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Top Quarks and Higgs Bosons

» Top Yukawa coupling (yt=!2m wp/v=1), the coupling between
the two heaviest known particles, is a key parameter of the SM

» Precise measurement of y: probes BSM contributions in Higgs

boson production and decay loops

» So far, all measured Higgs boson properties are well

compatible with SM

» ttH production allows for direct measurement of top Yukawa,

but very challenging to detect

- tiny ttH cross section (O(0.5) pb at 13 TeV), two orders of

magnitude smaller than ggF

- many and complex bnal states and large irreducible backgrounds,

eg ttbb and ttV

» Run-1 ATLAS+CMS results on uttn=otn/osm showed 2.3¢
excess over the SM ttH prediction [ JHEP 1608 (2016) 045]

» Today, presented ATLAS results with 36.1 fb-1 at 13 TeV

Production process | ATLAS+CMS | ATLAS CMS
Run 1. uuw 2.3 07 1908 | 29+19  observed
(:03) (f07) |  (tg3) expected
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http://link.springer.com/article/10.1007/JHEP08(2016)045
http://arxiv.org/abs/1205.6497

ttH Experimental Signatures A@ _

EXPERIMENT

Top Pair Branching Fractions Higgs Boson

R Decays .
alljets” 46% gg,cc, ... Largest branching

Leptonic Pnal states, % ratio, large
backgrounds from background from ttbb

.““"\ t+jets 15% tt. ttV
X WW,Z .
0)
30% 580
15%
exe 15% 4
"dileptons" 0.2%
At least one lepton in the bnal state for Small branching ratio,
trigger and to reduce hadronic background clean signature
(all hadronic used in H —yy,4l) S
» Presented today: Uk by g Mi’Sk
ttH(—bb) 13TeV 36.1fb1 1712.08895 (accepted by Phys.Rev.D.) fo
ttH—multilepton 13Tev 36.1fb1 1712.08891 (accepted by Phys.Rev.D.)
ttH in H—>ZZ*— 4l 13Tev  36.1fb-1 1712.02304 (submitted to JHEP) (in back up slides)
ttH in H—yy 13 TeV  36.1fb1 1802.04146 (submitted to Phys.Rev.D.) (in back up slides)

. Combination 13 TeV 36.1fb1 1712.08891 (accepted by Phys.Rev.D.
D. Zanzi (accepted by Phy )


https://arxiv.org/abs/1712.08895
https://arxiv.org/abs/1712.08891
https://arxiv.org/abs/1712.02304
https://arxiv.org/abs/1802.04146
https://arxiv.org/abs/1712.08891

Challenging Final State O
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[ y
8 T A ; _
t- AH 14 14 8 % = b
- = { ;
i / q —44< 1 4
t ) q q’ I*
R W*%{q:
t : q
- q 4
b § b + mis-
reconstructed
lepton
Process Tiny signal with many Large irreducible background | Huge reducible background
particles in final state (eg ttbb, ttV) (ttbar)
maximise acceptance allowing for multivariate approach (MVA) to dedicated MVA selection to reject
particles not to be reconstructed : . : : .
Strategy : : reduce combinatorics and classify mis-reconstructed leptons while
and categorise events in lepton, ) . ’ . : .
. : e events based on kinematic properties keeping high signal acceptance
jet, b-jet multiplicities
e 1 : : Modelling of ttbb in ttH(—bb) Data-driven estimation of non-
Criticality Modelling of ttH signal and ttV in ttH—multilep prompt background in ttH—multilep
D. Zanzi
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ttH(— bb)
11712.08895]
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https://arxiv.org/abs/1712.08895

Events / bin

Data / Pred.

ttH(—bb): Selection and classiPcation

v

v

- also single lepton Boosted category with high-pt top or Higgs candidates

reconstructed in large-R jet

v

Single lepton and Dilepton channels depending on top decays

Events categorised by lepton, jets and b-tagged jet multiplicities

Overall, tt events are 85-96% of total background

- large irreducible component from tt + Heavy Flavour (HF) quarks

- Control Regions (CR) enhanced with tt+"1b,

to improve background modelling

v

- reconstruct Higgs and top candidates from high combinatorics of (b-)jets

MVA classibPers in Signal Regions (SR) to:

- classify signal vs backgrounds events

Reconstruction BDT
identify jet assignments to
reconstruct top and Higgs

Likelihood
probability for ttH or tt+"1b
hypotheses with 1D
discriminating variable

tt+"1c and tt+light events

Matrix Element Method

signal/background probability
using ME calculation (only in
most sensitive SR)

candidates
T T T T T T T
400F ATLAS ¢ Data mH
1 [Jtt + light [tt + =1c
asol Vs = I13 TeV, 36.1 fo B +alb MV
Sing ]e Lepton ONon-tt 7/ Total unc.
300F SRi --- ttH (norm)

Post-Fit --- Pre-Fit Bkgd.

] 450 ATLAS Y Y Y YoDéta Y .ttH Y

1 |:|tt+llght |:|tt+llc ]
400} Vs =13 TeV, 36.1 fb -tt+|1b Ot +V

SlngIJe Lepton CINon- -t ~/Total unc. ]
SR} --- ttH (norm)
300} Post-Fit --- Pre-Fit Bkgd.
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0 I ! TP o T e . e |

450 T T T T T T T T T
ATLAS ¢ Daa  mtH
4 Ot +light [t +=lc ]
400 S\F |13LTe:/ 36.1fb Wi + =1b Wit + v
mg]e epton ONon-tt 7~ Total unc.]
SRi --- ttH (norm)
300f Post-Fit --- Pre-Fit Bkgd.

250
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Reconstruction BDT output (w/ Higgs info)
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Classibcation BDT

classify signal/background events based on other
MVA outputs, kinematic properties of Higgs and
top candidates, other event kinematic variables
and discrete b- taggmg mformatlon

450
400}
350t

300t

A TLAS

{s =13 TeV, 36.1 fb*

Single Lepton
SR;Y
Post-Fit

Q Data -ttH

[Jtt + light [Jtt+ =1c 1
Wttt +=1b [@tt+V ]
[JNon-tt  “~Total unc.
--- ttH (norm)

50

1.25
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0..............
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Classification BDT output
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ttH(—bb): tt modelling and systematics

» Nominal tt sample simulated at NLO with Powheg+Pythia8
and normalised to NNLO+NNLL cross section

- sample split by number of b and c jets at parton level

- tt+"1b contribution reweighted to ttbb predictions by
Sherpa+OpenLoops (NLO description of kinematics of the

two b-jet, b-quark masses included)

» Normalisations of tt+"1b and tt+"1 ¢ components are free-

[3oating in bt

» Large systematics on tt+"1b from variations in simulation
and from comparison with alternative simulations

- some of these are constrained in bt to data

SHERPA4F
PowHEG+PYTHIA 8

D. Zanzi

Fraction of events

C I l ]

~ ATLAS Simulation 7
. ---0--- POWHEG+PYTHIA8 |
L —o— SHERPA4F 3

- S :
107 E
- ]
10% % Orrrmneg
= ! ! .

2 —o——;
1.5:— —i
ffrbb  f+B  ft+>30

Pre-fit impact on u:
16=0+A0 | |6=0-A0

Post-fit impact on u:
0="0+A8 106 ="0A08

—e— Nuis. Param. Pull

tt+>1b: SHERPASF vs. nominal
tt+>1b: SHERPA4F vs. nominal
tt+>1b: PS & hadronization
tt+>1b: ISR/ FSR

ttH: PS & hadronization
b-tagging: mis-tag (light) NP |
k(tt+>1b) = 1.24 + 0.10

Jet energy resolution: NP |
ttH: cross section (QCD scale)
tt+>1b: tt+>3b normalization
tt+>1c: SHERPASF vs. nominal
tt+>1b: shower recoil scheme
tt+>1c: ISR/ FSR

Jet energy resolution: NP 1I
tt+light: PS & hadronization
Wi: diagram subtr. vs. nominal
b-tagging: efficiency NP |
b-tagging: mis-tag (c) NP |
ET°: soft-term resolution

b-tagging: efficiency NP I

2 -15 -1 -05 0 05 1

-1 -05 0 0.5 1

III|IIII|IIII|[III|IIII|III

ATLAS
{s =13 TeV, 36.1 fb™

15 2
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» Signal extracted from combined Pt of classibcation
BDT output in SRs and event yields in most of CRs

ttH(—bb): Results

» Free-Roating normalisation factors for tt+HF:

- tt+"1b: 1.24+0.10
- tt+"1c: 1.63+0.23

» Obs (exp) excess of 1.4(1.6) o over SM background

» Best-bt yitn=otn/osm=0.84+0-64 g 61

» Precision limited by systematic uncertainty on
tt+"1b simulation

D. Zanzi

ATLAS {s =13 TeV, 36.1 fo
L L I B B B rrrrrrrrrrrt
fot m, = 125 GeV
stat.
tot (stat syst)
Dilepton _0.24 *102+054 +0.87
Single Lepton 0.95 10-65 +0.31 +0.57
(two-u combined fit) e 062 (031 054)
+0.64 , +0.29 +0.57
Combined ~eo— 084 g6 (02 o54)
I llllllll l lllllllllIII[Il
-1 0 1 2 3 4 5 6
Best fit u = o™/clit

Events / bin

Data / Pred.
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F T
= ATLAS

¢ Data B ttH [t + light
f {s=13TeV,36.1fb" [Jtt+>1c [Wtt+>1b Ott+ Vv
= Single Lepton [ JNon-tt // Total unc. ---ttH

[ Post-Fit

1.25
1 @i O S S B 55T oot Drinle Pt Simint ey Dt o AT
0.75
T C/?f/ C/?s/ S/?g S/?s/ S/qboo C/?%y Cms, C‘/?>6, S/?%‘/ S/?>6, SR26
Bligny 215 Weligny 216
Uncertainty source Ap
tt + >1b modeling +0.46 —0.46
Background-model stat. unc. +0.2Y  —0.51
b-tagging efficiency and mis-tag rates +0.16 —0.16
Jet energy scale and resolution +0.14 —-0.14
ttH modeling +0.22  —0.05
tt + >1c modeling +0.09 —0.11
JVT, pileup modeling +0.03 —0.05
Other background modeling +0.08 —0.08
tt + light modeling +0.06 —0.03
Luminosity +0.03 —0.02
Light lepton (e, ) id., isolation, trigger ~+0.03 —0.04
Total systematic uncertainty +0.57  —0.54
tt + >1b normalization +0.09 -0.10
tt + >1c normalization +0.02 —0.03
Intrinsic statistical uncertainty +0.21  —0.20
Total statistical uncertainty +0.29  —0.29
Total uncertainty +0.64 —0.61

CERN
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ttH— multilepton
11712.08891]
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https://arxiv.org/abs/1712.08891

ttH—multilepton: Selection and classibcation

v

Targeted Higgs decays: WW*(=l!l!llqq),"™,2Z*( —IIIlllgq)

- 2 same-sign or "3 charged leptons (e, u,%ad) to reject tt events

7 bnal states categorised in number and Ravour of charged
leptons

v

- additional requirements on (b-)jet multiplicities to reject VV
events

v

Almost all background events from:

- ttW and ttZ, irreducible: same Pnal state

Number of Thad

- tt, reducible: events with non-prompt leptons from HF decay, or
leptons with mis-reconstructed charge ( charge mis-id), or jets
mis-identiPed as hadronic taus (in categories with "1$ had) 1

» MVA lepton selections to reject non-prompt and charge mis-
id backgrounds based on lepton energy deposits and track o
information

1 2
» Event classibed with MVA approaches Number of light leptons
2SS 3/ 4¢ 104+2Taa  205S+1Thaa  200S+17haq 30+1maq
BDT trained against | Fakes and ¢tV tt, ttW, ttZ, VV ttZ /| - tt all
Discriminant 2x1D BDT 5D BDT Event count BDT BDT Event count
Number of bins 6 5 1/1 2 2
Control regions - 4 - - -

D. Zanzi
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ttH—multilepton: Background estimation

» Irreducible background: ttW,ttZ with prompt leptons ttV control regions with 31 events
- rare SM processes only recently observed m j:?;ggé;evygﬁ_lfb_lg;if | Eifﬁ 4; 705 gg‘ﬂiTev;s_ﬁb:gt'i:;‘; 5 ]
(JHEP11(2015)172) opiwen - B Boew 3 Py mon - Howen B
- estimated from NLO simulation (£12%(QCD scale)x4% aof- ; 40é :
25 ER: Z ]
(as)) iz 4 301 =
» Reducible background: mostly tt(+y) events with . [ : ;
mis-reconstructed leptons, difbcult to simulate z DER. s . PE
- different Odata-drivenO estimations used based on Do %% N //)//////////////%// /%%
leptonOs origin and when available data statistics allows ° o= " s
Number of jets Number of jets

- non-prompt leptons from HF decay and conversions

(most critical in 21SS,3) Non-prompt validation regions with 2 ISS events

- data in OsidebandO regions witHoose leptons to model 5 L aras | evaa @ ] s Woaa | med ]
non-prompt events in SR with tight leptons § o ST ean iﬂ‘&gp"’m’“ é?t?'s'd; O iﬁi?pmmp‘ é?(;?'s'd *
E e //Bn:«:r?amty e E 103? S, et 7/D|n::r(t):int " E
- total uncertainties of 20-30%. Estimated non-prompt P e i a P e o
background is 1.5-2 times what predicted by simulation i3 G
- large systematic uncertainty on the different loose-to-tight
rates for electrons from HF decay and conversions :
- charge mis-id background in 2 ISS,2SS+1%ad
. 1
estimated with OS events scaled by charge mis-id rate g = ]
£ : %
measured in Z—ee data Bt |7 W/ - %%/}///// V;
o * Jeff : i’f[ee&}”

D. Zanzi 11


http://link.springer.com/article/10.1007/JHEP11(2015)172

ttH—multilepton: Results &¥.\

v

v

v

v

D. Zanzi

- utw=0.9220.32, utz=1.17+9-2592;

Dominant systematics:
- ttH and ttV modelling

- non-prompt background estimate

- (b-)jet simulation

- same best-bt uwn with 15% larger errors

Many categories still statistically limited

Uncertainty Source I U

t#H modeling (cross section) +020 ! 0.09
Jet energy scale and resolution +018 ! 0.15
Non-prompt light-lepton estimates +0.15 ! 0.13
Jet Bavor tagging and! g identibcation +0.11 ! 0.09
t@V modeling +0.10 ! 0.09
t& modeling +0.08 ! 0.07]
Other background modeling +0.08 ! 0.07
Luminosity +0.08 ! 0.06
t#H modeling (acceptance) +Q08 ! 0.04
Fake ! 1ag estimates +0.07 ! 0.07
Other experimental uncertainties +0.05 ! 0.04
Simulation sample size +Q04 ! 0.04
Charge misassignment +001 ! 0.01
Total systematic uncertainty +0.39 ! 0.30

Obs (exp) excess of 4.1(2.8) ¢ over SM background

Alternative bt with unconstrained ttW, ttZ normalisations:

21 OS + 144
11 + 20504

41

31 + 1l

21 SS + 1l g
3!

21'SS

combined

EXPER

CERN

IMENT

Post-bt yields in all analysis bins
arranged by Iog(s/b)

£ T T ]
2 B ATLAS ¢ Data ]
£ | {s=13TeV, 36.1 b .ttﬂ EM 1)1 6) |
o i ttH (u=
i 10° :—POSt Fit [(]Background —
- 7.Bkgd. Unc. 3
S Bkgd. (u=0) -
i ----Pre-Fit Bkgd. |
10 =
10 .
. 20:||||||| !n !n | I R
Blg 1ol —fH (1 L6) + ]
@2 5 - tiH (H 1) 1
@|® gL - Bkgd. (u=0)
@ [ L
D m O - ,’_ s gy e
25 2 15 -1 05 0
IoglO(S/B)
ATLAS Vs=13 TeV, 36.1fb"
— Tot - Stat. Tot.  ( Stat., Syst.)
+2.1 +16 +14
- IOV EE EORRE o 1.7 % (45 47)
+1.6 +1.1 +11
=t 0.6 75 (Zoss Z133)
+1.3 +1.3 +0.2
A -0.5 09 (—0.85 —0.3)
+1.8 +1.7 +0.6
b @ 1 1.6 1.3 (—1.35 —0.2)
+1.7 +1.5 +09
E--@--d 3.5 (—1.2= —0.5)
+09 +0.6 +0.6
& -H 1.8 57 (Zoss —05)
+0.7 +0.4 +0.5
& H 1.5 56 (Coas —04)
[ O T o - ST ¢ JC B o I S
. : ||.|‘| . 16 A (—O ’ —03)
2 0 2 4 6 8 10 12

Best-fi
est-Tit uﬁH

for m =125 GeV
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ttH Combination
11/712.08891]
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https://arxiv.org/abs/1712.08891

v

v

v

v
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ttH Combination

Combination of ttH(—bb), ttH—multilepton and ttH-
enhanced categories in H—yy [1802.04146] and

H—ZzZ*—4l [1712.02304]

Assumptions:

- tHgb, WtH and other non-ttH processes treated as
backgrounds and bxed to SM predictions

- Higgs decay BR as in SM

Evidence for ttH production at 4.2¢ (exp 3.80)

Best-fit yun=1.17+0.19(stat)+0-27.9 o5(syst)

- 38% compatibility between individual channels and

CERN

ATLAS ™

EXPERIMENT

combination
Uncertainty Source L
t@modeling in H ! B analysis +0.15 " 0.14
t#H modeling (cross section) +013 " 0.06
Non-prompt light-lepton and fake !4 estimates +0.09 " 0.09
imulation statistics +m
Jet energy scale and resolution +008 " 0.07
t&/ modeling +0.07 " 0.07
t#H modeling (acceptance) +Q07 " 0.04
Other non-Higgs boson backgrounds +06 " 0.05
Other experimental uncertainties +0.05 " 0.05
Luminosity +0.05 " 0.04
Jet Bavor tagging +0.03 " 0.02
Modeling of other Higgs boson production modes +M1 " 0.01
|Tota| systematic uncertainty +0.27 " O.23|
iStatisticaI uncertainty +0 .19 " O.19i
Total uncertainty +0 .34 " 0.30

Channel Best-fit u Significance
Observed Expected Observed Expected
Multilepton 1.6 752 1.0 753 4.10 2.80
H — bb 0.8 758 1.0 +gg 1.40 1.60
H — vy 0.6 70¢  1.010% 0.90 1.70
H — 4¢ <1.9 1.0 32 — 0.60
Combined 1.2 03 1.0 793 4.20 3.80
T T T | T T T T T T | T I( tIOtll ) T (IStla.t.l 1 IsyISt.l )
ATLAS (s=13 TeV, 36.1 fb”
—total stat.
fiH 77 — <1.9(68% CL)
ttH yy ==l 0.6 ig_'g ( tg.'g ’ J_,gs )
o 0.6 03 +06
{fH bb - 08 “55 (03703 )
05 03 +0.4
ftH ML b-o-4 16 50 (035235 )
I A, ¥03 [ 4 0.2 +03
ttH combined ko4 1.2 0.3 ( ir0.2 ; i0.2 )
| | | i | | | | | | | | | | | | | | | | | |
-2 0 2 4 6 8 10

Best-fit u_ for m =125 GeV
ttH

Most sensitive channels limited by systematic
uncertainties, mostly theoretical uncertainties.
Other channels still statistically limited

14


https://arxiv.org/abs/1802.04146
https://arxiv.org/abs/1712.02304

Summary ) &)

L 7

EXPERIMENT

» Search for ttH production performed in ATLAS with 36.1 fb -1 of data at 13 TeV

» Challenging analyses:
- very low cross section and high combinatorics of bnal state particles
- heavy use of MVA techniques to efpciently discriminate signal from large backgrounds

- large systematic uncertainties on modelling of signal and irreducible backgrounds,
ttbb and ttV

- Evidence for ttH production at 4.2 (exp. 3.80) — direct evidence for Higgs
to top Yukawa coupling

- sensitivity limited by systematic uncertainties, but some categories still
statistically limited

- Measured cross section: cit1=590+160_150 fb (SM: 61t1=507+35_5¢ fb)

» About 44 fb-1 of additional data still to analyse and one more year of Run 2 data
taking just starting

- precious dataset not only to collect more signal events, but also to improve
background modelling and reduce systematic uncertainties

D. Zanzi 15
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Additional Material
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ttH(—Dbb): Event categories

(lst’ 2nd) jet
b-tagging
discriminant
(3.3)

(4.3)

(5.3)

(4.4)

(5.4)

(5.5)

(lst’ 2nd) jet
b-tagging
discriminant
(3.3)

(4.3)

(5.3)

(4.4)

(5.4)

(5.5)

(1, 2nd) jet  Single Lepton, 5 j
b-tagging

discriminant

Single Lepton, > 6]

(3.9
(4.3)

CRirtight (5.3)

A\

(4.4)

CRi71p CRi+>1c CRiz4p CRis+>1c

T

(5.4)

= |/

SR3 I \

SRy SR, (5.5) | SR SR,

CRirt1ight

/

s\

4

—1

N\

(5.5) (5.4) (5.3) (5.2) (4,4) (4.3) (4.2) (3.3) (3.2) (2.2) (5.1) (4 1) (3, 1) (2. 1) (1, 1) (3", 4th) jet
Z—tagging
iscriminant

(lst’ 2nd) jet
b-tagging
discriminant

CRi1>1c (3.3)

(4.3)
(5.3)

\ CRiiyiight (4.4)

Dilepton, > 4 j Dilepton, 3 j

CRiztight

SR, (5.4)

(5, 5) CRiz>16

SRl SR3

4 3 2 1 3 jet
b-tagging
discriminant

(5.5) (5.4) (5.3) (5.2) (4,4) (43) (42) (3.3) (3.2) (2.2) (5.1) (4 1) (3,1) (2. 1) (1, 1) (3", 4th) jet 5
b-tagging
discriminant

» Dilepton: 2 OS leptons with pt>27,15GeV (m;~mz veto, tau veto), "3jets
and "2 medium b-tagged jets
» Single Lepton: 1 lep with pt>27 GeV (veto events with 2taus)

- Boosted: boosted Higgs (pt>200GeV) or top (pt>250GeV) candidate with
large-R jet, and loose b-tagged jet. Higgs candidate: 2 loose b-tagged jet.
Top candidate: 1 loose b-tagged jet and 1 jet

- Resolved: "5 jets and "2 very-tight b-tagged jets or "3 medium b-tagged jets

D. Zanzi

(5.5) (5.4) (5.3) (5.2) (44) (4.3) (42) (3.3)(3,2) (222) (5. 1) (4 1) (3, 1) (2. 1) (1, 1) (3", 4th) jet

b-tagging
discriminant

b-tagging performance

85—60%
3—35

b-jet efficiency

c-jet rejection

[lei SRl Emile 8 30— 1500

multivariate discriminant based on
information from track impact
parameters and secondary vertices
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ttH(—bb) : Background compositions CER_N/

ATLAS

?_TLAS [Jti+ light [Jii+>1c [+ >1b ?_TLAS [t +light []tf+>1c [t +21b XPERIMENT
s=13TeV - - s=13TeV - -
R tt+V Non-tt
Single Lepton .tt v D Non-t Dilepton . * D on
CR ff+||gh CR f%.+21c CRfij+b C’Rte{+llgh CjoJrzm
SRSZJ SRboosted :t?ghl [ CR>IAE>1C
CRifijllgh CR;6+1>1C CRjﬁer SR?H E SH?H 2 SR124]
SR SR¥ SR
@ 1 | T T | 7, @ @ = | T l@
» [ ATLAS —2 - @ [ ATLAS 12 3
0.05[~ {s =13 TeV, 36.1 fb”! ---318 0.05[~ {s =13 TeV, 36.1 fb”! 1.8
— Single Lepton . ~ Dilepton .
N [ —1.6 B —1.6
0.04— I ] 0.04— ]
B ! —1.4 C —1.4
- | —1.2 N —1.2
0.03— o RERY ] 0.03— :
: : :_ __ 1 ] 1 : _____ ?1
0.02 . —08 0.02 —08
- : T —0.6 - T —0.6
— [] —] - e e T —
0.01— i | —04 0.01— E —0.4
L. . B .
:_|_|_ —0.2 - —o0.2
oF I O Y Y T O R B 1 ok | | | 19
CRS CRY 0/95 SRS SRY SRoonGR 5CR o CRze SRz SR3e SRye CRy  CRy  CRx CR2y SRy  SR3y SRy
ng/? 13y .,. It,,.l ohe L,._\] 1*/,9/7 ff-/.;x,b ﬂ*/(g/)[ [f"‘élc 3 2
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CERN

ttH(—DbDb): Event classibers g\

: : L . : .. EXPERIMENT
Classibcation BDT in dilepton channel Classibcation BDT in single lepton channel

NL S

. . >4j >4j >4j -
Variable | Definition | sR7Y sV spyY Variablo Definition [sres, swo,
General kinematic variables General kinematic variables
mgg‘" Minimum invariant mass of a b-tagged jet pair v v - A Rba;’g Average AR for all b-tagged jet pairs v v
My Maximum invariant mass of a b-tagged jet pair - - v AR PT AR between the two b-tagged jets with the largest vector sum pr v -
mppin AR Invariant mass of the b-tagged jet pair with minimum AR v - v Anpmex Maximum A7 between any two jets v v

J{}““x PT Invariant mass of the jet pair with maximum pr v - - miin AR Mass of the combination of two b-tagged jets with the smallest AR v -
i P Invariant mass of the b-tagged jet pair with maximum pr v - v mjrjpin AR Mass of the combination of any two jets with the smallest AR _ v
Ay Average An for all b-tagged jet pairs v v v N\ Higes 30 Number of b-tagged jet pairs with invariant mass within 30 GeV of v v
Anp Maximum An between a jet and a lepton - v v b the Higgs-boson mass

> had 4 —

ARy PT AR between the b-tagged jet pair with maximum pr - v v Hr Scalar sum of jet pr v
K . L . L min AR between the lepton and the combination of the two b-tagged jets

Higgs 30 Number of b-tagged jet pairs with invariant mass within ARz,bb . - v
N, . v v - with the smallest AR

bb 30 GeV of the Higgs-boson mass : .

pr>40 . . Aplanarit 1.5z, where Ay is the second eigenvalue of the momentum ten- v
Nt Number of jets with pt > 40 GeV - v v p y sor [100] built with all jets

. 1.5\9, where Ay is the second eigenvalue of the momentum )28 S d Fox-Wolf ; ;
; ) ) _ _ 1 econd Fox—Wolfram moment computed using all jets and the lepton
Aplanarityy je; tensor [100] built with all b-tagged jets v : :
Hat Scalar sum of pr of all jets and leptons - - v Variables from reconstruction BDT
BDT output | Output of the reconstruction BDT v v

Variables from reconstruction BDT i

- - My =" Higgs candidate mass v v
BDT output Output of the reconstruction BDT v v v

i MH by op Mass of Higgs candidate and b-jet from leptonic top candidate v -

188° Hig; didat v - v

"eb 1685 candidate mass ~ . ARg:ggs AR between b-jets from the Higgs candidate v v
ARp AR between Higgs candidate and ¢ candidate system v B B ARp 1 AR between Higgs candidate and ¢t candidate system v v
ARUH]? Minimum AR between Higgs candidate and lepton v v v AR 1ep top AR between Higgs candidate and leptonic top candidate v -
AR’}T,},‘ Minimum AR between Higgs candidate and b-jet from top v v - ARH by op AR between Higgs candidate and b-jet from hadronic top candidate - v
A ?lx Maximum AR between Higgs candidate and b-jet from top _ v _ Variables from likelihood and matrix element method calculations

iges . . . LHD . . . . . . / /
AREI) 88 AR between the two jets matched to the Higgs candidate - v - Likelihood discriminant )
MEMp; Matrix element discriminant (in SRlZGJ only) v -
Variables from b-tagging - - - G
Higgs Sum of b-tagging discriminants of jets from best Higgs can- v Variables from b-tagging (not in SRT™)
b-tag didate from the reconstruction BDT - - wiiess Sum of b-tagging discriminants of jets from best Higgs candidate from v v
btag the reconstruction BDT

. . . Bf’et 37 Jargest jet b-tagging discriminant v v

CIaSSII:)c:atlon BDT N boosted Channel Bfet 4" argest jet b-tagging discriminant v v
B> 5th largest jet b-tagging discriminant v v

Variable | Definition ot
Variables from jet reclustering
ARp, AR between the Higgs-boson and top-quark candidates
AR, poaa AR between the top-quark candidate and additional b-jet
ARjy poaa AR between the Higgs-boson candidate and additional b-jet
ARpy AR between the Higgs-boson candidate and lepton

MHiggs candidate | Higgs-boson candidate mass

Vdio Top-quark candidate first splitting scale [101]

Variables from b-tagging

wy_ tag Sum of b-tagging discriminants of all b-jets

w b_tag Jwy. tag Ratio of sum of b-tagging discriminants of additional b-jets to all b-jets
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ttH(—bb): Pre-/Post-Fit Yields

D. Zanzi

Events / bin

Data / Pred.

Events / bin

Data / Pred.

125 ¢

0.75 £

0.5

107
10°
10°

10*

1035

10°

10

1.25

—_

0.75 £
0.5

10k

F T
: ATLAS

¢ Data B tH [ 1t + light
[ 's=13TeV,36.1tb" [Jti+21c [ttt +21b Ottt + Vv
£ Single Lepton [ JNon-tt 7/ Total unc. --ttH

. Pre-Fit
C/?S/ C/?t/ Cl?sf Sl?g/ S/?@ SHbOOSCRtG/ C/~?;s, C/w‘us, SR>6/ S/?%y SRz
*/19/7 +> *,gh I‘~;~>7
3 T T T T T T
 ATLAS ¢ Data WH [ ]tt + light
(s =13TeV, 36.1 b [Jtt+>1c [t +>1b mtt+ Vv
- Dilepton [ ]Non-tt 7/ Total unc. --ttH
e Pre-Fit
F—®
]
oty /7
%%W //// e i
CR CR 5 Chx  CR eq,- S/?§<z/ 8954/ SRy
*/’9/7 21, tlg, he NN °

Events / bin

Data / Pred.

Events / bin

Data / Pred.

125 F

0.75

0.5

107
10°
10°

10*

10%E

102

10

125 F

0.75

0.5

10k

ATLAS

EXPERIMENT

F T
= ATLAS

¢ Data B tH [(]tt + light
f (s=13TeV,36.11b" [Jtt+>1c [Ett+>1b mtt+ Vv
: Single Lepton [ JNon-tt 7/ Total unc. --ttH
- Post-Fit
C/:,as, C,q/ 0,95, 8,92, S/:,»s, S/?bOOS C/?\e/ C,q%/ C,Q>67 S,q>6/ S/:,uel Sg;sj
2‘*/,9/7 *;7 t*/,gh ~/~>7
F T T T T T T
| ATLAS ¢ Data B ttH [t + light
Fs=13TeV,36.11b" [Jtt+>1c [@tt+>1b mtt+ VvV
i Dilepton [ JNon-tt 7/ Total unc. --ttH
e Post-Fit
—® .
e
; o e °
3 [ ; | ] I |- ---------- :
& el Nk > o, e iirra b oL, /- z
- ¢
CR 3 CRy CRzy  CRxy SRy SRzy SRy
T ligny 21 gy ey
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ttH(—bb): Pre-/Post-Fit Yields

)

ATI AS

‘CERN ;
\\ S

c T T T T T T T T T T T T T T T T T T T T T T
a ATLAS eData  HtH a00} ATLAS e Data  mtiH 16001 ATLAS eData  ttH 160F ATLAS eDara  mH 1 ATLAS e Data  HtH
@ (s=13Tev,36.1fp?  Lltt+light [Jtt+=lc [s=13Tev, 361t  Ott+light [tt+=1c (5=13Tev, 361 M  CJit+light [Ott+"1c (s=13Tev,36.1fpt  Jit+light [Ott+"1c  s=13Tev,36.1fpt Ott+light [tt+=1c |
S 400 Single L mti+=1b mti+Vv 1 800} Single L mtt+=1b mti+V 1 1400} Single L mti+"1b mtE+Vv 1 1401 Single L mtt+"1b mt+Vv 1 250 Single L mtt+=1b mti+V
o |n>%je epton [JNon-tt  ~Total unc. '”96;3 epton [JNon-t  ~Total unc. 'ngeje epton [JNon-t  ~Total unc. '”gj e Lepton [ONon-tt 7~ Total unc. 'ngogsteipton [JNon-tt  “~Total unc.
SRt --- ttH (norm) ] 700k SR2 -~ ttH (norm) 1 1200t SR3 --- ttH (norm) ] 120} SRy -~ ttH (norm) 1 SR -~ ttH (norm)
Post-Fit Post-Fit Post-Fit Post-Fit 200} post-Fit ]
600 ” 1 1000} . 100 oo ]
250 R 500F st 7 7 I ]
80— 1T TR, T e 1, e
600F ] 00— U ]
0\\1\\\\\\\\\\\\\\\\\\\
B i 125} 1.25
¢ 1 _é_féﬁ"(;'% % 45 1 remps A 1 O e O e g 1 5 1;%%%%/?%%%%}%%%%}%
g o5t 075} 075} 075} 075
o o5 05 05 05 05
1 -08 -06 -04 02 0 02 04 06 08 1 ~1 -08 -0.6 -04 -02 0 02 04 06 08 1 11 108 106 !104 102 0 02 04 06 08 1 11 108 106 !04 102 0 02 04 06 08 1 -03 -02 -01 0 01 02 03
Classification BDT output Classification BDT output Classification BDT output Classification BDT output Classification BDT output
c T T T T L T T T T L T T T T T T L T T T T T T T
a8 450 ATLAS o Data WttH 900 ATLAS o Data mttH 1600 ATLAS o Data mttH 160r ATLAS o Data mttH 1
= Foe 1 Oti+light Ot +=1c ] P 4 [Otf+light Ot + =1c _ 1 [Jtt+light O+ =1c _ 4 [OJtt+light [OJti+"1c
= 400l \(g |13LTeV’ 3611 m+=1b @E+V ] 800l ? _|1 SLTeV‘ 36.11b mi+=lb @i«v | \(g |13LTeV’ 3611 mt+=1b @E+v | 140} ‘E |13LTeV' 36.1fb W+ @E+Vv
o Sln}geje epton [JNon-tt  ~Total unc. '”geje epton [JNon-i  ~Total unc. Slngeje epton [JNon-tt  ~Total unc. S|ngj e Lepton [JNon-t 7~ Total unc.
b SR ---ttH (norm) ] | SR2 ---ttH (norm) ] SR3 ---ttH (norm) 120} SRT --- ttH (norm) 1
350 _ 700 _ 1200% _ ] _
Pre-Fit Pre-Fit Pre-Fit Pre-Fit
1000¢ %/ ] 1001 ]
""""""""""""" @
J;/'//// .....
-
----- Pre-Fit
50 2
R c NI T TS T S M T Wl o S s e s e e ——— ——————— —| — c — — — — P S —— | O + e by i
© B
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S A 1 T 5 T
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fa}
921708 —06 04 02 0 02 04 06 08 1 1 -08 -06 -04 -02 0 02 04 06 08 1 991708 —06 04 02 0 02 04 06 08 1 %31 108 106 104 102 0 02 04 06 08 1
Classification BDT output Classification BDT output Classification BDT output Classification BDT output
£ 250 T T T T T T T T Al T T T T ] [V} 7 IS L B e L By B L B L
S ATLAS ¢ Data ~ mWtH 600 ATLAS ¢ Data ~ mmttH 1 00 aTLAS ¢ Data  UH s 10F ATLAS & Data E
2 ls=13Tev,36.1fp  LJit+light [tt+=1c s=13Tev,36.1fp" LIt +light [Ott+ e ls=13Tev,361fp  LJU+light [+ "lc 2 F . .
S Dileot ’ mtt+=1b @ti+V Dilent ’ Wi+ 1o Mmi+V 00l Dilent ' mi+"1b m@i+v £ s fs=13TeV, 36.1 b B tiH (v =0.84) g
I 200r l§4pj on ONon-tt 7/ Total unc. ] 500F |e"aj0n ONon-tt ~ ~Totalunc.{ ' 'E.".Bjon ONon-tt 7/ Total unc. o 100, fH ( fit ~2.0) =
SR SR2 -~ fiH (norm) SR3 - ttH (norm) ] E Hogo exar =) 3
Post-Fit 400! PostFit 00| Post-Fit 1 - []Background .
L 4 5[ —]
150¢ . 10 = 7/, Bkgd. Unc. 5
300 100 = e eneeanes ] C _.—l_._|+ ---- Bkgd. (u=0) ]
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200 00 ] F ]
3
50 107 =
100 00 ] E 3
.0 ttH (bb) Combined -
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he) o = |
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e S
Classification BDT output Classification BDT output Classification BDT output g2 OW
Slm £ . ‘ . . . ‘ . . 7]
-2 26 24 22 2 -18 16 14 12 -1 -08

D. Zanzi

Iogm(S/B)

21



ttH = multilepton: Selections

ATLAS ™

EXPERIMENT

CERN

2155 3! 4! 1'4+2"had 21 SS+1"had 21OS+1"had 3'+1"had Total
Ax#[10 7] 23 13 0.640.1 2.3 1.7 7.8 0.8 50
2!SS 3 4 U+2"a0 21SS+1"mag  210S+1"hg  3+1"hag
Light lepton 2T* 1Lx 27 2L, 2T 1T 2T* 2L 1L, 2T
"had oM oM b 1T, 1M M M M
Njets» Npjets | ! 4,=1,2 t 2,0 1 I 2,1 3! 1 4,1 1 LG T A 211
Channel Selection criteria e o
Common Nijets > 2 and Np_jers > 1 L LT L* T T* L Lf L*/T/T*
20SS Two very tight light leptons with pr > 20 GeV Isolation No | Yes No | Yes
Same-charge light leptons Non-prompt lepton BDT No ‘ Yes No ‘ Yes
Zero medium m,,q candidates Identification Loose \ Tight Loose
Niets > 4 and Npjets < 3 Charge misassignment veto BDT No | Yes No
3¢ Three light leptons with pr > 10 GeV; sum of light-lepton charges +1 Transverse impact parameter significance, |do|/o4, <5 <3
Two same-charge leptons must be very tight and have pp > 15 GeV Longitudinal impact parameter, |zo sin 6 < 0.5 mm
The opposite-charge lepton must be loose, isolated and pass the non-prompt BDT
Zero medium m,aq candidates
m(+ ) > 12 GeV and [m(£*¢' ) — 91.2 GeV| > 10 GeV for all SFOC pairs
|m(30) — 91.2 GeV| > 10 GeV > T ATLAS - 7 T ATLAS ]
44 Four light leptons; sum of light-lepton charges 0 _§ 1— {s =13 TeV, 36.1 b e ,é 1— Vs =13 TeV, 36.1 o —
Third and fourth leading leptons must be tight = - oS - E - e M
m(£te' ) > 12 GeV and [m(£+¢' ) — 91.2 GeV| > 10 GeV for all SFOC pairs 0.9~ e = 0.9~ _-0-._:9: =
Im(4€) — 125 GeV| > 5 GeV = —o - C - ]
Split 2 categories: Z-depleted (0 SFOC pairs) and Z-enriched (2 or 4 SFOC pairs) 08—, — - 08— o -
144-2Thaq One tight light lepton with pp > 27 GeV . Z>pp - - o 2! ee 3
Two medium 7,4 candidates of opposite charge, at least one being tight 0.7 -e-Data — 0.7~ —e-Data —
]Vjcts > 3 : —--MC - E_._ - MC E
20SS4+1mhaqa  Two very tight light leptons with pr > 15 GeV o 06— - 5 0.6 —
Same-charge light leptons = ¢ T — . = ¢ S
One medium 7,4 candidate, with charge opposite to that of the light leptons g 0 9: —— ¢ [ Stat. only | Syst. @ Stat. g 0 Q'F—O—+ [ Stat. only [ Syst." Stat.
. S 0. ‘ S o
%?tese)zfgw GeV| > 10 GeV for ee events 10 20 30 40 50 6070 100 15 20 30 40 50 6070 100
200S+17,,q9 Two loose and isolated light leptons with pr > 25, 15 GeV Muon p_ [GeV] Electronp_ [GeV]
One medium 7y,,q candidate
Opposite-charge light leptons
One medium 7,,q candidate
m(t ) > 12 GeV and [m(¢+¢' ) — 91.2 GeV| > 10 GeV for the SFOC pair
]Vjets > 3
30+1Thaq 3¢ selection, except:

One medium 7,,q candidate, with charge opposite to the total charge of the light leptons

The two same-charge light leptons must be tight and have pr > 10 GeV
The opposite-charge light lepton must be loose and isolated

D. Zanzi
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ttH = multilepton: Classibcation

D. Zanzi

ATLAS

EXPERIMENT

Variable

21SS

3

4

1142 "had

201SS+1"had 21OS+1"had

Lepton properties

Leading lepton pr

Second leading lepton pr

Third lepton pr

Dilepton invariant mass (all combinations)
Three-lepton invariant mass

Four-lepton invariant mass

Best Z-candidate dilepton invariant mass
Other Z-candidate dilepton invariant mass
Scalar sum of all leptons pr

Second leading lepton track isolation
Maximum |#| (lepton O, lepton 1)

Lepton Ravor

Lepton charge

Jet properties

Number of jets

Number of b-tagged jets

Leading jet pr

Second leading jet pr

Leading b-tagged jet pr

Scalar sum of all jets pr

Scalar sum of all b-tagged jets pr

Has leading jet highest b-tagging weight?
b-tagging weight of leading jet
b-tagging weight of second leading jet
b-tagging weight of third leading jet
Pseudorapidity of fourth leading jet

had

Leading "had Pr

Second leading"hag pr

Di-"haa iNvariant mass

Invariant mass "nhag Pfurthest lepton

Angular distances

I R(lepton 0, lepton 1)
I R(lepton 0, lepton 2)
I R(lepton O, closest jet)
I R(lepton 0, leading jet)
I R(lepton 0, closest b-jet)
I R(lepton 1, closest jet)
I R(lepton 2, closest jet)
Smallest | R(lepton, jet)
Smallest ! R(lepton, b-tagged jet)
Smallest ! R(non-tagged jet, b-tagged jet)
I R(lepton 0, "had)
I R(lepton 1, "had)
Minimum ! R between all jets
I R between two leading jets
miss

%T miss

Missing transverse momentum EJ
Azimuthal separation ! $(leading jet, %T

Transverse mass leptons H/Z decay) - Pr miss

miss

Pseudo-Matrix-Element

CERN
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ATLAS Elg mis-id  [JtEw
_ ttz [ Diboson
Is =13 Tev B Fake 7, , E@Non-prompt
[]Other
2SS 3¢ SR 4¢ Z'enr. 4¢ Z'dep.

P

2¢SS +1! g

3¢ ttz CR

U

3¢ ttw CR 32 VV CR 3¢ ttCR
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ttH— multilepton: Background

Channel Region

Selection criteria

20SS
(30)

€real

€fake

2 < ]Vjets <3 and Nb—jets >1

One very tight, one loose light lepton with pr > 20 (15) GeV
Zero Thaq candidates

Opposite charge; opposite flavor

Same charge; opposite flavor or uu

40

Either

or

1 S ]\Tjets S 2

Three loose light leptons; sum of light lepton charges +1
Subleading same-charge lepton must be tight

Veto on 3/ selection

One SFOC pair with [m(¢*¢7) —91.2 GeV| < 10 GeV
Emiss < 50 GeV, mr < 50 GeV

No SFOC pair

Subleading jet pr > 30 GeV

20SS+1Thaq

2 < ]Vjets <3 and Nb—jets >1

One very tight, one loose light lepton with pp > 15 GeV

A SFSC pair

|m(ee) —91.2 GeV| > 10 GeV

Zero or one medium m,,q4 candidate, opposite in charge to the light leptons

1042704

-]Vjets > 3 and Nb-jets > 1

One tight light lepton, with pp > 27 GeV

Two Thaq candidates of same charge

At least one m,,q4 candidate has to satisfy tight identification criteria

2£OS+1Thad

Two loose and isolated light leptons, with pr > 25, 15 GeV
One loose m,,q candidate

Im(£t¢~) —91.2 GeV| > 10 GeV and m(£T{~) > 12 GeV
]Vjets > 3 and Nb—jets =0

2SS 3 4! U+2"hag  201SS+1"hag 200S+1"hag 31+1"hag
Non-prompt lepton strategy DD DD semi-DD MC DD MC MC
(MM)  (MM) (SF) (FF)
Fake "hag Strategy b b b DD semi-DD DD semi-DD
(SS data) (SF) (FF) (SF)
Control Region Selection
nght lepton 1T 1L \ 3L 1T 1T* 1L 2L b
"had oM \ 1T, 1M 1M 1L b
Njets 2! Njers ! 3 \ 1! Njers ! 2 "3 2! Njes ! 3 "3 b
N piets ! =0 )

D. Zanzi

estimation

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

EXPERIMENT

[ other

[ conversions

=3 J-

[ light quark+gluon
[ c-quark

B b-quark

3le 3l

Vs =13 TeV
[ other
[l clectron

@3 gluon

[Jc-quark
@ b-quark

3y
SR

2/08./.

<o
Tog Ot

ATLAS Simulation

[@™light quark

2 1/
" Sk éis*ﬁrsu;#Q%'CV?

CERN

21SSe+1! 2ISSp+1!

7/*21_ S,q
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ttH— multilepton

A

L

S

EXPERIMENT

Systematic uncertainties on tt+jets modelling

CERN

NS

Systematic source

Description

tt categories

tt cross-section
k(tt + >1c)
k(tE + >1b)

Up or down by 6%
Free-floating ¢t + >1c normalization
Free-floating tt + >1b normalization

All, correlated

tt + >1c
4+ >1b

SHERPASF vs. nominal
PS & hadronization
ISR / FSR

Related to the choice of NLO event generator
PowHEG+HERWIG 7 vs. POWHEG+PYTHIA 8
Variations of uRr, pr, hdamp and Al4 Var3c parameters

All, uncorrelated
All, uncorrelated
All, uncorrelated

tt + >1c ME vs. inclusive MG5_aMC@QNLO+HERwWIGH+: ME prediction (3F) vs. incl. (5F) ¢t + >1c
tt + >1b SHERPA4F vs. nominal  Comparison of t£ + bb NLO (4F) vs. POWHEG+PYTHIA 8 (5F) tt + >1b
tt + >1b renorm. scale Up or down by a factor of two tt+ >1b
tt + >1b resumm. scale Vary pq from Hrt/2 to pevmps tt + >1b
tt + >1b global scales Set pq, pRr, and pr to pcvmps tt +>1b
tt + >1b shower recoil scheme Alternative model scheme tt + >1b
tt + >1b PDF (MSTW) MSTW vs. CT10 tt + >1b
tt + >1b PDF (NNPDF) NNPDF vs. CT10 tt +>1b
tt + >1b UE Alternative set of tuned parameters for the underlying event tt+ >1b
tt + >1b MPI Up or down by 50% tt+ >1b
tt + >3b normalization Up or down by 50% tt + >1b

D. Zanzi
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CERN

ATLAS "

EXPERIMENT

ttH— multilepton

Process Event generator ME order Parton Shower PDF Tune
teH MG5 _aMC NLO Pythia 8 NNPDF 3.0 NLO [71] Al4 Post-bt yields in all categories

(MG5 _aMC ) (NLO) (Hemwig++ ) (CT10[72]) (UE-EE-5) c T T T T T T T T T

. o E ¢ Data B ttH

tHgb MGS5 aMC LO Pythia 8 CT10 Al4 = [ ATLAS W 0 iz
tHW MG5 _aMC NLO Herwig++ CT10 UE-EE-5 S joi| 5=13Tev,36.1 M0 [ Diboson [ Non-prompt
e MG5 _aMC NLO Pythia 8 NNPDF 3.0 NLO Al4 @ f PostRit B g mis-id [CJOther

(Sherpa 2.1.1) (LO multileg) ( Sherpa ) (NNPDF 3.0 NLO) ( Sherpa default) [ W Fake 7, 7, Uncertainty
tgz/ * —=11) MG5_aMC NLO Pythia 8 NNPDF 3.0 NLO Al4 10°} -+ Pre-Fit Bkgd.

(Sherpa 2.1.1) (LO multileg) ( Sherpa) (NNPDF 3.0 NLO) ( Sherpa default) :
tZ MG5 _aMC LO Pythia 6 CTEQ6L1 Perugia2012 102
tWZ MG5 _aMC NLO Pythia 8 NNPDF 2.3 LO Al4
td, tdo MG5 _aMC LO Pythia 8 NNPDF 2.3 LO Al4 -
tavV "W MG5 _aMC LO Pythia 8 NNPDF 2.3 LO Al4 10
t@ Powheg-BOX v2 [73] NLO Pythia 8 NNPDF 3.0 NLO Al4d i
t@ MG5 _aMC LO Pythia 8 NNPDF 2.3 LO Al4 1
s-, t-channel, Powheg-BOX vl [74,75,76] NLO Pythia 6 CT10 Perugia2012
Wt single top i
VV(— IIXX), Sherpa 2.1.1 MEPS NLO  Sherpa CT10 Sherpa default 107 . . . . .
qqVyV, VvV PP ' ' ' ' '
Z [*1- her 2.2.1 MEPS NL her NNPDF 3.0 NL her faul N :

- Sherpa SNLO _ Sherpa 3.0 NLO Sherpa_default S m«/%)/////}////)////W////(//W ////l%% Ftee Toanas
2 075 F
Category Non-prompt  FaKga.q g mis-id ttw ttz Diboson Other Total Bkgd. ttH Observed e 05 . . . . . . . ! . .
Pre-bt yields 228 37 gp Sryn, Srirs O 1y, S a 0Ss, ay, Yy F o 1745, 20
2'SS 233x 39 ) 33 £11 12318 414x56 25 15  284:59 48438  426:4.2 514 S 798 T @ on W oR'IOR S, They Sen, < ophey TS,
3" SR 14.5+ 4.3 1) 1) 55+1.2 12.0+61.8 12 +12 58 +14 39.1+52 112+16 61
3"tfWCR  13.3+4.3 ) 1) 19.231 87 =11 <02 453+ 092 465:54  4.18+0.46 56
3"tfZCR 3.9 +25 1) 15) 27:056 66 +11 84 +53  129+42 93 +13  3.17+0.41 107
3"VWCR  27.7+87 1) 1) 49+1.0 21.3+34 51 +30 17.9+6.1 123+32  1.67+0.25 109
3"tf CR 70 +17 15) D 105815 79+11 72+48 73 +19 103+17  4.00+0.49 85
4" Z-enr. 0.11+ 0.07 1) 15) <001  152+023 043:023 0.21+0.09 2.26+0.34 1.06+0.14 2
4" Z-dep. 0.01+0.01 b b < 0.01 0.04+0.02 <0.01 0.06+0.03 0.11+0.03 0.20+0.03 0
1"+2! hag 1)) 65 +21 15) 009009 33+1.0 13+10 098035 71 +21 43 +1.0 67
2"SS+1p,g 2.4 +14 1.80+0.30 0.05:0.02 0.88+0.24 1.83:0.37 0.12+0.18 1.06:+0.24 8.2 +1.6  3.09+0.46 18
2"0S+1hag 1) 756 + 80 15) 65+13 11.4+19 20+13 58 +15 782+81 14.2+2.0 807
3"+1 hag 1) 0.75+ 0.15 1) 0.04-0.04 1.38:0.24 0.002:0.002 0.38:0.10 2.55:0.32 1.51+0.23 5
Post-bt yields

2"SS 211+ 26 [5) 28394 127+18 429+54  20.0+6.3 285:57 459 +24 67 +18 514
3" SR 13.2+3.1 ) 1) 58+1.2 12.9+16 12 +11 59 +13 39.0=+40 17.7+4.9 61
3*tfWCR  11.7+ 3.0 1) 1) 20.43.0 89 +10 <02 454+ 088 456 +40 6.6 +1.9 56
3"tfZCR 35 =21 1) 1) 282056 70486 7.1 +30 13.6+42 974 +86 51 +14 107
3"VWCR  224+57 ) ) 50%0.94 22.0:30 39 =11 18.1+59 106.8:9.4 2.61+0.82 109
3"tfCR 56.0+ 8.1 1) 1) 10214 81+10 59=+27 71+18 878+79 63+18 85
4" Z-enr. 0.10+ 0.07 ) 15) <001  1.60+0.22 0.37£0.15 0.22:0.10 2.29 +0.28 1.65+0.47 2
4" Z-dep. 0.0+ 0.01 1)) 1) <0.01  0.04+0.02 <0.01 0.07+0.03 0.11 +0.03 0.32+0.09 0
1"+2hag b 58.0+ 6.8 b 0.1%0.11 3.31+0.90 0.98+0.75 0.98:0.33 634 +6.7 6.5 +20 67
2"SS+1p,g  1.86+0.91 1.86+0.27 0.05:0.02 0.97+0.26 1.96:0.37 0.15:0.20 1.09+0.24 7.9 +1.2 51 +1.3 18
2"0S+1 hag D 756 + 28 15) 66+13 115+1.7 164+092 6.1 +15 782 +27 21.7+59 807
3"+1lhad 1) 0.75+ 0.14 1) 0.04:0.04 1.42+0.22 0.002:0.002 0.40:0.10 2.61 +0.30 2.41+0.68 5
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ttH—multilepton: Systematics

Systematic uncertainty Type Components
Luminosity N 1
Pileup reweighting SN 1
Physics Objects
Electron SN 6
Muon SN 15
"'had SN 10 Pre-fit impact on p: "
Jet energy scale and resolution SN 28 L R 1= 4015 #01 #0005 O 005 01 0.5
Jet vertex fraction SN 1 L . L B e LN LA e o B
Jet flavor tagging SN 126 Post-it Im.PaCt on H- "
Emiss SN 3 ! :r+ T‘ | :r- r ATLAS .
TotTal (Experimental) - 191 —e— Nuis. Param. Pull ts=13 TeIV, 3610 . .
Data-driven non-prompt/fake leptons and charge misassignment #tH cross section (scale variations) :
Control region statistics SN 38 Jet energy scale (pileup subtraction)
Light-lepton e Lciehcies SN 22 Luminosity
Non-prompt light-lepton estimates: non-closure N 5
"_conversion fraction N 5 Jet energy scale (flavor comp. 2! SS)
Fake !hag estimates N /SN 12 Jet energy scale variation 1
Electron charge misassignment SN 1 ttW cross section (scale variations)
Total (Data-driven reducible background) - 83 ttZ cross section (scale variations)
ttH modeling lhaq identification
Cross section N 2 ttH cross section (PDF)
Renormalization and factorization scales S 3 ttH modeling (shower tune)
Parton shower and hadronization model SN 1 Flavor tagging c-jet!
Higgs boson branching fraction N 4 had
Shower tune SN 1 tt!! cross section
ttw modeling 3! Non-prompt closure
Cross section N 2 ttW modeling (generator)
Renormalization and factorization scales S 3 Non-prompt stat. in 4th bin of 3! SR —_—o—-—
Matrix-element MC event generator SN 1 R T P P DR P P
Shower tune SN 1 # #15 #1 #05 0 0.5 1 1.5 2
ttZ modeling (-t !
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
Shower tune SN 1
Total (Signal and background modeling) - 41
Total (Overall) - 315
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ttH—multilepton: Post-bt yields in SRs
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EXPERIMENT

.E 4 _\ T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ T \7\ ‘ 1T T \_ 35 TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTT \J TTTT ‘ TT \\_ 3 B _ i __ _ __
2 10F Atias ¢ Data  [HtiH 3 L ATLAS # Data M ttH . L ATLAS ¢ Data et 1 8 aTLAs ¢ Data MtiH ]
n o AW iz 3 LOttw mttz ] L L, Otz @ Non-prompt » A . .
£ - (s=13TeV, 36.1 fb[] = ] F {s=13TeV, 36.1 fb EIDiboson [ Non-prompt - [ {s=13TeV, 36.1 ™ other ~/ Uncertainty - - {s=13TeV, 36.1 o []tiZ [piboson
2 [ 21ss [@Diboson  @Non-prompt ] 30" 31 sR ] Other ~Uncertainty 4 2°[ 41 Zidepleted --- Pre-Fit Bkgd. ] ’E 41 Zienriched [INon-prompt[[] Other E
5| Post-Fit Mg mis-id  [[JOther | C Post-Fit --- Pre-Fit Bkgd. -  Post-Fit ] C Post-Fit 77 Uncertainty --- Pre-Fit Bkgd. ]
10 g 77 Uncertainty --- Pre-Fit Bkgd. § 251 . N ] 6 —
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2 35F (s=13Tev, 36,1 fo SV itz . L V{s=13TeV 361fb'1D“W Buz - | (s=13Tev 361t iz | " {s=13TeV, 36.1 fot[JtiZ [Jother ]
S - is= ev, sb. [ Diboson Mg mis-id - B - eV, so. [ Diboson [JOther 7 3 $= ev, sb. @ Diboson []Other r S= ev, sb. ]
& - 2! SS+1lpag [JOther [ Non-prompt " 21 OS+1lhag WFake ", Uncertainty | L07F 11 +2lpg MFake ", 7/ Uncertainty J 12 3! +1had -Non-pro-mpt. Fake -’ had |
30F Post-Fit WFake ",,, 7/ Uncertainty %k Post-Fit -- Pre-Fit Bkgd. - T Post-Fit --- Pre-Fit Bkgd. ] - Post-Fit 77 Uncertainty ---Pre-Fit Bkgd. -
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ttH in H—=yy and H—=ZZ*— 4l

» All top pair decays included
» H—A4L:

- Higgs boson candidate with 118<m 4<129 GeV

- ttH-enriched selection: "1 b-jet and "4 jets or

1+"2jets

- No event observed: uw<7.5 at 95%CL

» H—yy:

- ttH categories:

- ttH, tHg and tHW productions btted together,
assuming relative ratios as in SM

- Lep: "1 | (with Z-mass veto) + "2jets + "1b-jet

- Had: "3jets + "1b-jet . Events further categorised

using BDT

» Measurements statistically limited

D. Zanzi
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> L e B S s B B B Sy
§ o ¢ Data ATLAS =
2 O e Background (s =13 TeV, 36.1 fb* 3
% ,F — Signal + Background m, =125.09 GeV 3
g f — Signal In(1+S/B) weighted sum 7
' 6 ;— ttH+tH Categories —;
5 =
af =
3 .
T N N E
1 =
. .+.T.5
2 4 =
:
g 2 =
P o RN
E O AT
110 120 130 140 150 160
m .[GeV]
1 I UL I L I L I L I UL I LI | LI I L]
— ATLAS
(s=13TeV, 36.1fb" —e— Total —*— Stat.
— H-— vy, my= 125.09 GeV Total Stat. Exp. Theo.
+0.6 +06 +01 +0A1
— e Mgp = 0.5 _os [—0.5 -01 -00 ]
PO (N TN TN U W NN N TN TN TN (NN TN UNNNN NN WO NN WO NN TN TN (N VNN TN TN U NN NN U NN NN NN UNN NNN NN UNN NN NN
0 1 2 3 4 5 6 7
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: * CERN
ttH iIn H—=yy and H—~ZZ*—4]| AT e N

EXPERIMENT

"goH veF | WH [lizH lgozH [lttH [llbbH | tHgb  tHW . —p— VBFp Low
ATLAS Simulation B aoF-5-p-Low I VBFp! High
. . . * s g otmed | VH-Had
ATLAS Simulation Preliminary H — yy, m =125.09 Gev H =2z = 4 B coF-i-prMed g g o
H 13 TeV, 36.1 fb = 9gF-5 -p"-High g i
ggF-2j I bbH

tH lep Ofwd
tH lep 1fwd
ttH lep
ttH had BDT1
ttH had BDT2
ttH had BDT3

ttH had BDT4
tH had 4j1b

tH had 4j2b

0j

i -n4l
il [ Low

]j—p“T'-Med

e

il Py High
VBF-enriched-pJT -Low
VBF-enriched-pjT-High

Reconstructed Event Category

VH-Had-enriched

VH-Lep-enriched

0 01 02 03 04 05 06 07 08 09 1 ttH-enriched
Fraction of Signal Process / Category

0 01 02 03 04 05 06 07 08 09 1

Expected Composition

Reconstructed Signal /A Other Total Observed
event category background backgrounds expected
ttH-enriched 0.39+0.04 0.014 =0.006 0.07 £0.04 0.47 £ 0.05 0
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ttH Combination &)

EXPERIMENT

» Different acceptances for H=>WW?*
and H—"" decays in multilepton

ttH
(0]

categories allow to bt an =T [ Sendadiosd ATLAS
. . - —68% CL [ttH$ #4, ZZ, bb, ML] i
Independent u for each Higgs S - ssmaL BoisTev.soamt -

-----------
L "
* a
-
. "a
. .,
u
-~
-~
-
e
~
e
-

decay mode Ak

» Given that the production is 2 ]
determined by Htt coupling, this bt I G

directly probes the relative strength S |
of H$$, Hbb and HVV couplings e Ry

» Very good agreement with SM
predictions
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ttH, H" %

ttH, H" ##

ttH, H" bb
ttH, H" VV

ttH combined

D. Zanzi

ttH Combination

.( t.Ot'l ) | ( .St.at'| :

svst.)

Best-fit y_
ttH

T T T | T T T
ATLAS {s=13 TeV, 36.1 fb*
— total stat.
+1.2 +0.9 +0.8
H= = 1.5 11.0 10.8 ' 10.6 )
+0.7 +0.7 +0.2
0= 0.6 |45 1061102 )
+0.6 +0.3 +0.5
o 08 /56 (103105 )
0.6 04 +05
|- 15 Jos (1045104 )
T T T T T S T h03 , v02 403
] 1.2 10.3 10.2 7 10.2 )
1 1 1 i 1 | 1 1 1 1 | 1 1 | |
2 0 2 6 8 10

for mH:125 GeV

bb
ttH

— —_—
* Standard Model
I : ATLAS
+ Best fit
4 —eswcL [tH# ", ZZ, bb, ML]
L ... 95% CL Vs=13TeV, 36.1fb™"
b e
o . S~——
1ol .
0 2 3
B * Standard Model 7
I - ATLAS ]
-+ Bestfit 4
25 —68%cL [ttH# "", ZZ, bb, ML] b
T Vs=13TeV, 36.1 fb* -
[ ---95%CL . ]
2 -
150 e -
i ' O -
0.5F ]
0 — - ]
0 0.5 1.5
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