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top quark pair production at the LHC

tt production mechanisms at LHC gluon fusion

e gluon fusion (=~ 90%) t
e qqg annihilation (~ 10%) g

fixed order predictions at NNLO+NNLL Q)
at my = 172.5 GeV (Top-+-+v2.0, TWiki) g

~p)

V5 [TeV] | oy [pb] | uncert. [%] g W t
7 1773 6.8 )O000
8 252.9 6.5
13 831.8 6.1

N'..I

g "00000

— uncertainty dominated by PDF+ag
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO

top pair production cross section: motivation

—— —r— T T ——
v Tevatron combined 1.96 TeV (L < 8.8 lb ) - -
o CMS gwleptcn jels 502 Te\{ (L=274pb" ATLAS+CMS Preliminary May2018 |
- 7 Te

ATLA eV(l=
( m LHClopWG

eu e 2 lb b
BTV (L s o7
LHC combined ey 8 TeV (L 5 3-20.3 fb') ) LHClopWG

e can be used to constrain
gluon PDF and extract
QCD parameters like my
and as

Ll

sensitive to physics BSM,

v
=

v

A

O ATLAS Isjets’ 13 TeV (L = 85 pb”)
A CMS I»Iets 13 TeV(L=22f0")

o

Inclusive tt cross section [pb]

e.g. t production (see talk [0, SuoahemiaTel (L2530 900F 17
by Juan Gonzalez) 102 a00k- 13
e main background of several r 700 ]

searches and measurements = NNLOSNNLL (9p)

S=== NNLO+NNLL (pp)
Gaakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 V5[TeV]
NNPDF3.0,m, = 1725 GeV, a,(M,) = 0.118 £ 0.001

|

~ 15/s tt pairs produced at LHC 2 4 6 8 10 12 14
Vs [TeV]

i

=> unique opportunity to study
this process in detail and
exploit its potential

e tt production is well understood process on a
wide range of energy
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top pair production cross section: general procedure

e measurement is performed in the visible phase space where a fiducial cross

section oz’gs is measured (systematic uncertainties can be constrained)
o observed az’gs is extrapolated to full phase space to get total cross section ot
— introduces model dependence

O'V—is _ Naata — kag
tt -
€sel * Lint
vis
o = ot
tt -
Asel -BR

Top Pair Branching Fractions
"golden” decay channels for o, measurement

“alljets” 48%
o di-leptonic channels, in particular eu
rjets 154 .
o |+jets channels (/I = e, u)
o 15% — all-hadronic channel penalized by JES, modelling
e s and b-tagging uncertainties
"dileptons™ “lepton+jets™
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measurements of oy at 7 and 8 TeV

Vs =17 TeV /s =8 TeV

ATLAS'CMS Preliminary
et 0 summary, 15 =7 TeV Nov 2017 ATLAS/CHS Preliminary
NNLO+NNLL PHL 110 (201; 3) 2szom LHClopWG o, summary, {5 - 8 TeV. May 2018
21725 GeV, oM,
o= 7S Gl ,0) -0 ANLOANLL PR 11012 25200
scale uncertainty total stat My = 1725 GeV, 0y (M ) = 0.118+0.001 —t———
scale ® PDF @ a, uncertainy scale uncertainty  © total stat
0 = (stat) = (syst) = (um) i
e (60 = oy = fumi) Scale ® PDF © a, uncerainy - (s12) £ (8 £ (lumi)
ATLAS, 4its et 179242957p0
ATLAS, diepton () et 173264 2ob ATLAS, leptonsjets [— 248340713447 pb
ATLAS, aljols () o7 15278 2 550 01720857, <2020
ATLAS combined et CMS, lepton+jets e 2285+38+137+6.0pb
VS, ets (1) et 16423212270 ;ﬁ;t;gz"‘ 7184y = 1061
©MS, dilepton () — 1704216 +8pb A T, Hets s 239+4+28+5pb
) 1) Vo 2e 282500 Cau;mom 072003, L,, = 20215
aws, alfets (') _— 136420440 2 8pb MS, lepton+c, . 18— 257+3+24+7pb
CMS combined e 16622211 28pb SLETS A0, T BE
LHC combined (Sep 2012) LHCIOPWG 1= 173222 826pb ATLAS, dilepton eyt (A 2429+17+55+51pb |
EPJ C74 (2014) 3103, EPJ C75 (2016) 642,
ATLAS uiets b-oXuy e 165222172300 T. 2026
'ATLAS, dleplon ey, bag - 1829 3.1+ 42+ 3690 CMS, dilepton (ee, s, 1) 2300 £2.1% 11,3462 pb
ATCAS, dleptonep, N_E7 =] TeT2:28 T samb JHEP 02 (2014) 024, L, =531
ATLAS, 7, Hets {184 2 1 LHC combined e» (Sep 2014) | 4 2415 £1.4 £57 £6.2pb
ATLAS, all jets ——— 1 168:12"] LHCIOpWG, L, =53-203 o
ATLAS, Ty - 18329=23=3pb ATLAS-CONF-2014-053, CMS-PAS TOP-14:016
OV, vife [} 16172602120 3600 CMS, dilepton ey 2449514 2 £64 0D
| cvs, ditepton ew =] 1736221713 =38pD JHEP 08 (2016) 029, L, = 19715 £14-55 2040
NS, 7ot T zisw TS, alljots
OV, 7, sets ek 16221 EPJCTS (2016) 125, L, = 18415 3786 +6.1£37.8+7.2pb
———i 4102264 st
oS, alljets 199410226 3Db = NNPDF3.0 P 04 2015 00
() Superedd b esuts shown bolow e
NNPDF3.0 JHEP 04 2015) 040 MMHT14 epuc7s o1s) 5
MMHT14 £pyc7s 20155 CT14 PRD 93 (2016) 033006
CT14 PrD s eote) cso00s ABMI2 pr0 5o 2015 054028
ABM12 PRD B9 (2015) 054028
a4 =0.113] X
NEEE NN FNEN NS NS N N RV B I A A l I

50 100 150 200 250 300 350 100 150 200 250 300 350 400
o, [pb] Oy [Pb]
6/14
Matteo M. Defranchis Deutsches Elektronen-Synchrotron (DESY)




ATLAS measurement in |+jets channel at 8 TeV

>
)
O]
©
=
g2
c
)
>
w

Eur. Phys. J. C 78 (2018) 487

exactly one electron or muon,
> 4 jets, > 1 b-tagged jet

events split in 3 disjoint regions (different
sensitivities to backgrounds and systematics
+ constrain b-tagging efficiencies)

©® SR1: > 4 jets, 1 b-tag

® SR2: 4 jets, 2 b-tags — very pure in tt

© SR3: > 4 jets, > 2 b-tags (excluding SR2)
simultaneous fit of o;, b-tagging efficiencies
and global jet energy scale factor

NN using kinematic variables used to
separate backgrounds in SR1 and SR3

m(jj) from W in SR2, sensitive to JES

o = 248.34+0.7 (stat) £13.4 (syst) +4.7 (lum) pb

— limited by PDF in extrapolation (high-x gluon)

Matteo M. Defranchis

ATLAS
4 jets 2 b-tags

\s=8 TeV, 20.2 fb™!
¢ Data
mt

I Single top

%g Ul awntnsn » wainmaly ]
Qlx sl . . , ]
50 100 150 200
m(jj) [GeV]
% ATLAS 15-8 TeV, 202 b
ro [ >4jets 1 b-tag 1
240000 o Data .t
L = girhg\e top 1 éu;w data
| ets [ Diboson
30000 -M*ulluel 77/ Post-fit uncertainty 1
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https://arxiv.org/abs/1712.06857

status of tt cross section measurements at 13 TeV

ATLAS+CMS Preliminary
LHClopWG o, summary, Vs =13Tev May 2018

wide range of measurements by ATLAS

NNLO+NNLL PRL 110 (2013) 252004

i = 1725 GeV, 0, (M) = 0.118:0.001 . and CMS in different decay channels
scale uncertainty
scale ® PDF @ o uncertainty O, * (stat) £ (syst)  (lumi)
ATLAS, dilept .
PLo o1 (010,138, L w021" H 818+8£27£19pb o all measurements performed with
ure
ATLAS, dieplon ee/ih * |4 w14 74945779474 pb <3.2 fb™" from 2015 LHC run

ATLAS-CONF-2015-049, L, =85pb™

ATLAS, I+jet e measurements in ey and lepton+jets
, l+jets * 0
Ao mise, 1, 05" FrrEaioaEee (CMS) channels are outstanding

CMS, dilepton ey H—e—H: 746 + 58 + 53 + 36 pb
PRL 116 (2016) 052002, L =43 pb”, 50 ns

ows, dieptonen Rl o152 028 19 b . ATLAS beneflt.s fr9m higher
EPUCTT GO 1T, L = 22107, 2508 integrated luminosity and reduced
CMS, lsjets . 44 888t 2'%+20pb lepton ID uncertainties

JHEP 08 (2017) 051, L =220

CMS, alljets * el 834425: 11823 pb e overall comparable precision

CMS-PAS TOP-16-013, L =253 10"

NNPDF3.0 Jgp 04 (2015) 040 between the two experiments

MMHT14 epuc 75 (2015) 5

* Preliminary
CT14 PRD 93 (2016) 033006 common limitation
i E\!BUV:A : ?DP‘R‘DS]SS (2015) 054028
N e e uncertainty on integrated luminosity
200 400 600 800 1000 1200 1400 (2 2.3% for both experiments)
c
tt
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CMS measurement in the lepton+jets channel at 13 TeV @

likelihood fit with systematic uncertainties as JHEP 09 (2017) 051
nuisance parameters — constrained in-situ
22" (13 TeV!
o events split in 44 orthogonal categories of jet E CcMs + Data
and b-tagged jet multiplicity, lepton charge ©10000|-3 1t events EiSingle top
and lepton flavour = . Em{mets
e 1,2 3, > 4jets 5 o . R siets
e 0,1, > 2 b-tagged jets w M Dibosons
° mﬁ‘)i“ distribution used to discriminate tt from 5000/~ *
backgrounds (W+jets, QCD multi-jet) .
e dependence of ml‘gi“ on my taken into account b ‘tﬂ,lk
o 1.1 : -
. . .. | L 0,00e% L * [ *
main systematic uncertainties =L e _ ’§’§ AR

. . 0 50 100 150 200 250 _ 300
e W+jets normalization (1.6 %) Mass(lepton.b) [GeV]

o b-jet identification efficiency (1.3 %)
result used to extract top pole
oy = 888 £ 2 (stat) £28 (syst) = 20 (lum) pb mass using TOP++

0Vl =208.2 + 0.4 (stat) £33 (syst) + 4.8 (lum) pb my = 170.6 + 2.7 GeV
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https://arxiv.org/abs/1701.06228

LAS measurement in the ey channel at 13 TeV

Uncertainty (inclusive o) ‘ Aojifoi (%]
Phys. Lett. B761 (2016) 136 P, | o
17 NLO modelling 0.8

o select events with exactly 1,2 b-tags |7 hadronisation 2.8 |
. R . .. Initial- and final-state radiation 0.4
e simultaneously determine b-tagging efficiency 17 heavy-flavour production 0.4
from data — reduce uncertainty Parton distribution functions 0.5
Single-top modelling 0.3
Single-top/tf interference 0.6
bkg Single-top Wt cross-section 0.5
Nl = L0t56€u26b(1 - Cb€b) + N1 Diboson modelling 0.1
2 bkg Diboson cross-sections 0.0
N2 = LO—tEEGM beb + N2 Z-+jets extrapolation 0.2
Electron energy scale/resolution 0.2
Electron identification 0.3
express number of events in each b-tag multiplicity Electron isolation ) 0.4
. Muon momentum scale/resolution 0.0
category in terms of oy and Muon identification 0.4
. .. Muon isolation 0.3
©® b-tagging efficiency € Lepton trigger 0.2
. . . Jet energy scale 0.3
® residual correlation between two jets Cp Jet enerey resolution 02

. . . by b-tagging 0.3 |
© efficiency of selecting ey in tt event ey, Imlsl T T =
Analysis systematics ‘ 33
oyp = 818£8 (stat)+27 (syst)£19 (lum)£12 (beam) pb  [Tntegrated luminosity 23
LHC beam energy 1.5
Total uncertainty ‘ 44
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https://arxiv.org/abs/1606.02699

ot to oz ratio by ATLAS at 13 TeV

ATI'LAS
JHEP 02 (2017) 117 13TeV, 321"

I data + total uncertainty

result in ey channel used to extract the I data £ stat. + exp. uncertanty
. | data + stat. uncertainty
ot to o7 ratio at 13 TeV

A ABM12 ——h——
. . ¥ CcTi4 ——
o cancellation of systematics B NNPDF3O -
®  MMHTI4 o
e o7 measured at sub-percent level O ATLASepwzi2 ——0—++—
ludi . d1 . . [J HERAPDF2.0 —_—{
(eXC uding IntEgrate umanSlty) (NNLO QCD, inner uncert.: PDF only)
.. . 1 ] I | I
e sensitive to gluon-to-quark PDF ratio 0.7 0.8 0.9 1 1.1 1 2

tot
gty qusTew

e measurement of oz (Z — ¢£) fully 2" ATLAS
synchronized with tt lepton selection % [ 3Tev32t
(trigger, visible phase space) grosf 7TV 4610

o careful evaluation of correlations ~:a

improves cancellation of systematics

L e e e

oz = 779 £ 3 (stat) £ 6 (syst) = 16 (lum) pb
oINLO = 744 2 (tot) pb

Q2=
=3 ATLAS—epWZ1 2
ATLAS-epWZ12+tl+Z

0. 1 1
102 10"
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https://arxiv.org/abs/1612.03636

first measurement at 5.02 TeV by CMS

first ever measurement at 5.02 TeV

e low pile-up run from 2015 (PU ~ 1.4)
e integrated luminosity of 27.4 pb—1!

o eFpu®, ptp~ and I4jets final states

@ di-lepton: cut&count
@O |+jets: fit to b-jet categories

e limited by statistical uncertainty

ot = 69.5 £ 6.1 (stat) = 5.6 (syst) & 1.6 (lum) pb
oL = 68.9 +1° (scale) + 2.3 (PDF) £1°¢ (as) pb
e excellent agreement with prediction

® used to constrain gluon PDF at high
momentum fraction

— moderate improvement in uncertainty

JHEP 03 (2018) 115

27.4 pb’ (5.02 TeV)

CMS e ¢+ Data

It

B Non-W/Z
wv

- oW

. Zy

%8 Stat ® lumi

Events

3 4 >5
Number of jets

CMS NNLO MC Method
p2 = 10° Gev?

[ EZ HERADIS + CMS W*

[I HERADIS +CMS W' + o

»

0.8

Gluon PDF relative uncertainty



https://arxiv.org/abs/1711.03143

CMS observation of tt production in pPb collisions at 8.16 TeV

Phys. Rev. Lett. 119, 242001 (2017)

e 174 nb~! at \/syN = 8.16 TeV (2016)

o |+jets channels considered (/ = e, i)

o probe of nuclear PDF at high Bjorken-x

strategy

e likelihood fit of m(j, ') from W decays
e categories of b-tags (0, 1, > 2)

o simultaneously with b-tagging efficiency
and global jet energy scale factor

results

e significance of tt signal above 50

o leading syst: b-tagging efficiency (13%)

aé‘{“jets = 44 + 3 (stat) & 8 (syst) nb
U:g'jms = 56 + 4 (stat) & 13 (syst) nb

&

pPb (174 nb”, s, = 8.16 TeV)

[2]
g 35 CMS e*/ut + >4j (>2b)
o + Data
30 B tt correct
250 ft wrong
| back d
20 [ backgroun
15
10 L
5 110 A
S
gl 1

50 100 150 200 250 300
m; [GeV]
pp, 19.6 fb™, (/s=8 TeV) cT10 CMs
Datascaled by A — AONNLL Topr
I+jets EPJC 7, ——e—t NNLO+NNLL Top++

eyt JHEP 1608 (2016) 029

PPb, 174 nb™", (5,,,=8.

I+jets
u+ets

esjets

.16 TeV) m

-

(Top++)

CT10+EPS09) ¢
it M) Ko

CT144EPPS16’
(TEERESI6) o To44)

Exp. unc.: stat_stat @syst
e

Th. unc.: polf pof@scales

20 40 60 80

oo
o [nb] 13/14
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https://arxiv.org/abs/1709.07411

content of this presentation
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new CMS results

new CMS results expected for TOP2018
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summary and conclusions

recent results from ATLAS and CMS

e overview of recent measurements from ATLAS and CMS at 8 and 13 TeV

o advantages, limitations and applications of each method highlighted

o CMS measurement at 5.02 TeV illustrated — constrain gluon PDF at high
momentum fraction

e CMS observation of tt production in pPb collisions at 8.16 TeV

new CMS results expected
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Thank you for your attention

@ CMS
ATLAS
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CMS measurement in the eTu® channel

e cut&count method

e events with > 2 jets, > 1 b-tagged
— high signal purity

measurement limited by lepton efficiencies

significant contribution from JES and
choice of NLO gen. (powheg vs aMC@NLO)

o = 815 + 9 (stat) & 38 (syst) + 19 (lum) pb
x10° 2.21b" (13 TeV)
2 10 .CMS W + 22 jets - Data
5 () .t

B Non W/Z

23
Number of b jets

Matteo M. Defral

EPJC 77 (2017) 172

Source Ay (pb)  Acyi/ 0 (%)
Experimental

Trigger efficiencies 9.9 12

I Lepton efficiencies 18.9 2.3 I
Lepton energy scale <1 0.1

[ Tet energy scale 17.4 21 |
Jet energy resolution 0.8 0.1
b tagging 11.0 13
Mistagging <1 <0.1
Pileup 1.5 0.2

Modeling
i and g scales <1 <0.1
tt NLO generator 17.3 21 |
tt hadronization 6.0 0.7
Parton shower scale 6.5 0.8
PDF 49 0.6
Background

Single top quark 11.8 15
v <1 <0.1
Drell-Yan <1 <0.1
Non-W/Z leptons 2.6 0.3
tV <1 <0.1
Total systematic
(no integrated luminosity) 578 46

| Integrated luminosity 18.8 23 |
Statistical 8.5 1.0
Total 43.0 5.3

Deutsches Elektrone:
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https://arxiv.org/abs/1611.04040

LAS measurement in £¢ and lepton+jets channels (preliminary)

lepton+jets
ATLAS-CONF-2015-049 -
Uncertainty Aol (%)
.. . Data statistics 1.5
preliminary results with early 2015 data p—— v
1 a modelling .6
(85 pb 4 50 ns bunch SpaCIng) Ilfhadronisaliun 4.1 I
nitial/final state radiation 1.9
. PDF 07
Iepton +JetS Single top cross-section 03
. . Dibos ss-secti 02
o suffers from limited knowledge of systematics S
Z+jets cross-section 1.0
H H H H W+jets method statistics 1.7
L ]
especially JES and integrated luminosity W iets modulling o
Electron energy scale/resolution 0.1
oyg = 817 £ 13 (stat) £ 103 (syst) £ 88 (lum) pb Electron identification 2.1
Electron isolation 04
Electron trigger 28
ee and MK channels Muon momentum scale/resolution 0.1
Muon identification 0.2
e simultaneous fit with b-tagging efficiency (as in eu) Muon isolation 03
) ) L. Muon trigger 12
e heavily penalized by data statistics Es scaleresolution 04
Jet energy scale
o €T energy resolution X
o = 749 + 57 (stat) =+ 79 (syst) £ 74 (lum) pb [zeme |
NP & Takes TS
— results not as competitive, but useful complement Analysis systematics i
to the precise result in the ey channel | ntegrated luminosity |
+17

Total uncertainty
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-049/

