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OVERVIEW

Single-top-quark production is mediated by the EW interaction.

The tWb vertex is involved in the production and decay of the

top quarks.

Three contributing processes at LO: t-channel, W boson
production in association with a top quark (tW) and s-channel.

At NLO other rare production modes can be studied: tZq, tHq,

tyq, tWLZ.

Results covered in this talk:

e t-channel: Differential
measurements and top-quark
polarisation.

e tW (di-lepton final state):
Differential measurements.

e tW (lepton+jets final state):
Inclusive measurements.

e tZqg observation.
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Measurement performed in the leptonic channel.

Using data collected by the CMS detector during oms 3591 (13TeV)
2016 (36 tb") @ 13 TeV. E (1%, e%)+ 2j1b ¢ Data |
) o 100000 [t channel .
Event selection: = : /W ]
» 80000 mwW /21y ]
£ +]
e Common cuts: S 50000 CIMultijet -
Ll Fitunc. ]
e Exactly one isolated lepton (e,p) 40000
(PTe (PT) > 35 (26) GeV) 20000¢
= Ok
e Number of jets € [2,3] (p T q1o0sf 1
S 1 . [ K ] S ® =
. . . . S po95L ]
e Signal region: Exactly 2 jets. Exactly 1 b-tagged (2j1b) - 56' ot T — s S
. mr(W) (GeV)
e Control regions:
. . CMS 35.9 fo! (13 TeV)
*  Wi+jets CR: 2)0b 2 600001+ ey ojlb o ¢ Data |
_ 2 | mp(W) > 50 GeV [t channel |
e ttCR: 3i2b. S /W ]
J S 40000 e
Two BDTs are used: & ' IMultiet
L i Fitunc. |
e  BDT.cn: Discriminates signal from the backgrounds. 20000
* BDTww: Additional sensitivity to the main contributing .
backgrounds. L("\U 1.05F . =
B ettt e e
Maximum-likelihood (ML) fit performed to the BDTs and the = 0'95_1 -------- Y — i :
mt(W) distributions. BDT,., discriminant

e Splitted by lepton flavour and lepton charge. 3
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e The S|gna| distributions are unfolded to both the particle E 02k o |
and the parton levels and the results are compared with = -'—‘—J_‘_L_.— e
theoretical predictions. &
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ATLAS TOP QUARK POLARISATION  bwooc PO

First measurement of all the top-quark polarisation components 'g ATLAS-CONF-2021-02/

@ 13 TeV.

Using data collected by the ATLAS detector during top-quark rest frame

2015-2018 (139 tb-1). i

In the t-channel at LO single top quarks are produced with their \

spin aligned along the direction of the down-type quarks. L
4

The top-quark polarisation can be assessed from the angular / v

distributions of its decay products in the top-quark rest frame.

. b
Event selection: 1
Q‘)@(\(\
e Common cuts: R e
. , c
e Exactly one tight charged lepton (e,u) (o1 > 30 GeV) g o

e Exactly 2 jets. Exactly 1 b-tagged.
o  Eymiss> 35 GeV; mr(W) > 60 GeV; Additional multijet
rejecting cut.
e Signal region (50% t-channel signal; 25% tt, 15% W+jets)
e tt & W+jets control regions.




ATLAS TOP QUARK POLARISATION e
| ATLAS-CONF-2021-02

* Direct measurement of the top quark polarisation components:

cosOrz’

e Profile likelihood fit in 4 regions: 2 signal regions (top & antitop) + 2 control regions.
e SR: Octant variable Q: Slice the phase space depending on the sign of cos 6.
e CRs 2-bin splitting based on lepton charge.

o 6 simulated templates with fully polarised states are used in the fit (Pxy. = *1)

e 6 parameters of interest (top and antitop polarisation components) + 3 normalisations
(tt, W+jets & t-channel signal).

e Systematics: Mainly dominated by jet-energy resolution.

 Inagreement with SM MC predictions (stat.): Pyt = 0.040 + 0.012, P,t =1.024 + 0.015;
Pt =-0.070 + 0.016, P,t =-0.967 + 0.020 (P, is expected to be 0 from CP symmetry).
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ATLAS TOP QUARK POLARISATION

[ First time public! {

Pred./Data

Normalised differential cross-section measurements:
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As a function of the three angular distributions sensitive to new physics effects in the tWb vertex.

The normalisations of the W+jets and top-quark backgrounds and the t-channel signal are

constrained with a maximum likelihood fit to the data in the signal and control regions.
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After background subtraction the distributions are unfolded to the particle-level in a fiducial region

Systematics: Mainly dominated by jet-energy resolution, jet-energy scale and t-channel modelling.

Ciw : Citw -

68% CL 95% CL | 68% CL 95% CL !

All terms [-0.2,0.9] [0.7,1.5] | [0.5,-0.1] [-0.7,0.2]
Order 1/A* | [0.2,0.9] [-0.7, 1.5] |t [-0.5,-0.1] [-0.7, 0.2] i
Order 1/A% | [-0.2,1.0] [-0.7, 1.7] |} [-0.5,-0.1] [-0.8, 0.2] s

Best limits so far from
high-energy experiments!

See also Laura Barranco’s talk
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decay

e The results are interpreted in an EFT context to set limits on Wilson coefficients.

e A profile likelihood fit is performed including morphing templates to simulate BSM effects. 7




CMS (W DIFFERENTIAL CROSS-SECTION MEASUREMENTS

Measurement performed in the dilepton channel.

Using data collected by the CMS detector during 2016 (36 fb-') @ 13 TeV.

Event selection (cut-and-count):

* 1 opposite-sign different-flavour lepton pair.

o pr(lh)>25GeV, pr () > 20 GeV

e ey > 20 GeV

e Exactly 1jet. Exactly 1 b-tagged. No loose jets.

(pT € [20, 30] GeV)

b

S~
Tllzj

The results are unfolded to the particle level and the measurements are

performed in a fiducial region.

Results in agreement with SM predictions.

Systematics: Mainly dominated by JER and JES.
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Measurement performed in the lepton+jets channel.

Using data collected by the ATLAS detector during 2012

X 50l ATLAS Simulation 3j1bJ]
(20.21b") @ 8 TeV. b E f“§=8TeV '
S [
- 15L
Wt o [
v < 101
S i
Event selection: q/ % I
£ °f
e Common cuts: q [
| S
: S 0 50 100 150 200 250 300
e Exactly one isolated lepton (e,u) (pr > 30 GeV) GV
° Eym=>30GeV 2 20T ATLAS Simulation  3{1b, 65<m(W)/GeV <925’
*  mr (W) > 50 GeV 5 tep Ve w |
£ 16} o
e Atleast 3jets (pr > 30 GeV, |n| < 2.4) A ’
° [
e Signal region: Exactly 3 jets. Exactly one b-tagged. § 12} -,
" . . 8 10l
e Composition: 5% tW, 58% tt (main background) C [
8l :
o ttvalidation region: Exactly 4 jets. Exactly 2 b-tagged. 6
Neural network (NN) is used to further discriminate between 1 2 3 4 5 6 7 8

Bin of NN response

the tW signal and the tt background:
e Trained on 65 GeV < m(Wy) < 92.5 GeV.


https://arxiv.org/abs/2007.01554
https://arxiv.org/abs/2007.01554

ATLAS fW CROSS-SECTION MEASUREMENT

(2007 01554 |

A 2D discriminant is built from the output of the NN (trained on 65 GeV < m(Wy) < 92.5 GeV. ) and
the m(W4) distribution.

Bin of NN response
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ATLAS tW CROSS-SECTION MEASUREMENT

e  Profile likelihood fit is performed in the SR.

[ Other
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one-dimensional distribution to perform = :
. 215000 |
the fit. :
. . . . 10000 |
e  Systematics: Mainly dominated by signal :
5000

and tt radiation, jet-energy-scale and

o Wajets LF [

limited size of the MC samples.
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CMS W CROSS-SECTION MEASUREMENT

e Measurement performed in the lepton+jets channel.

e Using data collected by the CMS detector during 2016 (36
fo-) @ 13 TeV.

CMS Preiiminary 35.9 fb' (13TeV)
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Event selection:
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e The signal and control regions are splitted by lepton
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A BDT is used to further enhance the discrimination R B e R e =

between the tW signal and the tt. BDT Discriminant
12
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CMS W CROSS-SECTION MEASUREMENT

A profile likelihood fit on the shape of the
BDT discriminants is performed in the
signal and control regions.

CMS Preliminary
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e Systematics: Mainly dominated by QCD &
W-+jets normalisation, and jet-energy-scale.
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e  Measured signal strength:
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CMS W CROSS-SECTION MEASUREMENT
| CMS-PAS-TOP-20-007

o A profile likelihood fit on the shape of the
BDT discriminants is performed in the

signal and control regions. Source Relative uncertainty (%)
. . . @ normalization 7>

e Systematics: Mainly dominated by QCD & jets normalization 6
W-+jets normalisation, and jet-energy-scale. Z+jets normalization 3

Single top normalization 1

e Measured signal strength: tt normalization 1

VV normalization <1

T —

AL LL L EEEELELEEL LR LTI EEECLELELLE E b_taggillg 4

iM=1.24 £ 0.18: Luminosity 3

Trigger 1

e Observation! >50 JER 1

Mistag <1

e Measured inclusive cross-section: Unclustered MET <1

Pileup <1

e e e e hdamp 4
. " DR/DS 3
; : MC tune 3
E O+tWwW — 89 i 4 (Stat) I 12 (SYSt) pbi Colour reconnection 1
L L L L L L LT T T T e eSS - PDF 1
ME /PS matching 1

(Or = 13%) Final state radiation <1

Initial state radiation <1

* In agreement with SM predictions (within 20): Total systematic uncertainty 14
Statistical uncertainty 5

Total uncertainty 15

o, = 71.7+ 3.8 pb (0r ~ 5%)
(NLO+NNLL)

14
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ATLAS {Zg OBSERVATION

Using data collected by the ATLAS detector during 2015-2018
(139 fb-") @ 13 TeV.

 JHEP 07 (2020 124§

Event selection:

A total of 8 regions are used in this analysis:

2 SRs & 6 CRs for the main backgrounds: ttZ, tt &
Diboson

Exactly 3 leptons (e,u) are required in the final state. The
regions differ in the number of jets and b-tagged jets.

Events /0.2

Signal regions: 2j1b, 3j1b.

One opposite-sign, same-flavour (OSSF) lepton pair is
required to reconstruct the Z boson.

In the tt CR, one opposite-sign, different-flavour (OSDF)
is required instead.

NN used to further distinguish the signal from the backgrounds.
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ATLAS {Zg OBSERVATION

 JHEP 07 (2020 124§

e  Profile likelihood fit performed in the signal and control regions.

 The NN output is used in the SRs and the ttZ CRs.

 The reconstructed transverse mass of the W boson is used in the diboson CRs.
e Discriminates between the Z+jets and the diboson backgrounds.

» Total events yields used in the tt CRs.

e The results are mainly dominated by statistical uncertainties.

Uncertainty source Ao o [9]
E- ' Prompt-lepton background modelling and normalisation 3.3
Oy +1—g = 97 £ 13 (stat.) &= 7 (syst.) fb: pt-iepton backg g
:--?é:l_.g-.g..--.--.--.--.--.-.(.--.-___)_________(__}_/:____) ______ + Jets and E7" reconstruction and calibration 2.0
Lepton reconstruction and calibration 2.0
(or ~ 13%) pIon Te : :
Luminosity 1.7
° Observation! >50 Non-prompt-lepton background modelling 1.6
Pile-up modelling 1.2
e Inagreement with SM predictions: MC statistics 1.0
tZg modelling (QCD radiation) 0.8
h Zq modelling (PDF) 0.7
t +5 " |
O-th — 102_2 fb (or = 5%) Jet flavour tagging 0.4
Total systematic uncertainty 7.0
e Compatible with previous results from CMS: < ]?ata;t/atisgczs — — ?5
tt + tW and Z + jets normalisation :
(Phys. Rev. Lett. 122, 132003 (2019))
Total statistical uncertainty 12.9

Turiq = 111 £13 (stat) g (syst) for -r2%
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SUMMARY

Single-top-quark cross-section measurements:
e t-channel and tW (di-lepton channel) differential cross-section measurements.
e  First measurements on the tW lepton+jets final state.
* Analyses exploit multivariate techniques to achieve a relatively clean signal.
 No deviations from the SM are seen.
Rare top processes:
»  First observation of tZg by ATLAS.
e Results are compatible with previous observations by CMS.
Top quark polarisation:
e  First measurement of the full polarisation vectors for both top quarks and antiquarks.

* Normalised differential cross-section measurements sensitive to new physics in the tWb
vertex.

e The results are interpreted in an EFT context: Cy, € [-0.7, 1.5], Ciw € [-0.7, 0.2] . Best limits so far
from high-energy experiments in the imaginary part of the Oy dipole operator.
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CMS CHANNEL DIFFERENTIAL CROSS-SECTION MEASUREMENTS

The modelling of the backgrounds has been validated in signal- and background-enriched regions:
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CMS (-CHANNEL DIFFERENTIAL CROSS-SECTION MEASUREMENTS

In general nice agreement between the data and the expectations.

However, some tensions are seen in the differential distributions as a function of the top quark pr.
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CMS CHANNEL DIFFERENTIAL CROSS-SECTION MEASUREMENTS

Templates of the multijet background are estimated in sideband regions (w.r.t. 2j1b, 3j2b).

¢  Muon isolation requirement inverted.

e Selected electrons fail loose identification criteria.

The normalisation is obtained directly in the fit to the data.

The procedure is previously validated in the 2j0b region:

200
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CMS (-CHANNEL DIFFERENTIAL CROSS-SECTION MEASUREMENTS

CMS 35. 9fb 1 (13TeV) CMS 35. 9fb (13 TeV)
£ 60000F LT LT e 2 60000F & Pata B T L ok i
. | (uh et )+2]1b ¢ Data ¢ Data (p e*)+2j1b
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I>\//||e|_ f.s are ES :jma ed from a 5 40000) LGS 3 40000 [z
I : o [Multijet [ I [ []Multijet
tto the data |_|>J i Fitunc. | L|>J | Fit unc.
. . . 20000 20000
e mt(W)in the 2j1b region .
for mt(W) < 50 GeV:
. . i O i OF
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t Channel Signal L Fitunc. ] w 10000 Fitunc, -
- . 40000¢ - ]
- 5000} ]
BDTwwin the 2j1b region 20000¢ : -
= o] S S = OF :
for mt(W) > 50 GeV & o sk 1 % o5 ; :
1+ I . 1 . SN * . 8 . e e e e e I 1
BDTech < 0: Sensitive to R e RS i B RN
: n 0 50 100 1 50 200 0 50 100 150 200
W+jets and tt. (W) (GeV) (W) (GeV)
Process ut - et e

W/Z/v*+jets 720006800 62800+:5600 334003200 3070042800
tt/tW  142400+2400 1434002500 84500+1400 848001500
Multijet 35150 4550 35710+ 760 1350041000 12700 =+1000
t channel (top quark) 34400+ 1500 10+£3 17720 4= 820 27 £2
t channel (top antiquark) 13+2 21600 1600 25+3 11460 == 880
Total 28410045800 2637004600 14930042400 139700+ 2200
Data 283391 260044 148418 138781
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CMS (-CHANNEL DIFFERENTIAL CROSS-SECTION MEASUREMENTS

e Uncertainties breakdown in the spin asymmetry measurement:

Ay Ae Ayre
Central values 0.403 0.446 0.440
Statistical 40.029 +0.038 40.024
tt/tW normalisation  +0.010 =£0.007 =+0.007
W/Z/y*+ets normalisation £0.012 +0.011 +0.012
Multijet normalisation ~ <0.001 <0.001 =0.003 CMS 35.9 b (13 Te)

Profiled uncertainties

Multijet shape ~ <0.001 £0.006 <0.001 & e w/e+ots | |
Jet energy scale/resolution  +0.008 <0.001 <0.001 2 . Egt\iv L IEe(;(pLiILtSOtal) | ¥
b tagging efficiencies/misidentification = <0.001 £0.009 =£0.004 @ 205 - aMC@NLO 4FS ' E
L Others <0.001 +0.003 +0.005 S 15F ~ aMC@NLOSFS i 1 % 3
< Topquarkmass +0.033 =£0.063 +004> o _ | .
s PDFFag— =0.01T £0.009 +0.011 © 10;_ i 1
k= t channel renorm. /fact. scales £0.013 £0.018 =£0.020 5= i = .
£ t channel parton shower  +0.030 =£0.008 =+0.014 0 b
§ tt renorm. /fact. scales  4+0.008 +0.019 +0.017 & 1oF ) E
E < ttpartonshower £0.031 +0.037 +0033> 2 =1 1= St ata !
g tt underlying event turme—=<<9:06t—=0014— £0.014 3 82 3 | | | E
5 tt pr reweighting  <0.001 £0.010 +£0.009 a1 05 o 05 1
S Wjets renorm. /fact. scales  <0.001 £0.019 =+0.014 Parton-level cos 65
= < Color reconnection  £0.036 +0.056 +0.03T>
Fragmentatiom model—=+06:01—=001T  £0.011
Profiled uncertainties only +0.041 =0.047 =0.031
(statistical+experimental)
Total uncertainties = 0.071 =0.099 =0.070
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Events / 0.25

Data / Pred.

ATLAS TOP QUARK POLARISATION

e Normalised differential cross-section measurements:

e The normalisations of the W+jets and top-quark backgrounds and the t-channel signal are
constrained with a maximum likelihood fit to the data in the signal and control regions.

o  After background subtraction the distributions are unfolded to the particle-level in a fiducial
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ATLAS TOP QUARK POLARISATION

Normalised differential cross-section measurements:

* An iterative Bayesian approach implemented in RooUnfold is used with additional correction
factors.

* The correction factors and unfolding matrices are computed using t-channel single top events
generated with Powheg+Pythia 8 at NLO.

e 8 bins used for 6xand By, 4 bins used for Bz (ensure > 70% of events in diagonal elements of the
migration matrix and not a very large number of iterations).

* Convergence, closure and linearity tests have been performed.

particle _ ~particle!reco Z —1 ~recolparticle 5 ,data
Vi o Ck Mjk Cj (Nj Bj)a
J

reco Sreco!particle | Sparticle
recolparticle _ "J J cparticlelreco -~ _ k
Cj = SreCO R k € Sparticle _ Sparticle!reco’
j k k
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ATLAS TOP QUARK POLARISATION
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ATLAS TOP QUARK POLARISATION

Deviations from SM predictions of the differential measurements can give hints of physics beyond the
SM (the measurement can be interpreted within an EFT framework in terms of tWb anomalous
couplings or Wilson coefficients).

In an EFT framework:

Lsnv + Z A2 + hermitian conjugate

In single-top t-channel production (for massless b-quarks) at LO QCD and at O(1/A2), only three
operators with three coefficients are required to parametrize new physics effects:

1 <—>
08) = ikt (¢ Ble) @vr'Q)
Ow = Yguw(Qo*1't)eW,,
Ogdrs = (@"7a:) (@nr'Q)

In terms of anomalous couplings, the most general effective tWb interaction arising from a minimal
set of dimension-six effective operators was found to be:

— _ —ic*q, _ 2
Lww = —% by" (VLPL + VRPR) tW,, — 55 b m“f] (gLPL + grPRr)tW, +h.c. grR = \/EC%/XZ
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ATLAS TOP QUARK POLARISATION

* A set of morphing templates are used to simulate the SM, the interference and the pure BSM terms.

2
decay

2

o(cw, Citw) = ‘OSM + aw - Oww + cirw - Oiw : ‘OSM + cow - Oww + Giew - Oiew

production

SM

e All ordersin A are included. OéM‘

* Atotal of 15 templates are used.

Mix Interference

w +1 /\ OsmOw \ A
\//
tW -1
-

e A maximum likelihood fit is performed to the unfolded differential cross-section measurements to
extract the EFT predictions.
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ATLAS TOP QUARK POLARISATION

Polarised along spectator quark

Differential measurements for top quarks and antiquarks

In pp collisions, both the production cross-section and the polarisation

of top quarks and top antiquarks differ owing to the predominance of

u-type quarks in the proton.

Theoretical predictions at LO (Phys. Rev. D89 (2014) 114009) predict

different polarisations in the different projections for top quarks and Q

antiquarks.
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ATLAS TOP QUARK POLARISATION

e The portion p of the fitting function describen the expected number of events as
a function of the octant variable is given by:

o&\{
¢

H (Qi; }_’: ,é, 5) = ﬁt—channel'{%(ig+ (Qi)+ : _2PZ 7;— (Qi)+%7; (Q-I_-)_I_%(]; (Qi) }+7Ekg (QiuBWﬂetsnBtf)

\ Ve
Lepton sign Fully polarised templates Q=4-0(cosb;,)+2-0O(cosb,) + O(cos 0,

e The fitting functions is used in the maximisation of the likelihood function:

8 8
L (7’, ,5, 5) = P (NQ+; u (Q+; ﬁ,,@, 5)) P (NQ_§,U (Q_;ﬁ, ,é, §)) — Signal regions
). =1 ) =1
Q; 5 ©- P, 1S
. o o . - 5 Control regions - ATLAS Prelimiqary ]
 T1P (Mo (180 [T (vow (jeai8)) — Comvolredens T _;
Jo=I j=1 i ]
3 0.5:— —:
X G (Bi; Loy) 1_[ G(6;;0,1) —>» Gaussian constraints - top quark ]
k=1 [ O_— & *¥ 5
E top antiquark
-0.5— —
E +best Fit
—1_— [ 68% CL stat. only —
e The results of the polarisation vectors are in agreement [ ¥ Powheg-BossPrttes
. . . _ Lo b b b v b v by a0
with the SM predictions. 95 4 05 0 05 1 15
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ATLAS TOP QUARK POLARISATION
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ATLAS TOP QUARK POLARISATION

e Event selection in the signal and the control regions:

Preselection region

Signal region

tt control region

W+jets control region

=1 charged tight lepton (pt > 30 GeV and || < 2.5)
Veto secondary low-pt charged loose leptons (pt > 10 GeV and || < 2.5)
=2 jets (pt > 30 GeV and |n| < 4.5; pt > 35 GeV within 2.7 < |n| < 3.5)

pr(6) > 50(1 -

EIss > 35 GeV

mr(¢EMS) > 60 GeV

n—|A¢<j1,€)|) GeV

n—1

=1 b-jet (] < 2.5; 60%WP)

=2 b-et (] < 2.5; 60%WP)

=1 b-et (] < 2.5; 60%WP)

Mep < 153 GeV

trapez. requirement

Mep> 153 GeV

Mepmisy & [120.6,234.6] GeV

veto trapez. requirement

Ht > 190 GeV Ht < 190 GeV
Process Preselection region Signal region tt control region | W+jets control region
t-channel 219000 + 11000 70600 + 3500 13480 4 680 148 200 £ 7400
tt, tW, s-channel 736 000 + 39 000 43200 4+ 2400 147800 + 8400 693 000 £ 37000
W +jets 590 000 £ 200 000 26200 8900 16 100 + 5500 560 000 4 190 000
Z+jets, diboson 52900 £+ 5100 2120 £ 350 2620 + 360 50800 + 4900
Others 494 + 38 30+ 4 791+6 464 + 36
Multijet 52000 + 10000 3500 + 640 5500 £ 1800 48 500 £+ 9400
Total expected 1650000 £ 210000 | 145600 £ 9900 186 000 £ 10 000 1510000 + 200 000
Data 1750918 154 361 188 326 1596 557
S/B 0.15 4+ 0.02 0.94 +£0.13 0.08 4+ 0.01 0.11 4+ 0.02
Data/Prediction 1.06 £0.13 1.06 £+ 0.07 1.02 4+ 0.06 1.06 £0.14
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TOP QUARK POLARISATION: ATLAS AND CMS

 CMS provides a measurement of the spin asymmetry, sensitive to the top quark polarisation.

1 do

s *
o d cos GPOI

1 1 ﬁ* ﬁ?
_ q

= (1+2A€ cos 0 ) Aj=Pay  cosfiy = Fl7

q

pol 2
*top quark rest frame

*  Measurement performed in the electron/muon/combined channels:
e Combined channel: A =0.440 = 0.070 (o, = 16%).

e ATLAS provides a measurement of the polarisation vector for top quarks and antiquarks.

e The spin asymmetry can be related with the P, Parameter Extracted value (stat.)

components of the polarisation vectors. t-channel norm.  +1.04540.022 (% 0.006)

e  The value reported by CMS is inclusive for ~ W+jets norm.  +1.148 £0.027 (£ 0.005)

top quarks and antiquarks. tt norm. +1.005+0.016  ( +0.004)

P, +0.01£0.18  (£0.02)

P, —0.024+0.20  (40.03)

P!, —0.020£0.027  (£0.011)

P, —0.007 £0.051  (£0.017)

Pt +0.91£0.10  (40.02)

P, —0.794+0.16  (£0.03)
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CMS tW DFFFERENTIAL CROSS-SECTION MEASUREMENTS

* Nice agreement between the data and the SM predictions prior to the unfolding procedure:
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ATLAS fW CROSS-SECTION MEASUREMENT

e  The fit results are validated in the signal and the tt VR.

e The expected distributions match the observed data in both regions.
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Data / Pred.

ATLAS fW CROSS-SECTION MEASUREMENT

The 2D discriminant is built from the m(Wy) and the NN response:

.............................

L V5 =8TeV, 20.2fb"
7

it

Whjets HF
Whijets LF
Other

............................

/i

m(Wh) [GeV]

0 50 100 150 200 250 360

NN trained in the peak region

Events / bin

Data / Pred.

8000 " p11 S ' pré-fit, 31 Ib, 65 <r|n(WH)/CIieV<9l2.5_.

Vs =8TeV, 20.2fb™" 4 Data mmm Wiiets HF |
W mmm Weets LF
.t [ Other

7

Bin of NN response

Bin of NN response

o e ATLAS Simulation |
\/§=8TeV§
7 - f

I I I
—————————————

—————————————

______________

——————————————

——————————————
|||||

~

w

it
W4jets
Other

gl

I 1
! i
! 1
! 1
| |
! 1 1
1 I 1 |
1 | | I
1 1 !
1 1 !
! 1 1
! 1 1
! 1 1
1 1 1
! 1 1
! 1 1
! 1 1
1 | | 1
1 | i 1
1 | | I
1 | 1 I
1 I 1 I
1 | | I
1 1 |
1 | 1 I
1 | 1 I
1 | i 1
1 | 1 —
1 | i 1
1 | 1 I
1 | 1 I
1 | 1 |
1 | | 1
1 | | 1
1 | 1 I
1 | 1 I
1 I I I
1 | | I
1 | 1 I
1 | | ™
1 | I 1
1 | i 1
1 | i 1
1 | 1 I
1 | | I
1 I 1 |
1 | | I
1 | 1 I
1 | 1 I
1 I | I
1 I i 1
1 | | 1
1 | i i
1 | | I
1 | | I
1 | I |
1 | | 1
1 | i 1
1 | | I
1 | I 1
1 I 1 I
1 | | I
! 1 1
! 1 1
! 1 1
1
1

—

y axis corresponds to a bin of the

Inside the peak, each bin in the

NN response

[

150

L R -
200 250

m(Wy) [GeV]

Outside the peak region, the NN bins are merged

36



ATLAS fW CROSS-SECTION MEASUREMENT

Each white number in the 2D discriminant corresponds to a bin in the 1D histogram.
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ATLAS tW CROSS-SECTION MEASUREMENT

The NN exploits the differences in the reconstruction of the tW system. Input variables:
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CMS W CROSS-SECTION MEASUREMENT

o A profile likelihood fit on the
shape of the BDT discriminants is

performed in the signal and
control regions.

e The signal and control regions are

splitted by lepton flavour.

* Nice agreement between the data

and the SM expectations.
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ATLAS {Zg OBSERVATION

Signal and control regions definitions:

Common selections

Exactly 3 leptons (e or u) with || < 2.5
pr(€)) > 28GeV, pr(£,) > 20GeV, pr(t;) > 20GeV
pr(jet) > 35 GeV

SR 2j1b CR diboson 2j0b CR 1t 2j1b CR 1tZ 3j2b
> 1 OSSF pair > 1 OSSF pair > 1 OSDF pair > 1 OSSF pair
\my, —m,| < 10GeV  |m;p, —m,| < 10GeV No OSSF pair imy, — m,| < 10 GeV
2 jets, |n| < 4.5 2 jets, || < 4.5 2 jets, |n| < 4.5 3 jets, |n| < 4.5
1 b-jet, [n] < 2.5 0 b-jets 1 b-jet, |n| < 2.5 2 b-jets, n| < 2.5
SR 3j1b CR diboson 3j0b CR 1t 3j1b CR 1tZ 4j2b
> 1 OSSF pair > 1 OSSF pair > 1 OSDF pair > 1 OSSF pair
\myp, —my,| < 10GeV  |myp —my,| < 10GeV No OSSF pair imy, —m,| < 10 GeV
3 jets, [n| < 4.5 3 jets, [n| < 4.5 3 jets, |n| < 4.5 4 jets, [n| < 4.5

1 b-jet, |n| < 2.5 0 b-jets 1 b-jet, || < 2.5

2 b-jets, n| < 2.5
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ATLAS {Zg OBSERVATION

e Yields in the signal and the control regions:

SR 2j1b CR diboson 2j0b CR 1t 2jlb CR 1tZ 3j2b
tZq 79 +11 53.1+ 7.5 0.2+ 0.1 129+ 2.0
it +tW 238+ 4.8 13.7+ 2.7 333+ 6.3 1.7+ 0.3
Z +jets 28 +13 181 + 82 < 0.1 1.4+ 0.6
VV + LF 19.7+ 7.9 2000 =+ 100 < 0.1 0.1+ 0.1
VV + HF 101 +22 383 + 78 0.4+ 0.1 52+ 1.7
ttZ + tWZ 96 =+11 632+ 7.0 48+ 0.5 503+ 7.1
ttH + ttW 6.5+ 1.0 3.0+ 0.5 124+ 1.9 2.8+ 0.5
Total 354 +16 2697 + 56 51.1+ 6.1 83.5+ 6.4
Data 359 2703 49 92

SR 3j1b CR diboson 3j0b CR 1 3j1b CR 1tZ 4j2b
tZ2q 434+ 6.2 21.2+ 3.3 0.2+ 0.1 8.0+ 1.3
it +tW 11.0+ 2.2 69+ 1.3 154+ 3.1 1.0+ 0.2
Z +jets 128+ 6.0 53 + 23 < 0.1 0.4+ 0.2
VV + LF 10.1+ 4.2 624 + 53 < 0.1 0.1+ 0.1
VV + HF 58 +17 186 + 51 0.3+ 0.1 34+ 1.0
ttZ + tWZ 132 +12 619+ 6.2 39+ 0.5 58.1+ 5.3
ttH + ttW 47+ 0.7 1.7+ 0.3 82+ 1.3 20+ 0.3
Total 272 +12 055 + 29 280+ 3.0 72.8+ 5.0
Data 259 949 31 75
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ATLAS {Zg OBSERVATION

e  Background composition in the SRs:
e 2j1b: 50% diboson; 32% ttZ + tWZ.
o 3jlb: ttZ (45%); Diboson (28%)
¢ NN used to further distinguish the signal from the backgrounds.
» Exploits variables related with the Z boson reconstruction (reduces tt).
* Exploits top-quark related quantities (reduces backgrounds with no top quarks).

e Exploits the large pseudorapidity of the final state untagged jet.

g _I T T | T TT | T TT T T T TT T TT | T TT | T TT | T TT | T T I_ g T 17T | T TT | T T TT T TT T TT | T TT | T TT | T TT | 17T
= - e Data ] ~ . e Data ]
2 140 ,;\_TLAS . 74 i 2 o0l ?_TLAS ) 74 b
AT - Z+jets i o i Z+jets ]
— VV+LF ] ; VV+LF |
- SR2j1b W+HF - gol o oo W+HF
_ Post-Fit ttZ+tWZ i | Post-Fit ttZ+tWZ ]
100~  ttWHttH ] i m ttWHtH ]
B <2 Uncertainty i <2 Uncertainty |
- _ 60 ] —
80 yi ] _‘% ]
/ - i ” |
60— 7% — B + 7
- i 40 ]
400 9 } b B Zus ]
B #// . * . //: 20 . %// /. |
L % B » » s 2 ]
20 — i é //+// ///f// B +//é// /i/ //*// ; » 7‘
0 _d I Ll 1 | L1 | 11 | L1 | | | L1 'TI_ o B | [ —— Ll | | Ll | | Ll I 1 | | L1 | 'fl_
-8' 1.4F AR -8' 1_4_"'|"'|'T'|"'x"'|'
r 1.2f i 12
5 1.0 J////&///// S35 ////+//// ////+/////§+////4/ . / 5 1.0 74/?/////?///////////?////{/////f%/////%////%z// //%F/
© 0.8 ? © 0.8
D 06_ I T T | D 06_ [ T |
-1.0 -0.8 0.6 04—02 OO 02 04 06 08 10 -1.0 -0.8 0.6 04—02 OO 02 04 06 08 10

ONN ONN



ATLAS {Zg OBSERVATION

NN is trained with 15 input variables.
The training is different in the 2j1b and 3j1b signal regions.

Same 4 variables are the highest ranked in the two signal regions.

Variable Rank Definition
SR jl | SR 3j1b

(Lgs- 1V1t mss ofr t b-t a the uad j ()

i mbjf :
E My, 2 2 Reconstructed top-quark mass

L G 3 3 Absolute value of the i of the j; jet
A 4 4

Transverse mass of the W boson

— ~ T e RS g

Hy 6 - Scalar sum of the p; of the leptons and jets in the event
q(Cy) 7 8 Electric charge of the lepton from the W-boson decay
)n(f W)) 8 12 Absolute value of the 1 of the lepton from the W-boson decay
pr(W) 9 15 pr of the reconstructed W boson

prly) 10 14 pr of the lepton from the W-boson decay

m(£l) 11 — Mass of the reconstructed Z boson

In(2)| 12 13 Absolute value of the 1 of the reconstructed Z boson
AR(js, Z) 13 7 AR between the j; jet and the reconstructed Z boson
E'Tm > 14 — Missing transverse momentum

prGp) 15 10 pr of the j; jet

nG,)| - 5 Absolute value of the n of the j, jet

pr(Z) - 6 pr of the reconstructed Z boson

pT(jr) - 9 Pt of the jr jet




ATLAS £Z7 OBSERVATION

Good modelling of the input variables:
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Events /0.3

Data / Pred.

ATLAS {Zg OBSERVATION

» Two different types of backgrounds:
e 3 prompt leptons (diboson, ttZ): Estimated using MC simulation.
e 2 prompt leptons + 1 non-prompt lepton (tt, Z+jets): Using b-jet replacement method.
e b-jet replacement method:
e Assumes most of the non-prompt leptons come from a b-hadron.
» The dilepton samples are extended to a trilepton sample forcing the semileptonic decay of a b-hadron.
e Events are selected with one fewer lepton and one more b-jet that in the signal regions.
e One of the b-jets is replaced by a lepton.
 Normalisation extracted in specifically defined CRs.
e Validation regions used to check the modelling of the backgrounds (diboson, tt + ttV)
e Signal modelling is also validated in the SRs (Onn > 0.4)
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FCHANNEL DIFFERENTIAL MEASUREMENTS: MOTIVATION

Useful to constrain:

e EFT operators.

e Top quark mass

e Parton distribution functions

e Renormalisation and factorisation scales.

The ratio top-quark/antiquark is sensitive to the up to down
quark content of the proton.

t-channel

Angular distributions are sensitive to the electroweak
structure in the tWb vertex.
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(W LEPTON+JETS FINAL STATE: MOTIVATION

Most measurements to date are based on the dileptonic
final state.

The two measurements presented today focus on the semi-
leptonic final state.

e Larger branching ratio.

e The presence of just one neutrino in the final state
allows to fully reconstruct the kinematics of the W
boson.

tW-channel

e Larger background contamination.

Inclusive cross-section measurements provided by ATLAS and CMS at two different energies.
tW is an important background in searches beyond the SM.
Interference with tt @ NLO.

~
o~




(Zg: MOTIVATION

Rare process. Previous results:

e ATLAS @ 13 TeV (36 tb1): arXiv:1710.03659

e Evidence 4.20

e CMS@13TeV (77.4 tb): Phys. Rev. Lett. 122, 132003
(2019)

e First observation.

Allows to study indirectly the tZ and WZ couplings.
Small QCD corrections at NLO.

e Deviations from SM predictions can be interpreted in
an EFT context.

—

non-resonant production

Y

b
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https://arxiv.org/abs/1710.03659
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132003

PARTICLE LEVEL OBJECTS DEFINITION

e Particle-level objects are constructed from stable particles of the MC event record (ME+PS) with a
lifetime > 0.3 - 10-10 s within the observable pseudorapidity range.

 These objects do not take into account any detector effect or any additional pp interactions (pile-
up).
e More info: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/ParticleLevelTopDefinitions

Object construction

The objects considered in the event record are stable particles (mean lifetime > 0.3X10'1°s) within the observable pseudorapidity range.

e Photons: photons used for final state definitions and for the definition of leptons (electron & muon) should not be from hadron decays. These removes the dependency on the underlying
event.

¢ Electron: define 4-momentum from photons and electron within an anti-k; R=0.1, where leptons (electron & muons) are considered for jet clustering. No isolation condition is imposed. In

order to choose prompt leptons from W/Z decay in a way safe for all generators currently under consideration, the parent of the electron is required not to be a hadron or quark (u-b). (Expect

that future sanitisation of generator record will remove the need for the quark requirement.)

¢ Muon: define 4-momentum from photons and muon within an anti-k; R=0.1, where leptons (electron & muons) and photons are considered for jet clustering. No isolation condition is

imposed. In order to choose prompt leptons from W/Z decay in a way safe for all generators currently under consideration, the parent of the muon is required not to be a hadron or quark (u-
b). (Expect that future sanitisation of generator record will remove the need for the quark requirement.)

o ETmiss/Neutrinos: As an event level variable the missing transverse energy is calculated as the 4-vector sum of neutrinos from W/Z-boson decays. Tau decays are included. A neutrino is
treated as a detectable particle and is selected for consideration in the same way as electrons or muons, i.e. the parent is required not to be a hadron or quark (u-b). (Expect that future
sanitisation of generator record will remove the need for the quark requirement.)

o Jets: define with anti-k; algorithm. Loop over all stable particles excluding the electrons, muons, neutrinos, and photons used in the definition of the selected leptons. This includes non-

prompt muons and neutrinos for a proper b-jet energy scale. Use specific R parameter chosen by experiment: R=0.4 for ATLAS and R=0.5 for CMS.

e b-jets: A jet is a b-jet if any rescaled B-hadron is included in the jet. A rescaled B-hadron is treated as a stable B-hadron (that does not oscillate or decay to another B-hadron) for which the
4-momentum is scaled down by to the limit of floating point precision and added to the list of particles for jet-clustering as described above. Only B-hadrons with an initial pt > 5 GeV are

considered. This prescription provides an unambiguous way to associate a single jet with a B-hadron.

¢ Further cuts in the event: overlap removal, such as applied to reconstructed objects, does not make sense when the selected leptons are not included within jets. Instead, events where
the leptons overlap with the selected jets should be discarded. For example, for a anti-k; radius parameter of 0.4, events with dR(jet,el/mu) < 0.4 should be discarded.
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