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ttH production channel

© Direct test of top-Higgs coupling

- of particular interest, as t is the heaviest SM
particle

© top-Higgs coupling could be very sensitive
to physics beyond the Standard Model
(BSM)

© Indirect measurements from combined fit H
to multiple H measurements

« assume no BSM contribution to the loop

~
_H
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ttH observation by ATLAS

© ATLAS ttH observation paper came in 2018

« From combination of analysis in multiple decay
channels

» Phys. Lett. B /84 (2018) 173 (more details later on)
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http://arxiv.org/abs/arXiv:1806.00425
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© Clean final state (20,

© Very similar analysis strategy for 79.8 fb-! and full Run
2 analysis

© Event reconstruction:

* Higgs: 2 well reconstructed, isolated vy, M,, between 105
and 160 GeV

 All tt decays considered

» Two signal regions for (semi)leptonic (‘Lep’) and hadronic
(‘Had’) events
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Plots from: ATLAS-CONF-2019-004

ttH(H>yy) (2) >

© Additional selection via
Boosted Decision Trees
(BDT)
* One per signal region
* Inputs: y, jet and lepton
kinematics, E;miss(0), b-
tagging

© Minimum BDT score
required.

- Selected events divided in
BDT bins

- Chosen to optimize
expected ttH sensitivity

© Signal and background
modeled with analytical
functions in each category

(¥*) E;™ss = missing transverse momentum
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From: Phys. Lett. B 784 (2018) 173

ttH(H->yy): 749.8 fb~* results

E 120E- ¢ Data " ATLAS =
0 100: --------------- Continuum Background Vs =13 TeV, 79.8 b ]
. . . . Qi :_ ..... Total Background m, = 125.09 GeV _:
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From: ATLAS-CONF-2019-004

ttH(H->yy): 139 fb-* results

©

T T

. , , _ D 140F 4 paa " ATLAS Preliminary
Maximum Likelihood fit on all g120:— ---------- Continuum Background Vs =13 TeV, 139 fb"
I ™ - - Total Background m,, = 125.09 GeV 7
Categorles ] : 100:_— SignaI+Balgckground All categories .
* H mass constrained to g f E
experimental value g % | ]
6011 + =
ttH observed with 4.9 ¢ significance  “¢ I E
- Expected: 4.2 ¢ 3 X
0"~ ~"120 130 140 150 160
. .y . m,, [GeV]
Remains statistically dominated same size
\
own X By = 1.59 1038 (stat.) 7515 (exp.) T015 (theo.) fb
Measured cross section still ~1.4 Prediction: 000
times the Standard Model oun X Bay (SM) = 1.15 Zo7 fb
expectation
* Remains compatible OotH 033 013 0.9
given the uncertainties ;5\ — 138 o1 (Stat.) +oq1 (exp.) +g7g (theo)
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tEH(H> ZZ*>48) =i,

© Two opposite-charge, same- W ttH+tH
flavor lepton pairs in the Higgs
mass window

F-0j-p"-Low F-pH-High
ATLAS Simulation Preliminary = ZjF oj Z” High - ?,%F’;L Loi,
H— ZZ* — 4l I ggF-j- p"’ Low [ VBF- p High
I ggF-1j- p” Med
I ggF-1j-p{-High

B | VH- Had
13 TeV, 139 fb e

© Two categories for ttH o7t =
production mode i Low
‘ 1/p;'—Med
« ‘Lep’: at least one Ieptonlcally i/-p-High
“'BSM-lee
decaying W (from t) 2
y ,. 2j-BSM-Like
- ‘Had’: fully hadronic tt decay s
- More Cate% ories as part of (i Hesenicns
Iarger H>/7*>4¢ anaIv5|s 0 01 02 03 04 05 06 07 08 09 1
I s B
© Further NN selection ;33;;3;;3;; =;; ; © 79.8 fbl: similar
on ‘Had’ category N3 -t strategy but only

- Combination of focusing on ttH

multiple NN in a
final discriminant

© No events were

; |
| | observed =~ )
0 010.203040506070809 1 _ 74. g i 2) 173
NN Lint =5 784 (277
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From: ATLAS-CONF-2019-025

ttH(H>ZZ*>4¢): 139 fb~* results

© Global likelihood fit on NN output

» Event yield used for (semi)leptonic

ttH

Reconstructed Total expected  Observed
event category events events
ttH-Had-enriched 1.32+£0.17 1
ttH-Lep-enriched 0.42 +0.04 1

O ttZ/ttW/tWZ background constrained
from control region

- similar selection to ttH

tXX = ttZ/ttW/tW<z

. .. 2z | ‘f" N/Ngy
» cut on number of jets and b-tagged ‘:TLAS* Preliminary ., —.—
. — 77" — 4l P22 ] [ ——
JetS 13 TeV, 139 fb o[ L e
* missing transverse momentum Slage0-ll<2s Pl
. —&— Observed: Stat+Sys SM Prediction
° M4£ Sldebands [ m] Observed: Stat-Only B[] (o), ]
ggF [ ' 1150+ 130 1170+ 80 |
© No disagreement with SM | | e worar
- Statistics is however too low for - - e e ]
conclusions g
itH — 1972 15.4710
ol X Bzze a0 = 19 f%g(stat.) + 2(exp.) =+ 2(theo.) ﬂ%duswe - —
otwwn X Bzz-—ae (SM) =15.4 714 fb 05 1 15 55 3 35 4
oBl(c:B),
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From: Phys. Rev. D 97, 072003 .
“@“ I

ttH (H to multllepton) “24.,

© 7/ final states:

- H decaying to light leptons (e
or u) or hadronically decaying
T 1
« Sensitive to multiple ttH
decay modes: .

» H2>1T

Number of Thaa

1 2 3 4

» H QWW% Number of light leptons
» H2>ZZ*>¢6vv/#€qq

c 90
© 80
© Built to be orthogonal to £ o7
» H> Z7%>4¢, F
» H-> bb, 40
» H2> yy e  ‘H->other’ mainly

- Overlap found to be negligible 20g - lzlele) eliet I

2 3/ 4/ /S
SS SR Zen/'/czdep/ 8*7? OS

€4 oq Tao hag
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From: Phys. Rev. D 97, 072003

/ﬂt
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ttH (H to W\ultllepton) (2.) e

o Data
Jttw
[ Diboson
Il g mis-id
I Fake 7,
--- Pre-Fit Bkgd.

© Additional event selection on I
each final state
- BDTs used for most of them

© Combined likelihood fit on
all final states (%)

© Significance: 4.1o0
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otz
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Ccr'‘Cr

Srpx QKSS 3/7 4[02

41"207f 2r 2/08 i1y
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—Tot. - Stat. Tot. (Stat., Syst.)
. . . 2/08 + 174 [P P 1.7 21 (8,
© Signal modelling uncertainty .07 ... . 068 (11 0)
has the largest impact | re 055 (%3, 63)
3¢ + 1Thaa bof @ 1.6 73 (53, 53)
2£SS + 1T el 35 07 (493, 103)
3 In-u 1899 (192, 9%) | “a, A
. +170 1.5 +0.7 +0.4 , t0.5 R
OttH — 790 :l: 150(Stat.) _150(Syst.) fb [ ) comzt)ifr?e: |l:: 16 §_5 Eéé’ tggi ](152‘ . Z‘Z‘&/OSA{
B R S R 11‘3121@ £
. . Best-fity_ for m, =125 GeV 56@
30/07/19 M. Spalla - Higgs Hunting 2019 fiH 11



From: Phys. Rev. D 97, 072016

= HtH (H>bb), .

© One or two leptons from tt decay

« Single lepton channel: a boosted final
state is also considered

© Further categorized according to number

of jets and jets’ b-tagging score
* no categories for the boosted

© BDT to disentangle ttH
- Each category treated separately

« Combines intermediate multivariate
techniques to improve signal separation
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From: Phys. Rev. D 97, 072016

Se
-Z

ttH (H>bb) (2 %
TN
£ Vs =13TeV, 36.1 fo" t+19 t+21c 1
2 400'22%9 Lepton Etl\flgn-zt%b E%Eo:a\llunc.'

. . . . b ---ttH( )

© Global likelihood fit on all categories % post o

© BDT output is the fit variable b ]

» fit variable for control region: overall e o
event yield or scalar sum jets p
50

. . 5 0 / | ! ] e
© Results compatible with SM g o I I
- Significance: 1.4 ¢ G E
-1 -08 -06 -04 -02 0 02 04 06 08 1
» EXpeCted 16 o Classification BDT output
ATLAS o fS=13TeV. 3611
owm = 400 T150(stat.) + 270(syst.) fb - m, = 125 GeV
tot (stat syst)
© Largest uncertainty: (o comtimea | ¢~ 024 sz 1)
* modeling of tt + heavy flavor . e e 095 5853 T2
background """"""""""""""""""""""" DU
Combined —~eo— 084 55 (J020 054)

—1 0 1 2 3 4 5 6
Best fit p = o™/ ol
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Plots from: Phys. Lett. B 784 (2018) 173

Back to combination

@ 13 TeV CrOSS-SeCtlon from Comb|ned Uncertainty source

AUtt‘H/UtEH [%]

.I:I .t Theory uncertainties (modelling)

vy (79.8 fbl), ZZ*(4¢) (79.8 fbl), bb
(36.1 fb1), multilepton (36.1 fb1)

° S | g n |f| cance 5 8 o [Experimental uncertainties

» expected 4.9 ¢

» uncertainty: large contribution from
modelling

11.9

[ tt + heavy flavour 9.9)
ttH 6.0
Non-ttH Higgs boson production modes 1.5
Other background processes 2.2
9.3]

Fake leptons 5.2
Jets, Emiss U rs 4.9
Electrons, photons { S 7~ a/ﬁz‘/ 3.2
Luminosity SGCZ(/ ,/C/—O s on 3.0
T-lepton On Ss 2.5
Flavour tagging 1.8
MC statistical uncertainties 4.4

» tt + heavy flavor

© Further combination with 8 TeV

results
- Significance raises to 6.30 (5.1
expected)

© Measured cross section about 1o over
NLO prediction

o = 670 + 90(stat.) Tloo(syst.) b
owr (SM) = 507 725 fb (NLO QCD + NLO EW)

1: T | T T T ‘ T T T T :
= 0.9 ATLAS 3

.3I_._, 0.8F- EEl Theory (NLO QCD +NLOEW)

© 0.6-
0.5
0.4f

.:
N
T

o
—
I

6 8 10 12 14 1s
Vs [TeV]
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Conclusions .

© ttH associated production observed in 2018
« From combination of multiple channels 2

© Full run 2 measurement in H>yy channel
reaches 490

750

© Measured cross section agrees with the SM within 1 standard ™%
deviation

- prediction at NLO (both QCD and electroweak)

© Modeling uncertainties contribute significantly to the total
systematics

© Entire run 2 dataset yet to be fully exploited

© ATLAS effort on ttH not over: stay tuned for more!
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Uncertainties in ttH(H->yy)
cross section fit

(ATLAS-CONF-2019-004)

Uncertainty source Aoy, /o [%]  Aoy/o [7]

Theory uncertainties 6.6 9.7
Underlying Event and Parton Shower (UEPS) 5.0 7.2
Modeling of Heavy Flavor Jets in non-ttH Processes 4.0 3.4
Higher-Order QCD Terms (QCD) 3.3 4.7
Parton Distribution Function and ag Scale (PDF+ayg) 0.3 0.5
Non-ttH Cross Section and Branching Ratio to vy (BR) 0.4 0.3

Experimental uncertainties 7.8 9.1
Photon Energy Resolution (PER) 5.5 6.2
Photon Energy Scale (PES) 2.8 2.7
Jet ) B 2.3 2.7
Photon Efficiency 1.9 2.7
Background Modeling 2.1 2.0
Flavor Tagging 0.9 1.1
Leptons 0.4 0.6
Pileup 1.0 1.5
Luminosity and Trigger 1.6 2.3
Higgs Boson Mass 1.6 1.5
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From: ATLAS-CONF-2019-025 + ttH leptonic: at least 1 lepton + minimum
number of jets and b-jets

ttH(H%ZZ*94£) Wl.tl'\ 139 fb—l: « ttH hadronic: minimum number of jets

and b-jets (no leptons)

Category deﬁ.nl.tl.al’\ « tXX: minimum number of jets and b-jets +

Particle level Reduced Reconstructed event categories . Reconstructed event categories
Stage 0 production bins Stage 1.1 Signal Region . Side-Band Region
P, <10 GeV o - P <10 GeV
= 0-jet " ggF‘Oj'pT -Low Oj'pTA'LOW IVJE( =0 ,V]el =0
p,*>10 GeV 10 < p, < 100 GeV : SB-0j %
————— > ggF-0j-p,"-High 0j-p;*-Medium .
p," <60 GeV o ) P! <60 GeV
E—— ¢ |V e O 1j-p“-Low
p;1<200 GeV |= 1-jet 60 <p,< 120 GeV 60 < p," <120 GeV :
ggF ggF-1j-p,"-Medium 1j-p,*-Medium .
H>120 GeV 120 < p,* < 200 GeV _ . _
pT—, 9gF-1j-p,"-High 1j-p,*-High il Ny =1 . SB-1/ N =1

> 2-jets X
9ggF-2j
p,">200 GeV ) ) p;>200 GeV
ggF-p,"-High 1j-p,;*-BSM-like
P, <200 GeV ) m, <120 GeV or p;" < 200 GeV :
VBF-p;*Low 2j N, =z2| & Nooz2
VeF P> 200 GeV m, > 120 GeV, p* > 200 GeV : SB-2j |‘—
VBF-p -High 2j-BSM-like :

Hadronic V decay
VH-Had

0j-p,*-High

Leptonic V decay ) N, 25
VH-Lep N, =5| : SB - VH-Lep-enriched <————

VH-Lep-enriched

m, = [105, 115] U [130, 160] GeV

ttH Leptonic| -«
ttH-Lep-enriched . tXX-like

ttH ttH {tH Hadronic| + SB - tXX-enriched ~—<———

ttH-Had-enriched

ATLAS Prellmlnary |m4‘=[115,130]GeV'— | m, = [105, 115] U [130, 350] GeV I—

13 TeV, 139 fb"!
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From: ATLAS-CONF-2019-025

ttH(H>ZZ*>4¢) with 139 fb-*:
systematic uncertainty

Experimental uncertainties [%)] Theory uncertainties [%]
Measurement | Lum. e, I, Jets, flavour Reducible | ZZ* tXX Signal
pile-up tagging backgr. backgr backgr. PDF QCD scale Parton Shower Composition
Fiducial cross section
O comb 1.7 2.5 — < 0.5 1 <05 <05 2 1 < 0.5
Per decay final state fiducial cross sections
4p 1.7 2.5 — 0.5 1 <05 <05 2 1 < 0.5
4e 1.7 7 — 0.5 1.5 <05 <05 2 0.5 < 0.5
2u2e 1.7 5.5 — 0.5 1 <05 <05 2 1.5 < 0.5
2e2u 1.7 2.0 — 0.5 1 <05 <05 2 1 < 0.5
Stage-0 production bin cross sections
ggF 1.7 1.5 1 0.5 1.5 < 0.5 0.5 1 2 —
VBF 1.7 1 4.5 0.5 2 0.5 1.5 8 6 —
VH 1.8 1.5 3.5 1 5 0.5 12 8 —
ttH 1.7 1 4.5 1 1 0.5 0.5 8 4 —
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From: Phys. Lett. B 784 (2018) 173

ttH(H>ZZ*>4¢) : 79.8 fb*

1.4

ATLAS —

© Two opposite-charge, same- ofams o=
flavor lepton pairs in the N | ’
Higgs mass window

Events

>8I|I]II[IIIIIII“III||I0.8 2y, Uncertainty
3 7§_ATLAs -1 0.6
. o) rH—ZZ* - 4l ‘:;;beH
© Two categories for tt decay = , vwinon: T 0a
* ‘Lep’: at least one g 5 1 =y 02
leptonically decaying W ab ! 0
; y . C 11
- ‘Had’: fully hadronic s |
© Further BDT selection on 20 |t
‘ ’ 1Fe oL}
Had’ category M e
-« splitin two BDT bins %500 1150 200 250 300 350
m,, [GeV]
© No events observed e
- Expected significance: 1.2¢ S
OttH < 900 fb (68% CL) ey p——— | < 1.—77 th 6—8% CL
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Uncertainties breakdown in
ttH(H->multilepton) fit

From: Phys. Rev. D 97, 072003

Uncertainty Source Ap U= o/ Jgg%j
ttH modeling (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 flavor tagging and 7y,,4 identification +0.11 —0.09
ttW modeling +0.10 —0.09
ttZ modeling +0.08 —0.07
Other background modeling +0.08 —0.07
Luminosity +0.08 —0.06
ttH modeling (acceptance) +0.08 —0.04
Fake 1,4 estimates +0.07 —=0.07
Other experimental uncertainties +0.05 —0.04
Simulation sample size +0.04 —-0.04
Charge misassignment +0.01 —0.01
Total systematic uncertainty +0.39 —-0.30
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Uncertainties breakdown in
ttH(H->bb) fit

From: Phys. Rev. D 97, 072016

30/07/19

Uncertainty source Ap

tt + >1b modeling +0.46 —0.46
Background-model stat. unc. +0.29 —-0.31
b-tagging efficiency and mis-tag rates +0.16 —0.16
Jet energy scale and resolution +0.14 -0.14
tt H 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 40.03 —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
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Combination fit

From combination paper auxiliary material:

https://atlas.web.cern.ch/Atlas/ GROUPS/PHYSICS/PAPERS/HIGG-2018-13

Likelihood curve of the ttH signal-strength
combination, including the systematic

-2AIn(L)

uncertainties in the SM prediction in the fit.

45||||

40

Run 1 observed (4.5, 20.3 fb™ at Vs = 7, 8 TeV)
Run 2 observed (36.1 - 79.8 fb™ at Vs = 13 TeV)
Full observed

IIII|IIII|I lI|ll||r‘~l]‘k|IIlllllllllll

25‘ -----------------------------------------------------------------
Signal-strength: pypg = o4/ att g =
15
10
g 40: T LA N B B B ] 5h
S 350 ATLAS E 05"
Qo ——— 8 TeV observed (20.3 fb) .
30 —— 13 TeV observed (36.1 - 79.8 tb ™) —
------- Expected ]
2] —
20F 4, |
1 Likelihood curve of the ttH cross-section
15 4 combination. The measured cross section is
10 - normalized to the SM prediction, without
R L~ _Jincluding the systematic uncertainties in the
JEim . e 3 SM prediction in the fit.
0 0.5 1 1.5 2 2 5
S
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13

Summary of cross sections

from combination paper

Plots from: Phys. Lett. B 784 (2018) 173

Analysis Integrated ttH cross Obs.  Exp.

luminosity [fb™!] section [fb] sign.  sign.
H — vy 79.8 710 1350 (stat.) 1520 (syst.) 410 3.70
H — multilepton 36.1 790 £150 (stat.) 120 (syst.) 410 280
H — bb 36.1 400 T100 (stat.) & 270 (syst.) l4o 160
H—ZZ" -4 79.8 <900 (68% CL) Oc 120
Combined (13 TeV) 36.1—79.8 670 & 90 (stat.) 7150 (syst.) 580 490
Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1—-79.8 — 630 bH.lo

30/07/19 M. Spalla - Higgs Hunting 2019 25



