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Outline

Hadron physics
WITH STRANGENESS!



Outline

Small collision systems:
- pp 13 TeV

= particles emitted from
~1fm source
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Outline

ALICE detector

Central barrel tracking and PID

Small collision systems: Reconstruction of hyperons
- pp 13 TeV - A—pn
- E—An
= particles emitted from - Q—AK
~1fm source

Allow to study up to S =-3, p-@°
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Outline

Hadron physics

ALICE detector Experimental data for the study of hadron-hadron
interactions with strangeness content

fe
\y Scattering
data

Central barrel tracking and PID:

Small collision systems: Reconstruction of hyperons:
- pp 13 TeV - A—pn
- E—An
= particles emitted from - Q—AK
~1fm source

Allow to study up to S =-3, p-@°
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Outline

Hadron physics

ALICE detector Experimental data for the study of hadron-hadron
interactions with strangeness content

Exotic Scattering
atoms data

Central barrel tracking and PID: Correlations
Small collision systems: Reconstruction of hyperons:
- pp 13 TeV - A—pn :
- 2 AR Invariam
= particles emitted from - Q—>AK mass
~1fm source

Allow to study up to S =-3, p-@°
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Outline

Hadron physics
ALICE detector
LHC
// \
7 )
R,w\ C :
N orrelations
>IN >
Central barrel tracking and PID: - Precise data in the low momentum range,
Small collision systems: Reconstruction of hyperons: in most cases not accessible with other approaches.
- pp 13 TeV ﬁ:i’; - Test/constraint ChET, meson exchange models, Lattice
. . P QCD, etc
= particles emitted from - Q—AK
~1fm source Allow to study up to S = -3, p-0 - Consequences for, e.g., appearance of strange particles
in neutron stars, existence of strange di-baryons
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Outline

Correlation method

e Femtoscopy-like studies
e Detailed knowledge of the source of particles

Experimental results:
° K‘—p
° p—Q‘
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Two-particle correlations as a tool for studying h-h interactions

—P
O Al A
A Y Y

i G
O T 5 O Particle Interactions Detector
source | : 3
Proton T I
-
Hyperon

https://www.nature.com/articles/d41586-020-03393-z

Femtoscopy (HBT) analyses in Heavy Ions Collisions:
- Study pairs of particles with “known” interaction
- Centered in study the dimensions of the source (2-5 fm)
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https://www.nature.com/articles/d41586-020-03393-z

Two-particle correlations as a tool for studying h-h interactions

P _‘I Db - —
Based on the correlation function C(k*) = P(r%'gl—lf(z%)’ with k* = |p5 — pi|/2 and p] = —p;
Theoretically formulated: [C &= | (K, 7)\2 d3r*}
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Two-particle correlations as a tool for studying h-h interactions

Based on the correlation function C(k*) =

P(Pa, Pv)
P(pa)P (pp)’

Theoretically formulated: [C &)= |

~

@ (k*,7)|” d3r*

/

Hadron-hadron correlations at the LHC

Interaction

0
Attractive

0 0.5 1 1:5 2
r* (fm)

V(r*) (MeV)

Schrodinger l equation
Two-particle wave function
l!’(k",r*)

with &* = |p% — pt|/2 and pj

Otoén Vézquez Doce
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Two-particle correlations as a tool for studying h-h interactions

Based on the correlation function C(k*) =

P(Pa, Pv)
P(pa)P (pp)’

Theoretically formulated: [C(k*) = f

~

with k* = |p% — p*|/2 and pj = —p}

@ (k)| a3 ==

/

Hadron-hadron correlations at the LHC

Interaction

0
Attractive

0 0.5 1 1i5 2
r* (fm)

V(r*) (MeV)

Scln‘(’)'dingerl equation
Two-particle wave function
l{’(k*,r*)

h

*

Attractive

C(k”)

Repulsive

P s
e

50 100 150 200
k*(MeV/c)

CATS: Schrodinger equation solver
D.L.Mihaylov et al. Eur. Phys. J. C78 no. 5. 394, (2018)
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https://link.springer.com/article/10.1140/epjc/s10052-018-5859-0

Two-particle correlations as a tool for studying h-h interactions

P _‘:_\ - -
Based on the correlation function C(k*) = m%f—lf(;%), with &* = |p5 — pi|/2 and p] = —p;

N
R 2
Theoretically formulated: [C (B = | @ (k79| d3r —> o | '
) X Attractive
Q
Interaction 1
) 3 \RPI el REPNSIVE
P = \/ " 50 100 150 200
’: Attracti
o \ & Attractive k*(MeV/C)

0 0.5 1 1:5 2
— r* (fm)

Ps Schrodinger l equation
Two-particle wave function E‘]: CATS: Schrodinger equation solver
w(k*,7%) D.L.Mihaylov et al. Eur. Phys. J. C78 no. 5. 394, (2018)

Experimentally obtained: |C(k*) = $(k*) ® —Nsame(k*)
| Nmixed (k™)

Normalization, resolution effects, residual correlations. »
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https://link.springer.com/article/10.1140/epjc/s10052-018-5859-0

Two-particle correlations as a tool for studying h-h interactions

P(3,; D) o
Based on the correlation function C(k*) = ————, with k* = |p* — p* and p} = —p3
= poaren K = a2 and p=
2 7
Theoretically formulated: [C &)= | |LP(1<*,F)| B3rr ) .
) X Attractive
S
]
__________________________ /,-——""’— Repulsive
W " 50 100 150 200
Attractive k*(MGV/C)

0 0.5 1 1i5 2
r* (fm)

Schrt’)dingerl equation

dL CATS: Schrodinger equation solver

o-particle wave functi
D.L.Mihaylov et al. Eur. Phys. J. C78 no. 5. 394, (2018)

Nsame (k*)

Experimentally obta ed:[(,‘(k*) =§(k") ® Nonixea(K)
mixe

Normalization, resolution effects, residual correlations. 5
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Two-particle correlations as a tool for studying h-h interactions

P(m: E) — =%
Based on the correlation function C(k*) = ——————, with k* = |pi — p*|/2 and p] = —p3
P(Pa)P (P) P> = pil/ o
2 7
Theoretically formulated: [C &)= | |LP(1<*,F)| d>r* :> o .
) O X Attractive
o<, °
\ \ A 1=
Yol Repulsive 0 ——————————— Repulsive
o p— )‘OO)\ -
= \/ ) 50 100 150 200
& Attractive A k*(MGV/C)

0 0.5 1 1i5 2
r* (fm)

Schrt’)dingerl equation
dL CATS: Schrodinger equation solver

Wo-particle wave functig
D.L.Mihaylov et al. Eur. Phys. J. C78 no. 5. 394, (2018)

Experimentally obta

Nsame (k*)
Nmixed(k*)

ed:|C(k*) = (k") ®
|

Normalization, resolution effects, residual correlations. "
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Setting the source

Ansatz: similar source for all hadron-hadron pairs in small collision systems
Source characteristics determined via femtoscopic analysis of p-p, p-A correlations
- p-p strong interaction described by AV18 potential R. B. Wiringa et al.. Phys. Rev. C51 (1995) 38
- p-Ainteraction described by ChEFT at LO H. Polinder et al.. Nucl. Phys. A779. 27 (2006) 244, NLO Y. Ikeda et al.. Phys. Lett. B706 (2011) 63

Hadron-hadron correlations at the LHC Otoén Vézquez Doce
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.51.38
https://www.sciencedirect.com/science/article/pii/S0375947406006312
https://www.sciencedirect.com/science/article/pii/S0375947412000607

Setting the source

Ansatz: similar source for all hadron-hadron pairs in small collision systems

Source characteristics determined via femtoscopic analysis of p-p, p-A correlations
- Transverse mass <m_> dependence (collective effects in small systems?)

1.6

ro (fm)
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ALICE pp Vs = 13 TeV
High-mult. (0—0.17% INEL> 0)
Gaussian Source
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Hadron-hadron correlations at the LHC

1.2

14 16 18 2 22 24 26
(m_) (GeV/c?)

“Search for a common baryon source in
high-multiplicity pp collisions at the LHC”,
ALICE Coll., Phys. Lett. B811, 10, 135849 (2020)

Otoén Vézquez Doce
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https://www.sciencedirect.com/science/article/pii/S0370269320306523

Setting the source

Ansatz: similar source for all hadron-hadron pairs in small collision systems

Source characteristics determined via femtoscopic analysis of p-p, p-A correlations
- Transverse mass <m_> dependence (collective effects in small systems?)
- Effect of strong short-lived resonances computed for all hadrons F. Becattini et al. J. Phys. G38 (2011) 025002
- Decomposition in gaussian “core” source convoluted with non-gaussian tails due to resonances

E 14F ' -
2 - i [ ALICE pp Vs = 13 TeV 3
S 18F T 2y High-mult. (0-0.17% INEL > 0) 3
12 S %‘i Gaussian + Resonance Source
11 F "Nl e =
E B B :
F == = :
09 § p—p S ~ =
= S S .
= L= p-A(NLO) : |
0.8 — \ - “Search for a common baryon source in
= § p—A (LO) 3 high-multiplicity pp collisions at the LHC”,
0.7 &, | . ' . | - ALICE Coll., Phys. Lett. B811, 10, 135849 (2020)

12 14 16 18 2 22 24 26
(m_) (GeV/c?

-— -
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Setting the source

Ansatz: similar source for all hadron-hadron pairs in small collision systems

Source characteristics determined via femtoscopic analysis of p-p, p-A correlations
- Transverse mass <m_> dependence (collective effects in small systems?)
- Effect of strong short-lived resonances computed for all hadrons
- Decomposition in gaussian “core” source convoluted with non-gaussian tails due to resonances

E 14F - The source is determined given the pair <m_>:
2 - i [ ALICE pp Vs = 13 TeV 3
S 18F T 2y High-mult. (0-0.17% INEL > 0) 3
12 S %ii Gaussian + Resonance Source
11F "Nl e -
E B E
E S5 §§ E
09 E = lp-p = 3
- § —
=  E[Elp-anL0 :
0.8 —— = “Search for a common baryon source in
C = p-A (LO 3 high-multiplicity pp collisions at the LHC”,
0.7 — FI) ( . ) . . | - ALICE Coll., Phys. Lett. B811, 10, 135849 (2020)

-— -

12 14 16 1.8 2 22 24 26

H (m.) (GeVic?)
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K-p correlations: The KN interaction

Hadron-hadron correlations at the LHC

Otoén Vézquez Doce
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K-p correlations: The KN interaction

e K'pinteraction repulsive and well established

e Kp features a strong attraction
o appearance of the A(1405) below threshold
o  A(1405): antiKN-Xx molecular state

e K'pscattering data and kaonic hydrogen data used to constrain the amplitude below threshold

250

200

| | scattering data

Experiments: A(1405)—ZXn

100 l

50

c(K"p— K™ p) [mb]

0

Kaonic atoms

50 100 150 200 250
Py [MeV/c|

ST NA(1405) KN ¥ Tkeda, T. Hyodo, W.Weise, Physics Letiers B 706, 63 (2011)

| Y | :

27 MeV Energy
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K-p correlations: The KN interaction

e K'pinteraction repulsive and well established

e Kp features a strong attraction
o appearance of the A(1405) below threshold
o  A(1405): antiKN-Xx molecular state

e K'pscattering data and kaonic hydrogen data used to constrain the amplitude below threshold

%
Experiments: A(1405)—zx | | §
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M 250
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STT /\( 1 405) KN Y- Ikeda, T. Hyodo, W.Weise, Physics Letters B 706, 63 (2011)
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“Scattering Studies with Low-Energy Kaon-Proton

K-p correlations In pp colliS1ons oy nroorsoon corsionsat e e
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K*-p correlation used as a benchmark to study K-p
- S;> 0.7 selection removes mini-jet background

Jilich meson exchange model: Eur. Phys. J. A47, 18 (2011)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.092301

K-p correlations in pp collisions

“Scattering Studies with Low-Energy Kaon-Proton
Femtoscopy in Proton-Proton Collisions at the LHC”,
ALICE Coll. Phys. Rev. Lett. 124 (2020) 092301

K*-p correlation used as a benchmark to study K-p
- S;> 0.7 selection removes mini-jet background

Jilich meson exchange model: Eur. Phys. J. A47, 18 (2011)
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Coulomb + Jiilich meson exchange model
Nucl. Phys. A 981 (2019)
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K-p correlations in pp collisions

“Scattering Studies with Low-Energy Kaon-Proton
Femtoscopy in Proton-Proton Collisions at the LHC”,
ALICE Coll. Phys. Rev. Lett. 124 (2020) 092301

- K'-p correlation used as a benchmark to study K-p
- S;> 0.7 selection removes mini-jet background

Jilich meson exchange model: Eur. Phys. J. A47, 18 (2011)
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Phys. Rev. C93 no. 1, 015201 (2016)
Coulomb + Jiilich meson exchange model
Nucl. Phys. A 981 (2019)

Bump close to the K°n threshold—
(58 MeV/c in CM frame)

First experimental evidence of the
opening of the K’n isospin breaking
channel

Coupled channel effect

M(K™p) +5MeV = M(nK°)
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K-p correlations in pp collisions

“Scattering Studies with Low-Energy Kaon-Proton
Femtoscopy in Proton-Proton Collisions at the LHC”,
ALICE Coll. Phys. Rev. Lett. 124 (2020) 092301

Y. Ikeda, T. Hyodo, W.Weise, Physics Letters B 706, 63 (2011)
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Bump close to the K°n threshold—
(58 MeV/c in CM frame)

First experimental evidence of the
opening of the K’n isospin breaking
channel

Coupled channel effect

M(K™p) +5MeV = M(nK°)
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K-p correlations: model constraint

1.2

0.8
0.7
0.6

Update of the Kyoto model: coupled-channel effects

- Dependence on the system size

Y. Kamiya et al., Phys. Rev. Lett. 124, 132501 (2020)
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Lattice QCD with S=-3

Hadron-hadron correlations at the LHC
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Lattice QCD with S=-3

S=0 S=-1 S=-2 S=-3 S=—4 S=-5 S=-6
NN NANI AAAL S NE AE zs@ 2 EQ Q0
€ - >
LQCD
EX.P better S/N
rich data

T. Hatsuda@SQM 19Bari

e First principle calculations in the strangeness sector:

o Recent developments by lattice QCD at the physical point
e baryon-baryon sector:

o models constrained by data with limited precision (in contrast with N-N interactions)
e Difficulties to produce beams of hyperons

= Correlation studies can bring balance experiment-theory

ALICE make use of high-multiplicity pp collisions with an enhanced production of strangeness
ALICE Coll, Nature Physics 13, 535 (2017)
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https://indico.cern.ch/event/755366/contributions/3427157/
https://www.nature.com/articles/nphys4111

p-Q Interaction

e HAL QCD p-Q potential with physical quark masses T.iritani et al.. Phys. Lett. B 792 (2019) 284-289

o m_=146 MeV/c*, m, = 525 MeV/c?

T T T T T
0
-50
100
g
= NQ, S,
=0T, HAL QCD t/a=14
> ¥ 13 ——
200 F L 12 —
E 11
f Fit t/a=14
-250 | i -
J 12—
: 11
_300 | 1 1 1 1
0 05 1 15 2 25 3

r (fm)

= p-Q attractive interaction at all distances

- No pauli blocking
Same behaviour predicted by meson exchange
models T sekihara et al.. Phys. Rev. C 98, 015205 (2018)

HAL QCD: pQ binding energy

e Predicts the formation of a p-Q" di-baryon:

Hadron-hadron correlations at the LHC

Strong interaction 1.5 MeV

Strong + Coulomb 2.5 MeV

Otoén Vézquez Doce
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https://www.sciencedirect.com/science/article/pii/S0370269319302199?via%3Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.98.015205

p-Q correlation function in pp at 13 TeV

“Unveiling the strong interaction among hadrons at the LHC”,

ALICE Coll., Nature 588, 232 (2020)

Bl ALICE data

- Coulomb

Coulomb + p—©Q~ HAL QCD elastic
- Coulomb + p—Q~ HAL QCD elastic + inelastic

C(k™*

100 200 300
k* (MeV/c)

Hadron-hadron correlations at the LHC
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https://www.nature.com/articles/s41586-020-3001-6

p-Q correlation function in pp at 13 TeV

“Unveiling the strong interaction among hadrons at the LHC”,

ALICE Coll., Nature 588, 232 (2020)

= Evidence of attractive strong interaction p-Q system

Bl ALICE data - p-Q correlation function enhanced with respect to p-
- Coulomb A, p_E-

7 J Coulomb + p—Q~ HAL QCD elastic
W Couiomibsse-i0- HELTIED slasfiess e = The correlation function in pp collisions at the LHC

sensitive to small differences among the interaction
potentials (very small sources samples short distances)

C(k™

= Precise p-Q experimental correlation function provide
first constraint for lattice QCD calculations:
- Inelastic channels not accounted for quantitatively
within the lattice = two extreme assumptions

= The data do not follow the depletion in the correlation
function expected due to the p-Q bound states:
- Dependence on the system size

33
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Outlook

The LHC provides precise testing of the hadron-hadron interaction at distances lower than 1 fm.

Correlation data complements other approaches.
o For some channels (multi-strange particles) constitute the only precise data

First principle calculations of interactions involving hyperons can be tested.
o Necessary to compute reliable Equations of State and study the existence of strange di-baryons.

Upcoming LHC data taking will provide the possibility of carrying out new and differential studies
and investigate 3-body interactions.
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