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In this paper an overview of recent results on the search for physics beyond the Stan-
dard Model in the electro-weak top-quark production from the ATLAS, D0, CDF and
CMS collaborations is given. This includes searches for W' and b* resonances as well as
measurements of CP violation, the W helicity fractions and the top-quark polarisation in
single-top production. A brief review on the search for flavour-changing neutral currents
and cross-section measurements with respect to the CKM matrix element Vi, is given.

1 Introduction

The electro-weak production of top-quarks (single-top) provides a unique window for searches of
new physics beyond the Standard Model (SM). Effects of new physics can manifest themselves
either as new resonances in the production process or alter the structure or strength of the weak
coupling of the top-quark. This would result in visible mass peaks in the measurement or in
deviations of the observed cross-sections from the SM prediction. Experimentally, such effects
are studied best in single-top production for which the cross-section is directly proportional
to the weak coupling of the top-quark. This is different for the more dominant tt production
process. In top-quark pair production, any modification of the weak coupling would alter only
the branching fractions of the top-quark decay which are not measurable at a hadron collider.
Another advantage of single-top production is that the scale for new physics, Axp, can be
probed at higher energies. The contribution of new physics to single-top production would
scale as (y/s/Axp)™, while for top-pair production its contribution is only (m¢/Anp)™ with n
being the dimension in the effective operator framework and /s denoting the centre-of-mass
energy of the hard scattering process. The latter can be substantially larger than the mass of
the top-quark, my, at the Tevatron or the LHC [1, 2].

Modifications of the Wtb vertex by new physics can be described by an effective Lagrangian
using so-called anomalous couplings
-
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with the projection operators P, r = %(1$'y5) and the four-momentum transfer g at the Wtb
vertex. The anomalous couplings Vi,, Vg, g1, and gr are all complex and vanish in the SM,
except for V1, which is real and equal to V.

In the SM three production channels exist. These are the production in the ¢ and s-channel,
and the associated production of a W boson and a top-quark, as shown in Fig. 1. For all three
channels cross-section calculations are available at next-to-leading order (NLO) QCD |3, 4, 5].

qv (gr.Pr + grPr) tW, + h.c. (1)
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Figure 1: Feynman diagrams of single-top production at leading-order QCD in the SM. Three
production channels exist: the exchange of a W in the ¢-channel (a), s-channel production (b)
and the associated production of a W boson (c).

Single-top production was first observed at the Tevatron [6, 7] in the ¢ and s-channel and later
also at the LHC [8, 9, 10, 11] in the ¢t and Wt channels. All results are consistent with the SM
prediction.

2 W' Searches

Charged massive vector gauge bosons, W', are pro-
posed by several extensions of the SM, such as warped
extra-dimensions [12, 13, 14], technicolour models [15,
16], right-handed massive W bosons [17] or little higgs
theories [18, 19]. As indicated in Fig. 2, the final-
state of the W’ decay is the same as for the s-channel
production in the SM. The motivation to choose the
W' — tb — ¢vbb channel is two-fold: many mod-
els propose large couplings to the third generation of
quarks which also disfavour the all-hadronic searches,
and moreover, searches for leptonic decays of the W’
have a lower sensitivity to the lepto-phobic W’ models. In order to perform model-independent
tests, one defines an effective Lagrangian containing left and right-handed couplings of the W’

Figure 2: W’ production at tree-level.
Besides the W’ — tb process shown,
the process W —tb also exists.

!
_ iz
Nl

with the left-handed and right-handed couplings g7, g and V' denoting the CKM matrix
element in the case of quarks and d;; for leptons. For right-handed couplings the situation is
more complex since the mass of the right-handed neutrino involved in the process is not known.
For small masses of the right-handed neutrino, hadronic and leptonic decays are allowed, while
for masses larger than the W’ mass only hadronic decays are allowed. The left-handed W’
(W1) can decay leptonically or hadronically, however, for the leptonic decay, the final-state is
the same as for SM s-channel production causing an interference. A common choice for the
couplings are the two pure cases, W}, with g, =gy, gr =0 and the right-handed W’ (W) with
9. =0, gr =9gw, and the mixed case with gr, = gw, 9r = Gw-

L (91{13‘(1 + ’Ys) + giij(l — ’y‘r’)) W™ fi + h.c. (2)
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Figure 3: The left-hand figure (a) shows the upper limit on the production cross-section for
W4 times the branching ratio dependent on the W’ mass. The contour plot on the right (b)
shows the lower limit of the W’ mass dependent on the coupling strengths a;, and ag. Both
figures are taken from [20].
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Figure 4: The upper figures show the upper limit on the production cross-section times branch-

ing ratio for the W, (a) and W5 (b).

The red lines indicate the predictions for the case

m(vgr) >m(W’). In figures (c) and (d) the exclusion limits for the left and right-handed cases
are presented dependent on the coupling strength and the W’ mass. All figures are taken from

[21].
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2.1 W’ Search at CMS

The CMS collaboration analysed 19.6 /fb of the 2012 data-set with a centre-of-mass energy of
8TeV [20]. A cut-based analysis was performed using a typical event selection for the single-
top s-channel by requiring one isolated high-p,; electron or muon, at least two high-p, jets,
at least one of them b-tagged and a significant amount of missing transverse energy. The top-
quark was reconstructed by imposing a W mass constraint. The analysis results are collected
in Fig. 3. Upper limits of the W’ production cross-section have been determined, dependent
on the W’ mass, using multiple predictions for the signal in the range of 0.8 3 TeV, as shown
in Fig. 3a. The signal was generated for the two scenarios of the right-handed neutrino mass,
while neglecting the SM s-channel interference. A comparison of the cross-section limits with
the prediction indicated by the red lines yields a lower limit for the mass of the W§ (and W7,
when ignoring the interference with SM s-channel) of m(W’)>2.03 TeV@95% C.L. In addition,
mass limits were determined by varying the coupling strengths ap, r = grr/gw In the range
between 0 and 1 resulting in Fig. 3b.

2.2 W'’ Search at ATLAS

For the W’ search at ATLAS an integrated luminosity of 14.3 /fb of the 8 TeV data was analysed
[21]. Instead of a simple cut-based analysis, boosted decision trees with 14 input variables were
used for the signal extraction. Only the scenario with the mass of the right-handed neutrino
larger than the W mass was studied. As for the CMS analysis, the interference with the SM
s-channel production was neglected in the case of the Wy . Figure 4 presents the main analysis
results. From the upper limits of the production cross-sections lower mass limits for W} and
W4, are obtained: m(Wy,)>1.74 TeV and m(Wpg) >1.84 TeV, both at 95% C.L. Exclusion limits
of the left and right-handed coupling strengths gr, g /gy versus the W’ mass are also shown. In
contrast to the CMS analysis the coupling strengths had been varied separately and their range
was extended to values of 2.

3 Db* Searches

The ATLAS collaboration has pub-
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this search the b* resonance decays into

a W boson and a single top-quark as de- 1
scribed in [23]. These kinds of couplings 1
to the third generation of SM quarks 107 [aearw Z
occur in some RandalfSun.drum mod- 200 o0 a0 iooo 7200

els [24, 25] or composite Higgs models m,. [GeV]

[26, 27, 28]. As for the W' searches, the

b* interaction is described by using ef- Figure 5: Observed and expected upper cross-section
fective Lagrangians for the production limits for the left-handed b* production and decay at
and decay of the b*. They contain the ATLAS [22]. The black line indicates the predicted
left and right-handed couplings ki, kg  cross-section.

for the b* production, and gr,, gr for its decay. The analysis was performed for the case of
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Figure 6: Contours for several b* lower mass limits in the two-dimensional plane of the couplings
for the production and the decay of the b*, for the case of left-handed (a), right-handed (b)
and vector-like couplings (c). All figures are taken from [22].

both outgoing W bosons decaying leptonically (“di-lepton” channel) and one of them decaying
hadronically (“lepton + jets” channel). The signal, which is very similar to the associated Wt
production, was discriminated by using the scalar sum of the transverse momenta of all recon-
structed objects, H | , for the di-lepton case, and using the reconstructed invariant mass m;, for
lepton + jets final-states. The resulting upper limit on the cross-section depending on the b*
mass and the corresponding prediction are presented in Fig. 5. The following lower mass limits
are obtained:

pure left-handed k=g =1 m(by) > 870 GeV@95% C.L.
pure right-handed krL=g,=0  m(by) > 920 GeV@95% C.L.
mixed (vector-like) rL=gr=1 m(bfgr) >1030GeV@I5% C.L.

Mass contours in the plane of the left and right-handed couplings for the three cases are given
in Fig. 6.

4 CP Violation

The violation of CP invariance is believed to be
the reason for the matter-antimatter asymme-
try in baryogenesis. However, the observed CP
violation in the systems of neutral kaons and B-
mesons can not fully account for the observed
asymmetry. The ATLAS collaboration has per-
formed a search for possible CP violation in
single-top t-channel production at a centre-of-
mass energy of \/s=7TeV using an integrated
luminosity of 4.66 /fb [29]. The decay of the
top-quark can be described in the most general Figure 7: The angle 0N is defined by the lep-
effective operator framework by an effective La- ton momentum p* and the direction N nor-
grangian which contains left-handed and right- mal to the plane defined by the direction of
handed vector couplings, Vi, and Vi, as well as  the spectator quark §; and the W boson, ¢, in
tensor couplings gr, and gr [30, 31]. While in the rest-frame of the top-quark.

the SM all couplings, except for Vi, =V;},, are supposed to be zero, a non-zero imaginary part
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Figure 8: The measurement of the forward-backward asymmetry ANg allows to extract the
imaginary part of the anomalous tensor coupling ggr for the top-quark decay depending on the
polarisation P of the top-quark (a). The difference of the normal helicity fraction FIIj and FPI{\I
of the W boson from the top-quark decay is also shown (b). Both figures are taken from [29].

of gr would result in a violation of CP invariance. Since in the case of single-top ¢t-channel pro-
duction the top-quark is highly polarised (P ~0.9) along the direction of the spectator quark,
the forward-backward asymmetry ANg of the angle 0N, described in Fig. 7, is very sensitive to
S(gr). While in the SM the value of ANy is supposed to be zero, in the general case of non-zero
anomalous couplings the relation ANg = 0.64P-S(gr) holds. Here, Vi, =1 and R(gr,) =0 is
assumed.

Using a standard single-top t-channel lepton + jets selection and applying an unfolding pro-
cedure for the distribution of event counts in bins of cos 8 which takes migration effects into ac-
count, the ATLAS collaboration obtains AN =0.031+0.065(stat.) ") 03] (syst.) for the forward-
backward asymmetry. The resulting confidence intervals for the imaginary part of gg depending
on the degree of polarisation of the top-quark are depicted in Fig. 8a. Within its uncertainty
this result is consistent with the SM expectation. The forward-backward asymmetry is also
related to the W helicity fractions FEI and FRN , which are defined in the same basis as 8, by
ARy =3/4P-(FY—FY). In the SM the difference between F}¥ and FY is zero. Figure 8b shows
its confidence intervals for various values of the polarisation.

5 Helicity Fractions

The polarisation of the W boson in top-quark decays is sensitive to non-SM couplings of the Wtb
vertex [32]. Since the W can be left-handed, right-handed or longitudinal, its total decay width
splits into the corresponding partial widths, I'(t — Wtb) =T, +T'r +T'g. The helicity fractions
are defined as the branching ratios, hence Fi, g o="rrro/r. Unitarity requires F,+Fr+Fp=1.
The latest SM predictions at QCD NNLO accuracy yield Fr, =0.311(5), Fr =0.0017(1) and
Fy, =0.687(5) [33]. In single-top events the helicity fractions can be obtained experimentally
from the angular distribution of the angle 6; described in Fig. 7 between the lepton and the W
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The measured helicity fractions can be used to constrain the anomalous couplings Vi, Vg, gL
and gr at the Wtb decay vertex.

The CMS collaboration has released results on the W helicity fractions in single-top ¢-channel
and s-channel events using an integrated luminosity of 1.14 /fb of the 7 TeV data-set and 4.66 /fb
of the 8 TeV data-set in the p+ jets channel [34]. The helicity fractions Fj, and Fy have been
used as fit parameters in a re-weighting procedure of all simulated events. A binned maximum
likelihood fit of the simulated angular distributions to those in real data measured the following
values: Fp, = 0.293 £ 0.069(stat.) + 0.030(syst.) and Fy = 0.713 &+ 0.114(stat.) £ 0.023(syst.).
Figure 9a shows these values together with their correlation. Assuming unitarity, a value of
Fr=-0.006+0.057(stat.)+0.027(syst.) is obtained, which is contained in the overview of recent
FRr measurements in Fig. 9b. All three measured helicity fractions are consistent with the SM
prediction. The results have been used to set exclusion limits on the real parts of the anomalous
tensor couplings gr, and gr as presented in Fig. 9c. The best fit values are gr, = —0.014 and
gr =0.007.

6 Top-Quark Polarisation in Single-ITop Production
In single-top t-channel production the top-quarks are highly polarised because of the V — A
structure of the Wtb vertices. New physics beyond the SM would alter these couplings and

affect the polarisation as shown in [30]. The degree of polarisation of the top-quark, P, is
related to the spin asymmetry by

AK:;:%P-W, (4)
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Figure 10: Measured angular distributions of cos#; for the muon channel (a) and electron
channel (b) in single-top ¢-channel production (filled black circles). The results for two different
generators are shown for comparison. Both figures are taken from [35].

where ay denotes the spin-analysing power, which is nearly one for charged leptons being used
as spin analyser. Since the top-quark spin is preferably aligned along the direction of the recoil
jet (spectator), the measurement is best performed by means of the angle 8}, which is defined
here as the angle between the charged lepton from the top decay and the recoil jet in the
rest-frame of the top-quark. The angular distribution of 6} in the top-quark decay is directly
related to the spin asymmetry and thus to the polarisation

dr

(L4 Acos0r) = ir(1 5 |
Toos 7 (2+ gcosez) 5T (14 Poy cos b7) (5)

The CMS collaboration has measured the top-quark polarisation in single-top t-channel
production at /s = 8 TeV using an integrated luminosity of 20 /fb [35]. After a common
event selection for the lepton + jets channel, the signal was enhanced by using boosted decision
trees. By means of a regularised unfolding method based on generalised matrix inversion [36],
the angular distributions of the angle 6 were obtained for electrons and muons, as shown in
Fig.10. The forward-backward asymmetry with respect to the angle 6; is a measure for the
spin asymmetry A,;. The resulting values are:

electron channel A, =0.41=£0.07 (stat.) £ 0.15 (syst.)
muon channel A, =0.29+0.11 (stat.) = 0.28 (syst.)
combined Ay =0.41+£0.06 (stat.) +0.16 (syst.)

The combined result is connected to a polarisation of the top-quark in single-top ¢-channel
production of P=0.82 £ 0.12(stat.) & 0.32(syst.).

7 Cross-Section Measurements
Combined measurements of the different single-top production channels also provide a good

way to search for new physics beyond the SM. The D} collaboration recently reported evi-
dence for single-top production in the s-channel with a significance of 3.7 standard deviations
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in proton-antiproton collisions at a centre-of-mass energy of 1.96 TeV using an integrated lu-
minosity of 9.7 /fb [38]. The analysis, which was a combination of artificial neural networks,
boosted decision trees and matrix elements methods, includes independent measurements of
the t-channel and s-channel cross-sections. The results are shown in Fig. 11 in comparison with
the prediction of the SM and those of several other models. The measurements are, however,
not yet precise enough to distinguish between the predictions of the different models.

The CKM matrix element Viy,, which plays
a key role in searches for new physics, is directly

g @ D@ 9.7 ib™"
accessible from single-top cross-section mea- g : 10
surements by using the relation |Vip|%, .= Zobs . 3 45’ 5 38D
[Vib|%y- In the SM |Vip|sy & 1land the following g3 @
assumptions are used: |Vip|2 3> |Vig 24 Via|? and : \¥/ .
the Wtb vertex is of V—A type while CP is con- 5 g Eg:f"w
served. Two scenarios are usually looked at: in T & Toppion
one scenario anomalous left-handed couplings ""o L

fE are allowed such that values of |Vi,- f&|>1 th cross section [pb]

are possible, while in the other |V | is restricted

to the SM region of 0 to 1 with fI'=1. Recent Figure 11: Single-top cross-section measure-
results for the two scenarios by the Tevatron ments for the ¢ and s-channel by the D@ col-

and LHC experiments are collected in Tab. 1. laboration [38]. The predictions of the SM

All values are consistent with the SM. and several other models are indicated in the
figure.

Experiment Process [dL [fb]  [Vip-fL]  [Vib|@95% C.L.  Published

CDF s+t 7.5 0.96 +£0.10 >0.78 Apr 12 [39]
Dy s+t 9.7 1.12%5:09 >0.92 Jun 13 [38§]
CMS t 5.0 0.96 £+ 0.08 >0.81 Sep 12 [40]
CMS Wt 122 1.03+0.13 >0.78 Jul 13 [41]
ATLAS t 5.8 1.047919 >0.80 Sep 12 [42]

Table 1: Recent results on Vi, by single-top measurements from the Tevatron and LHC exper-
iments.

8 Summary

Single-top signatures allow many models of new physics to be tested. Several new results from
the LHC and Tevatron experiments are available which are summarised in this paper. Searches
for W' and b* resonances conducted by ATLAS and CMS did not reveal any signal. Also,
the ATLAS collaboration found no indication for CP violation in the single-top sector. The
CMS collaboration measured the W boson helicity fractions and the top-quark polarisation
in single-top events for the first time. No evidence for flavour-changing neutral currents was
seen by ATLAS and CMS (this topic is discussed in [43] and references therein). All recent
cross-section and Vi, measurements are consistent with the SM within their uncertainties.
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