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Higgs triplets at like-sign linear colliders and neutrino mixing
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We study the phenomenology of the type-1I seesaw model at a linear e~ e~ collider. We show that the
process e” e~ — a” B (a, B = e, u, T being charged leptons) mediated by a doubly charged scalar is
very sensitive to the neutrino parameters, in particular, the absolute neutrino mass scale and the Majorana
CP-violating phases. We identify the regions in parameter space in which appreciable collider signatures
in the channel with two like-sign muons in the final state are possible. This includes Higgs triplet masses

beyond the reach of the LHC.
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L. INTRODUCTION

The origin of neutrino masses and leptonic flavor mixing
emerges as one of the most challenging problems in par-
ticle physics. Among various theories of this kind, the
seesaw mechanism [1-4] attracts a lot of attention in virtue
of its naturalness and simplicity in explaining the smallness
of neutrino masses. In the standard type-I seesaw model,
the fermion sector of the Standard Model (SM) is extended
by adding right-handed neutrinos having large Majorana
masses My. In its natural version the neutrino masses are
suppressed with respect to typical SM (Dirac) masses mp
by a factor mp/My. With mp, of weak scale it follows that
sub-eV neutrino masses require heavy neutrino masses
many orders of magnitude above the center-of-mass ener-
gies of realistic colliders. In addition, as right-handed
neutrinos possess no gauge couplings, their production is
suppressed by a mixing factor of order mp, /My, so that all
in all the mechanism lacks testability. Only at the price of
extreme cancellations [5-8], or by introducing additional
gauge groups, one can achieve production of type-I seesaw
messengers at colliders.

In contrast, in the type-II seesaw model [9-11] one
extends the scalar sector of the SM by introducing an
SU(2), Higgs triplet, which couples to two lepton doublets
and thereby gives rise to a Majorana mass term of neutrinos
after electroweak symmetry breaking. This mass is given
by a vacuum expectation value times a Yukawa coupling. A
Higgs triplet can be naturally embedded in many frame-
works, e.g., grand unified, left-right symmetric, or little
Higgs models. It is important to note that a tiny neutrino
mass by no means requires that the mass of the Higgs
triplet is huge. In addition, Higgs triplets do possess gauge
couplings, which facilitates their production at colliders
[12-15]. In such a scenario, the bilepton decays of the
doubly charged component are firmly connected to the
neutrino mass matrix, which opens a very promising link
between neutrino parameters and collider signatures
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[16-24]. Higgs triplets also induce lepton flavor violating
(LFV) charged lepton decays, which can be used to con-
strain the parameters associated with them [25-28].
Moreover, observable nonstandard neutrino interaction ef-
fects induced by the singly charged component of the
Higgs triplet might be discovered in future long-baseline
neutrino oscillation experiments [29].

The Large Hadron Collider is shown to be able to
discover Higgs triplets up to 600 GeV ~ 1 TeV depending
on the neutrino mass hierarchy [14,15]. Similarly, the
doubly charged component of the Higgs triplet may also
be pair produced at a linear e*e™ collider via virtual
exchange of Z* and y* [30]. The decay of the Higgs triplet
in like-sign lepton pairs is then in analogy to that at the
LHC. In this paper, however, we will study the production
of doubly charged Higgs triplets at a linear collider in the
like-sign lepton mode. A linear e~ e~ collider could pro-
vide a substantial and complementary role in identifying
new physics beyond the SM. In such a running mode, a
number of lepton number violating (LNV) processes me-
diated by any LNV physics, including Higgs triplets, can
be explored to a very good precision, since they are basi-
cally free from the SM background. One AL = 2 process
to be investigated is the inverse neutrinoless double beta
decay, i.e., e” e~ — W~ W™, which is however suppressed
by the small vacuum expectation value of the Higgs triplet,
and is not very promising unless a very narrow resonance is
met [31]. In this work, we focus our attention on the
phenomena of bilepton production process mediated by a
Higgs triplet at a linear e e~ collider:

e e —a B . (1)

We demonstrate that the collider signatures are firmly
correlated to neutrino parameters, while appreciable sig-
nals can be expected without the need of resonant enhance-
ment. Such a process is impossible at the LHC, and
proceeds via s-channel exchange, see Fig. 1. The differ-
ence to the aforementioned processes is the absence of
gauge couplings and the pure s-channel production of
basically massless final state particles; the cross section
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FIG. 1. Feynman diagrams for the doubly charged Higgs me-

diated bilepton channel (left) and WW channel (right).

depends on Yukawa couplings (and hence the neutrino
flavor structure) only.

This work is organized as follows: In Sec. II, we present
the framework of the low-scale type-II seesaw model. In
Sec. III, we focus on the characteristic features of the
processes mediated by the doubly charged scalar, and
summarize the current constraints on the relevant
Yukawa couplings. In particular, we figure out the intrinsic
correlations between neutrino parameters and the bilepton
production processes at a linear e e~ collider. Numerical
analysis and illustrations will be performed in detail in
Sec. IV. Finally, in Sec. V, we summarize our results and
conclude.

II. NEUTRINO MASSES FROM
THE TYPE-II SEESAW

In the simplest type-1I seesaw framework, one heavy
Higgs triplet with hypercharge Y = —2 is introduced
besides the SM particle content. Apart from the SM
interactions, one can further write down a gauge invariant
coupling between the Higgs triplet and two lepton
doublets as

L A haﬂl_,a,l.TzAL% + H.c, (2)

where L, = (v,, {,)" (for & = e, u, 7) denote the lepton
doublet, &,z is a symmetric Yukawa coupling matrix, and
A is a 2 X 2 representation of the Higgs triplet

_ (A /N2 AT
A—( ¢ —A/ﬁ)' 3)

We further expand Eq. (2) and express the interactions in
terms of component fields, i.e.,

L
V2
- A”(?C,PL(Z%] + H.c. 4)

£A = haIB[AOTjaPLV'CB - Ai(EaPLVCB + l_/aPLgch)

In the language of effective theory, the heavy Higgs triplet
should be integrated out from the full theory, and, at tree
level, a Majorana mass term of neutrinos is given by [32]
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1
IjLaV]Cd‘B + H.c. = Emaﬁl_/LaVE‘B + H.C.,
(%)

where vy is the vacuum expectation value (VEV) of the
Higgs triplet, i.e., (A°) = v; /+/2. The main constraint on
vy, stems from the electroweak p parameter, and roughly
gives v, = 8 GeV. How exactly vy is related to the model
parameters depends on details of the underlying physics,
it may be that vy = v>u/m3, where p is a dimension-
ful coupling of the triplet with two Higgs doublets, or
v % v?/vg in left-right symmetric theories, where vy is
the scale of right-handed physics, i.e., the VEV of an
SU(2) triplet. Compared to the type-I seesaw, tiny light
neutrino masses could be attributed to the small dimen-
sionful parameters u in the full Higgs potential, while the
mass of the triplet can be located at a relatively low scale,
e.g., the TeV scale. In particular, in the limit u — 0, the
lepton number is conserved leading to an enhancement of
the total symmetry of the theory, which well satisfies the
naturalness criterion [33]. Here we will not speculate on
the origin of the magnitude of m,, but assume in a model-
independent way that it is not above TeV scale, and that the
smallness of vy is due to other parameters in the under-
lying physics.

As usual, m can be diagonalized by means of a unitary
transformation, viz.

UL
L, =h,;—
2

m = Udiag(ml, my, m3)UT, (6)

where m; (i = 1, 2, 3) denote neutrino masses, and U the
leptonic mixing matrix. In the standard (CKM-like) pa-
rametrization one has

U = Ry3PsRi3P5 'Ry Py, (7

where R;; correspond to the elementary rotations in the
ij = 23, 13, and 12 planes (parametrized by three mixing
angles ¢;; = cosf,; and s;; = sinf;;), Py = diag(1, 1, ¢'®),
and P, = diag(e!?', e'®2, 1) contain the Dirac and
Majorana CP-violating phases, respectively.

According to Eq. (5), the Yukawa coupling matrix £ is
related to the light neutrino mass matrix as A = m/(v/2vy).
Hence, the flavor structure of the Yukawa coupling # is
identical to that of the neutrino mass matrix, which allows
for a direct test of neutrino parameters via measurements of
h. For example, if kinematically accessible, the doubly
charged component of the Higgs triplet can be on shell
produced at colliders, and its subsequent LNV or LFV
decays may bring in significant signatures allowing the
determination of flavor structure of %, and therefore m, at
current and forthcoming colliders. In particular, the decay
branching ratios of A are shown to be highly sensitive to
the neutrino mixing parameters and the neutrino mass
hierarchy.
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The possibility of testing the neutrino mass matrix by
studying the decays of Higgs triplet at hadron colliders,
e.g., the LHC, has been discussed intensively [16-24].
In what follows, we will concentrate on the production of
the doubly charged Higgs A~ at linear e~ e~ colliders,
and, in particular, investigate the LFV processes e” ¢~ —
a” B in detail.

III. DOUBLY CHARGED HIGGS
AT A LINEAR e” ¢~ COLLIDER

Among various interesting physics possibilities at a
lepton-lepton collider, one of the most promising processes
to be investigated is the bilepton production mediated by a
doubly charged scalar A™". The production of Higgs
triplets in like-sign lepton collisions has been discussed
in Refs. [31,34-48]. In the current study, we analyze the
process (1) while at the same time take into account both
the LFV limits and the information on the neutrino mass
and mixing parameters, which has not been considered
before in the literature. The relevant diagram is shown in
the left-hand panel of Fig. 1. In the framework under
discussion, the general cross section for = 8~ — vy~ 6,
where «, B, v, § = e, u, T, reads

|haﬂh75|2 N

o= _ |ha,6'hy5|2
4m(l + 6,5) (s — mzA)2 + miFZA

T+,
()

where I'y is the decay width of A~ ", and the bare cross
section o is independent of the flavor indices. Note that, if
there are two electrons in the final states, the above formula
does not apply, since the SM contributions mediated by y
and Z may play the dominating role.

In addition to the bilepton channel, the inverse neutrino-
less double beta decay process e” e~ — W~ W™ can also
be used as a probe of LNV [31,34-48]. The corresponding
diagram is shown in the right-hand panel of Fig. 1.
The cross section is given by

U:G%vflh lz(s—Zm%V)z-i-Smﬁ, ’1 _4m_%v
2m P (s — m3)* + mAI'} s

2

2.2
- Grvp I B|2 s
[e3 ’
2ar (s —m})* + miI'y

)
where the mass of W-boson my, is neglected in the second
line. Depending on the mass splitting within the Higgs
triplet, the decays A~ —= WA~ and A~ — A" A~
may also take place, which may be dominating as they
are driven by a gauge coupling. Here we assume a degen-
eracy among the Higgs triplet components, viz., the above

two channels are kinematically suppressed. Accordingly,
the relative ratio of the cross sections can be estimated by
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ola” B~ — W W) _2G3ui(1 + 8,5)s
ola™ B —y 67) |hysl?
AT —-Ww"W7) s
FA~™ =y 87) my
The requirement o(a B~ =W W) <K ola B —
v~ 87) implies that the bilepton decays dominate the decay
of A=~ which occurs when v, < 107* GeV for a TeV
scale Higgs triplet [14].

Inserting Eq. (5) into Eq. (8), one can rewrite the cross
section in terms of the neutrino mass matrix elements as

(10)

|ma,8my6|2

MMaptysl (1
41 +6,,7° (b

ola™ B —y 67)=
One can then observe that the cross sections are correlated
to both the neutrino mass matrix and vy . If the neutrino
mass scale is fixed, a smaller vy generally corresponds to
larger Yukawa couplings and hence larger cross sections.
In case of the e~ e~ collider, the above equation reduces to

|mee|2|my3|2

—_— 0y, 12
41+ 6,,7° (12)

ogleTe” >y 67)=
where |m,,| is the effective mass of the neutrinoless double
beta decay process,’ and constrained by current experi-
ments as |m,,| = 1 eV. If the effective mass of neutrino-
less double beta decay turns out to be very small, there will
be no visible collider signatures either. Then the process
might be observed in running a future muon collider in the
pm~pu” mode, orin an e~ u~ collider.

The most relevant experimental constraints on the
Yukawa coupling matrix 7 come from the LFV decays
pm — 3e and 7 — 3¢ (which occur at tree level), the radia-
tive lepton decays €, — €37y (one-loop), and the muonium
to antimuonium conversion. Bounds from Bhabha scatter-
ing and universality tests of weak interactions are relatively
weaker and will be not elaborated on in our calculations.
The constraints at 90% C.L. are summarized in Table I (see
also Refs. [25,26,28]).

An interesting feature is that, among all the relevant
experimental bounds, at least one off diagonal element in
h is involved except for the constraint from muonium-
antimuonium conversion. Note further that the most
stringent experimental constraint comes from the rare
muon decays pu — 3e and u — evy. In order to generate

"Note that neutrinoless double beta decay is also triggered by
A~ 7 via the reverse diagram of Fig. 1(b), and the corresponding
amplitude is proportional to h,,v;/ mzA. Therefore, compared to
the standard contribution from a Majorana mass term of light
neutrinos, the triplet mediated diagram is suppressed by a factor
g*/m3 (g represents the momentum transfer carried by the
exchanged neutrinos, and is typically of order 100 MeV) since
h,.vy is of order m,, (if the triplet contribution dominates the
neutrino mass). In case the triplet contribution is subdominant
for neutrino masses, the ratio is even smaller.
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TABLE I. Constraints (at 90% C.L.) on h from € — (€€,
€ —{y, and ute” — u~ e’ processes. The experimental
bounds have been obtained from Refs. [49,50].

Decay Constraint on Bound (90% C.L.)
n-—eete |heehgﬂ|2(%)4 2.1 X 10712
TT e etTe” Beehe > (B00V) 4.4 X 1077
T o u utu” |hwhwlz(%)4 3.9x 1077
T e ute |heehl”|2(%)4 2.4 %1077
T uTet T |hwhﬂ|2(%)4 2.8 X 1077
T —e utu” Ihwhwlz(%)4 2.3 %1077
T —e et |hMLh”|2(%)4 1.7 x 1077
po— ey |(hht),,, |0 0) 6.5% 1079
T ey |(hAT),, [P Sy 1.0 X 107*
TRy |(BAT),, (30 Syt 1.4 %107
prem = pTet hehy, PRI 9.5 % 1076

observable collider signatures and avoid large LFV pro-
cesses at the same time, one requires the flavor nondiago-
nal parts of & to be relatively small, in particular, the eu
component.2 One way to achieve this goal requires that m
takes an approximately diagonal form, which is the case
for a nearly degenerate (ND) neutrino mass spectrum, i.e.,
mp = m, = ms = my, together with vanishing
CP-violating phases. For example, in the ND case and
neglecting the smallest mixing angle 6,3, &, is given by

2m}
B l? = U—%OS%QC%QC%j;Sinz((ﬁI = $2). 13)
Therefore, in the limit ¢ — ¢, =~ 0, the most stringent
constraint in Table I disappears. This situation holds no
matter whether the neutrino mass ordering is normal (m; <
my < mjz) or inverted (ms <m; <m,). Actually, to be
precise we should note that £, cannot vanish exactly if
6,3 =0 [51], but can be sufficiently small for our
purposes.

In the case of a hierarchical neutrino mass spectrum, i.e.,
my = 0 or my = 0, there still exists parameter space ensur-
ing the (close-to) vanishing of #,,. In the extreme case
with m; = 0, one can expand h,, according to small
quantities sz and r = m,/m5. Taking 60,3 = 7/4, we
obtain approximately
L MaMm3812C)

ey |* = 102 [rsicin + 2513¢5124,)  (14)
L

where higher order terms in proportion to s?; or r?
have been neglected. Thus, the severe constraint from the
m — 3e process is evaded if the relation

“Single texture zeros in the neutrino mass matrix have been
studied in Ref. [51].
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rS1pCpp = _2313C5+2¢2, (15)

holds. As for the IH case, in the limit m; = 0, we obtain an
estimate of

|hw|2=%’ (16)

UL

which again suggests degenerate Majorana CP-violating
phases in favor of observable collider signatures. We will
see later that typically the di-muon channel e”e¢™ —
p~ p” is of interest, and thus we want both h,, and s,
to be sizable. This implies again that nearly degenerate
neutrinos, and to some extent inversely hierarchical mass
schemes will be favored over a normal hierarchy, for which
the ee entry of the mass matrix is typically much smaller
than the pwu element. It is worth noting here that the
processes we discuss in this work basically do not suffer
from any SM background (whose detailed analysis is be-
yond the scope of our paper). A signal which could mimic
e e —u pu would be the process e e —
WWv,v, = uuv,v,v,v,, where the neutrinos cause
very little missing energy. With suitable angular and py
cuts [52,53] one could reduce this background
significantly.

IV. NUMERICAL RESULTS

In our numerical illustrations, we consider a linear
e~ e~ collider with center-of-mass energy /s = 1 TeV,
while the mass of Higgs triplet is assumed to be
my = 800 GeV. The typical luminosity is L =
80 (\/s/TeV)>fb~'. We also make use of the neutrino
parameters from a global-fit of the current neutrino oscil-
lation experiments [54]. In the numerical calculations, we
fix the neutrino parameters and m,. We let vy vary be-
tween 107! GeV and 107% GeV (in order to have the
bilepton decays dominate over the W~ W~ mode) and
vary the Yukawa coupling matrix % until one of the upper
bounds in Table I is saturated. Perturbativity of & is sat-
isfied, and the Yukawas do not exceed 0.35 in all of the
results, which we will present in what follows.

In Fig. 2 we illustrate the upper limits of the cross
sections o(e”e” — a~ B7) with respect to the lightest
neutrino mass m; given the constraints from Table I. The
choices for the neutrino mixing parameters are labeled on
each plot, and the cross section of the SM process e e~ —
e"e” is also shown for the purpose of comparison.’®
Because of the experimental difficulty in tau reconstruc-
tion, we do not show channels with two tau. As we dis-
cussed in the previous section, the upper bounds of the
Cross sections are very sensitive to the neutrino parameters.
Especially, in the ND case and vanishing CP-violating

*In computing the total cross section in the SM framework,
| cosf| < 0.8 is used with 6 being the scattering angle between
the initial and final electron in the center-of-mass frame.
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FIG. 2 (color online). Upper limits of cross sections e e~ — a~ 8~ with respect to m; at a linear collider with \/s = 1 TeV. The
Higgs triplet mass m, = 800 GeV has been assumed as an example, while the choices of sinf 5 are labeled on each plot. Furthermore,
we take the Majorana CP-violating phases ¢; and ¢, to be zero for the plots on the upper panel, and the Dirac CP-violating phase
6 = 0 for the plots on the lower panel. For comparison, the SM Mgller scattering cross section is also shown on the plots with black

solid lines. The luminosity one can assume is 80 fb™!.

phases, e.g., the left upper plot, the cross section of the
channel with two muons in the final states could be more
than 1000 fb. It turns out that for m; = 0.3 eV the bound
coming from pTe” — w~e” is the dominating one,*
which then sets an upper limit on the di-muon channel.
Moreover, a nonzero s,3 will slightly decrease the maximal
cross sections. One also observes from plots in the right
column that nonvanishing CP-violating phases can sup-
press the di-muon cross section, mostly because #,, and
h,,,, cannot simultaneously be large in those cases. We note
that some amount of tuning among Majorana CP-violating
phases is necessary in order to generate appreciable cross
sections. This is because we need to evade stringent LFV
bounds. As shown in the left lower plot, a dominating
and observable cross section in the w7 channel arises for
the Majorana phases ¢, = ¢, = /2. One may check that
in this case h takes a special form in which the ., and &, .
are large and the other entries small. This corresponds to
the approximate conservation of the L, — L, flavor sym-
metry [56].

We conclude from Fig. 2 that the di-muon channel looks
most promising among the possible final states, and we
therefore study it further. Since both the collider signatures

“The next generation muon factory may improve this con-
straint by 1 order of magnitude [55], which however does not
seriously change the main conclusion addressed in this work.

and the neutrinoless double beta decay process rely on the
Majorana feature of light neutrinos, we illustrate in Fig. 3
the interplay between the di-muon channel cross section
and neutrinoless double beta decay. We plot the upper
bounds of the cross section against |m,,| for both mass
orderings, while for simplicity fixing the other oscillation
parameters. The necessary tuning of Majorana phases

10 SM: o(ee — ee)

o(ee — pp)[fb]

---1IH, s,=0.1

0 0.1 0.2 0.3 0.4
[mee| [eV]

FIG. 3 (color online). Upper bounds of the total cross section
o(e”e” — pu~ ™) (in units of fb) with respect to the effective
mass |m,,|. The experimental setup and the mass of the Higgs
triplet are the same as those in Fig. 2, while the input values of
513 as well as the neutrino mass hierarchies are labeled on the
plot. The Majorana CP-violating phases are allowed to vary
between 0 and 7, while 6 = 0 is assumed.
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mentioned above fixes the effective mass as well.
Interestingly, the cross sections are increasing functions
of the effective mass, indicating potentially attractive sig-
natures in both collider and nonaccelerator experiments.
The upper bounds of the cross section g(e”e” —
M~ ") with respect to sinf;; and § are illustrated in
Fig. 4. One reads from the plots that sizable cross sections
could be expected in the case § ~ nw or 63 ~ 0 if the
neutrino mass spectrum is nearly degenerate. Further-
more, even if the light neutrino mass spectrum is hierarch-
ical, there are still certain parameter regions, i.e.,
(8, sinf3) ~ (71, 0.04) for the normal mass hierarchy and
(8, sinf3) ~ (0, 0.01) for the inverted mass hierarchy, that
allow for identifying the Higgs triplet since the expected
number of events would be greater than 50 for an integrated
luminosity 80 fb™!. This is in agreement with our the analy-
tical expressions. For example, in the normal mass ordering
case, for 6 = 7, Eq. (15) yields sinf,3 = 0.04. In what
regards the inverted hierarchy, in the limit m; ~ 0 the lead-
ing order contributions in &, disappear for ¢; = ¢, =0
as shown in Eq. (16). Thus, one should take into account the
“next-to-leading order’ contributions, which is given by

PHYSICAL REVIEW D 83, 073005 (2011)

where we have expanded the formula based on small
parameters & = (m, — m;)/m, =~0.016 and s5. For
cosé = 0(2m), h,,, = 0 in Eq. (17) requires roughly s,3=
$12¢12(my — my)/m,, which corresponds to sinf ;3 = 0.007.
This result again confirms the numerical analysis.

As discussed before, the cross section relies heavily on
the configuration of Majorana CP-violating phases. In
particular, in order to obtain observable signatures, one
would expect that ¢; and ¢, are almost degenerate. In
Fig. 4, we show the upper bounds of the cross section
ole”e” — u~u”) in the ¢; — ¢, plane in the normal
ordering case. The interesting parameter region is, as ex-
pected, the diagonal line of ¢| — ¢, = 0. Consequently,
collider experiments may play a crucial role in determining
the Majorana CP-violating phases. Since & is not sensi-
tive to neutrino mass ordering in the ND limit, e.g.,
m; > 0.05 eV, similar parameter region for ¢; and ¢,
also exists in the inverted mass ordering case. If the mass
spectrum is hierarchical, it is difficult to acquire visible
cross sections unless some fine-tuning exists as shown in
Egs. (14) and (17).

Finally, one may wonder if the above estimate strongly
depends on the assumption on the mass of the doubly

2
m . . __ .
|hm|2 ~ _22 (&2 5%2C%2 — 28815C128513 COS + 5%3), (17) charged scalar, since resonant production of A~ requires
dvi its mass to be known with reasonable accuracy in order to
360 360 360
T T T 5 T _‘,' ......... T T r—‘— 1E4
300 i 300 ¢ i 300l 1E3
i
240} 1 240 1 1E2
T . 180} — 1E1
w0 ;’
120} 1 120, 1 1E0
60 1 6OF 1 18
m =0.01 eV 4 S m =0.05 eV
0 L L L ' L 0 kY ) .Mhmm. ~~~~~~~~~~~ .x.l.. L 1E-2
0.00 002 004 006 008 0.10 0.00 002 004 006 008 0.10
‘o sin® I’ ‘o sin@, 5
74 T T 1E4
300 F 4 E 300 E 1E3
240+ . 240 1 . 1E2
H
i
— 1s0f . 180 {1 - 1E1
< | <
i
[%=] i [Ze]
1200 . 120 . 1E0
i
1
60F ; 60 ; 184
](‘ R m=0.01 eV
E 1E-2

FIG. 4 (color online).

the solid, dashed and dotted curves show the regions with expected number of events greater than 5, 50 and 500, respectively.

sin® i,

0 1 1 1 1
0.00 0.02 0.04 0.06 008 0.10

0
0.00

0.02 0.0

sin® i,

Upper bounds of the total cross section o(e e~ — u~ u~) (in units of fb) for /s = 1 TeV in the sinf;3 — &
plane with the experimental setup and the mass of the Higgs triplet are the same as those in Fig. 2. For the plots in the upper row, we
consider the normal mass ordering, while in the lower row the inverted mass ordering is assumed. The lightest neutrino mass can be
read off from the plots, and for the sake of simplicity, we take all the Majorana phases to be zero. For an integrated luminosity 80 fb™!,
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FIG. 5 (color online).
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Upper bounds of the total cross section (¢~ ¢~ — u~ @) (in units of fb) in the ¢, — ¢, plane with the same

experimental setting of Fig. 4. The input values of 53 and m; are labeled on the plots, while 6 is taken to be zero. The luminosity one

can assume is 80 fb~ .

H - - - m,=500 GeV
. — m,=800 GeV

n mA=1.5TeV

[os) [fb]

0 1000 2000

Vs [GeV]

3000 4000

FIG. 6 (color online). The bare cross section o (in units of fb)
as a function of /s, with solid, dashed and dotted lines corre-
sponding to m, = 0.8 TeV, 0.5 TeV and 1.5 TeV, respectively.
The black star on the plot indicates the values of the parameters
used in plotting Figs. 2—6). For the definition of o, see Eq. (8).

tune the center-of-mass energy of the colliding electrons
[42,45,46]. In Fig. 6, we give the bare cross section o [see
Eq. (8)] as a function of /s for different masses of the
Higgs triplet. One reads from the plot that remarkable cross
sections can be naturally obtained without the need of a
severe fine-tuning of the colliding energy. To be concrete,
we also present in Fig. 7 the upper limits of the cross
section o(e”e” — u~ u~) for the triplet masses my =
(0.5,0.8,1.5) TeV and /s = (1,4) TeV. Recall that with

the scaling behavior £ = 80 (/s/TeV)? fb~! one requires
for 100 events cross sections of o = 1.25 fb and
o =0.078 fb, if /s =1 TeV and 4 TeV, respectively.
Note that the cross sections for m, = 0.8 TeV and m, =
1.5 TeV are almost identical despite o, being different.

g R e el e cce e e —————-
o
—m, = 500 GeV
—— m, =800 GeV
10° —m, =15TeV
10°
0 0.1 0.2 0.3 0.4
my[eV]

FIG. 7 (color online). Upper limits of the cross section
e"e” — u~u~ with /s =1TeV (solid lines) and /s =
4 TeV (dashed lines). The Higgs triplet masses are labeled on
the plot. Here we consider the normal mass ordering case, and
assume all the CP-violating phases and s;3 to be zero for
simplicity. The blue and green solid lines for /s = 1 TeV and
my = 800 and 1500 GeV are lying basically on top of each other
and are hardly distinguishable. 100 events correspond to o =
1.25 b (black solid line) and o = 0.078 fb (black dashed line),
respectively.
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This can be understood from the LFV constraints on the
Yukawa coupling &, which becomes less severe for a larger
triplet mass. This feature is compensated by a reduced
cross section. Recall that triplet masses larger than 1 TeV
cannot be probed at the LHC. Hence a future linear collider
running at the TeV scale can be a probe for such particles.
The bilepton channel at a linear collider is so spectacular
that A~~, with mass around TeV scale, can be easily
probed together with much better sensitivity than that of
the LHC.

V. SUMMARY

We have studied the Higgs triplet mediated processes
e e  — a” [ atafuture linear collider run in a like-sign
lIepton mode. The strong dependence on neutrino parame-
ters and hence the flavor structure of the Majorana mass
matrix m was emphasized and the di-muon channel was
identified as the most promising one. In order to avoid
strong constraints from lepton flavor violation, suppressing
the e element of m is required. The largest cross sections
occur for a near-diagonal mass matrix, which implies
nearly degenerate neutrino masses. However, even in the

PHYSICAL REVIEW D 83, 073005 (2011)

limit of a hierarchical neutrino spectrum observable sig-
natures could still be expected for certain choices of neu-
trino mixing parameters. Therefore, measurements of
bilepton channels at a linear collider could be quite helpful
in order to provide valuable information on the neutrino
parameters. In addition, triplet masses beyond the reach of
the LHC can be probed.

Finally, we would like to note that similar analyses could
be performed for a muon collider (e.g., the process
M- — e e ), or an electron-muon facility, where in
addition interesting and characteristic processes like
e ut — e u” could be studied.

ACKNOWLEDGMENTS

This work was supported by the ERC under the
Starting Grant MANITOP and by the Deutsche
Forschungsgemeinschaft in the Transregio 27 “Neutrinos
and beyond-weakly interacting particles in physics, astro-
physics and cosmology”. W. R. wishes to thank Morimitsu
Tanimoto and the organizers of the Mini Workshop on
Neutrinos at the IPMU, where part of this paper was
written.

[1] P. Minkowski, Phys. Lett. B 67, 421 (1977).

[2] T. Yanagida, in Proceeding Workshop on the Baryon
Number of the Universe and Unified Theories, edited by
O. Sawada and A. Sugamoto (KEK, Tsukuba, Japan,
1979), p. 95.

[3] M. Gell-Mann, P. Ramond, and R. Slansky, in
Supergravity, edited by P. van Nieuwenhuizen and

D. Freedman (North-Holland, Amsterdam, 1979),
p- 315.

[4] R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44,
912 (1980).

[5] A. Pilaftsis, Z. Phys. C 55, 275 (1992).
[6] J. Kersten and A.Y. Smirnov, Phys. Rev. D 76, 073005
(2007).
[7]1 H. Zhang and S. Zhou, Phys. Lett. B 685, 297 (2010).
[8] R. Adhikari and A. Raychaudhuri, arXiv:1004.5111.
[9] J. Schechter and J. W.F. Valle, Phys. Rev. D 22, 2227
(1980).
[10] G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys.
B181, 287 (1981).
[11] R.N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165
(1981).
[12] T. Han, B. Mukhopadhyaya, Z. Si, and K. Wang, Phys.
Rev. D 76, 075013 (2007).
[13] W. Chao, Z.-G. Si, Z.-z. Xing, and S. Zhou, Phys. Lett. B
666, 451 (2008).
[14] P.Fileviez Perez, T. Han, G.-y. Huang, T. Li, and K. Wang,
Phys. Rev. D 78, 015018 (2008).
[15] F. del Aguila and J. A. Aguilar-Saavedra, Nucl. Phys.
B813, 22 (2009).

[16] E.J. Chun, K.Y. Lee, and S.C. Park, Phys. Lett. B 566,

142 (2003).

[17] A.G. Akeroyd and M. Aoki, Phys. Rev. D 72, 035011
(2005).

[18] J. Garayoa and T. Schwetz, J. High Energy Phys. 03
(2008) 009.

[19] M. Kadastik, M. Raidal, and L. Rebane, Phys. Rev. D 77,
115023 (2008).

[20] A.G. Akeroyd, M. Aoki, and H. Sugiyama, Phys. Rev. D
77, 075010 (2008).

[21] C.-S. Chen, C.-Q. Geng, and D. V. Zhuridov, Eur. Phys. J.
C 60, 119 (2009).

[22] P. Ren and Z.-z. Xing, Phys. Lett. B 666, 48 (2008).

[23] S.T. Petcov, H. Sugiyama, and Y. Takanishi, Phys. Rev. D
80, 015005 (2009).

[24] H. Nishiura and T. Fukuyama, Phys. Rev. D 80, 017302
(2009).

[25] F. Cuypers and S. Davidson, Eur. Phys. J. C 2, 503 (1998).

[26] P.H. Frampton, Int. J. Mod. Phys. A 13, 2345 (1998).

[27] W. Rodejohann, Pramana 72, 217 (2009).

[28] A.G. Akeroyd, M. Aoki, and H. Sugiyama, Phys. Rev. D
79, 113010 (2009).

[29] M. Malinsky, T. Ohlsson, and H. Zhang, Phys. Rev. D 79,
011301 (2009).

[30] J. Gunion, R. Vega, and J. Wudka, Phys. Rev. D 42, 1673
(1990).

[31] W. Rodejohann, Phys. Rev. D 81, 114001 (2010).

[32] W. Chao and H. Zhang, Phys. Rev. D 75, 033003 (2007).

[33] G. ’t Hooft, Cargese Summer Institute, Cargese, France,
1979 (unpublished).

073005-8


http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1007/BF01482590
http://dx.doi.org/10.1103/PhysRevD.76.073005
http://dx.doi.org/10.1103/PhysRevD.76.073005
http://dx.doi.org/10.1016/j.physletb.2010.02.015
http://arXiv.org/abs/1004.5111
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1016/0550-3213(81)90354-0
http://dx.doi.org/10.1016/0550-3213(81)90354-0
http://dx.doi.org/10.1103/PhysRevD.23.165
http://dx.doi.org/10.1103/PhysRevD.23.165
http://dx.doi.org/10.1103/PhysRevD.76.075013
http://dx.doi.org/10.1103/PhysRevD.76.075013
http://dx.doi.org/10.1016/j.physletb.2008.08.003
http://dx.doi.org/10.1016/j.physletb.2008.08.003
http://dx.doi.org/10.1103/PhysRevD.78.015018
http://dx.doi.org/10.1016/j.nuclphysb.2008.12.029
http://dx.doi.org/10.1016/j.nuclphysb.2008.12.029
http://dx.doi.org/10.1016/S0370-2693(03)00770-6
http://dx.doi.org/10.1016/S0370-2693(03)00770-6
http://dx.doi.org/10.1103/PhysRevD.72.035011
http://dx.doi.org/10.1103/PhysRevD.72.035011
http://dx.doi.org/10.1088/1126-6708/2008/03/009
http://dx.doi.org/10.1088/1126-6708/2008/03/009
http://dx.doi.org/10.1103/PhysRevD.77.115023
http://dx.doi.org/10.1103/PhysRevD.77.115023
http://dx.doi.org/10.1103/PhysRevD.77.075010
http://dx.doi.org/10.1103/PhysRevD.77.075010
http://dx.doi.org/10.1140/epjc/s10052-008-0856-3
http://dx.doi.org/10.1140/epjc/s10052-008-0856-3
http://dx.doi.org/10.1016/j.physletb.2008.06.059
http://dx.doi.org/10.1103/PhysRevD.80.015005
http://dx.doi.org/10.1103/PhysRevD.80.015005
http://dx.doi.org/10.1103/PhysRevD.80.017302
http://dx.doi.org/10.1103/PhysRevD.80.017302
http://dx.doi.org/10.1007/s100529800705
http://dx.doi.org/10.1142/S0217751X9800113X
http://dx.doi.org/10.1007/s12043-009-0018-7
http://dx.doi.org/10.1103/PhysRevD.79.113010
http://dx.doi.org/10.1103/PhysRevD.79.113010
http://dx.doi.org/10.1103/PhysRevD.42.1673
http://dx.doi.org/10.1103/PhysRevD.42.1673
http://dx.doi.org/10.1103/PhysRevD.81.114001
http://dx.doi.org/10.1103/PhysRevD.75.033003

HIGGS TRIPLETS AT LIKE-SIGN LINEAR COLLIDERS ...

[34]
[35]
(36]

(37]
(38]

[39]
(40]
[41]

(42]
[43]
[44]
(45]
[46]
[47]

(48]

T. G. Rizzo, Phys. Rev. D 25, 1355 (1982).

T. G. Rizzo, Phys. Lett. B 116, 23 (1982).

D. London, G. Belanger, and J. Ng, Phys. Lett. B 188, 155
(1987).

P. H. Frampton and D. Ng, Phys. Rev. D 45, 4240 (1992).
V.D. Barger, J.F. Beacom, K.-m. Cheung, and T. Han,
Phys. Rev. D 50, 6704 (1994).

J. Gluza and M. Zralek, Phys. Lett. B 362, 148 (1995).
J. Gluza and M. Zralek, Phys. Rev. D 52, 6238 (1995).
G. Belanger, F. Boudjema, D. London, and H. Nadeau,
Phys. Rev. D 53, 6292 (1996).

J.F. Gunion, Int. J. Mod. Phys. A 11, 1551 (1996).

C. A. Heusch and P. Minkowski, arXiv:hep-ph/9611353.
J. Gluza, Phys. Lett. B 403, 304 (1997).

F. Cuypers and M. Raidal, Nucl. Phys. B501, 3 (1997).
M. Raidal, Phys. Rev. D 57, 2013 (1998).

P. Duka, J. Gluza, and M. Zralek, Phys. Rev. D 58, 053009
(1998).

B. Mukhopadhyaya and S. K. Rai, Phys. Lett. B 633, 519
(2006).

[49]
[50]
[51]

[52]
[53]

[54]

[55]

[56]

073005-9

PHYSICAL REVIEW D 83, 073005 (2011)

L. Willmann et Phys. Rev. Lett. 82, 49
(1999).

C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1
(2008).

A. Merle and W. Rodejohann, Phys. Rev. D 73, 073012
(2006).

K.-i. Hikasa, Phys. Lett. B 164, 385 (1985).

D.A. Bauer and A.W. Weidemann, in Proceedings of
1996 DPF / DPB Summer Study on New Directions for
High-Energy Physics (Snowmass 96), Snowmass,
Colorado, (unpublished).

T. Schwetz, M. Tortola, and J. W.F. Valle, New J. Phys.
10, 113011 (2008).

K. Nakahara et al., Neutrino Factories, Superbeams, and
Beta Beams: 11th International Workshop on Neutrino
Factories, Superbeams and Beta Beams—NuFact09,
edited by D. Kaplan, M. Goodman, and Z. Sullivan, AIP
Conf. Proc. No. 1222 (AIP, New York, 2010).

S. Choubey and W. Rodejohann, Eur. Phys. J. C 40, 259

(2005).

al.,


http://dx.doi.org/10.1103/PhysRevD.25.1355
http://dx.doi.org/10.1016/0370-2693(82)90027-2
http://dx.doi.org/10.1016/0370-2693(87)90723-4
http://dx.doi.org/10.1016/0370-2693(87)90723-4
http://dx.doi.org/10.1103/PhysRevD.45.4240
http://dx.doi.org/10.1103/PhysRevD.50.6704
http://dx.doi.org/10.1016/0370-2693(95)01158-M
http://dx.doi.org/10.1103/PhysRevD.52.6238
http://dx.doi.org/10.1103/PhysRevD.53.6292
http://dx.doi.org/10.1142/S0217751X96000730
http://arXiv.org/abs/hep-ph/9611353
http://dx.doi.org/10.1016/S0370-2693(97)00381-X
http://dx.doi.org/10.1016/S0550-3213(97)00367-2
http://dx.doi.org/10.1103/PhysRevD.57.2013
http://dx.doi.org/10.1103/PhysRevD.58.053009
http://dx.doi.org/10.1103/PhysRevD.58.053009
http://dx.doi.org/10.1016/j.physletb.2005.12.008
http://dx.doi.org/10.1016/j.physletb.2005.12.008
http://dx.doi.org/10.1103/PhysRevLett.82.49
http://dx.doi.org/10.1103/PhysRevLett.82.49
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1103/PhysRevD.73.073012
http://dx.doi.org/10.1103/PhysRevD.73.073012
http://dx.doi.org/10.1016/0370-2693(85)90346-6
http://dx.doi.org/10.1088/1367-2630/10/11/113011
http://dx.doi.org/10.1088/1367-2630/10/11/113011
http://dx.doi.org/10.1140/epjc/s2005-02133-1
http://dx.doi.org/10.1140/epjc/s2005-02133-1

