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Investigating handron-hadron interaction at LHC

ALICE at the LHC

Hadron-hadron
strong interactions
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Strong interaction between (strange) hadrons

Residual strong interaction among hadrons

Marc Illa
THEIA-STRONG2020

L:QCD [(11 qt Aa Mg, (-Ys]

Non-perturbative region of QCD Lattice QCD
- Hadrons as degrees of freedom - Understanding of the interaction
- Effective theories (EFT) with low-energy starting from quark and gluons

coefficients constraint by data
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The SU(3) interactions puzzle




ALICE data

e Data set:
Int.J.Mod.Phys. A29 (2014) 1430044 VOAand TOA  |1g pp 13 TeV (1000 M high multiplicity events),
p-Pb 5.02 TeV (600 M minimum bias)
e Direct detection of charged particles
(protons, kaons, pions)
e Reconstruction of hyperons:

TOF

VOC and TOC A — pr

= — An
4 Q" — AK~
>0 5 Ay

The very good PID capabilities of the
detector result in very pure samples!
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Hyperons @ ALICE in pp collisions

dE/dx in TPC (arb. units)
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The femtoscopy technique

Nuclear
Collision
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The femtoscopy technique

Pair reference frame

Schrédinger Equation: 2

relative wave function for the pair

v(r) -> ‘\p(ié*, ‘r‘)
C(k*) = lS(r)

Emission source Two-particle wave function

s N_ (k%) >1 if the interaction is attractive
- 3 _ same
lIl(k : r) ‘ d’r = (k™) e N k" = 1 if there is no interaction
mixed <1 if the interaction is repulsive
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Example

Source parametrisation Interacting potential Correlation function
S | el Repulsive =
: #]: ‘: 0 1 E> © Attractive
Attractive L ==
———————— Repulsive
0 0.5 | L5 2 el
r (fm) 50 100 150
Gaussian source Schrédinger l 200 k* (MeV/c)
eguation™ .
S(r) = (d4mr2) -3/ ( r2 ) wo-particle wave function
S(r) = (4nrry) /7 -exp | ——5
“ I |P(k*, ) |

**CATS (Correlation Analysis Tool using the Schédinger equation)
D. Mihaylov et al., Eur. Phys. J. C78 (2018) 394

2 . . o .
% N omek™) >1 if the interaction is attractive
*\ _ 3. same
C(k*) = JS(r) ‘V(k ’ r) d°r = {(k7) N &9 = 1 if there is no interaction
mixed <1 if the interaction is repulsive

Emission source Two-particle wave function
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Femtoscopy in small colliding systems

S T e e e T Ee

pa =~ s
r E
4 v/v/ <

—0.4 —~

/ Typical short-range
nuclear potential

. . 2 . N (k*) _ NP TP T I R
C(k*) = Ism M" )| =gy e e 1004 1 12 3 4 5
Nmixed(k*) H . r(fm)
Emission Two-particle wave function 'y
source 53 1po

Small particle-emitting source created in pp and p—Pb collisions at the LHC
o Essential ingredient for detailed studies of the strong interaction
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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)

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

Physics | ett. B, 811, 135849 F

1.4

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

101 p—p Argonne v,
- Parametrization

I core (fM)

41r2S(r) (1/fm)

1.2

1=
[ O - Pail’ I’Core [fm] I’Eff [fm]
I p-p 1.1 1.2
[ p-A 1.0 1.3
0.8 ——————L T T =
1 15 2 25 p-= 0.87 1.02
m; (GeV/c?) p-E- 0.93 1.02
p-Q- 0.86 0.95
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The SU(3) interactions puzzle

AR LE
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ZAW

w Georgios
Maximilian Mantzaridis
Korwieser
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Three-body interaction

e Many-body systems cannot be described satisfactorily with two-body forces only —
Three body forces included in the xEFT calculations at NNLO

Two-nucleon force Three-nucleon force

om X H

woor X
wom {1
wom Y FH]

[from J. Haidenbauer’s talk at MESON 2021]

1] =

4 EEX

Four-nucleon force

= W BH X T -

Raffaele Del Grande
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Three-body interaction

The parameters of the models are tuned using the binding energies of nuclei and
hyper-nuclei but...

1. such measurements yield the superposition of two and many-body effects;

2. theinteractionis tested at “large” distances.

—> In 2C the average distance among nucleonsis <d >~ 2.2 fm

Raffaele Del Grande
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Three-body interaction

Three particles are emitted from a same common source
and may undergo final state interactions before the
detection.

Advantages:

e No higher order many-body effects which are instead
present in bound objects;

e The typical source radii in two-body femtoscopy is
~1.25 fm —> test of the interaction at short distances

Raffaele Del Grande
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Three-body correlation function

Two-body correlation function Three-body correlation function

P(pl’ p2) _ Nsame(k*) * P(p;, Py, p3) _ Nsame(Q3)

C(p;,py) = = CP1, P2 Py) = N
(P P2) P(Py) - P(P2)  Npixea(kK*) (1, P2 P PPy - P(p2) - P(P3)  Noixed(Q3)

The small statistics requires to project the correlation function on one observable.
The hyper-momentum Q3 (Lorentz invariant) is defined as:

_ 2 2 2
Qs = \/_qlz — 4 — 493

U (pz _p]) - P
q" = (pi —pj) - P2

PH PEpl-l-p]

Raffaele Del Grande
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p-p-p and p-p-A Correlation Functions

Measured triplets Measured triplets
atQ,<0.4GeV/c ----> 1011 at Q,<0.4 GeV/c ----> 496
0 RS Rl SRS RERRD FASEN RESLES RIS SR sl AN R R R Rl e
S 5F ALICE Preliminary - S F ALICE Preliminary <
© pp Vs =13 TeV ] O 30F pp Vs =13 TeV =
aF High Mult. (0-0.17% INEL) ks . High Mult. (0-0.17% INEL) B
C ] 25 e
3 8 pp-popppData 20:" P pp-Aepp-AData
C ] 15F =]
2r +++ 4 E :
L “+4- X 10~ -
< —— A - -
JEssssfismnasmsensusnns i R Biie iy o O IS 5: 4 .
. ‘4’ ] E e o ]
1 1 gillogag g gl geogog gt | Py e 0 ] i e e P el et i B I'ITAﬁTA-I i 1*1
01 02 03 04 05 06 07 08 01 02 03 04 05 06 O. 0.8
Q, (GeV/c) Q, (GeVic)

These are not genuine three-body correlation functions
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Accessing the genuine three-body correlation

Measured three particle correlation function includes both two-body
and genuine three-body interactions.

Raffaele Del Grande
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Accessing the genuine three-body correlation

Measured three particle correlation function includes both two-body
and genuine three-body interactions.

We use Kubo's cumulant expansion method for the same pair
distribution and define a femtoscopic cumulant to access genuine

three body correlation.

JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 17, No. 7, JULY 1962

Generalized Cumulant Expansion Method*

Ryogo KuBo

Department of Physics, University of Tokyo
(Received April 11, 1962)
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Kubo’s cumulant expansion method

Genuine three-body
(Cumulant)

Measured triplets Two-body correlations

In terms of correlation functions:

¢; (P1> P> P3) = C([P1, P2, P3)) — C([py, P21, p3) — C(py, [P2, P3]) — C(Py, P31, Py) + 2

Genuine three-body \—””—\/’\—/

(Cumulant) Measured triplets Two-body correlations

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

Raffaele Del Grande
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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(ps)

C(lp1, p2). p3) =

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

PPy Py) — Q

Projector method

Using the two-body correlation function of the
pair (1,2).
A kinematic transformation from

k*,, (pair) — Q, (triplet)

Clk*,)  — C(Q,)

is performed.
For the pair i-j we have

Ci(Q;) = [Cz(k;f) Wik, 0y) dk

tWO-bOfﬂy projector
correlation

function
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Two-body correlations
| Cij(Q3)|: /Cij(k*) - Wi (k™, Q3) dk*
v

Outputs: proton-proton
(proton-proton)_proton (prOton proton) A i\ 3.5 I L S R B B B B S B B R
s [ g ALICE pp Vs = 13 TeV 3
------------------------- ) R e L E U U U WL IR R B ; 3 7
25;— . ; ALICEIPre"m"‘ary l __' g 3'_ ALICE Prellmlnary s 3 -_ (. ngh‘mUlt. (0—017 Yo INEL>0) i
pp Vs =13 TeV ] 9 C pp Vs =13 TeV ] - ’ % 8l p-p @ pp :
r High Mult. (0-0.17% INEL) ] A High Mult. (0-0.17% INEL) ] B \ s O
5 igh Mu ] 25[ = sl [ Coulomb + Argonne v, (fit) E
i 7 B N ' B " 1.05F+ 9§ ) ) 1
¥ - (p—p)-p Projected ] of - (p—p)-A Projected h [ ¥ | _ ; i
15F . 20 St .‘?A%’ﬁﬂfﬂ",‘-nmw -
L ] C ] - \ fof i
L 4 1.5 ] _{’ \ il
[ ] - . B e 095 ) R
1= | s . 1.5 9 100 200 300 p
- ) i . " 8 k* (MeVic) 1
aaccha e ooyl il el aiocy l..11l....l....l;...l.;..l....l..1‘ - 9 -1
01 02 03 04 05 06 08 01 02 03 04 05 06 0.8 - o N
0 (Govic a, (Gevi) 1+ = .

124 LI-PREL-487139 1 1 s L L . N

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

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

‘ Input:
Outputs: proton proton

(proton-proton)-proton o 35¢ LR T )
_ lproonrproTon” proTon _ fproton-proton)]A - LR ALIGE pp 15 = 13 TeV ]
S 25 AUCEPreliminary | O of ALICE Preliminary 3 & High-mult. (0-0.17% INEL>0) 1
8 pp Vs =13 TeV 1° % pp (5 =13 TeV ] = | Blp-p©p-p i
| High Mul. (0-0.17% INEL) ] »sh High Mult. (0-0.17% INEL) - - - F * — Coulomb + Argonne v18 (fity
=== (pp)p Projected ] E === (p-p)-A Projected . T ‘; \ 1.05F § 7 3 1
B (p-p)-p®[F-p)-p Data | oF EED (p-P)-A®(FE-P)-AData ] - ! ~ -
1.5 ] - 1 2H 8 S WW .
L ] 15F 3 é x ]
1 : . - ®  095F 4 1
. i .t ] 151 o 100 200 300
NPT NITERY | SIENY U VIR PR WO I'|....|....|....|....|....|....|....' N Q"‘M k* (MeVic) i
0102 03 04 05 06 07 08 01 02 03 04 05 08 0.8 [ i
Q, (GeV/c) Q, (GeV/c) 1 GO0 000000]

ALI-PREL-487114 LI-PREL-487129 1 L I 1 I 1 1 I L 1 1 1 l L L 1 1 l L

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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Two-body correlations

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

‘ Input'

(proton-l\)-proton . : S ———
x -
< SRl RS AR Rm i BoRC SEAGE ARk : X a) ALICEpp\E 13 TeV :
S 18 ALICE Preli - i
5 F 5 fi_ b 'T':\',"a"’ - O 13& high-mul. (0-0.17% INEL>0).
1.6f High Mult. (0-0.17% INEL) _: :* Bl p-A ® p-A pairs ]
; 1.6 Fit NLO19 (600) .
141 - p—(p-A) Projected [ o — Residual p-x°: XEFT i
ra ] 1'4:_ 4 Residual p-=~ @ p-=° —
ig % Cubic baseline 5
| e = - ° -
[ i %e ]

l....l....l;...l,...l..x.l.;..l..;.
01 02 03 04 05 06 07 08 RS T TR T F N Y
o Qs (GeVic) 0O 100 200 300 400

ALI-PREL-487154 k* (MeV/C)

[ALICE Collaboration / arXiv:2104.04427 (submitted to PRL)]
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Two-body correlations

| Cij(Q?:)l: /Cz'j(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 5 r_{g;g“v"afv ] © 18f) high-mul. (0-0.17% INEL>0).
16 High Mult. 0-0.17% INEL) ] i 18 p-A ® p-A pairs ]
8 ol iclbcied y 16[« Fit NLO19 (600) =
= rojecte ] L . A
L3 = p—(&A)@ﬁ—{;‘)—K) Data sl o — Residual p-=°: XEFT E
1ob ] =L 2 Residual p-=~ ® p-2°
» i [ & — Cubic baseline ]
12F % 3
s & S 4 ‘
0102 03 04 05 06 07 08 Prwrrrrrrr TP roY e
Q; (GeV/c) 0 100 200 300 400
)\LI*PRELVQS71;44 . k* (MeV/C)
Data-driven approach VS Projector method [ALICE Collaboration / arXiv:2104.04427 (submitted to PRL)]
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Kubo’s Cumulant expansion method

Measured correlation function

Lower order correlations

Three-body cumulant
(to be extracted)

Raffaele Del Grande
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Po- A -Jo éb k00

.........

~ ST e l
S t ALICE Preliminary -
O A pp Vs = 13 TeV & Lower order contributions to the three-body
- cumulant
P High Mult. (0-0.17% INEL) -
- > - swo—bod ) A
s === p-p-AProjected = C;I)VA "(Q3) = C57(Q3) +2 C57(Q3) — 2
E I p-—p-A Estimated using data
oF. - Comparison:
E § e Data-driven approach
13 ___________________________________________________ - e Projector method
O-' 21 1 1 I I Diigeag
01 02 03 04 05 06 0.7 08
Q, (GeV/c)

ALI-PREL-487165
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@ ) A ] 0’0 Q‘o ] & 00

.........

N s e o o o B e
S E ALICE Preliminary l
2 6 - pp Vs =13 TeV E Lower order contributions to the three-body
5F High Mult. (0-0.17% INEL) ] cumulant
. mm== p-p-pProjected B Copy °¥(Q3) = 3 C5P(Q3) — 2
- IE p—p—p Estimated using data "
3F - Comparison:
13 & e Data-driven approach
. . e Projector method
| :
0 - | | | | | | .

| . LA 1 1 LA 1 1 | By N I | LA 1 1 -2 10 0 A l LA 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Q, (GeV/c)

ALI-PREL-487159
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p-p-A Correlation Function

’?B 355:4 T T T IR [ Lt N ST I I S I L S =
S F ALICE Preliminary .
O 30F pp Vs =13 TeV -
- High Mult. (0-0.17% INEL) .

25 =

205 === p—p-A Projected _f

5 BN pp-A®pp-AData I

15F =
10 ~

,
¥

o[TTT

31 02 03 04 05 08 07
(

ALI-PREL-487066

OO

The measured p-p-A
correlation function

}

Lower order contributions calculated
with the projector method

The shape deviates from the
two-body correlations projected onto

Q, (gray curve).
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p-p-A Cumulant

™ L
S E
© 25F

20
15
10
5
0
0

ALI

)

@ A J'@ @'h c—o“@Q@

~PREL-487198

________ '

0.1

0.2

U'l"'l" '

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

Positive cumulant indicates an

B p-p-r055-7 . : :
attractive p-p-A interaction

llllllllllllllllllllllllllll

] A | by B b | | o i B L L1

04 05 06 07 08

Q, (GeV/c)

Raffaele Del Grande 35



p-p-p Correlation Function

’T') =1 1 1 1 ] T rr l T T rr l T T1rnrr I T i rr ] T i1 l L -
2 - ALICE Preliminary =
S F pp Vs =13 TeV ]
ab High Mult. (0-0.17% INEL) 5 The measured p-p-p
v . correlation function
s === pp-p Projected & |
B N p—p—p®p—p—p Data -
g P P 5 Lower order contributions calculated
ol - with the projector method
i {1  Significant deviation of the measured
B 1 correlation function from the
o I I ~N—— ! ! 1 two-body correlations projected onto

Q, (GeV/c) Q, (gray curve).

ALI-PREL-487054
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p-p-p Cumulant

)

L] l T T Ll Ll l T Ll T Ll l L) L) T T ] Ll T L)

% 4= R p-p-p genuine cumulant, flat feed-down
o -
O -_ ................ _.a._-.—_‘_—.—.—.-—.--.-h;

- N L ‘
-
[ T— ALICE Preliminary
i pp Vs =13 TeV i
57y High Mult. (0-0.17% INEL)]
Pe T in Ty gnc o Jhog g op pop g foo g gy
= 0.1 0.2 0.3 0.4 0.5 0.6
Q, (GeV/c)

ALI-PREL-487203

Cumulant extracted. The feed-down from the
resonances is also considered.

The statistical significance for the
measured deviation is:

n = 2.9 inthe first 9 bins

MODELS TO INTERPRET THE DATA

ARE NEEDED (theoretical calculation of the
three-body scattering)

Raffaele Del Grande 37



Summary

e First measurement of three-baryon correlation functions
e Cumulants for p-p-p and p-p-/A extracted with the Kubo’s method

- "1 R R TR T ) 30 LT ISR FLELELELE BLELL AR F FLAL L FLELSLELE BLALELELE FLELE
%« ar- =] p-p-p genuine cumulant, flat feed-down ] % E ALICE Prel'mmary E
, . E 25E pp Vs =13 TeV ]
r . C High Mult. (0-0.17% INEL) ]
B ] 20~ .
] R s o i e e e e E L 3
"] + E 15F \ =) pp-nepp-r
4 - -l»- ALICE Preliminary e 10F =
C \ pp Vs =13 TeV . E .
S High Mult. (0-0.17% INEL)_ S _L =
—8:"' R PR B B - OF.‘.':':'r'.'::'*“'ﬂ*". .
0.1 0.2 0.3 0.4 0.5 0.6 0 01 02 03 04 05 06 07 08
Q, (GeVic) Q, (GeV/c)

p-p-p: signal below O indicating a genuine three-body repulsive interaction (no =2.9)
p-p-A: signal above O indicating an attractive interaction

ALICE Run-3 data should provide statistically significant results

Calculations for the three-body scattering are needed
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Thank You
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Strong interaction between (strange) hadrons

S=0 S=-1 S=-2 S=-3 S=-4 S=-5 S=-6
NN NA, N  AA, AX, ZX, NE AE, ZE, NQ 25, AQ, 2Q ZQ QQ

- o

- Better S/N of LQCD

Raffaele Del Grande
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Strong interaction between (

strange) hadrons

S=0

NN

S=-1
NA, N2

S =
AN, AZ, XX, NE

-2 S=-3
AE, ZE, NQ

S=-4 S=
Q

[1]
m
>
Ie
I\g|
@)
[1]

5 S=-6

QQ

-

—— Argonne v, np
—— - Argonne v,; pp
~~~~~~~~~ Argonne v,; nn

= Bugg-Bryan np 92

10k ® Nijmegen np 93
© Nijmegen pp 93
© Henneck np 93
e + VPI&SU np 94
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PPP Cumulant
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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:

X1X%X3) = (X)) (X2)(X3)
+ (X1 X2), (X3) + (X1X3),. (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)
— (XiX2) (X3) — (X1 X3) (X2) — (X2 X3) (X1)
+  2(X1) (X2) (X3)

Raffaele Del Grande
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The femtoscopy technique

P(pa, pp) k* = reduced relative momentum with

Based on the correlation function C(k*) = —————
P(pa)P(pp)

C(k") = f S@ k)Y@ k)|?dr  (Koonin-Pratt equation)

Pat+p,=0

Theoretically formulated:

Source Relative wave function:
Sensitivity to the interaction potential

Source function S(7)

£ 29 _
{ - Study the C(k*) of hadron-hadron pairs
\ ] {A - in pp collisions = small particle source (~1 fm)
\ 4 /‘
""" i w(k,7)

e

D . "
Pb two particle wave function
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The femtoscopy technique

Based on the correlation function  C(k*) = ————= k* = reduced relative momentum with  pg +p, =0
P(po)P(pp)

*) = 7 1 2 Jab - )
Theoretically formulated: C(k ) - jS(T, k)llP(T, k)l dr (Koonin-Pratt equation)

Aoay |

Source Relative wave function:
Sensitivity to the interaction potential

Experimentally:

Y 2 : =
N {+— | r m
Nsame(k ) Pairs of particles from same collision

C(k*) = §(k*) ®
( ) Nmixed (k™) j—> Particles produced in different collisions
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The femtoscopy technique

Ey, Py
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The femtoscopy technique

Ey, Py
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The femtoscopy technique

Pair reference frame
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The femtoscopy technique

Schrédinger Equation:

v(r) -> ‘\p(ié*, ‘r‘)

Pair reference frame

relative wave function for the pair

Raffaele Del Grande
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