Kinematic reconstruction performance in ¢t and ¢t +
DM production in dileptonic channel

Aliya Nigamova, MEPhI, Moscow, Russia

September 7, 2016

Abstract

To increase our chances of success in such non-trivial task as a search for dark
matter(DM) the performance of the kinematic reconstruction of the t¢ system has
been studied. Performance of kinematic reconstruction has been benchmarked on
SM tt production, and it was shown that SM tf events are well reconstructed.
The performance of the default kinematic reconstruction for t¢ + DM sample. A
possible update of the kinematic reconstruction algorithm, designed to improve
the performance on tt + DM samples, is presented.
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1 Introduction

A lot of astronomical observations propose the existence of dark matter, which is the
substance that appears to interact with the ordinary matter via gravity and seems to
make up more than a quarter of the total matter-energy in the universe. There are many
DM models, but in this research we will consider a simplified model, which proposes a
spin-0 interaction between DM and SM particles. The coupling to the SM particles is
considered to be Yukawa which is proportional to the mass of the quark. Due to the
fact that the top quark is the heaviest one, the search of new physics in association
with top pair production seems to be reasonable. This report describes the study of
kinematic reconstruction in ¢t and ¢t + DM production in the dilepton channel. The
main disadvantage of the dilepton channel is the low statistics available. But leptons
are accurately reconstructed, that gives us more accurate spin correlation information,
which can be used in the search for sensitive variables.

2 Simplified model

In this section the brief description of simplified model is given, while more detailed
description can be found in [3].

The simplified model of DM proposes two mediator particles: scalar (S) and pseudo-
scalar (PS), and two DM fermion particles. The model can be characterized by four
parameters: the mass of the DM fermion (My), the mass of the mediator (M¢), the
coupling strength of the mediator to the SM fermion and the coupling strength of the
mediator to the DM fermion.

In Figure 1 a Feynman diagram describing this process is shown.
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Figure 1: Feynman diagram illustrating the simplified ¢ + DM model



3 Data sample and event selection

This analysis is performed in the CMS framework. A full description of the CMS detector
can be found here [1].

3.1 Simulation

This analysis is based on the MC simulation which was produced by the CMS MC group.
A list of used simulation samples can be found in appendix A.

3.2 Event selection

In this analysis we are interested in ¢¢ pair production in the dilepton channel which
is illustrated in Figure 2. In the final state we have 2 oppositely-charged leptons, 2
b-quarks and 2 undetected neutrinos, events with 7-> [y, decays are not considered
as a signal.

In the search for DM this process will be considered as a background and ¢t + DM will
be considered as a signal process.

Figure 2: Dilepton channel t¢ decay

The main constraints:

e 2 leptons: events with two oppositely-charged leptons, my; >20 GeV, and events
with 76 GeV < my < 106 GeV are rejected for eTe™ and p*p~ channels (to remove
background from Z+jets )

e at least 2 jets and at least one of them should be b-jet
o E"ss > 40 GeV(for ete™ and puTp~ channels )

The missing transverse energy (MET) E™** is defined as the magnitude of the projec-
tion on the plane perpendicular to the beam, of the negative sum of momenta of all
reconstructed particles.



4 Kinematic reconstruction

4.1 Description

One of the goals of this project is to test the t¢f kinematic reconstruction on ¢t + DM
production sample. The method needs to be tested on ¢t SM sample, to be sure that
these events are well reconstructed. This method is based on a algebraic approach and
fully described in [2]. In this section only a brief description will be given. The event
reconstruction is based on solving the following set of equations:

E;n = Pz,v + Pz,v

E™ = py, + Py

Mirs = (B + B,)? = (Dap + Dut)? = Py + 2ya)? = (P2 + D21)°

m%/V* = (El— + ED)2 - (px,f/ +pz,l)2 - (py,u +py,l)2 - (pz,u +pz,l)2

m; = (Ei+ + By + Ep)* = (et +Dap +Dep)” = (Dyi+ + Dy +0yw)> — 0o+ +Pop +020)°
mi = (B + By + Ep)* — (Pea- + Do+ Dap)® — (Pya- +Pyp +0y5) — (poi- + 0.5+ 025)°

This system can be solved considering the following assumptions:

the b-jet mass is equal to the b-quark mass

leptons and neutrinos are considered to be mass-less

o m; =my; = 172.5 GeV

the invariant lepton-neutrino mass is equal to the my,=80.4 GeV

In a significant fraction of events there is no solution. In order to solve this problem
each event is reconstructed 100 times, each time smearing the kinematic variables within
detector resolution. The smearing factors were obtained from the MC simulation.
During the kinematic reconstruction an event weight is calculated. The event weight
value represents the quality of the reconstruction, a larger weight value corresponds to a
better solution. In this analysis the weight value is used as a criterium of reconstruction
quality.

4.2 Kinematic reconstruction performance check on SM ¢t

To check kinematic reconstruction performance the energy resolution and AR have been
studied, which represents the difference between generator level and reconstructed par-
ticles.

Where AR = /An? + A¢?.

In Figure 3 you can see the AR distribution for the top quark decay products: leptons,
b-quarks, neutrinos, and the top-quark itself. We can see that lepton kinematics are
accurately reconstructed. The AR distribution for b-quarks is broader than the same
distribution for a leptons because we reconstruct b-jets in a finite cone. Because we



obtain neutrino kinematic information only as a solution of the kinematic reconstruc-
tion algorithm the neutrinos are the most poorly reconstructed particles, as one can see.
Top-quark resolution graphs fully reflects the behaviour of the decays products.

In general one can say that we reconstruct the top-quark kinematics well, despite the
fact that neutrinos are invisible in the detector.
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Figure 3: AR distributions for I(top left), b-quarks(top right), v(bottom left), t-
quarks(bottom right)



4.3 Attempt to apply default kinematic reconstruction on DM
sample

Once we know that the reconstruction method works on a ¢t SM sample, we can try
to apply the same method on a ¢t + DM sample. In this case we should expect worse
performance, due to the fact that we have larger MET values compatible with t¢ pro-
duction. In Figure 3 MET distributions are shown. For the DM sample the mass point
(Mg = 10GeV, M, = 1GeV') has been chosen due to the larger statistics. Even though
only the lowest mass point is presented, one already can see difference between SM and
DM MET distributions.

In Figure 5 a comparison of the weight distributions is presented. The weight distribu-
tion for scalar case looks very similar as the weight distribution for SM, but still it is
possible to distinguish them. The weight distribution for PS has a narrow peak near
zero, this fact tells us that there is a significant amount of poorly reconstructed events.
Hence we can check if the weight value can be used to distinguish the DM and SM
processes. That means that we can try to apply a cut on the weight value to check if
we can increase the signal over background ratio (S/B).

The initial weight distributions were normalised to the same luminosity of 20 fb~! for
each of the mass points, and then the number of events that we obtain after we apply
cut on the weight value was calculated, i.e. we throw away events with a weight above
the cut value.

In Figure 6 S/B as a function of the weight cut value for all mass points is shown.

From these distributions one should conclude that it is impossible to significantly in-
crease S/B using a cut on the weight of the default reconstruction method.
In the next section of my report a modification of the reconstruction method is described.
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Figure 6: Weight cut distributions for scalar mediator



5 Modified algorithm of the kinematic reconstruction

5.1 Description

The main problem of the DM search in association with ¢t production in dilepton channel
is that neutrinos and DM particles are both invisible in the detector. That give us a
problem with separating the MET between neutrinos and DM particles. The one of the
possible ways to solve this problem is to let the kinematic reconstruction algorithm decide
which fraction of the observed MET is most compatible with ¢¢ production. This could
be done by scanning over possible MET vectors as input for the kinematic reconstruction
algorithm and consider the weight with the best reconstruction as one that coming from
tt.

We vary the components of the vector that we give to the algorithm with 1 GeV steps
in the following ranges :

o —12|E™ss| < p, < 1.2|E™ss|
o —12|EMss| < p, < 1.2| B

Where E;’?;SS are x and y components of the observed MET in the event. For each of
these vectors the kinematic reconstruction algorithm has been applied, and the best
solution has been chosen(based on the maximum weight value). One could choose wider
ranges for x and y components of the momenta, but these ranges has been chosen to
speed up the computing process.

One should expect that resolution for tt+DM events will improve.

5.2 Comparison with the results obtained by default algorithm

In this section the results obtained with modified kinematic reconstruction algorithm
are presented.

In Figure 7 the weight distributions are presented. The weight values are expected
to become larger even in SM tt, because a choice of the best solution is based on the
maximum weight value. In Figure 9 the AR distributions for the neutrinos are shown.
There is no significant improvement in comparison with the results obtained using default
reconstruction method.

In this research EY /E7"** and E} / E}"** correlation has not been taken into account, but
one can clearly see some correlation in Figure 8. (£, - x and y components of neutrinos
momenta; £;"** - x and y components of the MET that we give as an input information
to the algorithm) The fact that we don’t put any constraints on angle variables in our
method could give poor A¢ resolution, which could be the reason of this broad structure
that we can see in AR distributions.

In Figure 10 the neutrino energy resolution plots are presented. One can see that energy
resolution has slightly changed after the new algorithm has been applied.

In Figure 11 AR distributions for the top-quark are shown. One can see that for S
and PS cases distributions has slightly changed, but it should be checked on higher

10



statistics. AR distribution for SM became broader, but in SM model we should get the
same resolution. One should conclude that probably the weight criteria is not the best.
In Figure 12 the energy resolution plots for top-quark are presented, here we can see
that we achieved a much improved resolution with the new reconstruction method.

11



Figure 7: Weight distributions for a new algorithm; upper-PS, middle-S, bottom-SM
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6 Conclusion

It has been checked that the default kinematic reconstruction performs well in ¢t SM
production. As a result of probing the kinematic reconstruction on the ¢t + DM pro-
duction we concluded that it’s impossible to significantly increase s/b using only weight
cut. Then an updated kinematic reconstruction has been tested. We can see most sig-
nificant improvement in the resolution plots for PS sample, and for S sample there is
also noticeable improvement in the resolution plots.

These results give us a hope for possible future of this project. For example, we could
try to use different criteria of the reconstruction quality even though weight criteria
already gives us good results, for example my, - invariant lepton-b-quark mass, or mtt -
tt invariant mass. Also one could try to use E7* and E;mss correlation information to
specify the area where the best solution could be found.
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7 A. Simulation samples
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60770 geryAd-N TINYdeISpen-A9L¢T TINSOLANDRUN, OT-IYd[N T-IyoN Iefeosopnosd sjorN IR ], T/
6061°0 QeryAd- TINYdeIBpeu-A9 ¢ T TINSOLANDRULT, 00T- YN T-IpIN Tefeosopnosd sjofN((1eq ], 1,/
11970070 geriAd-INTINYdeIsSpew-AQ LT TINSOLANDPUNT, 00G-TUAIN 0SGT-IPIN Tefeosopnosd sjopN(1eq T, 1,/
#217000°0 geriAd-INTINYdeasSpew-AQ LT TINSOLANDPUNT, 002 TUAIN 0ST-IPIN Tefeosopnosd s3oLN(1eq .1,/
66710°0 SerpAd-INTINYdRISpew-ASLET TINSOLANDRUNT, OT-IYAIN OT-TY2IN Tefeosopnosd syofN(Ieq LT,/
T061°0 gerpAd-INTNydeISpew-A9,¢T TINSOLANDRUNT, 00T-TYAIN OT-TYPIN Tereosopuosd sy IR LT,/
[qd]o owreu o[dwreg
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