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The little big bang at the LHC

hadronic phase

QGPand and freeze-out
initial state 5 hydrqdynamlc expa_nvsnon .

pre-equilibrium

Raphaelle Bailhache



Why real and virtual direct photons

hadronic phase

QGP and e’ and freeze-out

initial state hydrodynamic expansion

pre-equilibrium

Produced:
* At all stages of the heavy-ion collision
* With negligible final-state interactions

— Carry information about the medium at the time of their emission !
— Probe the whole space-time evolution of the system

Raphaelle Bailhache



Real direct photon sources

KN(:}E from hadronic d@.@:ajs

Q
» Hard scattering 2 |
(Prompt photons + possible jet-medium interaction) D Direct Photowns
* Pre-equilibrium {;O"

e Thermal from hot hadronic matter

Sources populate different pt ranges

Lake emission ——

@Sebastian Scheid
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Real direct photon sources

JHE source in pp collistons

Q
» Hard scattering / 7 .
(Prompt photons + possible jet-medium interaction) }\ Direct Photons
. Pre-equilibrium W

e Thermal from hot hadronic matter

Sources populate different pt ranges

Lake emission ——

@Sebastian Scheid
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Real direct photon sources

* Hard scattering 2 | &
(Prompt photons + possible jet-medium interaction) é\ Direct Photowns
* Pre-equilibrium {;0"

 Thermal from hot hadronic matter '4 x exp(—py/T,

Sources populate different pt ranges
Thermal sources: inverse slope o 1 4

Blueshifted and averaged — Use models to interpret it

£1 < £2 due to blueshift
—

J 0~ T < Tegf due bto radial ﬂftc:w

Lake emission ——

@Sebastian Scheid
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Dilepton sources

Dielectrons
not from hard scattering

 Hard scattering
Drell-Yan small for low m_.,( < 3 GeV/c) at the LHC

 Pre-equilibrium

e Thermal from hot hadronic matter

Sources populate different mass ranges
Mass not blueshifted

Lake emission ——

Raphaelle Bailhache @Sebastian Scheid 7



Low invariant mass (LMR)

Dielectrons
not from hard scattering

+ p >y > ete”
produced thermally in the hot hadronic matter

* Modifications of p spectral function in the hot medium
Related to the chiral symmetry restoration at high T

Lake emission ——

Raphaelle Bailhache @Sebastian Scheid 8



Intermediate invariant mass (IMR)

Dreleckrons

tteri
Black-body radiation from QGP not from hard scattering

integrated over space-time

e
s/
' &cironw pkase
| it dN,, /dm ( )3’Zexp( e /T)
Static source ~ e %1
— Access to early average QGP temperature : : el oA e
No blueshift Hate emisst %

Raphaelle Bailhache @Sebastian Scheid 9



The sources

QGP and
initial state 5 +ydro‘dynamic expgnsion

pre-equilibrium

Raphaelle Bailhache

hadronic phase
and freeze-out
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The sources and background

initial state

" hadronic phase ¥

QGPand e’ and freeze-out
hydrodynamic expansion \

0_ .\. ° - e
e+ y B ¥ . » 2
PR o o, A\~ | >
L 4 ' ' .
Ly > e ﬁ Do Lo )
”?’r v M P ¥ ‘.-" "‘: s b
8N & -

ol
e A 3N
e s .

pre-equilibrium N\ hot hadronic matter N e-

Late stage hadron decays

Raphaelle Bailhache 1 1



The backgrounds

Dileptons: combinatorial background
Do not know the origin of et
— Combine all possible e*e™ pairs

Real and virtual y : irreducible physical backgrounds

e Light-flavour hadron decays:

7’ — yyoryete™,n — yyoryete ..

* Correlated heavy-flavour (HF) hadron decays:
cC = DD — ete™ XY

Raphaelle Bailhache
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The backgrounds

Dileptons: combinatorial background
* Do not know the origin of et
— Combine all possible e*e™ pairs

Real and virtual y : irreducible physical backgrounds

* Light-flavour hadron decays:
7 — yyoryete™,n — yyoryete ..
* Correlated heavy-flavour (HF) hadron decays:

cc » DD — ete XY

Estimated with 7°, 1...measurements + decay kinematic
— Hadronic cocktail

Raphaelle Bailhache

Direck Photowns

@Sebastian Scheid
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The backgrounds

Dileptons: combinatorial background
Do not know the origin of e*

— Combine all possible e*e™ pairs

Dileleckrons

Real and virtual y : irreducible physical backgrounds

e Light-flavour hadron decays:

7 — yyoryete™,n — yyoryete ..

 Correlated heavy-flavour (HF) hadron decays:
cC = DD — ete™ XY

(7

K- 3
Ve

very large heavy-flavowr backgrownd at the LHC !
Diffieult to estimate (need to know DD corvelation...) — Other method wneeded

@Sebastian Scheid

Raphaelle Bailhache
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Photon measurements |n ALICE

,‘f Central barrel M\ < () 9

[ Inner tracking system

Real photons: T Al ~ * Vertexing
* Tracking
 Photon conversion in the * Particle identification
detector material (PCM) — : S—
}/X o eta £ ESESESr £ "'VO at forward rapidify

* Centrality estimation
e Measurement with calorimeters

. —

Virtual photons: L T L

Time projection chamber

¥/ iy ' * Particle Identification
S ‘ . Tracklng

Prompt dielectrons (y* — e*e™)
at midrapidity

\\

Time of flight
'Electromagnetic calorimeters "« Particle identification

(PHOS/EMCal/DCal)

* Photon measurement 15



Photon measurements é

¥ Central barrel: |17| < 0.9 %
PEEREAW. .YV 'R A= a a¥h . ® Vel'i'eXIng

| Inner tracking system

* Tracking
Data in this presentation: ‘ * Particle identification

Pb—Pb collisions at 4 /sy = 5.02 TeV VO at forward rapidity
e i ) * Centrality estimation
* Minimum bias (2015)

. —

’ : /"/ \
* Triggered 0-10% and 30-50% ISFS = " Pa—

most central events (2018)

—

Time projection chamber

”ﬂl : '\\"\ * Particle Identification
§.A"

’\\ * Tracking

_ | Time of flight
| Electromagnetic calorimeters "« Particle identification

(PHOS/EMCal/DCal)

* Photon measurement 16



Real photons

o
1.4
1.2
Measured via photon conversion method (PCM) O
1.4
Vinc , _
R}, — — —> Direct photons if > 1 1.2
Vdecay 1.0
1.4
Yine = all photons (inclusive) L
Ydecay = Photons from hadronic decays (cocktail calculations)
1.0
1.4
1.2
1.0

Raphaelle Bailhache

® | 0-20% Pb-Pb |s,, = 5.02 TeV

¢

ALICE Preliminary

________ _+_ O e

¢ | 20-40% Pb-Pb {3, = 5.02 TeV

- [
- ; . g K i
-l + RSN S R L e =
] e
— | * | 40-60% Pb-Pb ys,, =5.02 TeV 7]
- 41 -
- it (e[t -
ol e Y
] e
- [ ]60-80% Pb-Pb Vs, = 5.02 TeV i
- 1] -
L ' SN 1SS I :
] I B
1 10
pT(GeV/c)

20-40%

40-60%

60-80%
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Real photons

Measured via photon conversion method (PCM)

R = —— — Direct photons if > 1

Data consistent with:

* Prompt photon from NLO pQCD calculations
pp collisions scaled with the number of binary

nucleon-nucleon collisions (V)

> Swall excess predicteo
at intermediate/Low P

Raphaelle Bailhache

1.4

1.2

1.0

1.4

1.2

1.0

1.4

1.2

1.0

1.4

1.2

1.0

B I | | I I | I I I | | | I
_ | ® [0-20% Pb-Pb {s,,=5.02TeV  ALICE Preliminary
- AT
- yLt |
S T A
——— 1 + | | ———+—
— | ¢ | 20-40% Pb-Pb |s.. = 5.02 TeV
¢
— ”
[ l P
B ¢ e /{ _
e
I I (. I L A O . s S |
: | | | | | | | | | | | L | :
B I | | I I I I I I | | | I | |
— | 4 | 40-60% Pb—Pb {5, = 5.02 TeV B
- y:;f‘"y from C. Gale et al. Phys. Rev. C 105 (2022) 014909 .
B theory _ . theory . ALICE)/»ALICE /
B RY = dir +ydecay )/Ydecay -+- 2" |
B L ~Z _
B t et F +, - I _
I I + g i i oy s e —
: | | | | | | | | | | | L | :
B I | | I I I I I I | | I | |
— | ® | 60-80% Pb-Pb {s,, = 5.02 TeV —
- Yy g PCD x Ty PDF: CT14, FF: GRV | -
= W. Vogelsang et al. J. Phys. G 23 A1 A
— | > 2
i o — -
- ' Gt e -
- e -
— | I I l 1 | | | l | I I | | —
1 10
P (GeV/c)

20-40%

40-60%

60-80%
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Real photons

&\ E | | | L | | | | | L | | IE
L g ALICE Preliminary E
D = 5
: G F C Pb—Pb |5, =5.02TeV =
Direct photon spectra: %1042_ §§ [0-20%  [¢]20-40% =
LS ﬁ +40-60% [s]60-80%
© - = - =
Q;mzf_ %\\% — O. Linnyk et al. -
_ — 2‘” % 3 PRC 92 (2015) 054914 §
}/dll‘ T ymc X (1 T ) & 10;_ —[ | — P. Dasgupta et al. _;
R}, - +|” PRC 98 (2018) 024911 =
NN, > =
. . . 0 T 7 e ™ -
Upper limits where data consistent with O 107 5 * N m@\ E
: : 1025 | + % 3 mﬂ@ X 10° =

Data well described by different models F " [ - - ¥, - 0-20%

T : : : 1077 - = - o
— No sensitivity yet to the different implementations - = | X107 =

e H. van Hees et al. o 120-40%
10 = NPA 933 (2015) 256 * L x 10" 3
10‘2— C. Gale et al. e 10° —;
65 PRC 105 (2022) 014909 :q:l 160-80%

10_ — ] ] ] 1 1 ] ] ] ] ] | I ] —

1 1OpT (GeV/c)

Raphaelle Bailhache 1 9



Dielectrons
Pb Pb

« ete™ spectrum compared to hadronic cocktail 10-

* Hint for excess at masses < 0.5 GeV/c? 10 ! Eﬁﬁéﬁ

L : | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
RS 102 ALICE Preliminary ® |Data

> = — .

2 0-10% Pb-Pb at |[s,, = 5.02 Tey = Cocktailsum

= — Light flavor — e*e”, e'e™X
> 8 0.2< P, < 10 GeV/ec, |ne| <0.8 Iy > c*e, ey

E ’ )

°Is 0%~ 00<p <80GeVic — 6 — e*e” (POWHEG x <N___,>)
—= = — bb — e*e” (POWHEG x <N__>)

ratio to Cocktall

: T i .

Colp ity
[é)

300--

- (GeV/c

N
~—

Raphaelle Bailhache 2 O



Dielectrons

Pb Pb

For PTee > M

S [ ALICE Preliminary -
S%i - 0-10% Pb-Pb at |s,,, = 5.02 TeV -
> Eg 10 0.2 < Pro< 10 GeV/c, |ne| <0.8 —
o _05 : 1.2< P oo < 1.6 GeV/c Data E
NP —rxfg + (1-r) x f e + f -
- | .I: . —]
K dir
. . Vdir Vdir = —fir _
Extract direct photon fraction r ( = " |mee%0 = - ) : ~hE 0039 « 0.020 (stat) -
ymc Yinc - _

+2/NDF = 11.34/4

by fitting the m. distribution above the pion mass:
107

\’ \KIL | ' |

0 0.05 0.1 015 02 025 03 035 04
m,, (GeV/c?)

1072

Kroll-Wada formula for direct y* contributions:
Raphaelle Bailhache N.M. Kroll and Walter Wada, Phys. Rev. 98 (1955) 1355 2]



Dielectrons
Pb Pb

Extract direct photon fraction r ( = dir _ Jdir

| =)

S 0 :
yjnc Mee™ ylnC

by fitting the m. distribution above the pion mass:

— Direct real photon spectrum as r X y;  .(PCM)

Raphaelle Bailhache

ALICE

— T T | T | T | T | T =
- ALICE Preliminary —
- = 0-10% Pb-Pb at |s,, = 5.02 TeV -
= inc =
: - ° Ydirec’[ — I % Yinc (PCM) :
= —o— =
B e _
= QUL — E
B T —e— _
- T . -
[ | * —]
= PQCD NLO x Ty, S =
~  PDF:CT14, FF: GRV ]
— n= pT B “T"v,;. i —
= w=0.5p, T, =
— W= 20 pT V"*"';.,,u":‘“' —
— uncertainty of extrapolation -
I I | I I | I I | I I | I I | I I

1 2 3 4 S 6

p_ (GeV/c)



Direct real photons

&\ E | | | b | | | | | | 1 | | E
o F ALICE Preliminary -
> 10° 7/* — ete” =
G C ; i Pb-Pb Vs, =5.02 TeV =
" . v>‘104;— ‘ N + 0—1 Oo/o ® 0—200/0 _;
* Latest direct photon measurements in E V20-40% [#40-60% =
_ < Q.30 m|00—-80% _
Pb—Pb collisions at , /syy = 5.02 TeV by ALICE b [0 I : S oo KT, S PbPb
Aol e[l N\, ' PDF:CT14,FF:GRV
: : ~= F I 1oENG<e A\ W. Vogelsang et al. =
» Data consistent with both: & 1oL o v R 1| phys.cosAl
" " = / _ ’ . ~ @ *a -
» pQCD prompt photon calculations at high p b3 T T ‘ 9@@ B
§ T | o N e \E\I \\\\ ) ?
10—12_ | \ + ; ‘\\ m N X x 10 =
E 3\ _ - S ¥+ *\‘ ﬁlsﬂ \\\ E
107 ! 1‘ RNE . o %0° S
* Current data uncertainties still large 103 l ; : L \)\(\10‘5\:;
1045 i Fae . JPbPb
= S, ™~ WX 10" "
10_55_ C. Gale et al. \'\\ i \\_\ X\;bg =
, , - PRC 105 (2022) 014909 TN ~3
RCS[/LLtS aLSD LW Pb——-—Pb ODLLLSLDV\,S at SNN — 2.76 T'ev 10—6_ RN NN T R 1 ! ! N B B Y| |1|O N L
ALICE, Phys. Lett. B 754 (2016) 235; ALICE, Phys. Lett. B 789 (2019) 308 p_(GeVic)

Raphaelle Bailhache 23



Direct photons at the LHC and at RHIC

2 g ALICE Preliminary / -
 Comparison of direct photon results g model: C.Gale et al. PRC 105 (2022) 014909 -
to their respective state-of-the-art model calculations + & [** gﬁis% ggf/oqu:—uAvus_\/s_wgoiogeci‘/e;/;:?c:? (5)91(2(51071)531 gfz?rc;itdyirect Y -
% 6 PHENIX 0-20% Au-Au NNsm = 200 GeV arXiv:2203.17187 nonprompt y,—_
.g . | ® | ALICE 0-20% Pb—Pb Ys,, = 5.02 TeV Preliminary direct y
* No puzzling discrepancy of yields between new ALICE € 5

measurements and state-of-the-art model

» Slight tension at low p for the PHENIX data in the past

» Future: interesting to see if there is a puzzle 2
that involves the flow of direct photons

—LIIII|IIII|IIII|IIII|IIII|III

4
P_ (GeV/c)

Raphaelle Bailhache 24



Direct photon HBT

* Measure yy momentum correlation
with one y with PCM and one y in calorimeter

 Correlation function:
QinV,SE

C( Qinv) —

QinV,ME

Oy = m,, from same events (SE) and mixed events (ME)

inv)

< 1.06

1.05

1.04

1.03

1.02

1.01

Sensitive to size of emitting source and direct photon fraction

Raphaelle Bailhache

0.99

o

\ » Ha wburg Browwn Twlss corvelation

: T | - | 0 1T | N | T | 0 :
- ALICE Preliminary -+ Data -
—0-10% Pb-Pb \s,, =5.02 TeV —Bkg fit
" Yoem ™ Yenos correlation = HIJING
:—0.25 < k; <0.35 GeV/c —:
T = priag/2 :
- + E
- . -
+ -
s :
: s SR
ia s o B E R NS N =y
: I I | [ 1 1 | | I I | [ I | [ 1 1 1 | I I :
0.2 0.25 0.3

0.05 0.1 0.15

Q_ (GeV/c)

N

Relokive MO naenbun

ALICE
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Direct photon HBT

* Measure yy momentum correlation
with one y with PCM and one y in calorimeter

 Correlation function:
QinV,SE

C( Qinv) —

QinV,ME

Qiny = M, from same events (SE) and mixed events (ME)

Sensitive to size of emitting source and direct photon fraction

Raphaelle Bailhache

/\> : 1T | T | F T | L | T | F T :
G~ [ ALICE Preliminary <Data -
¢y 1060-10% Pb-Pb |s,,=5.02TeV  —Bkgfit —
C Voem ™ ¥ prHos correlation = HIJING -
1.05—0.25 < k; < 0.35 GeV/c —
: ket = PT.pair/2 5
o - :
1,03 =
1.021— -
£ | :
1 01 ] T
O v Y B
099: [ 1 1 1 | I I | [ 1 1 | | [ 1 1 1 | I | [ 1 | | :

0 005 01 015 02 025 0.3

Q_ (GeV/c)

N

Relokive MO naenbun

ALICE
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Direct photon HBT

ALICE

/\> : T | T | T | T | T | T :
o~ [ ALICE Preliminary <+ Data -
» Measure yy momentum correlation O 1-96[0-10% Pb-Pb \/sNIN =5.02TeV  —Bkgfit —
. . . . B - correlation = H|JING =
with one y with PCM and one y in calorimeter "pcm ™ Y pros -
* Correlation function: -
QinV,SE -
C(Qinv) = _:
QinV,ME i
Qiny = m,, from same events (SE) and mixed events (ME) _
Sensitive to size of emitting source and direct photon fraction -
- _
— ST
: [ 1 1 1 | I I | [ 1 1 | | [ 1 1 1 | I | [ 1 | | :

9% 005 01 015 02 025 0.3
Q_ (GeV/c)

Measurements by WAIL Ln PO—Pb at Lower energ Y

WAQ98, Phys. Rev. Lett. 93 022301
Raphaelle Bailhache
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Direct photon HBT

ALICE

/\> : 1 | 1T | 1 | I | 1 | 1 :
o~ [ ALICE Preliminary o Data -
O 1960-10% Pb-Pb \sy,=5.02Tev ~ —Bkgfit —
C Voem ™ ¥ pHos correlation = HIJING
1.05-0.25 < k; < 0.35 GeV/c —
At low Q. . quantify direct photon HBT signature by fitting with: g T E
_ PR i -
C(O;y) = 1 + 4;,,exp(—R: O: ) -~ -
Correlak ~ \\ : -
relaf ZLQELOM strengti ’ e -
acec ' aree SLZ :
s i oar _m
: [ 1 1 | | [ 1 1 | | [ 1 1 | | [ 1 1 1 | I | [ 1 1 | :
0'990 0.05 0.1 0.15 0.2 0.3
Q_ (GeV/c)

Measurements by WAIL Ln PO—Pb at Lower energ Y

WAQ98, Phys. Rev. Lett. 93 022301
Raphaelle Bailhache
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< /::' | >

ALICE

Direct photon Hanbury Brown Twiss correlation

Extracted A, ., values
E 0.02_| [ | T 1T | T 1T | 1T | 11T | T | 1T | [ I_
< _ ALICE Preliminary -~ 0-10% i
- Pb-Pb, s, = 5.02 TeV =-30-50% -
0.015—Y pem = ¥ pros correlation |
At low (.., quantify direct photon HBT signature by fitting with: I _
0.01— —
_ 2 N2 I _
C(Qiny) = 1 + 4,,,exp(—R: O ) i -
- 0.005| -
L_Or . \ | ® _
rel &"ZLOF:ELOM strengtl % Lze _ WAL :
ace / AyCe SuLZ i " i
e dir ‘f 1‘&@&(}“ Sour 0 Réj‘—?- \Lovw Pt
I we o ©° 2 _
u \' %C? % _
: et :
_0005_I I I‘?Q [ | I I | I | I I | [ 1 1 1 | I | [ | I_
025 03 035 04 045 05 055
k+ (GeV/c)

Measurements by WAL tn Po—Pb at lower energy

T = :
WA98, Phys. Rev. Lett. 93 022301 T = PTpair/2
Raphaelle Bailhache 29



Dielectrons - higher masses

Pb Pb
« ete™ spectrum compared to hadronic cocktail

e Dominant contribution from

correlated heavy-flavour (HF) hadron decays:

cc » DD — ete XY

Here calculated from proton-proton collisions
scaled with N_;; heglecting energy loss in QGP...

But expect medium effects !

Raphaelle Bailhache

(GeV/c?)
2

. 02<p. <10GeVic, | |<0.8 e 7

P Eo 10 Te © Jy — e'e, e'ey L
“le 0.0<p,  <80GeVic — T — e*e” (POWHEG x <N__>) =
Tz L — bb — e*e” (POWHEG x <N___>) .
= Intermediate mass region (IMR) =

~ e _ — =

107 =~ ‘w' =

1072 —=

107 _
3 ! —

;c__g 2.5;— _;
S 25 E =
S 15t MM =
o 1 $ 2 & l . , . , =
© | .|| || ¢ () ? (] o (%% =
05;_ [ ! ;

% 05 15 > 25 3 3.

m,, (GeV/c?)

ALICE Preliminary

0-10% Pb-Pb at \[s,, = 5.02 Tey = Cocktailsum

e |Data

— Light flavor — e*e”, e'e™X

30



Dielectrons - higher masses
Pb Pb

« ete” spectrum compared to two hadronic cocktails

=T 1 1. .| 1 1| 1 1 [ T T 1 [ T T T [ T T T | T T T =

E  0-10% Pb-Pb at |5, = 5.02 TeV &= Cocktail sum (POWHEG x <N,,,>)
0.2 < p, < 10 GeV/c, |n | < 0.8 &= Cocktail sum (POWHEG x <Noyy> x RS, 9

00<p : < 8.0 GeV/c — Light ﬂavot — eje', e'e X
T.ee Jhp - e'e,e’ey
—cc — e'e” (POWHEG x <N__>)
—bb — e*e” (POWHEG x <N__>)
---¢C — e'e" (POWHEG x <N_,> x Rap )

---bb — e*e” (POWHEG x <N_> x R ~°)

(GeV/c?)"

1

dN
N, dm,
o

107"

I IIIlIIIl IR

« Heavy-flavour from pp collisions (/V_;; scaled) o
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» Heavy-flavour including c,b — ¢~ measurement
— Imply some model dependence

: : + — :
going from single e~ — e*e™ pairs RN P Y P P SR Al
5 = cocktail + QGP + in-medium p (R.Rapp, Adv. HEP. 2013 (2013) 148253) =
S = cocktail + QGP + in-medium p (PHSD, PRC 97 (2018) 064907) =
(& = =
- = (@] 1.5:_' _;

— Better agreement with R ktail o 1 — e S ESees
etter agreement with i, , based cockta g o8 g
But large uncertainties ! s T —
25E =
2 =
o 15E
:Oé' 1 e | -.:

T O05F

o o5 1+ 15 2 25 3 35
m,, (GeV/c?)
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Dielectrons - higher masses

Pb Pb

L : 1 I | I l 1 | I I I I 1 I 1 I I I | I I I 1 I 1 I 1 1 1 | | I 1 I | :

RS ALICE Preliminary
S {02 e (e]Data -_
- 3 0-10% Pb-Pb at |5, = 5.02 TeV == Cocktail sum (POWHEG x <N,,>) =
T e 0.2< P, < 10 GeV/e, |n | < 0.8 = Cocktail sum (POWHEG x <N_,> x Ra, ")
= © © — Light flavor — e*e", e*e™X )
3|E 10 00< P, < 8.0 GeV/c iy > o0, 60y =
-3 — CE — e*e” (POWHEG x <N_>) =
1 —bb — e*e” (POWHEG x <N__>) 7
— - - = ---cC —>e'e" (POWHEG x <N_>x Ry, %) =
« ete” spectrum compared to two hadronic cocktails - --bb — e'e- (POWHEG x <N_y> x AZE 9 =
107 =
 Models including thermal radiations: - -
 R. Rapp: fireball + hadronic many body system 107 I v N | =
* PHSD: transport model N Tas .

107 “‘.'."d, ‘ ““-..n‘.‘.'“m‘
| ) oy :"."'.*-'\‘ W

— Predict very small excess for m,, > 0.5 GeV/c ey e WA
o5 cocktail + QGP + in-medium p (R.Rapp, Adv. HEP. 2013 (2013) 148253) =
— Need experimental handle to suppress HF ! ' cocktail + QGP + in-medium p (PHSD, PRC 97 (2018) 064907) =

P

ratio to cocktail ratio to cocktail

Raphaelle Bailhache



NAGO, Eur. Phys. J. C59 (2009)

Topological separation of "1~ sources

Use Distance-of-closest approach to primary vertex

DCA? + DCAS?
2
With DCA |/, normalised to respective resolution

DCA,, =

Need good/excellent detector pointing resolution

Resolution

First steps in pp and Pb—Pb collisions by ALICE (Runs 1&2) Non-prompt: Heavy-tlavour Prompt: thermal ...
ALICE JHEP 1809 (2018) 064 Large decay length of D-B hadrons
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Dielectrons - DCA

Dielectron DCA spectrum in the IMR

 Beauty contribution at large DCA values
ct ~ 500 um (fixed at large DCA and pr )
e Charm contribution at intermediate DCA values
ct ~ 150 um
. at small DCA values
o J/y mixture of prompt and non-prompt

fixed by J/y measurements

Simultaneous fit of the data with cC and thermal contribution

| Result consistent with charm suppression
/ and additional thermal source ~ §

Raphaelle Bailhache

1/N,, dN/dDCA.,, ()’

Data/Cockt.

1 O E I [ | T T T | T | | | ;

— ALICE Preliminary @®Data -
TE0-10% Pb—Pb VS0 = 5.02 TeV —C_ocktall_sum =

- —cc—e'e (POWHEGXN ,x0.43) =

10~ =—0'4 <P s 8 Gevie —bb—e'e’ (POWHEGXN__,x0.74)
E |7]e| < 08, 1.2 < Mge < 2.0 GeV/C2 _J/W N e+e-, J/W =y ete” E

102 in-med. hadr.+QGP [Rapp]x2.64__
= Upper limit at 90% C.L. =

10 E =
107% = —=
10—5 ;_ IAJ _;
10 v ]
=

10_7 é_ I | | | | | | | | _§
3F — -
2 | -
d | [ -

1*' E:*—:?:I | \/ .

0 S 10 15 2
DCA,, (o)
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Dielectrons - DCA

Dielectron DCA spectrum in the IMR

 Beauty contribution at large DCA values
ct ~ 500 um (fixed at large DCA and pr )
e Charm contribution at intermediate DCA values
ct ~ 150 um
. at small DCA values
o J/y mixture of prompt and non-prompt

fixed by J/y measurements

Simultaneous fit of the data with cC and thermal contribution

| Result consistent with charm suppression
/ and additional thermal source ;,;

Raphaelle Bailhache

—
o

A

1/N,, dN/dDCA.,, ()’

]

Data/Cockt.

-

I
ALICE Preliminary

= 0-10% Pb—Pb \s,, = 5.02 TeV
- 0.4 < p. <8GeV/c

@®Data

= Cocktail sum

—cc—e'e (POWHEGxN ,x0.43)
—bb—e*e’ (POWHEGxN_,x0.74)

= 17,1 <0.8,1.2 < mee <26 GeVIC? _jpy %, Ay — 7 6%

in-med. hadr.+QGP [Rapp]x2.64

Upper limit at 90% C.L.
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ALICE timeline

LICE CERN-I
LICE CERN-I
LICE CERN-I

HCC-2020-009
HCC-2015-006
HCC-2012-013

LICE CERN-I

’. * Increased read out rate up to a factor 100

| -  ALICE
HL-LHC ngerI|OS|t f0|ns B

ALICE 2 ALICE 2.1 ALICE 3 upgrade

' upgrade

Today

— — o = - > —
— o — > - P & oo e . —

— Expect 13 nb-1 integrated luminosity for Pb—Pb (Run 3+4) ‘

* Improved pointing resolution
* by factor 3-6 (Run 3)
* And again factor 2 (Run 4)
— Will benefit DCA,., analysis !

HCC-2013-020, CERN-LHCC-2015-002

_faBa g ~>us oD i T ) gadaior e o i Lo _fsBa A0 B W P B R 2 RO ST B P P e " L L b s - e go - S S e X ve o _ . < L yasmas
/ - - G Fodeit ¢ - d - (=had 4 > o v — \ - FAS N A > < S —

=~ A . - _ : . " < _ =~

Raphaelle Bailhache Intermediate upgrade Major upgrade 36



Physics prospects Runs 3 & 4

At the end of Run 4:
- First time-averaged T of the QGP:
* Dielectron at mid-rapidity

* Dimuons at forward-rapidity

- Patterns indicative of chiral symmetry restoration (dilepton)

 More precise real photon measurements (v,, yield)

Raphaelle Bailhache
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NA60, AIP Conf.Proc. 1322 (2010) 1, 1-10

Frrd lllllllllllllllllll lllllllllllll]

1

Fireball average temperature
—o— NAG60
—#— HADES —— CBM (simulation)

—=— NAB0+ (simulation)

Model (Rapp et al)

—6— ALICE ITS3 - 3 nb™' (simulation, stat. only)

Dilepton analyses
(Simulations for Run 4)

Hadron yields
®

| lllllll 1 | lllllll

Hadronisation temperature

Lattice QCD
PLB 795 (2019) 15

SHM fit to experiment
Nature 561 (2018) 7723

| I ..

1 lllllll 1

—A

10 10°

10°

VS (GeV)

10°

R. Rapp et al., Phys. Lett. B 753 (2016) 568

HADES, Nature Physics 15 (2019) 10, 1040-1045 T. Galatyuk et al., Eur. Phys. J. A52 (5) (2016) 131

ALICE, CERN-LHCC-2019-018
CBM, Nucl. Phys. A 982 (2019) 163

NA60+, SPSC-EOI-019

Lattice QCD, Phys. Lett. B 795 (2019) 15
SHM, Nature 561 (2018) 7723, 321-330
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Higher luminosities for ions

Beyond Run 4: ALICE 3

High luminosity for ions ___

ALICE 2.1

TOF

Superconducting pR|cH
magnet system

Next-generation LHC heavy-ion experiment ALICE 3:

- Compact all-silicon tracker with high-resolution vertex detector
- Particle identification v, e*, ,ui, K=* 7+

- Over large acceptance (—4 < n < 4)
* Down to very low pr

absorber

Muon
chambers

Letter of Intent reviewed by the LHCC in March 2022

D.Adamova et al. ArXiv:1902.01211 _
ALICE CERN-LHCC-2022-009 Raphaelle Bailhache Intermediate upgrade Major upgrade 38



Time dependence of early temperature

Expected DCAee distribution in IMR

'data'/cocktail

Expected excess m,. spectrum with ALICE 3

ALICE 3 Study

0-10% Pb-Pb, \s,, = 5.02 TeV
TOF+RICH (40, rej), B=05T
0.2< P < 4 GeV/c, Inel <0.8
No bremsstrahlung included
DCA.. <1.20

ee —

,(

/

} L,=56nb"

Syst. Uncertainties:

Slg (5%) + bkg (0.02%) i

cC (15%) + LF (10%)

—— Fit of the spectrum

Raphaelle Bailhache

= R AR o A
=) 4—  ALICE 3 Study, Layout v1 —
<):8 B 0-10% Pb-Pb, ﬁ =5.02 TeV _
Cé 35 02<p._ <40GeV/c,|n|<11,6=05T -
5\8 B 11<mg<1.3 GeV/c?, TOF+RICH (40R®H rej) PID 7
< 3~ — Total Cocktail -
25 - — Thermal 7
— o5 —cC — e'e” (PYTHIA fitted to pp + EPS09) x N, _
- —bb — e*e” (PYTHIA fitted to pp) x N -

o — Light-flavour _|

1.5F

| Thermag

0.5

~— | -

T e T T s e
10 12 14 16 18 20
DCA, (o)

%%3

adiation seen

as a clear peak at small DCAee

* Suppress HF hadron decays with max DCAee cut

 Expected excess after subtraction of hadronic cocktalil

and remaining background from correlated HF

* One month of Pb—Pb data taking

ALICE CERN-LHCC-2022-009
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Time dependence of early temperature

Expected excess m,. spectrum with ALICE 3

'data'/cocktail

E? I | I | I | L | L I | I | I | I L IEE
— ALICE 3 Study 1 =
B + Lint — 56 nb- —
— 0-10% Pb-Pb, s, = 5.02 TeV —
= TOF+RICH (40, rej), B=0.5T Syst. Uncertainties: =
- 02<p, <4GeViclnl<08 sig. ( 5%) + bkg. (0.02%) —
No bremsstrahlung included
P *cececcces e, —— Fit of the spectrum |
= .'+. o =N
— ) |
- "o, | dN,./dm,, ~ (m, T

Raphaelle Bailhache

Zexp(—m, /T

T (MeV)

350

300}

|

) |
- ool Fit Range: 1.1 < mg, < 1.8 GeV/c?
- e . (stat. unc. only)
- Treal
155() | ] | I -1 ll | [ [ ] | Il | o | I | ] [N | ll 1 1 1 1 Il

=1 250}

L I L I | ]l LI [ LI lj IR Il

ALICE 3 Study
" 0-10% Pb-Pb, {s =5.02 TeV
- L, =56nb" y

W

| B A | I | | I I I (I | I LI B | I LI |
-+
L1 1 1 I | S | | S I L1 1 | I I

0 05 1 15 2 25 3 Q.4

ALI-SIMUL-499214

Pr o (GeV/c)

Fit of m.. spectrum —Average temperature

Fit for different py .. windows — Probe time dependence of T

ALICE CERN-LHCC-2022-009
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Real and virtual photon measurements
key to understanding different phases of
heavy ion collisions

ALICE Preliminary

0-10% Pb-Pb at \/sNN =5.02 TeV == Cocktail sum (POWHEG x <N_,>)

8 02< p. < 10 GeV/c, |,7e| <0.8  B==Cocktail sum (POWHEG x <N_,> x Ry, °
e

3 00<p_<8.0GeV/c

10 Preliminary ‘Dataktai\ sum \{ 1 1073
— ALICE Preli =Coc 0.43) ' =
- o _ TeV = o POWHEGXNCOHX N H
— - 1k0-10% Po-PD m =5.021e _o(i—%ei_ ((PowHEGXNCO“XOjAr) X10 ,'
NN . $ 0.4<p,,<8GVIC s e diy > 1€°E } = 3
- Te — - , A —1
E() 10 In)<0812< s < 26 GEVIC \-‘Jr/]‘.vmed. hadr.+QGP [Rappx2.6 ‘ol g o-
" Q e Upper imit 2t 80% C-L- e o 0-1 Q%
with state ot the art moadels S 10°) e
Z - . n
A s\ 0.02 it
© 10 27| AUCEPTER g g2 TeY
) - = < bepb, NN ﬂe\a\\on

» Different experimental techniques under ol N el “

investigation to extend measurements

Exciting time L front of us

Raphaelle Bailhache

T I T T T T | T T T T ] T
[@]Data

~

— Light flavor — e*e~, e'e™X
Jy — e*er, e'ey
POWHEG x <
POWHEG x <
POWHEG x <N_,> x
POWHEG x <N,,> x R ~°

—cC —e'e”
—bb — e‘e"
---cC —e'e”
---bb — e*e"

02 "Z 02 02
]
23

—_

:‘{
= G
Lo i | 1 (1111

tail + QGP + in-medium p (R.Rar~. Adv. HEP. 2013 (2013) 148253) 5
ail + QGP + in-medium p (PHS ~ 97 (2018) 064907)
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ALICE 3 - LHCC Q&A Session (17.12.2021)

Back-up

Raphaelle Bailhache
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Heavy-flavour modification in AA

Singlee™: c,b — e™

1 d*Ny/dpdy
N, coll d*N pp/ dp Tdy

Rp A = > # 1 if modifications

Modifications due to

* Initial state effects: cold nuclear matter (CNM)
* Final state effects: in medium energy loss....

Both influence the e*e™ pairs differently (factorise or not)

— Imply some model dependence going from e* — ete”

Raphaelle Bailhache

0.8
0.6
0.4
0.2

_I I I T 1T | I I I I 1 | I I
— ALICE 0-10% Pb-Pb, {5y = 5.02 TeV
~ Cc,b—e _
- T BAMPS el. ]
__ RRRRANIT BAMPS e|+rad __
. PHSD _
- -...-= Djordjevic ]
- --- TAMU —
I PP MC@sHQ+EPOS2 _
Q\L\mumm,,,// CUJ ET 30 |
- ’ o« ALICE data _
:_ ______ %-+*— __________________________________________ ._:
- T '+' J”; +“ . ly1<0.8,p_<3GeVic 5
— ¢ %L |¢ ¢ lyl <0.6, p_>3 GeV/c ;% —
|:|-|-|' B '.'Ta'T' Teisfzia: :‘i’)@/; _‘,* N “\ ! ~>\% ]
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Open markers: pp rescaled reference
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1 10
P, (GeV/c)
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Heavy-flavour modification

Modifications of single HF electrons

- T 4L 0-10% Pb-Pb, V'snn = 5.02 TeV
» Initial state: cold nuclear matter (CNM) e
* Final state: in medium energy loss i
Both effects influence the dielectron in a | ————
different way osl
Disentangle two effects using CNM (EPS09)* "
calculations B
0.4
| Parametrisation (central/up/low)

- Calculate as a function of mee and Pree - EPsos

| within toy Monte Carlo model ; ol R i

T e = ——— — — - — e 10_1 1 pT (GeV/C1)O

* Eskola et al., JHEP 04, 065
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Tracker

* Position of first layer at mid-rapidity:
r =5 mm (ALICE Run 4: 18 mm; ALICE Run 3: 22mm)

e Achieved with a retractable vertex detector
inside of the beam pipe in secondary vacuum

/é 1O4E IIIII I llllllll I llllllll I llllllg
= ALICE 3 study e
c ALICE 3 (Run 5 + 6) |
107 IE
2 ALICE 2.1 (Run 4)
% _ ALICE 2 (Run 3)
D 10°F
-
O -
£ I
c 10g
354/&
1_ .| //// \\ 
10—1 1 L1 llllll 1 11 llllll 1 11 lllllI 1 L1 1111l |l‘\ '/& ’l ”: i‘\
—2 —1 2 \ N J !
10 10 1 10 10 ?\_\/\/ >
Pt (GeV/C) W radius [mm]

-
St _—— -

Dielectron physics opportunities at the LHC Raphaelle Bailhache ALICE CERN-LHCC-2022-009 45



LHC schedule

Collision systems

Xe—Xe, Pb—PDb

Dielectron physics opportunities at the LHC

See talk of Jochen Klein at QM2022

HL-LHC Higher luminosities for ions

pp, pO, OO pp, pPb pp, pA?, AA pp, pA?, AA
pPb, Pb—Pb Pb—Pb

Run 5 — higher luminosities for ions
* Larger gain for lighter species

Run 4 — HL-LHC
e Push pp luminosity to ~ 4 X 10°* cm-2s-

Run 3 — high luminosity for ions ( &~ 7 X 107/ cm-2s-1) and OO
* Improved collimation systems
* lon luminosities now limited by bunch intensities from injectors

Raphaelle Bailhache 46



Beyond Run 4: ALICE 3

Dielectron physics opportunities at the LHC

Improved pointing resolution
and effective statistics (Run 5 + 6)

— 100
- ALICE 1
= ®
> ALICE
8 Runs 1+2
— ALICE 2
g__ ALICE Run 3
=) (% ALICE 2
f 10 iz Runé4
(4]
c \
O
5
v ALICE 3
g Runs 5+6
=
o 1
Q.
1 10 100 1000

Acceptance (An)X Pb-Pb interaction rate (kHz)

Raphaelle Bailhache

D.Adamova et al. ArXi1v:1902.01211
ALICE CERN-LHCC-2022-009
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Direct real photons

Same measurements at 4 /Sy = 2.76 TeV:

0-20%: Inverse slope T 4 = 297 * 12(stat) £ 41(syst)
Models allow then to estimate T of medium

— Need to reduce wncertainties (Y Leld,V5) to constrain moolels

Raphaelle Bailhache

Pb—Pb collisions at 4 /sy = 2.76 TeV
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- Linnyk et al. R
arXiv:1504.05699 - - Chatterjee etal. ~-._
---v. Hees et al. PRC 85(2012) 064910
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Direct real photons

0.5

0.4

0.3

0.2

0.1

Pb—Pb collisions at

_lllllllllllllllllllIllll

- 0-20% Pb-Pb, |s,, = 2.76 TeV

o v ALICE

vy “¢, ALICE simulation

vy "f’, hydro, Paquet et al.
-= vy % hydro, Chatterjee et al.

----- vy %", PHSD, Linnyk et al.
Boxes indicate total uncertainties
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ALICE, Phys.Lett.B 789 (2019) 308-322
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Direct photons at the LHC

P
o

 Comparison of direct photon results
to their respective state-of-the-art model calculations

o P~
o o

ra’go data / model
o

* No puzzling discrepancy of yields between new ALICE
measurements and state-of-the-art model

N
S

N
o

1.5

1.0

0.5

O
e

Raphaelle Bailhache

ALICE Preliminary

ml . q‘ - I PR 1 222 ..'.
o | ALICE 0-20% Pb-Pb \s,, = 2.76 TeV PLB 754 (2016) 235
A U-20% Pb—-PDb Vs, =95.02 eV Preliminary direct vy

+ | ALICE 0-10% Pb—Pb {s,,, = 5.02 TeV Preliminary direct vy via virtual y
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4
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