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The top quark

> Discovered at Tevatron by the DO and CDF experiments in 1995. /0
> Since then, extensively studied both at Tevatron and at the LHC. (

> Experimentally confirmed facts:
> top is the heaviest known fundamental particle
> m(t) ~ 173 GeV
it is a quark (sees the strong force)
> charge 2/3e
> spinl/2
> decays almost exclusively to Wb
> produced by strong and weak interactions.

Why studying the top quark!?

> Only place to study the properties of a bare quark.
> Special role in EWSB!?

2> First place a new particle could be observed (e.g. if new particle couples to
mass).

> Top is a background to many other searches.
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Single top quark production @LHC

t-channel
q q'
W
; t
5 b

o(7 TeV) = 63.9722 pb
o(8 TeV) = 84.7735 pb
o(13 TeV) = 217.0729 pb
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tW channel
8 W

b t

o(7 TeV) =15.7+ 1.2 pb
o(8 TeV) = 22.4 + 1.5 pb
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tW
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q b
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NLO x-sec. from LHC Top WG

17.11.2017


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec

Single top quark production @LHC

> Important test of the Standard Model.
> Measurement of V¢, of CKM matrix.
> Indirect measurement of the top-quark mass.

> Improve knowledge of PDFs.

> Cross-section ratio R, = O(t)/0(t): sensitive to u/d-quark ratio in
PDF sets.

> Test of b-quark PDF.

> Precise measurement input to Monte Carlo tuning, using unfolded
distributions.

> Looking for new physics.
> Modification of O(t) shape or in a variation of coupling w.r.t. SM
expectations.
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LHC Run2 data

> Fantastic LHC performance.

> High integrated luminosity collected
by the experiments.

> LHC is a top factory.

> Allows for precision measurements
in the top sector.

> Makes it possible to look for rare

processes, e.g. single top production in

association with a Z boson (tZq).

> Search performed on 2015+2016 data

from LHC pp collisions at |3 TeV.

|3 TeV

2015 3.3 fb"!
2016 32.8 fb!
36.1 fb!
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2> How many single top events were
produced in this dataset!

x-sec (pb) Hevents™
t-channel 217 8 M
tW 71.1 25 M
s-channel 10.3 300 K
tZq 0.8 30 K

*These do not include branching ratios.
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Single top quark production @LHC

7/ TeV 8 TeV |3 TeV*
PRD 90 (2014) 112006 EPJC 77 (2017) 531 JHEP 04 (2017) 086
t-channel | cross sect. (with differential) | cross sect. (with diff+fiducial) cross-section
+ R¢ +Vw + R¢ +Vw + R¢ +Vw
PLB 716 (2012) 142 JHEP Ol (2016) 064 arXiv:1612.0723 |
tW cross section cross sect. (with fiducial) + paper in preparation
+Vw +Vw cross sect. (with differential)
ATLAS-CONF-2011-118 PLB 756 (2016) 228
s-channel 95% CL upper limit cross section
on cross section 3.20 observed

ATLAS Preliminary May 2017 .
Single top-quark production .

t-channel
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== NLO+NNLL at m, = 172.5 GeV
MSTW2008 NNLO PDF

—NLO atm, =172.5GeV
MSTW2008 NLO PDF

-
HeH

III||I|| | IIIIIII|
\
<
<
\
\
\
\
\
\
\
\
\
\
H- ] b
\
\
\
1
1
\}
1
\
1
1
\
1
\
A\
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I 1
LIl ] |

10

s-channel

8 t-channel 4.59 fb™' PRD 90 (2014) 112006
@ t-channel 20.2 fb™" arxiv:1702.02859
t-channel 3.2 fb™ JHEP 04 (2017) 086
# Wt 2.05fb" pLB 716 (2012) 142
B Wt 20.3 fb™ JHEP 01 (2016) 064
§ Wt 3.2 fb™ arxiv:1612.07231
¥ s-channel 95% CL limit 0.7 fb™ ATLAS-CONF-2011-118

[

Single top-quark cross-section [pb]

| lIIIlII

s-channel 20.3 fb™" pL 756 (2016) 228

| | | | | | |
7 8 9 10 11 12 13
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*With partial
datasets.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112006
https://link.springer.com/article/10.1140/epjc/s10052-017-5061-9
https://link.springer.com/article/10.1007/JHEP04(2017)086
http://www.sciencedirect.com/science/article/pii/S0370269312008489
https://link.springer.com/article/10.1007/JHEP01(2016)064
https://arxiv.org/abs/1612.07231
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-118/
http://www.sciencedirect.com/science/article/pii/S037026931600188X

Single top in association with a Z boson

> Standard Model single-top production in association with a Z boson (t-channel)

not measured before Run2.
> CMS search on 8 TeV data [|[HEP 07 (2017) 003].

> Observed (expected) significance 2.40 (1.80).

2 SM tZq probes both tZ and WWZ couplings.
> tt£ only probes tZ - previously measured by

ATLAS and CMS.

? SM tZq background for:

> FCNC tZ production,
> tH final state.
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o{fb]

10’

10°

10°

T T T " T T "T "1 "1 "71 "1
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from 10.1103/PhysRevD.87.114006

onLo(tZq) = 800 fb
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.114006
https://link.springer.com/article/10.1007/JHEP07(2017)003

What are we looking for?

2 Four different final states available, depending on: q g’
» decay of the W boson from the top

» decay of the Z boson. <

2 Fully hadronic channel .
> both W and Z decay hadronically

> > 6 jets ",

> Single lepton channel b
> W decays leptonically, Z decays hadronically

> | lepton, = 4 jets

2 Dilepton channel
> W decays hadronically, Z decays leptonically
> 2 leptons, = 4 jets
» Z to charged leptons(~5.3%) promising but large Z+jets background
» Z to neutrinos(~5.2%) interesting for mono top searches

2 Trilepton channel - BR ~2.2%
> both W and Z decay leptonically
> 3 leptons, = 2 jets
> relatively low background
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Outline

> The ATLAS Experiment
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The ATLAS detector
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-------------- Pixel detector
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Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

> Key detector upgrades for Run2:
> trigger: L1 rates increased from 75 to 100 kHz, and High Level Trigger rates from 400 to 1000 Hz.

> pixel detector: from a 3- to a 4-layer detector, with the addition of the Insertable B-Layer and a
new beam pipe.
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Outline

Standard Model tZq production
- Event selection

> Background estimation

> Multivariate analysis

> Results
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Event selection

> Leptons
> exactly 3 q q’
7|n| <2.5 /
>pr(l)) > 28 GeV . <
> pr(l) > 25 GeV » ;
>pr(l) > 15 GeV

2 Jets W 4
> exactly 2 O
>In| <45 ’

2 | b-tagged (|n| < 2.5)
2 pr(jets) > 30 GeV

7 In addition:
» 2 | opposite-sign same-flavour lepton pair with |m; - mz | < 10 GeV,
2 mt(lw,V) > 20 GeV.
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Backgrounds

Standard Model Production Cross Section Measurements

Status: July 2017
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Backgrounds

Standard Model Production Cross Section Measurements
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Standard Model Production Cross Section Measurements
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Standard Model Production Cross Section Measurements Status: July 2017
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Signal, validation and control regions

Common selections

Exactly 3 leptons with |n| < 2.5 and pp > 15 GeV
pr(ly) > 28 GeV, pp(ly) > 25 GeV, pr(f3) > 15 GeV
pr(jet) > 30 GeV
mr(ly,v) > 20 GeV

SR Diboson VR / CR tt VR tt CR
> 1 OSSF pair > 1 OSSF pair > 1 OSSF pair > 1 OSDF pair
imyy —my| <10 GeV Ime, —my| < 10 GeV lmyy — my| > 10 GeV ~ No OSSF pair
2 jets, |n| < 4.5 1 jet, || < 4.5 2 jets, |n| < 4.5 2 jets, |n| < 4.5
1 b-jet, |n| < 2.5 — 1 b-jet, |n| < 2.5 1 b-jet, |n| < 2.5

— VR/CR: mp(Ly,v) > 20/60 GeV — -

> Control regions (CRs) to normalize background sources to data.
? Validation regions (VRs) to validate background modeling.
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Background estimation - Dibosons

> Diboson (+ jets) events
> mostly coming from WZ,
> ZZ (where 4th lepton missed) contributing to 9% of total diboson.

> Estimated from MC
> Sherpa (2.1.1).

> Normalisation corrected using scale factor derived in diboson VR
(m1(W) > 60 GeV, to reduce Z+jets contamination).

Kinematic distribution shapes well described.
> Uncertainty on scale factor from:

. . . . < 700 T T Olaa lllll -
> variation of the requirement on m(W), = = o ]
. . g O0F -
> difference in SR between S 500 Zeels 2
L - = -
Sherpa and Powheg normalisations. 400 Uncertanty 2
300 —]
200 —i
100 —z
SFdiboson — |.47 + 0.44 3 125 =

() ~Ex

= 0.512

g 0
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Background estimation - Z+jets fakes

» Using fake-factor method.

» Estimation done separately for electron and
muon channels (as number of non-prompt or 4

fake electrons and muons can be very different). 3 real leptons :agi;i%tori Sigrjal
(all tight) Night | Region

> Region defined by selecting events with
mr(W) <20 GeV. ~ake Factor

2 Fake factors calculated as the ratio of data 2 tight + Region Control
events that have three isolated leptons to events 1 loose Region
in which one of the leptons fails the isolation
requirement.

N loose

. . MW
> Derived in bins of the p+(l\y) of the lepton

NFF
not associated to the Z boson. tight

? Factors are then applied to events passing SR I =
selection (including a m+(W) > 20 GeV cut) that

have one of the three leptons failing the isolation

requirement. F X NSR

» Contamination from other background sources
taken into account and subtracted.

» Uncertainty: 40%.
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Background estimation - Others

zttV + ttH
> Estimated from MC
> MadGraph5_ aMC@NLO (2.2.3) + Pythia8.

> Normalised to NLO theoretical cross section.
> 10% of total background.

>tWLZ
> Estimated from MC
> MadGraph5 aMC@NLO (2.2.3) + Pythia8.
> Normalised to NLO theoretical cross section.
> Contributes with 4 events.

2 tW
> Estimated from MC
> Powheg + Pythia6.
> Normalisation corrected with data-driven scale factor (same as tt).
> Less than | event in SR.
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Signal region

g 50;‘_ A7'-L|A'S' LA L L L L L L L L L '.I 'E')Za'.t'al L "_;
4\@ 402_ \s =13 TeV, 36.1 fb” ) ﬁftw =
Channel Number of events * g ~ Signal Region Zujets :
L1 — _I _n ]
tZgq | | 35+ 9 o Uncorainy
4+ tW - 18+ 7 | == E
Z + jets 37+ 11 _E
Diboson ~ 53=x13 -
HV+ttH+tWZ 20 3 |=—=
— - ()

Total 163+12 3 |

*from Asimov dataset 5 nG)
ttV + ttH + tWZ
tZq 12%
21% l
?tZq 3-lepton
Diboson > BR =2.2%
33% > Selection eff = 5%
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Multivariate analysis

> Need better separation between signal and background.
> Use multivariate analysis.
> NeuroBayes package used for training a neural network.

> Signal trained against all backgrounds (except tt because of low
statistics).

> |0 variables kept for training.

> Several checks performed to make sure the procedure is sound.
| -Checklng

> NN stability

> input variables and NN output in VRs

> input variables and NN output in SR with Onn < 0.5

> (after unblinding) input variables and NN output in SR with
Onn > 0.5
> (after unblinding) input variables and NN output in SR.
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NN input variables

Lidia Dell’Asta

Variable Definition
,{ |7}(J)| ~ Absolute value of untagged jet 7 ﬂ
pr(j) Untagged jet pp |
My Reconstructed top-quark mass
pr (4 W) pr of the lepton from the W-boson decay
AR(j, Z) AR between the untagged jet and the Z boson
mr (¢, EX™*)  Transverse mass of W boson
pr(t) Reconstructed top-quark pr
pr(b) Tagged jet pr
pr(Z) pt of the reconstructed Z boson
n(e™))

Absolute value of 1 of the lepton coming from the W-boson decay

Events/ 0.4

L IR DL BLENLL L IR BN B
e Data

T LI
0 AtLas
— Py tZq
= Vs =13 TeV, 36.1 fb B (EtW
— Signal Region Z+jets
- Diboson
30—

S S
BRI

10

B TV +ttH+tWZ
Uncertainty

8 15E I E

% 0.51 é: fossoces o s g s + .......... ¢ .......... $oi + + .......... + ............. ___é

© 0 05 1 15 2 25 3 35 4 45

B InG)|
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NN input variables

Variable Definition
n@)| 7 Absolute value of untagged jet n
cpr() Untagged jet py
my Reconstructed top-quark mass
pT(ELV) pr of the lepton from the W-boson decay
AR(j, Z) AR between the untagged jet and the Z boson
mr(¢, ET") Transverse mass of W boson
pr(t) Reconstructed top-quark pr
pr(b) Tagged jet pr
pr(Z) pt of the reconstructed Z boson
|77(€W)| Absolute value of n of the lepton coming from the W-boson decay
> L R A B L R A L B B B B
S 90E- ATLAs ° ga =
o 80F Vs=13TeV, 36.1fb" B Gt —
S 70— Signal Region Z+jets —
12 60 Diboson =
5 W TV TH+WZ 3
LI>J 50 Uncertainty ™3

LN LI IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

60 80 100 120 140 160 180 200
p_ (1) [GeV]
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NN input variables

50 100 150 200 250 300 350 400 450 500
m, [GeV]
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oII

Variable Definition
n(G)| Absolute value of untagged jet n
_pz(i) Untagged jet pp |
- my | - Reconstructed top-quark mass
pr(f7) pr of the lepton from the W-boson decay
AR(j, Z) AR between the untagged jet and the Z boson
mr(¢, ET") Transverse mass of W boson
pr(t) Reconstructed top-quark pr
pr(b) Tagged jet pr
pr(Z) pt of the reconstructed Z boson
|77(€W)| Absolute value of n of the lepton coming from the W-boson decay
> I B B B B R BB LB ELELELELE NLNLEL B
& 120[ ATLAS ° '?Za;a -
o ~ Vs=13TeV,36.11" = .
S 100:_ Signal Region Z+jets =
£ — Diboson -
© 80:_ B (TVAHTH+WZ
LI>J 60:— Uncertainty _:
sof- E
20 —
— =
-d OEIIIIEI.II' ' ' ' ' ' —T E
o 15F + + E
— 15_ ............................................................ + ...................................................................... =
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NN input variables

40

N
o

Variable Definition
n(G)| Absolute value of untagged jet n
pr(j) Untagged jet pr
my Reconstructed top-quark mass
Lﬁgq(fvv) | pr of the lepton from the VV'boson.decay
AR(j, Z) AR between the untagged jet and the Z boson
mr (¢, EX™*)  Transverse mass of W boson
pr(t) Reconstructed top-quark pr
pr(b) Tagged jet pr
pr(Z) pt of the reconstructed Z boson
|77(€W)| Absolute value of n of the lepton coming from the W-boson decay
® [ oamas  ebam T
O 100 ; t2q -
o - Vs=13TeV,36.11b B v -
S gg— Signal Region Z+jets _
£ — Diboson =
© - B VA TH+WZ
LI>J 60:_ Uncertainty _:

—
3, NS o)

éummmmmmmmmm‘mmmm¢mmmmi ...... ~ ! | ! I .................. :

60 80 100 120 140 160 180 200
pr(7 ") GeV]
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NN in

put variables - Diboson VR
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NN mput varlables ttVR
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NN output in VRs

3000 e Data e Data

. mEE —] . L o

© - ATLAS 1 o 70 ATLAS =

@ 2500 V5 < 13TeV, 36.1 fb° = = — {s=13TeV, 36.1fb" = =

= 15 =15 16V, 90. . et 1 £ 60— s =13 TeV, 36. W et —

() — Diboson Validation Region Z+jets - o 50 — tt Validation Region Z+jets -

1] 2000f— Diboson —H I = Diboson =

= B ttV+ttH+twZ - 3 403_ I (TV+TH+tWZ S

1500 Uncertainty — — - Uncertainty -

Fe | - 30 = -

— e -

1000 — —] =

- - 20 —

5001 = 10 E

= o e -

go) E i © 3 E
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NN NN

? Very nice confirmation of good modeling of backgrounds, including scale
factors, NN input variables, NN output distribution.
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NN output

e e I I R L
= ATLAS e Data
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Systematic uncertainties

Pre-fit impact on M gna

/] Post-fit impacton u
signal

tZq radiation

Diboson normalisation
tZq theory

Jet energy resolution

tt normalisation

JES flavour composition
Luminosity

b-tagging scale factor
Muon identification

E?'SS resolution soft term

Lidia Dell’Asta

(6 - 6,)/A8
2 0 2

ATLAS =
s =13 Tev; 36.1 ﬂ;:ﬂ

32

> Object reconstruction

and calibration
uncertainties

2 Signal PDF and radiation
» Background

normalizations.

> Luminosity
> 3.2 % for 2015 and

2016 datasets.
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Results

> Maximum-likelihood fit performed
ONN.

> Extract p, ratio of the measured
signal yield to the NLO SM
expectation:

0.75 + 0.28 (stat. + syst.) £ 0.07 (th.)

» Observed (expected) significance of
extracted signal:

4.20 (5.40)

? From p, obtain cross-section:

600 + 170 (stat.) = 140 (syst.) fb

? to be compared to the NLO
prediction of 800 fb.

Lidia Dell’Asta
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ATLAS e Data
\s=13TeV, 36.1 fb™ iZq
o i+t
Z+jets
Diboson

o ttV+ttH+tWZ
2, Uncertainty

@%M i

0 0.1 02 03 04 05 06 07 08 09 1
NN
Clear evidence of single top
production in association with
a Z boson in the t-channel.
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oi(er) = 78 GeV ' pr(e2) = 55 GeV
~ ' N(e2) =-0.19

e = 0.16 /Onn = 0.93

ATLAS

EXPERIMENT

Run Number: 281385, Event Number: 1292162133

Date: 2015-10-10 20:46:27 CEST

prjet) = 107 GeV
 N(et) = 1.93

=2/ |
— Qg/ | PT(e3) = 54 GeV
 pr(b-jet) = 86 GeV e N(es) = 1.13

 N(b-jet) =0.40




[PT((bb-jet))= 68 Gev| pr(e) = 144 GeV
N -jet) = - 0.

e = 073 'Onn = 0.94

ATLAS

EXPERIMENT

Run Number: 303304, Event Number: 4100335171

Date: 2016-07-05 17:00:07 CEST

pr(jet) = 252 GeV
- N(jet) =-2.16

pr(u2) = 41 GeV
- N(p2) =-0.61

or(u1) = 159 GeV
N =- 153




Outline

> ATLAS & CMS comparison
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ATLAS & CMS

OTOPQ-2016-14 ATLAS | BCMS-PAS-TOP-16-020 CMS |
(submitted to PLB) 2359 fb~
036.1 fb | B Significance obs(exp):
OSignificance obs(exp): 3.7 (3.1)O
42 (5.4)0 mo= 130
Op = 0.75 HE
£ 021 (stat) +0.35-0.33 (stat.)
£ 0.17 (syst) +0.31-0.25 (syst.)
+ 0.05 (th.) ;
00(tZq) = 600 ~ ®o(tlg) = 123
+ |70 (stat.) +33-31 (stat.)
+ 140 (syst.) fb +29.23 (syst.)

2 Where does the difference between the cross sections come from?
2 Is there any significant difference in the analysis strategy?
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https://cds.cern.ch/record/2284830/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-14/

Signal samples & theory cross section

OSignal MC: LO rescaled to NLO.

. .
- OTheory cross section:

1 Z boson is forced to be on shell,
Ono cuts are applied,
d4-flavour scheme.

00y o(tZqg) = 800 fb
dx6/7% scale ATLAS

®Signal MC: NLO.

B Theory cross section:

BZ boson can be off shell/y* is also

included,
Bm, > 30 GeV,

B 5-flavour scheme (4FS for MC

generation).

Boyoftllg) =94 b
W12% scale

m+2.5% PDF

? Tau leptonic decays included.
2 Different scale choice between ATLAS and CMS.

? Theory paper https://arxiv.org/abs/1302.3856
? O\ o(tZq) ~ 820 fb.

CMS

=Y
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https://arxiv.org/abs/1302.3856

Event selection

OTrigger ATLAS W Trigger CMS
Osingle lepton triggers | BOR of 1/2/3 lepton triggers
OLeptons | ll ®Leptons
Oexactly three Wexactly three
Op(lep) > 28/25/15 GeV Bp_(lep) > 25 GeV
0> | OSSF pair ®> | OSSF pair

Om,-m,| <10 GeV
Im, o l|m"-mz|< |5 GeV

OJets
Oexactly two Bjets
Op(jet) > 30 GeV | Btwo or three
01 b-tagged (77% WP, 1% mistag) Hp_(jet) > 30 GeV

Bl b-tagged (83% WP, 10% mistag)

Om_ (W) > 20 GeV

> TRIGGER & LEPTON p-
> Keeping the 3rd lepton p; lower increases the Z+jet contamination, giving a better handle on
this bkg when training the NN.

g Niets

f Connected with LO vs NLO signal MC (LO does not take into account large fraction of signal in
the 3 jets bin)

> Having 3 jets might create ambiguity in defining the forward jet.

> b-tagging WP
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Background estimation

Entries / 0.1

o))
o

EN
o

W
o

ATLAS e Data
Ys=13TeV, 36.1 fb™ tZq
Bl ft+tW
Z+jets
Diboson

I (TV+TH+tWZ
27, Uncertainty

il i

)/////%//#/W/?‘WW it /WW

II%II

PR SN NN TN SN SN NN SN S S T NN TN T ST NS ST YT YT T S S N SN ST S S AN S S T S AN T T T T [N SO T

01 02 03 04 05 06 07 08 O 01

NN

Similar multivariate approach.

? ATLAS uses NN,
» CMS uses Boosted Decision Trees (BDT).
? Training w/o fake estimation included.

Different fitting.

» ATLAS uses only | SR.
» CMS uses one SR per channel (eee, eey, epp

and pypp) and control regions to constrain
backgrounds.

Lidia Dell’Asta
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2 Signal = tZq = tZq

? Fakes — tt + tW + = NPL
2 Diboson — = +
Ztop — ttV + ttH + tWZ = +ttH + ttW + ttZ
ATLAS CMS
Signal 26 1 8% 32 9%
Fakes 51 35% 9l 26%
Diboson 48 33% 186 54%
top 19 1 3% 35 0%

20— T T
- CMS Preliminary
100 1bjet

Events /0.2

Pulls

—1 -0.5 0 0.5 1
BDT output 7.11.2017



Outline

> Conclusions and outlook
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Conclusions and outlook

> : - S ATLAS e Daa -
> Clear eyldgnce of §|ngle tO.P g 50 LY 2 -
production in association witha & — A
Z boson in the t-channel. . e e
30— Y, Uncertainty ~ —
» Observed (expected) 20 % _;

significance of extracted signal: [ %’% w }
4.20 (5.40) B 2TﬁfﬁﬁﬁfﬁfiﬁﬁﬁfﬁﬁfﬁfiﬁifﬁffﬁZfﬁﬁfZﬁfﬁﬁﬁﬁﬁfiﬁﬁfﬁiﬁiﬁﬁﬁﬁﬁfﬁﬁﬁfﬁiﬁﬁﬁﬁﬁfﬁﬁﬁﬁ]ﬁﬁﬁﬁfﬁi]ffﬁﬁﬁﬁﬁiﬁﬁfﬁiﬁﬁﬁfﬁﬁﬁ]ﬁﬁﬁ

1 8

g 154/;//////{//////,;////%;1/ 7 /,;ny/ /;;;4«/%/
8 ....................................................................................................................................................
2 Measured cross-section: °o""o.1'"6é"63"'64"65'"66"67"'65"69"(')'1

600 + |70 (stat.) £ 140 (syst.) fb

to be compared to the NLO
prediction of 800 fb.
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Conclusions and outlook

2 Evidence is just the beginning of a long journey.

? The LHC Run2&3 and the HL-LHC will give the
opportunity to study the top sector in more detail.

»tZq observation with 100 fb .

? Possibility to look for the production of a single
top in association with a Higgs boson with HL-

o [fb]
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LHC data.
LHC HL-LHC )
o sz . iss
firs tZq objervation l tHg pretaratory tHg iearch
with 100 fb-1 studies

first tZq
differential cross
section measurement
with 150 fb-

Stay tuned for new interesting results!
from 10.1103/PhysRevD.87.114006
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.114006

BackUp
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Pixel Detector Upgrade

® The ATLAS Inner Detector is made of three sub-detectors:

® Silicon Pixel, Silicon Strip and  R=1082mm .
TRT (Drift Tubes) Barrel section
® A new innermost layer (IBL), mounted on a

TN
X%i§i§§§§ \

i

narrower beam pipe, was installed TRT <
in ATLAS in May 2014

® Smaller pixel size (50x250 vs 50x400 pum)

® C(loser to interaction region (R~3.3cm) LR=554mm

e Significantly more radiation hard [ R

R =443mm

® H — bb primary physics SCT 4

. . R=371mm
motivation for the new detector!

L R=299mm

N
S

A\ 7:2 y
\ . (P

\" S 4 / R =122.5mm
0y T Pixels{ R =g00mm

= | Py R =50.5mm
R =33.25mm

¥
"2

\
\
LY
X

T TR.\ d here! R = 0mm
- . / 5 h‘.;‘

3 3 'f hﬁ »é,l "‘

I May!7 b 20Y AN 4



Background estimation - tt

» Normalisation corrected using scale factor derived in ttVR (OSOF to reduce
Z+jets contamination).

S
~

> Average of various scale factors obtained from different dilepton invariant

mass cuts.
» Uncertainty on scale factor from:
? variation of the mll requirement,
P statistical uncertainty of the sample.

SFee=1.2]1 £ 0.51

ﬁ: [ ]

S 30— ATLAS e Data =

~ — | tZq -

2 — Vs=13TeV, 36.1 b | it -

c 25— _ . —

) — tt Validation Region Z+jets .

A7 = Diboson =

— P {iV+TH+tWZ 3

15 - Uncertainty

10 EE s —

5 —

O L1 r T ﬁm¢;&§:

T s, ot}

Dt 1__ ....................... + .......... + .................................................................................................. _;

S 05F + ¢ ¢ + .
g 0 05 1 15 2 25 3 35 4 45

(|
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NN input variables

Variable Definition
n(G)| Absolute value of untagged jet n
pr(j) Untagged jet pr
My Reconstructed top-quark mass
pr jfw) pr of the lepton from the W-boson decay
- AR(j, Z) AR between the untagged jet and the Z boson
mr(¢, BT ) Transverse mass of W boson
pr(t) Reconstructed top-quark pr
pr(b) Tagged jet pr
pr(Z) pt of the reconstructed Z boson
|77(€W)| Absolute value of n of the lepton coming from the W-boson decay
To) O e e T R B
S goE- ATLAS ° '?Za;a 3
S 9B V6=13Tev, 36110 B Tt =
qC) —  Signal Region Z+jets -
AT 605_ Diboson =
50— I tTV+ttH+tWZ —=
405_ Uncertainty _E
s0F- E
20F- E
o e e
go e ' ' ' ' ' | ' E
S 1.5F * E
— o S e A SIS SIS S IR IIXH K AT Sre e T e to Tttt Ot SO Es LS S AN N
Y A S S A B
© 0 05 1 15 2 25 3 35 4 45 5
- AR(}, £)
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NN input variables

Variable Definition
n(G)| Absolute value of untagged jet n
pr(j) Untagged jet pr
My Reconstructed top-quark mass
pT(ELV) pr of the lepton from the W-boson decay
AR(j, 7) AR between the untagged jet and the Z boson
- mr(¢, Er %) Transverse mass of W boson
T pr(f) ~ Reconstructed top-quark pr
pr(b) Tagged jet pr
pr(Z) pt of the reconstructed Z boson
|77(€W)| Absolute value of n of the lepton coming from the W-boson decay
> 0T T T T T T
& eof ATLAs ° '?Za;a 3
8 20E- Vs = 13 TeV, 36.1 fb B et —%
— —  Signal Region Z+jets -
« 60 - Diboson =
S 50 B (TV+TH+WZ =
LI>J 405_ I I_+_ Uncertainty _E
s0F- E
20E- =
105 =
0E =

80 100 120 140 160 180 200
mr(¢, Er")[GeV]
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NN input variables

50 40 60 80 100 120 140 160 180 200
PT(t ) [GeV]
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Variable Definition
n(G)| Absolute value of untagged jet n
pr(j) Untagged jet pr
My Reconstructed top-quark mass
pr (4 W) pr of the lepton from the W-boson decay
AR(j, Z) AR between the untagged jet and the Z boson
my(¢,Ey"") Transverse mass of W boson
- pr(t) Reconstructed top-quark pr
pr(0) lagged jet pr
pr(Z) pt of the reconstructed Z boson
|77(€W)| Absolute value of n of the lepton coming from the W-boson decay
> L T L B I L L L T -
& gl ATLas ° '?Za;a =z
Q - Vs=13TeV, 36.1 1" B et =
~— 40— Signal Region Z+jets _
£ - Diboson -
- [ - - —
(]>J 30:_ * -Sv+ttH+tWZ _:
b = ncertainty .
20 =
= =
5 0= + .
S 15E 3
S 1;._ .................................................................................................................................... -
%0.5;—1.**’* +++¢_
© 0
()



NN input variables

Lidia Dell’Asta

Variable Definition
n(G)| Absolute value of untagged jet n
pr(j) Untagged jet pr
My Reconstructed top-quark mass
pr (4 W) pr of the lepton from the W-boson decay
AR(j, Z) AR between the untagged jet and the Z boson
mr (¢, EX™*)  Transverse mass of W boson
prp(t) Reconstructed top-quark pr
- pr(b) Tagged jet pr
pr(Z4) prt of the reconstructed Z boson
|77(€W)| Absolute value of n of the lepton coming from the W-boson decay

> — L L L L e L e e e e I -
©  90F ATLAS e Data —=
O 80 E_ -1 tgq _E
o = Vs=13TeV,36.11b B (W E
N = ) =
— 70 signal Region Z+jets —
12 60 E— Diboson —
5 = B TV +{TH+tWZ =
kr 50 = Uncertainty =
40 =
30E- =
20~ =
10E- =
o] 0 ' 3
a . 515__ .................. ¢ . ............ ’+ ........................... + ....................................... +:
® ~E , , , , _ , N , E
g 0 20 40 60 80 100 120 140 160 180 200

51

p_ (D) [GeV]
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NN input variables

60

Variable Definition
n(G)| Absolute value of untagged jet n
pr(j) Untagged jet pr
My Reconstructed top-quark mass
pT(BLV) pr of the lepton from the W-boson decay
AR(j, Z) AR between the untagged jet and the Z boson
mr(¢, ET") Transverse mass of W boson
pr(t) Reconstructed top-quark pr
_pr(b) Tagged jet pp
| pr(Z) ~ pr of the reconstructed Z boson
An(e™)] Absolute value of n of the lepton coming from the W-boson decay
% 180;— ™ '|""|""|""|"'.'|E')a:[a" =
8 1e0f- ATLAS -1 Z0 E
S 140E- Vs =13 TeV, 36.1 fb W W =
— — Signal Region Z+jets -
%) 120:— Diboson =
o 100 B (TV+HTH+WZ 3
LI>J 80 ;_ + Uncertainty _;

. N
o O
|||| ||||
l
I

—
o
”I””!”“Il”l
o
+
|

300350 400
PT(Z ) [GeV]
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NN input variables

Variable Definition

n(G)| Absolute value of untagged jet 7

pr(j) Untagged jet pr

My Reconstructed top-quark mass

pr (4 W) pr of the lepton from the W-boson decay

AR(j, Z) AR between the untagged jet and the Z boson

mr (¢, EX™*)  Transverse mass of W boson

pr(t) Reconstructed top-quark pr

pr(b) Tagged jet pr
pr(Z) pr of the reconstructed Z boson |
| |77(€W)| Absolute value of 7 of the lepton coming from the W-boson decay

Lidia Dell’Asta

To) 60Ok ~ ~ ~ v~~~ 1 T T 1
N - ATLAS ¢ Data
o = R 1 tZq
—~ — Vs=13TeV, 36.1 b 7
[ u 0 tl‘+.tW
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q>) 40— Diboson
Ll -
30— Uncertainty

20
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ATLAS & CMS



Signal samples & theory cross section

FS Scale Cuts x-sec (fb) notes
tllq 5 n= %Z\/Ez — p? - %4 CMS default
1 4vs 5 FS
— _ 2 __ M2 VS
tiq 4 M= 9 Z\/E Pz i 76 20% effect
1
tllq 5 [ = 52\/E2 —p2  mi>80GeV 89
1 effect of missing contributions from
tZ('_>”)q 5 K= 52\/E2 o pg B 86 ﬁ:off-sl’::eII/Y>‘< aid extr:diagrar];s
tZq 4 | u= 4\/ m% + p?p b - 800 ATLAS default
1
— 2 _ 2 scale
tZq 4 p=3 S\ E? — p? - 690 15% effect
1
_ 2 M2 4vs 5 FS
th 5 K= 9 Z\/E Pz B 860 20% effect

> Need to converge on a common setup.
> Include or not Y* contribution — current thinking is to include it

> If including Y*, need to fix an m(ll) requirement — 30 GeV seems reasonable from the
experimental side

> Whether to use 4FS or 5FS — current thinking is 5FS (expected to be more precise for
inclusive XS)

> Which scale to use — theory guidance appreciated
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Background estimation

Ott and Z+jets non-prompt BAII“NPL” (non-prompt leptons)
lepton backgrounds estimated sources estimated together.
separately. ATLAS

- B"templates” from data with LTT
dtt: data/MC SF from OSOF | leptons.
region . Be/p treated separately.
Oshape from MC. | @2 step normalisation”

®fit mr(W) in the Objet CR and
get first normalisation factors
| for all channels.

BNPL e and p yields: two free
parameters independent of

O Z+jets: Fake Factor method
Oe/y treated separately
Obinned in pt of W lepton

OFF:TTT/LTT in region with | each other in the fit.

m7(W) < 20 GeV ®Uncertainty:
Oapplied to LTT data. Bshape uncertainty based on
OUncertainty: changing isolation

130/40% normalisation. requirements. CMS
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Background estimation

2 Signal = tZq = tZq
» Fakes — tt+tW + Z+jets = NPL

» Diboson — Diboson = ZZ + WZ+c/b/light
?top = ttVHttH+HtWZ = tWLZ + ttH + ttW + ttZ

Channel Number of events
Real data CMS
tZq - ?gi i 32.3%5.0 ATLAS CMS
ATLAS ?:J;ts i } 913+ 12| Signal | 26 8% | 32 9%
Diboson 48 + 12 186.4 + | 1.5 Fakes 51 35% 91 26%
ttV+ttH+tWZ 19+ 3 348 + 2.5 Diboson 48 33% 186 54%
Total 1434+ 11 top 19 13% 35 10%
Process eee eep uue UUU All channels %
tZq 50+£1.5 | 6.6+1.9 8.5+2.5 12.34+3.6 32.3£5.0 —
ttZ 3.7+£0.7 | 4.74+09 6.1+1.2 8.0+1.5 224422 0.91+0.2
CMS ttW 0.3+0.1 | 0.3£0.1 0.7+0.2 0.6+0.2 1.9+0.3 1.0+0.2
Z7 48+1.3 | 3.24+09 9.0+£2.5 7.84+2.2 24.7+3.6 1.3+0.3
post-fit values WZ+b 3.0£09 | 3441.1 4.6+14 5.5+1.7 16.61+2.6 1.04+0.2
WZ+c 9.0+24 | 13.7£3.7 | 18.0+4.9 24.24+6.5 64.8+9.3 1.04+0.2
WZ +light 12.24+1.6 | 16.6+2.0 | 22.4+2.8 29.1+3.4 80.3+5.1 0.7+0.1
ttH 0.6+£0.2 | 0.9+0.3 1.04+0.3 1.54+0.4 4.0+0.6 1.0+0.2
tWZ 1.0+£0.3 | 1.3+04 1.7£+0.5 2.41+0.7 6.5+1.0 1.0+0.2
NPL: electrons || 19.2+3.1 | 0.6£0.1 17.9+2.8 — 37.7+4.2 —
NPL: muons — 7.2+2.3 31.1+9.9 15.3+4.9 53.6+11.3 —
Total 58.8+4.8 | 58.44+5.5 | 1209+12.4 | 106.6+10.1 || 344.8+17.6
Data 56 58 104 125 343
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Multivariate analysis

ONN
| O Training with signal and all backgrounds
(tt excluded, fakes included)
O 10 variables
OList in the paper
OMost discriminating: N(jet;,,warq) anNd

ATLAS

EBDT CMS |

¥ Training with signal and all backgrounds
(excluding fakes because of lack of stat.)

®Two BDTs for the |bj and 2bj SRs.

¥ Various variables used for training.

®Including MEM (Matrix Element
Method) as input variables.

je : . :
Pr(i€tiorvard) ® | 0% significance improvement.
120 L L L D L CMS Simulation Pre/iminary 35.9 fb_1 (1 3 TeV)
: CMS Prell'minary ’ Data - &) 06__l rTyrrrrrrrrrrrrprr ot T |__
100 1biet @ tZq - f:,’ - === = Signal i
I e B NPL - = ~ 1bjet m—Signal (+MEM ’
0O Wz ' Ie! 050 gnal ( ) B
(\! 80 i - ftHL W ] = . - = = Sum backgrounds ]
O B Y. R4 - O - = Sum backgrounds (+MEM) -
—~ O 2z - c 04 -
g 60 B WZ«c | 7] - . :
D 0 WZ+b @ N ]
> [ WZ+light g 03 .
L 40 ] % L ]
ook Tk ok B . : 1
I Z - ’
- 0.1_— ]
(_[) 2 .................................................. B —
5 O O 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 | 1 1 I_
Q. _2f-; " TR S A -1 -0.8 -06 -04 -02 0 02 04 06 08 1
—1 -0.5 0 0.5 1 BDT
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Fitting
\ ATLAS | @ Fitting 12 regions cMS |
~ simultaneously.

| Heee, eep, epy, HP.
OFitting Onn in SR (all - ®mBDT in Ibjet (signal

channels summed region).
together). BBDT in 2bjet (to

control ttZ).
BmT(W) in Objet (to
control W.Z+jets).
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ATLAS & CMS
> MC signal samples @LO for ATLAS and @NLO for CMS.

> Theory cross section calculations compatible but with several
differences (tZq vs tllg,4 vs 5 FS, scale choice).

> Need to converge to a common approach.

> Some different approaches for the event selection (e.g. lepton pt
cuts, number of jets, b-tagging VWWP) and background estimation.

> Visible effect on the background composition in the SR.

> Multivariate analysis (NN for ATLAS and BDT for CMS).
> Main difference coming from the use of fakes in training.

> Different way of fitting NN/BDT output distributions.
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