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TI_ITI Many-lbody dynamics in nuclear physics

1. Properties of nuclei and hypernuclei cannot be described satisfactorily with two-body forces only.
L.E. Marcucci et al., Front. Phys. 8:69 (2020)

Hypernuclei session Tue. 14.02

2. Many-body scattering requires three-body calculations (e.g. neutron-deuteron).
L. Girlanda et al., PRC 102, 064003 (2020)




TI_ITI Many-body dynamics in astrophysics

D. Logoteta et al., Eur.Phys.J.A 55 (2019)

3. Equation of state of matter inside neutron stars

— Production of hyperons energetically favourable
around 2-3 Pq

é ““““ D. Lonardoni et al., PRL 114 (2019)
1

—  Only two-body AN TR o,
— Too soft EoS, incompatible with measured heavy NS | = e N — L o
— Large improvement in 2-body YN with femtoscopy() * o e e S W

1.36(5)M,

0.66(2)M,

— Introduction of three-body ANN forces
— Stiffens EoS, model-dependent®@
— Need for additional experimental constraints

f:s;:L l . . | NS session Fri. 17.02

‘ Strange quark

Neutron Proton A Hyperon = Hyperon

po (1) ALICE Coll. PLB 833 (2022) ~ 3 pO (2) D. Logoteta et al., Eur.Phys.J.A 55 (2019) p (fm )
ALICE Coll. Nature 588 (2020) D. Gerstung et al., Eur.Phys.J.A 56 (2020)
L. Fabbietti et al. Ann.Rev.Nucl.Part.Sci. 71 (2021) D. Lonardoni et al., PRL 114 (2019)




TI_ITI Many-body dynamics with mesons and bound states

Exotic bound states of antikaons with nucleons due to the

strongly attractive KN interaction in | = O channel
S. Wycech, NFA 450 (1986); Y. Akaishi, T. Yamazaki, PRC 65 (2002)

First experimental evidence of the p-p-K- bound state by the E15

Collaboration. £15 coll, PLB 789 (2019) 620
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Next experimental challenge: genuine three-body interaction measurements
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TI_ITI Two-body femtoscopy at LHC

» Two-particle correlation function

Nsame (k™)
Nmixed(k*)

C(k*)=N =[S W(K* r*)|2a3r*

* Measurements in small colliding systems (~1-2 fm)

. . — Access 1o the strong interaction and short-range dynamics
Emission source S(r*)

ALICE Coll. PLB 811 (2020) 135849

. Interaction
ALICE Collaboration R ra 0 - H
pA: PLB 833 (2022), 137272 \ Repulsive Repulsive

pS0: PLB 805 (2020) 135419 _ : :
p=/pQ: Nature 588 (2020) 232-238 Attractive Attractive

p¢: PRL 127 (2021), 172301

Kp: PRL 124 (2020) 09230,
PLB 822 (2021) 136708
arXiv: 2205.15176 [nucl-ex]

and many more:

PRC 99 (2019) 2, 024001

PLB 797 (2019) 134822

PRL 123 (2019) 112002 0 0:5 1‘.0 1..5 2:0 510

PRC 103 (2021) 5, 055201
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TI_ITI Three-body femtoscopy at LHC

» Three-particle correlation function
P(p1, 02, P3) Nsame(Qs3)

POOP@IP®3) " Nipixed (@)

Q3 = J —q — 45 — — ki

C(p1,P2,P3) =
P>

* Applied multi-pion correlations to study coherent emission
ALICE Coll. Phys.Rev.C 89 (2014), Phys.Rev.C 93 (2016)

* First measurement of p-p-p and p-p-/ correlations

in high-muiltiplicity pp collisions 13 TeV by ALICE
ALICE Coll. arXiv: 2206.03344 nucl-ex



TI_ITI Accessing the ppp and pp/\ interactions at LHC
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« Signal different from unity at low Qg

» How can we interpret these three-body correlations?
— Two-body interactions
— Three-body interactions

K Adapted from ALICE Coll. arXiv: 2206.03344 nucl-ex




TI_ITI Cumulants in femtoscopy
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Using directly the data

Two particles from the same event and one
particle from another:
event X eventY

A &

N, (p:, pj)
N, (p)N, (pj)N1 (Px)

Cij([pipjl pic) =

ALICE Coll. arXiv: 2206.03344 nucl-ex

Projector method

Evaluate two-body contribution in three-body
correlation function

— Two-particle measured or theoretical
correlation function C([p;,p;])

Kinematic transformation in phase space

two-body CF  projector

Cij(Q3) = | ClkipWy;(kij, Qz)dkj;

Jacobian from 2-body to 3-body
coordinates

Measured/modeled 2-body
correlation functions

p-p: ALICE Coll. PLB 805 (2020) 135419
p/: ALICE Coll. PLB 833 (2022), 137272

R. Del Grande, L.Serksnyte et al. EPJC 82 (2022)




TI_ITI Lower order contributions in p-p-p and p-p-/\

- L D L L L B g) 26 I _L ’-?') I i
Q 25 - = L 1 S 3
&) ALICE a) - ] =1 :
a . 524 — 5 e -
o pp (s =13 TeV : & 1 $16F =
Qo . - - -
g High Mult. (0-0.17% INEL) O 22 4 O = 3
) i C - - = .- E A _ =
2 [ = | (p-p)-p®(P-p)-p Data-driven oF L= | (p-p-re@E-pA Data-driven 5 1'55 + EI p-(p-A)®p-(p-A) Data-driven 3
== (p-p)-p Projector method 18E === (p-p)-A Projector method = 14 3 x\ = p-(p-A) Projector method 3

i F ] 1.3F + =

- 1.6 — F 3'\ 3

15 ] - ] 1.2:— - E

i 1.4 — = - 3

i - \ . 11E - E

- 1-2:_ K*‘ 3 12_ ........................................ Hﬂw‘i

N e s | osb 3

I I I I A DA R o1_2:_=“”I”“==_”=_|””i””l””l””.}; :'_.}::::I::::}::::}::::}::::}::_::I::::_E

g - T T T T T T ] < 081: . . E 8 25_ 7
1E « ] et . A 0:6'_ . .o E 3 . .- .

C . . " Rt e ] 04 ., - . ., . - 1.5 " - ] -

C = . . - - - ] 02__ . _— - - LN e 1_ n - = . - [ [ ] -

O e e e L O o-g:l'..l..I....I....I....l.....l...-l--.--:

01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 0.8

Q, (GeV/c) Q, (GeVic) Q, (GeV/c)

Measured p-p correlation acice coi. pLs 805 (2020) 135419 Measured p-/\ correlation atice coi. pLB 833 (2022), 137272

K ALICE Coll. arXiv: 2206.03344 nucl-ex 10



TI_ITI | ower order contri

butions in p-p-p and p-p-/A

ALICE
pp Vs =13 TeV
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ALICE Coll. arXiv: 2206.03344 nucl-ex 11
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TuTi

P-p-p cumulant

[ ® ] p-p—p genuine cumulant, flat feed-down
[ o ] p-p-P genuine cumulant, flat feed-down

High Mult. (0-0.17% INEL)

- N =6.7, Qs < 0.4
i ALICE ]
-+ op s = 13 TeV -

6 07 08
Q, (GeVic)

0.1 02 03 04 0.5 0.

Test with mixed-charge particles,
D cumulant negligible.

Negative cumulant and deviation from zero
— Presence of a genuine 3-body effect

Possible interpretations
— Pauli blocking at 3-particle level
— 3-body strong interaction

Take-home message:

— Significant deviation from null hypothesis

— Ongoing collaboration with Pisa theory group
(Prof. Kviesky, Prof. Marcucci and Dr. Viviani)

ALICE Coll. arXiv: 2206.03344 nucl-ex 13



TI_ITI p-p-/\ cumulant
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Positive cumulant and deviation from zero
— Presence of a genuine 3-body effect

Main contribution from three-body strong interaction
— Not there yet but ...

Take-home message:

— No significant deviation from null hypothesis

— Final answer in ongoing Run 3 and future Run 4
at LHC with enhanced statistics!

ALICE Coll. arXiv: 2206.03344 nucl-ex 14



TI_ITI In the meson sector: the p-p-K™ cumulant
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ALICE Preliminary
pp Vs =13 TeV
High Mult. (0-0.17% INEL)

(p-p-K) @ (p-p-K")
Cumulant Projected, flat feed-down

No=1.5, Qs < 0.4

Relevant kinematic region
for bound state

=

Q, (GeVi/c)

Zero cumulant in this case
— No three-body effect

Take-home message:

— Cumulant compatible with zero

— p-p-K- dynamics dominated by two-body
interactions

— Confirming three-body strong interaction should
not be relevant in the formation of exotic kaonic
bound states!

ALICE Coll. arXiv: 2206.03344 nucl-ex 15



TLIT| Hadron-deuteron correlations

* Indirect measurements of three body forces via h-d
correlations in pp collisions:

— Presence of a composite object as the deuteron (p,n)
— Access to spin-isospin NNN dependence

— Large discrepancy with theoretical CF via Lednicky-
Lyuboshits approach(?)

* p and d as distinguishable point-like particles does
not work!

— Effect of three-body p-(p-n) dynamics must be included
(Work in collaboration with Pisa group ©))

— Theoretical studies in Ad correlations
J. Haidenbauer Phys.Rev.C 102 (2020)

S=1/2 state related to 3H, binding energy
S=3/2 sensitive to spin-triplet AN
Dedicated ALICE measurements in Run 3 and 4

ALICE Preliminary
pp Vs =13 TeV
High-mult. (0— 0.17% INEL > 0)

6lp-d®p-d
Norm. uncertainty(1.3%)
Models with rye . reso. = 1.059 = 0.04 fm
—— Van Oers et al (1967)—— Arvieux (1973)
Huttel et al. (1983) —— Kievsky et al. (1997)
—— Black et al. (1999)

IIIIIIIII|IIII|IIII|IIII|IIII

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

””””””””” == T ==0—="1 " —=—=0— I —0O— F o
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(1) R. Lednicky, Phys. Part. Nuclei 40, 307-352 (2009)
Van Oers,Brockmann et al. Nucl. Phys. A 561-583 (1967)
J.Arvieux et al. Nucl. Phys. A 221 253-268 (1973)
E.Huttel et al. Nucl. Phys. A 406 443-455 (1983)
A.Kievsky et al. PLB 406 292-296 (1997)
T.C.Black et al. PLB 471 103-107 (1999)

(2) Kievsky et al, Phys. Rev. C 64 (2001) 024002
Kievsky et al, Phys. Rev. C 69 (2004) 014002
Deltuva et al, Phys. Rev. C71 (2005) 064003

I TT T[T TTT7TTTT
Ly
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TI_ITI Conclusions and outlooks

1. Femtoscopy in pp collisions at the LHC applied to triplets

— Genuine three-body cumulants isolated for the first time using the
Kubo’s rule

2. p-p-p and p-p-/A cumulants

— p-p-p statistically significant negative cumulant, ongoing work for
the theoretical interpretation and modeling

— p-p-/\ not significant yet, Run 3 statistics will determine the nature
of the interaction

— Important ingredient for the physics of neutron stars

3. Similar technique applied to p-p-K=*
— Kaonic bound state dynamics dominated by 2-body

4. Indirect access to three-body dynamics via hadron-deuteron
correlations (p-d,A-d) and extension to

| =EEE

C5(Q,)

c;3(Q,)

30

----------------------------
I I I I I I I

— [=_] p-p-p genuine cumulant, flat feed-down —
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TI_ITI Hyperonic three-body interactions in different E0S

* Repulsive 3-body ANN interaction can stiffen the EoS....but:
— Effect on EoS largely model dependent — too repulsive YNN leads to no hyperons in the NS

D. Lonardoni et al., PRL 114 (2019)
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TI_ITI Hyperonic three-body interactions in different E0S

* Repulsive 3-body ANN interaction can stiffen the EoS....but:
— Effect on EoS largely model dependent — too repulsive YNN leads to no hyperons in the NS

D. Logoteta et al., Eur.Phys.J.A 55 (2019)

T 1 T T 1 ] 1 T 1 7T l T 1 1 T 7T I T T 1T T 1T I T 1T T 1T 1T I T T T 7T
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D. Gerstung et al. Eur.Phys.J.A 56 (2020)
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TI_ITI p-p-K* correlation function
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TI_ITI P-p-K* cumulant
é )

Negative cumuld @
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Kaonic bound state measured by E15

\ E15 Coll., PLB 789 (2019) 620
b)l | nln(Kpp) | | | |

The E15 collaboration measured the
bound state via the following decay:

K+p+p — A+p

The Ap momentum distribution has a
peak at

q=pAr+Ppp =~ 0.35 GeV/c
Using the momentum conservation:
PK + pp + pp =~ 0.35 GeV/c

The protons are at-rest - pk =~ 0.35
GeV/c

In terms of Q3 we have

Qs = 2\//<§K + k2 + k2, = 2v2 k= 4/3V2 pi < 0.5GeV /c
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TI_ITI Lednicky model: pointlike deuterons

¢ For distinguishable pointlike particles
- Starting from the scattering parameters = define the s-wave two-particle relative wave function
- Considers Coulomb effects
- Assumption: p and d are pointlike particles!

= p—d scattering parameters from fits to p—d scattering data

Sie=i g2 S=3/4 References

Jo(fm) ro(fm) Jo(fm) ro(fm)
T —11.40% 150 2.057552 | Van Oers et al. [15]

—2.731010 5074012 | _17 881090 263100 | Arvieux etal. [I6]

—0.10
—4.0 — —11.1 - Huttel et al. [17]
—0.024 — 4577 - Kievsky et al. [18]]
8 K bt = AT  — Black et al. [19]

Convention sign: In this presentation positive (negative) fo means attractive (repulsive) interaction

| =EEE



TI_ITI p—ad correlation with d as composite object

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

* Three-body wavefunction for p—d: sz,m . (x, y) describing three-body dynamics, anchored to p—d scattering

observables.
- x = distance of p-n system within the deuteron
- y = p-d distance (n
p n
'? ‘
W5 ;,,describe the configurations where the three particles are close to each other
(free) Kievsky et al, Phys. Rev. C 64 (2001) 024002
p Y

- m2 and m1 deuteron and proton spin
W, m, (x,y) three-nucleon wave function asymptotically behaves as p—d state:

an asymptotlc form of p_d wave function Kievsky et al, Phys. Rev. C 69 (2004) 014002

mq,m; Deltuva et al, Phys. Rev. C71 (2005) 064003

€= §

J<J
> . 1 -
P, (x,y) = Pie) Y VAmi*V/2L + 1€ ( Ly 5y |ST,) (LOST|JJ,)¥Lsyy, -
LSJ

Asymptotic form Strong three-body interaction

~



TI_ITI p—ad correlation with d as composite object

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

* Three-body wavefunction for p—d: sz,m . (x, y) describing three-body dynamics, anchored to p—d scattering

observables.
- x = distance of p-n system within the deuteron
- y = p-d distance (n
p n
'? ‘
—>\PLS ] ]Zdescribe the configurations where the three particles are close to each other
(fr e e) Kievsky et al, Phys. Rev. C 64 (2001) 024002
— Y

- m2 and m1 deuteron and proton spin
W, m, (x,y) three-nucleon wave function asymptotically behaves as p—d state:

an asymptotlc form of p_d wave function Kievsky et al, Phys. Rev. C 69 (2004) 014002

mq,m; Deltuva et al, Phys. Rev. C71 (2005) 064003

€= .

J<J
> . 1 -
P, (x,y) = Pie) Y VAmi*V/2L + 1€ ( Ly 5y |ST,) (LOST|JJ,)¥Lsyy, -
LSJ

Asymptotic form Strong three-body interaction
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TI_ITI The correlation function

e Starting with the PPN state that goes into pd state: Single-particle Gaussian
- Nucleons with the Gaussian sources distributions emission source

AdCpa®) = ¢ T [ @rdindry$1(r)S12)1 () B

m2am1

- Where A, is the deuteron formation probability using deuteron wavefunction (,bmz

1
§Z/d3r1d3r2 S1 (rl)Sl(r2)|¢m2|2 )
my

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

2/4R2 )
|‘Pm2’m1 | *

Aded 6 Z /psdde

my,mq )

Mrowczynski et al Eur. Phys. J. Special Topics 229, 3559 (2020)

27



TI_ITI PISA model: theoretical p-d correlation

Model including NN and NNN interactions in s+d-wave

e Coulomb interaction not enough
e Coulomb +s+p+d wave:

Source size = 1.08+0.06 fm = 1.42+0.12 fm of pp
source size

Preliminary

Pisa Model (r"N . = 1.42%):2 fm)
B Coulomb+Antisym.

Bl AV18+UIX

I AV18+UIX (s-wave)

]
0 50 100 150 200 250 300 350 400
k* (MeV/c)

Calculation by Michele Viviani
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TI_ITI PISA model: theoretical p-d correlation

—
ALICE

pp Vs =13 TeV

High-mult. (0—0.17% INEL>0)

« p—dopd

Preliminary

. —
QG

I Norm. uncertainty (1.3%)

TNE

- | | | | | | | ] § [T 1 |
1.4:— E = 14 -
1.21- ~ 12
— 1= . 1 +
< C - -
O N 7" Pisa Model (r"V , = 1.42%)2 fm) N
0.6F B Coulomb+Antisym. 7 06 —
- Bl AV18+UIX _ '_‘,
0.4F I AV18+UIX (s-wave) . 0.4
02_ ] ] | ] ] | ] . 0.2:....I....|...
0 50 100 150 200 250 300 350 400 0 50 100

k* (MeV/c)

» Model calculation qualitatively reproduces the data
* The p-d correlation is affected by two + three-body p-p-n interactions!

| =EEE

150 200

250

300

350 400
k* (MeVi/c)
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TI_ITI Deuteron—/\ correlations

d
°
» Explorative theoretical studies by J. Haidenbauer,

- ~ 10 —— T =
arxiv:2005.05012 x 9 3 ALICE Upgrade projection E
© “F pp \s=14TeV, L, =200pb" 3
« Scattering parameters of the doublet state can be related 8 Nen>7(N_ ) =
to hypertriton 3H, binding energy v _ _
— Synergy with direct hypertriton measurements 6 E- b A 3
. 3 —— 25 (Cobis) + 4SE (chiral EFT) 3
» Quartet state depends on the spin triplet A-N interaction 4 - — 2S (Hammer) + 4SE (chiral EFT) 3
— No experimental information on the spin dependence - :
of the A-N interaction 43 E
— Quartet becomes dominant for large source sizes 2 E
1 | :

* Measurement in Run 2 ongoing, improved precision 0 100

beyond! k* (MeV/c)

ALICE Collab., Physics motivations for a high energy pp programme in ALICE after LS2
A. Cobis et al., J. Phys. G 23 (1997) 401

H. Hammer, Nucl. Phys. A 705 (2002) 173

J. Haidenbauer, arXiv:2005.05012

€= .



e | T « 2N coupling strength relevant
‘c-; Scattering data - for EoS
Ap > Ap ‘ . (b)
| e Sechi-Zom etal. —deeply affects the behaviour ol
- m  Alexander et al. . . .
o Hauptman et al. Of/\at flﬂlte deﬂSIty
200 i A Piekenbrock _
—>|mpl|cat|pns tor 3-body stronger AN-3
interactions!) 0
< L XEFT NLO13
2 | YEFTNLO19
, y Ay < | Julich 04
100 |- =7 - - NSC97f
\ -20 |- .
\
\\
\\ weaker AN-N
-40 \ ]
AN . PNM
Oll.l.lll-l.l-.‘ i \\
45 135 220 310 385 e e a1
k* (MeV/C) 1.0 1.|5( o 2.0
NLO13: J.Haidenbauer, N.Kaiser et al., NPA 915, 24 (2013) F (1/im)

NLO19: J.Haidenbauer, U. MeiBner, Eur.Phys.J.A 56 (2020)

(*)D. Gerstung et al. Eur.Phys.J.A 56 (2020) 6, 175



TI_ITI High-precision data on AN-2N interaction at LHC

:g T l T T l T I T I T I T I T
; Scattering data -
Ap -> Ap
® Sechi-Zorn et al.
m  Alexander et al.
© Hauptman et al.
200 A Piekenbrock _
1 a2 )
\
100
0 g . . . ; L =
45 135 220 310 385
k* (MeV/c)

NLO13: J.Haidenbauer, N.Kaiser et al., NPA 915, 24 (2013)

(*)D. Gerstung et al. Eur.Phys.J.A 56 (2020) 6, 175

Extension of kinematic
range

Measurement down to
Zero momentum

Factor 20 improved
precision in data (<1%)

First experimental
evidence of 2N cusp in
2-body channel

N

*

—~
*

S

a) ALICE pp Vs=13TeV
high-mult. (0-0.17% INEL>0)
o pA ® PA pairs

N
N
=

+

¢

9

— b —
A O o0 N

1.2

—

1.06
1.04
1.02

—

Q
3¢
¢

0.98

S L

oI|III|III|I|IIIIIIIIIII|IIII

100 200 300 400

k* (MeV/c

N—
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TI_ITI High-precision data on AN-2N interaction at LHC

* New scenario arising for AN->2N interaction

What about more strange hyperons?

| =EEE

NLO19 potentials favoured

—weaker AN-2N coupling

—large attraction of A\ at large densities
— ANN large repulsion needed: no
hyperons!("

shallow p-2° interaction favoured, in
agreement with measured p-2° correlation®@

Future useful measurements:

—p29, p2+-@ , Ad correlations in LHC Run 3
and Run 4

—p2*- scattering data J-PARC E40

p-20 XEFT p-20 flat
<) B B i B e o 1[0 i LA I A S L | T ]
3 E a) ALICEpp Vs=13TeV E b) Assume a negligible 5
© 1.8]f high-mult. (0-0.17% INEL>O)—_ T p-x° strong interaction =
9 18 p-A @ p-A pairs ] :* ]
1.6 » Fit NLO19 (600) it P
[ ¢ = Residual p-£% xEFT 1[ «
lar | Residual p-z- @ p-2° 1 & E
1.2:_ oe — Cubic baseline | oe _
§1.06— b -!----!----!--_”_ e e ]
S 1.041 no (<110 MeV): 3.2 |- no (<110 MeV): 2.2 -
1.02} v P |y . >
ke , Wt s [ 3, o 9
I N e coesee™ v
0.98- e i -
Qb 5._ t t m | t t =
OZ

5k ‘ . ‘ . 4E . . _ .

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

ALICE Coll. PLB 833 (2022), 137272

(1) D. Gerstung et al. Eur.Phys.J.A 56 (2020) 6, 175
(2) ALICE Coll. PLB 805 (2020) 135419
(3) J. Haidenabauer, U.G. MeiBner PLB 829 (2022)

33



TI_ITI Comparison with xEFT potentials

« Reduction of attraction in 3S; improve the
description of the data both at low k* and in the 2N
cusp region: no=1.9 (negl. p2)

» Slight sensitivity to CSB inclusion in singlet state

Standard deviation (ng)

p-X%(—) | xEFT | Negligible
P-A ) FSI

LO13-600 | 5.6 (7.5) | 10.2(10.3)
NLO13-500 | 7.3 (10.3) | 4.5(5.3)
NLO13-550 | 4.4(6.5) | 2.1(2.2)
NLO13-600 | 5.8(5.8) | 3.3(3.6)
NLO13-650 | 5.5(5.5) | 4.2(5.0)
NLO19-500 | 5.6(7.2) | 3.0(3.0)
NLO19-550 | 4.5(4.3) | 1.8(2.2)
NLO19-600 | 3.7(3.9) | 1.6(3.0)
NLO19-650 | 3.7(3.7) | 2.3(4.1)
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TI_ITI Effect of = hyperon in neutron stars

« U=plays a crucial role in the EoS of NSs
— repulsive single-particle pot. stiffens the EoS

« continuous effort in hypernuclei measurements at J-PARC

(EO7, S-2S,)
IBUKI event
N Ra
" N

‘\' | _ \<

J-PARC EO7 Coll. PRL 126 (2021)

« \What about the N= interaction in vacuum?

| =EEE

2.1 T T

U- 20 with @ meson

M/ Msolar

1.6

1. Il 1 1 1
. 9 10 11 12 13 14
R [km]

Weissenborn et al.,Nucl.Phys.A 881 (2012)
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TI_ITI First measurements of the p-=" interaction at LHC

Observation of the strong interaction beyond Coulomb

Agreement with lattice calculations confirmed in pp and p-Pb colliding systems

ALICE Coll, Phys. Rev. Lett 123, (2019) 112002

;\ 2.6 " 1 | | 1 I 1 1 1 T I ] 1 | 1 I_
S o4F b)  ALICE p-Pb |5y, =5.02 TeV 4
: ol p-z @pT :

22 . P P =1

: 5 %} ~ Coulomb + HAL-QCD o

; Coulomb :

1.8F | o

15 Y p-Z sideband background !
141 # " ¢ .
12 N re= 1.4fm

E < i LI X :

08 : 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l:

0 100 200 300

k* (MeV/c)

C(k™)
no

vt
o

w

N
o

—
(&)

—

ALICE Coll. Nature 588, 232-238 (2020)

() HAL QCD Coll., PoS INPC2016 (2016) 277

B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 L
E O ALICE data E
H 4, [ Coulomb -
_ Coulomb + p-= HAL QCD i
- ALICE pp Vs = 13 TeV E
[ High-mult. (0 — 0.17% INEL > 0) .
N [-!—] -
; o= 1.02fm
:_ -0 5 ][-U-]L‘@'J[-c_)-][ :
B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I_
0 100 200 300
k* (MeV/c)
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TI_ITI — single particle potential from HAL QCD calculations

HAL-QCD Collaboration, arXiv:1809.08932 (2018)

NS environment = Pure Neutron Matter

« Tested HAL-QCD potential in vacuum with
ALICE = Brueckner-Hartree-Fock many-body
calculations = Uy single-particle potential of

hyperons in nucleonic matter

« At saturation density in PNM: U=_ slightly
repulsive

30

* in SNM:

U(k) [MeV]

U(k) [MeV]

30

20 |

10 ¢

-40

g

H 1 A""—*

ﬁ*rrrt***H*HH =

i\‘ —

Ny X

~‘_ ‘_ 7

_9~ *_é_&%%
H L e S S

PNM y
p=0.17 [fm>], x=0 O —
0 1 2 1 3 4
k [fm 7]
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TLIT] Towards a solution for the puzzle?

2-body interaction
(sc. exp, hypernuclei)

Correlation

~ 2 : : : :
= l a) ALICE pp Vs = 13 TeV :
] 1.8 high-mult. (0-0.17% INEL>0)-
I8l p-A @ p-A pairs
1.6 Fit NLO19 (600)

o  — Residual p-£% xEFT
1.4r Residual p-2” ® p-2° ~
1of & ~ Cubicbaseline -

1

~ 1.8¢
ST ALICE pp (513 ToV
E High-mult. (0-0.072% INEL>0) J
e 6l p-x° ® p-=° 3
158 —fss2 =
4 ? %EFT (NLO)
1.3F ESC16
1.2F NSCo7t E
1.1 — p-(Ay) baseline
0.9F —— ]
L 1 \ 3
% 100 200 300
k* (MeV/c)
q
35H 3
F 81 ALICE data ]
34 M couomd 3

Coulomb + p-E HAL QCD

ALICE pp ¥s = 13 TeV

0 200
K* (MeVic)

| =EEE

Single-partical potentials
EoS

Courtesy J. Schaffner-Bielich 2020

1:
c 5
S 5
>
©
Qo 0.1:—
o) X
o R
g i -
g i / R4 t S - \\\ 7 = EUA=-28M6V_
c / R4 | N, ‘o ‘U _= +15MeV
2 o001y ! l Sof s N =
= o I - . \\ 'UE= '4MeV ]
S C| Tu | N, SO : ]
o 1 ] I N .
i ' S B ]
', N l | \. m /m = 0.65 \\
.' I N : SO
0001 II | l 1 | l 1 | \ 1 1 b
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Energy density ¢/¢

This is only an example.

Mass (M@)

Experimental uncertainties need to be propagated and

some interactions are missing ...

2.5

1.5

0.5

Mass vs Radius relation
for hyperon stars

Courtesy J. Schaffner-Bielich and B. Dénigus 2020

IIIIIIIllIIIlIIlIIIll
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0 105 11 11.5 12 125 13 13,5 14 145 15

Radius (km)

V. M. S., L. Fabbietti and O. Vazquez-Doce
Ann.Rev.Nucl.Part.Sci. 71 (2021)

S. Weissenborn et al., J. NPA 881 (2012)

J. Schaffner-Bielich, I. Mishustin, PRC 53 (1996)
N. Hornick et al., PRC 98 (2018)
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TUT] Test of the hyperon equation of state

Mass (M@)

2.5

1.5

0.5

Mass vs Radius relation
for hyperon stars

Courtesy J. Schaffner-Bielich and B. Dénigus 2020

0 10.5 11 11.5 12 125 13 13,5 14 145 15

Radius (km)

Mass (M)

30

1.0

0.0

Mass and Radius measurements
from astrophysics

20

1.5

0.5

I

| 1 1 1 | 1 1 1 | 1 1 1 |

10 12 14 16

Radius
NICER experiment: M.C Miller et al. AJL 918 (2021)

Mass measurement: H. T. Cromartie et al. Nature Astron. 4 (2019)

Gravitational waves data: B. P. Abbott et al. PRL 119 (2017) 39



TI_ITI First measurement of the p2° interaction

Experimental data on hypernuclei too scarce for a final
conclusion: attractive or repulsive interaction?

Very challenging measurement via the difficult
electromagnetic decay 2° — Ay

Correlation function is above the background =
pointing to a very shallow attractive interaction

Model p-(Ay) fss2 X EFT

baseline
0.2—-0.8

NSC97f  ESC16

ng (k* <150 MeV/c) 02-09 03-1.0 02-06 01-0.5

Relevant for dense neutron matter is the interaction with
neutrons and the interaction of 2+-!

— Disentangle the different isospin contributions

Larger statistics in Run3 and Run4 will definitely
increase the precision and constraints
on the 2-N interaction

| =EEE

ALICE Coll. PLB 805 (2020) 135419

ALICE pp Vs = 13 TeV
High-mult. (0-0.072% INEL>0)

6 p-x° @ p-x°
1.5 fss2
144 vEFT (NLO)
13F ESC16
1.2 E_ NSCo7f
1 1 _ p—(Ay) baseline
1E
0.9
08 = L | | 1 l 1 1 1 1 | 1 1 1 1 | L L i
0 100 200 300
k* (MeV/c)
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TI_ITI Predictions for p2* correlations from xEFT

interaction as ry a; ry
NLO13(600) [30] -3.56 3.54 049 -5.08
NLO19(600) [31] -3.62 3.50 047 =5.77
Jiilich *04 [32] -3.60 3.24 031 -122
ESCI16 [33] -4.30 3.25 0.57 -3.11
Nagels 73 [39] | -2.42+0.30 3.41+0.30 0.71 -0.78
fss2 [34] -2.28 4.68 0.83 -1.52
| NLOGm) | 239 461 080 -125

J.Haiden

bauer, U.G. MeiBner Phys.Lett.B 829 (2022)
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TI_ITI The projector method

Qs = \/oh +@o + G

» FEvaluate two-body contribution in three-body correlation

functon X = W |WY g% ¥E
— With no genuine three-body correlation ALICE Coll. arXiv:2206.03344 [nucl-ex]
—~ RO T
o —
SAM: ALICE a) -
L _ ]
C3(Q3) =[C5%(Q3) H C3°(Q3) + C3'(Q3) — 2 A pp /s =13 TeV ]
& P2E High Mult. (0-0.17% INEL) 3
two-body CF projector 21 = | (o-p)-p®(P-p)-p Data-driven -
N 1.8 H (p—p)-p Projector method ]
” W 9 ( dky’ : -
Qg / ‘ ) 1 16 2 protons from same event
1aF and one from mixed event
* Measured 2-body correlation + Jacobian from 2-body to 3- 1.2 E_ _f
functions body coordinates, integration - o .
* same emitting source for 2- on phase-space L =
body and 3-body correlations - J

« Subtract 2-body contributions with negligible uncertainties

0.1 02 03 04 05 06 07 038
Q, (GeV/c)

K R. Del Grande, V.M.S. et al., EPJC 82 (2022)
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