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Study of hyperon—nucleon
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interactions at the LHC




ALICE

* Motivation: Why to study hadron—hadron interactions involving strangeness?
* Method: Femtoscopy upside down

* Experiment: ALICE (a heavy-ion experiment)

* First step: Constraining the source

* Results: Hyperon—nucleon and kaon—nucleon interactions
*  Summary

* More to come...

https://cds.cern.ch/record/2746022
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Tm

ALICE

Motivation

Why to study hadron—hadron interactions involving strangeness?
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Motivation: the unknown interior of neutron stars Tl.m

ALICE

* Neutron stars: dense
and compact objects

* Dimensions:
R~10-15km
M~1—2M@

* Quter Crust:
lons, electron gas,
Neutrons

* |nner Core:
Neutrons?
Protons?
Hyperons?
Quark Matter?
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Motivation: the unknown interior of neutron stars

Tm

* Neutron stars: dense
and compact objects

* Dimensions:
R~10-15 km
M~1—2MO

*  Quter Crust:
lons, electron gas,
Neutrons

* Inner Core:
Neutrons?
Protons?
Hyperons?
Quark Matter?

ALICE

What is the Equation of state (EoS)?

qtuark—hybrid traditional neutron star
star

N+etn

hyperon
s

ar neutron star with

pion condensate

color—superconducting
strange quark matter
(u,d,s quarks)

25C o

CSL +
gCFL (.‘.FL—Kcl

LoFF CFL-K',
CFL-T

~=.. Hydrogen/He
atmosphere

strange star
nucleon star

R~ 10 km

Nee What are the constituents to

consider?

How do they interact?

What do we want to
(and what can we)
measure at the LHC?
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Motivation: the unknown interior of neutron stars

Tm

e ALICE: the dedicated
heavy-ion experiment
at the LHC —

quark-hybrid traditional neutron star

star

hyperon
star

neutron star with
pion condensate

* Aims to study the
Quark-Gluon Plasma

color—superconducting
strange quark matter
(u,d,s quarks)

25C o

CSL +
gCFL (.‘.FL—Kcl

LoFF CFL-K',
CFL-T

~=.. Hydrogen/He
atmosphere

strange star
nucleon star

R~ 10 km

ALICE

What is the Equation of state (EoS)?

Nee What are the constituents to

consider?

How do they interact?

What do we want to
(and what can we)
measure at the LHC?
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Motivation: a look at the QCD phase diagram Tlm

ALICE: the dedicated
heavy-ion experiment
at the LHC

Aims to study the
Quark-Gluon Plasma

But: in a completely
different regime of
temperature and
baryon density!

ALICE

quark—gluon plasma

<yy>~ 0

quark matter

Temperature

<yy=> >0

crossover

—
superfluid/superconducting]
phases 7

hadronic fluid

vacuum nuclear mafter

SC {lp'qf? >0
|

HEeUron star cores

Neutron stars? somewhere down here...
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Motivation: the unknown interior of neutron stars

Tm

ALICE
What is the Equation of state (EoS)?
e ALICE: the dedicated quark-hybrid traditional neutron star
. . star
heavy-ion experiment N+e What are the constituents to

at the LHC bl

hyperon
star

neutron star with
pion condensate

* Aims to study the
Quark-Gluon Plasma

e PButis also able to
measure:

color—superconducting
strange quark matter
(u,d,s quarks)

25C
CSL

CFL
EOFF CFL-K

CFL-m

CFL

CFL-K?
0

0

hyperon-nucleon (Y-N)
kaon-nucleon (K-=N)
and even
hyperon-hyperon (Y-Y)
interactions

strange star
nucleon star

R~ 10 km

consider?

How do they interact?

What do we want to
(and what can we)
measure at the LHC?
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Motivation: strangness in the EOS of neutron stars 1““

ALICE

At high densities production of

28 strange baryons may be favoured
o4l PNM
PSR J0348+0432 * Expected: softening of the EQOS, not
2_0 peeltcholeBaate bt Rede B oot ol e bl i ol shete fodk bl foaf ool el gttt bt bl bR ool .
B BRI bt able to explain measured neutron
- 16 stars with M = 2 M
=3
=12 AN + ANN (| | ;
sl  Precise knowledg of hyperon-
08 | nucleon interactions needed
04 |
* Possible solution when 3-body forces
0.0 : ' ' : ,
11 12 13 14 15 included - see outlock
R [km]

* Note: ALICE measures interactions in

Phys. Rev. Lett. 114 (2015) 092301 ] )
small systems, i.e. in vacuum
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Motivation: theory — nuclear interactions and QCD Tlm

ALICE

6___-#»—-—'@6—.. p

p..aﬁ'f—-—)-—-_.
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G @--.al.__. F%
[ g“gz-
%F
'L‘_'a*‘a—-—)@_@;_
o O LT~ 0
n n

* Non-perturbative regime of QCD:
— Calculations with lattice QCD
— Computationally challenging
— How to get hadronic observables
e.g. potentials?

https://www.int.washington.edu/PROGRAMS/talent13/Lectures.htm
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Motivation: theory — nuclear interactions and QCD T““

ALICE

" n/’\)\n

* Non-perturbative regime of QCD: Starting from an effective Lagrangian:

— Calculations with lattice QCD — Calculations with chiral effective

— Computationally challenging field theory

— How to get hadronic observables — Hadrons as degrees of freedom
e.g. potentials? — Chiral Perturbation theory

https://www.int.washington.edu/PROGRAMS/talent13/Lectures.htm
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Motivation: theory vs. available experimental data Tlm

S=0 = -1 S=-2 S=-3 S=4 S=-5 S=-
NN NA, NX AA, AZ, 23, N= AZ, 2=, NQ ==, AQ, 20 =Q QO

Better S/N of LQCD
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Motivation: theory vs. available experimental data *
ALICE

S=0 S=-1 S=-2 S=-3
NN NA, NX AA, AZ, ZX, NE AE, 2=, NQ

p—-\ — p—A = Hypernucleus
300‘|"I'I‘I'I‘I'
« Sechi-Zom etal. |
o Kadyk et al.
o Alexander et al.
200? =
o
£
% —— Argonne v,; np O
5L ——- Argonne v, pp
R 1001 1
0t ® Nijmegen np 93
© Nijmegen pp 93
© Henneck np 93
s b + VPI&SU np 94
* VPI&SU pp 94 N
’200 160 2(‘)0 3(')0 00 n‘l.\.l.\“l.l‘“l—.‘
E,, (McV) 100 200 300 400 500 600 700 800 900
iy o Piap (MeVic) K. Nakazawa et al., PTEP 2015,
Eﬁ?:' 5\/;/ 'rlggg‘;’ V3 36'511' Stoks, R. Schiavilla, LO: H. Polinder, J.Haidenbauer, U. Meiner, NPA 779 (2006) 244 033D02
( ) 38-51. NLO: J.Haidenbauer, N.Kaiser et al., NPA 915 (2013) 24
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Tm

ALICE

Method

Femtoscopy upside down
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Method: two-particle correlation function Tlm *

ALICE

* |n a collision of two ions or hadrons...
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Method: two-particle correlation function Tlm *

ALICE

* |n a collision of two ions or hadrons... P
" @
e ... particles are created, where pairs \
have relative momenta .\
1
* * *
k™ = > |pa — ppl

* inthe pairrest frame, i.e.

pa+pp =0 Py \

Hadron-hadron interactions at the LHC - Stefan Heckel - 03.02.2021 16



Method: two-particle correlation function Tlm *

ALICE
* Now you can study correlations in the ?
k* distribution of pairs: \‘
— Attractive interaction: C(k*)>1
— Repulsive interaction: C(k*) <1 I/J(k*; 7") S S
—
Py
N (k™)
C(k") = ¢(k™) 0 ®
Nmixed (k )

* 1 £ * * *
k =E|pa_pb|andpa+pb=0

Hadron-hadron interactions at the LHC - Stefan Heckel - 03.02.2021 17



Method: two-particle correlation function Tlm *

ALICE
* Now you can study correlations in the k*
distribution of pairs ‘
S (r)
* Two-particle correlation function C(k*) ’— =~
connected to the: Y(k*, 1) S S {

— Source: S(r)
— Two-particle wave function: Y (k*, 1)

\--’\

Pb \\ x

\_—\

Clk™) =k S“’"Z((k)) j Sk, 1)Pdr ®

Correlation Analysis Tool using the Schrodinger Equation:

1
— E |p; — pil;l and p; + pi; =0 D. Mihaylov et al., Eur. Phys. J. C78 (2018) 394
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Method: two-particle correlation function

* Originally used to constrain the source

E
 |If the interaction (¥ (k*, 1)) is known, you ® k
can determine the source size S(r) 1
N k*
Clk) =gk meamel) j Sk, M)|2d?r
Nmixed(k )

* 1 £ * * *
k =E|pa_pb|andpa+pb=0

L (k)= 0.25 GeV/c

£

RSe (fm)

1/3
(dN_fdn )

13
(dN_/dn )

STAR AU-AU sy, = 200 GeV

& STARCu-Cu s, =200 GeV

STAR Au-Au s, = 62 GeV

¢ STARCu-Cu s, =62 GeV

CERES Pb-Au s, = 17.2 GeV

* ALICE Pb-Pb s, = 2760 GeV
= ALICE pp s=7000 GeV

ALICE pp s=900GeV

* STARpp s=200GeV

ALICE p-Pb s, = 5020 GeV

ALICE, Phys. Rev. C 91 (2015) 034906
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Method: two-particle correlation function

Tm

ALICE
Gaussian Source Function (r; = 1.5 fm)
5200 =03 &~
* Now we turn the method around - ‘ _ =
£ 150
. . >k 0.2
* If the source size S(7) is known, you can oof- 18
determine the interaction (Y (k*, 1)) : o
50— B :
; --i0.0S
* Thus, first we have to get the source size of =M
. . 1+ ~-0.05
~50}— Typical short-range ;
E M nulclearI po’cel-ntiall J - aad
0 05 1 15 2 25 3 35 4 45 6
r* [fm]
* Small source sizes give rise to
Nsame (k*) i i
_ _ 2 13 ronounced correlation signal
CO) = (k") 1 omem = jS(r)Il/J(k*,r)I d3r p :
mixed( )

* 1 E 3 * ES *
k =E|pa_pb|andpa+pb=0

* At the LHC: pp and p—Pb collisions

Hadron-hadron interactions at the LHC - Stefan Heckel - 03.02.2021 20



Tm

ALICE

Experiment
ALICE (A Large lon Collider Experiment)

Hadron-hadron interactions at the LHC - Stefan Heckel - 03.02.2021 21



Experiment: ALICE Tllm

Scheme based on: ITS

ALICE, Int.J.Mod.Phys. A29
e ALICE is designed to study bulk (2014) f430024 ”

properties of the Quark-Gluon Plasma:

— Precise particle tracking (ITS+TPC)

— Due to low magnetic field (0.5 T)
tracking down do low momenta

— Excellent particle identification
(esp. but not only: TPC and TOF)

TOF

TPC

Hadron-hadron interactions at the LHC - Stefan Heckel - 03.02.2021 22



Experiment: ALICE Tllm

Scheme based on: ITS

ALICE, Int.J.Mod.Phys. A29
e ALICE is designed to study bulk (2014) f4300§4 ”

properties of the Quark-Gluon Plasma:

— Precise particle tracking (ITS+TPC)

— Due to low magnetic field (0.5 T)
tracking down do low momenta

— Excellent particle identification
(esp. but not only: TPC and TOF)

* This is exactly what we need for low-
momentum correlation studies of
identified particles!

TOF

TPC

Hadron-hadron interactions at the LHC - Stefan Heckel - 03.02.2021 23



Experiment: ALICE Tllm

ALICE
. . . Scheme based on: ITS
* Direct detection of charged particles ALICE, Int.J.Mod.Phys. A29
(p, K, 1) (2014) 1430044

* Reconstruction of hyperons via decays:
- N > prv
- 0 3> Ay
- = 2> NiU
- O -5 AK

System # events

pp 7 TeV 3.4 x 108 minimum bias (MB)

p—Pb 5.02TeV 6.0 x 108 MB

15x 108 MB TOF

TPC

pp 13 TeV 10 x 108 high multiplicity (HM)

(0-0.17% INEL>0)
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Tm

ALICE

First step

Constraining the source
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First step: constraining the source

Tm

* For the p-p correlation, the interaction
(W (k*, 1)) is well known

*  We measure C(k*) for p-p pairs and fit with
Coulomb + Argonne v,4 potential

* Is the source universal for all particle pairs?

ALICE
i"“ L T T T T I T T T 1 I Ir T T 1 I T T 1 1 I T T I-
S 8F All_ICE pp (s =13 TeV a
- High-mult. (0-0.17% INEL>0) 1
- m, €[1.26, 1.38) GeV/c” 1
o5 B Gaussian Source N
o 8lppopP ]
i — Coulomb + Argonne v (fit) ]
2% .
1.5+ —

1 _I 1 1 1 I 1 1 1 1 ] I 1 1 1 1 rJ kIJ -I 1 1 I 1 1 ] 1

(]

50 100 150 200
k* (MeVi/c)

ALICE, Phys.Lett. B 811 (2020) 135849
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First step: possible influence due to collective effects Tlm

ALICE

Anisotropic + radial
pressure gradients

Different effect on different masses

— Scaling of radii with transverse mass:

1
mr = \/k% +mbyg, kr = > (11 +pr2)

Hadron-hadron interactions at the LHC - Stefan Heckel - 03.02.2021 27



First step: a Gaussian core

Tm

ro (fm)

1.6
1.5
1.4
1.3
1.2
1.1

0.9

fTrrrfrrr|yrrrrrrerrrrprrr T

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

+
IIJIIIIIIIIIIIIIIIIII]IEIIlIIIIIiIIIII

_IIIIIIIIIII IIIIIIIII|II‘II|IIIIIIIIIIIL
+

1 PR TN N T TN T [T SN T T | | 1

| - PR P PR I N
1 12 14 16 18 2 22 24 28
(m.) (GeV/c?)

ALICE, Phys.Lett. B 811 (2020) 135849

ALICE

Radii measured from the
p-p correlation function:

Pure Gaussian radii r,

* my scaling of radii in elementary
collisions

Hadron-hadron interactions at the LHC

- Stefan Heckel - 03.02.2021 28



First step: a Gaussian core

Tm

1.6

ro (fm)

1.5
1.4
1.3
12
1.1

0.9

rrrrJyrrr|jrrryjrrryrrr|rr1r| 1o 111

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

iz
"

==
% pp

=

_* | p-A (NLO)

lIlIIIIIIIIIIIlIIIIII|IIIIIIIII|IIIIII

_IIllllIllIIIIIIIIIII!IIIIIIIIIIIIIIIIIL

ALICE, Phys.Lett. B 811 (2020) 135849

ALICE

Radii measured from the
p-p and p-A correlation functions:

* Pure Gaussian radii r,

* my scaling of radii in elementary
collisions

* Difference between the measured
source sizes

Hadron-hadron interactions at the LHC

- Stefan Heckel - 03.02.2021 29



First step: collective effects and strong resonances T““

ALICE
' ‘F/.i‘
O ‘2 7
Py
: ++ £\ ¥ ok
Anisotropic + radial Resonances withct~ry~1fm (A"",N",2"7)
pressure gradients Particle Primordial fraction = Resonances <ct>
Different effect on different masses Proton 33% 1.6 fm
Lambda 34 % 4.7 fm

—> Scaling of radii with transverse mass m; . .
U. Wiedemann U. Heinz, PRC 56 (1997) R610

—> Gaussian core : e s
- Exponential modification of the

Gaussian Core
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First step: a Gaussian source with resonances T““ *

ALICE

E 14F = y
s =S ALICE pp Vs = 13 TeV - Radii measured from the
St High-mult. (0-0.17% INEL>0) 4 p-p and p-A correlation functions:
12tk Gaussian + Resonance Source 3
» = E * Gaussian core radii r,,,
B E * my scaling of radii in elementary
= . : -
0.9 - E=JP7P = collisions
0.8 = . . .
= . e Evidence of a universal emmission
0.7 & = source of baryons

1.8 2 22 24 26
(m_) (GeV/c?

ALICE, Phys.Lett. B 811 (2020) 135849
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Tm

ALICE

Results

Hyperon—nucleon and kaon—nucleon interactions
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Results: S =-1, A and Z baryons

mme

* Scarce experimental data

* No constraints at lab momenta below
100 MeV/c

* Theoretical predictions for cusp in A-N
due to the 2—N <> A—N coupling

* Coupling introduces a repulsive short
range component in the p—A interaction

G (mb)

300

200

q{]l] 200 300 400 500 600 700 800 900

Ap > Ap

Sechi-Zom et al.
Alexander et al.
Hauptman et al.
Piekenbrock

0 me

XEFT NLO13
XEFT NLO19
Jiilich 04

A—

P (MeV/c)

250 ———

ALICE

Ip->1'p

200 —

® Eiseleetal.

l%OD‘ ‘

L L
120

L
140 160

Pap (MeVic)

J. Haidenbauer et al., Eur. Phys. J. A 56 (2020) 91
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Results: p—A in 13 TeV pp collisions (HM) m

ALICE
e Significant extension of the kinematic g’ RN R A
(&) high-mult. (0-0.17% INEL>0) pp Vs = 13 TeV: high-mult. (0-0.17% INEL>0) pp Vs = 13 TeV:
range 1.8 __ . - -
- 6| p-A ® P-A pairs T 6| p-A ® P-A pairs b
[ = Fit NLO19 (600) ] = Fit NLO19 (600) 7]
16 - -
« Clear experimental evidence for the cusp : Resiom g3 26T ] Resiiel p5%. Flat ]
14F Residual p-="&p-=" HAL QCD —- Residual p-=-&p-=" HAL QCD —
« Different variations of the residual p—2° 12f b =
correlation: from xEFT or flat B n ;
C1.06F 9F pa
- S 104} J N
* LO xEFT failed to reproduce the data, roer 1F ]
. . . 1'02_ —r ]
recent NLO19 with better description, £ AL =
but still some deviations e HF .
< 5F aF ' ' ' G
* Entering a precision era! w

0 700 200 300 200 700 200 300 200
k* (MeVic) k* (MeVic)

o
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Results: p—2°%in 13 TeV pp collisions (HM)

Tm

« 393> Ay (BR:almost 100 %)
— Identification of the photon via
conversions
— Significant contribution from correlated
p—(Ay) background due to low purity

* Data slightly above background, pointing to
a shallow attraction

* Significant differences among the models
will allow decisive measurements in future

—_
*
—
)

ALICE

1.8~
- ALICE pp s = 13 TeV i
- High-mult. (0-0.17% INEL>0) A
1610 8pLep’ B
A fss2 ]
144 +EFT (NLO) —
i ESC16 i
1oL NSCO7f h
B p—(Ay) baseline 7
1 e
B — — i
0.8k R T
0 100 200 300
k* (MeV/c)

ALICE, Phys.Lett. B 805 (2020) 135419

XEFT: J. Haidenbauer et. al, Nucl. Phys. A915 (2013) 24
NSC97f: T. A. Rijken et. al, Phys. Rev. C59 (1999) 21

ESC16: M. M. Nagels et. al, Phys. Rev. C99 (2019) 044003
fss2: Y. Fujiwara et al., Prog. Part. Nucl. Phys. 58 (2007) 439
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Results: kaon—nucleon interactions and coupled channels Tlm

ALICE

* In K—N interactions, two coupled
channels expected > b @

Glk*)

 Should have a visible effect on \" E s 5 o ®

the correlation function: e
— NA(1405), below threshold @) o d_chamels\
—> overall increase of CF K-p K%-n  m-z A

i, i, |
\) + Lo+ I
i 1Y T

Cik")

Lo D) Pller) ) Dk,
K°-n, above threshold s Carss
i —+K n+aZ4mA

—> cusp structure My« W+ A 07f

.p -n 0'8? ————— +K n+nz
n

VU VU Uy F .
0sf 3

Vilka?) (k) Pk, r) ST T P P T PR I
0 50 100 150 200 250 300
K* (MeVic)

L. Fabbietti et al., arXiv:2012.09806
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Results: K*—p in 13 TeV pp collisions (MB)

* K*—p correlations:

Known very well from scattering
experiments
No inelastic channels

Used as a benchmark to study K—p

* Radius obtained from inclusive p—p
correlation

Data — Model Data — Model

|
oo
no

l[\lll\lll[\ll[‘lll[}l_L

ALICE pp Vs =13 TeV
ro=1.18+0.01+0.12 fm
A=0.61+0.06

* K'p@Kp

| |Coulomb

DCoulomb+Strong (Julich Model)

ALICE

ALICE,
Phys. Rev. Lett. 124
(2020) 092301

Julich: J. Haidenbauer,
Nucl. Phys. A 981
(2019) 1

Hadron-hadron interactions at the LHC - Stefan Heckel - 03.02.2021
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Results: K—p in 13 TeV pp collisions (MB) m

ALICE
. F L) L LR L LN IR R
S50 ALICE pp Vs = 13 TeV E
2-4$ ro=118+0.01+ 0.12fm
) . 2.2} A =0.64 +0.06 E
* K—p correlations: i + Kp ©K 3
— Observation of a cusp structure close 18E\L  [JCoulomb 3
70_ - Coulomb+Strong (Kyoto Model) 1
to the K n threShOId . 1'65 ] Coulomb+Strong (Jillich Model) 1
— Corresponds to 58 MeV/c in CM frame 14F o ]
1.2F =
. . . . 1 E
* First experimental evidence of the opening 0sb 0.7<S; <1 3
of the K%-n coupled channel! S oafF
S 0.2¢ 1
T oof | ALICE,
. . £-0.2F ]
e Study in p—Pb and peripheral Pb—Pb S oat Phys. Rev. Lett. 124
L . T 04f3 2020) 092301
collisions ongoing: 8030 (2020)
— Coupled channel effects expected to Dy | Jilich: J. Haidenbauer,
=02 _
decrease with increasing source size S-04f Nucl. Phys. A 981
3 0.4f (2019) 1
S 02 i Kyoto: K. Miyahara and
(L_g.g; 777777777 3 T.Hyodo, Phys. Rev. C
S04f i 93(2016) 015201

0 50 100 150 200 250
k* (MeVic)

Hadron-hadron interactions at the LHC - Stefan Heckel - 03.02.2021 38



Results: S =-2, p—="in 5.02 TeV p—Pb and 13 TeV pp (HM)

C(k*)

p—="correlation function .

in two collision systems

2_6 = T T I T T - T T | T T I_
54F- ALICE p-Pb |5, = 5.02 TeV ]
: 0 pz opt .
221 - P -
2t .
1.8F =
i E p-E sideband background ]
141 % b =
12F % | =
- Ve, .
1= o - & o]

- ] | ! ! ] L ! ] 1 I:
B 100 200 300
k* (MeV/c)

ALICE, Phys. Rev. Lett. 123 (2019) 112002

Source sizes:

C(k*)

3.5

25

1.5

Tm

ALICE

pp 13 TeV HM | 1.25 fm

0-Pb 5.02 TeV MB ‘ 1.43 fm

E. 4 : ; 1 " ; E L | Y ! : ; L

- + 16 ALICE data pp +/s=13 TeV -
-+ E

L E

; c$ [4?E4?M1Fm%?%%?f4*{%$iﬂk74}}ﬂé
6 — 150 — 260 — 356

k* (MeVic)

ALICE, Nature 588 (2020) 7837, 232
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Results: S = -2, p—="in 5.02 TeV p—Pb and 13 TeV pp (HM) Tlm

ALICE
* Clear enhancement above the Coulomb prediction
* First observation of an attractive strong interaction between a proton and a =" baryon
;-\ 2'6 - s ! Y ! I ! . o ! 5 | : ! I— T T T T I T L] L) T 'I ) T T T L
% sab ALICE p-Pb \s,, = 5.02 TeV E 3.5 &
F Bo:ops ] ol 161 ALICE data pp v/s=13 TeV !
225 E sk L I Coulomb -
2 - =
- Coulomb . 3
18 oulom e ;—-.2'5 B :
z -Z sideband background ] = | ]
18 ? . C LE 3
141 % 3 g - ]
C [ . . _
1.2 % i - 15F .
- . LI ] ] N 7
1 W gy iE .
0_8: L L 1 L | 1 | L 1 | L I: : 1 1 1 1 1 1 1 1 i | I 1 1 1 .
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Results: S = -2, p—="in 5.02 TeV p—Pb and 13 TeV pp (HM) Tlm

C(k*)

ALICE

Validation of HAL QCD lattice predictions

First direct measurement using the femtoscopy method

S e A ]
04 g ALICE p-Pb \s,, = 5.02 TeV E 35
F 8 pzopE 1 Bl AucEdata  pp v/s=13 TeV p-=T
221 = 3.0
- Coulomb + HAL-QCD . 2 [l couiomd
2 - Coulomb + p—=- HAL QCD
- Coulomb .
1.8 B
16 C -Z sideband background ]
145 + é =
12F * -
- » L Q o N
1 — ke @0 B G
- ! L ! ) | ! ) ! ! ] ! ! ) ! I:
08 100 200 300 :
k* (MeV/c)
ALICE, Phys. Rev. Lett. 123 (2019) 112002 ALICE, Nature 588 (2020) 7837, 232
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Results: S = =3, p—Q- interactions

mme

100

__-100

-200

V(r) (MeV

-300

-400

-500

K. Morita et al., Phys. Rev. C 101 (2020) 015201

_________
———————
e

r (fm)

Several rather similar potentials for the p—Q- interaction...

ALICE
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Results: S = =3, p—Q- interactions

Tm

ALICE
100 — ! ' -
0 o s
e reff=0.95 fm
P [110] S -
3 o 4
() "’I "
= 200 [/
s | CkY = [ @k P
= 300
400 b 7 ~ « *
: H-ypk*r) =E- k™, 1)
~500 | . . —
0 1 2 3
r (fm)
K. Morita et al., Phys. Rev. C 101 (2020) 015201
e ... transform into...
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Results: S = -3, p—Q" interactions Tlm

ALICE
12 . .
100F — T ] = '
\
10~ ' No Bound State -
) 8 B “‘ 7
> '
GJ :\ \‘
2 X 6= | -
= 1) \
S
\_ ‘\ p—
400 |- - )
: 2 -..-"-:::a =
-500 —_'. e .-:'--'-'--"-_-"_'_'_'_'_-'_-'_'.'.'.--em
L I smmmpmmmgmmmmmmm e . .
0 1 iy 2 3 % 100 200
(fm) k* (MeV/c)
K. Morita et al., Phys. Rev. C 101 (2020) 015201

... quite different correlation functions!
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Results: S = =3, p—Q- interactions

mme

—

V(r) (MeV

100F — v 1

_______
- -

i
- =
e

100 7,
200 /4
300 "'

—400 [

L
.
50017

r (fm)
K. Morita et al., Phys. Rev. C 101 (2020) 015201

12

10

ALICE

1
l" No Bound State
' Bound State (B.E. = 0.05 MeV)

Bound State (B.E. = 24.8 MeV)

In case of a bound state: prediction sensitive to the binding energy

Femtoscopy in small systems sensitive to minor differences in the interaction potentials
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Results: p—Q in 13 TeV pp collisions (HM) Tllm

Clk*)

ALICE

1.2

BB ALk dete * Enhancement above Coulomb
B Coutoms p-a- — Observation of the strong interaction

Coulomb + p—02- HAL QCD elastic

I coulomb + p-0 HAL QCD elastic + inelastic
+ * Missing potential of the 35, channel
M‘Jl + S ERT = - Test of two cases:
+ E+J'+ﬂ - 1. Total Absorption by inel.
| v/# channels

200
k* (MeV/c)

) * Data more precise than the first principle
| | calculations

200 300
K* (MeV/c)

* So far, no indication for a bound state

ALICE, Nature 588 (2020) 7837, 232
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Results: p—=" - back to neutron stars
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Results: p—=" - back to neutron stars

TLT

3.5
Bl ALCE data p-E
3.0 i.: I coulomb
Coulomb + p-Z=-HAL QCD
25— Coulomb + p—@- HAL QCD elastic
g - Coulomb + p—Q~ HAL QCD elastic + inelastic
20—

15—

1.0~
b

7 1

P2
6 M al
1.2
5 |
ok

— i - il S 13
o4l o 1.0 I:—!-:I I:-’—],:_._]
&) g

100 200
e k* (MeV/c)

K* (MeV/c)

ALICE, Nature 588 (2020) 7837, 232

Vir) (MeV)

Repulsive core of
—="interaction
leading to stiffer
neutron star EOS

Masses > 2 MQ
can be reached

100

-100

-200

-300

-400

-500

p-=-HALQCD,/=0,S=0
p-2"HALQCD,/=1/2,S=2

10
p-=-HALQCD, /=0,S=0
p-=- HAL QCD
— p—-HALQCD, I=1/2,S=2
= 5
O
0 L L L |
0 50 100 150 200
| K (MeY) |
1 2
r (fm) '
~w 25T T T LAARRSE RARRS] T T T M
= L ]
@ e
© 2
= n ]
- JO740+6620 .
15  Jo3ss+0432 3
U ]
05 ]
0

1 al L 1 Las L 1 al al
105 11 115 12 125 13 135 14 145 15
Radius (km)

ALICE

Hadron-hadron interactions at the LHC - Stefan Heckel - 03.02.2021

48



Tm

ALICE

Summary

And more to come...
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Summary

ALICE
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Summary: ALICE publications Tlm

ALICE

* Phys. Rev. C99 (2019) 024001: p—p, p—A, and A=A in 7 TeV pp (LHC Run 1)
* Phys. Lett. B 797 (2019) 134822: A—Ain 13 TeV pp and 5 TeV p—Pb
* Phys. Rev. Lett. 123 (2019) 112002: p—="in 5 TeV p—Pb

*  Phys.Lett. B 805 (2020) 135419: p-3°in 13 TeV pp

* Phys. Rev. Lett. 124 (2020) 092301: K—p in 13 TeV pp

* Phys.Lett. B 811 (2020) 135849: common baryon source

* Nature 588 (2020) 7837, 232: p—="and p—Q in 13 TeV pp

And the mathematical framework:

* D. Mihaylov et al., Eur. Phys. J. C78 (2018) 394: CATS

https://cds.cern.ch/record/2746022
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More to come... Tlm

ALICE

* Getting back to the three-body interactions: 2.8

PNM

— No direct measurement of ANN available _—
— Extraction Of the genUine pp/\ three-bOdy force 2.0 TR ;;:;::;,:::::;;;:1,‘;:2:2:;;::::T?_
via cumulants, following: PRC 89 (2014) 024911 B RAE

—= 16}
. . . =
— Run 3 & 4 data samples will provide a high- S
iSi ’ AN + ANN (I
precision measurement +ANN ())
0.8 +

_ @ & @ @ 04}
@0 12 s on s el

11 12 13 14 15
R [km]

Phys. Rev. Lett. 114 (2015) 092301
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More to come... T““

ALICE

* Getting back to the three-body interactions: 2.8

PNM

— No direct measurement of ANN available SR 34810432
_ EXtraCtlon Of the genL“ne pp/\ three_body force XS T P R B P PR, T T T P P
via cumulants, following: PRC 89 (2014) 024911

—= 16}
. . . =
— Run 3 & 4 data samples will provide a high- S !
precision measurement
0.8

@ @ R 04 |
(00 12g%p a0 08 sk ael

1I1 1I2 1I3 1I4 15
R [km]
* p—®: determine scattering parameters, study
possible coupled channels or bound states

e p—d:study the underlying 2+3 body interactions

Phys. Rev. Lett. 114 (2015) 092301

* A—d: spin dependence, doublet and quartet, the Thanks a lot for
latter connected to A—N interaction your attention!
e the charm sector?
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Tm

ALICE

BACKUP
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First step: a Gaussian source with resonances T““ *

m™h

Daughter 2
%

3res,2

Resonance 1 Resonance 2

* Modification of the pure Gaussian core radius r._.. into the larger effective radius r*

core

* Due to strong resonance with short decay lengths of the order of 1 fm

ALICE, Phys.Lett. B 811 (2020) 135849
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\l/
First step: a Gaussian source with resonances Tlm 2

ALICE

----- Gauss r(core)=1.20 fm
* Core + p—p resonances
« Gauss r(p-p)=1.28 fm
Core + p-A resonances
«+ Gauss r(p-A)=1.41fm

4nr?S(r*) (1/fm)

0 1 2 3 4 5 6 7 8 9 10
r* (fm)

e Source functions for p—p and p—A correlations
* Dots: Folding a common Gaussian core with an exponential tail from resonances

* Dashed line: the corresponding Gaussian core with r,.. = 1.2 fm
* Dotted lines: pure Gaussian distributions

ALICE, Phys.Lett. B 811 (2020) 135849
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Results: A—A in 13 TeV pp and 5 TeV p—Pb collisions m

;_“ 2 L T T I‘ T I T T 1 T I T T T T I 1 T T T i ;_“ 2 B T E T T I T T T T I T 1 T T I 1 T T T ]

x f ALICE pp Vs =13 TeV i =< B ALICE p-Pb |5, = 5.02 TeV 1

O 18F o 4 O 18F _ —

- |8 A-A © AR pairs . - |8 A-A © AR pairs .

16 \ 1 ND46 ==+ NF44 . 16 wo ND46 =+ NF44 .

14F = Ehime == ESC08 : 14 = FEhime == ESC08 .

C HKMYY == Quantum statistics ] B HKMYY == Quantum statistics .

12 - 1.2 —

(R S, SS— . 1E- O r—O—e 2

- LTSN Ao g - T S, s R S -

- IR i | e 7

0.8 == JT'. A — 0.8F =

0.6 - 06F -

0.4 N L ) T T . -
0 50 100 150 200 0 50 100 150 200

k* (MeV/c) k* (MeV/c)

Phys. Lett. B 797 (2019) 134822

* NA-A correlation functions in 13 TeV pp (left) and 5 TeV p—Pb collisions (right)

* In addition, several models are shown for comparison
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Results: A—=A in 13 TeV pp and 5 TeV p—Pb collisions

mme

Exclusion plot for scattering
parameters obtained using the
N—N correlation functions in
several data sets

Black hashed region: Lednicky
gives unphysical correlation

Small region for bound state
still allowed at small negative
foltanddy <4fm
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ALICE
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-1 0 1 2 3 4
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ALICE
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e >3

EZ# Unphys. C(k™)

BE STAR
—J—-HAL QCD
# HKMYY
* FG
v ND
wme NF
-+=-NSC89
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¢ Ehime
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m fss2

Phys. Lett. B 797 (2019) 134822
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Results: p—A in 13 TeV pp collisions (HM) m

ALICE

T T T T T L e e e e e
ALICE b

T T
ALICE -

* Significant extension of the kinematic £ i i i i
(&) high-mult. (0-0.17% INEL>0) pp Vs = 13 TeV: high-mult. (0-0.17% INEL>0) pp Vs = 13 TeV:
range 1.8 __ . - -
- 6| p-A ® P-A pairs T 6| p-A ® P-A pairs b
[ = Fit NLO13 (600) ] = Fit NLO13 (600) 7]
16 = LO13 (600) - = LO13 (600) .
« Clear experimental evidence for the cusp : Resiom g3 26T ] Resiiel p5%. Flat ]
14F Residual p-="&p-=" HAL QCD —- Residual p-=-&p-=" HAL QCD —
« Different variations of the residual p—2° 12f b =
correlation: from xEFT or flat I . ; ;
L1.08F ' S
. 5ol aE
* LO xEFT failes to reproduce the data, roar 1F
1.02- —I
NLO13 better, but not as good as NLO19 o —
e Entering a precision era! 3 | T

0 700 200 300 200 0 700 200 300 200
k* (MeVic) k* (MeVic)
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Results: K*—p in pp collisions (MB) 11m

1 if T 1 T3 T T3f T 1 3
= | = 3
09F = = LI 34F -
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08k = ] "‘n = =
07E 3 1> "ALICEpp (s=7TeV 07<8;<13F ALICE pp {s =13 TeV 0.7 < §; < 13
X F el ) 3 rg=1.13£0.02 77 fm 3k rp=1.18£0.01+0.12fm 3
O 06 = A=071+007 4E A=061+0.06 =
05 El E ¢ K'peKp E
0.40 1 3 | il DCoqumb 4
03E o ES me i ws e E4 = [-] Coulomb+Strong (Jdlich Model) 3
TEL I 1 ..t|e.'c.3..|....|'?|. 1 I I I [ 1 ol I 1 =
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" 0fe ces® e B geige FEpE. esetegte® ko oo ta®®
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ALICE,
* K*—p correlations in pp collisions at various energies: Phys. Rev. Lett. 124

— Known very well from scattering experiments (2020) 092301
— No inelastic channels Jlich: J. Haidenbauer,

— Used as a benchmark to study K—p ;\lucl. I)’hys.A981
2019) 1
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Results: K—p in pp collisions (MB)
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K—p correlations in pp collisions at various energies :
— Observation of a cusp structure close to the K°-n threshold

— Corresponds to 58 MeV/c in CM frame
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ALICE

ALICE,
Phys. Rev. Lett. 124
(2020) 092301

Julich: J. Haidenbauer,
Nucl. Phys. A 981
(2019) 1

Kyoto: K. Miyahara and
T. Hyodo, Phys. Rev. C
93 (2016) 015201
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