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Tau reconstruction methods at an electron-positron collider
in the search for new physics
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By exploiting the relatively long lifetime of the tau lepton, we propose several novel methods for
searching for new physics at an electron-positron collider. We consider processes that involve final states
consisting of a tau lepton pair plus two missing particles. The mass and spin of the new physics particles
can be measured in 3-prong tau decays. The tau polarization, which reflects the coupling to new physics,
can be measured from the 7 — zv decay channel using the impact parameter distribution of the charged
pion. We also discuss the corresponding backgrounds for these measurements, the next-to-leading order
(NLO) effects, and the implications of finite detector resolution.
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I. INTRODUCTION

Despite the excellent successes of the standard model
(SM) of particle physics it is clearly incomplete, e.g., it
does not explain dark matter (DM), the gauge hierarchy
problem or the current excess of matter over antimatter in
the universe. Supersymmetry (SUSY) [1,2] is one of the
leading candidate theories for new physics, i.e., physics
theories that go beyond the standard model (BSM). If
supersymmetric particles (sparticles) have masses below
the TeV scale then the gauge hierarchy problem in the SM
is solved naturally. In supersymmetric extensions of the
SM (SSM), the gauge couplings are unified at a high
energy scale around O(10'®) GeV [3-5], which is a strong
indication of the possible existence of an overarching grand
unified theory (GUT). With the assumed existence of a
conserved R-parity in these SSMs the lightest supersym-
metric particle (LSP) become stable and so serves as a
potential DM candidate [6].

Considerable effort has gone into searches for evidence
of SUSY at the Large Hadron Collider (LHC) at CERN.
The lack of any evidence for SUSY to date has pushed the
potential masses of sparticles to higher scales, which gives
rise to the so-called little hierarchy problem [7,8] for SUSY.
At the 8 TeV LHC with an integrated luminosity of
~20 fb~! a gluino mass below 1.3 TeV and the first two
generation squark masses below 850 GeV have been
excluded with a 95% confidence level (C.L.) in simplified
models [9,10]. Third generation squarks have looser con-
straints, primarily because the proton contains no heavy
valence quarks and because the SM #7 background is large.
The exclusion bounds have gone up to <700 GeV for both
stop [11,12] and sbottom [13,14] when the LSP is light.
Sparticles in the electroweak sector can still be relatively
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light [15], since the current searches at the LHC can only
exclude left-handed selectron and smuon masses that are
<300 GeV [16,17]. There is no current LHC bound for the
tau slepton (the stau) [18]. The strongest bound for the stau
is from large electron-positron collider (LEP) searches is
relatively modest and is m; 2 90 GeV [19]. The possibility
of a light stau is well motivated in many SUSY model
frameworks. In generalized minimal supergravity models
[20,21] sleptons are much lighter than squarks due to the
lack of an SU(3),. coupling. Furthermore, the large Yukawa
coupling of the tau lepton makes the lighter stau even
lighter as it causes the stau mass to decrease more rapidly
than the first two generation sleptons when evolving down
from the GUT scale.

The main reasons for the modest bounds on the stau are
its small production cross section and the relatively large
backgrounds at proton-proton colliders. A future ete”
collider, where the processes are dominated by electroweak
coupling, will provide a much improved environment for
stau searches and would provide an ideal tool for the study
of the electroweak sector of SSMs. Indeed, one of the main
tasks for the proposed International Linear Collider (ILC)
[22-24] is to provide excellent track reconstruction with
fine momentum and impact parameter resolution in order to
have a better measurement of Higgs couplings, such as hzr.
The impact parameter resolution [25] is expected to be
6,5 =5 um @ [10/(p/GeV)sin®/20lum," where 6 is the
angle between the lepton and the beam axis in the lab
frame. Note that such precision can only be reached in the
r¢p plane, since the nominal size [26,27] of the beam
bunch at 1 TeV is 639 nm(width) x 5.7 nm(height) x
300 um(length), where the length in the z-direction is
much larger than the width and height.

'We use the standard notation that x @ y=+/x*+y> and
(p/GeV) means, e.g., 6.5 if the momentum is p = 6.5 GeV.
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Following the next LHC run it may well be that the
stau (and any new particles with similar decay channels)
remains unobserved even if it lies within the reach of a
future e*e™ collider. Possible new physics processes with
electron and muon final states have been studied exten-
sively in the context of an ILC and for the LHC [28-32].
The energy distribution of the final state leptons can be
used to measure the sleptons’ mass precisely [33], while the
threshold behavior of the excitation curves and the angular
distribution of the observable particles can be used to
determinate the spin of new physics particles [34]. Final
states involving the tau, while more complicated to analyze,
are interesting and potentially very informative. The end
points of the tau jet energy distribution can be used directly
to extract the masses in the decay chain [35], while the E,
distribution of the 7 — zv channel and the E.+/E -
distribution of the 7 — p*v channel are able to measure
the tau polarization [36—41]. Furthermore, the spin corre-
lation of two tau leptons in the H — 7z channel can be used
to determine the CP properties of the Higgs boson [42—45].
Some recent studies also show that vertex information for
the tau decay can help in the reconstruction of the H — 77
[42,46] process and other SM processes [47].

In this study, we will take advantage of the anticipated
powerful track reconstruction capabilities of the ILC to extract
additional information about the final states of the tau decay
and use this to assist in event reconstruction and the search
for new physics, e.g., stau pair production with a subsequent
decays of the form7 — zy°. The discovery prospectofa 1 TeV
ILC s analyzed here for arelatively heavy benchmark point of
m; = 300 GeV and My = 50 GeV. However, our method
will also be useful at other collision energies. Reducing the
collision energy while staying in the kinematically accessible
region would increase the production rate of our signal.

The paper is organized as follows. In Sec. II we give a
brief overview of tau decay. In Sec. III we present the theo-
retical framework for tahe mass and spin reconstruction and
we propose and discuss some techniques for the determi-
nation of tau polarization. The parton level results as well
as their statistical uncertainties are also discussed. A more
detailed analysis including detector effects is presented
in Sec. IV and finally we discuss our results and give our
conclusions in Sec. V.

II. TAU DECAYS

The tau lepton has complicated decay branching frac-
tions. Its dominant decay channels and their branching

TABLE I

PHYSICAL REVIEW D 93, 075019 (2016)

ratios [48] are given in Table I. The 2z and 3z decay modes
are dominated by the p and a; meson resonance respec-
tively. Based on the number of charged particles in the final
state, the hadronic decay modes are classified into two
classes referred to as /-prong tau decay and 3-prong tau
decay. In this work, only those # and p/a; resonance
channels which are shown explicitly in the table will be
considered. Note that those contributions comprise around
85% of total hadronic tau decays.

Since we cannot measure the momentum of the neutrino,
we will not be able to fully reconstruct the tau momentum
in the general case. However, the tau provides more
information about potential new physics interactions than
the first two generation of leptons through the kinematics of
its decay products. The polarization of the tau is correlated
with the energy ratio between the energy of the visible
decay products and the energy of the tau lepton as shown in
Fig. 1. The correlation between the energy ratio and the tau
polarization depends on the decay products, where we see
that the strength of the correlation decreases as we go from
7 to p to a;. However, it was shown in Ref. [49] that by
considering more complicated multidimensional distribu-
tions, stronger correlations with the tau polarization for the
p and a; channels can be found.

References [35,38-40] were devoted to the recons-
truction of the mass and the coupling of the stau based
on the 7 — pv channel. In those references the mass
reconstruction was seen to suffer from limited statistics,
especially when extracting the endpoint of the p meson
energy distribution. In the present work we shall try to use
another remarkable feature of the tau, its relatively long
lifetime, to obtain a more precise reconstruction of new
physics masses and couplings and of the spin of any new
physics particle. The tau lepton has a mean lifetime of 7 =
29 x 107" s and a mass of 1.777 GeV. The probability
of a tau traveling further than length L is P(f) = e L/t

CcT
Vi-#
energy ~O(100) GeV will travel a distance [ ~5 mm
before its decay. If the tau goes through a 3-prong decay,
the reconstructed secondary vertex will be displaced
from the primary vertex of the signal process. From the
position of the displaced vertex, we can obtain the direction
of the 7 lepton. Reference [46] showed that with the
information obtained from the displaced vertex there is
an improvement for both Higgs detection and the recons-
truction of the Higgs. A similar technique is used in this
work to reconstruct the more complicated process of stau

with Ly = ycr = = fT ct. So, a typical 7 lepton with

Tau decay channels and their branching ratios.

1-prong decay

3-prong decay

Leptonic decay v pE (= 2t a;(

- 1t 2%2%w

Others (- z*z*zT)v  Others

35.2% 10.8% 25.5%

9.3% 6.4% 9.0% 3.8%
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FIG. 1.
by TaubDecay [50].

production with a subsequent decay into a tau lepton and a
neutralino. We will show that with knowledge of the tau
direction, the corresponding tau energy can be recon-
structed. This can be used to learn about the masses of
new particles. If the directions of both tau particles in the
final state are known, the whole system can be resolved. As
a result, the angular distribution of the stau can be used to
determinate its spin. We also propose a new method for
studying the tau polarization through the impact parameter
distribution of 7z in the 7 — zv channel. This method
benefits from a higher sensitivity to tau polarization [51]
and is potentially more accessible experimentally, since it
does not require the reconstruction of a p candidate.

III. NEW PHYSICS RECONSTRUCTION

In this section we consider the following two benchmark
processes in SUSY models that can gives rise to a 27 + Ey
signature. They differ in the spin of the new particles:

+

ete” -1 >+ > i+ Er (1)

ete” s ylar— i +iv— i, +Ern (2

where j; , stand for the visible components of the 7 decays
and y°/U are invisible for the detector. The chargino
benchmark is studied for the purposes of making a
comparison in spin reconstruction. It will not be considered
as a background for 7 searches, since our study will be
restricted to the consideration of only one new physics
particle at a time. Both processes have contributions from
s-channel y/Z mediation. The second process may have
additional contributions from a z-channel v, mediation,
which is suppressed in the case of using a right handed
electron beam or a heavy sneutrino. Since a right handed
electron beam is considered in our study in order to
suppress the WW background, only the s-channel contri-
bution needs to be considered. The same Feynman
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diagrams can show up in many other new physics frame-
works as well, e.g., in models with universal extra space
dimensions [52,53].

In the process represented by Eq. (1), the polarization
of the produced 7 is determined by the degree of mixing
of the stau sector and the neutralino sector. The binolike
neutralino gives for the tau polarization

p — B(TR)?O) _B(TL;(O)
" B(w2") + B(z.7")

c2 02
N (4 sin? 6, — cos 9,) ’ ()
(7’=B)

(3)

4sin” 0, + cos® 0,

where 6, is the mixing angle for the stau sector. The
polarization P, in this case can lie in the range [—1, 1] when
varying 6,. Only the tau polarization will be of concern in
our study and so the model with a binolike 7° is repre-
sentative of a large class of models with arbitrary neutralino
mixing. We will use this model framework to study
different tau polarization effects. The Monte Carlo events
are generated using MadGraph5 [54] with the TauDecay [50]
package used to perform simulations of the decaying tau
lepton.

A. Knowledge of the tau direction from
the displaced vertex

For the two processes given above, there are two visible
jets and four missing particles in the final states. At first
sight it might seem impossible to fully reconstruct the
decay system. However, as mentioned in the introduction,
additional information about the tau lepton can be extracted
precisely because of the relatively long tau lifetime and the
consequent displaced tau decay vertex.

With the measurement of the 7 direction from its
displaced vertex, we can write the 7 four-momentum as

075019-3
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i =A{E.. pe|cos@}  (5)

p.| sin@cos @, |p,|sin@sin ¢,

and we can measure the four-momentum for the associated
jet

ri = {E;. pj. pj. pj}. (6)

where E, = \/|p,|> + m2. Using the fact that the neutrino
is almost massless, m; = (p, — p;)* =0, we can then
solve the kinematics of the system up to a two fold
ambiguity

—2CD + \/4C2D2 —4(D? - 4E2)(C* - 4E%m?)
2(D* —4E2)

s

Pl =
()

where
C=m?+ mj2 (8)
D =2pisin@cos ¢ + 2p;sin@sing + 2picosd. (9)

In summary, from the jet measurements and the direction of
the displaced 7 vertex we can reconstruct the z four-

momentum, p%, up to a two-fold ambiguity.
Prior to the 7 decays our processes of interest contain two
7’s and two missing neutral particles as indicated in Egs. (1)
|

Vs
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and (2). We use the following notation in the reconstruction
of the full process

pe, = (E™, pi. py', p?), (10)
Pny, = (E™, pi', py', pt'), (11)
P, = (E?, p¥. py. p?), (12)
Pn, = (E™, p¥, py’, p2*). (13)

Up to the two-fold ambiguity for each of the two 7 four-
momentum there are eight remaining degrees of freedom.
However, we have the following eight constraints from
four-momentum conservation and on-shell mass conditions
in the center of momentum frame,

E™m + E" = E™ + E2 = /s/2, (14)

P+ P+ p7+ ph =0, (15)
(EM)? = (p¥')? = (py')* = (p£')? = my,  (16)
(E™)? = (p¥)* = (p?)* = (p*)? = m;,  (17)

(E" + EM)? — (pi — pi')2 = (p3 + py')?
—(p +p2')? =m} (18)

By solving this system of equations we find

Ev= C-E =12 (19)
p"™ =—p" —p» —p" (20)
px' = Dy + Dypy' + D3p?! (21)
py' =Fi + Fp?! (22)
P = —(gglizl% ilfz) (23)
n V(G\Gy + F\F,)* = (G5 + F5 + 1)(m;, + G + F - (E"‘)z)’ (24)
G+ F+1
where
€1 = (B = (B2 = (), (25)
T+ T+
DIZ%, Dzz—%, Ds——ﬁg+,j, (26)
Ey =2E"E" = 2pi!Dy + (m")? + (m7)* = (m")?, (27)

075019-4
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E

F :T—T]’ 28

' 20D, + 1)) 2%
)Tch 7

Fy= -l (29)
px'Day + py

Gl :Dl +D2F1, (30)

G, = D,F, + D;. (31)

There is a two fold ambiguity also for this system of
equations.

By reconstructing the kinematics in this manner, we will
have on overall eight-fold ambiguity made up as 2(from 7, ) x
2(from,) x 2(from final reconstruction) = 8. We will next
show that the new particles mass and spin can be reconstructed
by using this method.

1. Reconstructing new particle masses

For the processes described in Egs. (1) and (2) the 7
energy distribution is bounded from above and below with
its endpoints given by

E: + pip:
Enax(min) =— - T’ (32)
1-p
where
2 2 2
mz — mz, + my
Bi=—Gp—  Pi= (B -mi,
Pz = (1 —4m2/s)"/>. (33)

By studying the energy distribution of the tau lepton, we
will be able to reconstruct the mother particle (7 or y*)
mass and missing particle (7° or T) mass.

With the four momentum of the visible sector from the 7
decay and the direction of the 7 momentum, the energy of
the 7 can be reconstructed up to a two-fold ambiguity. Up to
small changes due to next-to-leading order (NLO) correc-
tions and detector effects, we know from two body decay
kinematics [33] that the distribution of the “true” tau energy
solution is flat over the entire allowed energy range,
E.in < E < E,. and independent of the tau polarization.
In general we expect the energy distribution of the 7 decay
products to depend on the tau polarization, which may lead
to different distributions of the false £, solution for different
tau polarization. By considering the 7 pair production
process we show the distribution of Eyy, and E,; for three
different tau decay channels in Fig 2, where we have taken
m; = 300 GeV, m; = 50 GeV and /s = 1 TeV.

From the figure, we can conclude that for the 7 — zv and
the 7 — pv decay channels, the false tau energy solution
distributions are strongly dependent on the tau polarization.

PHYSICAL REVIEW D 93, 075019 (2016)

As a result, it will be difficult to extract the true tau energy
distribution without knowing the tau polarization. The
situation is different for the v — a;v, which gives the
dominant contribution to 3-prong tau decay. For this
channel, different tau polarizations give almost identical
false tau energy distributions. Moreover, the tau direction in
this case can be reconstructed from the location of the
secondary vertex.

For illustration purposes, a sample of 3000 three-prong
tau decays is used to study the mass reconstruction
precision. The superposed distribution of E,. and Epy.
are shown in the lower right panel of Fig. 2 with statistical
uncertainty built into the distribution. The full (true + false)
distribution is comprised of a rectangular E,,. distribution
and a continuous Ep, distribution. We use following
algorithm to locate the endpoints of the E,,. distribution
from the full distribution:

(1) The location of the falling edge is estimated to be
where (N,_; — N;;1)/+/N; is maximized, where N,
1s number of events in ith bin;

The height of the rising edge which is given by the
height of the rectangular E,,. distribution, can be
estimated by h = N;_; — N, ;

Allowing some fluctuations, the largest j such that
Nj—N;_; > 0.8h can be used to locate the rising
edge. Note only two adjacent bins are used here
because of the better statistics due to the shape of the
false distribution;

Improved estimates of the location of the edges are
given by E. . =E; +§%ﬁ and E.;, =
% where E; is the center value of the ith bin

2
and S is the bin size;

(i)

(iii)

@iv)

(v) The corresponding uncertainties are 6E,;, = S/v/8
and
OE,,, 2
— 2 max
SEpux = \/(S/\/IZ) +k;zl; (aNk Nk> .
=i—1,1,i+1
(34)

The reconstructed central values of E,,, and E;, are
shown by arrowed lines in the lower right panel of Fig. 2,
for the left-handed tau (E,;, = 50.0 £3.5 GeV, E . =
434.4 £ 3.2 GeV) and the right-handed tau (E;, = 50 £
3.5 GeV, E, . =438.5+£3.5GeV) respectively. The
new particles masses can then be reconstructed by using
Egs. (32) and (33). For left-handed tau we obtain m; =
304.21, GeV, my = 53.87% GeV and for right-handed
tau we find m; =303.175 GeV, m; =46.01] GeV,
which compare well with our input values of
mz = 300 GeV, my = 50 GeV.

2. Reconstructing new particle spin

For the s-channel y/Z mediated scalar/fermion produc-
tion at an e™ e~ collider, the spin of the new particles can be

075019-5
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FIG. 2. Reconstructed 7 energy for different chiralities and decay topologies: ¢ — zv (upper left), 7 — pv (upper right) and 7 — av
(lower left). The lower right panel gives the full tau energy distribution for mz = 300 GeV and mjy = 50 GeV. The arrowed lines show

the reconstructed endpoints (Epx/min) 0T Eyye distributions.

related to threshold excitation and angular distribution [34].
Because of our relatively heavy benchmark point, accu-
mulating a sufficient number of events at different collision
energies would require a large amount of accelerator
operation time. Therefore, we will focus exclusively on
the angular distribution as a spin discriminator in this work.
The polar angle distribution for the scalar pair production
in the s-channel in the center of mass frame (CMF) is

1 do

- 35
o dcos 0; (35)

[efe™ — 77] «sin®0; = 1 — cos? 0;,

whereas for fermion pair production in the s-channel we
have

1 do L
odcos6, [e*e™ = 7777 o (s — 4m2.) cos? 0

+ (s + 4m§i). (36)

From these equations, we can see that a scalar particle tends
to be produced in the central region, whereas the fermion is

more likely to be produced in the forward/backward
regions. It can be shown that the #-channel v mediated
process for fermion final states will lead to an asymmetric
distribution for cos 6= when only one particular charge is
considered [55]. For each electric charge of the final state,
either the forward or the backward direction is favored. In
particular, when the sneutrino mediator is light, the final
state is much more concentrated in the forward/backward
regions than the s-channel process, which helps make the
spin characteristic even more distinguishable. However, the
t-channel process is highly suppressed for a right-hand
polarized electron beam and may even be nonexistent in
some new physics scenarios. For this reason, we do not
consider this subprocess in our discussions.

Using Egs. (35) and (36), we can reconstruct the polar
angle distribution for 7/7* in order to extract spin infor-
mation about the new particles. As we have noted before,
our method typically produces an 8-fold ambiguity for our
system with only one of them being physical. The exper-
imentally accessible variable is the 8-fold superposition of
all solutions. In practice, the distribution of the seven false
solutions will inherit information about the true physical

075019-6
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The cos 8, distribution for 7 (left panel) and chargino (right panel) pair production at a 1 TeV eTe™ collider. The red line and

green shadowed region in both plots correspond respectively to the True + False and the False solution distributions for the s-channel
process. The blue line and yellow shadowed region in the right plot are respectively the True + False and the False solution distributions

for the t-channel fermion production.

solutions and will be different for scalar and fermion
particles. We will restrict our considerations to the case
where there is only one new physics process at a time. For
example, we do not consider here the possibility of a
superposition of the effects of both scalar and fermion new
physics particles.

The polar angular distribution of the sum of the 7 false
solutions (denoted as False) and all 8 solutions (denoted as
True + False) for 7 and 7~ are shown in Fig. 3. In the figure
we include both charges of the produced particles (7, y%),
which will lead to a symmetric distribution for the -
channel process. From the figure we find for all cases that
the corresponding false solutions are distributed similarly
but are flatter than the true solution. The 7-channel con-
tribution is shown as well, where the sneutrino mass is
taken as 100 GeV. It is featured by a more remarkable
concentration at forward and backward region than s-
channel fermionic final state process.

In order to measure the difference between particles
spins, we can define a spin measure on the superposed
distribution of all eight solutions (corresponding to
True + False):

0s(0)| < 0.5) — N(| cos
0s(0)| < 0.5) + N(| cos

@)] > 0.5)
@) > 05)°

(37)

We see from Fig. 3 that A, is positive for scalars and
negative for fermions. As discussed above, we will only
consider the s-channel process here. Using a very large
number of simulated events we construct the red lines in
Fig 3 to high precision. We can then extract A;. We refer to
this as the theoretical prediction for the spin measure and
denote it as A™. We find Al . =-0.065and A" =0.2.

The corresponding statistical uncertainty [56] can be
estimated by

SA. = 8A55N 2+ 6AS&N S Ll
N \oN. TS ON. =) V. N~

where N_ and N. stands for N(|cos(f)| <0.5) and
N(|cos(8)| > 0.5) respectively The statistical uncertainty
of N_(5) is 6N +/N _(~). Because there is a corre-
lation between those 8- fold solutlons, the total number of
events N is used to give a conservative estimate for the
statistical uncertainty rather than 8 x N. As a result, with-
out taking into account any detector effects, an event
sample number of

(38)

1- (Ath 1 r)
N~9x T 7120 (39)
scalar fermion

is sufficient to distinguish the stau spin at the 3¢ level.

B. Tau polarization from impact parameter
Tau polarization can be inferred in all decay channels in
different ways. The simplest case is 7 — zv with the left
handed interaction [50]
L= \/EC%y”PLI/Ta#ﬂ +H.c. (40)
In the tau rest frame, the relation between tau polarization
(P,) and the pion angular distribution(cos @) is given by,

1 dr 1
T'dcosd 2( + Py cos ).

(41)

After boosting the whole system to the laboratory frame
(LAB), we will have
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E, =y\/ pz + m; + Pyp, cos 0, (42)

E. =ym,, (43)
where y is the boost and where p, = (m? — m2)/2m, and 6
are the magnitude of the pion three-momentum and its
polar angle in the tau decay rest frame, respectively. The
energy fraction of the pion in the LAB frame x = E,/E, is
linearly related to the pion polar angle in the tau rest frame
for a highly relativistic tau (# — 1), since we have

E, m2\ 1 m2\ cos @ p1 m2\ 1
YT B < +m%>2+ﬂ< m2) 2 +m% 2

T

m2\ cos6
+ (1 ——2> - (44)

mz

So, from Eq. (41) we find in the Lab frame after a change of
variable from cos @ to x

1dI’ _ 1 2x — (] + (mﬂ/m‘[)z)
Cdx 1- (my/m.)? (1= (my/m,)?)? #3)
~1+P,(2x—1), (46)

which can be used for studying tau polarization [36].

However, in the z-channel, the energy of 7 lepton
cannot be easily reconstructed for most processes of
interest, since there is usually more than one missing
particle in the final state. Exceptions arise in some very
special cases, e.g., (i) for a few TeV tau lepton whose
energy can be measured by its track curvature directly,
(ii) for single tau production with a hadronic decay, and
(iii) for tau pair production at electron-positron colliders.
Those exceptions are beyond the scope of our current
study. The 7 energy spectra can also be used directly to
measure the tau polarization for known new physics
process [36,37,40]. However, the z energy distribution
depends on the process under consideration and on the
masses of new physics particles.

In most studies [38,39,41] at colliders the 7 — p(—
7t 7% v channel is chosen for measuring the tau polariza-
tion due to the fact that a 7z decays mostly to a
longitudinally polarized p meson while a 7, decays mostly
to a transversely polarized p. The energy ratio z = E,+ /E,
can be used to measure the polarization of the p meson,
which in turn gives information about the tau polarization.
The distribution of z with respect to the tau polarization is
given in Ref. [36]. Their equations show that the z
distribution is related to the tau polarization in a compli-
cated way. Studies in Ref. [51] have given the general
relative polarization sensitivity for each tau decay channel.
They found that the 7 — pv channel does not perform as
well as the ¢ — zv channel, while the three prong decay
and leptonic decay channels only have 1/3 the sensitivity
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of the 7 — zv channel. Another difficulty arises for the p
channel in practice. One needs to have an efficient tagger
on the p meson in order to recognize the decay topology
since both mistagged tau jets and other 1-prong tau decay
modes have to be excluded first.

The proposed ILC has the advantage that it can resolve
the track precisely. As mentioned in the introduction, an
impact parameter resolution as small as 5 yum can be
reached in the r¢ plane. This will be very helpful if we
try to study the tau polarization using the 7 — zv channel.
For those processes of interest, the tau lepton energy has a
flat distribution between E,;, and E, .. Moreover, differ-
ent tau polarizations give rise to very different distributions
of the pion polar angle in the tau rest frame. This means that
in the laboratory frame we will have a different impact
parameter distribution for a different tau polarization,
which in turn is related to the angle difference between
the tau and pion momenta, €,_,. The impact parameter is
given by

d=Lsind,_,, (47)

where L is tau decay length. Therefore the impact param-
eter is dependent on the tau polarization.

A difficulty arises in a realistic detector. Because of the
long lifetime of the tau, there are no long-lived hard
tracks associated with the interaction point (IP). In
addition, the interaction region is relatively wide along
the z-axis. Therefore we cannot have good resolution for
the position of IP. As a result, the impact parameter
becomes experimentally unreconstructable. Thanks to the
narrow beam size along the vertical and horizontal
directions, the position of IP can still be measured
precisely in the r¢ plane. Then, we can define the
geometrically signed impact parameter [S57] which is
the distance of closest approach of the extrapolated track
to the assumed production point, the center of the
interaction region, in the r¢ plane,

dgip = Lsin 0, sin(¢p — ). (48)

In the following, we shall study the sensitivities of
variables to the tau polarization. For the 7 — zv channel,
we have shown in Eq. (44) that the energy ratio
(x =E,/E,) in the LAB frame has the same sensitivity
as the polar angle 0, since they are linear related with each
other in the collinear (i.e., relativistic) limit. It should be
noted that neither x nor 6 are reconstructable experimen-
tally for the stau pair production process, except in special
circumstances as we noted earlier. However, we will use x
extracted from the Monte Carlo data as “best-case refer-
ence” for the purposes of comparison with the impact
parameter dgp. We first study the x = E,/E, distribution
for different tau polarizations, focusing on three benchmark
points, P, = 1.0, P, = 0.2 and P, = —1.0. We use these to
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FIG. 4. Theoretical and MC truth distributions by using discriminate variables constructed from = — zv (left panel) and 7 — pv (right
panel). The MC truth distribution is using 3000 tau decays with statistical uncertainties of /N, for each bin i.

demonstrate the sensitivity to right-handed, highly mixed
and left-handed polarized tau, respectively. The variation of
the polarization by ~0.1 around these three benchmark
points is also studied for comparison. The x distributions
are given in the left panel of Fig. 4 for all those 7 cases. In
addition, the Monte Carlo data with limited statistics (3000
tau decays) for those three benchmark points are super-
imposed on the plot. The error bars show the corresponding
statistical uncertainties. To have an intuitive comparison
with other variables we define the following measure for
tau polarization,

Nicos —Nysos

ARﬂ = ’
Nycos + Nisos

(49)

which is sensitive to the shape of the dependence on x. As
for the 7 — pv channel, we show the energy ratio of z =
E - /E, in the right panel of Fig. 4, where a similar analysis
to that used for zv channel has been used. From the figure,
we can define another measure of the polarization sensi-
tivity for z,

Energy dependence
1200

P, =10, E, ~250 GeW ——

P, =02, Ey ~ 250 GeV -mr

1000 | P, = 1.0, E, ~ 250 GoV -

Py =1.0, By ~ 20 GeV ——

2 PL =02, Ey ~ 20 GoV

E soof Pl 10, E, ~ 20 GeV -

& P =10, B, ~5GeV —

S ol ~ P.=02 E, ~5 GeV -

: P T 10, E, ~5GeV —mm
Q

E 0}
4
200 .v \\_
0 . 41 pym
10 100 1000
dgrp/(pm)

FIG. 5.
and m; = 50 GeV (right panel).

N\—05)<025 = N|;:—0.5/>025
AR -

p = (50)
N|;—0.5/<025 + N|z-05/>025

Finally, we propose to use the information from the
impact parameter of the pion track in the 7 — zv channel to
study the tau polarization. This variable is more easily
accessible experimentally than z = E, . /E,. The decay
length of the tau is generated with the probability distri-
bution P = e~%/(r?) Hence, we can calculate the geomet-
rically signed impact parameter by using Eq. (48). The
distribution of the geometrically signed impact parameter
gop 18 shown in Fig. 5, where the curves for all polar-
izations of taus appear to be intersecting at around
dgrp ~41 ym. So we can define

_ NWGIP|<41 B NWGIP|>41

Acp (51)

N\dGIP|<4| + ]v|dc;IP|>41

as a measure for studying the tau polarization for this
variable, where N, <41 is the number of events with

1200 |
1000 |
800 |
600 |

400 +

Number of Events

200 |

1000

darp/(um)

The polarization dependence of dgp for given different energies (left panel) and for a concrete process with m; = 300 GeV
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|dgip| < 41 pm. Note that the modulus is necessary since
the definition of dgp allows for it to be negative. A
remarkable feature of dgp as shown in the left panel of
Fig. 5 is its insensitivity to the energy of the tau lepton. A
simple explanation of this is that for an energetic tau, the
decay length extension due to the additional boost along the
tau momentum direction is canceled by the narrowed angle
difference between pion and tau. As a result, for tau energy
larger than O(10) GeV, the distribution of dgp is strongly
dependent on the tau polarization and very weakly depen-
dent on the tau energy. For tau energy lower than ~5 GeV,
the energy dependence of dgpp increase. In this region, the
tracks from tau decay tend to have energy smaller than
1 GeV which cannot be reconstructed effectively at ILC
and tau identification may also suffer from heavy contami-
nation. However, as we can see from Fig. 2, there are few
events with tau energy in this region.

Having defined measures for all those variables, we are
able to study their relative sensitivities to tau polarization.
First, we will calculate the corresponding measure for each
polarization with a large number of simulated events, where
the statistical uncertainty is very small. We refer this value
as the “theoretical prediction.” We also consider measures
for a much smaller Monte Carlo data set (containing 3000
tau decays) which is referred as the “experimental meas-
urement.” Then, the corresponding statistical uncertainty
for the smaller data set can be calculated by using Eq. (38).
The results are presented in Fig. 6.

From Fig. 6 we find that the experimental measurements
agree with the theoretical predictions within uncertainties in
all cases. For a given P,, the sensitivity of each measure is
proportional to the ratio between the slope of the asym-
metry from the theoretical prediction and the uncertainty of
experimental measurement at P,. Since the differences in
the slopes of asymmetries are larger than the differences in

Asymmetries of tau polarization measures
0.8 —r T T T T

0.6 |

0.4

0.2 ¢

FIG. 6. The three asymmetries as function of the tau polari-
zation P,. The lines and points correspond to “theoretical
prediction” and “experimental measurement” as defined in the
text. In case of Ap,, the tau energy has been cheated from
MC truth.
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uncertainties, the sensitivities can be simply estimated as
the magnitude of slopes. Then the asymmetry Ag, of the x
distribution is giving the most sensitive probe as expected,
but recall that it is not experimentally reconstructable. The
asymmetry Agp of the impact parameter is less efficient
than asymmetry Ag, On the other hand, in practice p
meson tagging is generally used to identify the 7 — pv
signal and to suppress backgrounds. However, this will
weaken the sensitivity of Ag,. A tau decaying into a single
charged 7z has a higher tagging efficiency than a tau
decaying into a p meson. All those considerations suggest
that the impact parameter of 7 — zv decay as a very
promising measure for the study of tau polarization.

IV. SIMULATION AND RESULTS

In the previous section, we have reconstructed the new
particle mass and spin by using extra information from the
secondary decay of the tau lepton. We also propose a new
method using the impact parameter to measure the tau
polarization which can provide information about the new
physics coupling.

In a realistic experiment, we have to recognize the
features of our signal processes so that the corresponding
backgrounds can be specified. A relatively pure signal
sample can be collected after the backgrounds are sub-
tracted. Moreover, a detector can only have finite resolution
on energy and direction measurement, which will lead to
further complications. As has been seen in Sec. 111, we will
encounter quadratic equations when we try to solve the
system. The effects of finite resolution may lead to complex
solutions for those quadratic equations, which means that
the reconstruction has failed. In what follows in this
section, the background subtraction, NLO effects and
detector smearing effects will be discussed.

A. Backgrounds and parton shower effects

Our signal processes are featured by two tau leptons and
relatively large missing energy (250 GeV) in the final
state. The channels of interest are 7,7, + E7 and 7,7), + E7.
Our study requires at least one hadronically decaying tau.
The pure leptonic decay mode will not be of interest to us.

There are many SM processes that could potentially
contribute backgrounds in our analysis. However, some of
them can already be understood to be small with appro-
priate treatment. SM processes with quark final states can
be effectively suppressed by requiring low track multiplic-
ity on jets [40]. It is known that the yy background is
negligible when the tau lepton becomes energetic [39]. In
addition, a moderate cut on missing transverse momentum
Py >15GeV can greatly reduce the eell back-
grounds [35].

As a result, the backgrounds of our signal at an eTe™
collider are dominated by WW — zvtv and ZZ — ztiv.
The Z-boson mediated s-channel and electron neutrino
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The left panel shows the production cross section for signals and backgrounds. Three different stau (chargino) mixings are considered.
The right panel gives the 7 pair production cross section with varying cuts on the transverse momentum of the initial state radiation

(ISR) photon.

mediated 7-channel contribution to WW production and the
electron mediated #-channel contribution to ZZ production
can be highly suppressed by using a right-handed polarized
electron beam in the collision. The corresponding produc-
tion cross section for beam polarizations P,- = 0.8 and
P, = —0.2 is shown in the left panel of Fig. 7. Some
representative cross sections for processes of interest are
also shown. Those LO cross sections are calculated using
MadGraph5 [54] with the gauge bosons decaying into taus
and neutrinos. The tau lepton in the final state is required
to have py > 10 GeV and |cos 8| < 0.98. As can be seen
from the figure, the WW backgrounds are smaller than
the signal processes of interest by more than one order of
magnitude in most cases, while the ZZ background is
always negligible.

As for NLO effects, those real corrections (radiation of
an extra photon) can affect our reconstruction methods
proposed in Sec. 111, while virtual corrections will only lead
to an overall normalization. For the P, measurement the
effects of initial state radiation (ISR) lead to a reduced /s
and can be described by a correction factor [40]. In the
following, we will show the smallness of such effects in a
much simpler way. At 1 TeV ILC, the typical 7 energy is
~500 GeV. The radiation of a photon with energy
~QO(1) GeV can only affect the stau energy by <1%.
Moreover, the production cross sections of a purely right-
handed stau (7y) pair with varying cuts on the transverse
momentum of an ISR photon are presented in the right
panel of Fig. 7. From the figure, we observe that there are
no more than 10% of events with an ISR photon energy
larger than ~O(1) GeV. This leads us to conclude that
photon radiation effects are negligible comparing to detec-
tor resolution that will be discussed later.

From the discussion above we observe that the back-
grounds and the NLO corrections are around one order of

magnitude smaller than the LO signal process. So, we can
safely discuss our method at LO order without considering
any of those effects. Moreover, other features of our signal
may help to suppress the backgrounds even further, while
keeping our signal intact, e.g. E7 > 50 GeV. However, the
precise value of such a kinematical cut depends on the
model being considered and is beyond the scope of our
current work.

B. Detector effects

With the arguments that known backgrounds and NLO
effects can be ignored we are then ready to discuss the
effects of finite detector resolution.” Let us first note that
the tau momentum direction is determined by the direction
from the IP to the reconstructed secondary vertex. Its
precision is mainly limited by the beam bunch length along
the z axis.’ The position of the IP can be calculated using a
technique similar to that proposed in Ref. [58].

First, we calculate the probability distribution of the
separation angle between the 7 and total visible final states
for given 7 energies, by using the process ete™ — Z —
T with fixed center of mass energy. Note that only
the 3-prong tau decay channel is of concern for mass and
spin reconstruction in this work. As we can infer from
Fig. 1, the E;/E, distribution and thus the separation
angle distribution for 3-prong tau decay is not sensitive
to the tau polarization. So, the probability distribution
P.(E,, AO(z,j)) deduced from the above process can be
used for all other processes with arbitrary tau polarization.

’A comprehensive discussion of detector effects for stau search
at ILC can be found in Ref. [40].

*When there is a small crossing angle(14 mrad) between two
beams at ILC, a narrow beam bunch might allow us to reconstruct
the IP with precision of O(10) ym along z direction.
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FIG. 8. Distribution of the separation angle between 7 and its

visible final states for different tau energies.

Moreover, the ete™ — Z — 77 ¢" process has another two
advantages: the energy of the 7 from this process is simply
equal to the beam energy and it has a large production rate
at the ILC which enables precise construction of
P.(E., AO(t,j)). The separation angle distributions for
different 7 energies are given in Fig. 8.

Second, in our case, because of the narrow beam
size of the ILC, we only have one degree of freedom,
which is the IP position along z axis, i.e., we denote
the reconstructed IP as being at (0,0, z) with the real IP
defined to be at (0,0,0). For a given z, with the
information available from the visible 7 decay products,
we can solve for both the E, and the Ad(z, j). Note that
there is a two-fold ambiguity of E, and the one that
provides larger P (E,, Af(z, j)) is chosen. Two different
likelihood functions are defined, P,(z) = P.(E,, A6(z))
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for a single 3-prong tau in mass reconstruction
and P,(z) = P, (E,.A0(z)) x P, (E,,,A0(z)) for two
3-prong taus in spin reconstruction. The z,,, which
maximize the P;(z) or P,(z) is used as the position
of the reconstructed IP for each event.

In order to estimate the uncertainties of the above
reconstruction, we select our 7 pair events with the 7
lepton energy chosen in two ranges as an illustration, i.e.,
[49.5, 50.5] GeV and [199.5, 200.5] GeV. The results are
given in Fig. 9, where the o, is the angular separation
between 7, = (L sinf, cos ¢,, L sinf, sin¢,, L cosd) and
7, = (Lsin@,cos ¢,, Lsin0,sing,, LcosO —z,,.). We
can conclude from the figure, for the single likelihood
P,(z), that the reconstructed tau direction is centered on
the true tau direction, with 1-¢ deviation approximated by

%5. This result is also consistent with Fig. 8, where the

angular separation distribution of tau decay indeed shows
the width around %3. As for the double likelihood P,(z),

the combinational effect can improve the angular reso-
lution to OEi
All other detector effects considered in this work are
listed as follows [24]:
(1) The tracks used in following analysis are required to
have E,q > 1 GeV and lie in | cos 8| < 0.98;
(ii) Energy smearing for hadronic tau jets is taken
as 88 = 3%;
(iii) Impact parameter
5 um @ %; and
(iv) The tau identification efficiency is assumed to
be 0.7.
From Fig. 7, we determine that the production cross
section for the signal process should be at least ~10 fb. We
will take the worst case and work at a 1 TeV e™e™ collider

with 1000 fb~! integrated luminosity to illustrate the new

resolution in r¢-plane is
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FIG. 9. Angular resolution for three prong decaying tau with E, = 50 GeV (left panel) and E, = 200 GeV (right panel). The black
curve is for the single likelihood P;(z) and the red curve is for double likelihood P,(z).
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physics reconstruction with detector resolution effects
included.

1. Mass reconstruction

In order to reconstruct the masses of the new physics
particles, we will need at least one tau that goes through
3-prong decay. As a result, the corresponding number
of 3-prong tau decays after tau tagging and branching ratio
suppression is

N,, ~10fb x 1000 fb~! x 0.72 x (13% x 2) ~ 1200. (52)

The tau energy for mass reconstruction is given by
Eq. (7). A finite resolution will lead to negative square root
in some cases, which means the reconstruction has failed
and so the event should be dropped. With the resolution
parameters given above we find around 1/3 of the total
events fail the reconstruction. So we are left with ~900
three-prong tau decays for mass reconstruction. The super-
posed Eine/saise distributions for those events are displayed
in Fig. 10.

Due to the smaller number of events and the smearing
effects of detector, the rising and falling edges are spread
over more bins than the ones discussed in Sec. IIT A 1.
Therefore information from more bins needs to be used to
locate the edge precisely. The modified algorithm is then
described as follows:

(i) Five bins are used to locate the falling edge, i.e., find
the bin where (Ni—Z + Ni—l - Ni+1 — Ni+2)/\/1vi is
maximized;

(ii) The height of the E,,. distribution is estimated

by h =N, 5 —N;;
(iii) Note that the height of E,. will be slightly under-
estimated because of the smearing effects. So we

PHYSICAL REVIEW D 93, 075019 (2016)

look for the largest j such that N —N;_; > h
(rather than 0.8%4 used earlier) to locate the ris-

ing edge;
(iv) Improved estimates of the locations of the edges
are given by E,;, = E; + %721\/;\,72]’_*}\;:/] = and Epyx =

L S2NiAN 1 +Ni  =2Nip=2N; 5.
Ei+ 2 Ni2=Nii2 ’

The corresponding uncertainties are

>

k=j-1,j,j+1

)

8Emin / 2
<3Nk Nk)

(53)

OEin = \/(S/\/E)2 +
and

5Emax

= \/(S/\/2_0)2 -

aEmax 2
o /)

(54)

k=i—-2,i—1,i,i+1,i+2 (

This gives E;, =49.2+8.0GeV, E,  =444.2+6.8 GeV
for the left-handed tau and E_;, = 63.4+6.3 GeV,
E . =441.1 £8.2 GeV for the right-handed tau. This
corresponds to the reconstructed m; = 299.671% GeV and
m; = 34.571°. GeV for left-handed tau and to m; =

320.172° GeV and m; =40.013, GeV for right-handed tau.

2. Spin reconstruction

To reconstruct the new particle spin, both of the taus in
the final state are required to go through 3-prong decays. So
the corresponding accessible number of stau pair events is

N, =10 fb x 1000 fb=! x 0.7% x (13%)*> ~83.  (55)
We can see from the derivation in Sec. III, there will be a
total of 3 quadratic equations in the reconstruction, which
means more severe event loss can be expected from
complex solutions. On the other hand as a partial com-
pensation, and as discussed above, a better IP position
resolution can be achieved when we have two 3-prong taus.
Since an event typically has 8-fold solutions, we are free to
keep all of the real solutions for an event and drop the ones
that are complex. Note that we have assumed the input
masses uncertainties for 7 and ¥° to be around 5% in event
reconstruction. We find the result that with the inclusion of
detector resolution effects that around ~2/3 events have
only complex solutions, and we are left with ~30 stau pair
events with one or more real solutions for the study of the
new particle’s spin.

Next we study the discriminating power of A, after the
detector resolution effects are included to establish whether
it is still possible to distinguish the spin of the new particle
spin using such a limited number of events. Simulating with
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TABLE II. Agp for different degrees of tau polarization after
detector resolution.

-1.0 =09
0.478 0.466

P, 1.0 0.9 0.2 0.3 0.1
Agp 0.698 0.685 0.605 0.615 0.591

a very large number of events including detector resolution
effects we can determine that Agion = —0.048 and
Agcalar = 0.160. The corresponding statistical uncertainty

can be estimated as /(1 — A2, )/N. With 30 ~ 1.2% x

(1 =A%)/ (Ascatar — Afermion)*» We can conclude that the
ILC with integrated luminosity of 1000 fb~! will only be
able to distinguish the particle spin by more than 1¢ for our
benchmark process.

3. Tau polarization

Since we are studying the polarization through 7 — 7v
channel and its decay branching ratio is ~11%, we will
have in total

N, ~10fbx 1000 fb~! x0.72x (11%x2)~1100  (56)
tau decays for our impact parameter analysis. One of the
advantages of the impact parameter analysis is that it does
not suffer from any failed reconstruction problems.
Furthermore, the ILC can have a quite good resolution
for the impact parameter measurement.

We first study the detector effects by using a very large
number of signal events, since the statistical problem can be
studied separately. The corresponding Agp for different
polarization of tau after considering the detector effects are
given in Table II.

We can conclude from the table that due to the excellent
impact parameter resolution of the ILC, Agp works
essentially as well as before even with detector resolution
effects included. A 0.1 variation of P, will typically lead to
0.01 changes in Agp, by estimating its statistical uncer-

tainty as /(1 — A%;p)/N we can conclude that 1100 tau

decays will be able to provide the measurement of tau
polarization within ~0.25 precision.

Note that we have assumed full purity of the z channel
for studying tau polarization. Experimentally the z and p
channel can be distinguished using the energy sum of
charged and neutral particles. A dedicated study [56] using
neural networks has shown that the purity of the 7 mode
can reach 96%. As for the dgp distribution of the p channel,
we find it is almost the same for all different tau polar-
izations with Agp ~ 0.61, i.e., it is the Agp corresponding
to P, ~ 0 in x the channel. So, the small residual admixture
of the p channel with the z channel will act to reduce the
estimation of the tau polarization by only a few percent.

*More than 36 can be achieved at the final state of ILC with
integrated luminosity of 8 ab™! [59].
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V. CONCLUSION AND DISCUSSION

In this work we have exploited the relatively long
lifetime of the tau lepton to demonstrate a new way to
extract new physics parameters.

For a tau undergoing a 3-prong decay, its direction can
first be determined from the location of its displaced vertex
and subsequently its energy can be determined up to a
two-fold ambiguity. We saw that the distribution of the
false tau energy solution of this channel is insensitive to
the tau polarization. By extracting the endpoint energies
(Emax/min) from the reconstructed tau energy distribution,
we showed that the mass reconstruction precision of new
particles (7 and y in our case) can reach a precision of
~10 GeV with 3000 three-prong tau decays.

If we require both tau leptons in the final state to go
through 3-prong decay such that we know both tau
directions, then the whole system can be reconstructed.
Even though there is an eight-fold ambiguity, we find
the distribution of those false solutions have a somewhat
flatter shape than the true solution distribution, i.e., more
concentrated in the central region for the scalar and more
concentrated in the forward/backward region for the
fermion. By studying the statistical uncertainty and using
the distribution of all of the eight-folds solutions, we find
that only a relatively small number of stau pair events
(~120) are required to establish a 3¢ differentiation
between scalar and fermion final states.

We have also proposed a new method to measure the tau
polarization in the ¢ — zv channel, i.e., by using the impact
parameter distribution of the charged pion in the final
states. This method has the advantages of being more easily
accessed experimentally and of being measurable with high
precision at the ILC. We also find the impact parameter
distribution is sensitive to the tau polarization while being
very insensitive to the tau energy. This was seen to be
particularly true in the parameter region of interest. We
observed that the impact parameter distributions for differ-
ent tau polarizations appear to intersect at approximately
dgp ~ 41 um for our signal processes.

With the assumption of a relatively pure right-hand
polarized beam, we find that the backgrounds and NLO
correction effects are typically more than one order of
magnitude smaller than our leading order process and so
these effects have been neglected in this first analysis for
simplicity. Assuming a signal production cross section of
10 fb and taking into account realistic detector resolution
effects we have found that with integrated luminosity of
1000 fb~! the mass reconstruction precision can reach
~20 GeV for our benchmark point (m; = 300 GeV,
mz = 50 GeV). In attempting spin reconstruction we
encounter 3 quadratic equations. Taking into account the
effects of finite detector resolution we find complex
solutions in some cases and these must of course be
rejected. The rejection rate for false solutions was found
to be much higher than that for true solutions and this leads
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to a welcome increase in the ratio of true to false solutions.
This then leads to an increased difference between the
superposed distributions for all real solutions for both
scalars and fermions. After taking into account all detector
effects we conclude that 200 reconstructed stau pair events
would be enough to resolve the spin of a new particle to 3¢
C.L. Since the ILC would provide a good resolution for the
impact parameter, the discriminating power of dgp after
taking into account detector resolution effects is essentially
unchanged. The ILC with integrated luminosity of
1000 tb~! is expected to be able to resolve the tau
polarization to within a precision of ~0.25.

A comparison with some previous studies [35,39,40]
shows that this earlier work reported better resolution of the
stau mass and tau polarization than the results presented
above. However, this is primarily due to the limited
statistics that result from our choice of our relatively heavy
benchmark point, i.e., m; = 300 GeV. For example, in
Ref. [39] there were ~9000 stau pair events before any
selections were used for 7, and, in addition, it was assumed
there that the neutralino mass m;o was already known. With
these assumptions, the endpoint E,,, can be fitted with an
uncertainty of ~2 GeV, which leads to an uncertainty in
mz, of ~10 GeV. Moreover, as pointed out in this refer-
ence, the reconstructed m;, is very sensitive to the pre-
sumed value of Mz, €.g., an error of 80 MeV on Mg
translates into an additional error of 1.4 GeV on m;,. Our
quoted lower resolution represents a conservative estimate
without assuming a known value of mj and also in part
results from a smaller statistical sample in the 3-prong tau
decay channel of our benchmark point (2600 three-prong
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tau decays before selection). As for the tau polarization
measurement using the 7 spectrum quoted in Ref. [39], they
used 7.92 x 10* stau pair events before selection for 7,7,
with a corresponding uncertainty on the tau polarization of
AP, ~ 0.1, which reduced to 0.06 after considering the
correlation between fitted normalization and the polariza-
tion. Assuming the same number of signal events in our
study the uncertainty in Agpp is 6Agp ~ 0.0076. As can be
seen from Table II the corresponding change in the tau
polarization is AP, < 0.1. In summary, we see that a similar
precision in the tau polarization measurement can be
achieved with the same number of assumed events.

In summary, this work has demonstrated an approach to
searches for new physics particles that exploits the rela-
tively long lifetime of the tau and the resulting displaced
secondary vertex of the tau decay. We have shown that
these techniques allow a determination of the mass and spin
of the new physics particle. They also provide information
about the couplings of the new physics particle that can be
inferred from measurements of the tau polarization. This
work represents a valuable complementary approach to the
determination of these quantities and the precision obtained
is comparable with other approaches.
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