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We study LHC signatures of the type III seesaw mechanism in which SU(2); triplet leptons are
introduced to supply the heavy seesaw masses. To detect the signals of these heavy triplet leptons, one
needs to understand their decays to standard model particles which depend on how light and heavy leptons
mix with each other. We concentrate on the usual solutions with small light and heavy lepton mixing of the
order of the square root of the ratio of light and heavy masses, (m,/M ,,R)l/ 2. This class of solutions can
lead to a visible displaced vertex detectable at the LHC which can be used to distinguish small mixing and
large mixing between light and heavy leptons. We show that, in this case, the couplings of light and heavy
triplet leptons to gauge and Higgs bosons, which determine the decay widths and branching ratios, can be
expressed in terms of light neutrino masses and their mixing. Using these relations, we study heavy triplet
lepton decay patterns and production cross section at the LHC. If these heavy triplet leptons are below a
TeV or so, they can be easily produced at the LHC due to their gauge interactions from being nontrivial
representations of SU(2);. We consider two ideal production channels, (1) ETE- — €Y ¢ € jj ({ =

being 7 it can also be effectively studied. With judicious cuts at the LHC, the discovery of the heavy triplet

leptons as high as a TeV can be achieved with 100 fb~! integrated luminosity.
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L. INTRODUCTION

Neutrino oscillation experiments involving neutrinos
and antineutrinos coming from astrophysical and terrestrial
sources have found compelling evidence that neutrinos
have finite but small masses. To accommodate this obser-
vation, the minimal standard model (SM) must be ex-
tended. Generating neutrino masses through the seesaw
mechanism [1-4] is among the most attractive ones. It
explains the smallness of neutrino mass by supplying a
suppression factor of the ratio of the electroweak scale to a
new physics scale. There are different ways to realize the
seesaw mechanism. They can be categorized as type I,
type II, and type III seesaw mechanisms. The main ingre-
dients of these models are as follows:

Type I [1]: Introducing singlet right-handed neutrinos vg
which transform as (1, 1, 0) under the SM SU(3). X
SU(2), X U(1)y gauge group. It is clear that v does not
have SM gauge interactions. The neutrino masses m, are
given by m, ~ y2v*/M,, , where v is the vacuum expec-
tation value (VEV) of the Higgs doublet in the SM, y,, is
the Yukawa coupling, and M, is the right-handed neutrino
mass, which sets the new physics scale A. If y, =1, to
obtain the light neutrino mass of the order of an eV or
smaller, M, is required to be of the order 10'*-10'> GeV.
This makes it impossible to directly detect v at a labora-
tory experiment. However, the Yukawa coupling y, does
not need to be of the order of 1. If it turns out to be similar
to or smaller than the Yukawa coupling for the electron,
M, can be as low as a TeV.
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Type II [2]: Introducing a triplet Higgs representation A
transforming as (1, 3, 2). In this type of model, the neutrino
masses are given by m, = Y,v,, where v, is the VEV of
the neutral component of the triplet and Y, is the Yukawa
coupling. With a doublet and triplet mixing via a dimen-
sionful parameter w, the electroweak symmetry breaking
leads to arelation v, ~ uv?/M3%, where M is the mass of
the triplet. In this case the scale A is replaced by Mi /.
With Y, =1 and w ~ M,, the scale A 1is also
10'-10'> GeV. Again a lower value of the order of a
TeV for M, is possible.

Type 11 [3]: Introducing triplet lepton representations
3., with (1, 3, 0) SM quantum numbers. The resulting mass
matrix for neutrinos has the same form as that in the type I
seesaw mechanism. The high scale A is replaced by the
mass of the leptons in the SU(2); triplet representation
which can also be as low as a TeV.

In the absence of more experimental data, it is impos-
sible to tell which, if any, of the mechanisms is actually
correct. Different models should be studied using available
data or future ones. The most direct way of verifying the
seesaw mechanism is, of course, to produce the heavy
degrees of freedom in the models if they are light enough,
and study their properties. The Large Hadron Collider
(LHC) at CERN with the unprecedented high energy and
luminosity is the best place to carry out such a test.

Major discoveries of exciting new physics at the
Terascale at the LHC are highly anticipated. A test of the
seesaw mechanism at the LHC has received a lot of atten-
tion recently [5—13]. However, it is believed that any signal
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of v would indicate a more subtle mechanism beyond the
simple type I seesaw due to the otherwise naturally small

mixing V;,, ~ 1/m,, /M, between the heavy neutrinos and

the SM leptons. Some of the ways to evade such a situation
are to have some new gauge interactions [6,8] or to find
solutions where V;,, are large, which can happen in inverse
seesaw models [14—-16].

The possibility of testing the type Il seesaw mechanism
at the LHC has been considered by several groups [9,10].
Recently one group including one of us systematically
explored the parameter space in this model [10]. Using
preferred parameters from experimental data, they found
that in the optimistic scenarios, by identifying the flavor
structure of the lepton number violating decays of the
charged Higgs bosons, one can establish the neutrino
mass pattern of the normal hierarchy (NH), inverted hier-
archy (IH), or quasidegenerate (QD). Many other signa-
tures of type II seesaw mechanisms at the LHC have been
studied [9,10].

There have also been studies to test type III seesaw
mechanisms at the LHC [11-13]. Because of the fact that
the SU(2), triplet % has gauge interactions, the production
of the heavy triplet particles can have a much larger cross
section compared with that in type I seesaw. The type III
seesaw mechanism can be tested in a more comprehensive
way up to the TeV range. In this paper we further study
some features of the type III seesaw at the LHC. To detect
the signals of the heavy triplet leptons, one needs to under-
stand their decays to SM particles which depend on how
light and heavy leptons mix with each other. Similar to the
type I seesaw, in this model it is also possible to have small
and large mixing V;, between light and heavy leptons
[14-16].

The usual solutions with light and heavy lepton mixing
of the order of the square root of the ratio of light and heavy
masses, (m,/M,,)"/? could lead to a visible displaced
vertex in the detector at the LHC [11]. This fact can be
used to distinguish small and large mixing between light
and heavy leptons. The latter does not lead to a displaced
vertex. It has long been realized that it is possible to have
large light and heavy neutrino mixing originated from the
so-called inverse seesaw [14]. This possibility has also
received a lot of attention recently [15,16]. With a large
mixing between light and heavy leptons, one can also study
single heavy lepton production [16]. This can also be used
to distinguish model parameter spaces. We will concentrate
on the usual small light and heavy mixing solutions.

The analysis carried out in this work, in many ways, is
similar to that in Ref. [8] since in both cases the production
of heavy lepton pairs is through gauge boson mediation,
and also the light and heavy lepton mixing comes from the
seesaw mechanism. The main differences are that in this
model the heavy leptons have electroweak interactions and
the mediating gauge bosons in productions are W and Z,
while in the model discussed in Ref. [8], the heavy neu-
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trinos do not have electroweak interactions and the medi-
ating particle is the new neutral gauge boson Z'. Our
analysis also has overlaps with that in Ref. [17], where
type I+ III seesaw was studied, but detailed correlations
are different since the model in Ref. [17] has both heavy
neutrinos from type I which do not have electroweak
interactions and also the triplet heavy leptons from
type III we are considering. We have checked that when
applicable, our results agree with those obtained in
Refs. [8,17].

We find that there is a relation between the low energy
neutrino oscillation and mass parameters, and the heavy
triplet lepton decay parameters which has not been con-
sidered before in this model. We first derive this relation,
and then make concrete predictions of the heavy triplet
lepton signals using this relation for the small mixing
solutions. We consider two ideal production channels:
() E'E-—€ "¢ ¢ jj (=e u, 7 and
reconstruction in the analysis which turns out to give some
interesting additional information. With judicious cuts at
the LHC, the discovery of the heavy triplet leptons as high
as a TeV can be achieved with 100 fb~! integrated lumi-
nosity. With 300 fb~! integrated luminosity, the reach of
the scale for heavy triplet leptons can be higher.

The paper is arranged as follows. In Sec. II we summa-
rize some basic features of the type III seesaw model,
paying particular attention to the heavy triplet lepton cou-
plings to SM bosons and light leptons, and display relations
between the low energy neutrino oscillation and mass
parameters. In Sec. III we study constraints on the relevant
parameters in the model, taking full advantage of the
relations obtained in Sec. II. In Sec. IV we study the heavy
triplet lepton decays. In Sec. V we study the production of
heavy triplet leptons and the detection signals at the LHC.
Finally in Sec. VI we summarize our main results. We also
include Appendixes A and B to provide more details on the
derivation of the relation displayed in Sec. II and the
general expressions for the heavy triplet lepton decay
parameters.

II. THE TYPE III SEESAW MODEL

The type III seesaw model consists, in addition to the
SM particles, of left-handed triplet leptons with zero hy-
percharge, 3, ~(1,3,0) under SUQ3). X SU(_2), X
U(1)y [3]. We write the component fields as

3 —3/V2
The charge conjugated form is
e _ [(3FN2 3

Note that 3¢ is right handed.
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The renormalizable Lagrangian involving X, (2¢) is
given by

L =T33, ]~ ST Ms 3, + 3, M35 ]
— LAY — AYSSNAYsL,. )

Here we have defined ¥ =3, + X/¢ with ¥, =3,
Vr =37 In the above, LL ~ (1, 2 —1) is the left-
handed doublet lepton field, and H = io,H* ~ (1,2, —1)
is the Higgs doublet filed.

With a nonzero vacuum expectation value (H) = v/ V2
for the Higgs field, the doublet leptons receive masses, and
also mix the doublet and triplet leptons. The relevant terms
in the Lagrangian for mass matrices are given by

- - m 0 [
L, =—(Ix qu)< Y;v s )(\PLL) + He.

_(—c i()c) 0 ng/z\/z (VL)
o t YEU/2\/§ M2/2 2(L)

+Hec (4)

The second line above gives the seesaw mass matrix for
neutrinos.

There are many different features for the type Il seesaw
mechanism compared with the other types. Unlike the
type I seesaw model, in this model the doublet charged
leptons mix with the triplet charged leptons leading to a
tree level flavor changing neutral current involving charged
leptons [18]. The fact that the heavy triplet leptons in the
type III seesaw mechanism have a gauge interaction also
leads to other different phenomenology [19,20]. Different
extensions of the simplest model can also achieve different
goals [21].

For detailed studies, one needs to further understand the
mass matrices in Eq. (4) and their diagonalization. The
diagonalization of the mass matrices can be achieved by
making unitary transformations on the triplet, the charged,
and the neutral leptons defined in the following:
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ILr _ L.k VL
(i) o) (55) - o(s50)
&)

where U r and U are 6 X 6 unitary matrices, for 3 light
doublet and 3 heavy triplet lepton fields, which we decom-
pose into 3 X 3 block matrices as

U = ( Ui Unw ) U = ( Uri  Uriw )
L = » R — 4
Uwi Upww Urvi Ugvw

UOI/I/ UOI/E
Uy = ( ) (6)
Upsy  Upss

For our studies we need to know gauge and Higgs boson
couplings to leptonic fields. In the weak interaction basis,
they can be written as

L = +e(Vyr¥ + Iy DA,

+ gew(WUyr ¥ + l_)/'“l)Z

8 1
- . (2 vyt + EZL')’MZL + lR?’,JR)
- g(q’L’}’”E%W; + \PR?’ME%CW;)

gauge

— il‘LyﬂvLW; + H.c.,

NG

. - H°
Lyuawa = _(77LY§22L + \/EILY?PR)

\/_ llelLi

+ H.c,, (N

where ¢y = cosfyy.

In the mass eigenstate basis, the photon couplings to
fermions are diagonal, but Z couplings are more compli-
cated. We have

LNCZ = 'ENCZ + ‘E%CZ + (‘ENCZ + HC) + (.E?/CZ
+He)+ LE., + LK, (8)

where

Livcz = gewl W Vi v PLY,, Z5 + W,V Epwv* Pr v, Z%]

g —
‘£1B;’CZ == EmL ZEE’)/MPLE /L ,u,)

8 _

C _
LYz = 2c WVszVEV PLEm’L w

8 -
Lz = (Vi Y*PLY w28 + 1, VE  y* PR, 28],

Vaew

‘Elb\:’CZ == 2g v Vél/y’yluPLV ’Z
Lyez =

F
‘ENCZ -

m' &

_a[lmvé[[’y'uPLl Z0 +l VR”')’ PR IZ()]

g —
—C—[lmvg,leLl 20+ 1, W VB Y PRrLyZ0 ],
w
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and
vLoo—1— Lyt oy ye —- Lyt oy Vi =U! .U
/A2 22 JLwLn AN 2 URIVYRIY 733~ Yoz Yo
w w
1
Véyz = UngovE) Vémr = _\/_EUIJ[HULZ\IH V§zw = _\/EUIJEZIURI‘I”
1
Vévu = U(J)er()uw Vé/l = _C%V] + EUL/ULIZ’ V§11 = _C%v] + UI];IIURH'
For the charged current interactions, we have
Loc= L+ LE+ LE+ L2+ Hoc), (10)
where
g -
Lic= _TW’" S yEPLE W+ W, VB yR PR30 W],
L8, = \/_[lmV CyHP 30 W + L, VR y# PR30 W,
_ _ (11)
L= —ﬁ[\P,nV@Vy”PLvaLW; + W, VE yEPrrv, W, ],
g r7 _ 5 _
L. = —\/—z[lmVlLVy“PLvmrLWM + L, VEy Prve, Wi,
and
V&rz = UZNUOVE + \/EUIM'UOEE’ leffz - \/EUJ’E\I"PUSEE’ Vsz = UZUUOVE + \/EUZ\WUOEE’

VRE = \/_UR\I'I Upss Vi

L — _
Vi, = Veuns =

14

In the above we have made the approximation Vi =
Vpuns- Strictly speaking, V/; is not unitary as the usual
definition of the unitary 3 X 3 Vpuns matrix. The correc-
tion is at the order of O(m,/Ms). It is a good approxima-
tion since we are working with the small light and heavy
neutrino mixing scenarios.

One finds an interesting relation

dia,

L pgdiagy,Lt _ vy gy, 1 iag y T
szMzN Vis = = Veynsmv VPMNS+mI UR\I'ZUL‘I’I

+ UT Uy . (13)
The detailed derivation is given in Appendix A. A similar
relation without the last two terms on the right in the above
equation for type I seesaw has been derived in Refs. [8,22].

The physical Higgs H® interactions with leptonic fields,
in the mass eigenstate basis, are given by

Lg= L4+ L8+ Hc, (14)

where

= U}y Uy + \/EUZ\I!\PUOEW VY, =
UZIIUOVV + \/EUZ\WUOEW

V2UlyuUss, (12)
Vzlf/ = \/EU;E«WUSEV-

E? - m S,,EPREOC HO (15)
£§: [l IWIIPL /+l Vl‘I’PR’\P ]H
and
T U*
VE s = U8, YiUsss + Ul Vi Us s 1/V2,
1
VsLmr URWYE Uy + —=— \/fv Uzllm/URlW’ (16)

1
V_éel\lf ULllY UR‘I"I’ + — \/Ev U;E,”mlUqu,.

In principle, the matrices U g and U, can be expressed
in terms of Yy, m;, and My. Since for the seesaw mecha-
nism to work, Ys ngl should be small, one can expand
Upr and U in powers of szMg1 to keep track of the
leading order contributions. For this purpose, it is conve-
nient to write the leading order expressions up to Y3 v>My>
in the basis where m; and My are already diagonalized,
without loss of generality. The following results have been
obtained in the literature [18]:
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Uy = YiM3 'y,

Uiy = mYIMs?v,

Uopw = (1 = €/2)Vpuns,

Upss =1 — €/2,

Upw = —M5'Ysv,
Upy; = —Mngzm]v,
Uows = YiM5'v/\2,
€ = YIMS?Ysv?/2,
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Uy =1—¢€,

Ugwy = 1,

Uos, = _MleEUOVVv/\/E’

€ = M5'YsYiM;'v?)2.

To leading order in YsvMy I, we have interaction terms involving heavy triplet leptons as

Lycarz = eEy*EA, + gewEy*EZY,

g - * 7
'ENCZ = E[V(V;MNSVIN’YMPL - V;MNSVINYMPR)N + \/EIVIN')/MPLE + H.C.]ZO,

(17)

_ 1 - _
Lee= —g[Ey“N + —lelNy"PLN + EV;VV;MNSYMPRV]W/: +He,

NGl

g
L=
ST 2My,

with Vjy = V& = —YIuMS!/V/2. In the above, all fields
are in mass eigenstates. The E, N and M%lag , Mi}ag are mass
eigenstates of W, 3, and the eigenmass matrices, respec-
tively. Note that the interactions involving light neutrinos
in the above have the additional Vp,yg factor compared
with those involving light charged leptons.

To the same order, we also have
* diagy,T _ _ yr= diagy ;1
ViNMN=Viy = = Voynste ™~ Vpyys: (18)

This equation plays an important role in constraining the
elements in the coupling matrix V.

III. CONSTRAINTS ON THE PHYSICAL
PARAMETERS

In the study of the decay of E and N into SM particles,
the interaction matrix V,y plays an important role.
Knowledge about it is crucial. In this section we study
constraints on V;y and the decay branching ratios (BR) of
E and N. Equation (18) provides very important constraints
on V;y. As mentioned before there are two classes of
solutions: the cases with small and large mixing between
light and heavy leptons. The small mixing case is charac-
terized by the fact that in the limit, m5*¢ goes to zero, the
elements in V;y also go to zero, and the elements in V;y are

|

[B(VE s VINMN e PR + VE s ViZMS S PN + 21V My PRE]H® + H.c.,

of order (m, /M, )"/?. But with more than one generation it
is possible to have nontrivial solutions for Eq. (18) which
have large mixing between light and heavy leptons, as has
been shown in Refs. [15,16]. The cases with small and
large mixing have very different experimental signatures.
The small mixing solution case will lead to a visible
displaced vertex in the detector at the LHC, while for the
large mixing case, one can also study single heavy lepton
production [16]. The aim of this paper is to study the
correlations of heavy lepton productions and decays with
low energy neutrino oscillation parameters and masses.
Therefore in this section we will discuss constraints on
the physical parameters for small mixing solutions.

A. Neutrino masses, mixing, and the coupling matrix
Vin

On the right-handed side of Eq. (18), the parameters
involved are in principle measurable parameters, the neu-
trino masses, and mixing angles. Therefore in order to
understand the constraints we need to know much about
these parameters. As has been mentioned before, in our
case the Vpyyg 1, in general, not unitary. However, since
the deviation is of order Ysv/My, to a good approxima-
tion, we can neglect these corrections and use a unitary
matrix to represent it which can be written as

_'6
C12€13 C135712 e 'sp3 o /2 _
— i i . i i
Vpuns = | —c12813503€"° — €23812 €13 — €0515813503  c138p3 | X diag(e™®/?, 1, €'/7), (19)
_ b _ is _
S12823 7 € 7C12023813 €23512513€ C12823  €13€23

where Sij = Sint9,~j, cij = COS@I']',

0=6,;=m/2,and 0 = 6 = 2. The phase § is the Dirac CP phase, and ®; are the

Majorana phases. The experimental constraints on the neutrino masses and mixing parameters, at the 20 level [23], are
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7.25 X 1075 eV2 < Am3, <8.11 X 1075 eV?

0.27 < Sin2012 < 035,

and no constraints on the phases. The neutrino masses are
bounded by Y';m; < 1.2 eV [24]. For a complete discus-
sion of these constraints, see Ref. [4].

Following the convention, we denote the case Am3, > 0
as the NH and otherwise the IH. In our later discussions,
unless specified for the input values of relevant parameters,
when scanning the parameter space we will always allow
S12,13,23 to run the above allowed ranges, and the lightest
neutrino mass for the NH and IH cases to run the range
1074-0.4 eV.

Equation (18) relates V;y to low energy measurable
quantities, but the elements in V;y cannot be fully deter-
mined. Certain assumptions or new parameters need to be
introduced to describe the ranges for the elements in V.
In the following we consider in detail the size of V5 with
the Majorana phases set to zero first, and then comment on

the effects of nonzero Majorana phases.
|

0.39 < Sin2023 < 063,

PHYSICAL REVIEW D 80, 093003 (2009)
2.18 X 1073 eV2 < |Am3,| <2.64 X 1073

(20)
Sin2013 < 0040,

|
1. Case I: Degenerate heavy triplet leptons

We start with a simple but interesting case where the
heavy triplet leptons are degenerate. In this case Eq. (18)
becomes simple on the left-hand side with Vi MYV =
MyY i—1253 Vl’{\,* 2. Here the superscript i runs over the three
light generation leptons and j runs over the three heavy
triplet leptons. My = M, = M, = Mj is the heavy triplet
mass. We have a simple expression from Eq. (18):

* * di _ i
My Z (lVl/ )2 (VPMNSmVagV;MNs)ii =M,
=123
i=e pu T 2D
where M, VPMNSm,, VPMNS

Explicitly we have

Y 2 0 —id 2 (26—
MNZ(lVZN) = chs2my + ke Pimy + shell 2my,

MNZ(IV/”*
MNZ(iV,TA’, )?
J

If the phases in V;y are all zero, the right-hand sides in
the above equations are all real. We can formally write

My Y (VD2 =My Y VLI (23)
=123 =123

Later we will refer to this particular case as case I.

If indeed the three heavy triplet leptons are degenerate or
almost degenerate, experimentally when they are pro-
duced, one would not be able to distinguish them and
therefore must sum over the heavy ones. The above equa-
tion allows one to fix the couplings completely in terms of
low energy parameters. We emphasize that this is true only
for the case in which all phases in V,y are zero.

The experimental information on neutrino masses and
mixing indicates that the neutrino mass matrix M, presents

the following patterns:
M < MV*, M7T for NH,

for IH.

(24)

Mee > MUE, M

More detailed discussions can be found in Ref. [10]. We
plot the allowed values for the normalized couplings,
S jIVl']JVIZM ~/100 GeV, of each lepton flavor for this case

in Fig. 1, as a function of the lightest neutrino mass for both
the NH (left panel) and the IH (right panel) cases. We see

_ _ N
= (c1223 = S12813503€ )" my + (cp3812 + C12813523€

_ —isy2 _
= (c12823 T C23812813€ °)°my + (512823 — C1aC3813€

—i0)20 =iy 4 C%S%e—i@zm& 22)

T0) e~ Pimy + cycie P2ms.

|
two distinctive regions in terms of the lightest neutrino
mass. In the case m;3; < 1072 eV, Z,|Vf1{}|2 < Z,|V, /2,
YV 12 for NH and Yilvii 2 >ZJ|V’” 2 ZjIVlN for
IH. On the other hand, for m, s, > 1072 eV, we have the
quasidegenerate  spectrum Y. jIV;{,lz ) lel“N’ |2 =
SV as expected.

2. Case II: A class of solutions for small mixing between
light and heavy neutrinos

As already mentioned before the relation in Eq. (18) we
cannot completely fix the form for V;y, but we find that V
can be written in the following form using the Casas-Ibarra
parametrization: [22]

Viy = iVeyns(ms ™) 2Q(wyy, way, W32)(M§/iag)7l/2,
(25)

where (m diag(m, 1/2 mé/Z,m;/z)’ (Mdine)-1/2 =

diag(M, 1z Mz_l/z, My 1/2), and Q(w,, ws;, wi,) satisfies
QQO7 = 1. In general the elements in {) can be unbounded
if complex variables w;; are used. Since we are interested
in small mixing between light and heavy neutrinos, we
limit ourselves to the case where the angles w;; defined in
Appendix B are real and allow them to vary in the ranges

dlag)1/2 _
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T T 12
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FIG. 1 (color online). Z/-=1y2‘3|V,i'](',|2M ~/100 GeV vs the lightest neutrino mass for NH and IH for case I without any phases, where
areas for u and 7 flavors overlap (same for the other figures).

0 < wy;, w3y, and wsz, < 27r. More details about () are given in Appendix B, where explicit expressions for Vl’lj\, (i=e,pm,
T, j = 1, 2, 3) are collected.
If Q = 1, the expressions for |V,y|* are simple. We have

1 . .
M (Vi AV R IV = my(ctyets Isineas + crasizsye® [, Is1as03 — cosizene®|?),

2 . .
My(VEILIVIGIE VD) = my(clssty, leincas — s1as13503€ 12, [e1ps3 + s1as13003€1%), (26)

3
M5(VRIPL IV 2 IVRIZ) = ms(s15, 13535, ¢13¢33).

10-11 T Illlllll T IllYIIII L] IIIIIII' L T 10-11 T II'IIII' T llllllll ¥ II!IIIII ¥ T
e
w1l T
= 10712 __ 10712 E e
= =
s pmd
& 10" & 10
oS =
[ (=)
= 10 = 1014
N 8
:E :E
10-]5 10-15 e A Y A
10 107 1078 1072 10!

m, (eV)

FIG. 2 (color online). |Vi}|?M,/100 GeV vs the lightest neutrino mass for NH and IH, when 0 < w; j < 2ar for case II without any
phases in ().
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Using known data on the m1x1ng parameters, it is easy to
see that [Viy[* > VAR IVRIZ IVRIE = VISR = VI,
and IVI’]LV % [VRI? > |V13|2 for both the NH and the TH
cases.

To have a better understanding about the size of |Vy|?,
we scan all wy, wsy, and ws, in the range 0 < w;; < 277.
The () = 1 case is obtained by setting sin(w;;) = 0. Case I,
discussed earlier, is also a special case of case II.

The allowed range for the normalized coupling,
[ViL[>M, /100 GeV, is shown in Fig. 2 as a function of
the light neutrino mass in each spectrum. The results for
the NH and IH cases are displayed in the left and right
panels respectively. The ranges of | V2 |?M, /100 GeV and
[Vi31°M3/100 GeV are almost the same and will not be
shown separately. Unlike for case I, by just looking at the
absolute values of |V,y|?, it is difficult to distinguish neu-
trino mass hierarchies. But there are allowed regions for
|[VEl|? for the NH and IH which do not overlap. In this
partlcular situation, there is still hope to distinguish differ-
ent neutrino mass hierarchies.

B. Other constraints

In the type III seesaw model, the heavy triplet lepton
masses are free parameters. The current constraint on
heavy charged lepton masses comes from the direct search
at the collider [25], M = 100 GeV, which we will use as a
|

TV, — € W*) =T — ¢+ w7) = =

3
z F(Nz - VmZ)

2
W
3 T
S TN, — v,,H) = i—z
=1 {=e¢
3
D (E*—»vwﬂ—‘gz'—

m=1

T(Ef — €2) =

F(E+ — €+H0) —

In the above, we have used the relation [6]

Z |(VPMN5VZN)W|2 = Z |Vl€1<1|2

m=1 {=e

(28)

One can see that all £ and N decay partial widths are
proportional to |V,y|?> and the branching ratios of the
cleanest channels have the relationship BR(N — {=W*) =

Vi (1
64 l lMZ M3
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lower bound and take My to be larger than the Higgs
boson mass My(>114 GeV). Because the charged and
neutral heavy leptons have different mass matrices, they
are in general different. However, the splits are small
compared with the common mass term My. We will take
My = My as the common triplet mass in our later
discussions.

Other constraints come from electroweak precision mea-
surements, lepton flavor violation processes, and meson
rare decays [6,13,18,19,25,26]. We have checked that these
limits do not provide strong constraints for heavy triplet
lepton decays and productions.

IV. HEAVY TRIPLET LEPTON DECAYS

In this section we study the main features of the heavy
triplet lepton decays taking into account the constraints on
|V,y|? from the neutrino mass and mixing data as discussed
in the previous section. From Eq. (18) one therefore antici-
pates that E and N decays could be different. We explore
this in more detail in the following.

A. Main features of heavy triplet lepton decays

The partial widths for N and E decays are given by
[6,13]

3

|V€z|2M 1— M2 1 +M2 ZK

IN M2 M2 M2 M4
a M M? M4
> V;j'VP e ( M—f)(l +MZ 2M—4)
—e z N; N;
(- kY

W M i

oM M3, M3 My,
ol ( ) 1+—- 2—4
W ME ME M

ZVf

(27)

3 2 2 4
M M2 M

Z)(l +—Z 2—42)
M3 M3

3
2Mi (| My

|v| Ly - Z2Y
M\ ME

BR(E* —{¢=Z) for the large triplet mass. In Fig. 3 we
show the branching fractions for the decays of N (left
panel) and E (right panel) versus their masses with M0 =
120 GeV for cases I and II, in which the lepton and
neutrino flavors in the final state are summed. Since all
partial widths are proportional to Y'7__ |Vfi|?, there are no
other free parameters for the branching ratios displayed in
the figure.
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M,’=120 GeV
0.5 ———————1———
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400 600 800 1000
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Ll
200
FIG. 3 (color online).

B. Heavy triplet lepton decays and neutrino mass
spectra

We now present our results for decay branching ratios in
detail for cases I and II mentioned previously.

1. Case I

In Fig. 4 we show the impact of the neutrino masses and
mixing angles on the branching fractions summing all N;
decaying into e, u, and the 7 lepton plus the W boson,
respectively, with the left panel for NH and the right panel
for IH. The branching fraction can differ by 1 order of
magnitude in the NH case with BR(u=W¥),
BR(7*W¥) > BR(e*W™) and about a few times of mag-
nitude in the IH spectrum with BR(e* W*) > BR(u= W),
BR(7*W¥). As expected, all the channels are quite similar
when the neutrino spectrum is quasidegenerate, m; =~
m, = mz = 0.1 eV.

2. Case 11

We show the branching fractions of processes N; —
{=W* (£ = e, u, 7) as functions of the lightest neutrino
mass for NH and IH, when M; = 300 GeV, in Fig. 5. The
behaviors of N, and N3 decays are almost the same. These
do not seem to provide a discrimination power between the
two mass spectra.

It is important to note that nature would choose only one
specific form of (2, and not a random selection. To illus-
trate, in fact, that a detailed analysis can still distinguish
different neutrino mass spectra in each special case, we
show in Fig. 6 the branching fractions of N, as functions of
the lightest neutrino mass for NH and IH, respectively, with

PHYSICAL REVIEW D 80, 093003 (2009)

My’=120 GeV
—————

0.8 T

3 i ]
T 04f -
4 ]
0.2 -
O | 1 P P B P L
200 400 600 800 1000
Mg (GeV)

Branching fractions of N and E~.

Ml = 300 GCV, and Woy = W31 = 0.27r. Note that N]
decay does not depend on ws,. We see that the branching
fractions for the NH and IH cases can be substantially
different: BR(u*W¥)>BR(7*W¥) >BR(e“W*) in
NH and BR(e*W*) > BR(u*W™), BR(7*W¥) in IH.

The above analysis can only be useful if there are
independent ways that the angles w;; and phases can be
measured. We have not been able to find a viable method to
achieve this. We therefore would like to turn the argument
around that if in the future the neutrino mass hierarchy is
measured, then in combination with the possible informa-
tion on the sizes of the elements in V;y from our later
discussions in Sec. V C, information on the model parame-
ters w;; and phases may be extracted at the LHC.

C. Impact of Majorana phases for £ and N decays

So far we have assumed that the Majorana phases are all
zero. The unknown Majorana phases could modify the
predictions for £ and N decays. In this section we study
the effect of nonzero Majorana phases on £ and N decays.
We note that in general there are two Majorana phases,
®,,, and a general analysis will be complicated. The
situation can be simplified for some special cases. From
Appendix B, it can be easily seen that in the limits where
m; = 0 and m3 = 0, the phases ®; and ®, drop off the
expressions for V,y, respectively. The m; = 0 can happen
for normal hierarchy, and m; = 0 can happen for inverted
hierarchy neutrino mass patterns. We therefore will use
these two cases for illustration. Note that with nonzero
Majorana phases, it is not possible to have case I any more.
Our discussion here will only apply to case II. The V,y
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FIG. 4 (color online). The branching fractions of 3 ,_; ,3N; = €*W* (£ = ¢, u, 7) for NH and IH versus lightest neutrino mass
when My = 300 GeV, M0 = 120 GeV for case I without any phases.

dependence on Majorana phases for case II can be read off
from Appendix B. The two illustration cases are as follows:
(a) NH with one massless neutrino (m; = 0).—In this
case the £ and N decay rates depend on only one
Majorana phase ®,.

My, =300 GeV, M,°=120 GeV

1 L 1 il 1

W TW eW

T
< -1
~ 10
=
t’f
= 102§
(e
m
1038 i
107* 1073 1072 107"
m, (eV)

FIG. 5 (color online).

(b) TH with one massless neutrino (m3; = 0).—In this
case E and N decay rates depend on only one phase

D,.
In Fig. 7 we show the dependence of N decay rates with
Majorana phases ®, and ®; in NH and IH, respectively,

My, =300 GeV, M,°=120 GeV

W W

el

107

BR(N, —I"W (W)} {IH)

Branching fractions of process Ny — ¢*W™, £ = e, u, 7 vs the lightest neutrino mass for NH and ITH, when

M =300 GeV, Myo = 120 GeV, and 0 < w;; <2 for case I without any phases in ().
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FIG. 6 (color online).
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My, =300 GeV, M,’=120 GeV, w;=w;,=0.2n

) N 1

eW

1072 10
m, (V)

Branching fractions of process Ny — ¢*W™*, £ = e, u, 7 vs the lightest neutrino mass for NH and IH, with

M, =300 GeV, and w,; = w3, = 0.27 for case II without any phases in ().

without any phases in ). The dependence of N, and Nj
decays on Majorana phases are almost the same as that of
N,. For ®, from 0 to 7 in NH, they are always uW, W
channels that dominate. And for ®; from O to 77 in IH, eW
channel always dominates. To cover the whole ranges, the
range of Majorana phases needs to go from O to 47

My, =300 GeV, MJS=120 GeV

LA B S S S S B S S S S S S

A

LW TW

el

T

Z 4

= 10
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+_

T.

= 102§
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m

1073 :
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FIG. 7 (color online).

according to our definition in Eq. (19). But for the fully
scanned plot in Fig. 7, the range from 0 to 27 can reflect
the complete feature. The figures are symmetric from 27 to
47 to the ones from O to 277. We see that the Majorana
phases do have impact on the branching ratios. One can
extract information on the Majorana phase from different

My, =300 GeV, MJS=120 GeV

1 — ——— S—

eW

107

BR(N, "W ("'W*)) (IH)

0] 0.5 1 1.5 2
(IJ] I

The branching fractions of N, — €=W* vs Majorana phase ®, for NH and ®, for IH with M, = 300 GeV,

Mo = 120 GeV, and 0 < w;; < 27 for case Il without any phases in ().
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My, =300 GeV, M,°=120 GeV, wz=ws,=0.27
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FIG. 8 (color online).
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My, =300 GeV, M,°=120 GeV, wzy=ws,=0.27
1r T T T ¥ ]
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The branching fractions of N; — {=W¥ vs Majorana phase ®, for NH and ®, for IH with M; = 300 GeV,

Mo = 120 GeV, and w,; = wz; = 0.27 for case II without any phases in ().

lepton-flavor final states. One can also study more detailed
correlations of the NH and IH cases with the change of
Majorana phases in which we show indicative plots for the
above two cases in Fig. 8. We can see that for NH when the
phase @, = 27, one obtains the maximal suppression
(enhancement) for channel Ny — u*W~* (N, = 7= W™)
by 1 order. For IH the maximal suppression and enhance-
ment takes place also when ®; = 277. In this case the

-9
ID : T .ﬁ‘;\ T T I T T T l T T ] T T T T
= )
S ¢ -3
10— 10

1o 11

1071

10—12 §
. PR 109
10—13 E
— — 10!
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My (GeV)

FIG. 9 (color online).
whole allowed ranges, and for w,; = w3; = 0.27, respectively.

dominate channels swap from N, — ¢*W~* when &, =
0to Ny — u*W*, 7=W* when ®; = 27. This qualitative
change can be useful in extracting the value of the
Majorana phase ®;.

D. Total decay width of heavy triplet leptons

To complete our study about the heavy lepton and
neutrino properties, in Fig. 9 we plot the total width (left

10_9 EFT T T T T T T T T T T T T T T T T

F />\ | ‘ | -

F 3 IH

[~ 1073
1010 =~

.

[ N

[

I
-
9

N

10—11

|l|l||| [

T IIHIII

1071
10-12 i
2 ~~ _E 100

10713 | E .
SN’ .|
Wgo =Wg,=0.2m o3

10_14 1 1 | 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 | 1 1 1 1

200 400 600 800 1000
My (GeV)

The left and right panels are for the total decay widths of Ny with My = 120 GeV for w;; scanned in their
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axis) and decay length (right axis) for N versus M in NH
and IH for case II. The total decay width is proportional to
M, M3,. Although not considered as long lived for the large
triplet mass, the £ and N decay could lead to a visible
displaced vertex in the detector at the LHC. This displaced
vertex can be observed through £ and N reconstructions as
first pointed out in Ref. [11]. Careful analysis of the dis-
placed vertex can also provide crucial information about
neutrino mass hierarchy since the NH and IH cases have
different decay widths as can be seen from Figs. 6 and 8,
and also the right panel in Fig. 9. Since we cannot sepa-
rately determine each of the heavy triplet lepton decays for
case I, it is not possible to give a similar description about
the decay length. But this case is just a special case of
case II which is already implicitly included in the results
for case II.

V. HEAVY TRIPLET LEPTON PRODUCTIONS AT
THE LHC

In this section we study the main production mecha-
nisms of heavy triplet leptons and their experimental sig-
natures at the LHC. There is existing literature on this
topic, both in theoretical and phenomenological consider-
ations [11,13,25]. The main production channels of E=, N

are
pp—v'/Z"— E'E", pp— W*— E*N. (29)

The relevant total production cross sections are plotted in
Fig. 10. Note that the production cross sections for E*N

E°'N

10 :

| |
1000 1500

Mc(M,) (GeV)

|
500 2000

FIG. 10 (color online). Heavy lepton production total cross
section at the LHC vs its mass. The black dashed curve is for
pp — E*E~. The black solid curve is for pp — E*N via W=
exchange, assuming My = My. The two red curves are for
pp — E*N (solid) and pp — E~ N (dashed), respectively.
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and E~ N are different due to the fact that the LHC is a pp
machine.

We can see that up to 1.5 TeV, the cross section for each
production mode is a few times larger than 0.01 fb. It gives
the hope that with enough integrated luminosity, say
300 fb~!, the LHC may be able to probe the scale up to
1.5 TeV if all three production modes are analyzed.
However, one should be more careful in carrying out the
analysis beyond the naive total cross section estimate. One
has to make appropriate cuts to reduce SM backgrounds
which will also reduce the signal rate.

The detection of E~ and N is through their decays into
SM particles. We have studied the main decay modes,
E* —¢*Z, vW*, ¢*H° and N — {=W~, vZ, vH® in
previous sections. The signal channels for E* and N
productions can be classified according to charged usual
leptons in the final states [13]: (i) 6 charged leptons
€=€=€=€ €€, (i) 5 charged leptons €=€¢=€ € €",
(iii) 4 charged leptons €=€=€=€*, (iv) 4 charged leptons
€€t € €, (v) 3 charged leptons €= €= €+, (vi) 2 charged
(viii) 1 charged lepton €= jjj;.

With the heavy triplet leptons fixed at a mass of
300 GeV, it has been shown that signals from (i) and (ii)
have too small cross sections. They are not good for dis-
covery. Signals from (iii) and (iv) can provide a clean
measurement of the heavy triplet masses. Signals from
(v) and (vi) have excellent potential for the discovery
with a relatively high signal rate and small background.
Signals from (vii) and (viii) have large cross sections, but
large background [13]. We will not carry out a full com-
prehensive study of all possible final states, but concentrate
on two types of particular final states, belonging to (iv) and
(vi), which represent two ideal signals for E* E~ and E*N
productions.

These two types of signals are
() pp—EE = Z(— ¢ W Z(— qq), and
(2) pp— E*N — (*Z(— qg)¢=W*(— gg'). We note
that all the particles in the final states in these two pro-
cesses can be measured and the masses of E and N can, in
principle, be reconstructed. Therefore these processes are
easier to control compared with those with multineutrinos
in the final states. Replacing Z by H® can also result in the
same final states. Since the Higgs boson mass is not yet
known, we will not consider them. This type of events can
be eliminated with reconstruction of the Z mass.

Our approach beyond the existing studies is to make
concrete predictions of the E* and N signals in connection
with the neutrino oscillation parameters through Eq. (18),
and allow the heavy triplet lepton masses to vary. We also
include 7 events reconstruction which turns out to provide
some interesting information.

We now discuss the observability at the LHC in detail. In
Secs. VA and VB, we are mainly concerned with the
kinematical features for the signal and backgrounds. We
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will take the decay branching fractions of E and N to be
100% to the corresponding channels under discussions. In
Sec. V C, we will devote ourselves to the determination for
the branching fractions. We also assume that the three
heavy triplet leptons are hierarchical and consider the
lightest one of them. We will comment on the degenerate
case as described in case I mentioned previously.

A. ET E~ pair production

In this case, one of the cleanest ways to make sure
signals are from E* E~ production is to use the decay mode

E*—(*Z €=e u 1) (30)
and analyze
EYE™ = LT Z(— ") Z(— q9). 3D

We will explore the signal observability according to the
different lepton flavors.

LEE -0 jjl=¢ n
For this case, the leading irreducible SM backgrounds to
this channel are

- Z(— ) jj— e e € jj,
t(— bW (— €T v)i(— bW (— €~ D) Z(— €T €7)
— T+ Fr (32)
We generated the SM backgrounds using MADGRAPH.
Although the background rates are very large to begin
with, the kinematics is quite different between the signal

and the backgrounds. We employ the following basic
acceptance cuts for the event selection [27]:

pr(€) = 15 GeV, [n(€)] <25,
pr(j) = 25 GeV, In(j)l < 3.0, (33)
ARU’ ARI'(, AR{/{/ = 04,

where pr is the transverse momentum, 7 is the pseudor-
apidity, and AR is the separation between events for any of
the pairs € and ¢, € and j, and j and ;.

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 [27]

AE Acal
=@ by, Aeq = 10%,
E JE/Gov :
AE
bey = 0.7%, o= dmd gy oG9
E  JE/GeV
Ahad = 50%, bhad = 3%.

With further judicious cuts, the background can be
reduced more. We outline the characteristics and propose
some judicious cuts as follows:

PHYSICAL REVIEW D 80, 093003 (2009)

(i) For a few hundred GeV E, the leptons from heavy
triplet lepton decays are very energetic. We therefore
tighten up the kinematical cuts with

PrRX(€) > Mg/4, PT(j) > 50 GeV. (35)

(i1) To reconstruct the Z boson, we select among four
possibilities of opposite sign lepton pair "¢~ and
take advantage of the feature M e = M;;. In prac-
tice, we take their invariant masses close to M, with
|M€T€2’,jj - le < 15 GeV.

(iii) To reconstruct the heavy lepton E, we take advantage
of the feature that two FE’s have equal mass
Myt ¢ ¢z = M. In practice, we take |M€]+(2*€;: -
M je=| < Mg/25. This helps for the background re-
duction, in particular, for €€~ Zjj.

(iv) To remove the tfZ background, we veto the events
with large missing energy from W decay £y <
20 GeV.

The production cross section of the E* E~ signal with basic
cuts (solid curve) and all of the cuts (dotted curve) above
are plotted in Fig. 11. For comparison, the background
processes of "€~ Zjj and tiZ are also included with the
sequential cuts as indicated. The backgrounds are sup-
pressed substantially.

Finally, when we perform the signal significance analy-
sis, we look for the resonance in the mass distribution of
¢7¢5¢; and jj€;. The invariant masses of them are
plotted in Fig. 12 for 300 GeV E pair production. If we

e B e
pp —> E*E™—> I*1*1717]
10 F B . .
g JjIIZ basic 3
1 iz hord ST 7 basic |
2 P T t7 hard ]
° [jjIZ re Z and veto W N ]
L
ttre”
10k 2
e ttZ vetow
10'3 | I W R R SR T A S TR S R S
200 400 600 800 1000
ME (GeV)
FIG. 11. Production cross section of ETE~ with basic cuts

(solid curve) and hard final states cuts (dashed curve). Branching
fractions for the E decay are not included in this plot. For
comparison, the background processes are also included with
the sequential cuts as indicated.
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FIG. 12. Reconstructed invariant mass of M(€] €5 ), M(jj) (a) and M(€£; €5 €5), M(jj€;) (b) for €*€* €€~ jj production, with a E

mass of 300 GeV.

look at a mass window of [M: -z jjex — Mgl < Mg/20,
the backgrounds will be at a negligible level.

We would like to comment on the other potentially large,
but reducible backgrounds, like ¢7jj. The t7jj production
rate is very high, leading to the €*€~ X final state with
about 40 pb. Demanding another isolated lepton presum-
ably from the b quarks and with the basic cuts, the back-
ground rate will be reduced by about 3 to 4 orders of
magnitude. The stringent lepton isolation cut for multiple
charged leptons can substantially remove the b-quark cas-
cade decays. With the additional M j;, Mg+ ¢-, Mg+ ¢-¢=, and
M;je= cuts, the backgrounds should be under control.

2EE -1 i T )

The 7 lepton final state from E decay can provide addi-
tional information. Its identification and reconstruction are
different from e, p final states because a 7 decays promptly
and there will always be missing neutrinos in 7 decay
products.

In order to reconstruct the events with 7’s we note that
all the 7’s are very energetic from the decay of a few
hundred GeV heavy lepton E. 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). (36)

Identifying py(invisible) with the measured F;, we thus
obtain the 7 momentum by

Pr(m) =prO) + Er,  pu(m) =p(0) + (0).

Er .
pr(€) k
The E pair kinematics is, thus, fully reconstructed. The
reconstructed invariant masses of M(¢{¢;77) and
M(jj€™) are plotted in Fig. 13. We see that M(¢; €5 7°)
distribution (solid curve) is slightly broader as anticipated.
We always can find the rather narrow mass distribution.

1 T T T
> 107} .
Q
2
5
3 1072} 3
o
10'3 AR B Ll i ,
200 250 300 350 400
M””.jI (GeV)
FIG. 13. Reconstructed invariant mass of M({] €5 7*) (solid

curve), and M(jj€™) (dashed curve) for 75€¢* €~ €~ jj produc-
tion, with a £ mass of 300 GeV.
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The jj€* system right here (dashed curve) serves as the
most distinctive kinematical feature for the signal identi-
fication. Of course, the single 7 lepton could also be
produced with the hadronic decay Z boson from the
same parent E. The feature in this case is the same.

For 7777 €* €~ jj events with two 7’s, we generalize the
momenta reconstruction to

p(invisible) = k p(track;) + «, p(track,). (37)

The proportionality constants «; and x, can be determined
from the missing energy measurement as long as the two
charge tracks are linearly independent. In practice when we
wish to identify the events with 7’s, we require a minimal
missing transverse energy

¥ 7> 20 GeV. (38)

This will effectively separate them from the €€+ ¢~ €~ jj
events.

Another important difference between the leptons from
the primary E decay and from the 7 decay is that the latter
is much softer. In Fig. 14 we show the p distribution of the
softer lepton from the heavy lepton and 7 decays in the
events of €€ €€ jj, 7€ € € jj,and 7T T LT L jj.

Note that the two 7’s could be produced from either two
heavy leptons or the Z boson. It is easy to distinguish the
two cases. First it is the two hard e, p leptons that recon-
struct the Z boson when two 7’s are from E decay, but if
two 7’s reconstruct the Z boson the invariant mass distri-
bution must be much broader. We plot the reconstructed
invariant mass distributions of M({*€~) and M(7"77) in
Fig. 15. On the other hand, for E reconstruction, the

1 Fr———T——7

do/d pyymin (fb/GeV)

0 50 100 150 200
ppymin (GeV)

FIG. 14 (color online). py distribution of the softer lepton
from the heavy lepton E and 7 decays in the events of
€€ jj, 7€ € € jj, and 777 €€ jj, for a E mass
of 300 GeV.
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invariant masses of 7°€*€~ and 7% jj are almost the
same. But that of €~ 7" 7~ is broader than € * j j; see Fig. 16.

B. E* N associated production

In this case the cleanest decay modes of E* and N are

E* —(*7, N— =W+ C=em1) (39

and the signals for E~ N associated production are
E*N — £ Z(— g t" W7 (— qq'). (40)

We employ the same basic acceptance cuts and smearing
parameters as in the previous section. The leading irreduc-
ible SM background to this channel is

W= — £=€=jjjj + Fr. 41)

The QCD processes jjjjW*W=, jiW=W=W~ are much
smaller. This is estimated based on the fact that QCD
induced jjW*=W=* — jj€=€*F is about 15 fb. With an
additional a? and 6 body phase space or one more W
suppression, they are much smaller than t#W=. Other
electroweak backgrounds WWWW, WWWZ are also
negligible.

We again apply further judicious cuts to reduce the
background such as the following:

(i) We set additional cuts for hard leptons and jets

pF(€) > Mg/4, pr™(j) >50 GeV.  (42)

(i1) To reconstruct Z and W boson masses, we select two
pair jets among the four and take their invariant

1 T T
S -1
3 10 3 -
2
E:"
e}
= -2
£ 10 ¢ =
10'3....'.|. L P EEA S
0 50 100 150 200
M, ., (GeV)
FIG. 15. Reconstructed invariant mass of M(¢1€~), M(7777)

for 7777 €* € jj production, with a E mass of 300 GeV.
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1 771

(b)

10

do/d M,__;, (fb/GeV)
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250

R P L
300 350 400

M.y (GeV)

200

FIG. 16. Reconstructed invariant mass of M(7=€*€¢~) (solid curve), M(7*jj) (dashed curve) (a) and M({=7+77) (solid curve),
M (€7 jj) (dashed curve) (b) for 757~ €* €~ jj production, with a E mass of 300 GeV.

masses closest to M, and My with |M i T
Mz(M;; — My)| <15 GeV.  Their invariant
masses are plotted in Fig. 17(a).

(iii) To reconstruct heavy lepton E and N, we take ad-
vantage of the feature that they have equal mass
My, ;, = My,j,;,- In practice, we take |My ; ; —
My,;.;. | <Mg/25. This helps for the background
reduction.

10 71— 71—
- (a)

> 1F E

s i

£

2::

S 1

S 107 .
10-2....I..':..I:.-...I....

0 50 100 150 200
MJ.]. (GeV)

(iv) To remove the tZ background, we veto the events
with large missing energy from W decay £ <

20 GeV.
Next, when we perform the signal significance analysis, we
look for the resonance in the mass distribution of €;j,j,
and ¢, j3j4. The invariant masses of them are plotted in
Fig. 17(b) for 300 GeV E pair production. If we look at a

mass window of My ; ;. ¢,;.;, — Mgl < Mg/20, the back-

10 L
- (b)
> 1 F :
©)
2
§:_=:
XS
S 10k i
10'2 R ,':. P T WA PR B
200 250 300 350 400
Mm (GeV)

FIG. 17. Reconstructed invariant mass of M(j, j,), M(jjs) (a) and M(€,j,j»), M(€5 3 j4) (b) for €€~ jjjj production, with a E mass

of 300 GeV.
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FIG. 18. Total cross section for E* N production after the basic
cuts (solid curve) and all cuts (dashed curve) and the leading
tTW= background after all cuts.

grounds will be at a negligible level. The production cross
section of the E= N signal with basic cuts (solid curve) and
all of the cuts (dotted curve) above are plotted in Fig. 18.
For comparison, the background process of 17W™ is also
included with the sequential cuts as indicated.

Finally, we would like to comment on another excellent
signal for E*N production:

pp— E'E”

() |

BR(E"—u*2)

No. of events/100 fb™

0 'l s
200 400 600 800

Mg (GeV)

1000

PHYSICAL REVIEW D 80, 093003 (2009)
E*N — 0 Z(— 0 )W (> qF').  (43)

This signal has almost no standard model background.
However, its production rate is about 10 times lower than
that we consider above. We will not study it here further.

C. Measuring branching fractions

So far, we have only studied the characteristic features
of the signal and backgrounds for the leading channels with
the decay branching fractions of E and N to be 100%. For
illustration, we consider first the cleanest channel,
EYE~ — putZu~ Z. The number of events is written as

N=LXo(pp— ETE") X BRA(E" — unt2), (44

where L is the integrated luminosity. Given a sufficient
number of events N, the mass of E is determined by the
invariant mass of three leptons and one lepton and two jets.
We thus predict the corresponding production rate
o(pp — ETE™) for this given mass. The only unknown
in Eq. (44) is the decay branching fraction. We present the
event contours in the BR-M; plane in Figs. 19(a) and 19(b)
for 100 and 300 fb~! luminosities including all the judi-
cious cuts described earlier, in which the backgrounds are
insignificant. We see that with the estimated branching
fraction for w + Z, one can reach the coverage of about
Mg <08 TeV for 100 fb~! luminosity and M =<
0.9 TeV for 300 fb~! luminosity.

The associated E*N production has a larger cross sec-
tion compared with E¥E~ production and can provide
even better signals. In Figs. 20(a) and 20(b), we show the
event contours in the BR-M plane, for 100 and 300 fb~!

pp—> E'E”
0.3 A T —
: (®) ]
0.2 -
N L |
+1 | |
g
" I ]
m - -
D04 .
No. of events/300 fb™
O 1 L L L 1 L L L 1 L L L 1 L L
200 400 600 800 1000
M. (GeV)

FIG. 19. Event contours in the BR-M plane at the LHC with integrated luminosity 100 fb~! (a) and 300 fb~! (b) for E'E~ —
utZu Z— utut u wjj, including all the judicious cuts described earlier.
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pp—> eEN

BR(E"—u*2)

No. of events/300 fb™ -
P AR T SR RrE A |

500

750 1000 1250 1500
M (GeV)

250

FIG. 20. Event contours in the BR-M plane at the LHC with integrated luminosity 100 fb~! (a) and 300 fb™! (b) for E*N —

luminosities including all the judicious cuts described ear-
lier. Note again the events number for E*N and E~ N cases
are different due to the LHC being a pp machine. In
Figs. 21(a) and 21(b) we show the event contour for
E*N and E~ N separately. One can see that the LHC has
tremendous sensitivity to probe the channel E* — u*Z or
N — =W in this production mechanism. One can reach
the coverage of about Mz < 1 TeV for 100 fb~! luminos-

ity and My < 1.2 TeV for 300 fb~! luminosity.
We comment that for case I, where the three heavy
triplet charged and neutral leptons are degenerate, one
|

(23%)?
(13%)?
(17%)?

BR(ETE (E*N) — t4ZZ({LZW)) =

supporting the statement above. These predictions are the
consequences from the neutrino oscillation experiments
and are subject to be tested at the LHC to confirm the
seesaw theory. However, for the more general situation of
case II when heavy neutrinos are not degenerate, no such
information can be extracted since the correlation between
the BR and the light neutrino mass patterns is not strong.

We would like to comment that even for the complicated
case II, interesting information about the model can still be
extracted. As pointed out earlier by using information on
the neutrino mass pattern from other experiments and the
sizes of elements in V,y from the analysis here, one may be
able to obtain more information about the model parame-
ters such as the angles w;; and the Majorana phases.

cannot distinguish among the three heavy particles and
the detection signals will add up. This will enhance the
event number by roughly a factor of 3.

As discussed earlier that in case I, the E and N decay
branching fractions and the light neutrino mass matrix are
directly correlated, therefore measuring the BR’s of differ-
ent flavor combinations becomes crucial in understanding
the neutrino mass hierarchy pattern and thus the mass
generation mechanism. We find the following for case I
when all phases are neglected:

for NH: (u™ + 75)(u™ + 75)ZZ(ZW),
for IH: eTe™ZZ(ZW),
for QD: (e* + u™ + 7)(e™ + u™ + 75)ZZ(ZW),

(45)

I
VI. SUMMARY

We have studied the properties of the heavy SU(2);
triplet lepton in the type III seesaw model and also their
signatures at the LHC for the small mixing solution be-
tween light and heavy leptons. The small mixing solution
is characterized by the fact that in the limit in which the
light neutrino masses go to zero, the mixing also goes to
zero. The smallness of light neutrino masses then leads to
the fact that the total decay widths of heavy leptons are
small. With such small decay widths, although not consid-
ered as long lived for large triplet mass, the heavy lepton
decays could lead to a visible displaced vertex in the
detector at the LHC. This displaced vertex can be observed
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through E and N reconstructions. We summarize our main
results with small mixing as follows:

@

(ii)

To a good approximation, the couplings of the light
charged lepton and heavy triplet leptons Vy to Z, W
and H° bosons in Eq. (17) can be expressed with
measurable neutrino mass and mixing through Eq.
(18) with three unknown complex parameters w;; in
a 3 X 3 orthogonal matrix given in Eq. (25). This
allowed us to study the correlation between the
decays of heavy triplet leptons, light neutrino
masses, and mixing and model parameters. With
real w;;, the mixing between light and heavy is small
which leads to a displaced vertex at the LHC for
heavy lepton decays if produced.

Using the relation in Eq. (18), we have tried to
study a possible correlation in neutrino mass hier-
archy and heavy lepton decays with real w;;. We find
that only in certain limited cases, for example, case I
studied in this paper, the correlation is strong. The
study of heavy lepton productions and decays at
the LHC may help to determine the neutrino mass
hierarchy. For the more general situation case II
when heavy neutrinos are not degenerate, no such
information can be extracted because the correlation
is weak. However, even for this case interesting
information about the model can still be extracted.
If in the future the neutrino mass pattern is deter-
mined from other experiments and the sizes of ele-
ments in V;y from the analysis of heavy lepton
productions and decays at the LHC, one may be
able to obtain more information about the model

pp —> E*N (solid), E'N (dashed)
L B B B L L L N B B

0.3
(a)
02 .
N
=
T
.
o
T ,
@
0.1 —
No. of events/100 fb™"
P I S TN N ST S A SR TS T S SR S SR
250 500 750 1000 1250 1500
My (GeV)
FIG. 21.

described earlier.

(iii)

(iv)

If

PHYSICAL REVIEW D 80, 093003 (2009)

parameters such as the angles w;; and the Majorana
phases @;.

We have studied production and detection of heavy
triplet leptons at the LHC with judicious cuts to
reduce the SM background to see how large the
seesaw scale can be reached at the LHC. The asso-
ciated production E*N is crucial to identify the
quantum numbers of the triplet leptons and to dis-
tinguish between the neutrino mass hierarchies.
Even with only the cleanest channels w™u™ +
jets, the signal observability can reach about My <
1 TeV for 100 fb~! luminosity and My < 1.2 TeV
for 300 fb~! luminosity.

Although the rate of pair production ETE~ is
smaller than ETN, we demonstrated that besides
the clean 4-lepton channels from e, u, the 7 final
state can be effectively reconstructed as well. Even
with only the cleanest channels u*u*u u~ +
jets, the signal observability can reach Mg =<
0.8 TeV for 100 fb~! luminosity and My <
0.9 TeV for 300 fb~! luminosity.

nature does use a low scale, as low as 1 TeV, to

facilitate the seesaw mechanism, there will be a lot of
surprises to come soon after the LHC is in full operation.
We urge our experimentalists to carry out searches for low
scale seesaw effects.

X.
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APPENDIX A: DERIVATION OF EQUATION (13)

To derive Eq. (13), we need to have some detailed
relation of the block matrices in the unitary matrices U,
and U, . For U, we have

Uo, US,, + Uoys Ul s

UdyUouw + Ul Ups, = UL SUp,s + UlssUpss = 1,

= Ups, Uls, + UpssUlss = 1,
Uy, Ule + Uy sUl.. =U! Uys + Ul Upss =0
(U2 )N (UDRDH 0vy~ 0vE 03y Y 02X :
(A1)

From neutrino mass matrix diagonalization, we have

t di
sz/\/z)US:(m,,ag 0

0
ut e |, (A2
°<Y§v/ﬁ ; 0 M%ff) A

and
Uls,Ysv/N2 = my*Uf,,
t g _ diag
YivUiss /N2 = Ups MY, )
T t t __diagy,T
UOV;/YEU/\/5 + UOEVME = my UOEV’
a
YivU;,s /N2 + MyUsss = Upss MS3E.
For Uy g, we have
Uy rnUl oy + Up gip UL
L.RUY LRI LRIWY [ RIW
= UL,R‘PIUZ,R\W + UL,R‘I"I’UZR\IJ\IJ =1,
UZ,RHUL,RU + UZ,R\W UL rwi
= Z,WUL,RN + UZanpUL,RlINIf =1, (Ad)

ULrU Z,quz + UL,RI\PUZ,R\w

UZ,R” Uprw + UZ,RWUL,R\W’ = 0.

From charged lepton mass matrix diagonalization, we
have
+ m;r Y gv m‘liiag 0
U L + U R = diag )
0 Mg 0 My,

(A5)

and

PHYSICAL REVIEW D 80, 093003 (2009)

T t _  diagy,t
Upym; = m; =Ugy,

M ; Urvy = UpyyM dgizg,
Y me s = m;ﬁag Y zw
mUpy = Uiy MSE,
Uzguml + UthleEU = m‘/ﬁag Uzll’

(A6)
di
YsvUpy + MsUppy = UMy 5,
t yt t t _  diagy,t
Upn¥sv + Upy My = m;"Upy;,

&
m;Uqu; + ngUR‘I“I' = Uqu/MEIZg.

Combining the above relations and the definition of VILE,
and using the approximation Msy = Msc = My, we ob-
tain

VE = Ul Ups + V2U], Upss, (A7)

which leads to

VE = VeuwnsUL,, Uos + V2U Ty, Usss + VE UL < Upys.

>~ 0v
(A8)
Then we have
* di s di
VlezlingguzULll - _VPMNSmVlagUngLll
+ 20T, YsuV2UL,.  (A9)

From the definition of V5 we can also get

V[LE = VPMNSU(J;E,,UOEE + UZZZUOVE + VILEU(J)rzz Upss,

(A10)
which leads to
VEMS¥ UL s Uy = = Viynsmy Ul U
+ VS Ugss M Upy
+ V;MNSUgEyME Ury
+ UL YIoUy /N2 (Al

Combining Eqgs. (A9) and (A11), we finally obtain
5 7 gdi Lt % di
Vis My Vler = —Veunsmv VftMNs
+VE Uy s MEULwiN2
+ V;MNS UgEVME UL‘I’Z\/E + U{[[Y%:UUL\I;[
+ U{\PIYEUULII

Y= diagy, T diag y 77
= —Veuns™mv Vpyns tm; “UpyUrw
g
+ UZ\I,IUR\wmlmg. (A12)
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APPENDIX B: EXPLICIT EXPRESSIONS OF V;y Wy —swy O
FOR CASE II Ry, =1\ swy cwy 0,
From Eq. (18) we can write V;y explicitly as 0 0 !
CW3y O —SW3q
Vin = iVPMNs(m?/iag)IﬂQ(M?viagyl/zy (BD) Ris = 0 1 0 ’
SW31 O CW3q
where Q is a matrix which satisfies QQ7 = 1. It can be 1 0 0
parametrized as Ryy =10 cwyp —swsp |
0 SW3»p CW3p

Q(wy, wap, w3a) = Rip(wa)Ri3(ws)Ro3(ws,),  (B2)

with

where sw;; = sin(w;;) and cos(w;;).
The couplings V5 for different charged lepton and
heavy neutrino flavors are

_ el _ iD, /2 (D, /28
VAWM = Jmyci3siaswarcwsy + Jijcpezewsy cws /2 +  fimgs 3 swy ef(®2/279),

_ il — _ B _ _ i8 P, /2
iViy M| = Jmy(ciacay = s12813523€™)swarewsy + M (=s12023 = C1a813523€™)ewy cwsp e/

B
+ mscizspzsw e, ®3)
—iVIWWM, = \Jmy(—cips23 = s12813¢23¢")swarcwsy + (mi(s12523 = €1as13ca3€®)cwa cwy e/
+ Jmycisepswy e/,
— iVZ%\/ATz = Jmyc13812(—sWapsw3 swas + cwyewsy) + \Jmycppcs(—swapswaewsy — SWo CW3,)e P1/2
+ \fmzsizswacws e /270,
_iV;;vz\/ATz = \/”—13(012023 - S12S13523€i5)(_SW21SW31SW32 + cwyewsy) + \/’71—1(_312023 - 512513S233i6) (B4)
X (= swapswyjcwy — swyjews)e' /2 + fmzc sy swacws e P/,
_iVZT]\ZI‘\/—MZ— = Jmy(—cipsy3 — $12813¢23€0) (= 5wy swa swy + ewyiewyy) + (512503 — c1813¢03€™)
X (—sWisW31CWay — SWo cwsp)el P2+ mzeiscasswipcws e /2,
_in]?n/E = Jmyci3s1(—swapewy — swaswaewsy) + \Jmycaciz(swyrsway — SW3; CWo CWay)ei®1/2
+ Jmssizews cwsyel @279,
_ivﬁv3\/M3— = \/m_Z(CIZCZS - s12s13s23ei3)(—sw320w21 — SWy SW3;CW3)) (B5)

+ \/ml(_SIZCZB - C12513S23€i5)(SW325W21 — SW3Cwycwap)e

i®,/2 i®,/2

t \/Mm3Ci3823CcW3cwae

—iVis\IMy = \Jmy(—cip503 = $128513¢23€"°)(—swapcway — swoyswijcwsy)

+ \/m1(312S23 - 012S13C23€i6)(SW325W21 - SW31CW21CW32)€

Note that ) is only required to satisfy QQ7 = 1; the
angles w;; can take complex values. In principle, the
elements in () are unbounded. For example, taking w;; to
be imaginary and arbitrarily large will lead to large light
and heavy neutrino mixing. Since we are only interested in
small mixing with element in V,y of order /m, /My, we
consider in the main text that the element in () to be real

iP /2 iPy/2

+ Jmscizcpcwicwyse
numbers by restricting the ranges of w;; to be 0 = w;; =
27r. In this case the above general solution belongs to the
small mixing solution. In the limit the light neutrino
masses go to zero, and all elements in V;y are guaranteed
to go to zero. Also these elements are of order
(m, /M, )2,
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