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Single top physics

¢ tchannel tW channel s channel
b v q t

Check of the standard model electroweak physics with the top quark
Many SM measurements possible:

* Cross sections, polarization, W helicity, Vtb, etc.

Sensitive to many models of new physics:

* New particles (W', charged Higgs, etc.)

 FCNC, Anomalous couplings

Background to many searches (Higgs, SUSY, etc.)
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Top production at LHC

Single top electroweak production
¢t channel tW channel s channel

X <

Top pair strong production (background)

92 ATV V) t q t
{
'QQQQ‘. m< : - >Q°'Q"'°“<

Tevatron (pp) 1.96 TeV  2.08 pb 0.22 pb 1.05 pb 7.16 pb
LHC (pp) 7 TeV 65.9 pb 15.6 pb 4.56 pb 172 pb
8 TeV 87.2pb  22.2pb 5.55 pb 249 pb

N.Kidonakis: arXiv:1210.7813, arXiv:0909.0037 Czakon, et al:PRL110(2013)252004
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Compact Muon Solenoid (CMS)

CMS DETECTOR STEEL RETURN YOKE General purpose detector at the LHC

Total weight : 14,000 tonnes 12,500 tonnes SILTCON TRACKERS
Overall diameter : 15.0m Pixel { 1D0x1 50 pm) - Lém* —66M channels
Owerall length 1287 m Microstrips (80x180 wm} ~100m* -9.658 charnels

Magnetic field 38T ns s " : 4
et it vt Recorded ~5 fb™ at 7 TeV
and ~20 fb" at 8 TeV
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Barwel: 250 Drift Tube, 480 Resistive Plate Clambers
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PRESHOWER
silicon strips - Lén® = 137,000 channels

FORWARD CALORIMETER
Steel + Quartz hibres -2,000 Channels

CM5 Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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CMS

Muon Sclencid

v t-channel Cross Section

b t
= g 8% ; e CHS 20T 10715 s, 2jets g
B oo Bt-channel E
- Using full 8 TeV dataset, L=19.7 fb™! B
* Looking in the lepton + jets final state - e
* Signal region: one e or |, 2jets-1tag, in top mass
window (130 <m < 220 GeV) -

- Fit to the pseudorapidity of the light jet |nj,| ' i

- Background shapes for W+jets and tt estimated from EE e T
control regions in data (side band in m _and ES;,;“:;:;:::::.':, 3
3jets-2tag) e

t-channel _— 83-6 :I: 2-3 (Stat-) :I: 7-4 (SySt.) pb 05 1 15 2 25 3 35 4 4.5|:|5
h. — +2.8 +2.0 t-channel single top quark production :I
O-E—channel_87'2—1.0<Sca|e)—2.2<PDF)pb fﬁ _ T
R, , = 1.24 * 0.08 (stat.) + 0.12 (syst.) §ops i
arXiv:1403.7366 (submitted to JHEP) | W wcrvicnsin .
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CMS

‘ Charge Ratio

o
~h

g b

Expect a difference in the cross section Le Qs L
of top vs antitop quarks due to relative
abundance of u and d quarks in the W W )
proton. t t
b b
Measurement of the ratio of top to g D g b
antitop is approaching the sensitivity to
discriminate between different PDF
models of the proton OMS. 197 15" 5 < 8 TeV
o,, = 53.8+1.5(stat.)+4.4(syst.) pb e '_H
o =56.4"%1(scale)+1.1(PDF)pb _H
antitop = 27.6%1.3(stat.)+4.4(syst.) pb crion k- |
Oamitop=30.7 0.7 (scale )" (PDF ) pb HERAPDF -
R, =0, /0, .. =1.95+0.1(stat.)£0.19(syst.) pb|| "~ :
arXiv:1403.7366 (submitted to JHEP) A 'H' z' 'W'G 2
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Muon Sclencid
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Top polarization

* Measuring the top polarization of in the t-channel,
selecting events based on a BDT discriminant in

CMS preliminary ¥s =8 TeV, L=20 fb"

Muon channel, 2J1T

order to obtain more pure sample
* Spin of the top quark is aligned with the recoiling
light jet

T
* data
Il signal (t-channel)
s-channel

-y
1t
mmDY

W
El diboson
Qcb
{istat +syst.

- Polarization is measured from unfolded cos(e*l) 10° . .
distribution (angle between lepton and light jet in top 2" hoTouput
uark rest frame ‘
g . ) 1 N{CDS Erurfu.l‘:fad -~ ﬂ} B NECDE Elrurfﬂ.idfd = ﬂ]l
* Combine e and u channels A4, = 5 Pow A= 57— N T N leosd 5
with BLUE {CDS un f ol ded = }+ [CDS un folded < ]
_ _ ac
Top spin asymmetry: o™ g anreoroo | © e ]
A = 0.411+0.06(stat)x+0.16(syst) 200 - unioged g .
| 7Z.generated (CompHEP) o
Top Polarization: Assuminga,=1
P[ = 0.82:|:0.12(stat):|:0.32(syst) 100

............

CMS-PAS-TOP-13-001
5/6/14
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s, W-helicity

N

2 b
* Measured using t-channel events

« Combination of 7 and 8 TeV data (1.14 and 5.3 fb™!), in muon+jets channel
W boson can have longitudinal, left or right-handed helicity states

- SM couplings predict helicity fractions of F =0.687, F =0.311, F =0.0017

* Can be extracted from angular distribution of decay products

1 dr 3 3 3
= (1 —cosbf)?F + g(l + cos 6 )2Fr + 1 sin” 6} Fy

)Efdcos(:?;" 8
I* w2

*
.................. . 11€8. direc-
b <€ * tion of top

CMS preliminary, 1.14 fb" at /s = 7 TeV CMS preliminary, 5.3 fb™ at s = 8 TeV

nnnnnnnnnn

F = 0.2931+0.069(stat)+0.30(syst)
F =0.713+0.114(stat)+0.023(syst)
F =-0.006+0.057(stat)+0.027(syst)

(O S e T T T 1111
-1 -08 06 -04 -02 0 02 04 06 08 1 R
cos(6;")

s I
-1 -08 -06 04 -02 0 02 04 06 08 1
cos(6,")

CMS-PAS-TOP-12-020
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CMS

pact Mucn Solencid

Com,

b tW channel

« Analysis performed at 8 TeV, L=12.2 fb™

* Second largest single top cross section at the LHC, CMS, Vs = 8 TeV, L=12.2 fb™ 1jtt
inaccessible at the Tevatron o T K-
» Evidence reported at 7 TeV by both ATLAS and CMS  *°F .
- Dilepton final state, main challenge is tt % Ve D oncerainy |
background & 400 E
* Signal Region: two leptons, 1ljet-1tag (T} 300 E
- Control Region: Two jets, 1 or 2 tags R S 7K
* Uses Boosted Decision Tree to separate tW from tt  1of & .

* Fit to BDT discriminant in signal and control
regions

-%.4 -03 -02 -0A1 0 0.1 0.2 0.3
BDT discriminant

tW signal observed with a
significance of 6.10 (5.4+1.40 expected)

900
800f
700
600

14001

1200

1000

o, = 23.415.4 pb ] &
oh.=22.2+0.6(scale)+1.4(PDF)pb g | -

200} 100f

aerV: 140 1 . 2942 (accepted fOr pU b- |n PRL) -%A e BDTQ-(;iscr?frzlinar%a -%A S BD1Q-(;iscr?r.r?inz‘x-3
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CMS Prehmmary 1931b Electrons 'I_ 8TeV

Performed using 12.2 fb of data at 8 TeV 2 web L
Smallest single top cross-section at the § 700 B:channel
LHC: C o mi
ot =5.55+0.08(scale)+0.21(PDF)pb ” E‘é"b
- Lepton + jets signature: 300 9aco
- Signal region: one e or y, MET, and - Shate oy
2 b-tagged jets O s 0 o2 O e
* Main background: tt, W+jets, multijet BDT Discriminant
« Uses a BDT to separate s-channel signals o poMS Preliminary 19.3 1, Muons, 1§ 8 ToV
from backgrounds I | Ci-channe
E . ; ; éiﬁ‘haﬁnd
o . = 6.2+5.4(exp.)£5.9(th.) pb 600} BT
= 6.2+8.0-5.1 pb (Feldman-Cousins) 400} L
Upper limitof 2.1 0__ < 11.5pb = 2.1x0_, | 20} ﬁgi’;f;;’f;‘,
Observed (expected) signif. 0.70 (0.90) BT op 05 04 03 02 X 211%2

CMS PAS TOP-13-009
5/6/14
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|V,.| measurement

* Single top events provide the ability to directly probe the Wtb vertex,
and measure |th|

— 1/2 i
- IV, | =(0/0,)"", assuming |V | > |V |,V

* tW-channel:
. — 0.16 0.03
- 7TeV: |V_ | =1.01"°  (exp.)™™ . (th.)

. 8 TeV: |V_| = 1.03%0.12(exp.)+0.04(th.)

 t-channel:
- 7TeV: |V | =1.0201+0.046(exp.)+0.017(th.)

. 8 TeV: |[V_| = 0.979+0.045(exp.)+0.016(th.)
. 7+8 TeV: |V_| = 0.998+0.038(meas.)+0.016(th.)

tW: 7 TeV: PRL 110, 022003 (2013) t-ch.: 7 TeV: JHEP 12 (2012) 035
8 TeV: arXiv:1401:2942 (- PRL) 8 TeV: arXiv:1403.7366 (- JHEP)

5/6/14 Danny Noonan (Univ. of Kansas) 11
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~+  Summary :g b

g g t o

T

* Many exciting single top results from CMS
* t-channel: LargestCross section measurement
* tW-channel: First observation of the process found in 8 TeV

data
* s-channel: Very small cross section at the LHC, first result using
8 TeV T E cMS Preliminary | [ R E R e
2 E reliminary ]
* The t-channel used for ° [ single top-quark production -
measurement of top properties: = - S 3
- |V, | measurement 103 s-channel
- W-helicity fractions
° Top pOIarlzatlon 15_ Approx.NNLOKidcnakis,PHD83,091503{2D11E
C [ CMS, JHEP12(2012) 035 T
L A CMS, to be sub. to JHEP _
1l Approx. NNLO Kidonakis, PRD 82, 054018 {201 0)_
107 E CMS, Phys.Rev.Lett 110, 022003 (2013) =
- ) CMS, PAS-TOP-12-040 7
~ Approx. NNLO Kidonakis, PRD 81, 054028 {2010}
B v CMS, PAS-TOP-13-009 (FC interval) B
102 | | | | | | | l | I | | |

2 3 4 5 6 7 8 9 10 11 12 13 14
Vs [TeV)
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t-channel

Uncertainty source Ci-ch. (t) (Df"::l) o t-ch.(i) (Dfﬂ) Rt -ch. (D!'{ﬂ)
Statistical uncertainty s +49 = zis |
JES, JER, MET, and pileup + 4.2 -+ 5.2 +:1:1
b-tagging and mis-tag 16 m ok a x| .
Lepton reconstruction/trig. +0.5 m el | 25 +0.3
QCD multijet estimation =l 135 119
Wjets, tt estimation = el B + 3.6 + 3.0
Other backgrounds ratio )] | . + 0.6
Signal modeling +49 +9.4 + 6.1
PDF uncertainty = s + 4.8 + 6.2
Simulation sample size + 0.6 = g B | +1.2
Luminosity 1.6 126 —
Total systematic = o) s + 13.4 195
Total uncertainty = o g =+ 14.2 +10.9
Measured cross section or ratio | 53.8 £ 4.7pb | 27.6 = 3.9pb | 1.95 + 0.21

arXiv:1403.7366 (submitted to JHEP)

5/6/14
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o? CMS, /s = 8 TeV, L = 19.7 fb”, electron +, 2-jet 1-tag

el el -
o + Data . N + Data E
% -H:Ilarmql _: % -!-:hannnl _:
@ O, tw, s-channel 3 ) Cl+i, tw, s-channel 3
0 [l wiZ+jets, dibosons ] B wWiz+jets, dibosons 3
2 [C]QCD multijet - [C]QCD muitijet 3
FZ1Syst. uncertainty 7 FZlsyst. uncertainty J

5 5

I, | I,

)(103 CMS, E: B TeV, L=19.7 ﬂ}"‘, muon -, z-je'l: 1-{39 )(1{}3 CMS, 'J!_. =8 TeV,L=19.7 ﬂ:l-1, electron -, z-iE‘t I-iﬂg

o B B o A o L R e e o e  RRERE RRR R
o % Data . o + Data =
E .td:harmc-l ] % .!-:hannnl 7
o O, tw, s-channel ] o Ot tw, s-channel
& 2 B wizZ+jets, dibosons ] 0 B WiZ+jets, dibosons ]
[C]acD multijet 4 [CJacD multijet e

F7] Syst. uncertainty _: FZ Syst. uncertainty —J

5

Im,.| I7.|

arXiv:1403.7366 (submitted to JHEP)
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‘ Top polarization

L e A A T
g b (:‘; L CMS preliminary 1s = 8 TeV, L = 20 fb" i
r A =0.42 + 0.07 (stat.) £ 0.15 (syst.) 1
2001~ « unfolded data 7
7T S ———————— ——r—r L Imgenerated (POWHEG) |
[ e data _— ] - e dat " ' ' ] 7Zgenerated (CompHEP) ~ -eemeeees
800 | g signal (t-chanrigly~CMS preliminary s = 8 TeV, L =20 fb” 4001 gy 92| t-channely ~ CMS preliminary s =8 TeV, L =20 fo -
- -f_\;\?hamel Muon channel, 2'-“T BDT >0.06 - -f\;\‘c.ha””d Electron channel, 2J1T BDT > 0.13 - 3
500 _=§VY Muon.Channe J sl =1F:’VY P E . -
: -gg%son ] | mm diboson ] 100~ I
- QcD - L 4
400 [ (stat. + svs?- N 200 {3stat. + sysT. __________ b I |
200 Py i ] - Muon Channel |
. : O 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1
i -1 -0.5 0 0.5 *1
cos 6
cos 0" cos 6* 3
& ! - - 4 ) 1 N ] 3‘ i<1| OI L I L T
€ 05 i e g o5 1% . R L L . L CMS preliminary 1s =8 TeV, L = 20 fb i
2‘ P EEEE tluithtdu A EAPLTTET S s el - ] Z‘ 0'_.__ "I'v e —{—.- © 200k ]
g N o e J LA T er ~r S SO e L - O o TN LIPS St e TUUI, S 8 A=0.31+0.11 (stat.) + 0.23 (syst.) -
g 0.5 — g 05" L J
& ] 8 I ] L e unfolded data ]
] 08 06 04 02 0 0.2 04 06 08 3 08 08 04 02 0 0.2 04 06 08 - MW generated (POWHEG) 4
150+ %/ generated (CompHEP) R
100

Top spin asymmetry:
e:A = 0.42+0.07(stat)x+0.15(syst) 50

M:A = 0.3110.11(stat)+0.23(syst)

Electron Channel
' PR P T S T (NN SR T TR S NN S N S

1 05 0 0.5 1
cos 0*

CMS-PAS-TOP-13-001
5/6/14 Danny Noonan (Univ. of Kansas) 16



Muon Sclencid

Systematic Uncertainties

5/6/14 D

Top polarization

Uncertainty source SA] | SAS
generator 0.025 | 0.009
Q? scale t-channel 0.024 | 0.055
Q? scale, tt 0.015 | 0.005
Q? scale, W+jets 0.036 | 0.038
top quark mass 0.058 | 0.042
Wjets shape 0.016 | 0.007
Wjets flavour 0.005 | 0.008
top pr, tt 0.010 | 0.025
matching, tt 0.028 | 0.052
matching, W+jets 0.025 | 0.038
PDF 0.013 | 0.014
JES 0.074 | 0.074
JER 0.016 | 0.179
unclustered Kt 0.013 | 0.006
lepton ID and isolation 0.001 | 0.002
lepton trigger 0.001 | 0.002
pileup 0.015 | 0.002
b tagging 0.007 | 0.009
mistagging 0.001 | 0.003
lepton weight 0.001 | 0.009
anti-isolation range of QCD || 0.010 | 0.053
QCD fraction 0.092 | 0.028
background fractions 0.007 | 0.018
unfolding bias 0.002 | 0.003
total systematics 0.15 | 0.23
statistical 0.07 | 0.11

total 0.17 | 0.26
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CMS-PAS-TOP-12-020

5/6/14

= —\%W(VLPL + VRPR)EW;

Danny Noonan (Univ. of Kansas)

: .. | G q q
— W-helicity
/ g 5
Anomalous Couplings
ReSUItS 7 Tev CMS preliminary, 7 TeV @ 8 TeV
F = 0.2931+0.069(stat)+0.30(syst) i
F_ = 0.713+0.114(stat)+0.023(syst) '
F_=-0.006+0.057(stat)+0.027(syst) i
Results 8 TeV J
FL = 0.293+0.069(stat)+0.30(syst) _ B @95%C.L.
F, = 0.713+0.114(stat)+0.023(syst) T Il esscL
F_ = -0.006+0.057(stat)+0.027(syst) RN
-08 -06 -04 -O.ZR(() 02 04 06 08

egL

_ 8 710"y

V2 mw

(8LPL+ grPR)tW, + H.C,

18



S, W-helicity

b

Systematic Uncertainties
Separated by Energy Combined

| Vs=8TeV || /s=7TeV |
Systematic source AF. | AF,
Systematic source AFL AFy AFp AFp

JES 0.007 | 0.007
JES 0.006 | 0.006 || 0.020 | 0.020 JER 0.011 1 0.003

JER 0.008 | 0.003 || 0.015 | 0.010 : :
unclustered energy 0.013 | 0.003 || 0.015 | 0.015 ““d““q‘t*_’lre'j chnetsy g‘gég g‘gég

pileup 0.002 | 0.003 || 0.004 | 0.000 prieup : :
b-flavored scale factor 0.004 | 0.006 || 0.009 | 0.009 b-flavored scale factor | 0.003 | 0.001
non-b-flavored scale factor 0.004 | 0.007 || 0.002 | 0.001 non-b-flavored scale factor | 0.001 | 0.002
single-top generator 0.008 | 0.014 || 0.004 | 0.004 single-top generator 0.005 | 0.009
Q7 scale 0.009 | 0.012 || 0.040 | 0.007 Q’ scale 0.006 | 0.008
Moy, 0.005 | 0.006 || 0.010 | 0.010 Miop 0.001 | 0.001
PDF 0.005 | 0.005 || 0.000 | 0.000 PDF 0.003 | 0.003
tt normalization 0.002 | 0.003 || 0.008 | 0.008 {t normalization 0.003 | 0.002
QCD Shﬂpe 0.002 | 0.002 0.004 | 0.004 QCD Shﬂpe 0.003 | 0.003
~ Wjetsshape 0.008 | 0.010 || 0.010 | 0.010 Wjets shape 0.012 1 0.011
integrated luminosity 0.003 | 0.003 || 0.007 | 0.007 teerated luminosit 0.010 | 0.010

SM W-helicity reference 0.004 | 0.003 | 0.001 | 0.002 cgrated Iy : :
: : SM W-helicity reference | 0.002 | 0.001

total systematic uncertainty (w /o generator) | 0.022 | 0.021 || 0.054 | 0.035 _ :

total systematic uncertainty 0.024 | 0.026 || 0.054 | 0.035 total systematic uncertainty | 0.030 | 0.023

CMS-PAS-TOP-12-020
5/6/14 Danny Noonan (Univ. of Kansas) 19
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tW channel

BDT input variables

Variable Name

Description

# of loose jets
# of central loose jets
# of b-tagged loose jets

sys

Pt

Hry

pr(jet)
pr(loosejet)
pr/Hr

Mgys
Centrality(j¢/)
Hr(leptons)/Hry
pr(jel)

miss
E T

Number of loose jets, pr > 20 GeV, |n| < 4.9

Number of loose jets, pr > 20 GeV, |n| < 24

Number of loose jets, pr > 20 GeV, b-tagged, |n| < 2.4

Vector sum of pr of leptons, jet, and EXss

Scalar sum of pr of leptons, jet, and s

pr of the leading, tight, b-tagged jet

pr of leading loose jet, defined as 0 for events with no loose jet present
Ratio of pi¥® to Hr for the event

Invariant mass of the combination of the leptons, jet, and EMss
Centrality of jet and leptons, defined as ratio of transverse to total energy
Ratio of scalar sum of pr of the leptons to the Ht of full system
Vector sum of pr of jet and leptons

Missing transverse energy in the event

arXiv:1401.2942 (accepted for pub. in PRL)

5/6/14

Danny Noonan (Univ. of Kansas) 20



CMS,

pact Mucn Solencid

b tW channel

Com,

i) g t
CMS, ys =8 TeV, L=12.2 fb", 1j1t CMS, Vs =8 TeV, L=12.2 fb ", 1j1t
4000;”IIlylHlllHllllllllllllllllllll.Data E BIU{J;_"'I"'I"'I"'I"'I"'III ¢ Data 1
77 C]tw H - C1tw
3500 F- _ 14 S 700 _IG
3000 E- Bl Z/ y *+jets ® 600 f_ Bl Z/y *+jets
I Other 1O - Il Other :
-g 2500 Uncertainty { oo 200 — Uncertainty 1
. ~ C ]
2 2000 1 @ 400F 3
L = = - ]
1500 e 300 F 3
1000 4 W 200 =
500 = 100 3 =
0 3 4 5 6 7 8 9 % 20 40 60 80 100 120 140 160 180 200
Number of loose jets, p_ > 20 GeV p.” [GeV]

arXiv:1401.2942 (accepted for pub. in PRL)
5/6/14 Danny Noonan (Univ. of Kansas) 21



CMS,

éompacl Muen Selenaid

1800
1600
1400

31200

e

&1000
>

1] 800

600
400
200

CMS, ys =8 TeV, L=12.2 fb™", 1jOt

~

) Uncertainty

B i
Bl Z/ y*+jets
I Other

3

0.1 0.2 0.3

BDT discriminant

arXiv:1401.2942 (accepted for pub. in PRL)
5/6/14
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@ 500
>

Ll 400
300
200
100

Yy

tW channel

CMS, Vs = 8 TeV, L=12.2 fo’", 2j0t

Danny Noonan (Univ. of Kansas)

Bl Z/ y*+jets
I Other
Uncertainty

0.1 0.2
BDT discriminant

0.3
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CMS 1~ !

s tW channel
a g t

Systematic Uncertainties

Systematic uncertainty Ao (pb) Ac/o Notes
ME/PS matching thresholds 3.3 14%  Matching threshold 2x and 1/2x nominal 20 GeV value in ¢ simulation
Renormalization /factorization scale 2.9 12%  Scale value 2x and 1/2x nominal value of 2 4+ 32 in ¢ and tW simulation
Top-quark mass 2.2 9%  my varied in tW and tf simulation by £2 GeV
Fit statistical 1.9 8%  Remaining uncertainty in fit when all other systematic uncertainties are removed
Jet energy scale 0.9 4%  Jet energy scale varied up/down
Luminosity 0.7 3%  2.6% uncertainty in the measured luminosity
Z+jets data/simulation scale factor 0.6 3%  Varying scale factors used for correcting Z+jets E¥* simulation
tW DR/DS scheme 0.5 2%  Difference between DR and DS scheme used for defining ¢t signal
tt cross section 0.4 2%  Uncertainty in the cross section of ¢¢ production
Lepton identification 0.4 2%  Uncertainty in scale factors for lepton efficiencies between data/simulation
PDF 0.4 2%  From choice of PDF
Jet energy resolution 0.2 1%  Energy resolution for jets varied up/down
b-tagging data/simulation scale factor 0.2 <1%  Variations in scale factors
tt spin correlations 0.1 <1% Difference between ¢t simulation with/without spin correlations
Pileup 0.1 <1%  Varying effect of pileup
Top-quark pr reweighting 0.1 <1%  Uncertainty due to differences in top quark pp between data and ¢ simulation
EXiss modeling 0.1 <1%  Uncertainty in amount of unclustered s
Lepton energy scale 0.1 <1%  Uncertainty in energy of leptons
Total 5.5 24%

arXiv:1401.2942 (accepted for pub. in PRL)

5/6/14

Danny Noonan (Univ. of Kansas)
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s channel

Input variables to BDT

Electron Channel

A 5 o
A g 5
‘ Variable | Description Muon Channel ‘

paP vector sum of pr of the two b-tagged jets

mgp-best | invariant mass of lepton, neutrino and one of the b-tagged jets reconstructed
with the best-mass top method, as described in Sec.2

mr tranverse W-boson mass

Mo invariant mass of the lepton and the second-to-leading b-tagged jet

Bt missing transverse energy

ADyop by difference in azimuthal angle between top and the recoiled b-tagged jet

cos 6 cosine of the angle between the lepton and the beam axis in top-quark rest
frame

ARy angular separation between the two b-tagged jets

Hr scalar sum of pr of all jets : _

) | Variable | Description
Pt transverse momentum of the lepton
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my
A(I)top,b’
Er

Myyp-best

ARy

Hry

tranverse W-boson mass

difference in azimuthal angle between top and recoiled b-tagged jet

missing transverse energy

invariant mass of the lepton and the second-to-leading b-tagged jet

cosine of the angle between the lepton and the b-tagged jet recoiling against
the top-quark, in the top rest frame

vector sum of pr of the two b-tagged jets

angular separation between the two b-tagged jets

transverse momentum of the lepton

invariant mass of lepton, neutrino and one of the b-tagged jets reconstructed
with the best-mass top method, as described in Sec.2

angular separation between the b-tagged jet recoiling against the top quark
and the lepton

scalar sum of pr of all jets

(*) AR =+/(An)2+ (Ag)?
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= >W< s channel

b
Cross Section

Os.ch. = 5.9+7.1(exp.) £5.0(th.) pb = 59+8.7 pb muon channel
Os.ch. = 6.97+5.6(exp.)E6.5(th.) pb = 69+8.7 pb electron channel
Os.ch. = 6.2454(exp.)£59(th.) pb = 6.2+8.0 pb combined

Cross Section using Feldman-Cousins Approach
el = 59 5? pb muon channel
oot — B 9+8? pb electron channel
.4 = 6258 =1 Pb combined

Limits

Observed (expected with SM signal, expected with bkg. only) 95% CL upper limits
Oeen. < 124 (18.4, 10.5) pb  muon channel

Oeen. < 147 (232, 154) pb  electron channel

Ogen. < 11.5 (17.0, 9.0) pb  combined

Systematics: Largest systematic uncertainties come from factorization/

renormalization scale (83%), JES (53%), ME/PS matching (32%), unclustered
MET (30%), and JER(24%)
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