Single top quark production with CMS

Soureek Mitra
Tata Institute of Fundamental Research, Mumbai

(L tifr

On behalf of CMS Collaboration

DIS Workshop, 2016



Introduction

Cross - section measurements
w t - channel

w t\W - channel

w S - channel

Properties measurement

w tOp polarization

w W helicity

w Anomalous couplings

Summary



Single Top @ LHC

- Single top production in pp collisions at

q q q q
LHC can be characterized via 3 modes
> t - channel W+ t-channel W b0y
> tW - channel b
> S - channel
b t g 7

-+ t-Channel has highest cross-section,

followed by tW-channel and s-channel g t
respectively
- Single top quark production is one of the { W - channel
important electroweak processes at LHC
> direct probe to the charged current A _
interaction via tWb coupling 4
> allows measurement of |Vipl, study of top q

t
quark polarization
> sensitive to b-quark PDF
> sensitive to new physics like anomalous
couplings (FCNC), 4th generation, W
charged Higgs (H¥) interaction etc.
s - channel

q’ b 3



Cross - section measurements



t - channel cross-section @ 8 TeV
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o) LU L B L L L L BB To)
g - ¢ Data N g
8 5 Muon B t-channel - a
o [CJtt, tw, s-channel . o
Lﬁ = B wWiz+jets, dibosons - Lﬁ
L []QCD multijet .
3 C [/ Syst. uncertainty ]
21
1
0 0.5 1 1.5 2 25 3 35 4 45 5
7.

x10° CMS, \E 8 TeV, L = 19.7 fb, electron, 2-jet 1-tag

AR R B B B L R R UL

35 - ¢ Data B

3E Electron Bl t-channel E

2 I, tw, s-channel

25 B W/z+jets, dibosons_-

g []QCD muiltijet ]

2F /) Syst. uncertainty
1.5F
1E

0.5
0 05 1 15 2 25 3 35 4 45 5
n..|

- Main Backgrounds: tt", W+Jets, QCD

- Experimental Signature:
> isolated lepton (muon/ electron)
> light quark jet with high In;|
> central high - pt b-jet
> missing transverse energy

Major Systematics: signal modeling, JES

Ot-ch (8 TeV)=83.6 + 2.3 (syst.) £ 7.4 (syst.) pb
Ri-ch (8 TeV) =1.95 £ 0.10(stat.) £ 0.19 (syst.)
Under SM assumption:

Vil (8 TeV)=0.998 + 0.038 (exp.) = 0.016 (theo.)

multijet

- Typical 2J1T selection (2 jets, one of them

b-tagged )

- Template fit to In;l or MVA discriminant
- Background estimation:

> Correct tt” shape/normalization using
3J2T events

> Take W+Jets shape from miop, SB (< 130
GeV or > 220 GeV) / use 3J1T events

> Data-driven QCD from Mrw or E+
(inverting lepton isolation)
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t - channel fiducial cross-section measurement @ 8 TeV

id, MC
fid _ % B
‘Tt-ch = Opch AT Afld _ tcl\l}[c
oF 19.7 fo' (8 TeV)
] T | T 1
Define a fiducial volume with selections cuts on B aMC@NLO 4FS preciction, (scale ® pdf) CMS

MC truth objects close to cuts applied on

reconstructed objects

Restriction of the measurement to a well defined

fiducial volume

> reduces final result dependency on estimated
acceptance-based extrapolation

aMC@NLO 4FS

POWHEG 4FS

POWHEG 5FS

[ ] POWHEG 4FS prediction, (scale @ pdf)
[ ] POWHEG 5FS prediction, (scale @ pdf)

3.38 + 0.25 (exp.) £ 0.10 (scale & pdf) pb

3.64 £ 0.27 (exp.) = 0.10 (scale ® pdf) pb

3.45 £ 0.25 (exp.) = 0.10 (scale @ pdf) pb

Preliminary
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Object Kinematic cuts at detector level

Cuts at particle level

number required

Tight Muon pr > 26, |n| <21, g < 0.12
Tight Electron Er >30, |n| <24, <0.1
Veto Muon pr > 10, || <24, <0.2
Veto Electron || Ep >20,|y| <24, L < 0.15

Jets pr >40, 7| <47
B-tagging 1jetis tagged
mt (muons) mt > 50
F1 (electrons) Ft > 45

pr > 30, [17] < 2.4
pr > 30, |n| < 2.4

pr > 40, |1| < 5.0
17| < 2.4, b-hadron

exactly 1 (or 1 Ele)
exactly 1 (or 1 Mu)
0
0
exactly 2
exactly 1

CMS PAS TOP-15-007



t - channel differential cross-section @ 8 TeV
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modeling

NN discriminator cut > 0.3 (0.4)

- aMC@NLO 4FS + Pythia8 gives better
for p (e)

description in the tail of pr
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237" (13 TeV)

5000 - CMS Preliminary
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=== NLO+NNLL QCD = (scale © PDF)
Kidonakis, Phys. Rev. D 83 (2011) 091503

| | I | | |

|

Tevatron 1.96 TeV (L <9.7 fo )
arXiv:1503.05027
CMS7TeV(L=1.17/1560")
JHEP 12 (2012) 035
CMS8TeV(L=19.7fb™")
JHEP 06 (2014) 090

CMS13TeV (L=23fb™")
CMS-TOP-16-003, preliminary

| IIIIIII|

2 4

Simultaneous fit to MVA output in 2J1T, 3J1T and 3J2T events

6

8

Experimental systematics are mostly introduced as nuisance parameters

Theoretical uncertainties are evaluated using pseudo-experiments

Main uncertainties: Signal modeling, PDF, JES

Ot-ch (13 TeV) = 227.8 £ 9.1 (stat.) + 14.0 (exp) +28.7 / -27.7(th.) £ 6.2 (Lumi) pb
Ri-ch (13 TeV) = 1.75 £ 0.16(stat.) £ 0.21 (syst.)

Under SM assumption:

CMS PAS TOP-16-003

IViol (13 TeV) = 1.02 = 0.07 (exp.) = 0.02 (th.)



tW - channel observation

- ee, el, UM final state

- Events categorized in bins of #of jets and # of b-tag 14000f

- Signal region: 1J1T
- Dominant background: tt

> controlled by simultaneous fit to 2J1T and 2J2T

- Fit BDT discriminant to extract cross-section
* Omeas =23.4 £5.4 pb

- 6.10 significance > First observation

* IVl =1.03 £0.12 (exp.) £ 0.04 (th.)

Largest systematic uncertainties

Systematic uncertainty Ac/o
ME/PS matching thresholds 14%

Renormalization /factorization scale 12%

Top-quark mass 9%
Fit statistical 8%
Total 24%

12000}

CMS, (s = 8TeV, L=12.2 fb‘|1

i

® Data
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BDT discriminant

PRL 112 (2014) 23180



s - channel production

~—"

Muon, 5.1 fo! (7 TeV 2-jets 2-tags Muon, 19.7 fb" (8 TeV), 2-jets 2-tags

_ _ - BERRERRSR A R : o 2000 prrrr e e e S
Lepton + 2 b-jet final state 5 sol oM © {Dechamnel S 905 oug | Mo channe
Tiny signal in comparison with & , - Muon 7 Tev B € Lo Muon 8 Tev |t chanre
backgrounds ol 242T mziets 0 292T R
Dominant backgrounds : tt", ok IHDboson 005 [l
t-channel single top, W+bb S8 Igoistune ook JE o
BDTS tra|ned |n 2J2T and 3J2T Ty fF{ate syst. 200_:____“_ , . """" 2= NRate syst

w s-channel vs restin 2J2T 00 0T 0 08 0L N E T NN
m 7 vs rest in 3J2T ~ . Flectron, 19.7 o7 (8 TeV), 2-jets 2-tags
. . . o — 1 eD
Likelihood fit to BDTs S 10 Cus { 0o ehanne
Largest systematic uncertainties: g I onannel
. 1000 - Electron 8 TeV =
w Theory modeling: renorm. a0 1 gzsiets
Scale, ME-PS S 1 WW+jets
600 — —] [|Diboson
w JES, JER, E7 a00F- I OMultijet
- 7 FSyst. unc.
os = 7.1 £ 8.1 (stat + syst) pb, muon channel, 7 TeV; 2000 [ — SRate syst
05 = 11.7 + 7.5 (stat + syst) pb, muon channel, 8 TeV; 008 06 04 02 0 _ 02 04
BDT Discriminant

0s = 16.8 == 9.1 (stat + syst) pb, electron channel, 8 TeV;

0s = 13.4 = 7.3 (stat + syst) pb, combined, 8 TeV. _

: : arXiv:1603.02555,

Channel Observed UL Expected UL—SM signal Expected UL—no signal submitted to JHEP

u, 7 TeV 314 pb 25.4[19.0, 36.6] pb 20.2 pb

nu+e, 8 TeV 28.8 pb 20.5[13.4,26.7] pb 15.6 pb

748 TeV 47 3.1[2.1,4.0] 2.2
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Summary of Single Top cross-section measurements in CMS
)

10

10

Single top-quark productioln t-lchannel (pp or pp)

Inclusive cross sections

tW (pp or pp) |

s-channel (pp)

s-channel (pp)

= NLO+NNLL, PRD 82, 054018 (2010)
~—— NLO+NNLL, PRD 83, 091503 (2011) 4  CMS, PRL 110, 022003 (2013)
v Tevatron, arXiv:1503.05027 [hep-ex] ®  CMS, PRL 112, 231802 (2014)
A CMS, JHEP 12, 035 (2012) NLO+NNLL, PRD 81, 054028 (2010)
®  CMS, JHEP 06, 090 (2014) v Tevatron, PRL 112, 231803 (2014)
® CMS, TOP-16-003 (prel.) B CMS, arXiv:1603.02555 [hep-€eX]

2 3 4 5 6 7 8 9 10 11 12 13 14

\s [TeV]
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Properties measurement



Top polarization in t - channel

1 N(1) -N{)

1 do 1 1

Edcos(?;‘( 2 2

2jets 1tag, 19.7 b (8 TeV)

. Ox* = Angle between muon and light quark in & 1200F CMS
top rest frame % 1000;

. Py : Top polarization , ax= 1 in SM L‘|‘>J’ zgg

- 2J1T event selection PN :

- Fit BDT discriminant to determine signal and 200
background normalization

BDTwit > 0.45 -

= —(1 Pt(g)(xx cos %) = (— Ax C059§(> Ax = Ept X = N(T)+N{)

] ¢ Data

1 [ t-channel
1l s-ch.tW
1t

1 W/Z/diboson
1 [ Multijet

Total syst.

: : O Of E
- Cut on BDT output to select signal enriched s 125 ' 5
. ] .
region cD‘E 0.8FE -
- Unfolding to correct for detector effects 08 ™05 00 05 10

cosO
Aymeas = 0.26 + 0.03 (stat.) £0.10 (syst) =0.26 £0.11_ CMS  u+jets,t+1 19707 @TeV)
APSM =0.44 %1 1;‘ —— POWHEG (5FS) + Pythia 6 E
o Q 09F - aMC@NLO (4 FS) + Pythia 8 =
=> Measured value ~20 away from SM prediction % ,; — compHer + Pythias =
B "E e Unfolded data g
© 07¢ T Stat. | Total =
X 06f | * =

. . © -

- JES, JER, W+ heavy flavor jets modeling, Q2scale, > os- Lt E
PDF etc. are the main source of uncertainties 04F # 1 E
0.3 =
0.2f -
0.1F =
o | YIRS BN BN I A I A W
-1 -08 06 04 -02 0 02 04 06 08 1

arXiv:1511.02138 , accepted by JHEP

Unfolded cos6}; 13



W - helicity measurement

3
4

T dr
I'd cos 6]

= g(l —cos0))* FL + = sin” 0} Fy +

3

8

(14 cos8;)* F

0, : Angle between W in top rest frame and ¢ in W rest frame =

o

~~3000

FL, Fo to be extracted from ML fit to cosf,"and Fr from = Fi=1 £

Set limits on anomalous vector and tensor couplings in tWb
vertex

2J17T selection applied

All processes with t >bW considered as signal

FL, Fo and W+Jets normalization are kept free to float, all other
normalizations fixed to t-channel cross-section measurement
Signal modeling is the dominant uncertainty

CMS 19.7 b (8 TeV)
0.35(-

I \
0.3 F = 0.298 £ 0.028 (stat) == 0.032 (syst),
! Fy = 0.720 = 0.039 (stat) = 0.037 (syst),
0ps + Data Fr = —0.018 £ 0.019 (stat) £ 0.011 (syst),
- || Stat. unc.
- —— Syst. unc.
| —— Total unc.

02 * SM pred. (Pros1(2010)

1 1 | 1 | 1 1 | | | | 1 | | 1 1 | | |
0.65 0.7 0.75 0.8

L JHEP 01 (2015) 053
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1000F

500
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- [ ]t (other) [ ]QCD

25001 i N Stat.
POWHEG simulation for SM: F. = 0.3, Fo=0.7, Fr=0 TR ke

0

- ¢ Data 7] W+jets _
~ Bt (t-chan.) [l Others HYjets

unc.

-1 -0.8-06-04-0.2 0 0204 06 0.8 1

CMS

cos(6,)
19.7 b (8 TeV)

SM pred. (PRD 81 (2010)) :

— Stat.unc. [~ ~m~ Combination )
| | Syst. unc. _
Totalunc. | =*= utjets
tE— etjets J
m CMS (JHEP 10 (2013))
o ATLAS (JHEP 06 (2012))
| —;— | CDF (PRD 87 (2013))
% DO (PRD 83 (2011))
| ) | | ) | | I | | ! | | | | | ! | | !
-0.2 0.1 0 0.1 0.2
Fr 14



Search for anomalous ty-coupling in single top events

Isolated muon, isolated energetic photon, one b-jet & Er
g b in the final state

R
w' ¥ 1. Main backgrounds: Wy + Jets and W-+Jets

u/c > controlled by ML fit of NN output to data where
> Vi W+Jets shape is obtained from CR defined by 0-tag
and loose shower-shape criteria
Y - BDT discriminator is fitted to data to extract limits
B(t >uy) <1.3x104 & B(t >cy) <1.7x 103 @ 95% CL

Most stringent limits currently available

u/c

19.8 b1 (8 TeV) 19.8 b (8 TeV)
W = . 900
S 1000-CMS e t _Data S gooE CMS ¢ Data
@ - (@ : [ ] Other 2 700E- (b) [ ] Other
g 800f- 7] W+jets S 6o0E- ] WHjets
L 600— - Wy+jets l 5002— - Wy+jets
- —— Signal(tuy) 1 pb 400F- —— Signal(tcy) 1 pb
400E- e B85 Uncertainty 300E- B85 Uncertainty
200:_ ?ggg— o e
9: T — 11— | § --------------- -
% 0-8 L < s S % 0.8 BEEERE 0
< 03 02 -01 0 01 02 03 04 05 06 - %4 03 02 01 0 01 02 03 04 05 06
s BDT output for tuy ' BDT output for tcy

JHEP 04 (2016) 035 5



Summary of FCNC searches in top decay

CMS Preliminary, 8 TeV March 2016
BN L) B B B AL B R B R R B R R AL
Phys.Rev.Lett 112 (2014) 171802
tt, Br(t—> Z ) 4
_— \/N\ 1: T T T T T T T 1 111”9';7 (':L' rrd =
_ o - - m=172 GeV o =
<| single top, Br(t—y u) ] 1 = IZ;:US (g=w) imt=175 T excluded region _
single top, Br(t— vy c) HE —10'E t \ —
m  L.CDE m=175 GeV \ E
_ DO m=175 GeV 7
CMS PAS TOP-13-017 102 —=
tt, Br(t— H c), H—> WW,ZZ,tt b - ]
1 0-3 L ATLAS | m=172.5 GeV | —
CMS PAS TOP-14-020 — CMS m=172.5 GeV .
tt, Br(t— H u), H — bb N 1074 _
. - S CMS =
tt, Br(t—H c), H— bb HE - m=172.5 GeV H1 (q=u) ]
B (q=u) (gq=c¢) m=175 Ge\} |
10'5 I 1 1 IIIIIII 1 1 IIIIIII 1 II“IIII 1 1 IIIIII 1 1 L1 1111
-5 -4 -3 -2 -1
CMS PAS TOP-14-019 10 10 10 10 10B t 1
%
t, Br(t> H u), H - yy e (t —ay)
tt, Br(t—H c), H — vy Pl
JHEP 04 (2016) 035
------ 95% CL Observed Limit [ +1o Exp.Limit
— 95% CL Expected Limit | | | +20 Exp.Limit |
Lol IR R ER

8 1072 107" 1

Top decay Br (%) 16

107* 10



Summary & Outlook

- Precise measurement of t - channel cross -section at Vs = 13 TeV has been
performed and preliminary result in agreement with SM within uncertainties

- Current measurements are mostly dominated by uncertainties of theoretical
origin

> Need better understanding of MC generators

- A precise tW - channel measurement is expected with Run2 data

- Push hard for s-channel observation at Vs = 13 TeV

- LHC combination of single top cross-sections with Runi1 data is in progress
Improve limits for anomalous coupling measurements

- Eagerly waiting for exciting results / surprises that Run2 of LHC has to offer
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Overview of CMS detector

Key:

Muon

Electron

Charged Hadron (e.q. Pion)

-~ — — - Neutral Hadron (e.g. Neutron)

----- Photon

Tracker

' Electromagnetic
_ )]l " Calorimeter

Superconducting
Solenoid

Hadron
Calorimeter

Iron return yoke interspersed
with Muon chambers

D.Bamaey, CERN, Febriguy 2004

Transverse slice
through CMS

Almost all single top analyses require information from all detector subsystems to
reconstruct jets (central and forward), leptons and

20



Ri.ch Summary

CMS, \s=8TeV,L=19.7 fb"

1 1 I I 1 1 1 I 1 1 1 I 1 1 | i |
CMS I
1.95 £ 0.10 (stat.) £ 0.19 (syst.) !
ABM11 e
CT10
CT10w 8 TeV
HERAPDF :
MSTW2008 | CMS Preliminary 231" (13 TeV)
] IIII|IIII|IIIIIIIIIIII.IIIIIIIIIIIIlIIII|IIII|IIII
NNPDF 2.3 - CMS-TOP-16-003 :  1.75+0.16 (stat) + 0.21 (syst)
- 3
1 1 1 I 1 1 1 I 1 1 1 I 1 1 | : | :
1.2 1.4 1.6 2 :
Ry on. = O en (/0 0, B CTiowa o
CT10 . —
CTEQ6M
MSTWO08 N.=4 ' -
: 13 TeV
HERAPDF 1.5 NLO . .
NNPDF 2.1 N_=4 C
IIII|IIII|II|II|I:I|IIII|IIII|IIII|IIII|IIII

-t

8 19 2 21 22 23

R.. =0

t-ch. t-ch. t / Gt-ch.,f
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t-channel@13 TeV: Uncertainty Table

uncertainty source ACt _ch t17/ atoi’ihv i2f | A0t—cht/ ‘Tffih.,t Acy_ch.7/ ‘Tt()Bih,f
uncertainty of the fit (stat. + prof. unc.) +6.8% +7.4% +11.9%
statistical uncertainty +4.0% +4.7% +7.6%
profiled uncertainties +5.5% +£5.7% +9.2%
MC statistics +2.8% +3.4% +4.0%
pileup -0.2/+0.1% -0.5/+0.4% -0.1/+0.7%
experimental uncertainty -6.2/+6.2% -6.7/4+6.7% -10.0/+10.0%
Signal modeling +7.9% +10.1% +8.2%

tf modelmg :t4.3o/o :|:3.90/o +4.6%
Wjets modeling -2.1/41.7% -1.6/+1.1% -2.8/42.3%
Q2 scale t-channel -5.7/+7.0% -7.1/+5.1% -6.1/+6.9%
0?2 scale tt -2.7/+4.1% -2.5/+4.0% -3.9/+3.4%
Q? scale tW -0.3/+0.5% -0.4/+0.3% -1.1/+0.4%
Q* scale W+jets -2.7/+3.0% -2.5/+4.2% -5/+2.4%
PDF uncertainty -3.0/4+2.6% -3.1/+3.2% -3.7/+4.2%
top pr modeling +0.1% +0.1% +0.2%
total theory uncertainties -12.1/+12.6 -13.8/+13.6 -13.5/+13.4%
luminosity +2.7% +2.7% +2.7%
total uncertainty -14.5/+14.8% -16.3/+16.1% -18.6/+18.6%

An Estimate of relative contribution of different profiled uncertainty sources

uncertainty source

ATy _ch 147/ Tpoe

t—ch. t+t

b
Ao't_Ch'lt / af—ﬁh.,t

obs
Aa-t—Cher/ Ut—Ch..,E

JES

JER

b-tagging efficiency
mis-tagging efficiency

lepton reconstruction/trigger

+4.9%
+0.7%
+2.3%
+0.8%
+2.5%

+5.6%
+0.2%
+2.1%
+1.2%
+2.0%

+3.7%
+1.5%
+1.6%
+0.4%
+2.9%
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t-channel@8 TeV: Uncertainty Table

Uncertainty source

Ut-ch. (0/ 0)

Statistical uncertainty

+ 2.7

1_JES, JER, MET, and pileup

+43 —

L —

b-tagging and mis-tag

+ 2.5

Lepton reconstruction/trig. + 0.6
QCD multijet estimation +23
Wijets, tt estimation +2.2
Other backgrounds ratio + 0.3
< Signal modeling +57 b
PDF uncertainty + 1.9
Simulation sample size + 0.7
Luminosity + 2.6
Total systematic + 8.9
Total uncertainty +9.3
Measured cross section 83.6 = 7.8 pb Uncertainty source e (0@ | 0@ ) | R )

Statistical uncertainty +2.7 + 4.9 +5.1

JES, JER, MET, and pileup +4.2 +5.2 + 1.1

b-tagging and mis-tag + 2.6 + 2.6 + 0.2

Lepton reconstruction/trig. + 0.5 + 0.5 +0.3

QCD multijet estimation + 1.6 + 3.5 +1.9

Wjets, tt estimation + 1.7 + 3.6 + 3.0

Other backgrounds ratio + 0.1 + 0.2 + 0.6

[ Signal modeling +49 + 9.4 + 6.1

PDF uncertainty + 2.5 + 4.8 + 6.2

Simulation sample size + 0.6 + 1.1 +1.2

Luminosity + 2.6 + 2.6 —
Total systematic + 8.2 + 13.4 + 9.6
Total uncertainty + 8.7 +14.2 +10.9
Measured cross section or ratio | 53.8 =4.7pb | 27.6 =39pb | 1.95 £ 0.21




t-channel differential @8 TeV: Uncertainty Table

Uncertainty / A [%] Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6
JES +12.2-00 | +1.0-2.1 | +0.0-6.2 | +0.0-16.1 +0.0-26.7 | +0.0-41.0
JER +3.4-0.0 | +0.1-1.0 | +0.3-1.6 +0.0 -2.2 +0.0 -11.1 +0.0 -29.6
met +10.4-12.1 | +#1.9-23 | +89-85 | +25.5-23.4 | +42.1-28.0 | +55.4-31.6
PU +29-00 | +0.0-0.2 | +0.0-1.0 +0.0-3.0 +0.0 -13.1 +0.0-21.0
btagcb +0.7-1.1 +0.2-0.1 | +1.1-0.9 +24-19 +1.1-0.6 +1.2-0.6
btaglight +0.2-0.6 | +0.3-0.2 | +0.1-0.0 +0.3-0.0 +0.9-0.3 +0.4 -0.0
PT +1.5-1.0 | +0.3-1.0 | +0.6-0.3 +34-25 | +10.6-10.3 | +17.3-18.5
mass +2.8-00 | +0.7-0.0 | +0.0-14 +0.0-5.6 +0.0-12.5 | +0.0-35.8
top p-l- LEP +1.0-0.0 | +0.7-0.0 | +0.0-0.3 +0.0-2.5 +0.0-10.2 | +0.0-18.6
scale tchan +0.0-1.0 | +0.9-0.0 | +0.0-0.3 +0.4-0.9 +0.8 -0.0 +13.6 -3.2
scale wjetsbc +11.1-0.0 | +04-6.7 | +0.0-5.7 +0.0-7.5 +20.3-0.0 +6.2 -0.0
scale ttbar +3.8-09 | +1.5-1.2 | +1.5-0.9 +0.0-3.4 +0.0-129 | +0.0-19.1
matching wjetsbc +2.8-1.5 +1.3-1.3 | +0.0-3.5 | +0.0-13.1 +29.0-0.0 | +72.0-0.0
matching ttbar +1.7-00 | +0.3-0.2 | +0.5-04 +0.0-2.8 +0.0-9.0 +0.0-31.1
MuRes +1.0-0.0 | +0.0-0.5 | +0.2-0.0 +0.2-0.0 +0.0-3.9 +0.0-94
QCD +0.0-1.2 +0.80.0 | +0.0-0.9 +1.40.0 +7.20.0 +0.0 -4.1
PDF +0.1-0.9 +0.0-0.1 | +0.5-0.1 +1.8-0.3 +3.5-0.6 +3.8-1.6
Total systematic uncertainty | +20.9 -12.5 | +3.4-7.7 | +9.1-12.8 | +26.0-33.4 | +56.6 -49.2 | +93.7 -86.1
Uncertainty / A [%] Bin1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6
JES +0.7-51 | +24-23 | +0.6-0.2 | +3.6-22 | +5.8-19 | +2.6-0.8
JER +0.0-29 | +1.9-00 | +0.8-00 | +1.4-09 | +1.3-1.7 | +0.0-2.2
met +6.1-9.2 | +42-32 | +1.9-05 | +5.1-5.0 | +7.3-6.8 | +74-6.6
PU +00-1.5 | +0.5-00 | +0.1-0.2 | +0.5-0.0 | +1.2-0.0 | +1.6-0.0
btagcb +0.0-0.5 | +1.0-0.0 | +0.4-0.0 | +0.0-0.2 | +0.0-0.9 | +0.0-1.1
btaglight +0.0-0.7 | +1.0-0.0 | +0.4-0.0 | +0.0-04 | +0.0-1.0 | +0.0-1.2
PT +03-0.2 | +0.1-0.2 | +0.0-0.2 | +0.3-0.2 | +0.4-0.1 | +0.0-0.3
mass +21-11 | +14-00 | +0.6-0.6 | +0.0-1.6 | +0.0-1.8 | +0.0-1.2
top |y| LEP +0.0-0.2 | +1.1-0.0 | +0.2-0.0 | +0.0-0.5 | +0.0-1.2 | +0.0-0.9
scale tchan +22-00 | +1.5-00 | +0.3-0.0 | +0.0-1.2 | +0.0-3.3 | +0.0-3.3
scale wjetsbc +94-00 | +0.0-29 | +0.0-3.5 | +0.8-3.7 | +3.7-1.8 | +45-4.6
scale ttbar +04-16 | +0.3-04 | +04-00 | +09-0.0 | +1.1-0.6 | +1.5-2.3
matching wjetsbc +0.0-75 | +0.0-82 | +1.8-39 | +8.3-0.0 | +16.0-0.0 | +20.8 -0.0
matching ttbar +03-0.1 | +0.2-0.2 | +0.5-0.2 | +0.3-0.0 | +0.0-0.5 | +0.0-1.1
MuRes +1.1-00 | +04-0.0 | +0.0-0.2 | +0.0-0.6 | +0.0-0.9 | +0.0-1.3
QCD +0.0-3.6 | +0.0-1.5 | +0.10.0 | +1.60.0 +3.7 0.0 +4.8 0.0
PDF +09-1.7 | +04-09 | +0.2-0.2 | +1.1-0.6 | +2.1-1.1 | +21-1.1
Total systematic uncertainty | +11.7-14.1 | +6.0-9.7 | +3.0-53 | +10.8-7.1 | +19.5-8.7 | +23.4-9.7




tW - channel @ 8TeV: Uncertainty Table

Systematic uncertainty Ao (pb) Ac/o
ME/PS matching thresholds 3.3 14%
Renormalization/factorization scale 2.9 12%
Top-quark mass 2.2 9%
Fit statistical 1.9 8%
Jet energy scale 0.9 4%
Luminosity 0.7 3%
Z+jets data/simulation scale factor 0.6 3%
tW DR/DS scheme 0.5 2%
tt cross section 0.4 2%
Lepton identification 0.4 2%
PDF 0.4 2%
Jet energy resolution 0.2 1%
b-tagging data/simulation scale factor 0.2 <1%
tt spin correlations 0.1 <1%
Pileup 0.1 <1%
Top-quark pt reweighting 0.1 <1%
EMSS modeling 0.1 <1%
Lepton energy scale 0.1 <1%

Total 5.5 24%




s - channel @ 7+8TeV: Uncertainty Table

Source Uncertainty (%)

u,7TeV. u,8TeV e, 8TeV u-+e,8TeV 7+8TeV
Statistical 34 15 14 10 11
tt, single top quark rate 29 15 14 12 14
W /Z+jets, diboson rate 23 11 13 12 12
Multijet rate 9 3 5 2 2
Lepton efficiency 14 1 2 1 3
Hadronic trigger 5 — — — 1
Luminosity 10 5 6 4 6
JER & JES 66 39 29 34 18
b tagging & mistag 34 15 14 14 16
Pileup 6 11 7 9 7
Unclustered Et 5 8 2 6 5
UR, UF scales 54 34 31 30 28
Matching thresholds 43 11 12 7 17
PDF 12 8 7 7 9
Top quark pT reweighting 3 5 7 6 6
Total uncertainty 115 64 54 55 47




Top polarization in t-channel@8 TeV: Uncertainty Table

6A,(t)/1072 6A,(t)/107% 6A,(t+t)/1072
Statistical 3.2 4.6 2.6
ML fit uncertainty 0.7 1.2 0.6
Diboson bkg. fraction <0.1 <0.1 <0.1
Z/y*+jets bkg. fraction <0.1 <0.1 <0.1
s-channel bkg. fraction 0.3 0.2 0.2
tW bkg. fraction 0.1 0.7 0.2
Multijet events shape 0.5 0.7 0.5
Multijet events yield 1.9 1.2 1.7
b tagging 0.7 1.2 0.9
Mistagging <0.1 0.1 <0.1
Jet energy resolution 2.7 1.8 2.0
Jet energy scale 1.3 2.6 1.1
Unclustered Er 1.1 3.3 1.3
Pileup 0.3 0.2 0.2
Lepton identification <0.1 <0.1 <0.1
Lepton isolation <0.1 <0.1 <0.1
Muon trigger efficiency <0.1 <0.1 <0.1
Top quark pr reweighting 0.3 0.3 0.3
W-jets W boson pr reweighting 0.1 0.1 0.1
W jets heavy-flavour fraction 4.7 6.2 53
W+iets light-flavour fraction <0.1 <0.1 0.1
Wijets cos 0;, reweighting 29 34 3.1
Unfolding bias 2.5 4.2 3.1
Generator model 1.6 3.5 0.3
Top quark mass 1.9 29 1.8
PDF 0.9 1.6 1.2
t-channel renorm. /fact. scales 0.2 0.2 0.2
tt renorm. /fact. scales 2.2 34 2.7
tt ME/PS matching 22 0.5 1.6
Wjets renorm. /fact. scales 3.7 4.6 4.0
Wjets ME/PS matching 3.8 3.0 3.4
Limited MC events 2.1 3.2 1.8
Total uncertainty 10.5 13.8 10.5




Anomalous ty-coupling @8 TeV: Uncertainty Table

Type Source tuy (%) tcy (%)
Integrated luminosity 1.8 4
Rate Background normalization (W + jets) 5.6 3
Background normalization (W + jets) 2.5 1.1
Other background normalizations <1 1
Trigger efficiency 2.2 0.4
Pileup effects 7 2.3
Lepton identification and isolation <1 4.4
Photon identification and isolation 1.9 4.5
Photon energy scale <1 3.1
Rate+Shape b tagging and mistag efficiency 1.1 4
Jet energy scale 2.9 2.2
Jet energy resolution 2.1 3.4
PDF 3.1 <1
Scale 1 24
Top quark mass 2.5 1




Input to Multivariate Analysis for t-channel @ 13 TeV

Rank Variable Description

1 light quark |7 Absolute value of the pseudorapidity of the
light-quark jet

2 top quark mass Invariant mass of the top quark reconstructed
from muon, neutrino, and b-tagged jet

3 dijet mass Invariant mass of the two selected jets

1 transverse W boson mass Transverse mass of the W boson, calculated from
the muon momentum and the /- -

5 jet-pt sum Scalar sum of the transverse momenta of the two jets

6 cos 0" Cosine of the angle between the muon and the
light-quark jet in the rest frame of the top quark

7 hardest jet mass Invariant mass of the jet with the largest
transverse momentum

8 AR (light quark, b quark) Difference in R between the light-quark jet and
the b-tagged jet.

9 light quark pr Transverse momentum of the light-quark jet

10 light quark mass Invariant mass of the light-quark jet

11 W boson |7 Absolute value of the pseudorapidity of

the reconstructed W boson
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Input variables to MVA in t-channel differential cross-section @ 8TeV

rank in channel

rank in channel

variable u+jets e+jets | variable ut+jets etjets
Mg 1 1 C 11 12
Myyb 2 2 PT,lq 12 9
mjeﬂ,jetz 3 3 D 13 17
mrtw 4 4 m]-e.tl 14 5
Qv 5 6 ET"® 15 14
My, 6 13 | Ap[jet2, Hr] 16 16
Hw 7 7 mjetz 17 3
Ap[L,1g] 8 11 | AR[jet1,E1] 18 15
M, 9 — Apljet2, ?] — 10
A¢ljetl,Et] 10 — Aplanarity — 18

Event shape variables:
C =3 x (MA2+A2A3+A3A1), measures 3-jet structure an the event
D = 27x(A1A2A3), measures 4-jet structure of an event

Aplanarity = 3A3/ 2 , measures transverse momentum component out of event plane

where A -s are eigen values of linearized momentum tensor



Top polarization in t-channel @ 8TeV: MVA inputs

e the invariant mass of the top quark candidate, my, ,, ;

o the absolute pseudorapidity of the untagged jet, |7 |;

e the absolute pseudorapidity of the b-tagged jet, |7p|;

e the invariant mass of the b-tagged jet from the summed momenta of the clustered
tracks, my,;

Input variables for BDTwar

e the transverse momentum of the muon, pﬁf ;
e the transverse momentum of the b-tagged jet, p]%;
e the transverse mass of the W boson candidate,

ma(W) =V (P + Br)? — (Pl + B 2)* — (Pl + )

e the missing transverse energy, Et;

e the total invariant mass of the top quark candidate and the untagged jet system, 3;
e the transverse momentum of the hadronic final-state system, Ht = (pp + Py )t-

e the missing transverse energy, Et;
e the invariant mass of the top quark candidate, my,,,;

e the absolute pseudorapidity of the top quark candidate, |7y, |;
Input variables for e the transverse momentum of the b-tagged jet, p2;

U, jets
BDTMuItijet e the event isotropy, defined as (Smax — Smin)/Smax With § = Z 7 - 7|, where the

1
unit vector in the transverse r—¢ plane, # = (cos ¢, sin¢), can be chosen to either

maximise or minimise S.

BD Twmuriiet > -0.15 to reject QCD multijet background



Top polarization in t-channel @ 8TeV: BDTwunijet Distribution

2jets 1tag, 19.7 fb (8 TeV) 3jets 2tags, 19.7 fb' (8 TeV)
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W 8000 ERL L ot
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tW-channel @ 8TeV: MVA inputs

Variable Name

Description

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

pr(jet)

pr(loose jet)
pT /Hr

Msgys
Centrality (j¢/)
Hy(leptons)/Hry

pr(jél)
ErlfnlSS

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

Number of loose jets, pt > 20GeV, |y| < 2.4

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

Vector sum of pr of leptons, jet, and EXss

Scalar sum of pt of leptons, jet, and E7"**°

pt of the leading, tight, b-tagged jet

pt of leading loose jet, defined as 0 for events with no loose jet present
Ratio of p7” to Hr for the event

Invariant mass of the combination of the leptons, jet, and ET"**
Centrality of jet and leptons, defined as ratio of transverse to total energy
Ratio of scalar sum of pr of the leptons to the Hr of full system

Vector sum of pr of jet and leptons

Missing transverse energy in the event




s-channel: MVA inputs

Variable | Description

peP vector sum of pt of the two b-tagged jets

my,p-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

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

Muon Et missing transverse energy

Aoy | difference in azimuthal angle between top quark and the recoiled b-tagged
jet

cos 0 cosine of the angle between the lepton and the beam axis in top-quark rest
frame

ARpp angular separation between the two b-tagged jets

Hrt scalar sum of pr of all jets

ps transverse momentum of the lepton

Variable | Description

mr tranverse W boson mass

A®y,, 1y | difference in azimuthal angle between top quark and recoiled b-tagged jet

I7A\ missing transverse energy

My, invariant mass of the lepton and the second-to-leading b-tagged jet
Electron | cost” cosine of the angle between the lepton and the b-tagged jet recoiling against

the top quark, in the top-quark rest frame

ptP vector sum of pt of the two b-tagged jets

ARpp(*) | angular separation between the two b-tagged jets

ps transverse momentum of the lepton

myp-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

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

Hrt scalar sum of pr of all jets




Anomalous coupling limit from W helicity measurement

_ i
o = — 8By K (VLB + VRPR)EW ™, — -5-b° 1 (@ +@RPR)tW, +hec.

V2 V2  mw
,CMS 1977 (8 TeV)
0.5
"
(@)
T
Y

05 W@68%CL  + Bestfi

- @ 95%CL --------- SM pred.
I_ | | | I | | | 1 | | | I | | 1
-04 -0.2 0 0.2 0.4
Re(g))

- Results interpreted in terms of anomalous, real tensor coupling with
the assumption Vg=0
- Best Fit values: gL =-0.017, gr=-0.008



W helicity measurement @ 8TeV: Uncertainty Table

Muon channel Electron channel Combination

AF AF AF AR AF, AF
Experimental | 0.010 0.009 | 0.008 0.005 0.010 0.010
Modeling 0.025 0.017 | 0.025 0.022 0.025 0.020
Normalization | 0.002 0.008 | 0.012 0.014 0.011 0.012
SM W helicities | 0.007 0.004 | 0.005 0.003 0.007 0.004
MC sample size | 0.026 0.012 | 0.025 0.015 0.020 0.012
tWb in prod. 0.014 0.016 | 0.010 0.018 0.011 0.014
Total 0.041 0.030 | 0.040 0.036 0.037 0.032
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Post Fit Plots t-channel @ 13TeV
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t-channel theory cross - section

7 TeV
N e T T T
41.80 +1.24 -0.82 +1.28 -1.28 +1.78-1.52  +0.42-0.42
anti-top 22.02 +0.67 -0.43 +1.08 -1.08 +1.27-1.16  +0.24 -0.23
top + anti-top 63.89 +1.92 -1.25 +2.19-2.19 +2.91-252  +0.65-0.65
8 TeV
N T
54.87 +1.64 -1.09 +1.60 -1.60 +2.29-1.94  +0.52-0.52
anti-top 29.74 +0.92 -0.59 +1.39 -1.39 +1.67 -1.51 +0.30 -0.30
top + anti-top 84.69 +2.56 -1.68 +2.76 -2.76 +3.76 -3.23  +0.82-0.82
13 TeV
N T T AT A T
136.02 +4.09 -2.92 +3.52 -3.52 +5.40-4.57  +1.11-1.11
anti-top 80.95 +2.53 -1.71 +3.18 -3.18 +4.06 -3.61 +0.71 -0.70
top + anti-top 216.99 +6.62 -4.64 +6.16 -6.16 +9.04 -7.71 +1.81 -1.81

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/Single TopRefXsec



tW , s - channel theory cross - section

7 TeV

top + antitop 15.74 +0.40 -0.40 +1.10-1.14
8 TeV

ode | Contra valus | Scaleuncert.| PDF uncert. JRNASRCULILE

top + antitop 22.37 +0.60-0.60 +1.40-1.40

13 TeV
top + antitop 71.7 +1.80-1.80 +3.40-3.40
7 TeV
I T A T
2.76 +0.08 -0.07 +0.08 -0.08 +0.11-010  +0.06 -0.06
anti-top 1.52 +0.04 -0.04 +0.07 -0.07 +0.08-0.08  +0.04 -0.04
top + anti-top 4.29 +0.12-0.10 +0.14 -0.14 +0.19-017  +0.10-0.10
8 TeV
R T ey
g - Channel 3.34 +0.09 -0.08 +0.09 -0.09 +0.13-012  +0.07 -0.07
anti-top 1.90 +0.05 -0.04 +0.08 -0.08 +0.10-0.09  +0.05-0.04
top + anti-top 5.24 +0.15-0.12 +0.16 -0.16 +022-020  +0.12-0.12
13 TeV
https://twiki.cern.ch/twiki/bin/view/ pp 4018015 010014 ] 3023020 | 40.14.013
LHCPhySiCS/Sing|eTopReszeC anti-top 3.97 +0.11 -0.09 +0.15-0.15 +019-017  +0.09-0.09

top + anti-top 10.32 +0.29 -0.24 +0.27 -0.27 +0.40-0.36  +0.23-0.22



