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Entanglement bit by bit

Example: a qubit
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Entanglement bit by bit
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entanglement = non-separability

Example: a qubit two-qubit state
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1. separable (non-entangled)  [¢) = (a1]|0) + 81]1)) ® (@2|0) + B2|1)) =
041042‘00> -+ 04162’01> + 51042|10> + ﬁ152’11>
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2. non-separable (entangled) [¥) = %\OW \/—\11> ) = EIOU \/—\10>



Entanglement is hot!

Measured experimentally (Bell inequalities violation)
for linear polarization of low-energy photons

Clauser et al., ‘72; Aspect et al., ‘82; Zeilinger et al., ‘98;
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dense coding (Bennett, Wiesner, ‘92), teleportation (Bennett et at., ‘93), key distrubution (Ekert, ‘91)

Applications in particle physics

e quantum tomography ex. Afik, de Nova, EPJ Pus 136 (9) (2021) 907

use entanglement (and other quantum observables) to

enhance sensitivity of collider searches

e theoretical implications

investigate connections between entanglement and
fundamental properties of quantum field theories

emergent symmetries



Emergent symmetries

Symmetries arising from entanglement extremization
In scattering processes

® non-relativistic baryon-baryon scattering — SU(4) and SU(16) global symmetries

Beane, Kaplan, Klco, Savage,
PRL 122 (2019) 102001

e quantum electrodynamics

Cervera-Lierta et al., SciPost Phys 3 (2017) 036
Fedida, Serafini, PRD 107 (2023) 116007

® Two-Higgs-doublet model

Carena, Low, Wagner, Xiao
PRD 109 (2024) L051901

from minimizing entanglement among spins

U(1) gauge symmetry
from maximizing entanglement among helicities

indications of SO(8) global symmetry
from minimizing entanglement among
Higgs boson “flavors”



Emergent symmetries

Symmetries arising from entanglement extremization
In scattering processes

® non-relativistic baryon-baryon scattering — SU(4) and SU(16) global symmetries

Beane, Kaplan, Kico, Savage, from minimizing entanglement among spins

PRL 122 (2019) 102001

e quantum electrodynamics —— U(1) gauge symmetry
Cervera-Lierta et al., SciPost Phys 3 (2017) 036 from maximizing entanglement among helicities

Fedida, Serafini, PRD 107 (2023) 116007

e Two-Higgs-doublet model — indications of SO(8) global symmetry
_ from minimizing entanglement among
Carena, Low, Wagner, Xiao Higgs boson “flavors”

PRD 109 (2024) L051901

» Red flags < one (out of several) scattering channel was considered
 their formalism does not preserve unitarity — can’t quantify entanglement exactly



Entanglement in scattering
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Hilbert space: momentum + flavor (qubit)

Hiot = L*(R* @ R?) @ C*

In perturbation theory:

1jab . .7 ab
S’yj(SozB - (I+ T)géaab’

= (2m)S 4 B, By 0750, + (2m)*6* (pa + b — pi — 1j) iMys.08(Pas Po — Dis ;)

The final-state density matrix:

p = |out){out]|

encodes all the properties of a
quantum system
(entanglement)



Perturbative density matrix

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

TI‘(,O) =1 I —~ unitarity of the S-matrix

optical theorem

(outlout) =1+ A </Z aﬁMag 75( PB —>pA pB a,} —l—cc)

aBfyyé -
d3p; 1 d p; 1 (2m)*0*(pa + pB — Pa — PB)
A : J 2m)t6t — pi — D; A=
* / / 2m)? 2E; (2)° 2E; ( ”) (pA +PB P pf) AEAEp [(27)3 83(0)]
Z Q-/Vlaﬁ pe (pA pB - pz’p])apeMa,B oT (pA,PB - pz,pg)aj;? (indeterminate normalization)

af,pe,oT R — —

We need to work at 1-loop order carenaetal. ‘24 only tree level



2HDM in a nutshell

inert SU(2) doublets: H,

ht
10

(7).,

2

scalar potential: V(Hy, H,) = p? HiHy + 2 HiH, + (/@) HIH, + H.c.)
+ M1 (H{H)? + X (HLHy)? + Ag (H{ Hy ) (H Hy) + Ay (H{ Hy)(H Hy)
+ ()\5 (H]H,)* + \g (H{ Hy)(H{ Hy) + A7 (H} Hy) (H{ Hy) + H-C-)

contact interactions

ha oy
hs- hs
i Mg

only this channel considered
in Carena et al. ‘24

iMORORY* = bt h™) =iMO (WA= — KOO = —i

iMO (W™ = hth™) = iMO (ROR% — hOR%*) = —i

a=1,2—|1),|2) two flavors

2M1 X A 2X5
A (0) (7470 0y | A Az A Ag
iMY(RThY — hThY) = —i N M s Ar
2 5 A7 A7 2o
2M1 X A M\
4 (0) (147 0% fr06y | Ae Az 2X5 A7
IMP(RTR™ — h™h™") = —i A s As Mg
D VEEED. VAR VARE) Pt
Ay 2 24X
A 4(0) (2020 070y _ _ 206 A3+ A A3+ A 2Ny
MRS = T = =1 o0 Mo+ h A+ M 20
Dy 2 2Ar 4
2M\1 X A A3
X A 2X5 A7
X 2X5 M A7
A3 A7 A7 22X
4\ 26 26 A3 + M\
26 A3+ A\ 45 27
26 4 s A3+ 2)\;
)\3—|—>\4 2)\7 2)\7 4)\2

Q: any constraints on A from entanglement extremization?




Entanglement creation

no initial entanglement: |in) = —|pApB>|11>

Aa

) reduced density matrix
(tracing out the momentum)

out) = Sfin)  pF

post-scattering entanglement:

von Neuman entropy concurrence
elgenvalues of p=° Fy _ _ _ —
Z@ log, 0; C(p") = max{0, A1 — A2 — A3 — A4}
entanglement between A eigenvalues of Flo R o Fx( R o
with flavor and momentum d p ( Y y),O ( Y y)

2 (2, N6 entanglement between
C(p") = \/A)f’ + 32A2)\2
s

2 2 2
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Entanglement creation

no initial entanglement: |in) = —|pApB>|11>

Aa

) reduced density matrix
(tracing out the momentum)

out) = Sfin)  pF

post-scattering entanglement:

von Neuman entropy concurrence
elgenvalues of p=° Fy _ _ _ —
S Z 9 10g2 C(,O ) = maX{O, )\1 )\2 )\3 )\4}
entanglement between A: eigenvalues of pF (gy X O’y)pF* (gy X gy)

flavor and momentum

with
2 (2, N6 entanglement between
NN 22 C(p") = \/AQ +32A%)3
6y = A(—5+—6)—16A2 (v ) T
s 2T 2

h'hY — hOR°

hOh® — hOh°

Repeating for [12>, |21>, |22> (all channels):

couplings that generate entanglement A3 = Ay = A5 = 0 differentfrom A1 = Ap = A3 # 0

lin) p momentum-flavor space two-flavor space Carena et al. 24
|11> }‘37 A47 A51 )\6 }‘37 )‘47 A5
|12) A3, A1, As, Ae, A7 A3, A1y As |::> No symmetry from
21 Ass Aas As, Ag, A Aa, Aas As y O
:22§ VR N entanglement minimization
3y Ady Ay AT 3y Ady AH
8




Entanglement transformation

1
maximal initial flavor entanglement: |in) = \/» |pApB>T (|11) + [22))

SN(pin) — 07 C(pln) =1

post-scattering entanglement:

von Neuman entropy concurrence
2 2 2
A1 — A A6 + A
0, = 1-A(l—16r A)U4 @ C(pF)—\/l—A(l—lﬁﬂA)(L_ﬁ)M
s
2
6o = A(1—-167A) (= Ao)° 1 + (Ao + Ar) C<1, entanglement is reduced
T

S>0, entanglement increases

Entanglement “flows”
from
flavor Hilbert space to full Hilbert space



Entanglement transformation

1
maximal initial flavor entanglement: |in) = \/_ |pApB>7 (|11) + [22))
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post-scattering entanglement:

von Neuman entropy concurrence
2 2 2
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s
2
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from
flavor Hilbert space to full Hilbert space

Unless:

® \{ = A2, A\¢ = —A7 Discrete 2HDM symmetries?
cf. Ferreira, Grzadkowski, Ogreid, Osalnd et al. 23



Entanglement transformation

1 1
maximal initial flavor entanglement: |in) = 77 |pApB>E (|11) + [22))

Sn(ph) =0, C(ph) =1

post-scattering entanglement:

von Neuman entropy concurrence
2 2 2 2
— AL — A A6 + A
o = 1-80-10mafQDCND o i soma Q2000
2 2
o = A(1l—-167A) (A1 = A) 4+ (As + Av) C<1, entanglement is reduced
T

S>0, entanglement increases

Entanglement “flows”
from
flavor Hilbert space to full Hilbert space

Unless:
® \{ = A2, A\¢ = —A7 Discrete 2HDM symmetries?
cf. Ferreira, Grzadkowski, Ogreid, Osalnd et al. 23
1 :
oA — Spherical symmetry of the
167 initial wave packet (s wave)?



Entanglement transformation

1 1
maximal initial flavor entanglement: |in) = 77 |pApB>E (|11) + [22))

Sn(pty) =0, C(pk) =1

post-scattering entanglement:

von Neuman entropy concurrence
2 2 2 2
— A — A A + A
6, = 1—A(1—167TA)U4 @ C(pF)=\/1—A(1—167TA)(L_L)>;7@
T
2 2
o = A(1l—-167A) (A1 = A) 4+ (As + Av) C<1, entanglement is reduced
T
S>0, entanglement increases
Entanglement “flows”
from
flavor Hilbert space to full Hilbert space
Unless:
® \{ = A2, A\¢ = —A7 Discrete 2HDM symmetries?
cf. Ferreira, Grzgdkowski, Ogreid, Osalnd et al. 23 |S Conservation Of
) ——> entanglement related
oA — Spherical symmetry of the toa S_ymme“y?
167 initial wave packet (s wave)? work in progress...



To take home

Post-scattering entanglement may provide a complementary
way of constraining the interaction structure of BSM models.

Scattering interaction injects entanglement in a separable
system, perturbatively small in A, A..

2HDM: no symmetry from entanglement minimization.

2HDM: entanglement can be transformed by some coupling
combinations, may lead to symmetries.
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