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Abstract Quantum entanglement of weak interaction gauge
bosons produced at colliders can be explored by comput-
ing the corresponding polarization density matrix. To this
end, we consider the Higgs boson decays H — WW* and
H — ZZ*,in which W* and Z* are off-shell states, and the
WW, WZ and ZZ di-boson production in proton collisions.
The polarization density matrix of the di-boson state is deter-
mined by the amplitude of the production process and can
be experimentally reconstructed from the angular distribu-
tion of the momenta of the final states into which the gauge
bosons decay. We show that a suitable instance of the Bell
inequality is violated in H — ZZ* to a degree that can be
tested at the LHC with future data. The same Bell inequality
is violated in the production of WW and ZZ boson pairs for
invariant masses above 900 GeV and scattering angles close
to 7r/2 in the center of mass frame. LHC data in this case are
not sufficient to establish the violation of the Bell inequality.
We also analyze the prospects for detecting Bell inequality
violations in di-boson final states at future e™e™ and muon
colliders. A further observable that provides a lower bound
on the amount of polarization entanglement in the di-boson
system is computed for each of the examined processes. The
analytic expressions for the polarization density matrices are
presented in full in an Appendix. We also provide the unitary
matrices required in the optimization procedure necessary in
testing the Bell inequalities.

1 Introduction

The most natural way to generate entanglement [1] between
two quantum systems is through their mutual interaction;
any interaction dynamics involving the degrees of freedom
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of both systems is bound to create quantum correlations and
yield detectable effects measurable through suitable quantum
observables.

An instance of such an interaction is high-energy colli-
sions: they give rise to quantum entanglement among the ele-
mentary particles partaking in a scattering process — thereby
providing the possibility to study and test entanglement in
a novel setting. This opportunity has indeed recently drawn
some interest and has been explored in a series of papers [2—
17]. Most of these analyses have focused on distinguishing
quantum mechanics from alternative local and determinis-
tic theories through the exploration of Bell inequalities [18—
22] in the energy range probed at the Large Hadron Col-
lider (LHC). We continue these studies by analyzing possi-
ble quantum correlations in the polarization states of weak
interaction gauge bosons produced at colliders.

Massive gauge bosons act as their own polarimeters and
their spin polarizations can be reconstructed from the angu-
lar distribution of the final leptons or jets (when generated by
down-type quarks). We assume that the polarization density
matrix of the two bosons can be fully reconstructed (albeit
with limited efficiency) from the angular distributions of
their decays into final states. The actual uncertainty affecting
such a reconstruction — as well as the effect of backgrounds,
unfolding and of the detector — can only be estimated through
dedicated numerical simulations.

In the following, we analyze the production of gauge
bosons via the resonant Higgs boson decays H — WW*
and H — ZZ*, where W* and Z* denote off-shell states,
and study the WW, WZ and ZZ production proceeding
from proton—proton collisions in a manner reminiscent of the
Drell-Yan mechanism. The density matrix of the di-boson
state is determined analytically for each process from the
corresponding amplitudes and depends on the kinematic vari-
ables characterizing the scattering process. Once the density
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matrix is known, it is possible to test the (Collins—Gisin—
Linden—Massar—Popescu) CGLMP inequality [23,24] — a
Bell inequality optimized for three-level systems as those
describing the polarizations of massive spin-1 particles — on
the available kinematic configurations. We also compute an
observable used as proxy for the entanglement in processes
characterized by massive spin-1 final states. The correspond-
ing operator yields a lower bound for the entanglement of the
two boson system in each of the analyzed cases, thereby serv-
ing as a witness of the entanglement in their polarizations.
We find that the CGLMP inequality is violated in di-boson
Higgs decays and that such a violation in the case H — ZZ*
case could be tested at the LHC with future data. For the
WW, WZ and ZZ production in proton collisions, instead,
the CGLMP inequality is violated only in the WW and ZZ
channels for invariant masses above 900 GeV and scattering
angles close to /2 in the center of mass frame. Due to the
small number of events expected in this kinematic region,
it is difficult to assert the CGLMP inequality violation with
sufficient accuracy. A better significance will be achieved at
future lepton colliders, as we also show in the following.
The theoretical uncertainty of our results is at most of
order 10% in the continuum WW, WZ and ZZ Drell-Yan
processes, due to the implied QCD next-to-leading order
(NLO) contributions [25-29]. We checked that uncertain-
ties in the parton distribution functions (PDF) are negligible.
Smaller theoretical uncertainties of order of a few percent
are expected for the WW™* and ZZ* processes in the reso-
nant Higgs decay region, due to NLO EW corrections. [30]
We estimate the overall uncertainty in the event selection
by considering the efficiency in the identification of the lep-
ton final states and their momenta reconstruction — which
conservatively we take to be 70% for each lepton — and a dis-
tribution of the observables due to uncertainty in the off-shell
gauge boson mass. When W-bosons are in the final states, we
add a systematic error to take into account the intrinsic dif-
ficulty of the physical analysis that requires dedicated algo-
rithms to reconstruct the neutrino momenta. Though naive,
our estimates still indicate the most promising processes for
this kind of studies at the considered collider machines. It is
our hope that this preliminary study encourages the exper-
imental collaborations to assess the power of current and
future machine to probe quantum entanglement through full
simulations. Since our results are analytic and the related
uncertainties, as mentioned, only include a guess on the effi-
ciency of the reconstruction, these numerical simulations are
paramount for a realistic estimate of the uncertainty. Numer-
ical simulations were performed at the parton level in [5] and
[12], for the Higgs boson decays, and in [15] for the di-boson
production from quarks. We compare these numerical results
with ours when discussing our findings.
The polarization of weak gauge bosons has been studied
in the literature in terms of helicity amplitudes [31-39]. Our
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approach differs in that we derive the full density matrix of
the di-boson system as required for studying the presence of
entanglement.

The paper is organized as follows. Section 2 introduces
the entanglement witness we utilize, the Bell and CGLMP
inequalities and shows how the polarization density matrix
of interest can be built from the amplitude of the underlying
scattering process. In Sect. 3 we apply our methodology to
two massive gauge bosons originated in a Higgs boson decay.
The entanglement of a di-boson system created at the LHC or
at future colliders is investigated in Sect. 4. We conclude in
Sect. 5 by briefly summarizing our findings. The correlation
coefficients of all the considered density matrices are listed
in Appendix C. These expressions can be useful for future
studies and, to the best of our knowledge, have not been
reported in the literature before.

2 Methods and tools

In this section we introduce the observables used in the
study of entanglement and violation of Bell inequalities. We
also briefly review the calculation of the polarization density
matrix for a system formed by one or two massive gauge
bosons, as well as the procedure to reconstruct it from the
momenta of the leptons emitted in their decay process.

2.1 Observables

We start by discussing quantum correlations in the context
of three-level systems — in short, qutrits — implemented,
for instance, by the possible polarizations of massive gauge
bosons. We use a specific Bell inequality optimized for this
system and a suitable measure of entanglement to probe the
correlations encoded in the polarization density matrix of the
two quitrits.

2.1.1 Entanglement

Quantifying the entanglement content of the state of a quan-
tum system is generally challenging as the complexity of the
problem increases with the system dimensionality [1]. For
pure states — systems described by a vector in the Hilbert
space, or equivalently, by a density matrices that is a pro-
jector — the problem can be addressed by considering their
Schmidt decomposition [1], but already for the simple case
of bipartite systems only partial answers are available. No
general rule is applicable to mixed states, in which case one
can only rely on so-called entanglement witnesses: quanti-
ties that give conditions sufficient to establish the presence of
entanglement in the system. A computable example of such a
witness is connected to concurrence, areliable entanglement
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measure for bipartite two-level systems — that is, consisting
of two qubits [40,41].

Consider a bipartite quantum system comprising two sub-

systems of equal dimensionality, A and B, described by a
normalized pure state |¥) and density matrix |¥)(¥|. The
concurrence of the system is then defined as [42]
Clw)l =,/2(1 =Tr[(p)?]), r=AorB, 2.1
where p, is the reduced density matrix obtained by tracing
over the degrees of freedom of either subsystem: e.g. for
r = Aonehas pg = Trg[|¥)(¥|]. Any mixed state p of the
bipartite system can be decomposed into a set of pure states
{I¥i},

p=Y Pl piz0. Y p=1 (22
i i

its concurrence is then defined by means of the concurrence
of the pure states appearing in the decomposition through an
optimization process:

Clp) = inf Z pi CLIWT, (2.3)

where the infimum is taken over all the possible decomposi-
tions of p into pure states. Clearly, for a pure state (2.1) the
concurrence vanishes if and only if the state is separable, that
is: |¥) = |¥4) ® |¥p). As the same holds for mixed states
[43], the concurrence appears to be a good entanglement
detector. Unfortunately, the optimization problem appearing
in (2.3) makes the evaluation of the concurrence a very hard
mathematical task with a simple analytic solution only when
A and B are two-level systems. Any approximation or numer-
ical computation of C[p] only holds as an upper bound and
thus cannot serve to reliably distinguish between entangled
and separable states, or to give an estimate of a state entan-
glement content.

Lower bounds on C[ o] for a generic density matrix p can
be analytically computed and, if non-vanishing, unequiv-
ocally signal the presence of entanglement. One of these
bounds is easily computable, yielding [44]

(Clpl)’ = Galpl , 2.4)

where
alpl = 2max (0, Tr(p?] = Tr((pa)?], Tr(p?] = Tri(op)*1),
2.5)

with p4 = Trp[p] and pp = Tr4[p] being the reduced den-
sity matrices. A non-vanishing value of %3 then implies a

concurrence larger than zero, thus witnessing the entangle-
ment of the density matrix p.

Interestingly enough, an upper bound for C[p] has also
been obtained [45]; explicitly, one finds

(Clp))* = 2min (1= Tr[(on?) 1 =Trl(p)]).  (26)

The maximum value for the concurrence is obtained for a
totally symmetric and maximally entangled pure state. For
two qutrits this is

3
1
W) =—> li)® i), 2.7
V) ﬁi:1|z)®lz) 2.7

with {|i)} an orthonormal basis in the A- or B-Hilbert space,
resulting in C[|¥,)] = 2/+/3. Accordingly, %> is at most
equal to 4/3.

The concurrence lower bound (2.5) will play the role of
entanglement witness in our study of the spin polarization
states formed with two massive gauge bosons.

If the bipartite state of interest is a pure state, it is possible
to quantify its entanglement by computing the entropy of
entanglement:

&[p] = —Tr[palog pal = —=Tr[pplog ps], (2.8)
given by the von Neumann entropy [1] of either of the two
component subsystems A or B with reduced density matrix
pa and pp, respectively. Whereas the concurrence of a bipar-
tite pure state is only an entanglement monotone, the von
Neumann entropy is a true entanglement measure satisfying
0 < &[p] < Ind, where d = 3 for a two-qutrit system. The
first equality holds if and only if the bipartite state is sepa-
rable, the second inequality saturates if the bipartite state is
maximally entangled.

2.1.2 Bell inequalities

Local deterministic theories provide descriptions of a phys-
ical system that match the results of quantum mechanics for
the averages of relevant system observables. Yet, in view of
the deterministic and locality assumptions, these stochastic
classical models are bound to satisfy a set of inequalities
known as Bell inequalities [18-22], which are instead vio-
lated by the statistical predictions of quantum mechanics.
An experimental determination of any Bell inequality is thus
able to discriminate between these classical local models and
quantum mechanics.

Whereas an essentially unique Bell inequality can be for-
mulated [46—48] in the case of a bipartite system made of
two qubits, different Bell inequalities can be found in the lit-
erature for systems of higher dimensionality. Among these,
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the CGLMP inequality [23,24] is an optimal generalization
of the qubit inequality for systems made of two qutrits.

In order to explicitly write this inequality, consider again
the two components A and B of the two qutrit system.
For the qutrit A, select two spin measurement settings, A
and A, which correspond to the projective measurement
of two spin-1 observables having each three possible out-
comes {0, 1, 2}. Similarly, the measurement settings and cor-
responding observables for the other qutrit B are By and B;.
Then, denote by P(A; = B; + k) the probability that the
outcome A; for the measurement of Ai and B; for the mea-
surement of B i, with i, j either 1 or 2, differ by k modulo 3.
One can then construct the combination:

I3 =PA1=B)+P(Bi=A+1)
+P(Ay = By) + P(By = Ay)
—P(A =B —-1)—P(A = By)

—P(Ay=By—1)— P(By = A; — 1). 2.9)
0 0 0 0 0 0 0
2
0 ) 0 0
V3 2
0 0 0 0 —-—— 0 2
) V3
0 —— 0 0 0 0 0
V3
B=|o o 2 0 0 0 2
B V3 NE]
0 0 0 0 0 0 0
0 0 2 0 2 0 0
V3 2
0 0 0 0 0 —-— 0
V3
0 0 0 0 0 0 0

tation value of a suitable Bell operator 5:

I3 = Tr[p B]. (2.11)
The explicit form of B depends on the choice of the four
measured operators Ai R éi, i € {1,2}. Hence, given the two-
qutrit state p, it is possible to enhance the violation of the
Bell inequality (2.10) through a specific choice of these oper-
ators. We remark that the numerical value of the observable
is bound to be less than or equal to 4.

For the case of the maximally entangled state in (2.7),
p = |¥4) (¥4, the problem of finding an optimal choice
of measurements has been solved [23]. By working in the
single spin-1 basis formed by the eigenstates of the S3 spin
operator (A.2) with eigenvalues {1, 0, —1}, the Bell operator
takes the following explicit form (see [49], though there it is
written in the so-called computational basis):

0 0

0 0

0 0

0 0

o of. (2.12)
2 )

V3

0 0

0 0

0 0

For deterministic local models, this quantity satisfies the
following generalized Bell inequality,

T3 <2, (2.10)

which instead can be violated by computing the above joint
probabilities using the rules of quantum mechanics. Given
a state p of the two-qutrit system, the above probabilities
are computed in quantum mechanics as expectation values
of suitable projector operators; for instance, the probability
of the outcome A; = By = 1, when measuring Al and él,
is given by P(A; = By = 1) = Tr[p (Pa,=1 ® Pp,=1],
where e.g. P4, =1 projects onto the subspace of the A-Hilbert
space where Al assumes the value 1. Therefore, in quantum
mechanics, 73 in (2.9) can be similarly expressed as an expec-
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It should be noticed that, perhaps surprisingly, the maxi-
mal violation of (2.10) obtained with B is for a density matrix
which is not maximally entangled [49], making it evident that
entanglement theory in higher dimensions is rather intricate.

Within the choice of measurements leading to the Bell
operator in (2.12), there is still the freedom of modifying the
measured observables through local unitary transformations,
which effectively corresponds to local changes of basis. Cor-
respondingly, the Bell operator undergoes the change:
B> UW - -B-(UQV), (2.13)
where U and V are independent three-dimensional unitary
matrices. In the following we make use of this freedom to
maximize the value of Z3 for any given density matrix p; as
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the gauge boson polarization states depend on the relevant
kinematic variables, this optimization procedure is to be per-
formed independently for each point in phase space. We give
the explicit forms of the matrices that maximize the observ-
able 73 for the processes analyzed as they can be useful in
future numerical simulations.

2.2 Density matrix for one spin-1 particle

Let us start by defining the reference frame we use to describe
the polarization of a spin-1 particle at rest. To this pur-
pose we introduce a set of three orthonormal (three-)vectors,
{ﬁ, r, R}, forming a right-handed system: i = & x k. The
normalized helicity eigenvectors 4 ¢ of the massive spin-1
particle of mass M, corresponding respectively to eigenval-
ues A = %1, 0, are
1 A .

Yy = % (£h+iF) and o =Kk,
having chosen the k direction as the direction of quantization.

In order to describe the helicity of the spin-1 particle in
a more general reference frame and in a covariant manner,
we first promote the three basis vectors to four-vectors by
extending them with a null temporal component and then
perform a Lorentz boost along the —K direction. As a result,
in the new frame the spin-1 particle acquires a velocity 8 =
V1 — M?2/E? along the positive k direction and possesses a
4-momentum p* = E(1, ﬁﬂ), where E is the particle energy
in this frame. By construction, the boosted basis vectors

(2.14)

n} = (0, n), ny =(0, £), n§ = 2B K (2.15)

are orthogonal to the four-vector ng = E/M(, Rﬂ) (pro-
portional to the particle momentum) and with it form

an orthonormal vierbein nl,. The label m € {0,1,2,3}
indicates the vector: gy, nf,ﬁnz = —0mn with g, =

diag(1l, —1, —1, —1) being the Minkowski metric.

The wave vector ¢*(p, 1) of a spin-1 particle can then
be expressed in a covariant form as a linear combination of
the three reference vectors (n)', ny, n%) orthogonal to the

particle momentum
1
V2

giving the standard representation of the spin-1 wave vector
in the helicity A basis. It can be easily checked that in the par-
ticle rest frame, where (8 — 0), the equation above reduces
to Eq. (2.14).

From Eq. (2.16) we can construct the covariant helicity
projector operator of a spin-1 particle with four-momentum
p, mass M and polarization g, (p, A) [50,51]

PL(p) = " (p. W)*e" (p. 1)

eh(p, 1) = Al (it +ink) + (1 - |A|)n’;, (2.16)

1 ptp’
= g <_g;u) + M2 )SAN

i
— MveB

1
i Patti p (Sidap — 5”7”3 (Sij)u’ J

(2.17)

where S;, i € {1, 2, 3}, are the spin-1 representationsl of the
SU (2) generators and €*"*# is the fully antisymmetric Levi-
Civita tensor with €123 = 1. The matrices S; ; are defined
as
4

SijZSiSj+SjSi—§13ij, (2.19)
with i, j € {1, 2, 3} and 1 being the 3 x 3 unit matrix. The
covariant relation (2.17) can be verified by substituting the
expression for ¢*(p, A) in Eq. (2.16) with nf‘ given as in
Eq. (2.15) and the (§;);, and (S;;);, matrix elements as
provided in Appendix Appendix C.

Consider now the probability amplitude M for the pro-
duction of a massive spin-1 particle of momentum p and
helicity A, given by

M) = M e (p, ). (2.20)

Then, the polarization density matrix of a massive spin-1
particle can be written in the helicity basis as
M@M' Q)

| M P2
where the | M 1> = > MT(A)M(L) is the unpolarized
square amplitude (the sum in Eq. (2.21) over possible internal

degrees of freedom of initial state particles is understood).
By using the expression in Eq. (2.20) we have that

oA, A) = (2.21)

MM 2
p(h, X)) = “”T“(m (2.22)
| M2
where the expression for the covariant projector is given in
Eq. (2.17).

The relation above provides a simple way to compute the
polarization density matrix of one massive spin-1 particle
starting from the amplitudes M of the related production
process. As all 3 x 3 matrices, p can be decomposed on
the basis formed by the eight Gell-Mann matrices 7¢ (see
Appendix Appendix A) and the unit matrix as follows

1 8

aLAY=(31 are 2.23
PO, ) (3 +Y v ) (2.23)

a=l1 AN

1 Explicit matrix representations are given in Appendix Appendix A
on the basis where the eigenstates of S3 read

) el o)

corresponding to the eigenvalues +1, 0 and —1, respectively.

(2.18)
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Fig. 1 Unit vectors and
momenta in the CM system for
the weak gauge bosons
production p p — V|V, as
utilized in the text. Notice the
definition of the scattering angle
and the direction of the unit
vector p

p

V5 rest frame

I~

where the 7 satisfy the orthogonality condition Tr [T¢T?] =
259,

The coefficients v, which depend on the kinematic vari-
ables of the process, are scalar quantities and can be easily
obtained by projecting the p matrix on the Gell-Mann basis:

1
v ==Tr |(pT%]. 224
STr [P T] (2.24)
Expressions for S; and S;;, 7, j € {1, 2, 3}, in terms of the
Gell-Mann matrices are given in Appendix Appendix A.

2.3 Density matrix for two spin-1 particles

We first analyze the case of a pair of spin-1 particles with
same mass M, and then generalize the kinematics to the case
of two particles with different masses.

Consider the production of a pair V;V; via the Drell-Yan
topology initiated by quark—antiquark fusion

q(p1) q(p2) — Vilky, A1) Valkz, A2)

where p; are the momenta of initial state quarks and k; and
Ai (i € {1, 2}) the four-momenta and helicities of V| and V5,
respectively. For processes initiated in proton—proton colli-
sions we can assume massless quarks.

Without the loss of generality we choose to work in the
center of mass (CM) frame, where the orientation of the basis
unit vectors {n, F, ﬁ} relative to the quark beam is illustrated
in Fig. 1. In this frame, the k direction is taken to coincide
with the axis defined by the three-momenta of the two spin-
one particles produced, with k; indicating the positive verse.
Then, taking the 3-momentum of the antiquark along the p
direction, so that p; = E(1, p) and the scattering angle ®
matches the angle between the vectors p and fi. The remain-
ing unit vectors composing the orthogonal {fi, T, k) system
are then given by

1
sin ®

(2.25)

1
sin ®

r=

(f) — cos @f() . A= (f) x 12) . (2.26)

@ Springer

A

n

e+ k

V1 rest frame

CM frame

We define the spin eigenstates for each particle in its own
rest frame as in Eq. (2.14). The corresponding expressions
for the CM frame are then obtained via a Lorentz boost by

—B, for Vi, and +p for V5, where 8 = /1 —4 M?/s and s
is the squared of the CM energy. We report below the form
taken in this frame by the initial and final states momenta

Py =EW D), py=E( —P). k' =E(, k),
kY = E 1, —pk). (2.27)

Given the polarization vectors e*(k, A1) and &"(k2, X2),
associated respectively with Vi and V;, the correspond-
ing polarization bases n?(l) and nf(Z) (i e {1,2,3}, c¢f
Egs. (2.16)—(2.15)) are given by
ny (1) =n{(2) = (0, h), n5(1) =n5@2) =, F),
nf (1) =y (B k), nf@) =y (-4 k),
where y = 1/4/1 — B2 is the Lorentz factor. The above vec-
tors satisfy the normalization conditions

nf(Mnj(, =nl'Q)nj2), = —8ij,

nf () n3,(2) = —y2(B* + 1),
n (D) na2), = nly () n1(2), = 0.

(2.28)

(2.29)

In case of production of two different gauge bosons, as
well as for the decay of the Higgs boson into a pair of weak
interaction gauge bosons (one necessarily off-shell”), the
above relations generalize as follows.

Let k be the common magnitude of the momenta of the
produced particles in the CM frame, /s = E| + E; the total
energy in the same frame, M the heaviest mass of the two
spin-1 particles and f M the lightest one, with 0 < f < 1.
The four-vectors k1 and k, are then given by

ki = (B, kk), Ky = (Ez, —kk), (2.30)

2 We model the off-shell particle as an on-shell gauge boson with a
reduced mass for the purpose of computing the amplitude of the process.
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where

k §2 =2(1 4 fHs M2 + (1 — f2)2M*4,

1
= _2\/5

2
E1=§[1+<1—f2)MT],

2
E2=£[1—(1—f2)MT],

5 (2.31)

with corresponding velocities 812 = k/E1 2. The expres-
sion of the vectors n/’, (1) and n{’,(2) remain the same as in
Eq. (2.28), while here

nf (1) = y1 (B1, k), n5(2) = y2 (—p2, k), (2.32)

where y1o = 1/,/1 — ,8122 are the corresponding Lorentz
factors. The normalization conditions remain the same as in
the degenerate case, Eq. (2.29), but with scalar product

ny (D n3u(2) = —yiy2 (Bifa+1). (2.33)

Turning now to the computation of the polarization den-
sity matrix for two spin-1 bosons of arbitrary non vanishing
masses, the matrix element M (X1, A,) for the related pro-
duction amplitude can be written as

MO, do) = Myt ki, 11)e"™ (k2, A2). (2.34)

The polarization density matrix is accordingly defined as

MOty )MV, Ay)
| M2

p(ri, kll, A2, )le) = , (2.35)
where, as usual, | M |? stands for the unpolarized square
amplitude and a sum over the possible internal degrees of
freedoms of initial state particles is understood.

By using the covariant expression for the spin-1 projectors
2, (k) defined in Eq. (2.17), we can rewrite the the density
matrix in Eq. (2.35) as

T ! '
M/‘“}M/,L/U/ t@)lfll;;/l (kl)y;;A/z (k2)

PO, My da, Ay = i}
| M |2

(2.36)

In the case at hand, p(A1, 1], A2, A5) can be decomposed
on the basis of the 9 x 9 matrices formed by the tensor prod-
ucts {1®1, 1T T®1, T*® Tb}, with T¢ again the
3 x 3 Gell-Mann matrices. In particular, we have?

1
PO A2 = (Gl @+ Y fu[19 @ 1]
a

19 T¢ h [T“ Tb] ) .
+ Xa:ga [ ® ] + %: ab ® NNy
(2.37)

3 We use the abbreviation: [A ® Bliirjjy = A Bjjr.

The eight components of f, and g,, as well as the 64 ele-
ments of /,,, can be obtained by projecting p on the desired
subspace basis via

fa= éTr [p(T°®1)]. gazéTr [p(1®T7)],

hap = %Tr [p (T“ ® Tb)] . (2.38)
All the terms computed via Eq. (2.38) are Lorentz scalars
which depend only on the energy E, the velocity 8 and the
scattering angle ® in the CM frame.

It is possible to compute the observable quantifying the
entanglement in the gauge boson system once the coefficients
fa» ga and hyp are known. The lower bound %>, introduced in
Sect. 2.1 as an entanglement witness, can be written in terms
of the coefficients in Eq. (2.38) as

2
@, =2max[—§—122f02+62g§+42h§b,
a a ab

SRR 6 24T 0],
a a b
’ (2.39)

which is the expression we use throughout this work.
Likewise, the observable 73 can be written in terms of the
coefficients /i,y as

43
I3 = 4(h44 + hss) - T[hm + heo + h72 + h77 + h1y

+hie +hxn + h27]- (2.40)

Eq. (2.40) is valid prior to performing the unitary rotation in
Eq. (2.13) of the B matrix that maximizes the value of the cor-
responding expectation value. Such a rotation might bring a
dependence also on the coefficients f, and g,, beside chang-
ing the number and the weights of the various coefficients
hap.

2.4 Reconstructing the correlation coefficients from the
data

The actual processes observed at colliders are
pp—=>Vi+Va+ X —> e ete (or 0% jj.

+EMISS) 4 jets, (2.41)

with missing energy E%‘iss due to the possible presence of
neutrinos in the final state. These processes include the pro-
duction of the gauge bosons through the resonant Higgs
boson channel, as well as via quark fusion, and include the
consequent decays into the final leptons (for the Zs) or the
jets of interest (for the Ws) — plus the jets originating from
X spectator quarks.

The spin 1 gauge bosons act as their own polarimeters.
For instance, in the decay W — £y, the lepton £V is
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produced in the positive helicity state while the neutrino vy
in the negative helicity state. The polarization of the W is
therefore measured to be 41 in the direction of the lepton
£+, The opposite holds for the decay W~ — £~ v, and the
polarization of the W~ is therefore measured to be —1 in the
direction of the lepton £~. In both the cases, the momenta
of the final leptons (see Fig. 1) provide a measurement of
the gauge boson polarizations. The same is true for final jets
fromd and s quarks. These momenta are the only information
that we need to extract from the numerical simulation or the
actual data.

How do we go about reconstructing the correlation coeffi-
cients h,p, f, and g, of the density matrix starting from the
momenta of the final leptons? This problem has been recently
discussed in [15], which we mostly follow in the remainder
of this section.

The cross section we are interested in can be written as
(52]

I dd = 2T [p Iy @ I1 )] (2.42)
—_ = _ T .
o d2Tds2 4 Vivz ’

in which the angular volumes d2* = sin#*d0* d¢* are
written in terms of the spherical coordinates (with indepen-
dent polar axes) for the momenta of the final charged lep-
tons in the respective rest frames of the decaying particles.
The dependence on the invariant mass myy and scattering
angle © in Eq. (2.42) is implied. The density matrix py,v,
in Eq. (2.42) is that for the production of two gauge bosons
given in Eq. (2.37).

The density matrices /1+ describe the polarization of the
decaying gauge bosons. The final leptons are taken to be
massless — for their masses are negligible with respect to that
of the gauge boson. They are projectors in the case of the
W-bosons because of their chiral coupling to leptons. These
matrices can be computed by rotating to an arbitrary polar
axis the spin 1 states of the weak gauge bosons taken in the
z direction and are given, in the Gell-Mann basis, as

8
1
Me=31+ Z;q“i T, (2.43)
1=

where the functions g can be written in terms of the
respective spherical coordinates, as reported in Eq. (B.1) of
Appendix Appendix B, for the decay of W-bosons.*

We can define another set of functions

pL=> (mihn q¥ (2.44)
m

4 The functions in Eq. (B.1), are the Wigner’s Q symbols for the case
of a spin 1 particle.

@ Springer

orthogonal to those in Eq. (B.1):

3 ¥
(E) /pi qrdet =smm, (2.45)
In Eq. (B.2), m~! is the inverse of the matrix
nm 3 n .m +
(my)"™ = 3 s g d€2=, (2.46)

which is assumed to exist. The explicit form of the functions
pt are given in Appendix Appendix B Eq. (B.2).

The functions in Eq. (B.2) can be used to extract the corre-
lation coefficients A, from the bi-differential cross section
in Eq. (2.42) through the projection

_] do a b + —
hab—;//mp+p_d9 dQ .

The correlation coefficients f, and g, can be obtained in
similar fashion by projecting the single differential cross sec-
tions:

1 d
fu= / O dt,

(2.47)

o) det 't

1 do
== | 2 prde.

8a G/dQ_ p_

The density matrices I14 are not projectors in the case of
the Z-bosons because the coupling between Z-bosons and
leptons

(2.48)

LD —i g
C

ol =P mtertri ] 2 @49

contains both right- and left-handed components, whose
strengths are controlled by the coefficients g7, = —1/2 +
sin? Oy and gR = sin? Oy, where Oy is the Weinberg angle.
In this case, one must introduce a generalized form of the
functions in Eq. (B.1) which is defined as the following lin-
ear combinations

., 1
"=~ s [8% a0} + g7 q’i], (2.50)

8r T 8L
and define from these the corresponding orthogonal functions
p" to be used in Eq. (2.38). They are the same for both the +
coordinate sets and given by

Pr=anpt, 2.51)

where the matrix o}, is givenin Eq. (B.3) in Appendix Appendix
B. The Egs. (2.47)—(2.48) can be used after replacing the
functions p’} with p" and including a symmetry factor of 1/2
for the f, and g, coefficients and 1/4 for the A, in the case
of identical final states, namely for the ZZ case.
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Equations (2.47)—(2.48) provide the means to reconstruct
the correlation functions of the density matrix from the dis-
tribution of the lepton momenta and thus allow to infer the
expectation values of the observables Z3 and %, from the data.
In a numerical simulation, or working with actual events, one
extracts from each single event the coefficient of the combi-
nations of trigonometric functions indicated in Eq. (B.2) in
Appendix B; that coefficient is the corresponding entry of the
correlation matrix in Egs. (2.47)—(2.48). Running this proce-
dure over all events gives an average value and its standard
deviation.

The analysis outlined in this section is experimentally
rather challenging because both the CM frame of the collision
and the rest frame of the gauge bosons must be determined as
precisely as possible to compute the correlation coefficients
hap, fa and g, with reasonable uncertainties.

2.5 Estimating the uncertainty

We model the uncertainty in the value of our observables as a
Gaussian dispersion — controlled by the number of events —in
the determination of the kinematical variables. The number
of events is modulated by the efficiency in the identification
of the final charged leptons or jets.

To this random error, we add, in the case of the W W final
states, a systematic error that takes into account the signif-
icant uncertainty in the reconstruction of the gauge boson
momentum from the missing momentum of the neutrinos.
This reconstruction comes from the kinematical constraints
together with dedicated algorithms. Estimates show that the
distribution of the differences between the true and the recon-
structed momentum over the true momentum has a standard
deviation ranging from 30%, for simple kinematical recon-
structions with smearing effects of the detector, to 3% in more
advanced machine learning algorithms (see, for instance,
[53-57]). We take for this uncertainty a conservative bench-
mark value of 30% (and show for the WW continuum how
the determination changes for a smaller value) and add it in
quadrature to the Gaussian error coming from the number of
available events.

We run from 1000 (Higgs decay) to 10,000 (Drell-Yan-
like production) pseudo experiments as we vary the kinemati-
cal variables and compute for each of these values the observ-
able 73. The distribution so obtained is skewed because the
observable is computed near its maximum value and the ran-
dom variation can only reduce this value.

The significance of the violation of the Bell inequality can
be defined as Z = &~ 1(1 — p) where

®(x) = % [1 + erf(%)} , (2.52)

and the p-value p refers to the null hypothesis that the Bell
inequality is not violated. The value of Z assigns a statistical
significance to the separation between the distribution we
obtain for the values of Z3 and the value 2, above which the
Bell identity is violated.

Values of the significance larger than 5 requires a very
large number of pseudo experiments to be performed in order
to find the actual value. For this reason, when this is the case,
we do an extrapolation and quote a lower bound.

3 Di-boson production in Higgs boson decays

Consider the decay

H — V(ki, 21) V*(k2, 12), (3.1
with V € {W, Z}, and V* regarded as an off-shell vector
boson. The corresponding Feynman diagrams are provided
in Fig. 2. In the following, we treat the latter as an on-shell
particle characterized by a mass
My~ = fMy (3.2)
reduced by a factor 0 < f < 1 with respect to the original

mass My . The amplitude of the Higgs boson decay (3.1) is
given by

Mp(h, k) = g My &y guve!* ki, k1)e"™ (ka, A2),  (3.3)

where g is the weak coupling, &w = 1, and §z = 1/2cw),
with cyy = cos Oy . From the amplitude in Eq. (3.3) we obtain

My O, MMy, 15T = g M3 &2 guv&u'v'
x P, CEZAACINER)

where 2, (k) is given in Eq. (2.17) with M = My or
M = M3, for the on-shell and off-shell boson, respectively.

Following the procedure explained in Sect.2.3 for a CM
energy /s = my, we obtain the coefficients f,, g4, and Ay,
(a,b € {1,...,8)}) reported below. There is no dependence
on the scattering angle ® because we are considering the
decay of the Higgs boson at rest.

The non-vanishing f, elements are

—my +2(1+ fHmy My, — (1= f*)° My,

1
=3 mi —2(1+ f2ym2,M2 + (1 + 102 + fHME
1
- 35
f8 ﬁf3 (3.5)

and we find g, = f, fora € {1, ..., 8}. The non-vanishing
h,p elements are
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Fig. 2 Feynman diagrams for 7 W+
the decay of the Higgs boson H Iz
into a pair of gauge bosons
k‘1 kl
H ---------- H ----------
kg k2
Zy, W,
0 0 O 0 0 0 0 0 0
hie = he1 = hy7 = h7p 0o 0 O 0 0 0 0 0 0
0 0 0 n 0 h 0 h 0
w2l —m2 1+ 2y M2 44 16 44
_ S| =y + 0+ M3 , 00 0 0 0 0 0 0 0
myy = 2(1+ fHmy My + (1+10f2 + fHMy pn=2[0 0 hg O 2hz 0 h 0 0
2 0 0 O 0 0 0 0 0 0
2 _ 2y 172
h3s = l [mH a+s )MV] 0 0 hyg 0 hie 0  hy 0 0
4 mt =201+ fOHmE M2 + (1 +10f2 + fHMS’ 00 0 0 0 0 0 0 0
H H™V 14
A A 1 0O 0 O 0 0 0 0 0 0
BT (3.8)
has = hss = 217 My
“= = mi =21+ fHym3, M + (1 + 102 + fHM;’ with the condition Tr[pg] = 1 following from the relation
o] mly —2(1+ fHmy MY + (1 —14£2 + fHm} 4(h33 + hag) = 1.
8=1 mb =201+ f2ym%, M2 + (1 + 102 + fHM’ ' We remark that although some f, and 8a are non vegmsh—
(3.6) N the dependence of py on these quantities cancels in the

The unpolarized squared amplitude | M |? of the process
instead reads

242
2 88
Mal= e

+(1+10£2+ fHmy ).

miy —2(1 4+ fHm3 M3

3.7

The main theoretical uncertainty affecting the correlation
coefficients in Eq. (3.6) is due to higher order corrections
to the tree-level values. To estimate the size of these contri-
butions, we take as guidance the results in [30] — in which
the NLO EW corrections have been computed. According
to these results, we expect the error induced by these miss-
ing corrections yields at most a few percent of uncertainty
on the main entanglement observables, in the relevant kine-
matic regions in which one of the two EW gauge boson are
on-shell [30]. This expectation is based on the fact that these
corrections give a 1-2% effect on the total width [30].

We then compute through Eq. (2.37) the polarization den-
sity matrix pg for the two vector bosons emitted in the decay
of the Higgs boson

@ Springer

final expression. Furthermore, due to the following identity
among the correlation coefficients

has =2 (s +203,) (3.9)
the above polarization density matrix is idempotent

signaling that the final V V* state is a pure state. The density
matrix in Eq. (3.8) can then be written [12]

PoH = |¥Yu)(¥HI,

where (in the basis [A 1) = [A)®|A/) with A, A/ € {+,0, =})

(3.11)

1
W) = ————[|4+—) — % [00) + |— 3.12
V) m[H—) 2100) + |—+)] (3.12)
with

2 2142
w=14 H d+ /"My (3.13)

2f M3

and x = 1 corresponding to the production of two gauge
bosons at rest.

Because the di-boson system is described by a pure state,
we can measure its entanglement through the entropy of
entanglement defined in Eq. (2.8). This quantity is plotted
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Fig. 3 The entropy of entanglement (left plot for H — WW* and right plot for H — ZZ*) as functions of the virtual mass of one of the two

weak gauge bosons. The dashed line marks the maximum value log 3
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Fig. 4 The observables Z3 (left plot) and 4 (right plot) for the pair
production of W bosons in Higgs boson decays as functions of the vir-
tual W* mass in the range 0 < M+ < 40 GeV. The dashed horizontal

in Fig. 3 as a function of the of the mass of virtual W or
Z boson and reaches the theoretical maximum at the kine-
matic threshold, signaling a maximally entangled state. The
dependence of the polarization entanglement on the mass of
the virtual state is due the contribution of the longitudinal
polarization, the coefficient x in Eq. (3.12): it starts out big-
ger and decreases to 1 at the threshold. The value of 1 yields
a singlet state and the maximum in the entanglement of the
state.

In Figs. 4 and 5 we show the results for the main observ-
ables targeting quantum entanglement, Z3 (left panel) and
%, (right panel), inthe H — WW* and H — ZZ* decays.
The plots are for different values of the virtual gauge boson
masses M+ and Mz+, respectively.

The maximization of the 73 observable, which depends
in this case only on the Mj, mass, is obtained through the
rotation

B— Uy Vy) - B (Uy® W), (3.14)

1.5
1.3
1.2 )
1.6l 1.1 -
- 0.9
¥ 0.71
0.5 0.51
0.15
0.039 0.31
00«

16 20 24 28 32 36 40
*
M, [GeV]

0 4 8 12

line in the left-hand side plot marks the Bell-inequality violation con-
dition Z3 > 2. The dashed line in the right-hand side plot illustrates for
the maximum value 4/3 corresponding to a pure state

by unitary matrices Uy, Vy (with index V € {W, Z}), as
defined in Sect.2.1. The maximization must be performed
point by point as the density matrix varies with My;.

We provide in Egs. (3.15)—(3.16) the expressions for the
unitary matrices U and V that maximizes the Z3 observable in
the last bins (in which My« = 40 GeV and Mz = 32 GeV)
forthe H - WW* and H — ZZ* decays, respectively.
For the WW channel, we find

4 i 1 9 3 i

T 12 ¢T3 571

1 6 1

Uy = —= — = 0 - = )
v 9 7 102
4 D73
112 7 10 5" 10
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Fig. 5 The observables Z3 (left plot) and % (right plot) for the pair
production of Z bosons in Higgs boson decays as functions of the vir-
tual Z* mass in the range 0 < Mz+ < 32 GeV. The dashed horizontal

1 7 7 1 6
712 10 10 9 17
1 6 i
Vi = | —+ & 0 2L, @315
v n Tt 7726 (3.15)
1 3i 7 i 1 5i
8 5 10 '8 10 14
while for the ZZ channel
L3 7 s 4 3
271 BT 1310
1 3 15 5i
Ug=| -4+ 0 _2 2
z 27T % 318
1, 10 5 1 3
5719 7 27
LS 7 2 1 s
7712 117 25 9
2 10i 2 6
v, = |2 1% 0 2Ly 3.16
2 BT 7T (3.16)
1,2 i 1 4
6 5 6'5 3 9

The matrices in Egs. (3.15) and (3.16) are given in terms of
rational numbers which approximate the corresponding real
values with a 1% precision. The unitary condition is satisfied
barring O (10~2) factors. These matrices cannot be directly
compared with the similar expressions given in [12] because
of the different assumptions in the utilized optimization pro-
cedure.

The %, observable admits here a simple analytical expres-
sion
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*
M [GeV]

line in the left plot stands for the Bell-inequality violation condition
73 > 2. The dashed line in the right plot denotes the maximum value
4/3 corresponding to a pure state

Table 1 Number of expected events for the Higgs boson decays into
WW* and ZZ* assuming a luminosity £ = 140 fb~! for the run2 at
the LHC. The cut in invariant mass is at 30 and 40 GeV respectively for
the WW and ZZ channels. A benchmark efficiency of 70% is assumed
in the identification of each charged lepton

v s je eete et
LHC run2 (£ = 140 fb—!) 3718 28
Hi-Lumi (£ = 3 ab™1) 8.0 x 10% 589

32208 [y =201+ £2mdy MY+ (4 24 m |

@ = 5
by =201+ r2m3 M3+ + 1072 + pHym |
3.17)

The plots on the right-hand side in Figs. 4 and 5 nicely show
that the value of 4, decreases as the pure state in Eq. (3.8)
becomes less and less entangled, for decreasing values of
M.

3.1 Events and sensitivity

In order to evaluate the sensitivity of current experiments to
the observables 73 and %>, we estimate the number of suitable
events available. These are given in Table 1 for the run2 at
the LHC.

The cross sectionsfor p p — H — W ¢ vgand p p —
H — Z¢1¢~ utilized in the estimates are computed with
MADGRAPHS5 [58] at the LO and then corrected by the «-
factor given at the N3LO+N3LL [59].

Even the definition of the rest frame of one decaying
W-boson introduces an essential uncertainty because of the
ambiguity in the reconstruction of the longitudinal momen-
tum of the neutrino and the possibility of misidentifications
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(and other errors) in the identification of the missing momen-
tum. There is no such a problem in the case of the Z-boson
decay which may though suffer of other generic inefficien-
cies. In the case of the Higgs boson decay into two W-bosons,
the problem is exacerbated: the full reconstruction is not pos-
sible even in principle because there are more variables than
constraints (since one of the masses of the gauge bosons is
necessarily off-shell and the missing transverse momentum
includes both neutrinos).

The problem of actually estimating the size of these uncer-
tainties (for a given choice of an algorithm for the neutrino
momenta reconstruction) is the central problem of any phys-
ical analysis from the actual or simulated data of the process
and cannot be resolved here.

We take into account the problem of these irreducible
uncertainties in the evaluation of the operators in the decays
of the WW* by introducing a systematic error that mimics
the significant uncertainty in the reconstruction of the neu-
trino momenta, which has to come from a dedicated algo-
rithm (see, for instance, [53,54,56,57]). Since the uncertainty
would be dominated by the error in the reconstruction of
the two neutrino momenta, it is better to consider the semi-
leptonic decay H — jjfv, and use the momentum from the
s-quark jet (s-jet)—identified via the c-tagging of the com-
panion jet—to measure the polarization of one of the two W-
bosons. It has been shown that the efficiency of the jet tagging
and the decreased uncertainty in the single neutrino momen-
tum may improve the polarization reconstruction [60]. In this
case, we take a conservative benchmark value of 0.3 for the
systematic error in the single neutrino momentum and an
overall efficiency of 40% in the c-jet tagging and the identi-
fication of the momentum associated to the s-jet that carries
(by the same degree as the charged lepton in leptonic decays)
the polarization of the W.

In addition we include an efficiency factor of 70% in the
identification of each charged lepton [61].

The irreducible background for the H — W™ £~ 1, sig-
nal comes from the continuum electroweak production of
WT W™ pairs. It can be reduced by considering the charac-
teristic distribution of the kinematical variables to a man-
ageable size [60,62,63]. In addition, one has to remove the
reducible background events from ¢7 and Wt production.
The irreducible background for the H — Z£1¢~ signal
is rather small and dominated by the electroweak process
pp — ZZ/Zy — 4L, which is about 4 times smaller at
the Higgs peak [64,65]. We neglect all backgrounds in our
assessment of the significance even though they will have
to be included in the actual analysis from the data and will
affect the uncertainty.

To show the impact of possible irreducible backgrounds
we show in Fig. 6 the values for 73 and %, found as a generic
factorizable density matrix is added with weight (1 — «)
to that of the H — WW?™ process, which is accordingly

multiplied by a factor @ (with o between 0 and 1). For the
case shown in Fig. 6, for values of o smaller than 0.7, the
uncertainty substantially reduce the possibility of assessing
the Bell inequality violation.

We run 1000 pseudo experiments as we vary the invariant
mass of the off-shell gauge boson around the mean value with
a dispersion given by the (statistical and systematic) uncer-
tainty as discussed above, and compute the observable Z3.
Figures 7 and 8 show the distributions which are obtained
for, respectively, LHC run 2 and Hi-Lumi. The distributions
are skewed because the observable is computed near its max-
imum value and the random variation can only reduce this
value .

Figure 6 shows that, at the LHC run 2, the significance for
rejecting the null hypothesis 73 < 2 is 1 for the WW* case
and 1.3 for the ZZ* case. Figure 8 shows that, at the LHC
Hi-Lumi, the significance for rejecting the null hypothesis
73 < 2 remains 1 for the WW™ case, since the uncertainty
is dominated by the statistical error, while it reaches 5.6 for
the ZZ* case. These significances are likely to decrease in a
more complete analysis based on a full simulation because of
the reconstruction from the final lepton angular distributions
and the systematic uncertainties of the unfolding, which is
particular severe for the W+ W™ case due to the presence of
neutrinos and background events.

Our results confirm the numerical simulations presented in
[5]forthe H — WW* process andin [12] forthe H — ZZ*
case. These works estimate the uncertainties from a parton-
level reconstruction of the final lepton angular distributions.
Yet, a fully realistic estimate of the uncertainty is still missing
as uncertainties due to detector unfolding and background
have not been modeled.

4 Di-boson production via quark fusion

Final WW, ZZ, and W Z states can be produced via elec-
troweak processes in a continuous range of di-boson invariant
masses. We show in the following how the polarization den-
sity matrix of the di-boson system can be computed starting
from the density matrices obtained for the involved parton
contributions, presented in Fig. 9 for the processes at hand.
For the sake of simplicity, when possible we leave implicit
the dependence of the correlation coefficients i,y (myy, ©),
ga(myy, ®) and f,(myy, ) on the scattering angle ® in the
CM frame and on the invariant mass of the bosons myy .
The polarization density matrix p for two bosons produced
in proton collisions is given by the convex combination of
the density matrices of the involved parton contributions.
Given initial state quarks ¢g; and g», we compute through
Eq. (2.37) the polarization density matrix p9!92 of the parton
contribution, from the scattering amplitude of the process
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Fig. 6 Distribution of the events at the LHC run 2 for the H — W ¢~y and H — Z£ ¢~ processes.The set of events for W W* has mean value
73 = 2.4, that for ZZ* has mean value Z3 = 2.5. The threshold value of 2 for Bell inequality violation is shown as a dashed red line
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Fig. 7 Distribution of the events at the LHC Hi-Lumi for the H — W ¢~y and H — Z£T¢~ processes. The set of events for WW* has mean
value Z3 = 2.5, that for ZZ* has mean value Z3 = 2.9. The threshold value of 2 for Bell inequality violation is shown as a dashed red line
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Fig. 9 Feynman diagrams for the processes p p — WTW™ (first ated by the Higgs boson considering the limit of massless quarks. The
row), p p — ZZ (second row) and p p — W Z (third row) at the arrows on the fermion lines indicate the momentum flow
parton level for the first quark generation. We neglect diagrams medi-
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L(r) where we introduced the abbreviations A%9 = | M Vcﬁylz
g _ qq . . . _
0.0005 jcmd hap = Al9h,yp. Slmllar results hold for the remain
L. ing correlation coefficients f, and g,, a € {1, ..., 8}. The
0.0004 Lug ' explicit expressions of hyp, f, = A9 f,, g, = A99g, for all

0.0003 the analyzed processes are collected in Appendix C.
0.0002 The main source of theoretical uncertainty in the deter-
00001 Ly, mination of the correlation coefficients comes from higher

600 800 1000 1200 1400 {e0o 1a0o0 2000 MWW [GeV]

Fig. 10 Parton luminosity functions as functions of the invariant mass

q1 g2 —> V1Vp, Vi, Vo € {W, Z}. Then,

p= Z w2 9142
{q142}

“.n

where the sum runs over all the allowed initial states,

including both the configurations where the anti-quark orig-

inates from either proton.’ The coefficients w7192, satisfying
_ 9192 — i

2igr.goy W' = 1, are given by

qu‘§1| M “/1]1“2'2

= YR qqu 2
2igugy) LT My

wif = 4.3)

and depend on the unpolarized squared amplitude of the par-
o 91420

ton process, | My, v, |

of the initial g ¢g> state

1/t
- 4T dz T
LN (¢ =—/— T2 -<—>.
() \/E Z CIql( )qu e
T

In the formula above g;(x) is the parton distribution func-
tion (PDF) of the parton j and T = my/+/s. We utilized
the numerical values provided by the recent (PDF4LHC21)
release [66] for o/s = 13 TeV and factorization scale myy
(see Fig. 10).

As an example, for the W boson pair production we find

, as well as on the parton luminosity

4.4)

hap[myy, O]
S v LI (R, O 1R Iy, O+11)
Y gsdes LD (A9 0myy, O1+A% [y, O+11)
“4.5)

5 The kinematics of di-boson production is such that for each pair of
these ‘specular’ configurations it holds

p=1(0) = p1¥(O + 1), 4.2)
where the ordering of the quark fields symbolically tracks the proton
of origin.

@ Springer

order QCD corrections. Taking as a guidance the results in
[25-29], we assume that the error induced by these miss-
ing corrections yields approximately a 10% uncertainty on
the main entanglement observables in the relevant kinematic
regions. The theoretical uncertainties coming from the PDFs
and the top-quark mass are negligible: by comparing results
obtained with two different set of PDFs, we estimate the
related uncertainty to be of the order of per mille. This is due
to the fact that only ratios of PDFs enter in Eq. (4.5) for the
hqp coefficients, and analogously for the g, and f, ones, and
therefore most of the PDF uncertainty cancels out.

This is of the same order as the uncertainty due to the
top-quark mass, obtained by varying the parameter around
its experimental value at most by two standard deviations.

In the following, we present our results for the entangle-
ment observables for the WW, WZ and ZZ cases separately.

Our results differ from those presented in [15], obtained
through a parton-level numerical simulation. In particular,
we find substantially lower values for the observable Z3 in
the Wt Z process, larger for the WrW~ and ZZ, and a
general reduction of all 4, values. Since the results in [15]
come without an estimate of the uncertainty, the comparison
is not s.traightforwalrd;6 dedicated work is needed to fully
understand the origin of these discrepancies.

41 pp—> WTW~
The tree-level Feynman diagrams contributing to the process

q(p1q(p2) = WH ki, AW (k2. A2), (4.6)
at the parton level are shown in the top part of Fig. 9.
The polarization vectors of W and W™ are e (ky, A1) and
eV (kp, X2), respectively.

The polarized amplitude for the process in Eq. (4.6), for
u and u initial states, is given by

Mty Gt 32 = =i [(p0 L u(po) |6 k. 2"

xe"(kz, M), 4.7)

where the effective vertex Fa“ﬁlw is

6 A revised version of [15] has since appeared and it now agrees with
our estimates.
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1 _ _
rpy = - (r“gl — v v58%) Vavulq. —ka, —k1)

1

+m)’v (P2 — k1) vl = ps), (4.8)

with sy, = sin Oy and e being the unit of electric charge. The
effective couplings g‘{,, 4 are given by

q q
_ gy X - 8aX s
q = q + V N q = A ) = N 4.9
gy =0 2 8 2 X 26— M) 4.9)

where gf, = Tj — 20952, g% = T} and T} and Q7 are
the isospin and electric charge (in unit of e) of the quark g.
The x term in Eq. (4.9), which weights the contribution of
the virtual Z channel, is real since we neglect the Z width
contribution. The function Vg, (k1, k2, k3) is the Feynman
rule of the trilinear vertex V, (k) Wj‘ (k) WM_ (k3), V €
{y. Z}, given by

VC{V}L(klv ko, k3) = (k1 — kZ)p,gaU + (k2 — k3)ag;u)

+ (k3 _kl)vga/u (4.10)

for incoming momenta (k1 + k3 + k3 = 0). The Mandelstam
variables are defined as

s=(p1+p)% t=(p2—k)? u=(p—k)
(4.11)

From the amplitude in Eq. (4.7), summing over the spin
of quarks we obtain

- - i
Mgty Gur, 22| My . 4 |

= Tt [0 py L0 p |20 ) 210, (o), (412)
where I, = y0(I'uv) 0 and the projector 221 (k) is given
in Eq. (2.17) with M = My.

The unpolarized square amplitude for the process u u —
WT W~ is given by

2 4 fww 2
_ m{4 +16¢6 By + BA[9

+11c2) + 4Byco(l —cb)
—4B3coB+c3) + Bl —5¢%) — 282
X (54 3¢t +2¢5)] + 28w (1 + B2 + 2By co)

X[— 8co + B[ — 19+ 3¢k + 2829 — c3)

3B (ch — 1)+ 2Buco(ch — 1)

+2B300 G +cd)] (34 + 8 )53

F282(1+ B2 +2Bwce)?[19 — 3¢k + 282

x(ch =9 +3p5(1 - D@2 + &) ]}
4.13)

with
47202 N.,

o and Dyw = 1+ B% +2Bwco,
SwDww

fWW =
4.14)

where N, = 3,c9 =cos®, By =,/1 — 4M‘%V/m%,w, Myw

is the invariant mass of the W pair and we chose @ as the
angle between the anti-quark and W+ momenta in the CM
frame. Our convention for the polarization density matrix is
that the W momentum defines the k unit vector of the basis
in Eq. (2.26).

The result for the dd — W+W ™ process follows from
Eqgs. (4.12)—(4.13) through the substitutions

gy = &y &4~ —84. Pv— —Pu. 4.15)
with the angle ® being defined as before by the anti-quark
and W1 momenta. The contribution of strange quark initial
states equals that of d quarks in the considered massless limit.

The Eq. (4.12) (together with the corresponding ones for
dd and 5§ processes) makes it possible to compute the unnor-
malized correlation coefficients f,, g4, and /45 of the density
matrix for the process at hand (given in Appendix Appendix
C) and consequently, the value of the operators 73 and %5.
As explained in Sect.2.1, for the observable Z3 we find at
each point in the kinematic space the unitary matrices U and
V that maximize the violation of Bell inequalities.

The results obtained for the two observables of interest
are shown in Fig. 11, as functions of the kinematic variables.
We observe that the violation of the Bell inequalities takes
place only in a limited range of the kinematic variables. The
bin in which Z3 > 2 is indicated by the hatched area in first
plot of Fig. 11. The matrices maximizing the Bell observable
are given by

1 5i 1 n 3i 1 n 9i
50 9 6 7 13 13

Uy =

Ww=|-S+--—+>----=|-

with a precision of 1% with respect to the numerical solutions
we found. Accordingly, unitarity is satisfied barring O (1072)
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Fig. 11 The observables Z3 (left plot) and % (right plot) for the process p p — W+ W™ as functions of the invariant mass and scattering angle.
The hatched area in the plot on the left represents the bin used as reference for our estimate of the significance

terms. These expressions might be useful in a future simula-
tion of the process.

The observable %> follows roughly the pattern of Z3 and
reaches the largest values in the upper-left quadrant, thus
witnessing the presence of states more entangled than in the
rest of the kinematic space. This feature can be made manifest
by considering the density matrix of the process. For instance,
atmww = 900 GeV and cos ® = 0, the polarization density
matrix for the W W™ states can be approximated up to terms
0(1073) by the following combination of pure state density
matrices

p = o W) (War| + B [Ws—0)(Ws—ol + ¥ [00)(00]

+6 [Wo ) (Wo | (4.17)

with decreasing weights: « >~ 0.72, § >~ 0.18, y ~ 0.07 and
8 =~ 0.02; the normalization conditiona + B8+ y +§ = 1
is satisfied within the adopted approximation. The involved
pure states are

2 >—i(|++>—|——>)
+__\/§
1
W)= —(0=)+]—0
[Wo—) ﬁ(l )+ —0))
1
Uy o) = — — = =)+100 4.18
¥4 o) ﬁ(|++) | — =) +100)) (4.18)

where |a b) = |a) ® |b) witha, b € {+, 0, —} are the polar-
ization states of the two W gauge bosons at rest in the sin-
gle spin-1 basis. Though the dominant contribution in (4.17)
comes from the entangled pure state |¥;_) — a result that
justifies the high value of 6, — the actual density matrix p

@ Springer

Table 2 Number of expected events in the kinematic region myw >
500 GeV and cos © < 0.25 at the LHC with /s = 13 TeV and lumi-
nosity £ =140 fb~! (run2) and luminosity £ = 3 ab~! (Hi-lumi). A
benchmark efficiency of 0.70 is assumed for the identification of each
lepton

(Run2) £ = 140 fb~! (Hi-Lumi) £ = 3 ab™!

Events 288 6145

describes a mixture, even more so if the discarded O (1073)
terms were included. This feature explains why the corre-
sponding value of %3, in this corner of the kinematic space,
is large but far from maximal.

4.1.1 Events and sensitivity

Having identified the best region to test the data, we estimate
the corresponding number of events expected at the LHC.
This is given in Table 2, where the cross sections needed for
the estimates were computed with MADGRAPHS5 [58] at the
LO and then correcting by the «-factor given at the NNLO
[67,68]. This is a good approximation, since there is little
variation in the k-factors in the range of WW, ZZ, WZ
invariant masses between 200 and 800 GeV [67,68] — which
is the one we consider. We reduce the number of events thus
found by the efficiency in the identification of the final lep-
tons —which we take conservatively to be 70% for each lepton
[61]. We consider semi-leptonic decays of the W and proceed
as explained in Sect. 3.

Though there are irreducible background events from the
H — WTW~ decay, they are few in the cos®@ < 0.25
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Fig. 12 Distribution of the events of the W W~ process at the LHC run 2 (left) and Hi-lumi (right). The events have mean value 73 = 2.1 in both
instances. The threshold value of 2 for Bell inequality violation is shown as a dashed red line
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Fig. 13 Distribution of the events of the W+ W~ process at the LHC
run 2 for a systematic uncertainty of 0.1. The events have mean value
73 = 2.23. The threshold value of 2 for Bell inequality violation is
shown as a dashed red line

bin where the observable is to be estimated. Events of the
reducible background, coming from 77 and Wt production,
must be selected out.

We run 10* pseudo experiments as we vary the invari-
ant mass and the scattering angle around the mean value
with a dispersion given by the (statistical and systematic)
uncertainty as discussed in the previous section, and compute
the observable Z3. Figure 12 shows the distribution which is
obtained for LHC run2 and Hi-Lumi. The distributions are
skewed because the observable is computed near its maxi-
mum value and the random variation can only reduce this
value.

We find that run2 yields a significance of 0.8 for reject-
ing the null hypothesis 73 < 2 (see Fig. 12) which remains
about the same at Hi-Lumi because the uncertainty is domi-
nated by the systematic error. Figure 13 shows how the dis-
tribution of the pseudo-experiment changes as the systematic
error is decreased to 0.1. In the latter case, the significance
grows and reaches the value 6. Not surprisingly, the better

the reconstruction of the neutrino momenta, the higher the
significance of the violation of Bell inequality.

The significances we quote are bound to decrease in a full
simulation because of other systematic uncertainties and the
smearing of the events in the detector.

42 pp—> ZZ

The tree-level Feynman diagrams contributing to the process

q(p1)g(p2) = Zk1, x1)Z(k2, X2), (4.19)

at the parton level are shown in the middle row of Fig. 9. We
indicate the polarization vectors of the two Z bosons with
et (ky, A1) and €Y (kp, A2).

The polarized amplitude for the process in Eq. (4.19) is
given by

.2

= ie _ Y

ML (1, h2) = —T[U(Pl)rlffu(Pz)]eﬂ(kl,)\1)
4ciy s
x&”(ky, A2)%, (4.20)
where
= pp #1 — py)
ry = ngl Ve + vj%vg. (4.21)
The Mandelstam variables u and ¢ are defined as
_ 2 _ 2

u= (kl - pl) ) t= (kl - PZ) ) (422)
and
Vi = gV vu — 84Yuys (4.23)

with the g?,’ 4 couplings defined as in Eq. (4.9).
Summing over the quark polarizations and colors we then
obtain

@ Springer



823  Page 20 of 37 Eur. Phys. J. C (2023) 83:823
G
900
900
800 800
700 700
—_— 20 064
% 600 % 600
U NG 0.48
N 500 16 § 500 032
N
E 0.16
14
400 400
300 300
200 200
0. 0.25 0.5 0.75 1. 0.0 0.2 04 06 0.8 1.0
cos ® cos ©

Fig. 14 The observables Z3 (left plot) and ¢ (right plot) for the process p p — ZZ as functions of the invariant mass and scattering angle in the
CM frame. The hatched area in the plot on the left indicates the bin in which the observable is to be evaluated

_ _ ¥ o
MG A [ MEL64, 05| = T[T by T

x PU (ki) @;2”;,2 (k2), (4.24)

where 2, (k) is given in Eq. (2.17) with M = M.
The corresponding unpolarized square amplitude is then
obtained by summing over the polarizations of the two Z

bosons

4 2 g2 4
— g 8fu(gh +680eY + gl
| M 271”7 = D
y/4
x {2 — B2[B4 + (9 — 1082 + D,
+ap2c, -3}, (425)
where
8a2m2N,
o=, and Dy =14 B3+ 262(1 - 26}),
Dzzcy sy

(4.26)

with B, = /1 — 4M%/m%z. The angle @ is here defined as

the angle between the anti-quark momentum and k; in the
CM frame. The orientation of the latter coincides with that
of the & unit vector of the basis in Eq. (2.26).

The Eq. (4.24) makes it possible through Eq. (2.38) to
compute the unnormalized correlation coefficients fa, 8a»
and hg, (given in Appendix Appendix C) of the density
matrix for the process at hand and consequently, the value of
the operators Z3 and %5.
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Table 3 Number of expected events in the kinematic region mzz >
500 GeV and cos © < 0.25 at the LHC with /s = 13 TeV and lumi-
nosities £ =140 fb~!, run2, and £ = 3 ab~! for Hi-lumi. A benchmark
efficiency of 70% is assumed in the identification of each charged lepton

(Run2) £ = 140 fb~! (Hi-Lumi) £ = 3 ab~!

Events 4 77

In Fig. 14 we present our results for the entanglement
observables. The violation of the Bell inequalities takes place
only in a limited range of the kinematic variables. The bin in
which 73 > 2 is shown as a hatched area in the left panel.

The observable %3 follows the pattern of Z3 — as it does in
the case of the W W™ final states — and reaches the largest
values in the upper-left quadrant. In this region it witnesses
the presence of states more entangled than in the rest of the
kinematic space.

4.2.1 Events and sensitivity

The number of expected events at the LHC is given in Table 3.
As before, the relevant cross sections were computed with
MADGRAPH5 [58] at the LO and then corrected by the «-
factor given at the NNLO [67,68]. We reduce the number of
events thus found by the efficiency in the identification of the
final leptons — which we take conservatively to be 70% for
each of the identified leptons [61]. We consider semi-leptonic
decays of the W and proceed as explained in Sect. 3.
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Fig. 15 Distribution of the events of the ZZ process at the LHC run 2 (left) and Hi-lumi (right). The events have mean value 73 = 1.9 and 2.2,
respectively. The threshold value of 2 for Bell inequality violation is shown as a dashed red line

Though there are irreducible background events from the
H — ZZ decay, they are negligible in the kinematic bin
where the observables are to be estimated.

We run 10* pseudo experiments as we vary the invari-
ant mass and the scattering angle around the mean value
with a dispersion given by the (statistical and systematic)
uncertainty as discussed in the previous section, and compute
the observable 73. Figure 15 shows the distribution which is
obtained for LHC run2 and Hi-Lumi. The distributions are
skewed because the observable is computed near its maxi-
mum value and the random variation can only reduce this
value.

We find that run2 yields an average value of 73 < 2 that
is below the threshold for Bell violation. At Hi-Lumi the
significance for rejecting the null hypothesis Z3 < 2 (see
Fig. 12) is more than 2.

The significance we quote is bound to decrease in a full
simulation because of the reconstruction from the final lepton
angular distributions and the systematic uncertainties of the
unfolding.

43 pp—> WZ

Let us consider the tree-level Feynman diagrams contributing
to the process

d(pu(pz) = W ki, 2)Z(ka, 12), (4.27)

at the partonic level, shown in the last row of Fig. 9. We indi-
cate the polarization vectors of the W+ and Z with e# (k1, A1)
and &V (ky, A2), respectively. The polarized amplitude of the
process is

2
l
V) [U(Pl) M(Pz)]
xel (ky, A1) e" (ka, 22)*,

MU (01, h0) =

(4.28)

where
“(1—ys)
I = T P Vi (k. g, —k)ew + L = y5)
- w
k- ¥
PPy g,
2t cy

with Mandelstam variables s = (p; + pz)z,t = (k1 — p1)2,
u = (k; — p2)?, the vertex V! (g € {u, d}) being defined in
Eq. (4.23) and the vertex function V,, defined in Eq. (4.10).
We neglected up-strange quark transitions by setting cos 6, =
1, with 6, the Cabibbo angle.

Summing over the internal degrees of freedom of the ini-
tial state quarks gives

M”égz(kl,kz)[/\/l”égz(%i,ké)] = Te[ 17 i 15 po)

X:@MH,(kl,Mw)gzvv,(kz,Mz). (4.29)

where 2/ (k, My) is defined as in Eq. (2.17) with V €
{(W, Z}.

The following expressions approximate the quantity above
in the limit My ~ Mz = My

ud 4fWL {
D

| M oI 263+ B2) [ﬂ%(ﬂ‘v‘ +(9— 1082

v
B +4p2ct — 3) - 2]

—4G + B[ (1 + DA =6+ B} + A1)
+24By (—1 = 287 + BY)co

+B7 (27 — 2187 — 7By + By —
+BDch + 4B+ BRIk + 48B3 |}
—[(1 + B2)2(36 + 17782 — 17087 + 258%)

+968, (1 + BH B+ H (1 + B2 — Bce
+B2(243 4 75682 + 4986 — 74888 — 298%)c2,
+48083 (=3 + 282 + e,

12083 (~1
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Fig. 16 The observables Z3 (left plot) and % (right plot) for the process p p — W Z as a function of the invariant mass and scattering angle in

the CM frame

+8B4(—333 4 33682 + 356 )ch — 19267
X3+ B2)c) — 1296,35cg]c‘v‘v}, (4.30)

where

80{27erc

= , Dyz =1+ By +2B2(1 —2c2),
93 + p2)2Dyzcsd, v ©

fwz

(4.31)

with By =,/1 — 4M‘2,/mw. The angle © is here implied by

the momenta of anti-down quark and W in the CM frame. As
before, our convention for the polarization density matrix for
the W Z production is that the momentum of W is along k,
¢f- Eq. (2.26). Analogous results hold for the process p p —
W™ Z initiated by the ud quarks.

We compute the unnormalized correlation coefficients f~a,
&asand hap ( given explicitly in Appendix Appendix C) of the
density matrix by using Eqgs. (4.29)—(2.38). Figure 16 shows
the values obtained for the observables Z3 (left panel) and
%> (right panel) for the process p p — WZ. By inspection,
the observable 73 is less than 2 regardless of the value of the
kinematic variables. The final states are less entangled than
in the case of the weak gauge boson pairs and the observable
%, presents low values everywhere.
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4.4 Lepton colliders

We consider now the charged di-boson production at e*e™
and muon colliders, proceeding from the process

(P (p2) = WHki, 1) W (ka, 12), (4.32)

where £ € {e, }. We neglect the contribution of an interme-
diate Higgs boson regarding the leptons as massless.

The analytical results for the amplitude and the polariza-
tion density matrix coefficients can be obtained from those
given in Sect.4.1 and Appendix Appendix C through the
replacements g‘éi 4 g{,, 4- Because the initial state is
unique, the total density matrix comprises only one contri-
bution. For the correlation coefficients h,p, f;, g4 We then
find

R (myy, O]

hap[Myw, Ol = —= ,
A myy, O]
zee
[myw, @]
[myw, O] = “L—-"=>—,
Jalms Ay, O]
~00 , ©®
galimyy, O] = S 72 L. O, (4.33)
Aee[mWW’ @]

where the scattering angle @ is defined as the angle between
the anti-lepton and W momenta.

The results for the entanglement observables are shown in
Fig. 17. The violation of the Bell inequalities takes place in
a range of the kinematic variables broader than in the LHC
case and itis larger. The theoretical uncertainty of the result is
negligible. The same results for the ZZ di-bosons are shown
in Fig. 18. The violation of the Bell inequalities in this case
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Fig. 17 The observables T3 and % for the process £+ ¢~ — WT W~ as functions of the invariant mass and scattering angle in the CM frame. The
hatched area in the plot on the left represents the bin in which the observable 73 is to be evaluated
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Fig. 18 The observables Z3 and %> for the process £7¢~ — ZZ as functions of the invariant mass and scattering angle in the CM frame. The
hatched area in the plot on the left represents the bin in which the observable Z3 is to be evaluated

takes place in a range of the kinematic variables more or less
equivalent to that at the LHC

In this instance, as for the WZ process, the process is
generated by only one kind of diagram (see bottom diagrams
of Fig. 9) and the PDF dependence exactly cancels out in
the h,p coefficients in Eq. (4.5), as well as in the f,, g4
ones. This PDF factorization in the density matrix for the
W Z production at the LHC takes always place at the lepton
colliders, where no dependence on the PDF appears.

4.4.1 Events and sensitivity

The bin in which 73 > 2 for lepton colliders is shown as
a hatched area in Fig. 17. Having identified the best region
to confront the data, we can estimate the number of events
expected at a muon collider working at an energy of /s =
1 TeV and at the future circular collider (FCC) working at
an energy of /s = 368 GeV. These numbers are given in
Table 4, where the relevant cross sections were computed
with MADGRAPHS5 [58] at the LO. We reduce the number of
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Table 4 Number of expected events in the kinematic region myw >
200 GeV and cos ® < 0.25 for a muon collider with \/s = 1 TeV
and luminosity £ =1 ab~! and FCC with /s = 364 GeV and lumi-
nosity £ = 1.5 ab~!. A benchmark efficiency of 70% is assumed in the
identification of each charged lepton

ety jj e eteet
Muon (£ = 1ab™ ") 5.7 x 103 44
FCC (L =1.5ab 1) 9.2 x 10* 748

events thus found by the efficiency in the identification of
the final leptons — which we take conservatively to be 70%
per lepton as we did for the LHC. We consider semi-leptonic
decays of the W and proceed as explained in Sect. 3.

It is premature to discuss any background — except for
stressing that at /s = 1 TeV the leptons initiated production
is 10 times that of vector boson fusion (see, for example,
[69]).

In the case of WW di-bosons, both the future muon col-
lider and the FCC can provide a significance equal to 2 for

events ]
2000} : :

1500/
1000 -

500

m. M é T

18 20 22 24 26 28 30

rejecting the null hypothesis Z3 < 2 (see Fig. 19). In the case
of ZZ di-bosons, the future muon collider can provide a sig-
nificance equal to 2 for rejecting the null hypothesis 73 < 2,
the FCC — which is expected to produce many more events
— a significance of more than 4 (see Fig. 20).

A more realistic estimate of these numbers can only be
provided by a full numerical simulation. In particular, the
systematic uncertainties of the unfolding because of the pres-
ence of the neutrinos, and the background events may further
decrease these significances.

5 Summary

We have computed the value of two observables — 6, and Z3,
linked respectively to quantum entanglement and violation of
Bell inequalities — in processes yielding two weak interaction
gauge bosons in the final state. These particles, being spin-1
and massive, are qutrit states and, as such, more complicated
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.
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Fig. 19 Distribution of the events (muon collider, left, FCC, right) in the W W~ process. The events have mean value Z3 = 2.6. The threshold

value of 2 for Bell inequality violation is shown as a dashed red line
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Fig. 20 Distribution of the events (muon collider, left, FCC, right) in the Z Z process. The events have mean value Z3 = 2.17. The threshold value

of 2 for Bell inequality violation is shown as a dashed red line
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to treat than the more ordinary qubit states implemented with
fermions and photons.

We find that the most promising processes for testing Bell
inequalities and the presence of entanglement are, by far,
those in which the final gauge bosons result from the decay
of a Higgs boson. In this case the null hypothesis that the
Bell inequalities be satisfied can be excluded using the data
of Hi-Lumi at the LHC with a significance of 6 for a Z Z final
state. The systematic uncertainty in the reconstruction of the
neutrino momenta in the case WW final states makes it very
hard to reach a satisfactory significance in this channel. We
hope that these provisional results encourage the experimen-
tal collaborations to estimate the actual significance in a full
simulation. In our opinion this is where Bell inequalities vio-
lation stands the best chance of being observed at energies
around the weak scale.

The same observables can also be measured in the di-
boson production initiated by electroweak quark fusion, rem-
iniscent of the Drell-Yan processes. In this case, the invariant
mass required to achieve significant values of the observables
is rather large and only few events are expected at the LHC.
These processes will become more competitive at future lep-
ton colliders, with both the FCC and the muon collider reach-
ing a significance of about 2 in testing the violation of Bell
inequalities with WW di-bosons. A better result is expected
in the case of ZZ di-bosons, in particular at the FCC.
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Appendix A: Spin and Gell-Mann matrices

The spin-1 representation of the three SU (2) generators S;,
i € {1, 2,3}, used throughout the text is

1 01 0 1 0O —i 0
Si=—1(1 0 1]}, So=—1|i O —i],
V2 0 1 0 V2 0 i 0

1 0 O
S35=10 0 O (A.1)
0 0 -1

These can be expressed as a function of the Gell-Mann matri-

ces T% as

SlzL(T1+T6>, SQZL(T2+T7),
V2 2
1 V3 4

S3==-T —T°, A2
3=3 + > (A2)
and the matrices §;; in Eq. (2.19) are:
1
$31=813=—F7 (T1 - T(’),
V2
Sip =S =T7,
1
S3==580n=— (T2 - T7)
V2
Sii =LT8+T“—1T3
23 27
1 1
Sy =——T8 —T* -~ T3,
24/3 2
3 |
Sy3=T3 — — T8, (A3)

V3

with 1 being the 3 x 3 unit matrix. The Gell-Mann matrices
T¢ are:

010 0—i0 100

T'=1100], 2=1i 00}, ’=10-10],
000 000 000
001 00 —i 000

T*=1000], 5=1000 |, °=1001],
100 i0o0 010
000 L (100

T"=100—-i], T*=—1]010 (A.4)
0i 0 V3002

Appendix B: The functions q’; and p’; and the matrix aj,

In this Appendix we follow [15]. The g’} functions introduced
in Sect. 2.4 are given by the following expressions

S-Sl

qi = sin Gi(cos 6F + 1) cos (bi,

sin@i(coséi + 1) sinqbi,
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o= é(l +4 cos9i+3cos29i>,

qi = % sin? 6% coquﬁi,

o = % sin? 0F sin 2 ¢,

q6i = % sin&i<—c059i + l)cosq)i,

gl = % sin@i(—cosei + l)sinqbi,

¢ = %(—1i12c059i—3cos20i), (B.1)

in terms of the spherical coordinates of the two decaying

particle rest frames.
The p’L functions utilized in Sect.2.4 are given by the
following expressions:

pli = ﬁ sinei(S cosf* + 1) cosqbi,
pi =2 sinQi(S cosOF + 1) sin¢i,
pi = % (5 +4 cos0F +15 cosZOi),

pt =5 sin? 0% cos2 ¢,

pl = 5sin? 0% sin2 4%,

pft = /2 sinBi( —5cosfF £ 1) cosqbi,

pL = V2 sin0* (= Scos6* & 1) sin g,

1
8 + +
= —( —-5+12cos6* — 15c0s260~). B.2
pe m( ) (B.2)
The matrix o)}, used in Sect.2.4 is the following
1
al =
"8l sk
g% 0 0 0 0 g0 0
0 g% 0 0 0 0 g 0
0 0gi—1g? 00 00 L g2
oo 0 gR—gL20200 0
00 0 0 g2—g2 00 0
g 0 0 0 0 g% 0 0
0g 0 0 0 0gr O
3 1
00 L o0 0 00 lg2—g2
(B.3)

The coefficients in Eq. (B.3) are g; = —1/2 + sin” Oy ~
—0.2766 and gg = sin® Oy ~ 0.2234.

Appendix C: Analytic expressions for the density matri-
ces

Appendix C.1: Polarization density matrix for
qgqg — WTw-

We write below the expressions for the coefficients A99
[©, my], fgq[("),mw], ggq[("),mvv], and hZZ[@,mvv],

@ Springer

with ¢ = u, d, appearing in the polarization density matrix
forgg — WTW~. The angle © is the scattering angle in
the CM frame from the anti-quark and W+ momenta. Our
convention for the polarization matrix is that the momen-
tum of W is chosen parallel to the k unit vector of the spin
right-handed basis in Eq. (2.26) and

A= | M ] (C.1)

where the expression for the unpolarized square amplitude
| M Vt,”:v |? is given in Eq. (4.13). Throughout the following
expressions we use cg = cos @, sg = sin ® and Dyy, fuw
which are given in Eq. (4.14).

....... Thethethe non-vanishing elements fzz,’f (ﬁza‘; = szZ)
are given by

fuw
(1-8%)
~2Bu(co + D[ Bu(Buco + b +4)

RO, myw] = (Bw +1)*(co + 1)

teo + 1] (&4 + &0) 53 + 863D

x |:(1 + c?,)) (gff + g% + 40@§X§5]s$},
fWW\/ES@
J1-8%
—Bw (1 +co)(1 + 4By + B2 +2co)

x (g4 +&v) sw + 45 Dy [zé_’fzié_’?/

fl‘fg[@, myw] =

{(1 +co)( + Bw)

+eo (81 + V) ]sé‘v}
RO, myw] = fwws(%){l — 2By 2Bw +co) (84 + &%)

s + 43 Do (&5 + )5 |
Fww
1-p2

—2B3(co —3) +8(co — Dco
+B3/2 + 4c0) + 26 (Tco = 5)]

510, myy] = {(1 +co)?[1+ 81

+260[5 = Bu (4+ 3By — cou) +Tco |
x(1 4 co)*Dyy (34 + 2%) 52
+83D%, [ (1 + g +dco g2
+(1+ ci))gb&z]s“w}

fww«/isé)
(1= B2/ Dyy

+2co — 1][By (1 + Bw + co)
—1-=3Bw — 3C(~)] — Bw(l + ce)Dyw

[1 —12co — 128y +:Bv2'/(4'BW

RO, myw] =

{(1 +co)[Bw 2+ Bw)

+B3 +4co —2)| (84 + &¥)s3

+48% (8% — D% [ 2848
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51O, myw] =

RO, myw] =

fl%g[@, myw] =

RSO, myy] =

RO, myw] =

+eo (@ + g%}s;‘v}

ww V250
—fif“){(l +co) By + Bw)

v 1— :BVZVDWW
+3By +200)2c0 — 1) — 1]
—Bw(l +co)@Bw + :szv + 6co
—3)Dyw (34 + &%)s3,

+483 DY [ 28420 + co (32 + 217) ]si‘v}
Sww Sg)

(1= B3)Dyy
+38% — 18Byce + 2B co — 8¢2

+2Bu D [280(5 = B2) + O = Bh)co |

{1 — 1282

X (84 + &V)sy +4Pr(Br — 5D, (342 + g%s@}

__ V2wse
V3(1 = B2 Dy
+3B1 (1 — c)* + Bw (7 + 3co — 16¢%)
+2B2co(ch —2co —7) +cod+3co
—6¢3) — 283 (5 + 5co — 4cd)
+ﬁwDWW[ — 74834 —12c0)
+By(co —3) +4Bw (1 + 5co)
+co(16co — 3) + 22 (5 + Sco — 4c§))]

{—1+/35V(3—C(-))

x(84 + &\)sy — 483Dy
x[201+ Bgsay + - 3p1)
xco (F42 + g%]si‘v}
S
(I— 2Dy
x[ 280 + B3 By = D(Bw + 383 + By — 3)
+hco[1+ By By — D@+ Bu)
(2Bw + B2 — )] + b (3 — 208y — 282
+128),+36)) + G - 1)) |

{ —2(1+co)

128, (1 + CQ)DWW[Z +5Bw + B2

X2+ B)(BY — 2) +co (4 — 13Bw — 285,
+1083 + 285 — B3)

~2(5 = 383)cd | (@ + &0)s + 263 D%,
x[1601 - Bhrcoghgy + [263 - B) -5

(13— 1083 + )3 |2 + g;*f)]s:t} (C2)
_ fwwsz)

(1-p%)
+2B35 (1 + co) — 2Bw (1 + 5co)
+282(co + ¢k —3)

+2Bu D [ 1+ 5co — Bu (Bu + Buco — 4|

{1+ﬁ;‘V—2C@ —6¢2

h{E1O, myw] = —

RO, myw] =

RO, myw] =

hE1O, myy] =

RAE1O, myw] =

X (24 + 8%)sy — 8By Dy (34 + g%si‘v}
\/Efwws(a

(1 — B2)3¥2Dyy

+Bw (2 +4co — 14c3) + co(B +co

—6c%) + B2 (4co + 6¢2 — 8)

+2B82(2 — 8co + ¢4 +¢2)

=28 D |2+ By + Bu (4 — 8co) + 4By co

{2/33, + Bco(5+co)

+Q2 = Teo)co + Bi[co 2 +3ce) - 3]
x (84 +&Y)sy + 863Dy

<2843 + (B3 — Do @ + gly)]s;;}
S
V3(1 = B3)? Dy
—6¢3 + 9k + 25 (co + ¢k —2)
+485(1 —3co + % +c3)

—43 (2 — 5co — 2 + 5¢3)

+4By (1 —4co — 3¢ +6c4)

+B(10 4+ 8co — 21ck + 2¢3) + cb)
—282 (6+7co—14c2—2c3) +3ch)
+2Bw (1 — CQ)DWW[ —2+ 7By + BE2
—3Bw)2—B2)+(6+15By—6B2—148)
+4B% +3B3)co +2(6 — 582 + ﬂ;t)cg)]

{2 +4co — 9%

X (8 + 85t + 263 D% [ (687 — 363
=7+ By, — BBy — e (@Y + 84D
+16(8% — 1>c@§z§‘¢]s:‘v}

Swwsd

ww

+2¢2 — 2w (Bw + co)Duw (34 + &%)s?

{—1+ﬂ5,+2ﬂwc@

+2B2D2,, (34 + g4P)sh, }

\/Efwws(-ﬂ

V1= BiDuw

—By + 20 + 4k + pu (3 + 6co) |

{(c@—l)[—usﬂi

+Bu[3+ (4= Bu)Bu +6co |

*(1 = co)Dww (84 + 8153y

+4B3 D} [ -2848) +eo <g73+g52>}s@}
fwwsg)

V3(1 = B3)Duw
x(3 —co) + 6co — 6¢% + 2By (3 — 5co)

—B2(6 + 6co — 2c2) — 2,3W[3 — 4By

{1+ﬂfv*2/3‘3v

~3B% + co By — 5co |Duw (@4 + &)s?

—8B3 D%, (842 + &8sy }
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hE510, myy] =

RO, myy] =

RYE(O, myw] =

}1%7&[@7 myw] =

ﬁ?gﬁ[@s myw] =

hEg10, myy] =
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2 st {1 = 28w (B + o)
X (Z4 + 80)sh + 283 Duw @2 + 2)s |

V2 fuwse

Ji-82

4By + B2 — 2c0)(1 — co) (@4 + &4)s2

{(1 = Bw)(1 —co) + Bw(l

+4BE D [2848% — co @2 + B ]si }
Fw

-8

~2By (1 = co)?[4By — (1 + B})

{(1 —co)*(1 — Bw)?

x(1 = ca) |(&% + &)sh
+882 D[ (1 + D)@ + 20
—4c8g;gﬂs§,}

Fow
(1 - :Bl%/)DWW
+B2(2 —4co) + 8co (1 +co) — 283

{(1 —co)?[1+ 1

x@B+co)+26w(5+ 7C(~))] —2Bw(l —cp)*

><DWW[5 +7co + 4By — PAG + 09)]

X (g4 + &5y + 863 DY [(1 + )
X3V + 85 — 4c@§z§“v]s;‘v}

B V2 fuwse
V3(1 = B3)3/ Dy
—9¢2 +6¢3, — 2B (1 — dco + %)
3By (2 — co +cd) + 2Bw(l — 9o
+5¢2) — 2826 — 4co — 4 +c3)
—z,stWW[l +4B3 +4Bu(co —2)
+Brco +co(5co —9) — B2
(1 — 4o + c%.))](gx +8%)52 +882D2,,

{2 —cop + 2/33,6@)

x [2(5@ —2)343Yh + o3 + g‘(,z)]s;}
Sow

3(1 — B3)* Dy

+18¢}) — 9t — BE (2 + 6co — 4c2)

+4B3(6 4 co — 6¢ — c3)

—483 3 + 3¢ —2c3)

—4By (3 — co — 9¢2 +3c3)

+B14(8 —24co + 3¢k — 6¢3) — ch)

—282(3 —2lco + 5¢% + 6¢) — 3ck)

2By D [ By + 3B (8 — 3c0)co

4282536 +co) + 2833 — 12¢co +¢2)

36555 — 23 — co)(1 —3c}) — B (6

+6ch — 4cd) (@4 + &)sh + 268

{4 —12¢co + 3¢},

XDZWW[[I +2B2(3+ch) — 9

(C.3)

—3Byso] @ + 80

+48(1 - ﬁ%)c@giiéé]s“w}

The non-vanishing elements fa“’z are given by

£, myw] =

PO, myw] =

O, myw] =

PO, myw] =

zﬁfwws(-)
31 — B2)3/2Dyy

x (443631 — co) — 600 + 2B} co
—4ch —4B2(1 +co + cb) — 2B(3

+co + 26?,) + 26‘2.))) + 2BwDww [2 + 4ﬁ‘f,
—3co + Brco —2¢5 — 4By(2 + co)
—282(1 +co + cz@)}(gz +gh)s2

+863D%, [22 - B4 7

{I_C@_ﬂw

+co (@42 + §€2)}va}
Fuw
3(1 — B3)* Dy
+2co — 3c2@ + 8/33,,(1 — c(,))s(z_)
—4B3 (1 —3co + & + cb) — 4By (1
+5co — 3¢ — 3¢})
—B2(21 —2co + ¢ — 8¢ —12¢4)
+ﬁfv(l 1 —2co + 30%—) — 802,) —40‘(}_))
4By (1 — c(-))DWW[l +3co(2+co)
2833+ co) +2Bw(5 + 3co)
~2B35% + Bh (1 — 20 — )|

{1+ﬂ3(17c@>2

X (Z4 + 80)sh — 8B DR [[5 - 3¢}
+B5 (e — 3@ + 3D
+4(1 - o g4y Jsh)

2 fuwsd
3(1 — B3) Dy
+Bw (6 — By, + 4Bwco +4cp)]
+4By Dy (co + 2w + Bco)

{1 — Bw[4co

X (g4 + &Yy — 883Dy (84 + g‘éz)s;t}
zﬁfwwsk)
3(1 = B7)3/ Dy
—2Bbco —4ct —3B3(1 +co)

—4B2(1 —co +¢3)
+28y(3 — co + 2} — 2c)))

{1+C(~)+,3w(4+60(~)

+264 Dy [483 +4Bu (co —2)
+Bico + (co —2)(1 +2cp)
—262(1 - co +02@):|

X (34 + &%)y — 883Dy

x[208% - 24y +co @ + g%]s;t}

(C4)
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Sww
3v/3(1 = B3)*Dyw
+362@ — ﬁ‘f’v(l + 6co + c%,))
—485 (3 +3co + 3¢k — c3)
+883 (3 +co — 3¢ —c)) — 4By (3
—5co — 9c2 +3¢})
+B2 (21 + 6o + c2y + 24c, — 12¢4)
—B (11 + 6o + 3¢y + 24c}, — 4cdy)
+4Bu D [3 = 28353 (3 + co) + 263

x(3 4 6co — c%_)) —co(5+9co — 3‘%))
+2Bu (5 + 6co — 3c) — By (3 +3co

+3cd — ) |(@h + as)

FUH O, mypy] = {1 + 6co

+882D2, [[5 — 3¢+ B2(c3 - 3)]
x(@F 2+ 120 - o diay Jot |
(C.5)

The elements g*“* are identical: 4 = :;”2
The elements fz‘a’,‘j, ;dd

following transformations

, 894 can be obtained from the

Ad‘izA“‘;{g'(,e—g“i/ ; gZe—gi , ﬂwﬁ—ﬁw}
R e A e I
fad _ Z’ﬁ{é?/%—gfl/ o4 - -3, ﬂw—>—ﬁw}
gl =gfay > —a . g —gl L B> —Bu).

(C.6)

where in this case the angle © is the angle between the antid-
own quark d and the W momenta. The effective couplings
g\“, are defined in Eq. (4.9).

Appendix C.2: Polarization density matrix forq g — ZZ

We write below the coefficients A0, myy], fa’” (O, myy],
21O, myy],and ;’ZZ [®, myy], appearing in the polarization
density matrix for ¢ ¢ — ZZ. The angle @ is the scattering
angle in the CM frame from the anti-quark and one of the
Z momenta. Our convention is that the Z is in this case the
one with momentum parallel to the k unit vector of the spin
right-handed basis in Eq. (2.26). Results below will be given
for a generic quark q.

A% =| M 1 (C.7)

where the expression for the unpolarized square amplitude
| M Zqzq ? is given in Eq. (4.25). Throughout the following
expressions we use cg = cos @, sg = sin® and Dy, f,
which are given in Eq. (4.26). o )

The non-vanishing elements 7%/ (24 = h7), are given
by

;1111;}[@’ mzz] =

RO, mz) =

R0, my) =

W10, my) =

W10, mz) =

ZACNTAE

W6, my,] =

3310, m ) =

W10, my) =

W6, my,) =

Fr 1= B (1 + D) (el + 6528l
+¢0h) + 8cogl el (6% + g?/z)}
fuN2\J1 = Biso {CQ 4" + 6555
+eth) +4glgl g + gi’/z)}

fr (1= BDs {gf(‘ +685280 + g‘é“}

)
DZZ

2 2
—4c g8l (gh + 1)
[+ 827 - 7+ 1082 - e,

{78C(.)[3+2,3§f,3‘z‘

4 2 42 4
+42+ Bch (g1 + 6888l + g )}

Y {[m(l +B+ 8
7z

—3)cé)}(gi’,4 +6g47g8

+[200+ )2 —265 282 + D |

4
+gth

2 2
xghel (g% + gt )}

Dz,

G- BHU+ Do
—463@](5'%4 +6807¢7 +g0h

+[4a+ 822 - 80+ 8Hc3 |

xgh gl (g% + g?/z)}

fzz(1 —,3%)3(%) 2,2
,Di{ [a+82
+4(8 — 2 | (g4’ + 0818l + gqv">}

fzzZﬁms@
V3D,

2 2
—8(1+ b [ et (64 + g1)

+[2(1 —382)ch + (1+ B (3B

{[2<1 + B2+ )

4 2 g2 4
+c —Z)Cc-)](gf\ +6g47g%" + gt )}

—&{sc@[2+ﬂ§ + B+ (-3
DZZ

+262 — 38D gl el (6 + 80

+[ B+ B + (7 =582 382 + B)ch
—0— 1083 + 589k |s4'n

+6g475Y + g'é“)}

fra(l = B2)s2,
DZZ

4 2 g2 4
—(1+ B2)?) (g5 + 65281 + g4

{[2(3 e
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R0, my) =

R0, my) =

W6, my,) =

ﬁ%[@, mzz] =

RO, mz) =

W16, my) =

hid1O,mz) =

R0, my) =

WO, my,) =

RO, my,) =
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1801+ B)gh g% (67 + g%} (C8) 6.yl =
_ fzz\fz(l - ,3%)3/20(4569
Dy,

:30 + B}

q2 q2

4 4
—2c3) (8% + 68478l + g0

2 2
+4(1 — BHcogh el (¢4 + &7 >}

Sz
3Dy,

+382 — 782+ 5)¢
—0+682 +58ch (4"
+6gZ2g“I,2

~24ce |2+ B + BY — (3 - 262

{[(1 +BDME+ D+

4
i)

f,,
21124362 - B — 0 962 +369)c3 |4 eh 85 + ) (C9)
V3D,
B} + BSch + O — 1882 + 5pDch |
4 2 q2 4
(g4 +6gh el +ai) - 4G .
N ) . The non-vanishing elements f;* are given by
+8co[2+ B2 + B — 3 — 287 + 3p)c |
xghgl (g5 + g‘qf)}
2
2fzzs(23 42 2.2 ~qq[o My fzzz«/z\/l —,BZ {C 2}32 4
42 : O, =0 1¢6 +3B
Dy, [2(1 +hco — L+ ] 2 “ 3Dy, 0[ z z
x(ght + 651507 + gt —ap2cd —1]gh + 68588 + gl
21 — B2se 2,2 2,02 2
fzzf¢D F3so {c@[(ﬁg a4 +4[(1+ B + 4828 - 0 |
7z
q .4 (92 q2
+/3§)+4cé](gi4+6gizg€2+g‘é4) x8a8v (84 + 8y )}
+4[(1+ )2 - 200+ ghed | 10 myl = 12 [+ 52
3 3D, ?
2 2
xghey (g +4ab )} +(1582 — 1382 + BS — 3)c,
4 2 q2 4
Fol = 8252 {[(1 e +4B2(82 - e g4’ + 688 + gl
22 _
V3D ) o +8L~@[1 3B — S 4 B25 - SC%,))]
+62d (84" + 65476l + g1 .
L xghet (el +ab )}
+24(1 + B))cogh ey (s + g )} S
716, m1 = 1220 =% {[1 + B+ B2
) - VA z
F22(1 = BDsB[ g4 + 65578l + 81| 3Dz
2 q4 q2 q2 q4
—fuN2\1 - BEso {C@ (% +6g%7g1? +4"9)](8,4 +6g4°8y + 8y )}
+efh — 4¢08d (4 + g‘{/z)} 799160, myy) = J222V1 -85 {c@[l _2p2 3p!
J7 1% 3D,
4 2 g2
fr(1= B+ cg) (84 + 685 ¢h
\ { i) +4p3cd |(e5! + 68278l + 81
+88") — 8coghel (¢4 + 81
o +4[(1+ B2 + 48262 - 03 |
% {Sc(,.) [3 + 2/33 - ﬂj g9 q, q2 q2
. xg48y (g4 +8v)
7462)]C(~)g§§g?/(g§2 +50) - I ) s ,
O, mz) = ——= { (1+B7)° + (158;
+[a+827 - a4+ 1082 - D%, ’ v, ([ ’
4 2 g2 4 _13ﬂ§ +ﬁ§ h 3)62@
+42 + B |84 + 68478l + gt )}
e Jef +oaiel + o) +4B2(82 = 31ch |84 + 688l + )
fzz\/i\/ 1- ﬂ% { 2 4 6 2 2
JENN - Pz ) ol +482 +3 +24co| B, + B;Bcy —5) — 1
V3D, o[ 483 35 [pt+22
4 2 2
~26+BDch (4 + 6586l + 81 383 )¢l el (a8 + g1 )}. (C.10)
+4[(9 —2B% + e} — 231
2 2 _
+62° g8l 6 + 8 )} _ i

The elements g¢7 are identical: g/?

a
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Appendix C.3: Polarization density matrix forud — W+Z

We write below the expressions for the coefficients Avd
[0, myw], f1O,myw], 410, my], and hL41O, myw],
appearing in the polarization density matrix forud — W*Z
in the limit My = Mz = My, where myy is the invariant
mass of WZ system in this approximation. The angle &
is the scattering angle in the CM frame from the anti-down
quark and W momenta. Our convention for the polarization
matrix is that the momentum of W is chosen parallel to the
k unit vector of the spin right-handed basis in Eq. (2.26).

A= | M P (C.11)

where the expression for the unpolarized square amplitude

| M ‘ZZ |? is given in Eq. (4.30). Throughout the following
expressions we use cg = cos @, sg = sin ® and Dy, fy,
which are given in Eq. (4.31). i i i

The non-vanishing elements ﬁzz (ﬁzg = ﬁgg) are given
by

RO, my] = fur(1+ c@>2{<1 — BH(3H+ p2)?
23+ ﬂ&)[3 — By (3 — 15¢o + 28y

+B7 3+ By + 9c@))]c2W + [9 - ﬂV(IS

=338y +24B7 +418] + 68, + 7
+6 3+ B2)(— 5+ 6By +3B2)co

+72 (=3 +ﬁ%)cé)]c‘v‘v}
RO, my] = furvV/2y/ 1 — B2(1 + c@){@ +8H+3

+ﬁ5)[ﬂv (3+382 — 26y —30co) — 6]ch
+[o - B0 (0248, + 1263 + 178

+3B +6(3By — 5B+ By)co
—216ﬂvc%_)>]cﬁ,}

WO mw] = fur(1 - ﬂ&)sé{@ + B2 -2+ )
x[3 +B+ 15ﬁvca}c§,
+[9 +2482 — 1782 + 308, 3 + fA)co
+216ﬂ5cg}cj‘v}

fwz(1+¢0)?)
Dy,

62 — 81+ Bco +42+ D3 |

RO, my] =

{(1 - BHG+

+2 G+ D+ BD[(1+ (=3 — 15B,
+2B2 +9B) + B + (24 + 3By — 1687 + 68]
—8y +37)co +4(— 6+ 368, + B — 9B} + 4P}

RO, mw] =

RO, my] =

2183 + ) + 1260 (— 12+ 783 + 363)cd |}
+[(1 +B22(9+ 908y +33p2 — 243

418} — 1880 — BS) —2(1 + 23 + B2)

(12 + 3By, — 9882 + 665 + 508} + 3B )co

+4 (18 — 2168, — 10562 — 1883 — 1218}

+14483 + 6588 + 4287 — p8)cl,

+248, (3 + B2)(12 — 368, — 162

3083 — 38%)c3, +288B2(9 — 682 — ﬂé)cg]c;‘v}

\/Efwz 1- }33(1 +co)se
DWZ

+20p8% + 886 + g8

+(9+ 687 — 88} — 687 — BY)co

—(54+ 1882 — 687 — 26%)cl

[+ 821898y + 1282

+6B3 + 287 +3B7)

+2(9+ 1088, + 662 + 14483 — 88}

+368; — 6B — B5)co

—4(27 - 278, + 9% — 388 + 2183

—BE+687)ch 72 9By - B})ch |eh

+[ 1+ B9 - 98, — 4882 + 68}

1988 +363) + (9 + 2168, — 4382

+28883 — 2681 + 7287 + 4868 + 1788 )co

—2 (27 — S4By — 47782 — 327B% + 4283

+898) + 128))cp

—368, (18 — 9By + 683 — 27 +367)c)

{9 + 2482

+6487 (82 3>c‘é]c‘$}

\/waz 1- ﬂ%(l +co)se
Dy,

[+ 822 +20 = pheo —4cd |

{(3 +B2)?

—G+ D [+ 8D (6 98y + 28}

+387) — 21+ B))(6 + 278y — 487

+3B3 —2B})co — 4 (6 — 188, +2p7

+367 +987)ch + 248y (—6+ D) | %

+[ 1+ B0 - 278, — 128} + 198! + 387)
+2(1+ BH B+ BH(3 + Bv27 — 2982

383 +88Y)co — 4 (9 — 548, —156p2—9p3—89B}
+308; + 3685 + 987 )

=24, 3+ B7)(6 — 9By — By + 68, )y

+432 B2(B% — 3)c§;]cfv} (C.12)
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RO, my] =

1O, my] =

1O, my] =
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— 2002
—7fW2(1D Pilse :(3+4/33 +B?

+A(BE = 2)(3 + BHc}
—26+ B[+ DG + 8D

+3By (15 — B (1 + B)co
+4(B2 + By — 6)cd + 128, (5B2

—12)c3 |} + [(1+ B2 (90 - 848 + 195)
+6By (15 = B+ BN (3 + BY)co

+4 (32182 + 23887 — 5365 — 18)c},

+24 By 3+ BH(5B% — 12)c,

—864 23 — ,sé)cg]ci‘v}
\/ifwzw 1- }3\2/5@
V3Dy

+By — (4287 — 68))co
~(+262 - BHch + (6 - 1083)c} |

{(3 + ﬁ%)z[l +282

~GH+BD[(1+ D (6 +218y + 28
—983) + (1 + B3 + (158,
+12B% + 3B — 8)co

—2(9+ 968y + 982 — 4263 — B

—78B5 — B)ch — 43+ B2 (9By + 5BE — 3)c})

248, 9 — 13ﬁ5)c‘({)]c$v

+[ 1+ B9+ 638, + 248

—6B3 + 1987 — 9B7)

(14 B2)( = 36 + 1358, + 49862 + 11763
+32B4 + 3385 — 10288 + 3B])co

+( =27 — 5768y + 45082 + 6087 + 3366}
+5528) + 2288 + 1568] + 1968)c3,
+2(27 — 1628, — 110787 — 1088;
+3338) — 1883 +57188)c,

+12 (548, — 8182 — 6083 — 2687 — 36°)

+216 p2(9 — 11,33)c§,)]c;‘v}

Swz(1+co)
DWZ

+(4+ B2 =288 + BS)co + (3 — 687
—BY)ch + (1083 — 55§ = 9)cd | - 263
+BD[Br(1+ DA (=6 + 3B, + 682 + B7)
+(1 + B2)(12 — 128, — 582 + 3083

+663 + B)co + (9 + 1028, — 1582
—1283 — 98¢ — 5483 — BS + 128])c
—(3 4 Bv)(9— 218y +328; — 9B,

+5B5)cdy — 6B (27— 2862 + 9B})ch | b

{(3 + 822 [ B2+ 281 + B

+[280 01+ DA (— 18+ 278, + 1283
—6B3 + 6B +583) — 41+ B2)(— 9+ 188,

fl”g’f[@, myy] =

RO, my] =

RO, my] =

+84p7 — 39B) — 28B) — 2487 — 3985 — 3B +28%)co

+(27 + 6128, — 46882 + 13283 + 2108}
—34887 + 49285 — 36p] — 3788 + 2487)c}
—(81 — 3248, — 241282 + 46863 + 5348,
+22863 + 117288 + 1287 — 17568)c},

—12 (818, — 8182 — 5763 + 1266}

—By — 9B} +9B0)c

+36823 — BDTBE — 27ch |t |

_ Sfwz (1 — ﬂ‘%)v(z..)
Dy,

—2(1+ B3+ B2)’co —2(3+ B2) %
—2G+ B[+ DG+ 38y + D)
(14 B2)(6 — 338y + 282 — 9B )co
—2(9+ 188y + 682 + 1283 + B)cD
~128, 9+ 283)cd |d

+[ 1+ D20+ 188, — 3087 + 68} + BY)
+2(1+ BHB + B (338y + 1782

{(3 + 482 + ph?

+9B3 — 3)co — 2 (27 + 1088, — 40582 + 1088

—387B) + 2487 — 358%)ch
—24B, (3 + By)B+2B0) (3 + B)cd

—21683(9 + ﬂ%)cét)]ci}

\/ifwzyl 1- st%“@

2 2,2
Dy, {(1 - BB+ BY)

x[3+ 823 — co) +co (1 - 6co) |co
206+ ﬁ&)[z» @By +383 — B])

=3(1= BB 28y +B)co
+(3+758y — 587 — 68 + By — 458,
+BY)co —6(1— B (3 =3By + Bt + B3)ch
—128,(9 - 8/35)c;;]c-%V

+[6 801+ 822 (68 + BT + L —6)
+3(1+B2)(9 - 128, — 9982 + 863
=58} + 4B, + 238})co

+(9 + 4508, — 22882 + 114B; — 14665
—28283 + 7685 — 908! + B)cd

+6 (=9 + 188, — 29182 — 1887 — 196}
—28; — 11965 +28])ch

—12(54By — 2782 — 3083 + 186}

_16,33—3,33)&5+216,33(7ﬂ3—9)c2,)]cév}

Sfwz(co — 1)
3Dy,

+3c@] [ﬂ‘v‘ 43¢ — BA(1 + 4co + 5¢%)

{(3+ﬁ%)2[1+ﬂ5(1 —co)
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RO, mw] =

RO, my] =

—2} 1263+ ,35)[(1 + B2 (6 — 6B, — B
+6B5 — By) + (1+ B (1 + B (18 + 368, — 3367
+38) — By + B)co

—(9 — 1448, — 3982 — 3083 — 178,

+486) — By — 18B))ct

—(27 4 548, — 4582 — 2163 — 38,

+18B +5B7)ct) — 6By (3 — B(O
138Dk |¢h + [0+ (186143083~ 126
—258% — 687 + 1465 - 9)

—2(27 + 1628, — 13562 + 12683 — 908}
—6683 + 16088 — 3087 + 7588 — 1381%)co
+(27 — 8648, — 140482 — 46883 — 544}
+22863 + 62888 — 1287 — 25368 — 3687)c%,
+(81 43248, — 334882 — 118887

+27087 — 32483 + 130888 + 36!

—39188)c}, + 12 (818, + 81p% — 1178;
—2708} — 98] + 578 + 138))ch

1082782 — 428% + 11ﬁ3)c§9}c;‘v}

Dy
—G 482+ B2+ 26+ BD[(1 + BD2G+ 8D
+3Bv(1+ B)(T + BY)co
236+ BH(1+ B
—128, (3 B3 +26Y)cd |}
+[ 1+ 822387 — 198! + 985 - 9)

—6By(1+ BB+ B (7 + BY)co +2(9
21082 — 4487 + 4285 — 5388)c%,
+24By (9 + 587 + 280 )cty + 7285 (9

{2(3 + B (14 B7)c

o + 5p)cb i |

\/Efwz 1 *,33(1 —ce)so
Dy

{(3 +80)°
x[(1+ BB = 2(1 = BY)eo — 4cd |
—G+ B[+ BD 6+ 98y + 28

—387) +2(1+ B (278y + 487

+3B3 + 287 — 6)co —4(6+ 188, + 287
367 - 9B})ch — 24 (6By — BY)cd |}
+[(1 + B (9+27B, — 1282 + 198}
—363) —2(1+BHGB + (3 - 278y
—2987 — 3B, +8B7)co — 4(9+ S4By
—15683 + 983 — 89B} — 30 + 3687
—9B0)ct — 24 3+ BY)(6By + 987

RO, my] =

RO, myw] =

flg’g[@, myy] =

RO, my] =

RO, my] =

i = opi)eh — 432830 - )t Joh|

(C.14)

Swz(1 — /35)5(%)

V3Dy;
+BDB + B co — 23 + B ch
~2G+ B[+ D398y + )
+3(1+ (6 + 118, +282 + 383 )co
—2(9 — 548, + 682 — 3687 + By )ch
—128,(9 + 2,33)c§,)]cﬁv

{(3 +482 + BH? + 601

+[(1 + BH2(9 — 548, — 3082 — 1887
+BY) +6(1— B+ BB+ B7)

x (3 + 148y — 3p%)co

+2 (3248, + 40562 + 32483 + 3876}
+7283 + 3588 — 27)cl

—248,(3 + B2 (9 — 278y + 282)c)

216539 + ﬂ&)c‘(b]c‘é}

2 fwz(1 — BH)sd {(3 +B) =26+ 87)
x[3+ 82 + 3605~ p)eo]h
+[9 + 1582 — 1784 + 988 + B (90

41287 — 680 + 1233 - B Jcb |

V2 fury/1 - BF(0 = c@){@ + B’
-G+ 53)[6 + 3By +2p% + 383
+30Bvco |l + [0+ 98y + 2483 + 128
—17B} + 387 + 6B+ (5 +3Bv)

(3 + B)co + 216/358@};}

fwr(1— c@)z{(l - BB+ B’
—2G+ B3+ 36 — 262 + 3]

Bt + By (15— 9B2)co |}

+[9 + 188, + 3362 + 2453

—418; + 68 — BY
+6By (5 + 6By — 33 + B)co

+7262(3 — ﬁg)ci)]cﬁ,}

Swz(1 — C@)Z

2 252 4
o :(l—ﬂv)(3+l3v) [1+8

+8c0 (1 + o) + 2831 + 4co +2c3) |

+26+ D[ (1 + B2 (156v + 28
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RO, my] = —

RO, my] =
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=983 + By —3) + (1 + BD)(3Bv + 168;
+663 + 8By + 385 — 24)co

+4(B7 +985 +4B) +218)

+88 —6—368/)ch

+128, (152 + 361 — 12)c} |3

+[(1 + BD2(9 — 90y + 332

+2463 — 4187 + 1885 — BY)

—2(1+ BDG+ BH 3By + 9862

+663 — 508y + 385 — 12)co

+4 (18 + 2168, — 10587 + 1887
—12185 — 1448; + 6565 — 4287 — %)c)
+248, (3 + B2)(12 + 368, — 1% — 308;

~3B%)cd, +288B2(9 — 682 — ﬁé)c‘(g]c;‘v}

\/ifwzv - /3\2/ So
3Dy,

+p2 — 2c(.))[2 +287 +301

{(3 +BH2(1

~Bco — G+ B |

263+ ,33)[(1 +B%(6 - 3By +252)

+(1+ B2)(63B, — 1082 + 683

—385 +3B; — 3)co

—(27 4338y + 382 + 6663

+B) + 218 + BY)c

+2(9— 818y + 687 + 188 + By

—9B3)ch + 1280 (9 +263)ch |}

+[201+ B9 - 98, — 308

=382+ 198%) + (1 + B2 (3788y — 10582 + 1628
—1988% +308; — 365 + 687 — 9)co
—(81+ 1988, — 15842 + 46263 — 11108}
+25863 + 18488 + 4287 — 3588)c3,

—2 (4868, + 40562 + 5487 + 4958,

+1863 + 7188 + 188] — 27)cd)

+12By (54 — 243y + 3082 + 5483

+4By — 1587)ct) + 2168709 + ﬂ%)cé]e‘;}

(C.15)

fwz
3Dy,

—6(3+B))°(2+ By + BY)co
+G+ BB +387 — 7B + B
+6 (27 + 186} + 1688 +38%)c},
—B+ B O+ 687 +5B)ch

+[ —2(1 + BH(36 + S4B, + 332

{(4 + B3+ 4p2 + B

41O, my] =

—368; + 108} — 188, + BY)
+12 (18 — 338, + 2182 — 5983 + 86

—438) +10p8 — 218] + 685 — 48y + B1%)c

+2 (8108, — 4582 + 32463 + 428¢
—14483 + 3085 + 10887 + B¢

+547 = B, = 27)c

—12(27 + 368y + 3683 + 1887 — 523
+1685 — 2087 +388)c,

+2 (81 — 9728, + 10862 + 32483 + 908}
—3248] + 368 — 1808 + 58} )ciy
+12B0 3+ D0+ B)ed |}

+[2(1 + BH2(18 + 54py + 2152 — 3683
+328) — 1887 — 138Y)

—6(18 — 668, — 12382 — 11887 — 646}
—868; + 1548 — 42B] + 788} — 8p)
+B1%co + (27 — 16208, + 1044p2
—64883 + 4268 + 28887 + 3845
—21687 + 53988 — 10882 + 28,350)&,)
+6 (27 + 728y — 97262 + 7283 + 1628}
— 10485 + 34088 — 4081 — 698%)cd)
+(19448, + 151282 — 64887 + 8826}
+64863 — 194488 + 36087 — 2578
—81)ch — 128, (81 — 4866, + 6342
32443 1+ 158 — 12683 + B8)c5)

— 10882 (27 + 682 — 5ﬂ3)c2)]c‘jv}

The non-vanishing elements fa"d are given by

zﬁfwzw 1- ﬂ\% So

3Dy,
+B7 + (287 + 3By — 1)co + (B7

+4p} — 8)ch — 4plc) |

{(3 + B[ 1+ 28

—[2(1 + BB+ BB+ 6By + B7)
=201+ BHG+ B7)(3— 98y — 887
—3087 = 3B; +3B})co — 8By (3 + BY)
(6+6By — 687 — By — 68) — B7)co
=887 (3 + B (3 +27Bv + By — 983 )¢
+96B3(3 + ﬂ&)cg)]cfv

+[(1 + BHX(9+ 368, + T8B% + 1283
—3567) — (1+ B))(9 — 54By — 27367
—19887 — 12587 — 4287 — 388 + 68])co
—8B, (18 + 9B, — 1282 — 483 — 24p}
—658; — 687 + 4B))ch

©

(C.16)
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7416, my] =

7410, my] =

41O, myy] =

228} — 987)ct)

683)c

—8B2(72 + 818y — 682 —
—4883 (6 + 278y + 282 —

7432,3‘/00]6 }

Sfwz(1 —co) 2.2 2 4
B {(3+ﬂv) 1+ 362 + 38

+B9) + 3+ 132 + 981 —
Bk + 4823~ picd |
—[20+ 822G+ B3 + 68y
+4B2 — 683 + By) +2(1+ Bv)
x (14 B3+ B2)(9 + 458, —
—1283 +198% — B2)co
+8Bv(3+ B2 (6 + 7By + 1282 — B7)ch
+8 73+ B7)(9+ 908y — 1887 — BY)ct)
+9683(3 — BDG + Bch |ch

+[(1 +B22(9 +36py — 16562 — 2483
+1158% — 1285 + BY)

+(1 + B2)(27 + 3248y + 21682 — 3663
—16285 + 6087 — 3285 +368] — p)co
+168y (27 + 1178y + 7282 + 5163
+39B) — 478, + 685 + 118])c5
+1662(108 + 1358, + 14482 + 1883

BOco +462(7

128}

+6B7 — 9B +2B)

+4863(18 + 818y — 1583 — 284 ¢4,

+43264(3 - ﬁ%)cé]eév}

2wl = BD% | 5 + 521+ 263
3DWZ v v

B + 482G + 527D |

—2G+ B3 +782 + 5B} + B
+(24By + 2487 )co

+4B(3 + BY)ch + 4883ch |}
+{a+ 8270308 + 1)
+488y (3 + 4B + BY)co
+3287(18 + 1287 — B)c
+96B3(3 + B7)ch + 43261ch ] }

Zﬁfwzyl 1- ﬂ%s(-)

3Dy,
+B3(1 = 3co +4c})

+2B2(1 — co — 4ck +2c})

—[2 (B =68y + B+ BB+ BY)
—2(14+ B3+ B7)
“2(1+BNG+BD(—3 9B + 867

{(3+ﬁ5>2(1 +co

fN‘gmi[("), myy] = —

—3083 + 3By +3B7)co

+8By(3+ B)(6 — 6By

—683 + By — 6By + B))co

873+ B (3 — 278y + BT +9B7)cd
96833 + ﬁv)c()]cw [(1 + B2
[94 Bv(7By —6)(6 — 68y — 5B7)]
+(1+ BH(9+ 548, — 27382 + 1988
—125B% + 4283 — 385 — 6p])co
+86y (18 — 98y — 1282 + 4883

—24B) + 6587 — 685 —4B)c5

+8B2[72 — By (81 + 68y + 2283 — 9B e},

+4863(6 — 278y + 282

+687)co + 432/3vC()]C }

fwz
33Dy
—6(1+ 567 +3B; — BY)co
—(3— 1582 + 138} — BS)ch
+4883c3 + 483 (82 — 3)cb |
+[ —2(1+ B2(9 — 548y + 1582
+36B5 + 7B + 1863 + B°)
—12 (248, — 5182 + 2083 — 588}
+48 — 1488 + 1287 + 388
+4p) + B = 9)co
+2 (27 + 1628, — 11782 + 129683
+308¢% + 900;33 + 5488 4+ 788
—54p) — B)°)cH
+486y (9 — 188y — 2182 — 1263
+TB) — 287 + 5BY)cd
—8B2 (4868, — 982 + 10883 + 381 —
+B2 = 27)cty + 96539 — Bl)ed |
+a+ 820
+72B3 + 11563 + 3663 + )
+6 (48By — 19582 + 4083 — 1308,
+885 + 13088 + 2487 + 7568
+867 + B0 —9)co
—(27 + 3248, — 162962 + 25928}
—76287 + 180083 + 55888 — 2098
-1088; — B0)c%
—488,(9 — 98y — 2182 + 9363
+7By + 538, + 5BY — 98] )cd
—16B2(108 — 2438, — 9982 — 5483
+518% + 983 +28%)ce,
—9682(9 — 818, + 983

{(3 + B0+ B

1088, — 16582

— By

(C.17)

1867
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432643 - ﬁ%)cz)]cév} (C.18)

The elements §*“ are identical: g“¢ = £,
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