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Higgs boson in the Standard Model

= Through spontaneous symmetry breaking, the Higgs mechanism provides masses to
bosons

= The Higgs discovery allows the exploration of a new sector of the SM Lagrangian

= |n the SM the coupling between the Higgs field and the fermions is described by the
Yukawa interaction
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= Yukawa coupling is proportional to the mass of the fermion
= Top quark is the heaviest particle in the SM
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Top quark Yukawa coupling

=Run 1 (ATLAS+CMS) results: top-Higgs coupling (xt) = 0.87 (+0.15, -0.15) is consistent
with the SM JHEP 08 (2016) 045

= Determined indirectly from loop processes

= ttH production gives a direct way to probe the top quark
Yukawa coupling

2
= Tree-level process, cross-section proportional to /L

Any deviation could hint for new physics! Oy = 908 fb




Experimental Challenge

> ttH cross section only 508 fb, ~1% of total Higgs boson cross-section at 13 TeV
> Need to target all Higgs and top decay modes
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Channels

"alljets" 46%

t(1-2 e/p) + H(bb)

t+ets 15

tt(1-2 e/p/T-had) + H(WW, ZZ*, 1)

H(0-2 e/y) + H(ZZ") wl Elﬁ/’%
e \olo

\Y“:-c .zo(%to ut+jets 15%
e tt(0-2 e/p) + Hivy) Ve e+iets 15%
"dileptons” "lepton+jets”

> Complex final states: vy, e, 4, T-hadronic, jets, b-jets

> Sensitivity enhanced by dedicated channels



Experimental Challenge

> ttH cross section only 508 fb, ~1% of total Higgs boson cross-section at 13 TeV
> Need to target all Higgs and top decay modes

Top Pair Branching Fractions Higgs branching ratios
Channels

"alljets" 46%
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Complex final states: y, e, p,T-haronije,'e

Will focus on recent bb and multi-lepton

Sensitivity enhanced by dedicated channels results. and the combination.

Large background from tt+jets and tt+V

|dentification of non-prompt leptons in multi-lepton channel

High combinatorics of b-jets in bb channel
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Search for ttH (H->bb) process

- Largest H->bb branching ratio of 58.1%
- Suffers from large irreducible background tt+ b-jet

event selection

|4
/Semi-leptonic channel \ / N

(one leptonic W decay)
* one electron or muon

t
- at least 4 jets g%%
« at least 2 b-tagged jets
H
di-lepton channel . _

(two leptonic W decay) e

* Two opposite charge light leptons
(electron or muon) QM

* at least 3 jets

\i at least 2 b-tagged jets / \ q/
o]

+ Define signal rich and background rich regions based on b-tagging discriminants
« Two stage Boosted Decision Tree for event reconstruction and classification

* Profile likelihood Fit over all regions, control background and systematic uncertaig
7+ Obtain signal strength pit+ = Omeasured/Osm
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ttH(bb) Signal extraction
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ATLAS Preliminary
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Match jets to Higgs or top decays, allows for Higgs
reconstructlon from Iarge b-jet comblnatorlcs
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G Constrain bkg in fit
' Classification BDT

‘ classﬁy events as more S|gnal or background like
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In total: Fit 9 SR and 10 CR




ttH(bb) results

> Best fit value of signal strength u= Omeasured/Osm is determined
> Upper limit y > 2.0 excluded at 95% C.L.

> Significance: 1.40 (1.60 exp)

> tt+b modelling uncertainty is the limiting factor

ATLAS Preliminary {s =13 TeV, 36.1 fb™

Uncertainty source Au L L B LS BN BN AL B T
7 + > 1b modelling +0.46 —0.46 — tot. m,, = 125 GeV
Background model statistics +0.29 -0.31 stat.

Jet flavour tagging +0.16 -0.16 tot (stat syst)
Jet energy scale and resolution +0.14 -0.14 Dilepton -0.24 +1.02 ( 10.54 +0.87)
tt H modelling +0.22 -0.05 (two-p. combined fit) ——e—— T 1.051-052 0.91

tt + > 1c modelling +0.09 -0.11

Jet-vertex association, pileup modelling +0.03 -0.05 _

Other background modelling +0.08 -0.08  Single Lepton —em— 095 108 (031 102
7 + light modelling +0.06 —0.03 (two-u combined fit)

Luminosity +0.03  —0.02 e e
Light lepton (e, ) ID, isolation, trigger +0.03 -0.04 _ +0.64 , +0.29 +0.57
To%al syls)temaﬁc uncertainty gt 1057 —054 Combined —e— 0.84 -0.61 (-0.29 -0.54)
tf + > 1b normalisation +0.09 -0.10 e D S S B s
t7 + > 1¢ normalisation +0.02 -0.03 -1 0 1 2 3 4 5 6
Statistical uncertainty +0.29 -0.29 Best fit u = 6™/ o,
Total uncertainty +0.64 -0.61

Impact of systematic uncertainties
9 on ttH signal strength u



ttH multilepton
ATLAS-CONF-2017-077
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ATLAS-CONF-2016-058

Search for the ttH (multi leptons) process

Higgs decay mode Branching ratio

H->WW 21.5%

->TT 6.3 %

Many possible final states

* Focus on those with clean signature and
low background

» Select electron/muon from H and top decay

» Requiring same-sign leptons or 3leptons
with charge sum %1 reduces large tt
background

« H—WW most sensitive channel

¢ H-—1t next sensitive

e Hadronic 1 reconstruction has larger
uncertainties
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Number of Thag

ttH(ML)

> High lepton multiplicity suppresses background

> Main background from tt + fake leptons

> Analysis split in 7 sub categories by number of hadronic tau and light
leptons
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« Common jet selection: Njet=2 and Npjet =1 « H—WW most sensitive

* Optimised lepton selection in each category  « H— 77 dominant in hadronic = channels
* [solation requirement

« BDTs to reject backgrounds

12 SS: same sign leptons
OS: opposite sign leptons
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ttH(ML) sub channels

L T T T T T T T T T [
1.8, ATLAS Preliminary -
1.6 e Vs =13 TeV 1.8
14F o

C —1.4
1.2 ]

= —]1.2

L/ o N =

E & | ¥ ¥ e I
0.8 E 0.8
o P B ol e E
o4 | "1 | o4
62k | 0 | | | 000 Ea P Jo2

s gp > Y2, 2S ?/o Slyy. Tho 35 31ps SIp, 3
Ss Vs Y2 ”'Icfe o p/e}S* hadS 7, ad’r 2r trw trz D’bo d CI?
ATLAS Preliminary g_rznls -id Dglg/o
(s=13Tev E Fake 1, ENz)n-s[‘)cr,gmpt
|:|Other
2SS 3¢ SR 4¢ Z-enr. 47 Z-dep.

¢

2SS +1Thaqg

®

200S+1Thaq

&

m
@

3¢ ttW CR

¢
o

3¢ ttZ CR

3¢ ttCR

CR

> S/B upto ~1.8

> MVA techniques used in most
categories to suppress backgrounds

> Different background components in
regions:

> {tW, ttZ, VV, NonPrompt, fake

> NonPrompt and fake = backgrounds

estimated from a low jet multiplicity
region using data driven methods

> NonPrompt: mainly tt+nonPrompt
leptons from b-hadron decay

> Fake 7 : mainly from tt and ttV with
mis-reconstructed 7had

> Control regions to constrain MC

estimated backgrounds in fit



ttH(ML) Fit
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> Profile likelihood fit in all sub-channels simultaneously
14 = Fit BDT discriminant or single bin in low stat regions %



ttH(ML) results

ATLAS Preliminary Vs=13 TeV, 36.1fb"
Channel Significance ~Tofk 51 Stat. Tot. (Stat., Syst.)
Observed Expected 214 416 1.4
2008+l 090 050 RACIS e i 17 Pl (-5, 1)
164210 i 0.60 17 + 2Thag | b+ @+ 0.6 5 (f05. H13)
4 : 080 4r| woe 0.5 "y (‘055 103)
3041 T 130 090 37 + 1Thag Hepieiyoisi 1.6 3 (43, %532)
2SS+lTy 340 Lle 205 + 1Thag pooeod 35 07 (3, 02)
3¢ 240 1.50 3¢ o H 1.8 52 (e w i)
2(SS 270 1.90 2/S8 oH 15 e oun-oa)
Combined 410 2.80 combined | roH 1.6 L?ﬁ (Y03 fgig,)

2 0 2 4 6 8 10 12
best fit Mo for m =125 GeV

> Measured signal strength [/ = 1.632

> Significance wrt. to background-only hypothesis 4.1¢ (expected 2.8¢ )

> Cross section extrapolated to inclusive phase space
o(ttH) = 790*29 fb (the SM prediction 507*3 fb)



ttH(ML) Systematic uncertainties

> Largest impact from ttH
modelling scale uncertainty

> Jet energy resolution, largest
experimental uncertainty

> Non prompt estimation suffers
from low statistics in control
region

> Sizeable ttV scale uncertainty

16

Uncertainty Source Ap

ttH modelling (cross section) +0.20 —0.09
Jet energy scale and resolution +0.18 —0.15
Non-prompt light-lepton estimates +0.15  —0.13
Jet flavour tagging and 7y,.q identification +40.11  —0.09
ttW modelling +0.10 —0.09
ttZ modelling +0.08 —0.07
Other background modelling +0.08 —0.07
Luminosity +0.08 —0.06
ttH modelling (acceptance) +0.08 —0.04
Fake m,,q estimates +0.07 —=0.07
Other experimental uncertainties +0.05 —0.04
Simulation statistics +0.04 —-0.04
Charge misassignment 4+0.01 —-0.01
Total systematic uncertainty +0.39 —-0.30

Impact of systematic uncertainties on ttH
signal strength p



ttH(ZZ—4l) and ttH(yy)

> Consider ttH enriched regions from inclusive studies of H—-ZZ—4l and
H—yy searches for the ttH combination

\ . . [0 ggF-0j -VBF—pvJT Low

ATLAS Simulation Preliminary B ggF-1jp' Low 1 VBF-p] High .

H o 77 s 4 =ggF-u-p: Med o Vi e * Add ttH, H—ZZ resonant region
. F-1j-p” High

13 Tev e P * 118 <ma <129 GeV

0 * Orthogonal to 41 ML (ZZ veto)

* Very rare but clean channel

« Zero events observed, 0.39 ttH (0.08
Bkg) expected

* Upper limit on puq of 1.9 at 68% C.L.

» Will become more important as more

data is gathered

1j p4T'-Low

1j p4T'—Med

Reconstructed category

1j p2-High
VBF-enriched p’T-Low
VBF-enriched p’T -High
VH-Had enriched
VH-Lep enriched

_' ttH-enriched

0 01 02 03 04 05 06 07 08 09 1

Expected Composition ATLAS-CONF-2017-043
.~ goH verF  WH [lizH [lgozH [ttH [llbbH | tHgb tHW

ATLAS Simulation Preliminary H — yy, m , =125.09 GeV

tHlep ofwd [LTTT '''H  » H-yy, ttH and tH categories in leptonic
e - and hadronic channels
ttH had BDT1 * ptn =0.520.6, significance 1o (exp.1.80)
ttH had BDT2 —
ttH had BDT3 —
{tH had BDT4 — ATLAS-CONF-2017-045
tH had 4j1b —

tHhad412b Pl
0O 01 02 03 04 05 06 0.7 08 09 1
Fraction of Signal Process / Category



tH +ttH (H->Yyy)

> Different trigger, event selection approach. Select events based on myy + b-jets.

71 rrr 1 rr7r

8 £+ Daa " ATLAS Preliminary
£ :g%ﬁ,kf,'glg';’d(g,oum "gmz BTGNP 3 « Employs BDT to isolate ttH from ggH production
[i] 7E" — Signal In(1+S/B) weighted sum
6 ttH+tH Categories * U, ttH =0.520.6, significance 1o (exp.1.80)
5
. ATLAS-CONF-2017-045
2
g
s
2
2
"
m,, [GeV]
Signal model: double-sided Crystal Ball
Background model: data driven by reverting v id or
isolation, or removing b-tagging; shape+normalisation

from fit to m,,



ttH results, combined

> Combination of bb with multi-lepton(WW & tt), ZZ—4l and YY channels
for best possible sensitivity

> Common systematics correlated across channels

> Large overlap between bb and multi-lenton ATLAS-CONF-2017-077
T T T I T T T | T T T | T I( tIOtI. )I (IStla.tll 1 ISVIStII )
Significance : 4.20 (expected : 3.80) ATLAS Preliminary Vs=13 TeV, 36.1 o
590+160 — total - stat.

Gn‘H - ~150 fb fiH 2z —r < 1.9 (68% CL)

) +0.7 [ +07 +02
Uncertainty Source Ap ttH vy : B 0.6 -0.6 ( -0.6 » -0.2 )
tt modelling in H — bb analysis +0.15 —0.14
ttH modelling (cross section) +0.13 —0.06 _ +0.6 +0.3 +0.6
Non-prompt light-lepton and fake 7,.4 estimates  +0.09 —0.09 ttH bb e 0.8 -0.6 ( -0.3 7 -0.5 )
Simulation statistics +0.08 —0.08
Jet energy scale and resolution +0.08 —-0.07 B 1.6 +0.5 +03 +04
ttV modelling +0.07 —0.07 ttH ML k=4 9 04 (035203 )
ttH modelling (acceptance) +0.07 —0.04 S I
Other non-Higgs boson backgrounds +0.06 —0.05 1.2 +0.3 +0.2  +0.3
Other experimental uncertainties +0.05 —0.05 ttH combined |1.H <= 03 ( 027 -02 )
Luminosity +0.05 —0.04 L1 i 1 PR A T T N T N TN SN NN SO SR TR NN TR M
Jet flavour tagging +0.03 —0.02 -2 0 2 4 6 8 10
Modelling of other Higgs boson production modes +0.01 —0.01 . _
Total systematic uncertainty +0.27 —-0.23 best fit MﬁH for mH_‘| 25 GeV
Statistical uncertainty +0.19 —-0.19

Total uncertainty +0.34 —-0.30
19 tH processes are treated
as SM background



> Determine individual signal
strength and thus coupling in
combined fit

> ttH analysis is sensitive to Htt,
Hbb, Htt, HWW, HZZ coupling

and Hyy effective coupling

TR 3 — T ‘' T 1 ' T T T T T T T T T T T
» r Standard Model . 7
F L peaese ATLAS Preliminary 1
o5 —68%CL [ttH — Yy, ZZ, bb, ML]
b 95 CL Vs=13TeV, 36.1 fb”
2F J
15 e .
05F ]
L s L | L 1 L | L L 1 L L L " 1 ' " L | 1
% 05 1 15 2

ATLAS-CONF-2017-077

| tot. ), (Istlat.| , Syst. )

T | T T T I T T T I
ATLAS Preliminary Vs=13TeV, 36.1 fb’
— total — stat.
ttH, H-tt - Fe—- 1.5 jg ( fg_‘g : fg_'g )
iH, Hoyy et 0.6 07 (54,75 )
i _ 0.6 0.3 +05
tiH, H-bb o 0.8 %5 (%03 05 )
- 1.5 *06 (104 405
ttH, H—>VV : h=e=d . 0.6 04 —0.4
T I +03 [ 402 403
ttH combined l]ﬂ-l 1.2 55 (025 02 )
1 1 1 i 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1

2 0 2 4 6 8 10
best fit u_ for m =125 GeV
{fH

Likelihood scan in kr - kv is in good

agreement with the SM: xr, kv=1.
kr < 0 is excluded at 95% C.L.



> The search for ttH production has been performed at ATLAS using a
36.1 fb-1 13 TeV dataset

> Most recent results in the bb and multi-lepton channels are shown
together with the combination, which excludes the background-only

hypothesis at 4.2 (with an expectation of 3.80).

> We therefore see evidence for ttH production at ATLAS !
> For 125 GeV Higgs boson the measured signal strength is

p=1.17 £ 0.19 (stat) 7037 (syst)

B

> The measured ttH cross section is 590 jgg fb in good agreement with

the SM prediction 50772 fb (NLO).

:
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Previous results

Signal strength U7y | Obs. (exp.) significance

Runi ATLAS+CMS
(~25 fb-1)

Run2 ATLAS preliminary
(13.2 tb-1)

Run2 CMS preliminary
(35.9 tb-1)

2.3 +0.7/-0.6 4.46 (2.20)

1.8 + 0.7 2.80 (1.80)

1.5+05 3.30 (2.50)

:



ttH(bb) regions

take advantage of large BR(H->bb)
o suffers from large tt + b-jets background

Split channels by tt decays: single lepton and dilepton
e Includes dedicated lepton+jets boosted region

Create regions enriched in ttH, tt+b, tt+c and tt+light

» Defined by jet multiplicity and number of b-tagged jets
» Use all b-tag working points in region definition: B-tagging rejection factors:
c-jets 3->35; light jets 30->1500

none loose  medium  tight  very-tight
Efficiency - 85% 77% 70% 60%
Discriminant value 1 2 3 4 5
(1%, 2nd) jet  Single Lepton, 5 j - . N N
b " [ SRs | tt +light [ ]t +=1c [lti+=1b
discriminant
3.3)
*.3) Single lepton:
at least 5jets, 2 very tight or 3 medium b-jets
(5, 3) CRi7+1ight
4. 4) dilepton:
R+ CRirt1c at least 3jets, 2 medium b-jets
(5. 4) Q\

24 (5,5) (5, 4) (5 3) (5 2) (4 4) (4 3) (4.2) (3.3) (3.2) (222) (5. 1) (4 1) (3 1) (2.1) (L 1) (3%, 4t) jet %
b-tagging

discriminant



Single lepton and dilepton region summary

E T T T T T T T T T T T E T T T T T T
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Higgs reconstruction

> the Reconstruction BDT is the most
iImportant event reconstruction tool

g
> ABDT matches b-jets to final state partons %%

from Higgs or top decays

> Allows for reconstruction of Higgs mass from

large combinatorics of b-jets
QM

> Train on ~ 10 well modelled topological
variables in ttH MC

> 42% of all ttH events are reconstructed
correctly

0.14

Normalised reconstructed mass of
Higgs candidate from ttH MC and
fraction of events correctly matched,

0.12

Fraction of events
o

Other tools used in some regions:

26 Likelihood Discriminant & Matrix Element play minor role Qe e s L L T ;00

H

= —— —

o.oef
compared to tt background. 0.6
0.04F

0.02F

l l ' AT;_AS Sinxnulalior'\ Prelimlinary 3
Vs =13 Tev -
Single Lepton ]
>6j,24b -
-+ []1iH, all events
[]1iH, Higgs boson
correctly matched
L

Higgs mass [GeV]




tt+jets background modelling

> tt+heavy-flavour jets modelling relies on Powheg+Pythia8 simulation.
The cross section is normalised to NNLO+NNLL prediction.

> {t+ 21b reweighted to state-of-the-art ttbb NLO+PS prediction:
Sherpa+OpenLoops, 4FS including b-quark mass, additions b-jet described by ME

> tt+ 21b, tt+ =21c normalisations are determined in data from the fit.

> Large set of systematic uncertainties are evaluated, account for various

variations

Systematic source Description tt categories

tt cross-section Up or down by 6% All, correlated

k(tt + >1c) Free-floating ¢t + >1c normalisation tt+ >lc

k(tt + >1b) Free-floating #f + >1b normalisation tt 4+ >1b

SHERPASF vs. nominal Related to the choice of the NLO generator All, uncorrelated

PS & hadronisation PowHEG-Box+HERWIG 7 vs. POWHEG-BoX+PyTHIA 8 All, uncorrelated

ISR / FSR Variations of pRr, pr, hqamp and Al4 Var3c parameters All, uncorrelated

tt + >1c ME vs. inclusive MG5_aMCQNLO+HERWIGH+: ME prediction (3F) vs. incl. (5F) tt + >1c

tf + >1b SHERPA4F vs. nominal ~ Comparison of ¢ + bb NLO (4F) vs. POowHEG-Box+PyTHIA 8 (5F)  ¢f 4+ >1b

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

tt + >1b resumm. scale Vary pq from Hr/2 to povmps tt 4+ >1b

tt + >1b global scales Set pq, pr, and pr to pommps tt + >1b

tt + >1b shower recoil scheme Alternative model scheme tt 4+ >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 tunable parameters for the underlying event tt 4+ >1b

tf 4+ >1b MPI Up or down by 50% tt 4+ >1b j/
27 tt + >3b normalisation Up or down by 50% tt + >1b SY




ttH(bb) ranking

Pre-fit impact on p:

[ 19,=+A8 0,=-A0
Post-fit impact on p:
I 6,=+AB 6,=-AB

—e— Nuis. Param. Pull

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

ttH: PS & hadronisation
b-tagging: mis-tag (light), NP 0
k(tt+=1b) = 1.24 £ 0.10

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

Jet energy resolution: NP 0
tt+light: PS & hadronisation
Wit: diagram subtr. vs. nominal
b-tagging: efficiency, NP 1
b-tagging: mis-tag (c), NP 0
ET"*: soft-term resolution

b-tagging: efficiency, NP 0

-2

A
-1 -0.5 0 0.5 1

ATLAS Preliminary
s =13 TeV, 36.1 fb

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

Main issue: tt+b generator uncertainty

Choice of the NLO generator PP8 vs Sherpa5F
Reweighting uncert. (or 5F vs 4F) PP8 vs Sherpa4F



