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Residual strong interaction among hadrons
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Effective Field Theories (EFT) Lattice QCD
- hadrons as degrees of freedom - Understanding of the interaction starting
- low-energy coefficients from quarks and gluons

constrained by data
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Residual strong interaction from lattice

Hadrons to Atomic nuclei
e

HAL

quarks q
on the sites

gluons U,
on the links

Local potentials for the
nucleon-E interactions
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Experimental data for two-body interactions
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Experimental data for two-body interactions
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Investigating hadronic interactions at LHC

Test of Lattice
QCD and XEFT
ALICE at the LHC Hadron-hadron a calculations
strong interactions
D. B. Leinweber/University of Adelaide
Impact on the
/ Equation of State
‘ of Neutron stars

\V/A % Three-body
interactions
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Investigating hadronic interactions at LHC

ALICE at the LHC Hadron-hadron

) ) Femtoscopy technique
strong interactions

/ Two-particle correlation function
P(p, Pp)
» _ I:> C(p,Py) = —— 2
Pa P(p,) - P(py)

/ ‘Z/x\»
N
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Femtoscopy technique

Pair reference frame

il
/k* 2ot

_ |pa - b|
2
Correlation function: Two-particle wave function
N, k* 2
ety Do) (0
ijxed (k*)

Emission source
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Femtoscopy technique

Correlation function

Source parameterization Interacting potential

—~ \ Attractive
> &
: X

» = o .

g =
1
S N A R FE epulsive
Gaussian source ) i ; — 15300
r (fm) k*(MeV/c)

Schrodinger equation
CATS (Correlation Analysis Tool using the Schrédinger equation)
D. Mihaylov et al. EPJC 78 (2018)

Correlation function: Two-particle wave function
) >1if the interaction is attractive

* .
C(k*) =N Niame (k ) = JS(I’) ‘l// (k*, i’) ”M d’r = 1if there is no interaction

Nixed (k*) <1if the interaction is repulsive

Emission source
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Source determination

The first step is “traditional” femtoscopy: known interaction — determine source size

e p-pinteraction: Argonne v18 potential
e crosscheck with p-A (XEFT)

Ck") = f SO [w(&*, )| dir

[ALICE Coll., Phys. Lett. B 811 (2020) 135849]
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Source model

C(k")
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One universal source for all hadrons with strong 07 &

resonance decays considered for each pair of

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

lllllllllllllllllllllllllllllllllllll

ALICE Coll. PLB 811 (2020)
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Source model

Small particle-emitting source created
in pp and p-Pb collisions at the LHC.

V(r) (MeV)
n
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o
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-100

"' Gaussian source (g=1.25fm)

Typical short-range
nuclear potential
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|S|=2 sector: p—-="interaction and first test of LQCD

V(r) (MeV)

Lattice QCD potentials from HAL
QCD collaboration available

Local potentials for the nucleon-
= interactions

(ORONOND
[

HAL QCD Coll. NPA 998 (2020)

Fogr = 0.85fm

!

Ck*) = f S@) Wp(k®, P)ld3r

I

H-pk*,r) =E-pk*,r)
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|S|=2 sector: p—-="interaction and first test of LQCD

Lattice QCD potentials from HAL
QCD collaboration available

Local potentials for the nucleon-

= interactions
£} C S=0
S b ; =
= 40r ,S=1 7
Sﬂ 20-_ ,S=0 ]
C ,S=1 ]
ofF ,
-20F -
-40F g
-60|- -
C 1 1 [ 1 1
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ALICE Coll. Nature 588 232-238 (2020)

3.5 H PP +/Snn = 13 TeV
v B ALCE data
3.0 I %ﬂ - Coulomb
J Coulomb + p—=~HAL QCD
25
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Observation of a strong attractive interaction beyond

Coulombin
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|S|=3: p-Q correlation function in pp at 13 TeV

ALICE Coll. Nature 588 232-238 (2020)
e Enhancement above Coulomb

B8 AuicE data — Observation of the strong interaction
B coulomb PP VSnn = 13 TeV
Coulomb + p—©Q~ HAL QCD elastic e Attractionin 552 results in the prediction of a
7 I Coulomb + p—©- HAL QCD elastic + inelastic bound state (Binding Energy = 1.54 MeV)

e Missing potential of the 351 channel
— Test of two cases:
e Inelastic channels dominated by
absorption

e Datamore precise than lattice calculations

| 1 !
0 100 200 300

So far, no indication of a bound state
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|S|=3: A-=" interaction with femtoscopy

ALICE Coll. arXiv:2204.10258, Accepted by PLB

E o A LA N LA AR AR e Unknown contribution from coupled
115 ALICE pp Vs =13 TeV _ _ .
: High Mult. (0-0.17% INEL>0) channels in Lattice QCD calculations
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'J I HAL QCD A-E - -E eff. :
1.05 HAL GCD A& only HAL QCD calculation
1 Baseline - — No sensitivity yet
(“No coupling” 0.64 no VS “Coupling” 1.43 no)
0.95
0.9 e No NQcuspvisible
NQ : . _ :
0.85 — Hint to negligible NQ-A= coupling
08....I....I....I....I....I....
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k* (MeV/c)
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Impact on the Equation of State of neutron stars

Neutron stars

Dimensions
R~10-15km
M~15-22M,

Outer Crust
lons, electron gas, Neutrons

Inner Core
Neutrons?
Protons?
Hyperons?

Kaon condensate?
Quark Matter?

Neutron stars are very dense, compact objects

What is the Equation of State?
What are the constituents to consider?
How do they interact?

i)
5 J. Schaffner-Bielich NPA 835 (2010) 279
Q 10° ;
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. L V
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0, 20,  Density (fm™)
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Impact on the Equation of State of neutron stars

Neutron stars

Dimensions
R~10-15km
M~15-22M,

Outer Crust
lons, electron gas, Neutrons

Inner Core
Neutrons?
Protons?
Hyperons?

Kaon condensate?
Quark Matter?

Neutron stars are very dense, compact objects

sesealoul d
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Baryon fraction

0

10

What is the Equation of State?
What are the constituents to consider?
How do they interact?

J. Schaffner-Bielich NPA 835 (2010) 279

Pl

[1]
e e e e

LK/ U=-30 MeV
U.=-28 MeV /

I
[
L L | L
0.3 0.6 0.9 1.2 1.5
Po 200 Density (fm_3)

18



Hyperon appearance in neutron stars?

M [M]

2.8

24 L

2.0

1.6

1.2 -

0.8 |

04

0.0

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

PNM
2.45(1)M
1) 0 PSR J0348+0432
PSR J1614-2230
\ 0.66(2)M,
"‘N.g_:‘\\—
10 11 12 13 14 15 16
R [km]

e Hyperons might appear in neutron stars since
it is energetically favourable

e But the resulting equation of state might be
too soft to explain heavy neutron stars
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Hyperon appearance in neutron stars?

M [M]

2.8 :

24

2.0

1.6

1.2
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Adapted from D. Lonardoni et al. PRL 114 092301 (2015)

2.45(1)M,
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— B 136(5)M,
s AN+ANN() § 1
A 0.66(2)M,
N
10 11 12 poe i = o
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e Hyperons might appear in neutron stars since
it is energetically favourable

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

e Possible solution: repulsive three-body
interaction
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IS| = 1: p-A interaction

3 L) R NN N NN T N NN VRN A RN NN

Low statistics and not available atlow £ Scattering data - e

- Ap -> Ap 1 20 |- .

® Sechi-Zorn et al. 3 -
AN-ZN coupled system — two-body > iaeea, h Julich 04
) . Z ngptman etal. NSC97f
coupling to ZN is not (yet) measured 200 | Piekenbrock -
Uncertainties~30% at | _ ° .
| S Repulsive
) ! low momenta 2
>N coupling strength relevant for EoS < o
: XEFTNLO13 >
- Stron.gly affeFts the behaviour of A 14 XEFTNLO19 1 20 |-
at finite density 100 = '

- Implications for ANN interactions - . I ™ ]

I | ol \_ Attractive |
NLO19 predicts weak coupling NA-NZ \ | P N\

[~ \ | L L L L | s RN ! | L
- Attractive Ainteractioninneutron | | TS A 10 AP

matter 45 135 220 310 385 e (1im) - PNM

k* (MeV/c) | Haidenbauer, N.Kaiser et al. NPA 915 24 (2013)
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IS| = 1: p-A interaction

—~

~—"

O

ALICE CoH PLB 833 (2022) 137272

22? a) ALICE pp Vs=13TeV E
2H hlgh -mult. (0-0.17% INEL>0) -
1 8E* 8 pA ® PA pairs =
1.6—* —
14 —
12 - 3
IE 000000 00000000 00 of 00000000
1.06 — ) ) =]
1.04 = \ =]
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1__ L] -o-o _e_.o'o"é
- u%’» OrO=O OO~ »0'9-'0'9' -
0.98— — =
0 100 200 300 400
Kk* %MeV/c)
Measurement down to zero momentum

Factor 20 improved precision in data (<1%)
First experimental evidence of ZN cusp in
2-body channel

o (mb)

200

100

Eur.Phys.J.A 56 (2020) 3, 91

T

T

T

| FRC I TR T | A LA |

Scattering data
Ap -> Ap

EFT NLO 13

XEFT NLO 19

® Sechi-Zorn et al.
®  Alexander et al.
o Hauptman et al.
A Piekenbrock

310
k* (MeVic)
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IS| = 1: p-A interaction

*A 22! T T T T ] T T T T 5
: : X a) ALICE pp Vs =13 TeV :! a) ALICE pp Vs = 13 TeV ]
Compa.rlson with xEFT O f high-mult. (0-0.17% INEL>0) = high-mult. (0-0.17% INEL>0) 3
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. Fit NLO19 (600) IF —— Fit NLO13 (600) .
160 = . 0. a4 NLO13 7
. epe o . -\ —— Residual p=™: xEFT 1 LO (600) .
Sen.SItIVIty todifferent 2N 14 o Residual p=~ @ p=° | — Residual pz% yEFT —
coupling strength LE = Ed Residual p=- @ p=° E
1; 'lee.A | 1 1 f:_ 1 1 1 ] E
T 1.06F ' ' - = ; .
--NLO19 favoured < 104 — Cubic baseline e \‘ — Cubic baseline 7
(n,=3.2) 1.02; * _//:_ -
— attractive interaction of A 1%'—.%-“"‘?? —————a
. 0.98F = —
at large densities o sf + : ; ——
< ¥ =
oF
-5 N 2 . . .
0 100 200 300 400 ) 100 200 300 400
320 k* (MeVic) 450 k* (MeV/c)

ALICE Coll. PLB 833 137272 (2022)
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An example of Equation of State for neutron stars

Correlation = two-body interaction

. a) ALICEpp Vs =13 TeV E
2 high-mult. (0-0.17% INEL>0) 3
1.8: & pA ® PA pairs 3
F — FitNLO13 (600) ]
18F L0 (600) 1
14F — Residual ps®: 7EFT 3
12 f_ Residual pz~ @ p=° E
1k
0 100 200 300 400
k* (MeV/c)
1.8 T T
17E ALICE pp Vs =13 TeV 3
High-mult. (0-0.072% INEL>0)
18R 8p-x° @ p-T E
1.5 fss2 E
1.4 #EFT (NLO) 3
13F ESC16 3
12E NSC97f 3
T4E p-(Ay) baseline 3
1E ——
0.9¢ =
1 1 1
0’BO 100 200 300
k* (MeV/c)

B AuiCE data
%0 f,, I cournd
Coulomb + p-=- HAL QCD

Coulomb + -~ HAL QCD elastic

[ Coulomb + p-©- HAL QCD elastic + inelast

tic

Single-particle potentials = Equation of State

Particle number per baryon

Mass-Radius diagram for hyperon stars

25 L L L L L L L L L L L |
1E : T 7 T T T r 1
E I Minax=2.13Mg
M=14Mg ' AT : : 20
. A SR [
01 i A _ [ J0740+6620
f et g S e s © 15[ 10348+0432
+7 e T~ = s - )
/ NN o - L J1614-2230
/ 27 H N FEr n B
/ 7 =N ~ Uy =-28 MeV a r
| / | N 7S Uy =+15 MeV s o
0oTE /o | N/ e Uz =-4 MeV
0o ! N =g
g il [ Y S8 05k
. i i N m¥m=065; > T
o i i % ]
i It L, . r i
0'0010 é :1 é é 10 00 Licdvy v 5 oilivspir Uop vl g logepogdlp o by ooy Lo ]
. 105 11 115 12 125 13 135 14 145 15
Energy density (&/g)

Radius (km)

Courtesy J. Schaffner-Bielich 2020 L. Fabbietti et al. Ann.Rev.Nucl.Part.Sci. 71 (2021)

What about the three-body strong interaction?
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p-p-p and p-p-A correlation functions

C(Qy)

Three-body interaction models can be tested using three-particle correlation functions

particle momenta are

correlated due to correlation function

(the observable)

253 3. 13
e two-body interactions C(p1,p2,P3) :fff53(xl-X2«,X3)|Wp1.p3.p;(xl-XZ-X3)| d°xid xyd " x3
e three-body interactions wave function
p-p-p p-p-A
T - T T T . . .
asb ALICE ERNS 30f 1 Experimental correlation function
3 pp Vs =13 TeV 3 © u ]
4F 3 251 - P (p;, pos
355 High Mult. (0-0.17% INEL) 3 5: ] C(Pl»Pz’Pa) = ( )(P1(P2)P3)( ) = Nsame ((Q3))
SE E E _ ] P(p;) P (p2) P (p3 Nmixed (95
sE =] p-p-p®p-p-p Data 3 20H [= ] p-p-A®p-p-A Data E
o5E = p-p-p Two-partlcle correlatlons,_f - :_ = p-p-A Two.-partlcle correlatlons£ measured as function of the
E \ + projector method 3 L projector method 7 h
2F + " 3 : : yper-momentum Q,
E E 10 -
15 b o P E 0: 3 [ 5 2 2
1E +++"—"++-A-—-+—.-...“.__._§ r 7] 0= —4q12 — 93— 931
x E sf ALICE Coll. arXiv:2206.03344 -
0.5 ALICE Coll. arXiv:2206.03344 3 T T N : , wE  mE m .
PPN IR BRI PSP EFAFE AR AR ) e ol e il A i qij:2< : - — — -, — Pi— — 'pj)
01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08 mi+my  m+mym m; + m;
Q, (GeV/c) Q, (GeV/o)
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p-p-p and p-p-A correlation functions

P-P-P P-p-A

’-:\V) LI B B l LI [ LI B | l T 717 l L B l LI I l T1rrr ’-:\V) 30 _I T 1rrr l TTrrr l Trrr l Trrr l Trrr l Trrr ' Trrr
S 4s5E ALICE 3 o . :
e pp Vs =13 TeV 3 .| 3
E High Mult. (0-0.17% INEL) = C N
3.5 ;_ _; C — .
s =] p-p-p@p-p-p Data E 205 571 p-p-A®P-p-A Data 3
o5 = \ = p-p-p Two-particle correlations, J C =—— p-p-A Two-particle correlations,]
'2 E + _+_ projector method = 15 r projector method .
15F +++ 3 10F =
E ++—o-+—'—'--+ . E E ]
1 —+ """"""""""""""""""""" R 5E + ALICE Coll. arXiv:2206.03344 ]
05F v 3 P ]
B st st s b e 5ty o e e TR T
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)

Genuine three-particle correlations isolated using the Kubo’'s cumulant expansion method:
R. Kubo, J. Phys. Soc. Jpn. 177 (1962)

FPLLIIT
- . e,

o ‘o
o .
R .
. :

g

., &

.
.
e .

0 * -
v h .
B4 = . .
B ' : 8
4 " - .
N : . \
; : s 4
: s - . .
D q B
b 3
J . H
K s H
. 0 *. «
* .t . B
LR, Yenart

Genuine three-body ~ Measured three-body . >
correlations (cumulant) correlation Two-body correlations [R.D.G. et al. EPJC 82 (2022) 244]
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P-P

-p cumulant

cumulant

ALICE Coll. arXiv:2206.03344

LB LA N L LA LI L L BRI BRI
I = p-p-p genuine cumulant, flat feed-down m
N p-p-p genuine cumulant, flat feed-down
y Ty ST T
C ALICE ]
-+ pp Vs =13 TeV ]
C High Mult. (0-0.17% INEL) ]
Lol i oy gy Pogng o B gy o o8l o jong Iy oy Poppy onca]
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Q, (GeV/c)

Statistical significance
—n_= 6.7 forQ;< 0.4 GeV/c

Conclusion
— Evidence of a genuine three-body effect in the p-p-p
system at the LHC

Possible interpretations

— Pauli blocking at the three-particle level
— Long-range Coulomb interaction effects
— Three-body strong interaction

DTest with mixed charge particles, cumulant negligible
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p-p-p correlation function

Ca(Qy)

Next step: use the full fledged three-body calculations to test the theoretical models

C(p1,p2,p3) J:I:[Sz Xi X5, 3)][//p,_p2_p3(x|.xz.x;)]2513x1cl3x2d3X3

P-pP-p

wave function obtained
using the Pisa model

[= ] ALICE data,

corrected for feed-down

Pisa model
A. Kievsky, L. Marcucci, M. Viviani

Preliminary result:
— source size of 2 fm

0.2 0.3 04 0.5 0.6

0.7

Q, (GeV/c)
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p-p-A\ cumulant

c5(Q;)

cumulant

ALICE Coll. arXiv:2206.03344

A— Statistical significance
—n_=0.8for ;< 0.4 GeV/c

e A B e ot o
=== P-p-A cumulant

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

Conclusion
— No significant deviation from the null hypothesis

A factor 500 in statistics from the Run 3 data taking

— Non-zero cumulant can be directly linked to the three-body
strong interaction
— Important measurement for neutron stars

llllllllllllllllllllllllllll
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Q, (GeV/c)
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Summary

rcore (fm)

3 22! 4) ALICE pp (5= 13 TeV
o high-mult. (0-0.17% INEL>0)

180 180 pA © PA pairs

FitNLO19 (600)
— Residual pE” EFT
Residual p=~ ® p="

Test of hadron-hadron
Femtoscopy in small ‘ interactions from EFTs

systems and Lattice QCD B o
Universal source e
14 . . : : : : e w W
ALICE pp Vs =13 TeV T . 1 §° 25|: T T T T
I M 00173 NEL>0) Equation of State for -
p—p Argonne v o s g
1.2—— [ Parametrization —_ ‘ dense pU re neutron § 0.1 s d074046520
[ ] matter containing 1
™ | ] hyperons can be
; : : ] improved 0001, 0 10'5 1‘1 nls 1'2 12'5 1'3 13‘5 1‘4 14|5 1I5
0'81 15 2 25 ) Energy density ¢/e, ' . . ; Radiu; (km)
my (GeV/c?) ~ 80T T T T T T T
T o e G TR
. . L. 20f 3
‘ High-statistics ]
measurements of
. . [ ALICE ] £ ]
three-particle correlations JE ot mie-raTev E £
. High Mult. (0-0.17% INEL) E ++; 3
are at horlzon -6 OIJ 0!2 Of3 O.I4 O.I5 0?6 0!7 0.8 00 0t1 0?72"01'8 -(;4 O.rSﬁ;JTS 0;_' 0.8
Q, (GeVic) Q, (GeVic)
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Source determination

The first step is “traditional” femtoscopy: known interaction — determine source size

e p-p interaction: Argonne v18 potential
e crosscheck with p-A (XEFT)

Determine gaussian “core” radius Effect of strong short-lived resonances

- As a function of pair <m_> > 4 Adds exponential tail to the source profile
i e ;
- Common to all hadron-hadron pairs — Angular distributions from EPOS

— Production fraction from SHM

Primordial Resonances lifetime
p 35.8% 1.65fm
[ALICE Coll., Phys. Lett. B 811 (2020) 135849] A 35.6% 4.69fm

Raffaele Del Grande
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Source determination

1.4

1.3

rcore (fm)

1.2

1.1

0.9
0.8
0.7

_IllllllllllllllllllIllllllllllllllllll_l

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

Illllllllllllllllllllllllllllllllllll

[ALICE Coll., Phys. Lett. B 811 (2020) 135849]
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Source determination

B EEED EEED EEED BEET EEED B

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

rcore (fm)

IllllllllIlllllIlllllllllIllllIllllIl

2.5

N
EEERS EEE

Ll | ] ] I ] ] T 1 I T 1 1 T I ] ] T 1 l Ll Ll 1

ALICE pp Vs = 13 TeV
¢ High-mult. (0-0.17% INEL > 0)
m, €[1.26, 1.38) GeV/c?
Gaussian Source

5 pp © PP

1 l J ] [ L | l 1

—— Coulomb + Argonne v, (fit)]

| [ L l { EI | [ | l 1

1.5
1 1 1 1 1 l 1 1 1 1 ]v_lt]:\,\l L r)\lj lhlul \ll lUlU;
0 50 100 150 200
k* (MeV/c)

[ALICE Coll., Phys. Lett. B 811 (2020) 135849]
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Source determination

g r I r r ' l — . I . — l S— l '_- g L T T T T I T 1 T ] I T T T T I T T 1 T l 1 T T l I
\n.._/ - 0 :\ = T T ' 1 T T T I T 1 T T I T T 1 T I T T T
o ALICE pp Vs =13 TeV 3 % 2.2 ALICE pp Vs = 13 TeV ¥
I} ] 3
-4 High-mult. (0-0.17% INEL >0) 3 i High-mult. (0-0.17% INEL>0) -
- 2
Gaussian + Resonance Source 9 2 m; €[1.26, 1.32) GeV/c i
B Gaussian Source 2
= 1.8 Bl p-A ©p-A -
5 — » EFT NLO (fit) 7
- 161 — » EFT LO (fit) =
= 14F -
= 1 I i
E 12 —I
2 4 2.6 1 —_ 8. o - Sty o \:
/mT\) (GeV/Cz) B 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 4
0 50 100 150 200
k* (MeV/c)

[ALICE Coll., Phys. Lett. B 811 (2020) 135849]
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Gaussian source with resonances

/é\ 1 -4 I T | T T | T T T T I
= ALICE pp Vs =13 TeV i
o L
S High-mult. (0-0.17% INEL > 0)
k L -
10 p-p Argonne v,
1.2 | Parametrization R
i Resonances
1=
0.8 ' —_
1 15 2 25
m; (GeV/c?)

ALICE Coll. PLB 811 (2020)
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41r2S(r) (1/fm)

Pair Foore M) | [fM]
p-p 1.1 1.2
p-A 1.0 1.3
p-20 0.87 1.02
p-E- 0.93 1.02
p-Q- 0.86 0.95
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Small particle-emitting sources

Small particle-emitting source created

4nr2 S(r) (fm)

s R e L A e e in pp and p-Pb collisions at the LHC.
:, i ALICE pp s = 13 TeV % 200 N " Gaussian source (rG =1.25 fm)
8 High-mult. (0-0.17% INEL > 0) s i
k | . S
10 p-p Argonne v, - i
I Parametrization = 100
0
: Typical short-range
B nuclear potential
1005 f1 12 3 4 5
0.8 ———— — A r (fm
1 15 > 25 (fm)
my (GeV/cd) 53 1po

ALICE Coll. PLB 811 (2020)
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Lower order contributions evaluation

Data-driven approach

Using the same and mixed events distributions:

No(p1.p2) Ni(ps3)
Ni(p1) Ni(p2) Ni(p3)

C(lp1. pa)s ps) =

The hyper-momentum Q, is calculated from
the measured single particle momenta

PPy Py) — Q

Projector method

[R. Del Grande, L. Serksnyte et al,
to appear on the ArXiv (2021)]

Using the two-body correlation function of the
pair (1,2).

A kinematic transformation from
k*,, (pair) — Q, (triplet)
Clk*,)  — CQ,)

is performed.

For the pair i-j we have

Ci(Q;) = [Cz(k;ﬂ Wik, 0y) dk

two-body projector
correlation

function

AN
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Two-body correlations

| Ci;(Q3)|= /Cij(k*)'Wij(k*aQs) dk”*
v

Outputs:
(proton-proton)-proton (proton-proton)-A
"""" | R RS R T e ] FIT=r 5 LTl Loy Gl [t e D e e [ ety )
N ALICE Preliminary 7 S 3 ALICE Preliminary =
pp Vs =13 TeV ] © C pp Vs =13 TeV ]
i High Mult. (0-0.17% INEL) 1 A High Mult. (0-0.17% INEL) d
B N 2.5 4
[ - (p—p)-p Projected ] 2:_ - (p—)-A Projected _:
I ] 150 =
C l'1..,.1....l,...l....l....1....1....'
1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.8
Q, (GeVic) Q, (GeV/c

Raffaele Del Grande

proton-proton

o35S T 1]
s [ ALICE pp V5 = 13 TeV :
3L & High-mult. (0-0.17% INEL>0) -
B § ¥ Olp-p®p-p ]
- [ | A Coulomb + Argonne v, (fit) ]
§ \ 1.05 99 E
2k < 1 ¥ o A mstmmpntom] ]
y & T z
- e  095F _ B
1.5 o 100 200 300 ]
* %8, k* (MeVic) -
1= ®000e, o e

[ ] . P

0 50 100 150 200
k* (MeV/c)
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Two-body correlations

| Cz’j(Q?:)l: /Cij(k*) - Wi (K", Q3) dk*
¢

Outputs:
(proton-proton)-proton (proton- proton) -A
o, TP B H LA B B B BN LR ) o AR R R T B T e R REEE
S 25 ' ' ALICE]Prellmlnary ' 7 % 3 ALICE Prellmlnary 3
2 pp Vs =13 TeV ] - pp Vs = 13 TeV 1
B High Mult. (0-0.17% INEL) T | High Mult. (0-0.17% INEL) ]
C === (p—p)p Projected ] - E== (P-p)-A Projected :
- BN (pp)»p®([P-P)-p Data 2F BN (p-P)-A®(P-P)-A Data J
1.5 - C N
N I ] s ]
) TS SETS: WPOTWRIY. WINPT RPN '1..“1....1“..1,...1,...1,...1..“'
01 02 03 04 05 06 07 08 01 02 03 04 05 06 0.8
Q, (GeV/c) Q, (GeV/c

Data-driven approach VS Projector method
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proton-proton
o35S T 1]
S 0 " ALICE pp Vs = 13 TeV -
sE /& High-mult. (0-0.17% INEL>0) 1
E b ¥ 8l p-p®p-p g
- | . Coulomb + Argonne v,g (fit) ]
§ ' 1.05 9? 3
21 : A R v
) \ ° @ i
B 0 0.95 . . . 4
1.5 9 100 200 300 P
- %8, k* (MeVic) -
= "Seo0ee -
N | : ;
0 50 100 150 200
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Two-body correlations

| Cz’j(QB)l: /Cz'j(k*) - Wi (K", Q3) dk*
¢

Output: proton-A

(proton-A)-proton e e
x -
e SRl Ll N R N T R 3 | a) ALICEpp Vs =13 TeV ]
8 ALICE Prel ] :
: e O 13% high-mult. (0-0.17% INEL>0)-
High Mult. (0-0.17% INEL) - :* © p-A @ p-A pairs i
: 1.6F Fit NLO19 (600) .
:- - p—(p—A) Projected [ e — Residual p-=°: YEFT ]
- = 1ar Residual p-=~ ® p-2°
i . — Cubic baseline ]
- 12\ &
[ o - ° ]
- o .

| YT SRS SN W WU N WO SN TN (U ST S U (U ST U U (U T ST U T Y Y

01 02 03 04 05 06 07 08 sz s bi sl Gk ahaes & U ks

Q, (GeVic) 0 100 200 300 400
k* (MeV/c)
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Two-body correlations

| Cij(QB)lz /Cij(k*) - Wi (k™, Q3) dk*

‘ Input:
Output: proton-A
(proton-l\)-proton . : S ———
x -
e (N © R SR SR Sl il N NS =< a) ALICEpp\E 13 TeV |
S 18 ALICE Preli - E ]
S - r_{g;"e"v"a” ] O 18] high-mul. (0-0.17% INEL>0).
High Mult. (0-0.17% INEL) . :* = p-A @® 5_K pairs ]
ol iclbcied i 1.6« Fit NLO19 (600) =
= rojecte ] L . i
| p—(&A)@[‘)—{T)—K) Data sl 9 — Residual p—Z° xEFT R
] =L 2 Residual p-=~ ® p-2°
i L5k .0 — Cubic baseline 5
1—'""""'""""""““"""""""‘"""'_‘-" """"" "‘_ & o :
0.1 0203 04 05 06 07 08 G5 g s el Ly i i § R
- Q; (GeV/c) 0 100 200 300 400
]\!,17:’Rb1;v4371.44 . k* (MeV/C)
Data-driven approach VS Projector method [ALICE Collaboration / arXiv:2104.04427 (submitted to PRL)]
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KRUDO S Cumuiant expansion metnoa

Measured correlation function

Lower order correlations

Three-body cumulant
(to be extracted)

Raffaele Del Grande
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P-P-/A: TWO-DOAyY LF projecied onto L,

.........

"?) 5 i L ] L o L P ] l L A l LR R0 AR ! ]' LA L . ' LA B A I L a0 B l LI |
S t ALICE Preliminary -
O A pp Vs = 13 TeV & Lower order contributions to the three-body
- cumulant
/ High Mult. (0-0.17% INEL) -
3 mmmm p-p-A Projected q oY (Qs) = CEP(Qs) +2 CEM(Qs) — 2
B @ p-p-A Estimated using data ]
oF. - Comparison:
E § e Data-driven approach
13 : e Projector method
O- . l e l | R oY I | l | I B I | l R i_k-0 l -3 l LAl L 1 l LAl l-
01 02 03 04 05 06 0.7 0.8
Q, (GeV/c)

ALI-PREL-487165
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P-P-p: two-DOodAy LF projectied onto L,

/?07 I'll"'ll"'l'l"Il"'l""ll‘l‘fll"

Sk ALICE Preliminary ~ :
9 8 o Pp Vs =13 TeV E Lower order contributions to the three-body
5 High Mult. (0-0.17% INEL) ] cumulant
B = Proiected = C«two—body(@ ) — CPP(Q ) — 9
4 PP ) ; ki ppp 3 3 3
- IE p—p—p Estimated using data "
3F = Comparison:
13 & e Data-driven approach
. - e Projector method
1= -
0 : R_R l LA 1 1 I £ 8. -0 8 l 28 8 & l AL 1 1 l a_a-0_ 4 l I T | l 2. 8-08 l:
01 02 03 04 05 06 07 0.8

Q, (GeV/c)

ALI-PREL-487159
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Kubo’s cumulant expansion method

X. denotes the general i-th stochastic variable

The most general decomposition of 2-particle correlation is:

(X1X2) = (X1) (X2) + (X1 X2)..

By definition, the 2" term on the right is the 2-particle cumulant

Cumulants cannot be measured directly, however:

(X1X2). = (X1X2) — (X1) (X2)

Raffaele Del Grande
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Kubo’s cumulant expansion method

The most general decomposition of 3-particle correlation is:

X1XX3) = (X1)(X2) (X3)
+  (X1X2),. (X3) + (X1 X3). (X2) + (X2X3), (X1)
+ <X1X7X3>

Using the 2-particle cumulant: (X, X,) = (X;X2) — (X1) (X2)

Working recursively from higher to lower orders, we have 3-particle cumulant
expressed in terms of the measured 3-, 2-, and 1-particle averages:

(X1XoX3), = (X1X2X3)
—  (X1X2) (X3) — (X1 X3) (X2) — (X2X3) (X1)
+  2(X1) (X2) (X3)
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Projection onto Q,

e The projection onto Q, is performed as follows

C3(Qs) = /// Cs3(p1.p2.p3) N d’p1 d’p, d’ps
(P1.,P2.P3)ED

density of states in the phase space

D ={(p1,p2,P3) € S | Q3 = constant}

(uniform)

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

two-body

correlation

; 7). function

C3(Q3) :/ Ca (k1)
0

projectorW(k Q, ) ----

> phase space density at Q, = constant

[16(ay — dz ‘3/2112

7rQ4 2

\/WQZ (ay — 92)13

where q, 8 and y are constants depending on the particles mass.

Raffaele Del Grande
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/A 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 4 ) XYZ)C, ;y(XYZ) =|/1XO,YO,ZO(XYZ)CXO,YO,ZO(XYZ)|+ Y A juXYZ)C XY Z)
ijk!=X,Y,Z,

£,j:k Correctly identified primary particles

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

4 j kXY Z) = PX)f XD PXNF(VNP(Z)f (Z)

Extracted from What we are Feed-down and misidentified
measurement interested in particle contribution
cXYZY= Y 4 i XYZ)e(XY,Z) =|hg,y, 2/ XY Z)c (X Yy Z) Y A XYZ)e(XY,Z)
i,j,k i,J,k#XoYoZo)

* The genuine three body interaction for the feed-down and misidentified particle contributions is currently not
known.

A~
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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%
pP-p-pA X3 19.6% p-p-Aso 13.5%
p-p-pz+ x3 8.5% p-p-A\= 7.56%
P-pA-pA X3 0.69% p-p-A\= 7.56%
pP-pA-ps+ X3 0.3 % p-pa-/\ x2 8.56%
p-ps+-ps+ x3 0.13% p-ps+-A\ x2 3.7%

-~
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