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Abstract We construct a scotogenic neutrino mass model
introducing large SU (2) 1 multiplet fields without adding an
extra symmetry. We have introduced extra scalar fields such
as a septet, quintet and quartet where we make the vacuum
expectation value of quartet scalar to be zero while septet and
quintet develop non-zero ones. Then the neutrino mass is gen-
erated at one-loop level by introducing quintet fermion. We
analyze the neutrino mass matrix taking constraints from lep-
ton flavor violation into account and discuss collider physics
regarding charged fermions from large multiplet fields. We
have analysed the production and the decays of the quintet
fermions, as well as the discovery reach at 14 TeV and 27
TeV LHC.

1 Introduction

The standard model (SM) fields are either SU (2) singlet or
doublet although there is no restriction for the existence of
a larger multiplet. In fact we can introduce larger SU (2),
multiplet fields as exotic field contents which would work
to explain the mystryes in the SM such as non-zero neutrino
masses and dark matter, and give rich phenomenologies [1—
12,20-25]. For example, models with a septet scalar with
hypercharge Y = 2 have been discussed in Refs. [5-7,9,11]
in which p-parameter is preserved to be 1 at tree level and
Higgs phenomenologies are addressed. On the other hand,
models in Refs. [10] and [12] have also realized the neutrino
masses with septet scalar and some other multiplets at tree
level and combination of tree and one-loop levels respec-
tively; more models with large SU (2); multiplets realizing
neutrino mass are referred to, e.g., Refs. [13-19]. In such
models, tiny neutrino mass can be partially explained by

#e-mail: nilanjana.kumar @ gmail.com
b e-mail: nomura@kias.re kr (corresponding author)

¢ e-mail: hiroshi.okada@apctp.org

small vacuum expectation value (VEV) of large multiplet
scalar fields, where smallness of these VEVs is also required
by the p-parameter. Furthermore, large multiplets provide
several multiply charged particles which can be produced at
collider experiments, which gives interesting phenomenol-
ogy.

In this paper, we extend the model in Ref. [12] by introduc-
ing a quintet scalar field with non-zero VEV. As a result, tree
level neutrino mass can be forbidden and by making quartet
scalar an inert scalar, neutrino mass is generated at one-loop
level. We thus obtain tiny neutrino mass more naturally. Then
the neutrino mass matrix is analyzed taking constants from
lepton flavor violation (LFV) into account, and we also esti-
mate muon anomalous magnetic moment and muon g — 2.
Then the collider analysis is done for parameter sets satisfy-
ing all the constraints. In addition, collider phenomenology
of exotic particles is different from the previous model since
quintet scalar is inert in this model while it develops a VEV
in previous one. We thus discuss exotic particle production
at the large hadron collider (LHC) and show signature of
our model taking various decay chains into account. We also
project the discovery significance for channels involving 4
b-jets and 1/2 leptons as a function of the luminosity.

This paper is organized as follows. In Sect. 2, we introduce
our model, derive some formula for active neutrino mass
matrix, and show the typical order of Yukawa couplings and
related masses. In Sect. 3, we discuss neutrino mass matrix
carrying out numerical analysis and implications to physics
atthe LHC focusing on the pair production of doubly charged
fermion in the multiplet. We discuss and conclude in Sect. 4.

2 Model setup

In this section, we review our model, where we add quintet
scalar field with zero hypercharge, that is symbolized by ®s,
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Table 1 Contents of fermion and scalar fields and their charge assign-
ments under SU (2); x U(l)y

Lepton fields Scalar fields

Ly €R ZR H o) [} Dy
SsUQrL 2 1 5 2 7 5 4
U(ly -1 - 1 1 3

to field contents of previous model Ref. [12]. In the model,
several large SU (2) multiplet fields are introduced such as
septet scalar @7, quadruplet scalar 4 and quintet fermion
> g whose hypercharges are 1, 1/2 and O,respectively. We
summarize the new field contents and their charges with the
leptons and the SM Higgs field in Table 1. Here we summa-
rize the roles of introduced SU (2); multiplet fields in our
scenario of neutrino mass generation. The quintet fermion
3 g can have Majorana mass term which violates lepton num-
ber. The quadruplet scalar ®4 connects X and the SM lep-
ton doublet L by ®4LY g term. The quintet scalar @5 is
introduced to realize a vacuum with (®4) = 0 making ®4
inert scalar to forbid neutrino mass at tree level. Then septet
®7 is required to generate neutrino mass matrix at one-loop
level; the VEV of @7 is necessary to induce mass generation
between real and imaginary components of neutral compo-
nent in @4 to realize nonzero one-loop contribution. There-
fore, In our extended model, thanks to the existence of ®s,
we find quadruplet scalar ®4 can be inert and hence the neu-
trino mass matrix is induced not at tree level but one-loop
level. Note also that the quintet fermion X is the same one
as discussed in Ref. [1] which can be a dark matter candidate
without imposing any additional symmetry. However, in our
case, the lightest component of ¥ would decay because of
an interaction associated with ®4 and leptons, and thus we
do not discuss dark matter in this paper. Here we write these
multiplets in terms of their components such as,

T
7 = (647,07 0. 070" 07,07 )
T
s = (6767 6%67.8)
T
Oy = ((p++,(,0;_,<.00,(,01_> ,

r = [5F%. 25 5% 51 2,f+°‘]T, @1
where subscripts for scalar components distinguish different
particle with same electric charge.

First of all, we will investigate a hierarchy among vac-
uum expectation values (VEVs) of the bosons. Here, we
assume that only neutral components of H, ®s, and &7 have
nonzero VEVs, which are respectively symbolized by v/+/2
and vs/+/2 and v7/+/2. Then, the VEVs are constrained by
the p parameter at tree-level, which is given by [26]:
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Fig. 1 The one loop diagrams generating dimension 5 term of scalar
potential

v? + 1202 + 2202
v2 + o2

P = ; 2.2)

where the experimental value is p = 1.00039 £ 0.00019 at
lo confidential level. Also we have to satisfy the condition

USM = \/vz + 12v52 + 22v% ~ 246 GeV which is the VEV
of the SM-like Higgs. Requiring these two conditions fixed
by p = 1.00058, we find a upper bound of v5 and v7 to be
O(1) GeV and v =~ 246 GeV. It suggests that small VEVs of
@5 and 7 are required.

Next task is how to realize inert feature of ®4. The scalar
potential in the model is given by

V=—u4H H+ M} 04+ MO D5
+ M3 ®T07 + Vaon-uivial + Vs, (2.3)

where V) is the trivial quartic term. The nontrivial Higgs

potential terms under these symmetries are given by

Vion—tivial = M[CD4(D;CD4] + )\()[HT(DZHH]
+ M[H H* Oy Py] + pp[H* P Dy]

— us[®sP5Ps] + Ax[HHPFPs5] +c.c.,
2.4)

where the first term contributes to the neutrino mass matrix
at one-loop level and an inside bracket is “[ ]” the SU(2)
indices, which are implicitly contracted so that it makes sin-
glet. Then, the inert condition is given by the tadpole condi-
tion for &4, 0V/0P4 = 0;

v

ho = —v3EEZS, 2.5)
v

The other VEVs are also obtained by solving conditions

0V /dvs = 9V /dv; = 0. To obtain small VEV of &5, we

include dimension 5 term induced by one loop diagrams in
Fig. 1

1 -~
AV = (P HHHH) (2.6)
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where H = H*io, with second Pauli matrix o7, SU(2)
indices are implicitly contracted inside bracket to make the
term invariant, and 1/A factor is obtained from the diagrams
as a function of couplings Ao, A1, wp and mass of ®4. Here
we take A as a parameter for simplicity. Then the vacuum
conditions are given by

4
v
MZvs — ~= jusv? — , 2.7)
5 4 H5V5 VoA
A
2 X 2
— ——v7v5 >0, (2.8)
[EPWIT

where we ignored contributions from quartic terms of the
potential, assuming small vs 7 and couplings associated with
(<I>;7<I>5,7)(HTH) term. In addition, we assume s to be
negligibly small for simplicity. Thus, from these conditions,
VEVs are estimated as

4

v 2
V5 Y —————,
VoAM?

N Ax VsV 2.9)
v = 2 m M72 . .
We can obtain vs ~ 1 GeV by choosing A; for example
A ~ 5 TeV for M5 ~ 500 GeV which can be obtained by
tuning couplings pp and Aj. Note that if we do not include
AV we need large us as O(100) TeV to get vs ~ 1 GeV
for M5 ~ 500 GeV, and such large trilinear coupling would
violate perturbative unitarity. Then choosing vs >~ 1.44 GeV
as a reference value, typical size of septet VEV is given by
v7 >~ 0.007 GeV where we take Ax = 0.5 and M7 = 1
TeV. We then find that septet VEV tends to be small and
the smallness can suppress neutrino mass in addition to loop
factor as we see below.

2.1 Yukawa sector

The renormalizable Lagrangian is given by

—Ly= Y yeLiHer, +Gu)ilLe, ®aZp]
l=e,u,T
T (MR)"[E%I‘Z&] — Vi [Ps ife,. Xg]+he.,
(2.10)

where (i, j) = 1 — 3, and y, contributes to the charged-
lepton masses in the SM and Mg, y¢, and y,, are assumed to
be diagonal basis.

2.2 Exotic fermion masses

Here we consider masses of the extra particles in the model.
The masses for components in X are obtained from the last
two terms of Eq. (2.10) after ®5 developing a VEV. Then we
obtain the mass terms

2vs - Us S
Ly = <MR+—y >2++2+++<MR——y >E+z+
* N Na

v —
+ (MR - 756)1(/,) 509, (2.11)
where the mass of neutral component is Majorana type. Since
quintuplet VEV vs cannot be large, the mass differences
among the components are at most several GeV.

The masses of the components of scalar multiplet ®4 57
can obtain separate values from the contribution of non-trivial
terms in the potential. Here we consider the mass differences
are at most O(100) GeV scale and masses for @457 are
dominantly given by My 5.7.

2.3 Neutrino mass matrix

Let us first decompose the relevant Lagrangian in order to
derive the neutrino mass matrix. The neutrino mass matrix is
given in terms of y,, and its explicit form is found as

(YV)ij _

—L> 7 D1, E, (9r — igp) + Mg EF TR +he.,

2.12)

where the mass difference between the real ®4 component;
g and the imaginary one; ¢y is generated by the term u
through VEV of ®7. Then the formula of active neutrino
mass matrix m, as shown in Fig. 2 is given by

MYy s O)ia¥aj F
(le)z] = (4]_[)2 ; MRa I(rRas VI,,),
Fi(r1.r) = r1In[r1] — roIn[r2] + rira Infra /1] (2.13)
e (I —rD—r) L
where we define rg(), = (me(,)/MRu)2 witha =1 —

3. The mass matrix (m,);; can be generally diagonalized
by the Pontecorvo—Maki—Nakagawa-Sakata mixing matrix
Vains (PMNS) [27] as
(my)ap = (VMNSDvVﬂNS)abs Dy = (my;, my,, mv3)s (214)
c13c12 ' 13512 osipe?
VMNs = | —e23s12 — sp3s13ciae’ eazenn —sazsizsine®  sazens |
523512 — ex3s13c12¢’® —sp3¢12 — ex3513512¢"° €23€13

(2.15)

where we neglect the Majorana phase as well as Dirac phase
6 in the numerical analysis for simplicity. The following neu-
trino oscillation data at 95% confidential level [26] is given
as

0.2911 < 53, < 0.3161, 0.5262 < 53, < 0.5485,

0.0223 < 53, < 0.0246,

Imy, —mi,| = (2.44 £0.06) x 107° eV?,

@ Springer
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Fig. 2 Contribution to neutrino masses at one-loop level

my, —mj, = (1.53£0.18) x 1077 eV*.

V2

(2.16)
The observed PMNS matrix can be realized by introduc-
ing the following parametrization. Here we parametrize the

Yukawa coupling by y,, so called Casas-Ibarra parametriza-
tion [28], as follows

= Vmnsy/ DyOR™/2,

nvy
aa (47[)2 Z

(2.17)

Fl(rRa, 1) (2.18)

where O is an arbitrary complex orthogonal matrix with three
degrees of freedom.

2.4 LFVs and muon g — 2

LFVs at one-loop level arise from y,, and the related
Lagrangian is given by

1
2

_ 1 _
— LD (ywijlr, ( Z?ejfﬂl + ZTR,-‘”

V2
V3

+5Zog, % + ok, 92 ) +h.c..

5 (2.19)

Then the branching ratio is found as

75 O[gmcl] 2
BR(E — £ ) ~ 6TG—F| v,ayva,G(% Za)'

my, ?
1+_ )
mei

1
G(ml,mg):f dx
0

(2.20)

1—x—y J Xy
X , (221
/o Y (x2— x)m%i + xm% + (1 — x)m% ( )

@ Springer

where Cy1 = 1, C31 = 0.1784, C3p = 0.1736, appy(mz) =
1/128.9,and G = 1.166 x 107> GeV 2. The experimental
upper bounds are given by [29-31]

BR(u — ey) <42 x 10713, BR(r — ey) <33 x 1078,
BR(t — uy) <4.4 x 1078, (2.22)

which will be imposed in our numerical calculation.
Muon g — 2 is also induced from the same term and is
given by

Sm

Aau, (4 )2 Zy\)2ayva2G((ﬂ, > ) (223)

while the experimental result implies Aa,, = (26.1 £8.0) x
10710 32].

2.5 Beta functions of g and gy

Here we discuss running of gauge couplings and estimate the
effective energy scale by evaluating the Landau poles for g
and gy in the presence of new fields with nonzero multiple
hypercharges. Each of the new beta function of g and gy for
one SU (2)1 quintet fermion (X ), quartet boson (®4), quin-
tet boson @5, and septet boson(d7) with (0, 1/2, 1) hyper-
charge is given by

20 5 10 28
Sk by D5 D7 _
Abgt =5 AbY =2. AbP = ABYT= T

(2.24)
ABEE — 0, Ab® = A —0. ApYT =]
Yy —™ Y _5 Yy — ’ Yy —
(2.25)

Then one finds the energy evolution of the gauge coupling g

and gy as [33]
|: " :|
2
My,

f( EL N

— m

n— th. (4 )2 mtzh

Ab + AbgS + AbYT
(4r)?

1 1 bSM "
g2 (W) gX(mim) (47T)2

— 0w —myp.)

L 1 byM n M_2
e2(w)  g(min) (2 | md,
Ab‘b“ + AbY
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Fig. 3 The running of g in terms of u, depending on my, =
(0.5,1,10) TeV

where  is a reference energy, bIS,M =41/6, bgM = —19/6,
and we assume to be m;, (= mz) < my_, being respectively
input electroweak mass scale m;, and threshold masses of
exotic fermions and bosons m;, . The resulting flow of gy (1)
is then given by the Fig. 3 for g foreach of m,;, = (0.5, 1, 10)
TeV, where gy is valid up to Planck scale. This figure shows
that g is relevant up to the mass scale u =~ (2, 4) x 10? TeV
for my,. = (0.5, 1) TeV and i ~ 5 x 103 TeV for m,, = 10
TeV. Thus our theory does not spoil, as far as we work on
around or below the scale of TeV.

3 Numerical analysis and implications to physics at the
LHC

In this section, we perform numerical analysis of neutrino
mass matrix taking into account LFV constraints. Then impli-
cations to collider physics are discussed adopting benchmark
point accommodating with neutrino data and the constraints.

3.1 Numerical analysis for neutrino sector

Here we carry out numerical analysis scanning free parame-
ters and check if we can fit the neutrino data. The free param-
eters are chosen within the range of

Mg, € [500,2000] GeV, Mg, , € [Mg,, 5000] GeV,
Mg, € [100,2000] GeV,

My, € [myy — 1, my, + 11GeV, u € [30,40]GeV, (3.1)

where we take v7 = 0.00748 GeV as areference value and we
calculate y,, as output using Eq. (2.17) scanning parameters in
orthogonal matrix O as O(0.1)-O(1) randomly. We find that
the neutrino data can be fitted with ©(0.1) to O(1) Yukawa
couplings (y,);; satisfying constrains from LFV processes.
In addition, muon g —2 is found to be maximally ~ 4 x 1011
due to constraint from u — ey . We will choose some bench-
mark points satisfying all the constraints and provide maxi-

mal muon g — 2 to consider collider physics in the following
subsection.

3.2 Implications to LHC physics

In this subsection, we discuss collider physics regarding the
charged particles from large fermion/scalar multiplets in the
model. In particular, we focus on particles from quintuplet
fermion X g and ®4 which propagate inside the loop diagram
in neutrino mass generation where we assume components
from &7 and @5 are heavier than those particles. The relevant
gauge interactions associated with Xz can be written by

Try"iD TR D Tty (2eA, +2gcwZ,) =TT
+ Xty (eAy + gewZ,) =7
—V2gE WSt — V3gEty W Y,
‘/_g2+ uW+20c V2eStyhwontt
N gXTyHW,

- - V5g
— V3gEhy W Tt - i —=EEyrw, st (3.2)
where sy (cw) = sin Oy (cos Oy ) with the Weinberg angle
Ow . Also the relevant gauge interactions associated with ®4

can be obtained from following kinetic term

1
oy — 1 (f—l—m)eA
3[# 3 Iz
2
.8 1
- <m - (5 +m) s@) zﬂ] (®4)m

m) Wi (@a)m—1

|Dy @y =

i 3 5 ~ 2
+ 2 (f - m) (5 n m) Wi @mst|  (33)
L3 _ _
) t\/ggWﬂ (5Tt —ateTrer)
+iv2gW @4 o — 3T ") + e, (34)

where (®4),, indicates the component of &4 which has the
eigenvalue of diagonal SU (2) generator 73 given by m, and
the last line shows the relevant interactions for decay of ¢+
and (pzi. In addition, Yukawa coupling associated with X g
can be expanded as

_ 1 V3 _
— LD (y)ij |:VL,- (EEORI.(PO* + TE;j(pl
1
_§E+c¢2 _I_E )

l T
+ £, ﬁ R;%1 +§ R;¥

@ Springer
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Fig. 4 The cross section for pair production process pp — Z/y —
S+ ¥~ as a function of ¥+ mass at 14 TeV and 27 TeV

V3 e :
_TZerc(pO*_i_Ezrjﬂ(p;r

Vp)ij

NG

i} 3- _ _
—22,§i+02{j+“$o - \/; Dy zjfeﬁ + \/62,;“221?52

+

[2ggzgjgo +SEO8T

3 _ _
toyt g—— Ocy+eg+ Oc yr+tecg++
— \/;ERicszgz - ER‘;ELJ%] + ZZRizLj ]

+EYEE & + 25X e | +he, (3.3)

where these terms are obtained from second and forth term
in Eq. (2.10).

Here we consider signature of the model focusing on the
production of doubly charged fermion in Xg. The doubly

charged fermion pair can be produced via electroweak inter-
action as

pp— Z)y - 2Tt (3.6)

In order to compute the cross-sections and generate events
at the LHC, we incorporate the model Lagrangian of
Egs. (3.2), (3.4), and (3.5) in FeynRules (v2.3.13) [34,35].
Using FeynRules, we generate the model file for Mad-
Graph5_aMC@NLO (v2.2.1) [36]. For the cross-sections,
we use the NNPDF23LO1 parton distributions [37] with the
factorization and renormalization scales at the central sz
scale after kr-clustering of the event. We have computed the
signal cross section of pp — Z/y — X TTX ™", where
P =4, q, Y. The cross sections are normalised to the 5 fla-
vor scheme. We have shown the production cross section in
Fig. 4. The inclusion of the photon PDF increases the signal
cross section significantly as the coupling is proportional to
the charge of the fermion. Moreover, inclusion of photon PDF
is important for the consistency of the calculation as the other
PDF’s are determined up to NNLO in QCD. We would like
to note that, in view of the above, NNPDF [38,39], MRST
[40] and CTEQ [41] have already included photon PDF into
their PDF sets.
The possible decay modes of the fermions are,

s St eF > FWH g — (WA,

T S vt \)Wi*gaz+

S VWE W > v W W hh, (3.7)

where g — hh decay is induced by the interaction with
coupling Ag. This gives rise to final states comprising of a
number of leptons, jets, and missing energy.

Some benchmark points of the model are shown in Table
2 for various values of the parameter space. Note that the val-
ues of (y,) satisfies the constrains from LFV’s and provide
maximal muon g — 2 contribution, as discussed in the previ-
ous subsection. It is evident from Table 2 that the branching

Table 2 Different benchmark points of this model. Ag >~ —4.12 x 1073 . 3/GeV, where we have kept ;e p at EW scale, thus keeping Ao well within

perturbative limit

- BP1 BP2 BP3

v5(GeV) 1.44 1.44 1.44

v7(GeV) 0.00748 0.00748 0.00748

2o 0.01 0.01 0.01

O —0.424903 — 0.433832i —0.211747 + 0.0786788i 0.451545 + 0.281382i
()a1 —0.515018 + 0.294156i —0.174239 — 0.404063i —0.455368 — 0.660787i
()31 —0.674845 + 0.282308i 0.218317 — 0.045373i 1.17154 — 0.229787i

BR(Z*E — (1%p*)
BR(Z*E — (gt

0.28
0.22

0.43
0.07

0.20
0.30

@ Springer
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ratio of TFF to e, w and t depends on the choice of y,. In
Table 2, branching ratio to (/ = e, ) and 7 are given sepa-
rately. In the collider analysis we focus on states involving
| = e, u only and we have assumed a simplified scenario,
where BR(Z** — ¢*¢3) = (2% — vp**) ~ 50% and
we assumed it to be same for every lepton family. A detailed
analysis involving the parameter space where the decay of
>+ o (rwii) is maximum, will be studied elsewhere.

Once %+ is produced in pair, the three major channels
to observe this signal are ("W T hh,I~W~hh), (WTW*hh,
W~ W~hh) + MET and (I W*hh,W~W~hh) + MET. W
can decay either leptonically with BR (W* — [v) = 0.108
for each lepton or hadronically with BR (W — ¢g) =
0.676. The cross sectionx BR in each possible case is given
below for two cases, where all W’s decay leptonically or
all decay hadronically because that will give the minimum
0 X BR and maximum o x BR respectively. There can be
many other possible channels with different combinations of
leptons and jets with o x BR varying between these two
numbers. We have kept the mass of £** at 1 TeV in the
following.

o X BRUTWThh, 1" W™ hh)
— (ITIHA™ 1) (hhhh) + MET ~ 0.06 fb
— (1) (4))(hhhh) ~ 0.58 fb
o X BR(WYWThh, W™ W~ hh + MET)
— (ITIHA™17)(hhhh) + MET ~ 0.003 fb
— (I"1)(8)(hhhh) + MET ~ 0.26 fb
o X BRUTWThh, W~"W~hh + MET)
— (ITINYATI7)A™ 1) (hhhh) + MET ~ 0.03 fb
— (") (6)(hhhh) + MET ~ 0.77 fb

If the final state is rich with jets, coming from the decay of
W, o x BR is higher, but then the QCD background will be
dominant. On the other hand, final states with the requirement
of 1-4 leptons have negligible background and the channels
are comparatively clean. Hence here we focus on the final
state ({TIT)Y(~17)(hhhh) + MET as the cross section is
relatively high, compared to the other leptonic channels.

In the final state we require at least 4 b-jets, coming from
the Higgs and at least one of the two oppositely charged
lepton pairs. We have checked that if we demand >6 b-jets,
or exactly two oppositely charged lepton pairs, the signal
efficiency decreases significantly. For event reconstruction
we have based our analysis on Ref. [42]. Events with b-tagged
jet with transverse momentum pr > 40 GeV and |n| <
2.5 are considered. Then we select at least two Higgs boson
candidates, each composed of two b-tagged anti-k;, small-R
jets, with invariant masses near m . The invariant mass of
the two-Higgs-boson-candidate system My, is used as the
final discriminant which is expected to peak at m,,, . For the
leading and subleading leptons, the transverse momentum

selections are pr(l;) > 40 GeV, pr(lz) >20 GeV, if any
other lepton is present in the event then the minimum pr is
required to be 10 GeV. The other selections for the leptons
are [n| < 2.5, AR(,]) > 04, AR(l,b) > 0.4.

In our study we choose three representative points, m, =
600, 700 and 800 GeV, where the mass difference between the
other scalars and the fermions of the model are kept well with
0(10) GeV to O(100) GeV. Pairing of the b-jets is required to
satisfy the following criteria for the angular distance between
them, (see Ref. [42]).

360 653

— — 0.5 < ARpp(leading) < — 4+ 0.475
map nm4p

235 875

—— < ARpp(subleading) < — + 0.35
m4p m4p

From the first combination we get the leading Higgs and from
the second we get the subleading Higgs candidate. Moreover,
the pair that gives my;, closest to the Higgs mass are consid-
ered to be the leading pair of jets. In order to reject multijet
events we also choose |An(hh)| < 1.5. The distribution of
the leading and sub-leading b-jet pairs are shown in Fig. 5.
We also show the 4-bjet invariant mass distribution in Fig. 6
for my, = 600, 700 and 800 GeV. If the mass of my, > 1
TeV, then boosted jet techniques are required for the analysis
which is beyond the scope of this paper.
Finally we select the events that satisfy,

(My — 15)GeV < Map < (My + 15) GeV
(Mg, —200) GeV < My, < (M, +200) GeV,

where My is the SM Higgs mass. After all the selections as
mentioned above, the number of events to expect at 14 TeV
LHC at different luminosities are given in Table 3. Note that,
we do not include the effect of the running of the coupling
constant (see previous section), as the mass of the scalar
(¢r)is less than 1 TeV, but for higher masses the running
will be important. The number of events is given for both (4b-
jets+ 17) and (4-bjets+/"1~) channels. The number of events
in each channel will further improve at a higher center of mass
energy, 27 TeV. Hence the luminosity reach as a function of
g mass is given in Fig. 7 for 14 TeV and 27 TeV center of
mass energy at LHC.

4 Conclusions and discussions

In this paper, we have considered an extension of the SM,
introducing large SU(2); multiplet fields such as quar-
tet, quintet and septet scalar fields, and Majorana quintet
fermions. In our scenario, the quintet and septet scalars have
vacuum expectation values which are constrained by the p-
parameter, while the quartet scalar filed does not develop
a VEV which is realized by assuming relation among the
parameters in the potential. Then, the active neutrino masses

@ Springer
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Fig. 6 The four b-jet invariant mass distribution in events of pp —
Z/y — LTS~ at 14 TeV for different masses of gg

Table 3 Number of expected events at 150 Fb=1', 300 fb~! and
3000 fb~! at 14 TeV p-p collision in different channels

My, (GeV) o(fb) N (150 fb~1) 300 fb~' 3000 fb~!
> 4 bjets > 1 (1)

600 51 49 9.7 97

700 25 23 4.6 45

800 1.6 14 2.8 28
> 4 bjets+ 1 (1)

600 51 4 8 81

700 25 2 4 40

800 16 12 24 24

@ Springer

N
o
o

14 TeV p p collider

Events/10 GeV bin
g g

o))
o

O T T T T
v b b b

o

| |
200 300 400

M, (GeV)
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Fig. 7 The required luminosity to observed at least 10 events in 4 b-
jets and at least one lepton final state for pp — Z/y — T2~ at
14 TeV and 27 TeV as a function of ©** mass

can be induced by interactions among these multiplets and the
neutrinos at one loop level. We have found that the neutrino
masses are suppressed by the small VEVs of the septet and
a loop factor, explaining the smallness of the neutrino mass
with relaxing the Yukawa hierarchies. Carrying out numeri-
cal analysis, we find the neutrino data can be accommodated
with O(0.1) to O(1) Yukawa couplings taking extra particle
masses at TeV scale.

We have also discussed the collider physics considering
production processes of charged particles in the large mul-
tiplets especially focusing on doubly charged fermion from
quintet. The doubly charged scalar decays into lepton and
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components of quartet scalar via Yukawa interaction gener-
ating neutrino mass. The components of quartet scalar decay
via gauge interaction and/or interactions in scalar potential.
We then obtain signal of multi Higgs boson plus charged
leptons and/or jets with/without missing transverse energy.
It has been shown that we can test our model in future LHC
experiments estimating number of events imposing specific
kinematical cuts. We have shown the discovery potential of
this background free channel at current and future luminosi-
ties, at LHC.

Acknowledgements This research was supported by an appointment
to the JRG Program at the APCTP through the Science and Tech-
nology Promotion Fund and Lottery Fund of the Korean Govern-
ment. This was also supported by the Korean Local Governments—
Gyeongsangbuk-do Province and Pohang City (H.O.). H. O. is sincerely
grateful for the KIAS member. N.K. acknowledges the support from the
Dr. D. S. Kothari Postdoctoral scheme (201819-PH/18-19/0013). N. K.
also acknowledge “(9/27-28 @ APCTP HQ) APCTP Mini-Workshop—
Recent topics on dark matter, neutrino, and their related phenomenolo-
gies” where the problem had been proposed an also thanks the hospi-
tality of APCTP, Korea.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: Our analysis is
theoretical one and there is no data to be provided.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

Appendix A: Appendix: SU (2);, large multiplet fields

In this appendix we summarize expression of quartet scalar
and quintet fermion.

Scalar quartet field

The quartet &4 with hypercharge Y = 1/2 can be written
as

T
by = ((P++,<P;r,<ﬂ0,¢1_> ,oor (Pg)ijk, (A.D

where (®4);j, is the symmetric tensor notation denoted by
(@)1 = ¢, (@121 = @5 /V3, (@722 = ¢°/4/3
and (®4);2221 = ¢ ; [ijk] indices are symmetric under
exchange among them. Using the expression, we obtain

<I>1<D4 = (P)ijk(Pa)ijk

=T ol el o0y +0%° (A2)
where the iterated indices are always summed out. Then
covariant derivative of ®4 is given by

1
DI'dy = ' dy —i <ch/;7;<4> + Eg’B“> Dy, (A3)

where g(g’) is the SU (2) (U (1)y) gauge coupling and 7},(4)
denotes matrices for the generators of SU(2) acting on @,
such that

030 0
F_Llv3o0 20
210 2 0 V3]
0 0 V30
0 —v/30 0
j 30 -2 0
p_L|V3 A4
21 o 2 o 3] (A4)
0 0 43 0
and 73 = diag(3/2,1/2,—1/2,—3/2). The covariant

derivative in terms of mass eigenstate of SM gauge boson
can be derived applying Wlf = Wi, F qu)/\/ﬁ, zZ, =
cos Oy W3, — sinOy B, and A, = sin Oy W3, + cosOw B,
where Oy is the Weinberg angle. Then we obtain the covari-
ant derivative in terms of mass eigenstates of gauge bosons
as follows

(Dy @) = [au —i (% + m> e,
1
2 (e gen)i)a
3 5
(5 + m) (5 — m) le_(q>4)m71

V2V \2 2 p T
(A.5)

where the subscript m distinguish component of the multiplet
in terms of the eigenvalue of 73.

Fermion quintet field

The fermion quintet X g with hypercharge Y = 0 can be
written by

T
=[5 5] L o G (A6)

where (Xg);jk is the symmetric tensor notation given by

Epnun = ZF. Copnz = Z3/2 Erpiz =
28/V6, (ZR)222) = —%5/2 and (TRl = Zog -

@ Springer
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Using the expression, we obtain
S S i’ JJ KK 1
TRER = (ZR)ijk (ZR)irjwre" €l e

— E_:II';CEZ*R* + 2+C2 + 20(320
S — + - ++
+ 22}3‘21}3 + EZR CEIR ’

(A7)

where €'/ is anti-symmetric tensor. The covariant derivative

of X g can be derived as

D'Eg = 0"Sg —igWIT D g,

(A.8)

where ’2;(5) denote the matrices for the generators of SU(2)

acting on X given by

02 0 00
120\/600
7]<5>=§ 0v6 0 V60,
00 602
00 0 20
0-2 0 0 0
[20 —vV6 0 0
Tﬁ:% 0v6 0 —v6 0 |,
00 V6 0 -2
00 0 2 0
7” = diag(2, 1,0, -1, -2).

(A9)

The covariant derivative in terms of mass eigenstates of gauge

bosons is derived as

(DpZp)m = ( —imeA, — ichmZM) (ZR)m
+ Tg‘/ 2+mG—mW (ZR)m-1
Tg‘/ 2—mB+mW, (ZR)mt1. (A10)
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