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The femtoscopy technique %
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Nuclear collisions
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Particle production and propagation

ALICE

Pair reference frame

’xw ﬁa/
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TUTI Particle production and propagation

ALICE

Pair reference frame

’fw ﬁa/

Po P
Schrodinger Equation: L 7% — 7y

— 2
V(r)-> |W(k", )| relative wave function for the pair
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TI-ITI The Koonin-Pratt formalism s.&. koonin, phys. Lett. B 70, 43 (1977).

ALICE

Pair reference frame

f//‘\’ o/
RS

@
Po Do*
Schrédinger Equation: 1 D% — Dy
N 2 = —
V(r)-> |W(k", )| relative wave function for the pair 2
Nsame (k™) _

) = 40 - e = [ s [l 7)| @

Emission source wo-particle wave function

CATS (Correlation Analysis Tool using the Schédinger equation)
D. Mihaylov et al., Eur. Phys. J. C78 (2018) 394
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Examples of correlation functions

Predictions obtained using CATS

== Attractive
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Accessing short-range dynamics
in pp collisions
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LF, V. Mantovani Sarti and O. Vazquez Doce ARNPS 71 (2021), 377-402 13
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Examples of correlation functions

ALICE

. . . *\ =% Tx 2% 32
Predictions obtained using CATS C(k™) =\ S(r") |1/J(k , 7| d°r
- | | | | | . o [T
[~ ] < 3
— - © T Vs =13 TeV
= = 2.5
- == Attractive 3 - ~:m
— — 2F )
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LA - —-»  Decrease of signal strength for large

6 source sizes
LF, V. Mantovani Sarti and O. Vazquez Doce ARNPS 71 (2021), 377-402 14



Examples of correlation functions

ALICE

Predictions obtained using CATS C(k™) = fS(F*) |1/J(k*,17*) d3r*
- | I | | | . SN AR RARE RN RS RARE RARE RARE RS Ran=sa s
- = & 9 Vs =13Tev
E_ === Repulsive _E 2_53_
- === Attractive ] .
- - 2F
- : 150
Samas = ; : ] 1_ ................ %
;— —;0.4?5: E
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C . = | NEFIFE IFAVIEN PPN I PRI IR IR PPN P B
— - 402 P 0 20 40 60 80 100 120 140 160 180 200
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— 01
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‘ (fm) < Repulsive

LF, V. Mantovani Sarti and O. Vazquez Doce ARNPS 71 (2021), 377-402 15



TUTI Examples of correlation functions

ALICE
. . . *\ =% Tx 2% 32
Predictions obtained using CATS C(k™) =\ S(r") |l/)(k , 7)) d°r
400_ T T 1 1 1 ]
- ] 2 LEARLRARERAALRARERAAL RAAERARERERERARE
300F- = 5 % ]
—~ F === Repulsive - - 0 1S
3 200 S R
2 === Attractive . C 0 .
=100 . - 2"_ """" ro =4 fm —~\\
S === \With a bound state - - 5 n
B . C D
0—\/ : 1.5 E
-100 . : : : fisai £ T rveeassssessseee]
oF- Joas : ]
- 1€ 0.5 -
= 15F ’ J03 T - i
X - /I ] = N I I I I I I N PR B
T i\ AR ={0.2 P 0 20 40 60 80 100 120 140 160 180 200
C Y - = k* (MeV/c)
05F ¢ < 0.1 ¥ . . .
L T Ne— Correlation flips around unity when a bound
() [timmmm— T 1 - 1 1 1 H |
5 7 & & state is present!

o, L. Fabbietti, VMS and O. Vazquez Doce ARNPS 71 (2021), 377-402
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What was measured in the last 5 years?

Bl baryon-baryon
B mMeson-meson
B meson-baryon

Three-body systems

Drt DK
pp, pp,AA p 3+, p/\,p20 = -
AN, p= A=, pQ

pd, ppp,mtpp Ad, ppA

o, rorore, KK ik, miK, =K KK

pK, pK, =
AK NK, =1t
np, pd, Kd, ppK
0 1 2 3

p-K: PRL 124 (2020) 9, 092301 ALICE
PLB 822 (2021) 136708,
EPJC 83 (2023) 4, 340

p-p, p-A, A-A: PRC 99 (2019) 024001

A-A: PLB 797 (2019) 134822

p-=-: PRL. 123 (2019) 112002

p-I, p-Q: Nature 588 (2020) 232-238

p-2°: PLB 805 (2020) 135419

p-¢: PRL 127 (2021) 172301

Baryon-Antibaryon: PLB 829 (2022) 137272

p-A: PLB 832 (2022) 137272

AZ : PLB 844 (2023) 137223

D-p: PRD 106, 052010 (2022)

p-p-p, p-p-A: EPJA 59 (2023) 7, 145

ppK: EPJA 59 (2023) 12, 298

D-rr, D-K: PRD 110 (2024) 3, 032004

A -K: PLB 845 (2023) 138145

p-d, K-d: PRX 14 (2024) 3, 031051

T-p, TPP: arXiv:2502.20200v1

Source studies: PLB 811 (2020) 135849
arXiv:2311.14527
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M ALICE detector %

ALICE
* Excellent tracking and particle identification (PID) capabilities

* Most suitable detector at the LHC to study (anti-)nuclei production and annihilation
* Results in this talk refer to pp HM at 13 TeV, Run2

* Major upgrade of the TPC (GEM read out) and ITS2
* Factor 100 in data taking rate w.r.t to Run 2

* Run 3 started in 2022-(2025)

Inner Tracking System
Tracking, vertex, PID (dE/dx)

Time Projection Chamber
Tracking, PID (dE/dx)

Transition Radiation Detector

Time Of Flight detector
_— PID (TOF measurement)

~
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TUTI Source function in pp collisions at the LHC

ALICE

= T T T T | T T T T I T T T T I T T T T I T T T

« Emitting source function anchored to p-p x ALICE pp Vs = 13 TeV

Bl ppeopPp
— Coulomb + Argonne v (fit) ]

) ! 3L N
correlation function ° W Highmut (0-0.17%INEL>0) -
Clk) = f (R F)|2 237 I m, €[1.26, 1.38) GeV/c? ]

B . i Gaussian Source ]

measured known interaction 25 —

« (Gaussian parametrization

1 r? Effect of short lived
T —— —_— — X
S(r) (a2, ez P ( 412 ) resonances (ct ~ 1 fm)

N
LN L

ALICE Coll., PLB, 811 (2020), 135849

1.9

11 1 I L1 11 l 1

1 1 1 1 1 | 1 1 I| 1 T% 1 anJ lmlul T IUIUI
50 100 150 200
k* (MeV/c)

(@)

ALICE Coll., PLB, 811 (2020)
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TUTI Source function in pp collisions at the LHC

ALICE
- Emitting source function anchored to p-p = s , ]
correlation function S . ALICE PP gzzij‘j‘h’ﬂ o]
S B ig ult. A7% i
C(k*) =f |¢(E*,F)|2d3f T 25 m™ ] pn@p- ~
measured known interaction i [=Jppepp b ]
- rcore=a'<m>+c n
o —4— T 3
. . ) B . [ n*-n* ® n—n, Pold ]
« (Gaussian parametrization - e v ® mm, Pol2 7
1 r? Effect of short lived - —+— p-K" @ 5K~ i
= — —— X 5 -]
§(r) (4mr 2, )3/2 exp( 4,2 ) resonances (ct ~ 1 fm) 15: i
ALICE Coll., PLB, 811 (2020), 135849 : > .. :
P
» Cross-check with K+-p, m-11, p-/\, p-1t - o | '
 One source that describes all systems 05kt L SN I T

with very different final state interactions | m: (GeV/c?)
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4
2

1.9
M(Knr) (GeV/c?)

Hyperons and charm hadrons @ ALICE
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E
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;& -.--signal fit 1
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H o = 1.82 MeV/c®
. . ---- background fit
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TUM The pA femtoscopy correlation

ALICE
~7- 10° pA pairs with k*< 200 MeV/c = e —
o .~~~ "~ r - - - r -1 T ] £ .
) 22% a) ALICE pp Vs =13 TeV 1 *« Measurement down ¢ Scattering data -
O of high-mult. (0-0.17% INEL>0) =4 to zero momentum I Ap -> Ap
:_+ © ‘ A @ _K airs _: Sechi-Zorn et al.
18F SRR ERE 1 » Factor >20 o
1.6 = - improved 200 Piekenbrock -
14 4 precision (<1%)
126 . - « First experimental
1 Sererereoetoreeeocoreed  €VIdence of AN-2N
9 1-82_— —  opening in 2-body 100
G 104 -
oy - 3 channel
1_— Q‘O-% -O-.o. -o-"a""—a
- OO0 O~OO 0.0.9.'0-0'0'0' -
0.98 T -]
0 100 200 300 400 =—
* 0 ! ! ! : ]
ALICE coll. PLB 833 (2022), 137272 k* (MeV/c) 45 135 220 310 385
k* (MeV/c)

NLO13: J.Haidenbauer, N.Kaiser et al., NPA 915, 24 (2013)
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TUTI p/\ Scattering parameters %

ALICE
» Spin-0 and Spin-1 scattering length from scattering data g — T T
« Agreement with N2LO and NLO19 e Scattering data -
Ap -> Ap
D. Mihaylov, J. Haidenbauer and V. Mantovani Sarti, PLB 850 (2024) 138550 s o SechiZom et al.
5 Hauptman et al
200 A Piekenbrock
100
(e L .
45 135 220 310 385

k* (MeV/c)
NLO19: J.Haidenbauer, U. MeiBner, EPJA 56 (2020), 3, 91
NLO13: J.Haidenbauer, N.Kaiser et al., NPA 915, 24 (2013)

24



TUTl FIRST simultaneous Fit of scattering and femto data

« NEW: combined analysis of femtoscopic and scattering data

ALICE

o (mb)

* | ess attractive AN interaction

D. Mihaylov, J. Haidenbauer and V. Mantovani Sarti, PLB 850 (2024) 138550

200 |

4

— T T T T T T T
Scattering data

Ap -> Ap

® Sechi-Zorn et al.
= Alexander et al.

© Hauptman et al.

4 Piekenbrock

~

X 2'2! a) ALICE pp /=13 TeV E
O of high-mult. (0-0.17% INEL>0) 3
18 E_I {588 pA @ PA pairs _f
16F* -
14 -
12 “. =

© 1.06F =
% - ]
oY 1.04 ]
1.021~ * . 7

! - .-"-..‘...-. om0 0 ‘q_t
098 —

100 200 300 400
ALICE coll. PLB 833 (2022), 137272 k* (MeV/c)

I 220 I 310‘ 385
k* (MeV/c)
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WHAT about Neutron stars ?

Also interaction between other hyperons (X
(uds), E (ssd)) and nucleons, or between
two hyperons (AA) are relevant for neutron
stars.

/>

We have measured all the relevant two-
baryon interactions with femtoscopy!




TUTl FrROM scattering parameters to single particle potentials %

D. Mihaylov, J. Haidenbauer and V. Mantonvani Sarti PLB 850 (2024) 138550 H LICE

Combined fit
30 20! ™% Tuned NLO19 - Cutoff dependence
' ' Tuned NLO19 - Data uncertainty
2.5 101 ¥ Upatpo
2.0
115 © % 0
-1.0 E
~-10
20 25 30 35N0 0 2 =20 / y
fo (fm) V;lem in mom. space = /
via G-matrix approach —30Q - D PR T -
UZ"" (po) = —36.3 + %5 (syst) MeV —20] ’T /
. . . I ~ 8 / o
Quantitative estimate of repulsion from 3BF ANNatps! | | | | SN\M
8.0 0.5 1.0 1.5 2.0 2.5 3.0
pPlpPo
27
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Impact on nuclear EOS and neutron stars

ALICE

"-"g S00 g ] Inclusion of S=-1, -2 YN softens the EoS!
= 450 ’
% 400 - [ Nucleonic (NN + NNN)
— ucleonic + . 0 2
= = K, = 160 MeV Light shade: theoretical uncertainty (cut-off)
© 350 —K;=270MeV
§ 300 E Dark shade: experimental uncertainty
 eoE (comb. fit scatt. + femto)
o -
200 —
150 - —
= 3 Experiment Theory
100 Nucleonic + S =-1, -2 YN, YY: 3
50 £ K, = 160 MeV + NLO19 tuned + HAL QCD_J] D.Mihaylov J. Haidenbauer
= [ ] Ky =270 MeV + NLO19 tuned + HAL QCD TUM/Sofia ‘
0:| .||||||||||||||||||||||||||||||: Un| !
0 200 400 600 800 1000 1200 1400 1600
Energy density [MeV fm™]
V. Mantovani l.Vidana
I.Vidana, V. Mantovani Sarti, J. Haidenbauer, D. L. Mihaylov, LF arXiv:2412.12729v1 Sarti ‘ INFN Catania /:
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TLTI

f -3 ) e I L B L BRI LRI BN L L

S D D [ PSR 074046620 /\ NICER PSR J0740+6620 _E
' 5 [ PSR .J0348:0432 / \ =
[ / \ —
1.8 - Peruterez0 / \ =
) NICER PSR J0030:0451
1.6 NICER PSR J0437-4715 | (a) =
1.4 ’ =
1.2 -
1 GW170817 _f
0.8 —i
0.6 —
04 [_] Nucleonic (NN + NNN) Nucleonic + S=-1,2 YN, YY: I
’ K, = 160 MeV K, = 160 MeV + NLO19 + HAL QCD =
0.2 Kk, =270 Mev [ 1K,=270MeV + NLO19 + HALQCD ~ —]
0 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 I 1 1 | 1 :

4 6 8 10 12 14 16 18 20
Radius [km]

I.Vidana, V. Mantovani Sarti, J. Haidenbauer, D. L. Mihaylov, LF arXiv:2412.12729v1
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Impact on nuclear EOS and neutron stars %

ALICE

Upper limit of EoS with hyperons
is too soft to reach 2MQ©

Additional repulsion among
hadrons or new degree of
freedom is needed

Three body hyperon nucleon
interactions?

29



TLTI Three body interaction at the LHC

ALICE

Two methods are currently studied
» Deuteron-baryon correlations
» Three-baryons correlations

Ck*) = j [y (k*,7)|? 4mr? dr

deuteron
%\
Gho,

P, @)= [ Sl p dp

\,* .
]
.L:’;;p Q3:\/_qi2j__qi2k_QI%j

-
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TLTI NNN using proton-deuteron correlations

» Full three-body calculations are required
(NN + NNN + Quantum Statistics)

pp High-mult. Vs =13 TeV
6 p-d ® p-d

B AVA18+UIX (full)

[ AV18+UIX (s*-wave)

"7 Pionless EFT (NLO)

Baseline

0 100 200 300 400 500 600
k* (MeV/c)

ALICE Coll., PRX 14 (2024) 3, 031051

M. Viviani et al, Phys.Rev.C 108 (2023) 6, 064002



TLTI NNN using proton-deuteron correlations

» Full three-body calculations are required 129
(NN + NNN + Quantum Statistics)

 Hadron-nuclei correlations at the LHC can be

_ i 0.8 ALICE
used to study many-body dynamics _ o Hih-mult, 5 =13 Tev
« Sensitivity to three-body forces up to 5% Sf 0.6 6 p-d ® p-d

B AV18+UIX (full)

d
1.06 T T T T T T 0_4 ) /HH : - AV1 8+UIX (S*'Wave)
I < P Pionless EFT (NLO)

1.04 0.2 Baseline
%1.02 =1 N
ST ' R | | | |
(\_) o i .
g I W =1.4fm L I A e o
%~ 0.98 - MN=13fm ] s ¢ . i
S 096 erm=t2m 0 100 200 300 400 500 600
O crp=11fm o k* (MeV/c)

NN _ —
0'94_ o re =1.0m ) ALICE Coll., PRX 14 (2024) 3, 031051
092 . ] . | . | . M. Viviani et al, Phys.Rev.C 108 (2023) 6, 064002

? 0 100 200 300 400
ol k* (MeVi/c) +



TLTI NNN using proton-deuteron correlations

» Full three-body calculations are required

(NN + NNN + Quantum Statistics) L I [ |
~— 1_ — —— —— —— —
« Hadron-nuclei correlations at the LHC can be © I .
used to study many-body dynamics 0.8

ALICE Preliminary

 Sensitivity for Run 3 ~1% pp Vs =13.6 TeV

o
olj T 1

06— ; 4:_ | 5-

1.04 T
o . - AV18+UIX (2N+3N)
=1.02 1 0oL _
st L Baseline
R S ———— -
:-\ r _._NN= i cao v b v v v by v b v by
=098 T 0 "50 100 150 200 250 300 350 400
2 eff — ' *
§ 0.96 o rQ‘,’#: 1.2fm | k (MGV/C)
O il =1.1fm

0.94 - =1.0fm n

O'920 I 1 (I)O I 2(I)0 I 3(I)0 I 400

k* (MeV/c) 33



TUTI ppA correlation - %

% ALICE
Run 2 data limited in statistics \\1

First calculation : = NA interaction from fit of scattering & femto data
- hypertrition BE reproduced with 2B interaction

_ 40 ' T ' T ' T '
S 30[ L BLALELELS AL BLELELELE BLRLELALEY BLELELELE BUL L
S F = ] C A C" 41— k =2.6 fm -
O n pp Vs =13 TeV ] I\\ pPA™ " ppA T ppA Po
25— High Mult. (0-0.17% INEL) ] I |
20 :__"- _:. .,‘ 8 ]l I T I T ] T ] T ] T I T |
C p-p-A®P-p-A Data ] 6 . = Three-body force _ ]
- E . B ‘\ w == No three-body force |
15— - 4 _Q — — vI8 pp potential - 7
C ] = { « « « » Gauss Ref. [41] J
10F - 2 P, U
: : 1 I L I L ] L I L I L I L R
5 - ] 200 300 400 500 600 700 800
o Ry e T 0 e pooeieeagn s
' ' ' ' ' ' Q G v/ ' 0 200 400 600 800
s (Gevic) Q, MeV/c)

ALICE Coll., Eur.Phys.J.A 59 (2023) 7, 145

;
e

A. Kievsky and E. Garrido, Gattobigio, R. Del Grande, LF arXiv:2408.01750



TUTI ppA correlation , :

% ALICE
Dedicated three body triggers for pp collisions at Run 3 \\#

By the end of 2026 100 times more statistics

~, [T T T T T T
g 60__ 1 40 T l T ' T l T
S L ALICE Preliminary ]
- Run 3 . =\ C +1— k p0=2.6 fm -
50 op Vs = 13.6 TeV - ppA PPA T ppA
: B ] 30+ -
4oL [ ppropn ] .- o | S L N B B
L ] cn 6 ] = Three-body force _ T
30k R o - R — = No three-body force | ]
. ] < 20 Lo 4 _Q — — v18 pp potential - 7]
- 1 U‘:‘* [ [\\ 1 L { « « « » Gauss Ref. [41] .
20F 3 tf \: L~ 4
C ] -II \- 2_ et ot gutnpmputn
C ] 10k \2 P PO T P R A -
10F - | \Q” 200 300 400 500 600 700 800
C ] ) ) i
0 PR U T Sl O Y ol el ol ] J \‘l’
00102 03 04 05 06 07 ol e e I i S
Q, (GeV/e) 0 200 400 600 800
Q3 (MeV/c)
'l A. Kievsky and E. Garrido, Gattobigio, R. Del Grande, LF arXiv:2408.01750
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TLT A new tool to study low energy QCD

ALICE at the LHC Femtoscopy in small
systems

Study of Hyperon-nucleon,

Hyperon-hyperon interactions
relevant for Neutron Stars

Nuclei formation
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Direct access to coupled Py A
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TUTI Motivation

Solve a long-standing puzzle about the nuclei production mechanism in ALICE
relativistic hadron-hadron collisions

/’ \ At d
] \‘ i ‘7
| x
\ I

\ /

<N 7/

ol 37



TUTI Motivation

Solve a long-standing puzzle about the nuclei production mechanism in ALICE
relativistic hadron-hadron collisions

Evidence of K*— d strong interaction at short distances

Data from ALICE Coll. Phys. Rev. X 14, 031051 (2024)
0. Vazquez Doce, D. Mihaylov, LF arXiv:_

0.24 -+ K*ddata from ALICE

high-mult pp collisions @ 13 TeV
B Best fit for Scenario A

Best fit for Scenario B

o 100 200 300 400
k™ (MeV/c)

Considering K*d correlations and the CECA source model it is possible to calculate
an upper limit for the deuteron formation time : 4.75 fml/c

38


https://arxiv.org/abs/2412.04562

TUTl m-deuteron correlation functions in pp collisions at the LHC

1 2 ! [ I I I [ dn+/_
ALICE _
1.15 1 pp High-mult. Vs=13 TeV B
TS| E
- _.__.- +:‘:
~1.05 "= "
= - - .
O 1E - g JOCPRE L
- + Fln-d ® £-d -
0.95 in-d ® 5*-d B
0.9 —
- | | -
Cb peetEEEELELEEELEELEL EECETELEE T LERLF CELEY R I E ] PEEE R e ey PR -1
_5 . ] . ] . ] . ] A ] ]
0 100 200 300 400 500 600
k* (MeV/c)

ALICE

+
n_
Bl ALICE pp Vs = 13 TeV E
TE High Mult. (0-0.17% INEL>0) 3
0.85 ri;e [0.75, 0.95) GeV/c? =
0.8H Blpr @pn =3
; — Background :
0.75[¢ —— Coulomb + Strong Interaction 3
( RAH + 1 —;
0 — Total Fit 3
O.BE' il E

k* (GeV/c)
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TUTl m-deuteron correlation functions in pp collisions at the LHC

Attractive (m—d)

1 .2 ! [ T | ! | ! I I dn+/_
ALICE -
1.15 1 pp High-mult. Vs=13 TeV ]
11E ™™ —
- s :
—~1.05 1" - -
= - e~ ]
O 1E - g JOCPRE L
- + Fln-d ® £-d -
0.95(- fir-d ® 7'-d B
0.9 —
] —
5L —
Cb O'— """"""""""""""""""""""""""""""""""""""""""""" —1
_5_ ) ] . ] . . ] . ] .

0 100 200 dOO 400 500 600

k* (MeV/c)

Mainly Coulomb

40

ALICE

— Repulsive (* d) final state interactions



1.104
1.05
-~ 1.001
o 0.95 1
0.90 1
0.851

0.801

Data Interpretation

ALICE vs =13 TeV
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B Background

200
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e The A peak in d can only be explained as the residual correlation
that is retained between the pion and the nucleon stemming from the

. -::‘.‘.;® same A decay

e This means that the deuteron formation occurs after the A decay and
through rescattering/coalescence with an additional nucleon
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TUTI A new tool to study low energy QCD

ALICE at the LHC Femtoscopy in small
systems

ALICE

Study of Hyperon-nucleon,

Hyperon-hyperon interactions

relevant for Neutron Stars

Nuclei formation

Direct access to coupled
channels

Final state interaction of N
— charmed hadrons




TUTI Femtoscopy with coupled channels

A ALICE
A
® A\ °
N gﬁ‘v @ %
‘. ‘\ Elastic/Inelastic channels
\ ‘ A-B C-D
¢ Wy - 1
Vi(ky, 1) Palka,1)
Elastic/Inelastic wave functions
r ) N I
Ca_p(k®) = jS(r) Wy (k507 d3r + ZWJ' f S(r) |L|J]._)1 (k]*r)| 2 d3r = N (k *) same( *)
E3 Nmixed(k )
\ I =1 |
| Y

, . . J. Haidenbauer Nucl.Phys.A 981 (2019)
- elastic inelastic Y. Kamiya et al. Phys.Rev.Lett. 124 (2020)
I A-B— A-B C-D—A-B, ... vMS, L Fabbietti O. Vazquez-Doce 2012.0980¢



Coupled-channels dynamics in femtoscopy

ALICE

P

C(k®)
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Coupled-channels dynamics in femtoscopy

P1
* =% T =% 2 * rod % To% =% 2 * (
Cc(k") = fSl(r ) |L|J1_)1(k T )| d3r +Zoojp jS]—(r ) |Ll!j_>1(k]- T ) d3r 1 %é "*é ? é ;
\ ] |i= I LIS
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B +Kn B
E ] Above threshold:
N E modify the shape of CF
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08 . fe=1fm 3 A\ ST KN KOn
07F E v v v v ,
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0.6 —
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N

k* (MeV/c)

L. Fabbietti, VMS, O. Vazquez Doce Ann.Rev.Nucl.Part.Sci. 71 (2021) a5



C(k)

1.2

1.1

0.9

0.8

0.7

0.6

Coupled-channels dynamics in femtoscopy

ALICE
prod T 2|2 | 2
4y o [0 [y (7)) @ LA la
| = | ;v
| I P
elastic inelastic
1—1 23,...—1
?""I""I""I""I""W’i
— """ Below threshold: Above threshold:
o e increase the strength of CF modify the shape of CF
E; — shift upward of CF e.g. 211 — cusp structure e.g. Kon
ot T fg=11fm AT S KN KOn
3 E v v v v .
E g o E 0 59 k* (MeV/c)
Ol L El)O 1 1100 1 1150 . 2'00 . 2'50 L 3'06 For more details: J. Haidenbauer NPA 981 (2019), Y. Kamiya et al. PRL 124 (2020)

k* (MeV/c)

L. Fabbietti, VMS, O. Vazquez Doce Ann.Rev.Nucl.Part.Sci. 71 (2021)
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TUTI High-precision data on S=-1 sector

Scatt. data> ALICE

 Most precise data above Kp threshold with KN K-p femtoscopy
sensitivity to channels below threshold! v >

Energ;
Input for low-energy chiral effective potentials

ALICE Coll. PRL124 (2020) ALICE Coll. EPJC 83 (2023) 4 N ALICE Coll. PLB 822 (2021)
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Tum Molecular states %

ALICE

A(1405) is a dynamically generated resonances obtained o S
solving coupled channel equation based on chiral dynamics =~ A3 T
(hadrons are the degrees of freedom) 5

For =0 KN and Zr are the main contributor m ey [ =

0.8+
0.6

Two poles in complex energy plane:
my=1420 MeV (narrow quasi bound KN state) 02
m»,=1390 MeV (broad resonance in Sp) e

Re[z] [MeV] 1400

A\(1405) Prog.Part.Nucl.Phys. 67 (2012) 55-98

/Ir[ Zir[ g ﬁN nf\ nf ’f
1250-1255  1327-1337 1432-1437 1633 1740 1815 Eneréy

48

g



T

Currently work in progress and outlooks for Run 3

/ Very prehmlnary'

)
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O Y I Y — e g
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Pentaquark states in S=-3 sector with K=?
Feijoo, Vidana arXiv: 2411.18248
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ALICE at the LHC Femtoscopy in small
systems

A new tool to study low energy QCD

ALICE

Study of Hyperon-nucleon,

Hyperon-hyperon interactions

relevant for Neutron Stars

Nuclei formation

Direct access to coupled
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Final state interaction of N
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TUM D-t correlation function

« Measurement of D(*)-K and D(*)-rt correlation functions for same charge (SC) and opposite ALICE
charge (OC) configuration

» Correction for feed-down, misidentifications etc. to extract genuine CF from data

» Sensitive to Coulomb and strong interaction ~ ,
Comparison to NN system )
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TUM Dt correlation function fit

1.8 - 1.8+ _
- ALICEpp (s=13TeV ] " ALICEpp (s=13TeV ]
L High-mult. (0-0.17% INEL > 0) ] L High-mult. (0-0.17% INEL > 0) ]
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« Vanishing scattering parameters in both isospin channels
» Tension with theory especially in I=1/2 channel
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® L. Luetal
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D*n correlation function fit

ALICE
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« Vanishing scattering parameters within uncertainties
» Scattering parameters compatible with D results — Heavy-quark spin symmetry
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New theoretical approaches -

» Data inspired new theoretical calculations

« Smaller scattering length obtained ap«,(I=1/2)=0.1 fm, when

N

considering molecular nature of D1 states (D1(2420) and

D1(2430))

K. P. Khemchandani, L. M. Abreu, A. Martinez Torres, and F. S. Navarra, arXiv:2312.11811

Hidden gauge formalism with unitarization in coupled channels

D1(2430) explicitly added as bare quark-model pole structure to

better accommodate it within experimental observations
Belle Collaboration, Phys. Rev. D 69 (2004) 112002
LHCb Collaboration Phys. Rev. D 92 (2015) 012012
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Summary

ALICE

The feasibility of the measurement of any hadron-hadron
interaction at the LHC was demonstrated
Three body systems are currently under investigation

ALIC2@RUNS : factor 100 more statistics in all channels
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more to come...
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| normal nuclear matter |

Short distances

| compressed matter |

baryonic cores
of nucleons

fm

n=ngy = 0.16 fm* n=>5ng
dnn ~ 1.84 fm dnn =~ 1.08 fm J

r~1-2 fm

o, w, A N, K* P >>Po

D .
(o

Future perspective:

is the new high densities

ALICE

Three- and four-body interactions measured and intra-
particle distances of ~1-1.5 fm will provide access to
interaction at high densities and very low (?)b temperature

We can access the region of large g at low temperatures

quark-gluon
plasma

S~ deconfined,
X-symmetric

hadron gas
confined,

superconducto

xX- \ ll
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T|.|T| What is inside neutron stars?

ALICE
All two- and three-particle strong interactions can be
measured at the LHC!

?

.
- O
— — > -
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TUM |s|=1:Px%and PX*

—~ 1.8
= - ALICE pp Vs = 13 TeV
High-mult. (0-0.072% INEL>0)
1.6 6 p-=° @ p-3°
1.5 — fss2

1.4 = yEFT (NLO)

1.3 -—ESC16
NSC9o7f
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1

0.9 e
0.8 / | 1 1 1 1 | 1 1 1 1 | 1 1 I
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ALICE coll. PLB 805 (2020) k* (MeV/c)
A. Mathis
TUM

ALICE Preliminary
pp, Vs =13 TeV
High multiplicity
Pt @ pT
Gaussian potential
[no <1
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[@2<nc<3
nc>3

a, (fm)

B. Heybeck
Uni. Frankfurt

ALICE
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Pair

S

D-light meson scattering lengths AHeE
Z.-H. Guo et al.
.010fm  -041fm  -0.101fm .0.099fm  -0.06 fm -0.101 fm -0.12-i0.00036 fm
0.37 fm 0.33 fm 0.31 fm 0.34 fm 0.61 fm 0.423 fm 0.27-10.00036i fm
0.07+0.17 fm -0.05fm 0.06+0.30 fm 0.05+0.17 fm -0.01fm  -0.027+0.083 fm -0.22+i0.18 fm
0.84 fm 0.46 fm 0.96 fm 0.68 fm 1.81 fm 0.399 fm -0.19-11.710% fm
020fm  -022fm  -0.18fm 019fm  -0.24fm -0.233 fm 0.29+i5.2°10°6 fm
\ ]
! \ J
D-mesons |

Z.-H. Guo et al., Eur. Phys. J. C 79 (2019) 13

D*-mesons

Go from isospin (theory) to charge (data)
basis using Clebsch-Gordan coefficients
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TUTI 1S|=2: AA scattering parameters

ALICE
repulsive attractive
* Important for existence of H- ~
i £ 1 [ Jno<1
dibaryon E E ™
° 4 E2<no<3
. . 14 — B noc>3
« AA correlation measured in pp MB o 3 B Unphys. C(k)
7, 13 TeV and p-Pb 5.02 TeV o 1 s
1 —F HALQCD
. . 8 — & HKMYY
» Scan in scattering parameter space P 1 x rc
(fo1, do) and express agreement ) NS E I
data/model in number of o 1 e o0 {57 1oV -+ Nscso
deviations 2 - L e ss02Tev—] -0 NSCO7
. . o —-A ® A-A pairs -4 e Ehime
» Agreement with hypernuclei data o bt bt -:-:-“-@-‘ -Aj- 3, Escos
and lattice predictions 1 gy " 2
0
Room for a

° Most preC|Se Upper ||m|t on the shallow bound state

@Ar}dé@%%%%@()?fa‘@?s'dﬂ@ﬁ ryon ALICE Coll. Phys.Lett.B 797 (2019) 134822

) D.Mihaylov
=~ TUM/Sofia Uni




Tum |S|=2: PE™ test lattice potentials

0. Vazquez-Doce

» Observation of the strong interaction beyond Coulomb INFN Frascati

« Agreement with lattice calculations confirmed in pp and p-Pb colliding systems

B. Holweger
TUM
ALICE Coll, Phys. Rev. Lett 123, (2019) 112002 ALICE Coll. Nature 588, 232-238 (2020)
— 26 n T T T T T . T . . I . . . r . r T T T T T T T T T T T T T T
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© Rap B or - E - 161 ALICE data .
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ol

p=" Comparisons to ESCO8
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Phys.Rev.Lett. 123 (2019) 11, 112002
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ALICE
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T Model Studies %

. [1] Mahlein et al., EPJC 83 (2023) 9, 804
EPOS 3+Coalescence, FIST + mi+d-scattering ALICE

o T T ] T L e Predictions of nd correlation function using
S i Bl EPOS FIST thermal
O 1.03F thermal and coalescence models
- Coulomb
' e Coalescence[1l] model that reproduces the
1.02- deuteron spectra from the same data set without
Lok any free fit parameter is employed.
B e EPOS+ Coalescence[1] clear bump (A-yields tuned
1.00F to ThermalFIST)
B Thermal FIST input leads to a trivial baseline
0.99 ® Removing pairs where the w and one Nucleon
i stem from a A removed the bump entirely
098? interaction: no enhancement. Due to
0971 momentum conservation no change in k* is
- expected
L e 4 H + H 1 1
0.96; 0 =60 300 00 =50 =00 Elastic+Inelastic: n-wasswe reduction due to
k*(MeV/c) deuteron destruction
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