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Abstract. Electroweak production of top quarks, the so-called singletop production, is interesting both in
the context of measurements of the Standard Model of Particle Physics as well as searches for new phenomena
beyond that. Analyses based on data taken in 2010 and 2011 by the ATLAS and CMS collaborations at a centre-
of-mass energy of 7 TeV at the LHC proton-proton collider will be presented. Different production channels,
including t-channel, s-channel, and associatedW boson production, have been addressed using datasets of up to
2.1 fb−1. A first search for Flavour Changing Neutral Currents has been performed as well.

1 Introduction1

In the Standard Model (SM) of Particle Physics, top quarks2

can be produced either in top-antitop pairs via the strong3

interaction or as single top quarks by the electroweak in-4

teraction. Top quarks decay (in the SM) almost exclusively5

to a W boson and ab quark. Therefore, the decay sig-6

nature depends solely on theW, decaying either leptoni-7

cally into lepton+neutrinolν or hadronically into quark-8

antiquarkqq. In general, cross sections are lower and back-9

grounds higher for single top quark production compared10

to top pairs making analyses more difficult. Therefore, sin-11

gle top production was established only in recent years at12

the Tevatron. At the higher centre-of-mass energy at the13

LHC, cross sections are larger for the different production14

channels, leading to higher statistics. Figure 1 shows exam-15

ples of Feynman diagrams for t-channel, associatedW bo-16

son production (Wt-channel) and s-channel single top pro-17

duction. Table 1 lists the cross sections at Next-to-leading18

order (NLO) with Next-to-next-to- leading-log (NNLL) re-19

summation (NNLO approximation) for Tevatron and LHC20

centre-of-mass energies [1–3]. Cross sections at the LHC21

are between about 4 and 30 times larger than at the Teva-22

tron. Especially the Wt-channel, which was not accessible23

before, has a significant cross section at the LHC. Even24

the s-channel cross section, the smallest one at the LHC,25

is more than two times larger than the largest one at the26

Tevatron. This allows detailed measurements of the Stan-27

dard Model and searches for new phenomena in the com-28

ing years. The different production channels will be estab-29

lished, their cross sections compared to Standard Model30

predictions, the unitarity of the CKM matrix can be tested31

and b-quark Parton Density Functions studied. Possible32

searches include signatures of Flavour Changing Neutral33

Currents (FCNCs) (cf. Fig. 1d),W ’ boson, charged Higgs34

H+, a fourth generation of quarks and so on. Part of that35

program is already possible with the current ATLAS and36

CMS datasets of up to 2 fb−1. More signatures will be stud-37

ied in the future.38
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Fig. 1: Examples of Feynman diagrams for (a) t-channel,
(b) Wt-channel, (c) s-channel single top quark production.
(d) FCNC single top quark production qg→t with a Stan-
dard Model top decay t→ Wb→ lν b.

√
s t-channel Wt-channel s-channel

7 TeV 64.2±2.6 pb 15.6±1.3 pb 4.6±0.2 pb
1.96 TeV 2.1±0.1 pb 0.25±0.03 pb 1.05±0.05 pb

Table 1: Cross sections at NLO+NNLL for single top pro-
duction at LHC and Tevatron centre-of-mass energies [1–
3]. A top quark mass of 173 GeV is assumed.

2 Measurements in the t-channel39

Due to its large cross section, the t-channel single top quark40

production has been addressed first by the ATLAS and41

CMS collaborations. Both have presented measurements42

based on the first year of LHC data, corresponding to 36 pb−1
43

(CMS) [4] and 35 pb−1 (ATLAS) [5]. The ATLAS collabo-44

ration has updated this analysis with 2011 data correspond-45

ing to 156 pb−1 [6] and a second time with 700 pb−1 [7].46

Only the latter analysis will be described in the follow-47

ing. Both collaborations have used cut-based measurement48

techniques which are simple and robust as well as multi-49

variate approaches which have in general higher sensitivi-50

ties as they exploit the full kinematics of signal and back-51

grounds. However, those techniques have larger model de-52

pendencies. CMS uses a Boosted Decision Tree (BDT) ap-53

proach, whereas ATLAS applies a Neural Network (NN)54

technique.55

Both collaborations only consider events, where theW56

boson originating in the top quark decays leptonically into57

a lepton and neutrino. Therefore, an isolated lepton, either58

an electron or a muon, is required in the event selection.59
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Fig. 2: Result of the CMS t-channel cut-based analysis [4].
Left: cos-distribution of the angle between the lepton and
light jet. Right: Distribution of the absolute pseudorapidity
of the light jet. A 2-dim. fit of both distributions with signal
and background as free parameters is performed.
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Fig. 3: Result of the fit to 8 subsamples in the 2- and 3-jet
signature of the ATLAS t-channel cut-based analysis [7].
Signal and background are allowed to vary freely in the fit.
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Fig. 4: Results of t-channel multivariate analyses.Left:
CMS BDT output [4].Right: ATLAS NN output [7].

They use anti-kT jets with a size parameter∆R of 0.5 for60

CMS and 0.4 for the ATLAS analysis. CMS selects only61

events with exactly 2 jets whereas ATLAS also allows 3-62

jet events. Both analysis teams require one jet to be iden-63

tified as ab-jet. CMS uses a technique based on the inter-64

action point significance, whereas ATLAS explicitly iden-65

tifies a secondary vertex, indicating ab-decay. Both col-66

laborations also make requirements on theW boson from67

the top decay. CMS asks for a transverse mass of the lep-68

ton and the neutrino to be larger than 40 GeV in the muon69

case and larger than 50 GeV in the electron case. ATLAS70

requires that the transverse lepton-neutrino mass is larger71

than 60 GeV minus the missing transverse energy (E/t). In72

addition, ATLAS makes an explicit cut onE/t to be larger73

than 25 GeV. More details about the event selection can be74

found in [4,7].75

After this event selection, the most important back-76

grounds arett pair production,W bosons in association77

with jets (W+jets) and QCD multijet events. ATLAS nor-78

malizes thett background to the theory prediction, CMS to79

the measured value of 150 pb. For theW+jets background80

ATLAS takes the shape from Monte Carlo simulation. The81

size is estimated from a simultaneous fit to the NN output82

or in the cut-based analysis taken from scale factors de-83

rived in three control regions. CMS distinguishesW+jets84

background containing heavy flavour jets (HF) or light jets85

only. For the first LO predictions are used scaled by fac-86

tors of thett cross section analysis. The latter is scaled to87

NNLO precision in the BDT analysis. The cut-based anal-88

ysis uses a normalization fitted to the transverse mass of89

the W bosonMT (W) in two control regions. The shape90

is estimated by a data-driven model. For the QCD multi91

jet background ATLAS performs a likelihood fit to theE/t92

distribution to estimate the size and takes the shapes from93

a jet-electron model and a loose isolation muon sample.94

CMS measures the size in a likelihood fit to theMT (W)95

distribution and the shape from orthogonal lepton isolation96

samples.97

In the cut-based approach, CMS performs a maximum98

likelihood fit in two variables, which are the cosine of the99

angle between the light jet (i.e. the non-b-identified jet) and100

the leptoncos θ∗ and the absolute value of the pseudora-101

pidity of the light jet|ηlight jet |. These variables are chosen in102

order to minimize model dependencies. The background is103

treated as a free parameter in the fit. The data distributions104

of the two variables together with the results of the fit are105

shown in Fig. 2. As stated before, ATLAS uses both the106

2-jets (1b-tag) and 3-jets (1b-tag) samples. Both samples107

are separated into four subsamples of lepton flavour and108

charge. These eight subsamples are simultaneously fitted.109

As in the CMS analysis, the background is a free param-110

eter. The result of the fit together with the data points for111

the eight subsamples is given in Fig. 3112

In the multivariate analyses, a Boosted Decision Tree113

(BDT) and a Neural Network (NN) are used by the CMS114

and ATLAS collaborations, respectively. Both analysis teams115

perform a fit to the full output distribution and again in-116

clude the background as free parameter. In the ATLAS117

analysis it should be noted that only the 2-jet sample is118

used, therefore the statistics are lower than in the respective119

cut-based analysis. Results of the fits are shown in Fig. 4.120

CMS measures a cross section of 124± 34+30
−34 pb in the121

cut-based analysis and 79± 25+13
−15 pb in the BDT analysis.122

The first uncertainty is statistical whereas the second one123

is systematic. The dominant systematic uncertainty is the124

b-identification efficiency. Other major systematics are the125

signal model, the factorization and renormalization scales126

of the W+jets background, the jet energy scale and the127

size of theW+c+jets background. A combination of the128

two measurements yields a cross section of 84± 30 pb129

for the t-channel single top production. In a background130

only hypothesis, the deviation between measurement and131

expected background corresponds to 3.5σ. CMS derives a132

lower limit for the CKM matrix element|Vtb| of 0.62 in the133

cut-based and 0.68 in the BDT approach. The estimate is134

restricted to a range of 0≤ |Vtb| ≤ 1.135

ATLAS measures the cross section of t-channel single136

top production to be 90± 9+31
−20 pb in the cut-based ap-137

proach, corresponding to 7.6σ. The NN analysis on the138

smaller dataset of 2-jet events only serves as a cross check139

and yields 105± 7+36
−30 pb. As for CMSb-identification is140

the dominant systematic uncertainty, expressed in theb-141

tagging scale factor. Other major systematics are the jet142

pseudorapidity reweighing, the choice of Monte Carlo ge-143

nerator, the parton shower model and the jet energy scale.144

3 Measurements in the Wt-channel145

In the single top production channel with an associatedW146

boson, CMS has performed an analysis on 2.1 fb−1 [8].147
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ATLAS has analyzed the full 2010 dataset of 35 pb−1 [5]148

and updated this analysis with 700 pb−1 of 2011 data [9].149

Both collaborations select the dilepton signatures only (ee,150

µµ, eµ) where both the associatedW and theW stemming151

from the top decay leptonically. Due to that, exactly two152

opposite-sign leptons are required. ATLAS cuts onE/t > 50153

GeV in all three signatures. CMS cuts onE/t > 30 GeV in154

the ee andµµ signatures. In the eµ case, no cut onE/t is per-155

formed, but the total transverse mass in the eventHT is re-156

quired to be larger than 160 GeV. CMS asks for exactly one157

jet, which has to be identified as ab-jet, whereas ATLAS158

does not have ab-identification requirement on its one jet.159

To reduce the amount of background in the samples, events160

in theZ boson mass window 81< Mee,µµ < 101 GeV are161

rejected in both analyses. To get rid of Drell-Yan back-162

ground, CMS rejects events where the dilepton mass mll163

is smaller than 20 GeV. ATLAS performs a triangle cut on164

the angle between the lepton andE/t in the transverse plane165

(see Fig. 5,right). In order to reducett background, CMS166

rejects events with an additionalb-jet above 20 GeV and167

requires the transverse momentum of the system consist-168

ing of the two leptons, jet andE/t to be smaller than 60 GeV169

(cf. Fig. 5,left).170

Both ATLAS and CMS perform data-driven background171

estimates. The Drell-Yan background is estimated by CMS172

from the Z-veto rejection region. ATLAS estimates this173

background with the ABCDEF method in the (Mll, E/t) plane.174

Thett background is estimated from the sideband, namely175

the≥2-jets region. In contrast, CMS performs a simultane-176

ous fit of the signal and two control regions, the 2-jet 1-tag177

and the 2-jet 2-tags samples. Results for both analyses are178

shown in Fig. 6.179

The CMS analysis of 2.1 fb−1 measures a cross section180

in the Wt-channel of 22+9
−7 pb where statistical an system-181

atic uncertainties have been combined. This corresponds182

to a 2.7σ deviation from the background-only hypothesis,183

where 1.8±0.9σ are expected. The dominant systematic184

uncertainty comes from the jet energy scale and jet reso-185

lution. Also the factorization/ normalization scale, initial186

and final state radiation andb-identification contribute sig-187

nificantly. The ATLAS analysis on the smaller dataset of188

0.7 fb−1 yields a cross section of 14± 5+10
−9 pb. As this is189

consistent with a background-only hypothesis on the 1.2σ190

level, an upper bound on the Wt-channel cross section is191

derived. It is measured to be 39 pb, where 41 pb are ex-192

pected. Dominant systematic uncertainty also in this case193

is the jet reconstruction including energy scale, resolution194

and efficiency. The generator choice is important as well.195

Although the analyzed dataset is still small compared to196

what is already available and will be provided in the fu-197

ture, the uncertainty is already dominated by systematics.198

4 Measurement in the s-channel199

The s-channel, which has the smallest cross section of the200

three single top production channels has been addressed201

only by ATLAS so far. The analysis is based on 0.7 fb−1
202

[10] corresponding to the same 2011 dataset as the t-channel203

and Wt-channel analyses. Again, only leptonicW decays204

to electrons or muons are taken into account. the trans-205

verse momentum of the lepton and jets are required to be206

larger than 25 GeV as well as theE/t. The same cut on207

the transverse mass of theW as in the t-channel analysis208

is performed (MT (W) > 60GeV − E/t). The QCD mul-209

tijet background is estimated from data from theE/t dis-210

tribution in a loose isolation lepton sample. TheW+jets211

background shape is taken from Monte Carlo simulation212

whereas the overall normalization and contributions of the213

different flavour subsamples is derived from data. Back-214

ground from other top production channels, i.e.tt and t-215

channel single top, is estimated from theory predictions.216

In a final selection step, exactly two jets identified as -
¯
jets217

are required. This bringsS/
√

B from 0.26 to 0.88. In addi-218

tion, cuts on the mass of the reconstructed top quark and219

the first, respectively second, jet, the transverse momentum220

of the two jets combined, the transverse mass of the recon-221

structedW and the distance in∆R between the first jet and222

the lepton as well as the two jets are performed. A detailed223

list of these cuts is given in [10]. This increasesS/
√

B to224

0.98. A total of 296 events are selected, where 285±17 are225

predicted. Figure 7,left shows the reconstructed top mass226

distribution build from l,E/t and the leadingb-jet.227

A likelihood fit (cf. Fig. 7, right) is performed that228

yields an upper limit on s-channel single top production of229

20.5 pb, where uncertainties have been taken into account.230

The expected limit is 26.5 pb. The dominant systematic un-231

certainties are roughly equal in size from Monte Carlo ge-232

nerator choice, luminosity estimate, QCD background nor-233

malization andb-identification. This analysis is still statis-234

tically limited however the systematic uncertainty already235

contributes significantly.236
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5 Search for Flavour Changing Neutral237

Currents238

Flavour Changing Neutral Currents (FCNC) in single top239

production are highly suppressed in the Standard Model.240

However, many models beyond the Standard Model (BSM)241

predict enhanced branching ratios for this process, which242

can be seen in Fig. 1d. Still, the expected signal is very243

small compared to background processes and only multi-244

variate techniques seem to be promising in separating them.245

ATLAS has performed an analysis on 35 pb−1 [11],246

the full 2010 dataset, which is the first search for BSM247

processes in single top signatures. As in the previously248

described cross section analyses, only leptonicW boson249

decays are considered, with an electron or muon above250

25 GeV in the final state. Cuts on the missing transverse251

energy and the transverse mass of theW requireE/t > 35 GeV252

(20 GeV) andMT (W) > 25 GeV (60 GeV−E/t) in the elec-253

tron (muon) channel. Events with exactly one jet, which254

has to be identified as ab-jet, with a transverse momen-255

tum above 25 GeV are selected. A Neural Network is used256

to separate the signal fromtt, SM single top production,257

W/Z +jets and QCD multijet background.The result is shown258

in Fig. 8,left. No evidence for a signal has been found and259

an upper limit on a possible FCNC contribution has been260

derived (cf. Fig 8,right). On a 95% confidence level (C.L.),261

the cross section is smaller than 17.3 pb. This is in good262

agreement with the expected limit of 17.4 pb.263

6 Conclusions264

Analyses of single top production have been performed265

by the ATLAS and CMS collaborations in the t-channel266

and Wt-channel on 2010 and 2011 data. The t-channel has267

been established by ATLAS with a significance of 7.6σ268

in a data sample of 700 pb−1. The cross section was mea-269

sured as 90± 9+31
−20 pb, with 64± 3 pb being expected in the270

Standard Model. This is the first observation of single top271

production at the LHC. CMS has analyzed the full 2010272

dataset of 36 pb−1 and found evidence for t-channel single273

top production on the 3.5σ level.274

The Wt-channel has been measured for the first time275

as this channel was not accessible at the Tevatron. CMS276

found a cross section of 22+9
−7 pb with 16± 1 pb expected.277

Although this analysis has been performed on the largest278

dataset of 2.1 fb−1 in all single top analyses, the result is279

still compatible with the background-only hypothesis on280

the 2.7σ level. ATLAS, on a smaller dataset of 0.7 fb−1,281

found a deviation of only 1.2σ. However, it should be282

noted that a dataset of 5 fb−1 is already available in both283

collaborations, so that evidence in this channel can be ex-284

pected in the near future. Both collaborations have shown285

that with the larger statistics available at the LHC simple286

cut-based analyses are possible in both channels and mul-287

tivariate techniques, which were used at the Tevatron, are288

not a necessary prerequisite anymore.289

The s-channel, with the smallest expected Standard Model290

cross section of 4.6±0.2 pb, has been analyzed by ATLAS291

and a cross section limit of 26.5 pb at 95% C.L. was de-292

rived. Here, much more statistics are needed before evi-293

dence can be claimed.294

A search for FCNC in single top production was per-295

formed by ATLAS for the first time and a cross section296

limit of 17.3 pb at 95% C.L. could be set. This analysis297

was performed on only 35 pb−1 of data, so that a reduced298

limit based on the larger 2011 dataset can be expected in299

the next round of analyses. This result shows that searches300

in single top signatures are already possible with the avail-301

able datasets and the search program should be extended302

to more new phenomena signatures in the future.303
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