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Overview

@ Introduction and experimental status of the ttZ, ttW, and tty
processes.

@ (New) “Observation of top-quark pair production in association with
a photon and measurement of the tty production cross section in pp
collisions at /s =7 TeV using the ATLAS detector”.

Phys. Rev. D 91, 072007.

e (New) “Measurement of the ttZ/~* and ttW production cross
sections in pp collisions at /s = 8 TeV with the ATLAS detector”:
ATLAS-CONF-2015-032.

@ (New) “Measurement of top quark pair production in association with
a W or Z boson using event reconstruction techniques”:
CMS-PAS-TOP-14-021.
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@ Direct measurements of tt~y only had low sensitivity at the Tevatron
(O(30)), and tt+(Z, W) was not possible before the LHC era.

@ The main interest stems from the fact that the observed yields and
measured cross-sections could be altered by new physics, e.g. strongly
coupled higgs models for tt+(Z, W) and composite or excited tops
for tt.

@ Inclusive cross-sections are a first systematic step to constrain the
new physics models, providing input to e.g. effective theory modeling.
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Experimental status of tt + (Z, W,~) as of Top2014

Cross-section

ATLAS (fb)

CMS (b)

CDF (b)

oey 2 TeV]
Otiy [7 TeV]
Oty [8 TeV]

2000 =+ 500(stat.) = 700(syst.)

2400 + 200(stat.) + 600(syst.)

180 £+ 80

Ot8Z [+ [7 TeV]

< 700

F140 60
2807 17g(stat.) 30

(syst.)

07/ [8 TeV] 150733 (stat.)*2} (syst.) 200 =+ 90(total)
TiwW [7 TeV]
o [8 TeV] 3007739 (stat.) o (syst.) 1707185 (total)

Relative uncertainties were: 0457/, = 0(40%), oz = O(50%)
(The situation will look different at the end of this talk!)

SM prediction 8 TeV
o oy, = 1800 = 500 fb (Phys.Rev.D83:074013,2011)
® 045z/y+ = 215+ 30 fb (aMC@NLO), rel. unc. = O(10%)
@ o7y = 232+ 32 fb (aMCGONLO), rel. unc. = 0(10%)
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ATLAS - updated tty measurement

Main ingredients

e Fiducial measurement, E7(y) > 20 GeV using single lepton tt
selection.

@ Prompt and non-prompt gamma contributions estimated from
data-driven template fit using the track isolation as discriminating
variable.

@ Signal simulated with MADGRAPH and WHIZARD.

o The dataset is 7 TeV from 2011, [ Ldt = 4.59 (O

Documented in

Phys. Rev. D 91, 072007: * Observation of top-quark pair production in
association with a photon and measurement of the tty production cross
section in pp collisions at /s = 7 TeV using the ATLAS detector”.
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ATLAS - ttv selected events and uncertainties

Contribution Electron chan. | Muon chan. Total
Signal 52 + 14 100 + 28 152 £+ 31
Hadrons 38 + 26 55 + 38 93 + 46
Prompt photons 41+ 5 65+ 9 106 £ 10
Total background 79 + 26 120 + 39 | 199 + 47
Total 131 £+ 30 220 + 48 351 + 59
Data candidates 140 222 362

Uncertainty source Uncertainty [%)]
Background template shapes 3.7
Signal template shapes 6.6
Signal modeling 8.4
Photon modeling 8.8
Lepton modeling 2.5
Jet modeling 16.6
b-tagging 8.2
EXiss modeling 0.9
Luminosity 1.8
Background contributions 7.7
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ATLAS - tt~ results

A e e
Electron channel
. —+-Data
(57 TeV, f Ldt=459f" [signal
[ background
[ Hadron fakes
Total uncertainty from fit

T R R
ATLAS Muon channel
4 —+ Data
(5=7 TeV, f Ldt=4591"  [signal
3y background
([ Hadron fakes
Total uncertainty from fit

Fjaras’

Events/ GeV
Events/ GeV

1
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° a{’% x BR = 63 + 8(stat) "15(syst)+1(lumi) fb per lepton flavor.

@ Consistent with NLO calculation: 48 410 fb.

@ Background hypothesis excluded with 5.30.
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ATLAS - updated ttW and ttZ/+* measurement

Main ingredients

@ More signal regions added, same sign (SS) dilepton (ee,eu) and
tetralepton, to previous public result ATLAS-CONF-2014-038.

o The dataset is the same 8 TeV from 2012, [ Ldt = 20.3 b1

Documented in

ATLAS-CONF-2015-032: “Measurement of the ttZ/~v* and ttW
production cross sections in pp collisions at /s = 8 TeV with the ATLAS

detector” . )
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ATLAS - ttW and ttZ/~v* measurement overview

Main updates compared to Top2014

@ Same sign (SS) dilepton (ee,ep) final states added, all SS channels
use tighter requirements on the impact parameters to reject fake
leptons.

@ Tetralepton final states added.

o Consistent use of uncertainty treatment across all channels, in
particular the b-tagging systematic uncertainties.

Signal region Main cuts Main background Background treatment
OS dilepton | > 4jets, > 1b-tag tt Neural networks,
4 control regions (CR) for tt, Z
SS dilepton > 2b-tags Fake leptons Fake factor method
Charge misID Likelihood fit
Trilepton > 3jets,> 1 b-tag Fake leptons Matrix method
wz Fit WZ in CR
Tetralepton > lb-tag zZ Fit ZZ in CR
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ATLAS - background CR distributions for SS and 4L

Events / 10 GeV
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ATLAS - signal region prefit for SS and 4L (right)
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Events
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ATLAS - final states combination

@ All 15 SR and 5 CR are combined in a profile likelihood fit where
otw and 057/~ are free parameters. The systematic uncertainties
are included as nuisance parameters and correlated across channels as
appropriate. Postfit result per region is shown below:

ATLAS preimnary SR 2LLOS

Vs=8TeV,203fb" 5
® Data  [JTotal unc.
[ Top [ Charge misiD

Events / channel

Z noZ noZ 4 eu uw 4 4 z noZ DF DF DF SF  SF
Ob 120 1-2b 2b 2b+  2b+ b 2b+ 2b+  2b+ 0b b 2b+ 1b  2b+
3j 4j 5j+ 5j+ 4j+ ] 4j+ 2-8j
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ATLAS - results viewed in 1D

Cross-section

orsw = 369755 (stat)+44(syst.) fb

o5z = 176732 (stat)+24(syst.) fb

‘ Uncertainty Triw

Oiiz ‘

Luminosity 3.2% 4.6% tfW significance 11Z significance
Reconstructed objects 3.7% 7.4% Channel | Expected Observed | Expected Observed
Background from simulation 5.8% 8.0% 2008 0.4 0.1 1.4 1.1
Fake leptons and charge misID 7.5% 3.0% 2(SS 2.8 5.0 - -
Signal modelling 1.8% 4.5% 3¢ 1.4 1.0 3.7 33
Total systematic 12% 13% 4¢ - 2.0 24
Statistical +24% | —21%  +30% / ~27% Combined | 3.2 5.0 25 22

[ Total +27% / -24%  +33% / ~29% |

Notice the decrease in uncertainty with the update:
0(40%) — 0O(30%) for ttZ/~* and O(50%) — O(30%) for ttW
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ATLAS - results viewed in 2D
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CMS - updated ttW and ttZ/v* measurement

Main updates compared to Top2014

@ Parton matching to the signal process (also partial) and BDT
classification per final state (10 BDTs) used for all channels, except
tetralepton which uses number of b-tags.

@ OS dilepton final state added.

@ Limits on couplings and operators in dim. 6 EFT.

o The dataset is the same 8 TeV from 2012, [ Ldt = 19.5fb~ 1.

Documented in

CMS-PAS-TOP-14-021: “Measurement of top quark pair production in
association with a W or Z boson using event reconstruction techniques”.

V.
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CMS - analysis strategy

First preselect and do parton matching of tt and book score:

eeluu +26 jets +=1btag 1951 (8 TeV)
2
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Then add BDT classification using score and other variables as input:
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CMS - prefit distributions

Note that the matching allows for top and W mass reconstruction
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CMS - cross-section results

ttZ
Cross section (fb) Signal strength (y1) Significance
Channels | Expected | Observed | Expected | Observed | Expected | Observed
+142 +158 +0.72 076
(¢ 2067142 | 2577158 | 107022 | 1257078 18 21
79 +85 +0.42 +0.45
3¢ 20677 | 25775 | 107083 | 125704 46 51
153 150 077 076
40 2061755 | 228010 | 10707 | 1114978 2.7 3.4
62 65 034 035
OS+3(+40 | 2067 242182 1.07537 | 1181903 5.7 6.4
ttW
Cross section (fb) Signal strength (y) Significance
Channels | Expected | Observed | Expected | Observed | Expected | Observed
88 135 045 0.74
Ss 203188 | 41471 | 10703 | 204707 3.4 49
215 25 1.09 1.07
3¢ 2037555 | 210153 | 1.0%59 | 1.03%500 1.0 1.0
SS+3¢ | 20378 | 382t | 1.010% | 1.8870% 35 48

Also here the updated uncertainty is reduced to O(30%) for ttZ and
0(30%) for tEW.
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CMS - uncertainties on the results

Reduction in signal strength uncertainty

Systematic uncertainties removed tW ttZ
Signal modeling 5.2% 7.1%
Nonprompt backgrounds 125%  0.5%
Inclusive prompt backgrounds 07%  2.6%
Prompt backgrounds with extra jets 0.2% 3.4%
Prompt backgrounds with extra heavy flavor jets 0.0% 1.1%
b tagging efficiency 6.1% 7.3%
Jet energy scale 14% <0.1%
Lepton ID and trigger efficiency 0.3% 0.5%
Luminosity and pileup 0.7% 0.5%
Bin-by-bin statistical uncertainty 4.4% 1.2%
All systematic uncertainties 31% 29%

Jorgen Sjolin (Stockholm University) tt+boson (except Higgs) results at the LHC September 15, 2015 19 /23



CMS - 2D results and couplings

MS Preliminary
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CMS - effective dim. 6 EFT operators

Operator | Best fit point(s) 10 CL 20 CL
CuB —0.07 and 0.07 {-0.11,0.11} {—0.14,0.14}
Cho 0.12 {-0.07,0.18} {—0.33, —0.24} and {—-0.02, 0.23}
CHQ —0.09 and 0.41 {—0.22,0.08} and {0.24, 0.54} {-0.31,0.63}
CHu —0.47and 0.13 | {-0.60, —0.23} and {-0.11, 0.26} {-0.71,0.37}
Caw —0.28and 0.28 | {—0.36, —0.18} and {0.18, 0.36} {—0.43,0.43}

2
% , _ _
CLV = C‘S/M + 7[\2 Re[c}{Q - CHQ — CHu]r

2
(% — _ _
Cia= Cfo + PRe[c}IQ —CrQ + CHul-

ity — Wy = ~ =
AL:% (@au) (H'D ,H) + % (@y"o'ar) (HTU D, H) + ZCHu (@r"ur) (HT D ,H) +

C, B caw 9° ik k
. g Yu qLHCO-MVufR B/n/ l] W“/W] ﬂW K
v + miy

From the cross-section scan it is observed that ¢,, CHy, and g only
affects ttZ whereas Gy affects ttW, and ¢’yq affects both.
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Conclusions

@ By improving the analysis techniques and by adding more final states
both CMS and ATLAS have managed to improve the inclusive
cross-section uncertainties down to O(30%) for both ttZ and ttW.

@ Significances for both processes are now at the discovery level. Future
measurements will likely optimize for accuracy and precision instead
of significance.

@ CMS has also presented limits on couplings and operators using the
inclusive cross-sections as input, highlighting one of the main aims of
these measurements.
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ATLAS - yield table

Region t+X Bosons Fake leptons  Total expected ttw ttZ Data
charge misID  background

2(-noZ-3j* 20800 + 2600 600+200 160 +80 21600+2700 42.0+2.8 232+1.5 22585
2(-noZ-4j 8200 + 1400 240 +90 80 +40 8600+ 1400 36.6+1.8 224=x1.1 8909
2(-noZ-5j 3700 + 850 100 +40 47+23 3810+ 870 249+22 224+20 3901
2(-7-3j* 800 + 140 1960 + 880 4.1+2.1 2760 + 890 1.24+0.13 3.71+0.38 2806
20-7-4j* 330+70 740 +390 22+1.1 1100 £400 1.31+£0.11 7.21+£0.58 1031
2(-7Z-5j 170 +40 340 +200 1.4+0.7 510+210 0.89+0.07 17.7+14 471
2e-SS 0.66+0.13 0.17+0.10 89+24 9.8+£2.6 297+0.30 0.93+0.23 16
ep-SS 1.9+0.35 0.39+0.28 14.1+45 16.4+5.1 8.67+0.76 2.16+0.51 34
2u-SS 0.94+0.17 0.25+0.14 0.93+0.55 2.12+0.86 4.79+0.40 1.12+0.27 13
3¢-Z-0b3j* 1.11+0.32 67+16 152+6.0 83+15 0.05+0.03 1.86+0.47 86
3¢-Z-1b4j 1.58+0.42 38+13 24+1.1 78+1.6 0.14+0.05 7.1+x1.6 8
3(-Z-2b3j 1.29+0.34 0.68+0.33 0.19+0.13 2.16+£042 0.21+0.07 2.76+0.69 3
3(-7-2b4j 1.00+0.29 048+0.24 0.42+0.37 193+£049 0.14+£0.07 6.6+1.6 11
3(-noZ-2b 1.06 +0.25 0.27+0.17 1.31+0.90 2.7+0.9 3.7+09 1.23+032 6
4¢-DF-0b 0.06£0.01 0.11+0.04 0.03+0.17 0.21+0.22 - 0.28 £0.01 2
4(-DF-1b 0.22+0.03 0.05+0.03 0.13+0.22 0.39+0.27 - 1.05+0.03 1
4(-DF-2b 0.11+0.02 <0.01 0.11+0.19 0.22+0.21 - 0.64+0.02 1
4¢-727* 0.01+£0.00 1342+12 0.27+0.18 1345+13 - 0.07+£0.01 158
4(-SF-1b 0.16 +£0.02 0.29+0.06 0.14+0.19 0.61 £0.27 - 0.91+0.02 2
4(-SF-2b 0.08 £0.01 0.09+0.03 0.04+0.18 0.21+£0.23 - 0.64+0.02 1
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ATLAS - 4L selection

Region Z, leptons T4 PT34 [mee —mz,| Eiss Niets  Npjets

46DF-0b  e*u® > 10 GeV > 45 GeV - - >2 0

46DF-1b  e*4*  >7GeV > 35 GeV ; - -

46DF2b  e*F > 7 GeV ; - - - 2

10 Gev 40 Gev

AC-SF-1b  e*e%, pty®  >7 GV > 25 GeV { Comen = aee } 1

<10 GeV >80 GeV
o > 10 GeV -

40-SF-2b ettty > 7 GeV : © >2

<10 GV > 40 GeV
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CMS - SS vyield table

Ky ee

Process 3jets >4 jets 3jets >4 jets 3jets >4 jets
Nonprompt 29.0+47 | 26.04+-44 | 570+54 | 405+42 | 16.0£3.7 | 129 £3.1
Charge misID - - 29+£07 | 1.6+04 | 33+£16 | 1.7+08
Wz 31+£10 | 1.3+05 | 45+14 | 22408 | 1.6+05 | 09+03
7z 02+01 | 01£01 | 03+£01 | 02401 | 02£01 | 0.1£0.1
Multiboson 12+£05 | 1.1+04 | 15405 | 12£04 | 0.8+£03 | 0.5+02
tbZ/tt+X 08+03 | 1.0+04 | 41+14 | 544+22 | 14+£04 | 24+£13
ttH 07+£01 | 3.0+05 | 1.1+01 | 40+05 | 0.3+01 | 1.4+02
Background | 35.14+4.8 | 326+45 | 713 £58 | 55149 | 237 +4.1 | 199 £3.5
tW 104+28 | 177 +40 | 139+£3.7 | 252+55 | 55+14 | 81+19
ttZ 07+£01 | 21+04 | 1.1+02 | 30+06 | 04+01 | 1.3£03
Expected 462 +£56 | 526 £6.0 | 86.4+6.9 | 83673 | 29.6 £44 | 294+ 4.0
Data 47 61 89 69 31 32
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CMS - OS vyield table

pp/ee ey
Process 5 jets >6jets 5 jets >6jets
Z+lIf jets 2647 £57.0 | 926+19.7 <01 <01
Z+cCjets 341.0 £744 | 1059 £22.8 <01 <01
Z+bjet 2357 £594 | 68.4+18.1 <01 <01
Z+bb jets 37804720 | 135.6 £252 <01 <01
tt+1f jets 188.4 +£18.9 584+73 | 1803 +15.6 | 57.8 £ 6.4
tt+hf jets 56.7 £15.8 306 +83 | 520+145 | 273+73
tbZ/ttWW 42+18 1.8£0.7 <01 <01
ttH 14401 1.0+0.2 1.0+0.1 0.6 £0.1
Background | 14702 +134.6 | 4944 +44.7 | 23344+ 213 | 858 £9.7
ttZ 240455 282+ 6.8 13403 0.8+02
ttW 1.1+02 05+0.1 12+02 0.8+0.2
Expected 14953 +134.7 | 523.1 +45.2 | 235.8 +21.3 | 874+ 9.7
Data 1493 526 251 78
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CMS - 3L and 4L yield table

30 ttW 30 ttZ 40
Process 1jet >2jets 3jets >4 jets >1jet+Z | >1jet + Z-veto
Nonprompt 446+53 | 548+64 | 82+28 | 54+21 - -
Nonprompt WZ/Z - - - - <0.1 <01
Nonprompt tt - - - - <0.1 02402
Wz 32+08 | 80+17 | 11.74+29 | 54+16 - -
7z 1.0£02 | 1.5+03 | 1.6+04 | 09+03 | 33+05 1.8£03
Multiboson 01+01 | 044+02 | 05+£02 | 0.5+0.2 <01 03+0.1
tbZ/tt+X 04+01 | 34+11 | 1.6+£06 | 0.7+03 <01 <01
ttH 02+01 | 474+04 | 03£01 | 04+0.1 <0.1 02+0.1
Background 495+54 | 72.7+67 | 2394+41 | 133+27 | 33+05 24404
ttW 25+08 | 188+47 | 05+0.1 | 02+0.1 - -
ttZ 03+01 | 75+12 | 88+19 | 169+36 | 04+0.1 43+1.0
Expected 523+54 |994+83|332+45|304+45| 3.7+05 67+11
Data 51 97 32 30 3 6
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CMS - SS and 3L ttW BDT variables

BDT inputs: same-sign ttW vs. tt 3jet | >4jets

Mr of Efissand pr of leptons and jets | 1 1 BDT inputs: 3¢ ttW vs. tt ljet | >2jets
E‘T‘“iss 4 2 ond hig_}‘lest CSV value of a jet - 1
2" highest lepton pr 6 3 Mr of Ef™Sand p of leptons and jets 1 2
Match score for tt — ¢,qq blv 2 4 Match score for ttW — v blv blv - 3
Highest lepton pr 5 5 24 highest same-sign lepton pr 4 4
27d highest CSV value of a jet 8 6 tt matched top mass from /y and ¢, - 5
tt matched top My from blv 7 7 Highest same-sign lepton pr 3 6
Match score for ttW — blv bq 9 8 Match score for ttW — (v blv (v 2 -
Match score for ttW — bév bqq - 9 Ejpiss 5 -
tt matched top mass from £,qq 3 - Highest jet pr 6 -
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CMS - OS and 3L ttZ BDT variables

BDT inputs: OS tiZ vs. tt 5jet [ >6je

AR between leptons 1 1
BDT inputs: 3¢ iZ vs. WZ and tt 3jet | >4jets | | pr of dilepton system 2 2 BDT inputs: OS ttZ vs. Z and tt 5jet | >6jets
Match score for tiZ — (£ blvbq 1 1 Dilepton invariant mass 3 3 OS tiZ vs. tt BDT 1 1
Match score for iZ — £¢ blv bqg - 2 Hiiss 4 4 Match score for fiZ — ¢/ bq bqq 3 2
Match score for tiZ — ¢4 (v bqq 8 3 Match score for tf — bév blv 5 5 Match score for tiZ — (£ bqg bq 4 3
Match score for iZ — ££blv qq 9 4 Number of jets with py > 40GeV | 9 6 Match score for tiZ — (£ bqq bqq - 4
Number of medium b-tagged jets 3 5 Match score for tiZ — (£ bqgbqg | - 7 Minimum 2 for tiZ — ¢£ bqq bqq - 5
Mass of lepton pair matched to Z boson | 7 6 Match score for tiZ — (/bqbqg | 8 8 Number of jets with py > 40 GeV 6 6
My of EfSand fir of leptons and jets 4 7 Match score for tiZ — (£ bqgbqg | 7 9 5 highest jet pr 5 7
Match score for tiZ — 0 blvb 2 - Ratio of My to mass of jets 6 10 Ratio of My to mass of jets and leptons | 2 8
Match score for ttZ — £/ v bq 5 - CSV of jet matched to b from tt 10 12 2" highest jet CSV/ 7 9
Match score for tiZ — 0 bl q 6 CSV of jet matched to b from tt 1 11 Highest jet CSV 8 10
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