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Strong interaction among (strange) hadrons TI_ITI
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» (High precision) measurements conducted with scattering experiments

ALICE



Theoretical predictions TI_ITI

Chiral Effective Field

Lattice QCD Meson-Exchange Models
Theory
*  Quarks and gluons are the « Hadronic degrees of freedom  «  Hadronic degrees of freedom
degrees of freedom «  Ordered scheme with higher *  Phenomenological models with
*  Coupled channels are included order loops interactions at tree level
* Allows for bound states *  Obeys SU(3) symmetry *  Obeys SU(3) symmetry
General properties * Not fitted to scattering databut «  Coupled channels included «  Coupled channel included
with physical pion and kaon *  Coupling constants fitted to *  Some models do not allow for
masses scattering data bound states

»  Coupling constants fitted to
scattering data
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ALICE — A Large lon Collider Experiment TI_ITI

ALICE

» Excellent particle identification in large kinematic
range with the TPC (dE/dx) and TOF

» Direct detection of charged particles (p, K, m)

»
- illll" 1 gt

» Reconstruction of hyperons
— N —>prr
— 205 Ay
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System # events

pp 7 TeV 3.4 x 108 minimum bias

p—Pb 5.02 TeV 6.0 x 108 minimum bias Run 1 (2009 — 2013) Run 2 (2015 - 2018)
15 x 108 minimum bias B _ Pb-Pb @ s\ = 5.02 TeV
ey : Pb—-Pb @ /sy = 2.76 TeV Xe-Xe @ Js = 5.4 TeV
PP € 1 10° high ltiplicit - —
X (Olgo ;;;pllﬁﬁ) PP @ Jown = 502 ToV p-Pb @ sy = 5.02, 8.16 TeV
0. A 3
pp @ .s=0.9 276,7,8TeV op @ s =5, 13 TeV




Non-traditional femtoscopy to study the FSI TI_ITI %

ALICE

Nsame (k™) _ % .
N og (K fS(r) W(k* r)|2d3r = {

Emission source  Two-particle wave function

> 1 (attractive interaction)
< 1 (repulsive interaction)

Ck™) = V-

« Study correlations in the relative momentum k* distribution of a particle pair

« Traditionally used to study the geometry of the emission source
with particles of known interaction

* Reversing the paradigm of femtoscopy: Study the interaction
among the particles

— All detectable particle species can be studied!




Non-traditional femtoscopy to study the FSI TI_ITI %

ALICE

Nsame(K™) . <12 3. _ [ >1 (attractive interaction)
Niixea (K*) j Str) WS nIF dr = < 1 (repulsive interaction)

Emission source  Two-particle wave function

Ck™) = V-

* C(k*) can be evaluated

— numerically using the CATS framework (D.L. Mihaylov et al, Eur. Phys. J. C78 (2018) no.5, 394)
Solves the Schrddinger equation for any strong interaction potential, Coulomb interaction and effects

of quantum statistics

— analytically using the Lednicky model (R. Lednicky and V.L. Lyuboshits, Sov. J. Nucl. Phys. 53, 770 (1982))
The interaction is modelled using the scattering length (fp) and the effective range (dp)

» Under the prerequisite that the source is known



ALICE

Constraining the particle source

Using known interactions



The unigue benefit of small sources

ALICE
Gaussian Source Function (rg = 1.5 fm
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« Small particle-emitting source created in pp and p—Pb collisions at the LHC
— Essential ingredient for detailed studies of the strong interaction

* p—p correlation is used to constrain the source, since Coulomb and Strong interactions are well known

« K*—p correlation is used as a cross-check since also for this channel the Coulomb and Strong interactions
are known
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Collective effects and strongly decaying resonances TI_ITI %

ALICE
(An)isotropic flow +  Strongly decaying resonances

* (An)isotropic pressure gradients affect the emission » Resonances with cT ~ rg ~ 1 fm (A, N¥)

— Initial geometric anisotropies introduce a transverse introduce an exponential tail to the source
modulation » Different for each particle species!

— Expanding source with common velocity field
» Affects particles depending on their mass
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Collective effects and strongly decaying resonances TI_ITI %

ALICE
(An)isotropic flow +  Strongly decaying resonances
\ }
|
Gaussian core X Exponential tail
E g . Primordial Resonances
> = . Particle :
o 1aE = fraction |{<cr<2fm| cTt>2fm
E E Proton 33 % 56 % 2 %
"o E Lambda 35 % 8 % 58 %
0.8 =
0o7F E
0.65— —E . Gy
N D T * Amount of resonances determined within
| toot2 1416 18 2 22 the Statistical Hadronization Model in the
m; (GeV/c?)

canonical approach

* Priv. Comm. with Prof. F. Becattini
J.Phys. G38 (2011) 025002.
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Application of the model to p—p correlations
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Strongly decaying resonances
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m+ dependence of the Gaussian core radius o et TUTH %
LICE

U LA LA B LR B
ALICE Preliminary
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3o fit to p-p

rcore(fm)

1 12 14 16 18 2 22 24 26
m. (GeV/c?)

» Core radius for p—p and p—A in good agreement
— QObservation of a universal particle-emitting source


http://theor.jinr.ru/~wpcf2019/files/talks/04/2.%20WPCF2019_Mihaylov_ver4.pdf

m+ dependence of the Gaussian core radius
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Fix the value of rq.e Of each particle species based on their <m>

D. Mihaylov (ALICE)
WPCF2019
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ALICE
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ALICE

Testing models with hadronic degrees of freedom
The |S| = 1 sector



S| = 1 sector — A\ and 2 baryons TI_ITI

« Scarce expererwentaI data AP -> Ap 5> 5P
— No constraints at lab momenta 300 T T T T T 25011 1
below 100 MeV/c e Sechi-Zom etal. | i e Eisele et al.
. o . | o Kadyk et al. i
* Theoretical predictions for cusp in A-N o Alexander et al. 200 -
due to the 2-N - A-N coupling e XEFT NLO |
— Coupling introduces a repulsive |\ XEFT LO 1508
short range component in the p—-A o | Julich 04 o)
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: o
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J. Haidenbauer et al., Nucl. Phys. A 915 (2013) 24.



o—/\ results in pp 13 TeV (high multiplicity) e TUT ®

« Significant extension of the kinematic range
« Clear experimental evidence for the cusp

» Different variations of the baseline
— Constant, linear & quadratic
— Bestfitfor LO: n;>8
— Best fit for NLO: ng; > 10

« LO and NLO calculations of the interaction
within yEFT fail to reproduce the data

— Entering a precision eral
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p—20 results in pp 13 TeV (high multiplicity)

20— Ay (BR: amost 100 %)
— ldentification of the photon via conversions

— Significant contribution from correlated
p—(/\y) background due to low purity
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yEFT (NLO): J.Haidenbauer et al., NPA 915 (2013), 24.
ESC16: M. M. Nagels, T. A. Rijken, and Y. Yamamoto,
PRC 99 (2019) 0440083.
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http://theor.jinr.ru/~wpcf2019/files/talks/04/4.%202019_06_04_WPCF.pdf

S| = 1 sector — Kaons

Scattering
experiments
—

>
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K-N - >—rt form a molecular state: A(1405)
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Y. Ikeda, T. Hyodo, W. Weise, Nucl. Phys. A 881 (2012) 98.

K—p scattering data and kaonic hydrogen data are employed to constrain the amplitude also below the

KN threshold

Coupled channel effects n

M(K™p) + 5 MeV = M(nK?)
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. . : C
p—K+ results for pp 13 TeV (min. bias) Less TUM &,
ALICE
ALICE Collaboration, arXiv:1905.13470 (submitted to PRL)

» Radius obtained from inclusive p—p correlation <

._[
= 1t o]
. - (@]
— K+—p correlation used as a benchmark to study K—p © 095 ]
0.85— —f
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http://theor.jinr.ru/~wpcf2019/files/talks/03/5.%20WPCF_19_KP.pdf

p—K- results for pp 13 TeV (min. bias) et TUT

ALICE
ALICE Collaboration, arXiv:1905.13470 (submitted to PRL)
° i i i i _ ' PN | L B B BN BRI B
Radius obtained from inclusive p—p correlation Soo ALICE pp 15 = 13 TeV _
— K+—p correlation used as a benchmark to study K—p 2-4$ r,=1.18+0.01+ 0.12fm
2.2 A =0.64 +0.06 E
. 2\ ¢ Kp ®K'p =
« Observation of a bump close to the K°-n threshold s\l [JCoulomb E
— 58 MeV/c in the CM frame 1165 \ly, - CoulombsStrong (Kyoto Model)

5_ ' [”]Coulomb+Strong (Jillich Model)

 First experimental evidence of the opening of the K0-n
isospin breaking channel

0 50 100 150 200 250
k* (MeV/c)
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ALICE

Benchmarking lattice QCD

The |S| > 1 sector



Lattice QCD models of the potentials TI_ITI

p—=
T. Hatsuda Front. Phys. 13(6), 132105 (2018)

= Sl Tale
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S _ "
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« HAL QCD potential with physical meson masses
— my = 146 MeV/c?
— Mg =525 MeV/c?

- For p-= : Statistical weights of different I, S combinations C(k*) = %(Cf‘joo + CiZP) +§ (€ + ¢2h

ALICE
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Lattice QCD models of the potentials

p—=

T. Hatsuda Front. Phys. 13(6), 132105 (2018)
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« HAL QCD potential with physical meson masses
— my = 146 MeV/c?
— Mg =525 MeV/c?
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T. Iritami et al., arXiv:1810.03416

,,,,,,,,,,,

— Sekihara
— HAL t=12

1 I 1 1 | - I L 1 L

p{)" binding energy

Model (strong interaction only)
HAL-QCD 1.54 MeV
Sekihara 0.1 MeV

+1 MeV with Coulomb
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Benchmarking lattice QCD in p Pb 5.02 TeV

% Z:i - b) ALICE me ﬁ 5.02 TeV _
2.2 3 Blpzops E

5 E_l ~— Coulomb + HAL-QCD _E

i 8 E— ! Coulomb —f

- 3 p-Z sideband background E

1.4 — * —
1.25— *///5/!////////3 o _E
1 T i

°% 700 200 300

k* (MeV/c)

First observation of the strong interaction in p—="
«  Coulomb-only excluded (> 4 0)

« Compatible with Lattice (HAL-QCD) calculations
ALICE Collaboration, arXiv:1904.12198, PRL (in press)

B. Hohlweger (ALICE)
WPCF2019

TUm &

ALICE
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Benchmarkmg lattice QCD in pp 13 TeV (high mult.)
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 Coulomb-only: >5.7 ¢

« HAL-QCD: (1.3-2.5) 0

« ESC16:>180

B. Hohlweger (ALICE)
WPCF2019

TUm ®

ALICE
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Benchmarking lattice QCD o TUTI ®

ALICE
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p—=in pp 13 TeV (high muilt.) pPp—2 in pp 13 TeV (high muilt.)
 Coulomb-only: >5.7 ¢ » Coulomb-only scenario excluded ( > 6 0)
« HAL-QCD: (1.3-2.5) 0 » Precision of ALICE data exceeds the theoretical
- ESC16:>180 predictions
« Measurement of the attractive character of the
interaction
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Summary TI.ITI

ALICE

ALICE provides precise data to test hadron-hadron interactions
» Experimental confirmation of cusp effects in p—/A and p—-K-

« Entering the precision era in the |S| = 1 sector
— Providing constraints with unprecedented precision for theory

« Validation of lattice QCD potentials at physical quark masses
« Upcoming results: p—d and p—¢

* Measurements in RUN3 and RUN4 will allow for more differential studies and investigations of three-body
interactions
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Thank you for your attention!
... and stay tuned for more results!

ALICE
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