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Introduction

- Single top quarks are produced @ LHC via electroweak interaction

- The top quarks are polarised due to the tWb vertex

- Measurements of single top quark production allow studies of the unitarity of CKM matrix,
tests of higher-order corrections from QCD, and constraints on PDFs

q g t g t
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t-channel s-channel tW-channel
0 =~ 214 pb @13 TeV 0~ 11 pb @13 TeV 0 =79 pb @13 TeV
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Latest single top quark cross-section measurements

Summary plots

- ATLAS+CMS Preliminary t-channel =
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-014/

Contents of this talk

- t-channel inclusive cross-sections @ 5 and 13 TeV (ATLAS)
- tW differential cross-sections @ 13 TeV (CMS)

- Evidence of s-channel production @ 13 TeV (ATLAS)

- Observation of tyg process @ 13 TeV (ATLAS)

- tZq differential cross-sections @ 13 TeV (CMS)

- Evidence of tWZ production @ 13 TeV (CMS)

. . Summary plots
- Limits on tHq production

CMS PpPreliminary August 2023
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures

Latest t-channel cross-section measurements @ ATLAS

Summary plots
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-014/

t-channel 13 TeV cross-section @ ATLAS

ATLAS-CONFE-2023-026

. . - ><'1‘0‘3‘\‘"'|""|'"'|""|""|""|"H|""|""
- Recent ATLAS preliminary result, full Run-2 data (140 fb'l) S, anas ' eeimnay  ecxs @i
0 =13JeV, 140 fb” W iw+iw, i6 [T
Signal region: Le/y, 1b-jet, 1 forward jet Em Sz Wrie. |
- - - 180\ Post-Fi , Z+jets mj e+ p
ignal region: 1e/u, 1b-jet, 1 forward je - Sve S |

- Neural network to separate signal from backgrounds

- Cross-sections measured for top/antitop and its ratio:
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- Precision improved thanks to statistics, better detector calibration |z g g
and advanced object reconstruction. Main unc: signal modelling ol H | |
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https://cds.cern.ch/record/2860644/files/ATLAS-CONF-2023-026.pdf

t-channel 13 TeV cross-section @ ATLAS

= ATLAS-CONF-2023-026
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ATLAS Preliminary ... 68% CL

{s=13TeV, 140 fb’’ 95% CL
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Jtheo

- Determination of Vy:
fiv Vgl = 1.016 £ 0.031 |V, |>|Vyl, [Vil, LH coupling
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ts

fLV 1

- Generalised CKM interpretation:
flv' Vgl € [0.955, 1.045] at 95%CL
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https://cds.cern.ch/record/2860644/files/ATLAS-CONF-2023-026.pdf

Summary of V,, measurements in ATLAS and CMS

Summary of ATLAS and CMS extractions of the CKM matrix element V,, from single top quark measurements

ATLAS+CMS Preliminary Gmeas June 2023
LHCtop WG Iy Vil = G oo
O0o- NLO+NNLL MSTW2008nnlo l[—|+|—|
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PRD 81 (2010) 054028
AGtheo scale® PDF
=172.5 GeV
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t-channel: i
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ATLAS-CONF-2023-026* (140 fb ) :
tw: :
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JHEP 01 (2018) 63 (3.2 fb)
CMS 13 TeV 1 —t———ir] 0.94+ 0.07+ 0.04
JHEP 10 (2018) 117 (35.9 6" :
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LHC Comb 8 TeV"” ! W : 0.970 + 0.150 + 0.020 %)
JHEP 05 (2019) 088 o
el
all channels: E -
LHC Comb 7+8 TeV " -t 1.020 + 0.040 + 0.020 S
JHEP 05 (2019) 088 : =
: |nclud|ng top-quark mass uncertainty E
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-014/

t-channel 5 TeV cross-section @ ATLAS

- Dataset: 257 pbt @ 5.02 TeV
- Similar strategy as for 13 TeV
- Cross-section measured:

o = 19.5738(stat) 757 (syst)pb, 65 = 7.1732(stat) 52 (stat)pb,
Gyt = 26. 6*2 S (stat) T3¢ (syst)pb, Ry =2. 74*3 a3 (stat) 05

- Significance: 6.1c (6.4c exp.)

- Extracted f), |V | =

0_94 +O.08_0.0

(syst)

S(stat) 008 ; j(syst) Vi[>Vl [Vl

- All results in agreement with SM; limited by data statistics
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ATLAS Preliminary Vs=5.02 TeV, 257 pb" ATLAS Preliminary Vs=5.02 TeV, 257 pb BDT Response
Pred. calculated with MCFM v10.1 Stat. I Stat. ® syst. Pred. calculated with MCFM v10.1 Stat. I Stat. ® syst.
JHEP 02 (2021) 040 I POF © , @ scalel ] Scale JHEP 02 (2021) 040 I PDF © o, © scale[] Scale
u NNLO Pred. u NNLO Pred.
Measured value Measured value ¢
ABMP 1.6 (5 flav.) = ABMP 1.6 (5 flav.) L]
ATLAS epWZ16 e ATLAS epWZ16 -
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MSHT2020 In] MSHT2020 L]
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https://cds.cern.ch/record/2862022/files/ATLAS-CONF-2023-033.pdf

tW 13 TeV inclusive cross-section (dilepton ch.) @ CMS

- tW observed with Run-1 data using dilepton decays - same strategy in Run-2 JHEP 07 (2023) 046
- tW process interferes with ttbar at NLO in QCD

' | Asws|? = |Are + Aze|?
DR1 scheme is used tWb 1+ Az

= |Aue|” + 2Re( Ay, A3;) + [ Az |

difference with respect to DS — uncertainty DRI
DR2
Inclusive cross-section [Aawelps = A + Axl® = Cor
ed, 1 or 2 jets, 1 b-tag - ~55k candidates 0 P tmrET
- Events classified into 3 categories (based on # jets and b-jets) @ -t
- MVA trained to separate tW from backgrounds (mainly ttbar) m Non 2

2 Uncertainty 22207

Inclusive

o =79.2 £ 0.9(stat) *"-7 g o(syst) £ 1.2(lumi) pb [precision: ~10%)]

- Main uncertainties: JES, normalisation of non-W/Z background,
tW scale choice, and FSR modelling in ttbar and tW processes

s

(0,00 (1,00 (1,1) (2,0) (2,1) (2<2)(23,26)

Data / Pred.
(=]
o
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o0 T SN RN A RS RS RARS RARN AR LARR RS 0 T T T T T T T T T T T T T T T T = L L B B L
5 C cMS { Data  Vvsiv & 25 cms $ Data VvV 3 CMS &% (2j2b) ¢ Data 3
5 b z ° .
w e tw [l Non-wiz w & tw [l Non-W/Z = w 3
12E (jip) [ i ¥ Uncertainty 201 (21p) [ 3 2 Uncertainty 2 [ [ii ]
10F Moy - Moy P g Wov E
E ,.,...-o—""". 15 ot aaS i S w VIV ]
8= A-.wr-.ﬂf"“%""’"'ﬁ. .NDﬂ-WJ'Z
6 10 % Uncertainty
4
2
. . 0 .
o 1.05F = 1.05 =
o E 4 o o : 3
& 1E & 1E“‘&, "y 2 M_N_gég o s g P '¢=t’+.a._
= 095E @ 095 3 'z ost MG RS S
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o BDT discriminant O BDT discriminant O Subleading jet p_(GeV)
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https://link.springer.com/article/10.1007/jhep07(2023)046

tW 13 TeV differential cross-section (dilepton ch.) @ CMS

Normalised fiducial differential cross-sections JHEP 07 (2023) 046
SR: 1j1b + veto loose jets (p; € [20-30] GeV)

Unfolding at particle level, using a maximum likelihood fit

- 6 variables: pT(Il)’ P (J)l A¢(9,H), pz(e’“’j)l mT(e’pﬂj’Emiss,T)’ m(ed-l, J) [preCiSion: 10'50%]

- various MC models tested - none agree with all measured distributions

1072 138 b (13 TeV) <1073 138 fb ' (13 TeV)
S“‘\ 35 I_ ICIM|SI T T T T T | T ID T t | T T T | T T T | T _I S“‘\ |_ T ICMS| T T T T T 1771 | T I[)I |t T T T T | T 1771 | T 171 _l
(4} C —— Lala ] [} —— Lala
o Total unc. - @ 105 Total unc. i
= 30 mm Stat unc. B = & s Stat unc. _
ap + tWPHDR + P8 ] o~ 8 + tWPHDR + P8 4
S o tW PH DS + P8 & = o tWPHDS + P8 -
s o ~ W PHDR + H7 e s = ~ tW PHDR + H7 .
g F v tWaMCDR+P8 31 = L v tWaMCDR+P8 A
3 ooF o tWaMCDR2+P8 1 % S o WalicDR2 P8 -
o - o tW aMC DS + P8 B £ 0 o tW aMC DS + P8 -
= = = tWaMCDSdyn.+P83 = [ S = tW aMC DS dyn. + P8 -
S 15 =
o L ] = n _
s s iﬁ B :
= ] oL -
L Fedzy SN — e %
= 5: 0 E=ar—— |
: 1 1 1 1 1 1 1 1 1 1 | Ol_ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I_
_'(g : . . ’ . % 1.5'_ & i . T T i _I
a . Q 1: -OVDa: -
S S 5
s 40 60 850 100 1200 940 & O%0 700 150 200 250 300 350 400
Leading lepton P, (GeV) m(e*, i, j) (GeV)

No significant difference between DR and DS overlap removal schemes
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https://link.springer.com/article/10.1007/jhep07(2023)046

s-channel 13 TeV inclusive cross-section @ ATLAS

s-channel is the most challenging (qgbar process): S/B decreases with Vs
- only observed at Tevatron (due to valence antiquarks)
- at LHC, only evidence in Run-1 (ATLAS, 8 TeV):
limited by data statistics, JER and t-channel generator choice

New: First 13 TeV measurement with ~4k candidates

JHEP 06 (2023) 191

w

Main backgrounds: ttbar and W+jets (S/B~3%) 8OO0
o ATLAS ¢ data
© 16000~ Vs = 13 TeV, 139 fb" s-channel
Baseline event selection & background estimation: 5 signal region, +2] Mt channel
< 14000~ p-channel B tw
1 e/n>30GeV, Ess 7> 35GeV & my,, > 30GeV 2 12000F. MUtiet i m i

SR: 2j2b (jets p;>30 GeV, b-tag eff 77%)

W+jets

Z+jets, Diboson

I Multijet

“~Uncertainty

Veto events with additional looser jets and leptons

IIIIIIIIIIIIIIIII|III|III|III|—

ttbar VRs: 3j2b, 4j2b
W+jets VR: 2j2b (with looser b-tagging WP)

Multijet production modelled by the jet-electron or anti- % i %///’///////WW
muon method; normalisation extracted from data 3 e
"0 20 40 60 80 100 120 140 160 180 200
: : Y G
MC simulations for the rest of processes i (Gel]
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https://link.springer.com/article/10.1007/jhep06(2023)191

Evidence of s-channel production at 13 TeV @ ATLAS'!

Strategy: discriminant based on matrix element calculations (at LO for S and B)

Good discrimination wrt. ttbar
Takes into account the detector resolution: transfer functions

[ [
25000~ ATAS ¢ data

0 C ] 2
[ i B
% | ATLAS  Simulation 1 @ - s=13TeV, 139 fb™ s-channel
5 02 {s=13TeV e | signal region, [+2] it-channel il
5 - signal region, +2j s-channel 20000~ Post-Fit mw 7]
':S; B f - -'Etv N
T el mnmn - i 1 - +iEtS :
- 0.150 ¢ b - [WZ+jets, Diboson —
- . Il Multijet ]
7 Uncertainty
01— i =
s LTS -
Ilﬂi..". =I...I-h‘ll
LI I'%
- LT
0.05— s TP Timiy .
— - ‘lll‘.." HEngy e I i
R el T o 3
B "R o
ok | | | | P
2.0x10* 0.012 0.034 0.062 0.13 1.0 & 0.96 . . . .
P(SIX) 2.0x107 0.012 0.034 0.062 0.13 1.0
P(SIX)
Result:

o = 8.2 £ 0.6(stat.) *34, g(syst.) pb [precision ~40%; stat: 8%]

Events

JHEP 06 (2023) 191

F [ I
— @ Data - background

I | ]
ATLAS =

600

Signal (5= 13TeV, 139 b
500 7 Post-fit bkg. uncertainty ﬂggs::irleglon, 1+2j s
400 | ) 7:

S Z i

= / 77 %

300_ Yy /%%/é//%

™ //%/ A

ny /é%/ /%=

100 2k E
0%/ _

72 3
—100%’ =
20x10% 0072 0034 0082 043 10

P(SIX)

Compatible with SM NLO prediction: o4 =10.32%04° ; 5¢pb

Significance: 3.3c (3.9c exp.) - same sensitivity as with 8 TeV data

Result dominated by syst. unc.: ttbar norm., jet energy scale+resoluction and signal PS+Had.
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https://link.springer.com/article/10.1007/jhep06(2023)191

Associlated production of single top quarks with bosons

Summary plots

ATLAS+CMS Preliminary
LHCtopWG

Oizq % 5 = 102" 3(t0t.) fox 5
MadGraph5_aMC@NLO

Gzq % 5 = 94" tot.) fox 5
MadGraph5_aMC@NLO

Oy =515 g(tot) fo
MadGraph5 aMC@NLO

Oy, % 5 = 81+ 4(tot.) fbx 5
MadGraph5 aMC@NLO

Vs =13 TeV, June 2023

Gyyz X 2 = 1367 j(tot.) fox 2
MadGraph5_aMC@NLO

NLO QCD NLO QCD NLO QCD NLO QCD NLO QCD
Omeas. T (stat.) £ (syst.) total - stat. . , )
97+13+7fox5 H — ATLAS, L, =139 fb’
tZq : JHEP 07 (2020) 124
88 8 Zlfox 5 et W CMS, L =138 fb’
7 : \2 JHEP 02 (2022) 107
688+23 77 fb " . ATLAS, L_=139 ", Vis 1
t 7 ] ’ “eﬂ arXiv:2302.01283
qy 115+ 1730 fbx 5 i - . CMS, L, =36 10", Vis 2
- PRL 121 (2018) 221801
tWZ 370+ 50 100 fox 2 b : : | g CMS.L =1381b"
: ¥ omS-PAS-TOP-22-008*
*preliminary
1 I 1 1 1 I 1 1 1 I | 1 1 I | I | | 1 | I |
0 200 400 600 800 1000 1200
G, [f0]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-013/

tqy production at 13 TeV @ ATLAS

- Rare associated-production processes of the top quark
crucial to constrain non resonant contributions from physics

BSM, parameterised in the SMEFT framework

- Photons arising from ISR/FSR or via triple gauge couplings WWy

- Process sensitive to the top-photon coupling
- Sensitivity to “anomalous gauge couplings”

- Signature also sensitive to top-y FCNC

- CMS reported evidence of this processs PhysRevlett.121.221802
- New ATLAS measurement has achieved the level of observation
- Cross-sections are measured at parton and particle levels in a fiducial phase space

Event selection and strategy

1y (pr>20 GeV), 1 e/y, Ess 7, CULS tO SUppress
"soft” y from parton shower or top decay,

w/,w/o forward jets 2> 2 SRs

Neural networks trained in each SR
2 CRs to estimate normalisation of main bkgs.,
tty and Wy (normalisation from data)

Data / Pred.

I ATLAS

F Ys=13TeV, 139 fb"

I WyCR
Pre-Fit

® Data Mgy
Cltc—»tvby)g MLty
Wwy+jets MZy+iets
MWe-7 Il Cther prompt
Wh -y []Fake leptons
“Z Uncertainty
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events
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arxiv:2302.01283

accepted by PRL

T T T[T T

-~ ATLAS

- Ys=13TeV, 139 fb"

L fiyCR
[ Post-Fit

¢ Data Wty
[Et—tvby)q Mty

Wwy+jets IZy +jets
Il Other prompt y |
[[]Fake leptons |

We-v
Wh-y

Uncertainty

(RARASRRREE RN EEREE LR

01 02 03 04 05 06 07 08 09 1
N\
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https://arxiv.org/abs/2302.01283

Events

8000~
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7 Uncertainty

Observation of tgy production at 13 TeV @ ATLAS
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T1]

- ATLAS @ Data ]
2200 " = g
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2000 = 1fiSR B wy +jets [lZy +jets -
1800F- PostFit We-—v [l Other prompt ¥ 5

F Oh -y [[]Fake leptons
16001 “7 Uncertai

Z nty

1400

SR wo/ fwd. jets -

SR w/ fwd. jets

B o5t ER
PR e e L 2 2T //f//%//ﬁ % 1%%%4%*%%%%%%

S 0.95- E S 095
0-9% 01 02 03 04 05 06 07 08 09 1 08 i 05 03 D4 0 Db 008 00
NN, NNDm

Cross-section measured in fiducial phase space at
parton level: o, -BR(t->Ivb) = 688 + 23(stat.)*"> ;; (syst.) fb
particle level: o,y -BR(t->IVb)+G,_j,p)q = 303 £ 9(stat.)" 5, (syst.) fb
~40% higher than NLO SM prediction (compatible with SM within 20)
Significance: 9.30 (6.80 exp.)

Main syst. unc.: modelling of tqy signal, limited MC stats. and modelling of {(—Ivby) and ttbar
Consistent with previous CMS result
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tZq 13 TeV differential cross-sections @ CMS
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- Also sensitive to BSM physics and SMEFT operators

- Z boson can arise from ISR/FSR or via triple gauge couplings WWZ tZ coupling
- Process sensitive to the top-Z coupling
- Sensitivity to “anomalous gauge couplings”

- Signature also sensitive to top-Z FCNC
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tWZ production at 13 TeV @ CMS

CMS-PAS-TOP-22-008

- This process probes bW->tZ scattering; enhances SMEFT sensitivity
- Very rare process (0~136 fb)

- Treatment of ttZ bkg. is an experimental challenge (XS~5x higher)

- tWZ signal interferes at NLO with ttZ - theoretically also difficult

- First ever tWZ search (multilepton final state: 3 or 4l)
- Use binary and multiclass NNs for sig. vs. bkg. (tWZ, ttZ, other)

Based on top quark p; = 2 regions in phase-space:

1) top quark is almost at rest: SM tWZ production
- define several SRs: (3I,3},1b), (3I,3},>1b), (3I,2)) & (41)
and DNN used to distinguish tWZ from bkgs.

i) top quark has a large p;: enhanced sensitivity to BSM
- 1 boosted SR (event counting)

This is a candidate event in which a top quark is produced in
association with a W and a Z seen by the CMS detector. The Z
boson decays to two electron (green lines) and the W decays to
two jets (yellow cones). The top quark decays into a b quark,

. . . SN cwis E t at the LHC, CERN
producing a b jet ( ), and a W boson, which decays P Dat= re’é‘éfé'e"ée"zo”is rjay 22 07:59:22.893099 GMT

intO a muon ( ) and a neutl‘ino g Run/Event/LS: 316720/ 146566444 / 112
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Evidence of tWZ production at 13 TeV @ CMS !

CMS-PAS-TOP-22-008
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Limits on tHg production cross-section

- tH (tHq and tHW) is sensitive to both magnitude and sign of «;

- Suppressed in SM by destructive interference: k,«,< 0

- 15x increase in tH cross section assuming inverted coupling scenario
- Process not observed yet - upper limits in production cross-section
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Latest measurements from single top processes presented:

- t-channel: used to measure the top quark CKM elements (also top quark polarisation vector
and differential cross sections depending on angular observables)

- tW channel: measured in the dileptonic (differential and inclusive cross sections) and
semileptonic (inclusive) decay modes

- s-channel: first 13 TeV measurement performed giving >3s significance

Associated production of single top quarks with vectors are rare processes, but on the path of
precision regime:

- first observation of tqy process and evidence of tWZ production.

- tZq process measured differentially in various observables, including top quark spin
asymmetry

All these measurements open many possibilities for future interpretations and EFT fits.
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BACK-UP
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Earlier CMS paper, 2016 data 35.9fb~ ', dedicated BDTs - different scenarios:

o |Vip| > 0.95 and |Vig|? + | Vis|? < 0.057 (95% CL), | Vip|? + | Vig|? + | Vis|?> = 1 (SM)
o |Vip| = 0.988 40.051, |Vig|? + | Vis|? = 0.06 £ 0.06, non-unitary CKM

obs
o |Vip| = 0.98840.024, |Vig|2 + | Vis|2 = 0.06 +0.08, r;—r = 0.99+0.42, invis. decay
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Figure 23: Diagrams generated [21] for Wt production at NLO in the five flavour scheme. A singly-resonant diagram
is shown to the left and a doubly-resonant diagram, which overlaps with ¢ production at LO, is shown to the right.
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tyg and tZq production
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Summary: EFT importance of rare top quark processes

JHEP02(2022)032
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Reaching very rare processes as data increase

Top Quark Production Cross Section Measurements Status: November 2022
ATLAS Preliminar
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Increasing number of differential measurements and reaching very high precision.
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