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Why inclusive cross-sections?

» Precision test of SM, such as NNLO
QCD calculations

» tt pair production important
background in almost all other analyses

» Can be used to extract information on
other quantities (ex. m;, a;)

» Sensitive to BSM physics

Top Pair Branching Fractions

. alljets™ 46%

B cjets 15%

Fewer More
Leptons Leptons
15%
More More information :
Background lost to neutrinos "dileptons” "lepton+jets”
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Total Integrated Luminosity (pb ')
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Analysis Overview

CMS prel_dilepton ep
CMS-PAS TOP-12-004 (L=5.0/fh)

T &
CMS e/u+jets
PLB 720 (2013) 83
(L=2.2-2.3ifb)
—e—

CMS dilepton e;"u-ﬂ:h
PRD 85 (2012} 112007
(L=2 2/fb)

CMS 1, Hets
EP.JC 73 (2013) 2386 (L=3.9/fh)

b
CMS all jets

JHEP 05 (2013) 065 (L=3.5fib)

] scale uncerainty
—/1 scale @ PDF & 0, uncertainty

CMS Preliminary, O summary, {s=7TeV

WNLO+NMLL (topt++ 2.0). PDF4LHC, m
Czakon et al., PRL 110 (2013) 252004, arXiv:1112.5675 (2013)

= 1725 GeV

Sep 2015

1745+2 147 +38pb

(val.+ stat. + syst. £ lumi.)

1568.1£2.1+10.2+ 35 pb

(val. + stat. + syst. £ lumi.)

143+14+22+ 3 pb

(val.+ stat. £ syst. £ lumi.)

152 £ 12432 £ 3 pb

(val. + stat. £ syst. £ lumi.)

1391026+ 3 pb

(val. t stat. £ syst. £ lumi.)
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Vs (TeV)

luminosity

8 18.4 b1

7 3.54 b1

13 42 ph~1

channel
all-jets ew!
T, + jets

ew!

{ +

jets

8 19.6 fb~1

T, + eory

7+8 5+19.6 fb~1

dilepton%

13 42 ph~1

Measurements in
previous datasets
show good
agreement with
QCD predictions.

Many measurements have been
performed—only a fraction presented

here.

dilepton

CMS Preliminary, G summary, {s =8 TeV Sep 2015

CMS prel. dilepton ep
CMS-PAS TOP-13-004 (L=19.7/fb)

F 6.6
2456+ 1.3% +6.5pb

(val + stat.+ syst = lumi.)

228+ 9+22 +10pb

(val.+ stat. ¥ syst. £ lumi)

CMS prel e/n+jets
CMS-PAS TOP-12-006 (L=2.8/f)
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25+ 3£24+ 7 pb
PLB 739 (2014) 23 (L=19.6/)
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e
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CMS prel. all jets
CMS TOP-14-018 (L=18 4/fh)

NMNLO+MMLL (top++ 2.0), PDF4LHC, m_ = 172.5 GeV

Czakon et al., PRL 110 {2013) 252004, arXiv:1112.5675 (2013)
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. arXiv:1301.5755 7 TeV
7, + jets Channel 3.9 fb!

CMS\s=7 Ll'e\l»’, gt | " " e Data
oo stat.+syst. uncertainty
I (i, +jels
I single top

W/Z + jets

I f background
e g multijet

—
(=]
El

Trigger: dedicated multijet+t;, trigger

Signature: 10°
» > 4 jets with py > (45,45,45,20) GeV

Events /0.1
S
B

I _J_I_I_I_I,IJ \I-IIII,IJJ IIIIIIII| IHIIII\| \IIIII,IJJ IIIIIHI|_

» > 1b-tag (working point 60% efficient with o

mistag rate of 1%) '

» 1 isolated t;candidate, reconstructed with 1 ‘

hadron-plus-strips (HPS) algorithm g 1§§_ —
Background: shape from multijet L0 1 S Lt A AR L

data events without b-tags 2 0 A L

S D
Use ANN to create discriminator "
] . . . ] Jet Energy Scale 1 %
Binned negative log-likelihood fit +, identification 99,
T), energy scale 7 %
o = 152 + 12(stat.) + 32(syst.) + 3(lum.)pb Total systematic 21 %
Total statistical 8 %
Luminosity 2%
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e
arXiv:1407.6643 8 TeV

Lepton + 7, Channel 19.6 fb1
Trigger: single electron/muon < 1200+ ST
. © L CMS == data 1
. (D - =t +
Slgnature' o 1000~ =guu:,;§mis
» 1 isolated e(u) with p;>35(30) GeV N ' . DY diboson
24 i misidentifiedt, |
» 2 3 jets with p;> (30,30,20) GeV € 8000 2 vtel uncerainty |
» 2 1 b-tag (working point 60% efficient with mistag i 600
rate of 0.1%) ]
» 1 175, candidate reconstructed with HPS with p,> 20 4001
GeV 200'_
> E;SS > 40 GeV
. I N O O o i G
Use KINDb to calculate possible m; values 100 150200250 300 350 4??38\‘}?0
for additional separation P
: . Identification 6%
Channels combined with BLUE TR
7, Mis-ldentifcation 4.3%
Factorization Scale 2.9%
o(ern) = 255 £ 4 (stat.) = 24 (syst.) = 7 (lum.) pb : -
ow(prh) = 258 + 4 (stat.) + 24 (syst.) &+ 7 (lum.) pb Total systematic 9.5%
o,z(combined) = 257 + 3 (stat.) & 24 (syst.) £ 7 (lum.) pb | Total statistical 1%
Luminosity 2.6%

S. Crucy (UGent) CMS Inclusive Cross-Sections 6



All-Jets Channel: Methox

Trigger: multijet trigger

Signature:

» 2 6 jets with p; >(60,60,60,60,40,40) GeV

» = 2 b-tags (working point is 70% efficient with 1.4%
mistag rate)

Kinematic fit:

» perform y? fit to fix jet-parton assignment

> allow jet four-momenta to vary within p and angular
uncertainties, and impose m;, = 80.4 GeV and m; = m;

» Require P(x?) >0.15 and AR;,-2.0
Background:

» QCD multijet background only non-neglible contributor

» shape taken from multijet data events where events
containing b-tagged jets are vetoed

Unbinned maximum likelihood fit to m,"¢¢ to
extract signal and background normalizations

Events / 2 GeV

CMS-TOP-14-018

=

=

Data/(S+B)-1

(to be submitted) 8 TeV
18.4 fb~1
184 1™ (8 TeV)
I | -+ Data L:
Osignal 7
aaco -
_& EMC unc. 1
.5- I =
0 e TR g iIT  Tromerre g b i ,“
Db e 4'—'4'—4'—777—?@&#* PN,
6 100 120 140
Fourth jet P, (GeV)
CcMS 18.4 b (8 TeV)
21000k T T Spam
] L [OSignal E
N ¥ DQCD ]
— 800 FEMC unc. |
T L
E [
g 600} =
L L
400} .
200} -
:\I\I\I\I L ‘d-ll‘ll\‘:
;,.'? 05 T T T T T [ ]
E 40 50 60 70 80 90 00
Sixth jet P, (GeV)

S. Crucy (UGent) CMS Inclusive Cross-Sections

7



©roswmic | 8TeV
AII Jets Channel Results 18.4 fb~1
18411) (8 TeV)
% 250;— é%%% —
~ o00f EIMC unc. ] - -
g o = 275.6 £ 6.1(stat.) £ 37.8(syst.) £ 7.2(lumi. ) pb
= 150]
100; Source
50} Background modeling +4.9%
. JES —7.0, +6.8%
3.k JER +3.5%
. b tagging 1=7.8%
Ms 184fb @ TeV) Tfigger efficiency _2_2! _|_2_[]0/0
E 300) | o Eggtgal L Underlying event +4.4%
S os0f Huewne 1 Matching partons to showers —4.2, +2.4%
% spq" < 1 Factorization and renormalization scales —0.5, +3.8%
L% 10l Color reconnection +1.4%
100§ Parton distribution function +1.5%
g Hadronization +2.0%
i Total systematic uncertainty +13.6%
B S e e T Statistical uncertainty +2.3%
§ e o0 Integrated luminosity +2.6%

Leading top P, (GeV)
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Dilepton Channel: Meth

Trigger: dilepton (eu) trigger
Signature: (note: no cut is made on number of jets!)
» OS isolated ey pair with p;>20 GeV
> jets have pr> 30 GeV; b-jets are tagged with 60% efficiency and 0.1% mistag rate

Extended binned likelihood fit; signal modeled with Poisson terms with
expected events:

5
S

o

Events

Nuisance parameters
are modeled by 2
order polynomial,
linear, or box priors

Loi €ey - 265(1 — Creyp)

= Eaff’fsew *E%Cb
Ea&’f‘“‘eg# (1 —2€4(1 = Cpey) — Cbgf%)

x10%

5.0 b (7 TeV)

- CMS

= Preliminary

¢ data

I

“ R TRY
oy

[Clwv

[ nen Wiz

v

MC syst+stat

il

S

b jet multiplicity

7 TeV
5.0 fb‘1

8 TeV
19.7 fb1

Events

obs
pred

CMS-PAS-TOP-13-004

x10°* 19.7 b (8 TeV)
70 ;CMS & data
= imi [ I
= Prelimina
Bl % B twiw
50 Cloy
40 CJwv
[ non WiZ
30 - v
20 MC syst+stat
10
15E ¥
e g L URRURUUNURNRY
Eo | I R | |
08 0 2 >3

b jet multiplicity
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CMS-PAS-TOP-13-004

Dilepton Channel: Method

7 TeV
5.0 fb‘1

8

TeV

19.7 fb~1

Jet p; distributions allow fit to constrain systematics related to gluon

radiation, jet energy scale, etc.

2(1 03 0 or >2 b-tagged jets 19.7 fbo’ (8 TeV)
*g qpE0add jets [ ° data 3 10° 1 add. jet 2 add. jet >3 add. jet CMS
g B it B g Preliminary
L 25 B twiw—n &
208 % DY g 1o
E vV
il L
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108 v g
5 Il tthg " |
E MC syst+stat F|
8|‘8 1%:5‘\\"\\\\\\\\\\\\ -g 8 1 2 \&\\\.\\\&:\;\\KQ\\\;\“\?\ \\\\\\\ \\\\\i\\\\ ;\\;\\\\\Q\\\\\\\\\ H“HH;\\\\\\\\\\\\\\ \\r\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\
— ol SO S5 ENE- SRR 58 RRRRGHR R =t &
- a 0'8:§ © Q_O'B \\ ) \\\i\\ : \.‘ I \7\%\.\\6\\\‘\\\%1\%%\‘\\\\\\1\\%\\\\\ L\ \\QT\‘.\M\L\\ \ L N\\ \N\ L
40 60 80 100 120 140 160 180 40 60 80 100120140160180 40 60 80 100 120 140160 180 200
p, [GeV] p, [GeV] p, [GeV
3 1 b-tagged jet 19.7 b’ (8 TeV)
+ data > 10 ) . .
a o) 1 add. jet 2 add. jet >3 add. jet CMS
ekl B Q Preliminary
B wiw-n &8 107
oy &
[ Jwv T
w 10
[ QCD/Wijets
[ lttv 1
Il tthg
MC syst+stat
g 8 1'%%\\\\\@\\\\\ _g 8 1'21 [ERERTNNN \\\\Q\\Q\\Q\Qiiqti‘lixi SN Q AR S R S§\\\\\\x\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
= e = 3 S%KW‘\
- Q-O'BE_ - Q-O'B [ ‘gw\l\ékﬁ\\\\%l\\\l\\\\\m qum \\‘N\\(\\
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CMS-PAS-TOP-13-004 7 TeV 8 TeV
Dilepton Channel: Results 5.0 fb~1 | | 19.7 fb1
o5 = 3.0540.04(stat) £005 (syst) = 0.07 (lumi)pb at /s =7 TeV and
vis o = 4.24+0.02(stat) £33 (syst) £0.11 (lumi)pb at /s = 8 TeV.
Y
Uit = Aoy | 08 = 174.5 + 2.1 (stat) £33 (s yst) + 3.8 (lumi) pb at /s = 7TeV and
oz = 245.6+ 1.3 (stat) f’*ﬁ (syst) £ 6.5 (lumi)pb at /s = 8 TeV.
Source Uncertainty (%)
7 TeV 8 TeV
Lepton [D/Isolation | 1.4 1.5 » Extraction of top quark pole mass (see top
Jet Energy Scale | 0.7 0.9 mass session tomorrow!)
Total Systematic +2.7-2.3 +2.7-2.5 » Stop quark limits (see top and exotica session
Luminosity 2.1 2.6 Thursday!)
Total Statistical 1.2 0.6
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13 TeV

Trigger: dilepton (eu) trigger
Signature:
> Isolated OS ey pair, pr > 20 GeV
» =2 jets, pr > 30 GeV, no b-tagging!
> my > 20 GeV

Backgrounds:

Q
=
K|
o
=]

> DY from Ryt /in method

> Non-W/Z from SS control region

» Single t/VV from MC
Cut and Count

Drell-Yan

Non-W /Z leptons
Single top quark
VV (V=W or Z)

Number of events

6.4+ 1.2
8.5 £ 4.3
10.6 = 3.4
2.6 +£0.9

M Zy - e

CMS-PAS-TOP-15-003 42 p b -1
42 pb’ (13 TeV)
-+ Data
[ [
I Non W/Z
R W
6
Number of jets
" _ 42 pb (13 TeV)
z e —— Data
2 i
w B Non W/Z
° vV
8 R
E
=
=

Total background  28.1 4+ 5.7

Data/MC

tt dilepton signal 207 + 16

Ns ' | o |
o Tt o e - ,
200 350 400 450 500
H; (GeV)
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_ 13 TeV
Dilepton Channel: Results USPASTOPISNS| 42 b1

o =772 + 60(stat) + 62(syst) + 93(lumi)pb (total)
o = 129 + 1.0(stat) + 1.1(syst) + 1.5(lumi)pb (fiducial)

42 pb* (13 TeV)

~U-”,=: 4sE. CMS Data e4F + = 2 jets

2 Preliminary it

i-':' N
Source Ao (pb) Avg/0g (%) &5
Data statistics 60 77 €
Trigger efficiencies 39 5.0 <
Lepton efficiencies 33 4.3
Lepton energy scale <1 <301
Jet energy scale 20 2.6
Jet energy resolution <1 <01
Pileup 2.8 0.4
Scale (yr and ug) 1.5 0.2 g N N i i ,
tt NLO generator 15 1.9 = e e = OO O
tt hadronization 14 1.8 %01 02 03 04 05 06 07 08 09 1
PDF 12 15 nd(e®, u)| (rad) / =
Single top quark 14 1.8
vV 3.5 05 Dependence on top quark mass
Drell-Yan 3.9 0.5 . .
Non. W//Z leptons ’ - was measured; increasing to
;Fotal Systemahf: {nf integrated luminosity) 62 8.0 m; = 173.34 GeV decreases O¢f
ntegrated luminosity 03 12 0
Total 126 164 by ~0.7%.
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{+jets Channel: Method %

Trigger: single lepton triggers

Signature

> |solated e or p with p;>30 GeV

» 2 4 jets with py> 25 GeV (at least two above
35 GeV)

» 2 1 b-tag (working point 65% efficient with
mistag rate of 3%)

Kinematic reconstruction of
tt system
» For differential measurement—Otto’s talk

» Cut on likelihood function (that includes mass
constraints and neutrino momentum) to further
reduce backgrounds

» Final sample is ~93% tt events

Backgrounds taken from MC

Events / 40 GeV

Data/Sim

CMS-PAS-TOP-15-005

13 TeV
42 pb~1

42 pb' (13 TeV)

3

= Preliminary

l+jets

—s— data
B f signal
tt background

B V+Jets
M QCD

e e
(SN PN

Events / 0.25

Data/Sim

250

200

150

100

5

=]

[ T B
[T Y O Y N s

400
p. (1) [GeV]

500

Preliminary

l+jets
—s— data

I tt signal

tt background
Single top

B V+Jets
IR QCD

05
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13 TeV
42 pb~1

CMS-PAS-TOP-15-005

{+jets Channel: Results

42 pb™ (13 TeV)

% E CMS l+jet
(g ] = Preliminary —lf—sdata
g 330 = ] E;ignkat 4 . -
— emif ACKJroLun:
3 o Snai to Otot = 836 + 27 (stat) 484 (sys) £ 100 (lumi) pb.
& 20F B V+Jets
o 200F IR QCD
150 -
100 E- . > :
woE. source inclusive cross section [%]
oE it statistical uncertainty 3.2
E 14 -
® 12 S A BT . b tagging 5.1
W L ] .
T 08 iR jet energy scale 3.5
= 700 400 600  BOD 1000 120?\‘Jt f&;‘[i.;gi i jet energy resolution 3.4
2 lepton selection 3.0
; _ 42 pb (13 TeV) Emiss (non iet) <01
§ ol ey 0 '
(7] re —— a z
m B i signal pﬂeup 1.2
tf background background 1.6
Single top
 V+Jets FPDF 4.7
- CCD factorization scale < 0.1
renormalization scale < 0.1
NLO generator 2.0
= 12 POWHEG + PYTHIAS vs. HERWIG++ 3.4
s i [ | = = - =
fﬂﬁ ;;1 " - L 1 1 total systematic uncertainty (no luminosity) 10.0
g 0 S
8 05== 1 ; = - === luminosity 12
additional jets total uncertainty 15.6
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Conclusions

First 13 TeV results are now available!
» Both total and fiducial cross-sections have been measured

7/ and 8 TeV datasets still providing additional measurements and

| 1
2 4 6 8 10

preCISIOH . CMS Preliminary, 6; summary, Vs=13TeV  sepaois

L T T 1 T T T T T 1 T T T T Ll Ll T ) T

E‘- | ¥t Tevatron corlnbined* 1.96 TeVI(L=B_B bl | CMSI Preliminallry _

c 1 03 | A CMSep*7TeV (=5 CMS prel. dilepton ep 172+60+62+93pb
o E A CMSl+ets 7TeV (L=2.3 fb') CMS-PAS TOP-15-003 (L=42/pb) (val. £ stat. £ Syst. = lumi.)
= C = CMSeu 8TeV(L=197 f5")

8 O CMS l+jets* 8 TeV (L=2.8fb"}

) % LHCcombineden* 8 TeV (L=5.3-20.3fb")

& | ® CMSep*13TeV (L=42 pb)

b O CMS l+jets* 13 TeV (L=42 pb)

(@] ~ * Preliminary 5 4

e

(&) 1000 - e —
= 1 02 - [ CMS prel. e/ptjets 836 +27 +88 + 100 pb
g'-‘i = - . CMS-PAS TOP-15-005 (L=42/pb} (val + stat_+ syst_ + lumi)
2z - 800F .

(2] - L i

3 B

O N L .

L= 600 -

g=—= NNLO+NNLL (pp) R —
NNLOSNNLL ( 13 Is[TeV] MMLO+MNLL (fop++ 2 0), PDF4LHC. m_ = 172 5 GeV
10 E pB) , — Czakon etal., PRL 110 (2013) 252004, arXiv:-1112.5675 (2013)
= Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 7] [ scale uncertainty
C i My, = 1?;2.5 GeV, PDFfE,l\c:S uncenaintiels. according to P|DF4LHC . |:|| S @Ts”“"‘"a‘”ﬁ‘ | | |
1 1 1 1 1 1 1 1 1 1 1 1 1 1
12 14 400 600 800 1000 1200

\s [TeV] o(tt) [pb]
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Thank you!
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Bibliography

Vs (TeV) | luminosity channel Title

7 3.54 fb~1 all-jets Measurement of the tt production cross section in the all-jet final state in pp
collisions at /s = 7 TeV

8 18.4 fb~1 all-jets Measurement of the top quark pair production cross-section in the all-hadronic
final state in pp collisions at /s = 8 TeV

7 3.54 fb1 T, + jets Measurement of the the tt production cross section in the T + jets channel in pp
collisions at /s = 7 TeV

8 2.8 fb1 £ +jets Top pair cross section in e/u+jets at 8 TeV

13 42 pb~1 £ +jets Measurement of the inclusive and differential the tt production cross sections in
lepton + jets final states at 13 TeV

8 19.6 fb~1 T, +eory Measurement of the tt production cross section in pp collisions at /s = 8 TeV in
dilepton final states containing one T lepton

7+8 5+19.6 fb~1 | dilepton Measurement of the the tt production cross section in the ey channel in pp
collisions at /s = 7 and 8 TeV

13 42 pb~1 dilepton Measurement of the top quark pair production cross section in proton-proton
collisions at /s = 13 TeV with the CMS detector
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Some Explanation for Some Systematic Uncertainties™

Trigger: estimated using tag-and-probe methods on Z events (single lepton) or using ETmiSS or Hy cross-
triggers (dilepton)

Lepton Identification/Isolation: estimated using tag-and-probe methods on Z events

Lepton Energy Scale: estimated by studying Z events in data and MC

miss . estimated by varying the jet energies/E;™** by one standard

as needed

Jet Energy Scale/Resolution and E;
deviation and recalculating E;™

Pile-up: estimated by varying the inelastic cross-section or by varying the vertex reconstruction
efficiencies in MC simulations

b-tagging: estimated by varying b-tagging scale factors within their statistical uncertainties

Backgrounds: for those taken from simulation, estimated by varying the normalizing cross-section.
Uncertainties for data-driven estimates are method-dependent.

PDF: estimated by recalculating the acceptance after reweighting events using the NNPDF3.0 error sets
(dilepton) or NNPDF30_nlo_as 0118 parameterization (single lepton)

Factorization/Renormalization: estimated by varying these scales up and down by a factor of two and
reweighting the events

Generator/Hadronization Scheme: POWHEGV2 with Pythiav8.2 is used as nominal; MG5_AMC@NLO
with Pythiav8.2 is used to compare generators, while POWHEGv2 with HERWIG++ is used to
compare hadronization scheme

*PDF sets and generators listed here were used in the 13 TeV measurements. Earlier
measurements use similar methods, but with the recommended information available at the time.
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Full Systematic Tables

7 TeV 1, + jets

Source

Rel. uncert. [%]

W/Z/it backgr. cross section uncert.
Top-quark mass
Renormalization/factorization scale
Parton matching

PDF

T trigger efficiency

Pileup

Ty energy scale

1, 1dentification

Jet energy scale

Jet energy resolution

Unclustered EJ"*

b-tagging

Multijet background reweighting

Total syst. uncert.

Stat. uncert. from fit and MC samples

Stat. uncert. from trigger

Total stat. uncert.

=3
+72
+7
+3
+5

+21

+8
0.4

+8

8 TeV Lepton + 7,

Source Uncertainty [¥%]

ety KLTh Combined
Experimental uncertainties:
Th jet identification 6.0 6.0 6.0
Tn, misidentification background 43 43 4.3
Ty energy scale 24 25 25
b-jet tagging, jet misidentification 1.6 L6 1.6
jet energy scale, jet energy resolution, E{“"ss 1.9 1.9 1.9
lepton reconstruction 0.8 0.6 05
other backgrounds 0.6 0.7 0.7
luminosity 2.6 2.6 2.6
Theoretical uncertainties:
matrix element-parton shower matching 17 1.3 1.5
factorisation/renormalisation scale 29 29 29
generator 1.5 1.5 1.5
hadronisation 1.7 1.7 1.7
top-quark pt modelling 0.7 0.5 0.6
parton distribution functions 0.8 0.7 0.7
total systematic uncertainty 9.6 95 95
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Full Systematic Tables (cont.)

7+8 TeV dilepton

i Uncertainty [%]
Sowee 71eV | BTeV
Trigger 1.2 1.2
Lepton ID/isolation 1.4 1.5
Lepton energy scale 0.1 0.1
Jet energy scale 0.7 0.9
Jet energy resolution | 0.1 0.1
Single top 0.9 0.6
DY 1.2 1.2
tf other 0.1 0.1
H+V 0.0 0.1
Diboson 0.2 0.6
Wjets 0.0 0.0
QCD 0.0 0.0
B-tag 0.5 0.5
Mistag 0.2 0.1
Pileup 0.3 0.3
(0° scale 0.3 0.3
ME/PS matching 0.2 0.1
MG+PY — PH+PY 0.2 0.4
Hadronization (JES) 0.6 0.8
Top pr 0.3 0.3
Color reconnection 0.1 0.0
Underlying event 0.0 0.1
PDF 0.2 0.7
Luminosity 2.2 26
Statistical 1.2 0.6
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