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The top quark

m [GeV ]
THE QUARK MASSES
2000

> Heaviest known particle

= Strong coupling to the Higgs boson

150

= Point-like according to current understanding ool

> Decays before hadronization

50

= Does not form bound states
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= Bare quark properties measurable 2 2 5 & =
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> Physics goals

Top Pair Decay Channels

= Increase precision of results
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Top pair production and decay

AN

W-Helicity fractions,
Branching ratios, V,,
Rare decays, FCNC

Mass, Mass difference,

Spin correlations, :
P Width, Charge
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asymmetry, underlying
event
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Cross sections, /
kinematics, QCD

parameters, PDFs, new
particles

Hadronization, Jet
substructure
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Single top production and decay

€+
L
s- and t-channel
V production, associated
production, Vi,
\: W_l_ ,polarization, mass
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LHC as atop factory

> LHC is atop
factory

= Roughly 100 million
top pairs produced
in LHC-Run 2 at
13 TeV

> Todays results
mostly with 2016
dataset

= 35.9 fb~! taken by
CMS
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Inclusive top quark pair production
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* Preliminary

Tevatron combined 1.96 TeV (L < 8.8 fb™) .
CMS dilepton,l+jets” 5.02 TeV (L = 27.4 pb’)
CMSeu7TeV(L=5fb")

CMS |+ets 7 TeV (L = 2. 3 ™

CMS all-jets 7 TeV (L = 3. 54 b

CMS en8 TeV (L =19.7 fo™

CMS |+ets 8 TeV (L = 19.6 fb’ )

CMS all-jets 8 TeV (L = 18. 4 fo)
CMSen13TeV (L=43 pb 50 ns)
CMSen13TeV (=221 )

CMS |Hets* 13 TeV (L = 42 pb 50 ns)
CMS |+ets 13 TeV (L=2.2 b )
CMS all-jets* 13 TeV (L= 2.53 tb ™)
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> Measured for multiple decays and energies

= So far confirms SM
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Inclusive o, at 5.02 TeV

27.4 pb (5.02 TeV)
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Arxiv 1711.03143
JHEP03(2018)115

CMS NNLO MC Method

"~ HERA DIS + CMS W*

u2 = 10° GeV?

> Combination of I+jets and di-lepton channel

>

ONNLO = 68.9f§:2 pb (PRL 110 (2013), 252004)

o:f(comb) = 69.5 + 6.1(stat) + 5.6(syst) + 1.6(lumi) pb
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Inclusive a4 in association with (b)-jets

arXiv:1705.10141
Phys.Lett.B 776(2018)355
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> Measure o5, 0w and their ratio

Q00

A

= Test of higher order QCD calculations

= Depends on two different scales: m¢, pr(j)

> Challenging to separate the processes

Phase space T [PP] T [pbl] Cavp/ T
Visible Measurement | 0.088 +0.012 +0.029 3.7 +0.1 +£0.7 0.024 + 0.003 + 0.007
SM (POWHEG) 0.070 4 0.009 51+05 0.014 + 0.001
Full Measurement 40+06+13 184 +64+33 0.022 £ 0.003 £ 0.006
SM (POWHEG) 32+04 257 £+ 26 0.012 4 0.001
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Differential measurements of o

> Test of perturbative QCD

= 0. measured in bins of kinematic variables

= Unfolding algorithms correct for acceptance, efficiency, resolution

> Defined with respect to tt signal: It
Parton level (full phase space) wt "
= After QCD radiation and before decay t @ i o
= Mimics definitions of bare quark widely used "
in theory calculations b

= Used for extraction of SM parameters
Particle Level (fiducial phase space, cws-note-17-004)

= Based on stable particle after hadronization

w’
= Fiducial phase space defined according to detector t  pJ>
level cuts
= Used for MC tuning and test of BSM models a
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Differential measurements of py(top)

arxiv 1803.08856 E— -1
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> Measurements softer than predictions

> Measurements and predictions agree for most other distributions
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Differential measurements of the tt system

arxiv 1803.08856

& g _1
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> Most distributions well modeled

> Disagreement for low m(tt)
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Differential measurements of additional jets

Arxiv: 1803.03991 — 1
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> Powheg/aMC@NLO + Pythia8 describe large parts of the data

= Pythia8 : CUETP8M2T4, Herwig++: EE5SC
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Double differential measurements ity (T8GR

PhysRevD 97, 112003
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> Most distributions well modeled with Powheg + Pythia

> Without uncertainties no prediction describes data
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Interpretation of differential cross sections in an EFT

CMS-PAS-TOP-17-014

CMS Preliminary ~ 35.9 o' (13 TeV)
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> Several BSM scenarios include anomalous chromomagnetic dipole
moment (CMDM)

= Modelled by higher dimension operator in EFT framework

= Probes anomalous top-gluon coupling

> No deviation from SM
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Top quark mass measurements

September 2017
CMS 2010, dilepton PN
JHEP 07 (2011) 049, 36 pb’ 175.50 + 4.60 = 4.60 GeV
CMS 2011, dilepton 172.50 = 0.43+ 1.43 GeV
EPJC 72 (2012) 2202, 5.0 f&'
CMS 2011, all-jets ) —e@—— 173.49:0.69=1.21 GeV
EPJC 74 (2014) 2758, 3.5 fb
CMS 2011, lepton+jets —ofe— 173.49:x0.43+0.98 GeV
JHEP 12 (2012) 105, 5.0 &'
CMS 2012, dilepton —@—  172.82:0.19+1.22 GeV
PRD 93 (2016) 072004, 19.7 f5'
CMS 2012, all-jets — @ 172,32+ 0.25+ 0.59 GeV
PRD 93 (2016) 072004, 18.2 f5’
CMS 2012, lepton+jets s 172.35+ 0.16+ 0.48 GeV
PRD 93 (2016) 072004, 19.7 f5'
CMS legacy @ 172.44 £ 0.13+ 0.47 GeV
PRD 93 (2016) 072004 -
CMS 2016, lepton+jets —— 172.25 + 0.08 = 0.62 GeV
TOP-17-007 (2017), 35.9 fb”'
Tevatron combination @ 174.340.37 + 0.52 GeV
arXiv:1407.2682 (2014)
World combination
ATLAS, CDF, CMS, D0 —@—  173.34:0.27:0.71 GeV
arXiv:1403.4427 (2014)
||||||||||.\\|||||||

Top-guark pole mass measurements

March 2018

DO oftt), 1.96 TeV

PLB 703 (2011) 422 &
MSTWO8 approx. NNLO

DO o(tt), 1.96 TeV
DO MNote 6453-CONF (2015)
MSTWoa NNLO

DO o(tt), 1.96 TeV
PRD 94, 092004 (2016)
MSTWoa NNLO

ATLAS ofit), 7+8 TeV
EPJC 74 (2014) 3108

ATLAS tt+j shape, 7 TeV
JHEP 10 (2015) 121

CMS oftt), 7+8 TeV
JHEP 08 (2016) 029
NNPDF3.0

CMS oftt) 13 TeV

JHEP 09 (2017) 051
CT14

CMS tt+j shape, 8 TeV
TOP-13-006 (2016)

World combination
ATLAS, CDF, CMS, DO
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Top quark mass in the single-lepton channel arXiv805.01428

sub. to Eur. Phys. J. C.

x10° CMS 35.9 fb™! (13 TeV) CMS 35.9 fb (13 TeV)
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2 50/ : o2 :
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E | ? g
o 200 E ys E
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> Measure m; from the invariant mass of its decay products

= New color reconnection model in Pythia8 compared to previous measurement

> m; = 172.25 + 0.08(stat. +]SF) + 0.62(syst)GeV

Till Arndt | QCD@LHC | 27.08.2018 | Page 17




Single top production

10

1072

107

1074

Singie tob-quérk plrodulc:tic.n|

Inclusive cross sections

t-channel
+ CDF & D0, PRL 115, 152003 (2015)
+  CMS, JHEP 12, 035 (2012)
= CMS, JHEP 06, 090 (2014)
» CMS, PLB 772, 752 (2017)
= s-channel
* CDF & D0, PRL 112, 231803 (2014)

| = CMS, JHEP 09 (2016) 027| |
| | | |

B W-associated
4 CMS, PRL 110, 022003 (2013)
u CMS, PRL 112, 231802 (2014)
*« CMS, TOP-17-018 (prel.)
~ Z-associated
= CMS, JHEP 07, 003 (2017)
. CMS, PLB 779, 358 (2018)

2 3 4 5 6 7 8

|
9 10 11 12 13

14

Vs [TeV]
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Single top t-channel production

CMS-PAS-TOP-17-011

CMS Preliminary

LN B I | LI | I LI N I LI | I
CMS

1.65 + 0.02 (stat) + 0.04 (syst)

3597 (13 TeV)
1 1 1 1 I 1 T T 1 I L]

NNPDF3.0
NNPDF3.1
b t CT14

u
ABMP16
MMHT2014

HERAPDF2.0

L J | — I I I | — I

i . 14 145 15 155 16 1.
b t

Rr-ch. = t-ch.,t! Uf_ch_lf
> Ratio of top/anti-top production sensitive to PDF

> CKM element from total x-section: |V,| = 1.0 + 0.05(exp) + 0.02(theo)
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Single top production in association with W boson  .xisesorass

submitted to JHEP

x10° 35.9fb" (13 TeV)
2 [ cms
g t S k ¢ Data tW (u = 0.88)
> -
L - . N
L ety + 1j1b I Non-w/z Bt _
10~ by VV+HiV
Postfit Prefit
%éié uncertainty = uncertainty
= — Prefit Data/MC
51— KAOXHA
b B . YV‘VVWWV\VV'VV/YY‘YY

0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

b W e

1T 2 3 4 5 6 7 8 9 10
1j1b BDT output bin

Data/ MC

> Interference with tt at NLO in pp - Wb Wb

> Challenging to separate tW and tt experimentally

> oy = 63.1+ 1.8(stat) + 6.4(syst) + 2.1(lumi)pb
o0 = 71.7 + 1.8(scale) + 3.4(PDF)pb
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Underlying event in tt production ArXi:1807.02810

sub. to Eur. Phys. J. C.

Multiple Parton Interactions / Ouigping Paston

PT(hard)

o—ip

- —
W E———
e Y Vet =
—— _ = -W"(

- AR .
: AN pdeclying Event

Antifroton

Outgping F

> Hadronic activity not from hard scattering
= Subtract impact of PU and tt decay

> The UE model is tested up to a scale of ~ 2my,,

= Measurements in m;; categories suggest viability at higher scales

> Differential cross sections in dileptonic tt events
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Underlying event in tt production ArXi:1807.02810

sub. to Eur. Phys. J. C.

35.9 b (13 TeV) CMS 3591 (13 TeV)
o . © PW+PY8
0.08 s Data T A v v A ISRup
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FSR up 2 4 UEuwp
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4 UEup
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Q 15 X i ® QCD based
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0.02 {:0 oo
-— ] ¥
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> Measured in many different categories

= MPI effects important, CR more subtle,

= Data favors afSR(my) = 0.120 + 0.006, disfavors high value

> Powheg + Pythia8 [cueTrPam2T4] agrees with data within uncertainties
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Jet substruture in tt events .

sub. to PRD
_ 35.9 fb' (13 TeV) . 35.9 fb' (13 TeV)
< C CMS @ Data - @ Data CMS
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> Differential cross section in semi-leptonic tt events
= Test parton shower and fragmentation models

> With default tunes none of the generators provides good description of
data
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Jet substructure in tt events

35.9 fb" (13 TeV)

7= CMS

"~ tt - lepton+jets
- inclusive jets

- p; > 30 GeV
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arXiv: 1808.07340

sub. to PRD
_ 35.9 fb (13 TeV)
r CMS
| == ARG
- POWHEG+PYTHIA 8
C Uncertainties bottom jets
T I Experimental charged particles
" % Model 0.015
— FSR scale og(my) = 0.1157 5 o13
- I Total LO+LL, 2-loop CMW
<,
e 2
: Q,x" "‘:
B an." "‘X
L 'x,”‘ o
r\\l\ll\ll‘\\\“M‘xl\ll‘l\\\l
0 0.09 0.1 0.11 0.12 0.13 0.14
‘IESR(mz)

> Strong coupling preferred by the jet substructure extracted

> Angle between groomed sub-jets for b-jet sample

>

as (m;) = 0.115 + 0.015

= Constrains renormalization scale of top measurements in CMS
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Conclusions

> Top cross quark physics are an important part of research at CMS and
provide stringent tests of QCD

= Differential / inclusive o, associated production, single top, top mass, QCD related
observables in tt events

= Compared to MC models and beyond NLO predictions
= Sensitivity to PDF parameters and o

= Constrain BSM predictions
> Qverall good agreement with SM predictions

= But remaining disagreement in parts of the phase space
= No single model describes the data

= Need for further tuning of MC models

> Measurements have reached a precision regime
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= Larger dataset opening new possibilities
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Differential a,; for kinematic event variables in the single

Arxiv: 1803.03991
lepton channel JHEP 06 (2018) 002
35.9fb ' (13 TeV)
< 0005-¢cysg 0T T T T

> Kinematic event variables g | Coweletscombined
= 0004 }  Unfolded data ]
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> Absolute and normalized differential o,;
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> Dominant uncertainties: 1500
Hr (GeV)
= Modelling: underlying event, color o wmeb(1aTey)
. i . CMS ]
reconnectlon % 250 e, u+ jets combined ]
0] m 1
" Jetenergy scale 8 20 ST
. . b‘“&f [ ~—~ Shower scales
= Background estimation SIS 45 ] o :;v:ugmed top quark pr -
10 ]
05- k
0.0:‘- L PPN IO RN
1457 1 ‘ T S s i
3|8 15 s A s
é- - 82 _Iil_gt;t_:—l_:rl_;t;_ﬂ)_Syst I | L :
Till A 50 100 150 200 250 300 350 400 )

pr (GeV)



Differential a,; for kinematic event variables in the single
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Differential o, In the single-lepton channel aniv 1803.08856
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Differential a;; In the single-lepton channel
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Differential a;; In the dilepton channel
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Differential a;; In the dilepton channel

> oz In bins of jet and lepton
kinematics

= Particle level only

= Compared to MC predictions
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Top quark mass in the single-lepton channel arXiv805.01428
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Underlying event in tt production

> Average of differential cross sections in
event categories

> Large effect from the number of extra
jets
> Dominant uncertainties:

= Experimental: Tracking efficiency
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