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This talk willlfoeus on (piecision) measurements in the domain
of top physics at the LHC
Total and differentiall cross-sections on singlettop, ttop-pair, top and bosons
Top massantproperties

Seleatet!*) experimental results
Twist towards the open questionsito H/phenomenology
The ubiquitous TH uncertainties;
Spedidl focuscon! LHC.combined tesults

In-talk discussion welcome

(*) Disclaimer: this; is not a complete review of results.ontop physics.|The choicermade:isqpersonaland; by
definition; biased. This talk will mostly cover LHC results. Tevatron results are flashedwhenrelevant. For the state
of the art of experimental results please-go here:
Anttps://twikii.cern.ch/twikilbin/view/CMSPublic/PhysicsResultsTOP
Anttps://twikiicern.ch/twiki/bin/view/AtlasPublic/TopRublicResults
Anttp:/www-cdf fnal.gov/physics/newitop/top:htm!
Anttp:/www.-d0.fnal gov/iRun2Physics/top/
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The TOP 2014 workshop will be held from September 2%th to October ¥s, France.

It will bring together about 130 experimental and theoretical physicig quark physics and
related topics. The workshop will provide a comprehensive overvj pults from the LHC and
Tevatron experiments as well as the most recent theoretical deg Youtlook on top quark
physics at future colliders.

The programme will consist of plenary presentations, a pg pived for young researchers, and
plenty of time for discussions.

The goal of the workshop is to provide a compreheng vhysics and a forum where
experimentalists and theorists can discuss the inj quark results and future measurements.
Arelated topical workshop about top quark dig vons will be held in the same location 3 days

differential-distributions-2014.
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INTRODUCTION

Motiatiomaind] experimentall setup




A particle withh unigue-characteristics

A Interesting per se: affundamentalfermion weighting like a tungsten-atom!

A N paRIAQIOEAG g OBAO] tER: HOOOOIr T C1 Ud AT ODPI
U Can usertocconstrainithe SMponany,new:model of,new physics
U Direct measure of the top Yukawa couplingiis poessible

A Top physics givesdirectaccess o fundamental parameters of the\SM
U Direct access tojparameters of ithe,SMi(mV,,)
i+ Other stringent tests of SM (QCD in ds/dXhcotAlIn OB P TEN - COh, # 04 E

A Itis the only quark that does not hadronise
U No bound tg states, its spinproperties-are directly, passedtorits decay:products

A Privileged gatewaytossignals ofnewphysics

U Many new models doconcern the top sectorexclusively, other may iinvolve top
partners like in SUSY,UED,/little Higgs, 4" generation models

U Top-like signatures are.avery important/background(for-severalother. searches



Why is it experimentally challenging (+interesting)

A Itinvolies all parts of a multi-purpose detector
U Excellent understanding of tracking, calorimetry, muon system.
U Excellent hermeticity
U Excellent understanding of b-tagging and energy calibrations

A Jets((in particular b-jets) are ubiquitous
U Excellent control of the JEC forllight and Iheavyflavours
U Jetpairing gives:fise to important combinatorial backgrounds ito fight with

A Reguirement to Monte Carlo predictions (ME+models) is now impressive
U Simulating radiation intop pairstill one-of the-mastiimportant systematic effects
i O3 ther@OCD #(Scts AdERAA O OasiAA AdpdrEd iCprEiliA OAAOENLC
(CR and fragmentation)

A Top quarks areancexeceptional toolforiin:situcalibration (more than we
expected atithe llbeginning)

u Control b-tagging and light JES withithe W mass
U Use top pair eventsitounderstandradiation and(CRin top pairevents !



Typical Monte Carlo setup

A Reference'WlonteCarlossetup in‘ATLAS and CMSiirclide multleg or NLO
predictions for signal regions and main lbackground processes.

A For top pair production
U ATLAS: Powheg+PY THIAGorMC@NLO+HERWIGHalso Alpgen+HERWIGE)
U CMS: MadGraph+PYTHIAG6 (alsoPowheg+RYTHIAG)

A For single top production
U ATLAS:AcerMC (4FS+5FS LO)or’RPowhegt+PY THIAG

(4FS NLO)

i CMS: Powheg+PYTHIAG (5ESNLO)
Plan for Run Il: Powhegand aMC@NLO (4FS INLO) 5FS:  LO | (part of) NLO
DR and DS:schemes fotW. In the future use the full 4FS: x| (part of) LO
WDHWi calculation g luminosiy a LHC (5= 7 TeV)

! N T R

—— MSTWO08 NLO
4444 CTEQ6.6
- CTH0

-+ NNPDF2.1

A Typical input parameter settings

U PDF4LHC prescription where relevant.cenvélope of CT10, 3
MSTW2008, NNPDIF2:3 includingag variations (+0.001:2).
Also CTEQ6Lldsused

Parton showers: IPYTHIA6wvs HERWIGG6 or vs HERWIG#++ . | i
U Tunings: PerugiallC, Z2* o o WETE e




(single) top productiomat the: LLHIC

A Top is produced in pairs (QCD) or singly (EWK)
A Single top EWK productiom happens via three imain contributions

W+
. Vi
q q
t Vib~1
W b
l,q
b t w v, g
_ t
g 5 t
t-channel s-channel tW-channel b

Kidonakis, NLO+NNLL

s(7 Tev)-:64 pb s(7 TeV)':4.6 pb s(7 TeV)'::il.{)Cﬂjb t-channel: PRD 83 (2011) 091503

s-channel: PRD 81 (2010) 054028
tW-channel: PRD 82 (2010) 054018

MET

€1 ’t A\ e,;.l,t

¥,
#
#

v

b%/&::ﬁ

e,ut

F
’
.
~
S
-
~
-
\.F

A Backgrounds coming ffrom W/Z+jets, top pair productiom, QCD



Top (pair) productiomat: the: LLHC

A ’lgop pair QCD IFro-_ducthllgm - ey ey
J CzakonFiedlerMit
appens imain ywasg N TuUSION ; ;?(i\?:?m)lgﬁ;@lov 1720044 %47, . 245862, 462,
q t s vree e ———— 1t ¢ ! 8
9 : g o OB
t ?E E— é_ all hadronic
] . ghensmssndl g - 2 B
q t g t a ]
°
‘ e eT/ut| T tau plus jets
A Final statestlependonthedecay ofithe Wobesens o [T

=]
2 et/ut

ev/uv s[o
W decay mode

A |
S V MET jet jet
et \é . bjet
%/ . b-jet b-jet =2
A%
et je jet
dileptons lepton + jets all hadronic
A BR=~10% A BR=44% A BR=46%

A Backgrounds coming from W/Z+jets, single top (tW), QCD



Collected data

A Impressive performance ofithe ILHCiin 201 L(@ 7 TeX4)f20 12¢@s/)

U About ~6/fb collected in total at 7 TeV

U About ~23/fb collected at 8 TeV

A Statistics important for top physics
U LHC is the first top factory ever !
o O(1IM) tt @7TeV,(@(LOM)@TeV
U While: precision measurements:soon
limited! by systematic errors, many
possibilities for other studies open up
0 Rare processes
o Searchedor new physics

o Constrain of systematic efirors and
backgrounds by using data

N
(4}

Total Integrated Luminosity (b ')

Events

BN 8§

=
v
T

10+

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

‘ : : : 25
m— 2010, 7 TeV, 44.2 pb !

— 2011, 7 TeV, 6.1 '
m— 2012, 8 TeV, 23.3 b !

o ;S !

-1 08 -06 04 02 0 02 04 06 08 1 01708 -06-04-02 0 02 04 06 08 1
cos 8" cose

Examplehhow!theisingle top:signalimproves
10



ATLAS and OMS gtectrs, . Po oS g

ATLAS Detector

© Jets: 3D topological clusters.

@ Electron: [y|<2.47 and p1®>25Gev

©® Muon: |y|<2.5 and pp# >20/25GeV

O b-tagging: MV1 algorithm.

gl 15.0m
L 287 m
38T

© Trigger: Single lepton.

f" NEGE L tites e wnh caeeyang = W5 00GA
f .

MUON CHARMEBERS
Karrel: 256 Dnift Tute, 485 Wesistive ot (bare e

\\'- . _ - ety
= Endears 465 Cathode Striv, 472 Basistive Viate Conee

Toroid Magnets  Solenoid Magnet  SCT Tracker |

CMS Detector \

© Particle Flow.

@ Electron: |y|<2.5 and pp®>20/35GeV

PRESHOWER
T Silion srpe e 2t 157000 char

FORIWERE CE)LE
Nteel 4 *Zoera Sbres -

CRYSTAL

9 MUOI’]Z |”|<2'4 and p,re>20/30 GeV ELFCTROMAGNETIC

CALORIMETER {TLCAL)
6,000 acwitillading PR ¢ gst s

@ b-tagging: CSV algorithm.
e Trigger: Single leptor]/DiIeptOr]' HADRON CALORIMETER (HCAL)

Itrass + Vlastl: somuilatoe ~7 000 chiantvis

11



Summary or reconstruction methods and
performance and techniquestfortbackground
determination

KAl be)jardsvdthAckigns, Allcac@:x. AO NOAOOET T Oh EI

12



Inclusive tt cross section [pb]

—
o
.

N
o

ATLAS+CMS Internal
TOPLHCWG

SECTIONS

Top pair productiom

o TOTALCROSS

Sep 2014

Single top production

Top quarks andl besons 250

200

150}

= NNLO+NNLL (pp)

NNLO+NNLL () 7 8
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 7
=172.5 GeV, PDF &« unﬂtﬁrtainties acc?rding to PDF4LHC
I|IIII|IIIII]|III|II?IIIII L1 1 1 1 1 1 1

s [TeV]



Total cross sectionimeasurements

A Monitaring:thie-totah productionicrossssectiomis; the: first fiindamentallstep fon

understanding top physics atithe LHC

o

U Test the presence ofrnew productionimechanisms
U Inthe fiame of the SM, test QCD jpredictions.andhelp

constraining the PDFs (especially-gluons)
o Impoitanttforr Hllgg&pmdummm; forinstance:

7a(m) =3 [ dordes filmn) fi(w2) 615(me)

U Indirect Gilﬁeﬂlltarnmnaimlmoﬂmmt or ag.

U Constrain a very important background for many

searches.at the ILHC

H1 and ZEUS HERA I+I1 10 parameter PDF Fit

1

e

8

0.6 — N

0.2

10°

A Almost all decay modes:are investigated atithe LHC

A The measurements-are peiformedatidifferent devebof
Ndata - NBG

complexity:
U Countnng experiment in acce]pdam@e

s fﬁdt

U Fit to data in several portions of phase:space with:in situ

constraining of various backgrounds
U Multivariate-analyses

| xg (% 0.05)

T xS (x0.05)

Q' =10 GeV?

March 2011

— HERAPDFLS (prel.)

- exp. uncert.
I:l model uncert.
- parametrization uncert.

xu,

HERAPDF Structure Function Working Group

W decay mode

107 107 107" 1

all hadronic

qq’
lepton plus jets
tau plus jets

tau plus jets

ev/uy TV

dilepton E lepton plus jets

ev/uv Tv 10
W decay mode

14



Top pair crossssection L

A Di-lepton finall states (e, &) background free — S o
i Likelihood fits:torthe-numberoffreconstructed| (b- o pm i
tagged) jets. IDYthackground datadriven - E
R

A Y.EEfihad Sates representa-good R

compromise between statistics:andpurity

|
30 0

M3 (GeV), NN>0.5

. — . . 400 CMS Preliminary \/s=7 TeV [Ldt=1.1 fb ", Muons
U Multidimensional ML fit todata- Sl . . . | [eome
U Use dataithemselvesto ...[0 = - Tl s | W~
constrain the backgrounds e L 3 2 A o | [Woroers
) , Ckgrounds . g « @ W = R - g K g [P
by including regions HI"E T I P 2 3 3 (e
Where they dOmmate § % W + Light Flavor 150§ : ; : ; DW+LFJers
“> |E| ol - 100: IZ+Jets
w5 CMSPASTORL1-003 of Daco
I 3 TJet 2Jets 3dets ddets - 5dets -
A Hadronic channels (all-jets, o ° B " Secondry Vortox Mass (GeV)
kjets) are verydifficult s T T el e
. . . 210 B 17 rsets 3
U Entirely dominated by ¢ F ... B srgliop
QCD, need to estimateiit [ St W feacigrauns
directly from data -

U+ Use NN to separate;signals™
from backgrounds

Y. - ] 0 i 15
NNOutput 15



Cross sectionsiinfiducial regions
A Important:to,also provide measured crossssection in the-experimentally
accessiblephasespace regionsonly
U The extrapolated cross:sections are/élarger. May be a/factor.of-50100depending
on the analysis,andiis justcomingfrom'WMC predictions

U Fiducial cross sections-are:much dess:sensitive toimportant systematic-errors,
typically QCD scales-and/PDEs

U If the phase space canbeisimply defined; easierncomparisan to theory

A Example: ATLAS:extracts; simultaneousiyt, WW, Z/g -t fiom a template fit
over the enbb final state

s

ABEM11-HLO [ T I

MSTWz00sCPdaut NLO =7 TaV, J- L dt = 4 6 fb

CT1o-MLO

T T T T T

AEIM11 NNI_D ! l
MSTW2008CPdeut-NMNLO

M Tw200aC Vs =7TeV, | Ldt= 46"
HERAPDF15-NMLO

MMPDF23-MMNLO

epWZ-MMLD

JRO9-MMNLO
ATLAS Best Fit

-_—- ATLAS 68% G.L.(th. extrap. unc.)
- o= ATLAS 80% G.L.(th. extrap. unc.)
1 2(}0 Fe—— ATLAS 68% G.L.

- ATLAS 90%: C.L.

1300

HERAPDF1 5-NLO

Zhy

NHPDF23-MLO

O, [PD]

0 de00T
+ e oo [ 0O

ATLAS Best Fit

600

ATLAS eBms C.L.

—— ATLAS 903 CL.

550
SR < %;
o . 500 =T

1100[ y %ﬁ_
1000} C e ) aXivi4070573 ¢
- Total NNLOATLAS . 450: Fid: NLO ATLAS
B . . , ] e R AR R
1 50 260 1500 2000 2500

o' [PP]  Fiducial cuts: [pre( >25(20) Gev;|ye(®)|<2.5(2.47)] ®x [P] 16



7TeV

Crosssectioncconibimnation

ATLAS+CMS Preliminary o, summary, Vs =7 TeV TOPLHCWG

NNLO+NNLL (Top++ 2.0), PDF4LHC, m o= 172.5 GeV

Sep 2014

—_— ~== stat. uncertainty

B scae uncertainty = = = total uncertainty
scale @ PDF @ o uncertainty o, *(stat) +(syst) x(lumi)
ATLAS, l+jets 179+ 4+9+7pb L,=0.7 fb!
ATLAS, dilepton (*) 173+ 6711 *Spb L=07 6"
ATLAS, all jets (*) | 1 167+ 18+ 78+ 6 pb L,=1.0 b
ATLAS combined 177+3° 2+ 7pb L,,=0.7-1.0 fb
CMS, I+jets () 164+ 3+ 12+ 7 pb L,,=0.8-1.1 fb
CMS, dilepton (*) 170+ 4+ 16+ 8 pb Lyy=1.110"
CMS, T+t (%) — 149+ 24+ 26+ 9pb Ly=1.1 1"
CMS, all jets (*) — 136+ 20+ 40+ 8 pb Ly=1.1 10"
CMS combined 166+ 2+ 11+ 8 pb L,,=0.8-1.1 fb
LHC combined (Sep 2012) 173+ 2+ 8+6pb L,=0.7-1.1 b
ATLAS, l+jets, b—Xpv 165+ 2+ 17+ 3 pb L,=4.7 fo!

ATLAS, dilepton ey, b-tag

ATLAS, dilepton e , Nists_ETsS

ATLAS, 1y 4+
ATLAS, 1, +jets
ATLAS, all jets
CMS, l+jets
CMS, dilepton
CMS, 7,4+l
CMS, 1, +ets
CMS, all jets

fr— 9 —]

(*) Superseded by results shown below the line

1829+ 3.1+ 42+ 36pb L =461’

181.2+2.8727+3.3pb L4610

186+ 13420+ 7 pb
194+ 18+ 46 pb
+60

168+ 122+ 7 pb
158+ 2+ 10+ 4 pb

161.9+ 2521+ 36 pb

s
143+ 14422+ 3 pb
152+ 12432+ 3 pb
139+ 10426+ 3 pb

L,=21fb"
L,=1.7 fo"
L,=4.7 fb'
L,=2.2-2.3 b
L=23fb"
L,=2.2fb"
L,=39fb"

L,=35fb"

Effect of LHC beam energy uncertainty: 3.3 pb
(not included in the figure)

50

100

150

o, [Pb]

TORLHCWG

A Combination performed(*)
accounting for correlations
U Severalcategoriesintroduced
(experiments, energies channels)

(*) With Best Linear Unbiased Estimator
[LyonsGibaud Clifford;Nucl Instr. Meth. A270 (1988), 16.]

ATLAS+CMS Preliminary Gz SUMMary, \s=8TeV

....... NNLO+NNLL (Top++ 2.0), PDF4LHC —_ — stat. uncertainty
Tevatron+LHC m,, =173.34 GeV — — — total uncertainty
I scale uncertainty

scale ® PDF ® o uncertainty O *(stat) H(syst) +(umi)

8 TeV

NEWeTOP2014

ATLAS, dilepton en

2418+17+£55+£75pb
arXiv:1406.5375, L_=20.3 fo”

CMS, dilepton eu —

2372+26+11.9+£6.2pb
JHEPO2 (2014) 024, L_=63 10"

LHC combined eu (Sep 2014)
CMS-PAS TOP-14-016,
ATLAS-CONF-2014-054,

2406 +1.4+5.7+6.2pb

L=5.3-203 1"
Effect of LHC beam energy uncertainty: 4.2 pb
(not included in the figure)
\II\|II\\|I\\ \\\I‘\\I\‘\\\\
100 150 200 250 300 350 400
o [pb]
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Cross sectionsrresllts

Top pair productiom is measured and predicted ito unprecedented precisions
U Experiments more and more going towards
presenting crosssectionsin fiducial regions

Theoy — 245.9pb +5.7%

o = 241 .8pb +3.5%

o)
O
D —
-
o
b B ATLAS dilepton 8 TeV (L=20.3 13}
n ® (CMS dilepton 8 TeV(L=53 fh"]
w 102 —& LHC combined ep* 8 TeV (L=5.3-20.3 ﬁ:r"] —
g — O ATLAS kjets* 8 TeV (L=5.8 ') [ ]
e — O CMS |+jets* 8 TeV (L=2.8 fi") |
O N * Prefiminary 250+ -
1= i
0 _
= i
- 200r .
o 10F !
L= - [
mmm NLO+NNLL (pp) 150 T T
—— NNLO+NNLL (gf) 7 8
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 N
mM? 1725 GeV, F'DFFE!:( unn:fartalnlies al:crr:rdingtnPDFalLHC
-1II|IIII|III L1 1 1 L1 1 | L1 1 1 1 1 1 1

—a
O
%
[

—
— O

2

— ':r Tevatron combined® 1.96 TeV (L=8.8 f ]

ATLAS dilepton 7 TeV (L=4.6 fh'}l
CMS dilepton 7 TeV (L=2.3 fh ]
ATLAS jets* 7 TeV (L=0.7 i)
CMS I+jets 7 TeV (L=2.3 i)

ATLAS+CMS Preliminary Ssep 2014
TOPLHCWG

Vs [TeV]
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Extraction of m, and ag

A Exploit the dependence@fs,, on m, and ag
U Parametrize measured.andpredicted.cross section as a:function iof the top-mass

o NA&AKe D BAendedEOI dnalydeh DApkaAchs b
o Extract m, by using a joint likelihoodi apptioach

U Method to directly accessithepole mass
o Not competitive: withhdiiectineasurements

18 = 7 TeV; aglm,) = 01184

3 : ) A Y L s | P — T T Y ] E‘
a . : ~—— CMS,L=23fb" ] =}
& 208 § «eine Top++ 2.0, ABM11 7] 5
L B ; - == Top++ 2.0, CT10 ] 8
200 NN | P | e Top++ 2.0, HERAPDF1.5 | P
TN S s — Top++ 2.0, MSTW2008 2
180} o N Top++ 2.0, NNPDF2.3  — &
_\\:\\ Phys Lett. B7.28((2014) 496
160 =
140} ; !
120::_1 PRRPR S — A,,_Ji__a - B -
165 170 175
> fixed as(mz) = 0.1184 + 0.0007 o2 33
le a7 LHC beam energy: 199
mie® = 176.7133 GeV—"—— cam enerey: “oo
PDF: 713, irF: Zoo, ast Zo7
: MC. +0.5
> fixed my = 173.2 1.4 GeV: my=" oa

as(mz) = 0.115174 305

350

300

250

200

150

100

I £ AT A1 UOAOS

‘ﬁ‘L LI I LI L I LI | 1T I L] I L I L] I LI | LU
\,‘ -
S ——— MSTW 2008 NNLO -

- L !

Fra., wm ATLAS —— CTIONNLO ]
| N —— NNPDF23 NNLO _|
- L L] '] II'E =FTeV, 46 . -
- 8TeV - R, v ® Y2=8TeV 203fb 7]
s

mP?'(GeV) from oy

PDF Vs=TTeV /5=8TeV
CT10 NNLO 1714426 174.1+26
MSTW 68% NNLO 171.2+24 174.0 £2.5
NNPDF2.3 5f FFN  171.3%22 1742+ 24

|



e,

Single top crossssections t channel ( MET

jet
A Typically use multivariate techniques (NN, BDT)

U Optimize:S/B separation using full event properties, b-je
constrain systematic €ffectsby:simultaneously 35,5000 T

———— —————
ATLAS [ Ldt=459f" {s=7 TeV

analyzing Sand/B/dominated regions 2-1';*-’*8R ﬁ?:‘m i
U Results typically obtained by fitting simultaneously 20000 =

different regions of the phase:spacedg 23 ltag, 3J
YO AGhd AEGEIANAY ET O1T Y

I W +bb,cT light jets
[ Z +jets, diboson
I Multijet

Uncertainty band

A S o _
m B Ge———
Q 0 0.2 0.4 0.6 0.8 1
. Onn
arXiv:1406:7844
% .ATL'Afl S J!let=l4.l59lfb"'l s=7 TeV |
- [ 2-jet-I” HPR i%ﬂta 1
23 40k Eﬁ);ﬁ«,rﬁ -
. . . . . N - [ ++C__CE,i jets
A ATLAS determines the firstfiducial cross section: B Z e dboson
e . - gz Uncertainty band 4
U Marginal effect due to acceptance, better 20
comparison to theory |
U Much reduced impact of ol
the TH uncertainties g O IP—— {
& -0.5H :
8" 100 150 200 25

m(lvb) [Ge



