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Introduction Presentation

Particle World

Detectors

Foundation of Statistics

Accelerator Technology Challenges (Part 1: Magnet Superconductivity)
Theoretical Concepts in Particle Physics

Presentation by the CERN Director for Research and Computing
Particle Accelerators and Beam Dynamics
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The Standard Model

From Raw Data to Physics and Results

Making Predictions at Hadron Colliders
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Astroparticle Physics

Experimental Physics at Hadron Colliders

Introduction to Cosmology

Beyond Standard Model

Accelerator Technology Challenges (Part 3: Accelerator Operation and

Design Challenges)

What is String Theory?

Nuclear Physics at CERN

Flavour Physics

Physics and Medical Applications
Experimental Physics at Lepton Colliders
Future High-Energy Collider Projects
Antimatter in the Lab
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(a) HNL signal (b) Drell-Yan process
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1 Introduction

The Neutrino Minimal Standard Model (#MSM) is an extension of the Standard
Model of particle physics, by the addition of three-right handed neutrinos with masses
smaller than the electroweak scale. This model introduces the smallest possible number
of new particles without adding any new physical principles (such as supersymmetry or
extra dimensions) or new energy scales (like the Grand Unified Scale) [2]. A Heavy Neutral
lepton (HNL) can be produced only by mixing with an active neutrino. Plus, it can be
either a Majorana or a Dirac particle. In case of Majorana nature, the HNL decays can
lead to a very clean signature in the CMS detector containing LNV process.

B
4

I
é[[
4

Leptons

Figure 1: Particle content of the Standard Model (left) and its minimal extension in the
neutrino sector, the ¥MSM (right). [1]

The search for HNL in pp collision with the CMS detector is done via the production
of W boson, which has a very high cross section comparing to any other physics process.
In our case, the W decays to a muon and a neutrino. The Feynman diagram of the signal
process is shown in figure 2 along with Drell-Yan process as the background in this study.

In this study, we are only interested in signal events with 2[2Q) final state. It is
also important to emphasize that separation between LNC (oppsite sign muons) and LNV
(same sign muons) signal events is essential. HNLs are produced by mixing with active
neutrinos. The decay rate of an HNL to a lepton and a scalar meson final state is governed
by the equation (1).

- G2
M =T(N, =1 P") = ﬁf?:m#%lgmz (1)
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(a) HNL signal (b) Drell-Yan process

Figure 2: Feynman diagrams of the HNL production and DY background in pp collision
events

The proper lifetime of the HNL is :—’ which means it is o W
4 [

e This explains why HNL particle has a mean proper decay length of several mm for
our coupling and mass ranges of study.

e Taking into account the boost (v/3) factor which is relativistic effect, our HNL par-
ticle can have a mean decay length of several centimetres, which makes this analysis
unique from most of other analysis.

2 Searching Strategy

The search strategy is based on two strong points.

1. The kinematic of the HNL particle, which has an exponential decay length: the
search region is binned as a function of the displacement of the 24 muon and 1
hadronic track from the W* decays.

2. The geometry of the Tracker detector, which consists of 2 main parts: the inner and
outer Tracker, that are composed from Pixel and Strip layers.

From these, the search region is divided into 3 parts: the prompt region, the
intermediate region, and the very displaced region. The intermediate region is the main
focus here and is defined by the 2" muon and at least 1 hadronic track with 0 Pixel layer
hits, both of them are required to be contained in the same jet. The philosophy is that
the 2 tracks are always clustered into a jet.

The problem is that the chosen signals must have enough number of events after
the region selection for further analysis. In this case, the chosen signals are 5 GeV in P,
and unboosted decay length of 18 mm, 25 mm, 69 mm, and 349 mm HNL, since their
number of events of the second muon hitting no Pixel layer are sufficient to be worked
with. The HNL samples used in this study and their cross section are:

Steps Samples Cross section
1 HNL 18mm (7.34 +£0.04) x 1072
2 HNL 25mm (5.53 +0.03) x 1072
3 HNL 69mm (1.98 +£0.01) x 1072
4 HNL 349mm  (3.895 £ 0.005) x 103

Since the SM processes containing 2 muons do not have a displaced muon, most of
the background events left are mostly from pileups, badly reconstructed track etc. These
events shall be dealt with by applving some other cuts on the events themselves. Then,
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find some region in one of the distributions that have number of signal events exceeding
number of background events.
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Figure 3: Schematic cross section through the CMS tracker in the r-z plane. In this
view, the tracker is symmetric about the horizontal line r = 0. The center of the tracker,
corresponding to the approximate posiont of the pp (proton-proton) collision point, is
indicated by a star. Two red lines divide searching region into 3 parts, which are: 1. The
prompt region, 2. The intermediate region, and 3. The very displaced region. [3]

3 Results

Here are the list of cuts applied on the data so far. The percentages for number of
events left are obtained after scaling to the luminosity of 36 fb™! from 2016 run:

% of No. of events left

Steps Cuts HNL 18mm  HNL 25mm DY
1 Preliminary cuts! 0.560 0.581 0.96 x 10~
2 2" huon and at least 1 track in the jet are having 0 Pixel layer hits 0.369 0.380 2.71 % 1073
3 0 Pixel hits hadronie track P; > 1 GeV and AR(jet, 2" muon) < 0.3 0.353 0.365 2.01 x 107*
4 Chosen 2" muon is Medium 0.280 0.284 1.36 x 1073
5 97.5 < my, < 75 0.273 0.277 151 x 10~
i3 15 < Jet Py < 60 0.258 0.265 1.13 % 1074
T Highest track P; in the jet < 27 0.254 0.261 1.03 % 1074
8 50 < Jet HT' < 200 0.237 0.243 8.53 % 107%
9 1.8 < AR(1** muon, 2" muon) < 4.4 0.233 0.238 6G.84 % 1075

Some distributions used in the analysis for m,, is shown in figure 4.

CMS _presminary 361" (13 TeV) i CMS _Froiminary 36(13 TeV)
s
e
=
gt = W L] ) PP
(a) Opposite sign muons (b) Same sign muons

Figure 4: Distribution of the my,, before the cuts.

"This cut requires the 1°* muon to has P, > 25 GeV, || < 2.4, and ID = tight. This also requires the
2°d muon to has P, > 5 GeV, || < 2.4, and ID = loose. Lastly, the jet is also required to has || < 2.0.



After these cuts are applied on the data, there are some differences in behavior of number
of tracks of and charged particle multiplicity of jets when plot together in a 2D histogram:
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Figure 5: Number of tracks with 0 Pixel hits and total charged particles multiplicity within
the jet containing the 2"¢ muon

number of tracks with 0 Pixel hits within the jet containing the 2°¢ muon
number of total charged particle multiplicity within the jet containing the 2 muon
is defined. The distrubutions for the opposite sign muon case and the same sign muon

case of thef variable are shown in the figure 6.

Then, a variable 8 =

CMS Preliminary 36fb" (13 TeV)

HHL 18mm
10° ~——— HHNL 25mm
= HMNL 69mm
~—— HNL 348mm
~—— Drell-Yan
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(a) Opposite sign muons

Figure 6: Distributions for the 3 variable
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(b) Same sign muons

Figure 6: Distributions for the 3 variable (cont.)

There is a region where the number of events for HNL 18mm and 25mm signals are greater
than the Drell-Yan background when the two muons have same sign (LNV process). A
further study on the fraction between number of tracks with 0 Pixel hits and number of
tracks with 3 Pixel hits will be conducted. This variable is expected to better descriminate
between background-signal in general.

4 Conclusion and future work

The searching strategy used reduces significant amount of number of events for
Drell-Yan background to only 6.84 x 107°%, comparing to number of events for HNL
18mm and HNL 25mm signal which are only reduced down to 0.233% and 0.238%. These
percentages are obtained after scaling the number of events to the luminosity of 36 fb~
from 2016 run. Moreover, a region from the [ distribution is found to have number of
signal events exceeds the number of Drell-Yan background events. Some other cuts will
be explored in the future, such as impact parameter for the 2°¢ muon and the hadronic
track. Further study on other backgrounds like Wijets, TThar, and singleTop will also be
conducted. Then, the data MC agreement in the control region will be checked.
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