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What is quantum entanglement, and why study it

In a bi-partite system # , @ # 5, a quantum state is

separable if it can be written as y; @ yy (or p, & pp for
mixed states)

Entangled if otherwise

Interests in entangled states
Non-local behavior: Bell inequality violation etc
Resources for guantum computation and communication

Huge interest in how quantum entanglement is
produced, maintained, harvested or destroyed!



Particle scattering can produce quantum entanglement

Particle scattering generally produces entanglement:

Plane wave approximation for initial state |in) = |p,, i) ® |pg,j) (i,] are
internal d.o.f)

The scattered state is literally the superposition of all possible outcomes— not
separable in general!

o) = | dpcdtn 3, S, p-pesoni 1P K) @ 191
k,l

We focus on the internal d.o.f. entanglement:

It is observable with local detectors, which collapses the spacial wave function

calorimeters
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Qubits in Two-Higgs-Doublet Models

2HDM consists of the SM and "B "HT
an additional complex SU(2) &, = <I>10 , Oy = q)%
scalar doublet S L T2
Consider 2 — 2 scatterings of CIDQJ' Cbg — cI)g‘ (132

the SU(Z) components of the As an example, we will consider
scalar doublets charged-neutral scattering
Computational basis is { O>A, ‘> {CIDEL, <I>+}

encoded in the (Higgs) flavor _ Y=
of the scalar doublets { O>B> ‘~->B}

{@7, @}



Scalar scattering

We thus focus on the following scattering amplitude

<(I)cq)ii‘ 1 ‘(I)aq)g)> — 2(27‘-)46(4) (pa + Pb — Pec — pc)Mab,cd

The scattering amplitude depends on the scalar couplings and
the potential in the CP conserving limit of the 2HDM is

1 1
V =m?,®I® + m2,® &y — [m2,®T®y + h.c] + §Al(cg[ﬂc;bl)? + 5A2(<1>§<1>2)2
+ A3(R1D1) (DI Do) + Ay (D] Do) (D1 D1)

1
+ {§A5((I>J{q)2)2 + [A6(¢J{q’1) T /\7((1)3(1)2)](131(1)2 T h'C'}



Entanglement measure in qubits: concurrence

Two distinguishable qubits Define the quantum state
2
U0, )1}, I =A,B ) = Z Cij |1) A 17) B
i,j=1

Concurrence as entanglement measure

2|c11¢99 — €100 ]
/\ —
(W» \011\2 + \612\2 + \621\2 + \022\2

Maximally entangled

Separable
W=l ol VSASI !

[2104.10835: Low, Mehen] W> — \/§(|OO> L |11>)




Entanglement maximization in the symmetric phase

Amplitude matrix from quartic interaction (focus on the
neutral-charged scattering as an example)

O or
‘A1 Ae A Az
| A6 Az A4 Ar
iMP (@) - & DY) =—1 VSV
o) o) A5 A7 A7 Aa_

Demanding maximal entanglement for basis initial states
(@a=12; b= 1,2), we get We focus on

these solutions
(1) )\1:)\2:/\3:)\4:::/\5750, )\6:)\720

(2): M =A=—-A3=—-A=%X#0, As = A7 =0| IPotential not bou-
B): (M =Xa=XA3=XM=X5=0, Xg=2N#0 nded from below!




Enhanced symmetries

Max entanglement on the computation basis yields a symmetry
on the potential, explicit when arranging the scalar doublets in
the fundamental representation of U(4): ® = (&, P,)!

A =1 Potential Generators

(PTD)? + (P11 @)?| | {l®oH, 7! @t}

:(<I>T<I>)2 + (<I>T7'2<I>)2: {1 ®ok, %R ok}
Pauli matrices 7# in flavor space, ¢* in EW space

U(2)xU(2) symmetries are transparent in a different basis:

Basis Potential Symmetry
D5 p = J5(®1 £ @) | VI =X [(@05)2 + (@h@n)?| | U(2)s x U(2)a
g = %(cpl i) | VY =X [(@]@)? + (0fr)?| | U2 x U(2)r
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Entanglement maximization & amplitude factorization

Mirror symmetry: Vfl) = A [(‘1’2‘1’5)2 + ((I)L(I)A)z.‘ bs A = ﬁ(‘l’n + Oy)
S (A) components only interact with S (A) components
The S/A basis and the computational basis are misaligned

Produce entanglement in the computational basis

Equal amplitudes for S-S and A-A: Z, symmetry

Entanglement maximization requires Mirror Symmetry § < A

Thus for all the charge sectors,

1 0 0 17

1 1 1 1
M(I)OCH_H_(a)@ﬂ‘I_T(b)_I_l_T(a)@ﬂ_T(b): 0O 1 1 O
’ 2 2 2 2 0 1 1 0
Projector on U(2)g Projector on U(2) 4 1 0 0 1

Z, symmetry can be softly broken by mass terms

The case with VW is similar



Entanglement maximization in the broken phase

Scattering amplitudes have contributions from quartic and cubic interactions

HF HY Hf HT HS HX Hf HY

/
i Hy H HY Y H HS

mp = mag+, Mg+ mg = mag+, Mg+
mp = Mhp, MGo, TMH,MA

2
. : v
ZM:ZMO—ES: ;: Mr,k P?",k P’I“,k:i/(,r_mz)7 T:S,t,u

k r=s,t,u

1 0 0 17
Factorization of . requires exact Mirror symmetry 0 1 1 0
M x
0O 1 1
(D) = (Dy): equal cubic vertices for S and A 1 0 0 1]
components 6 massless
Goldstones,

Maximally symmetric quadratic terms

2 scalars with
my; = My, m;, = 0: equal propagators.

equal mass
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Entanglement maximization with gauge symmetries
Need to gauge U(2) X U(2) symmetry:

1+7° o2 pv M ’ H v
TSa/L — 9 X 7 FF — 8“14]’.{\ — aVAF _|_ Zgr‘ [AF7 A‘F]
) - 1 v
A/R™ 9 9 7 o or L,R

Each channel is the sum of two independent sectors

- - — - —
(I)l‘ (I)l‘ o v (I)l‘ (I)I‘

ZF:S/A

0 0 0 0 0 0
(I)I‘ o L (I)I‘ o L Oy o v

Entanglement maximization persists when the gauge symmetries are
mirrored: 10

0 1

— Equal vertices and gauge P L
55 = 8A boson masses in both sectors 0 1 1 0
1 0 0 1
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Conclusions and outlook

In 2HDM, entanglement power and symmetries are clearly correlated. Max
entanglement of the elements of the computational basis in flavor space
duplicates the SM electroweak gauge sector!

Symmetric phase U(2) x U(2) symmetry in the scalar potential
(quartic However: softly broken by mass terms
interactions):

Alignment and relations among scalar masses
Broken phase U(2) x U(2) is exact!

.(includir)g trilinear Spontaneously broken to U(1) x U(1)
interactions): (6 Goldstones and 2 equal mass scalars)

Equal gauge couplings of the U(2) copies
Gauge bosons: Equal gauge bosons masses
Emergence of a discrete Z, symmetry!

Future works:

To make the model phenomenologically realistic: break the exact symmetry,
fermions, cosmology...

Quantum information tools: Quantum Key Distribution, Decoherence-free
subspaces...
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