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In the present work, we study the possible production of the light neutral gauge boson (Z') candidates,
which originated from a simplified-model scenario based on the mono-Z’ model, in association with dark
matter. This study has been performed by studying events with dimuon plus missing transverse energy
produced in the simulated electron-positron collisions at the foreseen International Linear Collider (ILC),

operating at 500 GeV center of mass energy and integrated luminosity of 1000 fb~!. In case no new physics

has been discovered, we set upper limits at 95% confidence level on the masses of various particles in the
model as, spin-1 (Z'), as well as the fermionic dark matter.
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I. INTRODUCTION

The Standard Model of particle physics (SM) has
succeeded in describing many features of nature that we
observe in our experiments [1]. The most famous example,
arguably, is the agreement between the SM prediction and
the experimental measurement of the electroweak theory,
which led to the old discovery of W+, 79 bosons and the
recent discovery of the SM Higgs boson by ATLAS
experiment [2] and CMS experiment [3].

Although its success, SM is well known that it is not a
complete theory. It describes only the visible, baryonic,
matter in the Universe, which represents about 5% of the
energy density distribution content of the Universe. The
rest is attributed to the mysterious dark energy and dark
matter (DM). Many cosmological observations, based on
recent observations by [4—6], support the existence of dark
matter. These observations suggest that dark matter is non-
decaying and weakly interacting massive particles. So, SM
could be considered as a low-energy manifestation of other
theories realized at high energy, generically known as BSM
(beyond the Standard Model) theories [7].

Both the ATLAS and CMS collaborations have previ-
ously searched for the massive extra neutral gauge boson
7/, which is induced by the grand unified theory (GUT) and
supersymmetry [8—11], with no evidence of their existence
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using the full RUN II period of the LHC data [12,13].
Results by the CMS have excluded, at 95% confidence
level (CL), the existence of Z' in the mass range between
0.6-5.15 TeV, while the ATLAS experiment has excluded
the mass range between 0.6-5.1 TeV.

In addition, many searches for DM have been performed
by analyzing the data collected by the CMS and ATLAS
experiments during RUN II. These searches rely on the
production of a visible object “X”, which recoils against the
large missing transverse energy from the dark matter parti-
cles leaving a signature of (X + ErT“iSS) in the detector [14].
The visible particle could be an SM particle like W, Z bosons
or jets [15,16], photon [17,18] or SM Higgs boson [19-21].

The current collider experiments, including ATLAS and
CMS, have set strict limitations on the coupling of the Z’
particle to the standard model (SM) leptons (g;). Based on
the observation of 4-muon final states [22,23], the coupling
constant g; is ruled out in the range of 0.004 to 0.3,
depending on the mass of the Z' boson. Furthermore, at
high Z' mass (M, > 200 GeV), the ATLAS collaboration
searched for dark matter within the framework of the mono-
7' model [24], specifically in the leptonic decay channel of
7! at the LHC [25]. This search has excluded Z' masses
between 200 and 1000 GeV and placed distinct constraints
on g;. Hence, within the light-vector scenario, g; is
excluded in the range of 0.01-0.025 for lower Z' masses
and 0.02-0.38 for higher Z' masses between 200 to
1000 GeV. Data from previous colliders, such as the
LEP-2 experiment [26], have provided further insights.
For 7' masses greater than the center-of-mass energy
(v/s =209 GeV), the LEP collaboration has imposed a
limit of g; <0.044M , /(200 GeV), and for M, <209 GeV,
g; < 0.044 [27].
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The constraints on the value of g; based on dark
matter detections from astrophysical and cosmological
observations:

(1) For neutrino trident production,

g, <1.9x1073M, /GeV [28].

(ii) The LSND experiment obtained a 95% confidence
level bound of g; <3 x 107°M, /GeV for neutrino
scattering measurements, while the TEXONO experi-
ment set a limit of g; <1.7x1072M, /GeV [29,30].

(iii) IceCube’s study of Z' couplings with SM neutrinos
and electrons resulted in a nonstandard neutrino
interactions (NSI) constraint translating into a bound
of g, <59 x107*M, /GeV [31].

(iv) The most recent results from the advanced LIGO-
VIRGO run 3, regarding the search for stochastic
gravitational waves, have partially excluded the high
mass range M, €[20 TeV, 1 PeV], with a gauge
coupling between g; € [0.37,0.44] [27].

However, various constraints on the direct detection
of dark matter in underground experiments such as
XENON10, XENON100, and XENONIT [32-34], along-
side recent findings from SENSEI [35] and PandaX-II [36]
regarding light dark matter scattering are presented. As a
result, the model suggests that the interaction between
dark matter and electrons can be utilized to explore light-
dark matter (Mpy < 1 GeV). Exclusion limits at a
90% confidence level from these experiments eliminate
the possibility of dark matter with masses exceeding
4 MeV [37].

Besides the aforementioned, indirect detection searches
for dark matter are currently more exciting than ever. This
means that the annihilation of dark matter into leptons or
hadrons in space can potentially produce a signal of thermal
WIMPs. We outline the most reliable constraints for GeV
dark matter annihilation into various final states as follows:
Fermi observations of dwarf spheroidal galaxies provide
the most stringent constraint on annihilation to hadronic
final states [38,39]; AMS-02 positron fluxes limit most
annihilation to leptons [40,41], these limits have shown that
these analyses are sensitive to the thermal relic cross section
for DM particles with mass < 200 GeV; and the CMB [42]
limits are most pronounced for low dark matter masses
(below about 10 GeV) [43,44]. Based on these results, the
WIMP DM mass window from 20 GeV up to the unitarity
limit [45] of 100 TeV remains largely open [46,47].

If the Z' does not couple to quarks, the HL-LHC and
future hadron colliders would provide no limits on the
existence of Z'. Then the future electron-positron colliders
as the foreseen International Linear Collider (ILC) will play
an important role.

The ILC is an electron-positron collider, which has been
proposed to operate at 500 GeV center of mass energy (1/s)
as a startup with possible upgrade to /s = 1000 GeV in
run II [48-51]. The linear electron-positron colliders are
characterized by controllable initial particle energy, low

the limit is

QCD background compared to hadron colliders, and
controllable beam polarization.

In this analysis, we present a search for light neutral
gauge bosons (Z') (i.e., My < 90 GeV), which are origi-
nated from a simplified-model scenario, which is known
as the light vector (LV), in the framework of mono-Z’
model [24], at the ILC simulated electron-positron colli-
sions with 500 GeV center of mass energy. The topology of
the studied simulated events is dimuon, from the decay of
7/, plus large missing transverse energy attributed to dark
matter. A similar analysis has been presented for searching
for dark matter in association with the visible particle being
a Z boson decaying to dimuon at the ILC [52].

In this paper, we will first present the theoretical
framework of the simplified model based on the mono-
7/ portal and its free parameters in Sec. II. Next, we will
explain the simulation techniques used for generating
events for both the signal and the SM background samples
in Sec. III. We will then discuss the selection cuts and the
analysis strategy in Sec. IV. Finally, we will present the
results and provide a summary of this analysis in Secs. V
and VI, respectively.

II. THE SIMPLIFIED MODEL IN THE
FRAMEWORK OF MONO-Z’' PORTAL

The mono-Z' model, discussed in [24], assumes that dark
matter is produced from electron-positron collisions at the
ILC via a new light gauge boson Z'. In the mono-Z' model,
the dark matter can be produced through three different
scenarios.

This model considers two scenarios with a minimal set of
renormalizable interactions. The first scenario involves
dark-Higgsstrahlung from a Z’, where the dark Higgs
decays invisibly. The second scenario involves a dark
sector with two states, y;,, which couple off-diagonally
to the Z'. In terms of renormalizable scenarios, the
Z' + Ess search demonstrates better sensitivity than direct
resonance searches, particularly for low Z' masses [24].
This analysis will exclusively focus on the second light
vector (LV) scenario, as illustrated in Fig. 1.

Z/

X1

e+

FIG. 1. Feynman diagram for the Light Vector (LV) scenario
based on mono-Z' model; for the production of neutral light
gauge boson (Z') in association to dark matter (y;) pair [24].
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The proposed dark matter can be produced through the
process of pair annihilation of electron-positron mediated
by a light vector boson Z/, which then undergoes two dark
matters, a light dark matter (y;) and a heavy one (y,). y5 is
heavy enough to decay to a Z' and another light dark matter
x1 G.e., y» = Z y)) as shown in Fig. 1.

The interaction term, in the Lagrangian, between the
dark fermions and Z’ is given by [24]

g%MZL%y“r% + 7 10),

where gpy is the coupling of Z' to the dark matter y,
and y,. In the rest of the paper, the notation (y) refers
to (y,). For future reference, the coupling of the Z' to the
visible leptons will be represented by g;, while the coupling
of the Z/ to the dark matter will be represented by gpy in
the rest of this paper.

The only allowed decays in the LV scenario are assumed
to be the decay of Z' = y1y2, ¥o = Z'y; and Z' — ptp~.
Where the total decay width of the Z’' and y, can be
calculated given the values of the masses of Z' and dark
matter and the coupling constants.

The free parameters in this scenario are the lightest dark
matter mass M, , M,,,, the Z' mass (M) and the coupling
of Z' to both leptons and dark matter particles g; and gpy
respectively.

The CMS and ATLAS detectors have conducted inten-
sive searches for Z' over many years. As a result, it has been
proven that heavy neutral gauge bosons (Z') do not exist in
the mass range between 0.2 to 5.15 TeV. Therefore, we
focus our investigation on the production of light neutral
gauge bosons (Z') in the mass range below 90 GeV at
the ILC.

To achieve this, the LV scenario has been considered
with the use of the light-dark sector case for acquiring mass
to dark matter particles (y; and y,) as presented in Table I.
This is a specific choice made to fix M, and M,,, according
to a prescription given in [24]. It is important to note that
this is only one of the possible choices.

Due to previous restrictions on the value of g; from
different experiments as the CMS, ATLAS, and LEP-2 in
the range of M, values between 10 and 80 GeV, g; needs to
be approximately 0.003 [27]. According to [24], gpym 1S
equal to 1.0. While the values of the masses (M, M,, , and
M,,) are not fixed but are scanned over.

Two leptons identify the signal of the processes being
studied with opposite charges. These leptons are created

TABLE I. The light mass assumptions for the dark sector for
the light vector scenario [24].

Scenario Masses assumptions

M, =1,5,...,200 GeV
M, =M, + My +25 GeV

Light dark sector

from the decay of Z' and are accompanied by a large
amount of missing transverse energy caused by the stable
dark matter y;. Therefore, the events we are examining can
be described as having the topology of (u™u~ + EF).

III. SIMULATION OF SIGNAL SAMPLES
AND SM BACKGROUNDS

The SM background processes yielding muon pairs in
the signal region are Drell-Yan (DY — u* ™) production,
the production of top quark pairs (tt - p"u™ +2b + 2v)
and production of diboson (W W~ — putu~ +2uv,
ZZ — utyum +2v and ZZ — 4u).

The LV scenario signal samples and corresponding SM
background processes were generated using WHIZARD
event generator 3.1.1 [53]. The ISR effect was included and
interfaced with Pythia 6.24 for parton shower model and
hadronization [54]. For a fast detector simulation of ILD
detector, DELPHES package [55] was used. These were
generated from electron-positron collisions at the ILC with
a 500 GeV center of mass energy, which corresponds to the
circumstances of RUN I. The polarized degrees of electron
and positron beams are P, =0.8 and P, = —0.3,
respectively.

For the scenario where light vectors are produced along
with dark matter particles (y; and y,), we have considered
the mass assumptions as summarized in Table I. Assuming
g; = 0.003 and gpy = 1.0, Table II shows the production
cross section times branching ratios at leading order (LO)
for various mass points of Z' and DM. The polarized
degrees of electron and positron beams are P,- = 0.8 and
P, = —0.3, respectively, at the ILC with /s = 500 GeV.

In Fig. 2, the production cross sections multiplied by
branching ratios are plotted against the mass of the dark
matter (M, ) for two different 7/ mass points (M, = 20
and 80 GeV). These signal samples were generated at the
ILC with /s = 500 GeV, and the electron-positron beams
polarization was P,- = 0.8 and P, = —0.3, respectively.
This graph shows that the cross sections multiplied by
branching ratios remain relatively flat until the mass of the
dark matter reaches 100 GeV. After that point, they
decrease rapidly.

Figure 3 illustrates the cross sections times branching
ratios against the mass of the neutral gauge boson (Z') for
three different dark matter mass values: 1 GeV, 100 GeV,
and 200 GeV. It has been observed that there is a significant
decrease in the cross sections times branching ratios as the
dark matter mass increases, while the mass of Z’ also affects
this trend.

The Monte Carlo simulations were used to generate the
SM background samples and calculate their corresponding
cross sections for this analysis. The calculations were done
in leading order and can be found in Table III. The signal
samples and SM background processes were estimated
from these simulations and were normalized to their
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TABLEII.  The light vector scenario production cross sections times branching ratios (in fb) at leading order (LO) for different choices
of the DM mass M, (in GeV) and Z' mass M (in GeV); for the light-dark sector mass assumption with the following couplings
constants g; = 0.003, gpy; = 1.0. Given that the polarized degrees of electron and positron beams are P,- = 0.8, P,+ = —0.3 at the ILC
with /s = 500 GeV.

sz

M, 10 20 30 40 50 60 70 80 90

1 773 x 1070 7.08 x 107! 6.73x 107! 649 x 107! 628 x 107" 6.12x 107" 6.01 x 107! 588 x 107! 5.78 x 10~!
5 7.63x 107" 6.87x 107" 652x 107" 629x 107! 6.09x 107! 595x 107! 582x 107! 570x 107! 5.60 x 10!
10 7.62x 107" 6.65x 107" 6.30x 107" 6.05x 107" 586 x 107! 573 x 107! 559 x 107! 548 x 107" 5.39 x 107!
25  644x107! 620x 107" 575x 107" 547 x 107" 527 x 107! 5.12x 107! 498 x 107! 4.86 x 107! 4.76 x 107!
50 635x 107! 557 x 107" 4.92x 107" 4.59x 107" 437 x 107" 4.19x 107" 4.03x 107" 3.90 x 10! 3.77 x 107!
100 6.30x 107" 3.80x 107" 3.15x 107" 282x 107" 259 x 107" 240x 107" 224 x 107" 2.10x10"" 1.94 x 107!
125 446x 107" 2.69x 107" 220x 107" 1.93x107' 1.73x 107! 156x 107! 1.41x 107! 1.28x 107! 1.17 x 107!
150 1.85x 107" 1.62x 107" 131x107" 1.11x107"' 957x1072 826x 1072 7.07x 1072 597 x 1072 4.95x 1072
170 1.35x 107" 895x 1072 7.07x 1072 577x 1072 4.67x 1072 3.72x 1072 286 x 107> 2.12x 1072 1.48 x 1072
175 1.10x 107" 741 x1072 581 x1072 4.64x1072 3.68x 1072 282x1072 208 x 1072 1.45x1072 922x 1073
200 248 x 1072 1.84x1072 128x1072 8.08x 1073 450x 1073 2.02x1073 627 x107* 1.15x10™* 8.19x 107°

respective cross sections and an integrated luminosity
of 1000 fb!.

An ad hoc flat 10% uncertainty is applied to cover all
possible systematic effects.

IV. EVENT SELECTION

The event selection process has been designed to
reconstruct a final state consisting of two muons with
low transverse momentum (p7) and missing transverse
energy accounting for the dark matter candidate. The
selection is made by applying cuts on various kinematic
parameters.

Both muons must pass a preliminary selection that
includes the following criteria:

T T T T T T
, Whizard ({s = 500 GeV)
10° —— Theoryw, M, =20 GeV
ete > Z' > 7'y
Light dark sector: Z'(u*u-)
g,=0.003,g =10 —o— Theory,, M, = 80 GeV

1 .

o % Br (Z'— uu) [fb]

1 075 1 1 1 1 1111 l
1 10
M, [GeV]

FIG. 2. Dependence of cross sections for the signal process
ete™ - yyZ'(Z' - p*p~) induced by the light vector (LV) on
the DM mass with /s = 500 GeV and the electron-positron
beams polarization are P,- = 0.8, P,+ = —0.3. The blue dots
refers to M, = 20 GeV, while the red dots for M, = 80 GeV.

(i) pF(GeV) > 10,

(i) |n*|(rad) < 2.5,

(iii) IsolationVar < 0.1.

Here, “IsolationVar” represents the isolation cut in
DELPHES software to reject muons produced inside jets.
This cut requires that the scalar py sum of all muon tracks
within a cone of AR = 0.5 around the muon candidate,
excluding the muon candidate itself, should not exceed
10% of the p; of the muon.

Therefore, each event is selected with two opposite
charge muons.

Figure 4 shows the distribution of the dimuon invariant
mass; the cyan histogram represents the Drell-Yan back-
ground, the yellow histogram stands for the vector boson

L B L
+Theoryw, M11=1Gev

LI B

Whizard (s = 500 GeV)
e'e »Z' -Z'y7

—o— Theory ,M =100 GeV

Light dark sector: Z'(p*u-) W,

,=0003,g,, =10 —— Theory, , M, =200 GeV

107"

4

S
%
\

o % Br (Z - pp) [fo]

m‘\ HHH\‘ TTTIm T \Hm T HHH\‘ T \HHH‘ \4
I

L 1 HHH\‘ 1 \HHH‘ L1l 1 HHH\‘ 1 \HHH‘ 1

N
S
&

v e L e b B0 |

10 20 30 40 50 60 70 80
M, [GeV]

N
S
b

FIG. 3. Dependence of cross sections for the signal process
ete™ - yy7Z'(Z' — p*u™)) induced by the light vector (LV) on
the Z’ mass with /s = 500 GeV and the electron-positron beams
polarization are P,- = 0.8, P,+ = —0.3. The blue dots refers to
M, =1 GeV, the red dots for M, = 100 GeV and the green
dots for M, =200 GeV.
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TABLE III. The simulated SM backgrounds generated from
electron-positron collisions at the ILC with the polarized degrees
of electron and positron beams are P,- = 0.8, P,+ = —0.3 at
/s = 500 GeV. Their corresponding cross section times branch-
ing ratio for each process and the generation order are presented.
Names of these MC samples and the used generators are stated
as well.

Process  Deacy channel = Generator o x BR (fb) Order
DY wrp Whizard 1767 LO
tt utu™+2b+2v  Whizard 10.4 LO
WwWw wrum +2v Whizard 232.8 LO
77 wrum +2u Whizard 3.7 LO
77 4u Whizard 0.5 LO

pair backgrounds (WW and ZZ), and the red histogram
represents the /7 background. These histograms are stacked.
While the signals of the LV scenario, which have been
generated with different masses of the Z' boson and fixing
the dark matter mass (M, = 1 GeV), are represented by
different colored lines, and are overlaid.

Figure 5 presents the corresponding distributions of
the missing transverse energy for a signal sample with
Mz =20 GeV and M, =1 GeV, as well as for SM
backgrounds. The figure indicates that the signal sample
is heavily contaminated with backgrounds across the entire
missing transverse energy range. Therefore, it is crucial
to implement more stringent criteria to distinguish the
signals from SM backgrounds, as explained in the follow-
ing paragraph.

In addition to the preliminary selection, extra tighter
cuts have been applied. These tight cuts are based on four
variables: the first variable is related to the invariant mass of
the dimuon, at which we restricted the invariant mass of the

1000 fb™" (500 GeV)

, Delphes simulation(ILC) [CJ oy wus
10 o'e” > 2 747 [ Jewk
10° Light vector: Z'(u*p-) - Top-Quark Pairs
108 g=0003,g =10,M =1GeV - mz - 20 Gev
" —— M, =50GeV
10 —— M, =80 GeV

Events / 1 GeV

0 50 100 150 200 250
M., [GeV]

FIG. 4. The measured dimuon invariant mass spectrum, after
applying preliminary selection(i) summarized in Table IV, for the
estimated SM backgrounds and different choices of neutral gauge
boson (Z') masses generated based on the LV scenario, with dark
matter mass (M,, =1 GeV).

1000 fb™" (500 GeV)

LIRS R S R L L B Y B B S B B B B N B
Dovawf
DEWK

- Top-Quark Pairs

10"
Delphes simulation(ILC)
e'e’ 2 5747
Light vector: Z'(u*p-)

9= 0.003, 9, 1.0, M"y =1GeV

6
3 10 M, =20 GeV
(ORI
3
= 10*
2]
s 10°
@ 102
10
1
107"
102
100 150
ErTniss [GeV]
FIG. 5. The distribution of the missing transverse energy, after

applying selection(i) summarized in Table IV; for the expected
SM backgrounds, and mass of Z' (M, = 20 GeV) produced by
the LV scenario, with mass of dark matter (M, =1 GeV).

dimuon to a small range around the mass of the neutral
gauge boson Z/, thus, it is required that 0.9 x M, <
M- <My +25 as suggested in [24]. The second is
the relative difference between the transverse energy of

dimuon (EX*") and the missing transverse energy (EMis),
it has been selected to be less than 0.4. (.e.
|[Ef T — EPS|/Ef ' <0.4). The third one is A, - zai,
which is defined as difference in the azimuth angle between
the dimuon direction and the missing transverse energy
direction (i.e. Ag,. - zmss = | 1 — @™5)), it has been
selected to be greater than 2.9 rad. The fourth cut is the
angular distance (or angular separation) between two
opposite-sign muons [AR(x "~ )], it has to be less than 1.8.

The graphs, presented in Fig. 6, illustrate the distribu-
tions of certain variables for the signal presentation of the
simplified model relating to the light vector scenario. These
variables are presented alongside SM backgrounds for
dimuon events that pass selection (i). The first variable
is denoted as |E4 # — EMiss| /B and its graph is shown
in the plot 6(a). The second variable is denoted as
A¢”+”_’ Fisss and its graph is shown in the plot 6(b). The
third variable is the angular distance[(AR(u"p™)], and
its graph is presented in the plot 6(c). The model was
generated with a neutral gauge boson mass of
Mz =20 GeV, and dark matter mass of M, =1 GeV.
These distributions are scaled to one. The vertical dashed
lines in these figures correspond to the chosen cut value
for each variable.

V. RESULTS

The shape-based analysis has been used based on the
missing transverse energy distributions (E7"*), which are
good discriminate variables since the signals distributions
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9=0003,g =10.M =1Gev — ZZ(2u2v) ; g=0003,g =10,M, =1GCeV — 7Z(2u2v)
— ZZ(4p) — ZZ(4n)
- My =20 GeV -= M, =20 GeV

-

Events (scaled to one)
Events (scaled to one)
g
9

1
i
1
1
1
!

i
!

B |:
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I el ISP TSI 10 T I R | [
3 4 5 6 7 8 0 0.5 1 15 2 25 3 35
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(a) (b)
F™ " Delphes simuldtion(ILC) | oo 3
10 & e'e 572> Z'yT i —
E Light vector: Z'(u*u") ww 3
_ 1; g=0003,g =10,M =1GeV —— 7Z(2u2v) ;
) E — ZZ(4n) 3
5 Five., -+ M, =20 GeV 3
2 g -
kel E! E
Q@ = 3
g - .
L 102k 5
[22] = |
£ F 3
§ = 3
w 107 = =
10 =
s L [N B [
1079 1 2 3 4 5 6 7 8
ARQW'W)
(c)

FIG. 6. The distributions of three variables for dimuon events, where each muon passes the low pr muon ID discussed in selection
(i) in Table IV. The three variables are |E’}+’f — Eiss|/ E‘}W? 6(a), A, - pms 6(b), and AR(u" ™) 6(c). The model corresponds to the

LV scenario with M, = 20 GeV and SM backgrounds. The histograms are normalized to unity to highlight qualitative features, and the
vertical dashed lines correspond to the chosen cut value per each variable.

are characterized by relatively large EF® values compared ~ backgrounds and the signal of the simplified LV scenario.
to the SM backgrounds. After applying the final event = The event selection process includes passing the analysis
selection listed in Table IV, the missing transverse energy selection (i) and final selection (i + ii). The signal was
distribution is illustrated in Fig. 7. Table V displays the  generated with masses of a light gauge boson M, of
results of the event selection process for both the SM 20 GeV, and a dark matter mass M, of 1 GeV,

TABLE IV. Summary of cut-based final event selection used in the analysis.

Step Variable Requirements

Selection(i) P (GeV) > 10
|| (rad) <25
%pr/ Py <0.1

Selection(ii) Mass window (GeV) 09X Mz <M, <My + 25
Aqﬁlﬁ”,’ Fmis >29
B~ B <04
AR(utp™) <18
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1000 fb” (500 GeV)
T T T T

1010

10° Delphes simulation(ILC) |:‘ DY— u
e'e -2 = 2Z'x7
8
10 Light vector: Z'(u*p") I:] EWK
107 Top-Quark Pairs
i 9,=0003.q =1.0.M =1Gev - P
10 M, = 20 GeV

Events / 50 GeV

0 50 100 150 200 250
ET [GeV]

FIG. 7. The distribution of the missing transverse energy, after
applying the final analysis selection(i + ii) listed in Table IV, for
the expected SM background and one signal benchmark corre-
sponding to the LV with M, = 20 GeV is superimposed.

corresponding to an integrated luminosity of 1000 fb~!.
The uncertainties in the results comprise both statistical and
systematic components, which are summed in quadrature.
The significance of the signal over the background was
calculated using the Asimov formula described in [56].

S = \/2x ((NS—I—Nb)log(l—I—II\\/’—Z) —Ns>, (1)

where N and N, are the number of signals and a total of
SM background events passing the selections (i + ii) listed
in Table I'V.

To understand the necessary M, values to observe a
deviation or a discovery, we have estimated the signal
significance (§) by varying values of M, for events passing
the final selection listed in Table IV. Figure 8 shows the
signal significance versus M, plotted at different dark
matter masses (M, ) while using polarized -electron-
positron beams.

We used the profile likelihood method to analyze our
results statistically and performed a statistical test. We used
the modified frequentist construction CLs [57,58], which is
based on the asymptotic approximation [56], to derive
exclusion limits on the product of signal cross sections and
the branching fraction Br(Z' — upu) at a 95% confi-
dence level.

In the mono-Z' model, the 95% upper limit on the cross
section times the branching ratio for the LV simplified
scenario is shown in Fig. 9. The result is presented for the
muonic decay of the Z' and with coupling constant values
of g; = 0.003 and gpy; = 1.0, for an integrated luminosity
of 1000 fb~!. The limits are illustrated for dark matter
mass M, values of 1 GeV in 9(a), 150 GeV 9(b), and
170 GeV 9(c), which are represented by the black solid

TABLE V. The table displays the number of events that passed
the pre-selection (middle column) and the full selection (right
column) criteria, as obtained from simulations for backgrounds
and a signal. The simulations were performed with a luminosity
of 1000 fb~! at \/s = 500 GeV. The signal sample corresponds
to the simplified-model scenario LV with M, = 20 GeV,
M, =1GeV, gpy = 1.0 and g; = 0.003. The total uncertain-
ties, including both the statistical and systematic components,
have been taken into account for the simulated signal and
background samples.

No. of events No. of events

Process passing (i) passing (i + ii)
DY — utu~ 875756 £ 87581 0£0

tt— putu” +2b+ 20 6293 + 634 554+9
WW — 'y~ +2v 136029 + 13608 732 +78
77 — ptu~ +2v 2515 +£257 12+4
77 — 4u 463 + 51 0£0
Sum Bkgs 1021055 £ 102111 799 + 85
Signal of LV scenario 366 £ 41 345 £39

(at M, =20 GeV and
M, =1 GeV)

curves. The vertical dotted red line indicates the upper
limit value.

Figure 10 shows the limit on the cross sections times the
branching ratios for the muonic decay channel of the 7/
boson as functions of the mediator’s mass (M) and the
mass of the dark matter (M, ). The region inside the
contour is excluded for the benchmark scenario where
g; = 0.003 and gpy = 1.0. We used an integrated lumi-
nosity of 1000 fb~!. This limit shows that the invariant
mass range from 20 to 80 GeV is excluded for
M, €[1,122] GeV.

1000 fb™" (500 GeV)
20\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\I\_

C Delphes simulation(ILC) § LV:M, =1GeV ]
18 — e'e »Z' - Z'y7 ¥ L Mx,=50 GeV -
F Light vector: Z'(1*u-) g LV:M, =90 GeV B
16 — 3 LV:M, =100 GeV .
C 9=0003,g =10 8 LV:M, = 105 GeV B
14 __ i LV:MX‘=11OGeV -
- 3 LV:M, =120 GeV =
2 :_\o_r/’/.—‘—‘ _:
? 10 —
]
6 % . -
—— .
-~ R e ‘x B 50
- ——— &5 ——4 m
41— R — —
2 -
ST Y FRTTU FYTTY FAETE FOTE T AT T T S T P L
20 25 30 35 40 45 50 55 60 65 70 75 80 85
M, [GeV]
FIG. 8. The significance (S) versus M plotted at different dark

matter masses (M, ) for events passing the full set of cuts listed in
Table IV. The dashed horizontal red line corresponds to S = 5.
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95% CL limit on 6 x Br (Z'— uu) [pb]

‘
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FIG.9. 95% CL upper limits on the cross section times the branching ratio (expected), as a function of the mediator’s mass (M2 ) based
on mono-Z' model, with the muonic decay of the Z'. The black line represents the light vector scenario with M, = 1 GeV 9(a),
150 GeV 9(b), and 170 GeV 9(c). The vertical dotted red line indicates the upper limit value.

1000 b (500 GeV) x10®
LV:Z -’
Expected 95% CL

ILC simulation
ee »72'-2%7
=0003,g,, =10

My, [GeV]
o
»H
95% CL limiton o x Br (Z' — uu) [pb]

40 50 60
My [GeV]

FIG. 10. The 95% CL upper limits on the product of the cross
section and branching fraction from the inclusive search, for
variations of pairs of the LV scenario parameters (M and M,,).
The filled region indicates the upper limit. The dotted black curve
indicates the expected exclusions for the nominal Z’ cross section.

VI. SUMMARY

The ILC electron-positron collider is an optimal machine
for the possible detection of particles from BSM since it
delivers a clean signature of unknown particles as dark
matter, extra neutral gauge bosons, and Kaluza-Klein
excitation concerning the QCD background.

In this view, we have studied the effects of a simplified-
model scenario, which is known as light vector (LV), via
dark matter pair production associated with a Z' boson at the
ILC. The LV signal samples have been simulated based on
electron-positron collisions corresponding to the foreseen
ILC RUN I with 500 GeV center of mass energy, for an
integrated luminosity of 1000 fb~!. Results from the muonic
decay mode of Z’ are discussed, with fixing the values of the
coupling constants to be gpy = 1.0, g; = 0.003. Given that
the polarized degrees of electron and positron beams are
P,- =0.8, P,- = —0.3 respectively at the ILC.

We observed a significant reduction in the SM back-
grounds without affecting the signal strength, using appro-
priate cuts (listed in Table IV) for the light vector scenario.
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If this signal is not observed at the ILC, we set upper
limits on the masses of Z' and dark matter (y;) at the
95% CL for the charged muonic channel decay of Z'.
Limits have been set for light vector scenario with
g; = 0.003 and gpy = 1.0, excluding the invariant mass
range from 20 to 80 GeV for M, €[l,122] GeV, never-
theless excluding M, = 170 GeV at My = 21.5 GeV.
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