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= LHC and CMS operation

2012: 23.30 fb' delivered by LHC and 21.79 fb-! recorded by CMS gaieé
2011: 5.72 fb! delivered by LHC and 5.20 fb"' at 7 TeV on q
2010 at 7 TeV : ~36 pb'? sy g\
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* Production:
predominately in

top-antitop pairs (ttbar)

NNLO o, for m,,, = 173.3 GeV
(LHC@7TeV) =172 pb,
(LHC@8TeV) = 245 pb

e, Ll v

b-jet ==
// . biet
\Y
e,n
dileptons
BR: ~ 5%
Bkg: small
Mainly: Z+jets
dibosons

Silvia Costantini

Top production and decay channels

Top quark decays almost

exclusively
to Wb: . Top Pair Branching Fractions
. I", q “alljets” 46%
el |
W &—v.§
—— t+ets 15%
b : 1%
T 2.-2::(}0
1\*§H 'flo,!\%; 1+jets 15%
i etjets 15%
"dileptons" "lepton+jets”
jet jet
. b-jet
S
jet jet
lepton + jets all hadronic
~30% (e, 1) ~46%
medium huge
W+jets QCD multijets
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Y Selection requirements
e Trigger CMS PAS PFT-10-002
= Single/double (isolated) leptons “Particle Flow” reconstruction and
- and/or based on hadronic identification combining information
activity from all subdetectors:
e Jots -charged hadrons

- Anti-k_ algorithm with R=0.5
- p;>30-45 GeV [n|<2.5
- b-tagging

¢ Leptons (e,p,1) with p.>20-30 GeV

- Isolation in tracker and
calorimeters

- Reconstruction and ID quality
cuts

e Missing transverse energy (ET"“SS)

- In some analyses, > 20-60 GeV

-photons

-neutral hadrons
-muons ey
-electrons

A
¥




Ml -
R Leptons + jets

tt — lvqqbb

Common strategies:

* Trigger

*Require 1 isolated lepton (e, 1)
* high pT (~ 30 GeV)

 veto on additional leptons

e at least 4 jets

e at least 1 b-tagged jet
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Tl CMSPASTOP-11-003 2.3 fbl
mmGiiimm  Phys. Lett. B 720 (2013) 83

Leptons + jets at /7 TeV

e Multijet shape from MC, normalization from data
* Profile Likelihood fit to Secondary vertex mass in N(jets), N(b-tagged jets) plane
*Some systematic uncertainties treated as nuisance parameters (Q2, b-tag eff. )

e Data s 400 = =
S -
yso0n, NS Protiminacy NE=TTeV [Ldt=1.1 b, Muons .Tﬂp 1 35(!;— @ @ @ -
el 8] 8] 3| 3 Sk S 5 : 5
= F a |
e 2| 2 2 2| 2 WsingteTop| £ a00f = = = =
S f, ® 2 7 g 2 s F o @ P 0
sooo il T C - C - Dbe 2 250 o o o o
o T SFF e £ £
= T Ewex 200f- P P P @
1500 :
1000 DW+LF Jets 150 § § i i
500 - o™ o L3 un
0 M .., .z +lets 100F
Secondary Vertex Mass (Gev) u
[Jaco sof

50 5
Secondary Vertex Mass (GeV)

6 = (158.1+ 2.1 (stat.) £ 10.2 (syst.) = 3.5 (lumi.) )pb, AG /0 =6.9%
Main systematics: lepton efficiencies 3%, jet energy scale 2.4%

50 50
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B@il  cwvsPas Top-12-006  2.5-2.8 fbt

e e Leptons + jets at 8 TeV

CMS Prellmlnary 28fb" at {s =8 TeV

*Binned likelihood fit to M,, distribution
 Related to the leptonic top quark mass
* Cross-check analysis: invariant mass of
three-jet combination with highest p;

* Data driven templates for QCD

V
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2 7000f []QcD : b (GeV)
é < : 6 = (228.4 = 9.0(stat.) +29-26 (syst.) j:
i 2 7 10.0(lumi.) )pb, AG /0 =14.0%
2 Main systematics: b-tagging efficiency 8%,
S jet energy scale 5% 6‘51
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g ~ Muon
> . p~64.4GeV/c
. n=-1.10 Jet
\ p= 64.7 GeV/c
n=-1.69

M (pp):
125.9 GeV/c? Muon
_ p=73.3 GeV/c
. n=-0.85
miss
p+b+ET
Missing E;:
CMS 129.9 GeV

Run: 162811
Event: 77332045

Silvia Costantini Pascos 2013

/ Dileptons
tt — Ivlvbb

Common strategies:

e 2 OSisolated leptons

e with high pT

e veto Z mass region for ee and pp
e at least 2 jets

* minimum E,™Miss

*DY and QCD lepton backgrounds
estimated from data

19-26 November 2013
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Dileptons at 7 TeV

mcenTmm JHEP 11 (2012) 067
CMS 2.3fb'at\s=7 TeV

| | | | | | | | * Profile likelihood fit to jet

ee, Uy, eu * Data multiplicity, b-tagged jet
=t [ Jov multiplicity

------- ] tw *DY events (inside the dilepton
= w invariant mass window)
[ non-prompt lepton estimated from sidebands
*Cross-check: cut-based
analysis requiring 1 b-tagged
jet

& 2200
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200

R —

e

(2,00 2.1 22) (3,00 (3,1 (3,2) (3,3) (=4,0) (=4,1) (24,2)

(Njets’ Nb—jets)

Data/Sim.
=E=N
[ s = RUER N T - s |

6 ,=(161.9 = 2.5 (stat.) + 5.1-5.0 (syst.) £ 3.6 (lumi.) )pb, AG /0y =4.2%
Main systematics: lepton efficiencies 1.7%, jet energy scale 1.8%
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BTl cvis pas ToP-12-007 2.4 b

= D|Ieptons at 8 TeV

2 '~ CMS prellmlnary 2410 pb! ; data o 2 ' CMs Iprtlelir"nirl'lalry“ztlhtll pb ;data ons
2 ee, |1t channels Zy' 3 T (e g eu channel 2= 1T fl=ep.n
o / S=I;# =V E m . it V §=8TeV E :f:; ]
[ Non W/Z leptons | [ Non W/Z leptons—]
M tt signal o M t signal ;
*Very low background E E
e Require 1 b-tagged jet ] E
*Cut-based analysis ] E
*DY events (inside the ] E
dilepton invariant mass ] '
window) estimated from o o N
sidebands 'f%l:‘z: PR
208 208k
006 E . e | 006 E . |
50 100 150 200 50 100 150 200
M,(GeV) M,(GeV)
A
. ' “ﬁgfﬁb
6 ,=(226.8 3.1 (stat.) +10.7 (syst.) 10.0 (lumi.))pb, \ts‘mt a
Ac /6, =6.6% resY e 500
C
e%?e'

Main systematics: lepton efficiencies 2%, jet energy scale 3%

Silvia Costantini Pascos 2013 19-26 November 2013 11



-
il cvs Pas ToP-11-006 2.2 fb!
UNIVERSITEIT

macen'mm Phys. Rev. D85 (2012) 112007 Di I e ptO n S (T, e/!vlv)
tt — tvlvbb at / TeV

TOp

“5_'5‘ CCMS 57 TeV, 22! - data

3 e Bt T aX g *Hadronic tau decays

o [ [ other tt ] :

8 f B W-ets E *Based on PF, uses tracker and ECAL info to

s Il Single t ] reconstruct and identify 1- and 3-prong decays
g 4of [_|DY+Diboson - plus photons from n° decays

A

%%: Total uncert.

* Profile likelihood fit to jet multiplicity, b-tagged
jet multiplicity

*Cross-check: cut-based analysis requiring 1 b-
tagged jet

6 = (143 + 14 (stat.) £ 22 (syst.) £ 3 lumi.) )pb, Ac /0 =18%
Main systematics: t identification 6%, jet energy scale 6%
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&lyg%l”! CMS PAS TOP-11-004 3.9 fb! T+ jetS at ] TeV

mmcinTam Eur.Phvs. J C73 l2013) 2382

CMS F’rellmlnary 391" \eS 7 TeV

s f - TV tt — tvqqbb
° L *%e e, _ . -:’;;Za:k];rt;und E
102; e, . - - e At least 4 jetS

* > one b-tagged jet
* > hadronically decaying t

;_ *Minimum E,™Miss
Q E H
3 1sE 3 : :
E 1; . }+ Ee .' P ')i QQ ¥ {,i{* }f 5 ii ++{ % l__g .
95 ] 05 0 1 15
NNOutput
_ 4 LMS Proliminary, 39 15" Ns=7 TeV | , *QCD background extracted from data
[} ® Data
R 0 NN>0.5 Eie,
£ 35 '|:|'.n'Z+jaI:5 . . . .
¢ 2 = *Profile likelihood fit to NN output
- *Cross-check: cut-based analysis requiring 1
15 b-tagged jet
10
5
(] I3: 1 1
% 00 750 300 750 350
M3 (GeV) NN>0.5

6 = (152 £ 12 (stat.) £ 32 (syst.) £ 3 (lumi.) )pb, Ac /0 =23%
Main systematics: T identification 9%, t energy scale 7%, t trigger eff. 7%, jet energy scale 11%
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il Comparison with theory
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Approx. NNLO calculations, LHC @ 8 TeV

e Full NLO matrix element m ( o (tt) £ scale £ PDF ) pb

and approximate NNLO HATHOR, Moch et al. 202.1+11.3-14.5 + 8.5
calculations for 6, by arXiv 1203.6282 (ABM11 PDFs)
several groups
HATHOR, Moch et al. 249.9 +14.0-18.2 +6.2-6.3
arXiv 1203.6282 (MSTW PDFs)

e Exact NNLO calculations o ,
Cacciari et al. ,arXiv 1111.5869 228.6 +18.2-19.8 +5.6-5.9

Kidonakis, arXiv 1205.3453 234 +10-7 £ 12
Ahrens et al., 1105.5824 224.7 +11.8-12.2 +10.8 -11.6
Czakon, Mitov, , 1303.6254 245.8 +6.2-8.4 + 6.2

recently available
e scale uncertainty: ~ 3%

Czakon, Fieder, Miov 1303 6254 hep-ph]

350 NNLO (scales| wem

NLO (scales)
300 + LO (scales) === 3
CMS, 7TeV r—— il . — NNLO

ATLAS+CMS, 7TeV —a— e -
- G — NLO CMSat8TeV, Ac,/G, =6.6%:

o = 227 = 3 (stat.) £ 11 (syst.) = 10 (lumi) pb

CMS, 8TeV —-— RS
200 T N0

ot [0D]

NS e e,
50 MSTWEOOR(ESC ) LOINLOINNLE, Challenging theory predictions

Silvia Costantini ¥s[TeV Pascos 2013  19-26 November 2013 14



T cvspastor-11:024 Results at 7 and 8 TeV

mceNTmm CMS PAS TOP-12-007

eCombination with a BLUE method
CMS Preliminary, {s=7 TeV eLepton ID, b-tagging, background normalization

treated as uncorrelated syst. uncertainties
* PU, BR, JES, JER, theory and luminosity treated
CMS e/u+jets 164+ 3+12+7pb | as correlated o |
TOP-11-003 {L=0.8-1.1/fk) fval = stat = syst = lueni) CMS Preliminary, yvs=8 TeV
CMS t+jets 156 +12+33:3pb )
TOP-11-004 (L=3.9/b) el = sat. = syst = umi.) : :
CMS I+jets (e/u+ets) 228+ 9+25 +10pb
TOP-12-006 (L=2.8/fb) (val.  stat. + syst. 4 lumi,)
CMS dilepton (ee,up.ep) 162+ 2+ 5:4pb
TOP-11-005 final (L=2_3/fh) {val. = stak = syst = lumi,)
CMS dilepton (ee L, ep) 227+ 3+11+£10pb
CMS dileptun EB‘?:HT} 143 - 14 - 22 " 3 pb TOP-12-007 (L=2.4/fb) (val. = stat. + syst. + lumi)
arXiv:1203.6810 (L=2.2/b) {val. = 38k, = Syst = lumi.)
GUS = okl 136 20 + 40 + 8 pb S combnes - [
TOP-11-007 (L=1.1/fo) {val. » siak » Syst. w lumi)
R Abbros. NNLG GCD. Kidanasi. Pros. A b B2 (010 1iagag 1o oo, NULO QCD, Ko, ok 12053455 GOty
1 Appros, NNLO QG Aboans af al, JHEP 1008 {2000) 057 [ Approx. NNLO QCD, Langenfeld et al., PRD 80 (2009) 054008 (Scale ® PDF uncerlainty)
I Wloach I | | | [ Approx. NNLO QCD, Langenfeld et al.. PRD 80 (2009) 054008 (Scale uncertainty)
0 50 100 150 200 250 300 | : | |
£ 0 100 200 300 400
oftt) (pb) o(tf) (pb)
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Differential cross sections

Key measurements to experimental and theoretical precision
Access to higher orders

 Differential distributions as a function of various variables: top quark p-, jet py,
pseudo(rapidity), M, ...

Silvia Costantini Pascos 2013 19-26 November 2013 16
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e Differential cross sections

I+jets: CMS PAS TOP-12-027 12.1 fb? Dileptons: CMS PAS TOP-12-028 12.1 fb

e e/u+jets * ee, Uy, ey

o Atleast 4 jets with p;>30GeV, 1 * Two opposite charge, isolated

lepton with p; > 30 GeV leptons wiFh pr > 20 Gey
e 2 b-tagged jets . ii,slil%g\t;tlde Z mass window (91

CMS Preliminary, 12.1 fo"at s = 8 TeV - . R
CMS Preliminary, 12.1 fo”'at {s = 8 TeV - CMS Preliminary, 12.2fb'at Vs = 8 TeV
%) \ T \ \ 1 \ 3 25%
a . Dat e = AL RRRRNRSRR R ARy e nny EEaERaS sy e
S 105 ©/u+ Jets Combined itfaSiagnal % elj + Jets Combined * Data > [ Dilepton Combined e Data
g 0 0] H tf Signal 9 r — MadGraph
w tt Other 9 f Other - adGrapl ]
10° B Z+Jets =] B Z+Jets gi =200 s MC@NLO
ERWtlets 5 ~ B Welets < --- POWHEG ]
[ QCD Multijet 3 n 1 QCD Multijet e
. -S[ngle Top 2 B Single Top
10 [ 1Diboson [_IDiboson ]
10° ]
10 ]
10 :
ST T L L I
e b b Lo 50 100 150 200 250 300 350 400
4 5 B 7 F ) 10 50 100 150 200 230 pSlIJ:OGeV?jsO pf““‘[GeV]
_, CMS Preliminary, 12.1 fb'at s = 8 TeV T
3U><10
— R B o e e e
> [ e/u+ Jets Combined ¢ Data
> r
F —— MadGraph
O s P
. fo= MC@NLO
°|_D- i - POWHEG
|5 [ ] . . .
o 20F - *Good agreement with SM predictions
o ; *More distributions available
10[- 3
51 =
O_\ ‘ | | | ‘ L1l ‘ | I | L1l | L =
40 60 80 100 120 140 160 180 200 Pascos 2013  19-26 November 2013 17
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Qe Differential cross sections

* Top quark p; : discrepancies observed between NLO+PS generators and data, as well
as between NLO+PS and approx. NNLO predictions.

o° CMS Preliminary, 12.1 fo'at ys =8 TeV

X imi -1 =

> 0-025_L LI | T T 1T | T T 1T | TTTT | T T TT | T T TT | TTTT | 1T 1T 1] 10 ><1073 CMS Pre“mlnary’ 121 fb at "I'g 8 Tev
m — e!u+ Jets Combined . D_ata — 'r| :I TTT TTTT | L | .I TTT | UL | TTTT LI | TTT \:
o i B tt Signal ] > oF e/p + Jets Combined ¢ Data E
o L = tzf OJther ] 8 B — MadGraph ]
N 0.02 +Jets — = il — =
~ B L E W+Jets . ol= 8: MC@NLO ]
@ i 1 QCD Multijet 'o| g ---- POWHEG ]
< i I Single Top | —l E sy e Approx. NNLO J
3 0.015+ [ ] |:| Diboson | 6 : (arXiv:1205.3453) _:
o = E r 7
Q r b 5 /| EEET —
O - — C T
— L i E.- 7
0.01— — 45 _f
- MadGraph 1 3f 3
0.005 . 2 E
I i 14 =
P s 3
: 0|\||\|||||\|||||||||\|||||\||\| L

0 50 100 150 200 250 300 350 400

0 50 100 150 200 250 300 350 400 pfl_ [GeV]

ptT [GeV]

Shape differences taken into account as systematic uncertainties in recent measurements
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Associated production

e tt+W/Z
e tt + jets
e tt+bb

Silvia Costantini Pascos 2013 19-26 November 2013 19



Tl cvs Pas TOP-12-014 5 fb? tt+ W / /

smGiximm Phys. Rev. Lett. 110 (2013) 172002

Associated production of Vector Bosons with top-antitop pairs at 7 TeV
Measurement performed in two independent channels

= . CMS L= 50f atfs=7TeV
CMS L= 50" at & =7 Tev CMS L=sOon'atfE=-TTeV =
-E'- B: T | T ] = P 2 I T 1 2.:a
2 —_ @ Dota _ 3 2IF = D 4 § [ iV (dilepton analysis) fiZ (trilepton analysis)
F Lz ; 18F -z 4 T aertlmm e 0280 s sy e
of O~ 1 f Oeew ERC N
F E;—m ] of T Merrpromt/ et R A
*t Es r ' [ crarpe M= 1 o
of EEIDEczn ¢ 4 'FHw E I
2 ] 1pp [ Rar= v 1 a4l i
3';_ ‘ 8 L T -
2 . E 8 = [ B
] | = d IIIIIIIIIIIIIIIIIIIIIII : DE_
2 2 " NLO Calculations e
a - Cambell and Ells, JHEP OT (201.2) 052
I:EE-:IE IEE:H.I ':I-'F}E {]J.IJ]-|.I. (=23 JELL =l - Garzelll et al, JHEF 11 (3012} 055
i
Trilepton channel, Dilepton channel (SS), pT > 55, 30 GeV  Compatible with
pr > 20, 20, 10 GeV HT > 100 GeV NLO calculations
HT > 120 GeV Inclusive search for ttZ, ttW

Exclusive search for ttZ

_ Combining all 7 channels: ttV signal significance of 4.67 ¢
Only events with 70 <m; <110 GeV

Oy = 0.43 +0.17-0.15 (stat.) + 0.09-0.07 (syst.) pb
0., = 0.28 +0.14-0.11 (stat.) + 0.06-0.03 (syst.) pb
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Tl  cwvs pas Top-12-0a1 7 TeV results:
mmciam 19.6 fbl tt + Jet S CMS PAS TOP-12-023
5 flp-1

Differential cross section measured as a function of the jet multiplicity for different jet p;

*Measurement performed in the ee, ey, up decay channels
*Require at least 2 isolated leptons, p; > 20 GeV, with invariant mass outside Z window

At least 2 jets with p; > 30 GeV
At least 1 b-tagged jet

Reasonable description of the data by NLO generators

CMS Preliminary, 19.6 fo'at {s= 8 TeV

CMS Preliminary, 19.6 fb'at ys= 8 TeV

CMS Preliminary, 19.6 folat {s= 8 TeV

% 107 T T T T T T T T o % E ] - It I o % T - Lot I
s Dilepton Combined o5 30 Gev S|g [ Dilepton Combined P}> 30 GeV ] Sl [ Dilepton Combined P> 30 GeV ]
o o T —lo F # Data 1 —~lo r # Data 1
10 ﬁ l[;astla nal 10¢ — MadGraph+Pythia 10F —— MadGraph+Pythia 3
10° B  Other g -~~~ MC@NLO+Henwig E e 4@ ]
" [ Single Top ——=- POWHEG+Pyth|a i - 02/4
10 = ?‘;J.elj o E 1E ---- Matching up 3
10° =7/ 3 St F --- Matching down
102 [1Diboson . 10 e E
10 i -
1 10’2? “':*E"‘; 107 E
W h E ol : U L j
HE fa o . . 3 ik i g 1 e sy e ot TEPTPTTY
. + L i % esk 5 5 4 + = = 05k £ ) 7 5
B34 5 6 7 & 3 Jois Jots
Jets
Slightly higher jet multiplicity  eLower multiplicity by «Slightly worse description
predicted by simulation MC@NLO +Herwig by MadGraph with Q2/4
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UNVERSTET 4 g o ot .1 tt + b b CMS PAS TOP-12-024
5 fb-L

*Study of heavy flavour content in tt events

7 10 T T .I ? ) ' ]
§ T a e rov .g;?‘?r "3 eComparison with NLO QCD calculations
mSingle top
oot Siones 3 *Searches for ttH
Wtt+LF 3
sie
10° Witvbb  J
10° 3 *Dilepton events
- > 4 jets with p;> 20 (40) GeV
10 1
*> 2 b-tagged jets
1
o 2 . , , , : *Measurement performed in the
S isE E s
3 e . — g visible phase space
‘QU 0.5;— E
0/ 7 2 3 =7

Number of b-Jets

Experimental uncertainties cancel out in the cross section ratio
0.023 £0.003 (stat.) £ 0.005 (syst.) at Jet pr > 20 GeV

o (ttbb) /o (ttjj) =
0.022 £0.004 (stat.) £ 0.005 (syst.) at Jet pr > 40 GeV
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 Measurements of with (almost) all experimental
signatures at 7 TeV and 8 TeV

* Experimental uncertainties on o,,: ~4%-7%
* Challenging theory predictions

* New measurements at 8 TeV to appear soon at:

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

Silvia Costantini Pascos 2013 19-26 November 2013 23
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Additional slides
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CMS PAS TOP-11-005 5 fb'? tt cross Section

CMS PAS TOP-12-022
Subm. to Phys. Lett. B
e Approx. NNLO QCD + different PDFs used to extract o from the ttbar cross section at 7
TeV. First determination of ag from t quark production

e With PDF set NNPDF2.3, a pole mass m,=(176.7 +3.8 -3.4) GeV is obtained when
constraining a ; at the m, scale

] First o, determination from

e Alternatively, by constraining m, to the latest average from direct mass measurements, a
value of a ¢ (m,) =0.1151 +0.0033 -0.0032 is extracted.

Most precise determination at hadron colliders

Vs =7 TeVia(my) = 0.1184 ) |
o) e e \s =7 TeV; mi®™® = 173.2 GeV
& i E : E _CMS,L=2.3fb-1 ] E I L -.1| L |:- T ]
o 22018 S | = ---- Top++2.0, ABM11 ] g T EMSL=23fb B
- E E - Top++ 2.0, CT10 . D':l: | -4 - Top++ 2.0, ABM11 B
200> = Top++ 2.0, HERAPDF1.5 — [ -@- Top++20,CT10 -
- = . Top++ 2.0, MSTW2008 200|— .3k Top++ 2.0, HERAPDF1.5 : -
180l N Top++ 2.0, NNPDF2.3 ] - ---B-- Top++ 2.0, MSTW2008 == _L,.\--'--::__..:;:f.'..r
C ] 180~ & Top++ 2.0, NNPDF2.3 | S =
160 e 7 - "
N S ] 160 =~ - =
140~ =cl S . [ e T z ]
C =EE = 140t 1 : —
- FLE - s SESy ]
120 =S L1 R B - e N g8 —
165 170 175 180 185 190 LY R P T B B = = N R
mP® (GeV) 0.108 0.11 0112 0114 0.116 0118 012 0.122
og(m.)
z
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imCcviam JHEP 1305 (2013) 065

Fully hadronic at 7 TeV

tt — qqqqbb
_ CMS preliminary, 1.09 fb"at \ s = 7 TeV *\Very high multijet background
"%180 | e CMS data: 1620 events At least 6 jets
slen: — tsimulation *With different high pt thresholds
S0 "7 (eDestimatefrom data * Require 2 b-tagged jet (essential against
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Main systematics: b-tagging efficiency 6%, background contribution, jet energy scale 10%
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e Results at 7 and 8 TeV (2)
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Ratio Rg/; =(1.41+0.10) in the dilepton channel

Assuming fully correlated theoretical systematic uncertainties
Assuming uncorrelated experimental uncertainties

The systematic uncertainty due to the BR cancels out in the ratio
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