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Many-body systems with baryons TUTI

Properties of nuclei and hypernuclei cannot be described 3H and “He Binding Energies and
satisfactorily with two-body forces only. n-d scattering length
L.E. Marcucci et al., Front. Phys. 8:69 (2020), see talk by A. Kievsky @ EXOTICO Potential(NN) SH[MeV]  4He[MeV]  2a4[fm]
AV18 7.624 24.22 1.258
Many-body scattering requires three-body calculations CDBonn 7.998 26.13
N3LO-Idaho 7.854 25.38 1.100

(e.g. neutron-deuteron).

L. Girlanda et al., PRC 102, 064003 (2020)
Potential(NN+NNN)

AV18/UIX 8.479 2847 0.590
CDBonn/TM 8.474 29.00

N3LO-ldaho/N2LO 8474 28.37 0.675

Exp. 8.48 28.30 0.645+0.010
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Many-body systems with baryons TUTI

Properties of nuclei and hypernuclei cannot be described 3H and 4He Binding Energies and

satisfactorily with two-body forces only. n-d scattering length

L.E. Marcucci et al., Front. Phys. 8:69 (2020), see talk by A. Kievsky @ EXOTICO Potential(NN) SH[MeV]  *He[MeV]  2a,4[fm]
AV18 7.624 24.22 1.258

Many-body scattering requires three-body calculations CDBonn 7.998 26.13

N3LO-Idaho 7.854 25.38 1.100

(e.g. neutron-deuteron).

L. Girlanda et al., PRC 102, 064003 (2020)
Potential(NN+NNN)

) ] . ) AV18/UIX 8.479 2847 0.590
N-N-N and N-N-A interactions: fundamental ingredients for CDBonn/TM 8.474 29.00
the Equation of State (EoS) of neutron stars. N3LO-Idaho/N2LO 8474 2837 0.675
see talk by D. Logoteta @ EXOTICO Exp. 8.48 28.30 0.645+0.010

Nuclei

Neutron Stars

Baryon density
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Many-body systems with mesons

Strongly attractive KN interaction in | = O channel

—> Exotic bound states of antikaons with nucleons
S. Wycech, NPA 450 (1986) 399c; Y. Akaishi, T. Yamazaki, PRC 65 (2002) 044005

YO

First positive experimental evidence of the p-p-K~ bound state
by the E15 Collaboration. E15 Coll., PLB 789 (2019) 620, Phys.Rev.C 102 (2020) 4, 044002
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Next challenge: explore many-body systems dynamics using femtoscopy!
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Three-body femtoscopy

Data set: high-multiplicity pp collisions @ Vs = 13 TeV

Ultra-relativistic collisions

Raffaele Del Grande



Three-body femtoscopy

Data set: high-multiplicity pp collisions @ Vs = 13 TeV

Correlation of three hadrons

Three-particle correlation function:
P(py, P2: P3)
P(py) P(py) P(ps)

C(pla Pr, p3) =
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Three-body femtoscopy TUTI

Data set: high-multiplicity pp collisions @ Vs = 13 TeV

Correlation of three hadrons

Three-particle correlation function:

2 Niame(3)
_ 3 3 3. same\ =<3
C(P1, P2 P3) = ﬂj% (x1,%,,X3) ‘l//pl,pz,p3 (x. %5, %3) | d*x\d°xyd x5 = N - N (O
mixed(QS)
Lorentz-invariant Q, is defined as: O =\/— Z g2 —q? H—2 miki miky M oM
3 ' 3 92~ 93~ 91 Tij = m; + m; mi+m]-’mi+mjp’ mi+mjp]
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Three-body femtoscopy TUTI

Data set: high-multiplicity pp collisions @ Vs = 13 TeV

Correlation of three hadrons

Q;—0
P1
|::> <
/ \_/
A
P3
Three-particle correlation function:
2 Noame(D3)
_ 3 3 3. same\ =<3
C(P1, P2 P3) = ﬂj% (x1,%,,X3) ‘l//pl,pz,p3 (x. %5, %3) | '\ d>xyd"x3 = N - ————
Nmixed(QS)
Lorentz-invariant Q, is defined as:  Q, = \/—q2 — g2 —q? ) miki Mk MM
3 3 2723 Al % m; + m; mi+m]-’mi+mjp’ mi+mjp]
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p-p-p and p-p-A correlation functions

arXiv:2206.03344
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TUTI
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Correlation functions include two- and three-particle correlations é
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Cumulants in femtoscopy TUTI

The total three-particle correlations can be expressed as a sum of genuine three-body correlation and
the lower-order contribution employing Kubo’s cumulants [1]:

Genuine three- Measured < >
body three-body Two-body
correlations correlation correlations

In terms of correlation functions:

¢3(03) = C(03) |- C12(Q3) = Cp3(Q3) = G5 (Q3) +2

How to estimate lower-order
contributions? [1] J. Phys. Soc. Jpn. 17, pp. 1100-1120 (1962)

Raffaele Del Grande 10




Lower-order contributions

Data-driven method

* Use event mixing

* Two particles from the same event and one
particle from another:

event X event Y

A &

N7 <p1’ p/)

o < b.p)|- Pk) (;)l) N () i (p)

« Calculate Lorentz-invariant scalar Q5 for every
triplet p;, p;, Py to obtain C;,(Qs)
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Lower-order contributions

Data-driven method

* Use event mixing

* Two particles from the same event and one
particle from another:

event X event ' Y
N7 <p1’ p/)

o < b.p)|- Pk) (;)l) N () i (p)

« Calculate Lorentz-invariant scalar Q5 for every
triplet p;, p;, Py to obtain C;,(Qs)

» Use two-particle measured or theoretical
correlation function C([p;, p;])

* Perform kinematic transformation:

G (k) -

k;f (pair) —

For one Q5 value 0 Vk*

e To obtain the correlation function:

Cy(0y) = [ak;f)vn,-(k;, 0dk

A
C; (05)

Q; (triplet)

R.D.G., L. Serkényté et al. EPJC 82 (2022) 244
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Lower-order contributions : p-p-p TUTI

7. KRy, 5 Total lower-order
contributions
S 25f ALICE s arXiv:2206.03344
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Already measured p-p [1] correlation function used for projection.
[1] PLB 805 (2020) 135419
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Lower-order contributions : p-p-A TUTI

' / + g 2 Total lower-order
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Already measured p-p [1] and p-A [2] correlation functions used for projection.
[1] PLB 805 (2020) 135419; [2] arXiv:2104.04427
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p-p-A\ and p-p-p correlation functions T|.|T|

arXiv:2206.03344
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p-p-p cumulant

Negative cumulant for p-p-p

Possible forces at play:

* Pauli blocking at the three-particle level
* three-body strong interaction

Statistical significance:

n,= 6.7 for O; < 0.4 GeV/c

Raffaele Del Grande
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arXiv:2206.03344

genuine cumulant, flat feed-down
genuine cumulant, flat feed-down
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D Test with mixed-charge particles,

cumulant negligible.
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p-p-p correlation function

[= ] ALICE data,

corrected for feed-down

[ ] Pisa model

0.6 0.7

Q, (GeV/c)
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TUTI

Comparison with the theory
Copp(Q) = /PSdeQ S0 (P) |V o

Wave function calculated using the
Hyperspherical Harmonics (HH)
method (see A. Kievsky talk)

The source function is

Sp0(0) = —

e_(p/p0)2
w308

Preliminary study with p, = 2 fm

17



p-p-A\A cumulant

Positive cumulant for p-p-A

* Only two identical and charged particles S

v Main expected contribution from three- o
body strong interaction

* Relevant measurement for equation of state of
neutron stars.

Statistical significance:
n,= 0.8 for O; < 0.4 GeV/c

Conclusion: no significant deviation from null hypothesis.

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

Raffaele Del Grande
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M [M,]

Equation of State of neutron stars

2.8

24

20

1.6

1.2

0.8

0.4

0.0

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

Hyperons might appear in neutron stars
since it is energetically favourable

But the resulting equation of state might be
too soft to explain heavy neutron stars

Possible solution: repulsive three-body
interaction

19



p-p-K+ and p-p-K™ correlation functions
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Correlation functions include two- and three-particle correlations
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p-p-K+ correlation function
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p-p-K+ cumulant TUTI

.....

- _ 0.5 T T T T T T T T T T T T T T T T T T
Negative cumulant for p-p-K+ S F ' ! ! ! ! E
\Q-J;) 0 - ‘*’H ‘w““-ﬂwmm-e—&woz
Statistical significance: #
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-1 -
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|
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()]
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Conclusion: the measured cumulant is compatible B9 Cumulant Projected, flat feed-down
with zero within the uncertainties. -2
25
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p-p-K- cumulant TUTI

.....

Zero cumulant for p-p-K-

sET T T T
it ianifi . - ALICE Preliminary 3
Statistical significance: e op 15 = 13 TeV E
n,=1.5for Q; < 0.4 GeV/c oF High Mult. (0-0.17% INEL) 4
: { g (PPK) © (5K ]
5 Z_ Cumulant Projected, flat feed-down_:
Conclusion: the measured cumulant is compatible with - .
zero within the uncertainties. "3 E
p-p-K- system shows only two-body interactions. 0 _ 4%»‘* _,Hw.hh,w,*
v¥'No evidence of genuine three-body effects E E
and bound state formation NETEE P P P P P FETS PR S

0O 01 02 03 04 05 06 07 08

Q, (GeV/c)
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p-p-K- cumulant

From Prof. Hyodo: KN potentials and their applications
Relation to correlation functions?

3-body equation and correlation functions

o ta 5% z o ~
> - 7z ~ \ = i ~
N
Ty = i ‘G Tpp

. Measured triplets
Genuine three-body Lower-order correlations

correlations (cumulant) R. Del Grande, ALICE collaboration

“Genuine three-body correlation”
- multiple rescattering of 2-body interaction?
- 3-body force (act only in 3-body system)?

Raffaele Del Grande
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p-p-K- cumulant TUTI

E; m;E; m; ;
_[_.2 _ 2 _ 2 o mjLi MLk i mp
Q3 \/ 2™ 43~ 951 1 2(m,-+m]- mi—l—mj’mierjpl mi+mjp])

g) 5_""|""l""l""l""l""l""l""l"_

Comparison with K- interaction studies in nuclei: & 45_ ALI\/(_:E E’;eTIin\}inary E

kaon momentum evaluated in the p-p rest frame - pp Is =135 1€ -

. High Mutt. (0-0.17% INEL) 7

3 - | —

oK . { g (P-PK) @ (BPK) .

@ kop < 180 MeV/c oF Cumulant Projected, flat feed-down_:

| -5

Compatible with ) S -~

K-momentum in the Fermi momentum of : “‘%* .

range (30-130) MeV/c nucleons in nuclei T T i
0 @1 02 03 :04 05 06 07 08

: Q, (GeV/c)

30 130 pk (MeV/c)
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p-p-K- cumulant

If we believe in the measurement by E15, the bound state is compact ( R ~ 0.6 fm) and the transfer momentum by the K- on the

two rest protons is gx ~ 0.3 GeV/c.

°—8

Transfer momentum
ax = pk ~ 0.3 GeV/c

Qs is Lorentz-invariant —> we can choose the rest frame of the two-protons

m;E; m;E; mj m;
[ _ 2 2 mo_ jhi Mt i m
0; \/ 9i2 =493~ 951 Tij <m1~+m]- mi+mj'mi+mjpl —

Raffaele Del Grande
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Which is the Q5 of the p-p-K- triplets?
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p-p-K- cumulant TUTI

S A I I I I I I I s

S} - _ .

Comparison with K- interaction studies in nuclei: S b &LE% T;?}g?/'nary 3

kaon momentum evaluated in the p-p rest frame : High Mult (0-0.17% INEL) 3

3F N -

oK C { g (P-PK) @ (BPK) ]

n Cumulant Projected, flat feed-down

@ kpp < 180 MeV/C > - umulant Frojecte atiee OWI"I__

l 1 ;_ Relevant kinematic region _;

C tibl ith 0 - for bound state > .

] ompatible wi T ; .

K-momentum in the Fermi momentum of n *%* ; .

range (30-130) MeV/c nucleons in nuclei = T T T T ..
0 @1 02 03 :04 05 06 07 08

: Q, (GeV/c)

30 130 300 pk (MeV/c)
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Conclusions and Outlooks TUTI

Femtoscopy technique applied in pp collisions at the LHC to study many-body systems dynamics:

— Genuine three-body effects isolated for the first time using the Kubo's rule.

e p-p-p: negative cumulant with a significance of 6.7 ¢
—> first comparison of the correlation function with theoretical calculations

e p-p-A: no significant deviation from O in Run 2 data.

e p-p-K* and p-p-K-: cumulants compatible with O, no evidence of a genuine three-body
effects and bound state

— More precision studies within reach with the large data samples collected in Run 3 & 4.
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Many-body systems with mesons

Strongly attractive KN interaction in | = O channel

—> Exotic bound states of antikaons with nucleons
S. Wycech, NPA 450 (1986) 399c; Y. Akaishi, T. Yamazaki, PRC 65 (2002) 044005

First positive experimental evidence of the p-p-K~ bound state
by the E15 Collaboration. E15 coll., PLB 789 (2019) 620

o
[ J
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70} | e i
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£ | ** t * Kpp
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: ﬂ st
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LTI
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TUTI

® R
09 D
XD

Kaonic bound state formation mechanism

\qKn r A P A P A P A
3He —
. P« / = 1+ T+ ~
Oﬁ-qm - s I
Kbar N N
Sekihara et al., PTEP 2016 no. 12, (2016)
B. E. (MeV) Width (MeV)
Exp. (E15) 42 100
Theo. 16 72

Next challenge: explore many-body systems dynamics using femtoscopy!
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Two-body femtoscopy TUTI

Two-particle correlation function:
Nsame (k%)

. %
Nmixed (k )

C(k¥) = = JS(r*) |z//(k*,r*)|2d3r*

Emission source S(r’)
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Two-body femtoscopy TUTI

Two-particle correlation function:

Nsame (k* 2
C(k¥) =W ( *) =JS(r*)|y1(k*,r*)| d3r
Nmixed (k )
Interaction _
U Repulsive | | Repulsive
Emission source S(r*) S . \ —— Attractive . — Attractive
O | . —— # 3
=3 9)
< V "
s << |
0 05 10 15 20 T 50 100 150 200
r (fm) k* (MeV/c)
Schrédinger equation Correlation function C(k*)
Two-particle wave function
|w (k*, 1)
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Kaonic bound state measured by E15 TUTI

E15 Coll., PLB 789 (2019) 620 :
400 l\l . IO — @0s) The E15 collaboration measured the bound state
b) ’l\:/l(Kpp) Kpp before via the following decay:
£ 300 b data p i Org, 7| acceptance
3 Lo BG correction K+p+p = A+p
8 200 |- A o |
100 [MAP) M, 4 coumts The Ap momentum distribution has a peak at
0 o : N g 8 & 8
R g=pr+pp =~ 0.35GeV/c
b i Using the momentum conservation:
§ |
) o Pk + Pp + Pp ~ 0.35 GeV/c
(.2, -
0.5 4
N . The protons are at-rest = px = 0.35 GeV/c
1 I W |, terms of Qs we have
090 22 24 26 28 3.0

M [GeV/c] Q3 = 2\/kgK + kA + k2, = 2V2 ki = 4/3V2 pi < 0.5GeV /e
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Many-body systems TUTI

Properties of nuclei and hypernuclei cannot be described Three-body interaction diagrams in XEFTs

satisfactorily with two-body forces only.
L.E. Marcucci et al., Front. Phys. 8:69 (2020)

N-N-N and N-N-A interactions: fundamental ingredients for

- ----- *---@---9
the Equation of State (EoS) of neutron stars.
D. Lonardoni et al., PRL 114, 092301 (2015)
Many-body scatterings (e.g. proton-deuteron) and formation contact term one-meson two-meson
mechanisms of light nuclei. L. Girlanda et al., PRC 102, 064003 (2020) exchange exchange
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Many-body systems TUTI

e Properties of nuclei and hypernuclei cannot be described Three-body interaction diagrams in XEFTs

satisfactorily with two-body forces only.
L.E. Marcucci et al., Front. Phys. 8:69 (2020)

e N-N-N and N-N-A interactions: fundamental ingredients for ) S b @
the Equation of State (EoS) of neutron stars.
D. Lonardoni et al., PRL 114, 092301 (2015)

e Many-body scatterings (e.g. proton-deuteron) and formation contact term one-meson two-meson
mechanisms of light nuclei. L. Girlanda et al., PRC 102, 064003 (2020) exchange exchange
e KNN: exotic bound states of antikaons with nucleons predicted Kaonic bound state formation mechanism
twenty years ago due to the strongly attractive KN interaction in p A p A » A p (A
| = O channel. s.wycech, NPA 450 (1986) 399c; Y. Akaishi, T. Yamazaki, PRC 65 (2002) _ -
044005 / = &1+ T+ : + ...
e First positive experimental evidence of the p-p-K™ bound state K-p p
Sekihara et al., PTEP 2016 no. 12, (2016)

by the E15 Collaboration. E15 coll., PLB 789 (2019) 620

Next experimental challenge: genuine three-body interaction measurements
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Source determination

®

= Femtoscopy used in the “traditional” way:
known interaction —> source determination

= Determined using:
e p-p interaction: Argonne v18

e crosscheck using p-A (yEFT LO and NLO)

= Exponential tail is included to account for the effect due to the short lived

strongly-decaying resonances

S(r) =

1 r? ? 1 r
——-exp| — —exp | ——
(4rri,.)%? P 4r2 .. s P

Exponential tail

Gaussian source profile
(for the resonances)

= Common universal core source for baryons

= Fix the source at < my > of the hadron-hadron pair under study

Raffaele Del Grande

rcove (fm)

I core (fM)

ALICE pp Vs =13 TeV
High-mult. (0-0.17% INEL > 0)
Gaussian + Resonance Source

p—p

RN RRR R RRRRNRRREY RRRRY RRRRY RRRRY R®

b b s b b e by

0.9
® —A (NLO
0s £ Edp-avio)
= 1p-A00
07 il BEET N PR B "
1 12 14 6
m.) (GeV/c?)
1.4 T T T
N ALICE pp Vs = 13 TeV b
r I High-mult. (0-0.17% INEL>0) ]|
B @1 p-p Argonne v, T
1.2~ 8, rp [ Parametrization 7]
. '
Nl b p= . _
I I b ‘:' °X° po- -
. 2 .v...v..vl.vl.....'
0'81 15 2 2.5

m; (GeV/c?)
ALICE Coll. Physics Lett. B, 811 (2020) 135849
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Two-body femtoscopy

2
r 1 r Pres
S(F) = (47Tr<:20re)_3/2 “CXp\ — ® — CXp <__> ) s = :B V Tres = jwre Tres
S

2
4r, core S res

Exponential tail added to account for the effect

Gaussian source profile :
P due to strong short-lived resonances

%200_ " Gaussian source (g = 1.25 fm) :0'42 € T4gr————T .C T 'r' 1:I3TIV T
. ey L ] = = ALICE pp Vs = e 7
Small particle-emitting source ’EE I P32 § - High-mult. (0-0.17% INEL>0)
created in pp and p-Pb > ool lo2 % ol o WG p-p Argonne v, ]
collisions at the LHC. i | L i perametraton ]
i 10.1 R i
0- :0 1-:_ _ ]
: Typical short-range R [ —
L nuclear potential | 000 e e e e - -
100, 7 12 3 4 5 ogl——— V. V. . V.
P r (fm) 1 . 15 2 25
53 1p [Physics Lett. B, 811, 135849] my (GeV/c?)
0
%
s Nsame (k ) . 2 3
C(k)=./V- = |S(r) l//(k‘,l”) d’r
. %k
lexed (k )

Emission source Two-particle wave function
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Projector method @

\CU<Q3>\ Cy(k) Wiyt Q3) dit

Outputs proton-proton
roton-proton)-proton Ot T B S N B
| rotmprotonyproton . Jeretonproton)A - ST ke e
g 25 ALICE Preliminary ] S o ALICE Preliminary 3 sk /& High-mult. (0-0.17% INEL>0) 1
© pp Vs =13 TeV ] © r pp Vs =13 TeV ] - 5 8l p-p ® p-p .
2;_ High Mult. (0-0.17% INEL) _ 25p High Mult. (0-0.17% INEL) _ 25 - b \ ’C'oulomb + Argonne V1.3 (fi)
- 1 - . -a \ 1.05F 7
i - (p—p)-p Projected ] o - (p—p)-A Projected . N ¢ o _ ’ i
15 ] 2F & % i+ % DV s e
: 1 s -' . . .
i 1 . ] - o 09k _ e R
1= ] C ] 1.5 e 100 200 300 .
a . i . X & k* (MeVic) -
FEPEPEPI EPEPEPEPI EPEPEPEPE EPEPEPEE EPEPEPEPE BPEETETE AR 1 L © .
0.1 0.2 0.3 0.4 0.5 0.6 0.8 0 - :,. .
Q (GeV/C) 1 __ 9800060000000
ALI-PREL-487124 LI-PREL-487139 1 I 1 1 1 1 1 l 1 1
0 50 100 150 200
k* (MeV/c)

[ALICE Collaboration / Physics Letters B 805 (2020) 135419]
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Projector method @

| CIQy)[= | Cotet) | Wk, 03) d:

yl Input:
Outputs: proton-proton
roton-proton)-proton - - ST T T T T T ]
(proton-proton)-p _fproton-proton)-A - LT e ooty
S 25 AUCEPreliminary 7 O of ALICE Preliminary 1 3k /& High-mult. (0-0.17% INEL>0) 1
© pp Vs = 13 TeV 1° F pp s = 13 TeV ] /% ©lp-p®p-p i
i High Mult. (0-0.17% INEL) ] »5h High Mult. (0-0.17% INEL) _: 25 i ﬁ "‘k — Coulomb + Argonne v, (fit) ]
2 1 r ] Sl \ T T ]
i BE== (p-p)p Projected ] - === (p-p)-A Projected ] s 1.05F ’, J
= (p-p)-p®[P-p)-p Data | of B (p-p)-A®(P-P)-A Data ] - | | .
1.5:' —: . ] 2 :—4 ;‘,"‘ St %‘w’w i _:
4 1.5_— . B \ -
] - ] . o 095 , -
....... | .t ] 1.51 o 100 200 300
I 1 1 L 1 ] 1 ] '-I...l..l...l.A..I...I....I....- N QQ k* (MeVic) ]
01 02 03 04 05 06 07 08 01 02 03 04 05 06 0.8 C ]
Q, (GeV/c) Q, (GeV/c) 1
ALI-PREL-487114 LI-PREL-487129 1 I 1 I 1 1 1 1 1
0 50 100 150 200
. . k* (MeV/c)
Data-driven approach VS Projector method [ALICE Collaboration / Physics Letters B 805 (2020) 135419]
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Projector method

| CIQy)[= | Cotet) | Wk, 03) d:

,/ Input:
(proton-A)-proton ~ 22—
@ T AL T 3 a) ALICEpp |s =13 TeV i
S 18f ALICE Prel .
s - ?_{;'T':\',"a"’ : O 1,g%[ high-mul. (0-0.17% INEL>0)
16 High Mult. (0-0.17% INEL) . :* 8 p—-A ® p-A pairs ]
! 164 Fit NLO19 (600) __
1'4:" B p-(p-A) Projected [ o — Residual p-x°% yEFT
1ok E ar | Residual p-=~ ® p-=°
: [ — Cubic baseline i
[ 150 oo ubic baselin E
L = - 1 .
X i ° ]
| YRS NSO ST SN AU SN SN T (TSN ST (U ST U U (U U U (U Y
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 P PSPPI, PP IIeS, RN
) QyiGevic) 0O 100 200 300 400
ALI-PREL-487154 k* (MeV/C)

[ALICE Collaboration / arXiv:2104.04427]
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Projector method

| CIQy)[= | Cotet) | Wk, 03) d:

yl Input:

(proton-A)-proton ~ 2T
S A A A A AR AR x a) ALICEpp s =13 TeV ]
S 181 ALICE Prelimi - E . ]
S F a1tV ] © 18f) high-mult. (0-0.17% INEL>0).
High Mult. (0-0.17% INEL) . i 18 p-A @ p-A pairs ]
i) Erojacind ] 16« Fit NLO19 (600) =
e A) Projecte — L P L A
= Hg:A)@F_)_l(ﬁ_X) Data 1 5 -9 — Residual p—Zo. NEFT E
E i Wl Residual p-=~ ® p-=°
] [ & — Cubic baseline ]
_ 12F % ubi i g
i S ¢ :
010203 046508 07 08 P

Q, (GeV/c) 0 100 200 300 400
}\LI*PREL*4871.44 . k* (MeV/C)
Data-driven approach VS Projector method [ALICE Collaboration / arXiv:2104.04427]
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Projector method

J

Output:

(proton-K+)-proton

0.9
0.8
o7f
0.6

0.5F

ALICE Preliminary
pp Vs =13 TeV ]
High Mult. (0-0.17% INEL) _7

(p-K") ® (p-K") Projected 7

- PR ST S [N TR T TN [N SR ST N N SR TR SN N TR ST SR N T T
04 0.2 0.4 0.6 0.8 1 1.2
Q, (GeV/c)
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ALICE Preliminary =
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Projector method

Q)
o o e I 154
o o) N o © -
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Data-driven approach VS Projector method
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$ 1
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p-p-A Correlation Function

~» 35
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QoA -do ob re e L
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“ o

p-p-A correlation function
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Lower-order correlations
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p-p-K- Correlation Function @

---------

p-p-K- correlation function Lower-order correlations

® T T T T 1

C L DL LN LU EEL A L O - o ]
- pp Vs = 13 TeV ] N pp\/§=13Te\£ g
- 4 High Mult. (0-0.17% INEL) o5l High Mult. (0-0.17% INEL) -
: == (p-p-K) ® (pp-K") . [ == (pp)-K +2xp-(p-K)-2 ]
n =+ (pp)K +2xp-(p-K)-2 7 [ ]
C ] o # _
~ 4 E [ . 1
- P : 15 L =
E 3, : . A(1520) E
L 1 :’I T | T T 1 -=-I P | -u.-T-.u- Lo | W
0 0.2 0.4 0.6 0.8 1 1. 0 0.2 0.4 0.6 0.8 1 1.2

Q, (GeV/c) Q, (GeV/c)
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) parameters

The measured correlation function includes also misidentified particles and and feed-down particles coming from
decays of resonances. Total measured function thus is:

CXYZ) = Y ) /(XYZ)C, ((XYZ) =|/1XO,YO,ZO(XYZ)CXO’YO,ZO(XYZ)I+ Y ki XYZ)C (XYZ)
i.jk ijk!=X,Y,Z,

Correctly identified primary particles

e The cumulant is calculated with the measured correlation functions not accounting for the A parameters.

4 kXY Z) = PX)f XD PYNF(YDPZf ()

Extracted from What we are Feed-down and misidentified
measurement interested in particle contribution
c(XYZ)= Z A j i XYZ) (XY, Z) =\Ay y 7 (XY Z)e (XY Zo)|+ 2 A j s XYZ)e(XY,Z,)
i,j,k i’j’k7é(X0YOZO)

e The genuine three body interaction for the feed-down and misidentified particle contributions is currently not
known.
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/A parameters

e The A parameters requires purity and the secondary fraction evaluation.
e The average A purity is 95.57% and for protons the purity is 98.34%.
e The fractions of secondaries are estimated using Monte Carlo simulations.

Some of the contributions with highest lambda parameters:

p-p-p 61.8% p-p-A\ 40.5%
p-p-pa X3 19.6% p-p-Aso 13.5%
p-p-pz+ x3 8.5% p-p-N\=o 7.56%
P-pA-pA X3 0.69% p-p-N\= 7.56%
pP-pA-pz: X3 0.3 % p-pa-/\ x2 8.56%
p-ps+-ps+ X3 0.13% p-ps+-/\ x2 3.7%
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Accessing genuine three-body interaction

Measured correlation function includes:
* pairwise particle interactions,

e genuine three-particle interaction.

Use Kubo’s cumulant expansion method [1] to extract the genuine
three-body interaction.

e
o eb

[N3(P1, P2: P3) — No(Pys P2) Ni(P3) — Ny(Po, P3) Ni(Py) — Ny(Pyrs P3) Ni(Po) + 2 Ni(py) Ni(py) Ni(p3)]
Ni(py) Ni(p2) Ni(p3)

c3( P, P2 P3) =

¢ (P1: P2 P3) = C(P1> P2 P3)) — CUP1» P21, P3) — C(py. [P2- P3]) — C([py. p3l. py) +2

[1] J. Phys. Soc. Jpn. 17, pp. 1100-1120 (1962)
bhawani.singh@tum.de proton-deuteron femtoscopy 48


mailto:bhawani.singh@tum.de

Accessing genuine three-body interaction

ppp results: cumulant, three-body correlation function, two-body correlation projected on

B B e b b S e e G B e S i S b

> [ L » [T BRI ELALELELE ILELRLIL B . T S I B ML B IR ILLLEL I
% 4 [@EEEE p-p-p genuine cumulant, flat feed-down ] 8, 5 ALICE Preliminary —: S . ALICE Preliminary 3
- ] : pp /s =13 TeV 1 © ¢ pp Vs = 13 TeV E
2r - |l High Mult. (0-0.17% INEL) ] E 3
. 3 n -] High Mult. (0-0.17% INEL)
0] P S H+'F‘F T C ) ] o Proiected ]
r ] mm o E== p—p-p Projected . - B p-0-p Fro) ) E
» :_ + _: — 3:— == g—g@_}—i‘)—ﬁ Data —: 2 [ p-p-—p Estimated using data 3
4 ALICE Preliminary 2 r g ]
C pp Vs =13 TeV ] C ] - 4
oF High Mult. (0-0.17% INEL)] 1'—---4; --------------- B ] . :
- . C ] L ]
gl 1 SR T P T DT P T E,,|,,|,E
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 01 02 03 04 05 06 0.7 08
Q, (GeVic) 7 Q, (GeV/c) Q, (GeVic)

Work of Laura Serk$nyté (TUM)
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The measured triplet sample can be decomposed in the following sub-samples

X Y @©@ e@ 00  ©o

measured uncorrelated two-body correlation genuine
sample three-body
correlation

In terms of the correlation functions

C3(p1, P2, P3) = C3([P17 Pz]a p3) +C3(p1. [P27 P3]) +C3(p2, [P3, Pl]) +C3([XP2, P3]) -

The pairs in the square brackets are correlated, the particle outside is
not correlated.

&
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Each term C,([p;, p;l; P«) can be evaluated using two-body correlation functions.

Cs(pl,pz,p3)=//
Vi JVa JVs

Jacobi coordinates
1
Ej=1 mj X
1: -
D i1y

Conjugate momenta

r; = Xi+1 —

three-body source

Ss (Xl, X2, X3) Wpl,pz,ps (Xl, X2, X3) |2 d3X1d3X2d3X3

wave function of the system

solution of the Schrddinger equation

2 2 2
P1 P2 P3

= |2 4+ 2 LW _
H [2m1 + 2m2 + 2(X1 X2):| + 2m3

\

P2 k? k2
H=Hcm +Hi+H2= +{—1+V(1'1)]+—2

i i 2 M 2 [251 2 K2
_ ZJ’=1 m; miq1
ki= 57— Pi+1 — 71 ij I
> o1y PP UEE L R The three hamiltonian operators commute, plane waves are assumed as
solutions for the Schrédinger equations with H,, and H,
 Snahe

[ 4
proton-deuteron femtoscopy !
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Each term C;([p;, p;l; Px) can be evaluated using two-body correlation functions.

C5(P, k1, ky) / S(r1) v, (r1) 2 dry
Ve,

solution of the Schrédinger equation for the hamiltonian H,

ki

Hq =
! 2 u

+ V(I‘l)

The Koonin-Pratt formula for the two-body correlation function is obtained.

C5(P, k1, ko) = Ca (k1)

We can use the experimental or the theoretical two-body correlation functions to evaluate
the lower order contributions in the three-body correlation functions

[a)
Jo
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e The projection onto Q, is performed as follows

C‘%(Q:&) = /// C3(P1-P2-P3) N d3P1 613P2 d3p3
(p1.p2,pP3)€ED \

D — {(pl-,ngp:s) cS | Q3 = const.a‘nt} ((jfr:}?ci;tr)/m(;f states in the phase space

e In the case of two-body correlations, the projections turns to be

:;‘:,?:;?g n projector W(k,, Q,) ----> phase space density at Q, = constant
function
7 @ 16(ay — 82 3/2k3
_ . 2 2 A
C3(Q3) —/ Ca(k1) m—oTs \/WQ (ay — B?)ki| dky
0

where q, B and y are constants depending on the particles mass.

[T
I
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Projection on Q3

If we project onto Q; all the two-body contributions

Cs3(P1, P2, P3) = Cs3([p1, P2}, P3) + C3(P1, [P2, P3]) + C3(p2, [P3, P1]) — 2

we have
C3(Q3) = C3%(Q3) + C3°(Q3) + C51(Q3) — 2

where

CH(Qs) = / Co(kT) W (K Qs) dkY
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