
DESY Particle and Astroparticle 
Physics Colloquium 

Observation of Higgs boson 
decay to bottom quarks

Heiner Tholen (DESY) 

August 28, 2018

e+ 

e- 

b-jet 

b-jet 

b-tracks 

b-tracks 
e+/- tracks 

pp→ZH   
b + b 

pp→ZH   

e+ + e- 

s =13 TeV (2017)



!2|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018

5.2 H ! ZZ 11

 (GeV)γγm
110 120 130 140 150S

/(S
+B

) W
ei

gh
te

d 
E

ve
nt

s 
/ 1

.5
 G

eV

0

500

1000

1500

Data
S+B Fit
B Fit Component

σ1±
σ2±

-1 = 8 TeV, L = 5.3 fbs-1 = 7 TeV, L = 5.1 fbsCMS

 (GeV)γγm
120 130

E
ve

nt
s 

/ 1
.5

 G
eV

1000

1500
Unweighted

Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S+ B)
value of its category. The lines represent the fitted background and signal, and the coloured
bands represent the ±1 and ±2 standard deviation uncertainties in the background estimate.
The inset shows the central part of the unweighted invariant mass distribution.

2 photons

leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
√
s = 7 TeV and

√
s = 8 TeV data in the entire phase-space of the

analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relatively small contribution of a
SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].
The uncertainties on the lepton reconstruction and

identification efficiencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4ℓ = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4ℓ = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4ℓ = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4ℓ = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4ℓ distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.
The theoretical uncertainties associated with the sig-

nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the effect of the PDF
and αs uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 160 GeV, the measured ZZ(∗) → 4ℓ
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(∗) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4ℓ , for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

√
s = 7 TeV

and
√
s = 8 TeV data. The signal expectation for a SM Higgs with

mH = 125 GeV is also shown.

4.4. Results
The expected distributions of m4ℓ for the background

and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined
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Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S+ B)
value of its category. The lines represent the fitted background and signal, and the coloured
bands represent the ±1 and ±2 standard deviation uncertainties in the background estimate.
The inset shows the central part of the unweighted invariant mass distribution.

2 photons 
BR: 0.23%

leading lepton pair are removed, is presented in Fig. 1.

 [GeV]34m
20 40 60 80 100

Ev
en

ts
/5

 G
eV

0

20

40

60

80

100 Data
(*)ZZ

tZ+jets,t
H(125 GeV)
Syst.Unc.

ATLAS

-1Ldt = 4.8 fb∫ = 7 TeV: s
-1Ldt = 5.8 fb∫ = 8 TeV: s

4l→
(*)ZZ→H

Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
√
s = 7 TeV and

√
s = 8 TeV data in the entire phase-space of the

analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relatively small contribution of a
SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].
The uncertainties on the lepton reconstruction and

identification efficiencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4ℓ = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4ℓ = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4ℓ = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4ℓ = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4ℓ distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.
The theoretical uncertainties associated with the sig-

nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the effect of the PDF
and αs uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 160 GeV, the measured ZZ(∗) → 4ℓ
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(∗) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4ℓ , for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

√
s = 7 TeV

and
√
s = 8 TeV data. The signal expectation for a SM Higgs with

mH = 125 GeV is also shown.

4.4. Results
The expected distributions of m4ℓ for the background

and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined
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Higgs boson discovery in 2012

compare: 
H → bb 
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|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018



Higgs boson discovery in 2012

!4

5.2 H ! ZZ 11

 (GeV)γγm
110 120 130 140 150S

/(S
+B

) W
ei

gh
te

d 
E

ve
nt

s 
/ 1

.5
 G

eV

0

500

1000

1500

Data
S+B Fit
B Fit Component

σ1±
σ2±

-1 = 8 TeV, L = 5.3 fbs-1 = 7 TeV, L = 5.1 fbsCMS

 (GeV)γγm
120 130

E
ve

nt
s 

/ 1
.5

 G
eV

1000

1500
Unweighted

Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S+ B)
value of its category. The lines represent the fitted background and signal, and the coloured
bands represent the ±1 and ±2 standard deviation uncertainties in the background estimate.
The inset shows the central part of the unweighted invariant mass distribution.

leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
√
s = 7 TeV and

√
s = 8 TeV data in the entire phase-space of the

analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relatively small contribution of a
SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].
The uncertainties on the lepton reconstruction and

identification efficiencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4ℓ = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4ℓ = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4ℓ = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4ℓ = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4ℓ distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.
The theoretical uncertainties associated with the sig-

nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the effect of the PDF
and αs uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 160 GeV, the measured ZZ(∗) → 4ℓ
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(∗) yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4ℓ , for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

√
s = 7 TeV

and
√
s = 8 TeV data. The signal expectation for a SM Higgs with

mH = 125 GeV is also shown.

4.4. Results
The expected distributions of m4ℓ for the background

and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined
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Why did H(bb) take so long to be observed? 
What is special about H(bb)? 

How did we observe it?  
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- standard model couplings 
- established properties 

- experiment 

- VH(bb) analysis 
- strategy 
- highlight of techniques 
- results 

- summary & outlook
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the standard model of particle physics
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The Higgs boson

• Precision measurements of the Higgs boson 
properties will provide a crucial test of the theory 

• It represents a potential window to physics 
Beyond the Standard Model

{
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Brout-Englert-Higgs potential: 

- allows mass terms for Z0, W± 

- |Dµϕ|: interaction of H with Z0, W± 
- direct evidence seen in Higgs 

boson discovery

�µ2�2 + ��4
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commentary

Eyes on a prize particle
Luis Álvarez-Gaumé and John Ellis

The search for the Higgs boson could soon prove successful. Although the particle bears the name of a 
single physicist, many more were involved in devising the theory behind it — so which of them should 
share a potential Nobel Prize?

The story of the Higgs boson begins 
with symmetry. Physicists are obsessed 
with the notion of symmetry — it 

enables them to relate phenomena that may 
at first sight seem very disparate — and 
with the notion of symmetry breaking, 
because many of nature’s symmetries 
are not exact but only approximate or 
otherwise concealed. One example of an 
exact symmetry (or rather, exact so far) is 
Lorentz invariance, which first appeared in 
Maxwell’s equations that unify electricity 
and magnetism, and was subsequently 
elevated to a general principle by Einstein in 
his special theory of relativity. On the other 
hand, there are two distinct possibilities for 
breaking a symmetry: either it was never 
really there at all, because there are parts 
of the underlying equations that are not 
symmetric; or the breaking originates not 
in the equations themselves, but rather in 
the solution that nature chooses, an option 
known as spontaneous symmetry breaking 
or hidden symmetry.

An example of a ‘really broken’ symmetry 
is provided by nuclear physics: protons and 
neutrons experience very similar strong 
nuclear forces but have different electric 
charges and slightly different masses. We 
now understand the small differences in 
their masses and nuclear forces as being 
due largely to the small differences between 
the masses of the two types of quark they 
contain. On the other hand, an example of 
‘spontaneous’ symmetry breaking is provided 
by superconductivity: as explained in the 
theory of Bardeen, Cooper and Schrieffer1, 
the photon — which has no mass when 
propagating freely through space — acquires 
an effective mass when it tries to penetrate 
a superconducting material (as discussed 
earlier by Ginzburg and Landau2,3). In 
free space, the masslessness of the photon 
is guaranteed by Lorentz invariance and 
a symmetry known as gauge invariance. 
This symmetry is still present inside the 
superconductor, but it is ‘hidden’ by the 
condensation of Cooper pairs of electrons, as 
was discussed explicitly by Anderson4.

Related ideas were introduced into 
particle physics by Nambu5 in 1960, earning 
him a share in the Nobel Prize for physics 
finally in 2008. He suggested that the low 
mass and the low-energy interactions of 
pions — the lightest nuclear particle — 
could be understood as a reflection of an 
approximate ‘hidden’ symmetry that would 
have been exact if the quarks they contain 
were actually massless. In the real world, the 
masses of the quarks that make up protons, 
neutrons and pions are much smaller than 
a typical nuclear mass. Nambu’s insight was 
that, even if the quark masses vanished, the 
corresponding symmetry would be ‘hidden’.

This happens because the light quarks 
condense in pairs in the vacuum, breaking 
the symmetry ‘spontaneously’ much 
like Cooper pairs of electrons inside a 
superconductor (Fig. 1). Consequently, the 
‘hidden’ symmetry causes the pions’ masses 
to vanish, in accord with a general theorem 
proven in 1961 and 1962 by Goldstone, 
Salam and Weinberg6,7, and fixes their low-
energy couplings to protons, neutrons and 
each other. A key difference between the 
cases of superconductivity and Nambu’s 
theory of pions is that the former breaks 
a ‘gauge’ symmetry — that is, one whose 
transformations can be made locally — and 
the latter breaks a ‘global’ symmetry, in 
which the same transformation must be 
made over all space and time.

The mechanism emerges
At this point, theoretical physicists were 
confronted with massless particles at every 
turn: an exact gauge symmetry entails a 
massless boson with one unit of spin, such 
as the photon; breaking a global symmetry 
spontaneously spawns a massless spin-zero 
‘Nambu–Goldstone’ boson such as the pion. 
However, in experimental data there were 
no candidates for such massless particles, 
although there were suggestions that massive 
bosons might mediate the weak interactions 
responsible for radioactivity.

In 1964, Englert and Brout8 were the 
first to show how to kill two birds with one 

theoretical stone, by combining would-be 
massless spin-one and spin-zero bosons 
to obtain massive spin-one particles in 
gauge theories with either Abelian or 
non-Abelian symmetry groups. Soon after 
and independently, Higgs wrote a paper9 
pointing to a loophole in earlier arguments 
for the existence of massless bosons, and 
then wrote a second paper10 using this 
mechanism to work the same trick as 
Englert and Brout, for the Abelian case. The 
final paper in the series, by Guralnik, Hagen 
and Kibble11, incorporates a discussion of 
the relationship of their work to the papers 
of Englert, Brout and Higgs, again in the 
Abelian case.

The mechanism proposed by Englert 
and Brout, by Higgs, and by Guralnik, 
Hagen and Kibble was spontaneous 

Re(�)

Im(�)

V (�)

Re(�)

Im(�)

V (�)

Figure 1 | An effective potential, V(ϕ), in the 
form of a ‘Mexican hat’ leads to spontaneous 
symmetry breaking. The vacuum — that is, the 
lowest-energy state — is described by a randomly 
chosen point around the bottom of the hat. In a 
global symmetry, movements around the bottom 
of the hat correspond to a massless, spin-zero, 
Nambu–Goldstone boson5–7. In the case of a local 
(gauge) symmetry, as was pointed out by Englert 
and Brout8, by Higgs10 and by Guralnik, Hagen and 
Kibble11, this boson combines with a massless spin-
one boson to yield a massive spin-one particle. 
The Higgs boson10 is a massive spin-zero particle 
corresponding to quantum fluctuations in the 
radial direction, oscillating between the centre and 
the side of the hat in the direction of the arrow.
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the BEH potential
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Yukawa couplings
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The Higgs boson

• Precision measurements of the Higgs boson 
properties will provide a crucial test of the theory 

• It represents a potential window to physics 
Beyond the Standard Model

{
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 2

- highly motivated presumption 
that fermion masses also 
generated by Higgs field 

- such couplings not seen before 
- not accessible through EW 

precision tests 

- seen indirectly in discovery 
channels 

- direct observation is difficult 
- coupling strength ~ mf 
- 3rd gen particles have 

complicated decay modes 
- seen 2014 in ATLAS+CMS 

combination in H(𝞽𝞽) 

- many BSM theories predict 
Yukawa couplings different from 
the SM

!8

"gives mass to 
fermions"

=> SM Yukawa couplings need dedicated confirmation
|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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Higgs boson properties (SM)

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

H → bb̄
Gluon Fusion (87%)

Vector-Boson Fusion (7%)

Higgs-strahlung (4%)

Top Fusion ttH (1%)
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gluon fusion vector-boson fusion

Higgs-strahlung top-quark fusion ttH

production at the LHC

- mass:  not predicted by SM 
- width:  4.15 MeV (mH=125 GeV) 
- spinparity:  0+ 
- coupling strengths

H branching ratios 
(mH=125 GeV)
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established properties

- mass: di-photon and 4 lepton 
channels most sensitive 

- width: 
- from indirect measurement 
- direct:  ΓH < 1 GeV

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

Υ(3S)X < 5.4 × 10−6 CL=95% –
(D0/D0) X (20.7 ±2.0 ) % –
D±X (12.2 ±1.7 ) % –
D∗(2010)±X [j ] (11.4 ±1.3 ) % –
Ds1(2536)±X ( 3.6 ±0.8 ) × 10−3 –
DsJ (2573)±X ( 5.8 ±2.2 ) × 10−3 –
D∗′(2629)±X searched for –
B+X [k] ( 6.08 ±0.13 ) % –
B0

s X [k] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+
c X ( 1.54 ±0.33 ) % –

Ξ0
c X seen –

Ξb X seen –
b -baryon X [k] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [l] < 3.2 × 10−3 CL=95% –
e+ e−γ [l] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [l] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [l] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [n] < 6.8 × 10−6 CL=95% –
qqγγ [n] < 5.5 × 10−6 CL=95% –
ν ν γγ [n] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [j ] < 7.5 × 10−7 CL=95% 45594

e± τ∓ LF [j ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [j ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.18 ± 0.16 GeV
Full width Γ < 0.013 GeV, CL = 95%

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels
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−0.6

HTTP://PDG.LBL.GOV Page 4 Created: 6/5/2018 18:58

signal strength: 

bb, 𝞽𝞽 and ttH are sensitive to 
3rd generation Yukawa couplings

PDG 2018  
Review of Particle Physics
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is this the SM H0?

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

Υ(3S)X < 5.4 × 10−6 CL=95% –
(D0/D0) X (20.7 ±2.0 ) % –
D±X (12.2 ±1.7 ) % –
D∗(2010)±X [j ] (11.4 ±1.3 ) % –
Ds1(2536)±X ( 3.6 ±0.8 ) × 10−3 –
DsJ (2573)±X ( 5.8 ±2.2 ) × 10−3 –
D∗′(2629)±X searched for –
B+X [k] ( 6.08 ±0.13 ) % –
B0

s X [k] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+
c X ( 1.54 ±0.33 ) % –

Ξ0
c X seen –

Ξb X seen –
b -baryon X [k] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [l] < 3.2 × 10−3 CL=95% –
e+ e−γ [l] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [l] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [l] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [n] < 6.8 × 10−6 CL=95% –
qqγγ [n] < 5.5 × 10−6 CL=95% –
ν ν γγ [n] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [j ] < 7.5 × 10−7 CL=95% 45594

e± τ∓ LF [j ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [j ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.18 ± 0.16 GeV
Full width Γ < 0.013 GeV, CL = 95%
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self-coupling? 
are there non-SM properties? 

so far the data is in agreement 
with the standard model

Higgs boson coupling 

width, spin/parity and coupling 
measurements show SM-like 
properties

26 7 Measurements of the Higgs boson’s couplings
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Figure 10: Left: Likelihood scan in the M-e plane. The best-fit point and, 1s, 2s CL regions are
shown, along with the SM prediction. Right: Result of the phenomenological M, e fit overlayed
with the resolved k-framework model.

7.2 Generic model within k framework with effective loops

The results of the fits to the generic k model where the ggH and H ! gg loops are scaled
using the effective couplings kg and kg are given in Figure 11 and Table 9. Two different model
assumptions are made concerning the BSM branching fraction. In the first parametrization it
is assumed that BRBSM = 0, whereas in the second, BRinv. and BRundet. are allowed to vary as
POIs, and instead the constraint |kW|, |kZ|  1 is imposed. The parameter BRundet. represents
the total branching ratio to any final state which is not detected by the channels included in
this combined analysis. The likelihood scan for the BRinv. parameter in this model, and the 2D
likelihood scan of BRinv. vs BRundet. are given in Figure 12. The 68% and 95% CL regions for the
right panel in Figure 12 are determined as the regions for which q(BRundet.,BRinv. ) < 2.28 and
q(BRundet.,BRinv. ) < 5.99, respectively. A 95% CL upper limit of BRinv. < 0.22 is determined,
corresponding to the value for which q < 3.84 [75]. The uncertainty on the measurement of
kt is reduced by nearly 40% compared to Ref. [30]. This improvement is due to the improved
sensitivity to the ttH production mode as described in Section 6.

Accounting for the additional contribution from BSM decays, the total width of the Higgs bo-
son, relative to its SM value can be written as,

GH

GSM
H

=
k2

H
1 � (BRundet. + BRinv.)

(7)

Using Equation 7, this model is also reinterpreted as a constraint on the total Higgs boson
width, and the corresponding likelihood scan is shown in Figure 13.

An additional fit is performed assuming the only BSM contributions to the Higgs couplings
appear in the the loop-induced processes ggH and H ! gg. In this fit, kg and kg are the POIs,
BRinv. and BRundet. are freely floated, and the other couplings are fixed to their SM predictions.
The best-fit point and 1s, 2s CL regions in the kg � kg plane for this model are shown in Fig-
ure 14.

CMS-PAS-HIG-17-031
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Large Hadron Collider (LHC)

- many years of successful 
data taking 

- two run periods  
- Run I:    7, 8 TeV 
- Run II:   13 TeV 

- today 10 times more data 
than used in Higgs boson 
discovery

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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ATLAS in run II

ATLAS DETECTOR 
  weight: 7,000 tonnes 
  diameter: 22.0 m 
  length: 44.0 m 
magnetic field: 2.0 T

★3 + 1(Insertable B-Layer) 
layer silicon pixel detector: 
★ improved b-tag 

performance 

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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CMS in run II
CMS DETECTOR 

  weight: 14,000 tonnes 
  diameter: 15.0 m 
  length: 28.7 m 
magnetic field: 3.8 T

CMS tracking detector

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018

★200 m2 active silicon 
★acceptance up to |η|<2.5 
★pixel detector - vital for b-tagging: 

★ b hadrons decay within few cm
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CMS in run II (cont'd)
CMS DETECTOR 

  weight: 14,000 tonnes 
  diameter: 15.0 m 
  length: 28.7 m 
magnetic field: 3.8 T

b-jet identification 
b-tagging: look for displaced 
tracks and secondary vertices 
within jets 

1Tag 

Algorithm Performances in 2017 
9 

u  The CMS Phase 1 upgrade included a 
new pixel detector with an additional 
layer, closer to the beam spot  

 
2016 pixel 
detector 

Phase1pixel 
detector 

u  Comparison of DeepCSV 
performance with 2016 
detector, Phase 1 detector 
and 2016 training, and with 
Phase 1 detector and new 
dedicated training 

 
CMS DP-2017/013 

CMS-TDR-011 
CMS pixel detector

★new pixel detector since Winter 
2016/2017 

★4 layers 
★ innermost layer closer to interaction 

point

new pixel 
detector

pixel 
detector  
until 2016

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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b tagging: algorithms

- many decay modes of b-flavoured 
hadrons 

- even with tertiary c-flavoured hadron 
decay 

- with or without soft electron or muon 
in jet 

DeepCSV algorithm: 
- deep neural network (DNN) 

architecture 

DNN and using low-level 
variables bring dramatic 

improvement in b-tagging 
wrt. previous methods

 5

DeepCSV

Dense
100 nodes x 5 layers

Charged (8 features) x6

Secondary Vtx (8 features) x1

Global variables (12 features)

Output classes:
b, bb, c, l

M. Verzetti (CERN and FWO)

5.1 The b jet identification 23

In this figure, the tagging efficiency is integrated over the pT and h distributions of the jets
in the tt sample. The tagging efficiency is also shown for the Run 1 version of the CSV algo-
rithm. It should be noted that the CSV algorithm was trained on simulated multijet events at
centre-of-mass energy of 7 TeV using anti-kT jets clustered with a distance parameter R = 0.5.
Therefore, the comparison is not completely fair. The performance improvement expected from
a retraining is typically of the order of 1%. The absolute improvement in the b jet identification
efficiency for the CSVv2 (AVR) algorithm with respect to the CSV algorithm is of the order of
2–4% when the comparison is made at the same misidentification probability value for light-
flavour jets. An additional improvement of the order of 1–2% is seen when using IVF vertices
instead of AVR vertices in the CSVv2 algorithm. The cMVAv2 tagger performs around 3–4%
better than the CSVv2 algorithm for the same misidentification probability for light-flavour
jets. The DeepCSV P(b) + P(bb) tagger outperforms all the other b jet identification algo-

b jet efficiency
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Figure 16: Misidentification probability for c and light-flavour jets versus b jet identification
efficiency for various b tagging algorithms applied to jets in tt events.

rithms, when discriminating against c jets or light-flavour jets, except for b jet identification
efficiencies above 70% where the cMVAv2 tagger performs better when discriminating against
light-flavour jets. The absolute b identification efficiency improves by about 4% with respect to
the CSVv2 algorithm for a misidentification probability for light-flavour jets of 1%. Three stan-
dard working points are defined for each b tagging algorithm using jets with pT > 30 GeV in
simulated multijet events with 80 < p̂T < 120 GeV. The average jet pT in this sample of events
is about 75 GeV. These working points, “loose” (L), “medium” (M), and “tight” (T), correspond
to thresholds on the discriminator after which the misidentification probability is around 10%,
1%, and 0.1%, respectively, for light-flavour jets. The efficiency for correctly identifying b jets in
simulated tt events for each of the three working points of the various taggers is summarized
in Table 2.

The tagging efficiency depends on the jet pT, h, and the number of pileup interactions in the
event. This dependency is illustrated for the DeepCSV P(b) + P(bb) tagger in Fig. 17 using

JINST 13 (2018) no.05, P05011

2018 JINST 13 P05011

jet

jet

heavy-flavour
jet

PV

SV

displaced
tracks

IP

charged
lepton

Figure 1. Illustration of a heavy-flavour jet with a secondary vertex (SV) from the decay of a b or c hadron
resulting in charged-particle tracks (including possibly a soft lepton) that are displaced with respect to the
primary interaction vertex (PV), and hence with a large impact parameter (IP) value.

(SV) may be reconstructed, as illustrated in figure 1. The displacement of tracks with respect to the
primary vertex is characterized by their impact parameter, which is defined as the distance between
the primary vertex and the tracks at their points of closest approach. The vector pointing from the
primary vertex to the point of closest approach is referred to as the impact parameter vector. The
impact parameter value can be defined in three spatial dimensions (3D) or in the plane transverse to
the beam line (2D). The longitudinal impact parameter is defined in one dimension, along the beam
line. The impact parameter is defined to be positive or negative, with a positive sign indicating
that the track is produced “upstream”. This means that the angle between the impact parameter
vector and the jet axis is smaller than ⇡/2, where the jet axis is defined by the primary vertex
and the direction of the jet momentum. In addition, b and c quarks have a larger mass and harder
fragmentation compared to the light quarks and massless gluons. As a result, the decay products
of the heavy-flavour hadron have, on average, a larger pT relative to the jet axis than the other jet
constituents. In approximately 20% (10%) of the cases, a muon or electron is present in the decay
chain of a heavy b (c) hadron. Hence, apart from the properties of the reconstructed secondary
vertex or displaced tracks, the presence of charged leptons is also exploited for heavy-flavour jet
identification techniques and for measuring their performance in data.

In order to design and optimize heavy-flavour identification techniques, a reliable method
is required for assigning a flavour to jets in simulated events. The jet flavour is determined by
clustering not only the reconstructed final-state particles into jets, but also the generated b and c
hadrons that do not have b and c hadrons as daughters respectively. To prevent these generated
hadrons from a�ecting the reconstructed jet momentum, the modulus of the hadron four-momentum
is set to a small number, retaining only the directional information. This procedure is known as
ghost association [34]. Jets containing at least one b hadron are defined as b jets; the ones containing
at least one c hadron and no b hadron are defined as c jets. The remaining jets are considered to be
light-flavour (or “udsg”) jets. Since pileup interactions are not included during the hard-scattering
event generation, jets from pileup interactions (“pileup jets”) in the simulation are tentatively
identified as jets without a matched generated jet. The generated jets are reconstructed with the jet
clustering algorithm mentioned in section 2 applied to the generated final-state particles (excluding
neutrinos). The matching between the reconstructed PF jets and the generated jets with pT > 8 GeV

– 5 –
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what is the challenge with H → bb?

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

Cross section

Only in one out of every one billion 
collisions a Higgs boson is produced

• We record a small selection of collisions 
(<0.01%) 

Storage and computing are limited

�Higgs

�tot
pp

• At the LHC in 2016 we had 7 x 108 pp 
inelastic interactions/sec

 36

- Higgs boson production is ...  
- 9 orders o.m. below total pp cross section 
- 7 orders o.m. below b quark production 

- compared to H → bb, the discovery channels have a 
striking signature 

- largest impact on S/B: 
- b jet identification 
- m(jj) mass resolution

comparison with a discovery channel

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

Challenges of the H(bb̄) mode at the LHC

Comparison with one of the discovery channels

H → 4ũ H → bb̄  

Branching Ratio 0.03% 58%

mass resolution 1% 10%

S/B 2 0.05

H(bb̄) searches need: 
• good b-jets identification performance: 70% efficiency at 0.3-1% q/g mistag probability 
• best possible resolution on m(bb̄) 
• to exploit all possible information from the event to improve S/B

ATLAS-PHYS-PUB-2017-013 
CMS-JINST 13 (2018) P05011
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H production at the LHC

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

H → bb̄
Gluon Fusion (87%)

Vector-Boson Fusion (7%)

Higgs-strahlung (4%)

Top Fusion ttH (1%)
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gluon fusion (87%) 

- largest production cross section 
- 107 times larger multijet 

background (still 103 in mass 
region of interest)

vector-boson fusion (7%) 

- slightly more distinctive than 
gluon fusion, but still very large 
multijet background

Higgs-strahlung (4%) 

- features leptons and/or ETmiss for 
trigger and selection 

- smaller production cross section

top-quark fusion ttH (1%) 

- small production cross section 
- large top quark pair background

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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H production at the LHC

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

H → bb̄
Gluon Fusion (87%)

Vector-Boson Fusion (7%)

Higgs-strahlung (4%)

Top Fusion ttH (1%)
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gluon fusion (87%) 

- largest production cross section 
- 107 times larger multijet 

background (still 103 in mass 
region of interest)

vector-boson fusion (7%) 

- slightly more distinctive than 
gluon fusion, but still very large 
multijet background

Higgs-strahlung (4%) 

- features leptons and/or ETmiss for 
trigger and selection 

- smaller production cross section

top-quark fusion ttH (1%) 

- small production cross section 
- large top quark pair background

VH

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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signature

2 leptons

1 lepton + ETmiss

0 lepton (ETmiss)

- channels:  
- 0-, 1- and 2-leptons 
- triggers: ETmiss, 1-, 2-lepton 

- V and H are back-to-back 
- most sensitivity at high pT of V and H

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

VH(bb̄) topology

irreducible backgrounds

0-lepton (MET)           
1-lepton [e,µ,τ]                   
2-OSSF leptons [ee,µµ]                                   

signal

normalization from  
data, shapes from MC  

 14|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018

reconstruction: 
- H candidate 

- 2 jets with highest b-tag score 
- V candidate 

- 2 leptons 
- 1 lepton + ETmiss 
- ETmiss
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backgrounds

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

VH(bb̄) topology

irreducible backgrounds

0-lepton (MET)           
1-lepton [e,µ,τ]                   
2-OSSF leptons [ee,µµ]                                   

signal

normalization from  
data, shapes from MC  

 14

Z

VZ is the background 
most similar to VH 
- only differs in m(jj) 
- used for validation

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

VH(bb̄) topology

irreducible backgrounds

0-lepton (MET)           
1-lepton [e,µ,τ]                   
2-OSSF leptons [ee,µµ]                                   

signal

normalization from  
data, shapes from MC  

 14

Z+jets

W+jets

top pair

single top

Di-boson

V+bb is most 
difficult background

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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event display
 Z(νν)H(bb) candidate event

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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1-lepton channel



e+ 

e- 

b-jet 

b-jet 

b-tracks 

b-tracks 
e+/- tracks 

pp→ZH   
b + b 

pp→ZH   

e+ + e- 

s =13 TeV (2017)

!25

event display
 Z(ee)H(bb) candidate event

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018

PT(e-)	=	95.8	GeV	

PT(e+)	=	224.1	GeV	

PT(b-jet)	=		216.5	GeV	

PT(b-jet)	=	97.8	GeV	

m(jj) = 114 GeV
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analysis strategy

preselection

m(ll) ∈ [mZ]

yes

2 b-tags

yes

m(jj) ∈ [mH]

yes
SR

signal region

"loose" selection: 

- high signal 
efficiency 

- still high levels 
of background 
in SR

e+ 

e- 

b-jet 

b-jet 

b-tracks 

b-tracks 
e+/- tracks 

pp→ZH   
b + b 

pp→ZH   

e+ + e- 

s =13 TeV (2017)

simplified example 2-lepton channel
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simplified example 2-lepton channel
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preselection

m(ll) ∈ [mZ]

yes

2 b-tags

yes

m(jj) ∈ [mH]

yes
SR

signal region

"loose" selection: 

- high signal 
efficiency 

- still high levels 
of background 
in SR

e+ 

e- 

b-jet 

b-jet 

b-tracks 

b-tracks 
e+/- tracks 

pp→ZH   
b + b 

pp→ZH   

e+ + e- 

s =13 TeV (2017)

- option 1: fit m(jj) directly 
- not most sensitive 
- used as a cross check 

- option 2: use a DNN 
- signal: VH(bb) 
- bkg: all SM bkg 
- fit DNN output distribution 
- shape from MC 
- bkg normalisation from data

SR

signal region

analysis strategy

bkg

sig

DNN output

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

Challenges of the H(bb̄) mode at the LHC

Comparison with one of the discovery channels

H → 4ũ H → bb̄  

Branching Ratio 0.03% 58%

mass resolution 1% 10%

S/B 2 0.05

H(bb̄) searches need: 
• good b-jets identification performance: 70% efficiency at 0.3-1% q/g mistag probability 
• best possible resolution on m(bb̄) 
• to exploit all possible information from the event to improve S/B

ATLAS-PHYS-PUB-2017-013 
CMS-JINST 13 (2018) P05011

 12
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analysis strategy

preselection

m(ll) ∈ [mZ]

yes

2 b-tags

yes

m(jj) ∈ [mH]

yes
SR

signal region

e+ 

e- 

b-jet 

b-jet 

b-tracks 

b-tracks 
e+/- tracks 

pp→ZH   
b + b 

pp→ZH   

e+ + e- 

s =13 TeV (2017)

simplified example 2-lepton channel

no
Top CR

no Z+LF CR 
(light flavor)

no Z+HF CR 
(heavy flavor)

control regions

(more requirements 
are applied for 

purification)
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preselection

m(ll) ∈ [mZ]

yes

2 b-tags

yes

m(jj) ∈ [mH]

yes
SR

signal region

e+ 

e- 

b-jet 

b-jet 

b-tracks 

b-tracks 
e+/- tracks 

pp→ZH   
b + b 

pp→ZH   

e+ + e- 

s =13 TeV (2017)

simplified example 2-lepton channel

no
Top CR

no Z+LF CR 
(light flavor)

no Z+HF CR 
(heavy flavor)

control regions

(more requirements 
are applied for 

purification)

analysis strategy

- enriched in primary 
backgrounds 

- scrutinize MC simulation 
- extract normalisation for 

- single top 
- top pair 
- Z+bb 
- Z+b 
- Z+light flavour

Top CR

Z+LF CR 
(light flavor)

Z+HF CR 
(heavy flavor)

control regions
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- simultaneous fit in 0-, 1- and 2-lepton channels 
and across all control and signal regions 

- next slides: techniques to obtain the needed 
sensitivity 

- improving jet energy resolution 
- bkg normalisation extraction 
- signal extraction 

- analysis of data taken in 2017 by CMS 

analysis strategy (cont'd)
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improving b jet energy resolution

particle-flow jets

DNN energy regression

2-lepton channel: kinematic fit
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improving b jet energy resolution

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

Physics objects in CMS

photon

µ

neutral 
hadron

µ

HCAL 
clusters

ECAL 
clusters

Detector

Particle Flow

muons, electrons, photons, 
neutral hadrons, charged hadrons  

Tracks  
Calorimeter deposits  

muons, electrons, photons, taus, jets, ETMiss 

JINST 12 (2017) 

• Quark and gluon fragment into 
stable particles resulting in 
narrow cone of hadrons, a jet  

• About 90% of the jet energy is 
carried by charged hadrons 
(65%) and photons (25%)

 43

starting point:  particle flow jets

90% of jet energy carried by: 
- charged hadrons (65%) 
- photons (25%)

particles in 
nature 

single particle 
candidates 

jets 
(initial particle)

tracks, 
calorimeter 
deposits 

particle-flow jets

DNN energy regression

2-lepton channel: kinematic fit
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improving b jet energy resolution

Nadya Chernyavskaya DNN based b-regression 09.05.2018 /242

-CHFD:I�H"DC

true pT

reco pT

ν pT

b-jet

� b-jets are important objects for many physics analyses 

� b-jets are different from light jets :  

• Displaced vertex 

• Generally broader than light jets 

• Have semileptonic decays

PV

Secondary Vertex

2 tasks  
✦ Identify b-jets → b-tagging 
✦ Correct the mismeasured 

energy because of escaping 
neutrino → b-jet energy 
regression

DNN with 41 inputs: 
- jet kinematics: pT, η, etc. 
- pileup information 
- energy fractions and number of: 

- e.m., charged, neutral particles 
- soft lepton track 

(=> neutrino in jet; missing energy) 
- secondary vertex information 

output: 
- regressed pT 
- resolution estimate

particle-flow jets

DNN energy regression

2-lepton channel: kinematic fit
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improving b jet energy resolution

particle-flow jets

DNN energy regression

2-lepton channel: kinematic fit
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Figure 8: Distributions of signal, background, and data event yields sorted into bins of similar
signal-to-background ratio, as given by the result of the fit to their corresponding multivari-
ate discriminant. All events in the 2017 VH, H ! bb signal regions are included on the left
while the currently analyzed Run 2 data (2016+2017) are shown on the right. The red his-
togram indicates the Higgs boson signal contribution, while the grey histogram is the sum of
all background yields.
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Figure 9: The two plots above show the top quark mass reconstructed in the 1-lepton tt control
region using the tagged lepton, p

miss
T , one of the two b-jets and the constraint of the W mass

to estimate the longitudinal component of the neutrino. The reconstruction on the left uses the
un-regressed b-jet energy and the right uses regressed b-jet energy.

1-lepton channel 
- reconstructed mass of  

top quark candidate 
- "combinatorial" 

background in tail 

regression

no "sculpting" seen in  
top quark mass distribution

only stat. uncert. only stat. uncert.

Nadya Chernyavskaya DNN based b-regression 09.05.2018 /242

-CHFD:I�H"DC

true pT

reco pT

ν pT

b-jet

� b-jets are important objects for many physics analyses 

� b-jets are different from light jets :  

• Displaced vertex 

• Generally broader than light jets 

• Have semileptonic decays

PV

Secondary Vertex

2 tasks  
✦ Identify b-jets → b-tagging 
✦ Correct the mismeasured 

energy because of escaping 
neutrino → b-jet energy 
regression
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improving b jet energy resolution

- no intrinsic ETmiss in 2-lepton topology 
- electrons/muons have better energy 

resolution than jets 
- per event: 

- construct constraints between particles 
- fit jets and leptons within their uncertainty 

- recoil jets:  
- best performance without add. jets
{ l2

l1

b jet

Σ recoil  
jets

m(ll)=MZ

σp(x,y)(llbb)

b jet

kinematic fit "transfers" good 
resolution from leptons to jets

particle-flow jets

DNN energy regression

2-lepton channel: kinematic fit
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Figure 1: Dijet invariant mass distributions for simulated samples of Z(``)H(bb) events (mH =
125 GeV) without (left) and with one additional recoiling jet (right). Distributions are shown
before (red) and after (blue) the energy corrections from the b-jet regression are applied, and
when a kinematic fit procedure (green) is used on top of them. A Bukin function is used to fit
the distribution. The fitted mean and width of the core of the distribution are displayed on the
figure.
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Figure 2: The best-fit signal strength and uncertainty per-channel and for the WH and ZH
processes, extracted from a simultaneous fit of all channels for the 2017 analysis.
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improving b jet energy resolution 1
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Figure 1: Dijet invariant mass distributions for simulated samples of Z(``)H(bb) events (mH =
125 GeV) without (left) and with one additional recoiling jet (right). Distributions are shown
before (red) and after (blue) the energy corrections from the b-jet regression are applied, and
when a kinematic fit procedure (green) is used on top of them. A Bukin function is used to fit
the distribution. The fitted mean and width of the core of the distribution are displayed on the
figure.

µBest fit 
2− 1− 0 1 2

0.54±=0.84µ
ZH(bb)

0.57±=1.36µ
WH(bb)

0.65±=0.72µ
0 lept.

0.55±=1.31µ
1 lept.

0.58±=1.04µ
2 lept.

CMS
Preliminary

 (13 TeV)-141.3 fb

b b→ VH; H→pp
0.23(syst.)±0.26(stat.)±=1.08µ

Figure 2: The best-fit signal strength and uncertainty per-channel and for the WH and ZH
processes, extracted from a simultaneous fit of all channels for the 2017 analysis.

no  
recoil 

jets

one  
recoil 

jet
improvement of m(jj) 

energy regression:        14% 
kinematic fit:         up to 43% 

resolution on m(jj):  10-13%

particle-flow jets

DNN energy regression

2-lepton channel: kinematic fit
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improving b jet energy resolution

pT balance of H and V candidates 
improves with both steps 

improvement well described by 
simulation 
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Figure 10: All three figures above show the ratio of the di-jet pT to the di-lepton (V) pT in the
2-lepton HF control region. The b-jets in the left plot come directly from CMS reconstruction
with charged hadron subtraction applied. The b-jets in the center plot have been updated by
the regression. The resolution is visible improved from left to center. On the right the b-jet
energies are updated once again with a kinematic fit which constrains the b-jet energies using
the lepton resolution. Again there is a visible improvement in b-jet resolution inferred by the
narrowing balance of the di-jet plus di-lepton system.
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Figure 11: Tagging jets from b-quarks is fundamental to this analysis. The distributions of the
deepCSV b-tagging discriminator are shown for the less b-like jet of the two b-jet candidates
in three different control regions. The left, center and right control regions are 0-lepton heavy
flavor, 1-lepton ttbar and 2-lepton heavy flavor, respectively.

particle-flow jets

DNN energy regression

2-lepton channel: kinematic fit

regression kinematic fit
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signal region DNN

���)���/�67/02��
�02./7�2 �	��
����(��11�18�88 ���� 

• Using same input variables as previous BDT analysis. 
• Trained separately in each channel to discriminate VH(bb̅) 

from the weighted sum of all backgrounds (as before). 
• Parameters optimized for maximum expected sensitivity. 
• DNN output fit in all signal regions simultaneously to 

extract signal strength.

DNN as Final Discriminator

14

4/5 hidden layers
Note that in addition to     

S vs. B discrimination, this 
analysis also uses DNN’s 

to differentiate among 
backgrounds and in the jet 

energy regression.

- DNN for separation of signal and background in SR 

- DNN output is fitted to extract signal strength and 
significance 

- trained on MC separately in 7 channels: 
- 0-lepton 
- 1-lepton mu / el 
- 2-lepton mu / el in low / high pT(Z) 

- up to 16 variables, most discriminating: 
- m(jj) 
- pT(V) 
- b-tag discriminator value 
- number of additional jets 
- ΔR(jj)

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018

bkg

sig

DNN output



- trained on MC separately in 7 channels: 
- 0-lepton 
- 1-lepton mu / el 
- 2-lepton mu / el in low / high pT(Z) 

- up to 16 variables, most discriminating: 
- m(jj) 
- pT(V) 
- b-tag discriminator value 
- number of additional jets 
- ΔR(jj)
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most difficult background:  V+bb 

one of the largest uncertainties 
from background normalisation
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Figure 7: Post-fit distributions of multivariate discriminator output channels for 2017 analysis,
after all signal region pre-selection criteria have been applied. First row: 2-lepton muon (left)
and electron (right) channel for high pT(V) region, in the second row the low pT(V) is shown.
Third row: 1-lepton muon (left) and electron (right) channel. Fourth row: 0-lepton channel.
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Figure 7: Post-fit distributions of multivariate discriminator output channels for 2017 analysis,
after all signal region pre-selection criteria have been applied. First row: 2-lepton muon (left)
and electron (right) channel for high pT(V) region, in the second row the low pT(V) is shown.
Third row: 1-lepton muon (left) and electron (right) channel. Fourth row: 0-lepton channel.

6

En
tri

es

2−10

1

210

410

610

810
Data bggZHb

bZHb VV+HF
bZ+b Z+b

Z+udscg tt
VV+LF Single top
S+B uncertainty bb→VH,H

T,V
, High pµ2-

CMS
Supplementary

 (13 TeV)-141.3 fb

DNN output
0 0.2 0.4 0.6 0.8 1

O
bs

 / 
Bk

g

0.5
1

1.5
2

En
tri

es

2−10

1

210

410

610

810
Data bggZHb

bZHb VV+HF
bZ+b Z+b

Z+udscg tt
VV+LF Single top
S+B uncertainty bb→VH,H

T,V
2-e, High p

CMS
Supplementary

 (13 TeV)-141.3 fb

DNN output
0 0.2 0.4 0.6 0.8 1

O
bs

 / 
Bk

g

0.5
1

1.5
2

En
tri

es

2−10

1

210

410

610

810

1010
Data bggZHb

bZHb VV+HF
bZ+b Z+b

Z+udscg tt
VV+LF Single top
S+B uncertainty bb→VH,H

T,V
, Low pµ2-

CMS
Supplementary

 (13 TeV)-141.3 fb

DNN output
0 0.2 0.4 0.6 0.8 1

O
bs

 / 
Bk

g

0.5
1

1.5
2

En
tri

es

2−10

1

210

410

610

810

910 Data bggZHb
bZHb VV+HF
bZ+b Z+b

Z+udscg tt
VV+LF Single top
S+B uncertainty bb→VH,H

T,V
2-e, Low p

CMS
Supplementary

 (13 TeV)-141.3 fb

DNN output
0 0.2 0.4 0.6 0.8 1

O
bs

 / 
Bk

g

0.5

1

1.5

En
tri

es

2−10

1

210

410

610

810

910 Data bWHb
bZHb VV+HF
bW+b W+b

W+udscg bZ+b
Z+b Z+udscg
tt VV+LF

Single top S+B uncertainty
bb→VH,H

)µ1-lepton (

CMS
Supplementary

 (13 TeV)-141.3 fb

DNN output
0 0.2 0.4 0.6 0.8 1

O
bs

 / 
Bk

g

1

2

En
tri

es

2−10

1

210

410

610

810

910 Data bWHb
bZHb VV+HF
bW+b W+b

W+udscg bZ+b
Z+b Z+udscg
tt VV+LF

Single top S+B uncertainty
bb→VH,H

1-lepton (e)

CMS
Supplementary

 (13 TeV)-141.3 fb

DNN output
0 0.2 0.4 0.6 0.8 1

O
bs

 / 
Bk

g
2

4

En
tri

es

2−10

1

210

410

610

810

910
Data bWHb

bggZHb bZHb
VV+HF VV+LF
tt Single top

bW+b W+b
W+udscg bZ+b
Z+b Z+udscg
S+B uncertainty bb→VH,H

0-lepton

CMS
Supplementary

 (13 TeV)-141.3 fb

DNN output
0 0.2 0.4 0.6 0.8 1

O
bs

 / 
Bk

g

0.5

1

1.5

Figure 7: Post-fit distributions of multivariate discriminator output channels for 2017 analysis,
after all signal region pre-selection criteria have been applied. First row: 2-lepton muon (left)
and electron (right) channel for high pT(V) region, in the second row the low pT(V) is shown.
Third row: 1-lepton muon (left) and electron (right) channel. Fourth row: 0-lepton channel.
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Figure 5: Post-fit distributions of the Multi-background DNN fit variable for 2017 analysis in
the 1-lepton channel (top row) for muon (left) and electron (right) control regions, and for the
0-lepton channel (bottom row).
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background classification in V+HF CR

0- and 1-lepton channels V+HF CR's: 
- large syst. impact from V+(b)b normalisation 

(difficult to separate from each other and from 
single top) 

- no single variable provides good separation 

- improve by using a DNN to distinguish the 
primary backgrounds 

- trained separately in 3 control regions: 
- 0 lepton Z+HF 
- 1 lepton W(e+-, nu)+HF 
- 1 lepton W(mu+-, nu)+HF 

- using up to 11 event variables 
- m(jj) 
- pT(V) 
- b-tag discriminator value 
- number of additional jets 
- ΔR(jj) 
- etc. 

other regions: 
- use event yield or b-tag discriminator shape

0 lepton 
channel
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Table 1: Major sources of uncertainty in the measurement of the signal strength µ, and their
observed impact (Dµ) from a fit to the 2017 data set, are listed. The total uncertainty is separated
into four components: statistical (including data yields), experimental, MC sample size, and
theory. Detailed decompositions of the statistical, experimental, and theory components are
specified. The impact of each uncertainty is evaluated considering only that source. Because of
correlations in the combined fit between nuisance parameters in different sources, the sum in
quadrature for each source does not in general equal the total uncertainty of each component.

Uncertainty source Dµ
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+jets 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

production processes has an observed significance of 5.2s from the background-only hypothe-
sis, where 5.0s is expected. The corresponding observed signal strength is µ = 1.05 ± 0.22.

Measurements of the VH process with H ! bb reported above are combined with the re-
sults of a similar measurement performed by the CMS Collaboration using data collected at
13 TeV in 2016 corresponding to 35.9 fb�1 [36]. All systematic uncertainties are assumed to be
uncorrelated in this fit, except for theory uncertainties and the dominant uncertainties in the
measurement of the jet energy scale, which are assumed to be fully correlated. The Run 2 (2016
and 2017 data sets) combination yields an observed signal significance of 4.4s, where 4.2s is
expected, and a signal strength of µ = 1.06 ± 0.26.

The results VH from Run 2 are combined with the results of a similar CMS analysis of the Run 1
data using pp collisions at

p
s = 7 and 8 TeV with data samples corresponding to integrated lu-

minosities of up to 5.1 and 18.9 fb�1, respectively [25, 47]. Systematic uncertainties in this fit are
assumed to be uncorrelated for separate collision energies, except for the theory uncertainties.
The combination yields an observed signal significance of 4.8s, where 4.9s is expected. The
measured signal strength is µ = 1.01 ± 0.22 [0.17 (stat) ± 0.09 (exp)± 0.06 (MC)± 0.08 (theo)],
where the decomposition of the total uncertainty into its components is specified in brackets
following the definitions in Table 1. Figure 1 (left) shows the distribution of events in all chan-
nels sorted according to the observed value of log10 (S/B) for the combined Run 1 and Run
2 data sets, where signal S and background B yields are determined from the corresponding
discriminant score used in each analysis (DNNs for the 2017 data set, boosted decision trees for
all other data sets). Figure 1 (right) summarizes the signal strengths for VH production, with
H ! bb, separately for the different data sets and the combination, while Table 2 summarizes
the significances, also including a breakdown of the 2017 results separated by channel.
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VZ cross check

- reminder: VZ(bb) and VH(bb) have similar 
topology 

- verify full analysis setup 
- here, MVA in signal region trained with 

VZ(bb) as signal

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

VH(bb̄) topology

irreducible backgrounds

0-lepton (MET)           
1-lepton [e,µ,τ]                   
2-OSSF leptons [ee,µµ]                                   

signal

normalization from  
data, shapes from MC  

 14

Z

compatible with 
standard model
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ATLAS: 
(79.8 fb-1)     9.6σ  (8.7σ exp.)

CMS:   
(41.3 fb-1)     5.2σ  (5.0σ exp.)

7.2 Results of the dijet-mass analysis

The mbb distribution for all channels and regions summed, weighted by their respective value of the
ratio of fitted Higgs boson signal and background yields, and after subtraction of all backgrounds except
for the (W/Z)Z diboson processes, is shown in Figure 4. The data and the sum of expected signal and
backgrounds are found to be in good agreement. For all channels combined the fitted value of the signal
strength parameter is

µbb
VH
= 1.06+0.36

�0.33 = 1.06 ± 0.20(stat.)+0.30
�0.26(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance of
3.6 standard deviations, in comparison to an expectation of 3.5 standard deviations. Good agreement is
also found in the values of signal strength parameters in the individual channels for the dijet-mass analysis
compared to those for the multivariate analysis.
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Figure 4: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, p

V

T intervals and
number-of-jets categories are summed weighted by S/B, with S being the total fitted signal and B the total fitted
background in that region. The expected contribution of the associated WH and ZH production of a SM Higgs
boson with mH = 125 GeV is shown scaled by the measured combined signal strength (µ = 1.06). The size of the
combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

7.3 Results of the diboson analysis

As a validation of the Higgs analysis, the measurement of V Z production based on the multivariate analysis
described in Section 6.3 returns a value of signal strength

µbb
VZ
= 1.20+0.20

�0.18 = 1.20 ± 0.08(stat.)+0.19
�0.16(syst.),

in good agreement with the Standard Model prediction. TheV Z signal is observed with a significance of 9.6
standard deviations, to be compared to an expected significance of 8.7 standard deviations. Analogously
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Table 1: Major sources of uncertainty in the measurement of the signal strength µ, and their
observed impact (Dµ) from a fit to the 2017 data set, are listed. The total uncertainty is separated
into four components: statistical (including data yields), experimental, MC sample size, and
theory. Detailed decompositions of the statistical, experimental, and theory components are
specified. The impact of each uncertainty is evaluated considering only that source. Because of
correlations in the combined fit between nuisance parameters in different sources, the sum in
quadrature for each source does not in general equal the total uncertainty of each component.

Uncertainty source Dµ
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+jets 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
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VH(bb) mass analysis

2

µBest fit 
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0 lept.
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 0.23 (syst.)± 0.26 (stat.) ± = 1.08 µ

Figure 2: The best-fit signal strength and uncertainty per-channel and for the WH and ZH
processes, extracted from a simultaneous fit of all channels for the 2017 analysis. The per-
channel signal strengths are compatible with the single signal strength fit with a probability of
96.9%.
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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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- di-jet mass analysis 
- MVA analysis without m(jj)-correlated variables 
- events weighted by 

- S/(S+B)   (CMS) 
- fit mass templates to data
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Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

Challenges of the H(bb̄) mode at the LHC

Comparison with one of the discovery channels

H → 4ũ H → bb̄  

Branching Ratio 0.03% 58%

mass resolution 1% 10%

S/B 2 0.05

H(bb̄) searches need: 
• good b-jets identification performance: 70% efficiency at 0.3-1% q/g mistag probability 
• best possible resolution on m(bb̄) 
• to exploit all possible information from the event to improve S/B

ATLAS-PHYS-PUB-2017-013 
CMS-JINST 13 (2018) P05011
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VH(bb) mass analysis (cont'd)

good jet energy resolution is crucial to separate VH(bb) from VZ(bb)

- di-jet mass analysis 
- MVA analysis without m(jj)-correlated variables 
- events weighted by 

- S/B      (ATLAS) 
- S/(S+B)   (CMS) 

- fit mass templates to data 
- background subtracted

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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Table 2: Expected and observed significances, in s, and observed signal strengths for the VH
production process with H ! bb. Results are shown separately for 2017 data, combined Run
2 (2016 and 2017) data, and for the combination of the Run 1 and Run 2 data sets. For the
2017 analysis, results are shown separately for the individual signal strengths for each channel
from a combined simultaneous fit to all channels. All results are obtained for mH = 125.09 GeV
combining statistical and systematic uncertainties.

Significance (s)
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

Run 2 4.2 4.4 1.06 ± 0.26

Run 1 + Run 2 4.9 4.8 1.01 ± 0.23
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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 1s statistical uncertainty on the data, while
the grey hatching indicates the 1s total uncertainty on the signal and all background compo-
nents.

processes are also determined in this combination. All results are summarized in Fig. 3.235

In summary, measurement of the standard model Higgs boson decaying to bottom quarks236

has been presented. A combination of all CMS measurements of the VH, H ! bb process237

using proton-proton collisions recorded at center of mass energies of 7, 8, and 13 TeV, yields an238

7.2 Results of the dijet-mass analysis

The mbb distribution for all channels and regions summed, weighted by their respective value of the
ratio of fitted Higgs boson signal and background yields, and after subtraction of all backgrounds except
for the (W/Z)Z diboson processes, is shown in Figure 4. The data and the sum of expected signal and
backgrounds are found to be in good agreement. For all channels combined the fitted value of the signal
strength parameter is

µbb
VH
= 1.06+0.36

�0.33 = 1.06 ± 0.20(stat.)+0.30
�0.26(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance of
3.6 standard deviations, in comparison to an expectation of 3.5 standard deviations. Good agreement is
also found in the values of signal strength parameters in the individual channels for the dijet-mass analysis
compared to those for the multivariate analysis.
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Figure 4: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, p

V

T intervals and
number-of-jets categories are summed weighted by S/B, with S being the total fitted signal and B the total fitted
background in that region. The expected contribution of the associated WH and ZH production of a SM Higgs
boson with mH = 125 GeV is shown scaled by the measured combined signal strength (µ = 1.06). The size of the
combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

7.3 Results of the diboson analysis

As a validation of the Higgs analysis, the measurement of V Z production based on the multivariate analysis
described in Section 6.3 returns a value of signal strength

µbb
VZ
= 1.20+0.20

�0.18 = 1.20 ± 0.08(stat.)+0.19
�0.16(syst.),

in good agreement with the Standard Model prediction. TheV Z signal is observed with a significance of 9.6
standard deviations, to be compared to an expected significance of 8.7 standard deviations. Analogously

22

ATLAS significance: 3.6σ (3.5σ exp.)

7.2 Results of the dijet-mass analysis

For all channels combined the fitted value of the signal strength is

µbb
VH
= 1.06+0.36

�0.33 = 1.06 ± 0.20(stat.)+0.30
�0.26(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance
of 3.6 standard deviations, compared to an expectation of 3.5 standard deviations. Good agreement is
also found when comparing the values of signal strengths in the individual channels from the dijet-mass
analysis with those from the multivariate analysis.

The mbb distribution is shown in Figure 4 summed over all channels and regions, weighted by their
respective values of the ratio of fitted Higgs boson signal and background yields and after subtraction of
all backgrounds except for the W Z and Z Z diboson processes.
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Figure 4: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, p
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number-of-jets categories are summed and weighted by their respective S/B, with S being the total fitted signal and
B the total fitted background in each region. The expected contribution of the associated WH and ZH production
of a SM Higgs boson with mH = 125 GeV is shown scaled by the measured signal strength (µ = 1.06). The size of
the combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

7.3 Results of the diboson analysis

As a validation of the Higgs boson search analysis, the measurement of V Z production based on the
multivariate analysis described in Section 6.3 returns a value of signal strength

µbb
VZ
= 1.20+0.20

�0.18 = 1.20 ± 0.08(stat.)+0.19
�0.16(syst.),
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CMS VH(bb) result with 2017 data

- reminder: new pixel detector 
since early 2017 => separate 
analysis of data taken in 2017 

- signal strength 
       µ =  1.08 ± 0.35 

- significance VH 
- 3.3σ (3.1σ exp.)

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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Figure 7: Post-fit distributions of multivariate discriminator output channels for 2017 analysis,
after all signal region pre-selection criteria have been applied. First row: 2-lepton muon (left)
and electron (right) channel for high pT(V) region, in the second row the low pT(V) is shown.
Third row: 1-lepton muon (left) and electron (right) channel. Fourth row: 0-lepton channel.
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run I and II combination of VH(bb)

- post-fit S/B ordered distribution of final discriminant values 
- Higgs boson signal scaled according to observed signal strength

large excesses of events visible in the distributions

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018
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Figure 1: Left: distributions of signal, background, and data event yields sorted into bins of
similar signal-to-background ratio, as given by the result of the fit to their corresponding mul-
tivariate discriminant. All events in the VH, H ! bb signal regions of the combined Run 1
and Run 2 data sets are included. The red histogram indicates the Higgs boson signal con-
tribution, while the grey histogram is the sum of all background yields. The bottom panel
shows the ratio of the data to the background, with the total uncertainty in the background
yield indicated by the grey hatching. The red line indicates the sum of signal plus background
contribution divided by the background yield. Right: best-fit value of the signal strength µ, at
mH = 125.09 GeV, for the fit of all VH, H ! bb channels in the Run 1 and Run 2 data sets. Also
shown are the individual results of the 2016 and 2017 measurements, the Run 2 combination,
and the Run 1 result. Horizontal error bars indicate the 1s systematic (red) and 1s total (blue)
uncertainties, and the vertical dashed line indicates the SM expectation.

An alternative to fitting the DNN score is to fit the m(jj) distribution, which results in less sen-213

sitivity but enables a more direct visualization of the Higgs boson signal. As in the VZ analysis,214

the signal region is defined to be in the interval [60, 160]GeV in m(jj). This study is performed215

only with the 2016 and 2017 data sets, in which events are categorized into four bins of in-216

creasing signal-to-background ratio according to the score of their corresponding discriminant,217

obtained with those input variables correlated with m(jj) fixed to their mean values. The result-218

ing four m(jj) distributions in each data set are fit together with the same distributions used in219

the control regions, described above, to extract signal and background yields. The fitted m(jj)220

distributions are combined and weighted by S/(S + B), where S and B are computed from221

the Higgs boson signal yield and the sum of all background yields for each category consid-222

ering their fitted normalizations, respectively. The resulting combined m(jj) distribution, after223

background subtraction, is shown in Fig. 2, where the VH and VZ contributions are separately224

visible.225

A combination of CMS measurements of the H ! bb decay is performed, including dedicated226

analyses for the following production processes: VH (reported above), gluon fusion [41], vec-227

tor boson fusion [47], and associated production with top quarks [30, 44, 45]. These analyses228

use data collected at 7, 8 and 13 TeV, depending on the process. In this fit, most sources of229

systematic uncertainty are treated as uncorrelated. The dominant jet energy scale uncertainties230

are treated as correlated between processes at the same collision energy, while the theory un-231

certainties are correlated between all processes and data sets. The observed (expected) signal232

significance is 5.6 (5.5)s, and the measured signal strength is µ = 1.04± 0.20. In addition to the233

overall signal strength for the H ! bb decay, the signal strengths for the individual production234
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Figure 2: Event yields as a function of log(S/B) for data, background and a Higgs boson signal with mH = 125 GeV.
Final-discriminant bins in all regions are combined into bins of log(S/B), with S being the fitted signal and B

the fitted background yields. The Higgs boson signal contribution is shown after rescaling the SM cross-section
according to the value of the signal strength extracted from data (µ = 1.16). In the lower panel, the pull of the
data relative to the background (the statistical significance of the di�erence between data and fitted background) is
shown with statistical uncertainties only. The full line indicates the pull expected from the sum of fitted signal and
background relative to the fitted background.

Table 11: Measured signal strengths with their combined statistical and systematic uncertainties, expected and
observed p0 and significance values (in standard deviations) from the combined fit with a single signal strength, and
from a combined fit where each of the lepton channels has its own signal strength, using 13 TeV data.

Signal strength Signal strength
p0 Significance

Exp. Obs. Exp. Obs.

0-lepton 1.04+0.34
�0.32 9.5 · 10�4 5.1 · 10�4 3.1 3.3

1-lepton 1.09+0.46
�0.42 8.7 · 10�3 4.9 · 10�3 2.4 2.6

2-lepton 1.38+0.46
�0.42 4.0 · 10�3 3.3 · 10�4 2.6 3.4

VH, H ! bb̄ combination 1.16+0.27
�0.25 7.3 · 10�6 5.3 · 10�7 4.3 4.9

23
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run I and II combination of VH(bb) (cont'd)

CMS Run 1+2:  4.8 σ (4.9 σ exp.) 
ATLAS Run 1+2:  4.9 σ (5.1 σ exp.)
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Figure 1: Left: distributions of signal, background, and data event yields sorted into bins of
similar signal-to-background ratio, as given by the result of the fit to their corresponding mul-
tivariate discriminant. All events in the VH, H ! bb signal regions of the combined Run 1
and Run 2 data sets are included. The red histogram indicates the Higgs boson signal con-
tribution, while the grey histogram is the sum of all background yields. The bottom panel
shows the ratio of the data to the background, with the total uncertainty in the background
yield indicated by the grey hatching. The red line indicates the sum of signal plus background
contribution divided by the background yield. Right: best-fit value of the signal strength µ, at
mH = 125.09 GeV, for the fit of all VH, H ! bb channels in the Run 1 and Run 2 data sets. Also
shown are the individual results of the 2016 and 2017 measurements, the Run 2 combination,
and the Run 1 result. Horizontal error bars indicate the 1s systematic (red) and 1s total (blue)
uncertainties, and the vertical dashed line indicates the SM expectation.
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ering their fitted normalizations, respectively. The resulting combined m(jj) distribution, after223
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A combination of CMS measurements of the H ! bb decay is performed, including dedicated226

analyses for the following production processes: VH (reported above), gluon fusion [41], vec-227

tor boson fusion [47], and associated production with top quarks [30, 44, 45]. These analyses228

use data collected at 7, 8 and 13 TeV, depending on the process. In this fit, most sources of229

systematic uncertainty are treated as uncorrelated. The dominant jet energy scale uncertainties230

are treated as correlated between processes at the same collision energy, while the theory un-231

certainties are correlated between all processes and data sets. The observed (expected) signal232
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Figure 6: The fitted values of the Higgs boson signal strength µbb
VH

for mH = 125 GeV for the WH and ZH processes
and their combination, using the 7 TeV, 8 TeV and 13 TeV data. The individual µbb

VH
values for the (W/Z)H

processes are obtained from a simultaneous fit with the signal strengths for each of the WH and ZH processes
floating independently.

and Run 2, to perform a search for the H ! bb̄ decay. For a Higgs boson mass of 125 GeV, and assuming
the relative production cross-sections are those predicted by the SM, the observed significance for the
H ! bb̄ decay is 5.4 standard deviations, to be compared with an expectation of 5.5 standard deviations.
With the additional assumption that the production cross-sections are those predicted by the SM, the fitted
value for all channels combined of the signal strength of the branching fraction into b-quark pairs is

µH!bb = 1.01 ± 0.20 = 1.01 ± 0.12(stat.)+0.16
�0.15(syst.).

Table 12 shows the significance values independently for the VBF+ggF, tt̄H and VH channels in the
combination of the Run 1 and Run 2 data, and for the combined global likelihood fit. The signal strengths
obtained from a fit where individual signal strengths are fitted simultaneously for the three production
modes are displayed in Figure 7. Fits are also performed with the signal strengths floated independently
for each of the production processes in both Run 1 and Run 2. The probability of compatibility of the six
individual measurements is 54%.

7.4.3 Observation of VH production

The Run 2 VH, H ! bb̄ result is further combined with the results of other Run 2 searches for the Higgs
boson produced in the VH production mode, but decaying into either two photons or four leptons via
Z Z

⇤ decays. For a Higgs boson mass of 125 GeV, and assuming the relative branching fractions of the
three decay modes considered to be as predicted by the SM, the observed significance for VH production
is 5.3 standard deviations, to be compared with an expectation of 4.8 standard deviations. Table 13
shows the significance values for the combined global likelihood fit, and for a fit where the four-lepton

27
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combination with other production channels
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gluon fusion (87%) 

- largest production cross section 
- 107 times larger multijet 

background (still 103 in mass 
region of interest)

vector-boson fusion (7%) 

- slightly more distinctive than 
gluon fusion, but still very large 
multijet background

Higgs-strahlung (4%) 

- features leptons and/or ETmiss for 
trigger and selection 

- smaller production cross section

top-quark fusion ttH (1%) 

- small production cross section 
- large top quark pair background
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boosted H → bb analysis

ttH analysis with H → bb
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boosted H(bb)
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search for boosted H(bb) decays 
- large-cone jet (R = 0.8) 
- ΔR(bb) ~ 2mH/pT 

- starting at pT(H) = 450 GeV 
- dedicated double-b tagging algorithm

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

ggF H(bb̄)

two-separate b-jets 
(R = 0.4)

one single large-cone 
(fat) jet (R = 0.8)

In the gluon fusion channel the sensitivity increases by looking at very high momentum Higgs bosons
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q/g

- first observation of Z → bb in one-jet 
topology:  5.1σ (5.8 σ exp) 

- H → bb significance:  1.5 σ (0.7 σ exp)
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ttH with H → bb
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ttH searches (highest BR)
ATLAS-Phys. Rev. D 97 (2018) 072016 

CMS-arXiv:1804.03682, sub. to JHEP 

tt→ Ɩ+jets H→ bb̄

• Large combinatorics in the event reconstruction 
• Dominant tt+bb̄ background O(10) pb with large 

associated theory uncertainty
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38 2.3. PROCESSES RELEVANT FOR THE THESIS
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Figure 2.20: Feynman graphs of the ttH(bb), ttZ(bb) and ttbb processes with the dilep-
tonic final state of the tt system. Each final state particle is denoted by a
marker. Bottom quarks, marked with empty circles, undergo fragmenta-
tion and are detected as b jets. Neutrinos, marked with asterisks, are not
directly detectable. All the three processes produce identical final states
at leading order.

lepton + b jet

lepton + b jet

2 b jets
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Figure 6: Final discriminant shapes in the dilepton (DL) channel before the fit to data: BDT
discriminant in the analysis category with (� 4 jets, 3 b tags) (upper row) and MEM discrimi-
nant in the analysis categories with (� 4 jets,� 4 b tags) (lower row) with low (left) and high
(right) BDT output. The expected background contributions (filled histograms) are stacked,
and the expected signal distribution (line), which includes H ! bb and all other Higgs boson
decay modes, is superimposed. Each contribution is normalised to an integrated luminosity of
35.9 fb�1, and the signal distribution is additionally scaled by a factor of 15 for better visibility.
The hatched uncertainty bands include the total uncertainty of the fit model. The distributions
observed in data (markers) are overlayed. The first and the last bins include underflow and
overflow events, respectively. The lower plots show the ratio of the data to the background
prediction.

- large combinatorics in the event 
reconstruction 

- dominant background is tt+bb with large 
theory uncertainty 

- our combination uses all top-pair decay 
modes (only di-lepton shown here)
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ttH(bb)  
- leptonic: 
- hadronic:

t̄tH(bb̄)
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CMS Run 1+2:  5.6 σ (5.5 σ exp.) 
ATLAS Run 1+2:  5.4 σ (5.5 σ exp.)
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H → bb observation

first observation of H → bb decay
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Figure 3: Best-fit value of the H ! bb signal strength with its 1s systematic (red) and total
(blue) uncertainties for the five individual production modes considered, as well as the overall
combined result. The vertical dashed line indicates the standard model expectation. All results
are extracted from a single fit combining all input analyses, with mH = 125.09 GeV.

observed (expected) significance of 4.8 (4.9) standard deviations at mH = 125.09 GeV, and the239

signal strength is µ = 1.01 ± 0.22. Combining this result with previous measurements by the240

CMS Collaboration of the H ! bb decay in events where the Higgs boson is produced through241

gluon fusion, vector boson fusion, or in association with top quarks, the observed (expected)242

significance increases to 5.6 (5.5) standard deviations and the signal strength is µ = 1.04± 0.20.243

This constitutes the observation of the H ! bb decay by the CMS Collaboration.244
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Table 12: Expected and observed significance values (in standard deviations) for the H ! bb̄ channels fitted
independently and their combination using the 7 TeV, 8 TeV and 13 TeV data.

Channel Significance

Exp. Obs.

VBF+ggF 0.9 1.5
tt̄H 1.9 1.9
VH 5.1 4.9

H ! bb̄ combination 5.5 5.4

bb→H
µ
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+0.17                                                 (                 )         
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+0.561.00    , 0.27−
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1.12−
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+0.57                                                 (                 )         

( Tot. ) ( Stat., Syst. )
Total Stat.

ATLAS bb→H = 7 TeV, 8 TeV, and 13 TeVs
-1, and 24.5-79.8 fb-1, 20.3 fb-1      4.7 fb

Figure 7: The fitted values of the Higgs boson signal strength µH!bb for mH = 125 GeV separately for the VH,
tt̄H and VBF+ggF analyses along with their combination, using the 7 TeV, 8 TeV and 13 TeV data. The individual
µH!bb values for the di�erent production modes are obtained from a simultaneous fit with the signal strengths for
each of the processes floating independently. The probability of compatibility of the individual signal strengths is
83%.
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summary
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG/index.html 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

- H(bb) observed individually  
by ATLAS and CMS 

- VH production most significant 
- intensive use of machine learning techniques 

- LHC Run II allows us to investigate Higgs Yukawa 
couplings in depth 

- key contributions to the results coming from DESY 
- VH(bb), H(𝞽𝞽), ttH 

- direct confirmation of Higgs couplings to third 
generation fermions: 𝞽, t, b 

- six years after its discovery, fundamental progress 
in measuring Higgs boson properties  

- fully consistent with the SM Higgs boson.

CMS Run 1+2:  5.6 σ (5.5 σ exp.) 

ATLAS Run 1+2:  5.4 σ (5.5 σ exp.)

first observation of H(bb) decay

µ = 1.04+0.20
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H(bb̄) observation

First observation of H(bb̄) decay

CMS-PAS-HIG-18-016  
ATLAS-CONF-2018-036

bb→H
µ

0 1 2 3 4 5 6 7

Comb.

VH

ttH

VBF+ggF

0.20−
+0.201.01    , 0.12−

+0.12                                0.15−
+0.16                                                 (                 )         

0.21−
+0.220.98    , 0.14−

+0.14                                0.16−
+0.17                                                 (                 )         

0.54−
+0.561.00    , 0.27−

+0.28                                0.46−
+0.48                                                 (                 )         

1.12−
+1.161.68    , 1.00−

+1.01                                0.51−
+0.57                                                 (                 )         

( Tot. ) ( Stat., Syst. )
Total Stat.

ATLAS Preliminary = 7 TeV, 8 TeV, and 13 TeVs
-1, and 24.5-79.8 fb-1, 20.3 fb-1      4.7 fb

bb
µ

1− 0 1 2 3 4 5 6 7

Combined

bb
ZH

µ

bb
WH

µ

bb
ttH+tH

µ

bb
VBF

µ

bb
ggF+bbH

µ

 (13 TeV)-1 (8 TeV) + 35.9-77.2 fb-1 (7 TeV) + 19.8 fb-14.9 fb

CMS
Preliminary

 (13 TeV)-1 (8 TeV) + 35.9-77.2 fb-1 (7 TeV) + 19.8 fb-14.9 fb
Observed

 syst)⊕ (stat σ1±
 (syst)σ1±

 syst)⊕ (stat σ2±

 
CMS  Run 1+2: 5.6 σ  (5.5 σ exp.)  

ATLAS Run 1+2: 5.4 σ (5.5 σ exp.)  

µ = 1.04+0.20
�0.19

�
+0.14
�0.14,

+0.14
�0.13

�

 20

µ = 1.04+0.20
�0.19

�
+0.14
�0.14,

+0.14
�0.13

�
<latexit sha1_base64="qUqK8MgZyuL67ANT8y2Od9IAtjY="></latexit><latexit sha1_base64="qUqK8MgZyuL67ANT8y2Od9IAtjY="></latexit><latexit sha1_base64="qUqK8MgZyuL67ANT8y2Od9IAtjY="></latexit><latexit sha1_base64="Cjwlwj9xiS1d70h8gFedMzvazTs="></latexit>

|  Observation of H → bb  |  Heiner Tholen  |  August 28, 2018

arXiv:1808.08238 (ATLAS)

arXiv:1808.08242 (CMS)
submitted to PRL

submitted to PLB

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults


!56

outlook

Caterina Vernieri (FNAL) New Higgs results from LHC - SLAC - August 6 2018 /34

LHC → HL-LHC

We are here

13 TeV

HL-LHC will enable precision measurements of H properties (couplings, self-couplings,…) 

and to probe the existence of very rare new physics processes

 33Run 3 and ultimately HL-LHC will allow for precision measurements of Higgs 
boson (self-)couplings and to probe the existence of very rare new physics 

processes
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attention!
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background classification: scale factors
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Figure 4: 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 1s statistical uncertainty on the data, while
the grey hatching indicates the 1s total uncertainty on the signal and all background compo-
nents. Same as in paper, but the VZ is on top.

Table 2: Data/MC scale factors for the 2017 analysis in the 0-, 1- and 2-lepton channels from
SR+CRs fit. The errors include both statistical and systematic uncertainties. Compatible fitted
values are obtained from the CR-only fit.

Process Z(nn)H W(`n)H Z(``)H low-pT Z(``)H high-pT
W + udscg 1.04 ± 0.07 1.04 ± 0.07 – –
W + b 2.09 ± 0.16 2.09 ± 0.16 – –
W + bb 1.74 ± 0.21 1.74 ± 0.21 – –
Z + udscg 0.95 ± 0.09 – 0.89 ± 0.06 0.81 ± 0.05
Z + b 1.02 ± 0.17 – 0.94 ± 0.12 1.17 ± 0.10
Z + bb 1.20 ± 0.11 – 0.81 ± 0.07 0.88 ± 0.08
tt 0.99 ± 0.07 0.93 ± 0.07 0.89 ± 0.07 0.91 ± 0.07
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Deep Learning in a Nutshell
• Different architectures 

• Classification/regression 
• DNN: Dense NN 

• cDNN convolutional DNN 

• RNN: Recurrent NN 

• Generative  
• GAN: Generative Adversarial 

Networks  

• VAE: Variational Autoencoder 

• Training by backpropagation, i.e. 
iterative updating of weights by 
e.g. stochastic gradient decent

• Each node is the weighted sum of inputs 
mapped to an activation function 

• Deep means many layers 

• Can approximate any function 
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b tagging: algorithm development

- many decay modes of b-flavoured 
hadrons 

- even with tertiary c-flavoured 
hadron decay 

- with or without soft electron or 
muon in jet 

DeepCSV: 
- DNN architecture 

- 70% efficient at  
0.3-1.3% g/q mistag rate

DNN brings dramatic 
improvement in b-tagging 

 5

DeepCSV

Dense
100 nodes x 5 layers

Charged (8 features) x6

Secondary Vtx (8 features) x1

Global variables (12 features)

Output classes:
b, bb, c, l

M. Verzetti (CERN and FWO)

5.1 The b jet identification 23

In this figure, the tagging efficiency is integrated over the pT and h distributions of the jets
in the tt sample. The tagging efficiency is also shown for the Run 1 version of the CSV algo-
rithm. It should be noted that the CSV algorithm was trained on simulated multijet events at
centre-of-mass energy of 7 TeV using anti-kT jets clustered with a distance parameter R = 0.5.
Therefore, the comparison is not completely fair. The performance improvement expected from
a retraining is typically of the order of 1%. The absolute improvement in the b jet identification
efficiency for the CSVv2 (AVR) algorithm with respect to the CSV algorithm is of the order of
2–4% when the comparison is made at the same misidentification probability value for light-
flavour jets. An additional improvement of the order of 1–2% is seen when using IVF vertices
instead of AVR vertices in the CSVv2 algorithm. The cMVAv2 tagger performs around 3–4%
better than the CSVv2 algorithm for the same misidentification probability for light-flavour
jets. The DeepCSV P(b) + P(bb) tagger outperforms all the other b jet identification algo-
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Figure 16: Misidentification probability for c and light-flavour jets versus b jet identification
efficiency for various b tagging algorithms applied to jets in tt events.

rithms, when discriminating against c jets or light-flavour jets, except for b jet identification
efficiencies above 70% where the cMVAv2 tagger performs better when discriminating against
light-flavour jets. The absolute b identification efficiency improves by about 4% with respect to
the CSVv2 algorithm for a misidentification probability for light-flavour jets of 1%. Three stan-
dard working points are defined for each b tagging algorithm using jets with pT > 30 GeV in
simulated multijet events with 80 < p̂T < 120 GeV. The average jet pT in this sample of events
is about 75 GeV. These working points, “loose” (L), “medium” (M), and “tight” (T), correspond
to thresholds on the discriminator after which the misidentification probability is around 10%,
1%, and 0.1%, respectively, for light-flavour jets. The efficiency for correctly identifying b jets in
simulated tt events for each of the three working points of the various taggers is summarized
in Table 2.

The tagging efficiency depends on the jet pT, h, and the number of pileup interactions in the
event. This dependency is illustrated for the DeepCSV P(b) + P(bb) tagger in Fig. 17 using

JINST 13 (2018) no.05, P05011

2018 JINST 13 P05011

jet

jet

heavy-flavour
jet

PV

SV

displaced
tracks

IP

charged
lepton

Figure 1. Illustration of a heavy-flavour jet with a secondary vertex (SV) from the decay of a b or c hadron
resulting in charged-particle tracks (including possibly a soft lepton) that are displaced with respect to the
primary interaction vertex (PV), and hence with a large impact parameter (IP) value.

(SV) may be reconstructed, as illustrated in figure 1. The displacement of tracks with respect to the
primary vertex is characterized by their impact parameter, which is defined as the distance between
the primary vertex and the tracks at their points of closest approach. The vector pointing from the
primary vertex to the point of closest approach is referred to as the impact parameter vector. The
impact parameter value can be defined in three spatial dimensions (3D) or in the plane transverse to
the beam line (2D). The longitudinal impact parameter is defined in one dimension, along the beam
line. The impact parameter is defined to be positive or negative, with a positive sign indicating
that the track is produced “upstream”. This means that the angle between the impact parameter
vector and the jet axis is smaller than ⇡/2, where the jet axis is defined by the primary vertex
and the direction of the jet momentum. In addition, b and c quarks have a larger mass and harder
fragmentation compared to the light quarks and massless gluons. As a result, the decay products
of the heavy-flavour hadron have, on average, a larger pT relative to the jet axis than the other jet
constituents. In approximately 20% (10%) of the cases, a muon or electron is present in the decay
chain of a heavy b (c) hadron. Hence, apart from the properties of the reconstructed secondary
vertex or displaced tracks, the presence of charged leptons is also exploited for heavy-flavour jet
identification techniques and for measuring their performance in data.

In order to design and optimize heavy-flavour identification techniques, a reliable method
is required for assigning a flavour to jets in simulated events. The jet flavour is determined by
clustering not only the reconstructed final-state particles into jets, but also the generated b and c
hadrons that do not have b and c hadrons as daughters respectively. To prevent these generated
hadrons from a�ecting the reconstructed jet momentum, the modulus of the hadron four-momentum
is set to a small number, retaining only the directional information. This procedure is known as
ghost association [34]. Jets containing at least one b hadron are defined as b jets; the ones containing
at least one c hadron and no b hadron are defined as c jets. The remaining jets are considered to be
light-flavour (or “udsg”) jets. Since pileup interactions are not included during the hard-scattering
event generation, jets from pileup interactions (“pileup jets”) in the simulation are tentatively
identified as jets without a matched generated jet. The generated jets are reconstructed with the jet
clustering algorithm mentioned in section 2 applied to the generated final-state particles (excluding
neutrinos). The matching between the reconstructed PF jets and the generated jets with pT > 8 GeV

– 5 –
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Figure 10: All three figures above show the ratio of the di-jet pT to the di-lepton (V) pT in the
2-lepton HF control region. The b-jets in the left plot come directly from CMS reconstruction
with charged hadron subtraction applied. The b-jets in the center plot have been updated by
the regression. The resolution is visible improved from left to center. On the right the b-jet
energies are updated once again with a kinematic fit which constrains the b-jet energies using
the lepton resolution. Again there is a visible improvement in b-jet resolution inferred by the
narrowing balance of the di-jet plus di-lepton system.
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Figure 11: Tagging jets from b-quarks is fundamental to this analysis. The distributions of the
deepCSV b-tagging discriminator are shown for the less b-like jet of the two b-jet candidates
in three different control regions. The left, center and right control regions are 0-lepton heavy
flavor, 1-lepton ttbar and 2-lepton heavy flavor, respectively.
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Figure 7: Expected and observed upper limits at 95% CL for mA vs. the MSSM parameter tan b
in the (upper left) m

mod+
h benchmark scenario with µ = +200 GeV, in the (upper right) hMSSM,

the (lower left) light et, and the (lower right) lightet benchmark scenarios. The inner and outer
bands indicate the regions containing 68 and 95%, respectively, of the distribution of limits
expected under the background-only hypothesis. The excluded parameter space is indicated
by the red shaded area. The hashed area is excluded because mh,H would deviate by more than
±3 GeV from the mass of the observed Higgs boson at 125 GeV. Since theoretical calculations
for tan b > 60 are not reliable, no limits are set beyond this value.
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H(bb) high mass search (BSM)

model-independent exclusion 
limits translated to onto MSSM 
parameters - tanβ and MA

DOI : 10.1007/JHEP08(2018)113
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Figure 5: Distribution of the dijet invariant mass M12 in the data triple b tag sample showing
the three subranges together with the corresponding background-only fits. The shaded area
shows the post-fit uncertainty. For illustration, the expected signal contribution for three repre-
sentative mass points is shown, scaled to cross sections suitable for visualization. The change
of slope around 350 GeV of the 300 GeV signal shape is caused by wrong jet pairing. In the
bottom panels the normalized difference ((Data-Bkg)/

p
Bkg), where Bkg is the background as

estimated by the fit, for the three subranges is shown.

Search for the b-associated production of 
degenerate H/A → bb̅  
- Cross-section enhanced up to factor ∽ 2tan2β 
- Largest BR in many MSSM and 2HDM scenarios  

Main challenge: huge QCD multi jet production  
- dedicated b-tag trigger developed
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