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e Top quark pair production and decay
e Inclusive cross sections

— 7 TeV (dilepton, lepton+jets, fully hadronic)
— 8 TeV (dilepton, lepton+jets, T-+jets)

— 8 TeV Combination of ATLAS and CMS

— s extraction from o(tt)

o Top quark pair + jets (bb, tt)
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Top quarks: key to QCD, electroweak (EWK) and

new physics

e The most massive known particle
o Decays before hadronisation: e e
study properties of bare quark . °
e Essential to study Higgs properties i iy
e . . . &
— Sensitivity to Higgs through loop corrections ML
— Measure top Yukawa coupling; . >
Yukawa coupling to Higgs ~1 Mas: & 150
ﬂ;&n Strange Batlom
L] 160 412%

Measuring o is the first fundamental step for understanding top physics

e Huge relevance for SM and BSM:
< In the frame of Standard Model, test QCD predictions at NNLO
< Sensitive to New Physics Beyond the Standard Model
< Test the presence of new production mechanisms
o Help constraining modeling PDFs (essential ingredient in QCD calculation)

. . J
o Determination of m?*® or as

e Important background for many Higgs and BSM searches at LHC
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Top quark production in pp collisions at the LHC

tt production mainly by gluon fusion

0,
(~80% at 7-8 TeV) LHC Run I: Top Quark Factory

g t
q g t %w< ® peak inst. luminosity: 8x1033cm—2s—1
>&0Q[LQ< N t ® 7000 top quark pairs per hour (8 TeV)

f 9 wooo— L ® 20 fb~! (8 TeV) + 5 fb~! (7 TeV) recorded:
‘ qd annihilation B ~ 6M top quark pairs produced at CMS
govoo0 —— ¢
gg fusion

Full NNLO-+NNLL calculation?

Vs | o7 (NNLO+NNLL)? [pb] Scale PDF+as? Mass
[TeV] (172.5 GeV) uncert. [pb] | uncert. [pb] | uncert. [pb]
7 177.3 +4.6 -6.0 +9.0 -9.0 +5.4-5.3
8 252.9 +6.4 -8.6 +11.7 -11.7 +7.6 -7.3

13 831.8 +19.8 -29.2 +35.1-35.1 +23.2-22.5

Lhttps://twiki.cern.ch /twiki/bin /view /LHCPhysics/TtbarNNLO

2 calculated using Top™™(v2.0)
3 calculated following PDF4LHC prescription
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO

Top quark decay

Top Pair Branching Fractions

.
w* r q_, “alljets™ 46%
{9
—
) THets 15%
. 1%
e Decays into W-boson and b-quark ~100% T 2%
H e Ay 1+ %
o Final state topology depends on W decay: y\;zlﬂ\%,ﬁ uHiets 15%
. . . X!
” woow woon ” c+ets 15%
dileptons”, "lepton+jets”, "alljets "dileptons" "leptontjets”
e
QET Y ver e Jet
b-jet r > b-jet _ -jet
//' . bejet bt bie
Low bg: v Moderate bg: | ) Huge bg:
Z+jets €.t W+ijets je jet QCD je jet
“dileptons” “lepton+jets” “alljets”
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Typical event selection for tt analyses

Dilepton decay mode Lepton+ijets decay mode
o e
w_ v
proton , proton . ~J™
proton . proton \_ W/‘l g —
4 g
e > 2 opposite sign isolated leptons e > 1 isolated lepton (electron or muon)
(pT >20 GeV, |n| <2.4) (pT >26, 30 GeV, |n| <2.1, 2.5)
e > 2 jets (anti-k7, R<0.5, pr > 30 GeV, e > 4 jets (anti-kt, R<0.5, pr >45, 45,
In] <2.4) 35 and 35 GeV, |n| <2.5)

o > 1 b-tagged jet e > 1 b-tagged jets

For same flavour channels QCD & Z veto
(MET>40 GeV, exclude mz+15 GeV)
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tt Inclusive Cross Section at 8 TeV: Dilepton

JHEP 02 (2014) 024

e Small background and clean final state e Drell-Yan and non-W/Z background
estimated from data

e Cut and count analysis

o Baseline MC: MadGraph+Pyth|a e Dominant syst.: JES and background
T LJ T = Data 1] L ] 1 T T - Data
<:12000 CMS is =BTeV, L 531" Bw S CMS s =8TeV, L=5.3 10" =
- Non W,
etuF chanr!el =§‘,‘:,';.‘2”,z O 8000 ey chande! =Si°nr;Iellz
LLI 10000 s 1 Wov
'cut i 1 cut 1
—> \_I'l}ncerlalnty 6000 — [ Uncertainty

1
4000

2000

cl b b b by g 1
ol b b s

o 14r 1 o 14 '
i ! u .
2 1 7 1 .
g ! O (et !
O os 5 i - - 2 53

Jet multiplicity b-jet multiplicity

o = 239 £ 2 (stat.) 4 11 (syst.) = 6 (lum.) pb — 5% total uncertainty
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http://link.springer.com/article/10.1007%2FJHEP02%282014%29024

tt Inclusive Cross Section at 8 TeV: 7 + leptons

PLB 739 (2014) 23

19.6 b (8 TeV)
R R

= 1200+ 1
Y Q - CMS —— data B
O S Bt I +X b
o 1000— B (i dileptons i
. N L [l DY+diboson ]
e Important channel for charged Higgs -~ [ [ single top ]
b h b2 800 [ misidentifiedt, |
oson searches % = U722 total uncertainty -
. > [ T
° . L ]
Selection: . W ool B
< One isolated lepton (e, u) [ ]
© > 3 jets (one b-tagged) 400 ]
< T decaying into hadrons L 1
o MET 200; i
e Cut and Count method C

< Determine 7 fakes from multijet

o

150 200 250 300 350 400 450
o WH+jets from data My, [GeV]

Systematics dominated by fake 7 and b-tag uncertainties

o = 257 £ 3 (stat.) 4 24 (syst.) £ 7 (lum.) pb — 9.8% total uncertainty
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http://www.sciencedirect.com/science/article/pii/S0370269314007552

tt Inclu

ve Cross Section at 8 TeV: e/ + jets
CMS-PAS-TOP-12-006
e Two approaches: Binned likelihood fit of signal and background to:

< Lepton and b-tagged jet invariant mass (Mj,) in data
& Mass of the 3-jet combination with the event's highest transverse momentum (M3)

e QCD background shape from data

CMS Preliminary 2.8 b at ys=8TeV CMS Preliminary ~ 2.5b" at\'s = 8 TeV
QOO % T TT————e
E —+ owa 3 S 9000 aa E
800 i E| E LIS El
> F B signat E 3 E t E
> 700F y I otnr E = 8000F I Single Top
0] E [ singieTop E 2 E B W/Z + Jets 7
S SooE — T E g 7000- [Jaco E
~ 500- =m-ﬁrr 3 s000E c E
~ E [ vuminosityso tagging E S E
3 sk 2t s o g c
& s00F E E 2 2
> E E 4000F E
W 200% E E 3
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E | | L . L 1
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O S A ALY e o) ok m
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o = 228.4 £ 9.0 (stat.) 7530 (syst.) + 10.0 (lum.) pb — T139% total uncertainty
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https://cdsweb.cern.ch/record/1461939?ln=en

Summary of tt Inclusive Cross Sections (7 & 8 TeV)

ATLAS+CMS Preliminary o summary, s =7 TeV TOPLHCWG Sep2014 ATLAS+CMS Preliminary o summary, {s =8 TeV  TOPLHOWG May 2015
NNLOSNNLL (Top++2.0), POFALHC, m,_= 1725 GeV/ —  — stat. uncertainty
o ncorany —— — ncoany NNLOAANLL (Top 20), POFSLHC ey —
scasorororuoeany [ 1€V o +(5tat) = (syst) = (umi) Mhop = e — — — Iofal uncertainty

[ scale uncertainty

scale ® PDF ® o uncertainty g Hstat £{syst Hum)

ATLAS, I+jets 179242927pb Lo

ATLAS, dilepton (') 178611 1ipb La07"

ATLAS, alljets () 167218+7826pb  Loion' ATLAS, lepton+jets 260+1° 2 +8pb
ATLAS combined 177:373=7pb Le0710M" arXiv:| 50404251, L, =203 1"

oM, Isjets () 164232 1227pb  Loosiin

cMs, dilepton (*) 170242168 pb CMS prel., lepton+jets +g+d g

CMS, Tyt () 1492244269 pb CMIS-PAS TOP-12:006, L,,=28 1b” B9 e 100
CMS, alljets () 136220+ 40=8pb

CMS combined 166 2:1128pb  Loosiin’ CMS, lepton+, 25713524+ 7pp
LHC combined (Sep 2012)

173x 22 8=6pb  Looriin! PLE 739 (2014] 23, L,,=19.6 15"

ATLAS, Ijets, b—-Xuv 1652221723p Lo

ATLAS, dilepton e, b-tag 182.9+ 314422 36pb L6 ATLAS, dilepton ep 242.4+17+55+7.5pb
ATLAS, dilepton e, N -E7" 181.2:28'3{233pb L= EPJCT4(2014) 3108, L,=20.3 0"
ATLAS, 7,041 186+18220=7pb 21w
ATLAS, T, Hjets 194+ 18= 46 pb CMS, dilepton (ee, up, en) 239.0+21+11.3+62pb
ATLAS, all jets 16812°0.7pb JHEP 02 (2014) 024, L, =53 5"
CMS, Ijets 158222 1024pb L2225
CMS, dilepton 1619225'1:36pb L2sn’ i
o 2on LHC combined ey (Sep 201 2015+ 1.4+57£6.2pb
CMS, Ty 1 1432 1422223pb L 220! GMIS-PAS TOP-14-016,
CMS, 7y, ets 152212+3223pb  Laon’ ATLAS-CONF-2014-053,
oM, alljets —_ — 139:1022623pb L5t L,-5.3203 1"
Effect of LHC beam energy uncertainty: 3.3 pb Effact of LHC beam eneray uncartainty: 4.2 pb
() Supersecied by resuls snown below the ine (notincluded n the figure) {notincludad in tha figura)
cea b by Bl b B B L T I N N
50 100 150 200 250 300 350 100 150 200 300 350 400
c_[pb
o, [pb] - [Pbl

e Good agreement between channels, experiments and theory (systematics-limited precision)
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Summary of tt Inclusive Cross Sections

10%g

T T T Ty e
95 TeV (L=8.8 '
o A'}ﬂ;";m"ﬁ,ﬂujs& ' ATLAS+CMS Preliminary Mayzo1s 3~

o e TOPLHCWG 8 TeV LHC
4 Combined

O CMS ljets 7 TeV (L=2.3 15"
ep (3.5%)

[~ ® ATLAS dilepton 8 TeV (L=20.3 fo")
® CMS dilepton B TeV (L=5.3 ")
LHC combined e’ 8 TeV (L=5.3-20.3 ft
O ATLAS I+jets & TeV (L=20.315")
© CMS hjets” 8 TeV (L=2.8 1t")
* Preliminary

250 b

Inclusive tt cross section [pb]
2

200 ]

#=== NNLO+NNLL (pp) 150F b

= NNLO+NNLL (gp) 7 8
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 =
rnm = ITE 5 GeV, PDF@ a_ uncerainties according to PDF4LHC

1|1]||1||||| vy by B b U by

2 3 4 5 6 7 8 9
\s [TeV]

=y
(=]

Tevatron

e Good agreement between data and prediction, as well as between experiments
— LHC combination at 8TeV for ep channel: 3.5% (most precise result)
(CMS-PAS TOP-14-016 / ATLAS-CONF-2014-054)
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https://cds.cern.ch/record/1950834?ln=en

as(Mz) from Top Pair Cross Section

PLB 728 (2014) 496

e Use high precision measurements of o(tt) to:
o determine as for a fixed m”" for different PDF sets

. e . See talk from J. Kieseler '
o or determine m?{°® for a fixed as —

® Most probable result from joint likelihood between theory and experiment

\s =7 TeV; mP® = 173.2 GeV.
T T T

MSTW2008  H——¥————F

— . . . CMS, 1s =7 TeV, L = 23 fb"; NNLO+NNLL for o; mP°° = 1732+ 1.4 GeV
g I —— cms,L=231b" 1 A=
& [ -~ Top++ 2.0, ABM11 7 Default ag(m,) of respective PDF set 2i5
- Top++ 2.0, CT10 ]
- Top++ 2.0, HERAPDF1.5 -
F Top++ 2.0, MSTW2008 ABMI1 ?
180 == Top++ 2.0, NNPDF2.3 = cTo v
160 = HERAPDF1.5 ~ H——¥—H

[ NNPDF2.3 e [

L P oo i
22 0.108 0.1 0112  0.114 0.116  0.118 0.12 0.122

ol
Sof
AL

e First a5 determination from o (tt) and first result at full NNLO QCD obtained

at a hadron collider — NNPDF2.3: as(mz) = 0.115173:95%% (NNPDF2.3)

—0.0027



http://www.sciencedirect.com/science/article/pii/S0370269313009842

Cross section ratio Z({22. e/ + jets

o(ttj) *
CMS TOP-13-016
e Irreducible non resonant background in the search for ttH(bb)

e Test validity of NLO QCD calculations
e Measurement of ratio o(ttbb)/o(ttjj): large uncertainties cancellation

o Selection: one isolated lepton, >4 jets, >2 b-tagged jets
< Signal extraction by fit to the measured b-tagging discriminator
< Dominant systematic: mistag efficiency . .

« CMSpPreliminary __19.6fb (8 TeV)
s Z.Z data = othelr tt = diboson
Sum MC single top tTHw 1: b b
g+ aed 7 NSl agasasa "
M tt+cc = %/fjets = tbﬂb v il 4 b
+ets tt+ [ RR00GHEDE q 120000004 a
ﬁq —v@q

Jet pr >40 GeV

—. 7y NLO
f;&fg’f’)) (me = 173.5 GeV, CT10) = 0.0109 99913
[arXiv:1403.2046]
o(ttbb) " 0117 1 0.0040 + 0.0003
B G) =0. . (stat.) £ 0.0003(syst.)

~ 17\ hadronB
o (ttbb) = 0.0151 -+ 0.0049(stat.) & 0.0004(syst.)

' 0.10.20.30.40.50.60.70.80.9 72‘1 o (ttjj)
3rd leading CSV value inside tt

* Jet flavour at gen. level defined by the flavor of the leading quark (hardB) or by the presence of a B hadron in the list of jet constituents (hadronB)
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http://arxiv.org/pdf/1403.2046.pdf

o(ttbb)
o(ttj) *

Dilepton

Cross section ratio
PLB 746 (2015) 132

e Similar analysis strategy with

< Selection: dilepton events with >4 jets, >2 b-tagged jets

HELAC-NLO NLO
Ayl CMs,
pr, > 40 Ge 8TeV
_.(L) b§ 0.03
= g
> g © o
S Single t =
g tt other I EE——————
..‘L) 0.01
g 7 8 9 10 11 12 13
s [TeV]
e Combination of three dilepton categories
1 (ee, ep, pp)
2
(ﬁ) 180, T S L Jet pr >40 GeV
= M) -5 NLO .
gost 3 2 (me = 173.5 GeV, CT10) = 0.0109 *{:00%8
a 0.1 02030405060.70809 1 [arXiv:1403.2046]

b jet discriminator —
olithh) _ 9,022 + 0.004 (stat.) = 0.005 (syst.)

o (ttjj)
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http://www.sciencedirect.com/science/article/pii/S0370269315003263
http://arxiv.org/pdf/1403.2046.pdf

tttt

JHEP11 (2014) 154
® 0455w ~ 1 fb at 8 TeV (LO)— very low cross section!

o ~9-15 times larger cross section in Run Il
Selection: 1 lepton (e, p), >6 jets, >2 b-tagged jets, Hr >400 GeV, E'** >30 GeV
Main background: tt+jets (5 orders of magnitude larger cross section)
Event classification scheme based on a BDT algorithm
<~ Top content, event activity and b-jet content
Limit setting: simultaneous fit to BDT output distributions

Limits on o{i; at 95% C.L. : cms 196 fo” (8TeV)
| RigIlleTs]

10° .
expected: 32 & 17 fb E Tiso N, 26N, 22  mmg. cohb
observed: 32 fb Hy = 400 GeV, ET'™ > 30 GeV

it other .
wasy Scale uncertainty

— SM fftf (x 100)
* Data

. -0.2
BDTtrijetz

0. . 02
discriminant
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http://dx.doi.org/10.1007/JHEP11(2014)154

Summary and Outlook

e LHC: Run | ~ 6M top quark pairs in CMS

® Many measurements available for o in different channels with increasing precision,
competing with NNLO theory

o Precise measurements of the o allows to perform measurements of other

interesting parameters such as as

All results so far in agreement with SM predictions

o Measurements of ttbb and tttt (dominated by statistics)

e More 8 TeV results close to be public
(CMS Experiment at LHC, CERI
C gabée:nidgggﬁé,.g 319 26 24 2015 CEST
o Top community has already started looking Cumi section: 1

Orbit/Crossing: 39572626 1358

at LHC Run Il data
< More top quarks: o increases
by a factor ~3 !

. MET= 164.0 GeV
o Reach higher myz, p% ranges \
< Measurement of the ratio of o4 X0 .

at different /s: expected to contribute to = —
a better knowledge of NNLO PDFs - pr=57.7
Jet p, = 56.8 GeV
. . Muon p, = 53.8 GeV'
o All CMS top public results can be found in:
https://twiki.cern.ch /twiki/bin /view/CMSPublic/
PhysicsResultsTOP

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

Hot off the Press!

First Jet and b-jet multiplicities in the ey channel at 13 TeV

41pb' (13 TeV) 41pb' (13 TeV)
% + data % CMS + data
I% -‘\.i'vdets I% o -‘\'f'vdets
[ [
I tWEW I tWEW
I tibg I tibg
Emoy oy
Wit i
72 MC syst+stat 72 MC syst+stat
. ] .
23 g g8 . |
o 1 1 1 + l 1 | o 1 1 1 1 1 |
1 2 3 4 5 6 7 8B 39 . 0 65 1 15 2 25 3 35
N b jet multiplicity

[CMS DP-2015/019]

Stay tuned !
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