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CP violation in top quark decay via heavy Majorana neutrinos at the LHC
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The tiny neutrino masses can be explained naturally by extending the standard model with right-handed
Majorana neutrinos in a low-scale seesaw mechanism, and the CP violation effect induced by the Majorana
phase is interesting and worth studying at colliders. In this paper, we investigate the prospects for
measuring CP violation in top quark pair production and rare decay via Majorana neutrinos at the LHC.
The CP asymmetry stems from the significant interference of contributions from two different Majorana
neutrinos and can be appreciable when the two neutrino masses are nearly degenerate. It is found that in the
Majorana neutrino mass range of 10 GeV < my < 80 GeV, the CP asymmetry is independent of the
Majorana neutrino mass at the LHC. Any possible new observation of CP violation will be the clear

evidence of new physics beyond the standard model.
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I. INTRODUCTION

The present evidence of neutrino masses and mixings
implies the existence of new physics beyond the standard
model [1]. To generate the tiny neutrino masses, the simplest
way is to extend the standard model by introducing n right-
handed Majorana neutrinos N,z (a =1,2,...,n). Since
only two active neutrino mass-squared differences have
been measured experimentally, the number of right-handed
neutrinos is limited to n > 2. With right-handed Majorana
neutrinos, the Dirac neutrino mass terms can be generated
through Yukawa interaction after spontaneous gauge sym-
metry breaking, just like other standard model fermions. In
addition, the introduced Majorana neutrinos and their
charge-conjugate counterparts can also form Majorana mass
terms as they are SU(2),; gauge singlets. This is known as
the famous type I seesaw mechanism [2—6], where the light
neutrino masses are inversely proportional to the large mass
scale of Majorana neutrinos. Unfortunately, in the canonical
high-scale type I seesaw mechanism, the heavy Majorana
neutrinos are too heavy, and their mixing with active
neutrinos is too weak for them to be observed at current
and future experiments. However, there also exists some
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low-scale type I seesaw mechanisms with the light neutrino
masses being directly proportional to a small lepton-
number breaking scale. Two of the most popular scenarios
are inverse seesaw [7—-10] and linear seesaw [11,12].
Moreover, the right-handed neutrinos with masses below
the electroweak scale could also explain the baryon asym-
metry of the Universe via leptogenesis [13] and be a natural
dark matter candidate [14—17]. From the experimental point
of view, we will focus on the low-scale seesaw scenarios.
The existence of Majorana neutrinos will at the same
time lead to the violation of the lepton number (AL = 2),
which provides a unique opportunity to search for the
Majorana neutrinos via lepton-number-violating processes.
For example, the widely studied processes in low energy
regions include the well-known neutrinoless double beta
decays (Ovpf) [18-20], the rare meson decays [21-24], and
the tau lepton decays [25-27]. In addition, the same signals
can also be searched for at various collider experiments
[28-39]. The key point of the lepton-number-violating
processes mentioned above is a W decay via Majorana
neutrino exchange, which can be specifically expressed as
W= - ¢7¢5(q'q)". Generally, both the light Majorana
neutrinos and the heavy Majorana neutrinos can contribute
to the W decay amplitude. However, the light Majorana
neutrino contributions are strongly suppressed and can be
safely neglected due to their small neutrino masses, which
are at most O(eV) [32]. The CP violation effect will be the
smoking gun for new physics beyond the standard model. If
more than one heavy Majorana neutrino participates in the
lepton-number-violating W decay, then it may be possible
to produce new sources of CP violation, which can play an
important role in explaining the baryon asymmetry of the
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Universe. To be specific, the CP asymmetry can be
generated from the significant interference of contributions
from different Majorana neutrinos. There have been a great
number of theoretical works on examining the prospects for
observing CP violation via lepton-number-violating proc-
esses, where the CP violation can be measured in the
decays of mesons [40-47] and tau leptons [48,49].
Recently, the possibility for measuring CP violation in
W+ and W~ decay at the LHC was explored [50]. However,
the CP violation effect is influenced by the initial parton
distribution functions (PDF), which leads to the different
production cross section of W* and W~. To avoid the
pollution from PDEF, in this paper, we investigate the
prospects for measuring CP violation in top quark pair
production and rare decay at the LHC, where the number of
W~ and W+ bosons coming from the decay of 7 and 7 is
exactly equal. Since the LHC is a top rich environment, this
provides a great opportunity for using the copious 77 events
to investigate the CP violation in top quark decay. For
simplicity, we only consider two heavy Majorana neutri-
nos, while the general situation with more heavy Majorana
neutrinos can be analyzed in a similar way.

This paper is organized as follows. A phenomenological
heavy Majorana model is briefly introduced in Sec. II. The
decay of top quark via two different Majorana neutrinos is
discussed in Sec. III. Section IV is devoted to the numerical
results and discussions at the LHC. Finally, a short
summary is given.

II. HEAVY MAJORANA NEUTRINO MODEL

Following the same notation in Ref. [32], with two right-
handed Majorana neutrinos, the mixing relations between
the neutrino flavor eigenstates and mass eigenstates can be
given by

3 2
Ve = th’mymL + Z Rfm’an’L’ (1)
m=1 m'=1
where £ =e, u, v and VV' + RR" = I. In terms of the
mass eigenstates, the weak charged-current interaction
Lagrangian can be written as

T 3
9 S
_['cc = 7§W; Z Z Vz,’ml/myMPLf
=e m=1

T 2
+LwiSTS R NP+ He (2)
\/z C=e m'=1

Here, V,,, is the light neutrino mixing matrix that can be
measured from the oscillation experiments. As mentioned
above, the contributions of the light Majorana neutrinos to
the lepton-number-violating processes can be neglected
due to their small masses. Note that R,,, indicates the
mixing between charged leptons and heavy Majorana
neutrinos and can be parametrized as [51]

Rz,’m’ = |Rfm’|ei¢m/v L= e, uT, m' = 1,2. (3)

The complex phase ¢,,  can serve as one of the new
sources of CP violation, which can be determined from
possible collider experiments.

The masses of the heavy Majorana neutrinos my and the
mixing elements R, are strongly restricted by experi-
mental observations (for review, we refer to Ref. [52]). So
far, the most stringent bound on mixing with electrons can
be derived from Ovpf-decay experiments [53],

|Rei|2 -5 -1
E ——— <5x10™ TeV~". (4)
mN!,

i

It is worth mentioning that the Ovff constraint is usually
model dependent and may be significantly weakened in
certain cases [54]. For my < my, a95% C.L. on the mixing
parameters R, can be obtained from a reanalysis of the
Large Electron-Positron Collider data [55],

|Rel

2’ |R

pul 27 |R‘L'1 |2 < 0(10_5) (5)
A global fit to lepton flavor and electroweak precision data
has been performed to constrain the size of R, for heavy

neutrino mass above the electroweak scale [56]. At
95% C.L., the limits are

D IRGP <25x107, IR, <44 x 1074,

Z|Rﬂ.|2 <5.6x 1072 (6)

At the LHC experiments, the most restrictive direct limits
on the mixing parameters |R,|*> and |R,|* for heavy
Majorana neutrino masses between 20 GeV and 1600 GeV
are varying from 2.3 x 107> to unity [57]. In this paper, we
will adopt a phenomenological approach where the masses
and mixing parameters of the heavy neutrinos are simply
parametrized as free parameters. To be conservative, the
values of the mixing parameters are set as

IR,|>=1.0x 107",

Rl> = [Ru> = 1.0x 1075, fori=1.2 (7)

III. CP VIOLATION IN TOP (ANTITOP)
QUARK DECAY

Given the charged-current interaction Lagrangian in
Eq. (2), the decay of top and antitop quark with AL = 2
via heavy Majorana neutrinos can be, respectively,
expressed by
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FIG. 1.
t(p1) = b(p2) + 15 (p3) + Ni(pw)
= b(p2) + 15 (p3) + 15 (pa) + a(ps) + 7' (ps),

i(p1) = b(p2) + Iz (p3) + Ni(pw)

= b(p2) + 15 (p3) + 15 (pa) + a(ps) + q'(pe), (8)

where @, f = e, u, 7,and i = 1, 2. p,, p, etc., represent the
four-momentum of the corresponding particles. The cor-
responding Feynman diagrams for the top quark rare decay
are shown in Fig. 1, where Fig. 1(b) is a crossed channel of
Fig. 1(a) by [, <> l5. The differential decay width for the
process in Eq. (8) can be given by

1 -
dU(t = blylyj1jr) = 5—|M|*dLipss. )
2m;
Here, dLipss represents the five-body Lorentz invariant

phase space of the final particles. Note that |M|? is the
squared scattering amplitude averaged (summed) over the
initial (final) particles and can be expressed as

g I
29 2 2
|Mf§f;| —mév|Vzh| Vel (1—55{43)

x |Dw (p3) P [Dw(p)?)?
X {mzzv, |Ra1 Ry T, —|—m12V2 |Ra2Rﬁ2|272
+le mNz |Ra1Ra2Rﬁ|Rﬁlee{eiiAd)T]z]}, (10)

where  p, = p,—ps, Pl =Ds+ ps. Note that
Dyw(p*) = 1/(p* — m¥, + imyTy), where my, Ty are
the mass and total decay width of W boson. Note that
Vi (V) is the Cabibbo-Kobayashi-Maskawa (CKM)
matrix element, and R,; (@ = e, u, 7 and i = 1, 2) is the
mixing matrix element defined in Eq. (3). Also note that

l5 (ps)

q(ps)

(b)

Feynman diagrams for top quark rare decay via two heavy Majorana neutrinos N; and N,.

Ap = oo — Pa1 + Ppo — ¢ is the CP phase difference
induced by the significant interference between N and N,.
The explicit expressions of 7; (i = 1,2) and 7 |, are shown
in Appendix.

With only one heavy Majorana neutrino, the process in
Eq. (8) has been well studied in the literature [31,39].
However, as can be seen in Eq. (9) and Eq. (10), the squared

scattering amplitude | M |?, and thus the differential decay
width dI’, of top (antitop) quark decay is irrelevant to the
complex phase A¢p, which means that there is no CP
violation in this case. Therefore, in order to generate the
CP-violating asymmetry, there must exist at least two
different heavy Majorana neutrinos, and the CP phase
difference A¢ indicated in Eq. (10) cannot be zero. In the
subsequent discussions, we generalize the previous works
and consider the case of two intermediate on-shell
Majorana neutrinos N; and N,. The significant interference
between the N; and N, contributions can lead to a differ-
ence in the rates of top quark decay and its CP-conjugate
process, which is a signal of CP violation. Furthermore, the
CP violation effect can be appreciable when the two
neutrino masses are nearly degenerate.

As demonstrated in Ref. [31], in the narrow-width
approximation, the total decay width of top quark can
be factorized as

[(t = bl,lgjijo) = T'(t — bl,N)

BI'(N - lﬂ]l]Z) = (2 - 6aﬁ)S(1ﬁF0' (11)

Iy is the reduced decay width and basically independent of
all the mixing parameters. Note that S,; is the so-called
“effective mixing parameter” and is defined as

_ |R05NR/E'N|2

S,y = o aNTNT (12
P =S RonP )
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FIG. 2. Normalized branching ratio of (a) top quark decay t — bl

Ap=0,47/2,—x/2, .

In our calculations, we employ the same definition for S
in the case with N| and N,. For the t — bl*["qg' process,
we choose massless light quark pair ¢’ = ud, c5. For
simplicity, the CKM matrix is considered as diagonal with
unit entries, and only the top quark mass is taken into
account. Moreover, the following assumptions are applied:

(13)

We defined the branching ratio of top quark decay ¢ —
bly l;qc']’ and antitop quark decay 7 — bl 1334’ as follows:

my, = le +FN]/2’ FNZ %FN].

2

[(t— bltltqq)
| ’

I'(i— bl"l7g3q)
I, ’

Br(t —» bltlTqq") =
Br(i — bl-I"gq') = (14)

where I'; is the total decay width of the top quark. The
normalized branching ratios Br(r — bl*17qq’)/S,s and

0.6 .
04t 4
N --A¢=0
- - AQ=+1/2
02 = ¥ Ad=-T/2
& L - Ap=n
< O ]
oz | 1
04 ;—--‘ ----- & A-‘A*A*A*A*A—-:
06 L L L L 1 L L
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le[GeV]
(a)
FIG. 3.
my, =20 GeV.
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b l;; ¢’ and (b) antitop quark decay 7 — bl; 1344 via Ny and N, for

Br(7 — I_)l‘l‘c']q’)/Saﬁ as a function of my, are shown in
Fig. 2, where the CP phase difference is set to
A¢p =0,+x/2,—r/2, z. From this plot, one can find that
for fixed A¢, as the Majorana neutrino mass increases, the
normalized branching ratio decreases. When my, > my,
the branching ratio becomes less than 10‘3Sa,3 for A¢p =0
and 10‘4Saﬁ for A¢p = n. At the low Majorana neutrino
mass region, the search for Majorana neutrinos has been
studied extensively in heavy meson decays. In order to
effectively measure the CP violation in top quark decay, the
Majorana neutrino mass range of our interest is limited to
10 GeV < my < 80 GeV. Moreover, the branching ratio
for A¢p = +7x/2(—n/2)[x] is just about 60% (30%) [10%]
of that for A¢p = 0 in the case of top quark decay, but 30%
(60%) [10%] in the antitop quark decay case.

The difference between the rates of ¢ — bl l;qt"/ and its
CP-conjugate process  — El;II}Qq’ can then induce the
CP asymmetry Acp, which can be defined as

3}
< Of
-02 |~ .
-04 | —
0.6 |- =
C L | L L L L | L L L L | a
-7 —m/2 0 /2 b
Ao
(b)

(a) The value of Acp as a function of my, for A¢ =0, +x/2,—x/2,x. (b) The value of Acp as a function of A¢g for
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I't— bljl;;qc"]’) -T(f - l_al;l/;c"]q’)

Ace T I(r— bl qd i) )
alyad’) + (1 — blyl;qq)

The numerical results of Acp as a function of my, for
various values of A¢ are shown in Fig. 3(a). For compari-
son, we also display the value of Acp as a function of A¢
for my =20 GeV in Fig. 3(b). It is found that, for
A¢p =0, n, the CP asymmetry disappears. Furthermore,
we see that the size of Acp is basically independent of the
Majorana neutrino mass, and Acp — —Acp for negative
values of A¢. The maximal values of Acp ~ 0.6 can be
reached for A¢ ~ +4x/5.

IV. CP VIOLATION IN TOP ANTITOP PAIR
PRODUCTION AND RARE DECAY AT THE LHC

As a top rich environment, the LHC will offer a great
opportunity to precisely explore the prospects for measur-
ing such a CP asymmetry. At the LHC, the ¢7 pairs are

1071?”'I""I""I"”I"—0—l+l+,A(])=O -
— 102 E a [T AO=+71/2 ]
2F v [T A=-1/2
= - ot
T30 - I Ad=n
:1 10 3
=, 2w
R i
U S
1107 TEewl
o E 14TevLHC RO
o r L3
C 10 my=my + T2 E
1077_....|....|....|....|....|....|...._
10 20 30 40 50 60 70 80
mN‘[GeV]
(a)
1 T T T T e
——I'T,A0=0
_ ae [T, AQ=41/2
& 107 wve T, AQ=1/2
e ~n- [T Ap=n
= N
=1 E
19 =
o 4
T ]
I:: _E
T 100 TeV LHC :
% 107 = 3
[ my, =My + FN1/2 3
p
10—5....I....I....I....I....I....I....-
10 20 30 40 50 60 70 80
mN‘[GeV]
(©)

dominantly produced by the strong interactions [58—60]. In
this paper, we consider the following process:

pp = 11— bb + I*I* 4 4, (16)

where one top quark produces leptons, and the other one is
required to decay hadronically. Since the detection of muon
leptons is most efficient at the LHC, we will thus concen-
trate on the clean dimuon production channel. In Fig. 4, we
display, respectively, the total cross sections for the same-
sign dilepton production process as a function of my, at
14 TeV and 100 TeV LHC, where the CP phase difference
is set to A¢p =0,+x/2,—n/2,n. Here, we employ the
CTEQ6L1 for the parton distribution functions in the
proton [61].

To investigate the CP violation at the LHC, the CP
asymmetry can be defined as

T _or~ bbu"u*4j) — o(pp = bbu~u4j)
CP —

= : ——=. (17)
o(pp = bbu'p*4j) + o(pp — bbu~u~4j)

107 g T T T T —
E —— [1,A9=0 i
L - [ AQ=+112 ]
= 10 E __ H
=& F v [T,AQ=T/2
= L0 - [, Ad=Tt I
SI0F
Wz ] ]
O gy E
1 A S 3
T10°F
& [ 14TevLHC 3
S0 my =my + /2 E
1077_....|....|....|....|....|....|...._
10 20 30 40 50 60 70 80
le[GeV]
(b)
1 T T T =
—— [1,A9=0 i
_ a1 AQ=+1/2
g 107 v [TAQ=T/2 B
> - [[,Ad=Tt
(e = o -
'? T 3
? T SR AL R TR E
o F 100 TeV LHC >
s L )
© 10 3 My, = my + FN‘/2 = ?
- o
10—5 -. e b by by by by by .-
10 20 30 40 50 60 70 80
le[GeV]
(d)

FIG. 4. The total cross sections for (a) pp — 17— bbutut4j and (b) pp — 11— bbu~u=4j at 14 TeV LHC,
(c) pp — ti = bbutu*4j and (d) pp — 1T — bbu~u~4j at 100 TeV LHC, as a function of my, . Here the CP phase difference is

setto Ap =0,+x/2,—x/2,x.
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FIG. 5.
my, =20 GeV.

The numerical results of Agp are shown in Fig. 5. One finds

that the tendency of the CP asymmetry Acp in Fig. 5 is the
same as that in Fig. 3. This is exactly what we expected.
The reason is that the CP asymmetry only stems from
the rate difference between top quark decay and its
CP-conjugate process.

Our signal consists of two same-sign dilepton plus six
jets (including two b jets) associated with no significant
missing transverse energy. As the jets originating from the
top quark five-body decay r — bItITjj are much softer
than those in the decay of 7 — b, the six jets in final state
may be merged into four jets plus one fat jet. In our
calculations, the number of the final state jets is limited to
n; = 5. Though there is no source of missing transverse
momentum in our signal process, the missing transverse
momentum may appear due to the detector-level mismea-
surements. To simulate the detector effects, we smear the
lepton and jet energies according to the assumption of the
Gaussian resolution parametrization,

S(E) _ a
F VE®”

where a = 5%, b = 0.55% for leptons, and a = 100%,
b = 5% for jets, respectively [62,63]. In order to identify
the isolated lepton or jet, the angular separation between
particle i and particle j can be defined as

— 2 2

In the following numerical calculations, we apply the basic
acceptance cuts (referred to as cut I):

(18)

(19)

s> 10 GeV, In’| < 2.8,
/| <3.0,04 < AR,; < 2.5,

Pl > 15 GeV,

n;=>5. (20)

06 — my =20 GeV |

04

0.2

CP

< Of

02 a
04 |- =
06 =
[ 1 M PR M 1 7
- —7/2 0 /2 T

A

(b)

(a) The value of Acp as a function of my, for A¢ =0, +x/2,—x/2, 7. (b) The value of Acp as a function of A¢g for

To maximize the contributions to our signal rate, we further
demand the missing transverse energy satisfies (referred to
as cut II)

Er <20 GeV. (21)
The dominant backgrounds in the standard model for our
signal process are pp — titW*j — bbu*u*jjj+ E; and
pp = bbW*W*jjj — bbu*u*jjj + Fr, which are simu-
lated by MADGRAPH5_aMC@NLO [64]. After analyzing these
kinds of backgrounds, we find that the backgrounds
bbW*W*jjj are much smaller and can be neglected.
The parton shower and hadronization are performed with
PYTHIA-8.2 [65] and the fast detector simulation are simu-
lated with PGS [66]. Jets clustering is done by Fastet [67]
with the anti-k, algorithm [68].

[ T T T T T T 1
e — L=300fb" {

12 - 1
A L=3000 fb"" |
0/ 4

2 s =
s F .
6 — 56

N e 30 ]

2 F =

20 30 40 50 60 70 80
my, [GeV]

FIG. 6. The statistical significance S/v/B as a function of m N,
with the integrated luminosity of £ =300 fb~' and L=
3000 fb~! at 14 TeV LHC, where the CP phase difference is
set to A¢p = z/2.
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TABLE I.

The cross sections for the signal and background processes at 14 TeV and 100 TeV LHC after all cuts. Also shown is the

statistical significance S/+/B with integrated luminosity of £ = 300 fb~! and £ = 3000 fb~'. For illustration, we have used my, =

30 GeV and A¢p = /2.

14 TeV 100 TeV
o(pp = bbI*IF4)) [fb]  o(pp — fiWE)) [fb]  o(pp — bbIFI4)) [fb]  o(pp — IWE]) [fb]

Cut I 1.21 x 102 1.81 x 107! 3.22 x 107! 3.01

Cut II 7.54 x 1073 8.48 x 1073 1.98 x 107! 2.99 x 1072

Cut III 435 %1073 3.16 x 10~ 1.15 x 107! 2.82 x 1073

S/v/B with £ = 300 fb~! 4.24 37.18

S/+/B with £ = 3000 fb~! 13.40 117.60

To purify the signal, we employ the procedure described
in Ref. [31] to fully reconstruct the two tops. First, the three
jets with invariant mass closest to m, are selected to
reconstruct the hadronic top. Second, all the remaining
ingredients are grouped to reconstruct the leptonic top. The
following cut on the top reconstruction is applied (referred
to as cut III):

My, — m,| < 20 GeV. (22)

Taking A¢ = z/2 as an example, with the integrated
luminosity of £ = 300 fb~! and £ = 3000 fb~!, the stat-
istical significance S/ V/B as a function of my, at 14 TeV
LHC is displayed in Fig. 6, where S and B denote the signal
and background event numbers after all the cuts in
Egs. (20)—(22), respectively. We find that a 3¢ discovery
can be made for 19 GeV < my, <54 GeV with L =
300 fb~! at 14 TeV LHC. With £ = 3000 fb~!, the heavy
Majorana neutrino mass can reach my, ~ 64 GeV for 5S¢
discovery. Moreover, at my, = 35 GeV, the statistical
significance takes the maximum value S/v/B=~13.5.
The cross sections for the signal and background processes
at 14 TeV and 100 TeV LHC after all cuts are shown in
Table 1. Also shown is the statistical significance S/v/B
with integrated luminosity of £ =300 fb~' and
L = 3000 tb~!. For illustration, we have used my, =
30 GeV and A¢ = n/2. It is shown that after all the cuts,

TABLEII. The value of Acp at 14 TeV and 100 TeV LHC after
all cuts for my, = 30 GeV and A¢p = +x/4,+x/2, +4x/5.

14 TeV 100 TeV
Ap = —4xn/5 0.67 0.67
Ap = —n/2 0.40 0.40
Ap = —n/4 0.18 0.18
Ap = /4 -0.18 -0.18
Ap =1r/2 —0.40 —0.40
Ap = 4xn/5 -0.67 -0.67

the signal cross section remains only 4.35 x 1073 fb~! at
14 TeV LHC, which is hard to be detected. However, it is
possible to do the study at 100 TeV LHC, and the
corresponding statistical significance can reach 37.18
(117.60) with £ =300 fb=! (£ = 3000 fb~!). Finally,
we show the value of Aqp at 14 TeV and 100 TeV LHC
after all cuts in Table II, where my, = 30 GeV, and A¢ =
+n/4,£n/2,+4x/5 are used for illustration. The CP
violation effect can be used as the evidence for new physics
beyond the standard model.

V. SUMMARY

The existence of heavy Majorana neutrinos provides one
of the most promising explanations for the origin of
neutrino masses. In this paper, we investigate the CP
violation in top quark pair production and their rare
lepton-number-violating decay at the LHC. The significant
interference of contributions from two nearly-degenerate
Majorana neutrinos can lead to a CP-violating effect
between t — bITITX and 7— bl"I~X processes. It is
found that in the Majorana neutrino mass range of
10 GeV < my < 80 GeV, the CP asymmetry is indepen-
dent of the Majorana neutrino mass at the LHC. Taking
my, = 30 GeV and A¢ = 7/2 as an example, we explore
the discovery prospects of CP violation at 14 TeV and
100 TeV LHC. We find that the signal events are hard to be
detected at 14 TeV LHC, while it is possible at 100 TeV
LHC. Furthermore, we investigate the CP asymmetry Acp
for A¢p = +x/4,£7/2 and +47/5 after the accepted cuts
for my, =30 GeV at the LHC. Once this kind of CP
violation effects induced by the Majorana phase in top
quark rare decay are observed at the LHC or future high
energy colliders, they will be the clear evidence of new
physics beyond the standard model.
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APPENDIX: CALCULATION OF THE SQUARED
SCATTERING AMPLITUDE

In this Appendix, we show explicitly the squared
scattering amplitude given in Eq. (10). The functions 7 ;
(i =1, 2) and 7, can be, respectively, expressed as

T; =Dy, (p3)P* - F + Dy, (pA?)I - G
—Re[Dy, (p3) Dy, (py*)] - T
—Im[Dy, (p})Dy, (Py?)] - T

T, = 2Dy, (1712\/)D;Kv2 (pn?) - F + 2Dy, (vaz)vaz(Pﬁlz) Y
— [Dy, (p) Dy, (Py*) + Dy, (PA*) Dy, (P)] - T
+i[Dy, (p¥) Dy, (PN*) = Dy, (PN*) Dy, (P3)] - T

(A2)

where py = p; — py = p3 and pyy = p; — py — ps. Note
that Dy (p?) (i = 1, 2) is the Breit-Wigner propagator and
can be defined as

1
D X 2 = R 5
Ni (P7) p2 - m,z\,i + lmN,_FN,_

(A3)
with my, and I'y, being the mass and total decay width of
the two Majorana neutrinos N; and N,.

The explicit expressions of F, G, Z, and 7 introduced in
Eq. (A1) and Eq. (A2) can be given by

F = {_2’"%”1%4/(191 ps)(p2- p3) — Zm%V(mtz - 2’"%4/)([’1 “p3)(p2-ps) + m%[“’"%v(l’z - p3)(p2 - ps)

+ (p1 - p2)[(=mf 4 2miy +2(p1 - p2))(p3 - ps) +2(p3 - Pu)(Ps - Pw)1}(Pa - Pe)

+ (1 - p2)[(=mf +2m3y 4+ 2(p1 - p2))(pa - ps) +2(pa - pu)(Ps - Pw)1}(P3 - Pe)

1= ngv{(mzz - 2”1%1/)(1?2 “ps)[(p1 - P3)(Pa- ps) + (P1 - Pa)(P3- Ps) — (P1 - P6)(P3 - Pa)]
- mzz[(Pz “ps) = (ps - pw)ll(P2 - P3)(Ps - P6) + (P2 P4)(P3 - Ps) — (P2 P6)(P3 - Pa)l}

+2mz(p1 - p2)(ps - Pw)l(P3 - Pa)(Pe - Pw) — (P3 - P6)(Pa - Pw) — (Pa- P6)(P3 - D)l

J = Zm%V{zmév(Pz - ps) — mﬂ(Pl “ps)—(p2- pS)]}eplpngm + {4’"%;/(172 - Ps) — m?(Pl - p2)
+2m7[(py - p2)(miy + (p1 - p2) + (1~ Ps)) — (miy + (P1 - P2)) (P2 - P5)]}ep,pspaps

(A4)
g= {—Zmzzm%v<l71 “ps)(p2-pa) — Zm%v(mzz - Zm%v)(Pl pa)(P2- ps) + mzz[4m%v(l’2 - pa) (P2 Ps)

(AS)
+ m%(mzz - 2m€v =2(p1 - P2))(P1 - P2)(P3 - P6)(Pa- Ps) + (P3- Ps)(Pa- Ps) — (P3- Pa)(Ps - Do)

(A6)
+mi{mi(py - p2) = 2[myy + (p1 - p)Il(p1 - p2) + (P1 - ps)] 4 2[miy + (P1 - P)I(P2 - Ps)Yeppipips: (A7)

_ Woyopoo
where €, .., = €upol) P2P3PG-
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