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Run |l dataset allows to probe top quarks in its rarest rarest
production modes
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tt + W production
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e BDT classifier for S/B
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* Binned ML fit to all signal &
background control regions

o(ttW)=0.77 £0.11(stat) £ 0.13(syst) pb * Main syst. from backgrounds
— * Next : Full Run Il data & detailed
25% precision studies of charge asymmetries
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tt + Z production

: ¢ t * 3/4 leptons
¢ Z/v* e pr(£)>10,15,25 GeV
* Z candidate |m,, —m, <15 GeV
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Best process to probe top-Z coupling and its structure
* Events categorized in jet bjet
multiplicity = good S/B separation
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tt + 7 :differential measurement

* Events with at least 1 bjet and 3 jets are used to measure the differential cross
sections
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sensitive to new physics effects!
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Rare process with a predicted
cross section: 12.072Z fb

Sensitive to top Higgs Yukawa coupling & NP via BSM particles ie. a heavy (pseudo)scalar
boson in association with a ttbar pair in 2HDM
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e Spectacular experimental signature, but
small cross section

* Most sensitive channel: same-sign
dileptons and multileptons

Using BDT analysis
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* Measured cross section is 12.67:5 fb

* Obs. significance of 2.6 ¢
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Combination with other channels important
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* Production via EWK interaction

—> smaller cross sections, large backgrounds

* Precise determination of |Vtb|, constrain PDFs, FCNC
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* Production via EWK interaction

—> smaller cross sections, large backgrounds

* Precise determination of |Vtb|, constrain PDFs, FCNC
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I~ Single top-quark production
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* Production via EWK interaction

—> smaller cross sections, large backgrounds
* Precise determination of |Vtb|, constrain PDFs, FCNC
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* Production via EWK interaction
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W

Top-Z coupling,
complementary to ttZ

* Unique sensitivity to some EFT operators

due to Wb—>tZ vertex

* FCNC

D. Dobur
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* 3 leptons
« pp(£)>10,15,25 GeV

W * Z candidate |m,, —m, [<15 GeV
* At least two jets with p, > 25(60) GeV
> >
b \'\—\‘\—\- t
2.4 7
2
Z
N signal region with large ttZ
— | bestsignal signal region
"1 region with large
ttZ
o Background control
! region (WZ/Z2)

>
2-3 >4 N(jet)
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single-top + Z production

! Run Il data

q q
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* At least two jets with p, > 25(60) GeV
- -
b ‘ CMS Prominay ____ 77417 (13TeY
%) ' Dlata | I-th |
— Q) T Cawz [ Multiboson
2 4 7, gg 100~ 5%"’ Etz% _
b S - [ Nonprompte/n X Total unc.
E % 2-3 jets, 1 b-tagged
s |
(R: Lﬁ [}
50 -
Train BDT in . {‘ -
—| bestsignal each signal T
I .
region category
0
o E " [ Jstat.unc. [_]Total unc. E
(O] 1.55— § 3
| R LR PSP i a— =
T S o e
S S % 1 2 3 4 5
: | (recoiling jet) (GeV

D. Dobur 15



Events /0.13

Data/Pred.

single-top + Z production

CMS Preliminary

77.4 0" (13 TeV)
T T | T T T LI

. e * Binned ML fit to all signal & bkg. control regions
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Events /0.13

Data/Pred.

CMS Preliminary
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* Binned ML fit to all signal & bkg. control regions

obs.(exp.) significance 8.2(7.7)0

First observation !

Measured cross section
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* Relatively pure signal sample
- next the differential
measurement!
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BDT to discriminate
signal from
backgrounds

Sensitive to the top quark charge and the top quark electric and
magnetic dipole moments
* Single-muon, p; >30 GeV
* Photon p;>30 GeV | 2 jets, 1 bjet
. 35.9fb ™" (13 TeV)
o 800 ey - _:?5'gfb. (13|TeV)_ o 1000 A POPAIaaRRAP-=Tenaay g
b= E ¢ Data 3 c E ata =
§ 7005CMS RS stat. @ syst. gzim 3 Q 900§ B stat. @ syst. [ zyjets 3
i} E [ signal (tyj) [_JVVy = w800~ [ signal (tyj) [ ]vvy =
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wE e E 500 £ =
3005_ XX XA By 0 _E 4002_ _i
2 E B00E- e S =
200 E TR P — =
100 =
§ 1 ;3:2:3:”« 00000 08000 9900090923232:: §
a 05-e . o
8 5 4 3 =2 4 0 1 2 3 4 5 g
a a
light-flavor jet light-flavor jet, y

@ largest background from tty , template from
2 b-tag data

@ misidentified photons predicted from data by
measuring jet misidentification rate as a
function of pr
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single-top + ¥ production

3591 (13 TeV)

L :
m 1 Bl siral (o) W ~ Binned likelihood fit is performed to the
w0 B ) Wusenetmeer 4 BDT in the SR and the tt+y CR

o - obs.(exp.) significance 4.4(3.0)c

- E First evidence !
é Measured cross section in a fiducial region:
o
< USSTETUSNSSUT USRS
g 0 1 2 8 45 6 7 8 9 10 (y)>25GeV, [n(y)|<1.44, AR(X,y)>0.5

BDT output

o(tyq)* BR(t = uvb)=115x17(stat) £30(syst) fb

30% precision
NLO SM prediction

th(NLO) = 81 + 4(scale+PDF) fb
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Summary & outlook

* tt+V measurements are becoming precise and challenge the

theoretical precision
* First differential measurements of ttZ
* Observation of tZq and evidence for tyq

* EFT interpretations play more central role in using top events to

look for new physics effects! = More systematic results to come
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tt + vy production

Qi

q

Only one lepton (py(e, ) > 35,26 GeV), at least 3 jets (pr > 30 GeV)
one b-tagged, MET > 20 GeV and at least one photon (pr > 25 GeV)

19.7 b (8 TeV)

c %103 19.7 o' (8 TeV) % r + Data
S 14t cMs t Data 8 600 SMS firy
g 1‘2;_ e/u+lets\ I tjets N 5002_ - -tst,mei t
o F N Single t F g
g 1 W . W/Zsy 2 B §+ B W/Z+y
0.8F i W/Z+jets o 400 \ o W/Z+jets
8F B Multijet B g00r N N B Multijet
0.6 WA A\ Uncertainty - h \ A Uncertainty
0.4 200( \\
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02p 1001
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S "0 20 40 60 80 100 120 140 160 180 200 g .8 \\%\“\\\\\\‘\\\\\W\\\\‘\\\*\\\\{%\\\M}\\\w\
Photon p_ (GeV) a ~° 100 200 300 400 500 600
M, (GeV)
Category R gi«, (fb) Otiy B (tb)
e+ets (5.7£18) x 10% 138 £ 45 582 + 187
u+jets (47 £1.3) x 107% 115432 453 +124
Combination (5.2 +1. 1) x 1074 127 +27 515 + 108

Theory — 592 £+ 71 (scales) + 30 (PDFs)
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Viq enter in production and decay
vertices

V! = V%"‘f from single-top-quark production
Oy, : NLO (- and s-channel), NLO+NNLL (tW)

80y, : 2cale ® PDF @ o, ®m B E,

m, = 172.5 GeV

ATLAS+CMS LHCIopWG e+
t-channel, /=7, 8 TeV

ATLAS+CMS LHCiopWG —
w, 5=7.8TeV
ATLAS+CMS LHClopWa | Lo

s-channel, (s =8 TeV

ATLAS+CMS LHCIopWG o
t-channel, tw, s-channel, 5=7,8 TeV

If Vgl £ (meas.) = (theo

1.02 +0.04 £0.02

102 £0.09 £0.04

097 £0.15 £0.02

102 +0.04 £0.02

)

v o(ti+TH) = Y g |Vigl* B(t — Wa)
q=b,d,s

Deviations from the SM are parameterized

with fy
0]
| fLV .th |: measured
G predicted

Best measurement is obtained from 7 & 8 TeV

06 08 1
I, V)

32 14

combination with ~¥4% uncertainty

e Expect to improve with luminosity
* limited by theory (~3% at NNLO)

D. Dobur 23



Single-top t-channel production
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tot

arXiv:1812.10514
CMS

=1.66 +0.02 (stat) = 0.05 (syst)

35.9 b (13 TeV) r

1.66 + 0.02 (stat) + 0.05 (syst) l
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e At higher \/g , R, approaches 1

As “sea quarks” become important

2.4

2.2

1.8

1.6

1.4

| I I
| ATLAS Preliminary

I|III|III|III

[ I I [ [
September 2016

- t-channel single-top-quark production

= CT14 Phys. Rev. D 93 (2016) 033006
NNPDF 3.0 JHEP 1504 (2015) 040
= MMHT2014 Eur. Phys. J. C75 (2015) 204

NLO NPPS205(2010) 10, CPC191(2015) 74

m, =1725GeV, p =p=m,_

& 4.59 fb™ PRD 90 112006 (2014)
d) 20.2 fb1 paper in preparation
W 3.2 fb" arxiv:1600.03020

13
Vs [T

eV]
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* Dedicated lepton selection using MVA for this analysis

* Crucial for reducing backgrounds from nonprompt leptons

* Input variables: jets closest to lepton, impact parameters, isolation, lepton p+, n,
+usual identification variables

CMS simulation Preliminary (13 TeV) CMS Slmulatlon Preliminary (13 TeV)
> 1 T T T T 1T T 17 1 1 1 > 1 ; T T T 1 1 17 T 7 T T 1
8 @) i | | ‘ B
C - ] c :
q__) i i [} = =
£ | 7 ele 25G v oo g | 880 s |
= P eectron > e P = ; /.
© : p 2 B 7 muonp >25 GeV E
— tZq lepton MVA 2016 MC - —0.95~ i
© [ : th Iepton MVA 2016 MC
€ 09 R Rt I % : S L R c | i
D — 1zq Iepton MVA 2017 MC o - P .
) P : Poor oA %)) E P -———- tZq Ieptpn M\(A 2017MC |
L O tZq W@king} poir?t291§ N 0 9+ o . ,thworki,ngpéint?QiG,; ;
: W tZgworkingpoint2017 W tZqworking point 2017 |
0.8/ A PLB779(2018)358 | | | R 3 S B
4 ‘ P P : SRRSO . . A PLB779(2018)358: @ ! |
3 A ] I RN N
0.7 i PR A i A 08; ; IR : I
— —1 ' _ _
10 10 1072 107!
Background efficiency Background efficiency

- 8-12% gain per signal lepton efficiency

- factor 2(8) reduction in nonprbompt electron (muon) background :
D. Dobur 5



CMS Experiment at the LHC, CERN
Data recorded: 2017-Oct-16 05:01:09.248576 GMT
Run / Event / LS: 305112 / 1683658016 / 979




77.4 b (13 TeV)

N
o
O

Events / 80 GeV

] Nonprompt e/u EXF Total unc.
2-3 jets, 1 b-tagged

(] Multiboson

Events / 0.33 GeV
)
o

Stat. unc.

wD

B e A

Data/Pred.

500

W

Maximum di-jet invariant mass

Data/Pred.

Most sensitive kinematic variables:

CMS Preliminary
T T T T I

jets

CMS Pre/lm/nary 77.4 o7 (13 TeV)
T T T T I T T T T T T T T I T T T T I T T T T
é Data [ tZq
T wz ] Multiboson
. ttZ [ ttX _
= Xy" = ZZH

- [ Nonprompte/u EZ Total unc. 7
- 2-3 jets, 1 b-tagged .

[JStat.unc. [_]Total unc.

CMS Preliminary

=2,3 N,,

]ets

77.4 07" (13 TeV)

Events / 0.33

® Data

[ Nonprompt e/n

[ tZq

[ Multiboson

[ tAxX
I ZZH

B3 Total unc.

2-3 jets, 1 b-tagged

n?éu{'u*i{”

0 ] 2 3 4 5

I (recoiling jet) (GeV)

A 4

n of the jet recoiling top

Main backgrounds: WZ, ttZ and nonprompt lepton
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[ ]Stat. unc

.-;;;§§§

[_] Total unc.

456‘5{»1}

Data/Pred.

1

Asymmetry (IW)

i argett)
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Events /0.13

Data/Pred.

1001—

50

CMS Pre//m/nary

7741 (13 TeV)
T | T T T T | T T T LI

§ Data [ tZq
T Wz ] Multiboson
. ttz [ tAX i
= Xy© = ZZH
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o5t it _
0—1 -0.5 0 0.5 1
BDT output

Events /0.13

Data/Pred.

—
o
o

CMS Prellmlnary 77.4 b7 (13 TeV)

§ Data I tZq
| Wz [ Multiboson
[ ttZ [CtAX
L [ Xy I ZZH i

[ Nonprompte/n X Total unc.

>4 jets, 1 b-tagged |

E |:|Stat unc.. [_]Total unc.
1.5F
164 } 4 ;
oa” byt
o 0.5 0 05 1
BDT output

Events /0.13

Data/Pred.

L @ Data (| th

74 [ ] Multiboson
80 B ttZz [ ttaX

L xy” I ZZH

60—

CMS Prellmlnary
T I T T

77.4 fb (13 TeV)

[ ] Nonprompte/u B3 Total unc.

>2bjets

OOOOOOOOO

E '|:|Stat. unc. D;otqr‘l unc. _
T E
Pttt by LI
24 05 0 05 1
BDT output

* Binned maximume-likelihood fit to all three distributions & WZ and ZZ control

regions

* Nuisance parameters for normalization and shape uncertainties
* Good agreement between prediction and observed data

D. Dobur
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Events /0.13

Data/Pred.

100

CMS Pre lmmary

77.4 0" (13 TeV)
T T T | T T T LI

§ Data

I CwzZ
. -ttZ

= Xy

2-3 jets, 1 b-tagged :

[ ] Nonprompte/u 3 Total unc.

[ tZq
[] Multiboson ]
[ tx
[ ZZH

|:| Stat. unc.

§§§§i§i§§

[ Total unc.

0

Measured cross section

o(tZg—tl ("q)=111x13(stat)’ '(syst) fb

0.5 i
BDT output

* Binned maximum-likelihood fit to all three
distributions & WZ and ZZ control regions

n=1.36"""(stat) "> "(sys) 2016 data

p=1.03"""(stat) " 1*(sys) 2017 data

-0.12

‘LL — 1 18+0 14 (Stat) +0.11(Sys)

-0.13 -0.10

observed(expected) significance 8.2(7.7)c

Asymptotic CLs approach

First observation of tZq process !

NLO SM prediction

Phys. Lett. B 779 (2018) 358

94.2+3.11b

15% precision
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single-top + Z production

Measured cross section

o(tZg—tl 0~ q)=111+13(stat) " (syst) fb

-9
15% precision

Source

impact (+%)

Nonprompt bkg.

4.1

 Several improvements in the analysis

paid off

* In particular nonprompt lepton

background reduction

e Still statistical uncertainties dominate

Lepton selection 3.2

Jet Energy Scale 2016(2017) | 0.9(3.1)
Parton Shower Mod. 2

QCD Scale choice (tZq) 2

Pile Up 1.9
QCD Scale choice (ttz) 1.4
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Ttgamma systematics

Source Uncertainty (%)
Statistical likelihood fit 15.5
Top quark mass 7.9
JES 6.9
Fact. and renorm. scale 6.7
ME/PS matching threshold 3.9
Photon energy scale 2.4
JER 2.3
Multijet estimate 2.0
Electron misid. rate 1.3
Z+jets scale factor 0.8
Pileup 0.6
Background normalization 0.6
Top quark pt reweighting 0.4
b tagging scale factor 0.3
Muon efficiency 0.3
Electron efficiency 0.1
PDFs 0.1
Muon energy scale 0.1
Electron energy scale 0.1
Total 20.7
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Events

Data/Pred.

No OSSF pair or m(//) outside Z mass window

CMS Preliminary 77.4 " (13 TeV)
I I I
100~ e Data I tZq -
1wz [ Multiboson
T Itz [ ttAX T
X" [ ZZH

1 Nonprompt e/u 3 Total unc.
- Nonprompt enriched

0
E '[JStat.unc. [ Total unc.
1.5F 3
1f----- + """"""" Qoo L } """ =
0.5F .
0k

eee ' eep ' eup ' Hpp
Lepton flavors

Events / 0.33

Data/Pred.
o
(&) ]

40

30

CMS Preliminary 77.4 " (13 TeV)
T T T T I T T T T I T T T T I T T T T I T T T T
& Data I tZq
1wz [ Multiboson
I iz [ tx
= xy" [ ZZH

[ Nonprompte/u 3 Total unc.
Nonprompt enriched

DstatT + FTotal ur}c :

* Low statistics -> powerful lepton selection

1 2 3 4 5
ml (recoiling jet)

* 30% systematic uncertainty + stat uncertainty in the control region

D. Dobur
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Lidia Dell’Asta
TOPWG November 2017

Signal sam

bles & theor

OSignal MC: LO rescaled to NLO.
OTheory cross section:

Ono cuts are applied,
D 4-flavour scheme.

ATLAS

00w0(tZq) = 800 fb

0 Z boson is forced to be on shell,

Cross section

®Signal MC: NLO.

B Theory cross section:

BZ boson can be off shell/y* is also
included,

#m, > 30 GeV,

® 5-flavour scheme (4FS for MC
generation).

O+6/7% scale
Boyoltlg) =94 b
>— N W 12% scale
Sw N AP -
S o " +2.5% PDF
b & 4N \ ,
BT ' b _#_S__,_ . ;_ > Q\ >
qnmwmw<:%&\u T”uﬁyiif?“\ w{) d] o d
S VWV W
b w . b (’i f
P Tau leptonic decays included. > > '—7’—
» Different scale choice between ATLAS and CMS. - T =7 z
W/ 4 ___»2
» Theory paper https://arxiv.org/abs/1302.3856 wo—7—

P Oy 0(tZq) ~ 820 fb.

CMS

Ia)

D. Dobur
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BDT discriminator

Signal& Background
discriminating variables

* Maximum di-jet invariant mass
* 11 of the jet recoiling top
* |1 |xcharge(?,)

* highest btag discriminator

« max A¢(LY0)

- minAR(et, ()

. max p,(jet,jet)

» m(l), m,, H.,N. -

jets

* 6 BDTs in total: 3 for each category and separate for 2016/2017 data
* Training against the sum of all backgrounds

* Good discrimination power in all categories
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