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We report on a search for charged massive long-lived pasti@CMLLPs), 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 hage 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 that are eledn this Letter we explore models that include a chargino as a
trically charged and have a lifetime long enough to escap®LSP. If its mass differs from the mass of the lightest neu-
the DO detector before decaying. Charged massive long-livetralino by less than about 150 MeV, it can have a long lifetime
particles are not present in the standard model (SM) nor argt, 5]. This can occur in models with anomaly-mediated su-
their distinguishing characteristics (slow speed, Hidtydx) persymmetry breaking (AMSB) or in models that do not have
relevant for most high energy physics studies. Although theyaugino mass unification. There are two general cases, where
distinctive signature in itself provides sufficient motieea  the chargino is mostly a higgsino and where the chargino is
for a search, some recent extensions to the SM suggest thawostly a gaugino, which we treat separately in this Letter.
CMLLPs exist and are not yet excluded by cosmological

limits[1, 2]' Indeed, the_ s_tandard_ model Of big bang nUCIe'scalar top quark (top squark) NLSP and a gravitino LSP. These
‘?Sy_”thes's (BB.N) has d|ff|c_ult|es in explaining the obselrve top squarks hadronize into charged or neutral hadronsitbat a
l'th',um production. _The existence of a CMLLP _that, decaysCMLLP candidates [6]. Hidden valley models predict scenar-
during or after the time of BBN could resolve this d|sagree—iOS where the top squark acts like the LSP and does not decay
ment [3]. but also hadronizes into charged or neutral hadrons (exferr
We deri ion limits for CMLLP d to as R-hadrons) that escape the detector [7, 8]. In general,
th et etrrllve c_rossfse;]:tm_n |rkrj1|ts 0(; th SMSIan cc;mpareany SUSY scenario where the top squark is the lightest col-
em 1o theones of pnysics beyond the - N MOSL SUPerg a4 particle (which will happen in models without mass uni-

symmetric (SUSY) models the lightest SUSY_particIe I aSication and heavy gluinos) can have a CMLLP. Any colored
sumed to be stable. Some SUSY models predict that the ne “MLLP will undergo hadronization and charge exchange dur-

to-lightest supersymmetric particle (NLSP) can be a CMLLP.ing nuclear interactions, which we discuss below.

This search utilizes data collected between 2006 and 2010
with the DO detector [9] at Fermilab’s 1.96 Te) Tevatron
“with visitors from@Augustana College, Sioux Falls, SD, USihe Uni-  Collider, and is based on 5.2 fbof integrated luminosity. We
yerSLty of Liverpool, Liverpool, UP;,CUP“T_A-IPN, Mexico City, Mex-  reported previously [10] on a similar 1.1fbstudy, searching
ico, °SLAC, Menlo Park, CA, USA/University College London, London, - - eyents with a pair of CMLLPs, each with low speed. In ad-
UK, "Centro de Investigacion en Computacion - IPN, Mexico CitygxM L. .
ico, 9ECFM, Universidad Autonoma de Sinaloa, Culiacan, Mexicod a dition to using the larger data sample, the present seaodts lo

hUniversitat Bern, Bern, SwitzerlandDeceased. for one or more CMLLP, rather than only for a pair, and char-

There are some SUSY models that predict a long-lived



acterizes CMLLPs with higHE/dxin addition to slow speed. () DO5.2fb*
Other searches for long-lived particles include those ftioen F

CDF Collaboration [11, 12], the CERN*e~ Collider LEP o é g:f:i ound
[13], and the CERNpp Collider LHC [14, 15]. 10°F o 130 eV

The DO detector[9] includes an inner tracker with two com- F
ponents: an innermost silicon microstrip tracker (SMT) and

%%ﬁ 300 GeV

21
a scintillating fiber detector. We find a particletdE/dx 0 10 E
from the energy losses associated with its track in the SMT G N
The tracker is embedded within a 1.9 T superconductinc 3} 101
solenoidal magnet. Outside the solenoid is a uraniumgdiqui E
argon calorimeter surrounded by a muon spectrometer, cor L
sisting of drift-tube planes on either side of a 1.8 T irorotdr 1e

There are three layers of the muon detector: the A-layer, lo- E
cated between the calorimeter and the toroid, and the B- an Sl
C- layers, located outside the toroid. Each layer includes 1007704
scintillation counters which serve to veto cosmic rays. Shu
the muon system provides multiple time measurements fron.
which a particle’s speed may be calculated. (®) DO 5.2 fot

Because we distinguish CMLLPs solely by their spfed F e Daia
anddE/dx, we must measure these values for each muon can 103 ] Background
didate as accurately as possible. Muons fiom pu events g of 1% "y — ¥ 100 Gev
studied throughout the data sample allow calibration of the C _____ g& 300 GeV
time measurement to better than 1 ns, with resolutions be 102 . 1
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 fri@ .
time recorded and the counter’s distance from the prodactio E
point, and we compute an overall speed from the weighted av : :
erage of these individual speeds, using measured reswutio g "|'
The ionization-loss data from the typically 8-10 individea- b |
ergy deposits in the SMT are combined using an algorithm 102 T I T P BRI 1 N 5 l.
that corrects for track crossing angle and omits the lamdgst 0 05115 2 25 3 35 4 45 5
posit to reduce the effect of the Landau tail. We calibrage th dE/dx / <dE/dx>( )
dE/dxmeasurements by requiring that the/dxdistribution

of muons fromZ — up events has a maximum at 1. Figure gig e 1: pistributions of (a) spegtiand (b)dE/dx for data, back-

1 shows the distributions if8 anddE/dx for data and back-  ground, and signal (gaugino-like charginos with a mass 6f did
ground events that pass the selection criteria describled/be 300 GeV) that pass the selection criteria. The histograms baen
The selection of a candidate CMLLP occurs in severahormalized to have the same numbers of events. We have edljust
steps. Because of the highp collision rate, we employ a the scale of thelE/dx measurements so that tUE/QX of muons
three-level trigger system to reduce the event rate to tige 20/™ Z — Hu events peak at 1. All entries exceeding the range of
. . the histogram are added to the last bin.
Hz that can be recorded. The trigger system bases its deci-
sions on characteristics of the event, which for the CMLLP
candidates is the presence of a muon with a high momentum
transverse to the beam directiopr). A time window at the  must have scintillator hits in the A-layer and either the B- 0
initial trigger level reduces triggers on cosmic rays. Thig-  C-layer. We require at least three hits in the SMT, to obtain
ger gate lowers the trigger efficiency by 10% for CMLLPs valid dE/dx data. For an optimal tracking and momentum
with a mass of 300 GeV (as they will be slow and some willmeasurement we require the muon to be central, i.e., with a
be out-of-time) and so contributes significantly to the aller pseudorapidity[16]| n |< 1.6. To reject muons from me-
acceptance. We avoid a tighter timing gate usually imposed &on decays, we impose the isolation requirement that the sum
the second level of the muon trigger by accepting an alternaef the pt be less than 2.5 GeV for all other tracks in a cone
tive requirement that the muon have a matching track in thef radius R= /(A@)2+ (An)? < 0.5. We also require that
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.
pear as muons, which has been verified in detail using simuA requirement that the z-coordinate of the muon track at the
lations. Thus, we select events with at least one well identilocation of closest approach to the beam axisdt#0 cm en-
fied highpr muon. For a reliablg8 measurement, the event sures that the particle passes through the SMT.

Events




5

We impose further criteria to eliminate cosmic rays. Tolayers. The probability for at least one of the R-hadronagdei
select muons traveling outwards from the apparent interaadetected is then 38%, or 84% if charge flipping does not oc-
tion point, we require that its C-layer time be significantly cur. We include these numbers as normalization factorsain th
greater than its A-layer time. We require also that the msion’ confidence-level analysis discussed below.
distance-of-closest-approach to the beam line be less than Our final selection criterion is that the candidate’s speed
0.02 cm. These criteria are also applied to additional muong < 1. Thus, we describe the background by fhe 1 data
in the event. For events with exactly two muons we re-events withMr < 200 GeV, and search for CMLLP candi-
quire that the absolute value of the difference between eactiates in3 < 1 data withMr > 200 GeV. We normalize the
muon’s A-layer times be less than 10 ns. To reject cosmibackground and data samples in fhe- 1 region, where the
rays that appear as two back-to-back muons, we require thgbntribution of signal is negligible. The uncertaintiesttre
Aa = |AB+Ap—2m] > 0.05. speed measurements depend on the partiglecie to detec-

Events with a muon from W boson decay, with mismea- tor geometry. Since the distributionsinof the muons in the
surements providing inaccurate values of the mugh'and Mt < 200 GeV sample differ from those in tir > 200 GeV
dE/dx, constitute a potentially large background. To study re-sample, we use the signal-free region to derive correction f
jection criteria for this background, we select data wiing-  tors for the background sample that matchjitdistribution to
verse masd/r < 200 GeV [17] to model the data in the ab- that of the data.
sence of signal [18]. We choose selection criteria that min- We utilize a boosted decision tree (BDT) [27] to discrim-
imize the number of events surviving from this backgroundinate signal from background. The most discriminating-vari
sample compared to events from simulations of the CMLLPables are the CMLLP candidatg®sanddE/dx, but we also
signal. We require that events contain at least one muon witinclude several related variables: the speed significashee,
pr > 60 GeV. From a separate sample of muons felbm uu fined as(1— )/op, the corresponding number of scintil-
decays we observe that the association of a spurious &intil lator hits, the energy loss significance defined @8/dx—
tor hit with a muon track can result in an anomalously Ifw 1) /gye/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- simulation and the background, and then apply it to the data
ferent scintillator layers. By comparing the effecton tlaelk-  samples. Figure 1 shows the distributiongimnd indE/dx
ground sample with the effect on simulated signal, we chooséor the data and background samples, as well as for two rep-
to eliminate events unless the minimized spgédd.o.f. < resentative signals.

2. Finally, we compare the muon’s track direction measured Systematic uncertainties are studied by applying variatio
by the muon system with that measured in the central tracketo 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 distributibn
dates usingPYTHIA [19], with specific models following signal and their effect is taken into account explicitly et
those described in Ref. [20]. The long-lived top squarkslimit calculation: the uncertainty due to the width of theveé
are hadronized using [21]. Because the signature of thé trigger gate and the uncertainty in the corrections toithe s
CMLLP cascade decays is model dependent and difficult talation’s time resolution. By examining the signal-likgien
simulate accurately, we generate direct pair-productfdhe  of the BDT distributions, we find that the maximum (average)
CMLLPs, without including cascade decays. We use the fullncertainty is 10% (4%) for the trigger gate width, and 38%
DO detectorGEANT [22] simulation to determine the detec- (7%) for the time resolution correction. All other systeinat
tor response for these samples (which include overlaid dataincertainties affect only the normalization of the BDT auitp
basedpp interactions). The results are applicable to modelsThe systematic uncertainties on the background are dueto th
with pair-produced CMLLPs with similar kinematics. dE/dxmodeling (< 0.1%) and the background normalization,

The top squarks form charged or neutral R-hadrons, whiclirom the specific values used for tB€7.2%) andMt require-
may flip their charge as they pass through the detector. Iments (2.2%). The systematic uncertainties on the sigral in
the simulation, approximately 60% of R-hadrons are chargedlude muon identification (2%) and the integrated luminosit
following initial hadronization[23], i.e., 84% of the evisn  (6.1%) [28]. The systematic uncertainties associated thi¢h
will have at least one charged R-hadron. Further, R-hadronsorrections to the muopr resolution and to theE/dx res-
may flip their charge through nuclear interactions as theg pa olution, as well as the choice of PDF and factorization scale
through material. We assume that R-hadrons have a probabire all below 1%.
ity of 2/3 of being charged after multiple nuclear interans We obtain the 95% C.L. cross section limits from the BDT
and anti-R-hadrons a probability of 1/2 of being charged;co output distributions, constraining systematic uncettainto
sistent with the numbers of possible hadronic final statés [2 data in background dominated regions [29]. These limits
26]. For this analysis we require the R-hadron to be chargedre shown in Fig. 2, together with the next-to-leading or-
before and after passing through the calorimeter, i.e.,eto bder (NLO) theoretical signal cross sections, computed with
detected both in the tracker and in the A-layer, and to beerRosPINO[30]. Using the nominal (hominal -1 standard devi-
charged after the toroid, i.e., to be detected in the B- or Cation) values of the NLO cross section, we are able to exclude
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Figure 2: Cross-section limits at 95% C.L. as a function ofksna
for (a) gaugino-like charginos, (b) higgsino-like chamagnand (c)
top squarks. The top squark limits are displayed for the rassu
charge flipping (charge survival probability = 38%) and foralarge
flipping (charge survival probability = 84%).

gaugino-like charginos below 267 (265) GeV and higgsino-
like charginos below 217 (214) GeV [31]. For top squarks,
we assume a charge survival probability of 38%, as discussed
above, and exclude masses below 285 (275) GeV. If charge
flipping does not occur, we obtain a higher mass limit, as in-
dicated in Fig. 2c.

As shown in Fig. 2, 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 excess of data compared to background
observed in Fig. 1 for the distributions bothfn(around 0.6)
anddE/dx (around 2.8). The kinematics of these events are
consistent with a statistical fluctuation of the backgraund

In the mass range 200-300 GeV the observed cross section
limits shown in Fig. 2 are of order 0.01 pb for both chargino
signals and for the top squark signal with the charge surviva
factor removed. Since we consider only direct pair produc-
tion and neglect the contribution of cascade decays, tmakig
cross sections and the kinematics mainly depend on the mass
rather than on details of each individual model [32]. Thus,
we are able to place a cross section limit of order 0.01 pb, for
directly-produced CMLLPs in this mass range.

In summary, we perform a search for charged, massive
long-lived particles using .8 fb'! of integrated luminosity
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 top squarks with mass be-
low 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 abaut
factor of five improvement over the previous DO cross section
limits [10].
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