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Rare single top production at LHC

» Single top quark production
with v/Z/WZ are remarkably
rare processes predicted by
the SM.

» Measuring X-sections of these
processes are crucial as:
> Sesitive to top quark
EW coupling
> Sensitive to many BSM
models and EFT
operators.
> Production of ty/tZ at the
LHC: t-channel, s-channel,
and tW-channel (t-channel
mode is the dominant one).
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Results covered in this talk:

tvq first evidence: PRL 122(2019)132003

tZq Observation: JHEP 02 (2022)107

tWZ first evidence: CMS-PAS-TOP-22-008
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132003
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-008/index.html

CMS Result for tyq measurement

X-section measurement using 2016 Run II data
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132003

tqy production at t-channel

» The X-section is sensitive to the top
quark electric and magnetic dipole

moments.
» 4 channel, 35.9fb~1!

Object selections:

>

>

Well isolated photon with

E7 > 25 GeV in barrel region
Single isolated muon with

pr > 26 GeV and |n| < 2.4
veto extra loose muon or
electron.

AKA4PF Jet with ppr > 40GeV
and |n| < 4.7

One b-tagged jet with WP
medium

MET> 30GeV

Object reconstruction:

» W boson is reconstructed with
p+MET.

» Analytic neutrino solution(s).
» Top mass is reconstructed
with W boson and a b-jet
candidate.
——SSSSS—————————_
—
Additional requirements:
> AR(y,X) > 0.5 with
X=jets,b-jet,
> AR(p,X) > 0.5 with
X=jets,b-jet
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Background estimation strategy

Fake photon estimation

» Backgrounds with prompt » Shape and normalization of events with
photon: fake photon is estimated by using data.
» Dominant BGs: > it, W+jets,DY+jets, Single top,
thy, Wry+jets,Zy+jets. diboson have contribution.

» Estimated with both
MC and data-driven
method.

> oy

> First: fake photon fraction in

the SR is estimated by using the

» Backgrounds with fake photon ABCD method.
» Second: A control region
dominated by misidentified
photon, known as Photon Like
Jet (PLJ) is defined.

> Jets can be
misreconstructed as

photon. > O "
f . . tion factor d d th
> if Wtjets, DY-jets. orrizc ion actor depends on the
» Data driven method is pr of photon.
lied to estimate fak » Obtain normalization and shape
aip tle © estimate fake of fake events in SR by weighting
MO each event in PLJ sample with
- o correction factor.
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tty Control Region

» Main BG is tty.

> Its shape is obtained from MC and normalization is estimated by using data with
relevant control region:

> Exactly 2 b-tagged jet is required.
> Other selection criteria are the same as signal region.

» Normalization of tty is left floating in both SR & CR.
» Simultaneous fit into SR and CR is applied to extract the t£y normalization in SR.

Process Event yield
tt+y 1401 £ 131
Wry+ets 329478
Zytjets 23255

Misidentified photon =~ 374 + 74
ty (s- and tW-channel) 57+8

VVy 8+3

Total background 2401+ 178
Expected signal 154 £ 24
Total SM prediction 2555+ 180
Data 2535
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Analysis strategy

To enhance the signal and background separation, signal against the main background
(tty) is trained.
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The most discriminant
variables used as BDT
input:
» 7 of the light-flavor
jet
» Cosine of the angle
between muon &
light-flavor jet in top
quark rest frame
» 7 of the muon
> AR(light-flavor
jet, )
» Reconstructed top
quark mass
» Jet multiplicity
» Transverse mass of
the reconstructed W
boson

» Muon charge

7/26



Signal extraction

>

>

Binned likelihood fit on BDT output of
1-btagged and 2b-tagged regions.

Normalization of tfy determined from
specific control region with 2 b-tagged
jet.

Main source of uncertainties:

JEC (12%), signal modeling(9%) and
b-tagging and mis-tagging rates (7%).

Events

Data/Prediction

35017 (13 TeV)

CMS

T T T T T T

¢ Data [k |
B stat.@syst. []Zylets 1
[ signal (&) [ Jvvy -
[ t/(s- and tw-) [ Misidentified photon ]
[ wylets 1

The fiducial X-section:

4 5 6 7 8 9 10
BDT output

o(tyj)B(t — pwrb) = 115 £ 17(stat.) £ 30(syst.)fb

Observed (expected) significance: 4.4 (3.0) o

Expected SM prediction: ¢5M (tyq) B(t — uvb) = 81 + 4fb
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Recent CMS Result for tZq measurement

Inclusive and differential X-section measurements using full Run II
data
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-010/index.html

tZq signal selection

» 3 leptons (e/p) with pr > 25/15/10
GeV.
-Loose selection is used to estimate
non-prompt background.
-Tight selection (based on new lepton
MVA) is used for prompt leptons.

Inclusive vs. differential measurement:
Mostly similar strategy with some small
» 2 leptons consistent with Z-boson differences:

mass within 15 GeV.

> at least 2 jets (pr > 25GeV &|n| < 5)

» Inclusive:

» 3 signal categories based on

> at least one tagged as b-jet number of jets and bjets.
.(diﬁerential measurement: 4 central > Binary one vs. all classification
jets) with BDT.

Categorized based on number of jets . )
and b-jets(inclusive): > Differential:

> 2.3 jets with one b-tagged > Signal region inclusive in jets

) . and b-jets.
> 2> 4 jets with one b-tagged »> Multiclass NN to regain
> > 2 b-tagged jets discrimination between different
BGs.
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Prompt background estimation

» Most important BGs: WZ and ttZ.

> Control region enriched with main backgrounds: WZ, ZZ, ttZ(4¢), and Z~.
» The agreement between the data and predictions is checked.
| 4

The control regions are included in the final fit.

210" 138 " (13 TeV)
i Data | miZq )
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> ttZ CR
3 leptons i WZ CR ZZ CR
» no lepton pair eptons
> lep p: > 3 leptons > 4 leptons
within the Z mass » > 2 jet .
window > N I leot > At least one bjet > 2 lepton pairs
» 3 leptons invariant on.y orllteh.eptltl)nz veto within the Z mass
air within the . :
mass within the 7 p . » 7 boson candidate window
mass window

mass window
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Nonprompt background estimation

Jets can be misidentified as leptons.

Number of events / 0.13 units

Data / Pred.

» Mainly DY +jet and tt.

» BG with > 1 nonprompt
lepton(s).

» Strongly suppressed by lepton
MVA, but still considerable.

» Estimated using data-driven
technique naming fake rate
method.

138 fb” (13 TeV)
T T T
140 CMS + Data WtZq
Nonprompt enriched E)'\(lyonpromm%wzx
120) miiz mzzH

[CJMultiboson 7 Uncertainty

1.5 i Stat. uncertainty
1

0.5
-1 08-06-04-02 0 02 04 06 08 1

Event classifier output score

>

Fake rate:

A CR in data enriched with
multi-jet events is defined:
» Only one loose lepton
> At least one
jet(pr > 30GeV and
In| < 2.4)
> AR(jet,£) > 0.7
> pRies <20 GeV
Fake rate: probability that a
nonprompt loose lepton also

passes the tight identification in
defined CR.

The fake rate is measured as a
function of the pp and 7 of the
nonprompt lepton.

Apply in signal region side-bands:
» with 3 looser leptons instead

of 3 tight
> 3 tight leptons are vetoed.

J
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MVA input

variables
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BDT is trained to separate signal
from background.

Some of the most discriminating
features included in BDT training:

>
>

[n| of most forward jet

Maximum deepFlavour
b-tagging score

Scalar sum of transverse
momenta of all leptons +
missing transverse momentum

Maximum di-jet transverse
momentum among all di-jet
combinations

Maximum deepFlavour
b-tagging score among all jets

Multiplicity of jets and bjets
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Results: inclusive measurement

138 b (13 TeV)
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Event classifier output score Event classifier output score Event classifier output score
Signal extraction: ) v v
A . B . —e— Fit constraint (0bs.) —— +16 impact (obs.) —— -1o impact (obs.)

Maximum-likelihood fit in the all SRs and Fi constraint (exp) WM +1o impact (exp) [0 -1o impact (exp)

CRs is performed on output distribution of
BDT.

Utozzs = 87. 9+ (stat ) 6. 0(syst )b

for myy >30 GeV.Total uncertainty is
11%. 3 — 4% lower uncertainty comparing to
previous CMS and ATLAS results.

The SM predictions for myy >30 GeV at NLO:

opl = 94.2%] % (scale.) + 2.5(PDF)fb

CMS

12q renorm.fact. scale

Nonprompt normalization

WZ normalization

bitagging efficiency

Xy normalization

Color-reconnection model

22/ H normalization

1iZ normalization
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Differential measurement

» Differential tZq cross section measurements as functions of several observables at
the parton and particle levels are performed.

> A likelihood-based unfolding procedure is performed to measure the X-section in
each kinematic region defined by each generator-level (parton or particle) bin.

» Parton level

> Generator level objects
after ISR/FSR, before
hadronization.

» Whole phase space

» Strong dependency to
used generator.

138 b (13 TeV)

138 o' (13 TeV)

100

Detector-level p;(2) [GeV]
N
8
Transition probability
Detector-level py(t) [GeV]
Transition probability

» Particle level

———————————— L —————————
[ +Efficiency ® Acceptance +Efficiency ® Acceptance

> Stable particles after 03 ]
arton showerin = =
> p ) . g- 14 Stability +Purity 0.9F +Stabilty +Purity
Collected into jets, ossi= —H— os
MET and 1ept0nS. 700 200 300 700 200 0
> Less dependency on P-rton-level pr(Z) [GeV] P-rticle-level pr(t) [GeV]

used generator.
» Object cannot be
directly mapped to
matrix element objects.
» Unfolding in fiducial
phase space. o = ~




Results: differential measurement

Multi-class NN with several input variables and five separate class (tZq,ttZ, WZ,t(t)X
and other BGs) is performed to classify the signal events.

c T T . . . . 138'!)"(131'9\/)
Signal extraction: s [ cms + Daa CNorprompt  [t0X By
g Postfit [OMultiboson [ ZZH Owz Wiz
> o—f . X_Section at generator level With g Il Zq(others) [ll1Zq[140, ] [M1Zq[70,140] [EM1Zq[0,70] %% Uncertainty
qz . . 2 e pr(i’) < 70GeV 70 < pr(j') < 140 GeV prli’) > 140 GeV.
generator level bin k as a function of °
. s 3
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aclow dm
k

oo
3
X

= 1 Stat. uncertainty
P i
X ¥ £3 ¥ ¥ THY 44
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Neural network score of tZq output node

Signal region: Njets < 4 — to get rid of the
contribution of tZ backgrounds.

Data / Pred.
oo o

» Maximum likelihood based unfolding:

138 fb (13 TeV)
I

Amas s e AL
i Measurement

%% aMC@NLO, 4FS
= aMC@NLO, 5FS

> SR is break into subregions based on
the observable at detector level.

> each subregion dominated by signals
from its generator bin.

> cach subregion fit to classifier output
to separate signal from BGs. 002

> all CRs are into the fit.

pifs = 44.2%
pEES = 44.1%

do/dp(j) [fb/GeV]

AN FEETE FERE S

L

. . =
» all systematic are considered as §e
. k5 o
nuisance parameter. EH

o %’ 05 4

20 40 60 80 100 120 140 160 180 200 220
P-rticle-level pr(j’) [GeV]
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Results: absolute differential X-sections
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Results: spin asymmetry e ABI09TY

g 16~ CMS
» In tZq production, d}le to V-A 3 14 ¥ Measurement
electr9weak .coupllng, generated top 2 120 W 0gg(1+ Acos(O}))
quark is polarized. S b %aMC@NLO, 4FS iy \\
° E O
» Deviations could potentially indicate S sf \WaMC@NLO,5FS
. © -
anomalous coupling structure. o ®\
» At the parton level, spin asymmetry is = @ 3
connected to the differential 2k \\\\\\\\\
cross-section as a function of the = ‘
polarization angle: 5|2 "o ]
B|o
Ba |
do alo os- B
dcos(e* ) = tZa ( + Ageos(65,1)) 2 o482 0 0z 07 05 08 1
pol PHon-level cos(@p,)
N TP (4 Measurement result:
Cos(epol) =

1P (@)II7 ()]

Ay is directly extracted from a
re-parameterized fit using the full likelihood
and uncertainties. Dominant uncertainty is The SM prediction:
statistical Uncert.

A¢ = 0.54 £ 0.16(stat) £ 0.06(syst)

AMS = 0.44, ASFS = 0.45
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CMS Result for tWZ measurement

X-section measurement using full Run II data
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132003

tWZ production

Low energy region:
p

Search Semi-leptonic final states

» One OSSF lepton pair
compatible with Z mass.

» One of the W decay
leptonically.

» jets multiplicity
(pr > 25GeV,|n| < 2.5):

> SR1: at least 3j & at
least 1b-jet.

> SR2: exactly 2j & at
least one b-jets.

Search in fully leptonic final states

SR3:

» One OSSF lepton pair
compatible with Z mass.

> Both W bosons decay
leptonically.

P at least one jet & at least one
b-jet.

Boosted (high energy) region:

Hadronic top (two jets from W decay are
reconstructed as a fat jet)

» Hadronic top
> SRI1 selection
> at least one fat jet
(pr > 300GeV & 105
GeV< mgp <210 GeV)
> AR(fat jet , b-jet)<0.8

» Leptonic top

SR1 selection

veto hadronic selection
P > 30GeV

at least one b-jet

(pr > 200GeV)

A R(b-jet , £3)<2

vyVYY

v
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Background estimation

7

J

Main BG: ttZ
» Very similar kinematically to signal.
» ttZ differ via one b-jet in the final state with signal.
» ttZ BG is estimated from MC then constrained from DNN output score.

,
\.

Multi-lepton Control Regions:

Are estimated from MC and normalizations are constrained in dedicated control

regions.
ZZ CR WZ+jet CR
» 4 leptons > Exactly 3 leptons
» 2 pairs OSSF compatible with Z » one OSSF lepton pair from Z mass
ghase > any b-jet veto
» no jet is required » MET >50 GeV

-
e EEEEEEEE—
Non-prompt backgrounds: Fake rate method is used to estimate this BG.

> Estimated from data

\.

Other BGs are estimated from MC
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Signal extraction

x10° 138 fbo' (13 TeV) x10° 138 fb' (13 TeV) x10° 138 fb! (13 TeV)
0.25f
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tWZ output score tWZ output score ttZ output score
> MVA techniques employed to separate signal from ttZ and other backgrounds.
» Binned maximum likelihood fit is used to extract the tWZ signal significance and
cross section.
> Evidence of tWZ with an observed(expected) significance of 3.5 (1.4)
standard deviations.
> Cross section (2.1 standard deviations away from the SM prediction):
oywz = 0.37 £ 0.05(stat) &= 0.10(sys) pb
Expected SM prediction: e5M = 136 fb
>

Most impactful source of uncertainties: ttZ normalization, b-tagging efficiency
corrections and estimation of nonprompt leptons.
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Summary of tX measurements

> tvq analysis

> tZq analysis > tWZ analysis
First evidence by CMS > Fi id b
(2016 data) » Observed by Clrs; evidence by
> Observation by ATLAS(full CMS and >
ATLAS 2.1 standard
Run II). . iation f h
» Upcoming: full Run II > Good agreement gi}[’lahon rom the
results for CMS. with the SM. .
ATLAS+CMS Prelimina -
LHCTopwe ry Vs = 13 TeV, June 2023
g% 5= 102:3(tot) fox 5 I Ggyx5=94"3tot) x5 I o =515 %0t) b I 0, x5=81t4(0t) x5 I Gy x2=136"3(tot) bx 2
MadGraph5_aMC@NLO S MadGraph5_aMC@NLO E MadGraph5_aMC@NLO E MadGraph5_aMC@NLO E MadGraph5_aMC@NLO
NLO QCD I NLOQCD I NLOQcD I NLoQcp I NLoQcp
Oeas * (Stat.) (syst) ol __stat
97137105 H——a——H ATLAS, L =139 fb"
H JHEP 07 (2020) 124
tZq ; je
88 "8 lfbx5 e CMS, L =138 fb
: JHEP 02 (2022) 107
688+23 ' 1°fb —_— ATLAS, L_=139 0", Vis 1
B arXiv:2302.01283
tay .
11541730 tbx 5 i CMS, L =36 1", Vis 2
‘1 PRL 121 ( 2018)221801
twz 370+ 50+ 100 fox 2 CMS, L, = 138 fo'
H CMS-PAS-TOP-22-008*
*preliminary
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Summary

» First evidence of tWZ production with 3.5 standard deviation, performed in
multilepton final states using the full Run II data at CMS experiment.

» Inclusive and differential measurements of tZq production have been done
with full Run IT data at CMS experiment.

» CMS collaborations has observed tZq production with significance greater
than 50.

» The measured inclusive X-section is in agreement with the SM prediction.

» Compared to the SM differential cross section, all observables are in good
agreement within the uncertainties with one exception.

» CMS has reported first evidence of tyq process using 35.9fb~" of data at 13
TeV with 4.4 observed significance.

» Measurement of tyq X-section via full Run II data is in progress.
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Backup
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Previous tZq search by CMS

First evidence (2016 data):

[U(PP —tZq — thtl—q) = 123+31(stat )+29 (syst. )fb]
Significance =3.7(obs.)/3.1(exp.)

Phys.Lett. B 779 (2018)358

Observation at CMS (2016&2017) data

l o(PP —tZq — ttti—q) = 111+13(stat )+ (syst. )fb‘
Significance = 8.2(obs.)/7.7(exp.)

Phys. Rev. Lett. 122, 132003

Observation at ATLAS (full Run II):

[a(PP g — tHe—q) = 9T + 13(stat.)7(syst.)fb]
Significance > 50 JHEP 07 (2020) 124

ATLAS
5= 13TeV, 1391b"

SR3jib
PosLFil
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Events /0.2

Pulls

Events/0.13
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BDT output
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[ Multiboson
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2z
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https://www.sciencedirect.com/science/article/pii/S0370269318301278?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132003
https://inspirehep.net/files/034a8c5a69b0217304a3247aa50f8393

