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TUT chiral symmetry in a nutshell
QC% = w(WuD“W — ZGZVGW

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

e A consequence is parity doubling, i.e. mass
degenerate states of opposite parity (spin)Pa
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TUT chiral symmetry in a nutshell

m= I 1 a v
LQC% — w(ZfYILD#)%D o ZGW/G&L

e Chiral symmetry (CS) is manifest in the QCD

. . 7 e
lagrangian density for massless quarks

1 :
N,
"&"’ 4 (x,0)

e A consequence is parity doubling, i.e. mass
degenerate states of opposite parity (spin)Pa
e Spontaneous breaking of CS breaks this
degeneracy
o The QCD vacuum is not invariant!!
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TUT chiral symmetry in a nutshell

m= I 1 a v
LQC’% — TP(’VYMD“)%D o ZG;U/GZ

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

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

e Spontaneous breaking of CS breaks this
degeneracy

e Order parameter is the chiral condensate

~a9 < 0lqq|0 >

2

*very simplified notation

qqg-excitations of the @CD vacuum

Energy (Me\)
f, 14200
a,q260) _£,(1285)
¢ (1020)
f,@00- p 770) W (782)

1200)

L P-S, V-A spilitting
in the physical vacuum

T (140)
R. Rapp and J. Wambach Adv.Nucl.Phys 25 (2000)
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TUT chiral symmetry in a nutshell
1

r m=0 T/ YIS A ALY

How to connect <qg> to hadronic properties?

q
m
Can we control the amount of CS violation? 0
q 0)
‘ A\~ 4 B  AYJ | rlul CATI TS WLGd I\J_' | AYZRYIRIIBCIAYAY/RAY A2 R [® /@ v
<qq>* <0 qq [O > Hemae P-S, V-A splitting
in the physical vacuum
T (140)
*Very Slmp“fled notation R. Rapp and J. Wambach Adv.Nucl.Phys 25 (2000)
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TUTI observables linked to the <qg> condensate

QCD Sum Rules
S. Weinberg, Phys. Rev. Lett. 18 (1967) 507

s "
[ 2y = M) = ma? = —2mq(qa)
0

Chiral symmetry restoration manifests itself through mixing of vector and axial-vector correlators
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TUTI observables linked to the <qg> condensate

QCD Sum Rules
S. Weinberg, Phys. Rev. Lett. 18 (1967) 507 Directly links <qq> to

& e hadron masses!
f -;-Il—lv(s) — My ()] = mafiE = —2mgq{qq)
0

Chiral symmetry restoration manifests itself through mixing of vector and axial-vector correlators
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TUTI observables linked to the <qg> condensate

QCD Sum Rules
S. Weinberg, Phys. Rev. Lett. 18 (1967) 507

j ?[HV(S) = ﬂAV(S)] - m12tf1t = —2mq(qq)
0

Chiral symmetry restoration manifests itself through mixing of vector and axial-vector correlators

Gell-Mann Oakes Renner (GOR) Relation
Gell-Mann Oakes and Renner Phys. Rev. 175 (1968) 2195

m72r.f7% — —i(mu +mg) < wt + dd > fr = 93.3MeV

It relates the pion mass and decay constants to the value of the condensate (spontaneous chiral
symmetry breaking) and the values of the quark masses (explicit chiral symmetry breaking)

n Decay Constant in vacuum
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T chiral Symmetry Restoration

(qq) ~ —(240MeV)> x N;

e Value of <qg> is predicted to drop
for increasing temperature (T)
and density (p)

Klimt, Lutz, Weise PLB 249 (1990) 386
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T chiral Symmetry Restoration

(qq) ~ —(240MeV)> x N;

e Value of <qg> is predicted to drop
for increasing temperature (T)
and density (p)

How to measure degree of restoration

, T. p - beams
L8P experimentally?

Klimt, Lutz, Weise PLB 249 (1990) 386
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T chiral Symmetry Restoration

(qq) ~ —(240MeV)> x N;

e Value of <qg> is predicted to drop
for increasing temperature (T)
and density (p)

How to measure degree of restoration

, T. p - beams
Y &R experimentally?

RHIC o |
SIS 300 (FAIR) e Study excitation functions
LHC of hadrons
300, o Modifications expected
T/ MeV gt P in-medium

o Degeneracy of chiral partners

Klimt, Lutz, Weise PLB 249 (1990) 386
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TUT chiral Symmetry Restoration

pr, A(S)/rs
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T chiral Symmetry Restoration

(qq) ~ —(240MeV)> x N;

e Value of <qg> is predicted to drop
for increasing temperature (T)
and density (p)

How to measure degree of restoration
experimentally?

Y, ©. p - beams

e Many searches for CSR on-going

o Recently with pionic atoms
PIAF Coll. Nature Physics 19 (2023)

3008/, .
T/ MeV g b-4< O o Line shape analyses of p

NA61 EPJC 61 (2009)
o Study of M(ee) to access

HADES Coll. arXiv:2205.15974v2
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T chiral Symmetry Restoration

(lan) o~ — (240 MeV )3 « M.

T /N

drop
)
ation
Add a completely new complementary approach at colliders
Exploit recent developments of the femtoscopic methods bing
R s O OlWuday Ort ivifee) 10 dCCesS

HADES Coll. arXiv:2205.15974v2
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Tum Applying femtoscopy to CSR searches

|ldea in a nutshell
e Access in-medium properties
o Emulate dense medium
by small distances

| normal nuclear matter |

n=ng = 0.16 fm*

dyn =~ 1.84 fm |

Courtesy of L. Fabbietti

. compressed matter

baryonic cores

2 fm

n = 5“()
dan = 1.08 rll)/
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Tum Applying femtoscopy to CSR searches

|ldea in a nutshell
e Access in-medium properties
o Emulate dense medium
by small distances
m Already at %5 n, drop
of <qg> of approx. 23%

PIAF Coll. Nature Physics 19 (2023)

Courtesy of L. Fabbietti
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Tum Applying femtoscopy to CSR searches

|ldea in a nutshell | o
e Access in-medium properties L) vacuum -

©)

O

Courtesy of L. Fabbietti

Emulate dense medium
by small distances
Study excitation function
of particles of interest

Amplitude

0 02 04 06 0.8 1 1.2
Mass (GeV/c?)
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Tum Applying femtoscopy to CSR searches

Experimental work
e Systematically approach many-body effects
o Measure two-body correlations
o Establish procedure for many-body femtoscopy
o Tag particles surrounded by close-by nucleons
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Courtesy of L. Fabbietti
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Tum Applying femtoscopy to CSR searches

Yield |

Experimental work

Systematically approach many-body effects
Measure two-body correlations

Establish procedure for many-body femtoscopy
Tag particles surrounded by close-by nucleons

No

‘C\w‘gging

Yi¢

Mass (GeV/cz)
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Courtesy of L. Fabbietti
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Tum Applying femtoscopy to CSR searches

Experimental work
e Systematically approach many-body effects
o Measure two-body correlations
o Establish procedure for many-body femtoscopy
o Tag particles surrounded by close-by nucleons

No _ Tagging with
‘Niggmg JLo—-  two collimated
. nucleons
F A .
Yield Yield | vi
A\
/ \
‘ — N Vﬁ ™ —————e .
| Mass (GeV/c?) | Mass (GeV/c?)
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Tum Applying femtoscopy to CSR searches

Yield

Experimental work

No

‘O\té\‘gging

Yield |

Systematically approach many-body effects
Measure two-body correlations

Establish procedure for many-body femtoscopy
Tag particles surrounded by close-by nucleons

Tagging with
—=_ two collimated
nucleons

A
Yield

o -

Mass (GeV/c?)

Courtesy of L. Fabbietti

Tagging with

W@~ three collimated

nucleons

-

Mass (GeV/c?)
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TUTl small sources in pp at the LHC

o Emitting source function anchored to p-p correlation

function
C(k*) = f

o Two-component model

r2

42

) X

o Universal source for all hadrons

1
Sr) = Gz 3z Xp (—

(s, )| a7

rCOfG (fm)

Effect of short lived
resonances (ct ~ 1 fm)

(cross-check with K*-p, 1t-mt, p-A, p-T)

o Small particle-emitting source created in pp

collisions at the LHC

2.5

See also talks of
D. Mihaylov and M. Lesch

] l L) T T T I 1 1 ] T I T 1 1 T I T L} T ] I T 1 1
ALICE Preliminary pp Vs = 13 TeV

High Mult. (0-0.17% INEL>0)
0 pn @ pn
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[ m*-n* ® =, Pold
n-n* ® n -7, Pol2
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IlllIIIIIIIIIIIIIIIIIIIII

IlllllllllllllllllllllIll

1 l 1 1 1 L l 1 1 1 L I 1 1 1 1 l 1 1 1 1 I L 1
0.5 1 1.5 2 2.5
m; (GeV/c?)

ALICE Coll., arXiv:2311.14527 accepted by EPJC
ALICE Coll., PLB, 811 (2020), 135849
ALICE Coll, paper in preparation

22

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



TUTl Do we see vector meson baryon interactions?

qqg-excitations of the QCD vacuum

A
Energy \Me\V)
f, (1420)
a,1260) _$,(1285
¢ (1020)
f,@00- P (770) o (782
1200)
1 L P-S, V-A spilitting
in the physical vacuum
T (140)

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

ALICE Coll. PRL 127 (2021)
A . Feij[oo ell‘. al. ngivl:2407.01 128

— 1.1 / ] .
X F . Legend adapted
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h: + (]?¢¢’¢¢ ¢¢¢¢¢¢¢¢¢¢¢¢¢<p¢¢ ¢¢¢¢¢¢Q¢¢¢¢¢¢O¢o¢ 1.6 — Bootstrap 5 param
091 AN 25N
9F P,
- 0 0 = 2 ¢'p
0.8 Jf Elp—p@p—p 2 14}
- &
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- ks
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e ALICE already measured ¢-p and recently the p®-p correlations!
e With Run3 potentially other vector meson baryon correlations are within reach
o by usage of triggers and wealth of data
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https://arxiv.org/abs/2407.01128

TUTl Do we see vector meson baryon interactions? Yes!

%10° ALICE Coll. arxiv:2409.11936
T 1 T 1T ‘ 1T T T ‘ 1 T 7T ‘ 1 T 7T ‘ 1 T 7T ‘ T
. ALICE ¢Data (stat. uncert) -
101~ pp (s =13 TeV -3BW + Res. Bkg |
- 3<p,=4Gevic f,(1285) - KXKn -

Counts/ 0.008 GeV/c?

ol V<05
I —f,(1285)
1,(1420)
of n (1475)

Res Bkg |

e ALICE already measured ¢-p and recently the p®-p correlations!
e With Run3 potentially other vector meson baryon correlations are within reach
o by usage of triggers and wealth of data
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TUTI Applying femtoscopy to CSR searches Courtesy of L. Fabbietti

|ldea in a nutshell Experimental work
e Access in-medium properties e Systematically approach
o Emulate dense medium many-body effects
by small distances o Measure two-body correlations
o Study excitation function o Establish procedure for
of particles of interest many-body femtoscopy

o Tag particles surrounded
by close-by nucleons

26
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Extending the femtoscopy to many body studies
Correlation function:

R - 2
c(k*) = j SE)|w @k, 7)| d

relative momentum:
1 — —
*
k* = Z|ps + Pyl

M.Lisa, S. Pratt et al., ARNPS 55 (2005), 357-402
L. Fabbietti et al., ARNPS 71 (2021), 377-402
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r

relative distance:

*

r
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Extending the femtoscopy to many body studies

Correlation function:

C(Qs) = f S (0,012 p5 dp

R
Hyper-momentum: Hyper-radius:
— 2 2 2 - 2 2 2
Q3 = 2\/"12 + k33 + k33 p= 2\/7”12 + 13 + 133
R. Del Grande et al. EPJC 82 (2022) 244 L. E. Marcucci et al., Front. in Phys. 8, 69 (2020).

ALICE Coll., EPJ A 59, 145 (2023)
See also talk of M. Lesch
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Tl Extending the femtoscopy to many body studies

Correlation function:

C(Qs) = f S (0,012 p5 dp

-~
Hyper-momentum: Hyper-radius:
- 2 2 2 _ 2 2 2
Q3 = 2\/"12 + k33 + k34 p = 2\/7”12 + 153+ 133
R. Del Grande et al. EPJC 82 (2022) 244 L. E. Marcucci et al., Front. in Phys. 8, 69 (2020).
Exp: ALICE Coll., EPJ A 59, 145 (2023)

ALICE Coll., EPJ A 59, 145 (2023)

ALICE Coll., EPJ A 59, 298 (2023)

ALICE Coll. arXiv:2308.16120 (2023), accepted by PRX

STAR Coll. arXiv:2208.05722 (2022), proceedings Three-body analyses in

HADES Coll. arXiv:2402.09280 (2024), proceedings .
o pp collisions at ALICE: p-p-p, p-p-A, p-p-K*, p-p-n*, K-d, p-d, A-d

Theory (ALICE): - fel - _
RDG ot al, EPIC 82 (2022) 244 o Au-Au CO||'IS'I0nS at STAR: p-d, d-d
M. Viviani et al, PRC 108 (2023) 6, 064002 o Ag-Ag collisions at HADES: p-d, p-t, p-3He

A. Kievsky, et al., PRC 109 (2024) 3, 034006
E. Garrido et al., arXiv: 2408.01750 (2024)
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Tl Extending the femtoscopy to many body studies

Correlation function:

C(Qs) = f S (0,012 p5 dp

-~
Hyper-momentum: Hyper-radius:
- 2 2 2 _ 2 2 2
Q3 = 2\/"12 + k33 + k34 p = 2\/7”12 + 153+ 133
R. Del Grande et al. EPJC 82 (2022) 244 L. E. Marcucci et al., Front. in Phys. 8, 69 (2020).
Exp: ALICE Coll., EPJ A 59, 145 (2023)

ALICE Coll., EPJ A 59, 145 (2023)
ALICE Coll., EPJ A 59, 298 (2023)
ALICE Coll. arXiv:2308.16120 (2023), accepted by PRX

STAR Coll. arXiv:2208.05722 (2022), proceedings Three-body analyses in
HADES Coll. arXiv:2402.09280 (2024), proceedings

Yy p-p-n+-

o pp collisions at ALICE: p-p-p, p-p-A, p-p-K*{
Theory (ALICE): - ici © n- -
RDG ot al, EPIC 82 (2022) 244 o Au-Au CO||'IS'I0nS at STAR: p-d, d-d
M. Viviani et al, PRC 108 (2023) 6, 064002 o Ag-Ag collisions at HADES: p-d, p-t, p-*He

A. Kievsky, et al., PRC 109 (2024) 3, 034006
E. Garrido et al., arXiv: 2408.01750 (2024)

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

K-d, p-d, A-d
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TUTI Applying femtoscopy to CSR searches Courtesy of L. Fabbietti

|ldea in a nutshell Experimental work
e Access in-medium properties e Systematically approach
o Emulate dense medium many-body effects
by small distances o Measure two-body correlations
o Study excitation function o Establish procedure for
of particles of interest many-body femtoscopy

o Tag particles surrounded
by close-by nucleons
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TUTI TTNN and TTNNN correlations as testbed Courtesy of L. Fabbietti

e Employ multi-correlation technique to study TTNN and TTNNN interactions in
small colliding systems — doorway to access ,large densities’
e Lower order well under control’ plethora of TN and TTNN scattering data

Maximilian Korwieser | TUM E62 | max.korwieser@tum.de
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TUTI TTNN and TTNNN correlations as testbed Courtesy of L. Fabbietti

e Employ multi-correlation technique to study TTNN and TTNNN interactions in
small colliding systems — doorway to access ,large densities’

e Lower order well under control’ plethora of TN and TrNN(s:cattering data
T properties in-medium Momentum Correlations in pp

collisions (or p-Pb, peripheral Pb-Pb)

~ normal nuclear matter . compressed matter |

baryonic cores
of nucleons
.
A\

2 fin

n=ng= 016 fm * n=>5ng
dyn =~ 1.84 fm dan == 1.08 fin

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



TUT TTNN and TTNNN correlations as testbed

Employ multi-correlation technique to study TTNN and TTNNN interactions in

small colliding systems — doorway to access ,large densities’
Lower order well under control’ plethora of TN and TTNN scattering data

Momentum Correlations in pp

T properties in-medium

Courtesy of L. Fabbietti

collisions (or p-Pb, peripheral Pb-Pb)

r~1-2fm
P>> Py

f7rN

Pa

p, w, A, N, K* P, w, A N, K*
0’ Pa c’ Pa
m m
P P @
P
N\ Py b \?\
pc\ Pc
X
frNN frNNN X fr
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TUTI Do we see genuine TTINN correlations?

- 3

25

1.5

Three-Particle

i O S LAY BLELELE AL R LY
- ALICE Preliminary pp Vs = 13 TeV
B High Mult. (0-0.17% INEL>0) ]
Uy = (p-p-) ® (p-P-) 1
I _:
[ v e ) = o5 31 55 ¢ 0 s ¥y o1 5 ¢ ;1

0 0.2 0.4 0.6 0.8 1 1.2

Q, (GeV/c)

C(Qy)

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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Tum Applying femtoscopy to CSR searches

Courtesy of L. Fabbietti

|ldea in a nutshell Experimental work

e Access in-medium properties °
o Emulate dense medium
by small distances
o Study excitation function
of particles of interest

Systematically approach
many-body effects
o Measure two-body correlations
o Establish procedure for
many-body femtoscopy
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TUTT Future plans for TTNN, TINNN and TTNNNN
e Measure the correlations systematically starting from 2 body

e Perform a differential (m_, multiplicity) analysis to pin down
the particle emitting source

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

f7rNNN X f;

Maximilian Korwieser | TUM E62 | max.korwieser@tum.de
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Tm Back-up



TUTI Do we see genuine TTINN correlations?

Genuine three-body
(Cumulant)

Measured triplets Two-body correlations

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

e 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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TUTI Do we see genuine TTINN correlations?

Genuine three-body

(Cumulant) Measured triplets Two-body correlations

\ ' _ .~ Nsame (Q3)
>, CQ) =N Nmixed (@3)
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TUTI Do we see genuine TTINN correlations?

25

1.5

Three-Particle

N R B AL B SR A 1 =
' 1 &
[ i
- ALICE Preliminary pp Vs =13 TeV ]
- High Mult. (0-0.17% INEL>0) -
-l = (p-p-n) © (p-p-) ]
I _-
el s e 1 s 3§ evwlsg e d ¢ ¢ ol
0 0.2 0.4 0.6 0.8 1 1.2

Q, (GeVic)
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TUTI Do we see genuine TTINN correlations?

N P

! \

] — ! AN H

p2 . \~_/'

Three-Particle
L e A e B ~ 3

g i | 1 I I I Jl g B | | | I I l_
o i 1 © i i
251 — 25 _—+ -
- ALICE Preliminary pp Vs = 13 TeV i ALICE Preliminary pp Vs =13 TeV
N High Mult. (0-0.17% INEL>0) ] - High Mult. (0-0.17% INEL>0) §
2 o 5 O 5 5 B
Uy = (p-p-n) ® (p-P-) . - ] (p-p)-* @ (p-p)- ]
15 i 15 -
L T N R T RSN T s e e e
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1:2
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TUTI Do we see genuine TTINN correlations?

Three-Particle

’O?o 3 i A IR B LR N M B L O | | ’0?3 1.05 I | 1 I I l__
2_5-_ | 1:_____.._'"________:_._:-0-;_.___#:
- ALICE Preliminary pp Vs = 13 TeV T » -
s High Mult. (0-0.17% INEL>0) 1 095f ]
T = (p-p-) © p-p- B : :
i (p-p-7") & (p-p-) j - ALICE Preliminary pp Vs = 13 TeV 1
- ] 0.9 — High Mult. (0-0.17% INEL>0) -
L& o 7 - ] (p-m)-p @ p-)-p ]
- - 1 oss5f ]
1 [ Tre—————— . q N 1]

P | | - | L | PR | 0.8 1 PR U SR T NN TR ST TR AN TR SN T |
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
Q, (GeVi/c) Q, (GeV/c)
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TUTI Do we see genuine TTINN correlations?

_______

e bl e L ]
: il
N N T 3
E_P i

. 0?2 0.‘4 0?6 0?8 1 1.; 5

Oa(GeWc) .

ALICE pp Vs =13 TeV .
High Mult. (0-0.17% INEL>0) b
* |p-p-1* © p-p- =
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TUTI Do we see genuine TTINN correlations?
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Tl Constraining the source

o Three-particle source as independent Gaussian
emitter

S(xq, x5, x3) = 5(x;) S(x3) S(x3)

£p)
ra3

o Pair radii ry,, ry3, I3, Obtained from common source
model using the m; of the pairs in the triplets.
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ALICE Coll., arXiv:2311.14527 accepted by EPJC
ALICE Coll., PLB, 811 (2020), 135849
ALICE Coll, paper in preparation
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Tum An additional motivation.. Beyond standard model

Axions are good candidate to stabilize the otherwise very soft hadronic equation of

state of neutron stars P
- o107 GeV
(Raffelt ‘06 hep-ph/0611350) 24 e e fu ~ 101GeV
-~Q PSR J0348+0432
’,I 20 r sravssrssrssssssasssrsansseTsnneusTys o
Nl \ ¢ &~ N3 o | ﬁN: Iwu(ln R PSR J1614-2230
: Tr S d ‘- aunt® LR
| = 121} e # -N -l~
N, 4. N4 '__5\._+_A._N.() S
0.8
0.4
0.0
11 12 13 14 15
R [km)

=% The challenge is to determine the in-medium properties of axions

= Connection to the in-medium pion properties
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Tum An additional motivation.. Beyond standard model
Axion-Nucleon coupling

8 a
2fa

ny 75N N = p,n

RB, Springmann, Serra, Weiler ‘20

(94), _ (Au—Ad), cp 1 L
(1)  (Bu—~d), ~ " ( o FZh, 372 (2°4 st 2M))

e e P

C3,Cy C1,C3,Cy Cp

Pion in medium properties not known ... either need higher order nucleon pion
interactions in vacuum or some way to measure directly ...
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