Study of the top-Higgs
coupling at LHC

Thomas Strebler

Centre de Physique
des Particules de Marseille
Aix-Marseille Université / CNRS-IN2P3

ATLAS collaboration

CPPM seminar
March 4th, 2019




Introduction

Run | of the LHC brought evidence for the last missing piece of the Standard Model:
the Higgs boson!
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Introduction

- After observation and mass measurement, all Higgs boson properties predicted within the SM

- Almost all accessible decay modes have been observed by both ATLAS and CMS

collaborations during Run 1

Channel References for Signal strength [ ] Signal significance [o7]
individual publications from results in this paper (Section 5.2)
ATLAS CMS ATLAS CMS ATLAS CMS
H-yy [51] [52] 1157927 1.12%933 5.0 5.6
o3 3 (4.6) (5.1)
H— ZZ —4¢ [53] [54] 151703 1.057933 6.6 7.0
039 026) (5.5) (6.8)
H—> WW [55,56] [57] 1237037 091793 6.8 4.8
020 (o) (5.8) (5.6)
H- 11 [58] [59] 1417039 0.89703% 4.4 3.4
(033) *029) (3.3) 3.7)
H - bb [38] [39] 0.62037  0.81707% 1.7 2.0
o3 o @7 2.5)

« Unambiguous evidence of Higgs boson coupling to gauge bosons

JHEPO08(2016)045
arXiv:1606.02266 [hep-ex]
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https://arxiv.org/abs/1606.02266

Top-Higgs Yukawa coupling

+ Unlike W/Z bosons, masses of fermions generated within SM with ad hoc Yukawa couplings

« Top quark only fermion with Yukawa coupling of t
order 1: very special role in naturalness problem
and vacuum stability
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ttH production

« Unlike other fermions, top-Higgs coupling cannot be
probed with one of the Higgs boson decay mode

IIIIIL_?‘J

o(pp — H+X) [pb]
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pp— H (NNLO*NNLL QCD * NLO EW)
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- Access to Y: with ggF + H->yy decay
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+ Model-dependent constraints on Y, assuming no 1W
. . C +NLOE .
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- ttH => direct probe to study Y:

- Large cross-section boost from 8 to 13 TeV
=> LHC Run 2 offers ideal conditions to study
this production mode

- Target as much decay modes as possible for
top + Higgs to optimally exploit small cross-section
(0.5 pb, ~1% ggF)
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ttH production: first observations

- First observations achieved independently by ATLAS and CMS in Spring 2018, combining
Run 1 + partial Run 2 datasets

5 '5.1'fb (7TeV)+197fb (8TeV)+359fb (13TeV) c10°g
Phys. Rev. Lett. 120, © - CMS T Combined g §107;_ ATLAS . $ Data E
231801 (2018) wb SM expected ] ¢ ls=13TeV,36.1-79.8fb B H (1=132) -
. B —_ . 7 L 6 - —
arXiv:1804.02610 520 — %o : 10°8 LOTTRIN
[hep'eX] X ' ] 105%_ [ ]Background _é
10 =
10° =
1025 =
10; _Q__*_;
B Y S——
T e
S 5 ]
5z f
1 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
—3 —25 —2 —1 5 —1 —05 0 0.5
- log (S/B)
tiH 10
* One of the LHC Run 2 highlights so far Phys. Lett. B 784 (2018) 173

. arXiv:1804.02610 [hep-ex]
Higgs boson comes out on top

New results from CMS and ATLAS experiments reveal how strongly the Higgs boson

interacts with the heaviest known elementary particle, the top quark https://home.cern/news/news/

4 JUNE, 2018 physics/higgs-boson-comes-out-top
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https://home.cern/news/news/physics/higgs-boson-comes-out-top
https://home.cern/news/news/physics/higgs-boson-comes-out-top
https://arxiv.org/abs/1804.02610
https://arxiv.org/abs/1804.02610

ttH analysis challenges

+ Large multiplicity of objects in PP —>

the final states: jets, leptons, ‘ R
photons... BW-—> Dp-43,

bW+— b+q+q’ jet
J b-jet
* Not straightforward to reconstruct Higgs boson: . L
. . jet ;‘ 7 4
MET and/or combinatorics - |
b d ® |

. C_hal!en_gmg backgrounds to model and to b_jeto\
discriminate

- Extensive use of MVA discriminants for object

: , ‘
identification and signal extraction . & \e_

- Complex analyses with specific challenges: Tht
- ttH H—Dbb (fully hadronic + 1-2 lepton final states)

- ttH H=>WW/ZZ/zt (multilepton final states)

- ttHH—yy
- ttH H—~ZZ—4l
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b-tagging

* b quarks produced in top decays => b-tagging plays a
major role in all ttH analyses

 b-taggers in ATLAS and CMS exploit larger lifetime + mass
of B-hadrons

« b-tagging performance strongly correlated with ability to
reconstruct displaced secondary vertices + impact

parameter resolution
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- To face harsher Run 2 PU conditions, both
ATLAS and CMS upgraded their pixel
detectors, adding innermost pixel layer:

- ATLAS IBL installed during LS1
- CMS Phase 1 pixel upgrade during

p.{f i/ EYETS 2016-2017
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ATL-PHYS-PUB-2015-022

b-tagging CMS-DP-2018-058

Light-flavour jet rejection

Run-2 / Run-1

T T T T T
ATLAS Simulation Preliminary

L LI

- b-tagging in ATLAS based on BDT trained in ttbar
simulation to discriminate b-jets from mix of light-
and c-jets

in ‘ — MV1ic:Run-1
—: MV2c20 Run-2

103 ;E' JE

Il lllllHI Il llllHlI

10° =

- Improved performance obtained for the whole Run 2
dataset thanks to upgraded detector + updated MVA

10 discriminant

= \s=g,13Tev,tt
. jet
P, >25 GeV; n |<2;.5

HHlll | HHIHl

1 —
6 41.9 o' (13 TeV, 2017)
> > T1E 5
4F =
3f g
2F O L LeVeNlS. i
1E - © L AKAiets AD->30- GV} hoioesieg il L
0.55 0.6 065 0.7 0.75 0.8 0.85 09 095 1 e
b-jet efficiency % 107" == oo

— . DeepCSV .

e 7| —k— DeepJet with SF applied |
New CMS pixel layer faced DC/DC ::iﬁﬁ.i?ﬁ?.ef?‘.:.fY‘YY‘.‘.*.‘ff."?‘.’??.'.‘?‘.’.4j ..... | : : | A
converters failures of ~5% modules s : : : / ; ;
in 2017 (no issue in 2018) 107 =il A udsgwith SF applied |-
Thanks to continuous improvements in I N VLS DT S 70 0 B S

1072

b-tagging MVA taggers, overall CMS
b-tagging performance maintained s e e T 5 S e S

or improved over full Run 2 02 03 04 05 06 07 08 09 1
b jet efficiency
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https://cds.cern.ch/record/2037697
https://cds.cern.ch/record/2646773?ln=en

- Phys. Rev. D 97 (2018) 072016 arXiv:1712.08895 [hep-ex]
ttH H—bb Iepton IC CMS-HIG-17-026 arXiv:1804.03682 [hep-ex]

+ Focus on H—=bb + 1 or 2 top leptonic decays
=> strongly reduces QCD multijet contamination

+ Main challenges:
Very large tt+jets background
Large theory uncertainties on tt+bb modeling

b

b

g o(tt)=830 pb t
o(tt+b-jets) ~ O(10) pb

- Similar strategy for both ATLAS and CMS analyses:

- target lepton+jets and dilepton ttbar decays

o(ttH)xBR(H->bb) = 0.3 pb

- categorization based on number of jets / b-jets + boosted events for ATLAS
- build discriminants to separate signal from background in each category
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https://arxiv.org/abs/1712.08895
https://arxiv.org/abs/1804.03682

Event classification

« Event classification in ATLAS analysis (17, 2°9) jet  Single Lepton. > 6

b-tagging

. = discriminant
directly based on b-tagging o
discriminants of jets s
ATLAS [t + light []ff+ >1c [+ >1b 52) st
E_ =13Tev [tt+v  [INon- (4.4 / \
Single Lepton CRi1p CRif4>1c
) ! ) (5. 4) T
CR CRE.,. CRF, \ /

tE+ligh
(5.5) | SRy SR, SR; T
(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) (34, 4™M) jet
b-tagging
discriminant

SR%B] SRZSj SH126j Events

Selection
Categorisation 1

 Event classification in CMS analysis more MVA discriminants
sophisticated: BT 0 B

- S L: based On DN N m u Iti-CIaSSifier Categorise by moslt probable process E Split e;t BDT
- DL: based on BDT Categorisation 2 ttH, tt+bb/b/2b/cc/If median

1 L]
1 1 1]
v v \
4j, >3b, 5j, 3b, >6j, 3b, >4, >4b,
ttH node ttH node ttH node high BDT

3 x 6 categories 1 + 2 categories

- Background-dominated categories
used to constrain various background Measurement

components
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Matrix Element Method

- Signal extraction discriminant optimised to separate ttH signal from irreducible tt+bb
background, based on the Matrix Element Method

- Event weight computed for hypothesis Q (Q=ttH, ttbb, ttV...), using observables y as inputs
and integrating over unmeasured or poorly measured quantities x

Momentum Transfer

- . conservation functions
Numerical integration

wq(y) o Z/dxdxadxbf(%’ Q) (2, @) 0*(zo Py + 2Py — Y pi) | Ma (%)W (y]|x)

TaThS

Hard-scattering
Parton density functions matrix element

- Signal and background weights combined into likelihood ratio
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Signal extraction

. ATLAS analysis exploits distribution of * CMS signal extraction in SL categories based

classification BDT using as inputs: on DNN output of corresponding node
- general kinematic variables (including MEM as input + first layers for
- variables based on event reconstruction event reconstruction)
BDT _
- likelihood-discriminant - In DL categories, based on MEM
- MEM discriminant (after BDT-based
categorisation)
- . CMS 35.9 b (13 TeV)
o ¢ Daia -ttH < L L B A BB B R R
& 450¢ %Tf?(fTeV 36.1 fb-! Ot + light [t + >1¢ 9 ) SL (26 jets, >3btags) e Data 15 x tftHgy ]
g o s mtt+>1b @iE+Vv @ 10" tiHnode . [t Ml tfcc E
b 400 S'“ggje Lepton [ONon-tt 7~ Total unc. & Pre-fit expectation Wb I i+ 2b 3
350t SRY -~ ttH (norm) 1 by W6 [Singlet
Pre-Fit 10° i i E
[ V+jets [ ]tt+V E
1 [l Diboson [\)Uncertainty

10
_____ 10
50 o 1_
L o < 155::::}:1:11:11:11111{1111 £
s W/W% : i RRRRRAR TR RN
S o5 . a ||||||‘
-1 —08 —06 —04 —02 02 04 06 08

Classification BDT output DNN discriminant
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Phys

ttH H—bb leptonic

. Rev. D 97 (2018) 072016 arXiv:1712.08895 [hep-ex]
CMS-HIG-17-026 arXiv:1804.03682 [hep-ex]

ATLAS {s=13TeV, 36.1 b
L L N B B N B LRI B
fot m, = 125 GeV
stat.
tot (stat syst)
Dilepton _0.24 *102 4054 +0.87
(two-u combined fit)| T € ~1.05 (052 -091)
Single Lepton 0.95 +0.65 , +0.31 +0.57
(two-p. combined fit) B 062 (031 —054)
+0.64 , +0.29|+0.57
Combined e 0.84 -0.61 (—0.29 -0.54
v e by by v b by b by by
-1 0 1 2 3 4 5 6

: TH) o ff
Best fit p = o™/t

- Significance: ATLAS 1.40 obs. (1.60 exp.)

- Similar results, compatible with SM

359" (13 TeV)

I I I | | | I | I I [

CMS
0 tot stat syst
. ) | +0.52 +0.27 +0.44
Single-lepton e 0.84 050 026 043
. P +1.21 +0.63 +1.04
Dilepton | —+—=—+ - -0.24 %2 060 095
. }' +0.45 +0.24|+0.38
Combined e 0.72 “y4s 024|038
! | | | ; | | | | ! | | |

_2 0 2 4 6

Best fit u = o/c__at m, =125 GeV
SM

CMS 1.60 obs. (2.20 exp.)

- Systematically limited by modelling of tt+heavy-flavour background
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https://arxiv.org/abs/1712.08895
https://arxiv.org/abs/1804.03682

. Phys. Rev. D 97 (2018) 072003 arXiv:1712.08891 [hep-ex]
ttH mU|tl|ept0n JHEP 08 (2018) 066 arXiv:1803.05485 [hep-ex], CMS-PAS-HIG-18-019

b

- Focus on H=>WW/ZZ/tt decays

* Requires at least 2 same-sign leptons (electrons, muons,

hadronic tau decays)
=> strongly reduces most of SM backgrounds

- Categories considered:

N

Number of Thad

34+1Thad

- Main sources of background:
- irreducible: ttV, di-boson

- reducible: fake thag, non-

prompt leptons and charge
mis-1D (data-driven)

2 3 4
Number of light leptons
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https://arxiv.org/abs/1712.08891
https://arxiv.org/abs/1803.05485
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-019/index.html

Lepton identification

b

in all categories

- BDT inputs:
- isolation
- vertex
- lepton ID
- jet variables

- Residual background with non-prompt leptons
evaluated using tight-to-loose fake rate method

« Main systematics:
- lepton selection efficiency
- fake rate measurement
- detailed flavour composition of fake leptons

CMS Preliminary

« Events with non-prompt leptons have a sizable contribution

« Contamination reduced using MVA-based selections

12.9 fb’ (13 TeV)

2 AN UL I I L UL IR I IR I
?, 10°F -+ Data Prompt CR -
> - [tt, prompt (ttbar DL OS)
L -t b — |
It = prompt
[ Z+jets
10*

- tw

# non-prompt

10%¢

I A I I
~1-0.80.6-0.4-02 0 02040608 1
CMS PAS HIG-16-022 [lepton MVA score
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Signal extraction

- CMS exploits subcategorisation of high stat
categories based on:
- lepton charges
- b-tagging requirements

- Directly exploited in signal extraction discriminant

in ATLAS

- Various MVA methods used for signal extraction in
the different categories, using as inputs:
- lepton + jet kinematics

- b-tagging

- MEM or pseudo-ME

Events

Data/pred.

180
160
140
120
100

[a)

.8

1
1
1
1
1
0
0

Discriminants used for signal extraction in analysis of 2016 dataset

CMS Preliminary 35.9 fb" (13 TeV
1

~—

T T T [ T T T T
[*I*, post-fit (SM prediction)

o Data @WZ Non-prompt
WttH [JRares [MCharge mis-m.
mttW W W* ggTotal unc.
Otz  [Conv.

RBR]

g‘lllllII|III|III|III|III|III|I

\\\\\\\\\\\\\
AN

T v
I stat. unc. [ total unc.

+

€6 ee ew ew eu ew WL WL Ui ol
- t bL bl+ bt- bt+ b bl+ bt- bt+

ATLAS 2SS 3¢ 44 U42Thaa  20SSH+1Thaqa  200S+1Thaq 30+1Thad
BDT trained against | Fakes and ¢tV tt, ttW, ttZ, VV tt7 /| - tt all tt -
Discriminant 2x1D BDT 5D BDT Event count BDT BDT BDT Event count

CMS 20SS 3¢ 44 1U042mh0q  20SS+1Thaq  304+1Thaa
BDT trained against | Fakes and ¢tV Fakes and ttV - tt - Fakes and ttV
Discriminant 2x1D BDT 2x1D BDT Event count BDT MEM 2x1D BDT
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Visualising the signal

CMS 35.9 fb' (13 TeV) CMS 35.9 fb (13 TeV) CMS 35.9 fb' (13 TeV)
12] ¢ Observed Dtiz . 12] 9; * Qbsgrved [ ]Rare +tH ,g T T T UL B
o 10°L EfH (i=1.23) I W + tww o C EtH (i=1.29) [—] Conversions s | ]
> S Misid. leptons Wz +2Z > 8 [tz XY Misid. leptons 1 -
1| N Misid. lep ] Rare + tH (I S0 EEW +dww [ Flips
Uncertainty E EwWz+zz Uncertainty 102 — —
1+2t, 6 2Iss+tr, o ]
Si no-missing-jet r 7]
4; L * Data -
3E B i+ (i=1.23)
2 10 E |:| Background
!. o | E *  Background uncertainty
K — =
é E é E 1 — 1
gl osE 818 o5t * o 2F
oF £ T E X E
u%‘g 0; * ) # + + u%g 0: * E g oF _ _ _ _
s|d 05 s|d 05 * g° F
@ e © E e
a8 E. Ll Ll Ll a8 E. [ | | |
-1 -0.5 0 0.5 1 0 02 04 06 08 1 S - 3 2 T s
10
Discriminant Discriminant c N —
5 - ATLAS ¢ Data ]
§ 0l Ty bwa WA ] § asp T b Tt 2 L Vs =13TeV, 36.1 fb IﬁH Etf,_t” )
2 F il 7 E @ r LOfaw []74 ] Post-Fi =
§ [ s=13Tev, 36.1 fo' LJEW D:\fz ] § so0b Vs=13TeV,36.1 0" mpinoson [ Non-prompt i 10° ost-Fit [JBackground —
& L 2¢8S .D'bésc_’" EINon-prompt ] o F 3/ SR [JOther 7/ Uncertainty 1 £ _ ~, Bkad. Unc 3
5| Post-Fit Mg misid  [JOther a [ Post-Fit --- Pre-Fit Bkgd. ] F @ 7, BKga. o
10 E 77 Uncertainty --- Pre-Fit Bkgd. 3 o5 A = m - Bkgd. (u=0) -
F ] g ] i -+~ Pre-Fit Bkgd. |
E = ] 102
3 15 = E
. ] F
10 i
F 10E
r 1 IR R R R R I
P N e I I I e I B ] ] -::5620, " 0H (1 <1 ‘ ‘ ‘ ]
_qo; £ E 5 G:\\\\‘\H‘\\\\‘\\\\\H\‘\\H‘\\\\‘\\\\‘H\\‘\\\\E QC15* _tE (uﬁt_ 6) 1
2 1 o b ) E o 125 * P E o2 gof o ttH (=1) .
s ¢ s MM 5 a 2 / s[S o[ - Bkgd i
S ot ERT- , @[S s - Bkgd. (1=0) ]
© 075 F | ] E E| a
I + N 8 0B E * L E Sm ) S : ]
-1 08 -08 ~04 -02 0 02 04 06 08 1 %004 02 03 04 05 06 07 08 09 1 2.5 -2 -1.5 -1 -0.5 0
BDT output BDT output Iogw(S/B)
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ttH multilepton

Phys. Rev. D 97 (2018) 072003 arXiv:1712.08891 [hep-ex]
JHEP 08 (2018) 066 arXiv:1803.05485 [hep-ex], CMS-PAS-HIG-18-019

« 2016 dataset:

ATLAS 4.10 obs. (2.80 exp.)

CMS 3.20 obs. (2.80 exp.)

' | | | ' CMS 35.9 fb” (13 TeV)
ATLAS Vs=13 TeV, 36.1 b Combined : n=123 15 | 0%(stat) 0¥ (syst)]
—Tot. -+= Stat. Tot. (Stat., Syst.) 1+ 2¢, 176: .
2608 + 1Thag TN RPN 1.7 21 (92, 9 h=152 0
16 + 2Thag | - @1 -0.6 ﬂg (i—é; :lé) 2Iis1 61058 i T
3 1.3 402 W=10 s [
4| k@l 0.5 5 (D5 ~03) 2ss+t, |
3f+1Thad (AL & JLLLLL 1 1'6 i:g (ﬂg, igg) M=O.94 +006870 : B
2£SS + 1Thag pooed 3.5 17 (15109 3'_082”)77 - _ 418
o o 1899 (82, 13¢) e |
2rss| oH 1.5 07 (Y04, "o5) w=1347142 1 Bl N
combined | ~ [peH | 1.6 ji (j:g, fg;;f) 4 boo - -
2 0 2 4 6 8 10 12 =057 it
Best-fitu  for m =125 GeV S 2 A 0 1 2 3
ttH Best fit u(ttH)
- Similar statistical and systematic uncertainties
* New 2017 CMS preliminary result with ttV floating normalisations
0.50
2016  p = 104" 2.7G obs. (2.70 exp.) |
_ +0.46 o +0.39 R +0.34
2017 p= 0.75 43 1.70 obs. (2.90 exp.) Mz = 1.69705,  Haw = 1427753
_ +0.34 . . .
2016+2017 p = 0.96 43 3.20 obs. (4.00 exp.) Trend consistent with dedicated ttV

measurements in CMS + ATLAS
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https://arxiv.org/abs/1712.08891
https://arxiv.org/abs/1803.05485
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-019/index.html

#tH H—=vv / 4l Phys. Lett. B 784 (2018) 173 arXiv:1806.00425 [hep-ex]
144 JHEP 11 (2017) 047 arXiv:1706.09936 [hep-ex], CMS-PAS-HIG-18-001

CMS Simulation Preliminary 415" (13 TeV)

« Higgs _decay modes with high mass TR - 35 cxp. events =3%Fé
resolution are "cleaner": . ! WH, W—X
: . MBI 1155 oxp. events Il WH, W—lv
- events can be selected with high tagged =3 OXP- 1 ZH, Z-X
purity thzg;jgt 3.77 exp. events | -3: EZSLX
- tt and H part of the event can be Vht-hadronic [Pu— —I =:§;::}Z;’;§(
cleanly separated tagged | -t
VH-leptonic
. tagged 0.47 exp. events -._
* General strategy: reconstruct Higgs tH-hadronic R l
boson decay + tag production mode _agged —
with dedicated categories tagged '
0O 01 02 03 04 05 06 07 08 09 1
Signal fraction
« H->4l:

ATLAS: 4l + =1 b-jet + (=11 + =2 jets OR =4 jets + BDT-based categorization)
CMS: 4l + = 11 (not VH-tagged) OR = 4 jets, = 1 b-jet

Both in CMS and ATLAS:
0.5 signal event expected in mass window around 125 GeV / 0 event observed
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https://arxiv.org/abs/1806.00425
https://arxiv.org/abs/1706.09936
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-001/index.html

Phys. Lett. B 784 (2018) 173 arXiv:1806.00425 [hep-ex]
JHEP 11 (2018) 185 arXiv:1804.02716 [hep-ex], CMS-PAS-HIG-18-018

Fraction of Events

Sum of Weights / 2.5 GeV

EERE LN RAREN LN LR LN LN RN RS R
[ ATLAS —npatasiceband [ |+ Two channels defined: ttH hadronic and leptonic
- Vs=13TeV, 79.8 b « - » Non-ttH Higgs ]
[ Had region It i ] _
. | - BDTs used to reject backgrounds + define
categories with increasing purities
107" s
- —— - - -
S - Diphoton mass m(yy) used for signal extraction
i ""-‘-"—'#5__,:_—3—_.;;
- - Results based on data collected up to 2017
R R Y SR TR N AT B R
CMS Prellmmary 35 9 + 41.5 fb (13 TeV
BDT Output > A0 TTTTTTTIIT IS A A AR =
1) ttH MtfH_1 7 All categones 3
< S5FH-yy S/(S+B) weighted _E
1 ow | amas 4§ ¢ S 1 ATLAS
30:_ ----------- Continuum Background Vs = 13 TeV, 79.8 fb™ = % % l ...... Background E “'=1 _4+0-5_0_4
E - Total Background m,, = 125.09 GeV 3 % 20 B 1o E
25:_ —— Signal + Background All categories = .% 20 = 41 o ObS (370 exp)
- In(1+S/B) weighted sum ] = E
20 - o
- . +
= 1 2
15 4 &
105 = CMS
3 ] 4.10 obs. (2.70 exp.)

_19 n n n n n n n
00 110 120 130 140 150 160 170 180

m,, (GeV)
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https://arxiv.org/abs/1806.00425
https://arxiv.org/abs/1804.02716
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-018/index.html

Phys. Rev. Lett. 120 (2018) 231801 arXiv:1804.02610 [hep-ex]

ttH com bl natlon Phys. Lett. B 784 (2018) 173 arXiv:1806.00425 [hep-ex]

- Combinations of all available Run 1 + Run 2 ttH analyses released in Spring 2018:
- CMS: Run 1 + Run 2 2016 datasets
- ATLAS: Run 1 + Run 2 2015-2017 dataset

—
Q
C:)

51" (7 TeV) +19.7 o' (8 TeV) + 35.9 fb™ (13 TeV)

'E EIIIIIIIII IIIIIIIIIIIIIIII IIIIIIIIIIIIIIOE:
2 é S ..,F ATLAS :
-+ i 2. ¢ Data _
ClCJ 105;- CMS Iil g:slfgr\r/ci?nd E’ 10 = Vs=13TeV, 36.1 - 79.8 fb B fH (u=1.32) 3
> : W a6k iH (u= -
L : [ Uncertainty 10 Dgassgrlln 4 3
10°¢ [ ttH (u=1.26) 105k Bkgd. (10) 3
i ttH (u=1.00) F 3
10%F 10°e 3
5 10°E +|+LL E
10° : :
g 102 IltH (Z22) = <
102 L £ ttH (vy) . 3
10 E ttH (multilepton)
I L] 3 fH (bb
10 E_ d I \t;[\ \(‘ \)\ (| ‘
E ©
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I 1 1 1 -
o) 1:----|----|----|----| T ] @
X 25} ] @
= 2.0F : 3
. 1 55_ Wﬁj o
8 s SN
O 1 O' 1 Il Il | Il Il Il Il | Il Il Il | Il Il [ | Il | Il Il \| Il 11 L
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

log 1 0(S/ B) | | ' Iog1;)(S/B)
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https://arxiv.org/abs/1804.02610
https://arxiv.org/abs/1806.00425

Phys. Rev. Lett. 120 (2018) 231801 arXiv:1804.02610 [hep-ex]

ttH Obse rvatlon Phys. Lett. B 784 (2018) 173 arXiv:1806.00425 [hep-ex]

- Measured signal strengths compatible with the SM expectation within error

5.1 0" (7 TeV) +19.7 b (8 TeV) + 35.9 ib™" (13 TeV) L I L LA E B S B B B B B Sy

CMS -~ S]b"sfsn‘v:‘} s¥el) ATLAS Fed Total | | Stat. [ Syst — SM
FHOWW?) i L mg— -2 (el ©sys) Vs=13TeV, 36.1-79.8 fb"
B 3 Total  Stat. Syst.
tHEz) | e— BHH- e | 1362 1 (= 02200
1] —-——-—— _
fH(yy) I fiH (H — bb) = 0.83+0.61 (x0.30,= )
ttH(t*t) ——*‘——
- | ttH (H — VV) —— 1.50 = 055 (= o4 »* 040 )
ttH(bb) —-0—-—
8 Tey ttH (H — vy) —e— 1412 08 (= 0355 .= 0%)
atev | i Combined HE=H 132+ 02 (2018, = °2')
Combined 3‘ 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
S N N - 0 1 2 3 4 5
- SM
0.31 MﬁH 0.28 OttF/OttH
M = 1.26+031 496 M = 1.32+0-28 g 56
=1.26+0-16 ¢ 1¢(stat.)+927_g 2o(SYst.) =1.26+0-18 ¢ 1g(stat.)*0-21.g 19(syst.)
- First observations of ttH process!
Run 1 2.30 obs. (1.50 exp.)
Run 1 3.20 obs. (1.20 exp.) Run 2 (2015-2016) 4.20 obs. (3.80 exp.)
Run 2 (2016) 4.50 obs. (4.10 exp.) Run 2 (2015-2017) 5.80 obs. (4.90 exp.)
Run 1+ Run2 5.20 obs. (4.20 exp.) Run 1+ Run 2 6.30 obs. (5.10 exp.)
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Coupling measurements: the x framework

+ Usually combined analysis of different final states needed to further disentangle contributions
from different Higgs boson couplings

- k = coupling modifier

Effective
Production Loops Interference scaling factor Resolved scaling factor
(2 = o(ggH) v b—t K2 1.04 - k7 4 0.002 - k2 — 0.038 - KKy,
f O'I(K) 'rf(K) o(VBF) - - ’ 0.73 13 +027 12
0; - BR) = /3 Ky +0.27- K7
I'H c(WH) - - K3y
, 7 o(qq/qg — ZH) - - K
o(gg — ZH) v Z_—t 2.46 - k2 + 0.47 - k7 — 1.94 - k7K
¢ 7 o(ttH) - - K2
o(gb — WtH) - W—t 29T 12 +2.40 - 13, — 4.22 - K
h == t 4+ h-=-- W o(qb — tHq) - W—t 2.63 - x% +3.58 - kf; — 5.21 - Kk
2
¢ W (T(b]:?H) . - - Kp
Partial decay width
Y v 1ﬁi\fzw _ B K%
T - - Ky
Ty v Wt @ 159 @)+ 007()- 0.67 Gwre)
A _ _ K2
")/ T
rbb - - K%)
THu _ _ Kﬁ
Total width for BRggy = 0
- 0.58 - k% +0.22 -y + 0.08 - K3+
Ty v - e + 0.06 - k2 4 0.026 - % + 0.029 - K2+
+0.0023 - 5, + 0.0015 - k7, +
+0.00025 - x5 + 0.00022 - x5
v
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arXiv:1809.10733 [hep-ex]

top-Higgs coupling measurements ATLAS-CONF-2018-031

« Both CMS and ATLAS released combined measurements of Higgs boson couplings based on
Run 2 dataset

* Results assuming resolved loops with no BSM contributions

35.9fb" (13 TeV) ATL AS
CMS ® Observed
B T lonterval Parameter Result
5 — 20 interval
S z LoTiE R,
- Kw 1.04 £ 0.10
K ; )
w g Kb 1.007035
- ; Koy 1.0370-12
Kl 1.1140.12 45 45 o 17
. Ky 1.04101¢
i Ky < 1.63 at 95% CL.
Kb e ——  ——
i - Reduction of uncertainty on k: by ~40% wrt
|2|1(|)42|3 ATLAS+CMS Run 1 combination!

Parameter value
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https://arxiv.org/abs/1809.10733
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/

arXiv:1809.10733 [hep-ex]

top-Higgs coupling measurements ATLAS-CONF-2018-031

* Results with effective coupling modifiers to gluons and photons = constraint only from ttH
35.9 fb" (13 TeV)

CMS o Observed ATLAS Preliminary
_ . =tointerval Vs=13TeV, 36.1-79.8 fb"
K, - _.¢._ — 20 interval m, = 125.09 GeV, IyHl <25
— Bgsw =0 K '
KW o : 4 B
e i Kw —on—
Kt10.980.145 14 * -
~ Ky — —ho—— 1.09+0159 14
|KT| _-I.-_ — []
| ; K+ — G
he, - -
g B Kg —mpm—
e, | —- K, e
— i - B =0
: BSM
IKMl | | : I | | Basu
L 111 111 1 1 1 1 1 I I | 11 1) 1| |||||||||||||||||||||||||||||||
-2 -1 0 1 2 3 -1 05 0 0.5 1 1.5

Parameter value

- Constraint on xt ~25% looser than with resolved assumption

- But CMS fits xt*kw negative ?!?
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https://arxiv.org/abs/1809.10733
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/

arXiv:1809.10733 [hep-ex]

Single-top + Higgs production ATLAS-CONF-2018-031

- Single-top + Higgs associated q
production very rare SM
process:
~10 times smaller than ttH

- But very sensitive to xki*kw sign

due to tree-level interference b
between diagrams:

SM cross-section * 10 for kt'kw = -1

Otiig = (2.63 K7 + 3.58 k5 — 5.21 Kiky) Oy,

o e S8 (13 TV omw = (291 &7 + 231 k% — 4.22 keky ) Ty -
14 CMS — Observed 4

Bagsy=0 ----%,>0, k,50 ---- k<0, k>0 ]
- K>0, k,<0 - %<0, K,<0 ]

12
10f
- CMS negative measurement of xw related to ttH
H—yy observed excess:
- no constraint from H—yy loop decay

o - Ikl constrained by other ttH categories
2 \\ / . - excess fitted with increase of single-top + Higgs
AV | | | | e cross-section in ttH categories
07" 55 1 05 0 05 1 15
Kw
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arXiv:1811.09696 [hep-ex]

Single-top + Higgs production

* Dedicated search performed
by CMS: combination of
dedicated tH bb + multilepton

analyses + yy reinterpretation

- Distinctive feature of tHq wrt
ttH: additional forward jet

CcMS 35.9 fb' (13 TeV)
& 5ol | e Daia mmtH T . . .. .
S —hW e — * Multilepton analysis similar to ttH w/ 2Iss + 3l categories
..g Nonprompt B2 Total uncertainty but .
q>_) 40 — tHq (k=-1.0) tHW (i,=-1.0) -
L

- considers forward jet for event selection
- makes use of BDTs including inputs sensitive to forward
jets + trained to distinguish tHq vs ttV / tHq vs ttbar

o

&
I

i L S T T

30

i
o

10

- bb analysis focuses on single lepton + 3/4 b-jets events:
- makes use of jet assignment BDTs for event
reconstruction under tHqg / tHW / ttbar hypotheses
- signal classification BDT used to distinguish tHg+tHW
from ttbar
- flavour classification BT used to distinguish tt+light from
tt+heavy flavour in dilepton control region

Ratio to SM
N W O
TTT HYW T

—
T

— (k=-1.0)/SM ----Backg./SM
0 05 1 15 2 25 3 35 4 45
Max. nl of any untagged jet
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arXiv:1811.09696 [hep-ex]

Single-top + Higgs production

CMS 35.9fb™' (13 TeV) . .
g o rge e gy dependance on normalisation + shape of ttH / tHq / tHW fully
2 100 wous — _ . . . . . .
5 1z ] taken into account for signal extraction including impact on
Ewz . .
_— w1, v ] branching ratios
BE8 Total uncertainty |
—— 10x tH (expected) |
60 b
40 41« Sensitivity driven by multilepton channels for x>0 and yy
20T = channels for k<0 with positive value favoured
. — CMS 35.9fb~" (13 TeV)
& Total uncertainty 40 M
g% g P —tH+ttH _ e (E):;:g:j (SM)
AAAAA - B | | | | | 35 ' H— WV\\(/ZZ/TT/bb/VY —e— Observed (Multilepton)
O 423 a5 6 7 8 9 10 “ky =1.0,resolved Expected (Multilepton)
Combined BDT bin 30F i —e— Observed (v7)
| \\ Expected (77)
CMS 35.9 b (13 TeV) I ;
bE] 800 ' ‘ ‘ ‘ — 4 Data 25 —o— Observed (bP) II‘ 50
g - i t=a19.10 e g Expected (bb)
S i . Ky =1.0 1 e £ L
i3 600 N 1B 37
i | W#+bb/0/20 !
400 - - Wi or
i 1 Wt
200 -_ __ .Misc 10
i . N stat.+syst.
n | __800x tH
(expected) 5F
3 15 : ‘ [ Stat.+syst.
% 1k : 0
° os e ; : -3
-0.4 -0.2 0 0.2 0.4
SC-BDT response Rit
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Prospects

+ H—bb and multilepton channels systematics limited by now
=> H—yy + 41 (+ pp?) channels will ultimately become

golden ones to study ttH production

+ Study of differential cross-sections in ttH final states may
cast some light on exact nature of Higgs couplings: pT(H)
spectrum to constrain CP structure of top Yukawa coupling or
Higgs self-coupling

CMS simulation Preliminary (13 TeV)
T T T T T T

o
©

. @ tZqworking point 2016 | | some time now

B tZq working point 2017

> 1 T 11

o E

c

Q0 "

O K

= L

) muon p_> 25 GeV

750'95 i tZq lepton MVA 2016 MC |
c

() - i
%) E ——— tZq lepton MVA 2017 MC ' |

A PLB779(2018) 358

0.85 A -

[T T T T[T T T T[T T T T[T T T T [TTT]
ATLAS Preliminary Totale Stat.!! Syst.=

Projection from Run 2 data

Vs =14 TeV, 3000 fb'1l Total  Stat  Syst
O(tiH,H—M{y) m +0.074 (= 0.046 + 0.057)
o(ttH,H—>WW,tr) IEI +0.202 (= 0.063 = 0.192)
o(ttH,H— Z2) o +0.193 (= 0.186 = 0.050 )
o(ttH,H—> bb) = +0.142 (0.032 = 0.138)

.| .| | I .| | I .| | 1 1 1 1
-1 0 1 2 3

Cross section norm. to SM value

ATLAS-PHYS-PUB-2018-054
CMS-PAS-FTR-18-011
CMS-PAS-FTR-18-019

- But still, statistics will not increase fast before

* In the meantime, makes sense to keep trying improving

I other channels as well: recent example of CMS tZq

i 1 observation where switch to MVA-based lepton selection
0.8 ———— reduced by a factor 2 the systematics uncertainty!

107 10

Background efficiency

CMS tZq observation seminar
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https://indico.cern.ch/event/749080/attachments/1760209/2865080/LPCCSeminar_Dobur.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-019/index.html

Conclusion

- Studying the top-Higgs coupling is
one of the keys to better understand
the mechanism of mass generation
for fermions

- ttH process offers a direct probe to
study it

« Observation of this process at LHC
already before the end of Run 2!
=> still possible to produce outstanding
physics results beyond the Higgs
discovery

- Possible thanks to significant analysis efforts relying heavily on MVA techniques, some of them
exploiting cutting edge machine-learning developments

- Beyond ttH observation, detailed properties of top-Higgs coupling still to be studied in more
details at LHC and some significant physics results are yet to come in that area
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Back-up

T. Strebler — CPPM seminar 03/2019

32




- - ATL-PHYS-PUB-2015-022
b-tagging in ATLAS Run 2 JHEP 08 (2018) 89 arXiv:1805.01845 [hep-ex]

-20 -10 0 10 20 30 40
Track signed d0 significance (Good)

* Relies on three kinds of variables: g A’T',_'A'S' S'I;n‘ul‘a;lc', P r‘e;l r'm‘niar'y :
. . . 10 ¢ =
- transverse and longitudinal impact parameter 2 o Vs=13 TeV, fi -
significance of individual tracks £ — bjets |
- presence of a secondary vertex and related properties <'° | — Uit flavour jets 3
- reconstruction of B-hadron decay chain, including of :
tertiary charm decay vertices 10°F E
1051""1""1""1 """" | DL = 10'4:_ _;
S i ATLAS Slmulatlon Prellmlnary = 2 “‘l.‘,‘. E
= H 7] el Sy, ]
? alf : | il '
_% 10 E_ ............................................................ .......... ....... 5 -,
= F —IMVicRun-1, 10E b
> L — MV2¢c20 Run-2 g Mg
> E 10 1 1 | 11 11 | 11 1 | | T 1111
8 ¢
£
Ry
-

B E

- Boosted Decision Tree trained in ttbar

' | IHIIIIl 1 IIIIIII! | IIIIIII| | IIIIIIII

10 et . ) e . :
6-s15Tev i simulation to discriminate b-jets from mix of
Lreseevnes light- and c-jets
- 6 E
5 5 3
S 3
B NG w . |mproved performance obtained for the
- i whole Run 2 dataset thanks to upgraded
0.55 0.6 065 0.7 075 0.8 0.85 09 005 1  detector + updated MVA discriminant
b-jet efficiency
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https://cds.cern.ch/record/2037697
https://arxiv.org/abs/1805.01845

! : CMS-DP-2018-033 , CMS-DP-2018-058
b-tagging in CMS RUN 2 jinsT13 2018) Pos0Tt arxiv:1712.07158 [hep-ex]

1 (s =13 TeV _ o _ _

2 F'CMS Simulation reimirary A Relies on similar input variables as in ATLAS (up
8 [ tevents i /- to 201 8)
S AKdiets (p_> 30 GeV) / /
e Iy / -+ Combined using different MVA methods:

e i S - Run 1 CSYV likelihood-based

= / - 2015-2016 CSVv2 neural network
[ == / _ - 2017 DeepCSV deep neural network
/ -2018 Deepdet deep neural network
i - multiclassifier with low-level PF candidate inputs

01 02 03 04 05 06 07 08 09 1
b jet efficiency

|Charged (16 features) x25| 1x1 conv. 64/32/32/8— RNN 150 b
41.9fo” (13 TeV, 2017) [Neutral (8 features) x25— 1x1 conv. 32/16/4} - RNN_50/—  Dense Ibbb
z TE L T 200 nodes x1, | P
% CMS PreI/m/naryr S I S T Secondary Vix (12 features) x4|—|1x1 conv. 64/32/32/8|—| RNN 50|— 100 nodes x5 f
g - iﬁi}f;tf(p P SEPA N S S AP0 B O [Global variables (15 features)| g
B 10 e ‘ ]
é E A DeepJetwivT SFappIie.d HEI 3 E
e s e S S 1+ New pixel layer faced DC/DC converters failures
S I P _ of ~5% modules in 2017 (no issue in 2018)
F-| A cwith SF applied ,' o ;
I T 1 « Thanks to continuous improvements in b-tagging
109 o T MVA taggers, overall CMS b-tagging performance
T T Ty B oy o Y T - maintained or improved over full Run 2
b jet efficiency
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https://cds.cern.ch/record/2627468?ln=en
https://cds.cern.ch/record/2646773?ln=en
https://arxiv.org/abs/1712.07158

JHEP 06 (2018) 101 arXiv:1803.06986 [hep-ex]

ttH H—bb fully hadronic

- Targets highest branching ratio:

H—bb + 2 top hadronic decays

+ Most recent result by CMS based on 2016 dataset

Run 1 result in this channel by ATLAS only

=>
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35.9fb" (13 TeV)

1

- Event selections:

— c
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o 8 o
|_.....M %_....UIH.lnDd
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L o0
|b%__m mu..nw.
EEi63
"EERO0
-2
L 5 ©
8558
=2
-EOEN

- no lepton
- =6 jets

0
o
—

NSO 00} / SlusAg

- =2 b-tagged jets
- Hr> 500 GeV

- at least a pair of light jets compatible

with W mass

 Final state overwhelmed by QCD multijet
production
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1000
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https://arxiv.org/abs/1803.06986

Quark/gluon discriminant CMS-DP-2016-070

2.6 1™ (13 TeV)
1200—CMS Z+jets

[ Preliminary
+Data .quark

lgluon Dundefined

LO light jets expected to be
quarks from W decays

1000

Events/0.04

= > M VA q u a r k/g I u O n 3""3_ 80 GeV<p, <100 GeV quﬂ}’h
discriminant used to reduce ol i <2.0
QCD background I
+ Likelihood-based q/g discriminant oluon.
computed for each jet using: .
- #jet constituents ggsiz DU T S
H H H = ] ol 0‘51 = e e T T I SELES SN SIME S o
- minor axis of jet ellipsis A R ——
- / D " Quark-Gluon Likelihood
pTD ZpTT : 359fb (13Tev)
1 LS B B DLILELELN BLELELL UL UL I I
I 10°E CMS %mﬁ‘.ﬂé‘?c =§:gb SthX)son
ined | ikeli | Sin Bn oo
« Combined into an event-level likelihood ratio Wiree EViae ¢ Daa

[ V+jets

Events / 0.05 units

B L(N],O)
TLR(NLN2) = TN, 0) + L(Na, Ny — Na )

iNq iNq+Ng
L(NgNg) = ) ( [1/a@) [T fs(@n)
perm \ k=i, m=iNq+1 """ AN AN R

Data/Bkg
O = =

2
.0
8 nia‘el vV EFEFENINE SR A il detel o n

- QCD shape from control region / normalisation 00 0102 03 04 05 08 07 L&LR (3b)

unconstrained for signal extraction Validation region Signal region
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ttH H—bb fully hadronic JHEP 06 (2018) 101 arXiv:1803.06986 [hep-ex]

CMS Supplementary

- - - tl tl El b
Cate gories based on jet + b-jet RNt IS o A AL v S ol
multiplicity
I Multijet
. . . P T If
MEM computation optimised for each M o
category: performan’[ both againS’[ QCD 7 jets, > 4 b tags 8 jets, > 4 b tags >9jets, >4 b tags -tE+b
S/B = 0.0077, SNB = 0.5227 S/B = 0.0095, S/VB = 0.6890 sB=00143, snB-0s48s [ iT+2b
and tt+bb I b5
W H (=
35.9 fb" (13 TeV) Other Bkg
[22) L L L L L L B B BN LI
-‘é’ 107 :; B Stat @ sys unc é
S E I Multijet [JOthert CMS = 1
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o' E ti CE -tfH (ﬁ=0.9) E >.. _II TT | TT I-I | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT
~ o5k =ti:b5 — tiH x 500 - 2 107 eowbuegs  CMS 4
2 U E ¢ Data >9 jets, >4 b tags 3 5 [ Muliet AUC=0270  supplementary 7
S F = = - - fi+f AUC=0.364 Vi
3 10 2 0.8 --...tiscs AUC=0.366 ]
5 S | - titb AUC=0369 1
10 o 06l ft+20 AUC=0.291 1
2 U-0" — tt+bb AUC=0.333 7]
10° - -
T 1
o | ) 1
10 0.4 i .
c) _I T 1T LI LI T T 1T LI LI T T LI T T 1T T I_' ~ “x :
2 1.2 I I I l I I I I I 02l B
T 10 i ]
S [ ]
(DU 0 8 O O 1l (I) 2I (l) é (I) 4I- 6 5I (I) 6I (‘) 7 (I) 8I 0 9 1 O 0 L 1 I-_I-I:-l--l-l-l 1 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111 I_
: : R : '8.0 0.1 0.2 0.3 04 05 06 07 08 09 1.0
MEM discriminant Signal efficiency
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ttH H—bb fu"y hadronic JHEP 06 (2018) 101 arXiv:1803.06986 [hep-ex]

35.9 fb™ (13 TeV)
CMS w tot (stat syst)| * Sensitivity of analysis limited by large QCD
7j, 3b 1.6 *98 (27 92y contribution and associated uncertainty:
8j, 3b ———— 1.2 59 (22 54y 20-30% improvement with fixed QCD
29], 8b |- -35 %% (31 %o) normalisation
7j, =4b w54 29 (#1823,
8j, =4b o _02 28 (1% #22y| « 95% CL upper limit p < 3.8 obs. (3.1 exp.)
=9j, =4b —at 0.4 *E (14 18y ATLAS Run 1 p < 6.4 obs. (5.4 exp.)
3bcats| = 17 2% (8 1)
4b cats . 1.5 *16 (109 414 35.9fb" (13 TeV)
Combined| T-H 09 f];g‘ (jgj‘ 3 ) e CMS
—10““—5”"0“"5””10‘“‘15”“20”“25‘”‘30 ) _
Best fit u = o/o,, at my = 125 GeV 8j, 3b L
>9j, 3b LRI
- Best-fit 7i, >4b LD B Median expected
1 = 0.9+ 0.7 (stat) + 1.3 (syst) = 0.9 + 1.5 (tot) 8j,>4b | [N I 68% expected
A ‘ _ o ‘ >9j, >4b LN [ ]95% expected
+ Limited impact on CMS ttH observation but 3b cats W =xpeoted (SM )
impressive efforts which can be 4bcats | I = Observed
exploited in other ttH / fully hadronic Combined W8 -

I [
analyses 0 5 10 15 20 25 30
95% CL limiton p = o/c , at my=125 GeV
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ttH H—bb fully hadronic JHEP 06 (2018) 101 arXiv:1803.06986 [hep-ex]

« QCD background very difficult to model in

Events / 100 GeV

Pull

. . : . Ncsvm = 2
simulation => data-driven estimate NesyL > 3 Nesvm 2 3
QGLR > 0.5 C.R o . SR .

« QCD shape from control region / (to extract distribution) (final analysis)
norma]lsatlon unconstrained for signal OCIR < 05 Validation CR VR
extraction " (to validate distribution) (comparison with data)

+ Validation in QCD-enriched region

35.9 b (13 TeV) o 359fb (13 TeV)

600 CM VR >9 jets, >4 b tags 1400 CMS VR >9 jets, >4 b tags —|
3 ' Minor bkg+ttH (60) " Minor bkg+tiH (60)
500 - -
B i jets (556) B ti+jets (556)

" Multijet (2445)
¢ Data (3061)
x2/dof = 1.0
p-value = 0.397

I Multijet (2445)
¢ Data (3061)
x2/dof = 1.2

Events / 30 GeV
o
S

IIIIIIlIII[IIII

300

vovovovovovo

200

IIIIlllllllllllllllllllll

0
o[ + 1 ' | + ' | ' | ' | ] _ of '+| L L L
S DAY SR S A B A
- ! L 1 L - P I S S R TR P T T R L
6(I)0 8(|)0 1 0|00 1 2|00 1 4|00 50 100 1 50 200 250 300
H; (GeV) bb mass (for min AR pair) (GeV)
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https://arxiv.org/abs/1803.06986

Event reconstruction with MVA

- Association between reconstructed objects and
expected LO objets attempted to mitigate
combinatorics

- ATLAS/CMS analysis makes use of reconstruction
BDT/DNN trained to discriminate correct/wrong
associations

B 0.1 4 IIIIIIII I 1T 17T I T 171 I LI I LI

S ATLAS Simulation Preliminary

s 0.12 fs =13 TeV

© Single Lepton

& 01 > 6j, > 4b

£ 008 [_JttH, all events - Used to define kinematic variables

[_] ttH, Higgs boson
correctly matched

—+tt

with additional discrimination

powers:

e.g. Higgs mass = mass of two b-jets

associated to the Higgs boson in the
association with highest reconstruction

1 1 1 1 I A I 1 1 1 1 I L | 1 1 L L 1 1
50 100 150 200 250 300 350 400 BDT score
Higgs mass [GeV]

0.06

0.04

0.02

III|III|III|III|III|III|III_1
III|III|III|III|III|III|IIIT

OO
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ttH H->bb leptonic

CMS-HIG-17-026 arXiv:1804.03682 [hep-ex]

- Signal extraction in CMS analysis in SL channels

Events / Bin

Data / Pred.

Events / Bin

Data / Pred.

10*

10°

107

10°

10°

10?

10

—_

05F

10

10* £

1.5F

CMS

35.9 fb' (13 TeV)
\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\7

SL (=6 jets, =23 btags) e Data 15 x tiHgy, |
ttH node [ttt M tt+cc E
Pre-fit expectation Wb W2

I tt+bb Il Single t

[ V+ets  []tt+V 3

[l Diboson [N\ Uncertainty

%\\\%\\\\(\\\\\“&\\\‘\\L\\K\

ol b b L b I
0.4 0.5 0.6 0.7 0.8 09

DNN discriminant

CMS 35.9 b (13 TeV)
E\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\i::
F SL(4jets,23btags) e Data 15 x tiHg,
L ti+If node [ tE+f [ ti+cc =
E  Pre-fit expectation 1 2o E
I tt+bb Il Single t
W V+ets  []tt+v

Wl Diboson [N] Uncertainty |

PR

ol b b b b b 1
03 035 04 045 05 055 06

DNN discriminant

Events / Bin

Data / Pred.

Events / Bin

Data / Pred.

10?

103§

CMS 35.9 fb! (13 TeV)

\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\:

SL (5 jets, =3 b tags) e Data 15 x tiHgy ]

tt+bb node I tt+If Il tt+cT —

Pre-fit expectation [ [ W20 E
I ti+bb Il Single t

M V+ets  [Jti+Vv =

[l Diboson

Uncertainty J

%\\\\\\\\\\\\\\\\\w\\\\\&\k

Bl b b b b Ly
0.4 0.5 0.6 0.7 0.8 0.9 1

DNN discriminant

CMS 35.9 b (13 TeV)
:\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\:
[ SL(=6jets,=3btags) e Data 15 x ttHgy, ]
[ ti+cc node I tE+f M tt+cT
Pre-fit expectation Wb [ [
I ti+b5 Wsinglet 7
[ V+ets ItV
K Uncertainty

ehhnnding

0.22 024 026 028 0.3 0.32 034
DNN discriminant

- Events categorised based on

most likely process, using
DNN probabilities: assigned to
ttH/tt+bb/tt+If/tt+cc nodes

*Distribution of DNN

probability used for final fit
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https://arxiv.org/abs/1804.03682

ttH H—)bb |ept0nic CMS-HIG-17-026 arXiv:1804.03682 [hep-ex]

- Signal extraction in CMS analysis in DL channels

O’) C\M\s‘\ TT ‘ TTT ‘ TTT ‘ TTT ‘ 1T ‘ TT \3‘5\9 ‘fb‘-1‘(1‘3‘1‘—e‘v‘)
e 10°E DL (s4jets, 3btags) o Data BxfHg, 3 ° BDT '[I’alned N eaCh Category (0]
~ [ Pre-fit expectation It W o 3 . . . .
2 ol mio  me | discriminate ttH signal from
2 F Il ti+bb i Single t 3 . . .
o F mwes v | inclusive tt+jets background
107 Ml Diboson [N Uncertainty 3
10? ;
10
CMS 35.9 o' (13 TeV) CMS 35.9 o' (13 TeV)
C\! 180_\\\\‘\\H‘H\\‘\\H‘H\\‘\H\‘\\\\‘\H\‘\\H‘H\\_ 1 (\] 70_L\\\‘\\H‘\H\‘\\H‘H\\‘\H\‘H\\‘\H\‘\\H‘H\J_
S C DL (=4 jets, 4b1ags) e pata 5xtg, 1 g e e F DL (=4jets, 24 btags) o Data 15 x iHg, 1
» 160 BDT-low Wi Wi ] & 15E . @ gof- BDThigh Wi Wi
-— r 5 . . o = 3 -— n 5 . .
51>:> 140 Pre it expectaton [ [ [ [ - = 1;%&\’\\)\ RRRRIPR M § e erpectaton [ [ 20 ]
» \ — w O05F — - -
L 120 \\ .ﬁ+b5 .Singlet { 8 ? | \O\é \_\c é\ ‘0‘4‘1‘ \O\é\ \g\ ! \0 ! \0‘4\ ! ‘0‘6‘ ! ‘O‘Si w 50: .tf+b5 .Singlet T
< . . - -0. -0.4 -0. . N . - TrV U rtaint ]
100 NJuncertainty — DT discriminant 40— e neertamy =
i 30 =
E 20f- =
______ ER ¥ 10k .
o AL N A : w(y|ttH) 3 .F E
® 15F N — © 45F N =
AR Y P = (F|tEH) + kg /b (7] tE+bb) S N 3
s b \N \ \ wly s/bW\Y PR AN N AN \\ S\
8 .;\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\“\\\\‘\\\\[\\\\\\\\: 8 .;\\\‘\\\\‘\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\é
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
MEM discriminant MEM discriminant

- MEM discriminant used in each SR BDT subcategory, optimized to discriminate
ttH signal from irreducible tt+bb background
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https://arxiv.org/abs/1804.03682

ttH H—)bb |eptonic CMS-HIG-17-026 arXiv:1804.03682 [hep-ex]

- Signal extraction method providing the best-sensitivity used in each channel

Channel Method Best-fit u

+tot (+stat =+ syst)
Single-lepton  BDT+MEM  1.0°3& (03} +063)
Single-lepton DNN 1.07022 (i83§8 iSjZQ)
Dilepton BDT+MEM  1.077%3 (i8j2§ ig;gg‘)
Dilepton DNN 101338 (97 115)
Combined ~ BDT+MEM 10708 (+028 +03%)
Combined DNN 1.0702 (i8;§? ijZfZ)
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https://arxiv.org/abs/1804.03682

g Phys. Rev. D 97 (2018) 072016 arXiv:1712.08895 [hep-ex]
ttH H— bb |ept0n IC CMS-HIG-17-026 arXiv:1804.03682 [hep-ex]

Pre-fit impact on u:
T 0=0+A0 | 0=0-A0
Post-fit impact on u:

mo=0+A0 po=0-AD

—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 Il
tt+light: PS & hadronization
Wt: diagram subtr. vs. nominal
b-tagging: efficiency NP |
b-tagging: mis-tag (c) NP |
E["*: soft-term resolution

b-tagging: efficiency NP Il

Au
-1 -0.5 0 0.5 1
ATI'_AS B o CMS St!Jpple!ment!ary ! 35.9 b’ (13 TeV)
{s=13 TeV, 36.1 fo! 1 tt+bb cross section (50%) -—0—- :
. . 2 b tagging: charm (linear) ——
3 tiH cross section (renorm./fact. scales) | e c—
4 jet energy scale (1) ——
5 tt+2b cross section (50%) ——
6 b tagging: If fraction ——
7 b tagging: If stats (quadratic) —_———
8 u, scale (tt) ——
9 PS scale: ISR (tt+If) ———
10 PS scale: FSR (tt+lf) ——
11 b tagging: hf fraction ——
12 b tagging: charm (quadratic) -—o—-
13 ME-PS matching (tt+f) : : '—.—'
14 jet energy scale (2) ———
15 u_scale (t0) ————
16 jet energy scale (3) —
17 PDF (gg ttH) —_——
18 b tagging: hf stats (quadratic) —_——
19 jet energy scale (4) — it
20  tt cross section (renorm./fact. scales) e :
-2 -1 0 1.2 -0.1 0 0.1
TR R -=-Pull [ll+10 Impact -1 Impact (0-6,)/A0 Au

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

(6-6,)/A0
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https://arxiv.org/abs/1712.08895
https://arxiv.org/abs/1804.03682

ttH multilepton

'A;TLAS E?trzms 9 Egllgf)son
. . . s=13TeV ake 7 on-prompt
Categories used in ATLAS ttH multilepton BB ko Fins ENon oM
anaIVSis 2¢SS 3¢ SR 4¢ Z-enr. 4¢ Z-dep.

20SS +1Thag 2/0S+1Thag 30+ 1Thag

16427454

Signal Fraction [%]

3¢ ttW CR 37 ttZ CR 3/ ttCR
100
90
80
m — T T T T T T T T T — m
" B8 ATLAS =2 %J
60 |:|H -~ 77 1.6 Vs=13TeV,36.11b" 1.8
= : 1.6
1.2F I
40 1:_ *;1.2
30 PO T N I =l
20 B —0.8
R e e o6
10 0-42—4,_,7 ______ ---40.4
o2 [ | | | i i Jo2
0 Q/SS 3/89 4/2 4/2"0' S"&/~ QOS 3/1"71' 7/~I~2 ) | | | — 1 70
l7/-,c /76 ol teo’ 7l}7ad 71;7 a0 ha o Asg gy 92, "Z:;Z "ei//‘z,f.ﬂfs a,f*haqll*gt Sy, Sglz % Ongdr rop
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ttH multilepton

- Sources of non-prompt leptons and fake naq in the multilepton categories

Fraction of fake and non-prompt leptons [%]

[ other

[ conversions
88 Jy

[ light quark+gluon
[ c-quark

B b-quark

2ISSeun  2ISSuun 3le 3lu

< 100
— 90
8
s 80
X
S 70
S 60
o
g 50
©
L 40

2ISSe+1t 2ISSu+t

ATLAS Simulation
Vs =13 TeV

[ other
Il clectron

@ gluon

[@™light quark
@™c-quark
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ttH multilepton

- Signal extraction in 2ISS + 3l + 3I1zn categories based on 2 BDTs trained to discriminate
ttH / ttV and ttH / tt remapped into a 1D discriminant with increasing S/B

> CMS Prefiminary 35,9 fb" (13 TeV) CMS Preliminary 35.9 fb' (13 TeV) w CMS preliminary __ 35.9 fb (13 TeV)
€ 200 I*F*, post-fit (SM prediction) - £ 140 __|‘|”Ipost.lﬁt (Sfm preldicﬁoln) A € [, post-fit (SM prediction)
4 r +Data @WZ  [JNon-prompt o I +Data @WZ [INon-prompt o +Data @WZ  [INon-prompt
1 180 WttH [JRares [[JCharge mis-m. ] m 20:.“H [JRares ["]Charge mis-m. ] 1T} WttH [JRares [[JCharge mis-m.
r WtW  @mW*W* ETotal unc. ] | mttW  mW*=W* g Total unc. WtW  [@W*W* @ Total unc.
1601 [tz  [Conv. -] F @tz  CConv. Otz [IConv.
140F- = 100 E
: .
100 - I N —
b e Lk E 60~ -
60;_ s = X 40:_ ........... b - 40
40f E - — ]
20f- E 20} o S e——
X I\E rarans T r : . ,\: . alJ 1 T .
T 1.8fFmmstatunc. [total unc. ] 9 48 T 18fmmstat.unc. [total unc. B
S :'g a E g 16 g 16F E
3 13k E s 14 8 13 ]
5 1% : & 12 g 12 S e &
a 2 E a O ok T g
06355060402 0 02040508 0.6 08060402 0 02 04 06 08 1 06— 3 4 5 & 7 s
BDT (ttH, V) BDT (ttH, t) | BDT (ttH,tt/ttV) bin|
ATLAS 2SS 3¢ 44 U42Thaa  20SSH+1Thaqa  200S+1Thaq 30+1Thad
BDT trained against | Fakes and ttV  tt, ttW, ttZ, VV ttZ | - tt all tt -
Discriminant 2x1D BDT 5D BDT Event count BDT BDT BDT Event count
CMS 20SS 3¢ 44 1U042mh0q  20SS+1Thaq  304+1Thaa
BDT trained against | Fakes and ¢tV Fakes and ttV - tt - Fakes and ttV
Discriminant 2x1D BDT 2x1D BDT Event count BDT MEM 2x1D BDT
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ttH multilepton

- Main systematics

Uncertainty Source Ap

: 0 o
ttH modeling (cross section) +0.20 —0.09 Source . — Uncertamty [%] A“M / H [%]
Jet energy scale and resolution +0.18 —-0.15 e U selection eff1c1ency 24 11
JNOtni‘ipromft hght‘lepgon esfgnaz?g . Igﬁ _8.(1)3 T, selection efficiency 5 4.5

et flavor tagging and 7y,q identification . —0. ; . .
(W modeling 4010 —0.09 b tagging efficiency 2-15[? ] 6
ttZ modeling +0.08 —0.07 . .
Other background modeling 1008 —0.07 Reducible background estimate 1040 11
Luminosity +0.08 —0.06 . . _ ”
ttH modeling (acceptance) +0.08 —0.04 ] et energy Cal-1brat.10n 2-15 [ ] 5
Fake T estimates +0.07  —0.07 Th energy calibration 3 1
Other experimental uncertainties +0.06 —0.04 .
Simulation sample size +0.04 -0.04 Theoretical sources ~10 12
Charge misassignment +0.01 -0.01 . .
Total systematic uncertainty +0.39 —-0.30 Integrated lumanSIty 2.5 5
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ttH multilepton

CMS 2016 4,5,

u<2.7 (4.1 exp)
2lss

u<2.8 (1.0 exp)
2|ss+1r,

u<25(1.4exp)
3l

u<2.7 (1.6 exp)
3l+tr,

u<4.4 (2.8 exp)
4]

u<6.5 (4.9 exp)
Combined

u<2.1(0.8 exp)

ATLAS 2016

CMS Supplementary 35.9 fb' (13 TeV)

-@- Observed

-€5- Expected

I -1 s.d. expected
+2 s.d. expected

-G tiH(u=1) injected

1 10

95% CL upper limit on u = o/csSM

2¢0S+1Thag
104+2Th,g [~
4¢ —
3C+1Thay
20SS+1Thy
3¢ —

2¢/SS

combination

— ATLAS

{s=13TeV,36.1 fo'  —

=== Expected + 16 |

: | ----- Expected + 26 _|
: —— Observed

ol Bpected ut) -

i I PRI
2 3 4 5 6 7 8
95% CL limit on e atm, =125 GeV

CMS 2017

11+ 27,
2lss

2Iss + 1t
21+ 27,
3l

31+ T,

4l

CMS Preliminary

41,5t (13 TeV)

1K

—@— Observed

-{(3- Expected

I :1 s.d. expected
+2 s.d. expected

-{3- ttH(u=1) injected

10
95% CL upper limit on p = o/c

- Sensitivity per category

102

SM
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#tH H—- Phys. Lett. B 784 (2018) 173 arXiv:1806.00425 [hep-ex]
144 JHEP 11 (2018) 185 arXiv:1804.02716 [hep-ex], CMS-PAS-HIG-18-018

& 1:11|||||||||||||||||||||||||||||||||||||||||||||:: 1
é : ATLAS — Data sideband : g EI L I L I L I L I LU I L I L I T I-I T I L I TT7T I:
w - Vs=13TeV,79.8fo"  (_iNontiHHiggs | - 0 - ATLAS o DataSideband ) J
S | Had region [CJtH T w [ Vs=13TeV, 79.8 fo + ., Non-ttH Higgs .
S - T ° | Lep region [CJtH i
s [ 1 e F |
T - § 107 E
107" e v ]
3 iy |
L Ty - - e n -
:-.*:' - '_*_."*__H-l-f-l' ‘IO‘2 = =
T T P T T T Tl i ; ]
0 04 0.2 03 o4 05 06 o7 08 09 1 Loleviiliviitn urefl N T SRR B
0 0 1 O 2 O 3 0. 4 05 06 07 08 09 1
BDT Output
BDT Output
BDTs used for event 50CMS Pre//mlnary 4151 (13 TeV) 200OOCMS Pre//m/nary 41.51b" (13 TeV)
m TT L L L L { L { L ! L ! TTT { TT l_r) TT L TTT L TTT { L { TT T:{ T:T T:{ TTT { TT
H H (=] C : : ] o g
categorlsatlon € 45 o Data sidebands 3 318000; o Data sidebands 4
g “0- -ttH (m =125 GeV) E §1 sooo- B tiH (m, =125 GeV) :
351 = 14000F {
30F = 12000 =
250 * = 10000 3
20 H = 8000 3
15F + = 6000 3
106 + E 4000 =
5 E 2000F -
947-08-06-04-02 0 0.2 0.4 0.6 08 1 09 -08-06-04-02 0 0.2 0.4 0.6 08 1
ttH Leptonic BDT score ttH Hadronic BDT score
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https://arxiv.org/abs/1806.00425
https://arxiv.org/abs/1804.02716
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-018/index.html

Phys. Rev. Lett. 120 (2018) 231801 arXiv:1804.02610 [hep-ex]

tt H co m b N at [ o Il Phys. Lett. B 784 (2018) 173 arXiv:1806.00425 [hep-ex]

- Similar uncertainties, inherited from input analyses:
- ttH H—bb
- ttH multilepton

- ttH H—yy
- ttH H—>ZZ—4]

Uncertainty source Au
Signal theory _ . +0.15 —0.07 Uncertainty source Aoyi [oin (%)
Inclusive ttH normalisation (cross section and BR) +0.15 —-0.07 — -
Theory uncertainties (modelling) 11.9
ttH acceptance (scale, pdf, PS and UE) +0.004 —0.004 H 4 heavy flavour 99
Other Higgs boson production modes 40.002 —0.003 - y ’
ttH 6.0
Background theory +014 —-013 _ ) )
t + bb/cc prediction 013 o0l Non-ttH Higgs boson production modes 1.5
tt + V(V) prediction +0.06 —0.06 Other background processes 2.2
| Other background uncertainties +0.03 —0.03 Experimental uncertainties 9.3
Experimental +0.17  —0.15 Fake leptons 5.2
| | Lepton (inc. 1,) trigger, ID and iso. efficiency +0.08 —0.06 Jets, B4 4.9
Misidentified lepton prediction +0.06  —0.06 Electrons, photons 3.2
b-Tagging efficiency +0.05 —0.04 Luminosity 3.0
Jet and 7y, energy scale and resolution +0.04 —0.04 7-lepton 2.5
Luminosity +-0.04 —0.03 Flavour tagging 1.8
Photon ID, scale and resolution +0.01 —0.01 MC statistical uncertainties 4.4
| Other experimental uncertainties +0.01 —0.01
Finite number of simulated events +-0.08 —0.07
Statistical 016 —0.16 ATLAS
Total +0.31 —0.26
CMS
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https://arxiv.org/abs/1804.02610
https://arxiv.org/abs/1806.00425

Prospects ttH

ATLAS-PHYS-PUB-2014-016
ATLAS-PHYS-PUB-2018-054

ATLAS Simulation Preliminary

Vs =14 TeV: [Ldt=300 fb” det =3000 fb"

H—=yy (com(t(;; rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr - o(ggF,H—y7)
p J) rrrrrrrrrr - o(ggF,H— Z2)

(VBF-like) il olgghH— W)
(WH-lke) o(9gF,H~ )

(ttH-like)

o(ggF,H—> uw)

o(ggF,H— Zy)

H—ZZ

o(VBF,H—yy)
o(VBF,H— ZZ)

(ttH- Ilke)
VBF-lIKe

(ggF-like)
H—=WW (comb.)
(0)) =¥
(1)
(VBF-like)
H—Zy (incl.) e
—> hh (comb.)
H—bb (WH-like)
(ZH-like)
—1t (VBF-like)
—up  (comb.)

(ttH-like)

0 0.2

T o(VBF,H— WW)

o(VBF,H— 1)
o(VBF,H— uw)

Totalll Stat.

a
W
L
e

-

o=

i
e
F%ﬂ
o

=
o(VBF,H— Zy) I—E—I +0.682 (= 0.622 + 0.279)

[TT T T [T I T T[T T I T[T Tr I rrr1
ATLAS Preliminary
Projection from Run 2 data
Vs =14 TeV, 3000 fb™

Syst. =

Total Stat  Syst
+0.036 (= 0.017 £ 0.032)

= 0.039 (= 0.020 = 0.034)
+0.043 (= 0.012 £ 0.042)
= 0.083 ( +0.033 £ 0.075)
+0.185 (= 0.179 + 0.046)
+0.333 (+0.311+0.112)
+ 0.089 (= 0.044 + 0.076)
+=0.118 ( = 0.096 = 0.069 )
= 0.066 ( = 0.033 = 0.057)
= 0.077 ( = 0.037 = 0.068)
+0.361 (+0.325 £ 0.158)

Cross section norm. to SM value

o(WH,H—>yy) o +0.139 (= 0.131= 0.044 )
o(WH,H— bb) s +0.101 (= 0.043 = 0.091)
o(ZH,H—yy) e +0.157 (= 0.149 = 0.050)
o(ZH,H— bb) ol +0.051 (= 0.035 = 0.037)
o(VH,H— Z2) & +0.181 (+0.172 + 0.056 )
o(ttH,H—>yy) ol =0.074 (= 0.046 = 0.057)
o(ttH,H-WW,rr)  Ee= +0.202 (= 0.063 = 0.192)
o(ttH,H— Z2) = =] +0.193 (= 0.186 = 0.050)
o(ttH,H— bb) =i +0.142 (= 0,032+ 0.138)
|IIII|IIII|IIII|IIII|IIII
I -1 0 1 2 3
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https://indico.cern.ch/event/749080/attachments/1760209/2865080/LPCCSeminar_Dobur.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/

Prospects ttH

ATLAS-PHYS-PUB-2018-054

- ttH H—}y}/ Prod. mode | Scenario Aior/0sm | Dstat/Tsm Dexp/Tsm Dsig/Tsm | Ablsig
top Run2, 80fb~" | 103 030 s o | ol
HL-LHC S1 10 008 006 oy | B
HL-LHC S2 008 005 001 001 | T0.06
* ttH H—~ZZ-4l Prod. mode  Analysis | Avi/osn | Auar/0sn Dep/osu Dug/osn Dug/Tsn | A
Run2, 80fh™* | < 5.75 -
ttH HL-LHC S1 M T T00% o 002 | Tooos
metros: | RS | BM vBER een e |
° ttH ML + H_’bb Final state Scenario Apor/0sm | Astat/Tsm Acxp/USM Asig/USM Abkg/USM Ausig
ttH,H -+ ML | Run 2,36 b~ " | *Gig o o 010 | 1o
(no 7) HL-LHC S1 018 it o 008 MY o
HL-LHC S2 oy 004 BT 008 000 | foor
ttH,H — ML | Run 2,36 fb~" | *0g) g 03 0:00 01| ous
(with 7) HL-LHC S1 038 oor B 008 BT o
HL-LHC S2 o5 Hoor 05 008 o | 100
tHH,H —bb | Run 2,36 fb™' | 0§ MRy 05 0:00 o | o
(single lepton) | HL-LHC S1 T30 r 010 008 A B
HL-LHC S2 o8 To0s 000 008 M Hoor
tHH,H — bb | Run 2,36 fb~' | 13 M AT BT 009 s
(dilepton) HL-LHC S1 058 006 o 007 o5 | 0
HL-LHC S2 T30 006 o 006 R | 00s
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/
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https://indico.cern.ch/event/749080/attachments/1760209/2865080/LPCCSeminar_Dobur.pdf
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html

Prospects Higgs self-coupling
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- Direct di-Higgs searches
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https://indico.cern.ch/event/749080/attachments/1760209/2865080/LPCCSeminar_Dobur.pdf
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-019/index.html
https://cds.cern.ch/record/2647986/files/FTR-18-020-pas.pdf

