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ALICE

Outline

Femtoscopy
in small systems

Hadron physics

Used datasets:
- pp 13 TeV: 15-108 MB events
- pp 13 TeV: 1-10° High-Mult events

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

ALICE experiment at the LHC “Femtoscopy in small systems”

Study of hadron-hadron correlations
of pairs from small sources:

- pp 13 TeV: 15-108 High-Mult events p-p, p-K*", p-A, A-A, p-2°, p-=7, p-Q°
- p-Pb 5.02 TeV: 6.0-10% MB events

Hadron physics

Reconstruction of hyperons

Tracking and PID: - A=>pm (BR~ 64%)
- Inner Tracking System (ITS) - 3°%>Ay (BR ~ 100%)
- Time Projection Chamber (TPC) - Z>Am (BR ~ 100%)

- Time Of Flight (TOF) - Q->AK (BR ~ 68%)
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" Outline

“Non-traditional Femtoscopy”

Hadron physics

e Study the interaction of hadrons with
strange content.

. '/A/ e Experimental difficult with strange

=
'
\

P . .
b particle beams: Scattering data,
~ hypernuclei, search for bound states,
exotic atoms, etc.
e Models are constrained by data with
limited precision
Used datasets: Study of hadron-hadron correlations
- pp 13 TeV: 15-108 MB events of pairs from small sources: e Femtoscopy with ALICE: delivers precise
- pp 13 TeV: 15-108 High-Mult events p-p, p-K*-, p-A, A-A, p-2°, p-=-, p-Q data in the low momentum ra nge region
- p-Pb 5.02 TeV: 6.0-10% MB events . .
: not accessible with other approaches,
Reconstruction of hyperons . .
Tracking and PID: - A>pr (BR ™~ 64%) access to exotic pairs
- Inner Tracking System (ITS) - 29Ay (BR ~ 100%)
- Time Projection Chamber (TPC) - Z->Am (BR ~ 100%)
- Time Of Flight (TOF) - Q->AK (BR ~ 68%)
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" Two interesting examples of femtoscopy in small systems

p-K femtoscopy p-Q femtoscopy

e Experimental study on the interaction between a

¢ Fundamental ingredient in the strangeness sector of
proton and a multi-strange baryon

low energy hadron physics

e Lattice QCD simulations and meson-exchange

* A(1405) = ONLY accepted MOLECULAR STATE models predict an N-Q interaction attractive at all

distances
e Models are constrained by the (rather imprecise) - leading to the possible existence of a NQ DI-
scattering data above threshold and by SIDDHARTA BARYON

data at threshold

e No Q beams, no hypernuclei...
o Extrapolations below threshold differs for models > for p-Q interaction femtoscopy is the only

describing the scattering data. experimental method!
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Femtoscopy as a tool to study H-H interactions

C(k*) — PLE“’ p_ﬁ k* = reduced relative momentum with p;‘_ + pl’; =0
P(pa)P (pp)

Based on the correlation function

k*—oo
Theoretically formulated: C(k*) = |lIJ(k* T‘)| d3r— 1
(M.Lisa, S. Pratt et al

Ann.Rev.Nucl.Part.Sci. 55
(2005) 357-402) Source Relative wave function: i
Sensitivity to the interaction potential

Aoayy

Source function S(7)

' ) o
l' Study the C(k*) of hadron-hadron pairs
‘\ f in pp collisions = small particle source (~1 fm)

\'/ ¥ (k,7) 7

two particle wave function
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Femtoscopy as a tool to study H-H interactions

P(p,, ), . . . — 5
Based on the correlation function  C(k*) = g“ pﬂ k* = reduced relative momentum with Patpp =0
P(Pa)P (pp)

E3
Theoretically formulated: C(k*) — S(T‘) |qj(z* 773) |2d37' k _)OOB 1
(M.Lisa, S. Pratt et al ’
Ann.Rev.Nucl.Part.Sci. 55

2005) 357-402

( ) ) Source Relative wave function:

Sensitivity to the interaction potential

N k*
Experimentally: Ck) =N same *) E;"
NMixed(k ) g.
- 3
3
Generally, the experimental correlation function accounts also for contributions coming | =~
from feed-downs, misidentifications and detector. o

(ALICE Coll. Phys. Rev. C 99, 024001 (2019))
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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

-k,\ 3,5 T T T T I T T T T I T T T T T T T T
ALICE Preliminary

T
pp (s =13 TeV ]
High Mult. (0-0.072% INEL) ~
Gaussian + Resonance source i

o pp®pPp .
— Coulomb + Argonne v (fit)

2.5

—h
o

ollllllllllll

200 300
k* (MeV/c)

—_

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 r
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k* (MeV/c)




ALICE

Setting the source: collective effects & resonances

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:

p-p as a benchmark since interaction is well known = determination of the source size

:\ 3.5 [ T T T T I T T T T I T T T T T T T T I_
% L ALICE Preliminary i
C pp Vs =13 TeV ]
Ein High Mult. (0-0.072% INEL) ]
e Consider <m;> dependence of the source C Gaussian + Resonance source ]
due to possible collective effects o5 o ppO®pp ]
C — Coulomb + Argonne v, (fit) ]
21 .
o Effect of strong short-lived resonances sk E
computed for all hadrons I 500 300 ]
i k* (MeV/c)
in . ]
C 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 r
0 50 100 150 200

k* (MeV/c)
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Setting the source: collective effects & resonances

For p-Q in pp High-Multiplicity events:

’g LTSI ARSI Ak RS =
<= 13F ALICE Preliminary ™
m = 7] . .
L pp \s =13 TeV 3 The p-Q source (Gaussian + resonances) is
2 High-Mult. (0-0.072% INEL) - 3 datermined given the pair <m;>:
11E | == p-p (AV18) =
; :_ | l = p-A (NLO) _: p'Q-: I core= 0.73+0.05fm
e = =l = Foore = - <M > + ¢ E
09k _ _ ____ I I 3o fit to p-p =
Al [ 1 For p-K in Minimum-Bias pp collisions:
§ ———————— 1 -—- I Gaussian source, with the radius fixed from the
O E T T T T T T T T T T r-—" = . . .
5 i p2°1 pﬂil 4 simultaneous fit to p-p, p-A and A-A femtoscopic
il =l PREAME A0S, S RRNAS, ARRN S . AR e YR
. . 2p 24| 2 _
2 6 F1atey = 1.18 £ 0.05 fm

ALICE Collaboration, Phys.Rev. C99 (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 Ko features a strong attraction
o appearance of the A(1405) below threshold
o N(1405): antiKN-Zrt molecular state
e K'pscattering data and kaonic hydrogen data used to constrain the amplitude below threshold

A(1405)->3n Scattering Experiments

do/dM_ 5 [arbitrary unit]

50 :

Kaonic atoms

1360 1380 1400 1420 1440 50 100 150 P MeV/c])

M_5 [MeV]

ZTI' /\(1 405) KN Y. Ikeda, T. Hyodo, W.Weise, Physics Letters B 706 (2011) 63

| v |

L=
27 MeV Energy

v




ALICE

K-p femtoscopy: The KN interaction

e K*pinteraction is well established

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

e K'pscattering data and kaonic hydrogen data used to constrain the amplitude below threshold
A(1405)->3n Scattering Experiments

do/dM, 5 [arbitrary unit]

Kaonic atoms

.
o

===

50 } 150 200 250

1
1360 1380 .1.40(1 . "1 420 1440 P, [MeV/c]

ZTI' /\(1 405) KN Y. Ikeda, T. Hyodo, W.Weise, Physics Letters B 706 (2011) 63

| v | ;

L=
27 MeV Energy




ALICE

K-p femtoscopy in pp collisions

T T L
s ! LI Il
0.9 T ersisie Il
' e
08} ®] .
07 ALICE pp (s =13 TeV 3
b a / ro=118+0.01£0.12 fm
i A =0.61+0.06
0.54 ¢ K'p@Kp E
04l [ ] Coulomb 3
ba || Coulomb+Strong (Julich Model) 1
SR S P S —
g 0.2F 1
0.0 e —W'mnm.ﬂ!tl:
s FP-F (ergrare S eME
2 o A P S SR A -
B oap i iTiiiiiiiiiiiiiiiiiis .
g .
I 0.0/ 10 02 S I T0 R TRPST R —————
5
8-0.21 : : -
0 50 100 150 200 250

k* (MeV/c)

K*p correlation used as a benchmark to study Kp
- Sphericity S; > 0.7 selection removes mini-jet
background

Jiilich meson exchange model: Eur.Phys.J. A47 (2011) 18
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ALICE

K-p femtoscopy in pp collisions

ALICE Collaboration, arXiv:1905.13470[nucl-ex]

o g LB B BN L
——r— T %2'6; ALICE pp Vs=13TeV Kyoto Model: Phys. Rev. C93 no. 1, (2016) 015201

—

éf)/ 24 r =118 +0.01+ 0.12 fm 4 Jilich Model: Nucl. Phys. A981 (2019)
0 - . - . - . :
22 A =0.64 +0.06 E
X\ + Kp KD 4= Bump close to the K°n
ALICE pp Vs = 13 TeV 13;@ 7] Coulomb S threshold->(58 MeV/c in CM
ro=1.18+0.01+£0.12 fm 1 6:— Coulomb+Strong (Kyoto Model) 7 fra me)

A=0.61+£0.06 E []Coulomb+Strong (Julich Model) ]
+ K'pOKp E 14F E
[ ]Coulomb E 1.2 S =
|| Coulomb+Strong (Jiilich Model) 1:_ I ™~
..... R, 3 07<8,<1 E
0 ISR ST R T P | |-~
o S e RIS . ’ H ' : I E
e El g 3
(B s e ————————-— = o e, E

Data —Model Data — Model

50 100 150 200 250
k* (MeV/c)

- K*p correlation used as a benchmark to study K-p
- Sphericity S; > 0.7 selection removes mini-jet
background

Data — Model Data — Model Data — Model
OCO0O000 O0000 O0O00O0 O
AVONMD RVDONMD ROND
-
l 1 1 1

100 150 200 250 15
Jiilich meson exchange model: Eur.Phys.J. A47 (2011) 18 k* (MeVic)
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ALICE
ALICE Collaboration, arXiv:1905.13470[nucl-ex] EZGiI L B L B B
T T e 5 ALICE pp Vs =13 TeV ] K"y.otoModel: Phys. Rev. C93 no. 1, (2016) 015201
3 1:» . 2.4$ ro=1.18+0.01+ 0.12fm 3 Jilich Model: Nucl. Phys. A981 (2019)
09 22 A =0.64 +0.06 E
F i T . 0
nys _ 2\ + Kp ©KD j= Bump close to the K°n
07f ] ALICE pp Vs = 13 TeV 3 A [7] Coulomb 4 threshold->(58 MeV/cin CM
06: ro=1.18+0.01£0.12 fm 16F i Coulomb+Strong (Kyoto Model) 3 frame)
' Jj A=0.61+0.06 TE ‘3\] [ ]Coulomb+Strong (Julich Model)
0.5 E ¢ K'p®Kp 7: 14? - E . ] .
04f [7] Coutomb E 120 = =, First experimental evidence of
Coulomb+St (Julich Model) r 3 . . .
oaf [P me (I s Y s < | the opening of the K°n isospin
g 02 i %8 o o 015 breaking channel
é 0.0 #:w:mmwm § 8;; - :
;_ggZ:::::::::::::t::::::::::t: %003:?;-“:‘:‘““ _E COUpIedChanneIeffeCt
- R JP = 0.2F 3 -
T 00 mmatEatasses e §—0.437 i : 3 M(K~p) +5MeV = M(nK")
8-0.2f . ; = g o4 E
50 100 150 200 250 =02 S —— E n ' p
k* (MeV/c) L 00 it E '
5*02 e
0-0.4F : : : E R'O K—
- K*p correlation used as a benchmark to study Kp § 94¢ ' ' ' 3
.. . .. S CE ey, 3
- Sphericity S; > 0.7 selection removes mini-jet D A e ;
background S-0.4f e e et
0 50 100 150 200 250

. 16
Jiilich meson exchange model: Eur.Phys.J. A47 (2011) 18 k™ (MeV/c)
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200 250 ALICE Collaboration, arXiv:1905.13470[nucl-ex]

e K-p femtoscopy in pp collisions

Blue bands
Coulomb potential only

(Kyoto Model: Phys. Rev. C93 no. 1, (2016) 015201)
Chiral Kyoto model with approximate boundary conditions:
- K—K°%mass difference not considered (isospin averaged masses)
- Imand An coupled channels neglected (outgoing B.C not fully
implemented)

Red bands (Jiilich Model: Nucl. Phys. A981 (2019))

Julich strong potential, meson exchange model
- Recently updated to reproduce the SIDDHARTA results at threshold
- Includes the K—K° mass difference and coupled channels (KN-rt2-1tA)

The correlation functions at low k* cannot be reproduced by any of
the considered potentials

New Chiral Kyoto model calculation available with CC included (Y. Kamiya et al.
arXiv:1911.01041) = Work in progress!
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ALICE

p-Q femtoscopy results in pp HM 13 TeV

Experimental study on the interaction between a proton and a multi-strange baryon

Q) is a hyperon with quark content: sss

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

Lattice QCD (HAL Collaboration) predicts very attractive p-Q- interaction at all distances

Meson exchange (Sekihara model)

— Open the door for a NQ di-baryon

18
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Comparison with models: p-Q-interaction potentials

e Lattice

o my,=146 MeV/c?
0 myg=525MeV/c?
T. Iritani et al., arXiv:1810.03416

e Sekihara: Meson-exchange model (°S, channel)
o  Short range attractive interaction fitted to HAL-QCD
scattering parameters
o0 Includes inelastic channels (strong decays into XZ=)

small contributions in the S-wave interaction
T. Sekihara et al., Phys. Rev. C 98, 015205 (2018)

pQ binding energy

Model ) .
(strong interaction only)
(+1 MeV with Coulomb)
1.54 MeV
Sekihara 0.1 MeV

potential with physical quark masses (°S, channel)

T T L —

-100 -

S ol ]
) 200 . ]
= — Sekihara |
7 HAL t=12
§ ]
> ook 5 S .
-500 - -
600 bl v bbb e ey

0.0 0.5 1.0 1.5 2.0 25 3.0

r [fm]

- Models provide so far only °S, channel
(weight %)

19



ALICE

Data analysis: Q" reconstruction

e Identified by its decay: Q- >AK—=>(pm)K

e Total of 1.2-106 selected (Q+Q*) candidates:
- 0.6-106 p-Q-Pp-Q+ pairs oy )
- 11-103 pairs at k*<300 MeV/c o
- 700 pairs at k*<100 MeV/c

e Purity of the preliminary sample 75% “ekrescaines

DCA between
Omega daug S

I

10° !
< e LI e e R - I 0 Omega Vitx
o o -
O 300 > = g s
3 - ALICE Performance ¢ ---- signal fit ] Prim. Vix
B F pp Vs=13TeV P urity = 75 % ]
O 250 PP'sS= . purity =75 % . Mg, 2: X  decay and idenification.
TE’ [ High-Mult. (0-0.072% INEL) : c=18MeVicd 7 Fig. 2: Sketch of the Q~ decay and identification
S 200 F 00 5 AK ©O - AK® -‘ --- background fit E
% C lvl<o08 e .
o 05<pT<20GeV/c * 7]
150 P -
100 - P 3
n « * .
50 = ," > -
W“'"""""""ﬂ.“. o ]
o) SN PRI B 1

" P A PR ST T S T N Y
1.65 1.66 1.67 1.68 1.69 1.7
M, (GeV/c?)
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Results: p-Q correlation function in pp HM

7 .—_ I T 1 T 1 I __
C ALICE Preliminary ]
6 pp Vs =13 TeV =
E High-Mult. (0-0.072% INEL) E
S ]
- O pQ opQ :
4F o =
- m .
- %%% Coulomb i
3F . ]
" ¢ ------ p-Q @ p-Q sideband background J
2 e =
1 SECETETPEPPPFS g S rarirs N v @ w NG @) @) e} ]
C | . . . . L]
0 100 200

k* (MeVI/c)

“Coulomb only” scenario discarded by ALICE data (>
60)

showing the attractive character of the strong
interaction

lource = 0.73 fm (+resonances)
}\genuine =0.62
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C(k*)

Sensitivity to short ranges: p-Q- and p-=

E ' -
C ALICE Preliminary ]
6 pp Vs =13 TeV -
- 4 High-Mult. (0-0.072% INEL) ]
5 L —
- O po epq’ .
p/j - o _
- W Coulomb g
3 E_ % ------ p-Q @ p-Q sideband background _E
1 E_ wanan .”. ’.W:H.W.mm”!”é .'”’&’.’”z“m Q O @) O e} @ 1@ __E
C L | | ]

0 100 200
k* (MeV/c)

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

Iource = 0.73 fm (+resonances)
}\genuine = 062

* p-Xi correlation function (ALICE Coll. Phys.Rev.Lett. 123 (2019))

————————
200 —
S
(]
= p-= HAL-QCD
5 ~200 —
< p-Q HAL-QCD
-400 [ = p-Q Sekihara -
-600__ ., .
0 2 22

1
r(fm)
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TUTI

Results: p-Q correlation function in pp HM

. T T T T T T T | —
3 \ ALICE Preliminary .
ok pp \s =13 TeV —
- ”{/ \ High-Mult. (0-0.072% INEL) ;
:_ O p-Q ®p-Q —:
- JlJJJ Coulomb + Sekihara (°S,+3S,) E
- Coulomb + HAL-QCD (°S,+°S) ]
— i Coulomb -
C N, e p-Q @ p-Q+ sideband background ]
:_ WM@JW% 2 T O T S S ) .u.:z
- . ) . . | ) . . . l ]

0 100 200

k* (MeV/c)

I'source = 0.73 fm (+resonances)
}\genuine =0.62

“Coulomb only” scenario discarded by ALICE data (> 6 o)
showing the attractive character of the strong
interaction

Precision of ALICE data exceeds the current theoretical
predictions

Theoretical models predict similar binding energies =
C(k*) shows very different behaviour

Sensitivity to the different shapes of interacting
potential, also at short distances

23



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.

24
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ALICE

Our femtoscopic results so far:

® Investigation of the p-2° interaction via femtoscopy in pp collisions (ALICE Coll. nucl-ex/1910.14407)

® Scattering studies with low-energy kaon-proton femtoscopy in proton-proton collisions at the LHC (ALICE Coll. nucl-
ex/1905.13470)

® first Observation of an Attractive Interaction between a Proton and a Cascade Baryon (ALICE Coll. Phys.Rev.Lett.
123 (2019) no.11, 112002)

® Study of the A-A interaction with femtoscopy correlations in pp and p-Pb collisions at the LHC (ALICE Coll. Phys.Lett.
B797 (2019) 134822)

® p-p, p-A and A-A correlations studied via femtoscopy in pp reactions at Vs = 7 TeV (ALICE Coll. Phys.Rev. C99 (2019)
no.2, 024001)
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Additional slides
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Femtoscopic data constraints: Model tuning

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

C(q) = Jd3r S,-(r)[ (e, q) 2 = | iC(qr) 2 + mc,(—)(r, 9 |2] + @d% S(r) |)(J-C‘(_)(r,CI) |2]
J#i

® Vary the source weight of the zX channel:

1.4

13 |
1.2
CEREE
S}

1 F

0.9 F

0.8

150 200 250
q [MeV]

100 300

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

e I =1 KN interaction is not well known ==> vary V

1 M. Bazzi, et al., NPA 881 (2012

= =1
wv—&n — PVin-gn

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

1.2
1215
— 1
© o9}
0.8 |
S 7 R=12fm
0.7 ! | | 1 L
50 100 150 200 250 3

q [MeV]
e For f=-0.24,

al(’;\ll:l [fm]

aXP [fm] 5

0
0.75-i0.69 -0.07-i0.13
0.65-i0.91 0.61-i0.78

0.65-10.96 0.64 -i0.95
(ag= - F(E=Ey))

« Remarkable suppression around K% threshold (g ~ 58 MeV)

* Moderate cusp structure

— I =1 KN interaction can be determined with the detailed analysis!
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ALICE

Lattice HAL-QCD potential with heavy quarks

® Based on Lattice calculations with heavy quark masses F. Etminan et al.(HAL QCD Collaboration),Nucl. Phys. A928,89(2014)
o my=875MeV/c?
O mg=916 MeV/c?

e Used in the STAR pQ analysis in Au-Au collisions at Vsyy = 200GeV

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

varying the range parameter at long distance (b
Y g g p g ( 5) K. Morita, A. Ohnishi, F. Etminan, T. Hatsuda, Phys. Rev. C 94 (2016), 031901

o Vj: best fit to Lattice calculations 100
o V,/Vy: weaker / stronger attraction 0 e g R R =
-100 ¢
_ —byr? o —byr? —bsr 2 —_— - I
V(r) =bie +b3(1 —e )(e /T) > 200 HAL QCD data ——
2 -300 |
Binding energy (Ep), scattering length (ag) and effective = =400 | VI -t
range (reff) for the Spin-2 proton-Q potentials [24]. ; 500 5 vV
- I n -
Spin-2 p$2 potentials Vi Vi Vi Sz
Ep (MeV) - 63 26.9 -600 Vin — -
ag (fm) 112 579 129 -700 Coulomb -
Teff (fm) 1.16 0.96 0.65 -800 .

0 02 04 06 08 1 12 14 16 o5
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o Previously available experimental data: STAR

e  Study of the p-Q correlation function in Au-Au collisions at Vsyy = 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)

§ 3fF 1
o Au+A = 200 GeV . . .
3 urAU Sy, =200 Ge e Test different fits to Lattice QCD data
o 2r ® PQ+PT ) (delivering three different binding energies
o« gpn  Background of the NQ)Z
v —
L - V:I Binding energy (Ep), scattering length (ag) and effective
_—, range (reff) for the Spin-2 proton-2 potentials [24].
or T Spin-2 pS2 potentials Vi Vi Vi
2 T ' ' = Ej, (MeV) - 63 26.9
s Expanding Source ag (fm) —1.12 5.79 1.29
. Tefr (fm) 116 0.96 0.65
\—
- [24] K. Morita, A. Ohnishi, F. Etminan, T. Hatsuda, Phys. Rev. C 94 (2016),
031901
ot (e) STAR data favor Vi with Ep, = 27 MeV
0 0.05 0.1 0.15 29

k* (GeV/c)



ALICE
® 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
T _F — 1 - T 7 T _F — 1 T T 7
S’F Vv, (°S,#°S+Coulomb) E SE | Vu(S#°S+Coulomb) E
BF ™= . = 0.72fm + resonances - 6F -
[ —rgauss = 2.5fM (STAR 40-80%) ] [ ]
Of = riies = 5T (STAR 0-40%) Sy 7

purity 75% (ALICE)

V,, (°S,+3S+Coulomb)

100

200
Kk*(MeV/c)
30



ALICE

Calculations provide the potential shape for the °S, channel (weight %). Currently, no model for the other channel in S-

Model evaluation

wave interaction, 35, (weight %). Requires coupled channel treatment.

Assume two different (~extreme) scenarios:
1.- Complete absorption for distances r < ry. K. Morita, A. Ohnishi, F. Etminan, T. Hatsuda, Phys. Rev. C 94 (2016), 031901
ro = 2fm, chosen from the condition |V(°S,)| < |V(Coulomb)| forr>r,

2.- Complete elastic with a similar attraction as °S,

2 1) ALICE Preliminary
= pp (HM) Vs = 13 TeV
- pQ ® p-a*
o Coulomb + HAL-QCD (°S,)
E_ Coulomb
E --------- p-Q  sideband bakground
-
} .....,4.,,,_,v.@....J@.....@u_...@x...;@....@....@--..@.._
C I L L | L L L L | I
0 100 200
k* (MeV/c)

7 ..

2 2) ALICE Preliminary
6 pp(HM)\E=13TeV
5F p-Q @ p-Q*
4 f_ Coulomb + HAL-QCD (°S,)
3 } % Coulomb

. p-Q sideband bakground
21— @

i . | . . \

0 100 200

k* (MeV/c)
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Results: p-Q correlation function in pp HM

/ AILICE Preliminary
//// pis=13TeV

High-Mult. (0-0.072% INEL)

| e

/ JJJj Coulomb + Sekihara (°S,+3S,)

“Coulomb only” scenario discarded by ALICE data (> 6 o) showing the
attractive character of the interaction

C(k*)

D
°©

4,\_1

Precision of ALICE data exceeds the theoretical predictions

()}

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

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

N

Coulomb + HAL-QCD (°S,+°S.)

w

/ I Coulomb
//// ------ p-Q @ p-Q+ sideband background

\
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//////////////// Coulomb + VIII (°S,+3S))
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I'source = 0.73 fm (+resonances)
}\genuine =0.62
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ALICE

p-Q- @ p-Q* correlation function

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

e Strong enhancement of the correlation function: the
“Coulomb only” scenario is discarded by a x?
comparison to the data, n;~6

® A parameters: Pair ‘ A [%]
p—Q~ 61.5
pA—Q2~ 8.3
pz+—Q_ 3.8
p—Q~ 1.5
p-Q- 20.5
pA—gi_ 2.8
Py —Q 1.3
Q- 0.5

33



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

New dibaryons near unitarity ? G Q T. Hatsuda,

Strangeness in Quark Matter 2019, Bari.

T. Iritani et al., Physics Letters B 792 (2019) 284289
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TUTI

ALICE

Data a n a Iys i S . Q_ reco n St ru Ct i O n T. Hatsuda, Strangeness in Quark Matter 2019, Bari.

Identified by its decay: Q- >AK=>(pm)K-
Total of 1.2X10° selected (Q+Q*) candidates:
- 0.6X10° p-Q-Pp-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%
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4
ALICE Performance ¢: ... signalfit
pp \s =13 TeV P purity = 75 %
High-Mult. (0-0.072% INEL) | : o =1.82 MeV/c?

o0 5 AK@®Q — AK? -- background fit

vl < 0.8 Y
0.5< P < 20 GeV/c >
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ALICE

C(k*)

Data/Model

25

2.0

Updated results : K'p (Haidenbauer)

L L L B LB ILUNLEL B B L
t Kp+KP
Coulomb
Coulomb+Strong

ALICE preliminary
pp Vs =5 TeV
0.7<s;<1

ro=1.1432 fm

A =0.68 + 0.07 (syst)
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t Kp+KP
Coulomb
Coulomb+Strong

ALICE preliminary
pp Vs =7 TeV
0.7<s;<1

ry= 114775 fm

A =0.76 + 0.08 (syst)
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ALICE

CF for different Sphericity- MC

C(k*)
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» Clear dependence on

the sphericity for all
charge combination
considered

Events with “large
spericity” (0,7<s<1)
have a flat behavior in
the considered interval
If only events with a
large sphericity are
considered, no Pythia-
related function is
needed to fit data
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ALICE

L 26F
O 24f
22% ALICE pp collisions
2 t Kp ®K'P
1.8 . ;
165 — Cubic Spline
14F
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O'Sf—lu||I|||1|||||I||||I|O|-7||<IS|T1<|1I|H|I||||
0 50 100 150 200 250 300 350 400
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4.40 has been observed, to be compared with a significance of 300 for A(1520)
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ALICE

C(k*)
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n-o

C(k*)

0.9

0.8
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A =0.61+0.06 14
0.5 ¢ K* p®KP 12
0.4 DCoqumb 1
0.3 [:]Coulomb+Str0ng (Jtlich Model)

0 50 100 150 200 250 4
k* (MeVi/c) >

?
& 0

L L L
ALICE pp fs = 13 TeV

I
A, =0.64 +£0.06

¢ KpeK'D
(] Coulomb

=1.18 £0.01+ 0.12 fm

Coulomb+Strong (Kyoto Model)

g A bbb

B T R L o

UL R LI M 2 P A =
(0] 50 100 150 200 250

k* (MeV/c) 40



TUTI

ALICE
Source Potential
CATS: Correlation Analysis Tool
Using the Schrédinger Equation B
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 S
a local potential or wave function form. Wave function 4— =
N
Correlation function
Decomposition of the correlation function )
e Purities and contributions from weak decays determined -
» p p p ¢ ° p from fits to experimental data 5
d e Such residual correlations modelled (weak decays) or 2
A obtained from data (impurities) - (5;
Ceot (k") = A¢ D A D A, + - * Resolution effects applied to the fit function ~
f \ 4 * Phys. Rev. C99 (2019) no.2, 024001

Correlation of interest Contributions from impurities, secondaries etc. 41
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ALICE
Effect of resonances in the source

Resonances with ct >> ry
- Decrease of the correlation strength
- Taken into account by the A parameters

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

—

P, B
/ (%4 /‘ + S B
Py,

Pb 42




ALICE

Details on resonances

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

Proton - Canonical

= Primordial

= From resonances

sct>2fm
1<ct<2fm

mcr<1fm

- For = and no Q contributions!

- Average mass and average ct determined by
the weighted average values of all resonances

Lambda - Canonical

57,67%

= Primordial

= From resonances

wct>2fm 34,49%
l1<cr<2fm

mct<1lfm

- 047%

Particle | Mes [MeV] | Tres [fm]

p 1361.52 1.65

A 1462.93 4.69
¥0 1581.73 4.28 43
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ALICE
Modelling the source including resonances

Gaussian Core EEj Exponential resonance tail
- 1 T

2 2 —
2\/ET r E(T, Mres» Tres, pres) -~ exp(— _)
G(T)Teore) = 3 exp 472 p S S
core Tcore S = ﬁyrres — rres res

Mres

Shared between particle pairs - Specific modulation of each pair

Scales as a function of my

P

iz

Pb 44
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ALICE
0.5 — PP (M) =135 GeVIT (R, =1281m) | gglid line: Source distribution including the
u p-A (m,)=155 GeV/c* R, , = 1.30 fm) effect of resonances
e 0 (m ) 2 K
. 0.4 p-E(m,)=2.07 GeVlc" (R, = 112 m) Dashed line: Fit with an effective Gaussian
u\g u s P~ (M )=1.85 GeVic® (R =0.92 fm) - Direct fit of the p-p correlation
= 0.3 - p function yields similar radius
= N p- (m)=2.17 GeV/c* (R, = 0.85 fm)
172
N~ u
E 0.2
<t -
0.1 —
Oi_~ 1 1 l 1 1 1 1 l I 1 1 1 l 1 I L 1 I 1 I —E * : v -
0 1 2 3 4 3 6 7 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 45
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ALICE

Comear(K” )/CDefault(k*)

(k*)

Default

CSmear(k*)/C

1.02

Effect on the source when smearing resonances

p-p correlation

l

Effect of resonance width

Momentum smearing of 20%

1_
0.98—
I B M N IR B L
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—
PR B M N I P - -
0 50 100 150 200 250

k* (MeV/c)

CSmeaf(k* )/CDefauIt(k')

(k")

Default

CSmear(k*)/C

1.02

Effect of resonance width

Momentum smearing of 20%

|
250

250

0.98—
P R R P R
0 50 100 150 200
k* (MeV/c)
1.02 | p-Q correlation Effect of resonance width
+ Momentum smearing of 20%
1N
0.98—
P U B M M-
0 50 100 150 200
k* (MeV/c)
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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-p femtoscopy

o Femtoscopic p-p fits performed differentially in <ms> bins S
x - -
o <mp> dependence cross-checked with p-A analysis S ALICE Preliminary

pp Vs =13 TeV

High Mult. (0-0.072% INEL)

Gaussian + Resonance source
ol pp®pPp

— Coulomb + Argonne v, (fit)

1.051 .

e Effect of strong short-lived resonances computed for all hadrons 3

O Statistical hadronization model in the canonical approach
Priv. comm. Prof. F. Becattini, J.Phys. G38 (2011) 025002 25

PRI SN N T U T U T M T A T O Y e

2 - —_~
E %’ 1' ) J 2 %0 g
1.5~ i
B 100 200 300
B k* (MeV/c)
iy Sesed )
C 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 r
0 50 100 150 200
k* (MeV/c)
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ALICE

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 <ms> bins
O <mp> dependence cross-checked with p-A analysis

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

g 1.8 = ALICE Preliminary
e 47 high-mult. (0-0.072% INEL)
O = pp Vs =13 TeV

1 6 E_ I Gaussian source

1-55_ 1 | | | — pp(AV18)

1.4 = | | — p-A (LO)

1.3 = | | — p-A (NLO)

1.2

= |
115 |
1 E I
0.9 EL | 1 | L | Ll L |

12 14 16 18 2 22 24 26
<m;> (GeV/c?)

ke
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ALICE

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 <mp> dependence cross-checked with p-A analysis

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

€ 1.8§ ALICE Preliminary E 1_33_ ALICE Preliminaryo
= 1.7 high-mult. (0-0.0729 ~ E high-mult. (0-0.072% INEL)
> = pp Vs =13 TeV e 12K ol
1 6 = | Gaussian source ol - 1
:_ 1 . 1 :_ || with resonances
1'55 : I I l = pP (AV18) 15_ h I = pp (AV18)
.45 | | — p-A(LO) - + -1 — p-A(LO)
1.3 ;_ I | | = p-A (NLO) 0.9 ;_ = p-A (NLO)
1.2E | 0.8 )
f— = ey
112 . | 0.7 i
1= 3
0-921|lllllllIlllIIlllllllll]ll]]ll 0.6:||||||||||||||||||||||||l|||l|||||
1 1.2 14 16 1.8 2 22 24 1 12 14 16 1.8 2 22 24 26
<m> (Jarcvrersiseo <m>(GeV/c?) |




ALICE

p-Q Correlation function: source dependence

41r2S(r) (1/fm)

Comparison of the C(k*) for the different models for different source assumptions
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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1 1 1 1 | I T | 111 | | 111 | 11 1 ol N I | — I
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OO
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ALICE

p-Q Correlation function: source dependence

== Ieore= 0.75 fm + resonances

=== Fgauss= 1. fm
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ALICE

Femtoscopic studies on p-Q- correlations with ALICE

Oton Vazquez Doce (TUM)

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

C(k*)

Correlation function from °S, channel with cutoff in r (for r < reyos = V = 0)
HAL-QCD with physical quark masses (t=12): maximum of the C(k*) for rcyofr= 0.5 fm

7= e b 5
: : So
6 -
5 HAL-QCD (t=12) -
4 - Cutoff = 2.0 fm e
- 4 HAL QCD t=12
E I core=0.72 fm + resonances E
3 -
2 -
1
- | . ./ \\ N T T S
0 100 200 o e

k*(MeV/c) r [fm]

Precision of ALICE data ~5%
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Femtoscopic studies on p-Q- correlations with ALICE
Otoén Vazquez Doce (TUM)
ALICE

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

e Correlation function from °S, channel with cutoff in r (for r < rees = V =0)
e HAL-QCD with physical quark masses (t=12): maximum of the C(k*) for rcot= 0.5 f
e For VI potential (no bound state) C(k*) always increases with decreasing ruioff

- T T T T T ‘

= i . — No Cutoff .
5350 V, potential — Cutoff=0.1fm 100
L —— Cutoff = 0.2 fm ]
i — Cutoff=0.3fm | 0 b e e ARk
B —Ceizosmm ST o e R D =
—— Cutoff = 0. :
1 —gir-sen 100
L - utoff = 0.7 fm _
: — Cutoff = 0.8 f ] — -200 |
- Cﬂigffzg.g fm i % HAL QCD data
25 Cutoff=1.0fm = -300 |
: amtm 1 B v, -
r off = 1. . — = L
- gﬂtog =13 Im i ;i-, 00 v
" toff = 1.4 § |
2+ gﬂtggﬂ.szm ] -500 n—
i toff = 1.6 .
i gﬂtgff=1.7fm - -600 | Vy — -
I utoff = 1.8 fm n
1.51 8332 : ;g :m ] -700 Coulomb -----
r ] 0 0.2 04 06 0.8 1 1.2 14 1.6
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