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Outline

Introduction

Part I: 3N system - beyond double polarization experiments

= Deriving polarization transfer coefficients in elastic nd
scattering from doubly spin-polarized initial nd state to outgoing
neutron.

= 3NF effects in triple polarizations in Nd scattering
Part Il: Entanglement in NN scattering

=  Final spin state from initial spin state

= Indicators of entangled states

Conclusions
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Nd elastic scattering

a)

b) E= ~65 MeV
c) E=135 MeV
d) E=190 MeV
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Nd elastic scattering

a) E=3 MeV
b) E=65 MeV
c) E=135 MeV
d) E=190 MeV

Various 2NF

1 NN+TM
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Available data for Nd elastic scattering 50-250 MeV

So far, in addition to the unpolarized proces the following reactions have

been measured:
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cross section, the nucleon analyzing powers,

the deuteron vector and tensor analyzing powers,
the deuteron to proton polarization transfer coeff.
induced proton polarization,

spin correlation coefficients

However, more systematics is needed
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Triple polarization b(#,¢)d

= Density matrix of the initial state is defined via
polarization tensor t,, of particles a and b and spherical tensor
operators t,,

: 1 s
imn - 1 . 1
T Zsa+ D2 + 1) Z o Tk Z tkada Thaga

- kngn kaqa

where ty, & V2s+ 1%, /(=1 (s, ', s, =k, Q)py
(S‘Ll,|qu |S‘U,> = v 25 + 1(_1)5_11(5, ‘Ll’, S, —HU, k' q)

= For the final state (T is scattering amplitude U or U,)
paut _ -TpiﬂT%

= Where T is scattering amplitude U or U,
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Polarization tensor of particle c

Tr (p”“t“rkcqc _ Tr (Tfkbqb’fk oI 7q.)

C , _
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l

= Tensors of polarization transfer:

Ir (T"fcaq fkaan T_chc)

thede (b(d,@)d) = Tr(TTH

kyqy,kaqa

= Altogether

0 kc o N
e (thager thoas) = 0° D Thagatisatiggy o, (0@ €))
kﬂqﬂ!kaB

'*@‘“W” Next generation Ab Initio Nuclear Theory

JAGIELLONIAN UNIVERSITY July 14-18, 2025, ECT*, Trento

AN N KRAKOW



Polarization tensor ot particle c

= Separation of unpolarized particles in initial state

‘ G b cHC - kcqc N -
thcqc (f_ka‘?rl ? f-’E{'b';ri‘,r) =0 [fDDqﬂﬂ(b{a‘ ad) _|_ Z tkbqbi_kbgb!go(b{ﬂ-- ad)
ky#0gs

- k’c c 7 — —
+ D gl M@ DD + D thragatia g kg (@ D)

k #Uq‘a 'ICG,-?)—'DQR
ky #0gs

= 1stterm: induced polarization of particle ¢
= 2" and 3" terms: single polarization transfer
= 4% term: double polarization transfer
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Polarization tensor of particle c

= Explicit expressions:

1
k —
tk;gi (G.. E‘)(’i’) = ‘Tma'mb 2[ E : Tr?:c?:;b( 1)%
Z m | Mcitd Mt 1M
MaMpm,/

Sa(—1)% 7™M < sumgs, — Mg |ka — qq > T;”f,,;l?’

Se(—=1)%7"M < some s — melkeqe >] |

= To compare with experiment (convention)
g koo (0(@, ) = ZD@,.@ 00 0)t st ., (@, &)

= Transformation from spherlcal to Cartesian tensors, eg
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Polarization transfer coefficients
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Polarization transfer coefficients K Zx ! K
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Deuteron breakup K d ., QFS(1-2) geometry
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Summary 1

= In 3-body systems we derived expressions for the polarization transfer
coefficients from doubly spin-polarized initial state of the pd elastic
scattering to the outgoing proton

= checked for the 3NF effects in triple polarized experiments (soon) possible
to perform

= At E=135 MeV the double spin-polarization transfer coefficient Kj’;,

shows big 3NF effects, but also other coefficients are interesting. However,
the measurement will be challenging

= For deuteron breakup 3NF effects are found for that observables in FSI1-3
geometry. But nevertheless, for configurations (in scattering plane) with the
highest cross section role of 3NF is marginal
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Neutron-proton scattering and quadruple polarization

b(ac)d
R DenS|ty matrlx of the outgomg two-nucleon state

j’_i_z _,xjp_i_z PE@_{G‘FZ TIPJ g:gﬂ

ij=1
(O) = Tr(pO)
— we need to know the polarizations of the outgoing neutron (a*),
the polarizations of the outgoing proton (), and their spin

correlation coefﬁments( n ]p>

= As in previous part we build the spin correlation tensor of the
outgoing particles ¢ and d

T (1“1 tb ) 'Tl‘([)O“kaCQCdeqd)
kete.kaaa\"kaga® “kpqp) — Tr( pouf)
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‘ Neutron-proton scattering and quadruple polarization

..and introduce tensors of spin correlations we obtain

l 0 k k
Ol kege.kaga Thaga: Thoas) = O LF B{IS{} 49 (h(a, (_')d + Z T;b%z‘;!;g; oata(l (a F’)d)

kp7#0qp
E Ge-kdqq kege,kaqa 5 T
ﬁaqa DE} f (b(ﬂ' (T))d + Z f;a{fafkb[}b Jenap kada (b((]__ F)d)]
ka7#0qa
ka7 0ta kp70qp

with various contributions to the spin correlation of outgoing nucleons.

= Further steps are the same as in the 15t part:
explicit computing via transition operator matrix elements,
rotations,
transfer to Cartesian single and double spin-polarization transfer
coefficients to the outgoing nucleon as well as single and double spin
correlation transfer coefficients

= At the end of the day, polarization we have all terms involved in
polarizations and correlation transfers
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Neutron-proton scattering and quadruple polarization (on
the top of induced polarizations)

. npr
Notation: K, ;

= Single polarization transfers Kgf,l{o and K(’f;,’o KZ0 = Y2090 — 1090 )
( + transfer to p) | |

= Double polarization transfers K;f;;‘) K20 = —2(10%0 4 4100%))
(+ transfer to p)

. . H n,;p, n,‘p’
= Single spin correlation transfers K, ™ and K, ¢

22 i,,14110  ,1-110 , ,141,10  ,1-1,10
Ko, = —35(too1t1 — too.11 + too1=1 — foo.1-1)
/
= Double spin correlation transfers K, "'
Ao 2, 10,141 10,141 10,11 10,11 10,141 10,141
KV =7 (=t — i1 — e —tifiao 62000 H 620 +

10,1—1 10,1—1
+t 0+t )
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Entanglement in final polarization states of the neutron-
proton scattering: pure state

spin\ o L 1 | 1
= Pure state V) = .l+%+é‘+%+%> T %H%_?
+oa =g to) taiif=5—5)
= Density matrix
pn-p _ ‘L1spzn><l13;;3n
has a unit trace and is idempotent Tr(p?) =1 (p"")* = p™

= Parameters are related to polarizations and spin correlations

P\ — |,y 2 2 _, 2 ,. 2
(of) = \Oc+1+1| + \(L; 1| - |Oc+%;‘ — |O¢;;|
n _-p K
(olol) = 29{6((1+ 1ot . %+(1+%_%(1_é+%)
n__p\ __ ¢ . . . *
a g = —2Re¢(av, 1,107 — (¥, 1 1
(737 (Orgrgoly g —rpogolyny)
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Entanglement in tinal polarization states of the neutron-
proton scattering: entangled state

By entanglement we mean strong (maximal) correlation between
results of measurement of neutron and proton spin projections

Bell states [r) = \jﬁ(l + ; + ;) + |- é - ;D
i) = Ssll+5+3) - 1-5-3)
i) = (=3 +3)+1+5-3)
i) = =ll+ 3= = 1=5+5)

For Bell states the spin correlation (¢{'¢}) = + 1 and <alf”(p)> =0
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Entanglement in tinal polarization states of the neutron-
proton scattering: entangled state

We will check:
1y If spin correlations are close to -1, 0 or +1

(o2 0x ), {oyay), (o707 ). (ox o7), (o7 o)

y > close to O

o) If nucleon’s polarization <a"(p)

3) ldempotent condition for density matrix

Assumptions: proton and neutron in initial state prepared separately (no
spin correlation), both have polarization only in y-direction.

Using LS eq. we compute induced neutron-proton spin correlations,
induced nucleons polarizations and spin correlation transfers and
double spin correlation transfers.
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Entanglement in tinal polarization states of the neutron-
proton scattering: unpolarized initial state

= magenta curve shows
for the final state

E=50 MeV ]

|« pi; — (p%)ij] 0.8
A - 1,7 1,7 L0
16 Z i i p(n,n)p

i,j=1

which measures
idempotent condition.

— No entanglement

= But how does it depend on
initial polarizations?

— only for initial o3}, 0, =+ 1 |
we see something interesting 0 o 70 120
(but not entanglement) O, [deg]
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Entanglement in final polarization states of the neutron-

proton scattering: polarized initial state o}, o
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= Remaining polarizations and
spin correlations vanish.

= Neutron polarization is far from
zero

— state is not entangled

( vertical dotted curve at ©, ,, -60° indicates angle
from the previous slide )
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Entanglement in tinal polarization states of the neutron-

proton scattering: polarized initial state o}, o
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= dominant contribution is
from IV (spin correlation
transfer from double
polarized initial state)

= for other initial
polarizations picture is
more complex
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Summary 11

= We extended our research to the process with four polarized particles.

= We consider all contributions to the final spin state, including spin
correlation transfer from a doubly polarized initial state.

= In 2-body subsystem this allows to search for the entanglement (Bell
states).

= assuming initial polarizations at y-direction we find that final spin states are
statistical mixtures of states.

= only when incoming neutron and proton polarizations are £1 (pure initial
state) also final state is pure

= outgoing neutron and proton polarizations as well as their spin correlations
differ of what expected for the Bell states -> no entanglement (Bell states)
found.
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Conclusions

= Progress in experimental techniques opens possibility to study processes
with more than two particles polarized

= We answered this challenge and extended the study of final polarizations by
including the spin transfer from double polarization in initial state.

= The new observables and phenomena are worth studying.

= Some of triple polarized observables in Nd scattering can be useful in fixing
free parameters of many-nucleon forces or in testing quality of theoretical
models.

= Our findings so far do not close the possibility to find entangled states in
many-nucleon systems (A -> N+N+(A-2) or n+X -> n+p+...

More in: H.Witata et al., Phys. Rev. C 111 (2025), 044003 THAN K YO U '

H.Witata et al., arXiv:2505.14401 [nucl-th]
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