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Associated Production QO

* Precision measurement of associated top quark production provides

* Direct test of top couplings
* Window to new physics
* Important background for BSM or rare SM searches

September 2017 CMS Preliminary
: : : 5 5 5 5 : 7 TeV CMS measurement (L < 5.0 fb”) :
8 TeV CMS measurement (L < 19.6 fb™) iE
13 TeV CMS measurement (L < 35.9 fb™) C
C m o : Theory prediction S
: : : : 2 Z . CMS 95%CL limits at7, 8and 13 TeV
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All results at: http://cern.ch/go/pNj7
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ttW & ttZ O

d t
\ g g 3 t
A&zmmmr< t [ { -
U/M Wt gW\,\E
oW = 0.61 & 0.08 pb otZ = 0.84 4+ 0.10 pb
 Measured in the same- e Measuredin3&4
sign (SS) dilepton final lepton final states,
state containing opposite sign
same flavor (OSSF) pair

« Measured in 35.9 fb-1 of 13 TeV collisions collected during 2016

arXiv:1711.02547
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ttW Analysis O

o Select SS dilepton events, with at least 2 jets and 1 b-tag
* \eto events with M(££) within 15 GeV of M(Z)
 Backgrounds:

0 3509M|S | | 359 fo! (13 TeV)

° Nonprompt |eptons % ¢ Data @ttW = ttZ Nonprompt
C e g 300~ MWZ t(t)X pRare Charge mis-ID—
* Misidentified Charge S _
e {(t)+X (ttH, tZqg, tWZ, tWq, ...) 20- [ -
| 150 7 w //;////////////, i
» Rare (WW, ZZ, Wy, Zy, triboson) [ < _
ol e 72M777 _ L
. s s

wut ouret etet utut uet ete”
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ttW Analysis

 Boosted Decision Tree classifier used to discriminate
signal from backgrounad

« Using jet/b-jet multiplicities, and lepton/jet
Kinematics

« BDT discriminant (D) used to separate signal region
(D>0) and control region (D<0)

///////

CMS 35.9 b (13 TeV)
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e Signal region split up to define 20 exclusive signal regions
e Splitin 0<D<0.6 and D>0.6
o Split £+£+ from £-£-

e Define exclusive jet/b-jet multiplicity bins (=2}, =3j=1b, =3j>1b,
>3|=1b, >3j>1b)

CMS 35.9 fb' (13 TeV)
I I I I I I I I I I I I I I I I I I

| |
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ttZ Analysis

* Event selection for both three-lepton and four-lepton final states

Three-leptons

 Exactly three leptons (Upy,uue,uee,eee)
* One OSSF pair with [IM(££)-M(Z)| < 10 GeV

e [Form 9 exclusive bins

e Nj=2,3,>3
e Np=0,1,>1
. CMS 35.9 b (13 TeV)
2 10" 1 | | i r [ [ |
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Four-leptons

Exactly four leptons, 2 £+, 2 £-
One OSSF pair with |M(££)-M(Z2)| < 20 GeV

e \eto yppy, puee, or eeee events with
second pair in mass peak

Require >2 jets, split in Ob & >1b

w CMS | 35.9 fb'l1 (13 TeV)
S _eDatal iz Wzz

S 35__ ]
Ll t®X [ Rare [T Nonprompt |




ttW &ttZ Results

 Combine binned event yields in SS
Dilepton, 3-lepton, and 4-lepton

categories into likelihood function to

extract ttW and ttZ cross sections

o(pp — ttW) = 0.77 17 (stat) 5 15 (syst) pb

o(pp — ttW™) = 0.58 & 0.09(stat)
o(pp — ttW ) = 0.19 + 0.07(stat) £ 0.06(syst) pb

o(pp — ttZ) = 0.9970-02 (stat)

003 (syst) pb

010 (syst) pb

Channel Expected significance Observed significance
SS dilepton ¢~ ¢~ (ttW™) 24 2.3
SS dilepton £ 4T (ttW™) 4.2 5.5
SS dilepton £* ¢+ (ttW™) 45 5.3
Three-lepton (ttZ) >5.0 >5.0
Four-lepton (ttZ) 4.7 4.5
Three- and four-lepton combined (ttZ) >5.0 >5.0

Danny Noonan, Florida Tech
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tt~y Analysis

* Analysis with 8 TeV data collected In
2012

* Measured in the lepton+jets final
state

* Select events with leptons+jets
signature with reconstructed photon

* Backgrounds come mainly from two
categories:

* Jop palr events with a fake photon
* Non-top events (V) with a real

ohoton
JHEP 10 (2017) 006
arXiv:1706.08128
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tt'y Analysis

19.7 o (8 TeV) i Top and Non-top
E sook - CMS ¢ Data i samples can be |
Q - elutets -gi}{ets  distinguished with ;4
T 500 A\ Single t i M3variable :2Z W
e \ B W/Z+y ; o)
§ 400F A\ t - W/Z+jets : ‘ = Y Other
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300F \\ ‘ | . !
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Strategy used is to:

. . . _ Genuine- ar.Id fa.ke Y ‘L ‘
FI.’[ MS d.IS’[I’Ibu’[IOﬂ to | canbe distinguished VN
distinguish top from non-top

: . 19.7 fo” (8 TeV)
events (measuring top purity) 22000 s o

Isolated photons
Fit photon isolation to 5 Uncoramy
distinguish genuine and fake
photons (measuring photon

purity)

R
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Dan ny NOOﬂaﬂ, Florida Tech 10 Photon charged-hadron isolation (GeV)
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ity Results O

Combine measurements of photon purity and top quark
purity in likelihood to extract number of tty events

(ﬂ_data_ﬂ_MC)Q
X2 = — 02 | 02 | 5

Nigy = 338 £ 53 (stat) in e + jets

Nigy = 442 £ 69 (stat) in p + jets

« Measure ratio to ¢t (R), extract cross section by
multiplying ratio by measured top pair cross section

x10° 19.7 b (8 TeV)

5 14F CMS + Data

~ . tt+y

2 qpf O B ets
Category R tffrv (tb) Ot B (Ib) 2 1_ N -\?\;;}gf/t
etjets (57+£1.8) x 10 % 138 + 45 582 + 187 0.8 — e
J+ets (47 +13) x107* 115+32 453 + 124 0.6 . Uncertainty
Combination (5.2 + 1. 1) x 1074 127427 515 =108 0.4f
Theory — 592471 (scales) + 30 (PDFs) I: NN

£k
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-
JHEP 10 (2017) 006 09(5 20 40 60 80\1\02\\1\20 141()\?} 180 200
arXiv:1706.08128 Photon p_(GeV)
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tZ q Analysis

« Associated top/Z production has sensitivity
to new physics in tZ coupling, triple WWZ
coupling, and FCNC

e Looking in the 3 lepton final state with at
least 2 jets

* eee, eed, eyd, yuyH

 Require an opposite sign same ftlavor
lepton pair consistent with Z-boson mass

 Backgrounds come from ttZ, WZ+jets, and
dilepton processes with non prompt
leptons (Z+jets, tt)

arXiv:1712.02825
Submitted to

Phys. Lett. B
Danny Noonan, Florida Tech >
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t Z q Analysis O

* Events are split into three exclusive b-jet multiplicity regions
* 1 b-jet, 2 or 3 jets(signal region)
e =2 b-jet, >2 jets(ttZ enriched)
e 0 b-jet, >1 jets(WZ+]jets enriched)

« BDT's are used to discriminate signal and background in 1
& 2 b-jet regions, using kinematics of the reconstructed top
quark, Z boson, and recoiling jet as well as matrix element
ikelihood ratios for signal and background hypotheses

CMS Simulation 35.9 fb™' (13 TeV) CMS Simulation 35.9fb™ (13 TeV)
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t Z q Result

35.9fb" (13 TeV)
L L R
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» Signal extracted in fit to BDT outputs in 1 and 2 bjet
regions, and mt™ in the O bjet region

o(t0H0~q) = 123133 (stat) T2, (syst) fb

e Evidence for tZg production seen with observed
significance of 3.70 (3.10 expected)

arXiv:1712.02825

Submitted to
Phys. Lett. B
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ttbb Analysis O

» Measurement of oz,5/0t;; and cross sections

e Cross sections are important check of NLO QCD
calculations, as well as backgrounds to other
rare processes (ttH)

 Performed in dilepton final state with 2.3 fo-1 of 13
TeV data

* Selecting events with at least 4 jets, and at least

2 bags
Phys. Lett. B 776

(2018) 355
arXiv:1705.10141
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ttbb Analysis

e |In decreasing order of b-
tagging discriminant value,
the first two jets are usually
originating from the top
quark pairs

e B-tagging discriminant
of 3rd and 4th jets
provide discriminating
power between ttbb
and ttjj

Danny Noonan, Florida Tech
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ttbb Results

* Fit to 2-D spectrum of 3rd and 4th leading
CSV discriminants, fitting to number of ttj]
events, and the Nep/Negy; ratio

 Measured in visible and full phase spaces

Phase space Oirp LPDP] Ttiji [pb] Tibb/ Ut
Visible Measurement | 0.088 + 0.012 +0.029 3.7 0.1 £0.7 0.024 £+ 0.003 £+ 0.007
SM (POWHEG) 0.070 £ 0.009 514+05 0.014 £ 0.001
Full Measurement 40+06 +1.3 184 +6 =33 0.022 £ 0.003 £ 0.006
SM (POWHEG) 32+04 257 + 26 0.012 £+ 0.001
CMS 231" (13TeV) cMS  23'(13TeV) B - TN | cms Unpublished

S10%E B Wb @LF  ESinglet S10%E mtibb @LF  ESinglet : : : Vs =13TeV, 2310
— Third jet []tfbj_ [tt others WZ+jets — Fourth jet Dtibj_ [itt others WZ+jets ok i °
%103 HPttcc @ttv ¢+ Data %103 Wttcc @tV + Data E E E Full phase space
< < : : :

1 02 - el i Measurement

10 . N - I:IStat I:ITotaI

@ POWHEG v2 P8MI1
1g : :
C il E E =T ] E A MG5_aMC@NLO [FxFx] P8M1
o 14 ‘ . o
L>IJ< ] " - ‘ 2 ‘ /* > L>IJ< » Y . %5 V' MG5_aMC@NLO [MLM] P8M1
2 . S A e I O s e : : : :
8 08 02 04 06 08 1 8 08 02 04 06 08 1 : : : ¥ POWHEG v2 s E25C
b jet discriminator b jet discriminator m e T e MG5_aMC@NLO Hs-+ EESC

I
6 100 150 200 250 300 350 0 001 0.02 0.03 0.04

1 I
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tttt Analysis

e Search for SM 4-top production
o(pp — tttt) = 9.275% fb
* Small in SM, but enhanced in many BSM E R

theories g%
t

* Measured in same-sign dilepton and 3+ lepton
final states

e Selection requires =2 jets, =2 b-jets, Hr>300 GeV, "
and MET > 50 GeV No | N | N | Region
* Define signal regions based =5 | CRW
: : 6 SR1
on lepton, jet, and b-jet 2 T 5o
multiplicities 2 >8 | SR3

56 SR4 t
3 V4
an e
arXiv:1710.10614 — —

i >3 2 >5 SR7 1 - t
Smeltted tO — 23 24 SR8 ........
Eur. Phys. J. C Inverted Z veto | CRZ A

£-0999999 A
Danny Noonan, Florida Tech 18 \E
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tttt Analysis

« Backgrounds come from two main categories 5 o CMS 3591 (13 TeV)
: & 15F
« Rare top multilepton processes (itW, ttZ, ttH, ...): q ISR
. . . . o . a TE .
o Estimated with simulation, and verified in control -
regions (CRW, CRZ) 210' + Data E
2 F it -
« Non prompt leptons events: w =m .
: - : kg ’ 10 E
e Estimated in each region with “tight-to-loose 2 -gzonprompt lep. 2
method oL i i
* Maximume-likelihood fit in 2 CR’s and 8 SR’s to e :
extract tttt signal 10k !
5 4 CMS | | 359107 (13 TeV) 5 2 CMS | | _359fb" (13TeV) : ._;
§ 2 ¢ 4 goé-m E [_
0 0 L
£ 225—| | ¢|Data = < - | ¢|Data - l[”
% 2F cRz iz 1 3 f crw -t’jlW N ] 107'E
§ 18;— =tl?:re = E’ B E@gnpromp ep.: {r | .
T e v = = Crarge misid. ] CRZ CRW SR1 SR2 SR3 SR4 SR5 SR6 SR7 SR8
14 [ 1Nonprompt lep. Il Xy ] Reg ion
C ¢ B Xy . [ Rare g
12 B Charge misid. vV ] N; | Ny | Niets | Region
10:_ booss ==ttt x 5 = =+ttt x 5 ] SS CRW
8F | = R 5 |6 SR1
6F A = 1 7 SR2
P = ] 2 >8 SR3
A E 5 | 56| SR
) 1 N | | N >7 | SR5
2 4 6 8 10 6 8 10 >4 | >5 SR6
Niet Niet 5| 2 [ >5 | SR7
. - >3 | >4 SR8
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tttt Analysis

o™ (pp — tttt) = 16.97159

fb

ot (pp — tttt) = 9.275% b

e 95% CL upper Iimit of 41.7 b
* Observed significance of 1.60

(expected 1.00)

e Yukawa coupling limit at 95% of

e /ye™M] < 2.1

arXiv:1710.10614

Submitted to
Eur. Phys. J. C

Danny Noonan, Florida Tech
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SM background tttt Total Observed
CRZ 31.7 £ 4.6 0403 | 32146 35
CRW 83.7 £ 8.8 1912 | 85.6 = 8.6 86
SR1 77 £1.2 09+06 | 86+1.2 7
SR2 2.6 =05 0604 | 3206 4
SR3 0.5=+03 04+02] 0804 1
SR4 4.0+=0.7 1409 | 5409 8
SRS 0.7=+0.2 09x06 | 1.6=0.6 2
SR6 0.7+0.2 1.0x£06 | 1.7£0.6 0
SR7 23 =05 0604 | 29=x=0.6 1
SR8 1.2 £0.3 09+06 | 21+0.6 2
CMS 35.9 fb" (13 TeV)
T T T 7 T T 17 T T 170 | L
60_ «« Obs. upper limit / N

ottt (fb)

—— Obs. cross section

Predicted cross section,
" Phys. Rev. D 95 (2017) 053004

501

40F

30F
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Summary

* Results of many CMS measurements of top quark associated
production presented ttW, ttZ,t Zq, tt~y, ttbb, tttt

O

o (Great start to the precision top frontier, but still a lot more can be

done to improve the reach of these channels

ttW: 13 TeV usi | _
3 TeVusing 55 d eptg?pp — ttW) = ().77J_r8:¥(stat)ir8

ttZ: 13 TeV using 3 & 4 leptons

13

.12(SYS15) pb

o(pp — ttZ) = 0.9977 02 (stat) T 15 (syst) pb

tty : 8 TeV |+jets

o(tty) x B =515+ 118 fb

tZq: 13 TeV 3-lepton

ttbb: 13 TeV (2.3 tb-1) dilepton

o(t0H0~q) = 123733 (stat) 23 (syst) fb

o(pp — ttbb) = 4.0 & 0.6(stat) -
titt: 13 TeV SS dilepton and >3 leptons
o(pp — tttt) = 16.9777% fb

Danny Noonan, Florida Tech 21
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ttW Selection

O

¢ 5SS dilepton, pr > 25 GeV

¢ >2 jets, =21 b-tag

* pr> 30 GeV

24

BDT Variables
N;
Ny,
Hy: scalar sum of pr of jets

miss

Pr

pr leading lepton

pr trailing lepton

M+ leading lepton

pr leading and second leading jets

AR between trailing lepton and nearest jet



ttWEvent Y

lelds

N; N, Background ttW ttZ Total  Observed
2 >0 181+£1.8 22+04 05+0.1 20.8+1.9 17
3 1 8.3+0.9 21+04 05+0.1 109+0.9 9
0<D<0.6 >1 109+1.1 35+0.6 0.8+0.1 152+1.3 17
3 1 10.1£+£1.1 28+05 0.7+£02 13.7+1.3 8
o 0- - >1 222420 7.6t12 27+04 325+24 27
2 >0 6.8+0.9 20+03 04+01 92+09 10
3 1 41+0.6 1.6+03 03+01 6.14+06 11
D> 0.6 >1 7.8+09 38+0.6 0.7+0.1 123+1.1 10
S S D . | -3 1 5.6+0.7 29+05 0.7+£02 92+09 5
| e pto ﬂ >1 153+15 120+19 32+05 305+25 32
2 >0 179+£138 49+08 03=+£01 23.1+£2.0 26
D > O 3 1 102+1.3 37+06 04+01 144+14 11
0<D<0.6 >1 102+1.2 69+11 08+02 179+1.6 18
-3 1 107412 49+08 08+02 164+14 16
e >1 224420 133+22 3.0+0.5 38.7+3.0 42
2 >0 8.0+1.1 43+0.7 04+01 12.7+1.3 18
3 1 4.84+0.7 324+05 03+01 84409 7
D> 0.6 >1 54+0.7 71+12 1.0+02 135+1.4 10
-3 1 6.3+0.8 56+09 09+02 12.8+1.2 12
>1 165+15 225+3.7 31+£05 421+4.0 46
Process N; =2 N;j =3 N; >3
Nonprompt 136.5+13.9 1103+11.3 57.3+6.1
SS D I | e ptO n Total background 192.1+15.6 137.7+11.7 740+6.4
ttW 13.1+0.3 176 +03 13.8+0.3
D < O ttZ 1.6+04 3.1+0.7 444+1.0
Total 206.8 +15.7 1584 +11.8 923 +6.5
Observed 229 144 92

25



ttZ Event Yields

Three-lepton

N, N; Background ttW ttZ Total Observed
2 1032.8+77.1 0.9=+0.1 182432 10519+77.2 1022
0 3 29354214 0.4+0.1 223+39 3163 =x21.8 318
>3 95.4+7.4 0.3+0.1 261 £4.6 121.8+8.7 144
2 164.6t17.8 1.9+0.3 243143 190.7£18.3 209
1 3 66.6 = 6.7 09+0.2 412472 108.7£9.8 99
>3 32.8£3.3 0.8£0.1 61.3x=10.8 949=x=11.3 72
2 129+24 1.0£0.2 59+1.0 19.8+2.6 32
>1 3 11.6 £1.7 0.6 0.1 1794+3.2 30.1 £3.6 46
>3 10.6 1.6 0.4+0.1 41.0£7.2 520+t7.4 54
FOU r_le pton Process Npy=0 Np,>0

Total background 12.8+2.0 3.3+0.3

ttZ 45+06 145£18

Total 172420 178+£1.8

Observed 23 15
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Nonprompt Lepton Background O

CMS 359" (13 TeV)

- | T T T ~ .
200~ ¢ Data [Nonprompt P ttw ttZ -
[ t(t)X @Charge mis-ID [ Rare @WZ ]

* Measure tight-to-loose lepton ratio (probabililty
lepton passing loose selection passes tight
selection)

Events / 6 GeV

jﬁ/ ;// SS d|Iepton

Measured in non prompt lepton enriched 108

control region

Parameterized as a function of lepton pr and n

80

* Define sideband regions, same as signal regions, Trailing lepton p_ [GeV]

but where one lepton passes only loose criteria

* Tight-to-loose ratio used to extrapolate from cMS 35915 (13 Te)
: : : : : > T T T T
) ¢ Data [ Nonprompt ttZ lttW T
application region to signal regions S a0l * i mwz e _
* Verified in MC, and non prompt enriched control S 3| i

regions: I -lepion |
BDT < 0in SS dilepton | B |

* |In 3 lepton, look for OSSF pair outside Z- 10"% 9 ;
window e — . .
3 __ /////// —

0 50 100 150 200

p_r;nss [GeV]
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tt+gamma Event Yields QO

Sample Genuine photon Misid. electron Nonprompt photon Total
tt+y 312 +£17 02+0.1 8.5+0.9 321 +£17
tt+jets — 22+3 215+13 237 +14
W+ 75+£25 — — 75+£25
Wjets — — 60 +15 60+ 15
Z+7 14+5 1.3+1.1 0.5157 16 +5
Z+jets — 43 £ 28 11+6 54 £ 30
Single t 11+3 20+1.3 16 +4 29+£7
QCD multijet — — 31£18 31 £18
Total 412 £ 31 69 +29 342 £+ 28 823 £ 52
Data — — — 935
Sample Genuine photon Misid. electron Nonprompt photon Total
tt+7y 407 £ 23 0.4+0.3 11+1 418 =24
tt+jets — 315 291 £16 322 +17
W+ 140 + 41 — 9.0+6.7 149 +45
Wjets — — 57 £14 57 £14
Z+y 21+7 — 1.4+09 237
Z+jets — — 9.6 +5.8 106
Single t 12+3 1.5+1.3 25+13 38 14
QCD multijet — — 36 £ 20 36 £ 20
Total 580 =48 335 440 £ 33 1053 £ 61
Data — — — 1136
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tt+gamma Uncertainties Q)

Source Uncertainty (%)
Statistical likelihood fit 15.5
- - - Top quark mass 7.9
 |argest contribution is ES e
1ot ' ' ' Fact. and renorm. scale 6.7
statlstlcal (likelihood fit ME /58 matching thieshold i
uncertal ﬂty) Photon energy scale 24
JER 2.3
Multijet estimate 2.0
° ' Electron misid. rate 1.3
FOl |O\Ned by mOd el M g Z+jets scale factor 0.8
uncertainties: Pileup 0.6
Background normalization 0.6
Top quark pt reweighting 0.4
b tagging scale factor 0.3

°
TO p Mass Muon efficiency 0.3
Electron efficiency 0.1
PDFs 0.1
° Qz Scale Muon energy scale 0.1
Electron energy scale 0.1
Total 20.7
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Normalized events Data/Sim. Normalized events

Data/Sim.

tt+gamma

19.7 fb™ (8 TeV)

¢ Random cone CMS
10 Simulation isolated e/u+jets
102 ¢ bt +
t
102 f 1 |l I f
10
10—5.;—r ....... I W IV I I W
1.5F
0.8 '*HH#TJHJ """""""""""""""
0 1 2 3 4 5 6 7 8 9 10
Photon charged-hadron isolation (GeV)
. 19.7 fb (8 TeV)
2 ¢ o, sideband CMS
- Simulation nonprompt  e/u+jets
107 e
RS
T g
10‘3;—
10‘4:—.+..|...|...|...|...|. NI I 1 B B T
15.%, 1 44t .t Y YTIN 62 N S
ot Mot v Mt 4 -y
0 2 4 6 8 10 12 14 16 18 20

Photon charged-hadron isolation (GeV)

£2000
%1800
111600
1400
1200
1000
800
600
400
200

1.5
1
0.5

Data/Fit

19.7 b (8 TeV)
= CMS ¢ Data
3 e/utjets Isolated photons
S B Nonprompt photons
; Uncertainty
e e

0 2 4 6 g8 10 12 14 16 18 20

Photon charged-hadron isolation (GeV)

e Fit to photon charged-hadron isolation to extract
photon purity (percent of photons coming from
genuine sources)

e Data driven templates of isolated (genuine)
photons and non-prompt (fake)
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BDT Variables

Variable Ranking BDT Ranking BDT
(31,2-3j,1bj region) | (31,>1j,>1bj region)

pr G) 1 11
MEM Kin. Fit wyz, 2 3
I asymmetry 3 6
dRjj 1 10
CSV btag discriminant 5 2
AR(IW - jclosest) 6 14
Ap(Z —1M) 7 12
Ap(IV —b) 8 21
MEM Kin. Fit wy, 9 23
MEM Likelihood Ratio tZg-tt Z-WZ 10 -
(")l 11 4
MEM Likelihood Ratio tZg-tt Z 12 5
top quark mass m; 13 7
[ (j'**)| 14 -
n(Z) 15 9
n(1") 16 18
jet multiplicity 17 1
AR(IY —j") 18 15
AR(Z — 1) 19 19
pr (Z) 20 8
pr (tZq) 21 17
AR(Z — top) - 13
TopPT - 16
b-jet multiplicity - 20
Trilepton mass - 22
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Event Yields

Table 1: Observed and post-fit expected yields for each production process in the 1bjet region.
The yields of columns 2-5 correspond to each channel, and column 6 displays the total for all
channels. The last column displays the ratio between post-fit and pre-fit yields.

Process eee eey euu uupu  Allchannels NPostfit / Nprefit
tZq 5015 6.6%+19 85+25 123+36 323=x5.0 —
ttZ 3707 4709 61+12 80x15 224122 09+0.2
ttW 03+01 03+£01 07£02 0.6=%0.2 1.9+0.3 1.0£0.2
ZZ 48+13 32+£09 90x25 78+22 247+36 1.34+0.3
WZ+b 3009 34+11 46414 55x17 16.6+2.6 1.0£0.2
WZ+c 90+24 13.7+3.7 18.0+£49 242+65 648193 1.0+0.2
WZ+light 122+16 166+20 224+28 291+34 80.3x5.1 0.7+0.1
ttH 0602 09+03 1003 15%+04 4.0+0.6 1.0£0.2
tWZ 1.0£03 13+£04 1705 24407 6.5+1.0 1.0£0.2
NPL: electrons 19.2+3.1 06%0.1 179128 — 37.7 =4.2 —
NPL: muons — 72123 311499 153+£49 53.6+113 —
Total 588448 584+55 121+12 107+10 345+ 18

Data 56 58 104 125 343
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Event Yields & Systematics O

Process e'e~ utu~ ey All

ttbb 63+04 86+04 24+1 39 +1
ttbj 16+1 214+1 5742 95 +2
ttcc 77+04 1141 2741 46 +1
ttLF 157+£2 220+£2 596+3 97244
tt others 18+1  194+1 6141 99 +1
tt Vv 25401 32402 73402 14+1
Singlet  6.6+08 84408 2342 39 +£2
Z+jets 0818 54+15 06+05 68+19
Total 21542 297+3 796+4 1311+6
Data 186 288 682 1156
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Source Tibb  Ytti  Ytibb /0 ttji
Pileup 04 <0.1 0.4
JES & JER 78 74 2.6
b tag (b quark flavour) 19 4.7 19
b tag (c quark flavour) 14 1.3 14
b tag (light flavour) 14 9.8 9.7
Ratio of ttbb and ttbj 26 05 2.6
Background modelling 38 3.5 1.6
ttcc fraction in the fit 52 19 4.8
Lepton trigger/identification 3.0 3.0 0
MC generator 94 6.2 3.0
ur and uR scale 20 20 1.0
scale in PS 13 9.9 10
PDFs 05 05 <0.1
Efficiency (ttcc fraction) 0 1.3 1.3
Jet multiplicity modelling 50 5.0 5.0
Top quark pt modelling 08 03 0.5
Simulation (statistical) 1.5 1.5 1.5
Integrated Luminosity 23 23 0
Total uncertainty 34 19 28
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Systematics

Source Uncertainty (%)
Integrated luminosity 2.5
Pileup 0-6
Trigger efficiency 2
Lepton selection 4-10
Jet energy scale 1-15
Jet energy resolution 1-5
b tagging 1-15
Size of simulated sample 1-10
Scale and PDF variations 10-15
ISR/FSR (signal) 5-15
ttH (normalization) 50
Rare, X7, ttVV (norm.) 50
ttZ, ttW (normalization) 40
Charge misidentification 20
Nonprompt leptons 30-60
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