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Candidate B mesons are reconstructed by pairing a charged kaon
or pion with another pion of opposite charge or with a neutral pion.
Two variables are used to identify B candidates: the beam-energy

constrained mass, Mbc~
!!!!!!!!!!!!!!!!!!!!
E2
beam{P2

B

q
, and the energy difference,

DE5 EB2 Ebeam, where Ebeam is the e6 beam energy and EB and PB
are the reconstructed energy and momentum of the B candidate in
the e1e2 centre-of-mass frame. Real B meson events give
Mbc> 5.28GeV/c2 andDE> 0GeVwhile background events are dis-
tributed differently. Using a continuum suppression7 method to
reduce background arising from eze{?q!qq (where q5 u, d, s and
c quarks), the number of signal B mesons and CP asymmetry are
extracted by performing an unbinned maximum-likelihood fit to
the Mbc2DE distribution with expected signal and background
shapes (as illustrated in Fig. 2 for Mbc).

Figure 2a and b shows the Mbc projections for the BRK6p7 can-
didates. In 535 million B!BB pairs, we observe 2,2416 57 K1p2 and
1,8566 52 K2p1 signal events. The CP-violating asymmetry in
BRK6p7 is measured to be:

AK+p+:
N !BB0?K{pz! "{N B0{Kzp{! "
N !BB0?K{pz! "zN B0?Kzp{! "

~{0:094+0:018+0:008, !1"

whereN !BB0?K{pz! " is the yield obtained for the !BB0?K{pz decay
and N(B0RK1p2) denotes the yield of the antiparticle mode. The
first error in the measurement is statistical, while the second is the
systematic error from fitting and bias due to detector response (as it is
made from matter, not antimatter). The latter is investigated using a
large sample of tagged DRK6p7 decays (with K and p momenta in
the same kinematic region as B decays), where no CP-violating asym-
metry is expected. No obvious bias is observed. Furthermore, the
obtained background asymmetry of 20.0056 0.003 from the fit to
the B candidates is consistent with zero, implying that detector bias is
small. Equation (1) corresponds to a significance of 4.8s, or a prob-
ability for no asymmetry of less than 1.83 1026. The result is con-
sistent with the measurements by the BaBar8,13 and CDF14

collaborations, as well as with our previous measurement7, which
used 275 million B!BB pairs. The observed sign and strength of
AK+p+ were anticipated by the perturbative QCD factorization

approach15, while the QCD factorization approach16 predicted the
opposite sign.

For the decay final states with a p0, a similar procedure gives
1,600z57

{55 K
6p0 and 735z44

{43 p
6p0 signal events, with the associated

asymmetries of:

AK+p0~z0:07+0:03+0:01, !2"

Ap+p0~z0:07+0:06+0:01: !3"

In theMbc projection plots of Fig. 2c and d, slightly more B2 signal
events compared with B1 events are apparent, in contrast to the
behaviour in Fig. 2a compared to Fig. 2b. Equations (2) and (3) are
also in agreement with previous measurements7,17, but more precise.
With our new measurements of AK+p+ and AK+p0 , the difference
between direct CP violation in charged and neutral B meson decays
into Kp is:

DA:AK+p0{AK+p+~z0:164+0:037, !4"
which is now established at the 4.4s level; the probability for no
difference is less than 9.33 1026. We note that in our previous mea-
surement7, based on 275 million B!BB pairs, the significance of the
difference was only 2.4s (1.93 1022 null probability), a statistically
marginal effect that could have disappeared by adding an equivalent
amount of data (but did not in our case).

What is the interpretation of the difference between AK+p+ and
AK+p0 ? For the decay B

6Rp6p0, the contribution from the penguin
diagram of Fig. 1b vanishes by isospin symmetry. With Fig. 1a as the
single dominant amplitude, the CP-violating asymmetry is expected
to be very small. Given the current errors, ourmeasurement ofAp+p0

is consistent with this expectation. On the other hand, both Fig. 1a
and b contribute to BRK6p7 and B6RK6p0 and we would
expect15,16 AK+p+ and AK+p0 to be rather close to each other.
However, we find not only a significant difference in magnitude
but also a sign difference between the central values of equation (2)
and equation (1). There are several theoretical conjectures that try
to explain this Kp asymmetry puzzle: enhancement of the colour-
suppressed tree amplitude18,19 (Fig. 1c), electroweak penguin contri-
butions20 (Fig. 1d, which is Fig. 1b with the gluon g replaced by Z), or
both21. If this effect were to be explained solely by enhancement of the
colour-suppressed tree amplitude (which is also proportional to
Vub), its amplitude would have to be larger than21,22 the colour-
allowed tree amplitude (Fig. 1a), while maintaining the large value
of AK+p+ . The electroweak penguin diagram of Fig. 1d violates
isospin, and so might be suspected as a source of the asymmetry.
In the standard model, this diagram has a negligible CP violating
phase, and cannot affectDA bymuch. However, as a loop amplitude,
it can pick up a CP violating phase from new physics. If the electro-
weak penguin explains the effect, this would indicate new physics
beyond the standard model20–22.

A more detailed theoretical calculation23 indeed supports an
enhancement of the colour-suppressed tree contribution, but not
to the extent of overpowering the colour-allowed tree contribution.
Dominance of the colour-suppressed tree contribution over the col-
our-allowed tree contribution, though possible from the data, would
indicate a breakdown of our theoretical understanding. It could also
exacerbate23 another puzzle arising in related B decays. Mixing-
dependent CP violation in B0RJ/yK0 decay has been measured pre-
cisely3,4. Similar measurements have been performed on B0 decays to
charmless final states dominated by penguin diagrams analogous to
Fig. 1b, such as B0RK0p0. Although the experimental errors are still
large, the average value24 over all penguin dominated modes is 2.5s
smaller than the value from B0RJ/yK0. In fact, almost all measure-
ments of penguin dominated modes give values of CP violation that
are below the value found in the B0RJ/yK0 mode. This negative
deviation, in contrast to theoretical calculations that suggest25,26 a
slightly positive deviation within the standard model, is called the
DS puzzle. At present there is no theory within the standard model
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Figure 2 | Mbc projections for K
2p1 (a), K1p2 (b), K2p0 (c) and

K1p0 (d).Histograms are data, solid blue lines are the fit projections, point-
dashed lines are the signal components, dashed lines are the continuum
background, and grey dotted lines are the p6p signals that are misidentified
as K6p. The Mbc projections are made by requiring |DE | , 0.06GeV for
K6p7 and 20.14,DE, 0.06GeV for K6p0.
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FIG. 16: The observed and expected like-sign dimuon charge
asymmetries in bins of dimuon invariant mass. The expected
asymmetry is shown for (a) Ab

sl = 0.0 and (b) Ab
sl = !0.00957.
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FIG. 17: (Color online) Comparison of Ab
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standard model prediction for ad
sl and as

sl. Also shown are
the existing measurements of ad

sl [23] and as
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bands represent the ±1 standard deviation uncertainties on
each individual measurement.

FIG. 18: (Color online) The 68% and 95% C.L. regions of
probability for !"s and !s values obtained from this mea-
surement, considering the experimental constraints on ad

sl [23].
The solid and dashed curves show respectively the 68% and
95% C.L. contours from the B0

s " J/"! measurement [25].
Also shown is the standard model (SM) prediction for !s and
!"s.
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FIG. 19: (Color online) Probability contours in the (!s,!"s)
plane for the combination of this measurement with the result
of Ref. [25], using the experimental constraints on ad

sl [23].
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100 GeV/c2 splitting in the quark and lepton masses [1].
A four-generation model [2] could provide a source of
particle-antiparticle asymmetry large enough to account
for the baryon asymmetry of the universe [3], and acco-
modate a heavier Higgs boson (the source of mass gener-
ation) than a three-generation model [4]. Direct searches
for production of chiral fourth generation quarks restrict
their masses to be greater than 335 GeV/c2 [5] for an up-
type quark t! decaying via t! ! Wq and 338 GeV/c2 [6]
for a down-type quark b! decaying via b! ! tW .
This Letter reports a search for pair-production via

strong interactions of a heavy chiral [7] bottom-like
quark, b!, followed by prompt decay to a t quark and
a W boson with B(b! ! Wt) = 100%. The assump-
tion that b! decays exclusively to tW is reasonable if the
coupling to light quarks is small, as expected from pre-
cision meson-mixing measurements [8], and in the hy-
pothesis that mb! > mt + mW . In the case that the
branching fraction deviates from 100%, the limits can
be interpreted under di!erent assumptions [9]. Previous
searches considered the mode in which two same-charge
W bosons decayed leptonically [6], which gives a low-
background signature but a low selection e"ciency due to
the smallW ! !" branching ratio. We consider the mode
b!b̄! ! WtWt̄ ! WWbWWb̄ ! !"qq!bqq!qq!b in which
one W boson decays leptonically (including # decays to
e or µ) and the remaining three W bosons decay hadron-
ically, giving a selection e"ciency nearly four times the
previous search. The larger SM backgrounds can be sep-
arated from a potential signal by comparing the total
reconstructed transverse momentum in the event.
Events were recorded by CDF II [10, 11], a general

purpose detector designed to study collisions at the Fer-
milab Tevatron pp collider at

"
s = 1.96 TeV. A charged-

particle tracking system immersed in a 1.4 T magnetic
field consists of a silicon microstrip tracker and a drift
chamber. Electromagnetic and hadronic calorimeters
surround the tracking system and measure particle en-
ergies. Drift chambers located outside the calorimeters
detect muons. We use a data sample corresponding to
an integrated luminosity of 4.8±0.3 fb"1.
The data acquisition system is triggered by e or µ can-

didates [12] with transverse momentum (pT [11]) greater
than 18GeV/c. Electrons and muons are reconstructed
o#ine and selected if they have a pseudorapidity ($[11])
magnitude less than 1.1, pT # 20 GeV/c and satisfy
the standard CDF identification and isolation require-
ments [12]. Jets are reconstructed in the calorimeter us-
ing the jetclu [13] algorithm with a clustering radius of
0.4 in azimuth-pseudorapidity space and corrected using
the standard techniques [14]. Jets are selected if they
have pT # 15 GeV/c and |$| < 2.4. Each jet is con-
sidered for heavy-flavor tagging using the default CDF
b-jet identification algorithm (secvtx[15]) that searches
in the jet for a secondary vertex which results from the
displaced decay of a B-hadron inside the jet. Missing

transverse momentum [16] is reconstructed using fully
corrected calorimeter and muon information [12].
Production and decay of b! pairs would appear as

events with a charged lepton and missing transverse mo-
mentum from one leptonically decaying W , and a large
number of jets from the two b quarks and the hadronic
decays of the other three W bosons. We select events
with exactly one electron or muon, at least five jets, and
at least 20 GeV/c of missing transverse momentum. At
least one of the jets must be identified as due to b quark
decay. We find 357 events satisfying these requirements.
We model the production and decay of b! pairs with

madgraph [17]. Additional radiation, hadronization
and showering are described by pythia [18]. The de-
tector response for all simulated samples is modeled by
cdfsim [19]. The signal e"ciency for the above require-
ments is approximately 10%, rising with b! mass. There
are eight quarks produced in the decay, but the most
likely number of reconstructed jets is six, as quarks that
are close together are likely to be merged into a single
jet, and some of the quarks produce jets which fall below
the transverse momentum threshold. Complete mass re-
construction is therefore not possible in the majority of
the events; instead, we examine the event HT , the scalar
sum of the transverse momentum of the lepton, jets and
missing transverse momentum. This is well correlated
with the mass of the heavy quark and serves as an ap-
proximate mass reconstruction.
The dominant background (80%) is top-quark pair pro-

duction with additional jets from initial or final state ra-
diation. This background can be distinguished from the
signal as it has smaller HT . We model this background
using madgraph tt̄ production with mt = 172.5 GeV/c2

in which radiation of up to three additional hard partons
(including heavy flavor) are described explicitly using
matrix-elements, and additional radiation is described
by the parton-shower; the mlm [20] scheme is used to
match the matrix-element and parton-shower contribu-
tions. This gives a precise description of events with
$ 7 jets, where a b! signal would be expected. Events
with eight jets and above are described by the parton
shower, which has significantly larger systematic uncer-
tainties. We normalize the tt̄ background to the NLO
cross section [28], and confirm that it is well modeled by
examining tt̄-dominated regions in the data.
The second dominant background process (% 10%) is

the associated production of W boson and jets. Samples
of simulated W+jets events with light- and heavy-flavor
jets are generated using the alpgen [21] program, in-
terfaced with parton-shower model from pythia. The
W+jets samples are normalized to the measuredW cross
section, with an additional multiplicative factor for the
relative contribution of heavy- and light-flavor jets, the
standard technique in measuring the top-quark pair pro-
duction cross section [15]. Multi-jet background (% 5%),
in which a jet is misreconstructed as a lepton, is modeled
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Figure 1: Jet multiplicity distributions for the same-sign dilepton channel (left), and the trilep-

ton channel (right). The open histogram is the signal contribution expected from a b
�

with

Mb� = 400 GeV/c2
. All selections are applied except the one corresponding to the plotted vari-

able. The histograms for SM processes are normalized to the estimated background yield. The

vertical dotted lines indicate the minimum numbers of jets required in events selected for each

of the channels.

selection of loose leptons. The background events with a misidentified or non-isolated lepton

are estimated using a control sample with one tight lepton and one loose lepton, with the rest

of the selection criteria exactly the same as for signal. The selection of the control sample is

so defined that it excludes signal samples. The background contribution is calculated from the

yields observed in the control samples multiplied by the ratios of the number of electrons or

muons passing tight and loose cuts. These ratios are determined from data, by taking the ratios

between the number of events in the samples with two lepton candidates. The denominator is

measured from a sample selected with two loose leptons, and the numerator is from the sam-

ple with one loose plus one tight lepton. The background contribution from electron charge

misidentification is determined from another control sample with oppositely-charged electron

pairs or from e-µ events, and with the rest of the selection criteria are the same as for signal. The

charge misidentification rate (0.20% and 1.9% for barrel and endcap candidates, respectively)

is determined by measuring the Z boson events reconstructed using two electron candidates

with the same electric charge, and is normalized to the yield of Z → e
+

e
−

events. Applying

the methods above to data, a background yield of 3.7 events is determined.

The background contribution from processes with prompt same-sign dilepton, including tt+Z,

tt + W, WZ, ZZ, and same-sign W
±

W
±+jets, is determined using simulated samples. The

contribution in the signal region is estimated to be 0.7 event. For the trilepton channel, the

background is one order of magnitude smaller and is dominated by the processes with three

prompt leptons, such as tt + W/Z. The yield in the signal region, which is only 0.16 events,

is estimated using simulated samples. The contributions of pp → tt, W/Z, and single top

t-channel processes in the simulated samples are normalized to the CMS measured cross sec-

tions [41–43]. The single top tW-channel is normalized to next-to-next-to-leading-logarithm

cross section [44]. Production rates of dibosons are estimated with the next-to-leading order

cross sections given by MCFM [45]. The tt + W/Z and same-sign W
±

W
±+jets processes are

calculated using the MADGRAPH generator at leading order in αs.
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Figure 2: The ST distributions for the same-sign dilepton channel (left), and the trilepton chan-
nel (right). The open histogram is the signal contribution expected from a b� with Mb� =
400 GeV/c2. All selections are applied except the one corresponding to the plotted variable.
The histograms for SM processes are normalized to the estimated background yield. The verti-
cal dotted line in the right plot indicates the lower ST threshold used in the analysis.

The QCD multijet contribution is estimated using a control sample with two (three) loose lep-
tons for same-sign dilepton (trilepton) channel, while the rest of the criteria are the same as for
signal. The QCD yield in the signal region is obtained from the yields observed in the control
sample, multiplied by the ratios of the number of leptons passing tight and loose cuts. The
QCD contribution to the signal region is estimated to be small (< 0.06 events) in data.

5 Systematic Uncertainties
In order to validate the background estimation procedure, and to assign a systematic uncer-
tainty, the study in the same-sign dilepton channel is practiced with a mixture of simulated
samples representing the potential background. Applying the full estimation procedure to the
simulated events, and comparing to the input yield in the simulations, the difference (1.08
events) is conservatively included in the systematic uncertainties. The statistical uncertainties
on the data yields in the control samples are included in the uncertainty.

The relative uncertainty on the integrated luminosity measurement is estimated to be 4.5% [46]
and is included in the limit calculations. The effect of this uncertainty for those backgrounds
that are determined from simulated samples is estimated to be 0.03 (0.007) events for dilep-
ton (trilepton) channel. The uncertainties on the background normalization are included by
varying the normalization on the relevant processes as follows: ±11.4% for tt [41], ±3% (±4%)
for W (Z) [42], ±37% for single top t-channel [43], ±30% for single top tW-channel, 35 WW,
±42% for WZ, ±27% for ZZ, ±50% for ttW/Z or W±W±+jets, and ±100% for QCD multijet.
Lepton selection efficiencies are measured using inclusive Z samples; the resulting differences
between data and simulated samples are smaller than 2%. An additional systematic uncer-
tainty was assigned with a magnitude of 50% of the efficiency difference between simulated Z
and b� samples due to the effects of different event topologies. This results in 1.7% and 3.4%
uncertainties for the electrons and muons, respectively. Weighted averages in the appropriate
proportions of selected muons and electrons result uncertainties of 4.5% (6.5%) in signal effi-
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Table 4: Expected signal yields for a 400 GeV/c2 b�, background contributions, and observed
events in data, with a different requirement on number of b-tagged jets.

same-sign dilepton trilepton
Number of b-tagged jets signal background data signal background data
≥ 0 30 6.6 9 9.3 0.43 2
≥ 1 (default) 22 4.4 5 6.7 0.16 1
≥ 2 8.0 2.0 2 2.1 0.05 0

]2 [GeV/cb'M
350 400 450 500 550

') 
[p

b]
b

 b
'

!
(p

p 
"

-110

1

10
      Prediction 

expected limit
observed limit

2 > 495 GeV/cb'Limit at 95% CL: M

"2 
"1 

 = 7 TeVs  -1CMS 2011 Preliminary           1.14 fb

Figure 3: The exclusion limits at the 95% CL on the pp → b�b� production cross section. The
solid line represents the observed limits, while the dotted line represents the limits expected
with the available integrated luminosity, assuming the presence of standard model processes
alone. Comparing with the production cross sections, b� mass less than 495 GeV/c2 is excluded
with an assumption of 100% b� → tW decay branching fraction.

quark produced in the cascade decay. A check has been carried out by modifying the required
number of b-tagged jets in the selection criteria. As summarized in Table 4, the observed data
yields with the requirements of at least zero, one, or two b-tagged jets follow the tendency of
estimated background yields, which is consistent with the postulate of top background domi-
nance.

For each b� mass hypothesis, cross sections, selection efficiencies and associated uncertainties
are estimated (Table 1 and 2). From these, and from the estimated background yield and 11
observed events, upper limits on b�b� cross sections at the 95% CL are derived using a Bayesian
method with a log-normal prior for integration over the nuisance parameters [48]. These limits
are plotted as the solid line in Figure 3, while the dotted line represents the limits expected
with the available integrated luminosity, assuming the presence of standard model processes
alone. By comparing to the production cross section for pp → b�b�, a lower limit of 495 GeV/c2

is extracted for the mass of the b� quark at the 95% CL.

In summary, a search for a heavy bottom-like quark produced in proton-proton collisions at
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and the distance between the energy-weighted mean position in the ECAL and the extrapolated
position of the associated track measured in both η and φ. Selection criteria are optimized to
identify electrons from W or Z boson decays with an efficiency of 85% while suppressing at
least 98% of fake candidates from hadronic jets [14].

In most cases electrons and muons from W or Z boson decays are isolated from other particles
in the detector. Therefore, several requirements are imposed on the sum of transverse momen-
tum or energy of particles (not including the lepton itself) surrounding the lepton within a cone
∆R ≡

�
(∆η)2 + (∆φ)2 = 0.3. The sum of pT of tracks surrounding a muon candidate must

be less than 3 GeV/c. Similarly, an electron candidate in the barrel (end-cap) is rejected if the
sum of pT of tracks around it is greater than 9% (5%) of the electron’s pT, the sum of ET in the
surrounding ECAL region is greater than 8% (5%) of that of the candidate, or if the sum of
ET in the surrounding HCAL is greater than 10% (2.5%) of the electron’s ET. Electron candi-
dates within a cone ∆R = 0.1 of a muon candidate are rejected to remove electrons from muon
bremsstrahlung. Electrons identified as resulting from photon conversions are also rejected.

Hadronic jets are reconstructed from individual particles whose identities and energies have
been determined using a particle-flow technique [15–18] . All particles found by the particle
flow algorithm are cluster into jets using an anti-kT algorithm with the distance parameter set to
0.5 [19]. Jet energy is calibrated to account for non-uniformity in calorimeter response and for
differences found between jets in simulation and collision data [20]. Jet candidates are required
to have pT > 25 GeV/c and to be within |η| < 2.4, and pass quality requirements that reject most
fake jets arising from calorimeter noise. Jets must also be separated from lepton candidates by
a distance ∆R > 0.4.

We select events that contain at least one well-reconstructed interaction vertex [21] and a lep-
tonic Z boson decay which is identified requiring two same-flavor leptons, with opposite charge
and an invariant mass in the range 60 < M�+�− < 120 GeV/c2. In addition we require a third
isolated lepton and at least two jets. We define the quantity

residual ST ≡ ∑
i �=1,2

pT(jeti) + ∑
i �=1,2

pT(leptoni),

where the i �= 1, 2 indicates that the sum extends to leptons and jets except the two leading ones.
An additional reduction of the standard model (SM) backgrounds is obtained by requiring
residual ST > 80 GeV/c. In this anaylsis, contributions from cascade of τ decays are negligible.

Simulated samples are used to estimate our signal selection efficiencies. The signal pp → TT
process, with up to two additional hard partons, is simulated using the MADGRAPH [22] event
generator. The result is passed to PYTHIA [23] for hadronization. Simulation of particles in the
CMS detector is performed using GEANT4 [24]. The signal efficiency, excluding the combined
branching fractions of 5.4% from the W and Z leptonic decays, varies from 14 ± 3% to 34 ± 7%
as the T mass increases from 250 to 550 GeV/c2. The reduction of signal efficiency for events
with a lower T mass is due to the requirement on the residual ST and the pT threshold of
leptons. The distributions of the dilepton invariant mass M��, jet multiplicity, and residual ST
for events with a Z candidate and an additional charged lepton are displayed in Fig. 1. The
distribution of residual ST for events passing the full selection criteria described above, except
for the requirement on residual ST itself is shown in Fig. 2. The expected distributions of the
T signal with 350 GeV/c2 mass are normalized to the production cross section calculated to
next-to-leading order (NLO) in αs [25].

The search is carried out using the following procedure. Potential background sources are first

Resulting Plot (Signal Region)
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Exclusion Limit

• Observed limits on X-sec using a Bayesian approach at 

95% CL                                                         

• By comparing observed                                                           

limits to the NLO X-sec :
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2D Fits

Limit Calc.
Model Parameters

Results
t� → bW

Comments
Brown

University

Mass Reconstruction

Final state: 4Jets + lν but can have ISR,FSR etc.
Number of ways jets can be assigned to partons:

no of jets combinations
4 12
5 60
6 180

We take Minχ2 combination with:
� e + jets: try all 4-jet combs out of the leading 5 jets
� µ+ jets: use 4 leading jets. If 5th jet has highest

b-tagging discriminant use it instead of 4th jet
Studied 4,5,6 leading jets - considering 5jets best
(significant improvement).
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2 4 Signal Region

process collision data.

We apply a preselection based on that of the recent CMS tt̄ cross section measurement in the

dilepton channel [14]. Events with two opposite-sign, isolated leptons (e+e−, e±µ∓
, or µ+µ−

)

are selected. Both leptons must have pT > 20 GeV/c, and the electrons (muons) must have

|η| < 2.5 (|η| < 2.4). In events with more than two such leptons, the two leptons with the high-

est pT are selected. Events with an e+e− or µ+µ−
pair with invariant mass between 76 GeV/c2

and 106 GeV/c2
or below 12 GeV/c2

are removed, in order to suppress Drell-Yan, Z/γ∗ → �+�−

events, as well as low mass dilepton resonances.

Events are required to pass at least one of the ee, eµ, or µµ high-pT double-lepton triggers. The

efficiency for events containing two leptons satisfying the analysis selection to pass at least one

of these triggers is measured to be approximately 100%, 95%, and 90% for ee, eµ, and µµ double-

lepton triggers respectively [15]. In the following, the yields of simulated events are weighted

such that the trigger efficiencies and the distribution of reconstructed vertices observed in data

are simulated.

As leptons produced in the decays of low-mass particles, such as hadrons containing b and c
quarks, are nearly always inside jets, they can be suppressed by requiring the leptons to be

isolated in space from other particles that carry a substantial amount of transverse momentum.

A cone is constructed of size ∆R ≡
�
(∆η)2 + (∆φ)2 = 0.3 around the lepton momentum

direction. The lepton relative isolation is then quantified by summing the transverse energy

(as measured in the calorimeters) and the transverse momentum (as measured in the silicon

tracker) of all objects within this cone, excluding the lepton, and then dividing by the lepton

transverse momentum. The resulting quantity is required to be less than 0.15, rejecting the

large background arising from QCD production of jets.

We require the presence of at least two jets with pT > 30 GeV/c and |η| < 2.5, separated by

∆R > 0.4 from leptons passing the analysis selection. The anti-kT clustering algorithm [16] with

∆R = 0.5 is used for jet clustering. The jets and Emiss

T
are reconstructed with the Particle Flow

technique [17]. The Emiss

T
in the event is required to exceed 30 GeV, and at least two of the jets

are required to be consistent with coming from the decay of heavy flavor and be identified as

b-jets by the TCHEM b-tagging algorithm described in [18], which relies on tracks with large

impact parameters.

The observed and simulated yields after the event preselection are listed in Table 1, in which

tt̄ → �+�− corresponds to dileptonic tt̄ decays, including tau leptons. tt̄ → fake includes all

other tt̄ decay modes. DY→ �+�− also includes the τ+τ−
decay mode. The yields are domi-

nated by top-pair production in the dilepton final state, and reasonable agreement is observed

between data and the simulation. The expected yields from t� t̄� are also shown for different

values of the t� mass, Mt� .

4 Signal Region
Since we expect a t� quark to have a much larger mass than the top quark, we can use variables

that are correlated to the decaying quark mass to help distinguish signal events from tt̄ events.

The mass of one pair of lepton and jet (Ml1b1) and the mass of the second pair of lepton and jet

(Ml2b2), from the t/t� or t̄/t̄� decay, are chosen for this purpose. Figure 1 shows the expected

distributions of those two quantities as predicted by the simulation at generator and reconstruc-

tion level. At generator level all tt̄ events have both Ml1b1 and Ml2b2 less than

�
Mt

2 − MW
2

,

while most of the t� t̄� events have both Ml1b1 and Ml2b2 larger than that value. At reconstruction

4 5 Background Estimation
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Figure 1: Expected distribution of Ml1b1 and Ml2b2 as predicted by the simulation for tt̄ events
(blue points) and for t� t̄� events with Mt� = 350 GeV/c2 (red points). Left: Ml1b1 vs. Ml2b2 at
generator level. Right: Ml1b1 vs. Ml2b2 at reconstruction level, where we assume the lepton and
b-jet from the same t/t� are closest in ∆R. The signal region is defined by Ml1b1 > 170 GeV/c2

and Ml2b2 > 170 GeV/c2.

−0.15 (−0.19) in data (tt̄ simulation). Studies using simulated tt̄ samples show that this leads
to a prediction of nearly twice the observed tt̄ background in the signal region. Therefore a
correction factor of 0.5 is applied to the estimate and a 50% systematic uncertainty is assigned,
resulting in a background prediction of 1.35 ± 0.67 events.

We use data to predict background from DY→ e+e− and DY→ µ+µ− events by counting the
number of Z candidates in the Z veto region, and multiplying this number by the ratio of sim-
ulated Drell-Yan yields outside to inside the Z veto region. We obtain an estimate of 1.0+1.8

−1.0
(0.07+0.13

−0.07) events in the preselection (signal) region. For DY→ τ+τ− events we make a pre-
diction based on the number of simulated events passing our preselection, and scaling by the
fraction of DY→ τ+τ− events that pass the Ml1b1 and Ml2b2 cuts. The result is a prediction of
0.11 ± 0.11 events.

We also use a control region in data to predict the number of events with one or both leptons
not originating from electroweak decays (fake leptons). A fake lepton is a lepton candidate
originating from within a jet, such as a lepton from semileptonic b or c decays, a muon decay-
in-flight, a pion misidentified as an electron, or an unidentified photon conversion. The method
is based on counting the number of events with a candidate lepton that can only pass loosened
selection criteria [19]. Using a measurement of the fraction of such “loose” leptons that go on to
pass our selection cuts, we estimate the number of fake leptons in our event samples: 11.1+17.0

−11.1
(0.0+0.4

−0.0) events in the preselection (signal) region, including both statistical and systematic un-
certainties.

Di-boson and single top backgrounds are small, and are estimated from the yields of simulated
events passing our full selection. The results are 0.02 ± 0.02 events and 0.07 ± 0.04 events
respectively, where the uncertainties are statistical only.

Note that backgrounds other than tt̄ → �+�− are partially double-counted in the tt̄ background
estimate. These backgrounds are small compared to the contribution from tt̄ → �+�− and we
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have verified that, even with 100% double-counting, the effect on the final t� mass limit would

be less than 1%. We consider this negligible and do not account for this double counting.

6 Systematic Uncertainties
The systematic uncertainty of the signal acceptance is dominated by a 10% uncertainty [18]

on the b-tagging efficiency for high-pT b-jets. Other uncertainties are assessed on the trigger

efficiency (2%) [15], lepton selection (2%) [15], and jet and Emiss

T
energy scale (8%) [20]. These

four sources combine to a 22% relative uncertainty on the signal Acceptance × Efficiency, and

there is a further 4.5% uncertainty on the luminosity [21].

The systematic uncertainty of the background estimate is dominated by the uncertainty on the

data driven estimate of tt̄ events (50%), and the lack of selected events in the Drell-Yan and

loose-lepton control regions. The systematic uncertainties on these sources of background are

included in the summary of background predictions in Table 3.

7 Results
We expect 1.62

+0.80

−0.70
events from SM background processes and observe one event in the eµ

channel. We thus see no evidence for an excess of events above SM expectations. A summary

of the observed and predicted yields is presented in Table 3.

The simulated distributions of Ml1b1 and Ml2b2 from SM background processes are compared

to the data when making each of the two mass cuts separately in Figure 2, where the expected

distributions for a t� t̄� signal with Mt� = 350 GeV/c2 are also shown. The simulated background

yields in the signal region are scaled so that they match the yields estimated from control re-

gions in data given in Table 3, and outside the signal region the simulated background yields

are taken without rescaling.

Table 3: Summary of the observed and predicted yields. Uncertainties include both statistical

and systematic errors, apart from for di-boson and single top where uncertainties are statistical

only.

Sample Yield Prediction source

tt̄ → �+�− 1.35 ± 0.67 Data

Fake leptons 0.0
+0.4

−0.0
Data

DY→ e+e− or µ+µ− 0.07
+0.13

−0.07
Data

DY→ τ+τ− 0.11 ± 0.11 Simulation

Di-boson 0.02 ± 0.02 Simulation

Single top 0.07 ± 0.04 Simulation

Total prediction 1.62
+0.80

−0.70

Data 1

Since no excess beyond the SM background is found, 95% C.L. upper limits on the production

cross section of t� t̄� as a function of t� mass are set, using the CLs method [22, 23].

The limit calculation is based on the information provided by the observed event count

combined with the values and the uncertainties of the luminosity measurement, the back-

ground prediction, and the fraction of all t� t̄� events expected to be selected. This fraction is

6 7 Results
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Figure 2: Comparison of data and the simulated background for Ml1b1 (when Ml2b2 >
170 GeV/c2) and Ml2b2 (when Ml1b1 > 170 GeV/c2). The contributions from the minor sources
of backgrounds, which are specified in Table 3, are combined. The signal region is defined by
Ml1b1 > 170 GeV/c2 and Ml2b2 > 170 GeV/c2. The simulated background yields in the signal
region are scaled so that they match the yields estimated from control regions in data given
in Table 3, and outside the signal region the simulated background yields are taken without
rescaling. One data event is observed in the signal region. The expected distributions for a t� t̄�
signal are also shown for Mt� = 350 GeV/c2.

the Efficiency × Acceptance × Branching Ratio for simulated signal events, and is given in
Table 4 for different values of Mt� .

The calculated limits are shown in Figure 3 and Table 5. As a conclusion, the expected and
observed 95% C.L. lower bounds on the t� mass are 415 GeV/c2 and 422 GeV/c2 respectively
from the analysis of a data sample corresponding to an integrated luminosity of 1.14 fb−1.

Table 4: Efficiency × Acceptance × Branching Ratio in simulated events for different t� masses.
Each value has a relative uncertainty of 22%.

Sample Eff×Acc×BR
t� t̄�, Mt� = 350 GeV/c2 0.24%
t� t̄�, Mt� = 400 GeV/c2 0.33%
t� t̄�, Mt� = 450 GeV/c2 0.41%
t� t̄�, Mt� = 500 GeV/c2 0.50%
t� t̄�, Mt� = 550 GeV/c2 0.55%
t� t̄�, Mt� = 600 GeV/c2 0.58%
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energy diagrams
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Mass splitting within a 4th Generation

Contributions to S and T:
(Kribs, Plehn, Spannowsky & Tait, Phys.Rev.D76, 075016, 2007)

Additional one loop diagram with 4th gen. particles
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Time-evolution:  

Mixing phase sensitive to NP Tree b#ccs phase ! 0 

D Tonelli– Fermilab 

CKM hierarchy predicts 2!s tiny with ~zero theory error.  
Any significant deviation is golden probe for new physics 
entering the box. 
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