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Hadronic interactions and QCD

Understanding how QCD evolves from high-energy to low-energy regime
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Hadronic interactions and QCD

Understanding how QCD evolves from high-energy to low-energy regime

Non-perturbative QC

D —> 0 ~ 1 GeV
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Hadronic interactions and QCD

Understanding how QCD evolves from high-energy to low-energy regime

PDG, PTEP 2022, 083C01(2022)
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Hadronic interactions and QCD

Understanding how QCD evolves from high-energy to low-energy regime

PDG, PTEP 2022, 083C01(2022)
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Why do we need three-body interaction?

Nuclei/hypernuclei
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Why do we need three-body interaction?

Nuclei/hypernuclei
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Why do we need three-body interaction?

Nuclei/hypernuclei
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Why do we need three-body interaction?

Nuclei/hypernuclei Dense nuclear matter: neutron star

e Neutron-deuteron scattering olbservables: requires
the presence of three-body interaction

e NNN interaction contributes ~10% to the binding
energies of light nuclel

e NNN and NNA interactions used in the modeling of
the equation of the state of neutron stars

D. Lonardoni et al, PRL 114, 092301 (2015)
J. Schaffner-Bielich et al, NPA 835 (2010)
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Femtoscopy with ALICE

S.E. Koonin, PLB 70 43 (1977)
L. Fabbietti et al, Ann. Rev. Nucl. Part.Sci. 71 (2021) 377-402
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Femtoscopy with ALICE
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Femtoscopy with ALICE
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Femtoscopy with ALICE
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Femtoscopy with ALICE
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Constraining the source In pp collisions

e Common emission profile for all hadron pairs
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ALICE Coll, PLB 811 (2020)
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Constraining the source In pp collisions

e Common emission profile for all hadron pairs
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ALICE Coll, PLB 811 (2020)
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Constraining the source In pp collisions

e Common emission profile for all hadron pairs

. ALICE Coll, arXiv:2311.14527
| | l t | | | | | | | | | | | | | | | | | | I
I ALICE pp Vs =13 TeV i
@  High-mult. (0-0.17% INEL>0) ]

2.5}@ ®le —==p-p ® p—p (Avl8) -
Fcore = a@ - <m-|->b +C
—=— nt-n* @ n—n~ Pol1

Fsore (M)

: —— TC+—TC+ @ T —T0 PO | 2 :

I —— K'—p ® K-p (YEFT) T

1.5 -
f-

0.5 1 1.5 2 2.5
(m_) (GeV/c?)

1 2
T= 5 [Pt P T ki + (m) ALICE Coll, PLB 811 (2020)

B. Singh WWND2024 | Strong interactions in three-body systems 4



Constraining the source In pp collisions

e Common emission profile for all hadron pairs
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Constraining the source In pp collisions

e Common emission profile for all hadron pairs
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Constraining the source In pp collisions

e Common emission profile for all hadron pairs
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Constraining the source In pp collisions

e Common emission profile for all hadron pairs

ALICE Coll, arXiv:2311.14527
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Constraining the source In pp collisions

e Common emission profile for all hadron pairs

ALICE Coll, arXiv:2311.14527
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Constraining the source In pp collisions
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K™—d correlation in pp collisions

Deuterons follow hadron-hadron mr-scaling?
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K™—d correlation in pp collisions

Deuterons follow hadron-hadron mr-scaling?

KT—d source size = 1.35+8°8‘5l fm ALICE Coll. arXiv:2308.16120
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K™—d correlation in pp collisions

Deuterons follow hadron-hadron mr-scaling?

KT_d source size = 1.3 5J_r8'8§ fm ALICE Coll, arXiv:2308.16120

' 7171 1

. ALICE .

1.2 pp High-mult. Vs =13 TeV N

- OK'deK-d !

e Coulomb potential: disagree 1= SFOTCIOTOTCFOTOsOES

I @ [(:}’:O:‘QJEOJ:O -

e KT—d as an effective two-body system: Lednicky-Lyuboshits EQO'B; . -

approachl’] S o6l " -

+ . I B Coulomb _

o K'—d scattering parameters 0.4 Coulomb + ER  —

- Effective-Range Approximation (ER): ; Coulomb + FCA -

0.2 aseline B

a0= —0.47 fm, do= —1.75 fml2 j; e :

_ . _ " ' . ) I | I | I | I |
Fixed-center approximation (FCA): 0 100 500 300 200

ao= —0.54 fm, do= 0 fm!I k* (MeV/c)

4 E EEEEEEEEEEEEEEEEEEEEEENEEEEEEEEEEEEEEEEEEEEEEEEEEEENEEENEENENEDNE )

Deuterons follow the same mrt scaling as other hadrons -
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[1] R. Lednicky, Phys. Part. Nuclei 40, 307-352 (2009)
2] provided by Prof. Johann Haidenbaur
[3] provided by Prof. Tetsuo Hyodo

B. Singh WWND2024 | Strong interactions in three-body systems 5



p—d correlation in pp collisions

* p—d as an effective two-body: Lednicky-Lyuboshits approachl! 0 ALICE Coll. arXiv:2308.16120
| | | | | | |
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[1] R. Lednicky, Phys. Part. Nuclei 40, 307-352 (2009)
[2] Measured scattering parameters of p-d ref in the backup
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p—d correlation in pp collisions

* p—d as an effective two-body: Lednicky-Lyuboshits approachl! 0 ALICE Coll. arXiv:2308.16120
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e Source size: 1.0879-96 fm
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e [he picture of two point-like particles does not work

AN
X
<
N—"

- Pauli blocking at work for p—(pn) at short distances O
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- Asymptotic strong interaction: does not describe p—d atr ~1 fm
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[1] R. Lednicky, Phys. Part. Nuclei 40, 307-352 (2009)
[2] Measured scattering parameters of p-d ref in the backup
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p—d correlation in pp collisions

* p—d as an effective two-body: Lednicky-Lyuboshits approachl! 0 ALICE Coll. arXiv:2308.16120
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e Strong interaction: constrained from the scattering -
measurementsl<! -

e [he picture of two point-like particles does not work —~
-

- Pauli blocking at work for p—(pn) at short distances O

Baseline

- Asymptotic strong interaction: does not describe p—d atr ~1 fm

S ALICE
pp High-mult. Vs =13 TeV

O p—d ® p-d i

-

®

IA 4 | | | | I | |
274 0 100 200 300 400
k* (MeV/c)

. . . [1] R. Lednicky, Phys. Part. Nuclei 40, 307-352 (2009)
Need for three-body calculations accounting for p-(pn) dynamlcs [2] Measured scattering parameters of p-d ref in the backup
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p—d as three-body system

e Start from p—(pn) system that form p-d state:

2
Cok®) = | S(p. Ry) [0 p)|* pdp

16A,

- W(k*, p) the three-nucleon wave function, p—(pn) to p—d state asymptotically

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

Calculations: theory collaborators
Michele Viviani, Alejandro Kievsky, and Laura Marcucci from Pisa group
Sebastian Konig from NC state University
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16A,

- W(k*, p) the three-nucleon wave function, p—(pn) to p—d state asymptotically
- Ry; = 1.43 £0.16 fm nucleon-nucleon source size in p—d (obtained from analysis)

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

Calculations: theory collaborators
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p—d as three-body system

e Start from p—(pn) system that form p-d state:

2
Cok®) = | S(p. Ry) [0 p)|* pdp

16A,

- W(k*, p) the three-nucleon wave function, p—(pn) to p—d state asymptotically
- Ry; = 1.43 £0.16 fm nucleon-nucleon source size in p—d (obtained from analysis)

- A is the deuteron formation probability using deuteron wave function

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

Calculations: theory collaborators
Michele Viviani, Alejandro Kievsky, and Laura Marcucci from Pisa group
Sebastian Konig from NC state University
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p—d as three-body system

c Al ALICE Coll. arXiv:2308.16120
e Coulomb only: disagree! 12— 11—
iy 0§ 0§ OEO ~

0.8 ALICE —

~ B pp High-mult. Vs=13TeV -

% 0.6 —4 o p-d @ p-d —

- I Coulomb + antisym. -

0.4 Baseline —

0.2 —

5 —

e O—""; _________ '.____f ______________ .",_'0'._

_5— | —

0 100 200 300 400 500 600
k* (MeV/c)
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p—d as three-body system

e Coulomb only: disagree! y o ALIGEColl arXiv:2308.16120
e Argonne v18(2N) + Urbana IX (genuine three-body 1:_ oo
force) potentials!! 2] RSP Feihs -

- s-wave only: more repulsion 0.8~ T Q'p—'ﬁigh e 1aTey -
% 0.6 5 p-d ® p-a —

- I Coulomb + antisym. -

0.4k I AV18+UIX (s*-wave) —

Baseline i

0.2 —

) SRR SO0 MO N SSRN JOOP S S

-5 ¢ o —

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

[1] B. R. B. Wiringa et al. Phys. Rev. C 51, 38
2] B. S. Pudliner et al. Phys. Rev. Lett. 74, 4396
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p—d as three-body system

e Coulomb only: disagree! 2 ALIOE COll 0250516120
e Argonne vi18(2N) + Urbana IX (genuine three-body 1:_ L
force) potentials! 2 - 3
- s-wave only: more repulsion 0.8~ ALICE —
~ B pp High-mult. Vs=13TeV -
- All partial waves up to d-waves: excellent % 0.6~ 6 p-d ® p-d —
discription (r,. ~1 for k* up to 400 MeV/c) - I Coulomb + antisym. -
0.4 ~ AV18+UIX (s*-wave) —
B AV18+UIX (full -
0.2 Baseline _
CO O__..___:____.____:____!_-__:___-:____:-___!_---!.---'.---...---.‘.---...---.._—
-9 , ) L , l , l , l , l L
0 100 200 300 400 500 600
k* (MeV/c)

[1] B. R. B. Wiringa et al. Phys. Rev. C 51, 38
2] B. S. Pudliner et al. Phys. Rev. Lett. 74, 4396
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p—d as three-body system

e Coulomb Only. disagree' 15 ALICE Coll. arXiv:2308.16120
e Argonne v18(2N) + Urbana IX (genuine three-body 1:_ L
force) potentials! 2 - )
- s-wave only: more repulsion 0.8~ ALICE —
—~ B pp High-mult. V\s=13TeV -
- All partial waves up to d-waves: excellent % 0.6 5" p-d ® p-d —
discription (n ~1 for k* up to 400 MeV/c) i [ Coulomb + antisym. -
0.4 ~ AV18+UIX (s*-wave) —
e Pionless EFT NLO (s+p+d waves): B AV18+UIX (full) -
0.0 W Pionless EFT (NLO) -
- Agree with data within n_, ~2.5 for k* < 120 MeV/c _ Baseline :
TN PPN T 0SS YO SO TN YOO S
_5 __ . ) I. . | . | . | . | : __

0 100 200 300 400 500 600

k* (MeV/c)

[1] B. R. B. Wiringa et al. Phys. Rev. C 51, 38
2] B. S. Pudliner et al. Phys. Rev. Lett. 74, 4396
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p—d as three-body system

e Coulomb Only. disagree' 15 ALICE Coll. arXiv:2308.16120
e Argonne v18(2N) + Urbana IX (genuine three-body 1:_ L
force) potentials!! 2l - 3
- s-wave only: more repulsion 0.8~ ALICE —
—~ B pp High-mult. V\s=13TeV -
- All partial waves up to d-waves: excellent % 0.6 5" p-d ® p-d —
discription (n ~1 for k* up to 400 MeV/c) i [ Coulomb + antisym. -
0.4 ~ AV18+UIX (s*-wave) —
e Pionless EFT NLO (s+p+d waves); B AV18+UIX (full) -
0.2 Pionless EFT (NLO) -
- Agree with data within n_ ~2.5 for k* < 120 MeV/c - Baseline -
. o a2 . § e 8 8 4 ¢ o . °
- Dynamics of the three-body p—(pn) system LY A S R S :
at short distances! 5= e =
| | | 0 100 200 300 400 500 600
- Inclusion of the higher partial waves k* (MeV/c)

[1] B. R. B. Wiringa et al. Phys. Rev. C 51, 38
2] B. S. Pudliner et al. Phys. Rev. Lett. 74, 4396
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Sensitivity to genuine three-body force

ALICE Coll. arXiv:2308.16120

1.06 . | . | |
e Computed correlation function with and without 1 04 _ ]
genuine three-body force —~
. . . X
- Up to 5% effect of genuine three-body interaction =102
>
- Run 2: limited statistics does not allow for O 1
resolution to see the effect of three-body force 3 i o N 1.4
| | . x0.98 N —
e LHC Run 3: ~2 orders of magnitude increase in pair > o e = 1.3 1m _
statistics S 0.96 «N=-12fm  _
-~ NN _
- Possibility to perform mt differential analysis O et = 1.1 1m ]
0.94 - =1.0 fm —
| I | I | I |
0'920 100 200 300 400

k* (MeV/c)

Avenue for the study of hadron—-deuteron systems, including charm and strange hadrons!
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Femtoscopy opens the door for the study of interactions in unbound
system of three hadron (3 to 3 scattering process)

B. Singh

WWND2024 | Strong interactions in three-body systems
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Three-body femtoscopy with ALICE

e Extending femtoscopy to three-particle correlations: p-p-p and p-p-/\’
e Study interaction in hadron-triplets

_ v Nsame(95) _ 2 _ 2 _ 2
C(Q) = NNmixed(Q3) Q5 = \/_qlz — 43 — 413

[1] ALICE Coall., EPJ A 59, 145 (2023)
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Three-body femtoscopy with ALICE

e Extending femtoscopy to three-particle correlations: p-p-p and p-p-/\’

e Study interaction in hadron-triplets

same({3)
C(Q) =N Qs =1/—41, — 95 — 45
N (Q ) 3 12 23 13
mixed\¥3
LB S B B SRR I B — ] | T | ! T |
="\ = 30
E | ALICE 4 & - .
=\ pp Vs =13 TeV E o5 |- -
= o High Mult. (0-0.17% INEL>0)  : : :
E [\ = p-p-p@p-p-p Data 3 20 T "] p-p-A®P-p-A Data =
&) ——— p-p-p Two-particle correlations,z E ——— p—p-A Two-particle correlations,
: + + projector method : 12 - projector method A
e E 10 3
é 5 2K + =
3 E s :
S Y Y Y Y S T NS T T T N Y T W W IS S S S N S T S T O W W W 0 M I T R I I e i [ R e | S
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Q, (GeV/c) Q, (GeVic)

e Effects beyond two-body contributions?

[1] ALICE Coll, EPJA 59, 145 (2023)
2] Del Grande et al, EPJC 82, 244 (2022)

B. Singh
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https://link.springer.com/article/10.1140/epjc/s10052-022-10209-z
https://arxiv.org/abs/2206.03344

pP-p-p correlation using AV18 potential

® [hree-body correlation function with approach’

— 24 | | | | 0 LA BLRL R

9 5 % = ip—p—p@ﬁ—ﬁ—ﬁ Data -

_ _ —— =1.5fm -

C(Q;) = [S(p) w(Qs,p)| pdp E L W - =

18 :_ .p0=2.0 fm _:

T E o Mo -22m .

v 1.6 :_ ,00=2.4 fm _:

Work of Laura SerkSnyte, and Raffaele Del Grande (Munich 1.4E W, =281m =
group) in collaboration with INFN PISA group 12E =
1 = ++_*_._*_++_.__-__.—:

08 —

o WY(Q;,p) computed using pp AV18 strong interaction, e T AVIS =
Coulomb corrections, and quantum statistics ) 45_| | o T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

e Attractive AV18 interaction: results peak Q, (GeV/c)

* Pauli-blocking: depletion in G(Qs) p-p-/\: theoretical work in progress

[1] A Kievsky et al, arXiv:2310.10428 (accepted by PRC)
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Femtoscopy towards LHC Run 3

e | HC Run 3 pp collisions at 13.6 TeV: 2 orders of magintude increased p—p pair statistics

® ixed source for all interaction studles using femtoscopy

—~ 6 R D D I D
*¥ i ALICE Preliminary
- | pp \/_ 13.6 TeV
U [ ri
5 L -
: P- pC)p p _
4l B Total Fit with Gaussian source |

Baseline

50 75 100 125 150 175 |
* (MeV/c)

L 1 L 1 L 1 L 1 T BT T R T T R T BT
0 20 40 60 80 100 120 140 160 180
k™ (MeV/c)

0—p correlation function measured In
mt and multiplicity differential
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Femtoscopy towards LHC Run 3

e | HC Run 3 pp collisions at 13.6 TeV: 2 orders of magintude increased p—p pair statistics

e Fixed source for all interaction studies using femtoscopy

»56:""'"'"'""'ALlc'E'pr'e{irﬁiAa'ry'"""" : €1_4_-' T T T
S| Zgrﬁ;ﬁ,?fgz\)/em — - = | Z ALICE Preliminary -
St : —13l i PP VS =13.6 TeV MB
| P POP P ; SO / * Gaussian source '
B B Total Fit with Gaussian source _ I 2
4- Baseline 1-2__ Z /f ? p—p ® p-p }
i | 3 | 7 7 NE™Y(In| <0.8) |
3F TN 7 11_ ¥ % % 7 +t 0 7) 7
: : - % - -
| | !\h __ TR . &7 7, 11)
- i 1.0f . 7 . -
2r | , , , , 47 . 2 a 7 7 < + [11, 15)
50 75 I:P(Meilz/i) 150 175 | : % % 7 +  [15, 20)
0.9F * » :
'; B ; ¢ 120, 27)
- & % 7 7, '
0.8} . % / + 5;200) -
é 2 - _
3 A 777 \ncertainties.
0.71 4 ALICEpp Vs =13TeV ;
| 063 HM (0-0.17% INEL>0)
A e e 1.0 12 14 16 1.8 20 22 2.4 26 2.8
k* (MeV/c) (mt) (GeV/c?)
o—P correlation function measured In mr-scaling of the effective source size for
mt and multiplicity differential o—p pairs in different multiplicity classes

B. Singh
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Summary

Summary: 14—
e K-d in pp in the first measurement ever 1.2F op High-mutt. (s = 13 Tev -
: : - [0 K'-d®K-d -
- Deuterons follow source size scaling common for all baryon—baryon L e osose]
| | o - e £ J:OJI:O:FOIO:FU Ox0 :
pairs in pp collisions ; 8( 'l -
o0 . )
0.6/ ¥ -
I B Coulomb ]
0.4 Coulomb + ER 7
: Coulomb + FCA -
0.2 I Baseline ]
_ ! I ! I ! I ! i
0 100 200 300 400
k* (MeV/c)
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Summary

Summary: e
e K-d in pp in the first measurement ever I
- Deuterons follow source size scaling common for all baryon—baryon  — 0'8;_ pp High-mult. Vs = 13 TeV
pairs in pp collisions S "l 3 Cotoreo + antsym,

0.4 I AV18+UIX (s*-wave)
—]" i i - i B AV18+UIX (full)
* p-d: can only be described with full three-body calculations ol S Poniess EFT (NLO)
- Correlation of deuteron—proton: access to three-body system S
5_ | ' | ' | ' | ' |
- ()_—{---. ------------- ..:.'3,-' -------------- —

|
ol
I
I

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

Summary:
e K-d In pp In the first measurement ever

- Deuterons follow source size scaling common for all baryon—baryon
pairs in pp collisions

> 24T ! ! ! ! N DL B
i} . . 9, - ® | p-p-p@P-p-p Data =
e p-d: can only be described with full three-body calculations ° 2'2;_ + =ioi'?.£mp E
- Correlation of deuteron—proton: access to three-body system 185 + - =
] 1.6 .pz=2.4fm e
e p—p-p and p-p-A correlation 1 aE Mo -28m E
- Study interaction in ubound system of three hadrons il g I
0.8F-
osE T
0480 v v v v v e e e e
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Q, (GeV/c)
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Summary

Summary: i
e K-d in pp in the first measurement ever | - j
- Deuterons follow source size scaling common for all baryon—baryon WCoor
pairs in pp collisions |

* p-d: can only be described with full three-body calculations ) IIIIII ‘” _____
- Gorrelation of deuteron—proton: access to three-pbody system ’ e ren | 7 :

3 5— [ = | pp-p®p-p-p Data _§ 20 =1 [= | pp-A®P-P-A Data =

* P—P-p and p-p-A correlation E et B s
- Study interaction in ubound system of three hadrons T = z
0.1 0.2 0.3 0.4 0.5 0.6 Qscz.éev/g).s 0.1 0.2 0
Outlook: Large statistics of LHC run 3 and run 4 —
- p-p correlation in LHC run 3: source constrained for all interaction studies " g (1107

I Coulomb + antisym.
I AV18+UIX (s*-wave) —
Bl AV18+UIX (full)

- Ongoing studies for p—~d, A-=d, p—p-p, and p-p-A from LHC run 3

0.2 Pionless EFT (NLO)
B Baseline
I— } + } + } + } + } +
5— _
P 0| SR R —— LR B AL RO S T S -
] e T S S T —
0 100 200 300 400 500 600

k* (MeV/c)
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Summary

Summary: 2 Bl o %
e K-d in pp in the first measurement ever | T f
- Deuterons follow source size scaling common for all baryon—baryon Mooy
pairs in pp collisions | m
* p-d: can only be described with full three-body calculations ) IIIIII ‘” _____
- Correlation of deuteron—proton: access to three-body system % % _ ;
. b--p and p-p-A correlation \ +f Eg
- Study interaction in ubound system of three hadrons N A N =
.

Outlook: Large statistics of LHC run 3 and run 4 e

- p—p correlation in LHC run 3: source constrained for all interaction studies Z%Z::;I ottt 5= 18

I Coulomb + antisym.
I AV18+UIX (s*-wave) —
B AV18+UIX (full)

- Ongoing studies for p—~d, A-=d, p—p-p, and p-p-A from LHC run 3

0.2 Pionless EFT (NLO)
: BBBBB ine
gt ——+——+——+——
< o:—t -------------- et B4t et N
-5— T T T —
- 0 100 200 300 400 500 600
Thank you for your attention! B
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Backup
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p-d correlation In the past

g i (@) | (b)
e Interpreted using the LL approach O Tr 2 i +/‘L+ T
0.8 F Ny
e Measurement performed at AGS - /4 -
0,6 ? ++ _
- e proton—deuteron - e neutron—deuteron
0.4 L hme=6.2 fm, 7=60 fm/c | —r...=6.2 fm, 7=30 fm/c
1 1 | 1
« () | (d)
S1.2 L - .
) AT =120 fm/c AT =120 fm/c
X | Z
~x 1+ - o
bl _ : "o
S R RN
0.8 's -
0 R _ | ! | !
0 0.05 0.1 O 0.05 0.1
k', GeV/¢c

[1] Wosinska, K., Pluta, J., Hanappe, F. et al. Eur. Phys. J. A 32, 55-59 (2007)
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Source size for p—d and K+-d pairs

e [he source radius is effectively increased by short-

lived strongly decaying resonances (CT = rcore)
e.g. A-resonances in case of protons

@

O ‘ O
* W I
O X

Sogrce mean value:p—d | mean value:K+-d
Size
lcore 0.99+0.05 fm 1.04+0.04 fm
Fef 1.08+0.06 fm 1.35100¢ fm

24%-
20%:
16%
12%:
8%
4%

0%-

% resonances

—_—
&)
T T T T T T T 1

—
o
T T T T T

&)
T l I T T

ol

Protons

QO Q Q Q X X
\‘? o‘o\ q’o\ %0\ 4)\ 0‘0\
& & & & &
Kaons
K*(892)0 K”"(892)* ap(980)* K, (1430)° K4 (1270)° ¢(1020)

Hadron-deuteron pairs are created at very small distances in pp collisions at the LHC!

(1)

(1) ¢(1020) corrected as feed-down

B. Singh
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Total wavefunction for p-d system

Visss, = Y 10 Vrn,a(S2)

— P5/2
1 eveln perm. _ | | _ FL (77 kye)
| Y: (9 “(3, 4 } :
7 Zg: { L(e) |#°(2, )x( )_S b kg
1 even perm. i i
-+ Z TL]S,L’S’— Z {YL’ (gf) Spd(z7])X(€) }
et \/§ ; i 1577 JJ,
Gr (n, kye) + iFr/ (0, kye)

X

kye
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p—d as three-body system

The three-body wave function with proper treatment of 2N and 3N interaction at very short
distances goes to a p—d state.

* p—pn correlation to form p-d state:

- Nucleons with the Gaussian sources distributions Single-particle Gaussian

emission source

1
Aded(k) — 6 Z /d3r1d3r2d3r3 Sl(rl)Sl(rz)Sl(rg)

mj,ni

-, m (X, ¥) three-nucleon wave function asymptotically behaves as p-d state

- A is the deuteron formation probability using deuteron wavefunction

- Final definition of the correlation with p—p source size R, :

M. Viviani et al arXiv:2306.02478v1 [nucl-th]
(2023) (submitted to PRC) Mrowczynski et al Eur. Phys. J. Special Topics 229, 3559 (2020)
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Partial wave decomposition of p-d

* Precise calcualtion using AV18+UIX as well NVIa3/3N chiral potentials

M. Viviani et al arXiv:2306.02478

1250 T T )

- AV18+UIX, Ry = 1.5 fm

et

: H—HR—R—K—X"

1/20 —e— 1/2- —#%— Rest —A— -

/\0.75- + |
" - 3/2° —— 3/2- —%— Total —=*— -
= | /2 e 52—+ -
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AV18+UIX vs NVIa3 3N Chiral potentials

* Precise calcualtion using AV18+UIX as well NVIa3/3N chiral potentials

M. Viviani et al arXiv:2306.02478
| l | | | | I I | |

1,25

AV18+4+UIX —=-

AV18 ——

_ : NVIa/3N —&—
O°25__ / Coulomb only —e—

L 1w 1A 3 optimized Born A

I 380 100 120 140

! ! ! ! I ! ! . . I | | | | I ! ! ! !

OO 100 200 300 400

k (MeV)
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Coulomb only

e Complete p—pn dynamics, but the strong interaction [~ T~ T~ T T T T " T " T " T
IS absent at very short-range! .
- NN+ =1.43+0.16 fm (nucleon-nucleon distance) et
, | 0.8 p-d (Coulomb +Antisymm.) -
* Inthe case of the two-body picture Coulomb-only IR, = 1.0 fm
interaction differs from the one using the p-(pn) X 06 R, = 1.43 fm _
dynamics O - ]R, = 2.0 fm
| * |R,;,=3.0fm
- rPdes =1.08x0.06 fm (proton-deuteron distance) 0.4 R = 5.0fm B
- More repulsion due to the Pauli-blocking 0.2 p-d: Coulomb (effective two-body) _
A 1rp=1.08 fm
OO | | | | | | | | | | | | | | | | | | |
§ . 0 40 80 120 160 200 240 280 320 360 400
Sensitivity to the dynamics of the three-body k*(MeV/c)
k p—(pn) system even for Coulomb case )
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Born approximation effective two-body

1 2 ' I ' I ' I
e Complete p—pn dynamics, but the strong interaction _

is absent at very short-range! 1:_ TSRS Rt -

- MNek=1.43+0.16 fm (nucleon-nucleon distance) 0.8 ALICE —

—~ B pp High-mult. Vs=13TeV -

- Coulomb-only interaction coincidently appearsin = x g gE Y 57 p-d ® p-d _

the data (despite the large scattering lengths) O T B Coulomb + antisym. -

. . . B . (optimised) —

- Coulomb+strong interaction using Born 0'4% B:Srer:iipprox (optimised) .

approximation (neglecting short-range strong 0ok 7

interaction) and proper p—pn dynamics i _

CO O__,‘ _________ .:.:::"'0'._—

(~ o _ ) -o= , L .. l , l , l , l L
Sensitivity to the dynamics of the three-body 0 100 200 300 400 500 600

! p—(pn) system at short distance ) k* (MeV/c)
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Chiral potentials calculation: NVla+3N

;7%*+<¢'?:Fﬁﬁ%hf-¢-f<>4¥ﬁ="¢"

[ —O0—1

[—O—W;OFJ

ALICE
pp High-mult. Vs =13 TeV

6 p-d® p-d
AV18 (2N)

B AV18+UIX
NVIa+3N (xEFT)

Baseline

e Comparisition with Chiral potentials (Full three- 15 |
body dynamics)!'! -
11—

e Argonne v18+Urbana IX interactionl2.S! - Jr
- All partial waves upto d-waves: describes 0'8:_ /
data within 7 ~1 for k* up to 400 MeV/c X 060

Q BT
e (Calculations using chiral potential from NVia+3N 0.4F-
- Very good agreement with AV18+UIX 1oF
e AV18 alone: just two-body NN interaction _
e Current data cannot resolve the effect of three- iz
body force c oL
gmTmTmTe o ssnesessssnenessonene e soeenenes RRRRR . o 100
. Both AV18+UIX and NVIa+3N calculations provide an.
. excellent agreement with the measurement :

-------------------------------------------------------------

~500 300 400 500

k* (MeV/c)
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Femtoscopic correlation

e [he femtoscopic correlation may have background/contributions from

- Particles from weak decays

- Particles from material knock-outs

- Misidentifications \\ 5\\ \\
Cremeo(K™) = A€o D 4,16, D 4,65 D ...

Contributions from:  genuine  feed-down misidentifications

o Quantification of the contributions to the pairs done by the lambda parameters 4; = ;. f; X &, f.

- Purity of the individual particles ()

l

- Feed-down fractions (f))
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Cumulant: measure for three-body effects

~

) = L | o - T o Kubo, J. Phys. Soc.
Ca (Qy) e ©e9@ 00 00 060 o0 0

Jpn. 177 (1962)

Genuine Measured
three-body three-bod\ Two-body
L correlations correlation correlations )

C3 (Q5) allows to isolate effects associated with the genuine three-body interactions

- pessspessepeesspemsnprnpspansenannspans e L L L L LA B BLELELEL
% - === P—P-A cumulant - 9;,) 41— E p—p-p genuine cumulant, flat feed-down — — Cumulants (:%un 2)
O 25F ] O i 5 p—p—P genuine cumulant, flat feed-down
20 : 2 7] P-p-p and p-p-p: honzero
£ 0 E : - Hint of a genuine three-boady
: § effect
10 —
B N [ ALICE i . - -
S : E o4 poistatev 1 p-p-A: compatlble wlth Zero
S : : High Mult. (0-0.17% INEL) 1 - Strong rise but inclusive
0_.'.'1'."1".".'#.'-'#.-"-"'.".'1_.".".'................. E e . .
0 01 02 03 04 05 06 07 08 R e T due to lack of statistics
Q, (GeVic) Q, (GeV/c)
: Need for large statistics to precisely measure the three-body effects=> Run 3 of LHC :
-'IIllIllIllIllIllIllIllIllIllIllIlllllIllIllIllIllIllIlllllIllIllIllIllIllIlllllIllllllllllllllllllllll:
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Towards genuine three-body interaction

Kubo’s
cumulant o9 @ ®
approach’ Genuine Measured
three-body three-body Two-body
correlations correlfation correlations
e [rst study underlying two body Correlatlons with a data-drivenZ and a phase-space projectors methods
ALICE COII EPJ A 59 145 (2023) ALICE Coll., EPJ A 59, 145 (2023)
e 7_'"I""I' = B I = B o 5:"I'"'I""I""I""I""I'"'I""_
S E, AL' C E - S 45FE =
E 6 - pp Vs =13 TeV E g i § _E
%y 5 _ | High Mult. (0-0.17% INEL) —; %y 35 :_ —i
C o\ i) p—p-p Data-driven : 3B\ i p—p—A Data-driven =
§ 3 Aq p—p—p Projector method E 55 = \ === p—p-A Projector method =
o . E 2 =
2| o - 15E F
z : 1E- ;
13 : 05E 3
oCo by by by by by b 1 0:..|....|....|....|....|....|....|...'
0.1 0.2 0.3 04 05 06 0.7 0.8 0.1 0.2 0.3 04 0.5 06 0.7 0.8
Q, (GeV/c) Q, (GeV/c)

1] Kubo, J. Phys. Soc. dpn. 177 (1962)
2] ALICE Coll., EPJ A 59, 145 (2023)
3] R. Del Grande et al. EPJC 82 (2022)
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Cumulant: measure for three-body effects

Kubo’s . + 2 ‘
cumulant . . ._. ‘ ‘
apprOaCh Genuine | ' VA

three-body three- Two-body

correlations rrela ' correlations

C3 (Q5) allows to isolate effects associated with the genuine three-body interactions
ALICE Coll., EPJ A 59, 145 (2023)

)

I
. PP
P—P

genuine cumulant, flat feed-down

e Negative values of p-p-p and p-p-p cumulants %

| ©

I 1

:_ o P genuine cumulant, flat feed-down —:

- Pauli blocking at the three-particle level 2k -
- Three-body strong interaction 0: ‘Fi;fw, :
__4}#’@ S B !

S[ -

o - ) ALICE i

e Statistical significance: e, pp Vs =13 TeV .
B High Mult. (0-0.17% INEL) g

nho = 6.7 for Q3 < 0.4 GeV/c s 1

0.1 02 03 94 @5 06 09 0.8

Q, (GeV/c)
[1] Kubo, J. Phys. Soc. Jpn. 177 (1962)
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pP-p-A cumulant

Kubo’s _ o e _©
cumulant . . | ._. ‘ ‘
apprOaCh1 Genuine easure ' N

three-body three-body Two-body

correlations rrelation correlations

C3 (Q5) allows to isolate effects associated with the genuine three-body interactions
ALICE Coll., EPJ A 59, 145 (2023)

= S BassaEaaes I | I | [
&) E = PP =
e Positive p-p-A cumulant P = P-p-A cumulant :
- Two identical particle and charged particle F -
- Expected dominant contribution from strong : 5_ il n, =08 Q3 <04 _
interaction : -
10 -
e Statistical significance: 5E 4 k
no = 0.8 for Q3 < 0.4 GeV/c 0 of1 0.2_IF 03 04 05 06 07 0.8
Q, (GeV/c)

In Run 3, two orders of magnitude gain in statistics expected!
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Lednicky Model

¢ For distinguishable particles
- Starting from the scattering parameters = define the s-wave two-particle relative wave function

- Considers Coulomb effects

e Coulomb-corrected wave function for final-state interactions in s wave:

G(p,n)

p¥

W_i(r¥) = €\ JA () | e X 7F (—in, 1,i) + f.(k*)

e f.. Coulomb normalized scattering amplitude for strong interaction

® F(—-in, 1,i¢) . confluent hypergeometric function

* G(p,n): combination of singular and regular Coulomb function, describes asymptotic behavior of
wavefunction

= 10 obtain two-particle correlation: apply Koonin-Pratt formula
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Interaction model

e For distinguishable pointlike particles: Lednicky approach!!
- Starting from the scattering parameters = define the s-wave two-particle relative wave function

- Considers Coulomb effects + strong interaction (via scattering parameters)

e p—d scattering parameters from Constralned to the p d scatterlng data

1 ao(fm) do(fm) ao(fm) do(fm) ¥ van Oers,Brockmann et al. Nucl. Phys. A 561-583 (1967)
P 1307075 — 11.401 50 2.057052 | JArieux et al. Nucl. Phys. A 221 253-268 (1973)
{ 2731010 2271012 | 11.887040 2.631000 § EHuttel et al. Nucl. Phys. A 406 443-455 (1983)
L 4.0 — 11.1 ! AKievsky et al. PLB 406 292-296 (1997)
0.024 _ 13.8 | T.C.Black et al. PLB 471 103-107 (1999)

| +0.04 +2.30 .

o K+-d scattering parameters
- ER (effective-range approximation): ao= —0.47 fm, do= —1.75 fm, calculated by Prof. Johann
Haldenbaur, based on potential describing K+d low-energy cross-sections!?!

- FCA (fixed-center approximation): ac= —0.54 fm, do= 0.0 fm, calculated by Prof. Tetsuo Hyodo starting

from Chiral model KN scattering lengths!si 1] R. Lednicky, Phys. Part. Nuclei 40, 307-352 (2009)

2] T. Takaki PRC 81, 055204 (2010)]
3] K. Aoki and D. Jido, PTEP 2019, 013D01 (2019)
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ALICE detector: Run 2

Time-Of-Flight detector e b b e T

- |dentification of nuclel

and hadrons through
their time-of-tlight

..ﬁﬁ- — - —

\‘_‘-=_ —
- —— aw =

-’ . '
/ N\ e illll” L
[/ a .\ >
e/ ., "'l/: )

Time Projection Chamber

- fracking L [ | _
-Identification of nuclei and A e, - Inner Tracking System

hadrons via specific energy SR - [rack reconstruction

0SS -Reconstruction of pfiffie
_ and decay vertices
- |dentification of JC

nomentum particle

ALICE : TS and TPC upgrades
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https://iopscience.iop.org/article/10.1088/0954-3899/41/8/087002
https://iopscience.iop.org/article/10.1088/1748-0221/16/03/P03022

Another calculation at hand

e Hadron-Deuteron Correlations and Production of
_ight Nuclel in Relativistic Heavy-lon Collisions:
arxiv.org/ans/1904.08320 20 R(q)

- hadron-deuteron correlation function which carries 23 - R. =1.50 fin
INformation about the source of the deuterons

R =1.731tm
- Allows one to determine whether a deuteron Is
directly emitted from the fireball or it it Is formed

afterwards Lot T SN——————

- Conclusion: 05| | R =2.00 fin

1.5}

- The theoretical p-d correlation function is TR 7 e 7
strongly dependent on the source size q [MeV]

Fig.2. p— D correlation function
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https://arxiv.org/abs/1904.08320

NS

2.8 | : : , | . 140
? PNM |
2.4 - ) 120
| PSR J0348+0432 ;
2,0 ?::::::f:::::::f:f:f::::::::::::::::\‘?x;"'..:::f::::::::::::::ff::::f:::::::::% 100
| AN + ANN (1] PSR J1614-2230 - _
— 1.6 f " () _ S 80
o . i O
=, | =,
= 12} m— ) w 60
= AN + ANN (1)
0.8 | , 40
0.4 | AN - 20
11 12 13 14 15 0.0 0.1 0.2 0.3 0.4 0.5 0.6
s (k] p [fm™]

D. Lonardoni et al., PRL 114, 092301 (2015)
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