Qubit entanglement from
forward scattering

Kamila Kowalska

National Centre for Nuclear Research (NCBJ)
Warsaw, Poland

in collaboration with
Enrico Sessolo

based on:
KK, E.M. Sessolo, JHEP 07 (2024) 156, JHEP 04 (2026) 014

Quantum Observables for Collider Physics 2026

‘ National /A NATIONAL
Science 1 |V CENTRE
Centre CERN. 21.04.2026 N ® ]\ FORNUCLEAR
Poland ! ! RESEARCH
‘ SWIERK




Entanglement in scattering
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\
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Entanglement in scattering
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2
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see talks by Navarro,
Pelliccioli, Xu, Davis,
Kang, Hindrisch, Jolly




Entanglement in scattering

entanglement
GENERATED /| TRANSFERED
in a scattering event

connection between entanglement

and fundamental properties of QFTs

(e.g. symmetries)
ex. Cervera-Lierta et al.,’17, Beane et al, ‘19,

Fedida, Serafini, ‘22, Low, Yin ‘24, Chang, Jacobo ‘24,

Carena et al. ‘24,25, Blasone et al. ‘24-'26, this talk see also talks by V\(agr)er,
Thaler, Trifinopoulos ‘24, Busoni et al. ‘25, Low, Chang, McGinnis,
McGinnis ‘25,26, Garrido et al. ‘26, Cervera Lierta

and more....
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Entanglement in scattering

pa)|a) \ /V|pz |7

1 zgab t) = S|
in) = W ] a5|PAPB>|045 lout) |in)

N

Hilbert space: momentum + qubit
Hiot = L*(R?) ® L*(R?) @ C* @ C*

pB)|8)

In perturbation theory:
17ab . 17ab
S'yj(Sozﬁ _ (I+ T)'yjéozﬁ
= (2m)S 4 B, By 67505 + (2m)*6* (pa + P — Pi — P5) iMrs.ap(Pas Do — Pis P)

The final-state density matrix:

p = |out){out]|
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Perturbative density matrix

Shao et al., ‘08; Seki et al., ‘15; Peschanski, Seki, ‘16,

p — |Out> <Out | ‘19; _Carney et al., '16; Ratzel et al., ‘17; Fan et al., ‘17;
Araujo et al., ‘'19; Fan et al., ‘21; Fonseca et al., ‘22;

Shivashankara ‘23; Aoude et al., ‘24

Properties:

1) Tr(p) =1 | > unitarity of the S-matrix

optical theorem

<0ut|0ut> =1+A <\LZ oz,BMOlB 75( A’pB _>pAapB CL% ‘|‘CC)

aBys —

d>p; 1 d3 1
* A// p pj 32E; (27r)454(pA +pB—pz pj) A = (2w)464(pA+pB_pA_pB)
R — AE4Ep [(27)3 63(0)]2
( Maﬁ pe (pA pB — pzvp])apﬁMaﬁ,oT (pAapB — pﬂ?]),%*;

o B pEOT — S [

(indeterminate normalization)
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Perturbative density matrix

Shao et al., ‘08; Seki et al., ‘15; Peschanski, Seki, ‘16,
p — |Out> <Out | ‘19; _Carney et al., '16; Ratzel et al., ‘17; Fan et al., ‘17;

Araujo et al., ‘'19; Fan et al., ‘21; Fonseca et al., ‘22;
Shivashankara ‘23; Aoude et al., ‘24

Properties:

1) Tr(p) =1 | > unitarity of the S-matrix

optical theorem

(outlout) =1+ A (&Z a,BMaB wé(pAapB — pA,pB a% + c.c. )
af ’y6 S -

3 3
+ A// - pl 1 d pj ! (27r)454(pA +pB —pi —Pj) A = (2m)* 3% (pa + P = Pa — pi)
S B AE4Ep [(27)3 63(0)]2
Z QMaB pe(pA pB — pzap])apeMaﬁ UT(pA pB — p’mp])}«;

af,pe,oT - — ——

(indeterminate normalization)

— 1 pure state

2) TI'(,OQ) < - | —  leads to different

1 mixed state
entanglement measures

How to extract entanglement between qubits?

Kamila Kowalska National Centre for Nuclear Research, Warsaw 3



Tracing out momentum

KK, E.M. Sessolo, JHEP 07 (2024) 156
KK, E.M. Sessolo, JHEP 04 (2026) 014

p = |out){out|
u ﬂ Tracmgtom
Hior = L2(R?) @ L*(R?) ® C? ® C?
Hiay = C* @ C? pr = Tr,(p) . o

o = |A)AL + iAMpw | A) A — 814 AMEy) + A [ dily (MIAYAM)

A) = Z dos|af) unitarity guaranteed by the optical theorem
o,

_ _ t _ order by order in
Trlpr) = 14404 ( \ZIm(MFW) " / dHZM/fM) A =1 perturbation theory

\/’/: 0
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Tracing out momentum

KK, E.M. Sessolo, JHEP 07 (2024) 156
KK, E.M. Sessolo, JHEP 04 (2026) 014

p = |out) (out|

| © N [] s
Hior = L*(R*) ® L*(R?) © C* @ C?

Hiay = C* @ C? pr = Tr,(p)

o = |A)AL + iAMpw | A) A — 814 AMEy) + A [ dily (MIAYAM)

A) = Z Ges|aB) unitarity guaranteed by the optical theorem
a,f

_ _ t _ order by order in
Trlpr) = 1+ A ( \2Im(MFW) +/dH2MM> A =1 perturbation theory

_—

entanglement between momentum and qubits

linearized entropy: S(pr) = 1 — Tr(p%) (reduced state in general mixed: Tr(p%) < 1)

entanglement between qubits

concurrence: C(pr) = max{0,v/ A1 — VA2 — /A3 — v/ A1} A\ eigenvalues of Rp = pr(oy ® 0y)pr(oy ® oy)
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Separability momenta-qubits

Linearized entropy: S(vor) =1 Tr(p%)

S(pr) =24 [ dIly ((AIMIMIA) — (AMIAAMT|A)
— A2 (2{A My M | A) — (A Mpw | A)2 =AMy [ 4)?)
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Separability momenta-qubits

Linearized entropy: S(pr) =1- Tr(p2)

S(pr) =2 [ dIly ((AIMIMIA) ~ (AMIAAMT|A)
— A2 (2{A My M | A) — (A Mpw | A)2 =AMy [ 4)?)

Park, Seki, Sin, Phys.Lett.B 743 (2015) 147
Peschanski, Seki, PLB 758 (2016) 89

— . — T ) _ 2\ Low, Yin, 2405.08056
S('OF) =4As (0|1n>—>all O-|m>_>|m>) O(A ) Low,Yin, Phys.Rev.D 111 (2025) 6, 065027
the “area law” Sou, Wang, Zhang, 2507.03555

lan Low’s talk
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Separability momenta-qubits

Linearized entropy: S(pr) =1- Tr(p%) KK, E.M. Sessolo, JHEP 04 (2026) 014

S(pr) =24 [ dIly ((AIMIMIA) — (AMIAAMT| )
— A2 (2{A My M | A) — (A Mpw | A)2 =AMy [ 4)?)

J

Tr[(p%7)?) = Tr(p%) — Tr[(pE™9)?]

relative entropy of coherence

for an initial state in computational
basis
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Separability momenta-qubits

Linearized entropy: S(pr) =1- Tr(p%) KK, E.M. Sessolo, JHEP 04 (2026) 014

S(pr) =24 [ dIly ((AIMIMIA) — (AMIAAMT| )
— A2 (2{A My M | A) — (A Mpw | A)2 =AMy [ 4)?)

J

Tr[(p37)?] = Tr(p%) — Tr[(pE™9)?]

relative entropy of coherence

for an initial state in computational
basis

2HDM QED
h(l)\\ //h? €r, 123
\\ // A
h[lj// N hOJ \ ER [ 371-
s>m s>m
1+ 02 —2iANg —2iANg —4iANs 0 0 0 0
(1) = 20N ON2) O\ O\ (ILR)) = 0 1+0(e*) 0Oe*) 0
PE =1 2an 002 002 00 PF 0 O 0@ 0
4iA N5 O\ 00 0?3 0 0 0 0
coherences at LO, O(A) no coherences at LO, O(e?)
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Separability momenta-qubits

Linearized entropy: S(vor) =1 Tr(p%)

S(pr) =28 [ dIty ((AIMIMIA) — (AIMIAAMT|)
LAY (2AIM ey Miw |A) = (AM i 1A = (AM by [4)?)

KK, E.M. Sessolo, JHEP 07 (2024) 156

A1l small
A 1
TT(P%) <1 ——> eqg (; - 16A2) 2 +A) <1 — AL 16  anupper bound
1 22 . .
Apmax = 16—7'(' d(COS 97;) ’M(pA,pB; 97;)/9 ‘ maximal overlap of in/lout wave packets
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Separability momenta-qubits

Linearized entropy: S(pr) =1- Tr(p%)
S(pr) =28 [ dIty ((AIMIMIA) — (AIMIAAMT|)
LA (2AM by Mpw[A) — (AIMpw | A2 — (AMEy 1 4)?)

KK, E.M. Sessolo, JHEP 07 (2024) 156

A1 small
A 1
Tr(pp) <1 c——> eg. (; - 16A2) (203 +X5) <1 — AL 16~  anupper bound
1 22 .
Amax d(COS 91) ‘M@Aa PB; 91)/ g ‘ maximal overlap of inlout wave packets

~ 167

A = Amnax Interesting consequences...

e 1 — Tr(p%) =0 — qubit state remains pure

e no entanglement flow between momentum and qubit partitions
(initial Bell states)
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Qubit entanglement

p = |out){out| —» pr = Try(p)

concurrence: C(pp) = max{0,v/&1 — /& — /& — /&)

eigenvalues of

- Rp = pr(oy @ oy)pp(oy @ oy)

if only two non-zero eigenvalues:
S. Hill; W. K. Wooters, PRL ‘97

Clor) = V& ~V&| ——+» C%(pr) = Te(Rr) — \/2[Tr(Ri)? — Tr(RZ)]
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Qubit entanglement

p = |out){out| —» pr = Try(p)

concurrence: C(pr) = max{0, /& — /& — /& — €} , s of
elgenvalues o

—sigenva B )
if only two non-zero eigenvalues: Rp = pr(oy ® 0y)pp(oy @ oy)

S. Hill, W. K. Wooters, PRL ‘97

Clor) = V& ~V&| ——+» C%(pr) = Te(Rr) — \/2[Tr(Ri)? — Tr(RZ)]

In perturbative scattering:

KK, E.M. Sessolo, JHEP 04 (2026) 014 ca = (B|4), 1B) = (0y @ 0y)|A")
di = (AIM{,|B)
* gx dy = [ dll (BIMIM|A
CZ(PF) = leal? + 2A (fi — cadz) + A*(2|dy|* — cads — cyd3) ] & I

ds = (AIM], Mp,|B)

— 20| f7 + [ealh — (chk + cak™) + A%|d} — ¢yds? fi= /m2<B1M',DAMf|B)

# # R opE Ulz - ot ;
—2A (|di[* fi + cachg — cadi f» — E4di f3) ] 5= <B|Mf‘"fdn‘*(M’PAMi)|B>
9= (BIM], f dlly(MPAM) My, | B)

given only by the amplitude and the initial state h= ] [ atla(MPa) [ oSy A1)

b= (8] [ ana(mPam’) [ dna(ViPa ) 4
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Qubit entanglement

KK, E.M. Sessolo, JHEP 04 (2026) 014

p = |out){out| —» pr = Try(p)

—_—

moauctsate  C(pF) = 28[(BIMpw |A)| ~ 2A[(B[ReMpw [A)] o _ (o, 4

S—

gubit entanglement generated by the
FORWARD amplitude
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Qubit entanglement

KK, E.M. Sessolo, JHEP 04 (2026) 014

p = |out){out| —» pr = Try(p)

—_—

i Clpp) = 2A{BIMpw|A)| = 2A|(BReM pyy | 4)]

1B) = (0y ® 0y)| A"

gubit entanglement generated by the
FORWARD amplitude

2HDM QED cf. M.Blasone’s talk
+ - +, =
h{hy — hphY €LCR 7 HI Ky
MO — 206 A3+ A A3+ >\4 12 MO _ 2 0 —1-— cos@ <r i);@ LR
20 A3t Azt A\ 2>\7 21 € 0 l—cosﬁ sf 0 RL
4A5  2)\7 2A¢7 4X ) 22 0 RR
isotropic: M (0 = M;E)‘),V Mpw — 0 =0

iyl Il
C(pr) = 2A|(RLIM B, |LR)
=A[0-e+0(e*/m)] ~0

Clpr) = 2A[(22lMO[11) = 8A| A5
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Conclusions

 We derived a novel formula for concurrence of a scattered
mixed state (in qubit space).

* Qubit entanglement generated by inelastic forward amplitude
at LO.

* Coherences modify cross section dependence of the linearized
entropy.
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