PHYSICAL REVIEW D, VOLUME 64, 015005

Analysis of the long-lived slepton next-to-lightest supersymmetric particle in the gauge-mediated
supersymmetry breaking model at a linear collider
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We performed an analysis on the detection of a long-lived slepton at a linear collidex/s##B00 GeV.
In gauge-mediated symmetry breaking models a long-lived NLSP is predicted for a large value of the super-
symmetry breaking scaléF. Furthermore in a large portion of the parameter space this particle is a stau. Such
heavy charged particles will leave a track in the tracking volume and hit the muonic detector. In order to
disentangle this signal from the muon background, we explore the kinematics and particle identification tools:
a time-of-flight devicedE/d X, and Cherenkov devices. We show that a linear collider will be able to detect
long-lived staus with masses up to the kinematical limit of the machine. We also present our estimation of the
sensitivity to the stau lifetime.
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In many supersymmetric models charged long-lived par-
ticles can exist. In models witR-parity violation, this hap- where M, is the reduced Planck mass. For théF
pens when the lightest supersymmetric partitlSP) is a ~100 TeV (to be compared with I GeV, a typical
slepton and th&-parity violation term is smal[1]. Another =~ MSUGRA value of SUSY breaking scaléMz~eV, making
class consists of models where the LSP is not the ysuah  the phenomenology quite interesting.
as in minimal supergravityMSUGRA)] U(1)y gaugino but Moreover, because of the very weak interaction of the
rather a SW(2) gaugino; in this case the next-to-lightest su-gravitino, all supersymmetric particles will decay into the
persymmetric particléNLSP) is the lightest chargino, al- NLSP and this will decay into the gravitinevhich will es-
most degenerate in mass with the neutralino LSP, and wilfaPe detectionand its standard model partner. Thus the na-
decay after traveling centimeters or meters into the LSP plulre of the NLSP and its decay length will play a fundamen-
a soft lepton or piof2]. This type of model arises rather tal role_ in the phenomenology of the model. Because soft
naturally in the anomaly mediated supersymme8YSY) terms in GMSB models are generated by the gauge cou-

breaking scenari¢3]; however, in this scenario the mass plings, the NLSP is _usually .either a neutralino or a stau.
splitting is typically larger then the pion mass, leading tc)Many phenomenological studies have been made for the Fer-

. g ; .
decay length of the order afr—10 cm at most. Another milab Tevatron and CERNM" e~ collider LEP in the context

.of this model[7-9]. More recently some studies for the

class of models where long-lived charged particles occur ISERN Large Hadron CollidefL HC) and run Il at Tevatron
in gauge-mediated supersymmetry breakiByISB) models ;5 have been addressitD,13,14. For the Next Linear

[4,5]. Depending on the value assumed for the SUSY breakcgjiger (NLC) the case for a neutralino NLSP, both long-
ing scale,\/F, the gravitino is the LSP. Moreover, because of g short-lived, was considered by Ambrosaii6] and the
the weak coupling of the gravitino to the SUSY fields, thecase for a stau NLSP with prompt decay was considered by
NLSP could in principle be a long-lived massive particle. Kanaya[16].
Throughout this paper we will concentrate on the detection In this work we improve over our previous analyses
of long-lived charged particles in the GMSB framework. The[16,17] in the search for a long-lived stau at NLC, presenting
techniques presented, however, are applicable to generhére our estimations for a lifetime measurement. In the
nonstrongly interacting heavy long-lived charged parti¢les. GMSB the NLSP lifetime is given by

In GMSB an intermediate sector is responsible for com-

municating supersymmetry breaking to the MSSM sector. In 160 F2 VF 4( 100 Ge\/) 510 «
these models the gravitino mass is given by Mﬁu_sp 10 GeV M nLsp

2

1in Ref.[6], the authors raise the issue of hadronization effects for FrOMm this expression, one can see that the measurement of
color-triplet particles. Some of them will hadronize into neutral the NLSP mass and lifetime will determine the value of the
exotic mesons. In addition to that, the inelastic hadronic reactionfundamental SUSY breaking scalgF. From perturbative
can change the charge of the mesons. arguments it is possible to set a lower limit ifF for the
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FIG. 1. Stau pair production cross section normalized by muon M2 (GeVZ)
pair as a function of stau mass {fs=500-GeV linear collider. The
full (dotted line is for the right-(left-)handed stau pair. FIG. 2. The distribution of track mass square for muon and for

several values of stau masd@s units of GeV, indicated by num-

complete set of parameters in the GMSB framework. Neverbers on the top of peaks.
theless, for the range of stau masses under consideration, it is ) ) )
always possible to find parameters which givera- um. On boosted along the beam pipe. Thus we require the following

the other hand, there is no solid theoretical argument for afuts: (1) cos#<0.8, to guarantee good track qualit®) [p|

upper limit on \F. However, a LSP gravitino with mass > 0-%beam and(3) |pz|<0.2%peam Whered is the angle

higher than few keV is disfavored in some cosmological scePetween the initial electron and final negative charged par-
narios for over-closing the Univergas]. This translates to ticle, [p| the absolute value of its momentum, apiff is the
roughly VF=<3000 TeV. net momentum in the beam direction. Finaly,e,mis the
The rest of this paper is organized as follows. In Sec. llbeam energy. After these cuts, the two photon initiated muon
we describe our simulation using the progresmeT[19] to  Pair production is estimated to be 1.4 fb. We are then left
generate stau pairs with the effects of a time-of-flight devicewith muon pair productione”e”—u"u~ as the main
dE/dX, and a Cherenkov device to detect a heavy particlesource of background.
In Sec. Il we use the stau pair production process to extract In order to reduce the muon pair background we shall
limits on the lifetime of stau which leads to limits on the explore the heavy mass of the staus. la"&" collider the

SUSY breaking scale in a GMSB model. In Sec. IV we €nergy in the center of mass is fixed, so in a pair production
present our conclusions. process the energy of the final particles is also known. It is

well known, however, that in a high-energy linear collider
beamsstrahlung and initial-state radiation effects become im-
portant and the effective energy of the reaction is not fixed
but presents a spectrum. IBAJET, these effects have been
Stau pair production at a linear collider provides a cleanimplemented using the parametrization described in Ref.
search environment. Furthermore, the production cross sef20], where the radiation spectrum is well approximated by
tion is model independent, depending only on the mass of thene photon emission from one of the initial stafe Assum-
staus and on the mixing angle between the left- and righting also that the direction of the emission is along the beam
handed superpartners. In Fig. 1 we show the pair productioline, the mass estimate for each track in the laboratory frame
cross  section (normalized to o,,=450 fb at s  is given by
=500 GeV) for the left- and right-handed states as a func-

Il. SELECTION CRITERIA FOR STAU
PAIR PRODUCTION

tion of stau mass. The stau pair cross section is smaller than ) \/g 2 5
o,, due to its scalar nature and it rapidly drops when we M*= 2_,y+ﬁpz —Ipl%, ()]
approach the kinematical limits of the accelerator. Neverthe-
less, we note that for masses around 240 GeV we still have a -
s=s(1-]A]), (4)

cross section 0©(10) fb, which should be observable pro-
vided that the background is manageable.

We will first describe the selection criteria without par- B=AI(2—|A]), (5
ticle identification which will be used in later sections to
extend the range of sensitivity to the full beam energy. ThavhereA=p*YE, .., B is the boost parameter an@ is the
signal we are looking for is a back-to-back track with corre-center-of-mass energy of the two tracks.
sponding hits in the muon chamber. With this requirement In Fig. 2 is shown the cross section distribution as a func-
tracks from, K, p, ande are removed. To reject the two tion of M? which is estimated according to E(B). In this
photon process ofy— u™ u ™, we note that the.™ u~ pair  plot we can see the muon distribution peaking at zero mass
in this process tends to have a low invariant mass and bwith a tail from beamsstrahlung. We also see the distribution
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FIG. 3. (a) The efficiency for the signal. The dotted line is the ~ FIG- 4. The differencmodulo 1.4 ns for bunch ignorance
efficiency for just kinematics cut&uts 1—4, the dashed line is for between muon time of flight and a massive particle as a function of
the time-of-flight cutgcuts 1 and § and the solid line is fodE/dx ~ Mass for a path length of 2 m.

cuts (cuts 1 and & (b) The reach in cross section for a linear o
collider with luminosity of 50 fbrl. The dotted line is using just Pends on the angléthe detector has cylindrical, but not

kinematics, the dashed line is using time of flight, and the solid lineSPherical, symmetjy for each angle we have a different

is usingdE/d X. travel length.
of staus production for several values of masses. The B. dE/dX
momentum resolution is taken to bedpr/pr=5 When a charged particle goes through the detector it de-

X 10 %p; (GeV), wherepy is the particle transverse mo- posits energy by ionization. The amount of energy deposited,
mentum. Based in this plot we use the following c#)  dE/dX, is a function ofBy of the particleg[21]. We assumed
[M2— M~i|<3000 GeVf, whereM- is a variable parameter that the charged particle goes through argon @B X has
in the search. The resulting efficiency after this cut is showrb% resolution, which is a realistic value for a time projection
as the dotted line of Fig.(d). This is our basic strategy to chambe(TPC). To remove muons, we use the following cut:
reduce the muon background. To further improve the sensi6) dE/dX—dE/dX(muon)/o(dE/dX)>3. The resulting
tivity, we study particle identification. efficiency is shown as the solid line in Fig(a®. We note a
blind spot for masses around 150 GeV, where the energy
_ _ deposited by a particle witBy~ 1.3 coincides with the one
A. Time of flight deposited by the muon, which hgsy~O(10°). We also
A time-of-flight (TOF) device can be used to identify note that for lower value o8y (for masses below 150 Gg¢V
heavy tracks. In our study we considered a linear collidedE/dX will give a unique value forBvy, thus knowing the
with 1.4 ns of bunch separation. For a flight path length ofmomentum we can get the stau mass. As the figure shows,
r=2 m, the mean time of flight for a massleg@<1) par- we can apply cut 6 to cover the high mass range up to the
ticle is around 6.7 ns. In Fig. 4 we present the expected meapeam energy where the cuts 2 and 3 are not met.
time delay as a function of mass. Assuming that we do not In Fig. 3(b) we present, for each strategy, the minimum
know which bunch crossing a given event is coming from,cross section(before cuts that will be visible at ays
every 1.4 ns of TOF delay is consistent with the massless-500 GeV linear collider withL=50 fb™*. Our criteria
muon. We simulated the effect of a 50-ps error in the time-are based on a three sigma significance; nan®dy3 with
of-flight measurement, applying the following cu®) At  S=ec\L/bg, whereo is the signal cross sectiofbefore
>0.13 ns, wherdt is the time-of-flight difference between cutg, € is the efficiency to pass the cuts, abd is the
a f=1 and a massive particle, modulo 1.4 ns. expected background cross section after cuts. In addition, we
This cut corresponds to about 2.5s0 that about 1% of require a minimum of five signal events after cuts.
the muon background are kept. Applying this cut to both A Cherenkov device can be used to measBife With a
tracks we can relax cuts 2 and 3 and extend the mass rangedevice similar to the BABAR detectd22] it is possible to
the full beam energy. Notice that cut 2 restricts slepton maseeject particles with3y>8. Cherenkov devices, however, in
to beM>=<216 GeV. The efficiency of this cut as a function general have a large impact on the detector design due to its
of mass is shown in Fig.(d) as the dashed line. The corre- requirements on space and photon detection. If these require-
sponding sensitivity is shown in Fig.(l3. We see that for ments are met, a Cherenkov device can replace TOF or
some values of the mass we have lower efficiency when thd E/dX discussed above.
time delay with respect t@=1 case becomes equal to the A comment on the nature of our results is in order. We
bunch spacing. However, the efficiency is never below 0.hhave presented a strategy based only on the pair production
because the actual path that the particle goes through desechanism where particle identification had a relatively mi-
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nor role to play. Nevertheless, in the models under consider r 0% CL % sidble »

ation it is likely that other supersymmetric particles will be g | 1
produced and end up in stau; in such decay chains the use (8 3 E
time of flight, dE/d X, and Cherenkov devices would play a = ]
critical role in identifying staud.We also note that the re- & 21 E

sults presented so far in Fig. 3 are rather independent of th™ 11
model; it depends only on the pair production mechanism k
that will exist for any noncolored charged long-lived particle, ¢ [
provided that the cross section is not too small. The effi- -
ciency to pass the cuts depends only on the mass of thi -1 |
particle? so that Fig. 3 can be read in a model-independent .
way: we see the minimal cross section that would lead to ar -2 |
observable signal as a function of the mass of a long-lived B
charged particle, regardless of the nature of this particle. 100 120 140 160 180 200 220 240

M%(GeV)

Ill. STAU DECAY LENGTH

. . FIG. 5. Contours of constant errer., on the measurement of
. U,p to this point \_Ne supposed that th_e stau dO?S not decaélr. The solid lines stand for the cabg=1 m and the dashed lines
within the detector; however, as mentioned earlier, the lifere for|,=0.01 m. The dotted line on the top of the figure indicates

time can be viewed as a free parameter of the model. We wilh 9g96 C.L. the case stau is stable up to the detector.

now discuss a simple measurement of the stau lifetime using

the modeete™ — "> . The case of a short-lived stau is to I, outside of the tracking volume in which case the error is
be studied elsewhere. approximately 1JN;. In both cases the relevant quantity to

In order to ensure good measurement of momentum an@€t @ Precise measurement of the lifetime is the number of
dE/dX we require that each event should have one centre{?art'de.s that decay inside the detector.
track lonaer than 1 m. usina the mass cut 4 to select trac In Fig. 5, the solid lines represent the contour plot of the
_longer. ’ g . kI?fetime resolution as a function of the stau mass and lifetime
consistent W|th_a heavy particle. We believe that such evenR?/here minimum track lengthl {) of 1 m is required. In the
will be es;enﬂally background 'free. a well re_constructedcase of a short decay length it is not possible to reconstruct
track, consistent kinematically with a heavy patrticle, regard—th tau track. H il identivf th
less of the decay pattern. e stau track. However, one still can identifyfrom the

One way to estimate the lifetime is to consider the numbegeCay product of based on displaced vertex, as performed

. by DELPHI experiment at LEPI[11]. For the NLC small
?rfis\ﬁg:ﬁotg?;:??gr ti)r?ft?]flﬁggrr?:?st gi\feer:t%;? length. Wit etector design the impact parameter resolution is expected

to be 4.5um+5.5 um/(p GeVsir?2g) [12], a perfor-
mance better than the DELPHI vertex detector. In order to
Ocr i VR ©6) take these cases into account, we also show the lifetime reso-
cr JN log(1+R)’ lution for ;=1 cm (the dashed lingsWe see from this plot
that in the optimistic case we would be able to measure the

N lifetime with a 10% precision as long as is lower (biggen
R:—l, (77 than~40 m (~0.01 m), for masses up to 200 GeV. A
Nint comparison with the CERN LHC is in ord¢f3]. In this

study Ambrosanicet al. show the capability of the CERN
where N, is the number of particles that decays between HC to measure the stau lifetime in several models within
distancd; andl,, N; is the number of particles that decays the GMSB context. Their numbers are parameter space de-
after distancd,, and N=N;+N; is the total number of pendent as all possible reactioftisat end in staus at the end
particles that decay after distantg In practice,l;=1m, of the decay chalnare used to extract the stau lifetime. It is
andl, is chosen such that the statistical power is maximizedpf fundamental importance for the LHC to consider all pos-
which is found to occur aR=3.9, but not exceeding the sible reactions in order to get enough statistics. Their analy-
outer radius of the tracking volume. When the lifetime issis shows that for models that gi;,,~100 GeV they
short enough the optimum value & occurs within the are able to get 10% precisigim a somewhat optimistic case
tracking volume, and the errfEq. (6)] is given by 1.24{N.  for 1<c7 (m)<50. Our analysis involves only the stau pair
On the other hand, a large lifetime may lead to the optimunproduction, being essentially model independenfor
Mgiau—100 GeV we are able to get 0.00&487 (m)
<50 [0.13<c7 (m)<25] for the minimal track length of 1
The kinematical distribution, as proposed here, would be of noCm (1 m) requwement. We also noFe that we airf using a
use in a process other than pair production. somewhat conservative integral luminosity of 50 b
3There is a model-dependent part in the angular distribution of the
cross section that will have an effect in cut 1. But we note that the
effect of this cut is small. One can also read Fig. 3 as the minimum “We note that we used an almost pure right-handed stau that in-
cross section in the central region that will be observed at the NLCdeed gives a somewhat lower cross section than a left-handed stau.
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Also in Fig. 5 is shown in dotted lines a 90% confidenceis shown that the NLC will be able to detect such reactions
level upper limit forcr, assuming that stau decays outsidefor stau masses up to 85% of the beam energy, with just
the detector. From Ed2) we can see that this value corre- momentum measurement. Particle identification devices will
sponds to a lower bound/F~1x10’ GeV, which is extend the mass range to essentially the full beam energy.
slightly above cosmologically preferred value. Moreover, particle identification devices will provide a
sample of events essentially background free.

We also presented a way to extract the stau lifetime using
the predicted cross section and a luminosity of 50 YftThe

In many supersymmetry scenarios a charged long-livegnethod presented is very straightforward and does not de-
particle is predicted. For instance, in the GMSB scenarighend on any other parameter of the model. For the range of
such particle would be a stau in a large portion of parametefasses that is possible to probe in a 500-GeV linear collider,
space. We have studied the long-lived stau pair production ighe precision obtained is, in general, better than it will be

a linear collider at\/§= 500 GeV. The linear collider will be possible to have from the LHC and it is mostly model inde-
able to study the stau pair where no other particles are prgpendent.

duced in the eventexcept for beamsstrahlung, etcas op-
posed to the LHC where all supersymmetric reactions should
be taken into accourtl3,10, being, in principle, a good
place to extract the parameters of the model. We thank X. Tata for valuable discussions and a careful

We presented in a model-independent way the minimateading of the manuscript. This work was supported by the
cross section for the pair production of stable nonstronglyJ. S. Department of Energy under Contract Nos. DE-FG02-
interacting charged particle that will be observed in the NLC,97ER41022 and DE-FG03-94ER40833. During his stay at
considering just momentum measurement as well as particldne University of Hawaii where this work was started,
identification devices. When the predicted cross section foP.G.M. was partially supported by Fun@dacde Amparo a
the stau pair production in the GMSB model is considered iPesquisa do Estado deRaulo(FAPESB.

IV. CONCLUSIONS
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