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Hadronic interactions and QCD

1 Motivation

e Non-perturbative nature of QCD Q ~ 1 GeV

e Use Effective Field Theories (residual strong
interaction)
— Hadrons as degrees of freedom (baryons,
mesons)
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m Hadronic interactions and QCD

1 Motivation
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Need for many-body hadronic interaction
1 Motivation
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Need for many-body hadronic interaction

1 Motivation
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Need for many-body hadronic interaction

1 Motivation

Nuclei/hypernuclei Dense nuclear matter: neutron star
®®
1

Po 3p

e N-d scattering observables: requires the
presence of three-body interaction [1]

¢ NNN interaction contributes ~10% to the
binding energies of light nuclei [2]

e NNN and NNA interaction required for EoS
of neutron star [3]

¢ Need new tools to study hadronic
interactions!

[1] K. Sekiguchi, Few-Body Syst 60, 56 (2019)

[2] S. C. Pieper et al, Phys. Rev. C 64, 014001 (2001)
[3] D. Lonardoni et al, PRL 114, 092301 (2015)
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Need for many-body hadronic interaction

1 Motivation

Nuclei/hypernuclei Dense nuclear matter: neutron star
®®
1

Po 3p

e N-d scattering observables: requires the
presence of three-body interaction [1]

¢ NNN interaction contributes ~10% to the
binding energies of light nuclei [2]

e NNN and NNA interaction required for EoS
of neutron star [3]

¢ Need new tools to study hadronic
interactions!

[1] K. Sekiguchi, Few-Body Syst 60, 56 (2019)

[2] S. C. Pieper et al, Phys. Rev. C 64, 014001 (2001)
[3] D. Lonardoni et al, PRL 114, 092301 (2015)
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Marcel Lesch (Friday, 14:00)
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m Hadron-deuteron correlations

2 Three-hadron systems

hadron-deuteron correlation functions!
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So far...

2 Three-hadron systems

e p-d correlation from fixed target studies

2.0 T T T T T T T T T N t (o) (b)
a '°7Au('®0,xy),E/A =25 MeV, O 15° S gk ot g S
(x4 L - [ /
c '-. LJ — L [ -
g k! 0.8 L L
§ I,O? \a¢0,+++ ....00 ¢ ¢ + . : E + E
.® 0.6 - j+ =
- X=p L] X=p — [ | [
y=p y=d 0.4 [+ proton—deuteron [ ® neutron—deuteron
. — Fw.=6.2 fm. 7=60 fm/c [ —r...=6.2 fm. 7=30 fm/c
o ) L \ 1 L 1 11 [ I ! | I
O 40 80 120 160 O 40 80 120 160 0 0.05 0.1 0 0.05 0.1
Ap(MeV/c) K, GeV/c
e Already signal of Final State Interaction (FSI) at low energy experiments (MSU (left)
H [1] C. B. Chitwood et al, PRL 54, 302 (1985)
and GANIL (rlght) [2]). Poch;zrz/(ajl(lja :t aal, PRC 35, 1695 (1986)

[2] J. Pochodzalla et al, PLB 175 (1986)
[3] K. Wosinska et al, EPJA 32, 55-59 (2007)
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Femtoscopy: a new approach to study hadronic interaction

2 Three-hadron systems

Interaction .
i \ |\ Repulsive | | Repulsive
N s . —| Attractive —— Attractive
> -
N e— X
| .P\» S ——
[ /= 1Ba=Bs]
Emission source S(r*) = | B 2 0 05 10 15 20 50 100 150 200
r (fm) Kk* (MeVi/c)

a

Nsame (kK* % 2% %« k*—o0
k) = NN'd((k*)> _/S(r)Wk* ()2 a3 222
mixe

experimental definition [1] theoretical definition [2]

[1] L. Fabbietti et al, Ann. Rev. Nucl. Part. Sci. 71 (2021)
[2] S.E. Koonin, PLB 70 43 (1977)
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Femtoscopy: a new approach to study hadronic interaction

2 Three-hadron systems

Common source for all hadron-hadron pairs!

L o T e B N LA N E S S S B

ALICE Preliminary pp (s = 13 TeV
High Mult. (0-0.17% INEL>0)

Interag
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) . e ———— - [ m-n* ® -, Polt
1 ;*»//’ ! .\;’ |I| -t @ n -7, Pol2
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N————

experimental definition [1] theoretical definition [2]

[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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m Kaon-deuteron correlations

2 Three-hadron systems 1 4 ALICE Coll., Phys. Rev. X 14, 031051 (2024)
. T I T I T I T

. Kt-d _ 40.04 [ ALICE ]
* Source size for r =1.35 0.05 fm 1.2 [ pp High-mult. Vs =13 TeV 7

e KT-d as an effective two-body system: r OK-dOK-d
Lednicky-Lyuboshits (LL) approach [1] 1

e Strong interaction in KT -d system

o0 FOT Of&.)!()!()!‘v’*\)lm
E

(QJ( 708
. ¢:¢1¢: 1

— Effective-Range Approx. (ER) [2]: ag = —0.47 50'8 ]

fm, dp = —1.75fm o ]

— Fixed-Center Approx. (FCA) [3]: ag = —0.54 fm, 0.6 ]

do =0.0fm M Coulomb ]

0.4 Coulomb + ER 7]

[ Coulomb + FCA ]

0.2 Baseline ]

[1] R. Lednicky, Phys. Part. Nuc. 40, (2009) t : t : : I : )
[2] provided by Prof. Johann Haidenbaur 0 100 200 300 400

[3] provided by Prof. Tetsuo Hyodo k* (MeV/C)
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m Kaon-deuteron correlations

2 Three-hadron systems 1 4 ALICE Coll., Phys. Rev. X 14, 031051 (2024)

. K T I T I T I T ]

. Kt-d _ 10.04 [ ALICE ]

* Source size for r =1.350 g5 fm 1.2[~ pp High-mult. Vs =13 TeV .
e KT-d as an effective two-body system: O K'-dOK-d 1

Lednicky-Lyuboshits (LL) approach [1] 1:— SRCTGHOTCTGFOTOsOrO]
C r¢1t¢’c<}:ro’t01[o

e Strong interaction in KT -d system

— Effective-Range Approx. (ER) [2]: ag = —0.47 50'8 7]

fm, do = —1.75fm B’ ]

— Fixed-Center Approx. (FCA) [3]: ap = —0.54fm, ~ 0.6 5

do = 0.0 fm [l Coulomb ]

e Deuterons follow the same mr-scaling as other 0.4 Coulomb + ER 7]

hadrons [ Coulomb + FCA ]

0.2 Baseline 7

[1] R. Lednicky, Phys. Part. Nuc. 40, (2009) L L L | L | L ]
[2] provided by Prof. Johann Haidenbaur 0 100 200 300 400

[3] provided by Prof. Tetsuo Hyodo k* (MeV/C)
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m Proton-deuteron correlations

2 Three-hadron systems ALICE Coll., Phys. Rev. X 14, 031051 (2024)
T I T I T I T

e p-d as effective two-body system with LL
approach [1]

B Coulomb

[ Coulomb + Black
[l Coulomb + Kievsky
[l Coulomb + Arvieux

e Source size reff = 1.081’8:882 fm

e Strong interaction: constrained from

p-d scatterings [2] i\ [l Coulomb + Huttel
e Two point-like particles picture does not work S Coulomb + Van Oers |
— Pauli-blocking for p-(pn) system Baseline
— Asymptotic strong interaction cant describe p-d
at ~1fm 1y o1 —o-f
A ALICE 1
P pp High-mult. Vs =13 TeV ]
14 O p-d O p-d _
1 I 1 I 1 I 1
1 Lok, Py par oo 0 100 200 300 400
1 . Leanicky, S. rt. Nuc. 40, (200
[2] Scatteringypara\%et:rs from !\‘llfd scattZring k* (MeV/C)
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m Proton-deuteron correlations

2 Three-hadron systems ALICE Coll., Phys. Rev. X 14, 031051 (2024)
T I T I T I T

e p-d as effective two-body system with LL
approach [1]

B Coulomb

[ Coulomb + Black
[l Coulomb + Kievsky
[l Coulomb + Arvieux

e Source size reff = 1.081'8:882 fm

e Strong interaction: constrained from

p-d scatterings [2] i\ [l Coulomb + Huttel
e Two point-like particles picture does not work S Coulomb + Van Oers |
— Pauli-blocking for p-(pn) system Baseline
— Asymptotic strong interaction cant describe p-d
at ~1fm 1y =
o A ALICE © 1
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/, B ]
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m Full three-body calculations for p-d

2 Three-hadron systems

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

pd(k*) 6Ad Z /d3r1d3r2d3r381 (rl) Sl (7‘2) Sl (7‘3) ‘\Ijml my k*

my,my

=—— | S(p,Ru) |W(k*, p)|* p°dpdQ
e A, is the deuteron formation probability [1]
e Ry = 1.43 £ 0.16 fm nucleon-nucleon source size in p-d
(obtained from analysis)
— Accounts for three-body dynamics
M. Viviani, B. Singh et al. PRC108,064002 (2023)
INFN PISA [Michele Viviani, Alejandro Kievsky, and
Laura MarCUCCi]’ NC State Uni[sebaSﬁan Konig] [1] S. Mrowczynski, Acta Physica Polonica B 51, 1739 (2020)
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Full three-body calculations for p-d

2 Three-hadron systems

e Contributions of partial waves e Different interaction potentials
1.25

T 1.25 T T T

AV18+UIX, Ry = 1.5 fm

0.75

— . 075 v 1
< S o
3 & ‘
05 © osh g T AVIS+UIX —= 1
P 0.95F AV18 ——
NVIa + 3N —&—
0.25 025 . / Coulomb only —e— ]
L L optimized Born —4—
80 100 120 140
0 0 1 1 1
0 100 200 300 400
k (MeV)

e Arobust theoretical framework
applicable to other h-d systems
M. Viviani, B. Singh et al. PRC108, 064002 (2023)
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Born approximation and p-d system

2 Three-hadron systems

e Coulomb only: does not describe the data ALICE Coll., Phys. Rev. X 14, 031051 (2024)

e Born approximated wave function AV18 (2N) [1]

]

- B
UIX (NNN) potentials [2]: . ==

— lIgnore core short-range interaction 0.8k ALICE

— ~ 50 away from the data E pp High-mult. Vs =13 TeV

6| p-d 0O p-d

e Asymptotic strong interaction is insufficient due B Coulomb + antisym

TTT
‘;9_

to short-distance dynamics of nucleons 0.4 [ Born approx. (optimised)
C Baseline
0.2~
- t t t t t
5 ]
S I L DSOS ST SRS
< 0 - 8 o ° o . ® o o °
-5 v ° 1 1 1 1 =
[1] M. Viviani, B. Singh et al. Phys. Rev. C108,064002 (2023) 0 100 200 300 400 500 600
[2] B. R. B. Wiri t al. Phys. Rev. C 51, 38
[3]B.S. Pudlilr:Ier;g:t(;LaPhys?l;evé\liett 74, 4396 k* (MeV/c)
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Two- and three-body interaction at short distance

2 Three-hadron systems

e Coulomb only: does not describe the data ALICE Coll., Phys. Rev. X 14, 031051 (2024)

e AV18 + UIX potentials [1-3] 7 iy

,_O_f-o-i-o-

— s-wave only: more repulsion

0.8 ALICE
o~ pp High-mult. Vs =13 TeV
X 0.6 8 p-d O p-d
o p p

B Coulomb + antisym.

04 I AV18+UIX (s*-wave)
Baseline
0.2~
- t t t t t
5 ]
S| (L S IO T TR P S
-5 i 1 1 1 1 =
[1] M. Viviani, B. Singh et al. Phys. Rev. C108,064002 (2023) 0 100 200 300 400 500 600
[2] B. R. B. Wiringa et al. Phys. Rev. C 51, 38 k* (MeV/C)

[3] B. S. Pudliner et al. Phys. Rev. Lett. 74, 4396

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


mailto:bhawani.singh@tum.de

e Coulomb only: does not describe the data
e AV18 + UIX potentials [1-3]

— s-wave only: more repulsion
— All partial waves up to d-waves: excellent
description (no ~ 1 for k* up to 400 MeV/c)

2 Three-hadron systems

e Sensitivity to: Dynamics of p-(pn) system
— Inclusion of the higher partial waves
— Short distance dynamics of hadrons

[1] M. Viviani, B. Singh et al. Phys. Rev. C108,064002 (2023)
[2] B. R. B. Wiringa et al. Phys. Rev. C 51, 38
[3] B. S. Pudliner et al. Phys. Rev. Lett. 74, 4396

1- -
0.8 :— ALICE _:
= - pp High-mult. Vs =13TeV ]
S 061 8 p-d 0 p-d =
© C I Coulomb + antisym. .
0.4 I AV18+UIX (s*-wave) -
I AV18+UIX (full) ]
0.2 Baseline .
S
< O_—0*~"':'3,_'
s - . . . . . ]

0 100 200 300 400 500

k* (MeV/c)

Two- and three-body interaction at short distance

ALICE Coll., Phys. Rev. X 14, 031051 (2024)
T T T T T
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m Two- and three-body interaction at short distance

2 Three-hadron systems

e Coulomb only: does not describe the data ALICE Coll., Phys. Rev. X 14, 031051 (2024)

e AV18 + UIX potentials [1-3] 7 §
— s-wave only: more repulsion

— All partial waves up to d-waves: excellent 0.8 ALICE
description (no ~ 1 for k* up to 400 MeV/c) ~ pp High-mult. Vs =13 Tev
. . ~ = 0.6 6 p—d O p-d
e Sensitivity to: Dynamics of p-(pn) system )

B Coulomb + antisym.

I AV18+UIX (s*-wave)
Il AV18+UIX (full)

[ Pionless EFT (NLO)

— Inclusion of the higher partial waves 0.4
— Short distance dynamics of hadrons

T Baseline
- t t t t t
L s .
o O_‘___:__.:....z....l...._e_...:..._:_...!....;.........'.....-.....’......_
-5 : i 1 1 1 1 =
[1] M. Viviani, B. Singh et al. Phys. Rev. C108,064002 (2023) 0 100 200 300 400 500 600

[2] B. R. B. Wiringa et al. Phys. Rev. C 51, 38 *
[3] B. S. Pudliner et al. Phys. Rev. Lett. 74, 4396 k (MeV/c)
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Sensitivity to genuine three-body force

2 Three-hadron systems

ALICE Coll., Phys. Rev. X 14, 031051 (2024)

e Three-body interaction effects: 106 ' | : | ' | :
— Ratio of CF with and without UIX potential L
— Up to 5% effect of genuine three-body 1.04
interaction i
— Run 2: limited statistics 10217
oo faloensens e

~o-rNN=1.4fm
o W =1.3fm

o
©
00
I\It

CAV18+UIX(k *)/CAV18(k *)

0.96} e NN =1.2fm i
Fe o riN=1.1"fm .
0.94 o rW=1.0fm -
0.92 L | L | L | L
0 100 200 300 400
[1] M. Viviani, B. Singh et al. Phys. Rev. C108,064002 (2023) Kk* (MeV/c)

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

2 Three-hadron systems

ALICE Coll., Phys. Rev. X 14, 031051 (2024)

e Three-body interaction effects: 106 ' | : | ' | :
— Ratio of CF with and without UIX potential L
— Up to 5% effect of genuine three-body 1.04
interaction r
— Run 2: limited statistics 1021
e LHC Run 3: ~ 2 orders of magnitude increase in ] E— /

pair statistics
— analysis used 2022 data alone and just anti pairs

o rNN=1.4fm
o M =1.3fm

o

©

©
T

CAV18+UIX(k *)/CAV18(k *)

0.96} e NN =1.2fm i
Fe o riN=1.1"fm .
0.94 o rW=1.0fm -
0.92 L | L | L | L
~0 100 200 300 400
[1] M. Viviani, B. Singh et al. Phys. Rev. C108,064002 (2023) k* (MeV/c)

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

2 Three-hadron systems

e Three-body interaction effects:

— Ratio of CF with and without UIX potential ~ F
— Up to 5% effect of genuine three-body % 1 ] R ———
interaction oa:— =
— Run 2: limited statistics T + ALICE Preliminary
e LHC Run 3: ~ 2 orders of magnitude increase in 0.6~ PP 15 =13.6 TeV
pair statistics o4k =+ pd
— analysis used 2022 data alone and just anti pairs AV18+UIX (2N+3N)
0.2~ .
e Avenue for the study of hadron-deuteron r Baseline
. . | R BN IR B B SR BN
systems, including charm and strange hadrons! 00750100 150 200 250 300 350 400

k* (MeV/c)

[1] M. Viviani, B. Singh et al. Phys. Rev. C108,064002 (2023)
[2] B. R. Wiringa et al. Phys. Rev. C 51, 38
[3] B. S. Pudliner et al. Phys. Rev. Lett. 74, 4396
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Summary

3 Summary

e p/K*™—d correlations: first measurement in pp

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

3 Summary

e p/K*—d correlations: first measurement in pp

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

e More statistics from LHC Run 3 and Run 4
— Ongoing studies for p-d, A-d, p-p-p, and p-p-A
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m Summary
3 Summary

e p/K*™—d correlations: first measurement in pp

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

¢ More statistics from LHC Run 3 and Run 4
— Ongoing studies for p-d, A-d, p-p-p, and p-p-A
More interesting results in the talks:
Ke Mi (today, 16:20): baryon-baryon, h-d, and d-d femtoscopy at STAR
Diana Paw lowska-Szymanska (today, 14:35): A-d femtoscopy at HADES

Wioleta Rzesa (tomorrow, 16:20): h-d correlation in relativistic heavy-ion
collisions with ALICE

Marcel Lesch (Friday, 14:00): three-particle femtoscopy and neutron star
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Accessing the strong interaction in
three-hadron systems via
proton-deuteron femtoscopy

Thank you for listening!
Time for questions!
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m Femtoscopic correlation

4 Extra

e The femtoscopic correlation may have background/contributions from

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

\ \ Aﬁ\\ \ \
Cremto (k™) = 20 @ 1,6 D 1,6 D ..

Contributions from:  genuine  feed-down misidentifications

e Quantification of the contributions to the pairs done by the lambda parameters:
Aij = Pi X fi x Pj X fj
— Purity of the individual particles (7))
— Feed-down fractions (f;)
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Source
4 Extra

e Common emission for all hadrons in pp
collisions [1,2]

1 o r*z
S(r*) = — ¢ 4rgore

(2772,,0)% ~

e Short-living strongly decaying resonances ’ .
(et ~ 1 fm) enhance the source
— Particle kinematics from simulations
— Yields constrained from Statistical
Hadronisation Model

Emission source S(r*)

[1] ALICE, PLB 811 (2020)
[2] ALICE, arXiv:2311.14527 (2024)
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Source

4 Extra

e Common emission for all hadrons in pp T T T
. . = [ ALICE pp Vs =13 TeV -
collisions [1,2] e [ ® High-mult (0-0.17% INEL>0) |
y 3 25@"® @ - p-p ® p-p (Av18)
1 __Ix : - . b :
S(rs) = ————75e *ore f oo =2 (M) + 0 3
(27_”,2 )3/2 of = qt-nt @ n-n- Poll
core i W o @ - Pol2 1
. . . [ +_ —.__ b
e Short-living strongly decaying resonances g K=p&K'p (EFD) ]
(et ~ 1 fm) enhance the source i 1
— Particle kinematics from simulations i o % - 1
— Yields constrained from Statistical T -
Hadronisation Model I IR N R R
e Common source mr scaling for all hadrons 0.5 T 15 2 25
. . o 2
in pp collisions (m,) (GeVic’)
[1] ALICE, PLB 811 (2020) . . 2 2

[2] ALICE, arXiv:2311.14527 (2024) palr transverse mass mr = kT + <m>
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p-d and K" -d source

4 Extra
e Contributions for K*-d and p-d pairs 24% Protons
20%
16%
12%
b 8%
O % [0) 4% I
o | | - - -
° D¢ I o T o s e e s &
. Pa & f * f ¢ n-’e\ (’,Lc\ & S 4"7‘ n-“'q‘
(©) X & DO S R ¢
14 .’ r /‘ 20 [T
5 v g Tk Kaons
Py /(r,k ) g 15
u 2
(]
5 10
Source 2
. mean value:p—d | mean value:K+-d £
Size X 5
Icore 0.99+0.05 fm 1.04+0.04 fm e o 2
Fef 1.08+0.06 fm 1.35700¢ fm
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Candidate primary fractions: (anti-)deuteron
4 Extra

e (anti)deuteron: candidate fractions [Thesis: B. Singh, CERN-THESIS-2023-199]

Distance of closest approach template fit Fractions
:. AL L e B B B .: ;\-0\100_....|...y|....|....|....|....|....|....|....|..._.
L . “':’ ________________ P i 4
10000 — ¢ Data P n ‘% N —— ]
¢ Primary (77.04 %) B E 80— . —
L Material (22.96 %) ] C ]
8000 - Total fit 4 —e— i
@ [ 059<p <0.68GeVic ] 60~ —e— Primary Deuteron 7
€ 6000~ X¥/NDF=7.17 ] B —e— Secondary Deuteron |
3 C ] C ! . ]
B q i - --- p_weighted Prim. 95.07%
© C ] 40— Py weighted Sec. 493% |
4000~ L ] - 1
- ] 20~ T —
C ] C ]
2000 — . . .
L ] ok | ] ] ] ] | .
0 L ot oI L sl L 05 06 07 08 09 1 11 1.2 1.% (Egvm)
DCAXxy (cm) T

e 95% primary deuteron and 100% antideuteron candidates
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p-d system calculations
4 Extra

e Calculations for AV18+UIX contributions
of partial waves

M. Viviani et al arXiv:2306.02478

1.25 T T T
AV18+UIX, Ry = 1.5 fm
1 bessssssssassssssssssssssssssssssasssssassssssaansssssnngans
Rest 1
30'75 L Total —%—
S
025/
0
0 100 200 300 400
k (MeV)
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e Calculations for different interaction

potentials
1.25 . M. Yiviani et al arXiv:2306.02478
o-go- gy
- ]
=
© o5 # B AVIS{UIX = |
0.95F AV18 —e—
i NVIa/3N —=—
0.25¢ 0.9 / Coulomb only —e— 7]
L L optimized Born —4—
80 100 120 140
0 1 L L
0 100 200 300 400
k (MeV)
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p-d system two-body vs three-body Coulomb

4 Extra

e Calculations only for Coulomb interactions

LT o B B B et o

B e SE I -

p-d (Coulomb +Antisymm.) 1

~ [*JRy=1.0fm 1
X 06 Ry =1.43 fm -
[*JRy=20fm ]
04 [*]JRy=3.0fm i
Ry,=5.0fm

02 p-d: Coulomb (effective two-body) _|
[=]r,=1.08 fm ]

0.0~ [ | | | | | |

L L L L L P L
40 80 120 160 200 240 280 320 360 400
k*(MeV/c)

o
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m p-d system three-body wavefunction

4 Extra

e Full three-body wavefunction in HH approach

un «
Uiss =Y 55 /(2p) Vn,a()

n,o

1 even perm. . ) ) FL (,r], kye)
5 X RGN S G
+3 1y ievenzwm'{mw[ (i3]}

p LS,L’S'\/g : L'\Ye) | (4, 7)X st
« Gr/(n, kye) + iFr (n, kye)

kye '
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m Full three-body calculations for p-d

4 Extra
e Start from p-(pn) system that form p-d state: o
Cpa(k*) = =—— | S(p,Ru) [W(K*, p)|* p° dpdQ 'Q
16 A4

e A;is the deuteron formation probability [1] ° * °
e Ry = 1.43 £ 0.16 fm nucleon-nucleon source size in p-d NI
(obtained from analysis) \
e U(k*, p): the three-body wave function
— Accounts for three-body dynamics

M. Viviani, B. Singh et al. PRC108,064002 (2023)
INFN PISA [Michele Viviani, Alejandro Kievsky, and
Laura Marcucci], NC State Uni[Sebastian Konig]

[1] S. Mrowczynski, Acta Physica Polonica B 51, 1739 (2020)
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m Unbound system of three hadrons

4 Extra

Femtoscopy opens the door for the study of interactions in unbound system of three
hadron (3 to 3 scattering process)

Emission source S(r*)

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


mailto:bhawani.singh@tum.de

Three-body femtoscopy with ALICE

4 Extra

e Extending femtoscopy to three-particle correlations: p-p-p and p-p-A at the LHC [1]

N same (QS )
_ H _ 2 2 2
C(Q3) = NN% with hypermomentum Q3 = \/—q12 — Q33 — q73
mixed (QS )
) ET T T T T T T 3 > T T T T T T T T
S 4sE ALICE 3 % 305 ]
o 4 pp Vs=13TeV 3 25E E
sk High Mult. (0-0.17% INEL>0) 3 : 3
b [T p-p-pep-p-p Data E 201 [57] p-p-AGP-p-7 Data 3
o5 E E= pp-p Two-particle correlations3 £ E== p p-A Two-particle correlations, ]
“E projector method 3 sE projector method E
2F +_{ E oF ]
15F 4+ e E -
j e E : ]
E _+ 3 5¢ + =
05F E S ]
El 1 1 1 1 1 1 3 0 [ I 1 1 1 1 I
01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
Q, (GeVic) Q, (GeVic)
. . [1] ALICE Coll., EPJA 59, 145 (2023)
e [Effects beyond two-body contributions [2] [2] Del Grande et al, EPIC 82, 244 (2022)
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m Three-body femtoscopy with ALICE

4 Extra

e First three-body calculations for unbound system

of three protons S L.F + T e
2F IZ;::: E
LSE— Mo, -20m _E
16 z— + Eﬁjiiﬁ —z
C(02) = [ S(0.0) Wyl Q) % ‘{g\
i~ -+ =
Y e
e Kievsky et al PRC 109, 034006(2023) Munich 3 + g
group and INFN PISA group o :?)‘.1 0z 08 o4 o5 o6 o7 os
Q, (GeVic)

e With AV18 strong interaction, Coulomb

corrections, and quantum statistics
[1] ALICE Coll., EPJA 59, 145 (2023)
Py Ongoing work for ppA system [2] Del Grande et al, EPIC 82, 244 (2022)
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Hadronic interactions in LHC Run 3
4 Extra

e LHC Run 3 pp collisions at 13.6 TeV: 2 orders of magnitude increased p-p pair statistics

p-p CF in m7 and multiplicity bins
S —— mr-scaling of the source size for p-p pairs

';( ALICE Preliminary
s pp VS =13.6 TeV

L N5 (|n] < 0.8) € [27, 200) 1] = 1.4F T T T T T T ., - -
: EXs ALICE preliminary
[
<

PPOPP pp Vs =13.6 TeV MB

W Total Fit with Gaussian source ] Gaussian source

aF
Baseline PP
. 1.2} p-p@p-p
vimar
1 o \ ] Ll . Ai:‘, [;"(I7n)|<o.8)
PP - .
g g Z + [7,11)
o 1.0f : 2 s t (11,15
75 10 15 10 175
wf aif g F L
1 X
s+ = % r 4 [27,200)
0.8F + % 4

syst.
5 uncertainties

4 AUCEppvS=13Tev
HM (0-0.17% INEL>0)

0.7f

0.6F
1.0 1.2 1.4 1.6 18 2.0 22 2.4 2.6 2.8

(mr) (GeV/c?)

20 40 60 80 100 120 140 160 180
k™ (MeV/c)

Opens door for all hadronic interactions studies in LHC Run 3
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m Particle identification: protons, Kaons, and deuterons

4 Extra

e ALICE Detector in RUN 2: Unique TlmeﬂPrOJectlon Chamber (TPC): dEdx
tracking and PID capabilities to '
perform femtoscopic studies at the
LHC energies!

3
2 (Gevic)

ALICE, Nucl. Part. Phys. 41 087002

2 25 3 35 4
p (GeV/c)
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Candidate purity: (anti-)protons

4 Extra

e (anti)proton: candidate purities [Thesis: B. Singh, CERN-THESIS-2023-199]

T I I UL UL I L I S 14 E T T T HLI A SRR LA B |

10 - - 2 T ]
E T E s 12f =

E e PP ] e F ]

r W _ ] 1T — e -

I & PP 1 E \

3 T N ! 1 08 | .
510s E Sy - 06 E - P purity E
E iy 7 F [ P:purity B

[ iy ] 04 [ — P:p, weighted purity 98.30% =

L S ] " [ -~ P:p, weighted purity 98.76% b

L _ 02 3

NI I T T T T T | 0- 1 1 1 1 1 1 1 I:

0 05 1 15 2 25 3 35 4 45 0 0.5 1 1.5 2 25 3 3.5 4

P, (GeV/c) P (GeV/c)

e Very high purity sample with ~ 100% pure (anti)proton candidates
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Candidate primary fractions: (anti-)protons
4 Extra

e (anti)proton: candidate fractions [Thesis: B. Singh, CERN-THESIS-2023-199]

Distance of closest approach template fit Fractions
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e ~ 85% primary (anti-)proton candidates

e Similar approach was used for (anti)Kaon candidates, more than 99% pure
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Candidate purity: (anti-)deuteron

4 Extra

e (anti)deuteron: candidate purities [Thesis: B. Singh, CERN-THESIS-2023-199]

2400 T T T T T i T T T ™3 U I AL B IR L I IR |
E 3 100F RARREPSSSENY n
2200 d 3 F “. 1
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2000 F E
E — Background 3 80 e T
1800 Y 260 Gevic<p <281 Gevic 3 —_ B ° E
£1600 ) T 1% ok E
3 1400¢ 18 7t - :
O1200F 4¢ 4L . E
1000 E [ e ]
800 g— —; 20  —— d:purity —
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400-_'|"'I"'I"'I"'I"'I"' I SR . O_I.u..l.u.,lnu.ul....I....I....I....I....I....I_
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m2 (GeV/c?? p, (GeV/c)

e Drastic decrease in the purity leads to artificial signal in the p-d correlations
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Candidate purity: (anti-)deuteron

4 Extra

e (anti)deuteron: candidate purities [Thesis: B. Singh, CERN-THESIS-2023-199]

2400 T T T T T i T T T ™3 LRI P DL IR I IR L I IR |
E 3 100F T 0
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e Drastic decrease in the purity leads to artificial signal in the p-d correlations

e Restricted (anti)deuteron selections to obtain very high purity sample with ~ 100%
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