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Hadronic interactions

Low energy hadronic interactions:

p\)\/)/p

n

Effective Field Theories (EFT)
e hadrons as degrees of freedom
e |low-energy coefficients constrained by data

Lattice QCD

e quarks and gluons as degrees of freedom
e unstable for low mass hadrons
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Theory and experimental data

ALICE
S=0  S=-1 S=-2 $=-3 S=-4 S=5 S=-6
NN NA, NI AA, A3, 55, N= AZ, 32, NQ =z, \Q, 30 =0 Q0
< >
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Theory and experimental data N4
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Femtoscopy for interactions

ALICE
Nsame (k*)
Nmixed(k*)

2
R
> c(k*) = fS(F Wk 7)| d7 =Nk
p : .
pe @Pl’& Two-particle wave function
/’/ —_ = M. Lisa, S. Pratt et al., ARNPS 55 (2005), 357-402
ke¥= [Pa—P,| L. Fabbietti et al.,, ARNPS 71 (2021), 377-402
6\ 2 D. Mihaylov et al., EPJC 78 (2018), 5, 394
b
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Femtoscopy for interactions
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Attractive
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Two-particle wave function

Nsame (k*)

N mixed (k *)

M. Lisa, S. Pratt et al., ARNPS 55 (2005), 357-402
L. Fabbietti et al., ARNPS 71 (2021), 377-402
D. Mihaylov et al., EPJC 78 (2018), 5, 394

C(k")

Correlation function

Attractive
,,,,,,,,, Repulsive
50 100 150 200
k*(MeV/c)

Measuring C(k*) — fixing the source S(#¥) — study the interaction

ALICE
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Source function in pp collisions at the LHC

o Emitting source function anchored to p-p correlation function

C(k*) = j (&) d37

measured known interaction

o Gaussian parametrization

(_ r2 ) 9 Effect of short lived

42 resonances (ct ~ 1 fm)
ALICE Coll., PLB, 811 (2020), 135849

1
S (T) = T2 exp

o One universal source for all hadrons
(cross-check with K*-p, rt-i, p-A, p-m)

o Small particle-emitting source created in pp collisions at the
LHC

ALICE Coll., PLB, 811 (2020), 135849; ALICE Coll., EPJ C 85 (2025) 2, 198;
ALICE Coll., EPJ A 61 (2025 8, 194
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ALICE Coll., PLB, 811 (2020), 135849;
ALICE Coll., EPJ C 85 (2025) 2, 198;
ALICE Coll., EPJ A 61 (2025 8, 194
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Selected results from ALICE Run 2 data %%

ALICE
o Most precise measurement of o First measurement of the p-z* o Evidence of an attractive p-=
the p-A scattering parameters scattering parameters Interaction
= C T T T
3.0 = ALICE Preliminary 35 i
e meiplcty : 161 ALICE data ]
2 5 . gazl;iigfpotential 3 - gl . Coulomb ]
%?i<n;< 5 : Coulomb + p-Z HAL QCD i
2.0 : [2<no<3 o5 ]
Mnoc>3 o C 7
15¢ ° of =
1.0 151 .
0.5 i ]
C 1 I 1 1 1 1 I 1 1 1 1 I_
0 100 200 300
_ _ 0.0 k* (MeV/c)
fo (fm)
ALICE Coll., Nature 588 (2020) 232
D. Mihaylov, J. Haidenbauer and V. Mantovani Sarti,
PLB 850 (2024) 138550
l ) l
|
New precise experimental inputs for EFTs First tests of Lattice QCD
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Strangeness in neutron stars %

ALICE

o Equation of state with state-of-the-art interactions

for NN, NNN, YN (S=-1 and S=-2) and YY fail to = = N
reproduce observed heavy neutron stars S 22 E_ PoR J0740+6620 NICER PSR J0740+6620 —
PSR J0348+0432 =
I. Vidafia, V. Mantovani Sarti, J. Haidenbauer, D. Mihaylov, L. Fabbietti, EPJ.A 61 (2025) 3, 59 2 o \\ —]
1.8 — PSR J1614-2230 / =
B NICER PSR J0030+0451 -
c 1 T 1.6 ~ NICER PSR J0437-4715 | (d) =
XS] = K, =160 MeV 14 F ! —
S T with S=-1,-2 YN, YY - -
¢ ~ (b) i ] 1 2 :_ _:
% 107" = e = 1E GW170817 -
= = P m— = = -
T - AQ—Q! Y e 0sE E
o - Q\Q\} \\' - 8E =
A\ — — 7
1072 &= 1\\\"" | ; — 0.6 — _ -
E i \ [ Je 3 O 4 —_|:| Nucleonic (NN + NNN) Nucleonic + S = '1, -2 YN, YY: .
C N —E = K, = 160 MeV K, = 160 MeV + NLO19 + HAL QCD -
- ‘ T ] 0.2 = — K, =270 MeVv []K,=270 MeV +NLO19 + HALQCD ~ —]
10_3 E_ — _E O - cc by o by e b e by o T oy =

; ] 4 6 8 10 12 14 16 18 20
S DU B A | | oo — Radius [km]

0 1 2 3 4 5 6 7 Talk L. Serksnyte

Pp,
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Strangeness in neutron stars %

ALICE

o Equation of state with state-of-the-art interactions

for NN, NNN, YN (S=-1 and S=-2) and YY fail to go 23N = I B i A A U B
reproduce observed heavy neutron stars S 22 E_ POR J0740+6620 NCER PSR J0740.8620 —
PSR J0348+0432 -
I. Vidafia, V. Mantovani Sarti, J. Haidenbauer, D. Mihaylov, L. Fabbietti, EPJ.A 61 (2025) 3, 59 2 o - \ \ -]
1.8 — PSR J1614-2230 /l \ ‘I r =
. . . . "~ NICER PSR J0030+0451 ]
o Next step: inclusion of three body interaction 16E ! : 3
involving hyperons 4 = NICER PSR J0437-4715 | o (d) =
i 11 -
» ANN interaction: p-p-A\ and A-d correlations analyses - - -
ongoing in ALICE 1.2 Repulsive =
° 5 ' 1E GW170817 —
Talk L. Serksnyte 08E YNN ??2? =
0.6 & E
0.4 :_|:| Nucleonic (NN + NNN) Nucleonic + S=-1,-2 YN, YY: -
- K, = 160 MeV K, =160 MeV + NLO19 + HAL QCD 3
02 :—_ KO=270 MeV DKO=27O MeV + NLO19 + HAL QCD —:
O Coovov b o b o o by o by o T Tty oy T

4 6 8 10 12 14 16 18 20
Radius [km]
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Strangeness in neutron stars

o Equation of state with state-of-the-art interactions
for NN, NNN, YN (S=-1 and S=-2) and YY fail to
reproduce observed heavy neutron stars o

I. Vidafia, V. Mantovani Sarti, J. Haidenbauer, D. Mihaylov, L. Fabbietti, EPJ.A 61 (2025) 3, 59

o Goal: more precise information from p-=- and p-p-=
correlation measurements from ALICE

o
o Next step: inclusion of three body interaction
involving hyperons
— q.
» ANN interaction: p-p-A\ and A-d correlations analyses % '
ongoing in ALICE S
v v . S klo
Talk L. Serksnyté -
«Q
» ZNN interaction: scarce knowledge from hypernuclei o0
Only a few measurements of =-hypernucleai are available
K. Nakazawa, PTEP 2015, 033D02 (2015) o
M. Yoshimoto, PTEP 2021, 073D02 (2021) ‘—I'
S. H. Hayakawa (J-PARC E07), PRL 126, 062501 (2021).
o
\'h

Plot credits: K. Nakazawa
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[1] K. Nakazawa, PTEP 2015, 033002 (2015)
[2] S. H. Hayakawa (J-PARC EO7), PRL 126, 062501 (2021)
[3] M. Yoshimoto, PTEP 2021, 073002 (2021)
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ALICE detector in Run 3 %

ALICE

o Run 3 data: 2022 — present

Plenary talk

o Detector upgrades: ITS (vertex detector), TPC (main tracker)
O. Vazquez Doce

New detectors: FIT (multiplicity), MFT (muons)

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

I
-’.."1 { ‘/‘i

»
= ~hagtl] 0
>

Time Projector Chamber
Tracking, PID (dE/dx)

Transition Radiation Detector

Time Of Flight detector
PID (TOF measurement)
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Data set and particle purities

ALICE

Analyzed dataset Al T T 1 | T 11 I T 11 | T T 1 T 11 | T 11
o  Minimum Bias pp collisions at /s = 13.6 TeV S " ALICE Performance —
. > B S
_coIIected by the ALICE detector during LHC Run 3 2 0.12F RUN 3, pp 15 = 13.6 TeV -
in 2022-2024 S | 0<p <10Gevic :
o Integrated luminosity: 10.95 pb-! s 0.1 lyI<0.5 /p |
Q. T E S AT s pnn AN ]
e T _— -
High purity particle selection S .08l — Gaussian it + pol. bkg. B B
o = purity: ~ 93 % for k* < 200 MeV/c 3 - "pol-bhg. )
o  Proton purity: > 95 % for k* < 200 MeV/c § 0.066 -
g | ]
o L i
< 0.04 —
0.02] N
- ' ]

@
O-LILI|IIII|IIII|III

| | | |
1.29 1.3 1.31 1.32 1.33 1.34 1.35
m (GeV/c?)
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Modelling of the correlation function

Cp—E—,model(k*) = )\genCp—E— (k*) + )\p_:— C, = (k*) + )\p_é_Cp_é_ (k*) + )\flat

Sz—(1530) P =E—(1530)

Genuine p-= correlations

@)

ALICE

Raffaele Del Grande
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Modelling of the correlation function

ALICE

Cp—ﬁ—,model(k*) = )\genC’ _=- (k*) + )\p_:— C E—Cp—é

Nd Lt - P
=)

=-(1530) P

-5, (k*) + )‘p— _(k*) + /\flat

1530)

Genuine p-= correlations

Local potentials for the N= Correlation function

interactions Feore = 0.8 fm

1 3 1 3
C(k™) = §CI:0,S:0(k*) + §CI:0,S:1(k*) + 3 Cr=1,5=0(k™) + §CI:1,S:1(k*)
ALICE Coll., PLB, 811 (2020), 135849;

< T L rr T ALICE Coll., EPJ C 85 (2025) 2, 198; — I L B B S B B B
g - S=0 . ALICE Coll., EPJ A 61 (2025 8, 194 x - . .
< 40 S =1 - &) = p-E Coulomb + HAL-QCD .
:Q’ : : : Cp-E’ :
= 20 g = ? — 1 25— Agen Cp.z —
C = : . - A B ]
of . ] Cc(k*) = fS(r)|¢(k*,r)| dr C 0.611 ’
—20F - I 2 7]
~40F - N ]
e E Schrédinger equation o B
C | | 1 | | ] D. Mihaylov et al., EPJC 78 (2018), 5, 394 B ]
0 0.5 1 1.5 2 2.5 3 1 R i
r (fm) B i

HAL QCD Coll. NPA 998 (2020) 1 1 1 1 | 1 1 1 1 | 1 1 | 1 1 | 1 1 1 1
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Modelling of the correlation function

CP—E‘,model(k*) = )‘genCp—E‘ (k*) +H A Cp=- (k*) + A

Pm=c—1530) P =gz—(1530)

- C

p-=(1530) feed-down

” e/;r\, .

\\E_

10

p—E- T p—

~

—
L)

d

_ (k*) + )\flat

@)

ALICE

Raffaele Del Grande
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Modelling of the correlation function

Cpz-modet(k*) = AgenCpz-(E*) +

o A parameters extracted from particle
purities and fractions

Only Coulomb interaction is assumed
Same source of p-=-
Decay matrix =(1530) - = applied

A

C

Pm=c—1530) P =gz—(1530)

(k")

p-=(1530) feed-down

C(k

1.08

1.06

1.04

1.02

—

0.98

ALICE

» | | | |

:_ p-Z(1530) Coulomb _:

B Cp-z'(1530) i

I R )\‘p'E—zu s30)  P~Ex(1s30) _—

" )\p—E(1530) =0.064 ]

: 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]

0 100 200 300 400 500
k* (MeVi/c)
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Modelling of the correlation function

Cp—E—,model(k*) = )\genCp—E— (k*) + )\p_:— C, = (k*) + Ap—é—cp—é— (k*) + /\flat

Se-1530) P =E-(1530)

= misidentification
>

. ,%p

Vg
\ A
-
fake ="

ALICE

Raffaele Del Grande
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Modelling of the correlation function

Cp—E‘,model(k*) = )‘genC —E- (k*) + )‘p—Eg_

Computed as p-(Ar) correlation function:
o Data driven approach using sidebands

o Projector method
RDG, L. Serksnyté, L. Fabbietti, V. Mantovani Sar

ti, D. Mihaylov EPJC 82, 244 (2022)

L \I\\Illlll\‘l\
- ALICE Performance

2_
L Run3,pp Vs=13.6 TeV
[ O0<p, <10GeVic

A= Wvl<0.5
E oS> AT ->pr

°
=

o
—

— Gaussian fit + pol. bkg.
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o
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ALICE

+ A flat

= misidentification
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p-=" correlation function from Run 3

ALICE
o Increased number of p-= pairs by a factor 2 w.r.t. Run 2 = F L B L L
data at k* < 200 MeV/c 553 o ALICE Preliminary _‘
O L op Vs=13.6 TeV i
o Coulomb attraction cannot describe the experimental - g pE @ pE ]
data - @ Coulomb + HAL-QCD 4
_ _ _ . 2.5 — [ ] Coulomb —
o Evidence of an attractive strong interaction - £ channel opening at_k' = 2317 MeVie
o Clear signal of the A-Z° channel coupling visible in the o0 I * ' ]
data, not included in the lattice potential s .
HAL QCD Coll. NPA 998 (2020) : :
15 — 250 300 —
B k*(MeV/c) -
1-0 __ 1 1 l I T = '-.-‘l._._‘ ’_qu l 1 1 1 1 I_
0% D P S s |
O PY °
< L °
B e LIS SRR O SO _
-10

0 50 100 150 200 250 300
k* (MeV/c)
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Conclusions and Outlook

Conclusions
o Clean =" signal can be reconstructed with preliminary Run 3 data
o  Evidence of an attractive p-=- strong interaction
o  Preliminary Run 3 result challenges Lattice calculations
o  Clear signal of the A-2° channel coupling visible

Outlook
o More p-= pairs expected at the end of Run 3
o Inclusion of the p-=- 2 A-3%coupling in the modelling of the
genuine correlation function
o Extend the measurement to three-body p-p-= and =-d correlation
function

More about femtoscopy measurements in ALICE:

Plenary talk
O. Vazquez Doce

C\{) L ‘ T T 11 ‘ LI N ‘ LI B L ] LI
> o.1ol ALICE Performance O
= "L Run3, pps=136TeV
2 [ 0<p <10GeVic
%5 01— ll<05 P -
o} Foo - —
@ [ & 2>AT —>prn /A/ -
c ~ "
=] | — Gaussian fit + pol. bkg. - _
3 0.08- oo e =
©
N
S 0.061 —
£
o L
Z 0.04 N
0.02F 4
O W R | ) I 1111 N - | - —— f )
1.29 1.3 1.31 132 133 134 135
m (GeV/c?)

— e AR AE R AR T T T A R S :
L ALIGE Preliminary
080 ‘ pp V5=13.6TeV ]
C + “F p-E @ Pz
(. @ Coulomb + HAL-QCD
2.5 » [ Coulomb —
[~ 5°A channel opening at k* =231.7 MeV/ic 7|
* : Sa H
20 - CART . N -
Bl SN o e 4
L 1.0 F —
1.5 - 100 150 200 250 300 —
o PN k* (MeVic)
- _.. -
L . .. i
L e e e i
- e O O o
1'0.l..l..l.I‘.(Alll..J.ll.l‘.lll
0 —
]
<
-5
-10
0 50 100 150 200 250 300
k* (MeV/c)
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Thank you for your attention

ALICE
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Non-femto correlations and Systematics %

Non-femtoscopic correlations included:

Ctot,p—E._ (k *)

= Cron-femto (k") - Cmodel,p—E_ (K*).

Flat polynomial fitted in the region [300,500] MeV/c.

ALICE

Parameter Default Variation Low Variation up
TCore 0.80fm 0.72 fm 0.88 fm

A see Tab. |5 -10% +10%

Fit Range p—&~ 500 MeV/c 400 MeV/c 600 MeV/c
Baseline Normalization a Normalization a + Slope b-x
HAL-QCD: stat. unc. | t/a=12 23 Jackknife variations
HAL-QCD: eucledian | 12 11 13

times

Raffaele Del Grande
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Source function in pp collisions at the LHC

* Emitting source function anchored to p-p correlation function

(&) d37

known interaction

C(k*) = j

measured

* @Gaussian parametrization
r2 Effect of short lived
372 SXP (_ 42 )

resonances (ct ~ 1 fm)
ALICE Coll., PLB, 811 (2020), 135849

1
41772

S(r) = (

2.0

1.9

@)

ALICE
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| T I I I | I I I I | I

I I I I | I I I I I I I I I | I I I I I I I I

ALICE pp Vs =13 TeV
¢ High-mult. (0-0.17% INEL > 0)
m, €[1.26, 1.38) GeV/c?
Gaussian Source
WOl p—b ©pP
—— Coulomb + Argonne v (fit)_

| [ | | | | I 1

| | | 1 | | | | 1 I |

e ACACACAS, (CASA-ASAC A/
1 1 | 1 1 1 1 1 1 1

Sl (O~
s aw;
P R R S N T T S T R

o

50 100 150 200

k* (MeV/c)

ALICE Coll., PLB, 811 (2020)
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Scan of p-p wave functions

15

10

1 2
[P(S,)|

&

ALICE

Courtesy A. Kievsky and M. Viviani

— 12 S(r)

. — AVIS

Source function Gauss

— NVlla
Viewk A=2.0 GeV
Viewk A=3.0 GeV
Vlowk A=4.0 GeV

Wave functions

1 [fm]

AV18

N2LO500
N3LO500
N41L.0450
N4L.0O500
N41L.0O550
NLOS00

NVlia

NVIb

NVlIla

NVIIb

NVllc

Gauss

Viowk A=2.0 GeV
Viowk A=3.0 GeV

100
k [MeV/c]

For a systematic study of the effect of different NN interaction in the correlation function see
M. Gobel, A. Kievsky, arXiv:2505.13433v1

150
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