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Single Top Physics at Hadron Colliders
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Abstract. The production of top quark in electroweak processes was first observed in 2010 at the Tevatron.
Since then it has been carefully studied at both LHC and Tevatron. Single top production proceeds through
different channels and allows a direct determination of Cabibbo-Kobayashi-Maskawa matrix é\gshante

will present the current status of searches and observation and discuss the results obtained so far and perspectives
at hadron machines.

ul(d) d () b " " i Table 1. Single top production cross sections (in pb) [8].

Y Energy tchannel schannel Wt channel

W
/}\\ Al " Tevatron (1.96 TeV) 26:02 104:01 03006
, ’ j . LHC (7 TeV) 642+24 46+02 157+11
LHC (8 TeV) 878+34 56+03 224+15

Figure 1. Feynman diagrams for single top production
1.1 Physics interest

The main interest in measuring single top properties is, set
aside comparison to prediction, that its production cross

) ) o ) ) section is proportional to the CKM matrix elemgfy|
Top quark is produced in pair in strong interactions but nder the assumption thaty| >> [Vid, [Vial. Actually
can also be produced in electroweak interactions. In theiﬂou measuréf, x V| wheref, = 1 within the Standard
latter processes o_nIy one top quark appears in the fina\1odel. In other words, directly measuringy,| we can
state. Therefore this set of processes is generically dubbegsi models with more than three generations, anomalous

single top. Formally the single top production proceeds coyplings in top sector and other new physics scenarios.
by different Feynman diagrams and you can distinguish in

figure 1 production through (a), Wt (b) ands (c) chan-
nels. At hadron colliders (see table 1) the three processe Signal and Background
have quite dferent cross sections strongly dependent by
the center of mass energy and the PDF of the incomingThe single top final state is characterized by at leaat a
partons. Going from 2 to 7 and 8 TedandWt production ~ and 2 or 3 jets. One jet and thw come from the top
increases by factor 3940 whileschannel only increases decay, while the other jets are related to the production
by a factor 4. We will discuss later the implications of this channel. Therefore i channel the final state has 2 or
effect, due to the dierent (p versuspp) initial state. 3 jets (one, not coming from top, mostly in the forward
Historically, while top quark was discovered in region), in thes channel two jets fronb fragmentation.
1995 [1] inpp — tt process, due to the very low signal(S)- Finally theWt channel has twiVs and one jet in the final
over-background(B) ratio it took 14 more years to see sin-state. The topology fos andt channel strongly resem-
gle top at the Tevatron [2], [3]. ATLAS and CMS, instead, bles theWH associate production making the observation
thanks to the much larger cross sections and befer S Of this process important for SM Higgs studies as well as
available at the LHC, already saw single top in tiohan-  for searches of new boson#/(, H*). Due to the need to
nel in 2011 and measured its cross section in 2012 [4], [5].SUppress background, events are collected using Righ-
Wt channel, completely impossible to identify at the !ePton triggers, therefore the final states that will be used
Tevatron, was explored and recently evidence was reporte@Ways contaims decaying into leptons.

1 Introduction

by both ATLAS [6] and CMS [7]. From the topologies described it is obvious that any
experiment looking for single top must identify charged
3e-mail: giorgio.chiarelli@pi.infn.it (e, 4, 7) and neutral leptons, latter through measurement
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Of mlss|ng transverse energy (from now on MET) |t must Table 2. Sample CompOSition in5.4 ﬂ:Df data, after Selection,
also be able to reconstruct jets and tag the ones containing at DO.

heavy flavour. Since the last decade of the past century g5 rce

Multijet contribution, being due to a combination of
very low probability topology of events with large yield
together with non-well modeled detector features, is mea- o
sured in data. This procedure, however, carries a Iarge'>—_ 5
uncertainty (usually 36 40%).W + | f andW + HF con-
tributions are computed by algorithms that use a mixture

M Multijets

[EEN
o

: . o 2-jets 3-jets 4-jets
any experiment at hadron colliders has such capabilities. 0 1045 16 VIR 13135
tgb 140+ 13 72+ 94 26+ 6.4
2.1 Backgrounds tt 433+ 87 830+ 133 860+ 163
] o . W + jets 3560+ 354 1099+ 169 284+ 76
In a final state containing & and two or three jets, the 7 , jets multiboson  40G: 55 142+ 41 35+ 18
background is composed of: Multijet 277+34  130£17  43+52
e tt events from strong interactiond/W, WZ, ZZ events, Total expectation 4914 558 23174377 1261+ 272
Z+ heavy flavoursiF), Z+ light flavour ( f) estimated Data 4881 2307 1283
using MC simulations;
e multijet ("QCD") events where one jet fakes a lepton __ [ 1
and a mismeasurement of transverse energy generates g (f) DY, 5.4fb
fake neutrino signal; P 20 e Data
. : = M tb+tgb
e W+HF (W-+heavy flavour jets)\W+1 f (W+light flavour j2} W+iet
jets). GCJ 15 = Jets
o tt
u,
o]

of data-driven and Monte Carlo estimates. 8_8 08 09 0.95 1
In absence of a final state containing any heavy flavour, ; i
a b tag can be faked by failure of tracking gondpattern Ranked B tb+tgb discriminant

recognition algorithms. Fakes are parametrized as a func- ) o ]
tion of jet and event characteristics using control data sam/ 194" € 2. Final BNN discriminant for single top search at DO.

ples.

3 Selection 4.1 CDF and DO

i, . Due to the tiny yields and low/B historically Tevatron
After requiring a highPr charged lepton, large MET, and experiments did not attempt to distinguish betwsemd

two high Er jets, all expgnments apply specific FeqUITe- '+ ~ontributions but rather to establish the existence of the
ments to suppress multijet background. Useful quantities

th lar distancad) bet hvsi biects. th signal. For that reason the analyses we present here fol-
are In€ angular distanc ‘é). elween physics objects, the ., the same strategy: first measure thet cross section
scalar sum of th&+ of the visible objectsHt), the trans-

combined and then attempt to determs@ndt channels
verse massl\(l¥") between the charged and the neutral lep- N
tons and of course the MET. separately. The low/8 (~ 1/20) makes mandatory the

CDF, ATLAS and CMS directly use a cut in the MET- use of multivariate analysis tools to identify the single top

W ) , . contribution.
My plan_e, DO appllesa_lc_ut |HT_anc_1I 'nA¢(MET’I)' No DO uses three dierent multivariate techniques
attempt is made to optimize rejection of this background

using multivariate techniques employed in otheranalyses(&’leeSian Neural Network, Boosted Decision Tree,
. . NEAT). Each algorithmis trained and optimized &andt
Furthermore ATLAS and CMS exploit the fraction of ). Each algorithmis trained and optimize :

‘at track N to th . tex t act back channel separately. Their output is fed to a final Bayesian
Jet tracks pointing 1o he primary Verex 1o reject back- \ara) Network (BNN) discriminant. The output of the
ground events due to pileup.

BNN is shown in figure 2 for the signal rick-0.8) region.

By fitting the various components of the BNN output, DO

4 Signal Extraction measures, with an integrated luminosity of 5472, a
cross sectiors + t of 3.43+ 0.74 pb.

After all requirements the situation in the two accelera-  As a next step one can fix trggt ratio to its Standard

tors is quite diferent. At the Tevatron the signal is still Model value and find a value for the cross sectioor(ij =

swamped by background (see table 2) while at the LHC,2.96+0.66 pb andr(s) = 0.68+0.36 pb. In turn this result

signal is~ 50% of thett backgroundt(channel).schan-  can be used to set a limif, x Vi,| > 0.79 at 95 %C.L. [9].

nel is only 5% of thé-channel signal whil&Vt is ~ 50% By leaving the two cross section free DO measures

of thet-channel (see for example table 3). Therefore theo(t) = 2.9 + 0.59 pb ands(s) = 0.98+ 0.63 [10]. Ob-

strategies followed by the Tevatron experiments afedi  viously the latter result does not represent an evidence for

ent from the ones at the LHC. sproduction.
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CDF Il Preliminary 7.5 fb ™

Table 3. Sample composition after selection in ATLAS data set

(5.8 flbl) at 8 TeV.

g 5: ® CDF Data
.5 aF — gg:gz;z gt Source 2-jets 3-jets
st 99.7% CL t-channel 5210+ 210 1959+ 78
@St Il SM(NNNLO) s-channel 343+ 14 100+ 4
§ i Wi 1570+ 110 1363+ 95
o [ tt 11700+ 1200 1530G- 1500
< 2F W + light flavor 5500+ 1700 1160+ 350
g . W + heawy flavor 12000+ 6000 3900t 2000
g 1+ Z + jetsmultiboson  120G- 720 410+ 240
o i Multijet 3000+ 1500 1650+ 830
o) N A R E Total expectation 416006600 2580Q: 2700
0 1 2 3 4 5 Data 40663 23697
s-channel Cross Section [pb]
Single
Figure 3. CDF result for 7.4 fbo! compared to SM prediction. &2 A SB top sB
o(t) ando(s) are fit independently. §
L

After presenting the first observation using a data set

corresponding to 3.4b™! and three dferent analysis N . e
techniques, CDF updated one of these analyses, based ¢ Wjets backiground -
the use of a set of Artificial Neural Networks (ANN) dis- 130 220

criminants separately optimized for teandt channel and

for samples with 2 and 3 jets using a data set of fh&'.

With respect to the original analysis several improvementsFigure 4. Schematic view of theM,,;, variable showing signal

were applied: increased acceptancedandu, use of ad-  and control region.

ditional trigger paths, a new QCD background suppres-

sion technique. Finally an improved simulation of the sig-

nal (using POWHEG generator) [11]). After selection, the . )

outputs of the dferent discriminants are used as input to ent techniques. One (dubbegi;™) exploits a character-

a final ANN optimized fors + t [2]. istic featurg _oft—channe_l sin.gle top events: .the forward
The result iso(s + t) = 3.04257 and|Vy| > 0.75 at pseudorapidity of the light jet recoiling against the top.

95 % C.L. Finally CDF fits the two channels simultane- The other two (Neural Network and BDT) are multivariate

ously and obtains (see figure 8fs) = 1.81:963 pb and techniques that compare signal expectation with observa-

o(t) = 1.49°083 ph [12]. This result is in agreement with  tion- The aim of the multivariate analyses is to combine

SM expectations at the 1 o level. the information contained in the signal enriched and signal

depleted regions to obtain a precision measurement of the
single top cross section. The luminosity used i$.2 (1.7)
fb~! for electrons(muons).

The large amount of data available at the LHC, combined In the”i,’ analygls CMS eXP'O'tS the lerent kinemati-
with the increase in cross section, allow a thorough Studycallproperpes of S|gnal amljl+ jets bac_kgrou_nd to fgrther

of many top properties and production mechanisms. How-SpIIt the signal region (2 .Jet’ 1 tag) into signal rich and
ever, as already mentioned, the increase in backgroungaCkgr(_)und e_nrlched regions. In figure 4 you can see the
makes thes channel very diicult to observe. Therefore M3SS distribution for théd,,,, system [13]. After requiring

2 .
both Collaborations, so far, concentrated on ttlagd Wt 130 < Mpp < 220 Geve .the SB regche&ll/S. Th|s
channel. provides enough separation that a simple fit to|thelis-

For t channel the strategy (common to both experi- tribution of the most forward jets is fiicient to measure

ments) is to split the leptokjets sample by jet number the single top cross section (see figure 5).

(2,3) and number ob-tags (0,1,2). The signal region is The results of the three analyses are the fol-
the one with two jets and one tag, the other two are used alPWing: nj: o) = 70 + 6(stat) + 6.5(yst) +
control regions. Table 3 shows, as an example, the sampl&-6(theo) + 1.5(lumi) pb; NN:o(t) = 681 + 4.1(stat) +
composition after all requirements in the 8 TeV ATLAS 34(ys0);3%(theo) + 15(umi) pb; BDT: o(t) = 66.6 +
data. In the 2 jet bith channel isv 12 % of the total num- ~ 4(stat) + 3.3(syst)*33(theo) + 1.5(umi) pb.

ber of eventsWt ~ 4 % ands channel is less than 1 %. All results are consistent with SM expectations and

among each other.

By combining the three measurements, the overall re-
sultiso(t) = 67+ 4(stat) + 3(syst) + 4(theo) + 2(lumi) pb

m,, [GeV/c?]

4.2 ATLAS and CMS

CMS explored the data set collected in 2011 at 7 TeV
searching for top produced trchannel using three fiier-
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CMS Preliminary, 5.0 o', J = 8 TeV
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Figure 5. CMS data:|n; | distribution in the single-top enriched

region.
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Figure 6. M,,;, distribution in ATLAS 7 TeV data set.

andVy, = 1.02+ 0.05+ 0.02(theo) or [Vy| > 0.92 at 95 %
C.L. [5].
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Figure 7. ATLAS search for single top itWt channel: BDT
output in theN;¢ = 1 sample Wt contribution normalized to SM
prediction.

in agreement with SM prediction. The rati® of these
two cross sections can be used to constrain the ratigabf
PDFs. ATLAS measureR = 1.817233 in agreement with
predictions [16].

At 8 TeV the signal growth by 35 % is matched by
tt increase (40 %) andlV + jets (25 + 35 %). What
is most challenging is, as already mentioned, the pileup.
The growing number of overlapping events requires harder
lepton isolation cuts, and re-tune dedicated requirements
in order to keep it under control. In the endBS 1/8
(see table 3) and, applying the same analysis technique
used for the 7 TeV data set, ATLAS measured) =
95+ 2(stat) = 18(syst) pb andVy, > 0.80at 95 % C.L. [17].

5 Single top in Wt channel

While Wt production has a negligible cross section at the
Tevatron,its yield at the LHC allows to look for it. Both
experiments searched fovt in the 7 TeV data using the
dilepton channel (when both the primady and the one

In the 8 TeV sample more stringent requirements arefromt decay leptonically).

applied in order to deal with the pile-up. While at 7 TeV

In table 4 we show the ATLAS sample composition

the typical number was 5 10 events per crossing, the in- in the Wt — Ivlvb sample (withl = e, u). Despite the
crease in luminosity brought this number in 2012 up to largett background, th&\je = 1 bin shows a B ~ 18 %.
well above 20 eventsrossing (with a recording by CMS  Therefore ATLAS, using a BDT with 22 input variables,
of 78 events in a given crossing) [15]. Despite this addi-is able to see an evidence with a significance.8633.4

tional challenge CMS measures, using just e tech-
nigue, o(t) = 80 + 6(stat) + 11(syst) = 4(lumi) pb and
Vip = 0.96 + 0.08 + 0.02(theo) or Vi, > 0.81 at 95 %
C.L. [14].

Production throught channel was successfully ob-

expected) in a data sample at 7 TeV corresponding to an
integrated luminosity of 2.05 f3 (see figure 7). The cross
section iso(Wt) = 16.8 + 2.9(stat) + 2.9(syst) pb from
which|Vyp| = 1.03*315 [6].

CMS follows the same strategy. The signal region is

served at 7 TeV also by ATLAS. Key is, again, the selec- defined by one jet, 1 b-tag while control regions are de-
tion of events where 8V is produced in association with fined as 2 jets, 1 or 2 b-tags./BSis 24 % in the signal

2 or 3 jets and onb-tag (signal region) or no tag (control

region). After selection 8 ~ 1/9 and an Artificial Neu-
ral Net is used. In figure 6 th®,,;, distribution (one of

region. Input to a BDT are four variablebit (scalar sum
of the transverse energy of the visible objects), Fieof
the leading jet, the angular distance between the MET and

the input to the ANN) is shown for the 2 jet events sam- the closest lepton and th&: of the system composed by
ple. Signal is clearly visible. Fitting the output discrim- the two leptons, MET and the jet (signal region) (shown in

inant, ATLAS measures-(t) = 83 + 4(stat)"25(syst) pb
andVyp = 1.13+ 0.14(stat + sys) or Vi > 0.75 at 95 %
C.L. [4]. Splitting the sample ihandt, ATLAS measures
o(t) = 53+ 10.8(syst) pb andor(t) = 29.5 + 7.5(syst) pb

fig. 8).
CMS obtains an evidence of# and measures, in a
data set of 4.9 f, o-(Wt) = 16. + 5(stat) + 4(syst) pb and

extractgVip| = 1.017315(stat + syst) + 0.03(theo) [7].
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Table 4. Sample composition after selection in ATLAS data set ) .
t-channel single top quark production

(2.05fot) at 7 TeVv. = —
ro¥ : [ /C-\:.llllllizsi "I‘:e.l\_/ \(/prellmmary), 50fb* . :
. . . — L} eV (preliminary), 5.8 fb

Source 1-jet 2-jet > 3-jet © 102k o ahilaner -
Wt 147+ 13 60+9 17+5 E 1 & ;
tt 610+ 110 1160+140 740+30 i ]
Diboson 13017  47+5 17+4 10E B
Z-ee 2062 11+2  5x2 ey
Z — UM 29 + 3 28i 3 1Zi 3 [ Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042 |
Z—-1T 9+6 4+4 2+1 i |

. NLO+NNLL QCD
Fake dileptons 1311  5+5 negl. 1F theory uncerainy (scale 0 POF)
Total backg. 81@ 120 1260+140 780+130 s [ MeraePheRepsmseomees ]
Total expectation 96@ 120 1320+ 140 790+ 130 0 2 4 6 8 10
Data Observed 934 1300 825 \/s [TeV]

w0l CMSNS<=7TeV, 401" | Data = | Figure9. Single top cross section at Tevatron and L& @nnel

CItw

I

B Z/y*+jets
Other

only), theoretical prediction and actual measurements.

300

3 250 Systematic{]
o E -
5 E \ Vtb direct measurements } : —
e B November 2012
12} E J
£ 150 . CcMS Wt _L_ 1.01 4075593 >0.79 @ 95 % CU
@ ] (L=1.2 fb™h)

s 3 ATLASWE g 1.03 010 +00%

El E (L=1.0 b

CMS8TeV .g. 0.96+0.08+0.02 >0.81 @ 95 % CU
100 120 140 160 180 200 (L=5.0 fb'h)
[ of the system [GeV]

CVMS7TeV g 1.02+0.05+0.02 >0.92 @ 95 % CU

(L=1.2 fo'h)
Figure 8. CMS search for single-top it channel: Py of Fhe . ATLAS8Tev g 1.04+0.10+0.02 >0.80 @ 95 % CL|
system composed by the two leptons, MET and the leading jet. (L=5.8 fb)
ATLAS 7 TeV _._1.13J_r0.141r0.02 >0.75 @ 95 % CU
(L=1.0 fb™)
6 Conclusion DO( . | @— 1.12+377+0.05 >0.79 @ 95 % Cl
L=5.4 fo*
By Fall 2012 the production of single top is definitively CDE L 0.9231%40.05 >0.78 @ 95 % CL|
well established at least in two of the three channels. (L=7.5 fo™)
Figure 9 summarizes thiechannel measurements at | | | | |
different energies and ftérent colliders. The agreement 0.5 1 15 2 25 3
with theoretical prediction is striking. Vib
Production throughwt, thanks to the large statistics
accumulated at the LHC, is established at tleldvel. Figure 10. All |Vy| measurements using single top cross sec-
Given that the measurement is by far statistics limited, thetions.
expectation is that will reach the level for a full "ob-
servation" by Winter 2013 once the 8 TeV data set are an-
alyzed.
Production througls channel, however, is not yet fully challenge, its impact on the accuracy of future measure-
established. CDF measuregs) = 1.81083 with two- ~ Ments cannot be underestimated.

third of its data set. While the Tevatron is by now closed,  Using the current single top cross section measure-
analyses are in progress to update single top cross sectiaments, one can compile (see figure 10) a list of the direct
measurements with the whole data set. Besidebannel  determination ofVy,|. The situation is far from being sat-
specific strategies and the use of newagging tools are isfying. While the CMS 7 TeV measurement [5] has an
being pursued. uncertainty of~ 5 %, all the other results (including the

At the LHC, despite the large statistics, currently the most recent one by CMS at 8 TeV) have uncertainties at
very low §B makess channel a processfticult to ob-  the level of 10%, too large to challenge the SM. As the
serve. Dedicated strategies must still be developed. INLHC has already large statistics, these measurements are
general the increase of luminosity comes with a dear pricelmostly) systematics limited. It is a challenge to tackle in
of a very large amount of pile-up. While the Collabora- order to use this process as a tool to search for new physics
tions have shown their capability to deal with this new in the top sector.
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