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ALICE

Outline

ALICE experiment at the LHC

Used datasets:
- pp 13 TeV: 15-108 MB events
- pp 13 TeV: 15-108 High-Mult events
- p-Pb 5.02 TeV: 6.0-10® MB events

Tracking and PID:
- Inner Tracking System (ITS)
- Time Projection Chamber (TPC)
- Time Of Flight (TOF)

“Non-traditional Femtoscopy”
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Study of hadron-hadron correlations
of pairs from small sources:
pP-p, p-K'7, p-A, A-A, p-2°, p-5, p-@

Reconstruction of hyperons
- A—pn (BR ~ 64%)
- X%>Ay (BR ~ 100%)
- E—An (BR ~ 100%)
- Q—AK (BR ~ 68%)

Otén Vazquez Doce (TUM) m

Hadron physics
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ALICE

Outline

TUTI

ALICE experiment at the LHC

Used datasets:
- pp 13 TeV: 15-108 MB events
- pp 13 TeV: 15-108 High-Mult events
- p-Pb 5.02 TeV: 6.0-10® MB events

Tracking and PID:
- Inner Tracking System (ITS)
- Time Projection Chamber (TPC)
- Time Of Flight ( )

“Non-traditional Femtoscopy”
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Study of hadron-hadron correlations
of pairs from small sources:
pP-p, p-K'7, p-A, A-A, p-2°, p-5, p-@

Reconstruction of hyperons
- A—pn (BR ~ 64%)
- X%>Ay (BR ~ 100%)
- 2—=An (BR ~ 100%)
- Q—AK (BR ~ 68%)

Hadron physics

Study the interaction of hadrons with
strange content.

Models are constrained by data with limited
precision

Experimental difficult with strange particle
beams: Scattering data, hypernuclei, search
for bound states, exotic atoms, etc.

Femtoscopy with ALICE delivers precise
data in the low momentum range region not
accessible with other approaches
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ALICE

p-Q femtoscopy p-Kfemtoscopy

e Experimental study on the interaction between a e Fundamental problem in the strangeness sector of

proton and a multi-strange baryon hadron physics

e Lattice QCD simulations predict an N-Q interaction e Models are constrained by the (rather imprecise)
attractive at all distances scattering data above threshold and by SIDDHARTA data
— leading to the possible existence of a NQ di-baryon at threshold

e No Q beams, no hypernuclei... e Extrapolations below threshold differs for models
— for p-Q interaction femtoscopy is the only describing the scattering data.
experimental method!



%) proton-Kaon and proton-Omega femtoscopy with ALICE
ALICE

Femtoscopy as a tool for studying h-h interactions
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ALICE
Femtoscopy as a tool for studying h-h interactions

P (Pa; pb) k* = reduced relative momentum with E‘i + Elf =0

P(po)P (Py)

Based on the correlation function C(k*) =

Mesrsscaly omulated: € (k°) = | S WG, )1 dF

Source Relative wave function: I

Sensitivity to the interaction potential

A1oayy,

Source function S(7)

’’’’’

7 @

{ Pa Study the C(k*) of hadron-hadron pairs

'\\ / r&\. in pp collisions = small particle source (~1 fm)
4 ’

4 '/‘
3 Wk,
pb\ k.7 :

two particle wave function
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ALICE

Femtoscopy as a tool for studying h-h interactions

_—

P(_" _b\) * — 3 . * *
Based on the correlation function C(k*) = fa p_ k* = reduced relative momentum with pg +pj, =0
P(pa)P(pp)

Theoretically formulated: C(k*) = f S(?, k) |1/J(1_"), k) |2 dr

saurce Relative wave function:
Sensitivity to the interaction potential

N k*
Experimentally: C(k*) = W same ( *)
NMixed(k )

Generally, the experimental correlation function accounts for the genuine
correlation and it is affected by residual correlations and finite momentum resolution.

JuowrIadxq
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Setting the source

Ansatz: in small collision systems the source is similar for all baryon-baryon, baryon-meson pairs

The characteristics of the source are determined from femtoscopic analysis of the p-p correlation:
Assume a p-p known interaction — determination of the source size

— Coulomb + Argonne v (fit)

e Consider <m > dependence of the source O R Prefiminary
due to collective effects © op 15 =13 TeV
Ein High Mult. (0-0.072% INEL)
e Effect of strong short-lived resonances . Gaussian + Resonance source
computed for all hadrons 25 ol ppOpPp

-
(&)}

o||||||||||||

200 300
k* (MeV/c)

2y

—_

PR TR T S N TN T SN S [N TN TN SO SO (NN SR SR SO W

50 100 150 200
k* (MeV/c)
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ALICE . h
’5‘13 SRR N R LR For p-Q in pp High-Multiplicity events: )
= ALICE Preliminary Parametrization with exponential law core =& - <M;>"+C
842 pp \s=13TeV - Fit parameters: a€[0.65,0.83]

High-Mult. (0-0.072% INEL) be[-1.2,-2.2]

c€[0.36,0.66]

= p-p (AV18)
= p-A (NLO)
Blr..=a <m>"+c
3o fitto p-p

The p-Q source is determined given the pair <m>:
p-Q: r _=0.73+0.05fm

core

For p-K in Minimum-Bias pp collisions:

Gaussian source, with the radius fixed from the simultaneous
fit to p-p, p-A and A-A femtoscopic data:

il v e Vo P n BT o PP e B o PR i g s ®r v~ lopey = 1.13 fm

1 12 14 16 18 2 22 24 26 er,., =118 fm
m; (GeV/C?)  ALICE Collaboration, Phys Rev. €99 (2019) no.2, 024001 arXiv:1805.12455 [nucl-ex]
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K-p femtoscopy: The KN interaction

e K'pinteraction is well established

e Kp features a strong attraction
o appearance of the A(1405) below threshold
o  A(1405): antiKN-Xx molecular state

ST N(1405) KN

| Y | :

27 MeV Energy

12
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K-p femtoscopy: The KN interaction

K'p interaction is well established

Kp features a strong attraction
o appearance of the A(1405) below threshold
o  A(1405): antiKN-Xx molecular state

e K'pscattering data and kaonic hydrogen data used to constrain the amplitude below threshold

’E‘ 250
g
175} 200
Experiments: A(1405)—2n g & oI\ scattering data
S|«
(9]
.g ; 100 l
g Ilﬁ 50
< T o
M 50 100 150 200 250
P, [MeV/c|

ST /\( 1 405) KN Y- Ikeda, T. Hyodo, W.Weise, Physics Letters B 706 (2011) 63

| Y | :

27 MeV Energy
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K-p femtoscopy: The KN interaction

K'p interaction is well established

Kp features a strong attraction
o appearance of the A(1405) below threshold
o  A(1405): antiKN-Xx molecular state

e K'pscattering data and kaonic hydrogen data used to constrain the amplitude below threshold

Experiments: A(1405)—Xn | | &

150 200 250
Py [MeV/c|

ST /\( 1 405) KN Y- Ikeda, T. Hyodo, W.Weise, Physics Letters B 706 (2011) 63

| Y | :

27 MeV Energy
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K-p femtoscopy in pp collisions

ALICE Collaboration, arXiv:1905.13470[nucl-ex]

£ S S S B N N A A A e e | L o |

§
0.9 .
o8f /1 =
07 /% ALICE pp V5= 13 TeV 3
062 ro=1.18+£0.01£0.12 fm

i ; A =0.61%0.06 ]
05 + K'poKp E
0alb [|Coulomb 3
- E [/ Coulomb+Strong (Jillich Model)

|- P L L ! L

2 0.2F . .

o
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8-0.2 B

0 50 100 150 200 250
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- K'p correlation used as a benchmark to study Kp
- S, > 0.7 selection removes mini-jet background

Jiilich meson exchange model: Eur.Phys.J. A47 (2011) 18
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K-p femtoscopy in pp collisions

ALICE Collaboration, arXiv:1905.13470[nucl-ex] U ERRES EAEEN EEES S EILEEY REERN EE
PN OSSR ;‘72-6; ALICE pp Vs = 13 TeV = Kyoto Model: Phys. Rev. C93 no. 1, (2016) 015201
x ; S F i [N .
3 1: . 24 ro=1.18+0.01% 0.12 fm 3 Jiilich Model: Nucl. Phys. A981 (2019)
09f 1 22 - + =
08 E Zﬂ A ,0'64; 0:0% 1 = Bump close to the K°n
' N ] A ¢ Kp@Kp 1 threshold—(58 MeV/c in CM frame)
07 ALICE pp Vs =13 TeV 3 1.8 []Coulomb 4]
06 ro=118+0.01£0.12 fm . ’ Gi » Coulomb+Strong (Kyoto Model) 7
' A=0.61+0.06 1 “E \®  [7]Coulomb+Strong (Jillich Model) ]
057 + K'p@Kp E 14E \.’\; E
4 ] = 0] N
04F ['] Coulomb 3 1.2E \&% s’ Tl
035_ [/ Coulomb+Strong (Jillich Model) 1E e E
|- P g L i i e F ]
20'2“ ' ' E _0'8:1_.‘.AIO..T‘<.$T.T.1.1,,1.1.‘”1._:
L 0.0 [ e e A 3 0.4f - : ; : ]
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g o2f ' ' E ® 02 ]
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. =] E
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0-0.4F

Jiilich meson exchange model: Eur.Phys.J. A47 (2011) 18 0 50 100 150 202* (M§\5/9C) 16
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K-p femtoscopy in pp collisions

ALICE Collaboration, arXiv:1905.13470[nucl-ex] :‘2 RERES EALERE RERNS EREEE LER R EX
R SIS S L T (i;' -6: ALICE pp Vs=13 TeV 1 Kyoto Model: Phys. Rev. C93 no. 1, (2016) 015201
x - bha - ] e 1: .
3 1 o 24 ro=1.18+0.01% 0.12 fm 3 Jiilich Model: Nucl. Phys. A981 (2019)
0.9 1 22 - + =
b E A h ,0'6‘:(; . 1 = Bump close to the K’n
F _ E A ¢ Kp@KE 1 threshold—(58 MeV/c in CM frame)
07F [ ALICE pp Vs =13 TeV 3 1.8F @ []Coulomb 4]
o GZ ry=1.18+0.01£0.12 fm ] 1 Gi Coulomb+Strong (Kyoto Model) 3 | . .
Chg A =0.61+0.06 ] - 7| Coulomb+Strong (Jilich Model) | F1T'St .eXperlmengal.ewd(?nce of the
054 $ K'p@OKp E 1.4 o ] opening of the K'n isospin
0.4F [l Coulomb 3 121 i = = breaking channel
- | Coulomb+Strong (Julich Model) £ ¥ —°™SW ™~
A ‘ 3 ' - osp. . lsers] 1 3 Coupled channel effect
| > W 40 3 = - =
5 00— = ;g O 3 M(K p)+5MeV = M(nKk°)
0020 = I 0,05{:::%“ =
8 0%, E g-02F 3 n ! p
EK 0.0 [0 02 S 1T T8 O ISPT R ———— 0-0.4f% H s . i
z ] T o.4fa ' ; ; i = _
0_0'20 50 100 150 200 250 é 0.2 ‘ K° K
ettt S oq
k* (MeV/c) (L 0.0 w8 E
g-02 ]
0-0.4F , A ‘ :
8 04 ' ]
. =] E
- K'p correlation used as a benchmark to study Kp = 02¢ LT T
- S, > 0.7 selection removes mini-jet background %—8-3% ]
Q-0.4F

Jiilich meson exchange model: Eur.Phys.J. A47 (2011) 18 50 100 150 202* (Mg\S/?c) 17
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ALICE

x 26
2.4

Data — Model Data — Model Data — Model

|
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K—p femtoscopy In pp collisions

|1|]L_

Kyoto Model: Phys. Rev. C93 no. 1, (2016) 015201

ALICE pp @ = 13 TeV -y
Jiilich Model: Nucl. Phys. A981 (2019)

r,=1.18£0.01+ 0.12fm 7
A =0.64 +0.06 g

¢ Kp ®K'p 7 Blue bands

'%J [“]Coulomb -|  Coulomb potential only
Coulomb+Strong (Kyoto Model) ]
W [ ] Coulomb+Strong (Jilich Model)
p | —]
=« 1 Chiral Kyoto model with approximate boundary conditions:

-

- Xmand An coupled channels neglected

N

1
3 Red bands
7 Julich strong potential, meson exchange model
E 3 - Recently updated to reproduce the SIDDHARTA results at threshold
S ———— 3 - Includes the K-K° mass difference and coupled channels (KN-rX-nA)
: 7 The correlation functions at low k* cannot be reproduced by any of the
- - considered potentials
e -
:‘ e : ALICE Collaboration, arXiv:1905.13470[nucl-ex]
0 50 100 150 200 250

k* (MeV/c)

- K-K°mass difference not considered (isospin averaged masses)
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ALICE

K-p femtoscopy in p-Pb collisions

19
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K-p femtoscopy in p-Pb collisions

ALICE

Low multiplicity (m<40)
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A =0.65%0.07
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High multiplicity (m>70)

LB o B e e o LT S et P R L o e i o

ALICE preliminary
p-Pb \[s, = 5.02 TeV
N, ( P, >0.15 GeV/c, n| < 0.8) > 70
ro=1.79+0.02+0.18 fm
A =0.66 +0.07
¢ Kp ®K'p
[]Coulomb
Coulomb+Strong (Kyoto Model)
7]Coulomb+Strong (Julich Model)
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100 150 200

250
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TUTI

e The results for lower multiplicity interval (smaller
radius) are consistent and with pp results

e Different behavior of models:
° chiral model seems to describe the data
quite well for large multiplicity
o Jiilich model describe the data worse w.r.t. the
results obtained in pp collisions

= The present results represent a unique to tool to
study Kp interaction

20
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ALICE

Femtoscopic data constraints: Model tunning

Y. Kamiya at FemTUM Workshop, Munich, October 2019

- Update of the Kyoto model: coupled-channel effect and interaction dependence

- Channel weight dependence of K™ p correlation

Cla) = str S@[10°e.0 P - i@ P+ 175w ] + Z@f &r S0 125 g |
J#i

e Vary the source weight of the 7Z channel:

1.4

13 |
1.2 L
& 11 |4
&)

1S

0.9

e

L 50 100 150 200 250 300

q [MeV]

e Increase @,y ==>* weaken dip at g ~ 40 MeV
* weaken cusp

© Interaction dependence of KN correlation

e ] =0 KN interaction <== strongly constrained by the SIDDHARTA constraint

- = 2 % . L =1 =1
e I =1 KN interaction is not well known ==> vary VKN_EN - pV

M. Bazzi, et al., NPA 881 (2012
KN-KN

e SIDDHARTA constraint on a(f P ==> Varied region of fas —0.24 < < 1.09

1.2

11 -

T
1
|
|
|
\
==
L e aae
LAY,

09 | ' \J

Cla)

0.8 [ty .

R=12fm

0.7

q [MeV]

For f=—-0.24,

50 100 150 200 250 3

aX? [fm]  gKNI=! [fm]
0.75-i0.69 -0.07-i0.13
0.65-10.91 0.61-i0.78

0.65-i0.96 0.64 -i0.95
(ag= - F(E =Ey))

* Remarkable suppression around K threshold (g ~ 58 MeV)

* Moderate cusp structure

y /=1 KN interaction can be determined with the detailed analysis! 39
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ALICE

p-Q femtoscopy

Experimental study on the interaction between a proton and a multi-strange baryon
- O is a hyperon with quark content: sss

Use the most recent datasets to test recent models of the p-Q interaction:

- Lattice QCD: HAL-QCD Collaboration
- Meson exchange (Sekihara model)

22



proton-Kaon and proton—Omega femtoscopy with ALICE
Lattice QCD prediction

In recent years calculations of baryon-baryon interactions became possible near the physical quark
masses. Mainly due to development of advanced techniques such as the HAL QCD method.

Lattice QCD (HAL Collaboration) predicts very attractive p-Q interaction at all distances
— Open the door for a NQ di-baryon

The NQ system, with J=2, S=-3 would be a particularly interesting case since the Pauli blocking among
valence quarks do not operate in this system = Absence of a repulsive core

- - T. Iritani et al., Physics Letters B 792 (2019) 284-289
0 [ £H pQ 1 nQ ]
oy 2.5 1
S : —
2 2001 4 >
= F S 2.0
< 3001{°% V) I
o 1
> @ I 4
-4001{ 1 15 v '
Q: === Vse(r)
-500 A $  Veln
1.0 , |
00 05 10 15 20 25 30 3.0 3.2 3.4 3.8 4.0 4.2

3.6
r [fm] VA(r?) [fm] -
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Previously available experimental data: STAR

e Study of the p-Q correlation function in Au-Au collisions at \/SNN = 200GeV  STAR Collaboration. Phys. Lett. B790 (2019) 490-497
e Observable: ratio of the correlation function peripheral/central collisions.
e Comparison with Lattice QCD calculations (with large masses)

%)

0-40%
Model:R, = R, = 5 fm |

C(k*)

[ 1
12000 (a) : 10-80%

0-40% Model:R; = R, = 2.5 fm].

1 .5<pT<2.0 GeV/c

2 MeV/c’

pry

=)

(=3

=3

(=]
—
(&)

T

— Au+Au VsNN =200 GeV |
Q+Q

count/(

o A PQ+PQ

O PQ+PG (PP)
® PQ+PQ (PP+SC)

6000—

4000—
B 1k
2000(—

— vl
===V,
I I I : I I a — Vi
6 162 1.64 1.66 168 1.7 1.7z;vI (G;.\z;;cz)
Omega purity between 0.2 and 0.7 SEl (a) l
Pair purity:
0-40%: 0.2 | | |
0 0.1 0.2 i :
40-80%: 0.36 0 0.1 0.2

k* (GeV/c)
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Lattice HAL-QCD potential with heavy quarks

e Based on Lattice calculations with heavy quark masses F. Etminan et al.(HAL QCD Collaboration),Nucl. Phys. A928,89(2014)
o m_=875MeV/c
o m, =916 MeV/c

e Used in the STAR pQ analysis in Au-Au collisions at \/SNN = 200GeV

e Lattice calculations fitted by an attractive Gaussian core + an attractive tail,

varying the range parameter at long distance (b,) . N .
K. Morita, A. Ohnishi, F. Etminan, T. Hatsuda, Phys. Rev. C 94 (2016), 031901

oV best fit to Lattice calculations 100
o V,/ V. weaker /stronger attraction O | e R il
-100 | y
_ —b,r? —byr? —bsr 2 I
r) = 1 — r = -200
V) =bie™" +b3(1 — e ) (e /1) = HAL QCD data ——
2 -300 |
Binding energy (Ep), scattering length (ap) and effective — =400 | VI -
range (resf) for the Spin-2 proton-Q potentials [24]. ; 500 5 Vi —
Spin-2 p$2 potentials Vi Vi Vi 600 Sz Vv !
E, (MeV) - 63 26.9 i m -
ap (fm) 112 5.79 1.29 -700 Coulomb -
Tefr (fM) 116 0.96 0.65 -800 . .

0 02 04 06 0.8 1 1.2 14 16
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Previously available experimental data: STAR

e Study of the p-Q correlation function in Au-Au collisions at \/SNN = 200GeV  STAR Collaboration. Phys. Lett. B790 (2019) 490-497
e Observable: ratio of the correlation function peripheral/central collisions.
e Comparison with Lattice QCD calculations (with large masses)

ALICE

C40-80’ C0-40

R=

Au+Au (s, = 200 GeV

® PQ+PO T
gn  Background
vl -
-=—-V,
_—V

1 1 1

Expanding Source

(e)

0.05 0.1 0.15
k* (GeV/c)

Test different fits to Lattice QCD data
(delivering three different binding
energies of the NQ):

Binding energy (Ep), scattering length (ag) and effective
range (reff) for the Spin-2 proton-2 potentials [24].

Spin-2 p$2 potentials Vi Vi Vi
Ep (MeV) - 6.3 26.9
ag (fm) —-1.12 5.79 1.29
Tefr (fm) 116 0.96 0.65

—J
[24] K. Morita, A. Ohnishi, F. Etminan, T. Hatsuda, Phys. Rev. C 94 (2016), 031901

STAR data favor V., with E, =27 MeV

r

TUTI

26



proton-Kaon and proton-Omega femtoscopy with ALICE m

ALICE

ALICE pp High Multiplicity data

e Analyzed 10° events data of ALICE Run2 (2016, 2017, 2018), pp collisions at \s =13 TeV

e High multiplicity trigger: 0.1% highest multiplicity with respect to Minimum Bias events
(VOM, forward rapidities: 2.8 <n < 5.1, =3.7 <n <-1.7).
o Increased yield of Q baryon

‘2108kllllll\II|IYII|IIIY[IIIIlIYIIlIVIIlIYIIIII IE /g0.024||||||||IW|||1|‘|||||||||||1|1|‘|1| 1T i3
© [ ALICE Performance e MBtigger 3 o = - At ALICE Preliminary =
- F ppis=13TeV L] HM trigger B E 0'018: Q +Q b
| <10 b 30.016:— lyl<0.5 =
107 o~ E 0.014 F_ Monte Carlo models (Vs = 13 TeV): =
", E : F — — PYTHIAG Perugia 2011 7
™ ] 0.012F - PYTHIA8 Monash 2013 E
‘.\\-.f b ’ F —— EPOS-LHC ]
s K, \ g 0.01F E
8 % E E  pp, mult. dependent (VOM): 3
; . ] 0,008 < 7 rov § E+ A
B - =_ stat. =
ol ] 0.006:— —4—1{s=13TeV i syt ]
3 0.004 :— % [ syst. uncorr. —:
, 3 e = 7
.'l|.. i 0.002— g ____________—-——""'_'—_' _____ —
I | P RE N A PP P ) ofL L T R R

0 1 2 3 4 5 6 7 8 N 9|/d 2 4 6 8 10 12 14 16 18 20 22

o/dn

(dN ,/dn) <chh/d 77>|1]|<0.5
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ALICE

Data analysis: Q reconstruction

Identified by its decay: Q -AK—(pn)K

Total of 1.2x10° selected (Q+Q*) candidates:

- 0.6X10° p-Q-ep-Q+ pairs

- 11Xx103pairs at k*<300 MeV/c
- 700 pairs at k*<100 MeV/c
Purity of the preliminary sample 75%

10°

‘:\ : T T I T T T T I T T T T l T T T T I T K T T I t
G 300 » =
DS - ALICE Performance e -~ signal fit .
& o5 f. PP 1s=13TeV P purty =75%
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Z [ W<os8 § & 1
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OE' e b by by by by o T8
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Fig. 2: Sketch of the Q™ decay and identification.
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" Results: p-Q correlation function in pp HM

(] T T T T T T
) ! ALICE Prelimi “Coulomb only” scenario discarded by ALICE data (> 60)
© rerimvinery showing the attractive character of the interaction

6 pp Vs =13 TeV

{ High-Mult. (0-0.072% INEL)
5 Iource = 0-73 fm (+resonances)
O p_Q- @ ﬁ_§+ }”genuine =0.62
4

%///////% Coulomb

------ p-Q @ ﬁ-§+ sideband background

N w
olIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
e

2
L
.
......................... i Qv @ s s U@ w e g @ @r ==

(@]
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| " L L L |
100 200
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ALICE

C(k*)

Results: p-Q" correlation function in pp HM

A= ! b
C ALICE Preliminary ]
6 pp Vs = 13 TeV -
. {} High-Mult. (0-0.072% INEL) .
5 - -
- O pQ epQ .
4F \ -
E 7//////% Coulomb E
. E_ % ------ p-Q @ p-Q sideband background _E
2K . 3
15_ ../*%.Q U A B “"“O""""O"""'O'—E
0— 1(I)0 2CI)O -
k* (MeV/c)

“Coulomb only” scenario discarded by ALICE data (> 60)
showing the attractive character of the interaction

r =0.73 fm (+resonances)

source

A =0.62

genuine

*p—Xi correlation function

Vlocal (MeV)

T

200
(o)) T

p-= HAL-QCD
-200 —

p-Q HAL-QCD
=400 [+ = P-Q Sekihara
-600 — 1

0

1
r(fm)

TUTI
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Comparison with models: p-Q interaction potentials

e Lattice potential with physical quark masses (°S, channel)
o m_=146 MeV/c?
o m,=525MeV/c? i

T. Iritani et al., arXiv:1810.03416 /

e Sekihara: Meson-exchange model (°S, channel) T
o  Short range attractive interaction fitted to HAL-QCD

. ; -200 - ]
scattering parameters o . ]
o Includes inelastic channels (strong decays into X=) = e T aeAThar‘laZ ]
small contributions in the S-wave interaction § t= ]
T. Sekihara et al., Phys. Rev. C 98, 015205 (2018) = a00f 5 S 1
-500 - | 1
MOde1 pQ blndlng e-nergy 600k« « vy ey
(strong interaction only) 0.0 05 10 15 2.0 25 3.0
r [fm]
1.54 MeV
. 5 . 5
Sekihara 0.1 MeV — Models provide so far only °S, channel (weight %)

(+1 MeV with Coulomb) 31
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ALICE

Model evaluation

Calculations provide the potential shape for the °S, channel (weight %). Currently, no model for the
other channel in S-wave interaction, 3S, (welght %). Requires coupled channel treatment.

Assume two different (~extreme) scenarios:

1.- Complete absorption for distances r <. K. Morita, A. Ohnishi, F. Etminan, T. Hatsuda, Phys. Rev. C 94 (2016), 031901
| V(Coulomb) | forr >r,

r, = 2fm, chosen from the condition |V(53 )| <
2.- Complete elastic with a similar attraction as °S,

1)

ALICE Preliminary
pp (HM) ys = 13 TeV

o

_— -Q @ p-Q*
3 Coulomb + HAL-QCD (°S,)
= E 1 Coulomb
E --------- p-Q sideband bakground
-
F TR T i R B N e T
C l . . . . 1
100 200
k* (MeV/c)

IS
||i|||||1||I‘IIII||I|I|I|II|I[II|I

2)

T T . @ B e@prrern @@

ALICE Preliminary
pp (HM) s = 13 TeV

p-Q @ p-Q*
Coulomb + HAL-QCD (°S,)
[ L ‘ Coulomb

--------- p-Q sideband bakground

| I ! 1 1 1

o

100 200

k* (MeV/c)
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ALICE .
Model evaluation

Calculations provide the potential shape for the °S, channel (weight %). Currently, no model for the
other channel in S-wave interaction, 3S, (welght %). Requires coupled channel treatment.

Assume two different (~extreme) scenarios:

1.- Complete absorption for distances r <. K. Morita, A. Ohnishi, F. Etminan, T. Hatsuda, Phys. Rev. C 94 (2016), 031901
r, = 2fm, chosen from the condition |V(53 )| < |V(Coulomb)| forr>r,
2.- Complete elastic with a similar attraction as °S,

2) ALICE Preliminary
pp (HM) s = 13 TeV

1) ALICE Preliminary >
pp (HM) ¥s = 13 TeV 6

(e) NQ(S,), t/a = 14 5

-Q @ p-Q*

Coulomb + HAL-QCD (°S,)

-100 { JCoqumb

2001 %y | A= e p-Q sideband bakground

-300 <
e = @ B e@prrern @@

-400 L . . . . |
100 200

——s Vielr)
_s00{3 Dominating uncertainties: ¥ (MeVic)
00 05 10 15 20 25 30 - Statistical uncertainty from Lattice
r [fm] - Determination of the radius

IS
II‘IIII|IIIIIIIII|III||II\I|IIII|I

IS
||i|||||1||I‘IIII||I|I|I|II|I[II|I

Ve(r) [MeV]

~—|e|-9)-‘%

o
o
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" Results: p-Q correlation function in pp HM

% 3 W/// ALICE Preliminary ] “Coulomb only” scenario discarded by ALICE data (> 6 5) showing

op \s = 13 TeV the attractive character of the interaction

//% g AL RO-DIDRES JINBL _E Precision of ALICE data exceeds the theoretical predictions

4§_ //%/ ////////7/////// g(ilf)mrk))_TSekihara (°S,+%S) _%

Coulomb + HAL-QCD (°S,+°S )

3 /// /i Coulomb -
: ///// ------ p-Q @ p- -0 sideband background 7]

2 // =
1B ////g///////////// W/M& WA 01 @@ ou;

0- I I 1(I)O I I I I 2(I)0
k* (MeV/c)

Tsource = 0.73 fm (+resonances)
A enuine =0.62
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" Results: p-Q correlation function in pp HM

-
ALICE Preliminary

6F ///% pp \s=13TeV

“Coulomb only” scenario discarded by ALICE data (> 6 5) showing

ko
S} the attractive character of the interaction

5 | g AL RO-DIDRES JINBL Precision of ALICE data exceeds the theoretical predictions

. //// 7/0 p-Q @ p-Q | .
g\ s
/////////// i Coulomb

/ /// """ p-Q ® p-Q sideband background

Comparison with the model favoured by STAR data
STAR Coll. Phys. Lett. B790 (2019) 490-497

V- Ad-hoc fit to previous HAL-QCD calculations with
non-physical quark masses with pQ dibaryon E, =27 MeV

=S

=

‘///
E &
— ",
,
\

EIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1 //////@//// T 7F N B e S A —
1E W/////////’///WWW%WMQWMQWWQWM N— e ALICE Preliminary
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C(
T§
\\\\\

. IR L B
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-0 cly % i, Coulomb -

-
_ /{//////////////////% p-Q ® p-Q’ sideband background

S

genuine
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ALICE

Outlook

ALICE and the femtoscopy method deliver precise data to test hadron-hadron interactions at
distances lower than 1 fm

The comparison of the ALICE data in small systems with the expectation from the models is very
sensitive to the shape of the strong potential.
— Femtoscopic data substitutes/complement the scattering data, hypernuclei and other approaches.

— The precision in some of the studied channels exceed the model.

RUN3/4 will provide the possibility of carrying out new studies and investigate 3-body interactions.

THANK YOU!
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ALICE
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proton-Kaon and proton-Omega femtoscopy with ALICE Otén Vazquez Doce (TUM) m
[ ] (]

w= K-p femtoscopy in p-Pb collisions

Low multiplicity (m<40) High multiplicity (m>70)
T .f AL L B I IR N T .f T T 1_5:11_"'1" l ™ | T
5 Fo07<8S, <1 7 5 'For<s <t 45 'Mo7<5 <1
09F . 0.9F 4 09F 3
0.8 E 08F 3 osf - 3
g ALICE prellmlnary ] s ALICE preliminary ] : ALICE preliminary ]
0.7 p-Pb sy =5.02 TeV - 0.71 p-Pb |5, = 5.02 TeV =N Ny p-Pb |5 = 5.02 TeV k
F Ny, (P, >0.15GeV/c, [n[<0.8) <40 ] C 40 <N, (p, > 0.15 GeV/c, n| < 0.8) < 70 - W Ny, (P, >0.15 GeV/e, | < 0.8) > 70 _
e ro=130+£0.02+ 0.13fm - s rp=155+002+ 0.16fm 3 ro=1.79+0.02% 0.18fm 1
05 A =0.65+0.07 = 05 A =0.66 +0.07 3 o5 A =0.66+0.07 :
” ¢ K'p®Kp E i ¢ K'p®Kp 1 o4 ¢ K'p®Kp 3
P [ ]Coulomb ] T "] Coulomb ] - []Coulomb 3
0.3;— 1 %CoulommStrong (Julich Model?—: 0.3;— 1 %CoulommStrong (Julich Model?—: 03 l%(lzo‘uliorp?fStrong (Jullch Model)
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proton-Kaon and proton-Omega femtoscopy with ALICE
Sensitivity of ALICE and STAR data

e Expected correlation function from heavy quark Lattice QCD potentials
e Smaller radius source offers the ideal conditions to test the models
e Better purity of ALICE data increases the sensitivity of the test

purity 75% (ALICE)

:—\ | L} T L} L} I L) L} L} L) I L] :\ N L) L} L} I L) L} 1 L) I L} :—\ | 1 T L) L} I L) L} 1 L} I l-
SF Vv, (°s,#°S+Coulomb) E SE ) Vu(S#°S+Coulomb) ] SF Vyu(S,;#°S+Coulomb) £
BF === I =0.72fm + resonances - 6F - 6F -
— s = 2.5fM (STAR 40-80%) : : : ]
5:— = lgauss = 5iM (STAR 0-40%) 5:- 3 5:- E
4 .
3 .
2F -
1:-‘

[ 1 L L 1 l L L 1 L l 1

0 100 200

k*(MeV/c)
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proton-Kaon and proton-Omega femtoscopy with ALICE
Lattice HAL-QCD potential with heavy quarks

e Based on Lattice calculations with heavy quark massegminan et al.(HAL QCD Collaboration),Nucl. Phys. A928,89(2014)
o m_=875MeV/c
o m, =916 MeV/c

e Used in the STAR pQ analysis in Au-Au collisions at \/SNN = 200GeV

e Lattice calculations fitted by an attractive Gaussian core + an attractive tail,
varying the range parameter at long distance (b,) N

o V. best fit to Lattice calculations or ]

/ |
o V. /Vy:weaker/stronger attraction ~100| /

-200 [ ]

V(r) = bre 2" + by(1 — e 2" ) (e b5 /r)? iy

-300 | .

V [MeV]

Binding energy (Ep), scattering length (ap) and effective _400 | b
range (resf) for the Spin-2 proton-Q potentials [24]. 5 S new HAL-QCD m,; t=12 |

Spin-2 pQ2 potentials Vi Vi Vi w00

Ep (MeV) - 6.3 269 _e00 |
ap (fm) 112 5.79 1.29 ]
Tegr (fM) 116 0.96 0.65 _700 | ]

S S S S S S S S R SR S S T
0.0 0.5 1.0 1.5 20 25 3040

r[rm]
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ALICE

p-Q © p-Q* correlation function

e 0.6x10° p-Qep-Q* pairs
e ~700 pairs at k* <100 MeV/c

e Strong enhancement of the correlation
function: the “Coulomb only” scenario is
discarded by a y* comparison to the data, n_~6

e ) parameters: Pair ’ A [%]
p—Q~ 61.5
pA—Q 8.3
p2+—Q 3.8
p—Q~ 1.5
p-Q- 20.5
pA—Q~ 2.8
Py —Q 1.3
Q- 0.5
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TUTI
Lattice QCD prediction

In recent years calculations of baryon-baryon interactions became possible near the physical quark
masses. Mainly due to development of advanced techniques such as the HAL QCD method.

Lattice QCD (HAL Collaboration) predicts very attractive p-Q interaction at all distances
— Open the door for a NQ di-baryon

The NQ system, with J=2, S=-3 would be a particularly interesting case since the Pauli blocking among
valence quarks do not operate in this system = Absence of a repulsive core

T. Iritani et al., Physics Letters B 792 (2019) 284-289

. . 0 T. Hatsuda,
> [ ICH pQ~ KA nQ‘] New dlbaryons near unitarity 9 9 Strangeness in Quark Matter 2019, Bari.
2.5 1

5
> 2
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S 20 >
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ALICE

Data analysis: Q reconstruction

Identified by its decay: Q -AK—(pn)K
e Total of 1.2Xx10° selected (Q+Q*) candidates:

- 0.6X10° p-Q-op-Q+ pairs — 304 QQ pairs
- 11X103pairs at k*<300 MeV/c — 3
- 700 pairs at k*<100 MeV/c - 0

e Purity of the preliminary sample 75%

10°
‘T/\ : T T I T T T T I T T T T I T T T T I T T T T I T T T X t
Qé 300 [ » —
3z - ALICE Performance ¢ ---- signal fit .
S 250F PP Vs =13TeV i purity =75% 3
E [ High-Mult. (0-0.072% INEL) | & c=182MeV/c®
) 200 F a0 5 AK® o' 5 AK* -- background fit e
£ W<os [ e .
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53]

TUTI

T. Hatsuda, Strangeness in Quark Matter 2019, Bari.

New dibaryons near unitarity ?
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proton-Kaon and proton-Omega femtoscopy with ALICE
Updated results : K'p (Haidenbauer)

ALICE

Oton Vazquez Doce (TUM) m
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CF for different Sphericity- MC

ALICE

K'p K'p
¥ <S < |
L 0<8,<0.3 L 0<S.<0.3
D) ) ’ ; 0<S <1
’rﬂ 1t i iy
2 + <S < 2 1y
L[‘H Pt 0.7<5,<1 J' ¥, 0.7<8,<1] o Clear dependence on
4.{“, +H+ PO
15 e, 15 e the sphericity for all
: 0‘“ ’N,’" . .
) J[}W“’,._‘__w‘_mgh | X e amcnem cha rge com bination
considered
i pp 7 TeV pp 7 TeV . “
**F Pythia Perugia 2011 **F Pythia Perugia 2011 * Even.ts_ W,"th large
R L a E AR st sl s seaiees  Spericity” (0,7<s,<1)
k¥ (GeV/q) k* (GeV/c) have a flat behavior in
) K'p K'p the considered interval
gL 0<5,<0.3 % ’ ocs<p3| ¢ Ifonlyeventswitha
= oo e T St H+ , large sphericity are
2 “h iy i .0 4 {H i considered, no Pythia-
* it o I oty HMO 7<8,<1 related function is
15 M 15 ! o, needed to fit data
| Ao eSS Y i W
s  PP7TeV o5l pp 7 TeV
' Pythia Perugia 2011 Pythia Perugia 2011
T R NI R L PR F O EC A Y B PR G080 o5 02 025 04 045 04 045 05

k* (GeV/¢) k* (GeV/c) 45
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ALICE

X 26F
© o4f
2_2}; ALICE pp collisions
2 + Kp @Kp
1.8 ek
160 Cubic Spline
145
1.2F
1
O'Bf_uullluu|I||||I||||I|O|.7||<ISIT|:<|11|H|I|111
0 50 100 150 200 250 300 350 400
k* (MeV/c)

4.40 has been observed, to be compared with a significance of 30c for A(1520)
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ALICE
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ALICE

proton-Kaon and proton-Omega femtoscopy with ALICE
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ALICE :
Sour ., Potential <
CATS: Correlation Analysis Tool Transport model
Using the Schrodinger Equation
D.L.Mihaylov et al. Eur.Phys.J. C78 (2018) no.5,394 (] Numerically solve
the Schrodinger eq.
Provides a exact solution computing the ;
correlation function from the model given g
a local potential or wave function form. Wave function 4_ 2
v l
Correlation function
Decomposition of the correlation function
* Purities and contributions from weak decays -
AN o W ¢ 7 p determined from fits to experimental data ts
’ * Such residual correlations modelled (weak decays) @
\ X% or obtained from data (impurities) =l
Ceor (k™) = Ag D A4 D 1,06 + - * Resolution effects applied to the fit function i
ﬂ o - * Phys. Rev. C99 (2019) no.2, 024001 ~
Correlation of interest Contributions from impurities, secondaries etc. 19
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ALICE

Effect of resonances in the source

Resonances with ¢t >> 1,
- Decrease of the correlation strength
- Taken into account by the A parameters

Resonances with ct ~r ~ 1 fm:
- Introduce an exponential tale
- example: N*(I'~150-200 MeV), A (I'~150 MeV), etc
- Specific exponential modulation to each pair due to different strong
decaying resonances feeding to the different particle species

—

P, B
/ (74 /‘ + e~
Py

Pb 50
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Details on resonances

Amount of resonances: Canonical approach of the statistical hadronization model (SHM)
- T=166 MeV & y,~0.8 (Private Comm Prof. F. Becattini, J. Phys. G38 (2011) 025002)

Proton - Canonical Lambda - Canonical

& 57,67%
55,92%

= Primordial
= From resonances
wct>2fm 34,49%

l1<cr<2fm

= Primordial

= From resonances

mcrt>2fm
1<cr<2fm

mcr<1lfm mcr<1fm

- For E and no Q contributions! Hagtigle | Mo [MaV)] | Foos [
- Averag.e mass and average ct determined by p 1361.52 1.65
the weighted average values of all resonances

A 1462.93 4.69
¥0 1581.73 428 51
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Modelling the source including resonances

Gaussian Core E:jj Exponential resonance tail
5 5\ 1 T
2\/ET’ r E(r, Myes, Tres) Pres) = —€xp(—=)
G(r, Teore) = —3  €Xp 472 p S S
core Tcore B DR e A TES oo
Mres
- Shared between particle pairs - Specific modulation of each pair

- Scales as a function of m,

——

F

/f,fv/tv/
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ALICE
Gaussian core + resonances
£ :
05 & — PP (M) =1.35 GeVIe" (R, =1.28Tm) | golid line: Source distribution
e p-A(m =155 Gevic® R =1.00m) | including the effect of resonances
_ 0.4 e 2 (=207 GeVIt (R, = 1121m) | pyachad line: Fit with an effective
q\g IC s P-E () )=1.85 GeV/c? (R, = 0.92 fm) Gaussian
= I ) . .
= 03 i, p-Q (m_)=2.17 GeV/c* (R_ = 0.85 fm) Dlrecj[ fit O.f the PP .CorrEIaj[lon
= N ! e function yields similar radius
£ ¢
E 02—
q— -
=
0.1F
=
Or— el fg Rl g8 38 g § 5 N . _," .
0 1 2 3 4 5 6 g 8
r (fm)

- Resonance contribution to Omega yield negligible.
- Modification of the gaussian core for p-Omega pairs coming only
from resonances contribution to the proton yield 53
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ALICE

(k")

Default

CSmear(k*)/C

(k")

Default

CSmear(k*)/C

1.021— 7 p-p correlati ‘ Effect of resonance width
= ’ Momentum smearing of 20%
1—
0.98—
R T A O L S B PO N A T S R S R |
0 50 100 150 200 250
k* (MeV/c)
1.02 p-Z correlation Effect of resonance width
- Momentum smearing of 20%
1=
0.98—
T T . S P - -
0 50 100 150 200 250

k* (MeV/c)

(k*)

Default

CSmear(k*)/C

(k*)

Default

CSmear(k*)/C

Otén Vazquez Doce (TUM) m

Effect on the source when smearing resonances
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" Setting the source

Ansatz: in small collision systems the source is similar for all baryon-baryon, baryon-meson pairs

The characteristics of the source are determined from femtoscopic analysis of the p-p correlation:
Assume a p-p known interaction — determination of the source size

e Consider <m > dependence of the source due to collective effects:

. . . . . . -p femtosco
o Femtoscopic p-p fits performed differentially in <m.> bins 35 IIf’ .p. mios: Ip?' L
o <m_> dependence cross-checked with p-A analysis & ALICE Preliminary
. pp Vs=13 TeV
e Effect of strong short-lived resonances computed for all hadrons 3 High Mult, (0-0.072% INEL)
o Statistical hadronization model in the canonical approach Gaussian + Resonance source

Priv. comm. Prof. F. Becattini, J.Phys. G38 (2011) 025002 25 O pp®pp

1]
— Coulomb + Argonne v g (fit)

rrr o[ rrrr oot

—_
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1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 r
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" Setting the source

Ansatz: in small collision systems the source is similar for all baryon-baryon, baryon-meson pairs

The characteristics of the source are determined from femtoscopic analysis of the p-p correlation:
Assume a p-p known interaction — determination of the source size

e Consider <m > dependence of the source due to collective effects:
o Femtoscopic p-p fits performed differentially in <m.> bins
o <m_> dependence cross-checked with p-A analysis

e Effect of strong short-lived resonances computed for all hadrons

g 1.85 ALICE Preliminary
E {7 high-mult. (0-0.072% INEL)
o = pp Vs =13 TeV

1 6 E— | Gaussian source

1.55— | | | I — pp(AV18)

1.45— | | — pA(LO)

1.3 ;— | | — p-A (NLO)

1.2F |

1.1 |

1= '
0.95.I...I...I...I...I...I...I...I...I.
1 12 14 16 1.8 2 22 24 26 56
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" Setting the source

Ansatz: in small collision systems the source is similar for all baryon-baryon, baryon-meson pairs

The characteristics of the source are determined from femtoscopic analysis of the p-p correlation:
Assume a p-p known interaction — determination of the source size

e Consider <m > dependence of the source due to collective effects:
o Femtoscopic p-p fits performed differentially in <m.> bins
o <m_> dependence cross-checked with p-A analysis

e Effect of strong short-lived resonances computed for all hadrons

€ 1.8E ALICE Proliminary E 136 ALICE Preliminaryo
= 1.7 high-mult. (0-0.0729 ~ E high-mult, (0-0.072% INEL)
L = pp Vs = 13 TeV e 12 ol
1.6 3 | Gaussian source = = 1
:_ 1 . 1 :_ ” with resonances
1'55 : I I I = pp (AV18) 15_ h I = p—p (AV18)
.45 | | —pacof - + -l — pA(LO)
1 '3;_ I | | — p-A(NLO) ] 0.9 ;_ = p-A (NLO)
1.2 | 0.8 v
f— = S
11 - 0.7F- |
1= =
0-9:|||||||||||||||||||1||1||||||||| 0'6:| | | IR R R B | | IR S NN SR TR N N ST S N N
1 12 14 16 1.8 2 22 24 1 12 14 16 1.8 2 22 24 26
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proton-Kaon and proton-Omega femtoscopy with ALICE

ALICE
p-Q Correlation function: source dependence

e Comparison of the C(k*) for the different models for different source assumptions
e Size of the source determined from p-p fitted radius vs <m >

o  core gaussian source + resonances effects

o pure gaussian source
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0.1
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ALICE - : : °
p-Q Correlation function: source dependence

o £ 7E O
o g (&) g 5S + 3S (3] g

65_--- r .= 0-75 fm + resonances 65_ 2 1 65_

Sy =1.fm purity 75%

- auss E C

4? ° 4? 4;7

3— 3— 3—

of of of

1§_¥ _________________________________________________ 12_ ........................................... 15_ .........................

020774060 80 100 120 140 160 180 020774060 80 100 120 140 160 180 0726774060 80 100 120 140 160 180

— The variation of the models
with the source core+resonances
vs gauss is as the same level as
the one introduced by the the
uncertainty of the radius size

C(k*)
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Femtoscopic studies on p-Q- correlations with ALICE Oton Vazquez Doce (TUM) m

ALICE

p-Q Correlation function (°S,) with distance cutoff

e Correlation function from 582 channel with cutoff in r (for r < Fesorg = V= 0)
HAL-QCD with physical quark masses (t=12): maximum of the C(k*) for r_ .= 0.5 fm

o T
s 1 ] 5¢Q
L 3 2
Sf: HAL-QCD (t=12) 7] -y
C .| > -
P Cutoff = 2.0 fm 4 =
r — HAL QCD t=12
E r core=0.72 fm + resonances . _‘g 0
3 - =
: :
2 =
£
1=
E =\
0

| 1 I ]
100 200 00 0s 10 15
k*(MeV/c) r [fm]

Precision of ALICE data ~5%
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ALICE

p-Q Correlation function (°S,) with distance cutoff

e Correlation function from 582 channel with cutoff in r (for r < Fesorg = V= 0)
e HAL-QCD with physical quark masses (t=12): maximum of the C(k*) for r

cutoff
e For VI potential (no bound state) C(k*) always increases with decreasing r

=05f

cutoff
: B I . —‘Noéutoff‘ ‘ b
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B —— Cutoff = 0.3 fm ] 0 T S P P URPo PUrT T 7V W W B W
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s t - p = | | s
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