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Two novel seesaw models based on weak-isospin quintuplet leptons are
presented. In the first one, the zero hypercharge Majorana quintuplet lep-
ton is accompanied by a scalar weak-isospin quadruplet, and in the second
one, a non-zero hypercharge Dirac quintuplet lepton is accompanied by two
scalar weak-isospin quadruplets. In both models scalar quadruplets attain
the induced vacuum expectation values. This leads to neutrino mass con-
tribution ~ v /M? arising at the tree level from a dimension-nine operator.
Additional neutrino mass contribution ~ (1/1672)-v% /M comes from a loop
suppressed dimension-five operator. The empirical masses m, ~ 0.1 eV can
be achieved with the new states being within the reach of the Large Hadron
Collider and the origin of the neutrino masses could be directly tested. The
Drell-Yan production of the new fermions is abundant due to nontrivial elec-
troweak gauge charges and their decays lead to interesting multilepton and
same sign dilepton events. The charged components of new scalar multiplets
contribute to loop-mediated Higgs decays h — vy and h — Z~. The neutral
component of the Majorana quintuplet, previously identified as a minimal
dark matter candidate, becomes unstable in the proposed seesaw setup. The
stability can be restored by introducing a Z5 symmetry, in which case neu-
trinos get mass only from radiative contributions.
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Prezentirana su dva nova mehanizma njihalice bazirana na kvintupletu
leptona slabog izospina. U prvom je modelu Majoranin kvintuplet leptona
iscezavaju¢eg hipernaboja u sprezi sa skalarnim kvadrupletom slabog izo-
spina, a u drugom modelu je Diracov kvintuplet leptona neiscezavajuceg
hipernaboja u sprezi s dva skalarna kvadrupleta slabog izospina. U oba
modela skalarni kvadrupleti poprimaju induciranu vakuumsku ocekivanu vri-
jednost. To vodi na doprinos masama neutrina ~ v%/M® koji dolazi od
operatora dimenzije devet na granastom nivou. Dodatni doprinos masama
neutrina ~ (1/1672) - v% /M dolazi od operatora dimenzije pet potisnutog
na razini petlje. Eksperimentalne vrijednosti masa neutrina m, ~ 0.1 eV se
mogu ostvariti s novim stanjima u dosegu velikog hadronskog sudarivaca i
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i narusenjem leptonskog broja. Ispitana je uloga novih skalara u raspadima
Higgsovog bozona na razini petlje, h — vy i h — Z~. Neutralna kompo-
nenta Majoraninog kvintupleta, prijasnji kandidat za minimalnu tamnu tvar,
postaje nestabilna u predlozenom modelu njihalice. Uvodenjem Z5 simetrije
moze se osigurati njezina stabilnost, a u tom sluc¢aju neutrini dobivaju masu
samo od doprinosa na razini petlje.
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Introduction

This doctoral thesis presents two novel seesaw models based on weak-isospin
quintuplet leptons. In the first one, a hypercharge-zero Majorana quintuplet
lepton is accompanied by a scalar weak-isospin quadruplet, and in the second
one a non-zero hypercharge Dirac quintuplet lepton is accompanied by two
scalar weak-isospin quadruplets. In both models neutrino masses arise at the
tree level from dimension-nine operator and from loop-suppressed dimension-
five operator. This allows the new states to be within reach of the Large
Hadron Collider (LHC) where they can be produced and these models for
neutrino masses can be directly tested.

The thesis is organized as follows:

e The first chapter gives a brief overview of experimental evidence for
small neutrino masses and seesaw mechanisms as an explanation of
their smallness.

e The second chapter presents a model with hypercharge-zero Majorana
quintuplet leptons accompanied by a scalar weak-isospin quadruplet.
This model predicts neutrino masses, phenomenology of new leptons
at the LHC, effects of the new scalars on loop Higgs decays and possible
dark matter (DM) candidates.

e The third chapter presents a model with non-zero hypercharge Dirac
quintuplet leptons accompanied by two scalar weak-isospin quadru-

plets. This model predicts neutrino masses and phenomenology of new
leptons the LHC.
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e Concluding remarks are given in the final, fourth chapter.

The main results of the thesis are the following:

e By employing the fermion and scalar higher weak-isospin multiplets in
a seesaw mechanism the neutrino masses arise at the tree level from
higher dimension operators and from loop suppressed dimension-five
operator and thus lower the seesaw scale.

e The quintuplet leptons can be within the reach of the LHC so that the
origin of the neutrino masses can be directly tested.



Chapter 1

Overture

In the Standard Model (SM) the neutrinos are electrically neutral fermions
that participate only in the weak interactions, both in charged currents me-
diated by W boson and neutral currents mediated by Z° boson. There are
three different neutrino flavours: electron neutrino v, and electron antineu-
trino 7., muon neutrino v, and muon antineutrino 7,, tau neutrino v, and
tau antineutrino 7,. Together with their accompanying charged leptons they
form weak-isospin doublets. The definition of neutrino flavour is dynamical,
determined by associated charged lepton. For example, the electron antineu-
trino 7, is produced with an electron e~ or produces a positron e™ in charge
current interactions, the muon neutrino v, is produced with a muon p~ or
produces an antimuon u* in charge current interactions, ect.

§ 1.1 Neutrino oscillations, masses and mixing

It is established that neutrinos change flavour after propagating a finite dis-
tance. For a neutrino of a given flavour produced with energy E in some
weak interaction process, at a sufficiently large distance L from the source
there is a non-zero probability to find a neutrino of a different flavour. A
change of neutrino flavour in propagation is known as neutrino oscillation
[1, 2, 3], because the probability of neutrino flavour change depends oscilla-
tory on the neutrino energy and a distance of the propagation.
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In many neutrino experiments the disappearance or the appearance of a
particular neutrino flavour due to oscillations has been observed:

A disappearance of solar electron neutrinos v, in solar neutrino exper-
iments [4, 5, 6, 7, 8, 9, 10, 11, 12].

e A disappearance of atmospheric muon neutrinos v, and antineutrinos
v, in Super-Kamiokande [13, 14] experiment.

e A disappearance of reactor electron antineutrinos 7, in reactor Kam-
LAND [15, 16] experiment.

e A disappearance of muon neutrinos v, in long-baseline accelerator neu-
trino experiments K2K [17] and MINOS [18, 19].

e An appearance of electron neutrino v, in a beam of muon neutrinos v,
in long-baseline accelerator neutrino experiments T2K [20] and MINOS
[21].

e A disappearance of reactor electron antineutrinos 7, in short-baseline
reactor experiments Daya Bay [22] and RENO [23].

The experiments with solar, atmospheric, reactor and accelerator neutri-
nos have provided compelling evidences for oscillations of neutrinos caused
by non-zero neutrino masses and neutrino mixing. This means that the neu-
trino flavour eigenstate fields (v, v, v-) which enter into the lepton charged
current in weak interactions are linear combinations of the neutrino mass
eigenstate fields (v, vo, v3)

3
y(x) = Z Uivi(z), l = e, u,T. (1.1)
i=1

U is unitary neutrino mixing matrix [1, 2, 3], often called the Pontecorvo-
Maki-Nakagawa-Sakata (Upysns) mixing matrix parameterized as

0

C12C13 S12C13 S13€
_ i5 5
Upmns = | —512C23 — C12523513€"°  C12C23 — 512523513€" Sp3ciz | X P,
is is
512523 — C12C€23513€ —C12523 — 512€23513€ C23C13

(1.2)
where P = diag(1, e, e"). Here ¢;; = cosb;; and s;; = sin6;; with 0y,
03 and #,3 being the solar mixing angle, atmospheric mixing angle and the
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reactor mixing angle, respectively. The phase ¢ is the Dirac CP violating
phase while o and ( are the two Majorana CP violating phases.

The parameters of neutrino oscillations, mixing angles and the mass
squared differences, Amg; = m? — m3, can be determined by global anal-
ysis of the existing neutrino oscillation data. In Table 1.1 we give the result

of a recent global fit analysis [24].

parameter best fit 30 range
AmZ, [1075%eV?] 7.62 7.12-8.20
2.55 2.31 — 2.74
2 -3 2
|[Amg,| [107°eV7] 9.43 2.91 — 2.64
sin? 015 0.320 0.27-0.37
ey 0.613 0.36-0.68
V23 0.600 0.37-0.67
0.0246
.2 -
sin? ;5 00950 | 0-017-0.033
0.807m
0 —0.037 0—2m

Table 1.1: A global fit of the neutrino oscillation parameters [24]. For Am3,
sin? fys, sin? 013 and  the upper (lower) row corresponds to normal (inverted)
neutrino mass hierarchy.

§ 1.2 Seesaw mechanisms

The existence of neutrino masses represents the first tangible deviation from
the standard model. In order to account for the smallness of these masses
one has to modify the particle content of the SM by adding new degrees of
freedom. The neutrino masses can be realized through an effective dimension-
five operator

L HAOTI

T (1.3)
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introduced by Weinberg [25]. It is the only dimension-five effective operator
in the SM and it leads to neutrino masses suppressed by a high mass scale A.
The Weinberg’s operator can be generated both at the tree and at the loop
level. At the tree level there are only three realizations of the dimension-
five operator [26]: type I [27, 28, 29, 30, 31], type II [32, 33, 34, 35, 36, 37|
and type III [38] seesaw mechanisms, mediated by heavy fermion singlet Ng,
scalar triplet A and a fermion triplet g, respectively. In the usual seesaw
setup the masses of the new degrees of freedom are associated with the scale
of Grand Unified Theories. As a consequence, the possibility of direct tests
of the seesaw mechanism seems very remote.

§ 1.3 Low scale seesaw mechanisms

Several proposals have been made to bring the high mass scale of the seesaw
mechanism down to the TeV range, so that they might be experimentally
testable, for instance at the LHC at CERN.

The most straightforward possibility is to have cancellations within the
type I seesaw mechanism such that scale of new physics may be relatively
low without the need to excessively suppress the Yukawa couplings [39, 40].
The general conditions for this to happen were given in [41]. Cancellations
between the type I and type II seesaw contributions to the neutrino masses
have also been considered [42, 43]. In the inverse seesaw mechanism [44, 45]
there is both a high scale in the TeV range and a low scale in the keV range.

Low scale seesaw mechanism can be achieved by radiatively generated
neutrino masses. The loop factors provide a sufficient suppression as it was
first introduced at one-loop level in [46]. This idea was later exploited by one
[47], two [49, 48, 50] and three-loop level [51, 52] mechanisms.

In a multiple seesaw approach first put forward in [53] and later extended
in [54], the involved additional fields and additional discrete symmetries are
instrumental in bringing the seesaw mechanism to the TeV scale [55] acces-
sible at the LHC.
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§ 1.4 Higher dimensional representations

The gauge group of the standard model is SU(3)c x SU(2), x U(1)y. All
fermions and scalars of the standard model are either in the singlets or in the
fundamental representations of the SM gauge group factors. The multiplets
in the higher dimensional representations of the SU(2); weak-isospin gauge
group of the SM were used in addressing different beyond the standard model
topics such as neutrino masses and dark matter. We will list just a few here.

Among many higher dimensional multiplets considered as minimal dark
matter (MDM) candidates in [56], the fermion transforming as > ~ (1,5,0)
under the SM gauge group has been singled out as the best MDM candidate.
The phenomenology of this fermionic quintuplet has been considered in a se-
ries of publications [57, 58, 59]. Another MDM candidate, a scalar septuplet
® ~ (1,7,0) was considered in [60].

Higher dimensional multiplets were also used in models aiming to ex-
plain non-zero neutrino masses. Probably the most famous is the already
mentioned type III seesaw mechanism [38] using hypercharge zero lepton
triplets. In [61] hypercharge non-zero lepton triplets X,z ~ (1,3,2) to-
gether with scalar quadruplet ® ~ (1,4, —3) were used to generate neutrino
masses at the tree level from a dimension-seven operator.

An attempt to build a model relating radiative seesaw and MDM mass
scales without beyond SM gauge symmetry (RvMDM) was considered in
[62], and later applied for baryon asymmetry in [63]. The stability of MDM
candidates in this setup, in which they participate in radiative neutrino mass
generation, was examined in [64] where the existence of additional renormal-
izable operators which spoil the stability of the MDM candidate has been
pointed out.
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Chapter 2

Model with Majorana lepton
quintuplet

A seesaw model built upon the zero hypercharge fermionic weak quintuplet
has been proposed in [65]. Such a multiplet, in isolation, provides a vi-
able dark matter particle within the so-called minimal dark matter model
[56]. It is of interest to explore the conditions under which the quintuplets
Yg ~ (1,5,0) could simultaneously generate the masses of the known neu-
trinos and provide a stable DM candidate.

The proposed model goes beyond conventional type I, II and III seesaw
mechanisms, mediated by a heavy fermion singlet, a scalar triplet, and a
fermion triplet, respectively. Fermionic seesaw mediator of isospin larger
than one has to be accompanied by a scalar multiplet larger than that of the
SM Higgs doublet. We analyze in detail both the tree-level and the radiative
neutrino masses generated by hypercharge zero quintuplets ¥z ~ (1,5,0).
Thereby we address also a phenomenology of these states at the LHC and
recall that by imposing a Z; symmetry, one can reconcile the seesaw mission
with the viability as a DM.
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§ 2.1 The model

The model proposed here is based on the symmetry of the SM gauge group
SUB3)c x SU(2), x U(l)y. In addition to the usual SM fermions, we
introduce three generations of hypercharge zero lepton quintuplets Xp =
(XLt X7, 2%, 25, X57), transforming as (1,5, 0) under the SM gauge group.
Also, in addition to the SM Higgs doublet H = (H™, H°) there is a scalar
quadruplet ® = (&F,®% &~ &) transforming as (1,4, —1).

In a tensor notation suitable to cope with higher SU(2), multiplets [62]
our additional fields are totally symmetric tensors Yg;n and ®;;, with the
following components:

1 1
YSpin = X7, S = ﬁZE , XRi122 = \/—62% )
1
YR1222 = ﬁzfg . XR2222 = Mg ; (2.1)
. 1, 1 -
Qi =07, D=7, Py =710, Py =9 - (22)

V3 V3

The gauge invariant and renormalizable Lagrangian involving these new fields
reads

- . 1—

L= ZRW"DMERjL(D“(I))T(DM(ID)—(LLY(I)ERjLi (ZR)CMZR+H.C.) -V (H, ).

(2.3)

Here, D, is the gauge covariant derivative, Y is the Yukawa-coupling matrix

and M is the mass matrix of the heavy leptons, which we choose to be real
and diagonal. For simplicity we drop the flavour indices altogether.

In the adopted tensor notation the terms in Eq. (2.3) read

T T jj’ kK 1l
LL(PZR = LL (I)jklZRij’k’l’EH € €,
- —— VY] ’ /
(ZR)CZR = (ZR)CijklZRi’j’k’l’en e’ Ekk Ell . (24)

Accordingly, the Majorana mass term for the quintuplet ¥y is expanded in
component fields to give

(Cr)“MER = (SR")OMEE" — (SR) M5 + (35,) Mg

= (TR)OMEG + (S5 )M, (2.5)
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the terms containing two charged Dirac fermions and one neutral Majorana
fermion

S =it +5,7C, St =3 520, 20 =58 + 59 . (2.6)

§ 2.2 Scalar potential

The scalar potential has the gauge invariant form

V(H,®) = —p4HH; + 30", + A\ (H*H,)?
+ N (H*H®*®), + \3(H'HO*®), (2.7)
+ (Me“H*HH® +H.c.) + (A\se” HH®® + H.c.)
+ (M€ HE O + Hee.) + A (075D, 50)" + N 00D

where parameters are real. Detailed analysis of the scalar potential in Eq. (2.7)
is given in Appendix A.

Here, for simplicity, it is assumed that all quartic couplings are real and
only the main points of the analysis are presented. The electroweak symme-
try breaking (EWSB) proceeds in usual way from the vacuum expectation
value (vev) vy of the Higgs doublet, corresponding to the negative sign in
front of the u?% term in Eq. (2.7). On the other hand, the electroweak p pa-
rameter dictates a small value for vev ve of the scalar quadruplet, implying
the positive sign in front of the p3 term. However, the presence of the )\,
term in Eq. (2.7), given explicitly by

1 2
H'HH® = —H™HTH® — —H“HTH'® + H"H*H*®~
V3 V3
2 1
+H+*HOHO(I>+ _ _H—i-*H—i-HO(I)O + —HO*HOHO(PO ’ 2.8
V3 V3 (28)

leads to the induced vev vg for the ®° field. Since it changes the electroweak
p parameter from the unit value to p ~ 1 + 6v3 /v%, a comparison to the
experimental value p = 1.000410500% [66] gives an upper limit vp < 3.2 GeV

and constraints the ratio vg /vy to be smaller than 0.01.
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After the EWSB the neutral components of the scalar fields acquire the
vacuum expectation values and read

1 1
HOZE(UHﬂLhOﬂLiX) ; <I>°:%(vq>+<p°+in) : (2.9)

Since all quartic couplings in the scalar potential are assumed to be real, the
conditions for the minimum of the potential

Vo (vu, ve) Vo (vw, ve)
—— =0, ———= =0 2.10
8UH ’ 81)(1) ( )
give
1 1 2 V3 NENY:
,u%{ = )\1’11?{ + (5)\2 + 6)\3 — g)\5)v§> + 7)\4’11H’Uq> — ?)\Gi s (211)
1 1 2 V3. v V3 5
e = —(Fhet gha— SAs)uly - ?/\4i + - Aevava = (A7 + 5 As) v -

(2.12)

In the leading order in the ratios ve /vy and v2/u%, the vevs of scalar fields

are
2 3
Hu 1 Yu

vy , Uy X~ — A , 2.13

TENN T B 213)

as given in Eq. (A.16).

§ 2.3 Neutrino masses

The Yukawa interaction terms from Eq. (2.3), when expressed like in Eq. (2.4),
read

V3

— 3
LL(I)ZR: _TVL(I)_ZE_ \/7

2

1 _ 1
— 11PN + — 5 &9
V2 PRoR T R

| o
—5 7@ S, — LTS+ ST S+ TS (214)

L&Y% +

The vev vy generates a Dirac mass term connecting vy, and $%, a nondiagonal
entry in the mass matrix for neutral leptons given by

1 r=ruw=i 0 l) (% (VL>C
_ __ 0\C 2
L,,Zo = B (VL (ZR) > ( %YT’U@ M ) ( 2(])% + H.c. . (215)
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Similar term connecting light and heavy singly charged leptons gives the
mass matrix for charged leptons

e (EW) (12)1) —%qu)) <(2l§)0> FHe . (2.16)

After diagonalizing the mass matrix for neutral leptons, light neutrinos
acquire the Majorana mass matrix given by

1
miree = —ZviYM_lYT : (2.17)

v

In the basis where the matrix of heavy leptons is real and diagonal, M =
tree

diag(My, My, M3), we can write m'7 ¢ as

v

1 Y..Y:

tree 2 2 : kL gk
v)is = —— . 2.18
<m )Z] 4U¢ : M, ( )

Together with the induced vev in Eq. (2.13), this gives

1 ¢ YirY;
()l = = o N3 ST Sk
48 " g . M,

(2.19)

which reflects the fact that the light neutrino mass is generated from the
dimension-nine operator corresponding to the tree-level seesaw mechanism
displayed on Fig. 2.1.

H H
Ho H H v H
\\T// \\T/«/
Dy y &
1 < 1

0
VL ZR VL

Figure 2.1: Tree-level diagram corresponding to dimension-nine operator in
Eq. (2.19). The fermion line flow indicates a Majorana nature of the seesaw me-
diator.
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Besides at the tree level, the light neutrino masses arise also through one-
loop diagrams displayed on Fig. 2.2. The crucial quartic A5 term in Eq. (2.7),
when expanded in component fields, gives

2 2 2
HHO® = & OTH'H® — 20~ o " H H™ + =& "I H*
V3 3 V3
2 2
—§<I>°<I>°H0H0 + §<I>‘<I>0H+H0 —207® "HTH?. (2.20)

H < H
N\, J/
AN /
o X o
}/ \4
/ AN
s
VL R VL

Figure 2.2: One-loop diagrams generating the light neutrino masses.

There are two different contributions on Fig. 2.2, one with heavy neutral
fields (X9, ®°) and the other with heavy charged fields (37, ®*, ®~) running
in the loop. If we neglect the mass splitting within the > and ® multiplets,
the contribution to the light neutrino mass matrix is given by

—5A502 M M? m
toop — 70 H ”“’“’“1— LR N 2.21

(m):; 4872 Z ms — { m3, — M2 M?} (221)
This expression can be further specified [47], depending on relative values of
the masses for additional fermion and scalar multiplets. For heavy fermions
significantly heavier than the new scalars, M? >> m32,

(o = ~25% z [1 My 1} (2.22)

4872 m2

In the opposite case, for m3, >> M2 [67],

00, 5)‘5U
(m,,)ij P = 4871‘2 Ll Z Y;k kMk . (223)
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Finally, if m2 ~ M2, then

A YirY;
) 5ZHZ i ?k. (2.24)

Y 967

The tree-level and the loop contributions added together give the light
neutrino mass matrix

(my)l (ml/)tree_'_(my)loop

-1 Y;kyk —5)\5’0 zkYkMk M2 m2
_IZ Z J H Z { _ — k @

M, 4872 M2

48

n
o — Mg M
(2.25)

In the case of comparable masses of the lepton quintuplet and the scalar
quadruplet the light neutrino mass matrix reads

—1 21)?{ 5)\5’UH zk}/;k
(my)ij = EAA‘M‘* 563 Z : (2.26)

From this expression we can estimate the high energy scale of our model and
the corresponding value for ve in Eq. (2.13). For illustrative purposes we
take the same values for the mass parameters (ug = M = Ayxp) and the
empirical input values vy = 246 GeV and m, ~ 0.1 eV. For the moderate
values Y ~ 1072 , Ay ~ 1072 and A5 ~ 107* we get Ayp =~ 440 GeV and
v =~ 220 MeV. The corresponding masses of the new states could be tested
at the LHC. On Fig. 2.3 we display the part of the parameter space for which
the tree-level (loop-level) contribution dominates.
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+110
(7”’lt1ree/”nloop)_1

Figure 2.3: For the portion of the parameter space left from the equality-division
line, where the tree-level contribution to neutrino masses dominates, we plot
Miree /mloop. Right from the equality-division line the one-loop contribution to
neutrino masses dominates, and we plot Mmjeep/Miree-

§ 2.4 Production of Majorana quintuplet
leptons at the LHC

The production channels of the heavy quintuplet leptons in proton-proton
collisions are dominated by the quark-antiquark annihilation via neutral and
charged gauge bosons

q+q—A—=S+Y, A=~4ZWE,
where the gauge Lagrangian relevant for the production is given by

L?Eme = + e(2LFFyESTt 4 F’y“ZJF)AM
+  gcos by 2QETTAHETT + BTyt Z, (2.27)
+ g(V2EFAETT + \/ﬁwzﬂwu— +H.e. .

The cross section for the partonic process is

BB —p5?)

6(qqg — YY) = T

s(VE+VE), (2.28)
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where § = (p, + p;)? is the Mandelstam variable s for the quark-antiquark
system, the parameter § = /1 — 4M2/§ denotes the heavy lepton velocity,
and the left- and right-handed couplings are given by

2 zy 4 2
V(’y+Z _ Qz?qé’ n g AgL,Rg2 | (2.29)
s (58 — Mz)
_ WS 21/ i
AR AT R A (2.30)
V2(5 — M)
v —o. (2.31)

Here, g = T3 — s3,Q, and g% = —s%,Q, are the SM chiral quark couplings
to the Z boson. The vector couplings of heavy leptons to gauge bosons are

A

=Ty — s%,Qy, and W= — V2 or V3 2.32
g W g )

where "> can be read of the last raw in Eq. (2.27), relevant for the produc-
tion of XX+ and X1X0 pairs, respectively.

To obtain the cross sections for a hadron collider, the partonic cross-
section from Eq. (2.28) has to be convoluted with the appropriate parton
distribution functions (PDFs) q(z, u?). For the case of the proton-proton
collisions we have

d*o(pp — ¥X)
P
dz1dzs N, z% Z; (anap — )

(qfl (xlv ) ( ) + af, (Ila :uz)qfl (x27/~b2)) ) (233)

leading to the total cross section

pp — LX) = / dT/—aq1q2—>ZZ
o( N > Z e h4f )

fi=u,d,.

x (qﬁ(xl,u >qf2<$1,u ) an(enian (o)) - (234)

Here, the inverse of the N. = 3 factor is due to the color averaging in the
initial state, corresponding to the summation over colors implicit in the stan-
dard published PDFs. To evaluate the cross sections we have used CTEQ6.6
PDFs [68] via LHAPDF software library [69] and have chosen p = My, as a
factorization scale.
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Figure 2.4: The cross sections for production of quintuplet lepton pairs on
LHC proton-proton collisions at y/s = 7 TeV via neutral 7, Z (a) and charged
W#* currents (b), in dependence on the heavy quintuplet mass Ms;.

The cross sections for proton-proton collisions are presented on Fig. 2.4
for \/s = 7TeV appropriate for the 2011-12 LHC run, and for designed
/s = 14 TeV on Fig. 2.5. Thereby we distinguish separately the production
via neutral currents shown on the left panel, and via charged currents shown
on the right panel of Figs. 2.4 and 2.5.

A
A
T >
I~ $+370
< L i N
S (a) \/g — 14 TeV (b) ....... 05TF
10—3 A AT T N SR AN N N R [ PR RN RO N R R
400 800 1200 400 800 1200
Mz [GGV} Mg [GGV]

Figure 2.5: Same as Fig. 2.4, but for designed /s = 14 TeV at the LHC.

We extract in Table 2.1 the pair production cross sections from Fig. 2.4 for
three selected values of My,. From this table we find that the doubly-charged
Yt has the largest production cross section o(X7)|yn—400cev = 60.9 fb and
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doubly-charged ¥++ has the smallest, still comparable o(X+7)|yr—100Gev =
43.5fh. The production rates of other heavy leptons are in between.

Produced Cross section (fb)
pair My, =200 GeV My, =400 GeV My, = 800 GeV
YHEY+F 924 34.4 0.43
»Hy+ 231 8.6 0.11
Y+ 641 26.5 0.32
»+30 961 39.8 0.49
LY+ 276 9.1 0.10
YOy + 414 13.6 0.15
Total 3447 132 1.6

Table 2.1: Production cross sections for ¥-% pairs for the LHC run at /s =
7TeV, for three selected values of Msy.

10 N —_— /s=TTeVa@sfh'

3 c—e— /5=8TeV @10 ' 3
A\ ——— =UTeVa@lofh ' ]

Number of produced X*+ and X+

400 800 1200
M > [G(‘V]

Figure 2.6: Number of X% and ¥*++ particles produced for three character-
istic LHC collider setups, in dependence on the heavy lepton mass Ms..

On Fig. 2.6 we plot the expected number of produced £+* and ¥++ par-
ticles for three characteristic collider setups. In particular, for My, = 400GeV
and 5 fb~! of integrated luminosity of 2011 LHC run at /s = 7 TeV and
21 fb~! of integrated luminosity of 2012 LHC run at /s = 8 TeV, there
should be about 3200 doubly-charged ©** or L +F fermions produced. In
total, there should be 4000 ¥ — X pairs produced.
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By testing the heavy lepton production cross sections one can hope to
identify the quantum numbers of the quintuplet particles, but in order to
confirm their relation to neutrinos one has to study their decays.

§ 2.5 Decays of Majorana quintuplet leptons

The focus here is entirely on the decay modes of the heavy lepton states
listed in Eq. (2.6). Namely, provided that in our scenario the exotic scalar
states are slightly heavier than the exotic leptons, the exotic scalar fields
will not appear in the final states of heavy lepton decays. Note that exotic
scalar states ® ~ (1,4,1) were considered recently in [70], in the context of
modified type III seesaw model.

The couplings relevant for the decays at hand stem from off-diagonal
entries in the mass matrices in Egs. (2.15) and (2.16). The diagonalization
of these matrices is considered in detail in the Appendix B and here only
the main points are presented. The diagonalization of the mass matrices can
be achieved by making the following unitary transformations on the lepton

fields: . .
() ()

( (EZILE)C ) - ( (ZZE,L%)C ) ! ( (zlg)c ) = UR( (ZZE}Z)C ) . (2.35)

Following the procedure from [71, 72, 73], the matrices U° and UX can
be expressed in terms of Yvge and M. Thereby, by expanding U° and U%#
in powers of M~! and keeping only the leading order terms, we get

U LygY* M1
0_ PMNS 3 Ve
U= ( oMY Uy 1 ) ’ (2:36)
1 — 3 Y MY 10
ULE(—“@ weyt ’URE<0 1)' (237)
272 V@
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Here, Uppns is a 3 X 3 unitary matrix from Eq. (1.2) which diagonalizes
the effective light neutrino mass matrix, and the nondiagonal entries are
related to the sought couplings of heavy and light leptons, and are expressed
in terms of the matrix-valued quantity

V)is = (EYM_I)@. (2.38)

Next, for simplicity, we suppress the indices indicating the mass-eigenstate
fields. The Lagrangian in the mass-eigenstate basis, relevant for the decays
of the heavy leptons, has the neutral current part

g [, 1 1 .
Lncz = cw V(mU;MNsVWMPL - ﬁUIJ;MNSV V" Pr) X’

+ F(?V*WPR)T +He|Z), (2.39)

and the charged current part

3 V3 7 .

+ Z(—VWPL)E
— 3 . _
+ ZC(\/;V V“PR)ZJ’JF} W, +Hec., (2.40)
as given in Egs. (B.22) and (B.23).

Let us start our list of the partial decay widths by the decays of neutral
0 state:

2 2 173 2\ 2 2
P(EO—)EZFWi):g—)VZE My, (I—MW) (1+2M_)’

32 .M2 M2 M2
3 2 M3 M2 M2
(0 —p, 2% =9 ‘V _ 227 (149222) .
Zl & =) = o } & M2 T
m= =16,4,T

(2.41)
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Figure 2.7: Partial decay widths of ¥° quintuplet lepton for |Vis| = 3.5-1077,
in dependence on heavy quintuplet mass Msy.

The positive singly-charged heavy lepton ¥ has the following partial
decay widths:

M (M M2

Lt —et2° —-—Z) (1+2-%

(BT =02 = 327rcW 16 M2 ( wz) U

- + + 92 b Mg, Mg,
T(EF = v —‘ o (1= 2k (14250 ).
2 IE mm W =g 5 F|Ve M3V< M?)(+M§)
m=1 =fonr)

(2.42)

Finally, the doubly-charged X*+ state decays exclusively via a charged
current, with the partial decay width

2 |3 M2\ 2 M,
DT — W) = e 2‘\/@ M§ <1— MQV) <1+2MV§). (2.43)
w )

The mass difference induced by loops of SM gauge bosons between two
components of ¥ quintuplet with electric charges @ and @)’ is explicitly cal-
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culated in [56]

Mo - Mo = 22{(Q2 - IS S () + Q- Q)@+ @ - V)
G- 160} (2.44)
f(r)= g [27"3 Inr —2r 4+ (r2 = 4)Y2(r2 +2) In (7«2 =2 —27’ - 4)} .

The values for the mass splittings AM,; = M; — M; for My = 400 GeV are
AMQl = M2++ - M2+ ~ 490 MeV s AMlO = MEJr — Mgo ~ 163 MeV 5

(2.45)
which opens additional decay channels, like ¥+ — 773 and ¥ — 7t%0.

The decay rate for a single pion finale state is given by

, . 2 m2
i L (WEN2 2 2y (22 3 7
where (¢">)?; is given in Eq. (2.32). These decays are suppressed by small

mass differences.

[cm ™

()

Figure 2.8: Partial decay widths of £ quintuplet lepton for |Vis| = 3.5-1077,
in dependence on heavy quintuplet mass Ms..
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D(S+)

Figure 2.9: Partial decay widths of X+ quintuplet lepton for |Vis| = 3.5 -
1077, in dependence on heavy quintuplet mass Ms,.

In Figs. 2.7, 2.8 and 2.9 we plot the partial widths of the decays of X°,
Yt and X given in Egs. (2.41), (2.42) and (2.43), respectively. Figures. 2.8
and 2.9 also show the pion final state decays from Eq. (2.46). We list the
representative final states of these decays in Table 2.2, which includes same-
sign dilepton events as distinguished signatures at the LHC.

YH S W [ St 5020 | 20 5w [ 20 5wt
(0.66) (0.06) (0.30) (0.30)
ST S OWT | CCWIW | 6 W2 - -
(0.66) (0.44) (0.04) . ;
Yt ¢t 20 0= Z7W - Al VA et 70w - = ZO0W T
(0.06) (0.04) (0.004) (0.02) (0.02)
Y Wt - - W+Z0 - -
(0.30) . (0.02) . ;
YO 5 W - - W—2Z0 - -
(0.30) . (0.02) . ;

Table 2.2: Decays of exotic leptons to SM charged leptons, including multi-lepton and
same-sign dilepton events, together with their branching ratios (restricted to I = e, 1) and

for Mysx, = 400 GeV.
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§ 2.6 Possible role as dark matter

The fermionic quintuplet of the present model was selected previously as a
viable MDM candidate in [56]. To employ it as a seesaw mediator requires
additional scalar multiplets, what makes the neutral component of the quin-
tuplet unstable. If we employ a Z5 symmetry under which > — =3, & — —®
and all SM fields are unchanged, the lightest component of the ¥ and ® mul-
tiplets is again a DM candidate. The quartic A5 term in the scalar potential
is still allowed so that neutrinos acquire radiatively generated masses given
by Eq. (2.21).

If 3% is the DM particle, its mass is fixed by the relic abundance to the
value Ms, &~ 10 TeV in [56]. The choice A5 = 1077 gives enough suppression
to have small neutrino masses with large Yukawa, ¥ ~ 0.1. In this part of
the parameter space the model could have interesting LEF'V effects like in [62].

The neutral component of the scalar multiplet ® could also be a DM
particle, despite its tree level coupling to the Z boson. Similar to the inert
doublet model, the A5 term in the scalar potential in Eq. (2.7) splits the real
and imaginary parts of the ®° field. If the mass splitting is large enough, the
inelastic scattering through the Z boson exchange is kinematically forbidden
in direct detection experiments. In this case the new states could be within
reach of the LHC. To ensure a large enough mass splitting, the coupling A5
cannot be too small. Accordingly, from Eq. (2.21), it follows that the Yukawa
couplings have to be smaller, suppressing the LF'V effects.

§ 2.7 Loop induced Higgs decays

The recently discovered resonance with mass my ~ 125 — 126 GeV [74, 75]
strongly resembles the SM Higgs boson. There is a hint that the loop-induced
h — ~7 event rate [76, 77] deviates, modulo QCD uncertainties [78], by a
factor 1.5 - 2 [79, 80] from its SM value,

[0(99 — h) x BR(h = 77)]Lxc
l0(g9 — h) x BR(h — '77)]31\/[

=1.71+0.33 . (2.47)
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This indicates the existence of additional charged particle(s) on which the
tree-level Higgs decay modes are much less sensitive. The history of the “pre-
discovery” of charmed and top quarks through the loop amplitudes may be
repeated in the scalar sector.

On the other hand, if this enhancement in h — vy disappears with a
larger integrated luminosity, it will still constrain the parameter space of
various extensions of the SM containing new charged states which should
affect this loop amplitude. In this spirit there is a number of theoretical
attempts to match the indicated discrepancy by the effects of an extended
Higgs sector [81, 82, 83, 84].

Notable, the h — vy decay rate is sensitive on the doubly charged scalar
fields such as those existing in scalar triplet from the type II seesaw mecha-
nism. These states have been in focus of both the direct searches at the LHC
[85, 86, 87] and of theoretical investigations [88, 89, 90, 91, 92]. The effects of
singly and doubly charged components of a scalar quadruplet ® ~ (1,4, —1)
[93] accompanying the Majorana quintuplet of the seesaw model at hand are
presented in this section.

2.7.1 Exotic scalar couplings to Higgs boson

The mixing between singly charged and between neutral components of H
and ® multiplets will occur after the EWSB and it is considered in Ap-
pendix A. Let us illustrate this on the A’ — ¢" mass terms arising from the
scalar potential from Eq. (2.7)

1 1 1 2
Lho¢o = —5 (—,ufq + 3)\121?{ + (5)\2 + 6)\3 — g)\5)v§> + \/g)\4'UH'Uq>) hORO
- <( 1. 4 V3 1

>\2 + —)\3 - —>\5)’UH’U¢ + —>\4U?{ - )\GU%) hOQOO

3 3 2 V3
1 1 1 2 2 5
—5 (M?p + (5)\2 + 6>\3 — g)\g))’(]?{ + ﬁ)\@UHUq) + (3)\7 + g)\g)vé) (po(po .

(2.48)

The mass term that mixes h and ¢ is small because it is proportional ei-
ther to ve from Ay 36 terms in Eq. (2.7), or to small lepton number violating
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couplings A4 5 dictated to be small from considerations of neutrino masses.
Therefore we neglect the mixing between the components of H and ® mul-
tiplets and we neglect the terms of higher order in vg /vy whenever possible.

In the approximations given above, the masses of charged components of
the quadruplet ® are

1
m*(@1) = pg + - Aovj

2
1 1
m*(®7) = g+ 5)\21)?{ + §>\3U?{ ; (2.49)
1 1
mz(q)__) = ,UE} + 5)\21)]2'{ + 5)\31)]2;[ .

Their couplings to the Higgs boson relevant for the h — v decay are
-0 = C<1>+UHh0(I)+*q)+ + qu—’UHhO(I)_*(I)_ + C@——UH}LO(I)__*(I)__ y (250)

where the newly introduced couplings
2
Cp+ — )\2 , Co— — )\2 + g)\g , Cp— = )\2 + )\3 s (251)

are expressed in terms of the quartic couplings Ay and A3 which, for simplic-
ity, we assume to be equal in the following.

2.7.2 Higgs diphoton-decay width

In the model presented here, in addition to the dominant SM contributions
from the W boson and top quark loops to the h — 77 decay rate only
the charged scalars contribute substantially. They are colourless so that the
Higgs boson production through gluon fusion at the LHC is unaffected. Also,
since the Higgs boson total decay width is only marginally affected, a dom-
inant change in h — 7 event rate comes from the change in Higgs boson
diphoton partial decay width.
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The analytic expression for the diphoton h — ~~ partial width reads
[81, 94, 95, 96]

2

Ao(Ts)|
(2.52)

Oé2m3
P(h — 77) = m Al(TW) + NchAlﬂ(Tt) + N&SQ%

cs vy
2 m%

where the three contributions corresponding to 7, = 4m?/m3 (i = W,t,S)
refer to spin-1 (W boson), spin-1/2 (top quark) and charged spin-0 particles
in the loop. The electric charges for fermions and scalars, Q); = +2/3 and
@s, are given in units of |e|, and their respective number of colors are N, = 3
and N.g = 1 for color singlet scalars under consideration here. The loop
functions for spin-1, spin-1/2, and spin-0 particles are given as

Ai(z) = —2*[2272+327 ' +32z7 ' = 1) f(=7")] , (2.53)
Aip(z) = 22° a7+ (@' =1 f )] , (2.54)
Ao(z) = —2*[z7' = f(a™1)] , (2.55)

where, for a Higgs mass below the kinematic threshold of the loop particle
mp < 2 Migep, We have

f(z) = arcsin® y/x . (2.56)

We now look at the possible enhancement of the h — <~ decay rate
through extra contributions with charged components of scalar quadruplet
® running in the loops. Following [81] we define the enhancement factor with
respect to the SM decay width

2
Cs Vi Ap(7s)

Ry, =1+ iy

Yy Z Qs 2 m% A (tw) + N.QF Ay j2(11)

5=0+,- 0~

(2.57)

In order to get an enhancement of the h — v decay rate, the contribution
of the new charged scalars has to interfere constructively with the dominant
SM contribution of the W boson. Since this requires negative couplings cg
in Eq. (2.52), we assume Ay 3 < 0. The biggest effect on the h — vy decay
rate comes from ®~~ for two reasons. First, it has a charge |Q¢--| = 2 and
second, for A3 < 0 it is the lightest of the charged ® components. We will
not consider Ay 3 > 0 case for which to get a significant enhancement in R,
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Figure 2.10: Enhancement factor R, =(2.5, 2, 1.75, 1.5, 1.25) for the h — 7
branching ratio in dependence on scalar coupling A = Ao = A3 and the mass of the
lightest charged component of the ® multiplet, m(®~ ).

the charged scalars should be too light or the couplings should be big.

On Fig. 2.10 we plot the enhancement factor R,, as a function of the
scalar couplings Ao 3 and the mass of the lightest charged scalar m(®~7).
For simplicity we assume \s = A3 = A, and in order to keep the stability of
the scalar potential, we restrict ourselves to the interval A € [—=2,0]. In this
interval the value R,, = 2 can be achieved up to m(®~~) = 280 GeV and
the value R, = 1.25 up to m(®~ ) = 520 GeV.

2.7.3 Higgs to Z-photon decay width

Another loop mediated Higgs decay sensitive to new charged particles is
h — Z~. It is sensitive both on the charge and weak isospin of the particles in
the loop. After adding a contribution of a new scalar to the SM contributions
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from the W boson and top quark the decay rate is given by [81]

o?m? m2\?*
L(h— Z~) = h 1——%2) |4 Agl? 2.58
( 7) 128730 sin” 6, ( m3 ) Msar +Asl™ (2.58)

where

Q21" — 4Q, sin®6,,)

Asny = cos 0, A1 (T, ow) + N Aija(m,00) . (2.59)

cos 6,
P sinf, csvy 0 Tg(s) — Qg sin? HwA ( ) (2.60)
s = 9 m? 5 cos 6., sin 6, O\ 78 .

Here 0; = 4m2/m% and T\" = 1/2 and T correspond to the weak isospin
of the top quark and the new scalar. The loop functions are given by

Ay(z,y) = 4(3 — tan? 0, Ir(z, y) + [(1 + 227 M tan? 0, — (5 + 2:.17_1)] Li(z,y) ,
A1/2(x7y> = [1(:(:7:9) - ]2(5(7,y) ’

Ao(l’,y) = [1($,y) ) (261)
where

L@y) = 5ot o =l @ =1+ = sl =g
B(@.y) = 5o = £ (2.62)

For the Higgs mass below the kinematic threshold of the loop particle, m;, <
2 Myoop, We have

g(z) = Vo1 — larcsiny/z . (2.63)

The additional contributions in a model with scalar quadruplet lead to
the modification factor Rz, for the h — Z+v decay rate with respect to the
SM decay width

2

A
Rpy=1+ Y A;w . (2.64)

S=d+,0—,0——

On Fig. 2.11 we plot the modification factor Rz, as a function of the
scalar couplings Ao 3 (assuming Ay = A3 = A) and the mass of the lightest
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charged scalar m(®~~). We obtain a moderate suppression of the h — Zv
decay rate in the region of the parameter space where the h — ~v decay
rate is enhanced. In the chosen interval A € [—2,0] the factor Rz, = 0.6 is
achieved up to m(®~7") = 220 GeV and Rz, = 0.9 up to m(®~~) = 480 GeV.

RZy

My (GeV)

Figure 2.11: Modification factor Rz~ =(0.6, 0.7, 0.8, 0.9) for the h — Z~ branch-
ing ratio in dependence on the scalar coupling A = A2 = A3 and the mass of the
lightest charged component of the ® multiplet, m(®~ 7).

§ 2.8 Direct and indirect bounds on new
scalars

The measurement of the h — 7y rare decay mode may mark a spectacular
onset of a virtual physics at the LHC. The interaction with virtual particles
is essential both for the production and the decay factor in Eq. (2.47). It is
in order to discuss the features of additional charged scalars, which deter-
mine their possible appearance both in the Higgs boson loop decays under
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consideration and in their direct searches.

Now, an essential point is a lack of Yukawa couplings of the scalar quadru-
plet to a pair of SM fermions. The lack of these Yukawa couplings means
that a doubly charged ®~~ does not decay to a pair of charged SM leptons,
which has decisive repercussions. The direct searches for doubly charged
scalars through resonance in the invariant mass of a pair of charged leptons
at the LHC [85, 86| leave the quadruplet scalar states unconstrained. The
strongest bound in the range (383 GeV, 408 GeV) set in the inclusive search
for the CMS benchmark points depends on &=~ production analysis, and
counts all possible final state lepton pairs in BR(®™~ — [[;), i,j = e, 1, T.
Of course, =~ can decay also to W~W ™ final state, but this channel has
not been measured yet and doesn’t constrain the quadruplet scalar mass.

In comparison, the studies of h — v+ enhancement by the doubly charged
scalar from the scalar triplet from the type II seesaw mechanism [88, 89, 90,
91] also lead to their rather small masses, which already seem to be excluded
by the above mentioned direct searches at the LHC [85, 86]. In case that the
decay of the doubly-charged component of the triplet scalar to W~W ™ were
the dominant one, it would invalidate the discussed CMS search and no limit
on the triplet mass would be placed either.

§ 2.9 Testability at the LHC

Newly introduced heavy degrees of freedom are expected to be abundantly
produced at the LHC, and the distinctive signatures could come from doubly-
charged components of the fermionic quintuplets. For already accumulated
integrated luminosity at the LHC, 5 fb=! in 2011 run and 21 fb=! in 2012
run, there could be ~ 3000 produced doubly-charged ¥*+ or ¥++ fermions,
with mass My, = 400 GeV.

The decays of these states to SM charged leptons have an interesting
multilepton signature. There are, in addition, same-sign dilepton events
displayed in Table 2.2. These events have a negligible SM background, as
demonstrated [97, 98, 99, 100] in generic new physics scenario with lepton
number violation. In particular, the detailed studies of fermionic triplets from
type 111 seesaw scenario [73, 97, 98] apply to our case of fermionic quintuplets.
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The signals which are good for the discovery correspond to a relatively
high signal rate and small SM background, which is calculated by MadGraph
[101]. In order to compare the signal and SM background cross sections, we
assume a particular choice of parameters leading to the branching ratios
given in Table 2.2, restricted to | = e, i leptons in the final states. In this
respect we distinguish four classes of events containing X% decaying to e or
ut lepton and Z° — (¢4, qq) resonance to help in X7 identification:

(7) pp — LTXF — (2% (0= 2°)

which has too small cross section of 0.03 fb with respect to the SM back-
ground of 0.6 fb at 7 TeV LHC;

(1) pp — BTX0 — (2% (W),

which has a cross section of 0.7 fb, comparable to the SM background of 0.8
fb;
(iii)  pp— XTX0 — (Y20 (FW ),

the LNV event having 0.7 fb with the same-sign dilepton state, which is
nonexistent in the SM and thus devoid of the SM background;
(iv) pp— STTEF — (0PW) (07 2°)

having relatively high signal rate of 1.1 fb with respect to the SM background
of 0.8 tb. The classes (i) and (iv) lead to signals elaborately detailed in
73, 97, 98].
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Chapter 3

Model with Dirac lepton
quintuplet

The heaviness of the top quark and the lightness of the Higgs boson have
been the landmarks for several extensions of the SM which rely on vectorlike
rather than on sequential fourth generation fermions. Such a line of research
has been followed in the examination [102] of the vectorlike top quark part-
ner, which by a sort of Dirac seesaw mechanism increases the mass of the
top quark [103].

By generalizing this idea from the quark sector to the leptons, it is worth
to explore a possible role of TeV-scale vectorlike Dirac fermions as seesaw
mediators. By relying only on the gauge symmetry and the renormal-
izability of the SM, novel seesaw mechanism supported by non-zero hyper-
charge fermions in higher isomultiplets is found. Under these conditions there
are only two options for seesaw mediators, the triplet fermions introduced in
[61] and the quintuplet fermions proposed in [104], on which we focus in this
chapter.

In order to generate a tree-level seesaw diagram the hypercharge non-
zero Dirac leptons have to be in conjunction with appropriate new scalar
fields. Let us first systemize all possible realizations of such tree-level mech-
anism and then focus to dimension-nine model with Dirac lepton quintuplet
Yrr ~ (1,5,2). This model generates neutrino masses both at the tree-
level and at the loop level. Finally we investigate the phenomenology of new
Dirac-type heavy lepton quintuplet at the LHC.

35
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§ 3.1 Dirac vectorlike multiplets in seesaw
mechanism

In order to add something new to already existing tree-level seesaw mecha-
nisms, we employ vectorlike fermionic multiplets with non-zero hypercharge.
In contrast to chiral SM fermions, the masses of such vectorlike fermions are
not restricted to the electroweak scale, so that they can be naturally adjusted
to the new physics scale. In order to produce a tree-level seesaw, the newly
introduced fermion multiplets have to have a neutral component which will
mix with light neutrinos. Accompanying new scalar multiplets also have to
have a neutral component which could acquire a vev. Their weak isospin
can not be higher than three half, in order that they couple linearly with the
Higgs doublet and develop an induced vev after the spontaneous symmetry
breaking of the SM gauge group. This will lead to tree-level neutrino masses
from higher dimensional operators.

The effective operators of the form (LLHH)(HTH)", leading to neutrino
masses, have already been studied in [105, 106] and more recently in [107],
where it has been pointed out that the mass operator at each higher di-
mension is unique, independent of the mechanism leading to it. Since the
sought-after dimension-nine operator can be relevant only in the absence of
possible dimension-five operator, we forbid the appearance of the states which
generate conventional seesaw mechanisms. In first place, we should avoid a
scalar triplet A ~ (1,3,2) generating type II seesaw, and a fermion singlet
Ng ~ (1,1,0) or triplet Ng ~ (1,3,0) generating type I and III seesaw,
respectively. Note that type I, II, and IIT mechanisms correspond to single
appearance of exotic (EX) scalar/fermion particles in the Yukawa term

L3 ~ (SM — fermion)(SM — scalar /fermion) (EX — fermion /scalar).
(3.1)
The study of exotic triplets in [108, 109] also restricts to such minimal Yukawa
terms. We go beyond them to new Yukawa terms with double appearance of
exotic particles,

L7 o (SM — fermion)(EX — scalar)(EX — fermion) (3.2)
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where a conjunct exotic scalar-fermion pair can lead to the neutrino mass
operators of dimension larger then five, as shown in Table 3.1.

Seesaw Type Exotic Fermion  Exotic Scalar ~ Scalar Coupling m, at

Type I Ng ~ (1,0) - - dim 5
Type 11 - A~ (3,2) wAHH dim 5
Type 111 Ng ~ (3,0) - - dim 5
Conjunct Exotic Fermion Exotic Scalars  Scalar - Higgs  m, at
Mediator Pair b, b, Couplings
doublet EL,R (2, 1) (3, —2), (3, O) ,U1,2(I>1,2HH dim 5
triplet Yrr (3,2) (4,-3), (2,-1) MO HHH  dim 7
quadruplet Yrr (4,1) (3,—-2), (3,0) p1o®1 o HH dim 5
quintuplet Yrr (5,2) (4,-3), (4,-1) X\2®12oHHH dim 9

Table 3.1: The assignments of electroweak charges for exotic particles leading
to the tree-level seesaw operator up to dimension nine.

To obtain the gauge invariant interaction in Eq. (3.2), the conjunct EX
scalar-fermion pair should form an object with the weak isospin half and the
hypercharge one. One possible way to achieve this is shown in the doublet
and quadruplet “Seesaw Type“ rows in Table 3.1, where new fermion fields
of isospin one half (doublet) or three half (quadruplet) hold together with a
scalar of isospin one (triplet). However the latter appears already in type II
seesaw and would lead to dimension-five operator for neutrino masses. Then
we are left with new fermion fields which should be of either isospin one
(triplet) or isospin two (quintuplet). Whereas the first option corresponds
to dimension-seven operator introduced in [61], we adopt the latter case cor-
responding to dimension-nine operator which might be more accessible for
tests at the LHC.

§ 3.2 The model

The model pursued here starts from three generations of SM model leptons
Ly, and [ and adds to them ny, isospin T = 2 vectorlike quintuplets of leptons
with hypercharge two, where both left and right components transform as
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(1,5,2) under the SM gauge group,
Y+

T+

n+ ~ (1,5,2) .
EO

o L.R

YLRr= (3.3)

Besides the SM Higgs doublet H, there are two additional scalar quadruplets
®; and @, transforming as (1,4, —3) and (1,4, —1), respectively:

¢ g
I N _ _| N _
o | O (4,-3), ®=| (4,—1). (3.4)
o1 >N

For this choice of EX fields the conjunct Yukawa interaction in Eq. (3.2)
is explicated by the second row in the following gauge invariant Lagrangian:

L = SpiPSp+SpiPSE — SpMeYp — S MESg
+ (SRNLL®; + (B VaLi®; + He) (3.5)

This contains the bare Dirac mass terms for the introduced vectorlike lepton

quintuplet fields
SETMeSTT 4+ ST My St

—Lp =
+SEMST + SOMyY) + S My Y] + He. .

(3.6)

Turning to the scalar potential, we restrict ourselves only to renormaliz-
able terms relevant for our mechanism:
V(H, @, @) ~ —p4HH+p2 10 + p2 &idy + Ap(HTH)?
+ {MOTH*H*H* +Hee.} + {PSHH"H" + H.c.}

+ (M@0 H*H* + He) (3.7)

The electroweak symmetry breaking proceeds in the usual way from the vev
vy = 246 GeV of the Higgs doublet. On the other hand, the electroweak p

parameter dictates the vevs vg, and vg, to be small, implying p3 iy ,u?bz > 0.
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However, the A\; and Ay terms in Eq. (3.7) result in the induced vevs for the
scalar quadruplets,

Al 2 (3.8)
Vp, =& —A1—5, UV, =& —Ag—5— . .
' tay, 13,

The non-vanishing vevs in Eq. (3.8) change the electroweak p parameter
to p(P1) ~ 1 — 1203 /v and p(®) >~ 1 + 1203 /vy, respectively. If these
vevs are taken separately, the experimental value p = 1.0004750003 [66] leads
to the upper bounds ve, < 1.4 GeV and vg, < 2.2 GeV, respectively. Thus,
the value of a few GeV can be considered as an upper bound on both vg,
and vg, if there is no fine-tuning between them.

§ 3.3 Neutrino masses

Due to the induced vevs, ve, and ve, the Yukawa terms in Eq. (3.5) lead to
the mass terms connecting the SM lepton doublet with new Dirac quintuplet
lepton. Thereby, the triply and doubly charged states do not mix with SM
leptons whereas the singly-charged and neutral states have peculiar mixing
with SM leptons which we present in detail in Appendix C.

When extracting the mass matrices produced by the mass and Yukawa
terms we suppress the generation indices of the fields. Three neutral left-
handed fields vy, X9 and (X%)¢ span the symmetric neutral mass matrix as
follows:

] L 0 ml ml vy
Coso = —3 ((VL)C (30)e 2%) my 0 ML 0| +He. . (3.9)
ma ME 0 (Z%)C

For singly-charged fermions we arrive at the nonsymmetric mass matrix
which explicates the mixing between the SM leptons and new singly-charged
states

my 0 0 ZL

L= (I Sr CDF) [ ms My o\ 2 ) e (3.10)
Ty 0 ) RC
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Here My is given in Eq. (3.6), while m; and ms entries in the neutral sector
in Eq. (3.9) and m3 and my in the charged sector in Eq. (3.10) come from
the respective terms in Eq. (3.5):

1 . /3
my = 1—0 1Vp1 5 mo = — %Yﬂ)@z )
ms = \/ngv* my = \/iYU . (3.11)
5 D1 4 10 2Up2

Accordingly, the masses m; (i = 1,2, 3,4) are determined by the vev vg, and
vev v, of the neutral components of the scalar quadruplets, whereas My, is
on the new physics scale which is larger than the electroweak scale.

The diagonalization of the mass matrices proceeds by unitary transfor-
mations presented in Appendix C, following a procedure developed in [72].
Thereby, we write the leading order expressions up to My, 2 in the basis in
which the matrices m; and My are already diagonalized. Block diagonaliza-
tion of the neutral mass matrix in Eq. (3.9) gives to this order

My, ~ —mi Mg'my —mi Mgtms | (3.12)

where a familiar unitary Upy;nys matrix diagonalizes the obtained effective
light neutrino mass matrix:

U]ZMNSmVUPMNS =m, . (313)

The same formalism has been applied in [73, 110] and the results in our Ap-
pendix C agree with theirs, when taking the appropriate limits.

By merging Eqgs. (3.11), (3.12) and (3.8) we obtain for the light neutrino
mass

tree
v

YiYo M)y U?{
My p3, 13,

which reflects the fact that it is generated by an effective dimension-nine oper-
ator corresponding to the tree-level seesaw mechanism displayed on Fig .(3.1)

, (3.14)

Neutrino masses in this model can also arise from dimension-five operator
generated at the one loop level by the quartic coupling Az in Eq. (3.7). Tt
gives a contribution to the neutrino masses

2
loop _, YiYé >\3 Uh

3.15
v 167’(’2 Mg ( )
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Neutrino masses

H H
Hov H H v H
x\itx \\T/y
P4 '@,
1 N —
v R v,

Figure 3.1: Tree-level diagram corresponding to dimension-nine operator in
Eq. (3.14). The fermion line flow indicates a Dirac nature of the seesaw

mediator.

As explained in [104], there is a restricted range of the parameter space where
the dimension-five loop-level contribution shown on Fig. 3.2 is smaller than
the dimension-nine tree-level contribution shown on Fig. 3.1. With an extra
assumption on the scalar field coupling strengths, A3 ~ ;- Ay, the dimension-
nine mechanism turns out to be the leading one for the mass scale of the new

states Ayp ~ few 100 GeV.

H < H
\A ‘/
AN /
o X o
1 4/ \* 2
/ AN
VL R ZL VL

Figure 3.2: Dimension-five operator arising from the one-loop seesaw diagram

given by the A3 coupling from Eq. (3.7).
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§ 3.4 Production of Dirac quintuplet leptons
at the LHC

The production channels of the heavy quintuplet leptons in proton-proton
collisions are dominated by the quark-antiquark annihilation via neutral and
charged gauge bosons

g+ A= +%, A=~ 2 W%,

where the gauge Lagrangian relevant for the production

L?Ege = + e(BEUFTTTAFSTH L 2Ryt 4 Bkt — Fv”Z_)AM
+ %((2 — 382 ) ST AAS T 4 (1 — 262, SRRt Z,
()T 4 ()T 4 (24 55T )2,
+ g(ﬂFv“EJ’JH’ + ﬁﬁ7u2++
+ V3IHET + V2SSO W, + He. (3.16)

is contained in Eq. (C.17) in Appendix C.

The cross section for the partonic process is determined entirely by gauge
couplings and is given by
B3 -5

2 is the Mandelstam variable s for the quark-antiquark

where § = (p, + p;)
system, the parameter § = /1 — 4M2/§ denotes the heavy lepton velocity,

and the left- and right-handed couplings are given by

QsQ.> 97791 rd

vors) 3.18
wx 2
- 9" "9 Vud e
v = Iy (3.19)
V2(5 — M)
v~ g, (3.20)

Here, g7 = T3 — s3,Q, and g% = —s3,Q, are the SM chiral quark couplings
to the Z boson. The vector couplings of heavy leptons to gauge bosons are

g7 =Ty —s3,Qx , ¢V = V2,v/3,v/3 and V2 , (3.21)
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where ¢g"* can be read of the last two rows in Eq. (3.16) relevant for the
production of Lty ++ YH+¥+ ¥+¥0 and X0¥ - pairs, respectively.

In evaluating the cross sections for a hadron collider, the partonic cross
section from Eq. (2.28) has been convoluted with the parton distribution
functions, using CTEQ6.6 PDFs [68] via LHAPDEF software library [69].

]_03 I LA T T T [ T T T 7
AN TS 27?_ ",. Z+++W, 05— |
= . f— = OTTERF, 2050 o HSE S50
2 U0 To i TR\ T e
. 10 \\ "o N T, 205
ZEN NN Lo :
N
T o SO
= 107 ~ ~ T X |
8 ~o o~ RN
© Vs =T7TTeV N, T XL
10-3 (d? [ |\|\.1 |\1\ (I) [ N TN
400 800 1200 00 800 1200
My [GeV] My [GeV]

Figure 3.3: The cross sections for production of Dirac quintuplet lepton
pairs on LHC proton-proton collisions at /s = 7TeV via neutral v, 7 (a)

and charged W currents (b), in dependence on the heavy quintuplet mass
M.
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Figure 3.4: Same as Fig. 3.3, but for designed /s = 14 TeV at the LHC.
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The cross sections for proton-proton collisions are presented at /s =
7TeV, appropriate for the 2011-12 LHC run, on Fig. 3.3, and for designed
/s = 14 TeV on Fig. 3.4. Thereby we distinguish separately the production
via neutral currents shown on LHS, and via charged currents shown on RHS
of Figs. 3.3 and 3.4.

Produced Cross section (fb)
pair My, =200 GeV My, =400 GeV My, = 800 GeV
Yyt 967 36.6 0.47
Ny 267 10.3 0.13
Yyt 29 1.1 0.02
050 253 9.3 0.11
r-¥- 939 34.6 0.43
Yy 641 26.5 0.32
Nyt 961 39.8 0.49
»+y0 961 39.8 0.49
Yoy - 641 26.5 0.32
YN+ 276 9.1 0.10
NN+ 414 13.6 0.16
YOy + 414 13.6 0.16
»-30 276 9.1 0.10
Total 7040 269.9 3.30

Table 3.2: Production cross sections for ¥-% pairs for the LHC run at /s =
7TeV, for three selected values of Msy.

We extract the pair production cross sections shown in Fig. 3.3 for three
selected values of My which we show in Table 3.2. From this table we
find that the triply-charged X*t** has the biggest production cross section
o (X)) vm=g00cev = 63.1fb and singly-charged X~ has the smallest, but
comparable, production cross section o(X7)|pn=400cev = 43.7fb. Produc-
tion cross sections for all other particles and antiparticles from the Dirac
quintuplet are in between. In particular, for 5 fb~! of integrated luminosity
of 2011 LHC run at /s = 7 TeV and 21 fb~! of integrated luminosity of
2012 LHC run at /s = 8 TeV, there could be 8000 X-X pairs in total pro-
duced for My, = 400 GeV, among which 3300 triply-charged X++* or L +++
fermions. By testing the heavy lepton production cross sections one can hope
to identify the quantum numbers of Dirac quintuplet particles, but in order
to confirm their relation to neutrinos one has to study their decays.
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§ 3.5 Decays of Dirac quintuplet leptons

Provided that in our scenario the exotic scalar states in Eq. (3.4) are slightly
heavier than the exotic leptons in Eq. (3.3), the exotic scalars will not appear
in the final states in heavy lepton decays. Here the focus is entirely on the
decay modes of the Dirac quintuplet lepton states in Eq. (3.3), where the
triply charged state will be phenomenologically most interesting.

The electroweak mass difference induced by loops of SM gauge bosons
between two components of Dirac quintuplet lepton with electric charges ()
and @' is explicitly calculated in [56] and given in Eq. (2.44). For My =
400 GeV we get

Ms+++ — Ms++ ~ 1130 MeV, My++ — My+ >~ 804 MeV,
Ms+ — Mso ~ 477 MeV, Myo — My- =~ 150 MeV . (3.22)

The neutral X% and singly-charged X* states, receive additional corrections
given in Egs. (C.12) and (C.16), respectively. However, being of the order
of magnitude of the light neutrino masses, these corrections are completely
negligible. The splitting ~ 1 GeV between triply and doubly charged quin-
tuplet states opens additional decay channels, in particular, the p resonance
enhanced decay channel to the two pions in the final state.

3.5.1 Pointlike decays

The Lagrangian in the mass-eigenstate basis relevant for the decays of the
heavy leptons, has the neutral part

913 V3 .
Lycz = E [V(§U1TDMNSV17MPL - ﬁUgMNSVé VMPR)ZO

_ _1
+ IBVin PR + (5 V7" Pr)S* | Z) + Hee. (3.23)
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and the charged current part
Loe = g ﬁ(_\/gU;MNsVWuPL +V2U b ynsVo Y Pr) ST
— -3
+ S (VB UbynsY Pr)v + [(——=ViyPp) X0 (3.24)

V2
_ 3 _
+ ZO(‘%%TVMPR)ZC + lc(—\/g‘/é*VuPR)ZJHF] Wu_ +H.c.,

as given in Egs. (C.25) and (C.26) in Appendix C.

Here, all the couplings can be expressed in terms of the matrix-valued
quantities V7 and V5 explicated in the Appendix C, corresponding to the
mass matrices in Eq. (3.11)

1 1
V) = 1—05/1Tv¢1ME—1 V= 10YTU¢QME—1 . (3.25)

Out of the five Y-states in Eq. (3.3), the four lying lowest have the point-
like decays to the gauge bosons and SM leptons. Here, in contrast to type
III triplet states, the decays of quintuplet states into the SM Higgs boson are
suppressed.

Let us start our list of the partial decay widths by the decays of neutral

Y0 state:
M3 M?2 M2,
D0 — - WH) = ‘f ( —VVZY) <1+2W)
M3 M2\? M2,
F(EO_)E—FW )\/7 262 M2 (1_W) <1+2W)’
3 2
S s = L S (v +) sz‘)
m=1 327TCW L={e,u,7}
7 (-32) ()
—= B — 14+2—-2%1. (3.26)
M2 M2 M2

These three decays, for two chosen set of couplings V; and V3, are displayed
on Figs. 3.6 and 3.5. Only the product of V; and V5 is constrained by neutrino
masses from Eq. (2.1). Decays of X° to leptons (antileptons) are governed by
Vi (Va), so that the branching ratios to leptons or antileptons are strongly
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dependent on the hierarchy between V; and V5, as illustrated in Figs. 3.6 and

3.5.

[em™!]

0(2)

Figure 3.5: Partial decay widths of ¥° Dirac quintuplet lepton for |V}¥| =
V%] =107C, /%, in dependence on heavy quintuplet mass Msy..
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Figure 3.6: Partial decay widths of 3% Dirac quintuplet lepton for [V =

—6 0.5
10 Msx(GeV)

quintuplet mass Ms..

different from |V}*| = 1075, / Mgs((é)e\/)’ in dependence on heavy

Besides the representative X0 decays above, let us present also the rest
of the pointlike decays. For a negative singly-charged heavy lepton X~ the
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partial decay widths are given by:

M3 M2 ]\42
PE™ =727 = 3zmw\3‘/m\ ﬁ(l—ﬁ?) <1+2W>

3
SIS = v 3% S ‘fv@‘

m=1 t={e,n,7}

M3 M} M,
2 ( —VVQV) <1+2W) (3.27)

The positive singly-charged Xt state has the following partial decay
widths:

2 1 M3 M2 M2
r(st — ¢+ 20 g _ 27 (14022
BT =02 =5 2" ( M2 ez )

3

S =g S (VA « fvane])
m=1

t={e,u,7}

M3 M2\ ? M2,
2 (-2 (1422 W) 2
M3V< M2 MR (3:28)

Finally, the doubly-charged X*+ state decays exclusively via a charged
current, with the partial decay width

Dt - rw) = ‘fvm‘ < —M—EV) <1+2ﬁ) (3.29)
M2, M2 MZ )

Let us stress that there is no such pointlike decay for the triply-charged
Y T++ This state, instead, has other interesting decays presented in the next
subsections.

In Table 3.3 we list all possible events coming from the decays of the
neutral and singly-charged Dirac quintuplet states to the SM charged leptons.
This includes the same-sign dilepton events as a distinguished signature at
the LHC.
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[ St =2 |20 W [ 20— W [T = 2O

ST v Z0 | 02070 | et Z2OW | e Z20W -

O CWH | W ZY | TWIW S W IW | W 20
O "W | ere W20 [ e W W [ W W | W ZY
DA - AN e A VAL A NN A AVAVA

Table 3.3: Decays of exotic leptons to SM particles including same sign dilepton events

3.5.2 Cascade decays

Besides previous decays, there are also decays of ¥° to a lighter Y7 state. The
decay rate for a single pion finale state is given by

, , 2 m2
i I+ — WEN2 = 2 2 r2 )3 . s
DS = 57t) = (")} GRIVil 2 (A M) 1 BT (3.30)

The corresponding leptonic decay is

. . 2 m?
DX — Y 0H) = (¢"7); —=Gr(AM;)° [1 — —1t— 3.31
( - V) (g )zy 15713 F( J) (AMU)Z ( )
where (g">)? is given in Eq. (3.21) and AMy; = M; — M; is given in
Eq. (3.22).

Such decays are suppressed by small mass differences, except for X+
where the mass difference AM3z, between the YT+ and X*F state is large
enough to enable also the two pions in the final state. This three-body decay
is dominated by a p(770) resonance, and we obtain for it an analytical formula
expressed in terms of the meson decay constants, fr ~ 130 MeV and f, ~
150 MeV,

D(SH = St ~ T o St pt) =

2
M

(AMgg)z

2\ -1
4mﬂ)
2
My

24
—Grv fg(AM32)3(1 - . (3.32)

This decay shows an enhancement with respect to the single pion decay

m2
DXt — Sttatqal) 6]‘;2 V13— Gy 1 4m2y\ -1 5.33
D(EH o ont) 2 i om (1- m2) (3:33)
T/l = ENTAE P
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These decays will serve as the referent decays for the golden decay mode of
the triply-charged state studied in the following subsection.

3.5.3 Golden """ — WTW™I[T decay

We now turn to evaluation of the decay rate for X+ — WHTWT[T with
on-shell W bosons. The Feynman diagram on Fig. 3.7 and its crossed, con-
tribute with an off-shell X** in the intermediate state.

W+
Y+ W+

D+

I+

Figure 3.7: Feynman diagram contributing to the triply-charged golden decay

The expression for the amplitude squared is lengthy so we give the ana-
lytical expression for decay width only in the limit My, > My :

DE = WA, = ‘\f pe M gy

3847T2 3847252 W

Obviously, this decay is governed by the same mixing factor as in X1+ de-
cay in Eq. (3.29). Full numerical calculation, using FormCalc package [111],
results in a partial width plotted on Figs. 3.8 and 3.9 for same choices of
the mixing factor V5 as on previous figures. On the same figures we plot the
partial widths of the decays of X7** given in Egs. (3.30)-(3.32).
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. —
L RN L
— |/ e Sty
—10
10° 4(|)o ' |8(I)OI ' '12|oo'
M, [GeV]

Figure 3.8: Selected partial decay widths of ¥+ Dirac quintuplet lepton
for |[Vj*| =105 % in dependence of heavy quintuplet mass Ms..

. —_— W
} —_— . Ottgptga0 10
10t == IWaT |
S 1 Sty
3 | | L]
10 400 800 1200

Figure 3.9: Selected partial decay widths of ¥™** Dirac quintuplet lepton

for |[Vj*| =105

Mz (GCV

800 ) in dependence of heavy quintuplet mass Msy.
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For the sake of being definite, let us explicate the branching ratios for the
choice of heavy-light mixing V5 taken on Fig. 3.9, for two values of heavy-
lepton mass M,

= 0.09

> BR(ST - W)
] Ms»=400GeV

> BR(ST - W) = 0.80. (3.35)
l

Mx=800GeV

As stated before, for 5 fb™! of integrated luminosity of 2011 LHC run
at /s = 7 TeV and 21 fb~! of integrated luminosity of 2012 LHC run at
/s = 8 TeV, there could be ~ 3300 triply-charged X7+ or X +++ fermions
produced. This would result in ~ 300 decays XT++(X+++) — WEWE[* for

My =400 GeV and |V2lz| = 10_6%‘




Chapter 4

Concluding remarks

The advent of LHC offers a possibility for discovering new particles. Neutrino
masses are the first tangible deviation from the SM so that best motivated
such particles appear in attempts to explain neutrino masses at the TeV
scale. Conventional seesaw models rely on isomultiplets up to triplets and
lead to high seesaw scale. If such states are not realized in nature, there is
a possibility that TeV scale higher multiplets may explain neutrino masses.
This thesis presents two such models based on fermionic quintuplets. In
the first model a Majorana quintuplet has a neutral component which may
provide a DM candidate. In the other one, a Dirac quintuplet has a triply
charged component falsifiable at LHC.

Both proposed models are based only on the gauge symmetry and the
renormalizability of the SM. Neutrino masses in these models arise at the tree
level from dimension-nine operators and from loop-suppressed dimension-five
operator. The components of lepton quintuplets can be abundantly produced
and tested at the LHC due to their nontrivial gauge charges. They decay to
multilepton final states, including same-sign dilepton events. One can ques-
tion the possibility of distinction between Majorana and Dirac type quin-
tuplets. A triply-charged component of Dirac quintuplet leads to spectac-
ular falsifiable signatures. Consequently, a nonobservance of triply-charged
fermion would put a study of Majorana quintuplet in a forefront. In case
when quintuplets are kinematically out of the direct LHC reach, they can
still provide radiative neutrino masses, and the neutral component of Majo-
rana quintuplet could be a viable DM candidate.
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Appendix A

Scalar potential

In a tensor notation suitable to cope with higher SU(2), multiplets scalar
fields are totally symmetric tensors H, for Higgs doublet and ®;;;, for scalar
quadruplet with the following components:

H =HY , Hy=H", (A1)
1 1
Dy =T, By = %@0 , @i = ﬁq)_ , Do =077 . (A2)

The scalar potential has the gauge invariant form

V(H,®) = —p4H H + @207 ¢ + A (HH;)
+ N (H*H®*®), + \3(H H*®),
+ (Me“H*HH® +H.e.) + (\se HHPP + H.c.)
+ (M THP DD + He.) + Ar (@95, 50) " + \@ 0D P .
(A.3)

All parameters of the scalar potential in Eq. (A.3) are real.

o7
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The terms in Eq. (A.3) in tensor notation read

(H'H®*®), = H"H;®Mdy,
(H*H®*®), = H"H;@7"®y,
H'HH® = H*HH®; 7
HHO®® = H;®jHy® el
HO*®D = H"I*D 1, gy’ ™™
OO D = PURD, DTIF D (A.4)

The EWSB proceeds in usual way from the vev of the Higgs doublet,
corresponding to the negative sign in front of the p% term in Eq. (A.3). On
the other hand, the electroweak p parameter dictates a small value for vev
of the scalar quadruplet, implying the positive sign in front of the p2 term.
After the EWSB the neutral components of the scalar fields acquire a vacuum
expectation value and read

1 1 .

H = —(vg + 1" +ix%) , & = — € (vp + ¢° +in°) | A5
where vy and wve are real. The value of the minimum of the potential
(0|V(H, ®)|0), reads

1

1 1 1
Vo(vg,ve) = —i/ﬁﬂff + 5/@1}% + Z)xlv}l{ + Z)\gvi,vé + E>\3U§{U§>

1 1
4+ ——=Xscos(a + 0)vive — g)\g) cos(B + 20)vvs

2V/3

1 1 5
_ 3—\/5)\6 cos(y + 0)vgvy + Z)wvé + ﬁ)\gvé . (A.6)

The conditions for the minimum of the potential

Wo(vm,ve) . OWVolvm,ve) - OVo(vm,ve)
Do =0, Dve =0, 2% =0 (A.7)

give
3vy [6)\10?{ + (3)\2 + A3 — 45 cos(B + 26’))2}3I> — 6u3;

+3V3\ v cos(a + 9)} = 2V3\gcos(y + 0)vs ,  (A8)
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Ve [3 <3>\2 + Ag) V4 4 1802 + 2 (9>\7 + 5)\8> vg] + 330} cos(a +0) =

= 6V Ve [2)\5 cos(B + 20)vy + V3 cos(y + 9)2@] , (A.9)

3v/3\,0% sin(a+0) —2vg [&5 sin(5+260)vm V3 sin(v—i—@)v@} ~0. (A.10)

In the leading order in the ratio vg /vy, the parameters of the vevs of
scalar fields are

\/g)\4’0?{

~ . A1l
612 + (3hg + A3 — 4A5 cos(fB — 2a))v% ( )

(%

From now on we will consider a simplified case where all quartic couplings
in the scalar potential are real, which means

a=0,8=0,vy=0 andwetake 6=0. (A.12)

In this case the conditions for the minimum of the potential

aVO(UH, U<I>) aVO(UH, U<I>)
821H ’ 0U<1> ( )
give
1 1 2 V3 V3, vl
/J%{ = >\1’U§{ + (5)\2 + 6>\3 - g)\g))vi + 7)\4’0[{’0@ - ?A6£ y (A14)
1 1 2 V3. vy V3 5
,ué = —(5)\2 + 6)\3 — g)\g,)'l}?{ — ?)\4i + ?)\GUHMD — ()\7 + 5)\8)1)(% .

(A.15)

In the leading order in the ratios ve /vy and v2/u%, the vevs of scalar fields

are
2 3
Hu 1 Yn

Vg , Ve 2 — A ) A.16

HE DY NI (A.16)
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The mixing between neutral components and between singly charged com-
ponents of H and ® multiplets will occur after the EWSB. The mass terms
for neutral fields (h°, ¢°) arising from the scalar potential in Eq. (A.3) are

1 1 1 2
Lh0¢o = —5 (—/J,?r{ + 3)\1’0?{ + (5)\2 + 6>\3 - §A5)U§> + \/§>\4’UH’U¢) hoho
1 4 V3 1
_ ((}\2 + g)\g — §>\5)’UH’U¢ + 7)\41)?{ — %)\Gvi> hOQOO
1 1 1 2 2 )
—5 (,LL?I) —+ (5)\2 + 6>\3 — g)\g))?]?{ + ﬁ)\6’UHU(I) + (3)\7 + g)\g)vé) (p0<p0 .

(A.17)

The mass terms for neutral fields (x°, 7°) arising from the scalar potential
in Eq. (A.3) are

1 1 1 2 1
WP = 5 (—u%{ + )\121?{ + (5)\2 + 6)\3 + g)\s)vczp + ﬁAﬂ}HU@) XOXO

1 4 1
— (——Aw?{ + = A5V Vs + —)\Gvé) Xono

2v/3 3 3v3

1. 1. 2 9 10
<M?I> + (5)\2 + 6)\3 + g)\s)ﬁ{ - ﬁ)\Gvap + (A7 + E)\g)vé) n°n° .
(A.18)

L

1
2
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The mass terms for singly charged fields (H, &, ®~) arising from the
scalar potential in Eq. (A.3) are

1.1 2 .
Lytote- = — (—u%{ + Ao + (5)\2 + g)\g)'l}c% - ﬁ)\wpr) HTH*

1 1 1
— [ —=X3vgve + =03 — =)\ v2)H+<I>+*+H.C.
(2\/§3H<I> 5 MVH — 3A6Us

1 1 1 1
— (=X — ——AvE 4 2 — — V2 | H'®™ + He.
(3 3V VP \/g 4’UH+ 3 5VHVD 3\/§ 6”@) + C

1
- <,u%{) + 5)\21]?{ + ()\7 + Ag)Ué) O Ppt*

1 1 2
— [ == 5% 4+ =) —= 02 | DTO + Hee.
<\/§ 5'UH+3 G’UH’Uc1>—|—3\/g 8U<1>) + C
1

1 2 8 -
_ (Mé + (5)\2 + §>\3)U§1 — ﬁ)\GUHUq) + (A7 + 5)\8)U§>) PO .

(A.19)

The mass of the doubly charged field &~ arising from the scalar potential
in Eq. (A.3) is

1 1 2 1
m2(<I>__) = ,u%{) + 5)\21]?{ + 5)\31)?{ + —)\G’UHUq) + )\71)(% + g)\gvé . (AQO)

V3

The mass terms that mix components of H and ® multiplets are small
because they are proportional either to ve or to small lepton number violating
couplings \s 5. Both are dictated to be small from considerations of neutrino
masses. Therefore we neglect the mixing between the components of H and
® multiplets and we neglect the terms of higher order in ve /vy whenever
possible. In this approximation, H* and x° are Goldstone bosons and the
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masses of the scalar fields are

2)\11)?{ 5

pig +

2

2
)\2UH 5

1 1
:U’?I) + 5)\21)?{ + 6)\31)?{ s

1

1

,U?p + —)\QU?{ + —)\31)?{ R

[y +

2
1
2
1
2

6
2 1 2
)\QUH + g)\gUH 5
1

P+ = XovF + = Azvy

2

(A.21)



Appendix B

Majorana quintuplet interactions
in the mass basis

In this model, in addition to SM particles, there are three zero hypercharge
Majorana lepton quintuplets ¥r ~ (1,5,0). We write the additional fields
as totally symmetric tensors g, with the following components:

1 1
Yruun = X5, ZRHHZﬁZE ) Z1‘%1122:\/—62% )
1
YRi222 = ﬁzfg . YR222 = Mg . (B.1)

The gauge invariant and renormalizable Lagrangian involving these Ma-
jorana lepton quintuplets reads

- S 1—
L = ERi’yuDuER — (LLY(I)ER + §<ER>CM2R + HC) . (B2)
Here, D, is the gauge covariant derivative, Y is the Yukawa-coupling matrix
and M is the mass matrix of the heavy leptons, which we choose to be real
and diagonal.

In the adopted tensor notation the terms in Eq. (B.2) read

7 Tt i kKl
LL(PZR = LL (I)jk:lZRij’k’l’E]j € €

(ZR)CZR = (ZR)C,. ZRi/-/k/lleiilejjlékklell/ . (B3)
igkl J
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Accordingly, the Majorana mass term for the quintuplet Yy is expanded in
component fields to give

(Cr)“MER = (SR")OMEE" — (SR)“ME5 + (35,) Mg

= (TR)OMEG + (S5 )OMEIRT (B.4)

the terms containing two charged Dirac fermions and one neutral Majorana
fermion

S =it +5,7C, St =3 - 520, 20 =58 + 59 . (B.5)

With a non-zero vacuum expectation value for the scalar fields, the dou-
blet leptons receive mass and mix with the quintuplet leptons. The neu-
tral lepton mass matrix including the neutrino mass loop contribution from
Eq. (2.21) is

1 — mloor 1y, (vp)©
— — (97 0\C v 2 d L
Loso = —3 (7 %) )(%YT% " ) ( W ) +He. (B
Singly charged lepton mass matrix is
1

s Yoy —LY l
Liyg- = — (lL (zE)C) <¢50sz 2\{]\54 v<1>> ((Zf)c) +He . (B7)

For detailed studies one needs to understand these mass matrices and
their diagonalization which can be achieved by making the following unitary
transformations on the leptons

W)\ _ o [ ()
Sk Sor )
ZL ) L < lmL ) ( lR ) R ( lmR )
. | =U e . |1 =U .|, (B8
(e (Zn) (=) () BV
different for a symmetric neutral mass matrix and a nonsymmetric charged
mass matrix
loop lY . 0
o” my, 51 Vo 0 _ Mpeutrino
(e, ) = ()

1 V3
Lt EYEUH - 2\/§YUCI> R _ Miepton 0
U ( X B U v ) (B9)
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For three light doublet fields and three Majorana lepton quintuplets the
matrices Ur, r and U, are 6 x 6 unitary matrices, which can be decomposed
into the 3 x 3 block matrices as follows:

ve, U0
U= 1o - v(ZR)* , (B.10)
(B (S (y)e
Uk = Ui U (B.11)
U(E+ cl U(E+ ZJr) ’
Ur  UR
UR = ( UR” - (=) . (B.12)
=het T (Eheshe

In principle, the matrices U° and U%® can be expressed in terms of Y,
Y; and M sub-blocks. Since, in order for the seesaw mechanism to work the
factors Y M ~! should be small, one can expand U° and U*# in powers of M~*
and keep a track of the leading order contributions. For this purpose, without
loss of generality, it is convenient to write the leading order expressions up
to M~?2 in the basis where Y; and M are already diagonalized. Following the
procedure of [71, 72, 73] we first obtain results for the entries U°:

1
USV =(1- ] U%Y*M_2YT)U;;MNS )
1 .
1 - .
U(OE%)CV = _§U<I>M Y Upyys -

Up

1
(EO (20) = 1 - éUéM_IYTy*M_l . (Bl?))

Here, Uppns is a 3 X 3 unitary matrix given in Eq. (1.2) which diagonalizes
the effective light neutrino mass matrix:

1
m,, ~ mloP — 1 VEYM™YT | Ul vsmuUbying = Mneutrino - (B.14)

The mass matrix for heavy neutral leptons acquires corrections of the order
M—l

~ 1

My~ M + gvé(YTY*M‘l +MYTY) | (B.15)
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which, being of the order of light neutrino masses, are completely negligible
for our phenomenological considerations.

Next, we obtain the leading order expressions up to M2 for the entries
in U":
3

Uk =1- EUEIMM—WT ,
_\/7
L _ 1
UI(EE)C = 2\/§ U@YM
V3
L _ -1yt
U(EE)CI = —2\/§U¢M Y
3 L _
Ultyeqstye = 1= T levalM Yiymt. (B.16)

Similarly, for U®, the leading order expressions up to M~2 are:

Uk =1, UR :‘Tﬁvqu)mYM—{

(=f)e
3
Uh V3

Ghe = g ~ogveMTEYTY, |, UR

=1. (B.17)

(Eh)eE))e

As a result, the mass matrix for the light singly-charged leptons gets
corrections of the order M —?2

1 3 gy
my ~ \ﬁYlvH(l o vaY*M2YT) | (B.18)

while, the mass matrix for the heavy singly-charged leptons gets corrections
of the order M1

M~ M+ 13—6%YTY*M‘1 : (B.19)

Both corrections are completely negligible for our phenomenological consid-
erations.

Our studies of particle production require a knowledge of gauge couplings
to leptonic fields. In the weak interaction basis, they can be written as

L?ELQG = + e(2FTT4ESTt 4 FVNZJF)AN
4+ geos Oy (25FFAHET 4 BT Z, (B.20)
+ g(V2EFrEtt 4 @7”2+)W; +He.c. .
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where ¢y = cos Oy and sy = sin Oy

In the mass-eigenstate basis we obtain the terms involving the heavy
fermion, light fermion and gauge boson fields that are relevant for the decays
of heavy leptons. In the following, we focus only on the above terms and
restrict to couplings of the order M~!. Whereas the photon couplings to all
leptons and Z couplings to doubly charged leptons are diagonal in the mass-
eigenstate basis, the couplings of Z boson and W boson to singly-charged
and neutral leptons are more complicated.

Couplings of heavy and light leptons are expressed in terms of the matrix-
valued quantity

(V)ie = (EYM_l)lz- (B.21)

Next, for simplicity, we suppress the indices indicating the mass-eigenstate
fields. The Lagrangian in the mass-eigenstate basis, relevant for the decays
of the heavy leptons, has the neutral current part

9

1
L = 7(— Ul VAHPr —
NCZ . V(2\/§ puNsV Y 2\/,

+ F(?v*yﬂpfz)v +He |29, (B.22)

UPMNSV* PR>ZO

and the charged current part

3 ﬁ "

+ 1(=VAy*P)x’

+ z_c(\/gv*wPR)zﬂ Wy +He. . (B.23)

Note that the interactions involving light neutrinos in the above have the ad-
ditional Upyys factor compared with those involving light charged leptons.
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Appendix C

Dirac quintuplet interactions in
the mass basis

The novel seesaw model employs, in addition to the SM particles, ny vec-
torlike quintuplets of leptons with hypercharge two, X1 r ~ (1,5,2) under
SU3)e x SU(2), x U(1)y. We write the component fields as

S+ S+
ELJLFJF E%Jr

Y = xf , YR = pIpA . (C.1)
- e
2y YR

The renormalizable Lagrangian involving >, and Yy is given by

L = SLiPS +SpiPSe — SpMsY, — S MR

—+ E_RY&LL(I)T + (EL)CS/QLL(pQ + He. . (02)

With a non-zero vacuum expectation value for the scalar fields, doublet lep-
tons receive mass and mix with the quintuplet leptons. Lepton mass terms
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in the Lagrangian are

T T

Lo = —% ((VL)C (zg)cz_%) ms 0 ME ¢ | +He
mq ME 0 (EOR)C
_ my 0 0 ZL
- (E Sh (zg)c) ms My 0 $; | +He
my 0 Mg (EJ}%)C
— ST Myt - SET MYt 4 He (C.3)

with

For detailed studies, one needs to understand these mass matrices and
their diagonalization. The diagonalization of the mass matrices can be
achieved by making the following unitary transformations on the leptons

VL UmL
20L =U° EgnL )
(ZR)° (Zor)°
lL lmL ZR lmR
Y7 =U %, , X | =0 =i , (C.5)
(ZR)° (Zhr)° (Z1)° (Zmr)

different for a symmetric neutral and a nonsymmetric charged mass matrix

0 ml mf 0
U | my 0 ML |UY = (”8 M),
my My 0 0
my 0 0 m 0
U | ms My 0 |UP = ( e M). (C.6)

Ty 0 Mg
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For three light doublet fields and ny heavy quintuplet vectorlike lepton
fields the matrices U g and Uy are (3 + 2nyg) X (3 4+ 2ny) unitary matrices,
which we decompose into the block matrices as follows:

UO USX}% UO(EO)
UO = Ug%y UOO 0%0 Uoo (29,)e y (07)
0
Usoyew Uzo ) U(EO) o(59,)°
L L
Ul UlE’ Uz(2+
L L
UL = UEZl UE w7 UE (2+) R (C8)
L L
U(E+)cl UZJr czf U(Z;)C(ZE)C
R R R
vh=| UE UE o Ul |- (C.9)
R
U<z+ « Utymy Ulprmsy

Here, we distinguish the entries U°

122

UL and U which are 3 x 3 matrices,

the entries UY V50 UO(EO o Usz , Uz(z* o UZ, and UJI&* which are 3 x ny,
matrices, and the entries UOO o UZO ey UEL y UE+ o Ug;cl and U(};z)q which

are ny, X 3 matrices. The remamlng entrles are ny, X ny matrices.

In principle, the matrices U and UX® can be expressed in terms of
mi234, My and Ms, sub-blocks. Since, in order for the seesaw mechanism to
work, the factors m1,273,4M£1 should be small, one can expand U° and UXF
in powers of My, ! and keep a track of the leading order contributions. For
this purpose, without loss of generality, it is convenient to write the leading
order expressions up to Mg? in the basis where m; and My are already
diagonalized. Following the procedure of [72, 73] we first obtain results for
the entries U”:

1 1
Ul = (1- 5mng%nl -~ 5m;J\g?mQ)VPMNS, Ulsy = miMg',

UO(EO) m;Mil, Ug%,/ = —Mz_llepMNs,
1 1
UQ%E% =1- §M£1m1mJ{ME_17 Ug%(Z%)c = _iME_lmlmgMX_)lv
Ul = —Ms'msV, Ul = —— M 'momi M
(29,)ev > 2VPMNS, (2%)ex9 9 > 210 s
1
Ulsgeqmgye = 1 — §M£1m2m§M£1 : (C.10)
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Here, Uppsns is a 3 x 3 unitary matrix which diagonalizes the effective light
neutrino mass matrix:

~ T8 r—1 T -1 T ~ _
my ~ —my Mg, my —my My my , UppyngmuUpyunsg =my . (C.11)

The mass matrix for heavy neutral leptons acquires corrections of the order
Mg*,

M -~ 0 ME + l QOJ{Mgl mngMgl
=\ My 0 2\ mymIMgt mymd MS?

1 MgtmimI Mg'mim?
+ §(M§1m§mg MglmgmlT » (C12)

which, being of the order of light neutrino masses, are completely negligi-
ble for our phenomenological considerations. In principle, for every vector-
like Dirac quintuplet we would get two nearly degenerate heavy Majorana
fermions, with mass splitting of the order m,,. By neglecting these corrections
we treat heavy neutral leptons as Dirac fermions for all practical phenomeno-
logical considerations.

Next, we obtain the leading order expressions up to My, 2 for the entries
in UL:

1
Ul% =1- —m3M ms — 2m£M£2m4, UILE, = méMgl,
Ul(2+ m4M217 UXL{Z{ = _Mglmi%
1. _ 1. _

UZL 5 = 1-— ilemgmgle, UZLZ(ZE)C = —§M21m3m£M21,
U:, = —Mg'my, U- = s v

(=hH)e n My Yishyesy oMy Mamg s

1

U(2+ ciye =1 §M£1m4m4M§1 : (C.13)

Similarly, for U, the leading order expressions up to My 2 are:

Ul? =1, Ul};, = mlmgM;, Ul(2+ mlm1M£2,
R _ R _ R _
UEEJ = —]\/[Z msmy, UEEEE =1, U st = 0,
R _ -2 R _
U(Ez)cl = _MZ mamy, U(Ez)027 O U2+ (E+) =1. (014)

As a result, the mass matrix for the light singly-charged leptons gets correc-
tions of the order My?

1 1
my >~ my(l — §m£M£2m3 — §m1M§2m4) : (C.15)
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while, the mass matrix for the heavy singly-charged leptons gets corrections
of the order My'

~ My, 0 1 mgmgM_l mami Mg !
M ~ — >z Y . C.16
< 0 My ) T3 ( mamiMgt mam Mg (C-16)

Both corrections are completely negligible for our phenomenological consid-
erations.

Our studies of particle production require a knowledge of gauge couplings
to leptonic fields. In the weak interaction basis, they can be written as

L gauge = 6(3Z+++’y”2+++ + 28Tt 4 F’WZ"' — F’y”Z_ — Z'y“l)Au
—I—%((Q — 388 )BT T FAES T (1 — 23€V)F7”Z++)Zu

— L2 (TFrt — TArn — 1) 2,
Cw
+Ci(5L7“VL + E0EL — Sh %) Z,
w
1 — 1- — _
+Ci(—§ﬁm% — 959y %Y - Syl — 2T0EL — 28R ER) 2,
w

+9[VESTTA S + VESYS + VESTyS] + VAT
FVSEI RS £ VBRI SR + VRIS, 4+ V2S5 Y,

1 — _
+ﬁlw%} W, +He. (C.17)

where ¢y = cos Oy and sy = sin Oyy.

In the mass-eigenstate basis we obtain the terms involving the heavy
fermion, light fermion and gauge boson fields that are relevant for the decays
of heavy leptons. In the following, we focus only on the above terms and
restrict to couplings of the order My ! Whereas the photon couplings to all
leptons and Z couplings to triply and doubly charged leptons are diagonal
in the mass-eigenstate basis, the couplings of Z-boson to singly-charged and
neutral leptons are more complicated. They are given by

Lnoz = Loy +LRe, + LS50, +Hel), (C.18)
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where
LA, = iwz_v b PLE, 20,
Lﬁcz = ﬁwﬁvzsz PRZ:@ Z;Op
S0, = Civ VsV PoE0y 20 + UV E oyt Prs, 7] .

Here, the matrix couplings, up to order My, ! are given by

;
Viis- = 2U2L 1 §U1L2 . Viise = Ul(z+

VZVEO = _2Ug%1/ UOT UI/ZO7 VZVZO = QUBZUO

Analogously, the charged current interactions are given by

where
Lo = gTmVisay" LS, Wy + UnVi5ey PrE,, Wi,
Lo = gl V& A Prvm W, + S0 Vol A Pruw W, ],
Lo = glaVigoy" P, W,
Loc = g50,Veoy Pr(lo) W,
LEo = gUm) VS PRESTW,

and up to order My*

VVZ+ - \/gUZOw VVE+ = \/gU(O;%)CV \/_IJOTIJ(E7L

T *
vé;l’ o \/_UIIX/TUBV + \/_Ug%u’ VZ}:EI/ = \/§U(OE%)CV7
T . 1

Visers = ﬁU(E+

(C.19)

(C.20)

(C.21)

(C.22)

(C.23)
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Finally, by suppressing the indices m and m’ and by defining

1 1

Vi= [ ggYlven M Va = [ 15V vi Mg (C24)
we obtain more compact expressions
3 —V3 \
Loz = % [V(ivTMNSVWHPL + ﬁngNS‘é V" PR)%°
- —. 1
+ 1BV PL)Y + lc(ixg*wPR)w Zy + H.c. (C.25)

and
Lee = g 7(—\/§VJIMNSV17MPL + \/§VJ;FMNSV2*7”PR)E+
_ - 3
+ Z_(\/g%TV;MNSVuPR)V +1(——=Viy"Pp)X°

V2
V3

+ @(—T%T’YuPR)ZC+l_c(—\/§‘/2*7uPR)2++] W, +He..

Note that the interactions involving light neutrinos in the above have the ad-
ditional Upysng factor compared with those involving light charged leptons.
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Chapter 5

ProSireni sazetak: Kvintuplet
teskih leptona i mehanizam
njihalice na skali TeV-a

Ova disertacija izlaze dva orginalna modela njihalice koja se temelje na
uvodenju leptona smjestenih u kvintupletnu reprezentaciju slabog izospina.
U prvom modelu rije¢ je o Majoraninom kvintupletu hipernaboja nula pra-
¢enog sa skalarnim kvadrupletom. U drugom modelu Diracov kvintuplet
neiscezavajuc¢eg hipernaboja pracen je s dva skalarna kvadrupleta. U oba
modela neutrinske mase se pojavljuju ili na granastoj razini od operatora
dimenzije devet ili na razini petlje od operatora dimenzije pet. To omoguéuje
da novouvedena stanja budu u dosegu velikog hadronskog sudarivaca (LHC,
od engl. Large Hadron Collider).

§ 5.1 Oscilacije, mase i mijeSanja neutrina

Potvrdeno je da neutrini nastali u slabom procesu nakon proputovanja ko-
nacne udaljenosti mijenjaju svoju vrstu, okus. Promjenu okusa neutrina
tijekom propagacije nazivamo neutrinskim oscilacijama [1, 2, 3], jer vjero-
jatnost promjene okusa neutrina oscilatorno ovisi o energiji neutrina i udalje-
nosti propagacije. U mnogim neutrinskim eksperimentima opazeneno je
nestajanje ili pojavljivanje pojedinog neutrinskog okusa zbog neutrinskih

77
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oscilacija:

e Nestajanje solarnih elektronskih neutrina v, u solarnim neutrinskim

pokusima [4, 5, 6, 7, 8, 9, 10, 11, 12].

e Nestajanje atmosferskih mionskih neutrina v, i antineutrina 7, u pokusu
Super-Kamiokande [13, 14].

e Nestajanje reaktorskih elektronskih antineutrina 7, u reaktorskom po-
kusu KamLAND [15, 16].

e Nestajanje mionskih neutrina v, u pokusima dugih snopova (engl. long-
baseline) akceleratorskih neutrina K2K [17] i MINOS [18, 19].

e Pojavljivanje elektronskih neutrina v. u snopu mionskih neutrina v, u
pokusima dugih snopova akceleratorskih neutrina T2K [20] i MINOS
[21].

e Nestajanje reaktorskih elektronskih antineutrina 7, u bliskim (engl.
short-baseline) reaktorskim pokusima Daya Bay [22] i RENO [23].

Ti pokusi pokazuju da su poznata okusna stanja (v, v, v-) koja se poja-
vljuju u nabijenim slabim strujama linearna kombinacija vlastitih stanja neu-
trinskih masa (v, Ve, v3)

3
v(zr) = Z Uyvi(x), | =e, u,T. (5.1)
i=1

U je unitarna matrica neutrinskog mijesanja [1, 2, 3|, nazvana Pontecorvo-
Maki-Nakagawa-Sakata-inom (Uppsns) parametriziranom na nacin

0

C12C13 512C13 S13€
_ 6 is
Upnvns = | —S12C23 — C12523513¢€ C12C23 — 512523513€ 523C13 x P,
) )
S12823 — C12C23513€" —C12523 — S12C23513€" C23C13

(5.2)
gdje je P = diag(1,e™,e"), ¢;; = cosf;; and s;; = sinf;;. Ovdje su 0y, Oa3
i 015 solarni, atmosferski i reaktorski kut mijesanja. Faza 0 je Diracova faza
CP narusenja, a faze a and g su dvije Majoranine faze CP narusenja.

Globalna analiza [24] postojec¢ih podataka o neutrinskim oscilacijama daje
vrijednosti za veli¢ine prikazane u tablici 5.1.
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parametar prilagodba fit | interval 3o
AmZ, [107%eV?] 7.62 7.12-8.20
2.55 2.31 — 2.74
2 -3 2
|[Amgy| [107%eV7] 2.43 2.91 — 2.64
sin® 015 0.320 0.27-0.37
y 0.613 0.36-0.68
2 0.600 0.37-0.67
.y 0.0246 3
sin? 65 0.0250 0.017-0.033
0.807m
0 —0.037 0—2m

Table 5.1: Globalna prilagodba [24] parametara neutrinskih oscilacija.
Am; = m; —m? je razlika kvadrata masa, pri cemu gorni (donji) redci
za Am32,, sin® 3, sin® 013 i § odgovaraju normalnoj (invertiranoj) hijerarhiji
neutrinskih masa.

5.1.1 Mehanizmi njihalice

Neiscezavaju¢e neutrinske mase predstavljaju prvo opipljivo odstupanje od
standardnog modela. Da bi objasnili male mase neutrina treba prosiriti
Cesticni sastav standardnog modela novim stupnjevima slobode. Neutrinske
mase se mogu realizirati efektivnim operatorom dimenzije pet
ILHHATI

L= A , (5.3)
kojeg je uveo Weinberg [25]. To je jedini efektivni operator dimenzije pet u
standardnom modelu i vodi na neutrinske mase potisnute visokom masenom
skalom A. Weinbergov operator se moze generirati na granastom nivou i
na nivou kvantnih petlji. Na granastom nivou postoje samo tri realizacije
efektivnog operatora dimenzije pet [26]: mehanizam njihalice tipa I [27, 28,
29, 30, 31], tipa II [32, 33, 34, 35, 36, 37] i tipa III [38], prenosene teskim
fermionskim singletom Ng, skalarnim tripletom A i fermionskim tripletom
Y r. U uobicajenoj slici mehanizma njihalice mase novih stupnjeva slobode
su povezane sa skalom teorija velikog ujedinjenja. Kao posljedica, mogucénost
direktnog testiranja tih mehanizama njihalice ¢ini se praktiéno nemoguca. Iz
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tog razloga predlozen je niz modela u kojima se skala njihalice spusta na
skalu TeV-a kako bi ti modeli mogli biti eksperimentalno provjereni.

5.1.2 Mehanizmi njihalice na niskoj skali

Mehanizam njihalice na niskoj skali moze se ostvariti kra¢enjem doprinosa
neutrinskim masama u mehanizmu njihalice tipa I [39, 40, 41]. Izucena je
i mogucnost kracenja izmedu doprinosa neutrinskim masama od tipa I i od
tipa II [42, 43]. U modelu inverzne njihalice [44, 45] skala TeV-a se pojavljuje
po konstrukeiji.

Mehanizam njihalice na niskoj skali se moze ostvariti i generiranjem masa
neutrina na razini petlje. Takav model je prvo uveden na razini jedne petlje
u [46]. Ova ideja je kasnije primjenjena u mehanizmima na razini jedne [47],
dvije [49, 48, 50] i tri petlje [51, 52].

U modelu visestruke njihalice predlozene u [53] i primjenjene u [54] uvode
se diskretne simetrije i dodatna polja bitna za spustanje skale njihalice na
skalu TeV-a [55].

5.1.3 Reprezentacije visih dimenzija

Svi fermioni i skalari standardnog modela transformiraju se u odnosu na
faktore grupe standardnog modela SU(3)cx SU(2) xU(1)y bilo kao singleti,
bilo kao fundamentalne reprezentacije. Multipleti koji se transformiraju kao
reprezentacije visih dimenzija grupe slabog izospina SU(2);, izu¢avani su u
modelima neutrinskih masa i tamne tvari.

Izmedu multipleta uvedenih u modelu minimalne tamne tvari (MDM)
[56], fermionski kvintuplet ¥ ~ (1,5,0) identificiran je kao najbolji kandi-
dat za MDM. Fenomenologija tog fermionskog kvintupleta proucavana je u
nizu publikacija [57, 58, 59]. Drugi kandidat za MDM, skalarni septuplet
® ~ (1,7,0), proucavan je u [60].



81 §5.2. Model s Majoraninim leptonskim kvintupletom

Najpoznatiji izucavan visedimenzionalni multiplet je fermionski triplet
hipernaboja nula iz mehanizma njihalice tipa IIT [38]. Triplet neiscezavajuceg
hipernaboja ¥ g ~ (1,3,2) upotrebljen je, u sprezi sa skalarnih kvadru-
pletom ® ~ (1,4, —3), za generiranje neutrinskih masa na granastom nivou
od operatora dimenzije sedam [61].

Pokusaj povezivanja radijacijskog generiranja neutrinskih masa i MDM
bez dodatnih simetrija izvan standarnog modela (RvMDM) uéinjen je u [62]
i potom primjenjen na izuc¢avanje barionske asimetrije [63]. U [64] su nadeni
dodatni renormalizabilni operatori koji narusavaju stabilnost tako predlozene
MDM.

§ 5.2 Model s Majoraninim leptonskim
kvintupletom

Model s Majoraninim leptonskim kvintupletom koji ovdje prikazujemo nali-
kuje na poopcenje modela njihalice tipa III s tripletnih na kvintupletne
medijatore. Pritom, da bi ostvarili njihalicu na granastoj razini moramo
fermionskom medijatoru slabog izospina vec¢eg od jedinice pridruziti skalarni
multiplet koji je viSeg izospina od Higgsovog dubleta SM-a. Pri konstrukciji
modela njihalice moramo postivati simetriju bazdarne grupe standardnog
modela, SU(3)c x SU(2)r, x U(1)y. Fermionima standardnog modela doda-
jemo tri generacije leptonskih kvintupleta is¢ezavajuceg hipernaboja ¥p =
(XLt X7, X% 3%, 557), koji se transformiraju s obzirom na bazdarnu grupu
kao (1,5,0). Uz Higgsov dublet H = (H™, H°) uvodimo i skalarni kvadruplet
® = (dF,dY &, ) koji se transformira kao (1,4, —1).

Bazdarno invarijantni, renormalizabilni langranzijan koji sadrzava nova
polja je

- - 1—
L= ERW“DMERJr(D“(I))T(DHCI))—(LLYCI)ERJri (ER)CMER+H.C.) -V (H,®).
(5.4)
Ovdje je D,, kovarijantna bazdarna derivacija, Y je matrica Yukawinog veza-
nja, a M je masena matrica teskih leptona koju odabiremo da bude realna i
dijagonalna. Indeksi okusa su ispusteni zbog jednostavnosti.
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Raspisivanjem masenog ¢lana po komponentama kvintupleta Yz dobi-
vamo Clanove

(Cr)“MSR = (SR")OMEE" — (SR) M5 + (35) Mg

= (TR)OMEG + (S5 )M, (5.5)

koji sadrze dva nabijena Diracova fermiona i jedan neutralni Majoranin
fermion.

S =ity St =) 50, 20 =5 4 59 (5.6)

5.2.1 Skalarni potencijal

Bazdarno invarijanti skalarni potencijal dan je s

V(H,®) = —p4HH; + p3®" 9%, + A\ (H*H,)?
+ N (H*H®*®), + \(H'H*®), (5.7)
+ (MECH*HH® +H.c.) + (\seHHOP + H.c.)
+ (M€ H O + Hee.) + A (075D, 50)" + \g@ 0D

gdje su svi parametri realni, a zbog jednostavnosti uzimamo da su sva kva-
rticna vezanja realna.

Lomljenje elektroslabe simetrije (EWSB) dolazi uobic¢ajenom vakuum-
skom ocekivanom vrijednoséu (vev) vy Higgsovog dubleta, sto odgovara
negativnom predznaku ¢lana p? u jedn. (5.7). Elektroslabi parametar p
diktira malu vrijednost za vev we skalarnog kvadrupleta, a time i pozi-
tivni predznak ¢lana p2. Ipak, prisutnost ¢lana Ay u jedn. (5.7) vodi na
inducirani vev v polja ®°. Buduéi da se time mijenja parametar p od
jedinice na p ~ 1 + 6v2/v%, usporedba s eksperimentalnom vrijednoséu
p = 1.00040-0%% [66] postavlja gornju granicu ve < 3.2 GeV i time postavlja
granicu ve /vy < 0.01.

Nakon EWSB neutralne komponente skalarnih polja poprimaju vaku-
umske vrijednosti tako da je njihov oblik
H° =

(o + 1 +ix) , = —=(ve + " +1in) . (5.8)

Sl

1
V2
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Budud¢i da su sva kvarticna vezanja u skalarnom potencijalu realna, uvjet
minimuma potencijala

aVO(UH, U<I>) aVO(UH, U<I>)

8UH ’ 81@ ( )
daje
1 1 2 V3 VEI):
,u%{ = )\1’11?{ + (5)\2 + 6)\3 — g)\5)v§> + 7)\4’11H’Uq> — ?)\Gi s (510)
1 1 2 V3. vy V3 5

o = —(ghet gha— gl - 7&5 + =3 Aovmve = (A7 + S As)0g -
(5.11)

U vodeé¢em redu u omjeru ve /vy, vev ve skalarnog kvadrupleta je

1 v3

Vg ~ —— =Ny 5.12
P 2\/§ 4,[,6%{) ( )

5.2.2 Mase neutrina

Vakuumska oc¢ekivana vrijednost vg generira putem jedn. (5.4) Diracov mase-
ni ¢lan koji povezuje vy, i ©% i daje nedijagonalne ¢lanove u masenoj matrici
neutralnih leptona

1 0~~~ 0 l) Vo (VL>C
= —— (77 (29)C 2

Nakon dijagonalizacije masene matrice neutralnih leptona, neutrini dobivaju
Majoraninu masenu matricu

1 Y Y;
tree 2 ikl gk
v)ii = —— E . 5.14
(m )Zj 4UCI> - Mk ( )

Zajedno s induciranom vev iz jednadzbe (5.12), dobivamo

1 L0 YirYin
(M) = == N1 ) (5.15)
48 7 pig . My,
doprinos masi neutrina generiran operatorom dimenzije devet koji odgovara
mehanizmu njihalice na granastoj razini prikazanom na slici 5.1.
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H H
Ho H H v H
\\T// \\T/«/
(O y &
1 < 1

0
VL ZR VL

Figure 5.1: Granasti dijagram za operator dimenzije devet u jedn. (5.15).
Fermionski tok odgovara Majoraninoj prirodi medijatora njihalice.

Osim na granstoj razini, mase neutrina se generiraju i na razini kvantne
petlje prikazane na slici 5.2. Ako zanemarimo razlike masa unutar multipleta
Y) 1 @, doprinos masenoj matrici neutrina je

Y

—5A502 Y M, M? m2
loop __ 5VH Zk ki k . k P
(m)i5" = — 52 Z [1 Sy R (5.16)
Zbrajanjem dvaju doprlnosa dobivamo masenu matricu neutrina
H < , H
. e
N/
X
O v\ O
/ N
VL ZR VL

Figure 5.2: Doprinos masi lakog neutrina na razini jedne petlje.

(my)l (my>tree+<my)loop

1 —5>\5UH Yir kMk M} mg
_ ! _ My
48 Z 4872 Z m3 — M? ]\/[2

(5.17)

U slucaju da su mase novih leptona i novih skalara priblizno jednake, masena
matrica neutrina je

-1 U6 —5)\51]2 YkYk
)i = _\2ZH 4 TYRTH ZW gk 5.18
()i {48 DT zk: M, (5.18)
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Pomocu tog izraza mozemo procijeniti skalu visokih energija u nasem modelu.
[lustracije radi, uzimamo iste vrijednosti za masene paramtere (ue = My, =
Anp) i empirijske vrijednosti vy = 246 GeV i m, ~ 0.1 eV. Za umjerene
vrijednosti parametara ¥ ~ 1073 |, Ay ~ 1072 i A\; ~ 10~* dobivamo
Anp ~ 440 GeV. Nova stanja tih masa mogu se testirati na LHC-u.

Na slici 5.3 je prikazana razdijelnica dvaju sektora u kojima dominira
granasti doprinos ili doprinos kvantne petlje.

+110
(7”’lt1ree/”nloop)_1

Figure 5.3: Lijevo od razdijelnice, gdje dominira granasti doprinos neutrinskoj
masi, prikazan je omjer mgree/Mioop- Desno od razdijelnice, gdje dominira doprinos
kvantne petlje, prikazan je omjer mjoop [Miree-

5.2.3 Produkcija stanja Majoraninog kvintupleta na
LHC-u

Produkcija teskih leptona iz kvintupleta odvija se na LHC-u putem anihi-
lacija kvarka i antikvarka u neutralne i nabijene bazdarne bozone

+i—A—-T+32, A=~ Z W*,
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i odredena je langranzijanom

L?Ege = + e(2FTTyEStt 4 Fv“ZJF)AN
+ gcos by 28T STT L SFarnt) Z, (5.19)
+ g(V2EFAHETT 4+ \/@V“ZJ’)WJ +He.c. .

Udarni presjek partonskog procesa je

B3 -5

6(4q = ¥%) = — =

s(VE+VE), (5.20)

gdje je § = (p, + pg)? Mandelstamova varijabla sustava kvarka i antikvarka,
parametar = /1 — 4M2 /5 oznacava brzinu teskog leptona, a lijeva i desna

vezanja su dana izrazima

QeQ,* 9779l rd

vogEs = 5.21
L,R 3 + CIQ/V(é_M%) ) ( )
- WS 21/ i
v o L9 v (5.22)
V25— M)
v —o. (5.23)
Kvarkovska vezanja na Z bozon su ¢gi = T3 — s3,Q, 1 gk = —s{Q,, a
vektorska vezanja teskih leptona na bazdarne bozone su
g% =Ty — 53,Qx and gV = V2 or V3, (5.24)

gdje se ¢"* moze > ocitati iz zadnjeg retka jedn. (5.19), relevantnog za produ-
kciju parova STTYF 1 XTY0,

Da bi dobili udarne presjeke za hadrone partonski izrazi iz jedn. (5.20)
moraju se prointegrirati preko odgovarajuc¢ih partonskih distribucijskih funke-
ija (PDFs od engl. parton distribution functions), ¢(z,u?). Pri izracunu
udarnih presjeka rabimo CTEQ6.6 PDFs [68] putem LHAPDF-a [69] uz
odabir faktorizacijske skale y = Msx.

Na slici 5.4 prikazujemo ocekivani broj proizvedenih dvostruko nabijenih
Gestica Xt i X7+ za tri tipiéne postavke sudarivaca. Specifiéno, za My =
400 GeV i 5 fb~! integriranog luminoziteta na LHC-u tijekom 2011. pri
Vs =7 TeVi?2l fb~! integriranog luminoziteta na LHC-u tijekom 2012. pri
/s = 8 TeV, proizvelo bi se oko 3200 dvostruko nabijenih fermiona. Ukupno
bi se proizvelo 4000 svih parova ¥ — .
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105 —_— /s=TTeVasth?
-1
N c— = /5=8TeV @10 b
\ N — — — /5=14TeV @ 10 fb~!
N\

Number of produced X++ and X+

400 800 1200
M N [GGV]

Figure 5.4: Broj proizvedenih dvostruko nabijenih cestica 77 i X4+ za tri
tipicne postavke sudarivaca, u ovisnosti o masi teskog leptona Msy.

Eksperimentalnom provjerom proizvodnje teskih leptona mogli bi iden-
tificirati kvantne brojeve cestica iz kvintupleta, ali da bi potvrdili njihovu
ulogu u generiranju neutrinskih masa treba takoder prouciti njihove raspade.

5.2.4 Raspadi leptona iz Majoraninog kvintupleta

Uz pretpostavku da su egzoticni skalari nesto tezi od nasih egozi¢nih leptona,
ti se skalari ne¢e pojavljivati u kona¢nim stanjima ovdje izucavanih raspada
teskih leptona. Jakosti vezanja odgovornih za raspade pojavljuju se u nedija-
gonalnim ¢lanovima masenih matrica. Diagonalizacijom tih matrica dobiva
se lagranzijan u masenoj bazi

g [_ 1 + 1 T * 0
L = Z|\v(—=U VAtPr, — ——U V*~yH Pp)Y
NCZ o (2 NG PMNSY TV LL 9v2 prunsV V" Pr)

+ FE(XSVrPR)St 4 Hae| 20 (5.25)

I8
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YH S W [ St 5020 | 20 5w [ 20 5wt
(0.66) (0.06) (0.30) (0.30)
Y S Wt HeWIW— | W20 - -
(0.66) (0.44) (0.04) . ;
Y+t 20 0= Z7W - Al A et 70w - = ZO0WT
(0.06) (0.04) (0.004) (0.02) (0.02)
Y Wt - (0~ W+2Z0 - -
(0.30) : (0.02) ; ;
YO 5 W - - W—2Z0 - -
(0.30) : (0.02) ; ;

Table 5.2: Raspadi egzoti¢nih leptona na leptone SM-a, ukljuéujuéi multileptonske
dogadaje i dogadaje s dileptonima istog naboja. U zagradama su prikazani omjeri grananja
za leptone (I = e, u) i My = 400 GeV.

za interakciju neutralne struje i lagranzijan

-3 .
—U}:,;MNSV VMPR)ZJr

_ 3
LCC’ = g[V(—\/;U]LMNSV’}/MPL—I- 2\/§

+ U(=VA*PL)x°

— 3 . _
+ lc(\/;V V“PR)ZJFJF} W, +Hec., (5.26)
za interakciju nabijene struje, gdje je matrica V' dana s
% _
(V)is = (=Y M ). (5.27)

V2

Neutralni lepton X° se raspada kao X0 — (FW=* i ¥ — 1,,7° Jedno-
struko nabijeni ¥* se raspada kao Xt — (T2° i ¥t — 1,,WT, dok se
dvostruko nabijeni ¥+ raspada iskljuc¢ivo putem nabijene struje, ¥t —
¢TW. Ipak, razlika masa inducirana kvantnom petljom bazdarnih bozona i
kvintupleta [56] omoguéuje dodatni, potisnuti kanal raspada X7+ — 7+tE+
i ¥F — 77X0 Za ilustraciju na slici 5.5 prikazujemo &irine raspada jedno-
struko nabijenog X1 leptona. U tablici 5.2 prikazana su konac¢na stanja tih
raspada, pri cemu posebnu ulogu imaju stanja s dileptonima istog naboja,
kao istaknuti potpis na LHC-u.



89 §5.2. Model s Majoraninim leptonskim kvintupletom

Figure 5.5: Parcijalne Sirine raspada teskog leptona YT za odabranu jakost
vezanja |Vis| = 3.5+ 1077, u ovisnosti o masi kvintupleta Ms:.

5.2.5 Kvinuplet kao tamna tvar

Fermionski kvintplet koji je orginalno predlozen za minimalnu tamnu tvar
[56] u ulozi medijatora njihalice je sparen sa skalarnim multipletom, §to
ga ¢ini nestabilnim. Nametne li se dodatna Z, pod kojom su teska stanja
neparna (X — —X%, & — —®) najlakse komponente tih multipleta ponovno
mogu biti kandidati tamne tvari. Buduéi da kvarti¢no vezanje A5 nije zabra-
njeno dodatnom simetrijom prezive radijativho generirane mase neutrina

(5.16).

Ukoliko je X0 ¢estica tamne tvari njena je masa odredena reliktnim obiljem
na vrijednost My, ~ 10 TeV [56]. Uz izbor A5 = 1077 dobiva se dovoljno
potisnuc¢e neutrinskih masa i za velika Yukawina vezanja, ¥ ~ 0.1. U tom
dijelu parametarskog prostora model bi mogao voditi na zanimljive efekte
narusenja leptonskog okusa [62].
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5.2.6 Raspadi higgsa inducirani kvantnom petljom

Zanimljivo je izuciti ucinke egoticnik skalarnih polja putem kvantnih petlji.
Osim u ve¢ opisanom radijacijskom generiranju masa neutrina, petlje sa
skalarima se pojavljuju i u rijetkim raspadim higgsa SM-a. Nedavno otkrivena
rezonancija mase my, ~ 125 — 126 GeV [74, 75] ima karakteristike higgsa, no
to se jos mora potvrditi. Postoje i naznake da broj dogadaja raspada h — ~~
[76, 77], do na kromodinamicke neodredenosti 78|, odstupaju za faktor 1.5 -
2 [79, 80] od broja ocekivanog u SM-u,

[o(99 = h) x BR(h = 77)]puc
[0(99 — h) x BR(h = 77)]|sm

= 1.714+0.33. (5.28)

To ukazuje na mogucnost postojanja dodatnih nabijenih cestica, poput nabi-
jenih komponenti naseg skalarnog kvadrupleta.

Vezanja higgsa na nabijene skalare relevantna za raspad h — 7 su
L = Cq>+’UHhO(I>+*(I)+ + C@—UHhO(I)_*(I)_ + C@——UHhOCI)__*(I)__ s (529)

gdje su uvedena vezanja

2
Cop+ — )\2 , Cp— = )\2 + g)\g , Cp—— = )\2 + )\3 s (530)
izrazena kvarticnim vezanjima Ay i A3 u potencijalu (5.7). Time se uz domi-
nantne doprinose od W bosona i top kvarka u SM-u, u izrazu za parcijalnu
sirinu raspada h — 7y pojavljuje doprinos nabijenih skalara [81, 94, 95, 96]

a’mj, 2 2 Cs UV ’
L(h—yy) = 356707, Ai(tw) + NeQi A ja(1e) + Nc,st?m—ng(Ts)
(5.31)

U tim ¢lanovima 7; = 4m?/m2 (i = W,t,S) odnose se na W boson sipina
1, top kvark spina 1/2 i nabijene skalare spina 0 u petlji s pridruzenim inte-
gralima preko petlje A;(x), Ajja(x), Ao(x). Moguée pojacanje u odnosu na
doprinose u SM-u definiran je kao u [81]

Csﬁ A()(TS)

R, =11+ 2 Cs
v S:qﬁg,@ v 2 m% Ay (tw) + NQ7 Aijo (1)

(5.32)

Pojacanje ¢e se dobiti ako doprinos nabijenih skalara interferira konstruk-
tivno s doprinosom W bozona. Buduéi da to zahtjeva negativnu vrijednost
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Figure 5.6: Faktor pojacanje R,, =(2.5, 2, 1.75, 1.5, 1.25) za Sirinu raspada

h — 77 u ovisnosti o skalarnim veznjima A = Ao = A3 i masi ® multiplet, m(®~ 7).

za vezanje u jedn. (5.31), promatramo Ay 3 < 0. Najveéi doprinos vjeroja-
tnosti raspada h — 7 dolazi od dvostruko nabijenog &=~

Na slici 5.6 je prikazan faktor pojacanja R, kao funkcija skalarnih veza-
naja, gdje zbog jednostavnosti uzimamo Ay = A3 = A, i mase najlakseg
nabijenog skalara m(®~7).

Napomenimo da iste Cestice u kvantnim petljama modificiraju i Sirinu
raspada h — Zv. Pri tom opazamo antikorelaciju dva procesa. U dijelu
parametarskog prostora gdje je raspada h — <7y znatno pojacan, raspad
h — Z~ je u manjoj mjeri potisnut [93].

5.2.7 Moguénost provjere na LHC-u

Velika ocekivana koli¢ina produciranih teskih leptona obecava mogucénost
provjere modela na LHC-u. Medu njima, proizvelo bi se ~ 3000 dvostruko
nabijenih ©*+ i £+ tijekom 2011 (5 fb~!) i 2012 (21 fb~1), ako je njihova
masa My, = 400 GeV. Raspadi tih stanja u dileptone istog naboja imaju
zanemarivu pozadinu od SM-a [97, 98, 99, 100].
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Za odabir parametara u tablici 5.2 razlikujemo cetiri klase obec¢avajucih
dogadaja raspada ¥t na et ili u* i Z° — (£747, qq):

(7) pp — LTYF — (2% (0= 2°)

koji ima mali udarni presjek 0.03 fb u odnosu na 0.6 fb pozadine SM-a, pri
/s = 7TeV na LHC-u;

(i)  pp— XTI = (4T Z2°) (W),
udarnog presjeka 0.7 fb usporedivog s pozadinskim 0.8 fb;
(i53)  pp— LT — (2% (TWT)

dogadaj s narusenjem leptonskog broja, udarnog presjeka 0.7 fb, koji ne
postoji u SM-u;

(iv) pp— STTEF — (0PW) (07 2°)

relativno velikog udarnog presjeka od 1.1 fb u odnosu na pozadinskih 0.8 fb.
Posljednje dvije klase vode na signale iscrpno proucene u [73, 97, 98].

§ 5.3 Model s Diracovim leptonskim
kvintupletom

Model s Diracovim leptonskim kvintupletom kojeg ovdje prikazujemo pota-
knut je poopcenjima SM-a koja daju prednost vektorskim fermionima u
odnosu na kiralne fermione ¢etvrte generacije. Tako je u radu [102] izu¢avan
vektorski partner top kvarka koji mehanizmom Diracove njihalice povecava
masu top kvarka [103]. Ovdje se u leptonskom sektoru ispituje moguénost
da Diracovi fermioni vektorskog tipa budu medijatori mehanizma njihalice.
Oslanjanjem samo na bazdarnu simetriju i renormalizabilnost SM-a uveden je
novi mehanizam njihalice koji se oslanja na Diracove fermione viSeg izospina.
Pod tim uvjetima nadene su dvije mogucnosti realizacije njihalice prikazane
u tablici 5.3: Diracov triplet uveden u [61] i Diracov kvintuplet uveden u
[104], koji je predmet ovog poglavlja.

Model koji izu¢avamo vodi na operator (LLHH)(H"H)? dimenzije devet
i time je dostupan testovima na LHC-u. Uz leptone SM-a L; and [z uvodi
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Njihalica  Novi fermion Novi skalar Skalarno vezanje m, na
Tip I Ng ~ (1,0) - - dim 5
Tip 11 - A~ (3,2) uAHH dim 5
Tip III Ngr ~ (3,0) - - dim 5
Spregnuti Novi Novi skalari Skalar - higgs m, at
medijator fermioni ®, Py vezanje
dublet ZL,R (2, 1) (3, —2), (3, 0) /,LLQ@LQHH dim 5
triplet Yrr (3,2)  (4,-3), (2,-1) MO HHH dim 7
kvadruplet — ¥p r (4,1) (3,-2), (3,0) p12®1 0 HH dim 5
kvintuplet ZL,R (5, 2) (4, —3), (4, —1) )\172(13172HHH dim 9

Table 5.3: Pridruzivanje elektroslabih naboja novim c¢esticama koje vode
granasti operator njihalice do dimenzije devet.

se ny, vektorskih leptonskih quintupleta hipernaboja dva, gdje se i lijeve i
desne komponente transformiraju na grupu SM-a kao (1, 5,2),

YLRrR=

) Damns
Y+

¥t ~

EO

> L,R

(1,5,2) .

(5.33)

Skalarni sketor uz Higgsov dublet H, sadrzi i dva skalarna kvadrupleta &,
and @, koji se transformiraju kao (1,4, —3) 1 (1,4, —1):

N 3
oy N _ _ 2 N _
b1 by

Bazdarno invarijantna Yukawina vezanja dana su lagranzijanom

L = TpiPS; + SpifSp — SpMsS, — S METy
v <Z—RY1LL<I>“{ 4 (B0 oLy @y + H.c.) , (5.35)
koji vodi na Diracove masene ¢lanove vektorskih polja kvintupleta
—Lp= SETTMSEt 4 SR MRt
FYE MY + SO Me Y + S MY, + He. . (5.36)
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U skalarnom potencijalu istaknimo renormalizabilne ¢lanove koji su rele-
vantni za nas mehanizam

V(H, &1, ®5) ~ —pfHH + i, @] Py + g, ®5&y + Ay (H'H)?
+ {MOTH*H*H* +He.} + {PSHH"H" + H.c.}
+ {\®P]P.H*H* +H.c.}. (5.37)
Uobicajeni EWSB vodi na vakuumsku vrijednost vy = 246 GeV Higgsovog
dubleta i inducirane vakuumske vrijednosti

Vi Vir
Vo, = —)\17 y Upy = —)\QT . (538)
M, My,

5.3.1 Mase neutrina

Tri neutralna kiralna stanja vy, X9 and (3%)¢ razapinju simetriénu masenu
matricu neutralnih stanja

1 o 0 mi mT vy,
Lowo = —3 ((VL)C (30)e 2%) my 0 ML 29 | +He (5.39)
ma ME 0 (Z%)C

Za jednostruko nabijene fermione dobivamo nesimetri¢nu masenu matricu

my 0 0 ZL
) ms My 0 7 | +He, (5.40)
me 0 ME) \(zh)

Lis = — (E Xx (Z)

gdje su mq, mo, msz i my dobiveni iz Yukawinih interakcija u jedn. (5.35):

/1 . /3
my = 1—0Y1U<1>1 ) my = — %Yz%z )
2

. 1
mg = gYi'U@l , my = 4/ EYQU@ ) (5.41)



95 §5.3. Model s Diracovim leptonskim kvintupletom

Blok diagonalizacijom neutralne masene matrice dobiva se u vode¢em

redu u My!
My, ~ —mi Mg'my —mi Mgtms | (5.42)
gdje poznata Upysys matrica dijagonalizira efektivnu masenu matricu lakih

neutrina
U]ZMNSmVUPMNS =m, . (543)

Koristenjem jedn. (5.41), (5.42) i (5.38) dobiva se masa lakog neutrina
YiYo M)y U?{
Ms p, 1,

koja odgovara granastom operatoru dimenzije devet prikazanom na slici 5.7.

tree
v

, (5.44)

H H
H A H © H
Vs N
Y Y
P v P,
L NS
v 2, %, v

Figure 5.7: Granasti dijagram operatora dimenzije devet. Tok na fermionskoj
liniji oznacava Diracov medijator.

H < , H
\A ‘/
N /
X
CD1 / N\ qJZ
v 4
/ AN
VL ZR zL VL

Figure 5.8: Operator dimenzije pet na razini kvantne petlje odreden vezanjem
A3 iz jedn. (5.37).

Doprinos masi neutrina se pojavljuje na razini kvantne petlje kroz operator
dimenzije pet
loop _, YiYé )\3 U%{

5.45
v 167’(’2 Mg ( )
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prikazan na slici 5.8.

5.3.2 Produkcija stanja Diracovog kvintupleta na
LHC-u

Produkcija stanja Diracovog kvintupleta na LHC-u odvija se putem anihi-
liacija kvarka i antikvarka u neutralne i nabijene bazdarne bozone

+G—>A—-T+3, A=~ Z W*,

odredene bazdarnim langranzijanom

L2 0=+ e(BTTFrStt L O FT gy tt L TF At — Ty 7) A,
+ (2= 32 ) TFFFAES T 4 (1 — 262, ST F AN Z,
Cw
+ L (=53 TFE + (—)EE0 4 (<24 55)5E7) 2,
Cw
+ g(x/ﬁFv”ZJFJHF + \/gﬁv"ZJrJr
+ VBEWEt 4 V2R EO) W, + He. (5.46)
3
O RY
S f—— DR R0Y0
2 NSO
10 B - ~ N B
3 ~N
\fﬁ | ~ o | S ]
T =N \\\ .\-\___ ST, YOS \\:
2 10 ~<_ R =
< L s=14TeV ~~f ——— ItIFF 5% -
, (a) | | | (b) | ...... 2+2+|+’ D05+ |
10 400 800 1200 400 800 1200
My, [GeV] My, [GeV]

Figure 5.9: Udarni presjek produkcije para komponenti Diracovog kvintu-
pleta putem neutralnih (a) 7,7 i nabijenih bazdarnih bozona (b) W* u
ovisnosti o masi quintupleta My, za predvidenih /s = 14 TeV na LHC-u.

Udarni presjeci za produkciju para komponenti Diracovog kvintupleta za
predvidenih /s = 14TeV na LHC-u prikazani su na slici 5.9. Na prim-
jer za prikupljenih 5 fb~! tijekom 2011 i 21 fb~! tijekom 2012 na LHC-u
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proizvelo bi se 8000 parova X-Y ako je njihova masa My, = 400 GeV. Medu
njima bilo bi 3300 trostruko nabijenih X+*+ i X+ fermiona. Eksperimen-
talnom provjerom proizvodnje teskih leptona mogli bi identificirati kvantne
brojeve ¢estica iz kvintupleta, ali da bi potvrdili njihovu ulogu u generiranju
neutrinskih masa treba takoder prouciti njihove raspade.

5.3.3 Raspadi leptona iz Diracovog kvintupleta

Uz pretpostavku da su Diracovi fermioni laksi od egzoti¢nih skalara oni se
nec¢e pojavljivati u konac¢nim stanjima raspada teskih leptona. Za moguce
raspade relevantne su i elektroslabe razlike masa medu komponentama kvintu-
pleta eksplicitno izra¢unate u [56], koje su primjerice za My, = 400 GeV
Ms+++ — Ms++ >~ 1130 MeV, Ms++ — My+ >~ 804 MeV,
M+ — Myo ~ 477 MeV, Mso — My- ~ 150 MeV . (5.47)

e TOCKASTI RASPADI

Lagranzijan u masenoj bazi relevantan za raspade putem neutralnih
struja ima oblik

91,3 V3 .
Lncz = o [V(§U;MNSV17”PL - Q—ﬂUgMNsVz Y PR)x°

_ | .
+ 1(3Viy"PL)Y +zC(§v2 VPR)St | Z) +He ,  (5.48)
a putem nabijenih struja

Loc = g [v(_\/gUITDMNSVWMPL + \/§U}:§MNSV2*7MPR)Z+

— - 3
+ 2—<¢§V2TU;MW“PR>V+l(—ﬁmﬂmzo (5.49)
V3

+ SOV PRI+ F(—V/3VE " PR) S| W + He.

gdje su matrice vezanja Vi and V5 dane izrazima

[1 [1
V= 1—0§qu¢1Mgl Vo= 1% vh, Mgt (5.50)
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Raspadi neutralnih i jednostruko nabijenih > leptona prikazani su u
tablici 5.4. Za ilustraciju prikazujemo parcijalne Sirine raspada neutra-
Inih leptona na slici 5.10.

10

My [GeV]

Figure 5.10: Parcijalna Sirina raspada neutralnog XY leptona za |V/*| =

Z 6 . . .
|[Vy=| =10~ W u ovisnosti o masi M.

| [ St 5 20 [ S0 5 (W [ S0 5 - WH | S — (+ 20|

St 20 || 0re=22° | oot Z20wW - | et 20w -

O s WH || W20 | -0 WIW = | e WIWE | w20

YO (W= || 0He-W=Z0 [ 0T WoW S W oW | et 20

DI AA - O ZO0W | e Z20W | et Z20Z0
Table 5.4: Raspadi egzoticnih leptona na cestice SM-a, ukljuéujuéi dogadaje s

narusenjem leptonskog broja.

Dvostruko nabijeno stanje ¥ raspada se iskljuc¢ivo nabijenom strujom

i ima parcijalnu Sirinu

P(Z++

(rWt) =

sV 3 (

MY
s

M2
FRIA)

(5.51)
Napomenimo da takvi tockasti raspadi ne postoje za XT++, na ¢ijim
raspadima ¢emo se posebo zadrzati.
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e KASKADNI RASPADI

Tipi¢ni kaskadni raspad X% na lakse stanje 3’ dan izrazom

. : 2 m2
T _ (,WEN2 2 2 r2 3 iy

potisnut je malom razlikom masa AM;; = M; — M; iz jedn. (5.47).
Izuzetak je raspad LTt gdje je razlika masa AMs, izmedu L1 i
¥ T* dovoljno velika da omoguéi dvopionski raspad. Ukupni trocesti¢ni
raspad dominiran je rezonancijom p(770) i dan je izrazom

F(Z+++ N Z++7T+7TO) F(E+++ N E++p+) —

2, -1 2
4m7r) _ mp

mg (AM32)2 ’

G2Vdf2(AM32) (1 - (5.53)

gdje su mezonske konstante raspada fr ~ 130 MeV i f, ~ 150 MeV.

e ZLATNI RASPAD X+t — WHW [t

Najspektakularniji raspad Diracovog teskog leptona je X7+ — WHW [+
u W bozone na ljusci mase, prikazan Feynmanovim dijagramom na
slici 5.11.

W
s W

S+
I+

Figure 5.11: Feynmanov dijagram zlatnog raspada trostruko nabijenog
leptona

Sirina raspada u granici My > My, ima prikaz

Lt — W+W+l+)\ME>>MW

3847T2 S — )\fv TE.(550)
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—_— Wt i

— . Otptg0 | 10.5%\]

. — e E++Tr+ =
| —

...... DR A

| s 107

800 1200
Ms, [GeV]

Figure 5.12: Odabrane parcijalne irine raspada leptona X+ za |[V{*| =

—6 300
10 ME (GCV)

u ovisnosti o njegovoj masi Ms.

i odreden je istom jakoséu kao i raspad Xt u jedn. (5.51). Taj raspad
s preostalim raspadima X1t+* je prikazan na slici 5.12.

Za diskutiranih prikupljenih 5 fb=! tijekom 2011. i 21 fb~! tijekom
2012. na LHC-u proizvelo bi se 3300 trostruko nabijenih X+t++ i M+++
fermiona, §to bi rezultiralo s ~ 300 raspada YT+ (X+++) — WHW[*

za My, = 400 GeV i [V{¥[ = 1070, /750 o
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§ 5.4 Zakljucak

Pustanje u rad LHC-a omogucuje otkri¢a novih c¢estica. Budué¢i da mase
neutrina daju najopipljivije odstupanje od SM-a, za potragu su najbolje
motivirane Cestice koje se pojavljuju u TeV skalnim modelima njihalice za
objasnjenje masa neutrina. Konvencionalni modeli njihalice zaustavljaju se
na tripletima slabog izospina i pritom vode na visoku skalu njihalice. Ako
takva stanja nisu ostvarena u prirodi, postoji moguénost objasnjenja neutri-
nskih masa s viSim izomultipletima na nizoj skali njihalice reda TeV-a. Ova
disertacija iznosi dva takva modela koja se temelje na fermionskim kvintu-
pletima. U prvom modelu pojavljuje se Majoranin kvintuplet ¢ija je neu-
tralna komponenta potencijalni kandidat za tamnu tvar. U drugom modelu
se pojavljuje Diracov kvintuplet koji posjeduje trostruko nabijenu kompo-
nentu provjerljivu na LHC-u.

Oba predlozena modela se temelje na bazdarnoj simetriji i renormalizabil-
nosti standardnog modela. U njima se mase neutrina pojavljuju na granastoj
razini od operatora dimenzije devet i od petljom potisnutog operatora dimen-
zije pet. Ti kvintupleti posjeduju netrivijalne bazdarne naboje pa njihove
komponente mogu biti obilno proizvedene i testirane na LHC-u. Pri tome
se one raspadaju na viseleptonska konacna stanja ukljucujuéi dileptone istog
naboja. Postavlja se pitanje moguénosti razlikovanja Majoraninih i Diracovih
kvintupleta. Zahvaljujuci njegovoj trostruko nabijenoj komponenti, Diracov
kvintuplet vodi na spektakularne provjerljive zapise. Veé¢ samo neopazanja
trostruko nabijenih fermiona stavit ¢e u prvi plan izucavanje Majoraninih
kvintupleta. U slucaju da su kvintupleti kinematicki izvan izravnog dosega
LHC-a oni jos uvijek mogu radijacijski generirati mase neutrina, a neutralna
komponenta Majoraninog kvintupleta moze biti kandidat za tamnu tvar.
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