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Why particle colliders?

® To understand the fundamental description of Nature
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Why particle colliders?

® To understand the fundamental description of Nature

® Best Model so far: The Standard Model of Particle Physics
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® Higgs field: added to the SM to generate the mass of EW bosons and fermions
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Starting from the beginning

Inflation

The full structure of
the fundamental laws
becomes apparent
only when we observe
nature at the smallest
possible distance
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With particle accelerators and
colliders we have managed to
"access” the particles present up to
10-12 s after the Big Bang
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The Large Hadron Collider (LHC)

—_— — — —

~LHC O\

ALICE injection energ¥= 450 GeV/beam LHCb

SPS
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collision energy = 7/8 TeV (Run1)
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The CERN accelerator complex & the collider
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The ATLAS experiment
/LHCW—M Giant and sophisticated

e s multipurpose particle detector:
(s RP3 tracking detector + calorimeter + muon spectrometer
PS =0
3::22‘ )LER 44m n
Tons f \l
‘: Pr, Br :

25m \—' 1

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

AR = \/ AT}Z -+ AqbQ Semiconductor fracker

distance in the n-O® plane:
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Particle identification

e Each layer,
different
interaction with
particles,
different targets

* Energy,
momentum,

measurements

ATLAS Experiment © 2014 CERN http://www.atlas.ch/multimedia/#how-atlas-detects-particles
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The LHC plan

LHC / HL-LHC Plan HiLumi ,

LARGE HADRON COLLIDER

we are here
LHC | . HL-LHC
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[ ]ATLAS Recorded "Mvsios: 1391
D Good for Physics

—
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- The interesting ones!

Total Integrated Luminosity [fb™]
o
o

" Nobs.,ents = cross section x efficiency x | L dt
60F
20 . given by Nature
205_ optimised by
O; - T 2 experimentalists
T R P L R P L integrated luminosity
Month in Year delivered by LHC
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The LHC plan

LHC / HL-LHC Plan HiLumi ’

LARGE HADRON COLLIDER

we are here
LHC | . HL-LHC

B - 13- 14 7ev TR W
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2011 2012 2013 2014 2016 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 ““““

5 to 7.5 x nominal Lumi

ATLAS - CMS I/._——————'-"|
experiment upgrade phase 1 ATLAS - CMS

Lo nominal Lumi 2 x nominal Lumi ALICE - LHCb } 2 x nominal Lumi LLET
75% nominal Lumi /_ upgrade
luminosity 1 VR{
600 o S N I | | LI | LI | LI | LI | LI | LI | LI

ATLAS Online, 13 TeV ﬂ_dt=146.9 fo

2015: <u>=134
2016: <u>=25.1

® But high luminosity comes with a challenge:

500 .
Pile UP (additional interactions occurring in the same bunch

crossing as the collision of interest)

Recorded Luminosity [pb™70.1]

400 :_ 2017: <u>=37.8 _:
C 2018: <u>=36.1 ]
300F- Total: qu>=33.7  J - Controlling trigger rates at high interaction
- . per bunch crossing
200/~ =
- e - Online and offline reconstruction
100} EL performance maintained even at the highest
of 1° pile-up
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The Higgs boson

® The primary goal of the LHC is to discover the mechanism of electroweak
symmetry breaking

® The Higgs mechanism predicts the observation of a spin-0 particle: the Higgs boson

- While the Yukawa couplings are defined with respect to the Higgs field, V(p) = 11 MZ +A’¢|4 +Yiylyly
<0 L
they equally determine the strength of the coupling to the Higgs boson

—

® The SM predicts all its properties, except for its mass

® Higgs boson discovered in 2012, already a standard candle of Standard Model!
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The Higgs boson: production

vector boson
fusion (VBF)

OVBF ~ 38 pb

® Atthe LHC, the Higgs boson is
0.5M events in Run-2

dominantly produced via gluon

fusion
S W, Z associated
9 .
gluon fusion | oy production (VH)
(ggF) owszn ~ 1.4-0.9 pb
g “000000"

200-130k events in Run-2
OH,ggF ~ 49 pb at 13 TeV

6.9M events in Run-2 | g 100000000
top associated

production (ttH)
ouwn ~ 0.5 pb
L 70k events in Run-2
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The Higgs boson: decay

® The Higgs decays with preference to the heaviest particles allowed

W and Z boson mass originates from XY
- 0.2% 2y
the spontaneously symmetry breaking £ 70 0.1%
zz\
m 2.6%

V

® The Higgs does not couple directly to
photons and gluons, but only via “loops”
of heavy particles (e.g.: top, W-boson)

® Though bb decays are the most
dominant, they are very difficult to

reconstruct and have broad mass
. 2.9%
resolution

- contrary to yy and ZZ(=»4¢)

HH
0.2%
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Top & Higgs

g "O00000\_
it . _H
indirect top Yukawa coupling (ytop) constraints
g "000000%" from gluon fusion production and yy decay...
Y
LAVVVV ... assuming no additional heavy particles
i] o | t which could couple to the Higgs boson!
IAVAVAVAVER

q
g > t q o
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effective potential of the

Yiop .-« Why should we care?

Top quark is the heaviest
fermion in the SM =¥
Largest Yukawa coupling

The only fermion with predicted Yukawa coupling ~ 1

Does this point to a special role in electroweak
symmetry breaking or beyond the SM physics?

V2t
v Top quark Yukawa coupling is relevant for the
H stability of the Higgs potential and the required
7 energy scale for new physics
Is the Universe stable or only metastable? What is the CP nature of the Higgs boson?
le+76 —T—T T rrr i)
| v,=0.92447924 S —C=a/2| Pure pseudo scalar
le+74 |yr=0.92448161 - - - - > B . L
3 092448279 oo s C=m g/laxmallly CP violating
le+72 Fy1=0.92448293 —-—-— - '&30.04— —SM ure scalar
_o < B o p—
9 g =
c.q:) & le+70 | ] g e A pseudoscalar
O % le+68 4 2 admixture is still allowed
> ! -
2 e Maybe ttH production
T le+66 -
: 0.02 can help disentangle the
le+64 | 7 BSM component
le462 b
le+17 le+18 le+19
arXivi1411.1923 e.Gev Higgs field
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ttH: one of the tiniest rates!

Top Quark Production Cross Section Measurements Status: November 2020
l'g_ ATLAS Preliminary

— - Theory

b 10°Fg. | Run12+5=7813Tev .
F LHC pp Vs =7 TeV .

B  Daia 45461
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; o BB Data 202-20310 .
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10—2 - -_
tt t twW t ttW ttZ ttH tty tZj 4t
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-029/fig_01.png

Where to look for ttH production?

® ttH production (~500 fo @ 13TeV) is:
- two orders of magnitude smaller than ggF Higgs production

- three orders of magnitude smaller than tt production

® | ook forttH in final states with distinctive signatures and features

- Combination of top quark x Higgs boson decay modes

Top Pair Branching Fractions Higgs Branching Fractions

\

leptonic decay vy
v 775

It “alljets” 46%
t I+
b
hadronic decay
A%
1 o
1 Ll 2.2/3/0
wt e Tyl
t 7
b

7AY

TtHets 15% x

1 o
\ﬁ\, .20/%/0 L+jets 15%

xe TA
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"dileptons™ "lepton+jets” p
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ttH analysis
ttH

(H=>bb)

channels

(H=>WW, 171, Z7)
‘multilepton’

Large branching ratio (yields)

e large irreducible
tt+jets (HF)
background

¢ final states with
multiple b-jets

* |eptonic decays of W/ Z
bosons and tau decays can
give distinct multilepton
signatures

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

motivation

challenge

ttH

ttH
(H=vVy, ZZ(=47) )

Clear peak (clean bump hunt)

| Sellbrcling o |

Simpler background

e resonant channels
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ttH state of the art Run 2

2015-2016 [~36 fb-1]

. 2015-2017 [~80 fb-]

. 2015-2018 [~140 fb-1]

ATLAS-CONEF-2012-045
MttH = 0.58 +0-26 4 55

M ATLAS-CONF-2020-058
Hun = 0.43 +0-36 9 33

Eur. Phys. J. C 80 (2020) 957 (+STXS)

MttH = 1.7+7 4,+x0.2+0.2

ATLAS-CONF-2020-026 (+ STXS)
MitH+tH = 0.92 +027 454
4.7 (5.0) o obs (exp)
Observation! PRL 125 (2020) 061802 (+CP)
beH = 1.43 1033 3¢ (stat) ¥0-21 g 15 (syst)
5.2 (4.4) o obs (exp)
Phys. Le
/fo = Observation)
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CMS-PAS-HIG-18-030
Pan = 1.15 +0-154 45 (stat)*0-28 g o5 (syst)q

arXiv:2103.06956 (+STXS)
ban = 1.35 +0:34 g
PRL 125 (2020) 061801 (+CP)
U = 1.38 +0:36 59
6.6 (4.7) o obs (exp)

Phys. Rev. Lett. 120(2018) 231801
=» Observation



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/
https://arxiv.org/abs/2011.03652
https://cds.cern.ch/record/2743685
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-030/index.html
https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
http://arxiv.org/abs/2103.04956
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://arxiv.org/abs/2103.06956
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-013/index.html
https://doi.org/10.1016/j.physletb.2018.07.035
http://dx.doi.org/10.1103/PhysRevLett.120.231801

ttH(multi®): analysis strategy

e Target: ttH with
- H=WW/ZZ/7tT—= =10 =
- tt—=(L+jets, dilepton)

“multilepton”
final state

12+271
2PSS+11t  32+1T 49

Number of e/u

e High multiplicity final state
® Rare in SM: same-sign 2¢, 3¢, 4¢

Number of Thad

—
o
o

% 90

% 80

% 70

® Splitin categories based on 3
number of e/ and number of t 40
30

20

Results from ATLAS-CONF-2019-045 X

2Se 20a Slyy Tl
o Sy 7 Sy 1 * 71;7ad "‘21;7 o
eq Cleg Mg hag
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http://cdsweb.cern.ch/record/2693930/files/ATLAS-CONF-2019-045.pdf

Experimental signatures

~ -

What to look for in the
events?

jets are a consequence
* (=22,4,06)]ets! of the strong force

originate from b/c-quarks
(heavy-flavour jets) or light
quarks (light jets)

> 2 jets required in all channels

Probing top and Higgs in multi? and multib events | Zirich 12-04-21 | Tamara Vazquez Schréder (CERN)
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~

Experimental signatures

-~

b-quarks live long enough (~ps) to
create a secondary vertex at the decay

What to look for in the

events?
finding these jets from b-quarks is known
as b-tagging
* > 2 jets originating from
X Displaced
b—quarks (bjetS) Tracks
Secondary
Vertex
Jet / I':

Primary
Vertex

Jet
> 1 b-jet required in all channels .
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~

Experimental signatures

very important to have well isolated

leptons
~ - multivariate lepton isolation to
What to look for in the reject non-prompt leptons based on:
events? - lepton and overlapping track jets
properties

lepton track/calorimeter isolation
variables

=» Factor 0(20) rejection for
leptons originating from b-

* charged light leptons hadrons

(electrons or muons)

- multivariate lepton identification
to reject misidentified charge
electrons

=» Factor ©(17) background
rejection for a 95% signal

require events triggered by efficiency
2 light leptons
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Experimental signatures

- material and internal electron conversion (CO)
candidates further suppressed with track invariant
masses and conversion radius

e -

What to look for in the
events?

* charged light leptons

(electrons or muons)

electr0|.1 €O CO radius Mirack-track
selection
¥ (1) material CO > 20 mm < 100 MeV (wrt. CV)
X* (2) internal CO not (1) < 100 MeV (wrt. PV)
(3) very tight not (1) and not (2)

require events triggered by

2 light leptons (beam pipe @ 24 mm)
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~

Experimental signatures

What to look for in the
events?

* hadronically decaying
taus

-

. V
taus can decay into T
light leptons (e, u) T
with BR ~ 35% or W e, u_, d
quarks with BR ~ V.05
65% e Yot
to increase statistics, select hadronically
decaying taus: can contain 1 or 3 charged
pions (i.e. 1 or 3 prongs)
-
—— - 7[0
7[+
n-i—

multivariate analysis discriminants to reject
jets and electrons faking a tau

overlap removal wrt. muons and b-jets

Probing top and Higgs in multi? and multib events | Zirich 12-04-21 | Tamara Vazquez Schréder (CERN)
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ttH(multi€): analysis strategy

Object definition Event selection: MVA strategy
! What to look for in the | . Signal extraction and background constrain: -
events? fit and/or categorise on BDTs (boosted decision

tree) that discriminate signal against the main

* (22,4, 6)]ets! background processes [except in 2£S5S+1T and

¢ > 2 jets originating from 36+17]
b-quarks (bjets)

27SS0T: a combination of 2 BDTs (ttH vs. ttV,
ttH vs. fakes/tt) in a 2D space

charged light leptons

(electrons or muons)
370T1: a multi-dimensional BDT (ttH vs. ttW

vs. fakes/tt vs. ttZ vs. VV)

hadronically decaying
taus

o 47 (Z-enriched): ttH vs. ttZ
(missing

transverse energy) 1/4271: ttH vs. tt (with fake 1)
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Estimating backgrounds in multi-£

Reduce background:
- multi-variate lepton isolation

Estimate fakes background

: in regions close to the signal region
- conversions

Fakes
estimated in:
2-3 jets
2 1 b-jet
"Fakes” composition very 28SS Large contribution from other
diverse and with different irreducible backgrounds, such as

kinematic behaviour ®tW, with a long history of excess
above the SM expectation!

)

IDfake £+

G0
w

Em QMisID ] Other

3 Non-prompt e 3 Non-prompt u
B Multi Non-prompt [ Mat Conv
I Fake T, 3 Diboson

0= f7z/y highy  ©3 tFy*(low)
Cttw

2¢LJ(e2) 2¢LJ(p)

2¢LJ(el)

b~ prompt 7+ b~ prompt 7+

Semileptonic b-decay Photon conversions
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Estimating backgrounds in multi-£

Reduce background:
- multi-variate lepton isolation

Estimate fakes background
in regions close to the signal region

- conversions

Fakes
estimated in:
2-3 jets
2 1 b-jet

"Fakes” composition very 28SS Large contribution from other
irreducible backgrounds, such as

diverse and with different
kinematic behaviour What tO dO? W, with a long history of excess

above the SM expectation!

“Template fit”: Estimate fakes and ttW
normalisation in simultaneous fit to
data together with ttH signal: &%))

- rely on MC simulation for shapes EXPERTMENT

Estimate fakes background

e o cianal o

in QCD-enriched region, ensuring

similar composition of fakes

- create control regions (CRs) enriched

in each background type
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ttH(multi2): Template Fit Categories

Categories based on D BDT space or other kinematic variables,
b-jet multiplicity, lepton charge, and/or lepton flavour

accept conversion veto conversion
candidate electrons candidate electrons
28SS01
[=2], =1bj] [2-3], =1bj] [=4j, =1bj]

m M dR(77)
i

pr— 3L 0T [22], 21bj]

MM counting  BDT
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Events / bin

Data / Pred.

Events / bin

Data / Pred.

ttH(multi2): control regions

I I | | LLLIL | LI | T 1T 17T | LI | T 1 171 |_I L ‘ T T 1T 1] :' T | 1T | TTT | LI | LI ‘ LI | 1T | T T | T T | TT I:
160~ ATLAS Preliminary ¢ Data M 1H (1=058) ] 80— ATLAS Preliminary -#-Data M (TH (u=058) —
T Vs=13TeV, 79.9 ot LIttW Otziynighy 7§ F {s=13TeV,79.9fb" []tiW (21 y)high)
1401 221 y(et) [ tty*(low) [ Diboson 1 2 70 2z1(e2) [ fy*(low)  [H]Diboson -
T Post-Fit Mavisio  [@MatConv 7 & " Post-Fit WovisD  [MatConv
1201~ [ Non-prompt e [[] Non-prompt p —| = 3 60— [ Non-prompt e [l Non-prompt . —
- []Other Wl Fake T, . F [C]Other Wl Fake 7, ]
100— 7/ Uncertainty ~ ---- Pre-Fit - 50— 7/ Uncertainty  ---- Pre-Fit ]
L 7 E C Vi
so—~ [T — 40— ;
C 7 C 3 T T T T T T T I T T T T T _ T T T
sol- E 0 = [ ATLAS Preliminary —4— Data B (1H (1=0.58)
F : D I e - fs=13TeV,79.9 fo' C]aw ] (27 y*)(high) ]
40 20 10tk Post-Fit [ t7y*(low) [ Diboson i
_______________________ I ik I ovisiD [ Mat Conv E
20 ! [ Non-prompt e [ Non-prompt p
e T | [ Otver I Fake =,
e E ? 15 oo 3 10°F 7/, Uncertainty - - - Pre-Fit E
1 éé‘///y‘/é//y‘//// 7| = 1 ; 2 454 ; i 1
05 F 4 & 05F =
3 , , , , , , ‘ D T
O ~%5 1 15 2 25 3 35 4 0 20 40 60 80 100 120 140 160 180 200
AR(lly) Hy op [GEV]
— —
——— — '
: T T T T ‘ T T T T | T T T T | T T T T | T T l T | T T T T ] [ L | T 1T | L | T T 1T ‘ T T 17T | T I_ T T I L ]
400 ATLAS Preliminary "¢ Data .tfH (n=0.58) 70 ATLAS Preliminary -#-Data Il t1H (n=0.58)
E {s=13TeV, 79.9 fo! LW [ #(z/y*)(high) T Vs=13TeV,79.9 b Eqw ) =tt(Z/y*)(high) ]
ol I fty*(low) [ Diboson i r tty*(low, Diboson i
350: ZKLJ(/{) [l QMisID [l Mat Conv ] 6o 34t [ Mat Conv [ Non-prompt e
C Post-Fit at o ] - Post-Fit [ Non-prompt .
B . u[TJOther
300~ [ Non-prompt &[] Non-prompt u = 50— I Fake t 7/ Uncertainty :
- Other Wrake t,,, - —Pre-Fit 1 3B ymm
250 7/, Uncertainty ~ --- Pre-Fit . r . L
g ] 40 .
200 = 1 3
- P . 3o 1 - 0 . . . . . . . - : : . . : : ; : 5
E . 20, 20, 2, 2, Sp w2 2y 27 3 I R
] 20 = W Ml U< Uy U< e NS gl sy D) “Mu)) Merds e ¥z ¥
____________ . 10
we ER Kinematic variables / BDT discriminant
1k s T SN 1 Bossslrossss S A e VIARIID VPR PRI I PE:
*E A fitted in th reqi
9 50 100 150 200 250 300 %3 04 05 06 07 08 09 1 tte t esere 9 1oNs
Hy e [GeV] 3¢tt BDT output
| — — ) T — ——

Probing top and Higgs in multi? and multib events | Ziirich 12-04-21 | Tamara Vazquez Schréder (CERN) 29



Events / bin

Data / Pred.

Events / bin

Data / Pred.

ttH(multi@): signal regions

:l TTT | TTTT | TTTT | TTroTT | TTTT | TTTT | TTTT | TT |_| | L | L \: _l T | TTTT ‘ TTTT | TTTT | TTTT | TTTT | TTTT | TT I_I I L | TTT \_
9oF- ATLAS Preliminary # Data M tH (1=0.58) 3 ol ATLAS Preliminary # Data M tH (1=0.58)
E {s=13TeV, 79.9 fo" (JfIW [dzmigy) § £ C {s=13TeV, 79.9 fo" LJfIW [ ti(z/y*)(high) I I | T T T - OI g
80F- 2¢ttH+ [ fty*(low) 7] Diboson = ~ L opttH— [ tty*(low) [ Diboson . c L. + Data tt — 5
E Post-Fit MovsD  @MatConv  J £ 5ol postri movisD  EMatConv ] re ATLAS Preliminary W 1 e (1 )
70 [ Non-prompt e [[] Non-prompt 1 — @ C 28] Non-prompt e [[] Non-prompt ]| - I E _ 13 TeV 79 9 fb-1 |:| tt - ake Thad
E []Other I Fake 7,4 ] C []Other Wl Fake 7, ] %) - ’ ' t? Z/v*)(hiah t? *(
60; 7/, Uncertainty ---- Pre-Fit = 40— 7/Uncertainty  ---- Pre-Fit ] Clc.) 1 04 POSt'Fit D ( y )( Ig ) -I y ( OW)
02 ; , i i o = g [] Diboson [ Non-prompte  ;
s0F- I = [ ] Non-prompt [l Multi Non-prompt:
I e 3 20 B QMisID I Mat Conv ]
20E = o [ ]Other 7, Uncertainty
—— T o pre 5
1.5 Fremeemmemmemre e e e ettt E E 15 F L
1 %"”’@ 2 2 ; 1 1 ;zs‘.m/gx IPRI Y B4 ;
05 & 3 g 05 & E
90 01 02 03 04 05 06 07 08 09 1 90 01 02 03 04 05 06 07 08 09 1
2¢ttH+ BDT output 2¢ttH- BDT output
— —
| — P — I
:' L ‘ L | L | L | L | L | L | L | L ‘ L) ‘: _I 1T ‘ L | T 1T | T 1T | T T T | L | LI I_
90 ATLAS Preliminary .o Data Bl iH (u=058) | . - ATLAS Preliminary - Data M ttH (#=0.58) -
C {s=13TeV,79.9f" W  EItHZ/y*)(high) o 3 sol s=13TeV, 79.9 fb" Egv{{(l ) Egﬁf/yﬂh'gh) ]
80F [ Diboson [ Fake T, - = — by v~ (low, iboson =
2 172t []Other -/ Uncertainty 12 C ?f "HF' I Mat Conv [ Non-prompt & ]
20F- Post-Fit - Pre-Fit q 5 [ Post-Fit [ Non-prompt u[ ] Other —
C a4 40'_ Il Fake T, 7/ Uncertainty |
60: = - ---- Pre-Fit g
50(2 4 30 - )
] 1 ©
40 3 f nCIL-.)
30 —] ~
I I
208 ] — (0]
it et 0 ()
10 =
0; |1 ! L1 ! I ! TR 1 : _______ g . T 3
15 F - - E X E
E EN 1 o 4 3
! oo AR / ..................... E ; 05 E E
0.5 e E o.E . . . . . . E
o b 03 04 05 06 07 08 09 1 . . . . . .
-1 -08 -06 -04 -02 0 02 04 06 08 1 - 'F d h
«wewrans a0 BDT discriminant fitted in these regions
1727 BDT outoul S—— —
— —
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Profile likelihood fit

® Binned profile likelihood fit

L(n,0°|tsig,b,0) = Psp x Pcr X Ciyst

= P(ns|\s (Usig, NF, b, 8) x H P(ni|\i (Usigy NF, b, 8) x Csyst(6°, 0)
ieCR

~_ OuH
HitH = g7
® Parameter of interest: signal strength Ostr

e ———

® Normalisation factors of backgrounds: NFaw, NFure, ...

e Systematic uncertainties included in the fit as nuisance parameters 0

® Need sufficiently flexible model of signal and background!

. Given:
up” 1===-
! ' +10, nominal, and

o , -1 o of each systematic o o .

nominal g Constrain uncertainty in
Assume interpolation of control region, propagate this
uncertainty between [-1,1] o . .
knowledge to signal region

“down” Assume full correlation between bins

>
1 0 +1 5

® Find best values for y, NF and B from minimising the -log L
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ttH(multie):

systematic uncertainties (I)

Systematic uncertainty Components  Systematic uncertainty Components
Luminosity (N) 1 ttH modelling
Pileup modelling 1 Renormalisation and factorisation scales 3
/~ Physics objects ) Parton shower and hadronisation model 1
Electron 8 Higgs boson branching ratio 4
Muon 11 Shower tune 1
Tau 7 PDF 32
Jet energy scale and resolution 28 ttW modelling
Jet vertex fraction 1 Radiation 1
Jet flavour tagging 17 Generator 1
\ EImiSS 3 ; PDF 32
Total (Experimental) 77 _Eth"aIi()latiOH 4
Data-driven background estimates tt(Z/~") (high mass) modelling
Non-prompt light-lepton estimates (3¢, 3¢17,,q) 1 Cross section (N) 2
Fake 1,,q estimates 6 Generator. . o 1
Electron charge misassignment 9 Renormalisation and factorisation scales 3
Total (Data-driven reducible background) 9 Shower tl.me 1
— T e ~ m(?d(?,lhng
emplate uncertainties Radiation 1
Material conversions W Z modelling
Internal conversions 1 HF composition (N) 3
HF non-prompt leptons 18 Shower tune 1
\__LE non—wptons 2 Z_ Other background modelling
Total (Template fit) 22 Cross section (N) 929
Total (Signal and background modelling) 120
Total (Overall) 218

One parameter of interest: p(ttH)

218 nuisance parameters

Seven normalisation factors:

= Non-prompt e [ Non-prompt n
3 tty *(low) E Mat Conv
o aw (x3) !
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Events / bin

Data / Pred.

ttH(multi2): systematic uncertainties (ll)

30

2-2 SS Systematic uncertainty Components
F l I l I B F I I T I B =
- ATLAS Preliminary_1+g,(a,|tizm -gf;v(u=o.5s) E - ATLAS Pre'imi”aFY_1'¢'ﬁData -ZH(;‘TO'?& - ttH modelling
:ngzfi;;afev, e égﬁiﬁmigh)ﬁﬁ(m E s 250;_6; 13_Tev' o iﬁﬂ(gw) ioi(bzo/_so:hgh)‘_ Renormalisation and factorisation scales 3
postFi Svoroonors ElNorpor | | S| Postf oot s Jomer Parton shower and hadronisation model 1
300F oo Pre-Fit E ljij =0 %‘i}er‘am‘y o Precfit Higgs boson branching ratio 4
2501 Z = C Z
- - P . . N Shower tune 1
% PDF 32
= ttW modelling
- Radiation 1
Generator 1
. . PDFE 3
r o ER: Extrapolation 423
e e e DI | ti{(Z/~") (high mass) modelling
e B - o Cross section (N) 2
Np =1 Np=>2 Np =1 Np=>2 Np =1 Np >2 Np =1 Np >2 Generator 1
I— — — Renormalisation and factorisation scales 3
Additional uncertainties to cover data/MC t;iﬁgiﬁ?ﬁ; !
disagreements as a function of the b-jet Radiation 1
AT T W Z modelling
multiplicity and £ charge for ttW HE composition (N) ]
Shower tune 1
Other background modelling
- t Note: a charge asymmetry Cross section (N) 22
d is expected in the ttW Total (Signal and background modelling) 120
Total (Overall) 218

production at pp colliders,
but not correlated to the
b-jet multiplicity!

(amal|

u W+

I—
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Seven normalisation factors:

= Non-prompt e Non-prompt u
[ tty *(low) @ Mat Conv
o aw (x3) !
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ttH(multi€): systematic uncertainties (lll)
20SS 30

F T T T N T N [ I I I I B T
__g 8001~ - ATLAS Preliminary -Q-Data M :{H (u=0.58) 1 _g 300_ ATLAS Preliminary -¢-Data M :tH (1=0.58 )]
> C{s=13Tev, 79.9 fp' EMAMSD LW 103 [ Vs =13Tev, 79.9 5" CJtw [ ttzry)high)
d(é) 700 [ zly=)(high) [ fy*(low) % C 3¢ [ tty*(low) [[] Diboson ]
2 - - 2SS [EDiboson [ Mat Conv 4 g 2501 ; [ Mat Conv  [7] Non-prompt e
W ool Post-Fit [ Non-prompt e [I7] Non-prompt u - ] [ Post-Fit prompte ]
» []Other 7/ Uncertainty C ‘/:I Non—pro-mpt w ] Other- ]
: ---- Pre-Fit i 200 ///, Uncertainty  ---- Pre-Fit |
500 — C ]
400f - 150F — ! .
300k - F —— 1
C ] 100F 1 ATLAS Preliminary
1 == 09
. s B
100 - B W 3y
C —
— C A
! T T : f . =
0 : :
& 1 .2 -------------- ‘ & 1 .2
= 1¢F E 1
5 os :— S os8fF
E , , ‘ , E - - 20HJ
2 3 4 5 6 2 3 5 =6 A
Nie'S Njets
— C— ——
L 1] [ | L [ |
| | ] | | | | | | /L
NF (ttw) NF (ttw) NF (ttw) -

20 low NJet 22 high NJet 30

U= 201J 20 HJ 3¢
ttH Aff_W Arr‘w AH_W

Decorrelated normalisation factors for region
where ttW has lost =1j from signal region

o Seven normalisation factors:
Decorrelated normalisation factors between 2¢ == Non-prompt =3 Non-prompt u

and 32 due to different kinematic behaviours tty *(low @@ Mat Conv
o aw (x3) !
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ttW: higher order QCD and EW corrections

® A normalisation factor of 1.2 applied on top of the YR4 cross section for ttW
® Oirigin of the correction factor:
- Factor 1.11 to account for missing QCD corrections in higher order XS
e tW+0j@NLO = ttW+0,1j@NLO

e estimated using dedicated samples generated with Sherpa 2.2.1 using the MEPS@NLO

prescription, and cross-checked with the NLO generator MadGraph5_aMC@NLO 2.2.1 using
the FxFx prescription

- Factor 1.09 to account for missing EW corrections
e [1711.02116] shows “subleading” NLO EWK corrections, not included in YR4 XS, can be large

e primarily because of the large NLO3 term driven by the ttW+1-jet diagrams with a Higgs
boson exchanged in the t-channel

6[%] p=Hr/2

q q/ qq
LO, - |
W % LOs 0.9 F O O © |LO
= NLO, 50.0(25.7) B ocp gog gy 0
0" NLO, —4.2(—46) O o6 © O NLO

H:
: " |
NLO3 (12.2 (9.1’ aas3 azasz a3as as
n NLO4 0.04 (—0.02)
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ttH(multie): fit results (1)

ATLAS Preliminary

Vs =13 TeV, 79.9 fb™

Alternative fit

0.70 +0.36 .0.33

1.39 +O'77-O.76

=1.67 +020_, .o

(wrt. YR4 ttW XS)

I'[’[II ] | | Mai It
— tot. (tot) (stat) ain resu
orss| ke d n=038 o o
1058  +0.48 0.58 +0-36 ¢ 33
3¢ o L=093 o5 044
4¢ o 1 w=052 07 Jes 1.56 7030 5,5 (28 LNJ)
+1.01 +0.77
10 + 2%ag | H—@—H w=030 g oes -
i +0.94  +0.83 NF(ttW) 1.26 +017 -0.18 (22 HNJ)
2SS + 11,9 I =049 g o7
3+ 15g| F— @1 W=043 g g% 1.68 030 455 (38)
+0.36 +0.26
combined I @4 L=038 L35 ozs
PRI T T T T T T T T T T N T T T A S A A S
1 0 1 2 3 4 5 6 y
SR B
best fit p = 6™/oll for m, = 125 GeV . [ ATLAS Preliminary
5 C Vs=13TeV,79.9fb"
2 - Post-Fit
® (Cross-section extrapolated to the inclusive phase space: 10
A TTIY — HOA+132 +94 +73 +41 ¢ T
O (ttH) = 294757 (stat.)”-, (exp.) s¢ (bkg. th.) 55 (sig. th.) fb I .
® Observed (expected) significance with respect to M3
background-only hypothesis = 1.8 (3.1) o :
A . L Sig 8 E
® Compatibility between main and alternative fit=0.59 0 Z5¢- —muom
FERY -
alda 2, L =
® Consistent with the SM ° $

LI L
—e— Data

B {tH (u=0.58) ]
W tEH (u=1)
[ ] Background
77 Bkgd. Unc.
------ Pre-Fit Bkgd.

) 5
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ttH(multie): fit results (1)

® Largest (grouped)impact on p(ttH):

- Jet energy scale and resolution still plays a major role

- The largest modelling systematic uncertainties come from ttW and tt£€£ modelling

- Fakes impact is reducing its size with more statistics!

® No major constraints or pulls of nuisance parameters

- Exception: pull from ttW scale variation and constraint from ttW charge extrapolation uncertainties

Uncertainty source Aji

Jet energy scale and resolution +0.13 —-0.13
tt(Z/~") (high mass) modelling +0.09  —0.09
ttW modelling (radiation, generator, PDF) +0.08 —0.08
Fake 7,,q4 background estimate +0.07  —0.07
ttW modelling (extrapolation) +0.05 —0.05
ttH cross section +0.05 —0.05
Simulation sample size +0.05 —0.05
ttH modelling +0.04 —0.04
Other background modelling +0.04 —0.04
Jet flavour tagging and 7,4 identification +0.04 —0.04
Other experimental uncertainties +0.03  —0.03
Luminosity +0.03 —0.03
Diboson modelling +0.01 —0.01
tty" (low mass) modelling +0.01  —0.01
Charge misassignment +0.01  —0.01
Template fit (non-prompt leptons) +0.01  —0.01
Total systematic uncertainty +0.25 —0.22
Intrinsic statistical uncertainty +0.23  —-0.22
ttW normalisation factors +0.10 —0.10
Non-prompt leptons normalisation factors (HF, material conversions) +0.05 —0.05
Total statistical uncertainty +0.26  —0.25
Total uncertainty +0.36 —0.33
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Pre-fit impact on u:

[ 16=0+A0 0 = 8-A6
Post-fit impact on wu:
6 = 0+AD 6 = 8-AD

—e— Pull: (6-60)/Ae
—e— Norm. Factor

ttW norm. factor: 3¢ channel

Jet energy scale: n intercalib. NP 1

ttZ cross section: scale variations

ttVWW modelling: scale variations

ttW norm. factor: 2¢SS channel, 2-3 jets
Fake 7,9 bkg. stat: 1/27 channel

ttH cross section: scale variations

Jet energy scale: pileup

ttW modelling: charge extrapolation
ttW norm. factor: 2SS channel, > 4 jets
Top rare decay cross-section

Jet energy scale: flavour response

tt H modelling: parton shower

ttW modelling: alternative generator
4-top cross section

Ap
-015 -01 -005 0 005 01 0.5

LI I LI I T 1T 17 1 | T 1T 17 71 I L I T 1 11 I T T T 1 I LI
ATLAS Preliminary
Vs =13 TeV, 79.9 fb”

lIIIIlIIlIIIlIIIIIlllllllllllllllllllll

-2

-1.5 -1 -0.5 0 0.5 1 1.5 2
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ttH(bb): analysis strategy

ttbb
® Biggest challenge: good modelling of the Ly b "
tt+HF (=1b, =1c) background H <b b
- tt+=1b: ttbb PowhegBoxRes+Pythia$: b
@NLO 4-flavour scheme ; g t

- tt+=1c and tt+light: tt @NLO 5-flavour
scheme sample

ATLAS Preliminary

® Channel categorisation based on ), >
- Number of Z (1 or 2 opposite-sign) *
“sing i'*{é"'t'&r'{V
- Number of jets oo
<0.05 [2-0.05
- Requirements on the b-tagging N
. . . . =5 |26
discriminant (based on 4 calibrated STXS analysis
working points: 60, 70, 77, and 85% b- Snaiogon design
tagging efficiencies) %
- Resolved or boosted, for single lepton “Te i i N
[0,120)
channel b@ @
- Reconstructed prHigss categories P _<[soo4so>> DS

SEEPee® 9@99§33§3>
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Simplified Template Cross Section (STXS)

® Measure production modes separately, categorising each into bins of key (truth) quantities
(pt, Njets, mj;, )

- Chosen as most sensitive variables to theory predictions / signal sensitivity / new physics
- Different stages (e.g. stage 0, stage 1, stage 1.2) with varying degrees of granularity
- Decay mode agnostic: well-suited for combinations
® How to design an STXS analysis?
- How are events categorised?
e Reconstructed quantities as proxy for truth quantities or multivariate classifier
- How many / which bins to target?
e Driven by analysis sensitivity

Stage 1.2 _ Stage 1.2
pr

0
H

Pr
200 60

| —Ojet | I —1Jet | >21et

300
120
[ [0 350] | [ 75 [350 o] | 1450
PT m;;
350 650 200
300
1000 "’/ Pl 450
1500
o0

o0 H]]

David Shope, Higgs STXS, Moriond’21
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ttH(bb): MVA discriminants

@ L L I I L U I IR R U S L R R RS R RN R RN R
e MVA anaIYSis needed to L% 1802_ ?Erf?gTF;r\?!iTsigig‘ ;Eit;bggﬂ >1c _i L% 8002_ %Til?gTF;r\?!iT:isgafg‘ ;3?11b5?1 >1c
discriminate Sig nal from the 160;_ g'p'fiw S;'e[zoo,soO) Egt;;/r l;/’:tJr:cltlert‘::t-'y_ 700;_ gggfie :)e;'pteo[nzoo,som Hg;;l:r ‘//:/’Sr:rclérglr:?v
overwhelming background 1:2: o BDT § =™ BDT
- |nput variables of 100§ (dl-g) — e (single 0 I‘ESOIVEd)
classification BDT: kinematic 0 E E
variables, reconstruction BDTs jz E E
(resolved - provides reco 20
variables such as ptHor mep), 5 % g O
likelihood, and discrete 3 ARIA] 3 et
btagging discriminants - Og::’: 08 06 04 02 0 02 04 06 08 1 - Og; 08 06 04 02 0 02 04 06 08 51
Classification BDT Classification BDT
® Boosted category § o ATLAS Preimnay  eDaa mOH
w C {s=13TeV,139fo" [tt+ 21b[Jtt+21c
- RC jet: small-R jets reclustered with anti- o e 450=) [Omer 7Unosnaimy -
k: algorithm with radius 1.0 ZZ;MF” BDT

- DNN: probability that an RC jet (boosted)

originates from Higgs [P(H)], top [P(top)]
or multijet production [P(multijet)]

- Event w/ boosted Higgs candidate:
- P(H) > P(top) and P(H) > P(multijet)

125

Data / Pred.

i M////(///%//

0—305 0 005 01 015 02 025 03 035 04
Classification BDT
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ttH(bb): modelling uncertainties

°
® Parton shower: Powheg+Pythia8 vs Powheg+Herwig?
® |SR (+scale), FSR, tt+1b vs tt+=2b fraction uncertainties
® prbb shape uncertainty (ad-hoc)
® Free-floating normalisation tt+=1b
® Nuisance parameter (100% prior) tt+=1c normalisation
% 700F~
B 600[—
500
o) AR L L L B BN
§10000_— ATLAS Preliminary ¢ Data  [HtfH N
w | Vs=13TeV,139f" Wt +21b[Jtt+21c |
- Smgle lepton Ptt+V [t +i.,4ttH
i SR>4 [ ]Other 77 Uncertainty 7
8000_ Pre- Ig|t ]
6000~ ® - B
B 7 = I
j/ 7 s 0.75¢
] % 700

jjﬁ/ /%//// /%

nggs boson candldate pT [GeV]

Data / Pred.

600~

500

Generator: Powheg+Pythia8 vs aMC@NLO+Pythia8 (5FS)

T T T 1 T 3
[ ATLAS Preliminary
[ Vs=13TeV, 139 b’

¢ Data [HItH
Wtt + >1b[tt + >1c

Dilepton Wttt +V [t + i, 4ttH
SRS [JOther 7 Uncertainty ]
I Pre-Fit -

‘—

— I I I [ T —]
[ ATLAS Preliminary
[ (s=13TeV, 139 fb"

¢ Data [HItH
Wt + >1b[Jtt + >1c

Dilepton Wttt +V [t +li,4ttH
C SR [[JOther 7 Uncertainty -
— Post-Fit —

:/% '4/// AV///////%//% %

4 5 6

Number of jets

Pre-fit impact on p:

A
-04 -0.2 0 0.2 0.4

10=0+A0 [ |0 =0-A0
Post-fit impact on u:
o =0+A0 o =0-A8

—e— Nuis. Param. Pull

tt+>1b: NLO match. SRbin1 ljets
tt+>1b: NLO match. SRbin2 ljets
tt+>1b: FSR

tt+>1b: PS & hadronisati il
@+z1 b: pib shape

tt+>1b: NLO match. SRbin1 dil
Wt: PS & hadronisation
tt+>1b: NLO match. CR ljets
ttH: NLO matching

Wi: diagram subtraction

tiH: PS & hadronisation

ti+>1b: PS & hadronisation li
tt+>1b: ISR

tt+>1b: NLO match. SRbin2 dil
ttH: cross-section (QCD scale)
k(tt+>1b)

tt+>1b: NLO match. SRbin4 ljets
tt+>1b: NLO match. SRbin3 ljets
ttH: A,,, STXS theory unc.

Wit: generator

T T | L | T T 1 | T T T l T T 1 | T
ATLAS Preliminary
ls=13TeV, 139 fb”

-2 -15 -1 -05 0 05 1
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ttH(bb): results

1 T T | 1 1 T | T 1 T | T 1 T 1 1 | T 1 1 | T T 1
. . -1

ATLAS Preliminary s=13 TeV, 139 b ATLAS Preliminary {s=13TeV, 139 b

Total Stat Tot. ( Stat. Syst) —Total - Stat. Tot. ( Stat. Syst)
— — . . ) . : +1.42 , +0. +1.
: urEH pe [0,120) GeV - e 11.98 -1.33 (—0.46 —1-25)
I+jets resolved : 0 32 +0.45 (+0.22 +0.40) §
HeH - 43 (021 037 : +1.42 /4070 +1.24
~0.43 M ple [120,200) Gev | &= -0.88 “14s (Zo6s “127)
. 0.91 ,+0.69 +0.59
l+jets boosted -1 0.36 jggg (tgjg t(())gg) M p¥e [200,300) GeV H_._H 1.02 jo_ae (t0.67 t0.55)
: 0.71 0.58 +0.41
: 0.92 1040 +0.83 M pte [300,450) GeV == -0.08 j0.68 (:’0_54 :’0_42)
H z +U. +U. . :
Dllepton |—'-.-|—| 0-98 _0.83 (_0_39 -0.73 ) 4 (05 +0.05
: M p'c [450,) GeV I—I—Q——I -0.01 t1_'32 CO.'91 to_'%)
nosive| e 0.43 103 (:020 1030 | i R FPRTaTe
l l —?.33 (—01|9 —0.27) Inclusive l }H.H l 0|.43 j0|33 (to_-lgl t0_27)
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 1 1
—2 0 2 4 §) 3 10 —2 0 2 4 6 8 10
ttH/ ~ttH ttH/ ttH
=o' /o, form =125 GeV =o' /ox form =125 GeV
M sM T TTH M sm T

® NF(tt+21b)=1.26 = 0.09

® Dominated by systematic uncertainties

® Most relevant uncertainties from tt+=1b background modelling (Au/p = 60%)
® Significance w.r.t background-only hypothesis: 1.3 (3.00)

® First ttH(bb) STXS measurement

- Complements ttH(yy) STXS measurements at high ptH
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The future @ the LHC

® Analyse full Run-2 dataset!

® Preparing for Run 3: 13=»14 TeV (?),

double luminosity

l “HiLumi Y
LARGE HADRON C[)/LLIDER

3-uevBOl T
—————L )V
Diodes Consolidation
LIU Installati -
netatation inner triplet ) HL LH(_:
Civil Eng. P1-P5 radiation limit installation

2019 2020 2022 2023 2024 2025 2026 2027 “Il“

® HL-LHC: 10x more luminosity, explore less E ————
ALICE - LHCb M 2 x nominal Lumi upgrade

accessible processes such as di-Higgs

(self-coupling of Higgs boson)

NN L I B LI LI B L B BELENLENL I BELRNL
ATLAS Preliminary Total Fe4  Stat. Syst. mm
Projection from Run 2 data
\s = 14 TeV, 3000 fb” Total Stat  Syst

Kw o +0.022 ( +0.008 + 0.020 )

Ky o +0.017 ( £0.008 +£0.015 )

Ky e +0.040 ( £0.012 £ 0.037 )

Kp =3 +0.037 ( £0.014 +£0.034 )

Ky Fed +0.026 ( +0.010 +0.024 )

Kg Iil +0.029 ( +£0.011+0.027)

Ky e +0.021 ( +0.009 +0.020 )

Ky = +0.070 ( £ 0.064 +0.028)

Kz, I—E% +0.123 ( £0.097 +0.076 )

Bgsu & +0.033 (£ 0.015 £ 0.029)

oo b b b e b e by

06 08 1 12 14 16 1.8

2

Parameter value

ATL-PHYS-PUB-2018-054

upgrade

m integrated JEAAUALM
luminosity EELITET

PES / CONSTRUCTION | INSTALLATION & COMM. ”” PHYSICS

LHC/ HL-LHC Plan (last update January 2021)

Expect to measure the top Yukawa coupling
(modifier) k; at 4% level at the end of HL-
LHC

- Systematics-limited!

Stay tuned for upcoming results!
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Why particle colliders?

® To understand the fundamental description of Nature

® Best Model so far: The Standard Model of Particle Physics

Fermions: spin 1/2

generation

6 quarks

+ 6 anti-quarks

(*) Disclaimer: Still open questions
from the neutrino sector (do not
know yet if neutrinos are Dirac or
+6 anti-leptons Majorana particles, neu’.trinos mass
hierarchy not yet established, ...)
=» Likely requires SM extension

electron

- R
*) V.

e-neutrino M-neutrino

6 leptons

t-neutrino

L

>
+ mass
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Why particle colliders?

® To understand the fundamental description of Nature

® Best Model so far: The Standard Model of Particle Physics

Gravity Weak Electromagnetic Strong
Magnitude~10-38 Magnitude~10-11 Magnitude=1 Magnitude~100

Associated to a force carrier
Bosons: spin 1

80.4G 91.2G
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ATLAS - CMS comparison: strategy

® Similar analysis strategy:

- lepton-based BDT isolation suppressing background with £ from semi-leptonic b-
decays

- general categorisation: based on number of e/p and thad

- SR optimisation: based on BDTs against main backgrounds

- simultaneously measure normalisation of ttW in the fit
e CMS has dedicated CRs for ttW, ttZ (on-shell), and diboson backgrounds

" CMIS ISup,LI)Iemlentalry — I35.9I fb"l(13'll'eV)
® Different techniques to estimate fakes: $1500¢ obs. [Torex Wivboson  [Dzzw
Lﬁ -.X +7 .WZ .Nonprompt e/u @Total bkg. unc. |

- CMS estimates fakes from data in a QCD control

regions with relaxed object ID 1000

500

0
o [stat pd nc. [ Total pred. unc. QOb./pd
o 15 .
S8 1
| o
@) 200 300
\ M, (GeV)
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ATLAS - CMS comparison: results

ATLAS Preliminary

{s =13 TeV, 79.9 fb™

T (fo1) (stat)

2/SS F o A =038 55y  oa3

3¢ . w=093 0% o

47 S w=052 33 oe

16+ 200y | H— @ n=030 g oo

2/SS + 1T,y | H—@— 4 w=049 "o o7

3 +1T.y| 1@ w=043 " 7

combined R n=0.58 tgﬁgg tgﬁgg
G I I BT S

best fit u = ™o for m, = 125 GeV

Combined

2lss + 01,
3l + 0t
2lss + Tt
11+ 27,
2los + 11,
3l + 1,
2| + 27,
4l + 07,
Ol + 27,

1I+1rh

CMS

137 0" (13 TeV)

+0.26 +0.19

) lors (¥ |

_ +0.32
w=1.01 -0.29

+0.43
m=1.53 "

_ +0.54
=062 -0.62

+0.51
n=036"""

+0.85
n=049. 7

+1.11
=152 -0.94

+0.31
W =0.00 5,

w=1.08 *182

-1.25

+2.18
n=2227,

w= 1.80 +2.20

-2.22

® Combined pwn measured with 2015, 2016, 2017 and 2018 dataset:

MttH

NF(ttw)
(to compare
with CMS take
~1.1xATLAS)

NF(ttZ)

Main result ATLAs Alternative fit

0.58 +0.36 .0.33

1.56 +0.30 475(28 LNJ)
1.26 019 5 ,5(22 HNJ)
1.68 +0-30 4,5 (38)

0.70 +0.36 .0.33

1.39 +0.17 016

[SM ref: 727 fb]

0.92 +0.26  ,5

1.43 £0.21

[SM ref: 650 fb]

1.03 +0.14

Best fit w(ffH)

Significance with respect to
background-only
hypothesis = 1.8 (3.10) and
4.70 (5.20) obs (exp)

Compatibility between main
and alternative fit=0.59 o

ttW measured consistently
higher than SM in both
experiments!
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ttH (multif): object definition

® Several "Loose” and "Tight” lepton definitions to optimise the Thad
. . . a
event selection in each multilepton channel , o
Medium BDT ID to reject jets
e 7 (TM, 1T in 1£+27)
L [L*|[T] T | L |L¥| T/T% or > 25 GeV
Identification Loose Tight Loose Medium _ _
Isolation No Yes No Yes BDT to reject el faking T
Non-prompt lepton veto No Yes No Yes
Charge misidentification veto No Yes N/A T-y overlap removal
Material /internal conversion veto No Yes N/A _
Lepton |n| < 247 < 2 < 2.5 b-jet veto
dy|/o <) <3 :
Izg ls/lncg)| < 0.5 mm Thad Vertexis PV
L = Loose
L* =+ Loose isolated Jets pr > 25 GeV

BJets MV2c10 70% WP

T =Tight (PLI isolated + QMisID MVA veto)
T* =+ QMisID MVA veto (el only)
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ttH (multif): event selection

Channel Selection criteria
Common  Njys > 2 and Ny o5 > 1
2SS Two same-charge (SS) very tight (T*) leptons, pp > 20 GeV
No 7,4 candidates
m(£T¢7) > 12 GeV for all SF pairs
13 categories: enriched with ttH, ttW, tt, mat. conv, int. conv.,
split by lepton flavour, charge, jet and b-jet multiplicity
3¢ Three loose (L) leptons with pp > 10 GeV; sum of light-lepton charges = +1
Two SS very tight (T*) leptons, pp > 15 GeV
One OS (w.r.t the SS pair) loose-isolated (L*) lepton, pp > 10 GeV
No 7,4 candidates
m(£707) > 12 GeV and |m(£7¢7) — 91.2 GeV| > 10 GeV for all SFOS pairs
|m(3¢) — 91.2 GeV| > 10 GeV
7 categories: enriched with ttH, ttW, ttZ, V'V, tt, mat. conv, int. conv
4/ Four loose-isolated (L*) leptons; sum of light lepton charges = 0
m(£T07) > 12 GeV and |m(¢747) — 91.2 GeV| > 10 GeV for all SFOS pairs
m(4¢) < 115 GeV or m(44) > 130 GeV
2 categories: Zenr (Z-enriched;1 or 2 SFOS pairs) or Zdep (Z-depleted; 0 SFOS pairs)
1027104 One tight (T) lepton, pp > 27 GeV
Two OS 7y,,q candidates
At least one tight 7,,4 candidate
Njets > 3
205517y, 20SS selection, except: One medium 7y,,4 candidate
Njets > 4
301704 30 selection, except:

One medium 7,4 candidate, of opposite charge to the total charge of the light leptons
Two SS tight (T) leptons
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ttH (multi2): Background composition

ATLAS Preliminary = Sc':/r':-splalr)ompt e E ﬁtorl\ﬁrprompt m
A BB Multi Non-prompt [ Mat Conv
Is= 13- TeV,79.91b [ tFT?gyTIfﬂ'\igh) = I?Ti)?g(lsgvr\;)
- S ® Plus validation regions for
MatC IntC MatC IntC LJ(el) . .
e 2“ e " 5 internal & material
e|ectrons conversions
2¢LJ(e2) 20 LJ(u) 20 tH(u)+ 2/ t(e)+ 2 ttW+ 3 .Q se I e Cti on:

LA pry*(dete)

220 T
- -e- Data = Z+ 7
20 ttH+ 20 HW- 2£ttH - < ogol ATLAS Preliminary mm Mat Conv v, Uncgrtainty ]
Q {s=13TeV, 79.9 b’ ---- Pre-Fit
£ 180} Post-Fit
[0
o 160} % 7
%
a0} 77777
120F
3¢ 100
ttw 3¢tz 3¢vv 3ett 3¢ttH
80
60p
40 A III G0 I GFII G I,
20
2]
- S
o |
< 1E
©
T 05}
[m)]
0 I
Internal Material Very
Conversion Conversion Tight ‘
—— v
T —

Signal Regions
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ttH (multi2): Cut&Count analysis

[ T T 1
Channel  Selection criteria c [ ATLAS Preliminary - D_ata - .
Common  Nigws = 2 and Np jus = | 2 ¢l E=13TeV, 799" ] tew [ t#(z/y")(high) |
2(SS Two SS very tight (T*) leptons, pr > 20 GeV g E 2/ 4 3/ [ tty*(low) [7] Diboson
No 7haa candidates ® | post-Fit Bl QMisID B Mat Conv
m(lotr) > 12 Gev L [ Non-prompt e [] Non-prompt p |
12 categories based on the following criteria: 20U rtaint
+ Number of jets: Njes = 4 or Nijeis > 4 10° 3 |:| Other // ncertainty 3
- Number of b-tagged jets: Np.jets = 1 or Np.jers > 1 ---- Pre-Fit ]
- Flavour of SS leptons: ee, uu or opposite flavour (OF)
3¢ Three light (L) leptons with pr > 10 GeV; sum of light-lepton charges = +1

Two SS very tight (T*) leptons, pt > 15 GeV

One OS (w.r.t the SS pair) loose-isolated (L*) lepton, pt > 10 GeV
No 1,49 candidates

m(€*€~) > 12 GeV for all SFOS pairs

|m(3€) —91.2 GeV| > 10 GeV

12 categories based on the following criteria:

T T T
B iH

Data / Pred.

LjZPeak 3 < Njets < 5; 1 SFOS pair, m(£*€7) € Zyin

HjZPeak Niets > 6; 1 SFOS pair, m(£*{7) € Zyin

LjHmZenr 3 < Njets < 5; m(ol1) > 70 GeV; 1 SFOS pair, m(€*€7) ¢ Zyin

HjHmZenr Niets = 6; m(€pt1) > 70 GeV; 1 SFOS pair, m(£*€7) ¢ Zyin

LiHmZdep_pp 3 < Njes < 5; m(ol1) > 70 GeV; 0 SFOS pair; £ and ¢> positively charged
LiHmZdep_mm 3 < Njes < 5; m(fol1) > 70 GeV; 0 SFOS pair; €1 and £, negatively charged
LjLm1bZenr 3 < Njets < 53 Npjers = 13 m(€oty) < 70 GeV; 1 SFOS pair, m(£Y67) ¢ Zyin
LjLm1bZdep 3 < Njets £ 5; Npojers = 1; m(€pt1) < 70 GeV; 0 SFOS pair

LjLm2bZenr 3 < Nijets £ 53 Np-jers = 2; m(€ol1) < 70 GeV; 1 SFOS pair, m(£7€7) & Zyin
LjLm2bZdep 3 < Njets £ 55 Np-jers = 23 m(€plr) < 70 GeV; 0 SFOS pair

HjLmZenr Niets = 6; m(£ot1) < 70 GeV; 1 SFOS pair, m(£7€7) ¢ Zyin

HjLmZdep Niets > 6; m(£pt1) < 70 GeV; 0 SFOS pair

Zwin = [Mz + 10 GeV], where Mz denotes the Z-boson pole mass.

+0.44 +0.66

A =0.6794 and fi = 0.43

—0.65

(nominal)
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ttH (multif): other checks

® (Cross-check across years

2015+2016 2017
~ N — 0.45
A = 0.68+9% a = 05204

ttW NF also found to be high in both datasets

® Comparison wrt. 36/fb ttH publication [Phys. Rev. D 97 (2018) 072003]

current fit model + ttW fixed to SM and no extrapolation
uncertainties =¥ u consistent with previous result

® Comparison wrt. 36/fb ttW publication [Phys. Rev. D 99 (2019) 072009]

comparable results wrt. Agw = 1.19 £0.26

(expressed wrt. 1.2x YR4)
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ttH (multi€): multinomial classification

® [Explore multinomial classifiers to simultaneously define signal and control regions

- Processes are separated in the space of a multiD observable

1.0
19
- Define CRs and VRs with a topology similar to the SR HW 7
0.8 1 e
12 14 15 16
0.6
“rare” processes, etc. 1 4
11
- 0.4 6 9
. 3 10
Rest groups bins that

N | \© | do not contribute to 2" —
— empty above diagonal ttH and ttW and wn 5 7
081 I.___ because scores add up to 1 8 5
speeds up the
12 14 ‘,‘I 15 \ 16 . 0.0 4 T .
06 algorithm 0.0 0.2 0.4 0.6
1 4N \ 1.0 - ey
e Approximate the n-dimensional space ~ \ B - 19
. 0.4 X [
of the BDT output scores by bins of 3 ; ttw v | "
variable size 0 L 0.8 '
. 0.2 1 S
e |n practice, start with 1 large bin and N : " “ . .
split it according to the density 2 :
00 02 0.4 0.6 058 1.0 0.6 =it
: 1
e Clustering: add a single neighbouring bin to the seed and compute  °*]

analytically the significance again; add the cell giving the largest

Improvement 027
n
Q
S

0.0 -
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Monte Carlo simulation (multilepton)

Process Generator ME order Parton shower PDF Tune
ttH PowHEG-BOX [23,24] NLO PYTHIA 8 NNPDF3.0 NLO [25]/ Al14
NNPDF2.3 LO [48]
(PowHEG-BOX) (NLO) (HErwic7)  (NNPDF3.0 NLO/  (H7-UE-MMHT)
MMHT2014 LO [49))
tHqb MG5_AMC LO PYTHIA 8 CT10 [50] Al4
tHW MG5_.AMC NLO HerwiG++  CT10/ UE-EE-5
CTEQ6L1 [51,52]
ttW SHERPA 2.2.1 MEPS@QNLO SHERPA NNPDF3.0 NNLO SHERPA default
(MG5-AMC) (NLO) (PyTHiA 8) (NNPDF3.0 NLO/  (Al4)
NNPDF2.3 LO)
tt(Z/~") MG5_AMC NLO PYTHIA 8 NNPDF3.0 NLO/ Al14
NNPDF2.3 LO
(SHERPA 2.2.0) (LO multileg) (SHERPA) (NNPDF3.0 NLO) (SHERPA default)
tt — WTbW blT1T MG5_AMC LO PYTHIA 8 NNPDF3.0 LO Al4
tz MG5_AMC LO PyTHIA 6 CTEQ6L1 Perugia2012
tWZz MG5_AMC NLO PyTHIA 8 NNPDF2.3 LO Al4
ttt, tttt MG5_AMC LO PYTHIA 8 NNPDF2.3 LO Al4
ttW W™ MG5_AMC LO PYTHIA 8 NNPDF2.3 LO Al4
tt PowHEG-BOX NLO PYTHIA 8 NNPDF3.0 NLO/ Al4
NNPDF2.3 LO
Single top PowHEG-BOX [53,54] NLO PyTHIA 8 NNPDF3.0 NLO/ Perugia2012
(t-, Wt-, s-channel) NNPDF2.3 LO
VV,qqVV,VVV  SHERPA 2.2.2 MEPS@QNLO SHERPA NNPDF3.0 NNLO SHERPA default
Z =11 SHERPA 2.2.1 MEPS@NLO SHERPA NNPDF3.0 NLO SHERPA default
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Monte Carlo simulation (bb)

Process ME generator

ME PDF

PS

Normalisation

Higgs boson

ttH POWHEGBOX v2
PowHEGBOX v2
MADGRAPH5_aMCQNLO v2.6.0
tHjb MADGRAPH5_aMC@QNLO v2.6.2
tWH MADGRAPH5_aMC@NLO v2.6.2 [DR]

NNPDF3.0NLO
NNPDF3.0NLO
NNPDF3.0NLO

NNPDF3.0NLOnf4

NNPDF3.0NLO

PyTHIAS8.230
HERWIGT.04
PyTHIAS8.230
PyTHIAS8.230
PyTHIA8.235

NLO+NLO (EW)
NLO-+NLO (EW)
NLO+NLO (EW)

(19]
(19]
(19]

tt and single-top

tt

PowHEGBOX v2
PowHEGBOX v2
MADGRAPHS5_aMCQ@QNLO v2.6.0

NNPDF3.0NLO
NNPDF3.0NLO
NNPDF3.0NLO

PyTHIA8.230
HERWIGT.04
PyTHIA8.230

NNLO+NNLL [45,46,47,48,49,50,51]
NNLO+NNLL [45,46,47,48,49,50,51]
NNLO+NNLL [45,46,47,48,49,50,51]

tt + bb POWHEGBOXRES NNPDF3.0NLOnf4  PYTHIAS.230 —
SHERPA v2.2.1 NNPDF3.0NNLOnf4 SHERPA -
tW PowHEGBOX v2 [DR] NNPDF3.0NLO PyTHIA8.230 NLO+NNLL ([52,53]
PowHEGBOX v2 [DS] NNPDF3.0NLO PyTHIA8.230 NLO+NNLL ([52,53]
PowHEGBOX v2 [DR] NNPDF3.0NLO HERWIGT7.04 NLO+NNLL [52,53]
MADGRAPH5_aMC@QNLO v2.6.2 [DR] CT10NLO PyTHIA8.230 NLO+NNLL [52,53]
t-channel PowHEGBOX v2 NNPDF3.0NLOnf4  PYTHIAS.230 NLO [54,55]
PowHEGBOX v2 NNPDF3.0NLOnf4  HERWIGT.04 NLO [54,55]
MADGRAPH5.aMC@QNLO v2.6.2 NNPDF3.0NLOnf4  PYTHIAS8.230 NLO [54,55]
s-channel PowHEGBOX v2 NNPDF3.0NLO PyTHIA8.230 NLO [54,55]
PowHEGBOX v2 NNPDF3.0NLO HERWIG7.04 NLO [54,55]
MADGRAPH5_.aMCQ@QNLO v2.6.2 NNPDF3.0NLO PyTHIA8.230 NLO [54,55]
Other
W+ jets SHERPA v2.2.1 (NLO [2j], LO [4j]) NNPDF3.0NNLO SHERPA NNLO [56]
Z+ jets SHERPA v2.2.1 (NLO [2j], LO [4j]) NNPDF3.0NNLO SHERPA NNLO [56]
VV (had.) SHERPA v2.2.1 NNPDF3.0NNLO SHERPA -
VV (lep.) SHERPA v2.2.2 NNPDF3.0NNLO SHERPA -
VV (lep.) +ij SHERPA v2.2.2 (LO [EW]) NNPDF3.0NNLO SHERPA -
ttWw MADGRAPH5_aMC@NLO v2.3.3 NNPDF3.0NLO PyTHIAR.210 NLO+NLO (EW) [19]
SHERPA v2.0.0 (LO [2j]) NNPDF3.0NNLO SHERPA NLO+NLO (EW) [19]
12744 MADGRAPH5_aMC@QNLO v2.3.3 NNPDF3.0NLO PyTHIA8.210 NLO+NLO (EW) [19]
SHERPA v2.0.0 (LO [1j]) NNPDF3.0NNLO SHERPA NLO+NLO (EW) [19]
ttZ (qq,vv) MADGRAPH5_.aMC@NLO v2.3.3 NNPDF3.0NLO PYTHIA8.210 NLO+NLO (EW) [19]
SHERPA v2.0.0 (LO [2j]) NNPDF3.0NNLO SHERPA NLO+NLO (EW) [19]
titt MADGRAPH5_.aMC@NLO v2.3.3 NNPDF3.1NLO PyTHIA8.230 NLO+NLO (EW) [57]
tZq MADGRAPH5_aMC@NLO v2.3.3 (LO) CTEQ6L1 PYTHIAR.212 -
tWZ MADGRAPH5_.aMC@NLO v2.3.3 [DR] NNPDF3.0NLO PyTHIA8.230 -
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ttH(bb): uncertainties

Uncertainty source Description Components
tt cross-section +6% tt + light
tt + >1b normalisation  Free-floating tt 4+ >1b
tt + >1c normalisation  +100% tt + >1c
NLO matching MADGRAPH5_aMCQNLO+PYTHIA8 vs. POWHEGBOX+PYTHIAS All
PS & hadronisation POwWHEGBOX+HERWIGT7 vs. POWHEGBOX+PYTHIA8 All
in POWHEGBOXRES+PYTHIA8  tt + >1b
ISR . ISR n T B
Varying s (PS), préepp (ME) POWHEGBOX+PYTHIAS tt + >1c, tt + light
in POWHEGBOXRES+PYTHIAS  tt 4+ >1b
FSR : FSR n i B
Varying as™" (PS) in POWHEGBOX-+PYTHIAS tf + >1c, tf + light
tt + >1b fractions POWHEGBOX+HERWIG7 vs. POWHEGBOX+PYTHIAS8 tt + 1b/1B, tt + >2b
p%b shape Shape mismodelling measured from data tt + >1b
Uncertainty source A
tt + >1b modelling +0.25 —0.24
tt H modelling +0.14 —0.06
tW modelling +0.08 —0.08
b-tagging efficiency and mis-tag rates +0.05 —0.05
Background-model statistical uncertainty +0.05  —0.05
Jet energy scale and resolution +0.03  —0.03
tt + >1c modelling +0.03 —0.03
tt + light modelling +0.02  —0.02
Luminosity +0.01  —0.00
Other sources +0.03 —0.03
Total systematic uncertainty +0.30 —0.27
tt + >1b normalisation +0.03 —0.05
Total statistical uncertainty +0.20 —0.19
Total uncertainty +0.36  —0.33
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ttH(bb): input variables BDT (I)

dilepton

Variable Definition SRFY  SRZY  SR3Y
General kinematic variables
mp" Minimum invariant mass of a b-tagged jet pair v v -
myFx Maximum invariant mass of a b-tagged jet pair - - v
mn AR Invariant mass of the b-tagged jet pair with minimum AR | v - v
mi Pt Invariant mass of the jet pair with maximum pr v - E
my, P Invariant mass of the b-tagged jet pair with maximum pr v - v
An, ¥ Average An for all b-tagged jet pairs v v v
Ang‘j”‘ Maximum A7 between a jet and a lepton - v v
AR PT AR between the b-tagged jet pair with maximum pr - v v
Higes 30 Number of b—tagged jet pairs with invariant mass within v v )
bb 30 GeV of the Higgs-boson mass
nj’; Is>40 Number of jets with pt > 40 GeV - v v
Aplanarityb_jet 1.51,, where /12.is thfa second eigenv?lue of the momentum ) v )
tensor [100] built with all b-tagged jets
H%“ Scalar sum of pr of all jets and leptons - - v
Variables from reconstruction BDT
BDT output Output of the reconstruction BDT e e v
m?}fgs Higgs candidate mass v - v
ARH 7 AR between Higgs candidate and ¢ candidate system e - -
ARI"}“; Minimum AR between Higgs candidate and lepton v v v
ARI“{‘“;, Minimum AR between Higgs candidate and b-jet from top v v -
ARI“}?E Maximum AR between Higgs candidate and b-jet from top - v -
ARZIZggS AR between the two jets matched to the Higgs candidate - v -
Variables from b-tagging
Higgs Sum of b-tagging discriminants of jets from best Higgs i v i
b-tag candidate from the reconstruction BDT
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ttH(bb): input variables BDT (ll)

single lepton (resolved)

single lepton (boosted)

Variable | Definition

Variables from jet reclustering

ARy ¢ AR between the Higgs-boson and top-quark candidates

AR, pua AR between the top-quark candidate and additional b-jet
ARy pada AR between the Higgs-boson candidate and additional b-jet
ARp ¢ AR between the Higgs-boson candidate and lepton

MHiggs candidate

Vdi2

Higgs-boson candidate mass

Top-quark candidate first splitting scale [101]

Variables from

b-tagging

Sum of b-tagging discriminants of all b-jets

Ratio of sum of b-tagging discriminants of additional b-jets to all b-jets

Variable Definition SRlzgf3 SR?Z
General kinematic variables
AR} Average AR for all b-tagged jet pairs v v
ARg1 ;" pr AR between the two b-tagged jets with the largest vector sum pr v -
Anj‘}‘a" Maximum An between any two jets v v
mpn AR Mass of the combination of two b-tagged jets with the smallest AR v -
mj'J?‘i“ AR Mass of the combination of any two jets with the smallest AR - v
Higes 30 Number of b-tagged jet pairs with invariant mass within 30 GeV of v v
bb the Higgs-boson mass
HMd Scalar sum of jet pr - v
ARMIn AR between the lepton and the combination of the two b-tagged jets _ %
¢.bb with the smallest AR
Apl . 1.52;, where A, is the second eigenvalue of the momentum
planarity tensor [100] built with all jets
H, Second Fox—Wolfram moment computed using all jets and the lepton
Variables from reconstruction BDT
BDT output | Output of the reconstruction BDT v* v*
ml;,i,ggs Higgs candidate mass v v
MH,biey 10p Mass of Higgs candidate and b-jet from leptonic top candidate v -
ARE Ii)ggs AR between b-jets from the Higgs candidate v v
ARy i AR between Higgs candidate and #7 candidate system v* v
ARy lep top AR between Higgs candidate and leptonic top candidate v -
ARH by 1op AR between Higgs candidate and b-jet from hadronic top candidate - v
Variables from likelihood and matrix element method calculations
LHD Likelihood discriminant v v
Variables from b-tagging (not in SR126j)
Higgs Sum of b-tagging discriminants of jets from best Higgs candidate v v
b-tag from the reconstruction BDT
B}, 3" Jargest jet b-tagging discriminant v v
Bfet 4™ largest jet b-tagging discriminant v v
B> 5" largest jet b-tagging discriminant v v
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ttH(bb): background and p+H 6

-.(L) 1200—! LI | 1T 1T | 1T T T I 1T T T I 1T T T | 1T T -.(L) T T T | 1T T T | 1T T T I 1T T T I T T T | 1T T T -.(L) [ T T T | 1T 1T | 1T T T I 1T T T I 1T T T | T T T ]
§ | ATLAS Preliminary ¢ Data -tfH ] §10000__ ATLAS Preliminary ¢ Data .tfH ] § 1000 ATLAS Preliminary ¢ Data -tEH -
L L Vs=13TeV,139fb" [Wtt+>1b[Jtt+>1c L | {s=13TeV,139f0" [t +21b[Jti + 21c | L - Vs=13TeV,139fo" [t +>1b[Jtt+>1c -
1000~ Dilepton Ett+V [t +li4ttH - Slngle lepton Wttt +V [t +li.,4ttH ~ Single lepton tt+V [ttt +li.,4ttH 7
.S >4’ [ ]Other 77 Uncertainty _| 8000 - SR []Other 7 Uncertainty | 800 | SR octed [[]Other 7~ Uncertainty |
- Pre- F|t T L Pre- F|t | L Pre-Fit i
800[— — i ] L i
I 1 6000~ ® . .
Y E 2 ] 1
_8. 05 T 1 1 T g 8 g I [ = - 8 Og T T T T e e e e g
x 1.25— i 1.25.— i 1.257/%
s Vi // / g 1/// / // /// E: 1
8 075F é 8 075F S 0755— /5
O'50 100 200 500 600 0.50 100 200 300 4 600 O’E?OO 350 600
H|ggs boson candldate P, [GeV] Higgs boson candldate pT [GeV] nggs boson candldate pT [GeV]
ATLAS Preliminary Ot + i, 4ttH @A+ V
Vs=13TeV Ott+>1c @@t +>1b
Single lepton [OOther
ATLAS Preliminary Ot + li.4ttH @+ v SRS, P! € [0,120) GeV SR, P! € [120,200) GeV SR »» P € [200,300)GeV SR, P! [300,450) GeV

Vs =13 TeV Ott+>1c @@+ 21b

Dilepton [COther
SFE“b p €[0,120) GeV SR>4b p € [120,200) GeV SR’% p <[200,300) GeV SR>4b p € [300,0) GeV

SR, P! € [450) GeV SR, P! € [300,450) GeV SR

boostex

o P! €[450)GeV CRY,,

cee~ €Cf=e

Si
CRZAb hi
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ttH(bb): modelling uncertainties

Pre-fit impact on u:

[ 16=0+A0 | 16=10-A0
Post-fit impact on pu.:
Mo =0+A0 p6=1040

—e— Nuis. Param. Pull

tt+>1b: NLO match. SRbin1 ljets
tf+>1b: NLO match. SRbin2 ljets
tt+>1b: FSR

ti+>1b: PS & hadronisation dil
th+>1b: p:b shape

tt+>1b: NLO match. SRbin1 dil
Wit: PS & hadronisation

tt+>1b: NLO match. CR ljets
ttH: NLO matching

Wt: diagram subtraction

tiH: PS & hadronisation

tt+>1b: PS & hadronisation ljets
tt+>1b: ISR

tt+>1b: NLO match. SRbin2 dil
ttH: cross-section (QCD scale)
k(tf+>1b)

tf+>1b: NLO match. SRbin4 ljets
tf+>1b: NLO match. SRbin3 ljets
ttH: A,,, STXS theory unc.

120
Wi: generator

Generator: Powheg+Pythia8 vs aMC@NLO+Pythia8 (5FS)

Parton shower: Powheg+Pythia8 vs Powheg+Herwig7

ptPP shape uncertainty (ad-hoc)

Free-floating normalisation tt+=1b

ATLAS

EXPERIMENT AM

-04 -0.2 0 0.2 0.4

T | T T T | T T T | 1T | 1T | T
ATLAS Preliminary
(s =13 TeV, 139 fb”

n

*—fl'!+ﬁfi!h‘f
+

2 -15 1 -05 0 05 1 15 2
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(6-6,)/A0

ISR (+scale), FSR, tt+1b vs tt+>2b fraction uncertainties

Nuisance parameter (100% prior) tt+=1c normalisation

© 00 N o O A WO N =

N =+ 2 A4 a4 a4 a4 A A A
o © 00 N o o A W N = O

Parton shower: ISR/FSR

tt underlying event
tt hdamp

Scale variations

Nuisance parameters for normalisation
of tt+bb, tt+2b, tt+b, and tt+=1¢c (50%
prior) and decorrelated between years

2016+2017fit  oMS prr N

reliminary u 0.29
ttH (renorm./fact. scales) _ I'—‘—'I : l ;
tf+bb cross section (50%) (2017) '—0"-'
tf+bb cross section (50%) (2016) -—o—- :
multijet (norm) 9 Jets, > 4 b tags (2016) | 1.083°%
tt+cC cross section (50%) (2017) -—o—-
multijet (norm) 8 Jets, > 4 b tags (2016) ' 101898
PDF (gg tiH) !—0—!
multijet (norm) 9 Jets, 3 b tags (2016) 101500
multijet (norm) 8 Jets, 3 b tags (2016) ' 1.00§j:gff
multijet (norm) 7 Jets, 3 b tags (2016) . - 1.007.2:382
multijet (norm) 7 Jets, > 4 b tags (2016) . ' 1.007'1322
jet energy scale (1) l—0—|
b tag charm (linear) (2016) --0—-
tt+2b cross section (50%) (2016) '—0—'
underlying event (tt+bb) (2017) '—0'—'
PS scale: ISR (it+lf) (2017) '—0—'
underlying event (ti+If) (2017) '—."—'
PS scale: ISR (tt+lf) (2016) '—O—'
1st bin multijet MEM modelling (4b) (2016) -—o—o—-
b tag charm (linear) (2017) | . -—o—lu | i
2 1 0 1_ 2 -0f 0 0.1
- Pull [ +1c Impact [[]-1c Impac (0-6,)/A06 Al
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ttH(bb): results

LA L L L R L L L L L AL R L L I B
ATLAS Preliminary Vs=13 TeV, 139 fb™

—Total = Stat. Tot. ( Stat. Syst.)

l+jets resolved |.|...|.| 0.32 fg_':g (f8§12 fgﬁ? )

l+jets boosted I-I!-O—H 0.36 L‘,’gﬁ Cg_'ig ig.'gg )

Dilepton |—|-o-|—| 0.98 1‘,’_‘33 (‘03 073)

Inclusive I-IOI-I 0.43 ff,’;’g (fg.'fg t(()).'gg )

—2 0 2

4

6 8

10

u_=c"/cll for m =125 GeV

1 | 1 T 1 | T 1 1 | 1 T T | T 1 T | 1 T 1 I 1 1 T
ATLAS Preliminary {s=13 TeV. 139 fb™

— Total — Stat. Tot. ( Stat. Syst.)

: +1.42 ,+0.46 +1.34

L%Hﬁemmmem/ e e 11.98 —433(—046-425)

+1.42 ;+0.70 +1.24

utTH p:‘e [120,200) GeV I—|—.—I; i -0.88 -1.44 (—0.68 -1 .27)

+0.91 ,+0.69 +0.59

Han ptc [200,300) GeV H_._H 1.02 _0.86 (Z067 -055)

0.71 0.58 +0.41

M p'e [300,450) GeV k=e—i -0.08 jo_ea (t0.54 t0.42)

+1.41 ;+1.05 +0.95

I'LﬁH p:e [450,0) GeV |-|—.—-| '0-01 1.32 (_091 —096)

. +0.36 ,+0.20 +0.30

Inclusive l ;H.H l 0|-43 _0_|33 (_0_19I _0_27)
-2 0 2 4 6 8 10

u_= ool form =125 GeV

Fully-hadronic

Single-lepton

Dilepton

2016

2017

35.9 b (2016) + 41.5 b (2017) (13 TeV)

CM

S Preliminary

tot

+1.02
-1.06

-0.38

+0.41

1.22 "

+0.74
-0.71

1.04

stat

+0.54
-0.54

+0.19
-0.18

+0.39
-0.38

b
syst

+0.86
-0.91

+0.36
-0.32

+0.63
-0.59

+0.43
-0.41

0.85

+0.44
-0.40

1.49

+0.22
-0.22

+0.21
-0.20

+0.37
-0.35

+0.39
-0.35

Combined

+0.32

1.15 "5

+0.15
-0.15

+0.28
-0.25
T

0 5

NF(tt+=1b) = 1.26 + 0.09

N

Dominated by systematic uncertainties

10

Il = 6/,

Most relevant uncertainties related to tt+=1b
background modelling (Ap/p = 60% and 15%)

Significance w.r.t background-only hypothesis:

1.3 (3.00) and 3.90 (3.50) obs (exp)

- Evidence for ttH in H=>bb channel

First ttH(bb) STXS measurement

- Complements ttH(yy) STXS measurements at
high pH
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ttH(H=>yy): STXS

® First channel to perform ttH measurement . .
differentially ® Dominated by stat uncertainty but overall

compatible with SM predictions
® |eptonic(ttH & tH) and hadronic channels

(ttH & tH) y
CMS 137 fo'' (13 TeV)
® Mixture of multiclass BDT (STXS signal vs £ T o Observed n
= 58 =
other signals) and binary BDTs (STXS signal R s | +1o (stat @ syst) =
Qo — S, 143 —
vs background) SR Tt e _ W oo (sysh)
§ z.emfg;g L TTT06255 ~ SMprediction
® Mixture of Top DNN (ttH vs tH) and BDT L - TS e
- : = " 0.19%% 1" 02407
(STXS signal vs non-Higgs SM background), E by <25 o |_+ L
and final classification based on reco pr(yy) 10" = STXS stage 1.2: minimal o m | "i*“ﬁgﬁ
— J L 700
| I I I I I I | | I I I I I I | I I I | I I I | : mH 1 2538 Gev, pSM 70 / % <m;
ATLAS Preliminary Fe4Total | |Stat. =2 Syst. | SM 107 - N
Vs =13 TeV, 139 fb™ s 2sf 4y
H-yy, m,=125.09GeV Tow Sat Syt | F5 . oFE "
[cut from original] o 15E . | I 3 I | I
H +0.83 ,+0.80 +0.21 9 1? T O s | B E '™ : -.|.- | JE. " JE: 23
tHO<p' <60 I‘_El_l 0.76 -0.70 (-0.68’ _0_17) 'lc—u' 0.5 E_: l | |
1tH 60 < p'! < 120 —=—] 0.72 _*(?fg (j'(?fg, f(?-()‘g) oC OE L i |
I +663 +661 +0-17 E\ N h
1tH 120 <l < 200 —==—] 1.06 054 (0520 -0.14)
aH oM > 200 I +0.53  +0.52 +0.12 O = i = ; T3 § § § §
" T o o 28RBS EE LRR N
tH : = : 085 '541 (210 (.08 S O =2 5 > a o o 2 T A
I ] ] | 1 | ] | I ] ] | ] 1 ] | | ] ] | ] | ] | I < T - - N %I c/\\jl } = v v v E
25 2 5 © 5 T I . 3 & 3
—4 —2 0 2 4 6 8 > 3 ° 8 3 S © © - T — «
o'/l o © > I = I I

Probing top and Higgs in multi? and multib events | Ziirich 12-04-21 | Tamara Vazquez Schréder (CERN) 64



