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¥ top - Higgs coupling at the LHC:!
¥ associated production provides direct sensitivity (tree level coupling)!
¥ Indirect sensitivity from gluon fusion (without BSM patrticles in the loop)!
¥ Specibc challenging aspects for each Higgs decay channel:!

¥ ttH, H ! bb: complex hadronic backgrounds (tt+heavy Ravour) |

¥ ttH, H ! WwW*ZZ* | leptons : tt+V backgrounds, mis-identiPed leptons

¥ ttH,H! "™ ,4 :cleanest, but low decay rate

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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ttH measurements in CMS

Phys. Rev. Lett. 120
(2018) 231801

51107 (7 TeV) +19.7 b (8 TeV) + 35.9 fb™' (13 TeV)
@ Observed

¥ ttH production was brst established by CMS with Run 1 and 2016 data:!

517" (7 TeV) +19.7 o (8 TeV) + 35.9 fb™ (13 TeV)
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¥ Searches in all channels have been improved and extended  since then:!
¥ 4 :with the full Run 2 dataset - 137 fb-1!

¥ bb, multi-lepton, "™ : based on the 2016 and 2017 datasets - 77.4 fb-!

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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tt + b-jets Pnal states

CMS PAS HIG-18-030

#
Challenging bnal state:
+ A y $/(&:(O/ ¥ irreducible background#
* 7000000 - ) &) from tt + heavy [Bavour jets #
modeled with Powheg#

!
S <# [new : per-event weights#
| . for ISR/FSR uncertainties]!

. ¥ large jet combinatorics !

*
01010000

#
¥ QCD background In O-lepton categories

J. High Energ. Phys. (2019) 026 !

Key ingredients:!

¥ Db-tagging: e"ciency improved by ~10% at 1% mistag probability#
w.r.t. 2016 (new pixel detector and DeepCSV algorithm)!

¥ advanced methods to reduce backgrounds ( neural networks, matrix element )

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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ttH —bb, 2 categories

CMS PAS HIG-18-030
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sub-processes (e.qg. tt+bb, tt+light) '
_ o _ _ _ _ BDT discriminant
¥ BDT discriminant trained against inclusive tt background:!
¥ kinematic variables of physics objects, continuous b-tagging information!

¥ matrix element score, invariant masses and angular separations

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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ttH—bb, 1 categories
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CMS PAS HIG-18-030

A
-z illustration only B ttH, H - bb

¥ Event categories: 4, 5, $6 jets W b

I it + light flavour

¥ Multi-classibcation using an#
artibcial neural network (ANN) ,#

with similar inputs as for the 2 case

Event \ 0 0.2 0.4 0.6 0.8 1 >
DNN response in node ttH
. x AN
Multi-output 55 illustration only 1 tH, H — bb
I tt+bb
AN N I ti+ light flavour

RN

ttH tt+bb tt+b E

0 0.2 0.4 0.6 0.8 1
DNN response in node tt+bb
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41.5 bt (13 TeV)
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¥ Scores interpreted as per-event process probability estimates
¥ Events splitted in sub-categories according to the most probable hypothesis
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ttH —bb, O categories

¥ Handles to reduce the dominant QCD background:!

CMS PAS HIG-18-030

¥ discrimination of quark vs. gluon jets (likelihood ratio)!
¥ variable built from average jet angular separation [new]
¥ Signal extracted by a bt to a matrix element discriminant !

¥ Background normalized from control regions with looser b-tag requirements
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Results

35.9 fbt (2016) + 41.5 fb™ (2017) (13 TeV)

CMS PAS HIG-18-030

—r 1 r T Tt T ] Tt T T T Uncertainty source Afl
CMS Preliminar
; y H o tot stat syst Total experimental +0.15/! 0.13
. 5 . . . i !

Fully-hadronic | -0.38 ;o0 Ty e b tagging +0.08/1 0.07
: jet energy scale and resolution +4-0.05/! 0.04

: : +0.41 +0.19 +0.36
Single-lepton HEH 1.22 437 018 032 Total theory +0.23/! 0.19
_ | +0.74 +0.39 +0.63 signal +0.15/! 0.06

Dilepton - 1.04 71 038 -0 _ .

| tt+hf modelling +0.14/! 0.15
2016 H.H 0.85 J’_g:ﬁ +8§§ +8§g QCD background prediction +0.10/! 0.08
| Size of simulated samples +0.10/1 0.10

: 0.44 +0.21 +0.39

2017 X 1.49 * i i

| 040 020 -0.35 Total systematic +0.28/1 0.25

_ i 0.32 +0.15 +0.28
Combined - 1.15 "5 0ls 025 Statistical +0.15/1 0.15

| i | | | | | | | |
0 5 10 Total +0.32/! 0.29

n="rng,
¥ 2017 result: $ = 1.49 +044 40, 3.7% signibcance (2.6% expected)!

¥ 2016+2017 combination: % = 1.15 032 559 , 3.9& signiPcance (3.5& expected)

¥ Very signibcant improvements in the control of backgrounds!
result in an impressive boost of the analysis sensitivity
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ttH leptonic Pnal states

CMS PAS HIG-18-019

b ¥ Target Higgs decays to WW*, ZZ*, !
“C" ¥ Channels:!
_|_
LW ¢ ¥ 1lepton+2
g ” |
A W+ ¥ 2 same-sign leptons + 0,1 ,2
H A
) SR q ¥ 3leptons +0,1
A W~
g q ¥ 4 Ieptons ! _ | CMS Supplementary 35.9fb" (13 TeV)
E W_ q ;%0'9 — ttH H—>tt
£ 0
q 7
b

Main selection handles:!
¥ Atleast 2 loose or 1 medium b-tagged jets

¥ Jet multiplicity (&4 jets in 2-lep, &2 jets in 3-lep)

21SS 3l 4 21SS+t, 3kt 1h2r,

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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An aIySIS Strategy CMS PAS HIG-18-019

¥ Categories based on lepton 3avor, b-jet multiplicity and lepton charge

¥ Main sources of background:!
¥ prompt leptons from ttV, VV: from simulation normalized in control regions!
¥ non-prompt leptons in tt events: predicted from data

CMS Preliminary 415 fb™ (13 TeV) - CMS Preliminary 415 (13 TeV) CMS Preliminary 41.5 fo (13 TeV)
n + o+ ~ -— ~
‘qc')' - 2lss I p(itH)=n _ _ 3100 | Slu(ttH)=u % — L2 u(ttH)=n
L|>J 100— Hﬂﬁm 8::crar\;enciis_m = ggﬁirtamty gzzzrompt |.|>J L ¢ Observed Uncertainty Non-prompt L|>J 103 __ ¢ Observed Uncertainty \:IConv.
B ; I W + tWW [tz | [conv. [[Jrares [ ewk = [Jraes  [EwK I cow + tww
80— [tw +ttww [tz B - Mis.
60—
20 T ‘N!HHH:H”H“Hmm
0 NN \ﬁx\\\\\\\\\ R\\\(\ NANAN ANANAVANINARINN
g 1.4 é_ g 1.4 é— -GS 18 E:
S 1.4F &8 14 S 1.6F
g 120 | + +- g 12— g 14-
S g s 1F R S 1.2¢
() = T —— = -1 a = _+_ ' l
- —e— C_ 1F !
8'25_ _+_ -+ 8'25_ | 08 ——
>4 6 8 10 i 2 3 4 5 6 00610203 04 0506 0.7 0.8 0.9 1
BDT BDT BDT
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Analysis strategy

¥ Categories based on lepton 3avor, b-jet multiplicity and lepton charge

7

CMS PAS HIG-18-019

¥ Main sources of background:!
¥ prompt leptons from ttV, VV: from simulation normalized in control regions!

¥ non-prompt leptons in tt events: predicted from data

CMS Preliminary 41.5 fo (13 TeV) * CMS Preliminary 415 b7 (13 TeV) CMS Preliminary 41.5 fb (13 TeV)
n + o+ ~ -— ~
*GE) - 2lss I p(itH)=n - 3100 | Slu(ttH)=u % - L2 u(ttH)=n
3 1001 Mﬁm 8::2\5': o [ ggﬁirtamty gzlr;grompt ke — ¢ Observed Uncertainty Non-prompt kT 103 ¢ Observed Uncertainty [_]Conv.
B I W + tWW [tz | [conv. [[Jrares [ ewk = [JRares  [EWK I cow + tww
80— [tw +ttww [tz B - Dz Mis.
60—
I =
\\Q\\\ R\\\(\ NANAN ANANRVRNIN NN
g 1.4 é_ g 1.4 é— g 18 E:
o = Q— C o 1.6 c
3 1.2F | —+— —+— s 1.2 — ] 14F
© c © - —— "(.‘U‘ =
1E () 1E —— 1.2 -
a) - T — - @] - l _+_ l
E —e— C_ 1F !
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Analysis strategy

¥ Categories based on lepton [3avor, b-jet multiplicity and lepton charge

CMS PAS HIG-18-019

¥ Malin sources of background:!
¥ prompt leptons from ttV, VV: from simulation normalized in control regions!
¥ non-prompt leptons in tt events: predicted from data

CMS Preliminary 415107 (13 TeV) ” CMS Preliminary 41.5 b7 (13 TeV) CMS Preliminary 415 b (13 TeV)
% - 2lss T uitH)=A o £ 100l @ w(ttH)=n 2 12" (=g
80
{ ¥ Multivariate analysis methods  are used for several tasks:!
=
3 ¥ lepton selection based on isolation, identiPcation and vertex variables! $
400 \
¥ tag resolved decay products from top and Higgs! .,
20 %
= ¥ reduction of ttV and tt backgrounds based on kinematic observables
. 0% : : : - .-
2 148 ¥ matrix element calculation enhancing signal separation in 3-lep
g 1.2 /
g 1% """ Sl b e o b L 0 o e
82_ | : : ‘ SR SR | ‘ ‘ ‘ h it o . o8 ; ,‘ : ‘
5 A 6§ e T2 8 4 et 007 GTI0565704 05 06 07000 0w,
. BDT K BDT
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Results

41.5 ot (13 TeVv)

Combined

U= 0.75 +0.46

-0.43

1l + 21:h

_ +1.24
u=140 -1.14
2Iss

_ +0.62
u=0.87 055

2Iss + 1rh

_ +1.03
w=113 -1.11

2I+2rh

_ +1.29
h=0.00 -0.00
3

_ +0.82
W=0.29 -0.62

3l + T,

_ +1.96
W=-0.96
4]

_ +3.81
H=0.99 -1.69

[ +0.36

034 (Stat.) +0'Zg(syst.)}

-0.27

CMS PAS HIG-18-019
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Source

Uncertainty [%]

A/ 1 %] (2017)

Theoretical sources

e, u selection efficiency
Ty, selection efficiency
T, energy calibration

b tagging efficiency

Jet energy calibration
Fake background yield

~ 8
3-5
5
1.2
2-15 [48]
2-15 [56]
~ 30-50

8
4
3
1
10
3
17

Best fit p(ttH)

ttV and VV normalizations simultaneously!
Pt using dedicated control regions

Comparable impacts from theoretical and
experimental sources of systematic uncertainty

¥ 2017 result: $ =0.75 046 43, 1.7% signibcance (2.9% expected)!
¥ 2016+2017 combination: % = 0.96 *034 537, 3.2& signibcance (4.0& expected)

¥ Post-pbt ttV normalization shows a slight excess over the SM expectation#

(NLO cross section), coherent with dedicated tt+V measurements

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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CMS PAS HIG-18-018

¥ Fit strategy as for the general H—yy analysis (see A. KumarOs talk yesterday)!

¥ Categories targeting hadronic ($2j) and leptonic (1

, $1j) top decays!

¥ Dedicated BDT discriminants to enhance the analysis sensitivity,#
simultaneously using identibcation and kinematic variables from leptons and jets

CMS Preliminary

415" (13 TeV)
III:|I:II:|III|III

CMS Preliminary H-—syy

415" (13 TeV)

. 0—eff

B FWHM

B s/(S+B)

|1322CN3()()_I [ [ [ [ [T ] .
o B ] [+ [ ooH B tHq B Hw B oo+ B veF
%1 8000 :_ ° Data Sldebands _: - - WH leptonic . ZH leptonic - WH hadronic - ZH hadronic
- L - a ttH Hadronic 0 [N GER R IEVE RIS
c L — _
L C _
1 4000 :_ _: ttH Hadronic 1 el =heizlaizle sl
120001~ -
1 0000 :_ _: ttH Hadronic 2 | &2 chdel=ieiiclel sl
8000 -
6000 :— —: ttH Leptonic 0 | 2 7 = el=lai=lel /=i
4000~ -
2000 :— _: ttH Leptonic 1 | 2 S el=leiziel cli=la)is
0 - _

-1 -0.8-0.6-04-0.2 0 0.2 0.4 0.6 0.8

1

ttH Hadronic BDT score

10 20 30 40 50 60
Signal fraction (%)

70 80 90 100 p 02040608 1 1.21.41.61.8 2

0 0102 03 04 05 06 0.7

S/(S+B)in+ o,

Width (GeV)
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ttH, H—=yy

¥ Diphoton mass spectrum is bt#
In slices of the BDT discriminant score!

¥ Background shape is determined from data#
using a discrete probling method

S/(S+B) Weighted Events / GeV

CMS Preliminary 41 5 fb (13TeV)

T | T T T | T T T | | | T
H—yy - Combined 68% CL
—l— Per category 68% CL
B HE N M=M N
ttH Hadronic0 | 1.4 77 SM
B ~ _ +0.7 ]
ttH Hadronic 1 | 2.0 Meombined — 1 -05
ttH Hadronic 2 -0.117
ttH Leptonic 0 1.0 *0170
ttH Leptonic 1 1.7 _*ff
| | | | | | | | | | | | |
-2 0 4 6 8 10
w

40 —

CMS Prehmmary

16

C
A

\

iy 2
\

T

CMS PAS HIG-18-018

35.9 + 415 fb (13TeV)

- ttH ﬁtszlj Al categorles .
SSeH# ™ S/(S+B) weighted E
30 ¢ Data —
- f— —— S+B —f

= e Background 3
20 L ESN —

- +2 ]
15— -

- ' .
10 ” } } —

5k } g} } £

= ; § g 1 H

0—_I 111 | 1111 | L 111 | 111 1 | 111 1 | L1 11 | 1 1 I$ IIIII I
20 | | | ' B component subtracted
15 }

10

5 { /9

0 - _A; { i

i ; Py P ® =
s5E-¢

$1006 10 120 130 140 150 160 170 180
m.. (GeV)

1 ¥ 2017 result: $ = 1.3%07 g 54
3.1% signibcance (2.2% expected)!

¥ 2016+2017 combination: % =
4.1& signibcance (2.7& expected)

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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ttH in the 4 Pnal state

CMS PAS HIG-19-001
¥ Dedicated categories as a part of the H =»ZZ analysis!

¥ l|dentify hadronic and leptonic tt decays by requiring at least 4 jets, and b-tagging

CMS Experiment at LHC, CERN

Data recorded: Wed May 23 21:03:32 2018 CEST
Run/Event: 316766 / 2911811990

Lumi section: 2092

Orbit/Crossing: 548313212 / 2608

pp—ttH
u L LLOPPE

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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ttH in the 4 Pnal state

CMS PAS HIG-19-001
¥ Dedicated categories as a part of the H »ZZ analysis!

¥ |dentify hadronic and leptonic tt decays by requiring at least 4 jets, and b-tagging

CMS Simulation Preliminary 137.1 b (13 TeV) CMS Preliminary £ “ 137 1 fb : (13
- - - - - - - - - -ggH TTT T[TV T T T[T T I T[TT [T TTT
Untagged [RECERSSNY(OMEENIN I B VBF H—>ZZ—>4I
- — [l WH, W! X ggH,bbH _
NSt 17.61 cxp. events B WH, Wt 1 0.97 s (stat) o (syst) il M profiled
tagged ZH, 7! X U —0.94 *011
VBF'ZJet - ZH1 Z! 2] inclusive -0.10
tagaed 13.80 exp. events ttH, tt! 0l+X
VH hgg; _ B ttH, ! A+X VBE
-hadronic ttH, tt! 21+X +0.16
Mymsanll 7.54 exp. events = o 0,642 stat) * (syst) —=—
- ' tH
VH-leptonic 1.73 exp. events
tagged
_ —
ttH-hadronic
1.19 exp. € VH
tagged 1.157) %) (stat.) 00266(syst) I " I
ttH-leptonic [ i.p events
tagged
0O 01 02 03 04 05 06 07 08 09 1
Signal fraction ngttH tl—g . PR ¥
0.137; 5 (stat. ) (syst )
IIIIIIIIIIIIIIIIIIII |IIII|IIII|IIIIIIIIIIII
: : : 0051152253354455
¥ Results compatible with the SM expectation 1

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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Single top + Higgs

¥ tHq production : sensitive to the sign of the top-Higgs coupling via interference

q

Factor of 10 larger cross section#
if( 1, v)=(11) w.rt. SM

b

¥ Peculiar kinematic features: forward activity, lower jet multiplicity than ttH

CMS 35.9 fb™ (13 TeV)
g [T e BT cms 35.9 fb™ (13 TeV)
g = 1 meop |  amg L0
w 8 Egzww‘ titt, VvV _| g i il=_ll.00 :.t!_' . .
=i I P | T g Analysis strategies adapted
: | Wissbiorzs from ttH leptonic and bb
400 1 BaH
: i . .
200 | S Reinterpretation of H = yy#
1 [\J Stat.+syst. . .
~~~~~~~~~ ] o tagged categories in terms#

2 BZ& Total uncertainty

=
&

of a tH signal model

Data/Pred.
N
Data/Pred.

o

04 0.2 0 02 04

SC-BbTresponsé phys. Rev, D 99, 092005 (2019)

1 2 3 4 5 6 7 8 9 10
Combined BDT bin

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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35.9fb' ! (13 TeV)

CMS
IER

. pp” tH-i-:(tiH B r._
H" WW/ZZ/r7/bb/~~

[ | B
‘ry = 1.0, resolved

- Expected (SM)

Observed

Observed (Multilepton)
Expected (Multilepton)
Observed (v7)
Expected (v7)
Observed (bb) /50
Expected (bb) 4

o x BR [pb]

5.0
45 f
4.0 f
35 |

3.0

2.5

CMS

20 |C
S
<N

T

\

35.9fb"' (13 TeV)

pp — tH

H — WW/ZZ /77 /bb /vy
ry = 1.0, pgy =1.0

Inverted top!

Shaded region!
is excluded

coupling

—e— QObserved limit
--- Expected limit
68% expected

95% expected
——.. of*> x BR

SM

¥ For v=1, rrangesoutside ['0.9,'0.5]and[1.0, 2.1] are excluded at 95% CL !

¥ Observed (expected) SM-like tH production exclusion at 25 (12) times the SM
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Outlook

¥ CMS has studied the associated production of a Higgs boson with top quarks#
In all main decay channels, using sophisticated analysis methods!

¥ After the observation of ttH production from their combination, we have now#
separate evidence in all main channels with a partial Run 2 dataset!

Channel . Obs. (exp.) signibcance

bb 1.15 4032 4 59 3.90 (3.50)
WW* [ ZZ* | 77.4 fb-1 0.96 +0-34 .34 3.20 (4.00)
1.7 +0-6 o5 4.10 (2.70)

137 fb-1 0.13 4093 g 43 -

¥ All results are compatible with the expectation for SM Higgs boson couplings

¥ As we move forward to the exploration of the full Run 2 dataset, and beyond,#
we will focus on an even more precise measurement of the coupling#
(see E.FontanesiOs talk tomorrow), and di(erential measurements of ttH production

Measurements of Higgs boson production in association with top quarks with the CMS experiment
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ttH, H—bb

+0.32
5

ttH (renorm./fact. scales)

ti+bb cross section (50%) (2017)

tt+bb cross section (50%) (2016)
multijet (norm) 9 Jets, $ 4 b tags (2016)
tt+cT cross section (50%) (2017)
multijet (norm) 8 Jets, $ 4 b tags (2016)
PDF (gg ttH)

multijet (norm) 9 Jets, 3 b tags (2016)
multijet (norm) 8 Jets, 3 b tags (2016)
multijet (norm) 7 Jets, 3 b tags (2016)
multijet (norm) 7 Jets, $ 4 b tags (2016)
jet energy scale (1)

b tag charm (linear) (2016)

tt+2b cross section (50%) (2016)
underlying event (tf+bb) (2017)

PS scale: ISR (tt+If) (2017)

underlying event (tt+If) (2017)

PS scale: ISR (tt+If) (2016)

1st bin multijet MEM modelling (4b) (2016)

b tag charm (linear) (2017)

CMS Preliminary

—t,

1 033:-\‘0.034

#0.035

1 018:-\‘0.023

#0.025

N N .

:+o.014
1'015?#0016

1.009%9%

"#0.011

1 007'+o.oo7

.#0.008
Loo72E
Pt
—e—i

L s a—

p=1.1

#0.29

--Pull []+1%Impact [ ]-1%Impact

(T-! 02)/" !

#0.1

Impact of systematic uncertainty sources#
for the 2016+2017 combination
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41.5 bt (13 TeV)

CM

S Preliminary
, tot stat syst
: +1.43 +0.83 +1.16
i -1.69 -1.47 -0.83 -1.22
+0.62 +0.26 +0.56
| 1.84 -0.56 -0.26 -0.50
+0.90 +0.50 +0.76
- 1.62 -0.85 -0.48 -0.70
+0.44 +0.21 +0.39
HEH 1.49 540 020 -035
| | | | i | | | | | | | | |
0 5 10
n="rng,

Fit results in the 2017-only analysis
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ttH, H—bb

CMS PAS HIG-18-030

. .
FH channel SL channel DL channel o 10° EC|I\|II||S| ﬁr|elllml|r7|62|r|}/| T T T [TTTT 7777 |4|1|.?|ﬂ|)| |(:|L|3|-|Ielvg)
Number of leptons 0 1 2 < = FH (=6 jets, >2 btags) e Data 15 x fiH =
pr of leptons (e/ ) [GeV] N > 30/29 > 25/25 GeV 2 108 ;_ -t§+lf_ E Multijet - _;
pr of additional leptons [GeV] < 15 < 15 < 15 2 - CJitvcc  @@Singet 3
| of lept <24 <24 <24 o . Wb []V+ets -
|!'| of lep ons . . . C kL Et2b [V _E
Number of jets "6 "4 "2 L s @ i+bc [ Diboson =
pr of jets [GeV] > 40 > 30 > 30, 30, 20 s | R Uncertainty ]
|!'| of jets <24 <24 <24 107
Number of b-tagged jets "2 "2 "1 . :_ J
piiss N > 20GeV > 40GeV =
: : : 10* \ -
Baseline event selection requirements &\ __oullE
103 N —é
-
9 -

o
> \\\\ \\\\\\\\\3\\\\\\\\&\

Nbtag = "2 Npag " 3 © 05 \
thagloose 3 D IIII|III|II|III|IIII|IIII|III|IIII|IIII—
CR SR 01 0.2 05 06 07 08 09 1
QGLR=> 05 (to extract distribution) (Pnal analysis) QGLR (3b)
Validation CR VR
QGLR < 05 (to validate distribution) (comparison with data) QG IR = L qqqqg
- o - L gaga + L gggg
Signal, control and validation region#

dePnitions used in the O-lepton analysis
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CMS PAS HIG-18-019

Selection 2/0ss 20ss + 11 Selection 3! 3+ 1y
Targeted ttH d t — blv, t — bqq, t — blv, t — bqq, - t! bl" t! bl", " "

argete ecays e H s e s Eq f Targeted ttH decays HT O WW 1 1o t! b!",t! bl",

H — WW — fvqq =T Vs | bl" t! b ad
Trigger Single- or double-lepton triggers lt_|'| WV\;[ ; ,9 'q HE b+
Lepton multiplicity Exactly 2 leptons Trigger Single-, double- or triple-lepton triggers
Lepton pr pr > 25/15GeV pr >25/15(e) or 10GeV (u) Lepton multiplicity Exactly 3 leptons
Lepton 7 7] <25 (e) or 2;1 (1) | . Lepton pr pr> 25/15/15GeV pr> 20/10/10Ge\
T, multiplicity No 1, (loose WP) 21 ( oose'WP) and < 2T, Lepton # |#] < 2.5 (e) or 2.4 (1)
(medium WP) I No !}, (loose WP) # 1!}, (loose WP)

Th PT — pr > 20GeV ' pT N pr > 20GeV
Th 1] — 7| < 2.3 'h# N |#| < 2.3
Charge requirements 2 same-sign leptons and Charge requirements I g==*1 1 q=0

charge quality requirements

| !v!h

Y g =41 Jet multiplicity #2 jets

Iz q b tagging requirements # 1 tight b-tagged jet or # 2 loose b-tagged jets
Jet multiplicity >4 jets >3 jets Missing transverse No requirement if N;# 4
b tagging requirements >1 tight b-tagged jet or >2 loose b-tagged jets momentum Lp > 45GeV

Missing transverse momentum

Dilepton mass

Lp > 30GeV **
mpy > 12GeV * and |mee — mz| > 10 GeV **

Dilepton mass

Lp > 30GeV otherwise
my > 12GeV® and |my %mz| > 10 GeV?2

Four-lepton mass my > 140 GeV”® N
Selection 14+ 21, 20 4+ 21, :
t Select 4

Targeted ttH decays t — blv, t = bqq, t — blv, t — blv, election - T bl t1 bl

H— 77 — 1, + V's H— 1t — 5,15+ Vs Targeted ttH decays H-! WW | !,: ! )
Trigger Single-lepton Single-, double-lepton triggers t! b, t! bl",

or lepton+1, triggers H! zz! llqqgor!!™
Lepton multiplicity Exactly 1 lepton > 2 leptons Triager Single-, doub!e- or triple-lepton
Lepton pr pr > 25 (e) or 20 GeV (1) pr > 25 / 15 () or 10GeV () 99 triggers
Lepton 7 Il <21 1] <2.5(e) or2.4 () Lepton multiplicity # 4 leptons
T, multiplicity > 2 1, (medium WP) Lepton pr pr> 25/15/15/10GeV
Th PT pr > 30 / 20GeV pr > 20GeV Lepton # |#| < 2.5 (e) or 2.4 (1)
Th 1] In] <23 ] <2.3 Charge requirements N
Charge requirements %‘7 =0 KZT q=0 Jet multiplicity # 2 jets

rth . . . . .

Jet multiplicity >3 jets >2 jets b tagging requirements  # 1 tight b-tagged jet or # 2 loose b-tagged jets

b tagging requirements

Missing transverse
momentum

Dilepton mass

>1 tight b-tagged jet or >2 loose b-tagged jets

— No requirement if Nj > 4
— Lp > 45GeV?t
_ Lp > 30GeV otherwise

myp > 12GeV *

Missing transverse
momentum

Dilepton mass

Four-lepton mass

N

my > 12GeV®and
|my %mz| > 10 GeV?
my > 140 GeV”

% Applied on all pairs of leptons that pass loose selection.

If the event contains a same-Ravor opposite-sign (SFOS) lepton pair and N; & 3.
2 Applied to all SFOS lepton pairs.
 Applied only if the event contains 2 SFOS lepton pairs.

" Applied on all pairs of leptons that pass loose selection.
* If both leptons are electrons.
If the event contains a same-flavor opposite-sign lepton pair and N; < 3.
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ttH leptonic

Category U+ 21, | 2lss+ 1y | 21+ 21 | 3+ 1 2lss 3!

tt|ttv [ttt

CMS PAS HIG-18-019

f—<"l

Leading ! cone pt X X X
Trailing ! cone pr X
Minimum of ! R(leading!,j) X X X
Minimum of ! R(trailing !,j)
I R(leading !, trailing !

Transverse Mass of leading! X
Transverse Mass of trailing !
Maximum |#| of ! collection
Signal leading !'" signal trailing ! X
Average of | R(jj) X
Number of jets (pt > 25 GeV)
Number of loose b-jets X X
Mass of leading medium b-jet pair X
Mass of leading loose b-jet pair X Input Variables Of kinematiC!

Emiss X X X

e T % discriminants used#
Hadronict pr fOI’ S|gna| eX'[I’aC'[iOI’\

max
Dthad X

D,Tjax X
Leading !, pr

Trailing 'y, pr

Mass of leading !}, + trailing !
I R(leading !}, trailing !'y)
cog")' (leading !}, trailing !},)
Minimum of ! R(leading !},,j)
Minimum of ! R(trailing 'y,j)
Minimumof ! R('y,}) X
Mass of leading !+ leading !,
Mass of trailing !+ leading !,
I R(leading !, leading !},) X
I R(trailing !,leading !}) X
I R(!,!},) for same-sign pair of (!, !},) X
Average of I R(!,!}) X
MEM X X

| Number of variables | 17 | 18 | 13 | 12 [6] 8 [ 6] 8 |

X

X X X X
X

X X X X

X X X X X X X
x

X X
>
X
>
X
X
>

X X
X

X X X X X X X
X X X X X

X X
X X
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Signal Strength + 1" Source Uncertainty [%] | ! W/ u[%] (2017) | ! p/ u[%] (Comb.) | Correlations
Category Measured | Expected Theoretical sources I 8 8 9 Correlated
1+ 0l {407 [ 100" L1 e, U selection efpciency 3b5 4 3 Correlated
' “h L4 1093 I', selection efbciency 5 3 5 Correlated
2!ss 0.87/ 02 | 1.00 03 I, energy calibration 1.2 1 2 Correlated
b tagging efbciency 2D15 [48] 10 5 Correlated
| : +1.03 +0.93
2isst 1y 113/ 1 1.007 030 Jet energy calibration 2D15 [56] 3 3 Correlated
21 + 21y 0.00] 550% | 1.00; 163+ Fake background yield | 30D50 17 9 Un-correlated
+0.82 +0.59
3 Pioa | 0 0w CMS  I"#$%&8%(" | "4#$0="8190:3
31+ 11y, 1 096, 155 | 1.00 157 ’
4! 0.99; 33 | 1.00{ 221 Comb. . *3
Combined 0.75/ 935 | 1.00] 932
Combined with 2016 analysis | 0.96 72+ | 1.00; 020 1 +27, —@- $%&0™
FCRR
— — — 2lss B 10&1*10" -/
Observed limit | Expected limit | Expected limit Do
_ _ ' #0&1*10',-"./"*
(n=0) (n=1) )
10 + 21, 3.8 24713 3.3 2lss + tr, ~O- 1178p12130456"./*
20ss 2.0 1.1783 1.9
20ss + 11 3.1 2.1729 2.8 21 + 2t,
20 + 213, 5.2 5.8"32 6.8 .
0.6 i
3¢ 1.7 1.219¢ 2.1 3|
30 + 11y, 3.8 4621 5.1 :
4¢ 8.1 6.239 6.4 3l + 1o
Combined 1.6 0.8755 1.7 * Ty
Combined with 2016 analysis 1.6 0.6'95 1.5
4l
| 1 1 11 I| | | | 1 11 11

III #

Additional results and summary! | .
of systematic uncertainties 95% CL upper limit on i = o/c_
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