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Effective field
theories Haidenbauer et al, Nucl. Phys. A, 915:24-58, 2013



https://www.sciencedirect.com/science/article/abs/pii/S0375947413006167?via%3Dihub
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Tu'" Femtoscopy

Koonin-Pratt equation
Pratt et al.
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Relative distance and %% relative momentum
evaluated in the pair rest frame

2 )
Brr F2%

4

e Measure C(k¥), fix S(r*), study the interaction.

e CATS framework to evaluate the above integral
Mihaylov et al. EPJC 78 (2018) 5, 394



https://link.springer.com/article/10.1140/epjc/s10052-018-5859-0
https://www.annualreviews.org/doi/10.1146/annurev.nucl.55.090704.151533
https://www.annualreviews.org/doi/10.1146/annurev.nucl.55.090704.151533

Tu'" Femtoscopy
Workflow

e Nse(k®) -
Ck) = 32 = [ 500

Measure Fix Study
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Femtoscopy
The emission source
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https://doi.org/10.1016/j.physletb.2020.135849
https://link.springer.com/article/10.1140/epjc/s10052-023-11774-7

Femtoscopy 1) ALICE Coll. Phys.Lett.B 811 (2020) 135849
o 2) Mihaylov and Gonzalez Gonzalez, EPJC 83 (2023) 7. 590
The emission source
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https://doi.org/10.1016/j.physletb.2020.135849
https://link.springer.com/article/10.1140/epjc/s10052-023-11774-7

] ] 2) Mihaylov and Gonzalez Gonzalez, EPJC 83 (2023) 7, 590
The emission source 3) ALICE Coll. Nature 588 (2020) 232-238

'I'Im Femtoscopy 1) ALICE Coll. Phys.Lett.B 811 (2020) 135849
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https://doi.org/10.1016/j.physletb.2020.135849
https://link.springer.com/article/10.1140/epjc/s10052-023-11774-7
https://doi.org/10.1038/s41586-020-3001-6

'I'Im Femtoscopy 1) ALICE Coll. Phys.Lett.B 811 (2020) 135849

] ] 2) Mihaylov and Gonzalez Gonzalez, EPJC 83 (2023) 7, 590
The emission source

oo Nse(k") / S ? 3 4 koo
(k) = — r* )Wk r* * > 1
) = 3220 = [ s |wie. [

Measure Study

Fix
Based on 1) /

ALICE pp V5 = 13 TeV L o Enh_arjced sensitivity in small
High-mult. (0-0.17% INEL>0) ] collision systems (pp)

10" p—p Argonne v,
I Parametrization = e Common emission source for all

baryons

1.4

rcore (fm)

1.2

| i = _ e The pp correlation can be used to
evaluate S(r*)

e The same source can be used to
T 15 2 55 study the final state interaction
m; (GeV/c? for ANY other baryon-baryon pair
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https://doi.org/10.1016/j.physletb.2020.135849
https://link.springer.com/article/10.1140/epjc/s10052-023-11774-7

Femtoscopy
The emission source

ALICE Coll. Phys.Lett.B 811 (2020) 135849
Mihaylov and Gonzalez Gonzalez, EPJC 83 (2023) 7, 590

. 2

S(r) | W(k*, )| &+ £2%% 1

ALL details up for discussion over lunch / coffee!

NOW let's move to physics results
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https://doi.org/10.1016/j.physletb.2020.135849
https://link.springer.com/article/10.1140/epjc/s10052-023-11774-7
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TUTI

Dense nuclear matter, as found in

neutron stars, may provide favourable

conditions for hyperons to form.
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Tu'" p/\ correlations

Motivation

Dense nuclear matter, as found in
neutron stars, may provide favourable
conditions for hyperons to form.

The hyperon puzzle:
The appearance of hyperons is in
contradiction with the existence
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Tu'" p/\ correlations

Motivation

Dense nuclear matter, as found in
neutron stars, may provide favourable
conditions for hyperons to form.

The hyperon puzzle:

The appearance of hyperons is in
contradiction with the existence
of the largest measured masses
of neutron stars.

One proposed solution:

A repulsive three-body NNA force
will prevent the chemical
potential ua of becoming
favorable for A formation.
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Gerstung et al.
Eur.Phys.J.A 56 (2020) 6. 175
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https://link.springer.com/article/10.1140%2Fepja%2Fs10050-020-00180-2
https://link.springer.com/article/10.1140%2Fepja%2Fs10050-020-00180-2

Tu'" p/\ correlations

Motivation

Dense nuclear matter, as found in
neutron stars, may provide favourable
conditions for hyperons to form.

The hyperon puzzle:

The appearance of hyperons is in
contradiction with the existence
of the largest measured masses
of neutron stars.

One proposed solution:

A repulsive three-body NNA force
will prevent the chemical
potential ua of becoming
favorable for A formation.

The interplay between the two-
and the three-body forces is
crucial to obtain a realistic

nuclear equation of state!
Friday: Oton Vazquez Doce
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https://link.springer.com/article/10.1140%2Fepja%2Fs10050-020-00180-2
https://link.springer.com/article/10.1140%2Fepja%2Fs10050-020-00180-2

TUTI

p/\ interaction

Scattering and femtoscopy data

Haidenbauer et al. Eur.Phys.J.A 56 (2020) 3. 91
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https://link.springer.com/article/10.1140%2Fepja%2Fs10050-020-00100-4

Tu'" p/\ interaction

Scattering and femtoscopy data
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https://doi.org/10.1016/j.physletb.2022.137272
https://link.springer.com/article/10.1140%2Fepja%2Fs10050-020-00100-4

TUTI

p/\ interaction

A combined analysis
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https://doi.org/10.1016/j.physletb.2022.137272
https://link.springer.com/article/10.1140%2Fepja%2Fs10050-020-00100-4

p/\ interaction
A combined analysis

TUTI

Haidenbauer et al. Eur.Phys.J.A 56 (2020) 3, 91
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e pAinteraction: Usmani potential, short-range repulsive core fitted
Usmani et al, PRC, 29:684-687, 1984

Mihaylov and Gonzalez Gonzalez, EPJC 83 (2023) 7, 590
e Scattering: fit of the cross section

e Femtoscopy: mT differential fit of pp (source) and pA (interaction) correlations

220 385
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J
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https://doi.org/10.1016/j.physletb.2022.137272
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.29.684
https://link.springer.com/article/10.1140/epjc/s10052-023-11774-7
https://link.springer.com/article/10.1140%2Fepja%2Fs10050-020-00100-4

TUTI

p/\ scattering parameters WORK IN PROGRESS
Constrained to Scattering data in collaboration with J. Haidenbauer

Following EPJC 83 (2023) 7, 590, create an exclusion plot for the
single/triplet pA\ scattering length, using only scattering data

2.0

21


https://link.springer.com/article/10.1140/epjc/s10052-023-11774-7

TUTI

p/\ scattering parameters WORK IN PROGRESS
Constrained to Scattering data in collaboration with J. Haidenbauer

Following EPJC 83 (2023) 7, 590, create an exclusion plot for the
single/triplet pA\ scattering length, using femto + scattering data

2.0

22


https://link.springer.com/article/10.1140/epjc/s10052-023-11774-7

T|_|T| Next steps

e New parameterization(s) of the xEFT
e Obtain the in-medium UA(p) potential

e Ultimately: a data-driven EoS
Collaborating with I. Vidana, L. Fabbietti, V. Mantovani, J. Schaffner Bielich, J. Haidenbauer
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TI.ITI Coupled channels and resonances

Introduction

[
The initial state is NOT fixed

Can be any XY system with quantum
numbers equal to pK, such as ¥, nK° etc.
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TI.ITI Coupled channels and resonances

Introduction

PP

‘1 fm

N . . )
The initial state is NOT fixed
The elastic channel is trivial

\_ J

k* (MeV)
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TI.ITI Coupled channels and resonances

Introduction

/
The initial state is NOT fixed

Any other “source” of pairs adds up to
the correlation signal

J

k* (MeV)
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TI.ITI Coupled channels and resonances

Introduction
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Ke__ :
YK r) %
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The initial state is NOT fixed

Any other “source” of pairs adds up to
the correlation signal
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TI.ITI Coupled channels and resonances

System size
ALICE Coll, EPJC 83 (2023) 4, 340
Kamia et el. PRL 124 13, 2020

Pb-Pb

— laues = 1.1 fM (PP)
------- = 15 fm (p_Pb)

= 5.0 fm (Pb—Pb) C(k*)

0.455 Range of the
strong force

rGauss

rGauss

k* (MeV)
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https://doi.org/10.1140/epjc/s10052-023-11476-0
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.132501

AK™ correlations
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.072501

Events/(0.003 GeV/c?)

AK™ correlations
Overview
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.072501

AK™ correlations

ALICE result
ALICE Coll. PLB 845 (2023), 138145 5
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https://www.sciencedirect.com/science/article/pii/S0370269323004793?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.072501

AK™ correlations

ALICE result
it ALICE Coll. PLB 845 (2023). 138145 MMV
()_,....,....I...,I,_ 1650 1700 1750 1800 1850 1900
B —_ - - =1 =80 W[ T Il Rl T
1.1 AK ®@AK" 10-30%7 3 -
- ALICE pp Vs =13 TeV ]
B High Mult. (0-0.17% INEL > 0) 1
1F =(1620): » . -
— - 79.2 MeV/c BA-K & A-K .
09 :_ _: Ooo s22120.7 MeV/c e =(1690): g
[ ALICE Pb-Pb @ 2.76 TeV N % Zad-o Mevie =
| - 000, 000 oo™ ©000900000009000, N
0.8 PRC 103 (2021) 5. 055201 (e)- e oo eeensecost b
_l L L 1 | ] I L L L L I L L L L l l_ =1
0 0.1 0.2 03 T R T T .
* 100150 200 250 300350 400 450 500
% K™ (GeV) k* (MeV/c)
\\ //'
\\ ///
N\ g
= AK™ Q ZIK =(1690) =n
: >
1460 1609 1670 1686 1870 Mass (MeV)
+—>
=(1620)

33


https://www.sciencedirect.com/science/article/pii/S0370269323004793?via%3Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.055201

AK™ correlations

Invariant mass
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https://www.sciencedirect.com/science/article/pii/S0370269323004793?via%3Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.055201

AK™ correlations
Modelling

- = 2
W(k*, 7) w(K*, F*)) &3 r*

C(k*)cc=/5(f*) 2d3f*+zwj/51(f*)

Elastic AK"—AK" Inelastic En,fK,En—mK'

* wy weight of each initial state

e \Wave functions modeled by state-of-the-art UxPT at NLO in CC formalism
o =(1620) and =(1690) are dynamically generated states
o Fine-tune (fit) the relevant parameters to ALICE data
o Details on Friday by Isaac Vidana
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AK™ correlations
Constraining the theory

ALICE pp Vs = 13 TeV

High Mult. (0-0.17% INEL > 0)
Bl A-K @& A-K"

—C
—C

XQ

?

\ . E(1690)
——— | % e
Mﬁtf) w‘%‘”‘m

e 0,

model

background

@

k* (MeV/c)

Mantovani Sarti et al, arXiv:2309.08756

e Fit LECs and SCs to the
measured ALICE AK™ correlation

e How does the =(1620) pole
scenario look like?
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https://arxiv.org/abs/2309.08756

/\K_ Correlations Mantovani Sarti et al, arXiv:2309.08756
Constraining the theory

Table II. Poles, couplings and compositeness of the reso-
nances generated by the VBC S = —2 meson-baryon inter-
action at NLO. The number between brackets in the first
column denotes the channel threshold energy in MeV.

I 4 =(1620) pole
mass M: 1616.18 MeV 1670.43 MeV Mainly molecular nature
width T 23.03 MeV 7.17 MeV composed of KX

Riemann sheet: (———+++) (———+++) NEW PARADIGM!
|9i] g;dG/dE|  |gi| |g7dG/dE]|
n~2°(1454) 0.50 0.013 0.17  0.0014
n'=" (1456) 0.33 0.006 0.41  0.0079 =(1690) pole
K™ A(1609) 0.92 0.155 0.06  0.0003 Virtual state
K~ x°%(1686) 1.24 0.099 230 0.836 Mainly coupled to KX
K S (1695) 1.51 0.135 1.32  0.215
n=" (1868) 2.97 0.243 0.16  0.0009
Experimental =*: =(1620) [18] =(1690) [56]
mass M: 1610.4 +6.0752 MeV 1690 + 10 MeV

width I 59.9 £ 4.8728 MeV 20+ 15 MeV
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https://arxiv.org/abs/2309.08756

TUT! Summary

e Femtoscopy as a tool to access low-energy scattering

e PpA system requires less two-body attraction
=> ongoing efforts to constrain the parameters of xEFT

e Studying coupled channels and near-threshold resonances

e K A correlation requires non-resonant and a resonant part to
the scattering amplitude

=> confirmation of the £(1620) — K A
=> preliminary theoretical constraints

— =(1620) as a molecular state coupling strongly to K Z
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TI.ITI The emission source
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BRSNS
ALICE pp Vs = 13 TeV
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m; €[1.26, 1.38) GeV/c?
Gaussian Source

g
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W6l pp © B 1 18f Bl p-AopA ]
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. M I e el i A L. M IR R B R
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k* (MeV/c) k* (MeV/c)
.
.

ALICE Coll. Phys.Lett.B 811 (2020) 135849

5 2
S(r)(k*, 7)| d°r

Study

C(k)

Measure Fix

e Enhanced sensitivity in small collision systems (pp)
e Common emission source for all baryons?

e Particle production through decays of short lived
resonances (ct~fm) increases effective source size

e The pp correlation can be used to evaluate S(r*),
based on the known interaction

e The same source can be used to study the final state
interaction for ANY other baryon-baryon pair


https://doi.org/10.1016/j.physletb.2020.135849

TI.ITI The common core source

2.5

1.5

B
ALICE pp (s =13 TeV

i o High-mult. (0-0.17% INEL > 0)

m; €[1.26, 1.38) GeV/c?

Gaussian Source

Blppepp .
—— Coulomb + Argonne v, (fit) ]

........

nnnnnnnnnnn

High-mult. (0-0.17% INEL>0)
m; €[1.26, 1.32) GeV/c? ~
Gaussian Source i
I8l p-A © p-A .
— x EFT NLO (fit) ]
— % EFT LO (fit)

k* (MeV/c)

k* (MeV/c)

—
£
1
o
o]
o
“

1.4
1.3
1.2
1.1

1
0.9
0.8

0.7

ALICE Coll. Phys.Lett.B 811 (2020) 135849

C(k) = / S(r)|W(k*, 7) g

i,

==

[ PA

= p-A(LO)

S
=

ALICE pp Vs = 13 TeV
High-mult. (0—0.17% INEL > 0)
Gaussian + Resonance Source

1
1 1.2 14 1.6

1.8

2

2.2

Ongoing analysis in 1T and pK show

compatible results

24 26
(m_) (GeV/c?)


https://doi.org/10.1016/j.physletb.2020.135849

C(k™)

ALICE Coll. Phys.Lett.B 811 (2020) 135849

TI.ITI The common core source

T T AlcEmp s 1atev ] Ee2F T TAlcEpp fs-taTev | 4 = 2
3 9 High-mzﬁ. (0-0.17% INEL>0) ° I High-mz:)t. (0-0.17% INEL>0) C k* - S x w k* Pl d3 X
L m; €[1.26, 1.38) GeV/c? i 2 m; €[1.26, 1.32) GeV/c? = —_— r ' r r
250 Gaussian So_urc_e a Gaussian Sourci
- Blppopp 1 1.8 [l p-AepA 4
i —— Coulomb + Argonne Vig (flt): E —x EFT NLO (flt) 1
2* ., 161 — % EFT LO (fit)
: : 1.4
: 1'4_ /é\ & Ll ] Ll Ll I L Ll T L) l Ll L] L) T I Ll Ll
e 12] = ALICE pp Vs =13 TeV 1
i i o L o
i i 8 High-mult. (0—0.17% INEL > 0)
0‘ . ISIOI - I100I - I150I ‘ Ikéf)’\(;le\'”;) OI - I5IOI - I1(I)0I - I1EI>0I ‘ Ik?(:)'(\);le;ﬁlc) B - p_p Afgonne V18 -
1.2~ I Parametrization o
1=
*
0.8~
A 1 1.5 2 2.5
R m+ (GeV/c?)
A e Ongoing analysis in 11T and pK show
. compatible results



https://doi.org/10.1016/j.physletb.2020.135849

E, [MeV]

0.00 0.05 0.10 0.15 0.20
A—2/3

Phys. Rev. C 99, 044003 (2019)



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.044003

TUTI

p/\ interaction

mT integrated analysis
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Tu'" p/\ interaction

mT integrated analysis
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e The NLO19 parameterization overshoots the data at low k* (3.2 o).

e Johann Haidenbauer prepared a NLO wave function, where the scat. length
of the 3S1 channel has been reduced (1.45 —1.30 fm), which would still be
compatible with existing data. 45
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m C ECA The common source Mihaylov and Gonzalez Gonzalez, EPJC 83 (2023) 7, 590

Displacement parameter

e Random Gaussian displacement around
the collision point
e Sample the momentum

In this example: proton pT distributions from ALICE Eur. Phys. J. C, 80(8):693. 2020
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Hadronization parameter

e Propagate the particles on a straight trajectory
until they intersect an ellipsoidal surface around
the collision point
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TI.ITI CECA: The common source

Free-streami, hase
#ee-streamljl:'lg Bhase

e Propagate each particle for a fixed amount of time

T, based on the velocity B=p/ym
e The resulting distribution is the primordial source
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TI.ITI CECA: Production through resonances

An example for pp pairs

e Decay short-lived resonances and group the final
particles into pairs, after equalizing their time.
N.B. %5 of the protons stem from resonances!
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TI.ITI ALICE data + CECA

One source to rule them all
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e pp interaction: fixed to the Argonne v18 potential pPhys. Rev. C. 51:38-51. 1995
e pAinteraction: Usmani potential, short-range repulsive core fitted phys. Rev. C. 29:684-687. 1984
e A combined fit of the mT differential pp and pA correlations!
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TI.ITI AK™ correlations | |
[1] R. Lednicky, V. Lyuboshits SINP 35 (1982)

[2] F. Giacosa et al. EPJA 57 (2021), 12, 336
Modelling

e Lednicky-Lyuboshits (LL) formulal™
Connects C(k*) to the scattering amplitude

Non resonant Resonant
¥ Sy
Assuming the effective- Assuming a Flatte-like
range expansion amplitudel? for =(1620)

Ceen(k") = @Gy ™ (k) + (1 — @) G (k")



TI.ITI AK correlations

Results

e Indication of a large

coupling of =(1620) to AK"

+0.28(stat)

Mz (1620) = 1618.49 11 (5ys)

[1] ALICE Coll. arXiv: 2305.19093
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Non resonant
Assuming the effective-
range expansion
Resonant
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\

Assuming a Flatte-like
amplitude® for =(1620)

[2] F. Giacosa et al. EPJA 57 (2021), 12, 336
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" Y 1:/\ «- = 115.99 * 8.56(stat) + 4.08(syst) MeV

ME(1620) = 1618'491-0.21(53151')
e Non-resonant scattering parameters in agreement with

ALICE Pb-Pb results
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