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Tu.“ Why do we study hadronic interactions? %%

o Understanding how QCD evolves from high-energy to

Mesons and baryons low-energy regime
T T Y decay (L) v ]
(q) low Q2 cont. (N*LO) o ] How do hadrons emerge?
@ DIS jets (NLO) —— ]
l\\\ Heavy Quarkonia (NLO) 1
] © e jesshapes (LOwes) - ] How do hadrons interact?
- pp/pp (jets NLO) H&— - . .
025 F EW precision fit (NNLOY-— ] 2-body and many-body interactions
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Quarks and gluons

o @ @@‘Sg@ @@"{g@

0.1 R N g@

- = a,(M»)=0.1179£0.0010

oy(Q?)
(e}
[\8)

0.15

0.05
1 10 100 1000

Q [GeV] Need for experimental data

Raffaele Del Grande | EFB25 2



Tu.“ The femtoscopy technique at the LHC

ALICE at the LHC Hadronic interaction Femtoscopy technique

~ » Correlation function
pa - —

; \ C(ﬁ I—; ) P(pa; pb)

Ve @ P/ = pBL) P(By)
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Tl_m The femtoscopy technique at the LHC %

Interacting potential Correlation function
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Schrodinger equation

Two-particle wave function

/

- | Nsame k* |
cy = [l @ = e d((k*))

Measuring C(k*), fixing the source S(#), study the interaction
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Source determination

Fix the interaction to study the source: (C(k*) = f |1/)(E*,F )|2 d3r
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One universal source for all hadrons

Similar results in K*p, it
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Tu.“ Femtoscopy in small colliding systems %%

Small particle-emitting source created in pp and Gaussian source (reore = 1.25 fm)

10.1

p-Pb collisions at the LHC: %\200-” 'IH"IHHIHHIHH:OAT/E\
o Essential ingredient for detailed studies of 2 i :0_3 =
the strong interaction Q I E %

= 100 j02 L

- ] <

Typical short-range
nuclear potential

/
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Tl_m |S|=2 sector: p—-=-interaction %%

Lattice QCD potentials from
HAL QCD Collaboration

Local potentials for the
nucleon-= interactions

—> Schrodinger equation

1

C(k*) = f e, )| d37

V(r) (MeV)
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Lattice QCD potentials from

HAL QCD Collaboration

Local potentials for the
nucleon-= interactions

|S|=2 sector: p-=-

—> Schrodinger equation

= . a—
2 En:o S=0 ]
;40— 71=0,S=1
|=1 S=1 ]

OF = — ]
—20F .
~40F .
60 =
C Ll | IR B 1 N PR

0 0.5 1 1.5 2 2.5 3

r (fm)

Clk) = f

1

|¢(E*,f)|2 d37

[ [ ]
Interaction
C T T
3.5 3
- ALICE pp Vs =13 TeV R
C I8 High MUk, (0 (0-0. 17%eINEL>O) .
3k i] I Coulomb —
C Coulomb + p-Z HAL QCD N
_25[ 3
< ¢ :
O 2 :_ _:
151 -

o

100

200
k* (MeVi/c)

- Observation of a strong attractive interaction
beyond Coulomb in agreement with lattice predictions
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Hyperons in neutron stars?

Neutron Stars: very dense, compact objects 10° \4\ ' ™ 1P
At finite densities hyperon production _ 10 i _10”
becomes energetically favorable é |/ Sl \l‘\\),{ 0,430 Mev g
O Softening of the Equation of State (EoS) 5" '|,/ A L N I [ o
O Appearance as a a function of pdepends & || | [i =i\ A& b
on the Y interaction with medium ° f NIEEE //— o i E
O Exact composition strongly depends on NI . i i
constituent interactions and couplings! ®oo o3 06 o8 12 15 o0 o3 o5 08 12 15
Density (fm ) Density (fm™)
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Hyperons in neutron stars?

Neutron Stars: very dense, compact objects

At finite densities hyperon production

GM1

becomes energetically favorable § NIyar ?\\7,: A § oy
O Softening of the Equation of State (EoS) 5 "° ';/ ML NN usrsmey 107 1 b
O Appearance as a a function of p depends & . || 28 '
on the Y interaction with medium " f 1 a4l PNME 2.09(1)M,
O Exact composition strongly depends on L /“;m/ PSR J0348+0432 |
constituent interactions and couplings! oo o e\ PSRUBTE2230 12 15
O Repulsive three-body ANN interaction g’ 16
can stiffen the EoS....but: - 136(5)M,
—> its effect on EoS largely model ANFANND
dependent a - ]
0'010 " 12 13 14 15 16
R [km]
10
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Correlation
two-body interacti
~ 2 . . . .
3 i a) ALICEpp Vs = 13 TeV :
© 18l high-mult. (0-0.17% INEL>0)-
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An example of EoS for neutron stars

Particle number per baryon
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Mass vs Radius relation
for hyperon stars

L J0348+0432

J0740+6620

J1614-2230

(1] P P FET ITS SUTY PR PETES P P P |

115 12 125 13 135 14 145 15

Radius (km)

105 11

This is only an example. Experimental uncertainties need to be propagated
and some interactions are missing ...

O What about the three-body strong interaction?
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p-p-p and p-p-A correlation functions

e Three-particle correlation function:

P1
7 (¢
/S )} > D) .
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_Ppp__
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S 4sE ALICE arXiv:2206.03344 3
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15 3 ++ g E
1 :_ ..................... t...?’.'...ﬂﬂﬂﬁ"m.._e
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C(p1,p2, P3) = ms3 (X1, X, %3) |ll/p1.p2.p3 (%1, X2, X3)

N, samc(QS)

2
d3xld3x2d3x3 =N-
Nmixed(Q3)

Lorentz-invariant Q, is defined as:

c(Q,)

20

15
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0; = \/-at, — a3, — ¢}

m;E; m;E; m; m;
=2 (o - L )

mi+mj - mj+ m,-' mi + m; ! mi + m; ]

M AL IR B ELRLLEE L A I AR
C ALICE arXiv:2206.03344 1
- pp Vs =13 TeV E
C High Mult. (0-0.17% INEL) .
F+ E
C ‘II p-p-A®p-p-A Data ]
=1, 5
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Cumulants in femtoscopy

Genuine three- Measured :
particle correlations  three-particle Lower-order correlations
(cumulant) correlation
8” F lllllllllllll!llllljlll'llllll'_ 8’ 30_]!l'I]l‘ll['lllll'll]"'ltl"'l]'lIY
>~ 45E ALICE arXiv:2206.03344 3 < C ALICE arXiv:2206.03344
O 45_ pp Vs =13 TeV 3 O 25:_ pp Vs =13 TeV 3
& High Mult. (0-0.17% INEL) 3 C High Mult. (0-0.17% INEL) 3
o :_ _: :—o- s R
3f 571 p-p-p@p-p-p Data = 201 [757] p-p-A®P-p-A Data .
25 E £== p-p-p Two-particle correlations, 3 C =— p-p-A Two-particle correlations,]
o é +_£ projector method 3 15 ® projector method .
1E_................_....__.’__....'.‘.' ................... = Mé E E
2 E 5¢ '+ =
05F 1 = E ]
gy [ yregioy ogfioyongsn g ) gy ol oy Dy oy g b gy P o o it i e B o
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Tl_m p-p-p cumulant

Negative cumulant for p-p-p L

Possible effects at play:
o Pauli blocking at the three-particle level
o three-body strong interaction

T
-p—p genuine cumulant, flat feed-down
—-p-p genuine cumulant, flat feed-down

lIIIIIllI

Statistical significance:

n, =6.7 for Q; < 0.4 GeV/c
ALICE arXiv:2206.03344

pp Vs =13 TeV
High Mult. (0-0.17% INEL)

P | ral P |

. 0.3 0.4 0.5 0.6 0.7 0.8
() Test with mixed-charge particles, cumulant negligible. Q, (GeV/c)

Calculations in progress in collaboration with
A. Kievsky, E. Garrido, M. Viviani, L. Marcucci

lllIllIlIll
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Tl_m p-p-/\ cumulant

- ~ 30T T T YT T
Positive cumulant for p-p-A o] : p—p—A cumulant .
o Only two identical and charged particles P o5 - arXiv:2206.03344 k

- Main expected contribution from three-body § ALICE :

strong interaction o0 - op Vs = 13 TeV -

L # High Mult. (0-0.17% INEL) 1
o Relevant measurement for EoS of neutron stars 15 -
Statistical significance: 10F 3
n, =0.8 for Q; < 0.4 GeV/c 5F + -
In Run 3, two orders of magnitude gain in statistics 0 Fhgmr e ere e e g e ereae’
Q, (GeV/c)

15
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Proton-deuteron correlation

Point-like particle models anchored to scattering §10 L L L L L L BN B LB
experiments S 9 ALICE Preliminary

W. T. H. Van Oers et al., NPA 561 (1967); pp Vs =13 TeV

J. Arvieux et al., NPA 221 (1973); E. Huttel et al., NPA 406 (1983); 8 High-mult. (0— 0.17% INEL > 0)

A. Kievsky et al., PLB 406 (1997); T. C. Black et al., PLB 471 (1999);
6lp-d@®p-d
Norm. uncertainty(1.3%)
Models with e 4 reso. = 1.059 = 0.04 fm
—— Van Oers et al (1967) —— Arvieux (1973)
Huttel et al. (1983) —— Kievsky et al. (1997)
—— Black et al. (1999)

Coulomb + strong interaction using the Lednicky model 7
Lednicky, R. Phys. Part. Nuclei 40, 307-352 (2009)

Only s-wave interaction

Source radius evaluated using the hadron-hadron universal 5

. Black(1999): y2/ndf = 734/3 = 244.7 (0-120 MeV/c)
my scaling

\III|IIII|IJII‘IIII|IIII|IIIJ|IIIIIIIII\IIII

N"II\III]IIII[I\IIIIII|IIII|IIIN|IIII|IIII{IIII

4

. . . . 4 3
Point-like particle description doesn’t work for p-d

2

1 ”"[””;’O’_’_"f ”” —0o—T ”_‘O_:' V :”’1 ”” —O0— I —0O0— T — O K

=0-1 a

0 C | | | | | | 1 | | | | | | | | | | | | ‘ | | | | | | L]

0

40 80 120 160 200 240 280
k*(MeV/c)
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Proton-deuteron correlation

Deuteron treated as a composite object:
Coulomb + strong interaction (NN and NNN) + Quantum Statistics d

r T T T T T T T ] — L B B B L B N R AL ELEL

1.4 Courtesy of A. Kievsky and M. Viviani ] % 14 — ALICE Preliminary -

- ] C pp Vs =13 TeV ]

1.2 = 12 | High-mult. (0-0.17% INEL>0)

;; 1:— . 1 :— %i+_ e —:

VOS_— - Y B

O B Pisa Model N 0.8 r ]

0.6 I Coulomb+Antisym. - 0.6 & * pdeopd ]

r I AV18+UIX ] :—*» I Norm. uncertainty (1.3%) 3

0.4 I AV18+UIX (s-wave) - 04 | -

0.2L : L L ! 2' . . 4_ 0_2:-.--I----I----I....I....I....I....I...:
0 50 100 150 200 50 30 350 00 0 50 100 150 200 250 300 350 400

k* (MeV/C) k* (MeV/c)
M. Viviani et al., arXiv:2306.02478
The measured p-d correlation function reflects the full three-nucleon dynamics (not the p-d int.)
o Sensitivity to the short inter-particle distances
o Hadron-nuclei correlations at the LHC can be used to study many-body dynamics
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rCOI’E (fm)

Summary

2 +{ projector method o
‘ Three-body femtoscopy : s L4,

05
and hadron-nuclei Bes e Beeer e BF | Sor B micu ma R 0

E\ 40 ‘ ' EI:O’SZO = 3.5; -ALI(lEdata -:
Test of hadron-hadron \ \\ Sitsn f o
Femtoscopy in small ‘ interactions from 1S ]
systems Lattice QCD ]
y Universal source i
. | ALICEI pp s = 13 TeV I 1 \hn‘\%”&“‘f‘, - ., ]
r High-mult. (0-0.17% INEL > 0) ]| R vttt - » 1074046620
I I -0 Avcomne v, 1 EoS for dense pure SE———— 3 B
12— [ Parametrization 1 ¢ o . % o142
[ 1 neutron matter O o}
=== i containing hyperons , AN .
:_____ — : Can be improved ) " Eni’gy‘dmwiﬂ Q [ 00 16,5 |‘| nl,s 1‘;;5;(:;) 1‘3.5 1‘4 MI,S |‘s
F—= = S g «f E
%y 15 2 25 o \+ ity o + E
my (GeV/ CZ) 32 [0 p-p-p@p-5-p Data ) 201 [T p-p-AGP-p-A Data E|

. 1aF o A e 4 Eawf Fretim !
Correlatlons at the LHC o Courtesy of A. Kievsky and M. Viviani 108 :Z, a{::%:i}?:f%‘:’iﬁw«s\.>u) i
i\ 1 ] 1 P U o |

can be used to study St [ 70 I R
many-body dynamics of  ENEEL. I S
0256 100 750 200 250 300 3% 400 20 5 i i me o a0 a0 a0

k* (MeV/c) K (MeVic)
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Backup
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|S| = 1 sector: p-A interaction

Low statistics and not available at low
momenta

AN-2N coupled system - two-body
coupling to XN is not (yet) measured

>N coupling strength relevant for EoS
- Strongly affects the behaviour of
A at finite density

- Implications for ANN interactions

NLO19 predicts weak coupling NA-NX
- Attractive A interaction in neutron
matter

3
E

@]

200

100

45

T T T

I 1T 71T 71T 7717
Scattering data -
Ap -> Ap
® Sechi-Zorn et al.
Alexander et al.

| ]
o Hauptman et al.
A Piekenbrock

Uncertainties ~ 30%
at low momenta

XEFT NLO19

385
k* (MeV/c)

U, (MeV)

20 |~

- (b)

XEFT NLO13

Julich 04
NSC97f

Repulsive

Po

v Attractive |

| I R R ' F—

1.0

1.5 2.0

ke (im)  PNM

J.Haidenbauer, N.Kaiser et al. NPA 915 24 (2013)
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|S| = 1 sector: p-A interaction

— ——— e e—— — 3 : . . . - -
3 2'2! a) ALICE pp Vs =13 TeV i E e
O 2f high-mult. (0-0.17% INEL>0) 4 &5 Scattering data | W@ |NeXKK]
18E* W& pA @ PA pairs E Ap == Ap XEFT NLO 19
1.6F = 3 o il
r o . O Hauptman et al.
1.4 — - = 200 i A Piekenbrock
12 o =
E 1.06 — g ) —
S 1.04F \ -
1.02 — - - -]
i ""'-.__,. - oo™ 100
- OO OO PO —
0.98— ]
0 100 200 300 400
k* %MeV/c)
Measurement down to zero momentum
e Factor 20 improved precision in data (<1%)
. . . . O 4 L ) |
e First experimental evidence of ZN cusp in e THe S50 S0 —
2-body channel k* (MeV/c)
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|S| = 1 sector: p-A interaction

Comparison with xEFT x 2'2! a) ALICE pp Vs = 13 TeV ?[ a) ALICE pp |s = 13 TeV E
otentials S of high-mult. (0-0.17% INEL>0) = high-mult. (0-0.17% INEL>0) =
P 1.8 - % 8% pA @ PA pairs Ea 87 pA @ PA pairs =
1 65 Fit NLO19 (600) I —— Fit NLO13 (600) NLO13 ]
ere e . 6= — : 0. | 7
o Sensitivity to different 2N E . Rasilusl PR ErT T LO{(60d) :
l t th 14F o Residual p=~ @ p= | —— Residual pz% xEFT =
coupling streng 1oE X F Residual p=~ @ p=° E
1:‘ = e .
o NLO19 favoured (ny= 3.2) ~ 106 ' : ' L GRS S s e S
— attractive interaction of & 104f- = FHBRRSIe Py \. ==Ethehacsie -
.. 1.02 _
A at large densities i - — ;w =
598 :_ MO OO OO _: :_ v—““j
< F ¥
0 I
-5 E 3 )
0 700 200 300 200 ) 100 200 300 400
390 k* (MeVic) 4.5 ¢ k* (MeVic)
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