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Introduction

§ QUARK MASSES
The top quark is the heaviest known elementary particle. 200
150
At hadron colliders, top quarks are produced: 100
« Predominantly in pairs (tt) via the flavour-conserving strong interaction. 50
 Alternatively, singly through the electroweak interaction. e
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The top quark was discovered by CDF/DO at Tevatron in 1995 in tt events.
* The single top-quark production was discovered in 2009 by CDF/DO and observed in 2011 by ATLAS/CMS.

Why is interesting?
« Unigque quark:

* Decays before hadronising.

« Most of its properties can be directly measured.
Allows to test pQCD at NNLO precision (fixed-order).

Constrains proton PDFs, as, top-quark pole mass.

, Window to New Physics.
| I Main background in plenty of BSM searches.

5 ,4= - “CnR3 ‘.d‘ . .
e - The tWb vertex can be studied at production and the decay
(e.g. direct measurement of CKM element Vi)
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Will focus on most recent publications using Run 1 data (7 and 8 TeV) and Run 2 data (13 TeV)

« tt inclusive production cross-section analyses:
« CMS tt (dilepton) (EPJC 79 (2019) 368)
* CMS tt (lepton+ had. 1) (CMS-PAS-TOP-18-005)
o ATLAS tt (dilepton (ep)) at 13 TeV (ATLAS-CONF-2019-041) m=d
o ATLAS tt (lepton+jets) at 13 TeV (ATLAS-CONF-2019-044) 3

* single top-quark inclusive production cross-section analyses:
o ATLAS+CMS combinations of single top-quark production cross-section measurements and combinations of
fuvVio| determinations from Run 1 (JHEP 05 (2019) 088).
* CMS t-channel at 13 TeV (arXiv:1812.10514)
o ATLAS t-channel at 13 TeV (JHEP 04 (2017) 086)
e CMS tW (dilepton) at 13 TeV (JHEP 10 (2018) 117)
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Inclusive tt cross-section

measurements
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NNLO+NNLL

e+jets; 15%

ot (7 TeV) = 177.3 *37 pb 6.6%
ot (8 TeV) = 252.9 13 pb 6.2%

oi (13 TeV) =831.8* o pb  5.7%

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtharNNLO
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Summary of tt inclusive production cross-section

Production cross-section measurements by ATLAS and CMS during Run 1 and 2 from tt process.
* Theory band: uncertainties due to ur and pr scale, PDF and the strong coupling.
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« All measurements in agreement with the SM predictions.
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Bhs. | EPJC 79 (2019) 368
w8 35911, 13 TeV

CMS tt cross-section (dilepton) at 13 TeV

- Event selection: isolated opposite-sign dilepton pairs in ee/uu/ep categories.
- Events classified according to the number of jets (Njets) and number of b-tagged jets (Npjets).
« 12 regions in Njets and Npjets categories - sensitivity to constrain modelling uncertainties.
- Profile likelihood fit (PLH) in the visible region and extrapolated to the full phase space.
- Fitted distributions: jet pr in regions of lepton flavour and jet and b-tag multiplicities.

2btags 1add.jet (e'u’) 35.9fb" (13 TeV)

> 100—cpms ¢ Data @Signal  [JBackground

(\D B N Syst [JMC stat « Systematic uncertainties are taken as nuisance parameters

2 : and constrained in the fit.

L‘%’ 50 * Dominant uncertainties:
e Luminosity (2.5%).
» Lepton id. and isolation (2.0%). Constrained using ee/pp/ep events
* PDF (1.1%). l

23

e 0L-0.8 o Lepton isolation efficiencies directly measured

40 60 80 '1(|)0' | '12|0' ' '14110' 160 in the tt dominated ep+b-jet samples
Additional jet P, [GeV]

e Fit result (mMC =172.5 GeV): o (Il) = 803 x 2 (stat.) = 25 (syst.) = 20 (lumi.) pb. 4.0%
* In agreement with the NNLO+NNLL prediction (unc. 5.7%).
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https://doi.org/10.1140/epjc/s10052-019-6863-8

e EPJC 79 (2019) 368
i o 35.9fb1, 13 TeV

CMS tt cross-section (dilepton) at 13 TeV

Additionally, another fit is performed to extract simultaneously the tt cross-section and the mMC,
* Same number of jets and number of b-tagged jets categories as in the main measurement.

* The distribution of mpmin is used to maximases the sensitivity to m{MC,

2btags 1add.jet (e'uf) 35.9fb" (13 TeV)

E; I it I tt other
S 100 Doyt NG st « Systematic uncertainties are taken as nuisance parameters
a2 ‘ and constrained in the fit.
§ o Dominant uncertainties:
- e Luminosity (2.5%).
e |epton id. and isolation (2.2%).
o NLO generator modelling (1.2%).
% 8 1 21 ;\\\\\\\\!\\\\\\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ * MC statistics (1.2%).
Q0,85
20 40 60 80 100 120 140 160
mi" [GeV]
4.3% 0.4%
* Fit result: ox (I)= 815 = 2 (stat.) + 29 (syst.) = 20 (lumi.) pb and mMC = 172.33 + 0.14 (stat.) 055 (syst.) GeV.

 Correlation between tt cross-section and mMC is 12%.
« Used to extract m: and as using fixed-order calculations (see backup slides).

* In agreement with the NNLO+NNLL prediction (unc. 5.7%).
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e | CMS-PAS-TOP-18-005
o 35.9 o1, 13 TeV

CMS tt cross-section (lepton+had. 1) at 13 TeV

e Event selection: 1 lepton (e or y) and = 3 jets (= 1 b-jet + one is identified as a hadronically decaying T lepton).
* PLH to m(l, ptmiss) in the two lepton (e, Y) categories.

CMS Preliminary 35.9 fb! (13 TeV) CMS Simulation Preliminary (13 TeV)
Z C 5 F
= 7000 ¢ data _ S — signal
> - [ Jtt— ev_T,v.bb 0014~
(33 6000 _ -
- M tt— other - background
C . 0012 H : R
i Msingle top SR + Dominant uncertainties:
4000F, W W+ets o1k - . o
N\ EDrell-Yan ot A * Thad. jet identification (4.5%).
3000F ; - : . :
NN Bldibosons  Luminosity (2.5%).
2000 B multijet ~
1000 [ Juncertainty o ft background norm. (23%)
0 e Pile-up (2.3%).
7 14
L 128 MR L bl i
% Oéi:. e L4 » 3 0‘ O e e ) N M N N 0002
E 06;_ L L L 1 1 1 L 0_ PRI R N N S N NI M |."|"-|."i dendnndandandnndesdend
a) 30 40 50 60 70 80 9 100 0 50 100 150 200 250
T, P [GeV] M(l,p™) [GeV]
T

* Fit result: o (IThad) = 781 = 7 (stat.) £ 62 (syst.) = 20 (lumi.) pb. 8.4%
* In agreement with the NNLO+NNLL prediction (unc. 5.7%).

Additionally...
* Rithadm = 0.973 = 0.009 (stat.) = 0.066 (syst.)
e Consistent with unity (lepton flavour universality).
* It- wib/Ttotar ) = 0.1050 = 0.0009 (stat.) =+ 0.0071 (syst.).
« Consistent with the SM expectation value.
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ATLAS tt cross-section (dilepton (ep only)) at 13 TeV Iﬁﬂ A@ ?;ﬁii??’;iez\jm_om

EEEEEEEEEE

Event selection: isolated opposite-sign ep pair and 1 or 2 b-jets.

X

—

o
w

. - ' ' : £ 220 .. ¢ Data2015+16 '

Cross-section m.easured bly counting evgnts. N § 2 ATl;sATSVP;::I:;mary O Doy

» Double-tagging technique suppress jet/b-tag uncertainties. soE . — . et =

= Dib =

i 160 %I_._ = Mlis(-)l%o?epton =

N1 = Loze.,,2¢, (1 — Che N;*8 140E” 1 E
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1000 = | g Powheg+ adbDn_J

* Analyse 2015 and 2016 data separately . E

e Combine using BLUE, taking into account uncorrelated § -
uncertainties, in particular on luminosity g

o Combination gives 9% smaller uncertainty than that from all

~-------‘ b-tag

data treated as one sample

Dominant systematics:

e Luminosity (1.9%).

« Background cross-section (single top-quark) (0.5%).
« tt shower/hadronisation modelling (0.5%).

« tt ISR/FSR modelling (<0.5%).

Fit result: ow (Il) = 826 = 3.6 (stat.) = 11.5 (syst.) = 15.7 (lumi.) = 1.9 (beam) pb. 2.4%
» Also measure fiducial cross-section with same precision.
In agreement with the NNLO+NNLL prediction (unc. 5.7%).
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http://cdsweb.cern.ch/record/2686255

-~ . . ATLAS-CONF-2019-041
ATLAS tt cross-section (dilepton (ep only)) at 13 TeV lﬂﬂ @ 36.1 fo-!. 13 TeV

Additionally... _
e EN L L L BRI L B I B LI LI P
= 1100 ATLAS Preliminary
 Extraction of mole from o (1) using prediction = - ¢ \s=13TeV,36.1fb" 3
with the CT14 PDF set: mypele = 173.1 *29 GeV. S 1000~ =
(&) B -
(] — -
Experimental unc. ~1 GeV, rest due to prediction o 900 —
(72] B —
(@] B _
5 - + ¢ ]
-ésoo_—HH tttd +++++++t
o | -
> N ]
n — —
= 700 —]
= [== CT14 NNLO+NNLL ]
» Ratios of cross-sections at different energies 600~  Czakon, Fiedler, Mitov, PRL 110 (2013) 252004~~~ —
(combined with previous measurements) 164 166 168 170 172 174 176 1/8 180 182
M’ [GeV]
IIIIII|IIII|IIII|IIII IIIIIIIII|IIII|IIII|II
statistics ATLAS
+expt. syst. Preliminary
B +luminosity 13 TeV, 3.2 fb™
8 TeV, 20.2 fo'*
° ¥ T 1)
ABM12LHC [, oi(13/7) and ot_t(1 3/8) 3.9 and 3.6%
CT14 A « Double ratios tt/Z (13/7 and 13/8) 3.0 and 2.5%
NNPDF3.0 e
MMHT A * In agreement with all the predictions within two standard
ATLAS-epWZ12 . g . .
o - deviations, with the exception of ABM12LHC for Rii/z
HERAPDF2.0 —A— . ) ) ) )
(attributed to lower gluon density at high Bjorken-x in ABM12LHC
| | | | | | | | | compared to the other considered PDF sets)

18 19 2 21 22 23 24 25 26
6/ 6,(13TeV)/ 6 _/ 6,8 TeV)
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-~ . . ATLAS-CONF-2019-044
ATLAS tt cross-section (lepton+jets) at 13 TeV Im @)S PP —

e Event selection: 1 lepton (e or y) and = 4 jets (= 1 b-jet).
« PLH fit to different distributions (small sensitivity to tt modelling unc.) in the 3 regions (=4j1b, 4j2b, =5j2b).

x10° x10° _ x10°
2 S N B BN B R B > 250F T T o L A N B
S 1800 ATLAS Preliminary -¢-Data [t B 8 | ATLAS Preliminary -¢-Data [t i S 250 ATLAS Preliminary -¢-Data [t —
~ - Vs=13TeV, 139 fb" [l Single top ] W-+jets ] o - Vs =13 TeV, 139 fb" [l Single top [l W-jets - ® [ Vs=13TeV, 139 fb™" [l Single top I W+jets ]
2 16001 I+ets Other X i T opol [Hiets Other  [HItEX N S - l+ets Other  [MtEX 1
o - SR1 W Multijet 72 Uncertainty I - SR2 [l Multijet 72 Uncertainty - 1) 200 SR3 [l Multijet 72 Uncertainty |
L 1400[— Post-Fit ] o | Post-Fit ] [ Post-Fit i
- . >
- . ] w B . | B . i
12000 SR (24j1b) 150} SR (4j2b) 1500 SR (25j2b) -
1000[— - i ] R i
8002— g 100 . 100 ~
600 - - :
400 N 501 - ol =
200 - - g - ]
5 0 ! e 5 OF ) — 5 OF ]  a—
2 1.01 7 ® 1.01 —: Q 101 3
— B + E =
8 0.99 - L 0.99 3 I 0.99- =
Y E © , , , , , N @ F , , , , E
O 098 02 03 04 05 06 O 09820 60 80 100 120 140 0 098 1 15 2 25 3
Aplanarity (jets) mi"" [GeV] ARG}, max b,
e Systematic uncertainties are taken as nuisance parameters and constrained in the fit.
* Dominant uncertainties:
« tt shower/hadronisation modelling (2.7%).
« tt scale variation (2.6%).
e Jet reconstruction (2.4%).
[ J

Fit result: ow (I+jets) = 829.7 + 0.4 (stat.) 1333 (syst.) pb. 4.3%
« Also measure fiducial cross-section (separate fit) and extrapolated to the full phase space with similar precision.
In agreement with the NNLO+NNLL prediction (unc. 5.7%).
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Inclusive single top-quark
cross-section measurements

t-channel (~73% at LHC) s-channel (~3% at LHC)

Golden channel tW (~24% at LHC) Challenging at the LHC

q ¢ Observed at the LHC q’ q

b w
W w
b

q b b t

g t
NLO NLO

approx. NNLO

owt (7 TeV) =15.7 £ 1.2 pb 7.6%
owt (B TeV) =224 =+ 1.5pb 6.7%
owt (13 TeV) =71.7 £ 3.8 pb 5.3%

Os-ch (8 TeV) =4.3+0.2pb 4.7%
Os-ch (8 TeV) =5.2+0.2pb 3.9%
Os-ch (13 TeV) = 10.3 + 0.4 pb 3.9%

Gt.ch (7 TeV) = 63.9 55 pb 4.5%
Gt-ch (8 TeV) = 84.7*3] pb 4.4%
Gt-ch (13 TeV) = 217.0 29 pb 4.1%

hitps://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec

« Different production rates for t and t owing to proton PDF
« Direct sensitivity to Vi



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

Combinations of single top-quark measurements from Run 1 JHEP 05 (2019) 088

Combinations of cross-section measurements per production mode and per centre-of-mass energy.

e 10 input measurements from ATLAS and CMS at 7 and 8 TeV.

e Combinations done using the iterative BLUE method.

e Convergence reached when the central value and total uncertainty change by <1% compared to the previous iteration.

As an example...

Ot —chan.» \/— =8 TeV

Combined cross-section 87.7 pb * Experimental systematic uncertainties and their correlations
Uncertainty category U(r(:]c)ertazgg}; carefully taken into account.
0 ' '
Data stafistics 131 11 o Uncertainty on the top-quark mass dependence not included
Simulation statistics 06| 05 in the combinations (but impact provided when possible).
Luminosity 1.7 1 1.5 . : L
Theory modelling 53| 47 Dominant systematics:
Background normalisation 1.2 | 1.1 * Theory modelling.
Jets 26 | 2.3 .
Detector modelling 1.8 | 1.6 Jets.
Total syst. unc. (excl. lumi.) 63| 55 * Detector modelling.
Total syst. unc. (incl. lumi)) | 6.5 | 5.7 « Data statistics (just for s-channel combination).
Total uncertainty 6.7 | 5.8

e The stability of the combinations with respect to the correlation assumptions checked for the dominant uncertainty
contributions — very stable results.
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https://doi.org/10.1007/JHEP05(2019)088

Combinations of single top-quark measurements from Run 1

Combinations of cross-section measurements for each production mode and per centre-of-mass energy.

EXPERIMEN

JHEP 05 (2019) 088

ATLAS+CMS
| LHCtopWG

- t-channel _H.L

—
o
[\O]

Inclusive cross-section [pb]

10~

- [ ]
- s-channel

t-channel
B ATLAS PRD90(2014) 112006, EPJC 77 (2017) 531

® CMS JHEP 12(2012)035, JHEP 06 (2014) 090 —

¢ ATLAS+CMSLHCtopWG ]

twW -
B ATLAS PLB716(2012) 142, JHEP 01(2016) 064 |
® CMS PRL110(2013)022003, PRL 112 (2014) 231802

¢ ATLAS+CMSLHCtopWG

s-channel
B ATLAS PLB756(2016)228

® CMS JHEP09 (2016)027 ¢ -

¢ ATLAS+CMSLHCtopWG

[e10] ‘1els

=== NNLO PLB 736(2014) 58
scale uncertainty

===NLO+NNLL PRD83(2011)091503,
PRD 82 (2010)054018, PRD 81(2010) 054028

tW: tf contribution removed
scale ® PDF @ o, uncertainty

— NLO NPPS205(2010) 10, CPC191(2015) 74 -
o= M= My,
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
twW: p$ veto for tt removal =60 GeV and b= 65 GeV
. scale uncertainty -

scale ® PDF @ o uncertainty

Vs [TeV]

* All combinations are consistent with their corresponding SM predictions.
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(7 TeV) 8.4%
(8 TeV) 6.7%

(7 TeV) 25%
(8 TeV) 16%

(8 TeV) 30%

14
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JHEP 05 (2019) 088

Combinations of [fu/Vib| determinations from Run 1 @)s -

EXPER EN

Combinations of [fu/Vib| determinations for each production mode and full combination.

* Experimental and theoretical systematic uncertainties and their correlations carefully taken into account.
« Combining [fivWi|?2 values since they are linear with the cross-section measurements.

« The term |flvWi|2 does not depend on the production mode or the centre-of-mass energy.

Omeas.
vVl = 4/~
Combined |fry Vi |? 1.05 theo.
Uncertainty fiv: model-independent left-handed form factor that

Uncertainty category ] | AlfinVal? encapsulates non-SM contributions.
Data statistical 1.8 0.02
Simulation statistical 0.9 0.01
Integrated luminosity 1.3 0.01 » Uncertainties on the top-quark mass
Theory modelling 4.5 0.05 -
Background normalisation 1.3 0.01 dependence included.
Jets 2.6 0.03
Detector modelhng 1.6 0.02 ° Domlnant Svstematlcs
Top-quark mass 0.7 0.01 . Th "
Theoretical cross-section 4.3 0.04 eory modelling.
Total syst. unc. (excl. lumi.) 7.1 0.07 « Theoretical cross-section.
Total syst. unc. (incl. lumi.) 7.2 0.08 e Jets.
Total uncertainty 7.4 0.08

e The stability of the combinations with respect to the correlation assumptions is checked for the dominant uncertainty
contributions — very stable results.
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Combinations of |fivVip| determinations from Run 1 JHEP 05 (2019) 088

E

>
o

E

o
=<

IMENT

Combinations of [fuvVi| determinations for each production mode and full combination.

ATLAS+CMS
LHCtOpWG

o
f Vil = Gmheas' from single-top-quark production
theo.

Cyo0.- NLO (t- and s-channel), NLO+NNLL (tW)

total theo.
00, ., -scale ®PDF ® o, ®m, ® E

beam

m, = 172.5 GeV f,,V,,| + (meas.) * (theo.)
ATLAS+CMS LHCIopWG ot 0
t-channel, Vs = 7, 8 TeV 1.02£0.04£002 | 3.9%
ATLAS+CMS LHCiopwG —_t &———I 0
W (507 8TeV 1.02 +0.09 +0.04 8.4%
ATLAS+CMS LHClopWG o+ : 0.97 +0.15 £0.02 | 15.0%

s-channel, s = 8 TeV

ATLAS+CMS LHCiopWG
t-channel, tW, s-channel, s = 7, 8 TeV

| . ! ! | . ! . 1 \ . | ! ! ! |
0.6 0.8 1 1.2 1.4
|vath|

 CMS s-channel analysis not used.

1.02 + 0.04 +0.02 3.7%

e Driven by t-channel measurements.
* All combinations are consistent with the SM prediction.
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t-channel cross-section at 13 TeV

ArXivi1812 10514 Measuring t-channel production of @) JHEP 04 (2017) 086

' 359 fo-1 13 TeV single top quarks and antiquarks. ATLAS 3.2 fb!, 13 TeV

EEEEEEEEEE

e Event selection: 1 e or y, and multiple jets. e Event selection: 1 e or y, and 2 jets (1 b-jet).
» Events classified by jet and b-jet multiplicity (2j1b, 3j1b, « Maximum likelihood fit to the NN output distribution.

3j2b) and BDT discriminators.
» Likelihood fit to BDT output in all categories.

e Systematic uncertainties are either taken as NP e Systematic uncertainties are taken as nuisance
(profiled uncertainties) or using varied templates. parameters.

e Dominant uncertainties: e Dominant uncertainties:

* t-channel PS scale (13%). Nonprofiled  t-channel shower/hadronisation modelling (14%).
o t-channel PDF (8%). uncertainties |  b-tagging efficiency (7%).
e t-channel ur and pr scale (6%). e Top-quark background NLO matching (7%).

+ Fit result: 16% « Fitresult: 18%
o _(t) =136 = 1 (stat.) = 22 (syst.) pb, ~ o_ (t) =156 = 5 (stat.) = 27 (syst.) = 3 (lumi.) pb,
o (t) = 82 + 1 (stat.) + 14 (syst.) pb. o (t) = 91 + 4 (stat.) £ 18 (syst.) £ 2 (lumi.) pb.

17% 20%

 In agreement with the NLO prediction (unc. 4% for t; unc. 5% for t).
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https://arxiv.org/abs/1812.10514
https://link.springer.com/article/10.1007/JHEP04(2017)086

CMS t-channel cross-section at 13 TeV

B | arXiv:1812.10514 @ JHEP 04 (2017) 086
B 359, 13 TeV ATLAS 3.2 fo-1, 13 TeV
» Total cross-section used to calculate Vip:
* | fuwWi| = 1.00 = 0.08 (exp.) = 0.02 (theo.). * | fuwViw| = 1.07 = 0.09 (exp.) £ 0.02 (theo.).

8.3% 8.4%

* Ratio Rtch = Ot-ch:t/Ot-ch:t measured for different PDF set:

CMS 35.9 fb™ (13 TeV) —
L N B L LN LNLNLEE N B L DL DLV B | )
1.66 +0.02 (stat) + 0.05 (syst) U S ATLAS \s=13 TeV, 3.21b"
—stat  —stat @ syst : o ! f :
i Lo . Measurement result k *
NLO PDF predictions: | stat. ® syst.  stat.
== scale ® m, ® PDF+o : b ! :
NNPDF3.0 : ! ABM (5 flav.) e+
NNPDF3.1 i E ATLAS epWZzZ12 —e— :
I S | CT14 —e—4
cTi4 || — ;
. Py . HERAPDF 2.0 —e—i
ABMP16 1 e— ; :
T B s JR14 (VF) b
MMHT2014 E —":— i | MMHT2014 o
HERAPDF2.0 ] —— NNPDF 3.0 ——
|IIII|IIII|IIII|IIII|IIII|:III$|:I;I|I:III|IIII E ""Illlllllllllllllllllll;lllllllllllll
135 14 145 15 155 16 165 1.7 175 1.8 12 13 14 15 16 17 18 19 Rz
. ) . I:{t-ch . . . t
« Dominant uncertainties: « Dominant uncertainties:
o« MC sample size (2.6%). Nonprofiled uncertainty o« MC sample size (5.1%).
* t-channel PDF (2.4%). Profiled uncertainty * Data statistics (5.0%).
* Ri-ch = 1.66 = 0.02 (stat.) = 0.05 (syst.) 3% * Ri-ch =1.72 = 0.09 (stat.) = 0.18 (syst.) 11%

 Good agreement between the measurement and most predictions is found.
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https://arxiv.org/abs/1812.10514
https://link.springer.com/article/10.1007/JHEP04(2017)086

CMS tW (dilepton) cross-section at 13 TeV

Inclusive cross-section measurement requiring 1 lepton (e or p) and at least one b-jet.
o Maximum likelihood fit to the distribution of a BDT in two of the categories + sub-leading jet pr in 2j2b.

m x10° 35.9 ' (13 TeV)
s [ CMS ¢ Data tW (u = 0.88)
> - -
i _ : .
L e+ 1j1b I Non-W/z B _
10— )% VV+tV
B 258 Postfit Prefit
_ uncertainty uncertainty
- — Prefit Data/MC
5— XXO@XX
- NN X X@¢ X X
o 11
=
10
Segbe v
Oy 3 4 5 6 7 8 9 10
1j1b BDT output bin
x10° 35.9fb" (13 TeV)
£ 30 cms
S F ¢+ Data tW (u = 0.88)
> L n
i . . -
- &+ 2j1b " Non-W/z B i _
o0l DYy VV+tV
- 258 Postfit Prefit
B uncertainty uncertainty
i — Prefit Data/MC
10—
0
o 111
2 -
= 10F
© o9t

2j1b BDT output bin

Events / 20 GeV

Data/MC

—_
[(8)]

10

»O

-
o

o
o))

%10° 35.9 fb” (13 TeV)

JHEP 10 (2018) 117

CmMS e’ +22b ¢ Data
tW (u = 0.88)
I Non-W/Z
B t
DYy
VV+ttV
(% Postfit uncertainty
Prefit uncertainty
—— Prefit Data/MC

40 60 80 100 120 140 160 180
Subleading jet P, (GeV)

35.9 fb-1, 13 TeV

e DR used to account for tt interference.

Dominant uncertainties:

Lepton efficiencies (3.3%).
Pile-up (3.3%).
Data statistics (2.8%).

o Fit result: ow (ll) = 63.1 = 1.8 (stat) = 6.4 (syst) = 2.1 (lumi) pb. 11%

* In agreement with NNLO prediction (5.3%).
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Summary of single top-quark cross-section measurements

~ ATLAS+CMS Preliminary t-channel .

LHCtOpWG B ATLAS PRD90(2014)112006, EPJC77(2017)531, JHEP04 (2017)086

® CMS UHEP12(2012)035, JHEP 06(2014) 090, arXiv:1812.10514

Single top-quark production ¢ ATLAS+CMS  mepos(2019)0se
September 2019 W
B ATLAS rLB716(2012)142, JHEP01(2016)064, JHEPO1 (2018)063

® CMS PRL110(2013)022003, PRL 112(2014) 231802, JHEP10 (2018) 117

t-channel ¢ ATLAS+CMS Heros(2019)088

i -—i-i-i- * ------------- s-channel

B ATLAS rLB756(2016)228
B ® CMS JHEPO9 (2016)027

- ¢ ATLAS+CMS Jheros(2019)088 - —

—r

o

N
]

Inclusive cross-section [pb]

------- NNLO PLB 736(2014) 58 ® -
tW scale uncertainty

[el0] “lels

------- NLO +NNLL PRD83(2011)091503,
PRD82(2010)054018, PRD 81(2010) 054028
tW: tt contribution removed
scale @ PDF @ o uncertainty

—— NLO NPPS205(2010) 10, CPC191(2015) 74

“'R= HF= Mygps
s-channel CT10nlo, MSTW2008nlo, NNPDF2.3nlo —
tW: p: veto for tt removal=60GeV and p. =65 GeV

- scale uncertainty
scale @ PDF @ o uncertainty

s [TeV]
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Summary of single top-quark cross-section measurements

§  t ATLAS+CMS Preliminary September 2019 5 | ATLAS+CMS Preliminary September 2019
o 2.4 LHC fo - CT14 R0 93 (2015) 033006 o 24— ¢ ABM (5 flav) #rRD 86 (2012) 056009
- - pPWG g | LHC lopWwWG
- - s NNPDF 3.0 JHEP 1506 {2015) 040 - - HERAPDF 2.0 JHe® 1001 {2010) 109
£ ¥y
b.“’.. 22 ; - MMHT2014 epuc 75 (2015) 204 b:.." 29 : : JR14 (VF) 2RD 89 (2014) 072043,
I - NLO QCD NPPS 205({2010)10, CPC 191{2015)74 I NLO QCD NPPS 205(2010)10, CPC 191{2015) 74
o B My 1725 GeV, pmp =m,, (2 M 1725 GeV, p=p =m,,
2
1.8 1.8—
1.6— 1.61—
— stat. — stat.
14—  ® ATLAS, 4.59 fb™, PR 90 (2014) 112008 & 1.4—  ® ATLAS, 4.59 fb", PAD 20 (2014) 112006 &
= W ATLAS, 20.2 fb™', eruc 77 (2017) 531 - B ATLAS, 20.2 fb™', epuc 77 (2017) 531
B m CMS(*), 19.7 b, uHer o8 (2014) 090 B B CMS(*), 19.7 fb", sHeP 06 (2014) 020
1.2 v ATLAS, 3.2 b, JHEP 04 (2017) 086 - 1.2+ v ATLAS, 3.2 fb”, JHEP 04 (2017) 086 -
B v CMS, 35.9 fb', arxw1812.10514 (*) Larger uncertainties are due to B v CMS, 35.9 b, anxw:1812.10514 (*) Larger uncertainties are due to
. relaxed assumptions on PDF correlations n relaxed assumptions on PDF correlations
1 | | | | | | | 1 | | | | ] ] |
7 8 9 10 1 12 13 7 8 9 10 1 12 13
/s [TeV] Is[Tev]
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Summary of single top-quark cross-section measurements

ATLAS+CMS Preliminary Cproas , , September 2019
LHC lop WG Ifv V| = Gyrog from single top quark production
Ciheo- NLO+NNLL MSTW2008nnlo I 4 I
"o total theo
PRD 83 (2011 ‘ 091503, PRD 82 (2010) 054018,
PRD 81 (2010) 054028
Aoy, scale ® PDF
My = 172.5 GeV
IfVy| £ (meas) * (theo)
t-channel: :
ATLAS+CMS combination 7+8 TeV"’ = 1.020 + 0.040 + 0.020
JHEP 05 (2019) 088
CMS 13 TeV? —t—| 1.00 £0.08 £ 0.02
arXiv:1812.10514 (35.9fb™")
ATLAS 13 TeV* A — 1.07 £0.09 £ 0.02
JHEP 04 (2017) 086 (3.2fb™")
tw:
ATLAS+CMS combination 7+8 TeV" —ti 1.020 + 0.090 + 0.040
JHEP 05 (2019) 088 :
ATLAS 13 TeV* | TR 1 1.14+0.24 +£0.04
JHEP 01 (2018) 63 (3.2fb™")
CMS 13 TeV ——e—+—— 0.94 +0.07 £ 0.04
JHEP 10 (2018) 117 (35.9fb™")
s-channel:
ATLAS+CMS combination 8 TeV"” | oy | 0.970 + 0.150 + 0.020
JHEP 05 (2019) 088
all channels:
ATLAS+CMS combination 7+8 TeV" ] 1.020 + 0.040 + 0.020
JHEP 05 (2019) 088
; including top-quark mass uncertainty
Oyeo: NLO PDF4LHC11 (NPPS205 (2010) 10, CPC191 (2015) 74)
: : : i * including beam energy uncertainty : I
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
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Conclusions

Probing Nature with many measurements in top-quark sector with ATLAS and CMS.

Combinations between ATLAS and CMS results using full Run 1 published.

So far, all measurements are consistent with the SM predictions.
* No sign of new physics yet with the achieved precision.

Next generation of new exciting results to come with study of full Run2 data from LHC! Stay tuned!
» ATLAS Top Physics Results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults.
* CMS Top Physics Results: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsRBesults TOP.

12th Interational \Workshop on Top Quark Physics (TOP2019)
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First measurements exploiting Run 2 data are now being published, achieving high-precision results.
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ATLAS

EXPERIMENT

BACKUP

Inclusive tt + single top (SM)
cross-section measurements




Introduction

> QUARK MASSES
o,
200
The top quark is the heaviest known elementary particle. 150
100
At hadron colliders, top quarks are produced: o
* Predominantly in pairs (tt) via the flavour-conserving strong interaction. e v 3 B
S5 5EE S
P 10% (13 TeV, pp) ------ S LLLELLEEEERLELEEEY 90% (13 TeV, pp) ------------==-----u S £ 53
g t 92 t 9 vuoooT ¢
E >QQQQQ < Lo ua QQQQQ<
g f 11 g™ t o9ooo0 ¢
* Alternatively, singly through the electroweak interaction.
q t b w q q
g’ b g t b t
t-channel (~73% at LHC) tW (~24% at LHC) s-channel (~3% at LHC)

The top quark was discovered by CDF/DO at Tevatron in 1995 in tt events.
* The single top-quark production was discovered in 2009 by CDF/D0 and observed in 2011 by ATLAS/CMS.
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ATLAS and CMS detectors

General purpose detectors at the LHC

forward calorim

Toroid magnets

LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker

CMS

* Length: 21 m, diameter: 15 m
Mass: ~ 12.5 ktons

e Solenoid: 4 T

12th International Workshop on Top Quark Physics (TOP2019)

IHEP, Beijing (China) - September 22-27

LAr hadronic end-cap and

ATLAS

e Length: 44 m, diameter: 25 m
Mass: ~7.0 ktons
« Two magnet fields:

o Solenoid (ID): 2 T

e Toroid (Muon System): 2-8 Tm

eters

TRIGGER & DATA

ACQUISITION TRACKER

CRYSTAL ECAL

PRESHO

RETURN YOKE

SUPERCONDUCTING
MAGNET

" FORWAh
CALORI

HCAL
MUON CHAMBERS
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Summary

Summary of several top-quark related production cross section measurements, compared to the corresponding
theoretical expectations. All theoretical expectations were calculated at NLO or higher.

Top Quark Production Cross Section Measurements Status: November 2018

'8_ ! ATLAS Preliminary ]
bt Theory
N 10° F _— Run 1,2 /s =7,8,13 TeV E
- LHC pp Vs =7 TeV .
I Bl Data 4546 i
R - . _
LHC pp Vs =8 TeV

2 L _
10 Se | - BA Data 202-203fb1
E S LHC pp Vs =13 TeV E

I BEl  Data 32-798ib!
10! F =
3 o o 3
z g TR o
: — I ]

& \ o
107 @ E
; ;

tt t tW t ttW  ttZz tZj ttH tty
t-chan s-chan fid. ¢+jets
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EPJC 79 (2019) 368
35.9 fb-1, 13 TeV

CMS tt cross-section (dilepton) at 13 TeV

Additionally, another fit is performed to extract simultaneously the tt cross-section and the mMC,
« Allow the extracting m: and as using fixed-order calculations with different sets of PDFs.

CMS 35.9 fb™' (13 TeV) CMS 35.9 fb™' (13 TeV)
G2
GtT E & GE
MMHT14nnlo | ® \ MMHT14nnlo S+ e
m,(m,) = 163.47 GeV ag(my) = 0.1181
CT14nnlo | ® CT14nnlo Y e
my(m,) = 163.30 GeV og(m,) = 0.1181
NNPDF3.1nnlo , ° o NNPDF3.1nnlo o
my(m,) = 162.56 GeV og(m,) = 0.1181
ABMP16nnlo \ ° , ABMP16nnlo Y e
m,(m,) = 160.86 GeV og(m) = 0.1160
| | I k I IlIIIIIIIllIIIIIIllllllllllllllllllllll
0.105 0.11 0.115 0.12 150 152 154 156 158 160 162 164 166 168 170
ag(my) m(m,) [GeV]
PDF set ag(my) PDF set myi(my) [GeV]
ABMP16  0.1139 & 0.0023 (fit + PDF) 100007 (scale) ABMP16  161.6 + 1.6 (fit + PDF + ag) 7075 (scale)
NNPDF3.1  0.1140 = 0.0033 (fit + PDF) 0005, (scale) NNPDF3.1  164.5 + 1.6 (fit + PDF + ag) 79 (scale)
CT14 0.1148 + 0.0032 (fit + PDF) T5.0055 (scale) CT14 165.0 & 1.8 (fit + PDF + ag) T (scale)
MMHT14  0.1151 =+ 0.0035 (fit + PDF) 5095 (scale) MMHT14  164.9 4 1.8 (fit + PDF + a5) 91 (scale)
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CMS tt cross-section (dilepton) at 13 TeV

EPJC 79 (2019) 368

35.9 fb-1, 13 TeV

Additionally, another fit is performed to extract simultaneously the tt cross-section and the mMC,

« Allow the extracting m: and as using fixed-order calculations with different sets of PDFs.

e The extraction of m: is repeated in the pole mass
scheme using the Top++ 2.0 program using the

NNLO-+NNLL prediction.

CMS 35.9 fb™! (13 TeV)
20125 -
< o | NNPDF3.1
S - v CT14
0124 MMHT14 )
|« ABMPIGE |
0115 ’
0.11
0.105 -
159 160 161 162 163 164 165 166
m,(m,) [GeV]
PDF set mP'® [GeV]
ABMP16  169.9 & 1.8 (fit + PDF + a5) 795 (scale)
NNPDF3.1 173.2 & 1.9 (fit + PDF + ag) 19 (scale)
CT14 173.7 £ 2.0 (fit + PDF + ag) 797 (scale)
MMHT14  173.6 + 1.9 (fit + PDF + a5) 777 (scale)
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Combinations of [fu/Vib| determinations from Run 1 JHEP 05 (2019) 088

Inputs: ATLAS and CMS individual [fivWio|2 determinations and their experimental uncertainties.

t-channel t-channel ¢-channel t-channel tw tWw 1A44 tW  s-channel
ATLAS CMS ATLAS CMS ATLAS CMS ATLAS CMS ATLAS
8 TeV 8 TeV 7 TeV 7 TeV 8 TeV 8 TeV 7 TeV 7 TeV 8 TeV
|fLVV}b|2 1.06 0.99 1.06 1.05 1.03 1.05 1.07 1.02 0.92
Uncertainties:
Data statistical 0.01 0.03 0.03 0.06 0.06 0.09 0.18 0.21 0.15
Simulation statistical 0.01 0.01 0.02 0.02 0.01 0.03 0.02 — 0.11
Integrated luminosity 0.02 0.03 0.02 0.02 0.05 0.03 0.07 0.04 0.05
Theory modelling
ISR/FSR, ren./fact. scale 0.04 0.02 0.03 0.04 0.09 0.13 0.05 0.03 0.06
NLO match., generator 0.03 0.05 0.02 0.04 0.03 — 0.11 — 0.10
Parton shower 0.02 — — 0.01 0.02 0.15 0.16 0.10 0.02
PDF 0.01 0.02 0.03 0.01 0.01 0.02 0.02 0.02 0.03
DS/DR scheme — — — - 0.04 0.02 — 0.06 —
Top-quark p rew. — — — — —  <0.01 — — —
Background normalisation
Top-quark bkg. <0.01 0.02 0.02 0.01 0.02 0.02 0.06 0.06 0.05
Other bkg. from sim. 0.01 <0.01 <0.01 0.03 0.02 0.03 0.09 0.04 0.05
Bkg. from data <0.01 0.02 0.01 0.01 <0.01 — 0.02 - 0.01
Jets
JES common 0.03 0.04 0.08 0.01 0.05 0.04 0.17 0.15 0.05
JES flavour <0.01 — 0.02 — 0.02 — — — 0.01
JetID <0.01 — 0.01 — <0.01 — 0.05 = 0.01
JER <0.01 0.01 0.02 <0.01 0.07 0.01 0.02 0.04 0.11
Detector modelling
Leptons 0.02 0.01 0.03 0.04 0.03 0.02 0.07 0.05 0.02
HLT (had. part) - - - 0.02 - - - — -
Effliss scale <0.01 <0.01 0.03 <0.01 0.06 <0.01 — 0.03 0.01
EMSS res. <0.01 — - —  <0.01 - — — 0.01
b-tag 0.01 0.02 0.04 0.02 0.01 0.01 — 0.02 0.07
Pile-up <0.01 0.01 <0.01 0.01 0.03 <0.01 0.11 0.01 0.01
Top-quark mass 0.01 <0.01 0.01 — 0.05 0.05 — — —
Theoretical cross-section
PDF+ay 0.03 0.03 0.04 0.04 0.06 0.07 0.08 0.07 0.03
Ren./fact. scale 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02
Top-quark mass 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02
Eyeorm <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Total systematic uncertainty 0.09 0.09 0.13 0.10 0.18 0.23 0.34 0.24 0.24
Total uncertainty 0.09 0.10 0.13 0.12 0.19 0.24 0.38 0.32 0.28
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Combinations of [fuyWis| determinations from Run 1 JHEP 05 (2019) 088

Correlation matrix of the overall [fi/Win|2 combination. Each bin corresponds to a measurement in a given production
mode, experiment, and at a given centre-of-mass energy.

t-chan. ATLAS 8 TeV

t-chan. CMS 8 TeV

t-chan. ATLAS 7 TeV

t-chan. CMS 7 TeV

0.6

tW ATLAS 8 TeV 0.5

tW CMS 8 TeV
ATLAS+CMS

LHCtopWG —0.3

tW ATLAS 7 TeV .
—10.2

tW CMS 7 TeV .
—10.1

s-chan. ATLAS 8 TeV
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ATLAS t-channel cross-section at 13 TeV @ JHEE 04 (2017) 080

EEEEEEEEEE

Measuring t-channel production of single top quarks and antiquarks.
e Event selection: 1 e or y, and 2 jets (1 b-jet).
* Maximum likelihood fit to the NN output distribution.

— 20000f ATLAS \s=13 TeV, 3.2 b 1
[ It W+jets VR ¢ Data i
- t _
150001 = t?, Wt.tb 5

! mm Wt+jets ]
B8 Z,VV+jets : « Systematic uncertainties are taken as nuisance
Bl Multijet A
///, Stat. + Multijet unc.

Events /0

10000 parameters.
e Dominant uncertainties:
 t-channel shower/hadronisation modelling (14%).

e b-tagging efficiency (7%).

5000

_ 0 , * tt and single top-quark NLO matching (<7%).
slo 1.2
L
Qo 0.8E.
0
o Fit result:

o (t) = 156 = 5 (stat.) = 27 (syst.) = 3 (lumi.) pb, 18%
o (t) = 91 + 4 (stat.) + 18 (syst.) = 2 (lumi.) pb. 20%

* In agreement with the NLO prediction (unc. 4% for t; unc. 5% for t).
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https://link.springer.com/article/10.1007/JHEP04(2017)086

CMS t-channel cross-section at 13 TeV

Measuring t-channel production of single top quarks and antiquarks.
e Event selection: 1 e or y, and multiple jets.
* Events classified by jet and b-jet multiplicity and BDT discriminators.

arXiv:1812.10514

35.9 b (13 TeV)

_ x10° CMS
Different production rates for t and t owing to proton PDF | u+jets
u d d u 200 —
I ;( |
W W I
100 —
b t b £ i

N\

¢+ Data i
Bl ¢ channel
[ tt N
OtW I
W W/Z+jets
JQCD i
) Stat @ syst-

’ﬁ% i

Direct sensitivity to Vtb

2jets-1tag

Cross-sections measured from a likelihood fit to BDT output in all categories.

Dominant uncertainties:
e t-channel PS scale (~13%)).
e t-channel PDF (~8%).
e t-channel pr and pr scale (~6%).

Nonprofiled uncertainties

Fit result:
o _ () =136 = 1 (stat.) £ 22 (syst.) pb, 16%

o (t) = 82 + 1 (stat.) + 14 (syst.) pb. 17%

In agreement with the NLO prediction (unc. 4% for t; unc. 5% for t).
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3jets-1tag
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+ =
3jets-2tags

35.9 fb-1, 13 TeV

Systematic uncertainties are either taken as nuisance parameters (profiled uncertainties) or using varied templates.

submitted to PLB
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https://arxiv.org/abs/1812.10514

Summary of tt inclusive cross-section

Production cross-section measurements by ATLAS and CMS during Run 1 and 2 from tt process.
* The theory band represents uncertainties due to renormalisation and factorisation scale, PDF and the strong coupling.
* All measurements are in agreement with the SM predictions

'5‘ I I 1 I I 1 I 1 I I {1 I I I I | I I I 1 | I I I 3 T T T | T T T I T T T I T T T

~ v Tevat bined 1.96 TeV (L < 8.8 fb - . i .
2 v CMSeu* 502 1I'neeV (=274 ) ) CMS Preliminary May 2019 2 3| ® ewVs=7TeV,46f0" ATLAS Preliminary

— = CMSep7TeV(L=5fb") . 10° — . P
S B GMS Injets 7 TeV (L = 2.3 b c - o l+jets*, Vs=7 TeV, 4.7 fb November 2018
O v CMSalljets 7 TeV (L=3.54 o) O n p _
T 1030 GMSeusTev (= 197fb2 5 = ey, Vs=8TeV, 20.2 fb
o) — .o CMS I+jets 8TeV (L=19.6fb o) — . -1
A - 0 CMS alljetSSTeV (L= 184fb 2 O l+jets, Vs=8 TeV, 20.2 fb

— A CMSepn13TeV (L=43 pb 50 ns) — P -
7)) & CMSeu13TeV (L=221b" ) s e, Vs=13TeV,3.2fb
N % CMS dilepton 13 TeV (L=3 9fb ) wn - . 4 —
o — % CMS l+jets* 13 TeV (L = 42 pb.", 50 ns) o v ee/up*, Vs=13 TeV, 85 pb
b ¢ CMS|+ets 13 TeV (L=2.31tb ) S . »
O — % CMSall-jets* 13 TeV (L =2.53 b)) - o — Vv l+jets*, Vs=13 TeV, 85 pb 7]
= * Preliminary | =
2 102 800- 1= Q - * Preliminary .
7] - I - »
= - N =
O B - {1 4 O N _
< N 600 .MMHT14— - <

N g=—= NNLO+NNLL (pp) I DABM12 - E—— NNLO+NNLL (pp)

g NNLO+NNLL (pp) L . .
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 s [Tevl _| Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
— NNPDF3.0, m =172.5GeV, 0, (M,) =0.118 + 0.001 [t 05(M,)=0. 113] ] 1 02 | NNPDF3.0,m, =172.5 GeV, o, (M,) = 0.118 + 0.001 ]
B I 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1 ] | | | I 1 | | I | 1 1 I 1 | 1
2 4 6 8 10 12 14 6 8 10 12 14
Vs [TeV] Vs [TeV]
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