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Abstract. In Randall-Sundrum theories a dark matter candidate can arise consequently to
baryon number conservation in the form of a massive right handed Dirac neutrino interacting
through an additional SU(2)r gauge group. The neutral SU(2)r gauge boson, called Z’, is
supposed to couple only to the standard model right handed top quark. In e*e™ collisions it
will therefore be produced preferentially in top events. Its production is studied in the channel
ete”™ — ttZ' and a method to measure its mass is proposed. The generator level measurement
shows a precision better than 10% for a light Z’ (mz € [200,500] GeV).

1. Introduction

Many theories have been built to fill in the Standard Model (SM) deficiencies (super-symmetry,
Kalusa-Klein, ...). The so-called Grand Unified Theories (GUTs) have to cope with many
questions to be relevant. The dark matter puzzle is one of those. Dark matter is constituted of
yet unknown massive particles. Such particles accounts for the major part of the galaxy masses
and can be detected thanks to gravitational effects (galaxy dynamics, gravitational lensing).
Dark matter accounts as well for &~ 25% of the universe energy budget. In many GUTSs, a
dark matter particle candidate arises as a spin-off of the baryon number conservation (e.g. the
neutralino being stabilised thanks to the R-parity in super symmetry). In the case of Randall-
Sundrun theories, the baryon number conservation leads to the stability of a particle having the
properties of a right handed neutrino ¢/ [1, 2]. This v/ interact via an additional SU(2)r gauge
group involving, among others, a neutral gauge boson called Z'.

The expected main properties of this new particles (details in [3] and [4]) are the following:

- Small coupling to the SM through a Z°/Z’ mixing at the percent level. Too high mixing
would conflict with direct dark matter detection constraints.

7' couples to the SM only wvia right handed top quark t¢g.

- The Z’ mass myz must be in the TeV range but as light as possible.

- The v/ mass m,, must be a bit below my//2 to comply with the relic density constraints.

As a consequence, this Z’ can not be directly produced in e*e™ collisions in a resonant process
such as ete™ — Z’ and the benefit must be taken from its strong coupling to the top quark. In
the next section, the Z’ production in ete™ collisions is described and the choice of the studied
7' decay channel is discussed. In section 3 the selection of the events showing a Z’ is drawn and
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in section 4 the cross section of the production process is measured using the event selection
method and a technique for the measurement of the Z’ mass my is proposed. The analysis is
done at the generator level. Data are generated using the software calcHEP 2.5.5 [5] and pythia
8 [6] is used to propagate and decay the particles. Some inputs from a full detector simulation
are considered in section 4.3.

2. 7' production in 3 TeV ete™ collisions

Since the Z’ is supposed to couple in the SM mainly (or uniquely) to the top quark, a favoured
production process in eTe™ collisions is the emission by an out-going ¢t pair. The corresponding
diagram is displayed in figure 1.

e t, t
v, Z Figure 1. Z' production by
z' emission from an out-going
tt pair.
et t,t

In the present set-up, if the small Z°/Z’ mixing is neglected, two decay channels are possible
for the Z’: the decay into a tt pair, allowed if its mass is sufficient, and the decay into vV pair,
always allowed since the v/ has been taken at a mass below mz /2.

Recent LHC results (elsewhere in those proceedings) have shown that a leptophobic Z’, that
would show up as a resonance in di-jet mass or ¢t pair invariant mass spectra, are very unlikely
for Z' masses below ~ 1.5 TeV. On the other hand, in the process discussed above, if the Z’
decayed into a tt pair, a four top event would be obtained, giving therefore a striking signal
at a 3TeV ete™ collider (the SM cross section for four top events is ~ 20ab). The study is
therefore focused on the invisible decay of a light Z’ (200 GeV < mz < 1TeV) after emission by
an out-going tt pair produced in a 3TeV ete™ collision. The cross sections of this process for
different mass of the Z’ are shown in table 1 at a centre of mass energy of 3 TeV and includes
the effect of Initial State Radiations (ISR).

Table 1. Total process cross sections and Z’ decay branching ratios times cross section.

my Cross sect. 0z sinv. Ozi—ui
200 GeV/c?  14.9b 14.9fb  —
300GeV/c?  8.7fb 8.7fb  —
400 GeV/c?  5.61fb 2.4fb  3.2fb
500 GeV/c?  3.7fb 1.2fb  25fb
600 GeV/c?  2.6fb 0.8fb  1.8fb
700 GeV/c?  1.8fb 0.5fb  1.3fb

3. Z' event selection
The main characteristics of signal and backgrounds are summarised below. A method to
discriminate the signal events is proposed.
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3.1. Signal and background characteristics

The signal consists of multi-jet events with a large number of particles and a certain amount
of missing energy. It is expected to be very close to SM s-channel ¢t events which constitute
the main background. In a first step, the tagging of the top events is assumed to have a full
efficiency and purity. Therefore, the backgrounds considered are only the SM inclusive ¢t events
and the following background channels are leftover for this study (cross sections given at 3 TeV
for boson hadronic decays only):

- ete” - WHTW~ (2631tb)
- etem — 2920 (16 fb)
- efem” — WHW=2° (11 1)
-etem = 2°2°2° (< 11b)
The present results shall then be scaled according to the real top tagging performance.
Both s and t channel ¢t production are considered, their respective Feynman diagrams are

displayed in figure ?? (note that, for background 2, only the main diagram is represented) and
their respective cross sections are summed up in table 2.

(i) background 1: eTe™ — tt (#) background 2: eTe” — tt + vv

v, 4

et

(]

Figure 2. Diagrams of the considered background channels

Table 2. background channel cross sections.

Channel Cross sect.
ete™ — tt 19.87fb
ete™ - tt+vi 5fb

3.2. Selection results

The event selection is performed with a cut on the output of a Boosted Decision Tree (BDT)
evaluated for each event. The discriminative input variables are listed in table Al. They are all
related to the event dynamics, event shape and to missing energy. The BDT output distributions
for signal and background is displayed on figure 3 and the performance of the separation are
summarised in table 3. Sy.x denote the maximum significance and therefore corresponds to the
optimal cut. The global efficiency of the event selection is 0.884 + 0.004.
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Figure 3. BDT output distributions for signal and both backgrounds.

Table 3. BDT performance.
Sig. vs Bgl Sig. vs Bg2 Pr cut

JROC 0.955 0.971 N/A
Smax 99.6 113.8 88.6
€@QSpax  90.8% 97.4% 85%
BQSpax  18.0% 14.6% 40.3%
Smax cut  -0.0378 -0.3391 175 GeV/e

4. Measurement of process cross section and Z’' mass

4.1. Method for Z' mass measurement

The Z’ mass can be extracted from the event total invariant mass spectrum (or equivalently from
the tt pair invariant mass) of the selected events. In absence of Z' and without any source of
smearing, this spectrum should simply show a thin peak at the nominal energy of the collisions.
In the case of the emission of a Z’ by the out-going tt pair, the energy transferred to the Z’
becomes invisible. The Z’ tends to be emitted at rest or very low energy, therefore the invariant
mass spectrum should show a peak at the nominal collision energy minus the Z’ mass and a
tail towards lower values. Nevertheless, the ISR induces a smearing of the collision energy, as
shown in figure 4. It therefore induces a smearing of the spectrum and then a smoothing of
the spectrum upper edge. A function, called “smooth gate” in the following, defined in eq. 1,
is fitted to the event total invariant mass spectrum without presence of the signal as shown in
figure 5(c). This way the background contribution is modelized and is subtracted from the total
spectrum. The area of the remaining spectrum is then proportional to the cross section of the
ete™ — ttZ' process. To measure the Z’' mass, the “smooth gate” is fitted to this spectrum as
shown in figure 5(d) and the sy parameter, corresponding to the upper slope inflexion point, is
related to mys through the relation 3 established in the following. The “smooth gate” is defined
by:

G R — 1)
(€5 + 1) +1)

where si, i € {1,2} are the inflection point abscissae and p;, i € {1,2} are the slope steepnesses,
see graphical representation with arbitrary values of the parameters in figure 5(b).
The procedure described above is applied for mz from 200 to 700 GeV/c? with a constant
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statistics. The use of a constant statistics is meant to probe the sy sensitivity to myz: only. The
resulting event invariant mass spectra are displayed in figure 5(e). Their fitted “smooth gate”
upper inflexion point abscissa are summed up in table 4 and plotted in figure 5(f). This figure
shows as well how a straight line fits to the data point and the residuals are shown in the figure
corner histogram. The fit information allows to define a relation between the s; parameter and
my which reads:

so = (2757 +£8) — (1.05+0.02) x my, (2)
which gives a direct formula for m:

(2757 £ 8) — s,
1.05 £ 0.02

my

Table 4. Summary of the “smooth gate” upper inflexion point abscissae (s2)

myz (GeV/c?)  sa (GeV/c?)

200 2530+ 6
300 2458 £6
400 2340 £ 7
500 2235+ 7
600 2119+ 8
700 2005 £ 10

4.2. Results with model predicted
The model predicted statistics for 1ab™! of data are used in order to estimate the cross section
measurement and the expected resolution on my:.

4.2.1. FEvent selection and cross section measurement Table b summarizes the main features
of the analysis using the model predicted statistics: for each mass, the table shows the number
of events passing the BDT cuts and surviving the background subtraction and the significance
of the new physics signal. The measured cross sections are shown as well and compared to the
predicted ones. The present method tend to underestimate the process cross section for low m
and slightly over-estimate it at higher values.



in2p3-00621181, version 1 - 12 Sep 2011

Q T T T T T T
Qs T T T T F 3
& £ [ Background 1 E r 1
9% == Background 2 3 SO E
+ 30— Hl Signal E r ]
S 300 E - E
5 300° E F ]
3, E F ]
2250 E X 30~ -
— C =l had L N
ézooz— 3 . 1
S 150— E 20— -
Z t 3 r 4
1007 = E ]
E B 10— -
sof- = . ]
E B e N N R R U ARSI R S
% 500 1000 1500 2000 2500 . _ 3000 % 500 1000 1500 2000 2500 3000
Event invariant mass [GeVic X
(a) Event total invariant mass spectrum for signal (b) “Smoot gate” function with arbitrary parameter
2
and both backgrounds (mz =200 GeV/c?). values.
QI QR 77—
& Entries | Tar1a ] & [éntries 12094 E
B ;40 Mean 1967 E G 50 Mean 1824 E
o "Rus 4075 E o % RrRMs 473.9 ]
<L Cx2/ndf 118.5/73 ] L [Ex?/ndf 433.8/95 :
2% 129.8£ 3.6 E 7 250A 286.4¢ 4.5 =
e Fs 1491+ 19.8 ] g FSs 1263 14.2 ]
2100-p, 197.8+ 8.1 E % 20000 2459:6.2 .
5 a2 2556+ 8.4 ] b ;? 2529+ 5.1 B
S 80 p, 6255t 3,67 3 S Fp, 5465+ 2.59, 3
L r ] 2150 —
E % — € L 7
2 r E 2 100 &
40 4 E B
20i = 50— 3
[ | = Lo b v v b b e Ly 3
% 500 1000 1500 2000 2500 3000 % 500 1000 1500 2000 2500 3000
Event invariant mass [GeVic Event invariant mass [GeVic
(c) Event total invariant mass spectrum after event (d) Event total invariant mass spectrum after event
selection, for background only, fitted with the selection and background subtraction fitted with the
“smooth gate” function. “smooth gate” function for my = 200 GeV/c?.
L350 T
ST Mz, = 200 Gevié ] LI B e e e e
e F ° E % F E e
o MZ, = 300 GeV/& 7 RSS r 1 ntries
3 300 MZ,, = 400 GeV/& — % 2500 by Mean 0.03007:
S MZ,, = 500 GeViZ /] E 1) 8 i3 RMS  0.02735:
3 250F-—— MZ;, = 600 GeV/E 4 E = r
£ —— Mz, =700 GeV/Eff E A 2400~
@ E 4 C 0.4
& 200 i/ 3 F S ‘
— C / | 2300— 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 Q.0
5 E £ b= \|MZPesMzPcF ]
@ 150— — r e ]
€ r E 2200— -
S C ] E N
Z 100 — = 1
C 1 2100 [Z7 ndf 22.3/4 =
sof E F | po 2757+ 7.053 E
F 3 2000~ | p1 -1.054+ 0.01658 <
= = = | O coon e e e b e e e b Ly 1
00 500 1000 1500 2000 250 3000 200 300 400 500 600 700
Event invariant mass [GeVic MZP [GeV/d]
(e) Event total invariant mass spectrum after event (f) s2 parameter versus mz.

selection and background subtraction fitted with the
“smooth gate” function for various Z’ masses.



in2p3-00621181, version 1 - 12 Sep 2011

Table 5. Z’ events using model predicted statistics and cross section measurement results

myz  Events yield Significance True cross sect. Measured cross sect. (fb)

200 12094 92.7 14.91b 13.7+0.2
300 7411 66.6 8.7fb 8.4+0.1
400 2150 24.6 2.41b 2.44+0.04
500 1192 13.5 1.2fb 1.3 +£0.02
600 815 8.4 0.81b 0.9£0.02
700 642 5.6 0.5fb 0.7 £0.02

4.2.2. 7' mass measurement and expected resolution Table 6 summarizes the value of the s9
parameter with its error for each Z’ mass and the corresponding measured mass deduced from
relation 3. It appears here that above myz = 500 GeV/c? the event yield is not sufficient to
perform a reliable fit and the ss returned values do not make sense, thus the Z’ mass would not
be measurable. For mz between 200 and 500 GeV/c? the mass can be measured with a precision
better than 10%.

Thanks to eq. 3, it is now possible to predict the Z’ mass from a tf event invariant
mass spectrum to which a “smooth gate” function is fitted (see definition in eq. 1). As
my = (k — s2)/a, the error margin on this prediction reads:

Amy = Aak @mZC;AO‘@ ASQ . (4)
~~ N—— S~~~
constant linear fit
term term term

= 7.8GeV/c® ®0.95As0 ® 1.9%m

The errors Ak and A« are inherent to the measurement method itself. Hence, the constant
and the linear term of eq. 4 describe systematic uncertainties. They may be reduced by refining
the analysis on the so dependency on my:. For instance, using more statistics for each value of
my and/or using more values of mys are possible refinements. Whereas the error Asy comes
from the event invariant mass spectra fitted with the “smooth gate” function and can only be
improved by the accumulation of more statistics. Thus, the so-called “fit term” reflects the
statistical uncertainty on myz/. The precise resolution is predicted using eq. 4 and values from
table 5 and 6. The result is plotted in figure 5.

Table 6. Z’ mass measurement results
my (GeV/c?) sy (GeV/c?)  Measured my (GeV/c?)

200 2529+ 6 217£11
300 2448 + 8 294 £13
400 2342 + 20 395 £ 22
200 2282 + 40 454 £+ 40
600 913 £ 82 1756 £ 86

700 962 £ 78 1710 + 82
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Figure 5. my error vs. my:.

4.8. Inputs from full simulation

The full simulation has been performed in the framework of the preparation of CLIC CDR [7].
The detector model is the CLIC version of the ILD detector. CLIC beamstrahlung has been
simulated in details and the vy — hadrons machine background (= 3 interaction per bunch
crossing) has been included. Pandora PFA [8] has been used for data reconstruction.

Standard Model data sample have been available to evaluate the detector resolution on the
variables and test top tagging performance. Figure 6 focuses on the resolution on the event total
invariant mass and illustrate the fact that this variable is not robust against the finite detector
resolution and the machine background. So far, the event total invariant mass was similar
to the ¢t pair invariant mass which is the key variable for the my measurement, therefore, a
careful reconstruction of the top quarks four-vector will allow a reliable calculation of the tt
pair invariant mass. The selection of boosted hadronic top events is an example of strategy to
perform a precise reconstruction of top quark four-vector without messing up with problems of
missing energy.

In figure 7, the separation between s-channel ¢t events and inclusive hadronic W+ W™ events
is illustrated. A boosted decision tree is used as well. The preliminary performance sketched
here indicate that t¢ events may be rather well extracted and that no dramatic degradation of
the results presented is expected.

5. Conclusion
The Dark Matter candidate emerging from Randall-Sundrum theories (and possibly others)
has the quantum numbers of a right handed Dirac neutrino /. This neutrino interacts via
an additional gauge group SU(2)r as a right handed analogy with weak interaction. A Z’
boson, being the neutral gauge boson of SU(2)R, couples only to the right handed top quark in
the Standard Model and therefore can be produced in ete™ collision only via emission by an
out-going tt pair.

This Z', if too light, can only decay into 7' and avoids the present day LHC exclusions of a
Z' resonance decaying into tf pairs. In this case the Z’ can be discovered in tf event samples and
its mass can be measured with a precision better than 10% with 1ab~! of data. The analysis has
been carried out at the generator level, preliminary results from full simulation indicates that
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Figure 7. Separation between tf and W* W™ events.

the total event invariant mass is not robust against a finite detector resolution and a special
care must be given to a precise reconstruction of the top quarks four-vectors (e.g. selecting
boosted hadronic tops) and the tf pair invariant mass will replace the event invariant mass in
the analysis. The top tagging performance seems promissing and no critical degradation of those
results is expected. a complementary note on the generator level study can be found in [9].
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Appendix A. BDT input variables

Table A1l. Summary of the analysis variables

Variable name Description Discriminating power
missPT Missing transverse momentum 3.462e-01
missE Missing energy 3.114e-01
jetlE First hemisph. energy 3.012e-01
jet2E Second hemisph. energy 2.496e-01
jet2P Second hemisph. momentum 2.365e-01
missP Missing momentum 2.250e-01
jetlP First hemisph. momentum 2.138e-01
jetPTdiff:=jet1P-jet2P hemisph. PT diffrence 2.122e-01
missA Angle of missing momentum 1.134e-01
jet2PT Second hemisph. transverse momentum 1.078e-01
sphericity Sphericity 1.024e-01
aplanarity Aplanarity 9.443e-02
jetEratio:=jet2E/jetlE Hemisph. energy ratio 9.302e-02
Jet1PT First hemisph. transverse momentum 7.763e-02
jetEdiff:=jetlE-jet2E  Hemisph. energy difference 6.089e-02
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