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From laboratory experiments to neutron stars
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From bones to dinosaurs

o ;}p‘, ' Y 4 Credit: Nature Ecology & Evolution (2018)

Reconstruction of Ingentia prima from the Late Triassic (205- 210Ma) of Argentina. Total length 8-10 me...



Neutron stars
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EOS + symmetry energy
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EOS of neutron stars
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EOS & Neutron stars
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Hyperons and neutron stars

Hyperons make the EoS softer - reduction of the mass
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NN interactions and NA interactions

Laboratory frame Proton ./

Duer, et al.,
Nature 606, 678 (2022)
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Hypertriton and AN interaction

Philipp Eckert, et al., EP] Web Conf. 271 (2022) 01006

https://hypernuclei.kph.uni-mainz.de
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Nuclea

r halos and interaction radius
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Tanihata et al.,
PRL 55, 2676 (1985)
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Production of hypernuclei
fragmentation
fission

particle production

coalescence

hypernuclei
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Particles produced coalesce
into nucleil if they are close in
space and momentum.

R = source size, rp = nuclear size
mt = transverse mass of coalesc. part.




Production & Decay of Hypertriton

Use active target to:
(a) Produce hypertriton

(b) Reconstruct hypertriton by measuring weak decay (3H » 7~ + 3He)
(c) Interaction cross section though meson decay vertex distribution

Velardita et al., Target
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Extraction of Hypertriton radius

Velardita et al.,
Eur. Phys.]J. A 59,139 (2023)

12C + 12C collisions
at 1.9 GeV/nucleon

L = active target width

® R = 2.8 [fm]
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A R =17.9 [fm]

L [cm]
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Hypertriton wavefunction

Pionless EFT

(a) Momentum scales < pion mass

b) Dibaryon field A
) Cutoff parameter A,

(
(C
(d) Simplified 3-body force H(sy,A
(

e) Asymptotic analysis

c)

Hildenbrand, Hammer,

Phys. Rev. C, 100, 034002 (2019)
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Hypertriton wavefunction (EFT)

VR[] [/ R ) ] | /Ty Y]
10.79 3.96 2.96
+3.04/—1.53 +0.40/—0.25 |[+0.06/—0.05
4+0.03/—0.02 | +0.03/—0.03 [+0.03/—0.04

Confirms that the "picture” as a two body
system consisting of a deuteronand a A is a
good approximation.

Congleton, JPG 18, 339 (1992)
+ many others
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A-deuteron wavefunction - Woods-Saxon, radius R = 2.5fm, diffuseness a = 0.65 fm.

u(r)/r for the s-wave and binding energies B = 100, 150, 200, 300 and 500 keV.
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Hypertriton + nucleon density
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Hypertriton destruction

T'(b) = Tp(b) Ty(b) T, (b)

Transmission probability

T;(b) = [ d*s;dz;(z;,s; — b)

= exp —apiZdez’pg(Z’,s)‘

— exp | 0Ny j iz pl (7', s)

i=A,p,orn

1.5 GeV/nucleon ;H incident on 12C, 120Sn, 208Ph
Onp = 45.8 mb

0pp = 40 mb

Opp = 35 mb




Hypertriton destruction
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Sensitivity to hypertriton interaction cross sections

1.5 GeV/nucleon ;H incident on '2C, 12°Sn, 208Ph

B, (keV) o7(C) o7(Sn) o1 (Pb)
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Electromagnetic response of the hypertriton
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Electromagnetic response of the hypertriton
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- FSI small

-=== 100 keV -

24



EM response of the hypertriton

1.5 GeV/nuc. ;H incident on '2C, 12°Sn, 208Ph

B (keV) oc(0) oc(Sn) oc (Pb)
100 22.9 1457. 3820.
150 14.9 942. 2464.
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B (keV) o1(0) o7(Sn) o1 (Pb)
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500 7409. 2043. 2490.
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EM response of the hypertriton

hypertriton ~ / n p/._cae-- >
»

--------------------

- Basis expansion for intrinsic ¢
- Eikonal scattering waves

- Nuclear + EM potentials

- Relativity

deuteron
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- Continuum discretization

- Coupled-channels
(relativistic CDCC)
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Electromagnetic response of loosely bound nuclei
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FSI in 3-body models

3-body configurations and FSI widen
dB(E1)/dE

1 2 | | I |
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CB, PRC 15, 024606 (2007)
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nn scattering length
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nn scattering length

Gobel, et al, PRC 104, 024001 (2021)

Halo EFT - nn configuration
in °He > E,, density
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LGM1 = Faddeev calculations with local
Gaussian potentials
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pp scattering lentgth

vyn charge independence violation: m_+ # mo

vyn Charge symmetry violation: mgoyy, # myy

. 0
p+d—p+p+n=>p+p scattering | * 3
Tumino, et al, _195. ¢ /
Nature Comm. Phys. 6, 106 (2023) :
~20}
3 94 HOES T

d’o — (KF) . |¢(pxs)|2 : {d UxA*bB} 1980 1990 2000 2010 2020

dQ,dQ, dE,, dE.dQ Joar

do HOES 1 . 5
() (1F(p.1) — 2Tex(p. B[ + 3|Fp. W)

dQ,,,.) 4k
F(p, k) = mye’e ™T(1 + in)(p* — ) "g(p, k)

g(p, k) = (p — k)20 £ (p 4 k) 20+

Energy differences
between mirror nuclei
small as compared to
experiment (Nolen-
Schiffer anomaly)
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pp scattering lentgth

ﬁ\IN s-wave phase shift \

-. 11
5ol p+d—p+p+n kcot6=——+§r0k
- p + p scattering a
A1
40N o =
= a,, = —18.17 + 0.6 fm 2
= pp 1 1
M N kZ + k2
Q 30 \_ a 29 %
@)
2% 4 S
Vo (R) = Voe 76 4 3N
19 vy (R) = Vye T "
g - - - disable EM - d from short-range
.0 0.2 0.4 0.6 0.8 : :
universal window
E,, (MeV) 2 /
Table 2 The effect of electromagnetic terms. Low-energy parameters with and without the inclusion of the electromagnetic
terms for the two potential models indicated.
Argonne vig w/o vEM Argonne vig w/o vEM
10,,(fm) —18.487 —18.818 Ta,,(fm) —7.806 —17.164
lr.(fm) 2.840 2.834 Le i) 2.788 2.865
Gaussian w/o vEM Gaussian w/o vEM
1a,,,(fm) —18.487 ~18.89£0.02 1a,,(fm) —7.806 ~17.19£0.03
r(fm) 2.85+0.07 2.83+0.07 T p(fm) 2.77 £0.08 2.86+0.08
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FSI in light hypernuclei decay

ﬁnA = 1115.7 Me\h Nonmesonic decays of light hypernuclei is the only tractable way to study
[ = 25x10-° eV AS = 1 weak baryon-baryon interaction.

T =263+ 2 ps Parker, PRC 76, 035501 (2007) ﬁn‘: A — pr” \
r .. 0
A— pTT (641%) liotal = I"mesonic + " honmesonic ‘“TCO - A — N
A — nm°(35.7%) = o=+ Ta0 + Tae T+ T+ Do e 12U — AT
\ / [ Ap — np
Two-body nonmesonic decay modes, AN — NN,
distinguishable from A — ©N because of large decay energy [[: An — nn
My — My = 176 MeV. Sen31t1V§ to weak 1nteraction couplings [ ANN — NNN
(such as gan, or gyng) not available to the free A decays.

G _
At the quark level: |Hyeqr = TFSinQCCOSHC [ﬂyﬂ(l — ye)sdyH (1 — y5)u]

Effective Lagrangian for AT=1/2: | Hyeqx = —Grm2yPy (A, + BrYs) P - TP, ((1))

Isgur et al, PRL 64, 161 (1990) A, = 1.05, B, =-7.15



FSI in light hypernuclei decay CB, Lobato, EP] & 57, 67 (2021)

— —1
Fadeev + approximations l/J](c ) = [1 + (E(_) — HO) tgn] ¥ (pp) ¥ (P )Ya_s
= 2 (.7
r==—>3%" <X Pp)x" " (Pn). WA—z(SMSJFMF)‘
h
_ F2p2 _
pn,cm C o1
x [ 1+1pn (An o 4m n ) (Ap — Ho +i¢) and similarly for nn
i 2
X Vieak lJPA(JIZWI)> 0 (Epn,cm + Epn.rel — An)
« dpp dpy
(2m)3 (2m)>

H,, = kinetic energies of p and n A, = total energy of three-body system



FSI in light hypernuclei decay

2
Watson, PR 88,1163 (1952) F(E,n) = U (knN, 'nN)
Migdal, JETP 1, 2 (1954) & O (ks un)

(1 ran = Vann + k;yran/2)?

" (=1/any + k2 ran /22 + K2y

2
I' = % Z]WX(_)(P;))X(_)(IM), ‘PA—z(SMSJFMF)’

h2P2

x | 1+ 1y, (An— 4}7’;’;’””‘)@”—%“8)—1

2
0 (Epn,cm i Epn,rel — An)

X Vweak gDA(JI]WI)>

dpp dpy
X ’
(2m)° (@)




FSI in light hypernuclei decay
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FSI in light hypernuclei decay

—~ 1000

E
Low energy peak reasonable < 500¢F .
for the pn channel, while it is = ++
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FSI in NMWD
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Spin correlations

A(p1,11) = fd3f’X(+)(P1,l')K(l‘, ri)yo(ry)

P(p1,p2) = /d37’1d31’2

(-) 2|*
tMA (Pl,pz,l‘l,l’z)’ ]

K(r, r;)Yo(ry) is the propagator for wavefunction
evolution from the source to detector

AT amplitude for singlet (triplet) A (p1, P2, I, ) =

e
NG
+ A(p2, 1) A(p1. 1'2],

[A(Pl, r)A(pz, r2)

g
‘A(H (P1, P2, I'1, 1‘2)‘

Probability admixture for singlet
and triplet states

Correlation function: relative contribution of the singlet
and the triplet states in the initial configuration

P(p1,p2)
P(p1)P(p2)

C(p1,p2) =
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Spin correlations

Two-body probability density P(E,,,)
P (Enn) = gD(Enn) dEnn

|

---= singlet
— triplet

Assuming r, = 4 fm for the

average Iinitial distance of the

nn pair right after the NMWD

—

Spin correlations more
important than FSI in NMWD
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Summary

* Production and fragmentation of hypertriton sensitive to its radius.

» Electromagnetic response of the hypertriton also useful. Maybe
will become state-of the art probe in the future.

* Nonmesonic decays of light hypernuclei is the only tractable way
to study AS = 1 weak baryon-baryon interaction.

« FSI important and can be used to our benefit (scattering lengths,
probe of spin correlations, etc).
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