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Hadronic interactions and QCD1 Motivation
• Non-perturbative nature of QCD Q ∼ 1 GeV
• Use Effective Field Theories (residual stronginteraction)

— Hadrons as degrees of freedom (baryons,mesons)

• Need for the experimental hadronicinteraction data
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Need for many-body hadronic interaction1 Motivation

• N-d scattering observables: requires thepresence of three-body interaction [1]

• NNN interaction contributes ∼10% to thebinding energies of light nuclei [2]
• NNN and NNΛ interaction required for EoSof neutron star [3]
• Need new tools to study hadronic

interactions!
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Equation of state → Mass-Radius relation [3]
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Hadron-deuteron correlations2 Three-hadron systems

hadron-deuteron correlation functions!
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So far...2 Three-hadron systems
• p-d correlation from fixed target studies

• Already signal of Final State Interaction (FSI) at low energy experiments (MSU (left)and GANIL (right)
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Femtoscopy: a new approach to study hadronic interaction2 Three-hadron systems

C (k∗) = N Nsame (k∗)
Nmixed (k∗)︸ ︷︷ ︸

experimental definition [1]
=

∫
S (⃗r∗) |ψk∗ (⃗r

∗)|2 d3r∗︸ ︷︷ ︸
theoretical definition [2]

k∗→∞−−−−→ 1

6/14 Bhawani Singh | Accessing the strong interaction in three-hadron systems via proton-deuteron femtoscopy

Common source for all hadron-hadron pairs!

[1] L. Fabbietti et al, Ann. Rev. Nucl. Part. Sci. 71 (2021)[2] S.E. Koonin, PLB 70 43 (1977)

[3] ALICE, PLB 811 (2020)[3] ALICE, arXiv:2311.14527 (2024)
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Kaon-deuteron correlations2 Three-hadron systems

• Source size for rK+–d = 1.35+0.04
−0.05 fm

• K+–d as an effective two-body system:
Lednický-Lyuboshits (LL) approach [1]

• Strong interaction in K+–d system
— Effective-Range Approx. (ER) [2]: a0 = −0.47fm, d0 = −1.75 fm— Fixed-Center Approx. (FCA) [3]: a0 = −0.54 fm,

d0 = 0.0 fm

• Deuterons follow the same mT-scaling as otherhadrons
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Proton-deuteron correlations2 Three-hadron systems
• p–d as effective two-body system with LLapproach [1]
• Source size reff = 1.08+0.006

−0.006 fm
• Strong interaction: constrained fromp–d scatterings [2]
• Two point-like particles picture does not work

— Pauli-blocking for p-(pn) system— Asymptotic strong interaction cant describe p-dat ∼1 fm
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Full three-body calculations for p-d2 Three-hadron systems
• Start from p-(pn) system that form p-d state:

Cpd(k
∗) =

1
6 Ad

∑
m1,m2

∫
d3r1d3r2d3r3S1 (r1) S1 (r2) S1 (r3)

∣∣Ψm1,m2,k∗
∣∣2

=
1

16 Ad

∫
S(ρ,RM) |Ψ(k∗, ρ)|2 ρ5 dρ dΩ

• Ad is the deuteron formation probability [1]
• RM = 1.43 ± 0.16 fm nucleon-nucleon source size in p-d(obtained from analysis)

— Accounts for three-body dynamics
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Full three-body calculations for p-d2 Three-hadron systems
• Contributions of partial waves

• A robust theoretical frameworkapplicable to other h-d systems

• Different interaction potentials
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Born approximation and p-d system2 Three-hadron systems
• Coulomb only: does not describe the data
• Born approximated wave function AV18 (2N) [1] +UIX (NNN) potentials [2]:

— Ignore core short-range interaction— ∼ 5σ away from the data
• Asymptotic strong interaction is insufficient dueto short-distance dynamics of nucleons
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Two- and three-body interaction at short distance2 Three-hadron systems
• Coulomb only: does not describe the data
• AV18 + UIX potentials [1-3]

— s-wave only: more repulsion

— All partial waves up to d-waves: excellentdescription (nσ ∼ 1 for k∗ up to 400 MeV/c)
• Sensitivity to: Dynamics of p-(pn) system

— Inclusion of the higher partial waves— Short distance dynamics of hadrons
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Sensitivity to genuine three-body force2 Three-hadron systems
• Three-body interaction effects:

— Ratio of CF with and without UIX potential— Up to 5% effect of genuine three-bodyinteraction— Run 2: limited statistics

• LHC Run 3: ∼ 2 orders of magnitude increase inpair statistics

— analysis used 2022 data alone and just anti pairs

• Avenue for the study of hadron-deuteronsystems, including charm and strange hadrons!
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Summary3 Summary
• p/K+−d correlations: first measurement in pp

— light nuclei follow mTscaling in pp collisions— Access strong interaction in three-body systems

• More statistics from LHC Run 3 and Run 4
— Ongoing studies for p-d, Λ-d, p-p-p, and p-p-Λ
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More interesting results in the talks:
• Ke Mi (today, 16:20): baryon-baryon, h-d, and d-d femtoscopy at STAR
• Diana Paw lowska-Szymańska (today, 14:35): Λ-d femtoscopy at HADES
• Wioleta Rzesa (tomorrow, 16:20): h-d correlation in relativistic heavy-ioncollisions with ALICE
• Marcel Lesch (Friday, 14:00): three-particle femtoscopy and neutron star
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• Diana Paw lowska-Szymańska (today, 14:35): Λ-d femtoscopy at HADES
• Wioleta Rzesa (tomorrow, 16:20): h-d correlation in relativistic heavy-ioncollisions with ALICE
• Marcel Lesch (Friday, 14:00): three-particle femtoscopy and neutron star
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Accessing the strong interaction inthree-hadron systems viaproton-deuteron femtoscopy
Thank you for listening!
Time for questions!
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Femtoscopic correlation4 Extra
• The femtoscopic correlation may have background/contributions from

— Particles from weak decays— Particles from material knock-outs— Misidentifications

• Quantification of the contributions to the pairs done by the lambda parameters:
λij = Pi × fi × Pj × fj— Purity of the individual particles (Pj)— Feed-down fractions (fi)
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Source ALICE Experiment4 Extra
• Common emission for all hadrons in ppcollisions [1,2]

S(r∗) = 1

(2πr2core)3/2
e
− r∗2

4r2core

• Short-living strongly decaying resonances(cτ ∼ 1 fm) enhance the source
— Particle kinematics from simulations— Yields constrained from StatisticalHadronisation Model

• Common source mT scaling for all hadronsin pp collisions
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[1] ALICE, PLB 811 (2020)[2] ALICE, arXiv:2311.14527 (2024)

pair transverse mass mT =
√

k2
T + ⟨m⟩2
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p–d and K+–d source4 Extra
• Contributions for K+–d and p–d pairs
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Candidate primary fractions: (anti-)deuteron4 Extra
• (anti)deuteron: candidate fractions [Thesis: B. Singh, CERN-THESIS-2023-199]

• 95% primary deuteron and 100% antideuteron candidates
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p-d system calculations4 Extra
• Calculations for AV18+UIX contributionsof partial waves • Calculations for different interactionpotentials
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p-d system two-body vs three-body Coulomb4 Extra
• Calculations only for Coulomb interactions
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p-d system three-body wavefunction4 Extra
• Full three-body wavefunction in HH approach
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Full three-body calculations for p-d4 Extra
• Start from p-(pn) system that form p-d state:

Cpd(k
∗) =

1
16 Ad

∫
S(ρ,RM) |Ψ(k∗, ρ)|2 ρ5 dρ dΩ

• Ad is the deuteron formation probability [1]
• RM = 1.43 ± 0.16 fm nucleon-nucleon source size in p-d(obtained from analysis)
• Ψ(k∗, ρ): the three-body wave function

— Accounts for three-body dynamics
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M. Viviani, B. Singh et al. PRC108,064002 (2023)INFN PISA [Michele Viviani, Alejandro Kievsky, andLaura Marcucci], NC State Uni[Sebastian König]
[1] S. Mrowczynski, Acta Physica Polonica B 51, 1739 (2020)
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Unbound system of three hadrons4 Extra

Femtoscopy opens the door for the study of interactions in unbound system of three
hadron (3 to 3 scattering process)
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Three-body femtoscopy with ALICE4 Extra
• Extending femtoscopy to three-particle correlations: p-p-p and p-p-Λ at the LHC [1]

C(Q3) = N
Nsame(Q3)

Nmixed(Q3)
with hypermomentum Q3 =

√
−q2

12 − q2
23 − q2

13

• Effects beyond two-body contributions [2] [1] ALICE Coll., EPJA 59, 145 (2023)[2] Del Grande et al, EPJC 82, 244 (2022)
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Three-body femtoscopy with ALICE4 Extra

• First three-body calculations for unbound systemof three protons

C(Q3) =

∫
S(ρ, ρ0) |Ψppn(ρ,Q3)|2 ρ5dρ

• Kievsky et al PRC 109, 034006(2023) Munichgroup and INFN PISA group
• With AV18 strong interaction, Coulombcorrections, and quantum statistics
• Ongoing work for ppΛ system [1] ALICE Coll., EPJA 59, 145 (2023)[2] Del Grande et al, EPJC 82, 244 (2022)
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Hadronic interactions in LHC Run 34 Extra
• LHC Run 3 pp collisions at 13.6 TeV: 2 orders of magnitude increased p-p pair statistics
p-p CF in mT and multiplicity bins

mT-scaling of the source size for p-p pairs

Opens door for all hadronic interactions studies in LHC Run 3
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Particle identification: protons, Kaons, and deuterons4 Extra
• ALICE Detector in RUN 2: Uniquetracking and PID capabilities toperform femtoscopic studies at theLHC energies!

ALICE, Nucl. Part. Phys. 41 087002

Time Projection Chamber (TPC): dEdx

Time-Of-Flight detector (TOF): velocity
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Candidate purity: (anti-)protons4 Extra
• (anti)proton: candidate purities [Thesis: B. Singh, CERN-THESIS-2023-199]

• Very high purity sample with ∼ 100% pure (anti)proton candidates
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Candidate primary fractions: (anti-)protons4 Extra
• (anti)proton: candidate fractions [Thesis: B. Singh, CERN-THESIS-2023-199]

• ∼ 85% primary (anti-)proton candidates
• Similar approach was used for (anti)Kaon candidates, more than 99% pure
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Candidate purity: (anti-)deuteron4 Extra
• (anti)deuteron: candidate purities [Thesis: B. Singh, CERN-THESIS-2023-199]

• Drastic decrease in the purity leads to artificial signal in the p-d correlations

• Restricted (anti)deuteron selections to obtain very high purity sample with ∼ 100%
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High purity∼ 100%
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