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Most recent ATLAS results

| will present cross-section measurements at /s = 13 TeV and comparisons to
MC predictions of:

1. ttZ & ttW
e same-sign/opposite-sign dileptons (e, )
e trilepton channel
o tetralepton channel

2. ttH
e ttH(H — bb)
e ttH(multi-leptons = ML)
o ttH(H — vv) i
o ttH(H — ZZ* — 4l) e\, o
o Combination S AL Lt
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ttZ and ttW

Phys. Rev. D 99, 072009 (2019)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.072009
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Motivation

Why do we search for ttZ and ttW?

o Rare processes with small cross-section — important for SM validation

e Direct probe of neutral current weak couplings at t-Z vertex

Sensitive to third component of weak isospin

Couplings may be modified in certain BSM scenarios

Deviations from SM can be parametrised in model-independent way (EFT)
No deviations — XS can be used to set constraints on couplings

e Background in searches such as:
e Final states containing multiple leptons and b-quarks
o ttH
= Important to measure its potential contribution as precisely as possible

w
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Analysis overview

e MG5_aMCGONLO+Pythia8 predicts at NLO (+QCD & EW corr.):
,=0.88 pb (£12%); o7y = 0-60 pb (£12%)
e Search performed in multiple channels
e Depending on lepton number, flavour, sign (ttW™ more likely than ttW ™)
e Main backgrounds: Z+jets, tt, non-prompt/mis-id leptons, WZ, ZZ

Process tfidecay Bioson decay  Channel e MVA to dlstlngUISh prompt |ept0nS
s (¢*vb)(qqb) v SS dilepton H H y
I Y S, from had. decays in HF jet (ttW)
) O 08 dilepton e Use info from tracks around lep.
f. s 5 . .. .
#Z - (Cb)lagh) L Trilepton e MVA to discriminate electrons with
(¢Fuvb)(eTub) TE Tetralepton L. . N
misidentified charge (SS dilepton)
o e track & cluster properties
e Regions further split based on o Depending on region, apply cuts:
number of jets & b-jets s _lep! _lep?
) ! Hr, EY™, p , p , |my — mz|

e b-tagging discr. at 77% W.P.
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Event selection & strategy for ttZ
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\ Channel I Backgrounds Estimation strategy
OS dilepton Z-+jets Z+-0 heavy flavour (HF) from MC,
Use BDT to discriminate Z+1(+2) HF from fit to data in CR;
signal from background tt dedicated CR (select eu)
Trilepton Wz, zZ CR to estimate norm. in data;
four signal regions (SR) tZ, tWZ estimated from MC;

incl. off-shell Z* /y*

Z+jets with fake lep

estimated from MC

select 2 OS lep pairs,
at least 1 same flavour (SF)

Tetralepton

Fake leptons

estimated in MC, corrected
by SF determined from two CR;

/4

CR to estimate norm. in data

Events /0.1

T T T T T T T
ATLAS

V5=13TeV, 36.1 0" ® Data i
e-Z-6j2b-CR

A\

G aay L A A
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. Other 7/ Uncertainty

SELECT OPPOSITE
% %//% FLAVOUR (H
7 %%

(/MF

> emu)
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BDT output

Events / 20 GeV/
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ATLAS Data iz

.
(s=13Tev,36.1fb"  mMWZ mZZ
3L-WZ-CR (pre-fit)

-t =Wz
muOther I Fake Leptons
- Uncertainty

EXACTLY 3 LEPTONS (1 OSSF)
AND EXACTLY 3 NON-B-JETS!
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ttZ & ttW

Event selection & strategy for ttW
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Channel

I Backgrounds | Estimation strategy

Split regions based on charge
(W preferably positive,
background charge symmetric)

SS dilepton

Fake leptons

CR + matrix method

Charge-flip
(significant in ee regions) | and validation region

dedicated CR

Veto on Z mass
for OSSF lepton pair

Trilepton

Fake leptons

CR + matrix method

regions split by total charge

other SM processes
with 3 prompt leptons

estimated from MC

Events / 20 GeV

160

140

120

100

T T T T T T T

T T T T T T T T pa| 2 2
ATLAS ® Data ttw |
Vs=13TeV, 36.1f0" = B o
. I Other y+X i o
2e-SS-1b-VR (pre-fit) . | «
[ Charge-flips [l Fake Leptons 7 >
7/ Uncertainty 2
@
2
it

40

%

60 80 100 120 140 160 180 200

CR DEFINED BY REMOVING
"HT > 240 GeV" AND
REQUIRING 1-3 JETS INSTEAD
OF >=4 JETS WRT 2e SR

15

10

m, [GeV]
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T T T T T T T T
ATLAS _
Vs=13Tev,361m7  ©® Da@ Haw
3Lp-noz2j (pre-fit) I other y+X

[l Fake Leptons 7 Uncertainty.

ALL 4 SIGNAL REGIONS
TARGETTING ttW

100 120 140 160 180 200
ETS® [GeV]
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Fit method and BDT

e Simultaneous profile-likelihood fit to all SR and CR

e OS dilepton: fit BDT distribution
e Other channels: fit event yields

o Alternative fit configurations:

e ttZ: 1) OS dilepton alone; 2) trilepton alone; 3) tetralepton alone
e ttW channels alone

= Individual fit results compatible with combined result within 1o

T T T
ATLAS Data

@
2 S R o e N AARAEE RS ua = .
2 200 |- ATLAS , eDaa miz = z Vs=13Tev, 361" oW
@2 E Vs=13Tev,36.1fh & WZ+2HE E| (post-fit) - (WZ
S 180 = 2L-Z-6j2b (post-fit) = mm Fake Leptons
g E Z+1HF EEZ+OHF E 77> Uncertainty
w160 [ Other 7/ Uncertainty  —
140 | /}V éf*‘ #4 + = 10
E 2 E
120 | ” l + =
E ‘““‘M E|
100 £ i» =
£ L 2 3 10
80 =
60 -
E = 15
a0 F [) N 3
= A b

20

Data/ Pred.

05

W, e, Wa, T T
24, = by 025, T,
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Results 0
T T
= 16~ ATLAS * Best fit 4
B = Umeasured/USM % [ s=13Tev, 36.11" —eswcL ]
E 1l -+ 95% CL ]
S F — NLO prediction |
Fit configuration iz Teew # 142} {
Combined 1.08+£0.14 1.44+0.32 L E
20-0S 0.73 + 0.28 - [ ]
30 tt7 1.08 £ 0.18 - o.s:— 7
2(-SS and 3¢ ttW - 1.41 £ 0.33 R ]
40 1.21 £ 0.29 - B T I I P B I B |

4 . . 1 1.2 1.4

ttW cross section [pb]

e Use SM prediction to translate y values:

* 047, =0.95+0.08 (stat) £ 0.10 (syst) pb = 0.95+0.13 pb
* 047, = 0.87 £0.13 (stat) & 0.14 (syst) pb = 0.87 £ 0.19 pb

e Results compatible with SM expectation
o ttZ well over 5¢ significance; ttW 4.30 obs. (3.40 exp.) — evidence
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Sources of uncertainty
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Uncertainty Gz Oaw
Luminosity 29% 4.5%
Simulated sample statistics 2.0% 5.3%
Data-driven background statistics 25%  6.3%
JES/JER 19%  4.1%
Flavor tagging 42%  3.7%
Other object-related 37%  2.5%
Data-driven background normalization 3.9%
Modeling of backgrounds from simulation 2.6%
Background cross sections 2.3%  4.9%
Fake leptons and charge misID 1.8% 5.7%
7 modeling 4.9%  0.7%
{0 modeling 03%  8.5%
Total systematic 10%  16%
Statistical 84% 15%
Total 13%  22%

e Systematics implemented

as NP constrained by
Gaussian PDFs

e Most NP found not sign.
constrained/pulled by fit

e Most significant systematics:
o Fake leptons, esp. in ttW from using the
matrix method
e Charge-flip probability through ee events
with my =~ mz
e Normalisation correction factors for WZ,
ZZ, Z+1HF, Z4+2HF compatible with 1
e Syst. & stat. uncertainties for both
processes roughly in same order
e Most dominant in ttZ: bkgd modelling;
signal modelling
e Most dominant in ttW: signal modelling;
limited statistics in data CR & MC
samples; fake lepton & charge-flip bkgd
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ttZ & ttW

Sources of uncertainty
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Uncertainty ouz  Ouw
Luminosity 29%  4.5%
Simulated sample statistics 20%  5.3%
Data-driven background statistics 25%  6.3%
JES/JER 19% 41%
Flavor tagging 3.7%
Other object-related 2.5%
Data-driven background normalization 3.9%
Modeling of hackgrounds from simulation 2.6%
Background cross sections 2.3% _4.9%
Take leptons and charge misID 18%  5.7%)
7 modeling 4.9%  0.7%
(I modeling 03%  85%
Total systematic 10%  16%
Statistical 84% 15%
Total 13% 2%

e Systematics implemented
as NP constrained by
Gaussian PDFs

e Most NP found not sign.
constrained/pulled by fit

e Most significant systematics:
o Fake leptons, esp. in ttW from using the
matrix method
o Charge-flip probability through ee events
with my; =~ mz
e Normalisation correction factors for WZ,
ZZ, Z+1HF, Z4+2HF compatible with 1
e Syst. & stat. uncertainties for both
processes roughly in same order
e Most dominant in ttZ: bkgd modelling;
signal modelling
e Most dominant in ttW: signal modelling;
limited statistics in data CR & MC
samples; fake lepton & charge-flip bkgd

Jannik Geisen 9/26



ttZ & ttW

Sources of uncertainty
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Uncertainty ouz  Ouw
Luminosity 29%  4.5%
Simulated sample statistics 20%  5.3%
Data-driven background statistics 25%  6.3%
JES/JER 19% 41%
Flavor tagging 3.7%
Other object-related 2.5%
Data-driven background normalization 3.9%
Modeling of hackgrounds from simulation 2.6%
Background cross sections 2.3% _4.9%
Take leptons and charge misID 18%  5.7%)
7 modeling 4.9%  0.7%
(I modeling 03%  85%
Total systematic 10%  16%

Statistical [84% 15%]
Total 13% 2%

e Systematics implemented

as NP constrained by
Gaussian PDFs

e Most NP found not sign.
constrained/pulled by fit

e Most significant systematics:
o Fake leptons, esp. in ttW from using the
matrix method
o Charge-flip probability through ee events
with my; =~ mz
e Normalisation correction factors for WZ,
ZZ, Z+1HF, Z4+2HF compatible with 1
e Syst. & stat. uncertainties for both
processes roughly in same order
e Most dominant in ttZ: bkgd modelling;
signal modelling
e Most dominant in ttW: signal modelling;
limited statistics in data CR & MC
samples; fake lepton & charge-flip bkgd
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Sources of uncertainty
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Uncertainty THw

4.5%
5.3%
6.3%
4.1%
3.7%
2.5%
3.9%
2.6%
4.9%

0.7%

Luminosity
Simulated sample statistics

Data-driven background statistics
JES/JER

Flavor tagging

Other object-related

Data-driven background normalization
Modeling of hackgrounds from simulation

Background cross sections

Take leptons and charge misID
7 modeling

LIV modeling 8.5%
Total systematic 16%
Statistical 15%
Total 22%

e Systematics implemented
as NP constrained by
Gaussian PDFs

e Most NP found not sign.
constrained/pulled by fit

e Most significant systematics:
o Fake leptons, esp. in ttW from using the
matrix method
o Charge-flip probability through ee events
with my; =~ mz
e Normalisation correction factors for WZ,
ZZ, Z+1HF, Z4+2HF compatible with 1
e Syst. & stat. uncertainties for both
processes roughly in same order
e Most dominant in ttZ: bkgd modelling;
signal modelling
e Most dominant in ttW: signal modelling;
limited statistics in data CR & MC
samples; fake lepton & charge-flip bkgd
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Sources of uncertainty
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Uncertainty Otz Ouw

Tuminosity 29%  4.5%
Simulated sample statistics

Data-driven background statistics
JES/JER

Flavor tagging

Other object-related

Data-driven background normalization
Modeling of hackgrounds from simulation

Background cross sections

Take leptons and charge misiD
7 modeling
(IW modeling

Total systematic
Statistical

Total

e Systematics implemented
as NP constrained by
Gaussian PDFs

e Most NP found not sign.
constrained/pulled by fit

e Most significant systematics:
o Fake leptons, esp. in ttW from using the
matrix method
o Charge-flip probability through ee events
with my; =~ mz
e Normalisation correction factors for WZ,
ZZ, Z+1HF, Z4+2HF compatible with 1
e Syst. & stat. uncertainties for both
processes roughly in same order
e Most dominant in ttZ: bkgd modelling;
signal modelling
e Most dominant in ttW: signal modelling;
limited statistics in data CR & MC
samples; fake lepton & charge-flip bkgd
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The search fo’f; ttH

pp— ttH
I—» TT+ —> € +VetVotTh*+V;
bW-—> b+p+v,

bW+—> b+q+q’ ' jet
|
/ b-jet
L <*

jet / ’ 4
-
R .

b-jet .*
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e Higgs boson discovery in 2012 by ATLAS & CMS
e Is it “the expected” Higgs boson? — potential door to BSM
e ttH: special production process — low XS — finally observed at LHC

Assuming my = 125 GeV:

1
1

L L L B B B
o9~ ATLAS 3

FEEE Theory (NLO QCD + NLO EW)

0.8

0.7

o(pp—> ttH) [pb]

Total
$ Combined data
Stat. only
0.6
0.5
0.4
0.3
0.2

0.1

) S S S S B
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The top Yukawa coupling g

e Yukawa coupling yr x ms

Higgs production
e For top quark: y; =~ 1 /
= potential window to BSM P
€ 1FATLAS and CMs
¥ FLHC Run1
5] P
gl> 107 E
o
107%F 3
q t
4 ATLAS+CMS
N SM Higgs boson |
107 — M, €] fit ~H b
[ 68% CL =
[ J95%CL
107 | I 3 b
10" 1 10 10° b
Particle mass [GeV] _ —
q t
e gg fusion

e ttH allows direct measurement

= only indirect measurement
Jannik Geisen 11 /26



Introduction
Top and Higgs decays

g'71(2
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. ot

= 50773 fb — only ~ 1% of Higgs produced at the LHC

e Upside: additional tt pair provides more distinct topology, e.g. for H — bb

o Different top & Higgs decays — many different event topologies

e Four main analyses in ATLAS, studying different Higgs decays:
e H — bb,H — ML (multi-leptons), H — ZZ* — 4l (resonant), H — vy

Top Pair Branching Fractions

“alljets" 46%

THets 15%

n+jets 15%

etjets 15%

"dileptons™ "lepton+jets”

Jannik Geisen

Higgs branching ratios:

© [T e e e o
g B - '
@ [ 12
o [ 8
L
z H
T i
210' E]
S Fu E|
[ 1
L cC |
102F 4 E
[ vy ]
e N
] E
F ]
soben o b
120 121 122 123 124 125 126 127 128 129 130

Mi[GeVl 15 / 96
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ttH(H — bb)

Phys. Rev. D 97, 072016 (2018)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072016

GOTTINGEN

tfH(H — bB) C )| GEORG-AUGUST-UNIVERSITAT

Details and challenges o

e Select single lepton and dilepton tt decay
o Complex final state — 4 or 6 jets including 4 b-jets at leading order!

e Largest background: tt + jets (light flavour, ¢, bb = “irreducible”)

e Inclusive tt cross-section ~ 3 orders of magnitude higher than signal
e Analysis depends on discriminating ttH(H — bb) from tt + bb

9 “O00000000000)

9 ‘DOO000000000 ———<—— ¢
g9 b t
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Analysis strategy o

o Split channel using Niets & Np_jets (Elifferent b-tagging working points)
= Regions enriched in tt + If/c¢c/bb/Higgs
e High values of Njets & Np_jets: phase-space closer to signal region (SR)
= Other regions are control regions (CR): constrain & estimate background

(1%, 2°) jet  Single Lepton, > 6 j

ATLAS [+ tignt [+ >tc Wi+ >1b b-tagging
(5= 13Tev Wi+ [Ononi discrimin.
Single Lepton (3.3)
CRiflgn CRiflayg ORits___
Y ~ @3
{
\ 5.3 CRipign
\
(4.4)
Riwy | Rz >1c
SR SR3Y SR (5.4) \
) (5.5 | SRy ‘ SR, ‘ SRy ‘ \"\
(5.5) (5.4) (5.3) (5.2) (4,4) (4,3) (4,2) (3.3) (3.2) (2,2) (5,1) (4,1) (3,1) (2.1) (1, 1) (3"‘, 4"‘) jet
b-tagging discriminant

Single lepton regions with Njes > 6
Highest signal purity: select 4 (very) tight b-tagged jets — “SR1"
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ttH(H — bb)

MVA and fit

R
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e Final state reconstructed by BDT e

e Trained on ttH events only
e Aiming to identify bb from Higgs
e Then fed into classification BDT
e Discriminate ttH(H — bb) vs. tt + bb
e Reco BDT only 1 out of O(20 — 30)

variables in classification BDT

ATLAS R
5=13Tev,36.1 10" ---318
single Lepton

L — e

—os
—os
—oa

o2

CR 5 C

Wiy

CrY SRy S Ch 2.Ch 20 O 20 Sho 30 Saes S
w,iA »;;a RS SRS M,:;,ff;@f’,ﬁfm 35 SR6 SRz

< <
3 - ATLAS  Data WiH £  Data £ ATLAS  Data mtiH
9 V5=13TeV, 36.1 b D:: M 'g';‘ E" : \2/" a V5=13TeV, 36.1 b D:: N 'g';‘ Sty ] V5=13TeV, 36.1 b D:: N 'fl';‘ E“ M \2/"
G 400 Single Lepion Dotalunc| & 400} Single Lepton DNontd . toaune] £ Single Lepton Aond. % Total unc.
5 SRYY SR” “-ttH (norm) SR ~tTH (norm)
& Post-Fit re-Fit Bkgd Post-Fit
300|
< < <
2 2 2
& & &
] ] ]
g g g
a a a 05
50 100 200 250 300 350 1 08 06 04 02 02 04 06 08 1 1 08 06 04 02 02 04 06 08 1

M (reco BDT) [GeV]

Classification BDT output
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Classification BDT output

15 / 26



ttH(H — bb)

Results
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Fit signal strength = o

tEH/Ustl\'t/lH

= 1.40 observed (1.60 expected)
Systematically limited by MC modelling + background modelling stats

e Estimating t + bb by comparing different MC generators

higher stats in MC

ATLAS (s=13TeV, 36.1 fb™
T T T T T T
ot m, = 125 GeV
stat.
tot (stat syst)
il +1.02 £ 40.54 +0.87
Dilepton —e—— =024 Zo5(Zos2 -001)

(two-p combined fit)

Single Lepton
(two-p combined fit)

+0.65 (+0.31 +0.57
-0.62 ( -0.31 <Cl.54)

Combined

+0.64 0 +0.29 +0.57
-0.61 ( -0.29 £.54)

-1 0 1 2 3 4 5 6

Best fit p = 0™/ol}

Also: b-tagging, JES/JER, signal modelling

No significant gain from more data — need to improve modelling and

ATLAS

Dilepton
(two-p combined fit)

Single Lepton
(two-p combined fit)

Combined —— Observed
o Expectgd (u=1) )
0 1 2 3 4 5

Vs=13TeV,36.1fb*

m, =125 GeV

=== Expected + 1o
..... Expected + 20 _|

Jannik Geisen

95% CL upper limit on o/a,(ttH)
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ttH(H — ML)

Phys. Rev. D 97, 072003 (2018)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072003

GOTTINGEN

tfH(H N ML) @ GEORG-AUGUST-UNIVERSITAT

Details and challenges

e Includes H — WW*/ZZ* /77; complex final state = 1-4 leptons, 0-2 taus
e Split into 7 channels using Nieptons, N

. lepton charge

e Many different event topologies = optimisation on many objects needed

e Systematic impact: leptons (prompt & non-prompt/fakes), MET,
b-tagging, jets

e Veto ttH(H — ZZ* — 4l) — individual analysis

NUMBER OF Thad

3 4
NUMBER OF LIGHT LEPTONS
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ttH(H — ML)

Analysis strategy

A
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Two main background components:

e Prompt leptons — estimate via MC: ttW, ttZ, Diboson

e Fake Th,q4; fake & non-prompt (light) leptons; charge mis-ID (electrons)

= data-driven estimate

. . -id aw
ATLAS Signal Regions B2 Boioson
§=13TeV Ea:e 7y EINoON-prompt
o

3¢ SR 4¢ Z-en. 4r Z-dep

¢
o
v
g

2088 +1Tg 2008 +1Thag 30+ 1Thag

&

3/ W CR 3¢ tiZCR

k=

W
4

o

Jannik Geisen

FAKE & NON-PROMPT
LEPTON FRACTION [%]

FRACTION OF FAKE Thad (%]

2ASSen 2SSy 3y 2ISSe+dr 2SSt

ATLAS Simulation
5=13Tev

Bmb-quark

20, C;/ogﬂrs:/,b s els&ks;/‘% o gy s
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ttH(H — ML)

MVA and fit
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Two MVA stages:

e Object level BDTs — remove bad leptons
e Non-prompt leptons via isolation-like BDT

e Charge mis-ID via BDT
e Event level MVA — discriminate ttH(H — ML) vs. backgrounds
e Combine multiple BDTs with multi-dimensional binning

Efficiency

Data / MC

0.9

0.8

0.7

0.6

0.9

F arLas ' ]
[ (s=13TeV,36.11b" ———
£ ge—e——e— m
£ 0¥ E
E S =
E o ]
F —— 3
Eo— .
E o Zop A
— -e-Data
F - MC ]
C ) =
:7_.*4'* W Stat. only ~ Syst. @ Stat. ]
0 20 30 40 50 6070 100

Muon p_ [GeV]
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Events / bin

Data / Pred.

U

10°

075
0s

1 08 06

ET T T T T T h T
ATLAS ¢ Data (TH
5 =13 Tev, 36.1 o' TW Oiz
2¢SS [WDivoson  [WINon-prompt
Post-Fit Wgmisid  [JOther

77/ Uncertainty --- Pre-Fit Bkgd.

S5 ss g 5551555

-04 02 0 02 04 06 08 1
BDT output
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Results [

e 2 same-sign (light) leptons “2ISS" and 3 (light) leptons “3I"
= Most sensitive channels

e Dominant systematics: signal & background modelling, JES & JER,
non-prompt light-lepton estimate, flavour-tagging, 7,4-1D

e Visible signal above background after combining channels
= Significance: 4.1¢0 observed, 2.80 expected

c T T T e
ATLAS s=13 TeV, 36.1 fo" ° [ ATLAS ¢ Data ]
2 L Vs=13Tev,36.1 fb" WtH ( =16) |
g Post-Fit ttH (u=1)
—Tot. --- Stat. Tot. (Stat., Syst.) W o [JBackground —|
2.1 16  +1.4 [ 7/,Bkgd. Unc. 3
2£08S + 1Thag [ B | 1.7 %9 (G, 50 £ Bkgd. (1=0) J
16 4 2Thag | bt @i 0.6 T (03, T [ .- Pre-Fit Bkgd. |
4| roe 0.5 7% (%3, 153) 10 <
3¢ + 1t b 1.6 7% (17, 99 F ]
2£88 + 1Tnay b4 3.5 j; C}g, tgzg) r 1
3¢ poH 1.8 107 (158, 102) 10 y
107 (4104 405 . 20—t ]
2SS *H 1.5 "0e (04> “0a) Blg sk —ttH =16) B
i H057TT0E T B oL - tiH (u=1) E
combined KoH 1.6 o4 (o3 -03) $[B of - Bhod. (u:w
-2 0 2 4 6 8 10 12 =1
25 -2 -1.5 —1 0.5 0

Best—fitu‘_ for m, =125 GeV log_(S/B)
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tfH(H — fyfy)

ATLAS-CONF-2019-004


http://inspirehep.net/record/1726181

n C GEORG-AUGUST-UNIVERSITAT
ttH(H - ’77) @ GOTTINGEN

Overview and strategy T

e Based on 139 fb—! data, new analysis strategy wrt early Run Il analysis
e Similar to 79.8 fb~* analysis, but updated photon ID & jet calibration

Channel with low statistics: o x BR = 0.507 pb x 0.00227

Select 2 tight v & 1 b-jet & 1 lep (“Lep") or 2 jets and 0 lep (“Had")
Backgrounds: non-resonant yy; tH & ggF (had); tH & VH (lep)

One BDT trained per decay channel to discriminate signal vs. background

e Train on pJ}/m,~, using excellent resolution on m,, in [105 GeV-160 GeV]

2] I T T T T T T T L= T} T T T T T T T T R
c E 3 c 3
Q@ 0.9 ATLAS Preliminary :ﬁ%mcf,ankﬂm Region 1 2 O09F ATLAS Preliminary ;-N%"E::nktgul Region 3
Y ogE 's=13Tev,139 ! ot 4 Y gge /5=13Tev, 139 LI e 1175 R E|
© “"E Had region {Z:Non-ttH Higgs 3 ©° Lep region {23 Non-ttH Higgs 3
§ o7 4 5 o7 3
1 8 og
S oosE om J E Y E
E 04 o E

0.4 018 0.4 o4 i

o 03 =

00spy: 3 03 03 E

A et 3

05 G062 083 064 0% 006 087 088 085 0.2 " . P E

o 0 T GTe T 0B 085 08 08 E

PR irsveres et orunraliE ok = : =W

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

BDT Output BDT Output

Jannik Geisen 21 /26



ttH(H — )

Results
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Sum of Weights / 1.375 GeV

0.33 0.13 0.22 0.41
pyzy = 1.38 0351 (stat.) 013 (exp.) 7313 (theo.) = 1.3870%¢
< 0,3 X BRy, = 159733 fb
e 4.90(4.20) observed (expected) — strong evidence, limited by statistics

Dominant exp. uncertainties: photon energy scale & resolution; photon
efficiency; Jet/E™'™s related uncertainties; background model

Dominant theory uncert: signal model (UE & PS); HF model in non-ttH

8 180 =

e A B § 160i ATLAS Preliminary ¢ Data _ E

307 ¢ Data ATLAS Prellmlnaryr1 E o E {s=13Tev, 130 fb* | ;\:’;n(x;;.:)‘ggs E

Fo Continuum Background Vs = 13 TeV, 139 fb ] 140; Cont. Bkg. E

250 - Total Background m, = 125.09 GeV E 120~ E

[ — Signal + Background Al categories B B " 3

£ B lad categories Lep categories  —|

£ In(1+S/B) weighted sum B B

20 3 3

15 ~ E E

10(1 3 =
g | 5 =

SE 3 g0l * — tiH (u=1.4) _

E @
S S S S B | g 0 4*—'—‘_i—'_‘—‘+'—'—'_’7
110 120 130 140 150 160
m,, [GeV] Had4 Had3 Had2 Hadl Lep3 Lep2 Lepl
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tZ'H(H — 77" — 4|)
and combination with other
channels

Phys. Lett. B 784 (2018) 173


https://www.sciencedirect.com/science/article/pii/S0370269318305732
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ttH(H — ZL — 4') @ GOTTINGEN

Overview and results

e Pure channel: S/B ~ 125-300%, BUT o x BR = 0.507 pb x 0.0001251

e Event selection similar to ttH(H — ~7) — hadronic/leptonic regions

Main backgrounds: ttW, ttZ and non-ttH (ggF, tH)
BDT with 2 bins in hadronic regions for 115 GeV < my; < 130 GeV

e Combined with lep region event yields as input to likelihood fit

Expect 1 event, but 0 observed in data — more data needed — set limits:

= pygy < 177 <= o3y < 900 fb~' @ 68% CL
e Dominant systematics: signal (PS) modelling, Higgs+HF modelling, JES

Bin

t1H (signal)

Expected
Non-17H Higgs Non-Higgs Total

Observed
Total

H—Z7" — 4¢

Had 1
Had 2
Lep

0.169 + 0.031
0.216 + 0.032
0.212 £ 0.031

0.021 +0.007  0.008 +0.008 0.198 +0.033
020 +0.09 022 +0.12 0.63 +0.16
0.0256 £ 0.0023  0.015+0.013 0.253 +0.034

Jannik Geisen
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ttH combination

Final combined results
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A
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— T T
ATLAS ot Total s EI Syt sw Uncertainty source Acvig [ogig (%]
Vs=13TeV,36.1-79.8 fb" Theory uncertainties (modelling) 11.9

Total  Stat. Syst. 17 + heavy flavour 9.9
iH (bb) =] 079+ 5% (+ 9% ,+053) ttH 6.0
B ) ) ) Non-17H Higgs boson production 15
fiH (multilepton) HE=— 156 58 (0% % 55) Other background processes 22
i (v) =y 139 0% (02 502 Experimental uncertainties 9.3
Fake leptons 52
fiH (22) —_— <1.77 at68% CL. Jets, E%“’” 49
Electrons, photons 32
Combined H==H 182+ 0% (£018,+ 0% Luminosity 3.0
N R U B R 7-leptons 2.5
-1 - Flavour tagging 1.8
Of O MC statistical uncertainties 4.4
Analysis Integrated 1TH cross Obs.  Exp.
luminosity [tb~1] section [fb] sign.  sign.
H—yy 710 210 (stat.) *120 syst) 4.l 370
H — multilepton 36.1 790 £150 (stat.) *130 (syst) 4.l 280"
H — bb 36.1 400 *139 (stat.) + 270 (syst) ldo 160
H—Z7" -4 79.8 <900 (68% CL) 00 120
Combined (13 TeV) 36.1-79.8 670 + 90 (stat.) f}(l)g (syst.) 5.80 4.90
Combined (7, 8, 13 TeV) 4.5,20.3,36.1-79.8 - 630 5.10

e ttH production observed in ATLAS! — measurement compatible with SM

Jannik Geisen

24 / 26



Summary
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Searches for tt + Z/W /H in ATLAS AT

GOTTINGEN

What you can take away

Searches for ttZ, ttW and ttH are very challenging

Individual ttH analyses have their own challenges and limitations

= ttH(H — ML) and ttH(H — ~7) have highest sensitivity

ATLAS observed ttZ and ttH production — compatible with SM
e Strong evidence for ttW production at 13 TeV (observed at 8 TeV)
Next steps:

e Current results use up to 79.8 fb~! data — use full Run Il data (139 fb™")
e Develop improved analyses techniques
e Extract top Yukawa coupling and t-Z NC EW coupling (sensitive to I3W)

Fit configuration iz Lrw
Combined 1.08 £ 0.14 1.44 £+ 0.32
20-0S 0.73 £ 0.28 -
3tz 1.08 £ 0.18 -
2(-SS and 3¢ tTW - 1.41 £ 0.33
40 1.21 + 0.29

Analysis Integrated 1TH cross Obs.  Exp.

luminosity '] section [fb] sign.  sign.
Hoyy 79.8 710 20 (stat) *12° (syst)  4lo 370
H — multilepton 36.1 790 £150 (stat.) *}30 (syst)  dlo 2800
H — bb 36.1 400 1130 (stat.) £ 270 (syst.) 140 160
H— ZZ' — 4l 79.8 <900 (68% CL) 0o 120
Combined (13 TeV) 36.1-79.8 670 %90 (stat.) *100 (syst) 580 4.90°
Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1-79.8 - 630 S.lo

Jannik Geisen

25 / 26



C GEORG-AUGUST-UNIVERSITAT
=/ GOTTINGEN

Thank you!
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tfH(H — fyfy)

Overview & strategy of 79.8 fb' analysis

C GEORG-AUGUST-UNIVERSITAT

GOTTINGEN

e Based on 79.8 fb~! data, new analysis strategy wrt old analysis
Channel with low statistics: ¢ x BR = 0.507 pb x 0.00227

Select vy & various Niets, Np—tags . Miep — hadronic & semi-lep tt regions
Backgrounds: non-resonant vv; tH & ggF (had); tH & VH (lep)

One BDT trained per decay channel to discriminate signal vs. background
e Train on pJ}/m,~, using excellent resolution on m,, in [105 GeV-160 GeV]

Fraction of Events

canax T T T T T @ g T T
£ ATLAS — Data Sideband § F ATLAS —— Data Sideband
[ Vs=13TeV,79.8fb" 23 Non-tH Higgs a [ Vs=13TeV, 79.8b" 23 Non-ttH Higgs
[ Had region tH S] [ Lep region CtH
L 5 I
[ g 107 =
e F-s -
"I | “' T

Il 1 1 1 | | | 1 \i
0 0102 03 04 05 06 07 08 09 1
BDT Output
(@ P
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Results of 79.8 fb~! analysis =

0.42 0.23
o ppzy = 1.39 T345(stat.) 933 (syst.)
e 4.15(3.70) observed (expected) — strong evidence, limited by statistics
e Dominant theory uncertainty: signal (PS) modelling; Higgs+HF modelling

e Dominant exp. unc: JER/JES, photon isolation, energy scale & resolution

o)
® ATLAS + [2:'? " B

- ) = -1 I ttH (=1 ]
?3 35:_ ; o T T ATLA‘S E Vs=13TeV, 79.8 fb Non-tiH Higgs E
Iy 30:_ - Continuum Background Vs = 13 TeV, 79.8 fb”! 1 [ Cont. Bkg. ]
N F ---- Total Background m, = 125.09 GeV E ) : 3 1
E 25E Signal + Background All categories E Had categories H Lep categories i
5 E In(1+S/B) weighted sum E ¢ ]
© = ! .
= 20p E b
5 E E 3
g E E =
A £ E |
@ 10k =

F 19 .

5 4 + ; @ — ttH (u=1.4)
£ ¢ 1 s 10 T
Bt 1 | L | 13
110 120 130 140 150 160 0
my, [GeV] Had 4 Had 3 Had 2 Had 1 Lep3 Lep2 Lep 1
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MVAs in ttW analysis I

1. MVA against non-prompt leptons

e Used in SS dilepton and ttW trilepton channels

e Distinguish prompt leptons from those from heavy-hadron decays in jets

e Use information from charged-particle tracks in a cone around the lepton
candidate

® Jets are reconstructed from these tracks
e MVA trained on e.g. angular distance between lep & track jet, number of
tracks in track jet, ratio of lepton pr to track jet pr
e Rejection factor for leptons from b-hadron decays =~ 20
e Prompt lepton efficiency: 85% (80%) for muons (electrons) with
pr ~ 20 GeV = reaches plateau of ~ 98% (96%) at high pr

2. MVA against charge-flipped electrons

e Uses various track and cluster properties of electron candidates

e 95% efficiency for electrons with correct charge reconstruction

o Rejection factor of ~ 17 for electrons with misidentified charge that pass the
tight likelihood identification requirement
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Various Higgs cross-sections at LHC o
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