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Single top @ colliders

Single top quark production occurs via electroweak interactions:

q t
q q g t
%/ t W+
b t _ _
b W= q’ b
t - channel tW - channel s - channel

Discovered in 2009 @Tevatron ( PRL 103 092002 , PRL 103 092002 )

It is one of the important electroweak processes for the following reasons:

> allows measurement of the CKM matrix element 1Vl
> can reveal anomalies in the structure of tWb coupling
> allows study of top quark polarization and b-quark PDF

> sensitive to new physics via s-channel (new resonances like H*, W’) and t-channel (FCNC processes)
- t-channel has the highest cross-section among the three production modes

> Ot.ch = 1/3 Oit

> already entered a precision regime at the LHC 3


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.092001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.092002

Vip using single top

Vib appears in production and decay of the top quark

W+

g |\/;b\2

H/;fb ‘mea,s. _ 0-63319-
Otheory

Otheory in SM > [Vl ~1, IVipl >> |th|, Vil

Direct Measurements: see other talks

| . . Ve Vs Vi
Questions regarding CKM matrix: Vo V” Vus V”
> |s it a 3x3 matrix? Why not 4x4 or even ~ KM — | Yed o Fes o Yeb
larger? Vid Vi Vi
: : Ratio Constrained from Measured under
> IS It unltary? Bs oscillations certain assumptions

IVidl? + [Visl? + [Vipl2 =17



Cross-section and V, measurements



’
q q — Light flavor quark recoiling against
top quark with high Inl

Z — high pr isolated lepton

\ - Missing Et

b — b-jet: high pr, central

b — 2nd b-jet: low pr, broad Inl, often
escaping detector acceptance or
selection criteria

Top reconstruction:
- Reconstruct W from uv

— use mw=80.4 GeV (PDG mass) constraint to resolve pzy
Add W candidate to b-jet to get top

Most abundant mode of production suitable for precise measurements



t-channel inclusive cross-section @13 TeV

- Analysis performed in electron and muon final state
- Typical 2J1T selection(2 jets, one of them b-tagged)
Dominant backgrounds : tt', W+Jets
NN trained to discriminate t-channel from tt” and W+Jets
> Input Variables: miop, mjp, mr, light quark Inl etc
ML fit performed to NN discriminant in data to extract cross-section
Dominant systematics: Parton shower modeling, b-tagging efficiency, JER

o(tg) = 156 £ 5 (stat) £ 27 (syst) = 3 (lumi) pb

o(t q) =91 =4 (stat) + 18 (syst) =+ 2 (lumi) pb

o(tq + t q) = 247 = 6 (stat) £ 45 (syst) £ 5 (lumi) pb =247 £ 46 pb
Ri=1.72 £ 0.09 (stat) £ 0.18 (syst)

IfLv Vinl = 1.07 £ 0.01 (stat) £ 0.09 (syst) £ 0.02 (theory) £ 0.01 (lumi)
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t-channel inclusive cross-section @13 TeV

- Typical 2J1T selection

-+ Main Backgrounds: tt", W+Jets, QCD multijet
(inverting lepton isolation)
- MVA to discriminate t-channel signal against tt™ & W+Jets
~|nputs variables: Light quark Inl, mip, mj, mtW etc.

- Rtch Is extracted by floating it during fit to data

- Dominant uncertainties: Signal modeling, ur/ ur scale, PDF

Otch,t = 150 * 8 (stat) £ 9 (exp) £ 18 (theo) + 4(lumi) pb = 150 = 22 pb
Rt.ch =1.81 £0.18(stat) £ 0.15 (syst)
Otch,t = 82 £ 10 (stat) £ 4 (exp) £ 11 (theo) =2 (lumi) pb =82 + 16 pb

Ot-ch, t++ = 232 = 13 (stat) = 12 (exp) £ 26 (theo) = 6 (lumi) pb =232 + 31 pb
IfLv Vinl = 1.03 = 0.07 (exp) = 0.02 (theo)

- Data-driven QCD estimation from fit to mtW

23fb 13TeV
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t-channel differential cross-section @13 TeV &

CMS Preliminary 2.3fb" (13 TeV) CMS Preliminary 2.3fb" (13 TeV)

2J11T event selection

ent selection S Sloeerow o 1E Vaeereng ]

BDT trained with variables uncorrelated ¢ 25 mw o Mool | S 18 m(w)>50GeV & BDT>06 Wecramel |
to tOp PT and |y| % 16 WWZ+jets g 1.2 top |y| EW/Z+jets -
. . s 14 [IMultijet 3 o 1 [IMultijet

Cut on BDT output to obtain signal a1 Toalsyst. 1 5 0.8 Total syst. -
enriched sample : toppr 1% o4 i
Unfold background subtracted datato = 2 S 1, o :
compare with MC prediction z 12 12 e

. . . . . = s 1 = £ ®

Dominant uncertainties: data statistics, & osi\,) A\ 8o o e

“R/ “F Scale, tOp quark mass, ‘JEC °1 %0 top nggrk PT (Ge\c;.)oc ’ oo 1 "o top qlzjark lyl
Harder prt spectrum observed in data
compared to prediction in signal

enriched region Due to low statistics in data and syst. effects
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tW-channel@ 13 TeV @s

b

. Interference with tt™ at 6(as) i 1
- Dilepton (ee, epM, uM) final state d f
- Events categorized in bins of #of jets and # of b-tags o ¢
- Signal region: 1j1b (S/B = 25%), 2j1b (S/B = 10%) ’
- Dominant background: tt” £12000F ATLaS Prominey |y pwacons
- 2 different BDTs trained in 1j1b and 2j1b region to % 10000F 5= 19TeV. 327" = N

discriminate signal from tt~ background 8000¢ e
- tt” normalization controlled by simultaneous fit in 2j2b region *"t ‘

- Measurement:

ow = 94 = 10 (stat) +28 .3 (syst) pb

SM: o(tW)=71.1 3.9 pb
=> 4.50 Significance

Dominant uncertainties:
> JES (23%),
> NLO ME generator modeling (16%)
> Parton shower and hadronization
modeling (20%)

ATLAS-CONF-2016-065
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tW-channel@ 8TeV

- Observation of tW -channel with significance > 50 | b reerrmmsca 0"
by both CMS and ATLAS at Vs = 8 TeV | e

> CMS: Phys. Rev. Lett. 112, 231802 e,

> ATLAS: JHEPO01(2016)064 scale ® PDF uncertainty

Oy x(stat) =(syst) =(lumi)

- Cross-section measurements are combined

. Overall precision: 16 % (CMS: 23%, ATLAS:17%)  |"IAS m=200®!
+ Overall correlation: 40% (Wcvs=30%, WaTtiLas=70%)
- Dominant uncertainties: ISR/FSR and ur/ UrF scale Cp“:f;:g;;fj;;‘soz
(9.9%), Parton shower modeling and ME-PS
matching threshold (5.40/0) etc. LHC combined (May 2016)

ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019

23.0+13+35=1.1pb

234+20+46=0.7pb

23.1+1.1+:33 0.8 pb

Effect of LHC beam energy uncertainty:
0.38 pb (not included in the figure)

1|
0 10 20 30 40 50
Oy [Pb]

ow: = 23.1x 1.1(stat)x 3.3(syst)x 0.8(lumi) pb =23.1 £ 3.6 pb
IfivVib | =1.02 =0.09

CMS-PAS-TOP-15-019 ATLAS-CONF-2016-023

11



Lepton + 2 b-jet final state (2J2T)
Dominant backgrounds : t’,
t-channel single top, W+bb

Matrix-element-method to separate signal from
backgrounds - approximate signal probability P(SIX)
Profile likelihood fit of signal and background

templates of P(SIX) to the data

Test of B vs S+B hypothesis
=> evidence with 3.20 signal significance
Measurement:

o =4.8 +0.8 (stat) +1-6 _1 3 (syst) pb

osm =5.2 £0.2 pb
> Precision limited by data statistics

0_0103 """" rrrrr T
"= » ATLAS —— Null hypothesis .
- 10 \s =8 TeV, 20.3 fb" —— Signal hypothesis
a F  wweess Expected q,

10 —— Observed q

1072
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107°

| -

Expected significance = 3.9 ¢
Observed significance = 3.2 ¢
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7777 Post-fit uncertainty
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s - channel in CMS

. Lepton + 2 b-jet final state Muon, 5.1 fb”! (7 TeV), 2-jets 2-tags Muon, 19.7 fo! (8 TeV), 2-jets 2-tags

: : : : : S T T 7 o Data “’2000: """"""" T T 7 « Data
- Tiny signal in comparison with 3 sof cwms S Oschannel 5 180 cms = s channel
S . 7 [t channel (n 1600— - channe
backgrounds G 4o Muon 7 TeV 1Ow 5 1a00f Muon 8 TeV EIWh |
. - - 1 @tt w = t
- Dominant backgrounds : t", aof Mg OO 202 Wz
. - N +ets c ] +ets
t-channel single top, W+bb - \ {Hoewon w00 | Mooson
. . - i ultye 600 - [JMultijet
- BDTs trained in 2J2T and 3J2T .- S Jmsystune. o I @syst unc
] - . _ E NRate syst. :_ m NRate syst
m S-channel vs rest in 2J2T NS e o R Y - s = |
_ _ 0.8 -0.7 06-05-04-03-02B-8T1Dlgcr"?“:‘ar?t2 35 03 025 02 015 01 -005 0 005
f— tt VS reSt in 3J2T BDT Discriminant
- Likelihood fit to BDTs ———Feckon, 1971 (G Tev). i 2ege
: e S 1400 ] o Data
- Largest systematic uncertainties: 2 cMs | Os channel
3 — — [lt channel
w R/ UF Scale, ME-PS @ r Electron 8 TeV Imtw

1000F 1 [t
| W Z+jets
1 W+jets
—] [IDiboson
4 [JMultijet

0s = 7.1 £ 8.1 (stat + syst)pb, muon channel, 7 TeV; 6001
- aas 1 [ Syst. unc.

w JES, JER, F7 2J2T

800 F

400 F
os = 11.7 £ 7.5 (stat + syst) pb, muon channel, 8 TeV;
0s = 16.8 & 9.1 (stat + syst) pb, electron channel, 8 TeV; oEelT L

-08 -06 -04 -02 0 02 04

0s = 13.4 & 7.3 (stat + syst) pb, combined, 8 TeV. JHEP 09 (2016) 0;[; Discrminan
Channel Observed UL Expected UL—SM signal Expected UL—no signal

u, 7 TeV 314 pb 25.419.0, 36.6] pb 20.2 pb

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

7+8 TeV 4.7 3.1[2.1,4.0 2.2
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ATLAS

EXPERIMENT

Summary of cross-section measurements

" ATLAS+CMS Preliminary LHCIOPWG = AtLAs tchannel :

. . PRD90(2014) 112006, paper in preparation,
- Single top-quark production arXiv:1609.03920 .

— ® CMS t-channel 7
November 2016 JHEP12 (2012) 035, JHEPO6 (2014) 090,

— arXiv:1610.00678 =

= PLB716(2012) 142, JHEP01(2016) 064, -

ATLAS-CONF-2016-065

O CMS Wt
t-channel PRL110(2013) 022003, PRL112(2014) 231802

LHC combination, Wt
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

gErE - U ST 4 ATLAS schannel

ATLAS-CONF-2011-118 95% CL,
PLB756 (2016) 228

— ¥ CMS s-channel —
arXiv:1603.02555 95% CL
| Y Wt x 748 TeV combined fit 95% CL _

—h
o
N
1]
»*

Inclusive cross-section [pDb]

V2
N

o : ' - == NNLO PLB736(2014) 58 _

e Lo scale uncertainty

_ - == NLO+NNLL PRD83(2011) 091503,
1 O [ PRD82 (2010) 054018, PRD81(2010) 054028

Wit: tf contribution removed
s-channel scale ® PDF @ a uncertainty

—— NLO NPPS205(2010) 10, CPC191(2015) 74
MR= MF= Miops =
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
Wt: p: veto for tf removal=60GeV
and ”F=65 GeV

L - scale uncertainty -

scale ® PDF & a4 uncertainty
Myy,= 172.5 GeV

[e10] Jels

Vs [TeV]
14



ATLAS+CMS Preliminary LHCtopWG

O
If V| = Y o— from single top quark production

0theo
o, .. NLO+NNLL MSTW2008nnlo

heo-
""°°"PRD 83 (2011) 091503, PRD 82 (2010) 054018,
PRD 81 (2010) 054028
Aoy,..: scale ® PDF

My, = 172.5 GeV

November 2016

-+

total theo

If, V! = (meas) = (theo)

t-channel:
ATLAS 7 TeV' = 1.02 + 0.06 + 0.02
PRD 90 (2014) 112006 (4.59 fb™")
ATLAS 8 TeV '™ H=H 1.028 + 0.042 = 0.024
Paper in preparation (20.2 fo™ )
CMS 7 TeV He— 1.020 = 0.046 = 0.017
JHEP 12 (2012) 035 (1.17-1.56fb™")
CMS 8 TeV et 0.979 = 0.045 = 0.016
JHEP 06 (2014) 090 (19.7 fb™") :
CMS combined 7+8 TeV —<—] 0.998 =+ 0.038 = 0.016
JHEP 06 (2014) 090
CMS 13 TeV? —e—] 1.03 = 0.07 = 0.02
arXiv:1610.00678 (2.3 fo™")
ATLAS 13 TeV?® ] 1.07 = 0.09 = 0.02

arXiv:1609.03920 (3.2fb™")

Wit:
ATLAS 7 TeV }

| 1.03 *21% + 0.03

PLB 716 (2012) 142 (2.05fb™")

-0.18 —

CMS 7 TeV ;
PRL 110 (2013) 022003 (4.9 fb™")

1 +0.16 +0.03
1 1.01 -0.13 -0.04

ATLAS 8 TeV "* |_|_._|_| 1.01+0.10 = 0.03

JHEP 01 (2016) 064 (20.3fb™")
CMS 8 TeV' |

PRL 112 (2014) 231802 (12.2fb™")

| 1.03 = 0.12 = 0.04

LHC combined 8 TeV et 1.02 = 0.08 = 0.04

ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019

ATLAS 13 TeV?
ATLAS-CONF-2016-065 (3.2fb™")

-channel:

(/]

s l : 1.14 =+ 0.24 + 0.04

ATLAS 8 TeV’ : -

PLB 756 (2016) 228 (20.3 fb™)

0.18
| 0.93 7 5, + 0.04

! including top-quark mass uncertainty
2 o, :NLO PDF4LHC11

theo

NPPS205 (2010) 10, CPC191 (2015) 74
8 including beam energy uncertainty

1.2 1.4 1.6 1.8
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Probing the tWb vertex using
t-channel single top events



Top polarization in t - channel

1 do 1 (3) 1 1 N(1) -N{)

- = —(14+P"axcosf%) = =+ Axcosfy | Ax =5 Piax =

o d cos 0% 2( t 2X x) 2 X X 2 N(T)+N{)
. _ _ _ ___ 2jets 1tag, 19.7 "' (8 TeV)

- 0x" = Angle between muon and light quark in 5 1200F CMS BDTwi>045 1 | [0
top rest frame £ 1000 | Il t-channel

_ : : 4 ® 800F 1l s-ch./AW
Pt : Top polarization , &x =1 in SM > - .

. 2J1T event selection 400 f-:\’ﬂv’ft{f":’°s°”
Fit BDT discriminant to determine signal and 200 | i Multe
background normalization O 12 3 + . S Total syst.

- Cut on BDT output to select signal enriched s 10 + S
region S .
Unfolding to correct for detector effects -0 05 00 05 00861*-0

1)

Aymeas = 0.26 + 0.03 (stat.) £0.10 (syst) =0.26 £0.11_ CMS  u+jets,t+1 19707 @TeV)

A,SM=0.44 531 15— POWHEG (5FS) + Pythia6 E

H ) o S o9 - aMC@NLO (4 FS) + Pythia 8 =
=> Measured value ~2c away from SM prediction T g ComPHEP+ Pythiag E
- e Unfolded data ¢ 7

'8 0.7 T Stat. | Total T -

5 06/ | * 3

- JES, JER, W+ heavy flavor jets modeling, Q2scale, = os; Lt E

PDF etc. are the main source of uncertainties 04 # + E
0.3 =

0.25— =

JHEP 04 (2016) 073 M

0-1 -08 -06 -04 -02 0 02 04 06 08 1

Unfolded cos6} 17



Anomalous couplings at 7 TeV

General structure of tWb vertex : JHEP 04 (2016) 023
anom. N - i

Wb — —%b’Y” (VLPL + RPR)tW ™, 5— o ay

SM predicts: Vi = Vi, VrR=gL=gr=0 1 W

Measurement of angular distrbn. of 7+ using t-channel

> constraint on coupling structure
Select a relatively pure sample of t-channel events
Define prob. density of (cos6*, ¢*) and construct a likelihood

Result from a 2-Dim fit:
Re[gr/VL] € [-0.36,0.10], Im[gr/V.] € [-0.17,0.23]

(gLPL + gRPR)tW u + h.c.

> consistent with SM

— O T T T T T T T T
2 = ATLAS + Data 3
2 80 \s_7Tev, 461" T el
— [ y , S-Channe —

§ 70:_ Muon signal region W +jets = 2 T T [

w - = ﬁﬂ'lets, Diboson - 2&: 04— ATLAS + Best Fit

- ultijet - - . -

60~ T MC sjtat. + multjetunc. 5 % L \s=7TeV,461b 1 e SM |

501 \ \ E T 02 [68% CL —

40F- = B [ ]95%CL |

30— Z o -

20F- - ]

10:_ '02__ __

mee O T i ]

. E I I 1T I [T TTTT I TT I = - — —

? 15 . = 041 -

ﬂ\“—j 1%%1/-/ L L e o mm/-/,w 111 H Y HA G H 1§, ﬂé B 7

(DG 052_, T T T T N T E _0-6 T v v v b by bvv vy b v by v v by g g o T

1 -08 -06 -04 -02 O 0.2 0.4 0.6 0 8 1 04 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4

cos(6%) |m[gR/ V] 18



Top and W polarization observables can be extracted from [ w
asymmetries in different angular distributions

Asymmetry Angular observable

Polarisation observable

SM prediction

A%B cos 6
ALY cos Oy cos 0
App cos 0,
Apc cos 0,
AL, cos 0F
AN, cos O
Agi_;f cos 0 cos ¢
Agﬁb cos 0 cos ¢y

TP 0.45
SP(Fr + F1) 0.10
3(S3) =3 (Fr — 1) —0.23
2/3(To) = & (1 — 3F) —0.20
3(Sy) 0.34
—2(S3) 0
—2(Ay) —0.14
2(A) 0

W boson rest frame:

[ d(cos6})d¢, 8

] dl’ 3 {2 ]

3 V6

<Tp> (l — 3 cos’ 6,) + <851> cos 6

+ <8);>cosg;sinf; + <85> sing; sinf;

- <A|>cosd;sin2f; — <A;> sing; sin26;} :

Top rest frame:

dI’

1
= —(l+axPcosfy)

1
r d(cosfy) 2

Agc

Asymmetries

~ N(cos8 > 0) - N(cosd < 0)

Arp = N(cos® > 0) + N(cosf < 0)°

N(|cosB| > 1) — N(|cos 8| < 1)
"~ N(|cos8| > })+ N(|cosé| < %)

ATLAS-CONF-2016-097 19



Anomalous couplings at 8 TeV A@)S

Measured angular distributions are unfolded at parton level
after background subtraction
- Angular asymmetries are extracted from unfolded
distribution
- Dominant uncertainties: data statistics, signal and tt
modeling , JES etc.

alP= 0.96 + 0.05 (stat) = 0.10 (syst)

P(Fr + FL)=
Im gr € [-0.1

7, 0.06]

0.26 £ 0.08 (stat) = 0.14 (syst)

I I I | I I I I I I I I I I I I
ATLAS Preliminary
\s =8TeV, 20.2 fb" ot AL
—® — AFB
—o+ Acc
H@H) A’;B
— @+ A-II:-B
o) ¢ SM prediction AN
— Stat. uncertainty FTB
@ — Total uncertainty Arg
| | | | | | | | | | | | | | | | | | | |
-0.4 -0.2 0 0.2 0.4 0.6

Angular asymmetry

ATLAS Preliminary
\s=8TeV,20.2 b

— @ <5;>
— ot <T>
o <S>

—4-+— <S>

@ <A >

¢ SM prediction O <A>

— Stat. uncertainty
— Total uncertainty

II|III|III|III|III|III|III|]II|I

-06 -04 -02 0 02 04 06 0.8

W boson spin observable

Events /1.0

Events /1.0

Data

Data

LI B B B S L L B B B B S S N B S B N B B By B S

i i It)ata 2012 ATLAS Preliminary |
10000 mm lj/t,“—) \s=8TeV,20.2fb" |
| 7 Signal region
] WHjets
[ [ VV.,Z+jets
L I Multijet
| % Stat.+Multijet unc.
5000
0
2 St W//W//{///W
1 08 06 -04 02 0 02 04 06 08 1
coso)
150001 o paazotz  ATLAS Preliminary ]
. = ﬁ,t,t,—) \s=8TeV,20.2f" |
- I Signal region
[ W+ijets T
10000 [ VV.Z+jets ]
B Multijet T
- 7, Stat.+Multijet unc.
5000 !
0
<1.05F ' ' ' '
P W/W////W//%%W/W/W
-1 08060402 O 02040608 1
CcOs6,
ATLAS-CONF-2016-097
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Anomalous couplings with Run-l data

_ _o*o, W,
e = %b'ﬂ‘ ( fLp + f%}PR) tW;, — \%b M"w £ ( Lo+ fIBPR) t+he,
SM => vt = Vi, Wi =r- =17 =0 arXiv:1610.03545
Search in u final state, 2J1T event selection Submitted to JHEP

QCD multijet events are rejected using dedicated NN

2 or 3 of four anomalous couplings are considered simultaneously in 2-D or 3-D scenarios
Dedicated NNs for anomalous tWb couplings are used

Limit extracted by simultaneous fit to SM NN and anomalous tWb NN
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Anomalous couplings with Run-l data

fvt >0.98, 1 fvRl < 0.16, | 1l < 0.057
-0.049 < IftR | < 0.048 (from 1-D fit)

5.0 b7 (7 TeV) + 19.7 fb' (8 TeV) 5.0 b7 (7 TeV) + 19.7 fb' (8 TeV)
1 > 1 .4 _ 1 > 1 -4 _
g - CMS [ ] 95% CL observed T - CMS [ ] 95% CL observed
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R L
177} 17

> 1.8 .
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i S arXiv:1610.03545
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Precise measurements of the t-channel cross -section at Vs = 13 TeV have been
performed and results are in agreement with the SM within uncertainties

Rich provides an extra handle to constrain u/d PDFs and allows study for b PDF
Current measurements are mostly dominated by theory uncertainties

> Limiting factor for a more precise extraction of Vy,

> Need a better understanding of MC generators
A precise tW - channel measurement is expected with Run-Il data

Push hard for s-channel observation at Vs = 13 TeV in order to look for new
physics signature through this mode

LHC combination of single top cross-sections with Run-l data is ongoing

More precision is required to improve limits on anomalous couplings at tWb vertex
23
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CKM Physics with Single Top

Single top quarks are produced via electroweak interaction:

q q
7TeV 8 TeV 13 TeV
o) P
W = Mep = 1725 GeVIc? |
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Stolen from Jyotsna’s talk yesterday
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tW - channel observation @ 8TeV g.°

- ee, ey, UM final state CMS, Vs = 8TeV, L=12.2 fb”
- Events categorized in bins of #of jets and # of b-tag 14000 > égﬁa
- Signal region: 1J1T 12000F- 7)) |t
- Dominant background: tt 10000 7 Uncertainty |
> controlled by simultaneous fit to 2J1T and 2J2T £, | E
- Fit BDT discriminant to extract cross-section T oo _ 7
. Omeas = 23.4 = 5.4 pb
- 6.10 significance > First observation 4000
. IVl = 1.03 £0.12 (exp.) = 0.04 (th.) 2000
1jit 21t B
Largest systematic uncertainties oS, Vs = 8 TeV, L=12.2 b, UL
Systematic uncertainty Ao/o s00L- =l
ME/PS matching thresholds 14% cool- ot
Renormalization /factorization scale 12% ; g ) s
Top-quark mass 9% 3 3005_
Fit statistical 8% T
Total 24% E
100:— o

-Q).4 -0.3 -0.2 -01 0 0.1 0.2 0.3
BDT discriminant
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tW-channel observation@ 8TeV

Signal region: 1J1T

Dominant background: tt

> normalisation controlled by 2J1T, 2J2T events

BDT used to discriminate signal and backgrounds
Profile likelihood fit to BDT discriminant simultaneously
in 1J1T, 2J1T and 2J2T region

- Analysis performed with full 20.3 fb-! data collected at Vs 2 " atias ) Data | -
2 700 \s =8 TeV, 20.3 fb” Wi E

=816V 2 ol Lt =,
ee, ep, UM final state explored g sl oy, 1T 7 Uncerainty =
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5 1200E Postit mOters Jet reconstruction +9.0/-9.9
T 10003_ . 7//Uncerta|nty_f E_T_"iss 55
zgg 2J1T : others < 5each
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e
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t-channel uncertainty table @ 13TeV A@

EXPERIMENT

Ao (tq) Ao (tq) AR,
Source = (tq) 0] o (tq) 7] R, [70]
Data statistics + 2.9 + 4.1 + 5.0
Monte Carlo statistics + 2.8 + 4.2 + 5.1
Reconstruction efficiency and calibration uncertainties
Muon uncertainties + 0.8 + 0.9 + 1.0
Electron uncertainties < 0.5 + 0.5 + 0.7
JES + 3.4 + 4.1 + 1.2
Jet energy resolution + 3.9 + 3.1 + 1.1
E7"° modelling = 0.9 + 1.2 < 0.5
b-tagging efficiency + 7.0 + 6.9 < 0.5
c-tagging efficiency < 0.5 + 0.5 + 0.6
Light-jet tagging efficiency < 0.5 < 0.5 < 0.5
Pile-up reweighting + 1.5 + 2.2 + 3.8
Monte Carlo generators
tg parton shower generator + 13.0 + 14.3 + 1.9
tq NLO matching + 2.1 + 0.7 + 2.8
tq radiation + 3.7 + 3.4 + 3.7
tt, Wt, tb + tb parton shower generator + 3.2 + 4.4 + 1.2
tt, Wt, tb + tb NLO matching + 4.4 + 8.6 + 4.6
tt, Wt, tb + tb radiation < 0.5 + 1.1 + 0.7
PDF + 0.6 + 0.9 < 0.5
Background normalisation
Multijet normalisation + 0.3 + 2.0 + 1.8
Other background normalisation + 0.4 + 0.5 < 0.5
Luminosity + 2.1 + 2.1 < 0.5
Total systematic uncertainty + 17.5 + 20.0 + 10.2

Total uncertainty + 17.8 + 20.4 + 114




t-channel uncertainty table @ 13TeV

Uncertainty source ACtch r+3/ 0 Ch o ACtch i/ 0F Ch 1 A0y ch i/ atOEfl F ARy / R,
Statistical uncert. £5.5% +£5.3% +11.5% +£9.7%
Profiled exp. uncert. +£5.2% +5.7% +4.9% +3.3%
Total fit uncert. +7.6% +7.8% +12.5% +10.3%
Integrated luminosity +2.7% +2.7% +2.7% -
Signal modelling +6.9% +8.2% +8.5% +5.3%

tt modelling +3.9% +4.3% +4.5% +4.0%
W+jets modelling —1.8/4+2.1% —1.6/42.3% —2.5/423% | =1.7/42.0%
uRr / ur scale t-channel —4.6/46.1% —5.7/45.2% —72/451% | —=0.7/4+1.2%
ur/ pr scale tt —3.5/42.9% —3.5/4+4.1% —4.7/4+31% | —1.1/4+1.0%
uRr /U scale tW —0.3/+40.5% —0.6/+0.8% —-1.1/40.7% | —0.2/40.1%
uRr / up scale W+jets —2.9/43.7% —3.5/+3.0% —4.9/43.8% | —1.2/40.9%
PDF uncert. —1.5/4+1.9% —2.1/41.6% —1.8/421% | —2.2/42.5%
Top quark pr modelling +0.1% +0.2% +0.2% +0.1%
Total theory uncert. —-10.7/4+11.1% | —=12.2/+12.1% | —13.6/412.9% +£7.5%
Total uncert. —13.4/4+13.7% +14.7% —18.7/+18.2% +12.7%
Uncertainty source | A0ich t15/0} Ch i | DOkch i/ 0} bs. | AOten i/ at"]gﬁ i | DRech./Recn
MC samples size +£3.4% +4.1% +3.8% +£3.2%
JES +4.1% +4.7% +3.5% +2.1%
JER +1.7% +1.2% +2.4% +0.6%

b tagging efficiency +£1.9% £2.0% +1.8% +1.4%
Mistag probability +0.9% +0.6% +0.8% +0.5%
Muon reco./trigger +2.0% +2.3% +1.9% +1.8%
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tW Uncertainties @13TeV

Source Acow/ow | 7]
Luminosity 2.3
Lepton efficiency, energy scale and resolution 1.3
EIsS goft, terms 5.3
Jet energy scale 21
Jet energy resolution 8.6
b-tagging 4.3
NLO matrix element generator 18
Parton shower and hadronisation 7.1
Initial- /final-state radiation 6.4
Diagram removal /subtraction 5.3
Parton distribution tunction 2.0
Non-tt background normalisation 3.7
Total systematic uncertainty 30
Data statistics 10

Total uncertainty 31




Uncertainty table tW combination @ 8TeV

Source

Data statistics
Simulation statistics
Luminosity

Theory modelling

Background normalization
Jets
Detector modelling

Total systematics (excl. lumi)
Total systematics (incl. lumi)

Total uncertainty

Uncertainty
(70) | (pb)
4.7 1.1
0.8 0.2
3.0 0.8
11.8 2.7
2.2 0.5
0.2 1.4
4.9 1.1
14.4 3.3
14.8 3.4
15.6 3.6

Theory modelling source Uncertainty

(70) | (pb)

ISR/FSR, Scale 9.9 2.3

Parton shower, ME/PS match. thr. | 5.4 1.2

PDF 0.9 0.2

DR,/DS 3.1 0.7

Other theory modelling 1.8 0.4

Total theory modelling 11.8 2.7

£

ATLAS

EXPERIMENT




s-channel uncertainties @8TeV

Type

Data statistics

MC statistics

Jet energy resolution
t-channel generator choice
b-tagging

s-channel generator scale
W+jets normalization
Luminosity

t-channel normalization
Jet energy scale

PDF

Lepton identification
Electron energy scale

tt generator choice
Lepton trigger

Charm tagging
Other

—_ = = = =N WO O OO OO

A

Source Uncertainty (%)

u,7TeV. u,8TeV e,8TeV u+e 8TeV 7+4+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
I_IER & JES 66 39 29 34 18
b tagging & mistag 34 15 14 14 16
Pileup 6 11 7 9 7
Unclustered Ft 5 8 2 6 5
1R, IlF Scales 54 34 31 30 28
Matching thresholds 43 11 12 7 17
PDF 12 o] / / Y
Top quark pt reweighting 3 5 7 6 6
Total uncertainty 115 64 54 55 47

Total

o
T~




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 tWb coupling @7 TeV: Uncertainty Table

Source o(f1) | o(0-)/m | p(f1,0-)
Data statistics 0.05 0.023 0.01
Jets 0.03 0.015 0.39
b-tagging < 0.01 | <0.001 —0.70
Leptons 0.02 0.007 0.39
Efrniss 0.01 0.004 —0.27
Generator 0.02 0.017 0.40
Parton shower 0.02 0.001 0.98
PDF variations 0.01 0.009 0.23
Cross-sections < 0.01 | <0.001 1.00
W +jets shape < 0.01 0.001 —0.59
Multijet normalisation | < 0.01 0.002 —1.00
Luminosity < 0.01 | <0.001 —1.00
Model [,,,x variation 0.01 0.001 —0.70
MC statistics 0.02 0.011 0.14
Combined systematic 0.05 0.028 0.27
Total 0.07 0.036 0.15




Anomalous tWb coupling @8 TeV: Uncertainty Table

Uncertainty source AA%B % 102 AAtFVg %102 AApp 102 AAgc * 102
Statistical uncertainty +2.6 +3.1 +2.3 +2.8
Simulation statistics +1.8 +1.9 +1.4 +1.7
Luminosity <0.1 <0.1 <0.1 <0.1
Background normalisation £0.5 £0.5 +0.9 +0.6
EXisSreconstruction fg:? +0.8 +0.9 +0.6
Lepton reconstruction J_“g:g J_F(l)'_g f}g J_’g:i
Jet reconstruction +0.9 £1.6 +1.2 +1.9
Jet energy scale +1.8 +2.1 +3.4 +1.4
Jet flavour tagging +0.9 +0.4 +0.6 +0.4
PDF +0.1 <0.1 <0.1 +0.1
tt generator +2.5 +1.4 +0.3 +1.1
tt parton shower +0.1 +1.0 +2.5 +0.3
tt scales +0.4 +0.3 +1.2 +0.2
Wt,s-channel generator +0.8 +0.9 +0.4 +0.3
Wt.s-channel scales £0.9 +0.3 +0.3 £0.3
t-channel NLO generator +1.5 +1.1 +0.7 +2.7
t-channel LO-NLO generator +1.3 +2.0 +2.8 +1.8
t-channel parton shower +0.4 +0.5 +1.2 +0.4
t-channel scales +1.0 +2.1 +0.5 +1.7
W +jets, multijet modelling +1.9 +0.9 +2.2 +1.4
Systematic uncertainty tel el rod +5.1

Uncertainty source AAN x10%2  AALL * 107 AA%V]’;) * 102 AA;C}? * 102
Statistical uncertainty +2.2 +3.2 +3.0 +4.7
Simulation statistics +1.3 +2.0 +1.8 +2.9
Luminosity <0.1 <0.1 <0.1 <0.1
Background normalisation +0.4 +1.1 +0.6 +0.9
EXissreconstruction ol +0.9 iy tol
Lepton reconstruction fg:é ﬂ:‘é J_rgji ﬂ:g
Jet reconstruction +0.3 a2 +1.3 +1.8
Jet energy scale +0.5 +5.1 +0.8 +5.5
Jet flavour tagging +0.2 +0.6 +0.2 +0.7
PDF +0.1 <0.1 +0.1 +0.4
tt generator +0.6 +4.1 +0.1 +1.2
tt parton shower +0.9 +1.7 +0.4 +1.5
tt scales +0.3 +0.7 +0.3 +1.2
Wt,s-channel generator +0.3 +0.6 +0.4 +1.3
Wt,s-channel scales +0.6 +0.5 +0.4 +0.9
t-channel NLO generator +0.4 +3.8 +2.6 +5.4
t-channel LO-NLO generator +0.4 +2.0 +1.6 +3.2
t-channel parton shower +0.2 +0.9 +14 +1.2
t-channel scales +0.9 +1.9 +1.4 +2.3
W +jets, multijet modelling +0.7 +1.3 +0.6 +2.6
Systematic uncertainty ey by +4.6 o




