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Introduction: single top production GHENT
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Will focus on single top results in these areas:

« first observation of tW in semileptonic channel.
* inclusive and differential tZq.

May 2021 CMS Preliminary
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tW in semileptonic channel
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* Motivation:

History:

Analysis in a nutshell:

* Event selection:

* 1 electron or muon
1Dbjet, 3jets

« Control regions with 2 jets and 4 jets.

*  Multijet QCD estimated from data in a sideband region.

« BDT to separate tW from tt.

» tW process is sensitive to CKM element th via Wtb vertex.

» tW observed and measured by ATLAS and CMS (in dilepton channel!)
* New observation: tW in semileptonic channel.
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Fit strateqgy:

Results:

« signal strength: 1.24 + 0.18. -

——
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» significance > 5 sigma — observation!

e Ccross-section: 89 £ 4 (stat)( +12 (syst)\ pb.

|
|
binned simultaneous maximum likelihood fit to BDT discriminant output. i
« systematic uncertainties as nuisance parameters in the fit. |

I limiting sources of uncertainty:
nonprompt lepton background
normalization.

* jet energy corrections.
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-002/index.html
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Inclusive and differential tZq GHENT
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. - . 5555 0 5 /T TTTTTTTTTTT T T T TTTT T reference: TOP-20-010
| tZqis a probe for new physics:

| sensitive to: ttZ- and WWZ couplings,

| top quark polarization,

i proton PDFs via top quark-antiquark ratio.

|

|

« impacted by FCNC or more generally in the SMEFT phenomenology [1].
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i « 3 leptons (electrons or muons) i
i « selection based on new lepton MVA. |
e =2jets (pr > 25 GeV, || < 5), = 1 b-jet. i

* Zboson candidate: OSSF lepton pair with |m,, —m,;| < 15 GeV.

I I
| I
i + top quark candidate and accompanying b jet: reconstructed analytically. i
I = recoliling jet: leading non-b-tagged jet, tends to be forward. |
|
|
I
|
I

* background from nonprompt leptons estimated from data and uncertainty constrained in
dedicated nonprompt control region.

—_—_—— e o

[1]: JHEP 10 (2018) 5, doi [2]: Phys. Lett. B 779 (2018) 358, doi

[3]: Phys. Rev. Lett. 122 (2019) 132003, doi

[4]: JHEP 07 (2020) 124, doi

o


https://doi.org/10.1007/JHEP10(2018)005
http://www.arXiv.org/abs/1712.02825
http://dx.doi.org/10.1103/PhysRevLett.122.132003
doi:10.1007/JHEP07(2020)124,%20arXiv:2002.07546
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-010/index.html
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- S 1 reference: TOP-20-010
Inclusive tZg cross-section: Spin asymmetry: | P ;

Otzq = 87.9%73 (stat.)*73 (syst.) fb A, = 0.58+015 (stat.) + 0.06 (syst.)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-010/index.html
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absolute normalized reference: TOP-20-010
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https://indico.desy.de/event/28202/contributions/105770/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-001/index.html
https://indico.desy.de/event/28202/contributions/105772/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-010/index.html
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reference: TOP-17-023

1 3 ' .
s M ————— R MW o — 32" (3TeY) I Analysis in a nutshell: |
) © 10 ] . ER . . |
O I e SO {1+ Lelectron/muon., 2 jets, 1 b jet. |
107'F E - ] . . |
g S 1 Egel ! —— l 1+ top quark candidate reconstructed analytically. |
S| wrees T | e ! 1« background from QCD multijet estimated from data. |
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-023/index.html

Differential measurements of tW
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reference: TOP-19-003

Analysis in a nutshell:

|

|

i « = 2 leptons, e* ™ final state, 1 b jet, 1 jet.

I« main difficulty: overwhelming tt background.

. i . si sig, u

i unfolding: N8 = N — ibkg _ 3 Ry N g unf

i solved using y? minimization (TUnfold implementation).
| » comparison with both Powheg and Madgraph predictions,
i and both DR and DS scheme (in Powheg).

| Results:

= normalized differential cross-sections at particle level.

' » observables:

i » pr of leading lepton and top quark

|  azimuthal angle between electron and muon

| * P, of electron-muon-jet system.

i * invariant mass of electron-muon-jet system.

| * mpr of electron-muon-jet-pSS-system

| » no appreciable deviations from SM predictions.

i  dominant systematic uncertainties:

I_ jet energy corrections (on the tt background).


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-003/index.html
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May 2021 CMS Preliminary « Many interesting new results and techniques in
.-SI i & 7 TeV CMS measurement (L<5.0 fb'") T S|ng|e tOp SEC'[OF
& 1 03 E RS § 8TeV CMS measurement (L<19.6 fb™) E
o] B i 13 TeV CMS measurement (L <137 fb™") i .
= b= — Theoypredctn 1 = See related talks, posters and public notes for more
9 102 3 =n jet(s) o 2 22 CMS 95%CL limits at 7, 8 and 13 TeV E detallsl
o T i
O = ; ]
o

@ 10¢ !ﬁﬁqnﬂrl ® ~\\\\\ E
3 I e - ~ ~_ 1
— B \ \ —
O 1 2 : &\ ol \E
& ia \% \%\i 1 Differential measurements and charge ratio.
§1 0k \ - \\ _ .. : .
8 | £ ; First observation in semileptonic channel
Q. 2l *\ 1+ differential measurement.

107 \ |

f ~
1031 u | ™. More precise inclusive cross-section
1+ first differential measurement.

it i T2 T3 T4 T2 (t, Owht, "ty (tZg Dz " v Taw T at T aH T tH
All results at: http://cern.ch/go/pN;j7

Thank you for your attention! 9
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single top (+ associated bosons) cross sections GHENT
UNIVERSITY
CMS Preliminary May 2021
5 | | | | | | | |
e I . N
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—
(9]
S


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
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CMS Preliminary May 2021
Dilepton . *
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figure from here 12

@ 17334+ 0.27 £ 0.71 GeV



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
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observation of semileptonic tW (TOP-20-002) CHENT
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i * Motivation: _ N _ i & t & t

| « tW process is sensitive to CKM element th via Witb vertex. |

i  History: ~ i .

| * tW undiscovered at Tevatron. | b

| « evidence by ATLAS and CMS at 7 TeV. |

| * oObservation by ATLAS and CMS at 8 TeV. - in dilepton channel. | b w- b W~
i » precisely measured at 13 TeV. i

I« New observation at 13 TeV: tW in semileptonic channel. !

C T T S I L g ey 9% (13T o oap OMSewmwwy  S9W(STOV)
| Analysis in a nutshell: | Dapg T wonamel 3] Eras T echannel 2
I« Event selection: | N ] =

| » single electron or muon trigger i , ] u

i 1 electron or muon |

| « lbjet i | |

| * 3jets i R T o
1+ Control regions with 2 jets and 4 jets. —_— o e
I« WH+jets and multijet QCD estimated from data | “_m T Sl ] “_ T el 4
| in a sideband region. i o B - :
|+ BDT to separate tW from tt. | v E Vg '
I+ Note: interference with tt taken into account by removing doubly | ]
. resonant diagrams from signal definition. | ; ; ya
b L%‘ﬁffM”‘ﬁwfﬁﬁ”ﬁqﬁy angﬁkﬁfﬁfjf**fﬁjﬁ;
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coming from a W boson decay.

[ [£]Total unc.

reconstruction or

- trained separately for electron and muon channel, identification.
with same input variables and hyperparameters.

>, 30000 -

20000 [

observation of semileptonic tW (TOP-20-002) GHENT
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. . . |
BDT discriminant: l CMS Preiiminary 35.9 fb™! (13TeV)
« trained to separate tW from dominant tt background. B I Sl soa " Ghannel, 3j
« input variables based on different number of b-jets in tW and tt | 2 o], ElWelt E
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Fit strateqgy:
* binned maximum likelihood fit to BDT discriminant output.
« all SR and CR in electron and muon channel fitted simultaneously.

11 11 1 L L 1 11 1 11 Il Il L1 11 1 | 1 L L | 11
0 2 4 6 8 10 12 14 16 18
BDT Discriminant

. A . . . . 45000 CMS Preliminary 359fb (1 STBV)
® = Frrrrrrrr T T T T T T T ]
| *_ systematicuncertainties as nuisance parameters inthefit. P gl e channel, 3} ]
[T T T 1 g 35000 |- Welets —f
F .tt
: Results: : :530000;23‘?0 =
'+ significance > 5 sigma. i gzzzz:égﬁtp ;
'+ signal strength: 1.24 + 0.18. | % ol ' '
|+ cross-section: 89 * 4 (stat) '+ 12 (syst) pb. | & 10000
__________________________________________________ ! 50002
limiting sources of uncertainty: Eiosl BRRARS
. . buf 1
* nonprompt lepton background normalization. E 005

« jet energy corrections. o 2 4 6 8 10 B%%D.scr.m.nam



N

observation of semileptonic tW (TOP-20-002) CHENT
UNIVERSITY

|
|
|

“Feynman diagrams for tW single top quark production at next-to-leading order that are removed from the
signal definition in the DR scheme. The charge-conjugate modes are implicitly included.”

15
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Sample

Muon channel

3j 2] 4 “The total number of events passing event selection in
tW 26091 + 62 29772 + 66 10580 + 40 each defined jet topology region for the analysis and
tt 272590 £360 196690 300 184500 £ 300 their associated statistical uncertainties. The event
Wets 79800 = 1200 332300 +£3300 12000 = 330 yields are given for the tW signal and all major
QCD multijet 67470 £320 275130 £+ 700 10440 + 140 backgrounds for both the muon (upper) and electron
Single top 15786 £ 55 54930 + 100 4105+ 28 (lower) channels. The estimations of QCD multijet and
Z+jets 7410500 26450 £970 2070 = 240 W+jets backgrounds include data-based estimates.”
VvV 2850 £ 160 7450 £ 250 731 =81
Total prediction 472000 +2700 922700 + 5700 224400 + 1200
Data 472540 923880 223720
Sample Electron channel

3i 2j 4
tW 15725 £+ 35 17453 + 37 6578 =23
tt 157780 £200 111030 £160 109259 + 160
Wjets 63400 £850 191000 = 1800 9610 = 250
QCD multijet 15370 £ 180 85080 £ 410 5960 + 100
Single top 8939 =+ 30 30223 £ 54 237515
Z+jets 7080 £300 23830 + 590 1800 + 140
VvV 1645 + 85 4010 + 130 461 +=44
Total prediction 269900 1700 462600 43200 136000 + 740
Data 270330 462930 136190 16
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“Descriptions of the variables used to train and evaluate the BDT, ranked in order of importance in
the final result. The same variables are used in both muon and electron channels.”

Variable Description

Mass of the reconstructed Wboson decaying hadronically
Invariant mass of the b-tagged jet and sub-leading non b-tagged jet
Angular separation between the two non b-tagged jets

Angular separation between the reconstructed leptonic Wboson and leading non b-tagged jet
Transverse momentum of the selected lepton

Energy of the two non b-tagged jets system

Angular separation between the b-tagged jet and the selected lepton

Transverse momentum of the system made of the three jets, lepton and pss

17
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Source

Relative uncertainty (%)

QCD normalization 7
W+jets normalization 6
Z+jets normalization 3
Single top normalization 1
tt normalization 1
VV normalization <1
JES 6
b-tagging 4
Luminosity 3
LES 2
Trigger 1
JER 1
Mistag <1
Unclustered MET <1
Pileup <1
hdamp 4
DR/DS 3
MC tune 3
Colour reconnection 1
PDF 1
ME/PS matching 1
Final state radiation <1
Initial state radiation <1
Total systematic uncertainty 14
Statistical uncertainty 5
Total uncertainty 15

“Uncertainty in the signal strength from each source of systematic
uncertainty for the combination of electron and muon channels. The
table is divided between normalization, experimental and theoretical
uncertainties. Uncertainties arising from the limited size of the MC
samples are included in the statistical uncertainty.”

18
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i tZg is a probe for new physics:

| sensitive to (tZ- and WWZ couplings.
| * sensitive to top quark polarization.
|

|

|

|

|

« sensitive to proton PDFs via top quark-antiquark ratio.
« impacted by FCNC or more generally in the SMEFT phenomenology [1].

r—-—-———>"~—FF—~~——F—F—FT ~~——FY—T"~—F"7T ——~—F—FFT"®/YF/"/F/]F"F°D "Y1 = /=D ®/F""""--"-""""""""F"-F/"""F\"F\"7"=V{¥"="¥7"=F;/"=-"¥"-"¥""= 1
| H .
i Earlier tZg measurements: I
[— ; ] I 10~ - Spes pp— tZj,LHC @ 13 TeV " pp —tZj,LHC @ 13 TeV
| First evidence with 2016 data [2] | 22 10t | AP
: \l, : ~ figure from [1] 7= figure from [1]
I |1 ' T 7
| . . N > >
. First observation with 2016+2017 data [3] K 3
| . | o Q
I - 4 - 0 =2 2
| — precision: £ 14-15% | " . .
l o cms T4 (13 TeV o 100(EM‘)S - —— 77,4@‘41375\: o CM.S P : C.g//\z -y [Tev—zl A i I C.g//\z 4 [TeV—2]
| < S Bk Baweren | S 0T EW = | LO A LO
: 5100 E \:mmws ZZ g E:ﬁ“&ﬂem & Total | H NLO ”"",,' B NLO
| >4 jets, 1 b-tagged : g 20 1 g 20 1

50| — w 10 4 E
: 50 : ao; B é 13
I 2 -10 4 2 -10
| : & -20 § 201
| , . . I 3 1 20
! B ivibaeend B e r ] B4 g 2
! £ fpevtabitidiigrd) D pbogibdgdypdtdd £ | g = -
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l =] BDT output © BDT output  © BDT output | 1 1.0

| 20 2.0
| | S 9
: \l/ : S 15 S 15
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| Observation at ATLAS with full Run Il dataset [4] A" e e it AN NN WS B PO on il AU S SO O DO It
| .. . 0 0 50 100 150 200 250 300 350 400 300 400 500 600 700 800 900 1000
| — precision: £15% | top pr [GeV] mg [GeV]
| |

—_—_— e —
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« 3 leptons (electrons or muons)
« selection based on new lepton MVA.
* 1 OSSF pair compatible with Z boson mass within 15 GeV.
e =2jets(pr > 25 GeV, |n| < D).
< 4central jets (In] < 2.4 (2016) / < 2.5 (2017/2018)) (only in differential).
« =1 b-jet (medium deepFlavor working point, central).

F—,—————e—e—_e—,e—_e—_ e — — —

[JMultiboson #% Uncertainty |
100 %% .

* recoiling jet
* non b-tagged jet with highest p.
» tends to be emitted in forward region of the detector.

—_—_———— e

Number of events

Qo
O

/ -
%74 . ]
/ i b .

. ¥ Z Z
wE ’ 2 ey,

ix-el level lysis level . I

matrix-element leve analysis leve i R Z boson Candldate :

| * OSSF lepton pair with |mz — my;| < 15 GeW. |

. . . |

T 8 |« top quark candidate and accompanying b jet |

ML nonpromptemened [ XeTPOMPEION i  reconstructed analytically using W boson and top quark mass constraints. |

120j mtiz B ZZH - |
|

|

i |

! |

I |

! |

« background from nonprompt leptons estimated from data and uncertainty constrained in
dedicated nonprompt control region.

—_—_—— e o

___________________________________________________________________________________

« discriminating features based on presence of a hard forward jet,
presence of at least one b-jet, charge asymmetry of the top quark etc.
« combined into MVA (multiclass NN or BDT) to distinguish tZq from WZ, ttZ and othzeors.

Data / Pred.

03-"08 06 04 02 0 02 04 06 08 1
Event BDT output score
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"
oy 10— T o T T T
° ie 5 ] i O2q = 94.2%13 (scale) + 2.5 (PDF) fb [1] ,'
3 § < ___________________::::: ________________________
0 i 2 | +3 +29 |
g | Orzq = 12353 3 (stat.) *33 (syst.) fb |
I —
: I___slg_”'_“‘iaﬁ“ie_‘_S_'z(E*is_')_’ 31(exp) |
: First observation with 2016+2017 data [2]:
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In general, observe good agreement
between measurement and
prediction.

Compared to both 4FS and 5FS
prediction.

Uncertainties down to 15% for purely

leptonic observables, down to 25%
for observables including jets.
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absolute normalized

138 17 (13 TeV) 138107 (13 TeV
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absolute normalized
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In general, observe good agreement
between measurement and
prediction.

Compared to both 4FS and 5FS
prediction.

Uncertainties down to 15% for purely

leptonic observables, down to 25%
for observables including jets.
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absolute normalized
_ . 138 fb (13 TeV) 138 fb (13 TeV)
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= 7. CMS Preiminary LT — [ CMS Preliminary 1 . * In general, observe good agreement
- F [N SN 3 1— —
g o e ha 8 T} e - between measurement and
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—e— Fit constraint (obs.) —— +1cimpact (obs.) —— -1oimpact (obs.) “Summary of the dominant systematic
Fit constraint (exp.) +1o impact (exp.) “lo impact (exp.) uncertainties affecting the inclusive tZq cross
CMS Preliminary section measurement. The left column lists the
; sources of systematic uncertainty, treated as
tzqrenorm./fact. scale (acceptance) | i ———e——= ! nuisance parameters in the fit, in order of
importance. In the middle column, the black
Nonprompt normalization I R points with the horizontal bars show for each
: j : j j j j § source the difference between the observed
WZ normalizaton| | —e—s best-fit value (6) and the nominal value (6),
: j i j § j j j divided by the expected standard deviation
biaggngeticercy| | | (M. (AO). The right column plots the change in the

tZq signal strength p if a nuisance parameter is
varied one standard deviation up (red), or down

Xy normalization '—'—' .
= r : (blue). The gray, red and blue bands display the
_ : ; : ; : : : same quantity as their corresponding markers,
Color-reconnection model T i but using a simulated data set where all
: | | | : : : : nuisance parameters are set to their expected
ZZ / H normalization . B s e i values.”
ttZ normalization '—“—' '—'
2 1 0 1 2 002 0 002

(6-6,)/A8 Al 31
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138 f”' (13 TeV) CMS Preliminary 138 fb” (13 TeV)
- AUMLE AL ey ———— R 5 e

Introduction: o iRy T
. . . i 2 18 Prc!i\ed Iog-like\!hood(Observed) = LT Profiled‘ H: i (Observed) =
* Model-independent parametrization of physics beyond the standard S 60 mmmiciteom 0 ] g m— oo 0sg
| E s 95% CL[-0.76, 0.71] E nlj 14 B 95% CL[-0.52, 0.52] E

model, in the form of additional operators added to the SM Lagrangian.
» Studied 5 operators that affect t-Z coupling:

1 _
OtZl Oth O(le Q- O(pt

F__________________________________________________________________________________________________________:________—_____________JI 05 1 1.2_ S -0.5 0 0.5 1 ,
- ) C,/ A?[TeV? Cyy ! A%[TeV?
i AnaIySIS Ina m’!tShe”' i — 20 CMS Preliminary ___ 138%'(13TeV) ) CMS Preliminary 13816 (13TeV)
1+ event selection targeted at ttZ, tZq and tW, |2 e Setemmuortomn B IS ridveiust i S
| similar to tZq analysis but including 4-lepton channel. e 1300 el
I« parametrized reweighting of signal samples to access every relevant | : :
| phase space point. i
| . . . . .
|« innovative machine learning techniques: N Lo
| multiclass neural network to separate ttZ and tZq from backgrounds, S 7 . ”
i b?nary neurgl netw_ork_s to dis.ting_uish .EFT. N i C?:Q - AE R
|+ binned maximum likelihood fit with Wilson coefficients as POls (1D | o~ oM Ay e
i ! 2 vef Pt g tood e
! scans, 2D scans, 5D fit). | Bl ot
S-S TTTSTTTTTTT oI TTIITTIITIIITIIITIIITIIITIITTITIIIIITITITIIIT T o1 S meeLrm e el a2 S
' . ' 12f E
| Results: | oF E
' SM values for all Wilson coefficients within 95% confidence interval. | 8 E
_______________________________________________________________________ 6 —
YL WY AR E
o E
ol TN . A
-25 -20 -15 -10 -5 0 5 32

Cy/ A? [TeV?



EFT operators tZq/ttZ (TOP-21-001)

N

GHENT
UNIVERSITY

3
Source Ci7 CwW | Cp0

C;Q Cot
tZq normalization <01 <01! 12 01 0.8
ttZ normalization 0.6 <0.1 0.4 @
tWZ normalization 01 01 | <01 07 21
Background normalizations <01 <01:(69) 36 68
NPL background estimation 0.2 5.6 03 338
Jet energy scale <01 <01; 08 07 23
Jet energy resolution <0.1 <01} <01 <01 14
pmiss <01 <01! <01 <01 02
b tagging <01 <01, 09 20 03
Other (experimental) <01 <01 1.6 08 06
Lepton identification and isolation 0.4 04 | 1.2 22 0.8
Theory (21) (11)} 04 09 09

statistically systematically

limited limited

“Impacts from different groups of
sources of systematic uncertainty on
each individual WC. To estimate the
Impact of a given group, the
corresponding sources of systematic
uncertainty are excluded, the 1D fits
to the data are repeated, and the
reduction in the width of the
confidence interval is quoted for
each WC in %.”
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|____T__T___________________________________________________________________________i reference: TOP-19-009
| Motivation: |
.. !
| * top quark mass is important parameter of the standard model. | q q
i * most precisely_measured in tt [1,2]. | | | i
|+ measurement in t-channel single top provides complementary information | N
! (different phase space, different systematic effects). | W
I__::::Z'::.:::::Z:::::::Z:::::::Z:::::::Z:::::::Z:::::::Z:::::::Z:::::::Z:::::::Z:::_i
| .
i Analy3|s ina nutshell. | | | b ¢
| * single lepton trigger, one isolated lepton with pr > 26/35 GeV (muon/electron). |
i « two jets with pr > 40 GeV and |n| < 4.7, of which one b-tagged jet. |
|« reconstructed transverse W boson mass > 50 GeV. i
i - top quark mass reconstructed analytically from lepton, b-tagged jet and prs3. |
I« BDT to purify signal region. i
-
S oM 3591I(13TeV oM 359T(18TeY)
&t relimina ] s ™ ‘ ' Shamas ] Tm(:MS Proiminary AL 20 reliminar ]
e L O B A T N R & g L 4o |
2 ool [l twW,sch. [ Bocs : EZE?‘S'W “@ T Clhtwsch -
o F WV +jets, W T N et oo - WV +jets, W
Ty [Jaco N - []aco
F ] stat @ syst ED [: . r 7] stat @ syst
Ljoveveroveresyreveynd)  Pjrvewecesenebovenrees N o e
e o8 BOT Response - o 807 Response
"""""""""" 300 350 G \‘;160
m; (GeV) 34

[1] The European Physical Journal C 79 (2019) 290 doi [2] Phys. Rev. D 93 (2016) 072004, doi


https://doi.org/10.1140/epjc/s10052-019-6757-9
10.1103/PhysRevD.93.072004
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-009/index.html
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reference: TOP-19-009
Top quark mass extraction:

' |
| | Lo 359m'(13TeV
I« fit to logarithm of reconstructed top mass. | 5 . T
| ) . . | @ - CMS Preliminary & Data -
i« template shapes fitted to MC simulation. | g L R ]
| . . . . . . > - . —
e normalizations + signal peak value left floating in the fit. | oA ] W, sch, -
____________________________________________________________________________ ]
- BV + jets, vV e
R, i [ jaco T
: Results: : 2? %] stat @ syst ]
I 1 1 I AAAAAAAAA -
'm, = 172.13+0.32 (stat + prof)ili%%; (syst) = 172.13(1119(_;;;;')D GeV |
| X . 2! |
'm_ = 172.62 +0.37 (stat + prof)d19rP (syst) = 172.629191" GeV | A
ot —igon —1igpn | e
: : g[8
'm = 171.79 +0.58 (stat + prof)d19tK (syst) = 171.79919m Gev | ]
k- —_———— s — ]_g:l__r‘__________________—__]_g_[]g ________________ 1 100 150 200 250 300 SI:.SnO (Ge\j«;JO
t
3 ‘l’ 35.9 b7 (13 TeV)
CMS Preliminary o T
) r . T . ! S | CMS Preliminary i
— Measured value  [Jfstat+ profied syst [ ]totalunc. - Dominating sources of systematic | S [ Ko é Data (QCD subtracted) |
- " uncertainty: | 5§ o Mo .
X jets (13 TeV) — I . . | ] L Dtt, tW, s ch. _
- .+ jet energy corrections | I , |
CMS, ti dilepton (13 TeV) . | . . | I BV +jets, vv |
o : * Slgnal mOdeIIng I L [ ]stat + profiled syst ~_|
CMS, tt l+jets (13 TeV) | . . - I
| (mainly final-state radiation) | - -
ATLAS, comb. (8 TeV) — - | - 4
CMS, comb. (8 TeV) L i
CMS, single top (8 TeV) 4
v by byl b ro v d v vy vy
170 171 172 173 174

m, (GeV)
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10P 35.9 6" (13 TeV) x10P 35.9 16" (13 TeV) _ _

> o T T T T T T T R nonprompt background estimation from data:
0] | CMS Preliminary _ r CMS Preliminary
et i, 2J0T ® Data 6L ot 20T ® Data
P — Fit I — Fit ] + define sideband to signal region by requiring muon and
3 — nonQCD al —non@ch 4 electron to fail tight identification requirements —
L : — . .

0.5 —acp * o enriched in QCD.

7]

. B i
| Fitunc. Fit unc.

+ derive QCD templates in this sideband by subtracting
all non-QCD contributions (from MC simulation) from
the data.

» calculate the normalization of these templates by fitting
QCD template + non-QCD contributions (from MC
simulation) to the data in the signal region, using

bl -~ -

0 50 100 150 500

. o
m¥ (GeV) m¥ (GeV) transverse W boson mass.
10° 35.9 fb” (13 TeV) 10° 35.91'(13Tev)  figures:
> T T T T T T T T T T T T T T ] > L T T T T T T T T T T T T T T T ] « . . . . .
8§ - cMmS Preiminay $ Daa & *°C cms peiminary & Data : Figure 3: Postfit distributions of mtW for the muon (left)
@ eop AT e e e — Fi 1 and electron (right) final state in the 2JOT (top) and 2J1T
g2 — honQCD g 7 — nonQCD (bottom) event categories. The bands represent the postfit
o o 1 . .y . . oy
TR Qco ! —acDb 1 uncertainty on the mtW distribution predicted by the fit.
T R 20f [7] Fit unc. _
L2 Fitunc.
10f
0_ L
1.4_‘....' T
g 12p
SIE, e *eee e e

m¥ (GeV)
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35.9 fo' (13 TeV)

T 71 T T T T T 1
gol...CMS Preliminary . . . ... I I — A
0 i | | | | | \
0 10 20 30 40 50 60 70 80 90 o 100
ESig (/")
(a)
T T T L ]
0.2~ CMS Preliminary .
%, 2J1T —— No selection ]
= — BDT >0 ]
0151 — — BDT>06 ]
— BDT >0.65 1
= | —— BDT>0.7
0.1 — BDT>0.75 ]
= L —— BDT>0.8

0.05F BDT > 0.85 b
’ - -= [ prefit unc. 1
— —_———

PRI PR ST SN S I T S SN N [ SN N ST SO AT T SO S

RSO N U SO R UL SO B4 L T
250 300 350 400

m, (GeV)

Efficiency

3591 (13 TeV)
r e >
C et — g

EaBkg

E — Signal purity
0B [ N N 0.8
S N
0.43— —50.4
02 SR —E 0.2
ok 05 0 -10

Uncertainty (GeV)

0.5
BDT selection threshold

35.9 fo' (13 TeV)

CMS Preliminary
0.4r

. —e— stat + profiled syst
—e— Offset correction /-

i |0_65I i 5

7 075 038 085
BDT selection threshold

(d)
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(a) ROC curve for the combined performance of
the BDTs in muon and electron final states.

(b) Signal and background efficiencies + signal
purity as a function of BDT selection threshold.

(c) Correlation study of BDT response to
reconstructed top mass: comparison of
normalized mt distribution without BDT cut (red)
and after several BDT cuts (other colors).

(d) Uncertainties on the mass measurement as a

function of BDT selection threshold (evaluated
using pseudoexperiments with simulated events).
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170

165

160

CMS Preliminary
I, 201T I =1.211

1 1 1 1 | | | | 1

I
170 175

Mre (GeV)

CMS Preliminary
I*,2J1T

359 (13 TeV)
T T | T

70

M. (GeV)

“Test of the linearity of the fit output for different values of true mt (left) and resulting offset correction
derived as a function of the postfit mass (right) for events in the 2J1T category [...]. The shaded regions

indicate = 1 standard deviations about the central values defined by the red line.”
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Source dmys | Smy dmy-
Statistical + profiled systematic +0.32 +0.37 +0.58
Correlation Group Intercalibration +0.09 +0.07 +0.12
JES Correlation Group MPFInSitu +0.02 +0.02 +0.01
Correlation Group Uncorrelated +0.39 4017 +0.83
total (quadrature sum) +0.40 +0.18 +0.84
JER < 4+0.01 < +0.01 < 4001
Unclustered energy < +0.01 < £0.01 < +0.01
Muon efficiencies < +0.01 < £+0.01 < +0.01
Electron efficiencies +0.01 +0.01 +0.01
Pileup +0.14 +0.04 +0.34
b tagging +0.20 +0.18 +0.22
QCD multijet background +0.02 +0.01 +0.02
Offset correction +0.11 +0.13 +0.20
Luminosity < +0.01 < +0.01 +0.01
CR model and ERD +£0.24(0.017) | £0.39(0.027) | £0.68 (0.048)
gluon +0.52 +0.75 —-0.03
light quark (uds) —0.18 +0.18 —0.23
Flavor-dependent JES charm +0.01 +0.08 +0.11
bottom —0.48 -0.29 —0.31
total (linear sum) —0.13 +0.72 —0.46
b frag. Bowler-Lund +0.03 +0.06 +0.08
- b frag. Peterson +0.14 +0.11 +0.19
b quark hadronization model semilep%onic B decays +0.18 +0.17 +0.19
total (quadrature sum) 0= Hz 028
ISR +0.01 +0.01 < +0.01
FSR +0.28 +0.31 +0.20
Signal modeling MR/ up scale +0.09 +0.13 +0.03
PDF + ag +0.06 +0.06 +0.07
total (quadrature sum) +0.30 +0.34 +0.21
Z0.11(0.008) | £0.02(0.001) | £0.22 (0.016)
FSR +0.10(0.007) | +0.14(0.010) | £0.40 (0.028)
ME/PS matching scale +0.10(0.007) | +0.10(0.006) | £0.10 (0.008)
{f modeling Mg/ ur scale +0.03 +0.03 +0.01
PDF + ag < +0.01 < +0.01 < +0.01
Top pr- reweighting —0.04 —0.08 —0.04
Underlying event +0.07 (0.005) | £0.04(0.003) | £0.17 (0.012)
total (quadrature sum) +0.20 e +0.50
signal shape +0.05 +0.03 +0.04
) Top bkg. shape +0.07 +0.04 +0.05
Signal and background shape EWK bEg. sha];)e +0.03 +0.01 +0.02
total (quadrature sum) +0.09 +0.05 +0.07
Total systematic e Ry i
T0.76 F104 F1.44

Grand total

—0.77

—1.51

“‘Summary of systematic uncertainties in GeV
corresponding to final state lepton charge inclusive and
exclusive cases as discussed in Section 7. With the
exception of the flavor-dependent JES sources, the
total systematic uncertainty is obtained from the sum in
guadrature of the individual systematic source. The
statistical uncertainties on the systematic shifts are
guoted within parentheses whenever alternative
simulated samples with systematic variations have
been used. These statistical uncertainties are
determined from 1000 pseudoexperiments in each
case.”
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Analysis in a nutshell:
» single electron and single muon trigger.

* signal vs. all backgrounds (BDT
* ttvs. Wtjets (BDT- )
tt/W

t—channel)

|

i :
: |
| : W+
I« 1 electron/muon. |
'+ 2jets, 1bjet. |
| . . . .
| = control regions with different number of (b-) jets. | b t

. . . . |
| = top quark candidate reconstructed analytically using W boson mass constraint. | Coms_ 3sem'(3Tew)
| » background from QCD multijet estimated from data. | E 6°°°°'é?§ﬁgvm. e > 50Gor B0t
| . y S /W
|+ trained 2 BDT's: | 2 o000, MLZY
| | & EIFit une
| |
| |

Data / Fit
I_‘-'I T
-
|-

r -
J
F s
o S

-1 -0.5 0 0.5 1
BDTww discriminant

Fit procedure:

conoSMS . 3591(13Tev)
« signal region divided in 3 categories: i 20 aev o cramne

« m (W) < 50 GeV — fit m..(W) distribution.
. mT(W) > 50 GeV and BDT < 0 - fit BDTEt w distribution.

400001

Events / 0.1units

t—channel / 20000}
. mT(W). > _50 (_Be\/_ and BDTt—ch_ann_el >0 - fitBDT___, ., distribution. .
. mT(W) distribution in 3)2b control region included as well S ek

-1 -0.5 0 0.5 1
BDT,.¢, discriminant

« split per lepton charge and flavour — 16 distributions fitted simultaneously.

|
|
I
I
|
|
|
|
|
S
e
I
I
|
|
|
|
|
|
|
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| Results: | ~ SMs 35.9fb (13 TeV) cms 35.9 b (13 TeV)
| e L. : : ! > | ' | 1 3 10k ' | .
'« differential cross-sections at parton and particle 8 T S e
. _1_— - : 4
. level, absolute and normalized. 8 . 8 ge ! S ]
I . I 5 i 5 : E
. observables: | 8 [ st 3§ e . ,
72_ --------------- F Fuwr s e w o 5w e )
-+ prandy of top quark R B bt P 800k Roieaies
° | [ --- aMC@NLO 4FS ] f === aMC@NLO 4FS
i pT and y Of Iepton : zMC@NLOSFS 1 L :MC@NLOSFS
I Y pT of W boson I E 10’3 ;_-1-:-1--:-: ——— I ——t—t——t——t } —t—t—t—t—t—t :__ _fE 10‘4:5' bt ——— I ——t——t—t—t } ——t—————
| (At I 8 1207 seeeseedeeemeeed W 1.2F :
|  top quark polarization angle. e i "'_4_‘ % SO i + *ﬁ—l -------- % .......
'« differential o,/0,,; distributions for the same BB S e e 18 08b e e ;
I I o 0 100 200 30 100 200 300
: ObSGI’V&b'IGS. o : Parton-level top quark pt (GeV) Particle-level top quark pt (GeV)
'+ no appreciable deviations from standard model | 1 1
| T | CMS 3591 " (13 TeV) CMS 3591 " (13TeV)
redictions. ~ " e e - " e e
P, L& 08 1 & 08 ]
_ét 0-6}__-§_ ...—‘— --._i-. ..r}—— -------- A‘t _: -gt 0'6_‘_.71_ __l_ _—?— "r_i__ ....T..__‘t___' _:
:E | /et +jets | :E | ptiet+jets |
-g' 0.4 « Data(Iexp,|total) T -8‘ 0.4 o Data(Iexp, | total) -
= NNPDF 3.0 NLO 1 = r NNPDF 3.0 NLO 1
g [ &= CT10NLO | & [ &= CT10NLO ]
= oo MMHT 14 NLO 1 = ool w= MMHT 14 NLO i
E -_1 +———t—t—— i —————t—t— } H—————— :__ ﬂ -_i ——t—t——t— i 1 } ]
- 0.9_‘ J[ 1 - 0.9_‘ J[ ]
©® 08 ... [ Ly 0 4 & 08b.. ... ... [ L =
o 0 100 200 300 0 100 200 300
Parton-level top quark pt (GeV) Particle-level top quark pt (GeV)
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CMS 35.9f" (13 TeV) 35.9fb ' (13 TeV) CMS 35.9fb' (13 TeV) 35.9fb ' (13 TeV)
[yl T T r T = _ T b T
% g uE/ et +jets %J 107'F E ‘é s/ et +jets
9 - = o Data (T exp, | total) 9 1 = o Data (T exp, | total)
o 107'F E 3 POWHEG 4FS - a =1 POWHEG 4FS
=3 = === aMC@NLO 4FS a | Iy <= aMC@NLO 4FS
& o aMC@NLO 5FS & ° aMC@NLO 5FS
= u* /et +jets ] = u* /et +jets ., Fo ]
© 102F e Data(Texp |total) Py [ + o 5| ¢ Data(Iexp|total) J 1
© POWHEG 4FS 5[ i E © 10 POWHEG 4FS 3
=== aMC@NLO 4FS === aMC@NLO 4FS i N
aMC@NLO 5FS aMC@NLO 5FS i b
o s OF 1 f E © 104 1 f e g OF f f ~
© o E E © = E © £ E
a 8 ! "; L 4 a 1"‘; 4 J—— 8! "; 4 I
- = ¥ T — f R T S - L Lol N S ey Sy ———
5 0. 5 08F 3 5 08F 1 5 08F 3
o 06t . L . L . . A L 06E.. . L . . L = L 0.6E . . L . L . o 2 06t L L E
a 0 100 200 300 o 0 1 2 o 0 100 200 300 o 0 1 2
Parton-level top quark pr (GeV) Parton-level top quark |y| Particle-level top quark pt (GeV) Particle-level top quark |y|
CMS 359" (13 TeV) ; CMS 35.91b" (13 TeV) CMS 35.9 b (13 TeV) CMS 35.9fb" (13 TeV)
— T T T ryl F T T T T = _— T T T _ T T T T
% 1 uE /et +jets 3 ;g; T %; ut /et +jets ] '.é
9 o Data (T exp, | total) = 9 L F o Data (I exp, | total) = i
5 POWHEG 4FS = 5 10 * POWHEG 4FS 7§ =
2 ok <=« aMC@NLO 4FS 5 10 a -« aMC@NLO 4FS Iy
& aMC@NLO 5FS ES) & e aMC@NLO 5FS 1 ° ]
z W/ e +jets 2. L0 | /et +jels S
) 102k 5L ¢ Data(Texp,| total) o 10 [ e Data(Texp,|total)
=Wy FEmTmEmTmTmE e —— POWHEG 4FS © ] 1+ POWHEG4FS ~  "TTtEeee 3
--- aMC@NLo4Fs 1 L s [ COrOrTTrToeT = [ --- aMC@NLO 4FS
aMC@NLO 5FS aMC@NLO 5FS
1078 t : 5 op : : i f : 107 f f 3 op f : : f :
g s 8 b} E
T 1.2F © 1.2F E © 1.2F £ T 1.2F E
[ e AW o N O il el (=) l ‘ (=) (=] | ——— ; e -] 1
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Appendix: explicit searches for new physics involving single top quarks

References:

» “Search for flavor-changing neutral current interactions of the top quark and the Higgs boson in the diphoton decay
channel in proton-proton collisions at /s = 13 TeV”, TOP-20-007

« “Search for charged lepton flavor violation in top quark production and decay in proton-proton collisions at \/s = 13
TeV”, TOP-19-006
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Motivation: i
 FCNC forbidden at tree-level in SM, but enhanced in many BSM scenarios. |
» strongest enhancement for Higgs boson as mediator. |

—_———,——,——e————e——ee—ee—_e—e—— e e — a1

i Analysis in a nutshell:

| » signal samples with tHu or tHc vertex enabled.
i » double-photon trigger.

I« events with two photons satisfying BDT identification and
|

|

|

|

|

|

|

|

|

120 GeV < my, < 130 GeV.

* leptonic channel: = 1 jet, = 1 isolated lepton.
* hadronic channel: = 3 jet, = 1 b-tagged jet,

2]
=1

« 14 regions based on BDT output scores.
» simultaneous fit for 95% modified frequentist confidence
limit.

no isolated leptons. . CMS Preliminary 13717 (13TeV)  CMS Preliminary 137 o (13 TeV)
L é‘ 120,H—>w All Categories J é’ a0 HoYY All Categories e
——————————————————————————————————————————————————————— 1 ~ L my =125.38 GeV S/(S+B) weighted 1 > - my =125.38 GeV S/(S+B) weighted 7
Fit Strategy- % 100~ BF(t — Hu) = 0.031% ¢ Data 1 E TP BR(E-H)=0.051% ¢ Data =
' . . > C — S+B model (exp.)] > L — S+B model (exp.) ]
«  BDTs against resonant background (real higgs) and 3 8 comperert s "k B oomponent
= t1o ] = 80 tl1o —
nonresonant background. 5 220 19 220 E

= { =

o o

+ +

@ 2

1% %)

' Results: no excess over background-only hypothesis, |
| B(t -» Hu) < 1.9x10-4, B(t » Hc) < 7.3x10-4 |
i (strongest limits up to now) |

—_—_————e—e e —

100 110 120 130 140 150 160 170 180 10_0 110 120 130 140 150 4860 170 180
m,, (GeV) m,, (GeV)
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o 0 g Frelminary Fasnn 187 Elttili :‘?’)V) g NS Prelimnary. T '13'7'%11££EV) |+ separate BDT against nonresonant i
L%’ 107 (s Fenc 1op + Higgs (GME L%’ 107 L Oreonc e top.+ Higgs (SM i backgrognd (NRB) and standard- |
10° Other Higgs (SM).W +jets ; 10° ' ' Other Higgs (SM)-W +jets : mOdeI'h|ggS (SM H) :
- m+iets [l b P ves llden |« separate BDT in each channel i
ey Hejets ' L i+ ets | (semileptonic vs. hadronic). |
" : i - separate BDT for each coupling (Hut !
10° B e | vs. Hct). |
| |
0 i — 8 BDTs in total |
1 .
107 « output scores for BDT-NRB and
102 BDT-SMH are grouped into 7
2 categories.
'5 IR SN SN S S S

S|= 1—-.....0';-5.,,«»-, e .- i

(semileptonic + hadronic).
- m,, distributions in 14 categories
are fitted simultaneously.

EStat unc. DStat @syst.unc. cr [jStat unc. EIStat @Syst une.
0 1 2 3 4 5 0 55 ; s > - 5 s

BDT-NRB (Hut) BDT-SMH (Hut)

“Distributions of BDT-NRB (left) and BDT-SMH (right) output used for the event categorization
targeting t — Hu FCNC interactions in the hadronic channel. The “Other” category includes
contributions from ttZ, ttW, WW, WZ, ZZ, and t + y + jets. Category boundaries are indicated
with dotted lines. [...]"

I |
I I
I I
I |
I |
I |
I |
i  this gives 14 categories in total i
I I
I |
I |
I |
I |
I |
I |
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Coupling is related to branching
fraction by:

Iy

Kqut — B(t — Hq) FH .
q

[1]: JHEP 10 (2017) 129, doi [2]: Phys. Rev. D 98 (2018) 032002, doi [3]: JHEP 06 (2018) 102, doi S0


doi:10.1007/JHEP10(2017)129
doi:10.1103/PhysRevD.98.032002
doi:10.1007/JHEP06(2018)102
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| Motivation: i we ot
|« CLFV allowed in SM via neutrino oscillations but heavily suppressed. | ,
|+ Experimental hints of CLFV in B-sector — possibly also in top quark decays! i ¢
_ o CMS Prefimnay ______1371" (13TeY) g t
% ou - 1b ﬁgﬁtjtaesm =E:Ze;mmem s ]
g B, 20 Analysis in a nutshell:

« combination of single e, single u and epu triggers.

« one electron and one muon with opposite charge.

* one b-tagged jet. B

- BDT to separate signal from tt background. B

« binned maximum likelihood fit on signal region + tt control region.
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CLFV in top sector (TOP-19-006)

N

GHENT

In the Warsaw basis of EFT operators, the simplified to:
ones that give rise to CLFV in top quark
processes are:
Ol(?ijm = (Ii’YPTIIf)(qk’YPTIQI)! Ovector =
Ol(;)ijh = (If'?’ylj)(qk'}’yqi)r \ Oscalar =
o' = L") @y wy), | Otensor =
ng = (&r"e)(qr"qy),
Ol = (e'e)(@n'w),|
Ol({:cigh = (Liej) e (Gewy),
Ol(jcigkl = (Lo"e)) & (quo,uy),

UNIVERSITY

Olq + O + Oeq + Oeu,
o(l)

lequ”

(3)
Olequ
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Source tt (%) CLFVsignal CLFV signal
Decay (%) Production (%)

Trigger 1.2 1.2 2.9

Electron identification/isolation 1.6 1.6 3.9

Muon identification/isolation 0.6 0.6 0.7

Electron energy scale & resolution <01 <0.1 <0.1

Muon momentum scale & resolution <0.1 <0.1 <0.1

Jet energy scale & resolution 2.5 2.1 1.2

b tagging 3.1 3.9 4.5

Pileup 0.3 0.3 0.2

ME scale 0.9 0.8 0.7

ISR /FSR scale 1.5 2.9 1.9

PDF 0.8 0.8 0.9

UE tune 0.4 — —

ME/PS matching <01 — —

Color reconnection 1.0 - —

MC statistical <0.1 <0.1 <0.1

“Summary of representative systematic
uncertainties on the selection efficiency for
the tt process and for the signal
processes: single top quark production and
top quark decays via vector eptu CLFV
interactions in the signal and tt control
regions. ”
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Vertex  Int. Cross section [fb] ~ Ceptq/A* [TeV 2] B x10~°
type Exp. Obs. Exp. Obs. Exp. Obs.
Vector 7.02 6.78 0.12 0.12 0.14 0.13
[5.33,10.21] [0.10,0.14] [0.11,0.20]
(3.39,12.33) (0.08,0.16) (0.07,0.24)
eptu  Scalar 5.63 6.25 0.23 0.24 0.06 0.07
[4.79,9.38] [0.21,0.33] [0.05,0.11]
(3.75,12.12) (0.19,0.34) (0.04,0.14)
Tensor 10.01 9.18 0.07 0.06 0.27 0.25
[7.51,15.90] [0.06,0.09] [0.20,0.43]
(4.59,19.24) (0.04,0.09) (0.12,0.52)
Vector 11.21 9.73 0.39 0.37 1.49 1.31
[7.21,16.63] [0.32,0.48] [0.96,2.21]
(4.33,21.61) (0.24,0.55) (0.58,2.89)
eptc Scalar 9.11 8.88 0.87 0.86 0.91 0.89
[6.58,13.10] [0.74,1.04] [0.65,1.31]
(3.54,17.41) (0.54,1.21) (0.35,1.74)
Tensor 21.02 17.22 0.24 0.21 3.16 2.59
[16.52,29.21] [0.21,0.28] [2.48,4.41]
(10.51,42.02) (0.17,0.33) (1.58,6.32)

N

GHENT
UNIVERSITY

“Expected/Observed upper limits on the
signal cross sections (production + decay),
CLFV Wilson coefficients, and top quark
CLFV branching ratios are shown for all
three years combined. For expected limits
[-10,+10] and (-20,+20) ranges are
shown.”
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