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We report on a search for charged massive long-lived pastifCMLLPs), based on 5.2 b of integrated
luminosity collected with the DO detector at the Fermilabafeon pp collider. We search for events in which
one or more particles are reconstructed as muons but hawe apd ionization energy lo$8E/dx) inconsistent
with muons produced in beam collisions. CMLLPs are predidteseveral theories of physics beyond the
standard model. We exclude pair-produced long-lived gaatike charginos below 267 GeV and higgsino-like
charginos below 217 GeV at 95% C.L., as well as long-livedasdap quarks with mass below 285 GeV.

PACS numbers: 13.85.Rm,14.80.Ly

We report on a search for massive particles, which arén this Letter we explore models which include a chargino
electrically charged and have a lifetime long enough to esas a NLSP whose lifetime can be long if its mass differs
cape the DO detector before decaying. Charged massive lonffom the mass of the lightest neutralino by less than about
lived particles are not present in the standard model (SM150 MeV [4,15]. This can occur in models with anomaly-
nor are their distinguishing characteristics (slow spdégh ~ mediated supersymmetry breaking (AMSB) or in models that
dE/dX) relevant for most high energy physics studies. Al-do not have gaugino mass unification. There are two general
though the distinctive signature in itself provides suffiti  cases, where the chargino is mostly a higgsino and where the
motivation for a search, some recent extensions to the SM sughargino is mostly a gaugino, which we treat separatelyif th
gest that CMLLPs exist and are not yet excluded by cosmoLetter.
logical limits[1,[2]. Indeed, the standard model of big bang

nucleosynthesis (BBN) has difficulties in explaining the ob I
served lithium production. The existence of a CMLLP thatquark (stop) NLSP and a gravitino LSP. These stop quarks

decays during or after the time of BBN could resolve this OIiS_hadronize into both charged and neutral mesons and baryons
T which live long enough to be CMLLP candidates [6]. Further,
agreemer?t [3]. o hidden valley models predict GMSB-like scenarios where the

We derive cross section limits for CMLLPs and comparegy,, 4 ark acts like the LSP and does not decay but hadronizes

them to 'Fheories of physics bey_ond the SM. In mpst SUPETihto charged and neutral hadrons that escape the detector
symmetric (SUSY) models the lightest SUSY_partche is as-7 g]. In general, any SUSY scenario where the stop quark
sumed to be stable. Some SUSY models predict that the next the lightest colored particle (which will happen in mod-

to-lightest supersymmetric particle (NLSP) can be a CMLLP.g|g \ithout mass unification and heavy gluinos) can have a
stop CMLLP. Any colored CMLLP will undergo hadroniza-

tion and charge exchange during nuclear interactions,whic
we discuss below.

There are some SUSY models that predict a scalar top

*with visitors from2Augustana College, Sioux Falls, SD, USH he Uni-
versity of Liverpool, Liverpool, UK,°UPIITA-IPN, Mexico City, Mex- This search utilizes data collected between 2006 and 2010

S e
ico, “SLAC, Menlo Park, CA, USAfUniversity College London, London, : 1 Ak EM)_
UK, fCentro de Investigacion en Computacion - IPN, Mexico CityexM with the DO detector |9] at Fermilab’s 1.96 T Tevatron

ico, 9ECFM, Universidad Autonoma de Sinaloa, Culiacan, Mexicogd a Collider, and is pased on 5-2_15_ of integrated |Umin05_i1v-
hUniversitat Bern, Bern, SwitzerlandDeceased. We reported earlief [10] on a similar 1.1 fhstudy, searching



for events with a pair of CMLLPs, each with low speed. In ad-
dition to using the larger data sample, the present seaosis o
for one or more CMLLP, rather than only for a pair, and char-
acterizes CMLLPs with higHE/dxin addition to slow speed.
Other searches for long-lived particles include those ftioen
CDF Collaboration |[11),_12], the CERN"e™ Collider LEP
[13], and the CERNop Collider LHC [14,15].

The DO detector|9] includes an inner tracker with two com-
ponents: an innermost silicon microstrip tracker (SMT) and
a scintillating fiber detector. We find a particledE/dx
from the energy losses associated with its track in the SMT
The tracker is embedded within a 1.9 T superconducting
solenoidal magnet. Outside the solenoid is a uraniumdiqui
argon calorimeter surrounded by a muon spectrometer, cor
sisting of drift tube planes on either side of a 1.8 T iron idro
There are three layers of the muon detector: the A-layer, lo-

cated between the calorimeter and the toroid, and the B- an..

C- layers, outside the toroid. Each layer includes scantill
tion counters which serve to veto cosmic rays. Thus the muot
system provides multiple time measurements from which &
particle’s speed may be calculated.

Because we distinguish CMLLPs solely by their spBed
anddE/dx, we must measure these values for each muon can

@)

(b)
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0 Background

¥ 100 GeV
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¢ Data
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didate as accurately as possible. Muons fidm uu events
studied throughout the data sample allow calibration of the
time measurement to better than 1 ns, with resolutions be
tween 2-4 ns, and to maintain the meda/dx constant to
within 2% over the data-taking period. From a specific muon
scintillation counter we calculate a particle’s speed frii@
time recorded and the counter’s distance from the productio B i
point, and we compute an overall speed from the weighted av 10L
erage of these individual speeds, using measured reswutio

The ionization loss data from the typically 8-10 individeal

ergy deposits in the SMT are combined using an algorithm

that omits the largest deposit to reduce the effect of the Langjg e 1: pistributions of (a) spegland (b)dE/dx for data, back-
dau tail and corrects for track crossing angle. We normalizground, and signal (gaugino-like charginos with a mass 6f drid
thedE/dxmeasurements by requiring tH&/dxdistribution 300 GeV) that pass the selection criteria. The histograme haen
of muons fromZ — pu events to have a maximum at 1. Fig- normalized to have the same numbers of events. We have edijust
ure[d shows the distributions i§ anddE/dx for data and the scale of thelE/dx measurements so that tUE/QX of muons
background, which pass the selection criteria describlembe oM Z — pp events peak at 1. All entries exceeding the range of
The selection of a candidate CMLLP occurs in severalthe histogram are added to the fast bin.
steps. Because of the higip collision rate, we employ a
three-level trigger system to reduce the event rate to tie 20
Hz that can be recorded. The trigger system bases its desisiopear as muons, which has been verified in detail using MC
on characteristics of the event, which for the CMLLP candi-simulations. Thus we select events with at least one well
dates is the presence of a muon with a high momentum trangdentified highpt muon. For a useful3 measurement, the
verse to the beam directiqpr). In order to reduce triggers event must have scintillator hits in the A-layer and either t
on cosmic rays, there is a time window at the initial triggerB- or C-layer; and for valilE/dx data, we require at least
level. This trigger gate reduces the trigger efficiency b%10 three hits in the SMT. For an optimal tracking and momen-
for CMLLPs with a mass of 300 GeV (as they will be slow tum measurement we require the muon to be central, i.e., with
and some will be out-of-time) and contributes significamtly a pseudorapidity[16] n |< 1.6. To reject muons from me-
our overall acceptance. We avoid a tighter timing gate dgual son decays we impose the isolation requirement that the sum
imposed at the second level of the muon trigger by acceptef the pr be less than 2.5 GeV for all other tracks in a cone
ing an alternative requirement that the muon have a matchingf radius R= /(A@)2+ (An)? < 0.5. We also require that
track in the SMT. the total transverse calorimeter energy in an annulus afisad
In the standard DO event reconstruction CMLLPs would ap-0.1 < R< 0.4 about the muon direction be less than 2.5 GeV.

Events
T
[

e e b b b L n b

05 T 15225335 74 4.
dE/dx / <dE/dx>( 1)
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A requirement that the z-coordinate of the muon track at théve charged before and after passing through the calorimeter
location of closest approach to the beam axisi#0 cm en- i.e., to be detected both in the tracker and in the A-layat, an
sures that the particle passes through the SMT. to be charged after the toroid, i.e., to be detected in therB- o
We impose further criteria to eliminate cosmic rays. ToC-layers. The probability for at least one of the stop hadron
select muons traveling outwards from the apparent interadseing detected is then 38%, or 84% if charge flipping does not
tion point, we require that its C-layer time be significantly occur. We include these numbers as normalization factors in
greater than its A-layer time. We require also that the msion’the confidence level analysis discussed below.
distance-of-closest-approachto the beam line be les®than Our final selection criteria is that the candidate’s speed
cm. These criteria are also applied to a second muon, if any3 < 1. Thus, we describe the background by fhe: 1 data
in the event. In addition, for events with two muons we re-events withMt < 200 GeV, and search for CMLLP candi-
quire that the absolute value of the difference between eacdttates in8 < 1 data withMr > 200 GeV. We normalize the
muon’s A-layer times be less than 10 ns. To reject cosmicdackground and data samples in fhe- 1 region, where the
that appear as two back-to-back muons, we require for theicontribution of signal is negligible. Because the uncettas
pseudo-acolinearitfsa = |A8 + Ap— 21 > 0.05. in the speed measurements depend on the partig/elsie to
Events with a muon from ® boson decay, with mismea- detector geometry, and the distributionsjrof the muons in
surements providing inaccurate values of the mugh'and  theMy < 200 GeV sample differs from those in tivlg > 200
dE/dx, constitute a potentially large background. To study seGeV sample, we use the signal-free region to derive comecti
lection criteria for CMLLPs, we calculate the transversessna factors for the background sample that matchyitiistribution
M+ [17] and select data with M< 200 GeV to model the to that of the data.
data in the absence of signal [18]. We choose selection cri- We utilize a boosted decision tree (BDT) [26] to discrim-
teria that minimize the number of events surviving from thisinate signal from background. The most discriminating-vari
background sample compared to events from simulations adbles are the CMLLP candidatglsanddE/dx, but we also
the CMLLP signal. We require that events contain at least oneclude several related variables: the speed significashee,
muon with pr > 60 GeV. From a separate sample of muonsfined as(1 — f8)/dg, the corresponding number of scintil-
from Z — ppu decays we observe that the association of dator hits, the energy loss significance defined @&8/dx—
spurious scintillator hit can result in an anomalously Iy 1)/04g/qx and the number of SMT hits. For each mass point
value. We use an algorithm that discards such hits through all three signal models we train the BDT with the signal
minimizing the x?/d.o.f. for the B calculated from the dif- MC and the background, and then apply it to the data sam-
ferent scintillator layers. By comparing the effecton tiael  ples. Figuréll shows the distributionsfnand indE/dx for
ground sample with the effect on simulated signal, we choosthe data and background samples, as well as for two represen-
to eliminate events unless the minimized spgédd.o.f. < tative signals.
2. Finally, we compare the muon’s track direction measured Systematic uncertainties are studied by applying varatio
by the muon system with that measured in the central tracketp the background and signal samples and determining the de-
and eliminate events with clearly mismatched tracks. viations in the BDT output distributions. Two of the system-
To simulate signal events, we generate CMLLP candi-atic uncertainties affect the shape of the BDT distributiod
dates usingPYTHIA [19]. The long-lived stop quarks are their effect is taken into account explicitly in the limitica-
hadronized using [20]. Because the signature of the CMLLRation: the uncertainty due to the width of the Level 1 trigge
cascade decays is model dependent and difficult to simugate and the uncertainty in the corrections to the MC time res
late accurately, we generate direct pair-production of thelution; both are applied only to signal. By examining the
CMLLPs, without including cascade decays. We use the fulkignal-like region of the BDT distributions, we find that the
DO detectorGEANT [21] simulation to determine the detec- maximum (average) uncertainty is 10% (4%) for the trigger
tor response for these samples (which include overlaid-datagate width, and 38% (7%) for the time resolution correction.
basedpp interactions). The results are applicable to modelsAll other systematic uncertainties affect only the normei
with pair-produced CMLLPs with similar kinematics. tion of the BDT output. The systematic uncertainties on the
The stop quarks are distinct since they appear in chargeoiackground are due to tlie/dx modeling (< 0.1%) and the
or uncharged stop hadrons, which may flip their charge abackground normalization, from the specific values used for
they pass through the detector. In the simulation approxthe 8 (7.2%) andMt requirements (2.2%). The systematic
imately 60% of stop hadrons are charged following initial uncertainties on the signal include muon identification Y2%
hadronization[22], i.e., 84% of the events will have at teas and the integrated luminosity (6.1%) [27]. The systematic u
one charged stop hadron. Further, stop hadrons may flip the@ertainties associated with the corrections to the niores-
charge through nuclear interactions as they pass through malution and to thedE/dx resolution, as well as the choice of
terial. We assume that stop hadrons have a probability of 2/8DF and factorization scale, are all below 1%.
of being charged after multiple nuclear interactions antitan ~ We obtain the 95% C.L. cross section limits from the BDT
stop hadrons, a probability of 1/2 of being charged, coestst output distributions, constraining systematic uncetiainto
with the numbers of possible stop and anti-stop hadronit finadata in background dominated regionsl/ [28]. These limits are
states|[23—25]. For this analysis we require the stop hatdron shown in Figuré R, together with the NLO theoretical signal
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Figure 2: 95% C.L. cross-section limits as a function of miass
(a) gaugino-like charginos, (b) higgsino-like charginasd (c) stop
quarks. The stop quark limits are displayed for the assurhacge
flipping (charge survival probability = 38%) and for no charjp-

ping (charge survival probability = 84%).

cross sections, computed witROSPINO [29]. The limits

are of order 0.01 pb for directly pair-produced CMLLPs with
masses between 200 and 300 GeV. Using the theoretical cross
sections, we are able to exclude gaugino-like charginos be-
low 267 GeV and higgsino-like charginos below 217 GeV. For
stop quarks, we assume a charge survival probability of 38%,
as discussed above, and exclude masses below 285 GeV. If
charge flipping does not occur, we would obtain a higher mass
limit, as indicated in Fig.]2c.

As seen in Figuriel2, the observed limit exceeds the expected
limit at various mass points by as much as 2.5 standard devi-
ations, for all signals tested, due to the presence of the@ sam
few data events with high BDT discriminant values. This dis-
crepancy reflects the excesses of data compared to backroun
observed in Fig[d1 for the distributions both in beta (around
0.6) and dE/dx (around 2.8). We have compared these events
with background events and conclude that the observed ex-
cess is consistent with a statistical fluctuation in the nemb
of such events.

In summary, we have performed a search for charged, mas-
sive long-lived particles using.3 fb* of integrated luminos-
ity with the DO detector. We find no evidence of signal and
set 95% C.L. cross-section upper limits of order 0.01 pb for
pair-produced CMLLPs of mass 200-300 GeV. At 95% C.L.
we exclude pair-produced long-lived stop quarks with mass
below 285 GeV, gaugino-like charginos below 267 GeV, and
higgsino-like charginos below 217 GeV. These are presently
the most restrictive limits for chargino CMLLPs, with ab@ut
factor of five improvement over the previous DO cross section
limits [10Q].
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