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Introduction

The top quark is special vis-a-vis of the Higgs boson
= Largest Yukawa coupling, order of one

= Just a coincidence or there is something deeper?

Only coupling that can’t be directly measured
through Higgs decay

= Indirect access through loops in Higgs gluon fusion
production and H—yy

= Decent constraint in run I assuming the SM particle
content

Need ttH to constrain top-Higgs coupling with a
(more) model-independent assumptions

= tH help resolve the top-Higgs coupling sign
(with respect to H-W)

ttH observed for the first time in LHC run II?
= 56 discovery very challenging in run II

= Constantly improving analyses techniques to separate
the signal and improving background modeling
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ttH Channels Overview

= Challenging channel with small cross section
= Exploit every accessible experimental signature

= A wide variety of final states

= Not always corresponding to a specific production/decay mode

= Reconstructing the event is not always possible

= 3 main groups of channels
= H—bb
= Multiplepton (electron, muon)
= Mainly from H—-WW and H—ZZ and t—e/u
= Also exploiting channels with t,
= Hoyy

= Rich phenomenology of Higgs coupling

H—bb >7.7% Don’t forget

H—-WW?* 21.5% subsequent
) W/Z decays

H—-Z7" 2.6%

Ho1tt 6.3%

H—yy 0.2%

= However hard to exploit with the low statistics in most of these channels

= More exclusive selection/splitting is available with more statistics in

run II
= Split further and target better S/B
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ttH what to do

= Complex techniques targeting complex final state with low purity
= ttH reconstruction with MVAs
= Matrix Element Method
= Likelihood discriminants

" ?cﬁzan;:ed signal vs background MVAs (mainly BDTs, DNN should
ollow

= Work also at object and trigger level
= Complex MVAs at object level
= Improve b and t identification MVAs
= Dedicated lepton isolation MVAs in ttH environment
= Improvements in jet and b-jets triggers

= Adding more challenging final states
= More channels with hadronic t

= ttH(bb) with all hadronic final state
= Better techniques for background estimation (not covered)
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General Strategy
General tendency:

H—yy and H—41 > Looser cuts
Fit H invariant mass Preselected Events > Include more info in MVAs
Stat limited | > Split into regions/bins

Not covered Split according to nleptons,
njets, nbjets, nhadtaus, ...

|
Build discriminant variables ‘
Combine into a final MVA Likelihood discriminant
Object based MVAs (b-

. l tag, lepton Iso, ...)
|

Fit shape
Fit a different discriminant shape

(several bins) v
(one bin)
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ttH(bb) Results

= Main uncertainties from ttb background modeling
= “Irreducible” background

- Need to improve signal/bkg separation Not reaching 26 with ~13fb"!
- Increase S/B But should do better
= Advanced MVA techniques Improvements are on the way

= Can’t just rely on the luminosity increase

= And of course need better modeling of ttbb

ATLAS-CONF-2016-080 CMS HIG-16-038 11.4- 12.9 b (13 TeV)
ATLAS Preliminary tiH (bb), \s = 13 TeV, 13.2fb™ CMS Preliminary
L Totl. ' ' ' ' I l ' : n tot. stat. syst.
Stat. 5
Tot. ( Stat. Syst. . : +150 105 +1.
( ) Results already — Dleron| == -0.04 55 G Tios
+29 , +1.4 +26 :
Dilepton ——eo—— 46 -2.3( 13 -1.9 ) dominated by Syst :
#11 ;405 +1.0 uncertainties Lepton+jets | -043 02 0ol voss
Single Lepton| e+ 1.6 i1 (o5 09) : ' ' '
+1.0 /|+0.5 +09
Combined|  Fe@= 2.1 759 (|05 07 ) Combined Hm o -0.19 O80T el
I N S ER TR T ST ST

-2 0 2 4 6
Best fit p = o/c__atm, =125 GeV
SM
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ttH(bb) Strategy A o

Single Lepton ATLAS-CONF-2016-080
sl4j,2b 214, 3b sl4j,=4b
- Basic ttbar Selection o S/B =0.0% o S/B=0.3% o S/B =2.2%
= Then require additional jets (b-jets) o o 1 o
: HT HT HT
= Split and conquer strategy 0 ol NN LI
= Divide sample according to the number of
(b)jets 2[5],2b 2[50,3b 2l55,z4b
- Exploit regions with different BKG o |TOTO| g [T g PR
composition 5 p T 5
= But still with low purity (Max: 3%-6%) HT ﬂ
o I |
= Advanced MVA techniques in signal
enriched regions 2[261,2b 2[26].3b 2fz6i,24b
- Signal depleted regions to control bkg o [P0 [P o |
systematics o 1 o 5 1. 5 1
CMS HIG-16-038
CMS Simulation 0 _ 0 0

Lepton+Jets Channel

> 6 jet, > 4 b-tags > 6 jets, 3 b-tags 4 jets, 4 b-tags 5 jets, = 4 b-tags

tt+cc

tt+f tt+cc

tt+b Hlf

Dilep categories
in backup

ttH
EWK

tt+2b

tt+bb
ft+b tt+2b

S/B=0.035, S/VB=0.973 S/B=0.011, S/VB=0.895 S/B=0.015, S/VB=0.242 S/B=0.024, S/¥B=0.532
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ttH(bb) Reconstruction

= Main difference between ttH(bb) and ttbb
= “additional” bb-system

= Differences diluted in combinatorics
= Many (b)jets in the final state

= Try to reconstruct the ttH system using
an MVA

= BDT trained on ttH to select the “correct”
combination

= Can reach ~40% purity for finding the

ATLAS-CONF-2016-080

o 0.14 e
correct Higgs boson candidate % o T oy 3
- Reconstruction BDT output and £ of oo
reconstructed ttH kinematics to separate & oot Cltsievets
signal and background 006t O et :
= Input to final discriminant 0.04f- - E
0.025— =

N S | =

oo ooy o0 T 57
0 50 100 150 200 250 300 350 400
Higgs mass [GeV]
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ttH(bb) MEM and Likelihood discriminant

= Powerful technique that take advantage of full matrix element information
= Maybe also the most “elegant”

= However very complex in a process like ttH(bb)
= In many cases the jets in the final state do not correspond to the simple LO view

= In addition to the usual problems with C(G)PU time and transfer functions)

= Can be used together with BDTs to increase the performance
= Include MEM as a variable in a final BDT
= Fitin “2D” with BDT

CMSHIG16038129fb(13Tew l lllllllllllllllllllllll ety = Can also build a similar method
; szCMSPme v _ ; 140 CMSPrmy s e ] at reconstructed object level
P e o me =:L37e-r_£ of i - =g = Likelihood using few kinematic
| eper S B v variables (masses, angles)
80f ;
low BDT : high BDT = Build probabilities out of all
permutations like for the MEM
= Add also b-tag probabilities
g g 13 - Successfully tested for ttH-like
g g osp, final states e.g. in
0.0 01 0.2 03 0.4 05 0.6 0? 08 0.9

00 01 02 03 04 05 06 07 08 09
MEM discriminant MEM discriminant
2017-05-04 o
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https://arxiv.org/pdf/1509.06047.pdf

Final discriminant

= Using BDTs as final discriminant or
BDT/MEM combination

= BDTs including 3 categories of variables
= Usual kinematic variables
= MVA outputs from different discriminants
= MEM, likelihood, reconstruction BDT, ...
= Object identification variables

= Most importantly jet b-tagging discriminant
which is itself an MVA

= Final discriminant is used to categorize
events into bins/regions before the fit to
data
= Aim to have bins with largest S/B with
reasonable statistics

= Most of the analysis power is in the last
few bins of the final discriminant

Georges Aad, Nicolas Chanon - Top LHC France
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l I I E I P I ’ Af 5 arXiv:0910.5472
( ) b O O S t e d 10 g/ =% /o, do/dp,

= Interesting category especially with increased LHC
energy in run 2 and increased luminosity

= However low stat with current luminosity 10
= Analyses basically using pseudo-boosted regime

~

4 Py W P

10 v b b L
= Still not reaching “resolved” analysis performance O 100 2000 300 400 S0 o v
T
= but can improve in combination with resolved Boosted fractions @14 TeV
_ o _ _ >200 GeV | >400 GeV
= Will definitely improve with more data Higgs e e
= Very interesting in some BSM scenarios top 31% 5%
Analysis with 2.7fb"! (Moriond2016, 2015 data) govf—'ér'l.'ﬁlt‘s:_‘ 4 HEPTopTagger04-
. . = F olmulation ]
Not included in latest CMS results goe —+ HEPTopTagger
CMS HIG-16-004 A |
S iy e oro : £ e s T
'g 30 1‘Ieplo‘n,boo‘sted ‘ I ;g';:a ‘;g:'og**s) *I; Category Observed  Expected E 0'4§ _‘_:‘: E
S B | djeis 3b-tags U5 186%3 03 I E
£ mobeson @I 4 4ets, > 4 b-tags high BDT output 357 2567134 0.2F ~ JHEP 06 (2016) 093
2 4jets, > 4 b-tags low BDT output 866 842743 0t 3
’ 5jets, 3 b-tags 16.0 123132 E
5jets, > 4 b-tags high BDT output 7.5 103454 200 300 400 500 Tc?poguark_"go[GeS?O
5jets, > 4 b-tags low BDT output 352 3197181 '
6iets, 2 b- 254 4111211 . ..
i 6::: szzz ok perid 3rd most powerful individual category
= 4 - O 99 . . _
i > 6jets, > 4 botags high BDT output 9.2 5tes Using Fat jet substructure (C/A R=1.5),
2 JI 1 Lk L 2| 26jets, > 4btagslow BDToutput 154 183138 pT>200 GeV
3 o.sf} T r /f T ] |24jets,22b-tags,boosted 7.5 10.71’5‘2 I MEM using SUb'JetS

08 06 -04 02 0 02 04 06 08 lepton+jets combined 4.0 4148
BDT (incl. MEM) discriminant = @
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ttH(bb) All Hadronic Channel

= Difficult channel due to the overwhelming multi-jet

background

= Considered only by ATLAS in run I

= Triggering is one of the key points for this analysis
= Important benefit from improvements in (b)jets triggers

= Largest systematic impact from ttbb background

= Even if multi-jet background is largely dominant

= Should benefit from techniques used in other channels

to separate ttbb

JHEP 05 (2016) 160

B A B S T

| ATLAS s=8 TeV, 203 0" _|
— fotal ttH (H—> bb)
statistical (tot) (stat)
Hadronic [ —————f p=1.6 fz': +2‘2
. +2.0 +1.4
Dilepton ———e—— =28 o0 ‘s
Lepton+jets (— —— = +1.2 +0.8
pron H - =12 -1.2 -0.8
ination — ———— - +1.0 +0.6
Combination u=1.4 "o oo

P P | [ I S

-2 0 2 4 6 8 10 12

Georges Aad, Nicolas Chanon - Top LHC France

Best fit u for m =125 GeV

tt+bb normalisation

Multijet SF (>8],>4b)
Multijet SF (7j,24b)

Multijet SF (=8},3b)

Multijet SF (7},3b)

Multijet SF (6j,3b)

Multijet SF (6] z4b)

tt ISR/FSR reweighting
b-jet tagging 1

Multijet set 1

Multijet Random MV1
Multijet HT w

tt+bb parton shower

tt+cc parton shower

Jet Energy Resolution
tt+bb PDF (NNPDF)

tt+bb FSR

Jet Energy Scale flav. comp.
Jet Energy Scale flav. resp.
Multijet set 2

m,=125 GeV

: 104 :_ T T L I L | T T T \_:
el F - MV2c20 3
_Ei r s IP3D+SVA ]
o 1 03 L * 2012 operating B
> g points (IP3D+SV1) 3
£ :
=Pl * i
E . E

; ATLAS Simulation ;

10 £ ttsimulation
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Jetp,>55GeV, <25 "My 1

1?‘ arXiv:1611.09661 -
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CMS HIG-17-003

ttH multilepton situation

CMS Preliminary 35.9 b (13 TeV)

= Main uncertainties from fake backgrounds m, = 125 GeV
= Reducible but hard to model W=15%9% [ 93 (stat) 2 (sysp |
= Need to improve signal/bkg separation -
= Channel with lower stat than ttH(bb) 2| .
= But reached enough stat for advanced MVA techniques w=187¢
= Also include more final states 3|
= Mainly more channels with hadronic 1, w= 1.ojg-3 — T
= And of course need better bkg modeling .l B
- Improved data driven methods 1= 09723 =
T8
. . T +1v 71 -1 seve b beee b | IRRITRR A T
ATLAS: 1o expected sensitivity (13.2fb!) 170507051 15 2 25 3 35
- CMS: 2.56 expected sensitivity (35.9fb1) NS HIG. 17004 Best fit u(ttH)
= Not only due to increased luminosity CMS Prelminary . 35.9 b (13 TeV)
= But also due to advanced techniques 1142,
ATLAS-CONF-2016-058 p=-1.2007
ATLAS Preliminary Vs=13TeV, 132"
—tot. stat. tot (stat,syst) 2lss+t, ors
2 Othad Fe o 40 %3 (15 1) . . =086
Mainly dominated by At
26 1Thag 6.2 +:g j.gg '_'f'f . . h
e e e syst uncertainties w=1227"3
| e 057 (43, 42) '
—— Best fit Combined
w| o <22(68%CL) | SM Expectation w=0.72"0%
Combination [re 25 j;’ (:’g;! r{;:;) — _‘2 — [I) I ;_ I
0 - I5 - ‘1|0‘ - ‘1‘5I - I2bl - I25 Best fit u=0/05M

best fit Mo for m =125 GeV I@
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ATLAS-CONF-2016-058

ATLAS ICHEP Analysis

= ATLAS chose to start with a simple analysis for ICHEP 2016
= Cut and count in 6 exclusive signal categories

= No use of MVAs
= The main focus was on understanding backgrounds

= ATLAS is moving now towards more advanced techniques as
already done by CMS

I I T

T T
90F -4~ Data Bl itH (u=2.5)

[%2]
c
m . .
- Stay tuned Pl e T e T B
80p =T T IED [ Diboson [ Non-prompt
Post-Fit + + Il QMisReco []Other
70r H— e— 7/ Total Uncertainty

60

7
. . 7
Will focus on advanced techniques =}

from CMS in what follows o eTet u-p-
30k
+ pt+ -
20 _’gl_t' _
4/ i
10 ]
'?f’o,;w Sa ‘?for” o &y 2&60 fladp;, 920? 2""é’a' 3 48&
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CMS Categories

= Total of 19 categories
= 15 categories for channels without

= 4 categories for channels with t,

= MVAs are used in most categories
= Not in 41 due to very low stat

= Exclude events compatible with ttH (H—4l) selection
= Dedicated analysis

ptpt utet etet 3p
+ + + ;

b tight b tight b tight
'y ;- +

b loose b loose b loose
1£2th fi{’i‘th 3£1th o

missing-jet

no-missing-jet
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Lepton ID/ISOLATION

= Misidentification of leptons (electrons,muons) is one of the
main problems in ttH multilepton analysis

= Background composition enriched with muons/electrons
from semi-leptonic b/c hadron decays

= Dedicated MVA targeting non-prompt leptons in ttH final

state CMS Preliminary 129" (13 TeV)
m T 1T | TTT I TTT l TTT l LI LI l TTT l L l TTT | TTT
€ 10°F 4 Data -
2 [t prompt 7

L -t b — 1,

. i | — |

BDT variables: Szt ™
= From lepton object itself 10* - EWtW .
= [solation information - |

= QOverlapping jets and their

probability to be b-jets

1-0.80604020 02040608 1

lepton MVA score @
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CMS HIG-17-004

Partial Event Reconstruction

= Complex final state with many neutrinos
= Very hard to reconstruct

= However partial reconstruction is
possible

= Identify jets from the Higgs or hadronic
top

= Use this information to separate signal and
ttV/ttbar backgrounds

= Used for 2l1ss final state

= Hadronic top decay tagger = Tagging jets from Higgs decay

= Identify jets from hadronic = Exclude jets compatible with
top decay hadronic top decay

= BDT trained against = Identify the presence of jets
incorrect permutation in ttH from Higgs decay

= Trained against ttV backgrounds

Georges Aad, Nicolas Chanon - Top LHC France 2017-05-04 @



CMS HIG-17-004

ttH 21ss BDT discriminants

= Train 2 kinematic BDTs, against ttbar and ttW/Z
= Map 2D into 1D (add bins with similar S/B)

CMS Prehrnrnary 35. 9 fb! (13 TeV)
» — | \ =
y IS - F I- post- f|t (SM predlctlon) .
" CMS Pre{:rrwnary S 35? fb |(-1‘3‘ ;I'eV) . CM|S Prerllm’nary S 35 9 fo! {13 TeV) g 120 — +Data @WZ  [INon-prompt |
£ 1400 post it (SM predlctlon) - E 200 FF, post fit (SM pred\chon) = LLl o WttH [JRares DCharge mis-m. |
g - o Data @WZ [SNon- prompt 7 g 180F- +Data @WZ  TINon- prompt = L mtW  @W'W* g Total unc. .
O i@ SwOgwenen Gote0r e Sne Cwerian 100/ @z Econ .
C @tz [JConv. ] 160 Otz DConv. - B ]
100 ] 140 E o -
120 = .
100 =
80:— — —
e + 6 0 } 7
\\\ 40 -_==\! - 40
20 } s ...=7 w_ {
\\ \\\ ): —>}\\}‘§.§\¥m\\\§ " 20
-8: 8Fmmstat. unc.  [Etotal unc. 8 ]g C@mstat. unc.  [total unc. \ w
<3 S 4 = - \
g o — g = ——t 5 nE— ! ! 1
o o s i T ] @ 1.8 @@ stat. unc.  [Jtotal unc. —
-08-06-04-02 0 02 04 06 08 1 0808 06-0402 0 02 04 06 08 1 % -1| 2 2 E
BDT (ttH.tt) BDT (ttHitv) & 4 5L —4— |
S 10§ . . —t—
2¢ ttbar: 2¢ ttW/Z: X -
SS, VS dar. . SS, VS £ 06 ———————F————
Includes hadronic Include tagging of BDT (ttH,tttV) bin
top tagger jets from Higgs
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CMS HIG-17-004

ttH 31 BDT discriminant

= Evaluate MEM weights under ttH, ttW, ttZ
ﬁf.:e@mry : Iwza‘ |b-"{13 TeY} g 2? freﬁ:m'na:ry 12.9 'P (13 TeV) é cM‘S Preﬂ'ml‘nary ,‘2 9‘ Ib"‘{IS Te\\ yp Ot e S e S
sl i iEn E = Build likelihood ratio of ttV vs ttH+ttV
= MEM weight included in ttH vs ttV BDT
g = Another BDT to discriminate ttH and ttbar
k] 15 W= ] .
%;:n- - : ] % '15 = M].X bOth BDTS
= -90-80-73*90-5°N;‘SM-?;E-‘;‘;|I-‘(:J‘H] ° 0%y 55 w0 48 JUM;G;IUQM{;M’TJG © ﬁau—goauqu«auau;gﬂ;oh;\(?tzj u Adding bins With Similar S/B
TrizWiir + k-« Ol
— Eﬂg ( o2t 1] tﬂ; W ) CMS Preliminary 35.9fb™ (13 TeV)
_ . . _ . . %) T T T T —
O HWiig + OtizWiiz + K * O Wigw £ - 31, post-fit (SM prediction) ;
2 70k +Data [OttZ [IConv. -
L » WttH [@EWZ [ENon-prompt
‘ 60 WttW  [JRares & Total unc. 1
,  Guspeinney O o 09Tey g roCMSPeimrey 855" (13Te) 5 5
€ 80 31, post-fit (SM prediction) = = n 31, post-fit (SM prediction) ] 50 -
2 F +Data [ItiZ  [IConv. ] 2 n +Data [@tiZ  [JConv. ] C ]
w 70 WitH  @wz Non-prompt | w 60— WttH  @WZ  EINon-prompt r
F WitW  [JRares i Total unc. B r WtW  [JRares i Total unc. ] —
60 E 501 - C
. 3ettvBDT  3ettbar BDT
3 E + a0 - — - E
3 E . ] 10F j =
E ] 20— = § 5
é o é b E B S\ Y \< )
- T — = - | ] o] F 3
F e - C } - o) - @M stat. unc.  [total unc. E
. E %‘\\\\\\\‘&\n ] . P I e \\x 1 S 1'55 3
b [ total unc. E g 15 E mmstat. unc.  [Jtotal unc. :@ 1.0 =
g § 10 S 05
© E T s . . . ‘ .
0 : S S 007 2 3 4 5
1 08-06-04-02 0 02 04 06 08 1 1 208-06-04-02 0 02 04 06 08 1 BDT (itH,tt/ttV) bin

BDT (ttH,ttV) BDT (itH,tt)
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CMS HIG-17-003

ttH, H—tt discriminants

L . ] . CMS Preliminary 359 b (13 TeV)
= Split into 3 channels with leptons and 7, in the final state 2 o, Qoserved =@
= Following similar techniques as ttH with leptons and muons 2 10 i o I Electroweak
w [CIfiH, H—>WW/ZZ  []Rares

Uncertainty
= 20ss+1lty
= MEM likelihood ratio with ttH vs ttZ and ttbar hypotheses X - =
= Further sgllt accordlng to the presence of two jets compatible \ \\\\‘QQQQQ\\‘Q\\‘QQQ
with a W boson decay ;
= ].E+2Th
= BDT trained against ttbar .
- 3+l | R
= 2 BDTs: against ttV and ttbar 3t o5 S
= 1D bin mapping according to S/B (Dyya) s 0 05 MVA‘
CMS Preliminary 35.9 fb™ (13 TeV) CMS Preliminary 35.9 fb™' (13 TeV) " CMS Preliminary 35.9 fb" (13 TeV)
2 - e Observed I Electroweak 2 oF- ' Observed [ Electroweak = C ® Observed Wl Electroweak
o - EmtH H-w [1Rares S E EEtH Ho [1Rares © C EltH H- [ Rares
> 25 [CIfH,H—-WWZZ  §YFakes S B [IfH,H—-WWZZ  §Fakes > 10— CIH H—-WWZz  [JFakes
L [tz %7)Flips Ll F [tz %7 Flips L L [Ouz Uncertainty
20: W Uncertainty 7;_ I W Uncertainty 8 W 3l+tr,,
r 2Iss+t, 6E 2Iss+tr, C
r missing-jet E no-missing-jet H
15 5 6
4E C
3f A
e c
= g ?
-:E,:’ E [ -§ E -5 E
ElE oske e | £ os| | o ) il 05t
L - | 55 oF 28 o
4|0 -05F -+t &|& -05F T si5 055 . —t
a S I I [ 8 I T = E. L L L

I Y P P L L PR L P I T T I T Y L1
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Conclusion

= ttH channel one of the hot topics of the LHC run 2 physics program
= However observing the ttH with run 2 data will be challenging
= Current results dominated by systematic uncertainties

= Very low stat channels (H—yy and H—4l) with large purity will become
more important at the end of run II

= But most probably not enough alone with run II expected luminosity

= Need to combine as many channels as possible

= Need to use advanced techniques to increase signal/bkg separation
= Complex final state leaves more room for ideas

= Both ATLAS and CMS are constantly improving their analyses techniques
= BDTs, MEM and reconstruction techniques are now widely used
= More powerful techniques like DNN are being investigated
= Usage of object level MVAs (b-tag, lepton iso, ...)

= Adding new methods and including new channels
= More categories are included with the increasing collected luminosity

= The other important front is of course to reduce systematics
= Especially related to background modeling
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ttH(bb) dilep categories
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ttH(bb) ATLAS BKG Composition
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ttH(bb) All Hadronic Channel

JHEP 05 (2016) 160
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