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Introduction to top quarks at CMS

» Measuring top quark cross sections is important at 13 TeV:
a Precision tests of QCD calculations
s ttis a background in almost all other analyses (SUSY, ttH, etc...)
s Can use to measure m, a_, calibrate b-tagging

s Sensitive to BSM physics
» All analyses shown here use 2.2 fb! good quality data (2015)
» tt MC (NLO): Powheg(v2)+Pythia8, NNPDF3.0, m,=172.5 GeV

s Alternative with MG5_aMC@NLO, Madgraph5, Powheg+Herwig
o = 8321720 (scale) & 35(PDF + ay) pb

NNLO+NNLL mt:172.5 GeV, Czakon and Mitov

» Singletop tW (71pb), t-channel (217pb): Powheg, aMC@NLO+Pythia
» Main backgrounds:

s W+jets, Z+jets: MG5_aMC@NLO + Pythia

s QCD multuet Diboson: Pythia8 (and from data)
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Inclusive eu cross section
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Trigger: dilepton (ep) trigger

2.2 " (13 TeV)

' CMS eu

£ - Data
. c . -
» Event selection: 00 Proiminary M
: o Non W/Z
s Isolated OS ep pair, p,>20 GeV, |n|<2.4 3 A
=2 jets, p,> V, |n|<2.4 S ;W
4 Je S pT 30 Ge |n| %5000 ] Z/,Y* %ei-l.ﬁ
s =1 b-tag: €, ~67%, € ~1%, € ~15% Z
s m, >20GeV
» Background estimation: o1
+ D¥ normalized to MC prediction e
by a data/MC SF from Z peak in data S 0gl— ; : : .
s Non-W/Z from SS control region Number of jets
# Single top, diboson from MC PAS TOP 16-005
» Cut and Count Piuiﬂber of
Source e~ut events
Drell-Yan 24 =94+ 4
N — N Non-W/Z leptons 109 + 50 + 33
Ot — data bkeg Single top quark 463 + 6 + 145
ceAL VvV 15+2+5
ttV 31+14+10
Total background 642 + 52 + 149
989, tt dilepton signal = 10199 + 14 + 462
Data 10368
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Kinematic distributions
» tt normalized to NNLO+NNLL
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el Inclusive cross section results

Source Aoz (pb)_Aog/oz (%) P Luminosity uncertainty
Data statistics 8.3 1.0 :

Trigger efficiencies 9.7 1.2 d omina te S

Lepton efficiencies | 18.4 2.3 | . .

Legton energy scale 0.3 0.04 ’ Stl ” room to Im prove
Jet energy scale L == calibrations, efficiencies
Jet energy resolution 0.8 0.1

b tagging 11.0 1.4

Mistagging 0.5 0.06

Pileup 1.5 0.2

Single top quark 11.8 1.5

\AY 0.4 0.06

Drell-Yan 0.3 0.04

Non-W /Z leptons 27 0.3

tV 0.8 0.1

PDF 4.8 0.6

Scale (pur and uR) 0.8 0.1

Parton shower scale 6.4 0.8

tt NLO generator 16.8 2.1

tt hadronization 10.2 1.3

Total systematic (no integrated luminosity) 38.0 4.8

Integrated luminosity | 214 2.7 |

Total 44.4 5.6

o, = 793 £ 8 (stat) £ 38 (syst) £ 21 (lumi) pb
Values for m=172.5 GeV. For m=173.34 GeV o, decreases by ~0.7%.
Relative error of 5.6% (was 3.9% for 20 fb' 8 TeV data)
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tt - ev buv b candidate event

CMS Experiment at LHC, CERN
Data recorded: Wed Jul & 19:26:24 2015 CEST
Run/Event: 251244 / 83494441
Lumi section: 151
OrbiVCrossing: 39572626 / 358
1%

CMS Experiment at LHC, CERN

Data recorded: Wed Jul 8 19:26:24 2015 CEST
Run'Event: 251244 [ B3494441

Lumi section: 151

\ Orbit'Croasing: 39572626 / 358

MET= 164.0 GeV

Jetp; = 81.6 GeV

Jet < Electron
' P_=57.7 GeV

" Muon p, = 53.8 GeV

-
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Dilepton differential cross section

» Trigger on isolated dileptons and Z/+jets

topologies
>

Event selection (ee, ey, pu)

Events

s Isolated OS leptons: p.>20 GeV, |n|<2.4

s =2 jets: p,>30 GeV, |n|<2.4

o =1 b-tag jet (CSV): €,=85% ; £, =10%

4 mu>20 GeV

s ee, uh: MET>40GeV and |91-m,|>15GeV

» Same background estimations as inclusive o
» Kinematic reconstruction (94% efficient)
s Constraints: m=172.5 GeV (x2),
m,=80.4 GeV (x2), (p,+p-),=MET

# Reconstruct each event 100 times,

Top quarks / 25 GeV

smearing inputs by their resolution

s Consider weighted average
s Derive scale factor €
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Dilepton differential results

» Calculate normalized differential cross sections to reduce systematics
» Perform regularized unfolding to parton level
» Good agreement overall with beyond NLO QCD calculations

CMS Preliminary 221 (13 TeV) CMS Preliminary 221 (13 TeV)
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Differential /+jets Cross sectlon

» Triggers based on single isolated lepton

» Event selection:

s 1 isolated lepton with p_.>30 GeV, |n|<2.1
s =4 jets with p.>25 GeV, |n|<2.4
e =1 b-tagged (¢,=65% ;

a—:quB%)

bin at particle level pT(
- D W M 0O N @ (O

» b-tag jet and leading non-b jet: p.>35 GeV

» Unfold to parton level and to particle level § E
» Kinematic reconstruction S =
s Use mass constraints of m, m, on leptonic i
side to obtain neutrino momentum (NIM 736, 150

169 [2014]) and correct b-jet on leptonic side o

s Calculate probability A according to 2D mass
distributions of m, m, on hadronic side to
obtain best permutation of jets

s Cut-log(r_)<10

7000
6000
5000
4000

Events /0.4

3000

s Correct tt reconstruction efficiency: 63% on 2000

average, 80% for 4jet, ~40% for 7jet events
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Events / 40 GeV

Data/Sim

Events / 40 GeV

Data/Sim

Kinematic distributions
» tt normalized to NNLO+NNLL cross section
» Backgrounds from MC simulations (50% syst. on their normalization)
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231" (13 TeV)
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Parton level distributions [+jets
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Unfolded and extrapolated to full phase space
Binning optimized to have similar number of events per bin
p,(t) still a bit too hard: Powheg+Pythia6 was harder in previous 8 TeV results

pT(tf) better described by Powheg than MG5 aMC@NLO or Madgraph (+=3 jets)
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[+]jets differential cross section

» Particle level calculations avoid Main uncerta:lr}tlryes T
theoretical extrapolations to full phase U . partice(lo] parton ]
space - smaller uncertainties staistical uncertainty L5 1S

» Top proxy: £ (including radiative ptagglng 13 13
losses), v not from hadrons, stable jet energy scale >7 6-8
particles clustered in AR=0.4 jets, b-jets NLOgenerator 1-6 I-10
contain b-hadrons (unstable), with p—0  partonshower scale 1-5 29

K*=[M (py+py+py )-m [+ (M (p, +p, )—m, P+ [M(p, +p, +p,)-m: POWHEG+ PYTHIAS vs. HERWIGH | <3 1-12
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O 1= — ﬁ%té_aMC@NLO P8 [FxFx] - — ﬁgé_aMC@NLO P8 [FxFx] 2 — ﬁﬁ%t's_aMC@NLo P8 [FxFx]

'8_ - EE:_.E MG5_aMC@NLO P8 [MLM] 1 e MG5_aMC@NLO P8 [MLM] [ e MG5_aMC@NLO P8 [MLM]

el T ot E == iy o E o pomnegts

S0t = _ .- MG5.aMC@NLOPS oL s ---- MG5_aMC@NLO P8 20 E g ---- MG5_aMC@NLO P8
g ¢ = MG5_aMC@NLO Hs+ S MG5_aMC@NLO Hs + s oF = MG5_aMC@NLO Hs +
~ C = { 1= = ——di =S ]
%102 ;_ " 102 &
E D e e g 0_2 B B e 3 :_;_:;A:;—"_;—;";
10_3:...|....|‘...|....|....|....|....|.... E. . L P R RS R 10 :_.|...|..‘|...| PP T R R

ket St e L7 e it e

£° | ET T e i T A= bt JE e ————-
080900 200 300 400 500 600 700 800 0 100 200 300 400 500 400 600 800 1000 1200 1400 1600 1800 2000

p(t) [GeV] p.(ff) [GeV] M() [GeV]
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Values for m=172.5 GeV. Slope: -6.3 pb/GeV
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0. comparison with ATLAS and theory

» New measurements at 13 TeV are in agreement between each other
and the NNLO+NLL prediction

» Now working on reducing systematic uncertainties
s Hadronization, PS, modelling, JES, b-tagging, efficiencies

ATLAS+CMS Preliminary LHCIOpPWG G . summary, Vs=8TeV Mar 2016

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
My, = 1725 GeV

scale uncertainty
scale ® PDF ® o uncer tainty

total stat
O *(stat) 2(syst) (lumi)

ATLAS, lepton+ijets
PRD 91 (2015) 112013, L,,=20.31b"

——#— 260+1'Z+8pb

CMS, lepton+jets
arXiv:1602.09024, L, =19.61b"

e+ 228.5+3.8+13.7+£6.0 pb

CMS, lepton+t,
PLB 739 (2014) 23, L,=19.61b"

F——fet—— 257+ 3+24+7pb

ATLAS, dilepton ep
EPJ C74 (2014) 3109, L,,=203 "

- 2424+1.7+55+7.5pb

CMS, dilepton (ee, iy, ep)
JHEP 02 (2014) 024, L, =53 o

o 239.0+ 2.1+ 11.3+6.2 pb
LHC combined ey (Sep 2014) i
ATLAS-CONF-2014-054, CMS-PAS TOP-14-016,
Ly=5.3-20.3 fo™

241.5+1.4+5.7+6.2 pb

CMS, dilepton eu e 2449+1.4" %3+ 6.4 pb
arXivi1603.02303, L,,=19.7 fo"
CMS, all jets =
arXiv:1509.06076, L,,=18.4fb" 275.6+6.1£37.8+ 7.2 pb
Effect of LHC beam energy uncertainty: 4.2 pb
(not included in the figure)
IIII|IIII|IIII|IIII|IIII|IIII
100 150 200 250 300 350 400
o, [Pb]
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ATLAS and CMS preliminary Vs=13 TeV

May 2016

CMS ey 2.2 b el T793:8+38+2 pb
ATLAS ey 3.2 fb” o4 803i7+27+45 pb

ATLAS-CONF-16-005

ATLAS ee,uu 85 pb'—t—e—t=i  749+57+79+74 pb

ATLAS-CONF-15-043

CMS I+jets 43 pb™!  r——stipb—i 836+27+84+100 pb

CME-PAS-TOP-15-005

ATLAS l+jets 85 pb™

ATLAS-CONF-15-043

i 81741310388 pb

GE:I:ST.ﬂt]i{S‘jI' sH(lumi)

|:| NNLO+NNLL PRL 110 :2[]13} 15}![]04 n'l —1?2 5 IGEU

EI‘JCI ?EIIJ Eﬂﬂ QDU 1000
6, [Pb]

Top production in CMS
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tt+Z production_

» Select events with 3 or 4 leptons and at
least 2 jets

» Data-driven estimates for non-prompt
leptons, control regions for WZ and ZZ

» Binned likelihood fit to all categories,

Including nuisance parameters CMS Prel ,PAS TOP 12‘?%? 13 TeV
CMS Simulation 2.5 7" (13 TeV) Ch_is.PrFﬁTm.m}r —r— .2'1?](?-1513;?% (7)) 90_ |re Im{nary| | : | ( | ° )_
§ ZUf— | | | pr:sdimec:lI —f 35;_ WZ CR .&iata-dn‘ven E E E D -Z
‘i::-'; : —+—obsewed E 30¢ : ) Dﬁz _: q>) 802_% tt E
) Non-prompt { 25; v » v + 70 lWZ E
3 ttand Z+jets | b ||k e +o- - W
13 JERE: b= - 60 B
: .« ° 1 10 b
g 12— | | | | | {5 >0 Drare
2 0;:1_.n— 40 -
-DET 't | =T nee e LI : UU 50 100 by 1E !”g/”’ Idata-drlven .
ota ' o o my [GeV] 30 it ]
o, = 1.07 £ 0.33(stat) + 0.15(sys) pb 20 boaa
0., = 0.76 £ 0.08 pb [aMC@NLO] " e
Significance: 3.10 exp., 3.60 observed

U = 1.7 + 0.40(stat) £ 0.19(sys) 2j(=0b) 2j(>1b) 3j(=0b) 3j(=1b) 3j(>2b) 4j(=0b) 4j(=1b) 4j(>2b)
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Single top t-channel cross section ,

» Event selection
s 1 isolated u, p,>22 GeV, |n|<2.1

s n(q), m,,, m, m (W), cos(®,,), ...

2j1t region

N
s 2 jets, p,>40 GeV, |n|<4.7 v
s 1Db-tag (MVA) (¢,=45% ; €,,=0.1%) .
» W+jets from simulation, validated outside
top mass window: 130<m,, <225 GeV PAS TOP 16-003
» QCD shape from data, normalization from
fit of mT(W) in SB and cut: mT(W)>50 GeV 5000 230" (13 TeV)
< ARRN R R RARN RER N RN RN RN RN RRRE AN
P 2j1t is the signal region, use 3j1t and 3j2t E - cMs '+ Data :
to constrain tt o 5000~ Preliminary — Fit B
» Use 11 variables combined in MVA = I —non-QCD 1
& 4000~ —QcDh .
C
o
>
L

Process ut U
Top (tt and tW) 7048+13 7056+£13
WHjets and Z+jets | 30391102 2399190

QCD multijet 241+121 | 2194110
Single top f-channel | 1539+13 977110 ]
Total expected 11867159 | 10651143 | T R VS B >
0 20 40 60 80 100 120 140 160 180 200
Data 11877 11017 m¥ (GeV)
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t-channel results

» Fit MVA output for pu*, u- and inclusive
a Bkg norm. constrained (10% tt, 30% EW, 50% QCD from prediction)
» Ratio o/o. = 1.75 £0.16(stat) £0.21(syst)

» 15% overall unc., 12% modeling, 6% exp.

231" (13 TeV) 231" (13 TeV)

231" (13 TeV)

III|III|IIIIII|III|III|I IIIIII|III|III|III|III|I III II|III| |III|III|III|I =
P o Data - A o Data 1800 imi -@ Data
CMS Preliminary mt-channel | 4500 CMS Preliminary m t-channel CMS Preliminary B ¢-channel
2j1t region mtt, tW 3j1t region ot tW 1600~ 3j2t region .tf tW
mW/Z+jets mW/Z+jets A
[JQCD (DD) [JQCD (DD) 1400 WW/Z+jets

Events /0.2

Post-fit unc. Post-fit unc.

post-fit

Post-fit unc.

1200
1000

'|III|III|III|III|III|I_I

IIII|IIII|IIII|III

IIIIlII|III|IlI|III|IIl|III|III|I

4 -08-06-04-02 0 02 04 06 08 1 1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
MVA output MVA output MVA output

SR ooowecew, Twews S 1E
0.8 0.8l

0, = 228 + 9(st) + 14(ex) + 29(th) + 6.2(lum) pb

o, = 217.0 + 6.6(scale) + 6.2(PDF) pb [NLO]
NNLO available: 214.5 £ 0.6 [PLB 736, 58 (2014)]
fV. | = 1.02 + 0.07(exp) + 0.02(th)
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Conclusions

Robust measurements with early Run Il data
Results are overall in good agreement with

| T T T | T T T I T T T | T | T T T I T T T
. <1
D RO SRt ATLASACMS Preliminary  var20ie -
3 ® CMSeu7TeV(L=5fb" LHCfopWG
10° = = ATLASensTeV (L=203 ft")
F e CMSeu8TeV(L=19.71")
¥ LHC combined ey 8 TeV (L = 5.3-20.3 ')

\ 4

v

m ATLASep13TeV (L=3.21b"
® CMSep13TeV (L=43pb’)
A ATLAS ee/pp 13 TeV (L = 85 pb’)

Inclusive tt cross section [pb

theory and ATLAS s e e e ok
s No signature of new physics yet! 3 ool w

» Dilepton analyses lead in precision: 5.6% e oL oot

» Will focus now on reducing systematics LA
a Better understanding of JES, trigger, and b- 2 0 e

tagging
s Constrain hadronization, PS, modelling

» Single top entering new era of differential
measurements and properties

» More papers coming with new tools: boosted
top tagging, pile-up cleaning algorithms, more
channels, new fitting techniques

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
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