l | I I I I | I I | | 1 | | I | | 1 E
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Dielectron production in Run 3
Corrected spectrum

— cC—e'e (PYTHIAB)
— bb—e'e (PYTHIAG)

:102'IIII|IIIIIIIIIIIII|IIII|IIIIIIII|I|||E
First dielectron cross section from pp collisions S ALICE Preliminary ® Data
atyi p @TeVinRun3 o 10 Peis=136Tev i e
o} p,,>0.2GeV/c, In <08 . e
~ +11% global unc. not shown b= o'e"
Cocktail of expected dielectron sources based £ 2023 —o e nwe'e
— —_——=vee,nN >mee
on Run 2 measurements: Sl 70 =17 P S Y
o
- Licht-flavour: Measured hadron spectra from S 102l —Jy = €',y o'
pp 13 TeV ve e
- Heavy-flavour: PYTHIA calculations fitted to 107k

dielectron results in pp 13 TeV
- Energy dependence estimated
with FONLL calculations
- Detector resolution from Run 3 applied
A Different material budget due to
new Run 3 detectors

.III| IIIIIIII| IIIIIIII| IIIIIIl[| IIIIIIII| IIIIIIII| L1

Cocktail

Data
=]
o .

11% global unc. not shown for data
Ratio shows overall agreement between data & cocktail o 0.5 1 15 2 2.5 3 35 4
M. (GeV/c?)
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Dielectron production in Run 3
Corrected spectrum ALICE

<

Measurement of prompt sources in IMR: ALICE Preliminary ; oata
. . _ oCcKlaill sum
- Drell Yan, Thermal radiation 10 ppis=136Tev e
p,,>02GeVic, [n | <08 Ny '
+11% global unc. not shown p—e'e
Intermediate mass range dominated by open 2023 —w e oalee
—_—1n—=yee,nN—>nee

heavy-flavour decays
A Requires high precision of heavy-flavour sources
Very challenging with cocktail method

FME =417 pb! —¢—e'e, ¢ >ne'e, p=>a'ee
— cT—e'e (PYTHIAB)

— bb—e'e” (PYTHIAS)

—Jly = e'e, y e'e

P(2s) = e'e-

do/dm,, (mb / (GeV/c?))

Exploit long lifetime of D- and B-mesons 107 A

.III| IIIIIIII| IIIIIIII| IIIIIIl[| IIIIIIII| IIIIIIII| L1

-(ct)p: ~150 um, (ct)p: ~ 450 um 10+

107 =
- = 3
- 0o 1
K-« G
Ve > 0.5 11% global unc. not shown for data

0 05 1 15 2 55 3 35 4
M. (GeV/c?)
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Dielectron production in Run 3

Separation of prompt and non -prompt sources ALICE
Distance-of-closest approach (DCA): 'Tb A'UCE 'Simm;tion | MC templates |
Y ' pp (5=136TeV — Prompt =
N O - Charm .
8 P> 0.2 GeVie, | | < 0.8 ... Beauty -
N - % :-1 == Non-prompt J/w |
e ~= | 4
DCA;  %Vertex ® = '1 G .
= Sl ]
Q : |.i - A :
prompt X Li ‘i""'!--. T i
102~ o —
Decay length of charm and beauty hadrons much - "l """ e E
larger than that of prompt sources -7 [

A Electrons do not point back the vertex

S

—

Method only relies on the well-known decay kinematic 10_30#4%'4%%6“33“30
A Established during Run 2 prompt > DCAZ (o)
A Independent of cocktail and theory input °e
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Dielectron production in Run 3
Separation of prompt and non

(07
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Perform template fit differential in small mass intervals to unfold contributions in raw spectra

A Good description of the data over a wide DCA range
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Dielectron production in Run 3 %

Separation of prompt and non -prompt sources ALICE
- - "I_ 10_2 §I | T TTT | T'TTT | T'TTT | T TT I'TTT | I'TTT | I'TTT | IFTTT | T I§
First raw |nv|. mass spectra unfolded by &; = 'ALICE Performance . Data -
source topology = 108 - pp Vs=13.6TeV Fit contributions |
Q - 0.2 GeVic, 0.8 o Prompt E
Well separated prompt and non-prompt sources S F Pre” el < + N g X ]
¢ Nosyst. unc. on-promp .
g 10°E stat. uncert. only 3
Prompt: kS P 2022 .
- Clear resonance structures of pseudoscalar and S g 105;%; MB _ | ph-! -
vector mesons = = *, & E
5 ¥ Ty e . .
2 _6_— -+ o —
Non-prompt: = O T*hh} %ﬁﬂiw& =
- Heavy-flavour continuum + non-prompt * 1 - *h;_?_ I .
107 & 'f’ +_+_1
Fit prefers a prompt contribution in the - *iF -
Intermediate mass range (IMR: 1.1< & <2.3GeV/w) 10 IMR -
A Showcase Of Capabllltles Of neW deteCtor and 10—9 RI | L1l | | | 1111 | 1111 | 1111 | L 111 | L 11 | 1111 | 111 IH
anaIyS|S tech n|q ue 0.5 1 1.5 2 2.5 3 3.5 4 4.5 25
A Important baseline for Pb  Pb measurements Mee (GeV/c?)
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Dielectron production in Run 3
Raw yieldin Pb  Pb collisionsat /¥ 8 TeV

_ %10~

= T T T T T | T T T T T T T T T T T T | T . | | L L L L L L | L LI L
b - ! | | | [ ] ti: B [ [ | ]
z, -:(3 0.25—  ALICE Performance 7 % 0.25~  ALICE Performance 7
=9 i ] e i i
S|S  F 10-90% Pb-Pb, |5y, = 5.36 TeV - 2 ag| g [ 10-90% Pb-Pb, |5, = 5.36 TeV i
= ® — — 'E E 4
0¥ L p,,>04GeVic In| <08 In_-n_|> 004 | sis 'F p, > 0.4 GeV/c, || <08, Iy -n_| >0.04 |
02~ + . =05nb""! ] = 02 #,, =0.5nb"! ]
L ® 0.08 <mg, < 0.14 GeV/c? | i | * DCA, integrated * ]
- . - * DCA?, <1 1
015, ; ;- 1.10 <mee < 2.70 GeV/c? (x 0.5) ]| 0.5 } | A <10 ]
- N : 1 } f :
0.1 L4- : — 0.1— + \ + + ]
i ‘ + : ] H+ * * +_+_ +y -
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DCAZ, (o) Mee (GEV/Ed)

First dielectron spectra of the new 2023 and 2024 Pb Pb data
A o&ép manalysed events in 10 90% centrality ( Factor ~60 compared to Run 2)
A SeleCtion ShOWS gOOd Separation Of prompt & non_prompt sources ALICE EM Probes | LP 2025 | Jerome Jung | Uni Frankfurt 33



Summary

Analyses from Run 2 are finalized ‘f o
Analysis of full Run 2 dataset of pp at\/i 13 TeV _
A Extraction of direct-photon fraction in MB & HM events
Measurement of dielectron production in central Pb Pb at i~ 5.02 TeV _
A First measurement of direct-photon yield

Data taken in Run 3/4 will significantly increase the precision of these results
- First corrected dielectron spectrum in pp at /i 13.6 TeV

- First unfolded inv. mass spectra by source topology

- First raw inv. mass spectrum with $ # ! selectionsin Pb Pbat+i  5.36 TeV iR

T T T T
ALICE
Data (1 <p < 3 GeVic)

® ppils=13Tev
C. Shen (1 <p < 3 GeVic)

PDF: CTEQ6.1M, FF: BFG-

o Prompt
D Prompt & Thermal
C. Gale (1 <p < 5 GeVlc)

nPDF:nCTEQ15-np, FF:BFG2 IEI

Pb-Pb {5, = 2.76 TeV
—— = Prompt
Total

(=]

ALICE (1 <p;< 5 GeVic)
% Pb-Pb m =5.02 TeV
4 Pb-Pbys, =276 TeV
§ 95%C.L
PHENIX (1 <p; < 5 GeVlc)
B AuAuysy, = 200 GeV
¢ pp(s=200GeV
—— N, scaled pQCD
(s = 200 GeV)
STAR (1 <p;< 3 GeVic)
¥ AuAuysy, =200 GeV
1 11111 I

IIl| 11 Illllll 11 IIIIII|

10°
dNg/dn|,

ALICE Preliminary
pp Vs =13.6 TeV

P> 0.2GeVie, || <0.8
=11% global unc. not shown

2023 : -

FME =417 pb~! —¢ e g onee g ae'e
— cG—e'e” (PYTHIAB)
— bb—ee” (PYTHIAB)
—Jy = ee, e’

0.

(Cananm e B

11% global unc. not shown for data
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Dielectron production in central Pb

Invariant -mass spectrum

,II__| T T T | T T T T | T T T T | T T T T l T T T T I T T T T | T T T j
& ALICE
o 102 . . )
S 0-10% Pb—Pb s, = 5.02 TeV Cockta!H +QGP + !n-med!um p(R.Rapp) 3
() b 00< <10 GeVie, [n | < 0.8 — Cocktail1 + QGP + in-medium p (PHSD) I
o T - Pre el = O Cocktail2 + QGP + in-medium p (R.Rapp) ]
=, 10§ 00<p, <80GeVic - Cocktail2 + QGP + in-medium p (PHSD) 5
L =
Zls [¢]Data =
U —
| 3 1 = Cocktail1 (LF w/o p + Jiy + (N__ )-scaled HF) —
D = . C.Cbo—)e* . =
< - . .Cockta|l2 (LFwop+Jiy+R | -modified HF) 3
107 e E
5 K E
,'— =
107 =
1072 B QGP + in-medium p (R.Rapp) -
E - QGP + in-medium p (PHSD)
255
T 2
% 1.5
(@] 8 1
0.5
_ 25
T 2
8L 15
Q
oo 1g
Cos5

0 05 1 15

-

Low-rﬁass region'(LM R)

Pb at /¥z= 5.02 TeV

Comparison to hadronic cocktail, including:

A 0 -scaled HF measured in pp aty/i 5.02 TeV
A Vacuum baseline

A Include measured'Y of Y00 Q

Comparison to theoretical models: & PHSD
Rapp, Adv.HERP2013 (2013) 148253

PHSD, PRC 97 (2018) 064907
A Excess in LMR: Expectedfrom] mesons ©pr
thermally in the medium

A Short lifetime and strong couplingto A A channel

A Regeneration in the hot hadronic phase &
broadening of its spectral function
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Dielectron production in central Pb

Invariant -mass spectrum
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5

Pb at /¥z= 5.02 TeV

Comparison to hadronic cocktail, including:

A 0 -scaled HF measured in pp aty v 5.02 TeV
A Vacuum baseline

A Include measured'Y  of RO Q

Comparison to theoretical models: & PHSD
Rapp, Adv.HERP2013 (2013) 148253

PHSD, PRC 97 (2018) 064907
A Excess in LMR: Expectedfrom] mesons ©pr
thermally in the medium

A Short lifetime and strong couplingto A A channel

A Regeneration in the hot hadronic phase &
broadening of its spectral function
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Dielectron production in central Pb Pbat /¥ 5.02TeV

nvariant -mass spectrum

ALICE

= = Comparison to hadronic cocktail, including:
ALICE j
L 10° 0-10% Pb-Pb |5 = 5.02 TeV Cocktail1 + QGP + in-medium p (R.Rapp) 5
% ¥ 02<p. <10GeVic, 1 | <0.8 _g""tg:;"ggg‘“f“'megi”m"EEHR?)] G - -
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3 1 = Cocktail1 (LF w/o p + Jhy + (N__ )-scaled HF) —
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oL . A Include measured’Y of Ww© Q
5T - A Modified-HF cocktail
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255
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oo 15
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_ 28 A Most sensitive for radiation of the QGP
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Intermediate-mass region (IMR)
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Dielectron production in central Pb
Invariant -mass spectrum
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Comparison to hadronic cocktail, including:

A0

YeE

-scaled HF measured in pp at+/i 5.02 TeV

5.02 TeV

A Vacuum baseline

A Include measured'Y of Y00 Q

Focus on IMR:

A Dominated by HF contributions

A Most sensitive for radiation of the QGP
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Topological separation
Approach

Distance-of-closest approach (DCA):

% A& DCA
DCA;  ¥Vertex L e ?
DCA, | Vertex
prompt non-prompt

As$#! OEAOkKE#! ( &

ALICE

Separation of prompt and non-prompt sources
based on their decay topology:

A Decay length of charm and beauty hadrons much
larger than that of prompt sources

A Electrons do not point back the vertex

DCA for pairs taking into account the DCA resolution:

. j@#u”) ($# 1. )
| C

A Method only relies on the well-known decay kinematic

A Independent of cocktail and theory input
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Dielectron production in central Pb Pb at/¥= 5.02 TeV

Topological separation -$ # ! in IMR fitted ALICE
10

I I I I | I I I I | I I |
ALICE @Data
TE0-10% Pb-Pb 5. =5.02 Tey  — Cocktail sum
; —cc—e'e ((N_ ) scaled x 0.43)
5_0-4 < pT,e < 10 GeV/C, |ne| < 08 _b5_>e+e- ((Ncon> Scaled % 074)
3 1.2 < mg <2.6 GeV/c? Jhy — e'e, v ete

Extraction of prompt thermal signal via template fits:

A Beauty contribution fixed via separate fit at high 1}
AA: 0.74 0.24(stat) 0.12(syst.) (w.rt.0  scaling)

—
<

Additional prompt e'e’
Upper limit at 90% C.L.

A Simultaneous fit of charm and prompt contribution
AX 0.43 0.40(stat.) 0.22(syst.) (w.r.t.0  scaling)
:2.64 3.18(stat.) 0.29(syst.) (w.r.t. R. Rapp)

—
S
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—
<
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Dielectron production in central Pb

Topological separation
10—

= ALICE
E 0-10% Pb-Pb \[s,, = 5.02 TeV
- 0.4 < p, <10GeVic,|n | <08
F 1.2 < m, < 2.6 GeV/c?

1

—
<

—
S
w

1/N,, dN/dDCA., (")
3 3

—_—
S
[&)]

Data
Cocktail

-$ # ! inIMR fitted

Pb at

1 I I 1 ] T 1 I I

@Data
= Cocktail sum
—cc—e'e ((N_ ) scaled x 0.43)
—bb—e’e ((N_ ) scaled x 0.74)
Jy — e'e, ye'e
Additional prompt e'e’
Upper limit at 90% C.L.

| lIIIIu] | IIIII|.|.| | IIIIlII| 1 IHIIII| | IIIIIu] Loy

0 15
DCA.. (o)

ALICE

Extraction of prompt thermal signal via template fits:

A Beauty contribution fixed via separate fit at high 1y

0.74 0.24(stat) 0.12(syst.) (w.rt.0  scaling)

A Simultaneous fit of charm and prompt contribution

0.43 0.40(stat.) 0.22(syst.) (w.rt. 0  scaling)
:2.64 3.18(stat.) 0.29(syst.) (w.r.t. R. Rapp)

Results in agreement with:
A Charm suppression
A Thermal contribution in the order of expectations

by Rapp/PHSD

Method independent of hadronic cocktail:
A Smaller syst. uncertainties
A More statistics enables the extraction of a thermal
dielectron yield in the IMR
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BXCEess

dN

Dielectron production in central Pb
Excess spectrum
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= [+]Data - Cocktail (LF wio p + J/y + R, ~ © -modified HF
R.Rapp, Adv. HEP. 2013 (2013) 148253
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1\ --- thermal radiation from QGP
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i Arrows show upper limits at 90% C.L.
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Pb at

YeE

5.02 TeV

Subtraction of known hadronic sources without m

Compared with sum of 2 contributions:

produced thermally in hot hadronic matter

- Thermal radiation from QGP

Implemented in 2 different ways:

0s

expanding fireball
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Dielectron production in central Pb
Excess spectrum
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- 0.2<p__<10GeVic, | | <08 PHSD ~
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A

Pb at /¥z= 5.02 TeV

m(®

ALICE

Subtraction of known hadronic sources without m

Compared with sum of 2 contributions:
- produced thermally in hot hadronic matter
- Thermal radiation from QGP

Implemented in 2 different ways:
- 0s expanding fireball
- Parton-Hadron-String Dynamics (PHSD): transport model

Both models compatible with data:

A Less yield predicted by PHSD

A Some tension in T® & & GeV/o by 2 . T400)
A More data needed to confirm
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Direct -photon fraction in pp at
Comparison to published results

VY 13 TeV
ALICE
E’O'07-""""""""" , — 5 0.07 —————————————————— :
= | . 1 =5 . ]
~_0.06F ALICE Preliminary 1< ook ALICE Preliminary :
=0 x Virtual photon analysis MB S0 - Virtual photon analysis HM
1 0.05F ppis=13Tev 3 ! 005F  High-mult pp Vs =13 Tev -
n ] - (0-0.072% INEL) .
0.04F - 0.04
0.03F 3 o3k :
- ¢ ! ] -
0.02F ] 0.02 F ¢ -
; ! ‘ - i
0.01F v 0.01F + .
U Y :
p, (GeVic) p, (GeVic)
Significant reduction of statistical and systematic uncertainties in new analysis
A Notable contribution of direct-photons in MB & HM collisions
A Measurement in HM compatible with MB results
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Hadronic -cocktail improvements %

Modeling of HF suppression ALICE
Ratio of HF electrons in Pb  Pb/pp

o | T — 7 1 Modify cocktail: Measured 'Y  as | -dependent weights
T 14 0-10% Pb-Pb ALICE
Qo <
3 | (5,=502TeV ] _
@ [ Inl<08 1 Contains both CNM & HNM effects
i — ... A However: Affects dielectrons differently
) SR N U0 ~ CNM: whole pair
Y © 1 HNM: each electron independently
0.8 " LERC L 4 |
AR T T 1N\ 1 Disentangle CNM effects using EPS09
o N :
o4l [*]RSE 7°, PLB 804 (2020) 135377 \ e, 8
| Parameterizations: Sy
02|~ — Data ]
- — EPS09 (Rgx o) ]
U_ | | 111 | 1 1 1 111 I_
10" 1 10

p. (GeVic)

Dielectron spectrum dominated
by 1-2 GeV/c region ALICE EM Probes | LP 2025 | Jerome Jung | Uni Frankfurt 46



Hadronic -cocktail improvements
Modeling of HF suppression

Effective cocktail modification

o) N
° 2 0-10% Pb-Pb HF Dielectron R,
a « 18 Sy =5.02 TeV —p, . = 1 GeV/c
%) é - p__>02GeVic,|n <08 —p g 4 GeV/c
cr B Te e T.ee
16

0 05 1 1.6 2 25 3 35 4 45

=%

ALICE

Modify cocktail: Measured Y e as n -dependent weights

Contains both CNM & HNM effects

A However: Affects dielectrons differently
CNM: whole pair
HNM: each electron independently

Disentangle CNM effects using EPS09

Final modification factor 'Y "°
A More suppression of pairs at higher &

combining CNM & HNM weights
on k

However: Large uncertainties from HFe 'Y & EPS09 inputs

Same suppression for charm & beauty hadrons
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Hadronic -cocktail improvements

Modeling of HF suppression

)
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— 0-10% Pb-Pb
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................................
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| Parameterizations:
=— Data
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e
........
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- 0-10% Pb-Pb
C Sy = 5.02 TeV —p
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HF Dielectron R,

8 T,
E P, >0.2GeVic, |n | <0.8 _p'r,:: =4 GeV/c

=1 GeVl/c

1
10

ALICE
Parametrisation of measured of HF electron 'Y
A Contains CNM effects & energy loss in the medium
Disentangle CNM effects using EPS09: RYY " = RS fant X RS imam

CNM effects & energy-loss affect pair production differently

CNM: ‘YF‘E Energy loss/HNM: 'YF‘E

Affects each
electron independently

Affects whole pair

. F|O Flo
Y - yne o o

: - C : i YR n Y 'k N
A Total weight yho g m & -YHE .Yﬁg
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Direct -photon yield in central Pb
n -differential spectrum

=

Pb at /¥z= 5.02 TeV
ALICE

[(GeVic)?]

T T T T | T T T T
ALICE
0-10% Pb-Pb |/, = 5.02 TeV
[*]Data

.
.
*
.
-
.
.
-
-
-
-
-
.
.
-
-

—_—
S

2
d NYdirect

—
<
N

2n N, p_dp_dy
[ IIIIIII|

—
S
w

—Total ,Ydirect
---Prompt (FF: BFG2, nPDF: nCTEQ15-np)
— Pre-equilibrium
QGP + Hadronic gas)

| e

o
L

.
s
“
-
-~
3
v
.
.
-
.
|
I
.
-~
-~
-~
~
~
-~
-~
-
~
-~
-~
-~

| C.Gale etal., PRC 105, 014909 3

First direct-photon r} -differential spectrum at /I L8t CTeV

Hybrid model: Contributions from all stages of the collision
- Prompt photons from NLO pQCD calculations

- Pre-equilibrium contributions

(QGP & hadronic gas)

-
N B

—

o
™

Data
Theory
o
o

o
~

o
)

(=]

0 consistent with only prompt photons
However: All central values above pQCD baseline

Measurement also described by full model prediction
But: Data overestimated by ~1,

o
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https://arxiv.org/abs/2308.16704

Dielectron production in central Pb Pbat /¥ 5.02TeV

Pair-momentum spectrum

y NP j Comparison to hadronic cocktail, including:
-§ 10° 0-10% Pb—Pb s, = 5.02 TeV CocktaiH +QGP+?n-med?ump(R,Rapp] E
8 & 02<p,_<10GeVic, | <08 _g"ctif:;"ggg‘“!"'megf”mp(EHRiD) = - :
“‘.;.’g 10 0.0<pT:ee< 8.0 GeVic _.-Cocktail2+QGP+in:mediumEEPHSg;))?= A U -Scaled HF measured In pp at \/-r 502 TeV
3|§ [¢]Data > A Vacuum baseline
-3 1 = Cocktail1 (LF w/o p + Jiy + (N__ )-scaled HF) —
|2 = B Cocktail2 (LF w/o p + Jy + R, ~“-modified HF) = A includ 4y f(ISF~ 00
- N . nclude measure of u¥w
107" = - .
E A Modified-HF cocktall
107 E
- P+ et o 1 Studying the HF as a function of pair momentum:
—3 + In-medium .rRa
10 E---QGP+in-mediumSEPHsS§)) =
25 A Increasing suppression at high rj 1 compared to pp
w 2 z . - . .
E% 15 A Modified-HF cocktail improves the data description
Q0 1t
© 0.5t
_ 25 Caveats: Cocktail modification introduces additional uncertainties
§§ 15 - Large uncertainties limit the interpretation of the data
© 05 | | | | | - Applies same modification to charm and beauty
0 0.5 1 1.5 2 2.5 .
o > me. (GeV/c?)

A Cocktail independent method needed to access QGP
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