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* Not well constrained so far °
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The correlation function
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The correlation function
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The correlation function
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The correlation function
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The correlation function
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The correlation function T

MUNCHEN
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The correlation function
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Excellent PID with ALICE Detector = charged particles
measured directly with purities ~ 99%
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Raw correlation function

Includes additional background contributions
besides the one arising from genuine FSI
interaction
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Raw correlation function T

MUNCHEN

Includes additional background contributions
besides the one arising from genuine FSI
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Raw correlation function T

MUNCHEN

Includes additional background contributions
besides the one arising from genuine FSI
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Raw correlation function T

MUNCHEN

Includes additional background contributions
besides the one arising from genuine FSI
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Minijet contribution estimated with PYTHIA 8 + O {3 = High-mult. (0 — 0.17% INEL > 0)
baseline = 0.7<S;,<1.0
1.25 —
e Combinatorial background - O poDp-9
obtained from sidebands of D meson invariant mass 1.2 ;— BV C,
spectrum 115 ’:_{} ?
S = C,
- Combined to total background used to extract . 1E P
genuine correlation function from data TE e B Background model
1.05 ;—
1E
O 95 - L L L I L L L I L L L I L L L I L L L
0 200 400 600 800 1000

k* (MeV/c)

EMMI Workshop 2022 | Emma Chizzali 15



Spin averaged scattering parameters L

MUNCHEN
* Observation of attractive p—¢ interaction
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Spin averaged scattering parameters L

MUNCHEN

* Observation of attractive p—¢ interaction

» Spin-averaged scattering parameters
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Spin averaged scattering parameters L

MUNCHEN

* Observation of attractive p—¢ interaction

» Spin-averaged scattering parameters
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In medium properties Ll

MUNCHEN

e Scattering length can be related to first order

optical potential U(r) = %1 4mtp 1+:/d ~
0
1 . m 60IIII|""I""I""I""I""I""I""I""IIlII
— 47p b with b = (1+ 2
2m p oWl fO Mproton

* Real part related to mass-shift V(r) = Am

Width T [MeV]
N
o

20
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* Imaginary part related to width W(r) = -'/2
e Similar to results of E325 Collab. of Am =- (35 + 7)

MeV and I = -(7+ 4) MeV 0
+ ALICE p-¢ scatt. par.
-20 _I_ ALICE p-¢ scatt. par. (d_ =0 fm)
KEK-PS E325
—40

-100 -90 -80 -70 60 -50 40 -30 -20 -10 O
mass-shift Am [MeV]
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What we know so far
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What we know so far
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RALICE

Accessing both spin states

Work in collaboration with Raffaele Del Grande, Takumi Doi, Laura Fabbietti, Tetsuo
Hatsuda, Yuki Kamiya and Yan Lyu
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Studying both spin states Ll

MUNCHEN

4S.,, channel >’ s S T
3/2 = o _ -
 Dominated by elastic scattering states = " T ) .
* Modelled using HAL QCD potential = = —I— HAL QCD Sy, (Va=12) 3
> —100F Aoxp» M =138 MeV/c®
i Ay M =146.4 MeV/c® 2
—200 [~ : o
N combined 5
P 2 ~300 [~ - ~
I Argonne-type form factor f(r;b3) = (1 — e~ (r/b3) ) i N 0 g
il ~~. gm===== - ~400 S =
~\~~~ 'l —ome T . il
_ —(r/b:)2? 4 o e T ~500 0% 1 105 i
Viarrice(r) = 2 ae (r/b)” azmyf(r; b3) 2 r [fm] g
l=1,2 | | ' | ] ] L1
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Studying both spin states
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Studying both spin states
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4S5/, channel

. IE——— b =
——
° —

Dominated by elastic scattering states
Modelled using HAL QCD potential

V(r) [MeV]
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—200
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2-pion exchange

dominant at long ranges > 1fm
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Studying both spin states Ll

MUNCHEN

4S3/2channe| > - S T
. . . [ 0k o E—
* Dominated by elastic scattering states = » \ .
* Modelled using HAL QCD potential = = —— HALQCD °*S,,, (a=12) E
> "'"WUE Aexpr M =138 MeV/c®
e Potential at physical-pion mass 500 5 Ay M =146.4 MeV/c? E
- N combined .
L 2 300 |- o -
I Argonne-type form factor f(r; b3) = (1 — e~ ("/P3)%) i n 0 _15://‘/;% n
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Studying both spin states Ll

MUNCHEN

4S5/, channel 2S,,, channel
 Dominated by elastic scattering states e Shows signs of open channels
* Modelled using HAL QCD potential * S-wave fall-apart decay into AK (2Sy/;) and ZK (2S4/,)

* No potential available from lattice QCD yet, due to
possible effects from open channels
* Modelled using complex potential

e Potential at physical-pion mass

NN‘\ I -------
N\N”NJ —2Mg T a
Viarrice(r) = Z aie_(r/bi)z + azmif(r; b3) d - V%(T) = Viarrice, mop (1) +|i - f(r;b3) - % e‘mK””'
=12 . ' '
' ' Imaginary Part of Pot
Vsnore(1) Vor (1) Kaon exchange considered to give most significant

contribution to coupling of decay channels

Real Part of Pot

Viarrice,mop (") = B + Vsnore (1) + Var (1)
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Real Potential only in 2S,,
V%(T) = Viarricmop (1) + WT

r

* From fit to data f=(7.02 + 0.07, + 0.154)

e x2/ndf (k*<200 MeV/c) = 1.98
e f;~-1.43 fm and dy~0.7 fm
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Complex 2S,,, Potential Ll

MUNCHEN

. 4 _ .
Vi(r) = Viarricmop(r) + 1 -/ f(r; b3) - Tm o~ T

2
* Attractive real part of potential (5 > 0)

* Minimum for a;,,=0 MeV and p=7.0 Q.

 Sizable imaginary part 11

12

x2/ndf

10

-3 -2.5 -2 -1.5 -1 -0.5 0
o, [MeV]
%
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Summary and outlook

* First measurement of the p—¢ correlation function

» Attractive p—¢ interaction dominated by elastic contributions in vacuum (spin-averaged scattering
parameters)

 Study p—¢ interaction in S=1/2 using the published lattice potential for S=3/2

* Results for now suggest
 Strongly attractive potential with bound state in S=1/2
* Room for absorbtion term due to possble sizable imaginary contirbution
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Analysis details

 LHC Run 2 dataset (2016-2018)

* High multiplicity (HM) pp collisions at
Vs =13 TeV

e Excellent PID with ALICE Detector

* Proton candidates measured directly
(purity ~99%)
* ¢ meson reconstruction
* Decay channel ¢ » KTK~
* Candidates consist of

* Combinatorial background - random
combination of uncorrelated kaons
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Analysis details

 LHC Run 2 dataset (2016-2018)

* High multiplicity (HM) pp collisions at
Vs =13 TeV

e Excellent PID with ALICE Detector

* Proton candidates measured directly
(purity ~99%)
* ¢ meson reconstruction
* Decay channel ¢ » KTK~
* Candidates consist of

* Combinatorial background - random
combination of uncorrelated kaons

e Signal - real ¢ mesons
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Analysis details T

MUNCHEN
e LHC Run 2 dataset (2016-2018) > K
2 3000 |- ; R
* High multiplicity (HM) pp collisions at g r ALICE pp Vs =13 TeV (HM) -
Vs =13 TeV 0 \ | De E
L i -
: = — Background
* Excellent PID with ALICE Detector 0 " sgnal
* Proton candidates measured directly 1500 [~ :{4¢;101%i5 '\g:V/C"’—:
itv ~QQo " ield = 5.84e+ .
(purity ~99%) | 1000 |- Purity = 66.03%
* ¢ meson reconstruction - _G=144MeVic? ]
* Decay channel ¢ > KTK~ 500 - ' =
* Candidates consist of g ]
V.99

(. . ] PRI R R
1 1.01 1.02 1.03 1.04 1.05 1.06

* Combinatorial background - random
K M, (GeV/c2)

combination of uncorrelated kaons
e Signal - real ¢ mesons
e Purity of  meson candidates ~66%
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Correction for ¢ contamination Ll
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* Lack of experimental data of pure combinatorial BG Cp,_gx (k™)

* Measured signal Cp_KK,exp(k*) does not describe pure combinatorial background due to phi contamination in
sidebands

* Consists of 7% genuine p-phi (¢ = 0.07)and 93% actual combinatorial p-KK background
e Additionally MJ, BL etc.

* p—KK,exp(k*) =1-a)- Cp—KK(k*) + N (M]p—qb(k*) + BL) Q- Cgen(k*)
* Rearrange in terms of C,,_gx (k™) and
enter into equation of CF model

SN

o 1.08
1.06
1.04

1.02
**'++*+0

yt
I Cokk exp

corrected C

C

0.98
0.96
0.94

0.92
O 9 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
' 200 400 600 800 1000
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Model and correction (" tgen = 163%
| Ay_xx = 43.3% |

Original: Aftar = 10.4%

Ctot(k*) =N (M]p—qb(k*) + BL) ) (Agen ’ Cgen(k*) + Aflat ) Cflat(k*)) + )lp—KK ) Cp—KK(k*)

Modification due to lack of pure experimental data of combinatorial BG Cp,_gx (k™) :

Ceot (k™)

TUTI

TECHNISCHE
UNIVERSITAT
MUNCHEN

§ A —KK Q& N " A —KK *
=N - (M]p—qb(k ) + BL) y [(Agen — P > ) Cgen(k ) + Aflat ) Cflat(k )] + E ’ Cp—KK,exp(k )

(1-a) (1-a)

|_'_’

Data parametrized by a Data parametrized by a

polynomial of fifth order double Gaussian
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The Source

* Particle emission from Gaussian core source
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The Source

* Particle emission from Gaussian core source

* Core radius effectively increased by short-
lived strongly decaying resonances (ct = r )

* Universal source model constrained from pp
pairs (well-known interaction)
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The Source

* Particle emission from Gaussian core source

* Core radius effectively increased by short-
lived strongly decaying resonances (ct = r )

* Universal source model constrained from pp
pairs (well-known interaction)
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The Source

* Particle emission from Gaussian core source

* Core radius effectively increased by short-

lived strongly decaying resonances (ct = r )

* Universal source model constrained from pp
pairs (well-known interaction)

* Gaussian core source scales with <m;>
Feore = 0.98 * 0.04 fm

* Effects from short-lived resonances

* no relevant contribution from strongly
decaying resonances feeding to the ¢

 Sizable amount of protons from decay of e.g.
Delta resonances (only ~33% primordial
protons)

» effective Gaussian size: rqs =1.08 £ 0.05 fm
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Lednicky-Lyuboshits Model

? d 2R (k*) \ 3f(k*)
<1 0 ) VTTres s F(2k reff)_d

Analytical approach to model CF for strong final state interaction within effective range expansion

* |sotropic source of Gaussian profile S(r*)

-1
1 1
=+ 2dok? — ik*)
fo 20
* Effective range d,, and scattering length f,

* Scattering amplitude: f(k*) = (

» Spin averaged scattering parameters
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Scattering length

Different sign
convention
fo,a0=-a!

(a)

Figure 2.6: Reduced wave-function u(r) for zero-energy (k* ~ 0) as function of r for a repulsive
potential (a), an attractive potential (b) and increased attractive potential (c). The intercept of the

LY

(b)

a<(

a>0

<Y

A

a

(c)

outside u(r) with the r-axis gives the scattering length a. Figures taken from [113].
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In medium properties Ll

MUNCHEN

e Scattering length can be related to first order

optical potential U(r) = %1 4mtp 1+:/d ~
0
1 . m 60IIII|""I""I""I""I""I""I""I""IIlII
— 47p b with b = (1+ 2
2m p oWl fO Mproton

* Real part related to mass-shift V(r) = Am

Width T [MeV]
N
o

20

—1-

* Imaginary part related to width W(r) = -'/2
e Similar to results of E325 Collab. of Am =- (35 + 7)

MeV and I = -(7+ 4) MeV 0
+ ALICE p-¢ scatt. par.
-20 _I_ ALICE p-¢ scatt. par. (d_ =0 fm)
KEK-PS E325
—40

-100 -90 -80 -70 60 -50 40 -30 -20 -10 O
mass-shift Am [MeV]
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N—@ coupling constant m

MUNCHEN

* Yukawa-type of potential with real parameters

e—ar

e V(r)=-4A- -

* CF obtained numerically using CATS framework
D.L. Mihaylov et al, Eur. Phys. J. C78 (2018) no.5, 394

llillllillllillillll'll'lllllllillll'l

ALICE pp Vs = 13 TeV
High-mult. (0 - 0.17% INEL > 0)
07<8,<1.0
o p-0 @ p-¢
Yukawa-type Potential

1.5

C(k*)

-—

1.4
Strength A =0.021 + 0.009(stat.) £ 0.006(syst.)
Inverse range a = 65.9 + 38.0(stat.) £ 17.5(syst.)MeV 3

llllllllllllllllllllllllll

Illl]llll]llIlIllll]'lIllIllllIll
-

« Extraction of N—¢ coupling constant as VA 1.2 _+_
gen=0.14+0.03(stat.)+0.02(syst.) 11
* Link to Y=Y interaction ggy « )
Bov ©- Bon 1 ‘+1-¢_;"¢'*-¢_f+"0"[.o_f-o-—.
PO SN ST ST ST N T SN TN TN SN TN WY WNNN U Y TN ST T SN AT SN U U NN WY U N N NN 3
0 50 100 150 200 250 300 350 400

k* (MeV/c)
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Relativistic mean fiel model

Lyy = %(QO’*BO—* - gd)Bqub”)l/)
\ B

1 * AU % 2 __x2 1 uv 1 2 u
B+E(0Mcr oto — M ;0 )—(Z¢MV¢ —Em¢¢ﬂ¢ )

J

\

J

\

J

|

Meson-Baryon interaction
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|

Scalar meson term

|

Vector meson term
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Info on @A Coupling
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8No V3 —V2(4ay — 1)z Relate expression of
SNw V6 + (day — 1)z gont0 gyy=0.14
SAd _ \@—F 2\/5(1 — Oév)Z
INw \/6 + (4061/ — 1)Z ’
8o _ V3 —2v/2(1 —ay)z
INw \/g—l— (406\/ — 1)Z ’
8o V3 +v2(1+2ay)z
ENw \/6‘|‘(4“V_1)Z ’ %0102,
_____________________ 0'40.50607 20
\‘ 0.8 09 10 0_10'
l Weights the symmetric (D) and | e,
| anti-symmetric part (F) of the | R I \
! octet-octet interaction ! ; Ratio of meson singlet and octet |
I‘ a,=F/(F+D) ! coupling constants
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Lattice potential 4S;, m

UNIVERSITAT
MUNCHEN

* N(*S;/,) potential at Euclidean time

12,13 and 14 0f
» Attractive core, Pauli exclusion does
not operate due to no common quarks —100
* Long-ranged attractive tail, hints of —
pion dynamics % —200}
* Weak t dependence E
~—300¢
> [
>~ i , .
—400¢ s t/a=12
~500 | ° ta=13
‘ A t/a=14

Y01 ) P S R N P S '
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What about %S, ,

* Two body channels

* Time dependence of potential

* clear open channel effect in 25/, case

EMMI Workshop 2022 | Emma Chizzali
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—400 |
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TUTI
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I E— ZK (1683) i) _____ J'___I{
2g *D
1/2 3/2
Il " e G e ."'.Q":%
. Y T Vo
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® o ° ¢ o o ° e o o o o |
<« r=02[fm] 4 r=15[ml|{ B _100 _'
¢ r=05[fm] ¢ r=2.0[fm]|| = -
8 r=10[fm] % r=25[fm]/|{ T + j
X < = N N < q . + +
< —-200 .
< <« r=0.2 [fm] A r=1.5([fm]|{
D 6 r=05[fm] ¢ r=2.0[fm]|]
ZS < « 4S _ _ ]
1/2 « 3/2| m r=1.0 [fm] * r=2.5([fm]|]
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Parametrization of the 4S,,, potential Taes

; b | LI | I — I I
o e :
I — :
= 100 & E
B :
- —F HALQcD ‘s, (Ya=12) 3
=200 Aoy M=146.4 MeV/c®
-300 | :
—400 E
~500 |- E
—-600 £ L : L | =

0 0.5 1 15 > SE
r [fm]
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V(r) [MeV]

o

-100

-200

-300

-400

-500

-600
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-~
~~~,

= | E | | I T
; 3 —— HALQCD *s,, (Va=12) ]
3 Ao Me=146.4 MeV/c® 1
:= | | . | | =:|
0 0.2 0.4 0.6 0.8 1

r [fm]

2 |
I Argonne-type form factor f(r; b3) = (1 — e‘(r/bS)z) i

—2Mgr

(v /h2
Viarrice(r) = Z a;e~ /P07 + azmi f(r; bs) 2

i=1,2
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Pionmass variation T

MUNCHEN

* Pion mass of 146.4 MeV used in
lattice calculations unphysical < ARERL R AR
—> leads to larger scattering %’ 0 —J— e —
parameters —~ : —I— HALQCD ‘s, (ta=12) -
* To estimate potential at physical < —-100 = Ao M =138 MeV/c? -
pion mass: B Aexor M =146.4 MeV/c®
* Fit of lattice potential performed —200 |~ corbinad .
using pion mass of 146.4 MeV N =
* Changing pion mass to the —300 | . —
isospin-average of 138.0 MeV, E = a
while potential parameters 00 E = =
remain fixed from fit to data B = :
_500 300 1 105 =
r [fm] B
_600 B S SR N | | NI T (S ) [T e T T [ |J
0 0.5 1 1.5 2 2.5 3
r [fm]
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Scattering parameters

» Scattering parameters extracted from phase-shift using effective range expansion

1 1

k* cot 5()(](*) — — + —dok*z + O(k*4)

k*—0 fo 2
- f,~-1.43 fm and d,~0.7fm

* Strongly attractive potential with repulsive scattering lenght and small d,

—> possible N bound state in S=1/2 with E; ~ 18-30 MeV

* Predicted by theory E; < 10 MeV

EMMI Workshop 2022 | Emma Chizzali

Eg

- pd§

1—J

1+2dO
fo

1
2ufy

TUTI

TECHNISCHE
UNIVERSITAT
MUNCHEN

51



