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● Spontaneous breaking of CS breaks this 
degeneracy
○ The QCD vacuum is not invariant!!

Maximilian Korwieser | TUM E62 | max.korwieser@tum.de



Chiral symmetry in a nutshell

4

● Chiral symmetry (CS) is manifest in the QCD 
lagrangian density for massless quarks

● A consequence is parity doubling, i.e. mass 
degenerate states of opposite parity (spin)parity

● Spontaneous breaking of CS breaks this 
degeneracy

● Order parameter is the chiral condensate 
<qq>* 

Maximilian Korwieser | TUM E62 | max.korwieser@tum.de

*very simplified notation R. Rapp and J. Wambach Adv.Nucl.Phys 25 (2000)



Chiral symmetry in a nutshell

5

● Chiral symmetry (CS)  is manifest in the QCD 
lagrangian density for massless quarks

● A consequence is parity doubling, i.e. mass 
degenerate states of opposite parity 
(spin)Parity

● Spontaneous breaking of CS breaks this 
degeneracy

● Order parameter is the chiral condensate 
<qq>* 

Maximilian Korwieser | TUM E62 | max.korwieser@tum.de

*very simplified notation

How to connect <qq> to hadronic properties?

Can we control the amount of CS violation?
How to connect <qq> to hadronic properties?

Can we control the amount of CS violation?

R. Rapp and J. Wambach Adv.Nucl.Phys 25 (2000)
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Directly links <qq> to 
hadron masses!
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● Value of <qq> is predicted to drop 
for increasing temperature (T) 
and density (ρ)
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● Study excitation functions 
of hadrons
○ Modifications expected 

in-medium
○ Degeneracy of chiral partners 

How to measure degree of restoration 
experimentally?
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● Value of <qq> is predicted to drop
for increasing temperature (T) 
and density (ρ)

● Many searches for CSR on-going
○ Recently with pionic atoms

piAF Coll. Nature Physics 19 (2023)

○ Line shape analyses of ρ
NA61 EPJC 61 (2009)

○ Study of M(ee) to access 
ρ meson modifications
HADES Coll. arXiv:2205.15914v2
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How to measure degree of restoration 
experimentally?Add a completely new complementary approach at colliders

Exploit recent developments of the femtoscopic methods
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Idea in a nutshell
● Access in-medium properties

○ Emulate dense medium 
by small distances
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Idea in a nutshell
● Access in-medium properties

○ Emulate dense medium 
by small distances
■ Already at ⅔ n0  drop

of <qq> of approx. 23% 
piAF Coll. Nature Physics 19 (2023)
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Idea in a nutshell
● Access in-medium properties

○ Emulate dense medium 
by small distances

○ Study excitation function 
of particles of interest
 

Mass (GeV/c2)
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Experimental work
● Systematically approach many-body effects

○ Measure two-body correlations 
○ Establish procedure for many-body femtoscopy
○ Tag particles surrounded by close-by nucleons
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Small sources in pp at the LHC
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See also talks of
D. Mihaylov and M. Lesch



Do we see vector meson baryon interactions?
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R. Rapp and J. Wambach Adv.Nucl.Phys 25 (2000)



Do we see vector meson baryon interactions? Yes!
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● ALICE already measured ϕ-p and recently the ⍴0-p correlations!
● With Run3 potentially other vector meson baryon correlations are within reach

○ by usage of triggers and wealth of data

ALICE Coll. PRL 127 (2021)
A . Feijoo et. al. arXiv:2407.01128

ϕ-p

ALICE Data
HM pp at 13 TeV

Legend adapted

https://arxiv.org/abs/2407.01128
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● ALICE already measured ϕ-p and recently the ⍴0-p correlations!
● With Run3 potentially other vector meson baryon correlations are within reach

○ by usage of triggers and wealth of data

ALICE Coll. arxiv:2409.11936
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Idea in a nutshell
● Access in-medium properties

○ Emulate dense medium 
by small distances

○ Study excitation function 
of particles of interest
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See also talk of M. Lesch
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Applying femtoscopy to CSR searches
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πNN and πNNN correlations as testbed

 

● Employ multi-correlation technique to study πΝΝ and πNNN interactions in 
small colliding systems → doorway to access ‚large densities‘

● Lower order well under control’ plethora of πN and πNN scattering data

Courtesy of L. Fabbietti



33
Maximilian Korwieser | TUM E62 | max.korwieser@tum.de

πNN and πNNN correlations as testbed

 

● Employ multi-correlation technique to study πΝΝ and πNNN interactions in 
small colliding systems → doorway to access ‚large densities‘

● Lower order well under control’ plethora of πN and πNN scattering data

Courtesy of L. Fabbietti



34
Maximilian Korwieser | TUM E62 | max.korwieser@tum.de

πNN and πNNN correlations as testbed

 

● Employ multi-correlation technique to study πΝΝ and πNNN interactions in 
small colliding systems → doorway to access ‚large densities‘

● Lower order well under control’ plethora of πN and πNN scattering data

Courtesy of L. Fabbietti



35
Maximilian Korwieser | TUM E62 | max.korwieser@tum.de

Do we see genuine πNN correlations? 

 
● Paper in preparation

● 2B and 3B correlation measured 

● Model available for 2B but missing 
full 3B calculations at the moment

● Hint of 3B effects observed using 
Kubo’s cumulant method [1] 
(see back-up!) 

 

[1] J. Phys. Soc. Jpn. 17, pp. 1100-1120 (1962)
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Future plans for πNN, πNNN and πNNNN
 

● Measure the correlations systematically starting from 2 body

● Perform a differential (mT, multiplicity) analysis to pin down 
the particle emitting source

● Stimulate theory efforts to calculate predictions 
for the many body correlation function
○ Extract in-medium pion decay constant 



Back-up
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Do we see genuine πNN correlations? 

 

● Measured three particle correlation function includes both two-body and 
genuine three-body interactions.

● We use Kubo’s cumulant method [1] for the same pair distribution and 
define a femtoscopic cumulant to access genuine 3B correlation [2].

[1] J. Phys. Soc. Jpn. 17, pp. 1100-1120 (1962)
[2] ALICE Coll., Phys.Rev.C 89 (2014) 2, 024911
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Do we see genuine πNN correlations? 

 
● In both cases cumulant 

compatible with zero 
for large Q3 
→ No three-body effects

● Three-body effects 
for small Q3< 200 MeV/c
Repulsion for π+pp
Attraction for π-pp



Constraining the source
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