Highlights from the ALICE experiment

Particle Physics Seminar, University of Birmingham E
Dec 8, 2021

Klaus Reygers

Physikalisches Institut
Heldelberg University



Exploring QCD with ALICE (1)
Quark-gluon plasma physics: QCD thermodynamics
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figure credit: MADAI collaboration, Hannah Petersen and Jonah Bernhard

QCD matter properties enter in hydro modeling of the QGP phase
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=xploring QC

D with ALICE (2)

Quark-gluon plasma physics: QCD thermodynamics

Borsany et al, Phys. Lett. B 730, 99-104 (2014) 5
Bazavov et al., i

Kharzeev, Liao, Nature Reviews Physics volume 3, 55 (2021)

Phys. Rev. D 90, 094503 (2014)

130 : 180

Hadron gas «<—~1012K

calculatior

Contact wi

—_—

Stout HISQ i

(e-3p)T* W [T B

S/(4T) ]

i Te T(MeV) -
M TS IS T Earand —
230 280 330 380

Quark-gluon plasma

th first-principles
s (lattice QCD)

Highlights from the ALICE experiment | K. Reygers

3



Some of the driving questions

Precise determination of QGP properties
—quation-of-state, transport coefficients, microscopic structure at different momentum scales

Heavy quarks as QGP probes
Do heavy quarks thermalize, too” Do they go with the flow”? How much energy do they lose?

QGP-like effects in pp and p-A
QGP in small systems”? Reassessment of some QGP signatures in Pb-Pb”?

Highlights from the ALICE Experiment | K. Reygers 4



=xploring QCD with ALICE (3)
Beyond QGP physics

QCD in pp / p-Pb

Charm hadronization
Jet fragmentation

~
~

~ al
o~

Properties of light nuclei

and hypernuclel

?\H structure

o, ,(°He) for indirect
dark matter search

.

Photon-nucleus scattering

Nuclear force between
(unstable) hadrons

p_K_! p_E_! p_Q_’
N-A\, ...

—
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Run 3 & 4:
ALICE 2



ALICE 2

Faster readout, improved tracking, and very good PID

ALICE 2 (Run 3 & 4)

0 ITS | Inner Tracking System a HMPID | High Momentum Particle
|dentification Detector
o TPC | Time Projection Chamber o MFT]| Muon Forward Tracker

e TRD | Transition Radiation Detector 0 FIT | Fast Interaction Trigger

o TOF | Time Of Flight @ Muon Spectrometer

9 EMCal | Electromagnetic Calorimeter m ZDC | zero Degree Calorimeter

6 PHOS / CPV | Photon Spectrometer

LS2 upgrade

» new [PC detectors (GEMS)
new silicon trackers (ITS & M
new fast interaction trigger (F

vV VvV vV Vv

new readout for all detectors

-T)

T)

new online/offline system (O2)
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ALICE 2

Continuous readout: 50 times higher readout rate for min. bias Pb-Pb
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3.5 TB/s e

i 100GB/s
Compressed TFs

Calubratlon data

4
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figure credit: Marten Ole SchmldtCERNTHESISZOZO 071 4
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Run1 &2

7 Pb-Pb Iinteraction rate
7z Pb-Pb readout rate

» total of 1 nb~1 Pb-Pb collisions

Run 3 & 4: continuous readout

readout rate 50 kHz Pb-Pb (1 MHz pp)

expect 13 nb~1 Pb-Pb collisions
- x 50 min. bias Pb-Pb Run 1 & 2

0.6 pb~1 p-Pb collisions

— x 200 min. bias p-Pb Run 2
200 pb~1 pp top energy

— Wit
smal

N software selection for rare events
O-0O sample (1 nb1)
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https://cds.cern.ch/record/2724259
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~500 Pb-Pb collisions

reconstructed In one shot

95% of reconstruction on

GPUs
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ALICE 2 TPC
High rates with GEMs (replacing MWPCs)
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Continuous readout at 50 kHz
PP-Pb interaction rate possible

due to GEMSs

Fully installed in August 2020

pad plane
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ALICE 2
New technology for tracking detectors: CMOS MAPS (ALPIDE)

ITS2: new inner tracking system

» Improved pointing resolution (x 3)

» Inner barrel: 0.35% Xo per layer

» Smaller beam pipe, 1st layer closer
(22 mm)

MFT: muon forward tracker

» New tracker based on ALPIDE
» Now tracking before the albsorber:
mproved muon pointing

ALPIDE

<" 524288 pixels ™

FIT: new trigger system

talks Jian Liu, Solangel Rojas Torres
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https://indico.desy.de/event/28202/contributions/105646/
https://indico.desy.de/event/28202/contributions/105647/
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LHC pilot run (pp @ 900 GeV, 19-31 October 2021)
First events with ALICE 2
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ALICE upgrades in LS3 & LS4

2029 2030 2031 2032 2033

!

ALICE 3

Particle
Cylindrical Identification\‘
Structural Shell Systems

Half Barrels

im

MAPS-based
tracker

Silicon-based
time-of-flight
detector

talks Filip Krizek, Gian Michele Innocent
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https://indico.desy.de/event/28202/contributions/105610/
https://indico.desy.de/event/28202/contributions/105611/

ITS3

Watfer-scale, ultra-thin, bent MAPS: lowest possible material budget

“sensors maintain their excellent performance after bending”,
ALICE ITS team, arXiv:2105.13000

Cylindrical
Structural Shell

Half Barrels

Sign
char

-
—

ficant iImprovement in the measurement of low momentum

M and beauty hadro

NS and low-mass dielectrons
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https://arxiv.org/abs/2105.13000

FoCal

Shadowing/saturation of small-x gluons in Pb with forward photons
CERN-LHCC-2020-009

7 m from interaction point - *%®Pb reweighting
SRR — nNNPDF 1.0
FoCal-H v B = EIC fit
N 1 — FOCAL fit
Ay m s e - Q=10 GeV?
' J 90% CL

= 7 o1 = =S =

0

10°° \ 107° 107 107° 1072 10” x1
FoCal-E: high-granularity Si-W sampling AZ(x 0%
sandwich calorimeter for photons and m° down to x = 106 R,(x,Q°) = ggN(x ’ 0%
FoCal-H: conventional sampling In addition: jets, jet quenching, J/y, Y,
calorimeter for photon isolation long-range correlations in pp, p-Po, ...
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https://cds.cern.ch/record/2719928

Physics highlights
Pb-Pb: Exploring the QGP
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—nergy loss and hadronization of ¢ and b quarks in

Pb-Pb (1)

Expected effects in the presence of a QGP

c and b quarks from initial hard scatterings (prior to QGP formation, mq » Taqap: N0 thermal production)

Low pr (p7 = 10 GeV/c)

Collective motion like for u,d,s (7)

)

Mass-dependent pr shift:

r.

P T, How — ﬂ flow/ flow!!?

Hadronization via coalescence”?

High pr (pr = 10 GeV/c)

Parton energy |oss:

AE. < AE. < AE, .
d

(— dead-cone effect!)

Hadronization in vacuum (like in ete)

parameterized by
. fragmentation function

Highlights from the ALICE experiment | K. Reygers 18



—nergy loss and hadronization of ¢ and b quarks in Pb-Pb (2)
Observable and techniques

Quantifying medium effects in A-A: dN/dpy|, 4
Comparison to simple superposition of RAA(pT) — _N AN/ d
pp collisions coll X Pt ‘pp

b quark energy loss:
Accessible via non-prompt D

B—->D+X

Non-prompt D

Highlights from the ALICE experiment | K. Reygers 19



—nergy loss and hadronization of ¢ and b quarks in

Pb-Pb (3)

Prompt vs non-prompt DY Raa consistent with AE, < AE,

talk Stefano Trogolo

<C B | | | | | | | | | | | | | | | | | | | | | | | | _I_
© | ALICE Preliminary Non-prompt D°
1.6— —
: Pb-Pb, \[Sy = 5.02 TeV -
1.4 0-10%, lyl<0.5 —
B « Non-prompt D° i
1'2:* = Prompt D° _:
T . -
0.84 non-prompt DY -
O.Gi' prompt D° —
0.4} -
- M @ ——
0.2_— _ o
O: | | | | | | | | |2|O| | | |3|O| | | |4|O| | | | —ro
pT GeV/8

First measurement of D meson production
down to zero prin Pb-Pb

DY from

S less suppressed than prompt DO

Consistent with AE, < AE,
(dead-cone effect)

More precise measurement with new ITS in Run 3

Highlights from the ALICE experiment | K. Reygers
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https://indico.desy.de/event/28202/contributions/105860/

—nergy 10ss and hadro

nization of ¢ and b quarks in

Db_

-0 (4)

R, »(non-prompt D) > R, +(non-prompt D) in line with coalescence picture

talk Stefano Trogolo

— 5_0: | | | | | | | | | | | | | | | | | | | | | | | | | .
0 , - ALICE Preliminary -
g A O:_ 0-10% Pb—Pb, V SNN =5.02 TeV E
5 f y[<0.5 g
§ 3.5 e data —
5 3.00 TAMU -
T ot T Rya(non-prompt D) =
0”5 o Raa(non-prompt DY) -
[SHEE -
S 15- 1 =
ol - O ]
c 1.0f .
@) | _
= N -
:EE O 5 E_ new open markers: pp extrapolated reference _E
D: i T T T T N U M N N T T T N T T TN S N N NN NN M M
0 5 10 15 20 25

p_ (GeV/c)

Non-prompt less suppressed than

non-prompt DY at low pr

Points to BY production via coalescence

0 -
O 9 O_? —-BS _-DS + X
O m"/ O“:O 9 "/"d“: """d“:
@O "\G/I’O ql“e /l, > l“e /l'

o7 ©
© ~50% of D7 from BY,

~50% from non-strange B

AMU model, He, Fries, Rapp,
PLB 735 (2014) 445

X 7
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https://indico.desy.de/event/28202/contributions/105860/
https://doi.org/10.1016/j.physletb.2014.05.050

—xploring the QGP with jets
Groomed jet radius narrower in Pb-Pb than in pp

o 42 0.05 0.1 0.15 Ay 7, = Plablening
- Al T ey | eading T subleadin
-8% S ALICE |s,, =5.02 TeV : PTleading T P subleading
o PP C ]
Q 3.5 - m Pb-Pb 0-10% Charged-partlcle jets .
— ;:; 3 — Sys. uncertainty R =0.2, | njetl <0.7 _ R, \/ Ay* + Ag?
0 o5F o 60 < Pr et < 80 GeV/c E R R
5 : + Soft Drop z.,=0.2, =0 -
15 _ + 8 Fragged = 0-88, fra g = 0.89 _
- - u
1Fe g E
0.5F g :
E L i 1 | L ] ] | 1 ] ] | 1 ] L | ' 1 :
9 - mJETSCAPE i Caucal E | |
Tle 2F] Pablos,Le=0 -~ Yuan GL=5GeV’ ) The cores of jets are narrower in Pb-Pb
0 n Pablos, L,es =2/xT  Yuan, med q/g ) o
1 g L) | "Pablos Les=c  --Yuan, quark ] compared to pp collisions
-Irst direct experimental evidence for the
modification of the angular scale of groomed
jets in heavy-ion collisions

arXiv:2107.12984 talks James Mulligan, Laura Havener Highlights from the ALICE experiment | K. Reygers 22



https://arxiv.org/abs/2107.12984
https://indico.desy.de/event/28202/contributions/105838/
https://indico.desy.de/event/28202/contributions/105401/

v-Pb scattering in ultra-peripheral collisions
Gluon distribution at low x

talks Hermann Degenhardt,
Kunal Garg, Yvonne Pachmayer

arXiv:2101.04577

14

1 ALICE coherent JAy

- Impulse approximation
REREE STARLIGHT
—— EPS09 LO (GKZ)
- LTA (GKZ)

- - [IM BG (GM)

— — IPsat (LM)

- BGK-I (LS)

- - - - GG-HS (CCK)
— — b-BK (BCCM)

do/dy (mb)
>

10

ALICE Pb+Pb — Pb+Pb+J/yp (S = 5.02 TeV

without nuclear shadowing

Pb Pb_

Iy arm{m’
partiele

Pb Pb

3 3202
ATy AT /3 A B My Lee a5 (Q7)

P
‘l
a“’
\ Y

L -

dt —() 48y, Q8 [-1‘.(/.x(-1’- Q" )}

Consistent with moderate gluon
shadowing of 0.65 at x = 6x10~
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https://arxiv.org/abs/2101.04577
https://indico.desy.de/event/28202/contributions/105438/
https://indico.desy.de/event/28202/contributions/105709/
https://indico.desy.de/event/28202/contributions/105633/

Physics highlights:
pp / p-Pb collisions
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Direct observation of the dead-cone effect in QCD (1)
Gluon emission by a heavy quark

Dead-cone effect:

M o o Gluon emission
ully reciustereq |e - :
o1 2,&3 4 | suppressed In a cone with
N _ Odc = Mq / Eradiat
H\f ERadiN charm C radiator
S T ) quark
\\m\ - D
— Charm quark A fundamental QCD feature
) Dead-cone effect

(holds for all gauge quantum
field theories)

Dokshitzer, Khoze, Troian,
J. Phys. G17 (1991) 1602

» Gluon emission vertex
~~~ Emitted gluon
6,>6,> .. >0
> ... > E,

Gluon emissions are
suppressed in a cone

with 84 = mq/ERradiator

Ly

adiator, 1 adiator. 5

arXiv:2106.05713

Highlights from the ALICE experiment | K. Reygers 25


https://arxiv.org/abs/2106.05713
http://dx.doi.org/10.1088/0954-3899/17/10/023

Direct observation of the dead-cone effect in QCD (2)
Significant suppression of small-angle splittings for small Echarm

6 (rad)
0.37 0.22 0.14 0.08
S dnldIn1/6] .
o 5<E. .. <10 GeV R(6) = ke > A . =200MeV/
Q: < ERadiator < c ( ) dn/dlnl/@\ . T qcd C ¢
1 5F ] 1ncl.,jets
no dead-cone limit
— PYTHIA 8
— SHERPA - - - SHERPA LQ/inCIUSiVe

no dead-cone limit

Dead-cone effect results In
AE, < AE. < AE 4 inthe QGP

arXiv:2106.05713  talk Vit KucCera

Highlights from the ALICE experiment | K. Reygers 26


https://indico.desy.de/event/28202/contributions/105402/
https://arxiv.org/abs/2106.05713

Charm hadronization in pp (1):
More charm quarks In baryons in pp than in ete- and ep collisions

arXiv:2105.06335 talk Luigi Dello Stritto
| | |

= ALICE, pp, Vs =5.02 TeV
+ LEP,e'e, \s=m,
o HERA, ep, PHP

— — PYTHIA 8 Monash

O
~

Charm quarks hadronize into baryons 40% of the time

—
b
-
—

O
(o)

~ 4 times more than in ete-

Hc f(c— Hc)[%]

D%  39.1+1.7(stat) 3 (syst)
Dt 17.341.8(stat))/(syst)
D 7.341.0(stat) |7 (syst)
A 20.4+1.3(stat) TS (syst)

=0 8.0+ 1.2(stat) 32 (syst)

O
I

o :
i N
L L I P st B

Fraction of charm quarks
o
0)|

O
w

o
—

IIII|IIII|Illllllllllllllllll'llll
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http://arxiv.org/abs/2105.06335
https://indico.desy.de/event/28202/contributions/105634/

Charm hadronization in pp (2)

Competing theoretical ideas

Color reconnections

String configuration that
Minimizes potential energy

Before colour reconnection

q .
q

q v
{q
After colour reconnection?
.
: q

q

q

Christiansen, Skands,
JHEP 1508 (2015) 003

A 7

Quark coalescence

In phase space

Convolve quark distributions and
hadron wave function

Assumes a high-density partonic
system

Plumari et al.,
Eur.Phys.J.C 78 (2018) 348

SH model + RQM

Independent statistical
hadronization + extra charm-
baryon states predicted by
rel. quark model (RQM)

Q=c QO=b>
1(JP) Qd state M M®*P [1] M Me*P [1]

3G 1) 1S 2476 2470.88(3) 5803 5790.5(2.7)
137 28 2959 6266
G 38 3323 6601
1¢ %) 4S8 3632 6913
1G ™) 58 3909 7165
1GT) 6S 4166 7415
1d7) 1P 2792  2791.8(3.3) 6120
3G 2P 3179 6496

(many states ...)

He, Rapp, PLB 795 (2019) 117

Highlights from the ALICE experiment | K. Reygers
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https://link.springer.com/article/10.1007/JHEP08(2015)003
https://link.springer.com/article/10.1007/JHEP08(2015)003
http://Eur.Phys.J.C%20(2018)%2078:348

Charm hadronization in pp (3)
AT/DY ratio in pp significantly higher than in e+e-

cjgo 0.8
< 0.7
0.6
0.5
0.4

0.3

arXiv:2011.06079 arXiv:2106. 08278

ALICE o pp, \s=5TeV
y| < 0.5 e pp, \s=13TeV

""""""" PYTHIA 8.243, Monash 2013

PYTHIA 8.243, CR-BLC:
....... Mode O ------ Mode 2

St Mode 3

SHM+RQM
Catania
QCM

II|IIIIIIII|IIII*I!I!I.III|I\II|IIII

-l; - ’ "y & .
- - LS - - —"‘~hr-.r‘ ‘\;! a
o

0 5 10 15 20 29

P, (GeV/c)

AT (udc) - pKz™

— pK?

Measurement of charmed hadrons down to
unprecedentedly low pr at midrapidity

Charm quark fragmentation not universall

Standard

PY THIA 8 below data

Falr description by
» PYTHIA 8 with CR

» Coalescence + fragmentation (Catania)
» SH mode + RQM

(I =170 MeV, additional states crucial)

Highlights from the ALICE experiment | K. Reygers
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https://arxiv.org/abs/2011.06079
https://arxiv.org/abs/2106.08278

Charm hadronization in pp (4):

=/D" not described by models that get AT/DY right!

arXiv:2105.05187 talk Luigi Dello Stritto
®) 0.6 — 1 T - 1 - 1T 1T ™ T ' _
ﬁ - ALICE o ZYD° BRunc. -
c 0.5F PP, \/§= 13 TeV, =*/D° —
83 i <05 7777 SHM+RQM _ —0) —
g 04:_ ::- gacl;tle\aﬂma (coal.+fragm.) _: .:,C (dSC) —> = e I/e
*E i PYTHIA8.243 - — B "
0 0-3¢ iiMedso
@ o of: T IR PYTHIA 8 with CR (mode 2) below data,
TR e SR : even though this model describes AF/D"
D el - :
0 : —1-_1 : : . e Coalescence model comes closest to data
0 2 4 6 8 10 12 14

p_ (GeV/ce)
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http://arxiv.org/abs/2105.05187
https://indico.desy.de/event/28202/contributions/105634/

Very forward energy and particle production at midrapidity

Small Ezpc correlates with high dNen/dn|n=0 and high pr particle at n =0

arXiv:2107.10757 talk Chiara Oppedisano
4r | —xplore concept of “centrality”
o sl ALICE pp Vs=13TeV NEW | I in pp collisions
L TS _
3:_ o Nen / (Ney AnAQ) (M]<0-8) 20 /ero degree calorimeters:

/N (|n| > 8.8) for neutrons
/P (6.5 < n < 7.4) for protons

® ZN/{(ZN)(ml> 8.8)

Observation 1:
Forward proton and neutron energy
anticorrelated with dNcn/dn|n=0

forward neutron energy Observation 2:

- %000 0-0-0-0-0—0_ o Transverse multiplicity at n = 0 and
0.5 forward neutron energy both saturate

O_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII ':Orp’]ljeading>5GeV/C
0 5 10 15 20 25 30 35 40 45 50

p_ll_eading (GGV/C)
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https://indico.desy.de/event/28202/contributions/105444/
https://arxiv.org/abs/2107.10757

—t
<

Ratio of yields to (t"+m")

—
<
N

107

Nature Physics 13 (2017) 5635-539  Strangeness enhancement in pp (1)

Setting the stage

llllllll | IIIIIIII | llllllll

(Multiple-strange) baryon yields increase faster
with dNern/dn than pions

Not reproduced by PYTHIA 8 Monash tune

Modified strings”
(PYTHIA 8 + ropes, string tension, color reconnection)

ALICE
@ pp,\s=13TeV y . . y
O pp,\s=7TeV - Canonical strangeness suppression” in thermal models

-Pb, =5.02 TeV _ : C
g ‘F’,b_Pb‘i“; 52_76?9\, (Grand-canonical description only correct for large enough

—— PYTHIAS8 + color ropes _
_______ R volumes)

------------- PYTHIA8 Monash

~" ..-.-- PYTHIA8 Monash, NoCR . . . .
e o TP 4 Or a sign of QGP formation in pp collisions?

10 10? 10°
(dN_ /dm)

7/< 0.5 Highlights from the ALICE experiment | K. Reygers 32


https://www.nature.com/articles/nphys4111

Strangeness enhancement in pp (2)
Enhancement driven by final-state multiplicity, not by effective energy

dN/dy

( dN/dy / )
(dN ch/ dn ) <05 [ o <dNCh/dn > m1<0->" J\NELs0

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

talk Michael Habib

high dNcn/d.,

low dNch/dn

I neW 111 I B 1T 11 111 I B 1 11 1T 11 I B
- ALICE Preliminary 1 oatat -
— pp Vs =13 TeV ol n E+ syst. -
B el e ' _
- VOM multiplicity: y|<0.5 -
_ @ 0-30%, high mult. i
_ O 70-100%, low mult. R I
— - {e el ® * -
L high Eet << ™~  low Ees I
_I L1 1 | L1 1 1 | L1 11 | L1 11 | L1 1 1 | L1 11 | L1 11 | L1 1 1 | L1 1 1 | L1 1 I—
0O 10 20 30 40 50 60 70 80 90 100

(Vs - ZDC) percentile (%)

E

c

a4 P
LEADING BARYON
Errp < \/g -

LEADING BARYON

L

ff = \/E — (Ejeadingl T Eleading?)

/o

from energy in zero
degree calorimeters
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https://indico.desy.de/event/28202/contributions/105442/

vo Of soft jet particles in p-Pb
Non-zero vo could Indicate parton energy loss in p-Pb
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Physics highlights:
the LHC as a versatile particle source
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Hypertriton in Pb-P

b at 5.02 TeV

Hypertriton properties

PR 136 (1964) B1803
PRL 20 (1968) 819

PR 180 (1969) 1307
NPB 16 (1970) 46
PRD 1 (1970) 66

NPB 67 (1973) 269
Science 328 (2010) 58
NPA 913 (2013) 170
PLB 754 (2016) 360
PRC 97 (2018) 054909
PLB 797 (2019) 134905

ALICE Preliminary Pb-Pb 5.02 TeV

Theoretical predictions

.= PRC 57 (1998) 1595

— J.Phys. G18 (1992) 339-357

Nuo. Cim. 46 (1966) 786
- - PLB 791 (2019) 48-53

0

| | | | I | | | | TTI i1 -I | I | | | | I | | | |
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- —— : — A lifetime - PDG value
B : World average ]
_l | | | | | | ] ] L_LI l il | | | | | | | | | | | T
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°H lifetime (ps)

&

Mass: m = 2.991 GeV/c2

arge RMS radius: about 10.3 fm

Molecular structure: (p + n) + A

Quantu

m I

echanical formation time:

about 100 f

- H lifetime:
ALICE result consistent with free A lifetime

m/c

Very interesting to study hypertriton
poroduction in different systems

(op, p-Pb,

Db_ Db)
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Hypertriton in Pb-Pb at
Precision measurement of /A separation energy Ba

1.2

B, (MeV)

0.8
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0
-0.2
-0.4

talk Janik Ditzel

5.02 TeV

N

NPB1(1967)

NPB4(1968)

Theoretical calculations
----- NPB47(1972)
— arXiv:1711.07521

STAR(2019)

NPB52(1973)

PRD1(1970)

EPJ56(2020) -

PRC77(2008) -

ALICE =

Preliminary —_

o

?\H — He + 7~

Precise meas

sheds light on hypertriton stru

Jrement of Ba a

gle

N\ separation energy:

Supports loosely bound nature of the hypertriton
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https://indico.desy.de/event/28202/contributions/105719/

Hypertriton in Pb-Pb at 5.02 TeV
Interlude: Statistical hadronization model (SHM)

— T Y+r T 1 T Y :! . . . . .
:,3 Y. Bb-Pb H—Z 26 TeV - Statistical hadronization model:
S\\‘., 102E .’S central collisions ; NV — g [ p2 dp
> e BA L m=NV =5 E— i)/ T +1
T 40l . o . mJo exp(Ei—pi)/ T+
S - 2
- F ¢ . o 1 Measured yields described with
D - :
S 107k . d 3
> - T = (156 £2)MeV, pu; =0
107 é
o - Data, ALICE . : | | |
= e particles “3He 3, S Asurprise: production yields of loosely
10°E = antiparticles "‘aq‘f % bound objects and strongly bound
10°E Statistical Hadronization 4 {  Objects simultaneously described in the
106k lotal (after decays) e 3 statistical hadronization approach
= eeeeeees primordial P L
10—7 | WS W W WY NN VRN W VY SN Y U WO SN U SN SN U SN S SN U U NN TN SN TN SN TN SN SN SN SU SN S N R N . ]
0O 05 1 15 2 25 3 35 4

A. Andronic, P. Braun-Munzinger, K. Redlich, Mass (GeV) d, 3> He: “snowballs that survive in hell’
J. Stachel, Nature 561 (2018) 321
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Hypertriton in pp and p-Pb
“H/A yield ratio consistent with formation through coalescence

arxiv:2107.10627 talk Janik Ditzel
< IIIII I | lIIIlII | | Illllll |
E e | ALICE p-Pb, 0-40%, \[s,, = 5.02 TeV
N < 1051 = | ALICE Preliminary pp, HM trigger,Vs = 13 TeV B
- ¢ | ALICE Pb-Pb, 0-10%, \/STIN =2.76 TeV ~
L BR.=025£002 ...
New
10° —_
- — 3-body coalescence -
i — 2-body coalescence - | | | o |
Formation mechanism provides insight into
- —SHM, Ve =dV/idy - ,
] hypertriton structure
- SHM, Vc = 3dV/dy - " PN -
o ST e (in addition to lifetime and A separation energy)

10 10? 10°

< ch 77>|n|<o.5
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https://arxiv.org/abs/2107.10627

Strong interaction between hadrons (1)

Correlation function sensitive to interaction potential

1. Fix source geometry

Source parametrisation Interacting potential

= M Repulsive
PO || S i —
+ )
N V
Attractive
0 0.5 1 1.5 2

r (fm)
Gaussian source

Two-particle wave

talk Bhawani Singh function|¥ (k*,r )|

Schrodinger l equation™

*\ 7 o = 2 3
2. Measure correlation fct. C(k?) Clk™) = f S(r) N’(k 7‘)| d>r
— study the strong interaction

Emission source  Two-particle wave function

Correlation function

3
‘ b Attractive
1 e 1
,,,,,,,,, Repulsive
50 100 150 200
k*(MeV/c)
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Strong interaction between hadrons (2)
Precise information on the as-yet-unknown p-{)- interaction

Nature 588, 232 (2020)

X 7

Critical test for lattice QC

D calculations

'O ALICE data of the strong h-h interaction

- Coulomb

~ Coulomb + HAL-QCD elastic
- Coulomb + HAL-QCD elastic + inelastic

A new avenue for high-precision tests
of the strong interaction at the LHC:

r 2
\, b,

. o

K (MoVie Important input for the
equation-of-state of neut
(which contain hyperon-ri
0 100 200 300
k* (MeV/c)

‘'oNn stars

ch matter)
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https://www.nature.com/articles/s41586-020-3001-6

Inelastic cross section of d and *He (1)
Input for dark matter searches in space

2 10° INndirect dark matter search:
102 _ _
S y+y—>bb—->d+ X
101} « _
@100 y+y—->WW —-d+ X
=
0 — -
< 10—2 10—1 100 101 )(‘l‘)( —> bb —> 3H€ + X

Dist to the Galactic Centre (k —
istance to the Galactic Centre (kpc) y+y— WW- = e + X

Small astrophysical
background

p+p—-He+X

O ‘He+p—-Y

Critical input:

p+‘He — “He + X | | |
iINelastic cross section

y+y—bb—-He+X

Py Voxfgef d + A inelastic cross section:
| PRL 125 (2020) 16, 162001
- 0.100 100 . 10 1
Distance to the Galactic Centre (kpc) Distance to the Sun (AU)
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https://inspirehep.net/files/7b39bb4e1e9127d72efb18ecec798867

Inelastic cross section of d and *He (3)
First-ever measurement of the interaction of antinelium with matter

fo) 24 L L e e '
m ® ALICEon<A > =174 Geant4 _
£ 20 =
D O ALICEon <A > =318 Geant4 _
- _
-
o 16 | l 5x ALICEon < A > = 34.7 Geant4 x5
. _
12 \\ @ ALICEon < A > = 17.4 95% confidence upper limit ]
L\ ALICE Preliminary -
gl N\ 1 Adjust inelastic cross section in
- GEANT 4 until reconstructed
. ii SHe/?He ratio is reproduced
N - - 4 Indications of deviations from
ol | Vi 206 [+ 1T T T 1.7 71 GEANT4atlowp
0 1 2 3 4 5 6 7 8 9 10
p (GeV/c)
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Run 5 and beyond:
ALICE 3
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ALICE 3
New ways to study the QGP

Deconfinement and hadronization

Multiple charm hadrons, quarkonia, X(3872);
extremely enhanced in the QGP

Vary charm quark density through large rapidity coverage

Precision QGP tomography with cc — DD correlations

Nature of quasi-particles in the QGP
Collisional vs. radiative energy loss

Observation of chiral symmetry restoration
Dileptons with mee > 1 GeV with high precision
Discover p-ai chiral mixing

pv.A(S)/ms

008

006 r

0041

0021

Hohler, Rapp, Phys. Lett, B731 20141103

4
T

Vacuum T T=170 MeV

-\ ector T - \ector

KLY e v P PPN S EPEPEEPE PP PP PP SR SRR |

- Axial—vector e Axial—vector :

al 3 i A A a A a2 o o A o o 2 2 L o2 3 2 2 1 4
05 1.0 15 20 25 30 35 0 05 1.0 15 20 25 30

s (GeV?%) = mass?
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https://arxiv.org/ct?url=https://dx.doi.org/10.1016/j.physletb.2014.02.021&v=a48d4e60

ALICE 3
Further physics goals

Pre-QGP stage: how does the medium thermalize? Flectrical conductivity of the QGP:
— dileptons yield and vz at high masses and pr large variations in existing literature

Electrical conductivity of the QGP
— dileptons yield ultra-low masses and pr

Onset of collective/QGP effects

| -1- Il-l.llk'.'llfl-lll.ll.llilrllrl1ll’l‘ll‘ﬁ""‘
s !

This work

from small to large systems T BAMPS
N Aarts et al., IQCD —=
| S . Brandt et al., IQCD ——=&——

1R 9 Ding et al., quench. cont. IQCD -
Ultra soft photons (pr < 10 MeV/c) o | SYM e el
Low’s theorem, soft photon puzzle | " PHSD v

0001 - - 1 '

0.5 1 1.5 2 2.5

And more ... g

M. Greif, C. Greiner, and G. S. Denicol,
Phys. Rev. D 96 059902

Highlights from the ALICE experiment | K. Reygers 46



ALICE 3
A new dedicated QGP physics detector for Run 5+ (> 2030)

Superconducting RICH TOF

Fast and ultra-thin detector
magnet system

with precise tracking and
particle 1D

-irst tracking layer very
close to primary vertex

Kinematic range down to
very low pr

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

Large acceptance
(loarrel + endcap An = 8)

Muon
absorber
Muon

chambers Letter of Intent by end of 2021
SUalFreshowe: Public ALICE 3 workshop Oct 19/20

talk Gian Michele Innocenti, expression of interest: 1902.01211

FCT
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https://indico.desy.de/event/28202/contributions/105611/
https://arxiv.org/abs/1902.01211
https://indico.cern.ch/event/1063724/timetable/

Summary

New insights from ¢ and b quarks on QGP hadronization and parton energy l0ss
Charm hadronization in pp very different from e+e-
Direct observation of the dead-cone effect in pp for charm quarks

Hadron physics
Hadron structure, strong hadron-hadron interaction, formation of hadrons and nuclel

ALICE 2
Run 3: Iinstallation and commissioning of major upgrades complete, veritied in pilot run

Run 4: upgrades on track

ALICE 3
Plans for a next-generation dedicated QGP experiment for Run 5+
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