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What does progress in the field mean?

From effective field theory to first principle calculations




Particle production at the LHC accelerator

Large Hadron Collider LHC
Biggest accelerator worldwide where the highest energies are achieved : v/s = 13 TeV for pp collisions

Fach pp collision leads to the
creation of ~ 30 new particles

From 2022 we can record

500.000 collisions per second
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https://www.youtube.com/watch?v=NhXMXiXOWAA
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Particle production and decays in ALICE

ALICE Coll. Int.J.Mod.Phys. A29 (2014) VOA and TOA PP collisions at \/E — 13 TeV

ITS
1.2 Billions high multiplicity events
<M> = 30 particles/event

L TTHLS B S R Wl N A .

LTI T

D — Knr

The very good PID capabilities of the
detector result in very pure samples!




Hyperons reconstruction with ALICE

10°

0.30 < p_<4.30 GeV/c
A: 123982176

(M) =1115.9 MeV/c?

o= 1.6 MeV/c?
Purity = 95.7 %

X
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ALICE performance

pp, Is = 13 TeV —e— ALICE dala

signal fit

o = 1.9 MeV/c’

m, = 1,322 GeV/c*
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Measurement of the hyperon-nucleon interaction

-
PA PA_N ALICE Coll. PLB 832 (2022) 137272
/ ]_()* g ALICE
@
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1t 3 ] high-mult. (0-0.17% INEL>0) pp Vs = 13 TeV
p Proton

1'8+ \ o lp—A@E—Kpairs

1.6

C(k*)>1: attractive
interaction

C(k*) = &(k*)

\
ME C(k*) = 1: no interaction

C(k*) <1: repulsive
interaction
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Measurement of the hyperon-nucleon interaction

ALICE Coll. PLB 832 (2022) 137272

ALICE
high-mult. (0-0.17% INEL>0) pp Vs =13 TeV

l ° l p—A @ P-A pairs

= NLO13-600

~ LO13-600

S. E. Koonin et al. PLB 70 (1977)

1R = st = sy P *
ME ¢ ' 250 300
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CATS (Correlation Analysis Tool using the Schodinger equation)
D. Mihaylov, L. Fabbietti et al. EPJC 78 (2018)
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Determination of the particle-emitting source
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Anisotropic Radial

Pressure gradients

Given the pair transverse mass m; = \/ Z(plT + por)” + (my + m,)*?

| T
— S(l") 37 G(I” core(mT)) T (471. core)3/2 i (47’2 )
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Determination of the particle-emitting source

ALICE Coll.,, PLB, 811 (2020)

ALICE pp Vs = 13 TeV | | C(k*) S JS(F) | 1/1(7, ]}’) |2d73

High-mult. (0-0.17% INEL > 0)

/ \ O m, €[1.26, 1.38) GeV/c?
X % Gaussian Source )
' | Wlppopp pp Correlation: AV18
— Coulomb + Argonne v (fit) I Coulomb potentials
/ \ / SR il used with CATS to

calculate (k *, )

. . i "~ 50 17021_. -1.50 h-—é(.)ou
Anisotropic i Radjial o

Pressure gradients

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

Given the pair transverse mass m; = Z(pzT + P1T)2 SIS m2)2
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Determination of the particle-emitting source

N (@

Anisotropic Radial Resonances with ¢t ~ t core ~ 1fm (A++, N, 2 :%)

Pressure gradients

Proton 33 Y%
IL.ambda 34 Y%

U. Wiedemann and U. Heinz PRC 56 (1997)

| —r | i
TR s CRCEaY core(mT)) i (41 COre)3/2 CXP i ® IS = ? exXp (—;)

core

Given the pair transverse mass m; = \/ Z(plT + por)” + (my + m,)*?

jiiil S = PYTes
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One source to rule them all

ALICE Coll,, PLB, 811 (2020)

1.4

ALICE pp ¥s =13 TeV
High-mult. (0—-0.17% INEL > 0)
~O| p—p Argonne v,

.~ Parametrization




a) ALICEpp Vs=13Tev

high-mult. (0-0.17% INEL>0)
@ pA @ pA pairs
Fit NLO19 (600)
—— Residual pz°%: yEFT
Residual p=~ @ p=°

ALICE pp Vs =
High-mult. (0-C.vv2 /o nvic—y)
o p—ZO ® 5—?

fss2

xEFT (NLO)

ESC16

NSC9o7f

p—(Ay) baseline

300
k* (MeV/c)

—} HAL QCD
* HKMYY
FG
e -~ ND
ALICE NF
pp Vs =7TeV o NSC89
pp Vs = 13 TeV . NSO97

p-Pb |5, = 5.02 TeV
A-A © A-A pairs Ehime

+ ESCO08
n fss2

O ALICE data

I coulomb

Coulomb + p-E HAL QCD

k* (MeV/c)

ALICE p-Pb m=‘5.02 TeV
Bl pzopz
Coulomb + HAL-QCD
Coulomb

p-Z sideband background

LN
I
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ALICE Preliminary

pp \s =13 TeV

High Mult. (0 — 0.17% INEL>0)
O Az @ A=

P xeFTLO

Baseline

50 100 150 200 250 300 350 400
k* (MeV/c)

O | ALICE data
. Coulomb
Coulomb + HAL-QCD elastic
. Coulomb + HAL-QCD elastic + inelastic

ALICE pp f5= 13 TeV
High-mult. {0 - 0.17% INEL > 0)
07<§,<1.0

O peEpd

Lednickg-Lyuboshins medel

ALICE Preliminary
pp Vs =13 TeV
High-mult. (0-0.17% INEL >0)

B Norm. uncertainty (1.3%)

Kievsky et al., r = 1.0 fm, x?/ndf = 3425.25

=== Kievsky et al., r = 2.0 fm, %*/ndf = 180.63

« Kievsky et al., r = 4.0 fm, x?/ndf = 13.54
“w Kievsky et al., r = 8.0 fm, ?/ndf = 4.89

200 250
k* (MeV/c)

|

APNONE BENVONE O
T = =TT

cooos o000 S0900 O

=)
Q
&
=
I
S
5]
=]
=
o
o
=
I
g
@
(=]
o
o
o
=
I
8
©
[=]

NN O N B

ro=1.15+0.02 2% fm

A =0.68 £0.07

¢ Kp ®KP

[_]Coulomb 3
Coulomb+Strong (Kyoto Model) E

[77] Coulomb+Strong (Jillich Model)

200 250
k™ {(MeV/c)

p-D” ® p-D*
® ALICE internal
— Coulomb
C. Fontoura et al.
Y. Yamaguchi et al.
J. Hofmann and M. Lutz
J. Haidenbauer et al. (g§/4n =1)
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Review 1: Prog.Part.Nucl.Phys. 112 (2020)
Review 2:Ann.Rev.Nucl.Part.Sci. 71 (2021)
p-¢ bound state: arXi1v:2212.12690

p-K: PRL 124 (2020) 092301
p-K: PLB 822 (2021), EPJC (2022)
p-p, p-A, A-A: PRC 99 (2019) 024001
PLB 797 (2019) 134822
PRL. 123 (2019)
p-Q-: Nature 588 (2020) 232238
: PLB 805 (2020) 135419
p-¢: PRL 127 (2021)

p—p,A—A,p—A: PLB 829 (2022)

p-A: PLB 832 (2022) 137272
il AL ST SR (2120
D-p: PRD 106, 052010 (2022)

ppp, ppA: arXiv:2206.03344



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.092301
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.024001
https://www.sciencedirect.com/science/article/pii/S0370269319305362
https://www.nature.com/articles/s41586-020-3001-6
https://www.sciencedirect.com/science/article/pii/S0370269320302239
https://arxiv.org/abs/2206.03344

* Reconstruction of 20 via decay to A+vy
* v reconstructed from conversion e+e-
* p 20 compatible to the baseline

— stay tuned for data of Run 3 for
higher statistics!

But a measurement in HADES with p+p collisions

and the electromagnetic calorimeter could be
competitive.

Same for =9

ALICE pp Vs =13 TeV
High-mult. (0-0.072% INEL>0)

6l p-=° @ p-x°

= fSS2

»EFT (NLO)
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Scattering in nuclear matter

0
A X [fm]

A-p Pairs

A-p source: 1.24 times smaller than p-p source (from UrQMD)

p-scattering in the nucleus A-scattering in the nucleus

i <,
b2, o2,

\ \




A-p Correlation in p+Nb collisions at \/E = 3.5 GeV A-p Correlation in p+p collisions at \/E =13 TeV

J. Adamczewski-Musch et al.,[HADES coll.] Phys. Rev. C. 94 (2016).

a) ALICEpp Ys=13 TeV
high-mult. {0-0.17% INEL>0)
5| pA @ PA pairs
—— Fit NLO13 (600)
— O (600)
— Residual pz°: yEFT
Residual p=~ @ p=°

New data on p+p collisions at 3.5 GeV
Factor 100 (?) more statistics than this plot
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Vector Meson- Nucleon final state interaction

QCD Van Der Waal CLAS
QCD Sum Rules [Koike, Hayashigaki® LEPS
QCD Sum Rules [Weise, Kaiser] ¢ ALICE
Lattice QCD

F. Kling, N. Kaiser & W. Weise, Nucl.Phys. A 624 (1997)
S, L. Pentchev, & A.l. Titov, Phys Rev C 101 (2020)
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Spin averaged scattering parameters il

MUNCHEN

Observation of attractive p—@ interaction

Spin-averaged scattering parameters

extracted by employing the analytical
Lednicky-Lyuboshits approach

T[T T T T[T T T[T T T[T T T[T T T[T T T [TroT
ALICE pp ¥s =13 TeV
High-mult. (0 — 0.17% INEL > 0)
0.7<S.<10

Imaginary contribution to the scattering | .
length f, accounts for inelastic channels | |  P-oSp-o

Lednicky-Lyuboshits model

R(fo) = 0.85 + 0.34(stat.) £ 0.14(syst.) fm : c _*_ dy=17.85+1.54 (stat.) + 0.26 (syst.) fm

3(fy,) = 0.16 + 0.10(stat.) + 0.09(syst.) fm ‘ R(f,) =0.85 £0.34 (stat.) + 0.14 (syst.) fm
dy = 7.85 + 1.54 (stat.) + 0.26(syst.) fm : 3(f,) =0.16 = 0.10 (stat.) £ 0.09 (syst.) fm
E ""E ST o . A

Elastic p—¢ coupling dominant contribution to O o T =0

the interaction in vacuum S TP PP P I P I
50 100 150 200 250 300 350 400

k* (MeV/c)




Lattice potential 4S,,

First simulation of the N-¢ system in large lattice
volume = (8.1 fm)3 and lattice spacing a = 0.08 fm

Light dynamical quarks near the physical point
(m_=146.4 MeV)

Attractive core = Pauli exclusion does not operate
due to no common quarks

Long-ranged attractive tail, hints of pion dynamics

fo = 1.43%353 (stat. ) ¥338(syst.) fm
dy, = 2.367010(stat.)T9¢8(syst.) fm

TUTI

TECHNISCHE
UNIVERSITAT
MUNCHEN




Studying spin dependent interaction s

MUNCHEN

2o T o e e e e e e e e e e e e e e e
pp Vs =13 TeV
High-mult. (0 - 0.17% INEL > 0)
0.7<S5.<1.0
©  ALICE p-¢ ® p-0
C

1S5/, channel

 Dominated by elastic scattering states
* Modelled using HAL QCD potential

—
-
O

* Potential at physical-pion mass

3/2
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IMPRS Colloquium| Emma Chizzali




UNIVERSITAT
MUNCHEN

Studying spin dependent interaction el

1S5/, channel ’S,/, channel
* Dominated by elastic scattering states Shows signs of open channels
 Modelled using HAL QCD potential * NAK(?Sy5), ZK (%Sy1),)
No potential available from lattice QCD yet, due to
possible effects from these open channels
Modelled using complex potential provided by Dr.
Yuki Kamiya

* Potential at physical-pion mass

~

~ e” _ : . | AR
Viarrice(r) = z Clie_(r/bi)z + asmif(r; b3) V%(T) = Viarrice, mop (1) +1 'x/f(‘i”, b3) - € MK T
1=1,2 \—'—’
Imaginary Part of Pot

Vshore () Vor(7) Kaon exchange considered to give most significant
contribution to coupling of decay channels

\_'_!
Real Part of Pot

Viartice, mop (1) = B+ Vspore (1) + Vor (1)

IMPRS Colloquium| Emma Chizzali
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Results on ¢-proton

arXiv:2212.12690 [nucl-ex]

pp Vs =13 TeV
High-mult. (0 — 0.17% INEL > 0)
0.7 < ST <1.0

o ALICE p-¢ ® P-¢

_f2. 4.
_ Cmodel_(s CS/2+3 C1/2)

C

300
k* (MeV/c)

* Repulsive interaction in the S= 1/2 excluded by more than 30
o Attractive interaction AND bound state

il




Scattering lenght results

’
To avoid theoretical

Scattering parameters of 2S,, e 4

. . . “""NCHEN
- extract spin contributions

. - ted Re/|
Scattering parameters of S=1/2 - Separated Re/Im
. | | I | | | | | | | | I | | | | | | | | I | | | | | | | | I | | | | | | | | I | | | | | | | | I | | | | | | | | I | | g

extracted from phase-shift - -
using effective range QCD Van Der Waal $ CLAS B

expansion QCD Sum Rules [Koike, Hayashigaki® LEPS
QCD Sum Rules [Weise, Kaiser] ¢ ALICE
Lattice QCD’ This Work

|
Fo- HeH

=
o

10

R(fy) = —1.47033(stat. ) 12 (syst.) fm
3(fy) = 0.0010:28(stat.) 033 (syst.) fm

@

®
R(dy) = 0.37F99%(stat.)T905(syst.) fm 5=3/2
®

3(dg) = 0.001909 (stat. ) F229(syst.) fm --
®

ALICE -
S-averaged

H. Gao, T.S.H. Lee & V. Marinov, Phys Rev C 63 (2001) 022201
Y. Koike & A. Hayashigaki, Prog Theor Phys 98 (1997) 631

¢

IS, L. Pentchev, & A.l. Titov, Phys Rev C 101 (2020)
W.C. Chang et al, Phys Lett B 658, 209 (2008)
S. Acharya et al, Phys. Rev. Lett. 127 (2021) 172301 N T T T T . T

Yan Lyu et al., Phys. Rev. D 106 (2022) 074507 1995 2000 2005 2010 2015 2020 2025
Year

IMPRS Colloquium | Emma Chizzall 1 estimated by extrapolating results to physical masses

22




Residual strong interaction among charmed hadrons

The residual strong interaction among hadrons is rather well known for NN, less known for YN and barely known for Charmed
nadrons-light hadrons combination

DO o
D- d C \
N e
.‘ D*_|_
® Determine the hierarchy of the hadron-hadron coupling for
all quark flavours M. Heetal, PLB 701 (2011) 445-450

[
Scattering length (fm)

® Determine the scattering parameters among
charmed hadrons as a tool to study molecular states
with charm content

(5=0,C=1)
g ¢
N
o

(5=1,C=0)

o

(S=0,C=0) (S=1,C=0) (S=0,C=1)

(5=0,C=0)



https://www.sciencedirect.com/science/article/pii/S037026931100640X?via=ihub

. 3
D mesons in Run 2 20

X1.03'

N% 13; ALI(|3E Perfonl.nance _
= o g‘:’f;:;ev’ higRmulL 0-0.17% INEL > 0) E ® Relevant sources of background
g 7 2<p_<3GeV/c s Daia _ 1. Uncorrelated (K+ 7z~ 7~) background candidates
g 65 %(20) =0.70 :Egckgmund _ = Parametrised from the measured C(k*) computed
A '(I:'o—t_)sgnal E with D- candidates in the sidebands
: —b D" - 2. D-from D*-decays (~30% of D-)
35 left SB right|SB = p- D*-strong interaction not known, only Coulomb
- considered
: .
1 -: ® All these contributions must be considered for the interpretation
B B —— | of the correlation function

M (Krr) (Ge.\//cz)

10/18



ND raw correlation function

Cexp (k™) = App- X Cpp- (k") + Ap(n-n-) X Cot ) (K7) + Appe= X Cope— (€7) + Aftar X Chrar.

& ALICE, arXiv: 2201.05352

~ e — ® The different A parameters are extracted from the weight
S ’( ALICE pp Vs =13 TeV i of the side-bands, the evaluated D* contribution and the
- High-mult. (0~0.17% INEL>0) D and ,
0f B C... (), pD- & PD" _ purity for the D and p reconstruction )
111 Total background i ® There is no mini-jets background for the DV correlation
i (e =0.144, 4. = 0.383) ]
| ¢* [P - pD- )
A n=1)
1.5 p(‘l)l()’”nvr) B
) Aonmy = 1)
1.0 l-¢-: T . oL WO
- | | | I | | | I | | | I | | | I | ]
0 200 400 600 800

k* (MeV/c)


https://arxiv.org/pdf/2201.05352.pdf

rtD interaction: fit with Lednicky-Lyuboshits formula

Opposite-charge pairs Same-charge pairs
§ 1 _3 _I | L] I L L I LI L] I L L] I LI I LI I LI I LI I LI I | | I_ § 1 _3 | 1 I I I I 1 I LI I LI I LI LI I 1 |
G [ ALICE Preliminary _ S [ \ D™ @ x D’ ] e
1 o pp, Vs = 13 TeV, high. mult. (0-0.17%) 100 8] genuine CF _-
C DT @ D" . i — Coulomb i
_ i _ Coulomb + Lednicky-Lyuboshits (stat. unc.) -
1 1'_ . 1 1'_ B Coulomb + Lednicky-Lyuboshits (tot. unc.) _T] °
[ _ | Simultaneous fit _
0'9: D?bele Gal;i:lan source i 0'9: Coulomb + Lednicky-Lyuboshits i E
- i, =0.97. -007 m . - a (=9 = -o.o3=o.o4(stat):o.oz(sys.)j:g:(source sys.) fm - ‘1“‘
0.8 r3’ =2.52 5 fm — 0.8 a,,(1=3) = -0.06:0.03(stat)=0.02(sys.) " (source sys) im = @
— I I I I I | . | I L1 1 I 1 1 1 I L 1 1 I 1 1 1 I 1 1 I I. | - | I L 1 1 I | . | I | - | I-I m
0 20 40 60 80 100 120 140 160 180 200 0O 20 40 o660 80 100 120 140 160 180 200
k* (MeV/c) k* (MeV/c) 0.5

2ALICE preliminary

o Scattering length for I=3/2 in agreement with models

o Scattering length for I=1/2 significantly smaller than models

o Thevalues found indicate a small rescattering of D mesons in the hadronic
phase of heavy-ion collisions

2ALICE preliminary

DT
|=3/2 channel only
D~
1=3/2(33%), 1=1/2 (66%)
| | | | | | | I | | | I |
- ALICE Prellmmary ]
. pp, Vs = 13 TeV, High-mult. (0-0.17%) -
- + Data .
' 68% CL
B Bl 95% CL B
- " Models i
‘ m XY.Guo
) o Z.H. Guo-1 i
i ¢ Z.H. Guo-2 |
+ B.L. Huang Fit-u2
i % L. Liu i

Double-Gaussian source

I e =0.970% fm, re = 2520 fm
| | | | I | | | | | ] ] I ] | ] | |
-0.2 0.0 0.2 0.4 0.36
a_(I=) fm


https://link.springer.com/article/10.1140/epja/i2007-10417-3
https://www.sciencedirect.com/science/article/pii/S0375947405010596?via=ihub
https://arxiv.org/pdf/2201.05352.pdf
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.87.025206
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.014032
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