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Probing Higgs to Top coupling (y,): R N

- Production via gluon fusion tY D H..

= assumes no BSM coupling
- Associated production with top-quark pair g

«  Direct measurement
« Larger increase in signal than backgrounds from 8

to 13 TeV ATLAS and CMS -8- ATLAS+CMS
LHC Run 1 - ATLAS
Challenge: - o i
uggF —+— —*20
 Large backgrounds: tt+jets, tt+bb, ttW, ttZ etc.. B e
~ o(ttH) ~ 510 fb, ofttbar) ~830 pb @13 TeV - el
« Large combinatorics of leptons and jets from top decay u 5 ,5
WH - =
Analysis Strategies: w ——
* ttbar like selections with additional searches for Higgs decay =
products [ Hin S————
« Event categorization based on top quark (W boson) and Higgs
decay modes l =
ol b b b b b B B e
« MVA techniques OR Matrix-Element-Methods used to extract -1-050 05 1 15 2 25 3 35 4

Parameter value

signal
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Variety of final states studied:

tt+ bb (H->bb): Large branching fraction, but higher
background rates

- At least one W decaying to leptons (semilepton,
dilepton)

- Both W decaying to jets (fully hadronic)

tt+leptons (H>WW*, ZZ*, tt): smaller production rate,
relative lower backgrounds

tt+yy (H-=>vy): clean final state, but very small rate

HIG-17-022
b (recent)

HIG-17-018
(recent)
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> Measurements @ CMS

HIG-17-026
(recent)
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' ttH, H = bb (leptonic W decay)
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- HIG-17-026
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e Analysis channels:
- f+|ets: tt=>/vgg’bb, H>bb
- dilepton: tt=>/vivbb, H>bb

e Atleast 4 jets, with at least 3 b-tagged
(>4 jets, >3 b-tagged)

e Poor H->bb mass resolution

e Exploiting Matrix-Element methods and
Machine learning techniques to
discriminate signal from background

e Major backgrounds: tt+jets
(especially tt+bb)
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Selection

Categorisation 1

MVA discriminants

Categorisation 2

Measurement

17t April 2018

——~ Analysis Strategy

Events

4j, =3b 5j, =3b >6j, =3b >4, 3b >4, >4b

DNN (MEM is input)
< Categorise by most probable process

MEM

Split at BDT

ttH, tt+bb/b/2b/cc/If : median
v
4j, =3b, 5j, =3b, >6j, >3Db, >
ttH node ttH node ttH node high BDT 7
3 X 6 categories 1 + 2 categories

Simultaneous fit

DIS - 2018, A Nayak
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! Analysis Strategy

AT T | CMS-PAS-HIG-17-026
- Dilepton channel: tt=>/v/vbb, H>bb

Dilepton « MVA (BDT) and Matrix-Element
methods used to discriminate signal
from background

=>4j, 3b =4j, =4b | |
tagged) jet categories
- Inputs: object kinematics, event shapes,
b-tag discriminants
m - BDT as final discriminant in 3 b-tag

« BDT trained for each of the two (b-
category

- Discrimination against tt+jets

Split at BDT
median  >=4 Db-tags category splitted to two

sub-categories based on BDT output
« MEM as final discriminant in each of

v
1 the two sub-categories
=>4j, =4b, R |
high BDT = — Discrimination against tt+bb

1 + 2 categories
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Compact M Sols d

Dilepton channel: tt= ¢v/vbb, H>bb B

Dilepton

Split at BDT
median

high BDT g

1 + 2 categories

17t April 2018

Events /0.2

Data / Pred.

v Analysis Strategy

HIG-17-026

35.9 o (13 TeV)

Al
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105 S
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80 - ! - = ]
-, >4 b-tags  ; 102 5
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] 10
20 —
E 1
15 E gl
1 \Q\\\k\\'\\\\\\Q\\\\\\.\\\\\\\%\\\% 6&.) 1.5
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| Analysis Strategy

AT HIG-17-026
/+|ets channel: tt2>/vgqg'bb, H>bb

.  Events divided to 3 jet-multiplicity
Single lepton categories
« Multi-classification Deep-Neural
Network (DNN) for each jet-
4j, =3b 9], =3b >6j, >3b
- Same input variables as BDT + MEM
discriminant

o  DNN associates a set of
DNN (MEm

multiplicity category
probability of the events being
either signal ttH or one of the tt+X

Categorise by most probable process background like.

ttH, tt+bb/b/2b/cc/If
: * |n each jet-process categories,

; the DNN output distribution of the
B node that matches the process

4j, >3b, 5j, >3b, >6j, >3b, category is used as final
ttH node ttH node ttH node discriminant

3 X 6 categories

17t April 2018 DIS - 2018, A Nayak 8



v

4j, =3b, 5j, =3b, >6j, >3Db,
ttH node ttH node ttH node

DNN (MEM is input)

3 X 6 categories

17t April 2018
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Events / Bin

Data / Pred.

Events / Bin

Data / Pred.

10*

10°

10?

10

Bz Analysis Strategy

EE /+]ets channel: tt=2>/vgqg’bb, H>bb

Single lepton
4j, >3b 5j, =3b >6j, >3b

Categorise by most probable process
ttH, tt+bb/b/2b/cc/If

HIG-17-026

CMS 35.9 fb' (13 TeV)
L | L | | L | L I L | L | | Ij
SL (=6 jets, =3 b tags) e Data [Jsignal 7]
ttH node I i1 Bl ti-cc E
Post-fit Bl b Bl i-2b 3
. I tt+bb I Single t 7]
>0 jets - ttH  ggvijes  [tiev E
[l Diboson Uncertainty
. 3
EI I I L1 I-I—LI L1 1 | I I | | L1 1 1 L1 1 L
EI L | | | | L | L | LI I | | I I:
3 , . E
R S GV BV, SN SRS
— | -
EI 1 1 | I I 1 1 | I | 1 1 | | | I | I I I | I | | | | l:
0.7 0.8 0.9
DNN discriminant
CMS 35.9 fb'! (13 TeV)
LI | | I L I L I | L | L | L I:
§L (5 jets, =3 b tags) e Data []signal
tt+bb node [ tt+If Bl ti+cc
Postfit Bl tib B ti-2b
o) JetS — Bl i+ bb Il Single t

I V+jets [ ]tt+V
[l Diboson [\J Uncertainty

tt+bb

R N IR *—\—;——\—:— —\—\*—\——\.—\——\ﬁ—\— -\?-\—:——\—*o*—\*—\— SO

_L_IIII|IﬁI/}/IIII|IIII

_lIIIIHIILIIIIIIII

IIIIII|IIII|IIII|IIII|IIII|III
0.4 0.5 0.6 0.7 0.8 0.9

DNN discriminant




= ttH, H = bb (leptonic) results
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Combined 2/ and /+jets channels HIG-17-026, Submitted to JHEP
Channel 95% CL upper limit Best-fit u :
Best fit
observed expected  +tot(+tstat =+ syst)
=0.72 + 0.45
Singlelepton 175 103704 084705 (1027 +04) !
Dilepton 234  248%117 024712 (*823 +})8§) Observed (expected)
Significance = 1.6 (2.2) o
: +0.39 +0.45 ([ +40.24 +0.38
Combined 151 09270%  72t04 ( 024 +0. 38) ot aren
359fb 13TeV) T T ] T T T T T T ]
R L L I E CMS
, , m - CMS . Data i
Major systematic o 10°F Background b o s s
» g I= = o [ Signal (u=0.72) 1 ‘
uncertainties: S —SMu=1) ] .
L 1 Single-lepton —a— (.84 +8gg +8% ﬁgjg
- tt + HF prediction 10°k |
« Jetenergy scale & b- 0% |
: - Dilepton | +——=—— -0.24 *12] *2%5 +1.%
tagging 1o —5 | 12 060 0
- |y
o 14f o . ;
S S J ) Combined e 072 768 5 03
g 82_ ] | | | ; | | | ] | ] ]
S R R P -2 0 2 4 6
-2.5 -2.0 -1.5 -1.0 -0.5

Pre-fit expected log, (S/B) Best fit u = o/c atm, =125 GeV
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" ttH, H > bb (Fully Hadronic)

HIG-17-022
Trigger: > 6 jets, large Hy, >1
or 2 b-tagged jets

Major Challenge:

- Large backgrounds from
QCD multi-jets, tt+jets, and
the irreducible tt+bb

- Large combinatorics of jets
- Poor b mass resolution * A quark-gluon discriminant is used to

differentiate quarks jets from gluon jets
However,

- Discrimination against QCD multijets

- » Dedicated Matrix-Element (MEM)
- Possibility to tully discriminants to discriminate signal
reconstruct the event against tt+jets and tt+bb

- Larger signal contribution

17t April 2018 DIS - 2018, A Nayak 11



CMS

3 Analysis Strategy

0 \\ \ \\
HIG-17-022

Events divided in 8 exclusive categories

QCD multijet events are suppressed

CMS Supplementary using a Quark — Gluon Likelihood (QGL)
7 jets, 3 b tags 8 jets, 3 b tags >9 jets, 3 b tags : C
S/B = 0.0023, S/VB = 0.5878 S/B = 0.0033, S/VB = 0.7048 S/B = 0.0049, S/\B = 0.7874 d ISCrimin aﬂt
) 359fb (13TeV)
" Multijet @ AR RALRNRARRE R ;o
mia £ ofous” T ERRIT D0
- _ 0 107 -ﬁ+|f . Htt+bb -
B tt+cC S mtt+cCl mSinglet ttH
b 3 10° : [1V+jets ¢ Data
7 jets, >4 b tags 8 jets, >4 b tags >9 jets, >4 b tags .tE+ 2
S/B = 0.0077, S/VB = 0.5227 S/B = 0.0095, S/VB = 0.6890 sB-00143 sNB-0s481 [ tt+2b §
I ti+bb L
M tH (u =
Other Bkg
Validation Reglon ‘I_S|gnal Region
10% W e PO TR ....|....|....|....|...ﬁ
g 1.2 '
Signal Regions: 7, 8, >9 jets, 3, >4 b-tags S o3
S 0001 03 03 040506 0708 05 10
: : : QGLR (3b
Control region for QCD bkg estimation : %)
>/ |ets, 2 b-tagged
b-tagging using CSVM discriminator
12
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Compact Muon Solenoid

\

CMS,

Analysis Strategy

< \\
"\\ \\\ \ \
Control region for QCD bkg estimation
Ncsym = 2
Ncsym 2 3
Ncsvr, 2 3
CR SR
QGLR > 0.5 e : :
(to extract distribution) (final analysis)
Validation CR VR
QGLR < 0.5 . e . .
(to validate distribution) (comparison with data)
35.9fb" (13 TeV) 35.9fb™ (13 TeV)
£ 1200 ' I B B L N A A A
= VR >9 jets, >4 b tags 7 8 VR >9 jets, >4 b tags
™ 1000 I Minor bkg+ttH (60) = [ Minor bkg+iH (60)
e B ti-jets (556) 13 B i+ jets (556)
2 W Mutijet 2445) ] & I Vet (2445)
(O] ] >
T ¢ Data (3061) 1 O
x2/dof = 1.2 ’
p-value = 0.311 —: p-value = 0.397
— - 400
B 200
0 - 0
o T ' T T ] L N L B BN
= 2 S SO S b b= b e ]
o —g— | : |+. . + ! + . .+| L |+. L] 03_5 —g— | + |+ + | + +| + |+ +—_
0.5 1.0 1.5 2.0 2.5 3.0 50 100 150 200 __ 250
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Min AR (for bb pairs)

300
bb mass (for min AR pair) (GeV)

DIS - 2018, A Nayak

HIG-17-022

QCD multijet events are suppressed
using a Quark — Gluon Likelihood (QGL)
discriminant

35.9 o' (13 TeV)

2 10°F opme | ETotlunc mMisb  [lfav -
‘= = CMS otal unc Wtt+ Ry
S = [ Multijet EHtt+2b ;
o 107 b Supplementary g — [[1Diboson
< Z mtcc_  mSinget —1H
C 10k | [OV+jets ¢ Data
2} = : S cas
+— 5 ™ :
o 107
> »N
10t

10°

Validation Reg

on J_ Signal Region

BRI A IR LK ]
AAARK KA AR K ALK KKK EAR XA XN

D R S S S S O 0
B R IIH X HAIIHR KA
o] oteleteteteteleteteteteletetetutele et
RIS ISR IR

:‘0‘0.’..""..’.‘ 0.'

AR R IR
AR RN
CHIHIHK
QR LKA
LIRS HIIHS
1907 HeSLRle e e e reteet

ot Soleivielel Neteslele. elel vy
)
Pateteeteratetetetetetuzatetetete e et et et
et te et te e et te de e e tetedy
otateteteletotateleletetetuleteteleleteteteleteteT
6%t ata%ts e e % a s s e tate et te e e e tetatetet:
RSB

28
HRRHOERA

06 0.7 0.8 09
QGLR (4b)
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Signal Extraction

« Matrix-Element (MEM) discriminant to

discriminate signal against backgrounds

e (Constructed from LO matrix elements for

the ttH signal and tt+bb backgrounds

« Also performs well against the tt+If jets
and QCD multi-jets backgrounds

35.9 fo™ (13 TeV)

w 7 T TT I |||||||||||||||| | T TT I L I T TT | T TT | T T 1T

= 10 ? @Stat@sys unc _§|
5,60 [ Multijet []Othert CMS -
~ 10°g [ tt+If [C]Electroweak =
o - Ett+cc  EMtH (n=0.9) -
- 10°F Emtibb  —tfH x 500 =
= = ¢ Data 7 jets, >4 b tags J
210 E
- .—I_'_I_._:

10°

—
o
N

—_
(@)
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1
§1.2
..\(E 1.0
< 0.85
o 0.0 01 02 03 04 05 06 07 08 09

MEM discriminant

Events / 0.1 units

10

Data/Bkg

— —
oobi\)_u

35.9 b (13 TeV)

AR RARNAREARARSARN RS R RS R RS
E @Stat @ sys unc E
E [ Multijet []Othert CMS :
E I tt+If [] Electroweak -
= W cc  EtH ({=0.9) =
e Wit+bb  —ttH x 500 -
E ¢ Data 8 jets, >4 b tags 3

0.
00 01

02 03

04 05 06 07 08 09
MEM discriminant
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Events / 0.1 units

10

Data/Bkg

HIG-17-022

35.9 fb™ (13 TeV)

10 B gStat®sysunc .
gMultuet y|:| Other t CMS
108 [ tt+If ] Electroweak
mtiicc  EtH (i=0.9)
10° Eitt+bb  —ttH x 500
¢ Data >9 jets, >4 b tags

— —
oo'oiu—a

10

02 03 04 05 06 07 08 09
MEM discriminant

0.
OO 01
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CMS/
N3 -17-

> RESUlts  swmieciorer
AT 35.9 b (13 TeV)
- 135.91b" (13 TeV) CMS u tot (stat syst)
é 106; CMS l@ Backgroundlunc _i 7], 3b | i 1.6 5% (57 %)

— = roun = i , L o , +5.9 +2.2 +54
e ., mmo | A e wEam

s = =t : 65 \ 24 60

s T SN e 545 (00 %D

) e 8j24b . 0.2 35 (112 )
i T 0 29024 . 04 5 (45 9)
0y | ™= 3bcats| ——=—— 1.7 555 (54 189)
511-3—' o , 4bcats w 1.5 12 ("oe %)
§ - B E— Combined I TTH N O ? j; .(.+.0.7| .+|1.3.)|
log (S/B) -10 -5 0 S 10 15 20 25 30
The ratio of the signal to background yields in each bin of Best fit {1 = 6/0g, at my =125 GeV

the six MEM discriminant histograms, obtained from a
combined fit constrained to the SM cross section of y = 1

« Consistent with the SM expectation, driven by >4b categories
* Major systematic uncertainties: Multijet estimation, tt+HF prediction, b-tagging
and JES etc..

17t April 2018 DIS - 2018, A Nayak 1



—— ttH, H © multi-leptons

oS W HIG-17-018

« Multi-lepton final states constitute Higgs decay to W*W-, ZZ, and T+t

» Events categorized based on number of leptons and t,, candidates
« BDT and MEM discriminants to discriminate signal from backgrounds

17t April 2018 DIS - 2018, A Nayak 10
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=2 Analysis Strategy

. HIG-17-018

Search performed in 6 exclusive event categories:
* One lepton and two T, (17 + 2t,,) [two T, t0 be of opposite charge]
« Two same-sign leptons and zero t, (2/sSs)
« Two same-sign leptons and one t,, (2/ss + 1t,)) [T, charge is opposite to /]
* Three leptons and zerot, (3/) [ | 2charge | = 1|
* Three leptons and one T, (37 + 11:h [ | Zzcharge | =0
« Four leptons (47) [ | 2charge | =

f=eoru

Additional Event Selections:
« T1tightor 2 loose b-tagged jets
« Atleast 2to 4 jets, depending on event category

« Cuton Ly(0.6%p;Mss + 0.4 xH;™ss ) and/or Z-veto depending on categories,
lepton flavour etc..

17t April 2018 DIS - 2018, A Nayak 17
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Backgrounds:

« {tV, di-boson (irreducible) and
tt+jets (misidentified leptons) are major
backgrounds

17t April 2018

Irreducible backgrounds are modeled using
MC simulation, and validated in dedicated
control regions

Background from misidentified leptons and/or
T, IS measured from data using a fake factor
method, applied to each category separately

- Fake probabilities are measured in
dedicated control regions as function of

pr and n.
The background with misidentified lepton

charge, to 2/ss & 2/ss + 11, categories, are
also measured from data similarly

- Charge misidentification probabilities are
measured in Z-2>ee and Z->uu events

Analysis Strategy

HIG-17-018

Signal Extraction:

2(ss + 1t,, : MEM discriminant to separate
signal from ttZ and tt+jets

10 + 2t, . 1 BDT against tt+]ets

20ss, 30, 3/+1t, : Separate BDTs for ttH
vs ttV and ttH vs tt+jets

Matrix-Element weights as input to BDT
In 3¢ category

2 BDTs are mapped to a single
discriminant (D,,,,), used for final
signal extraction

47: simple counting due to small statistics

Simultaneous Maximum Likelihood fit to
discriminating variables in all categories

DIS - 2018, A Nayak
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17t

Compact Muon Solenoid

HIG-17-018

Analysis Strategy

cMS 35.9 fb™ (13 TeV) cMs 35.9 fb™ (13 TeV) 35.9 fb™ (13 TeV)
C ¢ Observed [ itz 24 - ¢ Observed [ Rare +tH .24 ¢ Observed [ ] Rare +tH
107 M (@=1.23) B W + tWw qc) 80F- WMtH (u=1.23) [] Conversions qc) 45— WttH (1=1.23) Y Misid. leptons
S B WZ + 2Z - [tz N Misid. lept [tz Uncertai
= \{Misid. leptons [ Rare + tH i 70 mmfw + fww FI::IS e o 40 W+ fWW r;:r:mty
o —_ Uncertainty 60:— Wz + 27 Uncertainty 35 Wz + 727 LLLL
1 . \ 11+27, = 30 D
\\\\\ e 3 25 MVA
10 AN\ =
SN \\ \\ \ 20
\\\\\\\\\\\\\\&\\ \\\ 15
1 10
- e I
— ..,  —e— =N e
S g S E S E
gl o5t gle 0.5;—+ . gle 0.5;—+ | +
Gl Ope—te—_—— L e e e I B e o e
@i -05E slf 05F s -05E
I 05 0 05 1 ° 2 6 8 ° o 4 & 8
Discriminant Discriminant Discriminant
CMS 35.9 fb” (13 TeV) cMS 35.9 fb™ (13 TeV) cMs 35.9 fb™ (13 TeV)
b 2] 9:_ e Observed [ Rare + tH « - ¢ Observed [ Rare +tH 9 = ¢ Observed Wz +2Z
(- = EEtH (1=1.23) [ Conversions qc) 70E- B fiH (u=1.23) [] Conversions qc) _  EE{tH (0u=1.23) []Rare +tH
0 8- iz S Misid. leptons > - iz N Misid. leptons S 10— [tz S Misid. leptons
L E Wl W + TWwW [ Flips L 60 B tW + ttWW Uncertainty L C EtW + tww Uncertainty
7; Wz + 22 Uncertainty § = g 3l+ T,
6 2lss+tr, = :
= no-missing-jet - -
S5t — 61—
s MEM - Dyua
35 4:— ®
2 __
1
0 L,
2 g Sls o & s 3 '
gl8 0sF * ‘ sie 05F §% 0.5E I
LI S oty i
5|5 055 ‘ * afi 055 k5 -05F l +
s s L . ! L 8 S N R I B B 5 SN B S B
0 02 04 06 0.8 1 1 2 3 4 5 1 2 3 4 5
Discriminant Discriminant Discriminant 19



Events

102

Data-Bkg.
Bkg

10
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ttH, H = multi-leptons (Results)

HIG-17-018, Submitted to JHEP

35.9 fb' (13 TeV)
—o-2 0 L12S 1eV

[ ||IIII|

[ IIIII||

+ Data
B H (i=1.23)

D Background

- Background uncertainty

—

N

b

=

= 0
Iogm(S/y

Combined

11+ 27,

+1.76
W=-1.5277,

2Iss

_ +0.58
b =161 -0.51

2lss + 1t

-0.67
3l

+0.77
=082 -0.71
3l + 1t

= 1.34 +1.42

-1.07
4

+2.29
h=057"

CMS 35.9 fb™ (13 TeV)

B 0.45 0.26 0.37

| p=123 """ ] .5 (Stat.) (syst.)

B =

: 1 .—

i — .

B 'n

| -

L1 | 1 1 1 1 | 1 1 1 | L1 1 1 | 1 1 1 | | | | | I I - | | 11
3 2 0 1 2 3

Best fit w(ttH)

Evidence for the ttH production in leptonic final states:
3.20 (obs) / 2.80 (exp) significance

17t April 2018

DIS - 2018, A Nayak

Cross check analysis with ttV as signal, with normalization constrained
using control regions: p = 1.04+9=0 .. significance = 2.7¢

20
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ttH Combination

CMS-PAS-HIG-17-031

Combination of ttH analyses, along with other Higgs measurements, for 13 TeV data

CMS Preliminary ® Observed
35.9 fb' (13 TeV) - +10 (Stat.®sys.)
= +10 (SYS.)
- — +20
u : other production
ttH : modes floating
Illllllllilllllllllllllllllllllllllllll
O 05 1 15 2 25 3 35 4

Parameter value

ttH (Aw,y) production cross
section modifier from per-
production mode fit

17t April 2018

DIS - 2018, A Nayak

ttH
Best fit  Uncertainty
value  Stat. Syst.
+031 4016 +0.26
L18 Zo27 Zo1s -021
+028) (+0.16) (+023)
—0.25/ \-0.16/ \-0.20

At ~ 30%

21



——~ Observation of ttH production

Combination of measurements in 7, 8, & 13 TeV data
Significance: 5.20 (4.20 Exp)

5.1t (7 TeV) + 19.7 fo" (8 TeV) + 35.9 fb™ (13 TeV) 5117 (7 TeV) + 19.7 b (8 TeV) + 35.9 fb ' (13 TeV)
@ Observed o S B S A HA A B LA
CMS m— 15 (Stat @ syst) - — Combined
| = +10 (Syst) L e SM expected _
) | —— +20 (stat @ syst) 30 — 13 TeV "
ttH(WW™) — e gm———— A — 7+8 TeV ]
i 3 | 7 e T P CAR A ARt —
ttH(ZZ*) L — - / i
) i i 20
ﬁH(’C*’f) ——_ui—— 15 : “‘
{iH(bb) — g ORGNN SS 80T
7+8 TeV  eeeE——— 5 : - _‘\_\_
13 TeV o 0
Combined —'—'—
b v v by by b s by b by
4 0 1 2 3 4 5 6 7 HIG-17-035

Hé:  Submitted to PRL (arXiv: 1804.02610 )
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\\g
=< sSummary

« Results presented for ttH searches with 35 fb=' of pp collision
data @ 13 TeV

- Lots of improvement in analysis techniques compared to
run-1

- Addition of new challenging final states: fully hadronic mode,
final states with hadronic decaying T leptons

- Top-Higgs couplings constrain to about ~15% with direct
measurements

- Working on further improvements in analysis sensitivity

» Observation of ttH production, combining 7, 8, and 13 TeV
analyses
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ttH Combination

CMS-PAS-HIG-17-031

Combination of ttH analyses, along with other Higgs measurements, for 13 TeV data

ttH+tH (Aw,y) production
cross section modifier

from per-production 1
mode fit

top coupling modifier
from k-framework fit

In the unresolved
loops assumption:

17t April 2018

CMS Preliminary @ Observed ttH
35.9fb" (13 TeV) = +10 (stat.®sys.) . .
=10 (sys.) Best fit  Uncertainty
| — +20
_ value  Stat. Syst.
: other production
’ modes floating 1.18 1031 4016  +0.26
|||||||||i|||||||||||1|||||1||||1||||1| ) _027 _016 —021
0 0.5 1 1.5 2 25 3 3.5 4 (+0.28) (+0.16 (+0.23
Parameter value —0.257 1—0.167 1—0.20

Aty ~ 30%

CMS Preliminary ® Observed Uncertainty
35910 (13 TeV) = 1o interval Best fit Stat.  Syst.
— : — 2o interval 109 +0.14 40.08 4+0.12
: U7 014 —0.08 —012
K, et +0.14 (1008)  (+0.12)
: —0.15 —0.09 —0.12
L1 11 I L1 11 I L1 11 I | I | l L1 11 i 1 111 l L1 11 I 1 111 l 1111
-15 -1 -05 O 0.5 1 1.5 2 2.5 3
other x parameters floating Parameter value

DIS - 2018, A Nayak
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" ttH, H > bb (Fully Hadronic) Results

Best fit fi and uncertainty

Observed ~ Expected

Category I total (stat syst) UL UL 35.9 fb” (13 TeV)
CMS
- 196 (427 +92 +6.2
7),3b L6 Zpo (527 hiz 18.7 17.624} 7i, 3b e
8j, 3b 12 159 12.3 115046 830 W
| S 290,3b LI
>9j, 3b -35 11 9.0 10737 7240 (N o+ Median expected
12 y 8j, >4b I I 68% expected
7], 24b 54 _2:7 10.6 571_17 29], >4b - 95% expected
8i >4b 0.2 +2.8 5.5 5 5-|-2.6 3b cats - ______ Expected (SM ttH)
|- —U. ~3.0 : ~_16
4b cats | [k —=— Observed
>9i, >4b 04 J_r%% 4.0 4,3j-g Combined | i | | | | |
: : Ly Ly Ly L Ly R B
| . L 0 5 10 15 20 25 30
Combined 09 3 3.8 3.174% 95% CL limit on p = o/c_ at my, = 125 GeV
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Compact M Sols d

- ttH, H = bb (Fully Hadronic) Results
Lo \\ \\
Source Range of Distribution Process
uncertainty (%) ttH Multijet tt+jets Other

Experimental uncertainties
Integrated luminosity 2.5 No v * v v
Trigger efficiency 1-2 Yes v * v v
Pileup 0.2-5 Yes v * v v
JES 3-11 Yes v * v v
JER 2-11 Yes v * v v
b tagging 4-40 Yes v * v v
QGL reweighting 4-11 Yes v * v v
Top quark pt reweighting 1-2 Yes — * v —

Multijet estimation
CSVL correction — Yes — v — —
MEM first bin — Yes — v — —
Hrt reweighting — Yes — v — —
Normalization 0o No — v — —

Theoretical uncertainties
tt+bb normalization 50 No — * v —
tt+2b normalization 50 No — * v —
tt+b normalization 50 No — * v —
tt+cc normalization 50 No — * v —
ur/ ur scales for signal 6-9 No v — — —
ur/ ur scales for background 1-13 No — * v v
PDFs 2-4 No v * v v
Simulated sample size 240 Yes v * v v
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Compact M Solenoid

SL (=6 jets, >3 b tags) DNN
SL (5 jets, >3 b tags) DNN
SL (4 jets, > 3 b tags) DNN

DL (>4 jets, 24 b tags) BDT-high
DL (>4 jets, >4 b tags) BDT-low

DL (>4 jets, 3 b tags)

Combined

17t April 2018

CMS

|
Rl

ttH, H = bb (Leptonic) Resu

(S

Uncertainty source

£Au (observed) LAy (expected)

Total experimental +0.15/-0.16 +0.19/-0.17
b tagging +0.11/-0.14 +0.12/—-0.11
jet energy scale and resolution +0.06/—-0.07 +0.13/-0.11

Total theory +0.28/—-0.29 +0.32/—-0.29
tt+hf cross section and parton shower ~ +0.24/—0.28 +0.28/—-0.28

Size of the simulated samples +0.14/-0.15 +0.16/—0.16

Total systematic +0.38/—-0.38 +0.45/—-0.42

Statistical +0.24/—-0.24 +0.27/-0.27

Total +0.45/—0.45 +0.53/-0.49

35.9 b (13 TeV)

u<1.51

+ w<2.82

u<2.18

n<3.11

w<3.12

u<5.67

u<5.32

=== 68% expected
= === 95% expected
—a— Observed

—— Signal injected

10

102

DIS - 2018, A NeglcL limiton p = o/c_ at m, = 125 GeV
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Compact Muon Solenoid

17t April 2018

ttH, H = bb (Leptonic) Results

Source Type Remarks

Integrated luminosity rate  Signal and all backgrounds

Lepton identification/isolation shape Signal and all backgrounds

Trigger efficiency shape Signal and all backgrounds

Pileup shape Signal and all backgrounds

Jet energy scale shape Signal and all backgrounds

Jet energy resolution shape Signal and all backgrounds

b tag hf fraction shape Signal and all backgrounds

b tag hf stats (linear) shape Signal and all backgrounds

b tag hf stats (quadratic) shape Signal and all backgrounds

b tag If fraction shape Signal and all backgrounds

b tag 1f stats (linear) shape Signal and all backgrounds

b tag 1f stats (quadratic) shape Signal and all backgrounds

b tag charm (linear) shape Signal and all backgrounds

b tag charm (quadratic) shape Signal and all backgrounds

Renorm. /fact. scales (ttH) rate  Scale uncertainty of NLO ttH prediction

Renorm./fact. scales (tt) rate  Scale uncertainty of NLO tt prediction

Renorm. /fact. scales (tt+hf) rate  Additional 50% rate uncertainty of tt+hf predictions

Renorm. /fact. scales (t) rate  Scale uncertainty of NLO single t prediction

Renorm. /fact. scales (V) rate  Scale uncertainty of NNLO W and Z prediction

Renorm./fact. scales (VV) rate  Scale uncertainty of NLO diboson prediction

PDF (gg) rate  PDF uncertainty for gg initiated processes except
ttH

PDF (gg ttH) rate  PDF uncertainty for ttH

PDF (qq) rate.  PDF uncertainty of qq initiated processes
(tt+W,W,Z)

PDF (qg) rate  PDF uncertainty of qg initiated processes (single t)

pr scale (tt) shape Renormalisation scale uncertainty of the tt ME gen-
erator, independent for additional jet flavours

ur scale (tt) shape Factorisation scale uncertainty of the tt ME genera-
tor, independent for additional jet flavours

PS scale: ISR (tt) rate  Initial state radiation uncertainty of the PS (for tt
events), jet multiplicity dependent rate uncertainty,
independent for additional jet flavours

PS scale: FSR (tt) rate  Final state radiation uncertainty (for tt events), jet
multiplicity dependent rate uncertainty, indepen-
dent for additional jet flavours

ME-PS matching (tt) rate  NLO ME to PS matching, hdamp [? ] (for tt events),
jet multiplicity dependent rate uncertainty, indepen-
dent for additional jet flavours

Underlying event (tt) rate  Underlying event (for tt events), jet multiplicity
dependent rate uncertainty, independent for addi-
tional jet flavours

NNPDF3.0NLO (ttH, tt) shape Based on the NNPDF replicas, same for ttH and ad-
ditional jet flavours

Bin-by-bin event count shape Statistical uncertainty of the signal and background

prediction due to the limited sample size
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' ttH, H = multi-leptons (Results)

.

<\
T\\ \\ \ \\
CMS Supplementary 35.9 b (13 TeV)
11 +2Th _CMS Supplementary 35.9 b (13 TeV)
2.7 (4.1 ex N
"< ( P) Combined [ p=1.23 *%%% | 0%g1at) 08 gyst)
2Iss B -0.43 0.25 0.35
U< 2.8 (1.0 exp) g (E)bse“’ed g
-¢->- Expected -
2Iss+1t, P i
L < 2.5 (1.4 exp) B +1 5.d. expected fHHoW [
3| +2 s.d. expected L= 1.69 +00 _:18 B -
<27 (1.6 exp) -©- tiH(u=1) injected b
3l+1t, C
u<4.4 (2.8 exp) :
4| ttH H—1t -
U< 6.5 (4.9 exp) | n=015""" F
Combined . C+ -
T Dol v b oo v v by o LI R A B
H< 2.1 (08 exp) il L] | -3 -2 —1 0 1 2 3
1

10 Best fit p(ttH)

95% CL upper limiton u = G/GSM
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.. Expected limit
Category = Observed limit on u P
=0 =1
TT. ¥2.
14+ 27, 2.7 417, 4.8'7,
2/ss 2.8 1.0105  2.079%
+0.7 +0.9
3¢ 2.7 1.6705 2970,
+1.3 +1.5
30+ 11, 4.4 2.818'2 4.1J_rgg
4/ 6.5 49717 6.77,3
: +0.3 +0.5
Combined 2.1 0.87,5 177,z
Source Uncertainty [%] Au/u [%]
e, 1 selection efficiency 24 11
Ty, selection efficiency 5 4.5
b tagging efficiency 2-15[? ] 6
Reducible background estimate 1040 11
Jet energy calibration 2-15[? ] 5
Ty, energy calibration 3 1
Theoretical sources ~10 12
Integrated luminosity 2.5 5

17t April 2018
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ttH, H = multi-leptons (Results)
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Compact Muon Solenoid

tHg, H = leptons

CMS Preliminary

Destructive interference in SM and
Constructive interference in inverted top
coupling (ITC) scenarios

17t April 2018

o BR [pb]

35.9fb~' (13 TeV)

1.0 +

14| pp— tH+tiH
[ H— WW/ZZ/rr

12+ K=Kt

--- Expected limit (¢ x BR) ]
41 standard dev.

42 standard dev.

_____ Jttlr-]li(t)i'H x BR (ky = 1.0)

___ o xBR (kv =1.0)

......... (fttﬂeo' x BR (ky = 1.0)

Scenario Channel Obs. Limit Exp. Limit (pb)
(pb) Median +1o +20
kt/xy = =1 up 1.00 0.58 [0.42,0.83] [0.31,1.15]
ey 0.84 0.54 [0.39,0.76] [0.29, 1.03]
1224 0.70 0.38 [0.26, 0.56] [0.19, 0.79]
Combined 0.64 0.32 [0.22,0.46] [0.16, 0.64]
kt/xy =1 uu 0.87 0.41 [0.29, 0.58] [0.22,0.82]
(SM-like) ey 0.59 0.37 [0.26, 0.53] [0.20, 0.73]
1224 0.54 0.31 [0.22,0.43] [0.16, 0.62]
Combined 0.56 0.24 [0.17,0.35] [0.13, 0.49]
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