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Dielectrons (e+e−) allow one to study the whole 
space-time evolution of the medium 
• Produced during all stages of the collision 
• Unaffected by strong final-state interactions

Dielectron pairs in heavy-ion collisions

t0.1 fm/c ~1 fm/c ~10 fm/c

Initial state Pre-equilibruim QGP and expansion Hadronization

MADAI Collaboration

~20-50 fm/c

Hadronic phase and freeze-out
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Dielectrons (e+e−) allow one to study the whole 
space-time evolution of the medium 
• Produced during all stages of the collision 
• Unaffected by strong final-state interactions

Dielectron pairs in heavy-ion collisions

t0.1 fm/c ~1 fm/c ~10 fm/c

Initial state Pre-equilibruim QGP and expansion Hadronization

MADAI Collaboration

~20-50 fm/c

Hadronic phase and freeze-out

Sasaki, Nucl.Phys. A830, 649 (2009) 

At LHC energies: studies of deconfined phase of 
matter in the regime of high T and µB ~ 0 
• Chiral symmetry restoration, thermal radiation 
• Need to know the background from hadronic decays!



A Large Ion Collider Experiment

3Thermal dielectrons in ALICE | I. Vorobyev | ICHEP | 19.07.2024

Dielectron mass spectrumMotivation
Dielectron production in Pb−Pb collisions

ALICE Thermal Dielectrons | SQM 2024 | Jerome Jung | Uni Frankfurt 6

Composition of the dielectron spectrum:

 Initial stage of the collision
▪ Drell-Yan & hard scatterings 
▪ Pre-equilibrium contributions

 Thermal radiation from the medium
▪ Quark-Gluon Plasma (QGP)
▪ Hot hadronic phase

 
 Hadronic decays

▪ Pseudoscalar and vector mesons (π0, η, η′, ρ, ω, ϕ, ΤJ ψ)
▪ Correlated semi-leptonic decays of heavy-flavor (HF)

 
Measurements in pp:
▪ Vacuum baseline for Pb−Pb studies (HF, Drell-Yan, direct photons) 
▪ Search for new phenomena in high-multiplicity (HM) events or at low momenta

ALICE, Phys. Rev. Lett. 127, 042302 (2021)
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Low mass region (mee < 1.1 GeV/c2) 
• Thermal radiation from hadron gas (HG) via in-medium ρ 
• Pseudoscalar and vector mesons (π0, η, η’, ω, ϕ)

Dielectron mass spectrumMotivation
Dielectron production in Pb−Pb collisions
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Intermediate mass range (1.1 < mee < 2.7 GeV/c2) 
• Thermal radiation from quark-gluon plasma 
• Correlated semi-leptonic decays of HF hadrons

Low mass region (mee < 1.1 GeV/c2) 
• Thermal radiation from hadron gas (HG) via in-medium ρ 
• Pseudoscalar and vector mesons (π0, η, η’, ω, ϕ)
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The ALICE apparatus in Run 2 (2015−2018)
Unique tracking and PID capabilities to study the production 
of low-mass dielectrons at the LHC energies!
• Inner Tracking System: vertex, tracking, PID (dE/dx)

dE/dx in ALICE TPC TOF β

• Time Projection Chamber: tracking, PID (dE/dx in gas)
• Time-of-Flight: PID (via TOF β)
• V0 at forward rapidity: event triggering, 
multiplicity & centrality determination

Collision system Analysed luminosity

Pb−Pb √sNN = 5.02 TeV 85 μb−1 in 0−10%

pp √s = 13 TeV 30 nb−1 minimum bias (MB)
5.8 pb−1 high multiplicity (HM)
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▪ Analysis of the full Run 2 data set

▪ Increase of statistics compared to previous publication:
ALICE, Phys. Lett. B 788 (2019) 505

 MB: a factor of 3.8  & HM: a factor of 4.4 

▪ Updated hadronic cocktail estimation
     with independent measurements at 𝒔 = 13 TeV

 → π0 and η mesons in the same multiplicity intervals
   → Talk by J. König: Track6-SmallSyst 12:00 PM

→ MB (𝑝T,ee > 1 GeV/𝑐) well described by hadronic sources
  

MB

A Large Ion Collider Experiment

5Thermal dielectrons in ALICE | I. Vorobyev | ICHEP | 19.07.2024

Dielectron spectrum in pp 13 TeV
▪ Analysis of the full Run 2 data set

▪ Increase of statistics compared to previous publication:
ALICE, Phys. Lett. B 788 (2019) 505
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     dependence of HF production

→ Within uncertainties no sign of thermal radiation in 
     HM pp events 

Dielectron production in pp at 𝒔 =13 TeV
High multiplicity (HM)
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HM
• Increase of statistics by factor ~ 4 
compared to previous publication [1] 

• Updated estimation of hadronic 
decays thanks to independent 
measurements in pp at √s = 13 TeV

▪ Analysis of the full Run 2 data set

▪ Increase of statistics compared to previous publication:
ALICE, Phys. Lett. B 788 (2019) 505
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Dielectron production in pp at 𝒔 =13 TeV
High multiplicity (HM)

ALICE Thermal Dielectrons | SQM 2024 | Jerome Jung | Uni Frankfurt 9

HM

S. Stiefelmaier 
18 Jul, 12:00 
North Hall

[1] ALICE, Phys. Lett. B 788 (2019) 505
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[1] ALICE, Phys. Lett. B 788 (2019) 505



A Large Ion Collider Experiment

6Thermal dielectrons in ALICE | I. Vorobyev | ICHEP | 19.07.2024

Extraction of direct photons
����

%JMFQ
UPO 1

BJST

'JHVS
F ����

� &YBN
QMFT GP

S MFBEJ
OH�PSE

FS QSP
DFTTFT

PG EJSF
DU QIP

UPO QSPEV
DUJPO�

RVBSL
̞

BOUJRV
BSL BOOJIJ

MBUJPO
	MFGU


BOE RVBSL
̞HMVP

O $PNQUPO TDBUUF
SJOH 	SJHIU


�

SFDU QI
PUPOT

	J� F� Q
SPEVD

FE CZ
QBSUPO

T JO B U
IFSNBMJTFE

NFEJVN

 XJMM SFࣿ

FDU UIF
NFEJVN

UFNQFSBUV
SF
 XJUI B CMBD

L�CPE
Z SBEJBU

JPO TQFDUS
VN GPMMPX

JOH ୽Ԕ਷զ�յ �

" NFBTVSF
NFOU PG

SFBM E
JSFDU Q

IPUPO
T BU MPX

ԟϫ JT
 IP
XFWFS


 DIBM
MFOHJO

H CFDBV
TF

PG UIF
MBSHF

CBDLH
SPVOE

PG IBE
SPO EFDBZ

QIPUP
OT
 XJUI UIF NBJO DPOUSJ

CVUJPO
	୽���


DPNJOH GSPN ᅺЈ ݂ ᅭᅭ EFDBZ
T� 5IJ

T CBDL
HSPVO

E DBO CF MBSHFMZ
BWPJEF

E CZ NFBTVSJ
OH

UIF DP
OUSJCV

UJPO P
G WJSUV

BM EJSF
DU QIP

UPOT
 X
IJDI JO

DPOUSB
TU UP SF

BM QIP
UPOT C

SJOH B
O BEEJ

�

UJPOBM
PCTFSW

BCMF̟
UIF JOW

BSJBOU
NBTT PG

UIF DSF
BUFE F� F਷ QBJS̟

JOUP UI
F HBN

F� *O H
FO�

FSBM
 B
OZ QSPDFT

T XIJDI DSFBUF
T SFBM

EJSFDU
QIPUP

OT BT F
� H� JO

'JH� �
��� DBO BMTP QSPEV

DF

WJSUVB
M QIPU

PO XIJDI BQQFB
ST JO GPSN PG EJMF

QUPO QBJS� 5
IF SFM

BUJPO
CFUXF

FO SFBM Q
IPUPO

QSPEV
DUJPO B

OE UIF
BTTPDJ

BUFE F� F਷ QBJS Q
SPEVD

UJPO JT
EFTDSJ

CFE CZ
UIF ,SPMM�8

BEB FR
VB�

UJPO BT EFࣾ
OFE JO &R� ��

�
 JO XIJDI DBTF Ԉ	Ԝ΄ 
́ ԟϫӴ ΄΄
 JT B QSPDFTT EFQFOE
FOU GBD

UPS UIB
U

BDDPV
OUT GP

S EJࣽF
SFODFT

CFUXF
FO SFBM BO

E WJSUVB
M QIPU

PO QSPEV
DUJPO�

'PS EJ
SFDU Q

IPUPO

QSPEV
DUJPO JU BQQS

PBDIF
T VOJUZ

GPS ԟϫӴ ΄΄ େ Ԝ΄ 
́ BOE UIF DP
SSFTQP

OEJOH
EJFMFD

USPO NBTT

TQFDUS
VN IBT UI

FSFGPS
F UIF T

BNF ୽��Ԝ΄΄ EFQFOEFODF B
T F� F਷ QBJST G

SPN %BMJU[ E
FDBZT

PG IBE
SPOT BU TNBMM Ԝ΄ �́ 5IF NFBTVSF

NFOUT PG WJS
UVBM E

JSFDU Q
IPUPO

T BMMPX
TFMFDU

JOH

UIF NBTT SBOHF
Ԝ΄΄ எ Ԝᇎɱ � ��� .F7�cϵ BOE UIFSFG

PSF JNQSPWJO
H ESBTUJD

BMMZ UIF

TJHOBM
�UP�CB

DLHSP
VOE SBUJP DPNQBSFE

UP NFBTVSF
NFOUT P

G SFBM
EJSFDU

QIPUP
OT� "TTVNJOH

UIF FR
VJWBMF

ODF CF
UXFFO

UIF GSB
DUJPO

PG SFB
M EJSFD

U QIPU
POT BO

E GSBDUJP
O PG WJSU

VBM EJ
SFDU

QIPUP
OT XJUI [FSP NBTT ԡͷЏϝ � ԃᇁͷЏϝԃᇁЏμͩΰଉ ԃᇁ੟ͷЏϝԃᇁ੟Џμͩΰઘ ֈ�Ј


	���


UIF SFBM E
JSFDU Q

IPUPO
GSBDUJP

O ԡ DBO CF FYUSBD
UFE XJUI B ࣾU PG

UIF F� F਷ JOWBSJ
BOU N

BTT

EJTUSJC
VUJPO

BCPWF
UIF ᅺЈ NBTT XJUI B WJSUVB

M QIPU
PO DPOUSJ

CVUJPO
JO BEEJUJ

PO UP IBESP
O

EFDBZ
T VTJO

H UIF GP
MMPXJOH FYQSFT

TJPO�

Eᅼ�EԜ΄΄ � ԡԕͷЏϝ	Ԝ΄΄
 � 	� ਷ ԡ
ԕίΑ	Ԝ΄΄
 � ԕΡΑ	Ԝ΄΄
� 	���


)FSF ԕίΑ	Ԝ΄΄
 BOE ԕΡΑ	Ԝ΄΄
 BSF DPOUSJ
CVUJPO

T GSPN
MJHIU�ࣿ

BWPVS
BOE IFBWZ

�ࣿBWP
VS

EFDBZ
T DPSSFT

QPOEJ
OHMZ


BOE UIF TIBQF
PG WJS

UVBM E
JSFDU Q

IPUPO
DPNQPOFO

U ԕͷЏϝ	Ԝ΄΄

̏ �� ̏

����
%JMFQ

UPO 1
BJST

'JHVS
F ����

� &YBN
QMFT GP

S MFBEJ
OH�PSE

FS QSP
DFTTFT

PG EJSF
DU QIP

UPO QSPEV
DUJPO�

RVBSL
̞

BOUJRV
BSL BOOJIJ

MBUJPO
	MFGU


BOE RVBSL
̞HMVP

O $PNQUPO TDBUUF
SJOH 	SJHIU


�

SFDU QI
PUPOT

	J� F� Q
SPEVD

FE CZ
QBSUPO

T JO B U
IFSNBMJTFE

NFEJVN

 XJMM SFࣿ

FDU UIF
NFEJVN

UFNQFSBUV
SF
 XJUI B CMBD

L�CPE
Z SBEJBU

JPO TQFDUS
VN GPMMPX

JOH ୽Ԕ਷զ�յ �

" NFBTVSF
NFOU PG

SFBM E
JSFDU Q

IPUPO
T BU MPX

ԟϫ JT
 IP
XFWFS


 DIBM
MFOHJO

H CFDBV
TF

PG UIF
MBSHF

CBDLH
SPVOE

PG IBE
SPO EFDBZ

QIPUP
OT
 XJUI UIF NBJO DPOUSJ

CVUJPO
	୽���


DPNJOH GSPN ᅺЈ ݂ ᅭᅭ EFDBZ
T� 5IJ

T CBDL
HSPVO

E DBO CF MBSHFMZ
BWPJEF

E CZ NFBTVSJ
OH

UIF DP
OUSJCV

UJPO P
G WJSUV

BM EJSF
DU QIP

UPOT
 X
IJDI JO

DPOUSB
TU UP SF

BM QIP
UPOT C

SJOH B
O BEEJ

�

UJPOBM
PCTFSW

BCMF̟
UIF JOW

BSJBOU
NBTT PG

UIF DSF
BUFE F� F਷ QBJS̟

JOUP UI
F HBN

F� *O H
FO�

FSBM
 B
OZ QSPDFT

T XIJDI DSFBUF
T SFBM

EJSFDU
QIPUP

OT BT F
� H� JO

'JH� �
��� DBO BMTP QSPEV

DF

WJSUVB
M QIPU

PO XIJDI BQQFB
ST JO GPSN PG EJMF

QUPO QBJS� 5
IF SFM

BUJPO
CFUXF

FO SFBM Q
IPUPO

QSPEV
DUJPO B

OE UIF
BTTPDJ

BUFE F� F਷ QBJS Q
SPEVD

UJPO JT
EFTDSJ

CFE CZ
UIF ,SPMM�8

BEB FR
VB�

UJPO BT EFࣾ
OFE JO &R� ��

�
 JO XIJDI DBTF Ԉ	Ԝ΄ 
́ ԟϫӴ ΄΄
 JT B QSPDFTT EFQFOE
FOU GBD

UPS UIB
U

BDDPV
OUT GP

S EJࣽF
SFODFT

CFUXF
FO SFBM BO

E WJSUVB
M QIPU

PO QSPEV
DUJPO�

'PS EJ
SFDU Q

IPUPO

QSPEV
DUJPO JU BQQS

PBDIF
T VOJUZ

GPS ԟϫӴ ΄΄ େ Ԝ΄ 
́ BOE UIF DP
SSFTQP

OEJOH
EJFMFD

USPO NBTT

TQFDUS
VN IBT UI

FSFGPS
F UIF T

BNF ୽��Ԝ΄΄ EFQFOEFODF B
T F� F਷ QBJST G

SPN %BMJU[ E
FDBZT

PG IBE
SPOT BU TNBMM Ԝ΄ �́ 5IF NFBTVSF

NFOUT PG WJS
UVBM E

JSFDU Q
IPUPO

T BMMPX
TFMFDU

JOH

UIF NBTT SBOHF
Ԝ΄΄ எ Ԝᇎɱ � ��� .F7�cϵ BOE UIFSFG

PSF JNQSPWJO
H ESBTUJD

BMMZ UIF

TJHOBM
�UP�CB

DLHSP
VOE SBUJP DPNQBSFE

UP NFBTVSF
NFOUT P

G SFBM
EJSFDU

QIPUP
OT� "TTVNJOH

UIF FR
VJWBMF

ODF CF
UXFFO

UIF GSB
DUJPO

PG SFB
M EJSFD

U QIPU
POT BO

E GSBDUJP
O PG WJSU

VBM EJ
SFDU

QIPUP
OT XJUI [FSP NBTT ԡͷЏϝ � ԃᇁͷЏϝԃᇁЏμͩΰଉ ԃᇁ੟ͷЏϝԃᇁ੟Џμͩΰઘ ֈ�Ј


	���


UIF SFBM E
JSFDU Q

IPUPO
GSBDUJP

O ԡ DBO CF FYUSBD
UFE XJUI B ࣾU PG

UIF F� F਷ JOWBSJ
BOU N

BTT

EJTUSJC
VUJPO

BCPWF
UIF ᅺЈ NBTT XJUI B WJSUVB

M QIPU
PO DPOUSJ

CVUJPO
JO BEEJUJ

PO UP IBESP
O

EFDBZ
T VTJO

H UIF GP
MMPXJOH FYQSFT

TJPO�

Eᅼ�EԜ΄΄ � ԡԕͷЏϝ	Ԝ΄΄
 � 	� ਷ ԡ
ԕίΑ	Ԝ΄΄
 � ԕΡΑ	Ԝ΄΄
� 	���


)FSF ԕίΑ	Ԝ΄΄
 BOE ԕΡΑ	Ԝ΄΄
 BSF DPOUSJ
CVUJPO

T GSPN
MJHIU�ࣿ

BWPVS
BOE IFBWZ

�ࣿBWP
VS

EFDBZ
T DPSSFT

QPOEJ
OHMZ


BOE UIF TIBQF
PG WJS

UVBM E
JSFDU Q

IPUPO
DPNQPOFO

U ԕͷЏϝ	Ԝ΄΄

̏ �� ̏

Any source of real photons can also produce 
virtual photons (→ e+e− pair) 
• Additional dimension: invariant mass → can 
suppress hadronic background by going to 
mee > mπ0
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Any source of real photons can also produce 
virtual photons (→ e+e− pair) 
• Additional dimension: invariant mass → can 
suppress hadronic background by going to 
mee > mπ0
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Any source of real photons can also produce 
virtual photons (→ e+e− pair) 
• Additional dimension: invariant mass → can 
suppress hadronic background by going to 
mee > mπ0

Fit dielecton mass spectrum above π0 mass with:

• fdir and fLF are normalised to data at mee = 0 
• r = (virtual) direct γ / inclusive γ (at mee = 0) 
•γ*dir from Kroll-Wada: ~1/mee (for pT,ee >> mee) 
• Direct-photon yield: γdir = r × γincl
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Extraction of direct photons
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Any source of real photons can also produce 
virtual photons (→ e+e− pair) 
• Additional dimension: invariant mass → can 
suppress hadronic background by going to 
mee > mπ0

Fit dielecton mass spectrum above π0 mass with:

• fdir and fLF are normalised to data at mee = 0 
• r = (virtual) direct γ / inclusive γ (at mee = 0) 
•γ*dir from Kroll-Wada: ~1/mee (for pT,ee >> mee) 
• Direct-photon yield: γdir = r × γincl
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Direct-photon yield in pp and Pb−Pb collisions
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First measurement of direct photons in small systems at low pT at the LHC energies! 
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Direct-photon yield in pp and Pb−Pb collisions
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First direct-photon pT spectrum in Pb−Pb at √sNN = 5.02 TeV! 
⚠ Sum of all contributions (prompt, pre-equilibrium, thermal) overestimates data by ~1σ
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First direct-photon 𝑝T-differential spectrum at 𝑠NN = 5.02 TeV
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Direct-photon yield vs mult
• Is there a universal scaling of direct-photon yield 
with multiplicity? 

• Where is the onset of thermal radiation?

[1] ALICE, Phys. Lett. B 754 (2016) 235 
[2] ALICE, arXiv:2308.16704
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Direct-photon yield vs mult
• Is there a universal scaling of direct-photon yield 
with multiplicity? 

• Where is the onset of thermal radiation?

✅ Recent measurements by ALICE in Pb−Pb are in 
agreement with model predictions: 
• Real photons in 0−20% Pb−Pb at √sNN = 2.76 TeV [1] 
• Virtual photons in 0−10% Pb−Pb at √sNN = 5.02 TeV [2]

[1] ALICE, Phys. Lett. B 754 (2016) 235 
[2] ALICE, arXiv:2308.16704



1 10 210 310

 = 0η
|η/dchNd

4-10

3-10

2-10

1-10

1

10

d
ir
e
ct

γ
 o

f 
y

/d
N

d

, U.L. at 90% C.L.c < 5.0 GeV/
T

pPb, 1.0 < -ALICE, Pb

 = 5.02 TeV, arXiv:2308.16704NNs

 = 5.02 TeV, PreliminaryNNs

 = 2.76 TeV, (PLB 754, 235)NNs

 = 2.76 TeV, PreliminaryNNs

C. Gale et al., PRC 105, 014909

 = 5.02 TeVNNsPb, -Pb

 = 2.76 TeVNNsPb, -Pb

 = 0.2 TeVNNsAu, -Au

c < 3.0 GeV/
T

p = 13 TeV, 1.0 < spp, 

ALICE Preliminary

C. Shen et al., PRC 95, 014906

Prompt

Prompt + Thermal

c < 3.0 GeV/
T

pSTAR, 1.0 < 

 = 0.2 TeV (PLB 770, 451)NNsAu, -Au

c < 5.0 GeV/
T

pPHENIX, 1.0 < 

 = 0.2 TeV (arXiv:2203.17187)NNsAu, -Au

 = 0.2 TeV (PRC 91, 064904)spp, 

 = 0.2 TeVs, AAT ×pp fit 

ALI−PREL−558188

A Large Ion Collider Experiment

8Thermal dielectrons in ALICE | I. Vorobyev | ICHEP | 19.07.2024

Direct-photon yield vs mult
• Is there a universal scaling of direct-photon yield 
with multiplicity? 

• Where is the onset of thermal radiation?

✅ Recent measurements by ALICE in Pb−Pb are in 
agreement with model predictions: 
• Real photons in 0−20% Pb−Pb at √sNN = 2.76 TeV [1] 
• Virtual photons in 0−10% Pb−Pb at √sNN = 5.02 TeV [2]

❗ Measurements in small systems are a crucial input for 
theoretical models! 
• Virtual photons in pp at √s = 13 TeV vs multiplicity

[1] ALICE, Phys. Lett. B 754 (2016) 235 
[2] ALICE, arXiv:2308.16704
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5 Inclusive dielectron production

5.1 Dielectron invariant-mass spectra

The yield of e+e� pairs in the ALICE acceptance (|he|< 0.8 and 0.2 < pT,e < 10 GeV/c) is shown as a
function of mee in the 10% most central Pb–Pb collisions at

p
sNN = 5.02 TeV in Fig. 4. In the left panel,

the data are compared with the expected contributions from known hadronic sources, i.e. the R
c,b!e±
AA -

modified HF cocktail shown with dashed lines and the Ncoll-scaled HF cocktail displayed as full lines,
both explained in Section 4.1.2. In the p0 (mee < 0.135 GeV/c

2) and J/y (2.7 < mee < 3.3 GeV/c
2)

mass regions, where dielectrons from p0-Dalitz and J/y decays are expected to dominate the yield of
e+e� pairs, respectively, the data are well reproduced by the hadronic cocktails.
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Figure 4: Upper panels: dielectron mee-differential yields in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV, compared with the expected e+e� contributions from known hadronic decays, including two
different estimations for dielectrons from correlated heavy-flavor hadron decays (left panel), and two predictions
for thermal radiation from the medium [36, 99] (right panel). Bottom panels: ratios data to cocktails, together with
the expected ratios from the models. The error bars and boxes represent the statistical and systematic uncertainties
of the data, respectively, whereas the bands show the uncertainties of the hadronic cocktails.

In the bottom and middle left panels of Fig. 4, the ratio of the data and the different hadronic cocktails
are presented. At low mee (0.18 < mee < 0.5 GeV/c

2), the ratios are systematically above one, although
consistent with unity within 1.7s (1.5s ) for the Ncoll-scaled (Rc,b!e±

AA -modified) HF cocktail. The hint for
an excess does not depend significantly on the method used to estimate the heavy-flavor contribution. In
both cocktails, the contribution from r mesons is estimated neglecting any medium effect and amounts
to about 18% of the total yield of known hadronic sources at mr . However, a significant contribution of
e+e� pairs originating from r mesons produced thermally in the medium is expected at low mee. Due to
its short lifetime compared to the one of the hot fireball and its strong coupling to the p+p� channel, the
r meson is likely to be regenerated in the hot hadronic phase with a medium-modified spectral function
broader than in vacuum. In the intermediate-mass range (IMR), i.e. 1.2 < mee < 2.6 GeV/c

2, the heavy-
flavor modified cocktail can better describe the data, systematically below the expectations from the
Ncoll-scaled HF cocktail. Nevertheless, the former cocktail suffers from large uncertainties.

In the right panel of Fig. 4, the data are compared with the R
c,b!e±
AA -modified and the Ncoll-scaled HF cock-

tails excluding the contribution from the r meson. In addition, expectations from two theoretical models
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5.1 Dielectron invariant-mass spectra

The yield of e+e� pairs in the ALICE acceptance (|he|< 0.8 and 0.2 < pT,e < 10 GeV/c) is shown as a
function of mee in the 10% most central Pb–Pb collisions at

p
sNN = 5.02 TeV in Fig. 4. In the left panel,

the data are compared with the expected contributions from known hadronic sources, i.e. the R
c,b!e±
AA -

modified HF cocktail shown with dashed lines and the Ncoll-scaled HF cocktail displayed as full lines,
both explained in Section 4.1.2. In the p0 (mee < 0.135 GeV/c

2) and J/y (2.7 < mee < 3.3 GeV/c
2)

mass regions, where dielectrons from p0-Dalitz and J/y decays are expected to dominate the yield of
e+e� pairs, respectively, the data are well reproduced by the hadronic cocktails.
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Figure 4: Upper panels: dielectron mee-differential yields in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV, compared with the expected e+e� contributions from known hadronic decays, including two
different estimations for dielectrons from correlated heavy-flavor hadron decays (left panel), and two predictions
for thermal radiation from the medium [36, 99] (right panel). Bottom panels: ratios data to cocktails, together with
the expected ratios from the models. The error bars and boxes represent the statistical and systematic uncertainties
of the data, respectively, whereas the bands show the uncertainties of the hadronic cocktails.

In the bottom and middle left panels of Fig. 4, the ratio of the data and the different hadronic cocktails
are presented. At low mee (0.18 < mee < 0.5 GeV/c

2), the ratios are systematically above one, although
consistent with unity within 1.7s (1.5s ) for the Ncoll-scaled (Rc,b!e±

AA -modified) HF cocktail. The hint for
an excess does not depend significantly on the method used to estimate the heavy-flavor contribution. In
both cocktails, the contribution from r mesons is estimated neglecting any medium effect and amounts
to about 18% of the total yield of known hadronic sources at mr . However, a significant contribution of
e+e� pairs originating from r mesons produced thermally in the medium is expected at low mee. Due to
its short lifetime compared to the one of the hot fireball and its strong coupling to the p+p� channel, the
r meson is likely to be regenerated in the hot hadronic phase with a medium-modified spectral function
broader than in vacuum. In the intermediate-mass range (IMR), i.e. 1.2 < mee < 2.6 GeV/c

2, the heavy-
flavor modified cocktail can better describe the data, systematically below the expectations from the
Ncoll-scaled HF cocktail. Nevertheless, the former cocktail suffers from large uncertainties.

In the right panel of Fig. 4, the data are compared with the R
c,b!e±
AA -modified and the Ncoll-scaled HF cock-

tails excluding the contribution from the r meson. In addition, expectations from two theoretical models

12

A Large Ion Collider Experiment

9Thermal dielectrons in ALICE | I. Vorobyev | ICHEP | 19.07.2024

Dielectron mass spectrum in central Pb−Pb events

arXiv:2308.16704

Hadronic decay cocktail is implemented using:

• HF cross section measured in pp at √s = 5.02 TeV 
and scaled with Ncoll 
• Indication of HF suppression compared to pp

• Modified HF production, including measurement of 
RAA for c / b → e± 
• Better overall description of the data
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5.1 Dielectron invariant-mass spectra

The yield of e+e� pairs in the ALICE acceptance (|he|< 0.8 and 0.2 < pT,e < 10 GeV/c) is shown as a
function of mee in the 10% most central Pb–Pb collisions at

p
sNN = 5.02 TeV in Fig. 4. In the left panel,

the data are compared with the expected contributions from known hadronic sources, i.e. the R
c,b!e±
AA -

modified HF cocktail shown with dashed lines and the Ncoll-scaled HF cocktail displayed as full lines,
both explained in Section 4.1.2. In the p0 (mee < 0.135 GeV/c

2) and J/y (2.7 < mee < 3.3 GeV/c
2)

mass regions, where dielectrons from p0-Dalitz and J/y decays are expected to dominate the yield of
e+e� pairs, respectively, the data are well reproduced by the hadronic cocktails.
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Figure 4: Upper panels: dielectron mee-differential yields in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV, compared with the expected e+e� contributions from known hadronic decays, including two
different estimations for dielectrons from correlated heavy-flavor hadron decays (left panel), and two predictions
for thermal radiation from the medium [36, 99] (right panel). Bottom panels: ratios data to cocktails, together with
the expected ratios from the models. The error bars and boxes represent the statistical and systematic uncertainties
of the data, respectively, whereas the bands show the uncertainties of the hadronic cocktails.

In the bottom and middle left panels of Fig. 4, the ratio of the data and the different hadronic cocktails
are presented. At low mee (0.18 < mee < 0.5 GeV/c

2), the ratios are systematically above one, although
consistent with unity within 1.7s (1.5s ) for the Ncoll-scaled (Rc,b!e±

AA -modified) HF cocktail. The hint for
an excess does not depend significantly on the method used to estimate the heavy-flavor contribution. In
both cocktails, the contribution from r mesons is estimated neglecting any medium effect and amounts
to about 18% of the total yield of known hadronic sources at mr . However, a significant contribution of
e+e� pairs originating from r mesons produced thermally in the medium is expected at low mee. Due to
its short lifetime compared to the one of the hot fireball and its strong coupling to the p+p� channel, the
r meson is likely to be regenerated in the hot hadronic phase with a medium-modified spectral function
broader than in vacuum. In the intermediate-mass range (IMR), i.e. 1.2 < mee < 2.6 GeV/c

2, the heavy-
flavor modified cocktail can better describe the data, systematically below the expectations from the
Ncoll-scaled HF cocktail. Nevertheless, the former cocktail suffers from large uncertainties.

In the right panel of Fig. 4, the data are compared with the R
c,b!e±
AA -modified and the Ncoll-scaled HF cock-

tails excluding the contribution from the r meson. In addition, expectations from two theoretical models
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Dielectron mass spectrum in central Pb−Pb events

arXiv:2308.16704

Hadronic decay cocktail is implemented using:

• HF cross section measured in pp at √s = 5.02 TeV 
and scaled with Ncoll 
• Indication of HF suppression compared to pp

• Modified HF production, including measurement of 
RAA for c / b → e± 
• Better overall description of the data

🧐 A hint for low-mass excess with ~1.3σ significance
• Contribution from ρ meson produced thermally 
via π+π− → ρ → e+e−

❗QGP radiation in the IMR is absorbed by HF cocktail 
uncertainty!

✅ Both theoretical models (R. Rapp [1], PHSD [2]) can 
describe the data well

[1] Rapp, Adv. HEP . 2013 (2013) 148253 
[2] Song et al., PRC 97 (2018) 064907
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Figure 5: Excess yield of dielectrons in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV with respect
to the expected e+e� contributions from known hadronic sources, including or not including medium effects for
the heavy-flavor contributions, and compared with predictions from the model of R. Rapp [36] (left) and from the
PHSD transport approach [99] (right).

at low pT,ee (pT,ee < 4 GeV/c) and are compatible with the data within uncertainties.

The IMR is dominated by correlated e+e� pairs from semileptonic decays of charm and beauty hadrons.
The pT,ee-differential yield of e+e� pairs measured in this mee region is shown in comparison with the
two different hadronic cocktails, as well as predictions for thermal radiation [36, 99] in the data-to-
cocktail ratios, in the right panel of Fig. 6. The contribution of e+e� pairs from cc is expected to be
the dominant dielectron source for pT,ee < 2 GeV/c, whereas most of the e+e� pairs originate from
bb for pT,ee > 4 GeV/c. The data are systematically below the Ncoll-scaled HF cocktail, particularly
at high pT,ee where the difference reaches 2s in the last pT,ee interval (6 < pT,ee < 8 GeV/c). This
is in agreement with a heavy-flavor suppression, increasing with pT,ee, with respect to pp collisions at
the same center-of-mass energy per nucleon pair. The trend is reproduced by the R

c,b!e±
AA -modified HF

cocktail based on the measured single heavy-flavor decay electron RAA [88], although this cocktail has
large uncertainties. The contribution of thermal radiation from the QGP is predicted to be at most 15%
of the inclusive dielectrons for pT,ee < 2 GeV/c, as can be seen on the bottom and middle right panels
of Fig. 6. It is much smaller than the uncertainties of the heavy-flavor modified cocktail. Therefore a
different approach is mandatory to address the production of e+e� pairs in the partonic phase.

6 Topological separation of e+e� sources

Dielectron measurements in the IMR provide a handle to disentangle the contributions of hadronic and
QGP thermal radiation. However, dielectrons from correlated heavy-flavor hadron decays dominate
the e+e� pair production in this phase space and make the extraction of the thermal QGP signal very
challenging. The pair DCAee variable offers experimental means to disentangle displaced dielectrons
produced in the decays of heavy-flavor hadrons from a prompt thermal contribution.
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Figure 5: Excess yield of dielectrons in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV with respect
to the expected e+e� contributions from known hadronic sources, including or not including medium effects for
the heavy-flavor contributions, and compared with predictions from the model of R. Rapp [36] (left) and from the
PHSD transport approach [99] (right).

at low pT,ee (pT,ee < 4 GeV/c) and are compatible with the data within uncertainties.

The IMR is dominated by correlated e+e� pairs from semileptonic decays of charm and beauty hadrons.
The pT,ee-differential yield of e+e� pairs measured in this mee region is shown in comparison with the
two different hadronic cocktails, as well as predictions for thermal radiation [36, 99] in the data-to-
cocktail ratios, in the right panel of Fig. 6. The contribution of e+e� pairs from cc is expected to be
the dominant dielectron source for pT,ee < 2 GeV/c, whereas most of the e+e� pairs originate from
bb for pT,ee > 4 GeV/c. The data are systematically below the Ncoll-scaled HF cocktail, particularly
at high pT,ee where the difference reaches 2s in the last pT,ee interval (6 < pT,ee < 8 GeV/c). This
is in agreement with a heavy-flavor suppression, increasing with pT,ee, with respect to pp collisions at
the same center-of-mass energy per nucleon pair. The trend is reproduced by the R

c,b!e±
AA -modified HF

cocktail based on the measured single heavy-flavor decay electron RAA [88], although this cocktail has
large uncertainties. The contribution of thermal radiation from the QGP is predicted to be at most 15%
of the inclusive dielectrons for pT,ee < 2 GeV/c, as can be seen on the bottom and middle right panels
of Fig. 6. It is much smaller than the uncertainties of the heavy-flavor modified cocktail. Therefore a
different approach is mandatory to address the production of e+e� pairs in the partonic phase.

6 Topological separation of e+e� sources

Dielectron measurements in the IMR provide a handle to disentangle the contributions of hadronic and
QGP thermal radiation. However, dielectrons from correlated heavy-flavor hadron decays dominate
the e+e� pair production in this phase space and make the extraction of the thermal QGP signal very
challenging. The pair DCAee variable offers experimental means to disentangle displaced dielectrons
produced in the decays of heavy-flavor hadrons from a prompt thermal contribution.
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✅ Overall in a good agreement with 
theoretical models: 
• Expanding fireball [1] 
• Parton-Hadron-String Dynamics [2]
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Figure 5: Excess yield of dielectrons in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV with respect
to the expected e+e� contributions from known hadronic sources, including or not including medium effects for
the heavy-flavor contributions, and compared with predictions from the model of R. Rapp [36] (left) and from the
PHSD transport approach [99] (right).

at low pT,ee (pT,ee < 4 GeV/c) and are compatible with the data within uncertainties.

The IMR is dominated by correlated e+e� pairs from semileptonic decays of charm and beauty hadrons.
The pT,ee-differential yield of e+e� pairs measured in this mee region is shown in comparison with the
two different hadronic cocktails, as well as predictions for thermal radiation [36, 99] in the data-to-
cocktail ratios, in the right panel of Fig. 6. The contribution of e+e� pairs from cc is expected to be
the dominant dielectron source for pT,ee < 2 GeV/c, whereas most of the e+e� pairs originate from
bb for pT,ee > 4 GeV/c. The data are systematically below the Ncoll-scaled HF cocktail, particularly
at high pT,ee where the difference reaches 2s in the last pT,ee interval (6 < pT,ee < 8 GeV/c). This
is in agreement with a heavy-flavor suppression, increasing with pT,ee, with respect to pp collisions at
the same center-of-mass energy per nucleon pair. The trend is reproduced by the R

c,b!e±
AA -modified HF

cocktail based on the measured single heavy-flavor decay electron RAA [88], although this cocktail has
large uncertainties. The contribution of thermal radiation from the QGP is predicted to be at most 15%
of the inclusive dielectrons for pT,ee < 2 GeV/c, as can be seen on the bottom and middle right panels
of Fig. 6. It is much smaller than the uncertainties of the heavy-flavor modified cocktail. Therefore a
different approach is mandatory to address the production of e+e� pairs in the partonic phase.

6 Topological separation of e+e� sources

Dielectron measurements in the IMR provide a handle to disentangle the contributions of hadronic and
QGP thermal radiation. However, dielectrons from correlated heavy-flavor hadron decays dominate
the e+e� pair production in this phase space and make the extraction of the thermal QGP signal very
challenging. The pair DCAee variable offers experimental means to disentangle displaced dielectrons
produced in the decays of heavy-flavor hadrons from a prompt thermal contribution.
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✅ Overall in a good agreement with 
theoretical models: 
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⚠ Tension between data and theory in 0.5 < mee < 0.7 GeV/c2 mass range 
• 4.0σ (2.7σ) using Ncoll-scaled (modified) HF cocktail 
• More data is needed to investigate this discrepancy!
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A Large Ion Collider Experiment

30Dileptons: Needs
• Dielectrons from heavy-flavor pairs are dominated at IMR (thermal dilepton region)
• The way to reject heavy-flavor decays is pair DCAee. 
→ DCA resolution is important to separate prompt and non-prompt pairs. 

https://alice-notes.web.cern.ch/node/1183 https://alice-notes.web.cern.ch/node/1220

ALICE Run2ALICE Run2

Dielectron production in central Pb−Pb at 𝒔𝐍𝐍 = 5.02 TeV
Topological separation - DCAee in Τ𝐽 𝜓 region

Test separation of prompt and non-prompt sources in 
ΤJ 𝜓 mass region:

 - ΤJ 𝜓 contribution dominates and is well constraint 
   by independent ALICE measurements

 - Only 2 other components: charm & beauty
   scaled by the modified-HF cocktail
 → Relative contributions of different hadrons: 
            Combined based on measured fragmentation 
            functions and branching ratios

Data well described by the sum of all templates
→ Validating the DCA resolution in the MC simulation
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Test of the topological separation with DCAee in J/ψ region 
• J/ψ is well known, charm and beauty scaled by modified HF cocktail 
• Data well described by sum of all templates

Separation of prompt / non-prompt sources

A Large Ion Collider Experiment

30Dileptons: Needs
• Dielectrons from heavy-flavor pairs are dominated at IMR (thermal dilepton region)
• The way to reject heavy-flavor decays is pair DCAee. 
→ DCA resolution is important to separate prompt and non-prompt pairs. 

https://alice-notes.web.cern.ch/node/1183 https://alice-notes.web.cern.ch/node/1220
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Dielectron production in central Pb−Pb at 𝒔𝐍𝐍 = 5.02 TeV
Topological separation – DCAee in IMR fitted
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Extraction of prompt thermal signal via template fits:

▪ Beauty contribution fixed via separate fit at high 𝑝T,ee
bതb:         0.74±0.24(stat.)±0.12(syst.)  (w.r.t. 𝑁coll scaling)

▪ Simultaneous fit of charm and prompt contribution 
 cതc:         0.43±0.40(stat.)±0.22(syst.)  (w.r.t. 𝑁coll scaling) 
     prompt: 2.64±3.18(stat.)±0.29(syst.) (w.r.t. R. Rapp)

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

by Rapp/PHSD

Method independent of hadronic cocktail:
 → Smaller syst. uncertainties
 → More statistics enables the extraction of a thermal 
     dielectron yield in the IMR
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30Dileptons: Needs
• Dielectrons from heavy-flavor pairs are dominated at IMR (thermal dilepton region)
• The way to reject heavy-flavor decays is pair DCAee. 
→ DCA resolution is important to separate prompt and non-prompt pairs. 

https://alice-notes.web.cern.ch/node/1183 https://alice-notes.web.cern.ch/node/1220

ALICE Run2ALICE Run2

Extraction of prompt thermal signal with DCAee template fit in IMR: 
• charm: 
• prompt:

0.43 ± 0.40 (stat.) ± 0.22 (syst.) w.r.t. Ncoll scaling 
2.64 ± 3.18 (stat.) ± 0.29 (syst.) w.r.t. Rapp’s model 

J/ψ region IMR
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Extraction of prompt thermal signal with DCAee template fit in IMR: 
• charm: 
• prompt:
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❗ Independent of hadronic cocktail! 
• More statistics and better topological 
separation will enable the extraction 
of thermal contribution

J/ψ region IMR
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ALICE 2 Upgrade
à Tracking precision ✕3
à Pb-Pb rate ✕50

New GEM-based TPC
with continuous readout

New Inner Tracking System (ITS)
– 7 barrels, 10 m2 silicon tracker 
based on MAPS (12.5 G pixels)

New Muon Forward 
Tracker (MFT) - 5 disks 
based on MAPS

New Fast Interaction Trigger (FIT) 
– 3 detector technologies:
interaction trigger, online 
luminometer, forward multiplicity

New Beampipe 
smaller diameter (36.4 mm), first 
detection layer at 20 mm

New Trigger and Readout 
Upgrade of readout 
electronics of all detector, 
new Central Trigger 
ProcessorNew Online/Offline (O2)

The near and far future of HI at the LHC

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 36

ATLAS and CMS phase II
- Replace inner tracking systems to increase 

coverage 
- Timing layers: e.g. CMS MIP Timing Detector
- Calorimeters, muon system upgrades, etc…
ALICE ITS3 and FoCal

Major upgrades during LS2 for 
ALICE and LHCb

Precision era for flagship 
observables!

2010-2012                     2015-2018                   2022-2024                     2028-2030                  2032-2034    2036-2039

Run I LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6

High luminosity LHC
We are 
here

Link to LHC schedule
Run3 and run 4 expected lumi for heavy-ion programme: https://arxiv.org/pdf/1812.06772.pdf

ALICE3: a whole new 
dedicated HI experiment!

LHCb upgrade II 
(CERN-LHCC-2018-027) 

Much more in the Detector 
R&D and Data Handling 
parallel sessions…

2010-2012                   2015-2018               2022-2025                2029-2032              2035-2038               2040-2041

https://home.cern/press/2022/ALICE-upgrades-LS2
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ALICE 2 Upgrade
à Tracking precision ✕3
à Pb-Pb rate ✕50

New GEM-based TPC
with continuous readout

New Inner Tracking System (ITS)
– 7 barrels, 10 m2 silicon tracker 
based on MAPS (12.5 G pixels)

New Muon Forward 
Tracker (MFT) - 5 disks 
based on MAPS

New Fast Interaction Trigger (FIT) 
– 3 detector technologies:
interaction trigger, online 
luminometer, forward multiplicity

New Beampipe 
smaller diameter (36.4 mm), first 
detection layer at 20 mm

New Trigger and Readout 
Upgrade of readout 
electronics of all detector, 
new Central Trigger 
ProcessorNew Online/Offline (O2)

The near and far future of HI at the LHC

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 36

ATLAS and CMS phase II
- Replace inner tracking systems to increase 

coverage 
- Timing layers: e.g. CMS MIP Timing Detector
- Calorimeters, muon system upgrades, etc…
ALICE ITS3 and FoCal

Major upgrades during LS2 for 
ALICE and LHCb

Precision era for flagship 
observables!

2010-2012                     2015-2018                   2022-2024                     2028-2030                  2032-2034    2036-2039

Run I LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6

High luminosity LHC
We are 
here

Link to LHC schedule
Run3 and run 4 expected lumi for heavy-ion programme: https://arxiv.org/pdf/1812.06772.pdf

ALICE3: a whole new 
dedicated HI experiment!

LHCb upgrade II 
(CERN-LHCC-2018-027) 

Much more in the Detector 
R&D and Data Handling 
parallel sessions…

2010-2012                   2015-2018               2022-2025                2029-2032              2035-2038               2040-2041

https://home.cern/press/2022/ALICE-upgrades-LS2
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Outlook: dielectron production in Run 3 and 4
F. Schlepper 

18 Jul, 09:42 
Terrace 2B

• Continuous readout at IR in Pb−Pb up to 50 kHz 
• Factor 3−6 better vertex pointing resolution → separation of prompt & non-prompt sources 
• Expected statistics in Run 3 & 4: >200 pb−1 in pp at √s = 13.6 TeV, ~13 nb−1 in Pb−Pb at √sNN = 5.36 TeV

J. Liu 
18 Jul, 10:45 
Terrace 2B

S. Kushpil 
19 Jul, 19:00 

Foyer Floor 2

Y. Melikyan 
19 Jul, 08:48 
Terrace 2B

D. Rohr 

19 Jul, 09:21 

Club A

G. Batigne 

20 Jul, 16:45 

Terrace 2B
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Summary

ALI-PREL-549441

Dielectron production in central Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration

5 Inclusive dielectron production

5.1 Dielectron invariant-mass spectra

The yield of e+e� pairs in the ALICE acceptance (|he|< 0.8 and 0.2 < pT,e < 10 GeV/c) is shown as a
function of mee in the 10% most central Pb–Pb collisions at

p
sNN = 5.02 TeV in Fig. 4. In the left panel,

the data are compared with the expected contributions from known hadronic sources, i.e. the R
c,b!e±
AA -

modified HF cocktail shown with dashed lines and the Ncoll-scaled HF cocktail displayed as full lines,
both explained in Section 4.1.2. In the p0 (mee < 0.135 GeV/c

2) and J/y (2.7 < mee < 3.3 GeV/c
2)

mass regions, where dielectrons from p0-Dalitz and J/y decays are expected to dominate the yield of
e+e� pairs, respectively, the data are well reproduced by the hadronic cocktails.
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Figure 4: Upper panels: dielectron mee-differential yields in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV, compared with the expected e+e� contributions from known hadronic decays, including two
different estimations for dielectrons from correlated heavy-flavor hadron decays (left panel), and two predictions
for thermal radiation from the medium [36, 99] (right panel). Bottom panels: ratios data to cocktails, together with
the expected ratios from the models. The error bars and boxes represent the statistical and systematic uncertainties
of the data, respectively, whereas the bands show the uncertainties of the hadronic cocktails.

In the bottom and middle left panels of Fig. 4, the ratio of the data and the different hadronic cocktails
are presented. At low mee (0.18 < mee < 0.5 GeV/c

2), the ratios are systematically above one, although
consistent with unity within 1.7s (1.5s ) for the Ncoll-scaled (Rc,b!e±

AA -modified) HF cocktail. The hint for
an excess does not depend significantly on the method used to estimate the heavy-flavor contribution. In
both cocktails, the contribution from r mesons is estimated neglecting any medium effect and amounts
to about 18% of the total yield of known hadronic sources at mr . However, a significant contribution of
e+e� pairs originating from r mesons produced thermally in the medium is expected at low mee. Due to
its short lifetime compared to the one of the hot fireball and its strong coupling to the p+p� channel, the
r meson is likely to be regenerated in the hot hadronic phase with a medium-modified spectral function
broader than in vacuum. In the intermediate-mass range (IMR), i.e. 1.2 < mee < 2.6 GeV/c

2, the heavy-
flavor modified cocktail can better describe the data, systematically below the expectations from the
Ncoll-scaled HF cocktail. Nevertheless, the former cocktail suffers from large uncertainties.

In the right panel of Fig. 4, the data are compared with the R
c,b!e±
AA -modified and the Ncoll-scaled HF cock-

tails excluding the contribution from the r meson. In addition, expectations from two theoretical models
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Dielectron production in central Pb−Pb at 𝒔𝐍𝐍 = 5.02 TeV
Topological separation – DCAee in IMR fitted

ALICE Thermal Dielectrons | SQM 2024 | Jerome Jung | Uni Frankfurt 29

Extraction of prompt thermal signal via template fits:

▪ Beauty contribution fixed via separate fit at high 𝑝T,ee
bതb:         0.74±0.24(stat.)±0.12(syst.)  (w.r.t. 𝑁coll scaling)

▪ Simultaneous fit of charm and prompt contribution 
 cതc:         0.43±0.40(stat.)±0.22(syst.)  (w.r.t. 𝑁coll scaling) 
     prompt: 2.64±3.18(stat.)±0.29(syst.) (w.r.t. R. Rapp)

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

by Rapp/PHSD

Method independent of hadronic cocktail:
 → Smaller syst. uncertainties
 → More statistics enables the extraction of a thermal 
     dielectron yield in the IMR
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Measurements of low-mass dielectrons allow for 
versatile studies of heavy-ion collisions

Much better precision is expected from Run 3 and 4 data!

Analysis of full Run 2 ALICE data yielded plenty of 
interesting results: 
☝ First direct-photon signal at low pT in pp collisions 
at the LHC energies 

• Input for the search of thermal radiation onset 
☝ First measurement of direct-photon pT spectrum in 
Pb−Pb collisions at √sNN = 5.02 TeV 

• Limits for thermal radiation predicted by models 
☝ First DCAee analysis in Pb−Pb to test topological 
separation of thermal radiation and HF background
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Summary
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Dielectron production in central Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration

5 Inclusive dielectron production

5.1 Dielectron invariant-mass spectra

The yield of e+e� pairs in the ALICE acceptance (|he|< 0.8 and 0.2 < pT,e < 10 GeV/c) is shown as a
function of mee in the 10% most central Pb–Pb collisions at

p
sNN = 5.02 TeV in Fig. 4. In the left panel,

the data are compared with the expected contributions from known hadronic sources, i.e. the R
c,b!e±
AA -

modified HF cocktail shown with dashed lines and the Ncoll-scaled HF cocktail displayed as full lines,
both explained in Section 4.1.2. In the p0 (mee < 0.135 GeV/c

2) and J/y (2.7 < mee < 3.3 GeV/c
2)

mass regions, where dielectrons from p0-Dalitz and J/y decays are expected to dominate the yield of
e+e� pairs, respectively, the data are well reproduced by the hadronic cocktails.
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Figure 4: Upper panels: dielectron mee-differential yields in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV, compared with the expected e+e� contributions from known hadronic decays, including two
different estimations for dielectrons from correlated heavy-flavor hadron decays (left panel), and two predictions
for thermal radiation from the medium [36, 99] (right panel). Bottom panels: ratios data to cocktails, together with
the expected ratios from the models. The error bars and boxes represent the statistical and systematic uncertainties
of the data, respectively, whereas the bands show the uncertainties of the hadronic cocktails.

In the bottom and middle left panels of Fig. 4, the ratio of the data and the different hadronic cocktails
are presented. At low mee (0.18 < mee < 0.5 GeV/c

2), the ratios are systematically above one, although
consistent with unity within 1.7s (1.5s ) for the Ncoll-scaled (Rc,b!e±

AA -modified) HF cocktail. The hint for
an excess does not depend significantly on the method used to estimate the heavy-flavor contribution. In
both cocktails, the contribution from r mesons is estimated neglecting any medium effect and amounts
to about 18% of the total yield of known hadronic sources at mr . However, a significant contribution of
e+e� pairs originating from r mesons produced thermally in the medium is expected at low mee. Due to
its short lifetime compared to the one of the hot fireball and its strong coupling to the p+p� channel, the
r meson is likely to be regenerated in the hot hadronic phase with a medium-modified spectral function
broader than in vacuum. In the intermediate-mass range (IMR), i.e. 1.2 < mee < 2.6 GeV/c

2, the heavy-
flavor modified cocktail can better describe the data, systematically below the expectations from the
Ncoll-scaled HF cocktail. Nevertheless, the former cocktail suffers from large uncertainties.

In the right panel of Fig. 4, the data are compared with the R
c,b!e±
AA -modified and the Ncoll-scaled HF cock-

tails excluding the contribution from the r meson. In addition, expectations from two theoretical models
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Dielectron production in central Pb−Pb at 𝒔𝐍𝐍 = 5.02 TeV
Topological separation – DCAee in IMR fitted

ALICE Thermal Dielectrons | SQM 2024 | Jerome Jung | Uni Frankfurt 29

Extraction of prompt thermal signal via template fits:

▪ Beauty contribution fixed via separate fit at high 𝑝T,ee
bതb:         0.74±0.24(stat.)±0.12(syst.)  (w.r.t. 𝑁coll scaling)

▪ Simultaneous fit of charm and prompt contribution 
 cതc:         0.43±0.40(stat.)±0.22(syst.)  (w.r.t. 𝑁coll scaling) 
     prompt: 2.64±3.18(stat.)±0.29(syst.) (w.r.t. R. Rapp)

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

by Rapp/PHSD

Method independent of hadronic cocktail:
 → Smaller syst. uncertainties
 → More statistics enables the extraction of a thermal 
     dielectron yield in the IMR
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Measurements of low-mass dielectrons allow for 
versatile studies of heavy-ion collisions

Much better precision is expected from Run 3 and 4 data!

Analysis of full Run 2 ALICE data yielded plenty of 
interesting results: 
☝ First direct-photon signal at low pT in pp collisions 
at the LHC energies 

• Input for the search of thermal radiation onset 
☝ First measurement of direct-photon pT spectrum in 
Pb−Pb collisions at √sNN = 5.02 TeV 

• Limits for thermal radiation predicted by models 
☝ First DCAee analysis in Pb−Pb to test topological 
separation of thermal radiation and HF background

Thank you for your attention!
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The ALICE apparatus in Run 2 (2015−2018)
Unique tracking and PID capabilities to study the production 
of low-mass dielectrons at the LHC energies!
• Inner Tracking System: vertex, tracking, PID (dE/dx)
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The ALICE apparatus in Run 2 (2015−2018)
Unique tracking and PID capabilities to study the production 
of low-mass dielectrons at the LHC energies!
• Inner Tracking System: vertex, tracking, PID (dE/dx)

dE/dx in ALICE TPC

• Time Projection Chamber: tracking, PID (dE/dx in gas)
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Unique tracking and PID capabilities to study the production 
of low-mass dielectrons at the LHC energies!
• Inner Tracking System: vertex, tracking, PID (dE/dx)

dE/dx in ALICE TPC TOF β

• Time Projection Chamber: tracking, PID (dE/dx in gas)
• Time-of-Flight: PID (via TOF β)
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The ALICE apparatus in Run 2 (2015−2018)
Unique tracking and PID capabilities to study the production 
of low-mass dielectrons at the LHC energies!
• Inner Tracking System: vertex, tracking, PID (dE/dx)

dE/dx in ALICE TPC TOF β

• Time Projection Chamber: tracking, PID (dE/dx in gas)
• Time-of-Flight: PID (via TOF β)
• V0 at forward rapidity: event triggering, 
multiplicity & centrality determination

Collision system Analysed luminosity

Pb−Pb √sNN = 5.02 TeV 85 μb−1 in 0−10%

pp √s = 13 TeV 30 nb−1 minimum bias (MB)
5.8 pb−1 high multiplicity (HM)
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Direct-photon fraction in pp MB and HM events

ALI-PREL-549445
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Direct-photon yield in pp MB events and vs multiplicity

ALI-PREL-550537
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Raw yield and S/B ratio in central Pb−Pb [1]

Dielectron production in central Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration

and positron candidates from the same event are combined into opposite-sign pairs (Nsame
+� ), characterised

by their invariant mass mee, pair transverse momentum pT,ee and pair DCAee, similarly to the approach
followed by the NA60 collaboration [69]. The latter is calculated from the single-electron DCAs as

DCAee =

r
(DCAxy,1/sxy,1)2 +(DCAxy,2/sxy,2)2

2
, (1)

where DCAxy,i is the DCA of the electron i in the transverse plane and sxy,i is its resolution estimated from
the covariance matrix of the track reconstruction parameters obtained with the Kalman filter technique,
similarly as in Ref. [70]. The combinatorial background (B) is estimated via the geometric mean of
same-sign pairs from the same event

p
N

same
++ N

same
�� , corrected for the different acceptance for opposite-

sign and same-sign pairs [53, 70]. The correction factor R is calculated using uncorrelated opposite-
(Nmix

+� ) and same-sign (Nmix
++ and N

mix
�� ) pairs from mixed events with similar global properties as R =

N
mix
+�/(2

q
N

mix
++N

mix
�� ) and is found to deviate significantly from unity only at low mee (mee < 0.2 GeV/c

2).
The raw dielectron yield is then obtained as S = N

same
+� �2R

p
N

same
++ N

same
�� . Additional photon conversion

rejection is achieved at low mee (mee < 0.1 GeV/c
2) by removing pairs based on their characteristic

orientation relative to the magnetic field quantified by the so-called jV angle defined in Ref. [53]. The
remaining contribution of dielectrons from photon conversions is found to be negligible, below 1%. The
opposite-sign pair spectrum, the combinatorial background and the extracted raw dielectron yield are
shown on the left panel of Fig. 1 as a function of mee in the 10% most central Pb–Pb collisions, together
with the S/B ratio on the right panel.
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Figure 1: Raw yield (S) overlaid with the opposite-sign pair distribution and the combinatorial background
(left panel), as well as signal-over-background ratio (right panel), in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV.

3.2 Yield corrections

The corrected yield of e+e� pairs in the ALICE acceptance (0.2 or 0.4< pT,e < 10 GeV/c and |he|< 0.8)
before integration over one or the other variables is expressed as

d3
Ne+e�

dmeedpT,eedDCAee
=

1
DpT,ee

1
Dmee

1
DDCAee

S(mee, pT,ee,DCAee)

eee
rec(mee, pT,ee)⇥Nevents

, (2)
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RAA of (di)electrons from HF in central Pb−Pb [1]
Dielectron production in central Pb–Pb collisions at

p
sNN = 5.02 TeV ALICE Collaboration
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Figure 3: Left panel: measured nuclear modification factor of single electrons from heavy-flavor hadron de-
cays [88], as well as its parameterization and the estimated nuclear modification factor caused by pure cold-nuclear
matter effects with EPS09 nPDFs [89], in the 10% most central Pb–Pb collisions at

p
sNN = 5.02 TeV. Right panel:

resulting nuclear modification factor of e+e� pairs from correlated open heavy-flavor hadron decays computed
with a toy MC (see text) for two different pT,ee.

where R
c,b!e±
AA is the parameterized single-electron measurement and R

c,b!e±
AA,CNM is computed using the

EPS09 nuclear parton distribution function (nPDF) [89]. Both are shown as a function of pT on the left
panel of Fig. 3, together with the measured nuclear modification factor of heavy-flavor decay electrons
in the 10% most central Pb–Pb collisions at

p
sNN = 5.02 TeV. The modifications are then propagated to

e+e� pairs using Monte Carlo simulations and a weighting procedure. The HNM effects are assumed to
fully factorize between the e+ and e�:

R
c,b!e+e�
AA,HNM = R

c,b!e±
AA,HNM(pT,e+)⇥R

c,b!e±
AA,HNM(pT,e�), (5)

where R
c,b!e+e�
AA,HNM is the dielectron nuclear modification factor due to HNM effects. Similarly, the CNM

effects are estimated on the e+e� pair with the dielectron nuclear modification factor due to CNM effects
(Rc,b!e+e�

AA,CNM ) by taking the mean of the single electron R
c,b!e±
AA,CNM

R
c,b!e+e�
AA,CNM =

R
c,b!e±
AA,CNM(pT,e+)+R

c,b!e±
AA,CNM(pT,e�)

2
. (6)

The resulting dielectron nuclear modification factor (Rc,b!e+e�
AA ),

R
c,b!e+e�
AA = R

c,b!e+e�
AA,CNM ⇥R

c,b!e+e�
AA,HNM , (7)

is reported on the right panel of Fig. 3 for two different pT,ee values as a function of mee. Dielectrons with
a large mee and/or pT,ee originate on average from heavy-flavor hadrons with higher pT than e+e� pairs at
smaller mee or pT,ee and are therefore more affected by HNM effects. In this approach, CNM and HNM
effects seem to cancel out within large uncertainties at low mee and pT,ee (Rc,b!e+e�

AA,CNM ⇥R
c,b!e+e�
AA,HNM ⇡ 1).

The dielectron R
c,b!e+e�
AA is then applied to the contributions of correlated semileptonic open-charm and

open-beauty hadron decays estimated from pp collisions at the same
p

sNN, as explained above. The
resulting cocktail is called R

c,b!e±
AA -modified HF cocktail.

10

[1] ALICE, arXiv:2308.16704



A Large Ion Collider Experiment

20Thermal dielectrons in ALICE | I. Vorobyev | ICHEP | 19.07.2024

pT,ee differential yields in central Pb−Pb [1]

[1] ALICE, arXiv:2308.16704

Dielectron production in central Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration
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Figure 6: Upper panels: dielectron pT,ee-differential yields in two different mee ranges, 0.18 < mee < 0.34 GeV/c
2

(left) and 1.2 < mee < 2.6 GeV/c
2 (right), in the 10% most central Pb–Pb collisions at

p
sNN = 5.02 TeV, com-

pared with the expected e+e� contributions from known hadronic decays, including two different estimations for
dielectrons from correlated heavy-flavor hadron decays (see text). Bottom panels: ratios data to cocktails, exclud-
ing the contribution from vacuum r , together with two predictions for thermal radiation from the medium [36, 99].
The error bars and boxes represent the statistical and systematic uncertainties of the data, respectively, whereas the
bands show the uncertainties of the hadronic cocktails.

6.1 J/y invariant-mass region

The contributions from prompt and non-prompt J/y are well constrained by independent ALICE mea-
surements which combine the inclusive yield with the fraction of J/y originating from beauty hadron
decays [87]. These components are dominant for 2.6 < mee < 3.1 GeV/c

2, making this mass range well
suited to test the understanding of the detector DCAee resolution. The measured DCAee-differential yield
in this mass range is compared with the different expected hadronic components, i.e. dielectrons from
prompt and non-prompt J/y decays, as well as from open heavy-flavor hadron decays in Fig. 7. The
R

c,b!e±
AA -modified heavy-flavor calculations are used to estimate the heavy-flavor yields, which are found

to be a subleading contribution at all DCAee. The data are described by the sum of the DCAee templates,
validating the description of the DCAee resolution in the simulations.

6.2 Intermediate-mass range and QGP thermal radiation

The DCAee-differential yield measured in the mass range 1.2 < mee < 2.6 GeV/c
2 is shown in Fig. 8

together with the expected contributions of known hadronic decays, including or not including medium
effects for dielectrons from heavy-flavor hadron decays (Ncoll-scaled and R

c,b!e±
AA -modified HF cocktails,

respectively). The J/y contribution in this mass range originates principally from electrons affected by
bremsstrahlung in the detector material and reconstructed with a smaller pT compared to their true one,
shifting the measured dielectron invariant mass towards smaller values. The upper boundary of the mee
range (2.6 GeV/c

2) was chosen such that the J/y contribution is one order of magnitude smaller than
the measured dielectron yield. On the contrary, the bb ! ee contribution, with the large decay length
of open-beauty hadrons (ctB ⇡ 470 µm), dominates the spectrum at high DCAee, while the cc ! ee
component defines the spectrum at low DCAee values (ctD ⇡ 150 µm). Overall, the data are below
the Ncoll-scaled HF cocktail, indicating a heavy-flavor suppression in Pb–Pb collisions compared to pp
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DCAee template fit in IMR in central Pb−Pb [1]
Dielectron production in central Pb–Pb collisions at

p
sNN = 5.02 TeV ALICE Collaboration
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Figure 9: Left panel: fit of the inclusive e+e� yield in the 10% most central Pb–Pb collisions at
p

sNN = 5.02 TeV
as a function of DCAee in the mass range 1.2 < mee < 2.6 GeV/c

2. Right panel: corresponding c2 as a function of
the two fit parameters, i.e. the ratio of the yield of e+e� pairs originating from a prompt source or from open-charm
hadron decays to the measured e+e� yield. See text for more details.

7 Direct-photon production

7.1 Inclusive to decay photon ratio

In the quasi-real virtual-photon region where the pT,ee of the dilepton pair is much larger than its mass
(p

2
T,ee � m

2
ee), the fraction of virtual direct photons over inclusive photons can be extracted from the

measured dielectron yield. To this end, the mee spectra in different pT,ee intervals are fitted in the range
0.12 < mee < 0.34 GeV/c

2 with a three-component function

f (mee) = r fdir(mee)+(1�r) fLF(mee)+ fHF(mee). (9)

In the above equation, fdir(mee) is the expected invariant-mass distribution of virtual direct photons,
described by the Kroll–Wada equation [111], and fLF(mee) and fHF(mee) are the mass distributions of
the light-flavor contributions without r and the heavy-flavor components of the hadronic cocktail, re-
spectively. The R

c,b!e±
AA -modified HF cocktail is used for this purpose. Both fLF(mee) and fdir(mee) are

independently normalized to the data in the mass range 0<mee < 0.03 GeV/c
2, whereas fHF(mee) is nor-

malized accordingly to the hadronic cocktail. The only fit parameter r represents the fraction of virtual
direct photons at vanishing mass, directly related to the one of real direct photons:

r =

✓
g⇤dir

g⇤inclusive

◆

mee!0
=

✓
gdir

ginclusive

◆
. (10)

This approach has the advantage that the background of photons originating from hadronic decays, dom-
inated by p0 decays, can be suppressed by selecting e+e� pairs with sufficiently large mee (mee > mp0 ).
However, the internal conversion probability is small (⇡ 10�2) and the dielectron yield decreases rapidly
as a function of mee (µ 1/mee). The fit of the measured mee-differential dielectron yield in the pT,ee range
1 < pT,ee < 2 GeV/c is shown in the left panel of Fig. 10, together with its individual contributions.

Systematic uncertainties arise from the data, the hadronic cocktail components and the choice of the
normalization and fit ranges. They are estimated in a similar way as in Refs. [53, 70, 112]. On the one
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Direct-photon fraction in central Pb−Pb [1]Dielectron production in central Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration
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Figure 10: Left panel: fit of the dielectron yield with the three-component function defined by Eq. 10 in the 10%
most central Pb–Pb collisions at

p
sNN = 5.02 TeV as a function of mee in the pT,ee range 1 < pT,ee < 2 GeV/c.

Right panel: ratio of direct to inclusive photon yields extracted from the dielectron spectra as a function of pT

in central Pb–Pb collisions at
p

sNN = 5.02 TeV. Statistical and systematic uncertainties on the data are shown
separately as vertical bars and boxes, respectively.

hand, the uncertainties from the data are evaluated by shifting all data points coherently to their upper
and lower systematic uncertainties and by repeating the fit procedure. On the other hand, the different
contributions of the cocktail are shifted separately according to their respective uncertainties. The limited
knowledge of the h/p0 ratio dominates the systematic uncertainties for the first pT,ee interval, whereas
the choice of the fit range becomes relevant with increasing pT,ee. The latter is estimated by varying
the lower bound of the fit, keeping the upper one fixed to assure the p

2
T,ee � m

2
ee condition and avoid a

significant contribution from r hadron decays. The total systematic uncertainties on r are obtained by
summing in quadrature all individual contributions and are ranging from 77% to 60% from low to high
pT.

The ratio of direct to inclusive photons (r) measured in the 10% most central Pb–Pb collisions is shown
as a function of pT (= pT,ee) in the right panel of Fig. 10. The data differ from zero suggesting a source
of photons that is not originating from hadronic decays. The significance of a direct photon signal is
ranging from 1.07 to 1.2s from the low to high pT interval for virtual photons.

7.2 Direct-photon pT spectrum

The pT-differential invariant yield of direct photons can be obtained from r and the inclusive photon yield
( dN

incl
g

dpT
). The latter is determined for each pT interval from the yield of low mass e+e� pairs in the range

mee < 30 MeV/c2 ( dN
data
ee

dpT
) following the approach used by the PHENIX collaboration [41]. The relation

between real photon production and the associated e+e� production becomes process independent for
very low mee (within a few percent for mee < 30 MeV/c2). The ratio of the expected yield of real
photons from known hadronic decays ( dN

cocktail
g
dpT

) to the one of dielectrons from the same hadronic sources

for mee < 30 MeV/c2 ( dN
cocktail
ee
dpT

) can be then used to estimate the inclusive real photon yield from the
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