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Testability of the type I seesaw mechanism at the CERN LHC: Revealing the existence
of the B — L symmetry
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We study the possibility to test the type I seesaw mechanism for neutrino masses at the CERN Large
Hadron Collider. The inclusion of three generations of right-handed neutrinos (N;) provides an attractive
option of gauging the B — L accidental symmetry in the standard model (as well as an extended symmetry
X =Y — 5(B — L)/4). The production mechanisms for the right-handed neutrinos through the Z' gauge
boson in the U(1)z_; and U(1)y extensions of the standard model are studied. We discuss the flavor
combinations of the charged leptons from the decays of N; in the AL = 2 channels. We find that the clean
channels with dilepton plus jets and possible secondary vertices of the N decay could provide conclusive
signals at the LHC in connection with the hierarchical pattern of the light neutrino masses and mixing

properties within the type I seesaw mechanism.
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I. INTRODUCTION

The small but nonzero neutrino masses lead to a deep
conjecture: Majorana nature of the neutrino masses may
hold the key for a fundamentally different mass generation
mechanism, although Dirac masses can be generated via
the Higgs mechanism by introducing right-handed neutri-
nos with arbitrarily small Yukawa couplings. There are
three simple scenarios where one can generate Majorana
masses of the neutrinos with renormalizable operators at
tree level, and in agreement with the observations, the
type I [1], type II [2], and type III [3] seesaw mechanisms.
See also Refs. [4,5] for the simplest neutrino mass genera-
tion mechanisms using radiative corrections.

Perhaps the simplest and best-studied mechanism for
neutrino masses is the type I seesaw, where one introduces
at least two right-handed neutrinos (N). Adding in the
corresponding large Majorana mass terms (M), one finds
at least two light Majorana neutrinos with masses given as
m%/M. It is important to mention that the inclusion of
three right-handed neutrinos also provides an anomaly-free
formulation for a gauged U(1)z_; [6].

The nonambiguous test of the Majorana nature of the
neutrinos, and thus a possible test of the seesaw mecha-
nism, will be the observation of the lepton number viola-
tion processes. The neutrinoless double beta decay is also a
crucial test and one of the most sensitive probes. Since the
CERN Large Hadron Collider (LHC) is going to lead us to
a new energy frontier, searching for the heavy Majorana
neutrinos at the LHC appears to be very appealing [7,8].
However, due to the rather small mixing between the heavy
neutrinos and the standard model (SM) leptons in a mini-
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mal type I scheme, typically of the order |V y|> ~ m, /My,
the predicted effects of lepton number violation are un-
likely to be observable. On the other hand, if there are other
particles beyond the SM that can mediate new interactions
between them, the effects may be significantly enhanced.
For instance, with the new gauge interaction U(1)z_;, the
gauge boson Zp_; can be produced copiously at the LHC
via its gauge interactions with the quarks. Its subsequent
decay to a pair of heavy Majorana neutrinos may lead to a
large sample of events without involving the small mixing
angle suppression of N [9,10]. The AL = 2 signals will
directly test its Majorana nature; and the lepton flavor
combination could probe the properties of the light neu-
trino mass spectrum and mixing pattern.

In this paper, we investigate the possibility to test the
type I seesaw mechanism at the LHC in the context of two
simple extensions of the standard model where one has an
extra Abelian gauge symmetry. We focus our attention on
scenarios witha U(1)z_; or U(1)y(X =Y — 5(B — L)/4),
where B, L, and Y stand for baryon number, lepton number,
and weak hypercharge, respectively. In order to cancel the
anomalies, one just needs to introduce three right-handed
neutrinos, which are the source for the Majorana masses. In
both scenarios one has a new neutral gauge boson, Z/,
which couples to the right-handed neutrinos. Then, one
can expect a large number of lepton number violating
events due to the production and decays of the TeV
Majorana neutrinos. The predictions of the heavy neutrino
decays in each neutrino spectrum, normal hierarchy (NH),
inverted hierarchy (IH) or quasidegenerate (QD), are in-
vestigated in great detail. We find encouraging results for
the LHC signatures to learn about the light neutrino
properties.

This work is organized as follows: In Sec. II we discuss
the constraints on the mass and mixing parameters in the
type I seesaw mechanism from the current neutrino oscil-
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lation data. The predictions for the decays of the heavy
neutrinos in the different neutrino spectra are presented in
Sec. III. In Sec. IV we discuss the possibility to test type I
seesaw at the LHC through the same-sign dilepton chan-
nels. We summarize our findings in Sec. V. The mixing
between light and heavy neutrinos is discussed in
Appendix A. We provide the explicit expressions for these
mixings in Appendix B. The minimal extensions of the
standard model to U(1)z_; and U(l)y are discussed in
Appendix C.

II. TYPE I SEESAW MECHANISM AND
PARAMETER CONSTRAINTS

In the case of the type I seesaw mechanism for neutrino
masses one introduces at least two SM singlets, right-
handed neutrinos, v; ~ (1, 1, 0), in order to generate two
nonzero neutrino masses. In this case the relevant Yukawa
interaction and the Majorana mass term are given by

. M
— L0 =YP[,Hvy + TNV};C;}R + H.c. (1)

Here H = io,H* and the lepton number is broken in two
units due to the presence of both terms. Now, integrating
out the right-handed neutrinos one finds that the mass
matrix for the light neutrinos is given by

M, = mDM;,Im{,, 2)

where mj, = Y? vo/\/i is the Dirac mass term and vy, is the
Higgs vacuum expectation value. Therefore, in this frame-
work one could understand the smallness of neutrino
masses, since the mass scale My in the above equation
could be large, My > YPuv,, This is the so-called canoni-
cal type I seesaw mechanism [1]. The mass matrix for
neutrinos is diagonalized by unitary rotations as detailed
in Appendix A. The three light neutrino masses can be
expressed in the following way:

m = VIIMNSM »VEMNS) 3)

where m = diag(m,, m,, m3) and Vpyng can be taken as
the leptonic Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
|
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mixing matrix for the three generations of light neutrinos
[11] without the loss of generality." Working in the basis
where the heavy neutrino mass matrix is diagonal and
using the Casas-Ibarra parametrization [12] one can write
mp satisfying Eq. (2) as

mp = Vpynsm'/2QM'/2, 4

where M = diag(M,, M,, M5) for heavy neutrino masses,
and () is a complex matrix which satisfies the orthogonal-
ity condition Q7€) = 1. It is shown in Appendix A that
using the seesaw formula and the relation between the
leptonic mixing one can find a formal solution for the
mixing between the SM charged leptons (£ = e, w, 7)
and heavy neutrinos (N = 1, 2, 3):

Vin = Vennsm!/2QM 12, )

Therefore, for a given form of (), one can establish the
connection between the heavy neutrino decays and the
properties of the light neutrinos. The impact of the exis-
tence of the () matrix on the decays of heavy neutrinos has
not been studied before in collider phenomenology.
Unfortunately, since the explicit form of this matrix is
unknown one cannot predict the decay pattern of the heavy
neutrinos with respect to the spectrum for light neutrinos.
We will present a few well-motivated typical cases where
one can hope to see the connection in each spectrum for
light neutrinos. It is important, however, to realize that an
underlying theory would pick only one specific form of ).
This (yet unknown) form would have definite prediction
for the N decay patterns, through which the underlying
theory could be revealed.

A. Constraints on the physical parameters
1. Neutrino masses and mixings

In order to understand the constraints coming from
neutrino physics let us discuss the relation between the
neutrino masses and mixing. The leptonic mixing matrix is
given by

—ié

C12€13 C13512 € 53 ' .
Venns = | —ciasizsae® = ey ey — 058135y cizsy | X diag(el®/2 1, € %2/2), (6)
i5 i5
S12823 — €'9C12003813 T C23812813€"° T €283 €13€23
|
where Sij = Sinﬂij, cij = COSOU‘, 0= 011 = 77'/2, and 0 = 0.27 < Sinzelz < 035, (9)
6 = 24r. The phase & is the Dirac CP phase, and ®; are the
Majorana phases. The experimental constraints on the
neutrino masses and mixing parameters, at 20 level [13], 0.39 < sin*6,; < 0.63, (10)

are

725X 1075 eV2 < Am2, <811 X 1075 eV2,  (7)

2.18 X 1073 eV2 < |[Am3,| <2.64 X 1073 V2,  (8)

'The 3 X 3 rotational matrix is not exactly unitary when there
are extra Majorana neutrinos, but it is a good approximation to
equal it to the traditional Vpyng; see the formalism in
Appendix A.
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Sin2013 < 0040, (11)

and Y ,m; < 1.2 eV. For a complete discussion of these
constraints see Ref. [14]. Following the convention, we
denote the case Am3; > 0 as the normal hierarchy (NH),
Am3; <0 the inverted hierarchy (IH), and the quasidegen-
erate (QD) spectrum where the lightest neutrino mass is
larger than 5 X 1072 eV. Using the above experimental
constraints, one can expect to explore the allowed values
for the Vy couplings and the heavy masses. From Eq. (5),
we can obtain the general expressions of .y (V},)? that are
collected in Appendix B.

2. Case I: Degenerate heavy neutrinos

We first study the simplest case where the three heavy
neutrinos are degenerate. This is a highly motivated sce-
nario since it is strongly favored to generate successful
resonant leptogenesis [15,16] at the low scale. Using Eq.
(A15) and assuming degenerate heavy neutrinos we obtain
the relation

M Z (VZN)Z = (V;MNSmVl:rMNS)N = (M,)ee,
N=123

(€ =e p 7). (12)

We see that one can obtain simple relations for the heavy
neutrino mixings and masses in terms of the light neutrino
mass matrix independent of the unknown matrix (2, which
in turn is given by the parameters from the neutrino oscil-
lation data. One can thus predict the decays of the heavy
neutrinos in each spectrum for light neutrinos. Note that in
this degenerate scenario, we are unable to convert the
constraints of Eq. (12) to predict ¥ y|Vey|? in general.
We can predict the decays of heavy neutrinos in terms of
the other oscillation parameters only when all phases van-
ish since in this case the modulo square of the mixings
(which govern the decay rate) are equal to the square of
mixings [the left-handed side of Eq. (12)].

ZulVinlZ My/100 GeV (NH)

10—15 T BT R |

104 108 102 107
m, (eV)

FIG. 1 (color online).
assuming vanishing Majorana phases.
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In Ref. [17], we have shown that, using the experimental
constraints on the neutrino mass parameters, the elements
of the neutrino mass matrix have the following properties:

M < MY, MIT for NH, W)
Mee > My*H, M7™ for IH,
Me ~ ME* ~ M7 for QD. (14)

Following the same approach, we plot the allowed values
for the normalized couplings of each lepton flavor in this
scenario in Fig. 1, as a function of the lightest neutrino
mass in each spectrum, the normal hierarchy (left panel)
and the inverted hierarchy (right panel), assuming vanish-
ing Majorana phases. We see two distinctive regions in
terms of the lightest neutrino mass as expected. In the case
myz) <5 X 1072 eV, we see the characteristic features

ZlVele << ZlVMle, ZlVTle for NH,
N N N

DIVeyl? = Ivunl
N N

On the other hand, for m;3y >35 X 1072 eV, the light
neutrino masses enter the QD spectrum that leads to

S IVerl? = SVl = SV,
N N N

Under this mass degenerate assumption, the mixing be-
tween the heavy neutrinos and the SM charged leptons
simply reflects the features of the light neutrino mass
matrix in the flavor basis, as seen in Eq. (12). This is an
important model prediction. It is important to emphasize
that the results shown in Fig. 1 may be used to learn about
the neutrino spectrum.

D V,yl? for IH.
N

3. Case II: Nondegenerate heavy neutrinos

If we relax the assumption that heavy Majorana neutri-
nos are nearly degenerate in mass, then the complication

10" ey

10—12

Iy Vil? My/100 GeV (IH)
=)
@

10—15 el el NPT | P
104 102 102 10"

m, (eV)

S v Ven|>My /100 GeV versus the lightest neutrino mass for NH (left) and IH (right) in case I (degenerate N),
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due to the unknown matrix () arises. The explicit parame-
trization of () is presented in Appendix A, and the general
expressions for the relations among the parameters are
given in Appendix B.

For the purpose of illustration, let us take () to be a real
matrix. We could gain a general sense for the mixing
parameters by varying the matrix elements of () in the
range of —1 = w;; = 1. We show |V{;|*M,/100 GeV in
this case in Fig. 2. The predictions of |V, |*M,/100 GeV
and |Vy3|>M5/100 GeV are almost the same. As one can
see, qualitative features for both cases of NH and IH
closely resemble those in Fig. 1. This is quite encouraging
since the random selection of the model parameters does
not seem to totally wash out the predicted features. To
further explore the model implications, we must choose a
specific form of the ) matrix, which should correspond to
a particular theoretical incarnation in the right-handed
neutrino sector. However, a large Majorana phase could
alter the predictions [17] in general. We will check on this
point in the next section.

Case Ila: ) = [.—In this simple scenario, we easily
obtain transparent relations for the N; mixings,

[V PMy = myctycty = myct,, (15)
20y — 512 ~ 2 2
IV IPMy = mylsincs + cpps13503€°1* = mysiyess,
(16)
2y — 512 ~ 2 2
[V lPM) = m|s13503 — c1as13¢03€"°|* = my 51,835,
(17

and therefore |V,(|> > |V, |?, [V,1]%. In the case of N,
mixing,

|Val?My = myciyst, = myst,, (18)

~ 0=RzRy3Rz
10 T T

[V, M,/100 GeV (NH)

102 107"
m, (eV)

FIG. 2 (color online).

PHYSICAL REVIEW D 80, 073015 (2009)
°1P = maychyc3s,

19)

[V PMy = myleincas = s12813803¢€

IV lPMy = mylsiasizeaze™® + ciosasl? = myctysys,
(20)
and [Vo|* = |V ,;5]* = [V,[|*. As for the N3 mixing,

Vs |?M5 = mys3y = 0, (21)
|V ,i31PMy = myctys3y = mys;, (22)
[VaslPMy = msciseds = macss, (23)

and one can see |V 312, [V5|* > |V,3/|?. These features are
shown in Fig. 3.

A few remarks are in order. First of all, with this choice
of a diagonal matrix (), the mixing angle squared |V;|? for
N; is always proportional to the corresponding light neu-
trino mass m;. Consequently, the relative fractions of the
mixing to different lepton flavors are universal for both NH
and IH. Second, the Majorana phases do not appear in
|[Ven]? due to the special structure of (). Third, as seen in
Fig. 3, the relative strength of the mixing to different lepton
flavors for each N; closely follows that for the light neu-
trino mass eigenstates. In fact, very much like the light
neutrino mass eigenstate labeling, this should be the defin-
ing feature to label N, N, and N3, if we do not like the less
illuminating ordering M; < M, < Mj.

Case IIb: Q) = I .—We choose to study yet another
simple but different form of the matrix, namely, with () as
an off-diagonal unity matrix. As can be shown explicitly
and supported by Fig. 4, the mixing features of |V, |> and
|[V3]? switch places with each other in both NH and IH,
while |V,|? remain the same as in the ) = I case. If we
recall the convention for the N; labeling, this case is indis-
tinguishable from case Ila. In this case |V y|*> are also
independent of Majorana phases. This similarity can be

R 0=R;R5Rzs
10 T T

T

uloT1

IV,,[2 M,/100 GeV (IH)

10 10°® 102 107"
mg (eV)

[V 1?M, /100 GeV versus the lightest neutrino mass for NH (left) and IH (right) with = R{,R;3R,; and

random matrix elements —1 < w;; = I, assuming vanishing Majorana phases.
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0=1(NH)

0=1(IH)

[V, > M,/100 GeV

[V,pl? M,/100 GeV

[Viol? My/100 GeV

10* 102 10 102
m, (eV) m, (eV)

FIG. 3 (color online). |Vy|>M;/100 GeV, i=1,2,3 versus
the lightest neutrino mass for NH (left panels) and IH (right
panels) in case Ila () = I).

0=(1)ar(NH) 0=(1)e(IH)

IV,,[> M,/100 GeV

[V,ol? M,/100 GeV

1014} 10141

[Vigl? My/100 GeV

10 102 10 102
m, (eV) m, (eV)

FIG. 4 (color online). |V|>M;/100 GeV, i=1,2,3 versus
the lightest neutrino mass for NH (left panels) and IH (right
panels) in case IIb (Q0 = I ).
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generalized to a matrix of () which has only unity as
entries. We would expect that the real situation could be
a well-defined superposition of the three vertical panels as
long as () is real.

III. HEAVY NEUTRINO DECAYS AND LIGHT
NEUTRINO SPECTRA

The leading decay channels for the heavy neutrinos
include N; — e W™, N; — v,;Z, and N; — v;h(H). The
amplitudes for the two first channels are proportional to the
mixing between the leptons and heavy neutrinos given in
Eq. (5), while the last one is proportional to the Dirac-like
Yukawa terms given in Eq. (4).

A. Decay modes of heavy Majorana neutrinos with
mass: M; > My

The partial decay widths of the heavy Majorana neutri-
nos N; are given by

]_—‘(WL = F(Nl — €7W£r) = F(Nl g €+WZ)

v 2M3 1 — 24
64 M2 | €1| ( IU“ZW) ( )
g2
IV = T(N; — € W;) = 2= [VulPMi(1 = wi)?
327
(25)
g 20p3 2
veZ; — — - i
e =T(N; = veZy) = oa M2 Vel M7 (1 = piz)”,
(26)
% = T(N;, — v,Zy) = g—2|V€i|2Mi(l — piz)’
32mcy

27)

where w;; = M;/M;. If N; is heavier than the Higgs
bosons 4 and H (see Appendix C for the properties of
the Higgs bosons in the B — L extension of the SM), one
has the additional channels

[reh = F(Nl - Vgl’l)

[V PM3(1 = pwyy)?cos?6y, (28)

" 64rm M2

v = T(N; — vH)
2

64 M2 |V{’z|2M3(1 7/-"1H)251n 0- (29)

Therefore, the total width for N; is given by

Ly, = > QU + 2T Wr 4 [7eZe 4 [¥eZr 4 [reh 4 Trel),
¢

(30)
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At a high mass of M, the branching ratios of the leading
channels go like

T(C-W}) ~T(*W;) = T(vZ,) ~ T(vh + vH). (31)

As discussed above, the lepton flavor contents of N decays
will be different in each neutrino spectrum. Here, we also
study this issue in great detail for cases I and II. In order to
search for the events with best reconstruction, we will only
consider the N decay to charged leptons plus a W=.

1. Decays in Case I: Degenerate heavy neutrinos

In Fig. 5 we show the impact of the neutrino masses and
mixing angles on the branching fractions of the sum of the
degenerate neutrinos N;, i = 1,2, 3 decaying into e, u, 7
lepton plus W boson, respectively, with the left panels for
the normal hierarchy (NH) and the right panels of the
inverted hierarchy (IH), assuming vanishing Majorana
phases. Qualitatively, it follows the relations in Eq. (14)

BR(u*W¥),  BR(r*W7¥) > BR(e*W7) for NH,
BR(e*W7¥) >BR(u*W*),  BR(+*W7¥) for IH.
(32)

The branching fraction can differ by 1 order of magnitude
in the NH case; and about a factor of few in the IH
spectrum. As one expects that all these channels are quite
similar when the neutrino spectrum is quasidegenerate,
my = my = mz = 0.05 eV. Therefore, in this simple
case one can hope that if the heavy neutrino decays are
observed in future experiments one should be able to
distinguish the neutrino spectrum.

Decays in Case II: Nondegenerate heavy neutrinos

For nondegenerate neutrino spectra we once again study
the simple choice: case Ila {) = I. We show the branching
fractions of processes N; = €*W~ + Wt ({ = e, u, 7,
i =1, 2, 3) corresponding to the lightest neutrino mass for

My=300 GeV, M,=120 GeV
T T T

uW  TW

BR(EN,=I"W+I'W*) (NH)

10—3 NI BTN BTN |

107 108 102 107
m, (eV)

FIG. 5 (color online).
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My=300 GeV, M,=120 GeV

Q=1 (NH) Q=1 (IH)
g ‘e'w"l MR IR B [ 'e'w"l B AL B
; 10™
T Lawrw |
c
m
10—3 | | g 10-3 | 2 1
104 102 104 102
1

BR(N,— "W+ W*)
3
3

BR(Ng— "W+ W*)

1074 102 10™* 1072

m, (eV) m, (eV)

FIG. 6 (color online). Branching fractions of process N; —
W™+ WF =e, u, 7, i =1,2,3) versus the lightest
neutrino mass for NH and IH in case Ila () = I), when M; =
300 GeV and M, = 120 GeV.

NH and IH for M; = 300 GeV in Fig. 6. As noted earlier,
in this simplest case all |V;|> (€ = e, u, ) are propor-
tional to m;. Therefore the branching ratio of N; — ¢=W~*
for each lepton flavor is independent of neutrino mass and
thus universal for both NH and IH. Although we cannot
distinguish the neutrino mass hierarchy, we still can tell the

My=300 GeV, M,=120 GeV
- o7 .

1F T
[ eW
] uW  TW
10—3 el el TN |
104 10 102 107

m, (eV)

Branching fractions of degenerate neutrinos Y ;,N; = ¢*W~ + ¢~ W™ (£ = ¢, u, 7) for NH and IH versus

lightest neutrino mass with My = 300 GeV and M, = 120 GeV, assuming vanishing Majorana phases.
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difference of the three heavy Majorana neutrinos according
to different SM lepton flavors in final states of their domi-
nant decay channels. One has

BR(e*W7)>BR(u*W*),  BR(+*W7¥) for N,,
BR(e*W7¥) =~ BR(u*W7) =~ BR(7=W7) for N,
BR(u=W7),  BR(7ZW7) > BR(e*W7) for Ns.

This follows closely to the mixing strengths of the light
neutrinos in the previous section.

As discussed previously, case IIb ) = [ is identical to
the above if we identify N; <> N5. A more involved case
for {) may be some form of superposition of the three
decay patterns, that is to be tested experimentally by the
flavor combinations.

B. Impact of Majorana phases in heavy Majorana
neutrino decays

In our previous discussion we have shown that the mix-
ings |Vyy|? are independent of Majorana phases in both
case Ila and IIb (as well for an £} with unity as entries). In
general, the N; decay rates depend on only one Majorana
phase ®,(®,) when m, ;) =~ 0 and 5,3 = 0 in the NH (IH)
case as shown explicitly in the appendixes. In Fig. 7, we
show the dependence of N decay branching fractions for a
general nondegenerate case on Majorana phases @, and
@, in NH and IH, with random selection of the () matrix
elements. The dependence of N, and N; decays on
Majorana phases is almost the same as that of N,. The
branching fractions of u=W+*, 7=W=* (e*W¥) are typi-
cally dominant over all the range of ®, (®,) in NH (IH).
The dependence on the phases for the leading channels is
rather weak and it is thus hard to extract the phase infor-
mation from heavy Majorana neutrino decay. Some typical
situations may be similar to the cases discussed in
Ref. [17], and we will not pursue further for the phase
effects.

My =300 GeV, M,=120 GeV, 0=R,,R,sRz

1

T T

T
oW TW oW

BR(N, "W +IW*) (NH)

0 0.5 1 1.5 2

FIG. 7 (color online).
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10 r .d; — T ™ — ]
C [ %
8 410-3
10_10: .
- =
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L 10—2
10—11

10-1

10712 i
R
10—13
E :
— _5101
10-14 L e v e v o by
200 400 600 Bo0 1000
My (GeV)

FIG. 8 (color online). The total width and decay length of N in
the general nondegenerate case, when the lightest neutrino mass
107*eV=m3 =04eV, M,=120GeV, and Q=
R >R 3R,; with random selection of the matrix elements and.

C. Total decay width of heavy Majorana neutrino

To complete this section about the heavy Majorana
neutrino properties, we study their total decay widths,
which are proportional to M,M%/M3,. In Fig. 8, we plot
the total width (left axis) and decay length (right axis) for
N versus My under the general nondegenerate case with
random selection of the () matrix elements (similar for NH
and IH). There is a large spread for the possible ranges of
the decay lengths, governed by the mixing parameters.
Although not generally considered as long-lived for large
mass, the N decay lengths may be typically in the range of

My =300 GeV, M,=120 GeV, 0=R,,R,sRys
]

T T T

Branching fractions of Ny — €W~ 4+ £~ W™ versus Majorana phase ®, for NH and ®,; for IH in the general

nondegenerate case when M; = 300 GeV, M, = 120 GeV, with random selection of the () matrix elements.
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FIG. 9. Total width and decay length of N;(i = 1,2,3) for NH and IH in case Ila () = I), when the lightest neutrino mass
107 eV = m3, = 0.4 eV and M), = 120 GeV.
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pmm—cm, and their decays could lead to a visible displaced
vertex in the detector at the LHC.

When considering a specific model-parameter setting,
we plot the total width (left axis) and decay length (right
axis) in Fig. 9, for N; versus My for M;, = 120 GeV in NH
and TH under case Ila with ) = I. One of the generic
features for all N; and both NH and IH is a typical lower
limit for their lifetime (or decay length). For instance, the
typical decay length for My = 600 GeV is above 1 pm.
For smaller values of My, the heavy Majorana neutrinos
can be long-lived in the detector scale, making the signa-
tures detectable at the secondary vertex. In fact, this feature
remains in a majority part of the parameter space. In
particular, because in this case all |V;|? are proportional
to m;, the lifetimes of N; in NH and N5 in IH could be
infinite when neglecting the lightest neutrino mass in the
whole Majorana neutrino mass range. It is interesting to
note that there is a clear difference between the NH and IH
scenarios: the lifetime of N; in IH and N3 in NH has a
narrowly predicted range within 1 order of magnitude,
about 10 um for My = 400 GeV. If this is indeed ob-
served, it could serve as an indication to distinguish the
models. The lifetimes of N, in NH and IH are almost the
same.

For case IIb with an off-diagonal () matrix, the lifetime
features of Ny and Nj are also interchanged with each other
and those of N, are still the same as case Ila.

IV. HEAVY MAJORANA NEUTRINOS AND THE
TEST OF TYPE I SEESAW AT THE LHC

In order to study the prediction for the lepton flavor
correlations with heavy Majorana neutrino and its lepton
number violation decay processes, the ideal production
channels are the Drell-Yan processes via SM gauge bosons,
pp— W — N{, pp— Z— NN. However, the gauge
couplings to N are highly suppressed to the order
O(m,/My) [8]. The situation is very different in the case
of the minimal B — L extension of the SM (see
Appendix C) where one can produce the heavy neutrinos
through the Z' in the theory.

A. Gauge boson properties: Z’

In the limit where there is no mixing between the two
Abelian sectors of the minimal B — L extension of the SM
[see Appendix C, € = 0 in Eq. (C3)], the mass of the new
gauge boson Z' is given by

My = 2gp, vs. (33)

To satisfy the experimental lower bound, M, /gg >
(5-10) TeV, it is sufficient to assume that wvg>
2.5-5 TeV. The relevant interactions to matter are given by

gp 2y, (Q% Ly u + dy*d]
+ 04 [eyte + Lyt + ppytrgl),  (34)

PHYSICAL REVIEW D 80, 073015 (2009)

where the B — L charges are assigned to be 0%, = 1/3,
and 0%, = —1.

There has been a lot of work on the heavy neutral gauge
bosons. For a recent review, see Ref. [18], and recent
studies of Z' at the Tevatron and LHC [19]. For a recent
consideration of the phenomenological aspects of the B —
L model, see [9]. The expressions for the possible decays
of the Z' are given by

- My ~ 7
L(Z — f]) = g écf(Q{;L)Q(l vt )B.f’ (33)

Zl

I‘(Z’ — vavm> 3gBL Cyp. 2 C(04)% (36)

M,

D(Z' = NuN,) = 8515, Cn(Q5)° By BT)
24

I, C, =3, and

is the speed of particle i. Note that

where f = {, g, the couplings Cy,y =
Bi =41 — 4m%/MZ,
the decay width to Majorana particles is of a threshold
behavior 8%, and is half of that for a Dirac particle. Well

above the threshold, the Z’ decay branching fractions take
the simple ratios for the final states

e, M, T u..t 1,2,3

Z€+€ qu ZV v, :N\N, = 3:2

¢

(38)

le
l\)l'—‘

We show in Fig. 10 the results for the case vy = 3 TeV. It
scales as

['(tot) = 0.2g%, M, < 0. OS( ) M. (39)
Us
Notice that this Z’' has the property that its coupling to

quarks is suppressed with respect to the couplings to
leptons. As is well-known the Z’ in left-right symmetric

3 vs=3 TeV
105'|"'|"'|"'|"'-
10%¢
=
]
3 L
—~ 10 E
N E
—
1
10-1.|...|...|...|...
1000 2000 3000 4000 5000
M, (GeV)

FIG. 10. Total decay width of Z’, when vy = 3 TeV.
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theories has different properties from the B — L case
studied here. Then, from the standard analysis where one
uses the leptonic channels and the channels into heavy
quarks one can easily distinguish the B — L case from
the rest.

It is important to emphasize that in the case of the B — L
SM, one gets an upper bound on the mass of the heavy
neutrinos My = M, /(2+/2gp,) (see Appendix C for
details).

B. Heavy Majorana neutrino production through Z’
mediation at the LHC

We are interested in the production of two heavy neu-
trinos. Since in this model one has a dynamical mechanism
for B — L breaking, there is a production mechanism

through the Z'. Then, we are interested in the mechanism
pp_’Z/_’NlNl. (40)

The parton level cross section for this process is

do(qg—Z' = N\N) _ 1 2gp
dt 32mws*N, 9
1

X
(s — M2)* + M2T2,
X [(t = MR)* + (u — MR)?

— 2sM%], (41)
where 1= (p, — py)*. The total cross section versus
heavy Majorana neutrino mass at the LHC is plotted in
Fig. 11, assuming vg = 3 TeV with (a) for U(1)z_; cou-
pling and (b) for U(1)y coupling, as given in Tables I and
II. We see that the production cross sections are quite
sizable, typically of the order of 10-100 fb. The cross
section drops sharply after reaching the kinematical thresh-
old 2My > M.

, (9) vs=3TeV
1 0 T T T
10 E
)
Z: 1 a
Z 3]
T
PRI My=1TeV \ 1.5TeV' 2TeV |
g ]
©
102 E
1 0-3 | | | |
200 400 600 800 1000
My (GeV)

FIG. 11.

o(pp— Z— N,N,) (fb)
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The Majorana signals for AL = 2 decay of N, are

NN, — =W W™, {=¢e u,r (42)

To confirm the important feature of lepton number viola-
tion, we demand the W’s decay hadronically. The overall
branching fraction to be included becomes

BR €=€*4 ~2 0oy =2 4

(NN, — jets) = (Z) (5) BT (43)
Note that there are also accompanying clean channels like
€*€* + 4 jets, that are not lepton-number violating and
we do not include them for the rest of the analysis.

We would like to reiterate that in a significant range of
the parameter space of My and mixings, the N decay could
lead to distinctive signatures with a decay length longer
than 10 wm, resulting in secondary displaced vertices.
This may yield essentially background-free signal for
N’s. Nevertheless, we now explore the signal observability
according to the different lepton flavors without relying on
the displaced vertex considerations.

For our numerical analyses, we adopt the CTEQ6L1
parton distribution function [20]. We evaluate the SM
backgrounds by using the automatic package MADGRAPH
[21]. We work in the parton level, but simulate the detector
effects by the kinematical acceptance and employ the
Gaussian smearing for the electromagnetic and hadronic
energies [22].

C. NlNl — 0T + 4jetS (f =ée, M)

We start from the cleanest channels with e, w in the final
state from N; decay. We employ the following basic ac-
ceptance cuts for the event selection [22]

pr(€) =15 GeV, In(€)] < 2.5, (44)

pr(j) = 25 GeV,

[n(j)| < 3.0, (45)

vs=3 TeV

10

1.5TeV *. 2TeV"]

0—2 ] ! ! !
200 400 600 800

My, (GeV)

1000

Heavy Majorana neutrino pair production total cross section at the LHC versus its mass. The solid, dashed, and dotted

curves are for M, = 1, 1.5, 2 TeV, respectively, when vy = 3 TeV, (a) for U(1)z_; coupling and (b) for U(1)y coupling, as given in

Tables I and II.
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TABLE 1.
extension, where U*N = UtV.

PHYSICAL REVIEW D 80, 073015 (2009)

Feynman rules for Z’' and heavy Majorana neutrino N in SM with U(1)z_,

Fields Vertices Couplings Approximations
A 3:9:Z' —iQ% 8L Y*
g1 =u,q=d Q%L:%
ez —iQ5 8L Y"
= e, M, T QgL =-1
N NmZZI _I(Ug;UZ - VTV*)mlmz QngBL 7” % iIlnlinngLyM %
Py Viny 2! —i(UYU = VIV m, Qb8 v"* 3 il 85 ¥* 3
N, NSO~ W+ —ivgiV;‘myf‘PL
NLe-w+ —i\/i- V; Cy P,
IjmlNVCfll’ZZ _i2fw U’I:llrlm VMPL
— T vN
leNméz 2(‘W Umlm y”PLC
Ijmleh _ivmeR( i CHO + M,,, sf)()) lmepR UW Coo
veN, H lV{mPR(iSHO + ’Z’—ZCeo) _’mePRv_:s"O
AR;; = 0.3, AR, ARy = 0.4. (46) isolation AR;“ji“ of two jets and A m‘“ of one jet and one

The rather loose cuts on the separations AR are designed to
keep the signal events for a heavier Z’' and a lighter N
which is fast moving and thus yields collimated decay
products of a lepton and two jets. We plot the minimal

charged lepton for M, = 1 TeV and M y = 100, 200 GeV,
respectively, in Fig. 12. One can see that for My =
200 GeV with M, = 1 TeV the signal consists of one
pair of well-isolated same-sign leptons of arbitrary e, w
flavor combinations plus four light jets.

TABLEZII Feynman rules for Z’ in SM with U(1)yx extension, where s'(c’) = sin(6')(cos(6")), tan(260') = 2g4/g5 + g2/(g}? +
25¢%, —3 g3 — g?) and all momenta are incoming.

Yo
Fields Vertices Couplings Approximations
Z, IZLMLZI iXuL’yMPL

X, = (1 =3s3)s'\g3 + g1 +5¢'g) + 304, ¢'gnL

ﬁRMRZ/ lXuR’y PR
_ Xug = _%S%I/S/Vg% + g% - %5/8/1 + %Q%LC/gBL
dLMLZ/ iXdL’y,uPL
_ — (L LRy T 6 - bl + 30
dRMRZI l.XdR’)/’U'PR
_ Xy, =stys'y&3 + g1 +icel + 305 cgn
€,¢,7' iXe, y*PL
_ X, =(=3+ S%v)slv +g + 10/8,1 + %Q%LclgBL
CplpZ lXeR?’”PR
t=ep.1 Xy _Sstgz+gl +c'g +§Q§LC’gBL
N, Ny, Z' iXYULUE + X\ vTve ),,,1,,,2 w1 XYL V"%
leV ZZ l(XUUTU + XVVCVC)mlmz Ty lX Im]mzy %%
XU = XV 4QBLC 8BL
X =Xy = ls’ng + 81 éclg/l + %QchlgBL
W, (p)W, (p2)Z,(p3) —igews'[(py = P2)p&uv + (P2 = P3)u8up + (3 — PLEYL]
hZ/LZ/V 2i[v, C4°K vssgK' ]g/u/
HZ,Z, 2i[vg P K + UsceoK g s

K = —sin(20')(g} + 3 + &) — 2cos(20')g4/g} + &3

K = % sin(26') g%,
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Mw=100 GeV, M;=1 TeV Mu=200 GeV, My=1 TeV
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FIG. 12. ART™ and AR‘g}i“ for My, = 100 GeV (left) and My, = 200 GeV (right), with M, = 1 TeV.

To simulate the detector effects on the energy-
momentum measurements, we smear the electromagnetic
energy and jet energy by a Gaussian distribution whose
width is parametrized as [22]

AE Acal
AL el _gp o ay =10%,  bey = 0.7%,
E JEGv : :
47)
AE had
AE _ Whad g g =50%, by = 3%.
Z o had had 0 had o
(48)

In principle, there is no genuine SM background to the
lepton-number violating processes. The leading SM back-
ground to our signal is from decays of two like-sign W’s to
leptons. For instance, the leading reducible background to
our signal is

pp — tiW= — W=W~ jjbb. (49)
The QCD processes jjjjW=W=*, jjW=W=W~ are much
smaller. This is estimated based on the fact that QCD
JiWE=W™* — jj€={* E; is about 15 fb. With an additional
a? and 6-body phase space or one more W suppression,
they are much smaller than 17W=. Other electroweak back-
grounds WWWW, WWWZ are also neglectable. Although
the background rates are large to begin with, the kinemat-
ics is quite different between the signal and the back-
grounds. We outline the characteristics and propose some
judicious cuts as follows.

(1) The SM backgrounds always come with W pair
decays with missing neutrinos. To suppress back-
grounds, we veto the events with large missing en-
ergy 7 <20 GeV.

(il) We choose the two pairs with nearly equal masses
from the six dijet combinations as the two hadronic
W’s and take W boson reconstruction as |M i
My,| <15 GeV. The efficiency is very high.

(iii) In order to select the correct lepton and two jets
combination and reconstruct N, we take advantage
of the feature that the two heavy neutrinos have
equal masses My ; ;, = Mg,j,;,. In practice, we im-
pose |M ;i — My, | <My /25. This helps for
the background reduction.

The production cross section of N; N, signal with the basic
cuts (solid curve) and all of the cuts above (dashed curve)
are plotted in Fig. 13, where branching fractions for N,
decay to charged leptons are not included; while W decays
to two jets are included. For comparison, the background
process of tfW= is also included with the sequential cuts as
indicated. The background is suppressed substantially.

+ 4.

PP —> NNy = 1717 jjjj
A
MZTTeV =15 Tev ]
ttW basic

ttW W re <

LW W veto

102 E
HtW equal mass

................................................................

800

UREA N
600
My, (GeV)

10—3- 1 P B

200 400 1000

FIG. 13. Production cross section of N|N; with basic cuts and
hard final states cuts. Branching fractions for N; decay to
charged leptons are not included; while W decays to two jets
are included. For comparison, the background process is also
included with the sequential cuts as indicated.

073015-12



TESTABILITY OF THE TYPE I SEESAW MECHANISM ...

When performing the signal significance analysis, we
look for the resonance in the mass distributions of €jj and
2¢4j. If we look at mass window of |M€]j]j2’e2j3j4 —
My, | <My, /20 and My, 4; — My| < M, /30, the back-
ground will be at a negligible level.

D. N1N1 - Tiei + 4jets

The previous section sets the stage for the analyses in the
following sections. Most of the issues for event selection
and detector acceptance will remain the same for the
following studies. The next presentations will thus be
sketchy and mainly outlining the new features, in particu-
lar, the 7 reconstruction and the mass resonances.

The 7 lepton final state from heavy Majorana neutrino
decay plays an important role in distinguishing different
neutrino mass patterns. Its identification and reconstruction
are different from e, w final states because a 7 decays
promptly and there will always be missing neutrinos in 7
decay products. In practice when selecting events with 7’s,
we require a minimal missing transverse energy

¥ 1> 20 GeV. (50)

This will effectively separate them from the €€jjj; type of
signal events.

We first note that all the 7’s are very energetic from the
decay of a few hundred GeV N,. The missing momentum
will be along the direction of the charged track. We thus
assume the momentum of the missing neutrinos to be
reconstructed by

p(invisible) = kp(track). (51)

Identifying p(invisible) with the measured £, we thus
obtain the 7 momentum by
pr(r) = pr(6) + Er,

pr(m) = p(£) + pr).

Er
pr(f)
The N; pair kinematics is thus fully reconstructed. The
reconstructed invariant masses of M({jj) and M(7jj) are

My=1TeV
My =300 GeV
I "

E M;=1.5 TeV
8 My =600 GeV

= -1
= 10 F E
o

(o)
©

1 -2 i 1 1

M, (GeV)

200 300 400 500 600 700
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plotted in Fig. 14. We see that M(7jj) distribution (dotted
curve) is slightly broader as anticipated. The rather narrow
mass peak of the €jj system nevertheless serves as the
most distinctive kinematical feature for the signal identi-
fication. Invariant masses of M (7€ + 4j) are also plotted in
Fig. 14. Although the existence of missing energy in the
signal makes the background separation more involved, the
resonant mass reconstruction proves to be highly efficient
and the backgrounds can still be suppressed to a negligible
level.

E. IVIIVI—"Tt’Ti +4jets

For 77jjjj events with two 7’s, we generalize the mo-
menta reconstruction to

p(invisible) = k| p(track;) + k, p(track,). (52)

The proportionality constants «;, k, can be determined
from the missing energy measurement as long as the two
charge tracks are linearly independent. The N, pair kine-
matics can be once again fully reconstructed. The recon-
structed invariant masses of M(7jj) are plotted in Fig. 15.
The nice mass peaks of the 7 system at My, and the 77
system at M, make the signal stand out of the SM
backgrounds.

It is important to note a difference between the leptons
from the primary N, decay and from the 7 decay: the latter
is much softer. In Fig. 16 we show the p distribution of the
softer lepton from the N, and 7 decays in the events of
€€jjjj, €7jjjj and 77jjjj. This feature could provide
additional discrimination power to separate the three dif-
ferent leptonic channels if needed to fit the flavor structure
for an underlying theory.

F. Measuring branching fractions and probing the
neutrino mass patterns

So far, we have only studied the characteristic features
of the signal and backgrounds for the leading channels and
have not included the proper branching fractions for the

C My=1Tev
Myi=300 GeV
107k M;=1.5TeV |
E My;=600 GeV
s
)
S
£ 102} 9
s i
°
©
°
107 E E
: n | | | |
800 1000 1200 1400 1600
M, (GeV)

FIG. 14. Reconstructed invariant mass of M(jj€), M(jjr) for My = 300,600 GeV, respectively, (left) and M(7€4j) for My =

1, 1.5 TeV (right).
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FIG. 15. Reconstructed invariant mass of M(jj7) for My, = 300, 600 GeV, respectively, (left) and M(774j) for My =

(right).

individual lepton flavors. For illustration, consider first the
cleanest channel, N;N; — e“e*jjjj. The number of
events is written as

6\2
N =L X o(pp— N|N;) X2 BR*N, — e+W_)(§) ,

(53)
where L is the integrated luminosity and the factor (6/9) is
due to the W hadronic decay. Given a sufficient number of
events N, the mass of N, is determined by the invariant
mass of lepton and jet M;;. We thus predict the corre-
sponding production rate o(pp — N;N,) for this given
mass. The only unknown in Eq. (53) is the decay branching
fraction.

We present the event contours in the BR — M) plane
(where BR is the branching ratio) in Fig. 17 for 100 fb™!
luminosity and degenerate case with (a) M = 1 TeV and
(b) Mz = 1.5 TeV including all the judicious cuts de-
scribed earlier, with which the backgrounds are
insignificant.

In Figs. 17(c) and 17(d), we show the event contours in
the BR — My, plane, for 100 fb~' luminosity and non-
degenerate case including all the judicious cuts described
earlier. We see that the reach to a low BR can be quite
encouraging.

As we presented earlier, the N| decay branching frac-
tions and the light neutrino mass matrix are directly corre-
|
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FIG. 16 (color online). py distribution of the softer lepton
from the N, and 7 decays in the events of €€jjjj, €7jjjj and
77jjjj, for a N; mass 300 GeV and Z' mass 1.5 TeV.

lated. Measuring the BR’s of different flavor combinations
becomes crucial in understanding the neutrino mass pattern
and thus the mass generation mechanism. In the degenerate
case, we have the prediction for the flavor combinations

2X(23%)*forNH: (u ™ +77)(u ™+ 75)WW,

BR (NN—LWW)=~ {2><(1 3%)*torlH:e™ e™ WW,

(54)

2X(17%)*forQD:(e* + ™ +75) (e + u= +77)WW,

for &, = &, = 0, independent of the matrix (). On the other hand, for the nondegenerate situation, the flavor prediction is

like

2 X (20%)?
BR (NN — ¢{WW) =~ {2 X (17%)?
2 X (23%)?

for N;: e*e=WW,
for Ny: (e* + u™ + 77)(e™ + u™ + 77)WW,
for N3: (u™ + 75)(u™ + 75)WW,

(55)

for () = I, independent of the neutrino mass patterns as well as @, ®@,. These predictions are the consequence from the
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FIG. 17. Event contours in the BR — My plane at the LHC with an integrated luminosity 100 fb~! for degenerate case
Y ic123N;N; — eTe™ W™ W™ with (a) My =1 TeV, (b) M, = 1.5 TeV, and for nondegenerate case N\N; — e"e* W~ W™ with
(c) Mz =1 TeV and (d) Mz = 1.5 TeV, including all the judicious cuts described in the early sections.

In Fig. 18 we show the event contours in the M, — My
plane, for (a) production of ¥ ;N; in NH (solid curve), IH

low energy oscillation experiments and this are subject to
test at the LHC to confirm the theory.

(0) (b)
10 events No./100 fb™ (degen.) 10 events No./100 fb™ (non—degen.)
16— T 16— T
* —NH * —N,
14 W-IH 4 14 | H-N, B
= A-QD 3 AN,
= =
= t2f 4 =12t i
1F . 1+ .
200 400 600 800 1000 200 400 600 800 1000
My, (GeV) My; (GeV)

FIG. 18 (color online). Event contours in the M, — My plane at the LHC with an integrated luminosity 100 tb~! and 10 event
numbers for (a) degenerate case Y, 3N;N; — €=¢*WW for NH, IH, and QD, and (b) nondegenerate case for Ny, N,, and N3, all as
predicted in Egs. (54) and (55).

073015-15



PAVEL FILEVIEZ PEREZ, TAO HAN, AND TONG LI

(dashed curve), and QD (dotted curve) for the degenerate
case and (b) production of N; (solid curve), N, (dashed
curve), and Nj (dotted curve) for the nondegenerate case
with 100 fb~! luminosity, 10 event numbers, and branch-
ing fractions of heavy neutrinos predicted in Egs. (54) and
(55). The values of M, and M on the left-hand side of the
curves would give more than 10 events for 100 fb~! lumi-
nosity and more accessible heavy neutrino decay branch-
ing fractions at the LHC.

V. SUMMARY

In this article we have investigated the possibility to test
the so-called type I seesaw mechanism for neutrino masses
at the CERN Large Hadron Collider in the context of two
simple extensions of the standard model where B — L is
part of the gauge symmetry. We have studied in great detail
the predictions of the right-handed neutrino decays in each
spectrum for neutrino masses showing the most optimistic
scenarios where one could hope to distinguish the spectrum
using the properties of the decays.

We have found the following interesting results:

(1) Working in the context of two simple extensions of
the standard model with a local gauge symmetry B —
LorX =Y —2(B — L), one can produce the heavy
neutrinos through the Z’' gauge boson in each sce-
nario. In both cases one has a dynamical mechanism
for the generation of heavy neutrino masses, related
to MZ"

(i1) In the case where the heavy neutrinos are degenerate,
we show the possibility to distinguish the neutrino
spectrum. The branching fractions can differ by 1
order of magnitude in NH case with BR(u*W™),
BR(7=W™*) > BR(e* W), and a factor of a few in
the IH spectrum with BR(e*W*) > BR(u*W™),
BR(7= W) when the Majorana phases are ignored.
As one expects, all these channels are quite similar
when the neutrino spectrum is quasidegenerate,
my = mp = mj = (0.05eV.

(iii) In the case when () is an identity matrix or with only
unity entries generally, we find: BR(e*W™*) >
BR(u*W™*), BR(r"W*) for N; decay,
BR(e*W*) =~ BR(u*W~) = BR(v=W™) for N,,
and BR(u=W™), BR(7"W~¥) > BR(e*W™) for
N5 in both NH and IH. The branching fractions in
these cases are independent of Majorana phases.

(iv) In general, the form of () governs heavy neutrino
decay patterns. Future tests on the flavor combina-
tions of SM charged leptons would reveal the spe-
cific model structure.

(v) The above-studied AL = 2 channels can take the
search to M, = 2 TeV at the LHC. The sensitivity
to the leptonic branching fractions of N decay can be
about 10%.

(vi) In particular, in a significant part of the parameter
space of My and the mixings, the N decay could lead
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to distinctive signatures with secondary displaced
vertices. yielding essentially background-free signal
for N’s.
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APPENDIX A: NEUTRINO MASSES AND MIXINGS

The type I seesaw scheme introduces right-handed neu-
trino states, in addition to the SM matter contents. For
definitiveness, we add three of them, ng (i=1,273),
which are said to be sterile since they do not carry any
SM gauge quantum numbers. The SM gauge invariant and
renormalizable interactions to generate neutrino masses
include both Dirac as well as Majorana terms

— LI =1 YPHv, + %(ﬂC)LMNVR 4+ Hec, (Al
where Y2, My are 3 X 3 matrices in the generation space,
with H = io,H* and H' = (H"H®). Once H gets the
vacuum expectation value (H) = v,/ V2, the neutrinos
acquire Dirac masses mp = Yﬁ) vo/ \/5

1
Ly = 5(77LmDVR + (7) mp(v)g + (7). Myvp)
+ H.c. (A2)

To diagonalize the mass matrix for neutrinos we introduce
a 6 X 6 unitary transformation
u v
N = < ) (A3)

(0,) =M, )

Ve Uc
Then,
+#f 0 mp «_ (M 0
Vo V= (0 w) o
or explicitly,
VimLU* + Utmp Ve + VM VE = m, (A5)
Ulmb v + VimpUs + ULMyUE = M, (A6)
Vimb Ve + UtmpUs + VEMyUE = 0, (A7)

where m = diag(m,, m,, m3) and M = diag(M,, M,, M)
are diagonal matrices of the mass eigenvalues. In the limit
My > mp we have
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(A8)

Then we have three light neutrinos and three heavy ones,
all Majorana-type. Note that U and V mix the light and
heavy neutrinos, respectively, into the active weak interac-
tion eigenstates of neutrinos. The mixing elements are
typically like

m
~ 0(1), V= —, A9
1) = (A9)
and the unitarity conditions read
vut + vt =utu + vive = vevi + UcUl

=vtv+uluc =1, (A10)
uvi+vul =utv+vive.=o. (Al11)

It can be shown that the following relations hold:
Viml — muUT =0, mpUs — VM =0.  (Al2)

Assuming that a 3 X 3 matrix E diagonalizes the mass
matrix of the charged leptons, we then define
E'V =V,

E'U = Vemnss (A13)

Vouns Vs + VenViy = 1, (A14)
where Vpyns and Vy describe the transitions between the
light neutrino and heavy neutrino to the charged leptons,
respectively, via the weak charged currents. Note that the
identification of Vpyng to the PMINS matrix is only ap-
proximate. We then obtain an important relation among the
physical quantities

- V;MNSmVPJ’rMNS' (A15)

VinM VeJrN =
Although the masses and mixings of the light neutrinos on
the right-handed side can be measured from the oscillation
experiments, it is quite involved to solve for Vy via this set
of quadratic equations. Absorbing the minus sign on the
right side of the above equation in the definition of V,y one
can write down a formal solution with the help of an
auxiliary matrix
Ven = Veunsm'2QM 172, (A16)
where () is an orthogonal complex matrix which can be
parametrized as

Q(wa1, wap, w3a) = Rip(wa)Ri3(ws1)Ras(wsn),  (AL7)

with
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upyp —wy 0
Ry = (WZI u21 0),
1
M%l _W%l
R13 = ),
w3

Ry = ( _sz)
0 W32 u

‘[1 - w ;and —1 = w;; = 1 when the ma-

(A18)

where u;j

trix ) is real

APPENDIX B: EXPLICIT EXPRESSIONS FOR THE
MIXINGS Vn

1. Case I: Degenerate heavy neutrinos

From Eq. (A15), assuming degenerate heavy neutrinos,
we have

£ 22 2 2 —id
MNZ(VeN) = Ci38TMmy T cpycze imy

N
+ 53,620 Py (B1)
i5\2
MNZ( wn)? = (c1aca3 = spa813503¢ )’ m
+ (ex3812 + crasizsyze 0)2eimy
+ ciysyze” Vs, (B2)
My (V)2 = (c1o82; + 35128136 2)2m
N N 12523 1 €23512513 2
N
+ (512823 — cppcazsize e ®imy
+ cize53e” P2my, (B3)

2. Case II: Nondegenerate heavy neutrinos

The general expressions for the mixing between the
charged leptons and heavy neutrinos, in terms of the neu-
trino oscillation parameters and the unknown matrix {2, are
given by

VoM = Jmyci3815wa W%l
+ «/mlc,2c,3\/(1 — w31 — w3,)ei®/?

+ fmzs 3wa e P/279),

(B4)
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, 7 — _ i
VM, = Jmy(ciycp3 — 5125135233’6)“’21\/1 - w3, VisdMs = fmy(ciacas = s12813523€")
+ \/ml(_312€23 - C12S13S23€i5) X (_W32\/1 - w%l — wyway/1l — w%z)

X ‘/(1 — w31 — w3,)e!®/? + mi(=s12623 = cpa813523€)
+ ,/m3613S23w3lei<I>z/2, (B5) X (Wapwyy — W31‘/(1 — W%1)(1 _ Wgz))eid)]/z
+ \/"13C13523\/(1 — w3l — wh)e' /2,

VavM, = \/mz(_CIZSZ3 - 312513023€i5)W21V1 - W%1

+ Jmy (51252 — c12813¢23€™)

(B11)

2 2 ,id, /2 .
X \/(1 = w3 — w3)e®/ VasM; = Jma(—cpas03 = s12813¢23€™)
+ J5c13003 w3 €02/, B6)
3132331 ( X (_W32\/1 —wi; — wywyy/1 — wdy)
+ Jmi (51252 — c12813¢23€™°)

X (wapwyy — W31\/(1 — w3l — wy))e' /2

Vel My = \/m2€13312(_W21W31W32
+ (1= w31 — wiy)

V 1/ + vm3013023\/(1 — w31 — w}y)e /2,
+ Jmicpe(—wiwag/l — w3, o

— way1 — wl,)el®i/?
We now present the two cases according to the light

+ \/m_3s13w32 h _ ngei(cbz/z—a)’ (B7) neu.trino mass spectra, assuming m 3 =~ 0 and s1§ = O
(1) Normal hierarchy.—Under the good approximations
my = 0 and s;3 = 0, one finds the following expres-

Vp,z\/j‘—/l_z— = Jmy(cppe03 — s12513823€"°) sions:
X (—wy wy wyy + \/(1 —wi)(1 —wk))
+ (= s12003 = c12813503€™) M|V > = M(SIZWZIVI - w})? (B13)
X (—w32w31\/1 — w3, — wyyf1 — wh)e'®/?
+ \/m_3013523w32me@2/2’ (B8) MVl ~ |M612623W21 vi- Wi

+ JAm3 sp3w3, €/ P22, (B14)

VoM, = \/mz(_CIZSZB - 512513023€i6)

2 V(] — w2
X (=wywywy + \/(1 wi (1 = w3,)) M|V, |? = I\Mm%,clzsﬁwzn/l - wi,

_ i
+ Jmi(s12503 = cas13¢23€™)

[ 2 [ 2 \,i®,/2
X (—wapwsyf1l — w3 — waaf1 — why)e®/

— [1 = 2 ei®2/2
T mciaenwayl = wy et (B9) M|V |* = 4/ Am3; 53y (—wa w3 way

+4/(1 — w%l)(l — w%z))z, (B16)
Vs M3 = \/m2€13S12(_W32V1 - W%l —wyway 1 — W%2) ‘/ ‘
+ Jmicipciz(wa way — wyy

. M-V 1?2 = [JJAm? _
X\/(l—wgl)(l—wgz))e"blﬂ Bl M2| lyAm3 ciaca3(=wa w3 way

- Am§1S23W31€[¢2/2|2. (B15)

(@, /2 +4/(1 = w31 — w}
s (1w (1 = whel /2, V0 w301 = k)

(B10) + dAmglstm/ 1 —w} e ™22, (B17)
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M2|VT2|2 ~ | A’"%1012323(—Wle31W32
+ /(1= w3)(1 — w3y)

- «Am%lcﬁwﬂﬂl — w3, ™22 (B18)

2 22 (_ .2
M|V |* = (JAm3 sy (= wapyf1 — w3,
/ 2\2
—wyway 1l — W32) ’

M;|V 517 = | Am%1012023(_w32\/1 - w3
— Wy Wiyl — w3,)
21W31 )

+ V’Am%lszﬂ/(l — w31 — wly)e /2,
(B20)

(B19)

2 2 [ 2
M;|Vos|* = [ Am3 cpas3(=wayf 1 — w3,
_ [i — 2

wo w3y 1 W32)

— {/Am%l\/(l — w31 — wly)e /22,
(B21)

(ii) Inverted hierarchy—Under the approximations
m3 = 0 and s;3 = 0, we have

M1|V61|2 = wAm%l + |Am§l|S12W21V1 - W%l

+ \7|Am§1|c,2\/(1 - w%l)(l — W%I)eﬂl’l/zp,
(B22)

Ml|V,L1|2 = |\7Am%1 + |Am%1|C12023W21V1 - W§1

_ dlAm%llAﬁzCz:;J(l — W%l)(l — W%])eifI)l/ZlZ,
(B23)

MV l? = WAmg, + [Am3lenspwayf/1 — w3,

= J1Am, Is125254/(1 = w3)(1 — w3 )ei®/2 P2
(B24)
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My|Vl* = | Am%1 + |Am§1|s12

X (=wywy wsy + \/(1 — w31 —wh))

+ \7|AM§1|C12(—W31W32V1 — w3, — wy

X 41 — why)e®/2)2, (B25)

M|V ) = |\7Am%1 + |Am3,|cipeos

X (—wywywyy + \/(1 — w3l — w3))

- \7|Am%1|512C23(_W31W32\/1 - ng

2\ ,i®, /2|2
— wyy1 — wi)e /22,

1‘42|V1-2|2 = |\7Am%1 + |Am§1|C12523

X (=wy w3 wiy + \/(1 —wi(l — w3,))

- \7|Am§1|s12523(_w3lw32\/1 - ng

— Wy, 1 - W§2)6i¢1/2|2_

M;|V 5] = |\7Am%1 + |Am3, |51
X (—wsf1 — w3, — woy w34/l — W)
32 21 21W31 32
+ \7|Am§1 le1a(wawsn — wyy

X (1= w31 = wh)e® 2P

M;|V 50> = H?Am%l +1Am3 lenes
X (=way[1 = w3 — wyway1 — wh)
- \7|Am§1|512C23(W21W32 - W31

X (1= w3)(1 = wh,)e® 2

M;|V5|* = |\7Am%1 + 1Am3;lerass
X (=wapyf1 = wi — wyway1 — w)
- \7|Am%1 |S12523(W21W32 - W3

X AJ(1 = wa)(1 — w,)e® /22,

(B26)

(B27)

(B28)

(B29)

(B30)

APPENDIX C: U(1)5_; AND U(1)y EXTENSIONS OF
THE STANDARD MODEL

It is well-known that B — L is an accidental global
symmetry in the standard model and its origin is unknown.
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In order to understand the origin of Majorana neutrino
masses it is crucial to look for new scenarios where B —
L can be spontaneously broken. Here we focus on a simple
extension of the standard model where U(1)z_; is a local
symmetry and in order to cancel the anomalies one has to
introduce three right-handed neutrinos. Therefore, this
model is based on the gauge symmetry SU(3)c X
D SUR),PU)y@ U(l)g_, [6]. The matter fields
have the following properties:

QL:(Z) ~(3,2,1/6,1/3), ug ~(3,1,2/3,1/3),
L

dg ~(3,1,—1/3,1/3), (Cl)

b=~ 0,2, -1/2-1),

eg~(1,1,—1,—1), and

(C2)
VR -~ (1) 1) O) _])r

where vy are the right-handed neutrinos. Here we use the
normalization where Q = T3 + Y. In order to generate the
right-handed neutrino masses and break the local B — L
symmetry one has to add a new scalar field S ~ (1, 1, 0, 2).

1. Interactions and symmetry breaking

In this context the kinetic terms for the Abelian sector
are given by

— EF;LVFI
PR

L (C3)

1 uv 1 luv !
gauge:_ZF F,u,v__F F;w

4
where
F#’ = 9*BY — 9”B*, and F), = 0,B), — d,B),.
(C4)
Here B, and B/, are the gauge fields for U(1)y and
U(1)g_,, respectively. Since the mixing between the
Abelian gauge bosons has to be very small we work in
the case where € = 0. The kinetic terms for the matter
fields read as

L inetic = 101y D, 0 + iiigy" D ug + idgy*D ,dg
+ il y*D, I, + iegy* D eg + ibgy*D , v,
(C5)
where
(Co)

— _ l
DMVR—GMVR lgBLB,u,VR‘

As we have explained before the Higgs sector is composed
of the SM Higgs, H' = (H*, H"), and an extra Higgs, § =
Sg + iS;, which is needed to break B — L. The relevant
Lagrangian for the scalar fields is given by
L iggs = (D, H) (D*H) + (D, S)T(D*S) — V(H, S),
(o0))

where
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D,S=09,S+ i2g5 B.S. (C8)

The gauge invariant Yukawa interactions of neutrinos are

-~ YM
- Ly =YPl, Hvy + 7” vECvgS + Hec. (C9)
Once S gets the vacuum expectation value (S) — vg/+/2,
B — L is broken and one gets the mass of neutral gauge
boson Z' = Zg_; with M, = 2gg;vg from the second
kinetic term in Eq. (C7), and the mass matrix of right-
handed neutrino with My = YYv/+/2 from Eq. (C9). In
order not to upset applicability of perturbative theory, we
require YM =< 1 and get an upper bound of the mass of the
heavy neutrinos My = M, /(2\2gg; ).
The scalar potential is given by
V(H,S) = —myHH + Ay(HTH)?> — m3Sts
+ A5(STS)? + ag(HTH)(S1S), (C10)

where all parameters are real. Notice that this scalar po-
tential has the global symmetry O(4)5 @ O(2)s. The mini-
mization conditions in this case read as

0= vo(—m%{ + Ayvd + %v%), (C11)
0=uvl—m2 24 95 o
= vs( mg + Agvs + 71}0)' (C12)

Notice that one can have several vacua but only the case
vg # 0 and vg # 0 is allowed by the experiment. Now, in
order to satisfy the condition of minimum one has to satisfy
the following condition:

)\Hasvé + 4/\1_1/\51/(2)11%w + )\Sasvfé > 0. (C13)

The potential is bounded from below when ApyAg —
a%/4 > 0. Using the minimization conditions above one
can find the solution in the phenomenologically allowed
case:

2 2(agm} — 2Agm3;)
0 az — 4y

>0, (C14)

2(agm?; — 2Agm3)
a% - 4AH)‘S

vi= > 0. (C15)
Using these conditions one can discuss different cases for
the parameters in the Lagrangian. Expressing the numer-
ators and the denominator as n; = agm?, — 2Aym%, ny =
agmir — 2Agmy, and d = a} — 4AgAy.

(i) Imposing v > 0 one has the case n; >0 and d > 0,
orn; <0andd<0.

(i1) Imposing v% >0onehasn,>0and d >0, or n, <
0O and d <O.
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2. Higgs bosons properties

As we have discussed before the Higgs sector of this
model is composed of the SM Higgs, HT = (H*, (v, +
H® +i£%/y2), and an extra Higgs, S = (vg+ SO +
iS;)/ \/5 which is needed to break B — L and generate
neutrino masses. In this context one will have only two
CP-even physical Higgses 4 and H, and the mass matrix
for the these fields is given by

2 _ 2
/\HUO/z aSvS/4
asVoUg

3\43=<

asvoug )
/\Sv§/2 — asv(z)/4 ’

(C16)
The physical Higgses are defined by

h\ _ ([ cosf, sinf,\[ H°
(H) ( —sinf, cosé, )( so) (€17
where the mixing angle is
tan26, = dsVols (C18)

2_ ) 2 2 _ 2y
Agvi — Agvs + ag(vg — vg)

It is easy to check that §; is the Goldstone boson eaten by
the Z' in the theory.

3. Feynman rules

We now summarize the Feynman rules for the SM with
U(l)g—; and U(l)y extensions in Tables I and II,
respectively.

4. Z' Decays in U(1)y extension

The charge of U(1)y is definedas X =Y — 5(B — L)/4
and due to the mixing between U(1)y and U(1)yx we have
the mixing matrix of neutral gauge bosons as below

B* cw  —swc swys’ AH
WY =1 sw  cewc  —cws Z# 1, (C19)
B'» 0 s! ¢! AL

where sy (cy) = sinfy(cosby), s'(¢’) = sin(6’)(cos(6)),
and tan(20') = 2g{4/e3 + g1/(e7 + 2583, — &3 — 81)-
g’1 is a free gauge coupling to qualify the mixing between

the two U(1) gauge symmetries. One can get their mass
eigenvalues as

M, =0, (C20)
n2 25(5)2 2
vy [ Sl18 T 2G) 8kt )
My = 2afg? + 2| - (2T 2P0
A Gt
= (C21)

& ]1/2
sin26'y/g1 + g3
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The expressions for the possible decays of the Z' are
given by

M, 2m? 4m?
[(Z — ff) =% [V2(1+—f)+A2<1 ——f>]
@ =10 =z Vi o oM

Z/
4m%
XAl = —5 (C22)
M2,
_ My U2
r(z/ — %um Vm) = 3mcy(xy ) (C23)
I(Z = NyN,) = 22 ¢ (XU)2[1 —4m%V] -
mem T YA VN M2, M2,
(C24)
M 2 M4,
Nz —wrw-) =220 ~ 2
3tany, 16My,
y (1 N 161\3@ 3 68A4/1;‘V 3 481\;[?,[,)
M2, M3, MS,
4M>
X4l =3 (C25)
M2,
1 M, Cy 2
I'(Zz' — zh) = MM_Z%[UOTOK - vSs@oK/:I
123 ML 03 )
M2, M3,
MZ + M2 M2 _ MZ 2
X\ll -2 ZM2 h ZM4 ) (C26)
z! z'
1 M, Sg 2
F(Zl—>ZH) :%—#M—Z%[UOTOK‘F U5600K/]
5M%Z— M}, | (M%Z—M3)?
x [1 o2l T ]
VA VA
M2 _I_MZ M2 _M2 2
X\JI 25 i S ()
z' z'
where f=¢, ¢q, Cy,y=1 C,=3, and V,=
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