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Hbb coupling

Higgs Boson decay to bb quark pair

CMS Preliminary 35.9fb" (13 TeV)
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Hbb coupling

Higgs Boson decay to bb quark pair

decay branching ratio
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Introduction

* Higgs boson has largest branching ratio for decay to bb quark pair

.
H b
e challenges:

* large background consisting of QCD multi jet events with two
b-jets

e VH production and ttH production mode most significant to study
Hbb decay

Associated production with a Vector Boson (VH

* reduces the background (from QCD) since it
requires additional leptons with invariant mass of
vector boson or missing energy

e can trigger leptons/Etmiss

* 3 channels
* (O leptons
* 1 lepton
e 2 leptons




History of VHbb searches

started already at LEP
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History of VHbb searches

L H C era 35.9 o' (13 TeV)

Entries

* VHbb analysis is done at ATLAS and CMS
e started with 7 & 8 TeV in Run 1
 ATLAS: observed (expected) significance: 1.4 (2.6) 10

e CMS: observed (expected) significance: 2.1 (2.1) 10°

* evidence for VHbb at the LHC established by ATLAS and CMS in 102
2017: 10

e using ~36 fb-1 of 2016 dataset at 13 TeV 1
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Object reconstruction
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B-tagging

iImprovements in b-tagging

2017
4 barrel layers
e identification of b-jets plays important role in search
for Hbb coupling!

* new pixel detector with 4 instead of 3 layers
* new b-tagging algorithm: DeepCSV

* ~70% efficiency for < 1% mis-tag rate for light 2016

(udscg) jets 3 barrel layers
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Object reconstruction

* DNN regression for b-jets (AK04) to recover the escaping
neutrino in semi-leptonic decays

PV

reco pr * FSR jet recovery: add back jets in AR < 0.8 cone to Higgs

Secondary Vertex candidate
2017 (13 TeV)
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=> perform a fit to use good resolution on leptons to improve
resolution of b-jets and therefore resolution of mn

* vector boson reconstructed with leptons/MET




Signal and backgrounds

signal

invariant mass has
a peak at my
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< a peak at my ~ 125
+ ggZH contribution b GeV

Z+jets -

q /v
Z/W main backgrounds
/v
b falling mass

distribution without
peak, softer pr

Z
+ s/u channel

q/q’ b

invariant mass has a

invariant mass has peak at my

flat distribution

if W decays
hadronically, more
additional jets




Event selection

in each of the three channels define:
* a signal region:
e to extract the signal strength
e control regions for TT and V+jets for
e validation of DATA/MC agreement
e constrain normalisation of backgrounds in a simultaneous fit of signal and control regions

simplified selection scheme

’ 1-lepton channel

l >1
Naj<=1 —> TOP
|
|
Mj; window m—ve;t' W+ H.F ®
|

* signal regions still full of background, S/B < 5%
e use MVA discriminator to increase sensitivity



Signal/background MVA

* DNN signal/background discriminator trained in the signal regions

41.3 b7 (13 TeV)
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e multi-class DNN

Multi-background MVA

* separate the background processes in the heavy flavour control region

* same set of features as the signal/background discriminator
* trained in heavy flavour control regions

413" (13 TeV)
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Simultaneous fit

e what do we fit?

Heavy flavour control regions
with multi-output classifier

41317 (13 TeV)

Signal regions for the 3 channels
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Combination of channels
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Results for 2017 data only

Significance (0)
Data set Expected Observed Signal strength
2017
0-lepton 1.9 1.3 0.73 £ 0.65
1-lepton 1.8 2.6 1.32 £0.55
2-lepton 1.9 1.9 1.05 = 0.59
Combined 3.1 3.3 1.08 + 0.34
o _ 41.3 b7 (13 TeV) 41307 (13 TeV)
'_'GEJ 10° — CMS ‘ [B)ati CMS
5 [ Supplementary = VZ?H{%?d Supplementary
10° 3 Background uncertainty pp— VH; H— bb
' —— Signal + Background u =1.08 = 0.26 (stat.) = 0.23 (syst.)
10* I ZH(bb)
w=0.84 + 0.54
10°
WH(bb)
102 u=136=+0.57
0 lept.
u=0.72 +0.65
1 lept.
. w=1.31+0.55
% 2 lept.
5 w=1.04 +0.58
e 2
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mjj analysis

e instead of DNN score one can also fit mj
e |ess sensitive, but more directly interpretable variable used in the fit

77.2 7 (13 TeV) 77.2 b7 (13 TeV)
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* MVA discriminator evaluated with mass and correlated variables set to mean value
* 4 categories in this MVA discriminator with increasing S/B used in the fit



Systematic uncertainties

* in combination of Run1 with 2016 and 2017 data, systematic uncertainties of similar impact as
statistical uncertainties Run1 + 2016 + 2017: p= 1.01= 0.17 (stat) = 0.14 (syst)

* uncertainties (for 2017 analysis only):

Uncertainty source Au
Statistical +0.26 —0.26
Normalization of backgrounds +0.12 —-0.12
Experimental +0.16 —0.15
b-tagging efficiency and misid +0.09 —-0.08
V+ets modeling +0.08 —0.07
Jet energy scale and resolution +0.05 —0.05
Lepton identification +0.02 —-0.01
Luminosity +0.03 —0.03
Other experimental uncertainties +0.06 —0.05
MC sample size +0.12 —-0.12
Theory +0.11 —-0.09
Background modeling +0.08 —0.08
Signal modeling +0.07  —0.04
Total +0.35 —-0.33




Combination with other production channels

remember we wanted to look at the decay H->bb < b
- c— )— —
e can combine results of VH(bb) with CMS results for other H b
production channels:
e ttH (H in association with tt pair)

* \VBF (vector boson fusion)
e boosted ggH (gluon fusion)

<51fb"(7TeV)+<19.8fb" (8 TeV)+<77.2fb" (13 TeV)

e Observed
CM_S +1o (stat @ syst)
H—bb — 410 (Syst)
stat  syst . . .
aoF 2.80 £ 2.08 + 1.30 sighificance
VBF — 253 +0.98 +1.17 550 expected
tH | —— 0.85 +0.23 + 0.37 56c observed
WH —.- 1.24 +0.29 + 0.24
ZH | - 0.88 + 0.24 + 0.16 Observation of the H - bb decay
| by the CMS Collaboration
Combined - 1.04 £0.14 £ 0.14
PP BTSN EPETErET SrETETET TS SRR SrEEEr SRR

0 1 2 3 4 5 6 7 8 9
Best fit 1



Summary and outlook

* VHbb analysis of 2017 data completed

* observed (expected) significance of 3.3 (3.1) o

e y=1.08 +0.34
* combination of all VHbb data from CMS is at 4.8 (4.9) o
e u=1.01%+0.22, compatible with Standard Model

/v

* combination with other Higgs production channels done
e first observation (5.6 ¢) of Hbb at CMS!

b
=,

* future plans include analysis of full Run 2 data (include
2018) and a differential analysis (in pT, number of jets,
STXS) to increase sensitivity for certain BSM models
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Introduction

Associated production with a vector boson (VH)
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VHbb 2-lepton candidate event display




Combination with previous runs

Significance (o)
Data set Expected Observed Signal strength
2017
O-lepton 1.9 1.3 0.73 £ 0.65
1-lepton 1.8 2.6 1.32+0.55
2-lepton 1.9 1.9 1.05 £0.59
Combined 3.1 3.3 1.08 £0.34

Run 2 4.2 4.4 1.06 =0.26

Run 1+ Run 2 4.9 4.8 1.01 +=0.23
5.1 17 (7 TeV) + 18.9 fo™ (8 TeV) + 77.2 fo™ (13 TeV) 5.1 fb™ (7 TeV) + 18.9 fb™' (8 TeV) + 77.2 fb™ (13 TeV)
n 7
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Background uncertainty N 2017
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10° 2016 IE BT TR 1.19 = 0.39
1o 2017 | e r@uasas 1.08 = 0.34
10 Run 1 — . — 0.89 = 0.38 (stat) = 0.24 (syst)
1
] I oy |
P 1 ° ° ® o eSS SEREESEIERSESERE Combined e 1.01+ 0.17 (stat) = 0.14 (syst)
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Figure 2: Dijet invariant mass distribution for events weighted by S/ (S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, with all other fitted background processes subtracted. The er-
ror bar for each bin represents the pre-subtraction 1o statistical uncertainty on the data, while
the grey hatching indicates the 1¢ total uncertainty on the signal and all background compo-

nents.
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Figure 3: Dijet invariant mass distribution for events weighted by S/ (S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, as well as all other backgrounds.
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e analysis for VZ with Z -> bb is done as cross-check to validate tools used for VHbb analysis
 signal has same bb final state (apart from invariant mass) but has higher cross-section
e observed (expected) significance of 5.2 (5.0) o, signal strength: y = 1.05 + 0.22
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Abstract

An inclusive search for the standard model Higgs boson (H) produced with large
transverse momentum (pr) and decaying to a bottom quark-antiquark pair (bb) is
performed using a data set of pp collisions at y/s = 13TeV collected with the CMS
experiment at the LHC. The data sample corresponds to an integrated luminosity of
35.9fb!. A highly Lorentz-boosted Higgs boson decaying to bb is reconstructed as a
single, large radius jet and is identified using jet substructure and dedicated b tagging
techniques. The method is validated with Z — bb decays. The Z — bb process is
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Table 3: Definition of the event categories and corresponding yields in the my,, interval
[80,200] GeV, for the data and the MC expectation. The BDT output boundary values refer
to the distributions shown in Fig. 8.

set A set B
BDT boundary values Cat. 1 Cat. 2 Cat. 3 Cat. 4 Cat. 5 Cat. 6 Cat. 7
-06-00 00-07 07-084 084-10| —-01-04 04-08 0.8-1.0
Data 546121 321039 32740 10874 203865 108279 15151
Z +jets 2038 1584 198 71 435 280 45
Wijets 282 135 4 <1 225 92 17
tt 2818 839 45 14 342 169 21
Single t 960 633 64 25 194 159 30
VBF myy(125) 53 140 58 57 33 57 31
GF my(125) 53 51 8 5 9 10 2
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