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Abstract

The Standard Model (SM) is the theory that describes elementary particles and
their fundamental interactions. In the Standard Model neutrinos are massless parti-
cles. Nevertheless, this has been proven wrong by neutrino oscillation experiments.
Neutrinos possess mass, but several orders of magnitude below those of the other
SM fermions. This invites the consideration of new physics, beyond that described
by the SM, that could explain the smallness of neutrino mass. This is achieved, in
particular, in the Type-1 Seesaw model, which is the focus of this work. Neutrinos
are especially difficult to detect in colliders, since they are chargeless, they leave no
tracks, and no energy in the calorimeters. However, if massive enough, these new
neutrinos can decay into charged particles inside the collider, which results in tracks
with displaced vertices. A complete analysis of this processes is required in order
to characterize the parameters of these new particles. In this work we use the Mon-
teCarlo simulation program MadGraph to study the relevant processes that involve
these neutrinos. The principal objective of this work is to define the probability to
observe the heavy neutrinos as Higgs decay products in the LHC (and HL-LHC),
when they have been produced via vector boson fusion (VBF) and are in the section

of parameter space useful for displaced vertices.
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1 Introduction

The Standard Model (SM) of particle physics classifies all known elementary
particles and describes the fundamental forces that mediate their interactions.
The SM includes twelve spin % particles, or fermions, and four force mediator
spin 1 particles, or gauge bosons. The fermions are divided in six quarks: up
(u), down (d), charm (c), strange (s), top (t) and bottom (b); and six leptons:
electron (e), muon (u), tau (7) and their respective neutrino (v,, v, v-). The
gauge bosons are photons (), W= and Z, and gluons (g), which mediate elec-
tromagnetic, weak, and strong forces, respectively. It also provides an expla-
nation for the generation of particle mass, via the Brout-Englert-Higgs (BEH)
mechanism, which requires the addition of a spin 0 particle, the Higgs boson
(H) . Since its conception, the SM has proven to be a very successful theory,
with many experimental predictions. Still, there is evidence for physics beyond
the SM, which point at its incompleteness. For example, in the SM, neutrinos
are massless neutral leptons, yet, experimental observations on neutrino oscil-
lations show they are massive particles [|—3] albeit with masses six orders of
magnitude below the mass of the electron, the lightest particle in the SM. The
SM must then be revised in order to generate the minuscule neutrino masses.

Possible corrections must explain the new observed physics, while maintaining



the many successes of the SM. We study the phenomenology of such a model in
the context of the LHC, the possible channels by which it can be probed and its
limitations. Namely, we study the Seesaw mechanism, which adds new heavy
neutrinos to the SM. We implement a 3+3 neutrino model, with two almost de-
generate heavy neutrinos, and a mostly decoupled third. Possible probes for this
model are studied on the parameter space of neutrino mass (M) and squared
mixing (|U,.4]?).

Following this introduction, the second chapter describes the theoretical frame-
work behind the Seesaw mechanism, primary pillar of the model used in this
work. Then, we present details regarding the phenomenology of this model.
The next chapter contains the simulation details, and finally we present the re-

sults and conclusions.

2 Theoretical Framework

2.1 Seesaw Mechanism

In this study we used a Seesaw type I model [4—7]. This is one of the simplest
extensions to the SM that provide neutrino mass generation [8]. In the SM,
neutrinos are left-handed Weyl (massless) fermions v;. The Seesaw type I pos-

tulates the existence of /N, additional “sterile” neutrinos Ng, which are singlets
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under the SM gauge symmetries. When these particles have masses around the

EW scale, they are also referred to as Heavy Neutral Leptons (HNL).

The SM Lagrangian is modified by:

ANY =Y "L NpH —

Mpii -
;JNRiNf%j + h.c. (1)

and the appropriate kinetic terms. Here, Y, are Yukawa couplings and Mp;;
is the right handed neutrino mass matrix. Notice that if Mz = 0, N becomes
the right handed component of a Dirac neutrino. For this reason, the Ny are
usually referred to as right-handed neutrinos. If My = 0, the Ny are Majorana
particles. Majorana fermions are their own antiparticles and are defined by the

condition:
P =1° (2)

That is, a Majorana fermion is equal to its charge conjugate. Here, 1¢ = 4°C1)*

is the charge conjugate of ¢/, where C' is the Charge conjugation matrix.

The Seesaw mechanism is best explained in a reduced scenario with a single
pair of neutrinos, 7, and Nr. We will denote v (N) as the light (heavy) neutrino,

where the former is to be identified with the SM neutrino.
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In the weak basis [v/{ Np| the mass matrix . is non diagonal:

0 mp

M = 3)

mp MR

v

V2

expectation value of the Higgs (vev). A non-zero mpvjvy term is forbidden

Here, mp 1s the Dirac mass term, defined as v—, where v 1s the vacuum

by Electroweak gauge symmetry, Mz doesn’t have this limitation since Ny is
sterile. We can then introduce a rotation to the mass basis [ N| where .Z is

diagonal:

M = (4)

MRZ
—mp?
m, ~
M, (5)
mp
My~ Mp + ——

12



The eigenvectors are

m
v~ (v +v) — MD(NR + Ng°)

T]:“L (6)
N ~ (Ng+ Ng°) + ~Z2(v1 + v1%)

Mp

The m, mass term suffers a very strong suppression from Mp. Thus, one
can generate the tiny, observed neutrino masses by introducing these heavy N
neutrinos. The term MD in both equations indicates that v is almost completely

R

active (i.e., it interacts via the weak force), whereas NV is almost completely

sterile. To get an idea of the required size of My, we can express it as:

2 2y
Mp~ 20 "% (7)

m, 2m,,

For m, ~ 1072 eV, v = 246 GeV, and Y, € [107!1:1071], My can take values

from 107 to 10*2 GeV.

2.2 The Low Scale Seesaw

The model used in the following chapters is a 3+3 Seesaw type I (11, 1o, 13, Ny,
N5, Ng), with heavy neutrino masses in the GeV scale. The model proposed in-
troduces two degenerate right-handed massive neutrinos (M, 5 € [1,50] GeV)

and a third heavier neutrino (Mg = 100 GeV) with negligible mixing to the
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other states. This scenario will behave like an effective 3 + 2 model [9], as the

third heavy neutrino is decoupled from the theory.

The 6 x 6 mass matrix is diagonalized:
e%V — Udia’g(mla mo,ms, M47 M57 M6>UT (8)

Here, .#, is on the basis that diagonalizes Y,, and U is a unitary transformation
that describes the mixing between neutrinos. The U matrix can be decomposed

into four 3 x3 blocks.

Ual Uah
U = )
Usl Ush
Each block can be parameterized as [10, 11]:
Uu = UpninsH, Ua = iUppins Hmy/? R M, ™12,
Usl = iHMh_l/Qlel/Q, Ush = ]_{
(10)
With,
H = (I +m"*R" M), Rmy'/?)1/?
(11)

H = (I + My Y2RmyR'M,,~1/%)~1/2

14



In the equations above Up,/ng 1s the observed 3x3 Unitary neutrino mixing
matrix, which we recover in the limit / = [. The diagonal heavy (mostly

sterile) neutrino matrix is denoted as:

My, = diag(My, Ms, Mg) (12)

The other three light (mostly active) massive neutrinos as:

mp = dia’g(mla ma, m3) - diag(mh \/Amgol + m%? \/Amgtm + m%)
(13)
Where we assume normal ordering of v masses. Both are 3 x3 matrices, and
Am?  and Am?2, = are the observed light neutrino mass squared differences, by

solar and atmospheric neutrino experiments, respectively.

We also have a complex orthogonal matrix R, which is parameterized as:

(045 Sa5 O\ (046 0 546\ (1 0 O\

R = —S45 C45 0 0 1 0 0 c56 Sxg (14)

\ 0 0 1) \—546 0 046/ KO — 856 056/

where s;; and c;; are the sines and cosines of a complex angle, 0;; +17;; . Thus,

the only free parameters left in the neutrino mass matrix are the three 0;;, 7;;

pairs, the heavy neutrino masses, and the two Majorana CP phases present in

15



Upnrns. For this study we take particular interest in the case where only one
7;; (in this case 745) is different from 0 and considerably large (|vi;| 2 3). R
becomes:

(045 S45 0\

Ru5(045,745) = —Sy45 45 0| =

\O 01)

cos(fy5) cosh(ys) — isin(fy5) sinh(7y45)  sin(fy5) cosh(yys) + @ cos(fys) sinh(yys) 0

— sin(fy5) cosh(yys) — ¢ cos(fys) sinh(vy5) cos(by5) cosh(vys) — i sin(fys) sinh(yys) 0
0 0 1

(15)

Then, for large ~45, | sinh(745)| ~ cosh(v45), and 6,5 behaves like and overall

phase:
( COSh(’)/45)€_iZ45645 — 245 COSh(’}/45)€_iZ45645 O\
Rus(0us, |7a5] >> 0) = | —z45 cosh(vus)e 5% cosh(yys)e 5% ()
\ 0 0 1 )
(16)

Here z45 1s the sign of v45. We also assume H ~ [. This lets us write the “active

to heavy” elements of the mixing matrix U as:

Uy = —izas(ZN0)85 % cosh(s)e 21505 (17)
4

16



Uss = (ZNO), |52 cosh(yus)e =% (18)
M
ms3
Ua — U a - 19
o = Wrarvshua 37 (19)
with:

, m
(Zévo)45 = (UpMNs)a2 + 1245 E;(UPMNS%l (20)

In the mass basis, the interaction terms of the Lagrangian can be expressed

as [12]:

P = —g—\/méWl:l_a’y“UmPLm + h.c. (21)
L4 = _496—WW uﬁi’yu [C@'PL — OZ*]PR] n; (22)
aw , _ *
gh — —4Mwhnz [CZ] (ngPL + manR> + Cz'j (ngPR + manL)} n;
(23)

Where C' and m are 6 x 6 matrices defined as:

3
Cij = Z ULUO[]', my = Dlag(mnz)) = Diag(ml, mo, ms, M4, M5, M6)
a=1
(24)
We analyze a section of the parameter space defined by the following condi-
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tions:

my = 10"%eV

1GeV < My ~ My < 50GeV

Mg = 100GeV (25)
Va6 = Y56 = 0
b < "}/45’ < 10

For this choice of parameters, we find 1077 < |U,4|* < 1072, |Ugs|* & |Uys)?
and |U,|* =~ 0. In the latter term there is a very large suppression from Mj
and no cosh(vy;) enhancement. In conclusion, we have a parameterization that
mixes light neutrinos to two, almost degenerate, heavy neutrinos; and to a third,
albeit with a very suppressed probability.
For exact degeneracy, the two Majorana spinors can be combined into one mas-
sive Dirac neutrino.

This zone of the parameter space is testable with existing experiments, in
this case the LHC, and the near-future HL-LHC. We implement the model in
SARAH [13] and using SPheno [14, 15] we obtain the Branching ratios shown

in Figure 1.
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Figure 1: Branching Ratios for V4 as a function of mass.

There is no mixing dependence in the BR because of cancellation between
partial and total decay widths. Here e, i1, 7 denote both particle and antiparticle,
7 denotes all possible jet constituents, and v sums over the 3 light neutrinos. The
relevant BR in this study are Ny — veu, Ny — vjj, Ny — vee, Ny — €55 and
Ny — vup. These processes represent between 40% and 50% of all NV, decays.
Other processes, of the form Ny, — [75,N, — vvv with relevant BR are also
shown. Processes containing tau leptons or b-jets are not studied in this work,

and for low /N, mass they have negligible contributions.
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3 Vector Boson Fusion and Displaced Vertices

31 The LHC

The Large Hadron Collider (LHC) is the largest particle collider in the world,
built by the European Organization for Nuclear Research (CERN). Its main
purpose has been to probe the SM, where it has thoroughly succeeded by dis-
covering many previously unseen predicted particles, such and exotic baryon
states, and most importantly the Higgs boson [16] [17]. It has also tested pre-
dictions in order to address some of the unsolved questions in physics, such as
the existence of supersymmetric particles, the matter/antimatter asymmetry and
weakly interacting dark matter.

The four main experiments at LHC are ATLAS, CMS, LHC-b and ALICE. In
these experiments protons collide at very high energies (/s = 13 TeV) and
produce an enormous amount of particles. Then, the data of the collision is
processed and only a sample is stored, since the sheer amount of data is too
large to collect. The LHC detectors have trigger systems to select the data to be
stored. A hardware trigger, involving physical effects on the detectors, is called
a level one trigger. Software triggers are level two. If an event does not set off

a trigger it is lost forever.
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Figure 2: ATLAS and CMS experiments.
Taken from: ATLAS Collaboration (2008). The ATLAS Experiment at the CERN Large Hadron Collider. IOP Publishing.
doi:10.1088/1748-0221/3/08/s08003 & CMS Collaboration (2008). The CMS Experiment at the CERN Large Hadron
Collider. IOP Publishing. doi:10.1088/1748-0221/3/08/s08004

In the context of colliders, cross section is measured in barns (b) : 1b= 107%
m? . Inelastic proton-proton collision cross section o, is at the tens of milibarns
level, with little energy dependence [18]. Protons are grouped in bunches of
10! protons, which move at nearly the speed of light, and collide at 40 MHz.
The beam line has a transverse area 0., = 10(zm)?, and the rate of collisions
can be calculated as:

2
( 10mb
pro Ons) x — 2 40 MHz (26)

Rateeyenss = | 101 5—— —
(1 Cevents ( bunch (10pm)?

This gives a total of 4 x 10” collisions per second. The collision rate is mea-
sured in terms of the luminosity. Instantaneous luminosity times the cross sec-
tion gives the rate of events, whereas integrated luminosity times cross section
gives the total events per run.

It 1s convenient to analyze the data in terms of the most accessible, Lorentz
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invariant quantities. Four-momentum (£, p,, p,, p.) can be related between CM
and Lab frames via a boost along the beam line, which is set along the z axis.
Then, the p, and p, components are invariant between systems, as well as the

azimuthal angle ¢ = arctan’® , and the pr = (ps, py) . The longitudinal mo-
Dy

mentum of a particle p. and its total energy E are not easy to reconstruct, since
information can be lost along the main axis, nor are they invariant between

frames.

1. E+p.
One can define the rapidity: y = =In TP :
2 E—p.

Lorentz invariant, which motivates the definition of A R as an invariant measure

The difference in rapidity is

of angular displacement: ARy, = v/(ya — y)? + (da — ¢p)2. If the particles are
massless (which they are at very good approximation), y reduces to the pseudo
rapidity 7 = In cot g, where 0 is the zenith angle.

Some particles can pass freely through the detectors. A part of their informa-
tion can be reconstructed from the difference of initial and final total transverse
momentum, this is defined as p* = — (>~ pr)**®¢, The modulus of p* is
sometimes called “missing transverse energy”. For example, neutrinos leave

the detector without interacting, but still take momentum with them. Another

useful quantity is the invariant mass of a particle system, defined as:

2

Mgystem — Z pg't (27)

constituents j

22



This can be used to reconstruct the mass of the parent particle in the case of
on-shell decays. These quantities allow to establish triggers and cuts over the
data, in order to pinpoint specific events and processes.

The CMS (Compact Muon Solenoid) and ATLAS (A Toroidal LHC Appara-
tuS) experiments (Fig. 2) are considered in this study. Both detectors consist of
the same basic design: an inner tracker near the beam line to measure tracks of
charged particles, an electromagnetic calorimeter (ECAL) which measures and
”absorbs” the energy of electrons and photons, a hadronic calorimeter (HCAL)
which measures the energies of neutrons and protons, and at the outside a muon
detector, which measures the energy of muons through their curvature in an
strong magnetic field. These experiments have differences in the specifications

of their parts, which are not of much importance in a phenomenological study.

3.2 Vector Boson Fusion

In general, searches for heavy neutrinos use an outgoing charged lepton as a
trigger in processes that involve W bosons (Fig. 4). These leptonic channels
are considerably clean and have large cross-sections, even if heavy cuts are
imposed on the outgoing lepton. However, this search can only probe the heavy
neutrino couplings with the W boson, couplings with H and Z have an outgoing

light neutrino.
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A particularly interesting process for the study of neutrino couplings to neu-
tral bosons is via Vector Boson Fusion (VBF) (Fig. 3) [19]. The colliding
protons “radiate” a weak boson pair which then “annihilates” into the Higgs
or a Z. In this study, since neutrinos are chargeless, the only way to trigger is
via the VBF topology. This will most likely not represent a discovery channel,
but will be relevant for the understanding of the heavy neutrino properties. The
cuts required for a VBF trigger are presented in Chapter 4. Similar searches in

the context of VBF phenomenology have been made, for new Neutral Gauge

Bosons [20] and HNL in the TeV scale [21].

Figure 3: Feynman Diagrams for Vector Boson Fusion. V denotes Weak Gauge Bosons (W or Z).

As and example, we use MadGraph to reproduce the VBF Higgs cross section
as a function of the Higgs mass (Fig. 5). At my = 125 GeV the cross section

sits around 5 pb, while VBF Z boson production is around 95 pb. The VBF
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q e

Figure 4: Pure leptonic channel for N, production, via off-shell W boson.

10

Cross section.(pb)

10!

10°
Higgs mass(GeV)

Figure 5: VBF Higgs cross section as a function of it’s mass
diagram topology suggests cuts on the outgoing jets, and on the decay products
of the Higgs and Z bosons. This can be used to tag the VBF and isolate it from
other processes, and also acts as trigger. . In particular, we are interested in the
case where the Higgs (or Z) decays to N, v; Fig. 6 (or similarly N5 v;). Notice
that in this model, the Higgs cannot be distinguished from a Z boson, this can

be subject of further study [22].
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Figure 6: Vertex for Higgs (Z) decay into Majorana neutrino.

3.3 Displaced Vertices

From the perspective of collider physics, an interesting case is in the region of
parameter space for which the heavy neutrinos (HN) are long lived particles
(LLP) that can decay within the LHC detectors. The posterior decay produces
a second, displaced vertex (DV). This would be a distinctive signature of their
existence, as it has a negligible irreducible background from SM processes.
Recently, several studies have pushed for this kind of dedicated LHC searches
for heavy neutrinos with associated charged leptons from Higgs decays [23]
[24].

The heavy neutrino decay width at rest 'y, 1s calculated from the model via
SPheno 4.0.3 for each point in the parameter space. An approximate measure

of the distance it travels in the detector before decaying can be computed as

Ly

h
L= F—C (Fig. 7). If the HN has a decay length less than 1mm, the resolution

Ny
is insufficient to distinguish the DV from the primary vertex (PV), and it is said

that it decays promptly. If it has a decay length greater than 1 m, it decays
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outside the tracker. Similarly, we obtain the decay time on its rest frame as
h

TN4=—FN .
4

h .
Figure 7: Left:Simplified Decay Length (m) Ly, = F—c Right: Rest frame Decay Time (ns) 7, = To
N.

Ny 4

4 Simulation

MadGraph5 aMC@NLO is a framework for Monte Carlo event generation
[25]. Its main purpose is the simulation of SM and BSM processes. It pro-
vides elements necessary for high-energy phenomenology, such as the compu-
tations of cross sections (at Leading Order (LO), Next to Leading Order (NLO)
and including loop corrections), the generation of hard events and their match-
ing with event generators, and the use of a variety of tools relevant to event

manipulation and analysis. The software can be used in conjuction with sev-
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eral other programs such as Pythia8 [26, 27], used for parton showering and
hadronization. This allows for a thorough simulation of the present and future

experiments at the LHC.

The Les Houches card for SPheno is generated in Mathematica (ver. 11.0.1.0)
with SARAH package SSP (ver.1.2.5) [28]. The parameter card for the See-
saw Model is generated with SPheno 4.0.3., this is then used as input for Mad-
Graph5 AMC@NLO (ver. 2.6.4). Events are generated with /s = 13 TeV. In
our analysis b quark pdf’s are included at the primary vertex, since they have
considerable contributions to VBF Higgs production. Cross sections are cal-
culated at tree level. The hadronization and showers are made via Pythia8.2,
of which, the output is given in HEPMC format at truth level (the analysis 1s
discussed in Appendix A). The consideration of reconstruction efficiencies is
left as further work [22]. We scanned M, from 1 GeV to 50 GeV, with squared
mixings |U,,4|? from 10~" to 107° (20 samples for each,logarithmically scaled).
Finally, the data analysis is done with the combined use of Root and Mathemat-

1ca.
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41 Event Selection and Triggers

Previous studies in BSM phenomenology at the LHC have analyzed possible
cuts for the search of new physics [29], similarly, we present the cuts used for
HN searches. The VBF topology is characterized by two high p; forward jets
(J1, 72), with large a pseudorapidity gap, located in opposite hemispheres of
the detector, and TeV scale invariant masses [ 1 9]. This topology is particularly
useful in reducing QCD multijet backgrounds, thus, we use it as a first event
selection criterion. The criteria are presented in Table 1. Here, lead and sub —
lead refer to the two most energetic jets. These are experimental requirements,

imposed over the reconstructed objects.

VBF Selections
pread(jet) >30 GeV
[’ (jet)] <5.0

piTledd ety | >30 GeV
‘HSUb_lead(jetM <50
n(etl) - n(jet2) | <0
|An(j1, J2)| >4.2
mj1j2 >750 GeV

Table 1: Table displaying VBF and DV selection criteria.

The different decay modes of the heavy neutrino lead to different experimen-

tal signatures. We focus on:
* Displaced Dilepton (ue) searches [30, 31]

 Lepton jet (1~ pu*&e e™) searches [32—-34]
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* Displaced jet searches [35, 30]

4.1.1 Displaced Dilepton Searches

Displaced Dileptons refer to a muon-electron pair, that is produced via de de-
cay of a LLP. Heavy Neutrino can disintegrate via the Lepton Flavor Violating
(LFV) decay N, —v; eSuT(Fig. 8). This motivates a search for displaced
dilepton production in CMS. The heavy neutrino is required to decay within
the tracker, (/L2 + L? < 40mm & L. < 300mm, where L., L,, L. are the
distances in z, y, 2 travelled by the heavy neutrino before decaying.

The specific cuts for this channel are shown in Table 2. The search requires
high-pr leptons, with low pseudorapidity, opposite charges and considerable
angular separation. In this case, the discriminating kinematical variable is the

impact parameter:

g pL.Ly, — pl,L.|
0= ]
Pr

(28)

It is defined as the distance of closest approach to the beamline. Here, p’ is the
pr of each lepton and pé,?y are the  and y components of the lepton momentum.
The 13 TeV CMS analysis then defines three non-overlapping signal regions

(SR):

* SRIII: |do|.,, > 1000um
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Criterion | 1w—e
Central Selections
Particle I e
pr > 40 GeV | >42 GeV
| <24 <24
AR(u,e) >0.5

Table 2: Table displaying cuts for a displaced dilepton search.

* SRII: |dyle, > 500pum & at least one of the leptons outside of SR I11.

* SRI: |do|e, > 200um & at least one of the leptons outside of SR III &

SR 1I.

The search over this regions greatly reduces the SM background. An individual

analysis for each SR is presented in Chapter 5.

=

M/ Vi
Ny 4

w
6:':

Figure 8: Heavy Neutrino decay into light neutrino and a muon electron pair.

412 Lepton Jets

Lepton jets are defined as leptons and/or jets (pions) within a cone

AR = \/ A¢? + An?<0.5. Depending on their constituents they can be classified

as 3 types:

» Type 0: At least two muons and no jets found within the AR cone.
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» Type 1: At least two muons and one jet or electron found within the AR

conc.

» Type 2: At least two electrons or jets and no muons found within the AR

cone.

For this study the cases of interest are of Type 0 (i lepton jet) and Type 2 (e, 7
lepton jet). The cuts used are shown in Table 2. The relevant Feynman diagram

topology is displayed in Fig. 9.

Criterion | pleptonjet [ e lepton jet
Central Selections
pr(leptonjet) >20 GeV >20 GeV
n(ije)] <2.4+(1.0; 1.1) | <2.4(1.0; 1.6)
AR(/,Ll/Gl,,lLQ/GQ) <0.5 <0.5
| 25| <280mm -
Jet Width - <0.058

Table 3: Table displaying cuts for Type 0 and Type 2 lepton jet searches.

pt(e") d¥

Figure 9: Right: Heavy Neutrino decay into light neutrino and a lepton anti-lepton pair. Left: Heavy Neutrino decay into
electron and a pair of jets (pion).

The lepton jet is constructed from the total momentum of its constituents,
which are required to be within AR < 0.5 of each other. It must pass the stan-

dard jets selections, that is pr > 20 GeV and |n| < 2.4 (the excluded 7 ranges
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are due to transition regions, and are therefore rejected). For Type 0 and Type

2 lepton jets there are then different criteria.

Type 0 require to be non-combined, that is, their direction can not be recon-
structed to the primary vertex. It must not be associated to a track, this is
achieved by having the HN decay outside the tracker both | /L% + L7 < 4m and |L.|
5.5 mand either(y/LZ + L7 > 1.05mor |L.| > 3m. A requirement on the
muon longitudinal impact parameter z,, defined as the value of z of the point

on the track that determines d (i.e, the value of z when the particle is a distance

dy from the beam axis), is also imposed (|z,|< 280mm). There are 3 possible

trigger regions for Type 0 events:

* Narrow scan: Requires a leading muon with p7 > 20 GeV, and subleading

muon with pp > 6 GeV
* Trimuon: At least 3 muons, each with p;r > 6 GeV

 CalRatio: A muon jet with pr > 30 GeV and low EM fraction
(log(Eycar/Ercar) > 1.2.This can be enforced by requiring that the HN

decays inside the HC'AL.

Only Narrow scan and CalRatio are accessible in this study.
Type 2 search imposes no requirement on the impact parameter.In turn, the

search requires:
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2D
It is the average distance of a jet constituent to the jet direction weighted

 Jet Width <0.058: A discerning variable for jets defined as W' =

with the energy of the constituent: It is related to the jet mass, but not as

sensitive to detector effects.

* EM fraction < 0.1: Low energy deposits at the FC' AL, HN decays inside

the HC AL

Type 2 jets also require cuts on variables not accessible, or constructable, from
the ATLAS Delphes card, namely: Jet Timing, Jet Vertex Tagger (JVT) and
BIB(Beam induced background) tagging. This variables allow to discriminate

whether the electron jet comes from a DV and reduce backgrounds.

41.3 Displaced Jets Searches

Standard jets originating outside the primary vertex (PV) are of particular in-
terest as event selection criteria for the HN search (Fig. 10). We present two
possible different searches, in CMS and ATLAS, respectively. Their kinemati-

cal cuts are summarized in Table 4.
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Criterion [ CMS | ATLAS
Central Selections
pr J1,(J2) >30(30) GeV | >70(-)GeV v>25(25)GeV
il 1G) <1.48 <49
DV Selections No Yes

pss >120GeV >200GeV
N* tracks - >5

mpy - >10 GeV

Table 4: Table displaying cuts for CMS and ATLAS displaced jet searches.

Vi/li

Ny »—4—/ t

Z/W
J2

Figure 10: Heavy Neutrino decay into light neutrino and a muon electron pair.

« CMS

The displaced Jet search at CMS requires at least 2 jets with pr > 30GeV,
with considerably low pseudorapidity, || < 1.48; and high missing Energy
trigger p7¥'** > 120 GeV. The CMS collaboration presents many calorimetry
requirements for ”jet cleaning”, such as cuts on the minimum energy deposited
in the electromagnetic (£ 47) and hadronic calorimeters (H¢ 1), and the time
of the jet’s detection (Z;.;). The jet displacement is determined by requiring a
delayed detection of the jets ¢;.,, > 3 ns. Their specifications can be found in
[35]. This cut criteria can be imposed on Geant4, via a simulation of the CMS

detector, which is not open source.

35



 ATLAS

The ATLAS search requires at least 2 jets, and considers two scenarios. At
least one jet with pr > 70 GeV, or 2 jets with pr > 25 GeV. It imposes no
pseudorapidity requirements other than the detector’s limitations, |n|<4.9. The
search has a very high missing Energy trigger p*** > 200 GeV, and in contrast

to the CMS search, the DV selection criteria must be included.

 The vertex position must be within the fiducial volume of the tracker,

v/ L2+ L2 < 300 mm and |L.| < 300 mm.

 Transverse distance between the interaction point and the decay position

v/ L2+ L2 > 4 mm.

» The DV must have at least 5 associated tracks, which must be charged and

stable, with pr > 1 GeV and |dy| > 2 mm.

* The DV must have reconstructed invariant mass mpy > 10 GeV.

5 Results

We present the cross section for heavy neutrino (/V,) production via the decay
of a VBF Higgs or Z boson (Fig. 11). The Z contributions are dominant for

M, ~ 1—10 GeV and its dependence on the M, mass is only kinematical. The
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results can be written in the form o(pp — H(Z)jj)vpr X BR(H(Z) — v;[Ny).
The branching ratios are considerably low, between ~ 107 - 1073, which is
expected from this model. As a benchmark, we calculate the integrated Lumi-
nosity needed to generate 100 events (Fig. 12). The scenario nearest to present
experiments requires L ~ 10° fb~!, an order of magnitude above current inte-
grated luminosity at the LHC, at the scale of the HL-LHC. Within the evaluated
parameter space, the expected heavy neutrino events at the LHC (L = 300 fb™1)
(Fig. 13) go up to at most two hundred events. The HL-LHC has expected Lu-
minosity L = 3000 fb~!, which adds an order of magnitude to the number of

events. Final results must be multiplied by a factor of two since M, ~ Ms.

Figure 11: Left: Cross Section (pb) for pp — Hjj, H — 1;N4. Middle: Cross Section (pb) for pp — Zjj, Z — v;Ny.
Right: Sum of both contributions.
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Figure 12: Luminosity (fb—!) needed for 100 events in N4 production via VBF and decay of: Right: Higgs, Middle: Z
bosons and Left: Both.

Figure 13: Expected number of events at present LHC (300 tb~1), top row and future HL-LHC (3000 fb~!), bottom row for
Ny production via the decay of: Right: Higgs, Middle: Z bosons and Left: Both.
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We now present the results for the different detection channels discussed in

chapter 4:

5.1 Displaced Lepton Searches

We search for lepton pairs (ex) in agreement with the cuts described in Chap-
ter 4. We generate, via MadEvent, 10000 pp — H(Z)jj, H(Z) — v;Ny,
Ny — yu~e events. Our benchmark scenario: M= 14 GeV, |U,4*= 1076
has Higgs and Z boson contributions of the same order. The kinematics of the
leptons for the benchmark scenario show low pr and |n| distributions (Fig. 14),
and considerably small AR distances and impact parameters (Fig. 15). The
trigger cuts are most stringent in the py and AR requirements, as seen in Table
5. The required leptons must have considerable transverse momentum and not
be collimated, which is not expected, since high pr leptons require a boosted
N, decay, which in turn makes them collimated. Given these two cuts, the num-
ber of events that survive in the DV-relevant part of the parameter space is 98
of 10000 in a best case scenario. The number of events on this benchmark is
further constrained by the individual SR searches, with 0, 2, and 15 events for
signal regions III, IT and I, respectively. A total of 17 events, which is roughly
equivalent to 1074(1073) detections per LHC(HL-LHC) run. Thus, individual

SR searches are impossible with such a low number of events.
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Figure 14: Left: Total pr distribution for final state leptons. Right:|n| distribution for final state lepton.

Figure 15: Left: AR, distribution for final state leptons. Right:dy distribution for final state leptons

5.2 Lepton Jet Searches

* Type O (1~ ' )search
Similarly to dilepton search, we follow the cuts described in Chapter 4. We
generate, 10000 pp — H(Z)jj, H(Z) — v;Ny, Ny — v;ut = events. The
squared mixing is fixed (|U,4|*= 107Y), and we analyze how the kinematics
change for several neutrino masses. In Table 6 we display the number of
surviving events (out of 10000) for the selection cuts, and for the 2 analyzed

trigger regions. These are overlapping signal regions so we also present the
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Cut Flow (1 — e)
Criterion Individual | Combined

\/Lfc + Lg < 0.04m 9968 9968
|L,| < 0.3m 10000 9968
In(e)] < 2.4 9264 9231
In(u)| < 2.4 9266 9020
pr(e) > 42GeV 5828 5481
pr(p) > 40GeV 5880 3707

AR, > 0.5 3294 98

Table 5: Table displaying individual and combined cuts for displaced dilepton search simulation. Ten thousand initial events.
overlap and the final surviving events. Higgs and Z boson contributions are
both considered, and in this range the Z boson VBF cross-section is an order

of magnitude above that of the Higgs.

Mass (GeV) 2.9 3.6 43 5.3 6.4
Selected Events | 651(544) | 1516(1324) | 2048(2592) | 947(2819) | 116(1188)
Narrow Scan | 455(460) | 992(1144) | 1656(2305) | 860(2648) | 107(1138)
CalRatio 337(261) | 673(682) | 876(1270) | 345(1280) | 30(407)
Overlap 241(222) | 511(590) | 734(1147) | 316(1229) | 29(399)
Final Events | 570(499) | 1154(1236) | 1798(2428) | 889(2699) | 108(1146)

Table 6: Table displaying surviving number of events, out of 10000, for pp — Hjj, H — v;Ny, Ny — v;pu = and
pp — Zjj, Z — viNy, Ny — vy (in parenthesis) after selection cuts and after different overlapping search regions.
2.9 GeV< My < 6.4 GeV at|U4|*>= 1076,

We observe that at M,= 5.3 GeV the number of accepted events reaches a
maximum. We show in Fig. 16 - 18 how the py of the electrons and the
transverse decay distance of N, vary as the [V, mass changesina H(Z)— >

Nyv, Ny— > vu~ ™ process.
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Figure 16: Normalized pr distributions for highest  component of lepton jet. Points right of the blue line at 20 GeV pass
the Narrow Scan requirement.

Figure 17: Normalized pr distributions for second highest 1 component of lepton jet. Points right of the blue line at 6 GeV
pass the Narrow Scan requirement.
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Figure 18: Normalized Transverse decay distances for V4. Points right of the red line at 1.05m are non-combined. Those
that fall between the blue lines (2.09 & 4 m) are in the range of the Hadronic Barrel calorimeter.

The blue line (Fig. 16) shows the minimum pr for a Narrow Scan search.
For the mass range displayed, most events pass the cut. The transverse
decay distance (Fig. 18) decreases as the HN mass increases, which is ex-
pected. The red line shows the tracker radius, and the blue lines show the
transverse range of the Hadronic Barrel. For Narrow Scan we consider
decays inside either the Hadronic Barrel or the Hadronic Endcap (not dis-
played) In general, the heavy neutrino needs to decay in the region  / L3 + L2 >
2.09 m, |n| < 1.7 for the Hadronic Barrel, and 1.05 m< /L% + L2 < 2.09
m, 1.5 < |n| < 3.2 for the Hadronic Endcap. The kinematics of the muons
for M,=4.3 GeV, |U,4|>= 1079, chosen as the benchmark scenario, shows

low pr (Fig. 19) and AR (Fig. 20) distributions. The kinematical cuts in
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this search favor these distributions (Table 7), thus, we see that these cuts
are less stringent than a dilepton search. After all cuts, including weighted
Higgs and Z boson contributions, around 2500 of the initial 10000 events

survive. For the search regions:

— Narrow Scan: 2246 events
— CalRatio: 1234 events
— Overlap: 1110 events

— Final Events: 2370 events

After considering the cross-section and branching ratio for 1~ ™ produc-
tion, an LHC(HL-LHC) search could expect 0.1 (1) events for the bench-
mark M,;=4.3 GeV,|U,4|>=107%, and 1(10) event for the scenario of highest
mixing M= 3.6 GeV, |U,4]*=107".

The ATLAS documentation requires at least 2 lepton jets in their analy-
sis. We have bypassed this requirement since we have additional selection

criteria (VBF topology).

Cut Flow ()
Criterion Individual | Combined
In(leptongjet)| < 2.4 9204 9204
pr(leptonjet) > 20GeV 9091 8447
AR,, <0.5 9471 8284
|12,| (1) < 280 mm 7383 6361
Non — combined 3614 2552

Table 7: Table displaying individual and combined cuts for displaced lepton jets (Type 0) search simulation. Ten thousand
initial events.
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Figure 19: Left:Total p distribution for final state muons. Right:|n| distribution for final state muons (Type 0).

Figure 20: AR,,, distribution for final state muons (Type 0).
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* Type 2( e~ e"/e*nT) search
We follow the cuts described in Chapter 4 that are available at simulation
level. The additional calorimetry requirements presented by the ATLAS
collaboration (Jet Timing, JVT, BIB), are not imposed. We generate, 10000
pp — H(Z)jj, H(Z) — v; Ny, Ny — viete /eTuTd* events. We main-
tain the squared mixing fixed (|U,4|*=107Y), and analyze how the kinemat-
ics change for several neutrino masses In Table 8 we display the number of

surviving events (out of 10000) for the selection cuts. Higgs and Z boson

S . : N, — vietnT ,
contributions are both considered. In this range ' ~ 3, which
14— vieter
is consistent with quarks having 3 colours.
Mass (GeV) 2.9 3.6 4.3 53 6.4

Total Events | 341(319) | 807(762) | 1272(1322) | 905(1129) | 241(363)

Table 8: Table displaying surviving number of events, out of 10000, for pp — Hjj, H — v;Ny, Ny — viete™ JetuTd* and
pp — ZLjj, L — vi Ly, Ly — Vie+e_/eiu¢di(in parenthesis) after Type 2 lepton jet selection cuts. 2.9 GeV< My < 6.4
GeV at |U,4/*=1075.

We observe that at M,;=4.3 GeV the number of accepted events reaches a
maximum. For this scenario, we show in Fig. 21 - 23 how the pr of the
electrons and the transverse decay distance of the HN vary as the V4 mass

changesina H(Z)— > Ny, Ny— > ve™ /eTnT process.
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Figure 21: Normalized pr distributions for highest component of lepton jet for Type 2 search.

Figure 22: Normalized pr distributions for second highest component of lepton jet for Type 2 search.
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Figure 23: Normalized Transverse decay distances for V4. Those that fall between the blue lines (2.09 & 4 m) are in the
range of the Hadronic Barrel calorimeter

Figure 24: Normalized jet width for Type 2 lepton jet. Events to the left of the blue line pass the Jet Width cut.

The transverse decay distance (Fig. 23) decreases as the HN mass in-
creases, which is expected. The blue lines show the transverse range of

the Hadronic Barrel. We also consider decays inside the Hadronic Endcap.
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The Jet Width (Fig. 24) increases with M. Events to the left of the blue
line at 0.058 pass the Jet Width cut. The kinematics of the electron for the
benchmark scenario show low pp (Fig. 25) and AR (Fig. 26) distribu-
tions. The kinematical cuts in this search favor these distributions (Table
9), thus, we see that these cuts are less stringent than a dilepton search. This
1s present in both lepton jet analysis. After all cuts, and weighting Higgs
and Z boson contributions, around 1200 of the initial 10000 survive. After

considering cross-sections and branching ratios, an LHC(HL-LHC) search

could expect 0.2(2) events for the benchmark M, = 4.3 GeV, |U,4|*=1075,
or 2(20) events for the scenario of highest mixing My = 3.6 GeV, |U,4|*=

1072,

Figure 25: Left:Total pp distribution for final state jet constituents. Right:|n| distribution for final state jet constituents.

A lepton jet search at the HL-LHC could yield around 3 events at 3000 fb~!
integrated Luminosity for the bench mark, and up to 30 events in a best case

scenario.
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Figure 26: AR, distribution for final state jet constituents.

Cut Flow (ee)
Criterion Individual | Combined
In(leptonjet)| < 2.4 7129 7129
pr(leptonjet) > 20GeV 9415 6773
AR.. < 0.5 9411 6567
JetWidth < 0.058 8455 6017
Low EM Fraction 2198 1295

Table 9: Table displaying individual and combined cuts for displaced lepton jets (Type 2) search simulation. Ten thousand
initial events.

5.3 Displaced Jet Searches

The cuts displayed in Chapter 4 for Displaced Jets are considerably stringent,
and make the search unviable for this model. This is particularly true for the
PSS requirements.

The missing pr distribution is shown in Fig. 27. Less than 20 and 5 percent

of the events survive the p'* cuts, for CMS and ATLAS respectively.
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Figure 27: Missing pr for the benchmark My= 14 GeV, |Uu4|2: 1075, Events to the right of the blue(red) line pass the
CMS(ATLAS) p?iss requirement.

6 Conclusions

We studied the possible detection of heavy neutrinos involved in VBF pro-
cesses, via displaced vertex in the LHC. We have based our study on a 3+3
Seesaw type I model with heavy neutrino masses in the GeV scale. We have
two almost degenerate heavy Majorana neutrinos (M5 ~ 1 — 50 GeV) with
considerable mixings to the SM, (|U,4|? ~ 1077 — 107°), and a heaviest third
(Mg = 100GeV) decoupled from the theory. This model then behaves like an
effective 3+2. The parameters in the model are tuned in such a way that heavy
neutrino masses are generated below the electroweak scale without the need of
excessively large mixings.

The model is implemented in SPheno for the parameter space of interest. Proton
proton collisions are simulated in MadGraph, with model input from SPheno

to obtain NV, events from the decay of the Higgs and Z boson. Cross Sections

51



for pp — H(Z)jj, H(Z) — Ny, range from 10~* to 10~° pb. Both channels
have the same dependence on |U,4]%, but Z channel depends on M, only kine-
matically. The posterior decays and hadronization are ran in Pythia8, and the
truth level information is stored in HEPMC format. In the section of the pa-
rameter space interesting for displaced vertices (Ly, >~ 1mm — 1m) relatively
low M, masses are required, and in this mass range Z boson contributions an
order of magnitude above those of the Higgs. The anticipated number of events
at the LHC (/s = 13 TeV and L =300 fb™ 1) is around 30 events in a best case
scenario (M= 3.6 GeV, |U,4|*= 107°), without any consideration of detector
efficiencies, which is subject of a future work [22]. Future expectations for the
HL-LHC (y/s = 14 TeV and L =3000 fb~ 1) could improve the search by and
order of magnitude, which may be necessary to observe these events.

We study three possible NV, decay channels that could allow for heavy neutrino

detection:

* Displaced Dileptons with a e and y pair, which requires high pr and a large
AR separation between leptons. Not feasible for single neutrino production
even in the HL-LHC, since a boosted pair of leptons tend to be collimated.
This type of search might work in models with more than 1 heavy neutrino

as decay product.

 Lepton jets, which are leptons or pions inside a cone of AR < 0.4. We
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expect to overcome the requirement of having at least 2 lepton jets with the
VBEF topology. The search has opposite requirements to those of displaced
leptons: low AR distances and considerably low minimunum pp, which
makes it ideal in this scenario. Via this search, the model expects up to 3
events per HL-LHC run in the case of |U,4|* = 1075, If one goes to the

current bound |U,,4|* = 10~° around 38 events could be expected.

* Displaced jets which require jets generated away from the primary vertex,
are studied, but a search is not implemented and is left as subject of a pos-

terior work.

A HEPMC data extraction and processing

HepMC is an object oriented event record written in C++ for Monte Carlo Gen-
erators in High Energy Physics [37]. It serves as an output format for the event
information, from the main vertex collision to the decay products and posterior
hadronization. It contains the information (4-momentum, id, mass, parent ver-
tex, etc.) of every particle and vertex in the event. The information is at truth
level, not as reconstructed by the detector. Using Root we extract the energy
and momentum of the heavy neutrino and its decay products. From this we

construct in Mathematica the quantities used in the analysis, such as pseudora-
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pidity 1 and transverse momentum p7. The neutrino average lifetime in the lab

frame 1s constructed as:

By, B h 29)

B MN4 1—wo 1—10

T

in seconds, where I’ 1s calculated at rest.

The actual lifetime follows an inverse exponential distribution:

t
exp [——], t >0 (30)
T
According to this distribution we randomly generate the decay length as:
=N oy G1)

Ey,
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