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The Standard Model of Particle Physics

EXPERIMENT

The SM provides unified picture of the electroweak (EW) and strong interactions

building blocks of matter: fermions (leptons and quarks)
force carriers: bosons (gluon, photon, W+-, Z)
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The Standard Model of Particle Physics

EXPERIMENT

The SM provides unified picture of the electroweak (EW) and strong interactions

building blocks of matter: fermions (leptons and quarks)
force carriers: bosons (gluon, photon, W+-, Z)
Higgs field: added to the SM to generate the mass of EW bosons and fermions
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The Standard Model of Particle Physics

EXPERIMENT

The Top Quark:

heaviest elementary particle in the SM: Yukawa coupling = 1
decays before it can hadronise: study properties of a ‘bare’ quark
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The Top Quark: > 20 Years Celebration!

Discovered in 1995 by the CDF and DO experiments b
(Tevatron), completing the list of 6 fermions '
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The famous Event #417: tt Candidate (1993) - e
DO exper/ment hadronic top ‘

candidate

leptonic top
candidate \ B

Last year we were celebrating 20 years since

the birth of the heaviest fundamental particle... S e
0]

p and still a hot topic in particle physics!
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S ——— collision energy = 7/8 TeV (Run1)

/ CMS \H?ﬁ TeV (Run2)
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The ATLAS experiment

HC Multipurpose detector:

EXPERIMENT

ALICE LHCb
(e SPS tracking detector + calorimeter + muon spectrometer
| PS 44m
LINAC 2 A~ j

unac 3l (© ) LEI /
ITons = R !

------

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector .

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker




The ATLAS experiment

T \ Multipurpose detector:

ALICE LHCb

C tracking detector + calorimeter + muon spectrometer

RBUOSTER

LINAC 2] PS
LINAC "_
el () LR ~

In Run2: new Insertable B-Layer
(IBL) improved b-tagging
performance!

- needed to shrink the diameter of
the beam pipe and insert it into the
gap between the Pixel Detector
and the pipe

n wE B = Tile calorimeters

LAr hadronic end-cap and

- faster read-out chips and new :
forward calorimeters

silicon sensor technologies
developed to cope with higher
radiation and high particle
occupancy

Pixel detector
Toroid magnets LAr electromagnetic calorimeters

bers Solenoid magnet | Transition radiation tracker

Semiconductor fracker
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Particle identification @)

ATLAS Experiment © 2014 CERN

3k Each layer,
different
interaction with
particles,
different targets

3k Energy,
momentum,

measurements

http://www.atlas.ch/multimedia/#how-atlas-detects-particles

“Tamara quuz Schroder (cGiII niverity)




The Top Quark: Production

Y g M, g t
" gg initiated
(80% LHC 7 TeV)
8 0000000 ————— £ 4 e 4 t
q t
>WM< qq initiated
g t

2k Smaller branching ratio: produced as single top quark via EW

q
(%) >MAM< (a) t-channel

Interaction

bb (b) s-channel

I
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The Top Quark: Decay

3k Decays into lighter particles via the
EW interaction

e Almost exclusively ast = Wb

e \W-boson decay modes:
(leptonic or hadronic)

1Y q
t I+ t 7
b b

Z-boson decays for comparison
t+, v, q

(e )
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Top Pair Branching Fractions
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Experimental signatures
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((((
: Had. cal
jets are a consequence
of the strong force Calorimeter jet /
I % Em. cal.
. TV ‘
- . RV Y
| » \ I
o~ Particle jet , Ketc
What to look for? e \ X
~"  originate from b/c-quarks \
¢ (22,4, 6)jets! ° - B T T
(= 2,4,06)]ets! ‘ (heavy-flavour jets) or light
. . Parton jet
, o , quarks (light jets)
e > 2 jets originating
from b-quarks (bjets) , Displaced 0 — - 0
P P
e charged lepton(s) .
o Secondary
o (s) (missing Vertex
transverse energy) Jet L
& b-quarks live long enough (~ps) to
Ho / create a secondary vertex at the decay

Primary
Vertex

finding these jets from b-quarks is known
as b-tagging

Jet

65)
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The Higgs Mechanism

3k In electroweak theory, W and Z Boson
should not have mass - however we know
they do!

3k The Higgs Mechanism, explains the mass
of the W and Z Boson, as well as the
fermions, and the additional observation of
a spin-0 boson

THE
HGGS
BOSON

2kThe Higgs field couples to particles giving

them mass
NE A FIELD THAT
PERMEATEQTRE
. _ ENTRE uNlVER
2k The stronger the coupling, the heavier the ﬁA @
particle (Yukawa coupling) VERY PAFZ‘RCLE

FEELQ TS FEL
BUT (= AFFECTED N
DIFFERENT AMOUNTS

http://www. phdcom/cs com/comics. php?f— 1489

\\ /'
\\.
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The Nobel Prize in Physics 2013 was awarded jointly
to Francois Englert and Peter W. Higgs "for the
theoretical discovery of a mechanism that contributes
to our understanding of the origin of mass of
subatomic particles, and which recently was
confirmed through the discovery of the predicted
fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider"
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4th July 2012: Higgsdependence day!
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Since its discovery in 2012, focus on precision measurements of production and
decay of the Higgs boson, and the search for additional BSM Higgs bosons

_

The Nobel Prize in Physics 2013 was awarded jointly
to Francois Englert and Peter W. Higgs "“for the
theoretical discovery of a mechanism that contributes
to our understanding of the origin of mass of
subatomic particles, and which recently was
confirmed through the discovery of the predicted
fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider"

Tarazz Schroder (McGill niverit)




Higgs production modes

cross section calculation \
g "OOOOOO N ZMEEE S Rl 3k Gluon fusion has the largest production rate,

gluon fusion e order of magnitude higher than VBF or VH
A —>»— —
(9gF) 3k Large cross section increase from 8 to 13 TeV,
g "000000" especially for ttH and tH
q q 2 I | T T | T T tl T T | T T | T T | T T | T T t T T | T T | |§
E10 3 5 M(H)= 125 GeV =2 23
vector boson 2 © oD+ NLOEWL — I
. —_— P — — H —~ i p/,\—\(NSLOQ ' _E
fusion (VBF) E 10_% . B
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o B {1 T o aco o — | 2.1
1._production (VH) . & 1 W 39
W, Z b 4 B b ! i
l | == : :
p c :
107 E
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t°|°dass°°'a(t?:) b o> _H 6 7 8 8 10 1112 13 14 15
roduction (tt slle i
P g , Run-1 Run-2 -2y
(8TeV)
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Higgs Decay Modes

3k At my = 125 GeV, Higgs decays to
bb is the most dominant (~ 57 %)

3k The second largest decay
mechanism is H > WW (~22 %)

2k Though bb decays are the most
dominant, they are very difficult to
reconstruct

2k Also have broad mass resolution
(contrary to yy and ZZ(=»4¢))

cc(*

‘difficult’ modes |

{cc, 99, pp}
(11%)
= long term

evidence (58%)

—

10

Branching Ratio

—
Q
\V)

107

107

éé‘ﬂ

Q
Q

I

A
S
11

|
9
@
|

N
N

=2
=2

I I IIIIII|
N
=2
I I IIIIIII

uu

M, [GeV]

~
| Tamara Vazquez Schroder (I\/IcG|II Umversrty)

LHC HIGGS XS WG 2016

120 121 122 123 124 125 126 127 128 129 130



Where did we find it?

Evolution of the signal from both 7 and 8 TeV data
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o 92 ATLAS Preliminary | - 25[F ATLAS Preliminary
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B [ Background Z+jets, tt | 1507 =
0.1 — —4— Data : L _
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https://twiki.cern.ch/twiki/pub/AtlasPublic/ https://twiki.cern.ch/twiki/pub/AtlasPublic/
HiggsPublicResults//4l-FloatingScale-NoMuProf2.gif HiggsPublicResults/Hgg-FloatingScale-Short2.gif
Higgs decay to ZZ — 47 (Golden Channel) Higgs decay to vy
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https://twiki.cern.ch/twiki/pub/AtlasPublic/HiggsPublicResults/Hgg-FloatingScale-Short2.gif
https://twiki.cern.ch/twiki/pub/AtlasPublic/HiggsPublicResults/Hgg-FloatingScale-Short2.gif
https://twiki.cern.ch/twiki/pub/AtlasPublic/HiggsPublicResults//4l-FloatingScale-NoMuProf2.gif
https://twiki.cern.ch/twiki/pub/AtlasPublic/HiggsPublicResults//4l-FloatingScale-NoMuProf2.gif

Top Yukawa coupling... why should we care?

3k The only fermion with such a natural coupling

Top quark is the heaviest 3k Does this point to a special role in electroweak symmetry
fermion in the SM =» breaking or beyond the SM physics?
Largest Yukawa coupling 2k Top quark Yukawa coupling tells us about the stability of
f Universe and the required energy scale for new physics
V2 -
v 16476 e Kiv: 1411.1723
- - = y(=0.92447924
H Is the Universe Lot T D 03445275 o
f stable or only le+72 [¥1=0.92448293 === .
metastable? g 1e+70 .
% le+68 -
> s
le+66 i
le+64 -
re pseudo scalaf—c== le+62 e
a" » violatin ""Ct= /4 le+17 le+18 le+19
004+ | Pure scalar—SM 9, GeV

What is the CP nature of

0.02} the Higgs boson?

Higgs coupling
to fermions

2k A CP admixture is still allowed

.1 3k Maybe ttH production can help us
nlli({)&}e{,ﬁoo disentangle the BSM component

0 600 800 1000
arXiv:1312.5736
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Top & Higgs

g 000000\ _ t
It . _H indirect top Yukawa coupling constraints from

gluon fusion production and yy decay...

g “000000 ¢

N .. assuming no additional heavy particles
. VVVV which could couple to the Higgs boson!
— > t At
L AVAVAVAVI

q
q
g > t S /
> - - H W /H
b
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Measure one of the tiniest!

Standard Model Total Production Cross Section Measurements siaius: July 2017

- 11 |50Q ub —
-8_ 100" 4 o ATLAS Preliminary Theory
5 Run1,2 v/s=7,8,13 TeV LHC pp V5= 7 TeV
10° £ BBl Data 45-491" 3
O LHC pp Vs =8 TeV ]
10° ¢ g BEM  Data 2030 E
; & o ]
I LHC pp Vs =13 TeV .
10° 3 B Data 008-36.1fot
103 é_ I _é
I a0
102 £ 1 - ® o -
F Lol o o
A A .
total n o n O .
10t g [u] 2.0 fot & o E
VBF E E
A i
1 F I VH I g H_E
B 4 :
a
10_1 3 E
Z tt t WWwW H Wt WZ ZZ t ttW ttZ tZj
t-chan s-chan
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Where to look for ttH production?

3k ttH production (~500 fb @ 13TeV) is:
e two orders of magnitude smaller than ggF Higgs production

e three orders of magnitude smaller than tt production

3k Look for ttH in final states with distinctive signatures and features

e Combination of top quark x Higgs boson decay modes

Top Pair Branching Fractions

e ,\/OI : i

“alljets™ 46%

ttjets 15%

X

1%
17 0/
Tl 223 o

0 i o
\f\;&e .20’,\%/‘) Ltjets 15%
_ ex? . etjets 15% .
"dileptons lepton+tjets

| _ Schroder (cGiII nieit)




o o o B @
ttH analysis channels 14 @)

ttH | ttH

(H=>bb) (H=>WW, 171, Z22)
‘multilepton’ (HYY, 22(=44))

Fr sl | Infodvorpiniinl | Bl
(HF) background
, . . give distinct multilepton

e final states with multiple signatures

b-jets

® main background from ttZ/
W and non-prompt leptons

(ZZ=¥4+¢ at my selection vetoed)
e »' motivatio

N é _ c rd (cGiII niersity

n«challenge




ttH interest: from Run-1 to Run-2

JHEP08(2016)045
ATLAS and CMS -8- ATLAS+CMS
3k Run-1 ATLAS+CMS Higgs combination: LHC Run 1 :QIALSAS
e ttH significance of 4.4 o (2.0 o expected) B ; —+1o
. u —l—— — 120
3k Excess in both ATLAS and CMS pgn = o/0osu ggF ———
e Originating from ttH multilepton analyses B
K T
VBF e
T uWH *
3k Big leap (x4) for ttH SM cross section from B ol
8 to 13 TeV (*) and high statistics of top i
K I
quark samples collected by the LHC make ZH —
this SM search extremely interesting to be —
studied in Run-2! Mo S —————
o
W .
|||l|||||||l|IIIIIII|||||I||||||||l||||||||l||

| 111
-1-050 05 1 15 2 25 3 35 4
Parameter value
(*) Other background contributions cross section do not

increase as much, but different kinematics at higher energies!

Tamara zz Schroder (McGill niverity) o
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Most recent ttH results 4 @2)

¥/ AILA3
2015+2016 data
[~36 fb1] L
EXPERIMENT
arXiv:1712.08891
: CMS-HIG-17-018
* submitted to PRD Uit = 1.23 045, 43
CMS-HIG-17-026 (leptonic)
* arXiv:1712.08895 Hun = 0.72 £ 0.45
submitted to PRD
leptonic CMS-HIG-17-022 (all-hadronic)
(lep )
Mien =0.9%*1.5
arXiv:1712.02304 .
submitted to JHEP arXiv:1 73?'22936
Hith < 7.1 Htth '

ATLAS-CONF-2017-045 CMg’éPAS-Hle 6-040
1.00 (exp: 1.80) .30 (exp: 1.50)

Uit = 0.5 £0.6 UitH = 2.2 *09 o g

JHEP 1608 (2016) 045
4.40 (exp: 2.00)
HitH —2 3 0.7 . 6

ATLAS+CMS Run1
combination

| Tamara Vazquez Schroder (I\/ICG||| Un|ver5|ty)


https://arxiv.org/abs/1712.08891
https://arxiv.org/abs/1712.08895

2k Target: ttH with
e H->WW/ZZ/tt—==14¢
o tt—=(£+jets, dilepton)

I—-
10+2
sk High multiplicity final state S !
sk Rare in SM: same-sign 24, 3¢,4¢ & 2£5S+1T 200S+1T: 3L+11 . 4L
e Exploit presence of hadronically § 2/SS+0T 3/40T
decaying T
yins most sensitive Number of e/p

2k Split in categories based on g

number of e/p and number of T =

e Loose |lepton definition (no
isolation, loose ID)

* Dilepton and single lepton
triggers

a?azqz Sc rder


https://arxiv.org/abs/1712.08891

ttH (multileptons): tight lepton definition @)

EXPERIMENT
3k Common main/important background: non-prompt leptons from semileptonic b-decay

3k New MVA lepton isolation (PromptLeptonlso=PLI) to reject non-prompt £ based on:
e lepton and overlapping track jets properties

* lepton track/calorimeter isolation variables

S [ ATLAs - 1 & | Amas | .
-1 ] 1

2 11— V{s=13TeV, 36.1 fb —— g 11— \1s=13TeV, 36.1 fb —

2 f e 1 & —

i . —o——&= 1 . :959-‘_9::9:292 .

09— —O—¢— ] 0.9— —O— ]

L oO—> _ | —o— —_

— ] — —— ]

08— —* — 0.8 o —

u Z—sup 5 N © Z—ee .

0.7 —e—Data ] 0.7 —e—Data

o PLIWSF[pr] =¥ & L PLlelSF[pr] =M -

o F ' : —_— . o O - ' —_—

% 1 E’"""""""""""""_.’:"."1'###’—"* """"""""" L """E E 1 “""'""""""""'";'._"'_".'_':5'——‘——‘—" ' """"" [ & =]

© - — ® ] © s @ — ® ]

e e — W Stat. only © Syst © Stat. . E O e — W Stat. only ' Syst.©Stat. . E
10 20 30 40 50 6070 100 20 30 40 50 6070 100

Muon P, [GeV] Electron P, [GeV]

e SF values ~ 0.90 - 0.98
e SF systematic uncertainties small (max ~3% @ low pT), w/ negligible impact in the analysis

e Factor O(20) rejection for leptons originating from b-hadrons

3k New MVA cut to reduce QMiIsID for 2¢SS and 3£+0T

e Factor O(17) background rejection for a 95% signal efficiency

=

Ta;; zz Scrédr(cGiII niversity) arXiv:1712.08891 submitted to PRD



https://arxiv.org/abs/1712.08891

ttH (multileptons): object definition summary ¥ &%

EXPERIMENT

3k Several "Loose” and “Tight” lepton definitions to optimise the Thad
a
event selection in each multilepton channel _ o
Medium BDT ID to reject jets
(TM, 1T in 1£4+27)
e 7
L Lt 1.* T ™| L L L*/T/T* pT > 25 GeV
I[solation No Yes No Yes . .
Non-prompt lepton BDT No Yes No Yes BDT to reject el fak'ng T
Identification Loose Tight Loose
Charge misassignment veto BDT No Yes No T-M overlap removal
Transverse impact parameter significance, |do|/o4, <5 <3
Longitudinal impact parameter, |zo sin 6| < 0.5 mm b-jet veto
. . Thad Vertex is PV
L =Loose T =Tight (PLI isolated)
L+ =+ Loose isolated T* =+ QMisID MVA veto (el only) ote o = 25 Cov
. ets e
L* = + PLI isolated P

BJets MVV2c10 70% WP

3k Minimum jet requirements: Njets = 2; Npjets = 1

20SS 3¢ 4¢ 104271, 20SSH+11h,q 200S+171,q 30+1Thaq
Light lepton 2T 1L*, 2T* 2L, 2T 1T 2T 21T 1LT, 2T
Thad OM OM - 1T, IM 1M 1M 1M
Niets, Np—jets | 24, =12 =>2,>1 >2,>1 >3, >21 >4 >1 >3, 21 22,21

(’@ ==y = » e ————— et~ g gt s S —_—
\ | Tamara Vazquez Schroder (McGill University)  arXivi1712.08891 submitted to PRD



https://arxiv.org/abs/1712.08891

ttH (multileptons): multivariate analysis strategy x.& @3)

EXPERIMENT

3k Signal extraction: fit or cut on BDTs (boosted decision tree) to discriminate signal against the
main background processes [except in 3¢+1T]

3k Pre-MVA region: loose selection per channel to train MVA

e Input variables: system reconstruction, pseudo-continuous b-tagging, kinematics [full list in
back-up]

2k Final selection per channel:

e Either pre-MVA selection (e.g. 2¢55+0T), tighter selection (e.g. 2¢SS+17), or split pre-MVA
region in categories (e.g. 3£+0T)

e 2/SSOT: combination of two BDTs (ttH vs. tt; ttH vs. ttV)

e 3/0T1: 5-dimensional multinominal BDTs mapped to 5 categories (ttH, ttW, ttZ, tt, VV)
¢ 4/ (Z-enriched): ttH vs. ttZ

® 2/SS+1T, 2/0S+1T, 1/+2T: ttH vs. tt (with fake 1)

20SS 3¢ 4/ 1042100  20SS+1mhaq 200S+17.q 30+1Taq
BDT trained against | Fakes and ttV ¢, ttW, ttZ, VV ttz | - tt all tt -
Discriminant 2x1D BD'T 5D BDT Event count BDT BDT BDT Event count

Number of bins
ontrol regions

p
| Tamara Vazquez Schréder (McGill University) — arXivi1712.08891 submitted to P


https://arxiv.org/abs/1712.08891

ttH (multileptons): background composition ¥&¥ &%}

EXPERIMENT

ATLAS -q_mis—id CJttw
. - otttz @ Diboson
* Non-prompt |epton IN tt Is =13 TeV B Fake 7., @ Non-prompt

[ Other

e semileptonic b-decay

2¢/SS 4¢ Z-enr.

N

® vy conversions

4¢ Z-dep. x

2k Fake T from light/b-jets

27SS +1 Thad

DATA-DRIVEN (DD):
MATRIX METHOD (MM), FAKE FACTOR (FF)
FF ~ matrix method except prompt K

background is taken from MC

37 ttW CR

-

3k Misidentified charge lepton

® e.g.trident electrons
(Bremsstrahlung)

e using 3D likelihood method

[pT, n, Tight/Loose] 3k Irreducible backgrounds with prompt-leptons m
MC
DATA-DRIVEN (DD): (cross check: fit to data)

LIKELIHOOD FIT

“Other”: 4tops, tWW, tH, tZ
@ - " Tamara Vazquez Schréder (McGill University)  arXivi1712.08891 submitted to PRD
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ttH (multileptons): non-prompt light £ g @

EXPERIMENT

Method 2/5S+0T 4¢ 2/5s+1r | Otherrt
[parametr.] channels

DD (MM) pseudo-
el: [pr NBjets] DD DD (FF) MC
u: [pr, dR(w,j)] (Fake SF) el/p: [pr] (very small)
ee: eu: MM SR:
2.0£0.5 1.7#04 | 1.5+x05] 1.8+x0.8
Semileptonic Photon Non-prompt lepton
b-decay conversions & fake T

J

L 1

b fake ¢+ b fake ¢+ fake T

o

b~ prompt £+ b~ prompt £+ b, prompt £+
strongly reduced with PLI  50% of the “fakes” in 3¢! 70% from tt in 2¢SS+1T1

—_—

@ —e— T g PP YWY e o
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ttH (multileptons): fake tau

Fake tau DD (SS data)

Estimate method 2/0S+1T 2/SS+1T 30+1T
[parametrisation]

DD (FF)

pseudo-DD (MC correction with

[pT] 2/0S+171 DD SF)

3 1£+271: mostly tt with 1 or 2 fake T < 100
= 90 -
2k 2¢20S+1T: fake factor f 80 =
e Mainly tf with jet faking T S 70F ATLAS Simulation 3
. . © c Vs =13 TeV g
* Fake rates parametrised in T pT c O0F [ other =
= 502_ @ clectiron =
§ = -gluon |
3k 2¢SS+11and 34+11: MC correction & 40F ggg_;g&griark =
with SF derived from {DD(2/O0S+1T1) / 30;— @ b-quark —i
MC} 20F =
e Harmonised 1-fake-T estimate for 105 - -

all channels, profit from large 0

statistics from 22OS+1T
e Final SF=1.36+0.16

3, ) 7
081 oSt teg F SSun g "2 122 51

==

T arXiv:1712.08891 submitted to PRD
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Events / 10 GeV

Data / Pred.

ttH (multileptons): fakes/non-prompt £ validation

3k Overall reasonable data/prediction agreement with estimates fakes in VRs

({3 LOW Njets”

“3 loose light ¢”

2 < Njets < 3 Njets >1 Njets > 3

F _.(2 T T rTT T[T
C ATLAS ¢ Data IttH 1 & - ATLAS e Data DPrompt ]
- (5= 13TeV, 36.1 fo! MNon-prompt  Mgmisid { I 700/ Vs=13TeV,36.1 fo" HMHFel [CJLFel
2 <Ny < 3VR CJaw Otz T - 3¢VR VIlaqu. [JLFmu ]
10°E ei;ti, :fi—sei'_ [ Diboson [JOther  — 600 Pre-Fit 77, Uncertainty -
c Pre-Fit 72 Uncertainty = L A/ .
B 500 -
2 e - a
. 400/ { 7
300
10 200
100
_
1 IIIIIIIIIIII . 0 5
1.25 % / 8 1.25 :_
o
| /// % ///// S R
0.75 < E
< 075 &
0.5 o E . .
2 100 0.5 0 :

2/SS+0T
fake ¢

pT (I1) [GeV] Number of b-tagged jets

4/
fake ¢

Events

Data / Pred.

" Tamara Vazquez Schroder(MCG'” UmverSlty)

“Pre-selection”
Njets >3

- | _
800F ATLAS oDaa [ =

~ Vs=13TeV, 36.1 fo ' LJttW Mtz ]
700:_ 220S+1Toq [CIDiboson [ ]Other .

C Pre-Fit BFake 7,,, 7/ Uncertainty 1
600 -
500 =

AR e

3 4 5 26
Number of jets

2/0S+1T
fake T

arXiv:1712.08891 submitted to PRD
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o Bl &

ttH (multileptons): prompt £ background validation *&¥

2k Largest irreducible backgrounds: #tW, ttZ, diboson EXPERIMENT
2k Estimated using NLO MC samples, with theory/modelling uncertainties:
e Cross-section uncertainties
e Scale variations
e Generator comparisons
2k Validated in several regions, eg: 3¢ ttW/Z CRs built using the multinomial BDT
3k Overall good data/prediction agreement in ttV-enriched CRs using MC simulation

e Also good agreement in cut-based VRs

o 50F | | | I l T . @ 70 | | | | |_ i
o - ATLAS ¢ Data | - © - ATLAS éData [WiH ’
> [ — - ] > B — — ]
W PF 5-13TeV, 36.1 b [JtiW itz W of Vs=13Tev, 36.1 o' LJaw [tz .
40:_ 37 ttW CR [ENon-prompt  [[]Other 3 - 3711Z CR [N Diboson [ Non-prompt
- Pre-Fit 7/ Uncertainty . T Pre-Fit [JOther 7/ Uncertainty
35/ = 50— -
a0 30+0T E - 30+0T
251 - - ’
- ttW CR ] 5 ttZ CR |
%, . 30— —
L /] Z. — L _
10 - i -
y ] 10 -
— I — - ’
I W : . i
. 0 -] . O T ! T T T ]
8 1.25 E 1.25 ) ) . 2
o o
o 1 o ! //// /W/ / / /
§ o7 § o7 Z Z
0.5 : : . 0.5 ' : : : : . 1
2 3 4 5 6 7 >8 2 3 4 5 6 7 >8

Number of jets Number of jets
@ - " Tamara Vazquez Schréder (McGill University) — arXiv:1712.08891 submitted to PRD
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ttH (multileptons): profile likelihood fit

3k Binned profile likelihood fit V2T

L(,0) = Lpois(1,6) - | | — oxp (

~_ OuH
HitH = g7
OvtH

3k Parameter of interest: signal strength

3k Systematic uncertainties included in the fit as nuisance parameters 6

e Need sufficiently flexible model of signal and background!

—_ Given:
up” 1===-=1
: : +10, nominal, and ) . .
nominal ' ' -1 o of each systematic Constrain uncertamty in

control region, propagate this

Assume interpolation of

uncertainty between [-1,1] o knowledge to signal region

Assume full correlation between bins

-
-1 0 +1 o)

“down”

3k Find best values for y and 6 from minimising the -log L
2k Calculate experimental sensitivity in terms of the significance

e Quantify level of disagreement between data and background-only hypothesis as Gaussian
standard deviations (o)

@) s

razz Schroder (CGiII Un ierit)

e _




ttH (multileptons): systematic uncertainties

Systematic uncertainty Type Components
Luminosity N 3k Instrumental/detector uncertainties
Pileup reweighting SN 1
Physics Object
yeies Objects correlated across channels
Electron SN 6
Muon SN 15 . ..
Thad SN 10 e Exception: JES Flavour Composition
Jet energy scale and resolution SN 28
Jet vertex fraction SN 1
Jet flavor tagging SN 126
Exmiss SN 3
Total (Experimental) - 191
Data-driven non-prompt/fake leptons and charge misassignment
Control region statistics SN 38
. . . [ ) . .
Light-lepton efficiencies SN 2 ok DD fake estimate uncertainties
Non-prompt light-lepton estimates: non-closure N 5
~-conversion fraction N 5
Fake 7,4 estimates N/SN 12
Electron charge misassignment SN 1
Total (Data-driven reducible background) - 83

ttH modeling

Cross section N 2
Renormalization and factorization scales S 3
Parton shower and hadronization model SN 1
Higgs boson branching fraction N 4
Shower tune SN 1
ttW modeling
Cross section N 2
Renormalization and factorization scales S 3 * M
Matrix-element MC event generator SN 1 Pro m pt ba Ckg roun d m Od el I In g
Shower tune SN 1 . .
7 modeling uncertainties correlated across channels
Cross section N 2
Renormalization and factorization scales S 3
Matrix-element MC event generator SN 1
Shower tune SN 1
Other background modeling
Cross section N 15 o -
Shower tune SN 1 One parameter of interest: u(ttH)
Total (Signal and background modeling) — 41
Total (Overall — 315 s
otel (Overall) 315 nuisance parameters

» a:ri)i<iv:’lw7’l2.088791; submitted tZ)PRD
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ttH (multileptons): pre-fit summary

3k Most statistically sensitive to ttH: 2¢SS+01 and 3£+07
2k Purest but lowest statistics: 4¢
2k Largest pre-fit excess per fit category: 2¢SS+17

< 10° T T T T | T T T I |
f ATLAS ¢ Data - ttH
£ [ fs=13TeV,36.1 1" CJttw [tz N L r rr T 3, 2
© 10" F pre.Eij [ Diboson [ Non-prompt w1.8... ATLAS _:2 %)
w mlS‘ld I:] O’[hel’ - E ...... V— 13 T V 36 1 fb-1 ——1 8
‘0 Fake 7,_, 7/ Uncertainty 1.6 = E 5= eV, 3b. =
1.4 E 16
10 : / 1.2F E 1.4
- —1.2
' ¢ L] e N ]
1qE S —1
i 0.8 = 0.8
1 06 ]| i — E
o4 [ L1 [T =
10|k - 1 1 | | e :0.4
5 o2— 1 1 | i —0.2
T S R —T ] —
= //w//}/%/ﬁ///%///// /r//%//// 0
< Sa 9/ Sp ¥ 9/ 2 2/88 Q/OS 3/*7 7 /+2 3/ 3/ 3/ Din. 3 #
8 OZ: S TR <en, ich dep/etey%d g 0 e W on ®osen CR
"\ 2 3 3 A\ 2 3&’ o - 24
o ‘”’fh/ 2”205 Vu O SSer 15 " g Z\de 25d Sery,

CONTROL SIGNAL

REGIONS REGIONS
“Other”: 4tops, tWW, tH, tZ

" Tamara v quuez Schroder(I\/IcG|II Umversrcy) “arXiv:1712.08891 submitted to PRD
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Events / bin

Data / Pred.

10°

Events / bin

10?

10

Data / Pred.

2/SSH+0T

TT T[T T T[T T T[T [T T[T T[T T T[T T T TTTTT

= ATLAS ¢ Data  [ftH E

 Vs=13TeV, 36.1 fo' LJtIW Oz ]

| 2¢SS [[Diboson [ Non-prompt |
Post-Fit W g mis-id [ ]Other

7/ Uncertainty --- Pre-Fit Bkgd.

35!H|||l|||\|||||||||\|!IMI||‘||||||II|J|!H||||

30—

Events / bin

25

20

15

10

o+ ""."".""‘""\”"w"".""."".""

:y///////yf///«////f////ﬁ////&/fﬂy/ /W%:

K

Data / Pred.

=

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

BDT output

FrToT ‘ T 1T ‘ T 1T | T T T | T |.||D| |t| ‘ UL | I-Ilt%l-lll T | T 114

L ata ]

L ';‘_T’-AS Bl 74 .
s=13 TeV, 36.11fb [ Diboson []Other

E 1642749 WFake 7., 7~ Uncertainty 3

[ Post-Fit ----Pre-Fit Bkgd. i

Events / bin

25

20

15

Data / Pred.

SR ///////%

—08 06 04 02 0 02 04 06 08
BDT output

34+0T

 ATLAS @ Data mH ]
fttw ttZ _
T V{s=13TeV, 361fb1Eleoson E’Non ]
-prompt |
- 37 SR []Other 772 Uncertainty -
- Post-Fit --- Pre-Fit Bkgd.

II|I1\\|IIII|\I

}\Ill\\\llllll\

/%)////) It

' 0 0. 0. 3 04 05 06 07 08 O. 9 1
BDT output

7I TT | TTT | TTT | TTT | TTT | T 1T | TTT ‘ L \J L ‘ TT I7
A T
— - -1 -
351 Vs =13TeV,36.1fb MDiboson  Egmisid ]
F 20SS +1Thaq []Other [ Non-prompt
30 Post-Fit WFake 7,,, 7/ Uncertainty —
r --- Pre-Fit Bkgd. i

%/ /f%f/ /‘////-/‘///V/‘/ir‘/‘///v//‘///

—1 —08 —06 -0.4 02 0 02 04 06 08 1

BDT output

Events

Data / Pred.

Events / bin

1.25
1 B %/yﬁ///f/&//dz///if///;*/mw 7

0.75

Data / Pred.

7Tamara Vazquez Schrder(I\/IcG|II Umversrty)

ttH (multileptons): post-fit SRs

4¢ (Z-depleted)

3
C @ Data W tH ]
L ATLAS Ot = Non-prompt |
C Vs =13 TeV, 36.1 fb |:|Other 772 Uncertainty |
25 4¢ Z-depleted - Pre-Fit Bkgd. ]
[ Post-Fit ]
2f- =
1.5 -
s ]
0.55 |
Ot ®
6 F =
4 F =
2 F 3
B /ot ot /o f ot o e o o o st oo o /‘///,/-,«///,/-,«///-/,«///,/-,‘///y////-/-z
o E ®
104 E TT | TTT | TTT | TTT | TTT | T 1T | T 1T ‘ T T IJ’-II TT | TT E
- ATLAS ¢ Data M ]
T 5= 13TeV, 36,4 b= = ]
- 's= ev, so. [ Diboson []Other y
I 220S+17,4 WFake 7,,, 7/ Uncertainty |
10°L Post-Fit -~ Pre-Fit Bkgd.

10?

1

05 W
-1 -08 -06 -04 -02 0 02 04 06 08 1

BDT output

\"'~ ATLAS

EXPERIMENT

4¢ (Z-enriched)

©

(2] ~
‘i%l\l\lll‘lllllllllll

Events

Vs =13 TeV, 36.1 fo' [Jt1Z

47 Z—enriched I Non-prompt[_]| Other

TTTTTTTT

—

Data / Pred.

TTTTT

3+1T

Events

36.1 fo' LttZ
[ Non-prompt [l Fake 7,

L Vs=13TeV,

\Ql\lll\lllll

i

s

Data / Pred.
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ttH (multileptons): fit results ()

ATLAS | (e-13TeV, 361 " Channel Significance
Observed Expected
—Tot. ==+ Stat. Tot. ( Stat., Syst.) 200S+17h,q 090 0.50
2708 + 17,04 TR PR 1.7 21 (12, O L6421 ) 0.60
16 + 2Tag | k-0 0.6 7% (08, A3)
' | | 4¢ - 0.80
47| k@il -0.5 f;:g (Fhs, 19%)
3¢ + 17 P 16 j:g (17, 08) 3C+1Thaq 1.30 0.90
2£SS + 1T v--ed 3.5 77 (43, 07) 20SS+1Thag 340 l.lo
3¢ @ M 1.8 §j§ (}gjg, fgjg) 3¢ 240 1.50
288 T‘" _________________ 15 46 (“0a “0u) 2(SS 270 1.90
combined led 1.6 2451 (fgjg, ig.g) .
> 0 2 4 6 8 10 12 Combined 410 2.80

Best-fit uﬁH for m =125 GeV

2k Cross-section extrapolated to the inclusive phase space:
e o(ttH)=790 £150 (stat.) +170 454 (syst.) fb
3k Significance with respect to background-only hypothesis = 4.1 6 (2.8 o) obs (exp)
2k Compatible with SM (within 1.40)
3k Compatibility (7 chan.) = 34%
3k Alternative fit: ttZ and ttW normalisation free-floating
® 15% loss in sensitivity: p(ttH) = 1.57 +0-57 45
o L(ttZ/W) in agreement with SM: paw = 0.92 = 0.32; piz = 1.17 *0:25 45,

Tamara zz Schroder (McGill niverity) arXiv:1712.08891 submitted to PRD
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ttH (multileptons): fit results (I)

3k Largest (grouped) impact on p(ttH):
* signal modelling, JES and JER, and the non-prompt light £ estimates

2k No major constraints or pulls of nuisance parameters

Pre-fit impact on p.: Ap
1 6=B+A6 6=8-A6 015 —-01 -005 0 005 01 0.15

POSt'fItlmpaCtonu |||||||||||||||||||||||||||||||||||||||
Ap o 0=0+AB 0=0-AB ATLAS

Uncertainty Source

-1

ttH modeling (cross section) +0.20 —0.09 —e— Nuis. Param. Pull ls=13 TeIV, 36.11 ,
Jet energy scale and resolution +0.18 —0.15 ttH cross section (scale variations)
Non-prompt light-lepton estimates +0.15 —0.13 Jet energy scale (pileup subtraction)
Jet flavor tagging and 7,4 identification +0.11 —0.09 Luminosity
tt_W' modeling +010 —0.09 Jet energy scale (flavor comp.IZfSS)
tt_Z modeling -|-O 08 _0.07 Jet enclargy scale var.|at.|on 1
. ttW cross section (scale variations)
Sthe.r ba:ikground mOdehng 1882 _882 ttZ cross section (scale variations)
uninosity . Y Thaq identification
ttH modeling (acceptance) +0.08 —0.04 tH cro:sdsection (PDF)
Fake m,.q estimates +0.07 —-0.07 ttH modeling (shower tune)
Other experimental uncertainties +0.05 —0.04 Flavor tagging c-jet/Thag
Simulation sample size +0.04 —-0.04 ttr¢ cross section
Charge misassignment +0.01 —0.01 3¢ Non-prompt closure
Total systematic uncertainty +0.39 —0.30 {1 modeling (generator)

Non-prompt stat. in 4th bin of 37 SR

==

versity)  arXiv:1712.08891 submitted to PRD
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ttH(bb): analysis strategy

ATLAS

EXPERIMENT

2k Biggest challenge: good modelling of the tt+HF ttbb
(=1b, =1c) background ;
g b t
® Nominal sample: 5-flavour scheme o :
. o _ H
e Relative contribution of tt+=1b sub- *<
. - - b
components reweighted to tt+bb predictions . _
by Sherpa+OpenLoops (4-flavour scheme) t
[Hsrs [ Jii+light [Jti+=1c [lti+=1b
N eze  Example:
2k Channel categorisation based on sl | Single £
L 6.3 ’
e Number of (1 or 2 opposite-sign) s > B
e Number of jets 6.9 R
e Requirements on the b-tagging discriminant (4 " Gow | R / N\
. . . (5.4)
calibrated working points) \\
(5.5) | SRi| SR» SR, —
® Resolved or boosted, for single lepton channel 5N 6.9 6.2 6.0 63 42 69 0.9 CD 6D 6D 6D @D 0D @0 j
discrgiiingant
£ L ' ' ' ' T > 500 I l l -
S ATLAS eData  mtiH 3 ATLAS eData  WH
2 "% 5-13Tev,36.1 " Ctt+ligbt Ol +21c 9 E=13Tev,36.11p"  CJ+loht CHlt+=ic
2k MVA analysis needed to discriminate signal g 400 Sige Lepton Etﬁﬁn(-‘tf )%ﬁal e g 400y Snge Leplon Etﬁlgn(?ﬁ )%ﬁal unc.
350F ---1tH (norm ] I 1 ---ttH (norm
. i i Post-Fi --- Pre-Fi )
from the overwhelming background sof Fre T s
®* The' "includes as input
variables: kinematic variables, reconstruction
BDTs (resolved), likelihood and matrix element -
method discriminants (where available), s St f SWW%_%%W—%/W
8 0.5 8 6.5 -

-1 -08 -06 -04 -02 0 02 04 06 0.18 1

discrete btagging discriminant

Classification BDT output

50 100 150 200 250 300 350

mii9% (reco BDT) [GeV]

cGill Un iert)

a:inv: ’I”7’I 2.088”95 su bmitte#cglr;é ﬁRD
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ttH(bb): results

ATLAS Vs =13 TeV, 36.1 fb” Uncertainty source AL
I—lo’[IIIIII tt + >1b modeling +0.46 —0.46
stat. my = 125 GeV Background-model stat. unc. +0.29 —-0.31
tot (stat SYSt) b-tagging efficiency and mis-tag rates +0.16 —0.16
Jet energy scale and resolution +0.14 —-0.14
Dilepton _0.24 1102 ( +0.54 +O.87) ttH modeling . +0.22  —0.05
(two-u combined fit) ——e—— -1.05 \ -0.52 -0.91 tt + >1c modeling +0.09 —0.11
JVT', pileup modeling +0.03  —0.05
Other background modeling +0.08 —0.08
Single .Lepto.n — e 095 j:gg(ig:g} ;?:21) tt + light modeling +0.06  —0.03
(two-u combined fit) Luminosity +0.03 —0.02
____________________________________________________________ Light lepton (e, u) id., isolation, trigger +0.03 —0.04
1064 , +0.29 +0.57 Total systematic uncertainty +0.57 —0.54
Combined e - 0.84 —0.61 (—0.29 —0.54) tt + >1b normalization +0.09 —0.10
tt + >1c normalization +0.02 —0.03
' ._|1. = (I) = -II = 2I = é = 2]_ = 5| = 6I ' Intrinsic statistical uncertainty +0.21 —-0.20
Total statistical uncertainty +0.29 —-0.29

i — itH/ stH
Best fit u = 6™/ ogy, Total uncertainty +0.64 —0.61

3k Normalisation factors for tt+=1b and tt+=1c left free-floating in the fit:
e NF(tt+=1b)=1.24 £ 0.10
e NF(tt+=1¢c) = 1.63 £ 0.23
3k Most relevant uncertainties related to tt+=1b background modelling
3k Analysis is dominated by systematic uncertainties
2k Significance w.r.t background-only hypothesis: 1.40 (1.606) obs (exp)

@ - —— " Tamara Vazquez Schréder (McGill Un

versity)  arXiv:1712.08895 submitted to PRD
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ttH combination

— .“.Otl').(.St?t'l’.SV.St'.)

N
ATLAS Vs=13 TeV, 36.1 fb’!
—total stat. Channel Significance
ttH ZZ — < 1.9 (68% CL) Observed Expected
; w07 07 on Multilepton 410 2.80
ttH yy e 06 %5 (06502 ) H — bb l.40 1.60
fiH bb o 0.8 Yo (703, oe ) H — yy 090 1.70
+05 [ +03 +0.4 H— 4t — 0.60
ttH ML F-o-4 1.6 0% (035 03 )
I Combined 4.20 3.80
- : +0.3 +0.2 +0.3
ttH combined - hed 1.2 -0.3 ( 0.2 0.2 )
R T R P | | | v 0
2 0 2 B4 ] 6f ?2 - \1/0 Bonus: measure piH for
estit w, for m=125 Ge different decay modes
£ E 8 ' Standard Model e e |
) . ) - l—’j.t - * Standard Mode ATLAS
2k Combination of multilepton, bb, yy, and ZZ—4¢ - sBen ez oo ]
tEH analyses 6__ «==95% CL Vs =13 TeV, 36.1 fo —_
3k Results in agreement with the SM predictions 4:_ ]
¢ o(ttH) =590 +160 45, fb |
¢ osm(ttH) =507 +35 50 fb T j
3k Significance w.r.t background-only hypothesis: o- ]
4.20 (3.80) obs (exp) :
NEW ~° o |1 2 .
VvV
lllvt’[H

Tamara zz Schroder (cGiII niverity)
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Comparison with CMS (I)

) O [ ] [ ] e o o [ ] e o o [ ] e o o [ ] e o o [ ] e o o [ ] e o o [ ] [ ] e o [ ] [ ] e o o [ ] e o o [ ] e o o [ ] e o o [ ] e o o \\\ //,.v L
Y EXPERIMENT

3k CMS claimed observation of ttH combining Run1+Run2 [2015+2016 dataset]
e Significance = 5.2 (4.2) o observed (expected)

2k How different are the sensitivities?

]( tptl. )I (]St.at', , §y]st.l )

Parameter  Best fit Stat L L
1.97+071 40.42 ATLAS {s=13 TeV, 36.1 fb™
e 74 _0.64 —0.41
ttH (+8.gz) (+8.g§> — total — stat.
Y e - E 1.2 +0.9 +0.8
1.30 1.28 ttH, Ho1rt - Feo—H 15 * :
yZ_Z* O'OOJ—FO.OO J—ro.oo : 1.0 ( -0.8 » 0.6 )
22) (28) :
Y Y - : 0.7 +0.7 +0.2
0.86 0.80 ttH, H—yy ==l 0.6 ~ ( ; )
H’K’Y 2-271—0.74 1—0.72 : 0.6 -0.6 » 0.2
" (13 (98)
Y. —Y - — +0.6 +0.3 +0.5
0.28+109 +0.86 ttH, H—bb -0 - 0.8 ", ( 035 05 )
‘urfr <2096 —0.77
ttH (+1.00> (—|—0.83)
~0.89 ~0.76 i 15 +06 (+04 405
0.82 1044 +0.23 ttH, H—VV k—eo—+ . 0.6 ( 047 -04 )
/2P Oc_0.42 —0.23
ttH <+0.44> <+0.23> ------------------------------------------------------------------
—0.42 —0.22 ) : 1.2 +0.3 ( +0.2 +0.3 )
ttH combined - hed -0.3 -0.2 7 -0.2
7+8 Tev 2.59_1—(%:(8)% tg:gé | 1 | i | 1 I | 1 1 I | | 1 I | 1 1 | | | 1
M <+8% (+82$) —2 0 2 4 6 8 10
1 14_7_0:31 _7_0:17 BeS’[-fI'[ u T for mH=1 25 GeV
13TV X027 —0.16 Li
() (3
| | 2k All channels comparable
126138 1als - : . .
Mgt (+0228) (+0215) * Except ttH (H=»bb), CMS ~33% smaller uncertainty!
~0.25 —0.15

@ ) - 7a;; zz Scréder (cGiII niverity) o o N
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ATLAS

EXPERIMENT

Comparison with CMS (il)

33

3k Stat-only CMS uncertainty slightly better: use full b-tagging discriminant shape,

deep neural networks in single £ channel

3k Largest difference coming from Posttmpacton i [T
. .o 0 = B+A 0=0-A8 | ATLAS
systematic uncertainties: _
y —e— Nuis. Param. Pull (s =13 TeV, 36.1 fo"
Modelling uncertainties on tt+=1b from {14210 SHERPASF v, nomina! i = i
. . tt+>1b: SHERPA4F vs. nominal —0"—
comparison of different generators, {f+>1b: PS & hadronization g e
. f+>1b: —— 5
parton showers, ... largest impact on - hebBRITER — m—
ttH: PS & hadronization 5 o !
uncertainty on signal strength and only b-tagging: mis-tag (ight) NP | ——— g
. K(tt+>1b) = 1.24 £0.10 | . . |
present In ATLASI Jet energy resolution: NP | d
ttH: cross section (QCD scale) F
. . . tt+>1b: tt+>3b normalization Of
CMS only includes renormalisation/ e SerEF ve. momial - |
factorisation scale and PDF variations tE+>1b: shower recoil scheme .- §
L _ tt+>1c: ISR/ FSR e
Shape uncertainties for tt Jet energy resolution: NP I | g
tt+light: PS & hadronization —:—
o Wt: diagram subtr. vs. nominal - ;
Open questions to CMS... b-tagging: efficiency NP | e
e Which systematic increase (decrease) the b-tagging: mis-tag () NP | |——
s T . 9 ET": soft-term resolution e :
tt+_1 C/b (tt+||g ht) ylelds ’ b-tagging: efficiency NP II : o ,
1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111

e What are the pulls that decrease tt+light?

Pre-fit impact on p.:
16=08+A0 | 6=0-A0

A
-1 -0.5 0 0.5 1

-2 -15 -1 -05 0 05 1 15 2

* Are tt+=1c/b yields used to correct the shapes? (6-6,)/20

—
("@ SRR — - - = S = il = == -
\ | Tamara Vazquez Schroder (McGill University)




Conclusions

3k New results presented for ttH production search in ATLAS with 36.1 fb-!

3k Challenging and complex final states

e Sensitivity driven by usage of multivariate analysis techniques and precise
background modelling

2k Four channels are better than one!
e Evidence for ttH production when combining all available channels
- 4.20 (3.80) obs (exp) significance
e Results consistent with the SM predictions
- o(ttH) =590 +160 454fb osm(ttH) =507 +35 50 fb

2k 2017 pp collisions data on tape: more than what
has been analysed so far!

e Stay tuned for updated results!

agrﬂa;zz Schroder (McGill nieit)
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Detector performance (l)

60 [ I [ [ [ [ [ I [ [ I

3k Excellent performance of LHC and 2 [ ATLAS Online Luminosity ]
. . > T e 2011pp Vs=7TeV ]
ATLAS in Run 2 so far: 2 S0 e RIire .
. . . [ — 2015 /s =13 TeV ]
e Record instantaneous luminosity for pp £ b 2016 pp V5= 13TeV B
interactions in 2017: 2.06x1034 cm-2s-" 3 T T ee fs=13TeV -
© ‘ _
. o B -
- double the LHC design! g 30 .
) . ) D B ]
e 80 fb-' good for physics from 87 fb- S o0f £
recorded by ATLAS - 18
: . 10~ 36
2k Improved b-tagging performance with the - ] ¢
inclusion of IBL (Insertable B-Layer) for Run 2 o——1 — -
(e i} yol oY AN oct
.§ § ATLAS Simulation Preliminary§ Month in Year
8 i — Without IBL 7| =1 VU | ! | ! ' | ' | '
S O WRRIBL = 90F-ATLAS
(O] T > _ —
- 103:\ ~_ i 2 80:_Prellmlnary \E-‘13'.I'ev ) B
= N TN E o = Delivered: 93 fb 3
S - \ = £ 70 . LHC Delivered Recorded: 87 b .
chts L \\ l § 605 [ |ATLAS Recorded Physics: 80 16 =
- = = - — —
% = \\ = 5 _F [_|Good for Physics |
L tt simulation — - ]
10:_.;;t.pTA.>.A.2t.C?A.GeV.,...|n!<25 N\ | © 505 |
\& 8 40k -
— = 30 -
. s z
= 2% E

With IBL / Without IBL
OO = D W s O
. )
11l IlII|III]|IIII|IIII[IIII_
—
o

0.6 0.7 0.8 0.9 1 sa(\‘\ 3\)\"\5 3 (\‘\6 39\"\6 éa(\‘ﬂ ‘w\‘ﬂ
oLrt efficienc .
S/FIAG-20T7.005/ o Month in Year

>
@ http //atlas web cern. ch/AtIas/GROUPS/PHYSICS/PL
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Detector performance (ll)

2k Biggest challenge: robustness against = gsof T ....|....|...1,:
: £ UL ATLAS Online, 13 TeV [Ldt=86.5 fo
pile-up a - .
. . . S 300 desighed for 23 3 2015:q>=134
e Controlling trigger rates at high 2 __F | £ 2016:<u>=251 3
i ) ) 8 250 2017: <u> =38.1 —
interaction per bunch crossing £ - Total: <u>=320 3
. . . 5 200¢ -
® Online and offline reconstruction > -
L @ 150 often ~ 60 1
performance maintained even at the < - 1.
. . o - | EF
highest pile-up g 100 s e
: . 50/ » =1
improved HLT algorithms to - | 1%
suppress dependence of Eymiss % 10 20 30 40 50 60 70 80
trigger rates on pile-up Mean Number of Interactions per Crossing
360_]]IIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'IIII_ AN _||||||||||'||||| |||||||| ||||||IIII|IIII|IIII|I_
% - ATLAS Trigger Operations . % 25— All jets 81 <M, <101 GeV
£ [ Data2016/2017, {s= 13 TeV B 2 [ JVT>059 :
8 [ ° :::I—xeﬂo—m';t—';_":(iso I } o o[ ATLAS Preliminary -+ B
g [ ° —xe110_pufit_L1XES0 ) © L2017, Vs=13TeV,20.8 b ! .- -
S a0 # - Jet Vertex Tagger € [ Anti-k R=0.4 EM+JES -~ i
% puf|t new baseline in ; ] (JVT) reqL"rementZ 1 5:_p‘ >20GeV,|n[<24 _:
= 302017 (pileup estimated - applled to jetS R . Z
- event-by-event & 1 with 20<pT<60 = e .
20_ QQ ] - - -
-and subtracted) | GeVtoreducethe | :
B @ § . 0.5+ R —
- o . - _.__.__._,_._—l——I—v-l—"""""'_ i
tob- h fake jet rate : ]
: oOooo gu::mt:un'iil@'il i i :
OOO DDDDDDDDDDD -1 AT NS W NS NS NS NN A N N
Wt s I IR T T 10 15 20 25 30 35 40 45 50 55
90 15 20 256 30 35 40 45 50 55 Average Number of Interactions per Bunch Crossing

0 e e e e p—a-—, —_— i —_—— —— — == —_—
@j Tamara Vazquez Schroder



ttH(H=>yy)

3k Several categories optimised for ttH, tHgb and tHW, with 0->1¢ from tt decays
3k Leptonic channel:

e One category for ttH

e Two categories for tH (with/without forward jets)
2k Hadronic channel:

e >3 jets, =1 b-tagged jets: BDT to identify ttH against ggH and multijet
background

e 4 central jets, 1/=2 b-tagged jets

> L L L BB ) B L LI B B
8 [ ¢ Data ATLAS Preliminary 3
"goH vBrF | WH lizH [ggzH [BttH llbbH | tHgb | tHW % BE e Background (s=13TeV, 361107 3
5 JE —gigna:+Background m,=125.09 GeV 7
: . . = 'p —Signa In(1+S/B) weighted E
ATLAS Simulation Preliminary H — yy, m = 125.09 GeV N E o atoaoron
tH lep Ofwd =t F1H 5 =
tH lep 1fwd = 4; _;
ttH lep | - =
ttH had BDT1 ° .
ttH had BDT2 1L L A T I i 7
ttH had BDT3 1 =
ttH had BDT4 : AR
tH had 4j1b 2 : ' E
tH had 4j2b g °

O 01 02 03 04 05 06 07 08 09 1 é, .

> A

A

Fraction of Signal Process / Category

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

iversit) '7

Ta?azz Scrdr(cGiII Un




ttH(H=->ZZ-4¢) resonant

2k Higgs boson candidates with
118 <m(4¢) < 129 GeV

2k ttH enriched category:
e >1 b-tagged jet
® >4 jetsor 1€ + =2 jets

2kNo events observed = Upper

Reconstructed Event Category

VH-Had-enriched

1 -p4T'-Low
1 -pi‘-Med
1 -pi'-High
VBF-enriched-p’%-Low
VBF-enriched-p‘T-High

0/

ATLAS Simulation

H— ZZ* — 4]
13 TeV, 36.1 fb™

0 VBF-p fT -Low
[ ] VBF—p’T-High
" VH-Had
I VH-Lep

. itH

B boH

W ggF-1j-pf-Low
B ggF-1j-pH-Med
B ggF-1j-pf-High
B goF-2

06 0.7 08 09

Expected Composition

||m |tS on ttH VH-Lep-enriched
ttH-enriched
0.5
Reconstructed Signal Ve Other Total Observed
event category background backgrounds expected
07 26.8 + 2.5 13.7+£1.0 2.23 +0.31 42.7 + 2.7 49
1j-pA*-Low 8.8+ 1.1 3.1+04 0.53 £ 0.07 12.5+1.2 12
15-pat-Med 5.4+ 0.7 0.88+0.12 0.38 £ 0.05 6.7 +0.7 9
15-p4‘-High 1.47+0.24 0.1394+0.022  0.045 £ 0.007 1.65+£0.24 3
VBF—enriched—p?F—Low 6.3 £0.8 1.08 +0.32 0.40 £0.04 7.7+0.9 16
VBF—enriched—pi—High 0.58 £0.10  0.093 +£0.032  0.054 4 0.006 0.72 £0.10 3
VH—Had—enriched-p%e—Low 2.94+0.5 0.63 £0.16 0.169 £+ 0.021 3.7+0.5 3
VH-Had-enriched-p*-High ~ 0.64 £0.09  0.029 4-0.008 0.0182 4 0.0022  0.69 4 0.09 0
VH-Lep-enriched 0.318 £0.019  0.049 £ 0.008 0.0137 £ 0.0019  0.380 £ 0.020 0

ttH-enriched 0.39 +£0.04

0.014 + 0.006

19.7+ 1.5

0.07 £ 0.04
3.9x0.5

0.47 + 0.05

Tamara Vazque
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ttH (multileptons): non-prompt light £ (I1)

*  _AILAS
sk 2£55/3£+0T: Matrix Method events in pre-MVA signal region with SS loose leptons
(in 3¢, lep_0 (OS to SS pair) is prompt in 98% of the times)
Channel Region Selection criteria
NL . = wrrNTT 4w NPT 4w NTT o N7 T
rr = T 1T 7 17 2¢SS 2 < Niews < 3 and Np_jois > |
I I I | (3¢) One tight, one loose light lepton with pp > 20 (15) GeV
> Zero Thaq candidates
f(Er, Ef) €real  Opposite charge, opposite flavour
via tag&probe method in tt events €fake _Same charge and e/ Or Uy

e electrons &4 2D (Nb-tags, p7) parametrisation
- more conversions in 2bj than 1bj
* muons &¢ 2D (minAR(p,j), pr1) parametrisation

[ other

[] conversions
2 J/y

[ light quark+gluon
] c-quark

B b-quark

® Fakes composition in the CRis ~
representative of the fakes in pre-MVA SR

Fraction of fake and non-prompt leptons [%)]

2I1SSeu  21ISSup 3le 3 2I1SSe+1t 2ISSp+1t

3k 4¢: correct MC with 3 fake factors (Aelheayy, A®liight, AHall) derived from fit to data in 4 CRs
3k 2/SS+1T: fake factor [pT], estimates the fakes originating from tt

@ i o Tama_ra\/unezgchroder(McGIIIUnlverSIty) MSmemed o PRD


https://arxiv.org/abs/1712.08891

ttH (multileptons): fake tau (Il @)

2k 200S+1T: fake factor
2L0S )

FF method! 1 | anti-t A B <ole c:it:: 23 21  |Meequ-MA>10GeV to be estimated

=3 0 | Mee/uy - Mzl > 10 GeV nominal FF
applyinB: | A B —— = r—

C,D =3 0 | Mee/pp - Mzl < 10 GeV S.yS ema‘lcs

extract FF: | C D ’ (Z+jets ennc;hed)
2 51 [Meenu-Md >10Gey | Systematics

(ttbar enriched)

e T/anti-T definition based on BDT score of jet-vs-T

* Reasonable agreement of yield and shape of DD estimate with data

2k 2¢SS+1T1 and 3¢+11: MC correction with SF derived from {DD(2¢/0S+1T1) / MC}

e Harmonised 1-fake-T estimate for all channels, profit from large statistics from
2¢0OS+11, composition uncertainties to cover wide range of b-faking-T content

e Final SF=1.36 +0.16

Tamara zz Schréder (McGill niverity) arXiv:1712.08891 submitted to PRD
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Fakes/Non-prompt ¢: uncertainties

| S

69

""" ENT

Systematic uncertainty Values Type Comp
Data-driven fake leptons and electron charge mis-assignment
Control region statistics SN 21
Real lepton efficiencies SN 1
SN  6(n),2(e),3 (bkg sub.)
Non-promt lepton estimate: non-closure Tab. 15 N 4
Y-conversion fraction Tab. 14 N 4
SN 1
4] fake lepton rate SN 1
TOTAL (Data driven reducible background — 43
Systematic uncertainty Type Comp
Data-driven fake taus
Correlation across channels: 16421154 55 data: CR statistics SN2
104279 SS data: non-closure N 1
14+27,q SS data: shape S 1
o Correlated between 2£SS5+0T1 and 3£+0T 2008+17;,,4 FF: CR statistics SN 10
2/0OS+11y,q FF: statistics SN 5
o Correlated between 2£SS+1T1and 3¢+1T 200S+17;. FF: real tau sub SN 1
_
O Correlated between 2¢65S+1T, 30+1T, 20SS+17Thaq and 3/+17,,9 SF correction: statistics N 1
20SS+171h,q fake lepton rate SN 10
and 2205+1T 208S+1 Ty, QmisID: CR statistics SN 2
20SS+17haq bkg sub: statistics SN 2
20SS+17Thaq Y-conversion fraction N 1
tau had fakes: composition SN 2
3/+11Thaq SF correction: MC statistics N 1

Tama

—

razz Schrader (cGiII University)
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MC samples

Process Event generator ME order Parton Shower PDF Tune
ttH MG5_AMC NLO PYTHIA 8 NNPDF 3.0 NLO [71] Al4
(MG5_AMC) (NLO) (HErwic++)  (CT10 [72]) (UE-EE-5)
tHqb MG5_AMC LO PYTHIA 8 CT10 Al4
tHW MG5_AMC NLO HERWIG++ CT10 UE-EE-5
W MG5_AMC NLO PyTHIA 8 NNPDF 3.0 NLO Al4
(SHERPA 2.1.1) (LO multileg) (SHERPA) (NNPDF 3.0 NLO) (SHERPA default)
to(Z/v* = 1) MG5_aMC NLO PYTHIA 8 NNPDF 3.0 NLO Al4
(SHERPA 2.1.1) (LO multileg) (SHERPA) (NNPDF 3.0 NLO) (SHERPA default)
tz MG5_AMC LO PYTHIA 6 CTEQ6L1 Perugia2012
tWZz MG5_AMC NLO PyYTHIA 8 NNPDF 2.3 LO Al4
ttt, tttt MG5_AMC LO PyTHIA 8 NNPDF 2.3 LO Al4
HWTW= MG5_AMC LO PyTHIA 8 NNPDF 2.3 LO Al4
tt POWHEG-BOX v2 [73] NLO PYTHIA 8 NNPDF 3.0 NLO Al4
tty MG5_aAMC LO PYTHIA 8 NNPDF 2.3 LO Al4
s-, t-channel, PowHEG-BOX v1 [74,75,76] NLO PYTHIA 6 CT10 Perugia2012
Wt single top
VV(— lIXX), SHERPA 2.1.1 MEPS NLO SHERPA CT10 SHERPA default
qqVV,VVV
Z — 1T~ SHERPA 2.2.1 MEPS NLO SHERPA NNPDF 3.0 NLO SHERPA default

T a;; z

e e e
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Input variables for MVA

Variable 20SS 3¢ 40 1UH27Thaa  20SS+H1Thaa  200S+H17had
Leading lepton prt X

Second leading lepton pr X X X

Third lepton pr X

Dilepton invariant mass (all combinations) X X % X

Three-lepton invariant mass X
Four-lepton invariant mass

Best Z-candidate dilepton invariant mass

Other Z-candidate dilepton invariant mass

Scalar sum of all leptons pr

Lepton properties
X X X X

Second leading lepton track isolation X

Maximum || (lepton 0, lepton 1) X X %

Lepton flavor X Xk

Lepton charge X

Number of jets Xk X X X X
Number of b-tagged jets Xk X X X X
Leading jet pr X

Second leading jet pr X X

The variables used in cross-check
analyses are indicated by a =

Leading b-tagged jet pr X
Scalar sum of all jets pt X X X X
Scalar sum of all b-tagged jets pt

X

Has leading jet highest b-tagging weight? X

b-tagging weight of leading jet X

b-tagging weight of second leading jet X X

b-tagging weight of third leading jet X
Pseudorapidity of fourth leading jet X

Leading Thaq pT X X
Second leading Thaq pT X

Jet properties

Thad

Di-Thaq Invariant mass X

Invariant mass Thaqa—furthest lepton X
AR(lepton 0, lepton 1)

AR(lepton 0, lepton 2)

AR(lepton 0, closest jet) X
AR(lepton 0, leading jet)
AR(
AR(

lepton 0, closest b-jet)
lepton 1, closest jet) X
AR(lepton 2, closest jet)
Smallest AR(lepton, jet)
Smallest AR(lepton, b-tagged jet)
Smallest A R(non-tagged jet, b-tagged jet)
AR(lepton 0, Thada)
AR(lepton 1, Thad)
Minimum AR between all jets X
AR between two leading jets X

Angular distances
X X X X X X X X

X X X X X

Missing transverse momentum FEp ™ X X

Azimuthal separation A¢(leading jet, [?f)miss) %

Transverse mass leptons (H/Z decay) - s %

Pseudo-Matrix-Element X

p—T)miss

Taaraézquez S rc'jd(cGiII niversity)



Correlation NPs

ATLAS

EXPERIMENT

ATLAS Vs =13TeV, 36.1 fb™

ttH signal strength

ttH cross section (scale variations)
tZ cross section

3¢ Non-prompt closure
Non-prompt stat. in 37tf CR

Fake 1,4 stat. in 1st bin of 1£+27,,4
Fake 1,, modeling (12 + 27;,,4)
Fake 1.4 low pr (2£0S+11;,,4)
Fake .4 comp. tt (2£0S +11,44)
Fake 1,,4 comp. Z (2£0S +11,,4)
VV modeling (shower tune)

VV cross section

Jet energy scale (pileup subtraction)

Jet energy resolution

Non-prompt stat. in 37 tt CR
VV cross section

ttH signal strength

tZ cross section

37 Non-prompt closure
VV modeling (shower tune)
Jet energy resolution

ttH cross section (scale variations)
Fake 1.4 stat. in 1st bin of 1£+27,,4
Fake 7,,4 modeling (17 + 27;,,q)
Fake 7.4 low pr (2€0S+113,,4)
Fake 7,4 comp. tt (2£0S +17;,4q)
Fake 1,4 comp. Z (2£0S +11,,4)
Jet energy scale (pileup subtraction)

Correlation min threshold = 20%




I\/Iultinomial classiﬁcation

® Processes are separated in the space of a multiD observable

e Define CRs and VRs with a topology similar to the SR

1.0
19
ttW v
18
0.8 1
12 14 15 16
,,,,,,,, i 0.6
: “rare” processes, etc. 1 4
11
o - T 0.4 - 9
""" 3 10
Rest groups bins that
R | \19 | donot contributeto 27 4
4}08_ empty above diagonal ttH and ttW and 8 7
: because scores add up to 1 o 5
speeds up the
12 14 \‘I 15 \ 16 . 0.0 - . T
0.6 s algorlthm nn no na na
1 4 * . 10 _____
. 1
e Approximate the n-dimensional space N R ! v
- o ~ ttw
of the BDT output scores by bins of , . . 18
variable size 0 0.8 '
. . . 0.2 1 I
® In practice, start with 1 large bin and s | e : " iy 5 6
split it according to the density 9y 2 :
0.0 0.2 0.4 0.6 0.8 1.0

e (Clustering: add a single neighbouring bin to the seed and compute
analytically the significance again; add the cell giving the largest
improvement

7Tmara quuez Schrder(I\/IcG|II Umverlty)




ttH: new ideas for Run-2 and beyond

2k ttH(H— cc):
®* BR ~ 3 %, ttH is very difficult production search since also has 2 bjets from tt (it
would need both b- and c-taggers)
3k ttH/®tZ to measure top Yukawa coupling
e ttH theory systematics 3rd leading in ttH(bb) and ttH(ML)!

e ttH and ttZ: identical production mechanisms + mZ~mH — correlated QCD
corrections, scale dependence, alpha_S dependence, and PDF systematics

* For a given yiop, O(ttH)/o(ttZ) can be predicted theoretically with a much better
precision

2k CP mixture states of the Higgs

LHC

LHC / HL-LHC Plan @Pﬂ%ﬁmmy

-i EVETS 14 Tev 14 Tev
13-14 TeV - energy
d 5to7x

. - " ,
7 TeV 8 TeV button collimators SCF;:S spersion m\\iveﬂg;:gn HL-LHC installation Juminosity
— R2E project supgressjon regions e

radiation
damage




CP nature of ttH coupling

3k Program to probe CP nature of the discovered Higgs already underway (e.g. H—Z77)
3k However, Higgs-fermion couplings provide more sensitive probe of a CP-mixed state than Higgs-bosons

2k ttH production most direct probe of the Higgs-top coupling and the Higgs CP nature

3k Parametrise Higgs coupling to fermions:
e Scalar (a=1, b=0)
e Pseudo-scalar (ar=0, b=1)
e Mixed CP properties (as 20, bsz0)
3k A measurement of the ttH production alone is not sufficient to determine the vertex (i.e. does not provide
information about the sign of by)
3k Discriminating observables based on the kinematics of the ttH production to probe the nature of the

m = .
Ehff - — Z Tfhf(af + be75)f
f

Higgs- ling: Mg H, and AD(t,t
iggs-top coupling: M, prH, and AD(t,1) arXiv:1501.03157
" 2 oo s | ..
3k An observable sensitiveto CP @ oos- .k — (at=1 , b.=0)
L 1 o, S
violation must be odd under 5 : __(a=0.b =1
: Q o.06f 0.025— (at My )
CP transformations = 1)
e e.g £ 0.055 t
. . (@]
— d o o z 0.05_ “‘
5 = sgn ((pb — pz}) ' (pe— X pe+)) 0,045
Longer term projects, 0.04;
but we can start 0.035¢ : e
0.03% R T T T R

thinking about it!

@ NN

ph [GeV]




ttH (H->bb): tt modelling

a u ! ! ! . ATLAS [Jti+light []tt+>1c [ltf+>1b
S - i i . Vs =13TeV - :
© ATLAS Simulation SS_— Ot +v  [JNon-tf
) — — ingle Lepton
‘S L ---6--- POWHEG+PYTHIA8 | RO CRS RS
c — = = ti+ligh tt+>1c tt+b
o R S —e— SHERPA4 - m
[ - N
© B |
il e B
......... e S—
1l _
107 E =
- E SRY SR} SRpoosted
10_2 :_ --------- O ----- ? @ % @
= ! ! ! -
© il ~ -
< 2: - ]
L I:E - = 6] 6] 6]
¥ ot 1.9 E CR t,ligh CRit1c CRit
n_ — -
+ - -
oo 1= E
Nl < C .
= 0.9 —
3 0.59E | | . -
tt+b tt + bb tt+ B tt + >3b
® MC sample split in number of HF jets at particle level SRS SR SRS

O tt+>1b: jets matched to 1(b) or 2(B) b hadrons
O Extra b-jets from MPI or FSR

O tt+>1c: analogous to tt+>1b

O tt+light




b-tagging discriminant

® [arge improver.n.ent in b-tagging performance. in Run-2 5 P T ATLAS Sritation Prbma
due to the additional Insertable B-Layer (radius: 3.3 cm) 8 | — o
—_ r == == With IBL —
® Calibration derived from data: 5 e
O b-jet efficiency: dileptonic tt (2-10% uncert.) \
O c-jet mistag: semileptonic tt (W — cs), W+c o -
(5-20% uncert.) - ete > GeV"‘"QNm\ ]
O Light-flavour mistag: dijet events (10-50% uncert.) T ]
. . . . . 8 18C ]
® Four different working points, also calibration for S ig?\__\:
discrete b-tagging discriminant combining all working S gib » |1 7
i in tt 2 8 03 vV m
points used in ttH(bb) b5 as o T s 1
b-jet efficiency
gn1-3_""l""l""I""I""I""I"_ _.0_.301 LA B N B
@ [ ATLAS Preliminary 7 O _  ATLAS Preliminary ]
© L -1 __ = L _
°w°1'2:_ Is=13 TeV, 28 fb ] ‘30 08— Vs = 13 TeV, 0.02 (prescaled) to 36100 pb™' (unprescaled) N
- £ r MV2c10,e, = 77% | < 1.2 8
11 1y ]
- ] 0.06 7
T ] i ]
C ] | -4 Neg. tag method (stat. unc.) —_——
0.9:— —: 0'04__ Neg. tag method (stat. + syst. unc.) -
0 85— MV2c10, e, = 77 % - Total Uncertainty _E 0 02:_ _ Pythia 8MC B _:
- E Anti-k, R=0.4 calorimeter jets —+— Stat. Uncertainty E ' . ° ’—_._:'_Ii_
07550 100 150 200 250 300 ol e .
Jet p_[GeV] 10 10° p[GeV]
® p-tagging:
O Considering 4 working points: loose, medium, tight, very-tight
O Efficiency for b-jets: 85% — 60%
O Rejection factor for c-jets [light jets]: 3—35 [30—1500]
O b-tagging discriminant built as:
none loose medium tight very-tight
Efficiency - 85% 77% 70% 60%
Discriminant value 1 2 3 4 5

a_razz Sc rdr( cGill University)




ttH (H=>bb): MVA analysis

Events / bin

Data / Pred.

Sensitivity enhanced using multivariate techniques to discriminate signal from
backgrounds

‘Reconstruction’ BDT (all resolved SRs):

o Combination of jets as originating from H/top decays to reconstruct the ttH(bb)
system

Likelihood discriminator (LHD) (14 resolved SRs only):

O Probability for signal /background (tt+>2b, tt+1b) hypotheses using 1D
distributions of discriminating variables (invariant mass, angular distributions, etc.)

Matrix Element Method (MEM) (SRIZ6J only):

O Signal/background probability using matrix element calculations at parton level
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ttH (H=>bb): fit model

® Simultaneous profile likelihood fit to all SRs and CRs
O SRs binned in ‘classification BD T’ _
O CRs: single bin, except tt+>1c 1¢-CRs (binned in Ht = Zjet pj-?t)
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ttH (H->bb): tt modelling uncertainties

Systematic source Description tt categories

tt cross-section Up or down by 6% All, correlated
k(tt + >1c) Free-floating 7 + >1c¢ normalisation tr+>1c

k(tt + >1b) Free-floating 7 + >1b normalisation tt+>1b
SHERPASF vs. nominal Related to the choice of the NLO generator All, uncorrelated
PS & hadronisation PowneG-Box+HErwiIG 7 vs. PowHEG-Box+PyTHiA 8 All, uncorrelated
ISR/ FSR Variations of uR, (g, hgamp and Al4 Var3c parameters All, uncorrelated
tt + >1c ME vs. inclusive MGS5_aMC@NLO+Herwic++: ME prediction (3F) vs. incl. (SF)  tf + >1c¢

tf + >1b SHERPA4F vs. nominal ~ Comparison of t7 + bb NLO (4F) vs. Pownec-Box+Pytuia 8 (5F) ¢ +>1b

tt + >1b renorm. scale Up or down by a factor of two tt+2>1b

tt + >1b resumm. scale Vary pq from Hrt/2 to ucvmps tt+2>1b

tt + >1b global scales Set uq. pr. and ug to ucvmps tt+>1b

tt + >1b shower recoil scheme  Alternative model scheme tt+2>1b

tt + >1b PDF (MSTW) MSTW vs. CT10 tt+2>1b

tt + >1b PDF (NNPDF) NNPDF vs. CT10 tt+2>1b

tt + >1b MPI Up or down by 50% tt+2>1b

tt + >3b normalisation Up or down by 50% tt+2>1b

® Many sources of modelling uncertainty considered:

O Generator: Powheg+Pythia8 vs. Sherpa (5F)

O Parton shower: Powheg+Pythia8 vs. Powheg+Herwig7

O bF vs. 4F in Sherpa+OpenlLoops

O Scale variations in Sherpa+OpenlLoops
® All tt+jets modelling uncertainties uncorrelated between tt+>1b/>1c/light
® Scale variation uncertainties correlated across each tt+>1b sub-component
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