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Top pair cross sections top quark

measurements bjetv/‘
* Inclusive

* Differential
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A particle with unique characteristics

Special because of its enormous mass: heaviest known particle
— Still a point-like particle in our understanding
— The top and the Higgs are “strongly” coupled |y, =1| |M, = ytv/ﬁ

— The top mass dramatically affects the stability of the Higgs mass
* If we consider the SM valid up to a certain scale A

< (s FF) — - 23
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m%{ = m?ﬁro tAz + 92A2 +
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(125 GeV)? = m%, + [—(2TeV)? + (700 GeV)? + (500 GeV)?] ( 10$e\f) H

It is the only quark that does not hadronise ’
had)~h/Aycp~2 10724
o t(had)~h/Aqp~2102*s Dt — 8} — -
o T(top)~h/T,,~5102s 8m/(2)
o Compare with t(b)~10"s

m3|Vip|? = 1.5 GeV /c2. b

» Decays before forming a “dressed” top quarks

» No bound tq states, its spin properties are directly passed to its decay products
» QCD, Flavor and EWK physics at their best !
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Constraining the SM

e (anuse the fact that m,, m,, m, are linked at loop level to constrain the SM
H

t
» The Higgs/symmetry breaking sector can be explored with w2, w W w
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* The top quark also provide other direct constraints to the modef
» Direct access to parameters of the SM (m,, V)
» Other stringent tests of SM (QCD in do/dX, couplings, CPT invariance,... )
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ois & m, variations

LEP (1995) vs SM predictions
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* LEP 1 prediction: my,, =173 + 13 - 10 GeV
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Z boson line shape and asymmetries compared to SM measurements vs. top mass
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* Quantum fluctuations showed the existence of the top
quark and predicted its mass precisely before it was
discovered. -> Triumph of the SM.



The Discovery of the Top Quark

CDF, PRL 74, 2626 (1995) .
: e 6 Discovery at the Tevatron
o1 2t Bt with O(10) events.
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The Top Quark Mass

Electroweak fit before +25
Higgs discovery: mH = 94_72 Gev consistent with measured m,, within 1.30.

The Gfitter Group, M. Baak et al., EPJC 72, 2205 (2012) http://project-gfitter.web.cern.ch/project-gfitter/History/
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Quantum fluctuations showed the existence of the Higgs boson and predicted its
mass precisely before it was discovered. 2 One of the most critical tests of the
standard model!
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Experimental challenges

e,;t  *  Top quark studies require all components and
capabilities of the CMS detector to work:

b-tagging jet vf "

light jets b-tagging
(energy/scale) bjet\\\A‘

14

Missing E; —

Trigger

Charged lepton reconstruction, identification and
isolation

Jet reconstruction
Missing transverse energy

b-tagging

e important to consider PU conditions at 8 TeV.

CMS: a simple and elegant concept
ey W}E):Eﬂm,."-;[el (GeV] i.¥f({.g'f.‘.. ) 4 g

e Optimal use of the detectors... e
> Particle Flow reconstruction in CMS T e ‘
o Combine all sub-detector informationto """ at11"\&l\\\’_§:_ﬂ '.
reconstruct and identify particles, after ( v i
pile-up substraction 'y (|
... and sophisticated analysis tools: ) e E L
> B-tagging’ T reconStrUCtion’ kinematic . Neutrinos "mea.:::.;d'lhlough ‘missmg jbdears

fitting

September 2015

No particle should go
Fast detectors: 25-50ns bunch crossing undetected
High granularity: 20-40 overlapping complex events

High radiation resistance: >10 years of operation

cipip<1% @ 100GeV
o(po)pr<10%@1 TeV
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PRODUCTION:

by fragmentation of gluons and
(light) quarks in QCD scattering

RECONSTRUCTION:

* Need to satisfy requirements:
- theoretical requirements
(infrared and collinear safety)
- experimental requirements
(detector & environment independent,
easily implementable, etc.)

« Commonly used in ATLAS and CMS
- ‘anti-kt’ algorithm
(typical cone sizes: R=0.4/0.5)

CALIBRATION:

« Correct the energy and position
measurement, and the resolution.

« Correct for instrumental & physics effects

Jets

Calorimeter jet

Particle jet

Parton jet

AAN

P

oo § Underlying event

p g (multiparton interactions)

’
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Top quark production at LHC CERTFeImIaEHfSIC
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Number of events with 20 fb'at 8

_m

ttbar SL e mu

ttbar SL tau 232 0.15
ttbar DL (e, mu) 232 0.053
ttbar DL 1 tau 232 0.053
single top t-ch e mu 83 0.22
single top s-ch e mu 45.5 0.22
single top tW e mu 23 0.22

0.5
0.9
0.8
0.7
0.7
0.7

1 090 000
340 000
220 000
200 000
250 000

17 000
/70 000

Typically two orders of magnitude more than final amount at Tevatron.

selection eff. not included
trigger efficiencies, average
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Top (pair) production at the LHC

. . .
Top. plalr.QC:) profduFtlon happens ) Tev 8 Tev
mainly via giuon tusion Czakon, Fiedler, . . . .

y & Mitov 172.0M4 447 5 2458024, 702,
q t (arXiv:1303.6254)
PRL2EL L e
g - g o ﬁ
t é g é_ all hadronic
- - a M_q_ E - c?‘ E
q ‘ g ‘ 8
°
= TT tau plus jets

ev/uv Tv

* Final states depend on the decay of the W bosons

lepton plus jets

2 et/ut

ev/uv s[o
W decay mode

SHUS . : .
T v MET e u,T jet jet
b-jet < | b-jet
%/ . bijet b1t =+
A%
e:“?T Je jEt
dileptons lepton + jets all hadronic
e BR~10% * BR~44% e BR~46%

* Backgrounds coming from: W/Z+jets, single top (tW), QCD, di-boson
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Top Quark Signatures and Backgrounds

* Lepton+jets
channel
— A high pT lepton
— 2 4 high pT jets (2 of
which are jets from b-
decays)

— Missing transverse
energy

* Main backgrounds:

— tt other, Single top,
W+jets

September 2015 Javier Cuevas, TAE 2015, Benasque
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Top Quark Signatures and Backgrounds

* Dilepton channel

— Two high p; leptons

— 22 high p;jets (2 of
which are jets from b-
decays)

— Missing transverse
energy

* Main backgrounds:

— tt other, Single top,
W/Z+jets

Fewer number of events, more pure, best channel ep

September 2015 Javier Cuevas, TAE 2015, Benasque 15
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Top Quark Signatures and Backgrounds

e All-hadronicchannel

— 26 high pjets (2 of which
are jets from b-decays)

* Main backgrounds:
— QCD multijets

* Possible fully
reconstruction of the
event (no neutrinos)

* Larger uncertainties
compared to other
channels due to multiple
jets

— Jet energy scale and b-

tagging
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Top Quark event

[ ]
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Initial state radiation
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Top Quark event modeling

Proton/ Colliding Stable Measured
(anti-)proton partons Final state particles event
Processes Lept?n LEpt(.)n
neutrino dronizat Neutrino
—_ aaronization detector
tt b Gen—!et
b showering Gen-jet
u Gen-Jet
d \ Gen-jet J
— \—/
| |
— pdf 2\ gpdf 2\ A A
Gpp—m—(svmr)— 2 fdxldxsz (xlvﬂf)fj (xzuuf) iji—fF (Svmraﬂfaﬂrvas (Ju’r))

i, j=partons
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Top Quark event modeling
Gpp_ﬂ(.s‘,mr) = E f dx, dxzfipdf (xl,#?)j}paff (X-galf-? C}ij—n? (j«_},,»n”“f,#”as (l"-'r))

(P showering/
& hadronization

Non-perturbative Perturbative in a,

factorization PDFLs(x U )® NN TR (TR )
i
|
|
1

arton
PPN < g PPN > L

~ 0~ J5 ~. /xlxv‘ (Q: energy scale of the hard process)

Sept. 013
o (Q) v Tdecays (N*LO)
s Q & Lattice QCD (NNLO)
a DIS jets (NLO)
031L o Hc;wy Quarkonia (NLO) 4
o e'e jets & shapes (res. NNLO)
; L4 p{)le fit N°LO)
Inputs- m v pp—> jets (NLO)
-> .m,
t 4 0.2+ .
g
0.1 _
= QCD 0g(M,) = 0.1185 + 0.0006
1 10 . 100 1000
Q [GeV]
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Total cross section measurements

understanding top physics at the LHC .

— Test the presence of new production mechanisms
— In the frame of the SM, test QCD predictions and help

constraining the PDFs (especially gluons)
* Important for Higgs production

og(m) = Z/Ol dzidxsy fi(ﬂfl)fj(xz) &ij(mt)

. »J, .
— Indirect determination of m, or a..
— Constrain a very important background for many

searches at the LHC
* Almost all decay modes are investigated at the LHC

* The measurements are performed at different level of
complexity:
p y Ndata — NBG

» Counting experiment in acceptance o =

: : : € J Ldt
» Fit to data in several portions of phase
space with in situ constraining of various backgrounds

» Multivariate analyses
» Selections defined for inclusive cross sections are in general

september 2uged for the rest of the measurements in that final stateicr cuevas, TAE 2015, Benasaue

Monitoring the total production cross section is the first fundamental step for

o8 PDF sets.
- MSTWO08 68% CL

B creessmesucL  xu,

2]
]
(4]
—
0
s
o
=)
©
el

W decay mode

" F=10000 GeV* |

all hadronic

tau plus jets

lepton plus jets

W decay m.ode
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CMS + ATLAS inclusive cross section combination

ATLAS+CMS Preliminary

my, = 172.5 GeV

LHCIOpWG

G summary, fs=7TeV Sep 2015

NMLO+MNLL PRL 110 (2013) 252004, PDF4LHC

—t——

ATLAS, dilepton ep. b-tag
ATLAS, dilepton ep, Nm—ET"

- scale uncertainty total stat
scale & PDF & o, uncertainty G.d:{stat] +{syst) +(umi}

ATLAS, Hjets 179+ 4+ 9+ Tpb L =07
ATLAS, dilepton (%) 1736 “3pb Lam7 "
ATLAS, all jets (=) F | 167+ 18+ 78+ 68pb L~10m"
ATLAS combined 177+3 3+ 7pb L 07100
CMS, Hiets (%) 184+ 3+ 12+ Tpb L=08-1.1 8"
CMS, dilepton (*) 170+ 4+ 16+ 8pb L~1.1m"
CMS, T, (%) 148+ 24 + 26+ 8 pb Lo=1.1 1
CMS, all jets (*) k 136+ 20+ 40+ B pb =11
CMS combined 166+ 2+ 11+ 8 pb L ~081.1 1"
LHC combined (Sep 2012) 173+ 2+ 8+ Gpb L =07-1.1 1"
ATLAS, Hjets, b—Xpv 185+ 2+ 17+ 3pb L= 7 157

1828+ 3.1+ 42+ 38 pb L_~46m"
181.2+28%2]+33pb L ~45m

[} Superseded by results Shown below the ine

ATLAS, 1 +Hets t 1 1p4+12:46pb L~17 1"
ATLAS, all jets I | 168+ 122+ 7pb L=d.7 1"
ATLAS, 7+ 183+0+23+3pb L4561
CMS, Hets 158+ 2+ 10+ 4pb L-2223m"
CMS, dilepton ey 17454217554 38pb L -s0m"
CMS, T, # 143+ 14+ 22+ 3pb L=22 1"
CMS, T, Hets 152+ 12+ 32+ 3pb Y-
CM3. all jeis —t—— 130+ 10+ 26+ 3pb L=35m"

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

50 100 150

300 350
¢ [pb]

ATLAS+CMS Preliminary LHCTopWG o BUMMATY, B =8TaV Sep 2015
. NMLO:sNMLL PAL 110 (2013) 252004, POF4LHC
M, =172.5 Gev S
scala uncartainty
scale & POF @ o, uncertainty Ty *{EEY ={oySY) =)

ATLAS, lepton+jata
PROD 01 (2015) 112018, L, =203 b

CMS prel., lepton+ats P
CMS-PAS TOP-12-008, Lﬁﬂﬂ-m"

F—t#— 26012 -8pb
228-9"2 = 10pb

CMS, leplon+t,
PLE 720 (2014) 23,  L,=10.8M"

——i—A 257 =3=24 -7 pb

ATLAS, dilepton ep
EFJOT4 (20143108, L =203 [

o o 2424+17=55=T75pb

CMS, dilspton (ee, pp, eu)
JHEP 02 (2014) 024, L=53M1"

—a— 2318 0=21=113=62pb
LHG combined ep (Sep 2014} -
ATLAS-CONF-2014-053, CME-PAS TOP-14-018,
Lyy=5.3-20.3 b

2115 = 1.4 = 5.7 = 6.2 pb

CMS pral., dilepton e
CME-PAS TOP-13-004, L =187 [

Y 2456=13"%* . 65pb

-BE T

CMS, all jeta I - 1
CMIS TOP-14-08, L, =184 b

ST gy w4200
L1 1 1 | L1 1 1 | L1 1 1 | 1 1 1 1 | L1 1 1 | L1 1 1
100 150 200 250 300 350 400
o, Ipbl

e All channels covered and consistent with SM
* Good agreement with NNLO+NNLL

* Precision of ~4% (di-lepton channel), similar
to theoretical prediction
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The all-jets channel

* Traditionally the most challenging final state (backgrounds!)
e  But: large branching fraction

*  No neutrinos = superior kinematic information + resolution
* At 8TeV CMS used “parked data” to afford trigger rate
* S/Bimproves with higher top pT, and with higher Vs

GeV

~ 2

= l-tag events ‘-Q..’-J 0
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Madgraph
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tt inclusive cross section production

E‘ 1 03 1 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | -
— Y Tevatron combined* 1.96 TeV (L=8.8 fb") . -

2 ~ m ATLAS dilepton 7 TeV (L=4.6 &) ATLAS+CMS Preliminary May 2015 J

C | @ CMS dilepton 7 TeV (L=2.3 fb") -

[e) | O ATLAS l+jets* 7 TeV (L=0.7 fi5") TOPLHCWG

O O CMS l+jets 7 TeV (L=2.3 fb)

O [ ® ATLAS dilepton 8 TeV (L=20.3 ft™)

w ® CMS dilepton 8 TeV (L=5.3 fb")

0 A 02 L% LHC combined eu* 8 TeV (L=5.3-20.3 fb") —

8 = O ATLAS l+jets 8 TeV (L=20.3 fb’) B ' .

S — O CMS l+jets* 8 TeV (L=2.8 fb") I ] 7

a— — * Preliminary 250- 1 S

) | B b -

(O]

= i 1 7

> I ]

S 200 .

o 10 [ 1 3

i I i
s NNLO+NNLL (pp) 150F ﬁl% S
= NNLO+NNLL (pp) 7 8 |

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 7]
| Myp = 172.5 GeV, PDF® a_ uncertainties according to PDF4LHC
1 | | | | | | | | | | | | | | | | | | | | | | | | | |
2 3 4 5 6 7 8 9
s [TeV]

September 2015 Javier Cuevas, TAE 2015, Benasque



tt cross section inclusive combination

CMS-PAS TOP-14-016

ATLAS-CONF-2014-054

TOPLHCWG combination of best o,, measurements

ATLAS CMS5 Correlation LHC combination

Cross section [pb] 2424 2390 241.5
Uncertainty [pb] ATLAS+CMS Preliminary . summary, {s = 8 TeV
Statistical 1.7 2.6 1] 14 "
Detector model
Trigger 0.4 .6 0 e e NMNLO4+MNNLL (Top++ 2.0), PDF4LHC — siat. uncertainty
Lepton scale and resolution 1.2 0.2 1] 0.9 m,, = 172.5 GeV — — — total uncertainty
Lepton identification 1.7 4.0 0 16 I scale uncertainty )
Jet resolution 1.2 an 0 12 scale @ PDF @ o uncertainty o H{stat) (syst) H{umi)
Jet identification 0.1 - - 0.1
b-tagging 1.0 1.7 0 0.8
Pileup — 2.0 - 0.5
MNon-JES subtotal 2.6 6.7 0 26
Uncorr]ES 0.6 4.3 0 1.2
Insitu]ES 0.6 0.6 1] 0.5
Intercalib]ES 0.3 0.1 0.5 0.2 9 %
Flavour]ES 0.9 29 1 1.4 . ¢
BJES 01 - _ 01 ATLAS, dilepton ep 242.4+1.7+55+7.5pb
IES SUbED['ﬂl 1.3 5.2 0.4 1.9 arXiv:1408.5375, L|m=20.3 fb-l
Class subtotal 29 a5 32 0/
Signal model 5 o/ /0
Scale 0.7 5.6 05 1.9 :
Radiation Z i - 10 CMS, dilepton ex R 239.0+ 26+ 11.9+6.2 pb
Generator and parton shower 3.0 33 0.5 27 JHEPO2 (2014) 024, L =530
PDF 2.7 0.5 1 21 o,
Class subtotal 41 75 0.3 4.0 3'5/’
Background from data .
Zejets <01 1s 0 04 LHC combined ey (Sep 2014) 241.5+1.4+57+ 6.2 pb
Lepton misidentification 0.8 19 0 0.8 CM& PAS TOR-14-018,
Class subtotal 0.8 24 0 0.9 ATLAS-CONF-2014-054,
Background from simulation L,=5.3-20.3 "
Dibosons 03 05 1 0.4 . o,
Single top quark 2.0 23 1 21 theorY' 5'7/0
Class subtotal 2.0 24 1 2.1

: ¥ Effect of LHC b rlainty: 4.2 pb
Téum‘:'i? " s9 50 . 55 (notincludad in the figure)

eam modellin A J .

Lunﬁnﬂsit’ydetimﬁnaﬁcn 69 15 0 51 IIII|IIII|IIII III|IIII|IIII
Class subtotal 75 62 03 6.2 100 150 200 250 300 350 400
Total systematic 9.3 134 8.4 b
Total 94 136 85 o [pb]
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CMS tt inclusive cross section in the ep
channel at 7/8 TeV (New) Top-13-004

o . 5.0 fo (7 TeV) 19.7 b (8 TeV)
Measure the production cross sections at 3 . cus oo —cws S
. . . . . > = Preliminary ::N W iPre//mTary I twiAw
particle level in a fiducial range, defined §« énf =
o ° ° o Lﬁ 300 ? ‘r:(\)In w/z [ non W/z
within the kinematic acceptance of the 200" .
ttbar decay particles that are directly w =
SE 98" Nowa
visible in the detector. ZB Tt : L
.. (e o S ey (G 7% ieading eon, G
Visible cross section is defined for events s Iepen by '
at particle level containing a true opposite g "ty - s 5&5"””“””) g oE0 - e EDY()
o % 8 E-Preliminary tWAW % 40 ; Preliminary tWAW non
charge electron-muon pair from the decay ¢ - Ty moweseat | & B5 Ty SInCeyetett
chaint — W — [ (includingW —t—1l)and * : i S |
with both leptons with p; > 20 GeV and |n| 3 e
<2 4 ,,,’-c1-5§ m'c‘-5?‘
. -8053_ T R RN ‘8%)_ 1B S UL
. , , R I R I e
Extrapolate visible cross section to obtain leading lepton leading lepton y
the cross section for ttbar production at , A sow'eT f0715" @ o
. . = cms . za‘a € 70-CMS * data
parton level in the full phase space using G jac remnay S G s reimnay —
DY 50 oy
MCA,, (Signal acceptance is taken from i Sz “ o iz
0 . . 6 SI\(I: syst+stat ; SI‘(/: t+stat
simulation assuming a top mass of 172.5 s 0
2 10?
G ev.) _8 8 1'5? \\\\\\i\\\\\\ 8 8 1.5E- ¢
ST S R S S S o|5 18 . B
0.5= ‘1 : 0.5

2 =3 2 =3
b jet multiplicity b jet multiplicity
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CM S: M et h O d . * Template fit to lowest light jet p; for each

category (N, if there are no light jets)

e Jetvariables usedin order to * Allows the extraction of the b-tagging
constrain uncertainty from b- efficiency and constraining of syst. unc.
tagging, JES « Signal and background templates taken from

* First divide events into three MG, fitted to data.
bins by number of b-jets: N, =1, » Templates normalized to luminosity
2 and 0 or >3, then, each (depending on the cross section)
category is divided in 4 bins, as « Templates depend on systematic
a function on the number of variations A,
non b jets. « _Binned Poisson Likelihood used for fitting

* Foreach of these N, ..ty P19, =
poublead and p,lowest for events =i
with 0, 1,2 or 3 non b jets, S
respectlvely are taken (12 g3f [/ -«

T
distributions in total) [/p
x10* 0 or >2 b-tagged jets 19.7 fb" (8 TeV)
2 SOEOadd.iets id_ata (%5 10° 1.add. jet 2 add. jet >3 add. jet CMS
g tt Prelimina,
o 25 B witwoi B v
20%\ Coy § 10°
15;_ E‘é\éDNVjets tw 10
10F Ctiv
5 Il ttbg
E MC syst+stat 1
8‘8 1245;\\\\\\\\\\\\ b4 b 1 2%\\\;\\;\ \~*““\-\\\\\$\\\\_ Hmm&\\\\\\\\\\\\\\\ww \\\\\\\\\\\\\\\\\\\\\\\\\\\\\
ola 08';\ © ano. B'E\\\\\\\ S S S i\ SEEE '% i ?\\i\\i\¥\\\!\\\\"\\\\\\ Y\\\\; \R\‘W$\L\\ \gk\ S

40 60 80 100120140160180 40 60 80 100120140160 180 40 60 80 100120140 160180200
P, [GeV] P, [GeV] P, [GeV]



Uncertainty [%]
CMS Method and results: =
Trigger 1.2 1.2
[Lepton ID /isolation 1.4 15 ]
* Allow to derive b-jet acceptance g, from data Lepton energy scale | 0.1 | 0.1
(ELII' Phys J. C74 (2014) 3109) Jet energy scale 0.7 0.9
Jet energy resolution 0.1 0.1
. Single top 0.9 0.6
vis
s1=L-€ 'O'—'QE(]_—OE) DY 12 | 12
1 ep " Vit b b*b T oo T ToT
L vis tt+V 0.0 0.1
SS9 — L - €ep " O Qﬁb Ob Diboson 0.2 0.6
W-tjets 0.0 0.0
" 9 QCD 0.0 0.0
— . . Vvis | _ _ _ B-t 0.5 0.5
SO T ﬁ Eeiu' Utt (1 sz Ob zeb(l EbOb)) Misiig 0.2 0.1
Pileup 0.3 0.3
.. . 2 scal 0.3 0.3
* Implementation in the fit ﬁE?C;Sematchmg or | ol
— Use equations for signal contribution: MG+PY — PH+PY | 0.2 0.4
— Derive C,, g, and €., parameters from MC Eadroniza“on (JES) 8-g 8'2
. . 0] . .
— Parametrize them in terms of A, Coﬁ)ofﬁeconnection 01 0.0
* Each systematic source is treated individually by Underlying event 0.0 | 0.1
suitable variations of the MC simulations or varying ifiinosity = gg
parameter values within their estimated Statistical 15 06

uncertainties

* Each sourceiis finally represented by a nuisance
parameter which is fitted together with the visible
Cross section

* Fit simultaneously 7 and 8 TeV, using as many | o, (7 TeV) =3.05 **" __ pb (+3.5%-3.4%)
constraints as possible, we can lower
uncertainties, Need to take into account

0,i(8 TeV) = 4.24 **'¢ | pb (+3.7%-3.4%)
cOFrel4tiors between sources at 7 and 8 TeV Javier Cuevas, TAE 2015, Benasque 27




CMS Results: cross section, pole mass,
limit on stop production

o(7 TeV) = 174.5 £ 2.1(stat) *45, (syst) & 3.8(lumi) pb (+3.6%-3.4%)

o(8 TeV) = 245.6 * 1.3(stat) *° (syst) % 6.5(lumi) pb (+3.8%-3.5%)

s i e
8 280f cms
e Preliminary

';i:
6" 270F N 0.8 ‘%;\E:
260 o6 =
250/ —
240f g
2301 0.2
220 , o | g
TOp pole maSS: m _1 6 +1.7 Gev 16917017117217317417%;;5[1(37;\1/]78
— i p
t 73 1.8 54_55‘”“““_“““1‘9.‘7;9 (‘8‘T<‘3VE)
g’ t CMS — Observed 1oy,
o 4r Preliminary =~ -~ Expected E
. 7] E Expected =10, E
SUSY Constraints from &%
o 3 —

ttbar Cross Section:

Stop quarks with masses below 189 GeV
are excluded (for light neutralinos)
Similar level of exclusion by ATLAS

N

%))

7
|

95% CELL limit on si
(@) ] N

—
T T T T T T T T IT

o

O O
m_L
o

t,— t¥,, m@,)=1 GeV
Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il r
160 170 180 190 200
m. (GeV)
1
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CMS new cross section inclusive combination

Most top pair final states investigated
— L(e,u,7)+jets, €L (all but tt)+jets and fully hadronic final states in the combination.

— Highest precision reached in the di-lepton channels

— All results consistent

CMS prel. dilepton e
TOP-13-004 (L=5.0/fb)

CMS dilepton (ee,pm,eu)l.I
JHEP 11 (2012) 067 (L=2.3/fb)

CMS e/u+jets ey

PLB 720 (2013) 83
(L=2.2-2.3/fb)

CMS dilepton e/u+t
PRD 85 (2012) 112007
(L=2.2/fb)

CMS T, +jets I

EPJC 73 (2013) 2386 (L=3.9/fb)

CMSalljets | ToT 1

JHEP 05 (2013) 065 (L=3.5/fb)

[ scale uncertainty
[ scale ® PDF & ag uncertainty

CMS Preliminary, o, summary, (s=7TeV Aug 2015

— NNLO+NNLL (top++2.0), PDFALHC, m —_— 172.5 GeV
Czakon et al., PRL 110 (2013) 252004, arXiv:1112.5675 (2013)

1745=21 5> +3.8pb

(val. + stat. = syst. = lumi.)

5.1
161.9 2520 +3.6pb

(val. = stat. = syst. = lumi.)

158.1+2.1+10.2+ 3.5 pb

(val. + stat. + syst. = lumi.)

1431422+ 3pb

(val. + stat. + syst. = lumi.)

152+12+32+ 3 pb

(val. = stat. = syst. = lumi.)

139+ 10+ 26 = 3 pb

(val. + stat. = syst. = lumi.)

0 50 100 150 200 250 300 350

September 2015

o(tt) [pb]

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

CMS dilepton (ee,uu,eu)
JHEP 02 (2014) 024 (L=5.3/fb)

CMS prel. e/u+jets
TOP-12-006 (L=2.8/fb)

CMS dilepton e/u+t
PLB 739 (2014) 23 (L=19.6/lb)

[ scale uncertainty
[ scale ® PDF ® a4 uncertainty

CMS Preliminary, o, summary, Vs=8TeV  Aug2015

"

— NNLO+NNLL (top++ 2.0), PDF4LHC, m op = 172.5 GeV
Czakon et al., PRL 110 (2013) 252004, arXiv:1112.5675 (2013)

2456+1.3=2% +6.5pb

(val. + stat. + syst. = lumi.)

239+ 2+11+ 6pb

(val. + stat. + syst. = lumi.)

228+ 92 +10pb

(val. = stat. = syst. = lumi.)

257+ 3+24+ 7pb

(val. = stat. = syst. = lumi.)

0 100 200

Javier Cuevas, TAE 2015, Benasque
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ATLAS Top pair cross sectionin the ep

Channel at 13 TeVl |ATLAS-CONF-2015-033

* Analysis strategy follows Run1 best
measurement

T ¥ bk 3
— select OS ey, pT(0)>25 GeV, jets (25 Ny = Loy ecu2e,(1 — Chey) + Ny™°
Gev),>1 btag, Ny = Loir e, Coe” + Ny*
no MET required
e Count number of ey events with
luminosity of

— exactly one (N1) and exactly two (N2) datasample  sel, effsacc,  Mon-factorisation

b-tagged jets incl. BR (0.9%) correction from MC

- 2
— extract o, and prob. to b-tag q from €bb/€p" = 1.005 £ 0.006
t— Wq(g,
> SN EARRERRRE RARE ERRN A RS RN RN = > oo [T T T T I IIT TN > 440 L S N QR
g 180:— ATLAS Preliminary - 8 C ATLAS Preliminary - 8 r ATLAS Preliminary -
S F I1s=13TeV,78pb" | g 180F 1s=13TeV,78pb" 1 Q4o Is=13TeV, 78 pb" ]
3 15 1 Sieok = ® Data2015 -
5140 | ®Data2015 4  Fyu0f ®Data2015 | 3100 7 tT Powheg+PY -
i 120 ? [ tt Powheg+PY 1 0o - ] tt Powheg+PY 7 E | Wit 1
: -, Wt 3 1205 + m Wit : 80 m Z+jets .
100 Z+jets 3 100F B Z+jets 3 i ] Diboson ]
C | 1 Diboson ] - (1 Diboson ] 60k H Mis-ID lepton ]
8ot . B Mis-ID lepton 80 M Mis-ID lepton ‘
60 E 60} 3 40}
40F g 40f 3 oof
20 = 20 = L
0 | | ] T4 0& PR B, 4 B el 0 J
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200 50 100 150 200 250
Muon P, [GeV] Electron P, [GeV] b-tagged jet p_ [GeV]
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ATLAS Top pair cross sectionin the ep

channel at 13 TeV

Event counts Ny Ny
Data 319 167
Wt single top 20.0+3.8 5.6+2.0
Dibosons 1.14+0.2 0.0+=0.0

Z(— 17 — eu)tjets | 1.3+£0.7 0.140.1
Misidentified leptons | 6.0 £3.9 2.8+2.9

Total background 37.3x£55 85x3.5

€,=0.527 X 0.026stat X
0.006syst

In good agreement with
simulation (0.543), includes
jet acceptance

o, (13 TeV) =825+ 49 . *
6orsystk = 83Iumi pb

Sepremper2015

o 450
c

L‘I‘>J’ 400

350
300
250
200
150
100

2200
5180
160
140
120
100
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60

40

20

0

—+

S

I I -
ATLAS Preliminary
\s=13TeV, 78 pb"

® Data 2015
[ tt Powheg+PY]
Wt
[ Z+jets
[ Diboson
M Mis-ID lepton

RN NN PR P

1 2 3

)

| [ [ [
ATLAS Preliminary e Data 2015

\s=13TeV, 78 pb" i Powheg+PY -
Wit

B Z+jets

(] Diboson

M Mis-ID lepton




CMS Top pair cross section in the eu channel at 13 TeV

Same Cut and Count technique as in Run |
(TOP-11-005, TOP-12-007, TOP-13-004) is
used for the measurement

Luminosity: 42 pb"

Event selection

« 22(0S)leptons (1e,1), p>20
GeV and |n|< 2.4, and invariant mass

>20 GeV

« 22jets with p;>30 GeVand|n|<2.4

Background estimation

* Drell Yan normalized to MC
prediction by a data/MC SF (from Z
peak in data)

«  Non W/Z: fully data driven technique

« Single top (tW) and diboson are
taken from MC

September 2015

Data/MC

42 pb' (13 TeV)

CMS

Preliminary

—— Data

m t

I Non W/Z
\AY%

;B tw

B ZW* — e*u”

e*u

T 2

Number of jets

Number of events

Source etuT

Drell-Yan 6.4+ 1.2
Non-W/Z leptons 8.5 + 4.3
Single top quark 10.6 &+ 3.4
VV(V=WorZ) 26=+09
Total background 28.1 &+ 5.7
tt dilepton signal 207 & 16
Data 220

Javier Cuevas, TAE 2015, Benasque
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Number of Events

Data/MC

Number of Events

Data/MC

Kinematic distributions (normalized
to NNLO+NNLL)

42 pb' (13 TeV)

42 pb™ (13 TeV)

42 pb' (13 TeV)

CMS

Preliminary

e +=2jets

—e— Data

M it

8 Non W/Z
A%

; tw

W Zh* — ey’

Number of Events

CMS e + = 2jets —— Data
Preliminary it
B Non W/Z
A%
R

m Zy - et

Number of Events

CMS

Preliminary

50

e +=2jets

—e— Data

M it

8 Non W/Z
A%

; tw

W Zh* — ey’

- ‘ o L I o - —
B . P S o = B T s H o+ ‘ L 1
E —— % | | | —* g\, n — 4#7 | — g EroT H**T I T — AH"H T
%0 20 60 80 100 120 140 160 180 200 %0 40 0 80 100 120 140 160 180 200 *® T80 700 150 200 250 300
Muon P, (GeV) Electron P, (GeV) Leading jet P, (GeV)
42 pb' (13 TeV) 42 pb™ (13 TeV) 42 pb' (13 TeV)
45 CMS e + = 2jets —— Data 2 CcMS e\ + = 2 jets - Data £ CMS e += 2 jets —o Data
4oF- , Preliminary I t 2 Preliminary I i o Preliminary m
E I Non W/Z EE 8 Non W/z w 8 Non W/zZ
v e Y G wW
;. tw 12 ;W g R
W Zh* —e'w | € ZW* = e*u® Y et
3 . Zn u 5 W Zy* - eu

September 2015
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Muon |l

Data/MC
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Comparison of ATLAS and CMS syst. uncertainties

— luminosity uncertainty dominates (9%, 12%)
. willhlge reduced with dedicated VdM scans (performed weekend August
23t
— tt modeling
* tt hadronisation (4.5%, 1.8%)
* tt NLO modeling, ISR/FSR radiation & PDF (2.9%, 2.4%)
— detector-related
* lepton triggers (1.3%, 5.0%)

* electron ID and isolation (4.2%), muon ID and isolation (1.6%); lepton
efficiency (4.3%)

* lepton mis-ID (1.3%, 1.0%)
* jet energy scale (0.3%, 2.6%)
— statistical uncertainty
> ATLAS analysed 78 pb~"(6.0%), CMS 42 pb~"(7.7%)

* Cross section measurements (essentially same systematic
uncertainty)
ott = 825 * 49stat  60syst £ 83lumi pb , Actt [ott = 14% (ATLAS )

ott = 772 * 60stat £ 62syst * 93lumi pb , Aott /ott = 16% (CMS)
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Comparison of ATLAS and CMS results at
different CM energies
* Good agreement in central values, similar overall

systematic uncertainty, but some differences in the
estimates

o(pb) Stat | Syst | Lumi (%)
NNLO Meas. (%) (%)
7 TeV CMS 174.5 1.2 2.5 2.2
ATLAS! 1773 182.9 1.7 2.3 2.0
8 TeV CMS 245.6 0.5 2.4 2.6
ATLAS' 2529 242.4 0.7 2.3 3.1
13 TeV CMS 772 7.7 8.0 12
ATLAS 831.7 825 5.9 7.2 10

September 2015
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E | I 1 | | | I | | | I I | | | I I | | | | 1 | I
Q. | v Tevatron combined* 1.96 TeV (L=8.8 f5") imi Sep 2015 —
— " ATLAS o7 TeV (L=4.6 1) ATLAS+CMS Preliminary p
- 3 ® CMSeu* 7TeV(L=51b") LHCIopWG
O 10° &= = ATLAS eu8TeV (L=20.3 fb Y
"5 — ©® CMSep*8TeV (L= 19.7 fb’)
((b) — ¥ LHC combined ep* 8 TeV (L_5 3-20.3 b
n — ® ATLAS eu 13 TeV (L=78 pb )
N — e CMSep* 13 TeV (L=42pb’)
7] ~ A ATLAS ee/uy* 13 TeV (L=85 pb Y
9 O ATLAS l+jets* 13 TeV (L=85 pb ) : 1
O O CMS l+jets* 13 TeV (L=42 pb’) 1000+ 4 ]
= * Preliminary [ |
o 10 [ p 1 1
= - oo ]
7 - 800F STH 1 1
> B ! l
s B -
C — . -
i 600 1 .
=—— NNLO+NNLL (pp) [ . . L,
——— NNLO+NNLL (pp) 13  (s[TeV]
10 ~ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 =
— =172.5 GeV, PDF @ a_ uncertainties according to PDF4LHC m
— | | r;ntrap | | | | L (-% SI | | f | | g | |D | | 1
2 4 6 8 10 12 14
Vs [TeV]
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CMS Top pair differential cross sections

* Test top physics in different portions of the phase space 1do* 1Ny, — Nia
— Test of perturbative QCD, constrain of different generators, cdX o tetL
theory uncertainties, systematic effects. Window to new physics
— Use unfolding techniques on background-subtracted reconstructed distributions for
a direct comparison to theory predictions
— Propagation of the systematic errors (only shape errors important)
* Most relevant coming from background knowledge, radiation and hadronization
* Look atlepton, jets, and to more complex variables in top quark final states

— Need a full reconstruction of top kinematics
Compare to reference generators and predictions on differential distribution from theory

— No significant deviations from SM predictions. visible phase space
03 CMS, 19.7 b at \s= 8 TeV CMS, 19.7 o' at \s = 8 TeV CMS, 19.7 b at 1s = 8 TeV CMS, 19.7 b at 15 = 8 TeV
o Gt b‘ o Q4 bl [T e R T T e R
> [ Dilepton « Data ) oI5 F Dilepton OITG 0.5 e+ Jets = fefu+Jets « Data
@ 5[ — MadGraph+Pythia6 | —jo 035} 1 o F [ [ — MadGraph+Pythia6
| ph+Pyt
0] - MC@NLO+Herwigh ; o4k 19 --- MC@NLO+Herwigé
. --- Powheg+Pythia6 = ] 0.31 -t 102 --- Powheg+Pythiaé |
'8 e — - Powheg+Herwigé F F _8_::_ 10 — - Powheg+Herwigé
£ 025" E 03r 10
—lo ;
0.21 [
i * MosGraph+Pythias o2 " e ] s
E — MadGraph-+ ia F — MadGraph+Pythiaé M3 3
L] S I MC@NLO-+Herwigh [ ~—- MC@NLO: Horwigé 17
01k -- - Powheg+Pythiaé 0.1 --- Powheg+Pythiab
R —-P?whe‘g+H$rvwg? L ¥ — - Powheg+Herwigé t
1.2 | Stat. E 1.3°E mm Stat. E 1.3 - § Stat.
>~ B, | Stt®Syst 1 2|, 2 Statesyst 7 =, 12 E Slgt.GBSyst.
o o= E 9 = E 4 o= T E
§| §|8 1 Bl BY e | Bz wE
= = 1
0s 09 09 E
500 600 ° 7545 1 05 0 05 1 15 2 ®8 5 5 A 05 0 05 115 2 40 60 80 100 120 140 160 180 20
m [GeV] M n, P, [GeV]
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CMS Top pair differential in full phase space

* Differential cross section measured as a function of the top quarks
and the tt system at parton level in full phase space

* Good agreement with SM predictions.
— Observed top p; softer than most MC

predictions.

— p4(tt) in general well described
— m(tt) has tail in data lower than prediction.

X0 e

— 20k ] ] [ [ [ E
> e/ + Jets « Data ]
(4] 18F — MadGraph+Pythiaé ]
S 1eF --- MC@NLO+Herwig6 -
[P B --- Powheg+Pythia6 ]
-8 % 14; — - Powheg+Herwig6 1
—-o 12t == NLO+NNLL E
1 0 E (PRD 88 (2013) 074004) {
8- 3
6 s
4t i
2= T E
) T ISP Nl il =
1.6 — I Stat. =
Dlg 14 EL Stat. @ Syst. 3
é’g 1.2 & _____””"”‘i
1 =
= 08 & T E
L8 T T S 1T TLLC LLEL LHL LT Tt L
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[ --- Powheg+Pythia6 ]
.O‘E 10°L — . Powheg+Herwigé
A ~u= NLO+NNLL
—|© F (JHEP 09 (2013) 032)
el S
1o AR
Ele o ‘
= Stat.
' Stat. @ Syst. B
12 O —
1 = -
o == —
08 F 3
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ATLAS tt differential: particle level top

* Use well defined top definition at particle level
— (LHCTOPWG recommendation)

— fully fiducial, differential measurement

— Top quark proxy constructed from stable particles/detector level
observables

* (ut based analysis in ¢+jets channel
— data well described by models

— Discrepancy at low m;

— Main uncertainties: b- taggmg, JES and JER

ATLAS lS 7TV45!b ]

tat. © syst. uncerl.
EN+PYTHIA

Expected/Data

—— e e e e e e

|
500

September 2015
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1 8 F iy ]
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L
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Top p; differential distribution

CMS, 50197 b’ at (5= 7/8 TeV

CMS 8 TeV
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My observations:

CMS - consistent slope between
data and default MG+PY®6 in all
channels, 7 and 8 TeV

Full difference counted as
additional systematic effect (also
for Searches, eg ttH)

ATLAS and CMS data appearin
good agreement at 8 TeV

ATLAS PWG+PY (hdamp=mt) and
other MCs do better than MG+PY
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NNLO/NLO

Top pr modeling

 Full NNLO correction “confirms’ observed
slope, in direction closer to the data

7 ._INNLOl:l..
_—— nLo B2
0"1: 5 i Lo g .
o Preimnar] | Use k-factors to reweight NLO+PS MCs ?
% ! = PP— LE+X |
il w  wwmce ¢ Ultimately NNLO+PS would be great ©
I e “eo || > Greatto see this dialogue between LHC
; =T precision measurements and state-of-the
= ~ - art theory calculations
SR .
==t =» Important step forward in our
o s w sy zpozm a0 30 a0 understanding of Top production !!
Full NNLO/NLO k-factor
vs top pT : a slope!
September 2015 Javier Cuevas, TAE 2015, Benasque
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CMS Top pair differential cross section at 13 TeV | cvs Pas ToP-is-o10

([GeVT

1

do
G dm.

CMS Preliminary 42 pb™ (13 TeV)
T T T T E

E Dilepton pr> 30 GeV, I <2.4

3 Powheg+Pythiag r

« Data

----- Powheg+Herwig++
- - - aMC@NLO+Pythia8
----- MadGraph+Pythia8

= Stal.
Stat. @ Syst.

CMS Preliminary 42 pb™ (13 TeV)

LN s e e ey e
[ Dilepton
E « Data

—— Powheg+Pythia8
----- Powheg+Herwig++
--- aMC@NLO+Pythiag
----- MadGraph+Pythiag8 ]

| I R N R R B B
W Stat. 4
Stat. @ Syst.

400 600 800 1000 1200 1400 1600

m, [GeV]

September 2015

«10® CMS Preliminary 42 pb™ (13 TeV)

= L R N A R BIARRERARF
> 7E Dilepton E
D F » Data ]
B 6F T Powheg+Pythiag8 4
= 3 I Powheg+Herwig++ ]
©
Q 5F e
“U‘ S : I --- aMC@NLO+Pythias
—lo Qe | e MadGraph+Pythiag8 j
3f —f
af T E
1 3
F W Stat. 3
~ 15 £ Stat. @ Syst. E
5 (% E
B8
=
0.5
0 50 100 150 200 250 300 350 400
P! [GeV]
> CMS Preliminary 42 pb"' (13 TeV)
— 127 T T
'8 e [ Dilepton ]
T 1 + Data B
—lo r —— Powheg+Pythia8
08— ¢+ T - Powheg+Herwig++ b
i --- aMC@NLO+Pythiag -
0.6 ----- MadGraph+Pythia8 7
04f ]
0.2f
Eninnn (e i i, ]
2 | I Stat. =
. E Stat. © Syst.

Theory
Data

0 0.5 1 15 2 25

Javier Cuevas, TAE 2015, Benasque

CMS Preliminary 42 pb” (13 TeV)
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. . Top quarks produced singly via
Slngle tOp q Uark prOd uction electroweak interaction
* The production cross section gives * F . g ° < o
direct access to the CKM matrix YN W l
element [V, 4 A - ) .
Qb N b <N
— May also test the presence of a ’ : ?
possible 4th generation quark t-channel s-channel tW-channe
— Check for presence of FCNC VEG [ || LEE
— Important background for Higgs Vs=7Tev | vs=gTev 0 W Vub\
searches in associated production  s-channel £ € Ve =1 Veg Vo Wesp
W/Z H —>qub t-channel 65 87 V V. V
) ) Kidonakis, NLO+NNLL
* Investigate t-channel and tW production t-channel: PRD 83 (2011) 091503
: : -channel: PRD 81 (2010) 054028
» s-channel still out of range for an observation tsm?_lif;f;ie|: PRD Sé (201:]0) 054018

» t-channel: 1isolated e or y, one b-tagged jet, one forward jet, missing E;  Kidonakis NNLO
arxiv 1311.0283

> tW channel: 2 isolated charged leptons (e, 1), one b-tagged jet, missing E;
Main backgrounds from top-pair production (both semileptonic and di-
leptonic topologies), Z(I1)/W(Iv)+jets, Multijet QCD (reduced to extreme
kinematic regions by selection cuts)

» Use data whenever possible to constrain the backgrounds

September 2015 Javier Cuevas, TAE 2015, Benasque
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Single top t-channel s, 2,

2 ~b
g
. . = +
* Robust analysis based on data-driven methods czfﬂ;Ch 1TeV= 67&. 2264 pb (tOtal)
 Use of multivariate techniques (NN, BDT) N e ;

— Optimize S/B separation using full event properties, LA o s beon
constrain systematic effects by simultaneously JHEP 12(2012) 035
analyzing signal and background dominated regions

* Cross sections in agreement with the SM
expectations, |th| can be derived ‘de" ‘Vm‘ << ‘be‘ 1 08 06 04 02 0 02 04 0B 08 1

NN output

<107 CMS, Y5 =8 TeV, L = 19.7 fb”, muon, 2-jet 1-tag
: T : T : T

+ Data

[ t-channel

[, tw, s-channel
[EW/Z+jets, dibosons—|
Dow multijet ]
[ASyst. uncertainty

l'II D—f—Ch.

\ S =11.020 & 0.046 (exp.) % 0.017 (theor) :
f D’ 4
| f—Ch. 3

|th| —

Events/0.25

Events/10 GeV

A i
W wWiZ+jets, dibosons
[[1QCD muttijet

[18yst. uncertainty

092 < |Vyp| <1 |@95% C.L.
JHEP06(2014) 090

05 1 15 2 25 3 35 4 45“"’ 0 150 200 250 300 350 400
K m,, (GeV)

* Analysis ported to 8 TeV (template fit to [n,|)
— fit to the pseudorapidity of the recoil jet in the signal region 13¢ g

< My, < 220 GeV ‘

— W/Z+jets and tt background shapes are estimated from data
(from top mass sidebands and 3 jets 2 b-tags event category, @6 o o
respectively) fioanomalous form  F | — EERGRESew

— QCD multijet background is fixed with a fit to the W transverse factor inthe Wtb coupling® =+ = © 7 ¢ %

mass (muon channel) / transverse missing energy (electron V.=
v Vi|=0.979 % 0.045(exp.) + 0.016(theo.
Channe|) If bI 979 45( P ) ( )

top-quark pr

vents/0. 16

pb]

¥ CMS,L=19.7fb"
E ¢ cms,L=1.171.56b"
F tDoL=97f"
[ 4 CDFL=32f"

t-channel total cross section |

§ 1
i ]
.éu
B ]

s NLO QCD (5 flavour schi (scale @ PDI

= Cam qbg\l al, JHEP uf"t“zo{)e' R
NLO+NNLL QCD + (scale, PDF;
Kidonakis, Phys. Rev. D 83 (2011) 091503

Javier Cuevas, TAE 2015, Benasque

O(tch.8Tev)= 83.6 + 2.3 (stat) = 7.4 (syst) pb "

Septemberoo1T




Slngle top tW Channel ATLAS-CONF-2014-052

CMS PAS TOP-14-009

Tk IR B LR I LR TTT [ T I T TIT[TToT]
First evidence at 7 TeV, _, = ATLASP rehrnmaw e Diata - background
PRL 110, 022003 (2013) ’ = S P — W E
8 - s = OBV, = % Background uncertainty
W production observed at LHC 2 i| o &L 7 Background unceriamty
— Interesting topology (background to Higgs->WW searches), only D 200 -
leptonic (e, 1) decays of W considered 23% unc.? y
— Inthe dilepton topology: two isolated leptons, MET and one b-jet, 100 Py
main backgrounds: Top pairs and Z+jets, all other processes easily
reducible

— tW mixing with top pair at NLO: Diagram Removal vs. Diagram
Subtraction (DR/DS)

BDT based on 13 kinematic input variables chosen
based on signal/background separation, data/MC

PP BT PRI o TS P P T P
05 04 03 02 01 D 04 02 03 04 05

BDT Response
in several control regions (2j1b, 2j2b, 2job,1job) Systematic Uncertainty A | =
ME/PS matching thresholds 325 14%
2 o,
CMS, (5= 8 TeV, L= 122fb 1j1t Q* scale 268 | 11%
is=8Te i 100 CMIS. is =8 TeV, L1221, 2jft | CMS. \s =8 TeV, L=12.2 0", 21t Top quark mass 208 | 10
Statistical 2.13 9%
Luminosity 1.13 5%
JES 0.91 4%

the choice of the control
regions allows also to
: y | ' constrain b-tag efficiency
o1 bz oo SMRSTGIEOTNG o0 s in situ in the same
likelihood fit, and reduce
 Observed significance 6.1 6/Expected significance: 5.4 £1.4¢. that systematic
« Cross-section estimated using profile likelihood: ow = 23.4+  thatwould be .
5.4 pb at 8TeV, for (Miop=173GeV): Gy = 22.2 * 0.6(scale) overwhelming otherwise
+1.4(PDF) pb

01 02 03 ) 0.
BDT discriminant BDT discriminant

September 2015 Javier Cuevas, TAE 2015, Benasque ‘ PRL 112, 231802 (2014) |45


https://cds.cern.ch/record/1642680/files/Figure4_bdt2j1t.png
https://cds.cern.ch/record/1642680/files/Figure4_bdt2j1t.png
https://cds.cern.ch/record/1642680/files/Figure4_bdt1j1t.png
https://cds.cern.ch/record/1642680/files/Figure4_bdt1j1t.png

Single top s-channel evidence

Consistent with SM expectation:
% theory
Og_op = 5.61£0.22pb

. o 150 T T T
Uses the Matrix Element method to squeeze ‘5 [ ATLAS Preliminary det— 03!
out optimal sensitivity... - [ * [Data-background ' i
100 l:l s-channel \l_S =8TeV —
2-jet 2-tag (~ 4.3% of s-channel) - /7] Postit bikg. uncertainty l+jets :
w 1500 T T T T B % ;
5 g, ATLAS Preliminary - 50— 2 A
g rLdtﬂ:_EtSm" o _ [ AP / ﬁjg%%éfﬁf//ﬂ /,/ ]
5=8Te B conamne ] % N ]
sooollE — h o ,éééf’ﬁ/// i
- Wy | ]
j % LN .
] 5ol | | | | ]
| 0.0002 00018 0058  0.102 0.187 1
P(SIX)
0
; 01;_ T T + T T - _; .
Z o_OWWWW%WW First EVIDENCE
o -0.1F = .
® 00002 00018 00s8 0102 A of the s-channel production at LHC

P(SIX)
Note: this will not get easier at 13 TeV!
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Total inclusive cross-section [pb]

|V Icms 7+8 TeV
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Single top at LHC

— Single top-quark production

—ATLAS+CMS Preliminary LHCtopWG

Sep 2015

ATLAS t- nel
PRDS‘D[2014]112[106 ATLAS-CONF-2014-007

CMS t-channel
JHEF12(2012) 035, JHEPOG(2014) 090

LAS Wt
PLBT16(2012) 142, paper in preparation

CMS Wt
PRL110(2013) 022003, PRL112(2014)231802

* LHC combination, Wt
ATLAS-CONF-2014-052, CM3-PAS-TOP-14-009

A4  ATLAS s-channel
ATLAS-CONF-2011-118 95% C.L.,
ATLAS-CONF-2015-047

¥ CMS s-channel, 95%C._L.
CMS-PAS-TOP-13-009

=== NNLO PLBT36(2014)58
M= 172.5GeY¥, MSTW200&nnlo

scale uncertainty

=== NLO+NNLL PRD83(2011)091503,
PRDA&2(2010) 054018, PRD81(2010) 054028
Myp= 172.5 GeV, MSTW2008nnlo
Wi ff confribution removed
scale @ PDF @ o uncertainty,

— NLO NPPS205(2010) 10, CPC191(2015) 74
M= 172.5GeV, p = p = Mhog.

=
CT10nI0 MSTW2008nio, NNPDF2 3nlo (FDF4LHC)

Wit p veto for ff removal =60 GeV
andu =65 GeV
scale uncertainty

scale @ PDF & o uncertainty
All exp. resuits are w.rt. m _=172.5GeV

t-channel

=1.00 * 0.04 |V [revatron

|v ILHcsTeV Wt-channel - 1006 i 0011

in good agreement with |Vtb| yop41 sm it = 0-99914 * 0.00005

September 2015

Vs [TeV]

Javier Cuevas, TAE 2015, Benasque

s+t-channel

Summary of ATLAS and
CMS measurements of the
single top production
cross-sections in various
channels as a function of
the center of mass energy.
For the s-channel only an
upper limit is shown. The
measurements are
compared to theoretical
calculations based

on: NLO QCD, NLO QCD
complemented with NNLL
resummation and NNLO
QCD (t-channel only).

=1.02 +0.06-0.05
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Differential measurement of the cross section of single top-

quark production in the t-channel at 8 TeV

MS Preliminary
TT T 1T TTT TTTTTT

19.7 fb™ (8 TeV)
TTT T TTT IIIIIII

|
¢ Data

POWHEG (5FS) + Pythia6
aMC@NLO (4FS) + Pythia8

... CompHEP + Pythia6

H®+—

CMS Preliminary 19.7 fb™ (8 TeV) C
— _I TT I TTT | TTT | TTTTTTTTTTTTTTTTTTTTTTTTTTT I TTT | TT I_ - :I
§ F . Data ] 50.35
8 o950 POWHEG (5FS) + Pythia6 ] s .
é E aMC@NLO (4FS) + Pythia8 é 0.3
= F e COMPHEP + Pythia6 ] = -
0.4 ¢ = 0.25
0.3F - 028
- . 0.15F
0.2 I 7 -
C 1 ] 0.1
0.1~ E 0.05[
0: L | r1 -!- I l: 0:
= =
= EC0.8
Al 0Bt v b b e e b L B D ,
0 20 40 60 80 100 120 140 160 180 200 220 240 0

top pT [GeV]

P R BT
02 04

P IR T
06 08 1

PRI T RS BT A SR
12 14 16 18 2

top y|

Unfolded p; and abs(y) spectrum of the top quarks in the combined lepton+jets

channel compared with the predictions from PowHeg+Pythia (solid),

aMC@NLO+Pythia (dotted), and CompHEP (dashed). The inner error bars indicate
the statistical uncertainty while the outer error bars indicate the full (stat. + syst.)

uncertainty

September 2015
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https://twiki.cern.ch/twiki/bin/view/CMS/TeV
https://twiki.cern.ch/twiki/bin/edit/CMS/PowHeg?topicparent=CMS.TOP14004Plots;nowysiwyg=1
https://twiki.cern.ch/twiki/bin/edit/CMS/CompHEP?topicparent=CMS.TOP14004Plots;nowysiwyg=1

Associated production of top and bosons at 8 TeV

* Measure couplings to bosons

* Important background for BSM
searches

* Analyses are performed in bins of the
number of selected leptons (2,3,4)

* Different number of leptons —
different admixture of ttW and ttZ
processes

— Same-sign dilepton analysis: tt+W

b-jet

— Trilepton and Four-lepton analysis: tt+Z v R
process

tt+W/Z [ ATLAS-CONF-2015-032 ]
« Four signal regions: opposite sign (OS) dilepton, same sign (SS) dilepton, 3 and 4 lepton.
e Fit for ttZ and ttW simultaneously in a binned likelihood t
* Further split into categories depending on jet multiplicity, number of b-tagged jets
and EmissT, optimised individually to increase sensitivity.
tt+W/Z [CMS PAS TOP-14-021(2015) ]
* Also performed in many channels with different numbers of leptons, jets and b tags

« Additionally: perform event reconstruction by matching jets and leptons to W/Z bosons and top
* Combine into linear discriminant
* Choose best permutation

* Combine resulting match scores with kinematic quantities in BDTs

September 2015 Javier Cuevas, TAE 2015, Benasque 49



ttV: signatures and analysis

it W

LIHIELD

LILIELD

mhadroniudooa;y

leptonic decay

n invisible decay

o T T

)

2¢-noZ-0S
24-Z-0S

largest BR,
small S/B

2£-SS most sensitive to ttW

34-7 most sensitive to ttZ
3¢-nol
4¢ smallest BR, high purity

Signal region Main cuts Main background Background treatment

OS dilepton | > 3jets, > 1b-tag tt, Z Neural networks

SS dilepton > 2b-tags Fake leptons Fake factor method
Trilepton > 1 b-tag Fake leptons, WZ | Matrix method, fit WZ in CR

Tetralepton | 1-2 OSSF pairst L Fit ZZ in CR




Asociated tt+W/Z production establlshed
ATLAS PrellmlnaryCR 2LOS 50:

=8 TeV,20.31b"
@ Data W Total unc.
I Top [l Charge misID

41

Vv [ Non-prompt
4 -Fiare SM [Jttz
10 Wz @ tw

Eventis / channel
o
[,

Ay v by by oo by s by
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1-2b  2b 2b Ob 12b 1-2b 2b 2b+ 2b+ 2b+ 1b 2b+ 2b+ 2b+ Ob 1b 2b+ 1b 2b+
3j 3j 4 3j 4 5j+ 5j+ 4j+  3j 4j+ 2-3
" eu +=4 jets + b-tags 19.5 b (8 TeV) " 31 + 24 jets + b-tags 19.5 b (8 TeV) 600 e S 600 -
230 Non-prompt [Qflip Wz ~Other | Eaol- | Non-prompt Wz ['zz ~Other | £ :ATLA'S Prel v amssoenrt ] ‘ = CMS preliminary| | |0
@ [ M tiz Maw eData | & | HiH Hitw iz < Data 5 —— ATLAS 68% CL : best fit
i L % s00fis=8Tev, 20370NNM . ATLAS 95% CL - i
b Post-fit CMS preliminary b Post-fit CMS pPreliminary | & +  NLO calculation® ] 5
r r § I 1iZ Theory uncertainty = 60
20; 20— 5 400 B W Theory uncertainty | c
ot ‘ [ o 8 50
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ttH associated production

(%]

-t
TTTTYT

Search in different Higgs decay modes. g §
Very different signatures and analysis related issues S"’J
H->bb T ool

BR=58% dominant mode but large background$ |

H->WW, ZZ, tt 0%

BR=30% multilepton final state ” ~
H -> yy BR<0.23% tiny but clean signature e W W e

b

b b
Ve
gt

Vg

Javier Cuevas, TAE 2015, Benasqtre 1_)



ttH(->bb) associated production

b * (Categorize events according to the # jets

ATLAS Internal

4j,2b
S/B<0.1%

[ I
0.0

o 10 552D
= 7 sB=01%
2]

ool N |

o 10 262D
= SIB=0.2%
w

0.0-

tt+jets Background

September 2015

S/\B

S/\B

S/\B

1

=)

0.5

0.0

1.0

0.5

0.0

1.0

0.5

0.0

and b-jets

— control and signal regions.
* Build multivariate discriminant in signal
regions.

* Asimultaneous fit is performed in all
regions to limit the systematic
uncertainties in the signal regions.

\s=8TeV, [Ldt=20.3fb"

4},3b
S/B =0.2%

5j,3b
S/B =0.4%

=6j,3b
S/B =0.9%

S/\B

S/\B

S/\B

Single lepton
m,, = 125 GeV

1

=3

0.5

0.0

1.0

0.5

0.0

1.0

0.5

0.0

4j,=4b
S/B =1.4%

5j,=4b
S/B=25%

=6j,=4Db
S/B = 3.9%

Javier Cuevas, TAE 2015, Benasque

Events /0.1

Data / Pred

100

o
[=]

- ATLAS Internal —e— Data

[ fLdt=2031b" is=8Tev C13ttH (125) norm

B . ttH (125)

- Single lepton [ tt+light

r =6j=4b Cttvee

- I ti+bb
Ctt+V
[ I non-tt

<+ Total unc.

‘ﬁ"Afzr fﬂ/

//

08 06 04 02 0 02 04 086
NN output
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ttH(->yy) associated production

/an
* Analysis limited by statistic (low BR H-yy) but distinctive g
signature: . N
e two energetic photons, narrow Higgs peak over falling bkg ¢ 777~ «dii
2

in M, distribution
e the only channel that can eventually confirm that an excess®
is due to h(126)

* Strategy: fit the M, distribution using the diphoton spectrum 4
. . b
sidebands to fit the bkg .
* Data fitted with simple exponential (second order polinomial) in
the leptonic (hadronic) channel q
CMS Preliminary Vs = 8TeV L = 19.6fb CMS Preliminary Vs = 8TeV L = 19.6fb
g 8; ttH(—v7y) hadronic channel t ::caM N 3'4.5; ttH(—77) leptonic channel — Data
% - R :_:,,: 4 -
§ of [e2 Zf,a.sf— S
i [ ] 1xsmm, =125 Gev o [ ] 1xsMm, =125 Gev
5 3_
o 250
4— C
- 2
3 B
= 1.5;
25— 1;
1; ’ L 0.5;
100 20 140 e 180 00 120 a0 60 180 >4

m,, (GeV) m,, (GeV)



ttH(->leptons) associated production

H decay top pair decay trigger
WW, 77, Tt semileptonic or dileptonic double lepton (pr>17,8 GeV)
signature

2 same-sign leptons 3 leptons 4 leptons

(ee,em,mm) 1e/y, pr>20 GeV 1 e/, pr>20 GeV

2 e/, pr>20 GeV 1e/y, pr>10 GeV 1e/y, pr>10 GeV

=4 jets (z1b-jet), pr>25 GeV |1 (W), pr>7(5) CGeV 2 e(p), pr>7(5) GeV
=2 jets (z1b-jet), pr>25 GeV >2 jets (21bjet), pr>25 GeV
no resonant Z->ll no resonant Z->l

(#sig~8 sig/bkg~0.08)|(#sig~4 sig/bkg~0.07) (#sig~0.5 sig/bkg~0.2)

. b P b b

uuuuuu

g TOOOo0e,
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ttH(->leptons)

Main focus: suppress and control reducible
background (~up to 2/3 of the total bkg after
selection)

— tt with fake ¢ from b--jets

 Dedicated lepton ID (MVA) developed to suppress
it.

— data--driven estimate: measurement of the
probability for a lepton from b--jet to pass the
MVA ID requirement

Inclusive selection to preserve signal
efficiency.
Full event kinematic cannot be reconstructed

— to improve sensitivity:

— categorize events (for 2¢, 3¢) in positive and

negative total lepton charge (ttW, WZ and
Wijets are asymmetric),

* 5% gain in sensitivity
— combine partial kinematic variables ina BDT
(for 2¢, 3€§,

* 10% gain in sensitivity

September 2015 Javier Cuevas, TAE 2015, Benasque
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Events

Data/Sim.

25

20

15

10

40: just use N(jet), since yields are small.

ttH(->leptons)

signal extraction, in each category:

20, 30: simple BDT with few kinematic
variables

N(jet) used also as cross--check in 20, 3¢

CMS Preliminary, p=p= channel
L . L I

s=8TeV,L=196M"
L B L B

[ |® Data ]
L | tH |
- Eaw B4 ¥ b —
OOz IJ |J ]
I EHwz _
- |] Others B
| |[JFakes ]
- \ ‘ \—| .
T T
—— :

m ) ) —I$—‘ ) ) ) 3
8 06 04 02 0 02 04 06 08
BDT output
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ttH associated production: combination
* ttH production not yet discovered at the LHC

* ATLAS and CMS working on LHC combination,

expected to be close to SM sensitivity
— Discovery of ttH is expected in Run Il of the LHC

Tises Dy Channel Expected (Observed) Limit
ATLAS CMS
single lepton | 2.6 (3.6) 42 (5.5)*
H — bb dilepton 4.1 {67) 6.7 (7.0)
combined 2.2 (34) 3.5 (4.1)
leptonic 66 (10.7) 6.8 (8.2)
H — vy hadronic 10.1  (9.0) 10.7 (8.0)
combined 49 (6.7) 4.7 (7.4)
2 39 (6.7) 3.4 (9.0)
3 3.8 (6.8) 41 (7.5)
P -5 G }( 15 (18) 8.8 (6.78)7
2 had 18 (13) 14.2  (13.0)
2017 84 (7.5) -
combined 24 {4.7) 24 (6.6)
Combination 14' 43.2) 1.7 (4.5)
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Constraining the SM with the top mass

* The top mass, the W mass and the Higgs mass  « Direct reconstruction methods

d d h oth ' '
epend on each other > Full reconstruction by resolving the

pairing ambiguities (all channels
studied)

» Use kinematic constrained fitting to
improve the mass resolution

o Constrain the light jet energy scale in situ
by using the W mass constraint

* Direct mass measurement at Tevatron m(top) =
173.18 £ 0.94 GeV

* Not an observable, i.e. scheme-dependent
* Pole-mass: viewing top quark as a free parton

* inclusive cross section (NNLO)
dependent on top-quark pole mass

L e I AN HSLI AL N B S N B

B N > Fit the mass with MC template fits or

i e aaa event by event likelihood fits

ATLAS 7+8 TeV N 172.9+ 2.5 GeV
EPJ C74 (2014) 3109 N

o Methods very sensitive to the description
of radiation and JES uncertainties

ATLAS 7 TeV tt+1jet 173.7 £ 2.2 GeV
. AN S —
arXiv:1507.01769 R

DO 9.7/fb Preliminary N 169.543.3 GeV

iy e s  Indirect methods
RecuN | PR  Use the dependence on the top
© " " i cev mass on other variables
*  MS scheme (“running mass”): o Top pair cross section
¢ “MCmass”: (N)LO+PS yet different from o Lepton p;and end-point methods
pole or MS mass o Invariant mass of the system J/W+lepton
«  Colour Reconnection: from W

« Softinteractions not calculable in pQCD o Decay length of the b hadron
septeprEseit model uncertainties: 0.5 ... 1GeV » Main issue: need of a lot of statistics
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Full mass reconstruction

General features:

— Assign each jet to a top decay product (constrained kinematic fits)
— Calibration of the method based on mM¢ = m meas
— Determination of m, (and JES simultaneously) from data

— Main challenge: jet reconstruction, jet energy scale uncertainties,
modelling.

Template method: Simple and relatively fast:
— Compare data to MC distributions with different top mass values
Matrix element method: Most powerful, only LO

— Event likelihood calculated from tt ME integrated in the full phase
space using the full event information.

Ideogram method (lepton+jets and all-hadronic)

— Combine the ME in an approx. way and template

— Analytical event likelihoods based on templates from simulation.
Dilepton channel:

— Solve the underconstrained tt system



Jet energy scale uncertainties

+ JES calibration with dijets £, miiismme amesfun
and y/Z+jet events > 3% fuu | Ee.
+ <1%when complemented | R
with in-situ JES calibration _ :
— 2D method (Tevatron, CMS): o e —

20 30 40 10°

fit JES factor using W->jj 5 [GeV]

(remaining unc. from O et
. — Absolute scale
different jet-flavors) § e < Eetapoaion
o T = Pile-up, NPV=14
— 3D method (ATLAS): 2D + fit 5 ¢
. . . g ° Anti-k, R=0.5 PF
relative b-to-light-jet scale c =0
(bJSF)
1 M T

o0 100 200 10002000
p_ (GeV)
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Systematic uncertainties (CMS PAS-TOP-14-001

omi?P (GeV) 0JSF om'P (GeV)

—_— Experimental uncertainties

Fit calibration 0.10 0.001 0.06
pr- and 7-dependent JES 0.18 0.007 1.17
Lepton energy scale 0.03 <0.001 0.03
MET 0.09 0.001 0.01
Jet energy resolution 0.26 0.004 0.07
b tagging 0.02 <0.001 0.01
Pileup 0.27 0.005 0.17
Non-tt background 0.11 0.001 0.01
—— Modeling of hadronization
Flavor-dependent JSF 0.41 0.004 0.32
b fragmentation 0.06 0.001 0.04
Semi-leptonic B hadron decays 0.16 <0.001 0.15
—* Modeling of the hard scattering process
PDF 0.09 0.001 0.05

Renormalization and

. 0.12+0.13  0.004+0.001 | 0.2540.08
factorization scales
ME-PS matching threshold 0.15+0.13  0.003£0.001 | 0.07+0.08
ME generator 0.23+0.14  0.003£0.001 | 0.2040.08
——+ Modeling of non-perturbative QCD
Underlying event 0.144+0.17  0.002+£0.002 | 0.06%0.10
Color reconnection modeling 0.08x=0.15  0.002+0.001 | 0.07+0.09

62

Total 0.75 0.012 1.29



Top mass direct reconstruction, £+jets:

C+jets: 90% tt, 3% WH+jets, 4% single
top, 3% other
Kinematic fit:

— two untagged jets: m; = 80.4 GeV
lepton and neutrino (MET)

- m,=80.4 GeV
combine with two b-tagged jets:

Mpjin = M yby

Ideogram method:

fitting JES in situ and constraining
radiation from data, simultaneous
measurement of the top quark mass
and JES

* nodependence on m, g,
Dominated by systematic errors

— Dominant sources are JES and TH
uncertainties (scale, color rec.)

Single most precise top mass
measurement to date at this energy.

CMS preliminary, 4.7 fb™, \ s=7 TeV
—— T T

T
[1acb
B W
I Z+jets
I single top

I ii correct

[ tt wrong
[t unmatched
[“Itfiuncertainty

Number of permutations / 0.05
5:!

—s— Data (4.7 fb™)

Sum of permutation weights / 5 GeV

CMS preliminary, 4.7 fb 7, \ s=7 TeV
R R R

[1QcDp

B wW-liv

B Z+jets

I single top
—e— Data (4.71b")

3 =ti correct

r tt wrong
1000? [ 1T unmatched
| [Jtf uncertainty

800}
600[-

400-

200

100

200 300

P
Lepton + Jets
Systematic Source Amy (Ge &
Calibration 0.06
b-JES 0.61
pr and i dependent JES 0.28
Lepton energy scale 0.02
Missing transverse energy 0.06
Jet energy resolution 0.23
b-tagging 0.12
Pile-up 0.07
Non-tt background 0.13
PDF 0.07
LR [LF | 0.24
ME-PS matching threshold 0.18
Underlving event 0.15
Color reconnections | 0.54

CMS preliminary, 4.7 fb™', \ s=7 TeV

172

174

176

400

mit [GeV]

.

m, [GeV]

JHEP 12, 105 (2012)

m, = 173.49 * 0.43 (stat.+JES) * 0.98 (syst.) GeV
JES ¥0:994 ¥'6.003 (stat.) + 0.008 (syst.)
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Enhanced 7 TeV analysis

Top mass all hadronic, 8TeV | 2pideogram

CMS Praliminary, 18.2 fb”", 15 =8 TeV

TOP-14-002

v GO0 CMS Preliminary, 18.2 1", 15 =8 TeV s
— . = I raliminary, . 15=8Te
e : .“ [] Background > ?GD: .“ ] ssckgrouma -~ 350!5“” liminary, 18.2 fb' . 8 TaV
> 500 O gool (g I . il correct | Background
w £ other + Data uw E I otmer . Data 300|
: =~ 500! - i Pt other + Data
400 o i ~ o5
| S 400! g 7
300/ e | & 200
E W 300, @ 5
200{ I 1501
: 200} 10 DE
100} f 5
I 100} f
O ! | 50|
1.5 (&) | S i
2 ki o 1 = 1° !
® 05 = E 1 ey “'M“.ﬂﬂ'."'ﬂ'."*
o U9y a 05 © ot et
100 200 300 400 o . - »
I-rﬂlr [Gev] 70 80 a0 100 -!';QDQ [C:E%] .hcontour
"‘hﬁ' e .26 contour
et El:irsmrmmr
1.012
om 2P (GeV) 8JSF | Sm, 1P (GeV) a.l I = h a.d rO n IC C h a.n n e | ] 10281
Experimental uncertainties H . :
Fit calibration 0.06 <0.001 0.06 com petltlve with 1.006
p1- and 7-dependent JES 0.28 0.006 0.86 .
Jet energy resolution 0.10 0.001 0.01 I e pto n +J etS C h an n e | 1.004
b tagging 0.02 <0.001 <0.01 ] L7 ) . 1002
Pileup 031 0.001 0.30 high statistics — tighter selecti 1
Calorimeter JES of trigger confirmation 0.18 0.003 0.07 . . .
Non-ff background 022 0.002 0.08 no neutrinos in final state 0.998
Modeling of hadronization i i i 0.996
Flavor-dependent JSF 0.36 0.004 0.30 fu I I kl nematics aval |ab I € 171 172 173
b fragmentation 0.07 0.001 0.03 m, [GeV]
Semi-leptonic B hadron decays 0.12 <0.001 0.12
Modeli f the hard scatteri
Modeling of he hardscalerg process | ol |m =172.08 * 0.36 (stat+JSF) £ 0.83 (syst) GeV
Renormalization and 0194019  0.004+0.002 | 0.18+0.14 2 + +
factorization scales 194019 DOME0002 | 0160 JSF =1.007 * 0.003 (stat) = 0.011 (syst)
ME-PS matching threshold 0.20+0.19  0.002+0.002 | 0.09+0.14
ME generator 0.09+0.21  0.003+0.002 | 0.17+0.15 1 D
Modeling of non-perturbative QCD mt =1 72 . 5 9 + O . 27 (Stat) + 1. O 5 (SySt) G eV
Underlying event 0.13+0.28  0.000£0.002 | 0.11£0.20
Color reconnection modeling 0.00+£0.25  0.000+0.002 | 0.03+0.18 C TAE B 6
Total 083 0011 | tos | CUEVES 2015, benasque 4




Top mass, other channels, 7/8 TeV  [eur phys. 1. c72 (2012) 2202

Source | dm (GeV)

CMS 2011,5.0fb"at (=7 TeV

Fit calibration +0.40

+0.90
Jet energy scale Too7

b-JES o
Lepton energy scale +0.14
Unclustered Er +0.12
R v Jet energy resolution +0.14
T immaasy | b-tagging +0.09

s Data Pileup +0.11

= i signal Background normalization +0.05

it background Parton distribution functions +0.09
m Single top

¥ enof
S T00f
600F
500E-
400F-
300F
200F
100F-

il

Dilepton channel: Analytical Matrix Weightirg;ew
Technique: o

£ 1200
c
[
>

1000
w

0

2l

e scan different m, hypotheses: smear jets and
solve kin. equations of tt system, hypothesis witH®
maximum weight -> reconstructed mass jgg

200

. Drely prand pr scales +0.55
v Ditoson ME-PS matching threshold £0.19

Underlying event +0.26
900 150 200 950 300 o) 400 Color reconnection effects +0.13

At 7 TeV: Reconstructed mass [GeV] Monte Carlo generator +0.04

Tntal T 11.48

Source of uncertainty Sm(GeV)

HEIU[]f E Experimental uncertainties

e van
PY — 1 2 + O t t + 1 t G V E - aets E Tit calibration 0.03
m t — 7 [ ) 5 — .4 S a ] — ] 5 Sys ) e B8000f gt’:;:saort;'s 3 pr- and 5j-dependent JES 0.61
F ] Lepton energy scale 0.12
- Unclustered Fr 0.07
Jet energy resolution 0.09
b tagging 0.04
Pile-up 0.15
Non-tt background 0.02
4 Modeling of hadronization
q Flavor-dependent jet energy scale 0.28
4 b fragmentation 0.67
Semi-leptonic b hadron decays 0.18
Modeling of the hard scattering process
PDF 0.18
Renormalization and factorization scales 0.87
gle L d ME-PS matching threshold 0.13
T T T[T [T [ T T[T T[T ME generator 0.37

12
3 = Rt Modeling of non-perturbative QCD
#:‘; ] "H,J'+ * {': 3 lT odeling of non-perturbative QC
ot L3 ¥

Event

7000F
BO0OF

5000F

At 8 TeV NEW (TOP-14-010): :

2000F

1000

m, =172.47 * 0.17 (stat) * 1.4 (syst) GeV

T Underlying event 0.04
08 Color reconnection modeling 0.16
N I T N T T Total 140

AII iets ChanneI: 100 150 200 250 ‘::EWTaso nrnGE;]%n

, , : L=asewt w277 | EUF. Phys. J. C74 (2014) 2758

2 x 2 untagged jets: m; = 80.4 GeV combine with two %250-‘:”:54"° - Y 74 (2014) 275
0] [ Combined tf and multijet | Sm fGQV]

- ° . - . r — — i component
b tagged ]etS. m]]b1 m jib2 L S — Multj=t background Fit caibration 0.13
200 Uncertainty on fug Jet energy scale 0.97
e b-JES 0.49

Jet energy resolution 0.15
btagging 0.06
Trigger 0.24
Pileup 0.06
Parton distribution functions 0.06
g and pe scales 0.22
ME-PS matching threshold 0.24
Underlying event 0.20
Color reconnection effects 0.15
¥ . Multijet background 0.13

A R ORI PR v o o
00 50 20 20 a0 a0 @ 12
Javier Cuevas, TAE 2015, Benasque m* [GeV] 65
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Background modeled by mixing jets from selected ‘J%
data events .

* m,=173.49 *0.69 (stat.) £ 1.21(syst.) GeV
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CMS (MC) Top mass with lepton+jets events,
38TeV

CMS Preliminary, 19.7 fb ™", \s = 8 TeV, l+jets

TOP-14-001

CMS Preliminary, 19.7 fbl, {s =8 TeV, l+jets

(:;E, 12000— “tf correct — Z+dets ] %
C . _ Wadet ] o
e - - 1 wrong = slng::t.op ] = 1012 -; contour
@ 10000 [— ]:I  unmatohed e Data -] [ 25 contour
o n - l:l 3o contour
g 8000 ¥ . 1.01
E e [ |
& 6000
- ] 1.008
4000} -~
] 1.006
20001 B
o st - B 1.004
= ' TR + it
g | I o AR +++++ ] 1.002
0.5 L | TSN SRS TRSST SHNNN SO TR T S
100 200 300 . 400 171.5 172.5
m;" [GeV] m;, [GeV]
| 5mP (GeV) SSE | 6mi!P (GeV)
Experimental uncertainties
Fit calibration 0.10 0.001 0.06
pr- and 7-dependent JES 018 0.007 117 my = 172.04 +0.19 (stat. +ISF) + 0.75 (S yst) G eV,
Lepton energy scale 0.03 <0.001 0.03
MET 0.09 0.001 0.01
Jet energy resolution 0.26 0.004 0.07 ISF — 1 .007 :t 0. 002 (Stat.) :t 0.012 (Syst.).
b tagging 0.02 <0.001 0.01
Pileup 0.27 0.005 0.17
Non-tt background 0.11 0.001 0.01
Modeling of hadronization _
Flavor-dependent JSF 0.41 0.004 0.32 Cytot_ 0'77 Gev
b fragmentation 0.06 0.001 0.04
Semi-leptonic B hadron decays 0.16 <0.001 0.15
Modeling of the hard scattering process . °
PDF o5 oo | 0 2D fit uncertainty comparable to world average
Renormalization and 0124013 0.004+0.001 | 0.25+0.08
factorization scales ’ ’ ’ ' ’ ’
ME-PS matching threshold 0.15+£0.13  0.003+0.001 | 0.0740.08
ME generator 0.23+0.14  0.0034+0.001 | 0.2040.08
Modeling of non-perturbative QCD -
Underlying event 014017  0.002£0.002 | 0.0620.10 1D m; =172. 66 £ 0.11 (Stat) *1.29 (SySt) GeV
Color reconnection modeling 0.08+0.15  0.0024+0.001 | 0.0740.09
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ATLAS (MC) top mass lepton+jets channel, 7 TeV

Eur. Phys. J. C(2015) 75:330

Event selection similar to CMS lepton+jets result.
— Separate events into 1 b tag and 22 b tags.

Reconstruct ttbar system with kinematic likelihood fit.

— Improves purity and assignment of reconstructed jets to partons.

Template-based approach with observabes: m
m,,"¢° and R, (ratio of p;""2dand p;*'eP over p P"’let‘”)

— In-situ calibration of JES (m,,"*<°) and bJES (Rbq), relative to udsg.

m;

JSF =1.019 + 0.003 (stat) + 0.027 (syst)
bJSF = 1.003 + 0.008 (stat) + 0.023 (syst

= 172.33 £ 0.75 (stat+JSF+bJSF)
+ 1.02 (syst) GeV

Systematic uncertainties Am, (GeV)

Jet energy scale 0.58
b jet energy scale 0.06
Pile up 0.02
Detector modeling 0.58

Method and backgrounds 0.33

Signal modeling 0.53

Total

1.22

Signal + background fit to data

% 600 _I X*iAg T | TTrTrT | TTrTrT | TTrTT | T ; TT d;tél II"-leltls TT | TTrT I_
9 (s=7 TeV. 46f' =5 Best fit background
£ 500 T —— Bestfit —
s + Uncertainty

" 400

300

200

100

|||||||||||||||||||||||||||||||||||||||||

30 140 150 160 170 180 190 200 210 220

+rmreco [Ge\/]
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CMS + ATLAS m,,, (MC)

LHCTOPWG
ATLAS+CMS Preliminary my,, summary, Vs =7-8 TeV TOPLHCWG . . .
....... World Gomb, Mar 2014, 7] Analysis combined using BLUE,
stat®JSFPbJSF — stat@JSF@ngF .
total uncertainty —— —— = totaluncertainty accounts fOI’ COFFElatIOnS between
. My, = tot. (stat®JSFObJSF = syst) 1s Ref. . .
ATLAS, I+jets (*) — o H 172.31+ 1.55 (0.75 = 1.35)  77TeV [1] all uncertainties.
ATLAS, dilepton (*) — 0 — 173.09 + 1.63 (0.64 = 1.50) 7Tev [2]
CMS, I+jets —» — 173.49 = 1.06 (0.43 + 0.97) 77ev [3] . ]
CMS, dilepton — o = 172,50 + 1.52 (0.43 = 1.46) 77Tev (4] CMS combination
CMS, all jets - 1. - 173.49 + 1.41 (0.69 = 1.23) 7Tev [5] m =172 8 +0 6 S St Gev
LHC comb. (Sep 2013)  I—tei— 173.29 = 0.95 (0.35 = 0.88) 7 TeV [6] top /2.36 £ 0.05 ( y )
World comb. (Mar 2014) e 173.34 = 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
ATLAS, I+jets = o —| 172.33 +1.27 (0.75 + 1.02) 7TeV [g] . .
ATLAS, dilepton —ie — 173.79 = 1.41 (0.54 = 1.30) 7TeV [8] ATLAS combination
ATLAS, all jets B e 1751218 (1.4 1.2) 77TeV [9] My, = 172.99 * 0.91 (syst) GeV
ATLAS, single top ~ ———e— == 172.2 2.1 (0.7 = 2.0) 8TeV [10] p
ATLAS comb. (M?;éﬁﬁ_) H-ei 172.99 + 0.91 (0.48 + 0.78) 7 TeV [5]
CMS, l+jets e i 172.04 + 0.75 (0.18 = 0.74) 8TeV [11] . .
CMS, dilepton —e—— 172.47 = 1.41 (0.17 = 1.40) 8Tev [12] Tevatron combination
CMS, all jets oo : 172.08 = 0.89 (0.37 = 0.80) 8TeV [11] mtop =174.34 + 0.64 syst GeV
CMS comb. (Sep 2014) =isi—: 172.38 = 0.65 (0.14 = 0.64) 7+8Tev [11]
g [1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427
[2] ATLAS-CONF-2013-077 [8] arXiv:1503.05427
May 201 5 [3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
(*) SU erseded b results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
h pb | h Sll : [5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-015 Total uncertaint is now below
s 0|Wn elow the line | ; [6] ATLAS-CONF-2013-102 [12] CMS PAS TOP-14-010 y
AN NN TN NN T N NS MY T AN AN N A AN Y N AN N NN AN B
165 170 175 180 185 1GeV
Myep [GEV]
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m,°"s and event kinematics

* Measure m,'®, m2P, JES ( stat syst)in
bins of kinematic variables

Results for 14 kinematic variables

rnJD - <rn; Ds [GeV]

First binned m,°®s measurement

Good agreement between Data and 'standard'

MadGraph TuneZ2

m,°Ps not heavily affected by diferent tunes /

generators

MG Z2 [GeV]

data -

Precision does not yet allow to distinguish between

different models

« m,endroint yia kinematic endpoints

M;,-type variables designed to measure SUSY masses

via endpoints.

Exploit analytic relations between My, endpoint and

underlying masses

Independent of assumptions on shapes, measurement

independent of m M¢

Doubly-constrained fit (m,= 0,mw= 80.4 GeV)
« mndpoint= 73,9 *0.9(stat) ¢,  (syst) GeV
* In agreement with other measurements

mM¢ via b-hadron lifetime
Diferent sensitivity to systematics, Decay length L, ;.4ron

CMS preliminary,
N AR AR AR

\s =7 TeV, lepton+jets
T
e Data (5.0 ib)
—— MG, Pythia 2

Powheg, Pythiaz2 |
MC@NLO, Herwig ]

S T PR PR PR B
0 300 400 500 600 700 800 800 1000

m, [GeV]

CMS-PAS-TOP-12-029

m;?D - <ml2D> [GeV]

CMS preliminary, \s =7 TeV, lepton+jets
T T T T

T
e Data (5.0 fb*)
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— - Powheg, Pythia 22 -
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Eur. Phys. J. C73 (2013) 2494
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vertex (same as in CDF)

mM¢=173.5 * 1.5(stat) £ 1.3 (syst) £ 2.6 (p;t°P) GeV




ac(m,) and mPole extraction from o(tt ) at 7 TeV

Cross section prediction depends on o

and m Pole

— Turning this into measurements

Constrain either o or mP°'® and measure

the other one

— mP®=173.2 £ 1.4 GeV (Tevatron

average)

— ag(m,) = 0.1184 £ 0.0007 (world average)

— Using the most precise CMS o,
measurement (dilepton)

Compare to NNLO predictions as

function m.P°'® or o
Most probable result from joint

likelihood theory & experiment (using

NNPDF2.3)
m,Pole = 176.7 +3-° | . GeV

First determination of a from o,,:

as(mz) = 0.1151 *0-0028 -0.0027

High precision due to small experimental

6. (ob)

_.+._
...._.
200 o
...-..
180 [ ==

\s =7 TeV; mf¥" = 173.2 GeV
— =

T~ T " " T
CMS,L=23fb" :
Top++ 2.0, ABM11

Top++ 2.0, CT10

Top++ 2.0, HERAPDF1.5

]

w =
.........
a

-

Top++ 2.0, MSTW2008 =
Top++ 2.0, NNPDF2.3 | Toieesiay

at
......
....

o
......
L)

......
_____
uuuuu

___________
- . g
.......
a®
-
an®

......

Lo b o ey ¥

-

GRS

- 0o
s
L

v
P

A B RS S R oy
6.108 0.11 0112 0114 0116 0118 012 0.

Vs = 7 TeV;aolmg) = 0.11
- :

22

o

Ol m,,

(2]
s

220

200

180

|| ||l|ll\1'll

T
- o
i .1-‘
o o
K4 &
Ry &
K o
& . -
Rk 8
K o
’ .-c
# &
r ok
’ e 4
’.‘ e
ST o+
o .
sy
e ..:?'""""""""""'
a3 4
] & |
. ¥
¥ -
' .
K 24
¥ L

LA R S S R B B A B R
—— CMS,L=231b"
==.=.= Top++ 2.0, ABM11
-- Top++ 2.0, CT10

Top++ 2.0, HERAPDF1.5
------- Top++ 2.0, MSTW2008
Top++ 2.0, NNPDF2.3

WY

T

160_ -
140 -
1200, E NP T I .-
165 170 180 185 190
n.ltp0|e (GQV)

U&G@EE@E@?Y and available Nablelrgevas, TAE 2015, Berasque

predictions

70



Top polarization and spin correlations

1
* The decay time of the top is short so that the decay - dcose dCO592 1@059 cos0,) |
products should contain information about the spin of the whereC Aa,a,
top quark. Can be measured from angular distributions of S P, 50158 6 =7 ey
the top decay products 1a00F -
. ) 100} CMS-PAS-TOP-12-004
— A: correlation strength at production 1400 ]

1200

— o, amount of spin information from each probe

1000

— Measuring the difference in the azimuthal angle between the =

Fit

leptons in the lab frame gives information about spin o o Bt s
E Background
correlation 20 ’
ob e L L L ]
* Just the lepton information is needed T
* No full reconstruction and associated error! Ameas = 0.24 + 0.02(stat.) = 0.08(syst) ‘
* Compared with the SM expectation Asv, = 0.31 tf— 140'“'8%' i “'I“t'fT:v AR
«  Similarly the polarization of the top quark can be measured § ,,f = wu-so s ]
with the daughter particles S _
Re) 0.6 -
- E F iy, ]
podar = 1(1 + 20 P,cos 0, ,,) p, = Mleost0r) > 0) = Nleos() < 0) g4 ]
T, n n o - o+t — \ T rn+ .
I cos Hl,n 2 i ’ N(cos(8,") > 0) + N(cos(#,") < 0) _ unfolded _
0.2F distribution ]
* From QCD, top pairs unpolarized, but EWK corrections [ [ SMS-PAS-TOP-12-016 |
. . . . N OIIIIIIIII|III|III|III|III|III|III|III
provide small polarization that is enhanced by new physics -1-08-06-0.4-02 0 02040608 1
cos(6))

P, = 0.009 +0.029(stat) +0.041(syst)

September 2015 Javier Cuevas, TAE 2015, Benasque



Charge asymmetry

NLO effect originating from the interference of g-gbar diagrams
producing top pairs. Could be enhanced if new physics present

like with W’.

— LHC has symmetric initial state (pp):

— Quarks are mostly valence and anti-—-quarks are sea quarks

— PDF’s are not symmetric, quarks carry more momentum than anti-

quarks

Rapidity distribution of tops is broader
A studied e.g. in l+jets using a template method

Charge asymmetries in data are background subtracted and
unfolded to parton level to allow comparison with theory

Differential distributions (m,,, y., P") sensitive to BSM physics

New ATLAS measurement: ATLAS-TOP-2014-016 (to be

submitted to EPJC)

TOPLHCWG, May 2016

ATLAS+CMS,\'s = 7 TeV Ppreiiminary

—stat,
— — o {otal uncertainty

tt asymmetry .
ATLAS I+jets e 0.006 + 0.010+ 0.005
[JHEP 1402 (2014) 107)
CMSIAets e 0.004+0.010+ 0.011
[PLB 717 (2012) 129]
ATLAS+CMS IHjets o 0.005 + 0.007 + 0.006
ATLAS dilepton e =< 0.021+£0.025+0.017
[JHEP 08 (20185) 081)
CMS dilepton [ | -0.010+0.017 + 0.008
(UHEP 1404 (2014) 191]
Theory (NLO+EW) 0.0123 £+ 0.0005
[PRD 85, ca4028 (20121]
lepton asymmetry
ATLAS dilep!on boe 0.024 £ 0.015 + 0.009
CMS dllepton bed 0.009 £ 0.010+ 0.006

[JHEP 1404 (2014) 181]
Theory (NLOfEW) 0.0070 £ 0.0003

l | |
-0.1 0 0.1

September 2015
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Summary

Top quark physics is a pillar of the current research program in HEP and

provide stringent tests of pQCD . Both the CMS and ATLAS collaborations cover
a wide range of top-related topics

* Keyto QCD, electro-weak and New Physics
> ldeal probe for constraining (directly + indirectly) the symmetry breaking of the SM

o The top is way heavy — the Higgs scalar mostly couples to tops

» ldeal probe for looking for new physics beyond the model itself
o Via precision measurements

o Via direct searches for new signals

* Results in agreement with SM predictions
» tt production
> Precision regime: ott < 4%, m(top) <1 GeV.
» First measurements at 13 TeV
» Single top production:
» t-channel large enough to investigate properties
» tW channel observed at LHC. s-channel observed at Tevatron

» Associated production, observation of tt+y, tt+W/Z, important to study top-Higgs
couplings.

September 2015 Javier Cuevas, TAE 2015, Benasque /3
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