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Disclaimer \V l ' T

e This talk is based on two excellent (and longer) overviews by:
® Catalin Ristea (link)
® Gian Michele Innocenti (link)
® ..+ additional material

® Great overview of the current status of the field can be found by looking at the

material from two major conferences:
O Quark Matter (QM 2022) in Krakéw (link)
O Strangeness in Quark Matter (SQM 2022) in Busan (link)

o | QUARK MATTER .‘6 SQV12622

o KRAKOW
"0 2@
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The 20th International Conference on Strangeness in Quark Matter
13-17 June 2022 Busan, Republic of Korea


https://indico.cern.ch/event/877521/contributions/4744853/attachments/2521145/4335095/LHCDays2022-Split-CatalinRistea.pdf
https://indico.cern.ch/event/856696/contributions/3722377/attachments/2045741/3457309/LHCP_Innocenti_updatedref.pdf
https://indico.cern.ch/event/895086/
https://indico.cern.ch/event/1037821/

Heavy ion collisions and QGP

® QCD predicts at high temperature/density the
quark-gluon plasma (QGP): a deconfined system of
quarks and gluons
® QGP might have existed in the expanding Universe
in the first ps after the Big Bang
O Achieved in the laboratory by colliding heavy ions
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Heavy ion collisions and QGP

o Pl k. Tt °J Quark-gluon plasma :
e QCD predicts at high temperature/density the ) Loy, ST FRR
quark-gluon plasma (QGP): a deconfined system of : i e I
qguarks and gluons i - -

® QGP might have existed in the expanding Universe g 25D @ ggkﬁkphase
in the first ps after the Big Bang ‘ %% o
O Achieved in the laboratory by colliding heavy ions . g superconductor?

Freeze-out . '_..;;;.;6‘
Hadronisation @ ... :

QGP formation < (ki .| Chiral EFT Neutron stars

Baryon density n/n,
ng=0.16 fm3

Initial state

Time: 0 fm/c <1fm/c ~10 fm/c ~10's fm/c
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RUN | RUN 2 RUN 3 RUN 4
2009-2013 LS1 2015-2018 LS2 2022-2025 LS3 2029-2032
pp, p-Pb pp, p-O, 0-0
PP:p:Pb PESED Xe-Xe, Pb-Pb p-Pb, Pb-Pb pP. p-Pb, Pb-Pb
A-A p-A pp
@
. . o0
"hot/dense QCD matter" "cold nuclear matter" "vacuum"
final state effects initial state effects reference

thermal and collective shadowing and gluon
particle production (flow) saturation /

Exciting physics also in
high multiplicity pp and p-A collisions
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Anisotropic flow: the transfer of initial spatial anisotropy into
the final anisotropy in momentum space via collective
interactions

3 2
EdN_l d N

= 1+ 2v, cosinl¢—W,
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Anisotropic flow: the transfer of initial spatial anisotropy into
the final anisotropy in momentum space via collective
interactions

&N 1 d°N =
= 1+ ) 2v cos|n(¢p—W
= gy 2 2vacosln(o- )

y [fm]

E

Sensitive to the system evolution

e Constrain initial conditions, equation-of-state,transport properties
e Stronger constraints are obtained from measurements of identified particles
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Nuclear modification factor - R, I

..-. R 1.4:
R r— rof - n R=
gL dNidpAd) 2:; ard”
Neon dNIdp(pp) 04
0.2
00—+

Tranverse Momentum (GeV/c)

Raa < 1 at high p; — nuclear effects suppress
the particle production
Raa ~ 1 at high p; (binary scaling) — no nuclear effects

Heavy quarks are produced early in the evolution, before
QGP is formed, therefore are an excellend probe
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T=0

* Dissociation: 0<T<Tc
+ J/Y melt inside the medium (colour screening)

Phys.Lett.B 178 (1
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X @9

T>Tc

Raa

\V L

r

Raa =1 = No medium modification

Dissociation
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-
e

AR NCO|| X @@ T Raa =1 — No medium modification

Raa

Dissociation + recombination?

* Dissociation:
* J/Y melt inside the medium (colour screening) Dissociation
* Recombination:
« J/Y created in the QGP by combination of c-cbar pairs

2
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J/¢ and ¢(2S) \V l ' T

T A A S S
CMS, Iy, | <1.6,0-100% -

Effects of recombination:

< T 1 T I T 1 T
< f
O {4f Po-PbVs,=502Tev

ALICE,25<y_ <4, 0-90% (EPJC78(2018)509)
1.2 e Jhy (JHEP 2002 (2020) 041) e Jy -
- ® y(2S) (preliminary) o y(29) . « overall enhancement of the Raa at low PT
B =i "—'i'i\'l'é"r'riéai'ﬁr'ﬁ"rii'd&iiiéét’i’b’ﬁ"}}{,'mf—._
Doy 2 * more J/Y at central rapidities than at
[CJw(2s) . gegs
1 forward rapidities:
.
] A
1 3 dN/dy of charm quarks
T 25 30
p_ (GeV/c)

Inclusive J/¥, ¥(2S)

e Stronger suppression at high-p; and
increasing trend of R,, towards low-py for
both charmonium states — hint of
regeneration

e (Good agreement between CMS and
ALICE in the common p; range
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$ [T CMS-PAS-HIN-21-008
T ap SR NS, I, <16, 0:100% RSN AT RS A (R SRS S AR e
- ALICE, 25 <y, <4, 0-90% (EPJC78(2018)509) ] S S  Bumewas Brezmass E 033_ Sk W Bupentees
1.2 e Jhy (JHEP 2002 (2020) 041) ® Jy . 0.1 w"(;; - 3 F Wdt B
® y(2S) (preliminary) o y(2S) L 0.085— & : pro;npt J/W _: 0‘2:_ ‘ :
I e, JNA 1 S LN : ;
Oy 3 0,04 c}#ﬁj | }—: W - E
Bvzs) Z 0.02;— #FF \ —; 0:_ ______________________ _
] i e o mars o e s 3 F ]
© E 002} E%:’ b—Jiy 3 prompt y(2S) =
] _0'045— L 1 1 L .—:—0.2—— FEPIN BRI U 1 .i_:
Y : 0 % (Gevid) w8 Y % (Gevio) 50
25 30
P, (GeV/e)
Inclusive J/¥, ¥(2S) Prompt J/¥Y
e Stronger suppression at high-p; and e Significant v, up to high-p;
increasing trend of R,, towards low-py for e b—J/W¥ has lower v2 and decreases faster
both charmonium states — hint of ¥(2S)v,=01>J/¥v,
regeneration e Hint of different regeneration contribution for
e (Good agreement between CMS and ground and excited states
ALICE in the common p; range Phys. Rev. C 95 (2017) 034908
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T/Te 1/r) [fm1)

Y(1S)
%(1P)

J/p(18) Y'(2S)

IRBE

% (2P) Y'(3S)
%(1P) w'(2s)

HEE € different radii/binding energies
— different suppression

QGP “Thermometer”
A. Mocsy, EPJ C61, 705 (2009)

« Dissociation: 027, 0747, 117, 2.3T,
» Bottomonia melt inside the medium € (GeV/im®)
(colour screening) Y3S)  v(2s) Yas)
3 »-
v X
13/34
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B i I
ottomonia less affected by recombination due to lower b-bar cross section G bPb 34.6 nb™! (5.02 TeV)
x10° PbPb 368 ub™ (5.02 TeV) g T T T
9_"'|'.'|""|""|""|""__ , Y - i Pi'<30GeVic CMS_
5 1 oo cms|{ Y Y F | wy<ise Preliminary
= L yM<za 3 _ & af ¥ ]
Hopts4cev o 9 n p' >4 GeV/c E
%* 7t ;de.: - 0@ < \_/ @ @ > f h]T“ 2 ]
o Bk Centrality 0-100%  $ PbPb Data O 2'5:_ L E
g 5__ — Total fit 5 2_ ' ¢ pPb Data _E
= - Background 027, 0747, 11T, 23T, S f 1 — Total Fit 1 PPb
@ 4F I - ; £ 1.5 .
S .F 1t /i nomodificationy V™ S | - Background > <
. RS - BS) Y(2s) - o 1 no modification ]
2: e o A,D E - o . E
" . 0.5 T T 2
1E L= P’ X .
EY(IS) (25) Y(3S)? o YUS || Y(2S), Y(3S)\ e
08| L1 |g| L1 |1|0\ 111 111 |1|2| L1 |1|3| L1 |1'4 8 9 I 0 I 11 13 14
b V/c )
1805.09215 My (G€
M (GeV)

* (Milder)Y suppression of loosely bound states
* Need for final state effects in pPb collisions
(e.g. hadronic rescattering)

+ Strong suppression w.r.t. to pp collisions
in PbPb collisions!
+ Loosely bound states more suppressed

HEP10 (201 4

14/34

How much of the PbPb suppression can be explained by “cold” final state processes?
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CMS-PAS-HIN-21-007

PLB 790 (2019) 270 PbPb 1.6 nb™ (5.02 TeV)
x10° PbPb 368 ub (5.02 TeV) 9000 "IICIMS_
9:_"''I"i"ulu"''I""I""|"" . E
8f :’;3:46 ” CMS “Z 8000 :;m: 3::;6% Preliminary -
C it p'>4Ge <2 -
%‘ 75_ :T"|<2iv % 7000 p:>3.5 GeVic + " —:(
O 6F Centrality 0-100% 4 PbPb Data 1 6000 ’ g ata =
S 5— | il To) e — Totalfit z
\7: 4? ---- Background B. 5000 Centrality 0-90% e _;
S 4 s S 4000 &.' pe—
w - S~ s} | .
2r 2} N =
I3 g 3000 aed W, :
: > 2000 P \\\;
0 L =
8 9 10 11 12 13 14 1000 : -
m,..- (GeV) 4 T 1 | :
% 9 10 11 1 22 13 1«

2015 data: 370 ub-1, x4.3 more data m,..- (GeV/c®)

No clear Y(3S) peak & BDT applied

2018 data: 1600 ub-1,

High statistic data is really important Significance above 50
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Y(nS) measurements l ' 1

CMS-PAS-HIN-21-007

PbPb 1.6 b, pp 300 pb™ (5.02 TeV)

_I TTT | TTTT | TTTT | TTTT I TTTT l TTTT | TTTT | TTTT | T T ]
27 p <30GeVe CMS | ]
lyl <2.4 Preliminary 1 Gent ]
R e A 090% |
i —— Y(1S) (2015 PbPb/pp) | 1
0.81 -+ .
< I = Y(2S) T ]
<C - 4 i
Fo] | EO
- n I —=Y(39) 1 ]
0.4 H'] # + ¥ .
i % ] ] 1 ]
0ok n I ]
5 T m w1 e

0 1111 | 1111 | 1111 | 1111 I 1111 I 1111 I | | 1111 | 1

0 50 100 150 200 250 300 350 400

{ Npa"t )

Y(1S) Raa >> Y(2S) Rus = Y(3S) Ra

Sequential melting of Y(ns) states
See also ATLAS: arXiv:2205.03042
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CMS-PAS-HIN-21-007 CMS, PLB 819 (2021) 136385 CMS-PAS-HIN-21-001
PbPb 1.6 b, pp 300 pb™ (5.02 TeV)

-1
TT T T[T T T T[T T T[T [T T[T T T[T T TT[TTTTT 02_ T Pbe17n‘b (5021-9\’! 1SCMSPreliminaly pPb 186 nb' (8.16 TeV)
a hd ] [ bt >3.5 GeVi - SRR AR
127 b <30GeVic CMS | ] P e e CMS } Y (15), pPb 8.16 TeV (70 < N°"™ < 300)
- P -~ T 1 0.15L Cent. 560 % ] + o 5.02 oV (Cant. 0905
i ly| < 2.4 Pre[_lm]nafy T et 1 C vais) Inclusive 1 0.1 Y (1S), PbPb 5.02 TeV (Cent. 10-90 %)
Ao o] [ elyi<24 W25<y <4 (ALICE) |
- e Y(1S) (2015 PbPb/pp) | 1 01 o2zs<y<siuen '-
< I —= Y(2S) 1 ] 0.051- .
-3 I ] S * ]
Gos) | R ;
I n I = Y(3S) 1 ] ob-- -0 $ .................. N
0.41- H'] # + ]
i % ® ] [ ] El 1 -0.05F | J 7]
i ] 0-3 3-6 6-15
0.2 —_ —
i - Tl o T = [ (GeV/c)
L m 4 w
0 L1l | L1111 | 111l | 1111 I 1111 I L1111 | | | || | 1
0 50 100 150 200 250 300 350 400

(N

0 ~ Y(1S) v, HMpPb ~ Y(1S) v, PoPb < J/@ v

Y(1S) Rys >>Y(2S) Ry = Y(BS) R 2 : 2 o2
(15) Ran (25) Ran = Y(3S) Raa Y's strong binding make itself less sensitive to

Sequential melting of Y(ns) states initial geometry

See also ATLAS: arXiv:2205.03042
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Open heavy-flavour measurements I
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In-medium energy loss as a consequence of radiative and collisional processes.

0 20 40 60 80 100
" CUJETLHC (PbPb) '
0.5+ T 105
B
\ o.4--B\ = to4
. . $
CD predicts modifications in the 50.3 10.3
presence of QGP due to: n:g
- different Casimir factors for quarks vs gluons o1 Lo
* dead cone effect: o 0 \ '
OB o - ALICE direct observation of D
m,
dead cone 0.1 / Raa (B) > Raa (D) 10.1
Nature 605, 440-446 (2022) d . . .
0 ZID 4l0 GIO 8l0 1(l)0
= Eioss (gluon) > Eioss (charm) > Ejoss (beauty) pr (GeV)
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ALICE, JHEP 01 (2022) 174

P 1.6

-
LY

ALICE

Pb-Pb, {5, = 5.02 TeV
Centrality 0-10%

Prompt D’, D', D** average

.
- =,
~

.......

4x1

o' 1 2 34567 10 20 30
pT(GeV/c)

ALI-PUB-501952

Precise D meson measurements down to low p;
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ALICE JHEP 01 (2022) 174

ALICE arX|v 21 12 08156

© ALICE
Pb-Pb, s = 5.02 TeV
Centrality 0-10%

° 1.4-ALICE

%

'.[sN 502 TeV |y\<05_

18E . e, Prompt D°, D', D** average . i .
il & - —— 0-10% Pb—Pb
N s —— 30-50% Pb-Pb 1
o8t N ——pp ]
0.6[ 08¢ %‘H’{E‘ B
0.4 0.4~ # 1
C B th ]
02 N gl 0.2:— ‘Ei:i .
T e S T S R—
4x107" 1 2 34567 10 20 30
p, (GeV/c) P, (GeVic)

e Precise D meson measurements down to low p;

e Additional constraints from A, measurements
o Theory suggests enhancement of A /D ratio in Pb-Pb over pp

o Enhancement due to hadronization by recombination + increase in the intermediate p; from collective

expansion
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ALICE, arXiv:2112.08156
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CMS, PRL 129 (2022) 022001

([UCEJHEP 01(2022)174 | ALICE, anXvZLI20B1S g CMSPLBS62021)136258  pppssmpisirrn

3 9— 1.4¢ = < B 2~ i F rompt D° +B°, ly| < 1 -
1 45— PREED 'S_NN= 5'()AZL!I—(;5 E ALICE \IS_NN - o0 TeV' |y‘ 0 E ’ 2: Calfl'ﬂsfj;}r%g[og?;sgoﬂangevin) EE I:I Syst. l:’e- vp[tZI)) e E
\ Centrality 0-10% 1.2r ‘H‘ - 015 — Hg g::;, EE_-llgzss(Langevm): ;ﬂ_ 2 ]
: o Prompt D’, D*, D** average b 1 o ’ vi{4}, Rad. E-loss I 4 Y ]
12: / . g ) s —— 0-10% Pb-Pb7 > C 7R = e ] o —ps ]
o : : ——30-50% Pb-Pb ] T L E : B
N A 0.8 P E - ] 1
. E ] 0.05f -] =TT
0.6 0-6¢ %‘H’_&} E Lo . - ] P i b
oaf-[ g 18 14 hmes S
02t 0-2¢ s 1= 0.8 -0 gt _ _

EL ; .,.....\-.. 5 = 1 L [T R = - $ $ ]
4x10”! ; 2 34567 1lo 20 30 0 5 10 15 20 0-6F . ; 3 , . J L3

p. (GeVic) p, (GeV/c) 2 6 g8 10 12 14 6 8 10 12 14
) p, (GeV) p, (GeV)
e Precise D meson measurements down to low p;
e Additional constraints from A, measurements
o Theory suggests enhancement of A /D ratio in Pb-Pb over pp
o Enhancement due to hadronization by recombination + increase in the intermediate p; from collective
expansion
e The elliptic flow of prompt D° has similar pattern to that of charged hadrons
— D mesons acquire additional flow via ¢ and light quark recombination

e Charm production suppressed in heavy-ion collisions and charm quark flows
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ALICE, arXiv:2202.00815

<< I R =] R
< o .
c i ALICE, Pb-Pb, s, =5.02 TeV |
- 0-10%, ly| < 0.5 1

150 « non-prompt D’ ]
F « prompt D’ @ !

- II ! -
1.0F----- E m‘ ------------- -
0.5E {IL} || _
:or:en maricel.'S'p, extrapolated pp reference I :

AT :—?UE—EDJE?G 10 JD'I"((ﬁe‘\;}l{'c;:)

e Energy loss predicted to depend on QGP density, but also on quark mass
o "Dead cone" effect reduces small-angle gluon radiation for high-mass quarks
e Less suppression for (non-prompt) D® mesons from B decays than prompt D® mesons
RAA(b) > RAA(C) = Eloss(b) < Eloss(c)
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ALICE, arXiv:2202.00815 CMS Preliminary CMS-PAS-HIN-21-003 PhiFh 5,02 Te¥ (0585
s [P R T 0-25‘ Centrality: 0-10% - Centrality: 10-30% - Centrality: 30-50%
iy [F ALICE, Pb-Pb, VS = 5.02 TeV | 0.151 —e— Prompt D° (PLB 816 (2021) 136253) |~ = §
B 0-10%, |y| < 0.5 p oif —e— D from b quark hadrons F 4 E "
8 « non-prompt D < ¥ i =
1.5 s orompt O e S

0.5

BES

. R o’ e ‘ e S
1.0 @ ] 0.085— ./ 3 HHH - E H o

|_'|'_| o 1 T Jl. :
-0.02 . m
- open markers: p_ extrapolated pp reference -0.04 L L L L L E L L . L L E L L L L
PP i il e s 05 o e e 2% 50 i % I W
p_ (GeV/c p_ (GeV/c p_ (GeVic
ay e ore godcna 10 DT(GEVIC) T T T
ALI-PUB-5016795

e Energy loss predicted to depend on QGP density, but also on quark mass
o "Dead cone" effect reduces small-angle gluon radiation for high-mass quarks
e Less suppression for (non-prompt) D® mesons from B decays than prompt D® mesons
RAA(b) > RAA(C) = Eloss(b) < Eloss(c)
e Non-zero v, observed — b-quarks partially thermalise in the medium or recombine with light quarks
e Significant non-zero v, for b — DO for all centrality bins — b hadron collectivity is sensitive to fluctuation of initial geometry
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Heavy-flavor elliptic flow \V l ' T

CMS-PAS-HIN-21-008

CMS preliminary PbPb 1.6 nb™ (5.02 TeV)
0.25 Charged hadrons Prompt J/y, Cent. 10-60% | e Comprehensive picture of elliptic flow in Pb-Pb
B [ | < 1, Cent. 10-30% O 16<ly|<2.4 . F
- a9 o yle2d | collisions
02 I + |y| <2.4, Cent. 10-30% Nonprompt J/y, Cent. 10-60%__|
- e : e Low p;: step increase following mass hierarchy
- Prompt D’ ] hydrodynamic regime
0.15F l". ® Iyl <1, Cent. 10-30% i y y J
B ™ Nonprompt D’, PAS-HIN-21-003 _| ;
& ol 5] n % yl<1. Cent 1030% ] light quarks > charm > beauty
. 055 ' %k : e Maximum v, reached at 3 < p; < 6 GeV/c:
— [ ] ]
- = =t | : light quarks = prompt D° > prompt J/¥ > b—hadrons
o] ke Eﬂf' _ — coalescence of heavy quarks with light quarks at play
C + ]
~0.05— ] e High p;: convergence toward non-zero v,
L 1 1 1 1 1 11 1 I 1 1 1 1 1 i
1

10
P, (GeV/c)
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1 I
ALICE Preliminary

T I I
Template fit method

=
©
V —
g VOM, 0-0.1% u u
\ B @
G i g d Eﬁ —
& A
=
0.05 = _
pp B o= [o)n [o]h*
- =K [#pE)
1 ! ! 1 1
'Y 1 2 3 4 5

Light flavors: p-Pb model comparison indicates partonic flow +

coalescence

— baryon - meson grouping in both pp and p-Pb
— quark-level flow + recombination in high-multiplicity p-Pb

(and pp)

P; (GeV/c)
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v, {2PC, 1.4 < |An] < 6.8}

0.2

0.15

0.1

without quark coalescence
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W|th quark coalescence

AL|Cé Prehmllnary Temlplate fit r'nethod 2 ALICE Prehmlnary Template fit method
p-Pb |5 = 5.02 TeV T v 02 p-Pb s, =502TeV
VOA, 0-20% ! . ! g VOA, 0-20% ng ﬂ -
. EEHE gﬂ 4 <ok v \E T
= \ v_-v "
N &) _
E // l \\H -1 & 0.1~ g % g ﬂ -
B | = ' ¥
g i‘ Cy / ALICE Hydro-frag \ g "%/ ALICE Hydro-coal-frag
= iiw/ o]nt Ot 005} wig / [oln [t
.-y’ m]K [K* A "V mK oK
.’ 4 [*p®) Or®) u [*]p(®) Op®)
& 1 1 1 - i 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5 6
(GeV/c) P, (GeV/c)
ALICE, arXiv: 2206.04587
I I I I 30;40% I ALICE
__03fF ] i * 1 Pb-Pb ys,, =5.02TeV
© Il <0.8
< o2k H " | e pp)
E ’ ! ) ﬂ:i o A(K)
= +§ v K i
Q‘- 0.1+ 5 A-A ' o _ 0 [ | EG)
A . s Ol Ks  ma Q@)
0 _I 1 .I 1 1 I_
0 2 4 6 8 10
(GeV/c)
. Graczykowski 26/34



g ALIGEI Preliminery I Templalte fit metrllod :‘g — AL|Cé Prehmllnary Temlplate fit r'nethod f ALICE Prehmlnary Template fit method
Dot U TRl |3 TR L
i s 1% u a o E g i Q >
A \% | = | \ | = -]
: i f T < AR .
;01 — y D > 0
g g g E@ § 0.1 E 74 l\\\ - é‘f o1 3 B -
< g < @/ | = e :
g S g :i‘ 37 ALICE Hydro-frag : g "%/ ALICE Hydro-coal-frag
0.05— — NN5p—- Emg T T 0.05p = & ® / [e]n* Flad
PP 8 OLNG i .-V %K* EK* o "V %K’ Sxt
- =K [#pE) - /-4 *p®) (B . u =p®) Oe®)
1 L I 1 0 L L L L . | 1 1 1 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
ee O 1 2 4 b, (G:V:‘c) (GeV/c) p, (GeV/c)
. . . . . =“%0‘3:'‘"I""II"A"\""I""I""""\""_
Light flavors: p-Pb model comparison indicates partonic flow + S ggsf. ALICE Preliminary E
C n Pb-Pb, |5, = 5.02 TeV, (30-50%) (JHEP 10 (2020) 141) I
coalescence : 25<y, <40 E
. . 02 ; ] p-Pb, r 5.02, 8.16 TeV, (0-20%)-(40-100%) (PLB 780 (2018) 7-20) ?
— baryon - meson grouping in both pp and p-Pb o1sE 18 <ian<s020 <y eas E
— quark-level flow + recombination in high-multiplicity p-Pb o 15<lan <50.25<y,,, <40 E}j E
F = e oo E
- [ ] I
(and pp) o ) 0.051— —— -
Heavy flavors: No significant p; dependence and v,”¥ in pp o L [ 77777 i
compatible with 0 (v,PP < v,pPb < 1,Pbo-Pb) ; jEa) -
—0.05? + ?
—0.13— —f
B S T S S S A
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without quark coalescence

\V L

W|th quark coalescence

g ALIGEI Prelimin:ary I Templalte fit metrllod :‘g AL|Cé Prehmllnary Temlplate fit r'nethod f ALICE Prehmlnary Template fit method
VY 515l pp Vs =13 TeV _ v 02 p Pp s, =5.02TeV H 71 v 02 pPb s, =5.02TeV E’ =
i | VoM. 0-0.1% . i El VOA, 0-20% H H g VOA, 0-20% H ﬂ N
; p 4 L 2 L R B ET
S ool i 5 : R = g
0.1 = O T N O o
g " g g@ %l 0.1 E // l \\H - & 0.1 - " ﬂ _
= ¢ 9 = @/ % | = L g
g 5 W H; ¥ /' ALICE Hydro-frag \ i /' ALICE Hydro-coal-frag
005~ =] — 005 ad@ / ®xt B 005 ®i& / [o]nt Ot
B oW [elnt  [olh* "V mK* oK ,-V mK oK
= K [#He@ &7 . Ee® 0 &/ @ B0 .
0 ; P y 5 % 1 2 3 4 5 0o i 2 3 4 5 6
P, (GeV/c) (GeV/c) p, (GeVic)
. . . . . =“%0‘3:""I"'‘II"A"\""I""I""""\""_
Light flavors: p-Pb model comparison indicates partonic flow + S ggsf. ALICE Preliminary E
C n Pb-Pb, |5, = 5.02 TeV, (30-50%) (JHEP 10 (2020) 141) I
coalescence b 25 E
. . “r o p-Pb, r 5.02, 8.16 TeV, (0-20%)-(40-100%) (PLB 780 (2018) 7-20) o
— baryon - meson grouping in both pp and p-Pb o1sE- 15<lan<50,203<y <3583 E
. . . . o O e pp sy =13TeV, (0-5%)-(40-100%) E
— quark-level flow + recombination in high-multiplicity p-Pb o 15<1anl <50.25 < ,, <40 E
(and pp) E o = nn:qj o= ]
pp . . . 0.05— =] -
Heavy flavors: No significant p; dependence and v,”* in pp o L C] 77777 o
compatible with 0 (v,PP < v,pPb < 1,Pbo-Pb) ; jEa) -
—0.05? + ?
More small systems measurements: 01 =
ATLAS, PRC 104 (2021) 014903; CMS, arXiv:2204.13486 T S P U T I ST
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Massless R @ Tg ﬁI (?hiral Magnetic Effect (CME) —.imb'alance of the

quarks / /.\ - l ml Quarks right- apd Ieft-hand'ed qgarks — it arises from
randomly L/ :\ | B :::)aneg topological fluctuations in QCD, which are related
oriented N \ \,: "I r laﬂla g to the local violation of P and CP

> I ! us' B g
8 X 6\: ! EI f HL_L The magnetic fields in HI are on the order of
Liiefinanded H:rgnthanded ' A 10'7-10'® Gauss and are the strongest magnetic
“““““““““““ |“le“ fields observed in nature

i @ u..ra’ 6TU‘- y ¢ B' y
More : 51 L More ) \
right- g :. left- WA

1 z " .

B, 4% -

handed " " H ﬁlmlg np < ny handed
P,
ls

quarks J 3] quarks e
JIIB Y JII-B
. Je®x©@ousB 5 A
| . P e
Imbalance of left-handed & right-handed quarks + B-field = electric current .. ® ]
_ A charge current is induced along the magnetic
Further reading: field 2
Kharzeev, McLerran, Warringa, Nucl.Phys.A 803 (2008) 227-253 . &
Kharzeev et al, Phys.Lett.B 545 (2002) 298-306, J = —2[1,5B
Mace et al, Phys. Rev. D 93, 074036 (2016), 271'

Muller et. al., Phys. Rev. Lett. 117, 142301 (2016) ,

Lappi et al, Phys. Rev. D 97, 034034 (2018), This leads to charge separation wrt reaction plane
Skokov et al, Int.J.Mod.Phys.A 24 (2009) 5925-5932,

McLerran et al Nucl.Phys.A 929 (2014) 184-190
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[
B-field dlrectlor:‘ /

(unknown)

Ruthenium-96 (Z=44, N=52)
Ground state properties

Jr=0*
Abundance 5.54%

¥ =
Reaction-p arged tracks
(measured (measured)

<23
967y

Zirconium-96 (Z=40, N=56)

y*P=(cos(g o+ ¢ﬂ— 2wz)> Ay = yOS— yss

Ground state properties

CME effect should
Measurement  Signal Background 1 Background 2 differ between those

systems

ApRutRu_ A GME k%‘-'- AyOrTow Blare ~15%

— .
+ 'J— M- — different Background Signal RuRu
Zr+Zr_ -A“);:-M -'-‘k_ AP flow
Ay=’ [ '
y= T =ap e 1‘|" Nrt——________ . Background |'Signal 2rZr
————— Within 4%

S. A. Voloshin, Phys. Rev. C70 (2004) 057901; S. A. Voloshin, Phys. Rev. Lett. 105 (2010) 172301; W.-T. Deng, et al Phys. Rev. C94
(2016) 041901; Khachatryan Vet al.(CMS) Phys. Rev. Lett.118 (2017) 122301; Adam J et al.(STAR) Phys. Lett. B 798 (2019) 134975
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M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901 '

1. ¥ measurement with full TPC (|n| < 1)

= T T T T T T
21 of S 05 STAR /sobar blind analysis 1
< 4 Vspn = 200 GeV
x - [ -
So3mm M OE M OE ooy
& o2 =
S 01| Ful-TPC(ngpcl<t) M Ayyqp/vp, Ru+Ru |
o L 02<pr<2Ceve S Avyqplvg, Zrelr |
E 0.5 | T T T T T T T j
(o
Z 04 " B S e o ]
X S J
L a® L |
Y1z = (COS (‘151(“1) + P2(n2) — 2¢én|<1)> __>i° 03 @
@ 0.2} _
Y123 = (cos (¢1(n1) +29¢,(m2) — 31,b;"|<1)) S 0.1 # ® Ayyp3/vy, Ru+RuU |
<] ) < A'Y1 23]’\/3, Zr+Zr
§ = {cos(Py — P3)) 0k : ‘ : : : 1 : -
Pre-defined CME criteria: 1.05 ¢ Ru+Ru / Zr+Zr (20-50%)
Ru+Ru U [peecec=esccccccccsg [coccsccsegpeccsccsceaes -
(Av112/v2) > 1 _% » Ay ﬁ
(Ayq12/vp)Erter - C 095 @ mémsf\’s " 1
A A
(A}’112/U2)Ru+Ru (A}’123/U3)Ru+Ru 0.9 | (48)=0.9849 - 0.0004 +0.0005 |
(Ayyq,/v,)P+7r (Ayqg3/v3)2rt7r [ (Ayy4p/vp)=0.966 + 0.005 + 0 Ayypq/vg)=0.97 +0.02+ 0
(Ay1/v,)RUFRY  (Ag)RU+RU 80 70 60 50 40 30 20 10 0

Centrality (%)

o | cuRcMaTTER

YuHU @ %2077

>
(A]’112/U2)Zr+zr (A§)Zr+2r

Data not compatible with pre-defined CME criteria




1.02 | STAR Isobar, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50% 4
[M. Abdallah et al. (STARY), Phys. Rev. C 105 (2022) 014901]

_g STAR preliminary: DATA @ HIJING background estimate
4 0.98 | Full-event Sub-event = A&7 |
o - s
= L R -
0.96 o 1
0.94 \Igg 0\;{» o\;;‘b o\;‘-’b O;‘;ﬂ’ ();‘f‘ Q;{" 5 I.\f’ q/l 8 \L__qll - \Fbl\_"v l,\ q'u > :s\ .Qﬁ \\(\el.
Q:\Q S Q«Q e ,\Q & ,§Q & «Q & 4§2 & ((? o ,SQ C‘-‘Q\} {_\’\@0@ O-\o@ \.:.\‘-\\\ 6Q‘& e}c’i\&\(\ @0\\) 6‘\\\\ Y
&8 PR I I < N3

5 &
BT @ g W P W9
N N N U o
b
\%

TN
AN

CME criteria not met by the measurements

No significant difference is observed for all the CME observables between two isobar systems
Ay /vZ2ratios are below unity - mainly driven by the multiplicity difference between the two isobars

Further non-flow background studies shown at QM2022
The isobar data are consistent with the current estimate of non-flow background within error
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Instead of a summary - the future I

RUN 5 RUN 6
LS4 2035-2038 LSS  2040-2041
Superconducting RICH TOF

Next generation HI detector at the LHC

magnet system

Compact all-silicon tracker

— clean separation of signal and background
Vertex detector with excellent pointing resolutio
— clean reconstruction of decay chains

Particle identification

— background suppression

Large acceptance

— statistics and correlations

Superconducting magnet system

— effective provision of required magnetic field
Continuous read-out and online processing
— large data sample to access rare signals

Muon
absorber

Muon
chambers

FCT ECal/Preshowet
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Standard Model and Beyond
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Back-tg:pgck jets

‘Momentum
conservation
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Usually performed for charged hadrons

Used to extract flow coefficients or “ridge”

studies

CERN-PH-EP-2015-308 5
Phys, Let. BT46 (2015)1

= f T T T
4 101k Centrality 0-1%, || <0.8
(8] 3 o jAn>1
1.008 —— Vaagsl2. Al > 1)
1.006/
1.004 -
1.0025
| KA S
0.998
0.996
2 20<p <30
0.084¢ vo<p::"_'“<2o
0.992}

I
Ao (rad.)

JHEP 1107 (2011) 076




ALCE, Eur.Phys.]. C77 (2017) 8, 569

(e) T'n* + T

(f) K'K* + KK

F f
1.2 ALICE Preliminary
E High-Mult. (0-0.072% INEL)
pp \s=13TeV

ratio to pp

1 2
Ag (rad)

This one looks different!

e

(9) pp + PP

Possible reasons:

o e\ . .

- resonances
.
- FSH{strong, Coulomb}

Baves o B e

+momentum cons.

Zhang et al., Phys. Rev. C 99, 054904 (2019)
AMPT model new developments

115 F4 Pb-Pb, {55;=276TeV, mult = (0,200) 1 15i
LIE AwAu, 5, =200 GeV, mult = (0, 200) -IE
& AuAu, 5,,=77GeV, mutt = (0,200) F
1.1 pPb, |5 =502Tev, minimum bias 1.1F

=]

n

—_ PP, \Su =13 TeV, minimum bias r ,L
8]05’ P, <25 Gevic =, 05F | ﬁﬁ ‘
&) F =

l%ﬁﬁ_ _ﬁ;@ f o s = An
gﬁ st

C(a9)
4

4

4

0.95F (@) p-p + 5P 0.95c. b) A-A * A-A
0.9 2 4 09— 2 4
Ad Ad



LHCD, Phys Rev.Lett. 128 (2022), 142004

™ L TTTTTTTT

“ 1.8} LHCb Prompt charged %Data
% 18] femS Tev particles =—iCGC
i 2} pQCD+MS

0.2 2.0<n<2.5 2.5<n<3.0 3.0<n<3.5 4 3.5<n<4.0 4.0<n<4.3
s s e e e e e :::::::{::::::::: i e e e e
- 1.8 ; ‘ \ Y
£ rep | \
1.4 \ \B L _ﬂ.\H*-E— 5 1B
1.2 *(B Ll P N
1 %/ /////ﬁ%é’// .M// 7 'of%//%ﬁ% \\\ .%//////%//; ‘%////////
0.8 ,/ h o : : ’
0.6f 7 ¢’ d ¥ ¥
8:‘21 =3.0<n<-2.5 -3.5<n<-3.0 —4.0<n<-3.5 —4.5<n<+4.0 —4.8<n<4.5

2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8
P, [GeV/c] P, [GeV/c] P, [GeV/c] P, [GeV/c] P, [GeV/c]

Clear pseudorapidity dependence
— Differences with CGC calculations at the lowest p;
— Multiple scattering calculations fail to describe the backward region
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Complementary
measurements in
backward and forward n
regions

Forward region

a suppression is
observed, especially for
low py

Backward region
significant enhancement
for high p+
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Collision system - centrality I

Spectators
A
3.‘ (]
,‘,\ ....................... l. .": .............................................. i o vinrosonenenmsssaatns
, ‘.0.0;‘ ',0' ) .I*.
T LA
1 b U
|‘.' 1
1\.\.;‘,’ Participants R
Before collision After collision

Impact parameter b
Perpendicular to beam direction
Connects centers of colliding nuclei
Not measured directly — estimated by centrality
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Spectators
A
4"H.|
st l‘ 1 .‘: B A
'..H“ R
T LI
[} J \ . /I
;:": S
‘\ ‘. "
) I Participants
) e
Before collision After collision

Impact parameter b
Perpendicular to beam direction
Connects centers of colliding nuclei
Not measured directly — estimated by centrality
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= ALICE Pb-Pb |5y = 5.02TeV '~
5 103 . Data —
? ——— NBD-Glauber fit =
g -
s P xITN = (1N] n
§2] f=0801,p =464, k=15 ]
c
.................... )
LI>J 107 |5 10—5 - =
0 500 1000 -
107 |5 -
sl 58| B S g g | 2 §
il B ] b b | 5| |
wn <t } (I‘ﬂ . o — | ~ | rn . o~ ) O. —
o E ) E
5 15E :
o E
1: ) =
0.50

=
r

5000 10000 15000 20000 _ 25000 30000 35000,
VOM amplitude (arb. units)

Centrality
Determined from particle multiplicities
e Most central: 0-5% centrality @

e Peripheral: 70-80% centrality @
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Event shape engineering

Select events with similar centralities and different shapes based on the event-by-event flow/eccentricity fluctuations

g, selection Vi,

W [w| e

o=
-3.7<n<-1.7 -0.8<n<0.8 2.8<n<5.1 N
Large g,: 10% high Small g,: 10% low
= L o biased
T b focremny
£ 03 Pb-Pb5,=502Te - g,
2 [ 5-10% <08 ;39;2?.;‘73
o C * 40-50% g
=02 # 50-60% g,
C @ 60-70% q-
L @ 70-80% q
C 80-90% g
0.1~ 4 i o 90-100%1;
: “a FE0E
Urs
§ L
s
=
= [ R o © 6 +
o | WOy O
T o[ EEERSesl ?
5 ma +
a - "y * g
&" - L
= sk . . + L
~0 5 10 15 20
e, (GeVic)
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Event shape engineering

\A0N]

Select events with similar centralities and different shapes based on the event-by-event flow/eccentricity fluctuations

g, selection A
Voc TPC
-3.7<n<-1.7 -0.8<n<0.8

0

Large g,: 10% high

Qn
VOA
2.8<n<5.1

Small g,: 10% low

nb—

v, (ESE-selected) / v, (unbiased)

v, (ESE-selected) / v, (unbiased)

I

ALICE
Pb-Pb, |s,,, = 5.02 TeV

| Prompt D°, D", D* average, |y|<0.8 |

ALICE, PLB 813 (2021) 136054

Centrality O,i'1 0% =

1
L

— — - POWLANG HTL
......... POWLANG IQCD

loss ]

- Catania
w LIDO

20% smal\—qQ/ﬁ2 3

L 20% larg e-qz/ €, .
Il

2

| | 1 I I L]
4 6 8 10 12 14 16
p, (GeVic)

| I I I 1 I L
2 4 6 8 10 12 14 16
o, (GeVic)

D mesons are sensitive to the light-hadron bulk
collectivity and event-by-event fluctuations in the

& F Auce :’ﬂminary - oo,
E 03 Pb-Pb\s,=502TeV 10-20% g,
2L 0% m<os ;3?;2?.;’:3:
& C + 40-50% q,
=02+ % 50-60% g,
C @ 60-70% g,
L @ 70-80% q,
C = 80-90% g
0.1f ‘ iy 0 90-100% g,
7 :
& 06§ §
T L
§ 15
£ I
2, %mo ¢% + i
o | WOy O
5 (=l
4 I R 1 "
Dl
o 3 L |
S I . |
1 1 1 1 Il
055 5 10 15 20
e, (GeVic)
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Event shape engineering \V l ' T

Select events with similar centralities and different shapes based on the event-by-event flow/eccentricity fluctuations
g, selection A Qn

voc TPC VOA

o=
3.7<n<-1.7 -0.8<n<0.8 2.8<n<5.1 N
ALICE, PLB 813 (2021) 136054
6‘ T T TIT T T ML T T 4
0 ® P N 1 ALICE, JHEP 02 (2019) 012
Large g,: 10% high Small g,: 10% low g F Prompt D°, D', D" average, |y|<0.8 -+ :: 1 r?: F ALICE Pb-Pb ys, = 5.02 TeV 5-40% ]
~ [ T H 1 @
- > | 1 N { -8 T 2.5<y<4.0 ]
ar [ ALICE Preliminary :ﬁ?ﬁ;eg = Y l _ 'g 2+ - .
T 030 Pb-Pb5,=502Tev K" wmio20%g, g _ B i Tl T |
i [ 510% <08 ;3&3&’“3 L ' ;‘ L 4 l b 1 L )
I ey : ‘ | g el o | Aedy
= 0.2_— mswt; ) £ o y— O e 0 A
i 3?&332132 < I | 5 | ) 1 T 20% high
0.1F . :gg_?gg%qq - 1 1 § - O Jhy lowq¥* 1
: Vg e 20 e Uyhigha™ 7]
C a E ? a § 3 POWLANG HTL 0T . o b = —_— |ow-q"5": Fitslo
0 e POWLANG IQCD 1 Centrality 30-50% 1 - —— U1y higho?®: Fit 210 ]
§ L g 2; - DAB-ng E\Dss T 4$7; —1 (= TS 'l:wv"q;’:':;A - Sma||-q2'
1%} — o - - =+ S e — 4 o - i 1
£ oL > S e e ] r e 1 20% low
it ? | - I e -
£ L mmﬁhﬂ , ¢ p, (GeV/c)
A A TR ] . . .
5[ 2 * 1o 8 Ratio (ESE/unbiased) of J/¥ v, consistent
g I S E ahsmatae, T whargoaye, ; with those of single muons within
055 5 10 5 20 T e 0 T 4 62 466 0 12 14 16 uncertainties
P, GV Py (GeVic) P (Geliic) — JI¥ v, compatible with the
D mesons are sensitive to the light-hadron bulk expected variations of the initial
geometry

collectivity and event-by-event fluctuations in the
21 Oct. 2022, 5th SFOF PTF  initial stage L. Graczykowski 43/34



Resolved photon on
Rapidity
Gap
Xn
ATLAS = Hr =) ph
i
4 ; A=
o g SNN
+v i
_ Mjetse Yjets
pr' =73 GeV ZY - SNN
Run: 286717 H ION-201 5'001

Event: 36935568
2015-11-26 09:36:37 CEST
Pb+Pb V5 =5.02 TeV

At intermediate photon energies, we can access higher-x partons
Going higher in photon energy opens up the low-x shadowing region
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Resolved photon on

pr' =73 GeV

Run: 286717

Event: 36935568
2015-11-26 09:36:37 CEST
Pb+Pb V5 =5.02 TeV

HION-2015-001

4& E i
Gap
Xn

HTEZP%'
i

Xy =
SNN
+ s
_ Mjetse Yjets
Zy E———
SNN

Mjetse—yjets

ATLAS-CONF-2022-021

;10*3,‘ R REE 3
Q 1015f ®  35<H,<43GeV ATLAS  Preliminary 3
__(5_ F- ®  43<H;<53GeV(x107) Pb+Pb 502Tev,172nb" 3
Ke] 4o 4 S3<H;<BEGeV(x10%) 0.008 < z, < 0.015 =
=" 10 F- ¢ 66<H,<81GeV(x107) UPC 7 + A — jels 3
~anolE * 81 < Hy < 100 GeV (x10°) anti-k, R=0.4 Jets -
NT0%E o 100<H <123 Gev (10™) 35 < M, <185 GeV =
o S:_ O 123 < Hy < 152 GeV (x10™%) —
b= 10°E 3
o N —— 3
6"0 '_103__ .- - e- -
I F Rl S e 3
o 1:3 - - .- 3
= B SR - - =
- -t -y —=
10°F ey T - 3
= - - —
== e ol —
108 e abr -+ - —
= - =
—9F - =
10°°F ~o--eoen- .
10‘12:: == Pythia 8 yN — jets, ===t ::
_15 - == nCTEQ PDFs with Pb photon flux —
107 Ll Ll -
2 —1
10 10 X
A
© 1.55_35<HT<4:]GeV _E:_43<HT<5:]GeV E
= E - ES i
a . e = - E
0.5 = E
—~ E3 E
%‘ 15f < Hr6Gav 3 66< Hy <81 Gev
Q 4 ] :
ﬁ 1 T T
0.5F 3
1072 107" 1072 107
Xa Xa

At intermediate photon energies, we can access higher-x partons
Going higher in photon energy opens up the low-x shadowing region
Results are consistent with theoretical calculations
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ATLAS-CONF-2022-021 CMS arXiv:2205.00045
— 1018 FbeOGB nb (502TeV
S Frr T T = a ———— r
0] 15F ® 35<H;<43GeV ATLAS  Preliminary 3 2 CMS P, > 30 GeV
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© 15 - = ---- 3
E B SEEEE - —
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§ . 10712 -- Pythia 8 yN - jets, - - - PbPb 038 nb" (5.02Te\.')
= é Mjeese Yjets ;5 =7 nCTEQ PDFs with Pb photon flux 3 A L ¥
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Run: 286717 _ _ 0.5¢ E E L
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Pb+Pb Vs = 5.02 TeV o N g r
- 1 Y x - - ¥ + A0
o5t ES -
2 1 2 - 1N
10 10 x 0 0 e 1
. " . . 0
At intermediate photon energies, we can access higher-x partons 2746 8101214161820 22 24

Going higher in phot the | hadowi i G lGeV
oing higher in photon energy opens up the low-x shadowing region Dijet azimuthal angular correlations

Results are consistent with theoretical calculations — gluon polarisation in nuclear targets
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ALICE, Phys Lett. B 834 (2022) 137393

T T T T T T T T T T

B£<p <30Gev/c @

T
Pb Pb 5 02 TeV

-

SmalR & i
R - [p1]

Size & Shape: v,-[pr]

.
-
"o,

—0.2[~.... Trajectum (ISE) — v-USPhydro (ISE) NN
- [ Trajectum v-USPhydro
) cov(v2, [pr]) [ - JETSCAPE (ISE) i IP-Glasma+MUSIC+UrQMD Sk
p(v:, [pr]) = 047 JETSCAPE  IP-Glasma+MUSIC+UrQMD (FSE only)
\/ var(vi)y/var([pr]) 0 10 20 30 40 50 60
_ Centrality (%)

Study of the correlation between the shape of the fireball (v,) and its size ([p])
Access to the initial conditions through bulk observables
No quantitative description of the data

Slightly better agreement with models using IP-Glasma initial conditions
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V,-p correlation (o)
in initial state between
size and eccentricities

PRL 128 (2022) 8, 082301

Sensitive to nuclear
geometry

Triaxial

Oblate
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ratio (Xe+Xe/Pb+Pb)

«0.5

Y

ATLAS-CONF-2021-001

ATLAS 3 E,-based =0.5<p <2GeV
- Three-subevent method @ 05<p <5GeV 1
- Pb+Pb 5.02 TeV nl <25 /{ .
- Xe+Xe 5.44 TeV

- Trento " \\1
| -~ Xe+Xe(p=0.2, y=0°)/Pb+Pb(p=0.06, y=27% " ' |
| —Xe+Xe(p=0.2, y=20°)/Pb+Pb(p=0.06, y=27") .
— Xe+Xe(p=0.2, y=30°)/Pb+Pb(p=0.06, y=27°)
[ ... Xe+Xe(p=0.2, y=40")/Pb+Pb(p=0.06, y=27)

— — Xe+Xe(p=0.2, y=60°)/Pb+Pb(p=0.06, y=27°) -
_ | | 1 | | | 1 | | | 1 | | I | | | |

15 10 5 0

Scan y for Xe at fixed Pb Centrality [%)]

\\AUN]

Ratio of p, in Xe-Xe
and Pb-Pb to take out
the final state
dependencies

Trento (initial state
only) shows large
sensitivity to y of

deformed nucleus in
central collisions
events

(where it matters)
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\ Particle Jet Energy depositions
P in calorimeters

proton—proton

Lumi gection: 14.
OrbitiCrossing: 3614980 / 281

e Jet: high-p; parton (quark, gluon) produced at
early stage of the collision

e Jet: a collimated spray of particles produced
by a high-p; parton
e Informs about the medium properties due to
parton energy loss (jet quenching) “baseline™ jet properties

AEgluon > AElight quarks > AEheavy quarks
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heavy-ion

\V L

Modification of jets as a probe of quark-gluon plasma
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Inclusive jet suppression in medium I

ATLAS, PLB 790 (2019) 108

R 1 ATLAS  antik, R = 0.4 jets, {5, = 5.02 TeV I'H
J 3[0]&,

05 ............................ .‘ - ceedd
[yl <28 - ?20' 123/:
2015 data: Pb+Pb 0.49 nb", pp 25 pb’ (120 - 30%
-Al‘(Tz M? a‘nld Iuminosity‘uncer.. ‘ Egg ;g:;:

40 60 100 200 300 500 900

p, [GeV]

Raa increases with jet p
reaching a value of about 0.6
at pr =1 TeV in central Pb-Pb
collisions for R=0.4

Rt Energy loss recovered within jet "cone"?
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0.5

ATLAS  antik, R = 0.4 jets, {5, = 5.02 TeV |".
2 Bt et SO o ... il |
R=0.4 :*1 4,,‘. i + 3
I S = y
o e =
m s | P}'ﬁ -
A
[
m:rle’ iIT.‘rLV. 0 2 4,+_1
yi<28 = 0~ 10%
2015 data: Pb+Pb 0.49 nb”, pp 25 pb!  [£120 - 30%
o #7140 - 50%
Hlll‘(T‘ M‘) e‘znld Iummosny‘uncer.A 260 '.7Q°/;
40 60 100 200 300 500 900
p, [GeV]

Raa increases with jet p
reaching a value of about 0.6
at pr =1 TeV in central Pb-Pb
collisions for R=0.4

\V L

---ll lllf;""":'l ;;""'"ll """""" 1 JetR,, in Pb-Pb
- == — 4+ — -+ —.-:‘:=,= I S - .
L e Pwes i e collisions §hows only
g : 1 amodestincrease,
g g 1 Rja Never reaches
Stz 1 ~ ] unity
-__.l__,_'?f_‘_’;'i_-__.l____'?f_?-_‘?__-__.l___f?_ii;‘l_f
e o o 1 g 1 == ]
] =t == i = ICMS, JHEP 05 (2021) 284
_ ©0-10% Tan “ ©30-50% [T, H ELumi _
Ee10-30% T -5090% W T B
200 1 OIOO 200 ., 1 OIOO 200 1 OIOO

P (GeV)

R1 Energy loss recovered within jet "cone"?
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ATLAS, PLB 790 (2019) 108

1 g -+ttt

.IoIo"f*'”":t“‘#;# :
15 = 2] ( * ]

ATLAS  antik, R = 0.4 jets, {5, = 5.02 TeV IH

o] a0 "
el o

a1
05 ............................. :‘.‘;‘.17: ..............................
vl <2.8 =10 - 10%
2015 data: Pb+Pb 0.49 nb”, pp 25 pb! 120 - 30%

[ 11 [ ¢ T i a‘mld Iuminosi!y‘ uncer.A ng gg:;:
40 60 100 200 300

500 900
p, [GeV]

R, INcreases with jet p
reaching a value of about 0.6
at p; =1 TeV in central Pb-Pb
collisions for R=0.4

R1 Energy loss not recovered within jet "cone"
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0.6F
0.4f
0.2}

0.8}
0.6F
0.4¢
0.2F

\\AUN]

CMS VSi = 5.02 TeV, PbPb 404 pb™, pp 27.4 pb™
0.2 R=0.3 R=04 ]
---ll IL»:"":'l """ o e 1 JetR,, in Pb-Pb
D ._"_ T ++¢:1_ T ** .+ 1 -collisions shows onl
oo ] - i ——y ; y
: 1 amodest increase,
g g 1 Rja Never reaches
" antik, I | <2 - T 1 unity
-__.l__,_'?4__9;'?_-__.'_,__'?f_?;‘?__-__.l___B_i?;‘l_f
e o o 1 —O—— E = 1
~a == 5 = +~= ICMS, JHEP 05 (2021) 284
r ':‘ T CMS 0-10% PbPb 404 pb™, pp 27.4 pb’'
g 1 I 300 < p <400 GeV | 400 < p <500 GeV
©0-10% WTan ©30-50% [T, ELumi
+10-30% I «50-90% [ T
200 1 OIOO 200 ., 1 OIOO 200 1 OIO
P (GeV) S o8
%rg : .ﬁfa.oz‘rev ‘ s ‘ . J
Significant constraints on models of % 3 D R
jet quenching, medium response, ' e
wide angle radiation _ P pos ke

t. Graczykowski

1 LLBTwl showers only

LBT w/ med. response
102 04 06 08 1
JetR

02 04 06 08
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Exploring angular dependence via groomed jet substr

Vacuum:

Parton shower is a multi-scale
process with a given momentum
and angular/virtuality scale

Medium:

Angular/virtuality scale can be
related to a "resolution scale" at
which the jet probes the medium

T sublending

v A+ Agp?

R

£
===
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WU

0 0.05 0.1 0.15 g 0 0.1 03 A

-8'% 4 F e op ALICE Sy = 5-02 TeV -8'% 6 oop ALICE {Sun = 5- 02 Tev |

Vacuum: ¢ 35F npPb_poo_iow Chargedpariclejets 4 | ¢ F m Pb_Pb30_50% Chargedparticle jets ]

. — % 3F Sys. uncertainty A =02, | lejet‘ < 0.7 ERS '%. 5 C Sys. uncertainty B =04, | Hjetl <05 i

Parton shower is a multi-scale ® o5f om 60<p ,  <80GeV/ic ] o b 60<p <B0GeVic |

process with a given momentum of ,f Soft Drop 2,,=0:2, 4=0 1 e Soft Drop 2,,=02, =0 4
: ; 3 + ’ Fogea = 088, fin =089 3 E @ Frags = 089, fop = 0.90

and angular/virtuality scale 155 ; b . j

1E 3 :

- 05 ¢ g 1o ]
Medium: e  =-0.4 e :
Angular/virtuality scale can be §|Q T s mEm e | §|Q i mJETSCAPE .

" . " o= oF Pablos, L =10 Yuan, gL =5 GeV* 4 ol® 15F- Pablos. £, =0 —
related to a "resolution scale" at o [ obosinzT Yenmeda 1 & + . = 127 -
which the jet probes the medium 15§ E

SISt o TS i
] , ‘ 0.5 ‘ TR i ]
. 711&1:‘1“ 0 02 04 06 08 T
‘ g
,
ez D L1 e
2 Suppression of large angles and

enhancement of small angles.

Medium has resolving power for
See also ATLAS-CONF-2022-026  gplittings (promotes narrow splittings,

filters out wider subjets)
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https://cds.cern.ch/record/2806467

Color charge dependence of jet energy loss \V l ' T

priet Photon-tagged jets — sample dominated by quark-initiated jets
(quark gluon Compton scattering) ATLAS-CONF-2022-019
q 9 2018 Pb+Pb 1.7 nb™!, 2017 pp 260 pb’’
T I T T T | T T T I T T T | T T T I T T T I T T I
[ ATLAS Preliminary VS =502 TeV |
ip—— -t
'+ q 0.8 :ItE:E:EI'I\Ile . -
K ¢
C == [
< o6 o|m « ] ® | " g -
The photon-tagged jet Ry, o B =
higher than the inclusive jet Ry, ol :D:FDZ‘I’:':D::O:—
b [PLB 790 (2019) 108] 7
B Inc. jet v-jet ]
: L 6 0-10% “m 0-10% _|
Clear observation of color factor 02T zm;zoze\? e a7 = 10300 -
dependence of Parton-QGP " <2.8, Aofy.jet) > 12 % 30-80%
1 1 PR IR S S T TN SN AN NN TN TN AN SO SO SO NN TR ST SR N SO N
Lol 60 80 100 120 140 160

y-tagged jet P, [GeV]
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https://cds.cern.ch/record/2805980

e Jets recoiling against a high-p; hadron
— down to jet p; ~ 10 GeV/c

A ocoii VS AD broader in Pb-Pb than in pp

Angular deflection of soft large-R jets:
e Scattering on QGP constituents?
e Medium response to energy loss?

[«
(=}
0
%
0
o
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R R R e T T | e T [ UL E T =]
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E Sy =5.02TeV 10<p’ <20GeV/c -
— Ch-particle jets, anti-k ' ]
E R=04, In,| <05 =
E_ TT(20,50) - TT(5,7) “5
= —e— Pb-Pb0-10% E
- ——pp 3
=[] Sys. uncertainty _.__.;
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\A

ADy, o > TT/8 No jet quenching observed in p-Pb despite of collectivity of high-p; particles
&(}e?’ l,.pp=P-Pb/pp of per-jet yields
o <
K % APonjor < /8 arxiv:2206.01138 [nucl-ex] Eur. Phys. J. C80 (2020) 73
.\ o) - T T L | T T UL I T T T T 1T 173 o T
& I AmLAs AP, <8 I aé . >7ue 17 0.15— ATLAS p+Pb Sun = 8.16 TeV 165 nb H
1.3 cniet T . A eniet ] UL 0-5% central i
T pp, Vs =5.02 TeV T pp,2.7nb"-3.6 pb i - -. ]
" 2_ p+Pb 0-20%, sy = 5.02 TeV __ p+Pb 0-20%, 0.025 - 0.36 nb’’ _ ; 1;_ '; " § o _
: 1 1 0 s by, ]
o b r = H . ]
1'1{)* e o ] o ¥ + 4
Mo i 005-® H “ 7
P i L FINNEE
0.9F === ANGANTYR, EPPS16 (NLO), p > 60 GeV =&~ Data, p{' > 60 GeV - U ey i
- == ANGANTYR, EPPS16 (NLO), p"T"‘ > 30 GeV -8 Data, pf‘>30 GeV 1 e ,je\ - 75 GeV i
0.8:_ ﬁ ?NleleTIYR’ " nPD’-:) pi:l >|60 G'lev 1 Il 11 1 1 | I I 1 1 | 1 1 Il |_: —O 05: : ;)]el . 100 Gev . i . 2 X tetl :
4567810 20 30 40 4 567810 20 30 40 5x10" 1 2 3 456 10 20 30 107
P [GeV] P [GeV] p} [GeV]
Small to no modifications of hadron yields observed in central p-Pb collisions
e Modification of the jet fragmentation
e Strong constraints on E-loss scenarios
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CME at RHIC/STAR - isobar collisions l ' T

L? Brookhaven

National Laboratory

Special run to minimize
systematics:

* Fill-by-fill switching

* Level luminosity
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Details Of blind analysis M. S. Abdallah et al. (STAR) Phys. Rev. C, 105 (2022) 014901

J. Adam et al. (STAR) Nucl. Sci. Tech. 32 (2021) 48

STEP-0
Mock Data

challenge
Test data structure
(Au+Au data)

~2 months ~1 year ~1/2 year ~2-3 months

Connections between the

Blind analyses (5 groups): ethods are studied

s Ay, Ad and «

% Ay, A8, Ay(An)

% Ay inPP/SP, Ay(M;y,,)
s Ay in PP/SP

 R(AS) Correlator.

Using the frozen code from STEP-1:

¢ Sensitivity of observables tested using
AVFD simulation

++ Similar sensitivities are found in all
observables

S. Choudhury et al. Chin. Phys. C, 46 (2022) 014101

YuHu@ 702'2 WAR* 5

A large, collective effort




Femtoscopy measurements l ' I
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L
Femtoscopy measurements \V l ' I

P(ﬁ{,ﬁ) ., Ipa—py |

) b eor @ T

experiment theory (models)
* NSame(k*) ¢
C(k ) — NNMixed(k*) Cky= [ S() | (K, r*)|?d3r* ]

ALT=PUB=4833751

NS (k* ) - correlated pairs (“same events”) o .
ame Emission source Two-particle

wave function

Event 1 Event 2

NMixed (k *) - uncorrelated pairs (“mixed events”)
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Femtoscopy measurements \V l T
C(k*) — P(m!ﬁ) k*= |p2_pz |
/ P(pa)P (pb) \ 2
experiment theory (models)
*\ NSame(k*) c
Ck") = NNMixed(k*) Ck)= [ G W, r)Pd’r ]

ALT=PUB=4833751

NSame (k* ) - correlated pairs (“same events”) o .
Emission source Two-particle

o
O gl ALICE Pb-Pb\s,, =276 TeV

Six) ® K2KE, 0-10%, 0.2<k;<0.6 GeV/c
R — Fit

e 1.6

0 14
Cl) 1.2
Event 1 Event 2 1/R
|
. * _ 1 - “ - "
NMlx&d(k ) uncorrelated pairs (“mixed events’) 1 0 .05 o3 515 o2 555

q (GeVic)
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L
Femtoscopy measurements \V l ' I

P(ﬁ{,ﬁ) ., Ipa—py |

C(k*) = — a— k* =
/ P(pa)P (pb) \ 2
experiment theory (models)

NSame(k*) .
Numixea(k™) CkY= [ SG) Wk, )2 d3r

ALT=PUB=4833751

Ck*) =N

NSame (k* ) - correlated pairs (“same events”) o .
Emission source Two-particle

wave function

E gl 05% Pb-Pb |5y, =276 TeV
3 ALICE
o ° enn
= 2 . +K:Kt
o ¢ ' KK,
alb “.;;"'._ ?
— HKM KK X abbl
Event | Event 2 - HKM KKK wio resostt
— HKM tt.
* .. " 5 5 2r 7 HKMfrz:f(r)e?:sacan.
NMixed(k ) - uncorrelated pairs (“mixed events”) my = Jk2 + mg e

(1mT) (1G'§wc2)
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PLB 813 (2021) 136030

1wl a3 ALICE Pb-Pb | 5, = 2.76 TeV
ALICE Pb—Pb | 8,y = 2.76 TeV . 1 = | +
[ " ]« | e O10% 1000% 3050% | £
. [ 019<p, <1.5GeVic, |l <08 . . 1 8l | N * =
£ J ] | KK l D * <
ES 2 i | 3
5 s 2 THERMINATOR-2 - ® | KkKsv v 0 o
« L g — default 1 ® + pp A A .
' — At=1.01Wc,0,=20fmc 6 % | f. \ + @ o X
+ 15% corr. unc. — at=2.1fmic, 6 = 2.0im/c & & ﬁ !};.
— At=32fmc o= 20 fmle | GDQVQD? &
- Niaw
4 ***o**aE CY.AEVM
* ® th ol L
5 * L] *4¢
| 1 | 1 | | 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
(m‘) (GeVic)

0-5% Pb-Pb | 8, = 2.76 TeV
ALICE

= HKM KK w rescatt.
===+ HKM KK wi/o rescatt.
— HKM nix w rescatt.
===+ HKM nn w/o rescatt.

2_

02 04 06 08

i 12 ,
(mT) (GeV/cT)

6 8

ALI-PUB-490519

Phys. Lett. B 811 (2020) 135849
arXiv:2004.08018

c

Ck)= [ s07)

@ (k*,7)|? d3r*

Nsame (k*)
Nrnixed(k*)

G

ATLT=-PUB-28339~

L L T
P-p
p—A (NLO)

1.4

Fcore (M)

1.3
1.2

1.1

LLLRE RRRR LARRN RRRRY L

1
0.9
0.8
0.7

ALICE pp Vs = 13 TeV
High-mult. (0-0.17% INEL > 0)
Gaussian + Resonance Source

ALICE 20-30% Pb-Pb | ,,, = 2.76 TeV

| T FETL FRETL AT AT FeArd Arei

5 G 1
22 24 28
(m,) (GeV/c?)
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B *
- Wep, (rad)

1 ]
3m/4 i

- Wep, (rad)

L
w2

¢

pair

Phys. Rev. Lett. 118 (2017) 222301

t. Graczykowski

\WVU1

M. "0-5%  10-20% +30-40% |
F oo g 0510% ©20-30% 040-50% 1
e o * 50-60% ]
_ ¢ b e u - e
E s LY & 8 5 ]
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i a ‘ ALICE Pb Pb \{s_NN 276 TeV ]
6_ 0 Charged pions i
. -
= [ e 8 A ]
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B ¥ % Q:‘ ”: il
o 7
Phys. Rev. C93 (2016)
024905
arXiv:2111.06611
=12 . :
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« -
@]
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4+ collisions 010 B
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https://doi.org/10.1016/j.physletb.2020.136030
https://arxiv.org/abs/2111.06611
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.024905

|
Femtoscopy measurements - interactions \V I

Femtoscopic correlation function carry information about the particle source S (r* ) from which
pairs emerge, as well as the interaction potential via the two-particle wave function w(k*r*).

ﬁ \ b Interaction \ ﬁ \
Emission source S(+*) ; R . Correlation Function
= — epulsive
A = Tl ————————
& 0 o
L = t
- = Attracti
Pz Attractive Tractve
® f:,f 0 05 1 15 2 1
/ \ r* (fm) T )
¥ P1 Schradinger equation P Repulsive
. 50 100 150 200
T‘vvo-Pamcle wave k*(MeV/c)
\ function|¥ (k*, r")|

measured | 1<no?/v.'n. > 3 Nsame (k™)
Ck)= [ s0) f dor® = E(k) - e
wflcnown e

ALT=PUB-283391

* We constrain the source from pairs where interaction is known

We can use femtoscopy to measure the interactions @ between other particle species
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Why study interactions? \v l ' T

u d content s c content

{4 i

Scattering experiments

Exotic atoms and hypernu@

Nagara event n

. S S

do
ds?

L__. X \
Y g target-Kem D) 10hm . \\' Double-a hypernuclei
___________ T observed in a hybrid

v

6 > 5 "
pableie SHe T emulsion experiment
AB, A= 0.67+0.17 MeV

H. Takahashi et al., PRL 87 (2001) 212502 17/43
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Why study interactions? \v l ' T
u d content content

— >

Exotic atoms and hypernué

Final State Interactions of
hadrons produced in pp, pA

Correlation Exceptional reconstruction
analysis and PID capabilities of ALICE
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Measurement of interaction between antiprotons
The STAR Collaboration

Nature 527, 345-348 (2015) | Cite this article
9961 Accesses | 47 Citations | 368 Altmetric | Metrics

@ This article has been updated

Abstract

One of the primary goals of nuclear physics is to understand the force between nucleons,
whichis a necessary step for understanding the structure of nuclei and how nuclei
interact with each other. Rutherford discovered the atomic nucleus in 1911, and the large
body of knowledge about the nuclear force that has since been acquired was derived
from studies made on nucleons or nuclei. Aithough antinuclei up to antihelium-4 have
been discovered' and their masses measured, little is known directly about the nuclear
force between antinucleons. Here, we study antiproton pair correlations among data
collected by the STAR experiment? at the Relativistic Heavy lon Collider (RHIC)?, where
gold ions are collided with a centre-of-mass energy of 200 gigaelectronvolts per nucleon
pair. Antiprotons are abundantly produced in such collisions, thus making it feasible to
study details of the antiproton-antiproton interaction. By applying a technique similar
to Hanbury Brown and Twiss intensity interferometry*, we show that the force between
two antiprotons is attractive. In addition, we report two key parameters that characterize
the corresponding strong interaction: the scattering length and the effective range of the
interaction. Our

d par are c within errors with the
corresponding values for proton-proton interactions. Our results provide direct
information on the interaction between two antiprotons, one of the simplest systems of
antinucleons, and so are fundamental to understanding the structure of more-complex

antinuclei and their properties.

t. Graczykowski
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Article | Open Access | Published: 09 December 2020

Unveiling the strong interaction among hadrons at the
LHC

ALICE Collaboration

Nature 588, 232-238 (2020) | Cite this article
9258 Accesses | 6 Citations | 231 Altmetric | Metrics

© A Publisher Correction to this article was published on 15 January 2021

© This article has been updated

Abstract

One of the key challenges for nuclear physics today is to understand from first principles the
effective interaction between hadrons with different quark content. First successes have
been achieved using techniques that solve the dynamics of quarks and gluons on discrete
space-time lattices 2. Experimentally, the dynamics of the strong interaction have been
studied by scattering hadrons off each other. Such scattering experiments are difficult or
impossible for 3456 3ndso high-quality measurements exist only for
hadrons containing up and down quarks7. Here we demonstrate that measuring
correlations in the momentum space between hadron pairss")'m'l 112 producedin
ultrarelativistic proton-proton collisions at the CERN Large Hadron Collider (LHC) provides
aprecise method with which to obtain the missing information on the interaction dynamics
b any pair of . Specifically, we discuss the case of the interaction of
baryons containing strange quarks (hyperons). We demonstrate how, using precision
measurements of proton-omega baryon correlations, the effect of the strong interaction
for this hadron-hadron pair can be studied with precision similar to, and compared with,
predictions from lattice calculations'>!#. The large number of hyperons identified in
proton-proton collisions at the LHC, together with accurate mc:»delllngIS of the small

pp one fi inter-particle distance and exact predictions for the
correlation fi led deter of the short-range part of the

68/34
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Multi-strange hadron interactions \V l ' T

—~ 1277
ALICE pp Vs = 13 TeV

High Mult. (0-0.17% INEL>0)
Lo A5 @A-E" (A =32%)
[ HAL QCD A-E - 2- eff.
[ HAL QCD A-E only

arXiv:2204.10258

==
O 1.15

1.1

1.05 First measurement of the A=-

il & 2 U Baseline interaction :
L - ;
= e three units of
Q.95 fais==scs strangeness,
09 - « constraints for lattice
E QCD calculations and
0.85 chiral potentials,
= * more precision needed.
0.8 TN TN TR T (NN TN NN WO O (NN TR TN MO MO N TN TR TN MO N NN TN NN AN NN RN RN AN
0 100 200 300 400 500 600

k* (MeV/c)
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o~ [T T T LI | T T T T T T T | P | | T T ]

*x LN 1 ,0 —r 1T 11 1| rrrrrr 17
= i ALICE pp Vs = 13 TeV - i [ ]
241 High-mult. (0~0.17% INEL >0) - £ AMUCET o0 £ 5 T '
O { i ~ | High-mult. (0-0.17% INEL>0) -
il e pD ®pD* T - X L i
i Coulomb . e - + .
3H —u =) | Best fit |
il C. Fontoura e.tal. j 0.5_ B9 CL. _
e = Y. amaguoty st al i m; dependence unc. on R, /
[ 1 J. Hofmann and M. Lutz i [ 1 total R, unc. T
2+ \\Q — J. Haidenbauer et al. (g§/41t =2.25) — i ]
. i 0.0 - -
ik et - |
[ L L 1 L I L L L L I L L = L l 1 L L 1 ] _O 5_I 1 1 :;‘ l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 ]
0 100 200 300 400 ' 0.7 0.8 0.9 1.0
k* (MeV/c) R R (fm)
. . » Shallow interaction between charm mesons and
® TFirst measurement of the charm-proton correlation
) nucleons
function. ’ . . » We extracted with one sigma uncertainty
® Coulomb - baseline production, with models confidence level value of scattering length -
including attractive and repulsive interaction. Formation of a bound state is not excluded!
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E 1 _3 B L BR B I L I | S L I | B ' LB I LB 3R I L I LB I LB l T I- g 1 _3 —l | T I | g I LB ' | B B I L B I | B B l | B 3 I - opg I | 3 = | l L i
G [ ALICE Preliminary ] G [\rnD e&nD" ]
1.2 PP, Vs = 13 TeV, high. mult. (0-0.17%) ] 12 [®) genuine CF .
R AMCE AN . - — Coulomb 4
L A L - Coulomb + Lednicky-Lyuboshits (stat. unc.) -
11 - ] 11 C 8 Coulomb + Lednicky-Lyuboshits (tot. unc.) ]
1.0 ——— 1.0 —
0.9 — - 0.9~ Simultaneous fit -
N 93Ub e at;zguan st ] - Coulomb + Lednicky-Lyuboshits ]
§ ’1" = °'97tg~g; fm = - a (=9 = -o.0310.04(stat)io.oz(sys.)j'g:(source sys.) fm .
- e +0. - - 1 1
0.8~ ry =252 g5 fm - 0.8 a1} = -0.06i0.03(stat)j:o.02(sys.)ﬁig;(source sys)fm  —
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ALI-PREL-506604

®  First studies show a shallow interaction between D mesons and light mesons
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Femtoscopy measurements - interactions

I
S=2 S=3

.

1.PRC 99 (2019) 7. Nature 588 (2020) HEg———-
2.PLB 797 (2019) g PRL 127 (2021)

3.PRL 123 (2019) 9 pLB 822 (2021)

4.PRL 124 (2020) 10.PLB 829 (2022) 13.arXiv:2204.10258

5.PLB 805 (2020) || arXiv:2104.04427 4. arXiv:2206.03344

6.PLB 811 (2020) |2 arXiv:2201.05352  15.arXiv:2205.15176

\w
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Scattering parameters l ' I

2 34
f S(r)|w(q,r)fd*r
measured correlation pair wave function
emission function (includes cross section)

(source size/shape)

— 1I’=exp(—ik*r)+fM .
pair wave function r Approximate
P 1 1 solution
scattering amplitude =——> f (k ) f_+ 5 d k k
0
Correlation function:
1f ) dy | 2Rf°(K) oy 3K :
1+ ——|1- + F.(2k R)————F,(2k R

f, and d, - two important parameters of strong interaction between two particles:
* d, - effective range of strong interaction between two particles;

it corresponds to the range of the potential in an simplified scenario - the square well potential.
« f, - scattering length, determines low-energy scattering (complex number)

Elastic cross section (at low k*) is determined by the scattering length: iﬁ% oe =4 f§
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* d, - effective range of strong interaction between two particles;
it corresponds to the range of the potential in an simplified
scenario - the square well potential.

* f,-scattering length, determines low-energy scattering
(complex number)

Conclusions from the study:

e Scattering parameters for all baryon-
antibaryon pairs are similar to each other

e We observe a negative real part of scattering
length - repulsive strong interaction or
creation of a bound state (existence of baryon-
antibaryon bound states?)

e Significant positive imaginary part of
scattering length - presence of a non-elastic
channel - annihilation

21 Oct. 2022, 5th SFOF PTF . Graczykowski
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d, (fm)

o~ PA
x 2 e .
3 ALICE pp V5 =7 TeV

rp=1.144 = 0.019 L7 m

0012

1.8

4 pA @ PA pairs -
- Syst. uncertainties ]
— Femtoscopic fit (NLO params.)]

1.6}

—— Femtoscopic fit (LO params.) ]

1.4F

Nucl. Phys. A915 (2013) 24. 7]
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.A—A @ A-A pairs

o ND46  ==wr NF44
— Ehime — ESC08

= HKMYY ='=' Quantum statistics

Looadoaa by bl bounnannraaalagy
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PRC 99 (2019) 024001

For details see CERN-LHC Seminar
25 Sep 2018
https://indico.cern.ch/event/749074/
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fss2 t. Graczykowski

Interaction of nucleons and different
hyperons - constraining neutron stars EoS
e Constraining lambda-lambda scattering
parameters and bound states (H-dibaryon)
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3-body interactions l ' ]

. Measured triplets
Genuine three-body Lower-order correlations

correlations (cumulant)

explore the three body interactions 2

e First measurement of the genuine
three-body interactions via
cumulants

> UL LR B R B R B BLELELELE BN

R. Del Grande et al., Eur. Phys. J. C 82, 244 (2022) %— 5 ALICE Preliminary -
arXiv:2107.10227 pp Vs =13 TeV ]
4 High Mult. (0-0.17% INEL) E

‘o mi : 3 . [ |pppopppDaa -

e ALICEis pioneering new methods to ]

'_LIIIIIIIIIII]IIIIIIIIII]IIII

P L1 L L MR A R
0.2 0.3 0.4 0.5 0.6 0.7 0.8
Q, (GeVi/c)

o

_ [ 2 2 2
Q3—\/ 912 — 93 — 43
normalised mixed moment

(before subtraction)
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o - LA B B B BRI B T T} —~ O T B B
%, - ALICE Prellmlnary . %, C ALICE Prellmlnary ]
1B pp Vs =13 TeV _' 251 pp Vs =13 TeV E
- High Mult. (0-0.17% INEL) 1 C High Mult. (0-0.17% INEL) ]
[ ] 20 E
0 e +‘++++* _._-.—I—I-—.—'.-"'-I-FI—'.-'-I-I-I-.._-: E . B _ E
S ] 15[ [l pp-nepp-r 3
1E ] - .
N ] 10 -
-2 :_ # III _: 5 f_ _f
; ppoppp : ‘{, :
Y WP I I I I I I 0-—":'.'T'.".:'4."1*" .................... .
0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 08
Q, (GeV/c) Q, (GeV/c)
Experimental hint to the presence of an ppA no significant deviation
effect beyond the two-body interaction in observed from the null
the p-p-p system hypothesis
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Less than 10%

-7 barrels, 10 m? silicon tracker The LHCb Upgrade | detector i
based on MAPS (12.5 G pixels’ o

New GEM-based TPC Software-only trigger with Upgraded calo front- | LHChTDR-12 of the detector
with continuous readout 30MHz processing rate end electronics, remove channels have

New Muon Forward SPD/PS been kept

Tracker (MFT) - 5 disks

based on MAPS i i

| New tracking stations EcaL HCAL e MS « 100% of the
; M3
Magnet SciFi  RICH2 M2 readout

electronics has

New pixel / . Tracker
| VELO RIC}UT P Upgraded been replaced
- muon
* NEW data
front-end isiti
New Trigger and Readout electronics, acquisition
Upgrade of readout system and
remove M1

electronics of all detector,
new Central Trigger
Processor

data center
Very challenging

: New RICH PMTs + i I installation and
New B i ; u i
smalle::ir:rg'e‘::r (36.4 mm), first upgraded electronics . commissioning!

detection layer at 20 mm

New Fast Interaction Trigger (FIT)
— 3 detector technologies:
interaction trigger, online
luminometer, forward multiplicity
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* Less than 10%

LS3

ALICE 2.1 T MU Reaon Susha Ui The LHCb Upgrade | detector

‘els, 10 m2 silicon tracker

New GE Software-only trigger with Upgraded calo front- of the detector
with cor i . 30MHz processing rate end electronics, remove cbhannke\s have
Sruchet et er AR
.5 disks SPD/PS
B 3 0 :
New tracking stations gcar HCAL o M5 . 100% of the
M3
Magnet SciFi RICH2 T re‘adOUt .
ATLAS DETECTOR ctronics has
CONTROL . ———

#n replaced

W data
|uisition
tem and

L1-Trigger HLT/DAQ

https://cds.cern.ch/record/2714892 Barrel Calorimeters
https://cds.cern.ch/record/2759072 https://cds.cern.ch/record/2283187

* Tracks in L1-Trigger at 40 MHz e ECAL crystal granularity readout at 40 MHz
* PFlow selection 750 kHz L1 output | with precise timing for e/y at 30 GeV

* HLT output 7.5 kHz
* 40 MHz data scouting

Calorimeter Endcap —
y « 3D showers and precise timing .
n * i, Scint+SiPM in Pb/W-SS
P v M
Tracker https://cds.cern.ch/record/2272264

i
* Si-Strip and Pixels increased granularity MIP Timing Detector
« Design for tracking in L1-Trigger
* Extended coverageton = 3.8

| * ECAL and HCAL new Back-End boards

__Muon systems
" https://cds.cern.ch/record/2283189
* DT & CSC new FE/BE readout

* RPC back-end electronics

* New GEM/RPC16<n<2.4

- Extended coverage ton 3

Beam Radiation Instr. and lumlnos;ty
http://cds.cern.ch/record/2759074

+ Bunch-by-bi

¥
1% offline, 2% online

Precision timing with:

+ Barrel layer: Crystals + SiPMs
+ Endeap layer: Low Gain Avalanche Diodes

LS3 - Phase 2upgrades
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Next generation heavy-ion detector: ALICE3

RUN 5 RUN 6
LS4 2035-2038 LSS5 20402041
Superconducting RICH TOF

Compact all-silicon tracker magnet system
— clean separation of signal and background

Vertex detector with excellent pointing resolution
— clean reconstruction of decay chains

Particle identification

— background suppression

Large acceptance

— statistics and correlations

Superconducting magnet system

— effective provision of required magnetic field
Continuous read-out and online processing
— large data sample to access rare signals

Muon
absorber

Muon
chambers

FCT ECal/Preshower
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h@ pp collisions @ 13.6 TeV!

5 July - pp 13.6 TeV

1 time frame ~100 collisions

ALICE
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