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Tests of QCD (and beyond)
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Inclusive cross-section sensitive to (and
improves, e.g. arXiv:1303.7215) PDF fits
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Integrated x-sec at |3 TeV

® Both di-leptonic and |+jets channels have been used to extract integrated Otbar
® | =78-85pb!worth of data from last summer

® e+W andlysis described in the following as an example

Di-leptonic ttbar candidate event

from proton-proton collisions recorded
by ATLAS with LHC stable beams at a

. 267638 Ny S "
Event: 193690558 : N collision energy of |3 TeV.

2019706713 23152026 cRST 2 jets in this event are identified as

containing b quarks

I+j and e+e/p+p: ATLAS-
CONF-2015-033

e+l: ATLAS-CONF-2015-049
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Particle and event selections

® e Er>25 GeV, |n|<247/, no activity around it in either calorimetry and tracker (e in jets)
® Wpr>25 GeVY, |Nn|<2.5, no activity around it in either calorimetry and tracker (M in jets)
® Jets reconstructed with anti-Kt r=04,p7>25 GeV, |n|<2.5

® b quark identification run on jets, with eff(b)=/0% and eff(LFg) =1/440

® Accepting only e*tJ* events and | or 2 b-tags (ignoring presence of other untagged jets)

n 450 [ | [ l I -
-+ | . . _ > [T I T T 1T [ | [ I 1T I T T I T T | LI |_
G 400f ATLAS Preliminary e Data2015 - S 1a0E l ATLAS Preliminary 1
W "TE 1s=13TeV,78pb [ tt Powheg+PY - I Is=13TeV, 78 pb" ]
350 m Wt - ~ 160 ~
: — [0 Z+jets . =P :
300 JDiboson - g 1401 S aRass
o50F B Mis-ID lepton 13 W 120 —h owheg+ryY 3
- . 100F I Z+jets -
200 - - ] Diboson .
F P . 801 B Mis-ID lepton
150 = 60— -
100 = 40 :
50 = 20 E
C ; . O;—-__u--lml Rl

0 = 4 1 120 140 1 180 2

0 ] 5 >3 0 60 80 100 120 140 160 180 200
N Muon P, [GeV]

b-tag

e+y: ATLAS-CONF-2015-049
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e+u: ATLAS-CONF-2015-049

Backgrounds

Event counts Ny N Ni=1 b-tag

Data 319 167 N2=2 bt;lt(ags
" Wt single top 20.0+38 5.6+£2.0) N = Loy eu2e(l = Chep) + Ny

Dibosons 1.1£0.2 0.0£0.0 Ny = Lojj€uCpe’ +N)®

Z(— 7T — eu)+jets 1.3£0.7 0.1+£0.1
( Misidentified leptons | 6.0+3.9 2.8 1+2.9
Total background 37.3 5.5 8535

From MC simulations, with overall normalization taken

W+t: Phys. Rev. D 82fmzr8:| 0) 054018 (5% From data:
| y[s).ibsg/.ong Shérpa ()| 0% unc)< o unc) using same-charged e+, highly enriched in
Z+jets: Powheg+Pythia (50/100% in /2 b-tags from fake or secondary leptons from HF decays

data validation)

= Measurements in |+jets and same-flavour di-leptonic final states in Run | and Run 2
have used a variety of data-based methods, primarily “Matrix Method™ and “ABCD”
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Systematic uncertainties

* Dominated by unc. on luminosity, now
reduced to 5%

* Measurement equally affected by
statistical and systematic uncertainties,
but it will soon be the latter to
dominate

* Relative impact very similar also for 8
TeV di-lep analysis

* Detector syst (i.e. Ele ID) have gone
down already with more data

= Also |+jets channel explorted, see
back-up

Uncertainty Aéopfeey AC,/Ch [ Ac/o |
(70) (70) (70)
Data statistics 6.0
NLO modelling 1.9 -0.3 2.2
hadronisation -4.0 0.5 4.5
Initial /final state radiation -1.1 0.1 1.2
Parton distribution functions 1.3 - 1.4
Single-top generator® - - 0.5
Single-top/ interference* - - 0.1
Single-top Wt cross-section - - 0.5
Diboson modelling* - : 0.1
Diboson cross-sections - - 0.0
Z+jets extrapolation - - 0.2
Electron energy scale/resolution 0.2 0.0 0.2
Electron identification 3.6 0.0 4.0
Electron isolation 1.0 - 1.1
Muon momentum scale/resolution 0.0 0.0 0.1
Muon identification 1.1 0.0 1.2
Muon isolation 1.0 - 1.1
Lepton trigger 1.3 0.0 1.3
Jet energy scale -0.3 0.0 0.3
Jet energy resolution -0.1 0.0 0.1
b-tagging - 0.1 0.3
Misidentified leptons - - 1.3
Analysis systematics 6.4 0.6 7.3
Integrated luminosity - - 10.0
Total uncertainty 6.4 0.6 \ 13.7 )
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Integrated x-sec at |3 TeV

ATLAS+CMS Preliminary LHCIOpWG 0 ; summary, {s =13 TeV Nov 2015
....... NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC } v !
my,, = 172.5 GeV total stat

scale uncertainty

scale @ PDF ® a uncertainty % MIRD) a{Byet) athum)

ATLAS, dilepton ey * ——a——  829:50+56+83pb
ATLAS-CONF-2015-049 L, =78 pb"

ATLAS, dilepton ee/up *|—— e 749+ 57+ 79+ 74 pb
ATLAS-CONF-2015-049  L,,=85pb" i

ATLAS, I+jets * : - |  817+13+ 103+ 88 pb
ATLAS-CONF-2015-049 L, ,=85pb"

CMS, dilepton en } -t 769+ 60 + 55+ 92 pb
arXiv:1510.05302 L,=42 pb™
CMS, I+jets * } ot | 836+ 27+ 84100 pb
CMS-PAS TOP-15-005  L,,=42pb"”
* Preliminary
T A T A B SRR 1 S N N N S N
400 600 800 1000 1200
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* Total inclusive cross section for top pair
production in Run 2 at |3 TeV
* Tests QCD predictions using all available final
states (di-lepton, |+jet and full had)
* predictions exist at NNLO+ approx
NNLL
* Table presents a summary of the
preliminary ATLAS results
* e+ channel is most precise one, with
~13.5% total rel unc

https://twiki.cern.ch/twiki/bin/

view/LHCPhysics/
LHCTopWGSummaryPlots
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Integrated x-sec at 7/ and 8 TeV

ATLAS+CMS Preliminary LHCIOpPWG . summary, Vs =8TeV

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC I —

|

Nov 2015

]

| I
m,,, = 172.5 GeV total stat
scale uncertainty

scale ® PDF @ o uncertainty

CMS-PAS TOP-12-006, L,,=2.8fb"

int

CMS, lepton+t,
PLB 739 (2014) 23, L,,=19.6fb"

I

ATLAS, lepton+jets . F—#——260£1°Z+8pb
PRD 91 (2015) 112013, L,,=20.3 fb :
CMS prel., lepton+jets ! ——— | 228+ 9 t;z +10 pb

——de—— 257+3+24+7pb

1

Oy *(stat) £(syst) £(lumi)

=P ATLAS, dilepton ep i 242.4+17+55+7.5pb
EPJ C74 (2014)3109, L,,=20.3 1"
CMS, dilepton (ee, s, o) | ot 239.0+2.1+ 113 6.2 pb
JHEP 02 (2014) 024, L, =5.3b"
LHC combined ep (Sep 2014) | |- 241.5+1.4+ 57+ 6.2 pb

ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,

L,=5.3-20.3 fb™ :
CMS prel., dilepton e +66
P pron ey ) = 2456+1.37,.+6.5pb
CMS-PAS TOP-13-004, L;,=19.7 fb :
CMS, all jets = o |
arXiv:1509.06076, L, =18.4fb™ 275.6+6.1+37.8+ 7.2 pb
Effect of LHC beam energy uncertainty: 4.2 pb
: (not included in the figure)
IIIIIIIIIlIIII|§IIII|IIIIIIII
100 150 200 250 300 350
o, [Pb]
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400

o ATLAS has measured the total inclusive cross
section for top pair production in Run-| with at 7/,
8 TeV

* Tests QCD predictions using all available final
states (di-lepton, |+jet and full had)

e predictions exist at NNLO+ approx NNLL
* Table presents a summary of the results at: 8 TeV,
Run |
e Picture at / TeV similar to 8 TeV
e Average mainly driven by lepton channels
e Same experimental techniques as Run 2
* World most precise results are in et channel
(~3.9% total rel unc)
* Single ATLAS Measurement more precise than
theory

https://twiki.cern.ch/twiki/bin/

view/LHCPhysics/
LHCTopWGSummaryPlots
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Inclusive tt cross section [pb]
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The big

https://twiki.cern.ch/twiki/bin/
view/LHCPhysics/

P i C t u r e LHCTopWGSummaryPlots

I | | | I I I I I | |

Tevatron combined* 1.96 TeV (L =8.8 fb')
ATLASen7TeV (L=4.6fb")
CMSep*7TeV (L=5fb")

ATLAS epn 8 TeV (L =20.3 fb)
CMSeu*8TeV (L=19.7 fb)

LHC combined eu* 8 TeV (L = 5.3-20.3 fb')
ATLAS ep* 13 TeV (L =78 Pb“)
CMSen13TeV (L=42pb)
ATLAS ee/up* 13 TeV (L = 85 pb’)
ATLAS l+jets* 13 TeV (L = 85 pb')
CMS l+jets* 13 TeV (L= 42 pb")

* Preliminary
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== NNLO+NNLL (pp)
== NNLO+NNLL (pp)

|

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

m,, = 172.5 GeV, PDF®
| pl l | |

I I | | | ] | | | I | | |

ATLAS+CMS Preliminary Nov 2015 —
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Rather remarkable agreement with theory
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Differential measurements

® [o probe our understanding of the pdf, kinematics and parton shower
evolution

® Measure 0 as a function of pr(t), y(t), Miwar; and look at N(jets) in the
event

® Both In the

® "Resolved” regime: top quark produced almost at rest - 1solated leptons, not
overlapping jet cones

® ‘“boosted regime: form “big fat’” jets + W leptons immersed in them appear
non-isolated — brand new issues and, hence, optimizations

partially merged,
un-merged boosted W fully merged
] -
z‘% _
/ey
< 200 GeV \q 200 - 350 GeV > 350 GeV
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do/dpr(t), 8 TeV, I+jets

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIII

> = -
& = ATLAS Full phase-space £ %‘ 102;};‘;' ' rrTT ' TS
;f - \s=8TeV,20.3fb" | paa - 0] . Full phase-space -
S o' PWG+PYE h,,,=m, ] = i A f:zca)t\{/iVHEG PYTHIA |
T = —— aN’LO PRD 91(2015)3,031501 = " 10— 0 \ + =
'Cb) E —— aNNLO JHEP o01(2015)082 E Q' B _QQ"_:O o ALPGEN+HERWIG =
- 1§ F = pcouorene
Qﬁ 102 Stat.+Syst. unc. _ © L v O A + B
: E § VODA §
- . — ATLAS ]
10° E— —g 10 E_\s =8TeV,203fb" ) -
u N - = A =
N . . - _
1 0-4 E— —E ..g o | S s v s | NP P e s e B A S e s T | P s p s S s e | RS P e s e B A s e -
E = @®© 1 B gy PO e WIRUURIIY 2 1SS A O et -
c _||||||||!||||| IIIIIIII Loy vl iiaa ool lias B e 1’Q—|A_uo[y\ OEK‘“O[—V\‘YODA oA OA - A
et . e
-_% E 125 . : c(lt) .5 | eroeereseersersssnnssanssnnnsancserssssissansssnsssnesersressntosatsosceserssntosntosassoseesasssserssntosassoneesassssarsssessasessessasesoass .
5| S 1= — : I - — R TP S BN P S B S B
3o : L . 300 400 500 600 700 _ 800 900 _ 1000 1100 _ 1200
(a8 LO [ """""""""""""""""""""""""""""""" T ]
0 100 200 300 400 500 top quark p_ [GeV]
p; [GeV]
e Measurement unfolded to parton level e Measurement unfolded to parton
and extrapolated to full phase space using level using MC |
Powheg+PY THIA -
. R % q | e ..confirmed at very high top quark
csolved topology . pT using boosted topology
* hints of harder spectrum in MC than
data....
arXiv:1511.04716, submitted to EP)JC arXiv:1510.03818, submitted to PRD
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do/dpr(t), 8 TeV, I+jets

—

> - =
3 = ATLAS Fiducial phase-space § = 10— L A NAMUMMMMLA—
~ — . ] () ﬁl‘_ . . —
3 ovs= 8TeV, 203107 | paa 10 = Fiducial phase-space a
== 10'E PWG+PY6 h,_=m, 5 £ . *’m Data -
- - PWG+PY8 hy,, =m, - = - Yoma v POWHEG+PYTHIA
~. e MC@NLO+HW AUET2 - & e LR o ALPGEN+HERWIG =
© 102 —— MadGraph+PY6 P2011C —= = = o = MC@NLO+HERWIG -
© L. PWG+HW6 AUET2 E - - a4 s+ POWHEG+HERWIG n
B _ Stat. unc. ] B ., N
- 103 Stat.+Syst. unc. _ 10" = —a o
- - ~ ATLAS -
- . | V\s=8TeV,2031b" , o |
10% = = A A
= 3 102 =
10-5 - — © 2 —————— S . | P B e P R P '.i ................ | PP o S ;. ........... | P P . B A s S '.i
E = g 1. 5f e P .. .......... S v' ............................................ W -
c - = 1'_n'l""'ltv"v mt w’ .
o 1.4 g 0 PP 4
g % 1 '2 0- ‘ PR T TR SN T YT TN TR T NN SN YNAY ST SN (N S ST ST SN SN SN S S S NN SN S U S [ S S S S S S S S S S S S St
30 1 300 400 500 600 _ 700 _ 800 _ 900 _ 1000 1100 1200
0.8 Particle top-jet candidate p_[GeV]
e Resolved topology * boosted topology

*Visible also at jet-particle level, i.e. with jets built of stable truth-level particles
* l.e."meet you half way”
= reduced extrapolation uncertainties
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do/dpr(t), 8 TeV, I+jets

% 1 _;l LI I 1T TT I LI I L I L | LI I L I LI I L I T ||__ %) 1 __l LI I 1T 1T7 I 1T 1T7 I T T7 I LI L L I L L L | LI L I LI l_l—
0] - ATLAS Full phase-space B ) = ATLAS Full phase-space 3
e - 1s=8TeV,203f0" | paa i g C \s=8TeV,20.3f0" , paa §
S e —— PWG+PY6 h,, =m, N Z o - PWG+PYS6 h,, =m, .
T = —— aN’LO PRD 91(2015)3,031501 = © 10 e NNLO arxiv:1511.00549 —
0 - —— aNNLO JHEP o01(2015)082 - T 2 I Stat. unc. B
° B Stat. unc. | o : Stat.+Syst. unc. .
o 102 Stat.+Syst. unc. n ° B |
= = = I
= - = 10 i__‘_l"""'l-—-o- =
10° = i e i
- - 10° * =
10 i _: - - -
- — m— i SRS
B 11 I | I . } L1 11 I | I - + L1 11 I L1 1 1 t L1 11 | L1 1 1 ‘| Ll 11 | 1.1 | 10-4 ; L1 1 + 1 L1 1 ! 1 1 L1 ! 1 1 1 | ! L1 | 1 } L1 11 ! 1 1 1 1 ! L1 1 E
g 19 - e . g 1.2 .- Ll leHu i i v -
:‘5 % . E:I— 1 L "C:S % n TP PP, = e A -
g = 1;_ 1 _E 8 = 1: ..........
o 0.8 T e ] o 0.8 '_ ............................................................................................................
0 100 200 300 400 500 0 50 100 150 200 250 300 350 400
P! [GeV] P! [GeV]

* Unfolded to parton level and extrapolated to full phase space using Powheg+PY THIA
e Resolved topology
v Improved agreement when compared to full NNLO prediction (using the MSTW2008nnlo PDF)

arXiv:1511.04716, submitted to EP)JC
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do/dy(ttbar)

|t_ 1_8 T T T I I T T T T I T T T T I I T T T I T T T T |....::_ 1_8 T T T T I T T T T T T T T I T T T T l T T T T
> 7] > B 7]
— ~ ATLAS Fiducial phase-space - -~ ATLAS Fiducial phase-space
S 100 \s-8Tev, 2037, pus E S 18 \s-8Tev, 203 10" . Da E

= 14 PWG+PY6 h,, =m, = = 1.4 CT10nlo =
> - PWG+PY8 hy,, =m, . > - — CT14nlo -

K MC@NLO+HW AUET2 - D 4o CJ12mid ]
e T re-e —— MadGraph+PY6 P2011C o~ : MMHT2014nlo68cl
S o T — PWG+HW6 AUET2 . 5 e T NNPDF 3.0NLO ]
» = Stat. unc. — L = — HERA20NLO
© — Stat.+Syst. unc. _ © I ¥ T PP METAv10LHC _
A 0.8— — A 0.8— Stat. unc. —

[ 7 - Stat.+Syst. unc. -
0.6— — 0.6— —
0.4 — 0.4 —
0.2 — 0.2 —
gl E §_ 12
BlE A2 T TTE TRV e Bl
38 E 38 T
@ E al 08
2.5 0
Iyl ly"l
* Measurement unfolded to parton level using e Measurement unfolded to parton level using
Powheg+PY THIA Powheg+PYTHIA
* Resolved topology * Resolved topology

* Sensitive to (gluon) PDF especially in forward region
* direct comparison among PDF sets for same generator (POWHEGH+PY6)
* Most recent PDF sets do a better job that CT 0nlo

arXiv:1511.04716, submitted to EP)JC
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do/dMebar and do/dpr(ttbar) 4D

> E I I 1 I I I I I I I I I I I I I I I I I I I 1 E > I I I I I I I I I l I I I 1 I I I I I l I I I I I I I I I
o ~ ATLAS Full phase-space - & ATLAS Full phase-space
= [ 1s=8Tev,2031" , py - =+ E1s=8TeV,203f" , pua E
5 0= —— PWG+PY6 hy, =m E © - PWG+PY6 hy,,,=m .
~._ = e PWG+PY8 hdam m, 3 S L e PWG+PY8 hdam m, |
o T MC@NLO+HW AUET2 ] © B T MC@NLO+HW AUET2
© N —— MadGraph+PY6 P2011C 2 10E —— MadGraph+PY6 P2011C =
o= e PWG+HW6 AUET2 e oF = PWG+HW6 AUET2 3
= Stat. unc. a - - Stat. unc. -
Stat.+Syst. unc. — — Stat.+Syst. unc. 7
10° = 10 E
4 | B -
1 O E E 1 O 3 E_ ~~~~~~~~
S S 1 2_ l | ! 1 t l | | ] ! l | Il | + 1 | | Il + l 1 | | t 1 l Il | .
Blo Bo 1
Q. . . . . . . = o 0.8t
400 600 800 1000 1200 1400 1600 0

mt [GeV]

Parton level, full phase space after unfolding of detector effects
Resolved topology

Important to tune MC well

Sensitive to new, large width, particles decaying to ttbar

arXiv:1511.04716, submitted to EP)JC
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ATLAS-CONF-2015-065

e New result measuring the differential cross-section as a function of number of
accompanying |ets: tests theoretical predictions of QCD radiation

* Di-leptonic events, = 2 b-tagged jets, Z mass veto

» Unfolded to particle-level, fiducial region

104EIIIIlllllllllllllllllllls
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unfolded with Powheg+Py6
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oZ 1= ATLAS Preliminary—
- E 13 TeV,3.2fb" -
—lo (‘add. jet p, > 25 GeV )|
L s - _
10 - el =
| ep-channel ==
1072 & — Powheg+Pythia6 =
- — - Powheg+Herwig++ -
T omem aMCAtNLO+Herwig++ ’
- ---.Powheg+Pythia8 1
_3| - Data
107 = E
P Y U
1.4F Stat. E
% 1 25_ :Stat.+Syst =
Q
O
=

0 1 2 3 4
Number of additional jets

ATLAS Preliminary 4
13 TeV, 3.2 fb"

T IIII]

T IIIIII]

eu-channel

T ]IIIII|

%

Cadd. jetp_ >25GeV

N

—— Powheg+Pythia6

——— Powheg+Pythia6 (radHi)
...... Powheg+Pythia6 (radLo)
—- Data

[ ]IIIII|

1 | L L 1 1 | 1 ! 1 L | 1 L 1 1 | 1 1 1 1 | 1
T T T T T

||||||[_|||||

=== Stat.

o 1 2 8§ i
Number of additional jets

e

MC/Data

oo

T ! ]

|

T IIIIII|

T IIIIIII

eu-channel

————
ATLAS Preliminary

13 TeV, 3.21b"

add.jetpTzsoGeV

IIllIll

oo

—— Powheg+Pythia6

— - Powheg+Herwig++
- aMCAtNLO+Herwig++
- --. Powheg+Pythia8

—- Data

L L Ll

1 ! 1 1 1 1 ! ! Il 1 1 ! 1 1 ! 1 ! 1

— —h

= Stat.
- = Stat.+Syst [ 2

I|III

IS

0 1 2 3
Number of additional jets

* Measure with different prthresholds to test momentum dependence of hard-gluon emission

o All set-ups compatible with data set used

e Most recent PS programmes compatible with data, differ from each other by |5% at most

e (Powheg+)Pythia 6,tuned on /7 and 8 TeV results, systematically lower at |3 TeV from 2 jets on
e |3 TeV seem to prefer more radiation than nominally considered, but data cant constrain

yet (at high N(jets))

* “radHiI"=hdamp set to 2mt, the renormalisation and factorisation scale set to half the nominal value and using

the Perugia 2012 radHi UE tune
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ttbar+V

® top-Z coupling probed at tree level and would be
affected by NP

® W emitted in inttial state: different process

® mportant to measure per se (e.g. enhancement by NP -
like strongly coupled Higgs) and as main bkgs to e.g. ttH at 8TeV
o(ttZ) = 215 £ 30 fb (aMC@NLO)

| O(tW) =232 £ 32 b aMC@NLO)

Process tt decay Boson decay Channel Z — 00~
(¢*vb)(qqb) (Tv OS dilepton no

e (6Fvb)(£Fvb) qq OS dilepton no
(*vb)(qqb = SS dilept - -
(i v0)(4gb) ; repion He Channels considered in the
(=vb)(Tvb (*v Trilepton no :
ML) Y ATLAS analysis
(¢*vb)(£Fvb) qq OS dilepton no

i (qqb)(qqb) AN OS dilepton yes
(¢*vb)(qqab) AN Trilepton yes
(¢Fvb)(£Fub) AN/ Tetralepton yes
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Signal extraction

* ttW and ttZ rates extracted simultaneously by means of binned max LL fit
* syst uncertainties constrained in fit adjusting input rates to data

ATLAS 50 [ )
\s=8TeV,20.3fb" CR ZLOS [ 3L i 4L 1
@ Data \\ Total unc.
N Top " Charge misID

Vv B Fake leptons
I Rare SM [_Jt#tZ

Bz

40}

Events / channel
o
[0)]

30}

20}

10f

noZ 2z Z Z2Z Z noZ noZ Z ee enw MM Z Z Z noZ DF DF DF SF SF
120 2b  2b Ob 1-2b 1-2b 2b 2o+ 2by 2b+ b 2b+ 2b+ 2b+ Ob 1b 2b+ 1b  2b+
3j 3j 4j 3j 4j 5j+ 5j+ 4j+ 3j 4j+ 2-3j
c - '\r—l
ontrol normalization of
backgrounds, reducing Ntt[\\I/JECO Sepsﬁate
final uncertainty om Pres ttW significance ttZ significance
Channel | Expected Observed | Expected Observed
2/0OS 0.4 0.1 1.4 1.1
20SS 2.8 5.0 — —
3/ 1.4 1.0 3.7 3.3
All channels contribute to final ", _ _ 20 9 4
measurement Combined 3.2 5.0 4.5 4.2

JHEPI1 (2015) 172
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ttV: Results

— 600 B 1T 1T 1 I 1T T 1 I I 1T 171 ] LI I 1T 171 I I l_
=2, “ATLAS *  ATLAS Best Fit -
S :_\ —— ATLAS 68% CL i Uncertainty T Oy
= 500 s=8TeV, 20300 o —
3 - ATLAS 95% CL : Luminosity 3.2% 4.6%
g 5 % NLO prediction* i )
2 B B 1Z Theory uncertainty  _ Reconstructed objects 3.7% 7.4%
s 400~ B ttW Theory uncertainty | Backgrounds from simulation 5.8% 8.0%
N - —
= B i Fake leptons and charge misID 7.5% 3.0%
oo e T — Signal modelling 1.8% 4.5%
- N Total systematic 12% 13%
200 Statistical +24% | —21% +30% / —27%
B i Total +27% | —24%  +33% / —29%
100~ PR
: . -’-I\;Iadgraphs_aMC@NLO calculation :
0 B 1 1 1 I L1 1 1 | I | I I | ] | I I | | L1 1 1 I | l_
0 100 200 300 400 500 600 e
ttW cross section [fb] o(ttZ) = 215 + 30 b (aMC@NLO)

o(ttW) = 232 + 32 fb (aMC@NLO)

The result of the combined simultaneous fit to the two parameters of interest is
o = 369750 (stat.) + 44 (syst.) fb = 3697151 fb (7.1)

and
o1y = 176752 (stat.) 4 24 (syst.) fb = 176725 fh. (7.2)

Figure 11 provides a comparison of these measurements with NLO QCD theoretical cal-
culations using MADGRAPHS5_AMCQ@NLO.

JHEPI1 (2015) 172
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Conclusions

Several measurements in top quark sector, both with Run | and Run 2
data (fast duty cycle)

Inclusive cross-section measurements reach below 5% precision, testing
NNLO+NNLL predictions

Differential cross-section measurements probe SM predictions over wide
range of kinematic phase space

o full NNLO might be needed

® newest PDF sets improve description of data

Fvidence/observation of ttV

So far SM holds...
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I+j and e+e/p+p: ATLAS-
CONF-2015-033

|+jets channel

e (Counting experiment
® main background (W+jets) from data using the W*/W-asymmetry (see back-up)

® Result dominated by unc. on luminosity, data sample size and hadronisation modelling

Yields

10°
3 2000F T 10?"""""".'batlal" i Sample e + jets [+ jets
02000 ATLAS Preliminary 1 G [ ATLASPreliminary — _ ~ ~
21800 \s=13TeV,85pb" g single top 2 gl \s=13TeV, 85 o' mmsingletop ] {7 2800 + 400 2620 + 340
»1600F  l+jets Diboson = - l+jets Diboson 1 .
,_,31200:_ =Z+jets : 6 -Z+iets - Single top 192 + 34 180 + 30
C NP & fak ] i NP & fakes ] .

1000- R ; _ Z+jets 71 + 35 45 +22
8001 | ar ] Dibosons 10+5 10+5
6001 g I ] Fakes 200 + 70 130 + 60
400 - 2r B
200E E I - Total background | 820 + 130 600 + 100

06 = = = = o(; - eIt 2;)0 Total expected 3600 £ 500 3220 + 350
'V 343 331<
Lepton P, [GeV] Jet P, [GeV] Observed 439 14
1400 o . . eData Uncertainties
B1400- ATLAS Preliminary "0
=12000 's=13TeV,85pb"  mmsingetop Uncertainty Ao i/ o (%)
E - l+ets Diboson . —
§1000_— W-jets . Data statistics 7.6
w - I Z+jets —
800 I \P & fakes tt NLO modelling 2.6
600" tt hadronisation 7.9
4002 Initial/final state radiation 1.5
: PDF 3.7
200~ . .
L Analysis systematics 11
0
0 S0 100 150 200 Integrated luminosity 10
m¥ [GeV]
Total uncertainty 16
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Integrated x-sec at / and 8 TeV

ATLAS+CMS Preliminary

my,, = 172.5 GeV
scale uncertainty

ATLAS, l+jets
ATLAS, dilepton (*)

LHCtOpWG

scale ® PDF & a, uncertainty

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC

G, summary, \s = 7 TeV Sep 2015

total stat
o, *(stat) £(syst) +(lumi)
179+4+9+7pb

173+6°1 “Spb

ATLAS, all jets () |

1 167+ 18+ 78+ 6 pb L,=1.01b

ATLAS combined 177+3 3+ 7pb
CMS, l+jets (*) '—H—i 164+ 3+ 12+ 7 pb L,,=0.8-1.1 fb
CMS, dilepton (*) !—H-H—l 170+ 4+ 16+ 8 pb L,=1.11b
CMS, 7, _+t (*) ————— 149424+26+9pb L -111
CMS, all jets (*) ° t # 136+ 20+ 40+ 8 pb L,=1.11b
CMS combined P—H—* 166+ 2+ 11+ 8 pb L,,=0.8-1.1 fb
LHC combined (Sep 2012) e 173+ 2+ 8+46pb (07110
ATLAS, I+jets, b—>Xuv —— 165+ 2+ 17+ 3 pb

=3 ATLAS, dilepton ey, b-tag H"H 182.9+ 3.1+ 4.2+ 3.6pb L4561
ATLAS, dilepton ey, NjelS-E;”iSS H-H 181.2+28°37+33pb L 46
ATLAS, 1, _+ets DR 1 194+ 18+ 46 pb Lo=1.71b
ATLAS, all jets % 168+ 12 57+ 7 pb
ATLAS, 1, + —t—t— 183+ 9+ 23+ 3 pb
CMS, l+jets F—lot—i 158+ 2+ 10+ 4 pb
CMS, dilepton ep H‘H 1745+2.17°55+38pb L 500

143+ 14+ 22+ 3 pb

CMS, 7+l
CMS, 1, +ets

CMS, all jets

[ ]

(*) Superseded by results shown below the line

152+ 12+ 32+ 3 pb
139+ 10+ 26+ 3 pb

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

IIII|IIII|II§II|IIII|IIII|IIII|II

50 100
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150

200
s, [pb]

250 300 350

* ATLAS has measured the total inclusive cross
section for top pair production in Run-1 at /, 8
TeV
e QCD predictions using all available final states
(di-lepton, I+jet and full had)

* predictions exist at NNLO+ approx NNLL
* Table presents a summary of the results at: /
TeV,Run |
* Average mainly driven by di-lepton channels
* Same experimental techniques as Run 2
* With a large enough data sample, world most
precise results are in et+H channel (~3.5% total
rel unc)
* Single ATLAS Measurement more precise than
theory

https://twiki.cern.ch/twiki/bin/

view/LHCPhysics/
LHCTopWGSummaryPlots
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Event yields in 7 and 8 TeV integrated O'bar

Table 1 Observed numbers of
opposite-sign e events with
one and two b-tagged jets (N
and N ) for each data sample,
together with the estimates of
backgrounds and associated
total uncertainties described in
Sect. 6

Event counts Js=17TeV Vs =8TeV

N N> Ni N>
Data 3527 2073 21666 11739
Wt single top 326 £+ 36 53t 14 2050 £210 360 £ 120
Dibosons 19 £5 0.5+x0.1 120 £ 30 3+1
Z(— 1T — epn)+jets 28 £2 1.8 £0.5 2105 7Tx1
Misidentified leptons 27 £ 13 1548 210 £ 66 95 £ 29
Total background 400 £ 40 70 £ 16 2590 £ 230 460 £ 130

Thursday 7 January 16
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Uncertainties in 8 TeV integrated Ottbar

5

Uncertainty (inclusive o,7)

7 TeV

8 TeV

Acep/€ep (%)

A(‘h/(‘b ((l )

Aoz /oy (%)

Ao/ €ep (%)

ACy/Cp (%)

Ao/ o (%)

Data statistics 1.69 0.71
11 modelling 0.71 —0.72 1.43 0.65 —0.57 1.22
Parton distribution functions 1.03 - 1.04 1.12 - 1.13
QCD scale choice 0.30 - 0.30 0.30 - 0.30
Single-top modelling - - 0.34 - - 0.42
Single-top/tt interference - - 0.22 - - 0.15
Single-top Wt cross-section - - 0.72 - - 0.69
Diboson modelling - - 0.12 - - 0.13
Diboson cross-sections - - 0.03 I - 0.03
Z+jets extrapolation = = 0.05 - - 0.02
Electron energy scale/resolution 0.19 —0.00 0.22 0.46 0.02 0.51
Electron identification 0.12 0.00 0.13 0.36 0.00 0.41
Muon momentum scale/resolution 0.12 0.00 0.14 0.01 0.01 0.02
Muon identification 0.27 0.00 0.30 0.38 0.00 0.42
Lepton isolation 0.74 - 0.74 0.37 - 0.37
Lepton trigger 0.15 —0.02 0.19 0.15 0.00 0.16
Jet energy scale 0.22 0.06 0.27 0.47 0.07 0.52
Jet energy resolution —0.16 0.08 0.30 —0.36 0.05 0.51
Jet reconstruction/vertex fraction 0.00 0.00 0.06 0.01 0.01 0.03
b-tagging - 0.18 0.41 - 0.14 0.40
Misidentified leptons - - 0.41 - - 0.34
Analysis systematics (o,7) 1.56 0.75 2.27 1.66 0.59 2.26
Integrated luminosity - - 1.98 - - 3.10
LHC beam energy - = 1.79 - - 1.72
Total uncertainty (o) 1.56 0.75 3.89 1.66 0.59 4.27

Uncertainty (fiducial n";l") A€oy [€ep (%) ACy/Cp (%) An";ld/n!';ld(féi ) A€oy [€ep (%) ACy/Cyp (%) Aogifog (%)
1T modelling 0.84 —0.72 1.56 0.74 —0.57 1.31
Parton distribution functions 0.35 - 0.38 0.23 - 0.28
QCD scale choice 0.00 - 0.00 0.00 - 0.00
Other uncertainties (as above) 0.88 0.21 1.40 1.00 0.17 1.50
Analysis systematics (ngd) 1.27 0.75 2.13 1.27 0.59 2.01
Total uncertainty (alﬁd) 1.27 0.75 3.81 1.27 0.59 4.14

!
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Fiducial volume in 7 TeV ttbar+jets

Thursday 7 January 16

Exss = 30 GeV & mp(W) > 35 GeV
One or more b-jets
Three or more jets with pt >25 GeV & || < 2.5
e () with pp > 25 GeV & |n| < 2.5
No additional e () with pr > 15 GeV & || < 2.5
No p (e) with pr > 15 GeV & || < 2.5
No jet-jet pair with AR < 0.5
No jet-electron or jet-muon pair with AR < 0.4

Table 3. Fiducial-volume definition for the electron (muon) channel of the tf+jets cross-section
measurement with the jet pt threshold of 25 GeV. These conditions were applied on reconstruction-
level and particle-level objects, with the exception of the electron where a veto on the 7-region
corresponding to the barrel-endcap transition region was applied on the reconstruction level (as
described in section 3.1), but not included in the fiducial-volume definition. The jet pr threshold
in the jet multiplicity distributions was increased to 40, 60 and 80 GeV, for the corresponding
cross-section measurements.

Leading jet with pp > 50 GeV & |n| < 2.5
274 Jeading jet with pp > 35 GeV & || < 2.5

Table 4. Additional fiducial-volume requirements implemented for the ¢t cross-section with respect
to the jet pr. These requirements were made in addition to those given in table 3 and were applied
to the electron and the muon channel.

27



Fiducial volume in |3 TeV ttbar+jets

The fiducial volume for the cross-section was defined using events with exactly two opposite sign leptons
(ee, pp or ep) and at least two b-jets, all with pr > 25 GeV and || < 2.5. If more than 2 b-jets are
present the ones with the highest pr are taken for the event selection. For the same lepton flavour channels
(ee, up), Imy —mz| > 10 GeV and my; = 40 GeV where my; refers to the mass reconstructed from the two
leptons, are additionally required.

Additional jets, defined as all jets excluding the two highest momentum b-jets, are considered with pr
thresholds of 25, 40, 60 and 80 GeV and || < 2.5, independent of their flavour. Following the reconstructed
object selection, events with jet-electron pairs or jet-muon pairs with AR < 0.4 are excluded.

Thursday 7 January 16
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Syst.unc.in |3 TeV ttbar+jets

Sources (0 additional | additional | 2 additional | 3 additional | 4 additional
jets [To] jet [Te] jets [To] jets [To] jets [To]
ee channel
Statistics 2.6 3.1 438 8.0 13.8
Signal modelling 59 1.2 7.0 17.6 41.0
Jets 6.0 4.5 8.4 19.1 304
Other 1.6 2.8 5.1 6.6 144
Total 9.0 94 12.8 27.9 54.8
ppu channel
Statistics 2.2 2.8 4.2 7.0 114
Signal modelling 6.5 6.8 1.2 22.8 30.3
Jets 74 5.1 10.9 28.3 34.8
Other 1.0 3.5 4.2 4.8 11.0
Total 10.1 9.6 14.4 37.3 48.8
eu channel
Statistics 1.5 1.8 2.8 4.6 1.7
Signal modelling 6.3 1.3 5.1 220 32.8
Jets 6.7 39 11.3 22.2 21.5
Other 0.3 1.4 1.3 3.3 9.5
Total 9.3 8.6 12.7 31.8 41.1

Table 2: Summary of measurement uncertainties in ee (top), yu (middle) and eyu (bottom) channel for the jet pr
threshold of 25 GeV.
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Event yields in 8 TeV ttbar+V

Region t+ X Bosons Fake leptons  Total expected ttw ttZ Data
charge misID background

2(-noZ-3j* 20800 + 2600 600 =+ 200 160 += 80 21600 + 2700 420428 23.2+1.5 22585
2(-noZ-4j 8200 4+ 1400 240 490 80 4+ 40 8600 + 1400 36.6+ 1.8 2244+1.1 8909
20-n07Z-5j 3700 + 850 100 440 47+ 23 3810 + 870 24.942.2 224420 3901
20-7-3j* 800 £ 140 1960 =+ 880 4.1+£2.1 2760 + 890 1.244+0.13 3.71 £0.38 28006
20-7-43* 330470 740 £ 390 22+1.1 1100 4400 1.31+£0.11  7.21 £0.58 1031
20-7-5j 170 £ 40 340 =200 1.4£0.7 510 £ 210 0.89£0.07 17.7x1.4 471
2e-SS 0.66 £0.13 0.17+0.10 89+24 9.8+26 2974+0.30 0.93+0.23 16
ep-SS 1.94+0.35 0.39£0.28 14.1+4.5 16.4 5.1 8.67x£0.76 2.16£0.51 34
241-SS 0.94£0.17 0.25£0.14 0.93+0.55 2.12 +£0.86 4.79+£040 1.12+£0.27 13
3(-7-0b3j* 1.11 £0.32 6716 15.2£6.0 83115 0.05+£0.03 1.86£0.47 86
30-7-1b4j 1.58 £0.42 3.8£1.3 24+1.1 7.8+£1.6 0.14£0.05 7.1x£1.6 8
30-7-2b3j 1.2940.34 0.68+0.33 0.194+0.13 2.16 £0.42 0.21£0.07 2.76 = 0.69 3
30-7-2b4j 1.00 £ 0.29 0.48+0.24 0.42+£0.37 1.93 £0.49 0.14+0.07 6.6£1.6 11
3(-noZ-2b 1.06 £0.25 0.27+0.17 1.31£0.90 2.7+0.9 3.7+0.9 1.23 +0.32 6
4/-DF-0b 0.06 £ 0.01 0.11£0.04 0.03£0.17 0.21 +0.22 0.28 £0.01 2
4/-DF-1b 0.2240.03 0.054+£0.03 0.134+0.22 0.39 4+ 0.27 1.0540.03 1
40-DF-2b 0.114+0.02 < 0.01 0.11£0.19 0.22 4+0.21 0.64 4+0.02 1
40-77* 0.01+0.00 134.24+1.2 0.274+0.18 134.5+1.3 0.07 +0.01 158
4¢-SF-1b 0.16 £0.02 0.29+0.06 0.14%£0.19 0.61 +£0.27 0.91 £0.02 2
4¢-SF-2b 0.08 £ 0.01 0.09+0.03 0.04£0.18 0.21 £0.23 0.64 +£0.02 1
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dO-/d Njets, 7 Te\/,

unfolded with Powheg+Py6

Ny
™D
~
O

10? . ' . 102

a = ! ' = - = | | | = Ly — ' ' ]
9 - ATLAS e 9 - ATLAS = = & ATLAS E
— C —e— Data — C —e— Data ] O) C —— Data
@ u POWHEG+PYTHIA @ L ALPGEN+PYTHIA ) B POWHEG+PYTHIA
C.Q_J\ 1 O - — POWHEG(hdamp)+PYTHIA C.Q 1 O | = = ALPGEN+PYTHIA (o, Up) & AL @ — POWHEG(hdamp)+PYTHIA
LS E MC@NLO+HERWIG 3 LS E ALPGEN+PYTHIA (o, Down) 7 — 10 = _——— PR MC@NLO+HERWIG
_8 R e ALPGEN+PYTHIA (, Down) ] _8 e e ALPGEN+HERWIG o - e ALPGEN+PYTHIA (, Down) 1
L - - L®)
swrageras aeane e ~ g
= J. Ldt=46f" _ = J Ldt=46f" _| % 1 0_2 J Ldt=46fb"
E E = e B = R =
E \1s=7TeV E E \s=7TeV E E - \1s=7TeV E
| antik R=0.4 i i .| antik R=0.4 . e | " antik R=0.4 i
101__ t " " ssssssssssss — 101__ t —n_ 10-3__ t —
= Inl<25 P = Inl<25 T E Il<25 E
C P> 25 GeV 3 - P> 25 GeV 3 C 7
— |+je'[S ........... b ) - |+jetS — A — |+jetS e — e —_ —
10 2 E | | | | = 10| | | | | |3 107 & | . [
© | | | | | | © 1 I | | I — o I ' T
© © C ——— ] © C
Q 9 157 e T S F E
o) 0] C Sy [ 0] C pm B
_'8 _,8 1 - I = " =t eannnn | 48 1 :_ M_—_,— S — e e——— e— —
o o - o L
b o 0.5t . o 0.5F =
| | | | | | | | | | | | E | |
3 4 5 6 /7 =8 3 4 ) 6 /7 =8 10? 10°
Nigts Niets leading jetp_ [GeV]

e | lep (p>25 GeV) + jets, veto on 2"¢lep, >2 jets, matched with MC particles

* Within fiducial volume (see back-up) and corrected for detector and acceptance effects back
to particle jet level

e Rules out MC@NLO~+Herwig at high N(jets)

* | eading jet pT measurement complementary to do/dpr(ttbar) measurements at high pr

* [arge sensitivity of data to additional QCD radiation demonstrated with ALPGEN variations
* “ois DOWN (UP)"= ALPGEN renormalisation scale associated with &s up (down) at each local vertex in the
matrix element relative to the original scale. A factor of 2.0 (0.5) was applied, resulting in lower (higher) Os values,

respectively.
JHEPOI (2015) 020
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Cross-section determination

O'tthar determined from events with | and 2 b-tags

Ni=1 b-tag

N,=2 b-tags
N1 = Loy e2e(l — Cpe) + N
N> = Loy EeIquEbz + Ngkg

e+p: ATLAS-CONF-2015-049

® .= efficiency for signal to pass di-lepton opposite charge, different flavour selection
(obtained from MC)

® €y, =combined probabillity for a b quark from a top decay to:

fall within ATLAS detector acceptance

be reconstructed as a jet and pass jet pre-selections of previous page

be identified as b-jet

® ep? = epp (With correction factor Cp, obtained from MC)

Thursday 7 January 16

Cp = 4ANY NY/(NT + 2Ny

33



WHijets in |+jets, | 3 TeV

NW.DD
wDD _ “0b WMC
Natp ™ = Zwaie  Naib (3)
Now

where N(’)Z’MC and val,lgac are the number of W+jets events with zero and at least one H-tagged jet predicted

by simulation, and

NW’DD . (N;ata o Nljkg) - (Nc;ata o Nl;kg)
0b o Aw ,

where N3 are the number of selected events with positive and negative charge, Nl;—“kg are the number of
events expected from single top processes (which are not charge symmetric) and Aw is the asymmetry
predicted in the W+jets simulation,

(4)

~ Nyc —Nuce
Ay = HE——HE.
mMc T Vmce

(3)
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PDF for data in fwd region

The difficulty in correctly predicting the data in the forward region was further investigated by study-
ing the dependence of the predictions from different PDF sets. The study was performed for the rapid-
ity observables |y’*had|. ly”—| and ygoost, shown in Figure 10 and comparing the data with the predictions
of MC@NLO+HEerwIG for more recent sets of parton distribution functions. The results exhibit a gen-
eral improvement in the description of the forward region for the most recent PDF sets (CT14nlo [74].
CJ12mid [75], MMHT2014nlo [76], NNPDF 3.0 NLO [77], METAvIOLHC [78], HERAPDF 2.0 NLO
[79]). The improvement with respect to CT10nlo is also clearly shown in Table 5 which lists the y? and
corresponding p-values for the different sets. The only exception 1s represented by the ’y”had‘ distribution
using HERAPDF 2.0 NLO, for which a large disagreement in the forward region is observed.
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do/dy(t)
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© 08— """, e PWG+HW6 AUET2 ] o . | ---------- PWG+HW6 AUET2 ~
= B Stat. unc. _ = 0.6 Stat. unc. —
L - Stat.+Syst. unc. - L B Stat.+Syst. unc. 7
. 0.6_— — — n . |
- 7 0.4 —
0.4— — i . 2
- - 0.2 —
0.2— ] N -
B ] ! ! ] ! ] ! ] ] ! ! } ] ] ! l } ] ] ! ’ ! ! = i ! Il Il Il | ! ! ! ! l ! Il ! ! l | Il ! ! I | Il ! ! |
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* Measurement unfolded to parton level using * Measurement unfolded to parton level +
Powheg+PY THIA extrapolated to full phase space using Powheg+PY THIA
e Resolved topology * Resolved topology

e Sensitive to PDF set used with various generators
* bvent more evident in da/dy(ttbar)...
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