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. Neutron Stars and A-A Studies

Conditions (energy, pressure, temperature) inside neutron stars are favourable for strangeness production: Hyperonization

quark-hybrid traditional neutron star

star

[1]

hyperon

star neutron star with

pion condensate

Fe
absolutely stable 6 3
strang}é quark -~ 10" g/lem
matter ol ofom3
T 1014 g/cm3

strange star
nucleon star
R~ 10 km

M ~ 1.4 Mg,

>

-

[2]

| | | | |
— PSR JO740+6620 E

= Hyperon puzzle:
s Softening of EoS ]

— — nucleons & leptons
— = nucleons, hyperons & leptons

0 0.5 1 l.

Central baryon number density p (fm'3)

A-A interaction studies at low rel. momentum may help solve the Hyperon puzzle

[1] F. Weber et al., arXiv:0705.2708 [astro-ph] (2007)
2] J. G. Messchendorp, F. Nerling (eds.) et al., arXiv:2512.15986 [hep-ex] (2026)

G. Appagere, NoTAR 2026

P D D
N ()
Gravitational mass MG (solar mass units)

[—

S
n

0
S



. A laboratory YY force without a A Beam

- Alives ct="7.89 cm.There is no A beam and no AA
scattering experiment

- Produce the pair exclusively in pp - AAKTK™ .The
leftover interaction sits in M(A/A) near threshold

- That leftover force is a, ,: the missing laboratory Y'Y
number for the EoS

- Scale split: short-ranged production @, long-ranged FSI.

Large momentum transfer, ®@ varies slowly with m?

- This is production FSI, not a source-function or
correlation analysis

Determination

Reported

Implied sign

¢ yHe (Nagara)

e T/ a
STAR, Au+Au 200 GeV
Re-analysis, same data
ALICE, pp and p—Pb

ABpap =0.67 £ 0.17 MeV
aspn = —1.2+06+04fm
£ = 0Kl -LyORBilnfin
1/ap < —0.8fm™"

region in (f; ', do)

attractive, no a
a < 0, attractive
a > 0, repulsive
a < 0, attractive

a < 0, shallow

HAL QCD (lattice)

o' = 1B 0

a~ —0.69 fm
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CBM Detector
° °

Compressed Baryonic Matter

Fixed target Magnetic spectrometer for SIS100 energies (FAIR, Germany)

- Interaction rates: |-10 MHz

- High-rate capabilities with advanced readout
systems

- For pp interactions: CH2 or LH2 target

€=90%
p > 0.1 GeV/c

25

Transverse (xy)

Beam direction z
- ——

|.TO Detector 5.RICH :

2. Superconducting Dipole Magnet 6.Transition Radiation Detector Further Information

3. Silicon Tracking System / MVD /. ToF Detector Plenary Talk: F. Nerling (09/11/2026, 09:30 AM)

4. Muon Chamber 8. Forward Spectator Detector "QCD at FAIR" -- A hadron physics driven compaign
towards FAIR completion
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A Reaction Topology .
p(50GeV)p - KTKT+A[pa | AlprT]

------ »KinFit[1] Efficiency and Resolution
4-constraint
".,.. e . '\? 50_ . "
. A o, = -1+ =% threshold
R KinFit s 40 : P
: Al:}/' mass constraint é:: 30F- ' ' = p threshold
XX S . — Preliminary " E
S 20F L
LI ?}—+++ ;- R .
10 : :
O_ | | | A P B S R R R
g 10 :
& - I :
%J - I E ——
2. 6P R JERE S GRS S
KinFit T3 AP 5
PROTON beam + TARGET system NA-Dirift distance “~~.lMmass constraint g o
Primary vertex T = 2.632(+0.020) x 107195 ° T S-S S S
£23 2.235 2.24 2.245 2.25 2.255 2.26 2.265 2.27 2.275 2.28

ct="7.89 cm

M, [GeV/c?]
T=5.0 GeV:\@ = 3.59 GeV — Excess energy of 0.37 GeV

CBM can handle T from 5.0 GeV, up to 29 GeV

[1] W. Esmail et al.,, Comput. Softw. Big Sci. 8 (2024)

CBM offers nearly 20% efficiency and a resolution of ~6.0 MeV for
the AA invariant mass, M, ,, reconstruction near threshold

G. Appagere, NoTAR 2026



d’c

ldeq: Fit
dM3 . dt

- Systematic model independent of source function

- FSI energy dependence directly shapes the invariant-
mass spectrum. Parametrization is as follows:

) Ct
AM ~ exp | Cy+
| ( /\A)l p 0 M/z\A . C22
(m2, — 4m3)
. 2 max
AN = — C1

(ml%laX o CZ)(4m/2\ - C2)3

- Thus connecting the fit parameters directly to the
scattering length

Dispersion Formalism, Scattering Length .

x p|AM, ,)|* — insertinto dispersion relation — AA scattering length

- Previous measurement from K~d — K°AA at COSY [1]

- A\ scattering length was extracted using dispersion
relation

2100

| ] ] 1 | | 3 | | | |
Q=-2 >3 §~
- S A vyl o 2.5 B M -
Q=-1 zn - == = |
‘ 0 0! "} 2
Q=0 WA ENEpP XA ¥ IF s .
+ e = H'i“ e N
—.1 =0y A P> ‘15 .
Q P, = | i
2 N
Q=+2 2's = 1* |4l ;
< 1
E
AA EN  AX ) 3 05 i
0 258 775 155 ° + {
L L | 1 1 L | 1 0 l . | A 1 | M |
2150 2200 2250 2300 2350 2400 0 20 40 100 120
s [MeV) m,,-2m [MeV]
apan = —1.240.6 0.4 fm

AN is the lightest S = =2 two-baryon system, but the =N channel opens around ~25 MeV above that mass.
Those in-elastic channels are not observed in the from K~d COSY data. More measurements are needed.

[1] A. Gasparyan et al., Phys. Rev. C 85, 015204 (2012)
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. Maa Distributions with Coupled Channels .

K+
p\A A
) - - : — NLO(500) IDEAL
/ N C pp— AA+ KK : — NLO(550) IDEAL
5 7000[— _ | — NLO(600) IDEAL
p A A = - T=5.0GeV Apgt — N[ O(650) IDEAL
= — N L = n threshold
K >~ 6000 O(MAA) = 0.0 MeV/c = p threshold
L . . c - oy
- M, 4 distributions generated with amplitude folded 0 c0000 —
into the sampled events at different cutoffs L — i
- Cusp signature is observed at EN channel threshold 4000 —|_'_I_I_I_
coupled to AA channel - i —
3000/ o~ B
- The structures are dependent on the NLO cut-off — _|_|— .
used to model the amplitude 2000[— e
: — . : ——__
, - e
- One can extract the a, , by fitting up-to the first cusp 1000|— :
(2% threshold) = T;;r; i
::II||||||||||||||||:|||||i|||||||||||||||||||
. . . . . . . P53 2235 02024 2245 205 2255 226 2265 227 2275 228
- But, simple dispersion relation technique with elastic >,
M, [GeV/cT]

phase-shift may not be sufficient to fit the invariant
mass distribution with coupled channel signatures Amplitude model provided by Johann Haidenbauer
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. Feasibility: Scattering Length from Cusps.

&~ 5000 _ ;
S — ¢ —— NLO(500) Ideal , (BM Perjormance
A D — = I . pp = AAKK
2 - I —— NLO(500) CBM e oy
c — = ===n AA threshold —
o — = 0 Preliminary
A 1L | === = N threshold 4
3000 __E I TR P threshold e i O-M(AA)= 6.0 MeV
|- & F | i
o . o : B R

- Shape of response including scattering amplitude is |- L | : .
distinguishable from phase-space 2000 — B _ : e :

- Fitting cusp sensitive to scattering lengths of ="'n C - ;
and = p 1000 —: i -

- The observable cusp structure is fitted by varying ~ 2254 GeV | : 2260 Ge
single-channel scattering lengths a;; and channel 1 T T
coupling a;;, whose poles determine the invariant- T Lo -
mass line shape | z. Zhang and F. Guo, PLB 863 (2025) U + | :

%23 224 225 226 227 228
M(AA) [GeV/c?]
[1] HADES Collaboration, EPJ A 57 (2021) 10 days of data taking assuming a cross-section of 0.35 ub [1]
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Summary and Outlook

Demonstrate feasibility of hadron-hadron interaction studies with cusp
and threshold signatures at CBM

White paper “Hadron Physics Opportunities at FAIR" is on
arXiv: 2512.15986

Flagship studies: Hadron-hadron interactions, Hadron structure &
spectroscopy, Exotics, and Hadrons and di-leptons

Plenary Talk: F. Nerling (09/11/2026, 09:30 AM)
"QCD at FAIR" -- A hadron physics driven compaign towards FAIR completion

Ongoing: Fit using two methods — exponentlal interpolant and
generated amplitude itself, | Q(M; a, r )| X p,(M), with p, the four-body
phase space, floating a, , at fixed r,

Closure: Inject a known a, , and check that the fit returns it

Sensitivity: Study the sensitivity in the extraction of a, , against the fit
window, the dispersion cutoff, and the sample size

NeXxt: Add background channels to study to obtain an understanding of
the detector capability to isolate the channel

G. Appagere, NoTAR 2026
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AA Interaction, Current status and Reterences

Determination

Production / system

AA region probed

Reported

Implied sign

Reference

gAHe, Nagara
event (KEK-E373)

12C(K—, KTAAX),

KEK-PS E522, +
dispersion analysis

STAR femtoscopy

Re-analysis of the
same STAR data

ALICE femtoscopy

——
]

=~ captured at rest in
emulsion, K~ beam at

1.66 GeV/c

K~ at 1.67GeV/c on
12C inclusive AA

spectrum

Au+Au at
A/SNN = 200 GeV

identical data, residual
correlations and
feed-down retreated

pp at 7 and 13 TeV,
p—Pb at

A/SNN = 5.02 TeV

bound
hypernucleus, no
asymptotic k*

e < 60 MeV above
2mp,
k* < 260 MeV /c

k* < 300 MeV /c

k* < 300 MeV /c

Lednicky fit for
k* < 460 MeV /c

ABapn = 0.67 £ 0.17 MeV

QAN — —1.2 :l: 0.6 exp :|: 0.4th fm

fit=-09140.31fm !,
do = 8.52 + 2.56 fm

1/ag < —0.8 fm—1!

allowed region in (fo_l,do); if
bound, Bap =
3.21%:2 (stat)f%:g (syst) MeV

attractive in
medium, no
free-space a

a < 0, attractive

a > 0, repulsive

a < 0, attractive

a < 0, shallow
attraction, no
deep bound state

Ahn et al., PRC 88
(2013) 014003

Yoon et al., PRC 75
(2007) 022201;

Gasparyan et al., PRC
85 (2012) 015204

STAR, PRL 114 (2015)
022301

Morita, Furumoto,
Ohnishi,
arXiv:1512.08444

ALICE, PLB 797
(2019) 134822,
arXiv:1905.07209

HAL QCD, lattice

xEFT at NLO

2 + 1 flavour lattice,
near-physical
my. ~ 146 MeV

SU(3) chiral EFT,
S = —2 sector, cutoff
550 MeV

near threshold

near threshold,
AA—=N coupled

fot =1.4540.25fm™!,
do = 5.16 £ 0.82 fm (preliminary,
quoted by ALICE)

aprpr = —0.61fm, reg = 6.06 fm
(NLO550)

a~ —0.69fm,
attractive

a < 0, attractive

Hatsuda, Front. Phys.
13 (2018) 132105, AA
values priv. comm.; cf.
Sasaki et al., PoS
LATTICE2016, 116

Haidenbauer et al.,
NPA 954 (2016) 273

CBM, this work
(simulation)

pp — KTKTAA at
T = 5GeV,

VSpp = 3.59 GeV

e < 49 MeV above
2mp,
k* < 234 MeV /c

exclusive M(AA), dispersive
extraction of ap A, no source
model

to be determined

this work




Invariant-Mass Fit to Scattering Length

Formalism

- Factorization: Short-range production X long-range FSI.

* Production operator @ is short ranged and slowly
varying in m?

2 1 Jmmax
Ag(s, t,m”) = exp | —

2

T 2
g

)
o5 ) dm ? D(s, t, m?)

m-2—m?2—i(

* Exponential encodes unitarity + analyticity q,>p A=DX ALy
d’c ,
- FSI energy dependence directly shapes the invariant-mass - X plA(m)|
spectrum dm=dt
- Near-threshold FSI: effective-range expansion .
N e 2 A(m)
* Using dispersion relations. Leading to the elastic pcoto = a o) p ! | e p2 — ip
amplitude a 2
- Practical parametrization for fitting data: Since ®(m?) A C 3 C12
varies slowly and the FSI dominates (m) ~ exp|Cp m2 — C2
2

This analytic form is used to fit the invariant-mass spectrum, from which the scattering length is extracted through

the dispersion relation.

13



Dispersion inversion, Scattering Length

Fit |A(m) |?

- Start from dispersion relation (inversion)

e =

lim

m? —>m0 27

1

ma+mb

V mginy,

2 ,
dm?

mmax
PJ
mg \/m’2 — mg(m? — m?)

log

1 d*og

p' dm?dt

— insert into dispersion relation - a(Cy, G,)

Scattering lengths of strangeness S = —2 baryon-baryon interactions

A.M. Gasparyan'?, J. Haidenbauer®?, and C. Hanhart?*
! Institut fiir Theoretische Physik 11, Ruhr-Universitit Bochum, D-44780 Bochum, Germany
28SC RF ITEP, Bolshaya Cheremushkinskaya 25, 117218 Moscow, Russia
% Institute for Advanced Simulation, Forschungszentrum Jiilich, D-52425 Jilich, Germany
Institut fiir Kernphysik (Theorie) and Jiilich Center for Hadron Physics,
Forschungszentrum Jilich, D-52425 Jilich, Germany

We reconsider a method based on dispersion theory, that allows one to extract the scattering

Knowing,
: | ( )|2 m cXp _ P
X p A(m A ~
dm?dt ( )

- Analytic evaluation of the integral: Substituting the fit

length of any two-baryon system from corresponding final-state interactions in production reactions.

The application of the method to baryon-baryon
systems is discussed. Theoretical uncertainties due

thresholds are examined for the specific situation of the reaction K~ d — K°AA and the coupling of

systems with strangeness § = —2 and § = —3
to the presence of inelastic channels with near-by

AA to the ZN channel. The possibility to disentangle spin-triplet and spin-singlet scattering lengths
by means of various polarization measurements is demonstrated for several production reactions in

K~ d and ~d scattering. Employing the method to available data on the AA invariant mass from
the reaction '*C(K~, K*AAX), a 'S, scattering length of ayy = —1.2 £ 0.6 fm is deduced.

PACS numbers: 11.55.Fv,13.75.-n,13.75.Ev,25.40.-h

into the dispersion relation yields PP I
- ol vy % 25 1 7
Q=-1 Zn zA - P r

mé | ™
0 Q=0 AA ENEpP FA ¥ 3Y | .

— 3(m2 — * , 2
LONUIN (mmax CZ) (m() Q=-1 =p A 'y E l.S-"C\’,. -

a ’ "~
Q=+2 D) E«. 1 HH L )
- Thus connects the fit parameters directly to the e s - £t
scattering length 0 258 715 155 3 | . ,_¥
L L 1 1 1 | l . 1
2100 2150 2200 l 2250 230«11 2350 l:).400 00 20 40 60 80 100

AN threshold is the lowest S = =2 baryon—baryon threshold, but the =N channel
opens around ~25 MeV above it, so it has a nearby inelastic channel.
They are not observed in the distribution from K~ d data.

m M-Zm A [MeV]

= —=1.21

- 0.6 = 0.4 fm

QAN
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Distributions as a function of Cutofts

Events / [MeV/c?]

7000

6000

5000

4000

3000

2000

1000

pp — AA + K'’K*

T=5GeV —-l_L

O(M) = IDEAL

M(AA) - Resolution IDEAL

NLO
NLO(550) IDEAL
NLO(600) IDEAL
NILO(650) IDEAL
----- =.n threshold
= p threshold

SOOi IDEAL

Ran =TS =t

23 2235 224

2.27 2.275 2.28
M(AA) [GeV/c?]

Mz - G5

Events / [MeV/c?]

M(AA) - Resolution 6.0 MeV

m —— NLO(500) 6.0 MeV
4500— pp — AA + K'K* — NLO(550) 6.0 MeV

— — NLO(600) 6.0 MeV
s000E- T=°GeV L —— NLO(850) 6.0 MeV

[ I e I =-n threshno

— o(M) = 6.0 MeV —|_'_ —;_I_ = p threshold
3500 — o~
3000— — |
2500 — 5

— : — 1
2000 — _I_I:|I__ : -
1500 — —'-::L":ﬂ_
1000—
500 -

: IIIIII|IIII|IIII|III:llIIIiIIII|IIII|IIII|IIII

P23 2235 204 2245 225 2255 206 2265 227 2275 228
M(AA) [GeV/c?]
2 2
—_ _C? (mmax o 4mA)
aapn = — L

(mr%lax - C2)(4m/2\ o C2)3



. NI.O Cutoffs

1 T
pcotd = —= + —=p°
a 2
Table 1 NLO LO
A [MeV] 500 550 600 650 550 600 650 700
AA a1 g —0.62 —-0.61 —-0.66 —-0.70 —1.52 —1.52 —1.54 —1.67
T1s, 6.95 6.00 5.05 4.56 0.82 0.59 0.31 0.34
0 asg, —0.25 —-0.20 —-0.26 —-0.34 —-0.34 -—-0.25 —-0.20 -—-0.15
= n
T35, 5.35 8.360 5.26 2.93 —5.86 —8.27 —4.36 16.3
aig, 0.37 0.39 0.34 0.31 0.21 0.19 0.17 0.13
Eop (I =1) g, —4.71 —4.86 -—-7.07 —-8.99 -30.7 —-37.7 —52.8 —98.5
asg, —0.20 —-0.04 0.021 0.039 0.02 0.00 0.02 0.03
33, 35.60 575.1 1797 450 968 > 107 1166 548
—0. —0. —0. —0. —0. —0. —0.43 —0.32
=N (I = 0) asg, 0.33 0.39 0.62 0.85 0.85 0.59 0.43 0.3
33, —6.87 —1.77 1.00 1.42 —1.84 —-3.93 —-7.16 —12.56

a and r. in fm. Haidenbauer, Meillner, Petschauer, NPA 954 (2016) 273. Nuclear convention: a < 0 attractive.

Table 2 I =015, I=1,19, I =039, I=1,3%;

potential a s ag Ts a¢ Tt at T

NLO(500) —7.71—i2.03 0.37 —4.80 —0.33 —6.86 —1.17 3.44
NLO(550) —7.24 —420.79 0.39 —4.95 —0.39 —1.77 —1.15 3.80
NLO(600) —10.89 —i14.91 0.34 —7.20 —0.62 1.00 —1.13 3.95
NLO(650) —8.14 —i2.43 0.31 —9.16 —0.85 1.42 —0.90 4.27

=N in the isospin basis, fm. Haidenbauer and Meiner, EPJ A 55 (2019) 23. The AA 180 couplesto =ZEN I =0 150; as is complex because m=yny > 2ma. That
coupling, not app, sets the cusp height in M (AA).



