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In this paper, we explore the discriminatory power of the matrix element method (MEM) in constraining
the L, — L, model at the LHC. The Z’ boson associated with the spontaneously broken U(1) L-L.
symmetry only interacts with the second and third generation of leptons at tree level, and is thus difficult to
produce at the LHC. We argue that the best channels for discovering this Z’ are in Z — 4y and 2u + E;.
Both these channels have a large number of kinematic observables, which strongly motivates the usage of a
multivariate technique. The MEM is a multivariate analysis that uses the squared matrix element | M|? to
quantify the likelihood of the testing hypotheses. As the computation of the |M|? requires knowing the
initial and final state momenta and the model parameters, it is not commonly used in new physics searches.
Conventionally, new parameters are estimated by maximizing the likelihood of the signal with respect to
the background, and we outline scenarios in which this procedure is (in)effective. We illustrate that the new
parameters can also be estimated by studying the | M |? distributions, and, even if our parameter estimation
is off, we can gain better sensitivity than cut-and-count methods. Additionally, unlike the conventional
MEM, where one integrates over all unknown momenta in processes with £y, we show an example
scenario where these momenta can be estimated using the process topology. This procedure, which we
refer to as the “modified squared matrix element,” is computationally much faster than the canonical
matrix element method and maintains signal-background discrimination. Bringing the MEM and the
aforementioned modifications to bear on the L,-L, model, we find that with 300 fb~! of integrated
luminosity, we are sensitive to the couplings of g, 2 0.002¢, and M, < 20 GeV, and g, = 0.005g, and
20 GeV < Mz < 40 GeV, which is about an order of magnitude improvement over the cut-and-count

method for the same amount of data.
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I. INTRODUCTION

The highest priority of LHC run II is finding physics
beyond the standard model (BSM). In the pursuit of
optimal sensitivity to BSM physics, it is important to
develop a diverse set of techniques that improve our
sensitivity to the BSM signal against the SM background.
The most straightforward technique is the cut-and-count
method, where one determines the suitable region of phase
space by studying the kinematic distributions of the
simulated events (e.g. the invariant mass of two detected
particles, or the angle difference between them) and looks
for an excess over the SM expectation. While simple, this
method can miss correlations among kinematic variables.
To improve our discriminatory power, one can select events
based on more complicated variables that take into account
correlations. These complicated variables can be a linear
or a nonlinear combination of the kinematic variables used
in the cut-and-count method. The techniques that consider
combinations of kinematic variables are generally called
“multivariate analysis” (MVA) [1]. Some of the main
methods developed in this category are “neural network”
[2-6] and “boosted decision tree” [7,8]. However, these
MVA methods usually require a phase of computer training
and techniques that are not transparent to theorists. Another
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example of MVA that is calculated based on the theoretical
assumptions for a given process is the matrix element
method (MEM) [9-15].

The MEM was originally developed in the Tevatron
experiment and was successfully applied to measure-
ment of the top quark mass and single top electroweak
production [9,13,16-29]. In the MEM, given a recon-
structed event and a theoretical hypothesis, the proba-
bility that the event matches the hypothesis is quantified
based on the value of the partonic matrix element for
the hypothesis processes evaluated using the final state
four momenta. Repeating this procedure using multiple
hypothesis processes, e.g. a background process and a
signal process, and comparing the results, one can
quantify how signal-like or backgroundlike a given
ensemble of events is. By definition, the MEM contains
all of the kinematic information of the hypothesis
process so it captures all correlations. Moreover, the
MEM has a clear physical meaning and there is a
transparent link between the theoretical assumptions and
event reconstruction.

Despite the successes of the MEM in the SM measure-
ments, this method has not been applied extensively in
BSM searches. Some of the main difficulties of the MEM
are the following [9,14]:
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(1) The squared matrix element depends on all of the
momenta—both initial and final—in the event. In
circumstances where one or more momenta is not
determined uniquely, we must integrate over all
possible values. The more integrations required for
each event, the more time and computational resour-
ces required. Events with missing energy, a hallmark
of many new physics scenarios, automatically
fall into this category of events with unconstrained
momenta.

(i) BSM hypotheses necessarily introduce new param-
eters (o = masses, couplings of new particles),
which need to be determined before we can calculate
the matrix element. Without a separate experiment
telling us what a to use, our best option is to
choose the a such that they maximize our reach
for detecting the signal given the background.
However, finding the best-suited values for these
parameters can be difficult, as shown in Sec. IVA.

Ideally, we would like to develop techniques to over-
come the aforementioned challenges for any BSM hypoth-
esis. However, as a first step, we focus on dealing with
some of these challenging for a specific model. The BSM
hypothesis we consider in this paper is one of the simplest
extensions of the SM, the L, — L, model [30]. In the
L, — L, model, the difference between muon number
and tau number—an accidental symmetry of the SM—is
gauged and spontaneously broken, generating a massive Z’
that interacts only with the second and third generation of
leptons at tree level [30]. As the L, — L, Z’ is hadrophobic
and does not interact with electrons at tree level, it is
difficult to produce at conventional experiments and there-
fore is challenging to constrain [31]. In fact, tree-level Z’
production at the LHC always involves four second/third
generation lepton (either charged or neutral) final states:
the initial partons create a pair of leptons via W*/Z/y
exchange, one of which radiates a Z’' that subsequently
decays to a second lepton pair. At the LHC, identifying
muons is much easier and more accurate than identifying
taus; thus in this work, we only consider combinations of
muons and £ (due to v, or v;) as potential final states. In
particular, we study the two processes of (i) four muons
(4u), and (ii) two muons and missing energy (2u + E7). Of
course, as all of the final state particles are SM particles,
there is interference between the events produced via Z" and
SM events. We put this interference to use in Secs. IV A and
IVB.

The four muon final state is fully reconstructable, and it
has 12 independent observables. The existence of this many
kinematic variables begs for the use of a MVA. The MEM
is a suitable choice because it optimally [9] uses all of the
available kinematic variables to distinguish signal from
background. Applying MEM to the process 2u + E; with
six observables is also more lucrative; however, the
existence of E; makes its computation more challenging.

PHYSICAL REVIEW D 96, 015021 (2017)

Fortunately, the main SM background to this process
(pp — ©r — 2uE7) has a very specific topology, and thus
the missing momenta for this process can be estimated
from the momenta of muons. In Sec. IV B, we show that by
using the squared matrix element of the 777700 Dack-
ground as a discriminatory variable (as opposed to the
conventional likelihood function) with the guessed missing
momenta derived from its topology (i.e. without having
to integrate over missing momenta), we are able to
sufficiently differentiate our signal from the remaining
SM backgrounds as well. Due to the deviation from the
canonical MEM procedure, we refer to this approach as the
“modified MEM.”

The organization of the rest of the paper is as follows. In
the next section, we explain the matrix element method and
how it is used to discriminate the signal from the back-
ground. In Sec. III, we introduce the model and discuss
some of the constraints on its parameters from the LHC and
other experiments. In Sec. IV, we explore how the bounds
can be improved at the LHC. Finally, a discussion about the
results and concluding remarks are made in Sec. V.

II. MATRIX ELEMENT METHOD

At the LHC, we are searching for BSM physics against
the SM background. Although we could look for generic
departure from the SM, our sensitivity is greater if we
look for a particular BSM physics hypothesis. Therefore,
we are usually dealing with two hypotheses: a specific new
physics model (signal) and the null hypothesis (the SM
background). To statistically analyze these two test hypoth-
eses, the MEM uses their likelihood ratio, where the
likelihoods are calculated based on the squared matrix
element (|M|?) of a process at tree level,' and evaluated
using the final state momenta of individual events. Since all
the kinematic information of a process is contained in the
matrix element, | M|? is a powerful variable to discriminate
between the two test hypotheses. If the empirical LHC
events are inconsistent with either of the conjectures, | M |?
should also favor neither of them.

The function | M|? depends on the momentum of initial
and final state partons (pP*"). The squared matrix element of
the signal | M|?2, ., additionally depends on the new model

signal
parameters (a): |M\§ignal=|M(pp“;a)\2, and |[M|3y=
|M(pPa)|2. In the special case where the final states of
the signal exactly match the SM background (e.g., no BSM
particles in the final state), |M|Z,,, must include the
interference term with the SM as well.

If the LHC could detect the pP*" of all of the final state
particles, the likelihood (P) that an observed event is due to

a particular hypothesis would be defined as

'Some papers have studied the MEM at NLO as well [32-35].
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uniquely defining the x;’s and collapsing the integrals,
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The events at the LHC, however, are defined according
to reconstructed momenta (p™°) at the detector which may
not equal the pP*. Hence, we must modify the likelihood
(P) to be a function of detector level momenta,

rec 1 E f(xl>f<x2)
P(p™|a) :;/dq)(Pgil)dxldszm

X |M(pp8I;a) |254 (pf)nairtial - pgifal)w(prec7 ppar)’

(3)

with an integration over the possible values of partonic
momenta given the reconstructed momenta [represented by
J d®(pE.,)dx;dx,]. When there is missing energy (e.g.,
neutrino) in the event, we integrate over all unconstrained
momenta. However, if the particle is detected, we use the
transfer functions W(p™°, pP*) to translate between the
partonic momenta and reconstructed momenta. These
functions are usually Gaussian (or bi-Gaussian), where
the arguments are estimated according to Monte Carlo
MO) simulations® [10-12]. If the detected particle is a
lepton or a photon, the transfer function is well

’In the matrix element technique, the theoretical assumptions
(the |M?) and the assumptions about the experiment and
detectors (the transfer functions) factorize and are independent
of each other. Therefore, the improvement in any of these
assumptions can easily be implemented in the matrix element
method.
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approximated by a delta function [5(pP* — p™°)], while
for colored objects, the reconstructed momenta may be
significantly different from the partonic momenta.

After calculating the likelihood function (P) of the signal
and the SM, we need to determine whether a given event
is more likely to be due to the signal hypothesis or the
background. Therefore, we study the likelihood ratio,

P(p'*°|new phyiscs(a))

L(pFa) = P
(pi*: @) P(p!*°|null hypothesis)

4)

where the i subscript refers to the ith event. If the value of «
were known, we could plot the distribution of £ for given
events, just like any usual kinematic distribution that uses
the reconstructed momenta. In the £ distribution, larger
values would indicate that the signal hypothesis is favored
and lower values mean the data are more consistent with the
null hypothesis. Hence, with a cut on the larger values of £,
we could find the phase space that increases the signal
fraction.

Having said that, in the case of new physics, we do not
know the value of a. Since we want to optimize our reach for
the signal hypothesis, we want to choose « that maximizes
L(p¢;a) (or equivalently log [£(a)]). Therefore, we plot
log [£(a)] with respect to @ and look for maxima in the plot.
This process can be done for each event. For multiple events,
we simply sum over i,

P(p™|new phyiscs(a
Zlog[ﬁ(pgec;a)} _ Zlog |:P<pz | phy ( ))

(p™¢|null hypothesis) |
(5)

We denote o* for the value of a that maximizes Eq. (5).
As it will be important later on, we emphasize that Eq. (5)
only yields one number for an entire set of events. Previous
studies have shown that if « is the mass of a particle, the a*
returned by maximizing Eq. (5) is actually the same as the
true value of «; in fact, the current most precise measure-
ment of the top quark mass is obtained with this process of
maximizing the likelihood ratio with respect to top mass
[9,13]. This procedure is used only to determine a*, and it
gives no information on the prospect of discovering the
signal. Once the optimal value a* is determined, the
sensitivity to the signal is determined by selecting a region
of the L(a*) [with a = a* in Eq. (4)] distribution that
optimizes the signal over background ratio.

Despite the power of the MEM in discriminating signal
against the null hypothesis, due to its computational
difficulties, it is not commonly used in BSM searches.
One reason may be the number of phase space integrations
in the calculation of P(p™¢|a). If the process of interest has
multiple sources of missing energy or contains colored
objects, the number of integrals can be high and may
overconsume computational resources. Another reason is
that the maximization of likelihood ratio with respect to a
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can be challenging depending on the nature of parameters.
As we see in Sec. IIIA, the maximization of log likelihood
works if a is the mass of a new particle, but this approach
breaks down if « is a coupling. That is because log [£(«)]
only increases with respect to @ and has no local maxima.
Although one naively might expect that larger values of «
result in greater sensitivity to the BSM hypothesis, in
Sec. IVA, we show that is not correct.

In this paper, we study a simple model to give a working
example of how some of the challenges in MEM for BSM
can be overcome. The example we consider is the gauged
U(l1) 1,~, Symmetry, summarized in the next section. This

model contains a massive Z' gauge boson that only
interacts with the second and third generation of leptons.
We show that the LHC sensitivity can be improved by an
order of magnitude compared with the cut-and-count
method if we apply the MEM.

Il L, - L, MODEL

The difference between muon number and tau number
L, — L, is one of the accidental global symmetries present
in the SM. This U(1),, _, symmetry is anomaly free and

therefore can be gauged. However, from the oscillation of
tau or muon neutrinos to electron neutrinos, we know this
symmetry is not respected in nature and needs to be broken.
The consequence of the breaking is a neutral, color singlet,
massive Z' that couples only to muon number and tau
number at tree level. The interactions of Z’ are described by
the Lagrangian below,

1 1
L>- 1 (Z') o (Z) + EMZ,Z’”Z;
— €1 Zu(Coy"Csr + iy — C3y°C5 — 7r°7), (6)

where Z; = 0,Z); — 04Zy, is the field strength tensor, and
£y = Wu,p)", €3 = (v,.7)". As shown in the Lagrangian,
the Z' has the same coupling to the left-handed and right-
handed muon (tau), with a relative minus sign between the
coupling of muons and taus [30]. The new parameters in the
model are « = (M, €), where eg, is the coupling of Z’ to
muons and taus.

Studying this model is important because some region of
its parameter space can explain the long persisting dis-
crepancy in the SM prediction and experimental measure-
ment of the muon anomalous magnetic moment (g —2),
[36—44]. Some anomalies observed in B physics and flavor
changing Higgs coupling [45-47] can also be explained
by gauged L, — L., which further motivates studying this
model. In particular, the anomalies recently observed in
R =Br(B— Ku"u~)/Br(B— Ke"e™) =0.745 with 2.6
discrepancy between theoretical expectations, and in Ry~ =
Br(B — K*u"u~)/Br(B - K*ete™) = 0.7 with ~2.50,
by LHCb [48] can be explained by the L, — L, model,
assuming M, ~ O(TeV) and g, ~ O(1) [45,46,49].
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Because the L, — L,Z' only interacts with second and
third generation leptons at tree level, it is not very con-
strained (see Ref. [31] for the quantitative estimation of the
constraints on such leptophilic Z’). One constraint comes
from Z — Z' mixing that arises from loops of muons and
taus (and their respective neutrinos), inducing a coupling
of O(1073¢) between the Z’ and all fermions [50-52]. The
factor of 1073 is a rough estimate based on the loop
suppression and the couplings of Z' and Z with muon
and tau. Precision measurements of Z-electron coupling at
the BABAR and Belle II experiment [53-58] require the
coupling of Z' to electrons to be <1072 for I0MeV <M, <
10GeV, which translates to ¢ < 1 in the Lﬂ — L, model.

The strongest current bound on L, — L, for My <
10 GeV is from fixed target neutrino beam experiments.
In particular, CHARMII [59] and CCFR [60,61] tightly
constrain L, — L.Z' via the trident process: N + v, —> N+
v, + pup [62]. This process occurs through the exchange of
off-shell W*/Z bosons in the SM. However, in the L,-L,
model, the exchange of Z’' can significantly contribute
to the rate of the process, especially if the Z’ is produced
on shell [59,60,62,63]. The neutrino trident experiment
excludes a L, — L,Z'" with €2 0.005 and Mz <1 GeV.
The bounds loosen for heavier Z' to e¢~0.05 for
Mz = 20 GeV.

LHC bounds on this model come from recasting the
pp — Z — 4u searches by CMS and ATLAS [64,65]. This
bound surpasses the trident bound for 10 GeV < M <
45 GeV, excluding ¢ =2 0.04 for M, = 10 GeV, and a
looser bound of €2 0.5 for M, ~45 GeV [62]. In
Ref. [66], we discussed the potential LHC reach using a
dedicated cut-and-count Z’ analysis in the pp - Z — 4u
(for Mz >2m,) and pp — utu Er (for My < 2m,)
channels. These channels were proposed for their cleanli-
ness. Additionally, since the contribution of Z’ is greatest
when it is produced on shell, the mass ranges of the
channels were chosen such that an on-shell Z’ can decay to
muons (pp — 4u) or neutrinos (pp — 2uEy). Although in
[66] a large region of parameter space could be uncovered
with the cut-and-count method after the full 3 ab~! of HL-
LHC run, in this paper we show that our sensitivity can be
enhanced further if we use the matrix element technique.

IV. LHC BOUNDS ON THE L, -L, MODEL USING
THE MATRIX ELEMENT METHOD

A. Looking for Z' with mass range
2m, <My <My inpp > Z - 4u

The rare process Z — 4u occurs through Z boson
decay into two muons, one of which radiates a neutral
boson V that subsequently splits into a second pair of
muons. In the SM, V can be an off-shell Z or photon,
while in the L, — L, model, the on-shell/off-shell Z’ also
contribute (see Fig. 1).
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FIG. 1. The Feynman diagram for Z — 4y in the SM as well as
the Z’ contribution.

Four muons reconstructing an on-shell Z boson is a
clean process that has been studied extensively. Therefore, it
is an ideal channel for constraining the L, — L, model.
Moreover, the related channels pp — Z — 4e and pp —
Z — 2e2u can be used as a background control sample to
suppress the experimental uncertainties of this channel.
Within the SM the cross section of Z — 4y is the same as the
Z — 4e and Z — 2e2y processes up to O(m2/m?%) ~ 1074
hence by measuring Z — 4e¢ and Z — 2e¢2u, we can obtain a
precise prediction of (pp — Z — 4u)gy. As such, in the
following, we assume that the systematic uncertainties of
(pp — Z — 4u)g,, are subpercent.

To study the L, - L, 7', we generated a Universal
FeynRules Output model [67] using FeynRules [68]. We
then fed the model to MadGraph [69,70] to generate our
events at leading order. The background sample only
contains the SM contributions to the four muon production
(pp — 4u)gy, while the signal event sample includes
both the Z' as an intermediate state (where its width is
calculated using MadGraph) and the SM gauge bosons
(pp = 4p)spy to capture the interference among proc-
esses. The signal events were generated for various values
of a&" = (M3" e&") between 2m, < M3" <40 GeV
and 0.001 < e**" <0.1.

Before applying the MEM, we impose some preliminary
cuts to ensure the events have been triggered upon.
Specifically, we impose a dilepton trigger used in LHC-13
[71] that selects events with pr(u;)>17GeV and py(u,) >
8 GeV, where y; is the leading muon and y, is the subleading
one. We also require py > 4 GeV for all muons and the
separation AR,,, > 0.05 [64,65,71]. To ensure V3~ Mz, we
impose 76 GeV < my, < 106 GeV and veto extra jets in the
event, since they would hurt the cleanliness of the process.

As lepton momenta are accurately measured at the
detector, we can be confident that the detected momenta
very closely represent the partonic level momenta; stated in
terms of transfer functions introduced in Eq. (3), we assume
W(pree, pP*) = §(p™© — pPr). Furthermore, because the
final states are fully reconstructable and we have vetoed
jets,3 we can find the initial state energies [or equivalently

*We have done our analysis at parton level, but given my, ~ M,
it is reasonable to assume jet contamination is negligible.
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the x;s in Eq. (1)] from conservation of energy and
momentum, as shown in Eq. (2). As a result, all of the
integrations collapse due to delta functions, and the like-
lihood ratio becomes

lf x)f |M( rec.le €> |2

- (x1)q(x2)—4p)
E(preC‘MZ/ ) _ 2sx1x2 q\x .
9 9 1f 2
o ;;xlxz ‘M(prec SM) q(x1)q(x2)—>4u) |

Because the initial state quarks (with energies para-
metrized by x; and x,) are the same for both the signal and
the background at leading order, the PDF and x; factors
cancel in the ratio. Hence, the likelihood ratio for a single
event can be simplified to

|M( rec;MZ/’€)|2
|M(prec;SM|2

L(p™:Mz.€) = (7)

The analytical calculation of |M|? can be simplified if
we just consider the process Z — 4u, where Z is the vector
sum of the four muons. Although the events could also be
due to the processes gqg — y* — 4u or the interference of y*
and Z mediators, requiring 76 GeV < my, < 106 GeV
assures us that |M_,|* is a reasonably accurate descrip-
tion of the events. For the analytic evaluation of | M|?, we
use the form given in MCEM [72-74], which is easily
modified to include Z’ intermediate states (for the case of
the signal).

Even when all final state particles are reconstructed,
there are complications in evaluating | M|?. Specifically, at
the detector level, we do not know the right pair of muons
that reconstruct the V =y/Z/Z', leading to a combina-
torics problem. The most naive way we can account for this
problem is by summing over all four possible |M|?> with
different combinations of muon pairs originating from V.
With a better algorithm, the sensitivity to signal may be
further improved, but we do not attempt that here.

The likelihood ratio, as shown in Eq. (7), can be calculated
for each event as a function of M/, and e. Before proceed-
ing, we need to differentiate between the analysis a =
(M, €) values used in the signal matrix element hypothesis
[M(p™, M, €)] and the “truth” values—the values of M
and e used to generate the signal events (which, in actual
data, would be unknown). To avoid confusion, we use
a’ = (M4, ,e*) for the analysis values and a2" = (M5", e&"),
which were used for event generation.

Our goal is to determine the values of M¢, and ¢ that
maximize our sensitivity to the signal hypothesis. Keeping
this task in mind, it is worth looking at how the a
parameters enter into the matrix element,

(e1)?

M( rec. Ma,’ a)
’ M= (M) -

=Mgu+

().
(8)

ire, M5,
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FIG. 2. The plot of log likelihood ratio summed over 50000 events is shown above. The left plot is the distribution of SM events, where
there is a spike at every reconstructed M,,,. The peak at M4, ~ 0 GeV is due to the photon propagator. For larger values of M¢,, there are
fewer events with M =M, and the function looks smoother, which is the result of our basic cuts. In the right plot, the distribution of
the signal events compared to the simulated background events is shown. In the signal events, which include both SM and Z’
contributions, there is a peak at M%, = M%?" because of the contribution from the on-shell Z'. It is important to mention that the optimal
value of M¢, is obtained by comparing the relative shapes of the signal plot with the background one. The scale on the y axis is irrelevant
because it is highly sensitive to the number of events in our sample, and by increasing the sample size the numerical values on the y axis
of the plots become more comparable. For our analysis, we manually brought the plots to similar y-axis values, to compare their shapes.

where I}, = T'z(M¢,, €”) and the ellipses represent the part ~ we have four spikes in MY, for each event. Therefore,

of the matrix element that is independent of MY, €. summing over all events, the net distribution (in our case,
Knowing the dependence of M on a“ can help us better 50000 events) has spikes at all values of M%), < M as shown
understand the behavior of the likelihood ratio for various  in the left plot of Fig. 2. In the signal sample, due to the
a“ values. For example, the appearance of M, only in the  higher number of events with M, = M%,", the spike at M%,"
denominator suggests that the likelihood ratio is very  is more noticeable (see Fig. 2, right plots). The maximum
sensitive to the value of MY, (e.g., the possibility of  likelihood ratio of the signal events is consistently at
resonance). With ¢ in the numerator, we suspect the M4, = M%?“ for any arbitrary value of €% # 0, while the
likelihood ratio to not be as sensitive to a particular value pure background events show no interesting behavior

of €, because regardless of which testing hypotheses the 5 p7a — pp&en,
events belongs to, their likelihood ratio will increase by ThZe heigﬁt of the peak at M4, = ME" relative to the
(A Z/

increasing €. AlthoughI'), in the denominator alsodepends ~ (ar spikes depends on €2 (regardless of €9). The peak is
on ¢“, its contribution is suspected to be much smaller than | qre visible for larger values of €2, but becomes less
theTe” in the nurlrllerator. ) 4 hunt for the o th distinguishable from other spikes for smaller values of €.
0 examine these con
) € hese conjectures and hunt for the @™ that — Ag ope example, for €2 <0.01 for M%" 2 10 GeV,
maximize the likelihood ratio, we proceed by plotting we could not distineuish the peak at M9 — ME
S log[L(p;, a®)] defined in Eq. (5) as a function of a®. . & P z-
h p A from other spikes). Given that our analysis highly
ereby, for each a® we can compare the relative sizes of d d heth bl find ME" by ploti
the summed log likelihood ratio of the signal sample events cpends on w it eﬂ we are able to 1in Z Y paottlng
with that of background sample, and look for the values >_ilog[L(pi, M7, Carbitrary #0)] asa function of MY, our
of a® that maximize the likelihood of the signal with respect  strategy needs to bifurcate depending on the value of e&".

to the background. As we have two new parameters (i) Large €#": we determine the value of M7, by

(a® = MY, e9), for simplicity we fix one of the parameters observing the peak at My, = M3".

and plot Eq. (5) as a function of only one parameter. (i) Small e%": we need to chose an arbitrary value
First, we assume a nonzero value for ¢“ and plot Eq. (5) for of M4,.

arange of M¢, values. The value of ¢“ can be any arbitrary =~ However, as the choice of the strategies depends on
nonzero value, and varying ¢ does not alter our results. For ~ whether we are able to observe the peak at M%, = Mi?n,
every event, the reconstructed invariant mass of two muons  rather than trying to quantify what it takes to observe a
(M) will produce a spike at M9, = M,,, which is not peak, we study both strategies for all values of ¢&". More
necessarily equal to the M%". In fact, because we are  specifically, we first assume that we can find M¢, = M%"

summing over all four possible combinations of muon pairs, even for small values of €2°"; then we fix an arbitrary value
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FIG. 3. The distribution of the log likelihood ratio for the signal

and background events summed over 50000 sample events. We

have fixed M4, = M ?" = 10 GeV while 5" = 0.01. The signal
and the background MC sample events increase as € increases,
providing us with no special ¢* value that optimizes the signal
likelihood ratio. The numerical value on the y axis of the two

plots as explained earlier is irrelevant and thus not shown.

for M¢, and study the signal assuming we cannot find M %ﬁm

even for large values of €2°". The first method represents the
best we can do with the MEM, while the second represents
a more realistic reach for ¢ < 0.01.

Now that we have discussed how to find the optimal
value of M%,, we follow the same procedure to determine
¢“. For simplicity, we fix M%, = M>" and let ¢ be a free
parameter. The > log[L(p;, M4, = M3", ¢%)], where the
sum is over 50000 MC generated events for each sample, is
plotted in Fig. 3 below as a function of ¢“. Both the signal
and background MC events increase as a function of €“.
Such behavior is anticipated, because as we can see in
Eq. (8), larger e results in larger | M (p™; M4, €)|? and thus
a larger likelihood ratio for any event. Stated another way,
fixing M¢, and studying the likelihood ratio with respect to
€ is not useful because the simulated signal and back-
ground events behave the same way as a function of €“.
Thus, for the remainder of this section, we explore an
alternative different technique for estimating the opti-
mal o“.

The problem with the approach of £ maximization is
that, for a given a“, it compares only two numbers: the
summed log likelihood ratio of the simulated signal events
vs that of background events. With this approach, we are
throwing away a lot of information about each event. We
can get a better handle on the signal vs the background,
if we look at their distributions for a given a“ and how
those distributions evolve as we vary a“. The distribution
illustrates to us the behavior of events for a given a“, rather
than just their sum. We can use this distribution to find a®
that results in best discrimination of the signal from the
background, even if the sum over events is similar. The
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FIG. 4. The distribution of £7' = |[Mgy|*/|Mzsu|> for
M5" =10 GeV, and e =0.05. This plot shows that for
M¢, =10 GeV, if we have ¢ = 0.03, the resonance region is
not very well separated from the background region. If ¢4 = 0.5,
although the signal is far from 1, the background also spreads

more. The middle value ¢* = 0.05 is the optimal one.

signal usually resides in high values of the likelihood ratio,
as expected according to the definition of the likelihood
ratio [Eq. (4)]. So, we distribute the events in the inverse
likelihood ratio (£7!) to be able to see the excess of the
signal spread over a narrower window [0, 1.}

As an example of the a“ distribution method, in Fig. 4
below we show the distribution of the MC generated
events for the signal and the background for different
choices of e, assuming M%, = M5,". We can see that as we
increase €“, the resonance region, defined as events with
M,, ~M%5", is more separated from the background.
However for very large ¢ (for example ¢“ = 0.5 in
Fig. 4), the background distribution also becomes more
spread out. This is again consistent with Eq. (8), because no
matter whether the events are at resonance or not, increas-
ing €“ increases their likelihood ratio.

The optimal value of ¢ depends on the distribution of
the signal with respect to the background. For a fixed
sample size of signal and background simulated events,
optimal is defined as maximization of

number of signal events

v/number of background events

*Not all of the background will fall in this [0, 1] region;
however, we only care about how the background is distributed in
the region where the signal resides.
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FIG. 5. The distribution of £7' = |Mgy|*/|Mzsu|?* for
M%?n =10 GeV, and ¢e&" =0.05 is shown, where we are
assuming M4 =25 GeV, and we vary €. Here, a relatively
large € is needed to separate the signal from background.
However, with increasing €4, we also get broader peaks and
therefore our sensitivity is not good as when M%, = M%". In this
particular example e = 0.5 is the optimal choice.

After examining a few values® of ¢4, we find ¢4 = 0.05 to
give the best discrimination, regardless of the e#". This
result is consistent for all values of M %?n that we studied.

Thus far, we have seen that with the assumption that we
know M%ﬁm, the optimal values for a¢ are M%, = M %?n and
e* = 0.05. However, if we cannot find the value of M ?m by
maximizing ), log[L(p;,a)] with respect to M, we
must explore how our sensitivity changes if M¥, is fixed to
an arbitrary value # M%,". Because the Z' mass for the
generated events is no longer the same as the Z' mass used
in the analysis matrix element, the events with M, ~ M %‘7’“
are no longer at resonance in the matrix element
M(p™¢; M4, €) [Eq. (8)]. Therefore, when we go to search
for the optimal e“ using distributions, the signal and
background are less separated than in the previous case.
To increase the separation, we need to increase €.
Consequently, the optimal €“ is no longer fixed at 0.05
and depends on the difference between M¢, and M3,". For
example, in Fig. 5, the distribution of the signal and the
background MC generated events for M9, =25 GeV and
M%?n = 10 GeV, with ¢4 = 0.05, 0.5, 1, are shown. In this
example, we see that ¢ = 0.05 does not give a good
discrimination of the signal from the background, and we
have to use larger values of €. Furthermore, as the plot
illustrates, although large €“ increases the separation
between the signal region and the background, it broadens

>The benchmark points e* we studied are ¢ € [0.01,0.5] with
increments of 0.01. With a larger sample of ¢, the best value of
€’ may slightly vary.
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TABLE L. Determining a* = (M4, ") using a combination of
likelihood maximization and the £~ distribution.

M4, = M5" e’ =0.05
Using likelihood maximization

M, arbitrary e* > 0.05

Likelihood maximization fails,
because of small 2"

the signal region. Because we are interested in distinguish-
ing the region where the signal to background ratio is
maximized, having a broad signal region is not ideal.
Hence, we expect our reach for M¢, # M%5" to be more
limited that the previous case, even with the most
optimal €“.

Table I recapitulates the value €* depending on whether
or not plotting >, log[L(p;.a")] as a function of M, can
tell us M5".

To quantify the reach of the strategy proposed here, let us
define the following variables:

§ = Luminosity x (6(pp — 4u)smsz — 6(Pp = 4u)sm).

B = Luminosity X (¢(pp — 4u)sm)-

The cuts on £~! are imposed such that we get the maximum
S/+/B with integrated luminosity of 300 fb~!. We also
require S > 10 to avoid confusion of signal events for
statistical fluctuations. We find that, by using the MEM
approach we are able to get S/v/B > 3 up to €2*" ~ 0.002
and My <20GeV, and up to €#"~0.005 for
20 GeV < Mie,n <40 GeV, provided that we can deter-
mine the true value of M%," by conventional MEM means.
This best case scenario is indicated with the dashed red line
in Fig. 6. The dashed-dotted brown line in Fig. 6 shows
our reach assuming M¢, =2 GeV while optimizing €“.
Similarly, the dashed brown line is for M 5 = 10 GeV, and
the dotted green line is for M4, = 25 GeV. As expected, the
lines with arbitrary M, touch the dashed red line for
M4, = M3", and have a relatively good sensitivity when
M4, ~M3", but their sensitivity declines as M¢%, moves
away from M%,". The current constraints from BABAR [75],
CCFR [60,61] experiments and LHC-8 are also shown in
Fig. 6 in black and purple solid lines, respectively. The
expected exclusion bound (30) from LHC-14, with
300 fb~! integrated luminosity, using the cut-and-count
method that is explored in Ref. [66] is the dashed blue line
in Fig. 6. With the assumption that we know M4, = M%,",
our reach with MEM is about a factor of 10 greater than the
canonical cut-and-count method, and even with M, fixed
to an arbitrary value, we have an improved sensitivity for
some range of M%" compared with the cut-and-count
method. By trying several values of M¢, and choosing
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FIG. 6. The bound on L, — L, from different experiments. The
purple line is the LHC-8 bounds, the black line is the CCFR
bound, and the solid gray line is the bound from the BABAR
experiment [75]. The dashed blue line is the bound from LHC-14
with luminosity 300 fb~! up to 3¢ with the cut-and-count method
[66]. The red dashed line in the figure shows the reach with
MEM, but assuming we know the mass of Z’, and with ¢* = 0.05.
This is the best sensitivity we could get using MEM. The dotted
green line is assuming M¢, = 25 GeV, the dashed brown line is
M4, =10 GeV, and the dotted-dashed dark brown line is M¢, =
2 GeV while choosing the optimal value for e“. The MEM
bounds are also with luminosity 300 fb~! up to 36.

€* ~0.05, one can achieve a sensitivity near the red curve
shown in Fig. 6 at the LHC.

B. Looking for Z’' with mass range
My <2m, inpp - p*p- Er

If Mz <2m,, the decay of on-shell Z' to muons is
kinematically forbidden. In fact, for this mass range, on-
shell L, — L.Z' can only go to neutrinos. While we could
hunt for off-shell Z’ in this mass range using the 4y final
state (as in the previous section), off-shell Z’ production is
suppressed relative to on-shell production by two additional
powers of €. Therefore, as proposed in [66], we give up the
benefits of a completely visible final state in favor of a
larger rate and hunt for Z’ in pp — utu~E;. The signal
contribution to pp — u*u~ + E comes from the produc-
tion of a pair of muons, one of which radiates an on-shell
7' that decays to a pair of neutrinos®: pp = Utz —
WU D

®The signal also captures the diagram where the neutrinos and
muons are produced in opposite order: a pair of neutrinos is first
produced, and then one of the neutrinos emits a Z’ which splits to
two muons. In this topology, the Z' must be off shell, so the cross
section is suppressed by more powers of € and is, therefore,
negligible in the parameter space of interest.

PHYSICAL REVIEW D 96, 015021 (2017)
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FIG. 7. The main Feynman diagram that contributes to the
signal. The sources of missing energy are shown in red.

Due to the presence of missing energy, we can no longer
impose an invariant mass cut on the final state. As a
consequence, some new, important backgrounds emerge,

+ —
pp—1T7T |dimu0n decay

pp — VvV — W+ W_|dimu0n decay’
Z(Z]y),
pp = WuT +jets. )

The last background arises as a result of jet mismeasure-
ments and pileup, and so peaks at low values of K.
The Feynman diagrams of the rest of the processes are
shown in Fig. 8. Ditau production is the largest irreducible
background, followed by diboson production. Technically,
we include both resonant and nonresonant contributions
in this category, as the latter can be non-negligible. Thus,
the VV background is more accurately described as
(pp = utu vebys)gy. Similarly, the signal in this section
is defined as pp — u"u~ v, 0, including Z' as a possible
intermediate state: (pp — p P VUs)smyz- As in the
previous section, the signal is defined including SM
contributions to incorporate interference.

To study this channel in more detail, we generated events
for pp = ©°7" = utu + Er, (pp — uuvsbs)sy. and
(pp = w p vs) g\, via the MC chain MadGraphs5 -
aMCe@NLO [70] plus Pythia 6.4 [76], where the latter
step is used here to decay the taus.” Before any MEM
analyses, we require all events to pass the same dilepton
trigger requirement used in Sec. IVA [py(u;) > 17 GeV
and py(uy) > 8 GeV, where p; is the leading muon
and p,], veto any jets with py > 20 GeV, n < 2.5, and
impose a minimum missing energy cut of £; > 20 GeV.
The last cut is imposed to suppress the pp — uu~ + jets
background.

After the initial set of cuts, muonic tau production pp —
777~ = ptu~Er is our main irreducible background. The
cross section of the 7777 |4 u0n Dackground is roughly 2
orders of magnitude larger than o(pp — utu=v, 0y )gy-
Therefore, if we want to have any chance to be sensitive to a

"We restricted the possible 7 decays to leptonic channels only
within Pythia 6.4 to make event generation more efficient.
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The main irreducible backgrounds to the dimuon + MET process. The sources of missing energy are shown in red. The left-

most diagram is the 777~ | giu0n> Which is the main background to our signal. If the neutrinos are the same (e.g., v, = v,,), the right three
diagrams interfere, and thus we must use (pp — pp v b, )gy to describe them. The diagram with Z' (shown in Fig. 7) may also
interfere with the right three diagrams and thereby, the signal is described by (pp — ptu v, Dp) vz

7’ signal, we need to first make the 747740, background
more manageable. So, instead of trying to discriminate Z’
signal against background, we focus on distinguishing
7777 | 4imuon from other processes.

The most efficient way to eliminate the 777 |gmuon
background is by using a variable that is most faithful to
7777 | gimuon DaCkground and thus localizes its simulated
events to a small region. Motivated by the benefits of the
MEM discussed previously, we use the | M_,|?, the squared
matrix element of the muonic ditau production, as the
discriminating variable. For each event we calculate | M, |?
using the observed final state momenta, then search for and
select out regions (using MC) of |M_,|? that pp — zt7~
does not populate. In doing this, we are not following the
traditional MEM in this section, because we are not using
| M |? of the signal to distinguish that from other processes.
Rather, we are only using the |[M|*> of (part of) the
background, which makes our approach independent of
the signal (Z) model.

As a further deviation from the traditional MEM, we
weight each event by only one squared matrix element,
| M., |?, rather than two (a signal hypothesis and a back-
ground hypothesis). We may lose some discriminating
power by not calculating the likelihood ratio as described
in Sec. I, but our approach is more time efficient as we do
not have to deal with other squared matrix elements that
contain missing energy.

Even after reducing our discriminant to the evaluation of
a single | M|? for each event, evaluating | M, |? is still a
difficult task. In 7777|400 Production, there are four
sources of missing energy, which translates to 12 unknown
momenta. Moreover, because we do not know the energies
of the initial state, we have in total 14 unknowns. Energy-
momentum conservation *(Piniial — Prina) Teduces the
number of unknowns to 10, but ten integrations for each
event is still extremely computationally cumbersome.
Thankfully, the specific topology of the 7577 |nuon PTO-
duction can help us approximate the unknowns. The list
of our assumptions to approximate the unknowns is as
follows.

(I) We assume that the zs were produced on shell. We
know that the invariant mass of an on-shell tau decay
product is the tau mass. Therefore, we can determine
two unknowns from this assumption since there are
two s in each process.

(I) Instead of calculating 7 — v.7,u, we replace the two

neutrinos with one massive scalar’ neutrino (vs for
the notation), and we calculate 7 — pvs.
Three body decay has different kinematic distribu-
tions compared to two body decays, but in this
approach we can reduce our number of unknowns by
4, leaving four remaining. Because we are no longer
dealing with the actual | M|? and we are calculating
pp = v = utp vsvs, we refer to the matrix
element we calculate as the “modified” |M.,,|?,
or | Mmed|2,

(IIT) The tau pair can be produced from either a photon or
a Z boson. However, as a result of our basic cuts
(dilepton trigger and E; > 20 GeV), we can be
confident that the production of 77z~ is dominated
by Z exchange. Therefore, we assume that the taus

are produced from an on-shell Z, and so \/§ =M,.
This assumption eliminates another unknown.

(IV) Based on the previous assumptions, we expect the
tau decay products to be nearly collinear. Conse-
quently, the # and ¢ of the vs; should be close to #
and ¢ of the corresponding y;, with the subscript i
defined as follows: z; — p;vs;. For our analysis, we
assume 77(u;) = n(vs;), and Ap(u;, vs;) = efp where
€p <K 1. Therefore, we only work to first order in €4
These assumptions specify two more unknowns and
results in the relationship p7 = p7' + pf.

(V) We can also assume p7 = p7. This is the same as
assuming there is no initial or final state radiation,

which is reasonable given that \/§ <M,, and we

8Technically we should also consider vector massive neutri-
nos, though we do not expect that this choice affects our results.
For m, = 0 the vector results are identical to the scalar case,
while there is a small shift in the matrix element if m, # 0.
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have vetoed jets in our events. This assumption leads
to specification of one more unknown.

Making the above approximations,” we can determine all
of the unknown kinematic parameters and therefore cal-
culate | M™M°4|? with no integrations, significantly reducing
the time and computational power needed to do the
analysis. The analytical expression of |[M™M4|2 is given
in Appendix A.

We emphasize that these assumptions are only reason-
able in the context of the 7777 |gu0n Production. For the
rest of the processes [(pp — utu v .)gy background
and (pp — utu vebs)smyz signall, the approximations
I-V are not faithful to the kinematics and we might get
unphysical results, i.e. [MM°4|? < 0. To get an idea of how
negative matrix element squared can arise, let us look at
the conclusion of assumption IV: p% = p7’ + p/i, which
means p4’ is calculated based on p%. We can determine p}
using conservation of energy and momentum and a
combination of assumptions. We get

approx __ M% _m2
P ‘\/ 21+ eosmangr oy " 1Y

Consequently, the py of the vector sum of the two neutrinos
coming from a tau can be deduced from these approxima-
tions: p7’ = (p%)PPX — phi. These approximations were
reasonable in the framework of 7177|400 However, for
(pp = up v, ,) we can have (p%)?PP% < pfiand there-
fore a negative (unphysical) magnitude for the transverse
momentum, which may lead to negative |M™M¢|2. The
weights (area normalized) of |M™M¢|? for MC generaed
(pp =ttt - uwEr), (pp = w uvis)gy and
(pp = WU vels)gp, .z are shown below in Fig. 9. As
expected, the 7777 | 4imuon distribution is more localized and
all of its events have | M™°4|2 > (. Therefore, if we restrict
ourselves to events with | M™°4|2 < 0, we can safely assume
that 77 background is negligible. We have generated 10 mil-
lion 7777 | 4 muon €Vents, and 1 million events for each of the
(PP = W Hvele)sm and (pp = P H vele)smyz Proc-
esses, to make sure we have captured the tail of the
7777 | 4imuon distribution correctly.

Inspecting Fig. 9, we can see that the signal (pp —
W Vlg)smyz and background (pp — u™p vels)gm
have slightly different weights according to |M™Mod|2,
This is not completely surprising because there are con-
tributions from more diagrams in the signal events. The
difference is most significant at large, negative | M™M°4|2; in
particular, (pp — u*u v,v,) including Z' intermediate
states populates | M™°4|2 < —4 more than when the Z' is

9Although we have defined modified specifically for the
second approximation, we generalize its definition to encompass
all of the aforementioned approximations.
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FIG. 9. The weights |M™°4|2 for various MC sample events.
The dotted purple line shows the weights for MC generated
7777 | gimuon (10 million generated events). The solid red line
shows the MC (pp — pu"p~ v, v,) background (1 million events),
and the dashed blue line is MC (pp — utu~v,0,) including Z'
(1 million events). Because the assumptions were chosen based
on 7777 | gmuon  topology and were not reasonable in other
processes, we have |MT4|2 < 0 for part of the distribution of
other processes.

excluded. This |M™M4|? region is shown in greater detail
in Fig. 10.

To comprehend why (pp — ' p~ v, 0s) s\, prefers to
be in the region | MM°4|? < —4, let us look once again at the
squared matrix element of the signal

|-/\/lsignal|2 - |MSM + MZ'|2
= Mz + 2 MgyMz| + [Msul?
) |-A/lZ’,0n—shell|2 + 2|MT/VWMZ’

’

where My, refers to the portion of the SM matrix element
that involves the WW contribution. Obviously, the depar-
ture of the signal from the SM background is most ideal for
discrimination when Z’ is on shell."” That is because (1) the
|M|? is suppressed by only two powers of €, only one
power of e at the production vertex of Z’ (amplitude level)
and no ¢ suppression at the decay vertex, and (2) the

""The greatest contribution to the signal (only considering the
Z' contribution) is when on-shell Z’ comes from an on-shell Z.
On the other hand, because both 7777 |u0n Dackground and
signal have /5 < M, a significant fraction of the signal (only the
Z' contribution) is removed when removing 7 background. This
is inevitable, and the same challenge was faced with the cut-and-
count method described in [66], when M (uu, E7) < 100 GeV
was imposed to remove 7777|gmnuon- Therefore, it is really
important to use the interference to look for our signal.
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FIG. 10. The weights |[M™4|? for (pp — utuv,,) back-
ground (SM only, solid line) and signal (SM + Z’, dashed line) in

the negative |M™M°|? region.

topology of process with an on-shell Z’ mediator is different
from the SM background, and so with some careful cuts
we can make the SM background small. The next most
important contribution of the signal is in the Z' — SM
interference, also suppressed by only two powers of e.
The interference term is significant when either the SM piece
is sizable or when the portion with Z’ contribution is big.
Each option requires different kinematics; large Z’ contri-
bution means the invariant mass of the neutrinos is small (or
equivalently angular separation between the neutrinos is
small), while large contribution of the SM could be when
some of the intermediate states are produced on resonance.
The only SM background that can have on-shell resonances

o8
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FIG. 11.

area normalized

The left plot represents the invariant mass of a muon and the associated neutrino M
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and yet have other kinematics consistent with a (nearly) on-
shell Z’ is the t-channel W W~ background. We suspect the
excess in the signal in the region of |M™4|?> < —4 is due to
the interference of Z' piece with the WW contribution.

To check this intuition, we study the distributions of the
events in the invariant mass of a muon and the associated
neutrino (i.e. M, ,+ or My ), and the separation between
the two neutrinos [AR(v,, 7,)] after requiring |MM4|? <
—4 in Fig. 11. These are not kinematic variables that we
could actually measure, as neutrinos are not observed at the
detector. However, studying them can help us understand
the behavior of the simulated events for different regions
of |Mmod|2,

We can see from Fig. 11 that in the region of | M™M°4|? <
—4, all of the signal events have M, ~ My, and have a small
separation between the two neutrinos. This is perfectly
consistent with what we expected from the interference
term; the effect of the interference is enhanced when W s are
near resonance, and other kinematic distributions are more
consistent with the Z’ signal. Thereby, we can be confident
that the excess at |MM°4|? < —4 is due to the interference
between the signal and the W W~ background.

With the basic cuts, £ > 20 GeV, and modified
|M,.|? < —4, we get the cross section of the background
o(pp—putuvms)gy of 80+3 ab, while o(pp—
W VD) g\ 18 133 =4 ab. The uncertainties on the
cross sections are derived based on the number of events in
our simulation that survive the imposed cuts. Let us define

S = luminosity x (6(pp = u" vz )smsz
—o(pp = W UV )sm)
B = luminosity X (6(pp = ppu~v0y)sy

+o(pp > it > /,{+ﬂ_U”IJ_MUTI/_T)SM).

E ----------- — (pp = pt vy sm
025 i i (pp— W Vel smr 2
02 F
0.15 |
01fF L
005 | e
0 ! ! ! ! ! !
0 02 04 06 0.8 1 12 1.4

AR(V(, ﬂg)

- and the right plot is the separation

between the two neutrinos AR(v,, D). These plots show the distribution of the events after requiring | M™1°¢|?> < —4, and demonstrate
that the signal events belong to on-shell W production with Z’ (near) on shell as well.
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FIG. 12. The new bounds according to our study using MEM
compared with the cut-and-count method [66]. The (g — 2) . band
is also shown in brown. For M, > Zm#, the MEM bound
depends on whether we know M, or not. The red line shown
here is our best bound. For M, < 2m,,, our analysis is indepen-
dent of M,. The bounds from the MEM and cut-and-count
method are with luminosity of 300 fb~! and are up to 3o.

If we use the significance S/ /B as a test statistic and assume
that pp — u"u~ + jets (which was our reducible back-
ground) is 0'" after imposing the £ cut and [M™4|2 < —4,
we find that after 300 fb~! luminosity, we get S/v/B > 3.

Our reach in the region of the parameter space using
MEM in contrast with the cut-and-count method and the
(9—2), band is shown in Fig. 12. The MEM and cut-
and-count method bounds are based on the benchmark
point of M%?n = 0.05 GeV and 2" = 0.001. We see that
with MEM, our sensitivity improves by a factor of
5-10 compared to the cut-and-count method, and we
can explore a greater region of parameter space including
the (g —2), band.

V. DISCUSSSION

In this paper, we applied the MEM to the L, — L, model
and concluded that our sensitivity improves by up to an
order of magnitude compared with the cut-and-count
method. The MEM uses the matrix element of a process
to distinguish signal from background, and it has proven to
be a powerful tool in several SM measurements (e.g., top
quark mass) and searches (e.g., Higgs to four lepton and

"This assumption is backed up by a MC study of 500K pp —
uu~ events generated at the detector level (PGS [77]) with the
default smearing algorithm. Requiring events pass the dilepton
trigger and contain no jets with pJ. > 20 GeV and photons with
ph > 10 GeV, the cross section was 111 pb. After imposing
E; = pr(dimuon) > 20 GeV, the cross section drops to 0.22 pb.
With the further requirement of |M™M°¢|2 < —4, we find that the
pp — whu~ background can be removed completely.
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electroweak single top production). However, it has not
been extensively applied to BSM searches. The two main
hurdles are that the MEM needs the physical parameters of
the model and the four momenta of all initial and final states
as inputs. In the quest to find BSM signatures, we do not
know the value of the new model parameters and the
processes often contain unknown momenta in the form of
missing energy.

To investigate how we can combat these difficulties, as a
first small step, we applied the MEM to the L, — L, model.
This model, being one of the simplest extensions of the
SM, is already very well motivated because it can explain
some of the current observational anomalies in the
(9—2), and B decays. In this model, there is a Z' that
couples to only second and third generation leptons at tree
level. As a result, any tree-level process at the LHC
involving Z’ has to include four leptons of second or third
generation. We considered two cases, 4u and 2u + Er.
Both of these processes have a large number of kinematic
observables, making them ideal test grounds for the MEM
approach. The new parameters introduced by the L, — L,
model are the Z' mass M, and coupling (parametrized by
€ gz = €g).

Although the favorite mass region to explain the B decay
anomalies is O(TeV), in this paper, we only focused on
light Z': M, < M ,. The extension of our analysis to M, ~
O(TeV) is nontrivial and so we leave it to future works. In
the mass range 2m, < My < Mz, we looked at the process
pp — Z — 4u. This channel is clean and well understood,
and the presence of Z — 4e and Z — 2e2u control samples
can be used to mitigate systematic uncertainties. Therefore,
we can be sensitive to percent-level deviations. As the
matrix element of the signal depends on M, and e, we first
discussed how we can find values of these parameters that
best separate signal from background. The optimal value
of M, can be found by maximizing likelihood ratio with
respect to M, depending on the strength of the Z’
coupling. However, the likelihood ratio function increases
monotonically as a function of ¢ regardless of whether
events belong to the signal sample or the background
sample. Hence, we had to deviate from the conventional
MEM and look for the most optimal analysis value of € by
studying the distribution of the signal and background MC
generated events as a function of likelihood ratio for
various fixed values of e. In the best case scenario, the
L, — L, model can be explored up to 3¢ for € 2 0.002 for
2m, <Mz <20 GeV and €2 0.005 for 20 <My <
40 GeV with luminosity of 300 fb~! at the LHC, which
is about an order of magnitude improvement compared
with the cut-and-count method.

For lighter Z’, we studied the process pp — 2uEr. Due
to the presence of missing energy, this channel is not as
clean as the all muonic final state and is afflicted by several
backgrounds. One significant background is pp — t77~
with the taus decaying to muons, which has a cross section
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that is orders of magnitude greater than signal. To be
sensitive to the signal, we first work towards eliminating
the 7777 | gimuon- We use the squared matrix element of
7777 | gimuon fOr this task. This is a departure from the
canonical MEM, as we weight the events by the squared
matrix element of only one process, whereas in MEM we
usually weight the events by the ratio of the squared matrix
element of the signal processes over the background ones.
This alternative approach has two main benefits: (1) given
that we have missing energy in the process, calculating the
squared matrix elements is challenging; hence, focusing
our attention to only one can save us time and computa-
tional power. (2) Furthermore, this approach is independent
of the model parameters and can be used for any BSM
physics with this signature at the LHC.

Due to the presence of four sources of missing energy in
the 7777 | gimuon Process, we have ten unconstrained momenta
in this channel. Traditionally, one would proceed by
integrating over the unknown momenta. In this paper, we
instead showed how the unknown momenta could be
estimated by exploiting the topology of the 7777 |4inuon-
Without the need for any integrations, we calculate the
(modified) squared matrix element of 777 | 4400 (| M2Y?)
and use the resulting weight as a discriminant. With a
judicious cut on |M™|2) we find that the 7777 |4imuon
background can be completely eliminated. We then observe
that the signal reacts differently to the | M™1°4|? compared to
other (non-tau) SM backgrounds, and trace the difference to
interference between Z’ contributions to the amplitude and
contributions containing two on-shell W’s. As a result, we
can differentiate the signal from all SM backgrounds using
| M™9d|2 alone. With this method, we find we can reach to 3¢
up to €~0.001 for My <?2m, assuming an integrated
luminosity of 300 fb~', covering the (g —2), band. This
result may be improved if we relax some of the kinematic
assumptions and instead integrate over a subset of the
unconstrained momentum, something which may be worth
investigating in the future.

Because we did not use the squared matrix element of the
signal in our analysis of pp — 2uEr, our procedure can be
applied to any BSM searches with leptons and missing
energy in the final states. Scenarios with leptons and
missing energy are particularly well motivated in many
dark matter and dark photon searches at the LHC [78-86].
More generally, we argue that processes with £ that have a
specific topology can benefit from the MEM, while not
suffering from its computational challenges.

In conclusion, in this paper we provide a working
example where, after approximating unknown momenta
using the topology of the process, the MEM yields a
superior sensitivity compared to the cut-and-count method
without having to integrate. Consequently, even if applying
the canonical MEM to BSM searches has obstacles and
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appears to be computationally challenging, we may be able
to modify the MEM with reasonable assumptions to ease
the computational difficulty and yet gain a better sensitivity
than the cut-and-count method.
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APPENDIX: THE MODIFIED SQUARED
MATRIX ELEMENT OF THE 7* 7™ | 4imuon
PROCESS (|Mmed|2)

In this appendix, we detail the calculation of |AMMd
The first step is to define the four-vector of vs (the vector
sum of the two neutrinos coming from each tau) using the
momenta of muons in the framework of assumptions
discussed in Sec. IV B, keeping in mind the vs are not
massless,

i

Us, USi\2 2 Us; US; :
p ’_< (pTl) +mus,~COSh7]usi7pTlCosqﬁusival51n¢usiv

s/ (P4 m, Sinhms,),

where the subscript i is defined such that z; — y,vs;. In the
following, we define p7',m,, .1, and ¢, in terms of
known or measurable parameters,

2 Hi
_m‘r_pTl

vs; M%
P =N\ 201 +cosh(An(u*.p0)))

s = V w2+ 22 =20 (P (2 + () + (7))
Mus; = My,
D, =, + efﬁ, where efﬁ <1,

where we have ignored the muon mass (m, = 0), and ;s
are calculated from the conservation of momenta in the
transverse plane.

Furthermore, one of the assumptions (III) in Sec. IV B is
that the taus are produced from an on-shell Z. Therefore,
in calculating |./\/l‘,‘}Od 2 we also assume the process is
Z — 717 = pupus us,, where Z is simply the vector sum
of the final state products, shown by pZ. The modified
squared matrix element of 7477 | g uon 1S
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Mt =

(m? = m3y, ) (m? = m,,

m% 8m1/s]mvs2 (pZ : p”l)(pz : pllz)
)2

+ 4mvslmvs2(pﬂl : pllz)
m%M% m?2

_8my [(p” - p") (7 - p*) +2(p7 - p) (P p2)] 2my, (PP p) 4+ 2(p* - p*2)]

2
mTMZ

)

CAmy, [(p7 - p)(P7 - p2) +2(p7 - pM)(P7 - p7)] 2my (1 ) + 2(p" - pt)]

m.M?
1

my

+o s [P p)(p? - pr2) +2(p% - p) (7 - p2) + 8(p7 - p) (p7 - p*)

M3

X —=(p?- p*1)(p?% - pi2) +2(pH - p¥2) 4 (ph - pi2) +4(p* - p¥) + 2(p* 'p’”)>'

The numerical coefficient in front of |M™T4|? is irrelevant and thus can be ignored. This is because it does not matter
whether the plots are with respect to |M™4|2 or 16| MM,
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