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Motivation

* Predicted by various
theoretical calculations

* No experimental evidence

e Standart method of invariant
mass measurment not yet
available

* Accessible by studying
interaction among
constituents

Image: ALICE collaboration
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System Eg[MeV]

QCD Van der Waal using Yukawa type Potential® ¢N 1.8
Chiral quark model? ¢N 3.0
Monte Carlo study of ¢ photoproduction from nuclear targets®> ¢N 2.5
Quark delocalization color screening model* ¢N 0.3-8.8
Unitary coupled-channel approximation anchored to ALICE pp N 9.0
scattering data®
Phenomenological potential+variational method® ¢N 9.3/9.23
¢NN 10.0/17.5
Phenomenological potential+variational method”’ ¢N 9.5
¢NN 39.8
dONN  124.6




What we know so far

* ¢N interaction not well

constrained so far e
 —

o avoid theoretical
uncertainties/conventions, no
- Sign
- extract spin contributions
- separated Re/Im

4
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QCD Sum Rules [Koike, Hayashigaki]} LEPS

QCD Sum Rules [Weise, Kaiser] ¢ ALICE
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The correlation function

C(k™) =
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The correlation function T
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The correlation function
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The correlation function
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d*7" < 1 Bound state

Nsame(k*) _ . _>*
Nmixed(k*) B j |1P(k
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experimental definition theoretical definition
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Relative momentum k™ = 5 | p1 —p5 landp; +p, =0
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The ALICE measurement
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High multiplicity (HM) pp collisions at Vs = 13 TeV
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The ALICE measurement m
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‘ High multiplicity (HM) pp collisions at Vs = 13 TeV

b ——
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The ALICE measurement

_

~————

¢\

MUNCHEN

ALICE

eeeeeeeeeeeeeeeeeeeeeeeeeeeee



The ALICE measurement Ll

MUNCHEN
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- — Signal 7] —-----------
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1000 [ Purity =66.03% -] ‘
- c=144MeVic? - |
500 [— = |
; | | N L ] I
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04 105 106 ~eno
M, (GeV/c2) v BR~50%
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The ALICE measurement
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Excellent PID with ALICE Detector = charged particles
measured directly with purities ~ 99%
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Spin averaged scattering parameters oo

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

* Spin-averaged scattering parameters
extracted by employing the analytical
Lednicky-Lyuboshits approach

rrrrrrprrrrprrrrrrrrrrrrrrprrrrp T
ALICE pp ¥s =13 TeV
High-mult. (0 — 0.17% INEL > 0)
0.7<8.<10

1.5

C(k™)

1.4
* Imaginary contribution to the scattering

. . C o ®p
length f, accounts for inelastic channels 13F .<I. P+ OPo
- Lednicky-Lyuboshits model

\

-
R(fo) = 0.85 £ 0.34(stat.) + 0.14(syst.) fm 1.2 [ _*_ dy=7.85+1.54 (stat) £ 0.26 (syst.) fm
3(fp) = 0.16 £ 0.10(stat.) = 0.09(syst.) fm H(p =055 £0.34 (stat.) £ 0.14 (syst.} Tm
d, = 7.85 + 1.54 (stat.) + 0.26(syst.) fm 1.1 3(f,) =0.16 + 0.10 (stat.) + 0.09 (syst.) fm

\. y,

’] — N gL =0 7 —O— e

* Elastic p—¢ coupling dominant contribution to
the interaction in vacuum S TS PP TP PP PR IR B
0 30 100 150 200 250 300 350 400
k* (MeVi/c)
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Lattice Calculation o
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| e | e | 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 |
c N ]
bual — T -
— ¢ QCD Van Der Waal ¢ CLAS
c_tso' i QCD Sum Rules [Koike, Hayashigaki]} LEPS
10 E_ QCD Sum Rules [Weise, Kaiser] ¢ ALICE _E
@SN EEN NN NN BN BN NN NN BN BN BN NN BN M N N M Sy, : T . 1 :
. . \ ¢ Lattice QCD
[ To avoid theoretical 1 - ]
: uncertainties/conventions, no : i ° Hadrons to Atomic nucle
I - Sign : 5:3/% H A
I - extract spin contributions : 1E
\ - separated Re/Im ! -
T ¢ - ALICE
B S-averaged
H. Gao, T.S.H. Lee & V. Marinov, Phys Rev C 63 (2001) 022201
Y. Koike & A. Hayashigaki, Prog Theor Phys 98 (1997) 631 B * ° 7
IS, L. Pentchev, & A.l. Titov, Phys Rev C 101 (2020) 1 0_1 — —
W.C. Chang et al, Phys Lett B 658, 209 (2008) - l | | | | é l -
S. Acharya et al, Phys. Rev. Lett. 127 (2021) 172301 e —————————
Yan Lyu et al., Phys. Rev. D 106 (2022) 074507 1 995 2000 2005 201 O 201 5 2020 2025

Year
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Lattice potential 4S,, il
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 First simulation of the N-¢ system in large lattice
volume = (8.1 fm)3 and lattice spacing a = 0.08 fm
Hadrons to.j\t?_m’ig n\uglei N ) 4S
H A = | ¢ (*S3/,)
- 'froirr.w’sz'a -dCD E. [ i
~ ~—300}
e Light dynamical quarks near the physical point < f b
—400 t/a=12
Hadron Lattice [MeV] Expt. [MeV] [ +
. 146.4(4) 138.0 500 e t/a=13
K 524.7(2 495.6
p 1048.0E4§ 1019.5 : s t/a=14 .
N 954.0(2.9) 938.9 00 b ]

0.0 0.5 1.0 1.5 2.0 2.5 3.0
* Attractive core = Pauli exclusion principle does not r [fm]
operate due to no common quarks

* Long-ranged attractive tail, hints of pion dynamics fo = 1.431555(stat. ) f3e(syst.) fm

dy = 2.361010(stat. )¢S (syst.) fm

*
EMMI Workshop | Raffaele Del Grande At unpysical masses, for physical mass estimated to be f;~1.25 fm and dy~2.49 fm 16



Lattice Calculation
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[ To avoid theoretical :
: uncertainties/conventions, no

: [
| -sign .
: - extract spin contributions :
i - r Re/Im !
SeparatedRe/im _

H. Gao, T.S.H. Lee & V. Marinov, Phys Rev C 63 (2001) 022201
Y. Koike & A. Hayashigaki, Prog Theor Phys 98 (1997) 631

IS, L. Pentchev, & A.l. Titov, Phys Rev C 101 (2020)
W.C. Chang et al, Phys Lett B 658, 209 (2008)

S. Acharya et al, Phys. Rev. Lett. 127 (2021) 172301
Yan Lyu et al., Phys. Rev. D 106 (2022) 074507
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~ ¢ QCD Van Der Waal

-

$ cLAs

¢ QCD Sum Rules [Koike, Hayashigaki® LEPS

E_ QCD Sum Rules [Weise, Kaiser] § ALICE _E
- ¢ Lattice QCD .
: o Hadrons to Atom nuclei
TP H A L »
] @t
- ALICE Only spin 3/2
o S-averaged channel of
B § interaction in
— 2 ‘3> N 1 ‘1>
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Studying spin dependent interaction i
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4S,/, channel > - S
: -/ : o ofF —
 Dominated by elastic scattering states = E =T ) "
* Modelled using HAL QCD potential = = _I_, HAL QCD “S,, (/a=12) =
> "V E Aepy M =138 MeV/c?
500 = Agxpy M =146.4 MeV/c®
- N combined .
P 2 ~300 [~ R ~
I Argonne-type form factor f(r; b3) = (1 — e~ (r/b3) ) i N 0 5
e maiaietetetett ~~. gm===== . ~400 - = =
N\N I ]
—(r/b;)? 4~~" e~ Mn’ ~500 0% es 1T 105 i
Viarrice(r) = 2 ae Y+ agmyf(r; bs) T2 r [fm] .
i=1,2 I | L | |
—600
0 0.5 1 1.5 2 2.5

q -~
ElN
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Studying spin dependent interaction
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4S5/, channel > oF A ! | ! 3
 Dominated by elastic scattering states = . B \ "
* Modelled using HAL QCD potential =D = —I— HAL QCD “S,,, (t/a=12) E

> - B A, m =138 MeV/c? .
200 » Aexpr M =146.4 MeV/c®
- N combined .
PO o ~300 |- D —
I Argonne-type form factor f(r;b3) = (1 — e~ (/b3) ) i : 0 5
fmmmmm e S~ ',t """ - —400 S e
Sso d —2m i _
e n’ 30

. b _500 0.95 1 1.05 |
Viarmice(r) = ) aie” /70" 4 agmif (r; b) ——5— 3

1=1,2 _ e N T 1 | i
‘ Y ' 000 0.5 1 15 2 2.5 3
Vshore (1) \ J r [fm]

Short range attraction
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Studying spin dependent interaction oo

4S5/, channel

 Dominated by elastic scattering states
* Modelled using HAL QCD potential

V(r) [MeV]

~~~~~\ "l ------ -’
5 TS J —2MygT
Viarrice(r) = 2 ae” /P07 4 azmf(r; by) T2
i=1,2
\ J )
Y Y
Vshort (T‘) VZn(r)
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-100
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— L
—
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Ao, M =146.4 MeV/c?
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>
=
—400 S
_500 0%es 1 105
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2-pion exchange
dominant at long ranges > 1fm
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Studying spin dependent interaction i
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4S5/, channel §2-5:""""""""""""""":
« Dominated by elastic scattering states O ) PP Vs =13 TeV ]
« Modelled using HAL QCD potential 2 High-mult. (0 -0.17% INEL>0) 7
C 07<5,<1.0 ]
* Potential at physical-pion mass C O ALICEp-¢®p-9 i
1.5 — Cap -
i' """"""""""""""""""""" | E -+- —0— 1 E
I Argonne-type form factor f(r bs3) = (1 — e‘(r/b3)2) i 1 FTOTt —o—f =0— 3 0= Ot —o—
U o o o e SO == ———— B N
Ssao I - i
b S~ e 2MnT 0.5~ .
Viarrice(r) = 2 a;e” /0% + aami f (r; bs)— - ]
| i=1 2 ' l ' B L L L l L L L L l L L L L l L L L L l L L L L l L L L L l L .
Y Y 0 50 100 150 200 250 300
Vshort (1") VZn(r) l ’ k* (MeV/c)
* * —>>x< 2 3 2%
C(k*) = k*, )| da°r
—” - \\
- S
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Studying spin dependent interaction

4S5/, channel T 20
 Dominated by elastic scattering states S
* Modelled using HAL QCD potential 2
e Potential at physical-pion mass
1.5
e i
I Argonne-type form factor f(r;b3) = (1 — e‘(r/b3)2) i 1
e e e e e e e e e NNNNN " ------ =
, ~~ed p—2Mn T 0.5
Viarrice(r) = 2 a;e”"/P0" + azmif (r; bs) —z
i=1,2
\ J J
| |
Vshort (1") VZn(r)
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L L L L L L
B pp Vs =13 TeV 5
C High-mult. (0 - 0.17% INEL >0) ]
N 07<5,<1.0 i
- o ALICE p-¢ ® p-¢ i
[ _+_ Cyp ]
R .
— t =0~} —@— f —O—  —O0— I —O0— I —o— —
s (%'03/2"'51'01/2) _
B 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 .
0 50 100 150 200 250 300

k* (MeV/c)
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Studying spin dependent interaction i
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Yan Lyu et al., Phys. Rev. D 106 (2022) 074507

~Jd e—Zmnr . ] : Z _
Viarrice(r) = Z aie_(r/b")z + agmyf(r; bs) — V%(T) = Viarrice, mop(r) +1 -/ f(r; b3) - € Mg
i=1,2
\ J \ J
| 1
Vshore (1) Vor (1)

Yan Lyu et al., Phys. Rev. D 106 (2022) 074507
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Studying spin dependent interaction i
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Yan Lyu et al., Phys. Rev. D 106 (2022) 074507

~Jd e—Zmnr . ) . Z B .
Viarrice(r) = Z a;e” (/b 0% 4 asmaf(r; bs) —z V%(T) = Viarrice, mop (1) -ll' i -y f(r;b3) - € mg T |
i=1,2 |
\ J \ J .
T Y Imaginary Part of Pot
Vsnort (1) Var(7) Kaon exchange considered to give most significant

fenberal, s Few DROs 2022 078507 contribution to coupling of decay channels
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Studying spin dependent interaction T
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4S5/, channel 2S,,, channel
 Dominated by elastic scattering states e Shows signs of open channels
* Modelled using HAL QCD potential * NK(?Sy1/2), ZK (2S1),)

* No potential available from lattice QCD yet, due to
possible effects from these open channels
* Modelled using complex potential provided by Dr.

e Potential at physical-pion mass

! 2 Yuki Kamiya
I Argonne-type form factor f(r;b3) = (1 — e~ (r/b3) ) E
e e e e e e e e ———— NNNNN 'l’ -------
~~~\l —2MmyT ]/
e . . ] - .
Viarrice (1) = Z al.e—(r/bi)2 + azmif(r; b3) 3 V%(T) = Viarrice, mon (1) ‘l|‘ i -+ f(r;b3) € KT '
L 1=12 J \ J '
T | Imaginary Part of Pot
Vshore (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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Studying spin dependent interaction T
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4S5/, channel 2S,,, channel
 Dominated by elastic scattering states e Shows signs of open channels
* Modelled using HAL QCD potential * NK(?Sy1/2), ZK (2S1),)

* No potential available from lattice QCD yet, due to
possible effects from these open channels
* Modelled using complex potential provided by Dr.

e Potential at physical-pion mass

: 2 Yuki Kamiya
I Argonne-type form factor f(r;b3) = (1 — e~ (/b3) ) E
e e e e e e e e ———— NNNNN 'l’ -------
_ by o, ermar Vi(r) =V ) +i -Jf@iby) - L emmeT
VLATTICE (T) = ae v+ a3mn'f(r; b3) rz 5 LATTICE, MOD . '3 T f
\ 1=12 J \ J '
T J Imaginary Part of Pot
Vshort (1) Vor (1) Kaon exchange considered to give most significant

contribution to coupling of decay channels

Real Part of Pot

Viarrice, Mmoo (™) = B+ Vsnore (1) + Vor (1)
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Studying spin dependent interaction el
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4S5/, channel 2S,,, channel
 Dominated by elastic scattering states e Shows signs of open channels
* Modelled using HAL QCD potential * NK(?Sy1/2), ZK (2S1),)

* No potential available from lattice QCD yet, due to
possible effects from these open channels
* Modelled using complex potential provided by Dr.

e Potential at physical-pion mass

: 2 Yuki Kamiya
I Argonne-type form factor f(r;b3) = (1 — e~ (/b3) ) i
e e e e e e e e e ~~~~~ "’ -------
_ by o, ermar Vi(r) =V ) +i -Jf@iby) - L emmeT
VLATTICE (T) = ae v+ a3mn'f(r; b3) 7"2 5 LATTICE, MOD . '3 T f
\ 1=12 J \ J '
T J Imaginary Part of Pot
Vshort (1) Vor (1) Kaon exchange considered to give most significant

contribution to coupling of decay channels
\ J

Y o o i i e
I 1
Real Part of Pot QE Cl(ﬁ,zy) (k") i
Viarrice, mop(r) = B+ Vsnore (1) + Vor (1) bmmmmmm e '
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Studying spin dependent interaction

1S3/, channel

\

?S,/, channel
J

cB)

mode

|

(k) = 2C35(k) + 2 €0 (k)

1/2

X2 minimization to find best fitting (8,y) in k* < 200 MeV /c to describe the ALICE data
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Studying spin dependent interaction i
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1S3/, channel ?S,/, channel

\ J
|

[ )= 2050k + 287 k)

;—\ 2_5 [ L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] i
% " pp Vs = 13 TeV .
o High-mult. (0 - 0.17% INEL>0) 7
" 07<5,<1.0 ]
- o) ALICE p-¢ ® p-¢ ]
1.5 F Cyp —
- B c =-{2cC . .
n model (3 et N Uncertainties:
T 7 - fit range
F 2= 6.87 (Tla _ 1_77) - - Lattice potouncertamtles
0.5 5 —70 (stat )*02(syst.) - - source radius
Ly =0.0239(stat. )1 0(syst ) ]
B L L l L L l L L l L L l L L L L l L L L L I L N
0 50 1 00 1 50 200 250 300
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Complex 2S,,, Potential m
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Y .
Vi(r) = VLATTICMOD(T) +1i - f(r;b3) - € My T

‘m
C,S
>

)

S

Y
ﬁ
-’/
_|_
N
)

N\
ﬁ
-/
B

* Best fit to data obtained for attractive potential
* B =7.0553(stat. ) Ig5(syst.)
o ¥ =0.0%39(stat.)*59(syst.)

attractive

* Repulsive potential (B<0) excluded by over 3o

* Within uncertainties room for inelastic
contributions expected by theory

repulsive

EMMI Workshop | Raffaele Del Grande Imaginary Pot restricted to y<O (attractive) to model absorption processes 30



Complex 2S,,, Potential m
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Y .
Vi(r) = VLATTICMOD(T) +1i - f(r;b3) - € M T

o = R
_____________________ E 200 104 'E
~ T —
- Best fit to data obtained for attractive potential 3 100 - 0.2 =
+ B =7.0%5(stat.) 3 (syst.) =, : @
* ¥ =0.0I53(stat. ) 153 (syst.) = O T 0 o
>
* Repulsive potential (B<0) excluded by over 30 o —100F L=
* Within uncertainties room for inelastic B _o00 -
contributions expected by theory = A
_300 - 83/2
= Real contribution S,
~-400 Imaginary contribution S,
- " Gaussian Source r, = (1.08 = 0.05) fm
-500 [
=1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 0.5 1 1.5 2 2.5 3
r [fm]
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_ “To avoid theoretical \
S Catte rl n a ra m ete rs Of 2 S I uncertainties/conventions, no : FECHNISCHE
1 /2 : - S|gn I UN%E(?&‘TEAI\TJ
| - extract spin contributions :
: \ - ted Re/!

* Scattering parameters of S=1/2 _ wawraelieln - d
extracted from phase-shift c C ! ! ! ! ! F
using effective range = " ¢ QCD Van Der Waal CLAS 7
expansion s C . . 7

© ¢ QCD Sum Rules [Koike, Hayashigaki® LEPS
10 &= . . —
= QCD Sum Rules [Weise, Kaiser] ¢ ALICE 3
R(fo) = —1.47%537(stat. ) 1017(syst.) fm | F | : | =
3(f,) = 0.00+928 (stat.) *013(syst. ) fm - Lattice QCD This Work _
R(dy) = 0.37F505(stat. ) )93 (syst.) fm - ° -
3(do) = 0.00%g02(stat. ) Tgoa(syst.) fm || % { _
- ALICE .
_ B S-averaged i
H. Gao, T.S.H. Lee & V. Marinov, Phys Rev C 63 (2001) 022201
Y. Koike & A. Hayashigaki, Prog Theor Phys 98 (1997) 631 - -
¢ °
-1 L —_
W.C. Chang et al, Phys Lett B 658, 209 (2008) 1 O - =
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Complex 2S,,, Potential

* Cy/(k*) <1 (“repulsive”-type with negative
scattering length Re(f,))

* attractive °S,,, potential

— FIRST EVIDENCE of a bound state in S=1/2
channel

* Variation of the form of the potential does not
affect the results of the analysis
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Bound state T

MUNCHEN

 Estimation of binding energy E; for S=1/2

* Scattering parameters

p
Ep= — (1— 1+2d—°)—136—920MeV
B™ 2ua fo ' .

\_

* Schrddinger Equation
Ep = 14.7—-56.6 MeV

* Results compatible/larger than theory predictions

 Sizable binding energy predicted by theory

* Egnupto 10 MeV
* Even larger for A-Body systems (Egny Up to 40 MeV, Egenn up to 125 MeV)
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Summary and outlook

* Bound state study via correlation analysis
* Experimental p—¢ correlation function by ALICE

* Published lattice potential for S=3/2

* Spin S=1/2 component of interaction extracted for the first time

e Strongly attractive potential, supporting a bound state
* Room for absorbtion due to sizable imaginary contirbution to the potential

* Motivation for
* Further bound state studies using correlation approach
* Invariant mass analysis of possible decay products of the $N bound state
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What about S, ,,

* Two body channels

* Time dependence of potential

* clear open channel effect in 25, ,

case

* No lattice Potential available at the

moment
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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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Raw correlation function

Includes additional background contributions
besides the one arising from genuine FSI
interaction

1.15
1.1
1.05

0.95
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Raw correlation function T

MUNCHEN

Includes additional background contributions
besides the one arising from genuine FSI

G 1.15
/ / 1.1
o bt
EQ]E ] L h] EOIO{-O-:
/@ 1 o :-O-iO’EOfO{QtOIOiOIOiOfOJﬁO]:QI
=

interaction i\ 1 4 F T T T I T T T I T T T I T T T I T T T
* Non-femtoscopic background \% 1.35 ALICE pp Vs = 13 TeV
Minijet contribution estimated with PYTHIA 8 + O 13 = High-mult. (0 — 0.17% INEL > 0)
baseline - 0.7<S,<1.0
1.25 —
= O pP-¢Dp-¢
1.2 :
’:_%) Bl Y Co

<

m _ L1 ] " | ] ] ] ] ] ] ]
0-95 400 600 800 1000
k* (MeV/c)

o
N
o
o
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Raw correlation function T

MUNCHEN

Includes additional background contributions
besides the one arising from genuine FSI

interaction :; 1 4 F T T T I T T T I T T T I T T T I T T T
* Non-femtoscopic background \% 1.35 ALICE pp Vs = 13 TeV
Minijet contribution estimated with PYTHIA 8 + O 13E High-mult. (0 - 0.17% INEL > 0)
baseline = 0.7<S;<1.0
_ _ 1.25 —
e Combinatorial background - o p—9®Dp-¢
obtained from sidebands of ¢ meson invariant mass 1.2 B VC,
1.15 F c
A - P
1.1 :—E¢]
105 E_ LO1
— |:§:|E T (O EO-]EOIO}O:
1 2 EOiO]r010%01010::0:0:@;0’:0:‘01
0_95'...| N R B B
0 200 400 600 800 1000
M(KK) [MeV/c2] k™ (MeV/c)
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Raw correlation function T

MUNCHEN

Includes additional background contributions
besides the one arising from genuine FSI

interaction :; 14 F T T T I T T T I T T T I T T T I T T T
* Non-femtoscopic background 21351 ALICE pp Vs =13 TeV
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 p-¢®p-¢
obtained from sidebands of ¢ meson invariant mass 1.2 ;— BV C,
spectrum 115 ’:_{} ?
g = 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)
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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)

* 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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Correlation function and bound states

e Correlation functions can be used to study the existence of bound states

* Interplay between system size and scattering length can lead to a size-dependent modification of the

correlation function in presence of a bound state
Correlation function

- _2d dt —

2 \/7_'(' 0 xr 2

1 2y [* et”—4a” (1-— 6_4‘”2)]

R= source size
g= invariant relative momentum
ap= scattering length

0 0.5 1 1.5 2
qR
Y. Kamiya et al. arXiv:2108.09644v1
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What about %S, ,

* Two body channels

* Time dependence of potential

* clear open channel effect in 25/, case

EMMI Workshop | Raffaele Del Grande
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Two Pion Exchange

TUTI

TECHNISCHE
UNIVERSITAT

MUNCHEN
* Non-perturbative gluon exchange expected to appear
in the form of the TPE at long distance
1600 —————F— T T
» Spatial effective energy fitted to lattice data i " om
nm
> _ In[-V(r)r?/q] _ : 8 t/a=12 ]
N - 8 A t/a=14 |
Q é ]
z L O
— 800Ff
b !
k3
i i
400
O++JJJJJLLLLLLLLJJJJ
0.0 0.5 1.0 1.5 2.0
r [fm]
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TUTI

Parametrization of the 4S,,, potential Taes
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Pionmass variation T

MUNCHEN

* Pion mass of 146.4 MeV used in
lattice calculations unphysical < ARERL A R
—> leads to larger scattering %’ 0 g e — —
parameters —~ —I— HALQCD ‘s, (ta=12) -
* To estimate potential at physical < —-100 = Ao M =138 MeV/c® -
pion mass: E Aexor M =146.4 MeV/c®
* Fit of lattice potential performed —200 |~ obinag o
using pion mass of 146.4 MeV n &
* Changing pion mass to the —300 |- N —
isospin-average of 138.0 MeV, E = :
while potential parameters 100 E = -
remain fixed from fit to data B = :
_500 300 1 105 s
r [fm] 8
_600 T N N S | | NI S [ i [ R o e e P |J
0 0.5 1 1.5 2 2.5 3
r [fm]
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Potentials

At 12 - V(1) [MeV - fm?]
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Potentials

* Removing the short range part
of the potential the result does

S — I I I | I H
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Total (%-281,2+%-483,2

Potential Fit results Scatt length S=1/2
S=1/2 S=3/2 min x> B Y Re(f0) Im(fO)
standard standard 6.8 7.0 0.0 -1.47 0.00
standard a1=0 5.0 6.8 0.0 -1.63 0.00
a1=0 a1=0 5.1 10.2 0.0 -1.66 0.00
a1=0 standard 6.9 10.4 0.0 -1.56 0.00
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Potentials

 Removing the short range part of the potential the result does not change
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]
.

y<0 - Imaginary Pot
restricted to be attractive to
model absorption processes
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