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* top quark pair production (tt):

» inclusive & differential cross section measurements
> top properties (mass, charge asymmetry)

* single top production:

» inclusive & differential cross section
» tW and associated production tZq

* top quark pair + X:

» tt associated production with bosons
»tt tt &tt bb
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CMS, |

Compact Muon

top quark pair production
o(pp @ 13 TeV) = 832 pb

L} t

single top quark production
o(pp @ 13 TeV) = 299 pb

4

Caveat: References

TOP-XX-YYY =
CMS-PAS-TOP-XX-YYY p@
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Past

special?

top quark is the most massive known particle
* significant contribution of top loops

the top Yukawa coupling is close to unity
* coincidence or special dynamics?

it decays before it can hadronize
* no bound states with top can be formed
* its decay products (W, b) largely preserve
the top quark spin polarization

top properties provide critical tests for the SM
predictions

* very sensitive to BSM effects

Is top quark
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O full hadronic
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e The CMS detector |,

S5 Compact Muon Solenoid

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overalllength ~ :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels
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» LHC: the perfect machine?
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Total integrated luminosity (fb—!)
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CMS - LHC Dellvered 163 55 fb 1
160 | [ CMS Recorded: 150.78 fb !
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Date

Run2: proton-proton @ 13 TeV in 2015 - 2018

* total luminosity =163 fb™
« ~108 top quark pairs produced

* onaverage 34 interactions per bunch crossing
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CMS

Compact Muon Solenoid

LHC is a “Top Factory” covering

O(10°) range in top production cross

sections:

* Allows precise cross section &
property measurements,
searches for rare processes, etc

CMS Average Pileup

7000 - T T
- Il 2018 (13 TeV): <u> = 37
2 6000 EEE 2017 (13 TeV): <u> = 38
d 0 2016 (13 TeV): <> = 27
iésooo EEE 2015 (13 TeV): <u> = 13
g EEE 2012 (8 TeV): <u> =21
= a000 BN 2011 (7 TeV): <p> =10
g
£ 3000 o/ (13 TeV) =80.0 mb
- al” (8 TeV) =73.0 mb
$ 2000 o (7 TeV) =T1.5 mb
P
S 1000|
2

% 10 A «° $0‘ \’00

Mean number of interactions per crossing

7000

16000

15000

14000

13000

12000

11000







|lll

5, Top quark pair production @LHC
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L Compact Muon Solenoid

Main diagrams
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Ok, The full picture
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Tevatron combined 1.96 TeV (L = 8.8 Ib"‘,l .
CMS I+jets,dilepton 5.02 TeV (L=27.4pby ~ CMS Preliminary Jun 2021
CMSen 7 TeV(L=5f"
CMS l+jets 7 TeV (L=2.31™
CMS all-ets 7 TeV (L = 3.54 b ™)
CMSeu8TeV(L=19717
CMS l+jets 8 TeV (L = 18.6 fb™
CMS all-jets 8 TeV (L = 18.4 b
CMS ep 13 TeV (L = 43 pb™, 50 ns)
CMS dilepton 13 TeV (L = 35.9 ™)
CMS l+jets 13 TeV (L = 42 pb™, 50 ns)
CMS all-jets 13 TeV (L = 2.53 fb™)
CMS t+e/u 13 TeV (L =350
CMS l+jets* 13 TeV (L = 137.61 b

* Preliminary
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Impressive agreement up to
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% Latest inclusive measurement
Inclusive ep, 302pb1, /s =5.02TeV JHEP 04 (2022) 144
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302 pb ™' (5.02 TeV)
[ [

T T T ] g_ ¢ en(2017) @ I+jets(%01 5),5.02 TeV (L=302 @ 27.4 pb") CMS
CMS $ Data Pi | Cioeltew7Tevi-5m)
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{9 = o
PR S ep, = 2 jets O 1 8 L 4 l+jets, 8 TeV (L=19.6b")
- -
Nonprompt W 1l @ b ¢ew13TeV(L=8591")
£ C O 1 8 | & l+ets, 13 TeV (L=1371b")
@ 100 5& Stat @ syst 1.0 100 .
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Jet multiplicity « combination with the single
G =60.7 + 5.0 (stat) + 2.8 (syst) + 1.1 (lum) pb (9.6%) lepton + jets measurement, data
- events with one electron and one set collected in 2015 at the same
muon of opposite charge, and at least Vs and corresponding to an
two jets integrated luminosity of 27.4 pb-!
« Dataset from year 2017 Ocombinea=63.0 + 4.1 £ 3.0 pb (8.0%)

Sep. 2022 Javier Fdez. ONNLO+NNLL=66.8 +2.9 -3.1 pb


http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-004/index.html

The detailed picture
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CMS Preliminary o, summaryl Vs =13TeV | Jun 2021
CMS Preliminary o, _summary,[s = 8 TeV May 2019 i
t MNLO+NNLL PRL 110 (2013) 252004
NNLO+NNLL PRL 110 (2013) 252004 I — My, = 172.5 GeV, o (M_} = 0.118=0.001
"""" m,,, =172.5 GeV, c (M) =0.118+0.001 total stat scale uncertainty : Total st
scale uncertainty i scale & PDF @ o, uncertainty o, = (stat) = (syst] = (lumi)
scale @ PDF @ o uncertainty o, T (stat) £ (syst) + (lumi)
Leptonjet Dilepton ey e, 803+ 2+25+20pb
eplon+jets —fot+— 228.5+3.8+13.7+ 6.0 pb EPJC 79 (2019) 368, L =35.9 b, 25 ns : -
EPJC 77 (2017) 15,L,,, = 19.6 b : int :
Lepton+t, | 257+3 424+ 7 pb .
PLB 739 (2014) 23, L, =19.61" P Dilepton z+&/jt i 781 7+£62=20pb
: JHEP 02 (2020) 191 L = 35.91b™, 25 ns :
Dilepton (ee, uy, eu) —o—] : 239.0+2.1+ 11.3+6.2pb :
JHEP 02 (2014) 024, L;,=5.3 b A"-jets I IE I 834+ 25+ 118+ 23 pb
CMS-PAS TOP-16-013, L,_ =253 1", 26 ns
Dilepton en i 244.9 £1.47 52 £6.4 pb
JHEP 08 (2016) 029, L, =19.7 b’ - i
: L+jets HH : 791+ 121+ 14pb
All jets | o | CMS-PAS TOP-20-001, L =137 1", 25 ns * :
EPJ C76 (2016) 128, L, =18.4fb" 2756 £6.1£37.8+7.2pb
: : NNPDF3.0 JHEP 04 (2015) 040
3 4-3 7% NNPDF3.0 JHEP 04 (2015) 040 | | MMHT14 EPRJC 75 (2015) 5
. . H * Preliminary :
I I MMHT14 EPJ C75 (2015) 5 39% ) : CT14 pADss (2016) 033008
: CT14 PRD 93 (2016) 033006 ABM12 PRD 83 (2015) 054028
ABM12 PRD 89 (2015) 054028 [retmy) = 0119]
[OLS(MZ)=D.113] | | [ | [ . | | 1 1 | | 1 1 | | 1 1 | L 1 1 |
IR NN R RN A N A SN A B \ 800 1000 1200 1400
100 150 200 250 300 o, [pb]

5, [pb]
* Inclusive measurements are in good agreement with theory

* Exp. uncertainty comparable to theoretical uncertainty
Sep. 2022 Javier Fdez.

Need to look at

differential
measurements!!
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'. o Latest differential measurements
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Multi-differential dilepton 138 fb1 /s = 13 TeV

_ CMS Preliminary __ diepton.parion level 13810 (13 TeV) > Very sensitive to the QCD
E 300 < m(tf) < 400 GeV | 400 < m(tf) < 500 GeV | 500 < m(tf) < 650 GeV [ 650 < m(th) <1500 GeV| o 1.0 s predictions
4+ 1 1 | o POWsPYT. 68 ] ]
::: t —emeecs e ncertainties halved compared to
£k 1 s previous results
T
:g ol 1 1 1 1 | B statunc
. 1 4
- L
e - - CMS Preliminary 138 b (13 TeV)
. ICEPOPIENTAE SRS ES Sy S A el — x| e e e e B e e A e
EE 1.21’ E‘jﬁi.lrepton, particle level e Data dofui2 :
08 | = * e O POW4+PYT, x2=32 —
200 400 200 400 200 400 200 400 - * * STRIPPER (NNLO), =59 3
p_l_(ﬁ) [GeV] - Con Total unc. —
. . % 102 = - Stat unc. =
 dilepton events (ee, ey, up): S : ; -
» high purity & large statistics sample W0 -
10" & o =
* measurements: - =
» absolute & normalized differential ot L T
xsec, parton and particle level g,s - | | e
. . . . | © 1.2 — —
> double differential (top pyin |y| bins, &% ™ hpaseec ettt
ly(tt)| in m,, bins, etc) 0.8 | | | -
. : : : 100 200 300
> triple differential (]y(tt)| in m,and p.(1) [GeV]

jet multiplicity bins)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-006/index.html
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CMS Preliminary
e

138 o' (13 TeV)’
1oty (13 7

dilepton, particle level o Data, dof-6
= o POW+PYT, 2=17 3
- oe .
= ]
P 0 FXFX+PYT, 32=40
B - » POW+HER, 2=6 |
E_ o0 al Total unc. _E
- .Stat unc. ]
: - _
- prtop -
1 Il } ! Il } Il
I o [mE—
A O =
o O -1
0 200 400

(1) [GeV]

Fully resolved at NNLO, but only
calculations for dedicated observables:

MINNLOPS a first step for a full
NNLO MC (arXiv:2112.12135)

Sep. 2022

Top quark p; discrepancy

Multi-differential dilepton 138 fb1 /s = 13 TeV

PowhegV2+Pythia8 (NLO) chosen as default
generator setup in CMS for Run2:

+ Reasonable agreement except in top
quark “direct” observables p+, p{%, m

s Only Herwig7, but problem most

pronounced at high m

¢ Need for full NNLO MC + PS predictions

CMS Preliminary

dilepton, parton level

138 b (13 TeV)
ALBLCALLS T

< 0.004 e i ¥ T
E | 300<m(th <450 GeV | 450 <m(i) <600 GeV | 600 <m(i) <1500 GeV | u nuy g
s 0.003 W . & MATHIX[N‘NLD),)[Z:M
Q.’_ STRIPPER (NNLO), 2=
:g . + MINNLOPS (NNLOPS)
© 0-002 B 1 - Total unc.
b B statunc.
- Somt- 1
| Wit
0.0011 - —
Canad
T e e e IR B
e 1.2f ! -
é’g 1-557-"«0-#“‘““-* — > ° s+ x4
0.8} tl
0.6L 1 . - : -
200 400 200 400 200 400
p.(1) [GeV]
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-006/index.html
https://arxiv.org/abs/2112.12135
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Latest top mass measurements (l)
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top quark mass in hadronic decays of boosted top quarks

* measurement of the jet mass distribution in hadronic decays of boosted top quarks
* l+jets, 138 b Vs =13 TeV, large jet with pT>400GeV. Precision improved by factor >3

138 b (13 TeV) m, =172.76 * 0.81 GeV

> 8000[ | | . S —_— 7

- D ll
0] i CM.S' ¢ Data 2 | cMs A
10 . Preliminary Ml ] 0) .
@ 6000 Single t . = L Simulation i
c - B Wjets ] S Preliminar .
L% i B OthersM | 8 175 eliminary o -

L Total unc. _ = Rl

4000 XCone, R =12 & :
Ny,=3,R_, =04 s +
I 400 GeV i l
2000 P T = +
0 T T T T [ T T T T [ T T T T [ T T ] 170 ’¢' ®— Exiracted m;\ﬂC

O 1.5 a Total unc. Stat. unc. ] 1%
E ; #”'n LT LTS 'Y 00ee%00 ¢ B ’ ]
g 1'_"-+ ________ — e ---- Perfect measurement
© L ] L _
0 05F | | | ] .

0 50 100 150 S T T T

_ _ mye [Gev] o True m, [GeV]
« Jet mass calibrated using the hadronic W boson decay within the large-radius jet.

» Uncertainties in the modelling of the final state radiation are reduced by studying
angular relations of the jet substructure, compatible with earlier precision meas.

Sep. 2022 Javier Fdez. 13


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-012/index.html

* baseline observable: m,,, from kinematic fit
* l+jets, 36 fb' Vs =13 TeV

m,=171.77 + 0.38 GeV Most precise m,,

CMS P"dlmmary l+jets, 35.9 fb”, (13 TeV)

- I S i P A CMS Preliminary l+jets, 35.9 fb”, (13 TeV)
(CIDJ 40000 3 = ::: ﬁgﬁgt ) = ?i'.e'fst % - ‘mmttcorrett = ‘mm gjngie t ]
Lo 35000;— ?ﬁa‘.’tgmat_c - ngbg?nultijet Q) 70000§ Egn:;?nna%ched =(z)++§tss it E
& 30000 ppneernagly - JBibosen 2600005_ "///.//,U20a€}/rtainty = Diboson E
T 25000E £ 50000F ) :
O] - o c C .
7 200005 tt correct ~50% © 40000- ]
15000; <5% background W 250000 JEC from m,, A
10000; 20000F %
o S000; 10000F -
219,_”._1“]”” %1_9;,; /%%l
5 WWWW S L , /% ................................. _
a 054, 200 300 200 8 05-stiee N1
mit [GeV] 050 100 150 200 250 300

mee [GeV]

« 4 complementary observables to constrain systematics — total reduction by 40%
» largest uncertainty from b Jet Energy Calib, parton shower and color reconnection
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-008/index.html

Top quark mass measurements

Uncertainty <1 GeV!!!
CMS Prefiminary Viay 2021 CMS Preliminary June 2019
Dilepton | ° tt+j shape, 8 TeV
JHEP 07 (2011) 049, 36 pb ' . +4.52
. 175.50 £ 4.60 + 4.60 GeV TOP-13-006 (2018}, 19.7 fb” —§—— 169.80 365 GeV
El-!'fg;;qamz} 2202, 5.0 o @ 1725020432 1.43GeV NLO
All-jets _ ——— ao(tt), 748 TeV 170
EPJC 74 (2014) 2758, 3.5 fb! P . } Ao+
e 17349 0.60 + 1.21 GeV JHEP 08 (2016) 029, 5.0 + 19.7 fb! — @ 17380 7717y go GeV
k:g;ﬁl;:ia%lfz} 105, 5.0 0" —@=—173.48 + 0.43 + 0.98 GeV MMNLO+MNLL, NNPDF3.0
i a(tt), 13 TeV
Egggtso(%m) 072004, 197 b —@— 17282+ 0.19% 1.22 GeV E}E\‘J]C". 70 (2019) 368, 36.9 e + 173.2n +2.10 2.0 GeV
‘;I!algztss(znm) 072004, 18.2 fp™ i 17232 £ 0.25.+ 059 GeV NNLO+NNLL, NNPDFE'.I_
. triple-differential o(tf), 13 TeV
Lepton. + 0164 0.48 Ge ; 0.72
PRD S5 (2016) 72004, 107 1o @ 1723540162048 Gev arXiv:1904.05237 (2019), 35.9 fb™' * 170.83 "% .75 GeV
CMS Run 1 legacy s 172.44 4 0.13 + 0.47 GeV NLO, HERAPDF2.0
e triple-differential o(tf), 13 TeV
_ ~ - , +0.80
/EF'»'TE‘;STM} ses as0t’ @7 172330247080 55 Gev arXiv:1904.05237 (2018), 35.9 fb” @ 170.50 -0.80 GV
Leptonsjots o NLO, 3D fit (mf™*, ctg, PDF)
EPJC 78 (2018) 891, 35.9 b @ 1722510082 062GeV CMS Run 1 legacy
. +0.49
B oo asont @ TEsAs0m 0TGN PRD 93 (2016) 072004 @ RATT 04OV
. . m, from standard measurements
R, e vemsosomow
TR T CT A ] ] ] | 1 ] ] | ] ]
ingle Jet, p_ > e o
PRL 124, 202001 (2020} 172.56 & 0.41+ 2.44 GeV 160 180 |
. . pole
?égq:‘;-})%g (2020), 35.9 fo! - 17213+ 0.32 *0.71 5 gq GeV rnt [G eV]
Tevatron combination - Latest top mass pole measurement: TOP-21-008
arxXiv:1608.01881 (20186) 174.30 + 0.35 + 0.54 GeV . . .
World combination V. 1755020272071 oo Pole mass with NLO theory prediction
Q&Lii‘?a&n_ﬁ%"?%a&”; *m,=172.94 £ 1.37 GeV (ABMP16NLO)
L L]

e e m, = 172.16 % 1.44 GeV (CT18NLO)
m, [GeV]
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0. tt charge asymmetry (boosted)
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|+jets, 138 fb1 Vs = 13 TeV

Highly boosted

m, >750GeV
138 b (13 TeV) 138 fb" (13 TeV)
0-08 | | ‘ | ] 3 7 T T T T T T T T T T T T T J. T T T T T |. T T
- CMS k\ NNLO QCD+NLO EW 1 5 10’ CMS .’[t -W+]et8 5
.. ] > - . =
006 jPreIIm[nary + Measured value in full PS with stat & total error ] L C Prehmlnan/ . OtherS + Data ]
- ] 6L _
0.04— 3 10 : 750 GeV < M, < 900 GeV -
= I - [ e+jets e+jets e+jets u+jets n+jets u+jets 7|
002 :_ T _: 105 - 2016 2017 2018 2016 2017 2018 -
O i~ \% SRR R R L R N N i \\\\\\\\\\ i E E
< 0 t —] - -
N : 10"
-0.02— ] -
B ] 1 3
~0.04F E 0
- 1 o 158 - T T S
—0.06- a1 2 R R R R
. C . < b 3
N 1 ®© 0.5 (201 021 [20] 02 201 0.2 [20] 02 20 [0.2] [20] 02
_ (] - -
0.08 >750 GeV [750,900] GeV >900 GeV Alyl=(y| |yi|)

M

First measurement at 13TeV of the charge asymmetry for highly boosted tt:

« asymmetry corrected for detector and acceptance effects using a binned
maximum likelihood fit

* ACfull=0.0069 *-°%%5 /o

* NNLO prediction with EW NLO corrections: 0.0094 *°-9°%

Sep. 2022 Javier Fdez. 16
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Single top-quark in Run2

/
q q .
CMS Preliminary
W 2 S | | | | | | ]
Y 102 Single top quark production b
b t - e E
g W B |
b L1 = T =
= Y —_ T .
b t = P i
16 > 7 [ J—— -
q b - 4 | e ]
W - f g -
107 = T ¢ E
q / C e .
2| tcharnel W-associated ]
107 & ¥ CDF & DO, PRL 115 (2015) 152003 4 CMS, PRL 110 (2013) 022003 E
- 4 CMS, JHEP 12 (2012) 035 m CMS, PRL 112 (2014) 231802 7
B m  CMS, JHEP 06 (2014) 090 e CMS, JHEP 10 (2018) 117 7
3 e CMS, PLB 800 (2019) 135042 o CMS-PAS, TOP-20-002 ( Preliminary )
107 s channel ————— Z-associated =
= ¥ CDF & DO, PRL 112 (2014) 231803 m CMS, JHEP 07 (2017) 003 3
- m  CMS, JHEP 09 (2016) 027 e CMS, PRL 122 (2019) 132003 .
~ e y-associated (t — buv) .
1074 & e CMS, PRL 12 (2018) 221802 —
E | | | | | | | | | | | | 3
2 3 4 5 6 7 8 9 10 11 12 13 14
Vs (TeV)
')
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o& ,  tW inclusive and differential cross-section

UNIVERSIDAD DE OVIEDO 138 b (13 TeV)

— _l TTT I TTTT ‘ TTTT I TT 17T L I TTTT TTTT I T | TTTT I T T l_
eu 138 fb \s = 13 TeV = . 4f CMs ova © 3
. . = "' Preliminary ovATO o 5
: S g2 -—'
-3 138 b (13 TeV T
< 25?1'2 S L L D T T . |e‘_) S}l- N OvVARO .
- CM ata ] bl - ]
\8- T Preliminary +T°tal unc. ] % T o .
i s Stat unc. B i3 B BENOVA o -
7 = B 110 T R TS e b -
5 ~ tW PH DR + H7 ] 2 e 20 ¢ Total unc. .
S 15ferioe v WaME BBy P8 — 061 T WPHDR+P8
£ T e © tWaMC DS+ P8 ] CVeso o tW PH DS + P8 .
| _Hz;p tW aMG DS dyn. + P8 0.4 o WPHDR:HZ -
2 . ] C v a + ]
= o . . - o tWaMG DR2 +P8 -
- : o W aMG DS dyn+ P8 1
- . C tW a n. 7
5? “ _7 O_I Ll I L1l J Ll I L1 l L1 Jﬁ]i‘ I L1l l L1 I L1l Ilyl 1 ITI L1l I_
B Npzo sz o 3 1.5¢ : .
B . ‘O“ : | ovATO
5 '8 1bV/_\+o TOVATOR VETO ) )
[m] > L . . . . . . L . .
S o 0545702 03 04 05 06 07 08 09 1
] - . . . . Ag(e*, uf)/x
& 0572560 80 100 120 140 ole )

Jet P (GeV)

« Differential as a function of properties of the event: p(l,j), Ad, p,(1,j), m(l,j), MET

* Uncertainties vary depending on the chosen distribution and range from ~10% up
to ~40% (in relative terms) in the bulk of the distributions, larger in the tails.

* The different approaches to produce tW events show similar values in all
distributions, pointing to small effects of the tW / tt interference in the defined

fiducial region and on these distributions.
VTay 2019 Javier Fdez. 19



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-010/index.html

138 fb (13 TeV)

; O'OSE_ICIIMISI o r e : T T T | T | T T T l T T T I T T l T | T T l I TT
(50.045E- i Measurement e N AR A .. M.easure..m‘.en.t..
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= NN\ - :
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138 fb’

(13 TeV)

Most precise inclusive tZq cross section

measurement to date, with relative precision

~ 25% better than previous results

For the first time, the inclusive tZq
Cross sections are also measured
separately for t and t production
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tt+V

A CMS Preliminary /s = 13 TeV, June 2022
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« Direct measurement of top couplings to gauge bosons —>inputs to Effective Field Theories
* tt+W and tt +Z are dominant irreducible backgrounds for ttH and 4tops
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Ok Latest ttW measurement
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2SS or 3 leptons, 138 fb1 Vs = 13 TeV

-1

138 fb™ (13 TeV) 138 b~ (13 TeV)
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» Compared to prediction from NLO+NNLL & NLO with improved FxFXME merging
 Leading systematics: ttH norm (2.6%), lumi(1.9%), ttW scale (1.8%)

* Cross section visibly larger than NLO+NNLL prediction

* R (ttW*/ttW-) lower than SM by 20
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tttt & ttbb

CMS Preliminary

June 2021

" JHEP 02 (2018) 031
NLO QCD+EW

ATLAS, 2LSS/3L, 139 fb”
EPJC 80 (2020) 1085

ATLAS, 1L/2LOS, 139 fb’
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* 4tops: theory band represents uncertainties due to renormalisation
scales. CMS is improving the analysis in the 1L/2LOS with more stats

« tt+ bb : Summary of CMS cross section measurements in the full phase space,
compared with different predictions
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Summary
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 Inclusive results at +/s = 13TeV in good agreement with
predictions, need to go for differential studies:
— Run2 allows to explore the full phase space of top production
— Runl pursuing LHC combinations at 7 and 8 TeV

on top quark physics:
— Top quark pair production
— Single quark top and variants
— Associated productions and tt tt/ bb

e More results to come:

— Run3 already started, new Vs = 13.6TeV

— Expected [L ~ 450 fb!
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
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Inclusive tt cross section [pb]

The LHC full picture

— I I | ! I I | ! I | ! I I ! I I | I I I | ! I I -
— v Tevatron combined 1.96 TeV (L < 8.8 fb ) .. —
— m ATLAS dilepton* 5.02 TeV (L = 257 pb') ATLAS+CMS Preliminary .
e CMS combined ey, I+jets* 5.02 TeV (L = 27.4-304 pb’ b LHCIOpWG  September 2021
~ m ATLASeu7TeV (L=4.61b")
| e CMSen7TeV(L=5f") i
m ATLASeu8TeV (L=202fb")
3| ® CMSeu8TeV(L=19.710")
10° =+ LHC combined ep 8 TeV (L = 5.3-20.3 fb™!) LHCtopWG —
— m ATLASeu 13TeV (L =36.11b") -
— v CMSen13TeV (L=3591f0") =
[ ¢ CMS t+e/u13TeV (L=3591b") Bl
| O ATLAS l+jets 13 TeV (L= 139 fb) F ] |
A CMS l+jets 13 TeV (L = 137 fb™) ! ]
— O CMS all-jets* 13 TeV (L =2.53 b 900F 1]
* Preliminary |
102 :_ 800:- ..... *%llll.-]l]"l#)"m __:
— ; T é =
B 700F 1
s NNLO+NNLL (pp) i
B &= NNLO+NNLL (pp) A
10 — Czakon, Fiedler, Mitov, PRL 110 (2013) 262004 13 Vs[Tev] |
— NNPDF3.0, mtop =172.5 GeV, ocS(MZ) =0.118 £ 0.001 =
. | ] ] I | ] I 1 | ] I ] | I 1 I | I ] L]
2 4 6 8 10 12 14
s [TeV]
Javier Fdez.

27



The LHC detailed picture

UNIVERSIDAD DE OVIEDO ATLAS+CMS Preliminary
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* Inclusive measurements are in good agreement with theory Need to look at

« Exp. uncertainty comparable to theoretical uncertainty differential
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All types of objects involved (jets, b-jets,
missing transverse momentum, leptons)

* Experimental challenges:

- jet energy scale (< 2%)

- b-tagging efficiency (< 3%) & fake rate

- lepton triggering & identification (< 2%)

JI

107

10°

Jets / 0.02 units

10°

10*

10°

1.5

Data/MC

0.5
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NST 13 (2018) P05011 35.9 fb (13 TeV, 2016)

CMS ¢+ Data
Muon-enriched multijet B udsg
50 < p_ <250 GeV @c
T [ b from gluon splitting
.

Illllbllll

[ XY .
.....'.........A...........l.l.l.l.l.-......................-.n.......‘...-...............,.'.......‘..‘..........‘

01 02 03 04 05 06 07 08 09
CSVv2 discriminator

N Ll
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Variable of interest 2

nnzfﬁaznn The challenges

Vove ~ Poisson(M- Agr)

CMS

Compact Muon Solenoid

trigger, reconstruction,
selection efficiencies

@

resolution smearing _.--- 4

acceptance:
fiducial 7
selection .+ '
cuts

full phase space

detector level

fiducial region

particle level

Variable of interest 1
* Theoretical challenges:
- enter through unfolding to parton &

- parton shower & underlying event

modelling

CMS-NOTE-2017-004

29


https://cds.cern.ch/record/2267573
https://iopscience.iop.org/article/10.1088/1748-0221/13/05/P05011/meta

Decay channels

o |eptonicdecay: t - b+ W — b+ 1+ v
e Hadronic decay: t = b+ W = b+ g+ ¢

“alljets” 46%

tHets 15%

q u-Hets 15%
f —T 7 | |
\\ T "dl'EptOhS" "|C})tOI‘I+JCtS"
)

* Top is an important background to many searches,
and properties are sensitive to New Physics
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tt in proton-nucleus (Pb) collisions

First observation at /s=8.16TeV (2016) _

pPb (174 nb™, |/s,,, = 8.16 TeV)

2]

pp, 19.6 fb™, (1s=8 TeV) CT10 = ot
D. oo (876 TeV) NNLO+NNLL Top++ o 35 CMS /u + >4] (>2b)

ata scaled by A - m cT14 g)
l+jets EPIC 77 (2017) 15 gy NNLO+NNLL Top++ it t Data
el JHEP 1608 (2016) 029 . - tt correct

tt wrong
B background

pPb, 174 nb™, (|/s,,=8.16 TeV)

(ﬁ[éoﬁ%iﬁog “Kinioni (TOP++)
l+jets (31(1:)4&%;3816 Ko (TOP++)
pL+jets
e+jets Exp. unc.: stat stat ®@syst

—fe3—1
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] ] ] | 1 ] | | ] ] | | ] ] 1 | 1 ] 1 | ] ] I'l'l'll'l'l'll'
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G [nb] My, [GEV]
* Novel and theoretically precise probe of the nuclear gluon density at high virtualities
* Considering different event categories with 0, 1, 2 2 b-tagged jets
* tt cross section extracted from comb. unbinned max. likelihood fit of mjj’ (W— jj’)

0}‘&+jets = 44 + 3 (stat) &= 8 (syst) nb, 45 + 8 Dnb
a‘iﬂes = 56 =+ 4 (stat) == 13 (syst) nb " - (tOta )n

tt
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http://dx.doi.org/10.1103/PhysRevLett.119.242001
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@ tZq candidate
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CMS Experiment at the LHC, CERN
Data recorded: 2017-Oct-16 05:01:09.248576 GMT
Run/Event/LS: 305112 / 1683658016 / 979

3 leptons, 138 fb1 /s = 13 TeV



http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-010/index.html

UNIVERSIDAD DE OVIEDO

Run2: proton-proton @ 13 TeV in 2015 - 2018

Total Integrated Luminosity (fb~1)

» LHC: the perfect machine?

CMS Integrated Luminosity, pp, Vs = 13 TeV

Data included from 2015-06-03 to 2018-10-26

180
E LHC Delivered: 0.00 (fb~1)
160 CMS Recorded: 0.00 (fb~1) 180
140 140
120 120
100 - 100
80 80
&0 - &0
40 40
20 4 20
0 u T LoD T T T Ly P 0
Jul Jan Jul Jan Jul Jan Jul
016 2017 018
Date

total luminosity =163 fb™

* ~108 top quark pairs produced
on average 34 interactions per bunch crossing
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Recorded Luminosity (pb */1.00)
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CMS

Compact Muon Solenoid

LHC is a “Top Factory” covering

O(10°) range in top production xsec:

* Allows precise xsec & property
measurements, searches for rare
processes

CMS Average Pileup
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