e~ et — ttg entanglement

We consider the e"et — ttg process. The momentum and helicity assignment as well as the
tree-level diagrams are shown below.
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1 Kimematics

We work in the centre-of-mass frame, which is the same as the lab frame. The total momenta
are constrained as

(k1 + ko) = (p1+p2+p3) = (V5,0), (1)

where /s is the centre-of-mass energy. We fix the initial momenta as
K= ¥5(1,0,0,1), Ky = ¥(1,0,0,-1). (2)
The gluon and the ¢t subsystem are back-to-back. They are parametrised as
Pg = (EQ’ ﬁg), (pl —|_p?)‘u = (Ett_v _ﬁg)’ ﬁg = EQ(Sinegv OvCOS (99), (3)

where Eyf = |/mZ; + E2? and my; are the energy and invariant mass of the ¢ subsystem.

At the rest frame of the tt, the top and antitop momenta are parametrised in the new
(2',y, ') coordinate system as

= (%, 7), Py = (5, —q), q = q(sin 0 cos ¢, sin 0 sin @, cos ), (4)

where ¢ = 1/ mTf; —m? is the momentum magnitude. In this coordinate system, the 2’ axis
is taken such that it aligns with the boost direction of the t¢ system, o< —p,. The lab frame
momenta p; and po in the original (x, y, z) system are obtained by rotating the (2/,v’, 2’) system
to the original (:):_,‘y, z) system and boosting the ¢ and ¢ momenta back to the lab frame with

the boost vector b
p= M(RODY),  po = Ap(R(h)), b= —2o, (5)

where R is the rotation around the y axis (which is the same as the y’ axis) by the angle 0, + .
In this way, all final state momenta pq, po and ps are determined by the five kinematical
parameters

Vs, Eg by, 0, ¢ (6)
The energy conservation /s = E, + Ey; relates the gluon energy and the ¢t invariant mass as
mk = s —2v/sE,. (7)
The gluon energy ranges
0<m < S-Am (8)

g —= 2\/5



2 Helicity amplitudes

diagrams

M;\Li:;;,hg, - Z M(I)[ﬁ(klv)\1)7U(k27)\2)7u(p17hl)all_j(p27h2)7€(p37h3)]7 (9)
I

where M) is the contribution from the diagram I, which is a function of four Dirac spinors
corresponding to e, e', t and  and the polarisation vector €* of the gluon. The fermion and
anti-fermion spinors u(p, \) and v(p, \) with the helicity A = + and the momentum p* = (E, p)

with F' = y/m? + |p]? and p = |p](sin € cos ¢, sin O sin ¢, cos ) are given by [1, 2, 3].

u(p. ) = (wx(p)xA(p)>7 o(p, ) = <—wa(p)xA(p))7 wr(p) = VE TG,

wx(p)xa(p) Awx(P)x-a(p)
e~ /2 cos 2 —e~/2gin ¢
_ 2 - 2
X+ = <ei¢/2 sin§ )’ X= = eior2 cost ) (10)
When 6 = 0 and m, the phase ambiguity in y+ is fixed by setting ¢ = 0. For the gluon
momentum péf = Fy(1,sin 6,0, cos B,), the polarisation vector is given by

1
e (ps, £) = £—= (0, —cos by, £i,sinb,) , (11)

V2

We explicitly evaluate the helicity amplitudes (9) with these spinors and polarisation vectors.
Since the electron mass is neglected, the amplitudes vanish unless Ay = — o

le—t_h%hii = Mgl_,hz,hg = 0. (12)

2.1 Spin Quantum States

For an initial polarisation (A1, A2), given the final state momenta, the unnormalised final state
in the spin Hilbert space, H = C?> ® C? ® C?, is given by

s AL
[x22) = E Mhi,hz,hzj‘hlvh%hS)- (13)
h1,h2,h3

The unnormalised 8 x 8 density matrix is given by

A1,A2 _ A1,A2 A, A2 7%
B o sy ity ) = Moo M ] (14)

For unpolarised beams, the corresponding R matrix is
1
R - 1 [R+7 + R7+j| . (15)
The normalised density matrix is immediately obtained as p = R/Tr[R].
The diagonal elements of the R-matrix corresponds to the differential cross-section

doh, hoh 1
;lq)z 3 %R(h17h27h3)»(h17h27h3)' (16)

In an experimental setup, we must average the density matrix p over the events in some selected
region Y, which leads to

Ry, dd

where the full phase-space integration is

1 Emax 1 1 2
dd = / dE, Eg\/\(E, / dcosf / dcos@/ do 18
/full 25671'4 0 99 ( g) ) g 1 0 ( )

__Ami
s—2y/sEg4"

with A(E,) = 1



2.2 Projection to fixed gluon helicity

What if the gluon helicity is accurately measured and we prepare the event sample in which
all gluons have + helicity? For fixed initial polarisation (A1, A2), the corresponding R-matrix is

4 x 4 and given by

A1,A2 _ A1,A2 A A2 1% = pALA2
R(h1,h2,+),(h’1,h’2,+) - Mh1,h2,+ [Mh’l,h’z,—i—] - Rg+ :
Egs. (15)-(17) for this case will follow in the same way.
3 Entanglement
3.1 Phase-space fully integrated
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Figure 1: Left: Purity, Right: Entanglement measures.
3.2 Fixed phase-space
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Figure 2: Left: Purity, Right: Entanglement measures.
3.2.1 cosf=¢=0

(19)



/5 = 500 GeV cos b, = ¢ /s = 500GeV cosfy, = ¢ =0, cosf = 0.95
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Figure 3: Left: Purity, Right: Entanglement measures.
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Figure 4: Left: Purity, Right: Entanglement measures.

3.2.2 costy=¢=0
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Figure 6: One-to-one concurrence
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Figure 7:  One-to-two negativity
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3.3 Phase-space partially integrated
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Figure 11: One-to-two negativity
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Figure 12: Genuine Multipartite Negativity [4, 5]
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Figure 16: Genuine Multipartite Negativity [4, 5]
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