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Abstract. The hidden abelian Higgs model is used for a search for an additional scalar decaying
to two Z-dark bosons (Z4) to two leptons, two neutrinos (212v). The search uses pp collision data
collected with the ATLAS detector at the LHC with an integrated luminosity of 139 fb~' at a
centre-of-mass energy /s = 13 TeV. This is a follow-up to the study of the 41 final states. In our
212v channel analysis, using the Run-2 data with the ATLAS detector to conduct the search for
an additional scalar with a distinct mass from the Higgs boson demands study of signal overlap
from the 212j channel. A technique is introduced to separate signal events of our 212v channel
from that of the 212j channel. We present the work and result of the orthogonality study done to
achieve this.

1 Introduction

The Standard Model (SM) explains a wide range of phenomena but leaves unanswered questions such as the origin
of dark matter and possible hidden sectors [1, 2, 3, 4, 5] . In our search for S — Z4Zy — 212v, we use the
Hidden Abelian Higgs model [1] which could provide a viable dark matter (DM) candidate . Considering lepton
universality for the decay of Z4 to leptons, our search is a follow up to the study of the 41 final states [6], where in
our 212v channel, more events and higher sensitivity expected because the Branching Ratio in the Standard Model
is: BR(ZZ — 212v) = 6*BR(ZZ — 41). The main background is Z+jets with minor contribution from ey (tt, WW,
Wt), dibosons and fakes. To suppress the background our chosen mass range is mg < 183 GeV and mzq < 70
GeV. Considering the potential overlapping signatures due to misreconstructed jets and missing transverse energy
(MET) involved in the 212j and the 212v channels, clear separation (orthogonality) of the two channels is essential
for an unbiased search. The mass points used in this study are [mg , mzq] : [70, 20], [70, 35], [84, 31], [110, 30],
[110, 55] and [183, 50] GeV.

The two channels as shown in the Feynman diagram g in Figure 1 demands an orthogonality study so that the
data does not get used twice. To achieve this, a likelihood function that will select events for 212j where the di-
lepton mass matches with the di-jet mass is proposed to be used. This demands using, in the orthogonality study,
only the final state with corresponding Feynman diagramg for S — Z4Z4 — 212j production where its appropriate
Z-dark can be reconstructed. This implies any final state where the second jets escaped as in |n| > 4.9 was not
used in this study.
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Figure 1: (left) The 2{2v channel. (right) 212j channel.
2 The likelihood definition
The likelihood function L is defined to evaluate the compatibility between the dijet and dilepton systemg :
L = max max G(mj;(Eq,Es) —myg | 0,5) x G(E1 | Ej,,/Ej,) xG(E2 | Ej,,/Ej,) (1)

J1,J2 E1,E2

G is the Gaussian distribution G(x | p, 0); Ej, , E;, represent the measured jet energies; E1, Eo represent the
hypothetical jet energies tested in maximization; and mez is the measured dilepton invariant mass. 11,2 is the
measured or initial dijet mass, computed from the four-momenta of jet 1 and jet 2 before any energy rescaling. It

is a fixed value, given by the invariant mass formula:

mj1jo = \/(Ejl + Ej2)% — (Pj1 + Pj2)? (2)

Here, Eji, E;o are the measured jet energies, and pj1, ;o are the three-momenta of the jets. ;2 is the
fixed, measured dijet mass, based on detector-reconstructed jet momenta and energies. Where:
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mj;(E, E2) = my, j,

m;;(E1, E2) is the modified dijet mass used during likelihood maximization. It varies with the chosen values E;
and FE», and rescales m 1 2.

For a given masspoint 212j sample as shown in Figure 2, before applying any cut, the negative logarithm
likelihood fit function was plotted with a varying line demarcation in preparation for the classification of events as
for 212j and 212v channels. This implies (100 %)g;2; samples = [(%) <2j + (%0)2:2j + (%0)212,/] events. Subsequently,
events selected to be evaluated by the likelihood function where cuts will be applied are those with jets > 2. The
standard deviation of the modified dijet and dilepton invariant mass term of 5 GeV was found to be efficient.

3 Orthogonality Strategy

The main goal is to loop over all jet pairs (j;,j,) and energies (E1, E3) in order to maximize the likelihood L
by adjusting hypothetical jet energies F'1, F'5 to best match the dijet system to the dilepton system. This involves
penalising mismatch between adjusted dijet mass and observed dilepton mass which also considered a Gaussian
distribution for the correspondence between the reconstructed mass from the jets and the leptons. This distribution
I centred at 0 with width o = 5 GeV expressed by the term G(m,;; (E1, E2) — my | 0, 5). Concurrently, using the
probabilistic model of the "true" jet energy F; given the measured energy F;, with a Gaussian distribution centered

at B, width 0 = /E}, (reflects calorimeter resolution) expressed by the term G(E; | Ej,,\/E;,) fori=1,2.

For the adjusted dijet mass expressed as m;;(E1, E2) = mj, j,,/ 2=,/ 52, the invariant mass is rescaled based
J1 72

on hypothetical energies with m;, ;, representing the measured invariant mass of jets j; and jo.

So the key components are to iterate over the event data and find combination that maximizes the likelihood
L, match modified dijet mass to dilepton mass (m,;; ~ my), and compare hypothesized jet energies E;, Fy with
measured E; , F;,. The interpretation is that a higher L implies more likely the event matches 2¢2j topology and
thus, implies a lower — In L results to the event being chosen as 2¢2j. Finally, we apply a cut on — In L to separate
(orthogonalize) event types (2£2j vs 202v).
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Figure 2: (left) The plot of the negative logarithm of the likelihood function. [mg, mzq]=[110, 30] GeV after
excluding "< 2j" events, classified 2{2j vs. 2/2v with varying line demarcation this time at 16. (right) The plot of
negative logarithm of the likelihood function. [mg , mzq]=[110, 30] GeV after excluding "< 2j" events, classified
212j vs. 2[2v with varying line demarcation this time at 22.

3.1 Representation of the Likelihood function in the Code
The mathematical equation of the fit applied in the code is based on a Gaussian likelihood minimization. The full
likelihood function is then:

L(Eh E2) = Plep(Mcombined) : -Pjell(El) . -PjelZ(EQ) (4)

Each term is modeled as a Gaussian distribution. F; and Fs are the energies of jetl and jet2, Meompined 1S the
invariant mass of the combination of jets and leptons.

Meombined — Miep) > B —pijen)® Eo—pijen)®
L(Ey, By) = exp (— Mot Mial) o (o)) o (2ol ) 5)
ep jet jet:

Hiett and pier are the mean energies of jet1 and jet2, i.e., the original jet energies,oje; and ojer are the standard

deviations of the jet energies, taken as /1 and v/ in the code. M|, is the invariant mass of the dilepton system,
Olep 18 fixed to 5 GeV.

Since likelihood is maximized in principle, the code minimizes the negative log-likelihood.

(Mcombined - Mep)z (El - /ﬁjetl)2 (E2 - Mjet2)2

2 2 2
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—hlL(El,Eg) = + (6)

Given the approximations, the standard deviations for jet energies are approximated by oje, ~ V' E, and o1ep =
5.0 GeV. The final form for minimisation is:

(Mcombined - J\4lep)2 + (El - Mjetl)2 + (EQ - Nj612)2

I L(E, Ey) =
n LBy, Es) 2. (5.0)2 2. B 2. By

(7
This is the expression to be minimized using a variable metric gradient method.

4 Results

The plots for the reconstruction of the scalar mass mg from the 212j decay channel included simulated data contri-
butions for the background represented by the Z+jets events (main background in the analysis channel) in order to
also monitor how their contributions to the shape of the scalar mass distribution mg varies and relate to one another
as the cuts are applied. As this likelihood fit function is used in our search to select 212j events from those even-
tually considered for the 212v analysis channel, we scan through the range of numerical cut values to optimise the
negative logarithm of the likelihood function (— In L) final selected cut value. After certain cut values on the — In
L parameter, the number of signal events are not much less than the signal events without the cut implemented.
This is the threshold final selected cut value. For — In L < this threshold cut value, the events are for 212j channel
and for — In L otherwise, the events are made available for our 212 channel as shown in Figure 3.
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Figure 3: (left) As the negative logarithm of the likelihood function (—1In L) < 16, events are made available for
the 212j channel. (right) As — In L not less than 16, the events are made available for 212 channel.

For further clarity of the likelihood fit function results for the orthogonality study, the efficiencies for these six
mass points used in the analysis are plotted. The fractional display of signal events expressed in percent of signal
events with cut values on mg is shown in Figure 4. Beyond a specific value of the cut, the percentage of signal
events, remaining saturates in a plateau. This higher percentage yield is quite obvious in higher mass points. Using
the threshold cut value of 16, the efficiencies of the mass points [mg , mzq] : [70, 201, [70, 35], [84, 31], [110,
301, [110, 55] and [183, 50] GeV used in the orthogonality study are : 40%, 56%, 55 %, 64 %, 77 % and 82 %
respectively.
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Figure 4: (left) [70, 20]GeV % of events tend to plateau. (right) Higher % yield more prominent for this masspoint.

5 Conclusion

We have developed a likelihood-based method to orthogonalize the events that are to be classified as belonging to
the 212j and 212 analyses channels. The aim is to select events for 212j that have a negative log likelihood below
(nll < 16). The 212j events that are cut away in this selection are not signal-like. That is the reconstructed mass for
mg from the di-lepton and di-jet mass of these events is not commensurate. A method has been presented which
improves the reconstruction of the di-jet mass for the 212j analysis channel which can then be deployed to improve
the signal/background separation.
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