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The neutrino masses and flavor mixings, which are missing in the Standard Model (SM), can be naturally
incorporated in the type-I seesaw extension of the SM with heavy Majorana neutrinos being singlet
under the SM gauge group. If the heavy Majorana neutrinos are around the electroweak scale and
their mixings with the SM neutrinos are sizable, they can be produced at high energy colliders, leaving
characteristic signatures with lepton-number violations. Employing the general parametrization for the
neutrino Dirac mass matrix in the minimal seesaw scenario, we perform a parameter scan and identify
allowed regions to satisfy a variety of experimental constraints from the neutrino oscillation data, the
electroweak precision measurements and the lepton-flavor violating processes. We find that the resultant
mixing parameters between the heavy neutrinos and the SM neutrinos are more severely constrained
than those obtained from the current search for heavy Majorana neutrinos at the LHC. Such parameter
regions can be explored at the High-Luminosity LHC and a 100 TeV pp-collider in the future.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

With the measurements of nonzero reactor angle 643 [1-5], all
neutrino oscillation data expect the Dirac C P-phase have been de-
termined [6], which indicate physics beyond the Standard Model
(SM). The type-l seesaw extension [7-13] of the SM is arguably
the simplest idea to naturally incorporate the tiny neutrino masses
and the flavor mixings into the SM, where heavy Majorana neutri-
nos which are singlet under the SM gauge group are introduced.
The heavy neutrinos are integrated out at low energies, leading
to a dimension five operator [14] among the SM lepton and the
Higgs doublets at low energies. After the electroweak symmetry
breaking, light Majorana masses for the SM neutrinos are gener-
ated thought the type-I seesaw mechanism.

Although the heavy Majorana neutrinos are singlet under the
SM gauge group, the heavy mass eigenstates after the seesaw
mechanism couple with the weak bosons and the Higgs boson
through the mixing with the SM neutrinos. If the heavy neutri-
nos are around or below the electroweak scale and the mixing
with the SM neutrinos is not extremely small, the heavy Majorana
neutrinos can be produced at high energy colliders. The smoking
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gun collider signature of heavy neutrino production at the collider
experiments is the same-sign dilepton in the final state which re-
flects the lepton-number violation due to their Majorana masses.
The heavy neutrino signature, once observed at collider experi-
ments, can provide us with a clue to explore the origin of the
neutrino masses and flavor mixings.

The mixing of the heavy neutrinos with the SM neutrinos af-
fects not only the production cross section at high energy colliders
but also a variety of phenomenologies such as the neutrino os-
cillation data [15,16], the precision measurement of weak boson
decays, and the lepton-flavor-violating decays of charged leptons
[17-21] [22-27] [28-33], which severely constrain the mixing pa-
rameters. Therefore, in order to discuss the possibility of the heavy
neutrino production at high energy colliders, it is essential to iden-
tify allowed regions for the mixing parameters from the current
phenomenological constraints. In this letter, for simplicity, we con-
sider the minimal seesaw scenario [34,35] and introduce two right-
handed neutrinos to the SM, which is the minimal setup to repro-
duce the observed neutrino oscillation data with a prediction of
one massless neutrino. Employing the general parametrization for
the neutrino Dirac mass matrix in the seesaw model, we perform
a parameter scan to identify the allowed regions for the mixing
parameters.
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Let us begin with a brief review of the minimal seesaw. We
introduce two flavors of right-handed neutrinos N,Je (j=1,2). The
relevant part of the Lagrangian is written as

3 2 2
JS— . 1 -
RS YgngN§—5§ myNKENK + Hec., (1)
i=1 j=1 k=1

where ELi (i=1,2,3) and H are the SM lepton doublet of the
i-th generation and the SM Higgs doublet, respectively, and the
Majorana mass matrix of the right-handed neutrinos is taken to
be diagonal without loss of generality. After the electroweak sym-

metry breaking, we obtain the Dirac mass matrix as mp = %v,

where v =246 GeV is the Higgs vacuum expectation value. Using
the Dirac and Majorana mass matrices, the neutrino mass matrix
is expressed as

Muz(of m”). )

mp My
Assuming the hierarchy of |mg/m,\§‘| « 1, we diagonalize the mass
matrix and obtain the seesaw formula for the light Majorana neu-
trinos as
-1
my >~ —mpmy mg. 3)
We express the light neutrino flavor eigenstate (v) in terms of
the mass eigenstates of the light (v;) and heavy (N;) Majo-
rana neutrinos such as v ~ Nvy + RNy, where R = mDm;ﬂ,

N = (] — %6)UMN5 with € = R*RT and Uwmns is the neutrino

mixing matrix which diagonalizes the light neutrino mass matrix
as

Ulinsmv Unins = diag(my, ma, ms). (4)

In the presence of ¢, the mixing matrix N is not unitary, namely
NN £1.

In terms of the neutrino mass eigenstates, the charged current
interaction can be written as

g PR
ﬁccz_ﬁwuzaw‘m (Nejvm; + RajNm;) +He, (5)

where ¢y (¢ = e,u,7) denotes the three generations of the
charged leptons, and P; = (1 — y5)/2. Similarly, the neutral cur-
rent interaction is given by
— oz [Ty PV v,

2 cos By ! J

+ Ny *PL(RR)ijNim,

Lnc =

+{ Ty " PLVTR) N, + He || (6)

where 6y is the weak mixing angle. Through the mixing R,
the heavy neutrinos can be produced at high energy colliders,
which have been extensively studied [36-70]. For example, the
production cross section of the i-th generation heavy neutrino at
the Large Hadron Collider (LHC) through the process qq" — ¢N;
(ud — €4 N; and id — £ N;) is given by

0 (qq — LaNi) = ornc|Rail?, (7)

where opyc is the production cross section of the SM neutrino
when its mass is set to be m,\j. Similarly, the production cross
section at an ete~ collider such as the Large Electron-Positron
Collider (LEP) and the International Linear Collider (ILC) is given
by

o(eTe” — VgNj) = o1clRail?, (8)

where oj¢ is the production cross section of the SM neutrino at
an eTe~ collider when its mass is set to be my, and we have used

the approximation NTR ~ UL,NSR for eqpl < 1 as we will find
in the following.

The elements of the matrices A/ and R are constrained by the
experimental data. In the following analysis, we adopt, for the cur-
rent neutrino oscillation data, sin® 2613 = 0.092 [4] along with the
other oscillation data [6]: sin? 2012 =0.87, sin? 20,3 =1.0, Am%2 =
m3—m? =7.6x107° eV?, and Am2, = [m% —m%| =2.4x 1073 eV2.
The neutrino mixing matrix is given by

C12C13 $12C13 Sy3eid
Upmns = (—512C23 — C12523513€"  C12Ca3 — S12523S13€™ 523C13)
S12C23 — C12C23S13€®  —C12523 — S12C23513€®  Ca3C13
1 0 O
x|0 e 0 9)
0 0 1

where Cjj = cosf;j and S;j = sin6;;. We consider the Dirac
CP-phase (§) and the Majorana phase (p) as free parameters.

The minimal seesaw scenario predicts one massless eigenstate.
For the light neutrino mass spectrum, we consider both the normal
hierarchy (NH) and the inverted hierarchy (IH). In the NH case, the
diagonal mass matrix is given by

Dy = diag (O, \/Amﬁz, \/Am%Z + Am%) , (10)
while in the IH case

Dy = diag <\/Am§3 — Am3,, \/Am§3, 0) : (11)
In order to make our discussion simple, we assume the degeneracy

of the heavy neutrinos in mass such as My = mN1 = mNz, so that

the light neutrino mass matrix is simplified as
1 T * T
my, = M_NmDmD = Upns DNaHU pins» (12)

for the NH/IH cases. From this formula, we can parameterize the
neutrino Dirac mass matrix as [71]"

mp =/ MnUynsy/ Dnujn O, (13)

where the matrices denoted as ,/Dnp/H are defined as

0 0
VD= | (am?y)i 0 :
1
0 (Am3; + Am3,)a
(Am2, — Am2)i 0
1
VD= 0 (Am3y)a |- (14)
0 0
and O is a general 2 x 2 orthogonal matrix given by
_( cos(X+iY) sin(X+iY)
T\ =sin(X+1iY) cos(X+iY)
_( coshY isinhY cosX sinX (15)
“ \ —isinhY coshY —sinX cosX )’

1 This formula only holds at the tree level and a generalization at the one-loop
level has been introduced in Ref. [72]. Although the loop corrections can be po-
tentially important in our analysis, the loop corrections vanish when the heavy
neutrinos are degenerate [72], and our analysis is reliable at the tree level.
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Fig. 1. The experimental constraints on the mixing matrix elements |Ryil? = |Vqil? in the NH case. The allowed region is shaded. The results are shown with respect to

—T <8 <T.

where X and Y are real parameters.

Due to its non-unitarity, the elements of the mixing matrix N
are severely constrained by the combined data from the neutrino
oscillation experiments, the precision measurements of weak bo-
son decays, and the lepton-flavor-violating decays of charged lep-
tons [17-21]. We update the results by using more recent data on
the lepton-favor-violating decays [73-75]:

0.994+0.00625 <1.288x 107> <8.76356 x 1073
IWNNT = <1.288x1075 0.995+0.00625 <1.046x 102 |,
<8.76356 x 1073 < 1.046 x 1072 0.995 + 0.00625
(16)

where the diagonal elements are from the precision measure-
ments of weak boson decays (the SM prediction is 1) while the
off-diagonal elements are the upper bounds from the lepton-favor-
violating decays, namely, the (1,2) and (2,1) elements from the
[ — ey process, the (2,3) and (3,2) elements from the T — wy

process, and the (1,3) and (3,1) elements from the T — ey pro-
cess. Since NN T~1 — ¢, we have the constraints on € such that

0.006 +0.00625 <1.288x 107> <8.76356 x 1073
le]=( <1.288x10™> 0.00540.00625 < 1.046 x 1072
<8.76356 x 1073 < 1.046 x 10~2  0.005 =+ 0.00625

(17)

The most stringent bound is given by the (1,2)-element which
is from the constraint on the lepton-flavor-violating muon decay
i — ey. Using the general parametrization of the Dirac mass ma-
trix in Eq. (13), we have

*T 1 T
€6, 0,Y)=R"RINujn = WmDmD

N

1
m_NUMNS\/DNH/lH 0*0" /DU pns-

(18)

Here, note that €(§, p, Y) is independent of X since
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Fig. 2. The experimental constraints on the mixing matrix elements |Rqi|2 = |V¢i|? in the NH case. The allowed region is shaded. The results are shown with respect to Y.

2 12
O*OT:(COSh Y +sinh*Y (19)

—2icoshY sinhY
2icoshY sinhY ’

cosh? Y + sinh? Y

Now we perform a scan for the parameter set {8, p, Y} and identify
an allowed region for which €(8, p, Y) satisfies the experimental
constraints in Eq. (17).2

In our analysis, we set My = 100 GeV and vary the three pa-
rameters in the range of —m <§, p <7 with the interval of J;
and 0 < y < 14 with the interval of 0.01875. For the NH case, we
show in Fig. 1 our results on the mixing matrix element |Rg;l?
with respect to —7 < 8 < 7. In each panel, the shaded region
satisfies the experimental constraints in Eq. (17). We have found
|Rail? < 2.94 x 1074, Note that as in Egs. (7) and (8), the heavy
neutrino production cross section is proportional to |R;|? and

2 Similar analysis of the parameter scan have been done in Refs. [22-27], but for
heavy Majorana neutrinos (much) lighter than the weak bosons. In this paper, we
focus on the Majorana neutrinos heavier than the weak bosons from the view point
of the direct heavy neutrino production at the LHC. Our resultant upper bounds on
the mixing parameters are quite different from those obtained in the previous work.

hence the constraints in Eq. (17) provide us with the upper bound
on the cross section. The same results but with respect to Y are
shown in Fig. 2. For the IH case, the corresponding results are
shown in Fig. 3 and Fig. 4, respectively. Similarly to the NH case,
we have found |Ryil? < 3.52 x 10~%. We also show in Fig. 5 and
Fig. 6 our results for a combination of the mixing parameters,
|VeNV;iN|2/(|VeN|2 +|Vyn1?), in the NH and IH cases, respectively.
For comparison, we list in Table 1 the upper bounds on the mixing
parameters from the collider experiments, for My = 100 GeV. We
can see that the upper bounds on the mixing we have obtained
are more severe than those listed in Table 1.

In summary, we have studied the minimal type-I seesaw sce-
nario and the current experimental bounds on the mixing be-
tween the heavy Majorana neutrinos and the SM neutrinos. We
have employed the general parameterization for the neutrino Dirac
mass matrix so as to reproduce all neutrino oscillation data. In
this way, the model is controlled by only three parameters, the
Dirac CP-phase, one Majorana phase, and the (complex) angle of
the 2 x 2 orthogonal matrix with the degenerate heavy neutrino
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Table 1
Upper bounds on the mixing parameters for My = 100 GeV in the type-I seesaw
framework from the various collider experiments.

Experiments Mixning angles Upper bounds

EWPD-e [76-78] [Ven|? 1.7 x 1073
EWPD-11 [76-78] |V n 2 9.0x 1073
EWPD-t [76-78] [Venl? 42x1073
L3 [79] [Venl, t=e, 22x1073
Higgs-LHC [80)] [Venl?, t=e, 3.4x1073
LHC-e (ATLAS, 8 TeV) [81] [Ven |2 4.1 x 1072
LHC-j4 (ATLAS, 8 TeV) [81] IV,n|? 1.9 x 1073
LHC-e (CMS, 8 TeV) [82] [Ven |2 1.1 x 1072
LHC-p (CMS, 8 TeV) [82] [Ven|? 46x1073
VenV* |2
LHC-e, 1t (CMS, 8 TeV) [82] VenVun| 2.4 x 1073

[Ven>+IVyun 2

mass My = 100 GeV. We have performed the parameter scan to
identify the allowed parameter region which satisfies the experi-

mental constraints from the electroweak precision measurements
and the lepton-flavor violations. For the allowed parameter region,
we have found the upper bound on the mixing parameters to be
|Reil? <1074, which is more severe than those obtained from the
search for heavy Majorana neutrinos at the current LHC experi-
ments. The region |Ryil? < 107% we have found can be tested
at the High-Luminosity LHC or at a 100 TeV pp-collider in the
future. We have also performed parameter scan for the effective
neutrino mass relevant to the neutrinoless double beta decay and
found the range of 0.00154 < |mj,|(eV) < 0.00389 (NH case) and
0.0167 < |mp,|(eV) < 0.0473 (IH case), which are consistent with
the current experimental bound < 0.1 eV [83].

From Figs. 2 and 4, we can see that the upper bounds on the
mixing parameters are obtained for Y ~ 12. For such a Y value,
the matrix in Eq. (19) is approximately proportional to e?Y, and
hence € x e?Y /My in Eq. (18) and the upper bound on e2¥ /My is
determined from the constraint of Eq (17). In this case, the mix-
ing matrix is roughly proportional to e¥ //My = /e2Y /My and its
upper bound is fixed accordingly. Although the value of Y to yield



A. Das, N. Okada / Physics Letters B 774 (2017) 32-40

0.001¢ E
10-5¢
1070} E
109+
QA 1070 P
= o
= 10712y 1 = 0
10-15F i 10717
-18 . . . . . . . -21 . . . . . . .
10 0 2 4 6 8 10 12 14 10 0 2 4 6 8 10 12 14
Y Y
1073 1 1073
107° 4 107%
Q_ Q_
I Q
E 10-13 4 E 10°13¢
10—17» 4 10—17
-21 . . . . . . . -21 . . . . . . .
10 0 2 4 6 8 10 12 14 10 0 2 4 6 8 10 12 14
Y Y
1075} 1 1075¢
107%¢ 4 107%F
Q_ Q_
- &
E 10—13, 4 E 10713,
10717¢ E 10717¢
-21 . . . . . . . -21 . . . . . . .
10 0 2 4 6 8 10 12 14 10 0 2 4 6 8 10 12 14
Y Y
Fig. 4. Same as Fig. 2 but for the IH case.
1075»_,___\/\/_’\-
o J
o | B T
*Z S *Z |
S0 13
% Q Z ]
NG g
—| " -~
107 | ]
=30 L L L L L L
10 3 -2 -1 0 1 2 3 14
0 Y

Fig. 5. The allowed parameter region for a combination of the mixing parameters,

[Ven v,jN|2/(\veN|2 +|Vun1?), in the NH case.




38 A. Das, N. Okada / Physics Letters B 774 (2017) 32-40

1073
o
~ % 10—10,
oINS
3| T —150
N+ 10
z |
N oz 1072
| a W
- 10—25,
-30 L L L L L
10775 ) Z1 0 1 2 3
1)

0.001

1076

10~°

10712

|VeN VﬂN*|2
Ven P+ |V |?

—_— 10—15

10—18 I I I 1 I I

Fig. 6. Same as Fig. 5 but for the IH case.

the upper bound is a function of My, the upper bounds on the
mixing matrix elements are almost independent of My. However,
the cross section of the heavy neutrino at the LHC is exponentially
decreasing as My values are increased, because of the energy de-
pendence of the parton distribution functions.

Although we have shown the results only for the case with
the degenerate heavy neutrinos, we have also performed param-
eter scans for the non-generate case with a few sample values of
my? > m,} =100 GeV and found that the upper bound on the mix-
ing parameters reduces from the case with mN2 = mN1 =100 GeV.
This observation suggests that the degenerate mass spectrum is
preferable in terms of the testability of the type-I seesaw scenario
at the future collider experiments. Our parameter scan analysis in
this letter is similar to that in Ref. [36], where the inverse-seesaw
scenario was considered. A crucial difference of the inverse-seesaw
scenario is that we can choose a flavor-blind Dirac mass matrix
by encoding all the flavor structures into the small lepton-number
violating parameter p;; and easily avoid the experimental con-
straints in Eq. (17). However, there is no such freedom in the type-I
seesaw scenario, and the neutrino Dirac mass matrix must satisfy
all the experimental data such as the neutrino oscillation data, the
electroweak precision measurements, and the lepton-flavor viola-
tions. As a result, the heavy neutrino production cross section at
the high energy colliders are constrained very severely.
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